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Abstract

LORETO, Renan Pires, D.Sc., Universidade Federal de Vicosa, April, 2018. Topological states
applied to spintronics devices. Adviser: Clodoaldo Irineu Levartoski de Araujo.

In this work we study three important magnetic systems extensively researched in the past
decades. In the first part, the recent proposition of the use of magnetic skyrmions, which are
topological particle-like excitations in ferromagnets, in racetrack memories, have attracted a lot
of attention recently opening up a new field of study called skyrmionics which is an attempt to
use those magnetic structures as information carriers in next generation of spintronic devices.
For usage of magnetic skyrmions, in some systems is necessary to include the Dzyaloshinskii-
Moriya interaction (DMI) and the out-of-plane magnetic field into the system. In this work, we
explore a system without these requirements. First, we propose a controlled way for the creation
of magnetic skyrmions and skyrmioniums imprinted in a perpendicular magnetized ferromag-
netic nanotrack. Then we investigate the detachment of the imprinted spin textures from the
underneath of the nanodisk, the transport by the spin-transfer torque imposed by spin-polarized
current pulses applied in the nanotrack and the detection by Tunnel Magnetoresistance (TMR).
We notice that the moving structure is not a skyrmion after is detached, and by calculating how
the topological charge behaves, we have called it the resonant magnetic soliton (RMS).

The second part covers the generation of spin currents by Spin Pumping and Spin Seebeck ef-
fects and the conversion of this spin current to charge current in (Big 225bg.78)27es topological
insulators at room temperature. The spin-to-charge current conversion is attributed to the in-
verse Edelstein effect (IEE) made possible by the spin-momentum locking in the electron Fermi
contours due to the Rashba field. The measurements by the two techniques yield the same value
for the IEE parameter, showing that those methods can be an efficient way to the spin to charge
current in topological insulators.

In the third part, arrays of nanomagnets designed to resemble spin ice materials (disordered
magnetic states) are known as artificial spin ices (ASI). Here we study, both theoretically and
experimentally the thermodynamic effects on streched arrays of spin ices. The rectangular arti-

ficial spin ices (RASI) is expected do show different phase transitions by changing the geometry



of the system. This geometrically driven dynamics in ASI can open up the panorama of ex-
ploring distinct ground states and thermally generated magnetic monopole excitations. Here,
it is shown that a particular RASI lattice experience less restriction to flip precisely in a kind
of rhombic lattice and by comparing the impact of thermal effects on the spin flips in these
three appropriate different RASI arrays, it is possible to find the phenomenon that we call ASI

geometrothermodynamics.
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Resumo

LORETO, Renan Pires, D.Sc., Universidade Federal de Vigosa, Abril de 2018. Estados Topologi-
cos aplicados a dispositivos spintronicos. Orientador: Clodoaldo Irineu Levartoski de Aratjo.

Neste trabalho estudamos tres importantes sisstemas magnéticos extensamente pesquisados nas
ultimas décadas. Na primeira parte, a proposta recente da utilizacdo de skyrmions magnéti-
cos, que sdo excitacOes topologicas tipo quasi-particula em ferromagnetos, em memorias tipo
racetrack, tem atraido a atencdo de pesquisadores nos ultimos anos abrind um novo campo
de estudo chamado skyrmionics, que é uma tentativa de utilizar estas estruuras magnéticas
como transportadores de informacgédo na préxima geracao de de dispositivos spintronicos. Para
a utilizacdo de skyrmions magnéticos, em alguns sistemas é necessdrio a inclusdo de interacdo
Dzyaloshinskii-Moriya e campos magnéticos externos no sistema. Neste trabalho, nés explo-
ramos um sistema sem estes requisitos. Primeiro, propusemos um modo controlado de criacdo
de skyrmions e skyrmioniums impressos em em uma nanofita de material ferromagnético com
magnetizacdo fora do plano. Apods isso, investigamos o destacamento da estrutura da regido
abaixo de um nanodisco, responsavel por imprimir esta estrutura. O transporte é feito por spin
transfer torque devido a pulsos de corrente elétrica spin polarizada aplicadas na nanofita. A
deteccdo da estrutura é feita por magnetoresisténcia tunel. Esta estrutura que se move, apds
deixar a regido abaixo do disco, ndo é mais considerada um skyrmion e, calculando como a
carga topologica evolui, a estrutura foi chamada de sdliton magnético ressonante. A segunda
parte cobre os efeitos de geracdo de correntes puras de spin por Spin Pumping e efeito Seebeck
de Spin e a conversdo dessas correntes de spin em correntes de carga em isolantes topoldgicos a
temperatura ambiente. A conversdo de corrente de spin em corrente de carga é devido ao efeito
Edelstein Inverso (IEE) que € possivel devido ao ’spin-momentum locking’ do elétron no nivel de
Fermi devido ao campo de Rashba. As medidas nas duas técnicas levaram ao mesmo valor do
parametro IEE, mostrando que ambos os resultados sdo maneiras eficientes de converédo de cor-
rente de spin em corrente de carga. Na terceira parte, redes de nanomagnetos projetados para
assemelhar-se a gelos de spin (estados magnéticos desordenados) e sdo conhecidos como gelos

de spin artificiais e, estudos tedricos e experimentais da termodinamica nestas redes. Nas re-

vii



des retangulares de gelos de spin artificiais espera-se que mostrem diferentes transicoes de fase
mudando a geometria do sistema. Esta dindmica gerada por efeitos geométricos abrem uma
possibilidade de explorar diferentes estados fundamentais e geracdo de monopolos magnéti-
cos por efeitos térmicos. Aqui, mostramos que uma rede particular de gelos de spin artificiais
se mostram com menos restricoes para que as nanoilhas mudem magnetizacdo em uma rede
em particular e, comparndo o impacto de efeitos térmicos em mudancas de magnetizacdo em

diferentes sistemas, ¢ possivel encontrar o fenAtmeno chamado geometrotermodinamica.
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1 - Introduction

Since its discovery, magnetism have been applied in our daily life and nowadays many de-
vices are based on it, for example the magnetic storage in hard disk drives (HDD) that increases
every year the amount of information that can be stored. The search for even smaller devices,
with more processing and storage capacity is the main incentive for researches in new materials,
effects and devices around the world

In the past decades, condensed matter physics became one of the most intensely researched
and promising fields of study, with the possibility of control the fabrication of micro and nano-
sized structures and also the study of its properties.

The most outstanding discoveries over the past years, that opened many doors to new re-
searches that led to faster, smaller, and cheaper devices we use today, include the development
of spin valves (SV) [1], the discovery of Giant Magnetoresistance (GMR) [2, 3] in 1988 and in
large Tunnel magnetoresistance at room temperature in 1993 [4]. Those effects brought a huge
boost in the development of spintronics and data storage devices, starting in 1997 when IBM
released the first reading head based on the GMR effect and this quickly became the standard
technology for hard disks used in almost all devices. The biggest improvement of magnetore-
sistance effect came from the magnetic tunnel junction, that increased the storage capacity by
allowing more information to be stored in smaller area of a HDD.

From those past discoveries, recent significant researches in spintronics field include Magne-
toresistive Random Access Memory (MRAM) that offers large capability, nanosecond switching
speed and storage power compared to other types of silicon based solid-state memory such as
SRAM and DRAM, and having the advantage of being non volatile [5, 6].

Slonczewski [7] and Berger [8] in 1996 suggested that the magnetization in a layered struc-
ture can also be manipulated by the electrical current. Their theory led to great research inter-
est in the spin-transfer (ST) phenomena, where the magnetization can be manipulated without
magnetic fields. The study of ST has become a very attractive field [9-12] due to its huge poten-
tial to high density memory structures once in such technology it is not necessary the presence

of bit lines to generate magnetic fields, as in MRAM.



In the past years, topology is becoming more present in condensed matter physics. By defini-
tion, topology is a mathematical concept that deals with properties of spaces that are invariant
under smooth continuous deformations [13]. The history of topology starts with Leonhard Euler
and his topological solution to the Konigsberg bridge puzzle, in which he proved that crossing
all seven bridges of the town requires you to cross at least one bridge twice, and he did it by
reducing the problem knowing just the number of land masses and the number of bridges, the
topological invariants. The solution would be the same for any city with the same number of
land masses and bridges, they are topologically equivalent [14]. Topology leads to the classifi-
cation of spaces into different families, for example, a cube and a sphere belongs to the same
family because they can be transformed into each other, so they are topologically equivalent; a
doughnut (torus shape) is not, because the creation of the hole on it is not allowed. Instead, it
belongs to a different topological family along with mugs, for example, as one can be smoothly
transformed into an another [15]. The same can be thought for the Hamiltonian that describe
the band theory of solids, where exists a band gap between ground and excited states, the de-
formation of this gap can be done smoothly by changing the Hamiltonian where the gap is not
destroyed. In topological states of matter, the states can be defined with certain quantities that
are topologically invariant [16].

The first topologically nontrivial state of matter, the quantum Hall effect (see chapter 10),
was reported in 1980, with Klaus von Klitzing winning the 1985 Nobel Prize in Physics for
its experimental observation. These topologically nontrivial materials are characterized by the
existence of topologically protected points or nodes where the valence and conduction bands
touch at the Fermi energy, enabling the existence of excitations that behave as fermions with
unique properties [15].

In magnetism, topological numbers are attributed to structures that can not be that changed
by a continuous deformation of the field configuration, leading to excitations that can be stabi-
lized in chiral magnets, like vortex, antivortex or skyrmions. They exhibit a variety of unique
topological phenomena, which can be described by the emergent electromagnetic field (EEMF)
associated with the spin configuration [17,18].

Materials presenting some of the properties described above are know as quantum mate-
rials including superconductors, graphene, topological insulators, Weyl semimetals, spin ices,
nanomagnets, multiferroics and others [19]. This new generation of materials lies in “basically”
two pillars: the first are electronic correlations, that are cooperative behaviours not being pre-
dicted by the properties of individual electrons, like emergent excitations such as monopoles and

skyrmions, and the second is the topological order which include dissipationless transport and



emergent particles with fractional charge [20]. This thesis focus on the outcome of three novel
topological states in magnetics systems researched over the past decade and it is organized as
follows.

In the Part I we propose an alternative to the racetrack memory devices, first proposed by
Stuart Parkin [21] with the information being carried by Domain Walls (DW) and later proposed
by Albert Fert [22] using magnetic skyrmions as the information carrier. By a simplified device
without Dzyaloshinskii-Moriya interaction and external fields, we show that by using a magnetic
soliton stabilized by electrical current (spin-transfer torque), the device construction turned out
to be simpler than the others proposed so far and the information can be carried faster, mainly
if compared with in plane domain walls and with more stability compared to the out of plane
walls.

In the Part IT we report the spin to charge current in topological insulators by two methods,
the spin pumping and spin Seebeck effects. Quantum Hall insulators, also known as topo-
logical insulators constitute a novel state of matter, which have been the subject of intensive
investigations in condensed matter physics, specially in the last decade for spintronic applica-
tions [23-28].

In the Part IIT we explore the thermal effects on frustrated systems, called ‘spin ices’, a set of
magnetic nanoislands that, among other things can emerge topological magnetic charges [29]
between its vertices due to magnetic frustration, leading to investigation of possible circuits
based in magnetricity, an analogue of electricity. In this part we explore the experimental and

theoretical thermodynamics of those systems realizing geometry dependent phase transitions.



2 - Basic Concepts of Magnetism

Any material, when submited to an external magnetic field, acquires a magnetic moment.
This magnetic dipole moment per unit of volume is defined by the magnetization M. The

response of the magnetization to the external field H is given by [30]:

M = xH (2.1)

with x defined as the magnetic susceptibility.

By applying a field in a material, its response will be defined by the magnetic induction vector
B inside the material. The Maxwell equations are usually described in terms of this induction
vector.
where pg is the magnetic permeability in vacuum. For a given material, the permeability is

defined:

= po(l+x) (2.3)

A material can be classified as paramagnetic if Y > 0 and diamagnetic for x < 0. Some
materials does not have a linear relation between ?J and ]\3 , called materials with collective
magnetism (ferromagnetic, ferrimagnetics and antiferromagnetics). This is caused by the strong
interaction between consecutive individual magnetic moments, rather than just the interaction
between the magnetic moment and the external field.

Diamagnetism is present in all materials, but is relevant only in the absence of paramag-
netism or the collective magnetism. Diamagnetic materials are characterized for a small, neg-
ative susceptibility and temperature-independent, this means the magnetization induced by an
external field is proportional and opposite to the applied field. The magnetic flux variation in-
side the material generates an induced electromotive force that, according to the Lenz’s law acts

in order to eliminate the changes in the flux.



Paramagnetism occurs from the alignment of some unpaired magnetic moments with the
magnetic field, causing a small increase in the induction field of the material. This induced
magnetization is proportional and parallel to the applied field and have a certain temperature-
dependence. These materials are characterized for a positive susceptibility and constant, for
small fields.

The materials with collective magnetism do not have a direct relation between I? and ]\_4\ ,
where even for zero field, it is possible to observe a remanent magnetization (M,). The ferro-
magnetic state is the most common and important collective magnetism. For a strong enough
magnetic field, when all magnetic moments are aligned, the material reaches the maximum mag-
netization, where, even increasing the field, the magnetization can’t be increased anymore, this
maximum value is called the saturation magnetization (),). The magnetization changes direc-
tion for a certain strength of magnetic field where, in some points, the magnetization and field
can be opposite, for values smaller than the coercive field H.. Figure 2.1 shows the behaviour
of the magnetization in the presence of a magnetic field. This curve is obtained by applying a
magnetic field bigger than H, in order to align all magnetic moments, where magnetization is
at maximum. The field is then decreased to zero, where the curve shows the remanent magne-
tization, that can be different of zero. The field changes direction and reaches maximum at the
opposite direction, returning to the initial point, completing the hysteresis cycle. For materials
with collective magnetism the spontaneous magnetization of a ferromagnet is observed to vanish
above an ordering temperature called the Curie temperature 7., because thermal energy given
to the system is large enough to overcome the mutual relations of the magnetic moments. This
temperature phenomena was first explained by Pierre Weiss in 1907, assuming the presence of
a “molecular field" inside the ferromagnetic material that tends to align the magnetic moments
against thermal fluctuations. The Curie-Weiss Law, that explains the temperature dependence,

is plotted in Figure 2.2 [31].



Figure 2.1: Schematic of a hysteresis curve with the saturation magnetization My, the remanent mag-
netization M, and coercive field H.,.
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Figure 2.2: Normalized magnetization in function of temperature, normalized to the Curie temperature.

In some special compounds, like aFe;0O4 (o being Ni, Co, Fe, Mn or Zn), there are two
contributions for the total magnetization, with two ferromagnetic sublattices opposite to each
other. Those are called ferrimagnetics if the sum of the magnetization of those sublattices are
different of zero, below T. In a particular case, where the sublattices magnetization cancel each

other below a critical temperature, the material is called antiferromagnetic.



2.1 The Exchange Interaction

In contratst to paramagnetic materials, which magnetic moments interact only with external
fields, the electronic spins from ferromagnetic materials interact with each other and tends to
align its neighbours in their direction. In a ferromagnetic material, the alignment of the mag-
netic moments in respect to its residual spin is governed by the exchange interaction, described

with the Heisenberg Hamiltonian [32],

H=-%7;5-5, (2.4)

i#]
or using more complex equations capable to taking account of anisotropy effects. In Equa-
tion 2.4, J;; is the exchange integral that represents the superposition of the electrons eigen-
functions (a good deduction of the exchange integral can be found in [33, 34]) and §i, §] are
two neighbour spins. Note that, if J;; > 0, the lower energy alignment is ferromagnetic while
Jij < 0 indicates antiferromagnetic alignment. Heisenberg model is valid for small distances

and finite temperatures, different from zero [35].

@ (6)
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Figure 2.3: a. Ferromagnetic alignment b. Antiferromagnetic alignment

The Heisenberg direct exchange is an isotropic relation and can have anisotropy terms de-

pending on the system considered, then the (Equation 2.4) becomes.

H=—> Jij(Si-S;j— AS; - S7) (2.5)
i#]
where )\ is an anisotropic constant. If \ is zero, Equation 2.5 returns to the isotropic system.

If it assume values between 0 and 1, the model have an easy plane anisotropy and in case of

negative ), the system is in the easy axis anisotropy regime, where the z axis is the easy one.



2.2 The Dzyaloshinskii-Moriya Interaction

In 1958, Igor Dzyaloshinskii [36] introduced an antisymmetric term in the exchange inter-
action when studying a model for weak ferromagnetism. Toru Moriya em 1960 [37] found an
explanation for the mechanism under this interaction based on the spin-orbit coupling. The
Hamiltonian for the Dzyaloshinskii-Moriya interaction (DMI) is written:

Ham = —Dij - (5 % ) (26)
where D:-j is the Dzyaloshinskii vector (a good deduction of the DM hamiltonian can be found
in [33,38,39]).

While the direct exchange interaction benefits the parallel or antiparallel alignment between
spins, the DM interaction occurs when an inversion symmetry breaking is present. The compe-
tition between the exchange and DM interaction leads to a minimal energy state that favours
non-collinear spin ordering resulting in chiral configurations, like spirals, where neighbouring
spins are always slightly turned. This configurations depends of the direction of the BU vector
and it is the main cause of the formation of magnetic skyrmions.

2 0 b

Weak ferromagnetism (LaCu,0,)

2 1 ST CO P | S

02- Cu2+

g f

e
D, ==

N g
‘ Large SOC

Figure 2.4: a. Symmetry breaking scheme and b. rotation of neighbouring spins due to the symmetry
breakig in LaCupOy4. Extracted from [40]. c¢. Schematic of a DMI for a triangle composed of two atomic
spins and an atom with a strong SOC. d. Scheme of a DMI at the interface between a strong SOC

material (blue) and ferromagnetic metal (grey). The vector D,; is perpendicular to the plane of the
triangle. Extracted from [22]

Figure 2.4a shows the invesion symmetry breaking in LaCuyO4 [40]. The D;; vector is



proportional to zZ X ?ij, for ?ij the vector connecting two neighbours spins and zz is the
displacement of the Oxygen ion from this line. The energy of the DMI increases with increasing
x, that represents the degree of the inversion symmetry breaking. The product S; x S; pushes the

oxygen ion in a direction perpendicular to the chain formed by positive Cu ions (Figure 2.4b).

2.3 Magnetic Anisotropy

When a property of a material is dependent of shape or any specific direction, this material is
called anisotropic. In magnetic materials, this anisotropy can be associated to shape, crystalline
structure, changes in the lattice parameters and others. This means that the energy required to
align the magnetic moments of a ferromagnet crystal depends on the direction of the applied
field relative to the crystal axis [41].

Shape anisotropy is dependent of the aspect of the sample. Defining an anisotropic field
H.nis = MAN, for N a demagnetization tensor that depends on the shape of the sample. For
example, in a needle, the easy magnetization is favoured along the needle long axis and in a thin
film (bi dimensional geometry), this anisotropic field favours the magnetization in the plane of
the sample.

One of the most common present kinds of anisotropy is the magnetocrystalline, mainly due
to spin-orbit interaction. In this case, the exchange interaction is affected and “easy axis” of
magnetization appear. For some materials the magnetocrystalline energy is small compared to
the exchange energy, affecting only the direction of the magnetization, not the value, since the
exchange model is isotropic.

For example, in a body-centred cubic structure of Iron, there is a higher density of atoms
in the [111] direction, making this the hard axis. Magnetization curves below show that the
saturation magnetization in [100] direction requires significantly lower field than in the [111],
as shown in Figure 2.5.

For hexagonal close-packed (hcp) Co, the [0001] (perpendicular to the close-packed plane)

is the easy axis. The [1000] is the close-packed direction and it corresponds to the hard axis.
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Figure 2.5: Crystalline structure of a Iron (body-centred cubic) and b Nickel (face-centred cubic) and
c Cobalt (hexagonal), describing the easy and hard magnetization axes according to their structures and
the respective magnetization curve for each crystal axis. Extracted from [30].

A measure for the intensity of the magnetocrystalline anisotropy (or another source of
anisotropy) can be done from the field needed to completely saturate all dipole moments of

a material (H,,;, in this case). The energy density to saturate a sample with anisotropy is:

Ms «

w= o H(M)dM 1st order approx. %MsHanis (27)
0
and can be expanded in a power series [30]
U= Z Koy sin®™0 = Ky + Ky1 sin’0 + Ky sin*0 + ... (2.8)
n

where 0 is the angle between ]\7 and E K, is an isotropic term, since it does not depend on
the angle and can be neglected. The first order anisotropy constant K,; defines if the material
have easy (K1 > 0) or hard (K,; < 0) axis magnetization.

If the energy u is the Zeeman energy by volume, (— ,uoj\} : E = —uoMH sinf), for a magne-
tized material immersed in a magnetic field, and using a zero-torque condition on Equation 2.8

to describe the hard-axis magnetization (—du/06 = 0):

2K,1 sind cosb + 2K o sin0 cosd = MH cosf (2.9)

In the saturation, we can write m = M /M, = senf, the magnetization parallel to the

magnetic field, Equation 2.9 can be written as:

10
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M-H = 2K,y m+ 2K, m (2.10)

by dividing both sides of Equation 2.9 by cosf (since below saturation, cosf > 0). Equation 2.10
describes the magnetization with a high order term and a second order K, usually smaller
than K,

Considering all anisotropies present in a system and the exchange interaction, the description

of the energy density for an applied magnetic field perpendicular to the easy axis is written [30]:

f =K, cos®0 — M,H cosf , for K, >0 (2.11)
This energy is minimized if the first derivative is zero and the second derivative is bigger

than zero.

(—2K,, cosd + MsH) senf =0 (2.12)

— K, c0s*0 + M,H cosf >0 (2.13)

The condition 2.12 is for zero torque of M, when the magnetization is stable and aligned to
the magnetic field and have two solutions. First when sinf = 0, leading to # = 0,7, ... which

indicates a saturated state or when

2K, cos = MsH (2.14)

For an external applied field large enough to saturate all moments of a given sample, the

field is the coercive field H = H, and cosf = 1, K,, can be defined:

K, = (2.15)

In multilayer structure, the physical origin of the perpendicular magnetic anisotropy energy
is the interaction of the mean exchange field and the orbital angular momenta of the atoms
(ions) in the lattice. This interaction is referred to as spin-orbit coupling. For example, in a
usual (Platinum or Palladium)/Cobalt bilayer structure, the out of plane anisotropy is due to
the strong spin-orbit interaction from the heavy metal to the magnetic material [42]. For Co
layers, having a hcp structure, magnetocrystalline anisotropy can be considerable. The effective
anisotropy constant is given by a volumetric K, and a interfacial K contribution for an effective

anisotropy constant, written as

11
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t )

K=K, + fort #0 (2.16)

plotted in Figure 2.6. The perpendicular magnetic anisotropy (PMA) is a result of a magnetic
anisotropy at the interface which considerably differs from the magnetic anisotropy in the bulk.
For those materials, the perpendicular anisotropy vanishes for Cobalt thickness more than 13A.
The strong demagnetizing fields which are created by the spin-orbit when turning the mag-
netization out of the film plane is bigger than the effect responsible for the orientation of the

magnetization parallel to the film plane.

| Nx@ACo+11AP9) |

e

Ico (A)

Figure 2.6: K.y in function of Cobalt thickness in Co/Pd bilayer. Extracted from [41].
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Part 1

The Ressonant Magnetic Soliton
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3 - Introduction

In 1965, an Intel co-founder Gordon Moore observed that transistors size were diminishing
so fast that every year twice as many could fit onto a chip, in other words, the density of
processing devices was doubling every year. In 1975 the pace was adjusted to the density
doubling in every two years. This is known as Moore’s law (although it’s not a law, but a
prediction).

The capacity of processing devices increased and the cost decreased exponentially from
$228/GB in 1998 to $0.06/GB in 2010 [43]. For comparison, between 2000 and 2009, the
number of transistors in a chip increased from 37.5 million per chip in 2000 to 904 million
in 2009 [44]. This law does have a limit, once the transistors reach the atom size, it will be
impossible to keep increasing the density.

Data storage capacity also increases in time [45], but haven’t grown in the same pace as
Moore’s law, causing a performance gap between processing (CPU) and storage (HDD - hard
drive disks) units. In ten years, the magnetic recording spinning disk used in hard drive disks
came from 10K rpm up to 20K rpm. The bit size is getting smaller, but the velocity isn’t getting
faster due to mechanical limitations.

In the recent researches, Magnetic Random Access Memories M RAM [5,6,46] have pointed
out to be promising to overwhelm the limits of actual Dynamic Random Access Memories
DRAM used in commercial devices nowadays. The most usual M RAMSs consists in a ma-
trix of Magnetic Tunnel Junctions (MTJ) where a bit is defined by the magnetic orientation of
one of the layers in the junction. Magnetic vortex can also be used in the M RAM technology.
Stable vortex-states can exist in magnetic nanostructures, like disk-shaped nanodots, owing to
the competition between the exchange and the magnetic dipole - dipole interaction. The usage
of a magnetic vortex to realize is done by one bit having a few possible states according to the

chirality and polarity of a vortex, and thus can carry more information [47, 48]
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Figure 3.1: Scheme of a a. DRAM and b. MRAM. The first uses a capacitor and a transistor to define
the 0 and 1 states, depending on which the capacitor is charged or not. The second defines a bit by the
high or low resistance in the MTJ. c¢. Vortex-MRAM, the upper disk represents the storage layer and
the lower disk represents the reference layer in a single domain.

An alternative to the M RAM are the Racetrack Memories (RM), proposed by Stuart Parkin
[21]. Here, the information are transported by magnetic domains, separated by domain walls
(DW) in a stripe of ferromagnetic material. To tansport those magnetic domais, pulses of elec-
trical currents are applied. Those domains are generated by an Oersted field and read by a
magnetoresistive signal in vertical MTJ structures [49]. The low energy consumption for trans-
port and the stability against thermal fluctuation are the advantages of DW-based RM [50].
However, the domain walls are highly sensitive to defects due to fabrication, that can lead to

fixation points and stop, slow down or destroy the magnetic domains.

a) b)
nnn, — — ﬂ —
_’ 4—
Electrical \‘ \ l / /
current Magnetic domains
pulses Domain wall scheme

~—

Electrical current

flow

Writing head

Readine amplifier

Figure 3.2: a. Schematic diagram of the racetrack memory devices proposed by Parkin, with the vertical
stripe of magnetic material with the opposite magnetic domais in red and blue. b. Scheme for writing
and reading the information in the racetrack memory. Adapted from [21,49]

The domain wall-racetrack (DW-RM) device is composed by a stripe of soft ferromagnetic
material with in-plane magnetization and a current density in the order of 108Acm~2. The
velocity of the DW in RM increased from 100 m/s in 2008 [51] up to 750 m/s in 2015 [52]

with a current density in the same order of magnitude.
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An alternative for the DW-RM system was proposed in 2013 by Albert Fert [22] with the
utilization of magnetic Skyrmions, a type of magnetic excitation induced by Dzyaloshinskii-
Moriya interaction on perpendicularly magnetized ferromagnetic materials, better discussed in

chapter 4.
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4 - Spintronics and Skyrmionics for Memory

Devices

In condensed matter, a magnetic skyrmion is a kind of topologically protected soliton, with
strong Dzyaloshinskii-Moriya interaction (DMI), characterized by an in plane chirality and an
out of plane magnetization in the center and and in the borders (with opposite directions).
They were named after Tony Skyrme [53] for a work in 1962 that describes localized particle-
like systems with a nonlinear field theory for interacting pions. Those pions are described by
bosonic fields, but in the Skyrme work, the localized particle-like solutions can be interpreted as
baryons.

Topology is a concept to classify geometrical properties of continuous structures (vector
fields, space functions, etc). This means the skyrmion, as long it stays far of the edge of the
sample, it can’t be created or annihilated due to a topological energy barrier and it can coexist
with a ferromagnetic state (parallel spins). Another feature of skyrmions is a very low sensibility
to pinning by deffetcs or impurities, as they are topologically protected entities [54]. This is the
main advantage of the recent proposition of using skyrmions in racetrack devices with the spin
transfer torque mechanism (subsection 5.1.1) responsible for moving those structures along a
racetrack.

The different interactions on a magnetic system are due mainly to the exchange interaction
Equation 2.4, that tends to align the magnetic moments ferro or antiferromagnetically. This
interactions can also have contributions from anisotropy, magnetostatic effects and spin-orbit
coupling, responsible tfor the broken inversion symmetry of the Dzyaloshinskii-Moriya interac-
tion.

In a skyrmion structure, mainly the exchange and DMI compete each other, causing a devi-
ation in the spins from the (anti)ferromagnetic order. The result is an helical order, depending
on the direction of the vector Bij (see section 2.2). The magnetic configuration of skyrmions

are presented in Figure 4.1.
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Figure 4.1: Comparison between Bloch and Neel-type skyrmions with a and d the top view of the
spins configuration. b and e the cross section of the figures above, showing the direction of rotation of
the spins. In the Bloch-type, the spins rotate perpendicular to the radial direction, form the core to the
borders and in the Neel-type the skyrmions rotate in the radial plane. e and f (adapted from [55]) shows
the perspective view of the Bloch and Neel-type respectively.

The first evidence of the skyrmion phase came in 2009 in MnSi crystals [56-59], where
a magnetic structure with helical phase was observed with the presence of a perpendicular
applied magnetic field (it was called ” A-phase” before it was found out to be a skyrmion lattice
phase). From this point, skyrmion phases at low temperatures were observed in many different
materials, like Fe;_,Co,Si [17,60], Mn;_,Co,Si [61], FeGe [62,63]. The induced DMI quiral
state in those works appear in low temperatures. More recent works [64, 65] show skyrmion
crystals at room temperature in Co,Zn,Mn, polycrystalline films.

From 2013, another pathway to create skyrmions at room temperature, to overcome the
reliability of DM at room temperature, limited by the materials selection, was proposed with the
interaction between a magnetic vortex and a magnetic thin film with out-of-plane anisotropy
[66-68] and Co/Ru/Co multilayers [69] without DMI. The proposition of Sun et. al. [66] was
to create an hexagonal array of magnetic nanodisks with vortex configuration [70], arranged
similarly to the lattice of skyrmions in the chiral materials cited before and built on top of a

perpendicularly magnetized thin film (CoPt) as shown in Figure 4.3.
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Figure 4.2: a. A skyrmion can be built by a superposition of a vortex-antivortex states. b. A skyrmion
may form through implanting a vortex into a perpendicular film. Extracted from [50].

Figure 4.3: a. Proposal with the Co nanodisks on top of CoPt layer without magnetic field. b.
Skyrmion lattice creation after applying a magnetic field. c. Top view of calcuted magnetic configuration
of the CoPt layer. The arrows represents in plane spins configurations. Extracted from [66]. d. Kerr
microscopy images with the sensitivities along the x axis and e. along y axis. Extracted from [67].

In the skyrmion-based racetrack devices [17,22,71-74], the skyrmions are the responsible
for storage and transport of information. Figure 4.4 shows the micromagnetic simulation of
skyrmions in racetracks. By applying a spin polarized current, the skyrmion moves in the track by
spin transfer torque. The interaction between consecutive skyrmions decays exponentially [75]
and the distance between them can be around 30nm without consequences. For a practical
application, the separation of =~ 62nm is shown to be the ideal for writing and detection of
different bits, which can be defined as 0 or 1 for a skyrmion state or uniform ferromagnetic

state, respectively [76].
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Figure 4.4: a. Micromagnetic simulations of current-induced motion of individual skyrmions or chains
of skyrmions showing the dependence of the velocity with the current density. b. Individual skyrmions
and chains of skyrmions exhibit the same velocity and can travel with a distance between each other of
around 57nm. Extracted from [22].

After Fert’s proposal, several others came up to use skyrmions in racetrack devices [76,77],
as shown in Figure 4.5, leading to applied researches for logic computing application and electric
devices based on skyrmions, making skyrmionics a promising technology to future real applica-
tions. [78-81]. These devices, even with the experimental realization, still have limitations due
to the need of applying an external magnetic field in order to create or stabilize the skyrmions
besides the need for the DM interaction and the skyrmion hall effect (see section 5.3) which

arises in skyrmion systems with charge Q = +1.

b Skyrmion

Current

Figure 4.5: Skyrmion-based racetrack devices proposed a. Zhang (2015) [76], where a perpendicular
electrode in the middle of the track is responsible to induce the skyrmion creation and b. Woo (2016) [77],
where a protocol of magnetic fields are necessary to create the skyrmions.
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5 - Methodology

5.1 Micromagnetic Simulations with Mumax3

5.1.1 Dynamic Theory of Ferromagnets: Landau-Lifshitz equation

The first theories that investigated the magnetic phenomena were proposed in the early
XX century with Pierre Curie by studiying the paramagnetic susceptibility of substances. Paul
Langevin explained diamagnetism and, in 1907, Pierre-Ernest Weiss developed the theory of an
spontaneous magnetic field in solids to explain the alignment of micromagnets (atomic spins)
in a ferromagnetic material. This spontaneous magnetization is related to the crystal structure
of the ferromagnetic material, which tends to align those spins in the easy axis, called Weiss
Domains [82]. The modern magnetization theory started with Akulov and Becker in 1929 by
studying the anisotropy energy for Fe and Ni [83, 84]. Further progress came with the develop-
ment of the quantum mechanics in the following years. In 1932, Felix Bloch worked towards
the theory of the structure of the region between two Weiss domains, that might have a finite
length, due to the exchange energy, [85] now known as the Bloch wall, similar to shown in

Figure 5.1.

Figure 5.1: Representation of a Bloch Wall

In 1935, Landau and Lifshitz [86] introduced a continuous theory for those walls, giving the
first interpretation for those domain patterns, which are mainly governed by the minimization
of the stray field energy. This theory describes the motion of magnetic moments in ferromag-
netic materials by the precession of a spin vector induced by an effective magnetic field. The
modern concept of Micromagnetism was introduced by Brown in 1958 [87] where the begin-
ning computational science in the 40’s allowed the solution of the Landau-Lifshitz (LL) equation

numerically.
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From the classical mechanics, the equation for a rigid body in a rotational movement is:

L -
d—t =T (5.1)

RN

where 7 is the torque acting the angular momentum L.
Suppose a rigid magnet of length [ and magnetic dipole moment m in the presence of a

magnetic field H = H(x), as shown in the Equation 5.5.

+mH

A
1
I
1
I
1
1
1
1

Figure 5.2: Torque experienced by a rigid magnet with opposite moments +m and —m

Each pole will experience a force

Fy =+mH (5.2)

Fy=-—mH (5.3)

In a referential in the center of the magnet, the total force is zero, but the torque is given by:

L

TZE r X

%

(5.4)

N

7= (mx F) + (12 % F) (5:5)

where 7 is the vector from the center of the magnet to m with [ = 2 ‘?‘ From Equation 5.2 and

Equation 5.3, Equation 5.5 becomes:

RN —
—

T =(mir x Hi) + (ma7 x Hs) (5.6)

T=2mr xH (5.7)



— RN

We will define here, the magnetic moment M = m [, where [ is the vector between the two

poles. Equation 5.7 becomes:

T=MxH (5.8)
From Equation 5.1 and Equation 5.9,

dL = =

—=MxH 5.9

o X (5.9)

In a quantum mechanical system, the magnetic moment M can be replaced by the quantum

JEEN

spin operator S

dé [N
—f =T (5.10)

and the magnetic moment of an electron is related to the spin moment by the relation:

M= —~8 (5.11)
where
glel
= — 5.12
2mec ( )

is the gyromagnetic ratio. g is the Landeé factor, a dimensionless constant (&~ 2.002319... for
an electron), e is the elementary charge, m,. is the electron mass and c is the speed of light.

Then

— =—yM x H (5.13)

This is the LL. model for dynamics of a magnetic moment in an external magnetic field. It
represents the precession of ]\} around ;I , without any energy loss, as illustrated in Figure 5.3a.
This equation can also be delivered from a quantum mechanical approach, by considering the
Heisenberg equation, which says the time evolution of an observable is given by its commutator

with the Hamilton operator. For the spin operator:

ii—(S) = ([S, ) (5.14)



Here, 77 is the Hamiltonian, in our case, described by the Zeeman energy

_ 9wy (5.15)

Ferromagnetic substances shows, in a range of applied magnetic field strengths, the magne-
tization as shown in the Figure 6.2. In order to take account of this experimental fact, it was
added a phenomenological damping term in the Equation 5.13 that describes how the mag-
netization acts in its precessional motion to reach the energy minimum, where this energy is
dissipated until ]\} becomes aligned to I?I . This damping may be described by the Gilbert term,

added up to Equation 5.13, that becomes [88] :

M x — (5.16)

This is the Landau-Lifshitz-Gilbert (LLG) equation. The second term in the right side is due
to the Gilbert damping. « is a dimensionless constant, that depends on the material.

Equation 5.16 describes the motion of the magnetization ]\71 in an external magnetic field I? .
The first term indicates the precession of ]\?l becomes aligned to I?I where the second is related

to the energy loss, and tends to align M with H (Figure 5.3b).

a b

— —

| Hepr | Hepr

-\/Mx Heoff (Mxﬁeff

M x [ﬁ X ﬁeff]

Figure 5.3: LLG equation representation. a. Without and b. with the Gilbert damping term. The mag-
netization (red) precesses around the effective field (blue). The Gilbert damping term adds a component
(green) that leads M towards the low energy equilibrium state of the system. Adapted from [89]

Spin-polarized electrical currents interact with magnetic moments via spin-transfer torque
(STT). In addition to the standard LLG equation when in presence of a spin polarized current,
John Slonczewski and Luc Berger in 1996 [7, 8], proposed a model for this spin momentum

transfer (SMT) and introduced a term in the LLG equation. The spin polarization of the con-

24



duction electrons of the electrical current can transfer momentum to the layer magnetization,
applying a spin-transfer torque that can affect the magnetic moments without applying a mag-

netic field. The Slonczewski term added to the LLG equation have the form:

0
oM

[%ﬁx@xm+@ﬁxm (5.17)

where a; are related to the in-plane torque efficiency and the first term is called the Slonczewski
torque. b; is the perpendicular torque efficiency and the second term in the brackets is a "field
like" torque and p unit vector of the spin polarization. The spin current and the coefficients a;

and b; depend on the angle between m and p. The parameter b; = {a; and

" hryJ P
T 20eldMgpo(1 + £2)

(5.18)

& = lex /sy denotes the ratio of spin decoherence length and spin-flip relaxation length [90],
J is the current density, P is the electrical current polarization and 0 < P < 1 (P = 1 means that
100% of the electrons have the same spin orientation), e is the elemental charge and d is the
thickness of the FM layer. The spin current and the coefficients a; and b; depend on the angle
between m and p due to the influence of the longitudinal spin accumulation on spin transport.
They indicate that the spin-torque term can be another source of precessionand it can either
increase or decrease the usual damping (second term in Equation 5.16) [91]. Some works have
found that the second term inside the brackets of Equation 5.17 is much smaller than the first,
and can be neglected [92-95].

The fenomenological description of the STT [90,96-98] is due to the transfer of spin-angular
momentum from the spin-polarized current. In an interface of a non magnetic (NM) and a
ferromagnetic (FM) material, a current through the interface can act like a filter for spin states.
In this current entering in a free layer, the electrons polarization are either aligned or misaligned
with an angle 6 in relation to the free layer magnetization direction. At the interface, when the
electrons are entering the magnetic layer, a transference of angular momentum from the electron
to the layer magnetization occurs.

The first process (related to the first term of Equation 5.17) is the reflection or transmission
of electrons due to the difference of the energy bands related to the electron spin. The reflection
probabilities depends on the electron spin and the spin-filtering effect will lead to the discon-
tinuity of the spin components and one part of the transverse spin current is adsorbed at the
interface. [99,100].

The second process (related to the second term of Equation 5.17) is the rotation of the
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scattered spins from the interface that will lead to another component of the spin torque per-
pendicular to m and p.

The Slonczewski perpendicular and parallel torques descripted above were studied in the
situation for spin valves and magnetic tunnel junctions, where the current flows through a free
and a pinned magnetic layers. In the case of magnetic vortex or domain walls, where the
magnetization gradually changes the direction, the STT of an electrical current is due to the
adiabatic and non-adiabatic torques. In the Zhang Li model [101,102], the adiabatic (7, caused
by the non-equilibrium conduction electrons with polarizations that coincide with the magnetic
moments) and the non-adiabatic (7, caused by non-equilibrium electrons whose polarizations

are misaligned from the moments) STT terms are described [103,104].

. - [~ am
a=—ugMx | M x =— 5.19
T ug M x X a0 (5.19)
. ~ oM
n=— M —_— 5.20
T Buo X o ( )

for currents flowing in the z-direction. § is a dimensionless small constant. For a current in an

arbitrary direction,
Ta=—ug M X <M X (JC : v) M) (5.21)

NN

T = —Buy M x (f : 6) M (5.22)

here, J. is the electrical current density vector. Those terms combined are similar to the Equa-

- N

tion 5.17 by taking p = (J. - V)M and

Py,

U0 9lelM,

(5.23)

where ug - J represents the drift velocity of the conduction electrons.

5.2 Numerical Solving of LLGS Equation

In summary, the numeric simulations of the space and time-dependent dynamics in fer-
romagnet, for energy minimization and transitions between spin configurations, are given by
numerically solving the LLGS (Landau-Lifshitz-Gilbert-Slonczewski) equation and provides a

description of magnetism on a mesoscopic length scale. The LLGS equation described in the
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previous section takes the form:

. 24
g™ o T aeag ) VM (5:24)

Z = —ym x Heg +

where m = ]\7 /Ms, 7 is the gyromagnetic ratio, Mg the saturation magnetization, « is the Gilbert
damping coefficient, p is the polarization ratio of the electric current, a is the lattice constant and
FI off is the effective field (subsection 5.2.1), which is composed by the magnetostatic field, the
external magnetic field, the magnetocrystalline anisotropy, the Heisenberg exchange interaction,
and the dipolar interaction and others. The third term on the right-hand side of Equation 5.24
is related to the adiabatic spin-transfer torque provided by the spin-polarized current j(?) in
the nanotrack.

For the iterations, we have utilized the GPU-accelerated micromagnetic simulator MuMax>
[105], that solves numerically the LLG equation with a finite-difference method for one or more
ferromagnetic materials, from a two or three-dimensional space composed by a lattice of or-
thorhombic cells with volume AV = AzAyAz, where for each cell is associated a magnetic
moment T?L(HZ, y,z) in the center of the cell. The input parameters of simulation, in terms of
Equation 5.24 are associated to each cell. In order to conserve memory, Mumax associates those
parameters for a region, that represents a material, as shown in Figure 5.4 and the numerical
parameters used in this work are described in Table 6.1.

The simulation cell usually have a nanometer size, to facilitate the numerical solving and
reduce the simulation time. The iterations are then calculated between cells instead of single
atoms or crystalline structures. This nano-sized cell corresponds to a group of atoms oriented in
the same direction.

For example, the Nickel has a face-centered cubic unitary cell, that holds 4 atoms per unit
cell with lattice parameter ap = 0.352nm [106]. In a cubic simulation cell of d = 1nm side, we
obtain almost 92 atoms per simulation cell. If we raise the cell to d = 10nm, it will hold around
91713 atoms. The cell size is limited by the exchange length (I.,, defined by Equation 5.25)
that defines what is large and what is small in micromagnetics [107]. A small cell (d < ;) is
necessary to ensure uniformity in the magnetization and guarantee that the material properties
are the same in the whole cell.

The exchange length is defined as

2Acq

leg = 5.25
/’(’OMS ( )

whereA., is the exchange stiffness of the material and M, the saturation magnetization and
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po = 4w x 107" H/m.

The advantages of MuMax® compared to other micromagnetic simulators like OOMMEF (that

also uses the finite discretization method), Nmag, magpar (that uses the finite elements method)

and others is the simplicity input scripting specially for introducing complex geometries and, by

using the graphics processing (GPU) instead of the processing unit (CPU), the simulation takes

place more quickly.

y
Material 1
P X Material 2

I

iLjk |+ [— i+Lj, k

Figure 5.4: 2D representation of cells discretization in Mumax. The elliptical geometry (blue) is divided

in cubic cells (red), where a magnetic moment m is associated in the center of the cell. The calculations
are then made following Equation 5.24 for the neighbours spins.

According to the developers, MuMax?® can also include ':

Magnetostatic field

Heisenberg exchange

Arbitrary inter-region exchange like RKKY(Ruderman-Kittel-Kasuya—Yosida) coupling
Dzyaloshinskii-Moriya interaction

Spin-transfer torque (Zhang-Li and Slonczewski)

Uniaxial and cubic magnetocrystalline anisotropy

Thermal fluctuations (Brown)

Voronoi tessellation

Time and space dependent material parameters

Arbitrary complex excitation (field, current)

Optional 1D, 2D or 3D periodic boundary conditions

! mumax.github.io
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5.2.1 The effective Field

The effective field, on the first term of Equation 5.24 is composed by [108]:

Hepp = Hept + Hegen + Hani + Haemag + Hpav + Hewrrent + Hen (5.26)
where ;I ezt 1S the external applied field, ;I ezchn 1S the exchange field, FI i takes account of
the anisotropy contributions, ;I demag 1S the demagnetization field, ;I pum is the Dzyaloshinskii-
Moriya interaction, FI current 1S the field due to electrical currents and I? .1, 1s the thermal field. In
the micromagnetic approach, the energies associated with the components of the effective field
have to be minimized.

The external field is, the energy associated is the Zeeman energy. The magnetization tends

to align with this field. This energy have the form:

E. = — oM, / m - Hegt (5.27)

The exchange field is due to the exchange interaction (section 2.1) where atoms interact

with the first neighbours. The energy associated to this interaction is written:

Eemch = Aew (VT?I)2dV (528)
with A., the exchange constant (or exchange stiffness), H.,.; the exchange field given by

RN

= 2Aem
H Vm (5.29)

exch — m
which for Mumax [105], it’s used in a six-neighbour evaluation in the form:

[N

24, < (mi—m)
exch — MOMS Z AZQ (530)

where i are the six nearest neighbours of the of the cell with magnetization m. A; is the separa-
tion between the center of the consecutive cells.

The anisotropic field take account of the anisotropic effects of the materials and it can
come from different sources, as magnetocrystalline anisotropy, shape anisotropy or interface
interactions (section 2.3).

The energy associated with a unaxial anisotropy have the form:
Eani = — K, / (m - R)dV (5.31)
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where K, is the anisotropy constant, n is a unit vector indicating the anisotropy axis, with a

field given by

(m-n)°n (5.32)

where K,; and K, are the first and second order uniaxial anisotropy constants respectively.
The demagnetization field is the responsible for the domain formation and is the biggest
contribution for the effective field (depending on the strength of external field). The demagne-

tizing field can be found from the magnetostatic Maxwell equations.
V-B=0 (5.33a)

VxHyg=0 (5.33b)

for B = po(Hg + M) and H, the demagnetizing field. The field H; = —V¢, where ¢ is the
magnetostatic scalar potential. A complete approach for this field is done in Makarov [108].
The Dzyaloshinskii-Moriya field due to the interaction (Equation 5.35), can be due to the

interfacial and bulk DM. The respective effective fields are written

= 2D —
Hpy = —M (V X m)2 —Vm, (5.34)
with the boundary conditions
omy omy D
= -_— = —*’[’)’LZ
or |gy Y gy 2A
om, om, D
= = 7mx
or |5y Y oy 2A
Omy omy
g p— 0
Iz gy W lav
omy . 8my . om, Y
0z |gy 0z gy 02 gy

with A the exchange stiffness and D is the DMI constant (in J/m?). The related energy is [109]:

B om, Omey om, omy

for ¢ the sample thickness.
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5.3 Skyrmion Hall Effect

One of the main problems in skyrmion systems is the Skyrmion Hall Effect (SKHE) [110], an
analog of the usual Hall effect, where a current flowing through an conductor in the presence of
an external field results in a measurable electric field perpendicular to the current direction due
to the accumulated charges on opposite sides of the material. The route made by a skyrmion,
when moving in a racetrack, is not a straight line [111, 112], as it feels a Magnus force while
moving. This force shifts its trajectory towards the border of the racetrack and it can happen

even in Skyrmion crystal [113]. This effect was experimentally obeserved in [114,115].

Figure 5.5: Schematics of the skyrmion Hall effect. Extracted from [110]

The translational motion of a skyrmion driven by the in-plane current (CIP) can be described
by a modified Thiele equation [116]:
- —(s —~(d (s —~(d N
Gx @Y -7 p s 0y vV () =0 (5.36)
where G = (0,0, 47Q) is the gyromagnetic coupling vector, for ) the topological charge. D is
a dissipative force tensor describing the effect of the dissipative forces on the moving magnetic
skyrmion. V(?) is the confining potential induced by the sample edges; « is the Gilbert damping
term and [ is the non-adiabatic torque term. ?(d) is the skyrmion drift velocity and ?(S) is the

skyrmion velocity due to STT [117].

(s)

Considering a skyrmion moving in the +xz direction (?;s) # 0 and ?y

= 0), far away
from the edges (V' = 0), with an electrical current applied in the —z direction. By solving the

Equation 5.36 with the conditions presented, we can find the drift velocities:
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o <§ + Q(O‘_ﬁ))> o) (5.37)

a (G? + oD?
—(d) (a—=8) \ =
v, = (DG(G2 +aD2)> Uy (5.38)

. . . . . —(Ss .
Here we can see that, for a skyrmion moving in the x direction (U;(p ) # 0) and having a non-

zero topological charge (G # 0), it will be subject to a perpendicular drift velocity, dependent of

the Gilbert damping term a.
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6 - Results

From the skyrmionics proposed so far, in this work, using full micromagnetic simulations, we
propose a device where external magnetic fields and DMI are absent, and is capable to transport
a new kind of magnetic spin texture through a nanotrack. The scheme is shown in the Figure 6.1.
The device consists in a magnetic nanotrack, made of Platinum/Cobalt where the magnetization
is perpendicular to the plane, with dimensions of 2000 x 200 x 8 nm?. A Cobalt nanodisk, 120nm
diameter and 20 nm thick, is used to induce in the nanotrack a skyrmion phase that moves in the
nanotrack when a spin-polarized electrical current protocol is applied. On the opposite side of
the track, a magnetic tunnel junction (MTJ) is used to detection of the structure when it passes
below the junction. The MTJ is composed by a 2nm oxide layer and a 120nm diameter and
20nm thick nanodisk made of the same material of the track. Two electrical contacts between
the opposite sides of the track are used to apply the electrical current and an electrical contact
between the MTJ and the track is used to measure the tunnel magnetoresistance. The steps for

creation, transport and detection of the moving structure are described in the chapter 6.

Figure 6.1: Proposed device composed by a nanotrack (light blue) with perpendicular magnetization,
a nanodisk with vortex magnetization (red, on the left side) responsible to imprinting the magnetic spin
texture in the track, a magnetic tunnel junction (wine/yellow stack, on the right side) for detection and
electrical contacts (yellow) to applying electrical current, responsible to moving the structure.

The finite difference discretization used by MuMax? to follow Equation 5.24 is performed in
a space of a two or three-dimensional grid of orthorhombic cells. Here, we have utilized a cubic

cell of 4 nm x 4 nm x 4 nm for the iterations. Magnetic parameters for Co and CoPt are adopted
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from [66] and displayed in the table below.

Material Pt/Co Co
Magnetization Out of plane In plane
M (A/m) 5 x 10° 1.4 x 10°
Aer (J/m) 1.5 x 10711 2.5 x 1071
K. (J/m3) (2 —5) x 10° 5.2 x 10°
Direction (z,y, 2) (0,0,1) (1,1,0)
a 0.3 0.3
P 0.5 0.5

Table 6.1: Parameters used in the simulations for out-of-plane (track) and in plane magnetization (disk).

From the parameters shown in Table 6.1 and the proposed device in Figure 6.1, we show in
this chapter the processes since the creation of the spin texture and its detection, as well as the

advantages for using this structure in racetrack devices.

6.1 The imprinted spin texture

In this simulation, according to Table 6.1, we have used different anisotropy constants (K,),
with out-of-plane easy axis, varying from 2 x 10°.J/m3 to 5 x 10°.J/m3. Figure 6.2 shows the hys-
teresis curves, with an external magnetic field applied in the z direction, for the system including
the nanotrack and the Co nanodisk (MTJ not included). The behaviour of the magnetization for
different values of (K,) change due to the interaction of the topologically stable vortex-sate
with the interaction between the core of the vortex and the track magnetization. For anisotropy
values below 4 x 10°.J/m? the coercive field increases due to the pinning caused by the vortex
core polarization. For values higher than that (K, = 5 x 10°.J/m?3), the hysteresis decreases
due to the pinning loss, when the vortex core is aligned with the strong track perpendicular

magnetization.
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Figure 6.2: Hysteresis curves for the systems with different K, values for the track magnetization, with
an applied external field perpendicular to the plane.

The first step of the simulation process is to “relax” the system to its minimal energy state,
from a random configuration of spins. The Figure 6.3 shows that, the first magnetization con-
figuration, after relaxing, have magnetic domains distributed in the track length, in this case,
the application of an external magnetic field is necessary, only in this situation, in order to an-
nihilate the as-grown magnetic domains in the track. Note that, below the disk, an imprinted
spin texture remains even when the whole track shows uniform magnetization. This structure
also vanish when the field is strong enough to destroy the vortex-state in the nanodisk. It’s
important to notice that the magnetic field is necessary only once, after the device fabrication
and the disk magnetization remais in vortex state in the whole process. This magnetic field is
not necessary in the next steps and this one of the advantages over the other devices proposed
so far [76,118,119].

The remanent magnetization recorded under the disk, after applying small field B, to sat-
urate the magnetization just in the stripe is presented in Figure 6.4, from the bottom point of
view displaying the magnetization behaviour on the track (white color represents the in-plane
spins, while red and blue represent the opposite out-of-plane spin configurations. Here we no-
tice imprinted skyrmion-like structures, with topological charge ) =~ —1, for the magnetization
in the stripe in each case presented in the figure. The skyrmion diameters decrease with PMA

strength increasing.
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Figure 6.3: a. Perspective view of the top and bottom of the track with zero field, displaying the
in-plane magnetization according to the color scale. The nanodisk is in a vortex-state configuration. b.
Partial view of the bottom part of the track of K, =5 x 10° J - m~3, for several external applied fields
in the 4z direction. The dashed lines show the diameter of the Cobalt disk, in the top part of the track.

Here, we find that the imprinted spin texture (IST) can be treated as a skyrmions [120,121]
with the topological number of ) ~ —1, for the magnetization in the nanotrack in each case
presented. As shown in Figure 6.4a the skyrmion diameter decreases with increasing PMA
strength.

It should be noted that the topological number (also called winding number) @ is defined
as [122,123]:

1~ dm _dm

where m is the reduced magnetization. This winding number means the number of times the
spins (or field) configuration wraps the suface of the internal sphere [50]. In theory, the topo-

logical number @ for a skyrmion is strictly equal to +1 in the continuous model, with boundary
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conditions m(r — oo) = (0,0,1) and m(r = 0) = (0,0,—1) or vice-versa (for » = 0 in the
center of the skyrmion), however, due to the numerical discretization of the simulation process,

we have () = +1 for a skyrmion in the micro-magnetic system.

K, =2 10°J/m? K,=3-10°J/m* K,=4-10°J/m* K,=5-10°J/m?

Figure 6.4: Imprinted spin textures under the disk for different values of K, according to the table
6.1. a. Structures formed below the disk after applying an external magnetic field B, = +0, 1507 with
respective values of ) in each structure. b. Structures formed below the disk after applying an external
magnetic field B, = 40,5007 with respective values of @) in each structure. The dashed lines represents
the diameter of the disk in the opposite side of the track.

Figure 6.4-b shows the remanent state of the system after the total out-of-plane magneti-
zation saturation, for track and disk. In this case, it is possible to note that the skyrmion-like
structure is not formed again, but a chiral configuration could be formed, in which the magnetic
vortex core is not opposite anymore to the nanotrack background magnetization. This structure
now have the topological number of ) = 0 and it is known as the skyrmionium [124-126],
which is composed by a combination of skyrmions with opposite topological numbers, i.e.,

Q=+1land Q = —1.

6.2 Detaching process

After the creation of the structure, we should move it through the track. As usual for
syrmions transport [17,63,118] in racetracks proposed so far, an spin-polarized current have to
be applied in the device. As shown in Figure 6.1, the electrical current is applied in the opposite
sides of the nanotrack.

In order to detach the skyrmion from the underneath of the nanodisk and move it by STT
in an adiabatic approximation [73,127,128], an uniform DC spin-polarized current (J = 10 x
1084 /em? with 50% of polarization) was applied in the track (Ku; = 2 x 10°.J/m?) with the

skyrmion-like structure imprinted, as shown in the Figure 6.5. Higher values of K; could be
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used to decrease the diameter of the moving IST, but with highest Ku;, the magnetization below
the disk core turns to opposite direction, aligned with the stripe, under applied current. If the
same amount of J is applied continuously, the moving IST rapidly evolves to a domain-wall pair,
as shown in Figure 6.5a. The topological number of the domain-wall (DW) pair becomes large
since the spin rotates many times in the region where m, = 0.

In the case where a skyrmionium imprinted from the nanodisk, in the nanotrack with K; =
5 x 10° J m~3 (Figure 6.5b), the current applied in the previous step is not enough to make
any changes in the structure. Now, a combination of spin-transfer torque and Oersted field from
J = 53 x 10® A cm~2 is enough to remove a skyrmion inside the imprinted skyrmionium and
expel it as a magnetic droplet. The droplet rapidly evolves to a small moving magnetic structure.
However, if the same amount of .J continues to be applied, it evolves subsequently to a domain
wall pair (Figure 6.5b). As in the previous case, is necessary to decrease the current .J to prevent
it from developing into a domain wall pair. Maintaining this current, as the first created structure
evolves in the track as a DW pair, after some time, another structure is expelled from below the

disk and this process continues to happen.
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Figure 6.5: Structure behaviour after a spin-polarized electrical current is applied a. J = 10 x 102 A -
cm~?2 in a track of Ky =3 x10° Jm=2 and b. J =53 x 108 A - cm™2 in a track of Ky =5 x 10° J m™3.
The dashed lines represents the diameter of the disk in the opposite side of the track.

After the first structure is created, from an imprinted skyrmionium, the current of J =
53 x 10® A cm~2 is too high to transport a stable structure, since the expelled magnetic bubble
rapidly expands and is transformed into a domain wall pair when it touches the edges. So we
should reduce the current for a stable value J; to avoid turning this system to a conventional

DW racetrack.

6.3 Transport

For the initial condition, as described in Figure 6.5b, after the detaching process, by using

a creation current J. = 53 x 10® A - cm~2, the structure can be transported, but with huge
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variations in size. In order to have a structure with stable size, after J. is applied, we need
to reduce the current. We found that the optimal value of current, to transport the structure
all the way through the track is J, = 18.5 x 10® A cm~2. If the current is higher than J;, the
structure grows until it reaches the border of the track, and if is weaker than Jg, it shrinks and
disappears. The reason is that the IST cannot be stabilized in the absence of the spin-polarized
current and the minimum energy takes when the radius is equal to zero. The magnetization m,
becomes constant after the disappearance of the IST. Figure 6.6 shows the time evolution of the
magnetization m, for various magnitude of the current J, where we find that the IST travels
straightly when J = J, = 18.5 x 10® A cm~2. The results also show that the spin-polarized
current has a force to expand the IST.

To transport a small and stable IST, we utilize a fast pulse of J. = 53 x 108 A cm~2 during
0.17 ns to create and expel the IST from the underneath of the nanodisk. After the structure is
detached, the current J, is reduced to Js; and kept during the movement where the IST reaches
a stable size of 60 x 80 nm and a steady velocity of 888 m s~! during the entire way through
the 2-pm-long nanotrack. Small deformations may occur due to the strong interaction with the
nanodisk magnetization during its creation, similarly to magnetic droplets formation [119,121].
This deformations continues throughout the motion because there is no external magnetic field
applied to stabilize the IST, as in the case of the skyrmion investigations performed so far [72,
129,130].

The time evolution of the magnetization m, during the creation and the transport of an IST
is given in Figure 6.7. Small variations of m, during the transport indicates the size stability, as
also described in Figure 6.6a and can also be observed in the snapshots as given in Figure 6.7b.
Figure 6.7c shows the evolution topological number @) of the nanotrack as a function of time
during the creation and motion of the IST. Notice that the topological number @ is oscillating,
indicating the IST is evolving rapidly between a state with @) = 0 and Q4. ~ 0.75.

We can create a single dynamical IST with spin-polarized current pulses as described above,
and analyse the transport of such spin configuration with stable size under an applied current
density of J; = 18.5 x 108 A cm~2.

Because of this oscillation of the topological number, we have called the IST as the resonant
magnetic soliton (RMS) hereafter. Since its average value of the topological number equals
zero (Q = 0), there exists no skyrmion Hall effect, and the RMS moves along a straight line.

For a practical utilization in real devices of the proposed method, the density of RMS for-
mation and their dipolar interaction between each other should be tested. For this matter, we

propose a successive creation of RMS by applying a new series of current pulses, as presented in
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Figure 6.6: a. Time evolution of m, of the structure moving along the track, for different values of
current. m, is stable for a certain magnitude of J b. Transport of the structure, after the current is
reduced to J, = 18,5 x 103 A cm ™2, moving with stable size. For smaller currents, the structure vanishes
and for higher currents, it turns into a DW pair.

Figure 6.7d. First, we create a RMS by applying the current J. during 0.17 ns, same protocol for
the single structure. Just after the creation of the first RMS, the applied current is switched off
for 0.22 ns. This procedure is performed to quickly reduce the size of the first RMS for enough
time to avoid the structure to disappear and assure that the successive application of the current
J for the formation of a second RMS will restore the size of the first RMS to its original size.
By turning off the current for more than 0.22 ns, the first structure will disappear and less than
this time, the structure will remain big enough for, when the second pulse of J. is applied, the
first structure will grow and turn into a domain wall pair. By applying this protocol, we find
a possible way to create a stable pair with similar size and a distance between each other of
around ~ 300 nm. Such a process can be observed along the evolution of m, in Figure 6.7d.
The motion of the pair was investigated throughout the nanotrack and some snapshots are pre-
sented in Figure 6.7e and the corresponding topological number () of the nanotrack is given in

Figure 6.7f.
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Figure 6.7: a. Time evolution of m, (black) e J (red) during the creation and transport of a single
RMS. b. Snapshots of the nanotrack during the transport of the RMS in certain time intervals with
the creation (I), transport (1) and the moment when the structure reaches the racetrack end (I17). c.
Time evolution of the topological charge during the transport of the single structure. d. Time evolution
of m, (black) e J (red) during the creation and transport of multiple successive RMS. e. Snapshots of
the nanotrack during the transport of the multiple RMS in certain during the successive creation and
transport. f. Time evolution of the topological charge during the transport of the multiple structures.

To explore a detailed mechanism of the fluctuation of the topological number of a RMS we

study the topological number () showing a detailed time-evolution of the topological number in

Figure 6.8 that fluctuates around Q = 0 and takes extrema around ) = +0.75. In this process,

the topological number |@| suddenly increases (II, III') and reaches a maximum value (IV, V').

Then it decreases smoothly (V, VI') and returns to be zero (VII, VII').
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Figure 6.8: a. Topological number evolution during the transport of a RMS. b. shows the highlighted
peaks of a with the minimum and maximum values of (). The spin configuration for each peak are given
in Figure 6.9.

We present snapshots of the topological number density and the corresponding spin config-
uration in Figure 6.9. Especially, the in-plane spin configuration contains a defect-like point at
the snapshot time when the topological number takes a maximum value, where the contribution
to the topological number is not strictly Q = +1. Namely, when a defect-like point is almost
formed but not completely, the soliton acquires the topological number || < 1. We can see that
the sudden change of the topological number is induced by the creation and the annihilation of
a defect-like point.

In Figure 6.9, the topological number density for the RMS with @ = 0 is represented by blue
and red colors, and is positive for the upper half (red), while it is negative for the lower half
(blue) that represents the maximum positive and negative values respectively. We can see that,
in Figure 6.9a, in the situation I, the average topological charge is close to zero (represented in
the image by the same amount of blue and red). In the situation /71 we can notice the formation
of a blue dot in the red area, which represents the increase in the norm of the topological
number, which is due to formation or annihilation of a point-like defect in the structure, as
shown in the in-plane spins distribution below. The RMS is not round, like a skyrmion, it is
ellipse-shaped, elongated perpendicular to the applied current direction. A defect-like point

emerges almost at the top or the bottom of the RMS.
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Figure 6.9: Spin configuration and topological number density for the a. minimum value of @), as shown
in Figure 6.8b and b. maximum value of ), as shown in Figure 6.8c. The Roman numerals corresponds
to its respective point in the graph, the time and the spin-component distribution m,(x) of each state is
indexed by (¢, Q).

This RMS is different from a traditional magnetic bubble because of the size of a RMS, that

is much smaller than a traditional bubble [131,132], which is stabilized by the magnetic dipole-

dipole interaction and have a size in the order of ym. This magnetic dipole-dipole interaction

does not play a main role for the stabilization of a RMS since its size around 100 nm. A RMS is

stabilized only in the presence of the applied current, as we have shown before, if the current is

turned off, the RMS shrinks until disappear, while a traditional magnetic bubble is stable even in

the absence current. The topological number of a RMS oscillates as a function of time in a RMS,

of which the average value is equal to zero. This is in contrast to a moving traditional magnetic
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bubble, of which the topological number may vary but cannot have an average value of zero.

6.4 Detection

After the creation and transport of the RMS, the detection of the magnetic moving structure
can be done by using a magnetic tunnel junction (MTJ) sensor [4, 133] to detect the passing
RMS through the nanotrack, which consists in two magnetic layers separated for a thin oxide
layer between them. This oxide is usually M gO or AlyOs3, with thickness less than 5nm.

We have inserted above the track, a CoPt nanodisk electrode with a diameter of 120 nm and
thickness of 4 nm, made of the same material of the nanotrack (same simulation parameters
for CoPt in the Table 6.1), 2 nm apart the track to simulate the average thickness of thin oxides
used as tunnel barriers in MTJs.

It is important to investigate the interaction between the RMS and the MTJ electrode, which
could pin, deform or destroy the RMS if the interaction is too strong. As shown in Figure 6.10,
the effect of the RMS interaction with CoPt MTJ electrode is not strong enough to destroy the
RMS. When the RMS is passing below the MTJ electrode, we can notice a very small reduction
in the size of the RMS, represented by the positive slight increase in the m, of the nanotrack

(black curve of Figure 6.10b).
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Figure 6.10: a. Images with three different times when the RMS passes through the MTJ electrode.
b. Variations in m, for the RMS and the track c. Estimated tunnel magnetoresistance for the junction,

showing an approximate maximum value of 60%. d. The estimated value of TMR for different diameters
of the MTJ electrode, with an optimal value of 120 nm.

The tunnel magnetoresistance (TMR) could be estimated as

44



T= (358, (6.2)

We calculated scalar products of spins from each cell of both tunnel junction sides, using
a Fortran code (made in collaboration with Prof. Sidney G. Alves) that calculates the mag-
netization in each cell in the track and MTJ electrode, and sum all contributions according to
Equation 6.2. The results are given in Figure 6.10c. Using the same diameter for the MTJ and
nanodisk used in the RMS creation (120 nm), the highest tunnel magnetoresistance observed is
about 60%. The insets show the snapshots of scalar products ) gz . g\j at selected times, where
the red area shows the position of the moving RMS. The size of the MTJ electrode of 120 nm
was chosen for having the best TMR relation, compared to electrodes from 30nm to 180 nm as

shown in Figure 6.10d.
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7 - Discussion and Perspectives

The proposal about the creation, transport and detection of magnetic solitons, stabilized by
spin-polarized currents have shown to be, with the results obtained until now, a new possibility
for aplication in racetrack devices, as previously proposed for domain walls [21] and skyrmions
[118].

An advantage of this kind of system, is the higher transport velocity, compared to in plane
DW devices [52], and simplicity, compared to skyrmion devices, since it does not require any
external magnetic fields and Dzyaloshinskii-Moriya interaction. Another great advantage, is the
fact that this device does not need a third electrode for the spin-polarized current application,
as in [76].

For a practical realization of the device, since the RMS is not possible to stabilize without
an electrical current, it may be difficult to apply this new feature in a practical device without a
way to store data.

The conversion between skyrmions and domain walls have already been reported [119],
in materials with PMA and DMI, by using a planar junction geometry, from a nanowire to the
nanotrack, with difference in the width as in Figure 7.1. This conversion depends on the value

of the electrical current and the width difference in the junction.

Figure 7.1: Skyrmion being created from a DW pair, driven by spin transfer torque from the narrow
part to the wide part of the nanowire. Red and Blue colors shows m., in opposite directions. Extracted
from [119]

By following this idea, without DMI, our system can also be converted from a DW to a
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RMS, without changing the current density used for transport the RMS. Figure 7.2 shows the
conversion between the wider track to a narrower one and back to the wide track, where the
first one is 200nm wide and the middle is varying sizes with different widths 1. By passing
through the junction of the two tracks, where there is an enlargement, the DW turns into a

RMS.

=N

—]
1,2 14 16 2,0
116nm

Figure 7.2: RMS - DW - RMS conversion by constriction with different sizes of W. The dashed lines
indicates the diameter of the disk.

Further analysis on the movement and stability of the RMS are still necessary, once this struc-
ture can’t be considered as a skyrmion, a bubble or a domain wall. Differently from skyrmions,
the RMS is not round-shaped, being elongated similar do an ellipse with the major axis perpen-
dicular to its velocity. From the analysis of m, and m,, the RMS evolves similarly to a domain
wall pair in its major axis (Figure 7.3), but since it does not touch the borders, the DW pair join
together and meet at some point at the top and bottom of the structure, leading to the forma-
tion of point-like defects, as shown in Figure 6.9. Those point like defects are also a promising

further work, with a rigorous analysis to verify if they can be considered Bloch points as shown
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in Figure 6.9 [134,135].

1.5um 2 um
DW pair Transition state RMS

d - 0,010 : : : : >
c m m m m
S 0,02 X y c X y
© 1 ) 1
N 0,005
=
© 0014 N
c ] @
=) 2 )
® (o))
£ 0,00 @ 0,000
3 5 ]
©
N 0,01 @
© N
g | S -0.005
S -0,02 1S
zZ S
= 0,010
025 050 075 1,00 125 1,50 1,75 200 225 250 - 34 36 38 40 42 44 46 48 50
Time (ns) Time (ns)
ENO,QS‘: 0,965
N
£ —m £ m,|
g O’QSO’M = 0960 ]
g ] RNV WAl o W VAN
g 0,955 g 0,955
] £ ]
zZ 5]
0,950 Z 0,950
050 075 100 125_ 150 1,75 200 225 250 350 3,75 4,00 425 450 475 500 525 550 575
Time (ns) Time (ns)
O 1,0 D 1,00
o
g S o5
© 0,5 1 £ 0,501 '
© o MWW o] 3 ]
= S ]
g 00 T 000
(o)) 1 S 0,251
O-05] | 9 0504 |
2 8 -075]
O-1,0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ O .1,00 : ‘ . . . . . . .
— 05 075 100 125 150 1,75 200 225 250 = 350 375 400 425 450 475 500 525 550 575
Time (ns) Time (ns)
: A

1P 0o 1 1 0 0 0
I 1 N N

Figure 7.3: a. Conversion of a DW pair in RMS from a constriction with J = 18,5 x 108 Acm =2 showing
the variation in the in-plane magnetization m, and m,, the variation of m, related to the domain between
two consecutive DW pair size, that is stable in size and the RMS that shows small oscillations in size. b.
Hybrid device with storage and transport configuration for a RMS racetrack device.
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8 - Ongoing Works

8.1 Experimental Device

The following steps to the RMS study is the real device realization. For this, we need the
correct PMA film to match the simulation parameters. Using Pt/Co multilayer, we have produced
samples following the scheme described in Figure 8.1.

{ Co(1nm)

Nx Pt(0.5nm)
Co(1nm)

Pt(5nm)

Substrate

Figure 8.1: Multilayer deposition scheme for out-of-plane anisotropic samples.

In the samples produced so far, we have utilized Si, SiO5 and M gO substrates. A 5nm layer
of Platinum is deposited onto the susbtrate, as the heavy metal responsible for the spin-orbit
effect. Over this layer, is deposited 1nm of Cobalt. The thickness of the magnetic material
deposited on the metal layer is of major importance for the magnetization turn to easy-axis in
plane or out-of-plane, since in this case, the effect is interfacial. Cobalt thickness lower than
1.3nm have predominantly perpendicular magnetic anisotropy [41].

For future specific measurements, the amount of magnetic material have to be enough to be
detected and the anisotropy constant also can be controlled. Instead of using a bilayer of Pt/Co,
multilayer can be intercalated without loss of PMA. In our work we have used Pt(0, 5nm) and
Co(1nm) N times (as shown in Figure 8.1) with N varying from 4 to 8. Some of this films
were grown in a ultra-high vacuum (~ 10~'%¢orr) sputtering chamber built at MIT 'and some
in collaboration at ’Centro Brasileiro de Pesquisas Fisicas’ (CBPF?)

In both places, the Pt and C'o were grown by the sputtering method where an Argon ions

beam are accelerated through a target, with the desired material. Argon is utilized because

'moodera.mit.edu - Accessed in March, 1%, 2018.
2www.cbpf.br - Accessed in March, 1°¢, 2018.
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it’s inert, that means, it does not react with any materials forming another compounds. The
atoms of the target are ripped off the target and travel in the ultra-high vacuum system to the
substrate. The deposition rate is previously calibrated for some radio-frequency (RF) or DC
power, depending on the system and the final thickness is determined by the deposition time.
The substrate was previously cleaned with Acetone and Isopropyl alcohol in an ultrasonic bath
to remove dust and organic residues. This substrate is then dried with nitrogen and loaded in
the Load-Lock, when the main chambers are kept in ultra-high vacuum.

Hysteresis curves obtained with a Vibrating Sample Magnetometer (VSM), made in UFSC 3

are shown in Figure 8.2.
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Figure 8.2: Hysteresis measured by VMS for some Pt/Co multilayer.

After grown, a nanolithography process will define the device. This step will be made in
collaboration with International Iberian Nanotechnology Laboratory * (INL). The lithography
process to define the structures is done by an electron beam and are described in Figure 8.3.
A layer of Poly-methyl-methacrylate (PMMA), an electron sensitive polymer, is deposited onto
the sample, by dropping a few amount of liquid PMMA and spinning at 4000 rpm for 1 minute
to guarantee uniformity and a thickness of 500 nm. The sample is taken into a Field Emission
Gun Scanning Electron Microscope (SEM-FEG) that is responsible to draw the structures with
the electron beam in the PMMA. The resist is exposed to the electron beam where the exposed
regions will be removed, for positive lithography. In these resists, exposure to the electron beam

changes the chemical structure of the polymer so that it becomes more soluble in the developer.

3labcam.paginas.ufsc.br
4inlint - Accessed in March, 1%, 2018
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The sample is placed into a bath in the developer solution, where the exposed areas leaves
a window on the material. In the negative process of lithography, the resist becomes more
difficult to dissolve in developer. The negative resist remains on the surface of the substrate
where it is exposed, and the developer solution removes only the unexposed areas. More details
on lithography process are described in chapter 16.

After the PMA layer deposition, a 20nm Cobalt film is deposited (Figure 8.3a) onto it and
then it’s covered with a negative resist layer. The 120 nm diameter nanodisks are lithographed
and, after the process, the disk will remain (Figure 8.3b). The Cobalt film will be removed by
ion-milling technique where a beam of Argon ions accelerated through the sample will remove
the metallic film, leaving whatever is under the resist. After cleaning, the Cobalt disks will
remain. The same process will be done to define the tracks (Figure 8.3d). For the detection
structure (the MTJ) we will use a positive resist, aligned with the track, leaving a hole in the

exposed area, where the oxide and the consecutive PMA layer will be deposited.

a) b) o)
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Figure 8.3: Lithography scheme procedure for the experimental device realization.

After fabrication, electrical measurements will be done at Labspin °, at ‘Universidade Federal
de Vigosa’, which can be done in a range of temperatures from 10K to 300K. A possible measure-
ment for direct detection of the moving structure is the X-ray Magnetic Circular Dicrohism [136],
with Photoelectron Emission Microscopy (PEEM) with temporal resolution of 10~"s, would be
carried in collaboration with group of Prof. Stefan Eisebitt®. In this technique, the absorption
of soft circularly polarized x-rays of the core level of atoms (L-band for Ni, Fe, and Co, for in-

stance). The 2d level absorbs the radiation and the electrons are excited to the 3d level. The

Sposfisicaaplicada.ufv.br/?page_id=81#SN. Accessed in March, 1%, 2018.
Shttp://staff. mbi-berlin.de/eisebitt/
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moment transferred to the photoelectrons is different if the circularly polarization of the x-rays
is oriented right or left that results in a contrast in the intensity in the detector. More details on

PEEM/XMCD process are described in chapter 16.

8.2 The TbCo alloy

To overcome the skyrmion hall effect present in systems with Dzyaloshinskii-Moriya inter-
action, (e.g. Pt/Co systems [137, 138]), other approaches with topological charge +1 can be
investigated in ferrimagnetic systems, where dipolar interaction is almost zero as in some per-
pendicularly magnetized material that have been researched, like the Terbium-Cobalt alloy.

The anisotropy effect was first predicted by Néel in 1954 [139] and since then a variety of
thin films with perpendicular magnetic anisotropy (PMA) has been developed to increase ther-
mal stability for high density magnetic memory with perpendicular magnetic tunnel junctions
(MTJ) [140-143], spin valves [144], and other physical effects observed in spintronic devices
like spin orbit torque (SOT) [145-148] and spin transfer torque (STT) [149-151].

The most commonly known PMA materials and structures use ferromagnetic (FM) and heavy
metals (HM) multilayers (e.g. Cr [152], Pd [153-155], Pt [156], Au [157]) and metal-oxides
bilayers [158-161] with high spin-orbit interaction in the interface causing the PMA to vanish
for larger FM layer thickness [41]. (Co,Fe)-Pt alloys [162,163] and rare-earth (RE)/FM alloys
[164,165] are also used for PMA due to the antiferromagnetically coupled 4 f orbitals [144,166].

The focus on this work is the Terbium-Cobalt alloy, that shows a ferrimagnetic behavior
and already have been reported to show bulk perpendicular magnetic anisotropy [167-169] in
samples of around 20nm.

Here, we report perpendicular magnetic anisotropy in bulk 7'0,,C'o; _, electrodeposited alloys
with thickness of around 200 nm. Rare Earth (RE) Iron-group transition metals (TM) thin films

obtained by this technique have already been reported before. [170]

8.2.1 Electrodeposition

The electrodeposition is a powerful and low cost technique for thin film deposition com-
pared to the most usual deposition techniques as sputtering, chemical vapor deposition or phys-
ical vapor deposition since it does not requires high or ultra-high vacuum systems and can be

performed at room temperature and pressure. [171]
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Figure 8.4: Electrochemical deposition technique setup. a. Components involved in the process for
the working electrode. The silicon substrate will be held in the stainless steel plate by the mask and
the electrical contact is done with Gallium-Indium alloy. The teflon tape (not the same for plumbing) is
used to avoid contact between the electrode and the solution. b. Working Electrode mounted. The only
conductive surface exposed to the solution is the silicon in the round opening in the mask. c. Technique
mounting setup. The counter electrode is Platinum mounted on a stainless steel plate, insulated by teflon
tape. Adapted with permission from [172]

The films were electrochemically deposited from a aqueous solution of
0.2M(TbCl3 : 6H20) + 0.2M (CoSOy : TH20) + 0.5M (H3BO3)

onto n-type (111) silicon with resistivity of 0.010 - 0.015 ©2-e¢m. HoSO4 was used in the solution
to control and mantain the pH at 2.15 for stable co-depositions of Co and Tb [173]. The silicon
is contacted in a stainless steel plate by applying a small amount of Galn in the back of the
substrate and serves as the working electrode in a standard three-electrode electrochemical cell,
including a Pt counterelectrode (because Pt is inert) and a saturated calomel reference electrode.
The schematic setup of the electrodeposition process can be found in the reference [174].
Cyclic voltammetry indicates the reduction potentials for Co at -1.28V and Tb at -2.05V. The
potentiostatic electrodeposition method was used, by keeping the applied potential constant
between electrodes, with the potentials varying from -1V to -2.9V. Here, we show the results for
the samples of -1V, -1.5V, -1.6V, -1.7, -2.3V and -2.5V obtained after 30 seconds of depsition.

For potentials more negative than -2.5V the deposition becomes unstable due to high rate of the
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water electrolysis [173] and the samples show no magnetic behaviour.

Figure 8.5: (a)Cyclic voltammetry for the electrolyte. (b) Current transients for deposition in some
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8.2.2 Preliminary Results

Hysteresis curves for the TbCo alloy are shown in Figure 8.6 for different applied poten-
tials and show both in plane and out-of-plane hysteresis curves. The most strong PMA behavior
should occurs when the antiparallel RE and TM moments are nearly compensated. At room
temperature, a compensation composition of x = 0.48 (which lies between -1.6 and -1.7 poten-
tial) was determined. Above this composition, the magnetization of the Co sublattice is larger
than the Tb magnetization. Above the compensation point the resultant magnetization is de-

termined by the Tb, so the alloy is called Tb dominant. Note that the out of plane saturation
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Figure 8.6: Normalized hysteresis curves for different electrodeposition potentials showing the in plane
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Figure 8.7: a. EDS analysis for the atomic concentration of Cobalt (red) and Terbium (blue) for some
deposition potentials. b. Out of plane M, and H. dependence with Terbium concentration (x). The
blue line is a guide to the eye where the compensation point lies in the Terbium concentration x=0.48.
c. Out of plane (black) and In plane (blue) calculated anisotropy constant (k) in function of Terbium
concentration.
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This work is still under development, being those only preliminary results. More steps on
this material still need to be done, with a more range of samples by investigating the mag-
netoresistance, spin orbit torque effects [169] and exchange bias [175] properties and optical
magnetic switching [176, 177] of this kind of materials to determine their potential spintronic

applications specially for applications in antiferromagnetic skyrmions [112,124,178,179].
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Part 11

Spin to Charge Current Conversion

in Topological Insulators
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9 - Introduction

Efficient injection, transport and detection of spins are main questions to be focused in the
development of spintronic devices. Spin-polarized currents plays an important role in spintron-
ics, specially in the one we discussed in Part I. Nonvolatility, increased processing speed, less
power consumption, and increased integration densities are the main advantages of those spin-
based electronic devices. The search for new materials that exhibit large spin polarization of
carriers include “half-metallics” ferromagnetic oxides and related compounds [180-182], half
and full-Heusler alloys [183-187], binary oxides [188] and semiconductors [189-191].

Injection, transport and detection of spins or pure spin currents are also fields of high interest
in the spintronics researches. A pure spin current is obtained by making electrons of opposite
spins move in opposite directions or it can be carried by spin waves (magnons). In the past
years, the discovery of a new class of materials increased the researches in the condensed matter
physics. The topological insulators (TI) are materials that differ from regular insulators by
having a energy gap different from zero in the bulk and a gapless edges or surface states, due to
a non-trivial topology in the band structure. The research in TIs are limited by a few amounts

of materials, as discussed below.
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10 - A Brief Introduction on Topological In-

sulators

The band theory is a large theory about the electronic structure of solids. It is applicable
to metals, semiconductors and insulators. From this theory, physical properties of solids, like
thermal, elastic, magnetic and electrical properties can be described.

Considering an lone atom, the electrons are strongly bonded to the nucleus, being necessary
a huge amount of energy to excite the electron from the inner shells to the most outer levels, this
makes the atom electrically inert. In non-interagent atoms, like a monoatomic gas, the electrons
occupy well defined levels according to the Pauli exclusion principle, where two electrons can’t
have the same set of atomic quantum numbers. Three of those numbers defines the level, the
subshell and the electron spin. Each energy level can have two electrons with opposite spins.

When two atoms are far from each other, their 1s levels have two electrons with the same
energy, when those atoms are close to each other to form a crystal, the position of the energy
levels are strongly modified and the electron clouds of two consecutive atoms overlap and now
the Pauli principle is valid not for those atoms separately and this 1 level split in two levels with
slightly different energies.

The band theory explores the translational symmetry of a crystal (set of organized atoms).
Similarly, when N atoms come together to form a solid crystal, each level of the free atom must
split into N levels, because the Pauli principle now applies to the whole group of N atoms and
the behaviour of this splitting is different for each level. These splitting covers an area called the
permitted bands and the spacing between them are forbidden states. The difference in energy
between a two permitted bands is called the band gap [192].

The band strucutre of a solid can be obtained by solving the Scrodinger equation with a
periodic potencial U (?) due to the symmetry of the crystalline lattice with the crystal moment
;. The Hamiltonian containing this potential is called the Bloch Hamiltonian and have its
eigenstates (called Bloch eigenstates) defined in a crystal cell z/zk(?). The eigenvalues £, j, of

the Bloch Hamiltonian are plane waves multiplied by an periodic funcion unk(?) and defines
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the crystal band structure, where n is an index for each band level [193].

The term “band gap” in a solid refers to the energy difference between the top of the valence
band (last filled level) and the bottom of the conduction band (first empty level). Electrons are
able to make a transition from the valence to conduction band, or between bands below valence
level, but it requires a specific minimum amount of energy for the transition, for an insulator,
the gap energy is much higher than K},7 and for semiconductors, the gap is comparable to
K,T. In partially filled bands, the energy where higher occupied state lies is the Fermi level. At
absolute zero, the electrons fill the lowest available energy states. The Fermi level is the limit
of the highest occupied state at absolute zero where no electrons will have enough energy jump
above this state. When the energy gap is zero or the valence and conduction bands overlap, the
material is called a metal or a conductor.

During the XX century, theories on condensed matter physics were well explained by using
concepts of spontaneous symmetry breaking, where quantum phases were described in terms of
symmetry breaking and phase transitions occurs. For example, crystalline structures are related
to translational symmetry, where the crystal lattice confines the possibilities of translation in
determined values. In this case the interactions between atoms are translational invariants.
Those phase transitions are described by the Ginzburg-Landau theory. Another example is the
alignment in magnetic systems, where the ferromagmetic order comes from rotational symmetry
breaking. Two insulators are said to be topologically equivalent if their respective Hamiltonians
can be slowly transformed into one another, while maintaining a finite, non-zero energy gap
[194].

In 1980 the existence of an order with states topologically different from the ones known
until then was discovered [195]. The study of the quantum Hall effect has started a different
classification based on topological characteristics of materials. The quantum Hall state does not
break any symmetries, but it defines a topological phase where certain fundamental properties
cannot change unless the system go through a quantum phase transition [194].

The integer quantum hall effect (QHE) occurs in electrons confined in two dimensions at
low temperatures and experiencing high magnetic fields. This state is the simplest topologically
ordered state. The field makes the electrons experience a perpendicular Lorentz force, which
causes their motion to lie in a circle, rather the usual motion of electrons bound to an atom,
causing an energy gap between the occupied and unoccupied states, like a regular insulator. At
the boundaries, the electrons are in a different kind of motion, where the circular orbits can
bounce off the edge, as shown in Figure 10.1b. These orbits in the boundaries lead to electronic

states that propagate without quantized energies.
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Figure 10.1: a. Regular insulator, represented by electrons moving bonded to its atom and characterized
by an energy gap between valence and conduction bands. b. Integer Quantum Hall effect, where the
orbits of the electrons are circular with frequency w.. At the edge, electrons execute “skipping orbit”
as shown, ultimately leading to perfect conduction in one direction along the edge. c. The edge of
the quantum spin Hall effect state or 2D topological insulator contains left-moving and right- moving
modes that have opposite spins. d.The surface of a 3D topological insulator supports electronic motion
in any direction along the surface, but the direction of the electron’s motion uniquely determines its spin
direction and vice versa. The 2D energy-momentum relation has a Dirac cone structure similar to that
in graphene. Extracted from [196]

Since these border states can conduct and have no energy gap, they can conduct in a one-
way flow making the electronic transport in the edge states “dissipationles” since there are
no available states for backscattering and the electrons are immune to disorder. In this case,
no electrons scatter and so no energy is lost leading to a precise quantized transport. This
kind of transport is shown to be extremely useful for semiconductor devices, unfortunately, the
requirement of a large magnetic field makes this effect less useful for potential applications.

The electrons are in a circular motion with cyclotron frequency w. leading to quantized
Landau levels with energy E. = (m + 1/2)hw. (m is an integer). The Hall conductance in this
case was found to be quantized due to an electric field that causes the electron orbits to drift,
leading to a transverse conductance o,, = ne/h, for n an integer number, different from the
usual Hall conductance o,,, = j./E,. The quantization of the Hall conductance in QHE is
due to a topological nature of o,,, a topological invariant and have been measured to 1 part in
10% [195].

The discovery of QHE was the first observation of topological phases, where phases of matter
are not distinguished by broken symmetries as according to the Landau theory. Those phases
differ from each other from a topological invariant n € Z called the Chern invariant [194]. In
the QHE the symmetry breaking is due to the external field and the Hall conductance is odd
under the time-reversal symmetry. This Chern invariant term comes from a mathematical area

of algebraic topology with many applications in the elementary particles physics and now in
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condensed matter physics as well. The metallic states in the borders comes from this invariant
number, in Figure 10.1b, considering the interface between the QHE material (n = 1) and the
vacuum (n = 0), for the invariant number to change, there must be a metallic state between
them, otherwise the invariant term cannot change from one material to another.

Since the QHE is not practical for real devices, specially at room temperature, besides, it
requires strong fields and complex laboratory setups, the question that arises is if the QHE or
any topologically non-trivial phases can be observed in time-reversal symmetrical systems.

Recent developments are based on spin orbit coupling (SOC), that causes electrons that are
moving through a crystal to feel a spin-dependent force, even in non-magnetic materials [197],
in simplified models introduced in around 2003 it can lead to a quantum spin Hall effect, in
which electrons with opposite spins move in opposite directions. The spin-orbit coupling arises
in atoms with a high atomic number, such as Platinum and Mercury, where the electrons move at
relativistic speeds and feel a strong spin and momentum-dependent force similar to a magnetic
field [196]. This analogy between spin-orbit coupling and the spin dependence on magnetic
fields provides a way to understand the first 2D topological insulator, materials with the quantum
spin Hall state. However, SOC allows a different topological class of insulating band structures
when time reversal symmetry is not broken. To understanding this new topological class, that
was predicted in 2005, there was a need to examine the role of this symmetry for spin 1/2
particles (the inclusion of spin) [198,199].

The quantum spin Hall (QSH) phase is a time reversal invariant electronic state with a bulk
band gap. This phase is associated with a Z5 topological invariant, which distinguishes it from
an ordinary insulator. The Z, classification is defined for time reversal invariant Hamiltonians,
is analogous to the Chern number classification of the quantum Hall effect. A more detailed
approach on the theory of topological invariants can be found in [200-202]

This new type of topological invariant could be computed for any 2D material and would
allow the prediction of whether the material had a stable edge state or not [197].

As the effect of the SOC is different for opposite spins, each spin has an opposite sign of the
Hall conductivity, and thus under an applied electric field the direction of the current will be
opposite for each respective spin and considering two spins together, the total Hall conductivity
is zero, but results in a non-zero spin current (Figure 10.1c), in other words, where spin up
electrons propagate in one direction, spin down electrons propagate in the opposite direction.

The 2D topological insulator material, also called the QSH insulator, was first theoretically
predicted by Bernevig, Hughes and Zhang in 2006 [203] with quantized charge conductance

along the edges realized in HgTe/CdTe quantum wells (QW). The experimental signature of the
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QSH phase in the HgTe/CdTe quantum well structures was given a year later [204] and showed
a topologically trivial insulator state is realized when the thickness of the QW is less than a
critical value. The topologically nontrivial state with a conductance close to 2¢?/# is obtained
when that thickness exceeds the critical value. In the topologically nontrivial state, there is a pair
of edge states with opposite spins propagating in opposite directions. Transport measurements

have confirmed the edge state transport, as predicted by theory in 2011 [205].
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Figure 10.2: a.Schematic of the spin-polarized edge channels in a quantum spin Hall insulator. b. The
energy spectra of the quantum wells. The thin quantum well has an insulating energy gap, but inside the
gap in the thick quantum well are edge states, shown by red and blue lines. c.Band Structure for CdTe
and HgTe in the QW and scheme showing the band inversion of the HgTe for values lower and higher
than the critical distance value. Adapted from [203], [204] and [206].

Considering the bands in the I" point of the Brillouin zone [32], close to the Fermi Level, we
have for CdTe, the s—orbital band I'g (conduction) and the p—orbital bands I'; and I's (valence)
separated by the SOC. This distribution can be briefly explained by the Hund’s rules, where the
lowest energy state for an electronic distribution is the higher spin state. In this case, on CdTe
the I'; and I'y are the lowest energy, with lower energy with I's being the valence band and the
gap energy AFE being the difference Er, — Er,. The HgTe have the band configuration in the

Figure 10.2 when placed between two CdTe layers. For the QW lower than a critical value, the
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strong SOC of Hg makes I'¢ and I's to be inverted [207].

The model Hamiltonian for the 2D topological insulator in QWs can also leads to general-
ization to three dimensions [208,209], for a certain class of materials. The first topological
insulator to be discovered was the B¢;_,Sb, [210,211] and the unusual surface bands of which
were mapped in an angle-resolved photoemission spectroscopy (ARPES) experiments in which
a high-energy photon is used to eject an electron from a crystal, and then the surface or bulk
electronic structure is determined from the analysis of the momentum of the emitted electron.

The second generation of 3D topological insulators led to materials as BisSes [212], BioTes
[213] and SboTe3 [214] which are well-known semi conductors with strong SOC and have a
relatively large bulk energy gap allowing them to work at room temperature (0.3€eV for BiySes).

The known Bi-based compounds Bis X3 (X = Se, Te) belongs to the class of thermoelectric
materials with a rhombohedral crystal structure where unit cell contains five atoms organized

in quintuple layers (QL) according to the Figure 10.3a.
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Figure 10.3: a. Crystal structure of BisSes. A quintuple layer consists in Se; — Bi — Ses — Bi — Se;
stack structure. b. Top view along the z-direction.The triangle lattice in one quintuple layer has three
different positions, denoted as A, B and C. c. Side view of one quintuple layer structure. Along the
z-direction. Extracted from [214]

This new generation of TIs, besides the possibility to work at room temperature have other
advantages. The stoichiometric composition makes the fabrication easier, with a high-degree of
purity. They also have a topological band structure more simple than the previous Bi;_,.Sb,, the
last one shows five Dirac-cones surface states, while the new class have only one and BisSes in
special having a near idealized conical dispersion. The surface state of the next-generation topo-

logical insulators is closely related to the Dirac electronic structure of graphene [215], which
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has a linear energy-momentum relationship like that of a relativistic particle (and is known as a
Dirac cone) [197]. The effects of SOC are most evident in the region close to the Fermi level at

the ~ point of the Brillouin zone, which is indicative of a band inversion at this point.
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Figure 10.4: a. Electronic dispersion on graphene, with a zoom in of the energy bands close to one
of the Dirac points. Extracted from [215]. b. ARPES measurement of BisSes band structure, The
surface bands is a single Dirac point at the center of the Brillouin zone. c.Theoretical idealization of
the electronic structure of BisSes, showing the rotation of the spin degree of freedom (red arrows) as an
electron (with energy E) moves around the Fermi surface. Extracted from [197]
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11 - Methodology

11.1 Ferromagnetic Resonance and Spin Pumping

The Ferromagnetic Resonance (FMR) spectroscopy is a technique used to estimate the damp-
ing in a ferromagnet through the absorption of microwaves. The FMR can also provides infor-
mation on the saturation magnetization, anisotropy fields and relaxation mechanisms.

The basis of FMR can be understand by analisys of the LLG equation (Equation 5.16). This
equation is a nonlinear differential equation and describes the dynamics of the magnetization.
This dynamics can be distinguished in small and large amplitude perturbations. Large perturba-
tions occurs during magnetization reversal where the magnetization is oriented into an applied
field direction. Small perturbations are related to spinwaves (Figure 11.1), with a well defined
spatial correlation of the phase and amplitude of the magnetization fluctuation throughout the

sample [216].
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Figure 11.1: Illustration of a finite wavelength spinwave mode of wave vector k. Extracted from [216]

In the figure, 6 is the angle between ]\?f and its static equilibrium position, and with constant
6, the phase ¢ of the transverse dynamic moment m oscillates spatially with the wavelength .

At static equilibrium, the magnetization position is due to the effective field H.;y which
has contributions from exchange, anisotropy, dipolar fields and the external field. To induce a
precession around this equilibrium position, a weak microwave pumping field is applied that

employ a perturbative torque M X h,,, on the magnetization. The effective field will exert a
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torque ]\_/[\ X FI cff as a consequence. The effect in the magnetization is a precessional motion to
the restoring force, rather than realigning into its equilibrium position. For a short excitation,
the magnetization would spiral in, as a result of damping. When the frequency of the field is
the same as the frequency of the magnetization precession, a resonance absorption occurs. This
frequency precession is determined by all restoring torques coming from the static effective field
as well as additional dynamic torques [216].

This absorption can be measured by FMR spectrometer. The scheme is described in ??. The
microwave radiation is coupled via a wave-guide into a cavity placed between an electromagnet.
The sample is placed in a region of a maximum of the magnetic field and zero electric field and
it is under influence of the external field and the microwave field, perpendicular to each other.
This distribution obeys the Maxwell laws and the boundary conditions of the walls of the cavity,
where the fields reflections are treated stationary waves (Figure 11.2b-c). In a typical experi-
ment, the microwave frequency f is held constant, and the applied bias field is changed. When
the resonance condition is fulfilled, the wave is absorbed by the sample from the microwave
radiation. This happens when the external field coincide with the resonant field for a certain

microwave frequency.
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Figure 11.2: a. Schematic diagram of a typical FMR spectrometer. b. Electric field and c¢. Magnetic
field distribution inside the cavity. Blue color represents zero field and white represents maximum field.
Adapted from [217].

The graph on the Figure 11.2a shows the derivative of the absorption peak for FMR mea-
surements. In many experiments, the angle between the sample and the direction of the applied
field is varied, from which the angular dependence of the resonance field H,.; and of the ab-

sorption linewidth AH can be obtained and used to extract the sample anisotropies, exchange
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coupling between layers, as well as other magnetic information [216].

The efficient injection and detection of charge carriers with a controllable spin polarization
orientation into nonmagnetic materials, is essential to the successful performance of a wide
range of potential spintronics devices. The most usual methods for spin injection include the
electrically driven spin injection (by electric current), thermally driven spin current (by heat
current) and spin pumping (by spinwaves or magnons).

The spin Hall effect (SHE) is an analog to the usual Hall effect, discovered in 1879 by Edwin
Hall [218], where an external magnetic field changes the charge distribution on a conductor by
acting on the charge carriers. In the SHE there is an accumulation of electric charge carriers on
the sides of an conductor, due to the Lorentz force, when an electrical current passes through an
external magnetic field. In the SHE, there is an accumulation of opposite spins in opposite sides,

but the magnetic field is not necessary in this case, being replaced by the spin-orbit coupling.
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Figure 11.3: a. Spin hall effect and b. Inverse spin hall effect, where the longitudinal charge current is
converted into the transverse spin current and vice versa. Extracted from [219].

The Spin Pumping (SP) [220] effect consists is a method to the generation of pure spin
currents from precessing the magnetization ]\} of a ferromagnetic layer injecting (or “pumping”)
the spin current into a paramagnetic layer in an FMR condition by the transference of angular
momentum from the magnetic layer to the conduction electrons. This effect have already been
reported in metallic multilayers [221, 222] and magnetic insulators (like Yttrium Iron Garnet
[223,224]). The detection of those spin currents can be made by the (Inverse) Spin Hall Effect,
or by measuring for example, the precession on a second magnetic layer. A detailed approach

on the (inverse) spin Hall effect can be found in [225-227].
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Figure 11.4: a. A schematic illustration of the direct spin-Hall effect. J., Js, and o denote a charge
current, the spatial direction of a spin current, and the spin-polarization vector of the spin current,
respectively. b. A schematic illustration of the inverse spin-Hall effect. Figpg, Js, and o denote the
electromotive force due to the inverse spin-Hall effect, the spatial direction of a spin current, and the
si)in—polarization vector of the spin current, respectively. c. A schematic illustration of the spin pumping.

M (t) is the magnetization. Extracted from [228].

11.2 Spin-seebeck Effect

In the spin Hall effect (SHE), a charge current driven by a voltage gradient can generate a
transverse spin current. In the Seebeck effect (SSE), a temperature gradient can also generate
a spin currents. The discovery of this phenomenon opened a new field of study called “spin-
caloritronics”.

The Seebeck effect consists in the direct conversion of a temperature gradient applied to
the sample into an electric voltage difference. This effect can be used to generate electricity
(thermoelectric generators), measure temperatures (thermocouples) or change the temperature
of objects (Peltier module).

In 2008, Uchida et. al. [229] demonstrated that a spin current can be injected from a ferro-
magnetic film under a temperature gradient into a nonmagnetic metal, where a ;' signal could
me measured for a temperature difference of 21K. In the following years, the SSE could also
be observed in CooMnSi Heusler alloy [230], GaMnAs ferrromagnetic semiconductors [231],

LaY,Fe;0,2 ferromagnetic insulators [232] and (Pt,Au)/YIG [233].
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Figure 11.5: a. Experimental set-up of the SSE where a temperature gradient is set along a strip
of ferromagnetic material (YIG or GaMnAs, in this case) and a voltage is measured across platinum
bars placed perpendicular to the temperature gradient across the strip. The measured voltage is due
to the inverse spin Hall effect (ISHE), which measures the spin accumulation below the platinum strip.
b. Same experiment now with the ferromagnetic strip non continuous; the observed spin accumulation
along the strip remains unaffected by the cut, suggesting that the origin of the effect cannot be due to
charge-particle diffusion. Extracted from [234].

The detection of the injected current by SSE can be made by inverse spin Hall effect (ISHE)
where the generated spin current is detected in the Pt strip placed across the FM material. The
measured electromotive force EISHE = DISHEjS X ;, where Dy is the ISHE efficiency, which is
higher in heavy metals, like Pt; 35 is the pure spin current density diffusing into the Pt strip,
and o is the spin direction. The spin Seebeck effect is caused by a nonequilibrium between
the magnon system in the ferromagnet and the conduction electron system in the nonmagnetic
metal. The explanation why spin currents can be carried by magnon excitations is because the
conduction electrons short spin-flip diffusion length (which is a few nanometers in a NiFe alloy)

fails to explain the long length scale (several millimeters) observed in experiments [235].

11.3 Sample Preparation

The topological insulator (TI) thin film growth was performed using a custom-built ultra-
high vacuum molecular beam epitaxy (MBE) system at the MIT Francis Bitter Magnet Lab, at
Moodera group laboratories. The substrate is an insulating heat-treated sapphire (0001) and has
been outgassed at 800°C for an hour before the deposition. The Bi, Sb and Te were evaporated
from Knudsen effusion cells using high purity Bi(99.999%), Sb(99.9999%) and Te (99.9999%).
During the growth, the substrate was maintained at 230 °C.

To reduce Te vacancies, the growth is kept in Te-rich condition (the flux ratio of Te per
(Bi +Sb) was set to approximately ~ 10). The Bi, Sb and Te concentrations in the films were

determined by their ratio, obtained in situ during growth using properly calibrated quartz crystal
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monitors. The growth rate for the TI films was 0.2 quintuple layers (QLs) per minute.

Following the growth, the TI films were annealed at 230°C for 30 minutes to improve the
crystal quality before being cooled down to room temperature. To avoid possible contamination,
a 3-nm thick epitaxial Te capping layer was deposited at room temperature on top of the TI films
before taking the samples out of the MBE chamber for the device fabrications.

The TI quality can be observed in Reflection High Energy Electron Diffraction (RHEED)
in-situ measurements right after the growth and X-ray Diffraction (XRD) using a Bruker D8
Discover Diffractometer equipped with the Cu K, radiation (A = 1.5418A). The XRD diffraction
patterns indicates that the reflections are only from (00!) family of planes of (Biy.225bo.78)2Tes,

as shown in Figure 11.6.
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Figure 11.6: RHEED patterns of the a. sapphire (0001), b and c. 6QL (BiSb)2Te3 in two different
directions. d. XRD pattern of the sample.

For the Spin Pumping and Spin-Seebeck measurements, the schematics of the built devices
are respectively presented in Figure 11.7. The Permalloy (Py) layer, composed of Nig; Feqg,
is deposited by DC magnetron sputtering, either directly on the TI film or separated by an
insulating NiO layer, grown by RF sputtering at 160 °. The Py and NiO films were deposited in
a 3 mTorr Argon atmosphere with deposition rates of 1 and 0.3 A/s, respectively. Finally, two

Silver electrodes were attached at the ends of the TI layer for measuring the induced voltages.
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By using a shadow mask, the Py layer covers only the central part of the TI surface, then the

Silver electrodes can be attached to the edges of the NM layer .

b

Peltier

Figure 11.7: a. Spin Pumping device. b. Spin-Seebeck device.

The samples were fabricated at Moodera’s lab, at MIT and the Spin Pumping and Spin-
Seebeck measurements were taken at Sergio Rezende and Antonio Azevedo laboratory at Uni-

versidade Federal de Pernambuco.
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12 - Results

Here, we have chosen x=0.78 because with this concentration the bulk (Bi;_,Sb,)2Tes has
a Fermi level close to the Dirac point [236-238] and 6QL thickness was chosen because of the
2D to 3D limit of the TI [239]. The Py films grown on top of TI have in-plane magnetization,
and thus the magnetic proximity effect is expected to shift the Dirac cone in the momentum

direction, preserving the Dirac cone without opening any energy gap [240].

12.1 Spin Pumping Results

From the device shown in Figure 11.7a, the FMR absorption spectrum of the Py layer in
contact with the TI film was measured with microwave power of 24 mW. The FMR resonant

field (H,) of 1kOe is in agreement with the Kittel relation:

(w/v)? = H, (H, + 47 M) (12.1)

where w is the microwave frequency, ~ is the gyromagnetic ratio, M is the permalloy saturation

magnetization.
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Figure 12.1: a. FMR absorption derivative versus magnetic field H measured at 9.4 GHz and microwave
power of 24 mW. Inset shows the FMR spectrum for a single Py (12 nm) layer on a Si substrate. b.
Voltage measured between the electrodes for three angles of the in-plane field, with the same microwave

frequency and power as in a
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The FMR line has the shape of a Lorentzian derivative of the microwave absorption dP/dH
with peak-to-peak linewidth of 38.1 Oe, corresponding to a half-width at half-maximum (HWHM)
linewidth of AH = 33.0 Oe. A single Permalloy layer, similar to the one used on top of TI, de-
posited alone on a silicon substrate, shows a linewidth AHp, = 28.0 Oe (inset of Figure 12.1a).
The difference in FMR linewidth indicates a increase of the damping due to the spin pumping
in the Py layer [221] similar to Pt/Py bilayers [241, 242].

Figure 12.1b shows the dc voltage, measured directly with a nano-voltmeter, dependence
with magnetic field (I? ) scan. The voltage was measured by connecting Copper wires to the
Silver electrodes, for a microwave power of 24 mW, for three angles of the in-plane field (as
described in Figure 12.2a). The voltage lineshape is the superposition of symmetric and anti-
symmetric components, and it changes sign with inversion of the field, and vanishes for the field
along the sample strip (¢ = 90°).

The line shape of V(H) varies strongly with the angle ¢ between the field FI and the sample
axis /. Depending on the angle, the line shape is a superposition of absorptive and dispersive
curves, and we can observe a huge increase in the dc voltage along the sample at the FMR
position. The single Py sample is not affected by spin pumping and show a voltage signal that is
purely antisymmetric with respect to the FMR position. The measured voltage due to the ISHE
depends on the angle ¢ and thus must be symmetric with respect to the FMR position. V(H)
have an asymmetric shape because of two contributions, anisotropic magnetoresistance and
spin pumping having both symmetric and antisymmetric components with these contributions
having different symmetries with respect to ;I . The origin of the anisotropic magnetoresistance
is the classical induction effect due to the in-plane microwave magnetic field [242].

b H (kOe)

N

o
T
1

7 (d) 2

—~ SF 24 mW
>1 f=94 GHz
; TE0
X
-5
w 10 & a L . @ 1 . |
Agj 0 90 180 270 36

Angle ¢ (deg)

Figure 12.2: a. Schematics on the angle ¢. b. Angular dependence of the symmetric component of
the voltage line. The experimental data are represented by the solid circles and the theoretical fit by the
solid red line.
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The field-voltage dependence can be written by the sum of the contributions of symmetric
(L(H — H,)) and antisymmetric ((D(H — H,)) Lorentzian functions centred in the resonance
field H, ( see Figure 12.3), we have then V(H) = Vi, L(H — H,.) + Vo D(H — H,).

The Lorentzian derivative centred about the FMR resonance field H, can give information
of both symmetric and antisymmetric contributions. The voltage as function of the field angle ¢

and field H can be fit with the expression:

V(H,¢) = [V L(H) + V" D(H)] sin2¢sin ¢ + V, L(H) cos ¢ (12.2)

where L(H) = AH/[(H — H,)?> + AH?| is the symmetric Lorentzian function and D(H) =
AH(H — H,)/[(H — H,)* + AH? is the antissymetric Lorentzian function. V;¥"" and V" are
the amplitudes of the symmetric and antisymmetric components of the classical contributions,
such as the galvanic effect, or spin rectification, generated in the Py layer [242]. V, is the peak
value of the symmetric contribution to the voltage of quantum origin, which exhibits a linear
dependence with the microwave power and is due to the magnonic charge pumping (MCP) that
is produced in a single Py layer [243]. The symmetric and antisymmetric contributions of the
measured V(H) can be separated in the two contributions according to Equation 12.2 and can

be seen in Figure 12.3.

V(uV)

Magnetic Field (kOe)

Figure 12.3: Measured dc voltage (open circles) in Pt/Py bilayer. The asymmetric green line is given by
a superposition of symmetric (red line) and antisymmetric (blue line) components. Extracted from [242]

We have measured V(H) for different microwave powers (Figure 12.4a) and separated in
the symmetric (Figure 12.4b) and antisymmetric (Figure 12.4c¢) contributions. The most im-
portant source for the symmetric component of the voltage, and the one of interest here, is the

conversion of the spin current produced by spin pumping into charge current in the TI layer.
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Figure 12.4: a. Voltage measured between the electrodes at the field angle ¢ = 0° for several microwave
power levels, as indicated. b. and c. Variation with power of the symmetric and antisymmetric compo-
nents of the voltage obtained by the fitting of Lorentzian derivative functions to the line shapes in a. d.
Power dependence of the measured symmetric peak component of the voltage at ¢ = 0°.

In a ferromagnetic layer under ferromagnetic resonance, the precessing magnetization gen-

erates a spin current density (J,) at the FM/TI interface given by

7 e \ 2
ewpg of
Js = o ( ) L(H) (12.3)

where w is the microwave frequency, e is the electron charge, h, is the amplitude of the driving

microwave magnetic field, and p is the precession ellipticity factor, written as

p= 4((")/7)(1—]7‘ + 47TM5)/(2HT + 47TM3)2 (124)

and ¢'! is the interfacial spin mixing conductance, that takes into account the spin-pumped and

backflow spin currents, defined as:
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JiBw (AHTI/FM - AHFM) (12.5)

g

for dpy the thickness of the ferromagnetic layer and A Hyy, = 28.00¢ and A Hyypy = 33.00¢ being
the measured linewidths for the FM layer alone and on top of TI, respectively.

The spin-to-charge conversion in the TI layer arises from the inverse Edelstein effect (IEE),
which has its origin in the spin-momentum locking in the Fermi contours due to the Rashba
SOC interaction [244-248]. The spin-momentum locking conduction electrons on the surface
of TI states behave as Dirac fermions, where their direction of motion is determined by its spin
direction. The spin-momentum locking on a single Dirac cone predicts efficient spin-electricity
conversion in TIs even at room temperature as long as the surface state is robust, in other words,
topological insulator surface state produces a different sign and a much larger magnitude of spin
accumulation than is produced in non-topological materials [23].

The Edelstein effect is defined in which spin injection induces nonequilibrium spin polariza-
tion (S,) and generates a charge current (J¢,) in the longitudinal direction due to the effective
magnetic field (generated by the spin-orbit coupling) “seen” by the drifting electrons in their
own reference frame [249]. The 3D spin current in Equation 12.3 flows into the TI layer and is
converted by the inverse Edelstein effect (IEE) into a lateral charge current with a 2D density,

following the relation

Jo = (—h/e) e Js (12.6)

where A\ is a coefficient characterizing the IEE, with the dimension of length and proportional
to the Rashba coefficient (and hence to the magnitude of the SOC) and proportional to ratio
between the induced 2D charge current density J. and the injected 3D spin current density
Js [250].

The spin mixing conductance (Equation 12.5) of the (Big.22S5bg.78)2Te3/Py interface can be
found from the broadening of the FMR linewidth due to the spin pumping process. With dp, =
12 nm, w/27m = 9.4 GHz, we find that the additional linewidth of 5 Oe measured in Py due to the
contact with the TI layer corresponds to ¢!l = 1.0 x10”m~2, a value similar to the one for Py/Pt
interfaces, demonstrating an efficient spin transfer in (Big 225bg.78)21e3/Py heterostructure.

The induced spin current given by Equation 12.3 can be calculated using A, = 1.776 P; where
the incident power (F;) of the microwave is 24mW and the relation above is calculated for the
used microwave cavity. Using these values, we obtain a current spin density at the interface

produced by the FMR spin pumping .J; = 2.3 x 105A/m?2. The charge current density due to
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the conversion from the spin current by IEE can be found from J. = Viz/wRs, for R the shunt
resistance and w the width of the TI/Py bilayer (see Figure 12.2a). The value measured for the
symmetric peak voltage Vi = 2.1V and considering the shunt resistance the one of the Py
layer of R, = 712, and the width w of the sample 1.5mm, we can calculate .J, = 1.7 x 107°A/m
and Az = 0.075nm.

12.2 Spin Seebeck Results

Another approach to verify the spin to charge current conversion in those systems can be
done by Spin Seebeck Effect [251], where the schematics for this measurement are described in
Figure 11.7b. In this device a 5 nm thick NiO layer provides electrical isolation between the TI
and Py films. The Py layer has a width of 1.0 mm, smaller than the NiO and TI layers, to avoid
possible contacts at the edges. A commercial Peltier module, of width 4 mm, is used to heat or
cool the side of the Py layer while the substrate is maintained in thermal contact with a Copper
plate at room temperature. The temperature difference AT across the sample is calibrated as a
function of the current in the Peltier module.

NiO is an antiferromagnetic (AFM) material at room-temperature and it may block the flow
of charge current but transports spin currents [252, 253], allowing us to measure the voltage
generated in the TI layer separated from the voltage induced in the Py layer by the ANE [254].

The temperature gradient perpendicular to the Py layer has two effects: One is to generate
a voltage along the layer by means of the classical anomalous Nernst effect (ANE) the other is

to generate a spin current across the Py layer by the longitudinal spin Seebeck effect (LSSE).

1
yz_tf}w y:O y:fN y

Figure 12.5: Schematics on the LSSE measurements. In our case, there is an AFM layer between FM
and NM layer and the last one is a TI. Extracted from [255]

The Nernst Effect occurs when a temperature gradient can drive the charge carriers through

the system and an electric field is produced along the direction normal to the temperature

78



gradient and the magnetization. It can be interpreted as the thermoelectric equivalent of the
anomalous Hall effect and its results are shown in Figure 12.6a-b. The data have the shape of
the hysteresis curve of Py with very small coercivity in the field scale of the measurements. The
change in sign of the ANE voltage with field reversal is due to the change in the polarization of
Py filmd. Since the Nio layer ct as a filter for charge currents and the ANE is intrinsecally smaller
than the LSSE effecy, in this case the ANE effect can be negected [256,257] and it is consistent
with results in the literature with only a planar film of Py [258].

The interest here is in the LSSE results (as schematics in Figure 12.5). The voltages measured
between the two electrodes in the TI layer are produced by the electric current resulting from
the IEE spin-to-charge conversion of the spin current generated by the spin Seebeck effect in the
Py layer. The spin current is injected into the Py/NiO interface and transported by magnons in
the NiO layer into the TI layer. Figure 12.6¢ shows the magnetic field dependence of the SSE-IEE
voltage in the TI layer for several values of the temperature gradient across the sample structure,
according to the scheme of Figure 11.7b. This voltage is produced by the charge current resulting
from the ISHE conversion of the spin current generated by the thermal gradient in the Py layer.

Figure 12.6d shows the measured variation of the voltage for different temperature gradients
for applied fields of 4+ 400 Oe. The linear dependence of VgSE on AT arises from the fact that
the spin current generated by the LSSE in Py is proportional to the temperature gradient across

the Py layer.
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Figure 12.6: a. Variation with magnetic field of the ANE voltage measured in the Py layer with several
values of the temperature difference indicated. Positive corresponds to the Peltier module warmer than
the substrate. b. ANE voltage versus temperature difference measured with H=0.4 kOe in two field
directions. c. Variation with magnetic field of the SSE-IEE voltage measured in the TT layer, created by
the combined SSE in the Py layer and IEE in the TI, for several values of AT as indicated. d. Variation
with temperature difference of the SSE-IEE voltage measured with H=0.4 kOe, in two field directions.

The temperature gradient on the PY layer can be calculated from

Ksub AT
KPy ds

VT, ~ (12.7)
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where K, and K, are the thermal conductivities of the substrate and Py, respectively and
d, is the thickness of the whole sample. For our substrate AloO3 (Kyu0s = 41.9W/(Km)), and
Ky, = 46.4W/(Km), for a AT = 12K and the sample thickness being mostly the substrate
thickness (0.5mm), we can find VT;, ~ 217K /cm.

Compared with previous results [255], for a Si/Pt/NiO/Py stack, the calculated VT;, ~
957K /em and a charge current density J. = 1.6 x 1034/m?. The spin current due to spin Hall
effect can be found by jc = GSHjs x o, for A, being the spin Hall angle (0.05 for Pt) and have
avalue of J; = 3.2 x 10°A/m? for AT = 12K.

Since the generated spin current is directly proportional to V7', we can expect, by comparing
with the sample in [255], for the same thickness of Py and NiO, a spin current of J; = 7.2 x
103 A4/m?2.

The measured resistance in the TI layer is R = 1.08 x 10*Q and from the results (Figure 12.6),
the voltage between two electrodes is 5.4;V leading to a current density .J. = 5.46 x 10~7 A/m,
much smaller than reported for Pt/NiO/Py. The inverse Edelstein coeficient Az = 0.076nm

which is nearly the same obtained from the SPE measurements.
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13 - Discussion and Perspectives

The efficiency of our system can be compared to others according to Table 13.1.

Sample s (nm) g'M(x10m~2) Reference
Py/NiO/(Bi1_4Sby)sTes 0.075 1 This Work
Bi/Ag/Py 0.2 to 0.33 1.90 to 2.8 [244,259, 260]
Bi/Cu/Py 0.002 - [261]
BisSes /YIG 0,017 to 0.036 0.415 [26]
Fe/ a-Sn TI 2 - [247]
BiySes /Py - 1 [262]
CoFe/BisSes /Py . 0.0025 [263]

Table 13.1: IEE parameter and Spin Mixing conductance in different systems.

The A\ value measured by SPE and SSE have shown to be smaller than already reported in
Bi/Ag/Py and in the same order of magnitude found in Bi/Cu/Py, at room temperature, but is
higher than reported in BiySe3/YIG bilayer. The spin mixing conductance in our system ( g/} =
1.0 x10'm~2 ) have also shown to be higher than in Pt/Py systems which is an indicative of
more effective spin to charge current efficiency on those systems [262].

It is important to note that the magnitude of the IEE coefficient should depend not only
on intrinsic TI properties, but also on sample preparation processes. In recent studies of TI-
based spin pumping works, the interface property plays a critical role for enhancing the spin
conversion efficiency [26,245].

The high intrinsic efficiency of TIs ate still not at maximum because most of the applied
current is still shunted through the metallic layer and does not contribute to the generation of
spin current in the TI, which is the interest here. Practical applications will probably require that
the magnetic layer over the topological insulators to be insulating (or high-resistivity) magnets

so that the majority of the current will flow just in the topological insulator.
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14 - Introduction

Geometry induced dynamics yields remarkable physical phenomena. In the macrocosmos,
the curvature of spacetime (geometrodynamics) tells matter how to move implying in effects
like gravitational lensing, birefringence, rotation of the plane of polarization of light from distant
sources and others. [264,265]. In the microsize, an example is the geometrical frustration [266]
in magnetic materials, whereas under certain conditions, can lead to the formation of spin
liquids [267], in which the constituent spins spins are highly correlated but still fluctuate even
at low temperatures.

In this work, we would like to explore a geometrical effect in artificial spin ices (ASI). It
is theoretically predicted that, in general, this artificial materials are athermal, or at least they
respond to temperatures in the order of around 10° K, which is well above Curie temperatures
or melting point of ferromagnetic materials. They are constructed with elongated nanomagnets
containing a large number of atomic spins, generating a big net magnetic moment that need a
great amount of energy to flip.

Therefore, recently, thermally driven dynamics in ASI materials became an important subject
of investigation [268] and this picture shows that geometrically driven dynamics in ASI can
open up a new view for exploring distinct ground states and thermally magnetic monopole
excitations. Here, it is shown that a particular ASI lattice, whereas four spins meet at every
vertex, will provide a richer thermodynamic effects, only due to its geometry.

Here, we show theoretically and experimentally that the geometry of the planar arrays may
be an additional ingredient able to cause important physical phenomena in ASI materials. In
fact, by studying three rectangular artificial spin ices (RASI) systems with different geometric
aspect ratios v, we demonstrate that the geometrical influence goes beyond the simple effect of

the variation in lattice parameters.
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15 - Spin Ices

Spin ices [269, 270] are a new class of magnetic materials that have been attracted the
attention of the scientific community in the past decades [271-274]. This magnetic arrangement
shows a magnetic ordering similar to the hydrogen positions in a water molecules in the solid
state (that’s the origin of the denomination spin "ice"), which shows a degeneracy in the ground
state due to the geometry, driving the system to a geometric frustration [275].

The geometrical frustration concept arises from the incapacity of a system to minimize itera-
tions between pairs in a whole system that can apper from a natural intrinsic disorder or a regu-
lar geometry that balances the consecutive interactions [276]. Frustration does not appear only
in magnetic system, being found also in other fields of study like biological systems [277-279],
superconductors [280-282] and ferrites applied to microelectronics [283] but is more common
and better understandable in magnetic systems. In this case the concept of magnetic frustration
is associated to the incapacity of a system to minimize the energy to the ground state, from each
spin-spin interaction. When those interactions can’t be satisfied at the same time, the system is
called frustrated. The most fundamental example of frustration is considering Ising type spins
(that are confined in one direction) antiferromagnetically coupled in a triangular lattice. Fig-
ure 15.1 shows in a square lattice, all interactions can be satisfied, but in a triangular lattice, the

missing spin can’t satisfy the condition for both adjacent spins at the same time.

Figure 15.1: a. Square and triangular geometries. In the triangle, the Ising spin on the top (?)
can’t satisfy the antiferromagnetic coupling with the other two at the same time. b. The six possible
configurations for the lower energy state in the triangular system, with the red cross showing where the
frustration occurs. The yellow arrows are the replacement for the missing (?) symbol.
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This frustration leads to degenerate ground states in case of a lone triangle, for example
[284]. In an array of triangular structures have multiple degenerate ground states which makes
the system unable of having a long range magnetic order [285,286]. In the case of the square
lone structure the system is only two-fold degenerate.

The magnetic frustration in some systems can lead to new and more complex phenomena
like emergent quasei-particles, like magnetic monopoles of Dirac [287] or Nambu [288], de-
pending on the geometry of the system. Those emergent monopoles have been researched both
theoretically [268,276,289,290] and experimentally [291-293] and with the possibility of con-

trol the transport of these magnetic excitations [294-296].

15.1 Water Ice Structure

In the early 30’s, Giauque and collaborators [297,298] observed, even at low temperatures
(around 10K) that the water ice had a residual entropy different than zero, contradicting the
third law of thermodynamics. Linus Pauling [299] and Bernal and Fowler [300] explained this
phenomena and estimated this residual entropy by considering relocating the hydrogen atoms
in the H,O molecules. Pauling claimed that in the ice, each O?~ oxygen ion was in the center of
a tetrahedron surrounded by other four oxygen ions in the vertices with an hydrogen ion (or just
a proton) between each pair. This proton does not stand at the center of the distance between
two oxygen ions, but closer to one of them, as shown in Figure 15.2, being this the origin of the

residual entropy.

Figure 15.2: a. Schematics of the water ice structure. The dashed lines represents the hydrogen-oxygen
bondings. b. Tetrahedron structure with neighbours tetrahedra. The with circle representes oxygen ions
and black circle represents the hydrogen. Adapted from [301].

This configuration of the protons obeys the called the ‘ice rule’ (two-in - two-out), that means
in the ice water arrangement, for a certain oxygen ion, there are two protons closer and two far

from it [302].
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15.2 Frustration in Pyrochlore Hexagonal Strucutres

The Pauling model for the water has a similar interpretation in magnetic systems in a class
of materials with magnetic structures similar to the water ice. Those materials, pyrochlore
oxides with the form AsBsO7, where A are rare earth ions and B are transition metal ions,
have a tetrahedral geometry, where the magnetic moments are located in the vertices of this
tetrahedron. Harris et.al. in 1997 [269] was the first to propose that the pyrochlore lattice
may be mapped directly onto the ice lattice with the HosT'i207 [303] oxide, obeying the ice
rule. Other oxides like Dy;Ti507 [270] and Ho,5n207 [304,305] have also been studied for

showing the same behaviour at low temperatures.

Magnetic
field direction

Figure 15.3: a. The pyrochlore lattice with the magnetic moments in each vertex of the tetrahedron.
The spin arrangement on each individual tetrahedra obeys the ice rules with two spins pointing in and two
spins pointing out. Extracted from [306] b. Magnetic moments configuration on two adjacent tetrahedra
satisfying the ice rule. c. If a spin between two tetrahedra is fliped, the ice rule is broken, creating a
“monopole” and an “antimonopole” that differ in magnetic “charge”. d. A pyrochlore lattice with the
monopole-antimonopole pair, connected by a string. Extracted from [307]

In those systems, the ions Ho>* or Dy3T are located in the vertices of the tetrahedra and
are the responsible for the magnetic moments (Figure 15.3a) behaving, due to the magnetocrys-
talline anisotropy, like the Ising model spins [272] pointing to the center or outside the tetra-
hedron(Figure 15.3b). A tetrahedron that obeys the ice rule neutralize the net magnetic charge
in the center of the structure, with two magnetic moments pointing in and two pointing out,
cancelling each other in the center. A magnetic moment that changes direction, due to thermal
excitations for example, can lead to a “monopole - antimonopole” pair, or magnetic charges as
shown in Figure 15.3c.

The rare earth ion carries a large magnetic moment (from its unfilled f-electron shells)
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[308], of around ten Bohr magnetons [309]. The hamiltonian that describes this system has the
form [274]:

J 5.0 3A.. .. .. ..
#=238-8+Da*y | 25 - i) i) | oo (15.1)
3% 7 LTl 731

where the first term on the right side is the exchange interaction, with J the exchange
constant and the second term (in the brackets) is the dipolar interaction, with D = uou?/4ma®
the dipolar interaction constant. « is the lattice parameter (= 3.54A for this system) and ?ij
is the spin position. This dipolar interaction is dominant in systems formed by nanoparticles
with a separation between them. The exchange interaction have a limited range of distances, in
order of a few angstroms. The dipolar interaction have a much higher value in single domain,
interagent particles, compared to the atomic moments.

The magnetic moments 1L point along the local axis é¢; and are modelled as Ising type spins
where §Z = Sé;, and S = +1.

Castelnovo’s results in 2008 [274] corroborated with the idea of a dominant dipolar inter-
action between the spins, as a consequence, the interaction between consecutive spins have to
be ferromagnetic, what gives rise to the frustration. The states that minimize energy in the
tetrahedron structure is degenerate, with six of the sixteen possible configurations obeying the
ice rule [267].

Castelnovo also proposed that the elementary excitations on spin ices behave like magnetic
monopoles arises with the ice rule broken (3 —inl —out / 1 —in3 —out / 4 —in or 4 — out) as
shown in Figure 15.3c. This magnetic charges could be separated without further breaking of the
ice rule (Figure 15.3d), just flipping a chain of magnetic moments in the structure, in this case,
a string connect the opposite charges, bond together by a Colombian interaction. This string

(Dirac string) does not carry energy, so the monopoles pair are free to move in the material.

15.3 Artificial Spin Ices

An alternative to the natural crystalline spin ices was suggested in 2006 by Wang et.al. [273]
in an artificial, two-dimensional structure with frustration effects. In this artificial systems, it is
possible to have a better control of the geometry, size, symmetries and disorders in a mesoscopic
range.

Arrays of nanomagnets designed to resemble the spin ice materials (with disordered mag-
netic states) are known as artificial spin ices (ASI). Nowadays, with the advances of the

nanofabrication techniques, the AST systems have become an interesting field of study, as well
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as their natural counterparts, with the advantage that they can be constructed with desirable
geometries and properties. The net magnetic moment of each individual nanoisland is aligned
parallel to its longest axis (like in a bar magnet), being considered here as a monodomain and
is coupled to all other nanoislands of the planar array by the dipolar interaction.

The artificial spin ices (ASI) consists in a bidimensional lattice of magnetic nanoislands, ar-
ranged in a defined lattice, fabricated by e-beam lithograpy and composed by a thin film of
magnetic material. The nanoislands are sufficiently small that the total magnetization in an
island is a monodomain, behaving like Ising spins due to the shape anisotropy. The possible
geometries studied are square [273], brickwork [310], honeycomb [292, 311, 312], triangu-
lar [313], unidirectional [296] and others [314,315] (Figure 15.4), with different frustration

effects, monopoles emergences and string configurations.

a b ¢

1 |
:T1t 12
:--:

B

r—-
1

[ ]

1

1

[}

| .
I

[ ]

]

1

1

1

1

1

1

1

]

]

1

Figure 15.4: a. Square, b. brickwork and c. honeycomb lattices representation. Lines represent
nanomagnet islands, arrows indicates the orientation of magnetic moment of the islands in ground state.
Extracted from [314]. d. Square lattice studied by Wang. e. AFM image of the nanoislands. f. MFM
images of the same array as e. The dark and white spots indicates oppposite magnetic fields (as in a
north-south poles in a magnet). Extracted from [273]. g. 16 possible topologies in the square lattice,
grouped in order of energy from left (lower) to right (bigger). The topologies T1 and T2 obeys the ice
rule while T3 and T4 have a residual charge in the vertex. Extracted from [316]

In Wang’s work, the nanoisland are 80nm x 200nm size with a thickness of 25nm arranged



in a square lattice, as in Figure 15.4. In the literature, the size of the nanoislands can vary a
little, but are all in the same order of size, of around 300nm x 100nm x 25nm [296].

For the Wang islands, made of Permalloy (Nigqy F'eagy,) have a magnetic moment p = M,V
(M is the saturation magnetization of the material and V is the island volume) in the order of
3 x 107up (up is the Bohr magneton) which make the energy scale due to dipolar interaction
around 10°K. This means that the temperature necessary to flip an island is much bigger than the
Curie temperature of permalloy (~ 850K) making this system to be considered athermal [317].

The square lattice is the most similar to the pyrochlore spin ices, exhibiting 4 spins in each
vertex with 16 possible configurations, as shown in Figure 15.4g. Those 16 configurations
(by considering each nanoisland a perfect dipole) can be grouped in 4 topologies separated by
energy. The lower energy configurations obeys the ice rule, as in T1 and T2. In the square
lattice, those topologies are separated in two different energy states depending on the spins
configuration. The ground state of the square lattice is two-fold degenerate and show a long
range antiferromagnetic ordering [301].

The magnetic excitations in the vertices of the square lattice (“monopole-antimonopole”
pair or magnetic “charges”) have been studied theoretically by Mdél and collaborators [289] in a
square lattice by replacing the island magnetic moment for a Ising type spin located in the center
of the nanoisland subject to dipolar interactions. Figure 15.5 shows the separation of magnetic
charges by flipping consecutive spins. In the string length the vertices obeys the ice rule, but
in the T2 topology. The separation of the charges not necessarily add more charges pairs to
the system, but creates a chain between them. In the square lattice, the string carries energy
(T2 topology are more energetic than T1) and thus those monopoles are called Nambu [288]

monopoles, if the string is not energetic, the charges are called Dirac monopoles [290].
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Figure 15.5: Separation of a monopole-antimonopole pair (blue and red dots) in a square lattice. Gray
arrows represents the ground state and black arrows the fliped islands in the string. Extracted from [301]

Then, in its original configuration, AST tiles a square lattice of vertices, with four nanois-
lands meeting at each vertex. The ground state of this artificial square ice obeys the ice rule,
which remains the familiar two-in, two-out (two spins must point in, while the other two must
point out in each vertex). However, in two dimensions, the standard ice rule is no longer de-
generate [273,289,318]. This trouble comes together with the fact that this peculiar material
is also athermal. Indeed, the magnetic moments involved are roughly a million times bigger
than those of the ions forming the natural spin ices and, therefore, they interact much more
strongly, having less tendency to flip. Therefore, to anneal the material into its ground state,
the usual approach is not available because the kinetic barriers of individual islands are on the
order of 10*K. To advance our understanding (by studying ASI materials) of how geometrical
frustration operates to produce new states of matter, at least, two initial difficulties should be
experimentally overcome: first, it would be essential to construct arrays with degenerate ground
states and, second, it would be important to develop methods to investigate the thermal fluctua-
tions and dynamics of the nanoislands magnetic moment. In this work we would like to connect
those two points by comparing arrays that exhibit different ground states, when they are heated
to a high temperature regime (we mean by high temperature, the practical values in the range

300K — 800K).
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16 - Methodology

16.1 Sample Fabrication

After the development of nanolithography, the world of nanostructures has opened up to
scientists being utilized in many fields of study and being a powerful tool to the miniaturization
of electronic and spintronic devices and led to innovations in the micro and nanofabrication
resulting in structures from nanometer size to milimiters with optical or electron lithography.
The nanolithography process used in this work is displayed in Figure 16.1.

The electron beam lithography (e-beam) uses a focused electron beam scanned over a sub-
strate covered with a sensitive polymer. The scan is done following a predefined path chosen
and drawn by the user in a proper software. The polymer can be defined as positive or negative,
depending on the effect of the electron beam during the process. In this work, the negative
lithography ! process was used. When exposed to the electron beam, in the negative resist, the
molecules becomes crosslinked and more difficult to dissolve in developer, on the other hand,
the positive resist becomes easier to remove in the development. In the development process,
using the appropriate chemicals for each resist, the negative resist remains on the surface of the
substrate where it is exposed (Figure 16.1d — e).

The electron beam lithography is done in a scanning electron microscope (usually) with a
field emission gun (SEM-FEG) where the source of electrons is a Tungsten monocrystal in a high
electrical field under ultra-high vacuum, giving an intense and focused electron beam, with a
spot with around 20nm depending on the equipment accuracy. The scanning of the beam is

made by electromagnetic lenses.

Lwww.allresist.com/ebeamresists — ar — n — 7500 — 7520
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Figure 16.1: Nanolithography processes. a. Thin film deposition. b. Spin coating of the electron beam
resist. c. The electron beam will sensitize some areas of the resist. d. Sensitized areas by the electron
beam. e. The development process will remove the sensitized areas, in case of the negative resist used.
f. Ton milling process. The remaining resist will protect the film underneath, the exposed areas will be
removed. g. After the ion milling, the exposes areas were removed. h. After cleaning the remaining
resist, the protected areas with the film remains, leading to the result in i. PEEM images of the structure
studied in this work.

The silicon substrate is previously chemically cleaned with acetone, isopropyl alcohol and
deionized water and taken after to a plasma cleaning in order to fully remove dust, organic
residues and contaminants on the surface. The magnetic thin film is deposited via sputtering
with a thickness of 3nm and 10nm of permalloy (NiygF'ep2). A buffer layer and a capping layer
of Tantalum (3nm) is also deposited (Figure 16.1a), the last one to prevent oxidation of Ni and
Fe. The multilayer is then composed by Si / SiOy / Ta 3nm / NiggFego 10nm / Ta 3nm and
is previously prepared by sputtering from tantalum (seed and cap layer) and alloyed permalloy
target. The samples were covered with a layer of AR-N 7500 (ALLRESIST GmbH) negative
resist (Figure 16.1b). After development (Figure 16.1e) the samples were etched by ion milling

(Figure 16.1f — g). An ashing in oxygen plasma was subsequently performed to remove the
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photoresist. The nanoislands dimensions of | = 3000nm and w = 400nm (Figure 16.1i) were
conceived in order to present magnetic monodomain in each island. These systems were built
on an area of 100um?, which enabled topologies density analysis in arrays of up 10 x 14 unit

cells (140 islands).

16.2 Characterization

16.2.1 Photoemission Electron Microscopy

The photoemission electron microscopy (PEEM) is one of the most widely used type of emis-
sion microscopy and is closely related to the low energy electron microscopy (LEEM). Since the
photoelectric effect, explained by Einstein in 1905, where an electron can be ejected from an
atom by interacting with a photon of quantized energy.

Before the development of x-rays usage in photoemission microscopy (X-PEEM), UV light was
used (UV-PEEM) [319] with a spatial resolution of 10 nm. The first x-ray photoemission was first
done in 1987 [320] and in 1993 Stohr discovered the possibility of X-PEEM to measure magnetic
domains [321]. With the development of the technique, nowadays most PEEM equipments are
located in a synchrotron radiation facilities [322-325].

It is well known that charged particles emit electromagnetic radiation when accelerated. The
synchrotrons light sources, or electron storage rings, are one of the most powerful sources of
intense x-rays. The synchrotron radiation is generated when relativistic electrons are deflected,
for example, by a dipole magnet. The emmited radiation can be found in a range from infrared
(micrometer wavelength) to hard x-rays (Angstroms). Radiation from a dipole or bending mag-
net is linearly polarized in the storage ring plane. In certain circumstances the radiation can be
right and left elliptically polarized. The X-rays from the storage ring are driven to the experi-
ment through an evacuated beamline. A grating monochromator in the beamline generates a
monochromatic beam. The soft X-rays covers the absorption edges of many important elements,
specially Fe, Co, and Ni, ferromagnetic transition metals, necessary also for the XMCD technique

(as discussed in Figure 16.4. The X-rays are focused onto the sample using X-ray mirrors [326].
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Figure 16.2: PEEM equipment setup. The inset show a detaliled scheme of a simplified PEEM micro-
scope. A more detailed description of the PEEM microscope with the correction lenses can be found in
the Lawrence Berkeley National Laboratory website [327]. Adapted from [326].

When the synchrotron generated x-rays hit the sample, electrons from the core level of the
atoms are excited to unoccupied states, leaving a hole in the core level. A secondary electron
decays to the hole, when Auger processes and inelastic electron scattering occurs. Some of those
electrons are ejected and captured by the PEEM detector.

The PEEM technique can be combined with XMCD to magnetic imaging, as discussed in the

section below.

16.2.2 X-ray Magnetic Circular Dicrohism

In optics, dicrohism refers to any optical device which can split a beam of light into two
beams with differing wavelengths, or from different views, the material appears with two dif-
ferent colors for two different directions, it is called is di- (two-) chroic (colored) [328]. The
dicrohism property is not a particularity of visible light and now the use of polarized soft x-rays
techniques have become a major tool for measuring properties of magnetic materials. The main
advantages of using soft x-rays are good spatial resolution, quantitative information because
of the strong magnetic contrast, sensitivity to chemical elements, well defined core-level states
among others [329,330]

The magnetic properties of transition metals are given by the d-valence electrons. The soft
x-ray region covers the important edges for transitions in regions that admits access to the strong

dipole-permitted core 2p to valence 3d excitations (L2 sedge) in transition ferromagnetic metals

95



(Ni, Fe, Co) and core 3d to valence 4f ()3 sedge) in rare-earth elements [331]. Core electrons
are excited by the absorption into empty states to above the Fermi level carrying information of
the electronic and magnetic properties of the empty valence levels. The magnetic properties of

magnetic transition metals are largely determined by the 3d valence electrons.
a) spin moment b) orbital moment
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Figure 16.3: One-electron model XMCD. The transitions occur from the spin orbit split of the 2p core
levels to empty conduction bands above the Fermi level. By use of circularly polarized X-rays the spin
moment a, and orbital moment B, can be determined from the intensity differences between A and B.
Adapted from [332]

The XMCD consists in right or left circularly polarized photons can transfer their angular

momentum, +# to an excited photoelectron and the x-ray magnetic circular dichroism effect
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describes the change in x-ray absorption. The light interacts indirectly with the spin via the
spin-orbit interaction, in this case the dichroism increases in with the spin-orbit interaction and
spin flips are forbidden, so the photoelectrons from the p-core shell can only be exited to the
d-hole state with the same spin it had before. The XMCD effect is opposite in sign at the L3 and
L, edges because of the opposite sign of the spin-orbit coupling (I 4+ s and [ — s, respectively due
to the spin-orbit split level) and the spin polarization will be opposite in those two edges. The
difference on the intensities measured with right and left circular polarization are A, for L3 edge,
and B for L, edge, respectively. The different coupling gives to XMCD the ability to separate spin
and orbital momentum. The spin momentum is proportional to the difference of the integrated
XMCD intensity and the orbital momentum is proportional to the sum. Sum rules have been
developed that are used to quantitatively determine the spin and orbital magnetic moment per
atom. The complete mathematical approach of those sum rules can be found in [329,332,333]

The relative orientation between the photon polarization (¢) and the sample magnetization
(m) is the origin of XMCD effects that have a signal propotional to o -m and the largest signal
difference occurs between the parallel and antiparallel orientation of o and m. In the case of
the nanoislands, magnetization direction is in magnetic monodomains so the XMCD intensity
obtained by the difference of the two X-ray helicities (left and right polarized) [332].

The XMCD effect is opposite in sign at the L3 and Lo edges because of the opposite sign of
the spin-orbit coupling / + s for 2,3/2, and [ — s for 2p, /5. Most intense XMCD effects appear
at the L edges (2p to 3d) of the transition metal ferromagnets Fe, Co, and Ni. The XMCD
spectrum is defined as the difference spectrum of two absorption spectra obtained by different
light polarizations. The angle and magnetization dependence of XMCD in the total absorption
signal is approximately given by

N

Limed = cosa(M) (16.1)

RN

with « denoting the angle between the X-ray vector £ and the magnetization M. (M) is the

expectation value of the magnetization of 3d shell [326].
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Figure 16.4: a. Scheme of magnetic dichroism effects. The XMCD effect is large only in cases where
the absorption edge exhibits multiplet structure. Adapted from [328]. b. Absorption shceme of x-rays
by the core level of an atom (left) and Auger decay (right) and the ejection of a secondary electron.
Extracted from [326]. c. Cobalt XMCD spectra acquired for a magnetization M parallel (dotted line)
and antiparallel (solid line) to the X-ray polarization o. At the bottom the difference spectrum is shown.
Extracted from [326]. d. PEEM image of one of the measured structures of this work. XMCD-PEEM
measurement of the sample. The right and left circularly polarized measurements are shown, by taking the
difference between them a dark and bright contrast appear, due to the difference of magnetic orientation
in each island, as in the case of c.

Differnce

16.2.3 MOKE

The Magneto optical Kerr Effect (MOKE) is an optical technique to determine the orientation
of a magnetic moment near the surface of a reflecting magnetic sample . It is based on the Kerr
effect, observed by John Kerr in 1887. A similar effect was first observed by Faraday in 1845
where he found that polarization of light transmitted through a magnetic sample was rotated.

MOKE It is based on the interaction of a linearly polarized light reflects in a magnetized
material, becoming eliptically polarized. This elliptical polarization of light results when the two
orthogonal components of electric field vector from the light wave experience a phase difference.

The rotation of the polarization is due to the interaction of the light with the unpaired valence
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electron spins of the magnetized sample. MOKE measurements can give a the response to the
material with an external field, by giving the magnetic hysteresis loop of the material [334].

If the electric field is polarised in the plane of incidence, it is called as p-polarised light as
shown in Figure 2.2 and if the electric field is polarised perpendicular to the plane of incidence,
then it is referred to as s-polarised light. The plane of incidence is also known as the scatter-
ing plane, the plane which contains the incident and reflected light beam. The reflected light
ellipticity changes when the magnetization of the sample is reversed. The measured rotation is

given by the Kerr angle (fx) and the ellipticity is Ex = tan(S’/P’), as defined in Figure 16.5.

S 5 S

A T .

Figure 16.5: E-field vector of light in the plane transverse to the direction of propagation for linearly
polarized light a., as for incident p and s polarized light. b. Elliptically polarized light which is the
general case for light reflected from a Kerr-active surface.
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Figure 16.6: Longitudinal, transverse and polar MOKE geometries.

There are principally three Kerr effects which are classified depending on the geometry be-
ing employed between the sample plane and the magnetization. These are shown inFigure 16.6.
The longitudinal and transverse Kerr effects are generally used to study the in-plane magnetic
anisotropy, whereas the polar configuration is used to study thin films, which exhibit perpendic-
ular anisotropy. In the longitudinal and polar geometries, the s or p polarized light will generally
become elliptically polarised with its major axis rotated (Kerr rotation). This is a consequence
of an orthogonal electric field component being induced because of the Lorentz force.

A schematic of the measurement setup is given in Figure 16.7. A beam of light (provided

by a 15mW He-Ne laser (A = 640nm)) passes through a polariser, that will define the s or
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p polarization. A frequency modulation is used to improve the signal-to-noise ratio when the
signal is driven to a lock-in amplifier (that can extract a signal with a known carrier wave
from an extremely noisy environment). This modulation can be done by using a mechanical
chopper (frequency up to 1 kHz) or photoelastic modulator (f ~ 50 khz). The measurement
area was determined by the size of the laser spot, that can be controlled by a set of lenses in
the path between the chopper and the sample. The reflected light beam was passed through
a second polariser (analyser) and is directed to a photo-diode, where the reflected intensity
was measured. The output signal from the photo-diode previously minimized by rotating the
analyser. The differences in the intensity gives the signal collected by the lock-in. The control of

the equipments and data acquisition were made with LabView.

Photodiode

Oscilloscope

Lock-in @’]ﬁ
Amplifier (X3

Laser Polaryzer Chopper

Figure 16.7: Schematics of the MOKE mounting. Adapted from [172]

A mathematical approach for the Kerr effect theory was first described macroscopically by

using a dielectric tensor theory [335]. For a more complete description, see [172,336-338].

16.2.4 Monte Carlo Simulation

Monte Carlo (MC) is a computational method that uses statistical modeling and probably
density functions to estimate mathematical function and simulate complex systems by use of
simulated random numbers to estimate some functions of a probability distribution. A more

complete approach for the MC method can be found in [309,339].
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The problem is then solved by estimating the expected value of a quantity from the distri-
bution of the random variable. In the thermal equilibrium, the expected value of an observable

quantity is given by

(4) = % > A (16.2)

where Z = Y"_ e PF7 is the canonical partition function. 8 = 1/KgT for Kp the Boltzmann
constant and 7 the temperature. (A) is the expected value of the quantity A at an energy state
E;. The sum in i is done in all microstates of the system. The MC method consists in consider
only the most relevant states in each temperature and calculate the the physical quantities of
interest.

From a microstate y(t = 0), the algorithm turns into a new state v(¢). The probability of
the transition is W,,_,,. This procedure guarantee that, any other state can be found from a
previous one by a finite number of steps. The stochastic process of the transition of states can
be understood as the microscopical evolution of the system, being the probability P, (¢) to find

the system in the state u(¢) in a given time ¢ is:

OPu(t)
ot

= Z (PuWyusv = PuWosp) (16.3)
w#EV

The dynamics of configurations is obtained by the transition rules in the algorithm to create

a new configuration pu(t + At) from a previous p(¢). In the equilibrium,

OP,(t)
dt

=0 (16.4)
and the probability of a u(t)-state be found in a classical system is

e*ng“
Pu(t) = Z (16.5)

The Metropolis algorithm is used for calculate the transition probability of the spin flips in
the simulations for a MC step (a computational measure of time) and updated after the system

realize 2L? attempts of flips in a single spin following the steps:
e Choose an initial configuration (random, for example)
e Choose a i site of the system
e Calculate the energy variation AF to flip a spin 5;

e Generate a random number n, from O to 1
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e if n < e7#2F the spin is flipped, otherwise stay in the previous configuration

e return to step 2

If this procedure is repeated N times (where N is the number of sites in the lattice), a MC
step is done. The first configurations have to be discarded, it’s the thermalization time. The
determination of this time is important to ensure the system is in equilibrium and the results are

trustable.
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17 - Results

Some of artificial spin ices (AST) magnetic properties (as a function of temperature 7) are
observed by Photoemission Electron Microscopy (PEEM) [340] combined with X-ray Mag-
netic Circular Dichroism (X MC D) measurements. We demonstrate here, theoretically (by
Monte Carlo simulations) and experimentally that the geometry of the planar arrays may be
an additional ingredient to transform an ASI material in a thermal system. Theoretically, it is
done by deforming continuously the square lattice in a rectangular one. We experimentally focus
on rectangular artificial spin ices (RAST) with horizontal and vertical lattice parameters given
by a and b respectively. Our samples match in three classes of RASI, appropriately designed
to illustrate what we interpret as a geometrothermodynamic effect. They are heated from room
temperature until a temperature near 800K (just below the Curie Temperature of the permalloy,
which is T = 873K).

For all kinds of planar AST geometries, with ground states obeying the familiar 'two-in, two-
out’ ice rule in each vertex, the nanomagnets spin will experience less restriction to flip precisely
in a kind of rhombic lattice. This can be observed by analysing only three types of rectangular
artificial spin ices (RAST) described by its aspect ratio v = a/b.

By comparing the impact of thermal effects on the spin flips in these three appropriate differ-
ent RAST arrays, it is possible to find the phenomenon we call AST geometrothermodynamic.
The comparison is done among RAST with v = /2, v = v/3 and v = V4.

Theoretical calculations [290] concerning the rectangular artificial systems have shown that
the ice regime (with the required degenerate ground state) could be observed when the aspect
ratio of the lattice (v = a/b) is equal to /3 (the rhombic lattice). On the other hand, the ground
states of RASI compounds with 1 < v < v/3 and v > /3 are not degenerate, but they have
very distinct magnetic properties: in the first case (1 < v < /3), there are residual magnetic
charges at each vertex, alternating from positive to negative along the neighbor vertices. In
the second case (y > 1/3), there are alternating residual magnetic moments along the neighbor
vertices. Again, looking the vertical and horizontal lines of spins, it can be characterized as a

ferromagnetic state. At v = /3, these two distinct types of states have the same energy and the
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Figure 17.1: a. 30 um x 30 um PEEM image of v = v/3 RASI lattice. The Permalloy nanoislands
have 2800 nm x 400 nm x 10 nm. b. Typical XMCD measurement for the same area of (a) with
the clear and dark contrast representing the orientation of the islands domains, in each direction. The
measurement was taken with the array rotated 45 degrees from the X-ray sensitivity to resolve x and
y direction at the same time. c. Topologies for each vertex, where red and blue arrows represents the
orientation of the island, related to X M C'D pattern.

() (3

v

ground state becomes degenerated [301].

Figure 17.1a shows an image of a RASI with v = /3 obtained by PEEM measurements
combined with X M C'D technique (Figure 17.1b) showing the magnetic domais of the nanois-
lands. Figure 1c shows the five possible topologies of these structures. Topologies ¢y and ¢; obey
the ice rule (two-in, two-out) while the other three (¢2, t3 and t4) represent excited states singly
(t2 and t3) and doubly (¢4) charged magnetic monopoles [290]. Here, the ¢, and t5 states, with
3in — lout or vice versa are separated if compared with the T3 topology of Figure 15.4 due to
differences of energy. The energy of all these topologies depends on v. For v = vz = v/3 (9r
is the rhombic lattice), the ¢ty and ¢; topologies have the same energy, yielding to a degenerate

ground state.
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17.1 Theoretical Approach

The thermodynamic results for RASI obtained by MC simulations !

are shown in Fig-
ure 17.2. For the usual artificial square ice, Silva et al. [268] have suggested the existence
of a phase transition at a critical temperature Tp ~ 7.2D/kp = 7.2 x 10*K, where D is the
coupling constant of the dipolar interaction. Indeed, the specific heat exhibits a sharp peak at
Tp, whereas the amplitude diverges logarithmically with the system size L.

This phase transition was first attributed to the vanishing of the string tension between
monopoles of opposite charges: below Tp, the monopoles are bonded by an energetic (and
observable) string (Nambu monopoles [288]); above Tp, the string tension should vanish and
some monopoles become almost free to move (actually, they may not be completely free because
a monopole pair is subjected to an entropic force that exhibits, in two dimensions, a logarithmic
distance dependence).

Concerning the specific heat, our M C calculations lead to similar behaviors for the RAST
materials. Figure 17.2 shows the specific heat as a function of temperature for the three different
cases considered here. As expected, the critical temperature (T’ 5, n = 2,3,4), at which the

peaks occur is a function of the aspect ratio ~. Initially, as ~ is increased from 1 (square ice), the

critical temperature decreases [301].

2 3 ‘0 1 2 “o "o FIE 5
kgT/D

Figure 17.2: a. Specific heat of RASI with different values of v obtained by Monte Carlo simulations.
Parts b(y = v/2), c(y = v/3) and d(y = v/4) shows the density of states for each topology in the lattices
respectively, as a function of temperature.

This difference in the specific heats were expected because the coupling between nanoislands

becomes weaker as the array becomes more stretched and islands are far from each other. How-

'The MC simulations were made in collaboration with Prof. Fabio S. Nascimento and Prof. Afranio R.
Pereira.
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ever, we report that the minimum specific heat occurs when v = /3, apart from this case, the
idea of the critical temperature decrease with increasing ~ works well. In this special v = /3,
the ground state is degenerated, as discussed above in the beginning of this section.

The rectangular ice magnets v = V2 and v/4 start (at T = 0) with all vertices in their
respective natural ground states (the topologies ¢y and ¢, respectively). In all situations, as T is
increased from zero, the other topologies start slowly to arise in the lattice. It occurs in different
manners as v changes. For v = /2 the system practically remains entirely in its ground state
for a large range of temperatures, in such a way that, the topology ¢, begins to really decrease
only for high temperatures (I' > 3D/K;) almost like the square ice, this high temperature
value for the emergence of excitations indicates that systems with relatively small aspect ratio
(v ~ V/1 [341]) tend to be athermal, as frequently found in literature.

For the special case of v = /3 the initial state (with most vertices in the topology t;) reduces
rapidly as T increases and, simultaneously, the density of the ¢; topology increases considerably.
It suggests an immediate activity in the spin fluctuations, even at relatively low temperatures.
For this particular case, any mixture of the states ¢y and ¢1, if it is possible to occur, would also be
a ground state. Note that the density of the ground state topologies (¢ and ¢1) starts to change
just at the critical temperature (the peak on the Figure 17.2a). The ¢, and ¢3 topologies start to
be excited at higher temperatures, where it starts to indicate the emergence of monopoles with
tensionless strings.

The basic differences are the ground states and the fact that the ¢, monopoles (red circles)
are more easily excited in the array with v = /3 conducting the system a lower transition
temperature. The above theoretical calculations are very suggestive: the critical temperature of
v = /3 is about 15 times smaller than 7},, which means that the rhombic ice exhibits, at much

lower temperatures, a richer dynamics than the square ice.

17.2 Experimental Results

With these indicative theoretical results in mind, we now consider experimental arrange-
ments in which the temperature of the three types of RASI systems varies from 300K to 750K.
This range of T is, in principle, about 10 - 100 times smaller than the temperature scale of the
most theoretical calculations presented above, but it is below the Curie temperature (TC) of the
permalloy.

The XMCD measurements (as discussed in Figure 16.4) were performed at PGM beamline

of the Brazilian Synchrotron Light Laboratory 2. The images were taken on the Nickel Lo 3 edge

%Inls.cnpem.br/en/
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with a photon energy of 850eV. The islands array was placed rotated 45° related to the X-ray
sensitivity in order to fully resolve both x and y directions (as shown in Figure 17.1). MOKE
measurements were made in a custom built optical path with an special sample holder capa-
ble to heat the sample during the measurement under a low vacuum environment, to avoid
degradation of the sample and possible smoke, which can interfere in the laser intensity. The
measurements were made using a p-polarized source in a longitudinal geometry. The islands
array were placed rotated 45° related to the scattering plane to fully resolve both x and y direc-
tions. The MOKE signal was recorded by varying the temperature in the sample.

The samples were fabricated with a size of 3000 nm x 400 nm x 10 nm to ensure that the
orientation in each island is still a monodomain, even if it’s bigger than the usual nanoislands
in the literature. This size is due to the spacial sensitivity of the PEEM microscope as shown in

Figure 17.3.
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Figure 17.3: PEEM images for the v = v/2, v = v/3 and v = v/4 samples.

Figure 17.4a shows the snapshots of ¥ = /4 sample with the vertices mapping done fol-
lowing the scheme on Figure 17.2c. The images were obtained with samples initially at room
temperature (RT) and heated to 473K, 573K, 623K and 673K. According to the theoretical cal-
culations, the ground state of this array should have all vertices in the topology t1, at T = 0 but
At room temperature we can see that the ¢; topology is dominant. It is shown in this figure the
temperature can actuate to generate fluctuations, creating and destroying all possible low en-
ergy excitations into the system, including monopole pairs with ¢3 and ¢, topologies with the t¢3
configuration density, the lowest energy monopole excitations increasing with T. To emphasize
and illustrate the role of the thermal effects on the creation of excitations in RASI materials,
we investigate experimentally how magnetized samples will be affected as the temperature is
increased. Figure 17.4b present a comparison of vertex topologies for different RASI ratio at
same temperature. Those measurements corroborate the prediction of higher density of high
energetic topologies for the orthorhombic v = /3 specially if compared to v = /2 that show

more low energy configurations, as discussed in Figure 17.2.
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Figure 17.4: (a. 100 gym x 100 um XMCD images of v = V4 RASIT at different temperatures.
The respective magnetic configuration is shown below according to the color configuration shown in
Figure 17.1. b. Images and vertices mapping for v = v/2, v = v/3 andy = v/4 for the same temperature
of 573K.

Figure 17.5 shows the magnetization and the vertex population for each v from the XMCD
measurements taken, as shown in Figure 17.4. All samples were initially prepared (at RT)
with normalized magnetization along one direction (Mx or My equal to 1), in such a way that
the total normalized magnetization M, is around 0.8 (see red squares in the left side of Fig-
ure 17.5a). As the temperature is increased, the total magnetization decreases for the three
cases but with different behaviors. Note that for the ¥ = v/2 and /4 the magnetization in the
x direction shows a maximum value, but for v = /3, the magnetization in the y direction is
maximum. In the v = /2 the magnetization decreases very slowly as T increases. Meanwhile,
there is a slow increasing of the monopoles number (¢ and ¢35 topologies). Such a behavior
reveals that this system, like the square ice, is essentially athermal in the range of temperatures

compatible with experiments in artificial spin ices. The magnetic moments of the nanoislands

108



1.0(» T _,b 1.0/ o. C 1.0._\
2 Dipleti——, 0.8 0.8~
& . = | . 'x s -
& ¥ oy R
%{J L . & \ - !
s 0.6 s 0.6 m 0.6 " %
£ i >
o] > M, ¥ . e & g
204, o Y By o4 :
=-m 1, ‘8
0.2 0.2 0.2
273 423 573 723 273 423 573 723 473 573 673
0.8 0.8 0.8
[
| > i
- -
c R 0.6 0.6 :
% 0.6 =-m TO << T3 L > s
5 >+ T1 =-» T4 O i >
ag_'o alle-e T2 0.4 - _ 0.4
§ e - o .
0.2 0.2 o | 02 &
> < 7 =
[k --® . -9
0.0|Bz=-m--==&===:8 0.0lm o . o.olRc=----@--E"""
273 423 573 723 273 423 573 723 473 573 673

Temperature (K)

Figure 17.5: Normalized magnetization and population of topologies for lattices with a. v = v/2, b.
v = +/3 and c. v = /4 The magnetization and topologies are calculated from the XMCD measurements
as shown in Figure 17.4

do not flip easily and the magnetization remains practically unchanged during all interval of
temperatures studied. If the temperature is increased at higher values than the measured ones,
the system will reach the Curie temperature for permalloy and individual nanoislands would
turn to paramagnetic.

On the other hand, for the special case of v = /3, the magnetization decreases very rapidly
as T increases and seems to vanish even at a temperature below the Curie temperature of permal-
loy, while the monopoles population (including also doubly charged monopoles in ¢4 topologies)
increases considerably as T increases, mainly for T > 550K (right side of Figure 17.5).

This example shows clearly that the geometry may produce favourable conditions to flip the
magnetic moments, making the system to exhibit its thermodynamic properties at temperatures
lower than the material Curie’ temperature. To confirm this fact, we have also investigated the
case v = /4 and it suggests that, for v > /3, the magnetization decreases slower as T increases,
similar for v < /3, but it falls much more quickly.

We then notice that the experimental data obtained for the magnetization can be connected
with the theoretical calculations for the specific heat in the way that the temperature in which

M,,; goes to zero and the specific heat presents a peak is a minimum for the same v = /3. These
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Figure 17.6: MOKEF signal as function of temperature for the three lattices compared. Here T' 5 ~
707K, T sz ~ 630K and T ~ 657K.

thermodynamical features are caused by purely geometrical effects, since in our measurements,
no other parameter was changed, emphasizing the idea that the string tension tends to vanish
for the v = v/3 RASL

Another way to confirm our predictions is to measure the total magnetization of the sys-
tem while the temperature was increased. For this we built a MOKE system (as discussed in
Figure 16.7) with a sample holder capable to increase the temperature in the sample without
destroying it. A low vacuum environment with a glass chamber was built to allow the light
to pass through by using a pyrex glass, that can hold high temperatures. The sample was then
saturated with the islands rotated 45° rotated in relation to the magnetic field and the scattering
plane to fully saturate both directions. The MOKE signal was recorded while the temperature
was increased. The sample was placed in a metal plate, connected to a Tungsten connected to a
current source, responsible to the heating. The sample was placed in such a way that all in-plane
contributions of the magnetic field, generated by the heating filament, were removed.

The MOKE results are shown in Figure 17.6. These results also confirm the geometrother-
modynamic effect observed in the MC simulations and XMCD measurements while the total
magnetization turns to zero in the v = /3 at lower temperatures than other v also below
permalloy Curie temperature. Note that, even the v = /2, considered to be athermal have a

critical temperature below permalloy 7.

110



18 - Discussion and Perspectives

Despite possible small deviations in theory, since v = /3 is not a rational number and,
therefore, any calculation of the specific heat is not done exactly at the correct value in which
the system degenerates, the smooth bump presented in the specific heat of v = +/3 lattice
instead of sharp peak in the other configurations, is due to the absence of phase transition to
the ice state, being present just a crossover. This is a strong evidence that the orthorombic
geometry allows the ice state. Such imprecision are also present in experiments, because the
measurements of distances between islands have the errors of the instruments and, in addition,
the nanoislands are not point dipoles, although they are monodomains.

So, all results concerning the lattices analysed are close approximations. Despite these diffi-
culties, our results show clearly (theoretically as well as experimentally) some roles of geometry
on the thermodynamic properties of these systems.

For the simulations, the use of any rational number r very close to v/3 will imply that the
system is only near to the ice regime, but it still keeps some features of the antiferromagnetic (if
r is immediately below /3 or ferromagnetic phase if r is immediately above v = v/3).

Here, we have demonstrated experimentally that the lattice geometry can be an important
ingredient to transform the usually ‘solid’ (a phase whereas the ASI constituent spins are almost
inflexible) artificial spin ice compounds into a ‘liquid’ (the islands magnetization are governed

by the dipolar interaction with less trouble, fluctuating even for practical laboratory tempera-
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Figure 18.1: Specific heat in function of temperature calculated by Fabio Nascimento [290,301] for
different v and the temperature of the specific heat peak in function of ~.
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tures) system, just by changing one of the components of the lattice parameter, in other words,
stretching an square lattice in one direction.

Normally, ASI materials are athermal (‘solid’) and the spins do not flip easily because a
nanoisland contains a large number of atoms. On the other hand, it has been shown that an

unambiguous stretching of the square ice may take the system to the ice regime.
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This thesis covers three important and extensively research topics of magnetism and topol-
ogy, with proposal of its application in spintronics devices.

Regarding the fisrt part of this work, as the geometries and materials parameters utilized
in this work are similar to the skyrmion imprinting proposed and experimentally demonstrated
[66-68], this method for the creation of the RMS is expected to work at room temperature.
Additionally, the advantage of this new feature is the increase in the integration density, once
there is no need of a third electrode to apply perpendicular current for the spin texture creation
as in the most skyrmion-based devices proposed so far and being faster to transport than the
usual domain walls systems.

The electric currents necessary for RMS generation and motion are consistent with those
utilized in DW racetrack memories. The proposed method and device are promising for appli-
cations in future racetrack memories with controlled RMS density for creation and high tunnel
magnetoresistance signal for detection. We have also presented an alternative to storage data,
since the RMS is not stable without electrical current, by converting into an domain wall by an
constriction junction.

This new proposed device is suitable for new kinds of memory devices and also with works
related to topological structures. Since this kind of structure requires an spin polarized current,
researches are necessary to improve this electrical polarization with more efficient spin injection
device, like spin pumpin process in topological insulatores as we have published in Phys. Rev. B
96, 180415(R) [342]. Spin pumping can be bettter described in [343,344].

It’s important to notice that this system is free from skyrmion hall effect. It can happens in
our system if we include a small DMI (= 0.1m.J/m?). For practical applications in racetracks,
the moving structure should travel along a straight line and systems free from skyrmion hall
effect are already being researched for the realization of skyrmion dynamics without SKHE.

In the second part we have demonstrated the conversion of a spin current into a charge
current in the topological insulator (Big.225bg.78)2Tes at room temperature. The spin currents
were generated in a thin layer of permalloy by two different processes, the spin pumping effect
(SPE) and the spin Seebeck effect (SSE). The TI surface was used to detection because of the
spin-momentum locking of the surface states and we believe the IEE will be very useful for
electrical detection of spin current and spin accumulation in future spintronics devices.

From the third part, we can see that only a change in geometry must be responsible for the
different behaviors of these RAST systems. The rhombic lattice makes equidistant the four spins
meeting at a vertex, similar to the three-dimensional natural and even artificial spin ices. This

geometric effect has shown to be more effective in inducing spin fluctuations than the usual
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way of purely increasing the lattice spacing among the nanoislands. Although all the evidences
obtained here suggest that the v = /3 is in the ice regime, we must be very careful in stating
that.

The dynamics of those systems in function of geometrical parameters show that the change
in the geometry can be a simple way to control the dynamics and the ground state of this
systems, in this case, by stretching the square lattice. Such systems could be more appropriate
for magnetronics application, once the monopoles connection have no energy, so they would
have more freedom in the lattice.

In conclusion, topology physics and its related effects are at the front of the newest re-
searches on “spintronics”, where devices that operate with spin (rather than charge) currents,
“skyrmionics”, where the information can be carried by magnetic excitations or “magnetricity”
where magnetic charges (monopoles) can be used as an analogue to electrical charge carri-
ers. Those elements alone or integrated will require a lot of research, as happened with the
semiconductor technology few decades ago, leading to a new generation of quantum materials

devices.
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With the recent proposition of skyrmion utilization in racetrack memories at room temperature,
skyrmionics has become a very attractive field. However, for the stability of skyrmions, it is essential
to incorporate the Dzyaloshinskii-Moriya interaction (DMI) and the out-of-plane magnetic field into
the system. In this work, we explore a system without these interactions. First, we propose a controlled
way for the creation of magnetic skyrmions and skyrmioniums imprinted on a ferromagnetic nanotrack
via a nanopatterned nanodisk with the magnetic vortex state. Then we investigate the detachment of the

f\(/g’ V:;rt‘ijz:solimn imprinted spin textures from the underneath of the nanodisk, as well as its transport by the spin-transfer
Skygrmi on torque imposed by spin-polarized current pulses applied in the nanotrack. A prominent feature of the
Bubble moving imprinted spin texture is that its topological number Q is oscillating around the averaged value

of Q = 0 as if it is a resonant state between the skyrmions with Q = +1 and the bubble with Q = 0. We
may call it a resonant magnetic soliton (RMS). A RMS moves along a straight line since it is free from the
skyrmion Hall effect. In our studied device, the same electrodes are employed to realize the imprinted
spin texture detachment and its transport. In addition, we have investigated the interaction between
the RMS and a magnetic tunnel junction sensor, where the passing of the RMS in the nanotrack can be
well detected. Our results would be useful for the development of novel spintronic devices based on

Racetrack memory
Spintronics

moveable spin textures.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The magnetic skyrmion [1,2], a sort of soliton with protected
structural stability assured by its topological configuration, was
recently observed in chiral magnetic materials [3-8] with the
Dzyaloshinskii-Moriya interaction (DMI) [9,10] at low tempera-
tures. Moreover, experimental observations performed at room
temperature, in materials with both perpendicular magnetic aniso-
tropy (PMA) and DMI [11-13], together with the topological pro-
tection and fast transport [14,15], have pointed out skyrmions as
the most prominent magnetic structures to be exploited for build-
ing magnetic storage devices, such as the racetrack memories [16].
The magnetic domain wall-based racetrack memory is an estab-
lished technique [17-20]. The merit of the skyrmion compared
with the domain wall is that the skyrmion is not easy to be pinned
by defects or impurities [21]. The manipulation of a single isolated
skyrmion is a key for skyrmionics [22-26]. The logic computing

* Corresponding author.
E-mail address: dearaujo@ufv.br (C.LL. de Araujo).
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application and electric devices based on skyrmions make
skyrmionics future promising spintronic devices [27-30].

Recent experimental works have demonstrated new methods
for the generation of single isolated skyrmion [31], skyrmions form
on a nanotrack with PMA using protocol of out-of-plane magnetic
saturation and successive magnetic field reversion. Another
promising experimental method [32] is the transformation of sky-
rmions from chiral domain walls in a nanotrack with the geomet-
rical constriction. However, in all these experimental works carried
out so far, an out-of-plane magnetic field is required to maintain
the stability of skyrmions.

In this work, using full micromagnetic simulations, we propose
to transport a new type of magnetic spin textures through a nan-
otrack where both the DMI and the out-of-plane magnetic field
are absent. First, we create a skyrmion or a skyrmionium by the
interaction between a magnetic nanotrack with PMA and a soft
magnetic nanodisk with vortex state attached to it, as shown in
Fig. 1. This method of creating a skyrmion imprinted by a nanopat-
terned nanodisk on a CoPt thin film has already been investigated by
numerical simulations [33] as well as experiments demonstrated at
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Dirac-surface-state-dominated spin to charge current conversion in the topological insulator
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We report the spin-to-charge current conversion in an intrinsic topological insulator (TI) (Big2,Sbg.7s),Tes
film at room temperature. The spin currents are generated in a thin layer of permalloy (Py) by two different
processes, the spin pumping effect (SPE) and the spin Seebeck effect (SSE). In the first, we use microwave-driven
ferromagnetic resonance of the Py film to generate a SPE spin current that is injected into the TI (Bi22Sbg 75).Tes
layer in direct contact with Py. In the second, we use the SSE in the longitudinal configuration in Py without
contamination by the anomalous Nernst effect, which was made possible with a thin NiO layer between the Py
and (Big2,Sbg75)2Te; layers. The spin-to-charge current conversion is dominated by the TI surface states and
is attributed to the inverse Edelstein effect (IEE), which is made possible by the spin-momentum locking in the
electron Fermi contours due to the Rashba field. The measurements by the two techniques yield very similar
values for the IEE parameter, which are larger than the reported values in the previous studies on topological

insulators.

DOI: 10.1103/PhysRevB.96.180415

Topological insulators (TIs) constitute a novel state of
matter, which have been the subject of intensive investigations
in condensed matter physics in the last decade. They are a new
class of quantum materials that present insulating bulk, but
metallic, dissipationless surface states topologically protected
by time reversal symmetry, opening several possibilities for
practical applications in many scientific arenas including
spintronics, quantum computation, magnetic monopoles, and
highly correlated electron systems [1-4]. More recently, it
has been shown that TI particles behave as optically induced
oscillators in optical tweezers [5]. The surface states are char-
acterized by a single gapless Dirac cone and exhibit remarkable
spin-momentum locking: The charge carriers move in such a
way that their momenta are always perpendicular to their spin
[4,6]. In addition, topological insulators have strong spin-orbit
coupling (SOC) and as well as have a large spin torque, which
are essential for efficient spin-charge conversion [7-9].

In turn, the conversion of charge currents into spin currents,
and vice versa, are key phenomena for encoding and decoding
information carried by electron spins in the active field of
spintronics. Until recently, the only known mechanisms for
conversion in both directions were the spin Hall effect (SHE)
and its Onsager reciprocal, the inverse spin Hall effect (ISHE),
which rely on electron scattering processes with spin-orbit
interactions in three-dimensional (3D) materials [10-14].
Studies of the spin-to-charge conversion by the ISHE have
been conducted in metallic films with heavy elements, such
as paramagnetic Pt, Pd, and Ta [15-27], ferromagnetic Py
[28], antiferromagnetic materials such as IrMn and PtMn
[29,30], and semiconductors [31-37]. Recent developments in
thin-film growth techniques have made possible the fabrication
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of samples with atomically flat surfaces and interfaces that
have led to the observation of new phenomena induced by
SOC in two-dimensional (2D) systems [38—40]. Among them
are the Edelstein effect, predicted some time ago [41], and its
Onsager reciprocal, the inverse Edelstein effect, that enable
new means to convert charge currents into spin currents, and
vice versa.

The direct Edelstein effect and the inverse Edelstein
effect (IEE) are made possible by the Rashba effect that
arises from SOC and broken inversion symmetry at material
surfaces and interfaces [42-45]. The Rashba field produces
spin-momentum locking in the electron Fermi contours that
enables the conversion between spin and charge currents.
The conversion of spin currents produced by ferromagnetic
resonance (FMR) spin pumping into charge currents due
to the IEE has been observed at Bi/Ag interfaces [46],
single-layer graphene [47], and in a few TIs [8,48-50]. In
this Rapid Communication, we report the observation of
spin-to-charge current conversion by means of the IEE in the
topological insulator (Big22Sbg 78),Tes at room temperature.
The spin currents are generated by two different arrangements,
microwave-driven spin pumping and the spin Seebeck effect.

The experiments were carried out with two sample struc-
tures, (i) one consisting of a TI grown on a 0.5-mm-thick
sapphire (0001) substrate and with a Nig;Fe 9 (permalloy-Py)
top layer, and (ii) a trilayer in which a NiO layer is grown
between the TI and the Py layers. In both, we have used
a commercial 0.5-mm-thick (0001) sapphire substrate onto
which the TI is grown as follows. After high-temperature
annealing (~800 °C) of the sapphire substrate, a six-quintuple
layer (QL)-thick (Bi,Sb;_,), Te; film is grown on top at
a temperature ~230°C in a custom-built ultrahigh vacuum
molecular beam epitaxy (MBE) system and capped by a 3-nm-
thick epitaxial Te layer. X-ray diffraction patterns confirm the

©2017 American Physical Society
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Geometry induced dynamics yields remarkable physical phenomena. In the macrocosms, the curvature of
spacetime (geometrodynamics) tells matter how to move (gravity). In the microcosms, an example is the geo-
metrical frustration in magnetic materials, whereas under certain conditions, can lead to the formation of spin
liquids, in which the constituent spins still fluctuate strongly down to a temperature of absolute zero. In this
work, we would like to explore a geometrical effect in artificial spin ices (AST). It is well known that, in gen-
eral, such artificial materials are athermal because they are constructed with elongated nanomagnets containing
a large number of atomic spins, generating a big net magnetic moment that need a great amount of energy to
flip. Therefore, recently, thermally driven dynamics in AST materials became an important subject of investi-
gation. We then expand this picture by showing that geometrically driven dynamics in ASI can open up the
panorama of exploring distinct ground states and thermally magnetic monopole excitations. Here, it is shown
that a particular AST lattice, whereas four spins meet at every vertex, will provide a richer thermodynamics only
due to its geometry. Indeed, for all kinds of planar AST geometries, with ground states obeying the familiar
’two-in, two-out’ ice rule in each vertex, the nanomagnets spin will experience less restriction to flip precisely
in a kind of rhombic lattice. This can be observed by analysing only three types of rectangular artificial spin
ices (RASI). Denoting the horizontal and vertical lattice spacings by a and b, respectively, then, a RAST
material can be described by its aspect ratio vy = a/b. The rhombic lattice emerges when v = /3. So, by
comparing the impact of thermal effects on the spin flips in these three appropriate different RAST arrays, it is
possible to find the phenomenon we call AST geometrothermodynamic. The comparison is done among RAST
with v = V2, v = vy = V3 and v = V4. The experimental data and the direct imaging of individual
nanomagnets and their magnetization are obtained, as a function of temperature, by using Photoemission Elec-
tron Microscopy (P E E M) combined with X -ray Magnetic Circular Dichroism (X M C D) and Magneto-optic
Kerr effect (M O K E) measurements. Our experimental data corroborates the unusual behavior of the critical

temperatures in the RAST materials investigated here, as predicted by our Monte Carlo simulations.

INTRODUCTION

Arrays of nanomagnets designed to resemble the spin ice
materials (disordered magnetic states) are known as artificial
spin ices (AST). Nowadays, with the advances of the nan-
otechnology and nanofabrication, AST systems have become
so famous as well as their natural counterparts, with the ad-
vantage that they can be constructed with desirable geometries
and properties. The first ASI was built in 2006 and it con-
sists of a two-dimensional (2d) square array of 80,000 elon-
gated magnetic nanoislands, each a few hundred nanometers
long[1]. The net magnetic moment (spin) of each individual
nanoisland is aligned parallel to its longest axis (like in a bar
magnet), and is coupled to all other nanoislands of the planar
array by the ubiquitous dipolar interaction. Then, in its orig-
inal configuration, AST tiles a square lattice of vertices, with
four nanoislands meeting at each vertex. The ground state of
this artificial square ice obeys the ice rule, which remains the
familiar two-in, two-out (two spins must point in, while the

* apereira@ufv.br.
1 dearaujo @ufv.br

other two must point out in each vertex). However, in two
dimensions, the standard ice rule is no longer degenerate[1—
3]. This trouble comes together with the fact that this peculiar
material is also athermal. Indeed, the magnetic moments in-
volved are roughly a million times bigger than those of the
ions forming the natural spin ices and, therefore, they interact
much more strongly, having less tendency to flip. Therefore,
to anneal the material into its ground state, the usual approach
is not available because the kinetic barriers of individual is-
lands are on the order of 10*K . Hence, AST compounds have
almost always been found in frozen at room temperature. So,
to advance our understanding (by studying AST materials) of
how geometrical frustration operates to produce new states of
matter, at least, two initial difficulties should be experimen-
tally overcome: first, it would be essential to construct ar-
rays with degenerate ground states and, second, it would be
important to develop methods to investigate the thermal fluc-
tuations and dynamics of the nanoislands magnetic moment.
Probably, these two points must be connected in some way.
Recently, several works have given attention to certain ther-
mal properties of ASI compounds in diverse types of pla-
nar lattices[4—12]. However, the 2d lattice obeying the usual
two-in, two-out ice rule with a degenerated ground state did
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