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Zusammenfassung

Die Nutzung reiner Spinströme, erzeugt entweder durch den Spin-Hall-Effekt (SHE) oder nicht-
lokale Spininjektion (NLSI), eröffnet neue Perspektiven für neue Technologien auf der Grundlage
des Elektronspin Freiheitsgrades, wie Spintronik und Magnonik. Beispielsweise können unter
Verwendung von reinen Spinströmen in nanoskaligen magnetischen Strukturen durch die Spin-
Drehmomentübertragung (STT) effizient kohärente Magnetisierungsdynamiken angeregt werden.
Diese neue Methode der Erzeugung von Mikrowellenoszillationen hat in den letzten Jahren viel
Aufmerksamkeit auf sich gezogen. Allerdings wurden in den meisten Experimenten SHE-basierte
Systeme untersucht und es ist noch wenig über die strominduzierte Dynamik NLSI basierter Struk-
turen bekannt.

Diese Arbeit behandelt magnetische Nanooszillatoren, die durch reine Spinströme unter Aus-
nutzung des nichtlokalen Spininjektions Mechanismus angetrieben werden. Zuerst diskutieren wir
die Joule-Erwärmungseffekte in den Geräten und demonstrieren, dass sich diese im Vergleich zu
SHE-basierten Oszillatoren minimiert. Zweitens untersuchen wir die spektralen Eigenschaften der
strominduzierten Magnetisierungsdynamik und zeigen, dass die Systeme hoch kohärente Schwingun-
gen bei Raumtemperatur aufweisen. Schliesslich zeigen wir, wie die nach dem NLSI Mechanismus
erzeugte, reine Spinströme genutzt werden können, um sich in einer vorgegebenen Richtung aus-
breitende Spinwellen anzuregen. Alle diskutierten Merkmale zeigen signifikantes Potenzial der
nichtlokalen Oszillatoren für Anwendungen in der Elektronik der nächsten Generation.
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Abstract

Utilization of pure spin currents, produced either by the spin-Hall effect (SHE) or by the
nonlocal spin injection (NLSI), opens new perspectives for the emerging technologies based on
the electron’s spin degree of freedom, such as spintronics and magnonics. For example, by using
pure spin currents one can efficiently excite coherent magnetization dynamics in nanosize magnetic
structures by means of the spin-transfer torque (STT) effect. This new method of generation of
microwave oscillations has been drawing a lot of attention of researches for the last several years.
However, in most experiments SHE-based systems have been studied, and still little is known
about the current-induced dynamics in NLSI-based structures.

This thesis is devoted to a study of magnetic nano-oscillators driven by pure spin currents pro-
duced by the nonlocal spin injection mechanism. At first, we discuss the Joule heating effects in
the devices and demonstrate that they are minimized in comparison with SHE-based oscillators.
Secondly, we investigate the spectral properties of the current-induced magnetization dynamics
and show that the devices exhibit highly-coherent oscillations at room temperature. Finally, we
demonstrate how pure spin currents generated by the NLSI mechanism can be used to excite direc-
tionally propagating spin waves. All discussed features show significant potential of the nonlocal
oscillators for applications in the future-generation electronics.
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Tables with acronyms and symbols

Table 1: Commonly used acronyms

Notation in text Meaning
Py Permaloy = Ni80Fe20

CoFe Co70Fe30

SHE Spin-Hall effect
NLSI Non-local spin injection
STT Spin-transfer torque

STNO Spin-torque nano-oscillator
BLS Brillouin light scattering
FMR Ferromagnetic resonance

Table 2: Commonly used symbols

Notation in text Meaning
H0 External magnetic field

Hdem Demagnetizing field
Hint Internal field
M Magnetization
M0 Saturation magnetization
I Current
Ic Critical current
f Frequency

∆f FWHM
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Chapter 1

Introduction

Magnonics is a young and promising field of modern magnetism which main aim is to investigate
the behavior of spin waves in magnetic nanostructures and to turn the obtained knowledge into
technical applications [1, 2, 3]. Spin waves itself were introduced by Felix Bloch in 1930 to explain
the temperature dependence of the saturation magnetization at low temperatures [4]. From a
classical point of view, a spin wave can be represented as a phase-coherent precession of magnetic
moments localized at crystal lattice sites [5, 6]. At the same time, one can consider spin waves
as collective excitations in magnetically ordered systems and describe them as a gas of weakly
interacting quisiparticles, magnons [7, 8].

The efficient excitation of spin waves is an important issues in magnonics because it determines
the power consumption and error rates of magnonic devices [1]. The classical method is the induc-
tive technique, when an alternating electrical current applied to a microwave antenna. The signal
produces an oscillating Oersted field, which excites magnetization precessions in a magnetic sample
[9, 10, 11]. Despite the method has a few shortcomings [11], it is still widely used in experiments.
But in 1996 almost simultaneously Slonczewski [12] and Berger [13] theoretically discovered a new
possibility. It turned out, that a spin-polarized current can transfer enough angular momentum
to a magnetic system to destabilize the equilibrium orientation of the magnetization, and under
certain conditions it can lead to the steady-state oscillations. This discovery has an unique feature,
namely it allows to convert the energy of the dc current directly to the energy of the microwave
oscillations. The phenomenon was called the spin-transfer torque (STT) effect and nowadays it is
one of the most popular trends in nanomagnetism [14, 15, 16].

Initially the STT effect was intensively investigated in multilayered structures [17, 18, 19, 20,
21], where an electrical current becomes spin-polarized after passing through a thick (”fixed”)
magnetized magnetic layer. The electrons with spins parallel to the magnetization direction of the
polarizer get transmitted and the electrons with antiparallel spins get partially reflected. After
that, the output spin-polarized current is injected in a thinner (”free”) magnetic layer to excite
the magnetization dynamics via the STT effect.

However, recently an another possibility was demonstrated. This new method is based on pure
spin currents. Their utilization not only reduces the adverse heating effects but also eliminates the
need for an upper electrode, and therefore one can use magneto-optical techniques to study the
spin-torque induced dynamics. Up to now in the most experiments pure spin currents have been
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generated by means of the spin-Hall effect (SHE) in materials with strong spin-orbit interaction. It
has been shown that pure spin currents, created in such a way, can excite ferromagnetic resonance
(FMR) [23], switch the magnetization [24], control the magnetic damping [25, 26, 27, 28] and excite
coherent magnetization oscillations [29, 30, 31]. Alternative way to create pure spin currents is
based on the nonlocal spin injection (NLSI), which has been intensively studied in the last several
years. So far it was shown to enable magnetization switching [32, 33] and to influence the magnetic
damping [34, 35]. But only very recently the first spin-torque nano-oscillators based on the NLSI
mechanism were demonstrated [36]. Therefore up to now little is known about their characteristics.

This thesis is devoted to a detailed study of the NLSI-based oscillators. The outline of the work
is as follows. Firstly, we introduce basic theory (Chapter 2) and discuss experimental methods
(Chapter 3). Then we compare the Joule heating effects in SHE and NLSI devices (Chapter 4)
and show that in the latter case they are minimized. Next in Chapter 5 we study the spectral
properties of the devices and prove that they exhibit a highly coherent dynamics with the spectral
linewidth of a few megahertz at room temperature. Finally, in Chapter 6 we demonstrate efficient
excitation and directional propagation of spin waves generated by pure spin currents.
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Chapter 2

Basic Theory

2.1 Equations of magnetization dynamics

To describe the dynamical processes in magnetically ordered substances one can use the con-
tinuum approach [5, 6]. Applying it, we introduce the magnetization vector,

M(t, r) =

∑
∆V m

∆V

which is defined as the magnetic moment per unit volume. Generally, these magnetic moments m
comprise contributions from both the spin and the orbital motion of the electrons. The magneti-
zation reaches its maximum value when all magnetic moments are aligned in the same direction.
In this case the absolute value of M is called the saturation magnetization M0.

The dynamics of the magnetization M(t, r) in an external field H0 is described by the Landau-
Lifshitz-Gilbert (LLG) equation [37]

∂M

∂t
= −γ[M×H0] + TG. (2.1)

The first term in the right-hand side leads to the precession motion of the magnetization (Figure
2.1a) about the direction of H0, where γ ≈ 2.8MHz/Oe is the gyromagnetic ratio. The second
term is the damping torque TG. It accounts for energy losses, which are inevitable in real-world
systems. There exist several mathematical expressions for the torque TG [5]. For example, the
Landau-Lifshitz form

TG =
γα

M0

[M× [H0 ×M]], (2.2)

where α is the Gilbert damping constant. As shown in Figure 2.1b, TG is directed towards the
precession axis, and, as a result, the oscillation amplitude gradually decreases with time.

The LLG equation, written in the form (2.1), is applicable for the description of spatially
uniform excitations in an infinite magnetic media without anisotropies. In order to understand
non-uniform magnetization dynamics in ferromagnetic samples with finite dimensions one has to
take into account interactions between the magnetic moments. It can be done by introducing an
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(a) (b)

Figure 2.1: (a) Precession motion of the magnetization vector M in the magnetic field
H0. (b) Attenuation of the precession amplitude due to action of the damping torque.
Used by permission from [38].

effective magnetic field Heff , which should be plugged in (2.1) instead of H0. In situations relevant
for this thesis Heff can be written as a sum of three terms

Heff = H0 + Hex + Hdem.

The second field Hex results from the short-range exchange interaction, which strength is
characterized by the stiffness A. This field is significant for spin waves with wavelengths λ of the

order of the exchange length lex =
√

A
2πM0

[39]. For example, in Ni80Fe20 (Permalloy, further it will

be referred as Py) lex = 6 nm [40].
The third field Hdem is induced by the long-range magnetic dipole-dipole interaction. Magnetic

moments can be represented as pairs of magnetic charges in analogy to electrostatics (Figure 2.2a).
They compensate each other only inside a magnetic sample, and as a result uncompensated charges
emerge on the surface. These charges produce the demagnetizing field Hdem (Figure 2.2b), which
is directed oppositely to the external field H0.

(a) (b)

Figure 2.2: (a) Elliptical shape ferromagnetic sample in the magnetic field H0. Mag-
netic moments are shown by red arrows. (b) Uncompensated surface charges give rise
to the demagnetizing field Hdem. Used by permission from [38].
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Analytically the demagnetization field Hdem can be calculated only for relatively simple ge-
ometries [41], and in general it is a nontrivial mathematical task [42] even for the simplest case
of uniform magnetization. Therefore various micromagnetics simulations packages are usually
used for the calculations of spatial distributions of Hdem. In Chapter 6 we will show how the
demagnetizing effects can be utilized to achieve good spectral matching between the NLSI-based
nano-oscillator and the magnonic nano-waveguide.

2.2 Spin-transfer torque effect

The spin-transfer torque (STT) effect discovered in 1996 by Slonczewski [12] and Berger [13]
opened a new possibility for generation of microwave oscillations. They demonstrated that a spin-
polarized current can transfer enough angular momentum to a magnetic system to destabilize the
initial equilibrium orientation of the magnetization. In other words, the current exerts an additional
torque TS on M. Under certain conditions the steady-state precession of the magnetization can
be excited. This phenomena was named the spin transfer torque (STT) effect, and nano-sized
microwave devices, based on it, are called spin torque nano-oscillators (STNO) [16, 22]. Common
STNO geometry is shown in Figure 2.3a. It consists of two ferromagnetic layers separated by a
non-magnetic film. The first magnetic layer is a relatively thick (”fixed”) film, which serves as
a polarizer. After passing it, an electrical current becomes spin-polarized (Figure 2.3b) and can
causes the magnetization oscillations in the second thin (”free”) magnetic film.

(a) (b)

Figure 2.3: (a) Sketch of a regular spin-torque nano-oscillator. (b) Flow of the elec-
trons becomes spin-polarized after passing though the polarizer. If the current density
is sufficiently high, this flow can transfer enough angular momentum to destabilize
the equilibrium orientation of the magnetization M in the top magnetic layer.

It was shown [43, 15] that the magnetization dynamics, excited by means of the spin-polarized
current I, can be described by the LLG equation (2.1) with an additional torque

∂M

∂t
= −γ[M×H0] + TG + TS, (2.3)

which can be written as

TS =
σ0I

M0

[M× [M× ep]]. (2.4)
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Figure 2.4: Under certain conditions, the direction of the spin-transfer torque can be
antiparallel to that of the dynamic damping torque. It can lead either to the switching
or to the stable precession of the magnetization M. Used by permission from [38].

Here ep is the unit vector directed along the fixed-layer magnetization and coefficient σ is given by

σ0 =
εgµB

2eM0LS
,

where g is the Lande factor, µB is the Bohr magneton, L is the thickness of the ”free” magnetic
layer, S is the area of the current injection and parameter ε defines the degree of spin polarization
(|ε| < 1).

As follows from (2.4), the direction of the spin-transfer torque depends on relative orientation
of ep with M and the current sign. When TS is parallel with the damping torque TG, the STT just
enhances the natural magnetic damping, and it can be described as increase of the Gilbert damping
constant α. The second case TS‖−TG (Figure 2.4) is more sophisticated. For example, it can lead
ether to the magnetization switching or to the stable magnetization precession. Both situations are
interesting from an application point of view. For example, reversal of the magnetization direction
can be utilized to flip the active elements in the second generation of magnetic random-access
memory, called STT-MRAM. At this moment it is under active industrial development [44]. In
its turn, the steady-state magnetization precessions excited by the spin-transfer torque effect open
a new method for generation of microwave signals. An analytic theory of the current-induced
magnetization dynamics is discussed in the next section.

2.3 Magnetization auto-oscillations

In addition to well known force and parametric oscillations, there also exist so-called auto-
oscillations, which are common for systems with a positive feedback between a oscillator and an
external energy source [45]. This coupling results in an effective ”negative damping”, which has a
form, similar to the term, which describes the natural damping, but with an opposite (negative)
sign. Auto-oscillations phenomena are widely spread in nature (e.g. heartbeat) and technology
(e.g. Van der Pol oscillator). But regardless of their physical realization, these systems can be
described by the general equation [46]

dc

dt
+ iω(|c|2)c+ Γ+(|c|2)c− Γ−(|c|2)c = 0, (2.5)
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Figure 2.5: Normally magnetized nanopillar. The magnetization M precesses around
the z axis.

where c(t) is the complex amplitude, which determines both the power p = |c|2 and the phase
φ = arg(c) of the oscillations. In (2.5), ω(p) is the system eigenfrequency, positive damping Γ+(p)
is associated with the natural energy dissipation and negative damping Γ−(p) describes the action
of the external force, which compensates the losses. Limits of validity of the model (2.5) are
discussed in [46].

Now we will show how (2.5) can be used to describe the current-induced magnetization os-
cillations. An important feature of the Landau-Lifshitz-Gilbert-Slonczewski equation (2.3) is
the conservation of the magnetization length. In other words, two components of the vector
M = (Mx,My,Mz) are enough to describe the system’s dynamics. For example, for a normally
magnetized nanopillar, shown in Figure 2.5, we can introduce a new complex variable as

c =
Mx − iMy√

2M0(M0 +Mz)
. (2.6)

This dimensionless amplitude c provides the simplest description of the magnetization dynamics,
and in this case it is connected to the precession angle ψ = arccos(1− 2|c|2). Therefore only the
values |c| < 1 have a physical meaning. In general the spin-wave amplitude c = c(Mx,My) is a
complex function of the magnetization components.

By using the new variable c, one can rewrite the Landau-Lifshitz-Gilbert-Slonczewski equation
(2.3) in the general form (2.5). In the case of the nanopillar (Figure 2.5) it can be done explicitly
[46]. For other geometries of STNOs with abritrary direction of the external magnetic field the
same reduction is also possible, but only approximately [47, 48]. We are not going to discuss the
entire procedure here, all details can be found in [46].

The first precession torque −γ[M ×Heff ] in the right-hand side of (2.3) can be rewritten as
iω(|c|2)c where ω(|c|2) is the nonlinear precession frequency

ω(|c|2) ≈ ω0 +N |c|2. (2.7)

Here N is the coefficient of the nonlinear frequency shift, which sign depends on the direction of
the external magnetic field H0. For normally magnetized systems N > 0 and thus the operation
frequency increases with increasing oscillations intensity. For the in-plane geometry N < 0, so the
frequency ω(p) decreases with increasing p. The Gilbert damping torque TG becomes Γ+(|c|2)c
where

Γ+(|c|2) ≈ ΓG(1 +Q|c|2) (2.8)
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The damping function Γ+(|c|2) is always positive and therefore leads to the decrease of the spin-
wave amplitude c with time. In a similar way the STT term TS can be rewritten as −Γ−(|c|2)c
where

Γ−(|c|2) = σI(1− |c|2). (2.9)

Γ−(|c|2) is positive for I > 0 thus the spin transfer torque exerts effective negative damping on the
magnetization in the ”free” magnetic layer. All the formulas (2.7 - 2.9) are written in the limit of
small powers p, and the explicit expressions for the expansion coefficients ω0, N,ΓG, Q, σ can be
found in the appendix to [46].

In order to analyze possible solutions of (2.5), it is convenient to rewrite (2.5) in terms of the
power p = |c|2 and the phase φ = arg(c). Then the general model (2.5) becomes a system of two
equations

dp

dt
= −2[Γ+(p)− Γ−(p)]p (2.10)

dφ

dt
= −ω(p).

The first equation (2.10) has two stationary solutions. The first one p0 = 0 is uninteresting
because it corresponds to the absence of any oscillations. Applying linear stability analysis, one can
find that the solution is stable provided Γ+(0) > Γ−(0). Therefore the condition Γ+(0) = Γ−(0)
defines the critical current Ic at which the negative damping completely compensates the natural
energy dissipation. As a result the initial state p0 = 0 loses its stability and the system makes
a transition to the auto-oscillation regime. The second possible solution is p = p0, where p0 is
determined from the condition Γ+(p0) = Γ−(p0). This equality has a clear physical meaning: in the
auto-oscillation regime (p = p0), the energy losses due to the intrinsic damping Γ+(p0) should be
exactly compensated by the effective negative damping Γ−(p0) created by the spin-transfer torque
effect.

The equation (2.5) describes free or autonomous auto-oscillators. However, usually one should
take into account various noise sources, for example, thermal fluctuations, which play a significant
role in the case of nano-oscillators. As a result their characteristics like the generated power or
the spectral linewidth depend on the temperature. In the presence of noise the general equation
can be rewritten as

dc

dt
+ iω(|c|2)c+ Γ+(|c|2)c− Γ−(|c|2)c = fn(t), (2.11)

where an external force fn(t) describes the action of thermal fluctuations.
The detailed analysis of (2.11) can be found in [46]. Here we only briefly describe results which

we will use later to interpret experimental data. At first, it can be shown that the inverse mean
power depends on the driving current as

1

p̄
∼ (Ic − I)

in the below-threshold region (before the magnetization starts to auto-oscillate). By using this
fact, one can precisely determine the critical current Ic. The measured values of 1/p̄ should be
plotted versus I and be interpolated by a linear function. Its intersection with the horizontal
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axis marks the critical current Ic. In the next chapters we will use this method, but instead of
linear fitting we will utilize polynomial interpolation. This discrepancy can be explained by the
fact that (2.11) was derived in a macrospin approximation, while we will study the nonuniform
magnetization dynamics.

The second important result derived in [46] is a form of the power spectrum S(ω). It can be
shown that S(ω) is a simple Lorentzian function

S(ω) ∼ ∆ω

(ω − ω0)2 + ∆ω2
,

where ω0 is the central auto-oscillation frequency and ∆ω is the spectral linewidth. Thus by fitting
the detected peaks with Lorentzian functions, we can precisely determine both ω0 and ∆ω.

2.4 Pure spin currents

Up to now in many experiments the magnetization dynamics driven by the spin-transfer torque
effect have been studied in systems similar to that shown in Figure 2.3a. An electrical current after
passing through the fixed layer becomes spin-polarized due to spin-dependent scattering. Then
the current is injected into the ”free” magnetic layer, where it excites microwave oscillations due
to the STT effect. Thank to the giant magnetoresistance (GMR) effect the magnetization motion
is converted into differential resistance dV

dI
variations, which can be directly measured (Figure 2.6).

The first observations of the magnetization dynamics driven by the spin-transfer torque were made
by using this method [17, 19, 18, 20].

Figure 2.6: Scheme of early experiments studied the STT effect.

Another possibility to excite the magnetization oscillations is to use so-called pure spin cur-
rents. Unlike conventional currents, they are not accompanied by the charge flow (Figure 2.7)
and therefore have a few advantages which make them promising for technical applications. At
first, the electrical current doesn’t flow through the magnetic layer. Therefore less Joule heating
is expected and potentially one can use low-loss dielectric magnetic materials such as yttrium
iron garnet (YIG). Secondly, the upper electrode isn’t necessary and that gives us the possibil-
ity to create devices with very flexible layouts. Finally one can use magneto-optical techniques
(like Brillouin light scattering spectroscopy) to study the magnetization dynamics driven by the
spin-transfer torque effect.

One of the ways to create pure spin currents is based on the Spin-Hall effect (SHE) [49, 50]
in materials with strong spin-orbit interaction, such as platinum (Pt). Due to the spin-dependent

9



Figure 2.7: Various types of electrical currents.

(a) (b)

Figure 2.8: (a) Spin-Hall effect. The electrical current creates a spin accumulation
at the lateral boundaries of the Pt film. (b) Sketch of the NLSI-oscillator operation
principle. Red arrows represent the flow of the electrons. Small purple arrows show
the magnetic moments carried by the electrons. Used by permission from [38].

scattering on impurities and defects, when a direct current flows in the plane of the Pt film,
electrons carrying opposite magnetic moments are deflected toward the opposite surfaces (Figure
2.8a). If we place a magnetic layer on top of the film, the spin current exerts the spin-transfer
torque on its magnetization. Extensive discussions of this phenomena can be found in [51, 52, 53].
After the first demonstration of excitation of coherent auto-oscillations by pure spin currents
generated by the spin-Hall effect [29], intense experimental and theoretical studies were induced
[54, 31, 55, 56]. To date the SHE-based oscillators have been implemented in the form of nano-gaps
[29], nano-constrictions [30] and nano-wires [31].

Alternative way to create pure spin currents is based on utilization of the nonlocal spin-injection
(NLSI) mechanism. There exist several possible geometries [32, 34, 35] but in this thesis we will
discuss only a system depicted in Figure 2.8b. It is a three-layer Py(5)Cu(20)CoFe(8) structure (in
parenthesises thicknesses in nanometers are specified) with a circular 60-nm diameter Au nanocon-
tact in the center. An in-plane magnetic field H0 is applied, which saturates the magnetizations
of both the Py and the CoFe layers. Therefore the electrons with magnetic moments aligned
in the opposite direction scatter at this interface between the Cu and CoFe layers and create a
non-equilibrium spin accumulation above the nanocontact. Then these electrons diffuse into the
Py layer and exert the spin-trasfer torque on its magnetization. The resulting STT acts in the
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opposite direction to the Gilbert torque TG, and when the damping is completely compensated,
the magnetization of the Py film starts to auto-oscillate. This mechanism is called the nonlocal
spin-injection and the first spin-torque nano-oscillator based on it was demonstrated very recently
[36].
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Chapter 3

Methods

3.1 Micro-focus Brillouin light scattering spectroscopy

There are several experimental methods for studying magnetization dynamics in magnetic
samples [1, 3]. For example, antenna-based microwave spectroscopy or magneto-optical techniques
based on Kerr and Faraday effects. However, probably the most powerful tool is micro-focus
Brillouin light scattering (BLS) spectroscopy [57], which combines high sensitivity (it allows to
analyze the magnetization dynamics excited due to thermal fluctuations) with sufficient frequency
and spatial resolutions. The BLS setup is shown in Figure 3.1 and described in detail in [57, 58].

Figure 3.1: Scheme of the micro-focus BLS setup. Figure used by courtesy of Henning
Ulrichs (p. 33 in [58]).

Brillouin scattering itself is an interaction between an incident electromagnetic wave and col-
lective excitations in a studied system. From a quantum point of view, it can be describe as an
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inelastic scattering of photons on quisiparticles (magnons, in our case). Two processes with equal
probabilities are possible. A photon of energy h̄ω1 absorbs a magnon of energy h̄ωM (Figure 3.2a)
and therefore acquires additional energy due to the conservation law. Or in the reverse process
(Figure 3.2b) it creates a magnon and consequently loses some amount of energy.

(a) (b)

Figure 3.2: (a) Scattering with magnon absorption h̄ω2 = h̄ω1 + h̄ωM . (b) Scattering
with magnon creation h̄ω2 = h̄ω1 − h̄ωM . Used by permission from [38].

In our experiments we used a laser with a wavelength of 532 nm and the output power less
than 1 mW. By using microscope objective lens, it is possible to focus the laser beam into a
diffraction-limited spot onto the surface of the magnetic sample (Figure 3.3), which is mounted
on a piezoelectric stage. Permanent magnets produce a static external magnetic field H0. A CCD
camera with additional white light is used to control the position of the stage and the probing
laser spot.

Figure 3.3: Magnetization dynamics studied by means of BLS spectroscopy.

The scattered light is collected by the same objective lens and then analyzed by means of an
interferometer (we used a six-pass Fabry-Perot interferometer TFP-1 [59]). Figure 3.4 schemat-
ically shows measured spectrum. It contains a peak at the frequency of the incident light and
two additional peaks at frequencies shifted by the magnon frequency ωM , which intensities are
proportional to the intensity of magnetization oscillations at the position of the probing spot [60].
It should be noted, that the output spectrum is always a convolution of the input spectrum with
the instrumental function. Therefore the frequency resolution is limited down to 50 MHz. In order
to measure the spectral linewidths more precisely one should use microwave spectroscopy.
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Figure 3.4: Schematic picture of a measured spectrum. Used by permission from [38].

Additionally to frequency-domain measurements, we can use the micro-focus BLS technique
to perform spatial measurements. For that one should scan a sample by the probing laser beam
and measure the intensity of the spectral peaks at every spatial point (Figure 3.5a). As a result, a
two-dimensional color map is recorded like shown in Figure 3.5b. Spatial resolution is determined
by the size of the laser spot, which in our experiments is focused down to the diffraction limit of
250 nm.

(a) (b)

Figure 3.5: (a) Spatial BLS measurements. (b) Spatial map recorded at the frequency
of the center mode. The measured intensity is proportional to the local intensity of
magnetization oscillations. Used by permission from [38].

3.2 Micromagnetic simulations

Nowadays computer simulations play a great role in physics. They are used as a powerful
auxiliary tool which helps to elucidate complicated dynamics of a studied system and to interpret
experimental data. In micromagnetics there are many different simulation packages, among which
OOMMF [61] is the most popular. But recently a new kind of software MuMax3 [62] was presented
which is based on utilization of graphics card processing instead of conventional CPU’s. That
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significantly increases computational speed, and therefore makes this newcomer very attractive for
researchers. In this thesis we will use MuMax3 for two purposes: calculation of the demagnetization
field Hdem and calculation of the dispersion relation for spin waves propagating in the magnonic
nano-waveguide.

Mumax3 uses the finite difference method to solve the LLG equation (2.1) numerically. It
means that after one defines a number of simulation cells N = Nx ·Ny ·Nz, the package represents
the sample geometry by rectangular mesh with appropriate size of cells. Additionally values of
necessary material parameters like the saturation magnetization M0, the exchange constant A and
the Gilbert damping parameter α should be specified.

Next, the ground state of the system is computed. For that a static external field H0 is applied
and the LLG equation (2.1) is integrated for 10 ns. From the calculated data one can extract the
internal field Hint = H0 + Hdem. The same procedure will be used in the first section of Chapter
6.

Then, depending on the task, one should determine an external excitation. We will use an
inhomogeneous magnetic field, which form described in the third section of Chapter 6. After that,
time integration of the LLG equation is performed for the total time t and the vector field M is
saved at equidistant time steps ∆t.

For post-processing we use a method suggested by McMicheal and Stiles [63]. At first, we
perform Fourier transform of the time evolution mi(t) of each cell. As a result we get so-called
local spectra mi(f) = F [mi(t)]. Then by using the formula

m(f) =
N∑
i=1

mi(f),

one can calculate the integral spectrum, where spin wave modes appear as peaks (Figure 3.6).

Figure 3.6: Spin-wave spectra obtained after the post-processing procedure.
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Chapter 4

Joule heating in nano-oscillators

When a charge current flows through a conductor, the electrical resistance leads to a local
temperature increase. This effect is called Joule heating, and in most cases it is undesirable
because it accelerates degradation of a structure and adversely affects dynamics (e.g., spectral
properties) of a studied system. In this chapter we discuss the Joule heating effects in both SHE-
and NSLI-based oscillators.

4.1 SHE-based oscillator

We chose a nanoconstriction oscillator [30] as an example of a device based on the spin-Hall
effect. The system is depicted in Figure 4.1. It is a Py(5)Pt(8) bilayer strip (in parenthesises
thickhesses in nanometers are specified) of width 4 µm in the x-direction. The width of the bow
tie-shaped constriction is 150 nm, the radius of curvature is 50 nm and an opening angle is about
22◦.

Figure 4.1: Sketch of the SHE-based device.

At first we calculated the distribution of the current density jc in the entire structure. For
that we used COMSOL Multiphysics [64]. It is a simulation software, which can solve Maxwell’s
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equations by utilizing the finite element method. For the resistivities we used the following values:
ρPt = 11.2 ± 0.6µΩ · cm and ρPy = 32.6 ± 0.6µΩ · cm [30]. For other material parameters we
assumed bulk values, which can be found in the appendix.

Figure 4.2 shows the calculated spatial distribution of jc in the plane of the Pt layer. As seen
from the data, the constriction leads to a local increase of the current density and this region
defines the active device area [30].

(a) (b)

Figure 4.2: (a) Normalized color-coded map of the current density in the plane of the
Pt layer. White curves are streamlines. (b) Profile of the normalized current density
along the y-axis. The data were calculated at I = 5 mA.

Figure 4.3 shows the current density along a vertical section. We can estimate that approxi-
mately 80% of the current is drained through the Pt layer while the rest 20% flows through the
magnetic Py layer.

Figure 4.3: Current density distribution along the z-axis in the center of the system.
The data were calculated at I = 5 mA.
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To estimate the magnitude of Joule heating effects in the SHE-based oscillators we extended
our model by the heat flow equations. The room temperature was set to T0 = 293.15K. The
calculated temperature increase ∆T = T −T0 is shown in Figure 4.4. As expected from Figure 4.2,
∆T is highest in the nanoconstriction region because of the local increase of the current density.

(a) (b)

Figure 4.4: (a) Color-coded map of the temperature increase ∆T in the plane of the
Pt layer. (b) ∆T as a function of the y-coordinate. The data were calculated at
I = 5 mA.

To find the dependence of the Joule heating magnitude on the driving current we plotted
∆Tmax = Tmax − T0 (where Tmax is a temperature in the center of the system) as a function of I
(Figure 4.5). The current range corresponds to that used in [30].

Figure 4.5: Maximum temperature increase vs. current. Open diamonds are calcu-
lated values, curve is the result of parabolic fit.
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4.2 NLSI-based oscillator

In this section we analyze the NLSI-based oscillator [36]. The system is depicted in Figure 4.6.
It consists of a three-layer CoFe(8)Cu(20)Py(5) disk with a diameter of 3 µm and with attached 2
µm wide strip, which connects the device to the external contact. A circular 60-nm diameter Au
nanocontact is placed in the center of the structure.

Figure 4.6: Sketch of the NLSI-based device. Used by permission from [36].

As in the case of the SHE oscillator at first we calculated the spatial distribution of jc by
means of COMSOL Multiphysics. For the resistivities we used values provided by S. Urazhdin:
ρPy = 40 µΩ · cm, ρCu = 6.25 µΩ · cm and ρCoFe = 25 µΩ · cm. For other material parameters we
assumed bulk values, which can be found in the appendix.

Figure 4.7 shows the computed spatial distribution of the current density. As shown in Figure
4.7a, the streamlines are almost radially symmetric in the vicinity of the nanocontact and therefore
an Oersted field produced by the current is negligible in this region.

(a) (b)

Figure 4.7: Distribution of the current density in the plane of the Cu layer (a) and in
the vertical cross-section (b). White and red curves are streamlines. The data were
calculated at I = 12 mA.

To estimate the portion of the driving current, which flows thought the magnetic layer, we
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plotted the current density along a vertical section away from the contact area (Figure 4.8). It
demonstrates that about 88% of the current is concentrated in the Cu layer, nearly 9% is drained
through the CoFe layer and only 3% flows across the Py layer.

Figure 4.8: Current density distribution along the z-axis away from the nanocontact
area. The data were calculated at I = 12 mA.

Next we investigated the Joule heating effects in the NLSI-based oscillators. Again we added
the standard heat flow equations to our model and set the room temperature to T0 = 293.15K.
The calculated temperature distribution is shown in Figure 4.9. As it is expected from the current
density simulation (Figure 4.7a), the region of the highest temperature increase ∆T is an area
around the nanocontact.

(a) (b)

Figure 4.9: (a) Color-coded map of the temperature increase ∆T in the plane of the
Cu layer. (b) ∆T as a function of the y-coordinate. The data were calculated at
I = 12 mA.

Figure 4.10 shows the dependence of the maximum temperature increase ∆Tmax = Tmax − T0
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(where Tmax is a temperature in the center of the system) on the driving current I. The current
range corresponds to that used in [36].

Figure 4.10: Maximum temperature increase vs. current. Open squares are calculated
values, curve is the result of parabolic fit.

4.3 Conclusions

From these calculations we can conclude that the NSLI-based devices have several advantages
over the SHE-based. At first, materials with strong spin-orbit coupling such as Pt have relatively
high resistivity. As a result, in the SHE oscillators significant portion of the driving current flows
through the magnetic layer (about 20%, Figure 4.3). In the NLSI oscillators copper is used instead
of platinum which revistivity ρCu is smaller by a factor of five. Therefore the driving current flows
mostly through the low-resistivity layer, and the Py film contribution is almost negligible (less
than 3%, Figure 4.8). Thus, the Joule heating effects are minimized in these structures. In order
to prove it we plotted the maximum temperature increase ∆Tmax for the SHE- and the NLSI-based
oscillators in one graph. Figure 4.11 demonstrates that, for example, at I = 2Ic (the definition of
the critical current is given in Chapter 2) the temperature increase ∆Tmax for the SHE oscillators
is large than 50 K, while for the NLSI oscillators ∆Tmax < 6K.
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Figure 4.11: Comparison of the Joule heating magnitudes.

Additionally, in the SHE devices materials with strong spin-orbit coupling affect the Gilbert
damping constant α in the Py layer, increasing it by a factor of two [65]. The NLSI oscillators
don’t suffer from this detrimental effect. Finally, the current flow is almost radially symmetric in
the vicinity of the nanocontact (Figure 4.7a), and that leads to a negligible Oersted field in this
kind of structures. All these features demonstrate a significant potential of the nonlocal oscillators
for technical applications.
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Chapter 5

Spectral linewidth of nano-oscillators
driven by nonlocal spin injection

For any microwave oscillator its spectral linewidth is among the most important characteristics.
The recently demonstrated NLSI-based oscillators [36] were found to exhibit relatively small auto-
oscillation linewidths in the range of 13 to 20 MHz. But these values are only upper estimations
because the oscillators were studied only by means of micro-focus Brillouin light spectroscopy [57],
which frequency resolution is limited, and therefore further research is needed. In this chapter
we present a detailed study of the spectral properties of the NLSI-based devices. Additionally
to the BLS technique we used electronic microwave spectroscopy, which allows us to perform
high-resolution spectral analysis of auto-oscillations induced by pure spin currents.

Figure 5.1: Sketch of the NLSI nano-oscillator with a built-in inductive antenna. The
insulting layer SiO2 between the Py film and the antenna is not shown.

The sketch of a studied nano-oscillator is shown in Figure 5.1. It is a three-layer structure
Py(5)Cu(20)CoFe(8) with a 60 nm diameter Au nanocontact in the center. In order to use elec-
tronic spectroscopy we integrated the device with an inductive antenna. It is a 200 nm wide and
30 nm thick Au stripe which separated from the active area by a 20 nm thick insulating layer of
SiO2.
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The operation of the device is described at the end of the second chapter. When the spin-
transfer torque completely compensate the natural magnetic damping, the magnetization of the Py
layer starts to auto-oscillate. It produces the oscillating magnetic field which induces a microwave
current in the antenna. Then the signal is amplified and detected by a spectrum analyzer.

5.1 BLS measurements

At first, we studied properties of the system by means of micro-focus BLS spectroscopy. One of
its advantages is high sensitivity which allows us to investigate the magnetization dynamics before
the onset of high-intense auto-oscillations. A spatial map recorded with help of the BLS technique
is shown in Figure 5.2. The measured intensity is proportional to the local intensity of the dynamic
magnetization. Therefore from the figure we can estimate the size of the auto-oscillation area and,
as in the case of previously studied NSLI oscillators [36], it exceeds 300 nm in a diameter. A slight
asymmetry of the picture can be explained by a small misalignment of the structure.

Figure 5.2: Normalized spatial map of the BLS intensity measured at I = 7 mA and
H0 = 1000 Oe. Shaded area shows the inductive antenna.

Next we placed the probing light spot near the edge of the antenna and investigated the influence
of the driving current I on the magnetization oscillations in the Py layer. Figure 5.3 demonstrates
BLS spectra measured for different currents. In Figure 5.3a a broad spectrum associated with
thermally excited magnons is shown at I = 0 (black symbols). Below the onset of auto-oscillations
small applied current enhances thermal fluctuations [26], therefore the magnetization oscillations
becomes more intense and the corresponding spectrum narrows (Figure 5.3a, red symbols). As
discussed in Chapter 2, at the critical current Ic the effective negative damping, created by the STT
effect, completely compensates the natural magnetic damping, and the system makes a transition
to the auto-oscillation regime. In the spectrum it is manifested by appearance of an intense peak
(Figure 5.3b, note the scale change on the vertical axis).
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(a) (b)

Figure 5.3: (a) and (b) BLS spectra of the magnetization oscillations in the Py layer
measured at the labeled current values. Symbols are experimental values, curves are
guides for the eye.

All this information is collected in Figure 5.4a. It is a logarithmic color-coded map, which
shows the intensity of the BLS spectrum as a function of the driving current and frequency. The
right lobe is associated with thermally exited magnons which always exist at finite temperatures.
The left one, which appears at I ≈ 5 mA (white dashed line in the figure), corresponds to the auto-
oscillation mode. Figure 5.4b shows the dependence of the integral BLS intensity on the current.
It abruptly increases at I > 5 mA marking the onset of auto-oscillations as discussed in the second
chapter. In order to find the critical current Ic more precisely, we also plotted the inverse of integral
BLS intensity in the same graph. By extrapolating the dependence, we estimated Ic = 5.4 mA.

(a) (b)

Figure 5.4: (a) Color-coded map of the measured BLS intensity in the current-
frequency coordinates, white dashed line shows the critical current Ic. (b) Integral
intensity (diamonds) and its inverse value (squares) vs. current. The dependencies
are normalized by the value I = 0. Ic marks the threshold current for the onset of
auto-oscillations. Curve is the result of the polynomial fitting.
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5.2 Electronic measurements

When the driving current exceeds the critical value Ic, the auto-oscillation amplitude becomes
sufficiently large, and electronic signals generated in the antenna can be detected by the spectrum
analyzer. Figure 5.5 shows an example of measured electronic spectrum. As discussed in the
second chapter, in order to precisely determine the central frequency fc and the FWHM ∆f , one
should fit the detected peaks with a Lorentzian function [46].

Figure 5.5: Spectrum of the electronic signal induced by the nano-oscillator measured
at I = 8 mA and H0 = 1000 Oe. Symbols are experimental data, curve is the result of
fitting by the Lorentzian function.

To understand how the driving current affects the operation frequency fc and the spectral
linewidth ∆f we performed measurements at different I. Figure 5.6a shows a color map of the
power spectral density (PSD) of the measured electronic signals in the current-frequency coordi-
nates. The data demonstrate that the oscillations can be detected only at I > 6 mA. Additionally,
it is seen that the NLSI-based oscillator exhibits single-frequency auto-oscillation with narrow spec-
tral linewidth within the entire studied current range up to 10 mA. The coefficient of the nonlinear
frequency shift N in the case of an in-plane magnetic field is negative, and therefore the central
frequency fc of the spectral peaks decreases with increasing current. Figure 5.6b shows good agree-
ment between the operation frequencies fc measured by means of microwave spectroscopy (blue
solid line) and the BLS technique (red diamonds).
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(a) (b)

Figure 5.6: (a) Color map of the power spectral density of the electronic signal vs.
current and frequency. (b) Center frequency fc as a function of the driving current I
measured by electronic microscopy (blue solid line) and BLS (red diamonds).

At the beginning of this chapter we have mentioned the limited frequency resolution of BLS
spectroscopy, which didn’t allow to measure precisely the spectral linewidth of the NLSI-based
oscillators in the previous study [36]. But microwave spectroscopy is free from this limitation. Fig-
ure 5.7 shows the dependence of the linewidth ∆f on the driving current I. At first, it decreases
rapidly for current above Ic, then it reaches the broad minimum of 7 MHz at 7.5 mA and finally
starts to increase at I > 9 mA. This behavior is correlated with that of the peak power (filled
symbols in Figure 5.7). The latter firstly rapidly increases after the onset of auto-oscillations, sat-
urates at 7.5 mA and subsequently decreases at large currents. In order to interpret the measured
dependencies, we additionally plotted the integral power of the electronic signals as a function of
the current I in Figure 5.8.

Figure 5.7: Peak power (filled squares) and spectral linewidth (open diamonds) vs.
current. The data were measured at H0 = 1000 Oe.
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Figure 5.8: Current dependence of the integral power of the electronically detected
signals. The data were measured at H0 = 1000 Oe.

From theory [46] we know that the generation linewidth ∆f is inversely proportional to the
energy of oscillations. As follows from Figure 5.8, the integral power of measured signal increases
at currents above Ic, and consequently the observed linewidth narrows (Figure 5.7). But the auto-
oscillations amplitude can not grow forever, it should be limited by the nonlinear effects. As a result
∆f reaches its minimum at 7.5 mA. However, as can be seen in Figure 5.7, the further increase
in current leads to spectral broadening. This behavior can be explained by nonlinear coupling
of the auto-oscillation mode with other magnetic modes of the system. In [26] it was shown that
the spin-transfer torque disproportionately enhances the amplitudes of long-wavelength modes and
thus creates a nonequilibrium spin-wave distribution. As a result, that leads to nonlinear magnon-
magnon interactions and redistribution of the energy within the magnon spectrum. This conjecture
is supported by a fact that the auto-oscillation frequency monotonically decreases (Figure 5.6b),
even when the integral power of the detected peaks starts to decrease (Figure 5.8) at I > 8 mA.
The nonlinear frequency shift is determined by the energy stored in all the magnetic modes. Thus,
the behaviors observed at large currents indicate that the energy is transferred from the auto-
oscillation to the dynamic magnetic modes which cannot be directly detected in the experiment
due to their short wavelengths.

The data presented in Figure 5.7 and 5.8 were measured at H0 = 1000 Oe, but similar results
were obtained for other values of the external field. It was found that the minimal linewidth slightly
increases with increasing H0, as illustrated by three electronic spectra in Figure 5.9 measured at
H0 = 600 Oe, 1000 Oe and 1400 Oe respectively. Both the center frequency fc and the spectral
linewidth ∆f as functions of the field H0 are shown in Figure 5.10. It demonstrates that the
frequency of the NLSI nano-oscillator can be tuned over a wide range while the minimum linewidth
remaining at a few megahertz.
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Figure 5.9: Spectra of the measured electronic signals generated by the NLSI-based
oscillator at H0 = 600 Oe, H0 = 1000 Oe and H0 = 1400 Oe, respectively. Curves are the
result of fitting by the Lorentzian functions.

Figure 5.10: Dependence of the central frequency fc and the spectral linewidt ∆f on
the external magnetic field H0. Symbols are experimental values, lines are guides for
the eye.

5.3 Conclusions

Presented results shed light on the spectral characteristics of the magnetic nano-oscillators
driven by pure spin currents generated by the nonlocal spin injection mechanism. At first, by
using micro-focus BLS spectroscopy we estimated the spatial size of the auto-oscillations mode.
As in the previous case [36] it exceeds 300 nm in the diameter. Also due to the high sensitivity
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of the BLS technique we managed to study the magnetization dynamics before the onset of auto-
oscillations. As a result we found the value of critical current Ic = 5.4 mA for our system. Then we
used electronic microwave spectroscopy to achieve the high spectral resolution of measurements and
precisely determine the linewidth of the NLSI-based oscillators. We showed that the devices exhibit
highly coherent dynamics with the spectral linewidth of a few megahertz at room temperature. For
example, the FWHM reaches 4 MHz at H0 = 600 Oe. Finally, we established that the coherence
is preserved over a broad range of the external field.
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Chapter 6

Excitation of propagating spin waves by
nonlocal spin injection

In previous two chapters we have discussed the advantages of the NLSI-based oscillators, namely
the minimized Joule heating effects and the narrow spectral linewidth. However, so far only
spatially localized auto-oscillations have been excited in these devices [36], and therefore they
cannot be used as sources of propagating spin waves in magnonics circuits, for example. Actually
the excitation of spin waves is an important issue in modern magnonics because the traditional
inductive method becomes inefficient on the nanoscale [11]. In this chapter we demonstrate a
device which exhibits efficient excitation and directional propagation of coherent spin waves with
a large propagation length.

Sketch of the studied structure is shown in Figure 6.1, and it consists of two subsystems.
The first one is a familiar three-layer structure Py(5)Cu(20)CoFe(8), which properties we have
discussed in the previous chapters. We will call it an active subsystem because here the localized
auto-oscillation mode is excited (see Section 2.4 for details) with the spatial size of about 300 nm
(Figure 5.2). To convert these localized oscillations into a propagating spin wave, a waveguide (the
second subsystem) is placed on top of the Py film. The distance between the nanocontact and the
waveguide edge was chosen 150 nm to ensure efficient coupling between two subsystems.

Figure 6.1: Sketch of the proposed device.
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6.1 Waveguide optimization

As we have mentioned in Chapter 2, because of finite size of a ferromagnetic sample uncom-
pensated magnetic surface charges emerge on its surface. As a result, they produce the demagne-
tizing field Hdem directed oppositely to the external field H0 (Figure 6.2). Thus the internal field
Hint = H0 + Hdem decreases inside the sample. For calculations of the demagnetizing and the
internal fields we used the Mumax3 software [62].

Figure 6.2 shows the simplest form of the waveguide subsystem. It is a 20 nm thick and 500
nm wide Py stripe placed on top of the 5 nm thick Py film. During this section other layers
are unimportant. The external field H0 = 1000 Oe is directed along the x-axis. Figure 6.3a
demonstrates a calculated distribution of the x-component of the demagnetizing field Hdem across
the waveguide. As expected it is directed anti-parallel with H0 (notice negative values) and
therefore reduces the internal field inside the waveguide.

Figure 6.2: Rectangular-shaped Py waveguide (yellow colored) placed on top the Py
film (blue colored). The Cu and CoFe layers are not shown.

(a) (b)

Figure 6.3: (a) Calculated distribution of the demagnetizing field in the waveguide
along the x-axis. Two vertical dashed lines mark the edges of the stripe. (b) Calcu-
lated profile of the x-component of the internal field along the y-axis. Left and right
vertical lines show the positions of the nanocontact and the waveguide, respectively.
The data were calculated at H0 = 1000 Oe.
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Figure 6.3b shows a calculated spatial profile of the x-component of the internal field Hint along
the y-axis. Far outside the waveguide the field is equal to the external value 1000 Oe. But due
to the demagnetizing effects, it starts decreasing near the edge and finally reaches a value about
750 Oe inside the waveguide. This slow variation leads to two undesirable effects. But before we
discuss them, we should consider a general problem of spectral matching between the spin-torque
nano-oscillator and the magnonic nano-waveguide.

Figure 6.4: Schematic hand-drawn picture of spin-wave dispersion relations. Two red
curves correspond to spin waves propagating in the extended Py film parallel and
perpendicularly to the external field H0. The blue curve is the dispersion law for
the waveguide mode. The green shaded area shows operating frequency range of the
spin-torque nano-oscillator.

(a) (b)

Figure 6.5: (a) Local reduction of the internal field near the edge of the stripe results
in upward shift of the waveguide dispersion curve. (b) Decrease of the magnetic field
in the vicinity of the nanocontact leads to downward shift of the STNO frequency
range.

In hand-drawn Figure 6.4 the red curves schematically represent the dispersion relations f(k)
for spin waves in the extended 5nm thick Py film propagating perpendicular (⊥H0) and parallel
(‖H0) to the direction of the external magnetic field. They both start at the frequency of the
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uniform ferromagnetic resonance (FMR, Kittel formula [66]):

f⊥ = γ
√
H0(H0 + 4πM0) (6.1)

and then monotonically increase with growing wavevector k. These curves can be calculated
by using the well developed analytical theory [67, 68]. In the previous chapter we have seen
that by changing the bias current I, we can tune the the operation frequency of the NLSI-based
nano-oscillators in a wide range (Figure 5.10). But as shown in Figure 5.8 the devices generate
intense microwave signals only for current above 6mA and below 10mA. For I < Ic = 5.4mA the
spin-transfer torque doesn’t completely compensate the natural magnetic damping and therefore
auto-oscillations are not possible. For I > 10mA the integral power of oscillations becomes too
small due to nonlinear scattering processes. In other words, this current band defines the frequency
range of the NLSI-based oscillators (shown as green shaded area in Figure 6.4). The range lies
entirely below the FMR frequency f⊥ and therefore doesn’t intersect with the dispersion curves
for the extended magnetic film (red color in the figure). As a result the auto-oscillation mode
is spatially localized and doesn’t radiate spin waves in the surroundings film. Finally the blue
curve in Figure 6.4 is the dispersion law for spin waves propagating in the waveguide. It can
be also calculated analytically but only with approximations [11], and therefore one usually uses
micromagnetic simulations to find it (we will discuss one of the methods in section 6.3).

Figure 6.4 shows good spectral matching since the dispersion spectrum of the waveguide mode
overlaps with the entire STNO frequency range. In other words, for every auto-oscillation frequency
there is a propagating spin wave with the same frequency and nonzero wave vector k. But in the
case of the regular stripe (Figure 6.2) there are two unwanted effects, which prevent efficient spectral
matching. At first, the internal field increases significantly near the edge of the waveguide (Figure
6.3b). As a result, the waveguide dispersion curve is locally shifted to higher frequencies (Figure
6.5a), and consequently spectral matching becomes worse. Additionally, the external field H0 is
reduced at the position of the nanocontact (Figure 6.3b), and therefore the entire frequency range
of the nano-oscillator shifts downwards (Figure 6.5b). Eventually the system exhibit poor spectral
matching, which prevents efficient excitation of propagating spin waves. So we can conclude that
instead of smooth variation the internal field should have more abrupt profile across the edge of
the waveguide, ideally it should be a step function. And one can try to achieve it, by modifying
the waveguide configuration.

Firstly, the waveguide can be tapered. For example, the width can be changed from 500 nm
to 300 nm at the edge (Figure 6.6a). It is known that in narrower stripes the demagnetizing
field Hdem is more intense because the effective magnetic charges are located closer to each other
[42]. As a result, the internal field is more decreased in the constriction region (Figure 6.6b), and
therefore its profile becomes steeper near the edge of the waveguide. However, the magnetic field
is still reduced at the location of the nanocontact.
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(a) (b)

Figure 6.6: (a) Schematic picture of the tapered waveguide. (b) Calculated distri-
bution of the internal magnetic field along the y-axis for the regular (red) and the
tapered (blue) waveguides. The data were calculated at H0 = 1000 Oe.

(a) (b)

Figure 6.7: (a) Schematic picture of the tapered waveguide with additional field-
compensation elements. (b) Calculated distribution of the internal magnetic field
along the y-axis for the regular (red) and the tapered (blue) waveguides. The orange
curve shows the configuration with additional elements. The data were calculated at
H0 = 1000 Oe.

Next we can add some extra elements. For example, two Py rectangles with widths of 500 nm,
lengths of 300 nm and 20 nm thicknesses (Figure 6.7a). Each of them creates the demagnetizing
field with the same distributions as a regular rectangular stripe (Figure 6.3a). As can be seen
in Figure 6.3a, outside the element Hdem is directed along the the x-axis (notice positive values),
and thus it locally increases the external magnetic field. Contributions from both elements add

35



together and give rise to the distribution of the internal field shown in Figure 6.7b. Now the
magnetic field in the vicinity of the nanocontact is equal to the external field.

Actually we can further improve the structure. For instance, instead of rectangular elements
one can use triangles (Figure 6.8a), the corresponding internal field distribution is shown in Figure
6.8b. However, the benefits are not so significant, and therefore in the experiment we investigated
the systems with rectangular elements.

(a) (b)

Figure 6.8: (a) Schematic picture of the tapered waveguide with triangular field-
compensation elements. (b) Calculated distribution of the internal magnetic field
along the y-axis for the waveguide with rectangular (orange) and triangular (green)
additional elements. The data were calculated at H0 = 1000 Oe.

6.2 Experiment

Experimentally the current-induced magnetization dynamics was investigated by means of
micro-focus BLS spectroscopy [57]. Figure 6.9 shows an atomic-force microscopy (AFM) image of
the studied device. The waveguide of the width 500 nm was tapered to 300 nm at the edge, the
additional elements with dimensions of 500 nm by 300 nm were separated by 500 nm from edge
to edge. All the elements were 20 nm thick and made from Py. The external field H0 was applied
across the waveguide, along the x-axis.

At first, we located the probing laser spot on extended part of the Py film, set the driving
current to zero I = 0 and measured spectra of the magnetization dynamics induced by thermal
fluctuations for different values of the external field H0. Figure 6.10a shows an example of the
recorded spectrum.
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Figure 6.9: AFM image of the device.

(a) (b)

Figure 6.10: (a) Spectrum of thermally excited magnons at H0 = 1000 Oe. (b) FMR
frequency f0 as a function of H0. Red diamonds are measured values, black curve is
the result of the fitting based on the Kittel formula.

The central frequency of the peak f0 can be associated with the frequency of the uniform
ferromagnetic resonance (section 4.3.2 in [58]). Figure 6.10b shows the dependence of f0 on the
external field magnitude H0. By fitting the experimental data with the Kittel formula (6.1), we
can find the saturation magnetization 4πM0, and in our case it is equal to 9.8 kG. We will need
this material parameter for micromagnetic simulations.

Next we placed the probing laser spot directly at the position of the nanocontact to investigate
the magnetization dynamics of the NLSI-based oscillator. At small applied currents only the
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magnetization oscillations induced by thermal fluctuations are observed (like in Figure 6.10a).
With increasing I they become more intense, and at certain critical value Ic the transition to
the auto-oscillation regime happens. In order to estimate the critical current, we used the same
method described in Chapter 5, and we found Ic = 3.6 mA. Figure 6.11 shows the measured BLS
spectra at different the currents above Ic. As can be seen the auto-oscillation frequency always
lies below the FMR frequency f0, and therefore the excited mode is spatially localized and doesn’t
radiate spin waves into the surrounding film.

Figure 6.11: BLS spectra (symbols) measured at different I. Curves are guides for
the eye, the vertical line marks the FMR frequency f0 = 9.3 GHz. The data were
measured at H0 = 1000 Oe.

After the preliminary part we studied excitation of propagating spin waves. For that we scanned
a rectangular 4 µm by 1.2 µm area around the nanocontact by the probing laser spot. A spatial
map in Figure 6.12 shows the distribution of the local intensity of the dynamic magnetization,
which looks like a comet. The ”head” is a high-intensity region around the nanocontact, which
represents the localized auto-oscillation mode induced by pure spin currents. The extended ”tail” is
an excited spin wave propagating along the waveguide. To prove that the spin wave is concentrated
in the waveguide and doesn’t radiate its energy into the surrounding film, we plotted the transverse
section of the intensity map (Figure 6.13). As can be seen, the measured intensity is almost entirely
confined to the waveguide. This observation confirms the directional propagation of the excited
spin wave.
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Figure 6.12: Normalized color map of the BLS intensity for a region around the
nanocontact. White dashed lines mark the waveguide and the field-compensation
elements. The data were measured at I = 4 mA and H0 = 1000 Oe.

Figure 6.13: Transverse section of the intensity map at the distance of 2 µm from
the nanocontact. Symbols are measured values, black curve is the Gaussian fit. Two
vertical dashed lines show the lateral edges of the waveguide. The data were obtained
at I = 4 mA and H0 = 1000 Oe.

For integration of the studied device into magnonic circuits it should exhibit sufficiently large
propagation length l. By definition it is the distance over which the spin wave amplitude decreases
by a factor of e = 2.71.... In order to find l, we plotted the BLS intensity as a function of the
propagation distance y in Figure 6.14a. Note that the data are plotted on the logarithmic scale,
therefore the observed linear decrease is actually an exponential decay exp(−2x/l). By fitting
the data we find that the propagation length is equal to 3µm in our case. It is large enough for
possible technical applications of the devices.
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(a) (b)

Figure 6.14: (a) Dependence of the BLS intensity on the propagation coordinate y.
Symbols are experimental data, red line is the result of linear fitting. Vertical line
marks the position of the nanocontact. The data were obtained at I = 4 mA and
H0 = 1000 Oe. (b) Propagation length l as a function of the auto-oscillation frequency
(bottom scale) and the driving current I (top scale). Symbols are measured values,
curve is guide for the eye.

By performing similar measurements for different driving currents, we found that the propa-
gation length decreases with increasing I (Figure 6.14b, top horizontal scale). As we will show
below, this decrease is associated with the decreasing frequency of auto-oscillation (bottom hori-
zontal scale in Figure 6.14b). In order to prove that we performed micromagnetic simulations.

6.3 Micromagnetic simulations

Initially, our goal was to calculate the dispersion relation f(k) for the waveguide mode. For
that we used the MuMax3 software [62], the script can be found in the appendix. The first step
is to define the geometry. Because we were interested only in the propagation of spin waves,
not in their excitation, we didn’t take into account the waveguide’s finite length and the field-
compensation elements. Instead we investigated a structure shown in Figure 6.15. It is a 12µm
× 3µm × 5 nm Py base (blue colored) and a 12µm × 500 nm × 20 nm Py waveguide (yellow
colored) on the top of it. Entire system was discretized into 100 × 10 × 5 nm3 cells. In the
calculations we used the standard Gilbert damping constant α = 0.01 and the exchange stiffness
Aex = 1.3·10−11J/m. The saturation magnetization 4πM = 9.8 kG we had determined beforehand
from the BLS measurements (Figure 6.10b).
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Figure 6.15: Schematic picture of the studied system.

After we defined the geometry and material parameters, we used periodic boundary conditions
(PBC) along the y-axis and found the ground state of the system. PBC help us to get rid of
undesirable boundary domains (Figure 6.16) and since the waveguide is much longer than the
propagation length of the spin waves, such simplification is acceptable. The external field H0 =
1000 Oe was directed along the x-axis.

(a) (b)

Figure 6.16: Color-coded maps of the y-component My without (a) and with (b)
periodic boundary conditions. Two horizontal lines mark the edges of the waveguide.
Small white arrows show the local direction of the magnetization.

Next step is to excite spin waves and find the dispersion law f(k). Generally speaking there are
several methods, and we chose the following: we added to the static homogeneous field H0 = H0ex
an imhomogeneous perturbation δH(x,y, t) = A(t)Hx(x)Hy(y)ex.
The time-dependent amplitude is given by

A(t) = a · sin(2πfmaxt)

2πfmaxt
,

where a and fmax are parameters. It is a sinc function, and its Fourier transform is a rectangular
function. Therefore it allows us to excite all frequencies in a range from 0 to fmax. We used
a = 1 Oe and fmax = 20 GHz.
The y-dependent part is

Hy(y) = cos(
2πNy

Ly
),
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where Ly is the waveguide length (12µm in our case) and Ny is a parameter, which defines number
of wavelengths per Ly. Figure 6.17 shows Hy(y) profiles for different Ny.

(a) (b) (c)

Figure 6.17: (a) - (c) Hy(y) profiles for Ny = 0, 1 and 2, respectively.

If we fix Ny, we will excite a spin-wave with a predefined wavelength λ = Lx

Ny
or wavenumber

k = 2πNy

Lx
(Figure 6.18). Then by using Fourier analysis, we can find a frequency corresponding

to this mode. Thus by gradually changing Ny = 0, 1, ..., we can compute the entire dispersion
relation f(k).
Finally the x-dependent part is just a rectangular function

Hx(x) =


0, if x < −w

2

1, if − w
2
< x < w

2

0, if x > w
2

,

where w is the stripe width (500 nm in our case). In other words the perturbation δH(x, y, t) is
non-zero only inside the waveguide.

(a) (b)

Figure 6.18: Calculated distributions of the y-component My for two different wave-
lengths (a) Ny = 1 and (b) Ny = 5. Two horizontal lines mark the waveguide edges.

After we defined the excitation, we performed simulations. Figure 6.19 demonstrates the calcu-
lated dispersion relation f(k) (blue symbols). The lowest frequency is equal to 7.5 GHz, and it is
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below the smallest auto-oscillation frequency of the nano-oscillator. In other words, the waveguide
supports propagation of spin waves at all frequencies within this frequency range. The red curves
are dispersion characteristics of spin waves propagating in the extended Py film, calculated by
using the analytic theory [67]. They both start at the FMR frequency of 9.2 GHz. If the frequency
of spin wave exceeds this value, it is no longer confined in the waveguide and propagates through
the extended film instead.

Figure 6.19: Symbols are calculated dispersion f(k) for spin waves propagating in the
waveguide. Two red curves are dispersion relations for spin waves propagating in the
extended 5 nm thick Py film perpendicularly and parallel to the external magnetic
field. Green horizontal lines show boundaries of the frequency range of the nonlocal
oscillator.

Also the simulations allowed us to calculate the propagation length l. For that we used an
analytical formula (p.167 in [5])

l =
vgr

αω ∂ω
∂ωH

,

where vgr = ∂ω
∂k

is the spin wave group velocity and ωH = γH0. Figure 6.20 shows the results of
calculations. They reproduce the experimentally observed decrease of the propagation length with
decreasing auto-oscillation frequency (Figure 6.14b). The possible explanation is the reduction of
the group velocity at smaller frequencies. It can be seen from the decreasing slope of the dispersion
curve in Figure 6.19. Finally, the calculated values are in good quantitative agreement with the
experimental data.
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Figure 6.20: Propagation length vs. frequency. Blue circles are calculated values, red
diamonds are experimental results. Two vertical lines show the frequency range of
the nano-oscillator. The data were obtained at H0 = 1000 Oe.

6.4 Conclusions

In this chapter we demonstrated that directionally propagating spin waves can be efficiently
excited by pure spin currents generated by the nonlocal spin-injection mechanism. At first, we
showed that good spectral matching between the nano-oscillator and the magnonic nano-waveguide
can be achieved, by utilizing the demagnetizing field effects. Then, by means of the BLS technique,
we investigated the current-induced magnetization dynamics and observed the excited spin waves.
We showed that they are confined in the waveguide and therefore propagate directionally. Also we
demonstrated that the studied system exhibits sufficiently large propagation length. Finally, we
performed micromagnetic simulations, which helped us to understand mechanisms controlling the
spin-wave propagation in the device. The results of calculations are in good quantitative agreement
with the experimental data. We believe that the demonstrated results open new perspectives for
the future-generation electronics such as spintronics and magnonics.
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Chapter 7

General conclusions and outlook

In this thesis we investigated features of a new type of spin-torque nano-oscillators. The
operation principle of the studied devices are based on the nonlocal spin injection mechanism,
which allow one to make use of all the advantages of pure spin currents.

First of all, it was shown in Chapter 4 that nonlocal oscillators exhibit negligible flow of the
electrical current through the active magnetic layer and do not suffer from the detrimental effects
of layers with strong spin-orbit coupling on the dynamic magnetic damping. Moreover, since the
driving current in the NLSI devices flows mostly through low-resistivity layers, the Joule heating
effects are minimized. In particular, our heat flow simulations show that the maximal temperature
increase in the active device region does not exceed 10 K within the range of currents used in the
experiments.

Secondly, in Chapter 5 we presented spectroscopic measurements, which directly demonstrate
the high coherence of nano-oscillators driven by nonlocal spin injection. We showed that the
devices exhibit auto-oscillations with the spectral width of a few megahertz at room temperature.
For example, the linewidth reaches 4 MHz at the operation frequency of 6 GHz. In addition
the coherence is preserved over a broad range of the external magnetic field, and that allows the
wide-range frequency tunability.

Finally, we demonstrated that propagating spin waves can be generated by means of the NLSI
mechanism. We experimentally showed that the excited spin waves propagate directionally with
sufficiently large propagation length about 3µm. All these features make the NLSI oscillators
promising candidates for applications in the future-generation electronics.

As one can see from this summary, during this thesis many properties of the nonlocal oscillators
have been studied, but for a full understanding of the current-induced dynamics further researches
are needed. At first, reasons of the large size of the excited auto-oscillation mode should be clarified.
It exceeds 300 nm in diameter, and that can’t be explained by the self-localization effects. It is likely
determined by the spin diffusion length in the Cu layer, but nevertheless thoughtful micromagnetic
simulations should be performed. Then, both the phase locking of the NLSI-based oscillators
with an external signal and the mutual phase locking are particularly interesting. Finally, for the
complete understanding it would be helpful to analyze the magnetization dynamics in the nonlocal
oscillators at different out-of-plane angles of the external magnetic field.
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Appendix

COMSOL simulations

Table of material parameters used in the simulations:

Cu Py CoFe Au Silicon Sapphire
Density, kg/m3 8700 8700 8950 19300 2329 3970

Electrical conductivity, S/m 1.6 · 107 2.5 · 106 4 · 106 4.1 · 107 1 · 10−12 1 · 10−12

Thermal conductivity, W/(m ·K) 400 46.4 29.3 318 130 33
Heat capacity, J/(kg ·K) 385 430 376 128 700 750

Relative permittivity 1 1 1 1 11.7 10

The resistivity values are specified in the text. All geometrical sizes can be found in [30] and
[36]. Mesh was used with maximum element size 1.6 µm and minimum 0.25 nm.

Mumax3 simulations

Mumax3 script which was used to calculate the spin-wave dispertion law in Chapter 6:

widthWG := 0.5e-6

thicknessWG := 20e-9

thicknessBase := 5e-9

sizeX := 12e-6

sizeY := 3e-6

sizeZ := thicknessWG + thicknessBase

Nx := 1200

Ny := 150

Nz := 5

SetPBC(5, 0, 0)

SetGridSize(Nx, Ny, Nz)

SetCellSize(sizeX/Nx, sizeY/Ny, sizeZ/Nz)
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a := cuboid(sizeX, widthWG, thicknessWG).transl(0, 0, sizeZ/2-thicknessWG/2)

b := cuboid(sizeX, SizeY, thicknessBase).transl(0, 0, -(sizeZ/2 - thicknessBase/2))

setgeom(a.add(b))

Msat = 780e3

alpha = 1

Aex = 13e-12

m = uniform(0, 1, 0)

Bstat := 1000e-4

B_ext = vector(0, Bstat, 0)

t0 := 10e-9

Run(t0)

saveas(m, "groundstate_m")

N := 0

workalpha := 1e-10

excXsize := sizeX

excYsize := widthWG

alpha = workalpha

Amp := 1e-4

fmax := 20e9

mask := newVectorMask(Nx, Ny, 1)

for i := 0; i < Nx; i++ {

for j := 0; j < Ny; j++ {

r := index2coord(i, j, 0)

x := r.X()

y := r.Y()

B := cos(2 * pi * x / excXsize * N)

if x < (excXsize / 2) {

if x > (-excXsize / 2) {

if (y > -excYsize/2) && (y < excYsize/2) {

mask.setVector(i, j, 0, vector(B, 0, 0))

}

}

}

}

}

B_ext.add(mask, Amp*sin(2*pi*fmax*(t-t0))/(2*pi*fmax*(t-t0)))

tableautosave(1e-12)

autosave(m, 0.05e-9)

run(10e-9)
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