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Abstract

In this work, a coil set for ac susceptibility measurement was designed and fabri-
cated, which is compatible with a Close-Cycle Refrigerator. This coil system consists
of one primary coil and two secondary coils wound on a sapphire tube. The pur-
pose of this miniature coil set is to assess the feasibility of detecting magnetic phase
transitions at cryogenic temperatures, particularly below 77K, with a focus on weak
antiferromagnetic transitions. This thesis also presents a literature survey on Kitaev
candidates such as RuCl; and NayIrOs.

Chapter 1 of the thesis introduces magnetic materials, including paramagnets, fer-
romagnets, and antiferromagnets. Chapter 2 details the experimental methods related
to this project, including the working of CCR and the principles of ac susceptibility.
Chapter 3 presents a short literature survey on quantum spin liquids and Kitaev mag-
nets such as RuClz and NayIrO3. Chapter 4 presents design and fabrication details of
the miniature coil set-up, wound on a sapphire tube during the course of this project.
The sapphire tube was attached to a Cu flange that could be fitted and thermally
anchored to the cold finger of CCR. Chapter 4 also presents room temperature data
on the offset signal of secondary coils, with and without the copper flange. Chapter
5 presents offset data as a function of temperature when the miniature coil set was
fitted inside the CCR. Results of test runs on RuCl; single crystal as well as ferro-
magnetic Ni samples are presented in this chapter. Overall, these data indicate that
it is difficult to detect antiferromagnetic transitions using this miniature coil setup in
the presence of a huge background signal. Detection of a ferromagnetic signal can be
a possibility. However, even for tracking the ferromagnetic transitions, more experi-
ments are needed to understand the origin of the background signal and its frequency

dependence.
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Chapter 1
Introduction

Studying the magnetic properties of materials at low temperatures is an important
area of condensed matter physics. In quantum materials, magnetic properties and
phase transition behaviour become prominent only at cryogenic temperatures. One
of the most important experimental techniques used to investigate such properties
is AC-susceptibility measurement, which allows the sensitive detection of magnetic
phase transitions.

In this work, a miniature AC-susceptibility coil system was designed and fabricated
to perform magnetic measurements inside a Closed Cycle Refrigerator (CCR). The
AC-susceptometer consists of a primary coil and two secondary coils, connected in
series opposition. Applying AC-current in the primary coil, generates an alternating
magnetic field, while the secondary coils detect the magnetic response of the sample
placed inside one of the secondary coils. The induced voltage in the secondary coil is
proportional to the material’s magnetic response.

This compact coil system was fabricated such that it could fit inside the limited
space of CCR. For this purpose, a sapphire base cylindrical tube has been used to
widen the coil set. This sapphire cylindrical tube was attached to the copper(Cu)
block, which can be coupled with the cold finger of the Close-Cycle Refrigerator(CCR).
A lock-in amplifier is also used to detect the induced voltage of the secondary coil.
This thesis also presents a literature survey on quantum materials RuCls and NayIrOs.

In this chapter, the fundamentals of magnetisation and magnetic materials, which

are important for understanding quantum materials, are discussed.



1.1 Magnetisation of the Material

Magnetism in materials originates from the physical quantity called magnetic mo-
mentum (11). When an external magnetic field is applied to the materials, it has an

associated energy, which is given by:
E=—-u-B

That means the magnetic moment tends to align in the direction of the applied
magnetic field to minimise the energy.

Magnetisation of a material mainly depends on two factors: the electron spin
magnetic moment and the orbital magnetic moment. We imagine the electron spin
as a tiny charged particle that is spinning about its own axis. The orbital motion of
the electron is also similar to the charge that is moving in a circular path around the
nucleus. This combination of both effects gives us the total magnetic moment of the
materials.

When a large number of atoms are present in a material, the combination of all
magnetic moments produces the magnetisation (M). Magnetisation is defined as the

total magnetic moment per unit volume of the material.[ref 1.]

1.1.1 Magnetic Susceptibility

Magnetic susceptibility measures how easily a material becomes magnetised when an
external magnetic field (H) is applied. In the case of magnetic material, the magnetic

field can be written as B and H. The relation between these two vectors
B = p(H+M)

where 11 is called the permeability of free space. [ref 2.]

For linear material, magnetisation is proportional to the applied magnetic field-
M= yH

Where Y is called magnetic susceptibility. When an AC magnetic field is applied,
the magnetic response of the material can be expressed in two components: one is the
real component, and the other is the imaginary component.

For the AC magnetic field, this y is written as-

X(w) = X'(w) +ix"(w) (1.1)

2



Where x/(w) is real part. x”(w) is imaginary part.

1.2 Heisenberg Model and the Concept of Exchange

Interaction

The magnetic properties of the material come from the spin and orbital angular
momentum of the electron. In many magnetic materials, spin interaction between
two electrons is the dominant contribution to magnetism.

The most important theoretical model that describes the spin interaction is the
Heisenberg model. This model explains the origin of magnetic ordering in solids. The
Heisenberg model is based on several assumptions, such as that the interactions only
depend on the neighbouring spin, only consider spin interaction, neglecting orbital

motion part, spin interaction is the same in all directions, etc.

1.2.1 Exchange Interaction

Direct Exchange Interaction

Direct exchange interaction occurs when the electron orbitals of two magnetic ions
overlap directly without the involvement of any intermediate atom. The strength of
this type of interaction depends on two factors: the distance between two atoms and
the overlap of the orbits.|ref 2.]

The Heisenberg Hamiltonian can define the direct exchange interaction energy-
H=-JS;-S;

Where J is the exchange interaction constant.
e If J > 0, Ferromagnetic (FM) alignment.

e If J < 0 Antiferromagnetic (AFM) alignment.

Supper Exchange Interaction

Supper exchange interaction is an indirect magnetic interaction that happens between
two magnetic intermediate atoms. This happens usually in transition-metal oxides,

where an oxygen atom separates the magnetic ions. The superexchange interaction is

3



a) Ferromagnetic (Oy;.o.y; = 90°)

b) Antiferromagnetic (0y;.o.n = 180°)
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Figure 1.1: This figure shows the superexchange interaction between the Ni 3d orbits
via oxygen 2p orbitals [ref 3]

usually antiferromagnetic. When multiple types of interaction happen simultaneously,
the antiferromagnetic one is generally dominant.

In Figure a, the sharing of electrons happens in a way that follows Hund’s rule,
which ensures the maximum spin multiplicity in the oxygen 2p orbitals. This results
in a ferromagnetic exchange interaction between the nearest neighbours of Ni ions.
In Figure b., the kinetic exchange due to the overlapping Ni and Oxygen orbits leads

to the antiferromagnetic superexchange interaction.

Double Exchange Interaction

Double exchange interaction is a kind of magnetic exchange that can happen between
ions that have different oxidation states.

In the first stage of the double exchange process, oxygen donates one electron to
the Mn** ion. In the next stage, the empty orbital can be filled by an electron from
a neighbouring Mn?** ion.

As a result of these two steps, an electron has effectively moved from the Mn3*
ion to the Mn*" ion through the oxygen atom. This kind of process is called double

exchange interaction, as shown in Figure [1.2]

N

44_ b
_{709 02p _4_":t2g

Mn3* (d*) Mné+ ()

Figure 1.2: Example of double exchange in the compound La; 4 A,MnOj [ref 4 |



1.3 Spin Ordering in Magnetic Materials

1.3.1 Diamagnetic Material

Diamagnetism is a property of a material where an applied magnetic field creates an
induced magnetic field in the opposite direction, which is why a repulsive force occurs.
The magnetic susceptibility of a diamagnetic material is negative. Diamagnetism
is present in all materials, and always makes a weak contribution to the magnetic
response.

Examples of diamagnetic materials are NaF, NaCl, KBr, etc.

1.3.2 Paramagnetic Material

Paramagnetism occurs in atoms or ions that contain an unpaired electron. In the
absence of the external magnetic field, the magnetic moments are in random direc-
tions. For this material, ignoring the exchange interaction terms because the magnetic
moments of the atoms do not interact sufficiently.

When an external magnetic field is applied, the magnetic moment tries to align
in the applied field direction. This produced a small positive magnetisation in the
material. The magnetic susceptibility of a paramagnetic material is positive.

The magnetic susceptibility of the paramagnetic material is temperature-dependent,
which is defined as -

X:T

Where C is called the curie constant, and T is called the temperature.

Magnetic Field Magnetic Field

YINEEE
-0g0

h i Y,
Unmagnetised Magnetised

Figure 1.3: Paramagnetism [ref 2]
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bbb
bbb

Examples of paramagnetic materials are aluminium, platinum, etc.



1.3.3 Ferromagnetic Material

In the case of ferromagnetism, when the temperature is below a specific point, the
nearby atoms automatically line up in the same direction on their own, without need-
ing any external magnetic field. This specific temperature is known as the critical

temperature, and it marks the change between the ferromagnetic state and the para-

‘ 1

magnetic state, as shown in Figure[1.5].

Domains Domains
randomly reshaped &
aligned aligned

Figure 1.4: Ferromagnetism [ref 5]

When an external magnetic field B is applied in a ferromagnetic material, then
the Hamiltonian should be- [ref 2]

H=-> JxS;-Sc+gus Y S; B (1.2)
Jk J

Where J;, is the exchange interaction constant. If J;; > 0, then it’s a ferromagnetic
interaction, and the second term is called the Zeeman energy.|ref 2]

At T > T, the magnetic susceptibility for this material is-

1
T—To

X X

1.3.4 Anti-ferromagnetic Material

In antiferromagnets, the individual magnetic dipoles are oriented in a way such that
the bulk of the material has a vanishing total magnetisation. For an antiferromagnetic
material, the exchange interaction constant J; , should be negative. Antiferromagnetic
order may exist, sufficiently at low temperature, but vanishes at and above the Neel
temperature. Above the Neel temperature, the material is typically paramagnetic.
Magnetic susceptibility of an antiferromagnetic material above the Neel temperature

is defined as-
1

1.
T+ TN (13)

X X

Where T is the Neel temperature.
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Figure 1.5: magnetic susceptibility for paramagnetic, ferromagnetic and antiferro-
magnetic materials as a function of temperature.|ref 6]

Examples of antiferromagnetic materials are NiFy, MnO, a-Fe;O3, CoFs, etc.

1.3.5 Ferrimagnetic Material

In the case of ferrimagnetic material, the magnetic moments are also aligned in a
similar way to antiferromagnetic material, but the moments have unequal magnitudes,
as shown in Figure[1.7]. So the spontaneous magnetisation remains. In ferrimagnetic
materials, magnetism is lost above a certain temperature. This temperature is called

the Curie temperature.

Figure 1.6: Ferrimagnetism [ref 2]

Examples of the ferrimagnetic materials are FesOy, NiFesOy, MgFes0y.

1.3.6 Spin Glass Material

In the case of a spin glass material, the magnetic moment of the atom is randomly
oriented and becomes frozen in a random direction at low temperature. At high
temperatures, a spin glass system behaves like a paramagnetic material. As the
temperature decreases, the magnetic moments eventually freeze into a disordered but
stable pattern at a characteristic temperature known as the freezing temperature.
There are so many unique properties, such as the slow relaxation of magnetisation
and frequency-dependent susceptibility peak, etc are present in the spin glass system.

Examples of spin glass systems are CuMn, AuFe, AgMn, etc.



Figure 1.7: Magnetic moment of spin glass material[ref 26]

In Chapter 3, we discuss about the Kitaev model and its role in quantum materials.

We also discussed the properties of quantum spin-liquid materials such as RuCls and
NaQIrO;;.



Chapter 2

Experimental Methods and

Instrumentation

In this chapter, the working principle of the AC-susceptometer, the Close-Cycle re-

frigerator and the Lock-in amplifier are discussed.

2.1 Working Principle of AC-Susceptometer

AC susceptibility measurement is a powerful technique for measuring the magnetic
signal. It is useful for studying materials such as superconductors, spin glasses, and
quantum spin liquids.

The AC-susceptometer consists of a three-coil system, one primary coil and two
identical secondary coils. These two secondary coils are wound in series opposition.
When there is no sample inside the secondary coils, they cancel each other’s signal.
But when a magnetic sample is placed inside a secondary coil, this symmetry is broken,
and the sample’s magnetic signal is obtained. [ref 2.]

Magnetic susceptibility means how easily a material is magnetised. In the DC

field, magnetic susceptibility can be written as-

M
T
In the AC field, it can be written as-
_dM
N

In the AC field, magnetic susceptibility is defined as how magnetisation changes

with changing field. Sometimes the magnetic response of the signal is linear and

9



sometime its non-linear. Mathematically, it can be written as-
M = MO + X(I)H + X(Q)H2 + X(3)H3 + ...

Where x™) is called linear susceptibility, and higher order terms are called non-linear

susceptibility.

(a) b we=MH ;. fac=0MRH (b)

Sample

AH H—

Primary
Secondary

Figure 2.1: 1. M-H curve of AC and DC susceptibility. 2. Block diagram of AC-
susceptometer [ref 2]

2.2  Working Principle of Close-Cycle Refrigerator
(CCR) and Experimental Application in this
Work

The Close-Cycle Refrigerator(CCR) is used to achieve and maintain the cryogenic
temperature. The CCR system is working in a closed-loop configuration using he-
lium(He) gas. The CCR operates based on the compression and expansion of the
helium gas.

First, helium (He) gas is compressed using an external compressor. When the gas
is compressed, its temperature increases. This hot, high-pressure gas is then passed
through a heat exchanger, where it is cooled down by removing excess heat using
water.

After cooling, the high-pressure helium (He) enters the cold head of the system.
Here, the gas expands, and its temperature drops significantly due to the Joule-
Thomson effect, which is the process where a gas cools when it expands.

This cold helium gas then flows to the cold stage, where the sample is placed. It

absorbs heat from the sample.

10



(<)
S
2
g
()
7]
S
%)
<
e
]
e
3
@
D
o
(<3
S
$
o
<

Figure 2.2: 1.A closed-cycle cryostat that has a radiation shield, vacuum shroud, cold
head, compressor, and hoses. 2. Sapphire base ac coil attached to the cold finger of

the CCR

Finally, the helium (He) gas returns to the compressor, where it is compressed
again, and the whole process repeats. Since this is a closed cycle, no helium is lost

during the operation. This continuous cycle allows the sample to reach and maintain
a low temperature without using liquid helium (He).
In this work, the sapphire base AC coil sample holder is mounted onto the cold

finger of the CCR. The temperature of the cold finger varied from room temperature

to a few kelvin, and the temperature dependence of the magnetic behaviour of QSL

materials will be investigated.

2.3 Lock-in Amplifier Working Principle and Sig-

nal Detection

A lock-in amplifier is used to measure small AC signals by converting them into a DC
output, which is proportional to the signal amplitude. The lock-in amplifier extracts
weak signals even in the presence of significant noise. The core component of the
lock-in amplifier is a phase-sensitive detector (PSD), which converts the AC signal to
a DC signal.

The block diagram of the lock-in amplifier is shown in Figure [2.3]. The working

principle of a lock-in amplifier is explained step by step below.

11



Signal Channel

The input signal typically consists of the desired signal and unwanted noise. This
initial signal passes through an AC-coupled amplifier for adjustable gain. In this
coupling process, they remove the DC offset signal and allow the AC component to
be processed. This adjustable gain amplifier is amplifying the signal, that is why its
amplitude matches the input range of the phase-sensitive detector(PSD) for accurate

detection.

MIXER (P.S.D.)

INPUT BANDPASS
AMPLIFIER FILTER

LOW PASS OUTPUT
FILTER AMPLIFIER

PHASE SHIFTER
REFERENCE
INPUT

REFERENCE
TRIGGER

Figure 2.3: 1. Block diagram of a lock-in amplifier.[ref 23] 2. SR830 DSP model
lock-in amplifier

Reference Channel

In the ideal situation, a high-level, stable, and noise-free reference signal is directly
available in the experiment. In this case, generating the reference signal is relatively
straightforward. In a practical case, the available reference signal is noisy and not
perfectly symmetric. In this case, an internal reference signal of the lock-in amplifier
is used. The internally generated reference goes through a phase shifter, which is
used to correct any phase differences that may have occurred between the signal and

reference inputs during the experiment, before it is applied to the PSD.

Phase Sensitive Detector (PSD)

There are two common methods of implementing the PSD: these are an Analog Mul-

tiplier and a Digital Multiplier.

Use of Analog Multiplier and Digital Multiplier

In the case of an analog multiplier, the PSD multiplies the input signal by the reference
signal of the same frequency. It is simple in principle, but in the presence of a large,
noisy signal, which reduces the noise rejection as a result detect the lower accuracy

signal.

12



In the digital multiplier approach, the input signal is passed through an analogue-
to-digital converter. This converter transforms the input analogue signal into a digital
signal, then multiplies it by the digital reference signal. This method gives high

accuracy and stability.

Low Pass Filter

The low-pass filter removes the AC component from the output of the PSD, and it
only allows the DC components of the signal. Typically, an RC-type filter is used in

this case.

Output

The final output of the lock-in amplifier is a DC signal whose amplitude is proportional
to the signal amplitude. In modern instruments, the output is digital, although an
analog base-voltage output is also available.

In lock-in amplifier detection, there are two components, which are in-phase com-
ponents(X)and out-of-phase components(Y).

In this work, measure R instant of X, where R is
R=vX?2+Y?

We also use a temperature sensor (Cernox CX-1030-SD) to measure the temper-
ature of the sample holder, which is connected to the temperature connector.
Using this measurement instrument, we try to measure the magnetic signal of the

quantum material as a function of temperature.

13



Chapter 3

Literature Survey: RuCls and
Na21r03

In quantum materials, collective behaviour exists, such as high-temperature super-
conductivity, topological phases, and exotic magnetic states. These properties of the
quantum material are promising for future technology applications.

The key feature of the quantum material is strong electron correlation and spin-
orbit coupling. Due to this strong electron correlation, a complex ground state is
created that cannot be explained by using classical theory. Spin-orbit coupling creates
unusual magnetic properties for heavy materials.

RuCls and NagIrOg are called quantum materials because of their complex geom-
etry and strong electron correlation. They also show the bond-dependent anisotropic
magnetic interaction, which is explained in the Kitaev model.

In this chapter, we discussed about the structure and the magnetic properties of

the quantum material. The basic theory of the Kitaev model is also explained here.

14



3.1 Theoretical Background of the Quantum Spin
Liquid Material (QSL)

In the case of normal magnetic material, the spins are aligned in an ordered pattern,
such as ferromagnetic and antiferromagnetic materials. But for QSL materials, the
spins do not align in an ordered pattern, there is no long-range magnetic ordering due

to strong quantum fluctuation.

3.1.1 Magnetic Fluctuation

Magnetic fluctuation occurs when the spins are not aligned in a simple order pattern

because of the complex geometry. [ref 24]

(M9

(3

Figure 3.1: 1. Spin fluctuation of the triangular lattice. 2. Spin fluctuation for the
tetrahedron lattice structure. [ref 23]

For a triangular lattice of three spins with antiferromagnetic interaction, if one
spin point is up and the second spin point is down, then the third spin cannot simul-
taneously satisfy the condition of its neighbours. For this fluctuation, the spin is not
settled down into a unique ground state. Instantly, it has many configurations of the
same energy, and the spins are fluctuating between them, as shown in Figure [3.1].

For a ferromagnetic material, the ground state can be written as-

WFM) = \TTTT o) (3~1)

Similarly, for an antiferromagnetic material, the ground state can be written as-

|[harm) = [TITL -0 (3.2)

In the case of QSL materials, the spins do not behave independently.

15



For the triangular lattice, they create a quantum entangled ground state, which

is written as [ref 27]-
1

V2

In materials such as RuCls and NayIrOs, spin fluctuation occurs not only for the

’wsinglet> = (’T@ - |\1/T>> (33)

complex geometry but also for the bond-dependent interaction, which is explained in

the Kitaev model.

3.1.2 Spin-Orbit Coupling

An electron has two motions: spin motion and orbital motion. Spin-orbit coupling
arises due to the interaction between these two properties. This interaction Hamilto-

nian can be written as-

Hsoc = AL-S (3.4)

Where A is called the coupling strength, L is called the orbital motion of the electron,
and S is called the electron spin motion.
For the strong spin-orbit coupling, they create a degenerate ground state. The

magnetic properties of the QSL materials depend on this degenerate ground state.

3.1.3 Kitaev Model

The Kitaev model is the most important theoretical model to explain the QSL be-
haviour. It is defined on a two-dimensional honeycomb lattice, where magnetic ions
are arranged in a hexagonal structure. [ref 9.]

In this model, the spin interaction between neighbouring spins is direction-dependent.

The Hamiltonian of the Kitaev model is written below-

H=—-K|> S/S7+ ) S'SV+ > 5;S; (3.5)
(6.9) (6:3)y (6.7) =
Where K is the interaction strength.

So the single spin is connected to the multiple neighbours. As a result, spins do
not satisfy all the interaction conditions simultaneously. For that, the system does
not develop long-range magnetic ordering.

Therefore, the Kitaev model gives us the fundamental framework for the theoret-

ical understanding of QSL materials, such as RuCl; and NayIrOs.
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3.2  Origin of Quantum Spin Liquid(QSL) Behav-
ior: RuCl; and NayIrO;

3.2.1 Crystal Structure of RuCl; and NayIrOg

a-RuClj is one type of layer material; its structure is mainly made in a two-dimensional

sheet. Each sheet contains Ru®* ions arranged in a hynicomb structure.

Figure 3.2: 1. Crystal structure of 2D (layered) a-RuCls, central atoms (dark) Ru
and outer atoms (green) Cl. 2. Crystal structure of 2D (layered) NayIrOgs, red sphere
represents O2~, blue sphere represents transition-metal ions, yellow sphere represents
Na™ ions.[ref 24]

Each Ru' ion is surrounded by six C1~ ions; they are creating a RuClg octahedron,
which is a two-dimensional honeycomb lattice. This Complex geometry is important
for the spin fluctuation.

Similarly, NayIrO3 also has a layered 2D honeycomb lattice. Oxygen atoms sur-
round each Ir ion, forming IrOg octahedra. For this complex geometry, magnetic
spin fluctuation occurs. That’s why these two materials are called quantum spin

liquid materials.

3.2.2 Strong-Spin Orbit Coupling of RuCl; and NasIrO;

In RuCl3 and NaylrOs materials, they have heavy atoms, such as rubidium(Ru) and
iridium (Ir). These heavy magnetic ions, Ru*" and Ir*", have partially filled 5d-
orbitals, so the spin-orbital coupling is strong.

Inside the crystal, each heavy ion is surrounded by atoms( C1~ and O?7), forming

an octahedral environment. Due to the partially filled 5d-orbits, the energy level splits
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into two parts; one state is called the ground state (to,), and another state is called
the higher energy state (e,). Due to the strong spin-orbit coupling, the t,, state splits
into two parts, which can be described by effective spin jog = % That’s why the
magnetic properties do not depend on the spin only; they depend on the spin-orbit

entanglement state. [ref 19]

3.2.3 Bond Dependent Interaction of RuCl; and NayIrOs;

In RuCl; and NaylrO3 materials, due to the complex geometry and strong spin-
orbit coupling, the magnetic interaction between the neighbouring spins is highly
anisotropic.

This bond-dependent interaction is explained in the Kitaev model. Due to the
anisotropic interaction, spins are strongly fluctuating, and it is impossible to minimise
the interaction energy simultaneously. Instantly, they may host a highly entangled

ground state, such as a quantum spin liquid state.

3.2.4 Magnetic Ordering of RuCl; and NayIrO;

In the absence of an external magnetic field, the system exhibits long-range magnetic
ordering at low temperature. As the temperature is reduced, the material undergoes a
magnetic phase transition at the transition temperature. The transition temperature
of the a-RuClz material is nearly 7K [ref 12]. Below this temperature, Ru** ions no
longer fluctuate freely, instead arrange themselves in an ordered pattern.

Below this temperature, the spins try to order in a zigzag antiferromagnetic pattern

of a-RuCl; material as shown in Figure[2.3]

4
2
C 1
k
a

Figure 3.3: Zigzag antiferromagnetic ordering [ref 26]

Due to this magnetic ordering, the magnetic signal is increasing at the transition
point. Singh and Gegenwart reported that the honeycomb lattice material NayIrOs,

where zigzag antiferromagnetic ordering is observed nearly at 15K.[ref 13]
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Chapter 4

Design and Fabrication of a
Miniature AC-Susceptometer
Compatible with a Close Cycle
Refrigerator(CCR)

An AC susceptometer consists of a primary coil and two secondary coils; these two
secondary coils are wound in series opposition. This coil setup is miniature, such
that it can be fitted in the limited sample space of CCR. For a CCR-based AC
susceptometer, several challenges exist, including space constraints, thermal coupling,
and minimising noise.

In this chapter, the design, fabrication and calibration procedure of the AC-

susceptometer are discussed in detail.

4.1 Material Selection and Designing

4.1.1 Cylindrical Sapphire Tube Design

A sapphire tube for winding the primary and secondary coils were used because sap-
phire is non-magnetic and has high thermal conductivity for low-temperature mea-
surement.

The total length of the sapphire cylinder was 28 mm, as indicated in Figure[4.1].
This sapphire cylinder structure was symmetrically divided into three portions for the
coil configuration. One side of the sapphire cylinder will be attached to the copper(Cu)
block. Here, the primary coil is wound over a 20 mm length, as indicated in Figure[4.1].

Two secondary coils were wound over a 5 mm length; they are geometrically identical,
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Sapphire design:

Units === mm
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28.00
10.00

|
5.04

400

] |

Secondary coil Secondary-coil

Figure 4.1: Cylindrical sapphire tube design

and a 10 mm gap was maintained between them.

4.1.2 Copper(Cu) Block Sample Holder Design

The non-magnetic copper(Cu) material was selected due to its high thermal conduc-
tivity, which ensures that the effective heat transfer for the cold finger of the CCR to
the coil system. This efficient thermal coupling allows the sample and coil system to
quickly reach and maintain the desired cryogenic temperature with minimal thermal

gradients.

38
- - The Sample Holder will be
inserted up to 2. mm.

s

N |

Figure 4.2: Copper(Cu) block sample holder design

The upper portion of the copper(Cu) block consists of a flange structure that
will directly screw with the cold finger of the closed-cycle refrigerator(CCR). This
provides high thermal coupling and mechanical stability. The length and width of the
flange portion were 5 mm and 6 mm, respectively, as shown in Figure[4.2]. A 2 mm
depth cavity was created in the copper(Cu) block for the sapphire-based sample plate.
This sapphire plate can be inserted in the Copper(Cu) block up to 2 mm to ensure
good thermal contact, and it will allow the sample to cool down to the cryogenic

temperature. The outer radius of the cylindrical sapphire was 5 mm; therefore, a
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5 mm ring-shaped cavity was also created in the Copper(Cu) block to mount this
sapphire cylinder. This sapphire cylinder can be inserted up to 3 mm to ensure
thermal contact and allow the coil system to cool down to cryogenic temperatures. A
small space was created in the copper(Cu) block to place the Cernox sensor, which
measures the actual temperature of the sample holder. The total length of the sample
holder was 38 mm, and this entire system ( consisting of a sapphire tube and a copper
flange) will be integrated into the CCR.

4.1.3 Hylum Ring

Hylum rings were used to support the winding of the secondary pickup coils in the
AC susceptibility probe. Hylum was chosen because it is non-magnetic and a good
electrical insulator. Four Hylum rings were used for this setup, as shown in Figure

[4.3]. The diameter and width of the hylam rings were 10.8 mm and 1 mm.

4.2 Fabrication of Coil System and Construction

of Sample Mounting Sapphire Plate

An AC-susceptometer consists of a primary coil and two secondary coils. These
two secondary coils are geometrically identical, and they are connected in a series
opposition connection to cancel out the background signal. When a sample is placed
in the one secondary coil, and a measurable magnetisation signal is obtained. The

details of the fabrication process are explained below.

4.2.1 Fabrication Process

Initially, a 28mm sapphire tube was cut using a cutting machine, and after that, it
was cleaned using ethanol to remove the surface impurity.

Primary Coil Winding

The primary coil was wound on the cylindrical sapphire tube, whose outer diame-
ter(OD) is 10 mm. The primary coil was wound over a 20 mm length. It was wound
using 36 SWG copper wires. It consists of two layers of winding, with 193 turns in

one layer and 194 turns in the other layer, giving a total of 387 turns.
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A manual coil winding machine was used to wind the coil. The resistance of the

primary coil is R = 3.5 at room temperature.

Figure 4.3: Primary coil winding

Parameter Value
Number of turns in primary coil 387
Layers of winding in the primary coil 2
Number of turns in each layer 193 and 194
primary coil resistance 3.8 Q

Table 4.1: Experimental parameters and measured values of the primary coil at room
temperature.

Secondary Coil Winding

The secondary pickup coils were wound on top of the primary coil. The coils have a
length of 4 mm and are separated by a distance of 10 mm. The secondary coils were
wound using 46 SWG copper wire to increase the number of turns within this small
space and consist of 1000 turns in each coil. These layers were supported at the ends

using Hylum rings of diameter 10.8 mm and width 1 mm.

Figure 4.4: 1. Secondary pickup coil winding, 2. Sapphire base AC coil system with
copper block sample holder
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The resistance of the two secondary pickup coils is 102 €2 and 103.8 2 at room
temperature. After winding these two coils using a coil winding machine, using a
lock-in amplifier, apply an AC current to the primary coil, which is connected in
series with a 1 € resistance, and check the induced voltage in each secondary coil at
room temperature. The induced voltage in each pickup coil is 9.78 mV and 9.41 mV
for a 1V sin input. This date shows that these bridges are nearly identical. These
two coils are connected in series opposition, and they can cancel out the background
signal. When a sample is placed in the one secondary coil, the magnetisation signal
is obtained. The total resistance of the two pickup coils after connection is 203.0 €2
at room temperature. However detecting linear and non-linear AC-susceptibility in

Quantum materials(AFM) remains a challenge.

Parameter Value

Length of each secondary coil 4 mm
Number of turns in each secondary coil 1000

Each secondary coil resistance 102 © and 102.3 2
Induce voltage in each secondary coil for a | 9.67 mV and 9.88 mV
1V input applied to the primary coil

Table 4.2: Experimental parameters and measured values of the secondary coil at
room temperature.

Sapphire Base Sample Rod Construction

The sample is mounted in the sapphire base plate, which is shown in Figure[4.5]. This
sapphire plate is inserted in the copper(Cu) block up to 2 mm to ensure good thermal
contact and allow the sample to cool down to the cryogenic temperature. The total

length of the sample rod is 32 mm.

Figure 4.5: Sapphire base sample plate

In this system, the sample is placed in the lower secondary coil.
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4.3 Working Principle and Measurement Technique

of an AC Susceptometer

The primary coil is connected to the sine out of the SR830 DSP model lock-in am-
plifier. The alternating voltage applied to the primary coil generates an oscillatory
magnetic field that induces a magnetic response in the sample. The secondary coil is
connected between the signal input of the lock-in amplifier ( A and B modes).

The real and imaginary components of the magnetic susceptibility are determined
using the lock-in amplifier by setting the reference signal in phase with the magnetic
field generated by the primary coil. This is achieved by adjusting the reference to be
in phase with the voltage measured across the 1 €2 resistor. The oscillatory magnetic
field in the primary coil is proportional to the current flowing through it, and the
current is proportional to the voltage across the 1 €2 resistor; the reference signal is

effectively tracked in the applied magnetic field [ref. 2].

Figure 4.6: Connection of the lock-in measurement 1. across 1 () resistance. 2.
secondary coil connection

The induced voltage in the secondary coil depends on the rate of change of mag-

netic flux
v(t) = _de
dt
When the sample is placed in the one secondary coil, there symmetry is broken, and
the sample’s magnetic response is detected in the lock-in amplifier. In this work,
we detect R instant of X and Y. Where R represents the magnitude of the detected

signal, which is a combination of both X and Y components.
R=vX2+Y?

To get an accurate result, a background measurement is taken before each run. In
this case, the measurement is done without a sample, but the sample rod and all other

things, like the temperature sensor, are placed in the same position as before. So this
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dry run helps us to measure the unwanted signal. So the final signal is obtained by

subtracting this offset from the with sample measurement.

4.4 Performance Testing of the AC-Susceptometer

at Room Temperature

The performance of the AC-susceptibility coil system was evaluated by measuring the
induced voltage in the pickup coil as a function of input voltage in the primary coil
at room temperature. The measurement was done in both cases with a copper(Cu)
block sample holder and without a copper(Cu) block sample holder.

This experimental measurement data demonstrates that the induced voltage in
the secondary coil is directly proportional to the applied input voltage of the primary
coil. This linear behaviour comes from Faraday’s law of electromagnetic induction;
the induced voltage depends on how fast the magnetic flux changes.

A significant difference was observed in the absence of the copper(Cu) block, where
the induced voltage is higher, but in the presence of the copper(Cu) block, where the
induced voltage is slightly lower, which is shown in fig [4.7].

The overall linear relationship between input voltage and induced voltage, and a
small induced signal in the range of a few microV, confirms that the AC-susceptibility

coil system is working properly and cancels the background signal at room tempera-

ture.
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Figure 4.7: Real Component(X) of the induced voltage in pickup coil as a function of
input voltage at room temperature
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4.5 Mounting of the Miniature Coil Set in CCR

1. The outer vacuum shroud and inner radiation shield of the CCR were removed
after releasing the vacuum. The miniature coil-set sample holder was mounted to
the cold finger of the Close-Cycle Refrigerator(CCR). The two primary coil wires
and the two secondary coil wires were connected with the CCR’s wires. After
the connection, the resistance of the primary coil and secondary coil are 33.8
and 234 €, respectively. This additional resistance comes from the CCR wires.
All the connected wires were thermally anchored using GE varnish. Thereafter,

the inner radiation and outer vacuum shroud of CCR are fitted back.

2. After evacuating the vacuum, the chillar and compressor are started, and the

cooling process begins.

3. The ac susceptibility signal is measured with the sample inside one of the coils.
Signal is also measured without a sample. Signal without sample data corre-
sponds to offset, and it needs to be subtracted from the signal with sample

inside one of the coils.

V;tctual - Vwith sample — V;ffset (41)
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Chapter 5

Result and Discussion

5.1 Offset Measurement of the AC-Susceptometer

We first present the data of offset signal.
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Figure 5.1: Offset data plot for 1. 10 mA and 2. 50 mA

This figure[5.1] shows how the offset is changing as a function of temperature for
two different excitation currents, 10 mA and 50 mA. At room temperature, the offset
is high, but as the temperature decreases, the offset signal also gradually decreases up

to 50K, and below 50K, the signal increases again, producing a U-shape behaviour.
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5.2 Measurements on a RuCl; Single Crystal

We made a test run on a RuCl; single crystal. This sample is obtained from Prof

Yogesh Singh ab from IISER Mohali. The sample weight is 2.4 mg.

—— 10 mA( Offset+signal)
80 - —— 10 mA(Offset)
E With RuCI3 sample ::::
35
o
[N
=}
4
Q
a2 70 p
Q P
£ o
£ s
o Py
o
S
©
>
9 60 -
=}
T
£
T T T T
0 100 200 300

Temperature (K)

Figure 5.2:

V)
°
&

(
o
w
&
L

o
w
>

Induce voltage in the pickup coil

RuCl; sample measuring at 50 mA (133 Hz).

®

o

©w

R
)

o

w

S
L

o

]

@
L

—— 50 mA(Offset)
+— 50 mA( offset+signal)
With RuCI3 sample

4

\/

T T T
100 200 300
Temperature (K)

1. With the RuCls sample measuring at 10 mA (133 Hz). 2. With the

After subtracting the offset from the with sample signal, we get the actual magnetic

signal of the RuCls, as shown in the figure[5.3].
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Unfortunately, the magnetic transition point of the RuCls sample can not be

observed in this measurement, because the magnetic signal of the quantum material

is extremely weak. As a result, the signal is dominated by the offset signal.
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To verify the performance of the measurement system, use a ferromagnetic mate-

rial which have large magnetic signal. Due to this large signal, the magnetic response

of the material was clearly detected, which is shown in the figure[5.4].
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1. Magnetic signal for Ni-foam 2. Actual magnetic signal of the Ni-foam
at 50 mA (133 Hz).
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Chapter 6
Conclusion

In the CCR base AC-susceptibility measurement, first, the background offset signal
is carefully measured. It was observed that the offset signal strongly depended on
the temperature and increased below 50K. There can be multiple sources of back-
ground signal in a CCR-based AC susceptibility setup. The room temperature data
on the sapphire coil set shows the effect of the copper flange on the offset at the
room temperature. This also shows significant frequency dependence. When such an
assembly ( sapphire tube +Cu Flange) is put inside CCR with various metallic parts,
the nature of the offset signal as a function of temperature can vary significantly with
temperature and frequency. Thus, more runs are needed for understanding the offset.

In the present coil set, it is not possible to measure a weak signal corresponding
to antiferromagnetic correlations in Kitaev candidates. However, the data on ferro-
magnetic samples, such as Ni, appear more promising. The possibility of measuring
ferromagnetic signal needs to be tested in samples that show ferromagnetic transition
in the temperature range of CCR ( 5K-300K).

To improve the measurement, it is necessary to reduce the background signal and

increase the number of turns of the secondary coil.
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Chapter 7

Future Work

1. Reduce the background noise by removing the Cernox sensor from the setup

because it was placed near the coil setup, which can give some unwanted signal.

2. Increase the sensitivity of the AC-spectrometer by increasing the number of

tuners in the secondary.
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