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ABSTRACT

Spin Transfer Nano-Oscillators (STNOs) are a novel type of Radio Frequency (RF)
oscillators that make use of the Spin Transfer Torque (STT) effect in a magnetic tunnel
junction (MTJ) device to produce high-frequency auto-oscillations. STNOs provide compact
solutions for wireless communication used in wireless sensor networks (WSNSs) since their
frequency can be tuned via the DC current. This frequency tuning permits to encode the
information via frequency shift keying (FSK) by digital modulation of the current between
two discrete values without the need of an external RF mixer, leading to potentially less
complex RF components. In this thesis, the feasibility of the FSK scheme by current
modulation has been studied for in-plane magnetized MTJ STNOs in view of wireless
communications used in WSNs. The parameters addressed in this study are the achievable
frequency shift and the maximum modulation rate, up to which the frequency can be shifted
between two discrete values.

To characterize the maximum data rate, macrospin simulation and experimental studies
have been performed. The simulations reveal that the maximum data rate for FSK by current
is limited by the relaxation frequency f,, of the STNO, which is on the order of a few hundred
MHz for standard in-plane magnetized STNOs. This means that the data rate is limited to a
few hundred Mbps which is targeted here for moderate data rate wireless communication as
used in WSNs. Experimental studies of the FSK by digital current modulation in STNOs have
been performed for standalone STNO devices and for integrated STNOs within microwave
systems. The FSK on standalone STNO devices shows a frequency shift around 200MHz (the
frequency shift between ~8.9 GHz and ~9.1 GHz) at the modulation rate of 10Mbps. This
modulation rate is less than the upper limit given by the relaxation frequency f, of the STNO
as predicted in the numerical simulation due to the relatively high phase noise of the device
measured. In order to test the feasibility of the STNO within microwave systems, the FSK
modulation of STNOs was performed on a printed circuit board (PCB) emitter. The PCB
emitter was realized and developed by the partner of the Mosaic FP7 project, TUD University.
The analysis confirms that a frequency shift around 300MHz (the frequency shift between ~9
GHz and =9.3 GHz) was observed with a modulation rate of 20 Mbps. The data rate is limited
by characteristics of the PCB emitter and not intrinsic to the STNO. The simulation and
experiment studies of frequency modulation of STNOs demonstrate that the data rate is
adequate for wireless communication used in WSN. However, further improvements in
materials and nanofabrication of STNOs are required to enhance the output power and
improve the spectral characteristics of the oscillations to push the data rates to higher values
with large frequency shift.

Keywords: spin transfer nano-oscillators, magnetic tunnel junction, relaxation frequency,
frequency shift keying, data rate.
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General Introduction

A. Research Background

A wireless sensor network (WSN), as part of the internet of things, has attracted a lot of
interest in the industry and research community due to its huge potential to control and
monitor wirelessly physical or environmental conditions such as temperature, pressure, and
pollution [1-3]. A critical issue on WSNs is that the sensor nodes employ batteries whose
lifetime is limited and it is difficult to change or recharge batteries since the sensor nodes is
deployed unattended and in large numbers. Therefore, it is important to design low-power
sensor nodes. The most power consuming part of a sensor node is the wireless
communication. This is driving research on wireless communication that needs to be compact,
low cost, and low power consumption.

Here, spintronic oscillators or so-called Spin Torque Nano-Oscillators (STNOs) can
provide compact solutions for wireless communication compatible with the needs of WSNs.
STNOs, consisting of ferromagnetic material heterostructures, have the capability to convert a
DC current of a few mA into an RF output voltage signal at a frequency that can range from
100MHz to several tens of GHz. This conversion makes use of two fundamental spintronic
effects which are the Spin Transfer Torque (STT) and the magnetoresistance effect. The STT
effect induces periodic oscillations of the magnetization via spin angular momentum transfer
from conduction electrons to the local magnetization [4-6]. These magnetization oscillations
are converted into an RF output voltage signal [7] through the Giant Magnetoresistance
(GMR) [7] or Tunneling Magnetoresistance (TMR) effect [8]. An STNO with GMR is a spin
valve STNO and an STNO with TMR is a Magnetic Tunnel Junction (MTJ) STNO. MTJ
STNOs offer a larger output power than spin valve STNOs which is of importance for RF
applications.

STNOs allow for compact wireless communication since their frequency can be tuned
via the DC current. This permits transmission on different base frequencies (different
channels) with the same device and circuit, whereas in current wireless communication
schemes, different base frequencies require different circuits. Furthermore, the frequency
tunability permits to encode information via frequency shift keying (FSK) onto the carrier
signal without the need of an external RF mixer, leading to potentially less complex RF
components. Therefore, it is of great interest to demonstrate the FSK scheme by current
modulation in STNOs for wireless communication used in WSNSs.

B. State of the Art

Research on STNOs and their associated microwave properties has made major
advances in the past years towards the understanding of the non-linear magnetization
dynamics under STT, understanding of excitation modes and their frequency tuning
characteristics, enhancing output power and reducing phase noise through the synchronization
of STNOs [9-14] as well as a large variety of different magnetic stack compositions and
nanofabrication optimizations [15-21]. This permitted to improve the microwave
performances (output power, spectral coherence, frequency tunability) and to define new
operational principles other than the often highlighted microwave signal generation. The
agility of STNOs has also been studied theoretically [22] and experimentally [23,24] through
the modulation of STNO properties via the application of sinusoidal RF currents, in terms of
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investigating the maximum achievable data rate for communication applications. Based on
these achievements and considering the fascinating potentialities in terms of microwave
excitation properties, frequency tuning, miniaturization and modulation data rate, studies are
currently focusing on the implementation of STNOs for wireless communication applications.

FSK modulation using vortex MTJ-based STNOs, that emit in the 0.1-2 GHz range, has
been first reported by Manfrini et al. in 2011 by modulating the DC current between two
values at modulation frequencies up to 10MHz [25]. In 2014, the first ever complete wireless
communication scheme using homogeneous MTJ-based STNOs has been recently
demonstrated by Choi et al. [26], adopting non-coherent wireless communication systems
based on digital On-Off Keying (OOK) modulation and envelope detection technique. They
reported wireless communication with a decent data rate, 0.2Mbps, and a signal to noise ratio
(SNR) of 12.5 dBm at a distance between the transmitter and receiver of 100cm. One year
later, using the same wireless communication concept, R. Sharma et al. [27] were able to
improve the data rate up to 4Mbps at the same communication distance as demonstrated by
Choi et al. The SNR is however 6dB smaller due to the larger STNO noise. Further
demonstration of a homogeneous MTJ-based STNO modulation using OOK concept on a
printed board card (PCB) level has been first reported by Oh et al. in 2014 [28], resulting in
communication over 10mm with the data rate of 0.4Mbps. This data rate is slightly less
compared to Choi et al. and R. Sharma et al. The data rates achieved in the mentioned
demonstrations above are all limited by the rising time and falling time of the electronic
components in the measurement system, i.e. the bias-T, and not to the intrinsic of STNOs as
mentioned in Ref. 22-24.

Another FSK concept using STNOs has been recently demonstrated by the Toshiba
group [29-33] for dynamic read head applications, i.e. to read the data bit orientations in the
media field. In this concept, the FSK is achieved by digital modulation of the applied field
instead of the DC current as reported by Manfrini et al. This results in an enhancement of the
modulation rate up to Gbps. This FSK concept would be of interest for wireless
communication used in WSNs when data rates up to Gbps and more are needed. However,
this additionally requires a microstructured antenna to generate the magnetic field pattern
from a current pattern injected into the antenna. As a consequence, the integrated chip size for
wireless communication system becomes larger and potentially consumes more power. The
power consumption and the data rate trade-off thus needs to be evaluated when employing the
FSK field modulation for WSN applications or wireless applications in general. .

For compact and low power WSNSs, the FSK by current is more suited and will be
explored in this thesis. For this, the maximum achievable data rate will be limited by the
relaxation frequency of STNOs, as investigated in Ref. 22-24, which for the homogeneous
MTJ-based STNO devices is on the order of a few hundred MHz and means that the
maximum data rate is on the order of a few hundred Mbps. This limit remains suitable for the
data rates targeted here for WSN applications which is up to 100Mbps.

The FSK modulation is better than OOK modulation in terms of noise immunity,
distortion, and propagation conditions [34]. The FSK concept is thus a good strategy for
STNO-based wireless communication used in WSNs. As for the demodulation, a non-
coherent demodulation technique (delay detection technique) proposed by Toshiba [29,30,33]
provides solutions for the poor phase noise characteristics of MTJ-based STNOs.



C. Thesis Objectives and Contributions

The objective of this thesis is to characterize the RF performances of STNOs and to
study the FSK by current in STNOs for wireless communication used in WSNs. The
parameters that need to be addressed are the maximum data rate (up to which the STNO
frequency can follow the modulating signal), achievable frequency shift, achievable emission
power and signal to noise ratio that will determine the distance of communication. In this
thesis, we only address the maximum data rate and the achievable frequency shift. The STNO
devices explored in this thesis for FSK-based wireless communication are homogeneous in-
plane magnetized MTJ-based STNOs. For these devices, the wireless communication is
targeted to achieve data rates of 10-100 Mbps with the frequency ranging from 5-10 GHz.

This thesis is part of a collaborative project on STNO technology realized within the
FP7 Mosaic project. Within Mosaic, the STNO materials were deposited by the International
Iberian Nanotechnology (INL) laboratory, Portugal. The nanofabrication was carried out by
Leti and Spintec at the Technological Platform (PTA), Grenoble. The author’s contribution
was to characterize and evaluate the RF performances of the realized STNO devices to give
feedback for further development and optimization of the material deposition and
nanofabrication processes, and to identify devices with good RF performances to be used for
FSK measurements. Moreover, the author has carried out the macrospin simulation to
investigate and characterize the maximum modulation rate of STNOs for different frequency
modulation configurations, i.e. under the application of sinusoidal RF current and RF field.
This suggests an important strategy for the design of wireless communication used in WSNs
and how to achieve high data rate wireless communication. The author has also realized the
FSK measurements for standalone STNO devices and in parallel performed the numerical
simulations of the FSK scheme by digital current modulation in STNOs. In order to test the
feasibility of STNOs within microwave system (RF emitter), the author has also characterized
the FSK modulation of STNOs integrated within an RF emitter, in collaboration with the
partner of the Mosaic FP7 project, the Technische Universitat Dresden (TUD). In this work,
TUD was responsible for the design and the realization of the RF emitter. The author was
responsible to select STNO devices of suitable RF performances and realized the RF
characterization together with Rui Ma from TUD. .

D. Thesis Organization
The thesis is organized into five chapters as follows:

» Chapter 1 provides the theoretical background needed to understand the presented work in
this thesis. The chapter starts with an introduction to STNOs, including the operating principle
and their microwave properties. Next, a theoretical approach of understanding the
magnetization dynamics in presence of STT is reviewed based on the direct approach of the
Landau-Lifshitz-Gilbert-Slonczewki (LLGS) equation and the analytic approach of the
nonlinear oscillator model described in the Kim-Tiberkvich-Slavin (KTS) model. The latter
describes the power and frequency of the generated microwave signal of STNOs in the free
running state (no external signals) and under the influence of external signals, i.e frequency
modulation. The noise extraction method as well as the noise properties of STNOs is also
described. Finally, the basic concept of modulation and the state of the art of frequency
modulation of STNO are reviewed.

» Chapter 2 is dedicated to the characterization of RF performances of STNO devices
realized by different groups: Mosaic devices (realized within Mosaic project) and Hitachi
devices (realized by HGST Inc., San Jose, USA). They differ by their magnetic stacks and
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compositions. This chapter starts with the description of the experimental setup and
measurement techniques used to characterize the RF performances of STNO devices.
Subsequently, STNO devices measured within this thesis will be introduced. The discussion
will be then specialized for the Mosaic devices, including their nanofabrication process and
optimization. Next, the RF performances of Mosaic devices and Hitachi devices are evaluated
and compared in terms of their microwave excitation (single or multimode), their linewidth,
their output power, and their signal stability (phase noise). The results are used to give
feedback for further development and optimization of materials deposition and
nanofabrication processes, and to identify devices with good RF performances to be used for
FSK measurements.

» Chapter 3 is dedicated to macrospin simulations of frequency modulation in STNOs under
the application of a sinusoidal RF current (current modulation) and RF field (field
modulation). The aim is to investigate and characterize the maximum achievable modulation
rate for different frequency modulation configurations. As the maximum achievable data rate
for current modulation in STNO has been investigated in Ref. 24, this chapter highlights the
maximum data rate achievable with field modulation in STNO at different RF field
orientations with respect to the static field (in-plane direction), i.e. longitudinal and transverse
field modulation. First, an analytic approach based on the KTS model of current and
longitudinal field modulation in STNOs is described for further understanding on different
mechanisms of frequency modulation in both configurations. Next, numerical simulations of
field modulation in STNOs are presented. This starts with the description of the simulation
parameters which are chosen in order to stay close to situations of experiments and
applications and also to stay within the validity range of the analytical model. Next, the
extraction method of the maximum achievable data rate from numerical simulation is
presented. The results are discussed and compared with the analytical model. As additional
studies, the maximum achievable data rate as a function of applied RF field angle and the
dependence of the modulation peaks as a function of the modulation strength are also
presented and discussed.

* Chapter 4 presents the studies of FSK by digital current modulation in STNOs for wireless
communication used in WSNs. This starts with the introduction of the FSK communication
scheme using STNOs. In this part, the FSK concept and the delay detection technique
proposed by Toshiba are described. The study of FSK modulation in STNOs is divided into
three parts. The first part is dedicated to numerical simulation of FSK by digital current
modulation in STNOs. The second part is the experimental demonstration of FSK current
modulation on standalone STNOs. The STNOs with different types of nanofabrication are
measured and compared in terms of the modulation capabilities, i.e. frequency shift and
modulation rate. The calculation of delay detection of the modulated signal is also presented
to read back the digital input. The last part is the FSK measurements of STNOs within
microwave system, i.e. RF emitter card. The same analysis is done as mentioned for FSK
measurements on standalone STNOs. The measurements are done using STNOs from
different types of nanofabrication. The frequency shift performance and the corresponding
modulation rate are characterized. The demodulation is done numerically using the delay
detection to read back the digital input signal.

» Chapter 5 summarizes the simulation and experimental results of this thesis and gives an
outlook on potential future investigations and perspectives.



Chapter |
Literature Review

This chapter gives fundamental aspects of Spin Torque Nano-Oscillators (STNOs)
which are important for the understanding of the results of this thesis. This starts by a brief
introduction to spintronics, with emphasis on magneto-resistance (MR) and the spin transfer
torque (STT) effect. It will be shown how these concepts are used to define the STNO capable
of generating a high frequency voltage signal. The understanding of the magnetization
dynamics of STNOs described by the Landau-Lifshitz Gilbert equation including the STT
term (LLGS) will also be discussed. In order to understand the nonlinear dynamical processes
taking place in STNOs, the analytical model derived from the transformation of LLGS
equation to complex c-variables will be reviewed. In particular, the model describes the power
and frequency of STNO as a function of DC current and DC field, predict the magnitude and
properties of the generation linewidth, and also explain the STNO behavior under the
influence of periodic and stochastic external signals. This provides the understanding of basic
analytic model for STNO that can be developed for any different cases, i.e. STNO behavior
under the influence of RF field that will be investigated in Chapter 3. Finally, the research
advance of STNO-based applications will be discussed to better understand the motivation
and objective of this thesis.



1.1 Introduction to Spintronics

The advent of improved thin-film deposition and nano-structuration systems have led to
an emerging field of nanoelectronics called spin electronics or also called Spintronics.
Spintronics exploits the spin degree of freedom of conduction electrons and their interaction
with magnetization to control the flow of electrons and magnetization state of nanoelectronic
devices, which are made from magnetic thin film heterostructures. Spintronics research
following the discovery of the giant magnetoresistance (GMR) effect in the late 1980s [35,36],
which exhibits magnetic field dependent changes in resistance of magnetic thin film
heterostructures, composed of two ferromagnetic layers separated by a non-magnetic spacer (a
normal metal layer). This discovery was followed, in 1997, by the commercial introduction by
IBM (Stuart Parkin and his colleagues) of novel magnetic field sensors in hard disk drive
(HDD) read heads. The GMR head enabled HDD to read smaller data bits, which boosted the
areal density of HDD with 16.8 GB of storage. For this reason, the discovery of GMR was
honored with the Nobel Prize in Physics in 2007 to Albert Fert and Peter Griinberg and with
the Millennium Technology Prize to Stuart Parkin in 2014 [37].

A few years later, due to the advances in the thin film growth and device fabrication, an
even more significant effect, called the tunneling magnetoresistance (TMR) effect, i.e. a
phenomenon where electrons tunnel through a thin insulating layer, was observed at room
temperature in magnetic tunneling junctions (MTJs) [38,39]. In MTJ-devices, the non-
magnetic spacer layer in a GMR-device is replaced by this insulating layer. Because of their huge
variation in the electrical resistance (high TMR), which is almost 100 times larger than that
from a GMR-device, MTJs promise attractive applications in magnetic field sensor and
magnetic random access memory (MRAM) in very small scale. The read heads with MTJs in
HDD has been commercially available with the areal density up to terabytes and more of storage.
MRAMs based on MTJs were first commercialized by Everspin in 2006 [40,41], which uses
the magnetic moments for storing data. As the magnetic bit will not lose its magnetization
over time, it can retain information without consuming any power (it is “non-volatile”). The
reading and writing of data are done electrically (unlike the mechanical reading and writing in
hard drives), which allows a high sensitivity with a reduced energy consumption and fast
operation speed.

Another important breakthrough of spintronics is the discovery of spin transfer torque
(STT) effect by Slonczewski [4] and Berger [5] twenty years ago. The STT effect has
received much attention since its theoretical prediction was experimentally verified in 2000
[42-44]. Slonczewski and Berger predicted independently a way to control the magnetization
state of magnetic thin film heterostructures based on the spin-transfer-torque (STT) effect
from a spin-polarized current instead of an applied field, leading to several possible
applications. The angular momentum carried by the spin-polarized current exerts a torque on
the local magnetization inducing either magnetization reversal or steady state magnetization
precession. The current-induced switching (reversal) is of interest for future MRAMSs (STT-
MRAM) since commutation between the two states of the memory can be directly driven by
an electrical current, thanks to the spin transfer torque effect. Hence, this could improve the
scalability of MRAM. There are significant progress and many ongoing efforts to realize
STT-MRAM [45-49]. They are seen as high impact applications either as standalone
memories to replace other random access memories or embedded in complementary metal-
oxide-semiconductor (CMOS) logic.

Another important consequence of STT effect is the large angle steady state
magnetization oscillations of the thin magnetic heterostructures. By using the
magnetoresistance (MR) effect, these oscillations are converted into an oscillatory output
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signal at high-frequency, ranging from 100MHz to several tens of GHz. This STT effect and
MR effect together enables new type of high-frequency tuneable nanoscale oscillators, namely
spin-torque nano-oscillators (STNOs). The first steady-state precession of the magnetization
in thin magnetic heterostructures, at frequencies of a few GHz, were detected by Tsoi et al. [7]
in a point-contact geometry and then it was directly observed in nanoscale device structures
by Kiselev et al. [6] and Rippard et al. [15]. After these experimental demonstrations, it has
rapidly become clear that the steady state oscillations in the microwave range were generated,
whose frequency depends on the applied current or external magnetic field. This frequency
tuning properties is desirable for RF applications. Therefore, STNOs are seen as promising
technologies that propose solutions for low power, high frequency tunability, cost effective,
and compact RF components and systems. Many research efforts are currently being devoted
to improve the RF performances of STNOs (output power and phase noise) and to test their
feasibility in the microwave system.

In this thesis, the study is focused on the STNO spintronics devices for wireless
communication application. The STNO devices studied in this thesis are nanopillar MTJ
devices. In the following, the basic concepts of spintronics for an overall understanding of the
STNOs will be discussed. It starts with the origin of ferromagnetism in materials composed
by 3d elements which is used in spintronics devices. This will be followed by an introduction
to spin dependent transport phenomena, with a focus on tunneling transport and the
corresponding tunnel transport models. Afterwards, the spin transfer torque effect which is
responsible for the steady state oscillations in STNOs will be discussed.

1.1.1 Ferromagnetism in 3d transition metals

The macroscopic magnetic properties of materials are a consequence of magnetic
moments associated with individual electrons [50]. In addition to mass m, and charge e, an
electron has an additional degree of freedom, the electron spin. Each electron in an atom has
magnetic moment u originates from the orbital motion and the spin of the electron. The
orbital motion of the electron around the nucleus having a magnetic moment u, along the axis
of rotation, given by:

po=—"21L (1.1)
Where ug is the Bohr magneton given by uz = %and L is the angular momentum of the

orbital electron which is antiparallel (opposite direction) to the orbital magnetic moment, .
In quantum mechanics, the orbital angular momentum L is quantized in units of A (reduced
Planck constant). By analogy with orbital magnetic moment, the magnetic moment
originating from the electron spin, ug, which is directed along the spin axis, is given by the
formula:

us=—gS (12)

With g is the the Lande-factor and S is the spin angular momentum or simply spin,
characterized by a spin quantum number s = +1/2, i.e. § = hs. Due to its quantum nature,
the spin of the electron can only point up (spin-up) or down (spin-down).

The spin of the electrons in atoms is the main source of ferromagnetism. In
ferromagnetic materials, the magnetic moment of adjacent atoms tends to align spontaneously
due to a quantum mechanical effect called exchange interaction which arises from the
Coulomb interaction between electrons and Pauli’s exclusion principle. The alignment of spin
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magnetic moments in a system gives rise to a spontaneous magnetization, even when in the
absence of a magnetic field. The magnetization M in a material of volume V is expressed in
terms of density of net magnetic moments, pu.

1
M==[ pdv (1.3)

In ferromagnetic metals like Co, Fe, and Ni, magnetization is better described with band
theory, also known as the free electron model, which was initially developed by Stoner and
Slater [51]. In this model, the exchange interaction results in a spitting of energy band AE. As
a consequence, the numbers of filled spin-up (T) and spin-down ({) are unequal, as illustrated
in Fig. 1.1. This leads to the asymmetry in density of states (DOS) for the majority (spin-up
(T)) and minority spin (spin-down (1)) at Fermi energy, Ef, and gives rise to a spin polarized
current: electrons are less scattered when their spin moment is parallel to the local spin than
when it is antiparallel.

DOS <

Fig. 1.1-Schematic of DOS in a ferromagnetic 3d transition metal

N4

The degree of spin polarization P in ferromagnets is defined as:

NN
= N (1.4)
where N" and N*' is the density of states (DOS) of majority spin and minority spin at the
Fermi level. The quantity of spin polarization in ferromagnets is important for the efficiency
of spin-dependent effects such as magnetoresistance effects or the spin-transfer torque in
MTJs.

1.1.2 Tunneling magnetoresistance (TMR)

A magnetic tunnel junction (MTJ) consists of two ferromagnetic (FM) layers, called
electrodes, separated by a very thin insulating layer (IL), called tunnel barrier. The thickness
of the barrier ranges from a few angstroms to a few nanometers, allowing electrons to tunnel
through the dielectric layer. The concept of tunnel transport or spin dependent tunnelling was
introduced by Tedrow and Mersevey in 1971 [52] and four years later Julliere [53] measured
the tunnel magnetoresistance (TMR) in Fe-Ge-Pb and Fe-Ge-Co structures at 4.2K. A change
in the resistance of 14% as a function of the external magnetic field was found by Julliere.
Julliere proposed a phenomenological model, where the spin is conserved during the
tunneling process. As a consequence, the spin up(down) electrons from one electrode, FM;,
must tunnel into the up(down) states available in the other electrode, FM,, as illustrated in In
Fig. 1.2. The tunneling probability for a single electron of the first electrode is proportional to
the DOS of available empty states at the second electrode. In the parallel state (Fig. 1.2a), the
electrodes present the same DOS for their majority and their minority band, respectively. The
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majority(minority) electrons of the first electrode (FM;) tunnel to the majority(minority)
electrons of the second electrode (FM,). In this configuration, the tunnel conductance, Gp, is
dominated by the majority electrons. Since there is large number of states available in the
majority electrons, the tunnel conductance in parallel configuration is large and thus, the
resistance, Rp, is low. In the antiparallel state (Fig. 1.2b), the majority(minority) band
electrons can only tunnel to the minority(majority) band electrons of the second electrode. In
this case the conductance, Gap, is dominated by a mix between minority and majority band
electrons. Due to the reduced number of states available for the antiparallel configuration, the
conductance is low and the resistance, Rap, is large. Hence, the tunneling conductance and
thus the resistance of MTJs depend on the relative orientation of the magnetization of the
electrodes with respect to each other, as expressed as follow:

Gp = NJNJ + NiN; (1.5a)
Gsp = NJN; + N/ NJ (1.5b)

where N/ is the density of states (DOS) at the ferromagnetic layers i for the spin direction o
at the Fermi level. The corresponding tunneling magnetoresistance ratio (TMR) is defined as:

TMR = Gp—Gap _ Rap—Rp (1.6)

Gap Rp

The relation between the TMR ratio and the spin polarization P of both electrodes is
described by the Julliere model:

2P P,
1-P;P,

TMR = (1.7)

where P; and P, and are the spin polarization factors (given by Eq. 1.4) for the two electrodes,
respectively. Therefore, the higher the spin polarization of the electrodes the larger the effect
and if P =P, =1, the TMR ratio is infinitely high.

(a) Parallel configuration (b) Anti-Parallel configuration

FM, SL FM, FM, SL_FM,

I 1 I—
- -

RP RAP

Fig. 1.2-Schematic representation of the tunneling process in (a) the parallel configuration and (b) the
anti-parallel configuration of the two electrodes. These two band models supposes the existence of an
effective barrier potential, eV. FMy, SL, FM, correspond to first ferromagnetic layer, insulating spacer
layer (a tunnel barrier), and second ferromagnetic layer, respectively.



In reality, the Julliere model is a simplification and the magnitude of the TMR ratio
depends additionally upon the effective polarization of the electrode surfaces, the quality of
the interfaces between the electrodes and the barrier, and the properties of the barrier itself. A
more realistic model was proposed by Slonczewski [54], which takes into account these
factors. Slonczewski expressed Eq. 1.7 by writing the transmission coefficient for each spin
when taking into account the effective polarization of the DOS at each ferromagnetic/insulator
interface:

_ (k=k)(x*=ktky)
ET Uy +ky) (k2 +krky) (1.8)

Where k; and k; depends on the Stoner energy, k? = 2m, (U, — Er)/h is the effective barrier
height and U, is the total barrier height. Using this formalism, the angular dependence of the
conductance G through an insulating barrier of width d, is given by:

G(6) = Go[1 + P,P,cos0)] with G, « e~2x4 (1.9)

When k is large, the Slonczewski model (Eq. 1.8) is equivalent to the Juliere model for
infinite barrier height, U, is large.

The improvement of deposition techniques since the first experience of Tedrow and
Julliere, has allowed the fabrication of MTJ structures showing large TMR at room
temperature. A reproducible large TMR (~18%) at room temperature was achieved in MTJs
with an amorphous Al,O3; [55,56]. Ever since then, many researches in spin dependent
tunneling have focused on MTJs with an Al,Ozas a tunnel barrier [57-59]. Although intensive
efforts in such MTJs showed that the maximum TMR only reached about 70% [60,61].
Meanwhile, extensive theoretical and experimental work has been carried out to increase the
TMR by studying crystalline tunneling barriers [62,63].

Butler et al. carried out first calculations of a TMR ratio higher than 1000% in Fe(001)/
MgO/ Fe(001) crystalline junctions [62]. This enhanced TMR is due to the coherent tunneling
process in MgO barrier. In Fe(001)/ MgO/ Fe(001) crystalline tunnel junctions, the electrons
propagate or tunnel within specific electronic Bloch state (A; for majority electrons, A, and As
for the minority electrons), as illustrated in Figs. 1.3a,b. Its tunneling conductance depends
strongly on the symmetry of the Bloch states in the electrodes and of the evanescent states in
the barrier. Thus Bloch states of different symmetry decay at different rates within the barrier.
The A; state decays slowest among all the states and can make a significant contribution to the
tunneling conductance.

Fe(001) MgO(001) Fe(001)

; f2 a5
&.\/“;«\‘ \AI (spd) _: Fe(001) -P ® <A|

Density of states

S PR EPEEP U SR
2 3 456 7 8 9101112131415
Layer number

(a) (b)

Fig. 1.3-(a) Evolution of the density of states as a function of the numbers of MgO layers. Adapted
from [62]. (b) Schematics of the electrons tunneling through (a) amorphous AIl-O barrier and (b)
crystalline MgO (001) barrier. Adapted from Yuasa [64]
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The discovery of a high TMR in MTJ due to MgO produced the reorientation of
research towards the improvement in the MgO deposition with a good texture with adjacent
ferromagnetic layers. The most successful MTJs to date have used (001) MgO barriers with
recrystallized body centered cubic (bcc) CoFeB electrodes, which have MR ratios of 200%—
600% at room temperature and over 1000% at 4.2K [65-67]. The advantage of CoFeB
electrodes is that after deposition, the CoFeB/MgO/CoFeB stack is amorphous. In order to
generate a lattice matching i.e crystallize the two CoFeB electrodes in the bcc MgO(001)
structure, it is necessary to anneal the devices. In a MTJ device with very low resistance area
(RA), studied in this thesis, the annealing is fundamental to obtain high TMR but it gives rise
to several problems such as the degradation of the MgO barrier (pinholes) due to the Boron
diffusion to the grain boundaries [67,68]. In order to protect the MgO barrier against Boron
diffusion, the CoFeB can be replaced by CoFeB/CoFe and CoFe/CoFeB bilayers respectively,
using a thin CoFe layer (=0.5nm) at the interface to MgO. As shown in Ref. 69 this can
increase the TMR from 105% to 192%.

1.1.3 Spin transfer torque (STT)

The previous section describes the TMR effect in MTJs which can be considered as a
control of current flow via the magnetization state. The reverse effect, called the spin transfer
torque (STT) effect, is the control of magnetization state through a spin polarized current. In
other words, in a thin magnetic heterostructure device, there are two spintronics effects, MR
effect and STT effect, leading to various applications, i.e. magnetic sensor in HDD read head,
MRAM, STT-MRAM, STNOs, etc. Hence in order to observe the STT effect, it requires the
same magnetic heterostructure as MR effect, i.e. two ferromagnetic layers FM; and FMy,
separated by a thin spacer SL (either a metallic layer or a tunnel barrier). The physic origin (in
the macrospin approach) and the effect of STT in the magnetization state of such thin
magnetic heterostructure are shown in Fig. 1.4. A microscopic picture of spin transfer torque
can be found in [70-72].

Consider a thin magnetic heterostructure, illustrated in Fig. 1.4a, with the
magnetizations of both ferromagnetic layers, M; and M,, are misaligned at angle 6. An
electrical current passes through the structure, perpendicularly to the interfaces, with electrons
flowing from the left (ferromagnetic layer FM;) to the right (ferromagnetic layer FM,).
Electrons flowing in FMj are spin polarized along the direction of the magnetization M, and
carry a magnetic moment u, (u, parallel to M,), once they have passed through FM, their
magnetic moment rotates to align with the direction of the magnetization M,. The outgoing
magnetic moment is now u..

(a) (b)

—>
Iy T Electron flow /I-lz

Fig. 1.4-(a) Ilustration of spin transfer torque in magnetic heterostructures, consisting of two
ferromagnetic layers, FM; and FM,, (their magnetization is aligned by an angle 6) separated with a
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NM layer as spacer layer SL. (b) Schematic of the transferred angular momentum (T) in the
magnetization of the ferromagnetic layer FM, which is then decomposed in two parts T, and T,
respectively acts on the magnetization of the first ferromagnetic layer M; and the second
ferromagnetic layer M,. Adapted from [72].

The rotation of the conduction electron moments, u; and u,, is due to a torque applied by the
local magnetizations FM; and FM; respectively. Hence, the local magnetizations feel an equal
and opposite torque. The transverse component of the conduction electron moment T, and T,
(see Fig. 1.4b) is transferred to the local magnetizations. This spin-transfer torque on the
magnetization leads to the change in spin momentum of the localized moment per second.
However the length of the magnetization vectors, M, and M, are conserved:

aimiz aMm

- =2M. S5 =0 (1.10)

It results that any variation of magnetization ‘fi—’t" is necessarily transverse to the magnetization.

The total transferred angular momentum T in the system is a sum of two moments T, and T,
where T, is a torque transferred to M, and T, is a torque transferred to M,. In practice, the
magnetization of FM; is designed to be fixed (polarizing layer PL) for example by using a
Synthetic Anti-Ferromagnetic (SAF) structure [73-75] or a thick electrode FMy, in order to
make FM; less susceptible to spin torque and mainly serves as a polarizer to provide spin
polarization. Whereas, the magnetization of FM is usually thin and can be excited by spin
torque, called as free layer FL. In this case, the spin torque acting on the free-layer
magnetization m due to the misalignment with the polarizing layer magnetization p is given
by two terms. The first term, called the ‘spin transfer torque STT term T’, corresponds to a
transfer of the transverse component of the spin momentum that lies in the plane of m and p,
while the second term, called field-like term T, corresponds to a transfer of the transverse
component that is perpendicular to the plane of m and p. The spin torque T including two
terms is described as follow:

T;=T,+T, =y,aymXx (mXp) +y,b;(m X p) (1.11)

Here, m is the unitary magnetization vector of the free layer given by m = Mﬁwith M; is the
N

spontaneous magnetization. y, is the gyromagnetic factor, a; is the spin torque amplitude
proportional to the applied current, and b; is the prefactor of the field-like term depending on
the net current charge. In this thesis, the contribution from b; will be neglected, as it is

assumed that b; does not have strong impact on the dynamics of MTJ-based STNOs, Z—’ < 1.
J

This assumption is justified by the maximal value encountered in MTJ for b;, which is 30%
the value of a; [74].
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1.2 Magnetization Dynamics

It has been introduced the physic origin of spin transfer torque STT in thin magnetic
heterostructures. In this section the effect of STT on magnetization dynamics of STNOs in the
macrospin approximation will be discussed. This Section starts with the introduction of
Landau-Lifsthitz-Gilbert-Slonczewski (LLGS) equation. The constant energy trajectory
obtained by solving the LLGS equation will be discussed. The evolution of magnetization
dynamics under external control parameters, applied field and applied current density, will be
shown for the case of zero temperature and finite temperature.

1.2.1 Introduction to LLGS equation

The magnetization dynamics is described by the Landau-Lifshitz-Gilbert equation, that
includes the conservative precession of the magnetization and the damping torques (first two
terms of eq. 1.12). In order to take the effect of spin transfer into account, the longitudinal
spin torque T is included to the LLG equation (third term of eq. 1.12), thus leading to the
Landau-Lifsthitz-Gilbert-Slonczewski (LLGS) equation as given by eq. 1.12, i.e. The b; term
is neglected, two magnetization dynamical modes occur under the influence of STT in its
simplest form (a; o¢ Japp).

d d
d_';‘ = —yo(m x Heps) + (m X d—T) —Yoaym X (m X p) (1.12)

Here y, is the gyromagnetic factor given by y, = oy = 2.21x10° % with u, is vacuum

permeability. a is the natural damping constant, M is the saturation magnetization and a; is
the spin torque amplitude proportional to the applied current density J,,,,, given by the general
expression:

_ N Japp
J = Ze pomst | (1.13)

Where, t is the thickness of the STNO device and 7 is the spin polarization value.

H 5y is the effective field given by the negative gradient of the free energy density E

with respect to the unitary magnetization vector m, H s = — : 11\/1 V;STEl‘ It is important to note
o0Ms

that the free energy density E is the sum of all potential energies E; resulting from any fields
H; acting on m. For STNO devices the most important energy E terms are (i) the Zeeman
energy, Egpp = —toMsVmHg,,, due to an external applied bias field H,p, , (ii) the
demagnetization energy due to geometry of the sample, E, (iii) the anisotropy energy due to
crystalline or interfacial energies E,,, and (iv) the exchange energy due to spin-dependent
quantum mechanical interactions E,,. Detail of each contribution fields can be found for
instance in [71]. In the case of single domain or macrospin model, the exchange interaction is
assumed to be sufficiently strong so that all of the magnetic moments in a device layer are
aligned and move together. In this model the magnitude of the moment is constant in time.
Since the exchange energy is negligible H,, = 0, the effective field can be described as
follow:

Heff:Happ+Hd+Hu (114)
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Due to the demagnetization and anisotropy contributions to the effective field H.ss, the
equilibrium orientation of the magnetization m will be different from the direction of the
applied field H 4.

A simple illustration of the evolution of the magnetization dynamic under the LLGS
equation is given in Fig. 1.5. The magnetization dynamic under the torque T exerted by a
magnetic field H.yf is given by the first term in the right-hand side of eq. 1.12 (conservative
term). The term says simply that the magnetization m precesses around the effective magnetic
field H,zf at a constant energy trajectory (constant magnitude), i.e. closed loop trajectory, as
illustrated in Fig. 1.5a (red curve). The second term is a relaxation term and describes the
energy losses (energy dissipation) due to interaction of the magnetization with its
environment. The parameter that characterizes the losses is the Gilbert damping constant a. It
should be noted that a is rather small, a ~ 0.01 in typical magnetic materials used for spin
torque experiments. The damping torque itself is, usually, comparable in magnitude with the
spin transfer torque and much smaller than the conservative precessional torque —yo[m X
Heff]. Hence, the damping term can be considered as a small perturbation to the precessional
term. From any initial position, the damping torque will relax the magnetization towards its
energy minimum (low energy state), i.e. realigned with the local effective field, on a timescale
given by aM; (few nanoseconds). The effect of damping on the overall trajectory is shown in
Fig. 1.5b. As the magnetic moment relaxes, it will sample a family of nearly constant energy
orbits. To first approximation, these are the orbits that are stabilized by the transfer of spin,
STT, from the applied current. This STT, i.e. described by the last term of eq. 1.12, can be
either as an energy source or an additional dissipative (or damping) contribution for the
system, depending on the current sign. In the case of an energy source or gain, the STT
cancels and compensates the damping torque and thus brings the magnetization into the
steady state precession (closed loop trajectory), as illustrated in Fig. 1.5c. In contrast to this, in
the case of an additional dissipation, the STT enhances the damping torque and relaxes the
magnetization towards the energy minimum.

Fig. 1.5-lllustration of the evolution of the magnetization dynamic (red curve): (a) conservative
precession term (b) negative damping (dissipative term) (c) STT term, i.e. STT cancels the negative
damping torque. Adapted from [76].

The illustration above is a very general picture of magnetization dynamic in the presence
and the absence of damping term and spin transfer torque term. In the next Subsection, the
solution of LLGS equation within the macrosin approach will be discussed in order to get a
more intuitive macrospin description of the magnetization dynamic for magnetic thin film
geometry, by considering special trajectories and their frequencies. Here the simplest
magnetic thin film geometry, i.e. an in-plane magnetized MTJ configuration, where the free
layer and polarizing layer are in-plane magnetized, is considered which corresponds to the
devices studied in this thesis (Fig. 1.6). In coordinate system, the free magnetic layer lies in
the x-y plane, axis z is normal to the thin film plane, and the easy axis of the in-plane
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anisotropy is along the x axis. The in plane rotation is characterized by the spherical angle ¢
and the out plane rotation is characterized by the spherical angle 6.

H,, H

app

Fig. 1.6-Left: definition of the (X, y, z) coordinate system and the spherical angles ¢, 6. Right: the free
layer considered is an in-plane magnetized thin film.

A uniaxial magnetocrystalline (MCA) anisotropy field H, along x-axis direction is
considered of amplitude K, (K,>0), H, = :%(mx 0 0). The demagnetizing effect are
0Ms

included by the demagnetizing tensor N = (Nx Ny, Nz). For a nanopillar geometry, H is
assumed in the z-axis direction, Hg = —M;(0 0 Nzmg). The external applied field, H g,
is applied parallel to the easy axis of the in-plane anisotropy (in the x-direction) so that
H,,p = (Happx 0 0). The magnetic energy density E of this system can be written as the
sum of the anisotropy, demagnetizating (magneto-dipolar), and applied field energies:

E = Ky[1 = m2V + 2 poMZ(N;m2)V + —p1oM;Hoppm, V (1.15)
With (m,, my, m,) = (cosfcosg, cosOsing, sinf)

1.2.2 Constant energy trajectories

Since the damping torque and the spin torque are small as compared to the precession
(conservative) torque, a first approximation to the magnetization precession trajectories at
constant energy trajectories (eigenmodes of the undamped system) can be made. In a
macrospin description, the constant energy trajectories of the magnetization dynamics are
determined by the conservative precession term (first term) of LLGS eq. 1.12, (i.e. for a=0
and a;=0). The solution of the precession term for a given initial energy density Eq (eg. 1.15)
yields the static and periodic solutions which are shown in Fig. 1.7. There are three static

states, see Figs. 1.7a,b, (defined by%—': = 0) which are the in-plane energy minimum (along

the in-plane easy axis), the out of-plane energy maximum (representing the demagnetization
energy cost when rotating M perpendicular to the film plane) and the saddle point (in-plane
hard axis). Preparing the system initially in one of these three static states, the system does not
change and remain in its initial state (constant energy). When perturbing the system, the
magnetization will follow period orbits around either the energy minimum or the energy
maximum as indicated by the colored lines in Figs. 1.7a,b. The precession around the energy
minimum (mx=%1) is generally called in-plane precession (IPP) since the energy minimum of
a thin magnetic film is in-plane (Fig. 1.7a) and the precession around the out-of-plane energy
maximum is called out-of-plane precession (OPP) (Fig. 1.7b) [70-72,77]. The IPP
magnetization trajectories are described by a windscreen wiper motion in a counter-clockwise
oscillation sense. The in-plane excursion angle ¢ of IPP mode trajectories increase with
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increasing initial energy Eo. When the trajectories pass through the energy saddle points (in-
plane hard axis), the trajectories bifurcate into two energetically equivalent OPP modes (one
for positive mz and one for negative mz). These OPP modes trajectories are described by a
circular motion, or a tilted circular motion in a clockwise rotation sense around the energy
maximum.

Due to the non-linearity of the equation of motion, H.s (m), there is a strong
dependence of the precession frequency on the precession amplitude, which is different for
the IPP and OPP mode, as given in Fig. 1.7c. They are plotted as a function of the initial
energy E,, expressed by the maximum mj} value on the trajectory. For IPP mode, the
frequency decreases with increasing amplitude of initial energy (redshift) since the length of
the orbit increases faster than the local velocity. Close to the saddle point, the local velocity
goes to zero, explaining the zero frequency at the transition from IPP to OPP. For the OPP
mode the frequency increases with increasing amplitude (blueshift). The frequency value is
given by the out-of-plane demagnetization field which is proportional to the out-of-plane
magnetization component m,.

In-Plane Out of Plane Frequency vs. current
Precession (IPP) Precession (OPP)
- 35+ :
b plgne ma = 1(c) 3 o
®) 1 - z 30 pp . opp
e . S 25/ inplane - outof 7
‘ my & 201 - Plape
n05 5 § 15 /fFMR ..o
plane | & qpl e, 8
e . g min £ | « redshift» 'q,‘. « blueshift »
Saddle-point M x | | | I I
Oscillation around energy Oscillation around energy 00 0.2 04 06 08 1.0
minimum maximum m;"Japp

Fig. 1.7-(a) Conservative IPP and (b) OPP oscillations as a function of the initial energy E,. ()
Precession frequency for conservative IPP and OPP oscillations as a function of the initial energy E,,
expressed by the maximum m; value on the trajectory. Adapted from [72].

Adding damping in the system, the magnetization dynamics are determined by the
conservative precession term (first term) and the damping term (second term) of LLGS eq.
1.12, (i.e. for 0=0.01-0.02 depending of the materials and a;=0). The precession term will
change the stability of the three static solutions. Now, only the energy minimum is stable,
leading to IPP oscillations at small precession angles around the energy minimum. This means
that the energy maximum and saddle point are not stable against small perturbations (the
damping term can be considered as a small perturbation to the precessional term), which will
relax the magnetization on a spiral orbit away from the energy maximum or the saddle point
towards the stable energy minimum. These small IPP precession angles correspond to the
FMR excitations and are indicated for comparison in Fig. 1.7a.

Including the STT in the system, i.e. full LLGS equation, their contribution can be
either, an energy source for the system if the spin-torque opposes the damping torque, or an
additional dissipation (or damping) contribution if the spin-torque torque has the same
direction as the damping torque. In the case of an additional dissipation, the motion is damped
and thus the static state in the energy minimum is stable, i.e. in the in-plane magnetized MTJ
configuration, the spin polarization p is collinear to the effective field H,gf of the free layer
energy minimum. In contrast to this, for the case of an energy source, the motion is excited
away from the static state and thus the static state is unstable. Upon increasing the current
density from zero, an initially stable state can become unstable. The current value for which
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this occurs is called the critical current Ji. When the initial static state become unstable, the
magnetization can either transit into another static state or into a dynamic state, depending on
the current amplitude. It is important to note that the STT does not change the energy surface,
the STT moves the magnetization along the energy surface until the magnetization stabilizes
on a periodic orbit defined by the precession term (see Figs. 1.7a,b). For further understanding
on the transition from the static state to a dynamic state, the illustration of the general features
of the dynamic state for the case of in-plane magnetized magnetic thin film will be discussed
in the following.

1.2.3 State diagram of an in plane magnetoresistive device (0K)

State diagram defines the different static and dynamic states in the current-field plane.
As already mentioned, for in plane magnetoresistive devices, the spin torque is more or less
collinear with the damping torque and the free layer has a uniaxial anisotropy (given by an
anisotropy field H,,) in the same direction as the applied field, H,y,. For this configuration
the state diagram has been predicted from macrospin simulations at T=0K as shown in Fig.
1.8. This diagram is asymmetric as a function of the sign of current Jap, (normalized) and
field, H,,,, Which is normalized by anisotropy field H,,. At zero applied field and no current,
there are two energy minima (stable states) which are given by the parallel (P) and antiparallel
(AP) alignment of the free layer magnetization with respect to the polarizer magnetization
direction. The initial state defines the evolution of the magnetization with applied current.
This magnetization dynamic evolution is summarized as follows:
(i) In the sub-critical regime (Japp<Jinz) the spin torque acts such that for one sign of the
current, it enhances the natural damping and stabilizes the initial state, while for the opposite
current direction it will counteract damping and destabilize the initial state.
(if) Above the critical regime (Japp >Jih1), for the correct sign, the magnetization goes into
steady state oscillations of the type IPP, which are around the initial stable state (energy
minimum).

Jth1 Jth2
/
4
P
S [FL als || M \EP /\
2 -pr =|° 1m|n|mum
3
1
;En. ,‘/ > Happ<H, 1P
g 0 /‘ PP I/ 2minima =
r 4 P AP
AP J~a>0 unstable stable
-2 & o - J~a,;<0 stable unstable
300 |=
—_—
4

-15-10-05 0 05 1.0 156
al(M;o)
Fig. 1.8-Left: State diagram of the magnetization state in In-plane magnetized structures. Right, IPP
and OPP trajectories in the energy landscape as a function of in-plane angle ¢. Adapted from [72].

(i) Upon increasing the current further, the oscillation amplitude increases and the
magnetization transits into steady state OPP oscillations when the current is larger than a
second threshold current (Jih1> Jap, >Jin2). This transition occurs however only when the bias
field is larger than the anisotropy field (Happ>Hu). For Happ<Hu, the magnetization transits
from the IPP steady state oscillations into the reversed static state. This transition into the OPP
state or the reverse static state occurs, when the IPP trajectories are pushed up on the energy
landscape such that they pass through the energy saddle point.
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According to the state diagram shown in Fig. 1.8, it is possible to induce the steady state
oscillation in the parallel and antiparallel state depending on the direction of the field and
current. For example, at positive field and positive current the steady state oscillation around
the antiparallel energy minimum exists and at negative field and negative current the steady
state oscillation around the parallel energy minimum can be excited. However, in reality, only
the steady state oscillations at antiparallel state can be induced. This is because in the
antiparallel state, the resistance is higher than in the parallel state, such that higher amplitude
or voltage oscillation can be achieved. However, only IPP mode can be excited for in-plane
magnetized MTJ device whereas the OPP steady state oscillations seem to be difficult to
realize experimentally for this geometry due to the breakdown voltage limitation. There is
experimental confirmation of this excitation for the standard in plane magnetic structures
(spin valve) [78]. The OPP excitation in standard in plane magnetic structures however
requires either relatively large current amplitudes or relatively large out of plane bias fields,
which is not suitable for RF applications. In contrast, for out of plane polarizer combined with
an in-plane magnetized free layer, it has been shown experimentally [79] and theoretically
[72,80-82] that the OPP mode can be induced at relatively small current close to the critical
current Ji, as well as in zero external field. The state diagram for perpendicular polarizer will
not be shown here (since this thesis will be focused on in-plane magnetized STNO) and can
be found in Ref. 72.

1.2.4 State diagram of an in plane magnetoresistive device with temperature

The state diagram presented in Fig. 1.8 can be different from what is observed
experimentally since it does not take into account the effect of temperature. The state diagram
obtained from direct integration of eq. 1.12 when taking into account a fluctuating thermal
noise field to the effective field Hyy, given by eq. 1.16 [83], is shown in Fig. 1.10.

2akgT
YoV o Ms

(Hi, (OHY, (t) = 8 8(t —t") (1.16)

The i,j representing Cartesian coordinates and kg is the Boltzmann constant. The Hy, is a
magnetic random field with zero mean and its autocorrelation function is given by eq. 1.17,
which corresponds to a white Gaussian noise with a variance proportional to the
temperature T, the damping factor «, and it is inversely proportional to the magnetic volume
V. In Fig. 1.9, the state diagrams were deduced from macrospin simulation by taking into
account the thermal noise in the system for different temperatures, from left to right: T=3K,
T=300K, T=3000K [84].
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Fig. 1.9-State diagrams from numerical integration of LLGS with thermal fluctuations (from left to
right: 3 K, 300 K, 3000 K). Adapted from [84].
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As can be seen in Fig. 1.9, at low temperature (3K and 300K), the state diagrams are
close to the one deduced at zero temperature (see Fig. 1.8, for Happ>Hy) where the two static
states, P (parallel) and AP (antiparallel), and two dynamic modes, IPP and OPP mode, are
observed. Upon increasing the temperature, the bi-stable region denoted “P/AP” is reduced
due to thermal activation whereby the magnetization M can overcome the energy barrier
between the two minima “P” and “AP”. It leads to a non-trivial dependence of the critical
lines (switching from AP to P or P to AP) with temperature. The dynamic state corresponds to
the case in which IPP trajectories first grow in amplitude until switching occurs. The stable
dynamic states of the magnetization exists whose critical lines (stable state to dynamical state
or dynamical to stable state) are temperature independent (especially when Happ>Hy).
Particularly, the bifurcation between a static state and IPP is temperature independent in
LLGS, since temperature does not affect damping and STT terms (when thermal fluctuations
are considered in the form of eq. 1.16. However, material parameters (Ms, a) and a; are
temperature dependent and will induce a temperature dependence of critical or threshold lines
Jin1 experimentally.

Since the resistance of TMR structure depends on the relative angle between the
magnetization of the free layer and the polarizing layer, state diagrams can be deduced from
the measurement of the resistance. For the static state, it can be realized by monitoring the
resistance and for dynamic states, one can monitor the alternating dynamic resistance induced
in the gigahertz (GHz) range. For that reason, direct comparison between experiments and
expected state diagrams can be performed.
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Fig. 1.10-Experimental measurements of the dynamic state: (a) H-1 diagram of the output power
measured on a Co/Cu/Co nanopillar. (b) Differential resistance plotted in colors for the same (H-I)
region. (c) Deduced state diagram. S and L refer respectively to small and high amplitude IPP modes.
W refers to chaotic modes. (d) Output Spectra for different operating points. Adapted from [6].

Fig. 1.10 shows the first experimental measurement of the dynamic state diagram by
Kiselev et al. [6] with corresponding voltage output in the GHz range. The measured state
diagram shows that only IPP mode can be excited, i.e. it is difficult to excite the OPP mode in
an in-plane magnetized magnetic structures even though it is predicted in the simulation (Fig.
1.8 and Fig. 1.9). The information extracted from both output power (Fig. 1.10a) and
differential resistance measurement (Fig. 1.10b) indicates a good agreement with numerical
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integration of LLGS taking into account the thermal noise fluctuations (Fig. 1.9). In Fig.
1.10d, the linewidth broadening present in the emitted spectra of those structures under a
current/voltage bias is observed. This broadening is considered to be a consequence of the
fluctuations of the trajectory due to the fluctuating field defined by Eq. 2.16.

In Fig. 1.11, the macrospin trajectory (inset figure) is given without (Fig. 1.11a) and
with considering the fluctuating field (Fig. 1.11b) [85]. The calculated power spectral density
(PSD) of the signal emitted from a MTJ is also given. It is clear that the noise broadens the
linewidth of the microwave emission (Fig. 1.11b). Doing the inverse Fast Fourier transform
(FFT) for these PSD, one can obtain the corresponding output voltage of the STNO
oscillations in time V(t). For Fig. 1.11a, when thermal noise fluctuation is absent, the output
voltage can be expressed as in the eq. 1.17a. This corresponds to an ideal noiseless oscillator
whose output voltage V(t) oscillates in time at constant amplitude Vo and constant angular
frequency given by w, = 2 f,. However, noise is inevitable in the system, thus the output
voltage in the presence of the fluctuating field (noise) is given by eq. 1.16b. This corresponds
to the output voltage V(t) oscillations in time whose amplitude §a and angular frequency
(phase) ¢ fluctuates around its average value V, and w,, respectively. As a result of these
fluctuations, the PSD of V (t) (Fig. 1.11b) shows the oscillation power which is spread around
the main central frequency, fo.
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Fig. 1.11-PSD of the M, component in double logarithmic plot for a typical IPP mode for (a) T=0K
and (b) T=400K. The broadening of the trajectory (b) implies the broadening of the emission
linewidth. Adapted from [85].

V(t) = Vycos(wyt) (1.17a)
V =V,[1+ da(t)]cos[wot + @(t)] (1.17b)

An analytical study of the impact of the noise on the system is difficult from the LLGS
equation. A simple analytic theory of current-induced microwave generation in magnetic
nano-structures based on complex c-variables, which is developed by Joo-von Kim [86] and
Slavin and Tiberkevich [87], provides a powerful tool to predict linewidth broadening of
oscillation. In particular, it allows one to directly link the noise source to the oscillator output.
In order to understand this, Section 1.3 summarizes the analytical model and is meant to give
an insight into underlying concepts. Before coming to the discussion of the analytical model
of STNOs, it is important to summarize the STNO’s basic principle which is based on the
previous discussion on spintronics effects (magnetoresistance and STT effect) and its
magnetization dynamics (LLGS equation). Hence, a clear understanding of the physical
concepts of STNOs can be achieved. An analogy between the STNO and the conventional
oscillator (LC-VCO) will be also reviewed to introduce the general model of auto-oscillatory
systems (complex c-variables).
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1.2.5 Summary: Magnetization dynamics

To conclude, the magnetization dynamic is generally described by the LLGS equation,
including a precession term, a damping term, and an additional term that represents the torque
from spin momentum transfer. The LLGS equation can be solved in a macrospin or
micromagnetic approach. This gives the understanding of qualitative pictures of the
magnetization dynamics under the presence of spin transfer torque effect in the system, such
as the stable solution, precession mode, state diagram: evolution of magnetization dynamic as
a function of effective field and current, etc. This Section is important to understand the
results that are shown in Chapter 2 (characterization of STNOs). In this chapter, the
microwave excitations of STNOs are characterized under external control parameters, i.e.
applied field and current, to observe the microwave excitation properties, i.e. excitation mode,
frequency dependence on the applied field and current, the threshold current, transition to
steady state, etc. However, as already mentioned, the LLGS equation does not provide an
intuitive understanding of the effect of the noise to the dynamics of STNOs, i.e. amplitude and
phase noise properties and the linewidth broadening and the extraction of its nonlinear
parameters. The transformation of LLGS equation into complex c-variables oscillator
equation is thus required to provide intuitive understanding of the STNO dynamics that
contains the nonlinear parameters. This analytical model will be discussed in the next Section.
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1.3 Kim-Tyberkevych-Slavin (KTS) Model

An analytical model for STNO based on the general model approach of an auto-
oscillator (complex c-variables) was first described within the KTS model that refers to
scientists J.-V. Kim (IEF Orsay), V. Tyberkevych and A.N. Slavin (Oakland University).
Details of this model have been summarized in a tutorial [86,87] for perpendicular polarizer
(circular/symmetric trajectory) STNO configuration. This thesis is mainly focused on the in-
plane magnetized free layer and in-plane magnetized polarizer STNO (see Fig. 1.6). In the
following the analytical model for this STNO configuration will be discussed. The model was
developed by L. Buda Prejbeanu [74,75], following the model derivation procedures as
discussed in the Refs. 86,87. The essential features of this model will be summarized to get
insight on how the nonlinear oscillator model can be derived for STNO, i.e. from the LLGS
equation to KTS model. Its stationary solution and stability for the case of the absence of the
driving force will be discussed, i.e. the KTS model for autonomous or free running STNO.
The model is then expanded for the specific case when a driving force is present, i.e. thermal
fluctuations (linewidth broadening), phase locking to external signals (synchronization), and
frequency modulation. Understanding the basic derivation from LLGS equation to KTS model
is of importance for this thesis for further model derivation of different cases, i.e. frequency
modulation of STNO under external RF field (see Chapter 3).

1.3.1 Introduction to complex c-variables model

The general model of auto-oscillatory systems with three key elements (resonator,
dissipative element, and the active element), regardless of a particular physical realization, can
be described by [87]:

L 1 jolee + Tu(lele = T-(lelP)e = £ (118)

Here c(t) is the complex amplitude of auto-oscillations which measures both the power
p = |c|? and phase ¢ = arg(c) of the oscillations. w(p) is the frequency of auto-oscillations
due to the resonator or equivalent to the precession term. T, (p) is the positive damping which
is responsible for the energy dissipation or equivalent to the damping term, I'_(p) is the
negative damping which acts as an energy source or an active element, and f(t) is the driving
force, i.e. influence of external signals or/and thermal fluctuations to the auto-oscillations. The
resonance frequency w(p) and both damping rates I'.(p), in general, are functions of the
auto-oscillation power p = |c|?, which makes the auto-oscillator is a nonlinear dynamical
system. In the following, the analytical model of STNO for specific configuration, in-plane
magnetized free layer and in-plane magnetized polarizer, which is based on this general model
approach, will be discussed. It will be shown that STNO is a nonlinear oscillator and it is
possible to extract these nonlinear parameters from the analytical model.

1.3.2 From the LLGS equation to complex c-variables (KTS model)

The derivation of the nonlinear oscillator model for the STNO is deduced from the
LLGS equation given by eq. 1.12. It has been noted, that the Gilbert damping constant,
a~0.01, is rather small (in typical magnetic materials used for spin torque experiments).
Therefore, the damping torque in the second term of eq. 1.12 itself is small compared to the
conservative precessional torque (the first term in eq. 1.12). The spin-transfer torque described
in the third term of eq. 1.12 is, usually, comparable in magnitude with the damping torque.
Thus, both nonconservative torques (damping torque and spin transfer torque) in eq. 1.12 are
much smaller than the conservative one. This allows one to substitute in the second term of
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eq. 1.12 the exact time derivative ‘Z—T by its “conservative” value, —yo(m X Hegs). This

substitution, ‘Z—T — —yo(m X Hegy), leads to the extended Landau-Lifsthitz equation [87].

dm

a2 = “Yo(mx Hepp) — aygm x (m X Hepp)|=yoa;[m x (m x p)] (1.19)

As can be seen in eq. 1.19, the damping torque (second term) now has the Landau-Lifshitz

form instead of Gilbert form, where y; = & The extended Landau-Lifsthitz equation has a

1+a’
clear advantage compared to the LLGS form in eq. 1.12, as the equation of magnetization

dynamics with the Landau-Lifshitz form of the damping torque becomes an explicit
differential equation for m. Therefore, the extended Landau-Lifsthitz equation is more
convenient to perform reduction to the general oscillator model and also to perform the
numerical simulation.

In this Section, the reduction from the Landau-Lifsthitz equation to the general oscillator
model (eq. 1.18) is considered for the in-plane magnetized STNO (see Section 1.2.1).
Following the Holstein-Primakoff transformation [88], the extended Landau-Lifsthitz
equation is rewritten in canonical coordinates. Through this transformation, the components
of the magnetization vector (my, my, m;) are transformed to an equation in “complex c-
variable”. Assuming that the magnetization inside the free layer is uniform (only one mode or
oscillation type is excited) and keeping only potential resonant terms, (weakly
nonconservative system) and also neglecting higher order terms in |c|? for simplicity, one can
obtain complex c-variable model for STNO:

d .
— = —j[wo + Nlc|*]e = To[(1 + Qle»)]e = TiR[1 — |c|*]e (1.20)
The first term in the right-hand side of Eq. 1.20 corresponds to precession term, w(|c?|), the
second term is the positive damping, I, (c?|), which is responsible for the energy dissipation,
and the last term is the negative damping, I'_(|c?|), which acts as an energy source or active
element provided by the STT. The expressions for the coefficients are the following:

w
N = —[Boyuv(u? + v2) + Qwy + wy) (W* +v* + 4u2v2)]70

FO = (XA
) ) 3 Wy
Q = —|3uwvwy + (U +v )(wH+3wA+§a)M)> Yol
I = voqy
The notations are similar to that of Ref. 85:
Wy = y(’)Hua Wy = V(SHappa wy = V(I)MSv
A=w,+ wy+22, u= [Z2% p=— [
2 2w 2wy

with wy = VA2 — B%?and B = —“’TM. Here, w, is the ferromagnetic resonance (FMR)

frequency of the in-plane magnetized STNO, w, is the frequency due to anisotropy field H,,,
wy is the frequency given by the a static magnetic field Hg,,,, and wy, is the frequency due to

the demagnetization field. P, in eqg. 1.20 is the magnetization of polarizing layer in the plane
x-direction.
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The analytical model of STNO in eq. 1.20 contains nonlinear parameters N and Q. The
extraction of these nonlinear parameters is of important for the STNO to predict the general
STNO behavior. Since |c|? = p, the precession term, the positive and the negative damping
terms in eq. 1.20 can be expressed as follows:

w(p) = wy+ Np (1.21a)
IL(p) = TH(1+ Q1p) (1.21b)
I_(p) = [;P(1—p) (1.21c)

From eq. 1.21a, one can see that the frequency of an STNO, w(p), strongly depends on the
power p. The STNOs are thus characterized as “nonlinear” auto-oscillators.

1.3.3 Autonomous dynamics of STNO

The nonlinear oscillators model (eg. 1.18) has a general solution which can be easily
found in the form of c(¢) = |c(t)|e™/*®, where |c(¢)| = |/p corresponds to dimensionless

power and ¢ (t) corresponds to the phase, ¢(t) = arg(c). This form permits to rewrite eq.
1.20 as a system of two real equations for the power p and the phase ¢:

L= —2[0 () + - D)]p (1.223)
%= w0t Np (1.22b)

The first equation determines the dynamics of the oscillation power p in an autonomous auto-
oscillator, whereas the second one describes the dynamics of the oscillation phase ¢ or

defines the instantaneous frequency, f;(t) = i%.

The static solutionp = 0 is trivial and corresponds to the absence of any oscillations.
Linearizing (1.22a) near this zero-power solution p — 0, one obtains the equation:

2 = —2[I,.(0) — T_(0)]p (1.23)
From the linearized equation, it is shown that the zero-power solution is stable when the
positive damping is larger than the negative one, I, (0) > I'_(0). The generation frequency at
zero power solution corresponds to w, (ferromagnetic resonance frequency). When the
positive and negative damping are equal, I', (0) = I'_(0), the oscillation of the system has a
nonzero power. This corresponds to the threshold of dynamic oscillation in STNO, above
which the dynamic steady state oscillation occurs. At this point, the free running power p, and
the amplitude relaxation rate I, can be derived from eq. 1.21b and 1.21c:

_ TotPly
Po = ToQi—P,T, (1.24a)
Iy = (ToQ1 — PI)po (1.24b)

For dynamic solution, the oscillation has a nonzero power p = p, where p, is
determined from the condition of [T, (py) = I_(py)], see Fig. 1.12a. This means that the
energy losses due to positive damping I'; (p,) should be exactly compensated by the energy
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supply from the external energy source (spin transfer torque) I'_(p,), and the total effective
damping should be exactly equal to zero [Ty (py) — I_(py) = 0].

The stability of dynamic solutions p = p, above the threshold current I, can be obtained
by doing the linearization of eq. 1.22a for small perturbations §p around the power po such
that p(t) = po + 6p. Thus the eq. 1.22 has a form as follow:

dép _ _
d
2 = wy + Nop (1.25b)

Where wg = wq + Npy is the free running frequency. The output power of the autonomous
STNO (eq. 1.25a) is characterized by the nonlinear parameter I,. This parameter corresponds
to the amplitude relaxation rate (or also called effective damping rate) of small power
perturbations &p around the power p, (see eq. 1.29b). In autonomous (free running)
oscillators, I, relates to the timescale required to recover from an external perturbation such
as noise, or it also relates to the timescale or the rate at which the frequency can be effectively
tuned (by the applied current density through the STNO device for instance). Large I, (fast
time response) is desired in most RF applications, in particular, as will be shown in the next
Subsection, this I, limits the modulation data rate of the STNO when an external RF current
is applied to STNO, i.e. frequency modulation.
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Fig. 1.12-Dependences of the damping rates I'y(p) (a) and oscillation frequency w(p) (b) on the
oscillation power p. Intersection of the curves I'y (p) and I'_(p) determines the free-running operation
point of the oscillator with the power p, and free-running generation frequency w, = w(po).

Eq. 1.25b shows the dynamic of the oscillation phase or frequency of the STNO. From
the equation, it is clear that the phase or frequency of the STNO is coupled nonlinearly, via N,
with the output power p(t). Hence, any change in the output power will induce changes in the
output frequency, leading to a large slope frequency-power tunability. The corresponding
slope is related to the nonlinear frequency shift coefficient, N. The larger N, the larger the
slope frequency-power (Fig. 1.12b). Large slope frequency-power is of interest for RF
application such as in wireless communication system where large frequency shift is needed
to achieve large signal to noise ratio. This large frequency-power tuning is difficult to achieve
in conventional oscillator as their frequency does not depend on the output power. The
nonlinear frequency shift coefficient, N, can be negative or positive depending on the mode
excitations as already discussed. For positive N, the frequency increase with the increase of
the current, i.e. blueshift behavior, and this corresponds to the out of plane precession (OPP)
mode excitations. Whereas, for negative N, the frequency decreases as the current increases,
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i.e. redshift behavior, and this corresponds to in-plane precession (IPP) mode excitations.
However, large nonlinearity N of STNO is also disadvantage for RF application because this
nonlinearity enhances the phase noise of the STNO through the coupling with the power noise
(see Section 1.3.5). In contrast to this, weak nonlinearity of the frequency to the power in
conventional oscillators makes their phase noise better than the one of STNO.

To conclude, the analytical solution (KTS model) for the case of autonomous (free
running) STNO provides direct analysis on their output power and frequency under the
external control parameters such as DC current. Furthermore the analytical model predicts a
frequency dependence on the generated power in STNOs. Thus, STNOs are characterized as
nonlinear oscillators. The predictions coincide with the experimental and numerical results of
STNOs of various configurations. For the practical applications of STNOs, it is important to
understand how these auto-oscillators will behave under the influence of external periodic
signals which can lead to a synchronization or frequency modulation. The KTS model for the
case of synchronization can be found in literature [86,87]. In the following, the KTS model
for frequency modulation of STNO will be summarized since this thesis is focused on
frequency modulation of STNOs.

1.3.4 Frequency modulation of STNO via current modulation

In this section the dynamic behaviors of STNO under the influence of external periodic
signals will be discussed. The external signal considered here is an RF oscillating current,
given by Izgcos(w,,t), where I and w,, = 2rf,, correspond to the amplitude and the
angular frequency of RF current, respectively (f,, is the frequency of the RF current).
Depending on the f,,, value, on can distinguish different two operational regimes:

(@) fm is much less than the free running STNO frequency, f;, induced by the DC current.
This is the case of frequency modulation, f,, < f,.
(b) fin is on the same order magnitude as the free running STNO frequency, f,, induced
by the DC current. This leads to synchronization, f,,, = f; (or nf,) .
As already mentioned, the frequency modulation of the STNO is of interest of this thesis.
Hence the discussion will be focused on the case of frequency modulation. A detail discussion
of the synchronization can be found in the literature [87].

For practical applications, the frequency modulation of STNOs can be easily or directly
achieved by modulating the current, Ipc.

I1(t) = [1+ e cos(wpt)]Ipc (1.26)

Where I(t) is the modulated DC current and ¢ is the modulation depth (e=Ire/lpc). In this
modulation, the negative damping (spin transfer torque), I'_(p), is considered to be
modulated, since it depends on the bias current, Ipc~a;. The modulated negative damping,

[DC+RE (£, 1), is given by:
[PCHRE (¢ p) = [1 + £ cos(w,,t)]T_(p) (1.27)

Assuming that the modulation depth € is small (¢ « 1) the oscillation power p(t) can be
represented as p(t) = py + Sp(t) , where p, is the free running power (unmodulated
oscillator, e = 0), and ép(t) is a small modulation around the free running power, ép(t)~e.
Doing the linearization of eq. 1.22 for small ¢ (small modulation around the free running
power), one can obtain a system of equations for the power modulation §p and the phase
¢ = arg(c) of the modulated STNO:
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% = —2I,6p + 2el_(po)po cos(wpmt) (1.28a)

d
2 = wy + N&p(t) (1.28b)
In comparison with eq. 1.25a, the power fluctuations (modulation) §p of free running STNOs

has an additional nonhomogeneous term proportional to the modulation depth €. A stationary
solution of eq. 1.28 has the form:

op(t) =¢ wcos(wmt + ) (1.29a)
wrzn+4l“12,

2 = 2mfi(t) = wy + Nop(t) (1.29b)

d(t) = wgt + NAP sin(wmt + ) + ¢y (1.29c)

Where A¢p = g 2P0 s the amplitude of the induced phase modulation N is the

WM }w$n+4r‘?,
nonlinear frequency shift coefficient, ¥ = —arctan(w,,/2I}), and T, is the amplitude
relaxation rate. The final output signal of an STNO modulated through its DC current has thus
both a sinusoidal varying amplitude and phase (frequency). As given in egs. 1.29b,c, the
modulation of the phase (frequency) of the STNO occurs due to nonlinear coupling N with its
modulated power Sp(t). The spectrum of the frequency-modulated oscillations can be

obtained by writing the solution for the complex amplitude c(t) = /p(t)e /?® and
developing the solution in a Fourier series:

c(t) = Jp(t)eTOs LT Jn(Ad)e M Omt) (1.30)

where J,(x) is the Bessel function of the nth order. The spectrum (eq. 1.30) consists of a
central peak at the frequency w, with an infinite number of sidebands at the frequencies

wg + nwy, having relative amplitudes J,, (A¢). This predicts a dependence of the intensity of
the spectrum sidebands on the modulation frequency.

The equation for dp(t), eq. 1.29a, predicts that the modulated power cuts off at the
relaxation frequency f,=I'y/, and, therefore, f, determines the maximum modulation rate of
the amplitude (power) modulation. Due to the nonlinear coupling N between frequency and
amplitude, the same cut-off appears for frequency modulation. Hence, the modulation data
rate of the frequency modulation is also given by the relaxation frequency f,. This becomes
evidence when taking the Fast Fourier Transform (FFT) of eq. 1.29a:

PSDs, (f) o g2 ZN=opo) 1 (1.31)

472 fa+ts

For slow modulation frequencies, f;;, < f,, the contribution of f,, in eq. 1.31 can be neglected

such that the response of A(f,,) is constant. For this case, the amplitude in the frequency

response is modulated in white Gaussian manner, i.e. the same strength at all frequencies

below the f, at the same time. This means that under slow modulation frequencies (slow

perturbation) compared to the STNO precession period, the STNO has time to follow the

perturbation such that the STNO can respond and follow the modulating RF current. In
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contrast, for faster modulation frequencies, f,,, >» f,, the amplitude response A(f,) is
inversely proportional to the square of f,,,. This means that under a faster perturbation (faster
than its relaxation rate f,), the STNO does not has enough time to follow the modulating RF
current and will result in an amplitude attenuation. Hence, the larger f,, (as compared to to
f,), the larger the attenuation of the amplitude A(fy,). This analytical model, hence, predicts
the behavior of the amplitude and frequency modulation of the STNO via current modulation
and it is shown that the maximum achievable data rate of amplitude and frequency modulation
of the STNO are given by its relaxation frequency f,,. This has been confirmed experimentally
in Ref. 89 by using a noise spectroscopy technique, i.e the extraction of the amplitude and
frequency noise. This technique provides a very simple method to extract the amplitude
relaxation frequency f, and to characterize the modulation data rate of STNO. Hence, this
technique is of importance of this thesis since it will be used for further investigation of the
modulation data rate of STNO for different modulation configuration that will be discussed in
Chapter 3.

To summarize, the KTS model is able to explain the behavior of STNOs under an
external periodic signal and the importance of the extraction of the most important parameter
of STNO, I,. In addition, the experimental results qualitatively coincide with the prediction of
the KTS model, i.e. the nonlinear dependence on the modulating signal parameters (amplitude
and frequency) and most importantly the extraction of the I, from frequency modulation
experimental studies. Another major achievement of the model involves providing a full
description of the STNO dynamics in the presence of thermal noise, as discussed in the
following.

1.3.5 Thermal noise in the KTS theory: Amplitude and phase noise

It has been discussed in detail the deterministic component of the system, i.e. the stable
trajectory, and how the system returns to it after a single perturbation around the free running
power po, i.e. the returning time is characterized by the amplitude relaxation rate, t,~1/T,.
This Section describes the analytical model of an STNO in the presence of thermal noise and
its influence on the STNO dynamical systems. When a stochastic force f, (t) acts on the
system, eq. 1.18 can be rewritten as follow:

=+ jop)c + L (p)e — T_(p)c = f, (&) with [cf = p (1.32)

The statistical solution of eq. 1.32 requires some assumptions: (i) the noise does not
perturb the system too much so that the eq 1.32 can be linearized, (ii) stochastic force f,,(t) in
eq. 1.32 is considered as a phenomenological term describing action of thermal fluctuations.
Hence, its expression should verify a proper thermodynamical behavior of the STNO in the
state of thermal equilibrium (i.e. the Boltzmann distribution of the system state when I'_(p) =
0) [87]. This is obtained by considering f,,(t) to be a white Gaussian noise with the zero mean
value and second-order correlator given by [87,89]:

(@) =0, (fu(Of(t)) =2D6(t ") (1.33)

Where D,, is the diffusion coefficient that characterizes the noise amplitude. For a nonlinear
oscillator (STNO), i.e. the strong dependences of the frequency w(p) and damping I (p) on
the oscillation power, this diffusion coefficient also depends on the oscillation power p
[87,89].
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Du(p) = T+ (@IN(p) = T (p) 30 (L.34)

kpT
where n(p) = AwB(p)

constant, T the temperature and factor A is a scale factor that relates the energy of the
oscillation to the oscillation power p.

is the effective noise power in the nonlinear regime. kj is the Boltzmann

With the definition of the diffusion constant D, and using £, (t) = £, (£)e7®® the solution
of eq. 1.32 has forms:

EP 1 21,6p = 2/poRe[f (1)] (1.35a)
‘;—‘f +wy + Nép = J%Im[fn(t)] (1.35D)

Eq. 1.35 is of main importance for this thesis, because it allows a simple expression for both
amplitude (power) and phase of the STNO in the presence of white Gaussian noise. Let us
first consider the amplitude (power) noise given by the eq. 1.35a. The autocorrelation function
of power fluctuations, leads to the direct extraction of the amplitude relaxation rate, I, [87],
i.e. the power fluctuations can be directly extracted from the Hilbert transformation (see
Chapter 2 Section 2.1.3.1).

(Bp(0)8p(t = 1)) = Kpp(r) = e e™2v" (1.36)

Where Af, is the linear linewidth of the STNO, i.e. Af, = D,,(p). The autocorrelation
function of the power fluctuations (eg. 1.36) is an exponential decaying function with the time
constant 7., given by the inverse of I3,, 7. = 1/2[,. This time constant describes the
relaxation time needed for the STNO to drive the magnetization back to its stable limit cycle
(constant trajectory) after perturbations.
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Fig. 1.13-(a) The power fluctuation autocorrelation function K,, for a MTJ-STO. (b) The power-phase
cross correlation function K4, from the same set of data. The red curve is an exponentially decay fit
with a time constant t. equal to 1/2T,. (c) The I}, as a function of the applied current or voltage.
Adapted from [90].

The first experimental extraction of I, through the power autocorrelation function was
performed by Bianchini et. al [90]. The I, was extracted from single shot time domain
measurements of the output voltage of an MTJ based STO, by using the Hilbert
transformation to obtain the power (amplitude) fluctuations. The autocorrelation function of
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power fluctuations gives the value of 7. = 1/2[, by fitting the response with the exponential
decaying function. The results are given in Fig. 1.13, showing that I, lies in the range of tens
of MHz (Fig. 1.13c).

It is more convenient to express the solution of power fluctuations (1.35a) through its
Fast Fourier Transform (FFT), to form power spectral densities (PSD) of the power
fluctuations as given by eq. 1.44. From this the occurrence and interpretation of the roll-off
frequency f,=1/nT, in the amplitude (power) noise plots becomes clear.

A 1
PSDsy(f) = 57 (L37)

In addition, it is possible to extract the linear linewidth Af; through the PSD of the power
fluctuations. Considering two limiting behaviors of the system amplitude in presence of noise:
low frequency (f < f,) and high frequency perturbations (f > f,). For low frequency
perturbations (f < f,), the eq. 1.37 can be written:

PSDg, (f) = =L (1.38a)

2nfy

This means that the system responds the perturbations in the white Gaussian manner, 1/f°, (the
same nature as the excitation force). For this case, there is a restoring torque (given by the
balance between spin transfer and damping torque) that drives the magnetization back to its
initial stable trajectory. For high frequency perturbations (f > f,), it becomes:

PSDs, (f) = =L (1.38h)

2mf2

This results in a random walk behavior 1/f, i.e. power fluctuations are adding up, meaning
that the STNO does not have time to relax to its stable trajectory. The prediction of the system
response for these two limiting cases has been experimentally demonstrated by Quinsat. et. al
[85,91] as shown in Fig 1.14. The experimental results (red plots in Figs. 1.14b,c,d) were
compared with the ones obtain from the macrospin simulation (red plots in Figs. 1.14a), and
both showed good agreement to the analytical model. In experiment [85,91] the cut-off
frequency is on the order of few hundred MHz which is slightly larger with the one measured
in [90].

To summarize for the case of amplitude (power) fluctuations, there are two methods of
the extraction of I',: direct from power autocorrelation function (extracting the time constant
7.) and from the amplitude noise response (extracting the roll of frequency fp). The latter will
be discussed in detail in Chapter 2 since this technique will be used for the data analysis in
this thesis. Furthermore, this analysis technique can also be used to determine the upper limit
of the modulation frequency for the case of modulated STNO as confirmed in Ref. [91].
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Fig. 1.14-The amplitude (red curve) and phase noise plots (blue curve) obtained from (a) macrospin
simulation (b-d) experimental measurements of different STNO devices: high tunneling
magnetoresistance (HTMR) and low tunneling magnetoresistance (LTMR). Adapted from [91].

It has been discussed in detail all information that can be obtained from the study of
amplitude/power fluctuations. This part is focused on the information that can be obtained
from the study of the phase fluctuations. In the phase equation of eq. 1.35b, it is shown that
the phase has a direct contribution from power fluctuations Nép, i.e. power-phase coupling.
To investigate the power fluctuations on the phase noise, it is convenient to express the eq.
1.35b through its Fast Fourier Transform (FFT), to form power spectral densities (PSD) of the
phase fluctuations as given by eq. 1.39.

22
PSDy(f) = 2L 4 2o 2o (1.39)

A

With v = N/T,p, is the dimensionless nonlinear amplitude phase coupling. The first term
(right hand side) corresponds to the linear contribution to the phase noise, while the second
term is the nonlinear contribution to the phase noise. The linear contribution is the direct
effect of noise on the phase term, the nonlinear contribution is the noise on the phase term
originating from the amplitude fluctuations. Since the frequency depends on the amplitude of
the auto-oscillation (i.e. STOs are non-linear oscillators), it naturally induces this nonlinear
contribution. Two limiting cases can be also made for PSD (f), as mentioned previously for
the analysis of amplitude fluctuations: low frequency (f < f,) and high frequency
perturbations (f > f,), see eq. 1.40. For low frequency perturbations (f «< f,), the phase
noise is indeed given by the nonlinear contribution from amplitude fluctuations. This
amplitude noise enhances the phase noise level by a factor 1 + v2. In this case, there is no
restoring force for the phase and the phase is free. This is why the phase accumulates all
fluctuations, resulting in a random walk behavior, 1/f%. For high frequency perturbations
(f » f,), the phase noise is linear and mainly given by the direct effect of noise on the phase.
This also results in random walk behavior. The phase noise plots are thus a means to extract
the non-linear parameter v.
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1.3.6 Summary: KTS model

In conclusion, the KTS model provides a means to transform the LLGS equation into a
general oscillator model, from which the basic behavior in the autonomous regime and in the
non-autonomous regime (under the influence of periodic and stochastic external signals) can
be derived. This model permits to extract the nonlinear parameters N, I,, and v. N (nonlinear
frequency shifts) represents the strong dependence of the generated frequency on the power of

the generated signal. Depending on N~ %, positive or negative, the frequency dependence on
the power can be redshift (IPP mode) or blueshift (OPP mode). In one hand, strong N induces
large slope of frequency current tunability %which is of interest for many applications such

as for digital wireless communication application where large frequency shift is desired to
achieve high signal to noise ratio. On the other hand, strong N leads to enhance a phase noise
due to nonlinear contribution from amplitude fluctuations. This makes the phase noise of
STNOs poorer compared to conventional oscillators whose frequency weakly depend on the
power. Study the noise properties of STNOs provide a means to extract the most important
parameter of STNO, I;,, which gives the timescale or the rate of STNO to drive the
magnetization back to its stable trajectory after perturbations. This is possible by doing the
autocorrelation function of the amplitude fluctuation or forming the power spectral density of
the amplitude fluctuations (amplitude noise). While the phase noise provides a tool for the
extraction of the nonlinear amplitude-phase coupling parameter v and to study the linewidth
broadening that is also relevant for applications.

Under the influence of periodic signals, the KTS model is also able to explain the
dynamics behavior of STNO for example for the case of frequency modulation. It is predicted
that I, limits the upper modulation frequency for the case of modulation current and hence it
characterizes the modulation bandwidth up to which the modulation is effective. To finish,
this Section is important since it is rich of information for the understanding the results
achieved in this thesis.
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1.4 State of the Art of Experimental and Theoretical of Frequency
Modulation

This thesis subject is to demonstrate the use of STNOs for wireless communication
applications. In such applications, modulation is an important signal processing concept.
Modulation processes have been successfully employed in the case of microwave STNO [26-
28]. Some recent experiments have already demonstrated great potential of STNOs to be used
as modulators in wireless communication systems. It has also been demonstrated that STNOs
can be employed to develop novel high-data-transfer-rate readers for hard disk drives (HDDs).
This Section aims to give a brief review of state-of-art of STNO modulation to highlight the
motivation of this thesis. Before coming to the review, the fundamental of modulation in
signal theory will be first present to understand the mechanism behind the STNO modulation
and to follow easily the discussion of the review.

1.4.1 Fundamental of modulation: amplitude and frequency modulation

Modulation is the process of varying the characteristic parameters of a periodic high-
frequency wave (“carrier”), in accordance with a low-frequency information signal
(“modulating”), to obtain a “modulated” signal. The carrier wave is generally a sinusoidal
waveform characterized by modifiable parameters: amplitude and frequency or phase. The
corresponding analog modulation processes are referred to as amplitude modulation (AM),
frequency modulation (FM), respectively [92,93], as illustrated in Fig. 1.15.

Time traces PSD
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LF -low frequency signal
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Amplitude modulated HF signal
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Frequency
modulation

Frequency | Phase modulated HF signal

Fig. 1.15-Figures (a), (b), (c), (d) correspond to carrier signal, modulating signal, amplitude
modulation signal and frequency modulation signal, respectively. The left figure shows the waveform
signal, while the right figure presents the corresponding power spectral density (PSD), leading to the
sidebands generation around the carrier frequency. Adapted from [93].

»  Amplitude modulation

Amplitude modulation is the simplest form of modulation, which results in a variation of
the carrier amplitude that is proportional to the amplitude of the modulating signal as shown
in Fig. 1.15¢c. The amplitude modulation of the carrier wave S(t) is created by multiplying the
carrier wave with a modulating signal m(t):
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S(t) = Ac[1 + kgm(t) cos(2rf,t)] (1.41a)

B cos(w, — wy)t (1.41b)

S(t) = A cos w.t + —==cos(w, + wy)t + .

pA
2

Where, A, and f. corresponds to amplitude and frequency of the carrier wave, k, is the
amplitude sensibility of modulator responsible for the generation of the modulated signal.
m(t) = A,, cos(2rf,,t) is the modulating signal having a sinusoidal form. Substituting m(t)
in relation 1.41a and defining g as the modulation index, given by g = A4,,/A., one can obtain
relation 1.41b. This relation shows that the amplitude modulation results in a sum of three
sinusoids of different frequencies. One of these sinusoids has the same frequency f. and
amplitude A as the un-modulated carrier. The second sinusoid is at a frequency equal to the
sum of the carrier frequency and the modulation frequency (f.+fy); this component is the
upper sideband.

The third sinusoid is at a frequency equal to the carrier frequency minus the modulation
frequency (f.-fr); this component is the lower sideband. The two sideband components have
equal amplitudes (symmetric sideband), which are proportional to the amplitude of the
modulating signal An. The frequency domain of an amplitude-modulated carrier, Fig. 1.15c
(right), shows the modulated spectrum consisting of carrier and sideband components of equal
amplitude (symmetric sideband). The bandwidth of amplitude modulation is twice the
frequency of the modulating signal, BW=2f,

»  Frequency modulation

In frequency modulation (FM), the carrier frequency is modulated by a modulating
signal, while the amplitude is constant (see Fig. 1.15d, left). And ideal FM signal has a form:

S(t) = A cos[¢; ()] (1.42)

where A. is the constant carrier amplitude and ¢;(t) is the instantaneous phase of the
modulated signal, related to the instantaneous frequency by f;(t) = %%. In a typical FM
system [92,93], the instantaneous frequency varies linearly with the modulating signal
fi(t) = fo + kym(t), where kg is called frequency sensitivity (Hz/Volt). According to the
previous definitions, (1.42), the FM signal may be rewritten as:

S(t) = A, cos [anct + 2k, fotm(t)dt] (1.43)

The modulated signal defined by relation 1.43 is a nonlinear function of the modulating signal
S(t), which makes FM an intrinsic nonlinear modulation process. Nevertheless, because of
the linearity between f;(t) and m(t), this phenomenon is referred to a linear modulation
process. Assuming now that the modulating signal has a cosine form, m(t) =
A, cos(2mf,t), relation 1.43 becomes:

S(t) = Accos[(2nf )t + B sin(2mfy,)t] (1.44)

With ﬁ:"f;ﬂzﬁ—f

Here, B corresponds to the modulation index (unitless), indicating by how much the
modulated variable varies around its unmodulated level. f,,, is the highest frequency in the
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modulating signal (Hz), and Af,.qx = kA, corresponds to the frequency deviation of the
peak (Hz) which represents the maximum shift away from f; in one direction. Relation 1.44
can be written in the Fourier transform form by using the formalism of complex envelopes
[92,93]:

S(t) = AcRe Xn=—o Jn(B)explj2n(fe + nfin)t] (1.45)

With, ,(B) = %exp[j(ﬁ sinx — nx)]dx
where J,,(B) is the nth-order Bessel function showing the relation between the carrier and
sideband amplitudes of the modulated wave as a function of the modulation index . From
(1.45), it can be seen that the spectrum of wideband FM signal consists of the carrier
frequency f. and an infinite number of sidebands whose amplitudes are proportional to J,,(8),
although in practice the spectrum of an FM signal is not infinite. Their sideband amplitudes
decrease and become negligibly small beyond a certain frequency offset from the carrier,
depending on the magnitude of . The bandwidth required for low distortion transmission can
be now determined by counting the number of significant sidebands. For high fidelity,
significant sidebands are those sidebands that have a voltage at least 1 percent (—40 dB) of the

voltage of the unmodulated carrier for any B between 0 and maximum. Fig. 1.16 shows the

spectral behavior of an FM signal for different values of modulation index g = k;ﬂ = Af]f’—e“".

In Fig. 1.16A, the spectra of a signal for g =0.2, 1, 5, and 10 are shown. The sinusoidal
modulating signal has the constant frequency, f;,,, so § is proportional to its amplitude, ksA,.
In Fig. 2.16B, the amplitude of the modulating signal k;A,, is held constant and, therefore,
is varied by changing the modulating frequency, f,,. In Figs. 1.16B-a,b,c, individual spectral
components are shown, whereas in Fig. 1.16B-d, the components are not resolved, but the
envelope is correct.
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Fig. 1.16-(a) Amplitude-frequency spectrum of an FM signal (the modulation frequency fi, is fixed, the
modulation amplitude A, is varying) for (a), $=0.2, (a) =1, (c) 8 =5, (d) 8 = 10. (b) Amplitude-
frequency spectrum of an FM signal (the modulation frequency f,, is varying, the modulation
amplitude Ay, is fixed) for (a) § =5, (b) § =10, (c) B =15, (d) B — o. Adapted from [93].

Two important facts emerge from Figs. 1.16A and 1.16B [93]:
(1) For very low modulation index (B less than 0.2), only one significant pair of sidebands is
obtained. The required transmission bandwidth in this case is approximately 2f,,, as for
Amplitude Modulation (AM). This corresponds to narrowband FM (see Fig. 1.16A-a).
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(2) For very high modulation index (B more than 100), the transmission bandwidth is 2Af,¢ k-
This corresponds to wideband FM. While wideband FM uses more bandwidth, it can improve
the signal to noise ratio significantly (see Figs. 1.16A-b,c,d) where the value of Afy,cqx is
varied, while keeping f,,, constant.

For values of B between these extremes we have to count the significant sidebands to
calculate the required transmission bandwidth (BW) or it can be calculated using the
approximation:

BW = 2fn + 2A0fpeak
or
BW = 2f,(1+B)

So far the discussion of FM sidebands and bandwidth has been based on having a single sine
wave as the modulating signal. Extending this to complex and more realistic modulating
signals is difficult. We can, however, look at an example of single-tone modulation for some
useful information. An FM broadcast station has a maximum frequency deviation (determined
by the maximum amplitude of the modulating signal) of Af,.qx =75kHz. The highest
modulation frequency f,, is 15 kHz. This combination yields a modulation index of f=5, and
the resulting signal has eight significant sideband pairs. Thus the required bandwidth can be
calculated as 2 x 8 x 15 kHz = 240kHz. For modulation frequencies below 15 kHz (with the
same amplitude assumed), the modulation index increases above 5 and the bandwidth
eventually approaches 2Af,.q, =150kHz for very low modulation frequencies. We can,
therefore, calculate the required transmission bandwidth using the highest modulation
frequency f;,, and the maximum frequency deviation Af,q-

Conclusion

An important thing to note from the spectrum of an linear FM signal shows in Fig. 1.16
is that the carrier frequency does not change with the modulating signal parameters (An, and
fm) and also the sidebands in the left and right side of the carrier signal have an equal
amplitude (symmetric sidebands amplitude). It will be shown in the next Section, that this not
the case for STNOs. Due to the STNO nonlinearity, the carrier frequency is shifted as a
function of the modulating amplitude and the sidebands amplitude are asymmetric [94,95].

1.4.2 Experimental and theoretical studies of frequency modulation of STNO

It has been discussed, the spectrum of “pure” (linecar) FM signals as a function of
modulating signal parameters, i.e. the modulation frequency fr,, and the modulation amplitude
An. The term “pure or linear” FM signal refers to the FM signal whose amplitude is constant
during the frequency modulation. So that it does not affect the carrier frequency while varying
the amplitude of the modulating signal A, and leads to symmetric sidebands amplitudes
around the carrier signal (see Fig. 1.16). However, this is not the case for STNOs. As already
discussed previously, STNOs are characterized as a non-linear oscillator which means that the
precession frequency strongly depends on the precession amplitude or power, i.e. power-
phase nonlinear coupling. In the modulation case, modulating the amplitude or power of the
STNO will also induce frequency modulation due to such nonlinear coupling. The term of
“pure or linear” FM modulation is not valid anymore for the case of amplitude-induced
frequency modulation in STNOs. This has been confirmed experimentally by Pufall et al. [94]
and Akerman et. al [95]. The experiments were performed at a fixed modulation frequency fn,
and varying the modulation amplitude An. In the pioneering frequency modulation
experiment [94], the authors took advantage of the strong phase-power coupling of GMR-
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based STNOs to obtain a frequency modulation. The modulation was performed at a single
operating point of the free running STNO, which is in the curve region of frequency versus
DC current (nonlinear region). Although the gross features of frequency modulation were
present, significant discrepancies from the “pure or linear” FM model were observed: (i) an
unexpected carrier frequency shift as a function of modulation amplitude A4,,, (or Al in Ref.
[94]) (Figs. 1.17a,b), and (ii) asymmetric sideband amplitudes in contrast to the expected nth
order Bessel functions (Figs. 1.17a,c,d).

The attempt to justify these results was carried out by nonlinear FM (NFM) theory
which takes into account the nonlinear change in the intrinsic operating frequency during
modulation and performing numerical macrospin calculations. This theory is able to
accurately describe the frequency shifts during modulation. However, the amplitude
asymmetry of the modulated sidebands only agrees with calculations based on a theory of
combined nonlinear frequency and amplitude modulation (NFAM) developed by Consolo et.
[96], see Fig. 1.18. In this theory, the temporal signal eq. 1.42 was defined to be both
amplitude-modulated and frequency-modulated:

S(t) = Ac[m(t)] cos(¢p;[m()]) (1.46)
where the amplitude A, and instantaneous frequency f;(t) = L di(m(®) are polynomial
c t 2T dt
expansions of a modulating signal m(t).
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Fig. 1.17-(a) PSD of the STO output (for a nanocontact) with and without modulation current. (b) Shift
of the center frequency versus modulation amplitude AI. Measured normalized sideband amplitude
(squares) and calculated one (full lines) from a nonlinear frequency modulation NFM model using first
order sidebands (c) and second-order side-bands (d). A linear modulation model is unable to explain
the frequency-shift versus Al, and the asymmetry between the upper and lower sideband amplitude
which should be equal in a linear modulation model. Adapted from [94].

By using the formalism of complex envelopes [92,93], the relation (1.46) can be written
in the Fourier transform. As can be seen in Fig. 1.18, the derived analytical solution shows
remarkable agreement with the micromagnetic calculations of the carrier frequency shift (Fig.
1.18a) and asymmetry amplitude of the modulated sidebands (Figs. 1.18b,c, blue line). In
contrast to this the NFM theory failed to explain the asymmetry amplitude of the modulated
sidebands (Figs. 1.18b,c, red dashed line).
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In experiment [95], the author investigated the impact of different levels of frequency

2
nonlinearity (% being zero, positive, and negative), on the frequency modulation of

nanocontact STNO. The same modulation features as in Ref. 94, i.e. a shift of the center
frequency and asymmetric sideband amplitudes with modulation amplitude A4,,,, are observed

2
for the case of a nonlinear frequency dependence (positive and negative %). In contrast to

2
this, for the linear frequency dependence case (% = 0), the carrier and sideband frequencies

are entirely independent of the modulation amplitude, 4,,. However, the asymmetry of
sideband amplitudes was still observed.
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Fig. 1.18-(a) Dependence of the carrier frequency f. on the amplitude of the modulating signal A
Dependence of first-order (b) and second-order (c) sidebands amplitude ratio on the amplitude of the
modulating signal A,. Symbols, together with error bars, are representative of numerical results,
whereas the analytical ones are denoted by lines (dotted lines for NFM and solid lines for NFAM).
Error bars associated to numerical results are representative of a computational error of about 2.5%.
Adapted from [96].

This case of linear frequency modulation provides strong experimental evidence, that
amplitude modulation is also taking place. Using the analytical model of NFAM proposed by
Consolo et.al [96] remarkable agreement between the experimental data and calculations were
shown. Moreover, it was possible to fit the modulation data with very good accuracy with a
polynomial expansion up to the third order. However, the information acquired from these
coefficients does not reflect the intrinsic mechanism of NFAM in STNOs, nor its
consequences for a specific choice of experimental conditions and device characteristics. To
investigate the origin of NFAM in STNOs, Ref. [97] derived the modulation spectrum as a
function of the intrinsic STNO parameters as suggested by Slavin et. al (KTS model) (eq.
1.30). The Fourier coefficients obtained by this method give quantitative information, such as
the carrier frequency shift, the modulation index, and the modulation bandwidth (MBW) of
the STNO. The MBW is measured from the peak frequency deviation Af,.q (a function of
the modulation index) dependence on the modulation frequency as shown in Fig. 1.19.

A common criterion of the 3 dB power attenuation that is usually used to characterize
filters was used to determine the cutoff frequency which is given by 2I;,. This modulation
bandwidth (MBW) gives a measure of the frequency range in which an oscillator has optimal
modulation properties. This means that above the cutoff frequency, the modulation properties
such as a full frequency deviation Af,.q,, Cannot be achieved. i.e the frequency deviation
Afpear 1S attenuated. This leads to a degradation of the modulation bandwidth.
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Fig. 1.19-Peak frequency deviation Af dependence on the modulation frequency for different operating
points of free running STNO (different DC currents) obtained via numerical simulation. The plots
have a low-pass filter behavior with a cutoff frequency given by f,~T}, /m. Adapted from [97]

A more straightforward modulation analysis technique on the determination of the
modulation bandwidth of an STNO was reported by Quinsat et. al [24]. This technique is
based on the extraction of the amplitude and phase noise from single-shot time traces as has
been discussed in Section 1.3.5 (see Fig. 1.14). Extracting the amplitude and frequency noise
plots of the modulated output voltage traces will provide the same plots as shown in Fig. 1.14,
with the addition of a well-defined peak appearing above the noise level (red plot) at the
modulation frequency, see Fig. 1.20. Varying the modulation frequency f,, of the modulating
signal (from 1MHz up to 1GHz) for a constant modulation amplitude and superpose the
responses, one can see that its amplitude envelope (peaks above the noise level) has the same
cut-off as the noise spectra (red plot), this for amplitude (Figs. 1.20a,c) and frequency noise
plots (Figs. 1.20b,d), in simulation and experiment.
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Fig. 1.20-The amplitude PSD;, (a,c) and frequency noise PSDs:plots (b,d) of modulated output
voltage STNO obtained from numerical simulation and experimental measurements. As a guide to the
eye, the envelope of these peaks is given in (a)-(d) by the dashed lines indicating the roll-off at f,
estimated by the vertical dotted lines. For the simulation, a ratio of 1,/lpc=0.1 was used. For the
experiments on the MTJ devices, a modulation power of -30 dBm was used, which corresponds to
I/1pc=0.03 with Ipc=0.5 mA. Adapted from [24].
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For current modulation this is understandable, since the current modulation will in a first
place modulate the power of the STNO. As discussed previously in Section 1.3.5, this cut off
frequency f,, determines the maximum modulation frequency where the amplitude can follow
an external modulation signal. Hence the bandwidth for amplitude modulation via current
modulation is given by f,. Due to the nonlinear coupling between frequency and amplitude,
the same cutoff appears for frequency modulation via current modulation. Its modulation
bandwidth is thus given by fy~ I'y/z. This coincides with the prediction of the KTS model (eq.
1.30) and the numerical results obtained by Akerman et al by analyzing the frequency
deviation Af dependence on the modulation frequency (see Fig. 1.19). Another technique of
the extraction of I, was reported in [23,25], in the context of characterizing the agility of
STNOs as frequency synthesizers, i.e. the shortest time it takes for the STNO to hop and
stabilize from one frequency to another. However this leads to complex measurement setup
and the determination of I, was obtained from a complex fit of the data from the frequency
domain experiments (for different modulation frequencies). For this thesis, the technique
presented by Quinsat et. al. [24] will be used to analyze the frequency modulation simulation
results in Chapter 3.

Besides understanding the physical concept behind the frequency modulation of STNO
and the method for the extraction of the modulation bandwidth of STNO, recent studies of
frequency modulation of STNOs have demonstrated the use of STNO for wireless
communication applications. FSK digital modulation has been first reported by Manfrini et al.
[23,25] using vortex MTJ-based STNOs that emit in the 0.1-2 GHz range by modulating the
current between two discrete values at frequencies up to 10MHz. The first ever complete
wireless communication scheme using homogeneous MTJ-based STNOs has been recently
demonstrated by Choi et al. [26], adopting non-coherent wireless communication systems
based on digital On-Off Keying (OOK) modulation and envelope detection technique. They
reported wireless communication with a decent data rate, 0.2Mbps, and SNR of 12.5 dB at a
distance between the transmitter and receiver of 100cm. Using the same wireless
communication concept, R. Sharma et al. [27] were able to improve the data rate up to 4Mbps
at the same communication distance as demonstrated by Choi et al. The signal to noise (SNR)
ratio is however 6dB smaller. Further demonstration of a homogeneous MTJ-based STNO
modulation using OOK concept on a printed board card (PCB) level has been first reported by
Oh et al. [28], resulting communication over 10mm with the data rate of 0.4Mbps. This data
rate is slightly less compared to Choi et al. and R. Sharma et al. The data rates achieved in the
mentioned demonstrations above are all limited by the rising time and falling time of the
electronic components in the measurement system, i.e. the bias-T, and not to the intrinsic
(agility) of STNOs as mentioned in Ref. 22-24.

A recent application of STNOs that has been proposed by Toshiba is to use them as
dynamic read heads in hard disk drives [29-33]. In this concept, the STNO frequency is
modulated by the dipolar stray field from the bit “0” and “1”, leading to a frequency shift into
two discrete values which refer to FSK digital modulation. For the read out, this frequency
shift can be converted into a voltage signal level using non-coherent demodulation technique
(delay detection technique). In order to increase the bit data rate, the STNO has to respond
fast to the changing bit stray field. The challenge is to define the STNOs with modulation
bandwidths that achieve high bit data rate. This means also that the investigations presented
previously for current modulation need to be extended to field modulation, to see whether the
modulation bandwidth is controlled by the same parameter. The investigation of field
modulation in STNO is thus essential for read head applications. This is the aim of Chapter 3,
where the field modulation in STNO will be carried out numerically within macrospin
approach. The upper limit of modulation bandwidth for the field modulation will be
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investigated for different field configurations and compared with the one for current
modulation that has been intensively studied.

1.5 General Summary

To conclude, an overview of fundamental aspects of STNOs has been discussed starting
from the physical concepts underlying the STNOs, its magnetization dynamics, and the
analytical model that explains the dynamic behavior of STNOs in the autonomous and non-
autonomous regime. The STNO’s operating principle is based on two spintronics effects: spin
transfer torque effect to set the magnetization dynamic into steady state oscillation, and the
magnetoresistance effect to produce an output voltage. The effect of spin transfer torque on
the magnetization dynamics is described by the LLGS equation. The LLGS equation solution
predicts the evolution of magnetization dynamics under the external control parameters which
permits to acquire important information such as the threshold current, the excitation modes
(IPP and OPP), the frequency dependence on the external control parameters, influence of the
noise on the magnetization dynamics, etc. The LLGS equation does not show direct insight
into most pertinent nonlinear parameters. The transformation of LLGS equation to universal
oscillator model (KTS model) gives a clear and simple physical picture of the nonlinear
dynamical occurs in STNOs, both in the autonomous auto-oscillation regime and under the
influence of periodic/stochastic external signals. In particular, the model suggests a direct way
of extracting the most important parameters of STNOs, which is the amplitude relaxation rate
I},, and predicts that this parameter determines the agility of STNOs, i.e. the rate of STNO to
drive the magnetization back to its equilibrium trajectory after perturbations. Moreover, it has
been shown by many studies that this parameter also limits the modulation frequency of
STNOs and hence the modulation bandwidth of STNO is given by I, under current
modulation. Finally, recent studies of frequency modulation of STNO have been summarized,
which took advantage of the strong frequency-power coupling of STNO to obtain the
frequency modulation. It demonstrated the use of STNOs for non-coherent wireless
communication system, i.e ASK modulation. The maximum data rate is however still lower
than the expectation due to setup limitations. This motivates the study which is carried out in
Chapter 4, where the FSK concepts will be applied to investigate the maximum data rate of
STNOs. For some other applications such as the use of STNOs for dynamic read heads in
hard disk drive technologies, the frequency modulation studies of STNO need to be extended
to field modulation, in particular for the determination of the maximum achievable data bit
rate and to see whether an upper limit exists and whether it is controlled by the same
parameter as in current modulation. This is the main aim of Chapter 3 where the investigation
is performed via numerical simulation. The amplitude and phase noise technique will be used
to analyze the maximum achievable data bit rate. To confirm the simulation results the
analytical model (KTS model) needs to be developed for the case of field modulation.
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Chapter |1
STNO realization and characterization

To demonstrate the feasibility of STNOs in the radio frequency (RF) application level,
one has first to optimize the RF performances of STNO devices. For such applications, the
STNOs have to emit high frequency oscillation with good spectral purity, low linewidth, high
output power, wide frequency tuning, good signal stability (good phase noise), good barrier
stability and low threshold current. For this, one has to define appropriate magnetic
nanostructures and nano-fabrication processes and to characterize their RF performances.
Prior to the start of my thesis the RF performances of STNO devices, Hitachi GST (HGST),
have been studied. These studies permitted to acquire the basic knowledge of the RF
performances of STNO. Within Mosaic project, the state of the art of STNO devices has been
realized by International Iberian Nanotechnology (INL) laboratory for material (MTJ stack)
deposition and Spintec for nanofabrication processes and RF characterization. Here, the
author’s contribution was to characterize and evaluate the RF performances of STNO devices.
The results are used to give feedback for further development and optimization of the material
deposition and nanofabrication processes, and to identify devices with good RF performances
to be used for further studies, i.e. FSK measurements.

In this chapter, the RF performances of STNO devices realized in this thesis (Mosaic
devices) will be investigated, evaluated, and compared with the RF performances of other
STNO devices, such as Hitachi devices, which have different magnetic stack compositions.
To characterize the RF performances of STNOs, two measurement techniques are considered,
i.e. frequency domain technique and time domain technique. The measurement setup for this
characterization is discussed in Section 2.1. Afterwards, in Section 2.2, the discussion is
continued on the introduction of STNO devices investigated in this thesis, i.e. Mosaic devices
and Hitachi devices. The advancement and the optimization of Mosaic devices and its
challenge during the realization, magnetic stack development and nanofabrication process, are
also discussed in this Section. In Section 2.3, the statistical analysis of STNOs from different
nanofabrication processes and different magnetic stacks will be evaluated. The dynamic
characterization of STNOs will finally be evaluated in Section 2.4. The results are compared
in terms of their microwave excitation (single or multimode), their linewidth, their output
power, and their signal stability (phase noise). This defines important strategies for further
improvement and optimization of STNO devices, especially for STNO devices realized within
Mosaic.
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2.1 Experimental Setup and Measurement Technique

This section is devoted to the measurement techniques and experimental setup for RF
characterization of STNOs. Prior to the start of my thesis, appropriate RF measurement
techniques for the characterization of STNOs have been developed, i.e. frequency domain
[76] and time domain measurement techniques [85]. The frequency domain measurements
provide direct extraction of the microwave emission peaks of the STNO which leads to an
easy way to analyze the evolution of frequency, linewidth, and output power of the STNO as a
function of external control parameters, i.e. DC current and applied field. For characterization
of the microwave signal stability, the time domain technique is needed, showing the voltage
variation (amplitude oscillations) over a period of time. The main advantage of using time
domain techniques is the possibility to extract the amplitude and phase (frequency) noise
characteristics of the STNO. This provides direct access to deduce the important nonlinear
parameters of the STNO: the dimensionless non-linear amplitude-phase coupling parameter,
v, and the amplitude relaxation rate, I', (see Chapter 1, Section 1.3.5), which are the relevant
technological parameters. In this thesis, both techniques are used to investigate the RF
performances of STNOs which is the major importance for the optimization of device
performances. In the first part, the experimental setup for RF measurements and the problem
of the extraction of the actual signal emitted by the STNO will be discussed. The basic issues
of the power transmission in RF circuits, i.e. impedance mismatches, will be introduced in the
second part to give an idea on the correction of the signal measurement. In the last part, the
analysis method of the extraction of amplitude and phase noise of the STNO will be
discussed.

2.1.1 Experimental setup

The frequency and time domain measurement can be achieved at the same time using
the experimental setup shown in Fig. 2.1. For the frequency domain technique, the
measurements are done using a spectrum analyzer, while the time domain technique uses a
real time oscilloscope to register the time traces of the output voltage signal.

Keithley 50Q Spectrum Analyzer
2401 — =

HPF (3_GHZ) Cloar |

| || Microwave

5 . — Splitter

i ‘\\ (D20218)
O s T
S - g TN X Cx X =(\
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- o & & e
Kepco 50Q oscilloscope

Power supply

Fig. 2.1-Experimental setup for STNOs characterization

The STNO devices generate a microwave signal in high frequency in the range of GHz.
This requires special components, RF components, to guide the microwave signal from an
input port to the output port. The RF components needed in these measurements, from left to
the right (Fig. 3.1), are a pico probe, a bias-T (Marki Microwave BTN-0040), an attenuator, a
power splitter (Clear Microwave D20218 with an insertion loss of 0.9dB over 2GHz to
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18GHz), an amplifier (Miteq AMF-5D with a 43 dB gain over 100 MHz to 12 GHz), a 3GHz
high pass filter (HPF), a spectrum analyser (Agilent PNAE8363B with a bandwidth of 1 MHz
to 40 GHz) and a real time oscilloscope (Textronix DPO72004). Besides RF component, a
source meter (Keithley 2401), a Kepco power supply, and an inductive circuit are needed. The
measurement procedure is as follow:

1. The STNO device is placed in the middle of the cones of an electromagnet, so that the
magnetic field felt by the STNO is homogeneous.

2. An in-plane magnetic field with maximum strength of +15000e is generated by the
electromagnet which is controlled by a Kepco power supply with a Labview interface. The
magnetic field orientation can be adjusted in the in-plane direction.

3. A Ground-Signal-Ground (GSG) pico-probe is used to make an electrical contact with the
STNO devices.

4. A DC current is injected to the STNO devices through the DC part of the bias-T. Injecting
a small current of 0.05mA and sweeping the magnetic field from 15000e to -15000e, one
obtains the magnetoresistance (MR) curve of the STNO, i.e. the evolution of the resistance
as a function of magnetic field. From the magnetoresistance curve, the static properties
such as the device resistance and the corresponding resistance area (RA) product and
TMR value can be obtained. The maximum DC current can be applied to the STNO
nanopillar is determined by the degradation or breakdown voltage divided by the
antiparallel resistance, Imax=Vu/Rap.

5. In order to observe the dynamic microwave signal induced by the STNO, the DC current

is increased to the maximum value and the magnetic field is swept while adjusting its

orientation with respect to the easy axis direction of the STNO.

The oscillating microwave signal is separated from Ipc by a bias-T.

7. A 3dB attenuator is positioned after the bias-T to reduce the standing wave due to the
impedance mismatch between the high STNO resistance, Rstno=100€, and the 50Q RF
components.

8. Since the output power emitted by the STNO is very low, on the order of nWatt, the
output signal is amplified by a 43dB amplifier over 100MHz to 12GHz.

9. The amplified signal is filtered using a 3GHz High Pass Filter (HPF) to reject the low
frequency noises that arise from the RF components.

10. The filtered signal is split into two outputs by a power divider (splitter). One output is
connected to a spectrum analyzer (frequency domain technique), showing a peak in
voltage as a function of the frequency, and the other output is connected to an oscilloscope
(time domain technique), showing a signal oscillation in voltage as a function of the time.

o

The signal received by the spectrum analyzer and oscilloscope is not the actual signal
emitted by the MTJ-based STNOs. In order to extract the correct signal (power) emitted by
the MTJ-based STNO, one has to take into account the power transmission issues and the
impedance mismatches that occur in a RF measurement. The impedance mismatch between
each interface of two elements of the measurement chain, i.e. the STNO (=100Q) and the 50Q
measurement chain, leads to a reflected wave (and thus power), that decreases the transmitted
power to the RF measurement chain. In addition, the signal amplification by the amplifier is
not ideal because the amplifier gain is varying with the frequency, as shown in Fig. 2.2. The
measured signal will be thus a modulation of the real signal by the amplifier gain. This will
modify the form of the spectra observed in the spectrum analyzer. To conclude, it is
indispensable to correct the measured spectra. For this, two steps are considered:

- The evaluation of the impact of the STNO’s electrodes and the impedance mismatch
between the STNO and the RF component on the power transmission transmitted to the
measurement chain.
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- The calibration of the RF chain by measuring the S-matrix obtained via a vector network
analysis (VNA) in order to correct measured spectra, i.e the actual output power emitted
by the STNO.

These steps will be discussed in the next section.
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Fig. 2.2-Characteristic of RF amplifier measured via a vector network analysis (VNA). The gain (dB)
is varied with the frequency with cutoff frequency is about 12GHz.

2.1.2 Specifics of RF measurements: Frequency domain technique

Before showing the evaluation of the impedance mismatches of the STNO and the gain
correction from the RF chain, it is important to introduce first the basic issues of the power
transmission in RF measurements, i.e. theory of transmission line, to understand the origin of
the impedance matching and its effect on the power transmission.

2.1.2.1 Transmission line theory

The equivalent circuit of the RF measurement chain (Fig. 2.1) is shown in Fig. 2.3. The
Device Under Test (DUT), in this case is the STNO, is measured at one end of the
measurement chain (characterized by a load Zy = 50). Since the signal generated by the
STNO is in high frequency, GHz range, their wave nature must be taken into account. For
instance, if a 10 GHz signal is considered, the wavelength is about 3 cm that is a similar
length to most of the components found in Fig. 2.1. When the wave length of the signal is
comparable to the length of the RF components, the quasi-static approximation that allows the
use of Kirchhoff’s law is not suitable. Here the microwave signal is considered as a power
quantity (a wave) that propagates into a certain direction. Most of the RF components are
waveguides that guide the microwave from their input port to their output port. The
description of the propagation of the power through the different components makes use of
continuity equations given by Maxwell's equations and transmission line theory.

G

R DuT

FF )

Fig. 2.3-Equivalent circuit of the measurement chain given in Fig. 3.1. The measurement is done on a
50Q load (spectrum analyzer or oscilloscope) after the gain amplification of the chain G. Rpyr is the
resistance of the STNO which is more complex than only a resistance (see section on de-embedding).
Adapted from [85].
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To take into account the spatial variation along a waveguide, the telegraph model is used
as given in Fig. 2.4. In the circuit, the letter C corresponds to the capacitance and L to the
inductance. In the transmission line the signal is propagated in the +x direction. In the
telegrapher model, the wave will be propagated in an infinite medium, separated infinitesimal
parts of size dx where Kirchhoff’s law is valid. If the transmission line is lossless, only a
linear capacitance C and linear inductance L is needed to define the propagation of the wave
described by (u, i). Here u and i represent the voltage and current wave amplitudes. The wave
propagation for the case of a lossless transmission line is called as telegraph equation, given
by:

0%u 1 0%u _

92x2  LC 8t2 0 (2.13)

0%i 1 9%i
3222 Lc9c2 =0 (2.1b)

_______ AL NRAA k) AN

4

—|uixt Cdx u(x+dx.t) I

X X+dx

Fig. 2.4-Telegraph model of ideal (lossless) transmission line. Adapted from [88].

Solving the telegraph equation (eq. 2.1), one can obtain a general expression for the
characteristic impedance of a lossless transmission line, Z, = \/L/C. This characteristic
impedance Z. indicates the ratio of inductive/capacitive ratio of a line. In a real case of
transmission lines, the resistance R and the conductance G will introduce losses in the system.
The real circuit of the transmission line is shown in Fig. 2.5. In this case the characteristic

impedance is a complex quantity that explicitly depends on the frequency, Z, = g:(‘;’é . The

real impedance of transmission lines depends on its geometry and electrical properties that
could be for example the size of the cables or the dielectric media inside them.

R L

G. -I-C

Fig. 2.5-An equivalent circuit of finite (non-losses) transmission line. Adapted from [88].

The common value of the characteristic impedance used for components in the RF range
is 50Q. It is important to remember that the characteristic impedance is related with the wave
propagation energy in the transmission line and is not to be confused with the ohmic
resistance representing the energy dissipation.

2.1.2.2 Impedance matching

Impedance matching means that the impedance between the interfaces of two different
media should match to minimize the reflection and maximize the power transmission. The
different impedance between two media leads to a reflected wave (and thus power) that
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decreases the transmitted power. Fig. 2.6a shows the different impedance (impedance
mismatch), Z.; and Z, between the interfaces of two different transmission lines.
Considering an incoming wave (u, i) is traveling through the transmission line from 1 to 2.
When this wave reaches the interface, one part of this wave is transmitted (u3, i) and the
other part is reflected (uj, iy ). Hence the transmission and reflection coefficients are
described as follow:

Foone =2, Thoper = 4 2.2)
trans — - ¥ reflex — ¥ :
uy’ ! Ug
fl' : 'l_; *"-|. ’1_ ".!
(@ - ——0 b - >0
- i A -
Uy =N Uy =\
1 1 I ’ | -
‘/‘(‘l - _-I‘I ”_" r'(r o] /( '/-J. uy
I."] | ”] —
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0

Fig. 2.6-(a) Two infinite media linked at x = 0 with two different characteristic impedances Z¢; and
Zc,. (b) Transmission line terminated by a load of impedance Z,_. Adapted from [88].

From the continuity conditions i = iy + i, the above equations can be written as follows:

2Z¢; Zey—Zgo
I = - I = 2.3
trans Ze1tZes ’ reflex Ze1+Zes ( )

For the case of a load terminated line as shown in Fig. 2.6b, with a load of impedance
Z., the Z¢; is replaced by Z, . The reflection coefficient is thus:

Ze—Z
Freflex= L (2.4)

Ze1tZg,

It is clear now that an impedance mismatch between the transmission lines will lead to a
reflection of the incident wave. The reflection creates a standing wave if there is reflection at
both ends of the transmission line, which leads to further power waste and may cause
frequency-dependent loss. Therefore, impedance matching is desirable. In the case of a
terminated transmission line shown in Fig. 2.6b, the reflection can be minimized by matching
the impedances Z¢; and Z, so that they are equal (I'=0).

2.1.2.3 Measurement of the voltage power spectral density (PSD)

We focus now on the last components of the RF chain that is the Spectrum Analyzer
(SA). This instrument is used to analyze the signals in the frequency domain, i.e. the signal’s
amplitude as a function of frequency. The basic theory of operation of a spectrum analyzer,
the heterodyne method, can be found in [98]. In this section, important measurement
parameters using the SA will be highlighted to obtain accurate RF measurements.

(a) Resolution Bandwidth (RBW)
RBW determines how close two signals can be resolved by the analyzer into two separate
peaks. The RBW setting must thus be considered when concerned with separating spectral
components. Using a narrow RBW is necessary to get accurate and correct signal
measurements, i.e. to resolve peaks and obtain the correct linewidth and output power
estimation. When using a narrow RBW, the displayed average noise level of the spectrum
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analyzer is lowered, increasing the dynamic range and improving the sensitivity of the
spectrum analyzer. However narrower RBW translates to longer sweep times, which
translates to a tradeoff between sweep speed and sensitivity. For efficient measurement
but still to get correct information of the signal, the RBW should be set at least four times
smaller than the signal linewidth Af as can be seen in Fig. 2.7. In the example given in
Figs. 2.7a,b, the correct evaluation of the linewidth of a Lorentzian signal of Af=6MHz
and power P=-30.5dBm (parameters are set in the signal generator menu) is obtained
when the RBW<ACf. In this thesis, an RBW of 1 MHz is applied during the measurement,
for a minimum linewidth of the measured devices around 15MHz.
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Fig. 2.7-Signal characteristic of a Lorentzian signal of Af=6 MHz and P=-30.5 dBm generated by
signal generator with different RBW used for the measurement with the SA: (a) Af versus RBW and
(b) power versus RBW. Adapted from [76].

(b) Sweep time
Sweep time is the time to sweep the frequency across the displayed frequency span.
Sweeping an analyzer too fast causes a drop in the displayed amplitude and a shift in the
indicated frequency. The sweep time must be selected to be compatible with the RBW.
Sweep time of a spectrum analyzer is approximated by the span divided by the square of
the resolution bandwidth (RBW). For example, the sweep time for an 18 GHz frequency
span and 1 MHz RBW is 18ms.

(c) Trace averaging

From the basic principle of spin torque driven excitations, stating that the spin momentum
transfer cancels natural damping, one would expect that the linewidth is zero (perfect
Diract peak). However, noise in the system is inevitable. In particular STNO are nanoscale
devices which are very sensitive to noise. It is evident that the linewidth of the emission
peak of STNOs is not zero. This means that the frequency oscillation is not stable but
fluctuating, leading to a noisy emission peak or spectrum. The noisy spectrum measured
on a spectrum analyzer can be improved by repeating the experiment several times and
averaging, allowing noise to be averaged out and vyielding more accurate power
measurements. In a spectrum analyzer, the trace averaging is accomplished over two or
more sweeps on a point-by-point basis. At each display point, the new value is averaged
with the previously averaged data. The display gradually converges to an average over a
number of sweeps. The trace averaging is done by setting the number of sweeps over
which the averaging occurs. Figure 2.8 shows trace averaging for different numbers of
sweeps. As the number of sweeps increases, the spectrum is smoothened and well-defined.
However, the large the number of sweeps, the longer the measurement time. In this thesis,
the trace averaging of 15 is used to improve the spectrum of the measured STNOs.
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Fig. 2.8-Spectrum of the measured STNO (nhon-corrected spectrum) as a function of the trace
averaging. When the number of sweeps is increased to 20 (blue curve) or 30 (green curve), the
spectrum is better (one single peak instead of two peaks).

To conclude, the parameters of the spectrum analyser discussed above are applied during the
RF measurement of the STNOs in this thesis in order to have an accurate and better sensitivity
of the measured signal. The spectrum of the STNO measured with the spectrum analyser is
not corrected yet. In order to correct the spectrum, i.e. to have a correct output power
extraction, the correction of the signal measurement is necessary. The procedure of the signal
correction will be discussed in the following.

2.1.2.4 Correction of the signal measurement

The Section 2.1.2.2 highlights the importance of a good matching between the elements
in the RF measurement setup. This condition is not always accomplished, generating losses in
the STNO emitted signal. In order to extract the real output power emitted by the STNO, two
types of signal corrections are taken into account. The first is the de-embedding, which
corresponds to finding the equivalent electric circuit of the electrode layout of the MTJ
inserted in between a top and bottom electrode. Second is the correction of the gain of the
measurement chain (i.e. from the picoprobes to the spectrum analyzer) by using a vector
network analysis (VNA) and measuring the transmitted power.

2.1.2.4.1 De-embedding

Detail studies of the de-embedding of the STNO on reflection devices have been done
by Houssameddine [76] and M. Quinsat [88]. The goal of the de-embedding is to extract the
actual RF power generated by the MTJ pillar. Since a MTJ-based STNO has a load impedance
of about 100Q2 to 1kQ, the signal generated in the STNO is not fully transmitted to the
measurement chain because of the impedance mismatch problem discussed in Section 2.1.2.2.
Moreover, the STNO pillar is embedded in coplanar waveguide electrodes, i.e. a top and
bottom electrode. Since the top and bottom electrodes overlap, it implies a capacitance effect
between these electrodes, as illustrated in Fig. 2.9a with a zoom at the position of the MTJ
device. This Section discusses the extraction of the actual power generated by the STNO from
the measurement of reflected power with a vectorial network analyzer (VNA).

Two different geometries of coplanar waveguide exist, called transmission and
reflection device. In the transmission device, the central line is split into two parts to contact
the MTJ. The reflection device is presented in Fig 2.9a with a zoom at the position of the MTJ
device. The reflection device is used in this thesis. Taking into account the specific of the
electrode geometry of the STNO reflection device, an equivalent circuit can be modeled by a
basic RLC circuit as shown in Fig. 2.9b. This model consists of the resistance of MTJ (Ru),
capacitance C (formed by the overlap of the upper and lower electrode), inductance
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component L, and the resistance of the electrodes r,. The equivalent impedance Z., calculated
from the equivalent circuit model is defined as follow:

2
Zoy = (rz n RL) ny (L M) 2.5)

1+(RMT]C(1)) 1+(RMT]C(1))

By measuring the characteristic impedance of the STNO via a VNA and fitting the
measured curve (impedance versus frequency) using the eq. 2.5 (Fig. 2.10a), the electrode
parameters r;, L and C can be extracted. The corresponding value of r;, L and C from the
fitting is n=6Q, L~12pH, and C~54f (see Fig. 2.9b).

(a) (b)
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rl (contact/electrode)

> 1S

n = 60} RMT] ~ 5000

Fig. 2.9-(a) Schematic view of the STNO geometry encapsulated in its electrodes. (b) Block diagram
of the equivalent electrical circuit for each component. Adapted from [88].

RMTJ

In this example, the resistance of the MTJ pillars is close to 500Q (Hitachi device). The value
of the gain, the ratio of the voltage/power measured at the 50Q load to the actual
voltage/power emitted by the MTJ pillar, can be deduced from this expression:

G = ! (2.6)

1+—(rl+RMT](1 CLa)))+]w(RMT]C+—+ T, Cw)

with Z_ is the load impedance.
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Fig. 2.10-(a) Real and imaginary part of the characteristic impedance of the STNO embedded in its
electrodes, measured by the VNA. The fitted curves correspond to the model eq. 2.5 (b) The
transmitted voltage/power generated at the MTJ pillar (500Q) to a 50Q2 load. Adapted from [88].

The curve of the gain as a function of the frequency (eg. 2.6) for Z. = 50Q is given in
Fig. 2.10b. The curve shows that the high resistance value of the MTJ pillar reduces the
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transmitted voltage/power to the 50Q chain that is around 0.09 times lower than its actual
value for a given frequency range (1GHz to 17GHz). Moreover, the curve shows small
variation of the gain over the frequency range. This small variation is due to the small
capacitance value (C=54fF), such that the capacitance effect on the voltage/power
transmission can be neglected [88]. The voltage/power transmission from the MTJ to the 50Q
chain is thus mainly affected by the high impedance mismatch between the high resistance
MT]J pillar and the 50Q chain. Therefore, in order to obtain the actual voltage/power emitted
by the MTJ pillar, it is necessary to multiply the measured voltage/power by a constant value
around 11.

To conclude, the characteristic impedance model (eq. 2.5) of the STNO embedded in its
electrodes can be used to estimate the actual power generated by the STNO. In particular, this
model will be of use when injecting high frequency signals to the STNO, i.e. modulation
experiment.

2.1.2.4.2 Gain correction of the RF measurement chain

The RF measurement chain plays an important role for the extraction of the actual power
generated by the STNO. As an example, the signal amplification by the amplifier in the RF
chain is not ideal. The amplifier gain is varying with the frequency, as shown in Fig. 2.2. The
measured signal will be thus a modulation of the real signal by the amplifier gain and will
modify the form of the spectra observed in the spectrum analyzer. Moreover, the other RF
components, such as attenuator, power divider, bias-T, etc, have their own characteristics that
can attenuate the power generated by the STNO. Therefore, the correction of the RF
measurement chain is needed to extract the actual power generated by the STNO.

A VNA is used to measure the characteristic (scattering matrix) of the RF measurement
chain. Here, the input of the RF measurement chain (without STNO) is linked with the output
of the chain via a VNA. From VNA measurements, the scattering matrix [76,88] is obtained,
as shown in Figs. 2.11. The scattering matrix formalism has a very direct use for the physical
interpretation of its elements. For instance, Sy, i.e. the ratio of output voltage to the input
voltage, is actually the (voltage) gain of the component.

0

-10
-20

S11 (dB)

-30

$12 (dB)

-40

50
0

100200 30 40 0 10 20 30 40

freq (GHz) freq (GHz)
-20

-40

$21 (dB)

-60

-80

-100 -60
0 10 20 30 40 0 10 20 30 40

freq (GHz) freq (GHz)

Fig. 2.11-The scattering matrix of the measurement chain measured via VNA.

As shown in Fig. 2.11, the total gain of the RF measurement chain, S;,, varies with
frequency. The gain drops at the cut-off frequency of 12GHz which is mainly given by the
characteristic of the amplifier. The cut-off frequency at low frequency, 3GHz, is given by the
high pass filter (HPF). As mentioned previously, the HPF of 3GHz is used to reject the low
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frequency noises that arise from the RF components. Due to the power transmission losses in
a RF measurement chain, i.e. the use of attenuator, the RF cables, and other RF components,
the total gain of the chain is reduced by 10dB compared to the initial gain of the standalone
amplifier, see Fig. 2.2. The transfer function of the total gain of RF measurement chain, S,
measured by the VNA provides thus an accurate tool to extract the real output signal (spectra
and power) emitted by the STNO, Vy,easurea = G(f). Vsrno- The procedures of the correction
of signal measurement obtained from frequency domain measurements are summarized in the
following:

(a) Baseline correction

The spectrum of the STNO is measured with a spectrum analyser, as shown in Fig. 2.12a.
A 3GHz HPF (vertical red line) was applied in the RF chain to reject the noise at low
frequency. The RBW and trace averaging of spectrum analyser were set to 1MHz and 15
sweeps, respectively. The spectrum contains the intrinsic noise of the RF measurement
chain, i.e a baseline. Its amplitude is amplified by the gain of the RF chain. In order to
obtain the real spectrum emitted by the STNO, the baseline noise level and the total gain
of the RF chain have to be taken into account. The baseline of the RF chain is measured at
zero DC current and zero applied field, shown in Fig. 2.12b. The baseline profile is mainly
determined by the amplifier profile whose amplitude rolls off at 12GHz, see Fig. 2.2. The
following is the baseline correction procedure:
(BL)?

Step. 1- Normalization of the baseline (BL) in V?/Hz: BL,,prm = B

Step. 2- Baseline correction from the RF chain gain. The total gain of the RF chain is
given by scattering matrix, Sy, in Fig. 2.11.

BLCOT = BLnorm * 10_gaind3(512)/10
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Fig. 2.12-(a) non-corrected spectrum of the STNO (b) the baseline profile of the RF chain. The vertical
red dashed line corresponds to the cut-off frequency of high pass filter, HPF.

(b) Spectrum correction

The same step as the baseline, the correction procedure of the spectrum of STNO is given
as follow:

Step.1 — Normalization of the spectrum of STNO in V?/Hz to obtain a power spectral density

2
PSD: PSDy oy = Lo2nonscor).

Step.2 — PSD correction from the RF chain: PSD,o, = PSD,pm * 1079%Mas(512)/10 - Gajn,
dB, here, is given by the scattering matrix Si,.
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Step.3. — PSD correction from the baseline: PSD¢;,q; = PSDcor — BLcor. The corrected PSD
of the STNO is now in units VV*/Hz, shown in Fig. 2.13.
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Fig. 2.13-Corrected PSD (blue curve) and non-corrected PSD (black curve) of the STNO. The non-

corrected PSD has been shown previously in Fig. 2.12a.

(c) Power measurement of the corrected PSD

In this step, the corrected PSD shown in the blue curve of Fig. 2.13 is fitted with a
Lorentzian function. As can be seen in Fig. 2.14, the Lorentzian fits well with the PSD.
From this fitting, the centre frequency f., and the linewidth Af and the integrated peak V2
(over the frequency interval) are obtained. The output power is then calculated by dividing
the integrated peak V2 by 50Q impedance, i.e. P (Watt)=V?%/50.
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Fig. 2.14-Extraction of RF properties of the corrected PSD with Lorentzian fitting: frequency f,
linewidth Af, and output power P.

In order to facilitate the data measurement analysis, the aforementioned procedures, i.e.
the baseline subtraction, the gain correction and the lorentzian fitting of the corrected PSD,
were integrated into matlab program, such that the data analysis can be done automatically. In
this way, the STNO parameters extraction such as the frequency, the linewidth, and the output
power can be performed correctly and efficiently.

While measurements with the SA provide linewidth Af, they do not provide a deeper
insight into its origin, in particular, as to amplitude and phase fluctuations. The next section
describes a time domain technique that allows one to analyze the amplitude and phase of
STNOs, by using signal analysis techniques.
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2.1.3 Time domain measurement technique

The time domain measurement technique is performed using a high speed real time
oscilloscope (Textronix DPO72004). The detail information about this instrument can be
found in Ref. 99. Important parameters needed to adjust using this instrument for STNO
characterization are the sampling rate, the record length, and the bandwidth. For instance, this
instrument has the capability to measure with fast sampling rate up to 50G samples/s which
corresponds to a time resolution of 20ps/point. Record length is the number of points in a
complete waveform record. Textronix DPO72004 has a maximum record length (memory) of
5 x10° points which corresponds to a time traces of 0.1ms at the highest sampling rate. The
longer the time traces, the more accurate the measurement is, i.e. high frequency resolution. In
this thesis, the record length is set to 2x10° points, which gives rise to the time traces of 40ps
(2x10° points/50G samples/s). This corresponds to a frequency resolution of 25kHz which is
small enough for STNO devices measured in this thesis, compared with its minimum
linewidth (around 20MHz). Apart from the sampling rate, the bandwidth (the maximum
frequency range that the oscilloscope can accurately measure) of Textronix DPO72004 is up
to 20GHz, enabling high frequency measurements.

Using oscilloscope’s parameters mentioned above, the time domain signal of STNOs
registered on a single shot oscilloscope is given in Figs. 2.15a,b, where the voltage V
oscillation over time can be clearly seen. The voltage oscillation reveals that the amplitude
fluctuates in time and so does the phase via the nonlinear coupling of amplitude-phase. These
fluctuations are due to noise in the system such as thermal fluctuations. The corresponding
voltage signal is therefore written as:

V =Vy[1+ 8a(t)]sin[wet + @(t)]

Where Vy is the mean amplitude, da is the relative amplitude fluctuation, w, is the precession
frequency, and @(t) is the phase fluctuation. Evidently, taking the Fourier transform (FFT) of
the voltage signal V (40us long), does not result in a Dirac peak, but in a peak of finite
linewidth (given in Fig. 2.15¢) as also measured on the spectrum analyzer.
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Fig. 2.15-(a) 200 ns long segment of time domain trace of the amplified voltage signal (total
length is 40ps) (b) a zoom of 4ns, showing clearly the voltage oscillations. The envelope is outlined by
the black curve. (c) The PSD of the full trace, 40 ps.

In the past years, many studies have been subjected to understand the origin of the
linewidth broadening of STNOs. From theoretical models developed for STNOs [22], phase
noise (fluctuation) is a major contribution to linewidth broadening. The phase and frequency
are directly related by 2f = d¢/dt, so phase and frequency noise are as well. Hence if the
frequency fluctuates, evidently the linewidth will be enlarged. The existence of frequency
fluctuations in a STNO device has been first demonstrated in Ref. 100 by taking the FFT of
the signal voltage over only a short window size and then gliding the window along the trace.
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Fig. 2.16-Spectrogram shows the frequency fluctuation in time. Adapted from [100].

This will result on the evolution of the frequency as a function of time, called frequency-time
spectrogram as shown in Fig. 2.16. However, this spectrogram technique does not provide
good quantitative information of frequency fluctuations and it is related to time window. In
fact frequency fluctuations exist on all timescale and are better described by white noise. This
becomes evident when extracting amplitude and phase noise [85,91]. This technique is more
appropriate to investigate the frequency fluctuations and the corresponding time scales for
STNOs, 7. = 1/T;,. In the following, the extraction of amplitude and phase noise of STNOs
via the Hilbert transform method will be reviewed.

Amplitude and phase noise extraction

An appropriate method for the extraction of amplitude and phase noise of the voltage
signal V(t) has been achieved by constructing the analytical signal using a Hilbert transform
of the measured signal [90,91]. This method allows one to directly extract the instantaneous
amplitude and phase (frequency) of a time domain signal V(t). In this method, the analytic
signal is a complex signal S(t) whose real part is the measured signal V(t) and imaginary part
is the Hilbert transform of V/(t), H(t). H(t) is obtained from the convolution of the real part V
(t) with the Hilbert transform kernel 1/mt.

S(t) =V(t) + jH(t) = A(t)e/*® (2.7)

The modulus and the argument of the complex signal S(t) are the instantaneous amplitude
A(t) and the instantaneous phase ®(t), respectively. The relative amplitude fluctuation (noise)
da(t) around the average amplitude (A(t)) is expressed in eq. 2.8a. The da(t) has a zero mean
distribution:

__A®)—(A)
sa(t) = =0 O (2.83)

The phase fluctuation (noise) @(t) is obtained by subtracting the instantaneous phase ®(t)
with the mean angular frequency 2rf,:

o(t) = d(t) — 2nfot (2.8b)

The mean angular frequency 2rf, is extracted from the linear regression of the instantaneous
phase @(t) and the slope of the linear regression gives the value of the mean angular
frequency (for simulation and experimental phase noise extraction). In terms of data
presentation, i.e. frequency modulation (discussed in Chapter 3), the frequency noise is also
important to extract. The frequency noise &1 (t) is defined as the time derivative of the phase

noise, 6f(t) = id(g—it). Normalizing the 61 (t) by the mean frequency of f, gives the relative

frequency noise which is also used to compare the quality of an oscillator of different carrier
frequency.
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In order to qualify and evaluate the performances of an oscillator, it is more convenient
to express the amplitude and the phase (frequency) noise discussed above through its squared
FFT transforms to form the PSD of amplitude, PSDs,(f) = |FFT(8a(t))|?, and phase
(frequency) noise, PSD,(f) = |FFT (@(t))|*. The PSD of amplitude and phase noise is then
plotted on a double logarithmic scale and typically expressed in units of dBc/Hz, as shown in
Fig. 2.17. It represents the noise power relative to the carrier contained in a 1 Hz bandwidth
centered at a certain offset from the carrier. For example, the phase noise (black curve) of the
simulated STNO is -50dBc/Hz at an offset of 1 MHz and -70dBc/Hz at an offset of 10 MHz.
This is a general way to characterize the performances of an oscillator.
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Fig. 2.17-Double log plot of the amplitude (red curve) and phase noise (black curve) of STNOs for IPP
modes of planar devices obtained from simulated time traces (macrospin simulations). Adapted from
[85].

From the inverse power law dependence of the PSD on the Fourier frequency PSD~1/f*,
one can conclude on the type of noise that governs the phase fluctuations (Fig. 2.18), i.e. x=0
corresponds to white noise, x=1 corresponds to 1/f noise, x=2 1/f* corresponds to random
walk noise [85].
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Fig. 2.18-Model of phase noise in power laws. On a log-log plot, noise PSD has different slopes
depending on typical noise contributions. Adapted from [85]

As has been discussed in Chapter 1 Section 1.3.5, the amplitude noise (Fig. 2.17-red
curve) provides an important tool to extract the amplitude relaxation frequency f,. The
amplitude relaxation frequency f, is extracted at the frequency when the noise power PSD
drops by 3dB (half-power attenuation). This cut-off frequency f,, determines the frequency up
to which the amplitude fluctuations are damped out. For low noise frequencies f<f, (slow
perturbation), the system relaxes to its equilibrium amplitude. The amplitude responds and
follows the external perturbation in a white noise manner, i.e. the perturbation is white noise.
For noise frequencies f>f, (fast perturbation), the amplitude does not have time to relax to its
equilibrium amplitude and the fluctuations add up. This results in random walk behavior with
1/f characteristics.
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The phase noise (black curve) shown in Fig. 2.17 behaves mostly as 1/f* (random walk),
changes over to 1/f* above f,, and then returns to 1/f* dependence above a frequency f*. The
high frequency 1/f* random walk dependence results from white noise frequency fluctuations
(2nf = dd/dt) where the noise influences directly the phase. Below the f*, this random walk
noise in phase is enhanced by the amplitude noise due to the nonlinear coupling between these
two parameters. This coupling results in a 1/f* dependence for fo<f<f* and in a 1/f
dependence for f<f, with a noise level that is enhanced as compared to the intrinsic noise level
(compare full and dashed blue lines in Fig. 2.17-back curve). If one neglects the transition
region from intrinsic phase noise (at higher frequency) to amplitude-dominated phase noise at
lower frequency, then this means that white noise frequency fluctuations exist for a large
range of excitation frequencies (<100kHz up to >1GHz). In other word, white noise frequency
fluctuations exist for time scales going from miliseconds to nanoseconds. Phase noise plots
are therefore the adequate method to characterize the time scales of fluctuations. In addition,
the difference A in the two noise levels (at low frequency) of phase noise provides direct
access to the dimensionless non-linear amplitude-phase coupling parameter v, i.e. A =
10log (1 + v?). Hence phase noise plots provide an important tool to extract the amplitude
and phase coupling parameter v.

In this chapter, the extraction of amplitude and phase noise using Hilbert transform
method will be used to characterize the noise properties of STNOs studied in this thesis. In
chapter 3, the amplitude and phase noise technique will be used for determination and
characterization of the modulation data rate of STNOs for different modulation
configurations. Since it is also possible to extract the instantaneous frequency from the Hilbert
transform, this will also be of great importance for frequency modulation analysis that will be
discussed in Chapter 4.

2.1.4 Summary

The measurement techniques used to characterize the STNOs, i.e. frequency domain and
time domain measurement technique, have been discussed. Frequency domain technique
provides information on the microwave excitation spectra and direct analysis on the
frequency, linewidth, and the output power of STNOs as a function of external control
parameters, i.e. DC current and applied field. The signal stability and the noise properties of
STNOs are characterized by using time domain technique. The following sections are
dedicated to the characterization of MTJ STNOs realized within Mosaic to be compared to the
other MTJs STNO devices realized outside Mosaic as well as to the state of the art. The
characterizations are carried out using frequency domain and time domain techniques. Before
coming to the characterization results, general properties of STNOs based in plane-
magnetized MTJ STOs, i.e. Mosaic devices and non-European devices, will be presented in
the next Section.
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2.2 Description and Realization of STNO Devices

This Section discussed the STNO devices measured in this thesis, i.e. Mosaic and
Hitachi devices. In the first part, the STNO configuration and the magnetic stack
compositions of different STNO devices will be described. In the second part, the realization
of Mosaic devices as well as its challenges will be discussed.

2.2.1 Description of STNO Devices

The STNO devices studied in this thesis are homogeneous (uniform magnetization
system) STNOs based on Magnetic Tunnel Junction (MTJ). Such STNOs operate at the
frequencies in the range of 1GHz to 20GHz which is compatible for FSK-based wireless
communication schemes. The magnetic stack consists of an in-plane magnetized free layer
(FL) and an in-plane pinned layer (PL), separated by very thin MgO barrier, as illustrated in
Fig. 2.19. The FL is capped by capping layer (CL). The PL is a Synthetic Antiferromagnetic
(SAF) consisting of two ferromagnetic layers exchanged coupled via a metallic NM spacer
Ruthenium (Ru) so that the magnetization of the ferromagnetic layers is antiparallel. The
bottom layer of the SAF is pinned (exchange biased) by a strong Antiferromagnetic (AF)
layer (IrMn or PtMn) so that both layers stay stable up to relatively higher magnetic field
[73,75]. With this a standard MTJ structure is AF/SAF-PL/MgO/FL/CL. The MTJs are
nanopatterned into a pillar form with nominal diameters as given in Table 2.1. The shapes are
circles and ellipses.
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Fig. 2.19-(a) Magnetic structure of MTJ devices. The arrows correspond to the magnetization
direction. (b) The free layer magnetization is uniformly magnetized in-plane, i.e. homogeneous MTJ
devices.

Two types of STNO devices from different nanofabrication are investigated:

(a) The STNO devices that are fabricated within Mosaic, i.e. Mosaic devices:

MTJ stack deposition from the Mosaic project partner, International Iberian
Nanotechnology Laboratory (INL) at Braga Portugal, using a Timaris-Singulus deposition
tool and nanofabrication at Leti and Spintec at Upstream Technological Platform (PTA),
Grenoble. The MTJ properties are shown in Table 2.1, the thickness of MTJ stack in the
bracket is in nm. The shape of these devices is mostly circular. The devices correspond to
two sets with different Resistance Area (RA) product, i.e. RA=1Qum? and RA=1.5Qum2.
These devices have also variations, with different top layer of the SAF (CoFe), and Free
Layer FL composition (insertion of composite layer FeNi).

(b) The STNO devices that are fabricated by other laboratories:
- Hitachi: MT]J stack deposition and nanofabrication from Hitachi GST, USA,
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- AIST-LETI: MTJ stack deposition from AIST, Japan and nanofabrication at Leti and
Spintec at Upstream Technological Platform (PTA), Grenaoble, and;

- Seagate: MT]J stack deposition and nanofabrication from Seagate
The MTJ properties are given in Table 2.2. The devices have the same RA value
(1Qum?) with different magnetic stack composition and thickness: the use of IrMn instead of
PtMn (Mosaic devices) as antiferromagnetic AF layer, Ta insertion in SAF, SAF composition,
and FL composition.

Table 2.1-The summary of the properties of STNO devices from Mosaic with deposition from INL and
nanofabrication at LETI.

. Nominal
Mosaic - RA .
Devices AF/SAF MgO/FL/capping layer Q. um?) dl?rr]'r:s;er

PtMn(20)/CoFe(2)/Ru(0.85)/CoFeB(2.2)/ .
INL-LETI Circle/
RFHRO046 CoFe(0.5)/ MgO/CoFe(0.5)/CoFeB(1.5)/Ta(5)/Ru(7) 1 100
PtMn(20)/CoFe(2)/Ru(0.85)/CoFeB(2.2)/ .
INL-LETI Circle/
RFL733 CoFe(0.5)/ MgO/CoFe(0.5)/CoFeB(1.5)/Ta(5)/Ru(7) 1 100
PtMn(20)/CoFe(2)/Ru(0.85)/CoFeB(2.2)/ .
INL-LETI Circle/
RFL731 CoFe(0.5)/ MgO/CoFe(0.5)/CoFeB(1.5)/Ta(5)/Ru(7) 15 100
PtMn(20)/CoFe(2)/Ru(0.85)/CoFeB(2.2)/ .
INL-LETI Circle/
RFL742 CoFe(0.5)/ MgO/CoFe(0.5)/CoFeB(1.5)/Ta(5)/Ru(7) 15 60-140
INL-LETI | PtMn(20)/CoFe(2)/Ru(0.85)/CoFeB(2.2)/ MgO/ 15 Circle/
RFL741 CoFeB(1.5)/ Ta(5)/Ru(7) ) 50-300

Table 2.2-The summary of the properties of STNO devices from other laboratories (realized outside
the Mosaic project)

Other - RA Nominal
Devices AR LA A fes g L1 (Q. um?) | diameter (nm)
AIST- IrMn(7)/CoFe(2.5)/Ru(0.85)/CoFeB(1.2)/ .
LETI (Ta)(O.2)/C(oFe)B(l.(Z)/C())Fe(OA)/( "' mgor COFE(O'ZF){ C‘;FEB(”)’ Ta(7)/ 1 C'lr&')e/
7366D u(?)
Circle and
S IrMn(6)/CoFe(1.8)/Ru(0.4)/CoFe(2)/ MgO/CoFe(0.5)/CoFeB(3.4)/Ru(6)/ -
Hitachi Ta(3)/IRu(4) 1 ellipse/
50-150
IrMn(7)/CoFe(2.6)/Ru(0.86)/CoFeB(1.6)/
Seagate Ta(0.13)/CoFeB(1.4)/ MgO/CoFeB(2)/ Ta(1)/Ru(7) 1 unknown

2.2.2 Realization of Mosaic devices and its challenges

The RF performances of STNO devices will depend on the influence of all layers
composing the magnetic stack. Besides the magnetic layer structures, the magnetic layer
deposition and nanofabrication processes also play an important role in the RF performances.
Hence, it is important to go through the device realization process and its challenge to
understand the outcome measurement results. In the following, issues on the realization of
Mosaic STNO devices will be summarized.

The MTJ layers including the MgO barrier are deposited on a high resistivity silicon
(Si/Si02) substrate by sputtering. The development of the MTJ stack using industry
compatible sputter deposition techniques is one of the most crucial points to obtain magneto-
resistive stacks of high tunneling magnetoresistance (TMR) and low resistance area (RA)
product. Low RA values require thin MgO barrier close to 1 nm for injecting the minimum
current density in the MTJ nanopillars to induce the magnetic excitations without degrading
or breaking the thin tunnel barrier. An ideal thin MgO barrier has a homogeneous structure
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and no pinholes or local defects as illustrated in Fig. 2.20a, which exhibits “pure” tunneling
transport Rtyr [101]. The total resistance can be described as a sum of two resistors
connected in serial between nanopillar resistance Ryvgr and contact resistance R (small
defects in contact electrodes) as illustrated in Fig. 2.20b. This results in a high resistance and
thus high TMR (HTMR). However, deposition of such thin MgO barriers is quite challenging.
Low RA risks in the presence of the pinholes (Fig. 2.20-c) or local defects and the
inhomogenities of the structure or topography (Fig. 2.20d) inside the MgO tunnel barrier that
can degrade the TMR [66,102]. The presence of pinholes makes a direct metallic contact
between two ferromagnetic layers. Thus the pinholes behave like an ohmic conductor. This
means that the electron transport is no longer a pure tunnel process but a mixing between
tunnel Rymr and ohmic transport Rpinhotes- It can be described as a sum of two resistors
connected in parallel, i.e. parallel resistance (Fig. 2.20e). One resistor represents the pinholes
and the other is the reminder of the tunnel junction. As a consequence, the overall resistance
decreases which results in low TMR (LTMR). The possible cause for the formation of
pinholes is the incomplete oxidation of deposited Mg to obtain MgO and also diffusion of
Boron into the grain boundaries. In order to minimize the Boron diffusion into MgO barrier, a
CoFe free is inserted between the MgO and CoFeB layer and also the use of Ta and Ru
capping layer which have Boron affinity (Table 2.1), therefore can act as a Boron sink.
Another challenge is to deposit a homogeneous MgO barrier. When the tunnel barrier is too
rough, the irregular surface may lead to the barrier inhomogeneity. These inhomogenities also
lead to a mixed conduction regime. Furthermore, the inhomogeneus barrier induces a non-
homogeneous current density flowing through the barrier which can influence the dynamic
excitation of the STNO. Hence, it is a real engineering challenge to produce ultra-low RA
MTJs with high TMR ratios. Further efforts to improve barrier homogeneity and stability are
by growing the MgO layer at low power deposition conditions to control the barrier thickness
distribution and using ultra smooth buffer layers (the substrate and the bottom electrode). The
buffer layers roughness might play an important role in the view of the very thin MgO barrier
impacting its homogeneity.

‘ Ret <<
a b
(@) . b)
‘ Rrur(AP/P) Rpinhoie=infini
Reotar = Rrmpr + Ree
(C) )_ ] (e) Ret <<
Rrur(AP/P) Rpinhole
d |
’ (Rpinhole + nRTMR)
Riotal = R R + R
TMR M pinhole

Fig. 2.20-(a) MgO barrier with homogeneous structure/ topology and no pinholes (b) The equivalent
circuit model corresponding to the Fig. a. (¢) The pinholes creation in the barrier and (d) the
inhomogenious barrier, leading to a parallel resistance between tunnel Rpyg and ohmic transport
Rpinnotes- The contact (electrodes) resistance is assumed to be small enough so that its influence to the
overall output resistance can be neglected. Adapted from [76].
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Besides the materials development aspect, the nanofabrication process is also crucial for
good RF performances, where the definition of straight pillar sidewalls and re-deposition of
material during physical etching on the MTJ are major issues. This can lead to variations of
the quality of the realized devices from one wafer to the other and again from one device to
the other. To understand the reasons behind the different characteristic features (discussed
later) shown by different devices taken from different stacks, it is necessary to go through the
nanofabrication process. The nanofabrication process was carried out by member of RF
group: Karla, Erika, and Chandra. The author contributed to the RF measurement and
characterization. As shown in Fig. 2.21, the nanofabrication process of Mosaic devices
(realized at PTA) is summarized in 16 steps:

(1) MTJ Stack is deposited on to Si/ SiO2/ bottom layer (Ta5nm/CuN30nm/Ta5nm) by
sputtering. Bottom layer is multilayer with low resistance which is used to provide a good
growth in the subsequently layers, avoid roughness and grains. The Tantalum (Ta) hard
mask of 150nm was deposited after annealing (at 350°C). The next step was the
deposition of the resin polymethyl methacrylate (PMMA) on top of hardmask. A PMMA
is a polymer that allows extremely high resolution (at nanoscale) at e-beam lithography.
E-beam lithography was used to transfer the geometric pattern of the nanopillar to the
PMMA and later by chemical process (development), the resist of the pattern was
removed.

(2) Evaporation of Cr 20 nm for pattern transfer.

(3) Chemical process (lift-off) to remove the remaining unexposed PMMA and metallic
residues on top of it.

(4) Dry etching of Ta hard mask using Reactive lon etching (RIE). The hard mask etching
leaves the MTJ surface with Ta dust (very dirty surface) and needs annealing to improve
cleanliness of wafers surface post lift-off of the Cr.

(5) Etching of the MTJ stack using lon Beam Etching (IBE).

(6) Definition of bottom contact: The deposition of photoresist AZ 1512 HS (optical
lithography) to transfer the geometric pattern of bottom contact.

(7) Etching the bottom contact using IBE.

(8) Stripping the damaged photoresist using RIE and acetone ultrasonication.

(9) A polymer called Accuflo was spin coated to insulate the top and bottom electrodes.

(10) The definition of the mask using optical (UV) lithography.

(11) Dry etching of polymer-Accuflo using RIE.

(12) Chemical process (lift-off) to remove the photoresist.

(13) The top and bottom electrodes were opened using RIE by thinning down the Accuflo.

(14) Definition of top contact. The photoresist AZ 1512 HS (optical lithography) was
deposited to transfer the geometric pattern of top contact.

(15) Top contact (Aluminium) deposition.

(16) Lift-off to remove the resist. Accuflo acts as an isolation layer between the top contact

and bottom contact.
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Fig. 2.21-Nanofabrication process of STNO devices

The process of etching the MTJ, step 5, is critical for high TMR and low RA, which are
vital for good RF performances. The process used to define the pillars requires the use of IBE.
IBE uses an Ar ion beam to etch the MTJ nanopillar at a certain angle. A part of the removed
matter is re-deposited on the walls of the pillars. This re-deposition acts as a resistance in
parallel to the MTJ and this decreases the overall resistance of the STNOs. Imperfect MgO
deposition, i.e. the presence of the pinholes and inhomogeneity of the barrier, and the re-
deposition of material during etching have thus a big contribution to the reduction of the TMR
and influence the dynamics of microwave excitations. Output power of the oscillator scales
according to the TMR. Hence, lower the TMR transfers into lower output power which is not
suitable for shift keying applications. Another contribution that also degrades the TMR of the
junction is the serial resistance, associated with top contacts. If contacts made during the
fabrication are not good enough, the surface is rough and not clean. Moreover, bad lift-off
during contacts development can cause contact issue. Only small part of injected current goes
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through to the pillar since the contacts become more resistive. Consequently, it is difficult to
observe the STT effect and thus the dynamic excitations.

120 | 1 Talrgeteci valuelfor thé MTJI ]
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Fig. 2.22-TMR versus RA distribution characterized by the parallel and serial resistance

To conclude, the homogeneity and the roughness of each individual layer inside the
MTJ stack plays a major role for the device performance and reliability. A very thin
homogeneous MgO barrier as well as the optimized nanofabrication process is important to
achieve high TMR and low RA and to improve the yield (working devices/per wafer as
defined from static MR loops). The TMR versus RA distribution provides the first approach
to investigate the STNOs quality. The parallel and serial resistance can be observed through
the statistical analysis of TMR versus RA distribution as given in Fig 2.22. The TMR around
100% at low RA value (1Qum2-2Qum?) is the target which is crucial for good RF

performances.
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2.3 Static Characterizations

The realization of Mosaic devices is quite a challenging task and was performed in an
iterative process. Different optimization aspects of the MTJ stack have been achieved and
investigated, including the MgO barrier thickness, its stability and homogeneity, the free layer
thickness and composition and the nanopillars size (Table 2.1). In parallel to this, an
optimization of the nanofabrication process to further improve the yield of working device,
the static properties, and the RF performances was undertaken.

In this Section, the statistical analysis of static measurements of Mosaic devices will be
evaluated. For static experiments, working at low current is desirable, typically 0.05 mA to
avoid dynamic excitation. The magneto-resistance (RH) curves on each device were measured
using the automatic wafer tester, VEECO, at a fixed DC current 0.05mA and sweeping the
magnetic field. From these loop the values for TMR% and RA for each device were extracted.
This type of tester is used to characterize MTJ material properties and the nanofabrication
process. Typical magneto-resistance MR curve (of RFHR046) is shown in Fig. 2.23.
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Fig. 2.23-Magnetorsistance curve of RFHR046 (2100nm) at low current 0.05mA

The magneto-resistance curve is almost centered at 00e (compensated SAF). The negative
field stabilizes the parallel state, leading to low resistance R,. At zero field, the magnetization
reversal of the free layer is observed, then at positive field the magnetization of the free layer
and SAF polarizing layer are antiparallel to each other, leading to high resistance Rap. At high
positive field (5000e to 10000e), the plateau has a more or less steep slope, reducing the AP
resistance. This is called spin flop which occurs when the magnetization of the top layer of the
SAF is rotating with respect to the magnetization of the free layer. The presence of spin flop
should be avoided in order to have a long plateau in the antiparallel state and thus to avoid the
coupling between free layer excitation and SAF layer excitation. Hence, the optimization of
the SAF layer is needed to achieve a rigid SAF. The TMR is calculated by the ratio between
the difference of resistance and the parallel resistance, TMR=100%*(AR/Rap) and the RA
value is calculated by multiplying the resistance in parallel state to the devices area,
RA=Rapx0.251(Dsem)’. Here Bsem is the diameter measured in the SEM image. The
measured diameter is larger, @sem110nm, than the nominal diameter, @100nm.

2.3.1 TMR versus RA distribution
The TMR versus RA distribution and the optimization of nanofabrication process of
Mosaic devices will be discusses in this part and the results will be compared with Hitachi

devices.
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2.3.1.1 TMR versus RA distribution of Mosaic devices

At the beginning of this thesis, three wafers were realized and characterized. They had
the same nanopillar size and magnetic stack composition with different free layer FL
thickness, i.e. CoFeB 1.5nm (RFHR46), CoFeB 2nm (RFHR16), and CoFeB 2.5nm
(RFHR19). The wafer with the thinnest free layer FL (RFHR46) showed better RF
performances, characterized by the transition to steady state that are relatively robust
(increased degradation voltage) compared to Hitachi devices. In contrast to this, the two other
wafers did not show transition to steady state. Hence RFHR46, shown in the first lines of table
2.1, is used as the ‘reference’ MTJ for further materials optimization as well as
nanofabrication process and will be discussed here.

100 100 100 100
£ £ £ £
- £ 5 o g 5 g 25 £ 5
- o & B cH B 2
EID o e, DD
OLM%EEE@E—— m%n a8 far=s o m@—gﬂ—g—
] 1 2 3 ] 1 2 3 0 1 2 3 0 1 2 3
RA(Ohm.um2) RA(Ohm.um2) RA(Dhm.um2) RA(Ohm.um2)
100 100 100 100
o~ £ g £ £
= 50 i8] E 50 & E 50 2 50
Dn% a = o -
D@U ﬁ@ 7
o o ol 0c
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
RA(Ohm.um2) RA(Ohm.um2) RA(Ohm.um2) RA(OhM.um2)
100 100 100 100
™M £ g £ g
ﬂ 4 g (4
£ 50 £ g | P
o0 o ! =) o
m o [s]
bt T =5 }Q@M e oy go =
0t : og o0 0 dgk
0 1 2 3 0 1 2 3 0 1 2 3 5 1 2 3
RA(Ohm.um2) RA(Ohm,um2) RA(Ohm.um2) RA(Ohm.um2)
100 100 100 100
< £ 2 £ £
& & g = &
™ i g - £ 50 £ 50 L &
g’ o % o
. -, #og,  °
a i
ognﬁLé?—Q—D—M ognﬁﬁ m g0 [ o%nF' 4P =
1 2 3 1 2 3 0 1 2 3 1 2 3
RA(Ohm.um2) RA(Ohm.um2) RA(Ohm.um2) RA(Ohm.um2)

Fig. 2.24-TMR versus RA distribution of RFHR046 (Dsem110nm).

Typical TMR versus RA distribution of RFHR046 is shown in Fig. 2.24. J1 and J3
correspond to the reflection devices, whereas J2 and J4 are the transmission devices (see
Annexe A). The TMR versus RA shows low yield of working devices due to the bad lift-off
during the nanofabrication process. The TMR versus RA is mostly characterized by the
parallel resistance. This confirms the presence of the pinholes or local defects and the non-
homogeneous topography inside the MgO tunnel barrier. As mentioned previously, the
redeposition material during etching the MTJ stack also play role on the creation of parallel
resistance. The maximum TMR achieved for this wafer is 50% (LTMR) with the
corresponding RA varies from 1Q.um? to 2Q.pm% HTMR at low RA devices are not
achievable in this wafer. At low RA below 1 Q.pm?, the MTJ nanopillars are broken, leading
to a low static and dynamic yield (working devices).
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In order to improve the yield of the devices, new wafers were realized with MTJ stacks
that were similar to RFHR46. The variations on the stack (Table 2.1) were (i) a slightly larger
RA (RA=1.5 Qum?) to obtain more robust and more homogeneous tunnel barriers and (ii) a
slightly different free layer composition, i.e. the use of a CoFeB/Ta/NiFe composite free layer
to reduce the threshold current and improve the dynamic properties. In parallel to this, the
nanofabrication process has also been optimized to improve the straightness of the MTJ pillar.
The detail of each wafer will be discussed in the following.

The magnetic stack and composition of RFL733 is exactly the same as the reference
RFHR46. The nanofabrication was optimized to minimize the MTJ pillar sidewalls due to the
re-deposition and to improve the pillar straightness. The nanofabrication optimization was
done by etching the bottom electrode (BE), (see step 7 in Fig. 2.21), in two steps at different
angles: first step at 20degree during 19:15minutes and the second step at 65 degree during
6:01minutes. Instead, the etching of bottom electrode for RFHR46 was done only in one step
at angle 20 degree. The TMR versus RA distribution of reflection and transmission devices in
RFL733 (using new statistic program to plot TMR vs RA) is shown in Fig. 2.25a. The TMR
versus RA is characterized by the serial resistance. Good concentration of TMR (40%-80%) at
RA around 2 Qum?2 was achieved due to the optimization of the BE etching. However the
wafer mapping of RFL733 given in Fig. 2.25b shows a low static yield (working devices/per
wafer), which is due to the crystal bonding in the nanofabrication process. The blue color
means that the devices are broken, i.e. no magneto-resistance curve. Only 50% of devices in
wafer can be measured for further RF studies.
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Fig. 2.25-(a) The TMR versus RA distribution and (b) the wafer mapping of RFL733
(QSEM130nm).

Wafer RFL 731 has the same magnetic stack and composition as RFHR46, but the RA
value is slightly larger, 1.5Qum?. The aim is to obtain more robust and more homogeneous
tunnel barriers. The nanofabrication steps were similar as for RFL733 with two steps etching
of bottom electrode (BE), (see step 7 in Fig. 2.21) to improve the straightness of pillars. The
TMR versus RA distribution given in Fig. 2.26 shows a lot of serial resistance in the reflection
devices with TMR varies between 20%-70% at measured RA between 2Qum? to 4Qum? (the
targeted RA is 1.5Qum?). The static yield (working devices/per wafer) is still lower, <10%
and the transmission devices are all broken.
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Fig. 2.26-TMR versus RA distribution of RFL731 (Dsgm130nm).

RFEL 742 has exactly the same magnetic stack and RA value as RFL731. Further change
in nanofabrication process was done by etching the bottom electrode in two steps as
previously and etching the MTJ in two steps (step 5, see Fig. 2.21) at different angle (45 and
65 degree, respectively) and duration (18:34 minutes and 3:26 minutes, respectively). This is a
different process as previous mentioned wafers where etching of MTJ was done in one step at
angle of 45degree with etching duration of 23:40 minutes.

200

All/AI/AB/1/J1J2J3 44

All/AITABI2/J1J2J3 J4

All/AI/ABI3/J1J2J3J4

: ; 00 :
180 ® Retetion | 180 f ® Reledion | 180f S Renedion
160k ° b 160 [ ] 1eof H ]
140 [ of ] 140 | oo 1 140} ]
. < . o — ® o
S} s 2100nm | =120} 4 2110nm | K120} ) Z130nm
o 100 F ‘e 1 100 {100} ° i
= ol C 15 : 60nm ] S wf #: 80nm & wob o \ 100nm 7}
60F o%«"35% 60 °® 1 60 = -
wfe 207 6% g, 2wl f. ¢ %, o @ .
of ® ¢ ¢ A 2of © * ¢ e 1 f o)
ol a , s l ol an , s l obaca , . l
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
RA (Qum?) RA (Qum?) RA (Qum?)
All/AII/AB 14/J1J2J3J4 All/AII/AB /5/J1J2J3 J4 All/AI/A 16/J1J2J3J4
T T : T T T RTTETT Tk T
oo R i I e N T
160 4 160 ] 160 b 4
140} Py { _ 40} { __14of * 1
K10} . 2150nm ] Eaof 130x140nm | 1o} ° @170nm
o 1r 120nm 1 ' 50x55nm g '®r ® 140nm 1
= sof 1 = s} 1= sof ® ]
= =
60 o . 60| 60 | °
[ A YK . Frys Freys '. e
200 . . 20| 20 [ ®. .
0l ai . . . 0 . . . . 0l memisma | : .
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
RA (Qum?) RA (Qum?) RA (Qum?)

Fig. 2.27-TMR versus RA distribution of RFL742. The diameter of the devices in RFL742 is varied
with the measured diameter, (shown in black) is larger than the nominal one (shown in grey).

In addition, the diameter of the nanopillar has been varied (previously it was constant at
nominal 100nm), from 60nm to 140nm, and the use of a new mask allows one to fabricate a
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larger number of STNO devices in a wafer. Compared to the other wafers realized within
Mosaic, RFL742 has the best TMR versus RA performance and yield. The TMR versus RA
distribution shown in Fig. 2.27 is characterized by the parallel and serial resistance with a
good concentration of TMR and RA value. The TMR varies from 50%-120% at RA value
ranging from 1 Qum?2 to 1.5Qum?, which is close to the targeted TMR and RA value. In
addition, the wafer mapping given in Fig. 2.28a shows the increase of the yield of working
devices compared with the previous wafers. This means that more devices can be tested for
RF measurements. RFL742.
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Fig. 2.28-(a) Wafer mapping and (b) TEM image of MTJ pillar of RFL742 by Eric Gautier.
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Despite the improvements in the nanofabrication process, with higher yield of working
devices and good improvement of TMR and RA value, the dynamic measurements (discussed
in Section 2.4) did not show sufficiently good performances, i.e. no steady state dynamic
excitations. This is due to the non-ideal nanofabrication as shown in Fig. 2.28b. The TEM
image of MTJ pillar shows the pyramidal shape instead of the straight MTJ pillar.

The last Mosaic devices investigated in this work is REL741. The nanopillars were
patterned into circles form with measured diameter varies from 84nm-330nm. The RA value
is 1.5 Qum?, the same as RFL731 and RFL742. The variation of this wafer is the use of
composite free layer CoFeB/Ta/FeNi. The Ta layer is used to decouple the growth of CoFeB
and FeNi. From a magnetics point of view, FeNi is softer and has lower saturation
magnetization (leading to lower critical current), so it should improve the dynamic properties.
The nanofabrication process is similar as RFL742 with two steps of bottom electrode etching
(angle 20 and 65 degree) and two steps of MTJ pillar etching (45 and 65 degree). In order to
optimize the straightness of nanopillars (remember that RFL742 has pyramidal shape of
pillars), the etching duration of MTJ pillars was changed to 22 minutes for the first step
etching (angle 45 degree) and 16 minutes for the second step etching (angle 65degree).

The TMR vs RA distribution given in Fig. 2.29 is dominated by the serial resistance
(TMR decreases as RA increases). Good TMR concentration (20% to 60%) at RA around
1Qum? to 2Qum?2 was achieved. The wafer mapping is shown in Fig. 2.30a, yielding more
working devices that can be tested for RF properties. The use of composite free layer in
RFL741 and the improved straightness of MTJ pillars result in good dynamics of RF
performances (Section 2.4) and permit to perform FSK measurement on these devices
(Chapter 4).
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Fig. 2.30-Wafer mapping of RFL741
2.3.1.2 TMR versus RA distribution of Hitachi and other devices

Besides the Mosaic devices, the devices from other laboratories outside Mosaic were
also measured: Hitachi, AIST-LETI 7366D, and Seagate. The statistical analysis of TMR
versus RA distribution of AIST-LETI 7366D does not show a good concentration of TMR
versus RA and it has low yield of working devices. Seagate devices were realized within the
first Mosaic project period and they had not been characterized in detail. Instead, the
statistical analysis of Hitachi devices as well as their dynamic excitations has been intensively
studied by Houssameddine, Quinsat, and Dieudonne [21,24,76,85,91,100]. The studies show
that the Hitachi devices have very good TMR contribution, yielding high static and dynamic
yield. The TMR of Hitachi devices ranging from 50% to 100% with RA value spreads from
1Qum?2 to 1.5Qum?2. The studies of Hitachi devices permit to acquire the basic knowledge of
the RF performances of STNOs. However, the breakdown voltage is limited to 300-400mV
and the device finally breaks after several measurement runs. This makes further RF
measurements (synchronization and modulation) difficult to perform. Hence, further effort
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was to realize STNO devices within Mosaic project with high barrier stability. In the
following the barrier stability and the breakdown voltage of Mosaic devices will be discussed.

2.3.2 Degradation voltage of Mosaic devices

Magnetic tunnel junctions are very sensitive to degradation and breakdown, due to the
ultrathin (few nm) tunnel barrier. When the junction is stressed with a constant current or
voltage, a conductance change of the tunnel junction is observed. Sufficiently high stress will
lead to breakdown of the junction that changes the properties of the barrier. Hence, the study
of the degradation voltage of MTJ nanopillars is important for performing the dynamic
measurements, i.e. to not break the device during dynamic measurements. The
characterization of the degradation voltage of an MTJ nanopillar gives thus the knowledge
about the maximum voltage that can be applied during dynamic measurements without
change in its properties. In the following the procedure of the characterization of the
degradation voltage of an MTJ pillar will be discussed. Afterwards, the comparison of the
degradation voltage of Mosaic devices will be summarized.

2.3.2.1 Characterization of the degradation voltage of an MTJ pillar

In order to characterize the degradation (breakdown) voltage of MTJ nanopillars, a DC
current was applied to the device with a certain increment, Ai, until the device degrades (no
more magneto-resistance curve). After each increment, Ai, the magneto-resistance curve was
measured at low current (0.05 mA) to check whether the magneto-resistance curve or
magnetic properties are changed or not. For example Ai=0.1 mA, thus I;= 0.05 mA, 1,=0.1
mA, 13=0.05 mA, 1,=0.2 mA, 15=0.05 mA, lg&= 0.3 mA ... and so on (until the device breaks).
The antiparallel resistance Rap and parallel resistance Rp are extracted from the magneto-
resistance curve measured at different DC currents, Ipc. The corresponding voltage at
antiparallel state Vap (Rap X Ipc), parallel state Vp (Rap X Ipc), the difference between
antiparallel and parallel resistance AR, and the TMR are calculated and plotted as a function
of the applied current. The results are given in Fig. 2.31.
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Normal behavior of resistance (Rap and Rp), dR (Rap-Rp), and TMR versus current for a
tunnel barrier is observed, given in Fig. 2.31. Increasing DC current up to 3.6mA leads to a
gradual reduction of Rap, While Rp is constant (Fig. 2.31a). Above 3.6mA, both resistances,
Rap and Rp, decrease abruptly with the increase of current. This change in the resistance can
be associated to a degradation or breakdown of the dielectric barrier due to the gradual
increase in the pinholes size at high applied current. In order to confirm that the slight
decrease in resistance is associated to barrier degradation, the dR and TMR as a function of
applied current is plotted as shown in Fig. 2.31b and Fig. 2.31c, respectively. The black curve
corresponds to the dR (TMR) extracted at high current (given in x-axis) while the red curve
corresponds to the dR (TMR) extracted at low current (0.05mA) after applying high current.
For low current (red curve in Figs. 2.31b,c) no change in the dR (Fig. 2.31b) and TMR (Fig.
2.31c) observed until 3.6mA. On the contrary for high current (black curve in Figs. 2.31b,c),
the dR (Fig. 2.31b) and TMR (Fig. 2.31c) decrease gradually with increase of the current
which is the normal behavior for a tunnel barrier. Upon further increasing the current (above
3.6mA\) there occurs a sudden change in the dR and TMR (see for instance in the dR and
TMR for low and high current (red and black curve)). The extraction of voltage was made by
multiplying Rap and Rp per the corresponding current, giving the voltage at antiparallel V ap
and voltage at the parallel current Vp (Fig. 2.31d). The voltage corresponding to the current, at
which the abrupt decrease is observed, is termed to be the degradation or breakdown voltage.
In the example given in Fig. 2.31, the degradation voltage is around 450mV. Using the same
procedure, the degradation voltage of Mosaic devices was obtained and will be discussed in
the following.

2.3.2.2 Comparison of the degradation voltage of Mosaic devices

The degradation voltage of Mosaic devices measured from several MTJ pillars is shown
in Fig. 2.32. The scattering value of degradation voltage is due to imperfection in the
magnetic stack deposition and nanofabrication process. RFHR46 has the lowest degradation
voltage, 400mV-500mV (black dot in Fig. 2.32), compared to the other Mosaic devices
because the RA value is smaller, 1Qum2. For the same magnetic stack, size, and RA value as
reference RFHR46, RFL733 has larger degradation voltage which is around 600mV-700mV
(red dot in Fig. 2.32). However, as already mentioned, the static yield is still low due to the
crystal bonding problem. For larger RA larger value, 1.5Qum?, the degradation voltage of
RFL731 (blue dot in Fig. 2.32) and RFL742 (green dot in Fig. 2.32) is slightly larger than
RFHRA46. This means that large RA value improves the barrier stability.
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Fig. 2.32-The degradation voltage as a function of TMR value of Mosaic devices

Compared to Hitachi devices, Mosaic devices have higher degradation voltage. This is

important achievement for tunnel junctions with insulating MgO barriers since high

degradation voltage (robust barrier) improves the device stability under DC current and thus
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no degradation upon injection of current to induce microwave oscillations. However, the
dynamic yield (working devices with good RF properties) of Mosaic devices is still low
compared to Hitachi devices. Hence, further optimization of the MTJ deposition and
nanofabrication process is needed to in order to compete with the Hitachi’s RF performances.

2.3.3 Conclusion of statistical analysis of Mosaic devices

The magnetic stack and nanofabrication process of Mosaic devices have been optimized
in order to achieve the targeted TMR (100%) and RA value (1Qum?2-2Qum?2) as well as to
improve the yield (ratio of operational devices to non-operational devices). The results are
summarized in Table 2.3.

Table 2.3 Statistical analysis and its optimization of investigated STNO devices

Nominal

Optimization

Degradation

Mosaic diameter TMR vs RA Voltage Static
Devices (nm) MTJ stack Process distribution mv) yield
INL- Circle/ RA: 1 Q.um? BE: 1(§gedpee§ch|ng Parallel resistance Low vield/
LETI 100 Free Layer: MIT: 1 Stepgetching TMRuec:50% ~500mV <1%’%
. . 2
RFHR046 CoFe(0.5)/CoFeB(1.5) (45deg/23:40min) RA.g:1.5 Q.um
BE: 2 step etching
INL- . RA: 1 Q.pum? (20deg/19:15min | . Concentrated/ .
Circle/ . ] . TMR : 30%-80% N Low yield/
LETI 100 Free Layer: and 65deg/6:01min) concentrated at RA ~600mV 10%-30%
RFL733 CoFe(0.5)/CoFeB(1.5) | MJT: 1 step etching 20LIM?
(45deg/23:40min) H
i . 2 BE: 2 step etching Serial resistance/ Low vield/
INL Circle/ RA: 1.5 Q.um (20deg/19:15min | TMR: 20%-70%at | oy
LETI 100 Free Layer: and 65deg/6:01min) | RA: 2Qum? to ~800mvV ’
RFL731 CoFe(0.5)/CoFeB(15) | \1i7.1 step etching prame
BE: 2 step etching
i . 2 (20deg/19:15min Concentrated/ .
II_NEI%I Circle/ Rﬁ}et'i?yeﬁfn and 65deg/601min) | TMR: 4096-120% | _ o )';é?g/
60-140 : MJT: 2 step etching RA: 1 Qum2to - .
RFL742 CoFe(0.5)/CoFeB(1.5) (45deg/18:34min 1.50pm? >50%
and 65deg/3:26min)
BE: 2 step etching
INL- RA: 1.5 Q.um? (20deg/19:15min Serial resistance/ High
LETI Circle/ Free Layer: and 65deg/6:01min) | TMR: 20% to 60% ~600mV ie?d/
REL741 50-300 CoFeB(1.5)/Ta(0.2)/Fe | MJT: 2 step etching RA: 1Qum? to - ZSOO/
Ni(2) (45deg/22min and 20um? 0
65deg/16min)
Other Nominal Optimization Degradation
Labs diameter MTJ stack P TMR vs RA Voltage Yield
(nm) stac rocess (mV)
RA: 1 Q.um’ Serial resistance
AIST- . Free Layer: . . (Spread)/
LETI C'lr&')e/ CoFe(0.2)/CoFeB(L.5) h'/?ff_lls;tef e;fg'}?{? TMR: Upt060% | =~850mV Low
7366D Ta insertion in the : P 91 RA:2Qum?to 4
SAF Q.um®
Circle . 2 Parallel resistance/
. and RA:1Qpum: TMR: 50%-100% | ~300mV- .
Hitachi - Thicker Free Layer: unknown . High
ellipse/ CoFe(0.5)/CoFeB(3.4) RA: 1Qum? to 400mvV
50-150 ) ) 1.5Qum?2
RA: 1 Q.um’
Free Layer: CoFeB(2) . A1 N0 ~300mV-
Seagate unknown Ta insertion in the unknown TMR: 40%-100% 600mV unknown
SAF

The optimization was done by varying the etching process of the bottom electrode and MTJ
pillar to improve the straightness of the pillar and to reduce the re-deposition materials at the
bottom electrode and at the MTJ pillar. The best TMR and RA performance as well as the
yield was achieved in RFL741. However, the dynamic properties did not show good RF
performances (discussed in Section 2.4), i.e. no steady state dynamic excitations. This is due
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to non-ideal nanofabrication, i.e. non-straight of nanopillar shape as shown by TEM image.
Hence, good controls and further optimization of the nanofabrication process are a crucial
point to obtain good static and dynamic performances of the MTJ pillars.

An important result of Mosaic devices is that robust barriers can be realized with the
enhanced degradation voltage (600mV-800mV) as compared to Hitachi devices (300mV-
400mV) that were available at the start of the thesis. This is an important achievement for
tunnel junctions with insulating MgO barriers. Higher degradation voltage and robust barrier
improve the device stability under DC current and thus no degradation upon injection of
current to induce oscillations.

Another aspect to be considered is the measured diameter of the pillars. A large offset of
diameter around 10 nm-30 nm from nominal diameter after IBE is observed. Future efforts are
to optimize the IBE recipes in order to reduce the diameters offset and strengthen the wall
profiles of the pillar to produce straight walls (critical for the coherence of the dynamic
oscillations).
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2.4 Dynamic Characterizations

In this Section, the dynamic characterization of STNOs under external control
parameters such as magnetic field Hpc and input current levels Ipc will be investigated, which
is critical for RF applications. In the first part, the dynamic characterization obtained from the
frequency domain measurements will be discussed. The second part focuses on the dynamic
characterization obtained from time domain measurements.

2.4.1 Frequency domain characterizations

The details of frequency domain measurements have been discussed in Section 2.1. The
characterizations were performed by taking into account the RF chain correction to extract the
actual output power of STNOs. In the frequency domain characterization, the basic
performance parameters are the oscillation modes (single or multimode), frequency oscillation
range, the linewidth, and the output power (at minimum linewidth) as a function of external
control parameters current and field (amplitude and orientation). Further parameters that need
to be characterized are the frequency tuning via current (df/dl), which is of important for FSK
measurements (Chapter 4), and the threshold current extraction at which the steady state
oscillations start. Lower threshold current of STNOs is desirable for RF applications, leading
to low power consumption.

In the frequency domain measurements, the standard procedure to characterize and
evaluate the devices starts with the acquisition of the voltage PSD spectra as a function of
external control parameters, current Ipc and field Hpc values. From this the following
information is extracted:

(@) The current-field state diagram, i.e. the integrated PSD spectra as a function of
current Ipc and field Hpe. The spin torque driven steady state excitations of the free
layer occur in two quadrants of the current-field diagram, namely for fields stabilizing
the antiparallel (parallel) state (with respect to the free layer and SAF top layer
magnetizations) and for currents for which electrons flow from the SAF (free) layer
towards the free (SAF) layer (see Chapter 1, Section 1.2.3). In practice only the
antiparallel configuration leads to pronounced steady state excitations of the free layer
and therefore the state diagram is usually measured and shown for one quadrant only.

(b) The PSD spectra of frequency versus field. The PSD spectra of frequency versus field
is measured at a fixed DC current Ipc, larger than the threshold critical current I>1y, and
below the degradation voltage. These plots provide first information on the dynamic
excitation modes (spectral purity), single or multimode and which mode goes into the
steady state regime. From these plots, the mode which goes into steady state regime is
fitted using Lorentzian fitting to extract the frequency and linewidth as a function of
applied field Hpc at a fixed DC current Ipc. These plots are evaluated as discussed in (c).

(c) Field dependence: From the field dependence, the field values will be identified for
which the linewidth is minimum. The current dependence at a fixed field value
(minimum linewidth) is used to analyze the transition to steady state oscillations as
discussed in (d).

(d) Current dependence: These plots are used to confirm that the excitations are really in
steady state oscillation. The transition from damped mode into steady state mode can be
observed clearly through these plots. For standard homogenous devices, the transition
from damped mode into steady state mode is characterized by a more or less linear
reduction of the linewidth until a minimum value close to the critical threshold current
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ltn and a strong increase in power. From these plots the basic parameters of RF
performances are extracted, i.e. the minimum linewidth, the corresponding output power
and the frequency.

Following the aforementioned procedures, the RF performances of STNO devices studied in
this thesis will be evaluated and discussed. The results are then compared to the RF
performances of STNO devices from different nano-fabrications.

2.4.1.1 Dynamic performances of Mosaic devices

The representative results of dynamic characterizations of Mosaic devices are
summarized in Table 2.4. In Table 2.4, Figs. 2.33, 2.34, 2.35, 2.36, and 2.37 correspond to the
dynamic characterizations of RFHR46, RFL733, RFL731, RFL742, and RFL741,
respectively. The description of figures (a)-(e) of each Fig. can be seen in Table 2.5.

RFHR46 has nominal RA value 1Qum?, enhanced degradation threshold (450mV and
above), and no degradation upon RF studies. Most of magneto-resistance curve of the devices
are characterized by the presence of spin flop field around 6000e — 10000e. In total there
were not more than about 8 devices that showed steady state due to low static yield in
RFHR46 (Section 2.3.1.1). Despite only 8 devices that showed the steady state, good RF
performances in terms of low linewidth, Af<S0MHz, were achieved. Moreover, long plateau
of low linewidth was achievable in RFHR46 (Table 2.4, Fig. 2.33d) which is an important
parameter to perform frequency shift keying measurement.

In Fig. 2.33, an example of dynamic measurements of RFHR46 devices is shown. The
investigated device has TMR of 32%. For this device, the best dynamic performance was
found at an in-plane angle of 6 degree with respect to the easy axis direction. This angle is
varied from one device to others in RFHR46. The PSD spectra plot of frequency versus field
(Fig. 2.33a) reveals a multimode behavior instead of a clean single mode behavior. The
multimode is characterized by the existence of several modes 1f and 1f* that are energetically
close. The mode with the lowest damping (1f in this case) is driven into steady state with
stronger amplitude than the others. Possible reasons for multimode behavior might result from
a combination of non-ideal nanofabrication process (non-straight pillar shapes), non-
homogeneous barrier and the in-plane magnetization configuration, that can give rise to
excitation of spatially separated modes.
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Table 2.4-The summary of dynamic characterization of Mosaic devices

Dynamic characterization
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Fig. 2.35-see the description in table 3.5
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Table 2.5-Description of the figures in Table 2.4

Figures Description

@) The PSD spectra of frequency versus field, at a fixed current. 1f is the first mode, 2f is
the second harmonic of 1f. 1f* is another mode, 2f* is the second harmonic of the other
mode.

(b) Field dependence (at a fixed current). The Lorentzian fitting of the PSD spectra versus

field plot. Black curve is the field dependence of the center frequency and red curve is
the field dependence of the linewidth.

Note: In Fig. 2.36, figure b corresponds to PSD spectra (in 3D) as a function of the
current

(c,d,e) The current dependence (at a fixed field). The vertical line is the threshold current.
(c) current dependence of the center frequency (f vs I),

(d) current dependence of the linewidth (Af vs 1), and

(e) current dependence of the output power (Power vs I).

At high field (9000e-10000e), the SAF layer is weakly excited which corresponds to a
weak spin flop observed in magneto-resistance curve (white curve). Focusing now on the 1f
steady state mode, one can clearly observe that the mode is characterized by several branches,
where at the intersection of two branches two modes can coexist over a small range of fields.
This is more evident in the field dependence plot (Lorentzian fitting of PSD spectra) shown in
Fig. 2.33b. In the field range of the experiment (0-1000 Oe), five branches of the frequencies
(black curve) are observed. For each branch, the linewidth (red curve) goes to a minimum
value and then increases at each transition (intersection of two branches). The increase is
understood as a thermal activation between two modes, as a result of which the temporal
coherency is reduced. Their origin is not well understood yet. However, from the studies on
the influence of the coupling between the free layer and SAF reference layer on the free layer
excitations [75,103], such branching can be attributed to the interaction between the FL steady
state excitation and some other (damped) mode of the free layer (multimode interaction). Such
interactions and the resulting branching influence the performances of the device and limit the
operational range of field (tuning in frequency via field). The conditions to limit or suppress
this branching still need to be further explored. Possible parameters to optimize are stack
composition and barrier homogeneity, nanopillar size, form, and edge definition (straight or
slanted pillar walls).

From the field dependence plot, one can find the field values where the linewidth is
minimum, i.e. 5000e, 6500¢, 8000e¢, and 9000e. Fixing the field at 6500e, one can obtain
the current dependence of frequency, linewidth, and the output power (Figs. 2.33c,d,e). From
these plots, the transition from damped mode to steady mode can be observed clearly. This
transition is characterized by an abrupt linear decrease in the linewidth until a minimum value
(=40MHz) close to the critical threshold current Iy (Fig. 2.33d) and followed by the strong
increase in power (Fig. 2.33e). From this the critical threshold current is estimated around
lin=-2mA. Above the threshold current, the steady state frequency oscillation (Fig. 2.33a)
decreases as the current increases with the frequency tuning of df/dI=-50MHz/mA, showing a
normal IPP mode behavior of standard homogenous MTJ. Doing the same analysis, the RF
performances measured in 8 devices (low dynamic yield) in RFHR46 are summarized in
Table 2.6. Only one device shows a clean single mode excitation. The mode which goes to
steady state can be the main mode 1f or the other modes, 1f°. Most of measured devices are
characterized by the presence of the branching behavior which is related to the multimode
excitation. For instance, strong multimode leads to at least one branch. When the multimode
is weak, i.e. the other mode 1f* has much lower amplitude than the main mode 1f, there was
no branching behavior. The frequency range over the field can be varied depending on the
excitation mode, i.e. 1f or 1f°. The threshold current varies from -1.5mA to -2mA (except the
device in Chip 4.4 B2J3). The frequency current tuning is on the order of few MHz/mA,
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except the device (Chip 1.5 B1J1) whose linewidth goes to minimum value (long plateau) at
large current range. The minimum linewidth can be achieved in RFHR46 is *220MHz which
is comparable with the Hitachi devices. However the maximum output power, <10nW, is still
much lower compared to the Hitachi devices, P~x100nW.

Table 2.6-The summary of RF performances of the devices in RFHR46

fvsH

A TMR Multi STT | Branching ln df/dl Afmin Power at H(Oe)/
Device | o5y | ANGle | ode | mode | /number (rng; MmA) | (MHZmA) | (MHz) | (W) I(MA)
CR'?)"Jlf 24 | 10° |stong | 1F Yes'l | 55t085 | -2 -300/1.3 33 03 | 71022
Chipl5 1Ee Very ) 880/ (-2mA
e 2 | 15> | Ve | g No 4t08 19 | o(flay 24 7| 2o
opl> | a3 | 150 |swong | 1P Yesl4 6109 | -15 | -400/L2 63 2 830/-1.7
CQ'ZF’J13'6 32 6 | stong | 1f Yes'5s | 4t063 | -2 50/0.8 24 45 | 500129
CQL&? 41 | 20° | stong | 1f Yes/5 5t010 | -17 | -300/5 20 7 600/-2
Chip35 | 5g o | Ve g Yesl4 5t00 | -135 | -20/04 33 | 035 | 415/-15
B4J3 strong
Chipd.4 93 a1 | VeY ol e Yes/3 85t010 | -0.55 | -150/0.2 28 07 | 700-0.75
B2J3 strong
Chip4.4
o 45 5 |stong | 1f Yes/4 407 | 22 | -10008 37 18 | 680/-25

REL 733 has the same RA value as reference RFHR46 but different optimization in
nanofabrication process to remove the pillar sidewalls re-deposition and improve the pillar
straightness. The dynamic yield is lower compared to RFHR46, i.e. only three devices show
steady state excitation. The results are summarized in Table 2.7. The PSD spectra plot of
frequency vs field is again characterized by strong multimode and branching behavior. The
minimum linewidths are slightly larger compared to RFHR46. An example of dynamic
measurements of RFL733 (Chip 1.5 B2J3) can be seen in Table 2.5, Fig. 2.34. Strong
multimode behavior, i.e. free layer excitation mode and SAF excitation mode, can be
observed in Fig. 2.34a. The SAF excitation mode has an opposite direction with the free layer
excitation mode. The SAF oscillation increases as the field decrease and vice versa the free
layer excitation increases when the field increases. The crossing between SAF mode and the
free layer mode and the interaction between the free layer excitation modes (1f and 1f”) lead
to enhanced linewidth [75,103] as can be seen in Fig. 2.34b, red curve. A strong reduction of
linewidth is observed in the field range of 4000e-6000e, just before the SAF mode crosses
the main mode 1f. The analysis on current dependence was carried out at 4200e where the
linewidth goes to a minimum value, Af~100MHz. The current dependence as given in Figs.
2.34c,d,e confirms that the transition from damped mode to steady state mode occurs at
threshold current I,=-1.1mA. The minimum linewidth is however still large, 110MHz, and
the frequency current dependence is characterized by the blueshift (increases with the current)
instead of redshift (decreases with the current). Compared to RFHR46, the RF performance of
RFL733 is worse and the dynamic yield is lower than in RFHR46.

Table 2.7-the summary of dynamic characterization of RFL733

fvsH

. TMR Multi STT Branching/ lin df/dl Afin Power at H(Oe)/
Device | g5 | Angle | 1ode | mode | number (g;lgze) MA) | MHZmA) | MH2) | (w) | 1ImA)
Chip3.6 o Very

B313 50 -32 strong 1 Yes/3 5t0 10 -1.4 -300/0.5 75 6 250/-1.5
Chip3.7 420
po. 34 0° strong 1f Yes/3 3t09 -1.25 0 (flat) 50 12 /(-1.5mA to
B3J3
-1.7mA)
Chipl.5 o Very +100/0.5
B2J3 49 8 strong 1f Yes/3 4t09 -1.1 (blueshift) 110 3 480/-1.7
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REL 731 with slightly larger, 1.5Qum? was also characterized, expecting better dynamic
performances since larger RA leads to more robust and more homogeneous tunnel barrier, i.e.
potentially reduce the multimode and branching behavior as observed previously. The
nanofabrication steps were similar as for RFL733 (see Section 2.3). The dynamic vyield is
however still lower, only 4 devices/44devices (two chips) go to steady state, as can be seen in
Table 2.8. Multimodes remain an essential problem, and transition to the steady state could
not be observed in all cases. Some devices are characterized by branching behavior with
linewidth higher than 100MHz and some other devices are not characterized by branching
behavior with lower linewitdh, below (or equal) to 50MHz. An example of dynamic
measurements of RFL731 is given in Table 2.4, Fig. 2.35. The PSD spectra plot of frequency
vs field shows clear multimodes, 1f and 1f°, separated only by about 1 GHz (Fig. 2.35a). Both
modes are parallel to each other. First mode 1f has much stronger amplitude but the peaks are
more broadened. The analysis was done for the second mode 1f” since the linewidth is much
narrower than the main mode 1f. The field dependence of 1f* mode is given in Fig. 2.35b. No
branching behavior observed (black curve). However the linewidth as a function of field (red
curve) fluctuates, i.e. no long plateau of minimum linewidth. From current dependence plot
(Fig. 2.35c,d,e), the steady state oscillations occurs at ly=1.1mA. The frequency-current
tuning is difficult to extract since the frequency fluctuates around the average value. The
minimum linewidth is 20MHz with the corresponding output power around 0.6nW (really
small). For instance, the RA value does not seem to play a significant role, the devices show
similar multimode and branching behavior.

Table 2.8-the summary of dynamic characterization of RFL731

bevice | ™R | angle | Multim | STT | Branching fﬁ;’rf ': I df/di Afnn | Power | at H(Oe)
(%) 9 ode | mode | /number (GF?Z) (MA) | (MHzZmA) | (MHzZ) | (W) I(mA)
Cé”;ff 11 | 74> | stong | 1f Yes/1 3t08 | 15 | -100/0.5 150 12 | 480175
Chip6.2 \ : 0
CiL1 39 10 Strong 1f No 6t09 11 (fIat{fIL;ctua 20 0.1 540/1.25
es
Chip6.2 . 3510
P2 | 21 | 54 | swong | 1f Yes/4 57 - - 150 - 500/2
Cgpéz 23 3> | stong | 1f No 3t07 | 12 -50/0.4 50 06 | 490/L4

*No current dependence measurement. The device was broken during the measurement.

From the static characterization in Section 2.3, REL742 reveals the best static statistics
and yield. Fast screening of dynamic measurements on devices in RFL742 has been done and
surprisingly none of them revealed a transition to steady state. For curiosity, the MTJ pillars
were observed under TEM and indeed it showed non-straight pillar shapes (Fig. 2.28b), due to
non-ideal nanofabrication process, which influence the dynamic excitations. Such dynamic
characterization is shown in Fig. 2.36. The PSD spectra plot of frequency vs field in Fig.
2.36a reveals a very strong multimode, including the first 1f and the other free layer excitation
modes, 1f” and 1f’as well as the SAF excitation due to the presence of spin flop at high field
(6000e-10000e) in the magneto-resistance curve (white curve). This multimode is also
observed in current dependence plot shown in Fig. 2.36b, i.e. PSD spectra as a function of
applied current. The frequencies of multimodes are close to each other, separated only by few
MHz. The frequency, linewidth and the output power as a function of the current at a fixed
field (Figs. 2.36¢,d,e) does not show the transition to steady state. The minimum linewidth is
around 200MHz which is too broad.

RFL741 has RA 1.5Qum? and slightly different free layer composition which is a
composite free layer CoFeB(1.5)/Ta(0.2)/ FeNi (2) instead of CoFeB(1.5)/CoFe(0.5). To note,
using FeNi in conjunction with MgO MTlJs is not usual since it does not promote the texture
required for good TMR properties (note: the TMR of vortex devices with FeNi free layers is
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lower than for CoFeB free layers). However, from a magnetics point of view, FeNi is softer
and has lower saturation magnetization (leading to lower critical current), so it should
improve the dynamic properties. Combined with the optimization of nanofabrication process
to have straight nanopillars, the dynamic characterization of RFL741 shows better
performances than the previous measured devices. A representative dynamic characterization
of RFL741 is shown in Fig. 2.37. This device is also used for FSK measurement given in
Chapter 4. The PSD spectra of frequency vs field shown in Fig. 2.37a, reveal the presence of
multimode and SAF excitations. The mode 1f* is crossing with the SAF mode. For instance,
the SAF excitation does not cross the main mode 1f so that the branching behavior is less
observed for this sample as shown in Fig. 2.37b (black curve). The linewdith vs field shows
that minimum linewidths below 50MHz is observed over a large field range from 2000e to
10000e (red curve) which is a great improvement of dynamic performances. The minimum
linewidth is around 15MHz observed at 8600e. At this field, the current dependence was
measured as shown in Figs. 2.37c¢,d,e. From the current dependence, one can observe the
dynamic transition from damped mode to steady state mode at threshold current of I,=-0.5mA
(vertical dashed line) which is much lower than the threshold current investigated in the
previous devices. This can be attributed to the use of FeNi in the free layer which is softer and
has lower saturation magnetization, leading to lower critical current. The use of FeNi also
improves the frequency-current tunability, i.e. -400MHz/1.5mA, (Fig. 2.37c) which is larger
than the one obtained from the previous devices. In addition, a long plateau of minimum
linewidth below 50MHz is achieved from -0.5mA to -1.25mA. Above -1.25mA the linewidth
increases to 100MHz. The output power is however still low compared with the power of
Hitachi devices (discussed later).

Hence, it is of interest to study the FSK modulation on this device due to its large
frequency current tunability and low linewidth below 50MHz (eigth times smaller than the
frequency separation in two modulated states). In the following the dynamic performances of
other devices (outside Mosaic project) will be investigated and compares with the Mosaic
devices performances, at which point the Mosaic performances needs to improve.

2.4.1.2 Dynamic performances of other devices

For comparison, other devices from other laboratories with different magnetic stacks and
different nanofabrication are also shown in this section. The results are given in Table 2.9.
The reference are Hitachi_devices, that were previously characterized with respect to
synchronization and modulation, but it reveals low breakdown thresholds (300mV as
compared to 500-800mV for Mosaic devices). This makes them very fragile and difficult to
perform further measurements, such as FSK measurement and synchronization, since the
device degrades and even breaks after several measurement runs. The main difference is that the
spectra are very ‘clean’, i.e. it is single mode behavior, narrow linewidth below 5S0MHz, and
high output power (0.01-0.1uW). This is similar to other reports in literature e.g. Toshiba with
output power of 13nW, minimum linewidth of 44MHz @3-4GHz, TMR=44% [16]. An
example of dynamic characterization of Hitachi devices is shown in Table 2.9, Fig. 2.38. It
reveals a very clean single mode behavior (Fig. 2.38a). The field dependence does not show a
branching behavior (Fig. 2.38b, black curve). Long plateau of narrow linewidth is achievable
within the frequency range of 5000e-9000e (Fig. 2.38b, red curve). The threshold current
(vertical dashed line) extracted from the current dependence (Figs. 2.38c,d,e) is comparable
with Mosaic devices. A long plateau of narrow linewidth around 15MHz is observed above
the threshold current as well as large output power up to 0.1uW. Best values for Mosaic
devices (RFHR46 and RFL741) are close in terms of linewidth values, ~20MHz, at somewhat
less power (1-10nW).
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Table 2.9-The summary of dynamic characterization of other devices (outside Mosaic project)

Dynamic characterization
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Fig. 2.38-see the description in table 2.5
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Fig. 2.40-see the description in table 2.5

Only few devices of Seagate have been measured. A representative dynamic
characteristic of a Seagate is shown in Fig. 2.39. The magnetoresistance curve (white curve in
Fig. 2.39a) shows a strong loop shift around 5000e and the SAF spin flop field is larger than
10000e (around 20000e as measured on three devices). The PSD spectra of frequency versus
field show multimodes excitations. It is not clear whether the applied current is sufficient to
reach the steady state. The lowest linewidth is 70-100 MHz (Fig. 2.39d).

The last device to compare is AIST-LETI. The materials deposition was done at AIST,
Japan, and the nanofabrication process was done at Leti and Spintec at Upstream
Technological Platform (PTA). The dynamic characterization of AIST-LETI shows a low
dynamic yield. Many devices have been measured and all of them are characterized by the
multimode and no clear STT, similar to RFHR46, RFL733, RFL731, and RFL742. The
branching behavior is however less pronounced. Only one device in a wafer shows transition
to steady state. The corresponding dynamic characterization is given in Fig. 2.40. The
dynamic characteristic is again limited by the presence of multimodes (1f, 1f*, 1f**) which are
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separated only by few GHz of frequency (Fig. 2.40a). Interestingly, in most AIST devices, the
multimodes, 1f and 1f°, is from the same mode (at low field, below 3000¢), which then splits
in two modes at high field above 3000e. The branching behavior observed in Fig. 2.40b
(black curve) is actually the plot of two modes (1f* and 1f) whose frequency is close by few
tens MHz, i.e. the automatic fitting will fit the peak that has stronger amplitude. Hence for
instance, the branching behavior is less pronounced in AIST-LETI devices. The current
dependence (Figs. 2.40c,d,e) shows the transition to steady state at the threshold current
around -0.8mA with df/dl of -200/1.2mA and minimum linewidth around 50MHz at peak
power of 1nW.

For a final comparison, the power versus linewidth of different devices is plotted as
given in Fig. 2.41. From that plot, it can be concluded that the RF performances of Mosaic
devices, RFL741 (blue dotted), are comparable with the reference Hitachi devices (blue
dotted). However it is still lower compared to the state of the art of STNOs, reported by AIST,
for an out-of-plane free layer configuration (violet star) with the linewidth of 4MHz and the
power of 2.5uW at 50% TMR [17]. This is the best RF performances for homogeneous
devices reported so far.

However, considerable advancements have been made by RFL741. The use of
composite free layer CoFeB/Ta/FeNi in RFL741 improves the RF performances and reduces
the threshold currents, leading to low power consumption. Further nanofabrication to obtain
the straightness of the pillar will contribute to improve the dynamic excitation spectra of
RFL741. Hence, the presence of multimode and branching behavior can be minimized.
Besides the optimization of standard homogeneous device, different STNO configurations, i.e.
out of plane free layer, vortex, and nanocontact NC-MTJ, are also explored within Mosaic to
improve the RF performance of STNOs. The results of different STNO configurations are not
discussed here since this thesis is focused on the demonstration of FSK-based wireless
communication scheme using standard homogeneous MTJ, i.e. in-plane magnetized free layer
and polarizing layer.

1 "Ideal
m A .V\-—‘
100p]
10u{ ® RFHR46
® RFL733\_ *
g THA RFL731
= ® RFL741 .
o 100n; Hitachi Y
10n] ® AIST-LETI N
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1n{ » AISTFL-OP N %
100 P (literature) ‘\
1k 10k 100k 1M 10M 100M 1G
Af (Hz)

Fig. 2.41-lllustration of the performances power vs linewidth for different devices. Orange dashed box
is Mosaic devices, green dashed box is other devices (outside Mosaic project)

2.4.2 Time domain characterizations

For characterization of the signal stability, single shot time traces of the magneto-
resistance output signal are needed, showing the signal stability over time. Another important
parameter that can be extracted from time domain measurements is the amplitude and phase
noise which determines the quality of STNOs. In this Section, the signal stability and phase
noise of different STNO devices will be investigated and compared for further device
optimization
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2.4.2.1 Amplitude stability and extinctions

In the previous Section, the RF performances were investigated by analyzing the PSD
spectra as a function of current at a fixed field value. It was shown that the steady state
oscillation is characterized by a minimum linewidth accompanied by a strong increase in the
emitted power (precession amplitude) for all devices as investigated in Section 2.4.1. In this
section, the signal stability of steady state oscillation of different devices is investigated by
analyzing the single shot time traces given at a fixed current and field value. The results are
shown in Fig. 2.42 for a reference Hitachi device (Fig. 2.42a) and for Mosaic devices (Fig.
2.42Db). In the first column, the PSD spectra of steady state oscillations at optimum current and
field value (minimum linewidth) are shown. These PSD spectra are obtained from frequency
domain measurements of different devices investigated in Section 2.4.1, see Table 2.4
(RFL733, RFL731, and RFL741) and Table 2.9 (for Hitachi). The corresponding amplified
time traces of 42us long (measured via oscilloscope) of each PSD spectra is shown in the
second column, revealing the long-time stability of the signal.
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Fig. 2.42-Comparison of amplitude stability and extinctions of (a) the Hitachi device and (b) Mosaic
devices. First column corresponds to PSD spectra of the excitation at given current and field. The
corresponding time traces are shown in the second column. The analog HPF filter with cutoff
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frequency of 3GHz was used during the measurements and a numerical bandpass filter of £2GHz
around the main peak was applied to reduce the noise. The histogram of time between extinctions
extracted from time traces is shown in the third column. The last column is the instantaneous
frequency extracted from the time traces via Hilbert transform.

Comparing now the time traces of Hitachi and Mosaic devices, two comments can be
made. First, the amplitude of the Hitachi device is ten times larger than the one of Mosaic
devices, i.e. measured using the same setup and the same amplification. This is consistent
with the output power extracted from frequency domain measurements which shows that
Hitachi devices have relatively higher output power on the order of ~0.1uW, while the Mosaic
devices investigated here emit only the power in the range of =0.1nW to =10nW. Second
comment is that there is different signal amplitude stabilities observed in Hitachi and Mosaic
devices. For the case of the Hitachi device, the signal amplitude oscillation is stable on the
time scale of measurement which is 40us (besides smaller fluctuations of amplitude due to
thermal fluctuations), i.e. in this plot the signal is shown only for 20ns. Instead, in most of
Mosaic devices, the signal amplitude is reduced many times to the noise level for several
periods of oscillations, called ‘extinctions’. These extinctions mean that the signal oscillation
is only sustained over a short time scale. There are thus two different fluctuation mechanisms
with different coherencies: thermal fluctuation of the amplitude and phase (intrinsic
contribution) and extinctions.

The time between extinctions is counted every time the amplitude of the signal reduced
by 85% (close to the noise level) and the corresponding histogram is shown in the third
column of Fig. 2.42. For the Hitachi device there is no extinction found in the 42us long
traces which indicates that the amplitude oscillation is sustained, as already mentioned. For
Mosaic devices, the number of extinctions varies from one device to the other. For example in
RFL733 and RFL731, the amplitude is sustained only for 20ns maximum. While for RFL741,
the signal stability improves with the longest time of sustained amplitude is around 80ns and
the extinction is not often compared to RFL733 and RFL741. Surprisingly, RFL731 and
RFL741 have almost the same linewidth as Hitachi, which is around 20 MHz but different
signal amplitude stabilities. The output power might influence on the existence of extinction.
The origins of the extinctions are not yet well understood and are still under investigation. The
extinction might come from the inhomogeneous tunnel junction barrier, the branching
behavior (non-continuous frequency-field dispersion due to mode interaction) and the
existence of multimodes, which are characteristics of RF performances of most Mosaic
devices, see Section 2.4.1.

The signal extinctions need to be avoided for RF applications such as for the
demonstration of operation within a phase locked loop and the demonstration of the FSK
communication scheme. The existence of the signal amplitude extinction influences the
frequency coherency as can be seen in Fig. 2.42-in the last column. This is because the
frequency of the STNOs is nonlinearly coupled with the amplitude. The amplitude fluctuation
is thus translated into frequency fluctuation via nonlinear coupling. As can be seen in the last
column for the case of the Hitachi device, long time signal amplitude stability over 42us is
achieved, and thus the instantaneous frequency ~9GHz is stable over time (besides smaller
fluctuations of frequency due to thermal fluctuation). While for the case of Mosaic devices
(RFL733 and RFL731), the amplitude extinction leads to the presence of the spikes in the
instantaneous frequency. This is not good for the demonstration of FSK modulation especially
at high modulation rates, on the order of few ns, since high frequency fluctuations will hinder
the observation of the frequency shift.
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2.4.2.2 Amplitude and phase noise

In this Section, the extraction of the amplitude relaxation frequency f, from the
amplitude noise plot and the phase noise at 100 kHz offset frequency PSDg 1mn, Of different
STNO devices will be shown and compared with the phase noise of existing oscillators. A
typical example of the PSD of amplitude and phase noise for a Hitachi device is given in Fig.
2.43, plotted as double logarithmic plots.
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Fig. 2.43-PSD of amplitude and phase noise for Hitachi device as double logarithmic plots
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Fig. 2.44-PSD of amplitude and phase noise for RFL741 device as double logarithmic plots.

Fig. 2.43a shows the amplitude noise and the extraction of amplitude relaxation
frequency f, which is defined as the frequency at which the PSD amplitude drops by 3dB. The
corresponding f, is around 160MHz which is a typical f, value obtained for standard
homogeneous MTJ. This means that amplitude fluctuations are damped out on a time of 1/f,.
When the perturbation is faster than 1/f, the STNO does not have time to follow perturbations
and accumulate. The response is then that of a random walk, characterized by a 1/f2
dependence. Table 2.10 gives the values of f, for devices studied within Mosaic. The f, varies
from one device to the other. The highest f, is achieved by RFL741, the one with a composite
free layer. The amplitude noise plot actually does not show clear roll of frequency as shown in
Fig. 2.44a. The other devices have f, value of standard homogeneous MTJ devices, few
hundred of MHz. For the FSK communication schemes, the amplitude relaxation frequency f,
is important because it limits the modulation bandwidth or modulation rates (discussed in
Chapter 4). Hence large value of f; is needed to achieve large modulation bandwidth and high
modulation data rate which is desirable for wireless communication applications.

Table 2.10-Comparison of the linewidth, amplitude relaxation frequency, and phase noise of different
STNO devices

. PSD, (dBc) Phase noise
Device f (GHz) Af (MHz) fo (MHz) @100kHz type
RFL733 5.2 54 90 -20 1/
RFL731 7.3 20 150 -10 1/
RFL741 8.4 15 400 -40 1/
Hitachi 9.1 18 160 -40 1/
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The phase noise shown in Fig. 2.43b behaves almost like 1/f2 (green line) over the full
range of frequencies measured, i.e. over 4-5 decades. This corresponds to random walk noise
of the phase. In fact, due to the amplitude-phase coupling, the amplitude noise contributes to
phase noise and should lead to an enhanced phase noise level below f,. Table 2.10-last column
summarizes the phase noise values, measured at 100 kHz offset frequency for the different
devices studied in Mosaic. The ones with larger linewidth (RFL733) and small linewidth but
strong multimode (RFL731) have larger phase noise values of —10dBc/Hz and -20dBc/Hz,
respectively. The device of RFL741 and Hitachi have lower phase noise -40dBc/Hz, the factor
of 20, reflecting that linewidths are lower and high signal stability compared to two first
devices. The phase noise of measured devices behaves random walk noise 1/f2, see Fig. 2.44-b
for the PSD of phase noise of RFL741. Comparing to the phase noise value of conventional
oscillators, Voltage Controlled Oscillator (VCO), the phase noise of the device investigated
here is still much higher, where VCOs have -110dBc/Hz at the same offset frequency (100
kHz) [18].

To conclude, the studies of time domain measurement permits to compare the
performances of STNO devices studied within Mosaic to existing technologies, showing that
further reduction of phase noise is needed. Some of the strategies to achieve this are by
exploiting coupling phenomena, where one can distinguish two different couplings, either
between different layers within the magnetic stack, or between oscillators (synchronization).
These strategies have been extensively studied via numerous experiments (and simulations) to
better understand the mechanisms of coupling for the non-linear oscillations, to define routes
of improving the phase noise characteristics and to gain control over the phase.
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2.5 Summary and Outlook

The use of different magnetic stacks and the variation of the RA value (MgO barrier
thickness), as well as different optimization in the nanofabrication process, have been
explored in order to optimize the RF performances of standard homogeneous MTJ devices.
Considerable advancements have been achieved within Mosaic as compared to the available
standard devices used at the start of this thesis (Hitachi devices).

From the static characterization, Mosaic devices show robust barriers with much
enhanced breakdown and degradation thresholds (500-800mV) as compared to Hitachi
devices (300mV-400mV). However, the dynamic yield of Mosaic devices is much lower than
Hitachi devices, i.e. only few of Mosaic devices show the transition to steady state oscillation.
In addition, the steady state oscillations reveal that most of Mosaic devices are characterized
by the multimodes and branching behavior, even for slightly larger RA value (RFL731 and
RFL741). Hence, the RA value does not seem to play a significant role on the dynamic
results. The best dynamic performances with a clean single mode and less branching behavior
for instance can be achieved by Hitachi devices. A clean single mode and less branching
behavior are of interest for FSK modulation in STNOs.

In terms of the dynamic performances such as the threshold current, power, and
linewidth, considerable improvements have been obtained in RFL741 with the use of a
composite free layer CoFeB/Ta/FeNi. This composite free layer leads to a slight reduction of
the threshold current, three times smaller than those devices use CoFeB/CoFe free layer. This
leads to low power consumption which is important for wireless sensor network applications.
In addition, linewidth as low as 15MHz at output power of 45nW has been achieved in
RFL741, which is comparable with the linewidth and output power observed in most of
Hitachi devices. Further improvement in nanofabrication process, which seems to be related
with the straightness of nanopillars, is needed to improve the static and dynamic yield of the
devices and to obtain a clean single mode oscillation.

In terms of the signal stability, most of Mosaic devices are characterized by poor signal
stability, showing by the large number of extinctions which reveal that the amplitude
oscillation is sustained only in few ns (RFL731, and RFL733). However, a great improvement
of signal stability is achieved for RFL741, the one with a composite free layer, with less
number of extinction. Hitachi device, owning almost the same linewidth as RFL741 ~20MHz
reveals different amplitude stabilities. Long time amplitude oscillations over 42us without
extinction are achieved. This results in stable instantaneous frequency over long time scale.
For RF applications such as FSK modulation using STNOs, long time signal stability is
required. The origins of the extinctions are not yet well understood and are still under
investigation. The origins of extinction are might from the inhomogeneous tunnel junction
barrier, the branching behavior (non-continuous frequency-field dispersion due to mode
interaction) and the existence of multimodes.

The last aspect which determines the RF performances is the phase noise. The phase
noise of Hitachi and RFL741 are comparable since they own the same linewidth, which is
around -60dBc/Hz. The other Mosaic devices have higher phase noise at the same offset
frequency. Compared to the existing oscillator, VCO, the phase noise of STNOs is still much
higher, where VCOs have -110dBc/Hz at the same offset frequency. Hence further reduction
of phase noise is required.

To summarize, the change in the magnetic stack, i.e. the use of a composite free layer,
realized within Mosaic does improve the RF performances such as a strong reduction in the
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threshold current, low linewidth, less extinction (good signal stability), and less branching
behavior. This makes Mosaic devices comparable to Hitachi devices. Even though, the
multimode behavior remains essential problem. Different aspects thus need to be explored for
avoiding the multimode structure. The first is improving the nanofabrication process, by better
defining the nanopillar shape (straighter edges). The second is the optimization of the
magnetic stack deposition as well as configuration.
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Chapter 111
Numerical simulation: Enhanced modulation rates
via field modulation in STNOs

The study of frequency shift keying (FSK) based wireless communication schemes
needs to address the maximum data rate up to which a signal can be modulated or the
frequency be shifted between two discrete levels. Previous studies on frequency modulation
of STNOs under sinusoidal RF current reveal that the maximum data rate is limited by the
relaxation frequency f, of the STNO [22,24]. This is due to the fact that the frequency
modulation occurs via the amplitude modulation through the non-linear amplitude-frequency
coupling within STNOs. For homogeneous in-plane magnetized STNOs characterized in this
thesis, the relaxation frequency f, lies on the order of a few hundred MHz (see table 2.10
Chapter 2 Section 2.4.2.2). This means that the maximum data rate is limited to a few hundred
Mbps. This limit remains suitable for the data rates targeted in this thesis for low to moderate
data rate wireless communication used in sensor networks (10 to 100 Mbps), but will be too
low when high data rates up to Gbps and more are needed. Here, frequency modulation by an
RF field (field modulation) provides a solution.

This chapter focuses on the study of the frequency modulation in the STNO under the
application of a sinusoidal RF field (field modulation) via numerical macrospin simulation.
Here the maximum achievable data rate of the field modulation will be characterized. In this
simulation, the field modulation was analyzed for homogeneous in-plane magnetized STNOs
which are characterized by an in-plane precession mode. Two cases were considered here
which are for longitudinal RF field modulation (the RF field is applied parallel to the easy
axis of the free layer) and transverse RF field (the RF field is applied in-plane and
perpendicularly to the easy axis of the free layer). For the extraction of the maximum
achievable data rate, the amplitude and phase noise technique used in Ref. 24 (see Chapter 1
Section 1.4.2) was applied. This technique provides direct extraction of the maximum
achievable data rate. As additional studies, the maximum achievable data rate as a function of
the RF field angle with respect to the easy axis of the free layer and the modulation strength
dependence on the modulation signal were considered here.

This chapter is divided into several sections. In the first Section, the analytical model for
the current modulation discussed in Ref. 22 will be reviewed to remind the mechanism behind
the current modulation and the kind of predictions that can be generated from the model. The
second Section discusses the derivation of the analytical model for RF field modulation. This
model is important to understand the numerical simulation results. It was developed by
Liliana Prejbeanu. In the third Section, the numerical simulation parameters, analysis
technique (amplitude and phase noise technique), and the simulation results of RF field
modulation are discussed.
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3.1 Review of the Analytical Model for Current Modulation

Before coming to the derivation of the analytical model and the numerical results of
longitudinal RF field modulation, the analytical model for frequency modulation of the STNO
via current modulation will be briefly reviewed in this Section to remind the mechanism
behind the current modulation and the kind of predictions that can be generated from the
model. The details of the derivation can be seen in Chapter 1 Section 1.3.4.

The following equation shows the instantaneous modulation of the power dp(t) and the
instantaneous frequency f (t) of the STNO via current modulation.

Sp(t) = e Z=Pollo cos(wyt + P) 3.1a
p(t) v mt + 1 (3.1a)
2 _ 2T _(po)po . _
nf(t) = wg + Ne=—==cos(wmt + P) With vy = wy + Np, (3.1b)

/w,zn+4l"§

Here, ¢ is the ratio of the RF current to the DC current, p, is the free running power of the
unmodulated STNO (e = 0), I'_(po) is the negative damping (spin transfer torque) depending
on py, N is the coefficient of the non-linear frequency shift, f,,, = w,,/2m is the modulation
frequency, I, is the amplitude relaxation rate, ¥ is a phase shift between the external RF
current and the STNO-generated signal, and w, is the free running frequency of the
unmodulated STNO.

The equation for ép(t) shows that the modulated amplitude cuts off at the relaxation
frequency fy,=I'p/m, and, therefore, f, determines the maximum modulation rate and also the
frequency bandwidth of the amplitude (power) modulation. Due to the nonlinear coupling N
between frequency and amplitude, the same cut-off appears for frequency modulation. Hence,
the bandwidth of the frequency modulation is also given by the relaxation frequency f,. This
becomes evident when taking the Fast Fourier Transform (FFT) of Eqg. 3.1b, as shown in Eq.
3.2. (Note that the PSD is the magnitude squared of its Fourier transform).

PSD (f) < A(fin)8(f = fin) (3.2)

Where A(f,,) = €2 @NT-(Po)po)® , 1

4m? fA+

Here 6 is the Dirac function and A(f;,) is the frequency response of the STNO as a function of
the modulation frequency, f,,. Thus there are two limiting behaviors of the frequency response
of the STNO. For slow modulation frequencies, f,,, < f,, the contribution of f,, in Eq. 4.2 can
be neglected such that the response of A(f;,) is constant. For this case, the amplitude in the
frequency response is modulated in white Gaussian manner, i.e. the same strength at all
frequencies below f;, at the same time. This means that under slow modulation frequencies
(slow perturbation) compared to the STNO precession period, the STNO has time to follow
the perturbation such that the STNO can respond and follow the modulating RF current. In
contrast, for faster modulation frequencies, f,;, > f,, the frequency response of the amplitude
A(f) is inversely proportional to the square of f,,. This means that under a faster
perturbation (faster than its relaxation rate f;,), the STNO does not have enough time to follow
the modulating RF current. This results in amplitude attenuation. The higher f,, with respect
to f,, the larger the amplitude attenuation. This response of the system for small £ (modulation
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strength) has actually a similar meaning to the solution of an autonomous (free running)
oscillator with thermal noise as discussed in Chapter 1, Section 1.3.5. This analytical model,
hence, predicts the behavior of the amplitude and frequency modulation of the STNO via
current modulation and it is shown that the maximum achievable data rate and the modulation
bandwidth of amplitude and frequency modulation of the STNO are given by its relaxation
frequency f,. These predictions have been confirmed experimentally in Ref. 24, for the case of
in-plane magnetized STNOs. The STNO was modulated by a sinusoidal RF current at
constant modulation strength e and different modulation frequency f,. The results were
analyzed by using the amplitude and frequency noise technique, see Fig. 1.20 in Chapter 1,
Section 1.4.2, and show that the modulated amplitude and frequency of the STNO cut off at
frequency given by f,. Hence, the results coincide with the predictions of the analytical model.
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3.2 Analytical Model for Longitudinal RF Field Modulation

The frequency modulation of an STNO via field modulation is based on the fact that the
precession frequency of the magnetization of the STNO is coupled with the effective field,
Hes, (the conservative term in the LLGS equation, see Eq. 1.19). This effective field
determines the equilibrium position around which the magnetization precesses. Modulating
the effective field via an RF field, will result in a modulation of the STNO frequency.

In this thesis, the analytical model for the case of longitudinal RF field modulation (RF
field is applied along the equilibrium position or the easy axis direction) has been developed
by Liliana Prejbeanu. Other RF field modulation schemes, i.e. the RF field is applied with and
angle respect to the easy axis direction, are not considered here since this leads to much
complex derivations. The developed model for longitudinal RF field modulation is based on
the KTS model (see Chapter 1, Section 1.3.2). Hereafter the model is presented and the
predictions are discussed.

3.2.1 Transformation to complex c-variables

To be consistent with the previous studies on current modulation [24], the in-plane
magnetized STNO configuration, i.e. both free layer and polarizing layer are in plane
magnetized, is considered in this model as shown in Fig. 3.1. The in plane rotation is
characterized by the spherical angle g and the out plane rotation is characterized by the
spherical angle 6. A static magnetic field of amplitude, H,,, is applied in the plane along the
x-axis direction. A uniaxial magnetocrystalline (MCA) anisotropy field H, along x-axis
direction is considered of amplitude K, (K,>0). The demagnetizing effect are included by the
demagnetizing tensor N=(Nx, Ny, Nz). To perform the field modulation, an RF magnetic field
is applied to the system in the x-y plane Hgxp = (Hrrx Hgry 0).

Z
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P (P P, 0)
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H,//H
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Fig. 3.1. The schematic of the field modulation for in-plane magnetized STNO

The magnetization inside the free layer FL is supposed to be uniform, thus the free
energy associated of the ferromagnetic free layer of the nanopillar is:
E(m) =K,(1-m2)V + %/JOMSZ (Nym2 + Nym2 + N,m2)V
_#oMs(Happ + HRFx)me — UoMgHgpym,V (3.3)
Here m=M/Ms is unitary magnetization vector, V the volume of the sample, Ms the

spontaneous magnetization.
The effective field is given by the functional derivative of the free energy with respect to the

N 1 SE
magnetization: Hepp = — olLV 5’
oMs
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Following the Holstein-Primakoff transformation the variables my, my, m, are replaced

. . " . . my—jmy . .
by the canonical variables (a, a*) defined such as: a = NoET It is convenient to express
the reduced free energy as follows:
0 * * 1 *
”O)I/‘ZSVE(a,a ) = (A+ wgpy)a,a* + EB(aZ +a*?) (3.4)

+V(aa” + a®a”) + Ua%a*® + wgpy(a + a)V1 — aa*

Here y, = 11‘;2 = Uy IS the gyromagnetic ratio of the free

electron multiplied by the vacuum permeability po.The notations are similar to that of Ref.
[87].

A= (‘)A+(‘)H+w2_M wy = YoMs(Nz — Ny)
V(’)Happ
B=—2 With W, = V) [2"“ + My(Ny = Ny)|
V=- ((UA + wTM) Wrrx = YoHrrx
w M
U = +T WRFy = VoHRFy

Where w, is the frequency due to anisotropy field H,,, wy is the frequency given by the a
static magnetic field H,y,, wy is the frequency due to the demagnetization field, wgg, and
wgry are the frequency induced by the longitudinal and transverse component of the RF field,
respectively.
A second transformation is used for the diagonalization of the quadratic part of the
reduced free energy: b = ua + va* where u = AZZ‘"’, v=— /% with wy = VA2 — B2 is
0 0

ferromagnetic resonance (FMR) frequency. The last transformation is a normalization:

3.2.2 Complex equation for modulation under longitudinal RF fields

Applying the three transformations presented above m — (a,a*) — (b,b*) = (¢, c*)
and keeping only potential resonant terms (weakly nonconservative system), the extended
Landau-Lifshitz equation (see Eg. 1.19, Chapter 1, Section 1.3.2) is transformed to an
equation in “complex c-variable”:

dc
dt

. |B| .1
—][w0+N|c|2]c—[ WRFxC +— wRFxC] ]_(u_v)wRFy

1 A
—To[1+ Qqlc|? + Q,lc|*]c + awgpy [ 1+ |c|? + u(c + c*z)] ¢+ awgpy = 5 ’ (u +v)
1Bl " 1 [A
0P [1—le2 =B (2 + )| c + P, 2 /w—o(u +v) (3.5)
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The first line of eq. 3.5 corresponds to the precession term, w(|c?|), the second line is the
positive damping term, T, (|c?]), and the third line is the negative damping term, I'_(|c?)).
The expressions for the coefficients are the following:

w
N = —[Boyuv(u? + v2) + Qw, + wy) (W* + v* + 4u2v2)]70
FO == aA

3 Wy
Q, = — |3uvwy + (uz + 172) (a)H + 3wy + EwM)) F

w2 1

Q, = Buv@?® + v)wy + (W* + v* + 4u*v?) Qwy + wy)] (7) 1
l—‘] = Y(’)aj,ojapp

B
Where, aj g = ——
’ 2e uoMst

layer and n is the spin-polarization of the charge current Japp.

is the spin-torque amplitude coefficient, t is the thickness of the free

The Eq. 3.5 represents the extension of the KTS model (Eq. 1.20, Section 1.3.2) for the case
of RF field and it will be used to describe the spectral proprieties of the STNO with the RF
field modulation.

3.2.3 Amplitude and frequency equations for longitudinal RF field modulation

To find the stationary solution of Eq. 3.5, it is rewritten as a system of two real
equations for power p = |c|? and phase ¢ of oscillations (¢ = ﬁe‘”’). For the case of the
longitudinal RF field, wgpy = YoHgrrx cos(wy,t), two coupled equations are obtained:

d I

= —205[1+ Q1p + Q2p?]p — 2[;P[1 — plp — 2ay;Hgpx cos(wmt)[1 — plp (3.62)
dod Ay

— = [wy + Np] + w—OyOHRFx cos(wp,t) (3.6b)

In the free running regime (no RF magnetic field, Hgg), these generic equations allow one to
extract the free running power p, and the free running frequency f,; as already mentioned in
Chapter 1, Section 1.3.3):

To+PyT;

FoGiPuT; (3.73)

Po = —
2ntfy = wo + Npy (3.7b)

and to define the amplitude relaxation rate I}, and the nonlinear frequency shift parameter v:

I, = (ToQ1 — PeIpo (3.8)
— NPo
V= v (3.9

Assuming that the amplitude of longitudinal RF magnetic field, Hgr,, is small (neglecting
high order term), the oscillation power p(t) can be represented as p(t) = p, + 6p(t). Doing
the linearization of Eq. 3.6a for small modulation §p(t) around the free running power po, one
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obtains a system of equations for the power modulation 6p of the STNO under the application
of longitudinal RF field.

d6p

— —2I5,6p — 2ayoHrpxDo cos(wp,t) (3.10a)

From the stationary condition, the power modulation is derived:

~2¥oHappPo
Sp(t) = sa—ppcos(w t—1) 3.10b
with the phase coty = — "2 and ¢ is the modulation strength defined as € = HRFCX Whereas, the
D

instantaneous frequency f i(t) of the STNO for longitudinal RF field modulation is:

‘Z—‘f = 2nfi(t) = wy + Nép(t) + wiy(’)HRFx cos(wy,t) (3.10¢)

At this point, few conclusions might be drawn from the analytical model:

a) The power modulation ép is proportional to the modulation strength & (or the
modulating field amplitude Hggx) and the damping parameter, a. Since the damping
constant « in ferromagnetic material is usually small ~0.01 and for small ¢, the
resulting power modulation ép is also small and can be neglected. This power
modulation 6p is smaller compared to the one of current modulation (see eq. 3.1a)
since in current &p is proportional with € but independent on the damping «.

b) The instantaneous frequency fi(t) is given by eq. 3.10c similar to the eq. 3.1b. One
might notice there is one additional term wiy(’,HRFx cos(w,,t) directly related to the
0

RF field. Consequently there are two ways to act on the frequency: via the term

wiy{)HRFx cos(w,,t) and indirectly through the non-linear term proportional to Nép.
0

However since Nép is very small, the direct term is dominating the frequency
modulation.

In contrast to the current modulation case, the analytical model of longitudinal RF field
modulation predicts that the frequency modulation by an RF longitudinal field is not mediated
by the non-linear amplitude-coupling but it is given directly by the RF field. Hence, the
amplitude relaxation rate does not set the upper limit of the modulation rate and the
modulation bandwidth.

To confirm this analytical prediction and check the limits of the above model, numerical

simulation via macrospin approach will be discussed in the next section. The confrontation
between numerical and analytical models is one of the objectives of this chapter.
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3.3 Numerical Simulation of the Field Modulation in STNOs

To confirm the predictions given by the analytical model discussed in the previous
Section and to check the limits of the model, numerical simulations of field modulation in
STNOs have been carried out in this thesis and will be presented in this Section. The
modulation concept is similar to what has been performed previously by Quinsat et. al for the
case of current modulation [24]. The difference is that in this work the external modulating
signal is a sinusoidal RF field instead of a sinusoidal RF current. The amplitude and frequency
noise technique developed in Ref. 24 provides a direct way of the extraction of the maximum
modulation rate and thus will be used in this work to extract this parameter for the case of
field modulation, whether this parameter limits the modulation rate as for the case of current
modulation.

This Section is divided into three parts. The first part is devoted to the description of the
simulation parameters and to check the limits of the analytical model. The second part is
focused on the analysis method which is the amplitude and frequency noise technique.
Finally, the numerical results and the discussion will be presented in the last part.

3.3.1 Simulation parameters

The field modulation in STNOs was studied in the frame of a macrospin approach. The
numerical analysis is carried out for the extended Landau-Lifshitz equation of the free layer
(see Eq. 1.19, Chapter 1, Section 1.3.2) in which the damping-like spin transfer torque was
included. A white Gaussian noise field with a variance proportional to the temperature T is
accounted for thermal fluctuations (discussed in Section 3.3.1.2).

An in-plane magnetized STNO configuration, i.e. both free layer FL and polarizing layer
PL are in-plane magnetized, was considered in this simulation. The schematic of this
configuration and the corresponding magnetization precession trajectory (in-plane precession
(IPP) trajectory) around its equilibrium position, x-axis, is illustrated in Fig. 3.2. A static
magnetic field of amplitude Hayp, is applied parallel to the free layer easy axis (//X). The
polarizer is aligned in-plane at f=165° from the free layer easy axis such that the system is
slightly non-collinear. The negative current density means that the electrons flow from the
polarizer to the free layer which destabilizes the magnetization of the free layer. The
simulation material parameters, such as the spontaneous magnetization (Ms), magneto-
crystalline anisotropy (Ky), the demagnetizing factors (Ny, Ny, N,), the damping parameter (o),
the size of the free layer (FL), and the polarization value (), are given in table 3.1.
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Fig. 3.2-(a) Schematics of the STNO configuration with an in-plane magnetized free layer and
an in-plane polarizing layer. The polarizing layer is aligned in-plane at 165° from the free layer easy
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axis. (b) The in-plane precession (IPP) trajectory of the free layer magnetization in the free running

state (Hgre=0).

Table 3.1-The simulation material parameters

Parameter Value
Ms (KA/m) 1000
Ky (I/Im°) 0
Ny 0.052553
Ny 0.059408
N, 0.888038
FL size (nm°) 90x80x3.9
a 0.02
1 0.30
E; D ere Tilted g=165°

Using the simulation material parameters and specific STNO configuration discussed
above, the limits (range of validity) of analytical model will be firstly investigated. This step
is important so that the simulation operational parameters used in this work, such as the free
running parameters (the static magnetic field Hap, and the current density Ja,p) and the
modulation parameter (the modulation strength e=Hgrg/Happ) are in the range of model validity.
Hence, a comparison between numerical results and analytical calculations can be performed.

3.3.1.1 Free running STNO (T=0K): comparison between analytical and numerical

In order to check the limits of the analytical model of the STNO in the free running state,
the output power p, of STNO calculated via the analytical model is compared with the one
extracted from numerical simulation.

(a) 10— (c) 04
05 = 03
.. 0.0 202
€ 05 £ 0.1
-1.0 . ? 00 . .
200 202 204 200 400 600 800
t (ns) t (ns)
(b) —
1.0
Dg '
0.5}
i
0.0 ' ~ 50 .
2 4 6 8 200 202 204
f (GHz) t (ns)

Fig. 3.3-Numerical simulation of free running STNO obtained from the full Landau-Lifshitz
integration, using the complex oscillator variable c-transformation: (a) time varying components of
my(t) (b) the PSD of my(t) showing the excitation frequency around 6 GHz (c) the instantaneous power
(d) the instantaneous frequency obtained from the first derivation of the instantaneous phase. The
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simulation was performed at magnetic field of 40 mT and current density of -50x10" A/m? and at
T=0K.

The analytical power p, of the free running STNO is calculated using eq. 3.7a (see
Section 3.2.3) and the numerical power p, is obtained based on the full Landau-Lifshitz
integration (containing all contributions) as shown in Fig. 3.3. From numerical simulation, the
time varying components of my(t), my(t), and m,(t) were obtained and then transformed into
the complex variable c-transformation. The time varying components of my(t) is given in Fig.
3.3a. Since the simulation was taken at zero temperature, the amplitude oscillation is constant
and the phase is supposed to be coherent in time. Thus the corresponding power spectral
density (PSD) results in a dirac peak as shown in Fig. 3.3b. The instantaneous power p,(t)
and instantaneous frequency f;(t) are given in fig. 3.3c and fig. 3.3d respectively. Taking the
average value of the instantaneous power (p,) and the instantaneous frequency (f;), one can
obtain the numerical power p, and frequency f, of the STNO.

In Fig. 4.4, the free running power (Fig. 3.4a) extracted from the analytical model (black
line) and from the numerical simulation (red dotted line) as a function of current density Jap, at
a fixed magnetic field (Happ= 40mT) are shown. It can be seen that the analytical value of the
free running power fits well with the ones extracted from numerical simulation for the current
density applied between -37x10"°A/m* < Jupp < -50x10™°A/M?, i.e. Japp -37x10°A/M” is the
threshold current at which the steady state precession is induced. Above Jap,=-50x10"°A/m?,
the analytical calculation of the free running power slightly differs from the one extracted via
numerical simulation. From this comparison, it can be seen that the limit of the analytical
model is at Japp=-50x10"°A/m?. This limit can also be seen by looking at the IPP mode
precession trajectory as a function of current density, as shown in Fig. 4.4c (3D trajectory)
and Fig. 4.4d (2D trajectory). The amplitude of the precession trajectory increases with the
increase of the current density. Increasing the current density from -37x10™°A/m* < J,pp < -
50x10'°A/m?, the amplitude of the precession of m, component is not crossing 0, 0<my<1, so
that the precession amplitude is considered small, see Fig. 4.4d. In this current range, the
analytical model is valid, since the model was developed for small precession amplitudes
around the equilibrium point. For large precession amplitudes induced above -50x10°A/m?,
i.e when the my component varies from -1 to 1 (-1<my<1), the analytical model is no more
valid. In this case, one needs to take into account the higher order terms neglected in the
model.

Ha?p=4omT

@ ‘ . (b) - ¥ )
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— . 37
9? 0.3 ~N 00 §0,0— . .40!
£ 02 = - 43
) — 054 . -46
0.1 5 T R 49
0.0 L— . . . . 09~ ) Z -1.04
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Japp (1X1010 A/m?) % Mx

Fig. 3.4-(a) The free running power extracted from analytical calculation and numerical
simulation. The bias field is 40 mT and the temperature is OK. The analytical model is valid only for
current density which is from -37x10'° A/m? to -46x10' A/m® (the threshold current density is -
37x10" A/m?). (c) The IPP precession trajectory in 3D plot as a function of current density, from -
37x10™ A/m? (red curve) to -49x10'° A/m* (green curve). The amplitude precession increases upon
increasing the current density. (d) The X-Y projection (2D) of the IPP trajectory.
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From this investigation, it can be concluded that the analytical model developed in this
thesis is valid within the current range of -37x10" A/m? < J,pp < -50x10'° A/m? for the
chosen magnetic field amplitude of 40 mT. This magnetic field amplitude was chosen in order
to induce the IPP mode precession and also to stay close to the situation of interest for
experiments.

3.3.1.2 Free running STNO: thermal fluctuations

The simulation and calculation in the previous part was carried out at zero
temperature, neglecting the influence of thermal fluctuations. It has been discussed in Chapter
1, Section 1.3.5, that thermal fluctuations determine the generation linewidth of the STNO
which is one of the most important parameters from the practical point of view. In this part,
the generation linewidth of the STNO as a function of external control parameters, i.e
magnetic field and current density, and temperature will be investigated. The aim is to choose
the operational conditions (magnetic field, current density, and the temperature) for numerical
simulation for which the linewidth is small. The small linewidth is required for the
observation of the sidebands under modulation. The amplitude of the sidebands as a function
of the modulation frequency f.,, will be of interest.

»  White Gaussian noise and linewidth extraction

To simulate this generation linewidth, the thermal fluctuations in the STNO magnetic
structures are taken into account by adding a thermal noise field [83] to the effective field Hes
in the Landau-Lifshitz equation of the free layer.

(Hiy (OH), (£1) = o2 6,6 (t — t') (3.11)

YoVioMs

The 1,j representing Cartesian coordinates and the brackets are the time average. The Hy, is a
magnetic random field with zero mean and its autocorrelation function is given by Eq.
3.11, which corresponds to a white Gaussian noise with a variance proportional to the
temperature T and the damping factor a, and inversely proportional to the magnetic volume
V. Since Hy, is a random field, it accounts for non-deterministic (stochastic) processes.
Therefore, running the same simulation several times at finite temperature leads to a
distribution of magnetization trajectories shown in Fig. 3.5a. This distribution is translated
into magnetization oscillations whose amplitude as well as the phase fluctuates in time around
its average value, as can be seen in the time traces of the my-component in Fig. 3.5b. The
corresponding PSD of time traces results in the broadening of the peak (Fig. 3.5¢). The
Lorentzian function is used to fit the PSD and to extract the center frequency, fy, and the
linewidht, Af. However, the Lorentzian function cannot fit successfully because the PSD
distribution is too dense or noisy. To further reduce noise in the PSD, the welch averaging
method [x] is applied on the time traces of the my-component. In this method, the time trace is
split up into overlapping segments which are then windowed. The windowed segments are
converted in the frequency domain by computing its Fourier Transform (periodogram). The
ensemble averaged periodogram is shown in Fig. 3.5d (black curve), which results in a less
noisy PSD. The Lorentzian function now fits successfully the center frequency and the
linewidth of the averaged PSD.
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Fig. 3.5 -Numerical simulation at magnetic field of 40mT, current density of -50x10'°A/m? and
temperature of 50K (a) The 3D trajectory of IPP mode shows that the precession fluctuates around the
average value (b) The precession fluctuation is translated into the magnetization oscillations (time
traces). The total time traces was 42us (c) The corresponding PSD of 42us time traces (with no
averaging treatment) leads to the broadening of the peak (d) The averaged PSD by welch averaging
method with averaging window is 327ns. Red curve in (c)(d) corresponds to Lorentzian fitting, which
permits to extract the center frequency and the linewidth broadening of the peak.

»  Linewidth as a function of external control parameters and temperature

Using the welch averaging method and Lorentzian fitting introduced previously, the
frequency and the linewidth of the free running STNO as a function of external control
parameters, i.e. current density, Japp, and magnetic field, Happ, and temperature, T, are shown
in Fig. 3.6. In Fig. 3.6a, the center frequency fy as a function of current density Jap, at a fixed
magnetic field (Happ,=40mT) for different temperature, T, is shown. The center frequency does
not change with temperature. The transition from a damped mode into a steady state IPP
precession mode is observed at threshold current, Jy. Below the threshold current the
frequency is constant and above the threshold current the frequency decreases upon increasing
current density (redshift), which is the normal behavior of an in-plane magnetized STNO. The
corresponding linewdith is shown in Fig. 3.6b. As predicted in Ref. 87, the thermal
fluctuations (temperature) lead to the blurring of the generation threshold. Below the threshold
current Jy, (damped regime), the linewidth decreases linearly with the current and it is
independent of the temperature. In the transition regime, the linewidth increases due to strong
thermal fluctuations in the transition from a damped mode to a steady state mode. The
influence of temperature on the linewidth is seen in this transition regime. Above the
transition regime (steady state regime), the linewidth decreases upon increasing the current
and increases upon increasing the temperature. Fig. 4.6¢ shows the linewidth dependence on
the magnetic field. It is shown that the linewidth is smaller at low magnetic field.
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Fig. 3.6-Numerical simulation of the free running STNO as a function of external control
parameters and temperature, T. (a) the frequency and (b) the linewidth of the free running STNO as a
function of current density, J,y,, at a fixed magnetic field (H,,,=40mT) for different temperatures. Jy, is
the threshold current, showing the transition from a damped mode to a steady state IPP precession
mode. (c) The linewidth as a function of current density, J,p, at a fixed temperature (300K) for
different magnetic fields, Happ.

»  The importance of linewidth for sideband observation

The linewidth of the free running STNO has to be smaller such that the sideband
observation around the carrier frequency is possible, especially at low modulation frequency
fn (below the relaxation frequency, f,). It is important to note that besides analyzing the
amplitude and the frequency noise response of the modulated STNO, the PSD of the
modulated STNO containing sidebands will be also analyzed. The aim is to investigate the
dependence of amplitude of the sidebands on the modulation frequency f, especially at slow
modulation frequency (fn<fp) and fast modulation frequency (fn>f,) with respect to the STNO
relaxation frequency f,, i.e. whether the sidebands amplitude is attenuated or not for the case
of the presence or absence of the cut-off frequency given by the relaxation frequency fp.

1.0 — 50K
0.8 — 100K
g 06 200K
o 04 —300K
o 02 — 400K

0.0

sideband

Fig. 3.7-The PSD of the modulated STNO as a function of finite temperature. The linewidth, Af,
of the carrier peak as well as the sidebands are broadening as the temperature increases. The upper and
lower sideband around the carrier frequency, f., are separated by the modulation frequency, f,.

Based on the modulation theory (see Chapter 1, Section 1.4.1), the modulation spectrum
contains the carrier frequency and the sidebands around it (upper and lower sidebands). The
sidebands are separated by f,, from the carrier frequency, f., as illustrated in Fig. 3.7. If the
linewidth of carrier frequency, Af, is larger than f,, the sidebands will be hidden so that the
sideband observation is impossible. In order to observe sidebands at low modulation
frequency (fm<f,) with respect to the STNO relaxation frequency f,, one should consider that
the linewidth of the carrier frequency, Af, has to be much smaller than f,. Table 3.2
summarizes the f, value for constant Hap,=40mT and varied current density (within the range
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of validity of the analytical model, see Section 3.3.1.1). The f, was calculated from the
analytical model Eg. 3.8, which is independent of temperature, T. The corresponding
linewidth, Af, given at finite temperature, i.e. 50K and 300K, is also shown in table 4.2. It can
be seen that there are two set of parameters to fulfill the condition of A/<f, shown in the
dashed box. The operational condition at current Jup,=-50x10"® A/m* and T=50K lead to a
much smaller linewidth, 4f, compared with the corresponding f, value. Hence, at this
operational condition, the sidebands are expected to be clearly observed. These parameters are
chosen for the modulation simulation discussed in Section 3.4.

Table 3.2-Comparison of the linewidth, Af, and the relaxation rate, f;, at given parameters.

Happ Jopp (A/m?) f, (MHz) T (K) Af (MHz)
(mT)
40 -40x10%° 42.36 50 106
40 -40x101° 42.36 300 350
40 -45q0° 12733 50 85 |
40 -45x10%° 127.33 300 300
40 -S50q10 21224 50 60 |
40 -50x10%° 212.24 300 250

3.3.1.3 Summary: Free running parameters

To summarize, the free running STNO parameters used in the simulation are

summarized as follow:

(@ The magnetic field, Happ, is 40 mT: to induce the IPP mode precession, to stay close with
situations and experiments, and small linewidth

(b) The current density is Jap,=-50x10"® A/m?: to induce the IPP mode with small amplitude
precession (0<my<1) and to stay within the validity range of analytical model

(c) The temperature, accounted for thermal fluctuations, is 50K. The free running
parameters, i.e. Happ=40 mT and Jsp,=-50x10"" A/m? give rise to the STNO relaxation
frequency f,, of 212.24 MHz. The temperature of 50K leads to a broadening of the PSD
with the corresponding linewidth around 60 MHz, which is much smaller than the
STNO relaxation frequency f,,. This allows the investigation of the sidebands amplitude
dependence on the modulation frequency fq,, especially at slow modulation frequency
(fm<fp) and fast modulation frequency (fn>f,) with respect to the STNO relaxation
frequency f,.

3.3.1.4 Modulation parameter: modulation strength (e=Hrr/Happ)

In the field modulation in STNOs, the modulation strength ¢ is defined as the ratio
between the RF field amplitude, Hgr, and the bias field amplitude, Happ, (e=Hrr/Happ). The
choice of the modulation strength is motivated by several factors. On the one hand,
considering the application of an STNO for wireless communication within an FSK scheme,
the induced shifts in the instantaneous frequency due to shifts in the magnetic field (given by
the RF field amplitude) should be sufficiently large to reach required signal to noise levels.
This has been reported in Ref. [29-33], designing the use of an STNO for dynamic read head
application based on the FSK modulation concept. The modulation fields (arising from the
stray fields of the magnetic bits) can have a considerable value of a few hundred Oe (see table
| of Ref. 29) in order to induce a modulation of the instantaneous frequency that is sufficiently
large (few hundreds of MHz) for a good signal to noise ratio.
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The modulation strength should not be too small, while too large modulation strength
will lead to an over-modulation phenomenon. This over-modulation leads to periodic
extinctions in the modulated time traces, i.e on-off modulation, which is not considered in the
analytical model. This over-modulation can be observed by increasing the the modulation
strength at a constant modulation frequency as shown in Figs. 3.8 (red dashed box). For the
case of longitudinal RF field modulation (Fig. 3.8a), the modulated time traces shows the pure
frequency modulation, i.e no amplitude variation (modulation) for moderate modulation
strength €=0.1-0.5. At high modulation strength, =1, the over-modulation occurs. In Fig. 3.8b,
the modulated time traces for the case of transverse RF field modulation as a function of the
modulation strength is shown. The amplitude variation (modulation) is observed at medium
modulation strength £=0.3 and £=0.5 and the over-modulation occurs at e=1. The modulation
strength restriction for current modulation (e=Jre/Japp) IS also investigated here (Fig. 3.8c),
since the current modulation will be also performed in the simulation to compare with the
field modulation results, for the same parameters such as current density, magnetic field,
temperature, simulation material parameters, etc. For current modulation, the modulated time
traces show strong amplitude modulation and the over-modulation occurs at modulation
strength of £¢=0.5.

For the case of longitudinal RF field modulation, it is also shown (Fig. 3.8) that for
large modulation strength (¢=0.6) at high modulation frequency fn, this can induce non-linear
effects such as a change in the trajectory (Out of Plane trajectory), see Fig. 3.9, that is not
taken into account in the analytical model.

J,,,=-50x10'° A/m?, H

o =40 mT, T=0K, fm=50 MHz

app
Over-modulation

Modulation £=0,1 £=0,3 e=0,5 | e=1
type I
|
(a) 1.0 1.0 (1)(5) |
0.5 0.5 .
Longitudinal 0.0 . 00 .. 0.0 |
field = = g -
modulation | _?(5) - _(1)(5) -(1)(5) I
(Herd) 60 80 100 120 60 80 100 120 60 80 100120 | 60 80 100 120
t (ns) t (ns) t (ns) ! t (ns)
(b) '
1.0 . 1.0 I
transverse 8(5) : 0.5 I
field £ 05 Eo S & 8(5) i
modulation |~ 10 - T - 1.0
H . -1 -1. [ L i
(Hary) 60 80 100120 60 80 100 120 60 80 100120 60 80 100 120
t (ns) t (ns) t(ns) [ t (ns)
C
©) 1.0 1.0F
0.5 05F
Current .. 0.0 - 0.0
modulation (£ -0.5 = 0.5F
1.0 1Ok -1.0F
60 80 100120 60 80 100120 60 80 100120
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Fig. 3.8-The modulated time traces of my-component for different modulation strength values
for the case of: (a) current modulation (b) longitudinal RF field modulation (c) tranverse RF field
modulation.
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Fig. 3.9-The 3D trajectories (top) and X-Y projection (bottom) of modulated STNO for different
modulation strength, €=0.3 and £=0.6, at fm=1GHz for the case of longitudinal RF field modulation.
The free running parameters are in the range of validity of analytical model with J,,,=-50x10"° A/m?,
Hap,=40 mT, and T=50K.

To summarize, in order to avoid the over-modulation (on-off modulation) and the
change in the precession trajectory, the simulation will be restricted to moderate values of
€=0.1-0.3 (varying Hgr at constant Hgpp). In order for modulation to occur there is no lower
cut-off of Hgr, only the modulated amplitude will decrease as Hgre2. Hence smaller Hgrg means
smaller signal to noise ratio (discussed later in the next Section). This is independent of Happ
as long as Happ does not induce a modification of the type of the trajectory. To make a
comparison with RF field modulation, the current modulation which is performed using the
same parameters as used for field modulation simulation will be also demonstrated. The
modulation strength is also restricted to moderate values of £€=0.1-0.3 (varying Jgr at constant
Japp) t0 avoid over-modulation or on-off modulation.

3.3.2 Analysis method: Amplitude and phase noise technique

The details of the amplitude and phase noise technique of the free running STNO has
been discussed in Chapter 1 and Chapter 2. In this Section, the amplitude and phase noise
technique will be briefly discussed to highlight the difference between the amplitude and
phase noise response of the STNO in the free running state and in the modulation state. An
appropriate way of the extraction of the amplitude and phase noise of the STNO in the
modulation state will be also investigated, i.e. the effect of the filtering and the welch’s
averaging method on the amplitude and phase noise of the modulated STNO. Finally, the
extraction of the maximum modulation rate from this technique will be shown.

3.3.2.1 Free running and modulated STNO at T=0K

As has been mentioned previously, in the absence of noise (zero temperature), the
magnetization of the free running STNO precesses on a constant energy trajectory around the
static equilibrium point (in-plane energy minimum), as shown in Fig. 3.10a. This constant
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trajectory means that the magnetic component my, my, and m; oscillate in time forever with a
constant amplitude and phase (Fig. 3.10b: the my-component). This stable oscillation can be
expressed as a function of time: my(t)=m, cos(wot). The m,’is the amplitude and the wo=27fy
is the angular frequency of the free running STNO.

On the contrary, in the modulation state, i.e. modulation by an RF current, at given
modulation strength &€ and modulation frequency fi,,, the magnetization precession trajectory is
modulated around the average trajectory, as can be seen in Fig. 3.10c. The corresponding
magnetization oscillation of the my-component is given in Fig. 3.10d. It shows the amplitude
modulation of the magnetization oscillation at the time period given by T,=1/f, i.e. T,=20ns.

(a) (b)
1.0
0.5

- 0.0

-0.5

-1.0 |

60 80 100 120
t(ns)

Free running STNO

g

Modulated STNO (e=0.1, f_,=50 MHz)

60 ' 80 100 120
t (ns)

Fig. 3.10-(a) The IPP precessions trajectory (3D trajectory) of the free running STNO around the
static equilibrium point (X-axis). (b) The corresponding time traces of my-component of the free
running STNO. Modulation state: (¢) The IPP precession in 3D trajectory of the modulated STNO. (d)
The time traces of my-component of modulated STNO with modulation strength, £=0.1, at slow
modulation frequency, f,=50MHz. The simulations were performed for J,,=-40x10"° A/m* and
Hap=40 mT at zero temperature (T=0K). The total time traces is 42 us, which corresponds to a
frequency resolution of 23.8 kHz.

3.3.2.2 Free running and modulated STNO at finite temperature
In this part, thermal fluctuations (represented with T=50K) are added in the free
running state and the modulation state of the STNO. The magnetization oscillations of my-

component of the free running STNO and the modulated STNO under the application of
thermal fluctuations are shown in Fig. 3.11a and Fig. 3.11b, respectively.
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Fig. 3.11-The time traces of the my-component of: (a) free running STNO (black) and (b)
modulated STNO (black) under thermal fluctuations (T=50K). The amplitude oscillations are
fluctuating around its average value whose envelope da(t) is shown in red curve. (c) The PSD of the
amplitude noise and (d) the PSD of the frequency noise of the free running STNO at T=50K
(background noise). (e) The PSD of the amplitude noise and (f) the frequency noise of the modulated
STNO at T=50K. Sharp peaks (red plots) above the background noise level show the peak (and its
harmonics) of the amplitude and frequency modulation. The simulations were performed for Ja,,=-
40x10" A/m? and H,,,=40 mT.

It is shown that the magnetization oscillations are fluctuating around the average value
(see red curve). These magnetization fluctuations around the average value can be expressed
as a function of time: my(t):myo[1+8a(t)]cos(mot+(p(t)], with da the amplitude deviations
around the mean amplitude myO and o(t) (frequency deviations, 61 (t) = id‘c’;—?) the phase
(frequency) deviations around the average phase (frequency).

3.3.2.3 Extraction of amplitude and frequency noise of STNO
The amplitude and frequency of the STNO in both state, i.e. free running and
modulation states, are extracted using the technique developed in Ref. [24] and has been

discussed in detail in Chapter 1 (Section 1.3.5) and Chapter 2 (Section 2.1.3). In the
following, the procedure of this technique will be summarized.
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Fig. 3.12-The diagram of the amplitude and phase (frequency) noise extraction procedure

Fig. 3.12 shows the procedure of the extraction of amplitude and phase noise of the
STNO, which is valid not only for the free running state but also for the modulation state. As
illustrated in the diagram in Fig. 3.12, the amplitude oa(t) and the phase deviations
(fluctuations) ot+g(t) around the average amplitude m,’ are extracted using the Hilbert
transform (see Chapter 2, Section 2.1.3). The phase fluctuations ¢(t) are extracted by
subtracting the average of the phase. The corresponding power spectral densities for the
amplitude fluctuations PSD;s, and phase fluctuations PSD,, are calculated from the Fourier
transform. The phase noise is converted into frequency noise using the relation
PSDs=f*PSD,, [85]. Typical amplitude and frequency noise plots are shown in Figs. 3.11c,d
for the free running STNO and Figs. 3.11e,f for the modulated STNO. From the plots, one can
see the difference between the amplitude and frequency noise response of the STNO in the
free running state and the modulation state. This difference will be discussed in the following.

In the case of the free running STNO (applying only the current density Jap, to the
STNO), the background contribution due to noise in the amplitude PSDs, and frequency noise
PSDs; is shown in Figs. 3.11c,d, respectively. This background noise enables one to extract
the amplitude relaxation frequency f, from the transition from the constant (white Gaussian
noise) to the 1/f2 dependence of the noise. For example in Fig. 3.11c, this gives an f, value of
around 42 MHz as indicated by the vertical dashed line. This is consistent with the value
extracted from the analytical model, f,=42.36MHz, as shown in table 3.2, for the same
parameters: J,,,=-40x10" A/m® and H,,,=40 mT.

In the presence of the modulating RF signal with a modulation strength & and a
modulation frequency fr,, an additional sharp peak and its harmonics (in red) becomes visible
at the frequency fy, in the amplitude noise PSDs, and the frequency noise PSDg above the
background noise level (black) in Figs. 4.12e,f. This sharp peak corresponds to a modulated
signal (modulated amplitude and frequency) whose position depends on the modulation
frequency, fn,. For example, for a modulation frequency, f,, of 1 MHz, the modulated peak
will appear at f,, =1 MHz, etc. Keeping the amplitude of the modulating RF signal constant
(constant modulation strength, €) and varying the modulation frequency, fy, then superposing
the corresponding amplitude and frequency noise (for different f,,) plots together in one plot,
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permits the extraction of the maximum modulation rate for the modulation of an STNO. The
extraction of the maximum modulation rate for field modulation in STNOs is the main
purpose of this chapter.

3.3.3 Numerical simulation results and discussion

In this part, the results of numerical simulation will be shown and discussed. The
discussion is divided into several parts. The first part is focused on the extraction of the
maximum modulation rate of field modulation using the amplitude and frequency noise
technique discussed previously. The results are compared with current modulation that is also
simulated in this simulation by using the same parameters as used for field modulation.
Additional studies on field modulation were also performed in this simulation:

(1) The field modulation response as a function of the angle g of the applied RF field
direction with respect to the easy axis (see fig. 4.2a), which will be discussed in the
second part of this Section,

(i) The PSD modulation level dependence on the modulation strength, €, which is important
since within an FSK scheme the shifts in the instantaneous frequency depend on the
amplitude of applied field Hge. This will be discussed in the last part.

3.3.3.1 Enhanced modulation rates via longitudinal field modulation in STNOs

The parameters used in the simulation have been discussed in the previous Section. The
magnetic field, Hypp, is 40 mT and the current density, Jzpp, is 50x10'® A/m?. These parameters
induce the in-plane magnetization oscillations (IPP mode) around the static equilibrium point
at a frequency around 5 GHz. The corresponding amplitude relaxation rate, I'p, of these
parameters is 666.77 Mrad/s, giving rise to an amplitude relaxation frequency f, of 212.24
MHz (see table 3.2). The temperature of 50K is taken into account as thermal fluctuations.
Such temperature generates the linewidth broadening of 60 MHz around the frequency
oscillations (5 GHz). To perform the field modulation, a sinusoidal RF field is added to the
effective bias field whose orientation can be adjusted with respect to the easy axis (X-axis):
longitudinal and transverse RF field, see Fig. 3.2a. For longitudinal RF field modulation, the
modulating RF field is applied along the easy axis direction (Hge//Happ). Instead, for
transverse RF field, the modulating RF field is applied in-plane and perpendicularly with
respect to the easy axis (HrrLHapp). The RF field amplitude for both, longitudinal and
transverse RF field, Hgr, is 12mT. This corresponds to a modulation strength, e=Hgrr/Happ, Of
0.3. The RF field frequency is varied from 1 MHz to 1 GHz. For the case of current
modulation, an RF current is added to the applied current density, Japp. The RF current
amplitude Jge is -15x10"® A/m?, corresponding to modulation strength, e=Jgg/Japp, Of 0.3 and
its frequency is also varied from 1 MHz to 1GHz.

The simulations were performed for 42 ps time interval and the sampling frequency of
100x10° point/seconds to have small enough frequency resolution (23 kHz). The amplitude
and frequency noise of the modulated time traces (my-component) extracted according to the
procedure described in the section 3.3.2. The amplitude and frequency noise response of
different modulation frequency, f,,, from different simulations are superposed together in one
plot as shown in Fig. 3.13. Figs. 3.13a,b show the amplitude PSD;, and frequency noise PSDg;
response for current modulation, Figs. 3.13c,d shows the amplitude PSD;s, and frequency
noise PSDg response for longitudinal RF field modulation, and Figs. 3.13e,f depict the
amplitude PSD;, and frequency noise PSDg; response for transverse RF field modulation. The
background noise is indicated by the dotted red line and the envelope of modulation peaks for
all modulation frequencies is indicated by the dotted blue line as a guide to the eye.
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Fig. 3.13-Time traces of 42us long was analyzed in double logarithmic plots of the amplitude
noise PSD;, and frequency noise PSDy of the modulated signal for (a,b) current modulation (c,d)
longitudinal Hge//x and (e,f) transverse Hge/ly RF fields. The current and field modulation simulation
was performed with the same parameters of field modulation: H,,,=40mT, J;5,=-50x10" A/m? T=50K,
f=1MHz to 1GHz, and £=0.3. The envelope of the background level due to thermal noise is indicated
by the red dotted line and the envelope due to the modulation signal is indicated by the blue dotted
line.

Focusing on the envelope of the modulation peaks (see the dotted blue line), different
modulation responses on the amplitude noise PSDs, are observed for longitudinal and
transverse RF modulation fields. The latter has a similar amplitude response as observed in
current modulation (Fig. 3.13a), which shows a clear cut-off at f,, which is on the order of a
few hundred MHz (Fig. 3.13e). The consequences of the presence of this cut-off frequency
can be seen in Fig. 3.14a (PSDmy of the modulation spectrum). At modulation frequency
fm<fy, the sidebands around the main peak (=5 GHz) can be clearly seen. Above this cut-off
fn>fy, the signal amplitude of the sidebands is attenuated gradually and it vanishes at high
modulation frequency, i.e. f,=1GHz. Since the sidebands contain the message or information
carried by the carrier oscillator (STNO) that will be transferred to a receiver, the sidebands
attenuation thus means loss of message or information. This is undesirable for practical
applications. In contrast to this, the amplitude longitudinal RF field modulation (Fig. 3.13b)
does not roll-off and even increases slightly above f, Consistent with this, the frequency
modulation spectrum (Fig. 3.14b, left figure) shows the sidebands are still observable even at
a high modulation frequency, f=1 GHz.
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Fig. 3.14-Normalized PSD of modulated time traces of m,-component (left) and the modulated
instantaneous frequency (right) for: (a) longitudinal RF field modulation (b) transverse RF field
modulation. The PSD,,, and the modulated instantaneous frequency fi(t) of longitudinal and transverse
field modulation are compared for the modulation frequency slower than the STNO relaxation
frequency (f.<f,) and for the modulation frequency faster than the STNO relaxation frequency (f>f,).
It is noted that the multiple sidebands at low modulation frequencies f., (200 MHz) arise due to high
modulation index which is proportional to the ratio of the modulation strength ¢ and inversely
proportional to the modulation frequency f,,, (see Chapter 1 Section 1.4.1).

A similar observation as for the amplitude noise can be made for the frequency noise
PSDss, Figs. 3.13b,d,f. First it is noted that due to the non-linear property of STNOs,
amplitude and frequency are coupled. This is characterized by the coupling parameter v. As a
consequence of this coupling, the background noise level of the frequency noise PSDg; is
enhanced by a factor of (1+v?) for low frequencies f<f, as shown by the dotted red lines in
Figs. 3.13b,d,f and then cuts off for f>f,. Focusing now on the envelope of the additional
modulation peaks (dotted blue lines) upon field modulation, it can be seen that for transverse
field modulation, Fig. 3.13f, there exists a cut-off frequency at f,~200 MHz while for
longitudinal field modulation, Fig. 3.13d, the cut-off frequency is absent. The response of the
modulation in frequency is thus the same as the modulation in amplitude. As can be seen in
Fig. 3.14b (right figure) for frequency modulation in longitudinal RF field modulation, a full
frequency deviation can be achieved even at high modulation frequency f,>f, (no attenuation
in the modulated instantaneous frequency). In contrast to this, for transverse field modulation
(Fig. 3.144, right figure), a full frequency deviation can be achieved only at low modulation
frequency fn<f,. However, the modulation frequency signal is not pure sinusoidal anymore
(complex signal modulation). For a fast frequency modulation f,>f,, i.e. f,=1GHz, the
instantaneous frequency does not follow the RF field modulation and leads to the attenuation
of the frequency deviation. This indicates that the maximum modulation rate of transverse RF
field modulation is given by the cut-off frequency, f,.

The absence of the cut-off frequency in the case of longitudinal modulation is
important for applications, since higher modulation data rates above the STNO relaxation
frequency f, can be achieved. This can be understood that quite generally the frequency of
STNOs can be changed in two ways. The first is the direct modulation of the frequency and
the second is the modulation via the amplitude due to the non-linear amplitude-phase
coupling. Since amplitude modulation is limited by the amplitude relaxation frequency f,,
frequency modulation via amplitude should reveal a cut-off at f,=f,. In contrast within a
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macrospin approach, direct modulation of the phase (frequency) should not be limited by the
amplitude relaxation frequency f,. From this it is concluded that frequency modulation via
amplitude dominates in the case of transverse field modulation (with cut-off), while direct
frequency modulation dominates in the longitudinal field modulation (no cut-off).

This conclusion can be substantiated by the derived analytical model for the case of
longitudinal RF field modulation (Eg. 3.10) presented in Section 3.2.3. The corresponding
T=0K equation for the instantaneous power deviation ép(t) and the instantaneous frequency
27k (t)=d¢(t)/dt are brought here and given as follow:

_ZV(;Happpo . er
op(t) = saﬁcos(wmt — 1) with the phase coty = — (3.10b)
W +4Ty oM
do Ay
2 2rf () = wo + N[po + 6p(t)] + w_OVOHRFx cos(wpt) (3.10c)

The analytical instantaneous frequencies are plotted in Fig. 3.15 (red and green lines)
and compared to the one extracted from the numerical simulation (black line). As can be seen
from the analytical expression in Eq. 3.10c, the instantaneous frequency contains two
contributions that modulate the frequency around the free running value [wq + Npy]. First
contribution arises due to the modulation of the amplitude NJp(t) via the non-linear coupling
N and the second one is directly proportional to € and thus to the modulation field. From Fig.
3.15a, one can see that including only the variation due to amplitude modulation (red line)
cannot reproduce the numerical results, while including also the direct contribution (green
line) fi(t) is very close to the numerical result. This means that the frequency modulation
occurs due to a direct coupling of the modulating field to the frequency. The fact that the
contribution to frequency modulation coming from amplitude modulation is negligible can be
explained from Eq. 3.10b showing that op(t) is proportional not only to the strength & of the
modulating field but also to the damping parameter a. This is different to the case of current
modulation discussed in the Section 3.1, where the instantaneous power 8p(t) is proportional
only to . Hence, in the given case of longitudinal field modulation even for moderate
modulation field values, the deviations of dp(t) are expected to remain smaller than in current
modulation since the damping is usually much smaller than one a<<1.
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Fig. 3.15-Comparison between the numerical (black line) and analytical (red and green lines)
instantaneous frequency fi(t) for: (a) longitudinal RF field (Hge//X) modulation, (b) transverse RF field
(Hre//Y) modulation, and (c) current modulation at modulation frequency f,=100 MHz and
modulation strength £=0.3. The red line considers only the contribution from amplitude modulation
and the green line considers both amplitude and direct frequency modulation (all terms in Eq. 4.10c)
for longitudinal modulation case only. The analytical evaluation was performed for H,,,=40mT and
Japp=-50x10" A/m’ leading to the following analytical parameters w,=40.5 Grad/s, N=-31.6 Grad/s

A, _
and w—osyOHapp = 5.217 Grad/s
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The strength of the deviations of op(t) (expressed in the power spectral density of dp(t),
PSD;,) can also be seen in numerical simulation results shown in Fig 3.13a and Fig. 3.13c for
current modulation and longitudinal RF field modulation, respectively. It is seen that for
modulation frequency below the cut-off f,, the PSD;, of the modulated peak in longitudinal
RF field modulation (30dBc/Hz above the background noise level) is much smaller than the
one in current modulation (60dBc/Hz above the background noise level). This substantiates
the statement from analytical expressions that the deviations of dp(t) in longitudinal RF field
modulation are indeed smaller than in current modulation. Therefore, the impact on the
frequency modulation is also small for longitudinal RF field modulation. In other words
modulation by a longitudinal RF field is mainly a frequency modulation rather than amplitude
modulation. This explains the absence of the cut-off in the frequency noise shown in Fig.
3.13d.

The direct frequency modulation in longitudinal RF field modulation can be also
understood by the fact that quite generally the precession frequency of the magnetization is
given by its effective field (the conservative term in the LLGS equation) that determines the
equilibrium position around which the magnetization precesses. Given the modulation field
with relatively slow modulation frequency f, as compared to the precession period, the
instantaneous equilibrium is the equilibrium position determined by vector of the static bias
field Happ and the modulation field at f,,. Modulating the effective field via an RF field parallel
to the bias field, will change the conservative torque without changing the instantaneous
equilibrium position and thus requires only small adaptation of the precession amplitude, see
Fig. 3.16a. Consequently, the relaxation effects of the amplitude are small. This results in a
direct modulation of the frequency.

Longitudinal rf field, H//X Transverse rf field, H,//Y

Fig. 3.16-The IPP precession trajectories in the presence of modulating RF field. The applied
static field, Happ, is 40 MT, Jop,=-50x10"" A/m? at T=0K. The amplitude of RF field, Hgg, is varied so
that the changes in the trajectory can be observed for the case of (a) longitudinal RF field modulation
and (b) transverse RF field modulation. The top figures are the 3D trajectories of magnetization
prcessions, while the bottom figures are the corresponding Y-Z trajectory projections. The changes in
the equilibrium position following by strong amplitude changes are observed in transverse RF field
modulation. This is not the case for longitudinal RF field modulation in which the static equilibrium
does not change and no big variation in the amplitude precession.

This is not the case for modulation by a transverse field, which will lead to a periodic
motion of the instantaneous equilibrium position, since a transverse field will tilt the
equilibrium. This reorientation induces much stronger changes of the amplitude as can be seen
in Fig. 3.16b. Therefore the relaxation effects of the amplitude determine the dynamics much
more in the transverse case than in the longitudinal case. This is why the transverse RF field
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case is similar to the RF current case. They share the fact that the modulation of the frequency
occurs via the modulation of the amplitude which dominates. To further underline this point,
one need to look back on Figs. 3.15b,c, which show similar results for respectively
modulation by a transverse RF field, Hge//Y and modulation by an RF current, Jge. The black
lines correspond to the instantaneous frequency from full numerical solution and the red lines
are the contributions of the amplitude modulation through the nonlinear coupling [w, +
Npy + Nép(t)]). In contrast to Fig. 3.15a (longitudinal RF field modulation), the results in
Figs. 3.15b,c, show that the amplitude modulation via the non-linear coupling dominates in
case of transverse RF field modulation and has a non-negligible contribution to the
instantaneous frequency. Therefore frequency modulation will be a combination of both direct
frequency modulation and amplitude modulation which have comparable strength. This
explains the roll-off in this case.

3.3.3.2 RF field angle p dependence

It has been shown numerically and analytically that the modulation of the effective
field in STNOs by a longitudinal RF field leads to a high modulation rate above the amplitude
relaxation rate. These results provide an important strategy for applications such as in the
design of FSK based communication and dynamic read head schemes. Applying this strategy
means that the RF field has to be exactly collinear with the easy axis (bias field) which is
difficult to realize in reality. Hence, it is important to study the field modulation in STNOs as
a function of the RF field orientation, S, with respect to the easy axis, to see the limit of the
A up to which the relaxation frequency f, does not limit the modulation rate. The results are
shown in Fig. 3.17. In order to make the observation easier, the envelope of modulation peak
(blue dotted line in Figs. 3.17a,b) and the envelope of background noise (red dotted line in
Figs. 3.17a,b) is plotted. The envelope of modulation peak and the envelope of background
noise for different RF field angle, g, are shown in Fig. 3.17c and 3.17d for amplitude PSDs,
and frequency noise PSDg;, respectively.
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Fig. 3.17-(a,b) Double logarithmic plot of (a) amplitude PSD;, and (b) frequency noise PSDs;
for longitudinal RF field modulation. The envelopes of modulation and background noise PSD of (c)
amplitude noise PSD;, and (d) frequency noise PSD;; for different RF field angle 3 with respect to the
easy axis. The group of envelopes at lower signal levels is due to thermal noise and the group of
envelopes at higher signal levels is due to modulation, as indicated by the labels to the right. The full
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lines with dots at f<20° indicate modulation with absence of the roll-off, and the full lines at f>20°
indicate modulation with roll-off.

The envelope of background noise PSD shows that the background noise level is
independent with the variation of RF field angle. While the envelope of modulation changes
with the variation of the RF field angle, i.e. the envelope level and the behavior, especially at
fm>f,. The change of the envelope of modulation for different RF field angle will be discussed
here:

(1)  Tilting the modulating RF field up to p=20° (violet dotted lines), the amplitude and the
frequency modulation have the same response (no cut-off ) as observed in longitudinal
RF field modulation 3=0° (black dotted line).

(i)  Above B=20° (full lines), the cut-off is well pronounced.

This observation is also confirmed by investigating the dependence of the upper and
lower sideband amplitude of the PSDn, (see Fig. 3.18a) on the RF field angle, at modulation
frequency above the relaxation frequency f,=1GHz. This dependence can be seen in Fig.
3.18Db. It is shown that below $=20° the amplitude of the upper (red curve) and the lower
sideband (black curve) are not changed much. Above $=20° the amplitude of both sidebands
decreases sharply and vanishes above $=70°. This means that higher modulation rate due to
the absence of the cut-off frequency (as observed in longitudinal RF field modulation) can be
achieved for a certain range of RF field angles with respect to the easy axis direction. From
this it can be concluded that within the macrospin approach high modulation rate and large
modulation bandwidths (i.e. no roll-off) should be achievable even when the applied RF field
is not applied exactly along the easy axis direction.

(a) 1.0 ] (b) 0.5 [dwer Sideband
fm—‘l GHz .
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Fig. 3.18-(a) The normalized PSD of longitudinal RF field modulation with simulation parameters:
€=0.3 and f,;=1GHz. The upper and lower sideband are separated by f, from the main peak of
4.78GHz. (b) The amplitude PSD,,, of upper and lower sideband as a function of RF field angle.

3.3.3.3 Modulation strength ¢ dependence

As a final point, the dependence of the modulation peaks on the modulation strength &,
in the case of longitudinal field modulation, is considered. Figs. 3.19a,b show the envelopes

for amplitude and frequency modulation peaks (upper levels) and the background noise level
(lower level).
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Fig. 3.19-The envelope of modulation and noise PSD of (a) amplitude PSD;, and (b) frequency
PSD;; for longitudinal RF field modulation as a function of modulation strength . (c) The amplitude
noise PSD;, at f,,=1 GHz as a function of modulation strength €. Black dots are obtained from
numerical simulation and red line is calculated from analytical model, Eq. 4.10b. (d) The amplitude
PSD, of upper and lower sideband as a function of modulation strength.

Increasing the modulation strength ¢ influences only the modulation peaks PSD while
the noise backgrounds are not changed. For the case of longitudinal RF field modulation, the
modulation peaks do not cut off at f,, and even increase at higher modulation frequencies, fp,.
Increasing the modulation strength g, the amplitude and frequency modulation peak become
stronger as predicted in the analytical model Egs. 3.10b,c that both dp(t) and of(t) are
proportional to modulation strength, €. Taking the square of the Fast Fourier transform of Eq.
3.10b at f,=1 GHz for different modulation strength confirms that the amplitude modulation
peak extracted from the amplitude noise plot is proportional to €2 as shown in Fig. 3.19c. The
same g2-dependence is found for the peaks of the upper and lower sidebands of the PSD, as
shown in Fig. 3.19d. Increasing the modulation strength will increase the power of sidebands
which means increasing the signal to noise ratio. These results are important for FSK scheme
since the induced shifts in the instantaneous frequency due to shifts in the applied field (given
by the RF field) should be sufficiently large to reach required signal to noise levels.
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3.4 General Summary

In conclusion, the maximum achievable data rate of the frequency modulation in STNOs
for different modulation configurations has been studied via macrospin simulation. This
provides an important strategy for the design of FSK-based wireless communication using
STNOs and how to achieve high data rates. The simulation reveals that the maximum
achievable data rate of the frequency modulation by an RF current is limited by the relaxation
frequency f, of the STNO. This is due to the non-linear amplitude-frequency coupling within
STNOs. For standard in-plane magnetized STNOs, this value lies on the order of a few
hundred MHz and means that modulation rates of up to a few hundred Mbps should be
achievable. This limit is enough for low to moderate data rate wireless communication as used
in wireless sensor networks (WSNs), 10 to 100Mbps, which is targeted in this thesis. This will
be explored and demonstrated in Chapter 4.

To achieve higher data rates up to Gbps for wireless communication beyond WSNS,
frequency modulation by an RF field (field modulation) provides a solution. The simulation
results show that the maximum data rate of the frequency modulation by an RF field is not
limited by the relaxation frequency f, of the STNO, resulting in an enhanced data rate up to
Gbps. This occurs when the modulating RF field is oriented along the easy axis of the free
layer (longitudinal RF field) and even for the tilted RF field angle up to p=+20° with respect
to the easy axis direction. The enhancement of the data rate in longitudinal RF field
modulation can be understood by the fact that the frequency modulation occurs via a direct
coupling of the modulating field to the frequency and not via the non-linear amplitude-
frequency coupling. Other advantages of field modulation are that the frequency modulation
can be performed even for zero nonlinearity, v =0. This is not the case for current
modulation that needs large nonlinearity, v, to perform the frequency modulation since the
nonlinear parameter v is proportional to frequency tuning N~df/dl. However, the field
modulation in STNOs needs an additional microstructured field placed on top of the STO
device. As a consequence, the integrated chip size for wireless communication system
becomes larger and potentially consumes more power. There is thus a trade-off between the
data rate and the power consumption that needs to be considered when using this approach for
wireless communication. The RF field modulation in STNOs is also suited for dynamic read
head applications which have been proposed by Toshiba and HGST since the FSK is induced
directly by the media field.
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Chapter IV
FSK-based wireless communication

In this chapter, the frequency shift keying (FSK) by current in STNOs is studied and
explored for wireless communication used in wireless sensor networks (WSNs). Here, the
frequency shift keying is achieved by injecting the current/voltage pulse to the free running
STNO such that the current experienced by the STNO varies between two discrete values,
leading to a frequency shift between two discrete levels representing the two logic bits, ‘1’
and ‘0’. The parameters to address are the achievable frequency shift and the maximum data
rate, up to which the frequency can be shifted between two discrete levels. As discussed in
Refs. 22,24 and in Chapter 3, the maximum data rate for frequency modulation via current is
limited by the relaxation frequency f, of the STNO, which is on the order of a few hundred
MHz for standard in-plane magnetized STNOs investigated in this thesis (see table 2.10,
Chapter 2, Section 2.4.2.2). This means that modulation rates of up to a few hundred Mbps
should be achievable which is targeted here for wireless communication as used in WSNSs, i.e.
10 to 100Mbps with the frequency ranging from 5-10 GHz.

To characterize the limiting data rate, numerical simulation and experimental studies of
the FSK by current in standard in-plane magnetized STNOs have been performed. In the first
part of this chapter, numerical simulation results of the FSK by current will be discussed. The
frequency response to an abrupt change of the current pulse and the fastest data rate will be
characterized by varying the rise time/fall time and the width of the current pulse. The
simulation results will be used as a comparison with the FSK experimental results. In the
second part, the experimental studies of the FSK on standalone STNOs for two different types
of nanofabricated STNO devices, i.e. Hitachi devices and Mosaic devices, will be
demonstrated. The parameters addressed here are the achievable frequency shift and the
maximum achievable data rate. The results of both devices (Hitachi and Mosaic devices) will
be compared and used for further optimization of Mosaic devices. In order to read back the
data, the demodulation using the delay detection technique, proposed by Toshiba, was carried
out numerically. In the last part of this chapter, the feasibility of STNOs within microwave
systems (RF emitter) will be demonstrated. This study was performed in collaboration with
the Mosaic partner, Rui Ma, from the Technische Universitdt Dresden (TUD). They are
responsible for the design and the realization of the RF emitter. The demodulation using delay
detection technique was carried out numerically to read back the data.
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4.1 FSK-based Wireless Communication Concept

In wireless communication system, STNOs are potentially used as a Local Oscillator
(LO) that provides the carrier frequency in GHz range. Such carrier frequency is mixed with
another RF signal by using an RF mixer to obtain the intermodulation signal, i.e. frequency up
and down conversion. In technical terms, the STNO has to deliver 0dBm to drive the RF
mixer. However, the output power levels of the STNO are much lower than 0dBm. In
addition, the phase noise of the STNO is poorer compared with those of conventional
oscillators. Due to the low output power and the poor phase noise of the STNO, wireless
communication by intermodulation, which uses the STNO as an LO, cannot be performed
successfully. Thus, the amplitude shift keying (ASK) and frequency shift keying (FSK) for
STNO-based modulation are considered, as these strategies do not require an RF mixer for
wireless communication scheme. The ASK and FSK modulation can be performed directly
through the same STNO devices by tuning the applied current. This leads to compact RF
components and reduce the power consumption in wireless devices which is of great interest
for wireless communication used in wireless sensor networks. The studies of ASK modulation
of STNO by turning on and off the STNO output signal have been reported in Ref. 26-28.

In this Section, the concept of wireless communication FSK by digital current
modulation in STNOs for wireless communication used in WSN will be discussed. The
concept for the demodulation used here is not standard and uses an approach proposed by
Toshiba for read head applications which is more suited for STNO devices characterized by a
relatively large phase noise.

. FSK by digital current modulation in STNOs

The concept of FSK by digital current modulation in STNOs is shown in Fig. 4.1. In
Fig. 4.1a, the STNO is employed in an emitter as a microwave source. The sequence of binary
data (electrical signal) consisting of ‘1’ and ‘0’ is injected to STNO to modulate the STNO
frequency, leading to a modulation of spin polarized current into two discrete levels. As a
consequence, the STNO frequency fj is shifted between two different discrete values, higher
frequency f; or lower frequency f,. The mapping of binary sequence into signal waveform
containing f; and f, is given in Fig. 4.1b (in time domain). This corresponds to an FSK
modulated carrier signal. T is one bit period or the reciprocal of the data rate (1/T). The Power
Spectral Density (PSD) of FSK modulated carrier, given in Fig. 4.1c, shows the existence of
f1and f, around fo. The frequency deviation or shift 6f is defined as the difference between the
higher f; and the lower frequency f;. The Af is the linewdith of the carrier frequency. The
signal to noise ratio (SNR) is simply given by the ratio of the frequency shift of to the
linewidth Af of the carrier signal f,.
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N e T T T
i i o3s
' zg
..___%_..-‘ : ¢ P
- £s
- | S

sequence

1/0i1:0i1{1;0 0

f (GHz)

Fig. 4.1-(a) STNO emitter based on FSK modulation concept. (b) The temporal response of FSK
modulated carrier waveform. The STNO frequency, fo, is switched up, f;, and down, f,, depending on
the data state ‘1’ or ‘0’. The data “1” corresponds to maximum pulse amplitude and the data “0”
corresponds to minimum pulse amplitude at a given bit rate 1/T. (c) The Power Spectral Density
(PSD) of FSK modulated carrier. The PSD contains of frequency shifts f; and f, around the carrier

120



frequency f,. 8f is the frequency deviation or shift (difference between f; and f,). Af is the linewidth of
the carrier frequency (free running STNO).

. STNO ESK demodulation

In order to read back the binary input sequence, the FSK modulation signal produced by
the STNO emitter is transmitted to a receiver circuit. In this circuit, the FSK modulation
signal is demodulated, allowing the frequency shift conversion into a train of voltage pulses
which represents the binary sequence. For example, when the input FSK signal frequency is
lower, the output voltage will be positive which corresponds to output signal ‘1’. When the
input signal frequency is higher, the output voltage will be negative, corresponding to output
signal ‘0’.

FSK input

MWMMMMWW\) S(t) ©, S(t)"S(t-)
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>
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Fig. 4.2-Delay detection technique proposed by Toshiba for read head applications.

Given the poor phase noise of the signal emitted from STNOs, this would be a problem
when employing the standard FSK demodulation system since long term phase noise limits
the SNR and time coherency. Regarding this phase noise problem, the delay detection
technique, proposed by Toshiba for read head applications provides a solution [33]. This
delay detection technique does not utilize any information from the absolute phase. This
means that no RF mixers with Local Oscillators are required, as can be seen in Fig. 4.2. This
concept has the advantage of eliminating the problem requiring long time signal stability and
less complex RF components. In this demodulation concept, the FSK signal from the emitter
So(t) is split into two parts. One part, S(t), has the same properties as So(t), expressed in Eq.
4.1, and the other part, S(t-t), is delayed by the time t, expressed in Eq. 4.2. Both parts are
then recombined in a mixer, S(t)*S(t-t). The differential detection signal, S(t)*S(t-t), involves
the high frequency oscillation with the frequency of approximately 2wo. This high frequency
component is then filtered out using a low pass filter (LPF). The corresponding output signal
V(t) is now expressed in Eq. 4.3.

s(t) = so(t) = Acos[wot + @(t)] 4.2)
s(t —1) = Acos[wy(t — 1) + @(t — 17)] 4.2)
V(©) = 5Ot — Dipr = (%) coslwot + 9(t) = p(t — 1)) (43)
Where:

- wy = 2mf, is the free running STNO frequency, i.e. no modulation.

- @(t) = dwt = 2méft is the amount of the phase (frequency) shift or change due to
the presence of a current pulse modulation. The oscillation frequency shifts +dw
(—d6w) in the presence of negative (positive) pulse and the phase ¢(t) increases
(decreases) linearly with time, i.e., dp = +dwdct.
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- @(t — 1) is the delayed phase shift by the delay time of .
- @(t) — o(t — 1) is thus the phase difference over delay time .

Under the quadrature condition of w,7 = 2nm — /2 (n is integer), the Eq. 4.3 is reduced to
Eq. 4.4, such that the mixing output signal represents the sine of the change in the phase of the
received signal over the delay time duration 7.

V(o) = (%)sinle() - p(t - 1)) (4.42)
V() = (%) sin[swr] (4.4b)

The value of delay time 7 is chosen so that it satisfies the quadrature condition of w,7 =
2nm — /2 and the Minimum Shift Keying (MSK) condition. In the MSK condition, which is
widely used in FM communications, the phase difference ¢(t) — @(t — 1) is +m/2 at the
boundaries of t=nt (n:integer). This condition is imposed on the frequency difference of
dwt = 2ndft = +m/2. Detecting V(t) at the boundaries t=nt, the output voltage detected at
the receiver is +42/2 since the sine value of ig is £1. The positive or negative output

voltage corresponds to the decoded bit or pulse patterns ‘1’ or ‘0’.

122



4.2 Numerical Analysis of FSK by Digital Current Modulation

In this Section, numerical simulations of FSK by digital current modulation in the
STNO will be discussed. These simulations were performed via macrospin approach using the
same material parameters as described in Chapter 3 Section 3.3.1. In chapter 3, the external
source that modulating the frequency was a sinusoidal waveform (RF current or field). Here,
the external source is a current pulse. The simulations were first carried out at zero
temperature and for a single current pulse to observe the response of the STNO frequency to a
sharp change of the pulse. The time it takes for the STNO to response the sharp change of the
current pulse is investigated by varying the rise time of the current pulse while keeping
constant the width and amplitude of the current pulse. The maximum data rate up to which the
frequency of the STNO follows the current pulse or the frequency can be shifted between two
discrete values is also characterized by varying the width of the current pulse for a constant
rise time and amplitude. In order to compare with the experimental results of FSK current
modulation (Section 4.3), a finite temperature was taken into account in the simulation. The
frequency response to a current pulse train was also considered in this simulation to
investigate its feasibility for a repetitive or periodic perturbation.

4.2.1 Numerical simulation parameters

An in plane magnetized pinned layer (PL) and free layer (FL) STNO shown in Fig 4.3a
is considered in order to close with the real situations of FSK experiments. Such STNO
configuration induces the in plane precession (IPP) mode around the equilibrium point given
by the applied field, Happ. The applied current Jup0=-45x10" A/m? and the applied field,
Happ=40 mT were chosen as the operating point to generate the steady state free running
STNO. These parameters induce the magnetization oscillations (Fig. 4.3b) with the free
running frequency of 5.25 GHz.
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Fig. 4.3-(a) The schematic of the STNO: in-plane magnetized free layer (FL) and pinned layer
(PL). (b) Time trace of the ma, component of the magnetization with a frequency of 5.25 GHz, for an
applied current J,p,0=-45x10'" A/m*and an applied field Ha,,=40 mT. (c) A pulse train of the current.
Jmod 18 the pulse amplitude, i.e the amplitude difference between the new state current density, Jap,1and
the initial current density, Japp0), T i the pulse width (1/T is the pulse rate), Ty is the rise time and
Tran is the fall time.

In order to perform the FSK modulation, a current pulse was applied to the steady state
free running STNO. The amplitude, rise time, and width of the current pulse are defined as
Jmod, Trise, @nd T respectively, as shown in Fig. 4.3c. The application of a current pulse
modulates the applied current Jupo into two level currents: Jappo and Japp1, Where
Japp.1=Japp.0+Imod. This leads to a frequency shift keying between the two values of fy to f; as
illustrated in Fig. 4.4.

Fig. 4.4a shows the frequency current dependence of an in-plane magnetized STNO at
constant applied field H,p,=40 mT. The frequency decreases upon increasing the applied
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current density, Japp, showing normal behavior of the in-plane precession mode (redshift
behavior). As can be seen in the plot, at applied current density of -45x10'® A/m? the free
running frequency of the STNO is 5.25GHz. Now applying the current pulse with amplitude
of Jmog=+5x10"" A/m?, the applied current is switched down from Jup0=-45x10"° A/m® to
Japp1=-40x10" A/m?. Consequently, the frequency of the STNO is shifted from f,=5.25GHz
(black dashed vertical line) to f;=5.97GHz (red dashed vertical line). This frequency shift
corresponds to a frequency shift keying (FSK). The corresponding power spectral density
(PSD) and the magnetization trajectory are shown in Fig. 4.4b and Fig. 4.4c, respectively. The
magnetization trajectory of f, is shown in red plot and the magnetization trajectory of f; is
shown in black plot.
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Fig. 4.4-(a) The free running frequency oscillations as a function of applied current density Jap,
at constant applied field H,,,=40 mT. The simulation was carried out at T=0K, neglecting the thermal
fluctuations in the system. In the absence of an external current pulse, the free running STNO
frequency fy is 5.25 GHz. In the presence of an external current pulse with amplitude Jpyoq, the STNO
experiences two level currents, J,pn0and Japp1. This leads to a frequency shift from f, to ;. (b) The PSD
of FSK consists of two frequencies f, and f; (¢) The magnetization trajectory of the FSK.

4.2.2 Frequency response as a function of the rise and fall time of the current pulse

In this Section, the STNO frequency response to a sharp change of the current pulse will
be investigated. The aim is to characterize the agility of the STNO, i.e. the time it takes for the
STNO frequency to hop and stabilize to a new state given by the current pulse. To facilitate
the analysis, the simulation was performed at zero temperature, neglecting the thermal
fluctuations or noise in the system. The rise time and fall time of the current pulse are set to
the same value, leading to a symmetric pulse. In order to study the impact of rise and fall time
of the current pulse on the STNO frequency response, the rise time and fall time are varied
from 2 ns to 60 ns. The pulse amplitude and the pulse width are kept constant, +5x10%° A/m?
and 100 ns, respectively. The STNO response is shown in Fig. 4.5 for a rise and fall time of
(@) 2ns, (b) 10ns, (c) 20ns and (d) 60ns. The graphs show the time variation of the amplitude
(left) and frequency (right) of the STNO under a single positive current pulse. The time
variation of the frequency is obtained from the time derrivative of the instantaneous phase
extracted from the Hilbert tansform of the traces of the my—component (see chapter 2, section
2.1.3).

Fig. 4.5-left panels are showing the strong reduction of amplitude of the oscillation of
the my-component (black curve) once a positive single pulse (red curve) is applied at t=50 ns
for a duration of 100 ns. This amplitude reduction corresponds to a change of the applied
current density from Japp0=-45x10"" A/m? to Jap,1=-40x10"® A/m? under the application of a
single positive pulse with amplitude Jmeq is 5x10 ¢ A/m?. This amplitude oscillations reduction
shows a normal behavior of STNOs since the amplitude is proportional to the applied current
density. Given by the nonlinear characteristic of STNO, i.e. nonlinear amplitude-frequency
coupling, the amplitude reduction induces the frequency change. Under the negative
frequency-nonlinearity (df/dl< 0), the smaller the amplitude is, the higher the frequency is
(see Fig. 4.4a). The reduced amplitude seen in Fig. 4.5-left panels therefore results in the
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increase of the frequency (black curve) from f;=5.25 GHz to f;=5.97 GHz with the current
pulse (red curve) as shown in Fig. 4.5-right panels.
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Fig. 4.5-The m, time traces and the instantaneous frequency time variation of STNO once a
pulse of current with different rise (fall) time is injected. The pulse width is kept constant at 100 ns (10
MHz). The simulation was performed at zero temperature.

As has been discussed in chapter 3, the current modulation in STNO induces
simultaneously the amplitude and frequency modulation. Since the main interest of this thesis
is the frequency modulation, the discussion will be concentrated in frequency response.

Now focus on the frequency response as a function of rise and fall times of the current
pulse given in Fig. 4.5-right panels. For short rise and fall time shown in Fig. 4.5a, the edge
distortion in the rising and falling part of the frequency response (black curve) is observed.
Due to the edge distortion, the vertical edges are ‘round’ instead of ‘vertical’ (not following
the rise and fall times of the current pulse). This is due to a poor high frequency response of
an STNO oscillator. In other words, there is an intrinsic mechanism that limits the frequency
response of an STNO toward a sharp change of an external current pulse. This limit is given
by the amplitude relaxation rate of the STNO. For a larger pulse rise and fall time (Fig. 4.5b),
the rise time of frequency response does not follow the rise time of the current pulse while the
fall time of the frequency response nicely follows the fall time of the current pulse. This
means that there is different relaxation time t, and t, of the STNO in response to a rising pulse
and falling pulse, respectively. As illustrated in Fig. 4.6, the time t, is defined as the time it
takes for the STNO to relax toward a new equilibrium state at Jpp1=-40x10™ A/m?, while ¢,
corresponds to the time it takes for the STNO to relax to its initial state at Japp,oz-45x1010
A/m?. This different relaxation time leads to an ‘asymmetric shape’ of both amplitude and
frequency response of the STNO to the current pulse. For short rise and fall times of the pulse
(Figs. 4.5¢,d), there is no ‘edge distortion’ in both sides of the frequency response. The STNO
has time to follow the slower change of the pulse such that the time it takes for the STNO to
hop from one frequency f(Jappo) to another f(Japp,1) and vice-versa are identical (given by the
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rise and fall time of the current pulse). This leads to a symmetric shape of the amplitude and
frequency response.
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Fig. 4.6-The temporal response of STNO frequency (black curve) to a sharp single current pulse
(red curve). The pulse width, amplitude, and rise time are 100 ns, +5x10*° A/m? and 2 ns
respectively.

From these results, it can be identified that the maximum speed of the STNO frequency
in response toward a new state ¢, lies between 10 ns and 20 ns, whereas the maximum speed
to relax back to its initial state ¢, lies between 2 ns and 10 ns. To extract the exact value of ¢,
and t, (at short rise and fall time of the current pulse t.=t=2 ns), the time ¢, is defined as the
time window from the beginning of the modulation pulse until the steady state modulation
frequency is reached. Analogously, the time t, is defined as the time starting from the end of
the steady state modulation frequency until the initial frequency of the free running oscillator
is recovered. From the calculation, the times ¢, and t, are 15.48 ns and 6.73 ns, resgectively.
This means that switching to the lower current density, Jup1=-40x10'° A/m?, (higher
frequency) takes longer time than switching to the higher current density, Ja,op,o:-45x1010
A/m?, (lower frequency). Comparing the time ¢, and ¢, with the amplitude relaxation time
constant 7, at Japp=-40x10"" A/m* *" J,,,=-45x10"" A/m” given in table 4.1, ones can see a
consistency that the 7, at lower current density Jap,=-40x10"° A/m?is 3.75 ns which is longer
than the one at higher current density Japp:-45x1010 A/m?(1.25 ns). From this comparison, it
can be concluded that the time ¢, to switch to the lower current density Japp1=-40x10" A/m?
(higher frequency) is characterized by the 7,, at the lower current density Japp:-40x1010 A/m?
and vice versa. The time t, to switch back to its initial current density, Jap,c,,o:-45x1010 A/m?
(higher frequency) is characterized by the t,, at the initial current density Japp:-45x1010 Alm?.
This can be understood by the fact that modulating the applied current leads to a modulation
of negative damping I" (p) since the negative damping I'  (p) depends on the applied current
(chapter 3, section 3.1). The modulation of negative damping I" (p) thus results in the
simultaneous modulation of the frequency through nonlinear amplitude-frequency coupling
(Fig. 4.7a) and the amplitude relaxation rate I', (Fig. 4.7b) with the corresponding relaxation
time is characterized as t,, = 1/2I}, (Fig. 4.7c). This amplitude relaxation rate I', modulation
explains the different relaxation times t; and t, in the amplitude and frequency response of the
STNO in response to an abrupt change of the current pulse.

Table 4.1. The analytical calculation of STNO properties from Eq.1.25a and 1.25b (see chapter 1) at
applied field H,p,=40 mT for different applied current densities, Japp.

(A/m?) (GHz2) (Mrad/s) (GHz2) (ns)
-40x10™ 5.97 133.095 42.36 3.75
-45x10% 5.25 399.93 127.30 1.25
-50x10™ 4.73 666.77 212.24 0.75
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Fig. 4.7-STNO FSK modulation under a current pulse (red curve) with a positive amplitude, Jmog.
The current pulse modulates the applied current density between two discrete values, Ja,op,oz-45x1010
AIM? 10 Jap,1=-40x10" A/m? The current switching leads to a modulation of: (a) frequency, (b)
amplitude relaxation rate I'y, and thus (c) amplitude relaxation time constant, t,.

For a further investigation of the times t; and t, and to ensure that these times are
characterized by the STNO amplitude relaxation time constant 7,,, the frequency response is
studied as a function of current modulation Jno. The times t; and t, are calculated for
different Jmog and compared to the relaxation time constant z,, of the free running STNO

extracted via numerical simulation for different current densities. The results are discussed in
the following section.

4.2.3 Frequency response as a function of the amplitude of the current pulse

In this simulation, the parameters of the free running STNO are the same as in Section
4.2.2. The applied current density Jappo IS -45x10'° A/m? and the applied field is 40 mT,
generating the free running frequency f, at 5.25 GHz. The pulse width and the rise and fall
time are kept constant at 100 ns and 2 ns, respectively. The pulse amplitude Jnoqg is Varied
from +1x10' to +5x10" A/m% In the presence of the current pulse, the applied current
density Japp,0 IS Switched to a current density Japp1. This current density Japp1 as a function of
Jmod 1S given in Fig. 4.8a. The corresponding amplitude oscillation (magnetization trajectory)
is shown in Fig. 4.8b.
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Fig. 4.8-The free running STNO is operated at applied current density Jup,0 is -45x10™ A/m?and
the applied field is 40 mT. In the presence of current pulse with varying amplitude Jyq from +1x10%
to +5x10'° A/m?, the applied current density Jay0 is switched to a current density Japp1. The Japs is a

function of Jmos (Japp1= Jappo HImod)- (&) The current density Jup1 as a function of Jneg (b) The
corresponding magnetization trajectory as a function of Jq.
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For positive current pulse, +Jmeq, the initial current density Jaop0at O point is switched to
a lower current density. As a consequence, the magnetization trajectory is modulated to a
lower amplitude trajectory. In contrast to this, for negative current pulse, -Jmog, the initial
current density Jappo at O point is switched to a higher current density. This leads to a
modulation of magnetization trajectory to a higher amplitude trajectory.

The modulation of current or magnetization trajectory shown in Fig. 4.8a, induces a
frequency shift whose amplitude deviation depends on the pulse amplitude Jmeg. The higher
the absolute value of pulse amplitude Jmoqg IS, the larger the frequency shift (the frequency
deviation) is. This temporal response of frequency at different values of Jyoq IS given in Fig.
4.9a. In the absence of the pulse (Jmog=0), there is no variation of the instantaneous frequency
as shown in black line (the free running STNO at 5.25 GHz). In the presence of the current
pulse at t=50 ns for a pulse width of 100 ns, the instantaneous free running frequency f,=5.25
GHz is shifted to a higher or lower frequency depending on the pulse amplitude Jmeg. This
frequency shift as a function of current switching Japp.1 (Jappr = Japp,otJmoa) IS given in Fig.
4.9b with the initial frequency of free running STNO is labeled as O.
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Fig. 4.9-(a) The temporal response of frequency at different values of the current modulation
Jmod- The times t; and tg are the time window for which the STNO follows the current pulse modulation
as defined in Fig. 4.6. (b) The frequency shift extracted from temporal response of frequency as a
function of Japp1 (Jmoea). O is the free running STNO in the absence of Jyog. In the absence of Jmog (Imod
=0), the applied current is =-45x10"° A/m?which induces the free running frequency fo at 5.25 GHz.

The times t, and t, are extracted from temporal response of frequency at different pulse
amplitude Jmog. As defined in Section 4.2.2, the time ¢, is the time it takes for the STNO to
relax from its initial free running frequency f, toward a new steady state modulation frequency
f1 given by the corresponding current switching Japp1 (Japp,0+tJmod). The time ¢, is calculated as
the time window from the beginning of the modulation pulse until the steady state modulation
frequency f; is reached. Analogously, the time ¢, corresponds to the time it takes for the
STNO to relax back to its initial frequency of the free running STNO fy=5.25 GHz. The time
to is calculated as the time starting from the end of the steady state modulation frequency f;
until the initial frequency of the free running oscillator fy is recovered. The extracted times ¢,
(blue dotted line) and t, (red dotted line) at different Jy.q are compared with the amplitude
relaxation time constant z,, (black dotted line) of the free running STNO, which is extracted
via numerical simulation for different current densities free running state. The comparison is
shown in Fig. 4.10a.
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Fig. 4.10-(a) The times t; (blue dotted line) and t, (red dotted line) as a function of current
pulse amplitude Jyoq are compared with the amplitude relaxation time constant 7,, of the free running
STNO at different current densities. (b) The values of time ¢, are closed to the 7, by scaling the 7,
with a constant (t; ~ 47,).The t; is calculated as the time window from the beginning of the
modulation pulse until the steady state modulation frequency is reached. The time t, is calculated as
the time starting from the end of the steady state modulation frequency until the initial frequency of
the free running oscillator is recovered. The amplitude relaxation time z, is the time constant of
exponential response of the free running STNO in response to a small perturbation. The z,, is extracted
from numerical simulation (exponential fitting of amplitude autocorrelation function) for different
currents in the free running state.

From Fig. 4.10a, the time t; (blue dotted line) shows an exponential decrease as the
Jmod is varied from +5x10™° A/m?to -5x10™ A/m?. Such exponential decrease is also observed
for the amplitude relaxation time constant ,, (black dotted line) of the free running STNO,
extracted at different current densities from Jap,=-40x10" A/m? to Jap,=-50x10"° A/m?. Scaling
the 7, by a constant, i.e. t; = 41,, one can obtain that the values of time ¢, are closed to the
values of the 7,,, as shown in Fig. 4.10b. This indicates that the time t; for STNO to switch
from its initial current density Jappo (initial frequency fo) to the new current density Japp1
(steady state modulation frequency fi) is characterized by the 7, at the new current density Japp1
itself. Whereas, the time t, (red dotted line) to return to its initial current density Jappo (initial
frequency fo) is determined by the 7,, at the initial current density Jappo. This is shown by a
small variation of t, as a function of the pulse amplitude Jmoq.

From the results obtained in Section 4.2.2 and 4.2.3, it can be concluded that the pulse
modulation of the current in STNO leads to a modulation of the current density and thus the
STNO intrinsic properties such as the amplitude relaxation rate I',. The modulation of I’
stabilizes the amplitude or the output power of STNO between two states. Due to the non-
linear amplitude-frequency coupling, the STNO frequency is also stabilized between two
frequencies leading to a frequency shift keying. Under an abrupt change of the current pulse
(a short rise time), the time it takes for the STNO to switch from one frequency to another and
vice versa, t; and t,, are different, depending on the amplitude relaxation rate I'y or its
corresponding relaxation time t,at both states. Extracting the times t; and t, as a function of
the amplitude of the current pulse Jmoq ONe can observe that the time t; it takes for the STNO
to switch from one frequency to another is characterized by the amplitude relaxation time t, at
the new frequency state. While, the time t,, for the STNO to relax back to its initial frequency
is characterized by the amplitude relaxation time 1, at its initial frequency state. These results
provide an important strategy for ASK and FSK modulation of the STNO to achieve high
modulation rate:
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1) The higher current pulse amplitude Jmo4, the larger amplitude and frequency shift. The
maximum frequency shift can be achieved depends on the frequency tunability of the
STNO, df/dl.

if) Switching to a higher current density, the amplitude relaxation time constant t, of the
STNO become shorter (higher amplitude relaxation rate I'p), leading to a faster
frequency transition time or data rate.

4.2.4 Frequency response as a function of the pulse width

In this Section the impact of the pulse width, T, on the frequency response under an
abrupt change of the current pulse (a short rise time) is investigated. The free running STNO
induces the frequency fo at 5.25 GHz under the applied current density Jappo0 Of -45x10" A/m?
and the applied bias field Hap, of 40 mT. The rise (fall) time and the amplitude of current
pulse are kept constant at 2 ns and 5x10*° A/m?, respectively. The pulse width T is varied to
be longer and shorter compared to the transition time of the frequency t; ~ 47, = 15ns
(discussed Section 4.2.2 and 4.2.3). The frequency response of the STNO at different pulse
widths T is given in Fig. 4.11. The STNO frequency is shifted from its initial free running
frequency fo, at 5.25 GHz to a steady state modulation frequency f; at 5.97 GHz. The
amplitude of the frequency shift or deviation, of, is thus given by the difference between these
two frequency levels, §f = |f; — f>I.
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Fig. 4.11-The frequency response (black curve) to a positive current pulse (red curve) for a
pulse width T of (a) 100ns, (b) 40ns, (c) 20ns, (d) 10ns, (e) 5ns, and (f) 3ns. The current pulse
amplitude is Jne=+5x10" A/m?, switching the initial current J,,,0=-45x10"° A/m*to a lower current
Jf,l,)r,,1=—40x1010 A/m?. The frequency is thus shifted from f,=5.25 GHz to f,=5.97 GHz. The simulations
have been carried out at zero temperature.
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Fig. 4.12-The frequency shift 6f as a function of the pulse width, T.

As given in in Figs. 4.11a,b,c. for the pulse width T longer than the frequency transition
time t; (=15ns), the STNO has sufficient time to reach and stabilize toward the steady state
modulation frequency f; at 5.97GHz. This results to a full frequency shift, 6f=0.72GHz. In
contrast to this, when the pulse width is shorter than ¢; (15ns) as shown in Figs. 4.11d,e,f, the
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STNO does not have sufficient time to reach and stabilize toward the steady state modulation
frequency f; at 5.97 GHz. The frequency is forced to relax back to its initial state at f, (5.25
GHz) before reaching the steady state modulation frequency f; (5.97 GHz). Therefore, the
resultant frequency deviation df is less than its maximum input frequency (f;=5.97 GHz). The
shorter the pulse width, T<t;, the higher the frequency difference (loss). This leads to a
reduction of the amplitude of frequency shift 6f. As given in Fig. 4.12, the frequency shift &f
as a function of the pulse width, T, shows that the amplitude of frequency shift &f rolls off at
approximately T~=15ns. This means that below 15ns a full frequency shift (6f=0.72GHz)
cannot be achieved. The maximum achievable modulation rate, at which a full frequency shift
of can be achieved, is thus limited by the frequency transition time t; (=15ns), with the
corresponding modulation rate 1/t; (=66 Mbps).
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Fig. 4.13- The my time traces of amplitude (left), frequency response (middle) and the PSD of
m, time traces (right) for a pulse width T of (a) 40ns, (b) 10ns, (c) 5ns, and (d) 3ns. to a periodic
current pulse (red curve)The free running current density is set to Jap,),o=—45x1010 A/m? and the applied
field is set to 40 mT. The amplitude and the rise (fall) time of periodic current pulse are set to
Jmoa=*5x10" A/m® and 2 ns, respectively. The temperature is set to 50K.

In order to compare with the FSK measurement results, which will be discussed in
Section 4.3, similar numerical calculations for different pulse widths T as the previous
discussed have been carried out, but this time taking into account the thermal fluctuations
(T=50K) and applying a periodic current pulse instead of a single current pulse. The results
are summarized in Fig. 4.13. In the presence of noise, both amplitude (left panels) and
frequency (middle panels) response fluctuate around its average value. Taking the power
spectral densities (PSD) of the my-time traces, these amplitude and frequency fluctuations
result in a finite linewidth around the center frequency (right panels). As explained previously,
for a long pulse width (T>t;), (see Fig. 4.11a), the STNO has sufficient time to stabilize from
one frequency to another frequency periodically, which results in a clear frequency shift (with
a maximum amplitude of frequency shift, 3f=0.72GHz) in the instantaneous frequency time
variation. The corresponding PSD contains two peaks at f,=5.25 GHz and f;=5.97 GHz which
can be clearly distinguished. The first peak has higher amplitude than the second one because
the first peak corresponds to a higher current density which is -45x10*° A/m? (larger
amplitude of the magnetization trajectory). Instead, for shorter pulse widths (T<t;), the STNO
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does not have sufficient time to stabilize from one frequency to another periodically (Figs.
4.11a,b,c). The amplitude of the frequency shift 6f becomes smaller as the pulse width T is
shortened. Therefore the peaks fp and f; are approaching to each other (see the PSD of the my-
time traces). At pulse width T=3 ns, the peaks cannot be resolved since the signal (the
frequency deviation) is too small compared to the noise (linewidth of the peaks).

4.2.5 Summary

A systematic numerical simulation of the FSK current modulation has been done. The
analysis was carried out by extracting the temporal response of STNO frequency to a current
pulse. The important messages of the simulations are summarized as follow:

e High frequency tunability df/dl and small linewidth Af are important criteria of STNOs to
realize a successful FSK modulation, i.e. a clear frequency shift.

e The higher current pulse amplitude Jy0q, the larger amplitude and frequency shift. This is
of interest for both ASK and FSK modulation to achieve high signal (large frequency
shift) to noise ratio.

e The STNO relaxation time t, limits the frequency transition time and thus the modulation
rate. Modulating the STNO faster than its relaxation time, i.e. pulse width T shorter than
the t,, will result on a reduction of the amplitude of the frequency shift, 5f, which is not
desired for applications.

e Switching to a higher current level leads to a shorter relaxation time t, which means that
the modulation rate is higher. For the applicability of the STNOs, a high modulation rate
is desired.
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4.3 FSK measurements on Standalone STNOs

In this section, the experimental demonstration of the FSK measurement on standalone
STNOs under digital current modulation will be discussed. The FSK measurements have been
carried out for two different types of nanofabricated STNO devices:

(i) The STNO devices that were nanofabricated by Hitachi Global Storage

Technologies (HGST) Inc. and which have already been discussed in Chapter 2.

(i) The STNO devices that were realized within the Mosaic project (see Chapter 2).
The parameters addressed here are the achievable frequency shift and the maximum
achievable data rate, up to which the frequency can be shifted between two discrete levels.
The results of both devices (Hitachi and Mosaic devices) will be compared and used for
further optimization of Mosaic devices. In order to read back the data, the demodulation using
the delay detection technique, proposed by Toshiba [33], was carried out numerically. Before
summarizing the FSK results of both devices, the experimental setup of the FSK measurement
will be discussed.

4.3.1 Experimental setup

The experimental setup of FSK measurements is shown in Fig. 4.14. At the first step, a
dynamic characterization of the STNO using standard radio frequency setup, as discussed in
Chapter 2 Section 2.1.1, is necessary in order to find the optimum conditions to achieve
steady state oscillations of the STNO and to ensure the FSK modulation. For this
characterization, the DC current supplied by a source meter (Keithley 2401) is injected into
the STNO through the inductance part of the bias-T (Marki Microwave BTN-0040). The
magnetic field, Hpc, generated by a magnetic coil is applied in the in plane direction whose
direction with respect to the pinned layer of the STNO can be adjusted to find an optimum
dynamic oscillation. The output signal of the STNO is amplified by a power amplifier Miteq
AMF-5D with a 43 dB gain over 100 MHz to 12 GHz, connected to a 3-10 GHz bandpass
filter. A splitter or power divider is used to split the signal which is monitored by sampling
oscilloscope Textronix DPO72004 with a single shot capability of 50 Gs/s and a spectrum
analyzer Agilent PNAE8363B with a bandwidth of 1 MHz to 40 GHz. In order to find the
operational conditions of current and field that yield steady state oscillations of the
magnetization, the current and fields are swept and the output signal from the spectrum
analyzer is analyzed in view of its linewidth and power. A low linewidth, large output powers
and a large frequency-current tunability df/dl are desired for a successful frequency
modulation.

Once the best working conditions of the STNO is determined, an additional
current/voltage pulse generated by a signal generator Tektronix AWG4000 is injected into the
STNO to modulate the steady state oscillation of the STNO. The signal generator Tektronix
AWG4000 generates a current/voltage pulse with a relatively short rise and fall time (800 ps).
The pulse frequency can be varied in the range of 1uHz to 330MHz (for 50% duty cycle). The
output modulated RF signal is separated from Ipc by a bias-T. A 3dB attenuator is positioned
between the bias-T and the 50Q RF components to reduce the standing wave due to the
impedance mismatch between the high STNO resistance, Rstno~100Q, and the 50Q RF
components. The output signal is amplified by a 43dB amplifier and filtered by a 3GHz High
Pass Filter (HPF). The purpose is to reject the low frequency noises that arise from the RF
components. The filtered signal is measured and registered using both the spectrum analyzer
and the oscilloscope. The spectrum analyzer and oscilloscope parameters are the same as in
the dynamic characterization in Chapter 2.
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Fig. 4.14-Experimental setup for FSK modulation measurements.

Pulse characterization

As can be seen in Fig. 4.14, a digital current/voltage pulse generated by a signal
generator Tektronix AWG4000 is applied to the STNO via the RF components. These lead to
an attenuation or a change of the current pulse properties (rise time, amplitude, etc) due to the
RF component specifications. Thus it is important to characterize the voltage pulse sent
through the STNO before performing the FSK measurements. This pulse characterization
provides a correction or estimation of the pulse which has to be applied to the STNO in order
to achieve the optimum frequency shift keying. Following is the characterization procedure:

e  Test 1: Pulse — RF cable — oscilloscope

In the first test, the negative and positive pulse output signal from the same channel of
the pulse generator are connected to different output channels of the oscilloscope. As shown
in Fig. 4.15, the negative pulse (black) is connected to the channel 3 (CH3) of the oscilloscope
and the positive pulse (green) is connected to the channel 2 (CH2) of the oscilloscope. The RF
cables, which are used to connect the negative and positive pulse to the output channels of the
oscilloscope, have approximately the same cable length to minimize the delay (phase shift)
between the negative and the positive pulse. The negative pulse (black) connected to the CH3
will correspond to the pulse felt by the STNO, while positive pulse (green) connected to CH2
will be kept as an indicator or reference of the direct output signal of the pulse generator.

50Q Tektronix

AWG4000 50Q oscilloscope
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Fig. 4.15-Schematic of the first pulse characterization: Pulse - RF cable — oscilloscope. The
negative (black) and positive pulse (green) from signal generator (the same channel) are connected to
output channels of the oscilloscope by using the same RF cable length.

The negative (black) and positive pulse (green curve) observed in different output
channels, CH3 and CH2, of the oscilloscope show the same pulse characteristics as given in
Fig. 4.16. The pulse width T is 50 ns (the pulse rate 20MHz), the pulse period T,=2T is 100 ns
(the pulse frequency 10MHz), the rise time and the fall times are each 800 ps, and the pulse
amplitude is 240mV. There is no phase shift between negative and positive pulse.
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Fig. 4.16-The negative (black curve) and positive pulses (green curve) observed in different
output channels of the oscilloscope. T corresponds to the pulse width (1/T is the pulse rate). 2T
corresponds to the pulse period (1/2T is the pulse frequency).

e  Test2: Pulse — RF cable — splitter (Clear Microwave D20218) — oscilloscope

In the second test, a power splitter Clear Microwave D20218 is added into the negative
pulse chain as shown in Fig. 4.17. The pulse parameters are the same as used in the first test.

50Q Tektronix

AWG4000 50Q oscilloscope
= _-V JOTERTS
> ’\‘ s ReNe" e
B :‘ 7) A
J_li= (R CH3 || CH?2
| l 0 Clear
Y Microwave
50Q Splitter
terminator (D20218)

Fig. 4.17-Schematic of the second pulse characterization: a splitter Clear Microwave D20218 is
added to the negative pulse chain and connected to the CH 3 of the oscilloscope. A 50Q terminator is
added into the other input port of a splitter to avoid the signal loss.

The negative (black curve) and the positive pulse (green curve) observed in the
oscilloscope is shown in Fig. 4.18. Adding a splitter Clear Microwave D20218 into the
negative pulse chain, the amplitude of negative pulse is reduced from -40mV to -30mV. This
means an attenuation of 2.5dB. The attenuation is high because the pulse frequency is 10
MHz (the pulse period 100 ns) which is out of the splitter’s frequency band characteristics.
From the datasheet, the splitter Clear Microwave D20218 has an insertion loss of 0.9dB at a
frequency band of 2GHz to 18GHz and a rise time of 25 ps. Zooming Fig. 4.18a in the time
interval of 18 ns to 72 ns (Fig. 4.18b), one can see that the rise time of the negative pulse does
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not change (the rise time of both pulses remain the same t=800 ps). This is because the rise
time of the splitter is fast (25ps).
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Fig. 4.18-(a) The negative (black curve) and positive pulses (green curve) observed in different

output channels of the oscilloscope. A splitter Clear Microwave D20218 is added into the negative
pulse chain. (b) Enlargement of the pulse waveform in the interval of t=18ns to t=72ns.

e  Test 3: Pulse — RF cable — splitter (Clear Microwave D20218) — 3dB _attenuator —
bias-T — oscilloscope

The final test is done by adding all the RF components needed for the FSK
measurements into the negative pulse chain. These are the splitter Clear Microwave D20218,
a 3dB attenuator and a bias-T (Marki Microwave BTN-0040). The schematic of the test can
be seen in Fig. 4.19. The pulse parameters were the same as used in the previous test.

50Q Tektroni
AW(eB4(;c())r(1)IX 50Q oscilloscope
; : v = s
?‘.’ < : 1En ) o
m“ + CH3||CH2
s 0 i BasT.
Microwave 3dB o_:_“ 1
500 Splitter ! :
terminator (D20218) -5
50Q
terminator

Fig. 4.19-Schematic of the final pulse characterization: all the RF components needed for the
FSK measurements which are the splitter Clear Microwave D20218, a 3dB attenuator and a
bias-T (Marki Microwave BTN-0040) is added to the negative pulse chain and connected to the
CH 3 of the oscilloscope. A 50€ terminator is used to avoid the signal loss.
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Fig. 4.20-(a) The impact of adding all the RF components into the negative pulse chain. The
negative (black curve) and positive pulse (green curve) observed in different output channels of the
oscilloscope. (b) Enlargement of the pulse waveform in the interval of t=18ns to t=72ns.

Connecting the negative pulse chain to the oscilloscope (CH3), one can see in Fig.
4.20a, the impact of adding all the RF components into the negative pulse (black) chain:

(i) The peak-to-peak amplitude of negative pulse (black curve) reduces from 40mVp, to
20mV,.,. This corresponds to an amplitude attenuation of around 6 dB, which is half of
its initial amplitude (Fig. 4.16-black curve). This amplitude attenuation is given by the
total attenuation of the RF components.

(i) The amplitude of the negative pulse (black curve) shifts up by about half of its original
peak-to-peak value (centered about the O values), i.e. oscillating between +10mV to -
10mV. This is because the negative pulse is passed through the capacitance part (AC
part) of the bias-T. The capacitance part will remove the DC part or the DC level of the
pulse waveform and pass only the AC part. For the periodic pulse of 50% duty cycle
(6=0.5) the DC level is 0.5Vuise (see Fig. 4.21). In this case, the DC level of negative
pulse waveform is -10mV (0.5x-20mV). The capacitance part of the bias-T removes the
DC level of -10mV. The output of the bias-T is thus the pulse waveform whose average
value is zero.

(iii) Fig 4.20b shows the enlargement of the pulse waveform in the interval of t=18 ns to
t=72 ns. From this Figure, one can observe that the rise and fall time remain the same,
800 ps. However, a delay between negative and positive pulse is observed. The negative
pulse is retard by 300ps compared to the positive pulse. This is due to the fact that
adding the attenuator and bias-T to the negative chain extends the transmission line from
the input port (signal generator) to the output port (oscilloscope). From the datasheet,
the bias-T Marki Microwave BTN-0040 has an insertion loss of 1.5dB at a frequency
band of 40kHz to 40GHz and a rise time of 11 ps. The rise time of the bias-T is faster
than the rise time of the pulse. This explains why the rise time of the negative pulse
remain the same as the positive pulse (reference pulse).
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Fig. 4.21-The effect of the capacitance on a pulse train (a) The original pulse waveform, zero-to-
peak amplitude, with the pulse width T and the pulse period T,. The duty cycle & of the pulse is the
ratio between the pulse width and its period (b) The DC level calculation (c) The pulse train with DC
component removed after passing the capacitance part of the bias-T.

All tests performed previously correspond to a periodic pulse with 50% duty cycle, i.e.
the pulse width is half of the pulse period. Since in the FSK measurements a single pulse is
also applied, the characteristics of the single pulse after passing all the RF components are
also investigated. The schematic of the pulse characterization is the same as in the final test
(Fig. 4.19). To perform a single pulse, the pulse period is set to be larger than the time traces
of the measurement. For the FSK measurement, the time trace is 40 us (frequency resolution
25kHz) with the oscilloscope sampling rate 50GS/s. Hence, the pulse period should be larger
than 40 ps.

The pulse parameters are the same as used in the previous tests, i.e. the pulse amplitude
40mVp.p, the pulse width 50ns, the rise and fall time 800 ps, but this time the pulse period is
set to 42 us. This means that the pulse appears every 42 s, leading to a 0.1% duty cycle. The
corresponding pulse is shown in Fig. 4.22. Adding all the RF components to the negative
pulse chain will change the amplitude of the negative pulse (black curve). The amplitude
reduces from -40mV,., to -20mV,.,, the same as the periodic one. The pulse offset does not
change, i.e. the pulse is not centered at zero, since its duty cycle is 0.1%. As explained
previously (Fig. 4.21), the DC level or offset of the pulse waveform is characterized as 6V puise.
For 0.1% duty cycle, the DC level/offset is thus -0.02mV (0.001x-20mV). This means that the
capacitance part of the bias-T removes the DC level of -0.02mV. As a consequence, the pulse
is shifted up by about 0.02mV which is too small.
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Fig. 4.22-The impact of adding all the RF components into the negative pulse chain for a single
pulse. The negative (black curve) and positive pulse (green curve) observed in different output
channels of the oscilloscope.
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As already mentioned, all tests described above were done for a pulse frequency of 10
MHz. The attenuation of the pulse amplitude for different frequencies due to the RF
components was also measured using a vector network analyzer (VNA). The measurements
showed that the attenuation was around 7 dB for low frequencies in the range of 1 - 400 MHz,
as seen in Fig. 4.23.
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Fig. 4.23-The pulse amplitude attenuation due to the RF chain (RF cable — splitter - 3dB
attenuator - bias-T) as a function of the frequency.

To summarize, the total attenuation due to the RF components (RF cable - splitter -
attenuator - bias-T) needs to be considered when applying the pulse signal to the STNO.
Depending on the pulse frequency, the signal attenuation varies from 6dB to 8dB (Fig. 4.23).
It is also important to note that the capacitance part of the bias-T removes the DC level or
offset of the pulse waveform. Hence, for the periodic pulse of 50% duty cycle with zero-to-
peak amplitude, the pulse waveform will shifts by about half of its original zero-to-peak
value. Consequently, the output pulse waveform will be centered at zero, oscillating between
positive and negative amplitude. For the FSK measurements, modulating the DC current with
a periodic pulse oscillating between positive and negative amplitude will shift the DC current
into two current values Ipc 1 and Ipc 2 around its initial value Ipco. This result in the frequency
shift between two discrete values f; and f, around its initial frequency f, as illustrated in Fig.
4.24a. Instead, for a single pulse with zero-to-peak amplitude, there is no change of the
amplitude offset of the pulse after passing through the RF components. Modulating the DC
current with a single pulse will shift the DC current from its initial value Ipco to another
current level Ipc1 depending on the pulse amplitude (negative or positive). The STNO
frequency is thus shifted from its initial frequency fo to another frequency f;, as shown in Fig.
4.24b.

| ! v
DGO v loc
1

,’J

P 0 (A

Fig. 4.24-(a) The DC current Ipc and frequency shift under a periodic pulse whose amplitude is
alternating between positive I, and negative value -l,. (b) The DC current Ipc and frequency shift
under a single pulse.
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4.3.2 FSK measurements of Hitachi devices

In this section, the FSK measurements of Hitachi device will be discussed. Before
summarizing the FSK measurement results, the RF characterization of the free running STNO
Hitachi device will be discussed. This RF characterization aims to determine the best working
conditions of the STNO for FSK modulation. A large frequency current tenability, df/dl, low
linewidth, and large output power of the STNO are important parameters to perform a
successful FSK modulation. The signal stability and the extraction of the relaxation frequency
f, of the STNO as a function of DC current and magnetic field will be also discussed.

4.3.2.1 Characterization of the free running Hitachi device

The dynamic characterization of this device has been characterized and discussed in
Chapter 2, Section 2.4. Here the dynamic characterization will be reviewed and the best
working conditions of the free running STNO Hitachi device for FSK modulation will be
determined.

The measured magnetoresistance curve for the Hitachi device at the positive field is
shown in Fig. 4.25a (white plot). The positive field stabilizes the anti-parallel (AP) state with
the corresponding resistance of 125Q and the negative field (not shown in this plot) stabilizes
the parallel (P) state with the corresponding resistance of 80Q. This gives rise to a TMR of
54%. The dynamic measurement was performed at the positive field (AP state) and the best
dynamic performance was found at an in-plane magnetic field Hpc angle of -28° with respect
to the easy axis of the free layer FL. The corresponding frequency dispersion as a function of
applied magnetic field for a fixed current of Ipc=1.8mA is given in Fig. 4.25a. The frequency
dispersion shows a clear single mode behavior with the first harmonic oscillation frequency 1f
of the free layer is much powered than its second harmonic 2f. No SAF excitation observed at
high frequency, showing that the SAF pinned layer is rigid upon applying high field. The
frequency and the linewidth of the first harmonic 1f are extracted using Lorentzian fitting. The
results are shown in Fig. 4.25b. The frequency versus field (black curve) shows that the
frequency increases upon increasing the field. The linewidth field dependence, Af vs H, (red
plot) is characterized by several branches: A, B, C. For each branch, the linewidth goes to a
minimum value and increases at each transition. The increase of linewidth at each transition
indicates loss of temporal coherence.

Fixing the magnetic field at 7500e (in the C-branch Fig. 4.25b), i.e. where the linewidth
is minimum and the power is high, the dynamic characteristics of oscillations as a function of
applied current Ipc is shown in Figs. 4.25c,d,e. The threshold current Iy, marked by the green
vertical dashed line is estimated to be ly=1.5mA. Below the threshold current Iiy=1.5mA the
excitations are thermally excited (FMR mode), while above the threshold current ly=1.5mA
the excitations are steady state. The steady state excitations are separated from the FMR mode
by a pronounced downward frequency jump (Fig. 4.25c). Above the threshold current, the
frequency shows an increase with DC current up to Ipc=1.9mA. Above Ipc=1.9mA the
frequency does not increase with the DC current. The frequency-current tuning df/dl is
positive in the range of Ipc=1.6MA to Ipc=1.9mA with a value of df/dI=<400MHz/mA. The
increase in frequency as a function of the current is followed by an abrupt decrease in
linewidth (Fig. 4.25d), as well as an increase in power (Fig. 4.25e). In the region where the
frequency is flat, df/d1=0, the linewidth is narrower which is around 15 MHz, followed by the
increase of the power of the main peak =70 nW for Ipc=1.9 mA.
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Fig. 4.25-The dynamic characterization of the Hitachi device. (a) The PSD of frequency versus
field for a fixed current of Ipc=1.8mA. 1f is the first harmonic and 2f is the second harmonic. The
white plot corresponds to the magnetoresistance curve at positive field. (b) The Lorentzian fitting of
the PSD of frequency versus field. Black curve is the field dependence of the frequency dependence
and red curve is the field dependence of the linewidth. The current dependence at a fixed magnetic
field of 7500e: (c) frequency versus current (d) linewidth versus current, and (€) output power versus
current. The green dashed vertical line is the threshold current.

From the current dependence results, it can be determined that the working conditions of
the studied STNO for FSK modulation is above the threshold current where low linewidth,
large output powers and sufficient frequency tunability df/dl are achieved.

In the following the time domain characterization of the Hitachi device, characterizing
the signal stability and the relaxation frequency f, extraction, will be discussed. These
parameters are also important for FSK since the relaxation frequency will determine the
maximum data rate of the FSK as predicted in the simulation in Chapter 3.

The signal stability of the Hitachi device for different current values at a fixed
magnetic field of 7500e are is presented in Fig 4.26. From left to right are the 200ns and 5ns
long segments of the measured time traces (40us long), the histogram of the positive signal
envelopes, and the histogram of the extinctions. For the analysis and in order to improve the
signal to noise ratio, the signal presented here has been numerically filtered using a bandpass
filter of 4GHz around the main oscillation peak.
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Fig. 4.26- From left to right: 200ns and 5ns long segments of the measured time traces (total
length 40us), histograms of the positive signal envelopes and the time between extinctions for: (a) Ipc
= 1.4mA (subthreshold regime), (b) Ipc = 0.6mA (intermittent regime) and (c) Ipc = 2mA (steady state
regime). A numerical filter of +£2GHz from the centered oscillation frequency was applied on the time
traces during analysis to improve the signal stability.

From Fig. 4.26, the stability of the oscillation for different currents is observed. At the
sub-threshold regime Ipc=1.4mA (Fig. 4.26a), the amplitude signal is very low which is
comparable to the background noise level (0.025V). The histogram of its positive signal
envelopes (black curve in time traces plot) is are distributed almost around 0V. Furthermore,
the histogram of the extinctions (the amplitude reduces to the noise level) shows that the
amplitude oscillations are sustained only at very short period of ~10ns. This means that the
signal is dominated by the thermal noise which confirms that the oscillations are thermally
excited. At the current near the threshold current Ipc=1.6mA (Fig. 4.26b), the amplitude signal
shows an increase which is confirmed in the envelope histogram plot, showing that the
distribution of the envelope of the signal is shifted a bit away from OV. The increase in
amplitude oscillations is however sustained only over short periods. The oscillations thus
consist of two different fluctuation mechanisms with different coherencies: thermal
magnetization fluctuation of amplitude and phase (intrinsic contribution) and extinctions. The
histogram of the extinctions at this transition regime can be seen in Fig. 4.26b (right panel).
This shows that there are around 20 events where the amplitude oscillations are sustained over
few ns (20ns — 70ns). In contrast, for an applied current of 2mA, only the high amplitude
signal peak exists, meaning that the oscillations are sustained over long (40us) time scales
without extinctions. The histogram of the envelope shows that the envelope distribution is
away from OV. This results to a narrow linewidth as can be seen in the frequency domain
measurements given in Fig. 4.26¢. From this, it can be conclude that above the threshold
current, in the steady state regime, the signal stability increases. A sustained oscillation over
long periods is obtained at higher current where the linewidth is narrow.

Since the best working condition of FSK modulation is above the threshold current (in
the steady state regime), the analysis of the relaxation frequency f, of the STNO were
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performed at current above the threshold current, Ipc=1.6mA and Ipc=2mA. The relaxation
frequency f, is deduced from two methods: the autocorrelation function of the amplitude
fluctuations and direct extraction from the amplitude noise plot (Chapter 1 Section 1.3.5).

The amplitude and frequency noise of the STNO are obtained by taking the Power
Spectral Density (PSD) of amplitude and frequency fluctuations, which are extracted from
voltage time traces using the Hilbert transform, and plotting them in double logarithmic plot.
The amplitude noise PSDyg,, the frequency noise PSDg and the autocorrelation function of the
amplitude fluctuations Ks, for different current values (above the threshold current) are shown
in Fig. 4.27. Now focus on the amplitude and frequency noise plot for Ipc=1.6mA (Fig. 4.27a)
and Ipc=2mA (Fig. 4.27b). It can be seen that the amplitude and frequency noise level
decreases with the applied current. The amplitude noise at Ipc=2mA is 7dB lower than the one
at Ipc=1.6mA. Due to the nonlinear coupling of amplitude-frequency, the decrease in the
amplitude noise is also observed in the frequency noise. At Ipc=2mA, the frequency noise is
0.28GHZ?/GHz lower than the one at lpc=1.6mA. The decrease in the amplitude and
frequency noise explains the reason why the oscillation at 2mA has better stability (sustained
over long periods) than the one at 1.6mA which is sustained only over few tens ns. From the
amplitude noise PSDg,, the relaxation frequency f, at Ipc=1.6mA and Ipc=2mA is estimated to
be ~90MHz and =~100MHz, respectively. These f, values correspond to the amplitude
relaxation rate I'y of ~282 Mrad/s at Ipc=1.6mA and =314 Mrad/s at Ipc=2mA. These
amplitude relaxation rate values are different with those extracted via the autocorrelation
function of the amplitude fluctuations, Ks,. From the amplitude autocorrelation plots shown in
the right panel Fig. 4.27, the relaxation times obtained by fitting the amplitude autocorrelation
(black curve) with the exponential fitting (red curve) are 1.28ns at Ipc=1.6mA and 1.06ns at
Ioc=2mA. These correspond to f,=124.02 MHz at Ipc=1.6mA and f,=150.15 MHz at
Ioc=2mA. The amplitude relaxation frequency f, (amplitude relaxation rate I';) from both
extraction methods shows the same tendency. The amplitude relaxation frequency f, at high
current Ipc=2mA (good oscillation stability) is higher than the one at low current Ipc=1.6mA.
As discussed previously in Chapter 2, this relaxation frequency f, limits the modulation data
rate. Modulating the STNO frequency above the f, value will result on the attenuation of the
modulated signal, i.e. the reduction of the amplitude of the frequency shift.
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Fig. 4.27-The amplitude noise PSDs,, the frequency noise PSDg;, the autocorrelation function of
the amplitude fluctuations Ks, for different current values: (a) lpc=1.6mA and (b) Ioc=2mA. The
amplitude relaxation time of the autocorrelation function of the amplitude fluctuations Ks, (black
curve) is obtained by fitting the amplitude autocorrelation with the exponential function.

Conclusion

From the dynamic characterization results of the studied STNO, the working conditions
of the STNO for FSK measurements are at magnetic field 7500e applied at angle of 28° with
respect to the easy axis of the free layer and for the applied DC current above the threshold
current l,=1.5mA. Above this threshold current, the frequency-current tuning df/dl is positive
in the range of 14c=1.6 mA to 1.9 mA with a value of df/dl=400 MHz/mA. The linewidths
lower than 30 MHz with output powers higher than 50 nW are achieved, making the
observation of the frequency shift possible. Furthermore, it is confirmed via time domain
analysis that above the threshold current I,=1.5mA the signal stability increases. A sustain
oscillations over long period (42us) is achieved at Ipc=2mA. This is because the amplitude
and frequency noise at higher current Ipc=2mA are lower than the noise at lower current
Ioc=1.6mA. The relaxation frequency f, of the STNO for different currents, Ipc=1.6mA and
Ioc=2mA, have been extracted. From the autocorrelation function of the amplitude
fluctuations, the relaxation frequency f, at Ipc=1.6mA is 124.02 MHz and 150.15 MHz at
Ioc=2mA. As discussed in the simulations, these relaxation frequencies f, will limit the
maximum data rate of FSK modulation, which is on the order of a few Mbps.

4.3.2.2 FSK measurement results

The FSK by current in the STNO has been carried out by injecting a current/voltage
pulse, which is characterized by their rise time/fall time and pulse width T (defining the data
rate), into the steady state oscillations of the STNO. The current pulse will modulate the DC
current between two discrete values, leading to simultaneous modulation of amplitude
(amplitude shift keying, ASK) and frequency (frequency shift keying, FSK) modulation. The
FSK arises via the non-linear amplitude-frequency coupling.

To demonstrate the ASK and FSK, the steady state oscillation of the STNO at Ipc=2mA
and Hpc=7500e (applied at angle 28° with respect to the polarizing layer) was chosen as
initial working conditions of the STNO while applying a voltage pulse. To achieve a
maximum frequency shift 8f which is characterized by the frequency-current tuning
df/dI=~400MHz/mA, a single voltage pulse with amplitude of =-31mV was applied, accounting
for the pulse amplitude attenuation due to RF components in Section 4.3.1. This corresponds
to a current switching from the initial current Ipc o=2mA to a lower current level Ipc 1=1.6mA.
The frequency is expected to shift from f,=9.18 GHz to f;=9.05 GHz, leading to a frequency
shift 6f of ~130MHz as shown in Fig. 4.28a. The linewidth remains narrower than 100 MHz
within this current range such that the observation of the frequency shift possible. However,
the amplitude of the peak f; (at Ipc 1=1.6 mA) is much lower than the amplitude of the peak f,
(at Ipco=2mA), as can be seen in Fig. 4.28b.
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Fig. 4.28-(a) The frequency current dependence for a fixed magnetic field Hpoc=7500¢ extracted
from dynamic characterizations of the studied STNO. A voltage pulse with amplitude of ~-31mV (red
curve) modulates the DC current between Ipco=2mA to Ipc;=1.6mA. This current modulation will
lead to a frequency modulation from f,=9.18GHz to f;=9.05GHz. (b) The Power Spectrum Density
(PSD) of the modulated frequency (FSK signal).

The pulse amplitude was estimated by measuring the voltage of the STNO while tuning
the DC current, observed on the current source meter Keithley. The corresponding voltage at
Hpc=7500e and Ipc=2mA is Vona=227mV, while the voltage at Hoc=7500e and Ipc=1.6mA
IS V16ma=196.5mV. The voltage difference is thus Voma-Viema=31mV. Switching down the
current from the initial value Ipc =2 mA to Ipc1=1.6mA, one needs to apply a negative pulse
with the peak-to peak amplitude of V,.,=31mV. Switching down the current is more
convenient for STNO in order to avoid the heating effect on the STNO, which would lead to
changes on the microwave properties, and to avoid the sample breakdown since the Hitachi
devices are very sensitive to the applied DC current.

The FSK measurement results are shown in Fig. 4.29. Fig. 4.29a shows the time trace of
the amplified output voltage signal registered by the oscilloscope (black curve) upon the
application of the voltage pulse of -31mV (red curve). The corresponding rise time and the
pulse width are 0.8ns and 500ns, respectively. As observed in the simulations Section 4.2, a
slight decrease of the amplitude during the application of the current/voltage pulse can be seen
clearly, revealing the amplitude modulation, i.e. amplitude switching from high to low
amplitude level. Using the Hilbert transformation, the positive envelope and the phase of the
output signal @ were obtained. The positive envelope of the output signal is shown in Fig.
4.29c. The instantaneous frequency was obtained from the derivative of the phase, d®/dt, and
it is given in Fig. 4.29c. The temporal response of the instantaneous frequency looks very
noisy under current pulse modulation. This can be understood by the fact that the signal at
Ioc=1.6mA is not very stable since this current is close to the threshold current Iy,. In fact, as
observed for the peak f; in Fig. 4.28b, its linewidth is very broadened. This makes the
observation of the frequency shift difficult. To further reduce the noise of the resulting
instantaneous frequency, a Savitzky-Golay filter algorithm [104] with a 500 points (10 ns)
averaging window has been applied. The Savitzky-Golay filter is a kind of low pass filter
which smoothens the noisy data based on a local least-squares polynomial approximation. The
corresponding smoothened time trace of the frequency is shown in Fig. 4.29d. The frequency
shift can now be clearly observed and has marked with blue dashed lines in the figure. The
frequency shift is approximately from 9.18 GHz to 9.06 GHz.
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Fig. 4.29-(a) The amplified STNO output voltage signal V(t) at Ipc=2mA and Hpc=7500e under
a negative pulse V=-31mV with a pulse width of 500ns and a sharp rise and fall time of 0.8ns. (b) The
envelope and (c) the corresponding instantaneous frequency (black curves) obtained by the Hilbert
transformation of the voltage time traces V(t). (d) The smoothened signal of the instantaneous
frequency shown in (c). The pulse is shown in red for all plots.

Doing the same analysis as described above, further FSK measurements by varying the
current pulse characteristics, such as the rise/fall time and the pulse width (T), have been
conducted in order to analyze the frequency transition time and thus the maximum achievable
modulation rate. The results are then compared with the numerical simulation performed in
the section 4.2.

4.3.2.2.1 FSK response to a variation of the rise and fall time of the pulse

In this measurement, the rise/fall time of the pulse was varied for a constant amplitude
and pulse width. This allows the investigation of the transition time it takes for the STNO to
follow the pulse modulation. For this study, the same experimental parameters as the previous
measurement have been used. The DC current was switched from a high DC current Ipc=2mA
to a lower one Ipc=1.6mA, leading to a frequency shift from the higher frequency f,=9.18GHz
to a lower one f;=9.06GHz.

The varying rise and fall times are 0.8ns (the shortest one), 2ns, 5ns, 10ns, 30ns, and
50ns as shown in Fig. 4.30. In the left side of the figure the time traces of the envelope of the
amplified output voltage signal V(t) are displayed, while in the right side the time traces of the
smoothened signal of the instantaneous frequency are displayed.

Similar results are obtained as in the simulation in Section 4.2.2. For longer rise and fall
times of 30ns and 50ns (slow perturbations) as shown in Figs. 4.30a,b, the envelope of the
STNO output voltage signal V(t) can follow the rise and fall time of the current pulse on the
timescale given by the rise/fall time of the pulse. The same observation is obtained for the
time traces of the frequency. The STNO frequency follows the pulse on the timescale given
by the rise/fall time of the pulse. This frequency shift mechanism is however different when
the frequency is switched from high f, to low frequency f; and from low f; to high frequency
fo. For the case of frequency shift from high (at Ioc=2mA) to low frequency (at Ipc=1.6mA), it
take several ns of delay to response the current pulse following by a sharp frequency
switching/transition. While for the case of frequency shift from low (at Ipc=1.6mA) to high
frequency (at Ioc=2mA), no delay to response the current pulse and a gradual frequency
switching/transition is observed. A high fluctuation in frequency is observed for low
frequency f;. This frequency f; corresponds to a current of Ipc=1.6mA which is closed to the
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threshold current 1,=1.5mA. The dynamic stability is thus poorer compared to the one of
higher current Ipc=2mA due to a higher amplitude and frequency noise (Section 4.3.2.1).
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Fig. 4.30-The time traces of the envelope (left side) and the smoothened signal of the
instantaneous frequency (right side) of the amplified STNO output voltage signal V(t) at Ic=2mA and
Hpc=7500¢ under a negative pulse V=-31 mV (red curve) for a constant pulse duration (500 ns) and
varied rise and fall time: (a) 0.8ns (b) 2ns (c) 10ns (d) 30ns and (e) 50ns. The horizontal blue dashed
line in the right plot represents the average frequency of the instantaneous frequency.

For short rise times such as 10ns, 2ns, and 0.8ns as shown in Figs. 4.30c,d,e, it is
investigated that the STNO voltage signal can follow the pulse modulation, from high state
(Ioc=2mA) to low state (Ipc=1.6mA) on the timescale of t;~14ns (1/ t;=<70MHz) and from low
state ((Ioc=1.6mA) to high state (Ioc=2mA) on the timescale of ty=11ns (1/tc~90MHz). These
timescales indicate the minimum pulse width (maximum pulse rate) can be applied to the
STNO in order to follow the pulse command.

In this measurement, the frequency shift from f, to f; is supposed to be constant since
the pulse amplitude is constant during the measurement, only the rise and fall time are varied.
However, a strong variation of the frequency shift 6f is observed in this measurement as
shown in Fig. 4.31. Fig. 4.31a shows the variation of the averaged frequency f, (black dotted
line) and f; (red dotted line) for different rise and fall times, which are extracted from the time
traces of the modulated frequency of the STNO (right side of the Fig. 4.30). From the plot, the
value of frequency f, is more stable (smaller variation) than the value of f;. This can be
understood by the fact that the dynamic oscillation at Ipc=2mA, which corresponds to a
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frequency fo, is more stable than the one at lower current Ipc=1.6mA (frequency fi), i.e.
sustained over long period and lower amplitude and frequency noise. This large variation of
the frequency f; causes a large variation on the frequency shift, 6f, as plotted in Fig. 4.31b.
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Fig. 4.31-(a) The average of the smoothened instantaneous frequency of f, and f, for different
rise time values extracted from the time traces of the modulated frequency as shown in right side of
Fig. 30. The frequency f, corresponds to the frequency at the initial steady state Ipc=2mA. The
frequency f; corresponds to a steady state modulation frequency at Ipc=1.6 mA (b) The frequency
deviation of for different rise time values.

4.3.2.2.2 FSK response to a variation of the pulse width

In this measurement, the pulse width of the pulse was varied for a constant amplitude
and rise/fall time. This allows the investigation of the achievable frequency shift and the
maximum data rate of the STNO. For this study, a train of digital current pulse with amplitude
oscillating alternately between positive and negative values, i.e. two levels amplitude £lyq,
was applied to the free running STNO to modulate the DC current between two discrete
values Ipc1 and Ipc, around its initial value Ipco. This gives rise to the amplitude and
frequency shift between two discrete values of amplitude A; and A, and frequency f; and f;
situated around the free running values A and f, corresponding to Ipc, as illustrated in Fig.
4.24a.
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Fig. 4.32-The current and frequency modulation under the application of a train of digital
current pulse whose amplitude oscillates between positive and negative amplitude *l.. The current
Ioco is modulated between two levels, Ipc 1 (Inco-Imed) @Nd Ipc2 (IncotImog). This leads to a frequency
modulation between two discrete values, f; and f,, situated around the free running value f,.
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In this case, the operation point of the free running STNO was chosen at Ipco=1.8 mA
and H=750 Oe, while applying a train of digital current pulses. The pulse amplitude In.g Was
+25 mV which corresponds to a digital current modulation between two discrete values
Ioc1=1.5MA (Ipc0-Imod) and Ipc2=2.1mA (Ipco+Imog) as illustrated in Fig. 4.32. The rise and
fall time of the pulse were equally set to 0.8ns, the shortest one, so that the STNO voltage and
frequency follow the pulse modulation at the shortest timescale of t=14ns-11ns (Section
4.3.2.2.1). The pulse width T was varied between 500ns and 10ns, i.e. the data rate 1/T was
varied from 2 Mbps to 100 Mbps. The STNO response to a train of digital current pulses for
different pulse width T (data rate 1/T) is shown in Fig. 4.33.

—
%)
—

w 100 40 9.2
S = 52 S
8 % o E of 00 3
n > -50 2_20 | hilll 50 O
= -100 ‘ ‘ . g 40 ‘ fss ~

0 1000 2000 3000 4000 0 1000 2000 3000 4000
(b) t(ns)
0 —

> —_

2 £ 3
1 3 - o
- , =3

0 500 1000 1500 2000
(c) t (ns) t(ns)
2]
=
o
o
Il
= ‘ . ‘

0 200 400 600 800
(d) t(ns)
[7}]
=
o
9]
1l
'_

100 200 300 400

(e) t(ns)
(7))
c
o
o™~
1l
'_

50 100 150 200 250
] t(ns)
2
S £
1] >
'_

60 80 100 120 80 80 100 120
t(ns) t(ns)

Fig. 4.33-The time domain analysis of the STNO output voltage signal at Ipc=2mA and
Hpc=7500e, under a periodic voltage pulse with a constant amplitude of V=+25mV and rise (fall) time
of 0.8ns. The pulse width is ranging as follow: (a) 500ns (20ns averaging/50MHz) (b) 250ns (20ns
averaging/50MHz) (c) 100ns (10ns averaging/100MHz) (d) 50ns (5ns averaging/200MHz) (e) 25ns
(4ns averaging/250MHz) and (f) 10ns (3ns averaging/333MHz). The left figures show the amplified
STNO output voltage signal (grey curve) and the positive envelope of the voltage signal (black curve).
The right figures show the instantaneous frequency of the voltage signal (black curve). The pulse is
shown in red for all plots.

In the left side of the figure, the time traces of the amplified STNO output voltage signal
(grey curve) and the corresponding positive envelope (black curve) are displayed. In the right
side of the figure, the time traces of the smoothened instantaneous frequency (black curve)
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extracted from the voltage time traces V(t) using the Hilbert transformation are displayed. The
averaging window of the smoothing was adapted according on the pulse width, T, (see in the
description of the Fig. 4.33).

As can be seen in the left side of Figs. 4.33a,b,c,d,e, for the pulse width T longer than
the STNO transition timescales, t~14ns-11ns, the amplitude (grey curve) or the positive
envelope (black curve) of the STNO voltage time traces can periodically follow the current
pulse. The amplitude is modulated between two discrete levels, high and low amplitude level,
characterized by a clear plateau in both levels. The amplitude modulation between two
discrete levels gives rise to the frequency modulation between two discrete values f; and f, as
shown in the right side of Figs 4.33a,b,c,d,e. However, a full frequency shift from f;~8.9GHz
to f,=9.1GHz, (6f~0.2GHz) can only be achieved for the pulse widths of up to T=250ns which
corresponds to data rates of up to 4Mbps (see Figs. 4.33a,b). For the pulse width of T=100ns
(data rate of 10Mbps) up T=25ns (data rate of 40Mbps), the frequency shifts from f;~9GHz to
f,~9.1GHz (see Figs. 4.33¢,d,e), leading to a reduction of the amplitude of the frequency shift,
0f=0.1GHz. Now for the pulse width of T=10ns (data rate 100Mbps) which is shorter than the
STNO transition timescales t~14ns-11ns, the amplitude (grey curve) or the positive envelope
(black curve) of the voltage time traces cannot fully follow the pulse command and the
frequency shift is no longer observed, as given in Fig. 4.33f.

From the results, this can be concluded that the maximum modulation rate for amplitude
modulation (ASK) of the Hitachi device is close to 100Mbps, while for frequency modulation
(FSK), it is limited to 40 Mbps at reduced frequency shift and below 10Mbps at full frequency
shift of 200MHz. Hence frequency shift keying is confirmed to be efficient up to ~10Mbps for
a frequency shift of 100-200MHz. The reason that this is less than the limit for amplitude
modulation as predicted in the simulation is seen in the relatively high phase noise of the
device.

4.3.2.3 FSK demodulation: Delay detection calculation

As discussed in Section 4.1, the delay detection technique proposed by Toshiba is used for the
demodulation of the STNO output voltage signal to read back the digital voltage pulse as
signal information. This technique has only been developed for field modulation where there
is no amplitude variation (modulation) in the output voltage time traces of the modulated
STNO, leading to a pure FSK modulation. In contrast to this, the amplitude of the output
voltage signal in these studies varies significantly, leading to a well-pronounced amplitude
shift keying (ASK) modulation. This ASK modulation induces the FSK modulation through
nonlinear coupling of the amplitude-frequency (simultaneous ASK and FSK). Since the FSK
modulation is the main interest of this thesis, the demodulation of FSK modulation is
important to realize. In order to see whether the delay detection technique of FSK modulation
is working for such output voltage signal, i.e. mix of ASK and FSK modulation, the auto-
correlation of the output voltage time traces <V/(t)*V(t-t)> with a correlation time (or signal
delay time) t has been performed. The calculation of the delay detection and the
determination of the delay time 7 are shown in Fig. 4.34.

Fig. 4.34a depicts the STNO output voltage signal V(t) (grey curve) and the
corresponding positive envelope (black curve). The output is dominated by the ASK
modulation, showing by a strong variation of the amplitude at every 500ns pulse width. The
corresponding FSK modulation is extracted from the Hilbert transform of the output voltage
signal as shown in Fig. 4.34b. The instantaneous frequency consists of two frequencies f; and
f. The corresponding frequency deviation, of=f-f1, is =~0.2GHz. To perform the delay
detection technique, the free running oscillation f, is adjusted to be centered between f; and f,,
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i.e. T©=9 GHz (see Fig. 4.34b). The delay time t is chosen to be 2.3ns to satisfy both the
quadrature condition tf=n-1/4 with f,=9 GHz, n=21, and the minimum shift keying condition
16f=0.5 (phase shift is +n/2). The output of delay detection signal <V(t)*V(t-t) is shown in
Fig. 4.34c which involves the high frequency oscillation with the frequency of approximately
2fo. After the removal of the high frequency oscillation by 100MHz low pass filter (LPF), the
output signal of delay detection shows a pulse train forms with the voltage varies from 0 to
some positive value at every T=500ns as shown in Fig. 4.34d.
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Fig. 4.34-(a) The time traces of the amplified STNO output voltage signal (grey curve) and the
corresponding positive output signal envelope (black curve) at Ipc=2mA and Hpc=7500e under a
periodic voltage pulse (red curve) with amplitude of V=+25mV, rise (fall) time of 0.8ns and pulse
width of 500ns (b) The time traces of the smoothened instantaneous frequency (black curve) of the
output voltage signal shown in (a). (c) The output signal of delay detection V(t)*V(t-t) of the output
voltage signal shown in (a). (d) A low pass filter with a cut-off frequency of 100 MHz was applied to
the output of delay detection signal, V(t)*V(t-t), to remove high frequency parts.

Using the same calculation, the delay detection of the STNO output voltage signal for
different pulse widths is shown in Fig. 4.35. In the left side of the figure, the amplitude
envelope of the output voltage signal V(t) is displayed. In the right side of the figure, the
output of delay detection of the output voltage signal V(t) is displayed. Looking at the output
of delay detection, the demodulated signal does not have much in common with the FSK
signal (right side of Fig. 4.33). The noise of the output of delay detection is high where it was
low in the frequency response and vice versa. Furthermore, looking at the FSK signal in Fig.
4.33 at high modulation rates, in particular the one for 100Mbps (T=10ns), the FKS seems
really poor, i.e. the frequencies cannot be separated, but the demodulation signal at this rate
looks half-way good, i.e. high and the low level still can be separated. And also the amplitude
of the demodulated signal varies from 0 to some positive values instead of going from some
negative and positive values even though the phase shift is set to be +n/2 (minimum shift
keying condition), as explained in Section 4.1. Compared with the amplitude envelopes of the
output voltage signal, the demodulation signals have so much in common with them. This
means that the main factor determining the output of delay detection arises from the
amplitude, revealing the ASK demodulation instead of FSK demodulation.

151



V)

E =
2125 40 E 40
8 ©100 20 = & 4 20 =
S £ 75 E 2 z
g E = (5
@ & 35 2 = & 2 L
'l g 25 -20& *> o 204
g o -40 f=2 _60
E "0 1000 2000 3000 4000 0 1000 2000 3000 400
= t(ns = t (ns
E125 ) 40 E =) 40
g 100 20 = 5 i 20 =
D 75 (= = - =
> ~ ] 5
®) & § s ol o ° 3
L 825 20 & % ol 20&
= 7
= n - -40
;el % 500 1000 1500 2000 > 0 500 1000 1500 2000
= t (ns) = t (ns)
Eq25 40 S 40
@ ~— al
g §100 20 & & 4 20
€ © 275 0o = T o =
@ 50 8 £ &
L 8 25 20 & ; o 20&
= g ) _40
E 05— =00 200 600 800" S 0 200 400 600 800
E t (ns) = t (ns)
o125 40 é ) 40
= -
d © & _2f o & 52 0 &
il < 59 & = £
- E 25 20 & *> o 20
=1 =
. = -40
£ %560 200 300 400 ° > 100 200 300 400
= t (ns) o t (ns)
E125 40 E 40
@ &100 20 S = =
s 275 i = .
) N § g0 8 E L ° g
= 825 20 & = 20%
= 0
= % -40 *’: A7
E 50 100 150 200 250 L s0 100 150 200 250
= t (ns) t (ns)
E125 40 %‘ 5
& [ - |
9100 / ‘ N20 < = 4 Ire. 20 =
2 2 75f | E g < 2
n S =sofY ° B T 2f o 3
~ () A = - 2
i B 25 =00 £ 20&
=2, i ¥ 0
= 80 80 100 120 = -40
E = 60 80 100 120

t (ns) t (ns)

Fig. 4.35-The smoothened amplitude envelope of the STNO output voltage signal V(t) shown in
Fig. 5.34 (left side) and the output of delay detection (right side) of the output voltage signal V(t), for
different pulse width: (a) 500ns (LPF=10MHz) (b) 250ns (LPF=25MHz) (c) 100ns (LPF=50MHz) (d)
50ns (LPF=100MHz) (e) 25ns (LPF=250MHz) and (f) 10ns (500MHz).

To really see how the demodulation works for the pure FSK modulation, a fictive signal
for pure FSK modulation (without ASK modulation) has been created by using the cosine
function of the instantaneous frequency as a function of the time extracted from the Hilbert
transform of the output voltage signal (the right side of Fig. 4.33), i.e. cos(2xnft). The delay
detection is calculated from the autocorrelation of the instantaneous frequency
<(cos(2nf*(t))*cos(2nf*(t-1))> with the correlation time 7 =0.23ns. The output of delay
detection for different pulse width is given in Fig. 4.36. In the left side of the figure, the
instantaneous frequency of the output voltage signal for different pulse width is displayed (the
same one as in Fig. 4.33-right side). In the right side of the figure, the output of delay
detection, i.e. the autocorrelation of the instantaneous frequency, for different pulse width is
displayed.
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Fig. 4.36-The smoothened instantaneous frequency of the STNO output voltage signal V(t) (left
side) and the output of frequency delay detection (right side) for different pulse width: (a) 500ns
(LPF=10MHz) (b) 250ns (LPF=20MHz) (c) 100ns (LPF=50MHz) (d) 50ns (LPF=100MHz) (e) 25ns
(LPF=200MHz) and (f) 10ns (LPF=500MH?z).

Looking at the output of the delay detection for different pulse width, the demodulation
signals have so much in common with the FSK signals in the left side of the figure 4.36. The
output of the delay detection is less noisy than the FSK signals since the applied cut-off
frequency of the low pass filter is 10 times lower than the one used in the FSK signals
(smoothing frequency=1/averaging window). The amplitude of the output of the
demodulation signal varies from some negative to positive values since the phase difference
of the frequency shift, f; and f,, is set to be +mt/2 to fulfill the minimum shift keying condition.
This shows that the output of the delay detection arises only from the frequency or phase
change. For modulation rate up to 10Mbps (T=100ns), the positive and negative amplitude
can clearly be detected at the pulse width of T, representing the state of the digital signal ‘1’
and ‘0’ respectively. Above 10Mbps (T=100MHz), the demodulation is still possible up to
40Mbps (T=25ns) but the output voltage varies around O to some positive values.
Furthermore, the signal fluctuation is higher at high data rate which is translated from a high
frequency fluctuation in the FSK signal. This makes the separation between two states
becomes smaller and more difficult to read. At 100Mbps (T=10ns), the demodulation cannot
recover the voltage digital signal.
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From the demodulation results, it can be concluded that for the case of current-induced
FSK modulation in the STNO, the FSK demodulation cannot be achieved directly from the
output voltage signal. Applying the delay detection technique directly on the output voltage
signal of the STNO will correspond to the demodulation of the ASK signal as the output of
delay detection arises from the amplitude variation. The ASK signal can be demodulated with
a data rate below 100Mbps. The FSK demodulation can be achieved by applying the delay
detection on the instantaneous frequency of the STNO without amplitude modulation. The
output of delay detection arises only from the frequency or phase change from f; to f, and vice
versa. This gives rise to digital signal ‘1’ and ‘0’ detection at the bit length (pulse width) T by
detecting the output voltage of the demodulation signal, positive or negative amplitude. The
demodulation of FSK signal of the studied STNO is possible up to 40Mbps (T=25ns).
However the output is noisy and the separation between two levels of the digital voltage
output is smaller. A clear demodulation is thus limited to 10Mbps.

4.3.2.4 Summary

The current-induced FSK modulations of the steady state oscillation of the STNO have
been performed. Time domain techniques, i.e. analyzing the temporal response of frequency,
have been carried out in order to evaluate the frequency response of the STNO upon the
application of a current pulse. From the experimental results, it can be summarized as follows:
e  The digital current modulation in the STNO induces simultaneously the amplitude shift

keying ASK modulation and the frequency shift keying FSK modulation.

e  The variation of the current pulse rise time shows that the STNO voltage signal can
follow the pulse modulation, from on the timescale of t~11-14ns (1/t=70-90MHz). These
timescales indicate the minimum pulse width (maximum modulation rate) can be
applied to the STNO in order to follow the current pulse.

e  The variation of the pulse width T (data rate 1/T) shows that the maximum modulation
rate for amplitude modulation (ASK) of the Hitachi device is close to 100Mbps, while
for frequency modulation (FSK), it is limited to 40 Mbps at reduced frequency shift and
below 10Mbps at full frequency shift of 200MHz. Hence frequency shift keying is
confirmed to be efficient up to ~10Mbps for a frequency shift of 100-200MHz. The
reason that this is less than the limit for amplitude modulation is seen in the relatively
high phase noise of the device.

e  The delay detection shows that the ASK signal can be demodulated at the data rate
below 100Mbps and the demodulation rate of the FSK signal is limited to 10Mbps.

4.3.3 FSK measurements of Mosaic device

In this section, the FSK measurements of the Mosaic devices will be discussed. The
measurement setup, procedure, and analysis are the same with the one for Hitachi device as
discussed in the previous section. The dynamic characterization of the studied STNO has been
performed firstly to achieve steady state oscillations and to determine the working conditions
for FSK studies. The results of the dynamic characterization of the studied STNO are
summarized in the following sub-section.

4.3.3.1 Characterization of the Mosaic device (RFL741)

For Mosaic devices, RFL741 has been chosen to perform the FSK measurements. As
has been discussed in Chapter 2, Section 2.4.1.1, RFL741 has the best dynamic properties
compared to the other Mosaic devices. Furthermore the use of a composite free layer, CoFeB
(2.5nm)/Ta(0.2nm)/FeNi(2), in RFL741 allows the reduction of the threshold current so that
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the transition to steady state oscillation can be achieved at low current compared to the other
Mosaic devices and Hitachi devices. This is of interest for FSK-based wireless
communication scheme since the FSK can be performed at low current. Low current operation
means that low power consumption.

RFL741 is a homogeneously in-plane magnetized MTJ nanopillar with measured
diameter circular of 115nm and a nominal resistance area (RA) product of 1.5 Qum?. The
detail of the magnetic stack of the pillar can be seen in Chapter 2, Section 2.2 Table 2.1. The
dynamic characterization of RFL741 has been discussed previously in Chapter 2 Section
2.4.1.1. Here, the dynamics of RFL741 will be reviewed to determine the best working
conditions for FSK measurements.

Angle =-7°, TMR=47%

18 (a) I=-0.7mA PSD((nV)OQ/Hz) s H = 8500
16 160 8 34.(c) 3
14 150 15 T,
o'{ ! ."-
12 22 5 83r ! " e
140 CI 't
g 10 30 O gaf ¢ | L
T s 130 38 N .
= 45 8.1r : 1%
6 120 Il o) B P
4 O ———————+—+—
p 110 1(d) :
0 = 100 1Sor 1
600 800 1000 = 1 .
H (Oe) e SR
‘:E_ 1
50 - i
(b) | =-0.7mA % -
10 ————1——1——1— 150 - e
28 L Af=14MHz
- lip=-0.5mA
(e) n
8r l /
\ 100 _ 15} .\ .
= ™ . | ! . o
s : g [
o 8 S - = 10 : o sy
= s S g 5 bt ¢ .
- > #s0 & LR
‘ \;.‘s,' e ] C si ;
41 of\g XPW‘O“ ‘\’d..«’ | : o
L L L L 0 0 .....n‘n] :
0 200 400 600 800 1000 0.0 05 -10 -15 -20
H (Oe) | (mA)

Fig. 4.37-The dynamic characterization of the Mosaic device, RFL741. (a) The PSD of
frequency versus field for a fixed current of Ipc=-0.7mA. 1f is the first mode with the corresponding
second harmonic is 2f and 1f is the second mode. The white plot corresponds to the
magnetoresistance curve at positive field. (b) The Lorentzian fitting of the PSD of frequency versus
field. Black curve is the field dependence of the frequency dependence and red curve is the field
dependence of the linewidth. The current dependence at a fixed magnetic field of 8600e: (c) frequency
versus current (d) linewidth versus current, and (e) output power versus current. The green dashed
vertical line is the threshold current.

The dynamic performances of RFL741 are shown in Fig. 4.37. This was achieved at the
positive magnetic field (AP state) and when the magnetic field is applied in-plane at angle of -
7 degree with respect to the easy axis of the free layer. The corresponding magnetoresistance
curve at the positive magnetic field at angle of -7 degree is shown in Fig. 4.37a (white curve)
with the corresponding TMR of 47%. The PSD of the frequency versus field, Hpc, for a fixed
DC current Ipc=-0.7mA is given in Fig. 4.37a. This reveals that the dynamics show weak
multimode excitations 1f and 1f. The mode 1f goes into steady state and it is much powered
than its second harmonic 2f and the mode 1f. At higher field, 7000e to 10000e, SAF
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excitations are also weakly observed whose frequency decrease upon increasing the magnetic
field and it is crossing with mode 1f* at <7000e. The SAF does not cross the main mode 1f so
that the branching behavior is less observed at the frequency versus field (black curve) and the
linewidth versus field (red curve) shown in Fig. 4.37b. The linewidth lower than 50MHz is
obtained in a wide range of the field values, from 1000e to 9500e, with the narrowest
linewidth of 13MHz lies at H=8600e. This minimum linewidth is comparable with the one
obtained for the Hitachi device in the previous discussion. In order to confirm that the
dynamic excitation is steady state, the analysis of the current dependence at a fixed magnetic
field Hoc=8600e where the linewidth minimum was carried out, as shown in Figs. 4.37c,d,e.

From the current dependence, one can observe that the dynamic transition from the
damped mode to steady state mode at the threshold current of 1,=-0.5mA, (green vertical
dashed line). This threshold value is much lower than the threshold current of the Hitachi
device investigated previously. This is due to the use of FeNi in the free layer which is softer
and has lower saturation magnetization. The transition from the damped mode to steady state
mode at l=-0.5mA is characterized by the decrease of frequency upon increasing the
magnitude of the applied current, i.e. in-plane precession mode, with a negative frequency,
df/dl~-258MHz/mA (Fig. 4.37c). The linewidth decreases upon increasing the applied current
to Ipc=-1.25mA (Fig. 4.37d) following by the increase of the output power (Fig. 4.37e).
Above Ipc=-1.25mA, the linewidth increases up to 100MHz and following by the power
fluctuation around a power of ~12nW. The output power of the RFL741 is still much lower
compared to the one of Hitachi device.

From the current dependence, it can be determined that the best working conditions of
the studied STNO for FSK modulation is above the threshold current of I,=-0.5mA up to the
current Ipc of -1.25mA, with frequency-current tuning df/dl~-200MHz/mA and linewidths
lower than 30MHz. The signal stability above the threshold current is shown in Fig. 4.38.
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Fig. 4.38- From left to right: 100ns and 6ns long segments of the measured time traces (total
length 40us), histograms of the positive signal envelopes and the time between extinctions for: (a) Ipc
= -0.7mA (steady state regime), (b) Ipc = -1.2mA (steady state regime). A numerical filter of +2GHz
from the centered oscillation frequency was applied on the time traces during analysis to improve the
signal stability.

Fig. 4.38a shows the signal stability at Ipc=-0.7 mA and Fig. 4.38b shows the signal
stability at higher DC current Ipc=-1.25mA. At higher current Ipc=-1.25mA, the amplitude of
the output voltage signal increases, the distribution of the histogram of the envelope of the
output signal is shifted away from OV. The number of the extinction for both current are
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however the same. The both signal are sustained only over short period, i.e. 1ns to 80ns. The
signal stability of this device is worse than the one observed in the Hitachi device as shown in
the previous Section. As discussed in Chapter 2, Section 2.4.2.1, the extinction leads the
presence of the spike in the instantaneous frequency of the STNO. The higher the number of
the extinction, the higher the presence of the spike in the instantaneous frequency. For the
FSK modulation, the presence of the spike in the instantaneous frequency hinders the
observation of the frequency shift.

4.3.3.2 FSK measurement results

For a demonstration of the FSK modulation of the studied device, the steady state
oscillation of the free running STNO at Ipco=-1.15mA and Hpc=8600e (applied at angle -7°
with respect to the polarizing layer) was chosen, while applying a current/voltage pulse. The
application of the current/voltage pulse with amplitude of 57.6mV is expected to shift the DC
current from Ipce=-1.15mA t0 Ipc1=-0.7mA. Under this condition, the output
power/amplitude is expected to shift from the initial power Po=15nW to the low power
P1=4nW (Fig. 4.39a). While the frequency is expected to shift from the initial frequency
fo=8.26GHz to f;=8.39GHz which corresponds to a frequency shift of 130MHz (Fig. 4.39Db).
The linewidths are lower than 50 MHz within this current range, such that the frequency shift
of 130 is expected to be achieved.
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Fig. 4.39-(a) The STNO output power shift and (b) the frequency shift under the application of a
positive voltage pulse of 57mV (c) The temporal response of the amplified STNO output voltage
under a positive voltage pulse of 57mV, rise time and fall time are each 1.8 ns, and the pulse width is
lus. (d) The enlargement of the output voltage signal in (c) in the interval of 100ns. (e) The
smoothened instantaneous frequency (by 20ns averaging window of Savitsky Golay algorithm)
extracted from the Hilbert transform of the output voltage signal.

The amplified STNO output voltage signal V(t) under a positive voltage pulse of
V=57mV at 1 ps long is shown in Fig 4.39c. The amplitude of the output voltage is obviously
switched from high to low amplitude level, i.e. reduction of the power, under the application
of a positive current pulse. Zooming the time traces of the output voltage signal in the interval
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of 100ns as shown in Fig. 4.39d, one can observe that the signal stability is very poor,
indicated by the amplitude extinctions (amplitude reduces to the noise level ~0V) over short
periods. This amplitude extinction reduces the amplitude coherency and thus the phase
coherency. This results on high frequency fluctuations (spikes) around the average frequency
value as shown in Fig. 4.39e. As a consequence, the observation of the frequency shift
difficult, i.e. two frequencies cannot be distinguished.

FSK response to a variation of the pulse width

In order to investigate the maximum achievable modulation rate of the studied STNO,
the STNO response under a variation of the pulse width was studied. The initial operation of
the free running STNO is the same as in the previous measurement, which is at Ipc p=-1.15mA
and H=8600e. This induces the free running oscillation frequency at f,=8.26GHz.

The FSK modulation was achieved by injecting a train of the voltage pulse with
amplitude of £30mV to the steady state free running of the STNO. This leads to a current
modulation between two discrete values Ipc1=-0.7mA and Ipc2=-1.6mA as illustrated in Fig.
4.40. This current modulation stabilizes the power (amplitude) between two levels, P; and P,
around the free running power Py (Fig. 4.40a). This power (amplitude) modulation results on
the frequency modulation between two discrete values, f; and f,, around the free running
frequency fo (Fig. 4.40Db).
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Fig. 4.40-(a) The STNO output power modulation and (b) the frequency modulation under the
application of a periodic voltage pulse (red curve) whose amplitude oscillates between positive and
negative voltage amplitude. The output power is modulated between two discrete values P, and P,
around the free running power P, and the frequency is modulated between two discrete values f; and
f, around the free running frequency fo.

The STNO response to a train of the voltage pulse for different pulse width T is shown
in Fig. 4.41. The pulse width, T, was varied from 500ns to 20ns which corresponds to the
variation of the rate (1/T) from 2 Mbps to 50 Mbps. The rise and fall time of the pulse were
equally set to 1.8ns and kept constant. In the left side of Fig. 4.41, the time traces of the
amplified STNO output voltage signal (grey curve) are displayed. In the right side of the
figure, the time traces of the smoothened instantaneous frequency (black curve) extracted
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from the voltage time traces V(t) using the Hilbert transformation are displayed. The
averaging window of the smoothing was adapted according on the pulse width, T, (see in the
description of the Fig. 4.41).

For long pulse widths T as shown in Figs. 4.41a,b,c, the amplitude (grey curve) of the
voltage time traces can follow the a train of the current pulse. The amplitude is modulated
between two discrete values, high and low amplitude level. This results in a full frequency
shift, 6f~0.15GHz, between two discrete values, f1~8.25GHz and f,~8.4GHz. Above the pulse
width of T=100ns, Figs. 4.41d,e, the amplitude of the voltage time traces cannot fully follow
the current pulse. The high and low amplitude level cannot be distinguished due to the
extinctions. The frequency modulation is no longer observed in this case.

From the results, this can be concluded that the amplitude and frequency modulation is
limited to modulation rates of 10Mbps (T=100ns) and this is limited by the noise of the
STNO. This maximum modulation rate is the same as obtained for the Hitachi device. The
frequency shift in the Hitachi device is however larger than the one obtained in this the
Mosaic device. Also, the signal stability of the Hitachi device is better than the one of the
Mosaic device, leading to a clearer frequency shift.
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Fig. 4.41-The time domain analysis of the STNO output voltage signal at Ipc=-1.15mA and

Hpc=8600e, under a periodic voltage pulse with a constant amplitude of V=+30mV and the rise (fall)

time of 1.8ns. The pulse width is ranging as follow: (a) 500ns (20ns averaging/50MHz) (b) 200ns

(10ns averaging/100MHz) (c) 100ns (10ns averaging/100MHz) (d) 50ns (4ns averaging/250MHz) (e)

20ns (2ns averaging/500MHz). The left figure shows the amplified STNO output voltage signal (grey

curve) and the right figure shows the instantaneous frequency of the voltage signal (black curve). The
pulse is shown in red for all plots.
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4.3.3.3 FSK demodulation: Delay detection calculations

In order to read back the digital voltage signal, the delay detection calculation is carried
out in a similar way as for the Hitachi device, explained in the previous section. The previous
discussion shows that the FSK demodulation cannot be directly achieved from the delay
detection of the output voltage signal due to a strong amplitude modulation in the output
voltage time traces. The delay detection of the output voltage signal corresponds to a
demodulation of the ASK modulation. The FSK demodulation is achieved by applying the
delay detection on the instantaneous frequency of the STNO extracted from the Hilbert
transformation of the output voltage signal, i.e. no amplitude modulation. From the frequency
shift characteristics, the delay time t is chosen to be 2.5ns in order to satisfy both the
quadrature condition tfy=n-1/4 with f,=8.3GHz, n=21, and the minimum shift keying
condition t6f=0.5. The output of delay detection <V(t)*V(t-t)> of the voltage signal for
different pulse width T (data rate 1/T) is shown in Fig. 4.42.
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Fig. 4.42-The smoothened amplitude envelope of the STNO output voltage signal V(t) (left side)
and the output of delay detection (right side) of the output voltage signal V/(t), for different pulse
width: (a) 500ns (LPF=10MHz) (b) 250ns (LPF=25MHz) (c) 100ns (LPF=50MHz) (d) 50ns
(LPF=100MHz) and (e) 20ns (LPF=250GHz).

In the left side of the figure, the positive envelope of the output voltage signal V(t) is
displayed in order to be compared with the output of delay detection of the output voltage
signal V(t) given in the right side of the figure. To analyze the results, the envelope of the

160



output voltage signal is smoothed to further reduce the noise with the average window is less
than the pulse width T. The output of delay detection is filtered using LPF filter to remove the
high frequency component. The amplitude demodulation demonstrates that the output of delay
detection is not clearly observed at any given data rate. Indeed at long pulse width T=500ns,
the two levels of the digital voltage can still be distinguished but these two levels separation is
too small due to the high noise in the high level of the amplitude modulation shown in the left
figure of Fig. 4.42. For short pulse widths, the high and low level of the digital voltage cannot
be separated. In contrast to this, the output of the delay detection of the frequency shift shown
in Fig. 4.43-right demonstrates a clear demodulation of the FSK signal. It is seen that the
output of the demodulation signal varies from some negative to positive values arises from the
frequency change, f; and f,. At data rates from 2Mbps (T=500ns) to 20Mbps (T=50ns), the
frequency shift can clearly be decoded into digital voltage signal, positive and negative
voltage, which represents the state of the digital signal ‘1’ and ‘0’ respectively. Above
20Mbps (T=50MHz), the demodulation cannot be observed. The two levels of the digital
output voltage cannot be distinguished.
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Fig. 4.43- The smoothened instantaneous frequency of the STNO output voltage signal V(t) (left

side) and the output of frequency delay detection (right side) for different pulse width: (a) 500ns
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From the demodulation results, it can be concluded that the demodulation of ASK signal
is difficult to achieve due to the high amplitude noise. Whereas, the demodulation of FSK
signal up to 20Mbps is possible but it is noisy. A clear demodulation is thus limited to
10Mbps, the same as the one observed for the Hitachi device.
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4.3.3.4 Conclusion

From the experimental results and analysis of the FSK modulation of the Mosaic device

RFL741, it can be concluded as follows:

e  The best operation of the studied Mosaic device for FSK modulation was achieved at a
field value of H = 860 Oe and the field angle of -7 degree. The steady oscillations occurs
at low threshold current I,=-0.5mA due to the use of a composite free layer. The
frequency-current tuning above the threshold current is -400 MHz/1.4mA, for the DC
current varies from -0.6mA to -2 mA. Within this current range, the linewidths below
100 MHz are achieved with the output power varies from 2nW to15nW. The signal
stability is worse compared to the one observed for the Hitachi device. The extinction
occurs at short period of 1-80ns, i.e. no long term steady state.

e  The variation of the pulse width T (pulse rate 1/T) shows that the maximum modulation
rate for ASK modulation of the Mosaic device is limited to 10Mbps which is lower
compared to the ASK modulation of the Hitachi device, while for FSK modulation it is
limited to 10Mbps at full frequency shift of 150MHz i.e. from f;=8.25GHz and
f,~8.4GHz, and to 20 Mbps at reduced frequency shift. The reason that this is less than
the limit for amplitude modulation is seen in the relatively high phase noise of the
device analysed.

e  The output of delay detection calculation for ASK modulation shows that the digital
voltage input can be read back at the demodulation rate of 2Mbps due to the poor signal
stability. For the FSK demodulation, the digital output voltage can be read up to the
demodulation rate of 10Mbps, i.e. the same data rate for the Hitachi device.

4.3.4 Summary of the FSK measurements on standalone STNOs

The experimental demonstrations of the FSK current modulation performed on
standalone STNOs for two different types of nanofabricated STNO devices, i.e Hitachi and
MOSAIC device, have been demonstrated. The measurement results of both devices are
summarized in this section. The comparison of the dynamic performances, i.e. free running
state, and the FSK measurements of both devices are given in table 4.2.

Consistent with the characterization results discussed in Chapter 2, the Hitachi devices
have a clear single mode behavior and no SAF excitation which is desirable for many
applications. This single mode steady state excitation is characterized by the high output
power of 100nW (-40dBm) and the linewidth narrower than 20MHz. Furthermore long term
signal stability over 42us is achieved for this device. In contrast to this, the dynamics of the
MOSAIC device RFL741 are weakly multimode excited with the main mode goes into steady
state. The maximum output power achieved for this device is less compared to the Hitachi
device, which is 15nW (-48dBm). The signal stability is achieved only in a short period, 1 to
8ns. The minimum linewidth is however comparable with the Hitachi device, lower than
20MHz. Besides that, the threshold current Iy, of the RFL741 device is smaller than the one of
Hitachi device, which is good for applications, leading to low power consumption. The signal
stability and the output power however need to be improved since this is crucial for the
realization of the FSK modulation.

In terms of the FSK results, the maximum data rate of ASK modulation and
demodulation of the Hitachi device is limited to the data rate below 100Mbps. While the data
rate of the FSK modulation and demodulation is limited to 10Mbps at a full frequency shift of
df=200MHz. This limit is given by the noise of the STNO. For RFL741, the ASK modulation
is limited to 10Mbps, while the data rate of the demodulation is limited to 2 Mbps. This limit
is given by the poor signal stability of RFL741 characterized by the amplitude extinctions at
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short periods, 1ns-80 ns. The data rate of the FSK modulation and demodulation can be
achieved up to the data rate of 10Mbps, the same as for the Hitachi device, with smaller
frequency shift 6f=150MHz. The optimization and the development of the nanofabrication
processes are of importance for the improvement of the signal stability and the output power
of Mosaic devices to perform better FSK modulation.

Table 4.2. The comparison of the dynamic performance, i.e. free running state, and the FSK
measurements of the Hitachi device and the MOSAIC device.

No. Parameters Hitachi Mosaic RFL741
1 | Device stacks IrMn (6.1nm)/ CoFe (1.8nm)/ | PtMn (20nm)/ CoFe (2nm)/
Ru (0.4nm)/ CoFeB (2nm)/ Ru (0.85nm)/ CoFeB
MgO/ CoFe (0.5nm)/ CoFeB (2.2nm)/MgO/ CoFeB
(3.4nm)/Ru/Ta/Ru (1.5nm)/Ta/FeNi
(2nm)/Ta/Ru
2 Nanopillar’s Circle Circle
size 90nm 115nm
Dynamic characterization
3 RA 1Qum? 1.5Qum?
4 Rap 125 Ohm 1570hm
5 TMR 54% 49%
6 Multimode No (clear single mode) Very weak multimode
7 SAF excitation No Weak SAF excitation
8 lin/ Ipc max 1.5mA/ 2.1mA -0.5mA/ -2mA
9 df/dl ~160MHz/0.4mA ~-400/1.4mA
~400MHz/mA ~-285MHz/mA
10 Inc/Hpc/angle 1.8mA/ 7500e/ -28degree 1.15mA/ 8600¢/ -7degree
11 £, Afmin, Prmax 9.18GHz/ 15MHz/ 125nW 8.26GHz/ 20MHz/ 15nW
12 extinction No extinction for 42us long 1-80ns
FSK parameters
13 | Frequency shift 6f=200MHz, with 6f=150MHz, with
f,=8.9GHz andf,=9.1GHz f,=8.25GHz and f,=8.4GHz
15 mo du'lajilén rate Below 100Mbps 10Mbps
. 10Mbps @ full 3f=200MHz 10Mbps @ full 3f=150MHz
16 FSK modulation (possiblg@up to 40Mbps at (possible ?p to 20Mbps but it
rate i .
reduced 6f) is too noisy)
ASK
17 demodulation Below 100Mbps 2Mbps
rate
FSK
18 demodulation 10Mbps 10Mbps
rate
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4.4 FSK measurements within RF emitter

In order to investigate the feasibility of STNOs within microwave systems (RF emitter),
the FSK measurement of STNOs was performed on a printed circuit board (PCB) level in
collaboration with the partner of the Mosaic FP7 project, the Technische Universitat Dresden
(TUD). In this work, TUD was responsible for the design and the realization of the RF
emitter. The author was responsible to select STNO devices of suitable RF performances and
realized the RF characterization together with Rui Ma from TUD. The parameters addressed
in this measurement are the achievable frequency shift and the maximum modulation rate, up
to which the frequency can be shifted between two discrete values. These parameters were
characterized upon varying the pulse width of the current/voltage pulse. For the demodulation
part, the delay detection technique, proposed by Toshiba [33], was carried out numerically.
Before summarizing the FSK measurement results, the schematic of the FSK measurement
using PCB emitter card will be discussed in the following.

4.4.1 PCB emitter card

In this Section, the schematic of the PCB emitter card and the experimental setup of the
FSK measurement using the PCB emitter card will be discussed. The first discussion focuses
on the schematic of the PCB emitter card to understand how the FSK can be performed within
the card. In the second part, the experimental setup of the FSK measurement using the PCB
emitter card will be described.

4.4.1.1 Schematic of the PCB emitter

The PCB emitter was designed and realized by TUD. The schematic design of this
emitter based on FSK modulation is shown in Fig. 4.44. Fig. 4.44a shows the schematic of the
STNO emitter in the fabricated PCB and Fig. 4.44b shows the simplified block diagram of the
STNO emitter.

(b)

SW1  Amplifiers
C1
_ —— ~1OUT

STNO “L1

T+ |Modulation
e |1
D-§) I2C

IN uC

Fig. 4.44-(a) STNO emitter implemented on a PCB level. SMA connector IN, OUT, (1), (3), and
jumper 12C correspond to the pin with the same name in Fig (a), which are the main interface of this
PCB. (b) The simplified block diagram of the STNO emitter based FSK modulation.

Key interfaces of the emitter are (1), (3), OUT, IN and 12C. (1) is the connection to the
external RF characterization setup in SPINTEC. (3) is the connection to the STNO and thus to
the PCB card. IN is the connection to the data input, and OUT is the output of the FSK
modulation. 12C is the interface to the microcontroller (UC) board. The STNO emitter is
composed mainly of two parts, the digital modulation part which generates the two discrete

164



current values, and the RF part which amplifies the AC signal coming from the STNO. A
Bias-Tee (composed by L1=25nH and C1=100pF) is positioned between the digital and the
RF part to separate the DC and AC parts, so that only the AC parts are passed to the output of
the emitter (OUT). The digital part is controlled by a microcontroller (uC) board with an 12C
interface and a self-developed Phyton program to send the current to the uC board.

The detail of the digital part is shown in Fig. 4.45. It consists of a differential CMOS
transistor pair N1 and N2, and two current sources Iac and Ipc. Output currents of the two
current sources are controllable by the uC board via its 12C interface. The differential pair is
controlled by the input binary data (a squared voltage pulse) coming into the SMA connector
IN. During working, only one of the differential pair is on, and two currents flowing through
the STNO are obtained: (1) Istno = Ipc when N1 is on and N2 off, (2) Istno = loc — Iac when
N1 is off and N2 on. Thus the current flowing through the STNO is shifted between two
values Ipc and Ipc — Iac. Both of Ipc and Iac are tunable through the uC board in the range
between 0 to 10 mA, according to the STNO characteristics (resistance, emitted frequency and
etc.). An operational amplifier (OPA) with an input resistor 2.5Q is added into the path where
Istno flows to exactly monitor the modulation current or digital pulse felt by the STNO.

The RF part consists of an RF DC switch (SW1) with an insertion loss of -1.3dB over 0
to 8GHz, a low noise amplifier (LNA) with 15dB gain over 1GHz to 10GHz and a variable
gain amplifier (VGA) with 10dB gain at bandwidth of 20GHz.

Fig. 4.45-Detail of the digital (modulation) part together with the bias-Tee and STNO.

4.4.1.2 Experimental setup

The experimental setup of the FSK measurement within emitter card is shown in Fig.
4.46. The same as in the previous FSK measurements, a previous characterization of the
STNO is necessary in order to find the optimum conditions to achieve steady state oscillations
to ensure the FSK modulation. For the STNO characterization, point (3) and (1) of both the
switch SW1 on the modulation board and the switch SW2 were connected. This corresponds
to an RF measurement using a standard RF setup. In this way, a DC current generated by
Keithley 2401 source meter is injected into the STNO via the inductive part of an external
bias-T, and the RF signal is extracted via the capacitive part. This signal is then amplified
using an external power amplifier Miteq AMF-5D with a 43 dB gain over 100 MHz to 12
GHz, connected to a 3-10 GHz bandpass filter. A power divider is used to split the signal
which is monitored by sampling oscilloscope Textronix DPO72004 with a single shot
capability of 50 Gs/s and a spectrum analyzer Agilent PNAE8363B with a bandwidth of 1
MHz to 40 GHz. In order to find the operational conditions of current and field that yield
steady state oscillations of the magnetization, the current and field are swept and the output
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signal from the spectrum analyzer is analyzed in view of its linewidth, frequency tunability
df/dl, and power. A low linewidth, large df/dl and large output powers are desired for a
successful FSK modulation.

In order to test the FSK modulation, ports (3) and (2) are now connected of both SW1
and SW2. Values of the DC current Ipc and the AC current Iac are set via the uC board using
a computer with the self-written Python program. The modulation of the signal is achieved in
the same way as explained in the digital part (refers to Fig. 4.45). The output voltage signal
was internally amplified by LNA and VGA in the RF part with the total amplification of 15dB
at the bandwidth of 4GHz. Since the frequency of the STNO varies from 5-10GHz, an
external amplifier of 43dB in the frequency range of 100MHz to 12GHz is used to enhance
the low gain at high frequency. The amplified signal is filtered using a 3-10 GHz bandpass
filter (BPF). The data measurement is displayed and registered by the spectrum analyzer and
oscilloscope.

The characterization of the emitter card performed by TUD estimated that the maximum
data rate of the emitter is limited to 20 Mbps due to the non-optimize RF components. Hence
the maximum data rate of the FSK meausrement will be limited by the emitter card and nit to
the dynamic parameters of the STNO.

e 1
1 1
E Keithley i
17 1
FSK PCB i E
© LD |
—|Oscilloscopg
ouT| | |
Q@ modulatio L @N\@ BPF Smeerr |
STN SWi1 ' SW2 1L spectrum | |
IN 12C | Analyzer | !
[ | |
e e e e e e E e e, e e e - ———— 1
Standard RF Setu
J;‘ H Signal P2C P
é! e Generator| | FC Python
- — +
-4-F1-f- v

Fig. 4.46-Experimental setup for STNO based FSK modulation. For STNO characterization,
point (3) of SW1 and SW2 was connected to point (1) of the corresponding switch. For FSK
modulation, point (3) of SW1 and SW2 was connected to point (2).

4.4.2 Characterization of the free running Hitachi device

Before summarizing the FSK measurement results, the RF characterization of the free
running STNO Hitachi device will be discussed. As already mentioned, this RF
characterization aims to determine the best working conditions of the STNO for FSK
modulation. A large frequency current tenability, df/dl, low linewidth, and large output power
of the STNO are important parameters to perform a successful FSK modulation.

The Hitachi device measured for this measurement has an ellipse shape of 65nm x
130nm. The corresponding TMR is =50% with the antiparallel resistance of 2150hm as given
in Fig. 4.47a. The dynamic characterization was performed at positive field and at a magnetic
angle of 15degree with respect to the easy axis direction. The corresponding PSD of the
frequency versus field at a fixed DC current of 1mA is given in Fig. 4.47b. The PSD shows a
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clean single mode excitation of the free layer with the second harmonic appears at 2f. The
SAF pinned layer is rigid enough so that there is no SAF excitation.
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Fig. 4.47-(a) The magnetoresistance curve obtained at low applied DC current 15:=0.05 mA and
at applied field angle of 15degree off the polarizing layer. (b) The PSD of the frequency versus field
for a fixed DC current Ipc=1mA.
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Fig. 4.48-(a) The frequency, linewidth, and the output power of the first harmonic excitation as a
function of applied magnetic field for a fixed applied DC current Ipc=1mA. (b) The frequency,
linewidth, and the output power of the first harmonic excitation as a function of applied DC current for
a fixed applied magnetic field Hpc=7800e.

The analysis of the frequency, linewidth and the output power of the first harmonic
excitation 1f as a function of applied field for a fixed DC current of 1 mA are shown in Fig.
4.48a. The frequency increases upon increasing the field and it is bent at a field around
7000e-9000e. In this field range, the linewidths are narrower than 100MHz and the output
powers are larger than 150nW. Fixing the field at which the linewidth minimum, i.e. 7800e
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(blue dashed line), the current dependence is obtained. The analysis of the frequency,
linewidth, and the output power as a function of applied current for a fixed magnetic field
7800e is shown in Fig. 4.48b. The threshold current is 0.6mA above which the steady
oscillation is obtained. The steady state oscillation is characterized by the relatively large
frequency-current tuning, df/dl=-530 MHz/0.5 mA, minimum linewidths of around 13MHz,
and the output powers of up to 100 nW, which are of interest for FSK modulation.

In order to investigate the signal stability of the STNO, the time domain characterization
was performed for different applied current. The results are shown in Fig. 4.49. From left to
the right side of the figure are the 100ns time traces, the 4ns time traces, the histogram of
positive envelope of the output voltage signal, and the histogram of the extinction. The signal
stability increases as the applied current increases. This is shown by the evolution of the
amplitude, the distribution of the histogram of the envelope, and the less number of
extinctions during 42us long. At the threshold regime Ipc=0.6mA (Fig. 4.49a), the amplitude
signal is very low which is comparable to the background noise level (0.025V). The
histograms of its positive signal envelopes are distributed almost around 0V and many events
of extinction occur at short period of 1ns-30ns, i.e. the oscillations are sustained only at very
short period. Increasing the current, Ipc=0.7mA (Fig. 5.49b) and Ipc=1.1mA (Fig. 4.49c), the
amplitude signal increases. This is shown by the distribution of the envelope of the signal
which is shifted away from OV. The number of extinctions at Ipc=0.7mA is very less
compared to the one at low current. While at Ipc=2mA, a sustained oscillation over long
(40us) time scales is obtained, which is good for FSK demonstration.

@ g10r
ts 888’4%% 5
I —— 5
= Y 2000
© = 005} 3
o
0.10¢ ‘ ‘ ‘ ‘ . L
0 20 40 60 80 10072 74 76 0 50k 100k 150k
t(ns) t (ns) Count
(b) 0.10 12
0.05 -
< —~ 000 s 6
E > - g 4
~ < -0.05 S 5
e -0.10 ‘ ‘ . ‘ . ‘ ‘ ol 8 |
0 20 40 60 80 100 72 74 76 0 200k 400k 0 30 60 90
t (ns) t (ns) Count t (ns)
(c) 0.10 3000
< 0.05 . 2000}
E S 000 =
T > 005 g 1000 -
-0.10 ‘ ‘ . ‘ . ‘ ‘ 0 e
0 20 40 60 80 100 72 74 76 0 200k 400k 0 30 B0 90
t(ns) t (ns) Count t (ns)

Fig. 4.49-From left to right: 100ns and 4ns long segments of the measured time traces (total
length 40us), histograms of the positive signal envelopes and the time between extinctions for: (a)
Ibc=0.6mA (threshold current), (b) Ipc=0.7mA (intermittent regime) and (c) Ipc=1.1mA (steady state
regime). A numerical filter of £2GHz from the centered oscillation frequency was applied on the time
traces during analysis to improve the signal stability.

The frequency and time domain characterization discussed above were performed using
standard RF setup as discussed in Chapter 2 Section 2.1. The time domain characterization
shows that a sustained oscillation over long (40us) time scales is obtained for the applied
current above the threshold current. For comparison, the same characterization was also
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performed using RF emitter setup discussed previously in Section 4.4.1.2. The results are
shown in Fig. 4.50.

4.4.3 FSK measurement results

This section discusses the results of the FSK measurement of the integrated STNO
within RF emitter. Before summarizing the results of the FSK measurement, the
characterization of the RF emitter card will be discussed. This characterization is an important
step to investigate the RF emitter performances and to understand the measurement results.

4.4.3.1 Characterization of the RF emitter

In order to investigate the performance of the RF emitter card, the time traces of the free
running STNO was measured using RF emitter setup. The schematic of the RF emitter setup
can be seen in Fig. 4.46. For the free running measurement (no modulation), the RF emitter
point (3) and (2) of both the switch SW1 and SW2 were connected. The DC current of
Ioc=1.1mA (above the threshold current) and the AC current of OmA was injected into the
STNO through the nC board and then via the I2C. The magnetic field of 7800¢ and oriented
at angle of 15 degree was also applied to the STNO. This induces a steady state oscillation of
the free running STNO at oscillation frequency of f,=9.1GHz since the no AC current flowing
to the digital part. The time traces of the free running steady state STNO under these
parameters was registered in the oscilloscope for 42us long. This time trace is then compared
to the time traces of the free running STNO measured using standard RF setup (see Chapter 2
Section 2.1.1) that has been discussed in the previous Section. The comparison is shown in
Fig. 4.50.
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Fig. 4.50-Comparison of the time traces measurement of the free running STNO at Ipc=1.1mA
and Hpc=7800e, using (a) standard RF setup and (b) RF emitter card. A numerical filter of +2GHz
from the main oscillation frequency was applied on both time traces.

Fig 4.50a shows the time traces measured via the standard RF setup (has been shown in

Fig. 4.49c, Section 4.4.2). Fig. 4.50b shows the time traces measured using the RF emitter

card. A numerical filter of £2GHz from the main oscillation frequency was applied on both

time traces to improve the signal stability. A quite different output voltage signal was

observed. The voltage time traces measured using the standard RF setup has very good signal

stability, only the high amplitude signal peak exists, meaning that the oscillations are
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sustained over long (40us) time scales without extinctions (4.50a). This results on a small
fluctuation frequency around the average value f,=9.1GHz. In contrast to this, the time traces
measured using the RF emitter card has poorer signal stability as shown in Fig. 4.50b. This is
shown by the lower amplitude of the output voltage signal which is close to the noise level
and the large numbers of extinctions, i.e. oscillations are sustained only at very short period of
20-80ns. This extinction is responsible for the presence of the spikes in the instantaneous
frequency fluctuation for example at 25ns, 31ns, 49ns, 64ns, 80ns, and 94ns. This comparison
shows that the performance of the RF emitter needs to be improved. The poor time traces
from RF emitter is due to the noise figure of electronics components, i.e. amplifier, in the
emitter card. This noise figure is much higher than the one of standard RF setup. This noisy
and low output signal would be a problem for the detection in the receiver.

4.4.3.2 FSK measurement results

For the FSK measurement, the DC current and AC current were simultaneously injected
into the digital part, see Fig. 4.46. The DC current Ipc value was set to 1.2mA and the AC
current Iac was set to 0.3 mA. This corresponds to a current modulation between Ipc=1.2mA
and Ipc—1ac=0.9mA. This current modulation is expected to induce the frequency modulation
into two frequency values fp~9GHz and f;~9.3MHz as can be seen in the frequency versus
current plot in Fig. 4.48. The pulse width was varied between T=500ns to T=50ns which
corresponds to a variation of the data rates, 1/T, between 2Mbps to 20Mbps. The results are
shown in Fig. 4.51.
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Fig. 4.51-The FSK measurement results for different bit length T (a) T=500ns, (b) T=250ns, and
(c) T=50ns. The left figure shows the output voltage signal of the FSK measurement. The smoothed
instantaneous frequency is shown in the middle of the figure. The averaging window of Savitzky-
Golay frequency smoothing algorithm is 20 ns, 20ns, and 6ns for the bit length of 500ns, 250ns, and
50ns, respectively. The right side of the figure shows the PSD of the output voltage signal.

In the left side of Fig. 4.51, the output voltage signal for different pulse width T is
shown. A modulation of the amplitude is clearly seen for long pulse widths, 500ns to 250ns.
However at a short pulse width of T=50ns (Fig. 4.51c), the amplitude modulation is not
clearly observed due to the noise. In order to analyze the frequency shift, the instantaneous
frequency is obtained from the first derivative of the phase extracted from the Hilbert
transformation of the output voltage signal. To reduce noise, the Savitzky-Golay frequency
smoothing algorithm is used with an averaging window less than the pulse width T ns (see in
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the description of Fig. 4.51). The smoothed instantaneous frequency for different pulse width
T is shown in the middle of Fig. 4.51. The frequency shift between 9GHz (Istno=lpc=1.2mA)
and 9.33GHz (Istno=Ipc-1ac=0.9mA) is observed up to pulse width of 50ns (data rate of
20Mbps). This frequency shift is also clearly observed in the power spectral density of the
output voltage signal as shown in the right side of Fig. 4.51. A main frequency peak at around
9GHz has higher amplitude (power) than the second peak at around 9.33GHz, which is in
accordance with the dependence of the power versus current as shown in Fig. 4.48. The
existence of two peaks in the PSD of the output voltage signal gives a proof that the FSK
modulation for this device is successfully demonstrated.

4.4.3.3 FSK demodulation: Delay detection calculation

Since the demodulation of the FSK signal using delay detection technique within the
receiver card has not been successfully demonstrated yet, the demodulation here is carried out
numerically. The delay detection calculation is carried out separately for ASK modulation and
FSK modulation. The delay detection for ASK modulation and FSK modulation at different
pulse width T (data rate 1/T) are shown in Fig. 4.52 and Fig. 4.53, respectively. The delay
time T is chosen to be 1.51ns to satisfy both the quadrature condition tfy=n-1/4 with
f0=9.15GHz, n=15, and the minimum shift keying condition t3f=0.5. In Fig. 4.52, the left
figures show the smoothed envelope of the output voltage signal and the right figures show
the demodulation of ASK signal, i.e. the autocorrelation of the output voltage signal and its
delayed version, <V(t)*V(t-t)>. The low pass filter is applied in the output of delay detection,
V(t)*V(t-t)Lpr, to remove the high frequency components. The output of delay detection has
so much in common with the envelope of output voltage signal, i.e. the amplitude fluctuation
at high level of the demodulation output is higher than the one at low level. The digital output
voltage of demodulation varies from positive to negative voltage, £0.1mV, which coincides
with the digital input voltage pulse. Thus, the ASK signal can nicely be decoded into a train
voltage pulse up to data rate of 20Mbps. Similar results are obtained for the demodulation of
FSK signal shown in Fig. 4.53. The output of delay detection (right figures) coincides with the
FSK signal (left figures). Thus, the FSK signal is able to be decoded into a train pulse with
+0.5 amplitude variation up to data rate of 20Mbps.
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Fig. 4.52-(a) The smoothed envelope of the output voltage signal and the delay detection of the
output voltage signal, <V(t)*V(t-t)>, for different bit length T: (a) T=500ns (LPF=10MHz), (b)
T=250ns (LPF=20MHz), and (c) T=50ns (LPF=100MHz).
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Fig. 4.53-(a) The smoothed instantaneous frequency of the output voltage signal, i.e. FSK signal,
(has been shown in Fig. 4.51-middle) and the delay detection of FSK signal, <cos(2nf*(t))*cos(2nf*(t-
1))>, for different bit length T: (a) T=500ns (LPF=10MHz), (b) T=250ns (LPF=20MHz), and (c)
T=50ns (LPF=100MHz).
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4.4.3.4 Summary: FSK measurement within RF emitter

The feasibility of the STNO within RF emitter has been successfully demonstrated with
the maximum modulation rate of 20Mbps at a full frequency shift of 330MHz. This maximum
data rate is limited by the non-optimized RF components in the RF emitter and not to the
intrinsic of the STNO. For the demodulation, the delay detection technique was calculated
numerically and showed that the ASK and FSK signal can be decoded into a train voltage
pulse up to demodulation rate of 20Mbps. Further improvement of the PCB emitter is needed
to increase the maximum input data rate and to reduce the noise figure of the amplification
path in the PCB emitter. Besides the improvement of the PCB emitter, further improvements
in materials and nanofabrication of STNOs are needed to enable more output power and to
improve the spectral characteristics of the oscillations to push the data rates to higher values
with large frequency shift.
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4.5 General Summary

The feasibility of the FSK scheme by current modulation has been studied for in-plane
magnetized MTJ STNOs in view of wireless communications used in WSNs. The parameters
addressed in this study are the achievable frequency shift and the maximum modulation rate,
up to which the frequency can be shifted between two discrete values. To characterize the
maximum data rate, macrospin simulation and experimental studies have been performed. The
simulations reveal that the maximum data rate for FSK by current is limited by the relaxation
frequency f, of the STNO, which is on the order of a few hundred MHz for standard in-plane
magnetized STNOs. This means that the data rate of up to a few hundred Mbps should be
achievable, which is targeted here for moderate data rate wireless communication as used in
WSNSs.

Experimental studies of the FSK by digital current modulation in STNOs have been
performed for standalone STNO devices and for integrated STNOs within microwave
systems. The FSK measurements on standalone STNO devices have been performed for two
different types of nanofabricated STNOs, which are Hitachi and Mosaic devices. The variation
of the pulse width T (pulse rate 1/T) shows that the maximum modulation rate for ASK modulation of
the Hitachi device is close to 100Mbps, while for FSK modulation it is limited to 40 Mbps at reduced
frequency shift and to 10Mbps at full frequency shift of 200MHz. Hence frequency shift keying is
confirmed to be efficient up to ~10Mbps for a frequency shift of 100-200MHz. The reason that this is
less than the limit for amplitude modulation is seen in the relatively high phase noise of the device
analysed. Similar results have also been achieved using Mosaic devices with smaller frequency
shift around 150MHz at the data rate of 10Mbps. This shows an important achievement for
Mosaic devices besides its enhancement of the device stability under DC current (enhanced
degradation voltage).

The FSK measurements of STNOs on a printed circuit board (PCB) emitter have been
performed using Hitachi devices in collaboration with the Mosaic partner, Rui Ma from TUD
University. The results reveal that the FSK with a frequency shift around 300MHz (between
~9 GHz and =9.3 GHz) was observed with a data rate of 20 Mbps. The data rate was limited
by characteristics of the PCB emitter and is not intrinsic to the STNO. Hence, further
improvements of the PCB emitter are needed to achieve maximum data rates given by the
dynamic parameters of the STNO.

To evaluate the feasibility of the FSK-based wireless communication schemes
performed in this thesis, it is important to compare the results with the state of the art of the
STNO-based wireless communication. This is summarized in table 4.3. The results achieved
in this thesis are shown in green. It is shown that the maximum data rate achieved in this
study is comparable with the study in Ref. 25 [Manfrini et. al] which investigated the FSK by
digital current modulation in vortex-based STNOs. Complete studies of MTJ-based STNO for
wireless communication have been carried out in Ref [26-28] in the context of OOK concepts
and using the envelope detector as for the demodulation. The STNO performances of in these
references are worse compared to the STNOs measured in this thesis. The frequency current
tuning df/dl is too small compared to the linewidth so that the OOK concept is more
convenient for these STNO devices. The best maximum data rate detected at the
demodulation is 4Mbps at a distance of 100cm and the signal to noise SNR of 6dB. The FSK
modulation of STNO devices studied in this thesis is able to achieve higher data rate with the
frequency shift of 330MHz at maximum data rate of 20Mbps. However the demodulations of
FSK signal was carried out numerically, i.e. no experimental demonstration of delay detection
of FSK signals. A complete experimental demonstration of FSK modulation and
demodulation (delay detection technique) thus needs to carry out in order to compare with the

174



results given in Ref. [26-28]. The determination and characterization of SNR are also of
importance for wireless applications.

Table 4.3. Comparison of maximum data rate of STNO modulation for wireless
communication applications. Here f is the oscillation frequency, Afnyin iS the minimum
linewidth, Py is the maximum output power, 6f is the frequency shift (for the case of FSK
modulation), df/dl is the frequency-current tenability, D is the distance between transmitter
and the receiver.

Data
TMR | £, | Afwn | Pr | OF df/di SNR

STNO | Concept | 40" | (GHz) | (MH2) | (0W) | (MHZ) | (MHz/mA) (l\;lak:gs) D(em | (4g)
Ref25- :
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Chapter V
Conclusion and perspective

5.1 Conclusion

The frequency shift keying (FSK) by current in standard in-plane magnetized STNOs
for wireless communication used in WSNSs has been studied in this thesis. For this study, the
RF properties of STNOs have been characterized to identify appropriate devices for FSK
measurements and for further improvements in materials and nanofabrication process. Good
spectral characteristics, large frequency tuning, and large output power of STNOs are of
interest for the realization of the FSK-based wireless communication used in wireless sensor
networks (WSNS).

The FSK-based wireless communication scheme needs to address the achievable
frequency shift and the maximum data rate (up to which a signal can be modulated or the
frequency be shifted between two discrete levels). To characterize the maximum data rate,
simulation and experimental studies have been performed. The simulation has been done in
two studies, the first using a sinusoidal RF current modulation (Chapter 3) and the second
using square current pulses (digital current) or pulse trains of varying rise time and pulse
length T (Chapter 4). Both simulations reveal that the maximum data rate under current
modulation is limited by the relaxation frequency f, of the STNO, which is on the order of a
few hundred MHz for standard in-plane magnetized STNOs investigated in this thesis. This
means that the data rate is limited to a few hundred Mbps. This limit remains suitable for the
data rates targeted in this thesis, up to 100Mbps, for low to moderate data rate wireless
communication as used in WSNE.

For wireless communication applications that need higher data rate of up to Gbps, field
modulation provides a solution. It has been investigated via macrospin simulation that the
maximum data rate of the field modulation is not limited by the relaxation frequency f, of the
STNO. This results in an enhanced data rate up to Gbps. This occurs when the modulating RF
field is oriented along the easy axis of the free layer (longitudinal RF field) and even for the
tilted RF field angle up to f=+20° with respect to the easy axis direction. The enhancement of
the data rate in longitudinal RF field modulation can be understood by the fact that the
frequency modulation occurs via a direct coupling of the modulating field to the frequency
and not via the non-linear amplitude-frequency coupling as for current modulation.

To investigate the feasibility of the FSK by digital current modulation in STNOs,
experimental studies have been performed for standalone STNO devices and for integrated
STNOs within microwave systems (RF emitter). Here, the square shaped pulses are used to
modulate the frequency of the free running STNOs, leading to the frequency shift between
two discrete values. The maximum data rate at a full frequency shift was characterized by
varying the current pulse width. The FSK measurements on standalone STNO devices have
been performed for two different types of nanofabricated STNOs, which are Hitachi and
Mosaic devices. The FSK using Hitachi devices was successfully observed with a frequency
shift around 200MHz (the frequency shift between =~8.9 GHz and =9.1 GHz) at the data rate
of 10Mbps. This data rate is less than the upper limit, which is given by the relaxation
frequency f,, of the STNO as predicted in the numerical simulation, because of the relatively
high phase noise of the device analyzed. Similar results have also been achieved using Mosaic
devices with smaller frequency shift around 150MHz at the data rate of 10Mbps. This shows
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an important achievement for Mosaic devices besides its enhancement of the device stability
under DC current (enhanced degradation voltage). However, the static and dynamic yield as
well as the output power of Mosaic devices needs further improvements.

The FSK measurements of STNOs on a printed circuit board (PCB) emitter have been
performed using Hitachi devices in collaboration with the Mosaic partner, Rui Ma from TUD
University. The partner has realized and developed the PCB emitter card and the author has
characterized the RF properties of STNOs to provide appropriate STNO devices for FSK
measurements. The results reveal that the FSK with a frequency shift around 300MHz
(between =9 GHz and ~9.3 GHz) was observed with a data rate of 20 Mbps. The data rate was
limited by characteristics of the PCB emitter and is not intrinsic to the STNO. Hence, further
improvements of the PCB emitter are needed to achieve maximum data rates given by the
dynamic parameters of the STNO.

Additionally to the FSK study, the demodulation of the FSK signal achieved in both
measurements, standalone and integrated STNOs, were carried out numerically using the
delay detection technique proposed by Toshiba which is more suited for STNO devices
characterized by a relatively large phase noise (Fig. 4.2 Chapter 4 Section 4.1). The
calculation showed that the FSK signal can be read or decoded at the same data rate as the
modulation rates.

The experimental studies of FSK by current in STNOs demonstrate that STNOs are
adequate for wireless communication used in WSNs. However, further improvements in
materials and nanofabrication of STNOs are needed to improve the spectral characteristics of
the oscillations to push the data rates to higher values with large frequency shift.

5.2 Perspective

The FSK study demonstrated in this thesis was only performed within an emitter, while
the demodulation was carried out numerically. It will be of great interest to demonstrate a
complete wireless communication scheme using STNOs based on the FSK concept. This
permits the evaluation of the feasibility of the FSK such as the data rate and the SNR as a
function of the distance between emitter and receiver. To achieve this functionality,
improvements of the PCB emitter are required in order to increase its maximum input data
rate. Besides that, it is also important to reduce the noise figure of the amplification path in
the PCB emitter. The noise of the emitter adds to the STNO noise and reduces the SNR. For
the STNO, the first improvement required would be an increase of its output power to -30
dBm, i.e. current STNO power is ~-40dBm for Hitachi devices and ~-50dBm for Mosaic
devices. This will decrease the complexity of the amplification path in the PCB emitter and
thus reduce the power consumption and the noise of the emitter itself. For the receiver,
improvements of its sensitivity and its input data rate are required. In this thesis, the receiver
has not been succesfully tested due to the lower power and high noise emitted from the STNO
emitter and low sensitivity of the receiver itself (a sensitivity to signal levels of -10dBm). This
low receiver sensitivity is mainly due to non-optimized components such as the RF mixer. It
is expected that with the improvement of the STNO, the PCB emitter and the receiver itself,
the sensitivity can be improved to -30 dBm at a high data rate of 20 Mbit/s. Figure 5.1 shows
the design plan for the short term perspective for complete wireless communication scheme
using STNO based on FSK concept.
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Fig. 5.1-Design and its specification of the STNO based transceiver in the short term (Designed by
Rui, Ma, TUD University)

A wireless communication over a short wireless distance such as 10 cm with data rate of
20Mbps is targeted which is a good value for applications in WSNs. The free space path loss
(FSPL) is proportional to the square of distance between the emitter and receiver and also
proportional to the square of the STNO frequency. It is characterized to be 26dB to 31dB for
the frequency band from 5 GHz to 9 GHz. The parameters that need to be characterized are
the influence of the oscillator amplitude and phase noise on the achievable frequency shift and
data rate, the achievable emission power and the signal to noise ratio (SNR) of the receiver
that will determine the distance of communication. It is also important to characterize the total
power consumed by the emitter-receiver using STNOs and to compare with the power
consumed in the existing wireless communication scheme. Low power wireless
communication schemes are of great importance for WSN applications as mentioned in the
introduction. The long term perspective would be to demonstrate a wireless communication
up to 10m distance (and potentially above) between the emitter and receiver. For this, the
PCB boards need to be replaced by an integrated circuit (IC). With the IC design, the design
process in terms of circuit gain, stability, noise, power consumption and etc. can be much
better controlled. With all the improvement, it can be expected the STNO-based wireless
communication can function in the 10m range.

As shown in numerical simulations, the FSK in STNO can be achieved not only through
the modulation of the current but also through the modulation of the field. It has been
predicted in the simulation that higher modulation data rates above the upper limit (the
amplitude relaxation frequency of the STNO) is achievable. This is thus of great importance
to demonstrate experimental studies of the field modulation in STNOs to confirm the
simulation results and also as for the demonstration of FSK-based dynamic read heads.
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Annexes

Nomenclature of the Mosaic device

The Mosaic’s wafer (Fig. 1a) consists of chips (Fig. 1b) which contain the STNO devices
(Fig. 2). The chip’s nomenclature is given by the row (i.e. across) and the column (i.e. down).
For example presented below, chip 2,4 means that the chip at 2" row and 4™ column. The
STNO devices on each chip are labelled as Al, A2, A3, A4, A5, A6, B1, B2, B3, B4, B5, B6.
While, row C and D are for MRAM devices.

12 3 45 67

|
| e

:
Am

N O WN
|
L | e
%l

. afer . : . . .Chip2,4

Fig. 1-(a) RF wa¥¢=§/r consists of several chips which are mdmateg %y the number of row and column,
for example chip 2,4 (row 2 and column 4). (b) The zooming part of the chip 2,4. Row A & B are the
RF mask for STNO devices while row C & D are the RF mask designed for MRAM devices.

In Fig. 2, if we look more closely at the RF mask design (row A and B), one can see that it has
both transmission (J2 and J4) and reflection devices (J1 and J3). It is important to note that the
reflection devices, J1 and J3, correspond to the STNO devices measured and analyzed in this
thesis due to its simple probing.

Fig. 2-Transmission ((J2 and J4) and reflection (J1 and J3) STNO devices
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