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ABSTRACT

MICROWAVE STUDIES OF FERROMAGNETIC RESONANCE, MAGNONIC CRYSTALS,
AND PASSIVE EARTH REMOTE SENSORS

This thesis collects the work and results of three microwave experiments for materials science
applications in the contexts of data storage, communications, and passive remote sensing. The
first topic measures the Gilbert damping constant of magnetic materials at elevated temperatures.
This is performed using a setup for cavity-based ferromagnetic resonance (FMR) measurements
adapted to reach and measure at temperatures above 700 K. Significant effort is being made in the
digital storage industry to increase the areal density of magnetic storage by using techniques such as
heat-assisted magnetic recording (HAMR) and spin-transfer-torque (STT) recording. The Gilbert
damping constant is directly related to the efficiency of magnetic storage because a greater damping
constant corresponds to more energy required to flip the orientation of the magnetic dipole moment
that represents a digital bit. Characterizing the performance at the high effective temperatures
required by HAMR and expected in STT devices has not been widely available due to limitations of
typical FMR measurement systems. This work demonstrates measurements of the Gilbert damping
constant in STT magnetic random-access memory (MRAM) free layers at temperatures up to 560
K. A typical STT MRAM free layer design, which includes a relatively thick layer of tungsten, is
compared to a novel design where the tungsten layer has been split into two thinner layers. The
results show that the novel design has a reduced damping constant compared to the traditional
design, and that this advantage of the novel design grows with increasing temperature.

Discussed second are measurements of spin wave propagation through thin films. The propaga-
tion is manipulated using magnonic crystals: spin-wave waveguides that have non-uniform magnetic
properties affecting the transmission of the wave. For example, a thin film with spatially periodic
features such as grooves will support destructively-interfering reflections satisfying the Bragg con-
dition, resulting in wavenumbers that are forbidden to propagate. The effect of Bragg reflections is
observed as strong dips in transmission amplitude (functioning as a notch filter) and as band gaps

in the dispersion relation. The design space for magnonic crystals remains relatively unexplored,
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and a number of nonlinear effects are predicted to be observed in designs with increased complexity.
In pursuit of this, a nanofabrication recipe for yttrium iron garnet thin films was developed using
photolithography and wet etching. A doubly-periodic magnonic crystal with two alternating lattice
periods was fabricated and the transmission of surface spin waves was measured using a vector net-
work analyzer. It was observed that the transmission dips were stronger at wavenumbers satisfying
the Bragg condition for both lattice periods, which is a distinct result from singly-periodic designs,
and that the wavenumbers satisfying the Bragg condition corresponded to an effective period equal
to the sum of the two periods.

Presented third is the emissivity characterization of a novel blackbody calibration target for
use in passive remote sensing microwave radiometers. State-of-the-art blackbody calibration tar-
gets are microwave-absorbing epoxies that are ferrite-loaded and arranged in arrays of pyramids to
maximize loss. These targets are excellent approximations to a blackbody, meaning that the radio-
metric brightness temperature measured by the radiometer is approximately equal to the physical
temperature of the target. However, state-of-the-art targets are disadvantaged by their mass and
volume and by thermal gradients that exist across the pyramids, which is a source of uncertainty
that can be difficult to characterize. Calibration targets based on metamaterial absorbers are pre-
sented that address both of the aforementioned disadvantages in pyramidal targets via their planar
design. Monostatic measurements of the metamaterial-based blackbody calibration targets show
their emissivity as a function of frequency in bands relevant to remote sensing of the Earth’s atmo-
sphere, and nearly all of the targets reach an absorptivity target of 30 dB. A radiometer is used to
support the result at the highest frequencies with measurements that directly determine emissivity

from the physical and radiometric temperatures of the metamaterial.
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Chapter 1. Introduction

1.1 Big Picture

The microwave region of the electromagnetic spectrum is generally defined as between 300 MHz
and 300 GHz, or wavelengths of 1 m to 1 mm, lying within the broader characterization of radio
frequencies (rf) defined as 100 MHz—1000 GHz. In a practical sense, microwaves have wavelengths
on the scale of the elements in a microwave circuit. This means that there is a meaningful phase
change across the circuit elements and that analysis occupies a regime between circuit theory and
geometrical optics.

Electromagnetic waves at microwave frequencies travel through the atmosphere by line of sight
and, relative to higher frequencies, are only weakly attenuated by scattering with things like clouds
or foliage. These properties make them natural carriers for over-the-air (OTA) communications and
active remote sensing applications, i.e., radar. Applications of radar are diverse and widespread,
and OTA communications have unquestionably defined the modern era. The microwave spectrum
is also host to a suite of physical phenomena. Transitions between rotational states in oxygen
and water vapor emit microwave radiation that is measured by passive sensors called radiometers
and used to characterize atmospheric temperature and humidity, sea surface temperature and ice
coverage, soil moisture, and more. At a much smaller scale, and applied magnetic field will cause
the magnetic moments in a material to precess at frequencies within the microwave regime—this
phenomenon is the basis of a rich field of magnetization dynamics with applications in digital data
storage, nonlinear research, and spin-based computing. Magnetic data storage in particular has
also had a major impact on the modern era, to support the immense and growing amount of data
that is produced for research, business, communication, and entertainment.

This dissertation details three microwave experiments that demonstrate the broad applicability
of microwave research in physics and engineering within the fields of magnetization dynamics and in
passive remote sensing. The current chapter provides an introduction and review of subject matter
common between each project. Chapter 2 and Chapter 3 discuss spectroscopic measurements

of ferromagnetic resonance (FMR) and an experimental setup for measuring FMR at elevated



temperatures. There is a present need for high-temperature FMR to characterize the Gilbert
damping constant in materials intended for near-future technologies such as heat-assisted magnetic
recording and spin-transfer torque magnetic random-access memory (STT MRAM). The damping
constant is critical to characterizing efficiency in these devices because it is correlated to the energy
required to flip a magnetic moment—the physical object representing binary bit.

Chapter 4 discusses excitations of magnetic systems called spin waves, or magnons. Spin waves
have attractive properties for fundamental physics research and for high-frequency communications.
This is due in part to a flexible dispersion relation, which is a function of the magnetic environ-
ment. Magnonic crystals are devices with engineered magnetic properties to affect the spin-wave
dispersion. The simplest example is a thin film strip with periodic changes in magnetization, which
can be realized in a myriad of ways. This structure supports Bragg reflections, which rejects spin
waves with particular wavenumbers and functions as a tunable notch filter. The work in Chap-
ter 5 describes the fabrication, simulation, and measurement of a magnonic crystal with a double
periodicity that displays a dispersion relation with notable distinctions from singly periodic designs.

Chapter 6 discusses the passive sensing of thermally-emitted radiation, called radiometry, in the
Earth’s atmosphere. Spaceborne radiometers measure, among other things, the thermal signatures
of oxygen and water vapor and are powerful tools for numerical weather prediction, atmospheric
research, and climate science. Precise calibration is required for these instruments to separate the
small and noiselike signals from the instrument’s own thermal profile, and to make meaningful
comparisons between different instruments and datasets. These calibrations require targets that
approximate a blackbody, a theoretical object that absorbs all incident energy and, according to the
conservation of energy, emits a known amount power defined by its physical temperature. Chapter 7
presents the development and characterization of a novel calibration target built from metamaterial
absorbers. The metamaterial absorber calibration targets reduce uncertainty by eliminating phys-
ical temperature gradients in current state-of-the-art targets, and have size and weight advantages
for miniaturized instruments with those constraints, which are becoming increasingly popular for

spaceborne applications.



1.2 Electromagnetism

Standard textbooks on microwave engineering and classical electrodynamics are the aptly-titled
books by Pozar [1] and Jackson [2], respectively. The sections here are meant to summarize some

generally-applicable topics.

1.2.1 Maxwell’s Equations

Electromagnetics is described by Maxwell’s equations, which are (in differential form):

V-D =p, (1.1)
V-B=0, (1.2)
0B
E=-2" .
V x o (1.3)
Vtzad—]?—i—J. (1.4)

Maxwell’s equations relate the electric field E (with units of [V/m]), the magnetic field H [A/m],
and their corresponding flux densities (usually also referred to as fields or inductions) D [C/m?] and
B [Wb/m?] to each other and to the charge density p [C/m?®] and current density J [A/m?]. The
fields and flux densities are related by the electric permittivity ¢ [F/m] and magnetic permeability

p [H/m] of the material. In vacuum these are the real-valued constants

g0 = 8.854 x 10712, (1.5)

po = 4m x 1077, (1.6)

In materials, electric or magnetic moments align with an applied field to create a polarization, P.

In linear media, and using the magnetic fields as an example,

B = po(H+P) = po(H + xH) (1.7)



where x is the complex susceptibility. Letting po(1 + x) = p leads to the constitutive relations

B = uH, (1.8)

D =¢E. (1.9)

The relation between the electric fields are handled in an identical manner.

Imaginary components of y and e represent losses. Losses are due to damping mechanisms on
the vibrating dipole moments and, in electric conductors, due to resistive losses according to Ohm’s
law

J = 0E, (1.10)

which describes the conduction current density due to the material conductivity, o. Microwave
electronic components are often characterized by a real relative permittivity, ., also called the
dielectric constant, and a factor called the loss tangent, tan d. Loss can be introduced to a lossless
model by then letting real € — g, (1 — i tand).

It is common to consider fields that are at steady-state and have a harmonic, or sinusoidal, time
dependence. For example,

t

Oftentimes, the harmonic term, e®?, is suppressed.

1.2.2 Propagation of Electromagnetic Waves

Propagation of an electromagnetic wave through “free space” refers to travel through a perfect
vacuum: an empty, isotropic, and homogenous region with u = pg and € = gq. Air is approximately

free space. (1.3) and (1.4) become

V x E = —iwuoH, (1.12)

V x H = iweoE, (1.13)



so either E or H can be determined. Choosing E, take the curl of (1.12) and substitute (1.13):

V x V x E = —iwpg (iweoE) = w? oo E, (1.14)

then use the vector identity V x V x E = V(V - E) — V2E to yield

V2E + w?pogoE = 0. (1.15)

The result for H is identical. This result is a Helmholtz equation—the wave equation—with wave
number k = w,/figgo [m~1].

The simplest case for (1.15) is a uniform field like E = E, &, which has the solution

E.(z) = Ete ™ 1 pmeih?, (1.16)

This shows a wave that propagates in Z and in 2. To determine the result for H, take the curl of

E above:
dE
V x E = —iwpoH = —j——, (1.17)
dz
wpoHy = kB, (1.18)
1
H, = —F,, (1.19)
7o
where
Wit [
_ WK p 1.20
= . (1.20)

is the intrinsic wave impedance of the medium, which relates the amplitudes of E and H and has
units of impedance. In free space, g = 376.73 €.
The phase velocity, v, of the wave traveling in £ is taken from a phase-constant point, and it

is shown that v, = 2.998 x 108 m/s = ¢, the speed of light.

dz d (wt—kz w 1
_dt_dt</€ >__ =c (1.21)
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1.2.3 Selected Microwave Components
Transmission Lines

Transmission lines, such as rigid waveguides, coaxial cables, strip lines, and microstrip lines, carry
electromagnetic waves. It is common to see microstrip lines as printed-circuit boards (PCBs),
which allows for flexible designs using lithographic fabrication techniques. Coaxial cables, often with
SubMiniature version A (SMA) connections, are very common because they are cheap, flexible, and
support frequencies from DC to 18-26 GHz. Similar-appearing but varyingly-compatible connectors
exist that enable higher frequencies. Rigid waveguides are a straightforward implementation of a
transmission line—essentially just conductive pipe. They can be expensive, but they can carry high
power with minimal loss. They can support frequencies up to hundreds of gigahertz, but the actual
bandwidth supported by a particular waveguide is a function of its dimensions. Labels may use the
lettered-band designations—e.g., X-band, V-band, Ku-band—or WR numbers—e.g., WR-5, WR-6,
WR-12. The number refers to the inner dimension and, intuitively, larger waveguide dimensions
support larger wavelengths (lower frequencies) and vice versa.

For a wave propagating in 2, modes get classified as transverse electric (TE) if E, = 0, transverse
magnetic (TM) if H, = 0, and as transverse electromagnetic (TEM) if E, = H, = 0. The wave
through a transmission line propagates as currents in the conducting walls that support standing
waves, and these standing waves determine the mode number. Contained in two-dimensions, there
are thus two values, e.g., TEg;. Modes propagate above their cutoff frequency, f., determined by

the line geometry, and the lowest-frequency mode is called the dominant mode.

Resonant Cavities

A resonant cavity contains the energy of a guided wave. For the measurement of a sample loaded
in the cavity, a cavity can provide a significantly improved signal-to-noise ratio (SNR). Resonator
circuits are modeled as a series or parallel resistor-inductor-capacitor (RLC) circuit. The inductor
and capacitor store magnetic and electric energy, W,, and W,. At resonance, these are equal,
defining the resonant frequency as

Wy = ——. (1.22)



The resistance, R, represents the power lost by the resonator, be it ohmic, dielectic, or radiative.
The ratio of energy stored to energy lost per second describes the quantity (), oftentimes referred
to as the Q-factor or quality factor.! @ is the figure of merit for resonant systems and a higher Q

represents a a more effective resonator.

energy stored in the resonant circuit

Q= wo (1.23)

time-averaged power loss

When a resonant circuit is connected to an external circuit, and when a sample is included, Q is
reduced and called loaded. The unloaded )y represents the isolated resonator.

The resonant frequency and () of a resonator can be found by measuring the reflected voltage
against the frequency, as shown in Figure 1.1. The point of minimum voltage, where the most

energy is absorbed, is the resonant frequency, fres. It can be shown that

_ fres

Q=%xF (1.24)

where Af is the half-power bandwidth. This is valid for voltage when the signal is determined by
a square-law detector.

A microwave resonator can be built from an open- or short-circuited line, but a closed section
of waveguide, a cavity, typically has much higher (). Similar to transmission lines, standing waves
between the cavity walls describe the cavity mode. The experiments in Chapter 3 take advantage
of high-@) cylindrical cavities operating in the TEg;; mode. This mode, illustrated in Figure 1.2
maximizes the magnetic field at the center of the cavity, where the sample was located. Figure 1.3
is a photo of one of the cavities used in this experiment. It is made of high-purity copper and
couples to a waveguide via a small hole at the top called an iris. The hole in the cap is used to

insert a sample holder.

Antennas

An antenna is a transducer that converts a guided wave into unguided free space, or vice versa.

Microwave antennas are, of course, essential for wireless communications, and antenna design is

!The word “quality” was applied after-the-fact to the variable Q, which was chosen simply because it was available
3]
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Figure 1.1: Measured resonance of an unloaded cylindrical microwave cavity.

Figure 1.2: Illustration of the TEy;; mode in a cylindrical microwave cavity. The magnetic field
strength is maximum at the center.



Figure 1.3: A cylindrical microwave resonant cavity open at one end. The cavity couples to a
Ku-band rectangular waveguide.

fittingly an expansive and growing field—the IEEE Antennas and Propagation society includes over
16,000 members per the society president’s 2026 address.

Much of the theory of antennas is simplified when the antenna is within the far-field region.
This is when spherical wavefronts from a source are able to be considered planar at the receiver.
The far-field distance, R, is

R=", (1.25)

where D is the largest dimension of the antenna and A = ¢/f is the wavelength. The far-field
condition is generally desired and assumed.

Most antennas are reciprocal, meaning that an antenna has the same characteristics whether
it is acting as a transmitter or as a receiver. An antenna is described by its radiation pattern,
which represents how the energy is distributed into (or received from) space. The antenna pattern

function is

S(R,0,¢
F(0,¢) = —(S ) : (1.26)
max R
where S is the time-averaged power density,
S — IRe (ExH") (1.27)
2 9

and the evaluation is at some fixed distance R. F(0, ¢) is normalized to the maximum value. The



total radiated power, P,.q, is calculated by integrating F' over a spherical surface:

Prod = R*Simas // F(0,¢)dS, (1.28)
47

where d{2 = sin 8dfd¢ is an element of solid angle.

Figure 1.4 shows a typical style of plotting antenna patterns. The plot is polar for  with ¢ = 0.
A radiation plot would typically mark the peak of the main lobe as 0 dB. The figure shows a
directive antenna with multiple local maximas called lobes. The mainlobe is the desired direction
of propagation. Sidelobes and backlobes are generally undesirable: for a transmitting antenna
they represent energy directed away from the target, and for a receiving antenna they represent
interference contributions. Relevant angular regions include the full-width at half-maximum, 3/,
called the 3 dB or half-power beamwidth, and the null beamwidth, (,,,;;, marking the minima that
separate the mainlobe from the first sidelobes.

270°

side lobes

7 ain\lob

back lo

°  antenna faces to 0°

Figure 1.4: A typical polar radiation plot for a directive antenna, from Wikipedia. The mainlobe
is the desired direction of propagation; sidelobes and backlobes are generally undesirable.

The ratio of Fi,q, (= 1, by definition) to the average in space, Fy,4, defines the directivity, D.

For a pattern with a single mainlobe centered on Z,

4

D~ —ro
BBy

(1.29)
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where 3, and 3, are half-power beamwidths in x and y. A greater directivity represents a narrower
mainlobe. Directivity can be directly related to antenna gain, G. For a lossless antenna, analysis
shows by equivalence that G = D. Ohmic losses are included by the radiation efficiency, £, defined

as
- Power radiated

¢ (1.30)

~ Power supplied’

and the gain is simply G = £D.

1.2.4 Aside: On Units

In Magnetism

Magnetic quantities have historically favored a system of units based on the centimeter-gram-
second systems of units, CGS, such as the Gaussian system or the EMU (electromagnetic units)
system, based on—as with any system, ultimately—convenience and convention. Today, many
publications require (or strongly suggest) that units are standardized and presented using the
international system of units, the SI,?>. This transition hasn’t been without some confusion for
magnetics researchers (author included)—Jackson includes a ten-page appendix on the topic in
his textbook [2], and Goldfarb at the National Institute of Standards and Technology (NIST) has
most recently published on the topic in 2021 [4], following the 2019 revision of the SI [5]. This
revisison fixes the values of seven fundamental constants that are used to define seven base units.
The magnetic permeability, pg, which was previously a fixed constant, is now determined using the
speed of light in vacuum, ¢, which is a fixed fundamental constant and the fine-struture constant,
«, which is measured in experiment. The relative uncertainties in «, g, and g are equivalent.
Within the scope of this dissertation, the relavent differences are summarized by the constitutive

relation, (1.8), in each system:

SI: B=po(H+ M), (1.31)

Gaussian: B = H + 47 M. (1.32)

In ST units, H and M have the same unit of amperes per meter [Am~!], and B is in units of

2from French systéme international d’unités

11



teslas [T]. In Gaussian units, B and H are in gauss [G] and oersted [Oe], respectively, which are
equivalent. M on its own doesn’t have a named unit,? but 47 M is in G. In both systems, x = M/H.

Jackson and Goldfarb both present tables for converting quantities between systems. It is useful
to remember that 10 G = 1 mT (relevant for applied fields) and that 47 Oe = 1 kAm~! (relevant
for magnetizations). Derivations using SI should include a factor of pg, which is typically common

to each term; and Gaussian derivations should let M — 47w M.

In Microwave Engineering

Microwave engineering typically works in a base-10 logarithmic scale of “units” called decibels

[dB].* For some linear quantity, ¢, its value in dB is

q[dB] = 101log g, (1.33)

and in the other direction,

q = 10919B1/10, (1.34)

Decibels are useful because logarithmic addition represents linear multiplication. A change of +/-
10 dB is a factor of 10 above/below the initial quantity, and a change of +/- 3 dB is approximately
double/half of the initial quantity. It is standard for instruments to present power in units of
decibel-milliwatts [dBm], which defines 0 dBm as 1 mW. Then, gains and losses can be simply

calculated by adding and subtracting in dB.

3“emu” may be used, which stands for “electromagnetic unit.”

4Mathematics sometimes prefer logarithms of base-e, and these are called nepers. 1 neper = 8.686 dB.
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Chapter 2. Ferromagnetic Resonance

2.1 Magnetism in Materials

The orbital angular momentum of a flow of electrons, i.e., a current-carrying loop of wire, creates a
magnetic moment according to a right-hand rule. Each electron has a purely quantum mechanical
intrinsic contribution to its angular momentum called spin, s, that likewise yields an intrinsic mag-
netic moment, m. The magnetic properties of a material arise almost entirely from contributions
of the spin magnetic moments from unpaired electrons. In ferromagnetic materials, the magnetic
moments have order: a net alignment that summate to a spontaneous macroscopic magnetization,
Mjy. The ordering is opposed by thermal energy up to the Curie temperature, T, at which the
moments are fully randomized and My = 0.

In the presence of an applied magnetic field, H,
M=M;,+ x-H, (2.1)

where M is the magnetization and x is the susceptibility tensor. It will be assumed in general
that the material is isotropic, such that x is a scalar. Non-magnetic materials have My = 0, and
those with x > 0 are called paramagnetic. Paramagnetism is seen in materials that have unpaired
electrons but no spontanecous magnetic ordering. Magnetic materials at temperatures above T¢
will exhibit a paramagnetic response. Diamagnetic materials have no unpaired electrons, My = 0
and xy < 0. In diamagnets, eddy currents induced by H create an opposing field. Materials with
magnetic ordering are characterized by the relative strength and orientation of the moments as ferri-,
ferro-, or antiferromagnetic. Figure 2.1 presents a flowchart to determine these classifications.

A measurement of M against H is a common method to characterize the internal magnetic fields
of materials. Ferromagnets demonstrate a nonlinear relationship called hysteresis, whereby changes
in M depend on the state of M. Figure 2.2 illustrates an example of a hysteresis curve (or loop).
A demagnetized sample is quickly magnetized from the origin to its saturation magnetization (or
saturation induction), Ms, at which point the individial moments have become completely aligned.

This occurs at the saturating field strength, H,;. Reducing the applied field strength reduces M

13
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Figure 2.1: Flow chart for magnetically characterizing a material. Solid arrows to the right of
each type of magnetism represent magnetic moments. The dashed arrows next to cells labeled
“diamagnetism” and “paramagnetism” represent an externally-applied magnetic field, H.
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along the indicated path to the remanence value, M,, when no field is applied. With the applied
field in the opposite direction, the sample magnetization changes direction to align with H at
the coercivity field strength, H., and eventually reaches M, in the new direction. The curve
is symmetrical from this point. The area within the hysteresis curve corresponds to the energy

dissipated in the switching process.

Magnetic moment M
-

=M,

~150 -100 -50 0 50 100 150
Applied field H (Oe)

Figure 2.2: A hysteresis curve measured from a yttrium iron garnet (YIG) sample. The param-
agnetic response of the substrate (gadolinium gallium garnet) has been removed. The saturation
magnetization, M, remanence magnetization, M,, coercivity field strength, H., and saturating
field strength, H,, are marked. This particular measurement used relatively large steps in H, lim-
iting resolution.

Hysteresis loops are often measured using a vibrating sample magnetometer (VSM). A typical
VSM configuration is shown in Figure 2.3. The sample (star) is positioned between magnetic pole
pieces (gray trapezoids) producing a field, HZ. It is affixed to a holder that oscillates in &. The
oscillation is typically generated by a piezoelectric material at a known rate, dz/dt. The oscillating

sample generates a voltage difference, U, in sensing coils (red rectangles) according to (1.3), such

15



that
_d®  drd®

U= = dtdz’

(2.2)

where @ is the magnetic flux through the sensing coils. d®/dx is proportional to the sample moment

and the cross-sectional area of the sensing coils.

b

1110

Figure 2.3: Basic diagram of a vibrating sample magnetometer. A magnetic field is applied between
the pole pieces (grey trapezoids) in 2. The sample (star) oscillates in &, and the change in magnetic
flux is measured by the sensing coils (red, striped).

2.1.1 Exchange Interaction

The angular momentum of an atom or ion in its ground state can be found using a simple set of
criteria called Hund’s rules, and this predicts the paramagnetic or diamagnetic response of that
atom or ion. The prediction generally holds when scaled up to solids, but is unable to predict
magnetism from spontaneous ordering. A magnetic moment in a solid will exist due primarily to
electrostatic correlations between spin sites. Ashcroft & Mermin [6] and Stancil [7] both discuss
the difficulty of modeling this problem, particularly in metals, and provide derivations of the two-
electron hydrogen atom.

When the wavefunction distributions of the electrons overlap, the expectation value for the
energy of the state includes a so-called exchange integral, which describes the probability of a

transition where the (indistinguishable) electrons swap positions. This is called the exchange in-
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teraction. It may be direct between spin sites or mediated between sites by other mechanisms.

Further analysis that considers the orientation of electron spins yields the spin Hamiltonian
H = -2JS: - S, (2.3)

where S; and S» are the spin operators for each site and J is the exchange constant and proportional
to the difference in energies of the electron singlet and triplet states. J > 0 has minimized energy
with a parallel alignment (a ferromagnet), and J < 0 with an anti-parallel alignment (an antifer-
romagnet).> A scaled-up version of this Hamiltonian can be constructed by taking the summation
of all ion pairs:

H=-2> J;SiS;. (2.4)
]

This is the Heisenberg Hamiltonian. It is assumed, at a minimum, that the system has wavefunc-
tions that overlap only slightly (e.g., it is an insulator) and that orbital contributions to the total
angular momentum are small.

The leap from two coupled spins to IV coupled spins in two or three dimensions is quite generous;
however, (2.4) does well to describe observed phenomena. For example, the exchange energy along a
two-dimensional chain of spin sites can be interpreted as an excitation with varying spin orientation

from site to site. This is an exchange spin wave, illustrated in Figure 2.4.

Figure 2.4: TIllustration of a spin wave, from Stancil [7]. The wave is described by the relative
orientation of magnetic dipole moments at spin sites and has wavenumber k.

2.1.2 Magnetic Anisotropy

Magnetic anisotropy refers to an energy bias that defines a preferred orientation for a material’s

magnetization. This can be the result of crystal structure (called magnetocrystalline anisotropy),

5The two-electron hydrogen atom, for the record, is antiferromagnetic.
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sample shape, tension, or exchange between ferro- and antiferro- magnetic layers. Most relevant
to this dissertation is magnetocrystalline uniaxial anisotropy, which occurs naturally in hexagonal
crystals and can be present in thin films as a result of their growth conditions. Uniaxial anistropy
is characterized by a single axis with a minimized (called an easy axis) or maximized (called a hard
axis) energy bias.

The effects of anisotropy can be modeled as an internal field called the effective anisotropy field,

Hj. To first order and when the sample is magnetized along its easy axis,

2K
H,=—, 2.5
g /’LOMS ( )

where K is the anisotropy constant and M is the saturation magnetization of the material.
Anisotropy is often a desirable property for applications, because high H; can eliminate the
need for an externally-applied biasing field and is stable against perturbations. For example,
perpendicular magnetic recording (PMR) is a technology used in magnetic data storage that takes
advantage of materials with high out-of-plane anisotropy to dramatically reduce the effect of nearest-
neighbor interactions. This allowed for an order-of-magnitude increase in storage density in those

devices.

2.1.3 Demagnetization

Maxwell’s equation (1.2) that describes “no magnetic monopoles” requires continuity in H at
either side of an interface. Consider a field Hg applied normal to a plate with magnetization M.
Continuity requires that

Ho= M, +H, (2.6)

where H is the effective internal field of the plate. H is smaller than Hj, and this phenomenon
is called demagnetization. Demagnetization depends on sample geometry and orientation with

respect to the applied field, and is modeled as

H=H)— N,,.M. (2.7)
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Table 2.1: Demagnetization factors for common geometries. The direction of the applied field is
chosen as Z.

Shape (field direction) Ny Ny N,

Sphere 1/3 1/3 1/3
Cylinder (major axis) 1/2 1/2 0
Cylinder (minor axis) /2 0 1/2
Thin film (out-of-plane) 0 0 1
Thin film (in-plane) 1 0 0

N,y .. are the demagnetization factors, which are defined such that N, + N, + N, = 1. Table 2.1

collects values of N for common sample geometries with Hy in 2.

2.2 Precessional Motion

The electron spin, s, and the corresponding magnetic moment, m, are directly related by a constant
called the gyromagnetic ratio, :

m = s. (2.8)

Classically analyzing an electron in a circular orbit shows that v = —e/2m,, where —e is the
electron charge and m, is its mass. The quantum mechanical result is equal to this times a factor
(the “g-factor”) of two:

—e

M (2.9)

Me
For [s| = h/2, the magnitude |m| is defined as one Bohr magneton, pp = eh/2m.. The negative
charge of the electron has the effect that ~ is negative and that m and s are anti-aligned. It is
generally preferred to refer to the magnitude, ||, for explicitness.

|| has units of radians per tesla. As a linear frequency,

Iy /2m = 28 GHz T L. (2.10)

It is not uncommon for the factor of 27 to be implied and omitted. This value provides a prac-
tical order of magnitude for magnetization dynamics. For example, a field strength of 350 mT
corresponds to a frequency of nearly 10 GHz, within the microwave X-band. These values are very

accessible for experiments.
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Since || is typically multiplied by a field, it is often convenient to refer to their product, which
is a frequency:

w=|v[B = |y[pH. (2.11)

I refer to this as the “field-frequency substitution.” In SI units, this includes a common y term as
well; occasionally, u is combined into |y| and omitted.

For a bound particle, there is an additional magnetic moment associated with the orbital an-
gular momentum; however, the macroscopic moment of most materials is almost entirely due to
spin contributions from unpaired electrons. This is due to the interaction between spin and orbital
angular momenta, called spin-orbit coupling, typically being very weak. As a result, spin contri-
butions have more weight [7] and, in a lattice, electronic interactions from neighboring ions serve
to eliminate the orbital angular momentum entirely, and it is referred to as “quenched.” Materials
with strong spin-orbit coupling have potential applications in spintronics by providing electrical
control over spin orientations [8].

In the presence of an external magnetic field, B = poH, the magnetic dipole moment, m, of

the electron will experience a torque

d
T:£:mXB:M0mXH. (2.12)
The cross product shows that the direction of this torque will drive the tip of s to precess around

B. By substituing s with (2.8), the result is

dm
o = Ho |7 m x H. (2.13)

This is the Landau-Lifshitz equation of motion, which is valid for a single moment or collective
magnetization, M. The Landau-Lifshitz equation is the fundamental equation for magnetization
dynamics.

(2.13) can be solved to determine the frequency of precession. Consider an field HypZ applied to
a material, and a magnetization M = (m, m,, M,). Assume a small angle of precession; therefore,
second-order products m, and m, are zero and Mj is the saturation value of the material. m, and

m,, are harmonic terms with (omitted) factors of exp(iwt). The total field includes a demagnetizing
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Figure 2.5: Precessional motion of an electron.

field, Hy, so H = (—Nymgy, —Nymy, Hy — N, Mj).

The vector components of (2.13) are

dM
—— = (iwmyg, iwmy,0) , (2.14)
dt

M x H = (Hymy, —H,m;,0), (2.15)

where H, = Hy+ My(N, — N) and Hy = Hy + My(N, — N,) are referred to as the stiffness fields.

Using the field-frequency substitution to further collect terms, (2.13) becomes

W —w m
Y “1 =0 (2.16)
Wy W My

Solutions require the determinant of the 2 x 2 matrix to be zero, therefore

W = /@y, (2.17)

Returning to fields,

w = Pl oy [Ho + (N = No)Mi] [Ho + (N, - N2) M) (2.18)
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This is the Kittel equation. For an isolated spin, or for a spherical sample (using the values in
Table 2.1), this reduces to w = || poHp. This frequency is called the Larmor frequency. For a thin

film, we see that

in plane: w = |y| po/ Ho(Hp + My), (2.19)

out of plane: w = |y| po(Ho — Mj). (2.20)

2.3 Magnetic Damping

2.3.1 Magnetic Torque Equation

Lev Landau and Evgeny Lifshitz included a term to describe the relaxation of precessional motion,
referred to as damping. In 1955, Thomas Gilbert modified the equation to better explain damping
observed in thin ferromagnetic sheets [9], and the Gilbert form is most commonly used today
(though for small damping the two forms are equivalent). The Landau-Lifshitz-Gilbert (LLG)
equation of motion is

M oy mxHA+ Smx 2 (2.21)

The Gilbert damping constant, «, is a unitless term that describes the rate of damping.® The
LLG equation of motion accurately captures damping—which may be the sum effect of multiple
processes—in a majority of cases.

Damping processes in magnetic materials are categorized as being either intrisic or extrinsic. In-
trinsic damping processes are independent of the material and unavoidable. This includes damping
due to eddy currents, spin-orbit coupling, and phonon and electron scattering. Extrinsic damping
processes are associated with the sample structure, and could theoretically be eliminated. These
processes include two-magnon scattering, whereby interaction with a material imperfection yields
two degenerate modes, and spin pumping, whereby spin current in a magnetic layer of material
is transfered to a neighboring nonmagnetic layer [10]. Ultimately, all energy is transferred to the

crystal lattice as heat, either by direct means or via intermediary spin-wave modes.

6l/oz is proportional to the number of precessions that occur during relaxation.

22



2.3.2 A Derivation of the Damping Constant

One method for deriving a begins from the lossless equation of motion, (2.13), and is similar to
the derivation of the Kittel equation, (2.18). Here, demagnetization is not considered and a small

rf magnetic field perpendicular to Hy is used to drive precession.

H= (hx7 hy7 HO) )

M = (mx, my7 MS) Y

dM

dt
Mx H= (myHO - hyMs, Mgh, — Homy, 0) :

= (iwmyg, iwmy,0) ,

Fach lowercase variable is small such that their squares go to zero and has an implied harmonic
time dependence, exp(iwt). The Landau-Lifschitz equation becomes

My warhg — womy

w = , (2.22)

my womg — warhy
where we have used the field-frequency substitution for wg = pg |y| Ho and was = po |y| Ms. This
equation shows the linear relationships between M and H, which can be solved to determine the

susceptibility tensor, x, that relates the two as M = yH. The result is

1 wWown  Wpw

X= "% 35

. (2.23)

—lWpW  WoWp

which shows a resonant condition at w = wqg for all terms. The resonance is handled by allowing

the resonant frequency to be complex and introducing a loss factor, a:

wo — wp + tow. (2.24)
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Substituting this into Equation 2.23 creates complex components such that

1 [ x11=x11— X1 X12 = Xfa +iX)2
X — D . (2.25)
X21 = —X12 X22 = X11

After a bit of algebra, the results are:

D' = W —u? (1+a?)]* + 2aww)?, (2.26)
X1 = wown [wh — w? (1+a?)], (2.27)
X11 = awyw [wi +w? (1+a?)], (2.28)
Xi2 = wyw [w§ —w? (1+a?)], (2.29)
X1a = 2wownw’a. (2.30)

The double-primed terms are seen to be a Lorentz (or Cauchy) distribution. Plots of y are shown
in Figure 2.6. Materials that are considered for their damping values often have a < 1, so 1 + o2
is taken to be 1.

In practice, the applied ac field is often in one dimension, & or g, suppressing the mixing terms.
The losses in the sample are defined by x”, and related to the linewidth AH of the response.
For a fixed frequency w and a swept field wy (recall that wy = po|y| Ho), and using the small «

approximation above, the maximum occurs when wy = w:
QW W (w% + w2)

1
X' = , (2.31)
(wd — w2)2 + (2awow)?

wp=w — —. (2.32)

Next solve for the half-maximum value at wg = wos:

WM _ QW W (wgg + w2) (2.33)
dow (w82 - w2)2 + (20[0.102(4))2’

we=wVl+2arw(l+a). (2.34)

The final step again takes advantage of the approximation using small . The linewidth AH is then
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Figure 2.6: Components of the susceptbility tensor, x, when a loss term is included at the resonant

frequency.
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determined as twice wge from the resonance, and converted to units of field strength by expanding

the field-frequency notation:
20w

AH = . (2.35)
1o ||
An offset term, A Hy, represents line broadening due to sample inhomogeneities:
200w
AH =AHy+ ——. (2.36)
fio 7]

(2.36) is the linewidth equation for damping, showing that the resonant linewidth is a function of

damping and frequency.

2.4 Ferromagnetic Resonance

Ferromagnetic resonance (FMR) is the phenomenon described in the previous sections: it is the
uniform precessional motion of magnetic moments at a resonant frequency of maximum energy
absorption. Measurements of FMR provide a method that can be used to determine the damping,
gyromagnetic ratio, inhomogeneous line broadening, and internal fields by use of (2.18) and (2.36).”
FMR is similar to nuclear magnetic resonance (NMR) and electron paramagnetic resonance (EPR),
which are more common in biological research or medical applications, but is set apart by the relative
strength of the resonance and its relevance to magnetic materials. For those looking for additional

information on FMR, it may be beneficial to include resources on NMR and EPR.

2.4.1 Cavity-Based Ferromagnetic Resonance

A common method of measuring FMR is to use a vector network analyzer (VNA) to measure the
transmission and reflection properties of a sample. VNA-FMR has many upsides: measurements

"8 configuration) can often

are fast and broadband, setup (such as a coplanar waveguide “flip-chip
be convenient, and the VNA itself is a powerful and versatile instrument for many microwave

experiments. However, the signal-to-noise ratio (SNR) can be quite low, and analyzing the resultant

"Using FMR to measure internal fields is typically less convenient than a static measurement like VSM; however,
certain applications may prefer FMR. For example, the free layers measured in Chapter 3 are intended to be one
part in a stack of magnetic materials. The full stack complicates VSM measurements, but FMR, provides a point of
comparison.

8This is exactly as it sounds: the sample is placed face down on the waveguide.
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data to determine complex susceptibility can be difficult. FMR experiments using cavity resonators
are the opposite: flexibility and convenience are low, but SNR is high and analysis is simple. Cavity-
FMR setups may also be more robust and adaptable; for example, rigid waveguides can handle high

power and high temperatures. The latter will be explored in the next section.

Signal ] hp —>

generator J @ ﬂ_l

Lock-in
amplifier

hmod

|

Figure 2.7: Illustration of a typical cavity FMR setup. The sample (star) in a cavity is placed
within a field, HZ2, provided by the pole pieces (gray trapezoids). The signal, h, ¢, is reflected from
the sample, detected by a Schottky diode, and measured using a lock-in amplifier. The lock-in
amplifier also provides a signal to the Helmholtz coils that provide the modulation field, h,0q2.

A standard cavity-FMR experiment is set up as shown in Figure 2.7. An rf signal generator
provides a microwave signal, h,; at some frequency, f. The signal is passed to a circulator or
directional coupler to isolate the source signal, which is sent to the sample, and the signal reflected
from the sample, which is sent to the detector. The sample is placed between the poles of an
electromagnet that provides the dc biasing field, Hy L h,¢, and within a microwave resonant cavity
to improve SNR (this could be the end of a shorted waveguide, if the sample resonates strongly
enough). Some microwave power is absorbed by the sample, driving the precessional motion. FMR
will occur at a resonant frequency per the applied field strength according to the Kittel equation,
(2.18). The experiment could sweep the frequency with a fixed field but, in practice, f is kept fixed
while Hy is swept. The power not absorbed by the sample is reflected towards a diode detector

and finally to the measuring instrument.
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Figure 2.8 shows an example of a fixed-frequency FMR measurement. The x-axis shows the
applied field strength, Hy, and the y-axis shows the microwave power absorbed by the sample. The
power absorbed is proportional to the imaginary part of the susceptibility x”, and the result is
shown to be a Lorentz (or Cauchy) distribution. The distribution is described by the point of peak
absorption, which is the FMR field strength, Hppsr, and by its full width at half maximum, AH.
AH is referred to as the FMR linewidth. Note that the quantities of interest, Hpy g and AH, are

both fields—the amount of power absorbed is not typically of interest.

FMR response

Absorbed power

Applied field at fixed frequency

Figure 2.8: Example of a measured permalloy FMR profile. Maximum absorption occurs at the
resonant field strength, Hgpprr. The FMR linewidth, AH, is the full width at half maximum.

FMR signals are typically very small, so lock-in detection is typically used as a method of greatly
improving the measured SNR. A lock-in detector works by comparing the measured signal against
a reference signal at the same frequency. The product of the two signals is a high-frequency term
and a dc term proportional to the measured signal amplitude. A low-pass filter then removes the
high-frequency term and noise. In fixed-frequency FMR measurements, the lock-in configuration is
achieved by modulating Hy with a low-frequency (~Hz) field applied in parallel, h,,,q || Ho, and
provided by a Helmholtz coil: a connected pair of coils that provide a uniform field at their center.
The FMR signal is modified in Hy and compared to the reference signal. The net effect of the
modulation in Hy is that the detected signal becomes the derivative of the FMR response.

Figure 2.9 shows an example of a fixed-frequency FMR measurement using lock-in detection.
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Figure 2.9: Example of a measured permalloy FMR profile using lock-in detection. Now, Hpprg is
at the crosssing point and the FMR peak-peak linewidth, Hy,, = AH/ V/3, is measured.

The z-axis shows the applied field strength, Hy, and the y-axis shows the derivative of microwave
power absorbed by the sample. The FMR field strength, Hppsr, is now observed at the point where
the signal crosses the z-axis. The FMR linewidth is measured as the distance between the peak
and trough in the signal. This is called the FMR peak-to-peak linewidth, AH,,, and it is smaller

than the full width at half maximum linewidth, AH, by a factor of v/3:
AH =3 AH, (2.37)

FMR measurements can be used to determine internal field strengths and v by using the Kittel

equation, (2.18), and to determine o and AH( using the damping equation, (2.36).

2.4.2 High-Temperature Ferromagnetic Resonance

The amount of digital data that is created and stored has rapidly increased enabled by, e.g., artificial
intelligence demands, high-definition content creation and consumption, and centralized network-
accessible storage, referred to as “the cloud.” Figure 2.10 shows the exponential growth in data
created and consumed year over year. The means of storing this data has traditionally been met by

magnetics-based hard disk drives (HDDs) which, though they have been surpassed in most other
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metrics, remain unmatched in price per terabyte of storage.” HDD technology has largely remained
stagnant in the last twenty years since the generational leaps provided by giant magnetoresistance
(GMR) sensors and perpendicular magnetic recording (PMR). Additionally, regular improvements
within the current generation have come to reach physically limiting factors, referred to as the
magnetic recording trilemma: increasing storage density requires smaller grain volumes (the phys-
ical regions whose magnetic moment defines a digital bit), which requires materials with greater
anisotropy to maintain thermal stability, which requires greater field strengths to write to those
bits. Numerous technologies have been proposed for next-generation HDD devices, and one such
technology that has received much research effort is heat-assisted magnetic recording (HAMR).
HAMR addresses the trilemma from its third face, and works on the principle that magnetic or-
dering is reduced at increased temperatures to the Curie temperature, T¢. Heat is applied to the
material localized to the bit area to reduce the anisotropy and coercivity of the material for the
duration of a write operation. The small region quickly cools and high anisotropy—stability—is
restored. HAMR has taken longer than anticipated to realize, but has recently been made available
to consumers by Seagate [11].

Characterizing the efficiency of materials at the temperatures required for HAMR has been a
challenge for the field. The magnetization dynamics lab at Colorado State University created a
cavity-based FMR system to measure damping at high temperatures, which has produced published
research on materials related to HAMR (References [12], [13]) as well as on materials related to
spin-transfer torque magnetic random-access memory (Chapter 3). The system is fundamentally
the same as the system described in Section 2.4.1. The microwave cavity was enclosed in a vacuum
chamber with dc and rf feedthroughs, and the cavities were modified to allow for heating the sample
while maintaining high ). A resistive heater cannot be placed directly within the microwave cavity
because the conductive heating elements will destroy the resonance condition of the cavity; however,
a small hole in the wall of the cavity will only slightly reduce . The heater can then be kept external
to the microwave cavity, and thermally-conductive dielectric materials can be used to position the
sample. The dielectric chosen to position the sample was optical-grade chemical vapor deposition

(CVD) diamond, and Ceramabond 865 adhesive paste was used to affix the sample to the diamond.

9“diskprices.com” as of Feb. 2026 lists consumer HDDs starting as low as about $16/TB vs. $70/TB for solid
state drives. Storage demands for artificial intelligence data centers will likely raise these prices.

30



Data volume in zetabytes
200

180

120
100
80
60
20
0 — = m N i} l I I I I

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

® Data volume in zetabytes

Figure 2.10: The volume of data created, captured, copied, and consumed worldwide, from Statista
and based on data from the International Data Corporation.

The sample temperature is controlled by the voltage applied across the heater, and after some
time it is reasoned that the temperature is constant. The temperature is determined using one of
two methods. In the first, a measurement with the sample replaced by a resistive temperature sensor
is used to make a direct relationship of heater voltage to sample holder temperature. In practice,
this method was inconsistent and time-consuming, in part because the temperature sensor cannot
be used while simultaneously measuring the sample. The second method involves simultaneous
FMR measurements of a yttrium iron garnet (YIG) control and relating its resonant field strength
to a separate measurement of saturation magnetization vs. temperature. The YIG is placed
opposite to the sample on the diamond sample holder. This method is temperature-limited by
YIG’s T ~ 560K, and the strong resonance of the YIG must be well-separated (in field) from
the resonance of the other sample. If these constraints can be met, then the easily-measured YIG
resonance provides an excellent point of reference and sanity check. This is the method chosen for

the results presented in Chapter 3.
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2.5 Aside: On Yttrium Iron Garnet

Some mention should be made of yttrium iron garnet (YIG, YsFe;012). YIG is an insulating
ferrimagnet (a ferrite) in the family of synthetic garnets with the lowest known damping value.
The damping value, on the order of 3 x 107°, is two orders of magnitude lower than that in
transition metals or alloys such as permalloy (a nickel-iron alloy). This, as well as for being an
electrical insulator, has firmly established YIG as the most important material for magnetization
dynamics research and applications. YIG is applied in non-reciprocal microwave devices such as
circulators, isolators, phase shifters, and resonators. Magnonics devices use YIG because the low
damping increases spin wave propagation lengths.

YIG has a complex cubic structure comprised of 160 total atoms (eight formula units) in the unit
cell. The magnetization arises from the 40 Fe3T cations that are split 16:24 between octahedral and
tetrahedral sublattices. The sublattices have anti-aligned moments (hence, a ferrimagnet), and the
net result is 8 Fe3t of 5up each, so Mg = 40up per unit cell. This is equivalent to My = 196 kA m~!
at 0 K for a lattice constant of 12.376 A. At room temperature, the magnetization is widely accepted
as Mg = 1750 Oe = 139 kAm~!. The Curie temperature is 560 K [14].

Additionally, YIG has a very small cubic anisotropy with an easy axis in the crystallographic
[111] direction, and thin films are usually grown with this direction normal to the surface (out-of-
plane). However, since the applied field in experiments is typically much greater than the anisotropy
field it is usually considered negligible. YIG can be grown by several methods, including sputtering,
pulsed-laser deposition, and liquid-phase epitaxy for thin films, with each method providing rela-
tive advantages and disadvantages. Another synthetic garnet, gadolinium gallium garnet (GGG),

GdsGas0129, a paramagnet, is typically used as a substrate material.
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Chapter 3. High-Temperature

Ferromagnetic Resonance

3.1 Introduction

A spin-transfer-torque (STT) magnetic random-access-memory (MRAM) cell is usually composed
of three layers: (1) a free layer, the magnetization of which can be switched by STT between two
distinct directions, corresponding to binary values; (2) a reference layer that has fixed magnetization
and works as a spin polarizer to produce spin currents for the free layer; and (3) a non-magnetic
barrier, such as an MgO layer, that physically separates the free and reference layers [15], [16].
Ideal STT MRAM devices require that (1) the critical current density, J., needed to switch the
free layer is minimized, and (2) an effective thermal stability parameter, A is maximized. In
general, J. is proportional to the product of the free layer thickness tr, saturation magnetization
My, and Gilbert damping constant «, i.e., J. x tpMga, and A scales as the product of My, the
perpendicular anisotropy field H,, and inverse temperature T, i.e., A o< H, M/T [17], [18]. One can
see that a desired free layer should be thin and have low damping, while simultaneously exhibiting
large magnetization and strong anisotropy.

The STT MRAM free layer is often made of a Co-Fe-B/W /Co-Fe-B trilayered structure, where
W may be replaced by other metals such as Ta or Mo. The roles of the W layer in this ” conventional”
free layer are (1) to absorb boron during annealing and thereby ensure solid-phase epitaxy at the
Co-Fe-B/MgO interface, and (2) to help realize strong perpendicular anisotropy in the Co-Fe-B
layers [19], [20]. However, the W layer unfortunately creates dead layers, which reduce the effective
M and enhance the damping of the free layer, resulting in a higher J.. The use of two ultrathin
W layers is shown to be a way to improve free-layer properties compared to a single W layer [21],
[22]. Santos et al. proposed in 2020 to split the single W layer into two thinner layers and thereby
mitigate W-produced damping enhancement and dead layers [22]. Specifically, they fabricated a
Co-Fe-B/Co-Fe/Mg/W /Co-Fe/Mg/W /Co-Fe structure with two ultrathin W layers that showed a

reduced «, a reduced tr, and an increased Mg when compared with the conventional free layer with
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a single W layer. The STT MRAM device built on this low-« free layer showed a lower J. and a
higher A than the device made of the conventional free layer [22].

Reported here are comparative studies of high-temperature frequency-dependent ferromagnetic
resonance (FMR) in (1) the low-« free layer with split W layers, and (2) the conventional free layer
with a single W layer, which are described above. Comphrehensive FMR measurements show that,
over the temperature T range from 300 K to 520 K, the damping constant of the low-« free layer
is always smaller than that of the conventional free layer. Furthermore, the damping constants in
the two samples both increase monotonically with an increase in T', but at very different paces.
Specifically, as T varies from 300 K to 520 K, the damping constant in the low-« free layer increases
nearly linearly, from about 0.0035 to 0.0079, while the damping constant in the conventional free
layer increases nearly exponentially, from about 0.0092 to 0.028. These results can be interpreted
in terms of the T" dependence of the damping produced by spin-flip magnon-electron scattering [23],
[24], [25], [26] and the difference of the Curie temperatures T¢ of the two free layers [22]. They
clearly establish the advantages of the low-a free layer over the conventional free layer from the
perspective of the STT MRAM application.

It should be highlighted that the high-temperature damping properties reported below are of
great technological significance because STT MRAM cells operate above room temperature. The
temperature dependencies and the differences between the low-a and conventional free layers have
important implications for the future design and optimization of STT MRAM free layers. The
high-T" damping values presented below can also be used as firsthand input damping parameters

for industrial modeling and simulations of STT MRAM devices.

3.2 Spin-Transfer Torque

When a current of electrons with unpolarized spins (a charge current) is incident on a ferromagnetic
(FM) layer, the FM acts as a filter allowing electrons with magnetic moments aligned with the FM
to pass (a spin current). Unaligned moments may be rejected, and those remaining are aligned
with the FM. The alignment is due to a torque exerted on the moments by the FM. When the
spin-polarized current is incident on a second FM layer, the equal and opposite force exerted by

the spin current on the FM is called spin-transfer torque. With a large enough current density, ./,
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the spin-transfer torque can maintain a precession in the FM, called a spin-torque oscillator, or can
flip the magnetization. A spin-transfer torque device is therefore a magnetic device with electronic
control.

The LLG equation of motion was expanded to show the spin transfer torques:

dM daM
—:—uothXH—&Mx
S

B

J ,
o i ﬁ+ SMX(Mxm)+B—Mxm. (3.1)

Mt Mt

Capital M refers to the moment of the FM and lowercase m refers to the spin current. ¢ is the
thickness of the ferromagnet, and 3 and 3’ collect constants. This is the LLG-Slonczsewski equation
of motion. The first and second terms are the familiar precessional term and Gilbert damping term.
The third term is similar in form to the damping term but with opposite sign. The fourth term is

similar to the precessional term and additive with it.

Figure 3.1: Spin-transfer torque due to a spin-polarized current of electrons with magnetic moments
m acting upon a ferromagnetic layer with magnetization M. Blue and red arrows indicate the
precessional and damping torques.

Spin-transfer-torque switching as a mechanism for flipping magnetic moments is naturally com-
plemented by measurements of tunnel magnetoresistance (TMR). TMR is present in structures
of ferromagnets (FM) separated by a thin nonmagnetic (NM) layer, i.e., FM/NM/FM, called a
magnetic tunnel junction (MTJ). A voltage applied across the MTJ creates some current due to
electrons that are able to quantum mechanically tunnel through the NM layer. Tunneling is facil-
itated when the FM layers have aligned magnetizations, and the resistance is low. When the FM
magnetizations are anti-aligned, the resistance is high. The TMR ratio, p, is

_ Rap—Rp
pP=—FH

= (3.2)
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where Rap and Rp are the resistances of the anti-parallel and parallel states, respectively. A
greater TMR ratio corresponds to a greater sensitivity. Using MgO as the tunneling layer, TMR
ratios of hundreds of percent have been measured at room temperature [27] and theory suggests
that there is room for significant growth.

STT-MRAM takes advantage of the spin-transfer torque and measurements of TMR for writing
and reading, respectively, the free layers that define the state of the memory cell. The application

and manufacturing of STT-MRAM is an active topic within the memory industry.

3.3 Free-Layer Samples

Two free layer samples were measured and compared. The low-« free layer sample, referred to
as sample A, is a multilayer of CoFeB(0.6)/ CoFe(0.1)/ Mg(0.4)/ W(0.02)/ CoFe(0.32)/ Mg(0.4)/
W(0.02)/ CoFe(0.32), where the numbers indicated layer thickness in nm. The total thickness
of samples A is t}‘} = 1.38nm. The conventional free layer sample, referred to as sample B, is a
multilayer of CoFeB(1.3)/ Mg(0.6)/ W(0.3)/ CoFeB(0.7) with a total thickness 2 = 2.3nm. Note
that sample A has two W layers while sample B has a single W layer. The Mg layers in the samples
act as sacrificial layers to protect the CoFeB layers during W deposition and, therefore, are not
included in the total film thickness [22], [28]. These free layer samples were fabricated by sputtering
in the following sequence on Si/SiOg substrates: nonmagnetic seed layer/ MgO /free layer/ MgO/
Ru/ Ta/ Ru. A nonmagnetic seed layer was used instead of a magnetic reference layer to ensure
that the only magnetic signal in our detailed magnetic characterization came from the free layer.
All details about the fabrication and structural properties of these two samples are provided in
reference [22]. The major magnetic properties of the samples are summarized in Table 3.1. The
table includes key results, which are discussed in detail in Section 3.6.

Three points should be made about the two samples. First, it is intentional to design sample A
and sample B to have large differences in both the W thicknesses and the total free layer thicknesses,
which produce significant differences in Mg, T, and «. This ensures that the sample properties’
temperature dependencies are very different, thus making a more interesting comparison for this
study of damping as a function of 1. Second, the thicknesses of all the layers were determined

according to the sputtering time and the film deposition rate. Third, given that the diameter of a
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Table 3.1: Properties of MRAM free layer samples: low-a (sample A) and conventional (sample
B). Thicknesses were determined according to the sputtering time and deposition rate. The Curie
temperature and saturation magnetization were measured with a physical property measurement
system. All other parameters were determined through ferromagnetic resonance measurements.

Property Sample A Sample B
Structure CoFeB/CoFe/W /CoFe/W /CoFe  CoFeB/CoFe/W/CoFe
Thickness tr (nm) 1.38 2.30

Curie temperature T¢ (K) ~ 900 ~ 650
Saturation magnetization Mg 1680 1033
(emu/cm?) (300K)

Interfacial anisotropy constant 2.69 1.90

K; (erg/cm?) (300K)

Effective anisotropy field Hys 2.15+0.12 3.04£0.04
(kOe) (300K)

Effective anisotropy field H 0.22 +0.07 0.39 +£0.35
(kOe) (520K)

Damping constant « (300 K) (3.54+0.9) x 1073 (9.2+1.1) x 1073
Damping constant o (520 K) (794+1.2) x 1073 (28.045.8) x 1073
Inhomogeneous line broaden- 133.1 £8.7 111+11

ing AHy (Oe) (300K)

Inhomogeneous line broaden- 37.8+£12.1 18.9 + 46.6

ing AHy (Oe) (520K)

W atom is about 0.3 nm, sample B has just a monolayer of W atoms. As such, the W layers do not
have enough atoms to establish a crystal structure. Thicker W layers deposited on CoFeB layers
have a 8 phase for thicknesses no larger than about 3.0nm but have an « phase for thicknesses

larger than about 3.0 nm.

3.3.1 Static Magnetic Properties

Magnetic hysteresis loops were measured on samples A and B over a temperature range from room
temperature (approximately 300 K) to 600 K. The measurements were carried out using a physical
property measurement system (PPMS) with the magnetic field applied in-plane with the sample
film surfaces. Error function fits to those hysteresis loops yielded for each sample the saturation
magnetization M and effective anisotropy field H.s; = H, — 4w My, where H,, is the perpendicular
anisotropy field strength. Figure 3.2(a) presents the My against T' data. One can see that, as T
increases from 300K to 600 K, M, decreases from 1680 emu/cm? to 1300 emu/cm? in sample A and

from 1030 emu/cm?® to 500 emu/cm?® in sample B. These results suggest that sample A will have
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greater thermal stability A than sample B, particularly at high temperature. Figure 3.2(b) gives
the H.yy against T' data. The data show that H.;; decreases monotonically in both samples and
approaches zero near 575K; H.sy in sample A is smaller than in sample B, but the difference is
reduced with an increase in T'. The H,; values are positive for the entire 7" range in both samples.
This implies that H, > 47w M, in both samples, which is a requirement for perpendicular MRAM

applications. The decrease of H.yy with T indicates that H, decreases more than 47 M, as T

increases.
(a) (b)
2.0
34
g oo Sample A Q@®
§1.5- EEEQGEB o
g 98gpgg gz Eﬂ@ ©©SampleB
e
v 1041 000 ¢, Sample B < 95 °o
S °%0 ¢ by B0
:(4 ®O®@@ mm1 EEGCD
~ 0.5 ®6 Sample A B0
= 0- 588

300 350 400 450 500 550 600
Temperature (K)

0 T T T T T T T
300 350 400 450 500 550 600
Temperature (K)

Figure 3.2: Static magnetic properties of Sample A and Sample B. (a) Saturation magnetization
M; as a function of temperature T". (b) Effective anisotropy field H.f; = H, — 4m M, as a function
of T, where H, and 4w M denote the perpendicular anisotropy field and the saturation induction,
respectively.

The M,(T) data in Figure 3.2 also allow for the evaluation of the sample Curie temperatures

T by fitting the M,(T') response to the Kuz’'min equation [29], [30], [31]:

3/2 5/2
MS(O)[1—5<;; )—(1—5)(111; )

1/3

M(T) = (3.3)

where M(0) denotes My at T'= 0K and s is a parameter related to, among other properties, the
exchange constant. Fitting the data yields Tg = (900+100) K for sample A and Tg = (650+£25)K
for sample B. M, and T are both larger in sample A than in sample B, consistent with the previous

observation that in free layers with nonmagnetic spaces higher M, gives rise to higher T [32].
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Additionally, the 47 M, and H.y; data in Figure 3.2 determine the interfacial anisotropy con-
stant K; as

1
Ki = SMHepstr + 2 M2t (3.4)

K; for each sample at room temperature are given in Table 3.1.

3.4 Room Temperature Ferromagnetic Resonance

Prior to high-temperature FMR measurements, room temperature measurements were carried out
on the samples with two distinct techniques: (1) cavity FMR and (2) vector network analyzer (VNA)
FMR. The cavity FMR measurements were conducted with the high-temperature FMR system
described in Section 3.5. The measurements used six high-Q cylindrical cavities with resonance
frequencies within the K, band. The VNA FMR experiments involved the measurement of the
scattering parameters of a coplanar waveguide and sample structure by a VNA system [33], [34].
All measurements were performed with the magnetic field applied out-of-plane with the sample
film.

Table 3.2 presents the measured room-temperature FMR data. The effective anisotropy field,
H_yr, values were obtained by fitting the FMR field, Hpy g, versus microwave frequency, f, data

to the Kittel equation:

2nf = |v| (Hrymr + Hegy) (3.5)

The Gilbert damping constant « and the inhomogeneous line broadening A Hy were obtained by

fitting the FMR linewidth, AH, versus f data to the linewidth equation

AH = \% iﬁ (27 f) + AH, (3.6)

Two remarks should be made about (3.6). First, the linewidth, AH , refers to the peak-to-peak
linewidth, which is a factor of v/3 smaller than the full width at half maximum linewidth. Second,
A Hjy does not represent loss; it is the broadening of the FMR line due to the spatial inhomogeneity
of the material properties across the sample, such as the spatial variation of Mg or H,. For data

in the fourth column of Table 3.2, the second value in each cell was measured without the vacuum
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Table 3.2: Comparison of room-temperature FMR results for both samples measured with two
different techniques: (1) cavity FMR and (2) VNA FMR. For (1), the FMR measurements were
carried out with six cylindrical cavities in the Ku band for which the frequency ranged from 12.4
to 18 GHz. For (2), the FMR measurements made use of a coplanar waveguide and a VNA over a
frequency range from 13 to 42 GHz. All the measurements were performed under a perpendicular
magnetic field.

Property Sample A Sample B
Cavity VNA Cavity VNA
FMR FMR FMR FMR
. . 3099+75 2990 + 3
Effective anisotropy field Heyy (Oe) 2150 £118  2235+3 9970 £ 15 2984 4 3
Damping constant o (x1073) 3.5£0.9 3.5+£0.2 8722 114:£02

9.7£0.5 11.6 £ 0.3
104 £5 73+4

Inhomogeneous line broadening AHp (Oe) 133.1+8.7  114+4 118422  70.6L5.5

chamber and its associated components and with smaller field steps in comparison with the other
values measured by the cavities. The data in the fifth column were obtained on the same samples
through two separate measurements.

One can see three major results from Table 3.2. First, the two sets of data measured by the
two FMR techniques are fairly consistent with each other. Second, in contrast to the nearly perfect
agreement between the two damping values for sample A, the damping values for sample B are
slightly different. Possible reasons for this difference include that the FMR signals from sample
B are weaker than those from sample A, which is due to the fact that sample B has smaller
magnetization and larger damping than sample A. Third, the parameters measured by the cavity
technique have larger error bars than those measured by the VNA technique. This is because
the cavity technique is limited by the number of microwave cavities available (six cavities) and
their total frequency bandwidth (about 5.3 GHz), whereas the VNA FMR technique can measure
almost continuously across a much wider frequency range (about 29 GHz). However, the VNA FMR
technique is limited to room-temperature measurements. Note that for the room-temperature «
values shown in Table 3.1, the one for sample A is the same as the corresponding value in Table 3.2
measured by the cavity technique, while the one for sample B is the average of the two values in

Table 3.2 measured by the cavity technique.
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3.5 High-Temperature Ferromagnetic Resonance Approach

The high-temperature FMR measurements were carried out with a system that was an adaptation
of a fixedfrequency cavity FMR setup [35], [36], [37]. Figure 3.3 shows a schematic diagram of the
system. The major components include a diamond rod, a ceramic heater, a cylindrical cavity, and
a vacuum chamber. The MRAM free layer sample is adhered with an aluminum nitride adhesive
(Aremco Ceramabond 865) to one end of a diamond rod, the other end of which is affixed to a ce-
ramic heater, as illustrated in Figure 3.3. The diamond rod loads the sample into the cavity through
a small hole at the center of the bottom of the cavity. The microwave in the cavity is in the TEgqq
mode. The diamond rod is inserted along the central cylindrical axis of the cavity such that the
sample is subject to an in-plane microwave magnetic field (h) and receives the maximum magnetic
power and minimum electric power from the microwave. To minimize sample degradation and to
avoid heat loss to surroundings, the cavity-diamond heater assembly is housed in a chamber that
has vacuum on the order of 1075 torr. Although not shown in Figure 3.3,an electromagnet applies a
static magnetic field (H) to magnetize the sample along the film normal direction. Data presented
below were measured with six K,-band cylindrical cavities. The resonance frequencies of these
cavities are 12.4 GHz, 13.2 GHz, 14.1 GHz, 15.3 GHz, 17.3 GHz and 17.7 GHz; the corresponding
unloaded quality factors are 13100, 15000, 6500, 9300, 6200 and 17 700, respectively.

For each measurement, the external magnetic field is swept, and the microwave power reflected
from the cavity is recorded as a function of the field using a Schottky diode (Herotek DZ1026). The
obtained power absorption versus field profile ideally has a Lorentzian shape. However, to increase
the signal-to-noise ratio, the measurement uses field modulation and lock-in detection techniques,
which means that what is measured is the derivative of the microwave power absorption versus field
responses. In other words, each FMR profile measured has a shape of the derivative of a Lorentzian
function.

Design considerations of the microwave cavities determine that the temperature of the sample
cannot be measured directly. For example, the insertion of a conductive thermocouple into the
cavity to measure the temperature would significantly reduce the quality factor of the cavity, and
thus, the quality and strength of the FMR, signals. The ceramic heater can be calibrated separately

from the electric voltage applied to it, but the sample temperature is instead determined in situ by
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Figure 3.3: Experimental setup for high-temperature ferromagnetic resonance. An MRAM free-
layer sample is loaded to a cylindrical cavity via a diamond rod. The diamond rod also transfers
heat from a ceramic heater outside the cavity to the sample. The sample is subject to a microwave
magnetic field (h) that is along the cavity cylindrical axis (vertical) and an external static magnetic
field (H) that is along the film normal direction (horizontal). An YIG thin film is affixed to the
diamond rod on the opposite side of the MRAM free-layer sample. The YIG film is measured for
temperature determination.
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making a second FMR measurement on an yttrium iron garnet (YIG) thin-film element. The YIG
film element is a square with a width of about 2mm. The YIG film is 15.1 pm thick and grown on
a single-crystal gadolinium gallium garnet (GGG) substrate by liquid-phase epitaxy. It is attached
to the diamond rod on the opposite side of the MRAM free-layer sample, with the film side facing
the diamond rod. At equilibrium, the average temperatures of the free layer sample and the YIG
film should be approximately the same.

The YIG film has multiple advantages for use as a reference material for temperature determi-
nation. It is an insulator that has a low impact on the quality factor of the microwave cavity; it
has a strong resonance that is easy to measure, even near T, and for a given microwave frequency,
the resonant field strength of the YIG film is well separated from that of the free layer sample. Ad-
ditionally, the YIG film has negligible magnetic anisotropy, so one can directly correlate the FMR
field versus temperature data with the saturation induction versus temperature data obtained from
the static magnetic measurements. This final point provides a method to effectively determine the
sample temperature, as detailed below. One downside of the YIG film is its relatively low T¢,
which limits this method to T =~ 560 K.

Figure 3.4 shows how the YIG measurements enable the determination of the sample temper-
ature in the hightemperature FMR measurement. Graph (a) presents an FMR profile measured
on the YIG film with the 17.7 GHz cavity at a high temperature, T, to be determined. Graph (b)
presents the profile that is the integration of the one in graph (a). Graph (c) gives 4w My versus T'
data measured by a PPMS. All the measurements were carried out with a perpendicular magnetic
field. The multiple resonances shown in graphs (a) and (b) correspond to the standing waves of the
forward-volume magnetostatic waves across the lateral dimensions of the YIG film element. The
strongest resonance at the high-field side is centered at a field close to the FMR field (Hpyr).
Data in graph (c) are the 4w My values normalized to the value measured at room temperature.
The data indicate T &~ 560 K, which is expected. The nonzero values at T' > 560 K are associated
with the magnetic moments in the paramagnetic GGG substrate.

Temperature determination involves the following major steps:
1. Use the integrated FMR profile to determine Hpjsg, as indicated in Figure 3.4(b).

2. Use the Hppg value and the Kittel equation, (3.5), to estimate the 47 M, value.
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3. Normalize the 47w M; value from step (2) to the value measured at room temperature.

4. Use the normalized value and the plot in Figure 3.4(c) to determine the temperature, as

indicated by the two arrows in Figure 3.4(c).

(a) FMR profile (b) Integrated FMR profile (c) Temperature dependence of 4wM
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Figure 3.4: Temperature determination through static and FMR measurements of an YIG thin film.
(a) High-temperature FMR profile measured on an YIG film. (b) FMR profile after the integration
of the profile in (a). (c) Saturation induction 47M; of the YIG film measured as a function
of temperature using a physical property measurement system. Values in (c¢) are normalized to
the 4w M value measured at room temperature, namely, 47 Ms(RT). Temperature determination
involves the following major steps: (1) determine the FMR field Hpp g as indicated by the vertical
arrow in (b); (2) use Hpprr and the Kittel equation to determined 47 M;; and (3) use the 4w M
value, indicated by the horizonal arrow in (c), and the 47 M; against temperature plot to determine
the temperature, indicated by the vertical arrow in (c).

3.6 High-Temperature Ferromagnetic Resonance Results

The high-temperature FMR measurements made use of the six Ku-band cylindrical cavities de-
scribed in Section 3.5. For each cavity, a sequence of measurements were conducted at different
temperatures T' that increased from 300K to 520 K. When switching to a different cavity, a new
piece of the free layer sample was used. The upper temperature limit is determined during mea-
surements by the quality of the FMR signals, which tend to weaken and distort as the sample
temperature approaches T¢.

Figure 3.5 presents representative FMR, profiles measured on sample A, the low-« free layer
sample. Data in each row were measured with one and the same microwave cavity, with the cavity
resonance frequency indicated on the left side. Data in each column were measured at the same

temperature, as indicated at the top of each column. In each graph, the blue dots represent the
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derivative of the microwave power absorption measured as a function of the magnetic field H, while
the red curve is a fit to the derivative of a Lorentzian trial function. The fitting yields the FMR
field Hpasr and peak-to-peak linewidth AH values, which are presented in Figure 3.7.

Three results are evident from the FMR data in Figure 3.5. First, with an increase in tem-
perature, the resonance shifts to a higher magnetic field. This is consistent with the fact that
the effectively anisotropy field H.f; decreases with temperature, as shown in Figure 3.2(b), and
to maintain the FMR at the same frequency a higher field is needed, according to (3.5). Second,
with an increase in the cavity frequency, the resonance also shifts to a higher field. This is a
reflection of the linear scaling of the FMR frequency with the magnetic field, as shown in (3.5).
Third, some of the FMR profiles, such as those in Figure 3.5(a-i) and 3.5(b-ii), do not show the
usual antisymmetric responses. These profile distortions are likely due to the mixing of the real
and imaginary parts of the complex magnetic susceptibility x, as discussed in references [38], [39].
For those FMR profiles, the numerical fitting used an equation that had two components: (1) a
usual antisymmetric component associated with the imaginary part of x , and (2) a symmetric
component associated with the real part of x .

Figure 3.6 presents representative FMR profiles measured on sample B, the conventional free-
layer sample. Data are presented in the same format as those in Figure 3.5. One observes the same
results as those described above for Figure 3.5. There are also quantitative differences in the FMR
properties of the two samples, which are discussed shortly. One difference of particular note here
is as follows: the derivative lineshape for sample B begins to weaken and become steplike, even at
T = 450K, whereas sample A maintains a clear derivative lineshape over the entire temperature
range. One can attribute this difference to the differences in the Curie temperatures and damping
constants of the two samples. As shown in Table 3.1, sample B has a much lower T than sample A.
As the sample temperature approaches T, the magnetic moment becomes small and the measured
resonance strength becomes weak. Sample B also has a larger Gilbert damping constant « for all
the temperatures, as detailed below, which also contributes to weaker FMR signals.

Turn now to the Hpjrrp and AH results obtained from the numerical fitting of the experimental
FMR profiles described above. Figure 6 presents the results for sample A. The first row gives Hpar
data measured at three different temperatures, as indicated. In each graph, the blue dots show the

Hparr values at different frequencies, while the red lines are numerical fits to (3.5). The fitting

45



()T = 300K (i) T = 450 K (iii) T = 480 K (iv)T = 520K

@f=

13.2GHz ~
=
8
=)
8
e
2
)

bf= &

153 GHz 2
o
G
(¢}
(0]
E
g
E
&

©f=

17.7 GHz

34 36 38 40 42 4.4 4.6 4.8 5.0 5.0 5.2 5.4 5.6 5.8 6.0
Magnetic field (kOe)

Figure 3.5: Representative FMR profiles measured on sample A. Data in each row were measured
with one and the same cavity, with the cavity frequency given on the left side. Data in each column
were measured at the same temperature, as indicated at the top. Blue dots show the experimental
data points, while the red curves are numerical fits.
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Figure 3.6: Representative FMR profiles measured on sample B. Data in each row were measured
with one and the same cavity, with the cavity frequency given on the left side. Data in each column
were measured at the same temperature, as indicated at the top. Blue dots show the experimental
data points, while the red curves are numerical fits.
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yielded effective anisotropy fields H. sy and the absolute gyromagnetic ratios |y| are indicated. The
second row gives AH data that correspond to the Hpp g data in the first row. In each graph, the
blue dots show the AH values at different frequencies, while the red lines are fits to (3.6). The
fitting-yielded Gilbert damping constant o and inhomogeneous line broadening AH( values are
indicated in the graphs. Two notes should be made about data in Figure 3.7. First, the multiple
data points for a given cavity and a given temperature resulted from repeated measurements.
Second, only data from three cavities are presented. This is because the 12.4 GHz cavity had not
been fabricated at the time of the measurement of sample A, and the relatively low quality factors
of the 14.1 GHz and 17.3 GHZ cavities led to poor FMR signals.

Data in Figure 3.7 show important results on how H.yr, a, and AHy vary with temperature,
as discussed shortly. Presented here are a few remarks about the numerical fitting in Figure 3.7.
First, data in the first row can be nicely fit. This indicates that the sample temperatures in the
three different cavities are equivalent to each other. One can also notice that, in comparison with
those in Figure 3.7(a-1) and 3.7(a-ii), the data points in Figure 3.7(a-iii) are slightly more scattered,
even though the trend is still well defined. This means that at relatively high temperatures the
repeated points have more variance at each frequency. Possible reasons for this include that (1) the
accuracy of the temperature determination described in Section 3.5 is reduced as the temperature
approaches the Curie temperature of the YIG film, and (2) at high temperature the FMR signals of
the free layer samples generally tend to become weaker due to the reduced magnetic moments, as
shown in Figure 3.2(a), and the enhanced damping, as shown in Figure 3.9(a). Second, in contrast
to data in the first row, the linewidth data in the second row are more scattered, which indicates
that the variance in linewidth measurements is more pronounced. Nevertheless, the linewidth data
clearly show linearly increasing trends with frequency, as expected according to (3.6). The fitting
of data to (3.6) yields o and AH( values with relatively large uncertainties that are the reflections
of the scattering of the data points.

Figure 3.8 presents Hrprr and AH data and the corresponding fits for sample B, using the
same format as that in Figure 3.7. The fitting-yielded results for H.y;, a,and AHy are discussed
shortly. Three remarks about these data are as follows. First, the AH versus cavity frequency f
data in the second row are more scattered than the Hpjrr versus f data in the first row, similar to

data presented in Figure 3.7. Second, the fitting shown in Figure 3.8(b-i) seems to be done with the
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Figure 3.7: FMR properties of sample A at three different temperatures, as indicated. Graphs in
the first row show the FMR fields Hpy/r at different cavity frequencies f. Blue dots show the
experimental data, while the red lines are numerical fits to (3.5). Graphs in the second row show
the FMR linewidths AH at different cavity frequencies. Blue dots show the data and the red lines
are fits to (3.6).
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17.7 GHz data point excluded, but, in fact, it does include that data point. The fact that the fitting
line strongly favors the low-frequency data points is because the uncertainties of the low-frequency
points are smaller than the 17.7 GHz data point. This is also true for the fitting in Figure 3.7(b-i).
Third, in Figure 3.8(b-ii) there are three data points for 17.3 GHz. The point with the relatively
small uncertainty was measured first, while the other two with large uncertainties were collected
in the repeated measurements for which the FMR signals were weaker. However, if the two points
with large uncertainties were excluded during the fitting process, the resulting fit would not have

notable changes.
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Figure 3.8: FMR properties of sample B at three different temperatures, as indicated. Graphs in
the first row show the FMR fields Hpyrr at different cavity frequencies f. Blue dots show the
experimental data, while the red lines are numerical fits to (3.5). Graphs in the second row show
the FMR linewidths AH at different cavity frequencies. Blue dots show the data and the red lines
are fits to (3.6).

It should be mentioned that the absolute gyromagnetic ratios in Figure 3.7 and Figure 3.8 range
from 2.64 MHz Oe™! to 3.13 MHz Oe~!. This range appears to be unreasonably wide, but this does
not pose a problem because the uncertainties of those |7y| values are high. The large uncertainties

result mostly from the limited number of frequency points.
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Consider now the Hcsr, a,and AHy results obtained from the numerical fittings, such as those
shown by the red lines in Figure 3.7 and Figure 3.8. Figure 3.9 presents the results. Graphs (a),
(b), and (c) show «, Hesr,and AHy, respectively, as a function of the sample temperature 7. In
each graph, the blue and red symbols show the results for sample A and sample B, respectively.
The values at T' = 300 K are the same as those presented in Table 3.1 and Table 3.2. The values
at T'= 520K are also listed in Table 3.1. The two arrows in graph (a) are drawn as guides for the

eye to show the overall trends.
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Figure 3.9: High-temperature FMR results of sample A and sample B. Graphs (a)-(c) show the
Gilbert damping constant o; the effective anisotropy field H,y; and the inhomogeneous line broad-
ening A Hj respectively, as a function of sample temperature 7. Two arrows in graph (a) serve as
guides for the eye to show the overall trends.

The damping values in Figure 3.9(a) show three key conclusions of this work: (1) over the entire
temperature range, the damping constant, «, of sample A is smaller than that of sample B; (2) «
increases with the temperature in both samples; and (3) the increase of « is relatively moderate in
sample A but is more pronounced and seems to be exponential in sample B. The first conclusion
explains why the switching current in the STT MRAM device made of the low-« free layer is lower
than that in the device made of the conventional free layer [8]. As pointed out in Section 3.1, the
critical current for switching scales linearly with the damping constant of the free layer; the smaller
the damping is, the lower the switching current is. The first and third conclusions together clearly
establish the technological advantage of sample A over sample B from the perspective of the STT
MRAM application. The third conclusion is technologically important, because the operation of
STT MRAM cells usually occurs above room temperature, as noted earlier.

To understand the physics underlying the three conclusions listed above, turn now to a discussion

on the possible damping processes in the free-layer samples in this work. Generally speaking, a
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ferromagnetic thin film can host the following six damping processes: (1) magnonphonon scattering,
(2) eddy-current-associated damping, (3) magnon-electron scattering associated with Fermisurface
breathing, (4) spin-flip magnon-electron scattering (SF MES), (5) two-magnon scattering, and (6)
spin pumping. Processes (1)-(4) are intrinsic, while processes (5) and (6) are extrinsic.

Magnon-phonon scattering occurs in all magnetic materials, but its contribution to the overall
damping in a metallic thin film is usually much smaller than the contributions from the magnon-
electron scattering processes [40]. The eddy-current-associated damping is nontrivial in relatively
thick films [41]. For the free layers in this work, the thicknesses are substantially smaller than
skin depth, and eddy-current-produced damping can therefore be neglected. The third damping
process on the list is the Fermi-surface-breathing-associated magnon-electron scattering, which is
often referred to as the intraband scattering [23], [24], [25], [26]. The damping associated with
this scattering increases with a decrease in temperature. As a result, it is usually smaller than the
damping produced by the SF MES above room temperature. The fourth one on the list is the SF-
MES process, which is often referred to as interband scattering [23], [24], [25], [26]. This process
involves both momentum and energy conservation, which can be more easily satisfied at higher
temperatures. As such, damping due to the SF-MES process usually increases with an increase in
temperature.

The two-magnon scattering, the fifth one on the list, involves the scattering of a uniform magnon
to a nonuniform magnon by material imperfection; such imperfection includes grain misalignment,
grain boundaries, line cracks, pores, and surface or interface roughness in the films [42], [43], [44],
[45], [46]. This process, however, is absent in the free-layer samples in this work because the
FMR experiments make use of perpendicular magnetic fields, as illustrated in Figure 3.3. In thin
films magnetized perpendicularly, there are no degenerate spin-wave modes at the FMR frequency
available for two-magnon scattering.

The spin-pumping process, the last one on the above list, involves the pumping of a pure
spin current by the precessing moments in a magnetic thin film into a neighboring nonmagnetic
metallic film. This process gives rise to a damping enhancement in the magnetic film, and such an
enhancement can be substantial if the nonmagnetic film is made of a material with strong spin-orbit
coupling, such as a heavy metal, a topological insulator, or a topological semimetal [47], [48], [49],

[50], [51]. The W layers in the samples in this work are a heavy metal, but their thicknesses are
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substantially smaller than the spin-diffusion length. The nominal thicknesses of the W layers in
sample A and sample B are 0.2 A and 3 A, respectively, while the spin-diffusion length in W ranges
from 21 A to 35A [52]. For this reason, the damping contribution due to spin pumping into the
W layers is expected to be weak. Nevertheless, the W layers may produce some damping through
enhanced spin-flip scattering at the interfaces; previous work has shown damping enhancement in
CoFeB thin films due to neighboring ultrathin Ta films [53].

The above discussion indicates that, above room temperature, damping in the free layers in
this work originates mainly from the SF-MES process, while the contributions from the other five
mechanisms are either zero or relatively small. As mentioned earlier, the SF-MES process involves
energy and momentum conservation, while the latter is easier to satisfy at high temperature.
For this reason, the SF-MES-produced damping increases with an increase in temperature. This
explains why « increases with T" in Figure 3.9(a). The damping increase becomes more pronounced
when the temperature is closer to T¢ [25]. This justifies the larger increase in « for sample B
than that for sample A. The Ty values for sample A and sample B are about 900 K and 650 K,
respectively, so, in comparison with sample A, the temperature of sample B is closer to T¢. It is
for the same reason that « in sample B is larger than that in sample A, as shown in Figure 3.9(a).
The other minor reason for this difference is that in sample B there might be a small damping
due to spin pumping from the magnetic layers to the W layer, while in sample A such damping is
much smaller because the nominal thickness of the W layer (0.2 A) is too small to form a continuous
monolayer of W. Figure 3.10 shows the data from Figure 3.9(a) normalized to T, which emphasizes
expected trend in damping due to the SF-MES process.

We turn now to the results presented in Figure 3.9(b) and 3.9(c). Though being scattered
slightly, the data points in Figure 3.9(b) clearly show overall decreasing trends. As the sample
temperature increases from 300 K to 520 K, the effective anisotropy field H, s decreases from about
2.15k0e to about 0.22kOe in sample A and decreases from about 3.04kOe to about 0.39kOe in
sample B. These values are consistent with those shown in Figure 3.2(b), and this agreement
provides strong justification for the high-temperature FMR data. The data in Figure 3.9(c) show
that, in both samples, the inhomogeneous line broadening AH, decreases with an increase in
temperature. Since the decrease of the saturation magnetization, M, over the same temperature

range is relatively moderate, as shown in Figure 3.2(a), the data in Figure 3.9(c) indicate that
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Figure 3.10: Measured « for each sample as a function of T'/T¢.

A Hj originates mostly from the spatial inhomogeneity of the anisotropy in the samples, not the

inhomogeneity of magnetization.

3.7 Conclusion

With a microwave-cavity-based FMR system, high-temperature frequency-dependent FMR mea-
surements have been carried out on two free-layer samples: a low-a free layer with split W layers
and a conventional free layer with a single W layer. The measurements and analyses have yielded
the following results for the high-temperature damping properties: (1) the damping constant of
the low-a free layer is smaller than that of the conventional free layer over the entire temperature
range from 300K to 520K; (2) the damping constant increases monotonically with temperature
in both the low-a and conventional free layers; and (3) this damping increase is relatively mod-
est and almost linear in the low-a free layer but is more pronounced and nearly exponential in
the conventional free layer. These results clearly explain the experimental observation of smaller
switching current in the STT MRAM device made of the low-« free layer than in that made of the
conventional free layer [22]. They evidently establish the advantages and merits of the low-« free
layer over the conventional free layer for the STT MRAM application.

The above-summarized results on damping can be interpreted in terms of the SF MES [23],
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[24], [25], [26] and the difference of the Curie temperatures of the two free layers [22] The SF-MES
process involves both momentum and energy conservation. Since such conservation is easier to
satisfy at higher temperatures, the process becomes stronger and produces larger damping as the
temperature is increased towards the Curie temperature. This is why the damping constants in
both free layers increase monotonically as the temperature increases from 300 K to 520 K. On the
other hand, the Curie temperature in the conventional free layer is much lower than that in the
low-«v free layer. As such, 520 K, the highest temperature in the FMR experiments, is closer to
the Curie temperature in the conventional free layer than in the low-« free layer, and the damping
increase in the conventional free layer is therefore more pronounced. This explains why the damping
constant in the conventional free layer increases more rapidly and is also larger than in the low-«
free layer.

In addition to the above damping results, the high-temperature FMR measurements have also
yielded important information about the temperature dependence of the effective perpendicular
anisotropy fields and inhomogeneous line broadening. The effective magnetic fields in the two free
layers vary with temperature in the same quantitative manner as that found from the static mag-
netic measurements. This consistency provides clear justification for the high-temperature FMR
data. As the temperature increases from 300K to 520 K, the inhomogeneous line broadening de-
creases substantially in both free layers. This indicates that line broadening originates mainly from
the spatial inhomogeneity of the perpendicular anisotropy in the samples, because magnetization

decreases over the same temperature range are modest, according to static magnetic measurements.
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Chapter 4. Spin Waves

Ferromagnetic resonance is the uniform mode of a more general phenomena in magnetic me-
dia called a spin wave. A spin wave is a propagating excitation of a coupled spin system. The
quanta of spin waves are called magnons. Spin waves have appealing properties for fundamental
physics, particularly of nonlinear systems, and for computing, where spin-wave logic could be used
to complement or as an alternative to existing electronics (a field called spintronics or magnonics).

One appealing property of spin waves is that their dispersion relations are a function of the
magnetic environment, and therefore can be precisely tuned. Further tunability is possible with
engineered waveguides called magnonic crystals, as will be discussed. Spin waves have a broad
bandwidth up to hundreds of THz. Spin wave research has primarily been academic, but has
recent attention related to communications and magnonics applications [54]. In rf communications,
spin wave devices are a proposed alternative to high-frequency (above 10 GHz) passive devices,

with distinct advantages over current surface acoustic wave designs [55].

4.1 Magnetostatic Spin Waves

4.1.1 Walker’s Equation

Consider a uniform plane wave propagating through a magnetized ferrite. Maxwell’s cross products,

(1.3) and (1.4), become

k x h = —wee, (4.1)

k x e = wpo(h + m). (4.2)
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This has utilized a time dependece of the form exp(iwt), and a spatial dependence of the form

exp(ik - r), which allows V — ik. Further analysis yields three equations of interest:

k3m — kk - m

h = , (4.3)
k% — k3
wiok X m
SRR (44)
k2k x m
0

where k3 = w?ppe is the free-space wavenumber. For |k| much larger or much smaller than ky, it is

seen that h remains finite, but e and V x h go to zero. So, to first order,

Vxh=0, (4.6)
V-b=0, (4.7)
V X e = iwb. (4.8)

These three equations define the magnetostatic approximation to Maxwell’s equations. Taking this
a step further, we come to a general solution for an arbitrary magnetostatic scalar potential, 1,

called Walker’s equation.

0% 0% 0%
where
wWoWpm
= 4.1
X= (4.10)

is a component of the susceptibility tensor, M = x - H, when time-varying m and h are included.
Walker’s equation is the base equation for magnetostatic wave modes in homogeneous media. As-

suming a scalar potential proportional to a plane wave, the solution is

w= \/wo (wo + way sin? §). (4.11)
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This solution is independent of k without considerations of boundary conditions or the exchange

interaction, but it does define via 6 an allowed region for spin waves called the spin wave manifold:
wy <w < wg, (4.12)
where

whg = wo = o || H, (4.13)

wp = v wo (wo +wnr) = po |y VH(H+ M), (4.14)

and H is the net strength of the internal static field—usually consisting of the applied dc bias field,

the anisotropy field, and the demagnetization field.

4.1.2 Spin Wave Mode Families

The characteristics of a propagating spin wave are dependent on two parameters. The first is the
dominating interaction between spin sites. At very low |k|, electric and magnetic dipolar interac-
tions are both relevant. At very high |k|, exchange interactions dominate. “Magnetostatic waves*
typically refer to the middle region, where dipolar interactions dominate, though the magnetostatic
approximation may be valid outside of this region. These waves have wavenumbers on the order of
hundreds of radians per centimeter,'® corresponding to wavelengths like hundreds of micrometers.

The second defining parameter is the orientation of an applied dc bias field relative to that of the
wave propagation. This parameter categorizes spin wave modes into three distinct mode families
with different wave properties. Figure 4.1 plots the dispersion relation against linear frequency
of the lowest-order mode for each of these families in a thin film, showing clearly the top-level
differences. The waves are differentiated by the sign of the group velocity, vy = dw/dk, and the

dispersion coefficient, D = d?w/dk?. At high k, each of these modes will show a dramatic upturn.
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Spin Wave Dispersion Relations
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Figure 4.1: Dispersion relations for a thin-film sample with ¢t = 5um, H = 1500 Oe, and 47 M, =
1750 G.
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Figure 4.2: Forward-volume magnetostatic spin wave dispersion in a thin film. The applied field is
perpendicular to the film surface normal.
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Forward Volume Waves

Forward volume magnetostatic spin waves (FVMSW or FVW) are excited when the applied field
is perpendicular to the film surface. The group velocity is positive, hence the “forward” label,
and the dispersion coefficient is negative. The wave is bound by the spin-wave manifold defined
in (4.12). For a thin film, this field orientation includes a demagnetizing field, so the effective
field H = Hy — M. The wave amplitude is distributed sinusoidally as standing spin wave modes
through the film thickness, hence the “volume” label, and higher-order modes (called thickness
modes) are defined by higher-order standing waves. The higher-order modes are typically very

weak. An appoximation to the lowest-order dispersion relation was derived by Kalinikos [7]:

o) = o o o (1- 257 (415

where the field frequency substitution (2.11) has been used for the applied field, H and saturation

magnetization, M.

Backward Volume Waves

Backward volume magnetostatic spin waves (BVMSW or BVW) are excited when the applied field
is parallel to both the film surface and the direction of propagation. Compared to FVWs, they are
bound by the same spin-wave manifold frequencies, but the bounds are reversed for low and high
k. The group velocity and dispersion coefficient are also reversed. The “backward” label indicates
that the group velocity and phase velocity, v, = w/k, are of opposite sign—the wave envelope and
wave packet move opposite to each other. Also similar to FVWs, the wave amplitude is distributed
sinusoidally through the film thickness, and those sinusoids describe the thickness mode of the

wave. An approximation for the lowest-order BVW mode (also from Kalinikos) is:

o) = o o oo ()] (10

This orientation has no demagnetizing field, so H is purely from the applied field.

1 . . . . . .
9This section will present spin waves using cgs units.

60



Backward Volume

fs
6.5

fe

5.51

Frequency f (GHz)

4.5

7 N S R A N—

0 1 2 3 4 5
Wavenumber k (krad cm™)

Figure 4.3: Backward-volume magnetostatic spin wave dispersion in a thin film. The applied field
is in-plane with the film and parallel to the direction of wave propagation.

Surface Waves

Magnetostatic surface spin waves (MSSW, SSW, or SW) are excited when the applied field is
parallel to the film surface and perpendicular to the direction of propagation. The shape of the
dispersion curve (and thus vy and D) is the same as for FVWs; however, the frequency is bound

above the manifold as

wp <w <wg = |y| (H + M;/2). (4.17)

Unlike the volume modes, SSW have only one propagating mode. Its amplitude is a maximum
at the film surface and decays exponentially into the bulk of the film. Additionally, the mode is
nonreciprocal when the propagation direction is reversed: the mode will propagate on the surface
with respect to a right-hand rule around the applied field. The exact dispersion relation is calculated

to be [7]

w(k) = \/wH (wg +war) + wj/[ (1 — e—2kt). (4.18)
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Figure 4.4: Magnetostatic surface spin wave dispersion in a thin film. The applied field is in-plane
with the film and perpendicular to the direction of wave propagation.

4.2 Vector Network Analyzer Spin-Wave Measurements

A straightforward method of measuring spin-wave dispersion and propagation is to use a two-port
vector network analyzer (VNA) to measure the transmission and phase delay across the spin-wave
waveguide. These are the magnitude and phase components of the complex scattering parameter,
S, measured across the sample. An illustration of the measurement setup is shown in Figure 4.6.
Port 1 (J1) of the VNA is connected to a transducer antenna, which is separated by a distance s
to a receiving transducer connected to port 2 (J2). The excited wave, k, will travel in the direction
from Jj to Jo. The magnetic sample is placed flip-chip across the two transducers. A dc magnetic
field, Hy, is applied and oriented with respect to k to excite the desired spin wave mode family.
An rf signal from the VNA creates a magnetic field around the transducer antenna, exciting the
spin wave, and the opposite conversion happens at the other transducer. The measurement at J
shows the amplitude and phase difference of the voltage ratio, Sa; (“at 2 from 17).

The wavenumber in the sample is different than of that in the VNA leads, so the measured

phase change across the structure corresponds directly to the wavenumber k of the spin wave as

k(f) = A=, (4.19)
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Figure 4.5: Transducer spin-wave measurement setup. The signal from J; excites a propagating
spin wave that is measured at Jo. The setup is within a uniform applied magnetic field Hy. Its
orientation with the film determines the type of spin wave.

where ¢(f) is the phase measured at a frequency f and ¢y is the phase offset at the beginning of the
spin wave signal. An example measurement of a surface spin wave is shown in Figure 4.6. Plotted
against frequency f is the Sy; transmission amplitude in blue and the cumulative phase in red.
The dashed black line marks fp, the beginning of the wave, which is determined observationally
using a notable change in the phase, the beginning of the jump in transmission amplitude, and
against the calculated value for fg using (4.18). At frequencies below the wave, the signal consists
of instrument noise, off-axis modes (i.e., backward volume waves), and/or excitations outside of
the magnetostatic approximation.

The decaying spin-wave signal is attributed to two mechanisms. The first is the decay of the
spin wave itself, which is proportional to the group velocity and damping. The decay term looks
like

exp (—ns/vg), (4.20)

where 7 x aw. The second source of decay is the filtering effect of the transducers, which is a
function of transducer width, w. A Fourier transform of the field strength in space shows that in

k-space the field is zero at k = m/w. For w = 50 pm, this corresponds to k ~ 600rad cm™!.

4.3 Magnonic crystals

A magnonic crystal®!

is a periodic multilayered magnetic structure, where the different layers have
different magnetic properties, i.e., magnetizations. Spin-wave transmission through magnonic crys-

tals is modified by these variations, resulting in unique dispersion curves compared to in uniform

"The term “magnonic crystal” is in analogy with photonic crystals, which have varying indices of refractivity.
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Figure 4.6: A transducer measurement of a magnetostatic surface spin wave. The dashed black

line denotes the beginning of the wave, fp. The blue line (left axis) is the amplitude in decibels of

the complex transmission So1, and the red line (right axis) is the cumulative phase in thousands of
degrees.

media. Most immediately relevant is the introduction of band gaps at frequencies/wavenumbers
where the spin wave is forbidden to propagate, due to destructive reflective interference. The sim-
plest application of a magnonic crystal is as a spin-wave filter, taking advantage of that interference,
but magnonic crystals constitute a key element in spintronic devices [56] and in nonlinear spin-wave
research [14].

The periodicity defining a magnonic crystal can be realized in numerous ways. One can phys-
ically remove material from a uniform material by mechanical or chemical means, introduce ad-
ditional fields via contact with current-carrying wires or other materials, or create a bona fide
multilayer structure. The devices constructed in Chapter 5 are chemically etched to remove mate-
rial from YIG thin films. More detail about the process is contained in that chapter.

The design of magnonic crystals in one dimension is well-documented. Previous work by Chu-
mak [57] and Qin [58], among others, characterize the pass band and rejection band signals for
different lattice spacings and groove dimensions. The results from the referenced publications
are summarized in Table 4.1. One key takeaway from the data is the feasibility of miniaturized

magnonic crystals, facilitating their integration with existing electronics.
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Figure 4.7: A magnonic crystal made from etching grooves into a YIG thin film. Each line across
the strip is a groove.

Table 4.1: Summarized, quantitative results from work by Chumak [57] and Qin [58] exploring
the parameter space of magnonic crystals. The effect of increasing the parameter in the leftmost
column is indicated by arrows, where up/down arrows represent an increase/decrease in the column
value. The number of arrows represent the magnitude of change from slight (one arrow) to great
(three arrows). The rightmost column specifies the type of spin wave that was measured.

Increased parameter Loss of Signal of Width of Wave measured
rejection band passband rejection band

Lattice spacing W ™~ W SSW
Film thickness — ™ ™ BVW, SSW
Relative groove depth ™ + T BVW
Groove width ™ H 0 BVW
Number of grooves ™ 4 T BVW
CoFeB filled grooves — — ™ SSW
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Chapter 5. Spin Wave Propagation in

Magnonic Crystals

5.1 Introduction

A magnonic crystal is an engineered magnetic material with periodically modulated magnetic prop-
erties. These spatial periodic variations give rise to Bragg reflections or scattering and thereby cre-
ate band gaps for spin waves in the material. These band gaps occur at frequencies corresponding
to the Bragg wavenumbers—the wavenumbers at which Bragg reflection occurs. The rich features
associated with these band gaps have facilitated the study of intriguing physics that are otherwise
inaccessible with spin waves in continuous media. Examples include the experimental observation
of spin-wave soliton fractals in one-dimensional (1D) magnonic crystals [59] and the theoretical
prediction of topological magnons in two-dimensional (2D) magnonic crystals. [60], [61]

Previous work on 1D magnonic crystals has predominantly focused on structures with single
periodicity. [59], [62], [63], [64], [65], [66], [67], [68] The bandgaps in such materials exhibit similar
properties, as expected according to Bragg’s law. In an effort to develop strategies for tailoring
band gaps, this study examines the band gap properties in a 1D magnonic crystal with double
periodicity. A long and narrow yttrium iron garnet (YIG, Y3Fe5012) thin film strip is etched
with an array of transverse line grooves whose separation alternates between a; and as = 2a;. This
double periodicity in the spatial domain translates into dissimilar transmission dips in the frequency
domain, with the third and sixth transmission dips being broader and deeper than others. These
results indicate that every third band gap is more pronounced. The underlying reason is that the
wavenumbers corresponding to those band gaps simultaneously satisfy the Bragg conditions for
the periods a1, az, and a1 + as. The experimental observations are reproduced by simulations
using a transfer matrix method. The experimental and numerical results together demonstrate an
effective strategy for creating magnonic crystals with desired band properties for both fundamental
research and device applications. From a fundamental perspective, for example, magnonic crystals

with broad band gaps ease the experimental investigation of in-gap modes. Practically, magnonic
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Table 5.1: Properties of three samples: a uniform YIG thin film strip, a singly periodic YIG-based
magnonic crystal, and a doubly periodic YIG-based magnonic crystal.

Properties Uniform YIG strip Singly periodic Doubly periodic
magnonic crystal magnonic crystal
Sample width (mm) 1.91 1.99 1.98
Sample length (mm) 174 17.8 22.6
Film thickness (pm) 10.5 12.7 4.2
Groove count - 31 40 (20 pairs)
Groove spacing (pm) — 400 + 4 Z; ; ;ég i ig
Groove depth (pm) - 1.16 £ 0.02 0.84 £0.03
Groove width - top (jnm) - 103 +2 65+ 15
Groove width - bottom (jim) - 42 £ 2 27+1
Saturation induction (G) 1898 1926 1790

crystals with varying band gaps can enable easy switching between different types of microwave

filtering operations.

5.2 Sample Preparation

This study made use of three samples: (1) an un-patterned or uniform YIG thin film strip, (2)
a singly periodic magnonic crystal, and (3) a doubly periodic magnonic crystal. The magnonic
crystals were created through etching arrays of transverse line grooves on the top surfaces of long and
narrow YIG thin film strips. For all the samples, the YIG films were grown on (111)-oriented single-
crystal gadolinium gallium garnet (GGG, Gd3GasOq2) substrates by liquid phase epitaxy. The
fabrication of the line grooves involved pattern formation through a laser writing-based lithography
process (using AZ 1512 photoresist) and the chemical etching of exposed YIG surfaces by hot acid.

The exposed sections of the YIG strips were chemically etched by submerging the samples in
hot H3PO,4. The etching rate is controlled by varying the acid temperature and was approximately
10 nm/s at 160 °C, which is comparable with values reported previously. [64], [67] The temperature
uniformity of the acid is critical for an even etching. To ensure good temperature uniformity, the
beaker was submerged in a bead bath of alumina pellets. After etching, samples were cut to desired
dimensions using a diamond wire saw and the photoresist was then removed in an acetone bath

using an ultrasonic cleaner. Fuller details on the etching process are provided in Appendix 8.
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Table 5.1 lists the properties of the three samples. The groove properties were determined
through surface profile measurements using a Bruker Dektak XT stylus profilometer. Figure 5.1
shows a portion of the surface profile together with an optical microscope image for each magnonic
crystal sample. The singly periodic sample has a lattice constant ¢ = 400 um that is defined as
the distance between the falling edge of one groove to the falling edge of the next. There are 31
identical grooves in total, spanning a total length of 12.1 mm. Each groove is wider at the top than
at the bottom, as can be seen in Fig. 5.1(a), with the top width of about 103 um and the bottom
width of about 42 pm. The average groove depth is about 1.16 pm.

As shown in Figs. 5.1(b) and 5.1(c), the doubly periodic sample has alternating groove sepa-
rations: a; = 149 pm and ae = 300 pm, which are also measured from falling edge to falling edge.
There are 40 grooves in total, spanning a length of 8.7 mm. Each groove is about 65 pm wide across
the top and 27 pm wide across the bottom. The slope of the falling and rising edges of the grooves
is about 0.054, according to Fig. 5.1(c). The average groove depth is about 0.84 pm. This sample
could be equivalently defined by a “super-lattice” of grooves, where two lattices, each with a lattice

constant ag = a1 + as, are offset by a distance equal to a.

(a) (b) (©)

0.25

0.00 T j ]

-
B TR B

B e
B s

e

~a---——--|

£ GETEEE SR

>

Depth (um)
& & 4
~] (9] [\]
(9] (o] (V)]

—1.00+

sl J U U . I N
5.0 5.5 6.0 6.5 7.0 20 25 3.0 3.5 4.0 336 338 340 342
Lateral position (mm) Lateral position (mm) Lateral position (mm)

Figure 5.1: Profilometer measurements of the two etched YIG strips across a length of 2.0 mm. (a)
Depth profile of a singly periodic magnonic crystal that shows five grooves with depths of about
1.16 pm. The slight slope of the top surface is due to a small misalignment of the profilometer
stage. (b) Depth profile of a doubly periodic magnonic crystal that shows five pairs of grooves with
depths about 0.84 ym. The images on the top are the corresponding microscope pictures of the
samples. (c) Expanded view of the 7th groove in (b).
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The film thicknesses (¢) listed in Table 5.1 were determined through scanning electron mi-
croscopy (SEM) measurements using a ThermoFisher “Scios 2 DualBeam” system. The saturation
induction (47 M;) values were determined through the numerical fitting of the experimentally mea-
sured spin wave dispersion curves to the theoretical dispersion relation. Such fitting is described

in Section 5.3.

5.3 Experiment and Analysis Approaches

The spin-wave experiments on each sample were carried out through the placement of two microstrip
transducers on the sample and the measurement of the transmission coefficient So; across the two
transducers by a vector network analyzer (VNA), as illustrated schematically in Fig. 5.2(a). Each
transducer is a 50 {2 wide, end-shorted strip line with a nominal impedance of 50 €2. The separation
of the two transducers, denoted by [, is less than the full span of the grooves. The sample is
magnetized to saturation by an external magnetic field (Hp) that is applied in the plane of the
YIG film or the magnonic crystal and is perpendicular to the sample length direction. This field
configuration supports the propagation of magnetostatic surface waves (MSSWs) within the sample.
For all the data presented below, the field direction was set to ensure that spin waves travel on
the top surfaces of the samples. This means that, for the magnonic crystal samples, the waves
propagate along the YIG surfaces etched with grooves, rather than the surfaces interfacing with
the GGG substrates. Reversing the field direction would result in spin-wave propagation along the
surfaces interfacing with the GGG substrates, consistent with the chirality of the MSSWs. [69],
[70], [71] This reversed configuration produces notably weaker and noisier So; responses.

The amplitude and phase of the complex transmission coefficient S9; are both measured. The
phase (¢) measured as a function of frequency (f) can be expressed as ¢(f) = k(f)l + ¢o, where k
is the wavenumber of the spin wave, k(f)! denotes the phase of the spin wave accumulated during
its propagation from the excitation transducer to the detection transducer, and ¢¢ is the phase
associated with the electric components, such as the microwave cables and the connectors. As
such, the measurement of ¢(f) allows for the determination of the dispersion k(f) of the spin wave

as

k(f) = 2% (5.1)
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Note that the wavenumber is taken to be positive, which may require taking the absolute value of
the numerator in (5.1) depending on how the VNA measures the phase.

The theoretical dispersion for an MSSW in a thin film takes the form [69], [72]

f(k) = '21'\/ Hy (Ho + 47M,) + % (4mM,)? (1 — e=2kt), (5.2)

bl

where 5
Yy

= 2.8 MHz/Oe is the absolute gyromagnetic ratio, 4w M, is the saturation induction,

and t is the film thickness. According to (5.2), the f(k) curve increases monotonically between

the bounds fp = %\/Ho (Ho+47M;) and fs = % (Ho—i- %477M5), where fp and fg are the
frequencies in the limits of k£ = 0 and k£ — inf, respectively. Note that fp is the Kittel equation
describing the ferromagnetic resonance (FMR) frequency of the film under an in-plane field. In
practice, with an increase of f, the spin-wave signal measured by the detection transducer will have
decayed to the noise floor at a frequency below fg. The primary source of this decay is associated

with the spin-wave group velocity defined as v, = d(fl:f ). Ina simplified picture, one can express

the spin-wave decay factor as e — nlvg), where the decay rate 7 scales with the Gilbert damping
constant: a dimensionless parameter measuring magnetic relaxation in a material. As f is increased
towards fs or k approaches infinity, v, approaches zero according to (5.2) and el — nlvg) therefore
also approaches zero. A second source is from the filtering effect of the microstrip transducers: the
excitation and detection efficiencies of the transducers are relatively high at low k£ but decrease
with an increase in k. [73]

In this work, (5.1) is used to determine the experimental dispersion curve, and (5.2) is then
used to fit it. The numerical fitting yields an effective 4w My value for the sample. Such values are
presented in the last row of Table 5.1.

To demonstrate this analysis process, Figures 5.2(b) and 5.2(c) show experimental data and
numerical fitting for the uniform YIG strip. Figure 5.2(b) presents the Sy; data measured as a
function of f under a magnetic field of Hy = 782 Oe. The blue and red profiles show the amplitude
and phase of So1, respectively. The vertical dashed line marks the FMR frequency, indicated by
fB which is defined above. One can see that as f increases, the So; amplitude decays, as explained
earlier.

Figure 5.2(c) shows the spin-wave dispersion. The solid blue curve is the experimental dispersion
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Figure 5.2: Spin waves in a uniform YIG film strip. (a) Experimental configuration. (b) Transmis-
sion coefficient Sa; of a transducer/YIG /transducer structure measured under a magnetic field of
Hy = 782 Oe applied in the film plane and perpendicular to the YIG strip length. The blue and
red profiles show the amplitude and phase of So;, respectively, as a function of frequency. The
dashed black line marks the FMR frequency. (c) Dispersion relation of the spin wave. The solid
blue curve shows the dispersion obtained from the phase profile in (a), while the dotted orange
curve is a numerical fit to (5.2).
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curve obtained from the phase profile in Fig. 5.2(b) by the use of (5.1). One can see that f increases
with & monotonically with a negative curvature, as expected. [72] The dotted orange curve is a fit
to (5.2) using Python and the “curve_fit” method in the SciPy library. The fitting yields an effective
saturation induction of 4w My = (1897.7+0.1) G and a film thickness of t = (9.607+0.003) pm. The
thickness value here is slightly smaller than the value in Table 5.1 (10.5 pm) which was obtained from
the SEM measurement. This difference is likely due to the uncertainty of the thickness measurement
associated with the quality of the SEM image. If the film thickness is kept constant at 10.5 pm and
4w My is the only free parameter, the fitting yields a similar curve with 47 M; = (1881.0 £ 0.2) G
which is slightly smaller and suggests that the thickness parameter is relatively insensitive to the

order of a micrometer.

5.4 Experimental Results

Figures 5.3 and 5.4 present the main experimental data of this work. Figure 5.3 fives the So;
data in (a) and (b), the dispersion data in (c), and the Bragg wavenumbers in (d) for the singly
periodic magnonic crystal. The format of Fig. 5.3(a) is the same as that of Fig. 5.2(b)—the blue
and red profiles show the amplitude and phase, respectively, of So; measured as a function of f.
Figure 5.3(b) presents the same data as Fig. 5.3(a) but provides a zoomned-in view over a narrow
frequency range around the third dip in Fig. 5.3(a). The format of Fig. 5.3(c) is the same as
that of Fig. 2(c)—the blue solid curve shows the dispersion obtained from the phase data in Fig.
5.3(a) using (5.1), while the orange dotted curve shows the numerical fit to (5.2). The insert in Fig.
5.3(c) gives a zoomed-in view of the dispersion near the frequency of the third dip in Fig. 5.3(a).
In contrast to the data presented in Figs. 5.2(b) and 5.2(c) for the uniform YIG strip, the data in
Figs. 5.3(a), 5.3(b), and 5.3(c) show characteristic dips in the amplitude profile, as indicated by
the vertical arrows, and phase and dispersion jumps exactly at the center frequencies of the dips.

The transmission dips and the corresponding phase and dispersion jumps shown in Figs. 5.3(a),
5.3(b), and 5.3(c) are indications of the formation of the band gaps for the spin waves in the
magnonic crystal. The wavenumbers associated with the centers of the band gaps satisfy the Bragg
condition

kna = nm (5.3)
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Figure 5.3: Spin waves in a singly periodic magnonic crystal, with a period of @ = 400 um. (a)
Transmission coefficient So; of the magnonic crystal measured under a field of Hy = 1690 Oe applied
in the sample plane and perpendicular to the sample length direction. The blue and red profiles
show the amplitude and phase of Ss1, respectively, as a function of frequency. The dashed black
line marks the FMR frequency. The short vertical arrows point to the centers of the band gaps.
(b) Zoomed-in view of (a) near the third band gap. (c) Dispersion curve. The blue curve shows
the measured dispersion response while the orange dotted curve is a numerical fit. (d) Measured
Bragg wavenumbers (blue points) compared to calculated Bragg wavenumbers (red squares).
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Figure 5.4: Spin waves in a doubly periodic magnonic crystal, with a1l = 149 pm and a2 = 300 pm.
(a) Transmission coefficient So; of the magnonic crystal measured under a field of Hy = 1240 Oe
applied in the sample plane and perpendicular to the sample length direction. The blue and red
profiles show the amplitude and phase of So1, respectively, as a function of frequency. The dashed
black line marks the FMR frequency. The vertical arrows point to the centers of the band gaps. (b)
Zoomed-in view of (a) near the third band gap. (c) Dispersion curve. The solid curve shows the
measured dispersion response while the dotted and dashed curves are numerical fits. (d) Measured
Bragg wavenumbers (blue points) compared to calculated Bragg wavenumbers (red squares).
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where a = 400 pm is the groove period or lattice constant of the magnonic crystal and n =1,2,...
is the Bragg index. kj, in (5.3) is referred to as Bragg wavenumber in the following discussion.

Based on the measured dispersion curve and the transmission dips, five Bragg wavenumbers
are identified, which are shown by the blue points in Fig. 5.3(d). According to (5.3), one can
readily calculate the Bragg wavenumbers for n = 1,2,...,6. These calculated wavenumbers are
presented as the red points in Fig. 5.3(d). One can see a good agreement between the measured
and calculated Bragg wavenumbers. This agreement justifies that the experimentally observed
transmission dips are indeed the indications of the band gaps. Further justifications are presented
in Section 5.5. However, the comparison in Fig. 5.3(d) clearly indicates the absence of k5 in the
experimental data. This is discussed briefly in Section 5.5. Note that a fitting of the experimental
data point in Fig. 5.3(d) against (5.3) yields a = ((378 £ 17) pm), which is slightly smaller than
the period ((400 £ 4) pm) determined through the surface profile measurements.

Further, the data in Figs. 5.3(a) and 5.3(b) also show that the transmission dips appear similar
in the sense that they have similar shapes and linewidths. They do exhibit different depths, as
explained in the following. In an idealized single-periodic magnonic crystal, one might expect all
Bragg modes to exhibit similar or uniform reflection characteristics, giving rise to similar transmis-
sion dips. However, in real systems, the reflection behavior of each mode is influenced by its unique
spin-wave profile and boundary condition configuration. These factors lead to variations in the
depth of transmission dips. As shown in Fig. 5.3(a), the third dip exhibits the greatest depth. This
pronounced feature can be attributed to the n = 3 mode experiencing the strongest constructive in-
terference; the alignment of its nodes and antinodes with the grooves effectively enhances reflection
at the corresponding frequency of the third dip. Additionally, wavenumber-dependent properties,
such as group velocity and two-magnon scattering, further disrupt the theoretical uniformity of
reflection features, causing certain modes to stand out more prominently than others.

Turn now to the data presented in Fig. 5.4 for the doubly periodic magnonic crystal. To ease
the comparison, the data in Fig. 5.4 are presented in the same format as those in Fig. 5.3. When
compared to the So; data in Fig. 5.3, the data in Fig. 5.4 show two major differences: (1) the third
dip from the left is much broader and (2) the sixth dip is significantly more pronounced. Further,
when compared with other dips in the same transmission profile, one can see that (1) the third

dip is the strongest and (2) the sixth dip is stronger than both the fourth and fifth dips. These
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observations together suggest that every third dip represents a special condition when compared
with the other dips.

Figure 5.4(d) presents the experimental Bragg wavenumbers in blue points and three sets of cal-
culated Bragg wavenumbers in red squares. From top to bottom, those three sets of Bragg wavenum-
bers were calculated for lattice constants a; = 149 pm, as = 300 um, and a3 = a1 + a2 = 449 pm,
respectively, as indicated. The comparison of the measured and calculated Bragg wavenumbers
gives two important results. First, there is a good agreement between the experimental values and
the values calculated with a lattice constant of ag = a1 + a9 = 449 pm. This means that the six dips
in the transmission profile correspond to six band gaps that are formed due to the Bragg reflection
at kp (a1 +az) = nm where n = 1,2,...,6. Second, for the third dip, the Bragg wavenumber simul-
taneously satisfies three Bragg conditions, as indicated by the horizontal dashed line. Those three
conditions are ksas = 37 for the lattice constant ag = 449 ym, koas = 2x for the lattice constant
as = 300 pm, and kja; = 7 for the lattice constant a; = 149 pm. For the sixth dip, the Bragg
wavenumber also simultaneously satisfies three Bragg conditions, as indicated by the horizontal
dotted line. This result indicates that the formation of every third band gap involves triple Bragg
reflections. This clearly explains why the third and sixth dips are more pronounced.

Three notes should be made about the experimental data presented above. First, the spin waves
shown by the data in Figs. 5.2, 5.3, and 5.4 have different frequencies which are due to the use
of different magnetic field strengths (Hy) during the measurements. Adjusting the field strength
would shift the So; responses along the frequency axis, but this would not affect the qualitative
results described above.

Second, for f < fp, the So; amplitude vs. frequency profiles reveal some non-trivial responses
above the noise level. These responses are particularly noticeable in Fig. 5.2(b) and Fig. 5.4(a).
The presence of such responses is associated with the fact that the YIG waveguide in this study is
not exactly one-dimensional and spin waves along the field direction are therefore not completely
absent. Spin waves propagating along an in-plane field are classified as backward volume waves
whose frequencies are below fp. [69], [72] Further, in the f < fp regime shown in Fig. 5.4(a), the
So1 amplitude also shows a dip at about 5.43 GHz. This dip may be associated with one of the
width modes across the YIG sample width, and one may confirm this association by examining

how the dip varies as the field is rotated in-plane.
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Third, the orange dotted curves in Fig. 5.3(c) and Fig. 5.4(c) show a noticeable mismatch with
the experimental dispersion curves. This discrepancy arises because the fitting process treated
the film thickness ¢ as a constant and varied only the saturation induction 47w M, as the fitting
parameter. The t values used were derived from the SEM measurements, as mentioned earlier,
and the fitting-yielded 47 M values are given in Table 5.1. However, allowing both ¢ and 47w M; to
vary as free parameters results in nearly perfect fits to the experimental dispersion curves. This
improved fit is demonstrated by the green dashed curve presented in Fig. 5.4(c). The fitting
yielded ¢t = 3.6 um, which is smaller than the value (4.2pm) from the SEM measurement, and
4w M, = 1801 G, which is slightly larger than the value (1790 G) obtained with 47 M, as the sole
fitting parameter. The notable difference in film thickness likely stems from errors in the SEM-
based measurement, though this does not significantly impact the analysis in this work since the

focus is on surface spin waves rather than volume spin waves.

5.5 Numerical Simulations

To further support the above explanation of the experimental observations, numerical simulations
were carried out in Python using the transfer matrix method (TMM), a well-established technique
for analyzing spin-wave propagation. [64], [68], [74], [75], [76] In this approach, a transfer matrix
A transforms the state of the spin wave across a potential interface by enforcing the continuity of

the wavefunction and its derivative:

(wl w’2>=A% (wl wg)7 (5.4)

where 11 and 19 represent the wavefunction within the regions on either side of the interface and the
primed variable ¢’ denotes the spatial derivative. The transfer matrix Al is explicitly constructed
from the wavenumbers k1 and ke within the respective regions by taking the assertion of continuity

in (5.4) and rearranging for the outgoing signal in terms of the incoming signal. [77] The result is
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To simulate the experimental configuration composed of multiple interfaces, the full potential profile
of the magnonic crystal samples is discretized into regions each associated with its own transfer
matrix. The wavenumber within each region is a function of the sample thickness at that position
x:

k(x) = kot—lt)(x)’

(5.6)
where ¢ is the uniform film thickness and D(x) is the groove depth. The flat regions corresponding
to the uniform sections and the bottoms of grooves are represented by individual transfer matrices,
while the sloping regions in between are divided into N potential steps. Convergence is ensured by
choosing N sufficiently large such that the difference between results for N and N/2 is less than
1010,

The simulations use the measured sample properties presented in Table 5.1 and the applied field
strengths (Hy) as used in Section 5.4. For each initial wave number, the transfer matrix for each
region is computed and the transmittance and reflectance are derived. This process is repeated
for all wavenumbers corresponding to the frequencies measured in the experiment. The transfer
matrix (5.5) does not account for any lossy interactions, so the simulation takes spin-wave decay

—ak+b to represent the physical decay term el — nl /vg) discussed in

into account with a factor e
Section 5.3 and scale the simulation amplitude to the experiment. This factor provides a better
visual comparison to the experimental results without affecting the location of the Bragg reflections,
but it was not rigorously determined.

Figure 5.5 compares the simulated transmission profiles (blue) with the experimental profiles
(red). The profiles in (a) and (b) are for the singly and doubly periodic magnonic crystals, respec-
tively. The comparison gives three important results. First, the transmission dips in the simulated
profiles align with those in the experimental profiles. Second, for the profiles in Fig. 5.5(a), the
relative strengths (depths) of the simulated dips agree with those of the experimental dips. These
two results together clearly show the accuracy of the numerical simulations. Finally, the numerical
profiles in Fig. 5.5(b) evidently confirm the experimental observation that for the doubly periodic
magnonic crystal, the third and sixth dips are more pronounced than other dips.

To confirm the interpretation of the strong third and sixth dips given in the last section, Figure

5.6 compares two numerical transmission profiles. The blue profile, which is the same as in Fig.
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5.5(b), is the simulation of the doubly periodic magnonic crystal using the dimensions as measured
and shown previously, while the red profile is the simulation of a magnonic crystal with a single
period equal to a1 +as = 449 pm. The simulations used the same magnetic field as in the experiment,
which is Hg = 1240 Oe. These simulations explicitly show the effect on the transmission dips due
to the second period and thereby confirm that the pronounced dips result from multiple Bragg
reflections associated with the double periodicity.

Additionally, the numerical profile in Fig. 5.5(a) reveals a very tiny dip at about 7.235 GHz,
which is the fifth dip from the left. This explains why the fifth dip is not visible in the transmission
profile in Fig. 5.3(a) and the k5 point is missing in Fig. 5.3(d). As discussed earlier, the reflection
behavior of each mode is influenced by its unique spin-wave profile and boundary condition config-
uration. For the n = 5 mode, the specific configuration results in a minimal transmission dip. This
finding has been verified by additional simulations. For instance, increasing the groove width by
about 50 % significantly enhances the depth of the fifth dip, making it even deeper than the fourth

dip, while maintaining the same dip locations.

5.6 Conclusion

In conclusion, this work explored the effects of double periodicity on the band gaps of spin waves
in a 1D magnonic crystal. Transverse line grooves were chemically etched into a long and narrow
YIG thin film strip to create a magnonic crystal with alternating lattice constants a; = 149 pm and
as = 300 pm. The propagation of spin waves in this doubly periodic magnonic crystal was measured
experimentally using a VNA and simulated numerically using a transfer matrix method. The
experimental and numerical results show that the third and sixth band gaps are more pronounced
than the other band gaps; the underlying physics is that the wavenumbers associated with those
band gaps satisfy simultaneously triple Bragg conditions for periods a; = 149 pm, as = 300 pm, and
a3z = a1 +az = 449 nm. These results indicate that the introduction of a secondary periodicity into
a magnonic crystal represents an effective strategy for tailoring band gap properties in magnonic
crystals. Future work that explores in-gap magnonic states or nonlinear spin-wave dynamics in
similar doubly periodic magnonic crystals is of great interest. It is also of great interest to examine

spin-wave dynamics in doubly periodic magnonic crystals where the two periods a1 and ay are
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incommensurable.

It is worth noting that finite-size effects and mode hybridizations might also play a role in
enhancing the third and sixth band gaps. However, these contributions are believed to be minimal
for the following reasons. First, multiple reflections of spin waves from the two ends of the YIG
waveguides could produce a Fabry-Pérot-like effect, which might enhance the observed band gaps.
Nonetheless, this effect is expected to be weak, as the YIG sample lengths (e.g., 22.6 mm for the
doubly periodic sample) in this study are substantially larger than the transducer separations (e.g.,
7.4mm for the doubly periodic sample). As a result, the spin waves reflected from the sample
ends undergo significant attenuation, especially when considering the non-reciprocal nature of the
MSSWs. Additionally, the numerical simulations in this study were deliberately designed to exclude
explicit boundary reflections, effectively mimicking an infinite magnonic crystal without a Fabry-
Pérot cavity. These boundary-free simulations reproduced the enhanced third and sixth dips at
precisely the same frequencies observed experimentally. This strong correspondence suggests that
the observed band-gap enhancements are an intrinsic consequence of the double periodicity rather
than artifacts of finite sample length.

The geometry and magnetic field configuration used in this study predominantly excited the
fundamental surface wave mode, while higher-order modes (i.e., thickness modes) were minimally
populated during measurements. As a result, there was no significant mode hybridization with
higher-order modes. Additionally, each etched groove in the magnonic crystal could potentially
host localized states or defect modes. If such modes are coupled strongly with traveling spin
waves, they might produce additional gaps or sidebands. However, the primary transmission dips
observed coincide with the triple Bragg condition predicted by the TMM model, indicating that
these features are not due to localized modes.

Finally, a note on the phase analysis is warranted. In this work, the extraction of spin-wave dis-
persion from the experimentally measured phase data assumed that the spin waves in the magnonic
crystals behave as plane waves, even though the periodic structure inherently supports Bloch-type
spin waves. Two factors justify this approximation. First, the measured S9; phase primarily re-
flects the phase accumulation between the excitation and detection transducers. While the grooves
introduce periodic perturbations, the net phase shift measured by the VNA effectively represents an

average of the local wavevector along the entire propagation path. Consequently, the total phase
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accumulation can be approximated by an effective wavevector. Second, while the TMM model
accurately describes Bloch-like wave propagation through a discretized stack of grooves, the cal-
culated band-gap frequencies align closely with those inferred from the simpler plane-wave phase
data. This alignment suggests that small deviations from the plane-wave approximation do not
significantly affect the principal spin-wave dispersion in the magnonic crystals studied here.
Lastly, it should be noted that the YIG films in the three samples used in this study have
varying thicknesses. However, these differences do not substantially impact the main conclusions,
as all measurements were performed in a surface wave configuration. Thus, the dynamics examined

are primarily confined to the top surfaces of the films, rather than spanning their entire thickness.
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Chapter 6. Passive Microwave Remote

Sensing

6.1 Introduction

Remote sensing scientists are motivated to use microwave frequencies because, at these frequencies,
there is minimal scattering due to the atmosphere and thin clouds, and because measurements
are independent of the time of day. Active microwave remote sensing, i.e., radar, uses a separate
transmitter and receiver to send a signal and measure its reflection. Passive microwave remote sens-
ing, called radiometry, eschews the transmitter and measures the small amount of electromagnetic
energy that is emitted and scattered by all objects. A microwave radiometer is a highly sensitive
receiver for measuring these low levels of microwave radiation.

Microwave radiometers were initially developed and applied in the 1930s and 1940s to measure
the cosmos. In 1963, the Mariner 2 satellite flew past Venus to measure its atmosphere and tempera-
ture [78]. In 1978, the Nimbus 7 satellite carried the Scanning Multichannel Microwave Radiometer
(SMMR) to an altitude of nearly 950 km. SMMR was the first multi-frequency, dual-polarization
radiometer to passively measure the Earth from orbit, and the data it collected throughout its
lifetime (operations ended in 1987) were widely applied [79]. SMMR was succeeded by a number of
instruments that today include the Advanced Microwave Sounding Unit (AMSU) and the Special

Sensor Microwave Imager / Sounder (SSMIS).

6.1.1 Aside: On Spectrum

Because microwave radiation is weakly attenuated in the atmosphere, microwave technologies have
become the backbone of over-the-air communications and connectivity that define the modern era.
Although it spans multiple orders of magnitude in frequency, the microwave spectrum is a shared
and finite resource with an enormous and increasing number of users. Greater available bandwidth
is universally beneficial for increased data throughput (for data transfer and supporting a large

number of devices), or if only to help isolate one’s application from nearby signals (desirable for
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both scientific research and communications).

In the United States, the Radio Act of 1912 was the first policy addressing the idea of spectrum
management. Today, management is overseen by the Federal Communications Commission (FCC)
for commercial and university users, and by the National Telecommunications and Information
Association (NTIA) for federal users. Other nations have their own similar regulatory bodies.
The International Telecommunications Union (ITU) is a United Nations (UN) agency'? focused on
worldwide spectrum concerns, which are reviewed at World Radiocommunication Conferences on
a roughly four-year cadence.

In the United States, portions of the spectrum are allocated or reserved, and others are leased
in Congressional auctions. The graphic in Figure 6.1 is a portion of the United States frequency

allocation chart published by the NTIA in 2025 [80], illustrating the density of services.

88 am
b - 32 LK

30 GHz 300 GHz

Figure 6.1: Frequency allocations in the United States as of September 2025, cropped from the full
image to illustrate the density of services solely within the frequency range of 300 MHz-300 GHz.
The full image is provided by the NTIA and is available online [80].

This aside intends to bring attention and consideration to the idea of spectrum as a resource
and form of infrastructure, and of spectrum management as an urgent and global concern. Conflicts
in spectrum access can and do exist among industry, government, and research users. Additional
context may be found by exploring “dynamic and reconfigurable” technologies, which facilitate the

broader idea of spectrum sharing.

'2The ITU (1865) predates the UN (1945) by eighty years.
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6.2 Blackbody Emission

Any object above 0 K emits energy into its environment in the form of electromagnetic radiation.
At thermal equilibrium, conservation of energy requires that the energy emitted by the object is
equal to the energy absorbed. A blackbody is a theoretical object that perfectly absorbs all incident
radiation, and correspondingly has idealized emissive properties. Classical models attempting to
characterize a blackbody were unsuccessful. In 1901, Max Planck published a model considering the
radiated energy as discretely-valued and proportional to the frequency times a constant, £ = hf,

which was the first quantum theory in physics. Planck’s solution is

Li(f;T) = 2}2‘;3 [exp <Z§:> - 1]_1, (6.1)

where L¢(f;T) [W st tm™2 Hz_l] is the spectral radiance at a frequency, f, and absolute temper-
ature (in Kelvin), T, c is the speed of light in vacuum, h = 6.626 x 1073* JHz ! is the Planck
constant, and k = 1.381 x 10723 JK~! is the Boltzmann constant.!® (6.1) is plotted in Figure 6.2
for three temperatures that have maximum radiance near the visible spectrum. The total radiance

increases with increasing temperature, and the maximum value is blue-shifted to higher frequencies.

Planck's Blackbody Law
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Figure 6.2: Spectral radiance at three absolute temperatures described by Planck’s law. The total
emitted power is increased with increasing temperature, and the frequency of maximum radiance
is shifted to higher frequency.

3¢, h, and k are three of the seven fundamental SI constants referrred to in Chapter 1.
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Blackbody Emission at T =200 K
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Figure 6.3: Spectral radiance up to 300 GHz for a blackbody with physical temperature T" = 200 K,
calculated with Planck’s Law (6.1) (orange) and the Rayleigh-Jeans approximation (6.3) (blue). The
approximation deviates from Planck’s law at high frequencies and/or low temperatures, predicting
greater values. The percent difference is plotted as a dashed line using the same y-axis values.

A useful approximation at microwave frequencies is made by considering hf/kT < 1 and

expanding the second term as a Taylor series. Then,

h h
exp <I<:!7}i> —1= % (6.2)
and (6.1) becomes
2kT f?
Li(f;T) = cgf : (6.3)

This is the Rayleigh-Jeans approximation, which was separately derived using a classical approach
before Planck’s publication. The Rayleigh-Jeans approximation is very accurate for microwave
frequencies and typical Earth temperatures, as shown in Figure 6.3, and is typically used for
microwave calculations.

The power, Py, emitted by a blackbody and measured by an antenna is determined as

Py, = / AQL ¢df, (6.4)
B

where A is receiving area, €2 is the solid angle subtended by the blackbody, and B is the measurement

bandwidth. A linearly polarized antenna measures one of two orthogonal polarizations, so the
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received power is at most half of what is emitted. The directivity of the antenna is considered for

Q via its pattern F(6, ¢) integrated over a sphere. So,

Py, = ;A/B/Aw L{F(6,6)dQdf. (6.5)

Ly can be considered to be constant for a narrow bandwidth, i.e., B < f, so the integral over

frequency is simply B. Substituting L; using (6.3):
1
Py = 5AB(2/.ch?c—2) / F(0,¢)dQ. (6.6)
4

The remaining integral defines the antenna pattern solid angle, 2, = ¢®f~2/A. With this substi-
tution, (6.4) is reduced to

Py, = kTB (6.7)

This result shows the direct, linear relationship between physical temperature and power, which is
a fundamental relationship in passive microwave remote sensing.

Real objects, however, are not blackbodies, so the measured power will always be less than
that of Py,. Real objects are sometimes referred to as graybodies, and a graybody’s emissivity, e,
is defined as the ratio of real measured power, P, compared to that of a blackbody at the same
physical temperature:

P Ts

= =2 <1. 6.8
Py T — (6.8)

e
Tp = €T is the blackbody-equivalent radiometric temperature called the brightness temperature.
Brightness temperature is the unit of measurement for radiometric systems: it is directly propor-

tional to power, as shown, and is generally simpler to use and discuss because of the direct relation

to physical, or thermodynamic, temperature.

6.3 Microwave Radiometry for Measurements of the Atmosphere

The Earth’s atmosphere is characterized in part by its temperature, T', pressure, P, and humidity,
p. Within microwave radiometry, the so-called forward problem takes these properties as inputs

to predict the brightness temperature observed by a radiometer, and the inverse problem starts
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with radiometric data to determine 7', P, and p. Standard models of the atmosphere such as the
International or U.S. standard atmospheres provide reference values of T and P as functions of
altitude. In situ measurements of T, P, and p are performed by small, disposable devices called
radiosondes. Hundreds of radiosondes are launched from the ground daily across the globe and can
reach altitudes above 30 km, and the data are shared by international agreement [81]. Figure 6.4 is a
map provided by the National Oceanographic and Atmospheric Administrations (NOAA) showing

the radiosonde launch sites across the world.
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Figure 6.4: Map of radiosonde launch sites around the world, provided by NOAA [81].

The temperature of the atmosphere follows a predictable pattern with altitude, which is used
to designate vertically-stratified regions called layers. Nearly all weather phenomena and mass of
the atmosphere are contained within and shortly beyond the layer closest to the surface, called
the troposphere. The troposphere is defined by a linear decrease in temperature with altitude
according to a lapse rate of approximately —dT'/dz = 6.5K/km. The top of the troposphere is
called the tropopause and is defined by d1'/dz abruptly becoming zero. The tropopause is at an
altitude somewhere between 10 km and 20 km; it is higher at the equator and lower at the poles.
T increases within the next layer, called the stratosphere, which extends to ~50 km.

The pressure of the atmosphere can be modeled in general by a decaying exponential, with
weather and location having relatively small impacts. Standard models assume the case of an ideal
gas to define the pressure as

P(z) = Pye /7T, (6.9)

where z is the altitude in km and Py = 1013.25 mbar is the standard atmospheric pressure at sea

level. Water vapor content (humidity) is much more variable, depending on weather, location, time
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of day, and temperature.
The atmospheric constituents with significant absorption (and, therefore, emission) at mi-
crowave frequencies are oxygen (O2) and water vapor (H20). Planck showed that the transition

between energy levels is quantized, such that

AE = hf, (6.10)

where AFE is the energy difference between the initial and final states. A single atom has only
electronic transitions between energy levels E, on the order of 2eV to 10eV. A molecular structure
introduces vibrational states with E, ~ 0.2eV to 2eV and rotational states with E, < 5x 1072 ¢eV.
The energy of any particular state is thus £ = E, + E, + E,. Transitions in the microwave region
are purely between rotational states.

Molecular oxygen has a permanent magnetic dipole moment. An absorption spectrum exhibits
a single line at 118.75 GHz, and a group of thirty-seven lines between 50 GHz to 69 GHz. This
group is referred to as the 60 GHz oxygen complex. The water vapor molecule is polar, so it has a
permanent electric dipole moment. Electromagnetic interactions with the moment create absorption
lines at 22.235 GHz and 183.31 GHz. Additional absorption lines above 300 GHz contribute to the
overall microwave absorption profile. O and HoO are measured to determine the temperature and
humidity of the atmosphere, respectively.

The absorption (emission) spectrum of a static and isolated molecule would consist of zero-width
absorption lines at the transition frequencies, as shown in red in Figure 6.5. In the atmosphere,
particles move, collide, and interact, and the net effect is that the transition linewidths are increased
to nonzero values, as shown in blue in Figure 6.5. This phenomenon is called pressure broadening.
Due to pressure broadening, the transition linewidths are a function of the temperature and pressure
of the atmosphere. Altitudinal weighting functions are used to characterize the linewidths and
determine 7" and p.

Frequency regions between absorptions are called window regions. For downward-looking ra-
diometers, window regions provide a relatively unobstructed view of the Earth’s surface. Spaceborne

radiometers commonly use a frequency near 90 GHz as one window channel.
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Figure 6.5: Example of an absorption spectrum. The theoretical absorption lines (red) are at
precise frequencies. Due to pressure broadening, the absorption lines are spread out and overlap to
create a continuum (blue).

6.4 Microwave Radiometers

A microwave radiometer is a highly-sensitive receiver used to measure passively-emitted graybody
radiation. Radiometers in the context of atmospheric and climate studies are used to infer from
measurements the temperature and humidity as functions of altitude, to determine wind speed and
direction over oceans, record ice and snow coverage, etc.

The simplest design for a radiometer is that of a total-power radiometer, illustrated in Figure 6.6.

As previously derived, the microwave receiver measures power equal to

P = GkT4B, (6.11)

where k is the Boltzmann constant, B and G are the bandwidth and gain, respectively, of the
receiver, and T4 is the antenna temperature. However, the system temperature, T}y, also includes
a noise power contribution from the receiver itself, T;.... The most impactful source of noise power is
thermal and due to the motion of electrons. In 1928, Nyquist showed that the thermal noise power
has a physical temperature dependence identical to that of the blackbody power, i.e., Py = kT B

[82]. Using this result, a noisy microwave circuit can be modeled as a noise-free circuit with an
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equivalent noise source at the input. The noise temperature of the equivalent noise source for the

radiometer is Ty.qc.

Grp
Ty ‘\ /T Bandpass | frf > fir > Tsys
Integrator [—
/ filter |
ITrec

Figure 6.6: Illustrative design of a total-power radiometer.

Returning to Figure 6.6, a bandpass filter is used to restrict the signal to a bandwidth, B. A
low-noise amplifier amplifies the signal by a factor G, . It is critical that this amplifier has a low
noise figure because the first amplifier in a cascade has the greatest impact on the total noise figure.
The radiometer in the figure shows a superheterodyne design, meaning that the signal is converted
to an intermediate frequency (IF) for further amplification (and possibly filtering) before detection.
The detector is a square-law detector, so the output voltage is proportional to input power. Finally,
the signal is integrated for some time interval, 7.

A radiometer must be able to discern the low-level graybody signal from the inherent system
noise, which may be significantly larger. The radiometric resolution (or sensitivity) of a radiometer

due to receiver noise, ATy, is a function of Ty,s, B, and 7. The result is

Tsys . Tp+ Trec

ATy = =
NT VBT VBT

(6.12)

However, the detected voltage is also related to the total system gain, G, which may also fluctuate

in time. A root-mean-squared value of AG would produce an uncertainty

A
ATg = Tays <GG> : (6.13)
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where G is the mean. Since T and T are independent, they add in quadrature:

AT = \/AT? + AT (6.14)

1 AG\?

Uncertainty in the total-power radiometer is often dominated by gain variations. These can be
reduced with frequent calibrations and by minimizing thermodynamic temperature variations at
the amplifier and power supply.

A Dicke radiometer reduces the effect of gain fluctuations by modulating the input signal at
a rate faster than that of gain fluctuations, typically between 1 ms to 20ms. A switch (called the
Dicke switch) at the antenna alternates the measurement between 7’4 and a reference load at known
temperature T..r, and a synchronized demodulator after the detector alternates the sign of Ty and

Trep. The result is that the output is proportional to T4 — T}..r, and the sensitivity is

1/2

UTa + Tree)? + 2(Trep + Tree)? AG\?
_ | 2Tat Tree)” + 2(Trey + Trec)” | G) (6.16)

— 2 _
AT = = (Ta — Tyey) ( =

In practice, the Dicke radiometer has significantly reduced AT compared to a total-power radiome-
ter. A so-called balanced Dicke radiometer is realized when T4 = T,.¢, at which point the gain
fluctation term is removed entirely and AT = V2ATy. Feedback configurations can be used to
maintain a balanced Dicke radiometer. The balanced condition highlights the tradeoff of the Dicke
radiometer, which is that the sensitivity without gain variations is greater by a factor of v/2. This

can be addressed by reducing the integration time by a factor of 2, which is generally undesireable.

6.5 Radiometer Calibration

Calibrating the radiometer is required to determine antenna temperature from the detected quan-
tity, which may be a voltage (considered in this discussion), a current, or digital counts. The

square-law detector relates the measured voltage linearly to the antenna temperature as

V =aTy +0, (6.17)
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where a and b are unknown constants. a may be referred to as the gain coefficient, and b = Vj as
the offset due to noise temperature. Calibrations are made using measurements of two targets with
known temperature outputs, Tho and Teoq. One calibration point may be sufficient if the noise
temperature is well known [79], [83], [84], or to maintain a previous calibration [85]. A more stable
linear fit is achieved when T}, and T,,4 are as widely separated as possible; a common practice
is for Thet to be the ambient temperature and for 7,4 to be maintined by liquid nitrogen(LN2),

which has a nominal boiling temperature of 77 K. Hot and cold calibration measurements yield

~ Vot — Veoid

. 6.18
Thot - Tcold ( )

Engineered calibration targets include noise-source diodes and microwave absorbers, which are
typically measured at ambient temperature. Noise-source diodes are common in systems where they
can be recalibrated, but long-term stability is a concern in spaceborne systems [86]. Microwave ab-
sorbers are materials that approximate the properties of a blackbody, so their measured brightness
temperature is nearly equal to their physical temperature. Their effectiveness as a calibration target
is determined by the accuracy of this approximation, generally quantified as absorptivity in deci-
bels. For example, if the absorber is cooled using LN2 and the ambient temperature, Ty, = 310K,

then reflections of T, will cause the measured Tp to differ from 772 by

A = (Tympy — Trn2)(1 — €) (6.19)

=233(1 —e). (6.20)

An absorptivity of 20 dB corresponds to e = 0.99 and A = 2.33 K, which is typically not satisfactory.
A common target for absorbers is an absorptivity of 30 dB, which yields another factor of 10:
e =10.999 and A = 0.233K.

State-of-the-art absorbers used in spaceborne radiometer systems are made from ferrite-loaded
epoxies that are arranged as arrays of pyramids coating a thermally-conductive base [87]. These
have excellent absorptivity on the order of 35 dB [79], and are measured at ambient temperature to
provide the T}, calibration point. However, these devices are relatively bulky and thermal gradients

exist from the base to tip of the pyramids. The thermal gradients are a source of uncertainty in
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the absorber temperature that is complicated to address [88], [89], [90], [91]. Chapter 7 discusses
microwave absorbers based on metamaterials, which have a two-dimensional design that addresses

both of these shortcomings.

Figure 6.7: A ferrite-loaded epoxy absorber for use in a spaceborne microwave radiometer. The
diameter is approximately 18 cm (= 7 in).

The cosmic microwave background (CMB) can also be used as a calibration target, particularly
for spaceborne systems that are above the atmosphere. The CMB is remanent microwave radiation
from the Big Bang. At microwave frequencies it can be considered as homogeneous and isotropic
with a brightness temperature Toyp = 2.73K [92], [93].

Ground-based radiometers can measure the CMB by means of a tipping-curve measurement.
This is performed by measuring T as a function of the number of air masses, ngtm, Wwhere ngem
represents the number of atmospheres contributing to the observation. The radiometer pointed
at zenith measures one atmosphere, ngy, = 1. The number of atmospheres as a function of the
angle from zenith, 0, is ngy, = sec for a horizontally-stratified model of the atmosphere. From
the surface, the stratified model is valid at least to 70° [84] The intercept at ngu¢, = 0 represents a

measurement with no contribution from the atmosphere.
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Chapter 7. Novel Calibration Targets for

Earth Remote Sensing

7.1 Introduction

Passive microwave Earth sensors in low Earth orbit (LEO), such as the Global Precipitation Mea-
surement Microwave Imager (GPM-GMI), Advanced Microwave Sounding Unit (AMSU), Special
Sensor Microwave Imager/Sounder (SSMIS), and the Advanced Technology Microwave Sounder
(ATMS), provide remote observations of the atmosphere that are invaluable for numerical weather
prediction. These instruments measure microwave emission near frequencies of absorption by atmo-
spheric constituents; in particular, measurement of molecular oxygen (Oz) and water vapor (H20)
provide information about the vertical distribution of temperature and humidity, respectively, based
on the broadening of absorption lines due pressure as a function of altitude (a technique called
“sounding”). The aforementioned instruments provide measurements at multiple frequencies—on
the order of ten—to better characterize the vertical temperature and humidity profiles. Absorption
lines for water vapor occur at 22.235 GHz and 183.31 GHz, and for oxygen there is a family of
thirty-seven lines around 60 GHz (the “oxygen complex”) and a single line at 118.75 GHz. Each
instrument also measures so-called “window channels” of relative atmospheric transparency be-
tween absorption lines, which allow for information about surface characteristics, such as ocean
wind vectors, from space, and for determining corrections to radar altimetry measurements [94].
The signals measured by passive Earth remote sensing instruments are due to Planck blackbody
emission, which has a noise-like power spectrum, and include noise-power contributions from the
hardware itself, which is typically double or more than that of the desired signal. The measurement
resolution of a radiometer is proportional to the sum of these signals, meaning that, for example,
a resolution of 1 K in a 300 K scene will require calibration accurate to one part in a thousand.
As such, sensors require frequent and precise calibrations to avoid overwhelming measurement
uncertainty, and these calibration sources must be stable over long periods of time (years to decades,

in spaceborne instruments). A common approach used by spaceborne scanning radiometers is to
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perform a two-point calibration alongside each measurement of the scene. This is performed by
measuring two sources that are widely separated in radiometric brightness temperature, Tg, to
define a linear relationship between Tp and measured power [84]. Tz of a material is related to its
physical temperature, T}, by the material’s emissivity, e = Tg/T),. Effective targets for calibration
need to emulate a blackbody: a hypothetical perfect absorber and emitter defined by e = 1. For a
cold target, LEO radiometers often take advantage of the cosmic microwave background, or “cold
space,” as a very stable blackbody target with a homogeneous brightness temperature of 2.73 K
[92]. The hot target is typically an on-board calibration target at the ambient temperature of
the instrument, referred to as an “ambient load.” State-of-the-art blackbody targets are arrays of
metal pyramids covered in ferrite-loaded epoxy absorbing material. Applications typically demand
“three nines” of performance, or e > 0.999, to meet the previous example of one part in a thousand
accuracy. However, the geometry of these targets means that thermal gradients across the sample
in three dimensions become a notable source of calibration uncertainty. A great deal of work has
been performed to address this non-trivial problem [88], [89], [90], [91]. Additionally, the substantial
mass and volume of these targets can complicate their integration for instruments with size, weight,
and power constraints.

A potential alternative to pyramidal epoxy absorbers is a design based on metamaterial ab-
sorbers (MMAs). An electromagnetic metamaterial is an array of subwavelength elements with a
precisely determined electric permittivity and magnetic permeability that result in desired macro-
scopic electromagnetic properties. Metamaterial designs are geometrically scalable, so they have
found broad application across much of the electromagnetic spectrum [95], [96]. An MMA functions
as a theoretically-perfect absorber—and, equivalently per Kirchhoff’s law, a perfect emitter—at the
designed frequency. MMAs can be constructed using well-established nanofabrication methods, in-
cluding on printed circuit boards, and are effectively planar. An MMA calibration target could
therefore dramatically reduce the temperature gradient uncertainty of current state-of-the-art ab-
sorbers. Absorption frequencies can be precisely tuned during the design process, and multiple
frequencies can be incorporated to efficiently target distinct radiometer channels. As an added
benefit, the reduced mass and height of MMAs compared to pyramidal absorbers make them ap-
pealing candidates for CubeSat or SmallSat instruments such as TROPICS, TEMPEST-D, and

NEON SMBA, that take advantage of miniaturized modern hardware for lower-cost alternatives to
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traditional missions like those previously mentioned [89], [97], [98].

This chapter details the design and characterization of MMA calibration targets at four fre-
quency bands, chosen for their relevance to atmospheric remote sensing. Section 7.2 describes the
design and fabrication of MMA targets. Emissivity performance was measured in two ways: using
a monostatic reflection experiment, Section 7.3, and using a radiometer at frequencies near the

183.31 GHz water vapor absorption line, Section 7.4.

7.2 Metamaterial Absorber Design and Fabrication

MMAs were designed and simulated using an electromagnetic simulation tool to demonstrate at
least 30 dB of absorption, equivalent to an emissivity of 0.999, at the desired frequency. Four
frequency bands, referred to as bands A, B, C, and D, were chosen for their relevance to Earth
remote sensing and precedent use in existing radiometers (at least two frequency bands are present
in each of the spaceborne microwave radiometers previously listed). Band A targets a center
frequency of f4 = 54.9 GHz, which is within the oxygen complex and used to determine a vertical
profile (“sounding”) of atmospheric temperature. Band B targets fp = 90.3 GHz, a window channel
of relative transparency. In clear skies, this channel provides temperature and emissivity data from
the Earth’s surface [99], [100], and in cloudy skies, this channel is sensitive to precipitation mixtures
of snow and ice [101] and can be used for wet-tropospheric radar altimetry calibration. Band C
targets fo = 121.9 GHz, which is above the oxygen resonance line at 118.75 GHz and is also used for
temperature sounding. Band D targets fp = 179.1 GHz, which is below the water vapor resonance
line at 183.31 GHz and is used for humidity sounding.

The absorber elements for each metamaterial target follow a square resonator design with four
“fins” approaching the center. This design is illustrated in Figure 7.1, with the conducting material
colored yellow and the dielectric material colored green. The resonator unit cells are arranged in a
grid pattern to constitute the MMA target. Single-band and multi-band MMA targets for bands
A and B were created using standard methods for commercially fabricated printed circuit boards
(PCBs), using copper as the conductive material and FR-4 as the dielectric material. The multi-
band targets follow the same gridded layout, alternating the band A and band B absorber elements

to create a 2 x 2 “supercell“ and achieve absorption at two distinct frequencies. The designed and
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measured dimensions for the resonator elements at each band are collected in Table 7.1.

Absorber element

Ground plane

Figure 7.1: Illustrative diagram of an MMA resonator element viewed from the top (left), and side
(right). The yellow regions are conductive, and the green regions are dielectric. The frequency of
maximum absorption is tunable by adjusting the labeled dimensions.

PCB fabrication for designs targeting bands C and D was found to be challenging for two reasons.
The first is the tolerances and minimum feature size of the metal traces in PCB fabrication. The
shorter dimensions in the C and D designs (see Table 7.1) approach these tolerance limits, and the
associated shifts in the metamaterial resonances as a consequence of dimensional mismatches of the
metal trace lengths are more pronounced at the higher frequencies of the C and D bands. The second
reason is the uncontrolled composition and lack of broadband characterization of FR-4 dielectric
materials from commercial vendors. Significant discrepancy was observed between simulation and
reflectivity experiments (Section 7.3) at frequencies between 100-200 GHz, even after performing
sample metrology and updating the electromagnetic simulations. A constant dielectric permittivity
and loss tangent for FR-4 was assumed based on published values from the vendor, which are only
available up to 10 GHz. It is likely that these values differ at higher frequencies and require major
effort to accurately characterize. FR-4 is a woven fiberglass cloth stabilized by an epoxy resin.
Resin content and weave pattern can vary considerably between different FR-4 constructions, which
impact the dielectric permittivity and loss. For these reasons, a nanofabrication approach using
conventional photolithography was instead used to produce a calibration target covering bands C
and D.

In place of FR-4, SU-8 2050 was found to be a suitable dielectric layer for the metamaterial

design, due to both comparable loss values to FR-4 in the millimeter wave range as well as com-
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patibility with standard photolithography processes. The SU-8 preparation recipe was optimized
for spin coating thicknesses in the range of 70-80 um used in the C and D designs. The meta-
material elements were then patterned on the continuous SU-8 layer using a standard mask-based
photolithography and metal lift-off process. To account for slight variability in the fabrication
tolerances and SU-8 dielectric properties, several test arrays of scale factors up to 4% of the
base metamaterial designs were fabricated. One of the final metamaterial targets for the C and D
designs is shown in Figure 7.2. While the nanofabrication approach produces targets with highly
accurate and repeatable metamaterial features, it can produce minor flaws not typically seen in
commercial PCB fabrication. These flaws include edge-beading of the SU-8 during spin coating,
and regions of imperfect lift-off, highlighted in Figure 7.2. However, with further recipe optimiza-
tion, these extrinsic effects can often be significantly reduced or eliminated. Results presented in
the following sections demonstrate that both commercial PCB processing and nanofabrication can
be used to fabricate MMA targets, with each approach offering respective advantages in terms of

cost, throughput, and accuracy depending on the desired frequency range.
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Figure 7.2: Nanofabricated metamaterial calibration target for bands C and D produced by Duke
University. The top boxed area highlights the edge bead due to spin coating. The left boxed area
contains a region of poor liftoff. The sample is highly reflective at optical wavelengths.
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Table 7.1: Designed (measured) dimensions of the absorber elements for each frequency band.

Dimension (um) Band A Band B Band C  Band D

Side a 920 (886) 604 (608) 507 (508) 364 (366)
Perimeter width b 100 (77) 84 (83) 90 (89) 75 (76)
Fin width c 120 (102) 88 (100) 90 (89) 75 (76)
Center separation g 240 (270) 218 (230) 181 (181) 126 (127)
Dielectric thickness ¢ 195 203 77 7

7.3 Monostatic Reflectivity Measurement

The absorptivity and, equivalently, the emissivity of the MMA targets were measured using the
monostatic reflectivity experiment detailed in [102] and [103]. The experimental setup illustrated
in Figure 7.3 was performed within an anechoic chamber providing at least 100 dB of isolation
from DC to 220 GHz. The experiment, summarizing [103], is performed as follows. An antenna is
placed at normal incidence at a distance, zg, from the MMA such that zg is within the far-field
region of the antenna. A source signal, ag, is generated by a vector network analyzer (VNA) at a
frequency f (using a high-frequency extension head, if necessary), and a returned signal, by, at f is
measured. The target is translated in steps along Z, which extends the reference plane and enables
finding the magnitude and phase of complex I'. The full frequency bandwidth is measured at each
step. The two signals are related by the scattering properties of the target and of the antenna,

taking the form

bo eik(er:ro)

(ZL‘, f) = S(]o — Al“m, (71)

ao
where k = 27 f /c is the wavenumber, Sy is the complex antenna feed reflection, and A is a complex
constant (units of m?) collecting systematic terms including antenna receiving and transmitting
properties [104]. A and Sy remain identical between calibrated measurements, meaning that a
numerical fit determining AT for the MMA can be compared to that of a reflection standard with
known I';.; = —1 to determine I'. A reflection standard was made by cutting a sheet of polished
aluminum to match the dimensions of the MMA wafer. The dimensions need to be matched so
that each target occupies the same subtended angle within the antenna beam profile and A remains
constant.

Figure 7.4 shows a measurement at a single frequency near fp, with the voltage ratio measured
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Figure 7.3: Monostatic reflection experimental setup. The experiment is performed in an anechoic
chamber. The starting distance x( is within the far-field region of the antenna. Measurements are
performed by a VNA across a desired frequency bandwidth for each step of distance in .

by the VNA plotted versus the antenna-target distance minus xg ~ 1m. The MMA is shown in
red, and the reflection standard in blue. Crosses represent the measured data, and the solid lines
are a numerical fit of those data to (7.1). The effect of energy absorption by the MMA is observed
as the reduced voltage ratio amplitude. I' is determined as a function of frequency by repeating

this process for each frequency measured by the VNA.
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Figure 7.4: Monostatic reflectivity data measured by a VNA (crosses) and numerical fits to that
data using Equation 7.1 (solid lines) for a single frequency near fp of an MMA (red) and a reference
standard of polished aluminum (blue), plotted versus the antenna-target distance relative to the
starting point.

The measured absorption (return loss) in decibels, calculated as L = —20log;, |T'|, for each

MMA frequency band is shown in Figure 7.5, and the results are collected in Table 7.2. Table 7.2
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Figure 7.5: Absorption (return loss) plotted against frequency for MMA bands A, B, C, and D.
Dashed gray lines show the result simulated in software, and solid black lines show the result from
monostatic reflectivity measurements.

also includes the derived emissivity, calculated as
e=1-10"110 =112 (7.2)

Dashed gray lines show the response simulated in software, and solid black lines show the experi-
mental result. It is evident that there is excellent agreement between the two for the amplitude and
frequency of maximum absorption (“center frequency”) for bands A and B. Band C shows good
agreement between simulated and measured center frequencies, but the measured absorption is less
than predicted by nearly half; also, a negative return loss is observed at frequencies below 130

GHz. These can possibly be explained by regions of poor liftoff and/or edge-beading, as discussed
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Table 7.2: Results of the monostatic reflection measurement.

MMA Frequency Band Center Center Absorption Emissivity
Frequency Frequency (Measured) (Derived)
(Simulated) (Measured) (dB)
(GHz) (GHz)
A (Oxygen complex) 54.9 53.5 30.64 0.9991
B (Window channel) 90.3 90.2 31.72 0.9993
C (Oxygen line) 121.9 121.5 16.59 0.9781
D (Water vapor line) 179.1 177.7 29.00 0.9987

in Section 7.2. Regions of poor liftoff would be reflective, reducing total absorption. Edge-beading
may introduce off-normal reflections that result in more energy directed to the antenna compared
to the reflector standard. Band D is exhibits 29 dB of absorption, equal to an emissivity of 0.9987,
but the center frequency is 1.4 GHz below the simulation, a shift of 0.8%. This is likely due to the
absorber element dimensions, indicative of the tight tolerance requirements at higher frequencies.
Table 7.1 shows that the measured dimensions are slightly greater than the design, and greater
than 0.8%. Aligning the center frequencies reveals that the profiles are otherwise very similar, but

the Band C discussion may still be relevant.

7.4 Radiometric Brightness Temperature

The High-frequency Airborne Microwave and Millimeter-wave Radiometer (HAMMR) is a cross-
track scanning remote sensing instrument designed and fabricated by Colorado State University and
the NASA /Caltech Jet Propulsion Laboratory for the NASA Instrument Incubator Program 2010
[105] that has a successful record of airborne measurement campaigns [85], [105]. HAMMR provides
a remote sensing instrument that is directly relevant to the potential application of MMA-based
calibration targets in Earth remote sensing radiometers, so a simple experiment was designed using
HAMMR to determine emissivity. An outline is as follows. The MMA is placed inside of the antenna
chamber of HAMMR (Figure 7.6) to reduce environmental influence, and calibrated measurements
of the brightness temperature are performed. Platinum resistance thermometers (PRTs) are used
to record the physical temperature of the MMA, which is controlled with a silicone heater. The
brightness temperature and physical temperature data are used to determine emissivity according

to the definition.
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The HAMMR antenna chamber consists of three feedhorn antennas, a pair of mirrors, and an
ambient load. The receiver antennas are for microwave, millimeter-wave, and sounding channels.
The scene to be measured is reflected towards the feedhorn antennas by the mirrors: first by an
ellipsoidal flat scanning mirror (major axis = 57.58 c¢cm, minor axis = 40.64 cm) that rotates once
per second, then by a fixed offset paraboloidal mirror. The calibration target is a layer of aluminum
fins covered with absorptive material and angled at about 60 degrees. While HAMMR is taking
measurements, the ambient load is used as a reference during each cycle of the rotating mirror.
More complete details about HAMMR’s design are provided in [85], [105], [106]. Measurements
are made at twenty-five frequency channels between 18.7 GHz and 182.31 GHz. Due to physical
constraints and the limited availability of the instrument, only band D was analyzed, using the
eight frequency channels at and below 182.31 GHz.

The measured target was comprised of four layers: a thermal insulator (G-10), a silicone heater,
an aluminum heat spreader, and the MMA. Polished aluminum was used to frame the circular MMA
on the square target and was chosen so that measured brightness temperature would show a clear
distinction between the hot MMA and cooler reflected environment. The target was placed at
HAMMR’s zenith position, normally incident via the mirrors to the feedhorn antennas, and on top
of the existing calibration target, separated from it by the thermal insulator. PRTs were attached
to the face of the MMA and abutting its side, and within the ambient load. The PRTs were
connected to a temperature monitor, and a script was written to record and timestamp readings
once per second. The timestamps were used to synchronize the PRT data with the data recorded
and timestamped by HAMMR.

Calibrating HAMMR is detailed in [85] and summarized here. The process begins with two-
point calibration measurements performed before and after the experiment. The cold load is an
external calibration target cooled by liquid nitrogen (LN2). The two-point measurements create

the following model of the receiver noise temperature:

T, — T
Trec = Mvamb - Tamb- (73)
Vamb — VN2

Tump is measured by temperature sensors within the ambient load, and 779 is the boiling tem-

104



Rotating mirror

Metamaterial
absorber

Figure 7.6: CAD drawing of the experimental setup for measuring the MMA using HAMMR.
Pictured is the antenna cavity of HAMMR, containing an ambient load, two collection mirrors, and
three feedhorn antennas. The MMA is mounted at the zenith-facing position. PRTs monitoring
the physical temperature of the MMA are not pictured.

perature of LN2'". V.., and Vo are the voltages measured by the radiometer. The cold and
ambient temperatures should be as distant from each other as possible, and should ideally fully
encompass the dynamic range of the intended measurement. During the experiment, the antenna
calibration gain, G, is determined at each revolution of the scanning mirror from single-point cal-
ibration measurements of the ambient load and the physical temperature of the receiver by using
the relation

Tomp = GVamb — Trec- (74)

Radiometric measurements of the MMA were performed while increasing the MMA physical
temperature, 7}, from ambient by using the heater. T, was determined as the average of PRT
readings from the four sensors on and abutting the MMA. Measurements were performed at 5 K
intervals in 7, from 300 K to 345 K. The brightness temperature, T, was recorded in each frequency
channel as a function of the motor angle and extracted using the mean of the first four rotations
to reduce convective cooling effects from the rotating mirror. Figure 7.7 shows the resulting plot
of Tp vs. T), for the frequency channel at 179.31 GHz. The dashed line is a visual aid representing
a perfect emitter with Tg = T),.

The emissivity, e, of the MMA at each frequency is determined by using a numerical fit of the

4The LN2 boiling temperature was determined to be 76 K at local temperature and pressure using online tools
[107], [108].

105



350_'-|-"'|""|""|""|""|"'

340 |

T
\
\
|
A

T
\

[ . ]
330 | [ ) ]
320

[ pid ]
310 o ) .
300 F
202 [ 7@ ]

L7

R IS SR SR NN U SR SR S SR ST SN [T SR SN SN T AT SO S S S NS S S |
290 300 310 320 330 340 350

T
\

T
\

Brightness temp. Tp (K)

Physical temperature T, (K)

Figure 7.7: Brightness temperature T vs. physical temperature 7, of the MMA measured in one
of HAMMR’s frequency channels, f = 179.31 GHz. The dashed line represents a perfect emitter
with Tp = T),.

temperature data to the equation

Tp=€lp,+ (1—e)Tg+c, (7.5)

where T, is the ambient temperature as measured by a PRT in HAMMR’s existing ambient load
(approximately 300 K), and ¢ is a mathematical offset for fitting that considers off-normal contri-
butions. The second term on the right-hand side of (7.5) considers reflections of the environment
from an imperfect emitter. Fitting for each of HAMMR’s eight frequency channels yields the MMA

emissivity as a function of those discrete frequencies. The results are collected in Table 7.3.

Table 7.3: Fitting results of measured data to (7.5).

Frequency f (GHz) Emissivity e Offset c
182.31 0.8883 £+ 0.0289 -6.85 & 0.76
181.31 0.9391 £+ 0.0259 -7.13 £+ 0.79
180.31 0.9703 £+ 0.0212 -6.40 £+ 0.55
179.31 0.9901 £ 0.0198 -5.95 4 0.54
178.31 0.9952 £+ 0.0188 -5.85 £ 0.50
177.31 0.9805 £+ 0.0207 -5.24 £ 0.48
176.31 0.9310 £+ 0.0133 -5.73 £+ 0.33
175.31 0.9026 £ 0.0118 -5.62 £ 0.32
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Figure 7.8 presents the emissivity results from the reflection measurement (blue points), radio-
metric measurement (black points), and simulation (red dashed line). As discussed in Section 7.3,
the reflection measurement is offset from the simulation by -1.4 GHz, which is reasonable according
to the measured dimensions of the sample. The radiometric result shows emissivity values compa-
rable to the other data, but the bandwidth is greater than expected. There are three details of the
experiment that could contribute to this measurement. First, the 3 dB footprint of the receiver
antenna main lobe is approximately 8 mm at the MMA; by comparison, the reflectivity measure-
ment places the sample entirely within the 3 dB footprint. A smaller antenna footprint would
help to reduce edge beading and liftoff effects, which could show slightly increased emissivity and
bandwidth. Second, emissivity could be systematically increased by possible errors in the two-point
calibration that result in greater-than-actual Tp. This is suggested by the fitting offset values, c,
and could be improved with additional calibration points and/or with a value of T}, greater than
the maximum 7),. Third, bandwidth could be increased by contributions from the ambient load via
reflections or from antenna sidelobes. This could be reduced by better isolating the metamaterial

sample from its surroundings.
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Figure 7.8: Emissivity of an MMA target in band D determined from the radiometric measurement
(black points), monostatic reflectivity measurement (blue points), and simulation (dashed red line).
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7.5 Conclusion

Blackbody calibration targets based on metamaterial absorbers (MMAs) provide a calibration ref-
erence standard that has significant advantages over current state-of-the-art targets used in passive
microwave Earth remote sensing. The planar construction of MMAs mitigates uncertainties intro-
duced by temperature gradients within traditional calibration targets, and the reduced mass and
volume are well-suited for instruments with size, weight, and power constraints, such as SmallSats
or CubeSats. MMAs can be fabricated with commercial printed-circuit board processing or stan-
dard photolithography, and can be designed to accomodate multiple frequencies of absorption. We
have presented the design and emissive performance of MMA calibration targets at four frequency
bands relevant to passive microwave remote sensing of the Earth’s atmosphere. A monostatic reflec-
tivity experiment shows that the MMA targets demonstrate emissivity values acceptable for remote
sensor calibrations, and this result is corroborated at the highest frequency band with microwave

radiometric measurements.
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Chapter 8. Conclusion

This thesis has presented the work and results of three microwave studies performed at Col-
orado State University. Chapter 2 introduced magnetics and ferromagnetic resonance (FMR) as
the phenomenon fundamental to the field of magnetization dynamics. Chapter 3 presented mea-
surements of FMR at high temperatures to characterize the switching efficiency of materials being
proposed as candidates for free layers in spin-transfer torque magnetostatic random-access memory
(MRAM). High-temperature measurements of FMR have generally been desirable for hardware
such as MRAM, and particularly for temperatures above 400 K. The interest was chiefly driven by
research towards the development of heat-assisted magnetic recording (HAMR) devices. Creating
the materials and technologies for HAMR has proven to be quite challenging. Seagate released
HAMR drives for consumers in 2024, over five years after their first publicly-stated release target.
Western Digital appears on track to release consumer drives in 2027, and released a statement in
early 2026 discussing the cost and complexity of HAMR drives [109].

Chapter 4 expands the concept of FMR to non-uniform magnetic modes called spin waves,
which have appealing properties for fundamental research on nonlinear waves and as information
carriers complementary to existing electronics. To this end, Chapter 5 discusses the design and
fabrication of passive devices called magnonic crystals, which manipulate the dispersion relation of
propagating spin waves. The chapter considers a crystal with two periodicities as a straightforward
evolution of the common singly-periodic design. Magnonic crystals provide a rich and still relatively-
unexplored platform for studying spin waves. The magnetization dynamics lab, now at Northeastern
University, will explore increasingly complex magnonic crystal designs as an experimental platform
for fractional calculus.

Chapter 6 introduces radiometry as a method of determining atmospheric temperature and
humidity from the microwave radiation that is passively-emitted by oxygen and water vapor. To
accurately discern the low-power signals from system noise, radiometers rely on calibration targets
with near-perfect absorption characteristics. Typical pyramidal targets have uncertainty introduced
across their height, which is addressed by novel calibration targets based on planar metamaterial

absorbers presented in Chapter 7. There are two active projects at Colorado State that continue
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the work in this chapter. In the first, the metamaterial absorber is being applied as the canvas
of a radiometric scene generator. Localized heating of the metamaterial is used to “paint” an
analog scene for a radiometer. This could provide complex, real-data test-cases for instruments
and a method for comparing datasets between them. The second is a hyperspectral overhaul of the
HAMMR instrument. Hyperspectral radiometry takes advantage of improvements in microwave
hardware to provide digital channelization, enabling a huge increase in the number of measureable

frequencies. HAMMR-HD is expected to perform airborne campaigns in mid-2026.
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Wet-Etching Yttrium Iron Garnet

The magnonic crystals presented in Chapter 5 were fabricated using a standard photolithogra-
phy process. The key parts of the recipe are summarized in the paper, but a fuller explanation is
provided here. This recipe is certainly not perfect, but should provide a starting point that can
be further refined. Many of the settings I used were established by other students who were also

working with YIG, and I refered the blog in Reference [110] as an introduction.

1. Prepare and clean the sample.
A uniform YIG sample is first prepared by cleaning with acetone and isopropyl alcohol (IPA)

in an ultrasonic cleaner.

2. Coat the sample with photoresist using a spin-coater.
The photoresist used was AZ 1512, and the spin-coater was set to 30 s at 4500 rpm. AZ
1512 is a positive photoresist, meaning that exposed sections will be removed. Spin curves,
which plot the resulting thickness against the rpm, should be provided on a datasheet. The
photoresist is light sensitive—at this point, the sample should be kept out of direct exposure

except at non-reactive frequencies.

3. Soft-bake the sample on a hotplate.
Soft-baking (or pre-baking) the sample adheres the photoresist to the sample. The AZ 1500
series datasheet [111] suggests a soft-bake temperature of 90-110 °C, and a higher temperature

for better adhesion to metals. This recipe uses 120 °C for one minute.

4. Expose the photoresist.
The physics department at Colorado State University has an LW405C laser writer for mask-
less exposure [112], using a 405 nm GaN laser diode at 60-100 mW. This enables rapid
prototyping. On the laser writer, this recipe used lens number 3, an exposure setting of 21.7

equivalent to 261 mJcm™2, and a filter setting of 30.

5. (Optional) Post-bake the sample.

Post-exposure bakes can help to remove standing-wave patterns in the thickness of the pho-
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toresist that are created by reflections from the sample during the exposure. This recipe did

not perform a post-bake.

. Develop the photoresist.

The liquid developer was AZ 917 MIF, from the same provider as for the photoresist. Devel-
oper was dropped on top of the sample (called puddle developing) for one minute. Afterwards,
the sample is rinsed and the exposed photoresist is removed. The sample can now be safely

exposed to general lighting.

. Hard-bake the sample.
This step hardens the photoresist, making it more resilient to the high-temperature acid used

for etching. Without this step, the photoresist may lift off entirely when placed in the acid.

. Etch the sample.

YIG will be chemically removed by (ortho)phosphoric acid, H3POy, at a rate that increases
with acid temperature. Literature values include 1.7 nms~! at 140 °C [113], 16.7 nms~! at
160 °C [57], and 300 nms~! at 270 °C [114]. This recipe used 160 °C but found the rate to
be closer to 10 nms™!, likely due to uncertainty in the acid temperature. A uniform acid
temperature is critical to an even etch, so some sort of temperature bath should be used to
achieve this. An alumina-pellet bath was used at Colorado State University, but other options

include baths of oil or sand or glycerine, or heated aluminum blocks.

. Remove remaining photoresist.
This step is made much more difficult by the hard-bake; however, a combination of the
cleaning process in step 1 and using dedicated photoresist remover should work. A successful

removal used remover at 70 °C on a hotplate for 30 minutes, then rinsed in IPA and water.
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