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Synopsis

Understanding the interplay between spin, heat, and charge currents is of fundamen-
tal importance in the area of Spintronics, where the spin degree of freedom plays a
crucial role. The interaction between spin and heat currents alone is classified as the
Spin-Caloritronics, which is basically a newly emerging sub-field of Spintronics. De-
pending on the nature of interaction among spin, heat, and charge degrees of freedom,
various kinds of thermally driven spintronic phenomena are observed; and among them,
three distinct phenomena are now being actively investigated: (I) The Spin Seebeck ef-
fect (SSE), (II) The anomalous Nernst effect (ANE), and (III) The magnon Hall effect
(MHE).

(I) The Spin Seebeck effect: This pertains to the generation of pure spin current
under the application of a temperature gradient (VT') across a magnetic material [1-5].
A reliable way to detect this spin current is to use a normal metal (NM) with a large
spin Hall angle, e.g., Pt, Ta, or W, on top of the magnetic material. Thermally induced
spin current is then pumped into the NM layer via the interfacial exchange interaction
between itinerant and localized electrons across the interface, which further gives rise
to a transverse voltage via the inverse spin Hall effect (ISHE) [4-8].

(IT) The anomalous Nernst effect: This pertains to the generation of a transverse
electrical voltage across a magnetic system under the application of a longitudinal ther-
mal gradient. In particular, the ANE is defined in the direction orthogonal to both mag-

netization and the applied temperature gradient, where the ANE-voltage stems from the
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interaction between the conduction electrons with the local magnons under the influ-
ence of spin-orbit interactions [9—11].

(IIT) The magnon Hall effect: This describes the Hall effect of magnon current.
Even though the magnons are charged neutral, they exhibit Hall transport that stems
from the Berry curvature of the magnon bands [12-15]. Experimentally, the MHE is
quantified in terms of the thermal Hall effect of magnons (THEM), which pertains to
the generation of a transverse thermal gradient (VT ) by the spin excitations (magnons)
due to the application of a longitudinal thermal gradient across the magnetic material
[12, 15].

This thesis is divided into six parts:

Chapter 1: This Chapter provides an introduction to the research area of Spin-
Caloritronics, where the possible mechanisms of the generation, detection, and charac-
terization of various Spin-Caloritronic signals are described in brief. In particular, the
issues associated with the (i) SSE, (ii)) ANE, and (iii)) MHE are highlighted.

Chapter 2: Here we provide the details of the experimental set-up that was de-
signed and developed during the course of this thesis for the sensitive measurements
of SSE, ANE, and MHE. The set-up comprises of a closed cycle refrigerator (CCR), a
temperature controller, a nano-voltmeter, a source meter, and an electromagnet with an
upper field limit of 2 kOe. Two PID controlled heaters control the temperature gradient
across the sample, as well as the average temperature of the sample, where the tempera-
tures of the opposite ends of the sample are sensed by two temperature sensors attached
near the sample edges. The holder’s geometry is so designed that the applied thermal
gradient is always orthogonal to the rotation plane of the magnetic field. The whole
setup is kept inside a Faraday cage to reduce the noise, and signals as low as 10nV can

be reliably measured.
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Chapter 3: In this chapter, we discuss the detailed investigations of the longitudi-
nal spin Seebeck effect (LSSE), as measured in the Lag 7Cap 3MnO3/Pt bilayer system.
We show that the longitudinal spin Seebeck voltage (V;ssg) is proportional to 79 in
low temperatures, which matches well with that predicted by the magnon-driven spin
current model. On the other hand, the critical exponent of Vi gsr near the para-to-
ferromagnetic transition is found to be much higher than that of the magnetization, and
also depends on the thickness of the spin-to-charge conversion layer (the NM layer).
These observations highlight the importance of individually ascertaining the temper-
ature evolution of different mechanisms — especially the spin mixing conductance —
which contribute to the measured spin Seebeck signal.

Chapter 4: This chapter describes detailed investigations of the Nij gsMn; 04Ga
system through various magnetic, electronic, and thermal characterizations. Upon cool-
ing, such a material undergoes many sequential phase transitions, like, the pre-martensitic
transition (PMT) and martensitic transition (MT). The ANE is primarily investigated,
and our measurements of the ANE reveal that it is very sensitive to these phase tran-
sitions. In particular, a pronounced change in the ANE signal is observed across the
pre-martensitic phase of this material, whereas such a change in other transport and
magnetic measurements remains faint. With the ANE being sensitive to changes at the
Fermi surface, we have discussed the possible coupling between local magnetism and
the Fermi surface — where, the ANE is tuned by the magnetic field-driven changes at
the Fermi surface.

Chapter 5: This chapter presents detailed investigations of the THEM-signal in
single-crystalline Y,V,07 specimens. The measurements were performed in two dif-
ferent crystals whose planes are cut and polished into two different orientations, {100}

and {111}. Unlike the previous experimental detection method [12, 15], we measure

Xix



the VT, by putting a thin non-magnetic normal metal (NM), like, Pt, or W, on top of
the crystal’s plane. The THEM-signal is then quantified in terms of thermo-power, gen-
erated along the length of the NM-bar (also called as the detection layer). In contrast to
the prior reports, where the VT, was directly measured by utilizing thermocouples [12,
15], our method significantly improves the signal to noise ratio. The detailed investiga-
tion on the Y, V,07 crystals reveals that a significant part of the observed THEM signal
is contributed by the magnons of the higher energy bands. This is in contrast to the pre-
vious report, where only the contribution of the lowest magnon-band was considered to
have a role in dictating the THEM-signal [12, 15]. Additionally, the crystal with {111}
planes is observed to display a significant magnon drag effect at the interface with that
NM layer — which is further linked to the topologically protected chiral surface state of
magnons.

Chapter 6: This chapter presents the conclusions of the work described in this

thesis, along with possible future directions.
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Chapter 1

Introduction

In this 21st century, the shape of our society hugely depends on the usage of scien-
tific inventions and technological achievements. This is particularly so in the field of
information and communication technology, where the goals are set to make progress of
the electronic devices in terms of capacity to store more information in a tiny chip, speed
for faster performance, and flexibility for better usage. For instance, one can imagine
a computer from the old days used to take a whole room, to a modern-computer of
the size of a laptop or tab, kept inside a handbag. Speaking in terms of memory, an
old computer from the 1980s used to have a floppy with a few hundred kilobytes (KB)
memory, whereas a modern-computer have around 8-gigabyte random access memory
(RAM). However, as these devices gain in performance, with their sizes getting smaller
and smaller — reaching to the nanoscale — it becomes increasingly difficult to precisely
channel the electric charges to where they are needed. Moreover, the continuous minia-
turization of the device size for achieving higher circuit densities causes a large leakage
current that results in significant power dissipation — limiting the possibilities with the
charge-based technologies [16—19]. In this background, new concepts to replace these
nanoscale electronic devices has become a hot topic of research for the development of

new modern technologies.
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1.1 Introduction to Spintronics & Spin-Caloritronics

Conventional electronic devices, like transistors or diodes, work to control the flow of
electric charges in the integrated circuits. As an alternative approach, the utilization
of spins within the mainstream of electronics became an attractive topic of research in
the late 20th century [20]. In this context, in 1936, N. F. Mott first introduced the fa-
mous two-spin channel model in order to explain the sudden increase in resistivity of
ferromagnetic metals as they are heated above the Curie temperature [21]. It is worth
mentioning that the two-spin channel model basically describes the total conductivity of
metals as a combination of two spin-dependent conducting channels, corresponding to
the up-spin and down-spin electrons, which are distinguished according to the projec-
tion of their spins along the quantization axis. This laid the foundation for the search of
spin-dependent transport in materials. One of the remarkable breakthroughs that came
in its way is the discovery of the giant magnetoresistance (GMR) [22, 23], taking the
spin-dependent transport phenomena to new heights. Albert Fert and Peter Grunberg
received the Nobel prize in 2007 for their independent contributions to the discovery of
the GMR in 1988 — the cornerstone of the Spintronics. The basic principle of the GMR
is commonly understood in a spin valve scenario, where a non-magnetic metal sepa-
rates two ferromagnetic (FM) layers with different magnetic switching fields. In the
parallel configuration of the magnetization vectors of both FM layers, electrons with
spins parallel to the magnetization can flow without significant scattering that lead to a
low-resistance state. On the other hand, the anti-parallel configuration of the magnetiza-
tion vectors, all the electrons with both spin-types, face significant scattering that result
in a high-resistance state. Within a decade, a plethora of research activities has made

substantial progress in this direction through the discovery of tunnel magnetoresistance
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(TMR) [24-26], where an insulating spacer material replaces the non-magnetic metal
of the conventional GMR device — making it more effective in terms of much larger
magnetoresistance effect. Today, the GMR and the TMR devices have revolutionized
the field of solid-state technology in terms of nonvolatile solid-state memory devices,
magnetoresistive random-access memory, and fast programmable logic circuits. Thus,
the utilization of the spin degree of freedom acts as an impetus for the energy-efficient,
productive, and reliable technologies for future progress [20, 27-29].

Spintronics is one of the emerging disciplines that aims at the development of a new
generation of devices relying on the manipulation of the electron’s spin. It encompasses
various fundamental interactions with other physical quantities that become imperative
for the understanding of practical implications [28, 30]. In the last few decades, the
collaboration of electric charge with the spin has advanced in the direction of spin-
dependent electric transport [31, 32]. Besides the coupling between spin and charge
degrees of freedom, the utilization of pure spin-current is now considered for future
technologies, where modern researches are focused on understanding the generation,
detection, and characterization of such spin-current in material systems [20, 33]. In
this context, the issues that deal with the interaction of spins with the heat-current are

clubbed to form a new subgroup of Spintronics, called Spin-caloritronics [34-36].

1.2 Fundamental Concepts

In reality, materials consist of complex interactions that offer significant inter-coupling
among all current densities with their carries and driving forces. For instance, a thermal
gradient applied across a semi-conductor results in a heat-current inside the material

— however, conduction electrons are also influenced by the same thermal gradient that
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generate charge-current known as thermopower. Another example would be the role
of an electric field, which generates a charge-current, can also be responsible for the
generation of thermal gradient characterized by the Peltier coefficients. This complex
interplay could be described in a more straightforward contemporary way of thermody-
namic approaches in terms of the Onsager’s reciprocity theorem.

In 1854, William Thomson first introduced a thermodynamic approach in search
of the link between the Seebeck and the Peltier coefficients [37, 38]. Almost seventy
years later, Lars Onsager, extended the work of Thomson to a more generalised version,
and derived the celebrated reciprocal relations between irreversible processes [39, 40].
According to this theory, every flux of a certain quantity x; within a system is given by
the linear combination of driving forces: jx, = %;; Ti;{;, where jy; is the current flux of
a certain quantity, {; represents the driving forces for that current, and 7;; is the Onsager
matrix of transport coeflicients that satisfy the reciprocity relation between symmetric
elements e.g. T;; and T};. A concise description of the Onsager reciprocal relations for

a material system could be expressed as [35]:

Js| = | Tse Tss Tsq|-| Vs (1.1)

Ja Tge Tys Tyq) \-VT
where, jc, js. jq» E, Vi, and VT are the charge-current, spin-current, heat-current,
electric field, spin chemical potential and thermal gradient respectively. It shows the
linear connection between the current densities like j., js, and j, with the force-terms
like E, Vug, and VT through the Onsager matrix of transport coefficient, 7;;. Each

element of the 7;; matrix describes a distinct transport mechanism. For instance, the
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total charge-current is given by (obtained from Equation 1.1):

Je=TecE+ TV, —T,,VT (1.2)

where T, describe the generation of charge-current by the application of electric field,
and thus is called the conductivity tensor — Ohm’s law of electrical transport and various
electrical Hall effect [41] are linked with this tensor. Similarly, the second term, T
pertains to the role of spin chemical potential for the generation of the charge-current,
i.e. the inverse spin Hall effect [42-44]. The third term, T, is a representative tensor
of the Seebeck and Nernst effects (including the anomalous Nernst and planar Nernst
effects) [45—47]. Quantities that are connected to the charge-current are well-known in
literature — however, the relations for other currents, like, j; or j, predicts more possible
physical phenomena, and some of them have only been discovered very recently.

The expression for the total spin-current is given by:

Js = Tse E+ T Vg — quVT (1.3)

where, the T, suggests the generation of pure spin-current under the application of a
charge-current, and the discovery of the spin Hall effect phenomena would be an exam-
ple of this kind [48]. The second term T describes the effects of spin accumulations
on the generation of spin currents, e.g. the magnon Hall effect [12]. Similarly, the third
term, Ty, pertains to the generation of spin-current under the application of a thermal
gradient, with the spin Seebeck effect [1, 2, 7] and the spin Nernst effect [49, 50] being

perfect examples of this quantity.
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In analogy with j; and j., the expression for the total heat current (j,) is given by.
Jg =Ty E+TysVus —T,,VT (1.4)

where, T, deals with the heat transport by the conduction electrons, T, deals with the
heat transport by the magnons, and T, pertains to the generation of heat-current by
phonons. Physical phenomena like the conventional Peltier effect [51, 52], spin Peltier
effect [53, 54], and the phonon Hall effect [55-58] are linked with these T, T, and
T, transport coeflicients, respectively. Thus, the Onsager reciprocity relations portrays
a complete set of transport mechanisms that are possible in the physical systems. A
sub-set of that dealing with the interaction of "spin" with the heat-current is considered
as Spin-caloritronics. This thesis mainly covers the detailed studies of the spin Seebeck

effect, anomalous Nernst effect, magnon Hall effect in three different material systems.

1.2.1 Spin current

By definition, the spin-current is described as the flow of spin angular momentum [35,

59, 60]. In mathematical description it could be written as [60, 61]:

Js= D sive (15)

k

where s’; is the z-component of the spin-current density s; whose spin-quantization is
along the z-direction, and vy is the velocity of the elementary excitation associated with
sk. In materials, there are two different types of carriers for the spin-current. One is the
conduction electron, which is associated with its own intrinsic spin-angular momentum,

and can contribute to the net spin-current by the spin dependent flow of electrons. The
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other one is magnon, i.e. the quantized version of spin-waves.

The concept of pure spin-current does not consider any charge flow along with it.
Thus, in the case of conduction electron spin-current, it requires the flow of oppositely
spin polarised electrons in the equal and opposite direction, so that it cancels the charge
current but develops a net spin chemical potential. In this case, s; = flj,T Sfrr— f,i L el
The symbol f ]:(T stands for the creation operator for an electron of momentum k and
spin polarization o~ (=T or |). Similarly, fi . is a representation of an annihilation
operator of a conduction electron with specific spin polarization o and momentum k.
Thus, the contribution of conduction electron to the spin-current will have the form
[60-62]:

it =1t = 1= D v (il fien) = (L) (1.6)

k

where, j¢, I, I}, v, represent the net spin-current due to conduction electrons, charge-
current with spin-up polarizations, charge-current with spin-down polarizations, and
velocity of conduction electrons of momentum k, respectively. After considering the
statistical average, one can define the net spin-current, j¢ that requires an asymmetry
between the up-spin population and the down-spin population to obtain a nonzero value.
Fig.1.1 (a)-(c) depicts the role of conduction electrons for the generation of spin-current.
For instance, Fig.1.1(a) depicts a net charge current, where the net spin-current is zero
because the current of spin-up electrons is equal and in the same direction of the cur-
rent of spin-down electrons, causing a total cancellation in the transport of spin angular
momentum in that direction. Fig.1.1(b) shows a spin-polarized charge current, which is
also associated with a non-vanishing spin-current. Here, the current of spin-up electrons
is larger than that of the spin-down electrons, which develops a net flow of spin angu-
lar momentum in that direction. Fig.1.1(c) depicts a pure spin-current with electrons

as a carrier. In this particular case, the net charge-current is zero because the flow of
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spin-up and spin-down electrons are equal and opposite direction, which contributes to

a net spin-voltage in the horizontal direction with a total cancellation of electric voltage.

(a) Charge current (b) Spin polarized current (c) Spin current
BEE333» SESEEEw  SESE
VWV W 4 / / / VAW W 4
LHOPPO ™ p S o » PSS
(d) Magnonic spin wave

NNy 7 Iy 7T

Figure 1.1: (a) pure charge-current, (b) spin polarised charge-current that takes partial
contribution to the flow of spin angular momentum, (c) pure spin-current due to the
conduction electrons, and (d) pure spin-current due to spin wave.

One of the main problems with the conduction electron spin-current is that its spin
diffusion length is very small (= 10nm) that sets an upper limit to the propagation
length of the spin current. In contrast, the magnons can carry spin angular momentum
to a much longer length scale (= 1 — 10 mm). Moreover, it is not associated with any
charge current. Thus, magnons are widely considered for the generation of pure spin
current. Fig.1.1(d) depicts the magnon driven spin-current, where the main requirement
is to have a long-range magnetic ordering inside a material. In this case, the spin density
could be written as si =S8y — bl by, where bz is the creation operator of magnon. Thus,

from Equation 1.5, the magnonic contribution to the spin-current could be written as

[61, 62]:
J =D e ((blbi) = (b b)) (1.7)
k
with the magnon velocity v that holds the relation v_; = —v,. The magnonic expres-

sion for the spin-current suggests that the asymmetry between the left-moving popu-

lation of magnon and the right-moving population of magnon is necessary to obtain a
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non-zero magnon current.

1.2.2 Spin-charge inter conversion

Since spin-current is not associated with the charge of its carries, the detection of spin-
current or spin-voltage is not trivial. An inter conversion between pure spin-current and
charge-current (spin-current < charge-current) plays a crucial role in the detection, and

as well as the quantification of the spin-current.

1.2.2.1 Spin Hall effect

The spin Hall effect (SHE) acts as the central mechanism for the conversion of a
charge-current into a transverse spin-current inside nonmagnetic metallic systems with
a large spin Hall angle. Due to spin-orbit interaction, a flow of electric charges can in-
duce a transverse spin flow (or spin-current) even in the absence of an external magnetic
field [48, 63—65]. Dyakonov and Perel first proposed this phenomenon in 1971 [66],
and after that, it took almost thirty years for experimental detection of this quantity.
Initially, SHE was detected by an optical detection-technique [67], and later electrical-
detection has been demonstrated [68]. Nowadays, SHE has become a versatile tool for
the generation of spin-current inside a nonmagnetic system which in turn can be used
either to excite spin waves in an adjacent magnetic system or to switch the magnetiza-
tion of an adjacent ferromagnet [69, 70]. Fig.1.2(a) depicts a macroscopic picture of
the SHE, which illustrates the spin-dependent scattering of the conduction electrons, re-
sulting in the emergence of transverse spin-current. Microscopically, depending on the
relative orientation of the spin polarization, electrons scatter in a direction orthogonal

to both the applied electric field and the spin-polarization vectors, where the scattering
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angles are opposite for the oppositely spin-orientations.

(a) SpinHall effect (b) Inverse spin Hall effect

Charge current (/) Spin current (J¢)

Figure 1.2: (a) depicts the spin Hall effect mechanism, where a injected charge current
generates a transverse spin-current, and (b) depicts the inverse spin Hall effect, where
a injected spin-current is converted into a transverse charge-current.

1.2.2.2 Inverse spin Hall effect

The inverse spin Hall effect (ISHE) is a reciprocal effect of the SHE, where a spin-
current injected into a metal with sizeable spin-orbit coupling generates an electrical
current orthogonal to both the spin-current and the polarization direction of the conduc-
tion electrons [42—44, 71]. Commonly, non-magnetic heavy metals, like Pt, W, or Ta,
are used for the detection of a spin-current [72]. Fig.1.2(b) depicts the ISHE inside that

heavy metal. Mathematically, the SHE and the ISHE can be expressed as [42]:

- 2 -

Jo o O ({) F X jo (1.8)
and,

d 2e) re

Je < Osy (5) o X Js (1.9)

where, 6y is the spin Hall angle of the material, 7 is the polarization of the conduction
electrons, fc is the electrical current, and the j; is the spin-current. The microscopic ori-

gin of SHE or ISHE is the spin-orbit interaction, which can be decomposed into three
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distinct mechanisms — (I) skew scattering, (II) side jumping, and (III) Berry curvature

effect [48, 63, 64].

(a) Skew scattering (b) Side-Jumping (c) Berry curvature role

Figure 1.3: (a), (b), and (c) are showing the cartoon of skew scattering, side jumping,
and Berry curvature effects, respectively.

(I) Skew scattering usually acts as an extrinsic mechanism governed by the asym-
metric scatterings of the conduction electrons. Fig.1.3(a) illustrates the skew scattering
mechanism. It considers the scatterings from impurities in the presence of strong spin-
orbit coupling, where the scattering cross-section depends on the scattering-angle and
sign of spin and orbital angular momenta [73, 74]. Thus, depending on the spin orien-
tation of the conduction electrons, it will scatter that moving electrons into the opposite
directions (either left or right) for having opposite spin polarizations, and that devel-
ops a transverse potential [73, 75]. In the case of SHE, it will generate a spin-voltage.
Similarly, in the case of ISHE, it will develop an measurable electrical-voltage.

(II) Side jumping mechanism is also governed by the asymmetric scatterings of
the conduction electrons from impurity potentials concerning their relative spin orienta-
tions, which results in a spin-dependent lateral shift of conduction electron packet [48,
63, 76, 77]. Fig.1.3(b) represents a schematic of the side jump mechanism. Depend-
ing on the spin orientations of the conduction electrons, the equal amount of lateral
shift occurs in the opposite direction of the opposite spin polarizations — developing

the transverse potential difference.



12 Chapter 1. Introduction

(IIT) Berry curvature effect is an intrinsic mechanism associated with the spin-
dependent band structure of the crystalline material — which is significantly different
from all aforementioned asymmetric scattering pictures. Fig.1.3(c) shows a schematic
of this effect. In this intrinsic picture, due to inter-band coherence induced by an exter-
nal electric field, electrons gain an anomalous velocity orthogonal to the field direction.
Depending on the Berry curvature of the conduction electrons, a transverse potential
difference occurs across the material system [48, 78—82].

It interesting to note that Pt, a popular candidate used as a detection layer for the
spin-current, is also reported for possessing a significant Berry phase effect in deter-

mining the SHE or the ISHE [83, 84].

1.2.3 Interplay of spin-heat-charge degrees of freedom
1.2.3.1 Hall and Nernst effect

The aforementioned mechanisms, namely skew-scattering, side jump, and Berry cur-
vature effect, certainly explain the microscopic origin of the transverse motion of elec-
trons even in the absence of an external magnetic field — where the role of spin-orbit
coupling is undeniable. Nonetheless, the motion of a conduction electron is also influ-
enced by an external field, where the role of spin-orbit coupling is not always necessary.
For instance, the Lorentz force acting on a freely moving charged particle can explain
the role of an external magnetic field on the moving electrons that causes the conven-

tional Hall or Nernst effect, illustrated in Fig. 1.4(a) and 1.4(b), respectively.
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(a) Hall effect (b) Nernst effect
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Figure 1.4: (a) and (b) depict the Hall and Nernst effects, respectively.

In the case of ordinary Hall effect, the associated Lorentz force could be written as
F = q[E +7 x B] where q is the charge, v is the velocity of that charge, E is the applied
electric field causing the longitudinal motion, and B is the magnetic field causing the
transverse motion of the charged particle [85]. The nomenclature is due to Edwin H.
Hall, who first observed the role of an external magnetic field on the injected current
in a non-magnetic gold leaf [86]. In the case of the ordinary Nernst effect, instead of
a longitudinal electric field, the applied thermal gradient acts as a driving force. Thus,
the Nernst effect is a thermal analogue of the ordinary Hall effect. Conventionally, the
Hall-voltage (or Nernst-voltage) is determined by the transverse voltage (Vy), measured
in a direction orthogonal to both the applied electric field (or thermal gradient) and the
external magnetic field. Presently, the Hall measurement is a well-known experimental
technique to determine the sign and density of the charged carriers, where Hall voltages
can be expressed as

Vy= ——B (1.10)

with the carrier density n, the applied magnetic B, along the z-direction, applied current
I, along the x-direction, and thickness of the specimen d. Fig. 1.4(a) and 1.4(b) depict
the measurement-geometry for the Hall and Nernst voltages, respectively. It is impor-

tant to note that Equation 1.10 is strictly valid in a single band picture. If the material
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has multiple bands at the Fermi energy (EF) contributing to the conductivity, the carrier
density n has to be replaced by the effective carrier density, n,rr — where the analysis

of the Hall effect would be more complicated [85].

1.2.3.2 Anomalous Hall and anomalous Nernst effect

In the case of a magnetic material, the Hall or the Nernst signal gain an additional
contribution due to the magnetization of the specimen, which is described as the anoma-
lous Hall effect (AHE) or the anomalous Nernst effect (ANE). Thus, fundamentally, the
ANE or the AHE could be present even in the absence of any external magnetic field.
Microscopically, the origin of these anomalous effects is explained in the light of skew-
scattering and side jumping processes (extrinsic mechanism) as well as Berry curvature
contribution (intrinsic mechanisms) [9, 10, 87, 88]. However, unlike SHE or ISHE, an
asymmetry between the population of spin-up and spin-down conduction electrons is
necessary for the generation of AHE or ANE. This asymmetry creates an imbalance in
the scattered population of the charged carriers, which results in a net voltage in a direc-
tion orthogonal to both the applied current (in AHE) or thermal gradient (in a thermal
gradient) in ANE) and the magnetization. Thus, the geometry of the device is important
for the measurement of those signals. Conventionally, a mutually orthogonal geome-
try of the device is preferred — where, the voltage detection axis, the thermal gradient
(during measurements of ANE) or the applied current direction (during measurements
of AHE), and the applied external Magnetic field ( or the direction of the M) are kept
mutually orthogonal to each other. Fig. 1.5(a) and 1.5(b) illustrate the measurement
geometry for the AHE and the ANE, respectively. Fig. 1.5(c) and 1.5(d) illustrate the

SHE and the SNE in comparison with other effects, such as ANE or AHE.
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(a) Anomalous Hall effect (b) Anomalous Nernst effect
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(¢) Spin Hall effect (d) Spin Nernst cffect
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Figure 1.5: (a) and (b) depict the anomalous Hall and anomalous Nernst effects, re-
spectively. In contrast, (¢) and (d) depict the spin Hall and spin Nernst effects, respec-
tively.

A macroscopic empirical formula of the AHE or the ANE can be expressed as:

vyoe M X 7 (1.11)

Here, v, is the transverse voltage generated by AHE or ANE, M is the magnetization of
the material, and 7 is the driving force for the longitudinal motion of the electrons. In
particular, 7 represents either the applied thermal gradient (ﬁT) or the electric field (E )
to describe the ANE or the AHE, respectively. Mott’s relations of the transport conduc-
tivities explains one of the main difference between the AHE and the ANE. Fundamen-
tally, it relates thermal and electrical conductivities. According to the Mott’s relations,

the anomalous Nernst coefficient (ay,) can be expressed in terms of anomalous Hall
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coefficient (o xy), such that [9]:

(1.12)

Qxy:

ﬂzklz?T (80'”,)
3e OE ),
where, kp, T, e, E, and Er are the Boltzmann constant, temperature of the sample,
charge of an electron, the energy of the conducting electrons, and the Fermi energy of
the specimen, respectively. Equation 1.12 suggests that @, is more sensitive to the

changes in the Fermi surface [89].

1.2.3.3 Planar Hall and planar Nernst effect

The Planar Hall effect, as well as planar Nernst effect (PNE), are also spin-orbit
couplings driven asymmetric scattering phenomenon, whose origin is quite similar to
that of the AHE (or the ANE) [90, 91]. Conventionally, the PNE is determined by the
in-plane voltage measured along the transverse direction of the applied in-plane ther-
mal gradient across a magnetic material, whose magnetization also belongs to the same
plane of the thermal gradient [92-94]. Fig. 1.6 (b) shows the schematics of the mea-
surement geometry of the PNE — where the applied thermal gradient (ﬁT) is along the
x-direction, the magnetization (M) is at an angle 6 with the VT in the xy-plane, and the

PNE voltage (VpyE) 1s measured along the y-direction.
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(a) Planar Hall eftect (b) Planar Nernst effect

Figure 1.6: (a) and (b) depicts the planar Hall effect and planar Nernst effect, re-
spectively. In both cases, the magnetization (M) lies in the same plane as the thermal
gradient, VT

Macroscopically, Vpyg can be expressed as [95]:

Vong oc| M X (M x VT) || M |* VTsin(26) (1.13)

The measurement geometry of the PHE is similar to that of the PNE, shown in Fig.
1.6(a), where the only difference is that the VT has to be replaced by the applied electric
field. Unlike the anomalous Hall or Nernst signals, both the planar Hall or Nernst
signals are measured in the in-plane geometry — which makes a significant impact in

the nature of observed signals.

1.2.4 Generation and detection of magnonic spin-current

The interplay of spin and charge degrees of freedom has paved the way for modern spin-
tronic devices and technologies through various magneto-resistive effects, like, GMR,
TMR, etc. The functionality of those devices is governed by manipulating spin-charge
interaction, which helps to control the motion of conducting electrons. However, such
control is also limited by the spin-flip scattering mechanisms. A promising alternative

could be the use of spin-current, which can replace all the charge-current-based logic
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gates by the spin-current-based logic gates for much faster processing speed with much
lower heat dissipation. Today, many research activities are focused on generating, de-

tecting, and characterizing the spin-current inside various material systems.

1.2.4.1 Microwave excitation

Microwave ~GHz

Figure 1.7: represents a cartoon for the microwave spin-pumping mechanism. The dy-
namics of the magnetization near to the interface is responsible for net spin-pumping.

The generation of spin-wave inside magnetic materials under application of micro-
wave is known as ferromagnetic resonance or FMR technique, where the response of
magnetic moments to an external magnetic excitation such as a weak alternating field
in the microwave range (few GHz) is mainly responsible for the generation of spin-
current [96, 97]. A schematic of this technique is depicted in Fig. 1.7. A thin non-
magnetic heavy metal (HM) with a large spin Hall angle, coated on top of the magnetic
material, plays an important role in detecting the pumped spin-current detection [72].
Microscopically, the net spin-current pumped through the interface is further converted

into a transverse electric field by the ISHE in the HM layer [42].
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1.2.4.2 Spin Seebeck effect (SSE)

The conventional Seebeck effect is known for the generation of an electrical current
across a material under the application of a thermal gradient. In a similar analogy, the
spin Seebeck effect (SSE) describes the generation of a thermally induced magnonic
spin current inside a magnetic material under the application of an external temperature
gradient (§T) [1-3, 7, 71, 98]. In order to detect that spin-current, a NM layer with
a large spin-orbit coupling (typically Pt) is deposited on top of that magnetic material.
As a result, a certain amount of the generated spin-current, propagating towards the
interface, enters into the NM-layer due to thermal spin-pumping. Finally, this pumped
spin-current is converted into a transverse electric-field by the ISHE at this NM-layer.
The first experimental demonstration of SSE was reported in 2008 by K. Uchida and
co-workers, where they used a thin film (20 nm) of ferromagnetic metal Feg;Fe 9 to
generate the spin-current and a Pt strip (10 nm) on top as a spin detector [1]. Initially,
the SSE was explained in the light of conduction electrons driven spin-current model
[1]; however, two years later, similar observations on magnetic semiconductors [3] and
insulators [2] established the profound nature of spin-wave driven spin-currents. Nowa-
days, magnons are considered as the primary carrier of the pure spin-current owing to
their considerable propagation length, as well as the fact that they are not associated

with the flow of electric charges.
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(a) Longitudinal spin Seebeck effect (b) Transverse spin Seebeck effect
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Figure 1.8: (a) depicts the longitudinal spin Seebeck effect (LSSE) where the applied
VT is parallel to the pumped spin-current direction (jy). (b) shows the transverse spin
Seebeck effect (TSSE), where VT and j, are orthogonal to each other.

Prior measurements of SSE were performed in two different types of device ge-
ometry, called the longitudinal mode of SSE and the transverse mode of SSE [6, 60—
62]. The schematics of these devices are shown in Fig. 1.8 (a) and (b). The first one
depicted in Fig. 1.8 (a), is the longitudinal mode, where the pumped spin-current is
parallel to the applied thermal gradient direction. Whereas, Fig. 1.8 (b) depicts the
transverse mode, in which the pumped spin current is orthogonal to the applied ther-
mal gradient. Presently, the longitudinal mode is widely used for the detection of spin
currents because of the fact that the total signal in the transverse mode is also partially
contributed by a parasitic effect of longitudinal spin Seebeck effect (LSSE) owing to
the incidental out-of-plane thermal gradient. Such role of parasitic cross-effects in the
transverse mode is confirmed in a recent experiment, reported by D. Meier and co-
workers published in 2015 [6]. In this thesis, the presented SSE signals are measured

in the longitudinal mode, and details are discussed in Chapter 3.
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1.2.5 Interfacial spin pumping

Interfacial spin pumping is an important function that determines the effective trans-
fer of spin angular momentum into the detection layer. In other words, it decides the
net spin-current in the NM layer. The essential ingredient of spin-pumping is the inter-
action between spins of itinerant electrons in an NM-layer and the localized moments
in the magnetic layer, and such interaction is usually quantified by a parameter called
the spin mixing conductance (gr;) [97, 99-101]. The total g1 = g, +ig;, where g, is the
real part, and g; is the imaginary part of the spin mixing conductance. Ideally, g, is re-
lated to the effective spin current that is pumped through the interface, and g; represents
the loss at the interface. Mathematically, the amount of spin-current pumped from the
ferromagnet to the NM is described in terms of the thermally activated magnetization

dynamics at the interface, and could be expressed as [7, 62]:
> h i kX kX
oo = 7= (&M@ x M) + b (1) (1.14)

where the magnetization dynamics is modelled in terms of Landau-Lifshitz-Gilbert

(LLG) equation. The LLG equation is given by [7, 62]
M(t) = —yM(r, 1) X [Hepp(r) + h(r. 0] + e (r, 1) x M(t) (1.15)

where, vy is the gyromagnetic ratio, H, s is the total magnetic field that is responsible
for the precessional motion of the magnetization, £ is random fluctuating field due to
thermal energy and various damping factors near to the magnetic moment, and « is the
total magnetic damping factor. Apart from fsp, there is another spin current flowing in

the opposite direction called the spin back-flow (fsb), which is caused by the thermal
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noise in NM. The effect of that thermal noise in NM on the magnetic layer can be
described by a random magnetic field (#") acting on the magnetization and results in

fsb. In mathematical language it is expressed as [7, 62]:
. M.V .
Jsb = —TSW?(I) X (1) (1.16)

where, M; is the saturation magnetization, V is the volume of that ferromagnetic speci-
men, 1 is the unit vector parallel to the magnetization. The negative sign in the Equation
1.16 represents the spin back-flow. Thus the effective spin current pumped through the

interface is given by the statistical average [7]:

- S S MV ¢, . L -
Js = i) + o) = = | Gt x iy =y Gt x i) (1.17)

where o’ = (%) gr 1s the magnetization damping contribution due to spin pumping.
It is important to note that the contribution of the imaginary part in Equation 1.14 does
not contribute to the effective pumped spin current due to the fact that (m) = 0.

The aforementioned expression is more or less a macro-spin model, and this work
was further extended by J. Xaio and co-workers where they considered a simple fer-
romagnet/NM bilayer system and magnon excitation of all wave vectors. After taking
the statistical average, the macroscopic mathematical formulation of the z-component

spin-current (actual pumped spin-current into the NM layer) is expressed as [7]:

.\ . YhKp g .
<]s>z~2ﬂ_MSVaA(TF Ty) (1.18)

where, kg is the Boltzmann constant, A is a constant associated to the interface, Tr is

effective temperature of the magnon near to the interface, Ty is the effective temperature
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of the electrons of the NM layer near to the interface. The important factor is that now
the total magnetic volume (V) is replaced by the magnetic coherence volume fraction
Va4, ie. V. — V,. Thus, apart from the M, V, also contributes to the temperature

dependence of the j;. The functional form of V, is given by [7]:

2 (4JTD)7 (1.19)

© 30 \KsT
where, D is the spin-stiffness of the ferromagnet, T is the average temperature of the
magnetic specimen.

Detection of spin current is executed by converting this (jy), into an electrical
voltage via ISHE. In particular, Equation 1.18 suggests that a thermal gradient (VT')
applied across the interface provides a non-equilibrium thermodynamic environment
such that 7r # Ty, which results in a net spin-current flowing through the interface.
S M Rezende and co-workers first provided a mathematical description for the inverse
spin Hall voltage (V.ssr) associated with the longitudinally pumped spin-current {js). .

According to this, VyssE 1s given by [8, 43, 102]:

2e t .
Visse = RywAy =—0sp |tanh | —— {Us); (1.20)
/] 24N

where, Ry is the resistance between the voltage probes on the NM-layer, w and ¢y are
the width and thickness of the NM-layer respectively, sp is spin Hall angle of the NM-
material, and Ay is the spin diffusion length in the NM-layer. The fact that the sign of
the (j), is reversed by either reversing the magnetization direction (Mj) or reversing
the thermal gradient(VT), also results in reversing the polarity of the detected Vssg.
Furthermore, the Vgsr also reversed its polarity by reversing the sign of sy of the

NM-layer. Thus, the LSSE signal is confirmed by studying transverse voltage, Vi ssk
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as a function of applied magnetic filed, thermal gradient, and NM-layers with opposite

OsH.

1.2.6 Detection of LSSE in a magnetic-metal/Pt system

Since both the LSSE and the ANE are an anti-symmetric function of the control pa-
rameters, like, VT and applied magnetic field (H), the investigation of LSSE-signals
in a magnetic metal (MM) is hampered by an incidental ANE-signal in the magnetic
subunit. On top, since Pt is near the Stoner ferromagnetic instability, the utilization
of Pt as a spin-to-charge conversion layer could be associated with the proximity in-
duced magnetism in the vicinity of the interface, which could also trigger an addition
ANE signal. Thus, the investigation of LSSE in MM/Pt system is plagued by the con-
taminated LSSE-signals, where the parasitic signals emerge as a result of ANE in the
magnetic subunit as well as the proximity induced ANE in the Pt-layer [103]. It is
worth mentioning that these ANE-signals — by virtue of measurement geometry — con-
tribute additively to the LSSE-signal. Thus, the disentanglement of ANE’s parasitic
effects from the spin Seebeck signal is clearly imperative for an accurate description
of the LSSE. In prior experiments, such disentanglement was performed by inserting
a spacer layer in-between the magnetic layer and the detection layer [104-106]. How-
ever, such insertion of a spacer layer may attenuate the original LSSE signal [107, 108].
Recently, without the utilization of a spacer layer, a quantitative disentanglement of
the SSE from these spurious ANE contributions was reported [103]. Using a set of
Pt-NiFe,0,/Nis3Feg; bilayers (with sample resistances varying across seven decades)
and utilizing in-plane and out-of-plane measurement geometries, it was demonstrated
that the proximity-induced ANE was a contributory factor only in the most metallic

specimens whose resistivity (p) remains in the order of 107 Q-m [103]. Whereas, the
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proximity induced Nernst effect was showed to be negligibly small in magnetic system
with p > 107> Q-m [103]. This also explains why the prior reports on the investigation
of LSSE in the magnetic insulator(MI)/Pt systems observed no ANE contamination in
the LSSE component [109, 110]. Thus, in the case of MM, whose resistivity is typi-
cally in the order of 107> Q-m or larger, the aforementioned disentanglement could be
done just by estimating both the conventional ANE in the bare magnetic layer and the
total signal in that ferromagnet/Pt device — where the proximity induced ANE could
be ignored. Fig. 1.9(a) and 1.9(b) depict the device geometry for the measurements of

ANE and total signals (ANE + LSSE), respectively.

(b)

H

Figure 1.9: (a) depicts the measurement geometry of ANE in the bare magnetic layer.
(b) depicts the measurement geometry of the total signal (ANE+LSSE) by utilizing Pt
as the detection layer.

Since the ANE and the total signal appears against different effective resistances,

the LSSE component in the MDM could be approximated as

Vtotal _ VAN E
VT % Riotal VT * RANE

VissE = (L.2D)

where, Vioral, Riotals VANE, RanE, and VT are the measured total voltage in the MDM/Pt
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device, the effecttive resistance across which the V., is appeared, the measured ANE-
voltage in the bare MDM layer, the corresponding resistance across which the ANE-
voltage is appeared, and the applied thermal gradient, respectively. Here we consider
that the geometrical dimension of both devices (depicted in Fig. 1.9 (a) and 1.9 (b))
are kept identical. Otherwise, the measured signals also need to be normalized by a
factor, i—yz, where [, is the thickness of the MDM-layer, and /, is the distance between
the voltage probes. Besides the VT, the applied magnetic field (H) is also considered to

be similar in both measurements.

1.2.7 Magnon Hall effect

Figure 1.10: depicts the schematics of MHE, where the transverse magnon flow re-
sults in transverse thermal gradient [12]. The figure is adapted from Ref.[12] with
permission from AAAS.

The generation of magnon current is a well-described phenomenon in the context
of SSE or microwave-excitations. A fundamental question for the magnon current is
whether it exhibits the Hall effect. In this context, the magnon Hall effect (MHE) de-
scribes how the magnons, even though they are charged neutral, exhibit Hall transport.
Fig. 1.10 depicts a schematic of the MHE. In 2010, H. Katsura et al. first introduced a

theoretical prediction of MHE in terms of the thermal Hall effect of magnons (THEM),
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where they calculated the transverse thermal conductivity (K, ) by using the Kubo for-
mula and showed that the K, emerged due to the Berry curvature in k-space, associ-
ated with the magnon wave-functions [111]. First experimental demonstration was per-
formed by Y. Onose and co-workers, where the THEM was measured in a pyrochlore
single crystal of Lu; Vo057 specimen [12]. Till date, the MHE was studied in the thermal
Hall geometry, where the magnetic field dependence of the transverse thermal conduc-
tivity (K,) was measured in a direction orthogonal to both the applied thermal gradient
and magnetic field [15, 111]. Crystals, like Lu;V,07, Ho,V,07, and InyMn;0O7, have
been explored in this fashion [15]. Apart from the transverse heat current measurements
(or the transverse thermal gradient measurements), inelastic neutron scattering exper-
iments carried out in the Lu,V,07 sample also confirmed the notion of MHE [112].
In this thesis, we have investigated the THEM in signal crystalline Y,V,07 specimen,

detailed in Chapter 5.

1.3 Scope of this thesis

This thesis aims to explore various thermal aspects of spintronics, which could be clas-
sified in the sub-set of Spin-caloritronics. In particular, three distinct phenomena are
investigated: (i) the spin Seebeck effect (SSE), (ii) the anomalous Nernst effect (ANE),
and (iii) magnon Hall effect (MHE). We began with building up the measurement-unit
for the investigations of different kinds of spin-Caloritronic phenomena. The details of
the instrumentation and other experimental tools are discussed in chapter 2. This appa-
ratus was then used for investigation of a number of spin caloritronic phenomena. In

particular, this thesis presents:

(I) Temperature dependence of the LSSE in the Lay;Cag3MnOs3/Pt bilayer system
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(1)

(I11)

is presented, where the observed LSSE signal exhibits a 7% dependence in the
low-temperature regime, which matches well with that predicted by the magnon-
driven spin current model. Across the double exchange driven para-ferromagnetic
transition, the LSSE exponent is significantly higher than the magnetization one,
and also depends on the thickness of the spin-to-charge conversion layer. These
observations highlight the importance of individually ascertaining the tempera-
ture evolution of different mechanisms — especially the spin mixing conductance

— which contributes to the measured spin Seebeck signal.

A detailed study of the temperature dependence of ANE in an off-stoichiometric
Nij.96Mn 04Ga (NMG) is presented for the first time in this Ni-Mn-Ga class of
materials, where the ANE shows a substantial sensitivity across the premartensitic
phase transition (PMT) of this sample, in contrast to other transport as well as the
magnetization measurements. A possible coupling between the Fermi surface and
the magnetism in this premartensitic phase of the sample is also suggested from

the anomalous Nernst characteristics.

A detailed investigation on the THEM in single-crystalline Y,V,07 specimens,
where the measurements are performed in two different crystals whose planes are
cut and polished into two different orientations, like, {100} and {111}. Unlike
the previous experimental detection method [12, 15], we measure the transverse
thermal gradient (VT,) by putting a thin non-magnetic normal metal (NM), like,
Pt, or W, on top of the crystal’s plane. The THEM is then quantified in terms
of thermo-power, generated along the length of the NM-bar (also called as the
detection layer). In contrast to the prior reports, where the VT, was directly

measured by utilizing thermocouples [12, 15], our method significantly improves
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the signal to noise ratio. An observation confirms that a significant amount of the
THEM-signal in this Y, V,07 specimen is contributed by the magnons of higher
energy bands. Additionally, the crystal with {111} planes is observed to display
a significant magnon drag effect at the interface with the NM layer — which is

further linked to the topologically protected chiral surface state of magnons.






Chapter 2

Instrumentations and experimental

techniques

This chapter provides a brief description of the sample fabrication, characterization,
and spin-caloritronics measurement techniques. All the measurements to study the spin-
caloritronic phenomena are performed in a home-made set-up. The chapter is written in
two main sections. The first section contains the details of instrumentation along with
the measurement-protocols and the limitations of our instrument. The second section
covers all other experimental techniques used for the fabrication of devices as well as its

characterization via X-ray diffraction, magnetic, and electrical transport measurements.

2.1 Instrumentation & spin-caloritronic measurements

We have designed and developed a home made apparatus for sensitive measurements
of the spin Seebeck effect (SSE), the anomalous Nernst effect (ANE), and the magnon
Hall effect (MHE). The set-up comprises of a closed cycle refrigerator (CCR), a temper-
ature controller, a nano-voltmeter, a source meter, and an electromagnet with an upper

field limit of 2 kOe. The temperature gradient across the sample and also the average
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temperature of the sample is controlled by two PID controlled heaters and the tem-
perature is measured by two temperature sensors attached near the sample edge. The
geometry of the holder is such that the applied thermal gradient is always orthogonal
to the rotation plane of the magnetic field. The whole set-up is put inside a Faraday
cage for reducing the noise, and signals as low as ten nV can be reliably measured. The

details of the set-up are described in the following sub-sections.

2.1.1 Accessing low temperatures

Since the spintronic signals are strongly correlated to the magnetic and electronic
state of the material, these voltages are measured with respect to the sample temper-
ature, applied electric, and magnetic field. Thus, accessing low temperatures is one
of the crucial parts of the instrumentation, in which the samples are commonly cooled
down by using a cryo-liquid to perform low-temperature experiments. Generally, liquid
Nitrogen (N») or Helium (Hy) is used as a cryo-liquid. A dewar flask, which is a special-
ized type of vacuum flask, is commonly used to store the cryo-liquid. In specifically, a
dewar-flask is a double side-wall glass container with a certain vacuum in-between the
walls, which keeps the cryo-liquid thermally isolated from the outside environments.
Moreover, a light-reflecting coating is also employed on the glass-walls to stop heating
through radiations. Thus, it significantly takes care of the thermal-isolation by prohibit-
ing heat conduction, convection, and radiation from the surrounding to the cryo-liquid.

As another alternative, a CCR provides cryogenic temperatures without the use of
cryo-liquid, and also requires minor maintenance [113]. The basic working principle of
a CCR is based on the thermodynamic refrigeration cycle through a periodic expansion
and compression of gas (e.g., Gifford McMahon (GM) cycle [114]). The major com-

ponents of a CCR are the refrigerator, compressor, Helium hoses, and vacuum shroud.
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Figure 2.1 shows all the components of a CCR. At the refrigerator, the GM-cycle takes
place in which Helium gas is used to run the cycle. Two flexible helium hoses are used
to supply high-pressure Helium gas from the compressor to the refrigerator through the
supply line, and low-pressure Helium gas returns from the refrigerator to the compres-
sor through the return line. Technically, the compressor provides the necessary Helium
gas flow rate at the high and low pressure for the refrigerator to convert into the desired
refrigeration capacity. Cold-water is also circulated to maintain the temperature inside
the compressor. The low temperature is accessed from the cold end of the refrigerator,
also called cold-head. A compatible sample holder is further attached to the cold-head
for mounting samples. A vacuum shroud is used to keep both the cold-head and the
sample holder under vacuum to achieve significant thermal isolation from the outside

environments.

Figure 2.1: (a) vacuum shroud, (b) refrigerator, (c) compressor, and (d) Helium hoses
are depicted.

We have used a CCR from Advanced Research System (ARS) with model number:

DE-202. The lowest achievable temperature of the cold-head without attaching the
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sample holder is 7K. However, with the sample holder, it goes up to 10K due to the
addition of thermal mass of the sample holder. A strip heater is attached at the cold-
head to control the base temperature, while the temperature at the cold-head is measured
by a Cernox sensor. Both the sensor and the heater are connected to the temperature-

controller for stabilizing the temperature of the cold-head.

2.1.2 Designing sample holder

A compatible sample holder, mounted at the bottom of the cold-head of the CCR, has
been designed for all kinds of longitudinal spin-caloritronic measurements. The sample
is mounted at the sample holder by sandwiching in-between two Copper blocks. Apart
from the strip heater mounted at the cold head, two cartridge heaters are also attached
at the sample holder to control the thermal gradient across the sample (ﬁT) as well as
the average temperature of the sample (7,,). Technically, the sample temperature is
maintained by two-stage heating. The strip heater first maintains the base temperature,
and then the cartridge heaters are operated on top of this base-temperature to main-
tain both the |VT| and the T,,. It worth mentioning that there are two more Cernox
temperature sensors used at the sample holder for measuring the temperatures across
the sample. The operational temperature-range in our set-up is 12K < 7,, < 315K,
where the maximum limit of the applicable thermal gradient across the sample is 15K.
A LakeShore-340 temperature controller is used to maintain both the sample average
temperature as well as the thermal gradient across the sample. The geometry of the sam-
ple holder ensures that the thermal gradient is always directed along the +z-direction.
Since the heat flow in a CCR mainly occurs through the conduction process, Apiezon-
N grease is used between the cold-head of the CCR and the sample holder for better

thermal contact. For the electrical isolation, and good thermal conduction between
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the sample and the holder, the front surface of the Copper blocks are covered by using

sapphire plates. The temperature sensors are attached to the top of these sapphire plates.
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Figure 2.2: depicts a sketching of the sample holder.

Fig.2.2 shows the sketch of the sample holder. The dimensions of each part is also

mentioned in the sketch. The different parts of that holder, marked in Roman letters,
are described below:
e (I) represents the upper Copper block, which is directly attached to the cold-head

of the CCR.

o (II) represents the lower Copper block, which is necessary for mounting the sam-

ple, and it also helps in applying the thermal gradient across the sample.



36

Chapter 2. Instrumentations and experimental techniques

e (III) is a hollow Brass cylinder that holds the lower cooper block. It helps in min-

imizing the vibration by proving supports to the Copper block, and thus reduces

noise during measurements.

(IV) represents a threaded ring, kept inside the Brass cylinder, which helps in

pushing the lower Copper block while sandwiching the sample.

(V) represents a long threaded Copper screw that helps in attaching all the lower
assembly of the sample holder with the upper Copper block along with the CCR

cold-head. There is a total of three such screws used in the holder.

(VI & VII) depict the Brass screw and the Brass disk, respectively. This assembly
facilitates for the movement of the lower Copper block in tightening the sample

in-between the blocks.

(VIII) represents a spring used for minimizing the vibration during measure-
ments, and it also helps in better thermal anchoring between the sample and the

Copper blocks.

(IX) is the PCB attachments with the pin-connectors, required for electrical con-

nections to the voltage measurement leads.

(X & XI1I) depict the through-holes at lower and upper Coper blocks, respectively.

It is made to place the cartridge heaters.

(XI) is showing the sample space, where the sample is sandwiched between the

Copper blocks.
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- Cold-head of the CCR

Pin connector Upper copper block

- Sample
- Lower copper block

~ Heater at lower copper block

- Brass cylinder

~ Long threaded screw

- Brass disk

Figure 2.3: depicts a picture of the sample holder, attached at the cold-head of the
CCR.

A picture of the mounted sample holder is presented in Fig.2.3. The total weight of
the holder is 82 gm, which is an important factor in determining the lowest achievable

temperature from the CCR.

2.1.3 Designing the CCR mounting frame, and the set-up

After mounting the sample in the sample-holder attached at the CCR cold-head, it is
covered by the vacuum shroud to keep the inner assembly under the vacuum. A vac-
uum pressure of the order of 10> millibar is usually achieved before switching on the
CCR compressor for cooling. A rotary pump connected to the vacuum shroud is used

to create the desired vacuum.
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CCR refrigerator

Stainless steel
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Electromagnet

sample position
inside CCR cold-head
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Rotating disk
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Vibration damping pad

Figure 2.4: It shows the sketch of the set-up. Here, the CCR is mounted on the
roller and rail assembly so that the sample can be taken in between the poles of the
electromagnet, and brought back to unload the sample. The utilization of vibration
damping pads, attached to the CCR mounting frame, is also depicted. These help in
reducing the noise in the measured signals.

The next requirement is to put the whole assembly inside an electromagnet (EM)
to access the external magnetic field, as required for the proposed measurements. For
this purpose, an Aluminium frame with two parallel rails was designed. A diagram of
the CCR-holding frame is depicted in Fig.2.4. The CCR, held by a stainless steel plate
(SS-plate), was placed on top of the rails to transport the whole assembly into the EM
so that the sample could be moved in-between the poles of the EM. Again, to take out
the sample, the assembly could be moved out from the EM to open the vacuum shroud
for unloading the sample. All the legs of the frame have a height-adjustable screw along

with the vibration damping pads. The electromagnet was mounted on a rotating disk,
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and thus the magnetic field could be rotated at any arbitrary angle in the xy-plane. How-
ever, the direction of the applied magnetic field always stays orthogonal to the thermal
gradient across the sample. The spin-caloritronic signals are measured by using a nano-
voltmeter (Keithley-2082A). The power supply for the electromagnet was brought from
Delta Elektronika (SM 70-ar-24). The maximum applicable DC-current to the electro-
magnet is 15 Amps, and the maximum available magnetic field at the sample position

is 2000 Oe. A picture of the set-up is shown in Fig.2.5.

CCR-compressor
CCR

vacuum gauge

Temperature-
controller

A

Nano-voltmeter ; SS-plate

Helium hoses

Gauss meter Rail

Electromagnet

Rotatingdisk
Electromagnet

power supply Aluminiumframe

vacuum hose

Figure 2.5: It shows a picture of the whole set-up before it is covered by the Faraday
cage. The rack, kept at the side of the CCR mounting frame, contains all the electronics
components, except the nano-voltmeter. The body of this metallic rack is also grounded
along with the CCR-body.

A close view of the roller and rails assembly is depicted in Fig.2.6. The utilization

of vibration damping pads is shown here. Such pads helps to reduce the noise in the
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measured signals.

SS-plate

Vibration damping pad

Roller

Rail

Stopper

Aluminiumsuppeort rod

Figure 2.6: A closer view of the roller and rails assembly, mounted on the CCR-
mounting frame is shown. This also incorporates vibration damping pads to effectively
absorb vibrations from the CCR-refrigerator.

2.1.4 Steps for noise reduction

Noise reduction is one of the main challenges in instrumentation, and the aim is to
improve the signal to noise ratio during the spin-caloritronic measurements. Generally,
the lock-in detection technique is used to detect any small AC-signal, where an AC-
modulation is used to measure the signal in a very narrow frequency range. However,
the spin-caloritronic signals of our interest are mainly DC-voltages and also in the nano-
volt (nV) range, which requires to isolate out all the noise sources to improve the signal
quality.

The steps to reduce the noise are discussed as follows:
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@)

(1)

(I10)

av)

V)

(VD)

The first and essential part is to make good electrical connections in detecting
the signals. All the solderings to the wires are made with a shiny curved surface
avoiding any sharp features. The main reason is that such a spike may act as an

antenna to catch noise. The number of soldered joints is also minimized.

Two coaxial-cables are chosen for sensing the voltage, where the shields of both
cables are shorted and connected at a single point of the CCR body. Thus, those
shields are also connected to the ground via the CCR-body. It significantly re-
duces the inductive noise to the wires. LakeShore SC-type cables are used for

these voltage measurements.

Each shielding of the coaxial cable is star grounded at the CCR body to avoid

ground loop.

Proper thermal anchoring to the cables is done by tightly placing them around
the cold-head of the CCR. It is also taken care that none of the cables moves
during measurements. It is important because some portion of the cables are also
exposed to the external magnetic field. Thus, any small vibration can induce an
electromotive force (EMF) inside the cable. Since our signal is in the range of a

few decades of nV, it is crucial to reduce such EMF induction.

The voltage sensing cables are placed at a maximum possible distance apart
from the temperature sensing cables, and also connected to a vacuum compat-
ible LEMO connector to send out a signal from the CCR to nano-voltmeter. All

other cables are connected to a separate 16-pin connector.

Vibration damping pads are used in the frame to reduce the vibration in the set-

up. Also, extra weights are put on the frame as well as on the SS-plate to reduce
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the vibrations. Figure 2.4 and Fig.2.6 depict various vibration damping pads used

in our set-up.

(VII) The whole set-up is put inside a Faraday cage, made by Aluminium plates. This
arrangement helps significantly in cutting down all the external electromagnetic
noise sources. Figure 2.7-(a) & (b) show the inside and outside view of the Fara-

day cage, respectively.

(VIII) As we put the CCR inside the Faraday cage, the sound of CCR makes a standing
wave trapped inside the cage. Thus, sound-absorbing foams are attached to the

inner walls of the Faraday cage to reduce this effect.

(IX) The nano-voltmeter is also kept inside the Faraday cage. Chassis ground of the

nano-voltmeter is also connected to the CCR-body.

(a) Inside of the Faraday cage

Nano-voltmeter

Acousticfoam
Weight on SS-plate -

SS-pate -

Aluminiumframe

Helium hose

CCR

Electro-magnet

Sand bag

(b) Outside view of the Faraday cage

L.u_

Aluminium plate
for Faraday cage

Compressor

Vacuum pump

\

Figure 2.7: (a) shows inside view of the Faraday cage, (b) shows outside view of the
Faraday cage.
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The noise level is checked by shorting the ends of the voltage picking wires at the
sample holder. The temperature of the sample-space was maintained at 290 K by the
heaters attached to the holder. The CCR compressor was kept ON. Thus, the observed
voltage is due to the background contributions which is basically the thermopower gen-
erated in the wires by the cooling process. A magnetic field of 2000 Oe was also applied
to check whether there is any EMF induced noise in the wires. Fig. 2.8 shows a plot
that depicts the background voltage with respect to the elapsed time. It is observed that
initially, the background varies rapidly, and then it slowly comes down to a constant
level. It is also observed that it takes almost 3-hours to settle down to a constant level

where the noise level is found to be around 5nV.

background
-100

Voltage (nV)
o
S
!

-140 |-

250 500
Time (min)

Figure 2.8: shows the background voltage, measured in our set-up. It was measured
at the applied magnetic field of 2000 Oe.

2.1.5 Measurement protocols:

Since the spin-caloritronics signals appear in a direction orthogonal to both the ap-

plied magnetic field (H) and the thermal gradient (§T), the geometry of the sample
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is always chosen to be rectangular. The protocols used for different spin-caloritronic

measurements are as follows:

@)

(II)

(I10)

av)

T-dependence of the signal: In this measurement, the average sample tempera-
ture (7,,) varies stepwise from 12K to 300K, while the applied thermal gradient
(§T) and strength of the magnetic are kept constant. The voltage is measured in
a direction transverse to both the applied magnetic field and the thermal gradient.
The direction of the magnetic field is reversed to cancel the background contri-
bution during temperature-dependent measurements. Thus, the actual signal is

quantified by Vyigna(T) = 3 (V(+H) — V(-H)).

H-dependence of the signal: In this case, the signal is measured by varying the
magnetic field. However, the voltage measurement axis is always kept orthogonal
to both the magnetic field and the thermal gradient. The initial voltage at H = 0
Oe is considered as the background-voltage. Thus, the signal is quantified as

Viignat (H) = (V(H) — V(0)), while both the T;, and the VT are kept fixed.

VT-dependence of the signal: In this type of measurement, the signal is mea-
sured by varying the thermal gradient in a stepwise manner up-to (VT),,4x = 15K,
while the magnitude of the external magnetic field and the cold end of the sample
are kept constant. It is worth mentioning that the direction of the magnetic is
also reversed to cancel out the background, and thus the signal is quantified as

Viignat (VT) = 5 (V(+H,VT) = V(=H,VT)).

0-dependence of the signal: In this particular type of measurement, the direction
of the external magnetic is rotated in a plane orthogonal to the applied thermal
gradient. The angle 6 is measured with respect to the voltage detection axis. It is

worth mentioning that all other parameters, like, the magnitude of the magnetic
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field (|H|), applied thermal gradient(ﬁT), and the sample temperature (7, ), are

kept fixed. The signal is quantified as Vj;gnar = (V(6) — V(0)).
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Figure 2.9: (a) shows the device geometry made up with YIG/Pt bilayer system, (b)
depicts the V. ssg vs. VT plot, (c) depicts the VL sse vs. H plot, and (d) depicts Vi ssg
vs. 6 plot.

After setting up the measurement unit, the first attempt was to reproduce the
LSSE signal in a magnetic-insulator. Yttrium Iron Garnet (YIG) sample has been used
as the magnetic-insulator, and Pt has been used as the spin-to-charge conversion layer.
80 nm thick YIG film has been grown on a non-magnetic GGG (Gd3;Gas01,) substrate
by the pulsed laser deposition technique. The Pt-layer of 10 nm thickness has been
deposited on top of that YIG layer by the DC-sputtering deposition technique. The
standard optical lithography technique was used for patterning the Pt-bar. Fig.2.9-(a)
depicts the YIG/Pt device used for the observation of the LSSE signal. The linearity
of the measured voltage as a function of VT with the cold end of the device is fixed at
292 K, and the magnetic field at 250 Oe is shown in Fig. 2.9(b). Fig. 2.9(c) depicts

the hysteresis in the signal as a function of varying magnetic fields at a mean sample
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temperature, 7,, = 297K. Fig. 2.9(d) depicts a sinusoidal variation of the signal, mea-
sured by rotating the magnetic field in a plane orthogonal to the applied VT, where all
other parameters, like, the §T, |H|, and T,, are kept fixed at 6 K, 250 Oe, and 297 K,
respectively. It is observed that the measured signals from the YIG/Pt thin film system

are in good agreement with the previous reports [115-117].
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Figure 2.10: shows the improvements in signal to noise ratio by the steps taken for
reducing the noise.

All the measurements on this YIG/Pt system have been taken before enclosing the
set-up in the Faraday cage. The signal to noise ratio is much improved after using the
Faraday cage. Figure 2.10 is presented to show the progress in terms of the quality
of the measured signals by the steps taken care of to reduce the noise. Figure 2.10(a)
shows measurements on the FezO4/Pt system, where the maximum signal is approx-
imately 2.5uV, where the maximum noise level is approximately 200 nV. However,
after taking care of all noise reduction steps, it is observed that a much better signal
to noise ratio could be achieved. Figure 2.10 (b) depicts a recent measurement on the
Lag 7Cap3MnO3/Pt system, where the signal voltage of 0.3V with a noise level of less
than 5 nV could be reliably measured. It is worth mentioning that every time we wait
for 3 to 4 hours after switching ON the compressor and continuously monitor whether

the background achieves its steady-state before starting any further measurement. The
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background level in a loaded sample may change due to the contacts made across the

sample and/or incidental thermo-power generated across the sample.

2.2 Sample fabrication & characterization

All the techniques and tools used for device fabrication and characterizations, are briefly

discussed in the following sub-sections.

2.2.1 Fabrication tools

(I) Pulsed laser deposition (PLD) technique: This tool is commonly used to grow
epitaxial oxide thin films. The basic operation of this technique is based on the direct
ablation of target materials of a desired composition by using a high powered laser to
deposit the material on top of the substrate facing the target. This process can occur
in an ultra-high vacuum or in the presence of a background gas, such as oxygen, when

depositing films of oxides. Figure 2.11 depicts a schematic of the PLD system.

Laser beam

Port with
quartz window

Target

carrousel Heatable
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¢ 1
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Rotating target Vacuum chamber

Figure 2.11: Schematic representation of PLD process. Figure is reprinted from Ref.
[118], with the permission of AIP.
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The complete depositing process occurs in three steps. The first step is the inter-
action of the laser beam with the target-material. When the high power laser strikes
the material, it penetrates inside the target surface (approximately 10 nm) and ejects
free electrons due to electronic excitation by the laser. This process depends on the
energy of the laser beam. Thus, the wavelength of the laser is an important parameter
in this deposition technique. In the second step, the released free electrons collide with
the target material and generate enough heat to vaporize the material. This evaporated
material again interacts with the incident laser beam resulting in an isothermal plasma
formation. In the last step, the plasma adiabatically expands in a direction perpendicular
to the target surface, and gets deposited on the substrate.

The deposited film quality depends on the pressure inside the chamber, substrate
temperature, laser energy, laser pulse rate, and lattice mismatch between substrate and
target material [119]. For instance, we have used the KrF excimer laser of wavelength
A = 248 nm for the deposition of Lay7Cag3MnO3z (LCMO) thin films, as mentioned
in Chapter 3. All the films are grown on the [100] planes of the substrates, where
single-crystalline LaAlO3 (LAO) and SrTiO3 (STO) are taken as the substrates owing
to their low lattice parameter mismatch with LCMO. The pulse frequency of the laser
beam is kept at 5 Hz, and the energy density of the laser spot on the target is kept
fixed at 2J/cm?. The substrate temperature is kept at 700°C, and the Oxygen pressure
during the deposition is kept at 100 milli-Torrs. All these conditions are maintained for
growing an epitaxial LCMO film on the substrate. The detailed characterizations are
mentioned in Chapter 3.

(II) Magnetron sputtering technique: Sputtering is one of the easiest and most
flexible ways of making uniform thin films. Similar to PLD, sputtering is also a physical

vapor deposition technique. The basic principle of sputtering is based on the ejection
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of atoms from the target surface by the bombardment of highly energetic positive ions
called sputter-gas [120-123]. The sputtering ions are accelerated by a negative voltage
applied to the target, which acts as a cathode, causing the bombardment process for
the removal of target atoms. The sputtered atoms are then condensed on a substrate
as a thin film. The conventional sputtering process usually gives low deposition rates
and needs very high cathode voltage along with high sputter-gas pressure to sustain
the plasma [121]. Alternatively, the magnetron sputtering technique can be used to
overcome the problems in a conventional sputtering system. A magnetron-sputtering
system utilizes strong magnetic fields to confine charged plasma particles close to the
surface of the sputter-target in order to increase the sputter yield. This is done by placing
magnets behind the target. The sputtered atoms are mostly charge-neutral and also
much heavier than the sputter-gas atoms and are therefore unaffected by the magnetic
trap. Since magnetron sputtering system contains magnetic field, sputtering of non-
magnetic metals are more easier as compared to magnetic metals in terms of depositing
good quality film. We mainly used the magnetron sputtering technique for depositing
metals, like, Pt, W, Au, Cu, and Ta.

Based on the sputter-gas used during sputtering, there are two types of sputtering
process are performed in depositing thin films. The first type is a non-reactive sput-
tering process where an inert gas (typically Ar) is used. The second type is reactive
sputtering, where a chemically reactive gas (O;, Ny, etc.) is inserted into the system.
The basic configuration of a sputtering-system is shown in Fig.2.12 where the target
material to be used as a coating is placed in a vacuum chamber parallel to the substrate
to be coated. A target holder is used for holding the target-material as well as applying
the required electric field for the sputtering process. The distance between the substrate

and the target is also calibrated for achieving the desired coating rate. The thickness
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monitoring sensor attached near the substrate measures the thickness of the coating. A

quartz crystal microbalance (QCM) is used as the thickness sensor.
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Figure 2.12: depicts a schematic of DC-magnetron sputtering process [124]. Figure is
reprinted with permission from Ref. [124], Copyright (2019) by the Elsevier.

After loading the target and the substrate, the vacuum chamber is evacuated to a base
pressure of 10~/ millibar and then partially backfilled with a high purity Argon gas to
an operating-pressure of 5 x 1073 to 8 x 10~3 millibar during the deposition process. A
DC electrical bias typically in the -200 to -400 Volt range is then applied to the target.
A positive bias is also applied to the cap of the target-holder, which becomes the anode.
The process begins with a stray electron near the cathode being accelerated towards the
anode, which collides with a neutral gas atom converting it to a positively charged ion.

The electrically charged Argon ions then accelerate towards the target to knock out the
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atoms from the surface of the negatively charged target. Argon is commonly used as
the sputter-gas due to its relative mass and ability to transfer kinetic energy upon impact
during the collisions in the plasma that creates the gas ions. The deposition rate is kept
at 0.3 A/sec.

(IIT) Other fabrication tools: Besides the aforementioned techniques, various
other facilities, like, crystal cutting and polishing tools (to cut the crystals in a de-
sired dimensions and shapes), high temperature tube and box furnaces (for preparation
of sputtering targets), and ball milling (for making fine powders) have also been used
during the course of this work. Prof. Satishchandra B. Ogale from IISER Pune, India,
has helped us during the PLD deposition process of LCMO thin films. The Ni-Mn-
Ga alloy was prepared using the arc-melting technique by Dr. Sanjay Singh (Banaras
Hindu University, India). Y, V207 single crystals have been grown via the optical float

zone technique by Dr. Dharmalingam Prabhakaran (University of Oxford, UK).

2.2.2 Characterization tools

(I) X-Ray diffraction (XRD): It is a powerful and non-destructive tool used to
study the crystallographic structure of materials and thin films. In principle, when a
monochromatic X-Ray beam of a specific wavelength A is incident on a crystalline
material, it is scattered elastically by the electrons of the atoms arranged periodically
forming the material structure. These scattered X-Rays form a constructive interference
pattern if the periodic arrangement of atoms comprises a set of parallel planes which

satisfy the Bragg’s law. The Bragg’s law is given by:

2dsin(0) = nAd 2.1
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where d is the inter planar distance, 6 is the angle between the incident beam and the
diffracting plane, and »n is an integer. Thus, the intensities and positions of the peaks
obtained in an X ray diffractogram directly yield the structural information of the mate-

rial under study.

Figure 2.13: Schematic representation of X-Ray diffraction process.

The XRD measurements in this work were performed using a Bruker D8 Advance
X-Ray diffractometer which works in Bragg-Brentano geometry (6—26 scan), where the
sample is kept fixed whereas both the incident X-Ray beam and the detector are moved
simultaneously. The X-Ray wavelength used was 1.542A(Cu-K, radiation). The XRD
pattern of the powdered sample was matched with the references provided by the Joint
Committee of Powder Diffraction Standard (JCPDS) database.

(IT) Magnetic characterizations: All the magnetic measurements, like, temper-
ature dependence of the DC-magnetization (M-T), magnetic field dependence of the
DC-magnetizations (M-H), and temperature dependence of the AC-magnetic suscepti-
bility (y-T), have been performed using the MPMS (Magnetic property measurement
system)-XL SQUID (Superconducting Quantum Interface Device) from Quantum De-
sign, USA. The measurement principle is based on the Faraday law of induction. It ba-

sically measures the voltage at the pick-up coil induced by the magnetic sample placed
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inside the coil. The induced voltage is linked to the rate of change in the total magnetic
flux across pick-up coil, and mathematically it can be written as :
d dB
s A

V=-n—=-—

il 22
ar " ar (2:2)

where n is the number of turns in the pick-up coil, A is the area under a single turn, and
B is the magnetic field linked to the coil. In the MPMS-XL SQUID, the signal is picked
up in a superconducting pick-up coil, placed at the center of a superconducting magnet.
When the sample moves inside the pick-up coil, it produces a change in the persistent
current which is inductively coupled to a SQUID loop. The SQUID loop is basically
a closed superconducting loop containing one or two Josephson junctions. The mag-
netic field inside the SQUID is always quantized whose unit is in terms magnetic flux
quanta: ¢g = % ~ 2.0678 x 10715 Wb. This makes the SQUID detection extremely
sensitive to measure minute changes in the magnetic flux. A schematic of the SQUID

magnetometer is depicted in the Figure 2.14.
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Figure 2.14: Schematic representation of a SQUID magnetometer [125].

(IIT) Transport characterizations: Various type of transport measurements like,
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temperature (T) and field (H) dependence of the resistivity (o(7T") or p(H)), thermal-
conductivity (K (7)), and Seebeck coeflicient (S,,(7)) have been carried out in the
PPMS (Physical Property Measurements System) with the Model No-6000 from Quan-
tum Design, USA. All the measurements are performed in the range 2K to 300K using
the four probe method.

(IV) Other characterization tools: Apart from the above mentioned characteri-
zation tools, various other facilities, like, atomic force microscopy (AFM) and Energy
dispersive X-ray spectroscopy (EDXS) have been used during the course of this work
for measuring the surface roughness of the thin films and to confirm the compositions
of the materials, respectively. Laue diffraction was performed on single crystalline sam-

ples for determining the crystal orientation as well.



Chapter 3

The longitudinal spin Seebeck effect in

a mixed valent manganite

This chapter describes detailed investigations about the temperature dependence of
the longitudinal spin Seebeck effect (LSSE) signal, as measured in the bilayer system
of Lag 7Cap3MnO3(LCMO)/Pt. By disentangling the parasitic contribution arising due
to the anisotropic Nernst effect (ANE), we observe that the LSSE exhibits a 793 de-
pendence in the low-temperature regime, which matches well with the prediction of the
magnon-driven spin current model. On the other hand, the LSSE exponent is found to
be significantly higher than the magnetization one across the double exchange driven
paramagnetic-to-ferromagnetic transition. Moreover, it is also observed that the critical
exponent of the LSSE signal depends on the thickness of the spin-to-charge conversion
layer. These observations emphasize the importance of individually ascertaining the
temperature evolution of different mechanisms — especially the spin mixing conduc-

tance — which contribute to the measured spin Seebeck signal.

55
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3.1 Introduction

The spin analogue of the Seebeck effect, the Spin Seebeck effect (SSE) refers to the
generation of a magnonic spin current under the application of a thermal gradient (ﬁT)
across a magnetic material [1-5, 7]. The preferred measurement approach for this spin
current is in the form of the longitudinal spin Seebeck effect (LSSE). In this longitudi-
nal mode, a normal metal (NM) having a substantial spin-orbit interaction (typically Pt
or W) is coated on top of the magnetic material, and a temperature gradient is applied
perpendicular to the plane of the interface [6]. As a result, the spin current generated
in bulk of the magnetic layer flows parallel to the applied thermal gradient towards
the interface, and a certain amount of this spin current enters into the NM layer by
means of thermal spin-pumping. Finally, the net pumped spin current in the NM layer
is further converted into a measurable electrical voltage through the inverse spin Hall
effect (ISHE) [126]. Mathematically, the voltage due to the ISHE could be written as
ELSSE o HSH(]T:v X ) — where, Ogy is the spin Hall angle of the NM layer, j: is the
net spin current at the NM layer, and 7 is the spin polarization vector of the conduction
electrons in the NM layer [1, 126]. It is worth mentioning that the polarity of the de-
tected voltage is determined by contributing factors like 0sp, -, and f;. Thus, the true
nature of the SSE could be confirmed by utilizing different spin-to-charge conversion
layers (e.g. Pt and W) having opposite sign of the spin Hall angles [72]. Till date, a
volume of investigation on the SSE in magnetic insulators (MI) has been detailed in lit-
erature. Heterojunctions consisting of the ferrimagnetic insulator Y3FesO;, (YIG) and
Pt are now recognized as being model systems for studying of the LSSE. After initial

measurements aimed at validating the true magnonic nature of the spin current [2, 3,
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7] and weeding out possible experimental artifacts [109, 110, 127], more recent mea-
surements have focused on the dependence of the LSSE signals on control parameters
like temperature, [4, 117, 128, 129], magnetic field [130, 131] and sample thickness
[107, 132]. In this context, temperature dependent LSSE measurements have unveiled
a distinct connection of this quantity with intrinsic properties of the magnetic material
which also manifests itself in the form on a non-trivial 7-dependence of the measured
LSSE voltage. A natural extension of this mode of enquiry would be to use LSSE
measurements in the investigation of other temperature dependent strongly correlated
phenomena to ascertain the relative roles of the underlying microscopic mechanisms.
A few systems have already been explored in this fashion, including the Verwey transi-
tion in Fe304 [133], the spin reorientation transition in Gd3FesO1, [71] and the double
exchange driven para-to-ferromagnetic transition in Lag 7Srg 3sMnO3 [134].

It is to be noted, that an applied thermal gradient (ﬁT) across a magnetic metal
(MM) can also generate a transverse voltage orthogonal to both the magnetization (M)
and the VT owing to the anomalous Nernst effect (ANE) [88, 103, 135, 136]. The
electric field due to ANE could be expressed as E ANE VT x M [137]. Since mag-
netic insulators (MI) do not have conduction charges, the LSSE measurements in MI
enable harvesting of pure spin currents [5, 109, 110]. Besides the possible emergence
of ANE in the magnetic sub-unit, the utilization of Pt as a spin-to-charge conversion
could be associated with the proximity induced ANE. Thus, investigation of LSSE
in MM/Pt system is plagued by the contaminated LSSE-signals, where the parasitic
signals emerge as a result of ANE in the magnetic subunit as well as the proximity
induced ANE in the Pt-layer [103]. Here we note that, along with the LSSE, the in-
cidental ANE contributes additively to the measured voltage under the geometry of

the LSSE-measurements. Clearly, the disentanglement of the ANE contribution from
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the LSSE signal is essential for an accurate quantification of the LSSE phenomena.
This is especially important since the agreement between theory and experiments re-
mains tenuous both in the vicinity of the magnetic phase transitions, as well as in the
low-temperature regime where the magnonic spin current is expected to be relatively
unaffected by phonons and other associated scattering mechanisms [138, 139].

Mixed valent manganites of the form La;_, A, MnOs3 (with A being a divalent alkali
metal) and their layered variants have been the subject of extensive investigations in the
past. The optimally doped members of this family, where double exchange gives rise to
ferromagnetism as well as concomitant metallicity, are of special interest in spintronics
owing to their high spin polarization and colossal magnetoresistance [140]. A previous
LSSE report based on the Lag 7Sr0.33MnO3/Pt system suggests that more than 95%
of the measured voltage arises due to the LSSE alone where the ANE contribution is
negligibly small [134]. However, the characterization of that LSSE signal is ambiguous
because the measured spin Seebeck voltages with both Pt and W spin-to-charge conver-
sion layers are in the same polarity although the sign of the spin Hall angle of Pt and W
are opposite to each other [72]. This chapter provides the measurements of the LSSE
signals in a closely related Lag7Cag3MnO3z (LCMO) system in an attempt to resolve
the apparent ambiguity in LSSE signals as reported in the Lag 7Sr9 33MnO3 system.
More importantly, our findings provide critical insights into the functional form of the
LSSE-signal — especially in the low-temperature regime as well as in the vicinity of the

magnetic phase transition.
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3.2 Deposition of the LCMO films and X-Ray charac-

terization

The LCMO films of thickness 200 nm were deposited on both the LaAlO3 (LAO[100])
and the SrTiO3 (STO[100]) substrates by utilizing the PLD techniques. A KrF excimer
laser (1 = 248nm) was operated at a frequency of 5 Hz with energy density 2J/cm?
for the deposition process. The temperature of the substrates was maintained at 700°C
during the deposition process, while the Oxygen pressure inside the PLD-chamber was
kept at 100 mTorr. After the deposition process, all the films were annealed at 900°C in

an O, atmosphere with 1 atm pressure for 3 hours.
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Figure 3.1: (a) and (b) depict the XRD patterns of the epitaxial film of LCMO, grown
on LAO[100] and STO[100] substrates, respectively.

Figure 3.1 (a) and (b) depict the XRD pattern of the LCMO films deposited on
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LAO[100] and STO[100] substrates, respectively. The LCMO films on both the LAO
and the STO substrates are found to be epitaxial. It is worth mentioning that all the
films on the LAO [100] substrates were deposited and annealed together in a single
batch — thus, the properties of all the LAO/LCMO systems are expected to be identical.
Similarly, all the films on the STO substrates were deposited and annealed together
in another batch. The primary purpose of the STO/LCMO films is to cross-check the
role of the effective thermal gradient (§Te ), that is employed across the LCMO layer
only, in determining the 7-dependence of the LSSE signal. Bruker D8 Advance high-

resolution X-ray diffractometer was used to take the XRD measurements.

3.3 Magnetic and transport characterizations

The LCMO films are also characterized by magnetic and transport measurements.
Temperature dependence of the magnetization (M (7)) was measured at an external
magnetic field of 1000 Oe, whereas resistivity (o(7)) measurements were performed
in the absence of any magnetic field. Figure 3.2(a) depicts a double-plot of both the
M (T) and the p(T) data of the LCMO film grown on the LAO substrate (LAO/LCMO),
whereas Fig. 3.2(b) illustrates the first derivative of the M (T) of LAO/LCMO film.
The para-to-ferromagnetic transition temperature (7¢) of this LAO/LCMO film is de-
termined from the first derivative of the M (T') data, where the 7¢ is found to be 258.5
K. Similarly, Figure 3.2(c) depicts another double-plot illustrating both the M (7T") and
the p(T') data of the LCMO film grown on the STO substrate (STO/LCMO). The T¢ of
this STO/LCMO system is found to be around 230 K as illustrated in Figure 3.2(d). It is
worth mentioning that the 7¢ of LAO/LCMO system matches well with that of the sto-

ichiometric Lag7Cag3MnOs composition [141, 142]. However, T¢ of the STO/LCMO
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system 1is at a lower temperature in comparison with the LAO/LCMO system possibly
due to slight Oxygen deficiency. A volume of investigation has been detailed in liter-
ature determining the 7¢ of the LCMO thin films, and both the magnetic and resistive
characterizations of our LCMO films are in agreement with the previous reports of the

thin films of similar compositions [143-146].
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Figure 3.2: (a) double plot for the temperature dependence of both the magnetization
and the resistivity of the LAO/LCMO system. (b) (‘ZI—I‘;I) vs. T plot showing the 7¢ at
258.5K. (c) double plot for the temperature dependence of both the magnetization and
the resistivity of the STO/LCMO system (d) ( ) vs. T plot showing the T¢ at 230K.

3.4 Spin-caloritronic measurements

For measuring the LSSE voltage, a thin layer of Pt is deposited on top of the LCMO

layer by DC magnetron sputtering. Depending on the thickness of the Pt layer, as well
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as the choice of substrate, three different devices were made: (i) LAO/LCMO/Pt10, (ii)
LAO/LCMO/PtS, and (iii) STO/LCMO/Pt10 - with the Pt thickness in these devices
being 10 nm, 5 nm, and 10 nm respectively. A separate device (LAO/LCMO/W13) was
also fabricated, where 13 nm of W was used instead of Pt for the spin-to-charge con-
version to confirm the intrinsic nature of the inferred LSSE signals. Since the LCMO
films are metallic in nature (as observed from Fig.3.2 (a)& (b)), the LSSE signal ap-
pears along with the inevitable ANE signals. To date, many experiments are focused
on disentangling the LSSE signal from the ANE by using a non-magnetic spacer layer
between the ferromagnet and the NM layer [147-149]. Although insertion of such a
spacer layer is useful for harvesting pure LSSE signal, it can also change the properties
of the interface and can attenuate the intrinsic LSSE signal [107, 108]. Thus, instead
of utilizing such a spacer layer, the measurements are taken in the standard LSSE ge-
ometry on both a bare LCMO film and LCMO-Pt (or LCMO-W) bilayer system —
where we separately measured the ANE signal (V4yg) from the bare LCMO films, and
then it was subtracted from the total signal (Vr,s,) measured from the LCMO/Pt (or
LCMO/W) bilayer system. It is important to note that we neglect the possible role of
proximity induced ANE contribution. Recently, a quantitative disentanglement of the
LSSE from the spurious ANE contributions has been reported — where, using a set
of NiFe,0,/Ni33Feq7-Pt bilayers (with sample resistances varying across 7 decades) in
both in-plane and out-of-plane measurement geometries, it was demonstrated that the
proximity-induced ANE was a contributory factor only in the most metallic of speci-
mens (with p o« 1077Qm) [103], and it became negligible if the resistivity of the mag-
netic sistem is in the order of 10™>Qm or larger (p > 107>Qm). Since manganites are
known to be dirty metals (with resistivity of the order of 10~*Qm), contamination of

the LSSE signals by the proximity-induced ANE can thus be ignored, where the V7,4
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is considered to be the sum of the intrinsic LSSE contribution (V;ssg) and the Vayg
generated in the bare LCMO layer. Figure 3.3 (a) and (b) depict the schematics of the
device for the measurement of ANE and total-signal (LSSE+ANE), respectively. In our
geometry, the VT is applied across the thickness of the films (along the z-direction). The
external magnetic field (H) is applied along the x-direction (in-plane with the films),

and the transverse voltage is measured along the y-direction.

Figure 3.3: (a) and (b) are the schematic illustrations of the device for measuring the
ANE and the Total signal (LSSE+ANE), respectively.

Since these voltages are measured across different effective resistances, we report all
the voltages in their normalized form, i.e., V; = V//(R/VTLy), where V! is the measured
transverse voltage, le is the corresponding resistance between the contact probes, L,
is the distance between the contact probes, and the index ‘i’ refers to the ANE and the

total-signal. Thus, the LSSE signal is quantified as

V/ V/

Visse = Viotal — VANE = Lotal - ANE (3.1)
AT Ry, ¥ Ly AT %Ry p* L,

where, V. and R are the raw total voltage and the corresponding resistance be-
otal Total

tween the contact probes on the LCMO/Pt system, respectively. Similarly, V/, . and

ANE

R\, are the raw ANE-voltage and the corresponding resistances between the contact

probes on the bare LCMO film, respectively. Thus, during the ANE measurement, the
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V! = V- and similarly, during the measurements of the raw total-signal V/ = V.

The measured L, from each film is mentioned in the Table 3.1.

Table 3.1: L, of each film

Measured signal Device L,
(mm)
ANE LAO/LCMO 3
Total LAO/LCMO/Pt10 | 2.7
Total LAO/LCMO/Pt5 3
ANE STO/LCMO 3.2
Total STO/LCMO/Pt10 | 3.2

Figure 3.4(a) depicts the hysteresis in these signals (ANE, total, and LSSE) as a
function of varying magnetic field at a mean sample temperature of 105K, with the VT
being fixed at 10 K. Figure 3.4(b) depicts the linearity of the measured voltages (and the
inferred V ssg) as a function of VT with the cold end of the specimen fixed at 100 K and
the magnetic field at 1000 Oe. The magnitude and the sign of the measured V; g5 with
the Pt and W spin-charge conversion layers are commensurate with the experimentally
determined Spin Hall angles of these heavy metals [72] — confirming the intrinsic nature

of the inferred LSSE signals.
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Figure 3.4: (a) and (b) depict the H and VT dependence of these signals with a 10 nm
Pt and a 13 nm W spin-to-charge conversion layer. The linearity as a function of VT
and the reversal of the sign of the LSSE signal between the Pt and W layers confirms
the intrinsic nature of the measured spin Seebeck signal.

3.4.1 Measurements of T-dependent LSSE

The temperature dependence of both the raw ANE-voltage (V}, ) and the corre-
sponding resistance (R/,, ) between contact probes are depicted in Figure 3.5 (a) &
(b) measured from the LAO/LCMO and STO/LCMO systems, respectively. Both the
VT and the H are maintained at 10K and 1000 Oe, respectively — whereas, the average

sample temperature (7') varies stepwise from 18 K to 300 K during the measurements.
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100 200 300

Figure 3.5: (a) and (b) depict a double plot of both the V , . (T) and the corresponding
R,/A ~(T), measured from the LAO/LCMO and the STO/LCMO system, respectively.

Similarly, the temperature dependence of both the raw total-voltage (V;,, ) and the
corresponding resistance (R7, . ) between contact probes are also depicted together in
a double-plot for each device. Fig. 3.5(a), 3.5(b), and 3.5(c) illustrate these double-plot
where the measurements are taken from (i) LAO/LCMO/Pt10, (i1) LAO/LCMO/Pt5
and (iii)) STO/LCMO/Pt10 systems, respectively. The measurement protocols of the to-

tal signal are similar to that for the ANE-signal (the VT = 10 K, and H = 1000 Oe).
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T(K)

Figure 3.6: (), (b), and (c) depict a double plot of both the V; | (T) and the corre-
sponding R’TO ra1 (1), measured from the LAO/LCMO/Pt10, the LAO/LCMO/Pt5, and
the STO/LCMO/Pt system, respectively.
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3.5 Analysis of the T-dependent LSSE signals
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Figure 3.7: (a), (b), and (c) depict the temperature dependence of the total,
ANE and LSSE signals as measured from LAO/LCMO/Pt10, LAO/LCMO/Pt5, and
STO/LCMO/Pt10 systems, respectively.

Temperature dependence of the individual LSSE signals from all three LCMO/Pt de-
vices, along with the associated ANE and the total signals, are depicted in Fig.3.7 (a)-

to-(c). Plots corresponding to Fig.3.7(a), 3.7(b), and 3.7(c) illustrate the measurements
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taken from (i) LAO/LCMO/Pt10, (i1) LAO/LCMO/PtS, and (111) STO/LCMO/Pt10 de-
vices, respectively. Figure 3.7(a) and 3.7(b) indicate that a slight reduction in the mag-
nitude of LSSE signals as a function of decreasing Pt thickness, which is consistent
with prior reports on YIG/Pt bilayers [150, 151]. In similarity to that reported in other
systems, a peak in the Vyssg(T) is also observed at lower temperatures [117, 132].
This peak deep within the magnetically ordered regime is a defining feature of all T-
dependent measurements of LSSE and is attributed to the temperature dependence of

the magnon relaxation rates and population.

3.5.1 LSSE in the low-temperature regime

Theoretical descriptions suggest that the magnon-driven Spin Seebeck effect depends
on the mechanism of interfacial spin pumping caused by a finite difference between
the effective magnon temperature in the ferromagnetic material and the electron (and
phonon) temperature in the NM layer [7, 8]. The first theoretical model was proposed
in the context of the transverse measurement geometry [7]. This model was later mod-
ified for the LSSE geometry by Rezende and co-workers [8]. Under the application
of a thermal gradient VT, the spin current density (Jy) flowing through the interface
is given by Jy = DsﬁT [7]. The interfacial spin Seebeck coefficient (Dy) is given by
Dy = yhikpg™/(2nM,V,), where v, h, g™\ kg, My, and V, refer to the gyromagnetic ra-
tio, the Planck constant, the spin-mixing conductance, the Boltzmann constant, the satu-

ration magnetization, and the magnetic coherence volume, respectively. The functional

. 3 . . .

form of V,, could be written as V,, = 34%5;—’;(%)7, where ¢ is the Riemann Zeta function,
3

and D is the spin stiffness [152]. Thus, the temperature dependence of this spin current

is primarily expected to arise as a consequence of the 7" dependence of the magnetic co-

. : o3 . .
herence volume, implying that Jg o gﬁ(%)i. This spin current flows into the Pt layer,
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with a spin diffusion length Ap; and generates a charge current Jo = (%) Opidy X o
where, e, Op;, and o refer to the electronic charge, spin Hall angle of Pt, and spin po-
larization of the conduction electrons in Pt, respectively [1, 126]. The corresponding

LSSE signal is determined as Vyssg = /Ry =1 p,/lp,%@pt tanh (%) Js, where

’
VLSSE

Vl

| ssp» Raslp:, and tp; are the measured transverse voltage, the resistance across the Pt

bar, length of the Pt bar, and thickness of the Pt bar, respectively [8, 43, 102]. Since

tanh (Zt/‘{’;’) ~ 1 in our case, and with Ap; oc 77! [153], and M, being invariant at low

1
nrs . _
Opig QTZ - implying that the V 55z should vary as T, at-

temperatures, the Vgsg «
least at low temperatures. However, prior measurements on the model YIG-Pt system
have revealed a linear T dependence, which has been attributed to the quadratic magnon

dispersion in YIG [117], or the influence of the thermal conductivity in determining the

functional form of Vgsg [128].
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Figure 3.8: The temperature dependence of Vgsr at temperatures below 60K. In
the region where AT, s remains invariant, the LSSE signal varies as 0.47 + 0.01 and
0.53+0.02 in LAO/LCMO/Pt devices with Pt thickness of 10 nm and 5 nm respectively.

Figure 3.8 depicts an expanded view of the T dependence of Vg5, measured from

both the LAO/LCMO/Pt10 and LAO/LCMO/PtS systems, at low temperatures in which
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it is found that the V; g5z varies approximately as 7% - an observation which is in good
agreement with the spin magnon theory. It is also observed that the LSSE exponent is
nearly invariant as a function of Pt thickness. With the proximity induced ANE being
reported to exhibit a pronounced dependence on the thickness of the Pt layer [154,
155], this observation also confirms that the contamination of the LSSE signals by the
proximity-induced ANE should be negligibly small, and thus could be ruled out in our
case.

Since the spin current is proportional to the effective temperature gradient (A7, )
across the LCMO layer, it is important to estimate how this quantity varies in this tem-
perature range. The VT, is estimated for the LAO/LCMO (or the STO/LCMO) by
using the following mathematical expression:

VTapplied

1+ Kicmo _tsub
Ksup tLcmo

VIery =

(3.2)

where VT4 = 10 K, g, = 0.5 mm (thickness of the LAO or STO substrate),
and 7 cpmo = 200nm (thickness of the LCMO film). K;camo and K, are the ther-
mal conductivities of the LCMO and the substrate, respectively. Depending on the
previous reports of the thermal conductivities of the both LAO single crystal [156]
and the LCM O material of similar composition [157], the VT, is estimated for the
LAO/LCMO bilayer and depicted in Fig.3.9(a). It shows a narrow temperature regime,
18K < T < 32K, where VT, ¢y remains invariant in temperatures. It is also found that
the functional form of the V; g5z obeys T characteristic only in this regime in which
AT,y is nearly invariant, as depicted in Fig. 3.9(a) and 3.9(b). For further confirmation,
we have studied the temperature dependence of V;ssg on a similar LCMO film where

the substrate was changed to STO — implying a possible change in the functional form
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of VT, ;¢. The temperature dependence of the estimated VT, sy along with the Vi ssg
are depicted in Fig. 3.9(c) and 3.9(d), respectively. The thermal conductivity of single-
crystal STO is taken from the published report by M.T.Buscaglia and co-workers [158].
The STO/LCMO system shows a much narrower temperature regime, 18K < T < 24K,
where the VT, ¢ r remains invariant in temperatures (Fig.3.9(c)). Interestingly, V; ssg (T)
is again found to exhibit approximately 7°-> dependence, as predicted by the aforemen-

tioned magnonic spin current model, only in the temperature regime where VI, ;s is

estimated to be invariant in this case as well.
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Figure 3.9: (a) & (b) show the estimation of the VT, zs for the LAO/LCMO system
and the Vi ssrg measured in the LAO/LCMO/Pt10 system, respectively. Similarly, (c)
& (d) show the estimation of the VT, sy for the STO/LCMO system and the Vi ssk

measured in the STO/LCMO/Pt10 system, respectively.

It has been suggested earlier that the low energy (or sub-thermal) magnons con-
tribute disproportionately to the measured Vpgsr signal, and that phonon mediated

magnon scattering needs to be explicitly considered in describing the magnitude as well
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as the T and H dependence of the LSSE [130, 138, 159, 160]. In contrast, another report
on YIG-Pt devices has also suggested an intimate coupling between the thermal con-
ductivity («) and the measured Vyssg, reinforcing the importance of phonon-mediated
processes in the LSSE [128]. The fact that at higher temperatures, our V; g5 signals de-
viate from 7°- indicates that an inordinate change in AT, 77 across the magnetic LCMO
film provides the upper bound for observing the theoretically expected functional form

of VLSSE-

3.5.2 LSSE near para-to-ferromagnetic phase transition

Theory and experiments have also failed to reconcile with regard to the functional
form of the SSE near the magnetic phase transition. The only prior measurements on
YIG-Pt devices have reported that the SSE signal varied as (7, — T)3 [4]oras (Tc-T)'”
[129] in the vicinity of the magnetic phase transition, while the magnetization scaled
as (T. — T)%, as is expected from mean-field theory. However, previous theoretical
investigations have predicted that the SSE should vary in consonance with the magne-
tization. For instance, an atomic numerical simulation considering the full spin-wave
spectrum of the ferrimagnetic YIG predicted that both the SSE and the magnetization
should have the same critical exponent [161]. In another theoretical prediction based on
time dependent Ginzburg-Landau analytical calculation on a (simple single-sublattice)
ferromagnet also suggested that the SSE signal should vary along with the magnetiza-

tion as (T, — T)% [162].
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Figure 3.10: The T¢ — T dependence of the magnetization and the LSSE signal is
depicted in (a) and (b) respectively. The critical exponent of Vi ss£ is seen to be much
larger than that of the magnetization, and also varies with the thickness of the Pt spin-
to-charge conversion layer.

The temperature dependence of both the magnetization (M) and the LSSE signal
(Vissg) 1n the vicinity of the magnetic phase transition of the LCMO are depicted in
Fig. 3.10(a) and 3.10(b), respectively. The critical exponent of the magnetization is
found to be 0.357 + 0.003, which is in good agreement with previous reports [163,
164]. Interestingly, in the same region, we obtain an exponent of 0.64 + 0.01 and
1.25 + 0.03 for the Vg5 (T) with Pt thicknesses of 10 nm and 5 nm, respectively. It
was speculated that the difference between the magnetization and LSSE exponents in
the case of YIG/Pt could arise as a consequence of the ferrimagnetic nature of YIG,
or other considerations like the magnetic surface anisotropy [162]. Though spin-wave
spectra are expected to be specific to the material, the fact that we observe a similar

discrepancy between the magnetization and LSSE exponents in the case of LCMO/Pt
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indicates this could be a generic feature of the LSSE signals in the vicinity of a magnetic

phase transition.

3.5.3 Role of spin mixing conductance

The difference between the M and Vg5 critical exponents, as observed in Fig.
3.10(a) and 3.10(b), could be a consequence of the fact that the functional form of LSSE
signal is not only dependent on the static magnetization but is also influenced by the 7'-
dependence of other factors, like, the spin mixing conductance, the spin-diffusion length
and the spin-Hall angle of the NM layer [4]. Previous reports demonstrated that the in-
trinsic spin Hall angle of Pt is reported to be invariant in the temperature range of the
LCMO transition [165, 166], and hence is unlikely to be a contributory factor. It has also
been demonstrated earlier that the spin diffusion length of Pt (4 p;) is nearly invariant
in the temperature range of the LCMO phase transition [153, 166]. The magnon-driven
spin current density is expected to vary inversely with the magnetic coherence volume
(V,), which in turn has a D3/2 dependence (with D being the spin stiffness co-efficient).
Interestingly, it has been reported that the spin stiffness co-efficient of LCMO has an
anomalous 7" dependence in the vicinity of the phase transition and does not fall to zero
as T — T,. This is presumably due to the finite magnetic correlations in the paramag-
netic phase - a hallmark of the colossal magnetoresistive manganites [167]. However,
the anomalous 7" dependence of the magnetic coherence volume (V,), as well as the
effective temperature gradient (AT, r¢) should be similar for both the films depicted in
Figure 3.10(b). The fact that we observe a pronounced increase in the LSSE exponent
as a function of decreasing Pt thickness suggests that the temperature dependence of
the spin momentum transfer at the interface could be responsible for this anomalous

temperature dependence of the LSSE signal.
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Prior ferromagnetic resonance (FMR) investigations on a LCMO film of similar
composition have reported a pronounced change in the FMR line-width (AH) across the
para-ferromagnetic phase transition [168] -implying a change in the Gilbert damping(a)
since @ = %, with y and w being the gyromagnetic ratio and the microwave fre-
quency, respectively [100, 169]. The spin mixing conductance being related to the
Gilbert damping through the relation ngl = %Aa (with Mg, dy and g being the
spontaneous magnetization, film thickness and the Lande’s g factor respectively) [100,
169, 170], would thus be expected to have a significant influence on the observed V; ssg
exponent. Interestingly, previous reports have also revealed that the effective ngl (or
Aa) depends on parameters like the quality of the interface [171] and the thickness of
the Pt layer [172—-174]. Since we observe a two-fold increase in the Vy g5 exponent
as a function of decreasing Pt thickness, it suggests that g,Tl(T) plays a critical role in
determining the functional form of Vyssg in the vicinity of the magnetic phase transi-
tion. This temperature dependence of the spin mixing conductance could also probably
explain why our measured V ss£(T) matches well with the magnon-driven spin current
model in the low-T regime, whereas model systems like YIG-Pt do not exhibit this be-
havior. Recent ferromagnetic resonance (FMR) measurements on YIG have indicated a
pronounced 7-dependence of the FMR linewidth (AH) [175, 176], implying a change in
the Gilbert damping(«) and consequently the spin mixing conductance at low tempera-
tures. On the other hand, early FMR measurements on Lag 7Cag3MnOj3 have indicated
that AH is relatively T independent below 100K [168], suggesting that it is this relative
T invariance of the spin mixing conductance and other terms that allows us to observe

the theoretically predicted 7% dependence of V;gsx(T) in the low temperature regime.
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3.6 Conclusion

In conclusion, we describe investigations of the temperature dependence of the LSSE
in an optimally doped Lag 7Cap3MnOj3 system. After disentangling the ANE contribu-
tion, we observe that in the low T regime, V;ss£(T) varies as T, as is expected by the
magnon-driven spin current model. In the para-to-ferromagnetic transition region, the
LSSE exponent is found to be much larger than that of the magnetization. This could be
generic to most of the phase transitions of this nature. Interestingly, this exponent is also
found to vary with the thickness of the Pt layer, indicating that a temperature-dependent
spin mixing conductance plays an important role in the measured Vyssg(7T"). Our obser-
vations reinforce the need to individually ascertain the 7 dependencies of contributory
mechanisms — especially the spin mixing conductance — which play a role in dictating
both the magnitude of spin current as well as the extent of spin to charge conversion to

understand the temperature-dependent LSSE in strongly correlated materials.






Chapter 4

The anomalous Nernst effect in a

Ni-Mn-Ga system

Ni-Mn-Ga Heusler system is well-known as an important functional material that
shows significant magnetic shape memory effect (MSME). Upon cooling, such a mate-
rial undergoes many sequential phase transitions, sensitive to their compositional vari-
ations. This chapter describes the detailed investigation of the Nij gsMn; g4Ga system
through various magnetic, electronic, and thermal characterizations. The anomalous
Nernst effect (ANE) is primarily investigated, and it is observed that the ANE is ex-
tremely sensitive to all those sequential transitions. In particular, a pronounced change
in the ANE signal is observed across the pre-martensitic phase of this material, whereas,
in contrast, such a change in other transport and magnetic measurements remains faint.
With the ANE being sensitive to changes at the Fermi surface, we have discussed the
possible coupling between local magnetism and the change in the Fermi surface asso-

ciated with the structural modulations.

79
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4.1 Introduction

The Ni,MnGa Heusler alloy and its near stoichiometric compositions has received
tremendous attention as an important functional material due to its substantial magneto-
caloric [177, 178], magneto-resistive [179], and magnetic shape memory effects (MSME)
[180, 181]. To date, many experimental and theoretical investigations have been fo-
cused on understanding the complex interplay of its structural, magnetic, and elec-
tronic degrees of freedom. Besides its fundamental importance, the generation of
large magnetic field induced strain (MFIS), that can exceed 11% in some systems [182,
183], enhances its importance as a potential candidate for the development of efficient
magneto-mechanical actuators. The stoichiometric Ni;MnGa has been widely used as
a model system, and previous reports confirmed the sequential transitions in this mate-
rial, where all the phases below the Curie temperature, 7, ~ 376K, are ferromagnetic in
nature [184, 185]. At room temperature, Ni;MnGa has a cubic L2 crystal structure (
a = 5.825Aand space group Fm3m), which is referred to as the austenite phase [185].
Upon cooling, it transforms to the martensitic phase at T); ~ 210 K via an intermediate
pre-martensitic transition (PMT) which occurs at Tpy; = 260K [185-187]. In general,
the pre-martensitic phase is considered to be a precursor state of the low temperature
martensite phase with preserved cubic phase symmetry having a long period modulated
structure[ 185, 186]. The modulations originates from a periodic shuffling of the (110)
planes along the [110] direction with a periodicity of six atomic layers, also called the
3-fold or 3M modulation [188-190]. On the other hand, the crystal structure of the
martensitic phase is still under debate between the body-centered tetragonal [184, 191]

and the orthorhombic [185, 187, 189] unit-cell structures. Even though it possesses
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extended structural modulation, the magnitude of such modulation also remains debat-
able between the 7M [185, 187, 192] and the 5M [191, 193] modulations. Nonetheless,
prior reports suggest that the large magnetic field induced strain of Ni;MnGa is closely
linked with the modulation of the martensite phase [182, 194], where it appears through
the modulated premartensite phase [186, 189, 195]. Here we note that, since the PMT
offers such modulations by maintaining the same lattice parameters of the austenite
phase, the premartensitic phase is considered as a perfect arena for the investigation of
the possible cause and/or effects of such modulations [196]. It is especially important
since the microscopic mechanism of such modulations, as well as its possible link to
both the MSME and ferromagnetism, remain in ambiguity. However, most of the con-
ventional experimental tools are relatively insensitive across the PMT — limiting the
flexibility of various investigation processes for addressing the issues associated with
these modulations.

A volume of investigation has been detailed in the literature, describing the mod-
ulated structure of both the martensite and the premartensite phases. It is presently
well-understood that all such modulations are incommensurate type [186, 187, 192].
A systematic study on off-stoichiometric Nio;,Mn;_,Ga has shown that both the pre-
martensitic and the martensitic transitions are very sensitive to compositional varia-
tions of the alloy [197-199]. Here, we discuss the detailed investigation of a near
stoichiometric Nij g¢Mn; 04Ga system through various kinds of magnetic, electronic,
and thermal measurements. In particular, the ANE is investigated for the first time in
this Ni-Mn-Ga class, depicting a substantial sensitivity in the premartensite phase in
comparison to other transport, as well as magnetization measurements. Our ANE data
also suggests a possible coupling between the local magnetism and the Fermi surface

of the specimen. Our investigation clearly shows that the ANE could be utilized as a
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powerful tool to probe the effects associated to the minute changes in the Fermi surface.

4.2 Sample preparation

The polycrystalline Ni-Mn-Ga sample was prepared by the conventional arc-melting
method using the appropriate quantities of each constituent. The sample was melted
several times to get uniform composition, and finally, the melted ingot was annealed
in evacuated quartz ampoule at temperature 1100K for 3 days to achieve further ho-
mogeneity and then quenched in the ice water mixture. For compositional analysis, a
small piece from the annealed ingot was evaluated using energy dispersive x-ray anal-
ysis. This data was collected at different regions of the sample, and the average com-
position was found to be Nij g¢Mn; g4Ga (hereafter termed as Ni;MnGa). The phase
of the sample is characterized by the X-Ray diffraction (XRD) experiment, carried out
at the room temperature. Both the sample preparation and the X-Ray characterization
was carried out by Dr. Sanjay Singh and his group members from I[IT-BHU, India. The
Rietveld refinement of the room temperature XRD data confirms that the sample is in

the single phase, with the cubic L2 crystal structure under the space group of Fm3m.

4.3 Magnetic measurements

The temperature dependent static magnetization (M (7)) was measured at different
magnetic fields of 100 Oe, 500 Oe, and 2000 Oe. Each M (T') measurement is taken in
the temperature range of 4K to 398 K by using a vibrating sample magnetometer (Quan-
tum Design, PPMS) in both the field cooled cooling (FCC) and the field cooled warming

(FCW) modes. In the FCC-mode, the sample is first heated above the Curie temperature
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(Tc¢) and after that the magnetic field is applied and then measurement is performed dur-
ing cooling of the sample temperature. After achieving the lowest sample temperature,
magnetization measurement in the FCW mode is performed, where the magnetization
is measured during warming of the sample temperature in the same magnetic field. Fig-
ure 4.1(a) illustrates the temperature dependence of static magnetization (M (T')) of our
sample at a low applied magnetic field (100 Oe), which confirms the sequential phase
transitions in this alloy as reported in the literature[189]. Upon cooling, the para-to-
ferromagnetic, the austenite-to-premartensite, and the premartensite-to-martensite tran-
sitions are observed at 383K (7¢), 233K (Tpyr), and 167K (Tyy) respectively. During
warming, all those transitions again appear in the reverse sequential order with a clear
thermal hysteresis at both the martensite and premartensite phase transitions, which is

also a characteristic of these transitions [189, 200-203].
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Figure 4.1: Temperature dependence of DC-magnetization at magnetic field of (a) 100
Oe, (c¢) 500 Oe, and (e) 2000 Oe — whereas (b), (d), and (f) are illustrating a magnified
part of the respective M (T") plot around the premartensitic transition. The blue dotted
line is guiding to show the premartensitic transition, and similarly the red dotted line (or
the black-dotted line) is guiding the martensitic transition during warming (or cooling)

In comparison to the previous reports on stoichiometric NipMnGa [184, 185, 204],
the present composition (Nij g¢Mnj g4Ga) of our sample shows that both the Tpy; and
the T}, shift to lower temperatures, which could be due to slight variation in Ni and Mn
content. These results are in good agreement with the reported phase diagram [197,
198]. Figure 4.1(c) and 4.1(e) depict the temperature dependence of magnetization
M (T'), measured at two different higher magnetic fields of 500 Oe and 2000 Oe, respec-

tively. Figure 4.1(c) depicts a small shift (around 1K) in the 7p), at a lower temperature
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in comparison to the low field (100 Oe) data of the M (T"). Moreover, the anomaly in the
M (T) plot across the premartensitic transition is suppressed by higher magnetic field
as observed from Figure 4.1(a), 4.1(c), and 4.1(e). Such an anomaly in M(T) is al-
most completely suppressed at a magnetic field of 2000 Oe, which is depicted in Figure
4.1(e). The suppression of such anomaly in the M (7T") data across the premartensitic
transition as well as the decreasing nature of 7py; with increasing the magnetic field is
attributed to emergence of magnetoelastic coupling in the premartensite phase, and this
is consistent with previous reports [195, 202-204]. Figure 4.1(b), 4.1(d), and 4.1(f) de-
pict a clear view of the magnetization-plots around the premartensitic transition (guided
by blue arrows), which are basically the magnified version of the M (T)-curves shown
in Figure 4.1(a), 4.1(c), and 4.1(e), respectively. The blue arrow in Figure 4.1(b) shows

the premartensitic starting temperature (75,, around 238K) during cooling.

4.4 Transport measurements

Apart from magnetic measurements, both the premartensitic and the martensitic tran-
sitions are also observed in various transport measurements. Temperature dependence
of resistivity (p(T)), thermal conductivity (K(7")), and the longitudinal Seebeck co-
efficient (Sy,(7")), measured in the absence of magnetic field, are depicted in Figure
4.2, 4.3, and 4.4, respectively. Here, the p(T) is measured at an applied magnetic
field of 2 kOe, whereas the S,,(7) and the K,,(T) are measured in the absence of a
magnetic field.All the p(T), K(T), and S,,(T) plots suggest that the sensitivity of all
these conventional transport measurements are quite faint across the pre-martensitic
transition. Nonetheless, the p(7T") curve confirms the metallic behaviour of the sample.

Similarly, the dominating contributions of the electron-type carriers at the longitudinal
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thermopower is also confirmed by the negative sign of the S,,(7") in the whole temper-

ature range.
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Figure 4.2: Temperature dependence of the resistivity, measured during warming (red-
circle) and cooling (blue-square) of the sample temperature. The blue dotted line (or
the red-dotted line) is marked at the martensitic transition temperature during cooling
(or warming) of the sample temperature. Similarly, the blue arrow (or the red arrow)
is marked at the pre-martensitic transition temperature during cooling (or warming) of

the sample temperature.
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Figure 4.3: Temperature dependence of thermal conductivity (K (7)), measured during
warming the sample temperature. The dotted line is marked at the martensitic transi-
tion, whereas the black arrows is marked the pre-martensitic transition in the K(7)

plot.
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Figure 4.4: Temperature dependence of Seebeck coeflicient (Sy (7)), measured dur-
ing warming the sample temperature. The dotted line is marked the martensitic tran-
sition and the black arrows is marked at the premartensitic transition in this Sy (7)
plot.

4.4.1 ANE measurements

Figure 4.5: Device geometry for the measurement of ANE.

The ANE or anomalous Nernst effect pertains to the generation of a transverse elec-
trical voltage (V;) orthogonal to both the M and the applied thermal gradient (eT) across
a magnetic metal — where, the VT acts as a driving force, analogous to an electric bias

causing anomalous Hall effect [9, 10]. In mathematical language, it can be described
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by an empirical formula:

V, = SeyM x VT 4.1

where Sy, is defined as the transverse Seebeck coefficient [10, 11, 205]. The measure-
ment protocols of the V; are mentioned in Chapter 1 of this thesis. Figure 4.5 illustrates
the geometry of our device, where the polycrystalline sample is cut and polished to form
a rectangular slab of dimensions 7 X 3 x 1 mm?>. The VT is applied across the width
(I, = 1 mm), and the magnetic field (H) is applied along the breadth (/) of the sample.
Therefore, the transverse ANE-voltage (V;) is measured along the y-direction by using
two gold wires, attached at the same surface of that rectangular slab at a distance of 3.6

mm (/) apart.
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Figure 4.6: (a) illustrates the VT dependence of the ANE-signal. (b) shows the mag-
netic field dependence of V4 y g signal, measured at room temperature with VI = 10K.
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Figure 4.6(a) depicts the linear dependence of V; on the applied VT, where the cold-
end of the sample is fixed at 300K, and the applied magnetic field is kept fixed at 2000
Oe. The linearity of the V; vs. VT-plot along with zero intercept confirm the absence
of any thermal loss in our measurement. Figure 4.6(b) shows the magnetic field depen-
dence of the ANE signal, where average sample temperature (7,,) is at 300K and the

VT = 10K. Both Figure 4.6 (a) and (b) confirm the observation of ANE signal from our

Heusler specimen.
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Figure 4.7: depicts the temperature dependence of the ANE signal, Vsn g (T) where
the VT = 5K and H = 2000 Oe are kept fixed.

Figure 4.7 illustrates the temperature dependence of the normalized ANE-signal,
Vane(T) = (lyl%) Vi(T'), where both the H and the VT are kept fixed at 2000 Oe
and 5K, respectively. It is worth mentioning that the average sample temperature is
determined by 7,, = %(Tl + T5), where the | VT |= VT =T, — T;, where T; and T, are

the temperatures at cold-end and hot-end of the sample, respectively.
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A large ANE-signal is observed at room temperature. In agreement with the previ-
ous reports on Heusler alloys [11], the present Ni-Mn-Ga system also shows a signif-
icant drop in the Vng(T)-signal across the martensitic transition. Another important
observation is that the Vyyg(T) turns out to be very sensitive across the premarten-
sitic transition, even though such anomaly in the M (T') curve across the premartensitic
transition is insignificant at this field of 2000 Oe. Therefore, from equation 4.1, it is
suggested that consideration of the characteristic of the Sy, is important for further un-

derstanding of the ANE signal.

4.5 Discussion

The origin of ANE is well understood in the picture of an effective spin-orbit interaction
— which is further decomposed into three different mechanisms, like, Berry curvature
effect, side jumping, and skew scattering mechanisms [9, 10]. The origin could also be
understood in terms of the Mott’s relation, which gives the link between the transverse
thermoelectric coefficient (@,,) and the transverse electrical conductivity (o). It is

given by the following relation:

Ay = (4.2)

7T2k129T y (GO'Xy)
3e OE Ep
where kg, e, E, and Ef are the Boltzmann constant, charge of an electron, energy

of the conduction electrons, and the Fermi energy of the sample, respectively [9-11,

205]. Thus, @,y depends on both the temperature and the slope of the o, tensor with

the Fermi-surface, or (aggy ) . Therefore, the Sy, being linked to «,, through the
Er

relation: Syy = p(a@xy — 0xySyy) [10, 11, 205], also becomes sensitive to the changes in
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the Fermi surface. Interestingly, a previous report has also claimed such sensitivity of
the Nernst signal on the Fermi-surface distortions [89].

The large MFIS of the Ni,MnGa is intimately linked with the existence of a long
periodic modulation in the microscopic structure of the sample. However, the origin of
those modulations is still under debate — and there are two diverse scenarios referred to
as its possible mechanisms. One of them is the Adaptive model, where the modulation
is portrayed as an effective twinning emerging from the minimization of elastic energy
[191, 206]. The other one is the soft-phonon mode-based displacive modulation model.
The latter has received more theoretical and experimental support [188-190, 207-213],
where a change in the Fermi surface (in terms of nesting of the Fermi surface) appears
as an imperative outcome of the phonon softening.

Despite these debates, it is worth mentioning that previous neutron scattering ex-
periments have confirmed the signature of phonon softening [188, 190, 207] and the
phasons [208] associated with the charge density wave (CDW) resulting from the Fermi
surface nesting at both the premartensite and the martensite phases. The high-resolution
X-ray diffraction studies also revealed the non-uniform atomic displacements in the
modulated phase, phason broadening in satellite peaks, and a temperature variation
of modulation wave vector without any commensurate lock in the phase [187, 189].
Recently, another experiment based on the photoemission spectroscopy has also con-
firmed the occurrence of CDW at the onset of the premartensitic transition [209], which
is again associated with the phonon softening or the Fermi surface nesting. Finally,
a recent electron-positron annihilation experiment has confirmed the nesting features
of the Fermi surface in the premartensite phase of the Ni;MnGa specimen[214]. So,
based on these findings, it can be argued that the significant sensitivity of the ANE-

signal across the premartensite phase (in Fig. 4.7) is presumably due to the change in
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the Fermi surface via its nesting features, which occurs at the onset of the premarten-
sitic transition (7pys). It is also important to note that there is also a finite possibility
for an additional contribution of the o, alone due to its crucial connection to the Sy,.
However, with p,, o« Mp", where p,, is the Hall resistivity and n is a number that
typically varies within O to 2 [9, 10, 85, 88] — the solitary role of the o, for the large
anomaly in the Vyyg(T) around the Tpy; would be negligible since both the M (T) &
p(T) are faint across the premartensitic transition. In support, a prior report on the
Hall measurement in a Ni-Mn-Ga thin film shows that Hall signal is quite insensitive
to both the premartensitic and the martensitic transitions [215]. Thus, ANE could be
another evidence in support of the phonon softening model. Interestingly, previous re-
ports also suggest such sensitivity of ANE signal in a CDW state [216-218]. It also
is worth mentioning that the nesting feature does also exist in the martensite phase too
[212-214] — however, its impact on the ANE signal can not be evident because of the
structural transformation associated with the martensitic transition which also results in
a substantial drop in the magnetization.

Apart from Tpys and Ty, the Vo (T) also depicts another characteristic tempera-
ture 7* — well below the onset of premartensitic transition — across which, a significant
change in the V4 is also observed, as shown in Fig.4.7. A possible explanation could
be inferred that during cooling the ANE voltage starts to change (rise) around 238K
(onset of premartensitic transition) as a consequence of the change in electronic state
of the system at this starting point of premartensite phase transition. The ANE-voltage
continues to rise with the appearance of the premartensite phase until it encompasses
the entire sample space, i.e., the occurrence of nesting of the Fermi surface evolves until
T*. Below this temperature, the V 4y (T) starts to decrease as a function of decreasing

sample temperature — a phenomena that could be understood from the Mott’s relation
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described in equation 4.2. Although, such a sharp change in the ANE-signal across the
T* hints the appearance of local traces of the martensite phase inside the premartensite
regime just below 7" (around 210K), resulting in a further modification of the Fermi
surface. Previous NMR experiments have clearly revealed such temperature regime
in between the Tj; and Tpy;, where both the premartensite and the martensitic phase
do coexist[210]. On further cooling, the main martensitic transition occurs, which is
also observed in all the measurements, characterized by Tj;. A reasonable thermal hys-
teresis in the Vyng(T) is also observed across both the martensitic and premartensitic
transitions. The nature of the V4 (T) seems to vary differently during the cooling and
warming cycles — and, we interpret such differences as a reconstruction of the Fermi

surface during cooling and warming through the premartensitic phase.

4.5.1 Role of coupling between the local magnetism and the Fermi

surface

The Mott relation certainly explains the ANE-signal; however, it also suggests that

the S, « (agg" )Er [9-11] — implying that it should also be sensitive across the pre-
martensite phase, whereas it does not seem so according to the Figure 4.4. A possible
explanation could be the role of the externally applied magnetic field. In the Sy, where
the measurements are taken in the absence of an external magnetic field, an additional
sizeable electronic background of the unchanged Fermi surface dominates over the role
of weak nesting at this premartensite phase. On the other hand, the ANE only picks
up the change due to the magnetic field, where the substantial background is ultimately
subtracted by reversing the magnetic field — although, such a significant change across

the Tpys 1s almost invisible in the M (T') data measured at a field of 2000 Oe. Previously,

such phenomena of ANE that are beyond the magnetization scaling is explained with
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the role of effective Berry curvature [219, 220], where the form of the sample, used for
the measurements, is a single crystalline specimen. As our sample is a polycrystalline
slab, the role of effective Berry curvature is very unlikely to be present in our obser-
vations. In another possibility, that could occur in this premartensite phase, is to have
some level of coupling between the local magnetism and the Fermi surface — so that, it
can add an extra contribution to the measured V4 y g by the changes in the Fermi surface
due to the application of external magnetic field. Recently, G. Lantz and co-workers
also have inferred about such a coupling in their pump-probe experiments on the stoi-
chiometric NipMnGa sample [196]. This coupling might help in understanding the link
between the magnetic field and the structural modulation, which is so called the MFIS.
Interestingly, a previous theoretical work also predicts that the premartensitic transition
is driven by the magnetoelastic interaction (or by the MFIS) [195]. Thus, in short, the

aforementioned coupling can provide a much deeper insight into this class of materials.

4.6 Conclusion

In conclusion, we present a detailed investigation of a near stoichiometric Ni-Mn-Ga
sample, which shows all the sequential transitions that occur in the line of the reported
phase diagram. Across the premartensitic transition, a predominant suppression of the
anomaly in the M (T) curve is observed at a higher magnetic field — suggesting the
occurrence of magnetoelastic effect in this premartensitic phase of this material. The
ANE is investigated for the first time in this Ni-Mn-Ga class of materials, and it clearly
shows the substantial sensitivity across the premartensitic phase in contrast to other
conventional transport measurements, like, p(T), K(T'), and S,,(T). With the ANE

being sensitive to changes in the Fermi surface, we suggest that such sensitivity of the
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Vane(T) 1s due to the changes in the Fermi surface — which further supports the soft
phonon based model. Finally, tallying the Vs (T) with both the M (T) and the Sy (T),
we also suggest the possibility of some level of coupling between the local magnetism
and the Fermi surface, which could have significant implications in understanding such
potential functional materials. Finally, we conclude that the ANE could be utilized as
a powerful tool for further investigations on various different magnetic shape memory
alloy systems having different compositions and/or forms, like, single crystals or thin

films.






Chapter 5

The magnon Hall effect in single

crystalline Y,V,0~

The discovery of the magnon Hall effect (MHE), driven by the Berry curvature of the
magnon bands, has been a significant advancement in the field of Spintronics. In this
chapter, we report on our investigation of the MHE in a single crystalline Y, V,07 spec-
imen. In particular, we quantify the thermal Hall effect of magnons along two different
orientations of the crystal, {100}, and {111}, by putting a thin non-magnetic metal-layer
on top of the [100] or [111] plane of that crystal. Our observation reinforces the need
to individually ascertain the contributions of all the magnon-bands in quantifying the
Hall response of magnons. A possible role of the Weyl magnon is also discussed in
determining the observed thermal Hall signals. Additionally, the measurements from
the crystals oriented along the {111} plane are found to display a significant magnon
drag effect at the interface. By considering the theoretically predicted magnon band
structure of the pyrochlore ferromagnets, we link the magnon drag effect with the chiral

surface state of magnons.
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5.1 Introduction

The Hall effect pertains to the generation of a transverse electric current on the ap-
plication of the longitudinal electric field. In the case of ordinary non-magnetic metals
(e.g., Cu or Al), it is well described in terms of the Lorentz force proportional to the
applied magnetic field, that deviates the moving charged particle into the transverse di-
rection. However, in a magnetic material, there is an additional contribution due to the
associated magnetization causing the anomalous Hall effect (AHE) [85, 87]. A ther-
mal analogue of the anomalous Hall effect is known as the anomalous Nernst effect
(ANE)— where the driving force is the applied thermal gradient instead of the electric
field [10, 88]. A series of investigations have revealed that the origin of the ANE (or
the AHE) could be explained in terms of an effective spin-orbit interaction— which is
further decomposed into three different mechanisms, namely, Berry curvature effect,
side jumping, and skew scattering mechanisms [9, 10, 85, 87, 88]. Among them, the
Berry curvature effect is also recognized as an intrinsic effect, originating from the band
structure of the material, and is thus protected by the symmetry of the specimen [78,
81, 82, 87, 221-223]. For instance, in recent experiments, the Berry curvature driven
anomalous Hall transport of electrons were demonstrated in terms of ANE [219, 220].
Since the Berry curvature effect is not restricted only to electrons, a similar effect is also
expected in other types of particle systems as well. Prior experimental investigations
have also confirmed the Hall transport of photons [224, 225], phonons [55, 56, 226],
and magnons [12, 15] — where these particles, even though they are charge-neutral,
are influenced by the effective Berry curvature of their energy-bands giving rise to an

intrinsic Hall transport.
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Magnon Hall effect (MHE), a relatively new topic in the context of Berry curva-
ture effect, has earned a lot of attention due to its fundamental importance to the field
of spintronics. In 2010, H. Katsura et al. first introduced a theoretical description of
MHE in the context of the thermal Hall effect of magnons (THEM) — where the trans-
verse thermal current is carried by magnons [111]. First experimental demonstration
was performed by Y. Onose and co-workers, where the THEM was observed in a py-
rochlore single crystal of Lu; V2,07 specimen [12]. In prior experiments, the THEM
was demonstrated in terms of the transverse thermal conductivity (K;,) — where the
K, was studied as a function of the applied magnetic field (H) and temperature (T)
that confirmed magnons as the carrier of the transverse thermal current [12, 15]. It is
worthwhile to mention that the K, is estimated by measuring the transverse thermal
gradient (VT,,) in a direction orthogonal to both the applied thermal gradient (VT};)
and the external magnetic field (H) [15]. In this chapter, we report the observations
of THEM in single-crystalline Y,V,07 specimens, where the measurements are per-
formed in two different crystals whose planes are cut and polished into two different
orientations, {100} and {111}. Unlike the previous experimental detection method [12,
15], we measure the VT,, by putting a thin non-magnetic normal metal (NM), like, Pt,
or W, on top of the crystal’s plane. The THEM is then quantified in terms of thermo-
power, generated along the length of the NM-bar (also called as the detection layer).
In contrast to prior reports, where the VT, was directly measured by utilizing ther-
mocouples [12, 15], our method significantly improves the signal to noise ratio. The
detailed investigation on the Y,V,07 crystals reveals that a significant part of the ob-
served THEM signal is contributed by the magnons of the higher energy bands. This

is in contrast to the previous report, where the contribution of the lowest magnon-band



100 Chapter 5. The magnon Hall effect in single crystalline Y, V>0

was considered to have a solitary role in dictating the THEM-signal [12, 15]. Addi-
tionally, the crystal with {111} planes is observed to display a significant magnon drag
effect at the interface with the NM layer — which is further linked to the topologically

protected chiral surface state of magnons.

5.2 Sample Preparation

The single crystal of Y,V,07 were grown by Dr. Dharmalingam Prabhakaran from
the University of Oxford, UK. All the crystals were cut and polished into two sets of
two different orientations. The first set was oriented along {100} planes, and the other
one along {111} planes. Hereafter, the crystal with {100} orientations will be mentioned
as YVO[100], and that with {111} orientation will be mentioned as YVO[111]. For the
detection of VT,,, we deposited a thin non-magnetic NM-bar, like, Pt or W, on top of
the crystal surface by using the DC magnetron sputtering technique. Figure 5.1 depicts

the device geometry of the measurements.

Metallic layer
>
—~

3|

Figure 5.1: Device geometry to measure the THEM signal, where the generated trans-
verse thermal gradient is measured by the attached metal bar.

Y,V,0; single crystal

Depending on both the choice of crystal and the choice of NM layer, four different

types of devices are made: YVO[100]/Pt, YVO[100]/W, YVOI[111]/Pt,and YVO[111]/W.
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The thickness of both the Pt (tp;) and W (#y) layers are maintained at 10nm. The di-
mensions of the YVO[100] and the YVO[111] crystals are (I) 3 mm X 2.5 mm X 1

mm, and (I[) 4.5 mm X 2 mm X 1 mm, respectively.

5.3 Results and discussions

5.3.1 Magnetic and electronic characterization

The magnetic and electronic transport characterization of both the YVO[100] and the
YVO[111] crystals are described below.

Temperature dependence of the magnetization (M-T), with H || [100] and H ||
[111], are depicted in Fig. 5.2 (a) and (b), respectively. The M-T measurements are
performed in conventional zero-field cooled (ZFC), as well as field cooled (FC) mode,
where a magnetic field of 100 Oe is applied during each measurement. Both M-T plots

illustrate the ferro-to-paramagnetic transition at 7, ~ 70 K.

M (e.m.u./gm)
M (e.m.u./gm)

Figure 5.2: Temperature dependent magnetization as measured from (a) YVO[100],
and (b) YVO[111] crystals.

Magnetic field dependence of the magnetization (M-H) of both the YVO[100] and
YVO[111] crystals are depicted in Fig. 5.3, where the direction of the magnetic field is

kept along the [100] and the [111] planes, respectively. Here, the sample temperature is
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kept fixed at 15 K.

[¥5]
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[ —o—YVO[111]
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Figure 5.3: Magnetic field dependent magnetization as measured from (a) YVO[100],
and (b) YVO[111] crystals. The sample temperatures are maintained at 15 K.

The temperature-dependence of the resistance, measured across the YVO[100] sam-
ple, is depicted in Fig.5.4. It clearly shows the specimen’s insulating nature. In the inset

of the Fig. 5.4, the first derivative of the measured resistance is shown to illustrate the

occurrence of phase transition across 7.
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Figure 5.4: Temperature dependent of the total resistance, as measured from
YVOI[100]. In the inset, first derivative of the measured resistance is depicted to show

the insulator-to-insulator transition at 7.

Prior reports confirmed that the structural, magnetic, and electronic properties of

the pyrochlore Y,V,07 are quite similar to that of the Lu;V,07 specimen [227-229].



5.3.1 Magnetic and electronic characterization 103

Since Luy V,07 is a well-known material that offers a significant MHE, a similar effect
is also expected in a single crystalline Y,V,07 specimen. The magnetism in these ma-
terials is driven by the V4* (3d', S = 1/2) sub-latices, which share their corners to form
a corner-sharing Vanadium tetrahedron [12, 229]. This structure could also be viewed
as the stacking of alternative Kagomé and triangular lattices along the [111] direction,

as depicted in Fig. 5.5.

Figure 5.5: depicts a pyrochlore crystal structure [12]. In our case, the V#* latices are
sitting at the corner of each tetrahedron, forming the magnetic structure of the Y,V,05
crystal. The [111]-direction is along the body diagonal of the surrounding cube. The
figure is adapted from Ref.[12], and reprinted with permission from AAAS.

Since the midpoint between any two apices of a tetrahedron is not an inversion
symmetry centre, these samples exhibit non-vanishing DM-interactions. According to
the Moriya’s rule, each DM-vector on the bond should be perpendicular to the bond
and parallel to the surface of the surrounding cubic unit-cell. The spin Hamiltonian in

describing this system is given by [12, 230, 231]

Heff:_ZJijSi‘Sj-i'ZDij'(SiXSj)—ZB-Si (5.1)
ij ij i
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where, J;; is the isotropic symmetric exchange integrals, D;; is the DM-vectors, and B
is the externally applied magnetic field. The DM-interaction acts as an effective gauge
field that gives rise to a non-vanishing Berry phase effect on the magnons. Here, we
note that the DM-vectors do not hamper the ferromagnetic ground state of the mate-
rial because the sum of all the DM-vectors on the bonds sharing the same site is zero

(Zijy Dij = 0) [12, 229].

5.3.2 THEM studies

For the generation of magnon Hall current, a thermal gradient (VT?,) is applied across
the thickness of the device (along the z-direction) with the magnetic field (H) being ap-
plied along the y-direction. Thus, the THEM is determined by means of the thermoelec-
tric voltage across the attached NM-layer — which is measured along the x-direction,
orthogonal to both the H and the VT, as depicted in Fig.5.1. The THEM signal is
quantified as a function of both H and the average sample temperature (7,,). The av-
erage sample temperature is determined as T, = %(Tl + T»), where T1 and T, are
the temperatures at opposite surfaces of the crystal, measured by two Cernox sensors.
Thus, the applied VT,, = T, — T;. During the H-dependent measurement, the measured
voltage at H = 0 Oe is considered as the background voltage (Vy); and the THEM-
signal is then quantified as Vrygy (H) = V;(H) — Vj by keeping both the T,, and the
VT,, fixed, where V; is the measured voltage with field H. On the other hand, dur-
ing the T-dependent measurement, the background voltage is subtracted by reversing
the direction of the magnetic field. T-dependence of the THEM signal is quantified as
Verem(T) = %(Vi(+H, T)-Vi(-H,T)), where both the H and the VT, are kept fixed.

Apart from the thermoelectric voltage across the NM-bar, the VT, could generate
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an additional voltage due to the spin Nernst effect (SNE) if the attached NM-layer pos-
sesses a significant spin Nernst angle (Asy) [49, 232]. The SNE, akin to the spin Hall
effect [48], pertains to the generation of a transverse spin current (J) under the influ-
ence of an external thermal gradient [49, 232]. Mathematically, it could be expressed

as [49]:
Js =0s8VT X H (5.2)

Thus, the applied thermal gradient across a bare NM having significant spin-orbit cou-
pling (e.g., Pt or W) results in the generation of spin-current inside that NM, where
the generated spin-current propagates in the opposite direction for having the opposite
spin-polarization. However, such spin-current reflects back from the surfaces of the
specimen and cancel each other. Whereas, in contact with a ferromagnetic insulator
(FMI), the generated spin-current inside the NM layer induces a net spin accumulation
at the interface, which exerts a torque on the ferromagnet by means of the spin-transfer
torque (STT) [49, 232]. Thus, the incident spin-current is partially absorbed by that
ferromagnet by means of STT, creating a non-vanishing spin current in the direction
normal to the interface, which is further converted into an electric voltage by the in-
verse spin Hall effect (ISHE) [49, 232, 233]. In our case, this ISHE-voltage — also
termed as spin Nernst voltage — contributes additively to the thermoelectric voltage.
Since both the thermoelectric effect and the SNE are caused by the VT, the total trans-
verse voltage is termed as THEM-Voltage (VryEy). Mathematically, the Vry gy could

be expressed as [49, 232]

Vrren = S+ ASt + ASy(1 - m}) | VT, (5.3)
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where,

24 N
AS| = SOspOsy ==t h(—) 5.4
1 SHOSN T anh { = (5.4)
pl 21G tanh? tzﬂ/l
ASZ = _SHSHQSN_Re 7 (5.5)
IN  onm +24Gcoth &
my, =M-3/IM| (5.6)

Here, S is the Seebeck coefficient of the NM-layer, AS| and AS, are the corrections to
the Seebeck coefficient due to SNE, gy is the spin Hall angle of the NM, gy is the
spin Nernst angle of the NM, A is the spin diffusion length inside the NM-layer, 7y is
the thickness of the NM-layer, oy is the electrical conductivity of the NM, G is the
spin-mixing conductance at the interface, and M is the magnetization of the FMI. Prior
experimental demonstration of SNE was demonstrated by applying a constant in-plane
thermal gradient, where the spin Nernst voltage was found to vary symmetrically with
respect to the magnetization of the FMI, as expected from the third term in Equation
5.3 [49, 232]. In contrast, here, the VT;, is generated at the interface by means of
the THEM — suggesting that the SNE, along with the thermoelectric effect across the
NM-layer, would contribute anti-symmetrically with respect to the magnetization of the

specimen in determining the Vry gy, signal.
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5.3.2.1 THEM studies on YVO[100]
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Figure 5.6: H-dependence of the THEM signal, measured from (a) YVO[100]/Pt and
(b) YVO[100]/W devices.

Fig.5.6(a) depicts the H-dependence of the THEM signal (Vrgey (H)), measured
from the YVO[100]/Pt device at two different sample temperatures (60 K and 45 K)
by keeping the applied VT, = 10 K. Since the measurement-geometry, as well as the
measurement-protocols, are similar to that of the longitudinal spin Seebeck measure-
ments [5, 103, 109, 234], there could be an additional role of longitudinal spin Seebeck
effect (LSSE). Prior investigations demonstrated that the generation of LSSE-voltage is
possible if a net spin current is pumped through the interface into the NM-layer. The
spin-pumping is determined by the properties of the interface, such as the spin-mixing
conductance of the interface, the roughness of the interface, and the effective tempera-
ture difference between the magnons and the conduction electrons at the interface [5, 7,
101, 171, 234, 235]. On the other hand, any contamination due to the ANE is neglected
since the prior experiments confirmed the absence of ANE in systems comprised of
magnetic-insulator/NM bilayers [103, 109, 110, 234]. In the case of LSSE, the gen-
erated voltage is known to change its polarity by changing the spin Hall angle of the
detection layer [2, 72, 234]. For this reason, a similar measurement has also been per-

formed by replacing the detection layer of Pt by W, where all other control parameters,
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like, the VT, and T,,, are kept unchanged. Fig. 5.6(b) depicts that the polarity of the
observed signal, as measured from the YVO[100]/W device, is similar to the signal
measured from YVO[111]/Pt device (Fig.5.6(b)), even though the sign of the spin Hall
angle of Pt is opposite to that of W [72]— confirming the THEM signal.

Fig.5.7 depicts the temperature-dependence of the THEM signal (Vrgey (T)), mea-
sured from the YVO[100]/Pt system by varying the 7,,,, where the VT,, and H are kept
fixed at 10K and 500 Oe, respectively. The Vryeuy vs. T plot clearly depicts a charac-
teristic temperature 7* (= 35 K), below which the observed signal vanishes. Both the
ANE and the LSSE are monotonically increasing functions of the sample temperature.
At low temperatures, the ANE varies proportionally with 7' [88], and the LSSE varies
as T%3 [234] or T [117]. This implies that the ANE or the LSSE vanishes only at T = 0
and that any contamination of the THEM signals by the ANE or the LSSE could be

ruled out in our case.
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Figure 5.7: T-dependence of the THEM signal measured from YVO[100]/Pt. The
dotted line is marked at T,., and red arrow is marked at 7.

In the case of Pt, the gy ~ 0.1 [72], and 65y =~ —0.12 to —0.24 [232]. Thus,

with A =~ tp; in our case, the contribution of SNE (via the AS; and AS, terms) is
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expected to be a couple of orders smaller than the thermoelectric voltage across the
Pt bar. Furthermore, the contribution of AS, vanishes when the magnetization gets
saturated in the y-direction (see equation 5.2). So, the Vrggy (T) primarily constitutes
of the conventional thermoelectric effect in the Pt layer. Thus, the functional form of
the Vryeym (T) is determined by the T-dependence of both the VT, (7") and the Seebeck
coefficient of the Pt layer (Sp,(7T")). Prior reports also showed that the Sp, displays
a smooth and non-vanishing functional form in the whole temperature regime of our
experiments [236]. The fact that the Vyygp (T) vanishes at a temperature below 7*
suggests that temperature dependence of the VT,,(T) must be at play in determining
the THEM-signal.

Prior experimental findings of the THEM have been quantified in terms of K.,

K2, VT,

determined via the relation K, =~ >
q

where K is the longitudinal thermal con-
ductivity, and j, is the thermal current density [15]. Initially, the analytical expression
of the K, was derived by using the Kubo formula, where the K, was shown to arise
as a consequence of non-vanishing Berry curvature of the magnon band in momentum
space (k-space) [12, 15, 111]. It is also shown that the effective DM-interaction makes
the Berry curvature non-zero [12, 15, 111]. However, later in 2011, Matsumoto and
Murakami pointed out an additional correction due to the rotational motion of magnons

[13, 14]. The expression of K, for the three dimensional pyrochlore ferromagnet could

be expressed as [13—15, 237]

A3k
K., = 2TZ L , (2ﬂ)302(Pn(k))Qn,z(k) (5.7

2
with c2(p) = (1+p) (log HTP) —(log p)—2Li(—p), and the local Berry curvature of the

a%,;{(k ) > Here, n is the index that describes the
y

n'" magnon band Q,, . (k) = Im <3‘g’;{ik)
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discrete energy level of the magnon bands, p is the Bose-Einstein distribution function
of magnons, and ¥, (k) is the wave function of magnons at the n'" energy band having
momentum K. Equation 5.7 suggests that the THEM-signal is determined by the addi-
tive contribution of all magnon bands, where the c;-function acts like a weightage to
each band, determined by the population of magnons at that band. At low temperatures,
the lower energy states become more populated and so the primary contribution comes
from the lower bands due to the ¢, function. As the temperature is increased, bands of
higher energy levels become occupied and provide significant contributions to the Hall
transport. Prior theoretical work, based on stacking of Kagomé layers, also showed
the energy (&) dependency of the ¢, function, depicted in Fig.5.8 — suggesting that at
low temperatures the contribution of the magnons with higher energy are significantly
suppressed by this ¢, function [231]. The fact that the observed signal (depicted in the
Fig.5.7) vanishes at temperatures below 7™, whereas it rises steeply with the temper-
atures above T*, suggests that the magnons from the higher energy-bands contribute

significantly to the THEM signal.

()

6 8 10
£ (meV)

Figure 5.8: depicts the ¢y (&) vs. € plots at three different sample temperatures, where
c2(&) is the population weightage of magnons at a energy band and ¢ is the energy
of momgons [231]. Adapted with permission from Ref.[231], copyright (2014) by the
American Physical Society.
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Previous experimental findings of the THEM in the closely related Luy, V,07 sys-
tem was analysed by fitting the H-dependent K, data, where the analytical expression
of k. was derived by assuming that only the lowest magnon band contributes to the
THEM [12, 15]. As a result, it ended up with an overwhelming value of the % ratio
(=~ 38% [15] or 35% [12]) in comparison to that of the previously reported Y,V,07
specimen (a first principle calculation suggested that % ratio of the Y,V,07 is only
5% [229]). However, the magnetic properties of Y,V,07 are similar to that of the
Lu,V,07 [227-229]. This mismatch was also pointed out in another theoretical work
by A. Mook et al., where they described that the assumption of the solitary contribu-
tion of the lowest energy-band causes an overestimation of the DM interaction [231].
Finally, the functional form of K, derived from lowest-band approximation, shows a
monotonically increasing function of the sample temperature [15], which could not ex-
plain the observation of the characteristic temperature (7). In contrast, our observation
clearly indicates the contributions of the higher energy-bands of magnons. Interest-
ingly, in a recent theoretical work by Christian Moulsdale and co-workers, the effective
K. was also calculated by the individual contribution of all the bulk bands, where both
the polarity and the magnitude of the individual contributions of each magnon-band
were determined by the associated local Berry curvature and occupation probability of

magnons at that band [237].
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5.3.2.2 THEM studies on YVO[111]

100 T
S
g
z
o
5 -100 YVO[111]/Pt
I ——VT,,= 10K
200 ——VT,~=0K
i N | 2 |
2000 -1000 0 1000 2000
H (Oe)

Figure 5.9: Magnetic field dependence of the THEM-signal, measured from
YVO[111]/Pt device, with the T,, = 50 K.

Fig.5.9 depicts the H-dependent THEM-signals, measured from the YVO[111]/Pt
device, with two different applied thermal gradients (VT,, = 10K and 0 K). Here, the
average sample temperature (7,,) is maintained at 50 K during each of these mea-
surements. In contrast to that of YVO[100]/Pt, the YVO[111]/Pt device depicts that
the Vryepym does not saturate with the magnetization. The THEM-signal is found to
be contaminated by an additional signal that varies symmetrically with respect to ap-
plied H. To distinguish this additional signal, we decompose the measured signal into

the anti-symmetric and symmetric components: Vrgepy = yAPL L ySPL . Where

THEM © YTHEM®

VA = Y (Ve (FH)~Vegem(=H)) and Vol = Y (Vegpy (+H)+Vrgep (= H))
thHEM = 3\VTHEM THEM THEM = 3\VTHEM THEM .
Here, V;ﬁé‘lM notation is used to describe both the anti-symmetric and the symmet-
ric components of the measured THEM-signal, where i = A or § stands for the anti-
symmetric or symmetric, respectively. NM is the metal layer that is used to quantify

the THEM-signal in the YVO[111] crystal.
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Figure 5.10: Magnetic field dependence of (a) the magnetization, and (b) sym-
metric and antisymmetric components of the THEM-signal which is measured from
YVO[111]/Pt device. The dotted line is marked at the saturating magnetization.

Figure 5.10(b) illustrates the Vf‘;;f y and the VTS; é » components of the total-signal,

depicted in Fig.5.9 with the VT, of 10 K. To demonstrate how these components vary

with the magnetization, we also show the M-H plot in Fig.5.10(a), shown only in the

AP
| VAtenid

THEM 18 found to be saturated with

positive sector of the applied magnetic field. The

VS,PI

the magnetization of the specimen, as expected in the case of THEM-signal. V., .,

also shows a profound dependence on the applied magnetic field. At low fields, it starts
to increase with |H|. However, after a certain increment of that field, it decreases with
further increasing |H|, and then it changes its sign from positive to negative near the

saturation of the magnetization. In particular, after achieving the saturated magneti-

VS,Pt

zation of the specimen, THEM

varies linearly with |H|. We infer that the initial rise
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of the VTS hpé 10 the low magnetic field could be a consequence of various magneto-

resistive (MR) effects, such as anisotropic magnetoresistance (AMR) [238], spin-orbit
magnetoresistance (SOMR) [239], and spin Hall magnetoresistance (SMR) [240, 241].

However, each of these MR gets saturated with the magnetization of the specimen — im-

VS,PT

plying that such MR-effects do not have any role in determining the variation of V,.;, ..,

beyond the saturation magnetization. However, prior experimental demonstration of
Hanle magnetoresistance (HMR) showed that the HMR varies with the external mag-
netic field, instead of the magnetization of the specimen [242]. However, the fact that

the VTS; I; y varies linearly with the applied magnetic field, whereas the HMR shows a

parabolic functional form with respect to the external magnetic field [242], suggests that
HMR is unlikely to play a role in this case. For further cross-checking, another similar
measurement is performed by replacing the Pt-layer with W. Fig.5.11 (a) depicts the
magnetic field dependence of the transverse signal, measured from YVO[111]/W de-
vice — and, both the symmetric (VTSI’XE ) and the antisymmetric (VTAI% ) components
of that observed signal are illustrated in Fig.5.11 (b). The blue dashed line in Fig.5.11

(b) is marked at the field at which the magnetization becomes saturated. Clearly, the

VA,W

) . APt
rHEM 1S found to be similar to that of the V.

polarity of the THEM

— as expected for the

THEM-signal. On the other hand, the VTS HV; 18 also found to exhibit profound depen-

A . S, Pt sSw .
dence on the external magnetic field. However, unlike the Vesewme the Vi gy INCreases

monotonically with the applied field without having any sign change. A expanded view

of both the VTS;IQM and the VTS;IVZ  are depicted in Fig.5.13 (a) and 5.13(b), respec-

S PHW

tively, shown in the saturated magnetization regime. The V., ./

is observed to vary
linearly with H with a slope that alters its sign when the NM layer is changed from Pt
to W. However, the resistive modulation due to HMR is known to be proportional to the

square of the spin Hall angle of the NM-layer (Apgyr « 6% ;) [242] — suggesting that
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the role of HMR could be ruled out in our case.

" YVO[111)/W e by grapesfrmsloo 000,
300 ;- . i e AW
=y | VIT=10K (a) > 200 - ! (b) THEM
2 1s0f T,,=50K — . Ve
< [ = d THEM
E 0 0= 100 &
[ :> ]
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Figure 5.11: Magnetic field dependence of (a) the THEM-signal measured from
the YVO[111]/W device, and (b) symmetric and anti-symmetric components of that
THEM-signal. The dashed vertical-line is marked at the saturating magnetization of
the specimen. The dotted horizontal-line is placed to guide how both the symmetric
and anti-symmetric components vary above thee saturated magnetization.

VS,PI/W

In order to explain such a linearly varying V.., =/

signal, in addition to the thermo-
dynamic contribution, we invoke the magnon drag effect (MDE) that ultimately stems
from spin-orbit interactions [243—-247]. The microscopic mechanism of the MDE is
described by two different theoretical approaches. The first one is the hydrodynamic
approach, introduced by G. N. Grannemann and L. Berger in 1976, where both the

magnons and the electrons are treated as two interpenetrating fluids [243]. The magnon

drag thermopower in this approach is given by [243]:

Spa = 22 B 1 (y) (5.8)

where, @,, is a dimensionless parameter that arises from the electron current dragged
due to the magnon flow, n, is the density of conduction electrons, e is the charge of

an electron, kp is the Boltzmann constant, D is the spin-stiffness, and L(y) is called
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’quenching function’. Here, y = gﬂ,fb# with g, up, and B.yy being the Landé g-

factor, the Bohr magneton, and effective magnetic field, respectively. With the help
of numerical integration, it is shown that the L(y) varies linearly with |B.sr| in low
magnetic field limit (typically, bellow 37 when temperature of the specimen 7" < 50K).
Recently, M.V. Costachethe and co-workers experimentally demonstrated the MDE in
the context of magnon drag thermopile, where the magnetic field dependence of the
magnon drag thermopower was showed to obey such linear functional form owing to
that quenching function [246]. Here, the B, is determined by the external magnetic
field (|H|) in addition to the magnetization (M). Thus, in the low field limit, L(y) is ex-
pected to vary linearly with |H| in the saturated magnetization regime. Fig.5.12 clearly
depicts such linear functional form of the VTS ; 12/1\‘/)1[/ signal — suggesting the possible role

of the MDE in determining the symmetric component.

F4
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e [
- =0 L -
E/ 50 E/ (b)
> s B
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Figure 5.12: Magnetic field dependence of the (a) vs.-Pt and (b) VTS W measured

THEM’ HEM’
by utilising YVO[111]/Pt or W device

In an alternative theoretical approach, the MDE is described in terms of the spin-
motive force ((F;)), in which magnons exert a dragging force on the conduction elec-
trons that depends on the spin-polarization of those electrons [244, 245, 247, 248]. In
our case, an in-plane magnon flow at the interface could possibly drag the conduction

electrons that can give rise to such a VTS; éﬁv -signal. The electric current due to magnon
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drag could be written as [244, 245, 247, 248]:

T wy=-(1- 2] oy,

3a ] 2eSoD

- kasz (59)
3a

jdrag =

Here, « 1s the Gilbert damping constant, 3 is a dimensionless parameter that arises
from the electric current pumped by the dynamic magnetization associated with a magnon
heat flux, y is the gyromagnetic ratio of the conduction electrons, o is the conduc-
tivity of NM-layer with oy and 0| being the conductivities with up and down spin-

polarizations, e is the charge of an electron, Sy is the magnon density, D is the spin

91

stiffness at the interface, Py = %‘l is the spin-polarization of conduction electrons

at the interface, and k,, is the thermal conductivity of magnons at the interface. The

symmetric nature of jg-, is expected since both the P, and VT, reverse their sign with

H

the applied field direction (n = TH

). Equation 5.9 shows the crucial role of Py in deter-
mining the dragged electric current. Since the SNE creates a net spin-accumulation at
the interface [49, 232], it could significantly change the effective P; at that interface —
implying a commensurate change in the magnon drag voltage that depends on the spin
Nernst angle (fsy) of the NM-layer. With the polarity of 65y of Pt being opposite to

that of W [232], the slope of Vf; éé“;v in the saturated magnetization regime is observed

to change its sign by changing the NM-layer of Pt by W, thus confirming the MDE in

this YVO[111]/Pt or W systems (see Fig.5.12 (a) and 5.12(b)). It is worth mentioning

VS,Pt/W

that the linearly varying V., .

signal with respect to H in the saturated magnetization
regime is also understood in terms of spin-accumulation at the interface, which also
increases linearly with the applied field via Equation 5.2. Here we also note that the

SNE of W is reported to be suppressed when the ry is larger than 6A[233], which also

VS,W

S,Pt
THEM v

is much lower than that of THEM"

explains why the rate of increment of the
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Since the magnon flow at the interface is caused by the MHE, the associated dragging
effect is also expected to vanish at VT,, = 0. It explains why the total signal, depicted

in Fig.5.9, vanishes at VT, = 0.

i Eﬁergy (méV)

Figure 5.13: Magnons at the (111) surface of a ferromagnetic pyrochlores of the form
A,V,07, with A’ being the rare-earth element. (a) and (c) show constant-energy cuts
near the band gap and Weyl points, respectively [230]. (b) Spectral density along high-
symmetry directions of the surface Brillouin zone. The broad features are the contri-
bution of bulk bands, whereas the sharp lines represent the surface states of magnon
[230]. Adapted with permission from Ref.[230], copyright (2016) by the American
Physical Society.

In order to understand why the YVO[111]/Pt system displays the MDE, whereas the
YVOI[100]/Pt system does not show such an effect, we look into the fact that how the
magnon’s band-structure is modified by changing the direction of the applied magnetic
field (n). Recently, A. Mook and co-workers theoretically predicted the magnon band
structure of a ferromagnetic pyrochlore system, described by four bulk-bands, termed
as Bi, By, B3, and By. All of these bulk-bands possess non-vanishing Berry curvature,
which is a crucial ingredient for the THEM [230]. It was also shown that there is a
band-gap between the B; (lowest bulk-band) and the B; (second bulk-band) as long as
the n is not within the {100} plane [230]. Fig.5.13 depicts the reported band structure
with the magnetic field being applied along the [111] direction [230]. With the Chern

number of the By being reported to be —1 [230], the winding number of this gap would
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be —1, suggesting that there exists a topological surface state (termed as TSS1) as long
as the gap-opened condition is satisfied. Thus, in our case, by changing the direction
of H from the [100] to the [111], we incorporate topologically protected chiral surface
magnons (CSM). Since the TSS1 appears at an energy-level where no other bulk state
exists [230], we speculate that this CSM would be more efficient in transferring its mo-
mentum to the neighbouring conduction electrons at the interface, resulting a significant
MDE. In contrast, the YVO[100]/Pt device does not show the MDE-signal because the
aforementioned band-gap remains closed — where, instead of the TSS1, only trivial
surface state of magnon (TSSM) would exist. Since the TSSM appears at an energy
level at which other bulk-magnons also do coexist, the trivial surface magnons could
dissipate its momentum to the bulk-magnons causing a suppression of this effect. On
the other hand, it is also reported that the B;-band and the third bulk-band (B3) linearly
cross each-other at two different points in the Brillouin zone. This gives rise to a couple
of Weyl points with opposite topological charges, where another topological surface
state (termed as TSS2) appears that connects these Weyl points [230]. Thus, an unidi-
rectional magnon-flow through the TSS2 is also expected from the positively charged
Weyl point to the negatively charged Weyl point. However, with the Weyl points be-
ing reported to appear along the line parallel to the applied H [230], the contribution
of such a magnon flow through the TSS2 would be orthogonal to the voltage picking
axis. Thus, we ignore the contribution of TSS2 in determining the observed MDE. It
is also realized from the fact that the measured signal from the YVO[100]/Pt device is
observed to be anti-symmetric with respect to H, even though such TSS2 also exists in
this case (H || [100]) [230]. Nonetheless, the Berry curvature of the bulk-bands would
be significantly large near the Weyl points, which can have a significant role in deter-

mining the THEM-signal. Recently, V. A. Zyuzin et al. theoretically disentangled the
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role of Weyl magnon from the anomalous Hall magnon [249]. We also note that, in the
case of a pyrochlore ferromagnet, such Weyl points are created at the higher energies
of the system (= 2.67 meV [230]), which is in good agreement to the characteristic
temperature 7" (since KgT™ is close to 2.67 meV, with Kp being the Boltzmann con-
stant). Thus, the fact that the THEM signal vanishes bellow 7™ (depicted in Fig.5.7 and
Fig.5.14), although the lowest magnon band possesses non-vanishing Berry curvature

[230], reinforce the need to look into the possible role of Weyl magnons in determining

the THEM signal.
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Figure 5.14: T-dependence of the THEM signal measured from YVO[111]/Pt. The
dotted line is marked at T,., and red arrow is marked at 7.

The temperature dependence of the THEM signal, measured from the YVO[111]/Pt
system, is depicted in Fig.5.14. During this measurement, both the applied field and
thermal gradient are kept fixed at 2 kOe and 10 K, respectively. It is also worth mention-
ing that, by virtue of measurement protocols, this signal stems from the anti-symmetric
component of the measured signal. Fig.5.14 clearly shows the characteristic tempera-
ture, 7% ~ 27 K — again suggesting that a significant contribution to the THEM-signal

arises from the higher energy-bands of magnons in this pyrochlore ferromagnet system.
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5.4 Conclusion

In conclusion, we have studied the THEM signals from the single crystal of Y,V,07
pyrochlore ferromagnet, where the generated transverse thermal gradient is measured
by putting a NM-layer on top of the crystal plane. Our observations reinforce the need to
individually ascertain the contribution of all magnon-bands in quantifying the THEM-
signal. Our investigation also hints the possible role of Weyl-magnons in determining
the THEM-signal. Finally, the magnetic field dependent measurements reveal that, in
contrast to YVO[100]/Pt system, the YVO[111]/Pt device also displays a significant
MDE at the interface. By looking into the theoretically predicted band structure of a
ferromagnetic pyrochlore, we link the observed MDE-signal to the topologically pro-

tected surface states of magnons.






Chapter 6

Summary and Outlook

In summary, the main focus of this thesis lies in the investigation of various spin
caloritronic phenomena, in which an externally applied thermal gradient acts as a driv-
ing force for the generation of the spin-caloritronic signals. The work was begun with
instrumentation, followed by the studies of the longitudinal spin Seebeck effect (LSSE),
anomalous Nernst effect (ANE), and thermal Hall effect of magnons (THEM) in the var-
ious material system with different forms like thin-films, polycrystalline bulk-sample,
and single-crystalline specimen. The summary of the key work, along with its future

perspectives, are pointed below.

e The measurement-unit for sensitive measurements of spin-caloritronic signals has
been designed and developed. The set-up comprises of a closed cycle refrigerator
(CCR), a temperature controller, a nano-voltmeter, a source meter, and an electro-
magnet with an upper field limit of 2 kOe. Two PID controlled heaters control the
temperature gradient across the sample, as well as the average temperature of the
sample. The temperature is measured by two temperature sensors attached near
the sample edge. The sample holder is so designed that the applied thermal gradi-
ent is always orthogonal to the magnetic field’s rotation plane. The whole set-up

was put inside a Faraday cage to reduce the noise. Presently, signals as low as 10

123
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nV can be reliably measured in this set-up. The primary limitation of this set-up
is that the upper limit of the applied magnetic field is 2 kOe. Thus, the possible
future direction to upgrade the set-up is to increase that upper limit of the applied
magnetic field, so that many other material systems, including anti-ferromagnets
and hard-magnets, could be investigated in search of potential candidates for the

generation of spin-caloritronic signals.

The LSSE in an optimally doped Lagy7Cap3MnOs3 system has been investigated.
After disentangling the contribution due to ANE, we observed that in the low-
temperature regime, the longitudinal spin Seebeck voltage (V. ssg(T)) varies as
T9> — an observation which is in good agreement with the magnon-driven spin
current model. In the para-to-ferromagnetic transition region, the LSSE exponent
was found to be much larger than that of the magnetization. Interestingly, this ex-
ponent was also found to vary with the thickness of the spin-to-charge conversion
layer (Pt-layer in our case), indicating that the temperature dependence of spin
mixing conductance played an important role in the measured V;ssg (7). Our in-
vestigation emphasizes the need to individually ascertain the temperature depen-
dencies of the contributory mechanisms — especially the spin mixing conductance
— which play a role in determining both the magnitude of spin current as well as
the extent of spin to charge conversion to understand the temperature-dependent
LSSE in strongly correlated materials. As a future direction, the quantification
of spin-mixing conductance is suggested. A set-up of ferromagnetic resonance
(FMR) measurements could be utilized to quantify this particular quantity. So,
the FMR measurement is proposed for future developments in this area of the

Spin-Caloritonics.
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e The ANE has been investigated for the first time in the Ni-Mn-Ga class of ma-
terials, and it clearly showed the substantial sensitivity across the premartensitic
phase in comparison to other conventional transport measurements, like, the resis-
tivity, the thermal conductivity, and the Seebeck coeflicient. In particular, we have
quantified the temperature dependence of the ANE (V4n£ (7)) in a polycrystalline
specimen of NioMnGa. By eliminating the possible role of the Berry phase effect
due to the polycrystalline form of our sample, the functional form of Vang(T)
across the premartensitic phase highlights the coupling between magnetism and
the Fermi surface, where the ANE is tuned by the magnetic field-driven changes
at the Fermi surface. It is worth mentioning that, besides the structural modula-
tions, the occurrence of charge density wave (CDW) at the onset of premartensitic
transition was also reported in this Ni,MnGa system. Since the magnetic field in-
duced strain (MFIS) originates from this structural modulations, such sensitivity
of the ANE describes the link between the structural modulations and the mod-
ulation of the Fermi surface via its nesting features, where the MFIS acts like a
mediating mechanism for the magnetic field-driven changes at the Fermi surface.
With ANE being sensitive to the changes in the Fermi surface, our work sug-
gests that it could be utilized as a sensitive tool to probe the physics of CDW in
many other material systems, which is associated with the Fermi surface nesting

features.

e The thermal Hall effect of magnons (THEM) has been investigated in single crys-
tals of the Y,V,07 system. In particular, we quantify the THEM along two differ-
ent orientations of the crystal, {100}, and {111}, by putting a thin non-magnetic
metal-layer (NM) on top of the [100] or [111] plane of that crystal. Our obser-

vation reinforces the need to individually ascertain the contributions of all the
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magnon-bands in quantifying the Hall response of magnons. A possible role of
the Weyl magnon was also discussed in determining the observed thermal Hall
signals. Additionally, the measurements from the crystals oriented along the
{111} plane were found to display a significant magnon drag effect (MDE) at
the interface. By considering the theoretically predicted magnon band structure
of these pyrochlore ferromagnets, we link the MDE with the chiral surface state
of magnons. As of future planning, a detailed characterization of such effects is
proposed, where the temperature and magnetic fields dependencies of this effect,
the role of topologically protected chiral surface magnons in such Hall transport,

and its potential utility in device applications could be investigated.
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