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Abstract
Epitaxial Oxide Spintronics: a Road-map to Multiferroic Magnonic Memory
by
Isaac Appel Harris
Doctor of Philosophy in Physics
University of California, Berkeley

Professor Ramamoorthy Ramesh, Chair

The wider application of spintronic devices requires the development of several new mate-
rial platforms that can address the following challenges: 1) efficient conversion between spin
and charge currents, 2) storage of magnetic information that can be easily manipulated,
and 3) transmission of spin information that can be easily detected. With respect to the
first challenge, Bismuthate-based superconductors are systems that are generally thought to
offer weak spin-orbit coupling, despite the heavy elements that make up such compounds.
Here we use spin-torque ferromagnetic resonance to measure a large spin-orbit torque effi-
ciency driven by spin polarization generated in heterostructures based on BaPb;_,Bi, O3 in a
non-superconducting state. We suggest that the unexpectedly large current-induced torques
could stem from an orbital Rashba effect associated with local inversion symmetry breaking
in BaPb;_,Bi,Os.

In response to the second challenge, Bismuth Ferrite has garnered considerable attention
as a promising candidate for magnetoelectric spin-orbit coupled logic-in memory. While
this model system offers a magnetic texture controllable by electric fields, epitaxial BiFeOj3
films have typically been deposited at temperatures higher than allowed for direction inte-
gration with silicon-CMOS platforms. Here, we solve this engineering problem by growing
La-doped BiFeOj3 at temperatures reasonably compatible with silicon-CMOS integration on
BaPb;_,Bi, O3 electrodes. Despite the large lattice mismatch between the two materials,
all layers are well-ordered with a [001] texture, and the La-doped BiFeOj exhibits desir-
able ferroelectric properties. These results provide a possible route for realizing epitaxial
multiferroics on complex-oxide buffer layers at low temperatures and opens the door for po-
tential silicon-CMOS integration. Furthermore, the incorporation of a material with efficient
conversion between spin and charge with a multiferroic will drive innovation and applica-
tion of new spintronic devices, such as all-oxide multiferroic magnonic memory architectures.

In response to the second and third challenges, spin waves in magnetic materials, or magnons,
are promising information carriers due to their ultra-low energy dissipation and long co-
herence length. Antiferromagnets are strong candidate materials for magnetic information
storage due in part to their stability to external fields and larger group velocities. Multifer-
roic antiferromagnets such as BiFeO3 have an additional degree of freedom stemming from



magnetoelectric coupling, allowing for control of the magnetic structure, and thus magnons,
with an electric field. Unfortunately, spin-wave propagation in BiFeOj is not well-understood
due to the complexity of the magnetic structure. In this work, we discover an anisotropy
in spin transport within the spin cycloid magnetic structure of BiFeO3. We also show that
through Lanthanum substitution, a single ferroelectric domain can be engineered with a sta-
ble, single-variant spin cycloid controllable by electric field. The strong anisotropy discussed
is an important development in the understanding of magnon-spin currents in the spin cy-
cloid magnetic texture.

Finally, understanding the anisotropies and other characteristics of magnon-spin currents in a
multiferroic requires an understanding of the symmetries inherent to the magnetic and polar
orders of the multiferroic. In this work, we present a phenomenological model to elucidate the
existence of magnon spin currents in generalized multiferroics. This model takes inspiration
from the symmetries of multiferroics such as BiFeOs, and is grounded in experimental data
obtained from BiFeOj3 and its derivatives. By introducing this model, we address the issue of
symmetry-allowed, switchable magnon spin transport in multiferroics, thereby establishing
a critical framework for comprehending magnon transport within complex magnetic textures.

Our responses to the three challenges posed above all point to a magnon-based multifer-
roic memory founded in epitaxial oxide heterostructures. In researching a path towards
this application, we make new discoveries of the physics of spin-charge interconversion, het-
erostructure growth, and magnon dynamics in complicated magnetic textures. We hope that
the following research will prove applicable not only towards the specific goal of multiferroic
magnonic memory, but also to the wider field of epitaxial oxide spintronics.
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Part 1
Introduction

The title of this document, Epitaxial Oxide Spintronics: a Road-map to Multiferroic Magnonic
Memory, encapsulates the fundamental research objectives of my time at the University of
California, Berkeley. The primary materials studied were all epitaxial oxide crystals, grown
using pulsed laser deposition. The first material, BaPb;_,Bi, O3, was measured for spin-to-
charge conversion, and for its potential within the field of spintronics. The second material,
BiFeOj3 (and it’s Lanthanum-doped cousin Bi;_,La,FeO3), is a multiferroic that was studied
for its ability to host magnons, and transfer information via spin. The multiferroic nature
of BiFeOj3 enables electric field control of magnons, a relatively new topic in the field of
spintronics, and this control, paired with spin-to-charge conversion and careful symmetry
considerations, paves the way for magnon-based memory applications. The compatibility of
these two materials, each with its own special power, was confirmed at a deposition temper-
ature compatible with current CMOS technologies. Hence within this dissertation, several
important milestones on the road to multiferroic magnonic memory are achieved, using new
physics enabled by epitaxial oxide materials.

I will start with background for the field of spintronics, and discuss some of its funda-
mental principles and motivations. Then, I will talk about the advantages of using epitaxial
oxide heterostructures, particularly those grown by pulsed laser deposition. After these in-
troductions, I will talk about the progress we have made in these areas. First, we measured
the spin Hall effect in BaPb;_,Bi, O3 to be sy = 1.7, which is very high compared to typi-
cal values for heavy metals. Second, we demonstrated low-temperature epitaxial growth of
BaPb,_,Bi,03/Bi;_,La,FeO3/BaPb,_,Bi,03 tri-layers at 450°C, which is the limit for inte-
gration into CMOS devices. Third, we developed a setup for electric-field controlled magnon
transport experiments which allowed us to measure the anisotropy of magnon transport
through the spin-cycloid of BiFeOs, as well as electric-field controlled magnon transport in
a single ferroelectric domain in La-doped BiFeOs. Finally, we created a phenomenological
model of electric-field controlled magnon transport in multiferroics, the first symmetry-based
phenomenological model that enables predictions of some of the attributes of electric-field
controlled magnon signals. I will conclude with a discussion that consolidates these achieve-
ments and enlists what further work will be necessary to enable multiferroic magnonic mem-
ory using epitaxial oxide spintronics.



1 Spintronics

In spintronics, devices use the electron spin as well as the electron charge to transmit or store
information. A spin current, or the flow of angular momentum, becomes a major component
of spintronic device schematics. There are several ways to generate a spin current, and
a spin current can take different forms. Two ways to generate a spin current include 1)
the spin-Hall effect (SHE), where electrons undergo spin-dependent scattering in a spin-
orbit coupled metal or semiconductor [1], and 2) the spin-Seebeck effect (SSE), where a
temperature gradient across a magnetic insulator drives a magnon spin current [2]. The
spin currents that arise as a result of the SHE and SSE have different excitations as spin
carriers. In the spin-Hall effect, the resulting spin current is characterized by an excess of
electrons with up spin (without loss of generality) flowing in one direction, accompanied by
an excess of electrons with down spin flowing in the opposite direction. This generates a net
transfer of spin-angular momentum with electrons as the carriers, but no net charge current.
In the SSE, magnons - excitations of the magnetic texture - carry the spin current through
an insulator, and there is also no charge current. I will further discuss magnon currents in
a later section.

One difficulty inherent to spintronics is spin-current detection. Whereas a charge current
can be easily detected by measuring a voltage across a resistor, there is no simple analogy for
spin currents. Two ways to measure a spin current include 1) using a spin-current to exert a
torque on a magnetic moment, and 2) using the inverse spin-Hall effect (ISHE) to turn a spin
current into a charge current, and then measuring a voltage. The mechanism for the ISHE
is the same as that for the SHE: where the SHE directly converts charge to spin, the ISHE
converts spin to charge. The former mechanism, the exertion of a torque on a magnetization
by a spin current, is captured by the Slonczewski additions to the Landau-Lifschitz-Gilbert
(LLG) equation to form the Landau-Lifschitz-Gilbert-Slonczewski (LLGS) equation, given
below:

m = —ym X Heg + am X m + 7p, + TpL. (1.1)

As usual in the LLG equation, « it the gyromagnetic ratio, « is the Gilbert damping, and
H,.g is the effective field. Here gy, is the field-like torque exerted on the magnetization
m and 7Tpy, is the damping-like, or anti-damping-like torque exerted on the magnetization.
These torques can bring about small changes to the magnetization that can be detected via
a magnetoresistance signal, and an example of this signal is discussed further in the context
of spin-torque ferromagnetic resonance.

In-processor Magnetic Memory

While small torques from spin-currents on the magnetization of some ferromagnet are useful
for measuring the strength of the spin-Hall effect in metals adjacent to that ferromagnet, large
torques from spin-currents can go so far as to switch the magnetization of a ferromagnet from
one state into another. This enables an in-processor magnetic memory architecture known
as magnetic random access memory (MRAM), which uses the state of a nanomagnetic bit to
encode binary information. MRAM, in contrast to state-of-the-art CMOS-based processor
memory such as SRAM and DRAM, is nonvolatile, which would allow for long-term in-



processor memory. In theory, this application could replace the current hard drive technology,
and would reduce the energy losses in transferring information from the processor to the long
term storage. To date, some companies have produced commercialized MRAM chips, and
others are invested in MRAM research [3].

Spin-orbit torque (SOT) MRAM and related device architectures rely on the use of a
metal with a spin-Hall effect to switch a nanomagnetic bit. One of the major challenges in
SOT MRAM is that there are very few materials with strong enough spin-Hall effects to effi-
ciently switch nanomagnets. In these materials, especially in heavy metals such as Tungsten,
Tantalum, and Platinum which are often used, high current densities are required to switch
nanomagnetic bits. This leads to Joule heating, which is damaging to devices, as well as
high energy consumption, which makes SOT MRAM less marketable. In order to make SOT
MRAM realistically competitive with state-of-the-art semiconductor technologies, materials
with stronger charge-to-spin conversion must be found. While this could be achieved with
topological insulators and strong spin-Hall effects [4], other effects such as the orbital Hall
effect might allow for materials with strong charge to spin conversion [5-7]. In Chapter 3,
we present a material with a giant charge-to-spin conversion efficiency, which may be due to
more exotic Hall effects such as the orbital Hall effect.

Another method of switching the nanomagnetic bit in a memory device is to use a mag-
netoelectric material, where an electric field can control the magnetic order of the material.
One such material combination is BiFeOgs, a multiferroic, exchange-coupled to an adjacent
magnet such as CoFe. It has been shown that the application of an electric field can switch
the magnetization of CoFe nanomagnets in such a device[8], and device architectures com-
bining this with spin-to-charge conversion have been proposed for simultaneous logic and
memory [9]. Realizing such devices would require BiFeOy - as well as a material with high
spin-to-charge conversion - to be compatible with CMOS fabrication processes. In Chapter 4,
we demonstrate such a material combination that can be deposited at 450°C, a temperature
that is compatible with CMOS-integration.

Magnons

While electrons can carry a spin current in a conductor, magnons can transfer spin in an
insulator. A magnon is the quantization of a spin-wave excitation in a magnetic material,
and can carry information in a magnon current. One way to generate a magnon spin current
is to use a spin current in a conductor, for example, from the spin-Hall effect, to inject spins
across an interface from the conductor to a magnetic insulator[10]. Injected spins exert a
torque on the magnetization of the insulator, and the resulting precession of magnetic dipoles
creates magnons with spin aligned with the polarity of the spin current. These magnons can
then diffuse across the insulator, creating a spin current. Another way to generate a magnon
spin current is to use a thermal gradient and the spin-Seebeck effect[11]. In the spin-Seebeck
effect, magnons diffuse along the direction of the temperature gradient, and if the population
or diffusion dynamics of magnons is asymmetric in spin, then a spin current will accompany
the diffusion. Just as a magnon current can be created by an accumulation of spin at an
interface, an accumulation of magnons at an interface can create an electron-mediated spin
current via the absorption of magnons[10]. Finally, if the magnon current is absorbed into a
conductor with spin-to-charge conversion, the electronic spin current will be converted into



a charge current which can be measured.

With the above mechanisms, magnons can be used in spintronic devices to read magnetic
states and transfer information. One advantage of using magnons as spin-current carriers
instead of electrons is that magnons do not have Ohmic losses. Magnons in ferrimagnetic
insulators such as Yttrium-iron garnet have been extensively studied[10], and have been
shown to carry spin-information over long distances. Furthermore, magnons in colinear and
canted antiferromagnets have also been studied[12, 13]. Magnons in more complicated spin
textures, however, such as the spin cycloid of BiFeOs, have only recently been measured[14,
15], and many questions remain about magnon dynamics in more complicated magnetic
textures. In Chapter 5, we measure the anisotropy of magnons travelling in the spin cycloid
of BiFeOs, and in Chapter 6, we measure the electric field control of magnon currents in a
single-domain of La-doped BiFeO3.

The physics of magnon-mediated spin transport in BiFeOs and related compounds is
especially interesting considering the potential applications. If the magnon currents can
transfer information about the magnetic state of the magnetoelectric BiFeOjs, then a non-
volatile in-processor magnetic memory device using only BiFeO3 and spin-charge conversion
materials; no ferromagnetic bit is needed. This can have many practical advantages such as
1) antiferromagnets can switch faster than ferromagnets, allowing for lower latency devices,
2) antiferromagnets are more robust against stray fields, and 3) removing the necessity of
exchange coupling between the multiferroic and a ferromagnet would simplify the fabrication
of the device. Such a simplified memory device can only be possible if electric field switching
is able to change the spin carried by a magnon current through the device, and as evidenced
in Chapter 6, the magnon signal is not always responsive to switching the ferroelectric po-
larization. We find that this is due to nontrivial symmetries associated with the magnetic
texture of the material. In Chapter 7 we address these symmetries with a phenomenological
model for magnon transport that is able to predict when these signals vanish. We expect
that this model can be used to guide the design of multiferroic magnon devices.



2 Oxide Epitaxy

In exploring the limits of the spintronic principles mentioned above, the space of epitaxial
oxide heterostructures is ideal for searching for new materials and material combinations.
Spintronic devices require many different types of materials in contact, including magnets,
metals with spin-charge interconversion, and insulators, and in oxide heterostructures these
materials can be grown one on top of the other. If the crystal structures of two different oxides
are compatible, then epitaxy allows for the interface between the two different materials to
be an atomically sharp interface, and removes crystalline grain boundaries. Not only does
this simplify the physics in each individual crystalline layer, but epitaxy also gives rise to new
physics at the interface, where electronic orbitals from the adjacent materials can align and
overlap with each other. Such interfaces are especially important in the field of spintronics,
where spin is often expected to diffuse across an interface.

Another important advantage of using epitaxial oxide heterostructures to study spin-
tronics is the tunability inherent in oxide crystals. Among the many tunable parameters
in these materials are chemical substitution, or doping, and substrate strain. For example,
in Chapter 6, we compare magnon transport across BiFeO3; with magnon transport across
BigssLag 15FeO3, and show how the La doping changes the properties of the multiferroic and
in turn impacts the magnon transport. Additionally, in Chapter 5, substrates with different
lattice parameters are used to create BiFeOs films with different strain states, and the sub-
strate strain greatly impacts the magnetic texture and allows for totally different magnetic
textures, and different modes of magnon transport across those textures, to be realized.

Pulsed Laser Deposition

In order to take advantage of the tunability of epitaxial oxide heterostructures, we use pulsed
laser deposition (PLD) as the primary tool for materials synthesis. In PLD, a polycrystalline
target is created from oxides of the elements to be used in the crystal. This polycrystalline
target is mounted inside a vacuum chamber, along with a single-crystal substrate with the
desired lattice constant and crystal structure. A laser delivers energy to a spot on the
target, and the target material in the area of this spot is ablated into a plume. Species in
the plume travel through the atmosphere of the vacuum chamber and land on the substrate.
The substrate is heated, and the species in the plume diffuse across the substrate to grow
a film with the desired crystal structure and stoichiometry. There are many deposition
parameters to vary in PLD, and these parameters allow us to access the full tunability of
epitaxial oxide heterostructures. For example, variations in the target composition allow for
variations in doping and the choice of substrate allows us to access different strain states of
the heterostructures. Finally, we can control parameters such as Oxygen pressure, substrate
temperature, and laser energy, to influence the deposition environment and kinetics and
in turn the crystalline quality. As evidenced by the X-ray diffraction and transmission
electron microscopy in the following chapters, we are able to grow high quality epitaxial
oxide heterostructures using PLD.



Part 11
BaPb;_,Bi,0;

As mentioned in Chapter 1, one way to generate a spin current is through the spin-Hall effect
(SHE), and common metals used for their intrinsic SHE include Tungsten, Tantalum, and
Platinum. In these metals, the strength of the SHE as given by the spin Hall conductivity
0%, can be calculated using the Kubo formalism [16]:

k k n

01 = 5 Zunlllnl i ) vy )

(Ekn - Ekn’)2

(2.1)

n’#n

where jZ is the spin current operator for spin current moving in « and polarized in z, v, is the
y-velocity operator, fi, is the Fermi distribution function for the nth band at wavevector k,
and €, is the energy of the nth band at wavevector k. The strength of the intrinsic SHE in
any given material is directly related to Q7 (k), or the Berry curvature. In the denominator
of Eq. 2.1, the energy difference between two nearly degenerate bands is the most important
parameter, and when spin-orbit coupling splits the spin degenerate bands around the Fermi
level, the Berry curvature becomes large. Calculations using this formalism of the spin-Hall
conductivity have been shown to agree with experimental measurements of the spin-Hall
conductivity for several metals [16, 17].

In this intrinsic SHE, it is the band structure of the material that drives the SHE. Another
origin of spin-Hall effects in materials is the extrinsic SHE [1], where highly spin-orbit coupled
defects and impurities drive spin-dependent scattering. These effects are combined to give the
total SHE, and the spin-Hall angle of a given material fsy is the overall spin hall conductivity
divided by the conductivity. Without loss of generality, it can be interpreted as a conversion
ratio for charge current in the x-direction to a y-polarized spin current in the z direction. For
heavy metals, sy is in the range of 0.05-0.3 [16-18]. For topological insulators, fsy can be
higher than 1 [19] (although high resistivity typically makes these materials challenging for
applications). However, since sy is a property of an isolated material, and the measurement
or application of spin currents often requires interfaces with magnetic materials, the spin-
orbit torque (SOT) efficiency fsor has become a more widely used figure of merit in the
community; it is in essence sy modified by the qualities of the interface. It measures the
strength of the SHE in the context of exerting a torque on a magnetization.

When changing the SHE figure of merit from sy to fsor, the interface becomes a much
more important consideration. In this way, as discussed in Chapter 2, the interfaces of
epitaxial oxide heterostructures are highly desirable. Prior work on the SHE of SrIrO3 shows
a very high spin-Hall effect in SrIrO3/La;_,Sr,MnO3 heterostructures, where La;_,Sr,MnO3
is an oxide ferromagnet [20]. Interestingly, as the thickness of the SrIrOs is reduced, the
SOT efficiency increases, indicating that the generation and transmission of spins near the
interface of the SrlrO3 and La;_,Sr,MnO3 heterostructures is stronger than that in the bulk.



This is achieved through the use of the epitaxial interface, and inspires further exploration
into the SHE in other oxide materials.

In order to explore the limits of 5o while maintaining the advantages of epitaxial oxide
interfaces, we look for oxides with high spin-orbit coupling, which induces spin-dependent
band splitting and high Berry curvature. Typically, the heavier elements have a higher degree
of spin-orbit coupling, and since BaPb;_,Bi, O3 (BPBO) contains Ba, Pb, and Bi, all rela-
tively heavy elements, we decided to measure its charge-to-spin conversion efficiency. In the
following chapter, we discover a large spin-orbit torque efficiency in BPBO/La;_,Sr,MnOs3
heterostructures. Interestingly, Berry curvature-based calculations of the spin-Hall conduc-
tivity underestimate the experimentally measured value, which suggests that there may be
new or exotic charge-to-spin conversion mechanisms at play.

The lattice constant of BPBO is bigger than most perovskites, around 4.3A, leading to
a ~10% lattice mismatch. Despite this mismatch, we can still achieve epitaxial growth of
BPBO on perovskites, at temperatures as low as 450°C. This inspires us to deposit other
functional perovskites such as multiferroic La-doped BiFeO3 (BLFO) — which is typically
deposited at high temperatures — on a BPBO template at 450°C, which is reasonably low
enough for CMOS-compatible deposition. In Chapter 4, we demonstrate excellent crys-
tallinity and good ferroelectric functionality of the BPBO/BLFO/BPBO heterostructures
even at 450°C. At CMOS-compatible temperatures, this powerful combination of a mul-
tiferroic and an electrode with strong spin-to-charge conversion and a history of being a
high-temperature superconductor [21] makes BPBO an exciting material for the future of
new spintronic physics and applications.



3 Spin Hall Effect in BaPb,_,Bi, O3

Bismuthates — such as BaPb;_,Bi, O3 (BPBO)[21] and Ba;_,K,BiO3 (BKBO)[22] — are a

class of complex-oxide superconductors first studied nearly 50 years ago.

The materials

offer a range of electronic and structural properties that are linked to their flexible chem-
istry. The parent insulating compound, BaBiO3, hosts a commensurate charge density wave
order accompanied by an oxygen breathing mode[23]. Upon cation substitution[24] on either

the A or B site the charge density wave order
is relaxed and gives way to superconductiv-
ity through correlation-enhanced electron-
phonon coupling[25]. The structure deviates
from ideal cubic perovskites through octa-
hedral rotations, which evolve in composi-
tion space, and for Pb doping, lead to a
tetragonal-orthorhombic polymorph at su-
perconducting compositions[26]. The elec-
tronic properties are dictated by Bi 6s and
O 2p orbital hybridization near the Fermi en-
ergy mediated through spo nearest-neighbor
hopping[27-29].  This promotes dynamic
lattice-correlated properties. However, spin-
orbit effects are often considered negligible
— while spin-orbit band splitting does occur,
it does not happen in bands near the Fermi
level [30].

Recently, local inversion symmetry break-
ing has been observed in bulk BKBO using
diffuse X-ray scattering[31], a result that has
implications for both the superconducting
and normal state properties of bismuthates.
Systems with global centrosymmetry may
be used to derive hidden forms of spin po-
larization, generated by local electric fields
within the unit cell[32, 33]. Moreover, exper-
iments exploring the breakdown of supercon-
ductivity in BPBO have hinted at a hidden
two-dimensionality[34-36] despite the three-
dimensional structure. In particular, super-
conducting pairing in bismuthates may be
linked to Rashba-type electron-phonon cou-
pling. The local, asymmetric arrangement
of substituted cations with different on-site
energies[31] could, in principle, drive a large
crystal field splitting promoting Rashba-like
splitting[5, 6, 37, 38]. In the normal state,

Figure 3.1: Proposed spin-torque mechanism. a)
Electronic conduction in BPBO is dictated by spo
nearest-neighbor hopping. b) Energy diagram of band
splitting when inversion symmetry is broken. Asym-
metric nearest-neighbor hopping now induces crystal
field (Ecr) splitting of two spin degenerate bands with
opposite orbital angular momenta L (orange and green
arrows). SOC further splits the orbital bands into
spin-split bands with the same orbital angular mo-
mentum but opposite spin angular momenta S (blue
and red arrows). c) Schematic of Rashba-like orbital
textured Fermi surface in momentum space with axes
ky and k;. Colored arrows indicate the opposite or-
bital angular momenta. The current density j along
x shifts the Fermi surfaces along the same axis by an
amount Ak and a tangential net orbital angular mo-
mentum accumulation AL. d) When a current is sup-
plied through BPBO (blue layer), a torque acts on the
magnetization (orange arrow) of the adjacent ferro-
magnet (orange layer).



the presence of Rashba spin-splitting could drive spin-charge interconversion that could effi-
ciently be used to manipulate the magnetization in ferromagnetic heterostructures|[6, 39-42].
Moreover, Rashba spin-splitting in superconducting heterostructures with Rashba SOC has
implications for pairing in locally non-centrosymmetric superconductors [43].

In this chapter, we report a large SOT in thin-film BPBO heterostructures that are in a
non-superconducting state but optimally doped for superconductivity (x = 0.25). We show
that due to the moderate SOC in BPBO, the efficient SOT of 1.7 requires interpretations
beyond bulk SHE. We suggest an alternative mechanism in which Rashba-like spin-splitting,
sensitive to local inversion symmetry breaking, is responsible (Fig. 3.1). The SOT efficiency
(fsor) is measured to be around 1.7 and the spin Hall conductivity (osu) to be around
1.4 x 10°2£Q~'m~". This spin Hall conductivity is comparable to that of other efficient spin
source materials and is 40 times larger than that predicted for the conventional SHE using
first-principles calculations.

Growth, Structural, Magnetic Properties

Interface quality dramatically affects the efficient transfer of spin angular momentum whereas
unwanted disorder suppresses superconductivity. In this respect, the fabrication of BPBO
heterostructures is made difficult by the relatively large lattice parameter (~ 4.26A) com-
pared to many common perovskite oxides (around 4A). Strategies to grow fully or par-
tially coherent epitaxial BPBO have included the use of large lattice parameter substrates
[36] and multilayer template engineering [44]. However, despite the large lattice mismatch
(greater than 8%), we show that fully relaxed, highly (001) oriented BPBO thin films are

possible on common perovskite substrates such

600 ; : i as STT103 (STO) and (Lao,gSrm)(A10.65Ta0,35)03
—=—OOP (LSAT).

400 —=—1P gar-u-n-n-n-0-E-a- To measure SOT in representative all-oxide epi-
& 200k | | taxial devices, we grew Lag7Srg3MnO3 (LSMO) and
5 _ar-nenead BPBO bilayers on (001) STO by pulsed laser deposi-
g 07-_ g 1 tion. BPBO and LSMO were grown by pulsed laser
;’-200 !'”‘H— | deposition using a 248 nm KrF excimer laser. The

LSMO LSMO was deposited first at a substrate tempera-
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Figure 3.3: Magnetic characterization. of 5 Hz were used. The samples were then annealed
Superconducting quantum interference de- i 400 Torr Oy at 470°C for 1 hour to improve their
vice measurements of magnetic hysteresis transport properties and stability.
loops for both in-plane and out-of-plane Out-of-plane X-ray diffraction and scanning trans-
field directions at 300K for LSMO/BPBO. L .

mission electron microscopy (STEM) were used to
confirm the high quality of the heterostructures, which had good crystallinity and a sharp
interface between LSMO and BPBO. Fig. 3.2 shows XRD for LSMO (35 nm)/BPBO (65
nm) bilayers on (001) STO grown in-situ by pulsed laser deposition. For convenience each
complex perovskite structure is treated as pseudocubic. Rocking curves of (002) peak for
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Figure 3.2: Structural characterization of LSMO/BPBO bilayers. a) X-ray diffraction rocking curve
of (002) BPBO peak. b) Rocking curve of (002) LSMO peak. ¢) Symmetric § — 26 scan around labeled (002)

peaks of BPBO, STO, and LSMO. d) Scanning transmission electron microscope image of BPBO/LSMO
on (001) STO aligned to BPBO. e) Image aligned to LSMO. Rotation is 2 mRad about the z-axis.

both BPBO (Fig. 3.2a) and LSMO (Fig. 3.2b) show good crystallinity with FWHM of
0.02°. From symmetric § — 260 scans of the (002) peaks for BPBO, STO, and LSMO in Fig.
3.2c we estimate the out-of-plane lattice parameters of BPBO and LSMO to be 4.27Aand
3.86 A. Keissig fringes indicate smooth surfaces. The lattice parameter of BPBO is similar
to theoretical bulk values, and optimized thin films confirm the high quality, fully relaxed
state. The smaller out-of-plane lattice parameter of LSMO compared to bulk is due to the
tensile strain of LSMO on STO. Further structural characterization is done using STEM.
Fig. 3.2d shows an image with zone axis aligned to the BPBO film while Fig. 3.2¢ is aligned
to both LSMO and STO. The 2 mRad difference in alignment could be due to sample bend-
ing or tilting of the BPBO epitaxial relationship. Although the mismatch between BPBO
and LSMO is large, the interface appears well-ordered with crystallinity of both the relaxed
BPBO and LSMO maintained near the interface.

In-plane and out-of plane magnetic hysteresis loops shown in Fig. 3.3 were carried out in
a Quantum Design MPMS XL. In-plane magnetic fields are applied along the [100] crystal-
lographic direction of the substrates. LSMO exhibits an in-plane magnetic hard axis, with
in-plane saturation magnetization around 400 emu/cm?, which is consistent with the bulk
value.
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SOT Efficiency

Spin-torque ferromagnetic resonance (ST-FMR) [45, 46] was used to probe the current-driven
torque in LSMO/BPBO heterostructures (shown schematically in Fig. 3.5b). Polarized spin
accumulation at the interface of BPBO interacts with the adjacent LSMO and exerts a torque
on the magnetization. Oscillating fields generated by the injection of radio frequency (rf)
current (I;f) drive the magnetization in LSMO through resonance while sweeping an external
in-plane magnetic field (Hey). The resonance signal is read as a mixing voltage (Viix) of L
and anisotropic magnetoresistance. The resulting resonance peak was fitted using symmetric
(Vs) and antisymmetric (V) Lorentzian functions proportional to the damping-like (7pr,) and
field-like (7¢1,) torque components, respectively, as shown in Fig. 3.5c. Using established
methods [45], the SOT efficiency (fsor = (2¢/h)js/jc) was then determined from the ratio
of the symmetric to antisymmetric amplitudes to be ~ 1.7 on average. Here js and jo are
the spin and charge current densities, respectively.

These measurements were done using a BNC 845 rf signal generator to supply a fixed
gigahertz-frequency current at 15 dBm, applied to the sample through a bias tee and a three-
tipped ground-signal-ground probe (Fig. 3.4a). For each frequency, we swept over a range
of fields and measured the mixing voltage using a Keithley 2182A nanovoltmeter on the d.c.
end of the bias tee (Fig. 3.4b). For Hall-ST-FMR and angle-dependent measurements, an
amplitude-modulated (AM) gigahertz-frequency signal was sourced from an E8257D analog
signal generator. SR830 lock-in amplifiers measured the d.c. responses from the bias tee
and across a sample with patterned Hall contacts. Both lock-in amplifiers referenced the
same AM signal, with fay &~ 1,700 Hz and microwave frequencies in the range 3-5GHz. The
in-plane field was applied at various angles using a projected-field magnet.

To disentangle possible artifacts due to spin pumping and resonant heating, we performed
resonant line fitting for both longitudinal (VX¥X) and transverse (VXY) voltages at many
in-plane field angles ¢, as described in ref. [46]. The dependence of the symmetric and
antisymmetric components on ¢ for both longitudinal and transverse signals is shown in
Fig. 3.5d,e. We find good agreement for the fit of the longitudinal amplitudes with a
sin(2¢) cos(¢) contribution consistent with the product of anisotropic magnetoresistance in
LSMO and conventional Slonczewski-like spin torques of the form 7, py, o< 7 X (m x ) and
Ty, F1, X M Xy with charge current in the & direction and orthogonal in-plane spin polarization.
Additionally, the symmetric and antisymmetric transverse signals were fitted as:

V5 (9) = Sy cos(26) cos(9) + Sy cos g, (3.1)
Vi (9) = ARV cos(20) cos(¢) + ARV cos o, (3:2)
PHE/art AHE/art . . . .
where Sy and Sy are the symmetric amplitudes with the respective planar Hall

effect (PHE) and anomalous Hall effect (AHE) voltages convoluted with artifact voltages.
ARHE and ARYE are the antisymmetric amplitudes due to the PHE and AHE voltages,
respectively. From this, the artifact voltages due to spin pumping or resonant heating were
found to be negligibly small, ensuring accurate evaluations of fsor (see Appendix A). The
measured SOT efficiency for many devices with various thicknesses of BPBO are presented
in Fig. 3.5f.

In addition to SOT efficiency, structural and electronic properties are measured across
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Figure 3.4: Spin-torque ferromagnetic resonance a) Schematic of the device geometry and measure-
ment configuration. b)Resonance spectrum with varying frequency, each fit with a symmetric (V) and
antisymmetric (V) Lorentzian function. ¢) Resonance magnetic field, Hrpsg, as a function of frequency, fit
to the Kittel formula giving M.;; = 390kA/m. d) Frequency dependence of linewidth broadening A, with
a linear fit to extract the Gilbert damping parameter o = 0.008.

representative thicknesses, as shown in Fig. 3.6. LSMO remains coherently strained in the
thickness range studied, while BPBO is fully relaxed. The Kiessig fringes and 26 broadening
trend with thickness. XRD from two representative samples with different thicknesses are
shown in Fig. 3.6b. The resistivity of BPBO varies as in Fig 3.6¢ which may influence
SOT efficiency. Thinner samples show higher resistivity consistent with ref. [36], and BPBO
becomes insulating for thicknesses less than 5nm. However, there is additional noise which
may be attributed to variation in the growth.

Large efficiencies are observed for all devices, with thinner BPBO samples showing slightly
larger efficiencies. The sample-to-sample variation could explain the lack of clear thickness
dependence in SOT shown in Fig. 3.5f, and prevents us from drawing conclusions about any
physics associated with the thickness dependence. Our results are therefore inconclusive in
determining if the dominant mechanism is strictly due to either interfacial or bulk conduction.
However, the lack of a purely interfacial interpretation and the persistent SOT in devices
with thicker BPBO suggests bulk conduction of BPBO may contribute.

Origin of SOT in BPBO-based heterostructures

The observation of an SOT efficiency of 1.7 here is combined and published with alternative
measurements of the SOT efficiency, including nonlinear d.c. Hall effect and magnetization
switching [47]. The published SOT efficiency in ref. [47] is 2.7, which emphasizes the ro-

12



Vmix (U V)

z|| [001]

20 25 30 35 40
il it HoHey (MT)
x|l [100]
d e f
. — 6 Data are presented as
S E sl mean values + s.d.

< s
2 = 2r u
S« X aom
N SN 1L
Il L Il Il Il Il 0 1 L Il 1
0] 90 180 270 360 0] 90 180 270 360 0] 5 10 15 20 25
1@ ¢ (°) tapgo (NM)

Figure 3.5: Hall ST-FMR and ST-FMR summary of LSMO/BPBO bilayers. a) STEM image of
LSMO/BPBO on (001) STO, aligned to BPBO [001] (inset aligned to LSMO [001]). b) Schematic of the
bilayer geometry for measuring damping-like torque (7p1,) and field-like torque (7pr,) where ¢ is the angle
between the rf current and the in-plane magnetic field. ¢) Mixing voltage Vinix from the ST-FMR signal with
the corresponding fit for LSMO (35nm)/BPBO (17nm) with an rf frequency of 3.5 GHz and ¢ at 225°. d)
Field dependence of symmetric (V5¥*) and antisymmetric (VLX) amplitudes of the longitudinal ST-FMR
signal with fits to sin(2¢) cos(¢) for LSMO (14nm)/BPBO (14nm) at 3.5 GHz. e) Transverse signals of d
with symmetric (V5¥Y) and antisymmetric (VXY') amplitudes fit to Eq. 3.1 and 3.2. ) SOT efficiency fsot
for deices with various BPBO thicknesses. The error bars are standard deviation estimates of the uncertainty
including error propagation of parameters in the fit analysis and sample-to-sample variations. For samples
with higher fsor, the asymmetric Lorentzian components are smaller and more difficult to extract, thus
typically leading to higher error primarily due to the larger uncertainty in the fit. Measurements with an
uncertainty larger than 30% were not included.

bustness of the result of giant SOT efficiency in BPBO-based heterostructures. The different
measurement techniques along with a variety of growth methods for the BPBO films and the
magnetic materials strengthen the result and make it applicable to future studies employing
diverse combinations of materials. Compared to other spin source materials (Table 3.1), the
SOT efficiency is as large as or greater than the most efficient material systems reported,
including heavy metals, two-dimensional materials, and topological insulators. This is of
note because BPBO is not expected to have strong SOC near the Fermi energy.

The largest contributions to calculated spin Hall conductivities in heavy metals arise
due to SOC-induced spin-splitting of nearly degenerate bands in momentum space. How-
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Figure 3.6: Thickness dependence. a) Thickness dependence of SOT efficiency calculated using lineshape
analysis. Data is linearly fit and damping-like torque is calculated from the intercept while the field-like
torque is calculated from the slope. The error bars are standard deviation estimates of uncertainty including
error propagation of parameters in the fir analysis and sample-to-sample variations. Measurements with
uncertainty larger than 30% were not included. b) Symmetric § — 26 scan around (002) peaks of BPBO,
STO, and LSMO for two samples with different thicknesses labeled. ¢) Thickness dependence of isolated
BPBO thin film resistivity grown on (001) STO.

ever, the conduction in BPBO is dominated by its weakly spin-orbit-coupled O 2p orbital
character. From first-principles calculations of the conventional SHE (see Appendix B), the
estimated spin Hall conductivity in BPBO is only osyg = 3400%9*%11*1, which is nearly 70
times smaller than our experimental value. We also considered the effect of rigid octahedral
rotations in BPBO|[26]. However, applying these rotations has little effect on the calculated
spin Hall conductivity, suggesting that these particular distortions and any associated phase
separation[48] or octahedral rotation-based strain relaxation are unlikely to explain our re-
sults. The large discrepancy between the experimental and the calculated values leads us to
conclude that conventional SHEs alone cannot account for our experimental observation.
Instead, we speculate that the giant SOT in bismuthate heterostructures may be at-
tributed to hidden Rashba-like effects promoted by local inversion symmetry breaking. Effi-
cient spin polarization utilizing Rashba effects associated with inversion symmetry breaking
has been widely reported in systems including metallic interfaces[40], oxide two-dimensional
electron gases[41], heavy metal/ferromagnet/oxide systems[39, 42|, and polar semiconduc-
tors[b4]. Furthermore, inversion symmetry breaking need not apply globally. That is, it
may occur only at the interface or in crystal structure. This is highlighted by hidden spin
polarization predicted theoretically[32, 33] and observed experimental[55-60] in globally cen-
trosymmetric systems due to electric fields associated with the local symmetry. The recent
observation of local inversion symmetry breaking seen in BKBO[31] raises the possibility of
hidden Rashba physics in bismuthates not captured in our first-principles calculations. In
principle, local inversion symmetry breaking in BPBO due to the distinct electrostatic envi-
ronments of random cation substitutions could result in the asymmetric orbital hybridization
of nearest neighbours. These local dipoles create crystal field splitting of bands with oppo-
site orbital chirality (Fig. 1c), a phenomenon termed the orbital Rashba effect[5-7]. In the
limit of much larger crystal field splitting, the SOC acts as a perturbation and, thus, the
contributing effects of atomic spin-orbit interactions are maximized[38]. Because of SOC
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Table 3.1: Comparison of SOT efficiency, spin Hall conductivity, and critical current density for
magnetization switching for several spin source materials. jg, is the current density only through
the nonmagnetic layer.

Spin Source Material OsoT osu (10°2Q7'm™) i (Aem™?)
BaPbg 75Big.2503 (this work) 1.7 1.4 4.0x10° [47]
StIrO; [49] 0.58 0.5 5.1x 108
Bi,Ser_, [19] 18.61 1.5 4.3%10°
WTe, [50, 51] 0.09 0.12 3% 10°
Pto-(MgO)o.s [52] 0.26 1 1.15%107
B3-Ta [53] -0.15 -0.8 8.6x10°

within O 2p orbitals is weak, the primary role of local inversion symmetry breaking is to
establish a large crystal field splitting. The crystal field splitting is independent of SOC and
the subsequent role of SOC is to spin-split the degenerate orbital bands (Fig. 3.1b).

We emphasize that our proposed orbital torque mechanism remains largely qualitative
and requires further experiments and advancements in theory to confirm. Rather than the
bulk orbital Rashba effect, a purely interfacial Rashba effect may exist due to an electric
field generated by inversion symmetry breaking at the interface. As noted, the thickness
dependence is inconclusive in determining if SOT is purely interfacial. However, an appar-
ent lack of field-like torque in our devices, as discussed in Appendix A, is inconsistent with
previous reports on interfacial spin Rashba SOT[61, 62]. Future studies exploring the inter-
facial effects at relevant length scales may benefit from the further development of methods
to reduce the epitaxial lattice mismatch.

Conclusions

Bismuthate heterostructures are versatile systems that challenge traditional concepts in ma-
terials engineering for producing efficient spintronics. New approaches, well suited to complex
oxides, may include structural and orbital engineering rather than conventional strategies
focused on increasing atomic SOC. The physical properties of bismuthates are highly sen-
sitive to the bonding environment, which is tunable by cation substitution. Although local
inversion symmetry breaking has been observed in BKBO, there are distinct differences in
its global bonding environment compared to other bismuthates, such as BPBO. The rela-
tionships between the bonding environments, global crystal symmetry, and local structural
distortions are poorly understood at this time and should subsequently be addressed. Future
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studies may provide further insights into the structural and orbital contributions by chemical
substitution in BPBO, BKBO, or an analogous superconducting compound Ba;_,K,SbO3
(ref. [63]). Moreover, the implementation of other complex oxides, such as magnetoelectric
perovskites[9] and magnetic insulating oxides[64, 65], could eliminate current shunting prob-
lems, improve performance and introduce additional functionality. Although our results are
strictly for the normal, non-superconducting state, they have intriguing implications for the
superconducting properties as well. The observation of current-driven fields in the normal
state of a locally non-centrosymmetric superconductor suggests that these heterostructures
may support parity mixing or topological phases[43]. Our results serve to stimulate fur-
ther exploration of the interplay between hidden spin polarization and superconductivity in
bismuthate heterostructures.

In conclusion, we have reported a SOT in BPBO-based heterostructures with an efficiency
of around 1.7 and a spin Hall conductivity of 1.4 x 10°2Q~'m~*. This spin Hall conduc-
tivity is 40 times larger than that predicted for the conventional SHE using first-principles
calculations. Questions remain regarding the exact origin of this effect, but we suggest that
the unexpectedly large current-induce torques may be the result of an orbital Rashba effect
associated with local inversion symmetry breaking in BPBO, which has previously been ob-
served with diffuse X-ray scattering in BKBOJ[31]. Our results highlight the need to widen
the exploration of spin manipulation to include materials and mechanisms that may not rely
solely on large intra-atomic SOC. Furthermore, our observation of a large charge-to-spin con-
version in the non-superconducting state of bismuthate heterostructures suggests that they
could be a model system for investigating the interplay of hidden spin-orbit phenomena and
superconductivity. Ultimately, our work could provide new routes in materials engineering
that can be used to develop efficient spin-orbitronics.
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4 Low Temperature Epitaxy of BaPb; ,Bi,O3; (BPBO)
and Bijg;Laj1;FeO3; (BLFO) Trilayers

Continuing in the theme of BPBO, we discuss the enabling of low temperature multiferroic
thin film growth by grapho-epitaxy on BPBO electrodes. Multiferroic materials allowing
for the effective control of (anti)ferromagnetic order with an electric field or control of elec-
trical polarization with a magnetic field [8, 66-69]. These properties make them desirable
for applications in magnetic field sensing and novel magnetic memory designs for ultrafast
and efficient nonvolatile, in-memory computing. One such design, the so-called magneto-
electric spin-orbit logic device, makes use of multiferroics along with a spin-orbit coupled
material for efficient reading and writing of a nanomagnetic bit[9]. The perovskite bismuth
ferrite (BiFeO3, BFO) - with a robust spontaneous polarization (~ 1 C/m? aligned along
the pseudocubic (111) direction) and canted antiferromagnetic (L) order - is one of the most
promising multiferroics due to its high ferroelectric Curie (1143 K) and Néel (643 K) temper-
atures[70]. Furthermore, the electrically insulating nature of BFO offers a promising path for
magnonic devices, where the transfer of spin via magnons plays a key role in energy-efficient
and fast information processing[14]. To tune the multiferroic properties of thin-film BFO
such as the coercive field and magnetic and polar orders, rare-earth cation doping (e.g., with
lanthanum as in Bi;_,La,FeO3, BLFO) is typically used[71].

Along with cation doping, the choice of substrate and bottom electrode also has a sig-
nificant impact on the multiferroic properties of BFO thin films. Epitaxial BFO and BLFO
thin films are typically grown on metallic perovskites (e.g., STRuO3, SRO) at high temper-
atures (650-800°C), and on lattice-matched substrates (e.g., DyScOs, ThScOs3, and SrTiOs3,
STO)[14, 6669, 72-75]. For device integration, however, it is essential to select a substrate
and growth temperature that is compatible with silicon-CMOS processing, while maintaining
the desired properties of the B(L)FO films and the bottom electrode[76]. It is known that
STO can be deposited epitaxially on silicon substrates|[77], however, the B(L)FO growth tem-
peratures of 600-800°C are incompatible with traditional CMOS processing, which typically
requires fabrication temperatures of no more than 450°C[76, 78| to avoid damage to under-
lying CMOS components. The lattice mismatch with CMOS materials leads to challenges
in fabrication processes, which require efforts to process the epitaxial BFO growth on very
different lattice structures. This may involve the use of buffer layers (primarily discussed
here), specialized fabrication techniques (such as pulsed-laser deposition), and innovations
in material engineering. Attempts have been made to grow BFO at low temperatures, but
the resulting films are polycrystalline with diminished ferroic properties[79-81].

Here, we demonstrate highly [001] textured/epitaxial growth of Big gsLag.15FeO3 (BLFO)
thin film on the metallic perovskite BaPb,.75Biy.2503 (BPBO) at a substrate heater tem-
perature as low as 450°C on STO (001) substrates. This approach addresses major concerns
of compatibility with CMOS processing and shows promise for practical applications. From
a technological perspective, we believe the total concentration of lead should be well be-
low what is the allowable limit; the mass of Pb on a 6-inch CMOS waver (500um thick)
is calculated to be 0.02ppm, which is under the permissible limit of 1000 ppm|[82]. The
electrode system, BPBO, is known for its historical significance as one of the first high tran-
sition temperature oxide superconductors prior to the discovery of the cuprates and exhibits
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a superconducting transition temperature of ~ 11 K[83] at a composition x = 0.25. Its
normal, metallic state at room temperature is characterized by a resistivity of ~ 2m{2-cm
[47]. As discussed in the previous section, in addition to superconductivity, BPBO has a
strong spin-Hall effect, making it attractive for potential use in spintronic devices. Here,
we address the low-temperature synthesis requirements for CMOS compatibility and com-
bine the promising transport physics of the BPBO electrode with the robust ferroelectricity
in BLFO, opening the door to testing and implementation of multiferroics integrated into
CMOS devices. Specifically, this work investigates and compares all-epitaxial heterostruc-
tures of BPBO/BLFO/BPBO grown using pulsed-laser deposition (PLD) at 450°C to stan-
dard PLD deposited SRO/BLFO/SRO heterostructures grown at high temperatures (700°C)
and low temperatures (450°C).

Growth, Structural Properties

All thin films are prepared by PLD using a 248 nm KrF excimer laser with a target-substrate
distance of 5 cm. STO (001) substrates are used for all depositions. The BPBO target is
prepared with 10% excess of Pb and Bi, the BLFO target for use in low temperature depo-
sitions is stoichiometric, and the BLFO target for use in high temperature depositions has
18% excess Bi. The SRO target is stoichiometric. For low temperature BPBO/BLFO/BPBO
films, the process is as follows: the first BPBO layer is grown at 450°C in 100 mTorr of Oq
with a 5Hz pulse rate at 0.13 J/cm?. This first layer is annealed in situ at 435°C in 400
Torr Oy, and then the temperature is reset to 450°C and the pressure is set to 50 mTorr O,
for the BLFO deposition, which is done with a pulse rate of 1 Hz at 1.5 J/cm?. Finally, the
top BPBO layer is grown with the same conditions as the bottom BPBO layer and then the
heterostructure is cooled to room temperature. The SRO/BFO/SRO films are grown with
the following process: both SRO layers are deposited in 100 mTorr O,, with a pulse rate of
5 Hz at a fluence of 0.8J/cm?. The BLFO is deposited in 110 mTorr O,, with a pulse rate
of 10 Hz at a fluence of 1.8 /cm?, and this is all done at 450°C and 700°C.

The crystalline quality of the BPBO/BLFO/BPBO trilayers is compared to that of
standard high-temperature SRO/BLFO/SRO trilayers as well as that of low-temperature
SRO/BLFO/SRO trilayers using X-ray diffraction (XRD) and reciprocal space mapping
(RSM). While BPBO and BLFO both share a perovskite lattice structure, there is a ~ 9%
lattice mismatch between BPBO and BLFO, and one would not expect any templating of
the [001] orientation of the BLFO layer on such a surface. Surprisingly, it is found that all
layers in the BPBO/BLFO/BPBO
heterostructure grow with [001]- Table 4.1: Lattice parameters from RSM. In-plane (a)

oriented “cube-on-cube” (Fig. 4.1a) and out-of-plane (c) lattice parameters are given for sample I
epitaxy in a single phase even at (BPBO/BLFO/BPBO at 450°C), sample II (SRO/BLFO/SRO

450°C. We posit that this is en- at 700°C), and sample III (SRO/BLFO/SRO at 450°C).

abled by the low-temperature epi- BLFO SRO BPBO
taxial growth of the BPBO elec-  Sample | a (A) ¢ (A) | a (A) ¢ (A) |a(A) ¢ (A)

trode. On the other hand, the I 396 3.96 _ B 431  4.29
SRO quality is severely affected at II 391 4.00 | 391 3.96 , ,
450°C, which leads to poor BLFO 11 395 395 | 393 3.92 . -
growth. This is demonstrated by
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Figure 4.1: Structural Characteristics. a) Schematic depicting the cube-on-cube growth of
BPBO/BLFO/BPBO on STO substrate, alongside unit cells of BLFO and BPBO. The BLFO unit cell
is decorated with arrows representing the order parameters polarization P, magnetization M, and Néel Vec-
tor L. b) 20 — w X-ray diffraction patterns of BPBO and SRO based heterostructures prepared at different
temperatures. Reciprocal space mapping of ¢) BPBO/BLFO/BPBO grown at 450°C, d) SRO/BLFO/SRO
grown at 700°C, and e) SRO/BLFO/SRO grown at 450°C. Insets are zoomed cross-sections of the BLFO,
SRO, and STO peaks. f) Cross-sectional HAADF-STEM image of BLFO/BPBO interface deposited at
450°C. The magnified image (inset) reveals 10uc/9uc domain epitaxy between BLFO and BPBO. The scale

bar is 10 A.

the RSM studies; the 450°C BPBO peak is sharp and shows thickness oscillations indicating
high-quality growth, whereas the 450°C SRO peak is diffuse indicating poor coherence, and
the resulting BLFO peak on 450°C SRO is much more diffuse than the BLFO peak on 450°C
BPBO.
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From the diffraction results, we calculate lattice constants for our heterostructures as
shown in Table 4.1. The in-plane and out-of-plane lattice constants a and c respectively are
calculated using the following formulas:

AV h? + k2 Al

a= T and c= 20,
where h, k, [ are the indices for the diffraction peak (103 in this case), A is the wavelength (Cu
K-a, 1.5418A), and Q, and Q. are the parallel and perpendicular wavevectors of the RSM
peaks. Since the a values are the same for the high temperature SRO/BLFO/SRO sam-
ples, the BLFO is strained to the SRO bottom electrode, but for the BPBO/BLFO/BPBO
heterostructure, the BLFO is completely relaxed, which is expected given the large lattice
mismatch.

Thin-film epitaxial growth is typically constrained by (1) lattice misfit between substrate
and film, (2) variations in the thermal expansion coefficients of the different materials, and
(3) microstructural strains due to the defects or substitution dopants. The thermal expansion
coefficients of BFO (10 — 14 x 107¢/K) [84], BaPbO3 (10 — 15 x 107¢/K) [85] and the STO
substrate (9 x 107%/K) (Crystec-GmbH) are similar; therefore it is not expected that thermal
expansion mismatch inhibits epitaxial growth. It is established that a film-substrate lattice
difference of greater than 7% (up to 22% or in some cases 30%[86]) leads to film growth via
grapho-epitaxy[87], also known as domain-matching epitaxy|[88], where lattice matching is
achieved by different multiples of lattice constants between the two layers. This effectively
fixes the lattice misfit between BPBO and BLFO: 10-unit cells of BLFO and 9-unit cells of
BPBO are expected to be accommodated with ~ 1% of mismatch. High-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) images (Fig. 4.1f) confirm
the epitaxial growth of BLFO on BPBO as described above based on domain-matching

(4.1)

epitaxy.

In contrast, the SRO grows poorly at
450°C; the diffraction measurements indi- 10 PR ' ' ' &
cate a significant loss of crystalline order- FO* Sx 1
ing during low-temperature growth as com- ‘g 105 S =) ]
pared to high-temperature growth at 700°C. = ] : E o
This indicates that the electrode quality is g \ 450°C
critical for good growth of the BLFO layer. E, 10%¢ E
Furthermore, it is known that the Pb-O ter- @ F o VI 1
minated surface provides low surface energy ~“C—-’ 10'F . '"mM‘M"“"‘M'"‘“’”‘*“‘"‘"W‘“'\"W‘WMZWW.Mnwmpw‘“"3 -
(~1 eV/nm?)[89] for adatoms and poten- Eo ]
tially helps in the nucleation process to grow afF l . l ;
epitaxial BLFO at sufficiently low tempera- 10 20 25 30 35 40 45 50
ture in comparison to the high surface en- 26 (in degrees)

2
ergy of the SI.A_O Surfac? (N6 eV/nm )[90]' Figure 4.2: X-ray diffraction of BLFO. Patterns
When BLFO is grown directly on STO sub- show crystallinity of BLFO deposited on a bare STO
strates at 450°C, it is polycrystalline, com- substrate at 700°C and 450°C. The presence of the
pared to epitaxial when grown at 700° (Fig. extra (110) peak in the 450°C deposition implies poly-

4.2). This indicates that the high-energy Sr- crystallinity, while the 700°C film is epitaxial.

20



O surface requires increased temperatures for epitaxy, or a relatively low surface such as the
Pb-O surface that can be grown epitaxially at 450°C.

TEM

To understand the effect of growth temperature on the polar state of BLFO, we have per-
formed a detailed analysis of HAADF-STEM images. First, we compare the structural TEM
images shown in Fig. 4.1f and Fig. 4.3. While the atomically-resolved BPBO/BLFO/BPBO
and high temperature SRO/BLFO/SRO interfacial images show sharp interfaces, the inter-
faces in the low temperature SRO/BLFO/SRO sample are diffuse and show dislocations and
other defects. It is interesting to compare the interfaces between the BPBO/BLFO/BPBO
and the high temperature SRO/BLFO/SRO samples: while the SRO/BLFO/SRO interface
is atomically sharp up to the last unit cell, there is a 2-3 unit cell boundary between the
BPBO and BLFO where the 9% mismatch is accommodated, resulting in grapho-epitaxy,
where 9 unit cells of BPBO line up with 10 unit cells of BLFO. We expect this interfacial
layer to be primarily composed of lead or bismuth oxide.

The high quality HAADF-STEM imgaes also allow us to measure the structural distortion
within the layers, and thus the atomic displacement of the Fe-atom. One can infer the degree
of polar order from this data: common perovskite ferroelectrics such as BaTiOg, PbTiOs,
and BFO all exhibit a direct relationship between the spontaneous dipole moment and the

STO/SRO/BFO/SRO at 700 °C
R SRO

STO/SRO/BFO/SRO at 450 °C
‘ SRO

SRO

Diffused interface

i
K 5 z ke
}\ DIS'OCET'IOI’!S i

1

Figure 4.3: High resolution TEM images. SRO/BLFO/SRO films deposited at a) 700°C and b) 450°C.
The epitaxial quality of a is readily apparent in the smooth atomically flat interfaces, compared to the diffuse
interfaces and roughness of b.
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Figure 4.4: Atomic imaging and polarization mapping. Polarization displacement vector mapping on
BLFO thin film cross-sections deposited at a) 700°C and b) 450°C. Color arrows indicate the magnitude
of polarization as mapped from atomic displacement. Polarization displacement has been calculated using
the Fourier-filtered HAADF-STEM images and the histograms include data corresponding to 3658 and
1430 unit cells of BLFO, respectively, for the sample deposited at ¢) 700°C and d) 450°C. While ¢ closely
follows a Gaussian distribution, d shows a non-normal distribution of polarization displacement vectors. e)
HAADF-STEM image of BLFO grown on BPBO at 450°C. f) The corresponding polarization displacement
distribution maps across the area of e at different places. The patches of red are indicative of short-range
order, but weak long-range order.

structural distortion[91-93]. The Fourier-filtered HAADF-STEM images were analyzed using
CalAtom software to extract the atomic position of Bi/LA and Fe ions by multiple-ellipse
fitting[94]. The Fe displacement vector D in each unit cell was calculating with the following
formula:

I + Iy + Irs + Iy

D= rre — 4 (42)

where rg, is the position vector of the Fe column, and ri_, are the positions of the four
closest Bi/La neighbors in each unit cell. Quantitatively, the polarization displacement
vector analysis is shown in Fig. 4.4. Atomic images and D maps of high-temperature and
low-temperature deposited BLFO films reveal the polarization distribution among the unit
cells.

The displacement vector distribution profiles at three different places in the BLFO in
the bismuthate heterostructure, shown in Fig. 4.4f indicate a non-uniform polarization
displacement in different regions. Although the material is still polar, the degree of long-
range order within the BLFO layer is degraded. In contrast, the high-temperature BLFO
shows uniform polarization displacement distributions consistent with previous reports[71].
This indicates a high degree of long-range ferroelectric order. This issue of long-range order
of the polar state in such robust ferroelectrics has received very little attention, in contrast
to the extremely well-studied short-range order in relaxor ferroelectrics[93, 95, 96].
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Figure 4.6: Piezoelectric response. a) Piezoelectric amplitude and b) piezoresponse force microscopy
(PFM) image of BPBO/BLFO. Box-in-box mapping is done with +5 V electric field. ¢) Line scan profile of
the BLFO phase of b. d) Point-contact amplitude and piezoelectric hysteresis. e),f) PFM and hysteresis
data for SRO/BLFO deposited at 700°C. Both sample loops were recorded at a frequency of 0.83 Hz and
1V AC drive amplitude with £9 V DC scan voltage.

Ferroelectric Behavior

In order to probe how the degree of long-
range structural order impacts the macro- FEEETT g A 270 deg
scopic polar responses, we first demonstrate : B e -

the piezoelectric and ferroelectric behaviour
in the BLFO films using piezoresponse force
microscopy (PFM). To do this, films were
deposited without the top BPBO electrode,
and the PFM tip is used as the “top elec-
trode” for application of localized electric
field. To simultaneously demonstrate the
piezoelectric and ferroelectric nature, an
out-of-pane “box-in-box” pattern is written

OHr 1Hr 2 Hrs

Figure 4.5: Time resolved piezo-force mi-

. . . croscopy. The ferroelectric polarization of a BLFO
with the PFM tip by applying =5V to a i 61 deposited on BPBO at 450°C is stable up to

7um square, followed by +5 V to a Sum 29 hours, and longer stability is expected due to the
square, and finally —5 V to a 2.5um square, unchanging phase contrast.

all squares being concentric. The resulting domain structures are then imaged using PFM
(Fig. 4.5 and 4.6). The sharp contrast in the images as well as the clear 180° phase switch
in the line profile indicate consistent switching between two stable out-of-plane directions.
Furthermore, the retention of the written “box-in-box” pattern is stable after 20 hours, and
we expect longer duration stability.
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We proceed to quantitatively investi-

. . Phase Amplitude
gate the ferroelectric properties of our het- A

180 deg &

15.0 pm

erostructures by fabricating macroscopic ca- 150 10.0
pacitors. To fabricate the capacitors, 5nm - _—
of Pt is deposited on top of the trilayer for —(5)-2
good electrical contact, and an optical mask 52 _15'0

consisting of an array of circles is used to
make a photoresistive hard mask. We then Figure 4.7 SRO/BLFO deposited at 450°C. The
use an ion mill equipped with a Secondary PFM recorded for this sample was done in the same
ion mass spectrometer (SH\/{S7 Hiden Ana- Wway as in Figure 4.6, but here we do not see any

] tical) to etch awav the Pt and BPBO/SRO phase reversal in the polarization contrast, which is
Y y expected as no ferroelectric hysteresis loops are visible

layers, SFOpPing on the BLFO layer" The for the SRO/BLFO/SRO sample deposited at 450°C
photoresist is then stripped. The resistance (Fig. 4.8a). The weak contrast that is visible is from
of our BPBO electrodes is ~1.2 kQ/Square, surface perturbations caused by the tip with an ap-

and the vertical resistance of the whole ca- Plied voltage, not from ferroelectric polarization.
pacitor stack is ~ 40M¢.

Polarization-electric field hysteresis loops (Fig. 4.8) demonstrate robust ferroelectricity in
the 450°C bismuthate heterostructures (heterostructure I) and the 700°C SRO heterostruc-
tures (heterostructure II), but not in the 450°C SRO heterostructures (heterostructure III).
Two important differences between heterostructures I and II include the absolute magnitude
of the switched polarization and the coercive voltage. Heterostructure I has significantly
lower remnant polarization and significantly higher coercive field than heterostructure II.
The current-electric field measurements (Fig. 4.8c) show that heterostructure II is more
leaky than heterostructure I.

Discussion

It is counterintuitive that the remnant polarization of is smaller but the coercive field is
larger in heterostructure I compared to heterostructure II. Combined with the HAADF-
STEM analysis, we find that the lower degree of long-range order is responsible for both
effects: it reduces the spontaneous polarization but also makes switching the polar state
more energetically costly, which is consistent with previous results[92, 93]. Moreover, the
resistance of the BPBO (1.2 k§2/sq.) is larger than that of the SRO (0.58 k€2/sq.), which
contributes an additional source of voltage drop across the capacitor that enhances the
coercive fields[97].

Another factor contributing to differences in ferroelectric behavior is the concentration
electrically inhomogeneous microstructures, such as vacancies, interstitials, and other defects.
Such defects can lead to a small, local electric field in the material, fixed by the position
of the defect. Some defects, such as dislocations, stretch along one dimension and may
provide a conductive channel for leakage currents[98], however 0-dimensional defects would
not conduct currents. We measure these leakage currents, and the results are shown in Fig.
4.8c. The higher dielectric constant in heterostructure I (Fig. 4.8b) paired with the lower
leakage current in heterostructure I indicates that there is a higher concentration of non-
conducting defects in heterostructure I, which will increase the dielectric constant but reduce
the leakage. Typically, dislocations and vacancies can serve as channels for leakage currents
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Figure 4.8: Ferroelectric response. a) Polarization as a function of electric field for the samples
BPBO/BLFO/BPBO deposited at 450°C (sample I), SRO/BLFO/SRO deposited at 700°C (sample II),
and SRO/BLFO/SRO deposited at 450°C (sample IIT). b) Dielectric constant and c) leakage current as a
function of electric field across the capacitors in the heterostructures. d) Pulsed switched polarization as a
function of varying voltage at a fixed 2ms pulse width. e) Voltage dependence of switched polarization by
varying the pulse widths in sample I.

in ferroelectrics, but some electrically inhomogeneous microstructures can pin domain walls
and increase the coercive field without being conductive. A lower degree of long-range order
is consistent with a higher concentration of such microstructure defects.

Conclusion

In summary, we demonstrate a method for growing BLFO at low temperatures on metallic
BPBO electrodes. Despite a 9% lattice mismatch, the oriented growth of the ferroelectric
phase is achieved at temperatures as low as 450°C, due to the high quality low-temperature
epitaxial BPBO. Piezoelectric force microscopy and measurements on macroscopic capaci-
tors demonstrate ferroelectric properties comparable to high-temperature BLFO grown on
standard SRO electrodes. We note that exiting work on single-crystal BLFO and BFO is
done at deposition temperatures that are significantly higher and thus incompatible with
CMOS device integration[76], and therefore this work presents a new avenue for integra-
tion of the multiferroic in CMOS devices. We also show that the low-temperature BLFO
has a significantly reduced long-range polarization ordering which results in the lower rem-
nant polarization. Due to the conducting nature of BPBO and sharp interfaces created
by grapho-epitaxy, the electric and ferroelectric properties are consistent even in the full
BPBO/BLFO/BPBO stack deposited at a record low temperature. Our study provides
a new pathway to control the temperature of multiferroic thin-film growth as well as the
polarization ordering, which may be important for a range of new BFO-based applications.
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Part 111
Magnons in Multiferroics

Magnons (quantizations of spin waves) have become the ideal carriers of information in
future spin-based technologies [99-102]. In the push to design next-generation memory and
logic technologies that utilize spin, antiferromagnets are particularly attractive due to their
stability against external magnetic fields and large magnon propagation group velocities
[103-105], and magnons can carry information through insulating antiferromagnets. While
manipulating the magnetic order parameter of most antiferromagnets is impractical in device
applications, the antiferromagnetic order of multiferroic bismuth ferrite, BiFeO3 (BFO), is
switchable by an electric field due to the magnetoelectric coupling between ferroelectricity
and antiferromagnetism [9, 106-110].

Transforming between magnetic and electric fields can be done with magnetic induction
via electric currents[111, 112]. However, for applications such as manipulating the magneti-
zation of nanoscale magnets in integrated memory and logic, the conventional Oersted field
approach has been proven to be energy-inefficient and impractical[113]. To address the im-
perative of low-energy consumption in nonvolatile magnetic memory and logic, a promising
new avenue has emerged — direct voltage control of magnetism [114-119]. Recent propos-
als use the magnetoelectric coupling inherent in some multiferroics, which allows for direct
electric field control of the magnetic state in such a material [106, 117].

A notable example of this innovation is the magneto-electric spin-orbit (MESO) logic
device structure, proposed as an inherently non-volatile substitute for complementary metal-
oxide-semiconductor (CMOS) devices in integrated logic-in-memory applications [9, 120]. To
this end, BiFeOs, possessing strong antiferromagnetic magnetoelectric coupling [106, 108,
121], is considered a desirable material for MESO-type devices. Additionally, with its anti-
ferromagnetic character, the material is robust against external magnetic fields and possesses
potentially faster switching dynamics than ferromagnets. Recently, BiFeOs has also been
shown to be an efficient system for demonstrating switchable magnon spin currents [69, 122].
This electric field switchable electro-magnon coupling allows for a simplified version of the
MESO device i.e., the antiferromagnetic state is directly read out using the spin-orbit metal
in direct contact with the antiferromagnetic layer, without an intermediate ferromagnetic
layer. In this context, there have been attempts to realize antiferromagnetic state readout
using the electrical control of magnon transport in BiFeOg [14].

To date, magnon mediated spin transport in multiferroics such as BiFeOg is still a rel-
atively new field of research, and there are many unanswered questions about the magnon
dynamics in the complicated magnetic texture of BiFeO3. The following chapters focus on
the physics of magnons in BiFeO3 and related materials, and explore magnon-mediated spin
transport through the spin cycloid as well as electric field control of spin transport. Trans-
port measurements were performed using 4-terminal devices where 2 terminals are used to
inject spin current from an injector wire and 2 terminals are used to detect voltage along
a detector wire. These wires are parallel, and using one terminal from each wire we can
apply an electric field across the gap for polarization control. Switching between terminal
configurations — to apply an electric field, or measure temperature gradients along different
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directions — is done with a Keithley 7001 switchbox. The voltage is measured using an SR830
lock-in amplifier and locking to the second (in the case of thermally excited magnons) or
first (in the case of spin Hall excited magnons) harmonic of the excitation current. The
excitation current is an AC signal at 7 Hz applied with a Keithley 6221. Schematics can be
found in Figures 5.8a, 6.7a, and 7.2a.

Using python scripts to control the switchbox and other electronics, we are able to run
magnon experiments repeatably and with high throughput. This greatly enhances the res-
olution of our electric-field controlled magnon experiments, and has allowed us to make
several advances in multiferroic magnonics. In Chapter 5, we explore the magnon anisotropy
of magnons traveling throughout the spin-cycloid of BiFeOgs, and in Chapter 6 we study
magnon transport through single-ferroelectric-domain spin cycloids. Combining these re-
sults in Chapter 7, we develop a phenomenological model to predict characteristics of the
magnon transport based on the symmetries of the magnetic texture. This approach can be
extended generally to electric-field-controlled magnon propagation in all multiferroics, and
will serve as an important tool for understanding spin currents in future magnon transport
studies.
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5 Anisotropy of Magnon Transport in BiFeOj;

As previously discussed, BFO is a well-studied antiferromagnetic oxide due to the strong
coupling between polarization (ferroelectricity) and magnetic (antiferromagnetism) order at
room temperature, enabling all-electric-field control of magnetization [106, 108-110]. Due
to this interaction, BFO has garnered interest in the field of spintronics, especially with
recent observations showing that electric-field control of spin transport is possible [14]. The
fundamental magnetic order in BFO consists of G-type antiferromagnetism which is mod-
ulated by broken symmetries stemming from the polarization and from antiferrodistortive
FeOg octahedral rotations. These phenomena give rise to a long-period (A &~ 65 nm) spin
cycloid [123]. In its equilibrium structure, when the polarization P is parallel to [111][124],
this antiferromagnetic cycloid propagates along three symmetry-equivalent directions: k;
([110]), k2 ([101]), and k3 ([011]), with Fe atomic moments rotating in the (112), (121), and
(211) planes respectively [125]. The antiferromagnetic cycloid is then further perturbed by
the Dzyaloshinskii-Moriya interaction (DMI), canting the moments slightly out of the P-k
plane and resulting in a spin-density wave with the same period as the antiferromagnetic
cycloid [126, 127]. This intrinsic, periodic magnetic structure in BFO can be modulated
by an electric field, a capability attributed to its strong magnetoelectric coupling [128, 129].
Despite its fundamental nature, the behavior of spin propagation within such a complex spin
structure remains not fully understood. This gap in knowledge suggests that the cycloid’s
periodicity could have significant, yet unexplored, effects on magnon dispersion.

The intimate coupling between magnetic order and ferroelectric polarization in BFO
allows for the use of its ferroelectric structure as a tool to design periodic magnetic structures
facilitating spin-wave transport. Previous studies have shown that the ferroelectric domain
structure of thin-film BFO can be controlled using electrostatics and the epitaxial arrays of
either 71° or 109° domains [66]. This directly influences the magnetic structure [107, 130].
Our current study demonstrates that by engineering these phenomena through the boundary
conditions imposed by electrostatics and lattice-mismatch strain, we can effectively guide the
ferroelectric domain structure to modulate the spin cycloid. This manipulation results in the
creation of a long-range, intrinsic, quasi-1D-ordered lattice. Such a lattice structure creates
a gap in the magnon dispersion and introduces a significant spin-transport anisotropy, which
is further tunable with an electric field.

Multiferroic Structure

To control the ferroelectric and magnetic structure of BFO, we synthesize epitaxial thin films
on both DyScO3; (DSO, ~0.4% compressive strain) and ThScOs (TSO, ~0% strain) sub-
strates using both molecular-beam epitaxy (MBE) and pulsed laser deposition (PLD). MBE
films were grown by reactive MBE in a VEECO GEN10 system using a mixture of 80% ozone
(distilled) and 20% oxygen. Elemental sources of bismuth and iron were used at fluxes of
1.5x 10 and 2 x 10* atoms/cm?s respectively. All films were grown at a substrate tempera-
ture of 675°C and chamber pressure of 5x 10~% Torr. PLD samples were deposited using a 248
nm KrF laser with ~ 1.5 J/cm? at 700°C and 90 mTorr O,. X-ray diffraction (XRD) and re-
ciprocal space mapping (RSM) were performed on a PANalytical Xpert3 diffractometer (Fig.
5.1), and the films are confirmed to be ~100 nm thick and of excellent crystalline quality as
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Figure 5.2: 1D ordered lattice. In the two BFO variants, the ferroelectric domains are arranged into
ground states containing a) 71° and b) 109° ferroelastic domain walls. Insets depict the two types of domain
walls and their corresponding polarizations in the BFO unit cell. In films deposited on DSO substrates, the
cycloid prefers the ky variant, which results in ¢) a chevron-like pattern across the ferroelectric domains.
d) For films on TSO, however, the domain structure allows selection of the other symmetry allowed axis,
in this case ks. Corresponding Fourier transforms are shown as insets revealing the period and symmetry
of the magnetic structures. e) Piezoforce microscopy image-zoom of the area shown in green, where the
cycloid is unperturbed by the fine, 10-30nm ferroelastic domain walls. f) This occurs due to the symmetry
of ko across the 109° domain wall, where the directionality of the cycloid is preserved with the fixed net
polarization P,.; imposed by the ferroelectric domains.
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force microscopy (PFM) images (Fig. 5.2a,b) demonstrate the two-variant strip patterns
along [100]. The nanoscale magnetic structures of these different strain and domain configu-
ration are then investigated in real space using scanning nitrogen-vacancy (NV) magnetom-
etry [107, 124, 129, 133] on a Qnami ProteusQ system with a parabolic Quantilever MX+
diamond cantilever.

In films deposited on DSO (Fig. 5.2¢), NV magnetometry shows a chevron-like magnetic
texture of the stray magnetic field, revealing a ki-oriented cycloid that switches direction with
the change of the P directions across the 71° ferroelastic domain walls. This is consistent with
previous reports [129] and is a result of the magnetoelastic anisotropy from the substrate
lattice mismatch [130]. Strikingly, in the sample deposited on TSO (Fig. 5.2d), only a
single k variant of the cycloid is observed, projected along [100]. The longer period of these
oscillations indicates that this corresponds to a ko, [101] axis of the epitaxial strain of TSO.
Importantly, this variant of the cycloid even persists across the approximately 20-30 nm
wide 109° ferroelectric domains and extends over long distances (up to at least 20um). This
results in the formation of a quasi-long-range, 1D magnonic crystal, as illustrated in Fig.
5.2d.

This propagation of the ks cycloid variant across ferroelectric domains can be understood
through the symmetry of the 109° ferroelastic domain walls. Starting with the 71° domains in
films on DSO substrates, the in-plane k; directions are strongly magnetoelastically preferred.
At the ferroelectric domain walls, where polarization P rotates from [111] to [111], the
cycloid wave vector directions must be shifted, for example, from [110] to [110], to ensure
the perpendicular relation k; 1 P. This shift leads to a chevron-like pattern being favored
as an equilibrium state. In contrast, in films on TSO substrates, the magnetoelastic energy
is lowered, making the ks and ks variants closer in energy. Furthermore, considering the
109° domain walls in the films on TSO substrates, assuming ks is now an allowed direction,
the propagation axis would not need to alter with the polarization change. This is because
[101] is perpendicular to both [111] and [111] (Fig. 5.2f), making ky also a symmetry-
favored equilibrium in this configuration. Consequently, ky, emerges as the globally preferred
equilibrium state, leading to a single cycloid variant that persists across the 109° ferroelastic
domain walls, despite their ~ 20 — 30 nm period [131].
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Furthermore in the 109° domain samples, there is a hierarchy of domains. Superimposed
on the fine-scale 109° domain ensemble with a spacing of 20-30nm, families of domains
with net antiparallel in-plane polarization components are also observed. Comparing the
ferroelectric polarization from PFM with the NV data (Fig. 5.3), we observe discontinuities
in the 1-D cycloid lattice that correlate with the family domain walls. Though ks does not
change across the fine-scale (20-30nm) domain walls, it does change (e.g. ks = [101] to

= [101]) across the large domains with a different in-plane polarization. Though ko and
ki, are orthogonal to each other, the in-plane component of the cycloid does not change,
giving the appearance of discontinuities (akin to antiphase boundaries) when projected in-
plane. When the material is electrically poled, these domain walls are annealed out of the
sample.

Magnon Transport

To test spin transport with respect to the directions defined by the quasi-1D spin-spiral
lattice, we fabricated test structures that are schematically shown in Figure 5.6a. These
structures consist of source and detector wires aligned both parallel and perpendicular to
k. The magnon-induced voltage signal in these structures is compared along multiple direc-
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Figure 5.4: Comparison of measurement schemes. a),b) PFM and schematics of three-wire device for
magnon-driven non-local voltage without an external electric field. The non-local voltage detector is fixed
at the center and current is injected left or right to create two different q while P remains invariant. c)
Plots showing nonlocal signal in different configurations, switching P under constant q and vice versa. In
all four permutations, AV a 100 nV and the signs of the same states (e.g. P | q 1) are consistent. This
410 nV may be due to intrinsic device differences, but should be mitigated when averaging across devices.
d) Power dependence of fixed P variable q measurements, showing the appropriate scaling and consistency
of the sign.
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tions with respect to k to show anisotropy, as well as in both the quasi-1D and chevron-like
structures (Fig. 5.6b,c). First, considering thermally excited magnons in a two-wire scheme,
a current in the source wire is used to create a temperature gradient (V7') in the device,
causing thermally excited spin waves to propagate q || —V7T', where q is the magnon prop-
agation direction, via the spin Seebeck effect [14]. These magnons are then sensed in the
detector wire through the inverse spin Hall effect (ISHE), which converts the spin current
to a DC voltage, Va1 [10, 134]. To preserve the ferroelectric domains, we performed this
measurement again by reversing the directionality of the thermal transport with respect to
the in-plane polarization. The magnitude of this voltage is reported as the difference between
these two measurement configurations, where the propagation direction q from the thermal
gradient VT is switched 180° and the ferroelectric polarization P remains fixed.

This was chosen due to the response of domains to an electric field parallel to the domain
wall, which can lead to reconfiguration of the domain structure. The application of an electric
field parallel to two-variant domain walls transforms the domain structure into 71° domains
running perpendicular to the electric field. This in turn changes the magnetic structure of
the spin cycloid, making determination of the native anisotropy L and || to the spin cycloid
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Figure 5.5: Material and power dependence. a) The thermally-driven non-local conductivity changes
with the sign and magnitude of the spin Hall angle of the detector wire material (Pt, W, and SIO), demon-
strating its magnetic origin. Symbols are the raw data and solid lines represent the time average. P and q
are the polarization and the magnon-propagation direction, respectively. b) The output voltage also scales
with the magnitude of the spin Hall angle of the detector material. The diagonal lines correspond to orders
of magnitude.
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Figure 5.6: Spin wave anisotropy. a) Schematic of the sample geometry of the test structures || (6 = 0°)
and L (6 = 90°) to k. b) In the quasi-1D lattice of 109° domains, there is high conductivity along the
ferromagnetically coupled direction [010], and low conductivity along k = [100]. ¢) Conversely, for the 71°
domain scenario, the cycloid and thus conductivity display no distinct anisotropy between the § = 0° and
6 = 90° directions. The cycloid in b can be viewed d) along the direction parallel to [010] (6 = 0°) or e)
along the direction parallel to [100] (8 = 90°).

propagation direction k impossible. In samples where the electric field does not perturb the
domain structure (E is perpendicular to the domain walls), we find that the difference in Vi,
for the two polarization states is equivalent to the difference AVy from comparing the two
configurations (Figure 5.4). We note that while small differences in the heater and detector
wire will lead to discrepancies in the measurements, averaging AVy, across different devices
negates this asymmetry.

Confirmation that the signal is magnetic in origin comes from testing with different
detector materials (Fig. 5.5). For example, changing the detector wire from Pt to W (with
a larger, opposite-signed spin-Hall angle compared to Pt) reverses the sign of AV a,.
Similarly, moving to a material with a much larger spin-Hall angle, such as SrIrO3 (SIO)
[20], proportionally increases the ISHE voltage.

In films featuring the quasi-1D ordered cycloid lattice, a strong anisotropy is observed
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with respect to the directions q || k and q L k. We define 6 here as the angle between q and
k. Notably, the ISHE voltage signal, indicative of spin wave conductivity, is approximately
three times larger when 6 = 90° than when ¢ = 0°. In contrast, samples with the alternating
chevron-like structure, characterized by k,. = > k = 0, exhibit minimal spin transport
anisotropy (Figure 5.6¢). Additionally, in the chevron-like structures, where locally 6 = 45°,
AVnr2, lies between the values at § = 90° and 0° seen in the 1D ordered system. This
behavior can be initially understood by examining the nanoscopic magnetic spin structure
within the cycloid as described schematically in Figure 5.6d,e. In a line cut L k, the spins
are modulated by the presence of the 109° ferroelastic domain walls, but possess a persistent
net magnetization component, illustrated in Figure 5.6e. In contrast, oriented parallel to k,
the spins rotate by a full 27 over the period of the cycloid (65 nm, Fig. 5.6d).

Phase Field Simulations and Model Hamiltonian Calculations

To further evaluate the physics associated with transport in the quasi-1D structure, we
turn to both mesoscale phase-field simulations and model Hamiltonian calculations of spin
transport || k and | k. From the phase-field simulations, which are outlined in Appendix
C, we observe an anisotropy characterized by reduced spin-wave conductivity along the
q || k direction, compared to the q L k direction. Simulations are carried out by imposing
a cycloidal magnetic ground state comparable to those observed experimentally and by
initiating spin waves within a specified frequency range at one edge of the sample. The
efficiency of these waves is quantified by comparing the magnetization precession at the
point of origin and a defined distance from the source. In scenarios where q L k, the initial
waveform exhibits negligible damping even at a distance equivalent to 10X (Fig. 5.7a). When
q || k however, the spin wave exhibits significant attenuation over the same distance.

This is evident in both the spectrum of the magnetization precession angle and its inte-
grated energy across the spectrum, which is shown to be influenced by the magnitude of the
anisotropy within the cycloid. As illustrated in Figure 5.7b, a scenario with an anisotropy
of K = 100kJ/m? leads to approximately 50% damping in spin-wave-energy magnitude over
the same length scale. This transport efficiency can then be studied as a function of K to
compare with previous calculations and experimental results, defining a reasonable window
for the value of K. The precession angles corresponding to other values of K are shown in
Appendix C.

At the microscopic scale, analytical calculations of the momentum-dependent magnon
dispersion in the quasi-1D lattice illustrate the difference in the magnon conduction 1 k
and || k. Analytical solutions for the magnon bands of BFO are based on a continuum
Hamiltonian whose density is given by [135]:

H=A(Vn)?—aP [n(Vn)+nx (V xn)]—238MP-(mxn)— K,n>+m?> (5.1)

where the first term is the exchange energy, the second and third terms are DMI terms,
the fourth term is the anisotropy, and the last term represents the suppression of the net
magnetization due to strong antiferromagnetic coupling. The ground-state configuration can
then be obtained (Appendix D), showing the well-known anharmonic spin-cycloid structure
[135-137]. Solving the time-dependent Euler-Lagrange equation for the small fluctuations,
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Figure 5.7: Simulation of magnon conductivity. Simulations of frequency-dependent magnon power
when the spin wave is driven along q, either a) perpendicular to k, or b) parallel to k, in the quasi-1D
lattice. Magnon energy is extracted as  x f, i.e. the product of conical angle §2 of the time-dependent
precession of the magnetization in Fourier space, and the frequency f. Input and output spectra are measured
at opposite sides of the simulated cell. The integral of this spectra is then reported as a relative conductivity
c), simulated as a function of the 1D anisotropy K of the cycloid texture. The shaded region represents
a range of energies reported in the literature as well as values matched to the experimental and analytical
results presented here. d) Calculated magnon dispersion, illustrating the emergence of a gap along the
q || k direction which leads to reduced spin-wave conductivity. X and Y are the high symmetry points
corresponding to the [100] (|| k) and [010] (L k), respectively.

two spin-wave modes result: 1) An in-plane mode with spin fluctuations within the spin-
cycloid plane and 2) an out-of-plane mode with spin fluctuations orthogonal to the spin-
cycloid plane. By considering the quasi-2D geometry of the plane-wave-like spin texture
of BFO and neglecting the Hamiltonian term oc § that is known to be weak [138], the
band structures of in-plane (IP) magnons and out-of-plane (OOP) magnons are obtained
analytically (Fig. 5.7d). These solutions show the formation of a gap in the dispersion along
the q || k direction, due to the periodicity of the magnetic lattice. This gap indicates a lower
density of states along this direction, resulting in an anisotropic, lower magnon conductivity.
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Magnons excited by the spin-Hall effect

In parallel to measurements of thermally excited magnons, non-local transport measurements
have been performed using injected spin currents via the spin-Hall effect (SHE) of the source
wire [10] (Figure 5.8a). In this case, the sign of the output signal will correspond directly
to the sign of the input signal, rather than only the amplitude of the input, so this nonlocal
voltage is measured on the first harmonic of the injector current. While the spin Hall
angles of platinum and tungsten are too low to generate an appreciable ISHE signal at
the 2 pm electrode spacing, the efficient spin-charge transduction of SrlrOj (SIO) allows
for the detection of the SHE-excited magnon signal [20]. In the device geometry where
q is perpendicular to the domain walls, where electric fields allow the ferroelastic domain
walls to remain largely stationary [14, 108, 133], combining the engineered spin texture
with an epitaxial, large SHE oxide can further optimize functionality. This should allow for
deterministic switching of the magnetic structure under a continuous rotation of P [133].
In test structures using SIO electrodes, we observe a similar anisotropic spin transport,
dependent on the underlying magnetic structure. Here, magnons are excited by the SHE
and the ferroelectric polarization is switched using an in-plane electric field. Upon switching

c 9, TSO, k, || [101] d DSO, k, || [110],[110]
- : - — A9
s W [ioo] \4/\/\/\/\‘_’ “\/W\/"—P
E > E >
b _p \ / P e f
3 2 04} L
= . 150
W e >§ 02} L o
-q q -q q 5| — ‘%
g T 00} 1 F 10 o
0=0°  e=45° | N - — 3
chevron ® 02} L >
E —_—
S . 1-50
Z 04} L
0=-90° °
1-D lattice 1-D lattice 1 1 1 1 1 1
-50 0 50 -50 0 50
V \Y

Figure 5.8: Electric field control of magnon propagation. a) Schematic showing the non-local device
geometry with magnons generated by injection of spin from the source wire. b) We hypothesize that the
non-reciprocity of the transport is due to a Rashba-like asymmetry of the magnon dispersion emerging from
the crystal asymmetry, which is coupled directly to the ferroelectric polarization and DMI. ¢),d) Illustration
showing the sense of the cycloid with respect to the device geometry for films deposited on the two different
substrates. In these orientations, the ferroelectric domain structure remains stationary with cycling electric
field. e),f) Switchable non-local signal overlaid with the ferroelectric hysteresis for both the single variant
and chevron-like cases. g) Combined with the above measurements, we hypothesize that the anisotropy can
be explained by a split and anisotropic magnon dispersion, where the magnon conductivity maps to a surface
with directions defined by q and k. The distance from the origin is representative of the conductivity, and
thus the population.
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the in-plane component of the polarization, where the direction of magnon propagation q
is fixed, the detected first-harmonic non-local voltage Vi, 1, switches hysteretically on the
scale of ~ 1uV for a device spacing of 2um. The repeatable difference between the two
polarization states is indicative of a non-reciprocity in the magnon dispersion tied to the
direction of P. This can be qualitatively rationalized in the form of a Rashba-like, DMI-
induced splitting of the spin-dependent magnon bands (sketched in Fig. 5.8b) [139-143].
The result is a Viyz 1, that is both nonreciprocal and switchable. Since the samples under
investigation exhibit no net magnetic moment, the inference is that magnon non-reciprocity
in BFO should stem from the magnetic cycloid, which interacts with P.

Under an applied electric field, this hysteresis in Vi 1., follows the switching of P, where
P and AVyp 1, both flip signs at the same coercive voltage (Figure 5.8e,f) [144]. As the
ferroelastic domain walls remain stationary during this event, a comparison can be made
between samples with quasi-1D and chevron-like configurations (Fig. 5.8c,d). In quasi-1D
samples with a single k state, the magnitude of V1, L k is two-times higher than that of
the samples showing a chevron-like magnetic cycloid. The magnitude of this scaling parallels
the observations in Figure 5.8, where the chevron-like texture shows a lower conductivity
than in the single k samples with q 1 k. Taken together, these measurements allows us to
sketch the approximate shape of the magnon dispersion projected into the plane of the film
(Fig. 5.8g), where § = 90° is high conductivity, § = 0° is low, § = 45° is intermediate, and
there is non-reciprocity for magnons with opposite spins.

Conclusion

These results demonstrate control of the magnetic structure of BFO and a method for effec-
tively decoupling the magnetic structure from the ferroelectric domains. This has significant
implications for magnonic devices using BFO, in that fundamental anisotropies of the cycloid
structure can be used to optimize transport. The formation of a quasi-1D ordered magnonic
lattice comprised of the spin cycloid is of fundamental interest in terms of phase transitions
in a 1D lattice and the possibility of obtaining long-range order in them. In this sense, future
studies could be directed towards controlling the ferroelectric/ferroelastic domain structure
through the use of vicinally cut substrates [131].

In conclusion, using heteroepitaxy as a building block and imposing a combination of
electrostatic and elastic constraints, we can strategically design both the ferroelectric and
magnetic domain structure of multiferroic BFO. This anisotropic structure results in pref-
erential spin-wave conduction orthogonal to its axis, due to the opening of a gap in the
magnon dispersion created by the periodicity of the magnetic lattice. Leveraging magne-
toelectric coupling, this magnetic texture can be dynamically tuned using an electric field,
allowing us to empirically map the magnon dispersion in the film plane with respect to the
direction of ferroelectric polarization. This opens the door for the design of magnonic devices
using the anisotropy of the spin texture, as well as providing fundamental insights into the
conduction of spin waves in complex magnetic systems.
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6 Electric-Field Controlled Magnon Transport in a Sin-
gle Ferroelectric Domain in Bi;_,La,FeO;

In this chapter, we study magnon transport in La-doped BiFeOg films. To recount the prop-
erties of the parent compound, the ground state of bulk BiFeOs has a large polarization
(~ 90 uC/ecm?) along [111],. (pc: pseudocubic) and exhibits a canted G-type antiferromag-
netism modulated by a spin cycloid (period ~ 65 nm [125]) below the Néel temperature
(640K). Rhombohedral BiFeOj in its G-type antiferromagnetic state shows Rashba splitting
which is intrinsically linked to spin-dependent transport [145]. BiFeOj features two principle
Dzyaloshinskii-Moriya (DM)-like interactions, linked to the polarization and the antiferrodis-
tortive octahedral tilts [127], where the tilts and polarization are strongly coupled [146-148].
The octahedral tilt induces a weak magnetic perturbation, and corresponding spin density
wave, on top of the antiferromagnetic cycloid of BiFeOs [127, 148]. This can be imaged
directly using scanning Nitrogen-vacancy (NV) magnetometry[129].

To introduce tunability into the multiferroic properties of BiFeOs, rare earth substitu-
tion (e.g., Lanthanum for Bismuth) has shown great potential. Often, in these systems,
the ferroelectric polarization moves away from [111],. [149, 150] introducing competition be-
tween ferroelectric and antiferroelectric phases [71, 150-152]. This may allow for additional
switching pathways compared to the parent compound BiFeOjs, leading to the possibility for
new ferroelectric domain configurations. Understanding the formation of a single-domain
multiferroic and its potential as a model system for efficient spin magnon transport is the
focus of this chapter.

Theoretical Calculations

We start with theoretical calculations to understand the energetics of the multiferroic ground
state of BiFeO3 (BFO) and La-substituted BiFeOs, BiggsLag15FeO3 (BLFO). We use the
effective Hamiltonian given by [127], and use density functional theory to calculate the
coupling coefficients for pure BFO and BLFO. The spontaneous polarization largely arises
from the 6s electrons in the Bi™® ion [153], and when Bi is substituted for La, which does
not have the 6s electrons, the polarizability is decreased. Beyond ~18% La substitution,
the material undergoes a phase transition from a polar state into an antipolar phase [71,
150]. The reduction in polarization is accompanied by a corresponding reduction in the
polarization dependent DM interaction strength [154] and thus the cycloid becomes less
energetically stable. We find that for pure BFO, the polar structure is R3c and the cycloid
is a stable magnetic state. For BLFO, the cycloid is also a stable magnetic state, but since
the energy landscape is so modified as previously discussed, the canted moment states M1
and M2 become much closer in energy to the cycloid. The results of these calculations are
shown in Fig. 6.1a, where we have plotted the difference in energy between the R3c-cycloid
state and the so-called complex states — mixed states of spin cycloid and uniform G-type
canted antiferromagnetic phases. The result of these changes in energetics is that the energy
landscape is modified as shown schematically in Fig. 6.1b, where the energy barrier to switch
between the two degenerate ferroelectric/spin cycloid states is reduced for BLFO.
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Figure 6.1: Multiferroic Ground State of BFO and BLFO. a) Calculated magnetic ground state
energy of the spin cycloid and G-type antiferromagnetic phases in BFO and BLFO. R3c is the uniform spin
cycloid, while M1 and M2 are modulated polar configurations. b) Schematic of the energy landscape of the
BFO and BLFO. Red arrows show the Néel vector forming the spin cycloid, or the magnetization in G-type
antiferromagnetism. Green arrows represent the polarization in the double-well structure. c),d) High angle
annular dark field (HAADF) scanning transmission electron microscopy (STEM) images and polar vector
mapping in BFO and BLFO. Insets are schematics of the estimated polarization direction in the unit cell
of BFO and BLFO. The scale bar is 1 nm. e)-h) Ferroelectric domain structure (PFM) and corresponding
magnetic texture (iso-B NV images) of pristine BFO and BLFO. The areas of uniform contrast in h show
the canted phase.

Multiferroic Ground State

BFO and BLFO thin films were prepared by pulsed laser deposition (PLD) in an on-axis
geometry with a target-to-substrate distance of ~ 50 mm using a KrF excimer laser (wave-
length 248nm, COMPex-Pro, Coherent) on DyScO3 (110)p (O: Orthorhombic) substrates.
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We chose DyScOj3 substrates be-
cause of the close lattice match
(—0.3%) that helps with the high
quality epitaxial thin film growth.
Film thickness was fixed to 90 nm.
BFO and BLFO layers were de-
posited without a bottom electrode
with a laser fluence of 1.8 J/cm?
under a dynamic oxygen pressure
of 140 mTorr at 710°C with a
15 Hz laser pulse repetition rate.
The samples were cooled down to
room temperature at 30°C/min at
a static Oy atmospheric pressure.
The polar and magnetic textures
of the samples were measured by
Piezoforce microscopy (PFM) and
Nitrogen Vacancy (NV) imaging
respectively. Fig. 6.1e,f (g,h) show
these results for BFO (BLFO). The
stripy, characteristic 71° domains
can be seen in the BFO, with
the corresponding chevron-pattern

magnetic cycloid structure as discussed in the previous chapter.
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Figure 6.2: X-ray diffraction and atomic force microscopy.
a) XRD of BLFO on DSO substrate, b) zoomed in to show the
thickness oscillations. c¢) AFM, showing atomically flat steps,
with a linescan inset. d) Orientation of the devices and BLFO
with respect to the orthorhombic DSO substrate.

However, in BLFO, we

find large, blocky domains instead of stripy domains, with a much more varied magnetic
structure, with cycloid phases, as well as some of those G-type canted antiferromagnetic
phases/complex phases referenced in Fig. 6.1a.
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Figure 6.3: Reciprocal space mapping of BLFO. a) The 4 structural variants, each with 2 different
polarizations, may be present in the sample. b) The (103),. peaks, and c) (013),. peaks, with insets
describing which structural variants, drawn schematically, are visible at the given diffraction condition.
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Since DyScO3 (DSO) (110)0 in an anisotropic substrate, there should be some anisotropy
in the samples. In BFO, the anisotropy comes in the direction of the 71° domain stripes.
For the remainder of the paper, we will set aside BFO except for comparisons to BLFO,
and focus on BLFO. The misfit strain between BLFO and DSO is ~ 0.2% along the [001]o
direction and ~ 0.33% along the [110]o direction. These values are evaluated using lattice
constants measured from reciprocal space mapping (RSM). We use X-ray diffraction (XRD)
and Atomic force microscopy (AFM) in Fig. 6.2 to ensure high quality epitaxial growth. The
XRD is single phase with thickness oscillations, and the AFM shows atomically flat BLFO
steps. Later in the paper, we use pseudocubic directions to denote device orientations, and
those are oriented with respect to the substrate orthorhombic directions in Fig. 6.2d.

Reciprocal space maps of BLFO are measured to further probe the crystal structure (Fig.
6.3). Mapping the (332)o planes in DSO shows the (103),. planes in BLFO, suggesting that
BLFO is epitaxially strained to the substrate. Peak-splitting occurs in the (103),. diffraction
condition, but not in the (013),. condition. This indicates that only 2 of the 4 structural
variants indicated by Fig. 6.3a are present in the films, consistent with PFM results in
previous studies [71].

Polarization mapping
is also performed on BFO

and BLFO samples — in 2 e ifl" 14
the same way as it is = #é 5
done on BLFO in Chap- ;rj." . ".i»
ter 4 — with the high qual- s

ity HAADF-STEM im- L b T
ages (Fig. 6.1). The Antiphase

BFO polarization is along boundaries

(111),., which is well- ¢
understood. The BLFO,
however, shows a polar-
ization direction shifted

@® Line scandatal ]
= Gaussian fit

away from (111),. to- of FWHM=72nm
wards < 11 2> pes which is - . 100 0 200 400 600 800
Antiphase boundaries Position (nm)

consistent with previous

reports [71]. Vertical Figure 6.4: Head-to-head boundaries in multidomain regions. a)
PFM shown in Fig. 6.4 Lateral and b) Vertical PFM images of a [010] device after poling. The
zoomed section of the vertical phase shows the boundaries, and a linescan in
phase across the boundary shows that d) the phase drops about 180° across
the domain boundary.

with no contrast shows
that the polarization is ei-
ther all up or all down,
and the TEM indicates that the polarization vectors for the BLFO point down, that is,
in conjunction with the structural distortions measured by RSM, the polarization can take
on the directions [£112],. in the pristine state. Other states can be reached with electric
field poling.
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Figure 6.5: Electric field control of magnetic and polar texture. SHG linear dichroism maps, iso-B
NV images, and schematics for a)-f) [010],. devices, g)-1) [100],. devices, and m)-s) [110],. devices. SHG
for in-plane polarization and NV for magnetic texture are recorded for two opposite poling directions. Solid
colored arrows represent the poling electric field direction, bordered arrows represent the in-plane direction
of the polarization, and in the schematics, the light blue-filled, black bordered arrows represent the spin
cycloid propagation direction k. In the schematics, the stripes are indicative of the spin cycloid as observed
in previous studies [129, 155]. The schematics highlight the relationship between k and P. The scale bars
in the NV images are 500nm, and the distance between the Pt wires (white rectangles) in the SHG images
is ~ 1.5um.

Electric field control of multiferroic structure

To understand the effect of electric field on the as-grown ferroelectric domain structure, and
therefore the ferroelectric polarization, in-plane capacitors were fabricated by optical lithog-
raphy (ez-situ sputtered platinum (Pt) wires 120pumx1.3umx15nm, with ~ 2um spacing
and resistivity of ~ 20uf2cm). The devices were patterned along four different angles in
which the long-axis of Pt electrode pairs are parallel to the substrate [100],., [010],c, [110],.,
and [110],. (Figure 6.7a). To visualize the ferroelectric domain reversal across the in-plane
devices, we use both optical second harmonic generation (SHG) and Piezo-force microscopy
(PFM) to map the in-plane polarization. From SHG, linear dichroism maps and knowledge
of the poling field direction allow us to determine which of the 4 polarization states [£1+12],.
are achieved within each device, see Appendix E for more detail. To determine the effect
electric field has on the magnetic structure, we do NV-imaging after poling in the different
directions in different devices. The results are summarized in Fig. 6.5.

First, for the [010],. devices, that is, when an electric field is applied in the [100],.
direction, the entire region between the wires is switched, to a single domain of either [112],,.
or [112],. depending on the direction of the poling field. The magnetic texture is also
switched, as can be seen in Fig. 6.5. The formation of a single multiferroic domain here is
novel; previously, monodomain features were realized through a non-trivial approach to pure
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BFO using a scanning probe-tip-based method in a slow scan mode to physically write a
monodomain using a localized electric field from the scanning probe tip [129, 156], requiring
several minutes per micron, and an extremely careful experimental protocol [157, 158|. Here,
a single voltage pulse is required between the two wires.

For the [100],. devices, that
is, when an electric field is ap-
plied in the [010], direction, a
blocky multidomain state persists,
with domains having polarization
in [+£112],. or [£112],. depending
on the poling direction. In this
multidomain case, upon poling, the
domains are locally switched, as
can be seen by careful PFM (Fig.
6.6) due to local polarization ro-
tations, where the head-to-head
domain wall boundaries that run
along the [010],. direction don’t
move. We note that these domain
walls are only head-to-head in the
component of polarization that is
normal to the domain wall, and
they don’t move only in response
to a field applied along the [010],.
direction.  This asymmetric be-

havior between [010],. devices and .
. . Figure 6.6: Careful PFM of [100],. device. The color corre-
[100],. devices can be attributed L :
p . } " sponds to the polarization as denoted by the schematics, and an
to the aforementioned anisotropic opposite E-field poling rotates the polarization of each domain
substrate strain. In devices with by 90° locally.

electrodes parallel to [110],. and

[110], a single ferroelectric domain is formed which can be expected since a component
of the electric field points along [100], allowing the antiphase boundaries to nucleate and
move with the field. In these devices, the in-plane component of the polarization matches
the E-field direction, while the out-of-plane component is fixed.

Electric Field Control of Magnon Transport

The device structure and procedure for measuring spin transport is identical to that in the
previous chapter. However, here, we focus on applying electric field to change P and main-
tain one direction for diffusion direction q. First, an in-plane electric field is applied between
source and detector wires. Following each electrical pulse, a low-frequency (7Hz) alternat-
ing current is introduced into the source wire, generating a magnon spin current through
the spin Seebeck effect. Subsequently, a non-equilibrium magnon spin accumulation at the
BLFO interface underneath the Pt detector initiates the flow of spin angular momentum
into the adjacent Pt. The resulting spin current is then converted into a measurable voltage
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through the inverse spin Hall effect (ISHE) of Pt, and the signal is lock-in detected at 2w.
Each data point is averaged over a duration of 150s, with the electric field off. The electric
field is only used to pole the multiferroic into a remnant state for spin transport, it is re-
moved for nonlocal voltage (Visyg) measurement. The nonlocal voltage hysteresis reflects the
ferroelectric hysteresis (Fig. 6.7), indicating the existence of polarization-controlled magnon
transport. Notably, in the [010],. devices, the electric field and therefore the polarization has
the capacity to control the sign of the magnon spin current flowing through the BLFO. Here,
the ferroelectric polarization deterministically controls, in a nonvolatile way, non-reciprocal
magnon transport.

Similar experiments on BFO with a stripy domain structure are performed and a com-
parison is presented in Fig. 6.7e. Data corresponding to BFO is also extracted from prior
experiments [14]. We find that the BLFO has a consistently higher voltage output than the
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Figure 6.7: Electric field control of magnons in BLFO [010],. devices. a) Nonlocal magnon spin-
transport measurement schematic with Pt as source and detector for spin-charge interconversion. A circuit
schematic of 4-terminal devices is included, where a switchbox is used to switch between the measurement
configuration (resistive circuits) and the electric field application configuration (capacitor circuit). b) Polar-
ization and quasi-static magnon hysteresis as a function of external electric field. A Radiant Technologies
ferroelectric test system is used to measure the polar hysteresis. Error bars in the ISHE voltage represent
the deviation of the lock-in measurement over 150s. c),d) The corresponding PFM images after electrical
poling in two opposite directions. The scale bar is 2um. e) Differential voltage between the two poled states
recorded in [010],. devices as a function f the power injected into the source, for BLFO and BFO samples.
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BLFO, by over a factor of 2 at equal spacing.
Furthermore, we find that the magnitude
of the electric field required to switch the
magnon spin current is smaller, consistent
with prior studies [71] (Fig. 6.10). This dou-
bly confirms the key advantages of single-
domain BLFO over its parent compound.
We perform the same spin-current mea-
surements on devices pointing along the dif-
ferent crystallographic directions under the
same protocol as discussed above. Strik-
ingly, the multidomain [100],.-oriented de-
vice does not show any ISHE hysteresis (Fig.
6.8) despite exhibiting a clear ferroelectric
hysteresis (Fig. 6.9). This can be explained
with the knowledge of how the spin cycloid
transforms under electric field in the [100],.
devices: both directions of k for the spin cy-
cloid remain present, and if the two domains
result in opposite values for Vigyg as seen in
the [010],. devices, then a sample with equal
population of both domains should give no
Visur. There is a considerable offset to the
voltage, but no hysteresis, we hypothesize
that the offset could come from other ther-
mal sources such as a magnon current in the
[001].-direction [159]. Although a precise
correlation between the spin cycloid propa-
gation direction k and the nonlocal voltage
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Figure 6.8: Magnon-generated nonlocal ISHE
voltage hysteresis. Measured as a function of the
external in-plane electric field in devices with four dif-
ferent orientations labeled by the pseudocubic direc-
tion along which the Pt wires lie. The power in the
source wire is fixed to 2mW.

would be interesting, the present observations affirm that the direction of k holds greater
significance than the net polarization in determining the non-local magnon signal.
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Figure 6.9: Ferroelectric hysteresis in devices. A Radiant was used to capture the above ferroelectric
hystereses in devices with wires oriented along a) [100],., b) [110],., and c) [010],.. We note that the
magnitude of polarization as measured here does not influence the measured nonlocal voltage signal.
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As shown in Fig. 6.8, we note that the
[110],c ([110],c) devices have a lower magni-
tude hysteresis with a positive or negative
offset. The sign of the offset is consistent
from device to device. From first glance at
the NV-data in Fig. 6.5 for these devices, it
appears that the spin cycloid propagation k
does not change when P is thus switched by
electric field poling, however, it is possible
that a more complicated switching mecha-
nism takes place that switches a particular
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symmetry of the spin cycloid in a way that (kviem)

leaves it invariant under NV imaging but not
under nonlocal magnon excitation measure-
ments. This might be a chirality or handed-
ness, which we leave to further experiments
to uncover. Nevertheless, upon closer exam-
ination of Fig. 6.9b, the kink in the dynamic ferroelectric hysteresis may indicate a compli-
cated switching pathway that swings the polarization (and the magnetic texture) through
two 71° switching events, as opposed to a simple [112],. to [112],. transformation. We end
this discussion by claiming that while the sign of magnon voltage seems to be governed by
the direction of cycloid propagation k, there may be other aspects of the underlying magnetic
texture that govern the magnitude of the magnon spin transport.

Figure 6.10: Nonlocal magnon transport in BFO and
BLFO recorded under identical conditions. The BFO
data offset is removed for better comparison, while
BLFO [010],. devices always exhibit little or no off-
set.

Conclusion

In summary, our study demonstrates the effective transmission of magnons in La-substituted
BiFeOs, resulting in a multiferroic material that can be polarized into a stable non-volatile
uniform ferroelectric domain with a single variant of the spin cycloid. This stands in contrast
to pure BiFeOgs, where the coexistence of two variants in both spin cycloids and stripe-like
ferroelectric domains leads to a diminished magnon signal. We observe that by suitably
choosing the direction of the applied electric field, it is possible to maximize or cancel out
the effect of ferroelectric switching on magnon transport. This research provides a means
to customize ferroelectric domains and complex antiferromagnetic spin cycloids, as well as
to understand the resulting spin transport, offering a pathway to design the single domain
multiferroics for efficient magnon transport for future applications in magnetoelectric spin-
orbit logic and memory.
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7 Phenomenological Model of Electric-Field Controlled
Magnon Transport in Multiferroics

Electric field control of magnon transport through BFO — such as that described in Chapters
5 and 6 and in Fig. 7.1 below — has recently been demonstrated [14, 15, 110, 160]; however,
the microscopic mechanism of the magnon-mediated spin transport remains unknown. This
is in contrast to ferro(ferri)magnets, where the spin carried by magnons is simply controlled
by the magnetic field, and the microscopic origins of spin transport are well described [10—
12].

Despite the complexity of the magnetic structure in BFO [129, 155], a simple phenomeno-
logical approach to magnon-mediated spin transport in a generalized magnetic texture would
offer insight into the physical mechanisms of electric-field-controlled magnon transport. By
applying mirror and time-reversal operations on the magnon propagation, it is possible to pre-
dict the behaviour of the spin current based on the transformations of the magnetic texture
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Figure 7.1: Nonlocal voltage and Polarization. Vigyg, the detection of a thermal magnon-mediated spin
current, is measured here as a function of poling electric field for 3 samples; from left to right: 50nm BFO on a
ThScO3 (TSO) substrate, two-domain La-doped BFO on a DyScO3 (DSO) substrate (from previous chapter,
[100] devices on BLFO), and single-domain La-doped BFO on DSO substrate (from previous chapter, [010]
devices). The polarization hysteresis is a dynamic measurement with electric field, however the nonlocal
voltage is a remnant measurement, where the electric field is turned off during the Vigyg measurement.
Visug switches when the ferroelectric polarization, and the underlying magnetic state, switches. In two
samples, this corresponds to changes in Vigyg, however in one sample it does not. Measurements are made
for two different magnon diffusion directions § = +X through the multiferroic.
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under these operations.  We apply
this to thermally excited magnon-spin
transport in three model BFO sam-
ples with different spin-cycloid config-
urations, where the behavior of the
polarization and the magnetic texture
under different electric fields has been
mapped. We find that the model’s
predictions, based on the symmetries
associated with the samples’ magnetic
textures, match the measured magnon-
transport data. These results show that
this model can be a powerful tool to
guide further studies into the micro-
scopic origin of magnon-mediated spin
transport, as well as predict the quali-
ties of magnon transport in new multi-
ferroic systems.

Devices and Measurements

Thin films of BFO and Bio_g5L&0.15FeO3
(BLFO) were deposited using pulsed-
laser deposition and molecular-beam
epitaxy, and Platinum (Pt) was sput-
tered for voltage detection of spin cur-
rents arising from non-local excitations
[10, 161, 162] (Fig 7.2a). For details
on the material depositions, please re-
fer to the notes on BLFO/DSO and
BFO/TSO depositions in the previous
chapters.  Device fabrication is also
identical to previous chapters, however
some more detail on the device fabrica-
tion is given here for completeness. Af-
ter Pt deposition, which was sputtered
at room temperature in 7mTorr of Ar, a
positive photoresist (MIR 701), approx-
imately 500 nm thick, was uniformly
spin-coated onto the sample. Pho-
tolithography was executed through a
Karl Suss MA6 Mask Aligner. Follow-
ing exposure, the resist underwent wet-
etching using Megaposit MF-26A pho-
toresist developer, and the Pt layer was
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Figure 7.2: Schematics. a) Magnons (represented by
wavepackets) with (S;) ~ £X, as notated by the block
grey arrows, diffuse along the temperature gradient through
the BFO (or BLFO) and impart their spin to the detector,
generating an ISHE voltage. b) The colored arrows repre-
sent the local Néel vector in the BFO. The polarization is
along z’ = [111] and the cycloid propagation direction is
x' = [110]. The red/blue coloring gives the net moment due
to canting, as would be detected in NV microscopy. The
vector €, represents the axis around which the Néel vector
rotates along the direction b. Looking at the change of the
Néel vector along the b = [100], [010], or [001] directions,
the Néel vector rotates clockwise, counterclockwise, or not
at all around [112], SO 9[100]’[010],[001] = [112], [112],0 C)
The device axes has x parallel to the applied field and tem-
perature gradient, y parallel to the Pt wires, and z as the
film normal. Cycloid (primed) coordinates have z’ parallel
to the BFO polarization, x’ parallel to the cycloid propa-
gation axis, and y’ = 2z’ x x’ normal to the plane of the
cycloid, which is shown in d). e),f) The atom to atom vari-
ation in magnetic moment from the spin cycloid drawn to
scale, including the spin density wave (not drawn to scale).
Here, the arrows represent the atomic magnetic dipoles.
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subsequently ion-milled down to the multiferroic film surface (using an Intlvac Nanoquest
with a Hiden Analytical SIMS), resulting in the formation of rectangular Pt stripes measur-
ing 120 pm x 1.3 pm. This process was conducted at the Marvell Nanofabrication laboratory
at UC Berkeley.

An electric field can be applied between the two wires to set the polarization state of the
BFO (BLFO) while disconnecting the source current and voltage detector. The polarization-
electric field hysteresis is measured dynamically with a Radiant technologies P-PMF (Fig.
7.1). For nonlocal voltage hysteresis measurements, a Keithley 2400 voltage source is used
to apply the electric field between the wires, subsequently the electric field is turned off and
a current source is connected across one wire, and the lock-in voltage detector is connected
across the other. The lock-in references the second harmonic of the low frequency (7 Hz)
source current [10, 161] to select magnons generated from the spin-Seebeck effect (SSE). This
is repeated over a range of electric fields to extract the inverse spin-Hall effect (ISHE) voltage
(Visug) as a function of poling field, and then the identities of the source and detector wires
are switched to extract the data from a thermal gradient applied in the opposite direction
(Fig. 7.5 and 7.1). It is clear from the data that the nonlocal magnon voltage is not entirely
dependent on the net polarization: in two samples, Vv, shows a hysteresis corresponding to
the ferroelectric hysteresis (and the two hystereses for different choices of q have different
relative offsets between those samples), whereas in the third sample, there is no hysteresis
in Vi corresponding to any change in net polarization. As described in this chapter, we
find that a symmetry-inspired phenomenological model can predict this behavior, and we
maintain that this model can be applied to other multiferroic magnon systems.

Magnon Dynamics

To tie the observed magnon signal to the microscopic magnetic structure, we begin with
a phenomenological model for magnon transport in a generic multiferroic. In equilibrium,
the local magnetization m(r) will feel an effective field Heg = §E/dm(r) where E is the
magnetic Hamiltonian of the system. Excitations of the local magnetization then follow the
dynamics as given by the Landau-Lifshitz-Gilbert (LLG) equation,

m(r) = —ym X Heg(r) —am x m (7.1)

where v is the gyromagnetic ratio and « is the Gilbert damping. The solutions m(r,t) of
this equation are the magnon modes, labeled by p and k, where k is the wavevector of the
magnon. Since the excitations are bosons, there will be an equilibrium number of magnons
in each mode ngk as given by the Bose-Einstein distribution. In equilibrium, there is no
net flow of spin from the multiferroic to an adjacent detector wire, however, the magnons
1, (r) in non-equilibrium nye # 7)) underneath the detector wire generate a transfer of
spin angular momentum and thus a voltage in the electrode via the inverse spin-Hall effect
(ISHE). The spin current js(r) is given by the spin pumping from the total motion of the
magnetization [2, 11], or equivalently from the individual spins of each magnon [2, 12, 13]:

Js(r) = =g™ (m(t) x m(t)) ~ Z<S>u/d3k Vptez (e = M) (7.2)

0
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where g™ is the spin mixing conductance, v, . is the z-component of the magnon group
velocity v = l}%, and (S), is the expected value of spin of magnon mode p [163]. One
result of the time average in Eq. 7.2 is that a linearly oscillating magnetization transfers
no spin, but a precessing magnetization does. The summand in Eq. 7.2 is a generalization
of similar equation in thermal magnon studies [2, 12, 13] to include any possible modes
carrying different spins (S),,.

In equilibrium, there is not an excess of magnons beneath the detector wire, however,
under a thermal gradient, the diffusion of magnons is governed by the Boltzmann transport
equation [12]:

Nk — ngk = —TukVuk * Vrnzk — Tk Vuk - Ve[l — ngk] (7.3)

where 7,k is the lifetime of a magnon mode given by scattering rates. Each term and bound-
ary condition is derived from either the temperature gradient, the experimental geometry,
or the energetics of magnon modes as given by the magnetic Hamiltonian and underlying
magnetic state of the multiferroic. These diffusive, non-equilibrium magnons, represented
pictorially (Fig. 7.2a), are responsible for the finite spin-current output. Due to this excess
of magnons, a total spin current can be calculated by integrating over the detector surface
S the spin current coming into the detector interface:

I, = / d’rjs(r) ~ Z(Shm where 7, = / PPrd’k v (N — n)y). (7.4)
S S

0

Here, we have introduced 7, as the extent to which the magnon mode p contributes its
spin (S), to the detector wire. As a phenomenological function, 7, is dependent on a) the
underlying effective Hamiltonian and the magnetic state, which we will label by ¥, b) the
direction of the magnon diffusion q, and c) the device geometry, which is effectively constant
throughout all of the studies.

Symmetry-Inspired Model

In a multiferroic, an electric field along & can be used to switch between different ferroelectric
(polarization) states, which correspond to different magnetic ground state W€, Furthermore,
the direction of the thermal gradient (i.e., the direction of magnon diffusion §) can also
be changed. In our experiment, we can alternate between q = +X by switching the iden-
tity of the source wire and the detector wire. This is done automatically with a switchbox
to ensure repeatability. We switch the ferroelectric state by poling with positive or nega-
tive voltage across the detector and source wires, giving € = +X, where & is the direction
of the poling field above the critical field (see Fig. 7.1). Thus, for our phenomenological
function which gives the extent to which magnon mode p imparts its spin to the detector
wire, we write 772(61) for the magnetic ground state W® as a function of §. The nonlo-
cal voltage, V = Rpfp;(I, - X) is then also a function of ¥ and q (Z row of Fig 7.3).
Rp; and fp; are the resistance and spin-Hall angle of Pt. We are only interested in the
X component of I, because the ISHE current is a cross product between the spin-current
direction, z, and the spin-current polarization, is, and we can only measure ISHE voltages
in the y-direction. Any other components of I, do not contribute to the measured voltage.
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Next, we consider symmetry opera-
tions on the ground state, experimental
configuration, and magnon dynamics to
impose constraints on the four values
Visue = Ve(q) (Fig. 7.3) for &,§ = £X.
First, we consider the time reversal op-
eration 7. A magnetic ground state
with unpaired spins will break time-
reversal symmetry, however, it is pos-
sible that the action of 7 on a mag-
netic texture is equivalent to a trans-
lation. For a translation in such a pe-
riodic magnetic texture with no global
net magnetization, the magnon dynam-
ics (i.e., diffusion, spin transport) inte-
grated over an area much larger than
the periodicity of the texture will be in-
variant under the translation, and thus
will also be invariant under 7.

For any thermal magnon mode y in
such a magnetic texture, the action of
T will transform the mode p into the
mode ', with spin and diffusion re-
versed, as shown schematically (7 row
of Fig. 7.3). Due to the invariance of
the magnetic texture under 7", however,
the dynamics encapsulated by n will be
the same for both modes. Summing
over all modes ' to get a nonlocal volt-
age, we find that Vé(q) = —Vé(—q),
which can be seen by combining the
first two equations in the 7 row with
the equation in the Z row of Fig. 7.3.
When the two-hysteresis measurements
of Visur are made for such a multiferroic
texture and the four voltage measure-
ments are extracted, the above condi-
tion causes the polarity of the hystere-
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Figure 7.3: Symmetry operations. Several symmetry op-
erations on a magnon mode p with spin (S),, || % diffusing in
the X direction, through a multiferroic poled along X. The
black arrow attached to the wavepacket denotes the magnon
diffusion direction, the grey arrow denotes the magnon spin
direction, and the large green arrow denotes the poling di-
rection. The rows show, from top to bottom, the identity,
electric field poling, time reversal, and mirror operations
over the zz, xy, and yz planes. If the material (blue back-
ground) is invariant under the operations, we would expect
each of the mathematical relations and their reflections on
the measured magnon signal (as shown in the implications
column) to hold true. We note that the V#(§) values in the
hypothetical magnon signals shown here are arbitrary. A vi-
sualization of these symmetry operations carried out on the
spin cycloid is included in Fig. 7.4, however we emphasize
that this model can be used for any generalized magnetic
texture, not just the spin cycloid of BFO.

sis to reverse, and the AViggg of the hysteresis to say the same in switching from a +q
measurement to a —§ measurement as depicted in the 7 row of Fig. 7.3.

Any symmetry operation O can be analyzed in this way to find implications in the mag-
netic texture on the Vigyg measurements. This process is done for three mirror operations
My, Mgy, and my, (Fig. 7.3) over the zz, zy, and yz planes relative to the device geometry
(see the unprimed coordinate system in Fig. 7.2c). We note that upon applying m,., the
poling direction is flipped, so the magnetic texture m,,.(¥®) must be compared to the oppo-

51



Initial -E field
z = [001]

x = [100]

Initial

Figure 7.4: Symmetry operations on a spin cycloid. a) The cycloid is pictured here with initial denoting
electric field poling in +X%, to the right, adjacent to a cycloid under electric field poling in —%. The initial
cycloid is repeated to aid the reader in comparing the states with and without the application of b) time
reversal symmetry operation 7, as well as ¢) mgy, d) m,., and e) m,.. for the mirror symmetry operations,
the mirror planes are drawn with the initial cycloid as an aid to the reader. We note that the arrows represent
an average local magnetic moment, with spin-density-wave canting and spin cycloid rotation exaggerated for
the viewer’s sake. The location of the arrows transforms as a vector under the symmetry operations, and
the direction of the arrows, which represents the magnetic moment, transforms as a pseudovector under the
symmetry operations. The red shading denotes a local net moment in +2, and the blue shading denotes a
local net moment in —%, from the spin-density wave.

sitely poled multiferroic texture ¥—2 as indicated by the table (Fig. 7.3). A visualization
of the symmetry operations on the magnetic dipoles making up the BFO spin cycloid is
included in Fig. 7.4, however we emphasize that these operations can be applied to any
magnetic texture.

Visug Experiments on BFO

To test this model, we choose a set of three samples with different magnetic textures. The
magnetic textures of each sample was determined in a previous chapter, however for the
reader’s convenience we repeat the summary of the determination of ¢ for each sample
in Appendix F. Sample I is a 50-nm-thick BFO film grown on a ThScO3 (110) substrate,
with wires patterned parallel to the 109° ferroelectric strip domains. Samples IT and III are
45-nm-thick BLFO films grown on DyScOj3 (110) substrates, with wires patterned parallel
to [100],. and [010],. (pc: pseudocubic), respectively. All subsequent vectors are written in
pseudocubic notation. Samples I and III have one variant of spin cycloid within the poled
area, but sample II has two variants, with propagation vectors as noted (Fig. 7.5). The spin
cycloid ground state of BFO is given by Fishman et al. [164], and our first observation is
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that for all samples, 7, which flips each
spin, is equivalent to a translation by
half a period of the cycloid (Appendix.
H). Since the magnetic texture is thus
invariant under 7, we expect the Visug
data to exhibit the corresponding impli-
cations as shown (Fig. 7.3).

Measurements of Visyg for the three
samples are provided (Fig. 7.5), and
it can be seen that the polarity of the
hysteresis is reversed while the magni-
tude of AVisyg remains the same upon
switching q, as expected from the 7T in-
variance. While each sample has a 5-20
nV offset, we surmise that this could be
from a gradient in the z direction and
the resulting spin transport [159].

To analyze the mirror-symmetry op-
erations, we take a closer look at
the cycloidal texture in each domain.
The precise determination of the po-
larization direction z’ and the cycloid-
propagation direction x’' are discussed
in Appendix F. The rotation of the Néel
vector around the cycloid plane normal
y' (Fig. 7.2¢) changes under the mir-
ror operations (Fig. 7.5 and Fig. 7.4).
Since y’ depends on the choice of x” (the
cycloid propagation is an axis, and £x’
are equivalent choices, however for self-
consistent comparisons one formalism
must be chosen and used exclusively),
we define 2, as the rotation of the Néel
vector as measured along b (Fig. 7.2b):

Q, = (b-xX)y’ (7.5)
It is clear that this observable does not
depend on the sign of x’ chosen, since
the sign of x” determines the sign of y’.

Figure 7.5 presents calculations for the

three different BFO samples of €2}, with b =
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Figure 7.5: Calculation of €.
tions z' and cycloid propagation directions x’, as well as
the effects of E poling, are taken from prior PFM, NV, and
SHG work on these samples (Appendix F), and Eq. 7.5 is

used to calculate €y, for the three different samples.

The polarization direc-

The

Visug hysteresis as a function of poling field for each sample
is shown to the right for § = +%. All data is consistent with
time reversal invariance. Sample II (III) shows mg, (my.)
invariance in all three Q, (and therefore has invariance in
Qp for an b, see Appendix G), as highlighted by the green
boxes. The implications from these invariances as outlined
by Fig. 7.3 are indeed reflected in the data.

[100], [010], and [001], in the two different

experimental configurations (& = +X, Identity, or & = —%, E poled) and under the three
different mirror operations (acting on ¥ for &
recorded here, the results hold if the magnitudes are included. The corresponding Visgg
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data is included to the right for comparison. Sample I has ~20-nm-wide stripy ferroelectric
domains with polarization z| and z), at a 109° angle that lead to a a single variant spin cycloid
with a propagation direction x” which is perpendicular to both z} and z}, and a cycloid plane
given by y' = (2} + 2z}) x x’. We find that under the action of any mirror symmetry, £y
changes, and so we expect no further than the 7 implications in the signal. The data reflect
that symmetry, and show only the signatures of 7 invariance.

Sample II has two types of larger ferroelectric domains, each with their own spin cycloid
as parameterized by the z’, X/, and y’ in Fig. 7.5b. The m,. operation effectively maps
the cycloids, quantified by €25, in each domain onto each other, leaving the global magnetic
structure invariant up to a domain exchange. Since the population of both domains across
the macroscopic area of the detector wire is the same, a domain exchange leaves the magnon
signal invariant, so the sample is effectively invariant under m,,. The implication, as given by
Fig. 7.3, is that V&(q) = —V?8(q) = 0, and aside from the small offset, the signal is uniformly
zero as expected, despite a robust ferroelectric hysteresis (Fig. 7.1). This is an important
result: the phenomenological model can be used to predict a lack of Visyg switching based
on the symmetry of the magnetic texture, even without a microscopic understanding of the
physics of magnon-spin transport.

Sample IIT has a single ferroelectric domain with one variant of spin cycloid. Notably for
this sample, the effect of the m,, operation on 2y, is identical to the effect of opposite field
poling; m,,.(¥®) = ¥~ The implications, which is that the two hystereses lie on top of each
other with no relative offset (Fig. 7.3), are indeed reflected in the data. The main difference
between sample II and III is in the global magnetic texture, and our model identifies that
the reduced symmetry of the magnetic texture in sample III allows for nonzero Viggg.

Conclusion

We note that in comparing predictions to experimental data, the model is limited by a) the
ability of the spin-current absorbing contacts to average over the periodicity of the texture (as
previously discussed) and b) any magnetic anomalies created by symmetry-breaking defects.
Such defects will add signals that do not obey the implications of the symmetries broken.
Despite this, the model still guides the overall understanding and predictions of the physical
origin of magnon spin transport in these complicated magnetic textures. For example we
apply these same ideas to predict the detection of magnons created by the spin-Hall effect
in the source wire (Appendix I).

In conclusion, we have developed a phenomenological model for magnon-mediated spin
transport in multiferroics, which summarizes the dynamics of a magnon mode p with a
phenomenological function 7, of the experimental configuration. We have shown how this
simple model, paired with an analysis of the magnetic texture based on symmetry operations,
helps us to explain the behavior of magnon-mediated spin currents. We find that the model’s
predictions match well with the experimental data for second harmonic non-local magnon
transport in BFO/Pt based systems. The approach can be extended generally to electric-
field-controlled magnon propagation in all multiferroics, and will serve as an important tool
for understanding spin currents in future magnon transport studies.
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Part IV
Conclusions

While the road to multiferroic magnonic memory devices is challenging, and realizable ap-
plications are still far in the future, there is much to be learned from research towards this
goal. Some of the main challenges include 1) finding materials with efficient spin-charge
interconversion, 2) growing multiferroics with CMOS-compatibility, and 3) understanding
magnon transport in multiferroics.

In addressing the first challenge in Chapter 3, we have introduced BaPb;_,Bi, O3 (BPBO)
to the spintronics community as a potential spin-charge interconversion material with a high
efficiency. One exciting aspect of this material is that the efficiency is much higher than
theoretically predicted for the intrinsic spin-Hall effect. This indicates that some exotic
spintronic physics is present in this system, and by studying BPBO, we can uncover new
avenues to efficiently convert between spin and charge currents. Furthermore, BPBO has
also helped us address the second challenge in a surprising manner in Chapter 4: BPBO and
Ba,_,La,FeO3; (BLFO), materials which were not expected to be compatible due to high sub-
strate mismatch, are in fact compatible at relatively low deposition temperatures, enabling
potential CMOS compatibility. Studying the grapho-epitaxial nature of this pairing allows
us to push the bounds of possible heterostructure combinations, and enables the combination
of highly functional materials for studying new physics and potential applications.

In addressing the third challenge, we have made significant contributions to the under-
standing of magnons in BiFeO3 and potentially other multiferroics. In the Chapters 5 and
6, we have characterized the anisotropy of magnon diffusion through several variants of spin
cycloid configurations through changing the diffusion direction of the magnons as well as
the ferroelectric polarization of the multiferroic. The combination of precise magnetic char-
acterization through Nitrogen-vacancy magnetometry and careful measurements of magnon
spin transport has allowed us to extensively map spin transport through the spin cycloid.
The results from these chapters, enabled by our automated magnon-transport experimental
setup, are combined in Chapter 7 to present a phenomenological model that uses symme-
tries inherent to the magnetic texture of the multiferroic to predict properties of the magnon
transport. This model is generalizable to all multiferroics, and will be helpful in designing
new experiments and applications using electric field control of magnon spin transport.

Future Experiments

New discoveries and advances will always lead to more questions and opportunities for ad-
vances, and this dissertation is no exception. The following important experiments will add
to our understanding of physics pertaining to oxide spintronics and multiferroic magnonics.

While the demonstration of the efficient charge-to-spin conversion of BPBO is an im-
portant milestone, further experiments studying BPBO would uncover some of the physics
behind the mechanisms of the charge-to-spin conversion. One such experiment is to vary
the Bismuth doping of the BPBO films, and measure the spin-orbit torque (SOT) efficiency
as a function of Bi doping as well as temperature. The crystal structure of BPBO as a
function of Bi doping is already well understood [26], and comparing changes in the SOT
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efficiency to changes in the structure and composition will illuminate the physics of the elu-
sive mechanism for the strong spin-Hall effect. Furthermore, as the temperature changes,
the resistivity changes and crosses a superconducting transition, and to measure the SOT
efficiency across the superconducting transition would introduce exciting new physics of the
interplay between superconductivity and spin-charge interconversion.

While all of the magnon spin-transport experiments done here are in a lateral geometry,
we expect applications to use devices in a vertical geometry. The next step in demonstrat-
ing potential multiferroic magnonic memory is to create heterostructures with a multiferroic
sandwiched between two spin-charge interconversion layers, and to create magnon trans-
port devices with these heterostructures. While the fabrication of devices presents many
challenges, the research here has identified materials that will make such devices possible.
SrIrO3 (SIO) has been identified as a spin-charge interconversion material that is compatible
with BiFeOg [20], and in Chapter 4 we have identified that BPBO is also compatible with
La-doped BiFeOs.

While making devices with these materials is the first challenge, predicting their magnon
signal is enabled by the phenomenological model presented in Chapter 7. A vertical device
has different symmetries compared to a lateral device, and a symmetry operation analysis
with the magnetic texture of the desired multiferroic will allow us to predict the resulting
magnon signal, and determine if it will vanish (that is, the magnon signal may be unaffected
by changing the ferroelectric polarization of the multiferroic) due to symmetries in the tex-
ture. An analysis similar to that done in Chapter 7 will determine the magnetic texture that
must be used in such a device, and decisions with respect to electrode material and substrate
strain will be made clearer upon such an analysis.

In conclusion, while this research has made important progress towards multiferroic
magnonic memory using epitaxial oxide spintronics, there is more work to be done and
more to be learned from the followup studies suggested above. We hope that the research
summarized in this dissertation will serve as a road-map for future studies in the fields of
oxide spintronics and multiferroic magnonics.
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Appendices

A Spin-Torque Ferromagnetic Resonance

ST-FMR devices with additional Hall contacts are used to separate spin-orbit torque signals
from artifacts (Fig. 3.4a). It is well known that many artifacts can contribute to the
symmetric signal in traditional, longitudinal ST-FMR such as spin pumping (SP) and the
inverse spin Hall effect (ISHE), the anomalous Nernst effect (ANE), and the spin Seebeck
effect (SSE). We use transverse Hall measurements as presented by ref. [46] to calculate the
effects of these artifacts on our longitudinal ST-FMR signal. The applied radio-frequency
current Ise~™" excites the unit magnetization m of the BPBO into precession governed by
the LLGS equation, shown below:

dim dF dim

%:fyﬁlx——l—aﬁlx——FTFL‘i‘TDL‘i‘TOe (A-l)

dim dt

where v and F are the gyromagnetic ratio and free energy which govern precession about the
external field B, « is the Gilbert damping, and Ty, pr, 0e are the field-like, damping-like, and
Oersted torques driving m into precession. The resonant field which maximizes deflection
of the magnetization is the field By which solves the Kittel equation w = v/ B(B + pio Meg
where g Meg = pioMg—2K | /Mg where g is the magnetization in-plane, Mg is the saturation
magnetization, and K| is the anisotropy term which keeps the magnetization in-plane. In
practice, Mg is extracted by plotting the observed By against the applied frequency w as in
Fig. 3.4c. Solving for the magnetization near the resonant field By in the reference frame
where the y-axis is parallel to the external field and the z-axis is normal to the sample
surface, we can find the components of the precessing magnetization:

—WoT, + 1WTy,

o(t) =mge™™ with m, = , A2

ma(t) = mae Wi m —(B — Bp)ywt + iwaw™ (A.2)
» . W1 Ty + WT,

() =m.e ™ with m, = , A3

ma(t) = m.e Wi m —(B — Bp)ywt + iwaw™ (A.3)

where wy = 7B + g Megr, w1 = 7B, w" = wi +wy, 7, = (Trr, + ToL + Toe) - X = —7Ty, cos ¢,

and similarly, 7, = (73, — ) cos ¢, and ¢ is the angle between the external magnetic field
and the direction of current flow. The torques from the Oersted field and the spin-polarized
current are opposite in sign assuming a positive SOT efficiency due to the growth order:
LSMO is underneath the BPBO. The torques can be written in terms of the charge current
density J. in the BPBO and spin torque efficiencies &gy, and &pr, = Osor:

0o _ upde 0o _ upde 0 _ poyJetnm
o1, = DL eMtpns ° e, = &FL eMtrng * and 1o, = T (A.4)

where up is the Bohr magneton, e is the elementary charge, and tg\ and tsoc are the thick-
nesses of the ferromagnetic LSMO layer and non-magnetic BPBO layer respectively. The
precessing magnetization and the anisotropic and spin Hall magnetoresistance effects (MR),
anomalous Hall effect (AHE), and planar Hall effect (PHE), combined with the alternating
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current, give us the following mixing voltages VX and V@ which are measured from the
bias tee and the hall contact pads respectively.

VI = —Rur sin(2¢) Ly Re[m,] (A.5)

V¥ = Rpug cos(2¢) L3 Re[m,] — Ranplei Re[m.] (A.6)

where Ryir = Ramr + Rsymr, Rpug, and Ragg are the coefficients for anisotropic and spin
Hall magnetoresistances, planar Hall effect, and anomalous Hall effect respectively. The real

parts of the magnetization components contain the symmetric and antisymmetric Lorentzian
shapes S(B) and A(B) around the resonant field By:

Refm.] = 22 [ S(B) + (18, ~ 78.) 2 A(B) (A7)
Refm.] = 20 [78, 2LA(B) — (, — 8.) A(B)] (A8)
S(B) = A’ A(B — Bo) and A = aw/y. (A.9)

(B — By)? + A?’ Al ):(B—Bo)2+A2’

The linearity of A(w) can be seen in Fig. 3.4d. If we incorporate the effects of artifacts, we
find that the effects of spin pumping and any thermal gradient will be proportional to the
amplitude of the precession of the magnetization [46], and near the resonant field will take
the form

E.« = E,S(B)cos’ o % (A.10)

art
Through geometrical considerations of SP and ISHE, SSE and ISHE, and NE, it can be shown
that the longitudinal voltages add the following terms to the longitudinal and transverse
mixing voltages: . .
VAt — i 4 gin(2¢) cos ¢S (B) EY, & (A.11)
VRN _ ymix 4 (cos(26) cos ¢ -+ cos ¢)S(B)E0, W (A.12)

art 2

where L and W are the length and width of the sample bar in the ST-FMR device. By
separating the symmetric and antisymmetric Lorentzian fits at different field angles, we
arrive at the following dependence on ¢ of the longitudinal symmetric and antisymmetric fit
amplitudes from Vg/®™ = XY 4 yXY,

VEX(¢) = SV sin(2¢) cos p, VX (¢) = AVR sin(26) cos ¢ (A.13)
VY (¢) = S;}?,E/art cos(2¢) cos ¢ + S?f,E/art cos ¢ (A.14)
VY (¢) = ARHE cos(26) cos ¢ + SEEE cos ¢ (A.15)

The experimental measurements of Vi /At and V)r(nii/x/ " from longitudinal and transverse
ST-FMR experiments, and curve-fitting of the traces, as shown in Fig. 3.4b, allow us to
measure the 6 amplitudes above. These can depend on MR, PHE, AHE, and the artifact
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field. We can then define the dimensionless ratio 7:

n= (TBL (TFOL - 7'89)) Vwi/wa (A.16)
And by realizing that n can be written in three different ways;

MR/art 0 L PHE/art W AHE
- SXX - EartE o SXY B Eart? o AXY (A 17)
n= MR = APHE T GAHE/art _ o w :
XX XY XY - HMart 9

we can use this redundancy to calculate the longitudinal artifact voltage in our samples Egrté.
With the transverse ST-FMR experiments performed, we find that E?, £ ~ 0.3 4V, whereas

art 2
we find Sy ~ 61V, Therefore we conclude that in experiments with no transverse ST-
XX H

FMR, we can approximate n = Sy/™ JAMR and know that the systematic uncertainty

from artifacts is only around 5%. Using the above equations, we see that 1 can be used to
calculate the SOT efficiency:

14 tofld (A.18)

B eMspoytemtnm
Osor =1 | &rr —

2up

Furthermore, by measuring 1 over a range of the product tp\tny, and assuming that the
spin-orbit torque efficiency is roughly constant in that range, we can calculate &pr, and find
&rn &~ 0.06 £0.04 as in Fig. 3.6a, leading us to conclude that the field-like torques generated
by the spin-current are small in comparison to the damping-like torques, which we find to
be QSOT ~ 1.7+0.3.

B First principles calculations

First-principles density functional theory calculations with fully relativistic ultrasoft pseu-
dopotentials [166] were performed by Guatam Gurung and Evgeny Y. Tsymbal with QUan-
tum ESPRESSOI[167]. The exchange and correlation effects were treated with the gener-
alized gradient approximation (GGA)[168]. The plane-wave cut-off energy of 52 Ry and a
16 x 16 x 16 k-point mesh in the irreducible Brillouin zone were used in the calculations.
The lattice parameter obtained by fitting Murnaghan equation of state is a = 4.36A[169].
Spin-orbit coupling was included in all electronic structure calculations until mentioned oth-
erwise. We note that using GGA, rather than a hybrid functional such as HSE is justified
due to BaPb;_,Bi,O3 being metallic for the range of Bi concentrations considered. While it
is known that hybrid functionals, such as HSE, can correct the underestimated LDA or GGA
band gaps of some insulators and semiconductors (in particular, the HSE correctly predicts
the insulating nature of BaBiOs3),[25, 170] they have little effect on, or perform worse than,
LDA or GGA for metallic systems (see, for example, ref. [171, 172]). We therefore use GGA
in our calculations.

Tight-binding Hamiltonians are constructed using PAOFLOW/[173] code based on the
projection of the pseudoatomic orbitals (PAO)[174, 175] from the non-self-consistent calcu-
lations with a 16 X 16 x 16 k-point mesh. The spin Hall conductivities were calculated using
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the tight-binding Hamiltonians with a 48 x 48 x 48 k-point mesh by the adaptive broadening
method to get the converged values. The spin Hall conductivity is given by

2 d3k
%l = %/ (2m)3 En: Fehy 35 (K) (B.1)

3 (nk| Ji" [n'k) (n'k| v; [nk)

(o — Eon)? (B.2)

with  QF (k) = —2Im [
n#n’

where fy is the Fermi-Dirac distribution for the nth band, Jf = 1{v;, s;} is the spin current

operator with spin operator s;, v; = %% is the velocity operator, and ¢,7,k = z,v, 2.
J
Q’fm (k) is referred to as the spin Berry curvature in analogy to the ordinary Berry curvature.

We first consider the cubic structure for BaPbO; with lattice constant 4.36 A. Fig. B.1a
shows the orbital projected band structure for all the elements. We see that a pocket of
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Figure B.1: Results from first-principles calculations. a) Orbital projected band structure of the cubic
BaPbOs; for Ba, Pb, and O. b) Variation of spin Hall conductivity o5, around the Fermi energy. c) Variation
of spin Berry curvature at the Fermi energy in the [110] plane of the Brillouin zone.
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unoccupied oxygen p bands appears at the R point of the Brillouin zone, which is consistent
with the results of Li et al.[30] As a result, the oxygen p orbital has the largest contribution
to the bands around the Fermi level. By symmetry, only conventional spin Hall conduc-
tivity (SHC) components (o7,) are finite in the cubic BaPbO3z. The calculated value is
0r, = 25%(Qcm)*1 at the Fermi energy. Fig B.1b shows the variation of the SHC near the
Fermi level. The wide band above the Fermi level leads to slowly varying SHC. The major
contribution at the Fermi energy comes from the R point as seen from the distribution of
the spin Berry curvature €27, in the [110] plane of the Brillouin zone (Fig. B.1c). This is due
to the small splitting of the bands near the R point driven by spin-orbit coupling. Taking
into account effects of possible octahedral rotations in the BaPbO3 does not change the SHC
significantly compared to the cubic phase. Finally, using the virtual crystal approximation
for the substitutional doping of Pb by Bi, we find the variation of the SHC with respect to
the energy level remains similar and the addition of Bi simply raises the Fermi energy, which
is consistent with the results of Mattheiss et al.[27] and Li et al[30]. The calculated value
is 07, = 17%(901@1)*1 at the Fermi energy for BaPbg75Big.2703. In this case, the SHC is
largely controlled by the free-electron bands around the I' point, rather than the electronic
states at the R point.

C Micromagnetic Simulations

Micromagnetic simulations were performed by Zhi Yao. We used MagneX, a GPU-enabled
micromagnetic simulation code package, to phenomenologically explore the directionality of
magnon transport in the spin cycloid. The time-domain Landau-Lifshitz-Gilbert equation is
solved, incorporating exchange coupling, DMI coupling, anisotropy coupling, and demagneti-
zation coupling. A set of abstract ferromagnetic properties is utilized to phenomenologically

(x10%-9)

Z-Axis

Figure C.1: Initialized magnetization ground state. The simulated initial cycloid, with a period of
62nm. Colored values show the magnitude of M projected along x. Black arrows show the local M vector.
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represent the antiferromagnetic ————

material. The magnetization is dynamic ATEEEEEEE Y
pinned by an external applied mag- Sxettatien observation point ~ &Xdtation CbZiri a;ijtngzcznt
netic field that mimics the cycloid RN
texture, as shown in Figure C.1. .b;e, 24 !
The sample size is set to be PR EEE
640 x 640 x 10nm, with a 512 x Y o
512 x 16 mesh resulting in grid Obasfguat‘;zi pain
sizes of Az = Ay = 1.25 nm, X

and Az = 9'625 nm' The period Figure C.2: Modeling Setup. The left figure illustrates the
of the cycloid used is 62nm. The measurement of magnon transport along the cycloid direction
Gilbert damping constant is set to (q | k), while the right figure depicts magnon transport along
be 0.0005, the exchange coupling the uniform direction of the cycloid (q L k).

constant is 3.0 x 107'2J /m, and the

DMI coupling constant is 1.0935x107 J/m?. The anisotropic hard axis is set to the [111]
direction, while the anisotropy constant is swept in the range of 1.0 x 10* to 2.0 x 105 J/m?.
The magnitude of the magnetization is normalized to be one.

Starting from ¢t = 0, an additional time-dynamic external magnetic field is added on
top of the existing pinning bias field. As shown in Figure C.2, on one side of the sample,
a modified Gaussian pulse in the effective magnetic field is applied in both the x and y
direction, mimicking injected spins from the top SOC electrode. The pulse has the form

B(t) o e 107 /2T8 cos(2m fyt)  where  fy = 700 GHz. (C.1)

Ty is chosen such that the excitation bandwidth is approximately 300 GHz. We create an
input observation port near the location of the applied excitation, and an output port that is
on the opposite side of the input port (Fig. C.2), and by measuring the magnetization com-
ponents at the output and input ports, we can compute the spin wave transmission efficiency
from the input to the output.

Figure C.4a,b shows the raw M trajectory
magnetization components at the o+ atinput port
input and output ports for both 1
transport directions. The spots
were selected where the ground- 0°
state magnetization is oriented in
the out-of-plane direction, enabling
a straightforward analysis of the 05
magnon excitation. These sim-
ulated time-varying magnetization !
components are then converted
into the frequency domain through
the Fourier transform (fig. C.4).
To calculate the solid angles of
the oscillating magnetization, we
express the spectral magnetization

>

M trajectory
at output port

Mz, OOP
o

Figure C.3: Magnetization trajectory at 700 GHz. Input
and output ports are along x, the k direction of the cycloid.
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Figure C.4: Time-domain and frequency-domain magnetization

components at the input and

output ports for both transport directions.

components at each frequency point in the from

m = |M(fo)| cos(2m fot + LM (fo)). (C.2)

This time-harmonic form provides an M trajectory at each frequency point, with a cone
area corresponding to the solid angle of the M trajectory. For instance, Figure C.3 illustrates
the magnetization trajectory at 700 GHz for input and output ports along the cycloid k
direction. Considering the small solid angle of magnetization, we simplify the calculation
of the 3D cone area to a planar cross-sectional area S(f) by integrating over all sectors
forming the trajectory. The cone angles at each frequency are then determined by Q(f) =
S(f)/|M(f = 0)|* as illustrated in Fig. C.5.

Subsequently, we calculate the magnon energy by integrating over its entire spectrum:

E=Y Q(f) x [. (C.3)
!
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Figure C.5: Spectral dependence of magnetocrystalline anisotropy. Resonant spectra of excited spin
waves extracted from phase field simulations in both the q L k and q || k cases, used to calculate the
efficiency scaling in Fig. 5.7c. Frequency dependent cone angles, €2, are calculated as the Fourier transforms
of the time dependent magnetization precession. Anisotropy (K) values are intentionally chosen both above
and below the expected range.

Finally, the transport efficiencies for both along-z and along-y scenarios are determined by
computing the power efficiency Eoutput/Eimput, leading to the plot in Fig. 5.7¢ above.

D Analytical Solution for Magnon Bands in the Spin
Cycloid

Our theory for BiFeOj is based on the following continuum Hamiltonian [135] and the cor-
responding Lagrangian, whose densities are given by

H=AVn)?—aP-[n(Vn)+nx (Vxn)]—28MP - (mxn)— K,n>+m? (D.1)

and L=sm-(nxn)—H. (D.2)

Here, the magnetic state is described by the Néel order parameter n(r,t), whose length
is unity, and the net magnetization m(r,¢), which is perpendicular to n(r,t). The coeffi-
cients in the continuum Hamiltonian are related to the parameters in the microscopic spin
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Hamiltonian as follows:

A= 6752(_&7 +67") (D.3)
A=, (BT (D.4)
o= 6—521‘%@%2% (D.5)
2
6= gD (D.6)
and K, = 6752/C (D.7)

where J = 4.38 meV, J' = 0.15 meV, D, = 0.11 meV, D, = 0.05 meV, K = 3 peV,
S=1/2(341), apher = 5.58 x 107® cm, and V = 375.9 x 1072* cm?® [135]. The microscopic
spin Hamiltonian can be found in Ref. [135]. It is convenient to use the spherical angles
f(r,t) and ¢(r,t) to represent n, and my(r,t) and my(r,t) to represent m, where
n = sin # cos X + sin 0 sin ¢y + cos 0z (D.8)
m = (myg cos 8 cos ¢ — mysin @)X + (my, cos ¢ + my cos sin @)y — my sin 2. (D.9)

In terms of these variables, the Euler-Lagrange equations of motion are given by the following:

—smdyd cos § — sOymy + 2A(V?0) + 2a.P, sin® 6 (sin ¢ (9,¢) — cos ¢ (9,0))
—sin20 (A(V¢)? + K,,) — 28MyP,mgcosf =0  (D.10)
50;(mg sin @) + 2AV - (sin® § (V@)) — 2aP, sin® f (sin ¢ (9,0) — cos ¢ (9,0)) =0 (D.11)
—50;sinf — % =0 (D.12)

50,0 — % _ 9280, P, sinf = 0 (D.13)
X

The ground state configuration ng(r) and mg(r) can be obtained by solving the Euler-
Lagrange equations with no time dependence. The resulting ground state of BiFeO3 has
an anharmonic spin cycloid structure as well known [135-137]. Here, we focus on the cases
where 5 = 0, as often done due to its smallness[135]. The explicit expression for a ground

state is given by
C K, T
¢ = const., = am (\/ Via F) -3 (D.14)

with vanishing m, where am(u, m) is the Jacobi amplitude function and C' is the integral
constant determined by minimizing the free energy of the aforementioned solution with
respect to C' [135]. Here, the spin-cycloid direction is chosen to be the z-axis without loss
of generality.

By solving the time-dependent Euler-Lagrange equation for the small fluctuations, on =
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n—ng and dm = m—my, on top of the ground state up ot linear order in the fluctuations ém
and dn, we can obtain two spin-wave modes: an in-plane mode with spin fluctuations within
the spin-cycloid plane and an out-of-plane mode whose spin fluctuations are perpendicular
to the spin-cycloid plane. The corresponding equations of motion for 66, d¢, dmg, and dmy
are given by

—80;0my + 2A(V?80) + 2aP,(sin” 8, (sin ¢, (0.0¢)— cos ¢, (9,00)) (D.15)
—2K,00cos20, =0

s0;(dmgsin ) + 2AV - (sin®0,(V(59))) (D.16)
—2a P, sin’ 0, (sin ¢, (0,00) + 3¢ cos ¢, (0,0,) — cos ¢, (0,60)+d¢ sin ¢, (9,0,)) = 0

5m9

—s50¢sin b, — vl 0 (D.17)

5m¢ .
SX N

00 — 0 (D.18)

The translational symmetry along the z-axis allows us to use the plane-wave ansatz
60(x, 2, t) = 60(w; k., w)e®=*"t and  dn(x,2,t) = on(w; k., w)er=""! (D.19)

with 0n = sinf, 0¢. With these solutions, the above four equations can be combined into
the following two equations for 60(x; k., w) and on(x; k,,w) :

[(s*w?x — 24K?) + 2A0? — 2K, cos 20,)60 = 0 (D.20)
[(s*w?x — 24K?) + 2A02 — 4K, cos*(0,) + 2C — 2aP,(0,0,)]6n =0 (D.21)

By solving these equations numerically, we obtained the band structures of in-plane magnons
and out-of-plane magnons as shown in Figure 5.7d of the main text. It is apparent that the
band structure for the two modes is anisotropic. We note that the anisotropy is the most
visible in the lowest bands, which makes sense since low-energy magnons are expected to be
more affected by the spin-cycloid structure than high-energy magnons and therefore exhibit
anisotropic behavior more strongly.

E Optical Second Harmonic Generation (SHG) for in-
plane Polarization Mapping

Optical second harmonic generation (SHG) was performed by Piush Behera to determine
the response of BLFO polarization to an applied electric field. SHG involves the process
of doubling the frequency of an incident light wave. The emission of SHG in a crystal is
contingent upon its point group symmetry, making SHG responsive to any deviation from
point symmetry in the material. As the development of ferroic order is closely associated
with a reduction in crystal point-group symmetry, SHG serves as an effective means to
investigate such ordered states in ferroelectric materials. The macroscopic description of the
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source term for SHG is described through the polarizability tensor [176, 177]:
P = eoxiju BY EY, (E.1)

where E“ is the incident electric field (laser light) at frequency w, P?¥ is the induced po-
larization in the nonlinear medium at frequency 2w, which act as a source of an emitted,
frequency-doubled, light wave with intensity Isgg o< |P?¥|. x is the third-rank nonlinear
susceptibility tensor, parameterizing the non-linear light-matter interaction. The form of
the x;jr tensor is dictated by the specific crystal point group symmetry. The nonlinear
polarization at 2w radiates back electric field according to Maxwell’s equation:

82E2w 82P2w

vQEQu)_ —
o T Mo

(E.2)

with corresponding intensity

1
I = 5EOV(E%)Q. (E.3)

Experimentally, one can access the specific
Xijt components by carefully selecting in-
cident linear light polarization, which we BLFO sample
parameterize by azimuthal angle ¢, where z

¢ = 0 aligns with [100],.. Fig. E.1 il-

lustrates a basic SHG setup being used in

transmission mode, as it is in this work. A A/2 wave
laser (wavelength 900nm) is used to excite plate

the second harmonic response which is de-
tected by the photodiode detector. The in-
cident probe beam is linearly polarized by
a Glan-Taylor prism. The polarization of . .
the probe beam is then set to any angle by 900 nm x Dichroic
a rotatable half-wave plate. A low-pass fil- mirror
ter is used to remove an second harmonic /

light generated in the polarization optics be-
fore the sample. The fundamental beam
and higher-order harmonics are blocked by
a band-pass filter before the photodiode.
Since the second harmonic light is spectrally
distinct from the probe light, monitoring the
SHG frequency separately from the probe
beam frequency simplifies the process, mak- Photodiode
ing it a relatively background-free character-

ization technique. . Figure E.1: Typical optical second harmonic gen-
In the context of ferroelectrics, the eration measurement setup. Light at the funda-

breaking of inversion symmetry is facilitated mental frequency w is absorbed and light at twice the

by a polar distortion, resulting in non-zero fundamental frequency 2w is emitted and detected.

Xijk components. To comprehensively char-

2

o filter

78



. —_
Linear ]
a c Linear = =
Dichroism © 35
@ " ks
100000 &2 S
» I | ol T3
: 5 - 3 S
60000 = s0000 2 } 025
T 2 | ©
g z w 4 4. 2
Z oo = = R, %
40000 ’g? E— - 025 o w—
g | W 5 | | Z “v
g g z = Q
oo & A os T
(Vs]
e
H —
Linear m
Dichroism ‘g= 5
[ > 18-
] ! o]
12
70000 172 d -80000 L - 10.50 —
I ® ©
o000 & ] I
5 ] Z 025
T 50000 3 1 =
50000 Q % N ' los @O
40000 = T ‘ | L DC.D
g oo & || fozs XK
50000 5 ‘ (%]
EA B 050
20000 & 20000 ( %
075
10000 T N [72)
N
Linear —
100000 H H IZ’ =
Dichroism o ‘S
70000 ~ - >
" 80000 ¢y . .
60000 & N 5 - F 4 i Bos -8
© =3 o
50000 5 60000 @ 02
3 2 1
3 z —
o & 2 b oo g
> oo S c
o000 & il Y]
- - o =
5 3 L J TS
20000 & 2000 =~ - . -
i BV
10000 e e e o I
NED

Figure E.2: SHG dichroism. Polarization maps recorded at a) ¢ = 45° and b) ¢ = 135° in three device
orientations. ¢) The dichroic maps, labeled by color scales marked with direction of polarization, indicate
the local ferroelectric polarization direction (modulo 180°) in a given location.

acterize this polar distortion along a specific crystallographic direction and distinguish be-
tween various tensor components, one can employ polarizer measurements. In these mea-
surements, the polarizer angle ¢ is systematically rotated. For a uniformly-poled region, the
SHG intensity achieves a maximum and minimum at specific ¢ values with a 90° difference,
indicating parallel alignment of the in-plane ferroelectric polarization with the polarization
of light in the maximum, and perpendicular alignment in the minimum. The dichroism from
these two perpendicularly polarized measurements can give us the in-plane polarization di-
rection as shown in Fig. E.2 (modulo 180°, but the direction of E-field poling removes any
ambiguity there).

F Determining ¥® for multiferroic samples

The ferroelectric and magnetic states as a function of poling field were determined using
piezoforce microscopy (PFM), optical second harmonic generation (SHG), and nitrogen-
vacancy (NV) imaging. For sample I, which is 50nm of BFO on TSO (110) substrates, the
PEFM (shown in Fig F.1a,b) shows characteristic large superdomains with net polarization
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Figure F.1: Ferroelectric and Magnetic state of sample I. a),b) PFM and ¢) NV microscopy of sample
I allows us to determine the spin cycloid propagation direction x’ and the polarization direction z’ in the
magnetic state @ for & = +%.

parallel to £%. However, a closer look at the superdomains shows very fine domains, the
angle between polarization vectors in adjacent domains here is 109°. In the superdomain with
net polarization along [100] ([100]), the ferroelectric polarization points along [111] or [111]
([111] or [111]), giving rise to a spin cycloid propagation direction along [011] ([011]) [155].
The boundary between these two spin cycloids appears in the NV-magnetometry (Fig. F.1c)
as an antiphase boundary due to the opposite out of plane component of the spin cycloid
propagation direction in the two superdomains. When an electric field is applied along +x,

a b

N N 1S
Magnetic field (G)

3

484 486 488 490 492 494 496 498
X position (um)

51.50 51.75 52.00 52.25 52.50
X position (um)

Figure F.2: Ferroelectric and Magnetic state of samples IT and IIL. a)-c) SHG and d)-e) NV
microscopy of samples IT and IIT allows us to determine the spin cycloid propagation direction x’ and the
polarization direction z’ in the magnetic state U® for & = +% in samples II and III.
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the superdomain with antiparallel polarization to the applied field is annealed out.

For samples II and 111, we use primarily SHG (see Appendix E) to determine the polariza-
tion directions (Fig. F.2a-c). The SHG map shows blue (red) when the in-plane component
of polarization is along the [110] ([110]) axis. After poling via electric field, we can deter-
mine the exact in-plane direction of the polarization. No contrast in the out-of-plane PFM
is observed in these samples (see previous chapter), and from prior BLFO studies [71], we
know that the polarization is rotated along a [112] direction. The spin cycloid propagation
is perpendicular to the polarization, and in the plane, along the axis [110] or [110] depending
on the polarization. In sample II (Fig. F.2a,d), both domains exist even when an electric
field is applied, and the spin cycloid in each [112] ([112]) domain has a propagation axis along
[110] ([110]). In sample III, a single domain forms upon electric field poling, and similarly,
a single cycloid domain exists (Fig. F.2b,c.e).

G Identity for €2}

Here we show that if €2}, is invariant under some operation O for 3 independent b, then €2y,
is invariant under O for any vector b. Suppose for i = 1,2, O(€2,,) = Qp,. Recall,

Q= (b-x)y’ (G.1)
For any constant a it follows that
Dby +ab, = (b1 +aby) - x)y" = (b1 - X))y’ + a(bs - xX)y' = Qp, + alp, (G.2)
Since symmetry operations are linear, it follows that
O(Q, 4ab,) = O(Qp, +aO(Qy,) = Qp, + ap, = Db, 4ab, (G.3)

Therefore, if Qy, is invariant under O for vectors b;, for any linear combination b’ of the
b;, Q is invariant under O. So, to show that €2y, is invariant under O for any vector b, it
suffices to show that €y, is invariant under O for three independent basis vectors b;.

H The action of 7 on the spin cycloid

We consider the case of BFO under the time reversal operation 7. The magnetic Hamiltonian
given by Fishman et al. [164] describes the energy of any given configuration of spin S;:

E:_leszSJ_JQZSlSJ_KZSZQZ/
(i) (i) i

-Di ) ¥ (SixS;) - D > (=D)lg (S x 8)) (H.1)

R;j=R;+a'x’ R;=R;+ax,ay,az

Here, the exchange constants J; and J, and the pairs of spins (7, j) and (i, j)’ are for nearest
neighbor spins and second nearest neighbor spins respectively. K is the anisotropy constant.
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The primed basis vectors x’, y’, and z’ are rotate from the unprimed basis vectors so that
7' lies along the direction of the polarization, x’ lies along the propagation vector of the
spin cycloid, and y’ = 7z’ x x/; as shown in Fig. 7.2c. The ground state of the magnetic
Hamiltonian is the spin cycloid and spin-density wave with a period ~ 70 nm and no net
magnetization [123, 126, 127, 164], and is also given by Fishman [164]:

Sy(R) = (=1)R/¢cos 74/5% — S./(R)? x sgn[sin(kR)] (H.2)
Sy (R) =sin74/52 — S,/(R)? x sgn[sin(kR,)] (H.3)

S (R) = (=1)f/e8 i C,, cos(nkR,) (H.4)

n=1,3...

where the odd-order coefficients C,, satisfy >~ . C, =1 and give the anharmonicity of
the cycloid, 7 is a variational parameter, and kX’ is the spin cycloid propagation vector. The
action of time reversal 7 on the spins S(R) is to negate each spin:

T(S(R)) = —S(R) (H.5)

Consider the action of a translation by %'7/k. We show that S(R') = —S(R) where R’ =
R+ X'7/k.

S (R)) = (=1)f/es i Cy cos(nkRy + 1) = —S.(R) (H.6)

Sy(R) = (=1)R/¢cos 74/S52 — S./(R/)? x sgn[sin(kRy + 7)) = —Sw(R) (H.7)
Sy (R') =sinT4/S5? — S(R')? x sgn[sin(kRy + 7)) = =Sy (R) (H.8)

This shows that the action of time reversal T is equivalent to a translation. Thus, since
the magnon dynamics as observed by the detector wire are effectively invariant by such a
translation, the magnon dynamics are effectively invariant under 7.

We note that we are able to justify the effective translational invariance of the magnon
dynamics as observed by the detector wire by appealing to the size of the detector wire.
The detector wire has a width of 1.3um and a length of 120um, and has rough edges due
to imperfections in the fabrication process. The macroscopic size of the detector contains
many multiples of the spin cycloid, and the randomness of the edges averages out over the
length of the wire to make a translation inconsequential in the magnon signal. This is also
observed in the lack of significant variation in magnon signals from device to device, where
the position of the detector wires with respect to the spin cycloid texture is not controlled
for.
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I Extension of the phenomenological model to magnon
injection via the spin-Hall effect

When a spin current I, (where the vector component denotes the spin polarization) is injected
into the magnetic insulator, magnons in mode p with spin (S),, are created with proportion-
ality to I’ - (S),, and absorbed if the dot product is negative. This creates a concentration
gradient in the magnon population across the device, and the resulting diffusion of magnons
leads to a spin accumulation at the interface of the detector wire and the magnetic insulator.
Let the wires be along ¥ and the film normal along Z, so magnons diffuse along +x. To
denote the location of the detector wire with respect to the source wire, we use §' = £X,
identical to q in the Vsgp studies. Furthermore, the injected spin current polarization is
I = I'x. The resulting spin current into the detector wire I? then has the form

~ ZIZ Hn#(sgn[fz<5$>u]ﬁ). (1.1)

Here we have the state of the multiferroic represented by é. There are two factors of the
spin of the magnon (S),, because of the creation and absorption processes that happen at the
source and detector. The voltage measured across the detector wire Vsyg is then proportional
to I? - %, and is measured referencing the first harmonic of a lock-in, which time averages

a Predicted nonlocal hysteresis b SrIrO,/BFO/TSO
(no symmetries) 11.3
1 E~\
- 11.2 1 @-"‘E ‘@\
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Y 11.1 1 ﬂ\ _J-- N
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S

Poling field (kV/cm)

Figure I.1: Spin-Hall effect magnon voltage. a) Predicted hysteresis with no my,, my, or my, sym-
metry constraints. 7 symmetry constraints are included. b) Vg hysteresis measured using SrIrOs source
and detector on BFO with magnetic texture identical to sample I, with no symmetries besides effective T
invariance. The distorted shape of the hysteresis is likely due to systematic issues in the quality of the SrIrO3
electrodes such as resistive heating. The differing offsets are likely from systematic differences between the

circuits for ¢’ = +%X and § = —%.
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the product of the signal and the alternating source current. In such an alternating current,
I' > 0 for half the cycle, and I' < 0 for the other half of the cycle, so the measured voltage
is proportional to

Voie ~ Y (So)pnf(4%) + ) (S)inS(—%). (L.2)

Another way to think about this is to consider one magnon mode y; with spin (S;),, = h.
Magnons in this mode will be created and diffuse in +% when I’ > 0, invoking nﬁl(—l—fc).
However, magnons in this mode will also be annihilated at the source and diffuse in —%x
when I! < 0, invoking 75, (—X). So, the signal Vsug is a sum of both of those events.

We now suppose that we can choose the state between € = £X by applying an electric
field between the source and detector wires, and make a hysteresis measurement to measure
Vaix, — Vge. The difference AVgyg is then

AVspg ~ Z o)ty () + (Sa )™ (=) = (Sa) i (+%) = (So)um, ™ (=%)] . (1.3)

Notice, that if we now switch the identity of the source and detector wire, changing q’ from
+X to —X which effectively sends 175((“1) — nﬁ(—d), the expression remains unchanged and
we expect to recover a hysteresis with the same polarity and the same differential. We use
SrlrOj3 electrodes to measure the first harmonic hysteresis, and our preliminary results reflect
the model results (Fig. I.1).
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