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In preparation:  
Lei Liang, Qihong Chen, Wytse Talsma, Graeme R. Blake, Thomas T. M. Palstra, 
Jianting Ye– “Paramagnetic ionic liquids: a new type of gating media for electric double 
layer transistor” 

 
Chapter 1 

Ionic Gating Techniques  and Magnetic  Ionic 
Liquids 

 
agnetic ionic liquid, as its name implies, is a type of 

molten salt that reacts to magnetic field. This magneto-

active functional ionic liquid has attracted growing interests in 

the field of catalysis, pharmacy and energy application and 

studies from electrical and magnetic transport points of view 

have not been reported yet. In this chapter, the 

paramagnetic ionic gating technique that is widely used in 

the following chapters will be explained. We initialize this 

technique in an attempt to achieve electrical manipulation of 

magnetism. For this purpose, a family of novel functional ionic 

liquids that possess magnetic moments will be introduced, 

including the synthesis, characterization of physiochemical 

properties and applications. 

 

M
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1.1 Ionic Gating Technique 

1.1.1 Electric double layer transistor 

Before introducing the ionic gating technique, let us first get known what an 
electric double layer transistor (EDLT) is. EDLT belongs to a kind of field effect 
transistor (FET), which is a device that uses an electric field to control the 
electrical conductivity of a channel (Fig. 1.1).   

FET consists of three terminals, which are source, drain, and gate electrodes. 
They can roughly correspond to the emitter, collector and base of the bipolar 
junction transistor. The names of the terminals refer to their functions. The gate is 
used to control the current open and close between the source and the drain. 
Electric current (IDS) flows from the source (S) towards the drain (D) driven by the 
applied drain-source voltage (VDS) and is influenced by the gate voltage. In our 
geometry, the source has the lowest potential and is connected with the gate low 
(VG-) to the ground, while the drain has the highest potential.  

The channel of EDLT is normally made of semiconducting materials, where 
large ON/OFF ratio can be achieved [1]. However, intrinsically metallic materials 
can also be gated [2-5]. Moreover, even the seemingly insulating material, such as 
SrTiO3, can be gated to superconducting [6, 7], demonstrating the universality of 
ionic gating technique as a powerful to induced exotic electronic state in common 
materials. 

 
 
Figure. 1.1 Schematic diagram of electric double layer transistor. The D, S, G denote the drain, 
source and side gate electrode. VDS, VLG, VSG mean the drain-source voltage, liquid gate voltage 
and solid gate voltage. The liquid gating is performed by formation of electric double layer at 
channel surface with applying VLG between the side gate electrode and source electrode. The 
solid gate is carried out with applying VSG between SiO2/Si substrate and source electrode. The 
source electrode is connected to the ground. 
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Compared to the metal–oxide–semiconductor FET, where the gate electrode 
is deposited on top of the channel; in EDLT, the gate electrode is placed on the 
side of the channel with a size at least 102 times larger than the size of the channel. 
Electrolyte-like gating medium is dropped on top of the wafer to fully cover the 
channel and at least most of the gate electrode. During gating, a high potential 
(VG+) is applied to the gate electrode. Similar to the electrochemical capacitor, 
anions with negative charge are attracted to the gate electrode, while cations with 
positive charge are driven to the surface of the channel. Because of the aspect ratio > 
102, the density of ions at the surface of the channel is much larger than the gate 
electrode. This will allow an effective control of the induced carrier density beneath. 

The first reported EDLT is based on ZnO, using polymer electrolyte 
KClO4/polyethylene oxide (PEO) (molecular weight ≈ 1000) as the gating medium 
[8]. This electrolyte has been widely used in lithium ion battery [9] and proves itself 
to be with wide electrochemical window and high ionic mobility. The gating ability 
as mentioned above, is related with the capacitance the ions formed with the 
induced carriers. The induced carrier density (n2D) can be directly measured from 
the Hall effect and the capacitance of the electric double layer (EDL) can be 
derived by 

 	, (1.1) 

where e is the elementary charge of electron, n2D the induced surface carrier density 
and VG the liquid gate voltage. For example, the cEDL value for KClO4/PEO gated 
ZnO at VG = 3 V is 7.4 μF/cm2 [8]. 

 
 

Figure. 1.2 Schematic diagram of an electric double layer. Green and orange circles denote the 
solvated anions and cations. The black arrows present the direction of the induced electric field. 
The hexagons refer to the induced carriers. In the presented case that the anions are 
accumulated on the surface, holes are induced in the electrode. The red line shows the decay of 
the electrical potential. (Picture taken from Wikipedia [10]). 
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A dilute electrolyte based EDL consists of two layers, namely a surface 
charge layer (Helmholtz layer) and a diffusive layer (Fig. 1.2). The first inner layer 
is made of ions absorbed at the surface of gated material. The second outer layer 
composes of free ions attracted to the surface due to the influence of electric field 
and thermal motion; in turn, it screens the surface charge. The aforementioned 
polymer electrolyte with alkali ions as solute is also regarded as this type. 

Although the polymer electrolyte has achieved tremendous success in 
fabricating EDLT that is feasible to induce large amount of carriers in an insulator, 
due to related charge accumulation, the capacitance of the EDL remains not very 
high. Therefore, new types of gating media that have high gating capability are 
greatly demanded. The introduction of ionic liquid stimulates the academic field 
and upgrades the EDLT with even higher capability of tuning carrier density. 

Ionic liquids (ILs) are simply liquids that are comprised entirely of ions, 
which can be regarded as molten NaCl (Fig. 1.3c) at low temperature [11]. In 
contrast to NaCl solution, where NaCl (Fig. 1.3a) is first solvated by H2O and then 
Na+ and Cl- are disassociated (Fig. 1.3b); ILs are pure substances and the mobility 
of the ions comes from themselves. The reason why it can remain liquid phase at 
relative low temperature is because of the charges are distributed evenly within the 
large molecular ions (Fig. 1.3d), different from the localized charge distribution in 
common ionic salts. Therefore, the Coulomb interactions between the cations and 
anions with positive and negative charges are comparably weak, which may 
increase the density of the ion concentration in surface charge layer that determines 
the induced carrier density. Indeed, the capacitance of the EDL is increased to 34 
μF/cm2 for ZnO [12] when ILs have been used. 

Interestingly, the dielectric constant (κ) of ILs (κ	 ~10) comparing to the 
high- 	  materials, such as HfO2 (κ = 24) [13], is relatively low. Thanks to the 
unique ionic gating technique, ILs become the most powerful gating media available. 
In the ancient China, there is a famous philosopher called Lao-Tze (老子, 5th BCE). 
He proposed that idea that “things will develop in the opposite direction when they 
become extreme” (物极必反). The ionic gating technique coincides with the spirit of 
Taoism in some aspect. 

 
 

Figure. 1.3 Illustration of the different ionic structure. (a) NaCl solid formed in ionic crystal. (b) 
H2O dissociates NaCl into ions, forming aqueous solution. (c) Above the melting temperature of 
NaCl, Na and Cl atoms dissociate themselves into ions. (d) A commonly used ionic liquid 
DEME[TFSI]. 
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1.1.2 Ionic liquid/solid interfacial structure 

IL has first been noticed by the field of energy storage, such as lithium ion batteries 
and supercapacitors for its promising properties. It has negligible vapor pressure, 
wide electrochemical window and high ionic conductivity, all of which makes the 
manufacturing and usage of the energy storage devices safer and better. All of these 
make magnetic ionic liquids (PIL) the next generation gating media of EDLT. 

On the other hand, IL based electrochemical research is hindered by the 
absence of comprehensive model for the structure of the IL/solid interface. Because 
of the existing potential difference between the electrode surface and the bulk IL, a 
capacitive electric double layer forms. However, in contrast to the aqueous/polymer 
electrolyte (ion gel) that consist of neutral solvent molecules with some dissolved 
ions, IL is composed entirely of charged species, meaning the concentration of 
charged species at the interface C0 is extremely high (~1014 cm2) and will not differ 
greatly from the bulk. Furthermore, the charge carrier’s net electrostatic effect in 
solution is measured in Debye length:  

 
2

	, (1.2) 

where ε0 is the permittivity of the vacuum, εr the dielectric constant, T the 
temperature, R and F the ideal gas and Faraday constant, respectively. 

By taking into account the interface concentration C0, the Debye length λD 
(~	 10-4 nm) of the ILs is substantially shorter than the ion pair dimension (~	 1 nm), 
which means the electrostatic interactions are appreciable only within the distance 
of ion pair. This implies that the surface structure of ionic liquid under electric field 
might be very different from the standard double layer model. 

 
Figure 1.4 Ionic gating configurations and the formation of the surface electric double layer of 
OFF state (a) and ON state (b). 
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Because of rigid chemical and physical constraints that solid surface imposes 
to the ions close by, interfacial ILs have been demonstrated to form pronounced 
structures by electrochemical impedance spectroscopy [14], atomic force microscopy 
[15], scanning tunneling microscopy [16] as well as theoretical studies [17, 18] and 
molecular dynamic simulation modeling [19].  

1.1.3 Transfer curve 

The transfer characteristic for the FET is useful for visualizing the gain from the 
device. Experimentally, for semiconducting channel, the transfer curve is measured 
by keeping drain-source voltage VDS constant and determining the drain-source 
current IDS while applying an external gate voltage VG. For measuring the metallic 
device, we applied a constant drain-source current IDS while probing a pair of sense 
connections (voltage leads) using four-terminal method. 

A common transfer figure of a semiconducting material is shown in Figure 
1.5. In case of MoS2, ambipolar behavior can be noticed in thin flake directly from 
the transfer curve, which implies possibilities for realizing new devices, such as p-n 
junction and light emitting. 

It is worth noting that ambipolar transistor operation is only observed in 
thin flake devices, showing an increase in the channel current with an increase in 
the gate voltage |VG| for both hole and electron conductivities. Large conductivity 
in bulk device is mainly ascribed to the small bulk resistance that is parallel to the 
surface channel. The differences between thin and thick metallic films also exist, 
which will be discussed in next chapters. 

For semiconducting devices, large contact resistance is an issue limiting the 
IDS (hence ON/OFF ratio), whereas it is much smaller in metallic films, although 
∆Rs/Rs is smaller as well due to intrinsically large conductance. 

 
 

Figure 1.5 Transfer curve of bulk and thin flake MoS2 EDLT. (a) Change in the channel current 
IDS as a function of gate voltage VG. VDS is 0.2 V for both samples. (b) Change of sheet 
conductivity σ2D (4-probe) as a function of gate voltage VG [1].  
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1.1.4 Carrier accumulation dynamic 

The nature of gating can be examined by chronoamperometry measurement, where 
the response of the sheet resistance Rs to the gate voltage VG is studied in a way of 
carrier relaxation profile.  

The carrier accumulation and relaxation dynamic of ionic gating is different 
from the conventional electrochemical cell (EC), where the current response 
between the working and counter electrodes is measured at a non-zero constant 
voltage potential and can be described with Cottrell equation: 

 FA

√
	, (1.3) 

where n is the number of electrons per molecule of analyte j, F the Faraday 
constant (96485 C mol-1), A the area of the working electrode in cm2,  the initial 
concentration of the analyte j in mol cm3, Dj the diffusion coefficient of  j in cm2 s-1 
and t the time in s. So it is clear to see that this current is “diffusion controlled” 
and follows the Fick second law of diffusion.  

The dynamics of the movement of ions is closely correlated to the Rs change 
of the gated materials. In our experiment, the gating was performed at 220 K. We 
gradually increased VG up to 4 V before switching it off in one shot (Fig. 1.6a). The 
dynamics of relaxation were subsequently monitored as a function of time (Fig. 
1.6b). Within finite time, the sheet resistance Rs relaxed towards its pristine value 
as a result of the redistribution of ions accumulated at the surface of Pt by 
physisorption. 

There are several differences between an EC and an EDLT. First, in EC, the 
electrolyte contains salts that can react with both working and counter electrodes. 
Here, we use IL itself without adding any redox species, which is similar to a 
electrochemical supercapacitor. Therefore, there should be trivial current measured 
directly between the working electrode (the channel) and the counter electrode (the 
side gate), which is called the leak current in transistor device. Second, the pulsed 
voltage potential in EC is in a step form, meaning periodic application of two non-
zero potentials with different bias. In EDLT, a cycle of period contains two parts, 
one is the charge accumulation part that is driven by a gradually increased (or 
constant) VG and the second part is the relaxation of the ions under VG = 0 V.  

In the meantime, instead of monitoring the change of leak current between 
working and counter electrode, we record the Rs response of channel. Because the 
Rs change is directly related with the electrical conductivity and is proportional to 
the carrier density and mobility, the increase of carrier density with gating will lead 
to a decrease of Rs if we assume no significant mobility loss happens. So the study 
of the ions accumulation will offer great help for understanding the nature of the 
phenomena happening at the channel. 
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Figure 1.6 Chronoamperometry measurement of PIL gating. By applying a positive VG, cations 
are driven onto the surface of Pt, which enhances the conductivity of Pt. Once the VG is 
switched off, the cations accumulated at the interface are relaxed, which releases the gating 
effect. The relaxation of the cations is monitored as a function of time for the recovery of Rs, 
accompanying the disappearance of gating effect.  

1.1.5 Leak current 

In general, the leak current of EDLTs comprises of three contributions: the system 
leak from measurement circuit, the electrostatic capacitive charging of the channel 
as well as other conducting parts (exposed electrodes) and the irreversible redox 
reaction. Experimentally, the total leak current (containing all aforementioned 
contributions) is proportional to the carriers passing though the source electrode at 
zero source drain bias, namely: 

 	. (1.4) 

The total quantity of electric charge can be estimated by  
 	, (1.5) 

where n is the carrier density (m-2), e the elementary charge (1.6×10-19 C) and A 
the area exposed to the PIL (m2), including the channel and the other conducting 
parts, e.g. Au contacts. 

Taking Eq. 1.5 into Eq. 1.4, we have 

 	. (1.6) 
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For the electric double layer capacitor contribution, the total number of 
induced carriers N is proportional to the concentration of accumulated ions, which 
can be calculated by 

 	, (1.7) 
where v is the drift velocity of ions, t the time, A the surface area and c the 
concentration of ions.  

Quantitatively, the drift velocity v of ions under electric field is proportional 
to the ionic mobility μ and the magnitude of the field E: 

 	. (1.8) 
Taking Eq. 1.8 into Eq. 1.7, we have 

 	. (1.9) 

During gating, the force on the ions by electric field E is: 
 	, (1.10) 

where z is the ionic charges (z = 1 in most cases). 
On the other hand, moving ions suffer from the retardation force, given by 

the Stokes’ law: 
 6 	, (1.11) 

At equilibrium, F = F'. So that we have  

 	
6

	. (1.12) 

Taking Eq. 1.9, Eq. 1.12 into Eq. 1.6, we have the expression of I without the 
irreversible redox contribution: 

 
6

	, (1.13) 

where d is the distance of the electric double layer (~1 nm) and the temperature 
dependent η will be discussed extensively in the following section. 

Therefore, I is proportional to the gate sweep rate, the temperature, the area 
of the gated size and inverse proportional to the ionic radius and the viscosity of 
the ionic liquid. 

In principle, by integrating the leak current with time, we can derive the 
accumulated charge number, i.e. the carrier density of the channel. However, it is 
not experimentally feasible for the following reason. 

For electrostatic charge accumulation, the time constant of applying each 
bias step (∆VG = 50 mV) is in the order of one second, which is due to the slow 
ionic mobility of the PIL at 220 K. By taking into account of the experimental 
values, A ~102 μm2 and ∆n/∆t ~1014 cm-2/100s [20], we obtained that the leak 
current originating from the electrostatic charge accumulation is in the order of 10-

12 A. This current level is smaller than the system noise level of around 10-10 A in 
present measurement, however. Therefore, by simply integrating up the apparent 
leak current cannot represent the actual change of carriers induced by the gating 
process. 
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This method can be used if we increase the temperature of ionic gating so 
that ions can move faster. If n~1014 cm-2, for one gating cycle, could be 
accumulated within ~1 ms (possible at room temperature), the gating current 
could be enhanced to the ~nA level. However, high temperature and fast gating is 
detrimental to the measurement because of the enhanced possibility of chemical 
reaction, which is the reason we choose 220 K as the optimum gating temperature. 

On the other hand, since electrochemical reaction process is typically much 
faster (<1 ms), if this were the reason causing Rs change, we would expect to 
observe a detectable current response. It is worth noting that during the gating 
process, we didn’t observe any sign of suspicious redox peak in the leak current. 
Therefore, compare to the electrostatic charging, the electrochemical reaction 
cannot be the major effect to induced carriers. 

1.1.6 Temperature dependence of the ionic mobility 

Large ions in viscous liquids can be expected to be drifting slowly and have low 
ionic conductivities. The drift velocity s is expressed as 

 , (1.14) 
where μ is the ionic mobility and E is the electric field. 

The movement of ions is determined by two forces: the electric field force 
and the retardation force due to the viscosity of ions. The former one is described 
as  

 , (1.15) 

where z and e are the number of ion charges and the elementary charge, 
respectively, while the later force is in a form of Stokes’ law 

 6 , (1.16) 

 
Figure 1.7 Systematic presentations of typical temperature dependence of viscosity evolution for 
three types of ILs according to different models. 
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which is proportional to the viscosity η, the ionic radius r and the drift velocity s. 
When the ion reaches its drift velocity, FE = FS, therefore we have the description 
of ionic mobility μ: 

 
6

	. (1.17) 

Therefore, μ is high for IL that consists of highly charged ions, smaller radius 
and low viscosity. In reality, the size of the ions is contradicted to the viscosity, 
and in general the cation of ILs is monovalent, which leaves the freedom of 
controlling μ to be η that is a function of temperature T. 

The temperature dependence of η for a non-associating electrolyte follows the 
Arrhenius equation that the logarithmic form of η increases linearly with 
temperature: 

 ln ln 	. (1.18) 

The activation energy Eη is the barrier that ions must overcome to pass each other 
and is correlated with structural information about the ions. This model applies to 
ILs with symmetric anions and high molar mass cations (>100), which have better 
crystallinity (green curve in Fig. 1.7). On the other hand, ILs with small and 
symmetric cations, or larger but with short alkyl as well as aromatic groups, form 
amorphous structure, which is better fitted to Vogel-Tamman-Fulcher (VTF) 
equation (red curve in Fig. 1.7):  

 √ 	, (1.19) 

where A, and B are constant, Tg is the glass transition temperature and kB is the 
Boltzmann constant. There is a third group of ILs that fulfills neither of models. 
They are composed of cations less symmetric and often with functional groups thus 
of high molar mass (>135) (blue curve in Fig. 1.7).  

Viscosities are higher for those ILs with high molar mass cations containing 
alkyl chains or functional groups, whereas are lower in terms of small and 
symmetrical cations or with short alkyl chains. In general, large cations bearing 
polarizable groups or ring structures also have lower viscosities. In contrast, the 
viscosities are higher for those with polar functional group, such as C=O, OH. An 
empirical order or the viscosities descending is: 

[phosphonium] > [ammonium] > [benzimidate] > [pyridinium] 
> [pyrrolidinium] > [imidazolium] 

The structural effect of the anion was also evident for those ILs based on 
methylimidazolium cation with short side chain, where the viscosities decreased in 
the order: 

[PF6] > [SbF6] > [BF4] > [CF3SO3] > [imide] 
Besides the structural effect of the ions, the valence state of the metal 

element in the anions is also crucial. Electrical neutrality requires the ratio of the 
charges in cations and anions to be equal, so that lower valence state of the metal 
elements will lead to higher charge for the anions resulting in a higher potion of 
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cations. For example, the ratio of cation/anion in BMIM[FeCl4] is 1, where as in 
BMIM2[MnCl4] becomes 2 and leads to a higher Tg for the latter. The explicit 
dependence of the viscosities and glass transition temperature for each IL is studied 
by low temperature differential scanning calorimetry in the following section (Fig. 
1.10). 

It is acceptable that the equilibrium state of the electrolyte is dominated by 
the Coulomb interaction among the ionic species originated from the solute and 
solvent salts. In case of the ILs, there is no solvent species; therefore the interaction 
is merely from the cations and anions. Applying an electric field in turns changes 
the ionic situation of the charged ions. As a result, ionic mobility under the electric 
field may be different from the expected values from the diffusion controlled 
condition, which reflects the random movement of the ions due to a concentration 
gradient without external forces. In order to study the dynamic of the temperature 
dependent surface ion accumulation and the resulting resistance change of the 
gated-Pt film, we performed the gating experiment on the same device at different 
temperatures from 220 K to 210 K. 

All gating procedure was taken at the same condition with a VG sweep rate 
of 50 mV s-1. From Figure 1.8, it has been shown that each transfer curve exhibits 
identical shape with a drop of resistance in the positive side of gating and slowly 
recovers when VG scans back to the negative side. However, there is a big 
difference in terms of the width of hysteresis. The hysteresis in transfer curve is due 
to the low mobility of the ions at low temperature close to the Tg of the IL. When 
VG is applied between the side Au gate electrode and the channel material’s source 
(or drain) electrode, the ions of IL are driven to opposite side. In all of our devices, 
the high voltage is connected to the positive VG results in the cations moving to 
the channel, which will induce excess electron at the surface of the channel 
materials. 

 
Figure 1.8 Temperature dependence of transfer curves. The change of sheet resistance increases 
with decreasing temperature, while the hysteresis of the gating increases as well. 
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1.2 Paramagnetic Ionic Liquids 

1.2.1 Synthesis 

Paramagnetic ionic liquid (PIL), as its name suggests, is a kind of ionic liquid that 
possesses magnetic moments under magnetic fields. At room temperature or in 
general higher than liquid helium temperature, PIL is paramagnetic, which infers 
that the magnetic moments in it are not ordered. 

The magnetic moments come from either cations or anions. Most of PILs are 
formed with magneto-active anions that are readily easy to obtain. The anion is 
metal complex that contains a transition metal center ion with four or six 
coordinated ligands depending on the valence state of the metal center ion. For 
example, Fe3+ forms complex with halogen ions Cl- (Br-, etc.), resulting into FeCl4

- 
that is paramagnetic. Other magnetic elements, such as Co, Mn, Gd, Dy, can also 
form corresponding metal complex anions.  

IL containing magneto-active cation exists, but is very rare, in which chiral 
pyrrolidin-1-yloxyl radical moiety is one example that is metal-free. Ferrocenium 
([Fe(C5H5)2]

+) is another example that negatively charged cyclopentadienyl rings 
would inhibit the attractive Coulomb interactions between the positively charged 
central iron and counter anions.  

 
 

 
Figure 1.9 (a) Various kinds of paramagnetic ionic liquids (PILs) developed from the first 
discovered PIL [21] for paramagnetic ionic gating. (b) BMIM[FeCl4] (the PIL used in the 
following study) is dispersed in isopropanol (IPA) and attracted by a NdFeB magnet. 
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Table 1.1 Selection of cations for paramagnetic ionic liquids for the purpose of lowing the 
melting temperature. 

 Various Organic Cation Molecules with Functional Groups 

Cation 

pyrrolidinium pyridinium imidazolium ammonium phosphonium 

     

R-group 
R(R2, R3, R4) = methyl, ethyl, 

propyl, buthyl, etc. 
R1= 

oxyethyl 
R1= tetradecyl 

 
In general, cations are responsible for reducing the melting point, so that 

cations with well-delocalized charge are favorable, such as low-symmetrical 
heterocations or cations containing long alky groups. The selection of anions is 
based on the desired functionalities to be introduced. 

Many of the paramagnetic ionic liquids (PILs) can be formed by simply 
mixing organic halide salts and their corresponding neutral metal halides. However, 
most metal halides are stable in the ambient condition with crystal water. So 
before mixing the precursors, pre-drying in vacuum or inert atmosphere are needed 
to remove the absorbed or structural water. Later, the salts are transferred into an 
N2 filled glove box. Stoichiometric components were synthesized by mixing 
stoichiometric amounts of solid organic based halides and anhydrous transition 
metal halides (Sigma-Aldrich) inside an N2-filled glove box. 

The ratios of the two components were calculated based on the selection of 
the corresponding metal chlorides, taking into account the oxidation states of the 
metal ions (e.g. 3+, 2+) and the coordination number of the corresponding metal 
complex (e.g. MR4, MR6). For example, in order to synthesize 
butylmethylimidazolium tetrachloroferrate (BMIM[FeCl4]), which was later used in 
our transport measurement, a molar ratio of 1.05/1 of BMIM[Cl]/anhydrous FeCl3 
precursors was chosen to ensure that all Fe elements contained in the PIL was in 
the form of FeCl4

-.  
The mixture was dispersed in dichloromethane by stirring overnight at room 

temperature to form a PIL. The dichloromethane solvent and any residual volatile 
impurities in the PIL were removed by a rotary vacuum evaporator (p < 10-3 
mbar). For the divalent anions such as [Co2+Cl4]

2-, two times molar amount of 
bulky organic based monovalent halide salts are necessary to realize the designed 
PIL. Because of the large variety of cations and anions, there is a large group of 
PILs available as possible gating media. The choice of organic cations includes 
pyrrolidinium, pyridinium, imidazolium, ammonium, and phosphonium (Tab. 1.1). 
The anionic metal complex can incorporate all transition metals and some main 
group metals (e.g. Al, Pb, etc.) and all members of the halogen group (F, Cl, Br, 
and. I) can compose the metal complex (Tab. 1.2).  
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Table 1.2 Selection of transition metal complex that contains anions with magnetic moment for 
forming paramagnetic ionic liquids 

 Transition metal complex 

CN 2 3 4 5 6 

Shape linear 
trigonal 
planar 

tetragonal 
trigonal 

bipyramid 
Octahedral 

  
    

d0 
[VO4]3-, [CrO4]2-, [MoS4]2-, [WS4]2-, [MnO4]-, 

[TcO4]-, RuO4, OsO4 
[NbCl4(O)]- [TiF6]2- 

d1 [MnO4]2-, [TcO4]2-, [ReO4]2- [RuO4]- 
[V(acac)2(O)] 
[WCl4(O)]- 
[TcCl4(N)]- 

[Ti(H2O)6]3+ 

d2 [FeO4]2-, [RuO4]2- 
[TcCl4(O)]- 
[ReCl4(O)]- 

[V(H2O)6]3+ 

d3     [Cr(H2O)6]3+ 

d4     [Mn(H2O)6]3+ 

d5 [FeCl4]2-, [MnCl4]2- [Fe(H2O)6]3+ [Fe(H2O)6]3+ 

d6 [FeCl4]-, [FeBr4]-, [FeI4]- [Fe(H2O)6]2+ [Fe(H2O)6]2+ 

d7 [CoCl4]2- [Co(H2O)6]2+ 
[Co(H2O)6]2+ 

[CoCl6] 

d8 [NiCl4]2-, [NiBr4]2- [Ni(H2O)6]2+ [Ni(H2O)6]2+ 

d9 [CuCl4]2- [Cu(NO2)6]4- [Cu(H2O)6]4- 

d10 

[CuCl2]- 
[Ag(NH3)2]+ 
[Au(CN)2]- 
Hg(CH)2 

[Cu(CN)3]2- 
[AgTe7]3- 
[HgI3]- 

[ZnCl4]2-

[HgBr4]2-

[CdCl4]2-

[Zn(OH)4]2-

[Cu(CN)4]3-

[Ni(OH)4]2- 

[Zn(H2O)6]2+ [Zn(H2O)6]2+ 

1.2.2 Differential scanning calorimetry  

The glass transition temperature (Tg) is one of the key parameters that determine 
the device operation temperature, at which ionic gating can be applied with 
minimized chance of any chemical reaction occurring. During temperature cycles of 
cooling down and warming up, ionic liquids undergo phase transitions involving 
crystallization, glass transition and melting. To characterize these crucial properties, 
we performed low temperature differential scanning calorimetry (SDTQ 1000, TA 
Instruments, Au crucible) of the synthesized PILs between -60 °C to 200 °C at a 
ramping rate of 5 °C min-1 under N2 flow (100 cm3 min-1). 
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Figure 1.10 shows the distinct behavior found in different PILs depending on 
their physiochemical properties (melting point, viscosity, coordination number of 
metal complex, etc.). At room temperature, PILs can exist in liquid, paste, crystal 
and glass forms. For all measurements, the sample was first cooled down to -60 °C 
(the lower temperature limit of the instrument) before heating up to 200 °C, where 
all the PILs were in the liquid form. Melting was observed for those PILs with Tm > 
-60 °C. The PILs such as BMIM[FeCl4] and P14,6,6,6[FeCl4] show featureless DSC 
curves indicating that the Tm is below -60 °C, which is suitable for ionic gating at 
lower temperature. 

 
 

Figure 1.10 Differential scanning calorimetry (DSC) measurement. Melting temperature (Tm) and 
glass transition temperature (Tg) are two critical parameters for ionic gating. In order to achieve 
proper ionic mobility, the gating process is performed slightly above the Tm (Tg) of the ionic 
liquids. On the other hands, ionic liquids with lower Tm (Tg) are preferred gating media to 
decrease the kinetics of possible chemical reactions. In our arsenal of PILs, BMIM[FeCl4] and 
P14,6,6,6[FeCl4]  are two candidates with suitable properties. 
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1.2.3 Thermogravimetric analysis 

Thermogravimetric analysis was used to characterize the high temperature stability 
of paramagnetic ionic liquids, which is crucial because the gating media are 
dehydrated by subjecting to heat treatment prior to the gating. We measured the 
thermal stability up to 500 °C (SDT 2960, TA Instruments) in an Ar protective gas 
atmosphere (flow rate = 100 cm3 min-1). 

Figure 1.11 shows the decomposition of two PILs. Because of the non-boiling 
character of ILs, the upper temperature limit for applications is given by its 
thermal decomposition point. The black curve is from a Co2+ based PIL 
BMIM2[CoCl4], where the ratio between the cation and anion is two. It is clearly 
seen that two decomposition processes occur above 250 °C.  

For the Fe3+ based PIL BMIM[FeCl4], since the ratio of cation/anion is one, 
there is only one step of decomposition, which occurs at higher temperature (315 °C) 
than that for PILs with more organic constituents. Organic based cations 
decompose into small molecules (e.g. CO, H2O, CO2, NOx). Before being applied to 
the devices for gating, the ionic liquids were typically dried under vacuum at 60 °C 
for half an hour in order to remove residual H2O. The results of themorgravimetric 
analysis demonstrate that at this temperature, all the PILs are stable with no 
concerns regarding the issue of decomposition. 

 

 
 

Figure 1.11 Thermogravimetric analysis performed on two different PILs. The black curve 
corresponds to a Co2+ based PIL where the ratio between cation and anion is two. Consistently, 
two features corresponding to decomposition appeared above 250 °C. For the Fe2+ based PIL, 
since the ratio of cation/anion is one, only one decomposition step was observed at a higher 
onset temperature. All our PILs are stable to at least 200 °C. 
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1.2.4 X-ray diffraction measurement 

At low temperature, the PILs applied at the interface freeze and crystallize. To 
estimate the density of molecules at the interface, we determined the unit cell 
parameters and atomic positions in order to obtain the inter-ionic distances. For 
PILs with low Tm, in-situ crystallization must be used, simply because the 
temperature gradient of cooling down is two large and the PILs will form glass 
instead of crystallizing. Small amount of PIL was introduced under inert gas 
atmosphere into a fused silica capillary (0.3 mm in diameter), sealed and mounted 
vertically on a diffractometer. The rest is similar to the Bridgman method; instead, 
a laser is used for melting the solid locally. Moving laser slowly along the whole 
capillary from bottom to top for several cycles will turn PIL from glass into single 
crystal, which is necessary for x-ray diffraction measurement.  

The data were collected using a Bruker D8 Venture diffractometer equipped 
with a monochromator (Triumph) and an area detector (Photon 100). We used Mo 
Kα radiation and carried out the measurements at 100 K in order to minimize the 
thermal vibrations. The PILs crystals were picked up using nylon loop with cryo-oil 
and cooled using a nitrogen flow (Oxford Cryosystems, Cryostream Plus). The 
diffraction data were processed using the Bruker Apex II software. The crystal 
structures, as summarized in Tab. 1.3, were solved and refined using the SHELXTL 
software. 

Table 1.3 Unit cell parameters of four typical paramagnetic ionic liquids. The unit cell volume is 
twice larger of the first three than the last one due to more cations. 

Name 
Space 
Group 

a b c    V 

(Å) (°) (Å3) 

BMIM2[MnCl4] Cc 14.42 9.73 16.95 90 107.59 90 2267.66 

BMIM2[MnBr4] C2/c 15.03 9.40 18.71 90 112.36 90 2445.26 

BMIM2[CoCl4]  Cc 14.39 9.71 16.86 90 107.73 90 2244.06 

CMIM[FeCl4] [22]  P21/c 9.41 14.65 12.44 90 129.84 90 1317.16 

 

1.2.5 X-ray photoelectron spectroscopy 

The oxidation state of the Fe in the PILs was probed by XPS using a Surface 
Science SSX-100 ESCA instrument equipped with a monochromatic Al Kα radiation 
(hυ = 1486.6 eV) with 600 μm spot diameter. The spectra were recorded in a 
vacuum of less than 1×10-9 mbar with an electron take-off angle of 37° with respect 
to the sample surface. The energy resolution was 1 eV and 0.2 eV for full and local 
element spectra, respectively. Binding energies were plotted with respect to the 
carbon 1s photoemission peak centered at 285.0 eV. 



1.2	Paramagnetic	ionic	liquids	 		 25	

1  
 
Figure 1.12 X-ray photoelectron spectroscopy (XPS) of PILs. (a) Full spectrum scanned between 
binding energies of 1000 eV to 0 eV, indicating the existence of Fe and Cl from paramagnetic 
FeCl4

- anions. (b) Local spectrum of binding energies from 700 to 740 eV, indicating that the 
oxidation state of Fe is 3+ (high spin). 

Figure 1.12a shows the full spectra of BMIM[FeCl4] on SiO2/Si substrates 
containing spectral features of all elements composing the PILs. As shown in Figure 
1.12b, the chemical environment of Fe is characterized by the Fe 2p1/2 and 2p3/2 
peaks of Fe3+ In addition, the pronounced satellite peaks are consistent with the 
presence of high-spin ferrous species. The high spin state is a prerequisite to 
enhance the paramagnetic gating with PILs.  

1.2.6 Magnetic properties 

The magnetic properties of the PILs were measured using a superconducting 
quantum interference device (SQUID) magnetometer (MPMS XL-7, Quantum 
Design) in applied fields up to 7 T and at temperature from 2 to 350 K. The 
temperature dependence of the magnetic susceptibility was measured using zero-
field cooling (ZFC) and field cooling (FC) methods. In the ZFC method, the sample 
was first cooled down to 2 K in zero field and measured in a field of 1000 Oe (or 
100 Oe) while warming up. In the FC method, the measurement procedure was 
identical except that the PILs were first cooled down in a magnetic field of 2 T.  

The magnetic susceptibility of each PIL was calculated using Curie’s law. 
For small magnetic field χ ≪	1, where B ≈ μ0H, we have, in CGS units, 

 
3

	, (1.20) 

where kB = 1.38×10-16 erg K-1, n is the number of magnetic atoms, and χ has in 
units of emu mol-1 Oe-1. 

Theoretically, the effective magnetic moment of the anion is given by 
 1 	, (1.21) 

where g is the Landé g-factor, J the total angular momentum, and μB the Bohr 
magneton, respectively. For 3d metal ion complex, the crystal field is much stronger 
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than the spin-orbit coupling; hence the μeff depends only on spin (L = 0, J = S, g = 
2).  

As shown in Fig. 1.13, the effective magnetic moment per anion of each PIL 
is calculated from the susceptibility measurements. According to Eq. 1.20, the 
effective moment obtained from the measurement is μeff ≈ 5.87μB, which agrees well 
with the theoretical value 5.92 μB calculated from Eq. 1.21. The magnetization is 
close to the spin-only contribution due to orbital quenching. It is worth noting that 
both Fe3+ and Mn2+ show high spin states in the magnetic complex anions in PILs, 
whereas Co2+ is in the low spin state. Despite the Curie behavior for all studied 
PILs, in each case there are weak antiferromagnetic interactions at low temperature 
with various strengths. 

Below 100 K, signatures of weak antiferromagnetic interactions were 
observed (Fig. 1.13f) [23]. However, no long range magnetic ordering was 
established down to 2 K, the lowest temperature accessed in our measurements. 

 
 
Figure 1.13 Temperature dependence of the magnetic susceptibility of various paramagnetic ionic 
liquids: [BMIM]2CoCl4 (a), [BMIM]FeCl4 (b), P14,6,6,6FeCl4 (c), [BMIM]2MnCl4 (d), 
[BMIM]2MnBr4 (e). (f) Summary of temperature dependence of effective magnetic moment per 
anion for different PILs. 
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1.3 Summary   
In this chapter, we first introduced the concept of ionic gating technique. In 
contrast to the conventional solid state gating, ionic gating involves 
electrochemistry, electric transistor and low-temperature physics, which merge into 
a unified elegant technique that can modulate the surface state of the gated-
materials.  

In the second part, we synthesized a group of ionic liquids that possess large 
magnetic moment. They comprise of large organic cations and complex anions that 
contains transition metal element. The net unpaired spins of the anion give 
paramagnetic characteristics of these ionic liquids. We tested the thermal stability 
of them with DSC and TG measurement. The chemical compositions were 
characterized via XPS. Moreover, the magnetic properties were measured by 
MPMS.  

In the following chapter 2, 3 and 4, we will apply our synthesized 
paramagnetic ionic liquids as gating media and utilize the ionic gating technique to 
study magnetism in low dimension systems. 
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