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Summary 

 
Magnetism, the intrinsic property of materials, originates from the motion of 
electric charges. There are two sources that can generate magnetism: the electric 
current and magnetic moments of spin. Magnetic materials have non-zero spin 
polarization. It comes from orbital motion of electrons outside the atomic nuclear 
and the intrinsic spin of the electron. Comparably, the nuclear magnetic moments 
is very weak, despite that they have very important application in studying 
material properties, e.g. the nuclear magnetic resonance and the magnetic 
resonance imaging.  

There are much more “non-magnetic” materials existing in nature. This is 
because for a multi-electron atom, the ground state of the electronic configuration 
follows the Hund’s rules. In simple expressions, the first rule considers the Pauli 
exclusion principle and indicates that electrons tend to occupy different orbitals 
before pairing. The second rule implies that electrons prefer to orbit in the same 
direction in order to reduce the repulsion energy. The third rule considers the 
energy shift due to spin-orbit coupling where the filling of shells favor full or half 
full. In the end, the paired electrons will have opposite magnetic moments and the 
fully filled orbitals will have zero orbital angular momenta, both lead to the 
absence of magnetism. Even through in some materials, there are unpaired 
electrons or unfilled shells, resulting in net magnetic moments; however, the 
directions of these magnetic moments are random, so that they still show no 
magnetism. 

Things change when materials are under external magnetic fields. The 
unpaired electrons can point their magnetic moments to any direction, where the 
magnetic field tends to align them to the same direction. Therefore, these materials 
will show response to the magnetic field, i.e. be attracted, behaving as magnets. 
However, when the field is retracted, magnetic moments lose the directionality 
instantly. We call this type of materials paramagnets and the associated 
magnetism: the paramagnetism. Because the thermal vibration generates collisions, 
at higher temperature, magnetic moments are less aligned and the paramagnetism 
becomes weaker. The magnetic susceptibility, the physical parameter that 
determines the strength of the magnetization with respect to the external magnetic 
field, is inversely proportional to temperature. At low temperature, paramagnets 
can have relatively large magnetizations under a certain magnetic field. Because of 
the exchange interaction, some materials show spontaneous magnetization below a 
critical temperature even in the absence of an applied field. These materials are 
called ferromagnets and the associated magnetisms is termed ferromagnetism. 
Heisenberg first includes the quantum mechanics into interpreting the origin of 
ferromagnetism. He pointed out that it is the exchange interaction that drives the 
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spontaneous alignment of spins. When the exchange integral J is positive, the 
molecular field is oriented in a way that the nearest neighboring magnetic moments 
lie parallel to one another; whereas they lie antiparallel to each other when J < 0. 
The latter case is called antiferromagnetism.  

In general, magnetism is an intrinsic property that belongs to a material 
once being prepared. At a certain temperature, magnetic behaviors are stable but 
changeless. From either scientific or application points of view, it would be highly 
interesting and useful to be able to control the magnetism with electrical means. 
Magnetic semiconductors, e.g. (Ga,Mn)As, used to be the most promising materials 
because they exhibit both ferromagnetism and semiconducting properties. However, 
so far none of discovered materials show Curie temperature close to the room 
temperature, which motivates the society to find some other systems. 

The most commonly known and available ferromagnets are metals, e.g. Fe, 
Co and Ni. They have been widely used in our daily life, from fridge stickers to the   
Hi-Fi audio system. On the other hand, because their magnetic properties are so 
robust, it is very difficult to alter their magnetic parameters, such as saturation 
magnetization, coercivity and Curie temperature. Moreover, metals have large 
carrier densities and consequently short Thomas-Fermi screening lengths, which 
further increases the difficulty of being controlled by the field effect. 

Electric double layer transistor, which has been developed for the purpose of 
wide range modulation of the electronic properties of channel material, merges the 
solid state physics device with electrochemistry. It utilizes the fact that the electric 
double layer possesses extremely small space charge layer thickness (~1 nm) to 
generate enormous electric potential at the channel surface. Therefore, ionic gating 
can provide much larger capability to induce and deplete carriers on the surface of 
the channel. Currently, the ionic gating technique has succeeded particularly in 
tuning the electronic properties of semiconductors. Ambipolar field effect 
transistors have been developed in a variety of wide band two-dimensional 
semiconductors. The channel can be switched ON to the metallic ground state and 
even to the superconducting state. Combining with the solid state dielectric gate 
beneath the channel that finely controls the carrier density, this dual-gate field 
effect device becomes a powerful tool to construct the phase diagram of quantum 
phase transitions. 

The electron has two intrinsic properties: the charge and the spin. So far, 
electric double layer transistor has shown its unique advantage in studying the 
charge property of electrons. It would be of great interest if one can also control 
the spin degree of freedom. In this thesis, I have developed the ionic gating 
technique by applying a novel kind of magnetic ionic liquids as gate. These 
magnetic ionic liquids possess all physicochemical properties of normal ionic liquids, 
while including transition metal elements into the anion composition further adds 
large magnetic moments into them. The large carrier density modulation of the 
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channel in the proximity of large magnetic moments promises to control the 
magnetic properties besides the electronic properties. 

Magnetic ionic liquids are in general paramagnetic because the inter-ionic 
distance between magnetic anions are too far to form exchange interaction and 
long range magnetic ordering. The melting temperatures vary with chemical 
compositions and can be as low as 200 K, which are suitable for ionic gating. The 
electrochemical windows are as large as ±4 V before decomposition. The viscosities 
at gating temperature 220 K are also reasonably high to have sufficient ionic 
mobility. All of these properties make magnetic ionic liquids ideal gating media for 
electric double layer transistor. (chapter 1) 

The first triumph attributes to the platinum. Because of its density of states 
at the Fermi energy is large, close to the Stoner criterion for the ferromagnetic 
phase transition, small perturbation of the Fermi level will trigger the Stoner 
instability and induce the spontaneous magnetization. Because the ionic gating 
induced ferromagnetic state is confined only at the surface of the platinum, direct 
magnetometry measurement of the magnetization curve is not feasible, I turn to 
the electrical measurement with the help of the anomalous Hall effect, which 
probes the anomalous transverse voltage build-up due to the internal 
magnetization of the platinum. The hysteretic transverse Hall voltages clearly show 
evidences of the emergence of the ferromagnetic state in the platinum. The induced 
ferromagnetic state has been proven to be two-dimensional, evidenced by the 
crossover behavior of the electron localization in the magnetoconductance 
measurement for the thinnest film and the ionic gating characteristics that only 
affect the top layer of the channel. (chapter 2) 

I further investigate the gate voltage dependence to demonstrate the induced 
ferromagnetism is gate controllable and is purely related to the electrostatic gating. 
The magnetic field dependence of Hall effect measurements for films with various 
thicknesses confirm our explanation with the rigid band model based on the band 
structure of platinum. I also plot the phase diagram of the induced magnetization 
as a function of the temperature for several Pt thicknesses and extrapolate the 
magnetic parameters (e.g. Curie temperature) out of it. In order to exclude other 
factors as main reasons causing the effects, such as contamination by ferromagnetic 
impurities, I perform a series of control experiments. The paramagnetic ionic gating 
induced ferromagnetic state can be repeated in the palladium film with electronic 
structure very similar to the platinum, whereas vanish for gold films that have 
fully filled 5d shell. The reversible behavior observed in consecutive gating cycles 
using different liquids not only clearly shows the indispensable role of magnetic 
ionic liquid. In fact, even with directly evaporated Fe impurities before sputtering 
Pt film, one cannot reach the same state as gated sample, which firmly excludes 
contamination as a possible origin of the induced ferromagnetism. (chapter 2) 

 Depositing magnetic molecules on a metal film provides the ingredients 
essential to induce the Kondo effect, which has been observed in systems where a 
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monolayer of metal complexes with unpaired spins are deposited on Au films. 
Besides, the ionic gating has also been applied to study the Kondo effect, which 
motivates me to study the Kondo coherence state in the magnetic ionic liquid 
doped platinum system. I find that the coherence length of the Kondo effect is 
longer than the screening length of the gated layer, which explains the coexistence 
of the itinerant ferromagnetism and the Kondo effect. I apply the numerical 
renormalization group method that normalizes the Kondo contribution to the 
transport by a universal parameter T/TK (TK the Kondo temperature) to analyze 
the temperature dependence of sheet resistance Rs. The fitting shows that the 
RK(T)/RK(0) (RK the Kondo resistance) dependences obtained for all measured 
films collapse into a single fitting curve as a function of T/TK, which verifies the 
Kondo effect as the origin of the observed low temperature Rs up-turns. (chapter 3)  

Magnetoresistance, the change of the electrical resistance by an external 
magnetic field, is a key functionality of data storage, sensors and logic devices. The 
evolution of information technology relies on the discovery of new types of 
magnetoresistance. For example, the discovery of the giant magnetoresistance and 
tunnel magnetoresistance in magnetic multilayers has been a breakthrough in the 
field of spintronics that triggered a technological revolution. Magnetoresistive 
devices are controlled by the magnetization direction and therefore require the use 
of ferromagnets with magnetic ordering. Paramagnets lack spontaneous 
magnetization and therefore play only passive roles, e.g. as spacer layers. However, 
the magnetization of ferromagnets and the associated stray fields cannot be simply 
switched off and will affect the neighboring devices that causes energy loss. 
Therefore, it is highly desirable to find a way that controls the magnetization 
electrically. In chapter 2, I have demonstrated the field effect controlled 
ferromagnetism in platinum thin films. Moreover, platinum is an essential material 
for spintronics. It is widely employed as spin injector and detector due to its strong 
spin-orbit interaction and hence large spin Hall angle. In addition, at low 
temperature, magnetic ionic liquids become solid state and conduct no electric 
current. Compared to the conventional physical deposition method of fabricating 
thin film multilayers, applying the magnetic ionic liquid on top of metal films 
provides the simplest way to achieve atomically flat interface with unique 
flexibility of tuning magnetic interactions. By applying an in-plane magnetic field, 
we observe a spin dependent magnetoresistance effect at low temperatures. The 
mechanism has been successfully explained by extending the concept and 
application of spin Hall magnetoresistance theory to a Pt|paramagnetic insulator 
interface with perpendicular magnetic anisotropy. The rich temperature 
dependence reveal more physics in this systems. These emergent phenomena are 
fully gate tunable, which paves the path of developing new types of spintronic 
devices. (chapter 4) 

Like graphene, the ultimate two dimensional monolayer honeycomb lattice of 
carbon atoms, transitional metal dichalcogenides gain tremendous interests due to 
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their unique electronic, optical and valleytronic properties. These materials are 
often comprise of “non-magnetic” elements, which are diamagnetic or paramagnetic, 
making them less interesting for magnetic applications. However, because of their 
layered structures, magnetic ions can be intercalated between lattices, charging the 
electronic structure dramatically in accompany with emergence of novel magnetic 
properties. In this thesis, I investigate a particular material Mn1/4TaS2: Mn 
intercalated TaS2 with 25% doping concentration. It shows 2 × 2 superlattice, with 
Mn ions intercalated between two TaS2 lattices. The material exhibits magnetic 
ordering below 100 K with the resulted magnetization highly anisotropic. Under 
perpendicular magnetic field, the exchange interaction between two adjacent Mn 
ions favors antiferromagnetic ordering, while in-plane field can easily align the 
magnetic moment within the lattice plane. On the other hand, there is a narrow 
region on the phase diagram where θ	 is close to 90°, the material shows a spin-flop 
transition, inferring a helical spin structure along the c-axis. (chapter 5) 

Mn1/4TaS2 has a magnetic easy plane, where magnetic moments of Mn form 
ordering state parallel to the crystal layer simultaneously. When an out-of-plane 
magnetic field is applied, the spins are reluctant to be aligned to the field direction 
directly. Instead, two spin-dependent processes happen with increase of field. From 
the temperature-dependent magnetoresistance measurement, I derive two critical 
fields that correspond to spin-flip (Bc1) and spin-flop (Bc2) transitions. This 
significant spin-dependent process is due to the magnetocrystalline anisotropy and 
is interpreted by the giant magnetoresistance theory. From the angle-dependent 
magnetoresistance measurement, we found that the Bc1 is a function of both B and 
spin canting angle ϕ.  The appearance of anomalous Hall effect further demonstrates 
the emergence of magnetic ordering. (chapter 6) 

I have also tried to access the quasi-one dimensional magnetism by studying 
the magnetic ionic liquids encapsulated SBA-15 silica template with pore size of 5 
nm. It has been demonstrated in the literature that encapsulation of magnetic ions 
inside nanostructures is capable of inducing long range magnetic ordering. The 
ferromagnetic state has been evidenced by the magnetic susceptibility measurement, 
which shows deviation from the Curie’s law for paramagnetism. Magnetization 
curve at 20 K shows hysteresis loop after subtracting the paramagnetic background. 
Low temperature DSC measurement further supports the enhanced inter-molecular 
interaction with increased melting temperature. Possibilities of ferromagnetic 
impurity contamination are excluded, where precursors show no divergence from 
the linear field dependence of magnetization. We presumably ascribed the emergent 
magnetic ordering as a result of double-exchange mediated through Fe3+–Cl–Fe2+, 
resulted in one-dimensional ferromagnetic chain. (chapter 7) 

Considering the isotropic Heisenberg ferromagnetism model, in low (one or 
two) dimensions, the number of spin waves generated at finite temperature 
diverges from the Bloch 3/2 law and hence spontaneous magnetization is not 
possible to exist. The absence of the long range magnetic ordering in two-
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dimensional systems with a continuous symmetry was proved by Mermin, Wagner 
and Berezinskii. The validity applies to an isotropic Heisenberg ferromagnet with 
rotational symmetry. Any long wavelength excitations in which spin states deviate 
from their ground states cost almost no energy and even very little spin fluctuation 
(e.g. by heat) will destroy the long range ordering in the one and two dimensional 
systems. However, when there is a presence of anisotropy, the energy cost 
associated with rotating spins from their ground state will suppress all but the 
smallest fluctuations. The fields causing symmetry-breakings can therefore stabilize 
the long range magnetic ordering in the low dimensions. The electric field induced 
perpendicular magnetization in the magnetic ionic liquid gated platinum thin film 
is one example that the spins favors energetically out of plane due to the 
perpendicular anisotropy. The manganese doped tantalum disulfide is another 
example that due to the large crystalline anisotropy field, magnetic ordering can 
exist even down to few nanometers film thickness. 

In this thesis, I explicitly show the magnetic behaviors of low dimensional 
systems with concrete experimental evidences. The application of the electric 
double layer field effect transistor provides the essential basement for studying the 
metallic systems with intrinsically high carrier densities. The utilization of 
magnetic ionic liquids extend the control of the electronic properties of materials 
with the spin functionality. I sincerely believe that all the presented results will 
deepen the understanding of magnetism in low dimensions and benefit the 
development of the next generation spintronic devices. 


