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Abstract

Antiferromagnetic spintronics is increasingly in vogue owing to advantages like the
relative insensitivity of these systems to external magnetic fields, and the ultrafast na-
ture of their spin dynamics which can have a number of potential uses. In this context,
compensated ferrimagnets are also attracting increasing attention, due to the fact that
they combine some of the advantages of both the ferro and antiferro- magnetically or-
dered systems. Intrinsically antiferromagnetic with two uncompensated sub-lattices,
the bulk magnetization of such systems can be tuned to zero using number of external
parameters like chemical substitution, strain, temperature etc.

In this project, we investigated some garnet compositions (ferrites of the form
A3Fe3O12 , where A is a rare earth), namely Gadolinium Iron Garnet(Gd3Fe5O12),
Yttrium Iron Garnet(Y3Fe5O12) and Ytterbium Iron Garnet(Yb3Fe5O12) with the aim
of evaluating their potential as spintronic materials. The different garnet compositions
were synthesised via the solid state route, with the aim of tuning the compensation tem-
perature to be very close to room temperatures, this was achieved by doping Gd3Fe5O12
with ”Mn” of different concentrations on the octahedral ”Fe” site. The temperature and
field dependent spin transport in these bulk systems were investigated using Spin See-
beck measurements.
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Chapter 1

Introduction

1.1 Why Spintronics ?
Electronic based devices have been around for more than half a century. Advance-
ments in computing power have so far relied on packing more and more devices into
smaller and smaller spaces, thereby increasing the density, but physical limitations will
eventually bring an end to further developments along this route. Furthermore, most of
today’s electronics industry is based on volatile memory, which hinders faster process-
ing times. However, ”Spintronics” is an emerging field that has the potential to change
all that, where both charge and spin degrees of freedom of electrons are used for the
transport and storage of information.[1]

The field of spintronics was, for all practical purposes, kick-started by the discovery
of an effect called Giant magnetoresistance(GMR), which in turn led to the develop-
ment of the ”Spin valve” [2][3]which forms the core of most modern-day memory
devices. GMR refers to an effect observed in multi-layers of alternating ferromagnetic
and non-magnetic conducting layers. The effect is observed as a significant drop (or
increase) in the electrical resistance depending on the magnetisation of the adjacent fer-
romagnetic layers. If the magnetisation of the layers is parallel, then the resistance is
low, and if the orientation is antiparallel, then the resistance is high. This phenomenon
is explained based on spin-dependent scattering, where scattering depends on the rela-
tive orientations of the electron spins and those magnetic moments: it is weakest when
they are parallel and strongest when they are antiparallel.[4]
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Figure 1.1: Working of principle GMR and TMR devices[5]

Furthermore, the discovery of Tunnel magnetoresistance, where a thin insulating
layer replaces the nonconducting magnetic layer in the GMR, which allows for greater
magnetoresistance, has revolutionised modern-day solid-state technology.

Apart from coupling the charge and spin degrees of freedom on electrons, the util-
isation of pure spin current has been of substantial interest in recent times, where the
focus has been on understanding the generation, detection and characterisation of such
spin current in materials. Along this avenue, there has been particular interest in the
interactions between spin and heat currents, giving birth to a sub field of spintronics
called ”Spin-caloritronics”.

Figure 1.2: Illustration of relationship between heat and spin current.[6]

1.1.1 What is a spin current ?
Spin currents are at the heart of all spintronics; hence knowledge of spin currents is
indispensable for understanding the field of spintronics. By definition, a spin current is
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described as a flow of angular momentum. A spin current Js is given by :

Js =
∑

k

sz
kvk

where sz
k is z-component of the spin current density sk with the z-axis chosen as the axis

of quantisation and vkis the velocity of the excitation associated with the spin density
sk.[7] In materials, we can describe two different types of spin currents. One is because
of the conduction electrons, whose spin angular momentum contributes to the spin
current via the spin-dependent flow of electrons. The other type is called the magnon
spin current, where magnons are the quasi-particles associated with spin excitation.[8]
Along with spin currents, another essential concept to be understood would be that of
pure spin-current[9]. A pure spin current is one which does not have any associated
charge current. Therefore it can be seen that in the case of conduction electron spin
current we require the flow of oppositely oriented spins in equal and opposite direction
so that there is a net spin potential that is developed but there is no net charge current.
And in this case the spin density can be given by

sk
z = d†k,↑dk,↑ − d†k,↓dk,↓

, where d†k,↑ and d†k,↓are the creation operators for conduction electrons with momentum
k. After taking a statistical average the conduction-electron pure spin current Jel

s can
be written as

Jel
s =

∑
k

vk

(
〈d†k,↑dk,↑〉 − 〈d

†

k,↓dk,↓〉
)

.

Figure 1.3: Different types of conduction electron currents[10]

In similar fashion we can also describe a pure magnon spin-current, where the z-
component of the spin density is given by

sz
k = S 0 − m†kmk

14



, where m†k is the creation operator of magnons with momentum k. As was the case
with the conduction electrons we take a statistical average, then the expectation value
of the magnon pure spin current is given by

Jmag
s = −

1
2

∑
k

vk

(
〈m†kmk〉 − 〈m

†

−km−k,〉
)

, where vK is the magnon velocity and v−k=−vk[8][11]

Figure 1.4: Spin current due to spin wave[12]

A critical distinction between the two types of spin currents is that the spin diffu-
sion length of the conduction electron spin current is very small(of the order of a few
nanometers), limiting the spin current’s propagation length. However, in the case of
the magnon spin current, the propagation length has been observed to be over a macro-
scopic scale of around a millimeter[13]. Another advantage of magnon spin current is
that there is no associated charge current, avoiding Joule heating.

Now that we know what a spin current is, the next step will be to understand the
inter-conversion between charge and spin currents. Moreover, the electrical generation
of spin current is at the heart of spintronics.

1.2 Spin Hall Effect
The phenomenon known as Spin-Orbit coupling allows for charge currents to be con-
verted into spin currents and vice versa[7]. Among the various ways to produce and
control these spin currents, the Spin-Hall effect(SHE)[14] has shot to prominence over
the last decade and is one of the most widely used methods to generate spin currents.

The Spin-Hall effect, first predicted by Mikhail I. Dyakonov and Vladimir I. Perel
in 1971 refers to the generation of a non-zero spin current [15]in the direction per-
pendicular to the applied charge current[16]. There two principles that are commonly
used in describing the origin of SHE. the first one is an extrinsic approach using spin
dependent Mott-scattering where carriers of opposite spins deflect along opposite di-
rections. The second is due to intrinsic characteristics of any material and has to do
with spin-orbit interactions[17]. Due to spin-orbit interactions the scattered electrons
attain a spin polarisation[8], given by

σ̂ ∝ k̂in × k̂out,

15



where k̂in and k̂out are the incident and scattered wave vectors respectively. Macroscop-
ically the spin Hall effect can be expressed as

J̃s = θHσ̂ × Jc,

where θH , ̂sigma, J̃s and Jc are the spin-Hall angle, spin polarization vector, spin cur-
rent and charge current respectively.

Figure 1.5: (a)Spin Hall effect (b) Inverse spin Hall effect[18]

As we have discussed a mechanism to generate spin currents, we need mecha-
nisms to detect it. Furthermore, here is where the concept of Inverse spin-Hall ef-
fect(ISHE)[19][7] comes in. It is a process by which a spin current injected into a
metal with a large spin-orbit coupling generates a charge current perpendicular to both
the spin polarization and the spin current. Similar to the SHE, the ISHE can be written
down as

Jc = θHσ̂ × J̃s,

where we can write J̃s = Jc We require large spin-orbit coupling for a more significant
signal; non-magnetic metals like Pt, W or Ta are generally used for detection purposes.

So far, we have discussed the spin currents without really talking about the involve-
ment of heat. But as mentioned previously, the interplay between this spin current and
heat gives rise to a whole host of exciting and new phenomena, and these are what we
will be primarily focused on in this thesis, chief of which is the spin-Seebeck effect.

1.3 Spin Seebeck Effect
The spin-Seebeck effect refers to the generation of a spin voltage upon the application
of a thermal gradient in a ferromagnet[20]. This effect can drive a spin current into a
non-magnetic layer from a Tferromagnetic layer over a macroscopic scale of several
millimetres, where it is converted back into an inverse charge voltage by the ISHE[21].
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The spin-Seebeck effect(SSE) has been reported in two configurations, the ”Trans-
verse” SSE and ”Longitudinal” SSE. The ”Transverse” SSE refers to a spin current
generated perpendicular to the temperature gradient applied. It was first observed
in Ni81Fe19 films and was later used in SSE measurements in insulators and semi-
conductors[22][23]. However, when conductive ferromagnets were used, the SSE sig-
nals were contaminated by the Anomalous Nernst Effect(ANE)[24]. ANE is when a
charge current is produced perpendicular to both an applied temperature gradient ∆T
and magnetic field. The second configuration is the ”Longitudinal” one, which was
first demonstrated in Pt/Y3Fe5O12 (YIG) systems in 2010 [25][26]. The basic setup
involves a paramagnetic metal film that is deposited on top of a ferromagnetic insulator.
A temperature gradient is applied perpendicular to the ferromagnetic layer, and a spin
voltage is generated, and a spin current is pumped into the non-magnetic layer. The
spin current is then converted into an electric field[27], EIS HE[28] via the ISHE.

EIS HE ∝ Js × σ

, where Js is the spatial direction of the spin current-induced and σ is spin polarisation
on the electrons.[29]

It has been shown that the conduction electrons alone cannot explain the spin-
Seebeck effect because the spin diffusion length of the conduction electrons is only
of the order of a few nanometers, which is at odds with the long-range(millimetres)
readings observed in experiments. This is further supported by the fact that SSE was
observed in ferromagnetic insulator YIG[30]. Hence it was concluded that magnons
carried the spin current. So now it is believed that SSE is caused due to a non-
equilibrium between the magnons in ferromagnet[31] and the conduction electrons in
the non-magnetic layer.[8]
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centring

Figure 1.6: (a)Illustrates the concept of the spin Seebeck effect (b) From this figure,
we can see how the ANE could affect the strength of the spin Seebeck signal in the
longitudinal arrangement (c)and(d) Representation of the Longitudinal spin Seebeck
effect and the ISHE which is used to convert the spin current into a detectable charge
current.[28]

The amount of spin current that is pumped into the non magnetic detection layer
depends on the interfacial spin pumping. Here spin pumping[32][22] depends on the
interaction between the conduction electrons and localised spins at the interface of the
magnetic and non magnetic layer. This is quantified by a parameter called the spin
mixing conductance given by g↑↓. And the amount of spin current pumped is math-
ematically related to the thermally activated magnetisation dynamics at the interface,
and the magnetisation dynamics is modelled upon the Landau-Lifshitz-Gilbert (LLG)
equation give by

∂M
∂t

=

[
γ(H0 + h) −

Jsd

~
s
]
× M +

α

Ms
M ×

∂M
∂t

, where H0 = H0ẑ is the external field, γ is the gyromagnetic ratio, α is the Gilbert
damping constant[33] and Ms is the saturation magnetization and h represents the ther-
mal fluctuations in the ferromagnetic layer.

Now that we have got to grips with the underlying mechanisms at play in the field
of spin caloritronics, we would next require a system to test these on. We have men-
tioned above that in the case of SSE, the configuration that has become the industry
standard is the Longitudinal one, and for that, it is best to use a system with an insulat-
ing magnetic layer on top of which we would deposit a non-magnetic layer, usually a
”Normal metal”(NM) with high spin-orbit coupling like Pt, Ta or W. Here a prevalent
system of magnetic insulators used are known as ”Compensated Ferrimagnets”.
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1.4 Compensated Ferrimagnets
A ferrimagnetic material has populations of opposing magnetic moments similar to
what is found in antiferromagnets, but unlike antiferromagnets, the magnitude of these
moments is not equal, leading to spontaneous magnetisation. These different magnetic
moments can be viewed in terms of magnetic sublattices of opposing magnetisation,
where the magnitude of one is greater than that of the other. Now the molecular field on
each sublattice is different; hence the spontaneous magnetisation of the sublattices will,
in general, have different temperature dependencies, leading to the net magnetisation
of the material to have a rather complicated temperature dependence [34]. It has been
observed in some cases that the magnetisation of one sublattice dominates at lower
temperatures where as the other one dominates at higher temperatures, this, in turn,
leads to the possibility of reducing the net magnetisation to zero and change sign at
a temperature known as the compensation temperature[35]. Therefore, this state is
known as the compensated state, and such ferrimagnets are known as ”Compensated
ferrimagnets”. Furthermore, this compensation state can be achieved by tuning specific
parameters like chemical composition and strain.

Among the many categories of ferrimagnets, three have been of particular interest
in the context of spintronics. The first is the rare-earth (RE) transition metal (TM)
alloy. RE-TM alloys consist of RE ( Gd, Yb, Tb, etc.) and TM (Fe, Ni, etc.), and the
magnetic moment of these alloys are based on the electrons in the f and d orbitals,
respectively. And exchange interactions between these d and f electrons can lead to
anti-ferromagnetic coupling. Another point of interest with RE-TM alloys is that the
magnetisation at a given temperature depends on the relative concentrations of each
element, leading to a highly tunable system. [36]

Apart from RE-TM, some Heusler alloys also exhibit tunable ferrimagnetism[37].
Heusler compounds are a class of intermetallics with up to four elements. They ex-
hibit face-centred cubic crystal structure and compositions of XYZ ( half-Heuslers)
and X2YZ (full-Heuslers) where X and Y are transition metals, and Z is either semi-
conductor or normal metals. Due to many different elements, it is possible to engineer
many properties like magnetic order, multiferroicity, etc.

Other than RE-TM alloys and Heusler compounds, Garnets are another class of
compounds that have been extensively investigated. Garnets have exhibited compensa-
tion temperatures close to room temperature, have ultra-fast domain wall motion and
are switchable via spin-orbit torque[38]. Garnets being insulators also can have exten-
sive application in spintronics as they improve efficiency by eliminating Joule heating.
This insulating nature is very attractive in spin caloritronics as it helps in studying the
spin Seebeck effect and is also the primary system that we will be investigating in this
thesis.

1.4.1 Iron Garnets
Garnets are insulators with desirable magnetic properties such as high Curie temper-
ature, highly tunable bulk perpendicular magnetic anisotropy (PMA), ferrimagnetic
nature with a low net moment, extremely low Gilbert damping, etc. making them par-
ticularly suitable for applications in the next generation spintronic devices[39], which
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exhibit low energy consumption, room temperature fast operation speed and high in-
tegration density[40]. Iron garnets have the form A3Fe5O12, where A is a rare earth
element, and they crystallise in the Ia3d space group. Here the rare earth element is
present in the +3 oxidation state, and the iron atoms also have an oxidation state of
+3. Each unit cell consists of 12 trivalent Fe atoms that are tetrahedrally coordinated
with oxygen atoms (d-site), 8 Fe atoms that are octahedrally coordinated (a-site) and 12
dodecahedrally coordinated ”A” atoms (c-site). The magnetism is carried by localised
Fe moments in 8 tetrahedral (minority) and 12 octahedral (majority) oxygen cages per
unit cell, with an anti-parallel ferrimagnetic state between the two coordinations.

This thesis looks explicitly at the garnet, Gadolinium iron garnet (GdIG). This is
due to the fact that GdIG is reported to have a compensation temperature of around
288K, which is the highest among all the rare earth iron garnets. From the above
discussion, we can see that the Fe a sublattice and Fe d sublattice are coupled by anti-
ferromagnetic super-exchange, and since Gd is weakly exchange coupled with the Fe a
site sublattice, they experience an effective magnetic field below the Neel temperature,
TN and can be treated as an ’exchange enhanced’ paramagnetic moment, which is
strongly temperature dependent.[35]

Figure 1.7: (a) Shows the magnetic sublattice of GdIG (b) and (c) Illustrates the tem-
perature dependence of the magnetic sub layers in GdIG[35]

Hence at high temperatures, the magnetisation of GdIG is determined by the d
site Fe sublattice. But as the temperature decreases, the magnetic moment of the Gd
sublattice strongly increases and, together with the magnetisation of the a site Fe sub-
lattice, will eventually cancel out the magnetic moment of the d site Fe sublattice and
overcome it as we continue of further decrease the temperature.

1.5 Aim of the Thesis
In this thesis, our primary goal will be to tune the compensation temperature of GdIG.
This can be achieved, as mentioned previously, by changing the composition of the
material via doping. Here we will be doping GdIG with Mn where Mn is being doped
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on the d-site Fe because, as shown above, the net magnetisation depends on the sum
of magnetisation of Gd and Fe(a-site) versus the Fe(d-site) magnetisation. So the idea
is that if we can replace the d-site Fe with an element of lower magnetic moment,
we would be able to reduce the effective magnetic moment of the d-site and hence
push the compensation temperature more towards room temperature. Moreover, if we
can sufficiently change the compensation point, we could utilise this property in the
fabrication of prototypical spin controlled devices. In addition to this, we would also
try to synthesis garnets other than GdIG, namely Ytterbium Iron Garnet(YbIG) and
Yttrium Iron Garnet(YIG). The synthesised samples will be characterised and studied
with the help of spin Seebeck measurements.
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Chapter 2

Experimental Methods

2.1 Synthesis
All compounds were prepared via solid state synthesis. The appropriate raw materials
were taken keeping in mind the stoichiometry of the end product. Also the reactants
were chosen to be in powdered form as this would increase the surface area and thereby
increase the reactivity. After weighing, the raw materials are mixed thoroughly via
agate mortar and pestle. Special care was given while mixing such that the mixture was
homogeneous. In order to aid in the formation of a homogeneous mixture some amount
of volatile organic liquid - in this case 99.99 percent ethanol was used during the mixing
process. Once the mixture has been adequately homogenized, the mixture was pressed
into pellets with the help of a KBr press, Pelletization is done in order to increase
the area of contact between the grains[41]. Since solid state reactions are intrinsically
slow, a high temperature environment is necessary. Hence the reactions were done at
temperatures between 1200oC and 1400oC. All reactions except for reactions involving
Mn doped GdIG were done using alumina crucibles. In the case of Mn doped GdIG
a Platinum crucible was used. The high temperatures required for the reaction was
achieved by using PID controlled programmable furnaces. The product samples once
formed were subjected to Powder X-Ray Diffraction(PXRD) and Energy Dispersive
X-Ray Spectroscopy.

2.1.1 Synthesis of Gadolinium Iron Garnet
Synthesis of Gadolinium Iron Garnet(GdIG) was done via solid state synthesis[42].
Stoichiometric amounts of Fe2O3(99.9%) and Gd2O3(99.99%) were weighed and mixed
together in a pestle and mortar using 99.99 percent ethanol. Initially a 1gm trial sample
was prepared and consequently a 5gm bulk amount was prepared. The reaction was
carried out in P310 Nabertherm furnace in air atmosphere at 1200oC for 10 hours. A
differential heating rate was applied in order to inhibit the formation of the perovskite
phase GdFeO3 which stabilizes around 800 to 1000oC. The balanced equation is given
below[43]:

5Fe2O3 + 3Gd2O3 → 2Gd3Fe5O12
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Compound Temp (oc)/Time Environment and rate

GdIG 1200 oc/10hr air, 4 oc/min upto 650 oc and
10 oc/min from 650 to 1200
oc

Table 2.1: Reaction protocol for Gd3Fe5O12

2.1.2 Synthesis of Yttrium Iron Garnet
The raw materials in this case were Y2O3(99.99%) and Fe2O3(99.9%), these were
weighed out according to the stoichiometry of the reaction and mixed together using
mortar and pestle using 99.9% ethanol. Initially a 1gm trial sample was prepared, then
a 5gm bulk sample was prepared. The reaction protocol for trial and bulk samples were
different. In the case of the trial, three different heat treatments were required, were the
same differential heating rate used in the GdIG was used to curb the formation of the
YFeO3 perovskite phase. As for the bulk samples a different protocol was used as a
pure phase was not being obtained with protocol used for the trial, the reaction proto-
cols for both the bulk and trial samples are given in Table 1.2 . The reaction was carried
out according to the equation given below[44] :

5Fe2O3 + 3Y2O3 → 2Y3Fe5O12

.

Treatments Temp(oc)/Time Environment and rate
T1 1200oc/10hr air,4 oc/min upto 650 oc and

10 oc/min from 650 to 1200 ocT2 1200oc/24hr
T3 1200oc/10hr O2, same rate as above

Table 2.2: Reaction protocol for Y3Fe5O12 trial

Compound Temp(oc)/Time Environment and rate

YIG Bulk 1400oc/6hr air, 4 oc/min upto 650 oc and
10 oc/min from 650 to 1400
oc

Table 2.3: Reaction protocol for Y3Fe5O12 Bulk

2.1.3 Synthesis of Ytterbium Iron Garnet
Ytterbium Iron Garnet (YbIG) was synthesised with Yb2O3(99.99%) and Fe2O3(99.9%).
The raw materials were weighed out stoichiometrically and ground together with mor-
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tar and pestle with the help of 99.99% ethanol. The reaction protocol is given in Table
1.4. A differential heating rate was employed in this case as well in order to inhibit
formation of YbFeO3 perovskite phase. The reaction was carried out based on the
following reaction:

5Fe2O3 + 3Yb2O3 → 2Yb3Fe5O12

.

Treatments Temp(oc)/Time Environment and rate
T1 1200oc/10hr air,4 oc/min upto 650 oc and 10 oc/min

from 650 to 1200 ocT2 1200oc/24hr
T3 1200oc/10hr O2, same rate as above

Table 2.4: Reaction protocol for Yb3Fe5O12 trial

2.1.4 Synthesis of Mn doped GdIG
A total of 3 trials of Mn doped GdIG (GdMnIG) were synthesised where the concen-
tration of Mn dpoing was varied. The trials include a 4%, 8% and 10% Mn doped
GdIG. Here GdMnIG can be written as Gd3Fe5−xMnxO12(x = 0.04, 0.08, 0.1). The raw
materials used were Fe2O3(99.9%), Gd2O3(99.99%) and Mn2O3(99.99%). These were
weighed in appropriate amounts and ground into a homogenized mixture. The reaction
for all the different trials of GdMnIG were done in O2 atmosphere, the reaction is given
as follows:

(5 − x)Fe2O3 + 3Gd2O3 + xMn2O3 → 2Gd3Fe5−xMnxO12

. The x =0.04 and x =0.08 required 2 separate heat treatments, whereas for x =0.1 only
one heat treatment was required. Reaction protocol followed for the different trails are
given in table 1.5.

Mn concentration Temp(oc)/Time Rate
x =0.04 1200oc/10hr and

1200oc/24hr 4 oc/min upto 650 oc and 10 oc/min
from 650 to 1200 oc

x =0.08 1200oc/10hr and
1200oc/24hr

x =0.1 1200oc/10hr

Table 2.5: Reaction protocol for Gd3Fe5−xMnxO12(x =0.04, 0.08, 0.1) trials

2.2 X-Ray Diffraction (XRD)
X-Ray diffraction techniques were used in order to confirm the formation of pure phase.
XRD is a powerful and versatile tool that gives us information regarding the chemical
composition and crystallographic structure of materials. When X-rays strike a crys-
talline sample it undergoes elastic scattering from the atoms in the crystalline material.
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The interference between these scattered X-rays leads to a diffraction pattern which is
unique to each material and can be considered as analogous to the fingerprint of a ma-
terial. The constructive interference between these X-rays from the atoms in parallel
lattice planes are seen as peaks in the diffraction pattern. The condition for constructive
interference is given by Bragg’s law,

nλ = 2d sin θ

where ’λ’ is the wavelength of the incident X-ray, ’θ’ is the scattering angle, ’n’ is the
order of reflection and ’d’ is the inter-planar distance for a given set lattice planes. [45]

Figure 2.1: Figure illustrates the reflection of X-rays by lattice planes separated by dis-
tance ’d’. The scattered X-rays only interfere constructively if they satisfy the Bragg’s
condition given above.[46]

Bruker D8 Advance Powder X-ray Diffractometer facility at IISER Pune was used
to check the phase of the samples after heat treatment. It has Bragg-Brentano geometry
where the source and the detector can move in the entire 2θ range but the sample
orientation is fixed. It produces Cu kα X-rays with wavelength of 0.15406 nm. Before
loading the sample into the Diffractometer the sample was ground properly to ensure
random orientation of crystalline planes. The primary analysis of the XRD profile was
done by matching the diffraction data obtained to the data from the International Centre
for Diffraction Data (ICSD).

2.3 Structural Analysis
Structural analysis of the synthesized compounds were done using Rietveld refine-
ment[47]. The method is based on least square fitting where refinement is carried out
in an iterative manner where various parameters like background, lattice parameters,
atomic positions, thermal parameters, instrumental parameters, profile parameters etc

25



are optimised. During refinement the program tries to minimize the function given by

Gy =
∑

i

wi(yi − yci)

where,
yi = Measured intensity at the ith step
yci = Calculated intensity at the ith step
wi = 1/yi

Calculated intensity yci depends on the square of the structure factor, Fhkl given by
,

Fhkl =
∑

i

Ni fie2πi(hxi+kyi+lzi)e−8π2u2
s sin2 θ/λ2

Here h,k,l are the Miller indices of a Bragg reflection,

xi, yi, zi are the atomic positional parameters of the iith atom,

N j is the site occupancy of the iith atom

f j is the atomic scattering factor of the iith atom,

u2
s is the root mean square of the thermal displacement of iith atom in direction

parallel to the diffraction vector.
The intensity of the iith step is calculated from the

∣∣∣Fhkl
∣∣∣2 values of given structural

model and background intensity at the iith position.

yci = S
∑

n

Ln

∣∣∣Fhkl
∣∣∣2φ (2θi − 2θn) PkA + ybi

, where
S is the Scale factor

h,k,l are the Miller indices for a Bragg reflection,

Lk is the Lorentz polarization and multiplicity factor,

φ = is the Bragg reflection profile function,

Pk is the Preferred orientation function,

A is the absorption factor,

Fhkl is Structure factor corresponding to the Bragg reflection from hkl plane,

ybi is the background intensity at ith step

Since the function to be minimized is non-linear, the solution must be found by an
iterative procedure. Also inputting a reasonable starting model is necessary in order
to avoid any divergence or leading to a local minima. Now the Full-Width-at-Half-
Maxima is given by,

H2 = u tan2 θ + v tan θ + w
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, where u,v,w are refinable parameters and H is the breadth of a Bragg reflection. The
quality of the fit is determined by the R values. Among several R values present the
most reliable one is the Rwp.

Rwp =


∑

iwi

∣∣∣yi − yc,i

∣∣∣2∑
i wiy2

i


1/2

Another criterion on the basis of which the fit can be judged on is the ’goodness of
fit’ parameter Z,

Z =
Rwp

Re

Re is the Expected weighted profile factor, given by

Re =

 n − p∑
i wiy2

i

1/2

Here n-p represents the number of degrees of freedom, where n is the number of points
in the pattern minus the excluded points and p is the number of refined parameters.

A goodness of fit under 2 is generally regarded as being acceptable. Here the
Pseudo Voigt function was used to fit the peak shape and Fullprof software was used
for Rietveld refinement. [48]

2.4 Field Emission Scanning Electron Microscopy and
Energy Dispersive X-Ray Spectroscopy

Field Emission Scanning Electron Microscopy(FESEM) provides high resolution im-
ages of the topography of a material. The working principle is as follows, electrons
are ejected from a field emission source and these electrons are then accelerated via
a high electric field gradient[49]. These electrons are called primary electrons and
these primary electrons are then focused on to the sample with the help of lenses. This
bombardment of the surface of the sample with primary electrons leads to ejection of
electrons from the surface of the specimen and these are called secondary electrons.
The velocity and angle of these secondary electrons are related to the morphology of
the sample. A detector collects these secondary electrons converts it into an electronic
signal which is further amplified and processed into a 3D image.[50]
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Figure 2.2: Figure shows a schematic of FESEM[51]

Energy Dispersive X-Ray Spectroscopy is a technique which helps in finding the
elemental composition of a material. EDXS systems are attached to SEM instruments
which help focus on the area of interest. In EDXS the specimen in bombarded with
high energy electrons which excite the inner shell electrons in the specimen. Therefore
a hole is created and an electron from a higher energy fills this hole created and in
the process emitting X-Rays. The detector converts the individual X-rays into electric
voltage and the composition is determined from this integrated intensity of each peak,
given each element in the periodic table has a characteristic line energy.

2.5 Sputtering
Sputtering is one of the most popular methods to coat thin layer of a substance onto
another material. The method involves placing a substrate which is to be coated in a
vacuum chamber. The chamber is filled with an inert gas, mostly Argon and a negative
charge is applied to the target material. A plasma plume is formed which interacts with
the argon atoms in the vacuum chamber ionizing it. These positively charged Argon
ions are attracted toward the negatively charged target material and will strike the target
at high velocities leading to ejection of atoms from the target which then gets deposited
on top of the substrate. The kinetic energy of these Argon ions need to be very high in
order to ”sputter” atoms from the surface of the target[52]. The rate of this sputtering
process can be increased by by placing magnets behind the target so as to trap over
the negatively charged target such that they are not able to bombard the surface of the
substrate. This method were magnets are used to control the rate of deposition is called
Magnetron Sputtering, which was what we used to deposit our Pt layer.
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Figure 2.3: Figure shows a schematic of the working of a DC Magnetron sputtering
system[53]

In order to measure Spin-Seebeck signal we made pellets out of the different sam-
ples and then cut and shaped these pellets into thin rectangular slabs. Then a thin bar of
Pt with a thickness of around 20nm was coated on top of the slab. The Pt was deposited
on to the slab using Sputtering using a mask on top the slab in order for the Pt to be
deposited along the length of the slab in the shape of a small rectangular bar as shown
in fig. 1.4.
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(a) (b)

Figure 2.4: (a) Shows Pt bar coated on top of GdIG slab. (b)Here two gold wires are
attached to the ends of the Pt bar using Silver paste and a sapphire plate is cut such that
it just covers the Pt bar in between the contacts. This sapphire plate is placed on top of
the slab using Apiezon grease.

2.6 Atomic Force Microscopy (AFM)
Atomic Force Microscope[54] is a powerful imaging technique that is a type of Scan-
ning probing microscopy and can be used to visualise the topography of materials on
a nano-scale regime. The principle behind AFM is that a nanoscale tip is attached to
a small cantilever. As the tip touches the surface of the specimen the cantilever bends
and this can be detected using a laser diode and a photo-detector. The bending of the
cantilever can be related to the interaction force.[55]

In order to measure the thickness of the Pt coating that was deposited, we first
calibrated the Magnetron sputtering system with by placing SiO2 as substrate. Then
thickness of the deposited layer was measured using Atomic Force Microscopy (AFM),
which was set in contact mode.
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Figure 2.5: AFM image obtained for GdIG shows thickness of Pt layer deposited is
roughly 20nm

2.7 Spin Seebeck Measurement Unit
The Longitudinal Spin Seebeck (LSSE)[25] Signal from the sample slabs prepared
were measured on a home made apparatus. The set up consists of a closed cycle refrig-
erator(CCR from Advanced Research Systems model number: DE202), a temperature
controller(model number: Lakeshore 336), a nanovoltmeter, a source meter, and an
electromagnet with an upper field limit of 2 kOe. The temperature gradient across the
sample and also the average temperature of the sample is controlled by two PID con-
trolled heaters and the temperature is measured by two temperature sensors attached
near the sample edge. The geometry of the holder is such that the applied thermal gra-
dient 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 10 nV can be
reliably measured.
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(a) (b)

Figure 2.6: (a) Shows the sample holder onto which the prepared slab is loaded. (b)The
SSE measurement set up is placed inside a Faraday cage in order to minimize noise.
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Chapter 3

Results And Discussion

3.1 Structural Analysis

3.1.1 Gadolinium Iron Garnet(GdIG) - Gd3Fe5O12

The synthesis was done according to the protocol mentioned in chapter 2. FESEM[56][45]
images were taken post synthesis and are depicted in figure 3.1

Figure 3.1: FESEM images showing micron sized crystallites of GdIG
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The structural analysis of the XRD data obtained was done via the Rietveld method[47][57]
using the Fullprof software[48]. The structural parameters obtained post refinement are
given in Table 3.1.

Figure 3.2: Rietveld plot for Gd3Fe5O12
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Chemical Formula Gd3Fe5O12

Molecular weight, g/mol 942.973

Temperature, K 296

Crystal Structure Cubic

Space group symmetry and number Ia3d, 230

Unit cell parameters

a ,b, c (Å) 12.476
α, β, γ (deg) 90
Volume (Å3) 1942.0122

Diffraction angle range (θ deg) 5-90
Step size (θ deg) 0.0196

Rwp 15.1
Re 7.97

Chi2 3.57
Goodness of fit ( Rwp

Re
) 1.97

Table 3.1: Lattice and fitting parameters of Gd3Fe5O12 obtained from Rietveld refine-
ment

Atom x/a y/b z/c Fractional occupancy
Fe1 0 0 0 1.013
Fe2 0.375 0 0.25 1.012
Gd1 0.125 0 0.25 1
O1 0.15 -0.03529 0.05754 1

Table 3.2: Refined atomic positions and fractional occupancy
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3.1.2 Gd3Fe4.96Mn0.04O12 (GdMnIG 4% Mn doped)
The synthesis of GdMnIG(4%) required heat treatments like oxygen atmosphere in
order to avoid any oxygen deficiencies and also to prevent the raw material Mn2O3
from being reduced to Mn3O4 owing to the oxygen deficiency at high temperatures.[58]

6Mn2O3 = 4Mn3O4 + O2 ↑

Also pure phase was only obtained after two heat treatments, the first one for 10hrs
at 1200oc and the second for 24hrs at 1200oc. After the second heat treatment all
the extra peaks which did not correspond to any of the parent GdIG peaks were re-
moved(fig13.3). Furthermore a clear shift in the position of the peaks was observed,
indicating a change in the lattice parameters. Therefore it can be inferred that Mn that
was doped has indeed gone into the parent GdIG.

Figure 3.3: Shows the XRD data obtained for GdIG and GdMnIG(4%). Here we can
see extra peaks after the 10hr heat treatment indicating that the pure phase has not
formed but these were removed upon a further 24hr heat treatment
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Chemical Formula Gd3Fe4.96Mn0.04O12‘1

Molecular weight, g/mol 942.938

Temperature, K 296

Crystal Structure Cubic

Space group symmetry and number Ia3d, 230

Unit cell parameters

a ,b, c (Å) 12.47541
α, β, γ (deg) 90
Volume (Å3) 1941.623

Diffraction angle range (θ deg) 5-90
Step size (θ deg) 0.0196

Rwp 10.4
Re 5.68

Chi2 3.39
Goodness of fit ( Rwp

Re
) 1.83

Table 3.3: Lattice and fitting parameters of Gd3Fe4.96Mn0.04O12 obtained from Rietveld
refinement

Atom x/a y/b z/c Fractional occupancy
Fe1 0 0 0 1.0123
Fe2 0.375 0 0.25 1.02
Mn1 0 0 0 0.4
Mn2 0.375 0 0.25 0.6
Gd1 0.125 0 0.25 1
O1 0.15 -0.03529 0.05754 1

Table 3.4: Refined atomic positions and fractional occupancy

The XRD data obtained post the second heat treatment was refined via the Rietveld
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method. Considerations pertaining to the occupancy were made during the refining
phase. Here the doping of Mn is on the Iron site, but since there are two different types
of Iron sites in our unit cell, namely a tetrahedral site and an octahedral site, it needs
to be ascertained as to which the doped Mn atom would occupy. For this refinement
was carried out via two different routes. The first one had all of the Mn sit in the
tetrahedral site and the in the second route we started out with 50% of the doped Mn in
the tetrahedral site and the other 50% in the octahedral and then the occupancies were
refined. Here the chi2 for the refinement having all of the Mn in the tetrahedral site was
3.91 and in the case of partial occupancy of Mn in both the tetrahedral and octahedral
site, the χ2 was 3.38. This indicates that the model with partial Mn doping on the
octahedral and tetrahedral site was a better fit. Also upon refining the occupancies
of Mn at the octahedral and tetrahedral site, a slightly higher value was obtained for
the tetrahedral site indicating that at 4% doping the Mn has greater occupancy at the
tetrahedral site. The detailed structural parameters are given below in table 3.3 and 3.4

Figure 3.4: Rietveld refinement fit for Gd3Fe4.96Mn0.04O12

3.1.3 Gd3Fe4.92Mn0.08O12 (GdMnIG 8% Mn doped)
During the synthesis of GdMnIG(8%) the reaction was done using a platinum crucible
in order to eliminate the alumina contamination that was plaguing the trial runs of
the sample.With the use of Pt crucible even though the percentage of alumina in the
sample seems to have reduced there was still a very small alumina peak found, with the
intensity of the peak corresponding to around 1 percent of largest parent peak, which

38



leads us to believe that there may have been some other external source of alumina
contamination . Furthermore unlike in the case of GdMnIG(4%) only one 10hr oxygen
treatment at 1200oc was required to get a relatively clean phase, not considering the
small alumina peak.

Figure 3.5: On comparing the XRD data of GdMnIG(8%) with that of GdIG we can
see that there is a small extra peak which was suspected to be that of alumina.
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Chemical Formula Gd3Fe4.92Mn0.08O12

Molecular weight, g/mol 941.300

Temperature, K 296

Crystal Structure Cubic

Space group symmetry and number Ia3d, 230

Unit cell parameters

a ,b, c (Å) 12.47544
α, β, γ (deg) 90
Volume (Å3) 1941.6079

Diffraction angle range (θ deg) 5-90
Step size (θ deg) 0.0196

Rwp 22.4
Re 8.5

Chi2 6.94
Goodness of fit ( Rwp

Re
) 2.635

Table 3.5: Lattice and fitting parameters of Gd3Fe4.92Mn0.08O12 obtained from Ri-
etveld refinement. Comparing the unit cell parameters of Gd3Fe5O12 with that of
Gd3Fe4.96Mn0.04O12 and Gd3Fe4.92Mn0.08O12 we can see a decrease in the unit cell
parameter magnitudes with increasing concentrations of Mn doping.
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Atom x/a y/b z/c Fractional occupancy
Fe1 0 0 0 0.3408
Fe2 0.375 0 0.25 0.4831
Mn1 0 0 0 0.036
Mn2 0.375 0 0.25 0.36
Gd1 0.125 0 0.25 0.9978
O1 0.15 -0.03529 0.05754 1

Table 3.6: Refined atomic positions and fractional occupancy. Here the occupancies
of Mn1, Mn2, Fe1, and Fe2 are not exactly consistent with the theoretical predictions.
This may be attributed to the presence of the alumina in the sample which maybe
influencing the refinement

Figure 3.6: Rietveld fitting profile of Gd3Fe4.92Mn0.08O12.

3.1.4 Gd3Fe4.9Mn0.1O12 (GdMnIG 10% Mn doped)
Synthesis of GdMnIG(10%) was also attempted. But here even though the GdIG phase
seems to have formed a sizable peak corresponding to alumina was also observed along
with a a minor peak corresponding to a compound of both ”Al” and ”Mn”. The pres-
ence of these peaks is suspected to be due to the reaction of our sample with the alu-
mina crucible used for the reaction. Also due to the presence of these somewhat major
impurity peaks in the sample, Rietveld refinement could not be done on the sample.
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Figure 3.7: XRD data of Gd3Fe4.9Mn0.1O12 shows a very major impurity peak of alu-
mina, with a relative intensity of almost 30 percent with respect to the largest parent
peak.

3.1.5 Ytterbium Iron Garnet - Yb3Fe5O12

The synthesis of YbIG invovlved three heat treatments; the first at 1200oc for 10hrs,
the second at 1200oc for another 24hrs and then a final 10hr heat treatment at 1200oc
in oxygen atmosphere. The XRD of the sample was taken post each sintering stage.

After the first heat treatment there were still a few extra peaks that did not corre-
spond to any of the parent compound. Hence the sample was heated fora further 24hrs.
Post this second heat treatment, the XRD data was observed and even though no rogue
peaks were found, all the peaks were accompanied by a left side shoulder peak. There
the sample was subjected to heat treatment of 10hrs in oxygen atmosphere. And post
this treatment YbIG was formed in pure phase.

The Rietveld refinement was done(fig) on the XRD data obtained and structural
parameters of YbIG were found.
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Figure 3.8: Rietveld refinement fit for Yb3Fe5O12

Chemical Formula Yb3Fe5O12

Molecular weight, g/mol 990.333

Temperature, K 296

Crystal Structure Cubic

Space group symmetry and number Ia3d, 230

Unit cell parameters

a ,b, c (Å) 12.296
α, β, γ (deg) 90
Volume (Å3) 1860.8523

Diffraction angle range (θ deg) 5-90
Step size (θ deg) 0.0196

Rwp 18.1
Re 7.25

Chi2 6.24
Goodness of fit ( Rwp

Re
) 2.49

Table 3.7: Lattice and fitting parameters of Yb3Fe5O12 obtained from Rietveld refine-
ment.
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Atom x/a y/b z/c Fractional occupancy
Fe1 0 0 0 1.0042
Fe2 0.375 0 0.25 1.0376
Yb1 0.125 0 0.25 1.0084
O1 0.15 -0.03529 0.05754 1.56

Table 3.8: Refined atomic positions and fractional occupancy of YbIG

3.1.6 Yttrium Iron Garnet(YIG) - Y3Fe5O12

The synthesis protocol for YIG was similar to the one used for YbIG and required
three heat treatments, the third one being in oxygen atmosphere which was done in
order to get rid of any oxygen deficiency in the sample. The structural details obtained
via Rietveld refinement are given below.

Figure 3.9: Rietveld refinement fit for Y3Fe5O12
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Chemical Formula Y3Fe5O12

Molecular weight, g/mol 737.9304

Temperature, K 296

Crystal Structure Cubic

Space group symmetry and number Ia3d, 230

Unit cell parameters

a ,b, c (Å) 12.376
α, β, γ (deg) 90
Volume (Å3) 1895.478

Diffraction angle range (θ deg) 5-90
Step size (θ deg) 0.0196

Rwp 16.3
Re 5.86

Chi2 7.702
Goodness of fit ( Rwp

Re
) 2.78

Table 3.9: Lattice and fitting parameters of Y3Fe5O12 obtained from Rietveld refine-
ment.

Atom x/a y/b z/c Fractional occupancy
Fe1 0 0 0 1.0186
Fe2 0.375 0 0.25 1.0077
Yb1 0.125 0 0.25 1.0084
O1 0.15 -0.03529 0.05754 0.9885

Table 3.10: Refined atomic positions and fractional occupancy of YIG

3.2 Spin Seebeck Measurements
The spin Seebeck signal measurements on GdIG, GdMnIG(4%) and YbIG were carried
out using a home made set. The results are given below.

3.2.1 GdIG
A GdIG/Pt device was fabricated on top of which a 20nm thick layer of Pt was de-
posited via sputtering. The length and thickness of the slab was measured to be 2.45mm
and 0.84mm respectively and resistance at room temperature of the deposited Pt bar
was found to be 1.48 kΩ

The normalised spin Seebeck voltage is given by :

VLS S E =
V ′Total ∗ Lz

∆T ∗ R′Total ∗ Ly
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Where ∆T is the applied temperature gradient, Ly is the length of the Pt bar deposited
on the slab, R′Total is the resistance of the slab at a given temperature, and V′Total is total
measured signal.

Figure 3.10: Figure shows the zero field temperature dependent resistance measure-
ments done on GdIG/Pt slab. The resistance shows a linear trend with y-intercept =

861.669 ± 0.221 and slope 0.9427 ± 0.0012

The SSE signal was measured as a function of temperature and we observed that
presence of two transition points where the strength of the signal went to zero (fig3.11).This
is consistent with reported temperature dependent SSE signal study on GdIG/Pt thin
film[35].
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Figure 3.11: Figure shows temperature dependence of the SSE signal with temperature.
Here we can clearly see the two transition points where the sign of the signal has
flipped. Other than the two transition points we can see that signal value peaks at
around 200K, this peak in intensity can be attributed to the magnon population and
magnon lifetimes.

Here the first transition point at around 290K can be explained on the basis of
the flipping of the sublattice magnetisation at the compensation temperature, Tcomp.
The origin of the second transition point close to 75K is not as clear but is suspected
to be due to the different temperature dependences of the spin wave power spectral
densities and/or different exchange coupling strengths of these modes at the GdIG/Pt
interface.[35]

The SSE signal was measured at both 200K and 300K with a ∆T of 20K in both
cases and the plots are given below.
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Figure 3.12: Figure shows the hysteresis of the spin Seebeck signal of Gd3Fe5O12
measured at 200K with a ∆T of 20K. The signal saturates at around 1500 Oe. The fact
that the loop doesn’t exactly close can be attributed to a shift in the background.

Figure 3.13: Figure shows the hysteresis of the spin Seebeck signal of Gd3Fe5O12
measured at 300K with ∆T of 20K.Here the overall signal strength is considerably less
than that at 200K and polarity of the signal is also flipped, this can be explained on the
basis of the reversal of the sublattice magnetisation at Tcomp.

3.2.2 GdMnIG 4% Mn Doped
As in the case of GdIG, a GdMnIG(4%) slab was fabricated via sputtering, where
a 20nm Pt bar was deposited along the length of the slab. The resistance at room
temperature of the deposited Pt bar was measured to be roughly 400 Ω and the length
and thickness of the slab used were 5.8mm and 0.58mm respectively.
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Similar measurements like in the case of GdIG were carried out with GdMnIG as
well. Here in the case of the temperature dependent SSE signal, we observe a simi-
lar trend to that seen in GdIG slab measurements. There appears to be two transition
points, the first at around 75K is due to increased contribution of the β-magnon mode
at higher temperatures. The second transition point which is due to the magnetic com-
pensation can’t exactly be reached within the limits of our instruments, but the trend
clearly indicates the a Tcomp to be higher than 300K. fig 3.14

Figure 3.14: Figure shows the zero field temperature dependent resistance measure-
ments done on GdIG/Pt slab. The resistance shows a linear trend with y-intercept =

252.1303 ± 0.1489 and slope 0.4141 ± 0.0008

This increase in the Tcomp of Gd3Fe4.96Mn0.04O12 compared to that of Gd3Fe5O12
is due to the partial substitution of the octahedral Fe atom by the doped Mn, because
the total magnetisation of the lattice is determined by the individual sublattice mag-
netisation which are highly temperature dependent. In Gd3Fe5O12, the Gd magnetic
sublattice and tetrahedral Fe sublattice are weakly exchange coupled and hence exhibit
magnetisation along the same direction. Whereas the tetrahedral and octahedral Fe sub-
lattices are antiferromagnetically coupled via super exchange interaction[35]. So when
Mn+3 which has a magnetic moment less than Fe+3, replaces Fe+3 in the octahedral
site this leads to a decrease in the net magnetisation of the octahedral Fe sublattice.
Furthermore the net magnetisation of the Gd and tetrahedral Fe sublattices increase
with decrease in temperature and that of the octahedral Fe decreases with decrease
in temperature, this combined with the initial decrease in the magnitude of the net
magnetisation of the octahedral Fe sublattice leads to an increase in the compensation
temperature, which is exactly what we have been able to observe here.
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Figure 3.15: We can clearly see the two transitions points and also to be noted is that
the signal strength peaks at around 210K which is around a +10K shift from what was
observed in GdIG

Figure 3.16: Figure shows the hysteresis of the spin Seebeck signal at 200K with a
∆T = 20K. The polarity of the signal is same as the one obtained for GdIG in the
temperature regime where T < Tcomp

A hysteresis loop for the SSE signal could not be traced at 300K due to the sig-
nal strength being very low because we are approaching Tcomp, but also because the
background kept shifting.
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3.2.3 GdMnIG 8% Mn Doped
GdMnIG(8%) slab was fabricated via sputtering, where a 20nm Pt bar was deposited
along the length of the slab. The resistance at room temperature of the deposited Pt bar
was measured to be roughly 160 Ω and the length and thickness of the slab used were
4.18mm and 0.65mm respectively.

(a)

(b)

Figure 3.17: (a)Shows the zero field temperature dependent resistance measurements
done on GdIG/Pt slab. The resistance shows a linear trend with y-intercept = 109.6327
± 0.0624 and slope 0.1827 ± 0.0003. (b)There are two transition points like in the case
of both GdIG and GdMnIG 4% doped samples. There is no real change in the second
transition point as compared to the previous samples but there is a 5K decrease in the
transition point from GdMnIG 4%
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The 8% Mn doped sample showed a decrease in compensation temperature as com-
pared to the 4% Mn doped sample. This is because the Mn+3 ion prefers to occupy the
tetrahedral site, due to certain tetrahedral stabilisation but at lower concentration of Mn
doping there is also partial substitution into the octahedral site which is the case with
the 4% sample. But as concentration of Mn increases this tendency of the Mn+3 ion
to go into the octahedral site decreases and most of it diffuses into the tetrahedral site
leading to a decrease in the compensation temperature, as is observed in our experi-
ment.

(a)

(b)

Figure 3.18: (a) and (b) Shows hysteresis of SSE signal at 200K and 300K respectively.
The polarity of the signal is flipped due to spin reorientation at the compensation point.

Additionally it was observed that the strength of the SSE signal increased dramati-
cally with Mn doping (Fig 3.19). The signal initially increased by 3 to 4 times with 4%
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Mn doping compared to GdIG but increased by almost 80% compared to GdIG with
8% Mn doping. The reason for this is not precisely known.

(a)

(b)

Figure 3.19: (a) Compares SSE signal strength of GdIG and 4% Mn doped GdMnIG
and (b) Compares the SSE signal strength of GdIG, 4% Mn doped and 8% Mn doped
GdMnIG. From (a) and (b) it can be clearly seen that with 8% Mn doping the signal
strength is almost an order of magnitude greater than the other two.

3.2.4 Yb3Fe5O12 - YbIG
YbIG slab was fabricated via sputtering, where a 20nm Pt bar was deposited along
the length of the slab. The resistance between the contacts at room temperature was
measured to be roughly 1 KΩ and the length and thickness of the slab used were 5.8mm
and0.4mm respectively.

53



Figure 3.20: Figure shows the zero field temperature dependent resistance measure-
ments done on YbIG/Pt device. The resistance shows a linear trend with y-intercept =

681.5407 ± 0.5326 and slope 1.2128 ± 0.0029

Figure 3.21: Figure shows the spin Seebeck voltage as a function of temperature

Fig 3.21 shows the spin Seebeck signal ∆V as a function of temperature. Here
the signal has a nearly constant magnitude until around 100K, the reason for which
is not entirely known. After 100K the signal starts to approach ’0’ with decrease in
temperature. This can be attributed to the fact that the Tcomp of YbIG is reported to be
around 10K[59].
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Chapter 4

Conclusions And Future Work

In summary the solid state synthesis of Gd3Fe5O12(GdIG), Y3Fe5O12(YIG),
Yb3Fe5O12(YbIG) and Gd3Fe5−xMnxO12(x =0.04, 0.08) were completed. The syn-
thesised garnets crystallise in a cubic structure with space group Ia3d.

The Spin Seebeck measurements were conducted on GdIG, GdMnIG(4%), GdM-
nIG(8%) and YbIG slabs on top of which a Pt bar coated via sputtering. From the spin
Seebeck measurements it can be inferred that the Tcomp of GdIG increased with 4%
Mn doping. We were also able to reproduce the reported spin Seebeck signal trend
for GdIG and could confirm the presence of a second transition point at a lower tem-
perature, which is due to an increased contribution of the β-magnon mode at higher
temperatures. There was also up to an order of magnitude increase in signal strength
with Mn doping, the reasons for which are not clear.

The future phases of the project would entail the fabrication of GdIG and Mn doped
GdIG thin films and the measurements of the spin Seebeck signal using these samples.
Furthermore fabrication of hetero structure thin films made of GdIG and Mn doped
GdIG can also be attempted, which could pave the way for the fabrication of a thermal
spin diode.
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