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1.1 Magnetic tunnel junction (MTJ). (a) Schematic of an MTJ nanopillar
that consists of two ferromagnets separated by an ultrathin insulator act-
ing the tunnel barrier. (b) A sketch of a perpendicularly magnetized MTJ’s
resistance vs external magnetic field H hysteresis loop. Tunneling magne-
toresistance (TMR) results in the higher resistance in the anti-parallel state
(AP) than the resistance of the MTJ in the parallel state (P) of two magne-
tizations. A thicker (narrow) arrow represents the magnetization of reference
(free) layer, respectively. The red arrow represents the sweep direction of
the magnetic field. The magnetic anisotropy, e.g., uniaxial anisotropy, of free
layer determines the width of the hysteresis loop - rectangular loop formed by
different switching field for a given field sweep direction. . . . . . . . . . . . 4

1.2 Uniaxial magnetic anisotropy (uniaxial anisotropy) in MTJ due to
shape anisotropy. The shape of magnetic volume gives rise demagnetiz-
ing field that depends on the magnetization direction, which is called shape
anisotropy, see section. 1.2. An MTJ patterned into elliptical shape exhibit
shape anisotropy within the plane of layers: the magnetization favors (un-
favors) to align along the long (short) axis of the ellipse. This character is
modeled by the uniaxial anisotropy of having an easy (hard) axis of the uni-
axial symmetry along the long (short) axis of the ellipse, respectively. For
in-plane magnetized MTJ with elliptical shape, the parallel and antiparallel
states of the free and fixed layers typically set along the easy axis of the uni-
axial anisotropy (long axis of ellipse), and the energy barrier ∆E between P
and AP state comes from strength of the uniaxial anisotropy in the free layer. 5

1.3 Voltage-Controlled Magnetic Anisotropy (VCMA) at MgO/CoFeB
interface. In the schematics, the CoFeB layer is electrically grounded, and
the voltage source is applied to the reference (ref) layer of an MTJ. The cap-
ping metal is assumed as Ta. (a) At negative bias (Vdc < 0) applied to an
MTJ, electrons deplete at the interface between MgO and the CoFeB layer.
This increases the perpendicular magnetic anisotropy (PMA) of the CoFeB
layer. The electron depletion (accumulation) leaves net positive (negative)
charge at the MgO/Fe interface and depicted as the red + (-) symbol, respec-
tively. The electrons are represented as ”-e” (b) At positive bias (Vdc > 0),
electrons accumulate at the interface between MgO and the CoFeB layer and
reduces the PMA of the CoFeB layer. . . . . . . . . . . . . . . . . . . . . . 12
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1.4 Sketch of magnetization dynamics described by Landau-Lifshitz-
Gilbert equation. At the equilibrium, the direction of magnetization m̂
is along the effective field Heff , in which the magnetic anisotropy energy is
minimum. When the magnetization is forced to tilt out of this direction, the
magnetization precesses about Heff due to the field torque τH acting in the
tangential direction. The phenomenological damping torque τd acts to damp
out the precession motion of the magnetization through energy relaxation pro-
cesses and causes the net spiral trajectory of the magnetization towards the
Heff . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.5 Phenomenological description of spin transfer torque (ST) in an
MTJ. Consider a FM1/spacer/FM2 trilayer structure, where the spacer layer
consist of an ultrathin insulating material acting as tunnel barrier, Idc is the
direction of electrical (conventional) current, gray circles represent electrons
passing through the trilayer, and a large blue arrow in the background rep-
resents the net flow direction of electrons. First, electrons passing through
the FM1 layer acquire spin polarization, depicted as spin moment p̂, in the
direction parallel to m̂1, which is the unit magnetization of FM1 layer. Next,
as the tunneled electrons traverse the FM2 layer, their spin moment repo-
larize along the m̂2, the unit magnetization of FM2 layer. If m̂2 6= m̂1, the
spin moment of incoming and outgoing current passing through the FM2 are
in different orientation and causes a net change of spin moment ∆p̂ of the
current. Due to conservation of momentum, the difference ∆p̂ give arise spin
transfer torque τST = −∆p̂ acting on the magnetization of FM2. The final
outcome is the reoreintation of m̂2 in the direction towards the spin moment
p̂ of incident current. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.6 Spin Hall Effect (SHE) and inverse spin Hall effect (ISHE). (a) In
the SHE process, the charge (electron) current density jc injected in the +x̂
is converted to the spin current density js outgoing in the +ŷ with the polar-
ization σ̂s ‖ +ẑ. (b) In the ISHE process, the spin current density js with the
polarization σ̂s ‖ +ẑ is injected into the −ŷ and converted into the charge cur-
rent density jc outgoing in the +x̂. Small arrows in z direction represent spin
angular momentum σs which is in the direction opposite to the spin moment
µs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.7 Illustrations of two-magnon scattering. (a) FMR excites uniform preces-
sion of magnetization, which can be described as magnons with k = 0 state.
The k = 0 magnons can scatter by the defects presented in the film into
magnons in a degenerate state with nonzero k-vector, ks 6= 0. (b) A cartoon
of defect matrices forming the rectangular geometry of various sizes and ori-
entation that are distributed randomly in the film. The red arrows represent
the direction of magnetization, and the thickness represents higher scattering
rate in the arrow direction. (c) A cartoon of defects forming stripe-like geom-
etry having an uniaxial symmetry. A maximum (minimum) scattering occurs
when the magnetization is perpendicular (collinear) to the stripe axis. . . . 23
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1.8 Schematic illustration of spin pumping in Pt/LSMO. M(t) represents
the precessing magnetization, and Hext is directed in the plane of the film.
Excitation of dynamical magnetization emits spin current into the adjacent
Pt layer which then converted to charge current via inverse spin Hall effect in
Pt. The jc and js are charge (electron) and spin current density, respectively.
The red and blue arrows represent spin moments µs. . . . . . . . . . . . . . 26

2.1 Cross-sectional geometry of a grounded coplanar waveguide (CPW).
(a) Top coplanar layer consist of ground-signal-ground (GSG) planes separated
by spacing b. The bottom ground plane is separated from the top GSG layer
by a dielectric substrate with thickness h. Conducting bridges called vias
electrical connect the upper and lower ground planes. In typical CPW-FMR
measurements, a magnetic film is placed face downward closely onto the sur-
face of GSG layer and driving microwave magnetic field HRF is generated in
the direction perpendicular to the axis of the signal line. (b) Sketch of static
electric and magnetic field distributions of quasi-TEM modes in the CPW. . 31

2.2 Schematic of CPW based ferromagnetic resonance (FMR) setup. A
magnetic film is placed onto the CPW separated by a single layer of Teflon
tape. The CPW board is designed to have a ”U” shaped transmission line,
and two SMA connectors are connected to microwave generator and microwave
diode. Microwave current is sent to one of the RF connector which generates
a driving microwave magnetic field, HRF, in the direction perpendicular to
signal line axis. The signal line is aligned collinearly with the static external
magnetic field Hext which is directed in-plane of the film and makes HRF

transverse direction to the external field. A transmitted microwave current
through the CPW that arrives at microwave diode gets converted into DC
voltage and measured by a lock-in amplifier. The lock-in amplifier is referenced
to the modulation frequency of AC current in a field modulation coil. The
modulation coil is suspended above the film, and the AC current passing
through the coil generates an AC Oersted field, hmod. In the schematics, the
straight and dotted lines represent microwave and DC cables, respectively. . 32

2.3 Setup for angular dependent FMR measurements. (a) The back of
LSMO/STO sample is attached to a transparency paper printed with a polar
graph via double-sided tape. The image shows LSMO film facing up. The
transparency paper is cut into a small circle with ”V” shaped slots around its
circumference. (b) The polar graph with the sample attached is placed onto
the CPW with film facing down. Four small red dots are previously marked
on the Teflon tape are used as alignment marks. As the polar graph is rotated
or moved by tweezers using the slots as anchoring, the polar graph, and the
film as one unit typically moves away from a center position. The film is
brought back to the center position for each target angle using the alignment
marks and lines in the polar graph as a guide to the eye. A thin glass slide is
diced into a small piece and added to the back of the polar graph transparency
paper via double-sided tape as a weight. . . . . . . . . . . . . . . . . . . . . 35

vi



2.4 Modified CPW for in situ FMR and ISHE measurements. (a) The
CPW board with machined out trenches define electrically isolated pads. The
soldered DC wires on each pad are connected to a lock-in amplifier or a volt-
meter. Teflon tapes are cut into small width to cover up only the signal line
and vias of the CPW. (b) An FM/NM film, presented by a green cartoon
rectangle, is placed face down onto the CPW and the Teflon tape isolates the
signal line. The film is attached to the pads by silver epoxy, represented as
light blue cartoon picture, which provides electrical connections. The exter-
nal magnetic field is directed collinear to the signal line and transverse to the
driving microwave magnetic field HRF to perform spin pumping, and the max-
imum ISHE signal is induced in the direction perpendicular to the external
magnetic field. (c) A close-up picture is showing a different CPW modified
for the ISHE measurement. The picture shows machined out trenches as close
as possible to Vias. The large-sized isolated pads in this CPW are made to
accommodate films having large lateral dimensions. . . . . . . . . . . . . . . 37

2.5 Schematics of amplitude-modulated ST-FMR circuit. The circuit con-
sists of a microwave (RF) generator, a bias tee, a lock-in amplifier, and op-
tionally a DC bias source for DC current or DC voltage to the MTJ. In this
setup, RF current ”chopped” at fmod = 0.3 − 1 kHz is injected to MTJ via
RF port of the bias tee. The spin-polarized RF current excites magnetization
dynamics by spin torque and causes the resistance of MTJ to oscillate at the
resonance frequency via tunneling magnetoresistance. The AC resistance of
MTJ then mixes with the AC microwave current to produce a DC rectified
voltage Vmix. The lock-in amplifier measures only the rectified voltage. . . . 41

2.6 Schematics of field-modulated ST-FMR circuit. The core of setup
is identical to the amplitude-modulated ST-FMR setup shown in Fig. 2.5.
Only difference is a modulation coil which provides AC Oersted field Hmod

oscillating at typical range fmod = 1−2 kHz. The AC Oersted field is generated
by running AC current through the coil provided by an audio amplifier which
is the voltage-to-current converter. In this setup, continuous (CW) RF current
is injected into MTJ to excite the magnetization. The rectified voltage is then
modulated by the modulation field Hmod. The lock-in amplifier detects the
rectified voltage by locking in to the modulation frequency fmod of the Hmod. 43
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2.7 Photograph of the out-of-plane (OOP) magnetic field station. (a)
Bird’s eye view of the OOP station including a full electronic rack (Skeletek,
Model No. C28U-4P-EX16) and passively isolated aluminum breadboard, which
helps to isolate environmental vibration to probe stage. The heaviest equip-
ment such as Kepco power supply and Audio amplifier sits at the bottom of
the rack. Also, these are essential to the probe station in our lab and rarely
removed. Make-before-switch ground box is homemade and employed in the
DC lines of ST-FMR setup to protect damaging sensitive devices from ESD
and voltage spikes during the loading of a device to the circuit or changing
electronic equipment. (b) The GMW 3470 Electromagnet provides DC ap-
plied magnetic field Hext at out-of-plane (vertical) direction concerning the
plane of probe/sample stage. The magnet sits on the top of sliding rail, and it
can be slid back and forth in the lateral direction, denoted by a green arrow,
with respect to width of the probe/sample stage. (c) Close up view of RF
probe touch down on the lead pattern of an MTJ device. A ring shaped of
copper coils provides field modulation Hmod, in out-of-plane direction, parallel
to the Hext. The copper coil is suspended directly above MTJ under study. 44

2.8 Example of field-modulated FMR spectrum of LSMO(30 nm) mea-
sured at 4 GHz frequency in the field domain. (a) The data, black open
circles, shows a single absorption profile and well fitted, green straight line,
to the Eqn. (2.4). The symmetric Lorentzian Ls (blue, dotted-dash line) and
antisymmetric La (red, dotted line) are shown with offset for clarity. (b) The
resonance field Hr = 315.4 Oe and FMR linewidth ∆H = 4.9 Oe are extracted
from the fit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.9 Example of over-modulation effect in FMR linewidth from field-
modulated ST-FMR measurements. In this measurement setup, the
magnetic field and DC bias are chosen to result in the lowest FMR linewidth
of the measured MTJ. Red circles are the measured data, and it has small
fluctuations between data points (approx. 30-50 MHz). Blue circles are re-
sult of taking 3 points moving average of the data. The FMR linewidth is
minimum at the modulation voltage Vmod at 0.4Vrms. For Vmod ≥ 0.6Vrms,
over-modulation occurs and broadening of the measured FMR linewidth is
observed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.1 Crystal structure of La0.7Sr0.3MnO3 (LSMO) is perovskite-based structure hav-
ing a general form ABO3. In LSMO, lanthanum (La) or substitutionally doped
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3.2 X-ray diffraction of epitaxial LSMO(25 nm) on STO (001) substrate.

(a) θ-2θ scan near the (002) peak. (b) Reciprocal space map near the (103)
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3.3 A typical field-modulated FMR spectrum of LSMO(30 nm) measured by a
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a single FMR absorption profile described by Eqn. (2.4). . . . . . . . . . . . 61
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3.4 LSMO(30 nm). (a) FMR resonance field vs in-plane angle φH measured at
4 GHz. (b) Frequency vs resonance field for easy axis (squares) and hard axis
(circles). (c) AFM topography of the LSMO surface. The AFM image shows
terraces with step-edge orientation of 125◦ with respect to [100]. Data are
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This dissertation explores the study of magnetization dynamics in a ferromagnetic thin film

and nanoscale ferromagnets. In bulk ferromagnets, nonlinear interactions generally couple

each spin wave eigenmode to a continuum of other available modes through multi-magnon

scattering. The multi-magnon scattering can potentially limit an achievable amplitude of

spin wave modes by pumping energy into other energy-degenerate modes. For example,

two-magnon scattering process in the presence of impurities and defects is known to act

as a channel of magnetic damping in ferromagnetic thin films. I present an observation of

the two-magnon scattering in epitaxial La0.7Sr0.3MnO3 (LSMO) and LSMO/Pt thin films,

investigate its impact on the evaluation of low magnetic damping in LSMO, and properties

of spin transport through the LSMO/Pt interface for potential nanodevice applications.

Magnetic damping is a critical parameter that determines the speed and energy efficiency of

the magnetic nanodevice such as spin-torque memory and oscillators. In a nanomagnet, the

geometric confinement breaks translational invariance of the system and discretizes the spin

wave spectrum, which helps to suppress the kinematically allowed multi-magnon scattering.

The suppression of multi-magnon scattering enables an unusual type of nonlinear interactions

and excitation processes in nanoscale ferromagnets that are qualitatively different from that

in bulk ferromagnets. In this regard, I report an observation of nonlinear resonant three-
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magnon scattering and its effect in the damping of nanoscale magnetic tunneling junctions

(MTJs). The spectral lineshape of a spin wave resonance undergoing three-magnon scattering

exhibits a minimum at the resonance frequency in sharp contrast to the amplitude maximum

seen in the linear resonance regime. This unusual behavior arises because the damping

parameter of a spin wave ceases to be frequency-independent and itself becomes a resonant

function of the excitation frequency. Also, such resonant nonlinear damping dramatically

alters the response of a nanomagnet to antidamping spin-torque in a counterintuitive way -

the antidamping torque can increase the damping of a spin wave mode that undergoes the

nonlinear resonant scattering.

Lastly, I present an experimental demonstration of electric-field driven parametric excitation

of a spin wave eigenmode in nanoscale MTJ. This work shows that the microwave electric

field applied across the MTJ electrode efficiently couples to the out-of-plane component of

oscillating magnetization via voltage-controlled magnetic anisotropy (VCMA) in the system.

The threshold voltage of parametric excitation is found to be well below 1 Volt, which makes

it attractive for magnonic nanodevices such as spin wave logic. The electric-field driven

parametric excitation of magnetization is a versatile method for generating short-wavelength

spin wave and thus results in this work pave the way towards energy-efficient excitation of

magnetization dynamics in thin films of metallic ferromagnets and nanodevices based on

magnetic multilayers.
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Chapter 1

Introduction and Background

Material

Magnetic systems studied in this dissertation are a thin film of single layer ferromagnet, a

thin film of bilayer ferromagnet/nonmagnetic metal, and nanoscale magnetic tunnel junc-

tions (MTJs) that consist of ferromagnet/insulator/ferromagnet trilayer at its core structure.

In the trilayer structure of MTJs, one of the ferromagnetic layer called free layer is suffi-

ciently decoupled from rest of magnetic multilayer that it can be considered as an isolated

magnetic volume. Therefore, all aforementioned magnetic systems can be understood by

physics describing properties of a single magnetic volume. In the rest of this Chapter, I

describe background materials starting with a short introduction about MTJs followed by

magnetization, magnetic anisotropy and magnetization dynamics in an isolated ferromagnet.

Next, I discuss the magnetic dynamics in the presence of spin-transfer torque and outline

contributions in magnetic damping that are relevant to the work in this dissertation.

In Chapter 2, I describe experimental methods employed in this dissertation. First, I in-

troduce ferromagnetic resonance (FMR) spectrometer setup based on coplanar waveguide
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(CPW) for characterizing magnetic thin films. I then discuss variants of CPW-FMR setup

for performing angular dependent FMR measurements and inverse spin Hall effect mea-

surements. Next, I introduce spin-torque FMR (ST-FMR) technique, which I employed for

characterizing MTJs. I describe an experimental setup for ultrahigh sensitive field-modulated

ST-FMR that allowed measurements of magnetic damping in a highly symmetric magnetic

configuration in MTJs.

In Chapter 3, I introduce a brief background about La0.7Sr0.3MnO3 (LSMO) followed by a

presentation of experimental results from FMR measurements on a single layer LSMO thin

film and Pt/LSMO bilayer. First, I discuss an observation of large negative perpendicular

magnetic anisotropy and a weaker uniaxial in-plane anisotropy in the system. Magnetic

damping shows the low Gilbert damping and significant contribution of two-magnon scat-

tering in this system. I present an enhancement of the damping due to spin pumping in the

Pt/LSMO bilayer and detection of inverse spin Hall effect.

In Chapter 4, I present an observation of nonlinear magnetic damping due to resonant

three-magnon scattering in MTJs. First, I present ST-FMR measurements of a spin wave

mode resonance that exhibit a minimum at the resonance frequency instead of the maximum

observed in the linear regime. Next, I show substantial damping enhancement of the spin

wave mode, in which undergoing resonant three-magnon scattering, under the presence of

anti-damping spin torque. I present a theory developed by theoretician colleagues that

explain these counterintuitive phenomena.

In Chapter 5, I present an experimental demonstration that shows parametric excitation

of magnetization dynamics in a nanomagnet driven by microwave electric field. I discuss

results that show resonance character of parametric excitation and a threshold of parametric

resonance on the drive voltage, which is compared to a theory predicting this phenomenon.
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1.1 Magnetic Tunnel Junctions (MTJs) and Tunneling

Magnetoresistance

The nanomagnets that appear in this dissertation are a ferromagnetic layer of nanoscale

magnetic tunnel junctions (MTJs). An MTJ consists of two layers of metallic ferromagnets

(FM), such as cobalt-iron alloys, separated by an ultrathin layer of an insulator as shown

in Fig. 1.1(a). The thickness of FMR layers is typically in the range of a few nanometers

down to less than one nanometer. The insulating layer is typically MgO or aluminum oxide,

and it serves as a tunnel barrier for electron transport and decreases interlayer coupling

between two FM layers. One of FM layer called free layer has its magnetization sufficiently

decoupled from the rest of magnetic layers, and external magnetic field can manipulate the

free layer magnetization. The magnetization of the other FM layer is made to be fixed or

hard manipulate by the external magnetic field. This layer is called a reference (ref) layer,

but it is also known as a polarizing layer or pinned (fixed) layer. One simple way to pin the

magnetization is to increase the layer thickness because, then, it will require more magnetic

energy to manipulate. A more effective method for strongly pinning the magnetization is

to deposit an antiferromagnet adjacent to the FM layer. The exchange bias at the interface

between the antiferromagnet and the FM layer results strongly pin the magnetization of the

FM layer [1].

The MTJ devices are typically patterned into a nanopillar structure with various cross sec-

tional shapes, e.g., circle, ellipses, etc., having lateral dimensions in the range 300 nm or

smaller. The MTJ devices studied in this dissertation have an elliptical cross section, as

shown in Fig. 1.2. The elliptical shape gives rise to an in-plane magnetic anisotropy (uni-

axial anisotropy) in the plane of the layer because magnetization directed along the short

axis vs long axis of ellipse experiences different demagnetizing field (shape anisotropy), see

Fig. 1.2, and Section 1.2. As a result, the magnetization favors (unfavors) to align along the
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Figure 1.1: Magnetic tunnel junction (MTJ). (a) Schematic of an MTJ nanopillar that
consists of two ferromagnets separated by an ultrathin insulator acting the tunnel barrier.
(b) A sketch of a perpendicularly magnetized MTJ’s resistance vs external magnetic field
H hysteresis loop. Tunneling magnetoresistance (TMR) results in the higher resistance in
the anti-parallel state (AP) than the resistance of the MTJ in the parallel state (P) of two
magnetizations. A thicker (narrow) arrow represents the magnetization of reference (free)
layer, respectively. The red arrow represents the sweep direction of the magnetic field. The
magnetic anisotropy, e.g., uniaxial anisotropy, of free layer determines the width of the
hysteresis loop - rectangular loop formed by different switching field for a given field sweep
direction.
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Figure 1.2: Uniaxial magnetic anisotropy (uniaxial anisotropy) in MTJ due to
shape anisotropy. The shape of magnetic volume gives rise demagnetizing field that de-
pends on the magnetization direction, which is called shape anisotropy, see section. 1.2. An
MTJ patterned into elliptical shape exhibit shape anisotropy within the plane of layers: the
magnetization favors (unfavors) to align along the long (short) axis of the ellipse. This char-
acter is modeled by the uniaxial anisotropy of having an easy (hard) axis of the uniaxial
symmetry along the long (short) axis of the ellipse, respectively. For in-plane magnetized
MTJ with elliptical shape, the parallel and antiparallel states of the free and fixed layers
typically set along the easy axis of the uniaxial anisotropy (long axis of ellipse), and the
energy barrier ∆E between P and AP state comes from strength of the uniaxial anisotropy
in the free layer.

long (short) axis of the ellipse which makes this direction an easy (hard) axis of the uniaxial

anisotropy, respectively. The energy barrier between easy axis and the hard axis come from

the strength of uniaxial anisotropy. In our in-plane magnetized MTJ devices, the parallel

and anti-parallel alignments of the free and reference layers are set along the easy axis of

the uniaxial anisotropy (along with the long axis of the ellipse). For MTJs where all lay-

ers are perpendicularly magnetized (pMTJs), the dominant uniaxial anisotropy comes from

perpendicular magnetic anisotropy (PMA) that has symmetric axis along the out-of-plane

direction, see Section 1.2.
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Tunneling magnetoresistance (TMR) is quite important property of MTJ because this effect

allows reading the relative state between free and reference layer magnetizations by mea-

suring electrical resistance of the MTJ. TMR ratio describes the difference in the resistance

between high resistance anti-parallel (RAP) and low resistance parallel (RP) orientations

between the two magnetizations, see Fig. 1.1(b).

TMR =
RAP −RP

RP

=
RAP

RP

− 1, (1.1)

The conductance G(θ) of an MTJ as function of the relative angle θ between two magneti-

zations is modeled as [2]

G(θ) =
GAP +GP

2
(1 + P1P2 cos θ) , (1.2)

where P1 and P2 are the spin polarizations of each FM layers. GAP = R−1
AP and GP = R−1

P

are the conductance of the MTJ for AP and P state, respectively. When the magnetization

of a layer in MTJ precess, e.g. the free layer that is resonantly excited, θ = θ(t) oscillates

in time. This results in time-dependent resistance of the MTJ having components at the

precession frequency f0 and its higher harmonic components [3]:

RMTJ(t) = ∆R0 + ∆R(t) = ∆R0 + Re

(∑
n

∆Rn f0 e
i n (2πf0) t

)
, (1.3)

where ∆Rnf0 can be complex with phase δnf0 . This AC resistance oscillation RMTJ(t) is

utilized for electrical detection of the magnetization excitations in MTJ via spin-torque

ferromagnetic resonance technique, which is outlined in Section 2.2.
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1.2 An Overview of Magnetic Anisotropy

At a temperature below the Curie temperature TC, ferromagnetic materials exhibit sponta-

neous ordering that all its magnetic moments ~µ align in the same direction by the exchange

interaction [1, 4]. These moments arises from spin and orbital angular momentum of electrons

and the total magnetic moments over the volume V is called magnetization ~M = (
∑
~µi) /V

of a sample [1, 4]. The orientation of magnetization ~M within a sample has directional de-

pendence called magnetic anisotropy and described by magnetic anisotropy energy (MAE).

The magnetization tends to align in the direction, called easy axis, that minimizes the energy

and hinders to align in the direction, called hard axis, which maximizes the energy. Among

several contributions of magnetic anisotropy, Zeeman energy, magnetocrystalline anisotropy,

and uniaxial magnetic anisotropy are the most important contributions in this dissertation.

I omit discussions of magnetoelastic (induced by stress) and exchange anisotropy (induced

from a neighboring antiferromagnet) that have no contributions to this work.

The spherical coordinate system is used throughout the dissertation. The azimuthal angles

φ and polar angles θ for magnetization are referenced to the [100] direction in the plane

of the magnetic thin film and the [001] direction, out-of-plane of the film, respectively.

When the magnitude of external magnetic field H (or sometimes denoted as Hext) is above

saturation field Hsat (H > Hsat, or called a saturated regime), the equilibrium direction of the

magnetization is aligned parallel to the external field direction. Throughout the dissertation,

the saturated regime is assumed, and the polar and azimuthal angles are used to represent

both the magnetization and the external magnetic field interchangeably otherwise noted.

Zeeman Energy

Zeeman energy is a potential energy density of magnetization under the external magnetic

field ~H and the energy minimum occurs when the magnetization is parallel to the external
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field.

FZeeman = − ~M · ~H (1.4)

Magnetocrystalline Anisotropy

Magnetocrystalline anisotropy (MCA) arises from spin-orbit interaction that couples the

magnetic moment of the electron with the crystal lattice [1, 4, 5]. As a consequence the

magnetization prefers to align along well-defined crystallographic axes. In practice, the free

energy density of magnetocrystalline anisotropy Fmc is phenomenologically derived based

on power series expansion of direction cosines αi of the magnetization ~M = Ms(αx, αy, αz)

with respect to the crystallographic axes [1, 4, 5]. Ms is the saturation magnetization. The

crystal system detemines the nonzero terms in the expansion and only even powers of the

cosines are allowed when symmetry requires that Fmc(αi) = Fmc(−αi), i.e. if 180◦ rotation

is identical in the αi direction.

In a cubic crystal, the lowest order term in the energy density is [5]:

Fmc = Kmc

(
α2
xα

2
y + α2

yα
2
z + α2

zα
2
x

)
= Kmc sin2 θ − 1

8
Kmc (7 + cos 4φ) sin4 θ

=
1

2
Ms

(
2Kmc

Ms

)
sin2 θ − 1

16
Ms

(
2Kmc

Ms

)
(7 + cos 4φ) sin4 θ

=
1

2
MsHmc sin2 θ − 1

16
MsHmc(7 + cos 4φ) sin4 θ, (1.5)

where Kmc is first order anisotropy constant which has four-fold symmetry. The correspond-

ing anisotropy field is Hmc = 2Kmc/Ms, which is a useful quantity for comparing the strength

of magnetic anisotropies in the system. A positive Kmc > 0 results easy axes and hard axes

along the 〈100〉 and 〈111〉 directions, respectively. The projection of hard axes 〈111〉 on to
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the plane of the film results 〈110〉 as hard axes within the plane. A contribution from second

order anisotropy could be considered but not shown here.

Lastly, the first term in the last line of Eqn. (1.5) can be expanded as 1
2
MsHmc−1

2
MsHmc cos2 θ

but the first term of the expanded expression can be neglected because 1
2
MsHmc has no

angular dependence. The final expression of the energy density is

Fmc = −1

2
MsHmc cos2 θ − 1

16
MsHmc(7 + cos 4φ) sin4 θ, (1.6)

Shape Anisotropy: Demagnetization Field

A finite volume of magnetic material produces magnetic charges at the surface as a solution

to the boundary problem in magnetostatics [1]. The magnetic surface charges or surface

poles is a source of a physically observable magnetic field called demagnetizing field Hdemag.

The demagnetizing field, as the name suggests, acts in opposition to the magnetization ~M at

inside the volume and continues as a dipolar stray field at the outside. The demagnetizing

field depends upon the shape of the volume because the surface poles distribution varies as

the magnetization orientation changes and give rise to the shape anisotropy.

In general, calculation of demagnetizing field is quite challenging and often requires numerical

computation except for few highly symmetric geometries, e.g., uniformly magnetized sphere

and ellipsoids [4, 6]. In thin films, edges of the plane can be approximated as semi-infinitely

separated and corresponding surface poles can be assumed to be vanishingly small. The

surface charges occur only in the direction normal to the film plane, and the shape anisotropy

is described by [1, 4, 5]

Fshape =
1

2
4πM2

s cos2 θ, (1.7)
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where Ms is the saturation magnetization, and θ is the polar angle. The shape anisotropy

always favors the magnetization to lie within the plane of the film, i.e., the energy minimum

occurs at θ = 90◦.

Perpendicular Magnetic Anisotropy

As thickness of thin films becomes smaller, the role of surface becomes significant and the

preferential direction of the magnetization can change from the commonly observed in-plane

orientation (due to shape anisotropy) to the out-of-plane direction. This originates from

considerably different magnetic anisotropy at the surface or interface compared to the bulk

of the film due to having lowered symmetry and surface oxidation at the surface/interface

[1, 7]. The free energy density of perpendicular magnetic anisotropy (PMA) F⊥ is described

by [1, 5, 7],

F⊥ = −2Ks

tfilm

cos2 θ

= −K⊥ cos2 θ

= −1

2
Ms

(
2K⊥
Ms

)
cos2 θ, (1.8)

where K⊥ is the PMA constant which has two-fold symmetry with respect to out-of-plane

direction. The K⊥ can be both positive or negative depending on the thickness of the film

tfilm. For K⊥ > 0, the easy-axis is along the out-of-plane direction, θ = 0◦. In the literature,

e.g. Ref. [7], the PMA constant is denoted by Ks with a prefactor 2 to account contribution

from both surfaces, e.g. top and bottom of the film. The accurate determination of Ks

requires thickness dependent measurements, which I did not performed in this work and I

lumped it as K⊥ = 2Ks/tfilm.

Lastly, the anisotropic constants Ki or anisotropic fields Hi are often grouped together by

the symmetry of the magnetic anisotropy. For example, the shape anisotropy and PMA
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have two-fold symmetry with respect to the out-of-plane direction. These contributions are

often reported in the literature as the effective out-of-plane magnetic anisotropy with the

corresponding anisotropy field H⊥,eff ,

H⊥,eff = 4πMs − 2K⊥/Ms (1.9)

Uniaxial Magnetic Anisotropy

Additional uniaxial anisotropy could be presented within the plane of the sample. It could

arise from dipole interaction between small areas (∼10 nm) of the sample and local variations

of the magnetic parameters that a global magnetic anisotropy can be resulted [8]. The free

energy density of the uniaxial anisotropy can be described by [5]

Funi = −1

2
MsHuni cos2(φ− φuni) sin2 θ, (1.10)

where φuni is the angle between the easy axis of UMA with respect to the [100] crystallo-

graphic axis for the positive Huni > 0.

1.3 Voltage-Controlled Magnetic Anisotropy

Recently, the magneto-electric (ME) effect at the interface between a ferromagnetic metal

(e.g. Fe) and a non-magnetic insulator (e.g. MgO) is discovered [9, 10, 11, 12]. This inter-

facial ME effect called voltage-controlled magnetic anisotropy (VCMA). VCMA originates

from different rates of filling surface states, d -like electron bands at the Fe/MgO interface,

in response to an electric field applied at the out-of-plane direction. Electrons in different

bands contribute differently to the uniaxial perpendicular magnetic anisotropy (PMA) at the

Fe/MgO interface. Therefore, inducing electron accumulation or depletion at the interface
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Figure 1.3: Voltage-Controlled Magnetic Anisotropy (VCMA) at MgO/CoFeB
interface. In the schematics, the CoFeB layer is electrically grounded, and the voltage
source is applied to the reference (ref) layer of an MTJ. The capping metal is assumed as Ta.
(a) At negative bias (Vdc < 0) applied to an MTJ, electrons deplete at the interface between
MgO and the CoFeB layer. This increases the perpendicular magnetic anisotropy (PMA) of
the CoFeB layer. The electron depletion (accumulation) leaves net positive (negative) charge
at the MgO/Fe interface and depicted as the red + (-) symbol, respectively. The electrons
are represented as ”-e” (b) At positive bias (Vdc > 0), electrons accumulate at the interface
between MgO and the CoFeB layer and reduces the PMA of the CoFeB layer.

modulates the PMA via applying voltage between MgO/Fe layers [11, 12].

VCMA can be characterized by VCMA efficiency (dH⊥/dV ), a net change of PMA in re-

sponse to the applied voltage across the interface. It is known that the sign of ζVCMA

depends on the materials combination of insulator, ferromagnetic and non-magnetic capping

layer. For example, MgO/CoFeB/Ta and MgO/CoFeB/Ru have the opposite VCMA sign,

see Ref. [13] and references therein. Concerning the sign of VCMA efficiency, the direction

of electron flow with respect to the interface between the ferromagnetic layer and MgO is

essential - whether electron accumulates or depletes at the interface. For MgO/CoFeB/Ta

system, the electron depletion at the MgO/CoFeB interface increases the PMA [13], see

Fig. 1.3.

12



1.4 Magnetization Dynamics

The magnetic anisotropy discussed in previous sections determines the equilibrium direction

of magnetization. At the equilibrium state, the magnetization aligns to a time-independent

effective field Heff that consists of the applied external magnetic field Hext plus any exist-

ing internal magnetic fields such as shape anisotropy (demagnetization) field Hdemag, PMA

field H⊥, magnetocrystalline anisotropy field Hmc, uniaxial anisotropy field Huni. When the

magnetization is driven out of its equilibrium, e.g. via ferromagnetic resonance, the magne-

tization starts to process around Heff and its motion is described by Landau-Lifshitz-Gilbert

(LLG) equation [5, 14]:

dm

dt
= −γm×Heff + αm× dm

dt
, (1.11)

where unit vector of magnetization m =
~M
Ms

, γ = |gµB/~| is the gyromagnetic ratio with

spectroscopic splitting factor g, Bohr magneton µB of electron, Planck constant h = 2π~, and

α is Gilbert damping constant. The magnetization ~M is treated as uniform (within macrospin

approximation) with a constant magnitude Ms [5, 14]. The first term, τH , describes the

precession of magnetization due to torque applied by the effective magnetic field Heff . The

second term, τd, describes dissipation in the magnetic system or magnetic damping that is

characterized by the Gilbert constant α [5, 14]. In the absence of damping, the magnetization

precesses indefinitely about the effective field at a constant precession cone angle θcone. The

damping causes the precession angle to decrease and returns the magnetization in direction

of the effective field at its equilibrium. The general trajectory of the magnetization described

by Eqn. (1.11) is a spiral towards the effective field as shown in Fig. 1.4.

Ferromagnetic Resonance

One way to drive the magnetization out-of-equilibrium is by ferromagnetic resonance (FMR).

In FMR, the magnetization of the ferromagnet is resonantly excited by applied microwave
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Figure 1.4: Sketch of magnetization dynamics described by Landau-Lifshitz-
Gilbert equation. At the equilibrium, the direction of magnetization m̂ is along the
effective field Heff , in which the magnetic anisotropy energy is minimum. When the magne-
tization is forced to tilt out of this direction, the magnetization precesses about Heff due to
the field torque τH acting in the tangential direction. The phenomenological damping torque
τd acts to damp out the precession motion of the magnetization through energy relaxation
processes and causes the net spiral trajectory of the magnetization towards the Heff .

(RF) magnetic field HRF, which oscillates its amplitude at RF frequency fdrive in a given

direction. Consider the magnetization in the saturation regime where the magnetization is

aligned along the external magnetic fieldHext. The RF magnetic field should be applied in the

direction transverse to the external magnetic field Hext to effectively tilt the magnetization

away from the Hext. In this geometry, the torque induced by RF magnetic field τRF work

against the Gilbert damping torque at the resonance condition, in which the drive frequency

fdrive coincides with the resonance frequency fr of the magnetization at a given Hext. At the

resonance frequency, the sample absorbs the maximum RF power, and a dynamic equilibrium

state is achieved. In the dynamic equilibrium state, the magnetization precesses about the

Hext at a precession cone angle θcone, an angle that τRF balances the damping torque τd.
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Parametric Excitation

Parametric resonance is another way of excitation of magnetization dynamics, in analogous

to parametric excitation in classical mechanics. A well-known example is a mechanics of a

child on a swing. In an attempt to generate large swing motion, we learn as a child to bend

legs back and forth in a periodic fashion. This reaction modulates the center of mass and,

thereby, modulates the moment of inertia, which a parameter of the system. At the proper

modulation frequency, which is at near the twice the natural frequency of oscillation of the

system, the child can excite large-amplitude oscillations via the parametric resonance.

Parametric resonance is thoroughly studied in bulk and thin-film ferromagnets [15]. In

these experiments, the magnetic field, which is a parameter of the magnetic system, is

modulated with a drive frequency fdrive near twice the FMR resonance frequency f0 of the

system. The parametric drive acts as effective magnetic damping that competes against the

intrinsic (Gilbert) damping, and the parametric damping exceeds the inherent damping at a

threshold amplitude of the parametric drive [15]. Parametric excitation of magnetization has

several advantages over direct excitation by FMR. First, parametric excitation can excite

spin wave with non-zero k-vector (k 6= 0) in contrast to FMR, which excites the uniform

precession of magnetization (spin wave with k = 0). Therefore, spin waves with the short

wavelength can be excited by selecting the parametric drive frequency twice of the desired

spin wave frequency. Also, the parametric excitation can be used as a pumping mechanism

for frequency-selective amplification of spin waves [16], and phase error corrections [17].

All these results make the parametric excitation an important tool for manipulating spin

wave propagation in the emerging field of nanomagnonics [18, 19]. Nevertheless, parametric

excitation by RF magnetic field in metallic ferromagnets is not energy efficient because large

RF current is required to generate relatively high threshold fields [20]. In Chapter 6, I

address this problem by an electric field (via VCMA) driven parametric resonance and show

excitation of magnetization oscillation in metallic nanomagnet at a low-power microwave
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drive.

1.5 Spin-transfer Torque

Spin-transfer torque (STT), also known as spin torque (ST), describes a phenomenon that

allows manipulation of magnetization by transferring spin angular momentum of injected

current. This effect was theoretically predicted by Slonczewski [21] and Berger [22] in 1996,

see Ref. [23] for a good review about spin torque physics.

Consider electron transport through a trilayer structure of FM1/spacer/FM2 as shown in

Fig. 1.5. The incident current is unpolarized or having randomly oriented spin polarization.

When the current pass through the first ferromagnetic layer FM1, the electrons becomes

spin-polarized and the direction of spin moment p̂, represented by a red arrow in Fig. 1.5,

is parallel to the magnetization of FM1, m̂1. Next, the spin-polarized current transmits

through the non-magnetic spacer layer conserving the polarization and enters the second

ferromagnetic layer FM2. Within a distance of the order of 1 nm in the FM2 layer, the

spin-polarized electrons experience the local exchange field along the magnetization of FM2

(m̂2) and become repolarized along the m̂2 [23]. Any change in the spin-polarization of

electrons before and after passing through FM2 layer results the net change of spin moment

of the current, ∆p̂ = p̂out − p̂inc. To satisfy the conservation of momentum, the net change

of current moment ∆p̂ gives rise the spin torque ~τst in the opposite direction (~τst = −∆p̂),

in which the ST acts on and reorients the magnetization of FM2.
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Figure 1.5: Phenomenological description of spin transfer torque (ST) in an MTJ.
Consider a FM1/spacer/FM2 trilayer structure, where the spacer layer consist of an ultrathin
insulating material acting as tunnel barrier, Idc is the direction of electrical (conventional)
current, gray circles represent electrons passing through the trilayer, and a large blue arrow
in the background represents the net flow direction of electrons. First, electrons passing
through the FM1 layer acquire spin polarization, depicted as spin moment p̂, in the direction
parallel to m̂1, which is the unit magnetization of FM1 layer. Next, as the tunneled electrons
traverse the FM2 layer, their spin moment repolarize along the m̂2, the unit magnetization of
FM2 layer. If m̂2 6= m̂1, the spin moment of incoming and outgoing current passing through
the FM2 are in different orientation and causes a net change of spin moment ∆p̂ of the
current. Due to conservation of momentum, the difference ∆p̂ give arise spin transfer torque
τST = −∆p̂ acting on the magnetization of FM2. The final outcome is the reoreintation of
m̂2 in the direction towards the spin moment p̂ of incident current.
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Magnetization Dynamics under Spin-torque (ST)

The magnetization dynamics under spin-torque is described by LLG equation, see Eqn. (1.11),

with an addition of spin-torque (ST) term, τst [23]:

τst = γ

(
η
~
2e

Jc
MstFM

)
m× (m×mRL) , (1.12)

where e = |e| is the electron charge, η is the spin torque efficiency, and mRL denotes

unit magnetization of reference layer, which spin polarizes the tunnel current that applies

ST onto the unit magnetization m. For example in Fig. 1.5, mRL = m1 and m = m2.

Jc = Idc/AFM is the DC electrical current density which flows out-of-plane direction of a FM

layer having the unit vector of magnetization m, cross-sectional area AFM, the thickness tFM.

The Eqn. (1.12) is also called damping-like torque because τst directly modifies the damping

torque τd in the LLG equation when mRL is collinear to the effective magnetic field Heff . I

note that field-like spin-torque term is omitted in Eqn. (1.12), see Ref. [24] for more details.

The subtle physics in the spin-torque term is well discussed in Ralph and Stiles’ review paper

[23]. Here, I describe an example case for determining the direction of τst using Eqn. (1.12).

Following exposition is based on Ref. [3, 23]. First, m is the unit magnetization that ST

acts on, e.g. free layer of an MTJ and depicted as m2 in Fig. 1.5. The direction of m is

determined or configured in an experimental setup. For example, application of the external

magnetic field along the easy axis of MTJ’s unaxial anisotropy sets the m parallel to the

magnetic field. Once m is known, mRL direction can be determined with respect to the free

layer m by measuring resistance vs magnetic field. For example, the anti-parallel resistance

RAP in Fig. 1.1(b) implies that the mRL and m are in the opposite directions. Next step

is to figure out the sign of the prefactor in the ST term and, here, a clear definition of Jc

is quite critical because all other parameters in the prefactors are positive quantity by its

definition. In Eqn. (1.12), the definition of Jc sign is not based on how the electrical voltage
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applied to the MTJ electrode but defined based on the net flow of spin-polarized electrons.

In Fig. 1.5, Jc is defined positive Jc > 0 for electrons flowing from m (free layer) to mRL

(reference layer) and Jc < 0 vice versa. In Fig. 1.5, electrons flow from (mRL = m1) to m

and, therefore, Jc < 0, which is the conventional current which flows in the direction opposite

to electron flow. Following these definitions yield direction of τst that agrees with Fig. 1.5.

An important outcome of spin torque physics is that spin-polarization of traversing current

enables the magnetization manipulation instead of using the magnetic field. Therefore, spin-

polarized RF current in an MTJ, which is induced by applying microwave voltage between

the MTJ electrodes, can effectively replace the role of RF magnetic field in traditional FMR

technique and can excite magnetic dynamics of MTJ layers, e.g., spin wave eigenmodes of

the free layer. This technique is called spin-torque ferromagnetic resonance (ST-FMR), see

section 2.2 for more details.

1.6 Spin Hall effect and Inverse Spin Hall Effect

The physics of spin torque for spin-polarized electrons can be expanded to the concept of

”pure” spin current. Spin current describes flows of spin angular momentum with zero net

charge flow. Recently, a generation of spin current by spin Hall effect (SHE) is experimentally

discovered, see a review of this topic in Ref. [25]. Both the magnetization switching [26] and

persistent magnetization oscillations [27] by the spin torque from SHE generated spin current

has been demonstrated.

Spin Hall effect (SHE) is a process that converts injected charge current into a spin current

in the transverse direction and originated from spin-dependent electron scattering in the

presence of strong spin-orbit interaction [28, 29]. The normal metals that show strong spin-

orbit interaction are consist of elements with high atomic numbers also referred as heavy
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metals. In particular, Pt, Ta, and W have been shown to exhibit large spin Hall effect [25, 30].

The reciprocal process of SHE is known as inverse spin Hall effect (ISHE), which converts

injected spin current into charge current. By exploiting spin to charge current conversion by

ISHE or vise versa by SHE in these heavy metals, spin current can be measured or generated,

respectively, using the conventional charge-based electronics.

For discussions in this section, I note that Ic and the subscript ”c” denotes the charge

current where the charge refers to an electron. Also, I↑e denotes the charge (electron) current

with spin-up polarization. The spin-up direction denotes the polarization of spin angular

momentum σ̂s which is in the opposite direction of spin moment µ̂s. I note that p̂ used to

denote spin moment in the previous sections.

In below, I describe ISHE phenomenologically by starting from spin Hall effect. As presented

in Fig. 1.6(a), consider an injection of a net charge current (Ic = I↑e + I↓e) into the heavy

metal with equal amount of spin-up (I↑e) and spin-down charge currents (I↓e) that travel

initially at the same direction. In the presence of strong spin-orbit interactions, each I↑e and

I↓e experiences spin-dependent scattering processes by mechanisms such as skew-scattering,

side-jump scattering, and intrinsic interactions, see Ref. [25] and the references therein. For

example in Fig. 1.6(a), I↑e scatter into positive y-direction while I↓e scatter into negative

y-direction according to the orientation of the spin polarization. The outgoing I↑e and I↓e

propagate in an opposite direction to each other in the y-direction, hence net charge current

is zero, and results in spin current, net flow of spin angular momentum, in the outgoing

direction. Therefore, spin Hall effect converts charge current into spin current.

The opposite process, which converts spin current into charge current, occurs for the inverse

spin Hall effect. As shown in the Fig. 1.6(b), consider the spin current (Is = I↑e− I↓e) injected

into the heavy metal in negative y direction, for example by spin pumping, and experiences

the same spin-dependent scattering processes. In this case, each component of spin current

I↑e (I↓e) is initially propagating negative (positive) y-direction, which is the opposite direction
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Figure 1.6: Spin Hall Effect (SHE) and inverse spin Hall effect (ISHE). (a) In the
SHE process, the charge (electron) current density jc injected in the +x̂ is converted to the
spin current density js outgoing in the +ŷ with the polarization σ̂s ‖ +ẑ. (b) In the ISHE
process, the spin current density js with the polarization σ̂s ‖ +ẑ is injected into the −ŷ and
converted into the charge current density jc outgoing in the +x̂. Small arrows in z direction
represent spin angular momentum σs which is in the direction opposite to the spin moment
µs.
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to each other. Therefore both components scatter into the same final direction because

each component has the spin polarizations opposite to each other. The result is net charge

current with zero spin currents in the outgoing direction, which is x-direction in Fig. 1.6(b).

The induced current generates an electric voltage in the direction perpendicular to both the

propagation direction and the polarization σ̂s of the spin current density js described by [31]

~jc ‖ ~js × σ̂s, (1.13)

where ~jc and ~js describe the charge current density and spin current density, respectively.

The polarization of spin current emitted into the heavy metal by spin pumping has the

DC component parallel to the equilibrium direction of the magnetization. In the saturated

regime, H > Hsat, the equilibrium direction of the magnetization, hence the DC polarization

of the spin current is along the external magnetic field direction. Therefore the ISHE gener-

ates the DC voltage, which I call ISHE signal, in the direction perpendicular to the direction

of the external magnetic field in the plane of the film. The lineshape of ISHE signal Vsp is

purely Lorentzian [32] and the dependence of in-plane magnetic field direction leads to the

reversal of the amplitude sign under the change Hext → −Hext.

Vsp(Hext) = −Vsp(−Hext) (1.14)

1.7 Magnetic Damping

In general, Gilbert damping is present in any magnetic volume. Gilbert damping is character-

ized by a constant α and phenomenologically describes the energy dissipation from magnetic

system to the lattice by spin-orbit interactions [14]. Additional contributions in the damping

could exist in a magnetic system of interest. Most notably two-magnon scattering, described
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Figure 1.7: Illustrations of two-magnon scattering. (a) FMR excites uniform precession
of magnetization, which can be described as magnons with k = 0 state. The k = 0 magnons
can scatter by the defects presented in the film into magnons in a degenerate state with
nonzero k-vector, ks 6= 0. (b) A cartoon of defect matrices forming the rectangular geometry
of various sizes and orientation that are distributed randomly in the film. The red arrows
represent the direction of magnetization, and the thickness represents higher scattering rate
in the arrow direction. (c) A cartoon of defects forming stripe-like geometry having an
uniaxial symmetry. A maximum (minimum) scattering occurs when the magnetization is
perpendicular (collinear) to the stripe axis.

in the Section 1.7.1, is an example of magnetic damping related to structural defects or sam-

ple impurities. Also, in a ferromagnet/nonmagnetic metal bilayer, spin pumping causes spin

angular momentum to leak into adjacent nonmagnetic metal, described in the Section 1.7.2.

1.7.1 Two-magnon Scattering

The two-magnon scattering arises from scattering of the uniform precession of magnetization

(magnons with k = 0 state) into magnons in a state with the same energy but a finite
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k-vector, k 6= 0, through defects presented in a thin film, see Fig. 1.7(a). Within Douglas-

Mills theory of two-magnon scattering in magnetic thin films [33], the rate of two-magnon

scattering depends on the structure of defects and shows anisotropic character following the

in-plane symmetry of defects in the film [8, 34]. As a consequence, the FMR linewidth

manifest as anisotropic as a function of the in-plane angle φ.

In cubic (001)-films, two-magnon scattering exhibits a four-fold contribution stemming from

the scattering of the crystalline defects and typically presents maxima scattering rate when

the magnetization is along <100> axes [34], as illustrated in Fig. 1.7(b). When defects

in a stripe-like array with uniaxial symmetry are presented in the film, the two-magnon

scattering with a two-fold symmetry could arise, as illustrated in Fig 1.7(c). The two-fold

contribution presents the maximum (minimum) scattering rate when the magnetization is

directed perpendicular (collinear) to the uniaxial symmetry axis [8].

1.7.2 Spin Pumping

Spin pumping [35, 36, 37] is another method of generating spin current in the NM layer

of FM/NM bilayer system [31, 38, 39]. I briefly outline an underlying mechanism of spin

pumping based on Ref. [35, 36]. The precession of magnetization, e.g., excited by FMR in

the Fig. 1.8, can dynamically polarize electrons in the NM layer near the FM/NM interface

by transferring the transverse component of spin angular momentum from the FM layer.

This process induces nonequilibrium spin accumulation at the FM/NM interface which then

diffuses as spin current into the NM layer. When the spin current is emitted or pumped

freely into the NM layer, the corresponding loss of spin angular momentum in the FM layer is

necessary and act as an additional damping source of magnetization dynamics. The damping

due to spin pumping αSP has the same form as the Gilbert damping. The effective damping
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constant of the bilayer αFM/NM is [35, 36]:

αFM/NM = αFM + αSP, (1.15)

where αFM is the Gilbert damping of the isolated ferromagnet, which can be measured by

analyzing the frequency dependence of FMR linewidth of a pristine FM film deposited under

the identical growth condition of FM in the FM/NM bilayer. Therefore spin pump increases

the linewidth of FM/NM bilayer (∆HFM/NM) compared to the value of the FM layer (∆HFM)

without any contact to the normal metal.

The magnitude of damping due to the spin pumping αSP depends on the quality of FM/NM

interface and the efficiency of the spin current absorption in the normal metal. Platinum

(Pt) is used as the normal metal in this work and assumed to have perfect absorption

of spin current which is typically adopted in the literature for Pt with tPt ≥ λPt, where

λPt = 2 − 10 nm is the range of spin diffusion length in Pt [30, 31, 39, 40]. The quality of

FM/NM interface for the spin transport can be characterized by the effective spin-mixing

conductance g↑↓eff [31, 39]:

αSP =
gµB

4πMs tFM

g↑↓eff , (1.16)

where µB is the Bohr magneton, g and tFM are the spectroscopic splitting factor and the

thickness of the ferromagnet, respectively. Therefore g↑↓eff can be quantified by measuring αsp

from Eqn. (1.15).

DC and AC Spin Pumping

Spin current can be pictured as an equal amount of spin-up and spin-down charge currents (or

electron currents) that travel in an opposite direction to each other. In this picture, charge
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Figure 1.8: Schematic illustration of spin pumping in Pt/LSMO. M(t) represents
the precessing magnetization, and Hext is directed in the plane of the film. Excitation of
dynamical magnetization emits spin current into the adjacent Pt layer which then converted
to charge current via inverse spin Hall effect in Pt. The jc and js are charge (electron) and
spin current density, respectively. The red and blue arrows represent spin moments µs.
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currents are completely canceled but result in a nonzero flow of spin angular momentum [41].

Spin current is defined by the propagation direction and the orientation of the spin polariza-

tion [35, 36]. The spin current emitted by spin pumping propagates from FM/NM interface

into the NM layer in the direction normal to the interface. The polarization direction of the

spin current is transverse to the instantaneous orientation of the processing magnetization

and therefore changes at the same frequency as the magnetization precession. However, the

polarization direction can be divided into two parts having only the time-independent (DC)

and dynamical time-dependent (AC) components. The DC polarization component of spin

current, called DC spin pumping, is parallel to the equilibrium direction of the magnetiza-

tion. So far the spin polarization is discussed in terms of spin angular momentum σs, but it

may be beneficial to consider in term of spin moment µs, which is in the direction opposite

to σs. Regarding the spin moment µs, the polarization of DC spin pumping is antiparallel

to the equilibrium direction of the magnetization, see Fig 1.8. In this dissertation, only the

DC spin pumping experiments were performed, and I refer it as simply the spin pumping.

A more detailed discussion of AC spin pumping can be found in Ref. [42].
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Chapter 2

Experimental Methods

In this chapter, I describe a short introduction to ferromagnetic resonance (FMR) and an

experimental implementation based on coplanar waveguide for studying magnetic thin-films.

Next, I describe an analysis of FMR spectra and interpretation that are also applicable

to spin-torque FMR (ST-FMR) technique. I employed an ST-FMR setup for the study

of magnetization dynamics in nanoscale magnetic tunnel junctions (MTJs). I describe an

experimental setup for highly sensitive ST-FMR technique based on by lock-in amplifier using

field-modulation. This configuration enabled the measurement of spin wave eigenmodes of

MTJ free layer even in highly symmetric state between magnetizations of free and reference

layers.

2.1 Ferromagnetic Resonance (FMR)

Ferromagnetic resonance (FMR) is a technique for probing magnetization dynamics in fer-

romagnetic materials. In this technique the magnetization of the ferromagnet is resonantly

excited by an AC magnetic field HRF oscillating at fdrive that are typically in microwave
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frequency (RF) ranges. The RF field should be applied in the direction transverse to an

external magnetic field Hext to give the maximum amplitude of the excitation at a given

microwave power. The ferromagnet absorbs the microwave power at the resonance when the

drive frequency fdrive coincides with the resonance frequency fr of the magnetization. The

decrease in the microwave power due to the absorption by the ferromagnet is experimen-

tally measured in various methods of the microwave circuit, for example, cavity-based setup

and coplanar waveguide (CPW) based methods. In this work, CPW-based FMR setup is

employed that a magnetic sample is mounted closely onto a CPW board [43]. A microwave

diode and a lock-in amplifier are used as a detection unit operated under a field modula-

tion scheme [44]. The FMR spectra, described by a sum of symmetric and antisymmetric

Lorentzian functions, is recorded as a function of frequency and magnetic field, so called

FMR dispersion. The magnetic anisotropy and magnetic damping in the ferromagnet are

extracted from analyzing the frequency and angular dependent FMR spectra.

2.1.1 FMR Spectrometer based on Coplanar waveguide

Coplanar waveguide

A coplanar waveguide (CPW) consists of a coplanar layer of three conductors with thickness

d, arranged in ground-signal-ground (GSG) configuration, on a dielectric substrate with

thickness h. The microwave signal is applied to the center strip conductor, called signal line,

while two outer conductors are ground planes, spaced b away from the signal line. A variant

of CPW, called grounded CPW (GCPW) or conductor-backed CPW (CBCPW) is used in

this work, which has an additional bottom ground plane connected to top ground planes

through conducting bridges called vias, see Fig 2.1(a).

The electromagnetic (EM) wave propagation in GCPW operates in quasi-transverse elec-

tromagnetic (TEM) mode [45]. The sketch of static EM field lines in GCPW are shown in
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Fig. 2.1(b). Although the direction of microwave magnetic field HRF lies within the plane, it

has a nonzero component in the out-of-plane direction especially near the edges of the signal

line. The strength HRF is the most dominant in the area above the signal line than above

the ground planes. The coplanar ground conductors carry much less current density than

the signal line because the ground current is separated by three ground conductors and have

broader cross-sectional areas. Therefore the dominant area of FMR absorption occurs above

the signal line.

I outline few notes on the design of CPW based on Ref. [45]. Any CPW variations, in

general, the EM wave resides in both air, and dielectric substrate and the difference of phase

velocity in each region causes unwanted longitudinal EM components, parallel to the axis

of the signal line. In GCPW, this problem can be alleviated by allowing GSG coplanar

layer to have stronger coupling between GSG interfaces, e.g., more E-field in the air than

in the dielectric, to reduce inhomogeneity in the region of the wave propagation effectively.

The vias in GCPW are employed to help proper grounding. Also, engineering the vias

placements are essential for suppressing unwanted parasitic wave modes and achieving the

desired impedance, usually 50 Ω for microwave devices, or loss characteristic of GCPW. For

example, a properly designed GCPW can achieve a constant microwave power loss over a

wide range of frequencies up to 50 GHz by minimizing frequency dependence in radiation

loss [46]. In the rest of chapters in the dissertation, I will refer GCPW as simply CPW.

CPW-FMR Experimental Setup

The experimental setup for a thin film CPW-FMR measurements is schematically shown in

Fig. 2.2. A continuous microwave signal is applied to the CPW and the transmitted signal,

via microwave diode, is measured by a lock-in amplifier referenced at a frequency which

modulates the external magnetic field. The biggest advantage of using CPW-FMR setup is

the broadband capability (0.1 - 40 GHz) having access to both frequency and field-domain

measurements with high resolution [43].
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Figure 2.1: Cross-sectional geometry of a grounded coplanar waveguide (CPW).
(a) Top coplanar layer consist of ground-signal-ground (GSG) planes separated by spacing b.
The bottom ground plane is separated from the top GSG layer by a dielectric substrate with
thickness h. Conducting bridges called vias electrical connect the upper and lower ground
planes. In typical CPW-FMR measurements, a magnetic film is placed face downward
closely onto the surface of GSG layer and driving microwave magnetic field HRF is generated
in the direction perpendicular to the axis of the signal line. (b) Sketch of static electric and
magnetic field distributions of quasi-TEM modes in the CPW.
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Figure 2.2: Schematic of CPW based ferromagnetic resonance (FMR) setup. A
magnetic film is placed onto the CPW separated by a single layer of Teflon tape. The
CPW board is designed to have a ”U” shaped transmission line, and two SMA connectors
are connected to microwave generator and microwave diode. Microwave current is sent to
one of the RF connector which generates a driving microwave magnetic field, HRF, in the
direction perpendicular to signal line axis. The signal line is aligned collinearly with the
static external magnetic field Hext which is directed in-plane of the film and makes HRF

transverse direction to the external field. A transmitted microwave current through the
CPW that arrives at microwave diode gets converted into DC voltage and measured by a
lock-in amplifier. The lock-in amplifier is referenced to the modulation frequency of AC
current in a field modulation coil. The modulation coil is suspended above the film, and the
AC current passing through the coil generates an AC Oersted field, hmod. In the schematics,
the straight and dotted lines represent microwave and DC cables, respectively.

32



The transmission line (GSG coplanar layer) of CPW employed in this work is designed as

”U” shape geometry, and a complete CPW unit has two 2.92mm connectors (Southwest,

End launch connectors model 1092-03A-6) manually installed. The CPW unit is placed in

between the pole gap of an electromagnet (GMW, Model 5403), which provides in-plane

external magnetic field. Alignment of the field direction as collinear to the straight section

of the transmission line where a sample will be mounted is necessary, see a picture in Fig. 2.2

taken from above of the setup. I wrapped the CPW with a single layer of thread seal tape

(also known Teflon tape) of approximately 90µm thickness, which electrically isolates the

sample from CPW conductors. The Teflon tape is slightly stretched to avoid any wrinkles and

secured by scotch tape at the back or at near the edge of the CPW. Two 2.92mm connectors

are connected to a microwave generator and a microwave diode detector (Keysight, formerly

Agilent, Model 8474B, 0.01 - 18 GHz) by RF cables, which is represented as straight lines in

Fig. 2.2. The order of this equipment to the connectors does not matter because CPW is

symmetrical and the same model 2.92mm connectors are manufactured identically.

Microwave (RF) signal is sent to the CPW from the microwave generator and propagates

through the CPW with the generation of microwave magnetic fieldHRF, see Fig 2.1(b). When

the magnetic film is subjected to HRF, the precession of magnetization is excited by absorbing

microwave power and decreases the transmitted microwave signal. The transmitted signal

arriving at the input of the microwave diode is converted to DC voltage at the output. The

DC voltage of microwave diode output is in general sensitive to input microwave power and

frequency that nonlinear background signals can arise in addition to any parasitic signals

that both are independent of magnetic properties of the film. To increase the signal-to-noise

ratio (SNR), suppression of any unwanted nonmagnetic signals is critical. The suppression

of nonmagnetic signal is achieved by employing field modulation scheme [44] using a field

modulation coil suspended above the magnetic film and CPW as shown in Fig. 2.2.

The field modulation coil is made by bending copper wires in small loops. It delivers mod-
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ulation field hmod of few Oersted around the loop by AC current flowing through the coil,

typically 1 -4 Arms modulated at 300 - 2000 Hz in our setup. Above the film, the coil is oriented

to make the modulation field collinear with the external magnetic field. The AC current is

injected by the audio amplifier (Behringer, Model Europower EP4000). The input AC volt-

age to the audio amplifier is controlled by the reference output of the lock-in amplifier and

output AC current from the amplifier is monitored by an ammeter. A 1 kW (4.7 Ω) resistor

(TE Connectivity, Model CJT10004R7JJ) is connected in series between the output of the

audio amplifier and the modulation coil to match the load impedance and take the most of

the joule heating to avoid overheating of the modulation coil. The 1 kW resistor gets quite

warm typically around 3.5 Arms and any objects nearby the resistor should be avoided all

times.

Setup for Angular Dependent FMR Measurements

For identification of several contributions in the magnetic anisotropy and magnetic damping,

angular dependent FMR measurement is required as a function of an angle φ between external

field and in-plane crystallographic direction of the film. At each different angles, the film

should be placed ideally at the same location on the CPW and between the electromagnet

pole gap. While engineering a mechanical and ideally automated apparatus to place the

thin film, usually deposited on a small and thin substrate, onto the CPW is an interesting

challenge, it can become expensive and perhaps cumbersome to make. Instead, I achieved

this by attaching the film to a transparency paper printed with a polar graph. The angular

dependent measurements are carried out by rotating the transparency paper together with

film as a whole unit using a tweezer until the angle, and the ideal position of the film is

achieved.

The image in Fig. 2.3(a) shows LSMO film facing up on a polar graph that has labels in every

10 degrees. The back of STO substrate, having LSMO film at its front, is attached to a polar
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Figure 2.3: Setup for angular dependent FMR measurements. (a) The back of
LSMO/STO sample is attached to a transparency paper printed with a polar graph via
double-sided tape. The image shows LSMO film facing up. The transparency paper is cut
into a small circle with ”V” shaped slots around its circumference. (b) The polar graph with
the sample attached is placed onto the CPW with film facing down. Four small red dots are
previously marked on the Teflon tape are used as alignment marks. As the polar graph is
rotated or moved by tweezers using the slots as anchoring, the polar graph, and the film as
one unit typically moves away from a center position. The film is brought back to the center
position for each target angle using the alignment marks and lines in the polar graph as a
guide to the eye. A thin glass slide is diced into a small piece and added to the back of the
polar graph transparency paper via double-sided tape as a weight.
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graph printed on a transparency paper via double-sided tape. Afterward, the transparency

paper is cut into a small circle enough to fit between the pole gap, and multiple numbers

of ”V” shaped slots are created around the circumference edge. Figure 2.3(b) shows a final

installment of the polar graph with the film onto the CPW with the LSMO film facing down.

The four small red dots are previously marked on the Teflon tape as alignment marks. By

inserting the tweezer tip into the ”V” slots and the film is rotated to a target angle. As

the polar graph is rotated, the polar graph and the film as one unit typically moves away

from the ideal center position. The film can be brought back to the center position using

the alignment marks and lines in the polar graph as a guide to the eye. The validity of this

method is checked by measuring FMR resonance at a random angle, subsequently messing

up the angles and the position of the film and then remeasuring the resonance at the same

angle. A precise rotation of film can be done by at least 5◦ resolution within ±2◦ error.

2.1.2 Measurements of Inverse Spin Hall Effect and Experimental

Setup

The second method of measuring spin pumping is an electrical detection of the spin current

by inverse spin Hall effect (ISHE), a process that converts injected spin current into charge

current. ISHE is a reciprocal process of SHE

Figure 2.4 shows a setup for in situ measurements of ISHE signal and FMR. A CPW unit

similar to the CPW used in the FMR measurement is modified by adding trenches in the

ground planes. The trenches are created by machining at vertical mills without any flu-

ids. The end mills with small diameters determined the trench width and pre-cleaned with

acetone and isopropyl alcohol (IPA) to avoid any oil contamination on the CPW. Although

machining CPW is easy, some care is given for securing the CPW as it is thin and could

be bendable. The area inside trenches defines a conductor pad, and the pad is physically
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Figure 2.4: Modified CPW for in situ FMR and ISHE measurements. (a) The CPW
board with machined out trenches define electrically isolated pads. The soldered DC wires
on each pad are connected to a lock-in amplifier or a voltmeter. Teflon tapes are cut into
small width to cover up only the signal line and vias of the CPW. (b) An FM/NM film,
presented by a green cartoon rectangle, is placed face down onto the CPW and the Teflon
tape isolates the signal line. The film is attached to the pads by silver epoxy, represented as
light blue cartoon picture, which provides electrical connections. The external magnetic field
is directed collinear to the signal line and transverse to the driving microwave magnetic field
HRF to perform spin pumping, and the maximum ISHE signal is induced in the direction
perpendicular to the external magnetic field. (c) A close-up picture is showing a different
CPW modified for the ISHE measurement. The picture shows machined out trenches as close
as possible to Vias. The large-sized isolated pads in this CPW are made to accommodate
films having large lateral dimensions.
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and electrically isolated from the ground plane of the CPW. Next, DC wires are soldered

onto the pads for an easy and secure connection from these pads to the lock-in amplifier

or a voltmeter. The Pt/LSMO bilayer film is placed face downward onto the Teflon tape

which isolates the film from the signal line of CPW. The film is secured by applying silver

epoxy onto the edges of film that extends to each isolated pads and letting it completely dry,

see Fig. 2.4(b). The dried silver epoxy also provides a robust electrical connection from the

edge of bilayer film to the pad. The silver epoxy is stored in a cold fridge and pre-warm up,

approximately 5 min outside, helps to apply it in uniform density.

As FMR absorption is excited predominantly in the area of the film just above the signal

line, the ISHE signal is generated in Pt layer between the edges of the signal line. Ideally,

electrical contacts from the pads to the bilayer should be made as close as to the edges of the

signal line otherwise loss of ISHE signal occurs by shunting through additional conducting

areas beyond where the ISHE signal is generated. A practical solution is to create the

trenches as close as possible to vias without damaging them, see Fig. 2.4(c). Otherwise, the

transmission quality of CPW can be modified.

2.2 Spin-torque Ferromagnetic Resonance (ST-FMR)

Ferromagnetic resonance (FMR) is an important technique for studying both static and

dynamical properties of a ferromagnet. However, the sensitivity of conventional FMR tech-

niques is not enough to measure an individual ferromagnet as the size approaches to sub-100-

nm-scale [3]. MTJ devices of high interest are in such nanoscale dimension because potential

applications for non-volatile memory and signal-processing will be more impactful when high

density can be achieved. One way to overcome the lacking sensitivity is to measure an array

of many identical nanomagnets to increase the total magnetic volume, but this comes at the

expense of measuring an average effect from all nanomagnets in the matrix rather than from
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an individual nanomagnet. Spin-torque ferromagnetic resonance (ST-FMR) is a recently

developed technique that can detect the precession of magnetization in an individual MTJ

even below sub-100 nm size [3, 47].

The ST-FMR exploits the spin torque physics that spin-polarized current can transfer its spin

angular momentum to the magnetization of traversing ferromagnetic medium and changes

the magnetization direction towards the spin moment, see Section 1.5. By applying mi-

crowave (RF) voltage across the MTJ electrodes, RF current can tunnel through the MTJ

with its polarization direction oscillating in time at microwave frequency. Therefore, the

oscillating polarization of tunneling RF current, I(t) =Irf cos (2πf0t), can replace the role of

RF magnetic field in conventional FMR technique for inducing magnetization dynamics in

FM layers of the MTJ. Based on Ref. [3], the precessing magnetization of MTJ induces time-

varying resistance oscillation RMTJ(t) = R0 +
∑

n ∆Rnf0(t) via tunneling magnetoresistance,

see Section 1.1.

The voltage across the MTJ electrodes VMTJ(t) = I(t)RMTJ(t) contains a mixing term be-

tween I(t) and ∆Rf0(t) and results a time-indpendent DC voltage contribution Vmix, so called

rectified voltage or mixing voltage. At fdrive = f0, the magnitude of the rectified voltage is

described by [3]:

|Vmix| =
1

2
Irf

∣∣∆Rf0

∣∣ cos δf0 , (2.1)

where δf0 is the phase of ∆Rf0(t) with respect to RF current I(t). As the fdrive sweeps through

f0, the amplitude of resistance oscillation |∆Rf0| changes with respect to the change in the

cone angle of magnetization. The cone angle maximizes at the FMR resonance frequency f0

and decreases to zero otherwise. This results ST-FMR spectra described by sum of symmetric

and antisymmetric Lorentzian [3, 44]. Therefore measurements of a spin-wave eigenmode’s

resonance frequencies, amplitude, and ST-FMR linewidth as a function of microwave power,

DC current, and magnetic field can provide rich informations, e.g. exchange energy, magnetic

damping, and spin-torques, that govern the dynamics in magnetic layers in MTJ confined in
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nanoscale geometry.

In conclusion, ST-FMR technique can both excites and detects spin-wave eigenmode of mag-

netic layers an individual MTJ using one electrical experimental setup. The experimental

implementation of ST-FMR exploits the fact that the rectified voltage of MTJ described in

Eqn. (2.1) is time-independent DC voltage. Applying modulation of RF current IRF or MTJ

resistance oscillation |∆Rf0| at a modulation frequency fmod results Vmix to be modulated at

fmod. Therefore, the lock-in amplifier measures only signal at the modulated Vmix and filters

out any other components at different frequencies f 6= fmod. This effectively increases the

signal-to-noise ratio (SNR) of Vmix measurement.

Amplitude-modulated ST-FMR. One of the first demonstration of ST-FMR technique

utilized lock-in amplifier to increase SNR [3]. In this experiment, the amplitude of injected

RF signal into MTJ is chopped at fmod = 1.5 kHz [3]. The amplitude modulation leads

to modulation of Vmix at the same modulation frequency via modulation of Irf , and lock-

in amplifier measures this signal by taking modulation frequency as its reference. This

scheme refers to amplitude-modulated ST-FMR setup. Figure. 2.5 shows a circuit diagram

of amplitude-modulated ST-FMR setup employed in this dissertation.

Despite all aforementioned capability of amplitude-modulated ST-FMR and its success

for characterizing the spin wave eigenmodes in MTJ, this technique typically suffers from

frequency-dependent background signals. This unwanted background arises from nonlineari-

ties and impedance mismatches within the microwave circuit. For example, measurements of

MTJ in highly symmetric geometry, e.g., collinear alignment of free and reference layer mag-

netizations, are especially challenging because of both the spin torque and the component

of MTJ resistance oscillation ∆Rf0(t) at the resonance frequency f0 decreases. This leads

to an overall weak rectified voltage in the presence of unwanted non-magnetic background

signal. Furthermore, the presence of nonlinear background signal, in general, complicates

fitting the spectra and makes the FMR linewidth evaluation quite time-consuming.
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Figure 2.5: Schematics of amplitude-modulated ST-FMR circuit. The circuit consists
of a microwave (RF) generator, a bias tee, a lock-in amplifier, and optionally a DC bias
source for DC current or DC voltage to the MTJ. In this setup, RF current ”chopped” at
fmod = 0.3 − 1 kHz is injected to MTJ via RF port of the bias tee. The spin-polarized RF
current excites magnetization dynamics by spin torque and causes the resistance of MTJ to
oscillate at the resonance frequency via tunneling magnetoresistance. The AC resistance of
MTJ then mixes with the AC microwave current to produce a DC rectified voltage Vmix.
The lock-in amplifier measures only the rectified voltage.
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Field-modulated ST-FMR. Based on Ref. [44], lock-in amplifier measurement of the rec-

tified voltage under modulated external magnetic field can solve the problem of the parasitic

non-magnetic backgrounds. The modulation field can be applied to the sample by adding a

suspended copper wire directly above the MTJ sample as shown in Fig. 2.6 and the picture

shown in Fig. 2.7(c). The copper wire carries a kHz range sinusoidal current of a few Amperes

which generates the modulation field with few Oersted in amplitude. Ideally, the direction

of modulation field Hmod = |Hmod(t)| from the copper wire is best to align along the external

magnetic field at the sample location. This alignment maximizes the net modulation of the

external field Hnet
ext (t) = Hext +Hmod(t) that oscillates at the modulation frequency fmod. A

continuous microwave current is applied to the sample via a bias tee, and a lock-in amplifier

measures the modulated Vmix caused by modulation of ∆Rf0 at the modulation frequency

fmod. This measurement scheme is called field-modulated ST-FMR technique. The major

advantage of field-modulated ST-FMR is the filtering of non-magnetic background signal,

which yields even more improved SNR to that of the amplitude modulation scheme [44].

Using the ultrahigh sensitive field-modulated ST-FMR setup outlined in Fig. 2.6, I measured

spin-wave eigenmodes of free layer in an MTJ at the collinear alignment of free and reference

layer magnetization, see Chapter 4.

2.2.1 Microwave Probe Station with Out-of-plane Magnetic Field

Figure 2.7 showed a full microwave probe station that I built from scratch and carried out ST-

FMR measurements reported in this dissertation. The most distinguishing feature compared

to two other probe stations in the lab is the capability of applying out-of-plane magnetic field

while a microwave probe (GGB Industries, Inc., Model No. 40A, specifically manufactured

with no magnetic material) is safely connected to MTJ sample. I achieved this by designing

and constructing a sliding base board that moves the electromagnet (GMW Associates,

Model No. 3470) back and forth in the lateral direction with respect to the stage, represented
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Figure 2.6: Schematics of field-modulated ST-FMR circuit. The core of setup is
identical to the amplitude-modulated ST-FMR setup shown in Fig. 2.5. Only difference is
a modulation coil which provides AC Oersted field Hmod oscillating at typical range fmod =
1−2 kHz. The AC Oersted field is generated by running AC current through the coil provided
by an audio amplifier which is the voltage-to-current converter. In this setup, continuous
(CW) RF current is injected into MTJ to excite the magnetization. The rectified voltage
is then modulated by the modulation field Hmod. The lock-in amplifier detects the rectified
voltage by locking in to the modulation frequency fmod of the Hmod.
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Figure 2.7: Photograph of the out-of-plane (OOP) magnetic field station. (a) Bird’s
eye view of the OOP station including a full electronic rack (Skeletek, Model No. C28U-4P-
EX16) and passively isolated aluminum breadboard, which helps to isolate environmental
vibration to probe stage. The heaviest equipment such as Kepco power supply and Audio
amplifier sits at the bottom of the rack. Also, these are essential to the probe station in
our lab and rarely removed. Make-before-switch ground box is homemade and employed in
the DC lines of ST-FMR setup to protect damaging sensitive devices from ESD and voltage
spikes during the loading of a device to the circuit or changing electronic equipment. (b) The
GMW 3470 Electromagnet provides DC applied magnetic field Hext at out-of-plane (vertical)
direction concerning the plane of probe/sample stage. The magnet sits on the top of sliding
rail, and it can be slid back and forth in the lateral direction, denoted by a green arrow, with
respect to width of the probe/sample stage. (c) Close up view of RF probe touch down on
the lead pattern of an MTJ device. A ring shaped of copper coils provides field modulation
Hmod, in out-of-plane direction, parallel to the Hext. The copper coil is suspended directly
above MTJ under study.
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by a green arrow in Fig. 2.7(b).

To start any measurements using a microwave probe in any probe stations, establishing

highly stable contact between the microwave probe and the lead pattern of a device is very

critical for acquiring quality data and for longevity of a device under the study. In this

regards, connecting to lead pattern of the device all by wire bonding to a closely located

CPW is might be better, if a specific device is identified for extensively long measurements

to be made. However, the wire-bonding method would require several more preparation

steps including designing of sample holders having one or more CPW and adding an extra

length of wire-bond leads to extra RF power loss delivered to the sample, which could

become a bottleneck for measurements requiring high RF power delivered to the sample. In

contrast, probe characterization is more advantageous for quick screening of devices among

many in an array, enables investigating multiple devices in a reasonable time frame, and high-

quality microwave probe has minimal power loss in a broadband range. Typically performing

enough measurements on each device are needed to identify it as good device. Afterwards,

I was compelled to continue to carry out extra measurements one after another just using

microwave probe because the experimental setup is already put in place. For this purpose,

I contributed two improvements to the probe stations in the lab to increase the lifetime of

samples by protecting the probe contact to the lead patterns.

First, building a probe station on top of a vibration-isolated optical table reduces any envi-

ronmental vibrations that couple to the probe stage. I find that passive isolation mounts,

which is air-pressured legs made of thick rubber (Thorlabs, Model No. PWA074), between

the table frame (Thorlabs, Model No. PFR6090-7) and an aluminum breadboard (Thorlabs,

Model No. PBG12106, 2’ x 3’ x 2.2”) give enough isolations of MTJ.

For checking the stability of the microwave probe contact to the lead pattern, one method

I find quite useful is monitoring the MTJ resistance vs time, in live plotting of data via

Python script, while adding small disturbances to the setup, e.g., sliding the electromagnet
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or gently tapping the table with finger tip. When a stable contact is made, the device

resistance typically does not change outside of the usual range of resistance fluctuations

when the small disturbances are introduced to the setup. The value of resistance variation

δR depends on sample and the quality of probe contact to lead pattern and δR should

be determined before deliberate disturbances are introduced to the setup, e.g., monitoring

resistance vs time for enough period. One would also find overall drift of resistance when

measured over an extended period. If weak contact is made, the MTJ resistance typically

shows a sudden changes or jumps while the electromagnet is slid or tapping the table. In

this case, I recommend establishing a new contact, inspect and cleaning the tip of microwave

probe, see [24] for more details about probe handling and maintenance. Ideally, planarization

of the microwave probe is recommended at the beginning of new setup. The planarization

method consists of taking a flat substrate with pre-deposited gold pads, touch down the

microwave probe on to the gold pad and carefully observe the grove made by sliding the

microwave probe. The observation of uneven grove shape, or its shadow under the optical

microscope, at each landing spot for ground ”G” and signal ”S” probe tip, indicates uneven

level between the GSG probe tips. Therefore, by making a horizontal tilt of probe arm at

the probe manipulator ”planarizes” the level between GSG probe tips.

2.2.2 Calibration of External Magnetic Field and for Frequency

Dependent Microwave Power

External magnetic field calibration. Having the most accurate strength of magnetic

field is a must for any measurements involving magnetic field as one of the experimental

knobs. At a fixed gap between the poles of an electromagnet, static magnetic field is gener-

ated by supplying constant DC current, via BOP Kepco power supply, which runs through

coils of the electromagnet. Each Kepco power supplies and GMW electromagnets in our lab

has its mating pair, which is based on the maximum output current of the power supply
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and the maximum current the GMW electromagnet can take before overheating occurs. For

example, GMW 3470 is paired with Kepco BOP 50-8M power supply. According to the

GMW 3470 specification, the electromagnet coils can take up to a continuous 5.0 A, 44 V

(220 Watt) when water cooling is used. The Kepco BOP models come in at 100, 200 and

400 Watt models and BOP 50-8M is the best available model that can supply up to 5.7 A at

50 V for the GMW 3470’s coil resistance at 8.8 Ω.

The magnitude of DC current at the output of BOP Kepco power supplies in our lab are

all control by input DC voltage (-10 V < Vinput < +10 V) applied to the control input

connector, which located at the front panel of the power supply. The input DC voltage

is usually provided by DAC output of a lock-in amplifier. Here, Vinput = 10 V results the

positive maximum available output current. Therefore, the maximum V max
input ≤ 10 V has to

be carefully set to avoid overheating of the electromagnet.

The field calibration refers to calibration of the generated magnitude of magnetic field by an

electromagnet (for a given gap between the pole pieces and at a desire location of between

the gap) as a function of the input DC voltage Vinput at the Kepco. The field calibration

should be recalibrated every time the pole gap is changed, or measurement location between

the pole gap is different than the existing calibration data.

The most updated field calibration method is carried out in the following steps.

1. Place the Hall sensor of 3-axis Hall probes (Lake Shore Cryotronics, Inc., Model

No. 460) at the location where the magnetic field calibration needs to be made.

• The 3-axis Hall probe outputs magnetic field readings at Hx, Hy, Hz, and Hmag,

the total magnitude. The sign of magnetic field can be determined using the sign

of either Hx or Hy by placing either sensor along the direction of magnetic field.

2. Make calibration data: record Hmag and the sign of Hmag as a function of Vinput applied

47



to the Kepco.

• Due to hysteresis of electromagnet, both sweep direction of Vinput should be

recorded, e.g. Vinput from −V max
input to V max

input and vice versa.

• The maximum voltage Vmax ≤ 10 V, where 10 V is the maximum input volt-

age at the control connector of Kepco power supply. Practically, V max
input depends

on the electromagnet, its cooling method in use, and the paired Kepco power

supply. To prevent an excessive heating, each GMW electromagnet has built-in

thermoelectric switch which senses the temperature of the electromagnet coil and

automatically turns off the Kepco power supply via wire bundles connecting be-

tween the electromagnet and the back of Kepco power supply. The wire bundles

are manufactured by GMW and for each type of the GMW electromagnet and its

paired Kepco power supply units.

3. Fit the field calibration data.

• Fitting to higher-order polynomial is fast, easy to apply and interpret method but

it could lose accuracy of field near the V max
input where H vs Vinput can become quite

nonlinear depending on the electromagnet. I find that employing interpolation

function can improve the accuracy even near the Vmax.

Power calibration and Method of Reducing RF standing waves. Whenever a con-

nection is made to assemble RF circuit, e.g., ST-FMR setup, the connection reflects prop-

agating RF electromagnetic wave. This creates a standing electromagnetic waves between

two connection points. In ST-FMR setup, the standing electromagnetic waves manifest as

oscillating background as a function of RF frequency. The frequency between the two peaks

of the standing wave is governed by the length of reflection points by

v = ∆fλ, (2.2)
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where v is velocity of electromagnetic wave in a microwave cable, e.g. v = 0.7c, where c

is speed of light. ∆f is the average separation between electromagnetic standing waves in

the RF circuit, and wavelength λ = 2L. Analyzing Eqn. (2.2) gives the length L of section,

between the most dominant reflection of electromagnetic waves, in the RF circuit where the

dominant standing wave occurs.

For reducing the standing wave background, try increasing the length of RF cable at the

section or added microwave attenuator. An idea behind here is to effectively increase the

attenuation reflected signal so that less reflection to occur, although this sacrifices available

maximum RF power that the RF generator can inject to the sample due to the overall

increase of attenuation.

Next, step for reducing the standing wave background in ST-FMR spectra is performing

power calibration of RF circuit. The effective RF power arriving at any point in the RF

circuit is measured using a power sensor (e.g. Agilent, E4413A CW Power Sensor, 50 MHz

- 26.5 GHz, 100 pW - 100 nW) attached to a power meter (Agilent, Model No. E4418B EPM

Series Power Meter). The power sensor is connected directly to the location RF circuit where

the power calibration is to perform. For example, in typical ST-FMR setup, I perform the

power calibration at the location just before connecting to the microwave probe. A general

procedure for making the power calibration is first to record the raw RF power level (called

Zeroth-order correction) arriving at the location that the calibration is carried out. Then

adjust the power level of RF generator until the target RF power is reached by compensating

the overall net power loss based on the zeroth-order correction. Record the new arriving

power (called 1st-order correction). Although one can add more corrections to get better-

calibrated signal, I find that the improvement gain of Power calibration quickly decreases

beyond the 2nd-order correction and not worth the time. In my experience, power calibration

up to 2nd-order correction yield the noise in the calibrated RF power δP ' ±0.05 dBm for

Agilent RF generators (Agilent, Model No. E8275D), which the lowest noise RF generators

available in our lab.
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2.3 Extraction of Magnetic Anisotropy from FMR Dis-

persion

In FMR or ST-FMR, the magnetization of the ferromagnet is resonantly excited by mi-

crowave magnetic field at driving frequency fdrive. In this work, the FMR spectrum is taken

in the field-domain that the magnitude of magnetic field is swept at a constant drive frequency

fdrive. As the magnitude of magnetic field H is swept, the corresponding resonance frequency

fr changes. The resonance condition occurs when the drive frequency fdrive coincides with the

resonance frequency fr and the microwave power is absorbed by the sample. The resonance

signal V (H) is in general described by the sum of symmetric and antisymmetric Lorentzian

Ls(H) = [1 + ((H −Hr)/∆H)2]
−1

and La(H) = [(H − Hr)/∆H][1 + ((H − Hr)/∆H)2]−1,

respectively [44, 48]:

V (H) = S Ls(H) + A La(H), (2.3)

where H denotes the magnitude of the external magnetic field, ∆H is the FMR linewidth

(half-width at half-maximum), S and A are the amplitude of symmetric and antisymmetric

Lorentzian, respectively. The antisymmetric Lorentzian La(H) arises when a nonzero phase

difference between the microwave electric and magnetic field occurs due to the losses of the

microwave propagating inside the CPW and the ferromagnetic material [48].

In this work, I measured FMR absorption in the field domain under the field modulation

scheme. When the modulation field hmod is small compared to the FMR linewidth ∆H, the

voltage signal measured by the lock-in amplifier is proportional to the first derivative of the

V (H) with respect to the modulated external magnetic field [44]:

Vmod(H) ∝ S
dLs(H)

dH
+ A

La(H)

dH
, (2.4)
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Figure 2.8: Example of field-modulated FMR spectrum of LSMO(30 nm) mea-
sured at 4 GHz frequency in the field domain. (a) The data, black open circles, shows
a single absorption profile and well fitted, green straight line, to the Eqn. (2.4). The sym-
metric Lorentzian Ls (blue, dotted-dash line) and antisymmetric La (red, dotted line) are
shown with offset for clarity. (b) The resonance field Hr = 315.4 Oe and FMR linewidth
∆H = 4.9 Oe are extracted from the fit.

Figure 2.8 shows a typical field-modulated FMR spectrum of LSMO thin film on STO(001)

substrate. The data, black open circles, is well fitted (green straight line) to the Eqn. (2.4)

by a single FMR absorption profile. The symmetric and antisymmetric components of

Lorentzian from the fit are shown in Fig. 2.8(a) with the offset for clarity. I note that

in the field-modulated FMR spectrum, the symmetric (antisymmetric) Lorentzian appears

as antisymmetric (symmetric) profile with respect to the resonance field Hr, respectively.

The resonance field Hr and half width at half maximum FMR linewidth ∆H are extracted

from the fit as shown in Fig. 2.8(b). The relationship between microwave frequency and res-

onance field called FMR dispersion gives information about static magnetic properties, e.g.

the spectroscopic splitting factor g and magnetic anisotropy fields, latter may depend on the

magnetization orientation with respect to the crystallographic direction. The linewidth ∆H

is directly related to the magnetic damping.
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Resonance Condition. Under resonant excitation, the torque generated by the microwave

field balances the damping term and the remaining equation of motion is that of Eqn. (1.11)

without the second term, forcing a precession at the resonance frequency of the system. The

resonance condition is formulated by the Smit and Beljers in 1955, also by Suhl at the same

time [5, 14]: (
2πf

γ

)2

=
1

M2 sin2 θ

[
∂2F

∂θ2

∂2F

∂φ2
−
(
∂2F

∂θ∂φ

)2
]
, (2.5)

where f is the resonance frequency, γ = gµB/~ is the gyromagnetic ratio, g is the spectro-

scopic splitting factor [14], and µB is the Bohr magneton. The partial derivatives in Eqn. (2.5)

are evaluated at the equilibrium angles θeq and φeq, which are obtained from minimizing the

total free energy density F of the system, see Ref. [5] for more details.

Simulation of FMR Dispersion. From the FMR experiment, the resonance field Hr at

different microwave frequency f (f vs H data or FMR dispersion) are collected and com-

pared to the Eqn. (2.5) to determine magnetic anisotropies in the system. In this work,

calculation of the resonance frequency is carried out by writing a Python script as a func-

tion of the magnetic field and in-plane angle of the field φ referenced to the crystal axis

[100]. The initial value of fitting parameters g, H1, Hmc, Huni and φuni are first assigned and

carried out the calculation to simulate FMR dispersion; I refer it as simulation dispersion.

Subsequently, the simulation dispersion is compared to the experimental FMR dispersion,

and the value of fitting parameters are adjusted until the best simulation result to the data

is achieved. To increase the accuracy, a set of FMR dispersion data is taken at different

angles, e.g., φ = 0, 40, 90◦ in this work, and all compared simultaneously to a set of simula-

tion dispersions at the same angles, generated while using the identical value of the fitting

parameters. Furthermore, angular dependent FMR data are collected at few different mi-

crowave frequencies. Following the procedure outlined for the simulation of FMR dispersion,

the angular dependent FMR can be simulated and compared to the data for fine-tuning of

fitting parameters.
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2.4 FMR Linewidth and Magnetic Damping Contribu-

tions

The finite value in FMR linewidth ∆H results from magnetic damping and magnetic in-

homogeneities in the magnetic system [34]. Although phenomenological Gilbert damping

exists in any magnetic system that is characterized by Gilbert damping constant α0, addi-

tional magnetic relaxation mechanisms can coexist in the system of interest. For example,

spin pumping in a ferromagnet/nonmagnetic metal bilayer system (see section 1.7.2) and

two-magnon scattering in magnetic thin films are the additional contributions of magnetic

damping studied in this dissertation. In general, the FMR linewidth is described by

∆H = ∆Hinh +
2πfα0

γΨ
+
∑
k

∆Hk, (2.6)

where k is an index label for additional contributions in the magnetic damping, e.g., k =

sp, 2m, etc., to be added as these are identified to exist in the system with significant

contributions. The first term represents the line broadening due to inhomogeneity of the

sample and has two components: a constant term and a mosaicity term of the form ∝

∂Hr/∂φH [34, 49]. The second term describes Gilbert damping which is proportional to the

Gilbert constant α0. In this dissertation, both α and α0 are used interchangeably to denote

the Gilbert constant. A correction factor Ψ = cos(φ− φH) accounts the field dragging effect

that occurs when the magnetization is misaligned with respect the external field [49].

If spin pumping contribution is important and requires to extract away to get the intrinsic

Gilbert damping constant α0 of an isolated ferromagnet, ∆Hsp = 2πfαSP/(γΨ) is added

to Eqn. (2.6), see Section 1.7.2. If two-magnon scattering becomes significant in the system,

∆H2m = (γΨ)−1
∑

j Γij2m is added. The two-magnetic scattering can have multiple contribu-

tions of having different symmetry axis of scattering and Γij2m = Γjiξ
j
i (φ)ζ(f), where i and j
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are indices labeling the symmetry of the two-magnon scattering channel and the axis of the

maximum scattering rate for this channel, respectively. The corresponding scattering rates

are Γji . As described in Refs. [8, 34, 33, 50], ξj2(φ) = cos4(φ−φmax
2,j ) for the two-fold symmetry

channel and ξj4(φ) = cos2(2(φ−φmax
4,j )) for the four-fold symmetry channel, where φmax

i,j is the

angle of the maximum scattering rate. The frequency dependence ζ(f) of the two-magnon

scattering is described in Ref. [33].

Notes on Evaluation of FMR Linewidth

1. In ST-FMR spectra of an MTJ, multiple spin-wave eigenmodes could be measured.

For evaluation of magnetic damping in MTJ, the ST-FMR linewidth evaluation is

carried out using the lowest frequency mode of MTJ because it usually has the best

signal-to-noise ratio at given RF power compared to higher-order modes. Although

a full analysis of the spatial profile of spin wave modes in MTJ, via micromagnetic

simulation, is desirable, the lowest frequency mode of MTJ is often quasi-uniform

mode where the relative phase and amplitude are spatially near uniform [44]. The

quasi-uniform mode is a close analog to the uniform mode excited by FMR in a thin

film and, therefore, the damping equation derived from LLG equation, Eqn. (2.6), the

most applicable to the lowest frequency mode of the MTJ.

2. Field dragging effect occur whenever the equilibrium direction of magnetization is

misaligned with the external magnetic field Hext and due to magnetic anisotropy field

present in the system. This effect vanished for easy and hard axis in the saturated

regime, for which Hext and Meq are in parallel: φ = φH and results Ψ = 1. Making

good alignment at the hard axis of an MTJ takes time-consuming calibration. Also,

even in easy axis configuration of MTJ, small curvature in the MTJ resistance vs field

can be observed especially near the switching field of the MTJ. For MTJs with the

reference layer is strongly fixed, and in the direction of applied field, any change in MTJ
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Figure 2.9: Example of over-modulation effect in FMR linewidth from field-
modulated ST-FMR measurements. In this measurement setup, the magnetic field
and DC bias are chosen to result in the lowest FMR linewidth of the measured MTJ. Red
circles are the measured data, and it has small fluctuations between data points (approx.
30-50 MHz). Blue circles are result of taking 3 points moving average of the data. The
FMR linewidth is minimum at the modulation voltage Vmod at 0.4Vrms. For Vmod ≥ 0.6Vrms,
over-modulation occurs and broadening of the measured FMR linewidth is observed.

resistance implies a finite distance between free layer magnetization and the external

field. Therefore field dragging can cause the FMR linewidth to increase as the field

approaches the switching field and this range of field should be avoided in the damping

evaluation.

3. Using too large step size Hstep can cause bad measurement of FMR absorption profile

and lowers the accuracy of the FMR linewidth evaluation. A rule of thumb is to use

Hstep ≤ 1
10

(2×∆H), where ∆H is the FMR linewidth measured at half width at half

maximum (HWHM) and (2×∆H) is the full width at half maximum (FWHM).
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4. When using the FMR or ST-FMR measurement setup that employs field-modulation

scheme, over-modulation can cause the measured FMR linewidth ∆H to broaden when

modulation field Hmod > ∆H. In ST-FMR setup, the reference output of the lock-in

amplifier supplied modulation voltage Vmod at 0.4 − 1.2 Vrms and feed into the audio

amplifier (Europwer, Model No. EP4000) that converts the input AC voltage into AC

current. The AC current is then sent to the modulation coil that generates AC modu-

lation field of typically a few Oersted [44], depending on the height displacement of the

copper coil with respect to the MTJ device under the study. The modulation voltage

is proportional to the generated modulation field Hmod by the coil. When the Hmod

exceeds the FMR linewidth, an over-modulation effect occurs and increases the FMR

linewidth. This effect is the most significant at small linewidth, which corresponds to

low resonance frequency region according to Gilbert damping. Figure 2.9 shows the

FMR linewidth taken at a fixed magnetic field as a function of the modulation volt-

age. Over-modulation effect is observed when the Vmod ≥ 0.6 Vrms where the measured

FMR linewidth starts to increase. The small broadening that occurs Vmod < 0.3 Vrms

is usually observed in our setup, and its origin is not well understood. In conclu-

sion, the intrinsic FMR linewidth is measured using Vmod = 0.4 Vrms in this setup and

over-modulation effect in the damping analysis will be negligible at this value.
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Chapter 3

Magnetic anisotropy, Damping, and

Spin transport in Pt/LSMO Bilayers

The contents of this chapter are adapted from work originally published as AIP Advances,

6, 055212 (2016).

3.1 Introduction

Spin transport across an interface between nonmagnetic metal (NM) and ferromagnet (FM)

by spin Hall effect (SHE) [25] and spin pumping [35, 36, 37] is central to manipulation of

magnetization dynamics driven by pure spin currents. To date, significant focus has been set

on FM/NM heterostructures comprising 3d materials [26, 30, 51, 52] with a recent extension

to yttrium iron garnet (YIG) [53, 54, 55]. While these systems provided great insights about

underlying physics of SHE and the spin pumping [30, 55], transition metal ferromagnets

exhibit high saturation magnetization and large magnetic damping that result in high critical

current densities in SHE-based magnetic memories [26] and spin torque oscillators [27, 56].
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For enriching these applications, identification of new material platforms for the efficient

generation, transmission, and conversion of spin currents will be greatly beneficial.

In this context, perovskite manganite La0.7Sr0.3MnO3 (LSMO) is an attractive ferromagnet

because it has low saturation magnetization, and expected to show low magnetic damp-

ing owing to its half-metallic nature [57]. In this chapter, I present ferromagnetic reso-

nance measurements of magnetic anisotropy and damping in epitaxial LSMO films grown

on SrTiO3 (001) (STO) substrates with and without Pt cap. I observe low magnetic damp-

ing and efficient interfacial spin transport in this system, which makes Pt/LSM bilayer a

promising candidate for spintronic devices utilizing pure spin currents.

3.2 La0.7Sr0.3MnO3 (LSMO)

The crystal structure of a perovskite manganite La0.7Sr0.3MnO3 (LSMO) is shown in Fig. 3.1.

From the generic form ABO3 of a perovskite structure, lanthanum (La) or substitutionally

doped (30%) strontium (Sr) atoms occupies the ”A” sites and form a cubic unit cell. Man-

ganese (Mn) atoms occupy at the ”B” site surrounded by oxygen atoms and form a MnO6

octahedron [58]. This system exhibits rich interactions between the charge, spin, orbital,

and lattice degrees of freedom leading to complex electronic and magnetic phase diagrams,

e.g. a doping-dependent metal-insulator transition, paramagnetism, ferromagnetism, and

antiferromagnetism [58].

In the emerging field of spintronics, LSMO is perhaps best known for its half-metallic band

structure having 100% spin polarization at the Fermi surface, for more details see Ref. [58]

and the references therein. The half-metallicity makes LSMO an attractive candidate as

spin-filtering material in magnetic tunnel junctions (MTJs) for generation of spin-polarized

currents. For example, tunneling magnetoresistance ratio of 1800% at 4 K is demonstrated in
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Figure 3.1: Crystal structure of La0.7Sr0.3MnO3 (LSMO) is perovskite-based structure hav-
ing a general form ABO3. In LSMO, lanthanum (La) or substitutionally doped (30%) stron-
tium (Sr) atoms occupies the ”A” site and the manganese (Mn) atoms occupies the ”B” sites
surrounded by oxygen atoms forming a MnO6 octahedron.

Ref. [59] due to spin polarization of at least 95% in LSMO electrodes. In addition, LSMO has

high Curie temperature (TC) above room temperature and low saturation magnetization [60].

In fact, the half-metallic nature is expected to result in low magnetic damping [57, 61]. All

these properties are favorable for reducing critical current density in spin torque oscillators

having LSMO as the active layer, in which the manipulation of magnetization dynamics

occur. Lastly, this oxide system can be grown epitaxially with atomically sharp interfaces

[62, 63], holding a great potential as a tunable platform to enable interfacial engineering [64].

Growth of LSMO Thin Films. The LSMO films and the X-ray diffraction (XRD) char-

acterizations in this work are provided by the H. Y. Hwang group at Stanford University.

LSMO thin films were grown on TiO2-terminated SrTiO3(001) (STO) substrates by pulsed

laser deposition (PLD) as described in Ref. [60]. Enhanced metallicity in the thin limit

(≥ 7 unit cells) with high Curie temperature TC ≈ 360 K are exhibited in the films grown

under these conditions [60]. During growth, the thickness of LSMO film was monitored

by in situ reflection high-energy electron diffraction (RHEED) and all LSMO films with
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Figure 3.2: X-ray diffraction of epitaxial LSMO(25 nm) on STO (001) substrate.
(a) θ-2θ scan near the (002) peak. (b) Reciprocal space map near the (103) peak.

various thicknesses appear in this dissertation was grown under the same conditions. The

XRD structural characterization of the LSMO(25 nm) thin film is shown in Fig. 3.2(a). The

θ-2θ scan around the STO (002) peak shows finite thickness fringe patterns of a uniform,

highly crystalline, epitaxial LSMO film. Figure. 3.2(b) shows the reciprocal space map of

the (103) peak which confirms the fully strained LSMO thin films to the substrate and epi-

taxially grown along the (001) orientation. Pt layer was deposited ex situ using an e-beam

evaporator for Pt/LSMO bilayer films.

3.3 Results and Discussions

Ferromagnetic Resonance of LSMO Thin Films. I employ coplanar waveguide (CPW)

based broadband ferromagnetic resonance (FMR) with magnetic field modulation to measure

magnetic properties of LSMO films and Pt/LSMO bilayers. All measurements are performed

at room temperature. A typical FMR spectrum shown in Fig. 3.3 is well fit by a single

absorption profile described by the field derivative of a sum of symmetric and antisymmetric

Lorentzians [44]. Previously, LSMO thin films typically shown to exhibit a strong satellite
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Figure 3.3: A typical field-modulated FMR spectrum of LSMO(30 nm) measured by a sweep-
ing magnetic field at a constant 4 GHz. FMR spectrum is well fitted to a single FMR
absorption profile described by Eqn. (2.4).

absorption peak [65]. This mode has a negligible amplitude in the samples, and I will focus

discussions on the dominant FMR mode.

3.3.1 LSMO(30 nm) on STO(001)

Magnetic Anisotropy. First, I study the magnetic anisotropy of uncapped LSMO(30 nm)

thin films. Figure 3.4(a) shows the resonance field as a function of in-plane magnetic field

angle φH with respect to the [100] axis. The data shows a dominant uniaxial magnetic

anisotropy (UMA) with its easy axis parallel to the [010] crystallographic axis at φH = 90◦.

Frequency-dependent FMR measurements shown in Fig. 3.4(b) confirm the uniaxial character

as the data taken at φH = 0◦ presents typical hard axis FMR dispersion with a curvature

near saturation field Hsat ' 46 Oe. Based on these observations, the total free energy density
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Figure 3.4: LSMO(30 nm). (a) FMR resonance field vs in-plane angle φH measured at
4 GHz. (b) Frequency vs resonance field for easy axis (squares) and hard axis (circles).
(c) AFM topography of the LSMO surface. The AFM image shows terraces with step-edge
orientation of 125◦ with respect to [100]. Data are taken at room temperature and all error
bars are smaller than the symbol size.

[5] of magnetization is model by:

Ftotal = − ~M · ~H +
1

2
MsH1 cos2 θ

− 1

16
MsHmc(7 + cos 4φ) sin4 θ

−1

2
MsHuni cos2(φ− φuni) sin2 θ, (3.1)

where θ and φ are the polar and azimuthal angles of the magnetization ~M measured from

[001] and [100], respectively, and ~H is the external magnetic field. The first term in Eq. (3.1)

is the Zeeman energy. The second term is the effective out-of-plane magnetic anisotropy with

H1 = 4πMs − 2K⊥/Ms −Hmc, where K⊥ is the perpendicular magnetic anisotropy (PMA).

The third term describes the four-fold magnetocrystalline anisotropy (MCA) with effective

field Hmc = 2Kmc/Ms. The last term is the in-plane UMA with anisotropy field Huni and its

easy axis at φuni.
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The Smit and Beljers formalism [5, 14] is used to fit the FMR data:

(
2πf

γ

)2

=
1

M2
s sin2 θ

[
∂2F

∂θ2

∂2F

∂φ2
−
(
∂2F

∂θ∂φ

)2
]
, (3.2)

where f is the resonance frequency, γ = gµB/~ is the gyromagnetic ratio with spectroscopic

splitting factor g and µB is the Bohr magneton. Eqn. (3.2) is evaluated at the equilibrium

angles θeq and φeq obtained from minimization of the free energy density in Eqn. (3.1).

I employ Eqn. (3.2) to simultaneously fit the frequency- and angle-dependent FMR data in

Fig. 3.4(a,b) with g, H1, Hmc, Huni and φuni as fitting parameters, see section 2.3 for details.

The small differences between the experimental data and the fit in Fig. 3.4(a) cannot be

reduced even by introducing the second-order MCA term (not shown here). The best fit

returns g = 1.975 and H1 = 6380 Oe, which are similar to the values reported in Ref. [66]

and Refs. [67, 68], respectively. At this room temperature measurement, MCA field is found

to be negligibly small (|Hmc|< 1 Oe) despite the epitaxial nature of our LSMO films. The in-

plane magnetic anisotropy is dominated by the UMA term with Huni = 42 Oe and φuni = 90◦

given by the best fit. With room-temperature value of Ms ≈ 265 emu/cm3 [60] and the

negligibly small MCA field Hmc, our epitaxial LSMO films on STO(001) exhibit negative

PMA (K ≈ −4.0×105 erg/cm3) comparable to previous reports [67, 68]. The negative PMA

results in-plane preference of magnetization and positively adds to the shape anisotropy, see

section 1.2.

The UMA was previously observed in LSMO films grown on STO(001) and its easy axis was

found to be parallel to the atomic terrace edges of the miscut substrate [69, 70]. Figure 3.4(c)

shows atomic force microscope (AFM) topography of the same film investigated by FMR.

The AFM image shows step-and-terrace features with 0.39 nm step height consistent with

single LSMO unit cell [60], and approximately 250 nm terrace width stemming from a slight

miscut of the STO substrate. The step edges of the terraces are oriented at 125◦ with respect
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to [100] and this orientation is not correlated with either the symmetry axes of the crystal

or the measured uniaxial magnetic anisotropy. Therefore the origin of uniaxial magnetic

anisotropy is not related to the substrate miscut and its origin remains unclear.

Magnetic Damping. I analyze the FMR linewidth data to quantify magnetic damping

of our LSMO films. The linewidth is found to be strongly angular dependent in the film

plane with a four-fold and a two-fold components as shown in Fig. 3.5(a). Such anisotropic

linewidth has been experimentally observed in other epitaxial film systems and explained

in terms of two-magnon scattering that follows the in-plane symmetry of defects in the film

[8, 34, 33, 50]. In particular, the four-fold contribution in cubic (001)-films arises from

crystalline defects and typically presents maxima along <100> axes [34]. The two-fold

contribution arises from defects with uniaxial, stripe-like symmetry and presents maxima at

directions perpendicular to the uniaxial symmetry axis [8].

Based on Refs. [8, 34], the FMR linewidth ∆H (half width at half maximum) can be formu-

lated by following ansatz:

∆H = ∆HLF + ∆Hinh +
2πfα

γΨ
+

∑
j Γij2m

γΨ
(3.3)

The first term describes the low-frequency contribution that arises from inhomogeneous

microwave field of the CPW. It has the form ∆HLF ∝ f−ρ [71, 72]. The second term

represents the line broadening due to inhomogeneity of the sample and has two components:

a constant term and a mosaicity term of the form ∝ ∂Hr/∂φH [34, 49]. The third term

describes Gilbert-type damping which is proportional to the Gilbert constant α. It includes

a correction factor Ψ = cos(φ − φH) accounting for the field dragging effect [49]. The last

term reflects the two-magnon scattering with Γij2m = Γjiξ
j
i (φ)ζ(f), where i and j are indices

labeling the symmetry of the two-magnon scattering channel and the axis of the maximum

scattering rate for this channel, respectively. The corresponding scattering rates are Γji . As
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described in Refs. [8, 34, 33, 50], ξj2(φ) = cos4(φ− φmax
2,j ) for the two-fold symmetry channel

and ξj4(φ) = cos2(2(φ−φmax
4,j )) for the four-fold symmetry channel, where φmax

i,j is the angle of

the maximum scattering rate. The frequency dependence ζ(f) of the two-magnon scattering

is described in Ref. [33]. Due to the distinctive angular- and frequency-dependence of each

term in Eqn. (3.3), I can unambiguously fit the data in Fig. 3.5 and extract all damping

parameters.

From the fit shown in Fig. 3.5(a), the rates of two-magnon scattering with four-fold and

two-fold contributions are Γ
〈100〉
4 = 2.4(3) × 108 Hz, Γ

〈110〉
4 = 0.9(3) × 108 Hz, and Γ

[010]
2 =

2.5(4) × 108 Hz, respectively. The four-fold two-magnon scattering shows maxima along

〈100〉, as expected for the (001) film [34]. The two-fold term Γ
[010]
2 presents maximum at

[010]. This direction does not correspond to either the hard axis of the UMA in contrast to

the expected behavior [8] or to the terrace orientation observed in AFM topography. In fact,

the stripe-like terraces of the LSMO film generate a weak additional two-fold two-magnon

scattering channel with Γ⊥step
2 = 0.4(4)× 108 Hz at φmax

2,⊥step = 35◦ which is the perpendicular
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to the step-edge orientation (φ = 125◦) as expected [8].

The best fit gives the Gilbert constant αLSMO = 1.9(1) × 10−3. This value is low among

reported values of LSMO films on STO(001) [65, 73]. Also, this value is comparable to

the lowest values reported for metallic ferromagnetic films: α = 2.3 × 10−3 in epitaxial

Fe1−xSix [74], 2.1 × 10−3 in epitaxial Fe-V alloy [75], and 1.0 × 10−3 in Co2FeAl [76]. The

inhomogeneous line broadening is found to be small for our LSMO films ∆Hinh = 1.3 Oe,

with a negligible mosaicity contribution ≤ 0.7 Oe.

3.3.2 Pt(5 nm)/LSMO(30 nm) on STO(001)

Magnetic Anisotropy and Damping. Next, I study the effect of adding a Pt capping

layer to LSMO films. The best fit to the resonance field data of Pt(5 nm)/LSMO(30 nm) film

returns g = 1.975, H1 = 6410 Oe, and |Hmc|< 3 Oe. These values are very similar to those

of the bare LSMO film. The UMA field Huni = 36 Oe decreases by 14% while retaining its

easy axis along [010]. The FMR linewidth analysis shows that the two-magnon scattering

rates are significantly increased compared to the bare LSMO film without change of their

symmetry: Γ
[010]
2 = 7.3(2)× 108 Hz, and Γ

〈100〉
4 = 5.7(1)× 108 Hz. The two-fold two-magnon

term due to terrace step-edges is Γ⊥step
2 = 1.1(2) × 108 Hz, and the four-fold two-magnon

due to 45◦-rotated crystalline defects is Γ
〈110〉
4 = 0.4(1) × 108 Hz. These findings suggest a

modification of the LSMO surface due to Pt deposition and impact the two-fold and four-fold

two-magnon scattering.

The FMR linewidth of the Pt/LSMO film versus frequency exhibits multiple peaks, as shown

in Fig. 3.6(a), that are are absent for the bare LSMO film in Fig. 3.5(b). Near the frequency

values marked as A and B in Fig. 3.6(a), the FMR absorption profile is significantly distorted

as shown in Fig. 3.6(b,c). Previously, a similar effect was reported for permalloy (Py) films

with a periodic array of stripe-like defects. For Py, the peaks in the linewidth were found
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Figure 3.6: Pt(5 nm)/LSMO(30 nm) bilayer. (a) Frequency-dependent FMR linewidth
for three values of φH . Multiple peaks seen in the FMR linewidth as a function of frequency
are due to distortions of the FMR absorption profile evident in (b) and (c): color plots of
the measured FMR signal versus frequency and magnetic field near frequencies marked A
and B in (a).

to disappear when the film was magnetized parallel to the stripe-like defects [74, 77]. The

absence of the peaks in our linewidth data for magnetization along the [100] axis in Fig. 3.6(a)

suggests that the Pt/LSMO bilayer films develop stripe-like magnetic defects oriented along

this axis.

3.3.3 Spin Pumping

Another important effect of the Pt layer is the increase of the Gilbert damping constant

due to spin pumping, a process in which spin angular momentum is dynamically injected
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Figure 3.7: Field-modulated ISHE signal (red) and the corresponding FMR signal (blue) of
Pt(9 nm)/LSMO(20 nm) film measured at 12 GHz and +25 dBm RF power applied to the
CPW.

from the LSMO into the adjacent Pt layer [35, 37]. I fit the frequency- and angle-dependent

linewidth data for the Pt/LSMO bilayer to quantify the Gilbert constant. In this fitting

procedure, I omit the linewidth data in the frequency intervals that exhibit peaks (such as

frequencies marked as A and B in Fig. 3.6). The estimated the Gilbert constant is αPt/LSMO ≈

2.9(5) × 10−3, which is ∼ 50% higher than the value of the bare LSMO film but still lower

than a typical Py film system.

The effective interfacial spin mixing conductance g↑↓eff can be determined [31, 35, 36, 39] from:

g↑↓eff =
4πMs tLSMO

gµB

(αPt/LSMO − αLSMO) (3.4)

For the 30 nm thick film, tLSMO = 30 × 10−7 cm with Ms ≈ 265 emu/cm3, I estimate g↑↓eff ≈

0.55 × 1015 cm−2. This number is comparable to the mixing conductance of Pt/Py films

(2.1×1015 cm−2) [31, 39] that reflects significant spin transport across the Pt/LSMO interface

despite of the ex situ deposition of Pt.
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For direct confirmation of the spin pumping process, I measure direct voltage induced in the

Pt film via the inverse spin Hall effect (ISHE) [38]. I measure the ISHE voltage in Pt/LSMO

bilayer in the direction perpendicular to the bias magnetic field at the drive frequency of

12 GHz, see section 2.1.2 for more details. As shown in Fig. 3.7, the ISHE voltage lineshape

closely tracks that of the absorptive FMR signal and changes sign upon reversal of the

magnetic field polarity, as expected for an ISHE signal.

3.4 Conclusion

In conclusion, I measured room-temperature magnetic anisotropy and damping in epitaxial

LSMO films and Pt/LSMO bilayers grown on STO(001) substrates. I find significant uniaxial

magnetic anisotropy, weak magnetocrystalline anisotropy, and strong negative perpendicular

magnetic anisotropy that remain unaffected by the Pt cap. The easy axis of the dominant

uniaxial magnetic anisotropy is parallel to the [010] crystallographic axis. Both LSMO and

Pt/LSMO systems exhibit significant anisotropic magnetic damping with four-fold and two-

fold symmetry components which are attributed to arise from two-magnon scattering. The

four-fold component is aligned with the in-plane principal crystallographic axes and can

be attributed to two-magnon scattering on crystalline defects. The symmetry axis of the

two-fold two-magnon is parallel to the [010] crystallographic axis, and its origin remains

unexplained. I find that a Pt capping layer enhances the anisotropic two-magnon scattering

and increases Gilbert damping in Pt/LSMO system. I attribute the Gilbert damping en-

hancement to spin current flow across the Pt/LSMO interface induced by spin pumping. The

relatively high spin mixing conductance and the very low Gilbert damping (comparable with

the best-reported values of other metallic ferromagnets) are found, which make Pt/LSMO an

attractive system for spintronic applications such as spin Hall memories [26] and oscillators

[27, 54, 56, 78, 79]. Lastly, these results indicate that LSMO is a promising building block
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for all-oxide perovskite-based spintronics devices.
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Chapter 4

Giant Resonant Nonlinear Damping

in Nanomagnets

The theoretical content of this chapter are adapted from work of my collaborators: Igor Bar-

sukov, Alejandro A. Jara, Rodrigo E. Arias, and Boris A. Ivanov.

4.1 Introduction

Magnetic damping is a key parameter determining the speed and energy efficiency of mag-

netic nanodevices such as spin torque memory and oscillators. Here we show that nonlinear

damping due to resonant three-magnon scattering gives rise to unusual magneto-dynamic

phenomena in nanoscale ferromagnets. First, a spin wave mode resonance can exhibit a

minimum at the resonance frequency instead of the maximum observed in the linear regime.

Second, spin torque normally acting as antidamping can strongly enhance the damping of a

spin wave undergoing resonant three-magnon scattering. We present a theory that explains

these counterintuitive phenomena. Our work advances understanding of magnetic dynamics
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in nanoscale ferromagnets and spin torque devices.

Nonlinear interactions among spin wave eigenmodes of a ferromagnet give rise to a number of

spectacular magneto-dynamic phenomena such as Suhl instability of the uniform precession

of magnetization [80, 81], spin wave self-focusing [82] and magnetic soliton formation [83, 84].

In bulk ferromagnets, nonlinear interactions generally couple each spin wave eigenmode to a

continuum of other modes via energy- and momentum-conserving multi-magnon scattering

[80]. This kinematically allowed scattering limits the amplitude of spin wave modes achiev-

able in bulk ferromagnets to relatively small values. In nanoscale ferromagnets, geometric

confinement discretizes the spin wave spectrum and thereby eliminates the kinematically al-

lowed multi-magnon scattering. This suppression of nonlinear scattering enables persistent

excitation of spin waves with very large amplitudes [85] as observed in nanomagnet-based

spin torque oscillators [78, 86]. However, tunability of the spin wave spectrum by exter-

nal magnetic field can be used to restore the energy-conserving scattering at a particular

(resonant) field value [87].

Here we show that the effect of multi-magnon scattering on magnetization dynamics in

nanomagnets is qualitatively different from that in bulk ferromagnets and requires a new

theoretical framework for its description. We observe that spectral lineshape of a spin wave

resonance undergoing three-magnon scattering can exhibit a minimum at the resonance

frequency in sharp contrast to the amplitude maximum seen in the linear resonance regime.

This unusual behavior arises because the damping parameter of a spin wave ceases to be

frequency-independent and itself becomes a resonant function of the excitation frequency. We

also demonstrate that such resonant nonlinear damping dramatically alters the response of a

nanomagnet to spin torque. While commonly spin current polarized opposite to the direction

of magnetization acts as negative damping [78], such current can increase the damping of

a spin wave mode undergoing nonlinear resonant scattering. This counterintuitive effect

is expected to have significant impact on the operation of spin torque based memory [26],
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oscillators [56, 78, 88, 89, 90, 91] and microwave detectors [92, 93, 94].

4.2 MTJ Devices and Experimental Setup

We study nonlinear spin wave dynamics in nanoscale elliptical magnetic tunnel junctions

(MTJs) that consist of a CoFeB free layer (FL), an MgO tunnel barrier, and a synthetic

antiferromagnet (SAF) pinned layer (see Ref. [44] for the MTJ structure and fabrication

details). Spectral properties of the FL spin wave modes are studied in a variety of MTJs

with both in-plane and perpendicular-to-plane equilibrium orientations of the FL and SAF

magnetization. We observe strong resonant nonlinear damping in both the in-plane and the

perpendicular MTJs, which points to universality of the effect.

We employ spin-torque ferromagnetic resonance (ST-FMR) to measure magnetic damping of

the FL spin wave modes. In this technique, a microwave drive current Iac cos(2πft) applied

to the MTJ excites oscillations of magnetization at the drive frequency f . The resulting

resistance oscillations Rac cos(2πft + φ) of the MTJ at the drive frequency mix with the

drive current and generate a direct voltage Vmix. Peaks in ST-FMR spectra Vmix(f) arise from

resonant excitation of spin wave eigenmodes of the MTJ [3, 32, 39, 47, 95, 96, 97]. To improve

signal-to-noise ratio, the magnitude of external magnetic field H applied parallel to the free

layer magnetization is modulated, and a field-derivative signal Ṽmix(f) = dVmix(f)/dH is

measured via the lock-in detection technique [44]. Vmix(f) can then be obtained via numerical

integration of Ṽmix(f) with respect to H.
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Figure 4.1: Spin wave spectra in a nanoscale MTJ. (a) Normalized ST-FMR spectra
Ṽmix(f)/Ṽ max

mix of spin wave eigenmodes in a perpendicular MTJ device (Sample 1) measured
as a function of out-of-plane magnetic field. Resonance peaks arising from three low fre-
quency modes of the MTJ free layer |0〉, |1〉, and |2〉 are observed. (b) Spectral linewidth of
the quasi-uniform |0〉 spin wave mode as a function of out-of-plane magnetic field. Strong
linewidth enhancement is observed in the resonant three-magnon regime at H1 and H2.

4.3 Spin wave Spectroscopy

Figure 4.1(a) shows ST-FMR spectra Ṽmix(f) measured as a function of out-of-plane mag-

netic field H for a 52 nm× 62 nm perpendicular MTJ device (Sample 1). Three spin wave

eigenmodes with nearly linear frequency-field relation fn(H) are clearly visible in the spec-

tra. Micromagnetic simulations, not shown here, reveal that these modes are three lowest

frequency spin wave eigenmodes of the FL. The lowest frequency (quasi-uniform) mode |0〉 is

nodeless and has spatially uniform phase. Each of the two higher-order modes |n〉 (n = 1, 2)

has a single node at the FL center that is either perpendicular (n = 1) or parallel (n = 2)

to the ellipse long axis.

The spectral linewidth of the resonances in Fig. 4.1(a) can be used for evaluation of the mode

damping. The quasi-uniform mode resonance visibly broadens at two magnetic field values:
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H1 = 0.74 kOe (4 GHz) and H2 = 1.34 kOe (6 GHz). Near H1, the mode |1〉 resonance

broadens and exhibits splitting, same behavior is observed for the mode |2〉 at H2. At these

fields, the higher-order mode frequency is twice that of the quasi-uniform mode fn = 2f0.

This shows that three-magnon confluence [87, 98, 99, 100, 101] is the mechanism of the

damping increase: two magnons of the quasi-uniform mode |0〉 merge into a single magnon

of the higher-order mode |n〉.

The most striking feature of the quasi-uniform mode resonance near H1 is its split-peak

shape with a local minimum at the resonance frequency. Such a lineshape cannot be fit

by the standard Lorentzian curve with symmetric and antisymmetric components [44]. We

therefore use a double-peak fitting function to quantify the effective linewidth ∆f0 of the

resonance profile, see below. For applied fields sufficiently far from H1, the ST-FMR curve

recovers its single-peak shape and ∆f0 is determined as half width of the standard Lorentzian

fitting function [44]. Figure 4.1(b) shows ∆f0 as a function of H and demonstrates a large

increase of the linewidth near the fields of the resonant three-magnon regime H1 and H2.

The stepwise increase of ∆f0 near H1 is a result of the ST-FMR curve transition between

the split-peak and single-peak shapes. For fields near H2, the resonance profile broadens

but never develops a split-peak lineshape. As a result, ∆f0(H) is a smooth function in the

vicinity of H2.

Linewidth evaluation. In order to quantify the linewidth of the unusual split-peak spin

wave resonance profile of experimental data, we introduce a fitting function that is a sum

of two Lorentzian curves with different central frequencies separated by δf . The half width

of the resonance profile ∆f0 is then defined as the average of the half widths of the two

Lorentzians plus δf/2. In the case of fold-over, the linewidth is determined as a half-width

at the half-maximum of the resonance profile for the calculated spectra using a solutions of

maximal mode amplitude.
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Figure 4.2: Effect of spin torque on spin wave resonance lineshape. (a, b) Spin wave
resonance lineshapes off the resonant three-magnon regime at H > H1. (c, d) Spin wave
resonance lineshapes in the resonant three-magnon regime at H = H1 for different values of
direct bias current Idc. a, c measured ST-FMR spectra (Sample 2); b, d numerical solutions
of Eqn. (4.3) and (4.4).

4.4 Effect of Spin torque

In MTJs, direct bias current Idc applied across the junction exerts spin torque on the FL

magnetization, acting as antidamping for Idc > 0 and as positive damping for Idc < 0 [3, 102].

The antidamping spin torque increases the amplitude of the FL spin wave modes [3, 103]

and decreases their spectral linewidth [104]. Therefore, we can employ spin torque from Idc

to control the amplitude of spin wave eignmodes excited in ST-FMR measurements, and

thereby study the crossover between linear and non-linear regimes of spin wave resonance.

Figure 4.2 shows the dependence of ST-FMR resonance curve of the |0〉 mode on Idc for

a 50 nm× 110 nm elliptical in-plane MTJ (Sample 2). For in-plane magnetic field val-

ues far from the three-magnon resonance fields Hn, the amplitude of ST-FMR resonance

curve Vmix(f) shown in Fig. 4.2(a) monotonically increases with increasing antidamping spin

torque, as expected. At H = H1, the antidamping spin torque has a radically different

and rather surprising effect on the resonance curve. As illustrated in Fig. 4.2(c), increasing
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antidamping spin torque first broadens the resonance at H = H1 and then transforms a

single-peak resonance lineshape into a split-peak lineshape with a local minimum at the res-

onance frequency f0. The data in Fig. 4.2 demonstrate that the unusual split-peak lineshape

of the resonance is only observed when (i) the three-magnon scattering of the quasi-uniform

mode is allowed by the conservation of energy and (ii) the amplitude of the mode is suffi-

ciently high. This proves that the observed effect is resonant and nonlinear in nature.

Figure. 4.1(c) reveals that antidamping spin torque can increase the spectral linewidth and

the effective damping of the quasi-uniform spin mode if the mode undergoes resonant three-

magnon scattering. Figure 4.3 further illustrates this counter-intuitive effect of spin-torque on

the spectral linewidth. It shows the linewidth of the quasi-uniform mode of a 50 nm×110 nm

in-plane elliptical MTJ (Sample 3) measured as a function of bias current. In Fig. 4.3, blue

symbols show the linewidth measured at an in-plane magnetic field sufficiently far from the

three-magnon resonance fields Hn. At this field, the expected quasi-linear dependence of the

linewidth on Idc is observed for currents well below the critical current Ic for the excitation of

auto-oscillatory magnetic dynamics. Near Ic, the linewidth increases due to a combination

of the fold-over effect [105, 106, 107] and thermally activated switching between the large-

and small-amplitude oscillatory states of the fold-over regime [3]. The red symbols in Fig. 4.3

show the linewidth measured in the resonant three-magnon regime at H = H1. In contrast

to the non-resonant regime, the linewidth increases with increasing |Idc| for both current

polarities. Furthermore, the maximum linewidth is observed for the antidamping current

polarity.

4.5 Theoretical Model

Nonlinear interactions among spin waves in a bulk ferromagnet with a continuous spin wave

spectrum can lead to broadening of the spin wave resonances [80, 108, 109, 110]. For example,
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non-resonant regime H 6= H1 and (ii) in the resonant three-magnon regime H = H1. Lines
are numerical fits using Eqn. (4.3) and (4.4).

three- and four-magnon scattering of the uniform mode of precession into a continuum of

degenerate spin wave eigenmodes gives rise to nonlinear enhancement of the uniform mode

damping. However, these processes lead to a simple line broadening and cannot explain the

observed split-peak lineshape of the resonance. Therefore, the description of nonlinear spin

wave resonance in the nanoscale ferromagnet geometry requires a new theoretical framework.

To derive the theory of resonant nonlinear damping in a nanomagnet, we start with a model

Hamiltonian that explicitly takes into account resonant nonlinear scattering between the

quasi-uniform mode and a higher-order spin wave mode (in reduced units with ~ ≡ 1):

H = ω0a
†a+ ωnb

†b+
Ψ0

2
a†a†aa+

Ψn

2
b†b†bb (4.1)

+(ψnaab
† + ψ∗na

†a†b)

+ζ
{

exp(−i ωt)a† + exp(i ωt)a
}
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where a†, a and b†, b are the magnon creation and annihilation operators for the quasi-

uniform mode |0〉 with frequency ω0 and for the higher-order spin-wave mode |n〉 mode with

frequency ωn, respectively. The nonlinear mode coupling term proportional to the coupling

strength parameter ψn describes the annihilation of two |0〉 magnons and creation of one

|n〉 magnon, as well as the inverse process. The Hamiltonian is written in the resonant

approximation, where small non-resonant terms such as aab, aaa† are neglected. The terms

proportional to Ψ0 and Ψn describe the intrinsic nonlinear frequency shifts [111] of the modes

|0〉 and |n〉. The last term describes the excitation of the quasi-uniform mode by an external

ac drive with the amplitude ζ and frequency ω.

We further define a dissipation function Q, where α0 and αn are the intrinsic linear damping

parameters of the modes |0〉 and |n〉 [112, 113, 114]:

Q =
da†

dt

da

dt
(α0 + η0a

†a) +
db†

dt

db

dt
(αn + ηnb

†b) (4.2)

For generality, Eqn. (4.2) includes intrinsic nonlinear damping [115] of the modes |0〉 and |n〉

described by the nonlinearity parameters η0 and ηn. However, our analysis below reveals

that the split-peak resonance lineshape is predicted by our theory even if η0 and ηn are set

equal to zero.

Equations describing the nonlinear dynamics of the two coupled spin wave modes of the

system follow from Eqn. (4.1) and Eqn. (4.2):

i
da

dt
=
∂H
∂a†

+
∂Q

∂(da†/dt)
(4.3)

i
db

dt
=
∂H
∂b†

+
∂Q

∂(db†/dt)
(4.4)

These equations have a periodic solution a = ā exp (i ωt) and b = b̄ exp (i 2ωt), where ā, b̄
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are the complex spin wave mode amplitudes. For such a periodic solution, Eqn. (4.3) and

(4.4) are reduced to a set of two nonlinear algebraic equations for absolute values of the

spin wave mode amplitudes |ā| and |b̄|, which can be solved numerically. Since the ST-FMR

signal is proportional to |ā| [44], the calculated |ā|(ω) function can be directly compared to

the measured ST-FMR resonance lineshape.

We employ the numerical solution of Eqn. (4.3) and (4.4) to fit the field dependence of

the quasi-uniform mode linewidth in Fig. 4.1(b). In this fitting procedure, the resonance

lineshape |ā|(ω) is calculated from Eqn. (4.3) and (4.4), and its spectral linewidth ∆ω0 is

found numerically. The resonance frequencies ω0 and ωn are directly determined from the

ST-FMR data in Fig. 4.1(a). The intrinsic damping parameters α0 and αn near H1 and H2

are found from linear interpolations of the ST-FMR linewidths ∆f0 and ∆fn measured at

fields far from H1 and H2. We find that ∆ω0 weakly depends on the nonlinearity parameters

Ψ and η, and thus these parameters are set to zero. We also find that the calculated linewidth

∆ω0 depends on the product of the drive amplitude ζ and mode coupling strength ψn, but is

nearly insensitive to the individual values of ζ and ψn as long as ζ ·ψn = const. Therefore, we

use ζ ·ψn as a single fitting parameter in this fitting procedure. Solid line in Fig. 4.1(b) shows

the calculated field dependence of the quasi-uniform mode linewidth on magnetic field. The

agreement of this single-parameter fit with the experiment is excellent.

Figures 4.2(b,d) illustrate that Eqn. (4.3) and (4.4) not only describe the field dependence of

ST-FMR linewidth but also qualitatively reproduce the spectral lineshapes of the measured

ST-FMR resonances as well as the effect of the antidamping spin torque on the lineshapes.

Figure 4.2(b) shows the dependence of the calculated lineshape |ā|(ω) on antidamping spin

torque for a magnetic field H far from the three-magnon resonance fields Hn. At this non-

resonant field, increasing antidamping spin torque induces the fold-over of the resonance

curve [105] without resonance peak splitting. The dependence of |ā|(ω) on antidamping

spin torque for H = H1 is shown in Fig. 4.2(d). At this field, the resonance peak in |ā|(ω)
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first broadens with increasing antidamping spin torque and then splits, which qualitatively

reproduces the experimental ST-FMR data in Fig. 4.2(c). Our calculations reveal that while

the nonlinearity parameters Ψ0, η0, Ψn and ηn have little effect on the linewidth ∆ω0, they

modify the lineshape of the resonance. Given that the nonlinearity parameter values are

not well known for the systems studied here, we do not attempt to quantitatively fit the

measured ST-FMR lineshapes using a five-parameter fit.

Equations (4.3) and (4.4) also quantitatively explain the observed dependence of the quasi-

uniform mode linewidth ∆ω0 on direct bias current Idc. Assuming antidamping spin torque

linear in bias current [104, 116, 117]: α0 → α0(1 − Idc/I
|0〉
c ), αn → αn(1 − Idc/I

|n〉
c ), where

I
|n〉
c > I

|0〉
c are the critical currents, we fit the measured bias dependence of ST-FMR linewidth

in Fig. 4.3 by numerically solving Eqn. (4.3) and (4.4). The solid lines in Fig. 4.3 are the

best numerical fits, where ζ · ψn and Ic are used as independent fitting parameters. The

rest of the parameters in Eqn. (4.3) and (4.4) are directly determined from the experiment

following the procedure used for fitting the data in Fig. 4.1(b). Theoretical curves in Fig. 4.3

capture the main feature of the data at the three-magnon resonance field H1 – increase of

the linewidth with increasing antidamping spin torque.

4.6 Discussions

Further insight into the mechanisms of the nonlinear spin wave resonance peak splitting and

broadening by antidamping spin torque can be gained by neglecting the intrinsic nonlinear-

ities Ψn and ηn of the higher-order mode |n〉. Setting Ψn = 0 and ηn = 0 in Eqn. (4.3) and

(4.4) allows us to reduce the equation of motion for the quasi-uniform mode amplitude |ā| to

the standard equation for a single-mode damped driven oscillator where a constant damping

parameter α0 is replaced by an effective frequency-dependent nonlinear damping parameter
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αeff
0 :

αeff
0 = α0 +

[
η0 +

4αnψ
2
n

(2ω − ωn)2 + 4α2
nω

2

]
|ā|2 (4.5)

and the resonance frequency is replaced by an effective resonance frequency:

ωeff
0 = ω0 +

[
Ψ0 +

2|ψn|2(2ω − ωn)

(2ω − ωn)2 + 4α2
nω

2

]
|ā|2 (4.6)

Equation (4.5) clearly shows that the damping parameter of the quasi-uniform mode itself

becomes a resonant function of the drive frequency with a maximum at half the frequency

of the higher order mode (ω = ωn/2). The amplitude and the width of this resonance in

αeff
0 (ω) are determined by the damping parameter αn of the higher-order mode |n〉. If αn is

sufficiently small, the quasi-uniform mode damping is strongly enhanced at ω = ωn/2, which

leads to a decrease of the quasi-uniform mode amplitude at this drive frequency. If the drive

frequency is shifted away from ωn/2 to either higher or lower values, the damping decreases,

which can result in an increase of the quasi-uniform mode amplitude |ā|. Therefore, the

amplitude of the quasi-uniform mode |ā|(ω) can exhibit a local minimum at ω = ωn/2.

Due to its nonlinear origin, the tendency to form a local minimum in |ā|(ω) at ωn/2 is

enhanced with increasing |ā|. Since |ā| is large near the resonance frequency ω0, tuning

ω0 to be equal to ωn/2 greatly amplifies the effect of local minimum formation in |ā|(ω).

This qualitative argument based on Eqn. (4.5) explains the data in Fig. 4.2 – the split-peak

nonlinear resonance of the quasi-uniform mode is only observed when external magnetic

field tunes the spin wave eigenmode frequencies to the three-magnon resonance condition

2ω0 = ωn. Whether the unusual split-peak resonance with a local minimum of amplitude at

the resonance frequency is realized in a given nanomagnet depends on the numerical values

of the intrinsic damping parameters of the modes involved in the three-magnon process and

the magnitude of coupling between the modes ψn. It is clear from Eqn. (4.5) that small

values of the damping parameters and large three-magnon coupling constant ψn favor the

the split-peak resonance formation.
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Equation (4.6) reveals that the nonlinear frequency shift of the quasi-uniform mode is also

a resonant function of the drive frequency. In contrast to the nonlinear damping resonance

described by Eqn. (4.5), the frequency shift resonance is an anti-symmetric function of ω −

ωn/2. The nonlinear shift is negative for ω < ωn/2 and thus causes a fold-over towards lower

frequencies while it is positive for ω > ωn/2 causing fold-over towards higher frequencies.

At the center of the resonance profile, the three-magnon process induces no frequency shift.

This double-sided fold-over also contributes to the formation of the split-peak lineshape

of the resonance shown in Figs. 4.2(c,d) and to the linewidth broadening. As with the

nonlinear damping resonance, the anti-symmetric nonlinear frequency shift and the double-

sided fold-over become greatly amplified when the spin wave mode frequencies are tuned

to the three-magnon resonance 2ω0 = ωn. In the nonresonant regime 2ω0 > ωn, Eqn. 4.6

explains the blue frequency shift observed in Fig. 4.2(b).

Equations (4.5) and (4.6) also shed light on the origin of the quasi-uniform mode line broad-

ening by the antidamping spin torque. The antidamping spin torque increases the quasi-

uniform mode amplitude |ā| via transfer of angular momentum from spin current to the

mode [118]. Since the nonlinear damping and the nonlinear frequency shift are both pro-

portional to |ā|2 and both contribute to the line broadening, the antidamping spin torque

can give rise to the line broadening. Equation (4.5) reveals two competing effects of the

antidamping spin torque on the quasi-uniform mode damping parameter αeff
0 : spin torque

from Idc decreases the linear component of the damping parameter α0 → α0(1−Idc/I
|0〉
c ) and

increases the nonlinear component via increasing |ā|. Whether the antidamping spin torque

decreases or increases the spectral linewidth of the mode depends on the system parameters.

Our numerical solution of Eqn. (4.3) and (4.4) shown in Fig. 4.3 clearly demonstrates that

the antidamping spin torque can strongly increase the linewidth of the quasi-uniform mode

when the three-magnon resonance condition 2ω0 = ωn is satisfied.

The key requirement for observation of the resonant nonlinear damping is discreteness of the
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magnon spectrum imposed by geometric confinement in the nanoscale ferromagnet geome-

try. The split-peak nonlinear resonance discovered in this work cannot be realized in bulk

ferromagnets because the three-magnon resonance condition in bulk is not only valid at the

uniform mode frequency ω0 but also at other frequencies near ω0. Owing to the magnon

spectrum continuity in bulk, shifting the excitation frequency away from ω0 does not de-

stroy the three-magnon scattering of the uniform mode – it simply shifts it from one group

of magnons to another [80, 98]. Therefore, the amplitude of the uniform mode does not

increase when the drive frequency is shifted away from ω0 and thus the split-peak resonance

is not realized.

4.7 Conclusion

Our measurements demonstrate that magnetic damping of spin wave modes in a nanoscale

ferromagnet has a strong nonlinear component of resonant character that appears at a dis-

crete set of magnetic fields corresponding to resonant three-magnon scattering. This strong

resonant nonlinearity can give rise to unusual spin wave resonance profile with a local mini-

mum at the resonance frequency in sharp contrast to the properties of the linear and nonlinear

spin wave resonances in bulk ferromagnets. The resonant nonlinearity has a profound effect

on the response of the nanomagnet to spin torque. Antidamping spin torque that reduces

the quasi-uniform spin wave mode damping at magnetic fields far from the resonant three-

magnon regime, can strongly enhance the damping in the resonant regime. This inversion

of the effect of spin torque on magnetization dynamics by the resonant nonlinearity is ex-

pected to have significant impact on the performance of nanoscale spin torque devices such

as magnetic memory and spin torque oscillators.
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Chapter 5

Parametric Resonance of

Magnetization Excited by Electric

Field

The contents of this chapter are adapted from work originally published as Nano Lett.,

17(1), 572-577 (2017). The theory of parametric resonance threshold is developed by our

collaborators: Roman Verba, Vasil Tiberkevich, and Andrei N. Slavin.

5.1 Introduction

A prominent manifestation of the magneto-electric coupling in magnetic films and het-

erostructures is modification of magnetic anisotropy by electric field [9, 119, 120]. This

recently discovered effect takes place at the interface between a ferromagnetic metal (e.g. Fe)

and a nonmagnetic insulator (e.g. MgO) [9] and originates from different rates of filling of

d -like electron bands in response to electric field applied perpendicular to the interface [12].
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Since electrons in different bands contribute unequally to the uniaxial perpendicular mag-

netic anisotropy (PMA) at the interface, electric field can be used to modulate PMA. This

voltage-controlled magnetic anisotropy (VCMA) is promising for energy-efficient manipu-

lation of magnetization [121, 122, 123] because, unlike spin torque (ST), VCMA does not

rely on high electric current density resulting in large Ohmic losses. In this work, I em-

ploy VCMA modulation at microwave frequencies in order to excite parametric resonance of

magnetization in a nanomagnet [124, 125, 126].

Parametric excitation of magnetization has two important advantages over direct excitation

by external magnetic field with a frequency at fSW. First, parametric drive efficiently couples

not only to the uniform precession of magnetization but also to spin wave eigenmodes [15].

This allows excitation of short wavelength spin waves by simply choosing the parametric drive

frequency to be twice the desired spin wave frequency. Second, parametric pumping can be

used for frequency-selective amplification of spin waves [16] and for phase error correction

[17]. All these properties of parametric pumping form a highly desirable set of tools for

the nascent field of nanomagnonics [18, 17]. However, parametric excitation of spin waves

by microwave magnetic field in metallic ferromagnets is not energy-efficient because of the

relatively high threshold fields (tens of Oe) [20]. Here we show that replacing magnetic

field pumping by electric field (VCMA) pumping solves this problem and allows parametric

excitation of magnetic oscillations in metallic ferromagnets by a low-power microwave drive.

5.2 MTJ Devices and Experimental Setup

We demonstrate parametric excitation of magnetization in 70 nm×150 nm elliptical nanoscale

magnetic tunnel junctions (MTJs) schematically shown in Fig. 5.1(a). The junctions are

patterned from (bottom lead)/ Ta(5)/ PtMn(15)/ SAF/ MgO(0.83)/ Co20Fe60B20(1.58)/

Ta(5)/ (cap) multilayers (thicknesses in nm) deposited by magnetron sputtering. Here SAF
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Figure 5.1: Measurement setup and MTJ characterization. (a) Schematic of exper-
imental setup for DC and microwave characterization of MTJ. (b) MTJ conductance as
a function of in-plane magnetic field Hx applied parallel to the MTJ long axis. (c) ST-
FMR spectrum of the MTJ at Hx = 0.06 kOe. (d) Dependence of ST-FMR spectra on
Hx. (e) Quasi-uniform spin wave mode frequency versus direct voltage bias Vdc measured at
Hx = 0.06 kOe.
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= Co70Fe30(2.3)/ Ru(0.85)/ Co40Fe40B20(2.4) is the pinned synthetic antiferromagnet, which

has magnetic moments lying in the plane of the sample. The equilibrium direction of the

Co20Fe60B20 free layer magnetization is normal to the sample plane due to interfacial PMA

[92]. Prior to patterning, the multilayers are annealed for 2 hours at 300 ◦C in a 10 kOe in-

plane magnetic field that sets the pinned layer exchange bias direction parallel to the MTJ

long axis.

5.3 Characterization of MTJ Device

All measurements in this chapter are made in the setup schematically shown in Fig. 5.1(a)

that allows application of DC and microwave voltages to the MTJ and measurement of DC

and microwave signals generated by the MTJ. Fig. 5.1(b) shows conductance G of the MTJ

measured as a function of in-plane magnetic field Hx applied parallel to the MTJ long axis.

The shape of the G(Hx) curve is congruent to the shape of the Mx(Hx) hysteresis loop [92],

where Mx is normalized projection of the free layer magnetization onto the applied field

direction. The hysteresis loop and micromagnetic simulations confirm the out-of-plane easy

axis of the free layer, not shown here. The center of the loop is shifted from zero field due

to a residual 0.06 kOe stray field from the SAF.

We employ spin-torque ferromagnetic resonance (ST-FMR) to characterize the spectral prop-

erties of spin wave eigenmodes of the MTJ. In this technique, a small amplitude microwave

drive current GVac sin(2πfdt) applied to the MTJ excites oscillations of magnetization at the

drive frequency fd. The resulting resistance oscillations Rac sin(2πfdt+φ) of the MTJ at the

drive frequency lead to partial rectification of the microwave drive voltage Vac and generate

a direct voltage Vr. Peaks in ST-FMR spectra Vr(fd) arise from resonant excitation of spin

wave eigenmodes of the MTJ [3, 47].
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Gilbert damping. Figure 5.1(c) shows a ST-FMR spectrum of the MTJ measured at

Hx = 0.06 kOe. Two spin wave eigenmodes are present in this spectrum with the lowest-

frequency (fSW = 0.91 GHz) mode being the quasi-uniform spin wave mode of the free

layer [44]. The Gilbert damping of the free layer was estimated from the spectral linewidth

of the quasi-uniform mode measured by ST-FMR technique at Hx = 0.06 kOe. Assuming

uniaxial anisotropy, the Gilbert damping parameter is given by the ratio of half width at half

maximum ∆f of the ST-FMR resonance curve Vr(fd) to the quasi-uniform mode resonance

frequency fSW [15]:

α =
∆f

fSW

. (5.1)

In Fig. 5.1(c), we find ∆f ≈ 0.03 GHz. By using this value of the linewidth and the measured

resonance frequency fSW = 0.91 GHz, we obtain an estimate of the free layer Gilbert damping

constant α ≈ 0.033, which is typical for a CoFeB layer of this thickness [92]. Dependence

of ST-FMR spectra on Hx is summarized in Fig. 5.1(d). The frequency of the quasi-uniform

mode increases with increasing absolute value of the net in-plane field due to the second-order

uniaxial PMA [92].

VCMA efficiency. Figure 5.1(e) shows dependence of the quasi-uniform spin wave mode

frequency on direct voltage bias Vdc applied to the MTJ. The observed linear shift of

the quasi-uniform mode resonance frequency fSW with applied direct voltage Vdc shown in

Fig. 5.1(e) arises exclusively from VCMA. The effective fields due to field-like and damping-

like spin torque are perpendicular to the free layer magnetization for the perpendicular

orientation of the free and the SAF magnetic moments employed in our experiment. Such

perpendicular fields can only induce a quadratic shift of the quasi-uniform mode frequency.

The frequency shift due to Ohmic heating is independent of the current polarity and thus

is also quadratic in Vdc to leading order. Given the linear relation between the resonance

frequency fSW and the anisotropy field Hu for a uniaxial ferromagnet, the slope of the line
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in Fig. 5.1(e) is

γ

2π

dHu

dVdc

, (5.2)

where the gyromagnetic ratio γ is taken to be 176 GHz/T. The data in Fig. 5.1(e) gives

VCMA efficiency dHu

dVdc
= 526 Oe/V, which is typical for this material system [92].

5.4 Detection of Parametric Resonance by Microwave

Emission Measurement
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Figure 5.2: Parametric resonance. (a) Power spectral density (PSD) of the microwave
signal emitted by the MTJ under VCMA parametric drive of Vac = 0.185 V. Curves are
vertically offset for clarity and are listed in order of drive frequency. (b) Dependence of the
parametrically generated emission spectra on the drive frequency for Vac = 0.185 V. (c) PSD
peak plotted versus drive frequency and drive amplitude reveals typical Arnold tongue shape
characteristic of parametric excitation.

We use the parallel pumping geometry to parametrically excite the free layer quasi-uniform

mode [124], in which magnetization of the free layer is parallel to the oscillating PMA field

Hu. We apply a constant 0.06 kOe in-plane magnetic field along the long axis of the ellipse

to compensate the in-plane SAF stray field acting on the free layer so that its magnetization

is aligned perpendicular to the sample plane. We then apply a parametric drive voltage

Vac to the MTJ and vary the drive frequency fd about 2fSW (twice the quasi-uniform mode

resonance frequency). The resulting modulation of PMA at the drive frequency due to
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VCMA can parametrically excite magnetization oscillations at half the drive frequency [124],

which gives rise to the MTJ resistance oscillations Rac cos(2π fd
2
t + φ). These resistance

oscillations can be detected via their mixing with the microwave current GVac cos(2πfdt)

through the junction, which generates mixing voltage signals Vmix(t) at frequencies fd/2 and

3fd/2:

Vmix(t) = GVac cos(2πfdt) ·Rac cos

(
2π
fd

2
t+ φ

)
=

1

2
GVacRac

[
cos

(
2π
fd

2
t− φ

)
+ cos

(
2π

3fd

2
t+ φ

)]
. (5.3)

As illustrated in Fig. 5.1(a), we amplify Vmix(t) and measure its spectrum with a microwave

spectrum analyzer. Here we present power spectra of Vmix(t) measured near fd/2; similar

spectra are observed near 3fd/2. Figure 5.2(a) displays power spectral density (PSD) P (f)

of Vmix(t) measured at several fixed values of the drive frequency fd near 2fSW and drive

amplitude Vac = 0.185 V. The maximum of each power spectrum is observed exactly at fd/2,

clearly illustrating that magnetization dynamics of the free layer is excited parametrically at

half the drive frequency. The linewidths of the measured spectral peaks are in the range of

several MHz. This linewidth mostly arises from thermal fluctuations of the free layer mag-

netization (fluctuations of the phase φ in Eqn. 5.3). Figure 5.2(b) illustrates that parametric

excitation of the quasi-uniform mode has well-pronounced resonant character: significant

amplitude of the parametric oscillations is observed only in a narrow range of the drive

frequencies near 2fSW.

Figure 5.2(c) displays dependence of P (fd/2) on the drive amplitude Vac and drive frequency

fd. This figure illustrates the parametric excitation efficiency and clearly demonstrates

that the observed microwave emission from the sample has a threshold character in Vac.

This threshold behavior is expected for parametric resonance that is excited when effective

negative damping from the parametric drive exceeds the positive natural damping of the
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excited mode [15]. Figure 5.2(c) also shows that the parametric resonance frequency fpr

(defined as fd that gives maximum P (fd/2) at a given value of Vac) shifts to lower values

with increasing drive amplitude due to nonlinear frequency shift, as expected for a uniaxial

ferromagnet [15]. The shape of the parametric instability region in Fig. 5.2(c) is a typical

Arnold tongue of a nonlinear parametric oscillator [127].

5.4.1 Theory of Parametric Resonance Threshold

For the theoretical description of parametric resonance of the MTJ free layer we employ a

single-mode approximation. We expand the free layer magnetization into static and dynamic

parts: M(r, t) = Ms(µ+ c(t)m(r) + c∗(t)m∗(r)), where µ is the unit vector in the direction

of the static magnetization, m(r) is the coordinate-dependent vector structure of the spin

wave mode, and c is the dimensionless amplitude of this mode. Starting from the Landau-

Lifshitz-Gilbert equation, the following nonlinear equation describing the dynamics can be

derived [15, 124]:

dc

dt
+ i(ωSW + Ψ|c|2)c+ Γc = hV00e

iωptc∗ + η(t), (5.4)

where ωSW = 2πfSW is the spin wave mode angular frequency, Ψ is the nonlinear frequency

shift of the mode, Γ is the damping rate of the mode, h is the effective pumping field

amplitude, ωp is the pumping frequency, V00 is the efficiency of parametric interaction, and

η(t) describes thermal noise (see Ref. [128] for details). In these notations, the parametric

resonance threshold field is hth = Γ/|V00|, where |V00| = γµ0
2
ε, γ is the gyromagnetic ratio

taken to be 176 GHz/T, µ0 = 4π × 10−7 T·m/A is the permeability of vacuum, and the

damping rate Γ = 2π∆f = 2π × 0.03 GHz [15, 124]. Averaged ellipticity of the spin wave

mode ε is given by [124]:

ε =

∣∣∣∣ 〈m∗ ·m∗〉r
〈m∗ · (µ×m)〉r

∣∣∣∣ , (5.5)

where 〈...〉r denotes a spatial average over the free layer volume.
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We calculate the quasi-uniform mode ellipticity from the micromagnetic mode profile. This

calculation gives ε = 0.26, which results in hth = 6.5 kA/m = 82 Oe. This gives the threshold

voltage for excitation of parametric resonance Vth = hth
dVdc
dHu

= 0.156 V. This micromagnetic

value of Vth is significantly higher than that given by the macrospin approximation with

ε = ωM|Nx − Ny|/(2ωSW), where ωM = γµ0Ms (with Ms = 950 kA/m), Nx = 0.014 and

Ny = 0.040 are components of the free layer demagnetization tensor [129], and ωSW =

2π × 0.91 GHz is the spin wave mode frequency. The higher value of ellipticity (ε = 0.478)

in the macrospin approximation leads to a lower parametric threshold: hth = 45 Oe and Vth

= 0.085 V. As expected, the experimentally measured value of the threshold voltage Vth =

0.136 V is much higher than that given by the macrospin approximation but it is similar to

that appropriate for micromagnetic profile of the quasi-uniform mode. The 15% discrepancy

between the measured and the theoretically predicted threshold could arise from deviation

of the free layer shape from the ideal elliptical shape assumed in the simulations and from

over-estimation of the damping parameter of the free layer.

Evaluation of the parametric resonance threshold from experiment

To determine the threshold voltage for parametric excitation Vth from the experimental data

in Fig. 5.3, we fit these data to theoretical expressions of the oscillation power as a function

of the drive amplitude Vac. These expressions are derived below for two limits: Vac � Vth

and Vac � Vth.

Below the threshold. Well below the threshold (Vac � Vth), the nonlinear frequency shift

in Eqn. (5.4) can be neglected and the parametric resonance frequency fpr is equal to twice

the spin wave mode frequency (fpr = 2fSW). In this limit, the reduced integrated power p

of the spin wave mode is given by the expression below when the free layer is driven exactly
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at the parametric resonance frequency fpr:

p =
〈
|c|2
〉

=
C1

Γ− |hV00|
+

C1

Γ + |hV00|
=

D

(Vth − Vac)
+

D

(Vth + Vac)
, (5.6)

where 〈...〉 denotes a thermal average. In deriving this expression, we assumed white thermal

noise: 〈η(t)η(τ)〉 = C2δ(t− τ) and 〈η(t)η∗(τ)〉 = C1δ(t− τ), where C1, C2 and D = C1Vth/Γ

are constants. Here we also employed the linear relation between the effective (VCMA)

pumping field amplitude h and the microwave voltage amplitude Vac, which is evident from

Fig. 5.3(e).

By expanding the noise term into Fourier series, we obtain the following expression for

reduced power spectral density p(f) of the spin wave mode oscillations:

p(f) =
〈
|c(f)|2

〉
=

C2

(Γ− |hV00|)2 + (2π(f − fSW))2

+
C2

(Γ + |hV00|)2 + (2π(f − fSW))2
(5.7)

=
A

(Vth − Vac)2 + (2π(f − fSW)Vth/Γ)2

+
A

(Vth + Vac)2 + (2π(f − fSW)Vth/Γ)2
, (5.8)

where A = C2V
2

th/Γ
2 is a constant. Setting f = fSW in Eqn. (5.8), we obtain an expression

for the peak value of the reduced PSD that is observed at f = fSW = fpr/2:

p(fpr/2) =
〈
|c(fpr/2)|2

〉
=

A

(Vth − Vac)2
+

A

(Vth + Vac)2
. (5.9)

The second term in Eqn. (5.9) is much smaller than the first one for Vac approaching Vth and

it can be neglected in fitting the experimental data of Fig. 5.3:
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p(fpr/2) =
〈
|c(fpr/2)|2

〉
=

A

(Vth − Vac)2
. (5.10)

Above the threshold. Well above the threshold (Vac � Vth), the integrated power of

the parametrically excited quasi-uniform mode is nearly temperature independent and can

be approximated by its zero-temperature value [115]. Neglecting the thermal noise term in

Eqn. (5.4), we derive:

p = |c|2 =
1

|Ψ|

(√
(hV00)2 − (hthV00)2 + 2π(fpr/2− fSW)sign(Ψ)

)
. (5.11)

We assume that the deviation of fpr from 2fSW is small, so that the second term in the

parentheses can be neglected compared to the first term. In this case, Eqn. (5.11) takes a

simple form:

p = B
√
V 2

ac − V 2
th, (5.12)

where B = Γ/(|Ψ|Vth) is a constant.

5.4.2 Experimental Determination of the Parametric Resonance

Threshold

In order to quantitatively determine the threshold drive voltage Vth needed to excite para-

metric resonance of the quasi-uniform mode, we analyze reduced power of this mode p as

a function of the drive amplitude Vac. By definition, p = |c|2 where c is dimensionless

amplitude of the quasi-uniform mode, which is proportional to the amplitude of the MTJ

resistance oscillations, so that p ∼ (GRac)
2. It is clear from Eqn. 5.3 that PSD of the reduced

power p(f) is proportional to P (f)/V 2
ac for any Vac. In Fig. 5.3, we plot its resonant value

P (fpr/2)/V 2
ac, which is proportional to p(fpr/2), as a function of Vac.
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Figure 5.3: Parametric resonance threshold. Normalized peak amplitude of PSD,
P (fpr/2)/V 2

ac, measured at parametric resonance as a function of the parametric drive am-
plitude Vac. Best fits of Eqn. 5.13 and Eqn. 5.14 to the data (solid lines) give the parametric
resonance threshold voltage Vth = 0.136 V.
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Analytical expressions for p(fpr/2) can be derived in the limit of Vac � Vth. In this limit,

magnetization dynamics are small-amplitude thermal fluctuations amplified by the paramet-

ric drive, for which:

p(fpr/2) =
A

(Vth − Vac)2
, (5.13)

where A is a constant.

In the opposite limit of Vac � Vth, thermal fluctuations can be neglected and the following

analytical expression for the reduced power p can be derived:

p = B
√
V 2

ac − V 2
th, (5.14)

where B is a constant.

For our system, p in Eqn. 5.14 can be replaced by p(fpr/2) because the measured spectral

linewidth of P (f) at fd = fpr depends weakly on Vac for Vac > 0.16 V. Therefore, we can

fit the data in Fig. 5.3 using Eqn. 5.13 in the small amplitude limit and Eqn. 5.14 in the

large amplitude limit. The best fit shown by the blue (small amplitude) and red (large

amplitude) lines in Fig. 5.3 gives Vth = 0.136 V. In this fitting procedure, A and B are free

fitting parameters while Vth is treated as a common fitting parameter for both the small and

large amplitude limits, see at the end of this section for the fitting procedure.

It is instructive to compare the measured Vth to its theoretically expected value for our

MTJ geometry and the measured VCMA efficiency. The calculated threshold voltage in the

macrospin approximation is Vth = 0.086 V while that given by micromagnetic simulations is

Vth = 0.156 V. The measured value is similar to the micromagnetic prediction, which lends

support to VCMA origin of the observed parametric resonance.

In our experiment, spin-polarized tunneling current flows through the MTJ, which results in

ST and Oersted field acting on the free layer. However, these types of drive play a negligible

97



role in exciting parametric resonance compared to the VCMA drive. The Oersted field

has nearly circular symmetry and therefore it poorly couples to the quasi-uniform mode.

The effective fields of both the field-like and damping-like ST lie in the sample plane, which

corresponds to perpendicular pumping geometry. Parametric excitation of the quasi-uniform

mode at fd = 2fSW is inefficient in this geometry [15].

Details of the fitting procedure. The fitting of the normalized peak power data shown

in Fig. 5.3 to Eqn. (5.10) and Eqn. (5.12) was performed by the least squares method with A,

B and Vth as fitting parameters. A range of data near the threshold voltage must be excluded

in the fitting procedure because neither Eqn. (5.10) nor Eqn. (5.12) is valid at the threshold

voltage. We chose the data range where Vac < 0.1 V for the low-power fit and the data range

where Vac > 0.16 V for the high-power fit (the excluded data range is 0.1 V – 0.16 V) because

the best fit parameters do not change significantly upon further extension of the excluded

data range. The threshold voltage given by this fitting procedure is Vth = 0.136 V.

5.5 Parametric Resonance of Perpendicular MTJ via

ST-FMR

Our experiment employs MTJ magnetic configuration with in-plane SAF and out-of-plane

free layer that is convenient for unambiguous demonstration and quantitative analysis of

parametric resonance excited by VCMA. However, we find that VCMA-driven parametric

resonance can be observed in other types of MTJ configurations. Figure 5.4 shows out-of-

plane magnetic field dependence of ST-FMR spectra measured for a 30 nm× 95 nm MTJ

with out-of-plane equilibrium configuration of both the free and SAF layers. Owing to

the smaller amplitude of the rectified voltage in this collinear geometry, we employ ultra-

sensitive ST-FMR with magnetic field modulation [44] rather than conventional ST-FMR
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Figure 5.4: Parametric resonance in ST-FMR. ST-FMR spectra of an MTJ with out-of-
plane SAF and free layers measured as a function of out-of-plane magnetic field. Resonance
at twice the quasi-uniform mode frequency arises from parametric excitation of the quasi-
uniform mode.
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with amplitude modulation.

The ST-FMR spectra measured at a large value of the microwave drive voltage Vac = 0.4 V

reveal several spin wave eigenmodes of the free layer. Another prominent resonance is ob-

served at twice the frequency of the lowest-frequency (quasi-uniform) spin wave eigenmode.

In this collinear MTJ geometry, the microwave resistance oscillations of the device have

a significant component at twice the excited spin wave mode frequency and mix with the

parametric drive at twice the mode frequency to give rise to a rectified voltage peak at

2fSW measured by ST-FMR. The amplitude of this additional resonance at 2fSW relative

to the amplitude of the resonance at fSW increases with increasing Vac, which is a signa-

ture of a thermally smeared threshold behavior similar to that in Fig. 5.3. The out-of-plane

collinear geometry is commonly employed in spin torque magnetic memory (STT-MRAM),

and parametric resonance signals in ST-FMR of STT-MRAM can potentially be used for

characterization of the free layer properties such as magnetic damping.

5.6 Conclusion

In summary, our work shows that magneto-electric coupling can be used to excite para-

metric resonance of magnetization by electric field. We employ voltage-controlled magnetic

anisotropy at the CoFeB/MgO interface to parametrically excite a spin wave mode in the

free layer of a nanoscale magnetic tunnel junction. The threshold voltage for parametric

excitation in this system is found to be well below 1 Volt, which is attractive for applications

in energy-efficient spintronic and magnonic nanodevices such as spin wave logic [130]. This

work opens a new energy-efficient route for excitation of magnetization dynamics in thin

films of metallic ferromagnets and nanodevices based on magnetic multilayers.
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Chapter 6

Conclusion and Future Work

In conclusion, the experimental results in Pt/LSMO bilayer system show relatively high spin

mixing conductance and the very low Gilbert damping (comparable with the best reported

values of other metallic ferromagnets). These results make Pt/LSMO an attractive system

for making spin Hall nanowire oscillators [27, 54, 56, 78, 79] because both results indicate a

possible reduction of critical current density Jc0 for driving microwave emission. However,

there exist several hampering factors for making nanowire oscillator based on Pt/LSMO.

First, the significant negative PMA in LSMO films on STO substrate is expected to increase

Jc0 because the negative sign makes the magnetization to prefer to lie within the film plane

and this adds an extra energy to overcome. A more problematic finding is that the surface

of STO substrate is known to become conductive after the ion-milling operation due to the

creation of oxygen vacancies and imperfections left on the surface. The conductive surface

is a source of shunting pathway for RF current in the nanowire and results in smaller signal

amplitude. In contrast, for example, (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrate is known

to remain electrically insulating even after the ion-milling operation. Therefore finding a

good insulating substrate that maintains low magnetic damping of Pt/LSMO bilayer and

positive PMA will be a key to realize its application for the spin Hall nanowire oscillator.
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The work in nonlinear resonant three-magnon scattering will have a substantial impact on

the performance evaluation of spin-torque magnetic memory (STT-MRAM) based on MTJs

and spin-torque nano-oscillators. First, this effect has been observed in both types of MTJs,

in-plane magnetized and perpendicularly magnetized, which points to the universality of the

effect. The critical current density of all these devices relies on large-amplitude oscillations

of magnetization driven by spin torque. Therefore, the limiting amplitude resulting from the

resonant nonlinear damping is expected to have a detrimental effect on the device perfor-

mance. Experimental study of spin-torque driven switching in the presence of extra damping

by three-magnon scattering will be very interesting and will be a primary focus of future

work.

Lastly, our demonstration of VCMA-driven parametric resonance of spin wave in nanomag-

net leaves several excellent questions to study in future. First, the MTJ employed in this

study has MgO thickness that allows the flow of tunneling current. Since VCMA effect does

not rely on high current density but results from electric field effect, I expect parametric res-

onance will become an increasingly important method for generating spin-wave eigenmodes

in pMTJs having thick MgO barrier, where spin torque effect will become increasingly small.

Second, it will be interesting to observe parametric resonance of higher-order spin-wave mode,

which I have tried hard without a success at room temperature measurements. One possible

reason might be rooted to the spatially non-uniform amplitude of higher-order spin-wave

eigenmodes. If the non-uniformity in the spatial profile decreases the overall ellipticity of

magnetization precession, it can potentially increase the threshold of parametric excitation

for these modes. Perhaps, reducing the measurement temperature can result in a better

chance to observe the parametric resonance signal of higher-order modes because smearing

of the threshold, due to thermal fluctuations, will be reduced.

This work also leads to several exciting directions for the nanomagnonics research. The

sub-1 V threshold voltage for parametric excitation found in this study is quite attractive
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for applications in magnonic nanodevices such as spin wave logic [130]. The propagating

spin wave is the information carrier in these applications. It will be fascinating to observe

parametric pumping of propagating spin wave driven by VCMA because this will open a new

platform for experimenting the effect of VCMA on controlling the spin wave propagation.

Finally, I expect VCMA-driven parametric resonance will come increasingly important tech-

nique for fundamental research and for practical applications as the material system having

higher VCMA efficiency to be discovered in future.
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