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The rise of neuromorphic and other non-traditional computing approaches and the
emergence of new non-volatile memories call for energy-efficient magnetization manipulation
by spin and a better understanding of fundamental magneto-transport properties. Over the past
decades, much of the work on the conversion of charge currents to spin currents focused on
polycrystalline and amorphous materials. In the first part of this dissertation, we investigate
the spin Hall effect in epitaxial Pt (200), (220), and (111). A tunable spin current generation
can be achieved in Pt (220). The charge-to-spin conversion efficiency can be significantly
enhanced along specific crystallographic orientation by exploiting the anisotropic resistivity. Our

work highlights the future work on enhanced charge-to-spin conversion arising from crystalline
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orientation dependence which may boost the energy-efficient spintronic devices.

Tunable charge-to-spin conversion can be achieved by utilizing the materials with mag-
netic phase transition, which motivated us to study the 3d transition metal-Pt3 alloy (e.g., FePt3
and CrPt3) and the rare earth material (Ho). Prior to further spintronics implementation, the
fundamental magneto-transport properties in those materials need to be investigated. We success-
fully fabricate the chemically ordered epitaxial CrPt3 and FePt3. The large anomalous Hall effect
measured on CrPt;3 is in good agreement with the theoretical prediction. Moreover, by probing
the exchange bias via electrical transport, it helps us quantitatively investigate the stability of
antiferromagnetic nature in FePt3 under external perturbations.

Furthermore, there are still intriguing properties remaining in ”old” materials which
lead to the magneto-transport study on hcp Ho and hep Co. Our discovery of six-fold angular
dependent magnetoresistance and step-like planar Hall effect in Ho gives rise to the strong mag-
netostriction coupled magnetoresistance. Remarkably, although predicted years ago, the strong
c-axis dependent anomalous Hall conductivity in hep Co lacks experimental support, which is
demonstrated in this dissertation. The magneto-transport study on hcp Co offers a comprehensive
picture of anisotropic anomalous Hall effect and magnetoresistance in ferromagnets with in-plane

uniaxial magnetic anisotropy.
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Chapter 1

Introduction

1.1 Orbital and Spin Angular Momentum of Electrons

Although practical approaches to utilizing natural magnets have been adopted intensively
by our ancestors dating back thousands of years, a systematic understanding of magnetism
emerges with the rise of modern science. Classically, electromagnetism reveals that an electric
current passing through a straight wire can generate a magnetic field described by the right-hand
rule, in which the thumb indicates the direction of the current / and the fingers indicate the
direction of the magnetic field lines B and shows the magnetic field is circular in a plane with its
normal along the wire axis. Hereby, B can be calculated by Ampere’s law as a function of / and

the distance to the wire r:
B wol HA Wb

= T) (1.1)

m2 m?’
where L is permeability of vacuum which is a constant of 47 x 10~/ H/m. Intuitively, B
describes the lines of magnetic flux per area, which is also called magnetic flux density. Now, if
the current wire becomes a circular loop with diameter R, by utilizing the Biot-Savart law, the B

at the center of the loop becomes:

_ sl

B—
2R

(1.2)

For such a current loop placed in a magnetic field H, a torque will be exerted on the loop and

rotate it until its surface normal aligned with the H. The moment of this torque is called magnetic
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Figure 1.1. Magnetic moment contributed by orbiting electron which forms a current loop.

moment m, which is the product of current and loop area. Denote the angle between the loop
surface normal and the H to be 0, then, the potential energy of a magnetised loop with m under
H can be quantified by:

E = —|m||H|cos 6 (1.3)

This energy is commonly known as Zeeman energy. Then, as our focal point is shifted micro-
scopically to the atomic level, the magnetic moment of an electron needs to be understood, which
can be resulted from the orbital and spin motion of the electron. The orbital motion can be
analogous to the aforementioned current loop example. The effective current produced by an
electron circling with velocity v is:

ev

= ——— 1.4
2R (1.4

Since moment is product of current and loop area, it can be derived into:
Up =Ir = ——— (1.5)

Having the magnitude of orbital angular momentum of the moving electron given by L = m,vr



with m, to be the intrinsic mass of electron, the electron orbit magnetic moment can be written

as:

eh L L

C = grupe 1.6
2 i gL,uBh (1.6)

e
L=—
m, 8L

Wn(orbit) = —gr,

where g; is the orbital g-factor. Importantly, tp is known as the Bohr magneton, which is a
fundamental natural unit of magnetic moment. Just as e is the fundamental unit of electric charge.
Similarly, the electron spin magnetic moment can be written as a function of electron

spin angular momentum S:

) S
U (spin) = _gSNBE (1.7)

The spin-orbit interaction results in the spin and orbital angular momentums being coupled
known as spin-orbit coupling (SOC) to create a total electronic angular momentum J. The

electron total magnetic moment related to the J is expressed by:

J
Wn(total) = ~8MB (1.8)

Thus far, it can be understood that both the electron orbital and spin angular momentum are
sources of magnetism in an atom. The combination of a number of atoms with their various
atomic moments orientations represents the macroscopic magnetic ordering of real-life materials.
For materials where all electron spins and orbital moments are compensated, such as in a full
band, these materials are classified as diamagnets (e.g., Si). For uncompensated individual
electron moments that are randomly oriented as a result of thermal excitiatons in zero external
magnetic field this leads to zero net moment in a material. This class of behavior is classified as
paramagnet (Cu). On the other hand, the way that electronic moments are only partially canceled
and are ordered by exchange that overcomes thermal energy exhibits atomic net moment, defining
ferromagnets (e.g., Co) and ferrimagnets (e.g. Fe3O4). Finally, the transitional antiferromagnets
are the case when the spins are ordered but exactly cancel (e.g., Cr). We will be covering all

these classes or magnet materials in the following content.



1.2 Magnetic Ordering

To quantify the behavior of magnetic ordering, a term called susceptibility ¥ needs to be

introduced, which describes how magnetization M varies with changing H:
M
X=45 (dimensionless) (1.9

From this equation, Y is not the slope or gradient of the M vs H curve, instead, it describes the
slope of a line connecting the origin to a certain (M, H) on the curve. It should be noted that

cannot be misunderstood with the term permeability p:
B . .
=4 (dimensionless) (1.10)

Because (Now use c.g.s but earlier S.I. with )

B=H-+4nM (1.11)
We have

B M

— =14+4n(— 1.12

o= ﬂ(H) (1.12)

Therefore, the  can be rewritten as a function of x:

u=1+4ny (1.13)

As a reference, an empty space has y value of 0.

1.2.1 Diamagnetism and Paramagnetism

Water, noble gases, and many organic compounds are diamagnetic. In the classical theory

of diamagnetism proposed by Langevin, the diamagnet can be considered to own a ’negative”



moment. When a single electron orbit experiences the applied external field, its effective current
of the orbit is reduced. As a result, a magnetic moment opposing the applied field is generated
[1]. Quantitatively, the ¥, of diamagnetic materials (mass susceptibility, normalized to density)
is usually in the order of -10~> [2]. In particular, superconductors in their superconducting state
can be considered as diamagnetic because of expelling the external field according to Meissner
effect and y,, approaches 1.

Present in most atoms with incompletely filled atomic orbitals (e.g., oxygen), paramag-
netism is due to the presence of unpaired electrons, which contribute to the weak net moment in
the material with the absence of strong coupling between the moments. Based on this statement,
the x of paramagnetic materials can be understood to be a positive value with a relatively small
magnitude (in the order of 10%). Distinctive to ferromagnets, paramagnets own zero remanence
magnetization under zero external magnetic field because the coupling energy is far less than
the kpT, so the spin orientations are fluctuated by thermal influence. Furthermore, thermal
influence plays an important role, especially in the field of magnetic recording, which leads
to the stability issue caused by the superparamagnetic effect. In a particle with spontaneous
magnetization polarization, its magnetization polarization can be randomized by temperature
if the particle size is smaller than a certain scale (typically in the order of 10 nm). That being
said, the superparamagnetic effect significantly challenges the bit density in magnetic recording
which is limited by thermal stability. Finally, it should be noted that although diamagnet and
paramagnet also react to external field and own “magnetic” behaviour. The term ’magnetic
materials” in this dissertation generally excludes diamagnet and paramagnet unless otherwise

stated.

1.2.2 Ferromagnetism and Ferrimagnetism

For some paramagnetic materials, it transits to ferromagnets with its saturated magnetiza-
tion Mg raises from zero as temperature decreases from ordering temperature (so-called Curie

temperature 7'¢) and eventually saturates. Its internal coupling of atomic moments overcomes



the thermal fluctuation and brings about relatively strong magnetization. The self-saturating,
spontaneous, long-range magnetization of atomic moments defines a ferromagnet (e.g., Fe, Co
and Ni). The x in ferromagnets can be a billion orders of magnitude higher than that of a param-
agnet. But, having such strong magnetization, we need to answer some common phenomenon,
such as the reason why a box of iron paper clips do not attract each other. It turns out, in soft
ferromagnetic material, such as soft iron, it is divided into magnetic domains at zero external
field state. In each domain, it still owns spontaneous magnetization with the magnitude to be
saturated magnetization Mg. The various orientations of domains lead to macroscopic zero net
moment. When being magnetized, the magnetization tends to rotate and align with the field with
its magnitude unchanged.

As a special case of ferromagnetism, ferrimagnets exhibit similar spontaneous magneti-
zation with magnetically saturated domains. As a well-known example, magnetite (Fe3Og4, or
Fe?TFe3T,0,) is ferrimagnetic. In the crystal structure, 0%~ ions carry no net moment. The iron
ions (% of Fe3t and all of Fe2™") in the octahedral site exhibit magnetic moment with different
magnitude and opposites to the moment of the iron ions (% of Fe3T) in the tetrahedral site, which

leads to negative exchange coupling with net spontaneous magnetization.

1.2.3 Antiferromagnetism

Another scenario of negative exchange interaction can be found in antiferromagnets,
which also exhibit spontaneous magnetization under ordering temperature (Néel temperature,
Ty). In colinear antiferromagnets (e.g., Cr), neighbouring spins are coupled antiparallel to each
other with the same magnitude of magnetization, leading to zero total net moment. Exceptionally,
neighbouring spins can be asymmetrically exchange coupled due to Dzyaloshinskii-Moriya
interaction (DMI). This spin canting phenomenon results in ”canted” antiferromagnets with weak

net moment (e.g., a-Fe,03). Conclusively, Figure 1.2 summarizes representative relationships

1

between 7

and temperature over the aforementioned magnetic ordering configurations.



Figure 1.2. General examples of Temperature-dependent % presented with unspecified values.

1.3 Anisotropic Magnetoresistance and Planar Hall Effect

An external magnetic field can result in a change in resistance of the material because
the charge carriers feel the Lorentz force and deflect from the current direction increasing
the path length of the carriers. This deflection of the carriers also results in the ordinary
Hall effect (OHE) when the field is perpendicular to the sample. This is just one of many
types of magnetoresistance (MR) effect (e.g., ordinary MR (OMR), giant MR (GMR), colossal
MR(CMR)). Here we emphasize the anisotropic magnetoresistance effect (AMR) in magnetic
materials [3, 4, 5]. AMR is not only a fundamental physical property but also critical for magnetic
recording as it was the basis of the first MR read head [6]. General examples of room temperature
AMR and PHE curves measured on polycrystalline permalloy (Py, Nig;Fe9, Ni and Fe in wt%)
is shown in Fig. 1.3(a) and (b). We observe that high resistance states can be found when current
is colinear with field and low resistance states occur when current is perpendicular to the field.

To mathematically describe this behavior, a general angular dependent expression of AMR and



planar Hall effect (PHE) [7, 8] can be written below:
Paxamr = P1 + (P — p1)cos* 6 (1.14)

Pay,PHE = (P — pL)sin 6 cos 6 (1.15)

where py, amr 18 the longitudinal resistivity that probes the AMR, py, pyg is the transverse
resistivity that probes the PHE. 0 is the azimuthal angle between the current and the external
field. p)| describes the resistivity when current is colinear with the field (e.g., 6 = 0°, 180° and
360°). p, describes the resistivity when current is perpendicular to the field (e.g., 6 = 90°,
270°). From the above 2 equations, it can be understood that AMR and PHE describe the change
of resistance as a function of the change of the angle between current and external magnetic
field (magnetization). Also, PHE can be understood as related to AMR but probed by hall
resistance. As it can be seen, Eq. 1.15 does not have addition offset compared to that of Eq.
1.14, making PHE a more sensitive probing technique [9]. Now the question is, what can AMR
or PHE probe? In industrial applications, a ”sensitive” material with large change of AMR
can effectively probe the magnetization direction of magnetic medium grains in hard disk drive
(HDD), AMR head became a better substitution for inductive head thanks to a much larger
readback signal. Furthermore, AMR is the building block for many spintronics techniques, such
as ST-FMR, which will be introduced in chapter 2 and chapter 3.

For 3d transition metals, the AMR is ascribed to the contribution from both the Coulomb
interaction and spin-orbit interaction (SOI) in the event of s-d scattering. Based on Mott’s
two-current model, the resistivity of a metal is a sum of spin up and spin down electrons which
carry the current in parallel [10]. But the resistivity of spin up channel is unequal to that of
spin down channel. When current is colinear with the field, it favors the s-d scattering because
the vacant d states have a component of L orthogonal to M and therefore have classical orbits

(k)% + kg) compatible with the conduction electron momentum k, [2]. Furthermore, the presence
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Figure 1.3. General examples of room temperature AMR and PHE curves measured on 8-nm-
thick polycrystalline Permalloy. Measurements were probed on 20-pum-wide 4-probe device.

of SOI allows mixing spin-up and spin-down states so that s electrons can be scattered into
empty d states, which brings additional increase of resistivity [2], that being said, leading to high
resistance state.

We also need to note that on polycrystalline or amorphous materials, the magnitude
and shape of AMR are usually isotropic regardless of current orientation in the sample plane.
The pyeamr and pyy pye in such materials solely depend on the angle between current and
magnetization. However, for the materials with crystalline symmetry and magnetocrystalline
anisotropy, the AMR and PHE can be more complicated, which motivates the investigation of

anisotropic AMR and PHE properties of epitaxial materials.

1.4 Spin Hall Effect and Anomalous Hall Effect

From the previous section, we know that both spin-up and spin-down electrons carry
the current in parallel. Then some questions arise: can spin-up and spin-down electrons be
separated? How can we utilize the information carried by spin? A flow of pure spins with only
one polarization is called spin current which carries the flow of angular momentum. Several
approaches are applied to generate spin current, for example, Slonczewski et al. theoretically

predicted the spin transfer torque (STT) mechanism [11]: when a charge current with randomized



spins traverses a ferromagnet, its spins will tend to rotate to follow the local magnetization. Then,
the spin-polarized current can transfer spin angular momentum to another ferromagnet where it
is absorbed, therefore reorienting its magnetization by this spin transfer torque. STT technique
became an efficient measure to generate spin current and manipulate the magnetization, which
gives a rise to the spin-transfer torque magnetoresistive random-access memory (STT-MRAM).
which is non-volatile in contrast to volatile memory such as dynamic random-access memory
(DRAM) and static random-access memory (SRAM).

Alternatively, since the charge current conversion from spin current injection was first
proved experimentally by Bakun in 1984 [12], it attracted intensive attraction to generate spin
current in nonmagnetic materials. Some theoretical work was done by Hirsch who named this
phenomenon spin Hall effect (SHE) [13]. In a nonmagnetic material with its electron spin angular
momentum strongly coupled with its orbital momentum (strong SOC), when a charge current
flows through, a large effective spin-orbit field will be exerted on randomized electrons. Because
of that, a portion of the electrons with the same polarization will be deflected transversely, and
the electrons with opposite polarization will be transversely deflected into opposite directions,
which yields a flow of spin current perpendicular to the charge current. That is, the spin current
direction, charge current direction and the spin polarization of the spin current are orthogonal to
each other. A schematic of SHE is in Fig. 1.4 [14].

Anomalous Hall effect (AHE) is another apple that falls out of the SOC tree. After the
ordinary Hall effect (OHE) was developed by Edwin Hall, AHE was observed in ferromagnets
[15]. Akin to SHE, when charge current pass through a ferromagnet, electrons are deflected
transversely into opposite directions for different spin polarizations. If we still remember the
STT mechanism, this charge current in ferromagnet will also have polarization following the
ferromagnet’s magnetization. A net transverse voltage due to this spin-dependent transverse
velocity can be measured as Hall voltage [16]. In AHE, the Hall voltage is proportional to
the out-of-plane magnetization, while in OHE, the Hall voltage is proportional to the external

magnetic field. Moreover, AHE can be observed in the absence of an external field. A single
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Figure 1.4. Schematic of a heavy metal (HM) and a ferromagnet (FM) heterostructure in which
isotropic spin current accumulation is shown. The spin currents carry torque that can manipulate
the magnetization in FM. Reproduced from [14] as a fair use. ©Nature Publishing Group

domain can engender a spontaneous Hall current orthogonal to both the magnetization and
current, which leads to the terminology of ”anomalous”. The AHE is also called the spontaneous
Hall effect and the extraordinary Hall effect, we use AHE throughout the dissertation.

Physically, SHE and AHE share the same origin, both intrinsic and extrinsic mechanisms
were proposed [16, 17, 18, 19]. The intrinsic mechanism dominates in the “relatively dirty”
materials with relatively lower mobility. In the intrinsic mechanism, the effective spin-orbit field
is ascribed to the momentum-space Berry curvature contribution. In detail, the precession of the
spins about the k-dependent magnetic field B(k) characterizes the band structure. We start with a
steady non-equilibrium state described as a Fermi distribution displaced along the direction of
the charge current. By changing the value of k and of B(k), the electric field forces the electrons
titling out of alignment with the effective magnetic field. In the attempt to regain alignment
the spins tilt away from the original orientations, and the tilting goes in opposite directions on
opposite sides of the Fermi surface, resulting in the generation of spin current [16, 17].

On the other hand, the extrinsic mechanism mainly results from the spin-dependent
scatterings (e.g., spin skew scattering and side-jump scattering) which generate the effective spin-
orbit field, And spin current is generated between scattering events. The spin skew scattering

can be understood that spin-up and spin-down electrons are scattered asymmetrically by a
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Figure 1.5. SOT switching performed on patterned Hall cross (a). (b) Reference AHE resistance
measured as a function of out-of-plane field. (c) AHE resistance as a function of charge current
pulse. The current-induced SOT switching was assisted by in-plane symmetry breaking field.

central potential [18]. The side jump scattering is basically due to a spin-dependent difference
in acceleration and deceleration during scattering, resulting on repeated scattering a sideway
displacement which separates the spin polarization [18] The grain boundaries and impurities
induced extrinsic mechanism is prone to dominate in single crystal materials (also called “clean”
materials). Now as we introduced intrinsic and extrinsic mechanisms, we need to note that both
mechanisms can independently become the source of spin current.

To quantify the SHE efficiency, spin Hall angle (SHA) is introduced to describe the
ability of charge-to-spin conversion efficiencies via SHE, which is proportional to the ratio of
spin current density Jg and charge current density Jc. Importantly, SHA is usually considered as
its absolute value, but SHA still owns sign. However, positive SHA does not mathematically
refer to a larger number compared to negative SHA. Instead, positive SHA represents more than
half-filling and negative represents less than half-filling of the d-bands. Note that charge-to-spin
conversion efficiencies can be quantified independently which describes the overall spin current
converted from charge current in a spin source material, while SHA only represents the spin

current generated by SHE. These two terms cannot be mixed interchangeably.

1.4.1 Magnetization Reversal via SHE

Here, we show an example of using spin current to switch perpendicular magnetiza-

tion. The specimen was chosen to have a heavy metal(HM)/ferromagnet(FM) heterostructure,
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specifically, Co/Ni bilayer grown on Pt (111) epitaxial film. The perpendicular magnetization
anisotropy (PMA) in Co/Ni bilayer was confirmed by both the magnetic hysteresis loop and AHE
loop. By sending dc charge current pulse into the heterostructure, a portion of current that flows
through Pt can be converted into spin current via bulk SHE. The rest of current that flows through
Co/Ni bilayer contributes to the AHE signal. As shown in Fig. 1.5, as charge current increases to
roughly 30 mA, strong enough spin current switched the Co/Ni magnetization into the opposite
direction, leading to an opposite AHE resistance signal, this process can be reversed as changing
the current polarity. The AHE resistance difference in switching measurements is close to the
magnetic field-induced resistance difference, suggesting full switching. This demonstration is
a hint for magnetic recording, as the 2 opposite AHE resistance states can be referred to ”0”
and ”’1”. By applying this idea, the industry is exploring the spin-orbit torque magnetoresistive
random access-memory (SOT-MRAM) as a follow-on technology to STT-MRAM [20, 21].

Some theoretical background on spin dynamics is needed to understand the SOT switch-
ing. Understanding the magnetization motion under external influence was unclear until the
establishment of Landau-Lifschitz-Gilbert-Slonczewski (LLGS) equation, which combines the
early work done by Landau and Lifschitz back to 1930s [22] and later contributions by Gilbert
[23]. This equation was extended to included spin-torques by Slonczewski [11] to form the
Landau-Lifschitz-Gilbert-Slonczewski (LLGS) equation. The LLGS equation describes the
behavior of magnetization subject to external field or spin torques. Among many variations of
this equation, here we use the following form:

dm dm Y

o H, -
g = Yimx ff]+a[mxdt]+u0MS

(1.16)

where ¥ is the gyromagnetic ratio of an electron, « is the Gilbert damping constant, m is the
moment, and H, s is the effective magnetic field, 7 is the torque, L is the vacuum permeability,
Mg is the saturated magnetization.

The first term on the right represents the total torque exerted by H,sy. It describes a
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Figure 1.6. Schematic of the torque terms of the Eq. 1.16 and 1.17

precessional motion of magnetization about the effective magnetic field when the magnetization
is at a certain angle to the field. In other words, it shows the motion how the magnetization
aligns with an external field. In particular, the precession about the external field with an angular
frequency are named as Larmor precession and Larmor frequency, respectively. The second term
represents the damping during the precession with continuous changing angular momentum. The
damping torque tends to make moment in precession and finally align with the local effective
field. Then the system will reach an equilibrium state and the changing angular momentum
dissipates into heat generated by lattice vibration (phonon). The third term was introduced by
Slonczewski in 1996 [11], predicting the spin torque effect on magnetization. The torque can be

further understood by the following expression:
T=oj[mx [mxo]|+bjmx o] (1.17)

where the o is spin polarization. The first term on the right represents the torque which is
antiparallel to damping direction, also named as in-plane spin transfer torque, antidamping
(damping-like) torque or Slonczewski torque. The second term describes the torque so-called

field-like torque. The mutual position of damping torque (DT), damping-like torque (DLT, 7py),
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field torque (FT), and field-like torque (FLT, 7py) is illustrated in Fig. 1.6, in which DT and DLT,

FT and FLT are collinear to each other, DT and FT are orthogonal.

1.5 3d Transition Metal - Platinum Alloys

In the periodic table of elements, the 3d transition metals are referred to the first ten
transition metals from group 3 to 12 in period 4. As they intermetallically alloy with Pt, the
formed alloy can own distinctive magnetic properties compared to 3d elements themselves. In
particular, the chemically ordered XPt3 alloys (X =V, Cr, Mn, Fe, Co) raised attention in the past
two decades and can act as potential novel spin source with the advantages of strong spin-orbit
coupling and additional spin polarization manipulation via ASHE when the alloy has net moment.
Iwashita et al. performed first-principles electronic structure calculations and summarized spin,
orbital, and total magnetic moments on both 3d elements sites and Pt site [24], which matched
the experimental results that exhibit ferrimagnetic VPt3 [25] and CrPt3 [26], ferromagnetic
MnPt3 [27] and CoPt; [28], and antiferromagnetic FePt; [29]. Their magnetic properties are
summarized in Table 1.1. In the case of Strukturbericht designation L1,, the lattice is a face
center cubic (fcc). When the alloy is chemically disordered, the atoms are arranged randomly in
the lattice. When the alloy is chemically ordered, the 3d element atoms occupy the corner sites
and Pt atoms occupy the face sites. In the special case of VPt3 with D0, structure, the V atoms
occupy the four corner sites and the geometric center site. Pt occupies all the face sites and four
edge sites in the midway of c-axis.

This dissertation mainly focused on chemically ordered epitaxial CrPt; and FePt3. Pre-
vious studies on those have unfolded some remarkable magnetic properties. For example, by
utilizing the magneto-optic Kerr effect (MOKE), magneto-optical disc drive was commercialized
in the 1980s. Serving as potential magneto-optical storage media, CrPt3 (111) with strong
perpendicular magnetic anisotropy was predicted to have a large Kerr rotation of 0.2° [30].

Experimentally, Kerr rotation of 0.21° at wavelength = 632.8 nm [31] and 0.65 ° at 1100 nm
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Table 1.1. Summary of reported crystal and magnetic properties of chemically ordered XPt3
alloys. RT represents that the data was obtained at room temperature.

Alloy  Crystal Info Mg Curie/Néel Temperature (K)
VPt L1, (CuzAu)  0.89 emu/g (4.2 K) 240
D0y, (AlzTi)  0.67 emu/g (4.2 K) 210
CrPtz LI, (CuzAu) 150 - 300 emu/cc (RT) 450
MnPt; L1, (CuzAu) 446 emu/cc (RT) 390
FePt; L1, (CuzAu) N/A (AFM) 160
CoPt; L1, (CuzAu) 450 emu/cc (20 K) 210

[32, 33] evidently supported the prediction.

Moreover, in conventional hard disk drives (HDD). One bit of data is statistically averaged
over dozens of grains that are magnetized in the same direction. In order to increase storage
density, reducing the grain volume needs to be done. However, the energy barrier due to
superparamagnetism limits the minimum grain volume, which challenges the improvement of
storage density. It was demonstrated that, locally patterned magnetic “islands” with stronger
exchange coupling can postpone the superparamagnetism limits with improved storage density
and better thermal stability. Rather than pattering the media film by lithography approach,
ion-beam irradiation was introduced to locally disrupt the magnetic properties without modify
the topography. Especially, ion-beam irradiation was applied to chemically ordered CrPt3 [34]
and FePt3 [35] to suppress the local magnetization by driving atom displacement. That is,
order-disorder transition can be induced by ion-beam irradiation, which makes XPt3 a promising
system to achieve nondestructive patterned storage media and study the properties of patterned
interface. More interestingly, chemically ordered CrPts was recently predicted to host the

topological Weyl 3D semimetal properties [36], this new prospect rekindles those ~old” alloys.

1.6 Topological Semimetal

Building off of the previous section, here we briefly introduce topological semimetal

(TSM). Graphene is one of the most well-known 2D materials [37]. A graphene lattice has two
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Figure 1.7. Schematic of (a) Graphene lattice. (b) Corresponded first Brillouin zone (BZ). (c)
Conventional linear dispersion crosses at Weyl point.

basis atoms in a unit cell. In k-space, 2 corners of the first Brillouin zone (BZ) are 2 inequivalent
K and K’ points, which are correlated to the primitive vectors, as shown in Fig. [?].

By solving tight binding Hamiltonian, the band structure of graphene shows that the
conduction bands (CB) and the valence bands (VB) linearly join at K and K’. Furthermore,
without electron doping, the Fermi level lies through these band touching points. Hereby, this
band touching behaviour classifies graphene as one kind of semimetal.

Such band touching point is called Weyl point or Weyl node. The combination of the
TRS and IS leads to a pair of degenerate Weyl points with opposite chirality, which defines Dirac
semimetal (DSM) [38, 39]. The formation of Weyl semimetal requires the breaking of either
TRS or lattice IS [40]. Then the question is, can we evaluate the symmetry in pure graphene?
For example, graphene doped with magnetic impurities can break the TRS. The IS in graphene
can be broken by stacking graphene to certain substrates, e.g., hexagonal boron nitride (h-BN).
Obviously, pure undoped graphene itself preserves both TRS and lattice IS. Therefore, graphene
is classified as DSM. Furthermore, TSM’s Fermi sea is topologically protected. That is, their
Fermi surface (FS) shape can be modified, but cannot be gapped [41]. Thus far, the origin of
each terminology has been briefly explained when we define graphene as 2D topological Dirac

semimetal.
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Remember the intrinsic mechanism in the previous SHE and AHE section, the Berry
curvature is a gauge field that characterizes the topological entanglement between CB and VB,
which is equivalent to an effective magnetic field in the k-space [40, 42]. In particular, the Berry
curvature vanishes when both TRS and lattice IS coexist [43]. That is, Berry curvature is absent
in topological DSMs. Therefore, engineering the topological WSMs by manipulating the Berry

curvature could become promising, which might lead to strong SHE with the aid of strong SOC.

18



Chapter 2

Experimental Techniques

2.1 Thin film Deposition

The research topics in this dissertation were investigated on multiple materials in thin
film form with thickness less than 300 nm. Therefore, a foremost challenge was to fabricate
thin films with desirable crystallinity, epitaxy, composition, and surface morphology. Thin
film deposition is essentially a long-standing popular coating technique that is applied to every
aspect of modern life, such as silvering in mirrors and bottles, optical coating on lenses and
screens, and electrical coatings in integrated circuits. The deposition process is either chemical
or physical. Electroplating, chemical vapor deposition (CVD), and atomic layer deposition
(ALD) are common representations of chemical deposition. On the other hand, classified
as one of the physical vapor deposition (PVD) techniques, magnetron sputtering is the sole
deposition technique used in this dissertation. The sputtering process can be understood as the
following procedure. In an ultrahigh vacuum (UHV) chamber with a partial pressure sputtering
gas environment, a high voltage potential is established between a target material and sample
holder. By ionizing the Ar in the established electric field and creating a gaseous plasma, the
Ar ions accelerate into the negatively charged target material (cathode). When the ion kinetic
energy overcomes the target material binding energy, the target material can be "bombarded” and
“blasted” by the arriving ions, and the sputtered material is ejected in the form of neutral particles.

The sputtered materials travel across the chamber and are eventually coated on whatever stops

19



Substrate

ﬁ'aréet\'\\ ‘/ll)Téréc;\tf\ \/\

Figure 2.1. Example of a sputtering process. Reproduced from [44] as a fair use. ©2019 Acta
Materialia Inc.

them, typically a sample holder with substrates mounted on it.

The basic sputtering process in the previous paragraph is the fundamental building
block of various sputtering techniques. However, there are two major problems that need to be
addressed. Firstly, the plasma is not ’dense”, resulting in a slow deposition rate. Secondly, as the
substrate is positively charged (anode), the unwanted electron bombardment causes structural
damage to the substrate.

Remarkably, magnetron sputtering was invented to solve those issues. By creating a
strong magnetic field close to the target surface using permanent magnets in the cathode, the free
electrons can be “trapped” in the magnetic field and prevented from bombarding the substrate.
Moreover, the magnetic field enhances their probability of ionizing the sputter gas molecule,

further significantly raising the sputtering rate. The magnetron sputtering process is illustrated in
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figure Fig. 2.1 [44].

DC magnetron sputtering can be applied on conductive target materials, while radio
frequency (rf) magnetron sputtering is designed for insulating target materials. In the case of rf
sputtering, AC power source ionizes the sputter gas by electromagnetic wave at 13.56 MHz. This
frequency is chosen to prevent the interference with common telecommunication frequencies. In
the first cycle, target material is negatively charged. The polarized sputter gas ions accumulate
towards target and bombard it. Then in the second cycle, target is positively charged. The ejected
sputter gas ions and target atoms accelerate toward substrate and finish the deposition.

In Fullerton lab, AJA International ATC Orion sputtering system is operated with the
capability of hosting 8 target materials in the chamber, co-sputtering, and high temperature
growth. The sputter guns are arranged in a confocal configuration with deposition uniformity
of better than = 2.5% over a 4” diameter wafer. For epitaxial films, high temperature growth
and annealing are critical parameters that need to be optimized. Detailed growth conditions of

different epitaxial materials synthesized and studied will be discussed in the following chapters.

2.2 X-ray Reflectivity and X-ray Diffraction

The thickness calibration is critical in thin film deposition. Several calibration methods
were applied by the dissertation author, for example, measuring step height using surface profiler
or atomic force microscopy (AFM). Although this method is limited by accuracy, it is very
practical on rough films with thicknesses above 50 nm. To gain better accuracy, low-angle
0-260 X-ray Diffraction (XRD), more commonly called X-ray Reflectivity (XRR) specializes in
statistically-averaged measurements over the area of X-ray beam. The typical XRR scanning
range is from 0° to 10° When X-rays get in contact with specimen under grazing incidence,
they will be completely reflected by total external reflection (TER) if the incident angle is
below a critical angle. The critical angle is material dependent and related to material’s electron

density. As the incident angle increases above the critical angle, X-rays start to penetrate into the
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Figure 2.2. A example of XRR fringes on 17.8 nm Au deposited on glass substrate.

specimen. Then, at every interface, a portion of X-rays is reflected. The interference of these
partially reflected X-rays results in a series of oscillation patterns (also known as Keissig fringes).
Figure 2.2 presents an exemplar of Keissig fringes on pure Au thin film. On the fringes, the
position of each valley after the critical angle is extracted at 20, its order is denoted as integer n
(n=1,2,3,...). By linear fitting of sinZ @ as a function of n?, the interception of the linear fitting
equation is commonly around 3 x 107> [45], given the wavelength of Cu K« radiation is 0.154
nm, the film thickness can be calculated using the following equation [46, 45]:

B sin® 0

A
= @2.1)

(

Furthermore, by using fitting software GenX and Rigaku Globalfit, other important
parameters such as the surface roughness and sample density can be obtained. Examples of
GenX fitted XRR fringes can be found in the following chapters.

The 0-26 XRD (Fig. 2.3) in high-angle regime (260 > 15°) brings more crystallography
information, such as crystalline orientations, grain size, epitaxy nature, and internal stress. As
X-rays penetrate through the specimen, they are diffracted by the atoms in the specimen structure.

The diffracted beams interfere with each other when they leave the specimen. As the out-of-phase
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d-spacing

Figure 2.3. A schematic of Bragg’s law of XRD

destructive interference cancels out some beams, the in-phase constructive interference results in
a greater signal at a certain diffraction angle, where a diffraction peak takes place. The diffraction

angle is directly linked to the d-spacing by Bragg’s law:

nA = 2dsin 0 (2.2)

The epitaxial thin film studied here usually exhibits only single family of peaks in the
XRD spectrum, which is governed by the phase purity. Sometimes, additional textured peaks
can be observable, but its corresponding grain size is small compared to far larger grain size of
the epitaxial crystal. The mosiac spread (i.e. the distribution of out-of-plane grain orientations)
can be characterized by a transverse diffusive scan, also known as @ scan, or rocking curve.
Mathematically, @ value is equal to 0, but their physical meanings differ. As 20 is fixed at a
diffraction angle, the initial position of the absolute ® is half of 20. Then, specimen is "rocked”
in a = o range relative to the initial position. The full width at half maximum (FWHM) of the

rocking curve can be obtained by fitting with standard Gaussian equation:

1 o 2
fx) = exp— (XZG‘; ) 2.3)
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where o is the standard derivation and u is the mean. Note that the fitting should be performed

with intensity in linear scale. Then the FWHM is calculated by:

FWHM =20v2In2 2.4)

An example of @ scan in Fig. 2.4 presents a sharp peak with narrow FWHM, indicating a great
epitaxy of Co (1010) film. Moreover, the crystalline domain size, 7, which could be smaller or

equal to the grain size, can be calculated by Scherrer equation:

KA

T=——
FWHMcos 0

(2.5)

where the FWHM in Scherrer equation is the FWHM of 0-20 diffraction peak. The rocking
curve is also used to align the specimen tilting offset before performing XRD measurement. The
0-260 XRD in this dissertation is specular, in other words, the specimen surface normal is the
angle bisector of the incident beam and diffracted beam. However, in real life measurements, the
specimen surface normal is always not aligned with the specular beams due to the crystal miscut
and sample holder flatness. In general, a rocking curve is measured across a theoretical substrate
peak position (e.g. Si (004) at 69.1°), the measured @ peak has an offset to the theoretical peak
position, then this offset will be included during the following 6-20 scan, this type of scan is
alternatively called 260/ scan. Intuitively, when 0-20 scan is aligned to the substrate offset,
then it will assume the thin film on the substrate has the same surface normal as that of substrate.
It should be noted that all XRD data shown in this dissertation were aligned to the single crystal
substrate.

Moreover, the in-plane XRD should be introduced to further characterize the epitaxial
films. The in-plane XRD measures the side facelets of crystal and provides symmetry information.
In a simplest scenario, on an epitaxial (100) film, the crystal builds like a cube since (100) is a

square plane. When fixing the in-plane Bragg condition (named as 20Y) to be the (100) peak
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Figure 2.4. An example of ® scan which “rocks” across the Bragg condition of a 30-nm-thick
Co (1010) epitaxial film. The blue dots are data points which are Gaussian fitted as shown in the
red solid line.

position, it should measure 4 diffraction peaks from the {100} family when rotating the sample
about its surface normal for 360° because there are 4 sides of a cube. This scan is called ¢
scan, which ¢ corresponds to the sample rotation angle. Furthermore, the in-plane XRD can
also provide specular scan, which gives the diffraction peaks from the side facelets as a function
of 20y, the procedure is similar to out-of-plane 6-20 scan, which is not repeatedly described
herein. A good epitaxial film should have correct amount of facelet diffraction peaks with a
similar amplitude of each peak, making in-plane ¢ scan an important characterization approach.

Last but not least, to further assess the crystal structure, strain, and epitaxial relations,
semi-sphere pole figures (Atlas mapping) provides a comprehensive mapping in a 3-dimensional
space. In pole figure measurement, the Bragg condition is also fixed to the plane of interest.
Again, in the simplest cube example, when Bragg condition is set to be (100). Pole figure
essentially presents how many observable (100) facelets on the cube surface and inside the cube.
If the cube levitates in the 3D space, there are total of 6 {100} facelets. When the cube sits on
sample holder, only 5 of {100} facelets should be observable, as shown in the example of MgO

(200) single crystal (Fig. 2.5). Similar to the ¢ rotation, the specimen rotation in pole figure is
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Figure 2.5. An example of pole figure measured on MgO (200) single crystal with Bragg
condition fixed to be (200). The data gather into 5 points indicating the 5 side face of a cube. RD
refers to “rolling direction”. TD refers to "transverse direction”.

denoted as 3. Another important axis is o, when o equals to 0°, the incident beam and diffracted
beam are in the sample plane. As o moves towards 90°, the incident beam and diffracted
beam move to general out-of-plane 0-26 configuration. Generally speaking, the measurement
condition in Fig. 2.5 can be denoted as MgO {200} < 002 >, where {200} means the specimen’s
surface normal aligned with 200 family plane, < 002 > means the Bragg condition is fixed to
be < 002 > family direction. This denotation is adopted throughout the whole dissertation. In
conclusion, the semi-sphere pole figure directly maps out the crystal structure in a spatial manner.
More pole figures on differently oriented crystals can be found in the following chapters.

To summarize this section, XRR and XRD are non-destructive analytical techniques that
are essential to characterize the thickness, roughness, and crystallinity in epitaxial thin film.
XRR and XRD were performed using Rigaku Smartlab Diffractometor at CMRR Materials
Characterization Facility. The power of the primary beam used in this dissertation was fixed to

be 1.76 kW. The primary beam area is approximately 0.4 mm by 12 mm.
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Figure 2.6. Schematic of the VSM operation principle.

Figure 2.7. Exemplars of VSM sample holders. From left to right: quartz rod, straw with
wrapped in-plane specimen, straw with side wall openings to fit out-of-plane specimen, straw
with 4.1 mm by 4 mm specimen held diagonally, Cu holder with sliders, and oven option alumina
holder.
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2.3 Vibrating Sample Magnetometry

For magnetic materials, magnetic moment m, coercivity field H¢, and the shape of
hysteresis loop are the key properties to be characterized. Apart from superconducting quantum
interference device (SQUID), vibrating sample magnetometry (VSM) is another technique
which probes the magnetic moment based on the fundamental Faraday’s law of electromagnetic
induction. As the specimen vibrates, the changing of magnetic flux results in an induction voltage

V in the pickup coil:

dd dd  dz
V:Z:(d_z)(a) (2.6)
where z represents the vertical travel of the specimen with respect to the pickup coil. 7 indicates
the time-varying V. The V in the pickup coil is amplified by a pre-amplifier and detected by
lock-in. The VSM operation can be better understood by Fig. 2.6. The dc magnetic moment m

can be calculated from the induction voltage V using the following equation:

%
"= 2 fCAsin 2 fr)

2.7

where C is a coupling constant. A is the amplitude of the sinusoidal oscillation. f is the specimen
vibration frequency, and the default f of Quantum Design Versalab VSM linear motor is 40 Hz.
Dissertation author used 39 Hz and 40 Hz interchangeably. It should be noted that the difference
of 1 Hz has no impact on m, H¢ and the shape of hysteresis loop in this dissertation.

The specimen must be attached to a sample holder. The center of the specimen is
positioned at the vertical center of the pickup coil, which is fixed at 35 mm from the bottom
of the pickup coil. There are multiple ways of mounting the specimen on sample holder, as
illustrated in Fig. 2.7. Note that users should secure the specimen to prevent shifting during
vibrating measurements at various temperature conditions and be aware of the paramagnetic or

diamagnetic background from the both sample holder and any potential impurities introduced
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during mounting.

2.4 Microfabrication & Nanofabrication

As a part of the third industrial revolution, microfabrication is at the heart of integrated
circuit industry. Microfabrication techniques bridge the full film samples to various devices that
make numerous experiments possible. The major processes of microfabrication used in this
dissertation are lithography, etching, and bonding. Figure 2.8 exhibits 3 examples of devices that
were commonly fabricated by the dissertation author. Each kind consists of 2 layers: a sample
layer (typically microstrips or nanowires) and an electrode layer. A general fabrication procedure
is illustrated in Fig. 2.9, the first lithography is employed on the spin-coated full film to define
the shape of the wire. Then, ion milling is performed to remove the rest of the material around
the wire. This is followed by the second lithography process that aligns the electrode pattern on
the wire, a layer of Au is deposited on the electrode pattern area which can be wire-bonded to
the printed circuit board (PCB) for future measurements. Some key fabrication methods will be

further discussed in the coming subsections.

2.4.1 UV Photolithography Patterning

To define the size, shape and the orientation of the wires that are patterned on the film, a
mask with ’blocked area” and “openings” is essential to be designed in the first place. Masks
can be in the form of physical masks and digital masks. The physical mask is a fused quartz
plate with pattern areas as openings or blocked by chromium. Thanks to computer-aided design
(CAD) software, the mask design can be efficiently performed and modified. A physical mask is
applied on Karl Suss MA6 mask aligner, while Heidelberg MLLA 150 has its own digital mask
capability. Mask determines the pathway of the light, and photoresist determines the pattern
polarity. In principle, photoresist is light-sensitive polymer solution. The positive (negative)
photoresist breaks down (hardens) when exposed. Hardening refers to either polymerized or

cross-linked, vice versa. Afterward, the developer dissolve away only the regions that were not
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Figure 2.8. (a) 2-probe devices patterned in different orientations. (b) 4-probe devices. The
scanning electron microscopy (SEM) picture shows an Au wire-bonded sample. The diameter of
the Au wire is 25 um. (c) 350 nm-wide Pt nanowires with nonlocal configuration of 300 nm

separation.

(a) Patterning

(b)

Etching

(c)

Patterning & deposition

Figure 2.9. Schematic of a general 2-layer device fabrication process.
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hardened. In MA6 mask aligner, the ultraviolet (UV) exposure duration was around 8 s (positive
photoresist AZ-1512) and 15 s (negative photoresist NR9-1500PY) with light source intensity of
9 mW/cm?. In MLA150 laser writer, the exposure dose was 130 mJ/cm? (positive photoresist
AZ-1512) and 1200 mJ/cm? (negative photoresist NR9-1500PY). The wavelength used in both

tools is 375 nm.

2.4.2 Ebeam Lithography Patterning

For advanced resolution that overcomes the wavelength and diffraction limit of the mask
aligner and laser writer, Ebeam lithography is employed to be capable of direct writer (digital
mask) with sub-10 nm resolution. Similarly, ebeam resist is ebeam-sensitive polymer solution
with positive and negative tone. Ebeam lithography is performed by using a state-of-the-art
Vistec EBPG5200 system with capability of a minimum beam diameter 2.2 nm at 100 pA. As
shown in Fig. 2.8(c), for the non-local device patterned on surface of yttrium iron garnet (Y1G),
ebeam dose of 850 uC/cm? was applied polymethyl methacrylate (PMMA) A4 positive ebeam

resist.

2.4.3 Ion Milling

Ion milling is a dry etching measure that is usually performed after defining the wire by
lithography and developing. Compared to isotropic wet etching, dry etching is more anisotropic
with fewer undercutting issues. Ion milling is mainly done in the aforementioned sputtering
chamber or Oxford P80 system. The sample holder is negatively charged so that the sputter gas
ions accelerate toward the sample and blast the material that is not protected by the photoresist.
To mitigate the impact of “burnt” photoresist after etching and the following lift-off issue, the
common etching sequence for the devices in this dissertation was performed in repetition of 60 s
etching with 60 s cooling using rf power of 50 W and 5 mTorr of Ar. Also, it is worth noting
that the Ar etches the photoresist as well, the photoresist thickness should be considered by

optimizing the spin-coating speed if the film to be etched is very thick.
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2.5 Physical Properties Measurement System

Most of the work in this dissertation relies on a wide temperature range platform (1.8 K -
400 K) with high magnetic field capability (-9 T to 9 T), which is the keystone of a Quantum
Design Physical Properties Measurement System (PPMS). Its temperature and magnetic field
functionality is achieved by Nb3Sn superconducting magnet with liquid helium environment.
The PPMS is capable of a large variety of physical properties measurements, its standard op-
tions include electrical resistivity, /-V curve, Hall effect, magnetoresistance with 370° rotation
capability, heat capacity, VSM, susceptibility, and torque magnetometry. Moreover, its pro-
grammable temperature and magnetic field control make PPMS a superb platform for customized

experiments on any specimen that is operational in the PPMS chamber.

2.6 Spin-Torque Ferromagnetic Resonance (ST-FMR)
Measurement Setup

To quantify the charge-to-spin current conversion efficiency in spin source material, a
spin-torque ferromagnetic resonance (ST-FMR) setup was built in the Fullerton lab. First of all, it
should be noted that ST-FMR is sometimes mistakenly referred to spin pumping technique. Both
measurements are performed on spin source(detector)/magnet heterostructure shared with similar
hardware setup. In spin pumping technique, the FMR excited spin accumulation is detected
by large SOC material and converted to measurable charge current via inverse spin Hall effect
(ISHE). On the other hand, in ST-FMR, an in-plane rf charge current is injected into spin source.
An oscillating spin current can be generated and diffuse into the adjacent magnet. The magnet
local magnetization is subsequentially manipulated by both out-of-plane Oersted field torque
and in-plane SOT. These oscillating torques initiates the precession of magnetization around
the in-plane effective magnetic field, which brings oscillatory change in resistance arising from
the anisotropic magnetoresistance (AMR) of magnet layer. The highest precession amplitude is

found to occur at FMR frequency. Resulted of mixing the oscillatory resistance and rf current, a
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Figure 2.10. (a) Setup of ST-FMR for lineshape method. (b) Same setup with additional dc bias
current. (¢) Specimen mounted on CBCPW PCB with external magnetic field in the plane with
coax rf cable connected to the right channel. A customized coil is attached to the right pole,
serving as field modulation.

dc voltage Vi, can be measured.

To execute the aforementioned procedure, an ST-FMR hardware setup was built up, as
shown in Fig. 2.10. The rf current is supplied by HP 8340B signal generator with power fixed
to be 0 dBm (decibel-milliwatts). The rf current is also amplitude-modulated by a carrier wave
generated by SR830 lock-in. The carrier wave was optimized to have an amplitude of 0.5 - 0.7 V
and frequency of 757 Hz. The frequency is chosen to be a prime number. Then, the rf current
will be amplified by a Mini-Circuit ZVE-3W-183+ amplifier to gain a total output power of
roughly 30 dBm. The amplifier is powered by an EVENTEK KPS305D dc power source with a
constant voltage of 15 V. The amplified rf current is connected to a bias tee and further connected
to a customized PCB. The PCB is a conductor-backed coplanar waveguide (CBCPW) which is
designed to have ground-signal-ground (GSG) configuration. The specimen is mounted on PCB

as presented in Fig. 2.10(c), the signal channel is wire-bonded to one terminal of the microstrip,
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and ground panel is wire-bonded to the other terminal which corresponds to the GSG devices
shown in Fig. 2.8. The loss on the PCB transmission was calibrated by Vector Network Analyzer
(VNA) , which was measured to be negligible below 10 GHz. Therefore, we assume most of the
loss originated from the wire bond.

As rf current flow through the microstrip, the in-phase reflected signal passes through
the dc channel on bias tee and is detected as a dc voltage by the lock-in. Simultaneously, the
horizontal dc magnetic field is controlled by lock-in voltage output. Moreover, as shown in
Fig. 2.10(c), some specimens are askew at angle 6, which is denoted as the angle between the
microstrip and the magnetic field. The detected V,;, is is proportional to cos” @ sin 6. It can be
understood that the V,,;, has a maximum value when cos 62 sin 6 has the largest amplitude at 6
= 35°. Therefore, the microstrip should be oriented to be 35° to the external magnetic field for
the optimal V,,;, detection. In reality, @ = 45° is a commonly accepted configuration.

According to the above procedure, it is a 2-probe transport configuration. Therefore, the
device fabrication is critical for a well-controlled contact resistance, because both the microstrip
resistance and the contact resistance need to be taken into account for impedance (Z,,) matching.
Furthermore, since it is only a 2-probe configuration, why are there 2 grounding electrodes in
the aforementioned GSG devices? The symmetric GSG design is chosen over asymmetric GS
design for balancing the current-induced out-of-plane Oersted field [47].

The setup in Fig. 2.10(a) is a general configuration for lineshape measurements only. In
Fig. 2.10(b), a different configuration is used for tuning the linewidth by dc current-induced SOT,
which will be discussed in detail in chapter 3. Technically, an additional dc bias current is applied
onto the bias tee by Keithley 2400 or Keithley 220 sourcemeter. Note that unlike the dc current
pulse mentioned in the SOT switching example in chapter 1, the current in this measurement was
supplied continuously, which can cause significant Joule heating because the power of heating is
proportional to the square of current. Therefore, the current used in experiment was kept below
10 mA.

To date, most of ST-FMR measurements are performed at ambient temperature, which
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Microwave Probe

Figure 2.11. (a) Hardware setup of temperature-dependent ST-FMR utilizing QD Versalab
platform (50 K - 400 K, up to 3 T). (b) Customized probe platform with 4 rf high frequency
channels. (c) Customized in-plane and out-of-plane CBCPWs.

limits its perspectives of temperature-dependent applications, for example, materials with mag-
netic phase transition are especially intriguing due to the potential of becoming tunable SOT
sources. The dissertation author set up a temperature ST-FMR based on a Quantum Design
probe assembly with customized in-plane and out-of-plane CBCPW. The temperature-dependent
ST-FMR can be operational in Quantum Design Versalab and PPMS, as shown in Fig. 2.11.
Materials with magnetic phase transition can be good candidates for temperature-dependent SHE

measurement, such as FeRh, FePt3 and rare earth materials.
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Chapter 3

Crystalline Orientation Dependent Spin
Hall Effect in Epitaxial Platinum

3.1 Introduction

Over the past decade, significant research efforts have been devoted to investigating
magnetization manipulation in heavy metal (HM)/ferromagnetic material (FM) heterostructure
via spin-orbit torque (SOT) [48, 49, 20, 50, 51, 52]. By engineering the bulk spin Hall effect
(SHE) in HMs [13, 53] and interfacial Rashba-Edelstein effect (REE) [54, 55, 56], enhanced SOT
values can be achieved that have the potential for developing novel energy-efficient magnetic
memory [57], logic [58], and neuromorphic computing devices [59]. Conventional SOT studies
mainly focus on textured HMs such as Pt [60], Au [61, 62], B-W [63, 64], and B-Ta [65], and
transition metal alloys e.g., Cu-Ta [66] and Fe-Pt [67]. More recently, epitaxial materials with
tunable crystalline anisotropy and well-defined orientations have been recognized as promising
candidates for SOT studies [68, 69, 70, 71,72, 73, 74, 75]. Fruitful research highlights crystalline
dependent anisotropic properties, for example, crystalline-orientation dependent spin relaxation
mechanism in Pt (111) [76] and enhanced SHE in epitaxial metal (Ta (111) [77]), magnetic alloys
(Mn3Ge (0002) [78]), and topological insulators (BiSb (012) [79], Bi;Se3 [80]). Particularly,
the facet-orientation-dependent SOT in epitaxial antiferromagnetic IrMn3 is contributed by
orientation-dependent intrinsic SHE [81]. Likewise, crystallographic-dependent SOT could

present in epitaxial HMs when spin current is generated in different crystalline orientations.
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In this chapter, we detail the growth of epitaxial Pt thin films and Pt/FM heterostructures
with (200), (220), and (111) crystalline orientations. In epitaxial films, symmetries of the
magnetic interactions will reflect the underlying crystal and interface symmetries where the three
orientations studied have four-fold, two-fold, and three-fold surface symmetries, respectively.
The symmetries should be reflected in fundamental properties such as interfacial anisotropy
(both in-plane and out-of-plane) [82] and Dzyaloshinskii-Moriya interaction (DMI) [83, 84]. For
low symmetry systems such as Pt (220) with C»,, the strength of the DMI may vary in magnitude
or sign along different directions [85, 86, 87, 88, 89]. Such anisotropic DMI and anisotropy can
stabilize novel phases such as antiskyrmions [86].

In this study, we focus on the SHE with the current flowing in various symmetry directions
in Pt. By quantitatively evaluating the SOT along in-plane crystalline orientations via spin torque-
FMR (ST-FMR) measurements, isotropic and anisotropic SHE has been observed and the role of
the crystal symmetry is enumerated. Moreover, by performing temperature-dependent harmonic
measurements, we further reveal the intrinsic and extrinsic mechanisms underlying the SHE in
epitaxial and polycrystalline Pt films. By combining directional-dependent SOT and anisotropic
magnetic properties, we anticipate energy-efficient magnetization manipulation in novel spin

structures.

3.2 Sample Growth and Characterization

Epitaxial Pt films were grown onto single-crystalline MgO (200), MgO (220), and Al,O3
(1120) substrates by dc magnetron sputtering. Here, we note that, (1120) is a forbidden peak in
Al,03. Instead, the corresponding allowed peak is (2110). But we chose (1120) over (2110) as
a widely-accepted prescriptive denotation in academia and industry. Substrates are commercially
purchased from MTI corporation. Substrates dimensions are 5 mm by 5 mm by 0.5 mm and 10
mm by 10 mm by 0.5 mm. The sputtering chamber had a base pressure of 8 x 10~8 Torr and a

growth Ar pressure of 2.7 mTorr. Pt (200) was grown on Cr (200)-buffered MgO (200) substrates.
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The 5-nm-thick Cr (200) seed layers were deposited at 450°C to initiate the epitaxy, followed by
Pt (200) deposition at 200°C. Pt (220) and Pt (111) films were grown directly on MgO (220) and
Al,O3 (1120) substrates, respectively, at 300°C. The growth procedures have been optimized
for both epitaxy and desirable smooth surface condition. After the Pt growth, the substrate was
naturally cooled to room temperature in situ which takes roughly 180 minutes. Subsequential
FM layers were grown in situ at room temperature to minimize the interfacial mixing effect
and magnetic dead layers. All samples were capped with a 2-nm-thick amorphous Al,O3 layer
to prevent surface oxidation. Following the above procedure, we prepared a series of epitaxial
Pt(10)/Py(8) samples for ST-FMR measurements, and both epitaxial Pt (111)(5)/Co(0.8)/Ni(1)
and polycrystalline Pt(15)/Co(0.8)/Ni(1) samples with perpendicular magnetic anisotropy for
harmonic measurements (thickness in nanometer throughout the chapter unless otherwise stated).
Note that the choice of Py as the FM layer is motivated by its wide application as an efficient
spin detector [60, 90, 91, 92, 93, 94, 95] and the usage of Co/Ni is due to its spontaneous

perpendicular magnetic anisotropy, a prerequisite for harmonic measurements [96, 97].

3.2.1 XRD Characterization

The crystallographic properties of as-deposited Pt films were evaluated by X-ray diffrac-
tion (XRD) measurements. The out-of-plane symmetric 8-26 scans of Pt (200), Pt (220), and
Pt (111) films are presented in Figs. 3.1(a)-(c), demonstrating the single phase epitaxy growth
along the substrates or the seed layers. The clear Laue oscillations of the Pt (111) peak indicate
excellent lattice matching and a sharp Al,O3/Pt interface. Figs. 3.1(d)-1(f) show the in-plane
XRD ¢ scan, confirming the characteristic four-fold symmetry of Pt (200) film and two-fold
symmetry of Pt (220) film. Note that the Pt (111) sample exhibits a six-fold symmetry, which is
attributed to crystal twinning.

Moreover, the relative orientation between the crystalline axis of the Pt thin films and
substrates has been verified by both ¢ scans and semi-sphere pole figures, as shown in Figs.

3.2, 3.3 and 3.4. Specifically, for the Pt (200) sample, the in-plane Pt < 002 > aligns with
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Figure 3.1. Out-of-plane XRD scan of epitaxial Pt films: (a) MgO (200)/Cr (200)/Pt (200).
(b) MgO (220)/Pt (220). (c) Al,O3 (1 120)/Pt (111). (d)-(f) In-plane ¢ scans showing epitaxial
growth and the four-fold, two-fold, and six-fold symmetry of Pt (200), Pt (220), and Pt (111),
respectively.

MgO < 002 > and is 45° to in-plane Cr < 002 > and Pt < 220 >. For the Pt (220) sample, the

in-plane Pt < 002 > // MgO < 002 > and Pt < 220 > // MgO < 220 >. For the Pt (111) sample,

the in-plane Pt < 220 > is perpendicular to in-plane Al,O3 < 0001 >.

3.2.2 XRR Characterization

By fitting the low-angle X-ray reflectivity (XRR) data using GenX software, the surface
roughness of the deposited Pt (111), Pt (220), and Pt (200) films are obtained to be 0.085 nm,
0.25 nm, and 0.37 nm (Fig. 3.5), respectively. The remarkably smooth surface condition of the
prepared epitaxial Pt thin films contributes to a sharp HM/FM interface, which is the key to
reducing inhomogeneous linewidth broadening [98] and improved spin current conductance [99].
We highlight that some previous studies of Pt (220) films observed significant surface roughness

[100] which we have ameliorated.
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Figure 3.5. (a)-(c) Fitting of X-ray reflectometry data shows smooth surface on Pt (200), (220)
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Figure 3.6. (a)-(d) M vs B curves on reference sample Py(8), Pt (200)(10)/Py(8), Pt
(220)(10)/Py(8) and Pt (111)(10)/Py(8) films. Insert: zoom-in view of M vs B curves shows the
in-plane anisotropy of Py induced by Pt.
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3.2.3 Magnetometry Characterization

The magnetic hysteresis loop of Py was characterized by VSM on full film samples
(Fig. 3.6). By normalizing the M to the volume of Py film, the saturated magnetization Mg
is around 698 kA/m. Here it should be noted that Py exhibits isotropic in-plane behavior in a
bare polycrystalline Py(8) film and Pt/Py(8) with high symmetries. However, on Pt (220)/Py(8)
sample, the in-plane anisotropy is clearly observed with easy axis along Pt (002). The in-plane
anisotropic Py induced by low symmetry Pt will also play a role in affecting the FMR resonance

field of Py, which can be seen in the next section.

3.3 Experimental Transport Results
3.3.1 ST-FMR Measurements via Lineshape Analysis

Here we introduce our ST-FMR measurement technique to characterize the charge-to-
spin conversion efficiency Js/Jc of the deposited epitaxial Pt films. Figure 3.7(a) illustrates the
schematic of our ST-FMR measurement setup. A microwave current is applied along specific
in-plane crystalline directions in the Pt layer determined by lithography. Due to the combination
of the SHE and spin diffusion effects, oscillating spin currents can be generated in the Pt films and
transport across the Pt/Py interface and are absorbed by the adjacent Py layer. The out-of-plane
Oersted field torque and the in-plane SOT will drive precessional motion of the Py magnetization
around the direction of the in-plane effective magnetic field, leading to an oscillatory change in
resistance arising from the anisotropic magnetoresistance (AMR) of Py. The largest precession
amplitude is found to occur at the ferromagnetic resonance (FMR) frequency of the Py layer.
Mixing the oscillatory resistance and the applied rf current will give rise to a dc voltage, which
can be detected by a lock-in amplifier with a modulated rf current.

Figure 3.7(b) shows the optical image of the photolithographically patterned microstrips
with varied aspect ratios for impendence matching and different orientations of the current which

is designed to align with the crystalline orientations in the prepared Pt/Py films. Ti(6)/Au(200)
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(a) JtFL Bias Tee

Figure 3.7. (a) Schematic diagram of ST-FMR measurement setup. (b) Optical microscope
image of patterned Pt/Py CPWs with ground-signal-ground electrodes.

electrode pads are fabricated for symmetric GSG contact electrodes by sputtering and lift-off
technique. For rf measurements, the Au thickness of 200 nm is chosen for less loss. The rf current
is applied to the CPW channels via wire bonding from the ground-signal-ground electrodes to
the microstrip. The in-plane external magnetic field is oriented 45° relative to the CPWs to
improve the magnitude of the measured ST-FMR signals [91]. Measurement of the induced dc
voltages takes advantage of a bias tee which separates the input rf microwave currents and the
ST-FMR signals. All the ST-FMR measurements presented in this work were performed at room
temperature. Although the amplified rf power is relatively high (30 dBm). The measured dc
voltage follows a linear dependence on the applied microwave power, as shown in Fig. 3.8(d),
suggesting the marginal role of the Joule heating effect in our measurements.

The ST-FMR technique provides a quantitative measurement of the Jg/J¢ of the prepared
epitaxial Pt films. The lineshape of the measured dc voltage can be expressed as a combination

of symmetric Lorentzian and antisymmetric Lorentzian [11, 101, 102]:

(A/2)° (A/2)(B — By)

Vmix:S(B_BO)2+(A/2)2 (B—By)>+ (A/2)?

+ background 3.1

where the parameter S is the amplitude of symmetric Lorentzian arising from the spin
Hall induced anti-damping SOT exerted on Py, A is the amplitude of antisymmetric Lorentzian

resulted from the sum of field-like SOT and Oersted field torque, By is the resonance field of
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geneity supports a marginal linewidth broadening and sharp interface.
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each frequency, and A is the fitted full-width-half-maximum (FWHM) linewidth of resonance
spectrum resulted from the Py layer. The ratio between S and A is directly proportional to
the dimensionless Jg/J¢, which can be further expressed by the following equation [60]. Pay
attention to the confusion between SI system of units and cgs system of units in magnetic terms,

all the calculation in this chapter was executed using SI.

J. S euoMstd 47M,

Js _ o eloMs 1t eff (3.2)
Jc A h By

where L is the permeability in vacuum, 7 is the reduced Planck constant, e is elementary charge,

M is the saturated magnetization of Py. ¢ and d represent the thickness of Py and Pt layers,

respectively. M,y is the effective magnetization of Py which can be obtained from fitting the

frequency dependent resonance field by Kittel formula [103]:

f= %\/BO(BO +4nM,ff) (3.3)

Intuitively, the resonance frequency of a sphere needs to exclude the shape anisotropy term,
therefore f,here = YBo. Additionally, the frequency-dependent linewidth A can be expressed as a
combination of inhomogeneity and Landau-Lifshitz or Gilbert damping [104]:

By :ABo—f—‘mTaf (3.4)

Examples of Kittel fitting and linewidth broadening can be found in Fig. 3.9, indicating highly
consistent ST-FMR spectrum, minimal linewidth broadening and low loss damping in Py.
Figure 3.8(a)-(c) show the experimental ST-FMR resonance spectrum measured on Pt
(200)/Py, Pt (220)/Py, and Pt (111)/Py samples with microwave frequencies varying from 5 to 11
GHz. Due to the larger saturation field of Py resulted from the in-plane anisotropy, measurements
of the Pt (220)/Py sample are mainly focused in the high-frequency regime. For Pt (220)/Py, the

shift of the resonance fields when the rf current applied along different crystalline directions is
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Figure 3.10. FMR linewidth as a function of applied dc current at a microwave frequency f =
7 GHz for current along (a) < 002 > and (b) < 220 > on Pt (220)/Py, respectively. Solid lines
are linear fitting. The linear linewidth vs current density behavior is evidence of limited Joule
heating.

attributed to the in-plane anisotropy of Py induced by Pt (220) with low symmetry (C,,). While
in high symmetry systems (Cy4, and C3,) of Pt (200) and Pt (111) samples, nearly isotropic
Py magnetic property makes the resonance fields independent of the in-plane direction. The
experimental results (open dots) were well-fitted with Eq.3.1 (solid lines) with coefficient of
determination R> above 0.99. It is worth mentioning that the line-shape method based on Eq. 3.2

only provides an estimation of the upper limit of Jg/J¢ due to resonance-driven spin pumping

effect from Py back to Pt as reported in the previous work [91, 94].

3.3.2 ST-FMR measurements via Linewidth Modulation

To independently verify the results obtained from the lineshape method, we also per-
formed linewidth modulation measurements. By applying a dc current to the patterned Pt/Py
microstrip, a static anti-damping torque effectively modulates the Gilbert damping of Py, re-
sulting in a systematic current-dependent variation of the linewidth of the obtained ST-FMR
spectra.

Based on the spin-transfer torque (STT) model [11], the injected dc spin currents ef-

fectively increase (decrease) the damping of Py layer when the spin polarization is parallel
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Figure 3.11. 4-probe longitudinal resistiv_ity measurements on patterned (a) Pt (220)(10) and (b)
Py (8) control samples. Note that Pt < 220 > has much lower resistivity than Pt < 002 >.

(antiparallel) to the Py magnetization, leading to a broadened (reduced) ST-FMR linewidth
[60, 105]. Furthermore, reversing the polarity of the external magnetic field that saturates Py
magnetization will also lead to the sign change of the observed signals, as illustrated in Fig.
3.10. Quantitatively, Js/J¢ can be obtained from the slope of the dc current dependent resonance

linewidth of Py [60, 68, 94]:

ﬁ _ ’}/e(B()—l-,LL()Meff/Q.)MSt dA
Jc 277:fhsinq) dJc

(3.5)

where @ is the angle between dc current and external magnetic field, f is the FMR frequency, y
is the gyromagnetic ratio, and J¢ is the electric current density in the epitaxial Pt layer.

Figure 3.10 presents the results of modulated linewidth as a function of J¢ in Pt
(220)/Py(8) sample. The y-axis represents the change of linewidth normalized to the refer-
ence linewidth when dc current is not present. The x-axis represents the dc current density in Pt.
It can be understood that only the charge current in Pt layer is assumed to be the source of spin
current. Therefore, it is required to characterize the resistivity of each layer. Individual films of
Cr(200)(5), Pt(200)(10), Pt(220)(10), Pt(111)(10), and Py (8) were deposited and patterned into

4-probe configuration, and the longitudinal resistivity p,, along various crystalline orientations
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of Pt has been characterized independently, example p,, vs temperature 7 curves are presented
in Fig. 3.11. Only in this way can J¢ be quantitatively calculated from the portion of current
distribution based on the parallel resistor model. As shown in Figs. 3.10(a) and (b), when the
electric current is along the < 002 >, the slope is approximately 54% larger than that when the
current is along < 220 >. We note that such distinct crystalline orientation-dependent SHE is

absent in higher symmetry Pt (200)/Py and Pt (111)/Py samples.

3.3.3 ST-FMR Results Discussion

To summarize our ST-FMR results, Table 3.1 shows the obtained Jg/J¢ of Pt along
different crystalline orientations of the prepared epitaxial Pt films. In general, a larger value of
JslJc is observed in the sample with a higher p,,. In the high symmetry systems such as square
Pt (200) and hexagonal Pt (111) lattice with Cy4, and C3, symmetry, the difference between p,,
along different in-plane crystalline orientations is less than 5%, within the experimental error.
Notably, the isotropic py, yields isotropic Js/J¢ in Pt (220) and Pt (111) samples. Isotropic Js/J¢
has been observed in other high symmetry epitaxial materials, such as SrIrO3 (0001) [70] and Fe
(001)/Pt [106]. In contrast, in the low symmetry system (C3,) of Pt (220), the p 520> is 11%
larger than pfx2§0>. The obtained value of Jg/J¢ along < 002 > direction is significantly larger
than that along < 220 > direction via both line-shape and linewidth methods. We remark that
the obtained anisotropic Jg/J¢c on Pt (220) agrees with the results recently reported [75], where
enhancement of the Jg/J¢ was also observed in Pt when current along < 002 > direction.

The role of spin diffusion length Ag in Pt needs to be addressed, if measuring the ST-FMR
with varying thickness of Pt, the calculated Js/J¢ can be fitted as a function of Pt thickness d and
the spin diffusion length of Pt Ag by using the equation:

Js

d
T o< (1— sech(A—S)) (3.6)

JslJc hereby tends to saturate when d is larger than Ag. According to Ref. [75], Ag of epitaxial
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Table 3.1. Crystalline orientation dependent longitudinal resistivity values and charge-to-spin
conversion efficiencies of epitaxial Pt films and Pt/FM structures.

e G pE ~ AIcaOK a0
Direction (uQ.cm) (Lineshape method) (Linewidth method)
mamaomy R 0 :
PEOIOR® Tinl 135 oow oors
pamome e oo :

Pt (220) along < 002 > and along < 220 > are 1.17 nm and 0.98 nm, respectively. Also, Wang
et al reported the p,, dependent Ag [91]. Therefore, we also anticipate that the Ag in Pt (200),
(220) and (111) samples is anisotropic as the p,, varies among in-plane crystalline orientations.
However, the Pt thickness in this work is much greater than the reported Ag. Hence, the crystalline
orientation-dependent Ag is unlikely to play a major role in probing the Jg/Jc.

Following the prerequisite in the previous paragraph, as the thickness of the measured
Pt films is greater than the spin diffusion length Ag, the measured J/J¢ is mainly contributed
by bulk SHE, bulk REE, and interfacial REE [107]. The bulk SHE consists of intrinsic and
extrinsic mechanisms, in which orientational dependent anisotropic p,, can be contributed by
the intrinsic SOC and intrinsic SHE. On the other hand, different extrinsic scattering events can
give a rise to anisotropic SHE, however, extrinsic impurity scattering is minor in the undoped,
highly-crystalline epitaxial Pt. Therefore, we believe that the anisotropic bulk SHE in Pt is mainly
driven by the orientation-dependent intrinsic mechanism. This is supported by the fact that since
broken space-inversion symmetry is absent in Pt crystals, the bulk REE contribution can be
ruled out [108]. Lastly, the interfacial REE is expected to be anisotropic in Pt (220)/Py interface.
Simon et al. demonstrated, for reduced symmetry surfaces such as Au (110), the anisotropic
REE dominates due to the mixing of the surface state with the bulk state [109]. Conclusively, the

anisotropy in both intrinsic SHE and interfacial REE could result in the anisotropic Js/Jc.
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3.3.4 Thoughts of Future Study on Thickness Dependent ST-FMR

Although it is beyond the scope of this work, we acknowledge that the interfacial spin-
mixing conductance G 4 ) also plays a role in the spin current detection and further attribute to the
JslJc [91]. To study the anisotropy of G(4), serials of samples with various Pt thicknesses should
be prepared: Pt (200)(t)/Py (8), Pt (220)(t)/Py (8), Pt (111)(t)/Py (8), where Pt thickness ¢ varies
from sub-spin diffusion length of Pt to thickness higher than spin diffusion length. By analyzing
the Pt thickness-dependent Gilbert damping of Py by either broadband FMR or ST-FMR on
the aforementioned samples, the G4 along different in-plane crystalline orientations can be
obtained. Then, the spin current transmittivity 7" can be calculated as a function of longitudinal

conductivity o

2G
T=_—— (3.7)
2G () + 75
Thereafter, Js/Jc can be expressed as a function of 7 and intrinsic Js/J¢:
J J
J—S =T (2, (3.8)
c Je

Accordingly, anisotropic T' can result in anisotropic Jg/J ¢, with anisotropic G4y and anisotropic
o independently attribute to anisotropic 7. In this manuscript, only the anisotropic o is taken into
consideration. In addition, this thickness-dependent Gilbert damping study assumes conformal
roughness over thickness range, otherwise, variable roughness and interface condition will lead

to inconsistent G(T 1)

3.3.5 Temperature Dependent Harmonic Measurements

To further understand the resistivity-dependent SHE of the epitaxial Pt films, we per-
formed temperature-dependent harmonics measurements on patterned Pt/Co(0.8)/Ni(1) Hall
devices, as illustrated in Fig. 3.12(a). Harmonics measurements are based on the anomalous

Hall signal measured from the Co/Ni, therefore, the devices are fundamental Hall crosses with
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an aspect ratio of 1:3 for reduced Joule heating effect. Figure 3.12(b) shows the characteristic
first and second harmonics Hall results measured on the prepared device. For bulk SHE, when
a charge current J¢ flows through the Pt along the x-axis, spin current Jg is generated along
the z-axis with spin polarization ¢ along the y-axis. A damping-like SOT tp; ~ m X (G X m)
and a field-like SOT 7r; ~ ¢ X m produced by the generated spin currents are exerted on the
magnetization m of Co/Ni [48, 50]. When m reaches an equilibrium position, the effects of
these two SOTs can be described equivalently as the damping-like (AHp;, ~ m x ¢ and field-like
effective fields (AHfpy, ~ o), respectively [48, 50]. By applying a 5 mA ac current at a frequency
of 161 Hz using SR830 lock-in, the generated AH p ;) causes an oscillation of m around the
equilibrium position. By sweeping an in-plane external magnetic field along the current direction,
the field dependence of the first harmonic signal V¢, and the 90° out-of-phased second-harmonic
signal V5 can be measured by probing the difference of V™ and V~ by channel A - channel B
on the lock-in amplifier. Then, the derivatives of the harmonics signal are introduced to calculate

the ratio coefficient Bx(y) [65, 110, 111]:

OH, ) aH)zc(y)

and the AHp; ry) can be extracted as follows [65, 110, 111]:

Bx(y) = ( )_1 (3.9)

B, +2EB,
AHpy(pp) = —2—@; e ) (3.10)

where & is the ratio of the planar Hall resistance Rpyr and AHE resistance Ragg. Note
that the reported Rppg is typically much smaller than Ragg [111], giving rise the following
approximation: AHp; pr) & -2By(,)) [70, 111, 112]. Notably, the slope of V4, versus the field
along the x-axis is much larger than the slope of V5, versus field along the y-axis, indicating a
negligible contribution from field-like SOT. Hence, we only consider the damping-like SOT in

this work. From AHp;, the Js/J ¢ can be calculated based on the following equation [113, 114]:
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Figure 3.12. (a) Schematic of harmonic measurements of Pt/Co(0.8)/Ni(1) patterned into
Hall crosses with Ti(6)/Au(80) electrodes. Insert: M vs B of Pt (111)/Co(0.8)/Ni(1). (b) In-
plane longitudinal field dependence of first-and second-harmonic Hall signal. (c) Temperature
dependence of the J¢/Js.
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Figure 3.12(c) presents the obtained temperature dependent Js/J¢ of epitaxial and poly-
crystalline Pt films. Aforementioned, the growth condition of Co/Ni on Pt (111) is consistent with
the growth condition of Co/Ni on polycrystalline Pt. Furthermore, the saturated magnetization
M of Pt/Co/Ni for both polycrystalline Pt and Pt (111) sample is nearly the same (600 kA/m),
suggesting similar surface conditions and negligible interfacial mixing on Pt (111)/Py. We can
observe that Jg/Jc measured on Pt (111) at room temperature agrees well with the value obtained
from ST-FMR measurements. Also, Js/J¢ of polycrystalline Pt is about 3 times larger than

that of the epitaxial Pt (111), which is comparable with the values reported in other studies
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[68]. In the temperature range of our measurements, Js/J¢ of both polycrystalline and epitaxial
Pt films decreases monotonically with temperature. Due to the high residual-resistance ratio
(RRR) in high quality Pt (111), the shunting effect in Pt became significantly pronounced in
the low-temperature regime, thus, the measured anomalous Hall signals coming from Co/Ni
became negligibly small below 150 K. This issue persisted when reducing the Pt thickness by
20% and 40%. No detectable anomalous Hall and harmonic signals were probed on Pt(4)/Co/Ni
and Pt(3)/Co/Ni samples. Therefore, the data points in the case of epitaxial Pt ended at 150 K.
In metals with spin-orbit coupling, spin Hall conductivity is predicted to scale with py,
linearly or quadratically [16]. The former contribution results from the extrinsic scattering in
“clean metals”, and the latter one is driven by the intrinsic mechanism in “dirty metals” [16].
Isasa et al. reported that the intrinsic mechanism dominates the SHE in polycrystalline Pt [115]
while for the case of epitaxial Pt (111) with significantly reduced resistivity, the weight of
extrinsic mechanism is reasonably raised in “cleaner” epitaxial Pt (111). Our results support the

above picture.

3.4 Conclusion

In summary, we have prepared high-quality epitaxial Pt thin films on a series of substrates.
Systematic ST-FMR measurements demonstrate the isotropic nature of SHE in the high symmetry
Pt (200) and Pt (111) films. In contrast, the low-symmetry system such as (220) orientated
Pt exhibits the anisotropic SHE behavior that is correlated to the anisotropic resistivity. This
work contributes to the development of energy-efficient spintronic devices by engineering the
crystalline anisotropy of nonmagnetic metals.

The temperature-dependent harmonic measurements further suggest that SOT can be
a hint for “cleaner” metals with more extrinsic contribution to SHE. The observed crystalline-
orientation dependent Js/J of epitaxial Pt could be readily extended to other Pt/FM heterostruc-

tures with a broad range selection of FMs. Our work reveals the underlying mechanism of
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SHE in crystalline textured metals and broadens the material scope available for developing

energy-favorable spintronic devices for next-generation information technologies.

3.5 Thoughts of Future Study on Epitaxial 3-W

Among the intensive studies on employing polycrystalline heavy metals as spin source,
B-W has exceptionally strong charge-to-spin conversion efficiency of 30% [63]. One of the
challenges for growing the B-W is due to its metastable phase compared to traditional o-
W configuration. B-W has A15 cubic crystal structure, distinctive to bcc a-W. It has been
contentious regarding the role of thickness in stabilization of S-W phase in the field of spintronics.
Thickness dependent 3 to a-W transition can be found. It was reported to be challenging to
obtain B-W when the film thickness was above 10 - 20 nm [63, 116]. Although B-W with much
higher thickness can be achieved with the aid of high deposition pressure, e.g., 3.33 Pa (24.9
mTorr) [117], significant surface roughness will be induced. Here, it was successful to obtain
35-nm 3-W with decent surface roughness (roughly 0.84 nm). 3-W was dc-sputtered directly
on thermally oxidized Si(100) wafer in the aforementioned chamber without the aid of high
deposition pressure. The sputtering pressure used was 2.7 mTorr (0.359 Pa). The sputtering
power is critical for the formation of 8 phase because the film heating during fast deposition
by high power undermines the stabilization of the metastable phase. Here, 10 W sputtering
power was used, which was close to the minimum operational power that can sustain the plasma.
The sputtering rate was kept to be around 0.00678 nm/s. From x-ray characterization, our
polycrystalline 3-W film exhibits 3 diffraction peaks. Note that the Bragg condition of a-W
(110) almost overlaps with B-W (211), hence, we do not claim the purity of 3 phase. Moreover,
B-W owns distinctive resistivity, which is higher than that of &-W by an order of magnitude
due to higher density of grain boundaries, dislocation, and stacking fault [116]. Experimentally,
by applying Van der Pauw resistivity configuration on full film, the resistivity of 3-W was

characterized to be roughly 140 uQ.cm, while the resistivity of a-W was measured to be around
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Figure 3.13. (a) XRD spectrum shows 3 peaks on polycrystalline B-W. (b) XRR oscillations
support the targeted thickness and desirable surface roughness

20 uQ.cm. The high resistivity supports the existence of 3 phase.

In the future, studying the SHE in epitaxial metastable film could be attractive, which
might exhibit both enhanced and tunable anisotropic charge-to-spin conversion efficiency. Epi-
taxial growth typically requires raised growth temperature, which is limited by the metastable-to-
stable phase transition temperature. Alternatively, interfacial strain energy could favor the stabi-
lization of metastable film, with desirable substrate orientation, growth of epitaxial metastable

film can be feasible.
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Chapter 4

Néel Vector Perturbation in Chemically
Ordered FePt;

The antiferromagnetic nature and phase transition of chemically ordered FePt; were
investigated independently by electrical transport, magnetometry, and neutron scattering. As
a fundamental characterization, negative magnetoresistance and pronounced MR ratio were
explored under various temperatures and fields. Next, by utilizing the strong chemical ordering
and smooth surface of 20-nm-thick FePt3. We successfully probed the exchange bias via electrical
transport, which further helped us quantitatively investigate the stability of AFM nature under
external perturbations. Our findings revealed the insensitivity of static field perturbation and

proposed an energy-efficient approach to erase the antiferromagnetic memory by field rotation.

4.1 Introduction

The field of magnetic memory has extended to antiferromagnets (AFM) as a promising
candidate to replace traditional ferromagnets (FM) [118, 119, 120, 121, 122, 123, 124]. Like
the magnetization orientation in FM that represents zero or one, the writability in AFM is
imperative to achieve the memory functionality [125]. Since the demonstration of spin-valve-
like magnetoresistance in AFM [126], extensive work has followed to delve in the control of
Néel vector, which is mainly achieved by the following approaches: magnetic control such as

exchange bias control [126, 127], optical control by THz excitation [128, 129], electrical control
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[130, 131] and strain control [132, 133, 134]. On the other hand, the stability of AFM memory
also needs to be addressed [135]. For example, the FM used in exchange bias control is more
sensitive to external perturbation, which is brought to our attention.

We chose to study chemically ordered FePt3 [136, 137]. It exhibits paramagnetic to
antiferromagnetic phase transition at 160 K, while chemically disordered FePt; is ferromagnetic.
Early studies on bulk FePt3 mainly focused on full films, Bacon and Palaith performed pioneer
analysis on the structural and magnetic behavior with varying stoichiometry near Fe,sPts
[29, 138]. Thereafter, more attraction has been raised on the exchange bias properties on
FePt3/FM interface [139], as the growing interest to use AFM for pinning the unidirectional
anisotropy of FM in magnetic read head [140, 141, 142]. Furthermore, FePt3 is not only
applicable in the pining layer but also has shown potential in storage media. Apart from the
aforementioned Néel vector control methods, Nt ion-beam irradiation has been practical to
suppress the chemical ordering in FePt3, making it a candidate for artificial patterned magnetic
recording media [35]. Presently, chemically ordered CrPt3 alloy is predicted to potentially host
the topological Weyl semimetal quantum properties [36], which could lead to exotic electrical
transport properties. It is worth noting that electrical transport is yet to be studied in FePt3. In
particular, the anisotropic magnetoresistance (AMR) in AFM starts to attract more attention
recently [135, 143, 144, 145, 146, 147, 148, 149, 150, 151], as an important characteristic of
AFM memory electrical read-out signal [119, 152, 153].

In this study, the magnetic phase transition in chemically ordered FePt; was examined
from various viewing angles by utilizing the transport, magnetometry and neutron scattering
technique. In particular, taking the advantage of strong chemical ordering and smooth interface,
we successfully probed exchange bias on transport devices via field dependent magnetoresistance
(FDMR), which can become an alternative to mainstream magnetometry method. The field-and
temperature-dependent AMR helped understand the role of Néel vector canting and reorientation
in response of external field. Our findings support the robustness of antiferromagnetic memory

and provide an approach to erase the memory states with a relatively low magnetic field below
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the spin-flop field, which could potentially benefit the antiferromagnetic memory in low energy

consumption applications.
4.2 Sample Growth and Characterization

4.2.1 Co-sputtering of Epitaxial Chemically Ordered FePt;

The growth of alloy and oxides typically requires using a compound target material
with prerequisite compound stoichiometry or using co-sputtering technique. The key to co-
sputtering technique is tuning the power of each gun for the desirable stoichiometry. In the case
of FePt3 alloying, the final alloy depends on the volume fraction vol% of Fe and Pt, which can

be calculated using the following equations:

at%rg, X Vm(pe)

vol%r, = “4.1)

B at%r, X Vm(pe) + at%p; X Vm(pt)

at%p; X Vm(Pt)

vol%p; = “4.2)

" at%pe ¥ Vin(Fe) T at%ope X Viu(pr)
where at% is the atomic fraction of Fe and Pt in the alloy, V}, is the molar volume of each element
which is the division of molar mass M and mass density p. Theoretically, at%p, : at%p; in FePt3
1s 0.25 : 0.75, which yields the vol%p, : vol%p; 1s 0.206 : 0.794 from Eq. 4.1 and 4.2. Then,
setting the value for alloy deposition rate R,;,y, an example of R can be 0.15 nm/s, the calculated

co-sputtering rates of Fe and Pt becomes:
RFeorpt = Ralloy X vol%Feorpt 4.3)

then, given the individually calibrated sputtering rates of Fe rg, and Pt rp; which are calibrated
under individual power of pr, and pp;. The co-sputtering power for Fe and Pt can be calculated

by:
RFeorPt (4 4)
VYFeorPt .

PFeorPt = DPFeorpPt X
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In situ 850°C annealing

Incandescent sample holder

Figure 4.1. A incandescent sample holder picture that was taken right after finishing annealing
at 850° for 40 minutes.

given the calculated sputtering power of Fe and Pt in Eq. 4.4 with targeted sputtering time,
the co-sputtering process can be executed to achieve the alloy with targeted stoichiometry and
thickness.

Epitaxial FePt; films were grown directly onto single-crystalline MgO (220) and Al,O3
(0006) substrates using a dc magnetron sputtering system with a base pressure of 5 x 1078 Torr.
The Fe and Pt targets are co-sputtered in a confocal geometry in Ar ambient of 2.7 mTorr. The
co-sputtering rate was calibrated to be 0.15 nm/s. The growth temperature is 500°C to build
epitaxy and control the surface roughness. To obtain desirable chemical ordering, samples were
post-annealed in situ at 850°C for 40 minutes. The chemical ordering is highly sensitive to the
annealing temperature, which can be significantly undermined by a 20 K temperature offset.
Therefore, the annealing performance needs to be intensively monitored because the actual
temperature on the substrate might differ every time. Here, 850° is only a reference set point.
The chemical ordering assessment solely depends on the following characterization techniques
instead of the annealing performance. An example of annealed sample holder is shown in Fig.
4.1, where an incandescent sample holder can be seen.

After annealing, samples were cooled below 100°C, followed by a 2-nm-thick Al,O3
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grown in situ to prevent surface oxidation. On the other hand, samples for the exchange bias
measurements have a bilayer structure of FePt3(20)/Fe(4) (thickness in nm throughout the
text unless otherwise stated). In order to limit the interfacial intermixing, FePt3 were cooled
completely from 850°C to room temperature, which could take roughly 240 minutes. Then, a

subsequential 4-nm-thick Fe layer and a 2-nm-thick Al,O3 capping layer were deposited in situ.

4.2.2 X-ray Characterization

Figures 4.2(a)-(d) present X-ray diffraction (XRD) measurements on FePt3 (110)(20)
and FePt3 (111)(20). The at%pr, : at%p; was optimized to be 0.27 : 0.73 based on the highest
relative intensity ratio of (110) and (220) peaks. (110) is forbidden in chemically disordered
FePt; and allowed in chemically disordered FePts, as confirmed in Fig. 4.2(a). The Laue
oscillation on FePt3 (111) peak suggests excellent lattice matching and epitaxy. The full-width-
at-half-maximum (FWHM) of the w curve across FePt3 (110) and (111) are 1.550° and 0.0417°,
respectively, supporting good crystalline quality. Furthermore, the in-plane ¢ scan confirmed
the C», symmetry of FePt; {110}< 002 > respect to MgO {220}< 002 >, and Cg, symmetry
of FePt3 {111}< 220 > respect to Al,O3 {0006}< 1120 >, as shown in Figs 4.2(c) and (d).
The alloy thickness was calibrated using XRR, which also supports the correct stoichiometry
because the calibrated alloy thickness matches the targeted thickness based on calculated co-
sputtering power and targeted sputtering time. Moreover, the surface smoothness is not only
important for a sharp exchange coupling interface in FePtz/Fe bilayer, but also critical for
spin current conductance in FePt3/Cu/Py heterostructure. Therefore, the surface roughness of
chemically ordered FePt; (110) and (111) films were calibrated from fitting XRR data, which
are approximately 0.589 nm and 0.126 nm, respectively. As a comparison, the chemically
disordered FePt3 (110) and (111) films exhibit improved smoothness with fitted roughness of
approximately 0.156 nm and 0.0967 nm, respectively. Remember no post-annealing was applied
to the disordered film. Significantly enlarged surface roughness by annealing is what we can

learn from the roughness comparison. The XRR calibration can be found in Fig. 4.3.
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Figure 4.2. Specular XRD on (a) FePt3 (110) and (b) FePt3 (111). In-plane ¢ scans evidently
support the 2-fold and 6-fold symmetry of FePt3 (110) and FePt3 (111), respectively.
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Figure 4.5. (a) and (b) Pole figure of FePt3 {111} < 110 >, and {111} < 220 >.

Pole figures were measured on 250-nm-thick FePt3 (110) and (111) samples. In Fig. 4.4,
it presents excellent ’single crystal” symmetries without any twining. When Bragg conditions are
fixed to be < 002 > and < 220 >, their pole figures are consistent with the pole figures with Bragg
condition of < 001 > and < 110 >, which is positive evidence for correct chemical ordering,
otherwise, in chemically disordered FePt3, the forbidden < 110 > does not lead to any symmetry,
whose pole figure should only be background signal. Furthermore, as shown previously, out-of-
plane XRD data on FePt3 (111) only present the (111) peak, which is insufficient to examine
the chemical ordering. From Fig. 4.5 which shows the pole figures on FePt3 (111) with Bragg
condition fixed to be < 110 > and < 220 >, we can learn several aspects, firstly, pole figure maps
out all 110 and 220 planes existing in (111) crystal, which clearly indicates the twining structure.
Secondly, having the fact that the [111] is calculated to be 35.3° from [110], this calculation can
be supported by observing the diffraction peaks of [110] and [220] locating evenly on a ring
where o = 54.7°, which is 35.3° to the surface normal (111). This is evident for a correct cube
structure minimal distortion. Thirdly, the consistent symmetry in both pole figures supports the

picture of good chemical ordering.
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4.2.3 Chemical Ordering Parameter

The chemical ordering parameter S needs to be calculated on prepared FePt3 (110) film

to assess the degree of ordering, which is quantified by the following equation:

S

KR
where Fy; is the structure factor of FePt3 including the Debye-Weller factor. 19 and Fyyo were
calculated using the Visualization for Electronic and Structural Analysis software (VESTA). Iy,
is the integrated diffraction peak intensity, which can be obtained from the XRD data. Ly;; is the

Lorentzian polarization factor, which can be estimated by:

1 +cos?26
Ly~ —s—— 4.6
" D sin 0 cos 6 (*0)
where 0 is half of 20. Ay, is the absorption factor, which can be estimated by:
—2t
Ahkl ~1-— CXPM (47)
sinf

where 7 is the sample thickness. Lr.p, 18 the linear absorption factor which is deducted by:

UFePr; = M(Fepts)PFePrs (4.8)

where prepr; 1s the mass density of FePts. [, r.py,) 1s the mass attenuation coefficient of FePt3,

which needs to be calculated from the mass attenuation coefficient of Fe and Pt:

Hon(FePis) = Mm(Fe) X WEFoFe + i (pr) X WE%0pr (4.9)

note that the ,,r,) and H,,p;) need to be obtained from the literature, or referring to the NIST
Standard Reference Database 126 [154] (retrieved from https://dx.doi.org/10.18434/T4DO1F).

Similar to the previous calculation on vol%F, and vol%p;, the wt%r, and wt% p; can be calculated
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as a function of the molar weight M of Fe and Pt:

at%g, X Mg,
tPor. = 4.10
WHiore at%r. X Mg, + at%p; X Mp; ( )

at%Pt XMP;
t%p; = 4.11
WEp at%rpe, X Mg, + at%p; X Mp; ( )

From the rough estimation above, the ordering parameter of Fe,7Pt73 (110)(20) film shown in
the previous XRD spectrum is roughly 60.8%, given the fact that 2_;3 is around 33.1% compared

to the theoretically calculated ratio of 45.2%.

4.2.4 Magnetometry Characterization

Ideally, neither paramagnetic nor antiferromagnetic FePt3 exhibits magnetic moment due
to the collinear Néel vectors configuration. However, the ferromagnetic disordered FePt; impurity
in ordered FePts film is inevitable and reported in previous study [136]. The magnetization of
disordered FePts impurity in ordered FePt3 (110)(20) film was characterized to be approximately
44 kA/m?. Note that this manuscript only focuses on the chemically ordered FePt3, henceforth

referred to FePt3 unless otherwise stated.

4.3 Results

4.3.1 FePt; Phase Transition
Phase Transition Probed by R vs T

We explore the nature of secondary phase transition in FePt3 by both electrical transport
and magnetometry measurements. The longitudinal resistivity p,, of 20-nm-thick FePt3 was
measured on photolithographically patterned 4-probe devices along different in-plane crystalline
orientations. Figure 4.6(b) shows temperature-dependent py, under zero field cooling (ZFC).
Pronounced slope change and characteristic ’kink™ can be observed on all in-plane crystalline

orientations which suggest the secondary phase transition around 160 K. The residual-resistance-
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ratio (RRR) along < 110 >, < 111 > and < 001 > are 1.44, 1.37 and 1.34, respectively. The
discrepancy in p,, along different crystalline orientations is commonly seen in single crystals
[155, 156, 157, 158, 159] and previous Pt (220) films [160]. It could be attributed by the
anisotropy in both the intrinsic mobility and extrinsic scattering events. In particular, the
anisotropic mean-free path along different crystalline directions leads to the discrepancy in
intrinsic mobility, which can be quantified by the anisotropy in Fermi surface projections on
sample surface [161]. Additionally, the temperature-dependent py, under 9 T-field cooling was
compared to ZFC p,, in Fig. 4.7. The phase transition temperature on the FC curve is marginally
shifted to a lower temperature compared to the ZFC curve due to the fluctuated AFM spins by
strong field [162]. More pronounced shifting can be observed by FC above the spin-flop field
HoHjr. Moreover, given the fact that the “kink™ can be completely suppressed if the field can
saturate the AFM spins to FM state [148], we consider the saturation field tyH;y of FePts is

above 9 T. We shall return to this point in the ADMR section.
Phase Transition Probed by Exchange Bias

Exchange coupling on AFM/FM interface leads to a biased magnetic hysteresis loop
which helps confirm the phase transition and AFM nature of FePts [139, 141, 142]. Most
previous work studied on full films. Here, exchange bias was measured separately on patterned
FePt3(20)/Fe(4) transport devices by FDMR technique, as a comparison to the hysteresis loops
measured on FePt3(20)/Fe(4) full film using magnetometry. In this chapter, the exchange bias
measurements mainly focus on the FePt3 (110)/Fe samples, because the exchange bias strength
on FePt; (111)/Fe was measured to be weaker for an order of magnitude. The magnetometry
collects the statistical magnetic moment signal from the full film, while FDMR strongly depends
on the FDMR signal in Fe, that being said, there should be enough current distribution in Fe
because most of current is shunt by FePt3 on a FePt3(20)/Fe(4) bilayer. Therefore, a 200 tA ac
current was used on bilayer measurements, as a comparison, only 50 (LA ac current was used on

FePts single layer measurements.
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Figure 4.8. Examples of exchange biased magnetic hysteresis loops measured on FePts;/Fe
bilayer as temperature passes through the Néel temperature. Sketch describes the changing states
of ferromagnetic and antiferromagnetic order under external field.

Samples were cooled to 5 K under a positive 4000 Oe field along the easy axis of Fe to
saturate the Fe and define the exchange coupling polarity. In order to reduce training effects and
better data accuracy, all hysteresis and FDMR loops in this manuscript were repeated 3 times at
each temperature setpoint for averaging toHgp. The exchange bias field tyHEp can be calculated
as the average of ugHc; and HgHc;, where oHep and uoHe, are coercivity fields exacted from
the descending and ascending branch of the hysteresis loops and FDMR loops [139]. In Fig.
4.6(c), transport data shows a good agreement with magnetometry data on temperature-dependent
UoHEgp. Negative ugHgp starts to be observed when 7' < 160 K, which is consistent with the
previously reported 7'y of FePt3. The magnitude of tioHEgp increases monotonically above 80 K
and decreases slightly around 50 K, then resuming increases monotonically below 50 K. The

non-monotonic behavior around 50 K could be a result of spin reorientation [136].
Phase Transition Probed by Neutron Scattering

Elastic Neutron scattering measurements were performed on 250-nm-thick FePt3 (110)

full film by using beam-line HB-1A (A = 0.2357 nm) at the High Flux Isotope Reactor at the
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Oakridge National Lab (ORNL). As illustrated in Fig. 4.6(d), we first address the temperature-
dependent magnetic scattering respect to surface normal Q = < %%O > reflection under zero
external field. The AFM ordering state gives rise to the increasing scattering intensities below

160 K. In the intermediate temperature regime, the temperature-dependent intensity can be fitted

by random-exchange Ising model (REIM) power law [137, 163, 164]:

O(T)* = (1 —TENW (4.12)

giving the fitted Ty = 155.9 K. The Ty is close to the transport and magnetometry results,
possibly due to the broad transition found on dp/dT vs T curves in Fig. 4.6(b). The fitted =
0.377, which is in excellent agreement with previously reported values [137]. Moreover, when
the temperature is low enough, the AFM domains are thermally stable with a large enough kinetic

barrier, leading to saturated scattering intensities below 50 K [165].

4.3.2 Anisotropic Magnetoresistance of FePt3

We then examine the angular dependence magnetoresistance (ADMR) in FePt3. Figure
4.9 presents the field-and temperature-dependent ADMR in FePt3 (110)(20). The ac current
was applied along < 001 > which is parallel to the easy axis and Néel vector of FePt3. Note
that the ADMR is independent of current polarity, and the difference between using ac and dc
current is absent. The external field was rotated within the sample plane. The angle between
current and field is denoted as 6,,. Taking into consideration of the potential angle offset that
can be introduced during the patterning and the rotator hardware, ADMR was measured from
-5° to 365° then reversed to -5° with a fixed step of 2.5°. The measured p,, was normalized to
magnetoresistance ratio by:

P —PL

MRRatio(%) = — 5 X100 (4.13)
1

70



300 K—— 200 K —— 170 K—— 160 K —— 150 K 9T ——5T——2T——1T
(a)oz'+140K+110K+100K+90K+80K 1 (b) ——05T——02T——0A1T
- » 0.0} - : .
—~ 0.0 ) ~ R ' b
3 . O\ N | %
) '
= S 02| ]
= -0.2 =
© S
x X .04} 1
x 04 Q
= =
g 4 -0.6 4~
06r 11 <001> & ; HI=001> Ty
wH=9T 05 . | | | T=80k
O 60 120 180 240 300 360 © 0 60 120 180 240 300 360
6,y (deg.) 6,y (deg.)

Figure 4.9. (a) Temperature- and (b) field dependent ADMR on FePt3 (110)(20) with current
along < 001 >. 6 was rotated in the sample plane.

where p and p, are the resistivity when the current is parallel and perpendicular to the field.
We recall that in classical ferromagnetic ADMR, the magnetization is expected to align with the
external field. The scattering event on electron orbitals yields a high resistance state when the
current is collinear with the magnetization. In other words, the local resistance maximum can
be detected at 6,, = 0°, 180° and 360°. Fig. 4.9(a) presents the temperature-dependent ADMR
under upH=9 T with harmonic cos26 shape. When T > Ty, the paramagnetic FePt3 leads to
zero MR ratio under current yoH. Thus, the measured positive MR ratio at high temperatures
was mainly contributed by the classical ferromagnetic response of disordered FePts impurity.
When T < Ty, the AFM response became dominant in the ADMR signal. MR ratio switched
sign from positive to negative. Notably, the MR ratio reaches the value of 0.71% at 80 K. This is
a relatively large MR ratio as a collinear undersaturated AFM [144, 150, 151].

Figure 4.9(b) shows the MR ratio in AFM phase under multiple yuoH. The hysteresis
on ADMR curve from sweeping back and forth can be a result of pining states. Note that the
MR ratio gradually increases with yugH and was not saturated, also indicating the pyH, of FePt3
is above 9 T. Furthermore, suppose in spin-flop regime, the significant step-like increase of
magnetic susceptibility should lead to a pronounced MR response. The absence of dramatic

change in MR ratio hence suggests the pioH;y of FePt3 is above 9 T. Therefore, we speculate the
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ADMR on FePt;3 is governed by the canted Néel vectors that are only partially reorientated from
the zero-field position.

We discuss, if the Néel vectors are in spin-flop regime, they tend to be perpendicular to
the external field. Thus, when current is perpendicular to the field, it leads to a high resistance
state at 6y, = 90° and 270°, which might be a possible explanation for the negative longitudinal
magnetoresistance (nLMR) in AFM when uoH > toHgr. However, it cannot explain the nLMR
in FePts since the negative sign is persistent from 0.2 T to 9 T. Indeed, distinctive MR sign and
field independent MR sign were observed in other AFM conductors such as EuTiO3 (negative
sign) [146], Fe,As (negative sign) [151], and CuMnAs (positive sign) [166], which could suggest
that the MR sign has intrinsic origins in different materials, as the AMR is essentially a result of
spin-orbit interaction. Theoretically, the anisotropy of density of states (DOS) and corresponding
chemical potential with respect to the magnetization angle was predicted to quantitatively
describe the MR [144]. This could build a relation to the anisotropic scattering event which is
directly governing the AMR.

Additionally, it was reported that the nLMR can be strongly induced by the nonuniformed
current injection arising from the field-induced anisotropy of conductivity, named as current-
jetting effect [145]. This effect yields inconsistent local voltage depending on the relative
placement of current and voltage electrodes. We note that consistent MR ratio and nLMR was
measured on multiple devices patterned on the same sample with different scales, therefore the

current-jetting effect cannot be the reason for nLMR in FePts.

4.3.3 Perturbation of the Néel Vector and AFM Domains

Next, we address the perturbation of the Néel vector and AFM domains. By utilizing
the neutron scattering on FePt3 (110)(250), a set of measurements was performed in which the
sample was ZFC to 1.5 K, resulting the sample in a multidomain state. Then, in-plane external
field was applied along the Néel vector at ugH =0 T to 6 T with step of 0.5 T. Figure 4.10

showed the < %%O > diffraction peaks under multiple field strength. Suppose that the field is
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Figure 4.10. Neutron scattering peaks of < %%O > under multiple field at 1.5 K on FePt3
(110)(250), solid line is an example of Gaussian fit.

large enough, it will re-orient the domains that are misaligned with the field and eventually turn
the sample into a monodomain state. As the domain reorients in response to the field, the change
of diffraction peak should be observed. However, the scattering intensity is insensitive to the
field up to 6 T. The Gaussian fitted peak area and FWHM in Fig. 4.11 also exhibit the field
independence behavior, indicating the stability of Néel vector under external field perturbation.

Furthermore, as a measure of quantifying the influence from external field perturbation,
we investigated the change of exchange bias strength by FDMR on FePt3/Fe transport devices.
Here, we introduce 5 perturbation measurements that were executed independently at 80 K.
Akin to the aforementioned exchange bias measurement, we follow the same FC process with
ameliorated training effect. The field cooling direction is parallel to current and easy axis of
FePt; (110). To exclude the history effect, sample was warmed to 300 K at the end of each
perturbation measurement. At the beginning of each of the 5 measurements, FDMR was first
measured as a reference of exchange bias strength, denoted as uyHgp (0). Each perturbation
measurement was performed with 5 repeats of the following loop: applying perturbation and
subsequential FDMR loops were measured to extract uoHgp (n), where n represents the number

of repeats. The 1st perturbation was applying -9 T antiparallel to the cooling field direction, then
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Figure 4.11. (a) Fitted neutron scattering peak and FWHM under multiple fields. (b) Change
of exchange bias field after repeating different perturbations for 5 times. (c) ADMR on FePt3
(110)(20)/Fe(4) under 1-9 T. (d) Change of exchange bias field after field rotation perturbation
from 1-9 T.

withdrawn to O T. The 2" perturbation was applying -9 T perpendicular to the cooling field
direction, then withdrawn to 0 T. For the 3" and 4™ perturbation, 5 T and 9 T field was rotated
back and forth in the sample plane with the same procedure as the previous ADMR, respectively.

As shown in Fig. 4.11(b), for the 1% and 2" perturbation measurements, the magnitude
of LpHEp is considerably persistent, compared to the reference yHgp (0) across the 5 repeats.
Therefore, according to neutron scattering results and the first two perturbation measurements,
we speculate that the unidirectional anisotropy of Néel vector is impervious to the 9 T, irrelevant
to the field direction. On the contrary, the rotation perturbation yields distinctive results. After

the first 5 T rotation, the uoHgp (1) declined 17% compared to the pyHgp (0) and maintained
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roughly 80% of the ugHgp (0) after 5 rotation repeats. More importantly, UoHgp (0) was
significantly suppressed by 82% after the 1% 9 T rotation, suggesting the field dependence of
rotation perturbation. Here, we highlight that toHgp vanished after 4™ 9 T rotation. In other
words, the stability of AFM unidirectional anisotropy in FePt3 can be fully suppressed by rotating
the sample for 4 times under yoH < UoHgy.

To further explore the role of perturbation history, the 5 measurement was performed in
a continuous sequence and results were plotted in Figs.4.11(c) and (d). After extracting UoHEgp
(0), 9 perturbation rotations were carried out in the form of ADMR from 1 T to 9 T with ,uoHé B
(H) measured after each rotation, where H is denoted as the field strength of each rotation. As
seen in Fig. 4.11(c), the ADMR on FePt3/Fe is positive under 1 T, as it was dominated by the
classical ferromagnetic response in undersaturated Fe. The [.L()H]/E g (1) is roughly 90% of uoHEp
(0). Starting from 2 T rotation, the ADMR switched sign and became AFM response dominant.
The hysteresis on ADMR is a joint contribution from the pinned Néel vector and Fe spins due to
exchange bias. As the perturbation rotation continues under increasing fields, the ‘LL()HI/E g (H)
is suppressed monotonically and eventually reached to 10% of uyHgp (0) after 9 T rotation.
Comparing 5 T and 9 T results in Fig. 4.11(b) to Fig. 4.11(d), uoHgp (1)/uoHgp (0) for 5 T
rotation without history is 83% compared to 68% for 5 T rotation with 1 - 4 T rotation history,
which is 18% for 9 T rotation without history compared to 10% for 9 T rotation with 1 - 8 T
rotation history.

Moreover, a serial of rotation perturbation measurements was performed with fixed 9 T
but different rotation angles, as shown in Fig. 4.12. FePt3 (110)(20)/Fe(4) was rotated in-plane
for x° (x =45°, 90°, 135°, 180°, 270° and 360°) then rotated back to initial position. After
each rotation, the FDMR was measured to extract UgHgp (x) compared to the reference UgHEgp
(0) before each rotation. The ADMR amplitude and shape for every rotation angle are highly
consistent and reproducible. The more it rotates away from the easy axis of Néel vector, the more
change of ugHgp can be observed. In the case of rotation angle equals or above 90°, ugHEgp

exhibits more dramatic decline compared to the 45° rotation, which suggests that it requires to
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Figure 4.12. (a) ADMR on FePt3 (110)(20)/Fe(4) under 9 T for different rotation angles, data in
raw resistance, curves are offset for visual clarity. (b) Change of exchange bias field after 9 T
rotation perturbation for different rotation angles.

be rotated beyond its hard axis for efficient suppression of exchange bias.

Now we go back to the results of 1% to 5" measurements, the insensitivity against
static field perturbation suggests the same remanence state after the field is removed. To
equivalently visualize this statement, FDMR was measured on both FePt3 (110)(20) and FePt3
(111)(20), plotted in Figs. 4.13(a) and (b). The current was fixed with field sweeping in different
crystalline directions and returning to zero, yielding similar remanence state by showing very
close resistance signal at remanence. If the remanence states differ when field is applied in
different crystalline direction, then the remanence resistivity should show distinctive readings
because of the anisotropic py shown in Fig. 4.7. In other words, the multidomain state in
FePt; has strong anisotropic energy, making the Néel vectors recover to the same remanence
state independent of the field history. On the other hand, field rotation could increase interface
inhomogeneity by breaking the sample into more domains, therefore becoming an effective
approach to perturb the AFM domains. We also highlight the important role of the field rotation

history in reduction of unidirectional anisotropy of Néel vector.
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Figure 4.13. FDMR on (a) FePt3(110)(20) and (b) FePt3(111)(20) measured at 80 K.
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4.4 Conclusion

Conclusively, we have revisited chemically ordered FePt; whose AFM nature was
investigated in the previous studies [19-23]. The phase transition results on 20-nm FePt3 are in
accord with the neutron scattering results on bulk FePts, indicating the persistence of excellent
chemical ordering in thin film down to 20 nm. The nLMR and pronounced 0.7% MR ratio can
serve as a characteristic AMR reference for electrical read-out in antiferromagnetic memory.
The stability of AFM under static high field is not only essential to memory applications but
also calls for insights on spin fluctuation and Fermi liquid theory [167, 168]. The Néel vector
perturbation by field rotation may inspire a pathway to energy-efficient memory erasing and spin

current reorientations in neuromorphic computing devices.
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Chapter 5

Magnetoresistance in Epitaxial Ho

5.1 Introduction

Different from other lanthanides, Tb, Dy, and Ho have shown second-order phase transi-
tion from paramagnetic (PM) to helical antiferromagnetic (HAFM) phase at Néel temperature
Ty [169]. The helicity is presented by spiral spins around their hcp c-axis orientation. As
further going through a first-order transition at Curie temperature T¢, they transit into ferro-
magnetic (FM) phase. This transition happens when strain and magnetoelastic energy surpass
the isotropic spin exchange energy which contributes to HAFM phase[170]. In particular,
Ho’s T and Ty were reported to be 19 K and 132 K[171]. Below T¢, Ho’s FM polariza-
tion is conical with spins deflected from hcp basal plane and tilted towards c-axis. Above
Tc and below Ty, HAFM configuration displays within the basal plane. In both phases, the
moment in each basal plane has certain polarity. The outstanding HAFM and conical FM
phases trigger to study the temperature-dependent electronic transport in Ho. The field-and
temperature-dependent structure and magnetic properties in bulk Ho single crystal has been
widely investigated [172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184, 171, 185].
Noteworthy, the angular dependent magnetoresistance (ADMR) in the epitaxial Ho thin film yet
has been hitherto unexplored.

In this chapter, we chose to investigate epitaxial Ho thin film with hcp P63/mmc space

group symmetry. The Ho thickness is determined to surpass the length scale of a complete
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Figure 5.1. (a) Out-of-plane XRD spectrum on MgO (111)/W (110)/Ho (0002)/W sample.
Insert: fitted rocking curve aligned to Ho (0002). (b) In-plane ¢ scan with Bragg conditions of
W (110), MgO (220), Ho (1120) and Ho (1010), respectively.

helicity in HAFM and FM phases. The sputter-grown Ho samples possessed < 0002 > orientation
(hereinafter c-axis) out of plane with in-plane < 1120 > denoted as a-axis and < 1010 > denoted

as b-axis. The ADMR displayed distinctively pronounced 6-fold contribution which is yet to be

reported in other hcp materials.

5.2 Sample Growth and Characterization

The epitaxial Ho (0002) samples were sputter-grown on single crystal MgO (111) sub-
strates. The sputter chamber had a base pressure of 7 x 10~3 Torr with Ar growth pressure of 2.7
mTorr. The substrate was preheated to 700°C for one hour, followed by 5 nm of W growth at the
same temperature to help build epitaxy. Subsequent 40 nm Ho was grown in situ at 300°C. Then
the sample was naturally cooled and capped with another 5 nm of W to prevent oxidation.

Specular X-ray diffraction (XRD) spectrum on Fig. 5.1 indicates the single-phase nature
of Ho (0002) on W (110) buffered MgO (111). The rocking curve on Ho (0002) Bragg condition
yields full-width-at-half-maximum (FWHM) of 1.88°, indicating good epitaxial crystallinity.

The Cg, symmetry of Ho hcp structure is further confirmed by in-plane XRD ¢ scans. The Ho
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Figure 5.2. Hemisphere X-ray pole figure pattern on Ho (0002) with Bragg condition fixed to
be (b) b-axis and (c) a-axis. A reference single crystal MgO (111) is shown in (a) with Bragg
condition of MgO (220). The scale bar is in the log scale.

a-axis is aligned with MgO < 220 > and 30° from Ho b-axis, see Fig. 5.1. Pole figures in Fig.
5.2 further show the pure phase of Ho (0002) and support the aforementioned symmetry.

The prepared W/Ho (0002)/W samples were patterned into four-probe devices by using
e-beam lithography, ion-milling, photolithography, sputtering, and lift-off process. The electrical
transport measurements were executed in Quantum Design Physical Properties Measurement

System (PPMS).
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Figure 5.3. Resistivity vs temperature measured on patterned W/Ho (0002)/W under fixed field
of 7 T. The derivative of (a) is plotted in (b).

5.3 Electronic Transport Measurements

As measuring the resistivity vs temperature with current along b-axis, the characteristic
kink can be observed around 135 K, which is in good match with the 7Ty .As shown in Fig. 5.3
(a), the resistivity difference when applying external field along multiple a- and b-axes is very
marginal. The derivative curves present more anisotropy especially in the regime from 100 K

to 30 K. When the field is along a-axis, resistivity declines in a slower rate, indicating more

scattering events.
Temperature-dependent longitudinal ADMR and transverse PHE were probed concur-

rently on the same device with [ fixed in b-axis (Figs. 5.4 and 5.5). Sample was 7 T-field
cooled to 5 K along b-axis and then warmed to each temperature setpoint. The ADMR and PHE
was measured by rotating in the sample plane (xy plane) under external field toH of 7 T. The

azimuthal angle between I and LoH is denoted as 6y,, which was scanned from -5 ° to 365 ° then

reversed to -5 ° with fixed step of 2.5 °.

In Fig. 5.4(a), the ADMR was observed to have a negative sign with distinctive symme-
tries in FM and HAFM phases. Above 30 K, the ADMR in HAFM phase was mainly attributed
to 6-fold symmetry. In particular, the ADMR at 60 K hosts approximately equal amplitude

across the full range. All global maxima can be observed when LipH is along a-axis. Below
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Figure 5.4. (a) Temperature-dependent ADMR at 7 T field. (b) MR Ratio and change of
resistivity extracted from ADMR as a function of temperature. (c) Temperature-dependent PHE
measured in parallel with ADMR. (d) A comparison of PHE and ADMR at 10 K plotted in
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Figure 5.5. Schematically showing the relative position of current, magnetic field and hcp basal
plane during ADMR and PHE as 0 rotates in the sample plane.
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20 K, the interplay between 2-fold and 6-fold contributions tends to be more pronounced. The
2-fold behaviour leads to global maxima when the pipH is perpendicular to I (6y, = 90°,270°).
The global minima can be observed when pipH is colinear with I at 6,, = 0°,180°,360°. Local
minima at 6, = 60°,120°,240°,300° is speculatively ascribed to 6-fold contribution. The mag-
nitude of MR Ratio and Ap,, ascended dramatically in HAFM phase as temperature decreased,
followed by a monotonically decline in the FM phase (Fig. 5.4(b)). The MR ratio was obtained
to be roughly 5% at 30 K, which is outstandingly larger compared to Dy [171] and some of
topological Weyl antiferromagnets such as Mn3Pt [186].

As shown in Fig. 5.4(c), the characteristic PHE data exhibit positive sign and monotonic
increase of amplitude as temperature decreases. The PHE curves show sin(26y,) symmetry with
significantly different shapes. Remarkably, the PHE in FM phase displays a characteristic step-
like wave function starting around 30 K. Above 30 K, PHE started to recover the conventional
harmonic shape. Note that the amplitude of Apy, and p,, own similar magnitude as illustrated
in Fig. 5.4(d), which is in agreement with the amplitude defined by the previous general
mathematical expression in Eq. 1.14 and Eq. 1.15.

Field-dependent magnetoresistance (FDMR) was measured with yyH sweeping sepa-
rately along a-and b-axis, as illustrated in Fig. 5.6. Evident hysteresis can be observed in both
FM and HAFM phases. In HAFM phase such as 40 K and 60 K, the a-and b-axis curves host very
close coercivity and similar curve shape. The sign of MR ratio changes to negative in high field
regime. At 10 K, the MR ratio mainly host negative sign in the whole field range. Pronounced
anisotropic hysteresis loops can be observed. When field is along b-axis, MR is saturated at
lower field, indicating b-axis as the easy axis in FM phase. The sharp peaks near yoH =0 T is
due to multidomain structure, it is not due to the ballistic magnetoresistance because the MR
was probed in a scale which is orders of magnitude larger than the electron mean free path in Ho.
Throughout the whole temperature range, the MR does not saturate up to 7 T, which is due to the

Lorentz force-induced geometrical magnetoresistance effect.

83



. ir(b) AR
5 AL,
< ) D
Iid ¢
=, Sl i 1
o o ! p
5 57
X 4| X 3f
6| —— oM 11 <1120> sl —— poH Il <1120>
—— oM 11 <1010> —=— oM I <1010>
T=10K -6 T=40K
-8 ! 1 ! ! 1 ! ! 1 1 1 1 1 1 !
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
noH (T) noH (T)
21 (c)
< W4
X
'
Q0
= / \
x -1
—— pH 1 <1120>
=17 —— poH 11 <1010>
T=60K
-4 1 1 1 1 1 1 1
-6 -4 -2 0 2 4 6
HoH (T)

Figure 5.6. FDMR with field applied along a-and b-axis at (a) 10K, (b) 40 K, (c) 60 K. Arrows

represent the direction of the sweeping field.

84



5.4 Discussion

According to the definition of ADMR, the amplitude of ADMR is governed by the
difference between the resistivity when magnetization is along the current and perpendicular
to the current, that is, (pp - p,). Therefore, the influence on p; and p, by external magnetic
field shall be addressed, which is directly linked to the reported giant magnetostriction effect
in Ho [173]. At 77 K, Ho exhibited negative magnetostriction (-A) along a-and b-axis with the
magnitude of A, > 1.5 A;, [173]. Such distinctive magnetostriction-induced change of resistivity
was absent in the ADMR at 60 K, as the difference of amplitudes is almost diminutive when uoH
/I a-axis and b-axis. Hence, the magnetostriction is insufficient to explain the 6-fold dominant
behavior of ADMR at 60 K. It is speculative that the overall resistivity in the basal plane was
uniformly modified by magnetoelastic distortion on the entire lattice which could possibly result
in similar magnitude of (p, — p,) that overcomes the magnetostriction contribution. On the other
hand, the dominant 2-fold contribution at lower temperatures resulted in different amplitudes
when LgH // a-axis and b-axis, being inconclusive to separate the magnetostriction contribution
from the 2-fold contribution at lower temperatures.

Generally, three origins of PHE are reported [187]. The first is the interaction between
magnetic orders and spin-orbit interaction in the ferromagnetic material. The second is the time-
reversal symmetry (TRS) breaking due to in-plane magnetic field in the topological insulator.
The last is the orbital MR that is induced from anisotropic Fermi surface or anisotropic effective
mass tensor [170]. PHE in this work could be ascribed to the first and the third origin as Ho
is not a topological insulator. The first origin mainly leads to conventional sin(20) behavior
in the high-temperature regime. However, the step-like PHE in low-temperature regime is yet
to be experimentally reported, which could be a joint consequence of multiple contributions.
Here, we mainly discuss the 10 K data. The PHE curve can be described as a two-stage shape.
The two stages in the negative regime are considered to be theoretically equivalent to the two

stages in the positive regime, as the positive to negative sign switching is ascribed to the sign-
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switching of sin(26yy). In particular, A, was reported to ascend steeply at 4.2 K when poH was
rotating away from b-axis to the adjacent a-axis [173]. Such step-like surge could result in
distinctive Ap in the low-temperature regime. Therefore, the PHE amplitude can be interpreted
as (pp £ApPp) — (Pa =Ap,). The sharp transition between the two stages might be elucidated
by the surged magnetostriction induced Ap as LpH was rotating away from b-axis. Moreover,
the global extrema of standard sin(26y,) can be seen to be 90° apart, which are 60° apart in the
step-like PHE which corresponds the uniaxial anisotropy from the 6 easy axes (b-axis) in the
basal plane. We argue that this phenomenon could be potentially induced by anisotropic Fermi
surface and led to a similar effect as orbital MR. Lastly, it is worth noting that Kriegner et al.
theoretically modeled PHE curves on antiferromagnetic hcp MnTe. Step-like PHE was predicted
at remanence state (UoH = 0 T) when the domain size is large (30 nm) [135]. Although the
domain size is unlikely to be the major contribution in the saturated Ho at 7 T, future work might

extend the step-like PHE to other hcp materials with fruitful physics origins.
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Chapter 6

Easy-axis Dependent Electronic Transport,
in The Cases of Epitaxial CrPt; and hcp
Co

In this chapter, we investigate the strong anomalous Hall effect (AHE) in chemically
ordered CrPt3, which is superior to traditional element ferromagnets. As a comparison, although
hcp Co owns lower AHE, its highly c-axis dependent anomalous Hall conductivity (AHC) is
successfully examined which is in good agreement with theoretical predictions. Moreover, the
easy-axis dependent AHE and ADMR in CrPt3 (110) is further understood by a comprehensive
magnetotransport study on hcp Co with c-axis in the plane. Unusual and exotic anisotropic
magnetotransport can be found in engineering the crystalline orientation, which is averaged out

in polycrystalline/amorphous materials.

6.1 CrPt; Growth and Characterization

Akin to the FePt; growth in chapter 4, CrPt3 was also grown by using co-sputtering
technique with similar growth conditions as FePt3. The chemical ordering was also achieved
by 40-minute annealing. Differently, CrPt3 sometimes requires higher annealing temperature
compared to FePt3, which can vary from 850°C to 885°C. Cr : Pt ratio was varied from 21 : 79
to 35 : 65, and 33 : 67 led to the strongest I/l 19 ratio according to XRD characterization.

Therefore, the CrPts in the following content is Cr33Ptg7 unless otherwise stated. Similar to what
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Figure 6.1. Specular XRD on (a) CrPt3 (110) and (b) (111). (c) In-plane ¢ scans show the 2-fold
symmetry of CrPt3 (110) and its in-plane orientation with respect to the MgO (220) substrate.

we learnt from FePt3, the chemical ordering nature in CrPt3 was confirmed by out-of-plane XRD
and pole figures. Chemically ordered CrPt; also exhibits a characteristic (110) peak compared to
disordered CrPt; reference. The ordering parameter S of a 15-nm-think CrPt3 (110) was 55.9 %
based on a similar calculation in chapter 4 using Eq. 4.5. As shown in Fig. 6.1, the FWHM of
® scan over CrPt3 (110) and (111) is 1.843° and 0.0564°, indicating similar crystalline quality
compared to FePt3 in chapter 4. Also, this chapter only focuses on chemically ordered CrPt3,
hence, the following CrPt; represents chemically ordered alloy unless otherwise stated.

In chemically ordered FePt3, only Fe atoms exhibit magnetization. However, both Cr
and Pt atoms contributed to the ferrimagnetic property of chemically ordered CrPt3, the opposite
moment on Cr and Pt atoms is shown in Fig. 6.4. The moment on Cr atom is calculated to be
2.33 up/atom, while Pt atom has a moment of -0.27 pg/atom [24]. In bulk CrPt3, the easy axis is

< 100 > due to cubic anisotropy. However, CrPt3 (110) exhibits uniaxial in-plane anisotropy
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Figure 6.2. (a)-(d) Pole figure of CrPtz {110} < 001 >, {110} < 002 >, {110} < 110 >,
{110} < 220 >, respectively.
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Figure 6.3. Pole figure of (a) Al,03 {0006} < 1010 >, note the narrow diffraction peaks of
Al,O3 < 1010 >, (b) CrPt3 {111} < 112 >, (¢c) CrPt3 {111} < 110 >, and (d) CrPt3 {111} <
220 >. From the pole figures on CrPt3 (110) and (111), the consistent chemical ordering is
evident.
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Figure 6.4. Sketch of chemically disordered CrPt3 and ordered crystal structure.
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Figure 6.5. Room temperature magnetic hysteresis loop measured on CrPt3 (110) with in-plane
and out-of-plane orientations.

with easy axis along < 110 > due to the substrate-induced strain. The Mg is characterized to be
185 kA/m, which is strongly correlated to the long range ordering.

Classical 4-probe devices were also photolithographically patterned on CrPt; films (Fig.
6.6). The orientation of patterned wires was determined based on the crystalline orientations
relative to the substrate according to pole figures in Figs. 6.2 and 6.3. The longitudinal resis-
tivity py, of CrPt3 (110) and CrPt3 (111) was characterized along different in-plane crystalline
orientations (Fig. 6.7). Similar to high symmetry cases shown in the previous chapters, such

as Pt (111) and FePt3 (111), isotropic py, can be found in the CrPt3 (111) plane. On the other
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Figure 6.6. An SEM picture of patterned devices on CrPt3 sample with current in angles of easy
axis. It is clear to be found many devices with current 0°, 35.°, -35.3°, and 90° to the easy axis.

hand, anisotropic py, is also observed in CrPt3 (110) plane. Notably, p,, along < 001 > always

exhibits the highest magnitude in the three cases of Pt (220), FePt3 (110), and CrPt33 (110).

6.2 hcp Co Growth and Characterization

Epitaxial hcp-Co films were grown onto single-crystalline MgO (220) and Al,O3 (0006)
substrates using a dc magnetron sputtering with a base pressure of 8 x 10~ Torr and a growth
Ar pressure of 2.7 mTorr. Co (1010) was grown on Cr-buffered MgO (220) substrates. The Cr
(211) seed layers were deposited at 500°C to initiate a desirable epitaxy, followed by Co (1010)
deposition at 200°C [188, 189, 190, 191]. Co (0002) films were grown directly on Al,O3 (0006)
substrates at 300°C [192]. Before starting high temperature growth, the temperature setpoint was
held for 25 minutes to achieve uniform temperature across the sample holder. The first 25-minute
baking also helps to remove the moisture on the substrate, this is particularly important when
using MgO as it is hydrophilic. Later, the substrate was naturally cooled, and a subsequential
1.5-nm-thick amorphous Cr layer was grown in situ to help prevent surface oxidation. Cr(5)/Co
(1010)(60) films were also grown as comparison samples using the same growth condition

as that of Cr(10)/Co (1010)(30) films. Additionally, polycrystalline Co reference films were
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Figure 6.7. Resistivity vs temperature measured on patterned CrPtz (110) and CrPt3 (111) with
zero external magnetic field.

room-temperature grown directly on thermally oxidized Si (004) substrates with the same Cr
capping. The thermal oxide is 300-nm-thick SiO,, thus, the orientation of Si substrate is not
considered to play a role in inducing the anisotropy in polycrystalline Co.

To characterize the crystallographic properties of Co films, XRD measurements were
performed. Figs. 6.8(a) and (b) present the out-of-plane symmetric 8-260 scans of Co (0002)(30)
and Cr(10)/Co (10T0)(30) films (thickness in nm throughout the text unless otherwise stated),
demonstrating the single-phase epitaxy growth along the substrates or the seed layers. By
rocking the Bragg condition, the diffraction peak broadening was evaluated. The Lorentzian
fitted full-width-half-maximum (FWHM) of the w curve across Co (0002) and Co (IOTO) are
0.0614° and 0.7562°, respectively, indicating excellent crystalline quality and large grain size.
Moreover, the in-plane ¢ scan further confirmed the Cg, symmetry of Co {0002} < 1010 >
respect to Al,03 {0006} < 1120 >, and Cy, symmetry of Co {1010} < 0002 > film respect to
MgO {220} < 002 > (see Figs. 6.9).

To investigate the magnetization of Co (0002) and Co (1010), we performed magnetic
field- and temperature-dependent magnetization measurements by using VSM module on PPMS.
For Co (1010), Fig. 6.10(a) and Figs. 6.11(d)-(f) indicates a strong uniaxial anisotropy with

its easy axis along the < 0002 > (henceforth referred as c-axis of hcp structure). For Co
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(0002), despite its perpendicular uniaxial magnetocrystalline anisotropy along c-axis, the shape
anisotropy dominates the overall anisotropy. Fig. 6.10(b) and Fig. 6.11(a)-(b) display isotropic
hysteresis loops when field is along both < 1120 > and < 1010 > (henceforth referred as a-axis
and b-axis of hcp structure, respectively), suggesting that Co (0002) sample’s basal plane is the
easy plane. Fig. 6.10 (c) shows the comparison between Co (0002) and polycrystalline Co. The
out-of-plane saturation field in Co (0002) is much lower, that is, the in-plane anisotropy of Co
(0002) is significantly reduced compared to polycrystalline Co.

Figure 6.11 summarized magnetic hysteresis loops on Co (0002)(30) and Cr(10)/Co
(1010)(30) samples under various temperature setpoints from 10 K to 300 K. The uniaxial
in-plane anisotropy of Co (1010) is consistent throughout the whole temperature range. More
importantly, the in-plane hard axis curves (Fig. 6.11(e)) of Co (1010) can be fitted by the

following equation [193, 191]:

2K, M, 4Ky M
UoMs "~ Mg UoMs” " Mg

poH = ( (6.1)

where uoH is the magnetic field strength, K| and K, are the first- and second-order anisotropy
constant. My is the saturated magnetization. [y is the vacuum permeability. Each hard axis
curve was well fitted with Mg averaged above saturation at each temperature (see Fig. 6.12(a)).
The coefficient of determination R? of each curve was above 0.999, indicating excellent fitting.
The fitted K and K> are 350 kJ/m? and 103 kJ/m? at 300 K (Fig. 6.12(b)), respectively, in good
agreement with the reported those of Co (1010) thin films [194, 191].

The longitudinal resistivity py, of Co (0002) and Co (1010) was characterized on pho-
tolithographically patterned 4-probe devices along different in-plane crystalline orientations (Fig.
6.14). Similar to the previous cases on high symmetry plane, the p,, in the Co (0002) basal plane
is relatively isotropic, while being anisotropic on Co (1010) sample due to the C>, symmetry of
(1010) plane. In particular, p, has a higher value when I is along c-axis. The py, when I is 45°

to the c-axis is roughly in the middle. The residual resistance ratio (RRR) in Co (0002) is around

96



(a) i . 30K - 250K ‘ Ke |
1000 200K -+ 150K m K
+ 125K <« 100K B Co (1010)(30)
- 75K - 50K .
- 500 25K 10K B
E fit o i
~— 0 [ |
I _
(=]
=
Co (1010)(30)
’ IP 1 <0002> - 100l ®e_o_o_o_o_o . o o |
-1.0 -0.5 M‘;—,"’” 0.5 1.0 0 50 100 150 200 250 300
s T (K)

Figure 6.12. (a) Hard axis magnetic hysteresis loops of Co (1010) fitted by Eq. 6.1. Dots are
data points. Solid red lines are fitting curves. (b) Fitted anisotropy constant plotted as a function
of temperature.

Figure 6.13. Examples of patterned devices on Co (1010) with current in angles of c-axis. (a)
Zoom-in optical picture shows the 4-probe devices with current 90°, 45°, -45°, and 0° to c-axis.
(b) The zoom-out optical picture shows the 4-probe devices with current 15°, 30°, 60°, and 75°
to c-axis.
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Figure 6.14. Resistivity vs temperature measured on patterned Co (0002) and Co (1010) with
zero external magnetic field.

10.56, which is at least 2 times higher than that of in Co (1010). The py, of Cr seed layer was
characterized separately by using the same 4-probe device on a MgO (220)/Cr (211)(10) sample.
Here, we note that in Cr (211)(10)/ Co (IOTO)(SO) bilayer, 94.6% of the current was shunted
in Co layer, the current distribution in Cr is hereby negligible in this chapter. Additionally,
the 1.5-nm-thick Cr capping layer became highly resistive after being naturally oxidized. Its
conductivity is not taken into account in this work. Also, when / is perpendicular to c-axis in Co
(1010), it is, in fact, along a-axis, which is crystallographically equivalent to the case when I
is along a-axis in Co (0002) sample. However, since Co (0002) and (1OTO) have different film

quality, these two cases are named differently and their results are presented separately.

6.3 Basic Mathematical Background Related to AHE Loops

In this chapter, the temperature-dependent AHE measurements were done with 7 along
various crystalline orientations. The external magnetic field is fixed to be out of the sample plane

is normalized to AHE resistivity pAHE

with sweeping field strength. The AHE resistance R’;‘;’ Ej A

by sample thickness. The Hall resistivity of magnetic materials can be typically expressed as a
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sum of OHE contribution and magnetization contribution:
Pry = RultoH; + RsMs = Ry pioH. + p'® (6.2)

where Ry and Rg are the OHE and AHE coefficients. As illustrated in Fig. 6.15, the Ry can be

achieved from the slope of OHE contribution, and the pA#E

wy ~ can be obtained as the interception

from fitting the linear portion of the Hall loop.
Remember the mechanisms of SHE and AHE in chapter 1, the AHE resistivity can be

interpreted as a combination of intrinsic and extrinsic contributions. Mathematically, we have:

p;‘yHE = a(pxx) + b(pxx)2 + C(pxx>2 (6.3)

then, this equation can be transformed to a linear equation:

AHE
pxy

XX

— Gt Py + P (6.4)

where a, b, and ¢ represent the contributions from skew scattering, side jump and intrinsic

mechanism, respectively. From the above equations, we learn that by investigating pfyHE asa
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function of longitudinal resistivity py., the extrinsic and intrinsic contribution can be unpacked.

However, it also can be seen that the side jump contribution cannot be separated from the intrinsic

AHE ;

contribution. Furthermore, it needs to be noted that the AHE conductivity o is not a simple

Xy
reciprocal of the AHE resistivity just as the conversion of longitudinal conductivity Oy, instead,

it is calculated by:

AHE

Px
AHE = Y (6.5)

(PAHE)? 1 (prr)?

)2 is far less than the (p,)?, the Eq. 6.5 can be commonly simplified to:

since the (pfyH E

pAHE
GAH E Xy

. (PXX)Z

was still calculated using the unsimplified Eq. 6.5. Fur-

(6.6)

However, in this dissertation, nyH E

thermore, similar to the spin Hall angle Os, the AHE angle 645 quantifies the strength of bulk

AHE:

GAHE

Oan = (6.7)

XX

Experimental AHE results can be found in the following sections.

6.3.1 AHE in CrPt;

We first show the AHE results on CrPt3. In CrPt3 (111), the AHE is isotropic in the
sample plane with pronounced hysteresis loops, suggesting strong perpendicular magnetic
anisotropy (PMA) of CrPt; (111). In CrPt3 (110), when [ is along easy axis (< 110 >), the
AHE curve is more linear above saturation compared to that of 1 is 90° to easy axis (< 001 >),
indicating stronger influence from the magnetization contribution (M(T,H)) when I // < 001 >.
More interestingly, the AHE loops are “biased” when I // < 111 >, as shown in Fig. 6.18, that is,

the AHE loops are not centered at remanence. It can be observed that the biasing is dependent to
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Figure 6.16. Hall resistivity vs temperature measured on patterned CrPt3 (111) with current
along (a) < 110 > and (b) < 112 >

the relative position between I and the easy axis. When [ is 35.3° to the < 110 >, AHE loops
have a negative bias, and the raw resistivity has negative offset. On the contrary, when [ is -35.3°
to the < 110 >, AHE loops have a positive bias, and the raw resistivity has a positive offset. If
taking the average values of the AHE loops in Figs. 6.18(a) and (c), the biasing vanishes in the
averaged loops Figs. 6.18(d). In order to help understand this bias effect, we performed similar
AHE measurements on hcp Co, especially focusing on the Co (1010) because of similar uniaxial

in-plane anisotropy.

6.3.2 AHE in hep Co

As shown in Fig. 6.19 (a) and (b), in Co (0002) samples, the AHE loops exhibit isotropic
behavior when 7 is along a- and b-axis. As the field is above the saturation field, the slope of AHE
loop (OHE coefficient) remains quite constant throughout the whole temperature range. Except
for the curves below 50 K, the slope is slightly higher. Also, the AHE curves became straight
lines below 100 K, suggesting being dominated by the OHE. Such dominant OHE behavior at
low temperatures was also reported in bulk hep Co single crystals [195], which can be the result
of the low residual resistance (high RRR) in Co (0002).

However, due to the strong uniaxial in-plane magnetic anisotropy in Co (1010), the AHE
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Figure 6.17. Hall resistivity vs temperature measured on patterned CrPt; (110) with current
along (a) < 110 > and (b) < 001 >.

results are highly anisotropic depending on the current orientation relative to the c-axis (Figs.
6.20 and 6.21). Similar to Co (0002) sample, the temperature dependence of OHE coefficient of
Co (1010) remains weak. However, due to the lower RRR, the OHE does not fully dominate

in the low-temperature regime on Co (1010), leading to larger residual p;?yH E

compared to Co
(0002). More interestingly, in Co (IOTO), in the cases when [ is neither 0° nor 90° to the c-axis,
the AHE exhibits ’sinusoidal” curvature, as shown in Fig. 6.21. In particular, when 7 is 45° to
the c-axis, it owns the most pronounced sinusoidal” shape (Fig. 6.21(e)). Moreover, the AHE
loops in those cases are not “centered” at the origin, that is, they are biased at the remanence state
when field is zero, akin to the biasing effect in the aforementioned CrPt; (110). In comparison,
when 7 is either 0° or 90° to the c-axis, the AHE loops are not biased. This ”sinusoidal” shape
can also be observed when measuring field-dependent magnetoresistance (FDMR) with external
field sweeping out of the sample plane, as shown in Fig. 6.22, pronounced ”sinusoidal” FDMR
curves can be observed as temperature decreases, which is related to M cos contribution.

This ”sinusoidal” shape can be understood as a result of PHE contribution. Recall the
classical PHE expression in Eq. 1.15, which depends on the angle between I and in-plane

magnetization (sin(6)cos(0)). At high fields above saturation, the Co magnetization M is

saturated out of plane, therefore, the projection of Co magnetization in the sample plane is none,
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Figure 6.18. Hall resistivity vs T of patterned CrPt3 (110) with current along < 111 >. Raw
resistivity is compared to the resistivity with corrected offset. (a)-(b) Current is along 35.3°
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from (a) and (b).
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Figure 6.19. Hall resistivity vs temperature measured on patterned Co (0002) with current along
(a) a-a and (b) b-axis.

leading to no PHE contribution because 8 = 90°. As field decreases below saturation, M rotates
towards in-plane with the orientation along the easy axis (c-axis), which is always in angle of
the current direction, resulting in non-zero PHE signal, which is superposed on the AHE loop
and makes the AHE loop “’biased” at remanence. When [ is 45° to the c-axis, the maximum
PHE signal results in the largest AHE signal (Fig. 6.21(e)). This also explains the reason that
no biasing is observed when [ is either 0° or 90° to the c-axis. Because the PHE contribution
vanishes if the projection of M is either 0° or 90° to the /. Based on this discussion, the giant
resistivity offset is ascribed to the large resistivity difference when 7 is 0° to the c-axis compared

to I is 90° to the c-axis, that is, (Pc—axis(U0H ) — Pa—axis) plays the role.

6.3.3 AHE Mechanism in Co and CrPt;

In both Co (0002) and Co (1010), pA#F was extracted from fitting the linear regime
on every AHE loop at each temperature. And p,, was obtained from R vs T curves in Fig.
6.14. Then, the plotted pfyHE /pyxx decreases monotonically with decreasing p,,, which can be
well fitted by the Eq. 6.4. As shown in Fig. 6.23(a), in Co (0002), pA7E/py, vs pyy exhibits
isotropically as [ is along a- and b-axis. The fitted skew scattering parameter a is much less

than the combination of side jump parameter b and intrinsic parameter c. On the other hand, the

H

p;‘y E/pyx Vs pxy in Co (1010) owns remarkable anisotropy in skew scatting parameter a, while
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Figure 6.20. Hall resistivity vs temperature measured on patterned Co (1010) with current along
(a) c-axis, and (b) 90° to c-axis.

Table 6.1. Summary of fitted AHE mechanisms in hcp Co

Sample  Current Orientation Fitted @  Fitted (b+c)
I /] a-axis 1.83E-4 4.12E-4
Co (0002) 11/ b-axis 1.61E-4  4.19E-4
I /] c-axis -5.83E-5 2.81E-4
Co (1010)  145° to c-axis 7.01E-4  2.83E-4
1 90° to c-axis 1.07E-3 3.03E4

the slope values are relatively similar. In particular, lowest a can be observed as I is along c-axis,
suggesting a minimal skew scattering mechanism in the case of I along c-axis. The highest a can
be seen when / is perpendicular to the c-axis. All the fitted a and (b+c) values are summarized in
Table 6.1.

Figures 6.23 (b) and (e) present the calculated AHE conductivity nyHE as a function of
longitudinal conductivity oy,. The anisotropy of Gf‘yH E is mainly ascribed to the anisotropy Oy,
according to the Eq. 6.5. The highest GjéVH E measured on hep Co is 936 S/cm at 100 K, which

is almost 4 times as high as the value reported on polycrystalline Co at 78 K [196] and also

higher than that of fcc Co [197]. More importantly, lower cAHE

v along c-axis was theoretically

predicted [198, 199]. In 2019, by using first-principles calculation to compute the intrinsic spin

current conductivity, Amin et al. predicted that G)‘;‘yHE

in hep Co along a-axis is roughly 2.88

AHE

times of 0"~ along c-axis, such anisotropy was absent in cubic Fe and Ni, which was ascribed
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Figure 6.21. Hall resistivity vs temperature measured on patterned Co (1010) with current along
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Figure 6.22. Temperature dependent FDMR measured on Co (1010) with current along c-axis,
external magnetic field was applied out of sample plane.

to the crystal anisotropy in hcp Co [199]. Our experimental results strongly support this trend.

From Table 6.1 and Figures 6.23 (a)-(e), the nyH E in Co (0002) has marginal change over

the whole o, range, which suggests that the AHE mechanism in Co (0002) film is independent
to scattering event. That is, the intrinsic mechanism dominant. While in Co (IOTO), when

1 /] c-axis, the 65 remains insensitive to the the Gy, the AHE is still intrinsic mechanism

dominant. However, in the cases when [ is 45° and 90° to c-axis, cAH#E is more sensitive to the
Xy

Oy, and enhanced skew scattering contribution plays a role.

In CrPt3, the CrPt; was fitted to have a larger skew scattering contribution compared
to that of CrPtz (110) (Fig. 6.24(a)). The nyHE in CrPt3 is more sensitive to Oy, compared to
the hep Co in Figures 6.23 (b) and (d). The predicted strong intrinsic nyH E is supported by our
experimental results, which is comparable to Fe [200] and much higher than that of Ni and Co
[200].

The AHE angle 645 in hcp Co decreases monotonically with temperature. The highest
G)‘?yH E when I is perpendicular to c-axis yields the enhanced 64y. The maximum 645 in Co was
measured to be 0.68%. The 04y value of element metals follows the density of states (DOS) and

is typically very low (below 1%) [16] because the energy dependence of the ng)H E is constrained
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Figure 6.23. (a)-(c) AHE calculation results on Co (0002). (d)-(f) AHE calculation results on

Co (1010).
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Figure 6.24. (a) AHE results Analysis on CrPt3 (110) and (111). (b) Giant AHE conductivity
measured on CrPt3 (110) compared to traditional ferromagnets from literature.

if there is a trivial band gap close in energy, where the nyH E vanishes [201]. On the other hand,
the maximum 64z in CrPt3 (110) is around 5.6%, in a good agreement with previous study on
CrPt3 (111) [36]. The 645 in CrPts is much larger compared to traditional 3d ferromagnets
because in CrPt3, the connectivity of the occupied bands is nontrivial due to the band crossings.
While the Berry curvature exhibits a strong peak close to the crossing points, the DOS vanishes,

AHE

but the G)fyHE surges dramatically in energy. The inverse relation between the DOS and oy,

leads to a large 044 [201].

6.4 ADMR and PHE in CrPt;

Figure 6.25 presents the ADMR and PHE in CrPt; with external field fixed to be 7
T. Similar to previous ADMR and PHE measurements in chapter 4 and chapter 5, the angle
between / and pH is denoted as 0, which was scanned from -5 ° to 365 ° then reversed to -5
° with fixed step of 2.5 °. In general, the MR Ratio is normalized to the p | . Therefore, in all
three current configurations, the ADMR shows a negative sign (also called negative longitudinal
magnetoresistance, nNLMR) throughout the whole temperature range because the global maximum
is found to be around p . In particular, When 7 // < 110 >, it exhibits highest temperature

dependence. While I // < 001 >, the MR Ratio has marginal change, which remains around
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1.25% from 300 K to 10 K. This anisotropy in temperature sensitivity could be ascribed to
the temperature-dependent strain. As the Curie temperature, T¢ is 450 K, which implies the
temperature-dependent magnetization below 300 K is insignificant and minor. Surprisingly, the
largest MR Ratio is not observed when [ // easy axis (< 110 >), instead, when I // < 111 >, the
MR Ratio exhibits the highest value above 5% at 10 K. Moreover, according to the classical AMR
expression Eq. 1.14, p, should refer to 8 around 90° if considering the inevitable angle offset that
arises from lithography and measurement hardware. When I / < 110 > and < 001 >, the global
maximum of ADMR curve can be found when 0 is near 90°. However, the global maximum
when [ // < 111 > is evidently biased to the higher angle. Such anisotropy in temperature
sensitivity, magnitude, and biasing is absent in CrPt3 (111) (Fig. 6.26). As a comparison, the
MR Ratio is isotropic when I // < 110 > and I // < 112 >. The same MR Ratio and temperate
sensitivity are observed.

Remember the classical PHE follows sin(6)cos(60) symmetry, therefore, the measured
PHE has a positive sign in CrPt; (110). The PHE magnitude when I / < 110 > and < 001 > are
similar, which is higher than the PHE magnitude when I // < 111 >. That is, when I // < 111 >,
it yields the highest MR Ratio and lowest PHE magnitude.

Furthermore, in classical ferromagnets, when the 7 // easy axis, the MR tends to saturate
with the increasing external magnetic field. However, as shown in Fig. 6.27, the MR Ratio
increases monotonically with increasing field and remains unsaturated under 7 T. This unsaturated
MR Ratio can be observed in many topological semimetals such as WTe, (up to 60 T) [202],
NbP (up to 62 T) [203], LuAs (up to 58.5 T) [204], which is ascribed to low carrier density, that
is high mobility resulted from low effective mass.

We also investigated the ADMR with other rotation configurations when / was fixed to
< 110 >. Fig. 6.28(a) shows three configurations in which Oyy, 0y, and 6, represent when the
0 rotates in xy, xz and yz plane, respectively. Note that in this dissertation, the magnetic field
has fixed position, hence the rotation of 0 arises from the rotation of sample. Fig. 6.28(a) and

(b) present the characteristic compilation of 6y, 6,; and 6,, rotation. Intuitively, when sample
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rotates in xy, Xz and yz plane, they should share some common points, in other words, the raw
resistance must have a common value when 6 is at a certain angle. For example, when 6 =
0°, the field in xz and yz plane should be out-of-plane, therefore the green curve (6),;) and red
curve (6y;) share the same raw resistance value when 0 = 0°, 180° and 360°. Similarly, when
0 = 90°, the field in xy and yz plane lies on y-axis, thus, the green curve (6,,) and the blue
curve (6,y) share the same raw resistance when 6 = 90° and 270°. This excellent consistency
indicates great fabrication consistency that leads to good uniformity over the whole 4-probe
device. ADMR consists of a noncrystalline and a crystalline component [144, 205], in which the
noncrystalline component describes the interplay between M and I when the angle between them
changes. While the crystalline component describes the change of scattering matrix elements
for the electrons arising from the M direction-dependent anisotropy of the electronic structure
[144, 205]. By measuring the ADMR in yz plane, the M is always perpendicular to /, and the

crystalline ADMR component is thereby separated.

6.5 ADMR and PHE in hep Co

We also investigate the ADMR and PHE in hcp Co to help understand the behavior
in CrPt3. The measurement setup remains the same as that of CrPts, the external field during
ADMR and PHE was fixed to be 3 T. According to the previous magnetization characterization,
3 T is enough to saturate both Co (0002) and (1010) in the plane over the whole temperature

range.

6.5.1 ADMR and PHE in Co with c-axis out of Plane

Firstly, ADMR measured on Co (0002) is shown in Fig. 6.29. The ADMR in Co (0002)
experienced positive to negative sign change between 100 K and 75 K. The magnitude of nLMR
at low temperatures is significantly larger than the magnitude of positive ADMR. The magnitude
of ADMR is almost isotropic when I // a-axis and b-axis. However, the shapes of ADMR curve in

Fig. 6.29(a) tend to be more distinctive from that of ADMR curve in Fig. 6.29(b) as temperature
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decreases. When [ // a-axis, it has sharper evolution as field moves towards to a-axis. On the
contrary, the ADMR curve is flatter as field moves towards to b-axis. Interestingly, this behavior
vanishes when taking the average of the ADMR in Fig. 6.29(a) and (c), as shown in Fig. 6.29(e),
the averaged ADMR shape is close to the classical cos?(8) shape. This shape difference could
result from the anisotropy in magnetostriction when the field is along the a- and b-axis.
Remarkably, the sign change is also found in PHE, where the opposite sign was measured
(Fig. 6.30). At high temperatures, PHE in Co (0002) owns a negative sign, and the sign change
takes place simultaneously when ADMR changes sign. The PHE when [ // a- and b-axis has
similar magnitude. However, the PHE when 7 // a-axis is slightly biased to the lower angle, while
the PHE when I // b-axis is slightly biased to the higher angle. The averaged PHE becomes
centered with classical sin(0)cos(6) symmetry. The ADMR and PHE on Co (0002) can be well
fitted by using the following equation, in which the ADMR is fitted using change of resistivity

Pxx instead of MR Ratio, in order to compare the magnitude of PHE.

Apxx:C10052(9—91)+0ffset (6.8)

where Cj is the amplitude fitting parameter of ADMR, 6, is denoted as the phase correction to
the angle of current, which should be close to 0°. Similarly, the PHE fitting equation for Co
(0002) results is:

Pay = Cysin (8 — 6;) cos (6 — 6;) + of fset (6.9)

where C /1 is the amplitude fitting parameter of PHE. The temperature-dependent fitting results are
shown in Fig. 6.30(d). The magnitude of ADMR and PHE are similar to each other, supporting

the classical ADMR and PHE definitions.

6.5.2 ADMR and PHE in Co with c-axis in Plane

Remember Co (1010) was grown on Cr (211) seed layer, before showing the ADMR

and PHE results in Co (1010), we first exclude the influence from Cr. Reference Cr (211) was
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Figure 6.31. Temperature dependent ADMR on patterned Cr (211) film measured from 300 K
to 10 K. (a)-(c) shows 3 examples at 300 K, 100 K, and 10 K.

grown on MgO (220). The patterned Cr (211)(10) film was measured for ADMR using the same
parameter as what was used on Co. As shown in Fig. 6.31, the resistance was stable with marginal
fluctuation which is independent of 6. Thus, MR was absent in Cr (211)(10) in the whole
temperature range. Also, although Cr is an antiferromagnetic material, the antiferromagnetic
nature of Cr is not considered in this work. The transport properties of both MgO (220)/Cr
(211)(10)/Co (1010)(30) and MgO (220)/Cr (211)(5)/Co (1010)(60) were examined, leading
to close results with minimal difference. Therefore, the results are considered to arise from
Co(1010) only.

Different from Co (0002) sample, giant anisotropy exists in Co (101) when measuring
ADMR and PHE with 7 in various angles of c-axis. Figs. 6.32 and 6.33 indicate the temperature-
dependent ADMR with 7 being 0°, 15°, 30°, 45°, 60°, 75°, and 90° to c-axis. Interestingly,
at room temperature, the largest MR Ratio is found when [ is 45° to c-axis, which is in good
agreement with CrPt3 (110) results. Bozorth reported that in hcp Co, the largest magnetostriction
(contraction) can be found when the external magnetic field is applied at about 50° to the c-axis
[206], which could cause the largest MR Ratio when [ is 45° to c-axis. At low temperature (10
K), the largest MR Ratio is found when 7 is along c-axis, which is a remarkable value of about
14%. When I is along c-axis, it has nLMR at 300 K and 250 K, and its sign changes to positive
between 250 K and 200 K. On the other hand, when [ is 90° to c-axis, it owns positive ADMR at

high temperatures and the sign change is found between 50 K and 25 K. For the cases when /
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Figure 6.32. Temperature dependent ADMR measured on patterned Co (1010) with current
(a)-(b) along c-axis, (c)-(d) 15° to c-axis, and (e)-(f) 30° to c-axis. ADMR was plotted in MR
Ratio and change of resistivity.
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is in other angles to c-axis, ADMR remains positive throughout the whole temperature range.
Moreover, for the cases when [ is neither 0° nor 90° to c-axis, the global minimum of ADMR
curve shifted away from 90°, remember similar behavior can be observed in CrPt3 when [ is
35.3° to the easy axis.

Fig. 6.34 summarizes the PHE with 7 in various angles to c-axis. When [ is either
0° or 90° to c-axis, the PHE has alike behavior of negative sign, similar magnitude. The
room temperature PHE has its highest magnitude when [ is either 0° or 90° to c-axis, and low
temperature (10 K) PHE reaches its highest magnitude when [ is 45° to c-axis. The biased PHE
behavior can be found dependent on the temperature and angles to c-axis.

To better visualize the biasing effect in ADMR and PHE, Fig. 6.35 plots the curves with
various angles to c-axis together. As shown in Fig. 6.35(a) and (b), at 300 K, the biasing is
determined by the 45° curve. 30° and 60° curves have the same bias magnitude relative to 45°
curve. 15° and 75° curves have a larger bias with the same bias magnitude relative to 45° curve.
At 10 K, the 0° curve has a global minimum at 6 = 90°. Then, with increasing angle to the c-axis,
the global minimum is gradually biased to a higher angle and eventually reaches 8 = 180°, that
is, the global minimum of 90° curve. Such global minimum takes place when M is perpendicular
to c-axis, distinctive to M being perpendicular to / in classical ADMR.

Moreover, for the PHE cases shown in Fig. 6.35(c) and (d), at 300 K, the 0°, 75° and 60°
curves are biased to lower angle as a reference to 45° curve. The 90°, 15° and 30° curves are
biased to a higher angle. At 10 K, the 45° curve is still unbiased. On the contrary, the 0°, 75° and
60° curves are biased to a higher angle. The 90°, 15° and 30° curves are biased to a lower angle.

Obviously, the ADMR and PHE behavior in Co (1010) cannot be understood by the

classical expression, therefore, the ADMR expression is modified to:

AP = Cy|cos (8 — 6,)| + Crcos?(0 — 6f) + C3cos%(0 — 6,.) + of fset (6.10)

where Cy, C;, and C3 are the amplitude fitting parameter of the first term, second term, and third
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Figure 6.34. Temperature dependent PHE measured on patterned Co (1010) with current (a)

along c-axis, (b) 15° to c-axis, (c) 30° to c-axis, (d) 45° to c-axis, (e) 60° to c-axis, (f) 75° to
c-axis, and (g) 90° to c-axis.
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term, respectively. Again, 6y is denoted as the phase correction to the angle of current, which
should be close to 0°. 6, is denoted as the phase correction to the angle relative to c-axis. For
example, when [ is 45° to c-axis, the fitted 6, should be around 45. Intuitively, when [/ is either
0° or 90° to c-axis, the third term vanishes. Fig. 6.36 summarize the temperature-dependent
MR Ratio and fitting parameters as a function of angle to c-axis. At low temperatures (below
100 K), the MR Ratio increases monotonically as angle to c-axis decreases to 0°. At high
temperatures, MR Ratio decreases as the angle to c-axis moves away from 45°. Among the three
fitting parameters, C; holds the highest value. C; and C; are major contributors to the MR Ratio,
suggesting in a plane with uniaxial anisotropy, both the magnetization relative to the current and
the magnetization relative to the easy axis play an important role in ADMR.

Similarly, the modified PHE expression is:
Pxy = C)sin (6 — 6;)cos (6 — 6;) +Cy|cos (8 — 6,))| +Cl3cosz(9 —6.)+of fset (6.11)

where C/l, CIZ, and C/3 are the amplitude fitting parameter of the first term, second term, and
third term, respectively. Again, 6y is denoted as the phase correction to the angle of current,
which should be close to 0°. 6. is denoted as the phase correction to the angle relative to c-axis.
Importantly, when 7 is either 0° or 90° to c-axis, we still apply the classical PHE expression,
which is the same as the PHE fitting equation uses on Co (0002) (Eq. 6.9). The classical PHE
term (first term, Cll) and the classical ADMR-like term (third term, C;) play more important
role when 7 is 45° to c-axis. The sharp 2-fold peak in PHE data is mainly contributed by the

ADMR-like high order term (third term, C;).

6.6 The Sign of ADMR

We also discuss the sign of ADMR, unlike the simplest case of positive ADMR of
polycrystalline Py in chapter 1, the physical origin of the sign of ADMR has multiple aspects.

Mott, Campbell and Fert proposed that spin up (1, majority) and spin down (}, minority)
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electrons can be the current carrier in parallel with different conductivities in a ferromagnet,
namely two-current model [207, 4, 208]. On the basis of two-current model, the sign of AMR
can be determined by the p4/p,. Because, for spin up electrons, a higher resistance state occurs
when I and M are colinear. For the spin down electrons, a lower resistance state occurs when /
and M are colinear. Hence, when the sign of AMR changes from positive to negative, it refers to
dominant current changes from spin up to spin down [209]. Since the spin up and spin down
electrons can be further manipulated by the spin Seebeck effect [210], and the Joule heating
from the electrical current can thermally excite magnons via the spin Seebeck effect [211], we
acknowledge the thermal effect when measuring ADMR in CrPt3 and hcp Co, which is excluded.
ADMR above 300 K is shown in Fig. 6.38. The MR ratio remains unchanged up to 350 K.
Hence, the Joule heating effect cannot be influential to the MR Ratio measured at 300 K.

Kokado et al. further improved the two-current model by modeling the s—d scattering
dependence of sign of the AMR: if the dominant s—d scattering process is s scattered into d{ or
s| scattered into d|, the AMR owns negative sign (nLMR). While the dominant s—d scattering
process is sT scattered into d| or s| scattered into df, positive AMR can exhibit [212]. However,
even with the same s-d scattering event, the sign of ADMR can be thickness dependent in the
same material due to interfacial scattering or geometric size effect, which is reported by varying
Co thickness in Pt/Co/Pt trilayer [213] or Pt/Co bilayer [214], respectively.

Moreover, the origin of nLMR topological semimetals is indeed complicated. For
example, the nLMR in TaAs [215], ZrTes_g [216] and Cd3As; [217] are ascribed to chiral
anomaly [218]. However, debate continues, nLMR due to Fermi energy instead of chiral
anomaly was theoretically discussed [219]. nLMR due to negative off-diagonal effective mass
without topological effects or chiral anomaly was predicted recently [220]. The physical origin
of nLMR in CrPt3 remains cloudy, both experimental (such as angle-resolved photoemission
spectroscopy (ARPES)) and theoretical work shall be needed.

Apart from the factors discussed above to the ADMR sign, it is worth noting that SHE

can play a role in the sign when measuring ADMR in a material with potential SHE. Remember
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the spin current generation by bulk SHE which is transverse to charge current direction, spin
up electron and spin down electron are deflected to opposition directions (a 90° right or left
turn) when they collide with a scatter site (extrinsic scattering mechanism). Afterward, a second
scatter site would cause the electron to be deflected again, making another 90° right or left turn.
That means these two consecutive scatterings lead to an electron backflow [221], that is, a high
resistance state. When M is colinear with /, this scattering by SHE is absent, leading to a low
resistivity state. Therefore, the SHE in magnetic material can give a rise to nLMR, which can

also contribute to the negative sign in CrPt3 due to its strong AHE.
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Chapter 7

Conclusion

In this dissertation, spin transport and magnetotransport were investigated over various
epitaxial materials. The first part of this dissertation demonstrated a tunable SHE in epitaxial
heavy metal (Pt) by utilizing the anisotropic resistivity along a specific crystallographic orienta-
tion. By far, most works on the spin source focused on polycrystalline and amorphous materials.
Our work can hint the future work on enhanced SHE arising from crystalline orientation de-
pendence, not only in single epitaxial materials but also in epitaxial superlattices by interfacial
engineering.

Learning from the demonstration in epitaxial Pt, such tunable SHE has great potential
in energy-efficient magnetization manipulation, which is the key for the iteration of future
computing, such as neuromorphic computing. Artificial neurons are emulated with magnetic
nano-oscillators, and the coupling between these oscillators can mimics synapses. Therefore,
neuromorphic computing calls for tunable spin source materials that can drive the nano-oscillators
in an energy-efficient way. Apart from well-studied heavy metals like Pt, many new materials
were proposed. Nevertheless, ”old materials” is worthwhile being revisited, leading to studying
the XPt3 alloy and revisiting the rare earth material (Ho) and traditional element ferromagnet
(Co). The strong AHE in ferrimagnetic CrPt3 and highly anisotropic AHE in hcp Co could
favor developing spintronic devices by utilizing magnetocrystalline anisotropy. The magnetic

phase transition in FePt; and Ho makes them good candidates for tunable SHE or AHE that
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could be promising for low temperature applications. Current work is ongoing to probe the
temperature-dependent SHE in FePt; and Ho.

Apart from spin transportation, the magnetotransport unpacked fundamental understand-
ing of magnetic epitaxial materials. The perturbation study in FePt3 highlighted the field and
rotation sensitivity in AFM that is nontrivial in the growing AFM memory application. The
discovery of six-fold ADMR and step-like PHE in Ho improved the AMR theory on materials
with strong magnetostriction. An improved understanding of ferromagnet with in-plane uni-
axial magnetic anisotropy was achieved by a comprehensive picture of anisotropic AHE and
magnetoresistance in hcp Co, which is somewhat absent in the literature.

Such exploration all started with the epitaxial materials.
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