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ABSTRACT OF THE DISSERTATION

Experimental Study of Spin Current Transport in Heterostructures

by

Yadong Xu
Doctor of Philosophy, Graduate Program in Physics

University of California, Riverside, June 2017
Dr. Jing Shi, Chairperson

Spin current transport plays an important role in modern solid state physics.
Research efforts on this field not only reveal fundamental principles, but also promote
engineering applications. We explore spin current transport in various heterostructures.

We first give a brief introduction to the recent advancements in spin current
transport, including the observation of spin Hall effect (SHE) in materials with strong
spin-orbit coupling, the discovery of spin Seebeck effect (SSE) in both conductive and
insulating magnetic materials, and the realization of spin current transport without free
charge motion in magnetic insulators.

Then we present the results related to spin current transport in ferromagnetic
metal (FM)/normal metal (NM) heterostructures, driven by spin pumping or heat flow. In

the spin pumping experiment, we observe inverse SHE signals at ferromagnetic

vil



resonance states and anomalous Nernst effect (ANE) signals due to a vertical temperature
gradient. In the longitudinal SSE experiment, we disentangle SSE, ANE and proximity
effect contributions and discover the spin current draining effect, i.e., an adjacent NM
changes the spin chemical potential and induces an additional spin current in the FM.

The third part provides details about the observation of magnon-mediated current
drag effect. We grow high quality Pt/yttrium iron garnet (YIG)/Pt(Ta) trilayer
heterostructures and realize electronic signal transmission through YIG, a magnetic
insulator, by magnon current. A charge current in the bottom Pt layer induces spin
accumulation by SHE. The electronic spins convert to magnons in YIG and convert back
to electronic spins in the top Pt(Ta) layer.

The study of topological SSE in YIG/topological insulator (T1) heterostructures is
presented at last. Magnons driven by a vertical temperature gradient are converted to a
charge current in TI surface states. We tune the Fermi level by changing Tl composition
ratio or applying a top gate and demonstrate the dominant role of the topological surface

states in the magnon-charge conversion.
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Chapter 1 Introduction to recent advancements in spin current transport
1.1 Introduction to spintronics

Spintronics adds the spin degree of freedom to traditional charge transport in
condensed-matter materials and devices. The discovery of giant magnetoresistance
(GMR) is considered as the beginning of spintronics. GMR has achieved a big success in
electronic applications as it greatly enhances the capacity of magnetic data storage.
Although the initial application of spintronics is only focused on information storage,
combining charge property of electrons with spin has appealing potentials in achieving
nonvolatile memory and logic devices with less energy consumption, higher data
processing speed, and increased integration densities. To realize the potentials,
developing efficient ways for spin current generation, manipulation, and detection is
necessary. Some of recent advancements in spin current transport provide new views to
understand the fundamental phenomenon and inspire possible new applications. These
recent advancements focus on several subfields: spin orbitronics, spin caloritronics and

magnon spintronics.

1.2 Spin orbitronics

Spin orbitronics aims to utilize spin-orbit coupling to generate and detect spin
currents. In early spintronics exploration, partially spin polarized currents are usually
generated by passing a charge current through a ferromagnetic metal or a semiconductor.

Recently, spin-orbit interaction is found to provide new ways to efficiently generate spin



currents from charge currents flowing through nonmagnetic materials. Among them, the
spin Hall effect (SHE) has attracted great interests in the spintronics community.

In a SHE, a charge current passing through a material with strong spin-orbit
coupling can generate a transverse pure spin current with spin polarized perpendicular to
both the charge and spin currents?. A pure spin current applied to the same material can
generate a charge current. This is the inverse spin Hall effect (ISHE). SHE and ISHE are
reciprocal processes sharing the same origins. SHE is due to extrinsic spin-dependent
scattering® (extrinsic SHE) or intrinsic mechanism related to electronic band structure®®
(intrinsic SHE).

SHE is first observed with optical method in GaAs. A magneto-optical Kerr
microscope is used to spatially image the spin polarization due to SHE while a charge
current is applied®. The SHE observed here is ascribed to the extrinsic effect. It is also
reported that circularly polarized electroluminescence at opposite edges of a GaAs
channel is detected with coplanar p-n diodes’. Here it is believed to originate from the
intrinsic SHE. A few years later, the optical generation of the ISHE is reported in an
experiment with a GaAs/Pt bilayer structure. Circularly polarized light generates spin
polarized carriers in GaAs and induced pure spin current is converted to an electrical
voltage in Pt due to ISHE®,

The detection of SHE with transport methods are first proposed by Hirsch? and
Zhang®. Hirsch proposed a device that consists a metallic slab and a transverse strip
which connects the edges of the slab. SHE induced spin accumulation in the slab can be

detected by the transverse strip through ISHE. Zhang proposed to measure the spin



accumulation via a ferromagnet probe, which is similar to nonlocal spin valve devices.
The observation of SHE via electrical method is first achieved in a geometry that consists
a ferromagnetic metal (FM) spin injector and a normal metal (NM) Hall cross spin
detector'®. The perpendicularly polarized spins diffuse to the Hall cross and generate a
charge voltage due to ISHE. The ISHE is also observed in a FM/NM bi-layer structure,
where the spin current is injected from FM to NM with the spin pumping technique?.

SHE also induces a new type of magnetoresistance in a magnetic insulator/NM bi-
layer structure!®®, A charge current flowing in the NM generates a spin current towards
the magnetic insulator. When the magnetization aligns with the spin polarization, the spin
backflow generates an ISHE current to the longitudinal current. When the magnetization
is perpendicular to spin polarization, the spin current absorption by the magnetic insulator
is maximum. This phenomenon is called spin Hall magnetoresistance.

SHE is found to have modulation on magnetization damping**. When a FM/NM
bilayer is driven to ferromagnetic resonance (FMR), the spin pumping effect takes away
the angular momentum and contributes additional relaxation to the precessing
magnetization, which is observed from the linewidth broadening compared with FM
single layer film. In turn, a DC current inside the NM will generate a spin current flowing
towards the interface due to SHE. The spin current exerts a spin transfer torque (STT) on
the precessing magnetization and modulates the magnetization relaxation of the FM
layer. Furthermore, the SHE in the NM can excite magnetic precession in the adjacent
FM™®. A longitudinal microwave current in the FM/NM bilayer generates a transverse

alternating spin current in the NM due to SHE. The spin current transfers angular
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Figure 1-1 Room temperature magnetic switching for an in-plane magnetized
nanomagnet induced by Spin Hall effect. A DC current flowing in the Ta film
generates a spin transfer torque and switches the bottom CoFeB of the magnetic
tunnel junction. Adapted from Liu, et al. Science 336, 555-558 (2012).

momentum to the FM, applies an oscillatory STT on the magnetic moments and induces
it to FMR state. This effect helps to quantitatively determine the spin current and spin
Hall angle of the NM. One of the most promising applications of SHE is to switch the
magnetization of a FM. It is demonstrated that in a FM/NM bilayer, when the current
density is large enough, the STT generated by spin current is able to switch the
perpendicularly magnetized FM*17138_ The in-plane magnetic switching is also observed
in a magnetic tunnel junction (MTJ) based device!®. As shown in Fig. 1-1, a

CoFeB/MgO/CoFeB tunnel junction is fabricated on top of a Ta film. A large current



passing through the Ta layer generates a vertical spin current, which switches the
magnetization of the adjacent CoFeB free layer by STT. The MTJ is used for read out of
the switching. This means SHE could solve the reliability problem of traditional MTJ

devices and provide a new direction for future memory technologies.

1.3 Spin caloritronics

Spin caloritronics is a newly emerged area and has attracted intense research
efforts recently. It focuses on the non-equilibrium coupling of spin, charge and heat flow
in magnetic materials and structures. The interaction of heat current and spin current may
help to develop energy efficient devices to reuse waste heat.

In a conducting ferromagnet, a temperature gradient can drive a spin current due
to the spin dependent Seebeck effect?. If a NM is attached to a FM, a spin current will be
injected into the NM due to the conservation of charge and spin currents. This heat driven
spin injection is observed in a non-local lateral spin valve structure?’. As shown in Fig.
1-2, a charge current in a FM strip (FM1) generates heat. A NM is attached to one side of
the FM strip acting as a heat sink. The heat current from FM; to the NM injects a pure
spin current into the NM. The spin polarization follows the magnetization direction of the
FM. The spins diffuse towards a second FM (FM>) attached to one side of the NM, and
generate an electrical potential between FM> and the NM, depending on its magnetization
direction. This potential is measured by selectively switching the magnetization of the

two FMs.



Figure 1-2 Schematic diagram of heat driven spin injection from a ferromagnetic
into a normal metal. A charge current flows in a ferromagnet (FM1) generate Joule
heat which flows into the adjacent normal metal. The heat flow drives a spin current
across the interface. Then an electric voltage builds up between the normal metal
and a second ferromagnet (FMz2). Adapted from Slachter, et al. Nature Phys. 6, 879-
882 (2010).

The opposite process, a spin-dependent Peltier effect has also been observed in a
dedicated spin-valve pillar nanostructure??. The spin-valve consists two FM layers
separated by a non-ferromagnetic metal. In the spin valve, a spin current flowing in the
vertical direction induces a heat current and associated temperature changes, which is
detected by a thermocouple under the spin valve.

The discovery of spin Seebeck effect (SSE) greatly extends the scope of spin

caloritronics. SSE has a completely different physical origin from the above spin-

dependent Seebeck effect, because the conduction electrons contribution is negligible?.



Magnetization

Figure 1-3 Schematic illustration of spin Seebeck effect detection. g, Js and Esug
respectively denote the spin polarization vector of the ferromagnet, the heat driven
spin current direction in the ferromagnet and the electric voltage induced by the
ISHE in the normal metal. Adapted from Uchida, et al. Nature, 455, 778-781 (2008).

As shown in Fig. 1-3, SSE is detected by measuring the transverse electromotive force in
a NM attached to the ferromagnet with a temperature gradient®®. The ferromagnet has an
unbalanced spin chemical potential along the temperature gradient and inject a spin
current into the NM. The spin current is converted to an electric voltage by the ISHE. The
generated voltage is relatively large because it scales linearly with the NM length,
especially for heavy metals with strong spin-orbit coupling, such as Pt and Ta. The SSE
has been demonstrated in different material systems including ferromagnetic metals
(NiFe)?*, magnetic insulators (yttrium iron garnet)?® and ferromagnetic semiconductors
(GaMnAs)?. SSE is typically detected in a transverse configuration®® and a longitudinal

configuration?’. In the transverse geometry, the SSE signal is easily contaminated by the

anomalous Nernst effect due to a spurious out of plane temperature gradient?®. The



longitudinal geometry is an ideal set up for SSE in magnetic insulators. The combination
of longitudinal SSE and ISHE is a promising candidate for thermoelectric conversion
technology, because it generates electric voltage directly from heat flow with a simple
film structure. The voltage scales linearly with the film size, which makes it useful in

large area heat driven electric power generation?.

1.4 Magnon spintronics

Spin wave is collective excitations of the electron spins in ferromagnetic metals
and insulators. Magnons are quantized spin wave, i.e., the dynamic eigen-excitations of a
magnetic material*®. Magnon spintronics utilize magnon carried spin currents to transmit
and process information. Magnon currents have nanometer wavelength, are free from
electron migration induced Joule heating, can convey spin information over macroscopic
distances, can be manipulated by interference, so they have potentials for novel
computing technologies.

Spin waves are usually excited in thin films of magnetic material, such as
polycrystalline permalloy which is suitable to integrate in Si base electronic devices, and
yttrium iron garnet (Y1G) which has extremely low damping and long spin diffusion
length. Traditionally, magnons are excited by the inductive microwave technique. A
microwave current flowing in a nearby antenna induces an alternating Oersted field on
the magnetic material and drives the magnetization to precess. This technique is easy to
control the frequency, wavelength and phase of the injected magnons. As mentioned

above, SSE exists in a magnetic insulator when it experiences a temperature gradient,



because heat current drives the flow of magnons. So, heat flow is also an import method
to excite magnons®. SHE based STT is an important method to combine magnonic
devices with DC electric current. One advantage is that a common charge current in a
normal metal can generate a significant STT on an adjacent magnet since the spin current
flows in an area much larger than the charge current. The other advantage of the SHE
induced SST is that no electric current is required inside the magnetic layer, so the
magnet can be a magnetic insulator with low damping constant and long magnon
diffusion length. It is demonstrated that a SHE induced STT drives a spin wave in a YIG
film and the spin wave propagates to a macroscopic distance®l. In another work, the
complete compensation of the spin wave damping by STT in a YIG/Pt microdisk is
achieved®?. In the experiment, a YIG/Pt film is etched to a 5 um diameter disk and a DC
current is applied in the Pt layer. A magnetic resonance force microscope is used to
measure the FMR linewidth for various current density. The magnetic losses of spin-
wave modes can be increased or decreased by a factor of 5 depending on the polarity and
intensity of the DC current.

The conversion of magnon current into electron current is usually achieved by
measuring the spin wave induced AC current inside a strip antenna or a coplanar antenna.
The combination of spin pumping and ISHE is also a convenient way to detect magnon
current electrically. It is first reported in a FM/NM structure, where the FM is driven to
FMR state in a microwave cavity and a spin current flowing from the FM to NM is
converted to an electrical voltage by ISHE. Later, this magnon to electron conversion is

reported in a Y1G/Pt bilayer structure®!. Intense research efforts have been made to
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Figure 1-4 Schematic diagram of the detection of a propagating spin wave. The spin
wave is excited by a strip antenna. It propagates along the YIG waveguide and is
detected by a Pt strip 3 mm away from the antenna, due to spin pumping and ISHE.
Adapted from Chumak, et al. Appl. Phys. Lett. 100, 082405 (2012).

understand the phenomenon related to the thicknesses of the NM layer®*-% and the YIG
layer®®¥’  the interface quality®®* and the spin-wave modes*®*. The detection of
traveling spin waves is also demonstrated by this spin pumping and ISHE combination*?.
In the experiment, a long YIG strip acts as a waveguide and an antenna excites spin wave
packet at one end of the waveguide. The spin wave propagates along the YIG strip and is
detected at a 3 mm separated Pt line as an ISHE voltage signal. This indicates the
possibility to use spin wave to transfer information over up to centimeter distances in
magnonic devices. Furthermore, it is observed that exchange magnons of submicron
wavelengths can still efficiently contribute to the spin pumping in YIG/Pt bilayers®,
which is not detectable by optical methods. This is important or further miniaturization of

the magnonic spin devices, because only short-wavelength exchange magnons can be

processed on the nanometer scale.
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Chapter 2 Spin transport in ferromagnetic metal/non-magnetic heavy metal bilayers
2.1 Introduction to experimental observation of spin Hall effect

SHE was first proposed by Hirsch in a paramagnetic metal’>. When a charge
current is applied, spin up electrons are scattered preferentially in one direction
perpendicular to both charge current and spin polarization, and spin down electrons in the
opposite direction, thus a transverse pure spin current is generated. The electrons are
scattered with the same mechanisms that account for anomalous Hall effect in a magnetic
metal, which include skew scattering by impurities and phonons, and the “side jump”

mechanism. The comparison of Hall effect and SHE is depicted in Fig. 2-1. In the Hall

Hall effect

+ + +/]

Vs

Spin Hall effect

YYVYVYY

ViAo E

Figure 2-1 Comparison of Hall effect and spin Hall effect in a slab geometry. Adapted
from Hirsch Phys. Rev. Lett. 83, 1834-1837 (1999).
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effect, electrons are deflected by Lorenz force and accumulate on the edges of the
conductor. At a specific position along y direction, the Fermi levels of up and down spins
are the same. The difference of Fermi levels on two sides of the sample results in the Hall
voltage Vu. However, in the SHE, spin up electrons and spin down electrons are scattered
to opposite direction and accumulate on opposite edges of the conductor. For spin up and
spin down electrons, the difference in Fermi levels at two edges of the conductor are both
Vsu, but have opposite sign.

This asymmetry scattering for up spins and down spins is called extrinsic
mechanism>**. An intrinsic mechanism due to topological band structures is also
proposed to explain SHE*®. Ultimately, both extrinsic and intrinsic mechanisms come
from electron relativistic motion or spin orbit interaction.

SHE has been first observed in a semiconductor by optical method’. When a
charge current is applied in a GaAs semiconductor channel, electrons accumulate near the
two edges with opposite spin polarization. The out of plane spin polarization is imaged
with Kerr rotation microscopy. Fig. 2-2 is a two-dimensional image of the entire sample.
The red and blue colors denote the accumulated spin density with opposite signs. The
polarization effect is homogeneous over almost entire semiconductor channel, consistent
with the predictions of the SHE.

SHE has also been observed with direct electrical measurements'® in a diffusive
metal conductor'®. As illustrated in Fig. 2-3(a), an aluminum (Al) Hall cross is oxidized
to form a tunnel barrier and contacted with two ferromagnetic electrodes FM1 and FM?2.

An external magnetic field B. is applied perpendicular to the substrate to align the

12



A B
n, (a.u.) Reflectivity (a.u.)
2 -1 0 1 2 1 2 3 45

150 w5
100F

50} -

Position (um)
[=]

-50F.-

-100F &

-150F .o
-40 20 0 20 40 -40 -20 0 20 40
Position (um) Position (um)

Figure 2-2 Two-dimension images of spin intensity, ns, and reflectivity, for a GaAs
sample measured at T=30K. Adapted from Kato, et al. Science 306, 1910-1913
(2004).

magnetization M of FM1 with an angle 6. A spin-polarized charge current is injected
from FM1 through the tunnel barrier into the Al and drained away from the Hall cross
(Fig. 2-3(b)), resulting in a pure spin current diffusing from FM1 to the cross area. With
SHE, the pure spin current induces an unbalanced charge accumulation at the Hall cross
in the transverse direction, and a spin Hall voltage, Vsu, is measured between the two

Hall probes. The spatial dependence of spin-up and spin-down electrochemical potential,

1, 1, and associated spin current, Js, are depicted in Fig. 2-3(c).
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-1 0 1 2
Figure 2-3 Device image and spin Hall effect measurement scheme. An out of plane
magnetized ferromagnetic electrode FM1 and a tunnel barrier are utilized to inject
polarized spins into a diffusive metal conductor, Al. An induced charge voltage
results from spin to charge conversion through spin Hall effect is observed from the
two electrodes of the Al Hall cross. Adapted from Valenzuela, et al. Nature 442, 176-
179 (2006).

Saitoh et al. utilized spin pumping to inject a pure spin current from a FM to a
paramagnetic metal and observed the conversion of the spin current into a charge current,
which is the inverse process of SHE (ISHE)!''. In the setup illustrated in Fig. 2-4, a
microwave and an external magnetic field A are applied to a NiFe film. Once H and
microwave frequency fulfill the FMR condition, angular momentum transfers from the
precessing local spins to the conduction electrons. The spin polarization diffuses to the
adjacent paramagnetic metal Pt as a pure spin current, Js. Inside Pt, Js is converted to a

transverse charge current Jc through ISHE, and charge accumulates at the two edges of

the sample.

14
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Figure 2-4 Schematic illustration of ISHE measurement by injecting a pure spin
current from NiFe to Pt through FMR. Js is the spin current defused from the
interface of NiFe and Pt layers. Jc denote the charge current converted from Js. o is
the spin polarization vector of the spin current. Jc, /s and o are perpendicular to each
other. Adapted from Saitoh, et al. Appl. Phys. Lett. 88, 182509 (2006).
2.2 Spin transport in NiFe/Pt bilayers driven by spin pumping
2.2.1 Sample preparation

We first use standard photolithography to define a 50 um wide strip on a high
resistance GaAs substrate. Then a 15 nm thick NiFe film and a 15 nm thick Pt film are
consecutively deposited on it in a AJA sputter system without breaking the vacuum. After
a lift-off process in Acetone, only the strip area of the NiFe/Pt stays on the substrate. A
second photolithography process is used to define a coplanar wave guide (CPW) which

consists three paralleled strips on the substrate. Each strip has a width of 100 um and the

gaps between strips are 80 um. The CPW pattern is carefully aligned to make sure the
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Figure 2-5 Image of a spin pumping sample consists of a long NiFe/Pt strip and an
Au coplanar wave guide.

NiFe/Pt strip is exactly along the middle of two strips. Then a 100 nm thick Au film is
deposited in an electron-beam evaporator. After a second lift-off process, Au stays on the

CPW pattern area. Fig. 2-5 is an image of one sample.

2.2.2 Measurement setup

As illustrated in Fig. 2-6, a static external magnetic field, H, is applied by an
electric-magnet in the sample plane along x-axis to align the magnetization of NiFe. The
microwave, typically with a frequency of several GHz, comes out from a microwave
generator. It is first modulated by an electric switch controlled by a TTL signal with a

frequency of 1 kHz generated by a lock-in amplifier. The microwave is then sent into the
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Figure 2-6 Schematic illustration of the spin pumping measurement setup.

signal line of the CPW through a SMA connector. The microwave current / in the signal
line generates a small out of plane oscillating magnetic field B on the NiFe/Pt sample.

The signal generated from the NiFe/Pt strip is monitored by the same lock-in amplifier.

2.2.3 Spin pumping results

As illustrated in Fig. 2-7, the magnetization of NiFe, M, is aligned by H along x-
axis. The oscillating B is perpendicular to M, along z-axis. The generated torque by B
drives M to precess in yz-plane. When H and the microwave frequency f reach resonance
condition, a spin current Js is pumped into Pt. The spin current is deflected along y-axis

due to ISHE and generate a charge current Jc. Charge accumulates at the two ends of the
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Figure 2-7 Schematic illustration of the DC voltage V generated from ISHE through
Spin pumping.

Pt strip to form a static DC voltage V. As the injected microwave is switched on and off
with a modulation frequency of 1 kHz, V is also turned on and off at the same frequency
and picked up by the lock-in amplifier.

Fig 2-8 shows three typical curves of V' from the NiFe/Pt with different
microwave power, P. f is fixed at 8 GHz. For a specific P, V has a peak at H = 900 Oe
and a dip at H = -900 Oe, which correspond to the FMR states of NiFe. The magnitude of
the peak and the dip are similar but with opposite sign. This sign difference of V at
positive and negative H comes from the opposite spin polarization of the electrons
injected into Pt when M is aligned by H to opposite direction. We notice that a small
voltage step, AV, exists at H = 0 for each curve. These steps are more obvious for /= 4
GHz, as shown in Fig. 2-9. We take the peak height at FMR as the resonance signal Vrur.

It scales linearly with respect to microwave power P, which is plotted in Fig. 2-10.
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Figure 2-8 DC voltage V generated in the NiFe/Pt while sweeping H for three
different microwave power. fis fixed at 8 GHz.
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Figure 2-9 DC voltage curves for f fixed at 4 GHz. The voltage steps are more
obvious than those when fis 8 GHz.
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Figure 2-10 Resonance signal vs. microwave power with frequency of 4 GHz. The
red line is a linear fit.

Similarly, the step height AV vs. P is plotted in Fig. 2-11. The linear fit indicates AV
could be related to a thermal effect. Later we will come back to this phenomenon for
detailed explanation. Fig. 2-12 shows the output voltage V' vs. external field H for various
microwave frequencies. The resonance signal Vrur 1s different for each frequency f due
to impedance matching of the microwave and the CPW. The resonance field, Hrur,
increases with f from 235 Oe for 4 GHz up to 1345 Oe for 10 GHz. Fig. 2-13 shows fas a

function of Hrur. It is well fitted by the Kittel formula:

f= %\/HFMR (Hemr + 47TM5), (2-1)

where y is the gyromagnetic ratio and M, is the saturation magnetization for NiFe.
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Figure 2-11 Voltage step at H = 0 vs. microwave power. The red line is a linear fit.
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Figure 2-12 Spin pumping signal for frequencies ranging from 4 to 10 GHz. The
microwave power is 40 mW for all frequencies.
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Figure 2-13 Microwave frequency f as a function of resonance field Hrur. The red
curve is a fit of the Kittel formula.

We further explore the spin pumping phenomenon by reversing the order of NiFe
and Pt layers. In a Pt/NiFe sample, the spin current Js moves to the opposite direction
compared to in NiFe/Pt, while spin polarization direction is kept the same. So, the charge
current Jc and the induced DC voltage V are expected to reverse sign. This is observed
and shown in Fig. 2-14. On the positive H side, the resonance signal Vrur has a negative
sign, which is opposite to that of NiFe/Pt shown in Fig. 2-9. This confirms the ISHE
mechanism of the observed voltage in such a spin pumping measurement.

We notice that while Veyr of NiFe/Pt and Pt/NiFe samples have similar

magnitude, the step height AV of them differ a lot. For the same power P =40 mW, AV is
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Figure 2-14 Output voltage V from a Pt/NiFe sample for four different microwave
power. The microwave has a fixed frequency of 4 GHz.

-700 nV for NiFe/Pt and +80 nV for Pt/NiFe. Also, considering the linear relation of AV
and microwave power P shown in Fig. 2-11, we come up with an explanation illustrated
in Fig. 2-15. When a microwave is applied to the CPW, the AC current / in the signal line
will induce a small current, I’, in the parallel NiFe/Pt and Pt/NiFe strips. I" mainly
distributes in Pt because its conductivity is much larger than NiFe. So, heat is mainly
generated in Pt. In NiFe/Pt, heat flows through NiFe down to the substrate, while in
Pt/NiFe, most of the heat dissipates directly to the substrate with only a small fraction

goes up through NiFe to the air. So, the temperature gradient, VT, in NiFe of NiFe/Pt is
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Figure 2-15 Schematic illustration of the voltage step AV generated in the NiFe/Pt
and Pt/NiFe samples under a microwave. I’ is inducted current by the microwave.
The heat flow direction in the two geometry are opposite.

much larger than that of Pt/NiFe and they have opposite sign. Due to anomalous Nernst
effect (ANE), a Nernst voltage, Vane, is generated in NiFe. So, the difference of the
voltage step height in Fig. 2-9 and Fig. 2-14 can be explained, since Vg < y - (VT X11),
where ¥ is the unit vector along the strip, and 7 is the unit vector of the magnetization

which reverses direction when H is swept through 0. In principle, the signal we observed

should also include a SSE contribution from the Pt layer.

2.3. Heat-driven spin transport in ferromagnetic metal/non-magnetic heavy metal bilayers
2.3.1 Introduction to longitudinal spin Seebeck effect

The spin Seebeck effect (SSE) is a process in which a spin voltage is generated in
a magnetic material under a temperature gradient®®. In a metallic magnet, spin-up and
spin-down conduction electrons have different scattering rates and densities. When a

temperature gradient is applied to a metallic magnet, it generates different driving force
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Metallic magnet

Figure 2-16 Illustration of the spin Seebeck effect in a metallic magnet. p; and p;
are the electrochemical potentials for spin-up and spin-down electrons. Adapted
from Uchida, et al. Nature, 455, 778-781 (2008).

to spin-up and spin-down conduction electrons. Thus, a spin voltage, that is the difference
of the electrochemical potentials for spin-up and spin-down electrons, is generated along
the temperature gradient direction (Fig. 2-16).

Several experimental setups have been used to observe SSE*’. In a transverse
(conventional) setup (Fig. 2-17(a)), a temperature gradient, VT, is applied in the sample
plane. A spin current, Js, is injected upward into a normal metal (NM) strip. It generates
an electric filed, Eisug, in the NM due to ISHE. So, SSE can be demonstrated by
measuring Eisxe. As Js is transverse to VT in this measurement, it is called transverse SSE
setup. In a longitudinal SSE setup (Fig. 2-17(b), (c) and (d)), the temperature gradient is
applied perpendicular to the sample plane. The spin current is in the longitudinal
direction of the temperature gradient. The longitudinal SSE setup consisting of a

conducting ferromagnet such as NiFe and a non-magnetic heavy metal, has the identical
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Figure 2-17 Schematics of the conventional (transverse) setup and longitudinal
setup for measuring the SSE. Adapted from Uchida et al. Appl. Phys. Lett. 97, 172505

(2010).
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geometry for ANE measurement. The SSE is accompanied by ANE in both the
ferromagnetic layer NiFe and the proximity-induced boundary layer in the non-magnetic
heavy metal. As pointed out by Huang et al.!>?®, these two effects can overwhelm the
SSE signal which was first reported in NiFe/Pt bilayer?:.

In metallic structures, separating the pure spin current effect from ANE generated
by the ferromagnetic metal as well as proximity-induced ANE in the non-magnetic metal
remains a serious challenge. Here, we attempt to isolate these effects and quantify the

relative contributions in metallic structures.

2.3.2 Device structure and fabrication

Fig. 2-18 shows the device geometry we use for SSE and ANE measurements. We
first spin coat a layer of photoresist on a GaAs substrate. A channel (0.2 mm wide and 3.8
mm long) and two side leads are patterned with standard photolithography technique.
After manually covering one side leads with a strip of thermal tape, we deposit the metal
films by sputtering. After peeling off the thermal tape and covering the other side leads
(for electrodes connection purpose), the sample is transferred to an electron beam
evaporation system. We consecutively deposit a 300 nm thick Al,O3 layer and a 50 nm
thick Au layer. The Au layer acts as an electric heater and the Al,O;3 layer electrically
insulates the Au heater from the sample beneath. We put the sample into a beaker of PG
remover and keep it on a hot plate for overnight to remove the photoresist. Then, a device
with a self-aligned heater on top is left on the substrate. This device structure has a

perfect aligned heater which can generates a more uniform and controllable vertical
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Figure 2-18 Schematic diagram of a device for SSE and ANE measurement. A
vertical temperature gradient is generated by an Au heater. The Al203 insulating
layer is 300 nm thick.

temperature gradient, VT, which is crucial to our study. Variations in deposition
conditions can result in small but discernable variations in the voltage signal even with
the same heater power. To avoid the source of this irreproducibility and therefore to

resolve small differences in intrinsic properties, we only compare the results from devices

that are deposited under the same conditions in one batch.

2.3.3 Anomalous Nernst effect of NiFe only samples
Fig. 2-19 shows two representative voltage hysteresis loops measured across two
electrodes from a 15 nm thick NiFe under a vertical VT, generated by the same heater

power but with opposite polarities in heater current (80 mA). An external in-plane
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Figure 2-19 Room-temperature voltage loops of a 15nm thick NiFe film for two
heater currents (I = £80 mA).
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Figure 2-20 Normalized voltage under a 400 Oe in-plane field as a function of
rotation angle 6. The red line is a sin @ fit.
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magnetic field is swept perpendicular to the channel. The saturation level in both loops is
exactly the same, indicating that the sample is well-insulated from the heater. The
horizontal loop shift (~ £3 Oe) is clearly caused by the Oersted field produced by the
heater current.

In this geometry, ANE produces voltage hysteresis loops along the channel, since
Vang < X - (VT xXm), where X is the unit vector along the channel (x-axis), and 7 is the
unit vector of the magnetization which reverses the direction with hysteresis under a
sweeping magnetic field (y-axis). To further verify the origin of the voltage, we apply a
400 Oe in plane rotating field which fully saturates and rotates the magnetization
direction. As the field is rotated, we observe a sin 8-dependence in the voltage (Fig. 2-
20). Furthermore, we find the magnitude of the voltage signal is proportional to the heater
power (Fig. 2-21). Fig. 2-21(a) shows voltage loops for various heater currents. In Fig. 2-
21(b) we plot the saturation voltage as a function of /. The linear relation indicates V o
VT, since I is proportional to the heater power and VT. These facts are consistent with

the properties of ANE in NiFe.

2.3.4 Spin Seebeck effect and proximity effect in NiFe/Pd

Under a fixed heater power, NiFe simply acts as a voltage source Vy with an
internal resistance Ry. When a nonmagnetic layer such as Pd is deposited on top, two
things will happen. First, the ANE voltage source will cause a current flow in the non-
magnetic layer that reduces the voltage drop when measured in the open-circuit

geometry. Second, since Pd has strong spin orbital coupling (SOC), VT also drives a
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Figure 2-21 (a) Voltage loops for heater currents ranging from 10 to 80 mA. (b)
Saturation voltage (half of the difference of voltage at positive and negative field) vs
I2, which is proportional to the heater power. The red line is a linear fit.
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vertical spin current, Js, into Pd which is converted to a charge current Jc due to ISHE.

The SSE voltage, Vs, can be written as

t
Vs  RgfsyAs tanh (%) (2-2)

where Rs is the resistance of the SOC layer with thickness #, and sy is its spin Hall
angle®. In the large thickness limit t > 24, Vs is simply proportional to Rs, or inversely
proportional to the film thickness. To simplify the analysis, we stay in the thick limit for
all samples, i.e., Vs/Rs approaching constant. In the meantime, if the Pd is sufficiently
thick, we can approximately treat it as an independent layer that is connected in parallel
to the NiFe layer. Therefore, in the presence of both ANE and SSE voltage sources, the

total measured voltage V is proportional to the total measured resistance R, i.e.,

v=(2+I)R, (2-3)

Ry Rs
where the first term represents ANE contribution and the second term represents SSE
contribution. In our study, the NiFe thickness always keeps constant, so the ANE
contribution Vy/Ry does not change. We also keep all Pd layers in the thick limit, so the
SSE contribution Vs/Rs is also a constant which is independent of Pd layer thickness. So,
if we plot V' vs. R for samples with varied Pd thickness, the points should remain on a
straight line. And this model also predicts a larger slope in a V' vs. R plot for NiFe/Pd
samples than a NiFe only sample because of the extra SSE signal.

However, when Pd or other metal with strong SOC is in direct contact with NiFe,
the proximity effect will induce magnetic moment inside the SOC metal near the

interface. This magnetized thin layer experiences the same VT and generates its own
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Figure 2-22 Measured total voltage V vs. total resistance R for two sets of samples.
The actual resistance of the Au line of a fixed length is measured and V is scaled to
exactly the same level of the heater power.

ANE, which is difficult to be separated out and has been a subject of debate'>***’. The
presence of this proximity effect is clearly demonstrated in Fig. 2-22. When a Pd layer of
different thicknesses (4 and 5 nm) is placed on NiFe, V' is indeed directly proportional to
R. To remove this proximity effect, we insert a thin layer of Cu between NiFe and Pd. Cu
is widely known for its small spin Hall angle and long spin diffusion length (As), so it
won’t produce measurable voltage due to ISHE or effectively reduce Js in Pd. In the thick
limit, Cu acts as a parallel resistor without voltage output, so Eq. (2-3) also holds for this

tri-layer structure. In Fig. 2-22, we show the measured total voltage V' vs. total resistance
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R for two sets of samples. NiFe thickness is fixed at 5 nm for all samples. For the
NiFe/Pd set, Pd thickness is 4 and 5 nm. For the NiFe/Cu/Pd set, Pd thickness is fixed at
5 nm, and Cu thickness ranges from 1 to 8 nm. Clearly, for each set, all data points fall on
a straight line. It suggests that the Cu layer in this thickness range works as a load
resistor. To check the validity of the parallel resistor model, we plot the total conductance
as a function of the Cu thickness and find that the relationship is approximately linear.
The thinner Cu (1 nm) shows the largest deviation, indicating a possible breakdown of
the model. Although the deviation for thin Cu layers is not obvious in the V' vs. R plot, we
will draw any conclusion only from the thick Cu layers. Compared with NiFe/Cu/Pd, the
slope for NiFe/Pd is larger, which clearly demonstrates the presence of the proximity-
induced ANE in Pd. Additionally, the two straight lines do not merge for small Cu
thicknesses, suggesting good isolation between NiFe and Pd by the Cu layer. Fig. 2-23
shows the data from devices fabricated in a different batch which further confirms the
role of the Cu layer regardless of its position in the structure and the importance of the

proximity effect.

2.3.5 Compare SSE in NiFe/Cu/Pd and NiFe/Cu/Ta

In NiFe/Cu/Pd, we believe that the longitudinal SSE contribution from Js
transmitted through the Cu layer is contained in the slope. To further reveal the SSE
contribution, we replace the Pd layer by a S-phase Ta layer, another strong SOC metal. It
is known that the spin Hall angle 6, of the B-phase Ta is opposite to that of Pt**. To

determine the sign of 6y, of Pd relative to Ta, we have prepared YIG/Pd and YIG/Ta
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Figure 2-23 VV vs. R for a batch of samples, in which NiFe, Cu and Pd thickness are all
fixed at 5 nm. Each structure has two samples.
bilayer structures and conducted longitudinal SSE measurements. Here, the epitaxial YIG
film (~50 nm thick) is grown on a gadolinium gallium garnet (110) substrate by pulsed
laser deposition*®*°, The 5 nm thick Pd and 5 nm thick Ta are deposited in different areas
of the same YIG film using sputtering. Similar heater structure to Fig. 2-18 is used for the
longitudinal SEE measurements. We observe two opposite hysteresis loops in these two
devices as shown in Fig. 2-24, indicating opposite signs of 6 in Pd and Ta.

To focus on the magnitude of the SSE contribution, we compare the results in the

following three sets of structures: NiFe(5 nm)/Cu(2 nm)/Pd(trd), NiFe (5 nm)/Cu(2 nm)/
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Figure 2-24 Longitudinal SSE voltage loops of YIG-based structures when the same
heater power is applied. Pd and Ta layers are 5 nm thick and the devices are
fabricated on the same piece of YIG.

Ta(tra), and NiFe(5 nm)/Cu(tcy), all prepared in the same batch to avoid any
irreproducibility. In the first two sets, we only vary the thickness of Pd (3-10 nm) or Ta
(10-25 nm). The third set serves as a reference that only contains a NiFe ANE voltage
source and a variable Cu (2-8 nm) resistor. The first set in Fig. 2-25 (squares) is similar to
a set shown in Fig. 2-22 (circles), but the difference is in the actual layer of changing
thickness: Pd in Fig. 2-25 but Cu in Fig. 2-22. In both cases, the proximity effect is
eliminated by Cu. Despite the differences in thickness, both exhibit excellent linear

dependence. Furthermore, even though they are fabricated in two batches, the slopes of

the two lines are very close to each other, i.e., 4.92 uV/kQ and 4.94 uV/kQ, respectively.
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Figure 2-25 Measured V vs. the total resistance R for three series of samples. NiFe
thickness is 5 nm in all samples, and Cu thickness is 2 nm in samples represented by
blue squares and green circles. Straight lines are linear fits. NiFe/Cu/Pd and
NiFe/Cu/Ta sets have higher slope than NiFe/Cu set.

In the reference set (triangles), the only voltage source is the ANE voltage from the 5 nm
thick NiFe, common to other structures. The slope is 3.57 uV/kQ, clearly smaller than
that of the set with varying Pd thickness. When Ta replaces Pd, we expect the straight
line to lie below the line for the reference sample set due to the negative SSE signal;
however, it stays above that of the reference set. Moreover, the slope of the Ta set (4.57
uVIkQ) is only slightly smaller than that of the Pd set, which immediately suggests that

the SSE contribution is not the primary reason for the slope enhancement observed in
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NiFe/Cu/Pd. The fact that both the Pd and Ta samples show significant enhancements
relative to the reference indicates another more important mechanism present in both

sample sets.

2.3.6 Spin current draining effect and ISHE in NiFe

In the reference samples, i.e., NiFe/Cu, NiFe generates spin accumulation in Cu
under a vertical VT, but a negligible Js since Cu has a much longer A than its thickness.
However, when a Pd (Ta) layer is placed on top, spin accumulation extends to Pd (Ta) on
the scale of its Ag (~2 nm). It consequently draws a finite Js in Pd (Ta), which is exactly
the source for the longitudinal SSE voltage from the layer. On the other hand, this Js is
continuous in the Cu layer and must extend to NiFe. The additional Js in NiFe can
generate an ISHE voltage by NiFe. The profile of spin-chemical potential, ug, can be
described by Fig. 2-26. Since Js is conserved when going through the Cu layer, our
experimental results suggest that this additional ISHE voltage converted by NiFe is the
main source of the enhanced slope in NiFe/Cu/Pd(Ta).

Now let us estimate the spin Hall angle of NiFe. In the simple current shunting
model, the ISHE voltage source contributes to the slope of the straight line by Vs/Rs in
Eqg. (2-3), as discussed earlier. In fact, the total conductance vs. layer thickness shows
excellent linear dependence for both Pd and Ta, justifying the parallel resistor model.
Now we have two such terms, one from Pd (Ta) and the other from NiFe. Since Rs for Ta
is an order of magnitude larger than that of Pd, the contribution to the slope from Pd is

about an order of magnitude larger than that from Ta assuming similar ISHE voltages
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Figure 2-26 Spin-chemical potential, 4, in NiFe(5 nm)/Cu(2 nm) and NiFe(5
nm)/Cu(2 nm)/SOC(5 nm), where SOC represents Pd or Ta. The SOC metal behaves
as a spin sink in which the spin density drops exponentially, resulting a lower pg in
Cu. Consequently, inside NiFe, a sharper drop in ug creates an extra spin current
that results in an ISHE voltage.

from the two. Therefore, if we draw a line to represent the additional ISHE contribution
from NiFe, this line would be just slightly above the Ta line. With this new reference
line, we can estimate the relative contributions from NiFe and Pd using the slope of these
straight lines. The slope difference between the new and old reference lines is identified
as Vs/Rs for NiFe due to ISHE in NiFe, which is about 30% of the slope of for the ANE
of NiFe. Then the slope difference between the NiFe/Cu/Pd line and the new reference

line defines Vs/Rs for Pd. We use Eq. (2-2) to relate Vs from NiFe and Pd to their spin

Hall angles and Ag. We take 2 and 5 nm (Refs. 50 and 51) for A¢ of Pd and NiFe,
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respectively, and obtain the lower bound for the ratio of the spin Hall angle between these

; BNLFE
two materials: =£— ~2.5.
6
SH

The presence of an adjacent heavy metal as a spin current drain greatly influences
Js in the ferromagnet of thickness ~Ag, which in turn creates an additional ISHE voltage.
A related effect reported by Costache et al.>? also illustrates the importance of the Js
backflow in spin pumping devices. NiFe as an ISHE detector was previously proposed in
NiFe/YI1G*, where the spin current effect is superimposed on the intrinsic ANE signal of
NiFe. By destroying the spin current effect through Ar-ion beam bombardment or
inserting a thin MgO layer in between, the remaining effect was attributed to the intrinsic
ANE of NiFe. In our NiFe/Cu/Pd(Ta) devices, the proximity-induced ANE is completely
eliminated; therefore, the spin current draining effect due to the SOC metal is
unambiguously singled out.

In summary, we demonstrate that in this pure spin current circuit, an additional
spin current is drawn by the heavy metal from the ferromagnet. When the relevant
dimension of the ferromagnet is comparable with its own Ag, this spin current generates a
significant ISHE signal by the ferromagnetic metal itself, which is superimposed on the
ANE signal of the ferromagnet. This effect should be present in all relevant experiments.
Analogous to electric circuits, the spin current flow in the pure spin current circuits can
be effectively controlled by adjusting its source (temperature gradient in ferromagnet),
drain (heavy metals), and channel (light metals). Our results demonstrate the importance

of the spin current manipulation in nano-scale devices.
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Chapter 3 Interconversion of electronic and magnonic spin currents: magnon-
mediated current drag in Pt/yttrium iron garnet/Pt(Ta) trilayers
3.1 Introduction to magnon-mediated current drag

The generation and detection of a pure spin current are usually realized in a
bilayers system, which contains a magnetic layer (metal or insulator) and a non-magnetic
layer>3-%°, It is very uncommon to achieve the whole process through all electrical
methods. Kajiwara et al.>! first demonstrated that an electrical signal can transmit by spin
wave in an yttrium iron garnet (YIG) over macroscopic distances (~1 mm) in an all-
electrical device (Fig 3-1(a)). The voltage response in the detecting Pt film is very small

(~1 nV) and highly nonlinear (Fig 3-1(b)). The driving current density has a threshold,

(@) | (b)

-1 Pt/Y,Fe,0,,
H=2.3kOe
-10 -5 0 5 10
j (108 Am™)

Figure 3-1 (a) A schematic illustration of the measurement setup for electrical
signal transmission through spin-wave spin current. The distance between injection
and detection Pt strips is 1 mm. (b) V vs. the current density, j, in the Pt film i at
6=90° and 8=—90°. Adapted from Kajiwara et al. Nature 464, 262-266 (2010).
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which was interpreted as the critical point for the spin transfer torque®*>’ to overcome the
magnetization damping of Y1G. Here, the spin wave inside YIG is a coherent precessing
of magnetization. This effect suggests that electronic and magnonic spin currents are
interconvertible at the interface of normal metal (NM) and magnetic insulator (Ml).

Zhang et al.’®> proposed a sandwich geometry in which the magnon current
flows perpendicular to the plane of the layers with a different origin, analogous to the
conventional Coulomb drag effect in 2D electron gases separated by an insulator. Rather
than exciting a coherent precession of magnetization (spin wave), the electronic spins in
the NM create magnons in the MI. The individual magnon creation doesn’t have any
threshold; therefore, the conversion takes place at any driving current density. Due to the
long magnon decay length in MI, this effect induces an electrical current in a remote
metal film, which is called the magnon-mediated current drag. Cornelissen et al.®
reported an AC current measurement in a lateral geometry similar to that of Kajiwara’s.
They monitor both w and 2w nonlocal voltage responses (w is the frequency of the AC
current) and discover that the w signal has a linear relation to the applied current density,
which indicates a different origin to the effect reported by Kajiwara.

We try to experimentally realize the sandwich geometry proposed by Zhang et al.

and observe the magnon-mediated current drag effect.

3.2 Nonlocal Device structure
Fig. 3-2 schematically shows the NM/MI/NM trilayer device structure. The Ml is

a thin YIG film that electrically isolates the two NM layers. An in-plane charge current
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Figure 3-2 Schematic illustration of the magnon-mediated current drag effect. (a)
The transmission of spin current is switched on. Magnetization (M) of magnetic
insulator (MI) oriented collinearly with the spin polarization a(lly) of the pure spin
current in the bottom normal metal (NM) layer generated by the spin Hall effect
with an electric current Jinjected. The spin-flip scattering of conduction electrons at the
bottom NM/MI interface can create magnons. A non-equilibrium magnon population
extends to the top MI/NM interface, and the spin angular momentum carried by
magnons is transferred to conduction electrons in the top NM layer. The pure spin
current flowing perpendicular to the NM layer is then converted to a charge current
(Jinduced) via the inverse spin Hall effect. (b) The transmission of spin current is
switched off. M is perpendicular to the spin polarization o of the spin current. In this
geometry, the s-d exchange interaction between conduction electrons and local
magnetic moments does not excite magnons in the MI. Consequently, there is no spin
accumulation at the top MI/NM interface or induced charge current in the top NM
layer.
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(Jinjected) flowing in the bottom NM induces a pure spin current via SHE along z-axis with
the spin polarization (o) parallel to y-axis. The conduction electrons in the bottom NM
couple with the localized moments of the MI via the s-d exchange interaction at the
interface, creating magnons in the MI with spin-flips of conduction electrons in the
bottom NM layer. Due to the nature of the s-d exchange interaction®®®, ie., Hy; =
—Jsa 2.0 - M, where Jo,; is exchange coupling strength, when M is collinear with o,
magnons are created (Fig. 3-2(a)). The interaction creates a non-equilibrium magnon
population in the MI, and the magnons diffuse to the top interface. The excess magnons
are then converted to a spin polarization in the top NM layer by the reverse process. The
diffusion of the electronic spin is converted to a charge current (Jinduced) again in the top
NM layer via the ISHE. When o L M, there is no non-equilibrium magnon population
and the spin current is absorbed by the MI. Consequently, there is no induced spin or
charge current in the top NM layer (Fig. 3-2(b)). The magnon creation process can be
switched on and off by controlling the relative orientation of M and a. This structure can

be used as a valve for pure spin current.

3.3 Device fabrication

We first spin coat a layer of photoresist on a (110)-oriented single crystalline
GdsGasO12 (GGG) substrate and then use standard photolithography to pattern a Hall bar
with the channel width of 20 um and the distance between two electrodes of 300 um.
Then the bottom Pt layer is deposited on the patterned Hall bar area by DC magnetron

sputtering. During sputtering, argon pressure is 5 mTorr, substrate temperature is 300 K,
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and the DC sputtering power is 37.5 W. The deposition rate of Pt is 0.77 A s~* and the Pt
layer thickness is 5 nm. After lift-off, an 80 nm thick YIG film is deposited at 450°C with
O2 pressure of 1.5 mTorr in a pulsed laser deposition system to cover the entire surface of
the sample. The as-grown YIG film becomes crystallized and magnetized after rapid
thermal annealing between 800 and 850 °C for 200 s. To develop the right recipe, we
have explored a range of growth temperatures, different annealing conditions, various
pulsed laser deposition rates and Y1G film thicknesses. Many difficulties appear, such as
YIG film cracking, thicker YIG films peeling off, current leaking, no magnetization and
so on, before we obtain the suitable method. Fig. 3-3 shows the magnetization hysteresis
loops of an unpatterned GGG/Pt(5 nm)/YIG(80 nm) sample characterized by vibrating
sample magnetometer (VSM). The surface morphology of YIG film grown on Pt is
monitored by atomic force microscopy. As shown in Fig. 3-4(a), the YIG surface is very
flat with clear atomic terraces. The root-mean-square roughness on the terraces is ~0.14
nm. We use standard e-beam lithography to define the top Pt and Ta patterns right on top
of the bottom Pt Hall bar channel. The sample is then transferred into the sputtering
system. A 60 s Ar ion milling is performed to remove any organic resist residues from the
patterned area and then the Pt (or Ta) is deposited on top. The deposition conditions for
top Pt and Ta are the same as those for bottom Pt. The top Pt and Ta strips are 2 um in
width, and 90 and 60 um in length, respectively. After the nonlocal measurements, we
deposit a 300 nm thick Al2O3 layer and a Cr (5 nm)/Au (50 nm) heater on top of the
devices, to generate a vertical temperature gradient for a separate longitudinal SSE

measurement.
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Figure 3-3 Magnetic property of a YIG film. Room temperature magnetic hysteresis
loops of an unpatterned GGG/Pt(5 nm)/YIG(80 nm) film measured by vibrating
sample magnetometry (VSM). Inset shows the zoom-in low field hysteresis loops.
3.4 Transport measurement

For all transport measurements, we use a Keithley 2400 current source to apply
DC current and a Keithley 2182A nano-voltmeter to measure voltage signal. The
magnetic field dependence measurements are performed with a closed-cycle refrigerator
system, while the angular dependent measurements are carried using a physical property
measurement system equipped with a rotatory sample holder. For the nonlocal
measurements, the applied current in the bottom Pt is no more than 2 mA; for the local
magnetoresistance measurements, the current applied in top Pt and Ta is 1 uA, while the
current in bottom Pt is 10 uA. For the SSE measurements, the heating current applied in
the top Au layer is 30 mA. In all the measurements, we pay extra attention to ensure

correct polarity of the currents and voltages.
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3.5 Field-dependent nonlocal response in trilayer devices

As both Pt and Ta have strong spin-orbit coupling with opposite signs in their spin
Hall angle®®283 we have fabricated three Pt (5 nm)/Y1G (80 nm)/Pt (5 nm) devices and
two Pt (5 nm)/YIG (80 nm)/Ta (5 nm) reference samples. The inset of Fig. 3-4(c) shows
an optical image for a GGG/Pt/YIG/Pt device. As illustrated in Fig. 3-4(b), the bottom Pt
layer is used to inject a current I, while the top layer, either Pt or Ta, measures the
induced current or the nonlocal voltage V. An in-plane H is either swept in a fixed
direction or rotated with an angle 8 with respect to y-axis. We find that the high-quality
YIG/Pt interface is essential to the observation of the spin current transmission. As shown
in Fig. 3-4(a), the morphology of a YIG film tracks the atomically flat terraces of the
GGG (110) surface®® despite a layer of Pt in between. The 80 nm thick YIG films are
nearly insulating but have small leakage at high temperature. However, the resistance
between top and bottom NM layers increases exponentially as the temperature decreases,
and exceeds 20 GQ at and below 220 K. Therefore, we perform all the nonlocal
measurements below 220 K to avoid any spurious signal from the small leaking current.
In Vi, we remove a non-zero background signal that exists even at I, = 0. Fig. 3-4(c), (d)
show the field dependence of Vn at 220 K. When H is swept along Iy, i.e., 8 =90° (Fig.
3-4(c)), Vni is a constant at Ip = 0 (red). At I = +1.5 mA, Vn shows a clear hysteresis
with two positive peaks tracking the coercive fields of the YIG film, indicating that Vy is
closely related to the magnetization state of Y1G. As Iy is reversed, Vn also reverses sign.
In principle, a sign reversal can occur if there is a finite leaking current flowing in the top

layer. Through the magnetoresistance, this current can produce a hysteretic voltage
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Figure 3-4 Measurement geometry and field dependent nonlocal signal. (a) Atomic
force microscopy image of an 80 nm YIG film grown on a 5 nm Pt. (b) Schematic
illustration of the experimental set-up. Iv is the current applied to the bottom Pt
layer, and Vni is the nonlocal voltage measured at the top layer along the It direction.
The applied in plane magnetic field H makes an angle 8 with the y-axis which is in
plane and perpendicular to the current direction (x-axis). (c) The field dependence
of the nonlocal signal for H along Iy, i.e.,, 8 =90°. The inset shows the optical image of
the GGG/Pt/YIG/Pt device. (d) The field dependent nonlocal signal with H
perpendicular to I, i.e,, 8 =0°. In both (c) and (d), solid (empty) blue squares and

empty red circles represent Va for +1.5 mA (—1.5 mA) and 0 mA bottom current,
respectively.
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signal. Estimating from the leaking current, we find that the relative change in Vn due to
this effect is at least three orders of magnitude smaller than the observed nonlocal voltage
signal. Therefore, we exclude the leaking current as the source of the nonlocal signal.
Note that Vn (£1.5 mA) is the same as Vn (0 mA) at the saturation state (H > 200 Oe)
when ¢ L M, suggesting that magnon creation is totally suppressed. For the field swept
with 6 =0° (Fig. 3-4(d)), o is collinear with M at high fields, so interface magnon
creation results in a full current drag signal. Clearly, Vi (+1.5 mA) is different from Vp
(0 mA) at the saturation fields and reverses sign when Iy reverses. It is interesting to note
that Vo (£1.5 mA) differ from Vn (0 mA) at the coercive fields. One would expect them
to be the same since the average magnetization should point along the x-axis at the
coercive fields, which would correspond to the saturation states for & =90° in Fig. 3-4(c).
This discrepancy can be explained by the multi-domain state of YIG in which the actual
M is distributed over a range of angles around 8 =90°, and the collinear components of
M turn on the magnon channel and result in a nonzero Vn. To investigate the

phenomenon in the single domain state, we perform the following experiments.

3.6 Angle dependent nonlocal response of single domain YIG

Fig. 3-5(a) shows Vn in GGG/Pt/YIG/Pt as a function of 8 between M and o at
220 K, as illustrated in Fig. 3-4(b). The 80 nm (110)-oriented YIG grown on Pt has a
well-defined uniaxial anisotropy with an anisotropy field <200 Oe. The applied magnetic
field (1,000 Oe) is sufficiently strong not only to set YIG into a single domain state, but

also to rotate M with it. For all positive Iy (solid symbols), Vn exhibits maximum at
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6 =0°and 180° (M collinear with @), and minimum at & =90° and 270° (M L &). Vn
changes sign as Iy is reversed (empty symbols). At 8 =90° and 270°, the nonlocal signal
for + Iy coincides with Vn (0 mA), further confirming that the spin current is in the off
state when M L o. Similar angular dependent measurements are also performed on a
GGG/PU/YIG/Ta device and the results are plotted in Fig. 3-5(d). For the same
measurement geometry and the same polarity of In, we find that Vi of GGG/Pt/YIG/Ta
has opposite sign to that of GGG/Pt/YIG/Pt, which is just expected from the opposite
sign of their spin Hall angle. The Vy sign difference here is another important evidence
for the magnon mediated mechanism, rather than for other extrinsic ones such as current
leakage.

We notice an interesting feature that Vn at & =0° and 180° show a small but
reproducible difference that is independent of the current polarity but increases with the
magnitude of I,. We attribute this phenomenon to the SSE contribution since the joule
heating in the bottom Pt layer unavoidably generates a small vertical temperature
gradient, which drives an upward spin current from YIG to the top Pt (or Ta) layer. As M
reverses, so does the spin polarization, which consequently produces two different SSE
signal levels at & =0° and 180°. Combining these two effects, we can fit the angular
dependence data using:

Vi = Vo + Vssecos 8 + Vpragcos? 6, (3-1)
where Vo is an offset voltage not dependent on the magnetization direction, Vsse
represents the SSE voltage amplitude and Vprag is the amplitude of the current drag

signal. The solid red curves in Fig. 3-5(a), (d) fit the experimental data remarkably well,

50



oF

0 90 180 270 360

2
2 2
0 (deg.) I (mA”)
(d)
2 Pt
15
—_ 1 -1.04
>i 0 0o
~ iyl
Ny 15
-2 2.0 _ . . . ‘ .
0 90 180 270 360 a2 4 0 1 2 0 ) 2 N 4
0 (deg.) 1, (mA) [ (mA”)

Figure 3-5 Angular and current dependence of nonlocal signal. ((a), (d)) Angular
dependence of nonlocal signal at different currents in the bottom Pt layer for
GGG/Pt/YIG/Pt and GGG/Pt/YIG/Ta, respectively. The magnetic field is fixed at
1,000 Oe and rotated in plane. In (a) and (d), solid symbols indicate positive Ir, and
empty symbols indicate negative Iv. The red curves are least squares fits using Eq.
(3-1). ((b), (e)) The Ir dependence of the current drag signal (Vprag) and the spin
Seebeck signal (Vssg) for GGG/Pt/YIG/Pt and GGG/Pt/YIG/Ta, respectively. (c, f) The
spin Seebeck signal as a function of IZ for GGG/Pt/YIG/Pt and GGG/Pt/YIG/Ta,
respectively. The red curves are the linear fits. The error bars are from fitting using
Eq. (3-1) in (a) and (d).
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and the extracted fitting results are plotted in Fig. 3-5(b), (e) for GGG/Pt/YIG/Pt and
GGG/Pt/Y1G/Ta devices, respectively. We can draw two conclusions from these results.
First, the magnitude of the current drag signal (red circles) scales linearly with the driving
current, i.e., Vpraglp. This is in sharp contrast to the highly nonlinear behavior in
Kajiwara’s experiment®!. Second, the SSE contribution has weak current dependence and
follows Vsse ~ IZ (as shown in Fig. 3-5(c), (f)), which is a characteristic of thermoelectric
effects. Compared with YIG/Pt bilayers, trilayer structures may have an enhanced SSE
signal due to the presence of the second heavy metal layer which draws an extra spin

current. Carefully designed experiments are needed to demonstrate this effect.

3.7 Temperature dependence of nonlocal responses

According to Zhang et al.*®, the temperature dependence of the spin convertance

L . 3/2 . .
at the injection interface (Gem) is (Tl) , Where T¢ is the Curie temperature of the MlI; the
[

spin convertance at the detection interface (Gme) is proportional to TLF where T is the
Fermi temperature of the NM layer. In the most simplified scheme, which is applicable
only for very thick films, the current drag signal should be proportional to the product of
the two spin convertances, i.e., Vprago Gem-Gmex T5/2. The representative angular
dependence signal for temperatures at and below 220 K are shown in Fig. 3-6(a), (c) for
GGG/PU/YIG/Pt and GGG/Pt/YIG/Ta devices, respectively. For both the samples, Iy is

fixed at +2 mA and H is held at 1,000 Oe. The magnitude of the current drag signal

gradually decreases with temperature for both the devices. By fitting Vn with Eq. (3-1),
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Figure 3-6 Temperature dependence of nonlocal signal. (a), (c) Angular dependence
of the nonlocal signal at different temperatures for GGG/Pt/YIG/Pt and
GGG/Pt/YIG/Ta, respectively. For all the measurements, Iv is fixed at +2 mA. The
curves are vertically shifted for clarity, the black arrows in (a) and (c) represent the
magnitude scale of 2.80 and 1.98 uV, respectively. Red solid curves in (a) and (c) are
the fits using equation (3-1). (b), (d) The temperature dependence of the extracted
current drag signal (Vprag) and spin Seebeck signal (Vssg) for GGG/Pt/YIG/Pt and
GGG/Pt/YIG/Ta, respectively. Red solid curves in (b) and (d) are the fits using Vp,,g =
VoragT™, here, n=2.21 for the GGG/Pt/YIG/Pt device, and n=1.88 for the
GGG/Pt/YIG/Ta device.
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the magnitude of Vprag and Vsse are extracted and plotted in Fig. 3-6(b), (d). Besides the
expected difference of sign, the magnitude of Vprag in both devices monotonically
decreases with temperature. In fact, both data sets can be well fitted by a power-law
Vbrag = VSragT" (red solid curves in Fig. 3-6(b), (d)), where Vgrag is a pre-factor. The
extracted exponent n is 2.21 for GGG/Pt/Y1G/Pt and 1.88 for GGG/Pt/Y1G/Ta. It should
be emphasized that the full picture described by Zhang et al.>® contains other quantities
that have weak temperature dependence. The deviation of the exponents from 2.5 is fully
expected considering these factors. However, the Vsse is found to have very weak

dependence on temperature, suggesting a totally different mechanism.

3.8 Leakage test of the sandwich device

In the sandwich structures, we measured the resistance between top and bottom
NM at different temperatures. As illustrated in the inset of Fig. 3-7, we measured the
resistance by applying a voltage between the top and bottom NMs and detecting the
leaking current as a function of temperature. The applied bias voltage must be adjusted in
different temperature ranges because of the dramatic resistance change. The junction
resistance increases rapidly with decreasing T and exceeds 20 GQ for T < 220 K, which
is larger than the input impedance of the nano-voltmeter (> 10 GQ for Keithley 2182A),
indicating that the leaking current produces a negligible voltage change in the top NM
layer via the magnetoresistance during the nonlocal measurements. In Fig. 3-7, we show
the resistance vs. 1/T on a semi-log plot for a constant bias voltage. It clearly shows an

activated behavior with an effective barrier height of 0.42 eV for this temperature range.
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Figure 3-7 Leakage test of the device. Resistance between the top and bottom Pt
layers vs. 1/T for a fixed bias voltage of 40 mV as shown in the inset. The thickness
of YIG is 80 nm. The temperature range is from 300 to 250 K, in which the
corresponding resistance increases from 0.3 to 6 GQ. The redline is a fit which gives
an effective barrier height of 0.42 eV over this temperature range. Below this
temperature range, the resistance keeps increasing exponentially, but the voltage
must be adjusted to higher values, which results in a slightly different barrier height
due to some bias voltage dependence.

For different bias voltages, the extracted barrier height varies. This effective barrier
height is much smaller than the band gap of an ideal Y1G. We know that the YIG film is
uniform in thickness and atomically flat. In addition, the film is insulating laterally. We
believe that the observed activated behavior could be due to microscopic regions with

relatively lower energy barriers. As the temperature is lowered, the whole film becomes

highly insulating.
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3.9 Spin Hall magnetoresistance of normal metal layers
Spin Hall magnetoresistance (SMR) is a unique transport phenomenon in a NM
which is in direct contact with a MI*3. A charge current flowing in the NM with strong
spin-orbit coupling is converted to a spin current via SHE. The reflection and absorption
of this spin current at the interface of the NM/MI depends on the orientation of the
magnetization (M) of the MI. When M is collinear to the spin polarization o, most of the
spin current is reflected; in contrast, when M is perpendicular to @, most of the spin
current is absorbed by the insulator. The absorption behaves as a dissipation channel;
therefore, the resistance of the NM is larger than that for M || . Thus, the degree of
reflection or absorption of the spin current at the NM/MI interface can be monitored by
SMR. To characterize the quality of the interface in the sandwich device, we perform the
MR measurements. As illustrated in Fig. 3-8(a), we carry out local MR measurements by
applying a magnetic field (1,000 Oe) in the film plane at an angle 6 with the y-axis, while
the current flows along the x-axis. The angular dependence of the MR ratios for top Pt,
top Ta, and bottom Pt at room temperature are summarized in Fig. 3-8(b). According to
the SMR theory®*, the longitudinal resistivity has the form
p = po +p1m3, (3-2)
where p, is a constant insensitive to the magnetization orientation, p; represents the SMR
magnitude which depends on film thickness, spin Hall angle and spin diffusion length of
the NM, and interface spin-mixing conductance; and m, is the y component of the
magnetization unit vector. As shown by the red solid curves in Fig. 3-8(b), the

experimental data can be well fitted by Eq. (3-2). Besides SMR, the induced
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magnetization in the NM due to the magnetic proximity effect (MPE)'?®>® can also
generate similar MR. The MPE induced MR should increase monotonically with
decreasing temperature®®, since both the induced magnetic moment and the spin diffusion
length increase at low temperatures. However, SMR has a broad peak as a function of
temperature®. To better understand the nature of the MR we observed, we perform the
temperature dependent measurements, and the results are summarized in Fig. 3-8(c). For
both top Pt and Ta, the MR ratio has a broad peak, as expected from the SMR theory,
suggesting the SMR mechanism dominates the transport property of the top NM.
However, the MR ratio of the bottom Pt is one order smaller than that of the top Pt and is
relatively insensitive to temperature. Recently, Goennenwein et al.’ reported a
monotonically decreasing SMR signal with temperature. Those results suggest that the
temperature dependence of SMR may be very sensitive to the interface quality. The lack
of clear temperature dependence of SMR in the bottom Pt can be attributed to the less
ideal quality of the bottom interface, possibly due to oxidation occurred in rapid thermal
annealing at high temperature. Based on the temperature dependence of the MR results,
we demonstrate that the SMR mechanism dominates in our devices. Therefore, the
anisotropic reflection and absorption of the spin current at the YIG/NM interfaces

indicate excellent interface quality for spin currents interconversion.
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Figure 3-8 Spin Hall magnetoresistance of normal metal. (a) Schematic illustration
of local MR measurement geometry. A magnetic field is applied in the film plane at
an angle 8 with the y-axis. (b) Room-temperature angular dependence of the MR in
the top Pt, top Ta, and bottom Pt layers with a magnetic field of 1,000 Oe.
Continuous red curves are the fitting results using Eq. (3-2). (c¢) Temperature
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3.10 Nonlocal current drag signal versus local MR signal

Here, we demonstrate that the nonlocal voltage we observed in sandwich
structures cannot be produced by a local SMR signal of the top Pt due to the leaking
current. Fig. 3-9(a), (c) show the field dependence of the raw nonlocal signal in the
Pt/Y1G/Pt sandwich structure and that of the resistivity of the top Pt layer, respectively.
For the nonlocal signal, Vi for zero bottom current is constant which defines a reference.
Vi for +1.5 mA (—1.5 mA) shows clear hysteresis behavior and reaches the minimum

(maximum) values around the coercivity field of YIG. The relative change of the

V(I)—V(O))

nonlocal signal, ( [V (0)]

= (A—V) . iIs shown in Fig. 3-9(b), where V(0) is the
n

nl - \v
nonlocal signal in the absence of the bottom current. In contrast, we show the MR ratio of
A_V
v

the top Pt in the same device in Fig. 3-9(d). Remarkably, the magnitude of( ) | at 1.5

n

mA (~20%) is about four orders of magnitude larger than that of the MR ratio in the top
Pt layer (~0.02%). Similar conclusion can also be obtained from the angular dependence

of both the nonlocal signal and local MR of the top Pt layer, as shown in Fig. 3-10. The

(AVV) lat 2.0 mA (~240%) is almost five order larger than MR ratio in the top Pt
n

(~0.03%). The above comparison between the nonlocal voltage signal and the local MR
signal in the top Pt strongly suggests that the nonlocal signal can’t come from the SMR

effect of the top layer due to the leaking current.
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Figure 3-9 Field-dependent nonlocal and local signals. (a) and (b) are raw nonlocal
data and the relative change of the nonlocal signal with respect to Va (0 mA),
respectively, in Pt/YIG/Pt device at 220 K; black, red, and blue symbols represents
Vni for the bottom layer current of +1.5 mA, 0 mA and —1.5 mA. (c) and (d) are the
local resistivity and MR ratio for the top Pt layer in Pt/YIG/Pt device at 220 K.
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Figure 3-10 Angular dependence of nonlocal and local signals. (a) and (b) are the
raw nonlocal signal and the relative change of the nonlocal signal with respect to Vi
(0 mA), respectively, in Pt/YIG/Pt device at 220 K; black, red and blue symbols
represent Vn with the bottom current of +2 mA, 0 mA, and —2 mA. (c) and (d) are
the local resistivity and the MR ratio for the top Pt layer in Pt/YIG/Pt device at 220
K. The red solid curve in (c) is the fitting result using Eq. (3-2).
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3.11 Longitudinal spin Seebeck effect

We confirm the transmission of thermally excited spin currents through the
YIG/NM interface by performing the longitudinal SSE in our sandwich structures. On top
of the sandwich structures, we deposit a 300 nm thick Al>Os3 layer and a heater consists of
5 nm Cr and 50 nm Au. When a charge current (30 mA) is applied to the Cr/Au layer, a
temperature gradient is established along the z-axis by joule heating, as shown in Fig. 3-
11(a). During the SSE measurements, a magnetic field is swept along y-axis while the
voltages along x-axis are monitored. In Fig. 3-11(b), we plot the field dependence of the
longitudinal SSE signal at 220 K, which is normalized to the device length. First, all three

metal layers show strong SSE signal. Second, we find that the magnitude of the SSE
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Figure 3-11 Longitudinal spin Seebeck effect in sandwich devices. (a) Schematic
illustration of the longitudinal spin Seebeck effect measurement setup. A
temperature gradient is generated along z-axis by a heater on top. Voltages of the
top and bottom layers are measured along x-axis with the magnetic field sweeping
along y-axis. (b) SSE signals divided by the detecting stripe length L as a function of
the magnetic field at T =220 K, for top Pt, top Ta, and bottom Pt.
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signal from bottom Pt is on the same order of that from top Pt, which is different from the
SMR results shown in Fig. 3-8(c). The different behavior of SMR and SSE signals
indicates that the interface change has different effect on the anisotropic reflection (or
absorption) of a spin current due to spin transfer torque, and on the transmission of
thermally excited spin current. Third, we notice that the SSE signal from the top Ta
shows opposite sign to that from Pt, which is expected since Pt and Ta have opposite spin
Hall angles. Therefore, we have confirmed the excellent interface quality for transmitting

thermally excited spin currents.

3.12 Summary

We have achieved electronic and magnonic spin currents interconversion at the
metal and magnetic insulator interfaces by demonstrating the magnon-mediated current
drag effect in NM/MI/NM trilayer structures. Such structures have potential application
as spin valves since the spin current can be switched on/off by rotating the in-plane
magnetization of the MI by 90°. Furthermore, such structures also provide analogue
functionality since rotating the in-plane magnetization of the MI provides analogue
sinusoidal modulation of the spin current. Due to the extremely low damping in the Ml,
transmission of the pure spin currents can occur over relatively long distances, so these

structures can also be used as pure spin interconnects.
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Chapter 4 Spin to charge conversion in YIG/topological insulator heterostructures
4.1 Introduction to topological insulators

Topological insulators (TIs) are a new type of electronic materials that have a
bulk band gap, which means its interior is insulating like an ordinary insulator, but
possess gapless edge or surface states which are protected by time-reversal symmetry®8°,
For a three-dimensional (3D) TI, in the topologically nontrivial phase, the bulk states are
fully gapped, while the surface states have a single Dirac cone. The surface states with a
single Dirac cone is observed by angle-resolved photoemission spectroscopy (ARPES) in
3D topological insulators’®-"2.

Due to strong spin-momentum coupling, the conducting electrons of the surface
states have a spin-momentum locking character. The electron spin direction and its
motion direction are perpendicular to each other. As shown in Fig. 4-1, at the Fermi level,
electrons moving in +x direction have spin pointing to +y (or —y) direction, and
electrons moving in —x direction have spin pointing to —y (or +Yy) direction, depending
on the Fermi level position relative to the Dirac point. If a spin imbalance is generated in
the surface state, a charge current Jc will be induced along the direction defined by Jc I
(zxa), where o is the direction of the spin polarization and Z is the unit vector
perpendicular to the surface plane’. Unlike the 3D nature of the ISHE, where the spin-
charge conversion happens within a finite depth of the SOC material, the 2D character of
surface state in Tl determines that the spins cannot diffuse into bulk, but convert to a
charge current only on the sample surface. Thus, the efficiency of spin-charge conversion

could be very high on the surface of a good bulk insulating T1 sample.
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Figure 4-1 Schematic illustrations of spin-charge conversion effects on the spin-
momentum locked surface state of a topological insulator. Adapted from Shiomi et al.
Phys. Rev. Lett. 113, 196601 (2014).

The helical spin texture of TI surface state has attracted high research interests
recently. It has been demonstrated in spin transport experiments, including spin-torque
FMR'-"® spin pumping effect”>""-", magnetic tunnel junction®, spin valve device®-8
and spin-torque induced magnetization switching®®, that spin-charge conversion
efficiency in Tl surface state is one to two orders higher than heavy metals.

Although TIs are believed to offer an obvious advantage over traditional
conductors in generating and detecting pure spin current according to those experiments,
several fundamental important questions are still not fully understood. In most of the

experiments, the bulk of TI are not perfectly insulating due to a metallic bulk conduction
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channel or unavoidable doping from crystalline defects. The observed large spin torques
and spin-charge conversion signals in the ferromagnet/Tl heterostructures could also
come from the bulk states, besides the spin textured surface states, because usually the Tl
bulk states also possess strong SOC. In a structure Tl and ferromagnet have direct
contact, the surface states of T1 will be changed by the magnet through band bending, and
the surface of TI can be magnetized through the magnetic proximity effect® 5. Proper
experiments are needed to address these important questions for further TI spintronics

study.

4.2 Topological spin Seebeck effect

SSE is an effective heat driven pure spin current generation method which has
been widely utilized in ferromagnet/heavy metal bilayers. The efficiency of spin
detection in TI topological surface states has not been demonstrated in a heat driven
magnon transport measurement. In this work, we try to establish the topological SSE,
which combines the ease of magnon generation of SSE and the efficient spin detection of
TI surface states. In a SSE device consisting a ferromagnetic metal, it is hard to avoid an
ANE effect that results from the flow of spin-polarized electrons inside the ferromagnetic
metal. To exclude the ANE induced voltage signal from our measurement, we choose
YIG, an insulating ferrimagnet, as the source of magnons. In the longitudinal SSE
configuration, a vertical temperature gradient drives magnons to flow towards the YIG/TI
interface. In the steady state, the excess magnons are balanced by decay via magnon-

phonon scattering inside YIG or by interactions of magnons with electrons near the Fermi
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Figure 4-2 Schematic illustration of magnon induced spin flips of electrons and
holes in topological surface states. Magnon relaxation on TI surface generates
charge currents of the same sign for n type or p type charge carriers in the surface
states.
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energy of the T1. When this magnon-electron interaction decay channel is made active by
tuning TI Fermi level into the bulk band gap, a large electromotive force emerges in the
direction perpendicular to the in-plane magnetization of YIG.

Fig. 4-2 is a schematic illustration of magnon induced electron spin flips in
topological surface states. Assuming YIG and TI surface states have isotropic exchange
interactions, when a magnon is annihilated, an electron flips from majority to minority
spin-orientation to conserve the total spin. When the YIG magnetization is in the y-
direction, spin-momentum locking induces electrons in the conduction band near the
Fermi surface moving from ky to —kx direction but not from —kx to kg, resulting in a net
flow of electrons along —kx or a positive current Jx. While in the valence band, magnon
annihilation induces a positive momentum transfer §kx to holes, through which holes are
scattered from —kx to kx. As a result, the induced Jx is also positive. Thus, magnon
relaxation in TI surface generates charge currents of the same sign for n type or p type

charge carriers in the surface states.

4.3 YIG/TI heterojunction preparation and longitudinal SSE geometry

We grow 20 nm thick YIG films on gadolinium gallium garnet (GGG) (111)
substrates by pulsed laser deposition (PLD) at ~700 °C as reported previously*&4987.%
Fig. 4-3 is an atomic force microscopy image of a representative YIG sample. It has an
atomically flat surface with a root mean square roughness around 0.12 nm. The
GGG/YIG sample is then transferred into an ultrahigh vacuum molecular beam epitaxy

(MBE) system. It is first annealed at 600 °C for 30 min, then a 5 quintuple layer (QL)
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Figure 4-3 Atomic force microscopy image of a representative GGG(111)/YIG
sample. The inset shows the RHEED intensity oscillations during YIG growth, which
indicates the atomic layer-by-layer deposition.

Figure 4-4 RHEED patterns of YIG and TI film. (a) RHEED pattern taken on YIG in
the MBE chamber before TI growth. (b) RHEED pattern of a 5 QL (Bio.24Sbo.76) Te3
film grown on YIG.
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thick (BixShi1x)2Tes film is grown on top at ~250°C followed by a 5 nm thick Te capping
layer. (BixShi1x)2Tes is a 3D Tl in which the Fermi level can be tuned between valence
and conduction bands by changing Bi/Sb ratio®. Fig. 4-4 shows reflection high-energy
electron diffraction (RHEED) patterns of a sample before and after T1 growth. The sharp
and streaky pattern indicates its high crystalline quality and very flat surface.

As shown in Fig. 4-5, the YIG/TI heterostructure is patterned into a 100 um wide,
900 um long Hall bar with standard photolithography and Ar plasma etching. The resist
baking temperature is 110 °C and the Ar plasma etching time is divided into several 1-

min sessions to avoid overheating, which could degrade the TI film quality. Metal

Cross-section

Ti+AT
ALO
T —
YIG
T

Figure 4-5 Device schematics for longitudinal SSE measurement. The TI layer of the
YIG/TI heterostructure is etched to a Hall bar. An insulating Al203 layer covers the
entire surface. The top Ti/Au layer behaves as a heater. A current in the heater
generate a vertical temperature gradient VT. An in-plane magnetic field is applied
along y axis. The voltage signal is measured from two TI leads along x axis. The side
view shows the layered structure of the device.
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contacts of Ti(5 nm)/Au(80 nm) are deposited on the Hall bar leads by electron-beam
evaporation. The sample is then transferred into an atomic layer deposition (ALD)
chamber for a 150 nm Al2Os insulating layer growth. Finally, a 100 um wide Ti(5
nm)/Au(45 nm) heater is deposited on the Al>Os layer aligned with the TI1 Hall bar
channel. In the measurement, we send a DC current in the heater with various magnitude,
to generate a controllable temperature gradient VT. The real temperature of the TI sample
is monitored by measuring the longitudinal resistance of the Hall bar. In measurements
with different heating power, the real temperature is always kept the same by cooling the
sample holder in a closed-cycle refrigerator. With the heater turned on, the VT driven
non-equilibrium magnons decay on the Tl surface due to spin-momentum locking, which
generates a voltage signal along the TI channel direction. By sweeping the in-plane

magnetic field along y-axis, a hysteresis voltage loop is expected.

4.4 Elimination of proximity induced anomalous Nernst contribution

In a longitudinal SSE geometry consisting of a magnetic insulator and a heavy
metal with strong spin-orbit coupling, there is a magnetic proximity induced magnetic
layer which can generate anomalous Nernst voltage to contaminate the SSE signal*®4’.
For our YIG/TI heterostructure, the proximity effect could also exist and the anomalous
Nernst voltage may contribute to the measured voltage. We take anomalous Hall
measurement to have an insight of the strength of the induced ferromagnetism in the TI.
Fig. 4-6 (a) shows the anomalous Hall curve of a 5 QL (Bio.24Sbo.76)2Tes on YIG sample

measured at 13 K, which comes from removing the linear ordinary Hall background of
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Figure 4-6 Proximity-induced magnetism in TI at low temperatures. (a) A typical
anomalous Hall curve for a 5 QL (Bio.24Sbo.76)2Tes on YIG sample measured at 13 K.
The inset is a schematic illustration of the Hall measurement. (b) The anomalous
Hall resistance as a function of temperature for the same sample. It shows that the
proximity-induced surface state magnetization exists below 100 K. The inset is a
schematic illustration of the proximity-induced magnetization below and above Te.
Below T, the TI interface layer is spin polarized, which may produce an anomalous
Nernst voltage to contaminate the SSE signal. Above T¢, there is no magnetized layer.
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the total Hall signal. A schematic illustration of the Hall measurement setup is shown in
the inset. The shape of the nonlinear Hall curve follows the YIG out of plane
magnetization hysteresis loop, indicating that the magnetic order participates strongly in
the conducting states on the YIG/TI interface. Fig. 4-6 (b) shows the anomalous Hall
resistance Raxe as a function of temperature for the same sample. Rane decreases with
temperature going up and becomes zero above a critical temperature Tc~100 K. It
suggests that proximity-induced surface state magnetization exists up to 100 K. The inset
is a schematic illustration of the proximity-induced magnetization below and above T..
Below T¢, the TI interface layer is spin polarized, which may produce an anomalous
Nernst voltage to contaminate the SSE signal. Above T, the interface of YIG/TI has no
magnetized layer. We have observed anomalous Hall signal from other YIG/TI samples
with Tc ranging from 20 K up to 150 K. For each YIG/TI sample, we carry out
longitudinal SSE measurement at temperature above its Tc. We conclude that the mean
exchange energy experienced by the TI surface states is negligible, and that the SSE
voltage we measured is free from contamination of proximity induced anomalous Nernst

effect.

4.5 SSE results for YIG/(BixSbi-x)2Tes samples with various x

Fig. 4-7 shows typical SSE voltage Vsse as a function of applied in-plane
magnetic field for a YIG/(BixSbi1x).Tes sample with x=0.24 at 300 K. When the
magnetic field H is swept along y-axis (6 =0°), Vsse exhibits a hysteresis loop resembles

the in-plane magnetic hysteresis loop of the YIG film measured by VSM. For H

73



2() freee————r

Figure 4-7 Vsse hysteresis loops of a 5 QL (Bio.24Sbo.76)2Tes on YIG sample at room
temperature for magnetic field swept along two different directions. The applied
heater current is 80 mA. The inset shows the measurement geometry.
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Figure 4-8 Spin Seebeck voltage as a function of the heater power for the
YIG/(Bio.24Sbo.76)2Tes sample. The black line is linear fit.
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sweeping along x-axis (6 =90°), there is no observable Vssg, which is consistent with the
prediction in Fig. 4-2. Since the temperature gradient VT is proportional to the heater
power P=I%Rneater, We can conveniently control VT by adjusting the heater current | and
monitor the heater resistance Rheater. Fig. 4-8 shows Vsse as a function of the heater power
for the Y1G/(Bio.24Sho76)2Tes sample. The linear relation indicates Vsse « VT, which is
consistent with the theory for heat driven magnon transport in YIG.

In a Tl sample, both surface states and bulk states have strong spin-orbit coupling,
so both can contribute to the measured Vsse. We need to systematically tune the Fermi
level, either by change Bi ratio or by applying a gate voltage, to investigate the relative
contribution from surface and bulk states. Here, we measure 5 different YIG/(BixSh:-
x)2Tes samples with x=0, 0.23, 0.24, 0.36 and 1. In Fig. 4-9 we show the sheet resistance
Rxx as a function of temperature for the 5 different samples. For samples with x=0 and 1,
Rxx goes down as temperature decreases, indicating a metallic behavior. Compared with
x=0 and 1 samples, the x=0.36 one has a larger Rxx and an insulator-like temperature
dependence. For the x=0.23 and 0.24 samples, Rxx increases with decreasing T for the
entire temperature range, indicating a stronger insulator-like behavior, which means the
bulk states are mostly suppressed. With charge carrier type and density determined by
ordinary Hall measurement, in the insets of Fig. 4-9, we depict Fermi level position
relative to the Dirac point of surface states for different values of x.

The five samples have been fabricated to the same dimension and structure with
the exactly same process, so it is reasonable to quantitatively compare their Vsse. Fig. 4-

10 shows the field dependence of Vsse in the five different YI1G/(BixSbi-x)2Tes samples at
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Figure 4-9 Longitudinal sheet resistance Rxx vs. temperature for 5 different
YIG/(BixSb1x)2Tes samples with x ranging from 0 to 1. The insets schematically
show the Fermi level in the band structure for different values of x.
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Figure 4-10 Field dependence of Vsse in 5 different YIG/(BixSb1x)2Te3 samples. The
heater power is kept the same for all samples.
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Figure 4-11 Vsse/Rx and two-dimensional carrier density for various x values. The
charge current induced by magnon decay at YIG/TI interface is much larger for
insulating samples (x=0.23 and 0.24) than for metallic samples (x=0 and 1), which
further demonstrates the dominant role of TI surface states in converting magnons
to an electrical voltage signal.

300 K. The heater power is fixed at 283 mW for all samples. For x=0, there is no
detectable Vsse and its Fermi level lies inside bulk valence band (Fig. 4-9 inset) with a
high hole density of 8x10% cm=2. Vsse goes up to 60 uV for x=0.23, and continues going
up to 100 uV for x=0.24. At x=0.24, the Fermi level is very close to Dirac point and the
electronic density of states is dominated by topological surface states. It has a quite low
carrier density, n,p =4x10'? cm2. Vsse decreases significantly to 1.94 uV for x=0.36,

and further goes down to 0.41 uV for x=1. The huge difference of Vsse between metallic
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and insulating samples indicates the dominant role of the topological surface states in
converting magnons to an electrical voltage signal. To exclude the current shunting effect
from conducting channels of TI bulk and top surface, we plot Vsse/Rxx Vs. X in Fig. 4-11.
It shows that the charge current induced by magnon decay on YIG/TI interface is also

greatly enhanced when surface states dominate.

4.6 Exploring the topological SSE by electrostatic gating

Although we have demonstrated the dominant role of topological surface states in
converting magnons to electrical voltage, we cannot continuously tune the Fermi level by
changing the Bi/Sb ratio of (BixSbix).Tes, and the band structure in samples with
different x wouldn’t be exactly the same. To have a better understanding of the
topological SSE of TI surface states, especially at the unique Dirac point, we try to tune
the Fermi level continuously with electrostatic gating on a single T1 sample.

Fig. 4-12 schematically shows the device structure and measurement setup for the
longitudinal SSE measurement with top gating. Here, we use a 100 nm thick HfO: as the
insulating layer, instead of the 150 nm thick Al.O3 in previous samples. HfO> has a
dielectric constant x of 25, which is much higher than that of 9 for Al.03%. The thickness
reduction also helps to make the top gate more effective. A top gate voltage Vyq is applied
between the top Au layer and the bottom TI layer, which can tune the Fermin level of Tl
surface states without changing the sample’s band structure. At the same time, we send a
DC current in the Au layer to provide a temperature gradient VT, just like in previous

measurements.
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Figure 4-12 Schematic illustration of the longitudinal SSE measurement with top
gating. The 100 nm thick HfO2 is used as a dielectric layer. A gate voltage Vg is
applied between the top Au layer and the TI layer.
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Figure 4-13 Field dependence of longitudinal SSE voltage of a 5 QL (Bio.3Sho7)2Tes on
YIG sample at 3 different top gate voltages at 20 K. Vsse has obvious response to Vg.
Vsse is 6, 8.3, 9.7 uV for Vg at -25, 0 and +25 V respectively.
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Figure 4-14 Gate voltage dependence of the sheet resistance Rxx and the spin
Seebeck voltage Vsse. The two curves share a similar shape.
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In Fig. 4-13, we show the longitudinal SSE voltage Vsse vs. H of a 5 QL
(Bio.3Sho7)2Tes on YIG sample (Sample 1) at 3 different top gate voltages at 20 K. Vsse
has higher value at higher Vg, i.e., Vsse is 6, 8.3 and 9.7 uV for Vg at -25, 0 and +25 V
respectively. Fig. 4-14 shows the gate voltage Vq dependence of the sheet resistance Rxx
and corresponding Vsse. With Vg sweeping from negative to positive value, Rxx first
increases rapidly from 5.8 kQ at —25 V to 8.0 kQ at +20 V, and then slowly decreases to
7.9 kQ at +35 V. The behavior of resistance increase and decrease with Vg suggests that
the Fermi level rises from valence band, approaches Dirac point and may just cross Dirac

point. Vsse is measured with a 5 V step size of Vy. The Vsse vs. Vg curve shows a similar
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Figure 4-15 Gate voltage dependence of the SSE induced charge current Issk in the
TI sample. The curve has a general increasing trend on the whole gate voltage range with
a relative change of about 20%.
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trend with Rxx vs. Vg. It may indicate a higher magnon-charge convert efficiency when
Fermi level approaches Dirac point. We calculate the induced charge current Issg, i.e.,
divide Vsse by the total resistance at each gate voltage, and plot it vs. Vg in Fig. 4-15. The
curve has a general increasing trend on the whole gate voltage range. The relative change
from —25 V to +35 V is about 20%, much smaller than that shown in Fig. 4-11 by tuning
the Bi/Sb ratio.

To confirm the observed phenomenon, we repeat the measurement on another
Y1G/(BixSb1-x)2Tes sample with a nominally the same value of x (Sample 2). As shown in
Fig. 4-16, the Rxx vs Vg has a clear peak at Vq= —15 V, indicating the Fermi level
successfully crosses Dirac point of the surface states for this sample. The right side of the
peak is obviously higher than the left. In Fig. 4-16, Vsse vs. Vg follows a similar trend of
Rxx, just like Sample 1, and exhibits a peak at the same gate voltage. But the right side of
the peak doesn’t show a higher level than the left. The calculated charge current Issg IS
shown in Fig. 4-17. Isse shows a decreasing trend as gate voltage Vg increases, which
only resembles the behavior of Ry to the right of the peak, shown in Fig. 4-16.

To tune the Fermi level of TI by top gating, we get a much smaller response of
Isse, compared with varying Bi/Sb ratio as shown in Fig. 4-11. A 3D Tl can be viewed to
have three parallel conduction channels: top surface, bulk and bottom surface. In the
YIG/TI samples, the magnon-charge conversion happens at the YIG/TI interface, i.e., the
bottom surface of Tl. The Rx vs. Vg response indicates that the top gate can tune the
carrier density, but maybe with different effectiveness on the three channels. The top

surface should be affected most and the bottom surface least, because of electric
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Figure 4-16 Gate voltage dependence of the sheet resistance Rxx and the spin Seebeck
voltage Vsse of another YIG/TI sample (Sample 2).
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Figure 4-17 Gate voltage dependence of the SSE induced charge current Isse in
Sample 2. With Vg increasing, the current first decreases rapidly and then kind of
saturates above 0 V, with a relative change of 12%.

Figure 4-18 Schematic illustration of the paralleled conduction channels of a TI in
longitudinal SSE measurement. Only the bottom surface contributes an electrical
voltage due to magnon-charge conversion.
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screening effect. As illustrated in Fig. 4-18, only the bottom surface generates an electric

voltage Vb due to magnon decay, while the bulk and top surface act as two current

shunting channels. The total measured SSE voltage can be expressed as Vsgg = RZ—b,
b

where R is the total resistance of the Tl sample and Ry is the resistance of the bottom

surface. If the top gate only has a small effect on the Fermi level of bottom surface, then

the change of Z—b will be very small. The measured SSE voltage Vsse will generally follow
b

the trend of the total resistance R, and the induced charge current will have limited

.. v Vv . . .
variation, as Issg =%=R—b. These assumptions match quite well with what we
b

observed from the two samples.

For further exploration of magnon-charge conversion on TI surface states, a
YIG/TI sample with a back gate for Fermi level tuning is necessary. To achieve back
gating through YIG, one possible way is depositing YIG films on a thin layer of Pt, as
described in Chapter 3. The YIG insulating property needs improvement to stand a high
gate voltage without current leaking. Another possible way is depositing YIG on SrTiOs
(STO) substrates. STO has very large dielectric constant (~10%) at low temperature, so a
reasonable gate voltage can provide significant electric field through a thin STO
substrate. However, the lattice constant mismatch could make it very challenging to grow

high quality YIG films on STO substrates.
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