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Summary

Today, we are living in the Information Age, which saw its onset with the Digital Revo-
lution in the latter half of the 20th century. The widespread use of digital computing
and information technology continues to significantly advance all human society in
terms of communication, healthcare, business, knowledge, transportation and on al-
most all other aspects. The fundament behind this rapid progress has been the mass
production of integrated circuits with faster and smaller transistors.

An empirical law formulated by Gordon E. Moore, the co-founder of Intel Corpo-
ration, predicts that the number of transistors in an integrated circuit and hence, the
processing power, is expected to double approximately every two years. Remark-
able breakthroughs and continuous advancements in lithography techniques and
electronic circuit design have ensured the validity of Moore’s law over the course of
almost five decades. Currently, the semiconductor industry is able to create transis-
tors with feature sizes of only a few nanometres (one billionth of a metre). At these
extremely small sizes, close to atomic dimensions, transistor performance is how-
ever adversely affected due to quantum mechanical tunnelling, leakage currents and
higher power dissipation. Therefore, it is not possible to keep on squeezing more and
more transistors into a single chip by reducing their sizes even further. To overcome
this fundamental bottleneck, physicists are developing alternative technologies by
exploring different physical phenomena.

This thesis probes into one such alternative technology, which makes use of the
intrinsic angular momentum of an electron, known as the spin. Similar to the charge,
spin is also a fundamental property of an electron. The electron spin can exist in one
of the two possible quantized states, commonly referred to as ‘up’ or ‘down’. Con-
ventional charge-based electronics utilizes the presence or the absence of a charge
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current to represent the binary ’1’ and ’0’ states for computation. Contrastingly, in
spin-based electronics or spintronics, the spin state of an electron can be used to rep-
resent the ’1’ and ’0’. Moreover, pure spin currents do not necessitate a net flow of
electrons. The major advantages of spintronics are non-volatility, reconfigurability,
higher energy efficiency and increased integration density.

The realization of a spin-field-effect transistor (spin-FET) is often considered the
holy grail in spintronics. The main challenge in its path is the effective control of
spins in terms of spin injection, manipulation and detection in nanodevices. Apart
from application in logic devices requiring transistor operations, spintronics is a
frontrunner among solid state memory devices, based on spin transfer torque (STT)
and spin orbit torque (SOT). Such devices also require the efficient generation and
detection of spin currents, via which the information stored in a magnetic bit can be
(re)written or read.

The experimental work presented in this thesis largely addresses these topics re-
lated to the efficient injection, detection and manipulation of spin currents through
innovative device architectures and novel physical phenomena. The common thread,
encompassing all the six experimental chapters in this thesis, is spin transport exper-
iments in a non-local geometry. The biggest advantage of the non-local spin trans-
port geometry is that it enables the study of pure spin currents, free from spurious
charge-related effects.

The interplay between thermoelectric effects and the magnetization direction of
a common ferromagnet is elucidated in Chapter 4. This effect is manifested as an
anomaly in the Hanle spin precession experiment carried out for a metallic non-
local spin valve. The Peltier effect refers to the increase or decrease in temperature
at the junction between two materials when electrons flow through this junction. In
the reciprocal Seebeck effect, a temperature gradient across the junction between the
two materials would lead to the generation of a thermovoltage. The magnitudes of
these effects are described by the Peltier and the Seebeck coefficients. The experi-
ments in Chapter 4 reveal that the Peltier and the Seebeck coefficients of a common
ferromagnetic metal, permalloy (Py), are dependent on its magnetization direction,
exhibiting a modulation of around 1%. This anisotropic magnetothermoelectric ef-
fect highlights the interplay between spin, charge and heat, and enables the potential
control of one of them via the other two degrees of freedom.

An alternative way to control spin and charge transport via the geometry of the
transport channel is demonstrated in Chapter 5. In a novel device architecture, the
spin transport channel in a metallic non-local spin valve is curved in the third di-
mension. Spin and charge transport experiments are carried out in channels with
varying curvatures and compared with reference devices having a flat channel. A
theoretical model is developed to study the effect of the channel geometry on the
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independent tuning of spin and charge resistances. The model, which includes the
geometrical scaling of the dominant spin relaxation mechanism, is validated by the
experimental results.

In the experiments described in Chapters 6-9, an insulating ferrimagnetic mate-
rial, yttrium iron garnet (YIG), is used. Although YIG does not allow an electric cur-
rent to exist within it at room temperature, it allows the presence of spin current via
magnons. Unlike electrons, magnons are quasiparticles, representing quantized spin
waves, which are governed by Bose-Einstein statistics. One advantage of spin trans-
port via magnons is that it does not involve the movement of electrons and hence
minimizes power dissipation due to Joule heating. Moreover, magnons in YIG can
carry spins over long distances (up to 10 µm). This is about 10 -100 times larger than
the distance that an electron can travel without losing its spin information in a metal.

The transfer of spin angular momentum between the magnons in a magnetic in-
sulator (MI) and the electron spins in a normal metal (NM) is governed by the spin-
mixing conductance. Although this quantity is fundamentally important for a better
understanding of the spin transfer process across NM/MI interfaces, it is difficult to
reliably measure it in experiments. This is because in most of the experiments, an
NM with a high spin-orbit interaction is used, which can lead to incorrect estimation
of the spin-mixing conductance. In Chapter 6, the interface between aluminium (Al)
and YIG is used to study the interaction between electron spins in Al and magnon
spins in YIG via non-local spin transport in an Al channel on top of YIG. The low
spin-orbit interaction in Al enabled the accurate extraction of the spin-mixing con-
ductance from these experiments and its study as a function of temperature.

The spin of the electron is coupled to its orbital motion via the spin-orbit interac-
tion (SOI). The SOI is a relativistic phenomenon which is responsible for spin-charge
interconversion via the spin Hall effect (SHE) and the inverse spin Hall effect (ISHE).
These effects are now commonly utilized in spintronics for the electrical injection and
detection of spin currents, in non-magnetic metals with high SOI, like platinum (Pt).
In Chapters 7 and 8, a novel spin-orbit phenomenon occurring in ferromagnetic met-
als is experimentally demonstrated. This new effect, which we call the anomalous
spin Hall effect (ASHE), is utilized for the efficient injection and detection of spin
currents using a common ferromagnetic metal (Py). The advantage of the ASHE is
that by manipulating the magnetization order parameter of the ferromagnetic metal,
the spin injection and detection efficiencies can then be tuned. Moreover, the mag-
netization directions of the spin injector and detector electrodes can also be used to
control the polarization direction of the injected and detected spins. Such a control
over the spin direction and the spin injection/detection efficiency is absent in the
case of the SHE and ISHE.
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After demonstrating ways for efficient and tunable spin injection and detection,
the final experimental chapter of this thesis (Chapter 9) focuses on the efficient ma-
nipulation of magnon spin currents in a magnetic gate transistor geometry. A mod-
ulation of up to 18% in the non-local magnon spin transport in YIG is achieved by
using a magnetic gate electrode (Py). This proof-of-concept device opens up the pos-
sibility of using the magnetic gating effect for magnon spin transistor applications.

The work presented in this thesis attempts to provide innovative solutions and
investigates new ways of tackling the main challenges in the field of spintronics,
primarily related to the efficient generation, detection and manipulation of spin cur-
rents. It forms a part of the continued collective effort by the spintronics community
with the vision of spin-based electronics providing the most comprehensive solution
for faster, cheaper and energy-efficient electronic devices of the future.
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