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Abstract 

Reversible post-fabrication control of material properties enables devices that can adapt to 

different needs or environmental conditions, and brings additional levels of functionality, paving 

the way towards applications such as reconfigurable electronics, reconfigurable antennas, active 

optical devices and energy efficient data storage. One promising way of achieving the 

controllability is through solid-state ionic transport and electrochemical reactions in thin film 

structures, where the properties of materials can be electrically controlled by a gate voltage in an 

addressable way. Here we explore using such ionic gating method to control the electrical, optical 

and magnetic properties of solid-state thin film layers, and show that large modification can be 

achieved for a wide range of properties.  We demonstrate a new type of three terminal resistive 

switching device where the resistivity of a thin film conductive channel can be controlled by a gate 

voltage. We demonstrate solid-state ionic gating of the optical properties of metals and oxides and 

show the versatility of the approach by implementing voltage-controlled transmission, thin film 

interference, and switchable plasmonic colors. We also show that the approach allows for voltage 

control of ferrimagnetic order, demonstrating voltage induced 180-degree switching of the Néel 

vector, as a new way of magnetic bit writing. These findings extend the scope of voltage 

programmable materials and provide insights into the mechanisms of voltage controlled material 

properties by solid-state ionic transport and electrochemical reactions.  
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Chapter 1 Introduction 
 

1.1 Motivation 

The field of traditional materials science and engineering is often characterized by understanding 

and utilizing the relation between material structure, property, processing and performance1. When 

a need for certain performances arises, it is translated to the corresponding desired material 

properties. In order to achieve the desired material properties, certain material structure or 

composition need to be established, and implemented by processing techniques. This paradigm 

assumes that properties of materials are defined during processing and are not actively changed 

during usage. With the advancement of information technology, the demand is higher than ever 

before for devices to adapt to different working states and to have additional functionalities. 

Dynamic control of material properties allows the devices to adapt to different needs, to maintain 

optimal performance for broader range of conditions, and to achieve additional levels of 

functionality, enabling applications such as reconfigurable electronics2, reconfigurable antennas3, 

active optical devices4, and energy efficient data storage.  

One promising way of realizing dynamic control of materials properties was proposed in the PhD 

thesis by Uwe Bauer5. The concept was referred to as “voltage programmable materials”. The 

approach involves using solid-state ionic movement and electrochemical reactions to change 

metal/metal-oxide interfaces based on a solid-state thin film stack6. It was shown that such an 

approach can generate unprecedentedly large modifications of the magnetic anisotropy of 

ferromagnetic thin films. The approach was extended by the work of Aik Jun Tan, showing that a 

solid-state proton pump can be realized by putting a solid electrolyte layer on top of the 
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ferromagnetic metal thin film, followed by a thin layer of top electrode7–9. When a small voltage 

is applied to the top electrode, water from the ambient is dissociated to form protons and oxygen. 

The protons are driven towards the bottom electrode by the electric field and receive electrons to 

form neutral hydrogen. The process happens rapidly at room temperature and the magnetic 

anisotropy can be controlled with good cyclability. The method is also compatible with 

microelectronic fabrication and can potentially enable highly localized control.  

Since a wide range of material property can potentially be reversibly changed by redox reactions 

and hydrogenation, in the thesis, we extend the mechanism to realize effective modulation of the 

electrical and optical properties and extend the modulation of magnetic properties to include the 

control of ferrimagnetic order. The result reveals a promising path towards voltage programmable 

materials, since the modulation is effective, and the approach is highly versatile with very simple 

structure that has the potential to be integrated to existing devices without affecting other 

functionalities. This work may help develop a better understanding of the underlying mechanisms 

as well as point to several applications including neuromorphic computing, data storage, optical 

modulators and color displays. 

 

1.2 Thesis Outline 

The thesis is arranged into 7 chapters. Chapter 1 provides a preliminary introduction to the focus 

of the thesis – voltage control of material properties using ionic transport and electrochemical 

reactions and describes the motivation of the research presented in the thesis. 

Chapter 2 provides the scientific background and an overview of the major concepts that are 

critical to understanding the results presented in the thesis. The chapter includes the concept of 
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voltage-controlled material properties and previous work on this topic. In addition, because the 

thesis presents results of voltage control of the electrical, optical and magnetic properties of 

materials, this chapter also introduces thin film interference, plasmonics, and magnetic properties 

with emphasis on ferrimagnets. 

Chapter 3 provides a detailed description of the major experimental methods used in the thesis. 

The chapter starts off with the sample fabrication methods used in the thesis – sputtering and 

patterning. It then describes the measurements to characterize the electrical and magnetic 

properties such as reflection spectroscopy and polar magneto-optical Kerr effect (MOKE) 

measurements. In the end of the chapter, we also present the basic working principle of X-ray 

absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) for getting 

element-specific chemical and magnetic information from thin film gating devices. 

Chapter 4, 5 and 6 present the main results of the thesis: voltage control of the electrical, optical, 

and magnetic properties respectively. In Chapter 4, we show that we can control the resistance of 

a lateral conductive thin film channel through reversible redox reaction gated by a voltage. The 

chapter demonstrates a proof of concept three terminal resistive switching device and reveals that 

the mechanism may enable a new technique to quantitively characterize ion diffusion and 

electrochemical reaction in thin film stacks as they are otherwise difficult to probe. In Chapter 5, 

we demonstrate voltage gated optics enabled by solid-state proton pumps. We show that the optical 

properties of both the electrolyte and the electrodes can be reversibly controlled by a voltage, and 

show demonstrations of several different implementations of the approach including voltage-

controlled transmission, reflective color and switchable plasmonic colors. In Chapter 6, we shift 

our focus to voltage control of ferrimagnetic order. We show that a solid-state proton pump can 
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largely change the relatively amplitude of sublattice magnetic moments of GdCo, enabling voltage 

induced 180-degree magnetic switching. 

Chapter 7 summarizes the findings of the thesis and discuss their potential impact and applications 

followed by a brief list of some possible future work to fill the knowledge gap and to explore 

uncharted territory in voltage-controlled material properties. 
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Chapter 2 Background 
 

2.1 Previous Work on Voltage-Controlled 

Material Properties 

The thesis is based on the enabling works of Uwe Bauer5 and Aik Jun Tan9, which demonstrated 

that voltage induced ionic motion and electrochemical reactions provide an effective route towards 

voltage control of magnetism of interfaces6,10,11. The method works by voltage controlled ionic 

motion and electrochemical reactions that change the composition of the interfaces and the 

materials. Comparing traditional methods of voltage-controlled magnetism that uses purely 

electronic effects, the ionic counterpart enables much larger magnetic property modulation. 

Besides magnetic properties, there are other material and interfacial properties that depends on the 

composition of materials such as electrical, optical and chemical catalytic properties as shown in 

Figure 2.1. The thesis expands the scope of the voltage-controlled materials properties using solid-

state ionic motion and electrochemical reactions to also include controlling electrical, optical 

properties. The thesis also expands the scope of the control of magnetic properties to include the 

control of ferrimagnetic order. 

 

Figure 2.1. Scope of material properties to be controlled by solid-state ionic motion and 

electrochemistry. 
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Using voltage to modify magnetic properties using solid-state ionic motion was first demonstrated 

by Bauer et al6. In a Ta/Pt/Co/GdOx/Au heterostructure as shown in Figure 2.2a. By grounding the 

bottom Ta/Pt/Co layer and applying a negative gate voltage to the Au top electrode, the Co layer 

could be oxidized, changing the anisotropy landscape of the magnetic layer. Figure 2.2b shows the 

MOKE hysteresis loops of the device during a sequence of gate voltage applications. The loops 

indicate that the magnetic anisotropy changed from favoring perpendicularly magnetized state to 

favoring in-plane magnetized state after applying a negative gate voltage. The reaction is non-

volatile as the Co redox state remains unchanged when the device is set to open circuit and no 

external voltage is applied. In addition, with a reversed voltage applied to the device, the oxidation 

process can be reversed, and the Co layer regains the perpendicularly magnetized state. The redox 

reactions of Co were confirmed by electron energy loss spectroscopy (EELS) as shown in Figure 

2.2c and X-ray magnetic circular dichroism (XMCD) analyses6,12. The work demonstrated that 

reversible, non-volatile redox reactions can be induced by a gate voltage applied to such solid-

state thin film structures, and demonstrated that the magneto-electric efficiency of the change of 

magnetic anisotropy is on the order of 5000 fJ V-1m-1, which is orders of magnitude larger than 

about 10 fJ V-1m-1 previously reported through a purely electric field effect13. In addition, the 

structure can be made to be CMOS process compatible, paving ways towards applications in 

magnetic memory and logic devices. 
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Figure 2.2. Voltage control of interfacial magnetism. a, Schematic illustration of the device 

layer structure and geometry. b, Polar MOKE hysteresis loops at gate region following gate 

voltage sequence showing reversible magnetic property control. c, in situ EELS oxygen K-edge 

count rate of Co layer normalized to that of GdOx layer following gate voltage pulses applied to 

the device.  Reprinted with permission from Ref 6. 

The work by Uwe et al. focused on redox reactions in the solid-state structure to achieve reversible 

control of magnetic properties. Because the control of magnetic properties are induced by redox 

reactions, these systems usually have the problem of poor reversibility due to chemical and 

structural changes of the magnetic layers during cycling. Tan et al. recently showed that protons 

are the major mobile ions that are responsible for the gate voltage induced redox reactions7,8. The 

redox reactions of Gd seen in Uwe’s work can be explained as follows: when a negative gate 

voltage is applied, water molecules that are stored in the GdOx layer get split to oxygen and 

hydrogen; the oxygen oxidizes cobalt layer and the hydrogen migrates towards the top electrode 

in the form of protons. The work also showed that the structure serves as a solid-state proton pump 

that enables fast and reversible magnetic property control using a modest gate voltage. The protons 
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are sourced from hydrolysis of water from the gas ambient. The operation schematics of the 

mechanism is shown in Figure 2.3. 

 

Figure 2.3. Voltage control of magnetic anisotropy using a solid-state proton pump based on 

hydrogen accumulation at the Co/GdOx interface. (a) Schematic illustration of the device 

structure and operation principle. (b) AHE hysteresis loops when VG was cycled between 0 V (left) 

and +3V (right). Adapted from Ref7. 

The example device has a layer structure of Ta/Pt/Co/GdOx/Au. When a positive voltage of 

amplitude ≳ 1.2V is applied to the top electrode, the water content from the ambient is hydrolyzed 

at the top electrode, producing protons and oxygen through an oxygen evolution reaction. The 

protons are driven to the bottom electrode by the electric field in the oxide via a Grotthuss-type 

mechanism enabled by the water content of the oxide matrix. The electrochemical reactions of the 

system are: 
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 Anode (Au): 2𝐻2𝑂 → 4𝐻+ + 𝑂2 + 4𝑒− (2.1) 

 Cathode (Pt): 4𝐻+ + 4𝑒− → 4𝐻 (2.2) 

   

The hydrogen accumulated at the GdOx/Co interface turns off the perpendicular magnetic 

anisotropy as shown in Figure 2.3 (bottom). The process can also be reversed by applying a 

reversed gate voltage or just by short circuiting the device.  

In the thesis, we expanded the scope of the voltage-controlled materials properties using solid-

state ionic motion and electrochemical reactions to also include controlling electrical, optical 

properties and magnetic properties of ferrimagnets. The sections below will discuss the 

background of optical and magnetic properties. The focus will be brief introduction of the optical 

effect and works in the literature to dynamically change optical properties. For magnetic property 

control, the basics of magnetic anisotropy, hysteresis loop and ferrimagnets will be introduced. 

 

2.2 Optical Properties 

The thesis includes voltage control of optical properties and its applications in realizing the control 

of several optical phenomena including interference and plasmonics, which will be introduced in 

this section. In addition, this section will present related works on the dynamical control of optical 

properties. 

 

2.2.1 Thin Film Interference 
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Thin film interreference refers to the phenomenon where light reflected by the upper and lower 

interfaces of a thin film layer interfere with one another, changing the reflection and/or 

transmission of the light14. Thin-film interference is the underlying reason for the colors seen from 

thin oil layers on water and from soap bubbles. The colors of several natural species are from thin 

film interference such as the Aglais io butterfly and buttercup flowers15–18. With proper design of 

the configurations of the layers, thin film interreference can be applied to make anti-reflection 

coatings and optical filters14. 

 

Figure 2.4. Interference of light reflected from a thin film layer on a substrate.  

Figure 2.4 illustrates the optical path of interference when light from a medium incident on a thin 

film stack with a thin layer on a thick substrate. The structure consists of one finite layer of 

thickness d (the thin film, Medium 2) between two semi-infinite layers (Medium 1: the medium 

light incidents from, Medium 3: the substrate). When the incident wave reaches the interface 

between Medium 1 and Medium 2, part of it is reflected and part of it transmits through with the 

angle defined by Snell’s law. If the refractive index of Medium 2 is higher than that of Medium 1, 

the phase of the reflected light is changed by π. When this transmitted light reaches the interface 
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of Medium 2 and Medium 3, again, the light is partially reflected and partially transmitted. The 

reflected light travels towards the top interface and gets partially transmitted and partially reflected 

at the top interface. The process keeps going while the intensity of the light drops as it progresses. 

The transmitted light and the reflected light are effectively the interference of all the light coming 

out with different phases and amplitudes from the layers towards the corresponding directions. 

The calculation of the reflectance and transmittance from a thin film stack can become complicated 

when the number of layers increases because the interaction of light bouncing from all the 

interfaces needs to be taken into consideration to get an accurate result. The transfer matrix 

method19 provides a simple way of calculating the reflectance and transmittance of multilayer 

stacks. In the thesis, the interference color calculation is carried out using tmm20, a python package 

for simulating light propagation in multilayer films. 

The understanding of thin film interference comes handy for estimating the thickness of a thin film 

layer on substrates. Figure 2.5 shows the simulated reflection color of a SiO2 thin layer on Si 

substrate when looked at from air, as a function of the layer thickness. The refractive indices of Si 

and SiO2 are taken from ref.21,22. The reflected color can be therefore used to estimate the layer 

thickness. Interpretations need to be carried out carefully since the perceived color depends on the 

illuminant and the color perception, and similar color can be seen from stacks with very different 

structures. 
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Figure 2.5. Simulated reflected color of a SiO2 layer on Si substrate as a function of SiO2 

thickness. 

Because the reflected spectrum depends on the thickness and optical properties of the layers, 

voltage-controlled interference color is demonstrated later in the thesis where the change of 

effective refractive indices and thicknesses induce changes in the color of the devices. 

 

2.2.2 Plasmonics 

When light interacts with a metal, the free electrons in the metal can be excited to form coherent 

charge density fluctuations on the surface. These excitations are called surface plasmons (SPs)23. 

Surface plasmons couple light to the metal surface strongly and are capable of confining the light 

in an area that is smaller than the diffraction size24. Figure 2.6a illustrates surface plasmons at the 

interface between a metal and a dielectric material. The dispersion curve for a surface plasmon 

mode as shown in Figure 2.6b indicates that SPs have greater momentum (smaller wavelength) 

than a free space photon of the same frequency. 
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Figure 2.6. Surface plasmon and localized surface plasmon resonance. a, Schematic diagram 

illustrating SPs at the interface between a metal and a dielectric. b, Dispersion curve for a SP mode 

showing that it has greater momentum than a free space photon of the same frequency. c, 

Schematic diagram illustrating a localized surface plasmon. Reprinted with permission from 

Refs25,26 

Figure 2.6c illustrates that when light interacts with particles that are smaller than the incident 

wavelength, it leads to a plasmon that is confined and oscillates locally near the particle. The 

frequency at which the plasmons are oscillating is called localized surface plasmon resonance 

(LSPR). At such frequency, the intensity of localized electromagnetic field can be greatly 

enhanced. The resonance is highly sensitive to the refractive index of the surrounding dielectric. 

As a result, the phenomena enables applications such as chemical sensing27 and information 

processing28 as well as optical components such as lenses, mirrors and polarizers29. Besides the 

optical properties of the particle and the surrounding medium, LSPR is also sensitive to the size of 
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the particles but is less sensitive to the distance between adjacent particles or the periodicity of the 

particles are arranged as a periodic array. A general trend is that as the particle size increases and 

as the refractive index of the surrounding dielectric increases, the LSPR peak shifts to longer 

wavelengths. One interesting application of plasmonics is to produce structural colors, as shown 

in the work by Kumar et al., showing color printing beyond the diffraction limit30,31. 

 

Figure 2.7. Working principle of high-resolution plasmonic color printing. a, Device structure 

and schematic illustration of interactions of light with the nanostructures. b, Optical micrographs 

of arrays of nanostructures with different diameters D and gaps g before (left) and after metal 

deposition (right). c, Optical micrographs of the Lena image before (left) and after (right) metal 

deposition. Scale bar, 1 μm. The optical micrograph and SEM image of a zoomed-in region are 

shown on the right. Scale bar, 500 nm. Reprinted with permission from Ref.30 
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2.2.3 Dynamic Control of Optical Properties 

Tuning of the optical properties of materials by electrical means has been an active field of 

research. Efforts have been focused on liquid crystal and electrochromic materials to achieve such 

tunability32–37. These means of controlling optical properties have enabled numerous important 

applications such as tunable optical filters and displays. Emerging fields of photonics such as 

reconfigurable metamaterials demand increasingly localized control of optical properties, an 

attribute which conventional technologies such as liquid crystals have difficulty to achieve due to 

the thickness requirement. The use of electrochemistry and ion migration to modulate optical 

properties has been realized in electrochromic devices and switchable mirrors34,38, though 

conventional electrochromic devices require an ion storage layer39, which complicates the layer 

design.  

Recently, phase change materials have been studied for highly confined electrical tuning of optical 

properties40,41. As shown in Figure 2.8, the phase change of Ge2Sb2Te5 (GST) in a thin film stack 

can be induced by electrical pulses, and the interference color of the film can be controlled locally. 

The nucleation-dominated crystallization is a drawback that may prevent uniform reversible 

switching by electrical stimuli42.  
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Figure 2.8. Interference color control by electrically addressable phase change of phase 

change materials. a, Schematic representation of the thin-film material stack. The 

crystallization/amorphization the thin GST layer induces a color change of the stack. b, Schematic 

illustration of the electrically induced color changes. c, Electrically constructed image. The blue 

regions are regions where the phase is transformed. Reprinted with permission from Ref.41 

Combining plasmonics with actively controlled optical properties enables active plasmonics. On 

one hand, the approach gives flexibility to plasmonic devices whose optical response is usually 

fixed after fabrication. On the other hand, because plasmonic response is highly sensitive to the 

optical properties of the metallic structure and the surrounding dielectric medium, and therefore 

the inclusion of plasmonics structures can enhance the speed and amplitude of actively controlled 

optical devices. Figure 2.9 shows an example of combining electrochromic switching with 

plasmonic nanoslits to achieve fast optical switching with high contrast.  

 

Figure 2.9. Enhanced contrast and switching speed of electrochromic devices by 

incorporating plasmonic nanoslits. a, Schematic diagram of an electrochromic electrode 

incorporating Au-nanoslit array. b, Transmitted light intensity as a function of time for Au-nanoslit 

and reference planar electrodes showing faster switching of devices with plasmonic nanoslits. 

Adapted from Ref.37 

Controlling optical properties with hydrogen loading/unloading has been an active field of research 

recently. Thin metal films such as Mg and Y can be reversibly transformed into an optically 

transparent state by hydrogenation43. Figure 2.10 shows an example of a switchable mirror with 
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yttrium thin film. The reflective layer became transparent after hydrogen exposure. Following the 

initial work on yttrium, hydrogen-switched optics, such as mirrors43,44 or other reflection-based 

optical devices45,46, were realized with a wide range of materials such as Pd and Mg47,48.  

 

Figure 2.10. Photographs of a 500 nm thick Y film capped with 20 nm Pd protection layer 

before and after hydrogen gas exposure at 105 Pa. Reprinted with permission from Ref.43 

Metals such as Mg are of particular interest as they can support plasmon resonances in the visible 

spectrum in nanostructures with suitable geometry48. These resonances can enable subwavelength 

light manipulation, and color generation with print resolutions at the optical diffraction limit30,31,49. 

As shown in Figure 2.11, hydrogen loading and unloading can serve as an effective means to 

change the optical response on demand to achieve active plasmonics and metasurfaces, with great 

potential in dynamic plasmonic color displays, dynamic holography, anti-counterfeiting 

technologies, and information encryption46,50–53. 
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Figure 2.11. Programmable plasmonic resonance and metasurfaces based on hydrogen 

absorption of Mg. a, Switching of magnesium particles to magnesium hydride and vice versa 

showing that exposure to H2 and O2 turns on and off the plasmonic resonance of Mg nanodisks. b, 

Working principle and optical characterization of the dynamic plasmonic color display. c, SEM 

image of the hybrid plasmonic metasurface with Mg/Pd (P1) and Mg/Pd/Cr (P3) nanorods as 

dynamic pixels (left). Snapshots of the holographic images before and after hydrogenation (right). 

Reprinted with permission from Refs.48,50,51. 

In most work so far, such optical response switching is achieved through exposure to hydrogen 

gas in an enclosed chamber, which is impractical for many applications. The approach turns on/off 

all elements at the same time which precludes addressability, i.e. local and selective switching54. 
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Chapter 5 shows a way to utilize voltage gated ionic motion and electrochemical reactions to 

enable control of hydrogen load/unloading without the need of gas exposure and potentially 

achieve addressability.  

 

2.3 Magnetic Anisotropy and Magnetic 

Hysteresis Loops 

The magnetic anisotropy refers to the property of an anisotropic system where the magnetization 

tends to point in certain preferred directions55. The behavior can be understood from an energy 

minimization point of view, as in many magnetic materials, the energy required to align the 

magnetization vector depends on the direction. In a system with magnetic anisotropy, the 

magnetization vector often has a preference to align with the minimum energy axis, which is called 

the easy magnetization axis. Magnetic anisotropy plays critical roles in coercivity, magnetic 

remanence and magnetic recording. The Stoner Wohlfarth model is a widely used model for 

determining the energy of a single domain ferromagnet with a uniaxial magnetic anisotropy56.The 

model assumes that the anisotropic energy (EA) characterized by K of the system is  

 𝐸𝐴 = 𝐾 sin2 𝜃  (2.3) 

   

where θ is the angle M makes with the anisotropy axis. With no external field, the magnetization tends 

to align to either the up (θ = 0°) or down (θ = 180°) direction and does not favor any other directions. 

With an external field applied, the total energy is the sum of the Zeeman energy (Ez) and the anisotropy 

energy, which can be expressed by 
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 𝐸 = 𝐸A + 𝐸Z = 𝐾 sin2 𝜃 − 𝐻𝑀s cos(𝜃 − 𝜙) (2.4) 

where H is the amplitude of the external field, Ms is the saturation magnetization, and ϕ is the angle 

the external field makes with the anisotropy axis. The model describes the magnetization of a 

ferromagnet with a single domain. Figure 2.12 shows the angular dependence of the total energy when 

an external field along 𝜃 = 0 direction is applied. HK is the anisotropy field, and 

 𝐻K  =  2𝐾/𝑀𝑠 (2.5) 

 

  

Figure 2.12. Total energy (E) as a function of θ, with different external field Hz 

If the magnetization starts with θ = 0° and no external field is applied, as shown in the figure, E is at 

a local minimum and would stay unchanged. When a small field pointing down is applied, θ = 0° is 

still the local minima and the state is retained without strong energy fluctuations. With increasing 

field amplitude (𝐻𝑧 < −𝐻𝑘), the θ = 0° state is no longer stable, and the magnetization flips to 180° 

to align with the external field. The non-immediate response gives rise to hysteresis behavior, and 

the hysteresis loops are very often used in studying the magnetic properties. In a hysteresis loop, 
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the magnetization is measured along one direction while an external field is swept parallel or 

antiparallel to the same direction. The common parameters that can be extracted from a hysteresis 

loop includes coercive field (Hc), remanence (Mr) and saturation magnetization (Ms). Figure 2.13 

shows an example of hysteresis loops calculated from the Stoner Wohlfarth model of a 

ferromagnet with uniaxial magnetic anisotropy and the external field is applied in direction with 

0, 60 and 90 degrees to the anisotropy axis. 

 

Figure 2.13. Hysteresis loops measured along the easy axis when external field is applied 

along directions at different angles to the easy axis. 

 

2.4 Ferrimagnets 

Ferrimagnets are composed of magnetic material with populations of atoms with opposing 

magnetic moments and the opposing moments are not equal57. As a result of the unequal 
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magnetization, a spontaneous magnetization exists in ferrimagnets, which distinguishes them from 

antiferromagnets. Figure 2.14 illustrates the magnetic moment configuration of GdFe, a rare-earth 

transition-metal (RE-TM) ferrimagnet.  

 

Figure 2.14. Sublattice moment configuration of ferrimagnetic sublattices of GdFe below and 

above compensation temperature TM. Reprinted with permission from Ref.58 

In RE-TM ferrimagnets, the rare earth moments generally decrease faster with temperature, which 

may lead to a temperature at which the two sublattice moment cancels each other, which is called 

the compensation temperature (TM)59. For example, Figure 2.15 shows the total magnetic moment 

as a function of temperature for a GdCo ferrimagnetic thin film.  
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Figure 2.15. Hc and Ms of GdCo as a function of temperature (top) and polar MOKE 

hysteresis loops measured below and above compensation temperature (bottom). Reprinted 

with permission from Ref.60 

At low temperature, the Gd sublattice dominants, and as temperature increases, the total 

magnetization decreases as Gd moment drops faster than that of the Co sublattice61. At around 

240K, the magnetization goes to zero (TM), and when the temperature increases, Co becomes 

dominant and the total magnetization increases with increasing temperature. Figure 2.15 also 

shows the coercivity of the film as a function of temperature (black boxes). Hc diverges near TM 

due to vanishing total magnetization. Shown in the bottom are the MOKE hysteresis loops acquired 
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below and above the compensation temperature. The experimental method to acquire MOKE 

hysteresis loops will be discussed later in Chapter 3. The MOKE contrast of the material comes 

primarily from the Co62, and therefore the sign of the MOKE signal indicates the direction of the 

Co sublattice moment. Because the dominant sublattice change from Gd to Co when the 

temperature goes above TM, the Co lattice either tends to align antiparallel and parallel to the 

external field respectively, so the polarity of the MOKE hysteresis loop flips. Figure 2.16 shows 

that ferrimagnets allow for ultrafast optical switching58, fast spin dynamics60,63 and small spin 

textures60. 

 

Figure 2.16. Fast spin dynamics, small spin textures and ultrafast magnetic reversal using 

ferrimagnets. Reprinted with permission from Refs.58,60,63 

These exciting capabilities of ferrimagnets depend critically on their ferrimagnetic order and 

compensation behavior. However, the properties of ferrimagnets are fixed once they are 

fabricated, and a way of changing the properties of ferrimagnets is still lacking. The thesis shows 

that the exchange coupling and the magnetic sublattice moments can be reversibly controlled by 

electrical means, post-fabrication. Such capability could bring additional functionalities of 

existing ferrimagnetic devices, such as enabling voltage gated skyrmion steering/routing devices 

and devices that adapt to different environment temperatures and maintain optimal performance 

through precise dynamic control of compensation.  
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Chapter 3   
Experimental Methods 
 

3.1 Sample Fabrication 

In this section, the main deposition and patterning techniques used to fabricate the samples in the 

thesis are discussed. The main deposition technique used in the thesis was magnetron sputtering. 

The patterning was mostly carried out by shadow masking and photolithography. Fine structures 

with feature size smaller than 2 μm were patterned using electron beam lithography, electron beam 

evaporation and lift-off. 

 

3.1.1 Magnetron Sputtering 

Most thin film growths in the thesis were carried out by sputter deposition. Sputtering is a physical 

phenomenon where energetic particles of a plasma bombard a solid material and the atoms are 

ejected from its surface. The ejected atoms eventually deposit on a substrate. The process can be 

utilized as a physical vapor deposition technique to grow thin films of fine layers64, and has 

applications for both laboratory research and industrial scale production because the deposited 

layers can scale to a large area with good uniformity and smoothness. In addition, a wide variety 

of materials can be deposited using this method including metals, oxides and other insulators.  
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Figure 3.1. Schematic of sputtering system. (a) Substrate table. (b) Substrate holder slot. (c) 

Liquid nitrogen reservoir. (d) Gears for rotating the substrate table. (e) Mask table. (f) Mask slot. 

(g) Pins to align substrate and mask tables. (h) Chamber floor. (i) Jack and bellows below the 

chamber floor. (j) Chimney for sputter source. Adapted from Ref.65 

The sputtering depositions for most of the samples presented in the thesis were carried out using a 

sputter system as shown in Figure 3.1. The system is equipped with 4 sputtering guns that can hold 

their own target materials. With a combination of a mechanical backing pump and a 

turbomolecular pump, the chamber can reach a low background pressure (~ 7 × 10−8  Torr). 

Thanks to the mask holder and sample holder planetary as shown in the figure, one can change the 

sample and mask alignment without breaking the vacuum, which allows for growing different 

materials with different shapes within just one pump down session. During sputtering, Ar gas was 

introduced, and the flow rate and the opening of orifice were controlled to maintain a sputtering 

pressure of 2-3.5 mTorr. To grow metallic films, metallic targets were sputtered by using a DC 
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power supply in constant current mode. The system also has the capability to introduce O2 gas 

while sputtering enabling reactive sputtering of oxides. To grow oxide films, either metallic targets 

were reactively sputtered by flowing oxygen gas during sputtering, or radio frequency (RF) 

sputtering was used to directly sputter off oxide targets with constant power. The rate of sputtering 

was calibrated for each material and deposition condition by carrying out X-ray reflectometry to 

measure the thickness of a film with known deposition time. 

The properties of thin films of the same materials sputter under different conditions can be rather 

different, and the control of deposition conditions is critical in these cases. The difference in thin 

film properties may come from different microstructures. The microstructure of the film grown by 

sputtering has been well studied, and the zone structure model66 is a widely accepted qualitative 

model of the expected microstructure for different sputtering temperature and Ar pressures. For 

example, here we show that high deposition pressure potentially leads to porous film structures. 

As shown in Table 3.1, when grown under normal Ar pressure, SiO2 has a relatively dense 

structure. When the film was grown at much higher sputtering pressure, the resulting film was less 

dense. The control over sputtering parameters offers a way for optimizing the proton conduction 

of solid electrolyte. 

Table 3.1. Effect of sputtering pressure on the rate and density of SiO2 layer deposition 

Argon Pressure Rate (nm/min) Density (g/cc) 

3 mTorr 15.5 2.3 

15 mTorr 3.5 1.8 (~20% void) 

 

Sputtering has poor directionality due to the high kinetic energy of the particles going to the 

substrate and high gas pressure. When depositing on patterned photoresist for lift-off, sputtering 

may result in side-wall coverage preventing effective lift-off and leaving residues on the edge. 
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Getting larger resist undercut or using a double layer resist recipe as we describe in the next section 

may help alleviate the problem. For very fine structures with feature size smaller than a few 

hundred nanometers, evaporation instead of sputtering is strongly recommended since it is more 

directional, resulting in little sidewall coverage and allows for a clean lift-off. 

 

3.1.2 Lithography 

Shadow mask lithography is heavily used in the thesis as a simple technique to make pattern 

structures conveniently and at low cost. In the thesis, the technique simply involves using a laser 

cut mask to selectively cover the substrate, followed by film deposition. After the film deposition, 

the mask is removed, and one gets substrates with thin film layers of the desired pattern. Due to 

the unavoidable gap between the mask and the substrate, and the non-directionality of sputtering 

deposition, one gets broadening and blurring of the features near the edge. The precision of laser 

cutting also limits the reproducibility of the technique. Due to these limitations, the technique is 

not suitable for fine structures. With reasonable effort, a 100 μm resolution is achievable with extra 

care to make sure the mask sits flat without warping on the substrate. The technique not only is 

low cost, but also has the advantage that no photoresist, photomask, exposure, mechanical 

spinning, or heating is needed so that the sample can be protected from heating, chemical or 

mechanical damage. In this thesis, shadow masking is used whenever possible to save time and 

reduce cost. 

Photolithography is the process of forming a pattern in a layer of photosensitive resist by 

selectively exposing the areas using light. A common photolithography process involves first spin 

coating the photo resist, then through a mask with patterns, exposing the substrate to a UV light 
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that induces reactions of the resist and changes the solubility of the resist. The solubility increases 

by light exposure for positive photoresists and decreases for negative photoresists. Finally, the 

sample is immersed in a solution to dissolve selected areas of photoresist. The step is called 

developing. Figure 3.2 shows an example of the photolithography process. Instead of using a mask 

with a pattern to selectively block the light, it is also possible to use direct laser writing to 

selectively expose the photoresist. Compared to using a mask, which is fixed once made, direct 

laser writing offers faster iteration time as one has the freedom to generate arbitrary patterns and 

does not need to wait for the masks to be made and shipped, at the cost of lower throughput since 

the exposure is serial and takes more time to expose a larger area. In the thesis, we mainly used 

direct laser writing using a Heidelberg μPG 101 Micro Pattern Generator. For the patterning of the 

samples studied in the thesis, we used a double layer resist recipe that consists of PMGI from 

MicroChem as the bottom layer, and S1813 from MICROPOSIT as the top layer. For laser writing, 

7 mW laser power with 20% pulse duration was used. MICROPOSIT MF-CD26 developer 

solution was used to develop the photoresist. 

 

Figure 3.2. Steps of photolithography using photomask or laser writer. Positive photoresist is 

used here as a demonstration. 
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The adhesion of resist to the substrate is critical for successful patterning especially for small and 

high aspect ratio features. With poor adhesion, the developed resist may deform and displace, 

when the adhesion is bad, the spin coating of resist may even result in uncovered regions on the 

substrate. An adhesion promotor such as polydimethylsiloxane (PMDS) can be used to promote 

adhesion. The physiosorbed water content on the oxide may cause poor adhesion. The author found 

that heating the sample above 100°C for a few minutes before spin coating also promotes the 

adhesion of resist for successful patterning. 

In the thesis, two different methods were used to transfer the pattern from the photoresist to thin 

film layers. The two methods are shown in Figure 3.3. The first method is lift-off, where we first 

spin coat, expose and develop a photoresist layer, and then use the patterned photoresist as a mask 

for thin film deposition, and then the unwanted material along with the photoresist is removed by 

dipping the sample in resist stripping solution. The other method is by milling, where the layer is 

first deposited uniformly on the substrate, and then the photoresist is put on and patterned. Next 

the unwanted material is milled away by ion bombardment using the patterned photoresist as a 

mask. The milling method has the advantage of having a clean edge but also has the disadvantage 

of the need to control the milling time so that it does not mill away or damage the layers 

underneath. A mass spectrometer can be used to determine the end point of the milling. Ion milling 

may also change the property of the unprotected layers in the bottom during the process. 
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Figure 3.3. Steps of pattern transfer using lift-off (top) and etching (bottom). 

When very fine resolution (smaller than 2 μm) is needed, electron beam lithography was used in 

the thesis. Electron beam lithography works by using a focused electron beam to selectively expose 

resist materials. The writing is carried out by steering the electron beam using an electric field and 

scanning the pattern. Similar to photolithography, the exposed area either becomes more soluble 

or less soluble depending on the polarity of the resist, and a developing solution will selectively 

dissolve the unwanted area, leaving resist with the desired pattern. Due to the small wavelength of 

the electron beam, electron beam lithography offers much finer resolution, down to ~10 nm, but 

the process is a serial process and therefore takes longer time than photolithography using a mask 

when the exposure area is large. Electron beam lithography may suffer from proximity effects due 

to the long scattering diameter of electrons. Proximity effect correction can be implemented to 

mitigate the issue. We used polymethyl methacrylate (PMMA) resist with thickness of 200 nm, 

and base electron dose of around 1000 μC cm-2. In the thesis, electron beam lithography was 

primarily used to fabricate plasmonic structures for voltage controlled optical properties and was 

often combined with electron beam evaporation rather than sputtering for higher deposition 

directionality and easier lift-off.  
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3.2 Magneto-Optical Kerr Effect 

Magneto-optical Kerr effect (MOKE) refers to the change of polarization when light is reflected 

off a magnetized surface, originating from the magneto-optical activity and the magnetization of 

the materials. Figure 3.4 shows the MOKE when a linearly polarized light is reflected by a 

magnetic sample, it becomes an elliptically polarized light characterized by a rotation angle and 

ellipticity67,68. 

 

Figure 3.4. Magneto-optical Kerr effect (MOKE). Adapted from Ref.68  

Based on this effect, MOKE polarimetry is carried out to study the magnetic properties of magnetic 

thin films. It allows the measurement of ultra-thin magnetic structures and gives fast measurement 

time scales compared to vibrating sample magnetometry, but has the disadvantage of the signal 

not providing quantitative information of the absolute magnetization of the samples.  

Using a piezo-birefringent modulator (PEM), polarizers and a lock-in amplifier, both the ellipticity 

and the Kerr rotation can be measure simultaneously69. It is also possible to acquire polar MOKE 

results with only polarizers and a quarter waveplate, without the use of PEM. In the thesis, the 

experimental schematics are shown in Figure 3.5. A 660 nm red laser is used as the light source, 
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and the light is focused on the sample using an objective lens. The signal is detected by the 

photodiode detector. Alternatively, a white light source is used, and an CCD camera is used to 

image the MOKE contrast of an area. In either case, the received signal is proportional to the out-

of-plane magnetization of the sample.  

 

Figure 3.5. Magneto-optic Kerr effect measurement system with integrated focused laser and 

wide field capabilities. Adapted from Ref.70 

Both focused laser and wide-field MOKE were used in the thesis. When a focused laser is used, 

the magnetic information of only one spot can be analysis at a time, but due to the fast response of 

the detecting diode, the method provides high bandwidth. On the other hand, when the wide-field 

MOKE is used, the magnetic information of an area can be acquired by the CCD so that one can 

get an image of the sample containing the magnetic contrast. To acquire hysteresis loops of 

magnetic films, the magnetic field is swept and the out-of-plane component of the magnetization 

of the sample is measured by the MOKE signal. 

3.3 Anomalous Hall Effect 
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In magnetic materials, the Hall effect includes an additional contribution than the ordinary Hall 

effect, known as the anomalous Hall effect (AHE)71. It is proportional to the magnetization of the 

material rather than the magnetic field. In some materials, the AHE is much stronger than the 

ordinary Hall effect. AHE  allows for the measurement of out-of-plan magnetization as shown by 

Figure 3.6. The anomalous Hall resistance (RAHE) is the transverse voltage to the current in the 

longitudinal direction. RAHE is proportional to the out-of-plane magnetization.  

 

Figure 3.6. Ordinary (left) and anomalous (right) Hall effects. Blue arrows represent the 

direction of current, and “+” and “-“ signs represent the polarity of Hall voltage. Adapted from 

Ref9. 

 

In this thesis, RAHE is measured using a lock-in method, where an AC current is injected in the 

longitudinal direction and the AC voltage is read along the traverse direction. The AC 

measurement usually is more robust against noise than a DC measurement.  
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Figure 3.7. Device layout of voltage gated Hall cross for AHE measurement while a gate 

voltage is applied. 

The anomalous Hall effect hysteresis loops are acquired by sweeping the out-of-plane field while 

measuring the anomalous Hall signal. In addition, since the thesis focuses on the gate voltage 

induced magnetic property change, gated Hall crosses were fabricated so that RAHE could be 

measured at the same time of gate voltage application. Figure 3.7 shows the device layout of a 

gated Hall cross that allows for measurement of RAHE while a gate voltage (VG) is applied. 

 

3.4 X-ray Absorption Spectroscopy (XAS) and 

X-ray Magnetic Circular Dichroism (XMCD) 

X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) are two 

closely related spectroscopy techniques that are sensitive to elemental chemical and local 
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magnetization72–74. XAS was carried out to study the chemical change induced with gate voltage 

applied. XMCD was used to study the sublattice moment change of the GdCo ferrimagnets.  

In XAS, the absorption of incident X-ray by the sample is measured as a function of X-ray 

energies. At certain energies, a sharp rise in absorption is observed, which corresponds to a 

transition of an electron ground state to an empty state. The sharp rise is called the absorption edge 

for the corresponding transition. XAS measurements are usually performed at synchrotron 

facilities because the measurement requires an intensive continuous energy-spectrum. The 

incoming photon energy is tuned using a monochromator. There are a few different methods to 

collect the absorption spectra including transmission, fluorescence, and electron yield75. 

Transmission is very straight forward, where the transmitted beam intensity is measured as a 

function of photon energy to get the absorption. The technique gives proportional information but 

requires a thin substrate (usually a membrane) for the X-ray to transmit through the sample. 

Fluorescence is to measure the X-ray fluorescence when a sample is illuminated with X-ray 

photons. The detector may also distinguish the energy of the received fluorescence photons giving 

more information about the sample. In electron yield mode, the absorption is measured by the 

photoelectrons created by the X-ray absorption. The sampling depth of electron yield is limited 

because photoelectron needs to be able to escape from the surface, leaving only less than a few 

nanometers of sampling depth76. Based on the energy and intensity of the measured peaks in XAS 

results, the valance and chemical environment of specific element can be characterized.  
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Figure 3.8. Schematic of experimental setups for different XAS detection modes. a, 

Transmission mode. b, Florescence mode. c, Electron yield mode.  

For example, Figure 3.9 shows the XAS spectrum of Mg element at L2 edge of Mg-Ni alloy before 

and after loading with hydrogen, revealing an emergence of a shoulder at around 1310 eV. The 

difference can be used to identify the chemical change of our thin film structure after a gate voltage 

is applied. 
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Figure 3.9. X-ray absorption spectra of Mg-Ni at Mg K-edge before and after hydrogen 

absorption and after exposure to air. Reprinted with permission from Ref.77 

XMCD measures the difference between XAS spectra acquired with two opposite circular 

polarization vectors. The XMCD spectra can be modeled using the sum rule to retrieve the spin, 

and angular momentum of individual elements78. The XAS data in this thesis were collected using 

fluorescence signals at the CSX and IOS beamlines of the National Synchrotron Light Source II 

(NSLS-II) at Brookhaven National Laboratory. The XMCD data were collected at BL29-BOREAS 

beamline in transmission mode at ALBA managed by Construction, Equipping and Exploitation 

of the Synchrotron Light Source (CELLS).  
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Chapter 4  
Voltage Control of Resistivity 

Based on Metal/Metal Oxide 

Redox Reactions 
  

Neuromorphic electronics based on artificial synapses can enable non-von-Neumann computing 

architectures that are highly-parallelized and energy efficient79–81. In such systems, the signals 

transmitted between neurons are represented by currents, the weights of synaptic connections are 

represented by electric conductance, and the learning function can be achieved by tuning the 

conductance according to synaptic modification rules82. Two-terminal memristive devices can 

serve as synapses for brain-inspired computing systems,79,83–85 but require temporal separation of 

the learning and signal transmission functions that occur concurrently in natural neural systems86. 

Three terminal resistive switching devices in which a gate controls the channel conductance can 

more efficiently reproduce synaptic behaviors87. 

Three terminal resistive switches can also enable multilevel data storage. Multilevel data storage 

can be achieved with two-terminal resistive memory devices, but the resistance state can be 

perturbed during the read operation88. Since three-terminal resistive switches have separate read 

and write paths they can offer improved multilevel memory stability. A variety of three terminal 

resistive switches have been proposed. A three-terminal chemical resistive switch was first 

proposed in 1960 and termed memistor,89 but the reliance on a liquid electrolyte limited its 

applicability. Solid-state memistors were later developed based on WO3 thin films,90  and though 
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high resistance change ratios could be achieved, it required operating voltages in the range 10-

30V. Atomic switches have been studied for three-terminal resistive switching devices, but the 

fabrication is relatively complicated91. Ferroelectric field effect transistors are promising for three 

terminal resistive switching as they provide fast switching speed and high resistance change ratio, 

but they are usually limited by the retention time92. New types of three-terminal switches based on 

alternative switching mechanisms could lead to enhanced performance and broader application 

possibilities. 

In this chapter we study a three-terminal resistive switch based on solid-state redox reactions 

between metal and metal oxide. Because of the large resistivity difference between the metal and 

its oxide, redox reactions can be used to substantially modulate the resistivity of the material. Bauer 

et al. demonstrated that by applying a voltage to a Co/GdOx/Au thin-film stack, oxygen ions in the 

GdOx layer can be driven towards or away from the Co layer to oxidize or reduce it, and thereby 

control the magnetic properties of the Co6. Bauer also proposed and experimentally realized a 

three-terminal device5 that exploited this same phenomenon to induce nonvolatile changes of the 

resistance of a metal channel, though the changes were relatively modest due to a thick metal back 

electrode that acted as a current shunt.  Here we use the same material system and a three-terminal 

configuration but with a more suitable layer structure to demonstrate large lateral resistance (𝑅𝐿) 

modulation using a small gate voltage 𝑉𝑔 applied to the top electrode. Recently, a lateral resistance 

change was observed in gated metal/GdOx/gate structure, but the effect was slow (on the order of 

minutes) even at elevated temperatures93.  Here we show that fast resistance switching at room 

temperature can be obtained, and provide additional insight into the mechanism and design of such 

devices. By measuring the resistance change rate at different temperatures, the thermally activated 

nature of the resistance change is observed. We demonstrate reversible resistive switching at room 
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temperature with a ratio of ~103.  Potential material choices and device designs are discussed for 

achieving better switching performance. The resistive switch demonstrated here has potential 

applications for neuromorphic computing and multilevel data storage and, due to the stability and 

low resistivity of the metal channel, it also has the potential of controlling a relatively large current. 

 

4.1 Experimental Methods 

Sample preparation: All devices were prepared using magnetron sputtering through shadow 

masks on thermally oxidized Si at room temperature with a background pressure of 

~3 × 10−7 Torr. The Ta (2 nm) layer for contact pads was deposited under 2 mTorr Ar. The Co 

(5 nm) layer, Au (5 nm) layer for contact pads, and top electrode layers were deposited under 

3 mTorr Ar. The GdOx layers were deposited by reactive sputtering from a Gd target under 

3  mTorr Ar at an oxygen partial pressure of ~5 × 10−5 Torr. 

Electrical Measurement: The Co channel resistance RL was measured using a Keithley 2400 

sourcemeter by sourcing a 0.05 V voltage. Microprobes were used to make electrical contact, and 

the contact resistance was measured to be smaller than 20 Ω. VG was applied using one of the wire 

terminals as ground. The top electrode was switched to open loop when the voltage pulses were 

off (shown as 0 V).  

 

4.2 Voltage Induced Resistive Switching 

Figure 4.1 (a) illustrates the operation of a resistive switch consisting of a Co channel, a GdOx gate 

oxide that acts as a solid-state ionic conductor6, and a Au gate electrode. When VG < 0 V is applied 
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to the gate electrode, oxygen ions are pumped towards the cobalt channel forming insulating cobalt 

oxide. When VG > 0 V is applied, oxygen is driven away from the cobalt layer and the cobalt oxide 

is reduced. VG can hence control the thickness of the cobalt metal layer and therefore the lateral 

resistance of the channel. 
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Figure 4.1. Voltage induced resistive switching. a, Schematic illustration of the operation 

principle of the three-terminal resistive switch. Oxygen ions in the GdOx layer are shown as white 

spheres. b, RL and VG as a function of time at 175 °C. c, Resistance change as a function of the 

duration of -2 V gate voltage (above x-axis) and of +2 V gate voltage (below x-axis). Inset: Plot 

of logarithm of resistance change rate versus inverse temperature under -2 V gate voltage (blue) 

and under +2 V gate voltage (red) with linear fittings. 
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Two sets of devices were fabricated with different lateral dimensions and gate oxide thickness, 

labeled as (I) and (II) below. Structure (I) is composed of a 200 μm wide Co(5 nm) wire, 

Ta(2 nm)/Au(5 nm) pads for making electrical contact, a GdOx(80 nm) layer covering the whole 

cobalt wire, and a 2.6 mm wide Ta(1.4 nm)/Au(5 nm) top electrode. Structure (II) is composed of 

a 200 μm wide Co(5 nm) wire, Ta(2 nm)/Au(5 nm) contact pads, a GdOx(10 nm) layer covering 

the whole cobalt wire, and a 200 μm wide Au(3 nm) top electrode.  

We first studied resistance switching of devices (I) at elevated temperatures to enhance the oxygen 

vacancy mobility6. The device was first heated up to 200 °C and after the channel resistance 

stabilized ,the device was cooled and maintained at 175 °C. +2 V and -2 V voltage pulses were 

applied to the top electrode and RL was monitored between pulses. Figure 4.1(b) shows RL and VG 

versus time. RL increased (decreased) as negative (positive) VG was applied. The direction of 

resistance change was consistent with the cobalt redox mechanism. The device behaves as a non-

volatile multilevel memory because the resistance change RL scales with the voltage pulse length, 

and at VG = 0, the resistance is stable. 

The temperature dependence of the resistance switching of (I) devices was investigated as follows. 

The channel resistance was set to a value 𝑅0 ≈ 68000 Ω. First at 175 °C, RL was measured between 

five -2 V 15 s gate voltage pulses and then the resistance was reduced by applying +2 V pulses to 

a value slightly below 𝑅0. Repeating these procedures, the resistance increase due to negative VG 

pulses was measured at 175 °C, 170 °C, 165 °C, 160 °C and 150 °C and the resistance decrease 

due to positive VG pulses was measured at 175 °C, 170 °C, 165 °C, and 160 °C. Figure. 4.1(c) 

shows RL as a function of the integrated voltage pulse time. Resistance change rates were then 

calculated as the average resistance change over time. The inset shows the logarithm of resistance 
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change rate versus inverse temperature when -2 V was applied (blue) and when +2 V was applied 

(red). The data show a thermally activated Arrhenius-like behavior with an effective activation 

energy of 0.59±0.02 eV for oxidation and 0.80±0.08 eV for reduction. The reduction is slower 

and has a higher activation energy than oxidation, which we attribute to the reduction potential of 

the Co layer, which should act as a built-in potential that biases oxygen ion migration towards the 

metallic Co layer. 

 

4.3 Modeling Oxidation Progress 

In reducing the GdOx thickness from 80 nm to 10 nm, we find the resistance switching behavior 

of devices (II) can be observed on similar or faster time scales as devices (I) even at room 

temperature.  We attribute this behavior to the larger electric field and ion migration rate in the 

thinner GdOx, which was also reported in Ref. 6. Figure 4.2(a) shows the resistance response of a 

+3 V gate voltage pulse right after a -2 V voltage pulse at room temperature. The resistance 

increased as VG = -2 V gate voltage was applied, and decreased as VG = +3 V gate voltage was 

applied, and stayed stable after the cycle. The kinetics of oxidation under a negative gate voltage 

was found to fit well to a logarithm oxidation rate law. The cobalt oxide layer was assumed to be 

uniform in thickness under the top electrode, and the conduction through the cobalt oxide layer to 

be negligible compared to the cobalt layer. The total cobalt layer thickness, if all cobalt exist in 

metallic form, is denoted as ℎ𝑡𝑜𝑡𝑎𝑙, and the thickness of cobalt that is oxidized is denoted as ℎ𝐶𝑜𝑂𝑥. 

The resistance of the wire is the sum of two components, which are 𝑅𝑎𝑐𝑡𝑖𝑣𝑒 and 𝑅𝑝𝑎𝑠𝑠𝑖𝑣𝑒. 𝑅𝑎𝑐𝑡𝑖𝑣𝑒 

is the resistance of the active region under the top electrode and 𝑅𝑝𝑎𝑠𝑠𝑖𝑣𝑒 is the resistance of the 

wire outside the gate plus the resistance from electrical contact. Therefore the lateral resistance of 
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the wire 𝑅𝐿 = 𝑅𝑎𝑐𝑡𝑖𝑣𝑒 + 𝑅𝑝𝑎𝑠𝑠𝑖𝑣𝑒, and 𝑅𝑎𝑐𝑡𝑖𝑣𝑒 = 𝜌𝐶𝑜
𝑙

(ℎ𝑡𝑜𝑡𝑎𝑙−ℎ𝐶𝑜𝑂𝑥)𝑤
, where 𝜌𝐶𝑜 is the resistivity of 

cobalt thin film, 𝑙 is the length of the wire under the gate, and 𝑤 is the width of the wire. The 

logarithm oxidation rate law is described by: 

 ℎ𝐶𝑜𝑂𝑥
= 𝐾 ln(𝛼𝑡 + 1) + 𝑋0 (4.1) 

where 𝐾, 𝛼 and 𝑋0 are constants, and 𝑡 is the time from the oxidation begins. The rate equation 

gives 

 
𝑅𝐿 = 𝑅𝑝𝑎𝑠𝑠𝑖𝑣𝑒 +

𝜌𝐶𝑜𝑙

𝑤(C − 𝐾 ln(𝛼𝑡 + 1)) 
 (4.2) 

where C is a constant. The green curve in Figure 4.2(a) shows the fitting Eq. (2) to the data. A 

similar logarithm oxidation rate law was observed for metal with a thin oxide layer exposed in air 

at low temperatures94–96. The diminishing rate at longer time indicates that the cobalt oxide formed 

during the oxidation is probably limiting the switching speed for these devices. This implies that 

a thinner cobalt layer may lead to faster resistance switching. The positive voltage pulse has a 

larger amplitude than the negative voltage pulse, but the reduction process takes longer than the 

oxidation, which is consistent with the observations of (I) devices. 
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Figure 4.2. RL and VG as a function of time at room temperature. -2V and +3V pulses were 

applied in sequence. 𝑅𝐿 measurements are shown as black squares. The blue dotted lines are for 

guiding the eyes. The green line is 𝑅𝐿 fitted using logarithm rate law. 

 

Because a reversible high resistance change ratio is desirable for many applications, attempts were 

made to increase the wire resistance to a very high value and then switch it back. We found that 

when the RL increase is too high (M range), positive VG can no longer reduce RL, which is 

probably due to loss of electrical connection to the portion of the channel under the gate, which 

serves as counterelectrode. In order to gain more insight into the phenomena, we measured the 

temperature-dependence of RL as the device goes through oxidation and reduction. First by 

applying VG = -3 V, RL was increased to ~100 kΩ. Then by applying a VG = +3 V, RL was reduced 

to ~19 kΩ. Figure 4.3(a) shows resistance versus temperature for both states. At the high resistance 

state, RL decreases as the temperature increases, which indicates semiconducting nature of 

conduction. At the low resistance state, RL increases with increasing temperature, indicating 

metallic conduction.  
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4.4 Large Voltage Induced Resistance 

Switching 

The change in the character of conduction in the Co channel in the high-resistance state, and our 

observation that after setting the device to even higher RL a gate voltage can no longer decrease it, 

is explained schematically in Figure 4.3(b). Initially, the cobalt layer is continuous and metallic 

with small variation of thickness in the lateral plane, as illustrated in Figure 4.3(b) (i). When 

VG < 0 V is applied, oxygen ions are driven towards the cobalt layer. The grain boundaries of 

cobalt are likely to be the fast diffusion paths for oxygen ions and therefore oxidation is likely 

faster along them. The non-uniformity may get enhanced as the oxidation goes on, as illustrated in 

Figure 4.3(b) (i-ii). When the oxidation time is long enough, islands of metallic cobalt remain 

while insulating oxide gaps form between the metallic islands as shown in Figure 4.3(b) (iii). The 

conduction of the wire changes from metallic to semiconducting as it is limited by the oxide gaps. 

As the oxidation goes on, the metallic islands eventually become separated and the electrical 

connection to the portion of the channel under the gate is lost. As a result, a positive voltage can 

no longer reduce the wire back to the original state. 

Instead of using dc negative and positive voltage to control the wire resistance, we found that by 

applying negative voltage and an alternating waveform to the top electrode, a reversible resistance 

change by a factor of 103 could be achieved. Here, a set of devices similar to (II) but with slightly 

thinner Co (4 nm) was fabricated.  By applying a gate voltage of -3 V, the channel resistance could 

be increased from ~100 kΩ to 108 Ω, but positive dc bias can no longer reduce the resistance.  The 

current-voltage (I-V) characteristics of the Co channel at both a low and a high resistance state are 

shown in Figures 4.4 (a),(b) respectively.  At the low resistance state, the I-V curve shows a linear 

ohmic behavior, while at the high resistance state, a rectifying and hysteretic I-V curve was 



65 

 

observed. The shapes of the I-V curves are consistent with the illustrations shown in Figure 4.3(b) 

and the temperature-dependent channel resistance in Figure 4.3(a): in the low resistance state, the 

continuous metallic cobalt layer gives an ohmic I-V behavior, whereas in the high resistance state, 

and the insulating gaps between metallic islands give raise to a rectifying I-V curve.   

 

Figure 4.3. Possible morphology evolution during VG application. a, R-T curves of the wire at 

high resistance state (~100 kΩ) and at low resistance state (~19 kΩ) b, i-iii Schematic illustrations 

of the possible morphology evolution as the metal is oxidized. iv Schematic illustration of the 

possible mechanism responsible for the fast resistance decrease after applying the +4 V/-1 V 

waveform. 

 

As is known in two-terminal oxide memristive devices, voltage cycling can create conductive 

filaments or induce charge carrier redistribution across an insulating barrier97,98. We employed a 

similar strategy to recover electrical contact within the bottom electrode in the high resistance state 
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and to therefore allow recovery of the low-resistance state by gate voltage.  Here, instead of 

applying a dc gate voltage, we applied an alternating +4 V/-1 V waveform to the Au gate electrode, 

which allowed for successful recovery of the low-resistance state reliably over many cycles (Figure 

4.4(c)).  The waveform has a periodicity of 100 ms, with 95 ms square pulses at +4 V and 5 ms 

square pulses at -1 V, as shown in Figure 4.4(c), inset. Using this protocol, we can reliably toggle 

the channel resistance by a factor of ~103 times by applying -2 V voltage and the same +4/-1 V 

waveform, with a switching time less than 30 s. We therefore explain the fast reversible switching 

as follows. When a negative voltage is applied to the top electrode to oxidize the wire, the electrical 

connection to the portion of wire under the gate is becoming limited by the insulating gaps between 

metallic islands as shown in Figure 4.3(b) (iii). A positive constant voltage is slow to close the 

gaps by reduction of the oxide because the process requires formation of electrical connections in 

the lateral direction. While a -1 V transient pulse may change the defect concentrations inside the 

gaps and create conductive paths deep in the gaps, which are illustrated as a red layer in Figure 

4.3(b) (iv). If the negative voltage pulse is followed by a positive voltage pulse, the reduction of 

oxide can proceed quickly with the help of the conductive paths formed by the negative voltage, 

and therefore the fast reversible resistance switching with high resistance change ratio can be 

obtained. 
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Figure 4.4. Large Voltage Induced Resistance Switching. a, I-V curve of the wire at around 

500 kΩ. b, I-V curve of the wire at around 20 MΩ. c, Wire resistance change and gate voltage as 

a function of time demonstrating fast reversible resistance switching at room temperature. Inset: 

+4 V/-1 V waveform used for switching. 

 

4.5 Material Selections and Device Designs for 

Better Switching Performance 

Here we describe several strategies for the proposed devices to achieve better switching 

performance. We described a new type of three terminal resistive switching device focusing on 

demonstrating the working principle and preliminary results. The results show promises for 

applications such as neuromorphic computing and electric switch involving controlling a large 
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current. For these potential applications, a large switching ratio and fast switching speed are 

desired. The section will first discuss the selection criteria for the materials for the conductive 

channel and resistive switching mechanism that can be used to achieve improved performance. 

The section will then describe an alternative device design to mitigate the problem of losing 

electrical connections to the bottom electrode when the conductive channel becomes highly 

resistive. Successfully addressing the problem has the potential to increase the reversible switching 

ratio significantly. 

Other resistance switching materials than Co may be applied to improve the performance of the 

device. Tan et al. showed that the same device structure allows reversible hydrogen loading into 

the bottom layer, we propose that a range of materials that change their resistivity with hydrogen 

loading can be used as the conductive channel material7. The alternative approach has the 

advantage of faster ion migration and better reversibility. For this approach, the selection criteria 

for getting better device performance is that the material of interest should have a large resistance 

difference between hydrogen loaded state and hydrogen unloaded state and should have high 

hydrogen diffusivity in both states. We expect that Mg-Ni alloys and VOx are promising 

candidates: Mg is a metallic conductor, while the electronic structure of MgH2 formed by 

hydrogenation of Mg is non-metallic with a large band gap of ~4-5 eV99. The switching speed of 

Mg could potentially be improved by alloying. For example, Mg-Ni alloys potentially offer faster 

loading and unloading speed than Mg as shown in Figure 4.5a. Another type of materials that has 

the potential to be used for the voltage switchable conductive channel is VO2 as recently result has 

shown reversible transition between a metallic phase to an insulating phase with hydrogenation. 

The sheet resistance changed ~5 orders of magnitude as shown in Figure 4.5b. 
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Figure 4.5. Dynamic resistivity modulation of MgNix and VO2. a, The optical and electrical 

responses of Mg and MgNix (x = 0.03–0.30) films. b, In situ resistivity of (100)R-VO2 films on 

(0001) Al2O3 during hydrogenation and dehydrogenation as a function of time at 120 °C showing 

resistivity change ratio of ~105. Reprinted with permission from Refs. 100,101. 

As discussed above, when RL increases and becomes comparable to the resistance of the gate, then 

the gate voltage cannot be effectively applied across the device stack as the lateral resistance will 

contribute a large voltage drop. This voltage drop prevents the device from achieving a reliable 

and reversible switching with large switching ratio. The method of alternating gate voltage 

discussed in Section 4.4 increases the range of resistance switching, but the switching still lacks 

reliability. Here we propose that an inclusion of an additional layer under the conductive channel 

material to mitigate the problem. The additional layer provides stable electrical contact to the 

bottom electrode regardless of the chemical state of the conductive channel material. The 

additional layer should have lateral resistance that is lower than that of the gate resistance (on the 

order of MΩ to GΩ). However, the lateral resistance should not be too low so that the conductive 

channel is shunted. In addition, the layer should be chemically stable or have much lower reaction 

kinetics than the switchable material. We propose the use of amorphous graphite or doped silicon. 

When a 5 nm of amorphous graphite or silicon doped at a concentration of ~1017/cm3 is used, the 

lateral resistivity of the device will be on the order of 107
 Ω. If Co is used as the channel material, 
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a switching ratio of 104 - 105 should be achieved reliably. The gate oxide resistance can be 

potentially higher if the deposition is optimized, so that even higher switching ratio can potentially 

be achieved. 

 

4.6 Summary 

In summary, we demonstrated a three-terminal resistive switch based on a metal-redox switch. The 

device operates by oxidizing a metallic material and reducing the corresponding oxide back to 

metal with all solid-state operation. The resistance switching was observed to be a thermally 

activated process. For devices with a thinner GdOx layer, resistance change can be observed at 

room temperature. By reducing the thickness of the wire layer, a switching ratio of ~103 was 

obtained. In nanoionics devices, switching speed on the order of nanosecond has been 

demonstrated102. Further performance improvement can be expected by reducing the size of the 

device, by optimizing the thickness of the wire and oxide, by replacing GdOx with better oxygen 

ion conductor materials, and by optimizing the metal channel material and microstructure. The 

reversible non-volatile redox reaction between metal and metal oxide provides a way of post-

fabrication control of solid-state material composition and properties. This type of three-terminal 

switch may find applications in neuromorphic computing and multilevel data storage, as well as 

applications that require a large resistivity change and those involving controlling a relatively large 

current. 
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Chapter 5                            
Voltage-Gated Optics and 

Plasmonics Enabled by Solid-

State Proton Pumping 
 

Dynamic control of optical properties by hydrogen absorption/desorption has been actively 

pursued since the discovery that thin metal films can be reversibly transformed into an optically 

transparent state by hydrogenation43. Following the initial work on yttrium, hydrogen-switched 

optics, such as mirrors43,44 or other reflection-based optical devices45,46, were realized with a wide 

range of materials including Pd and Mg47,48. Metals such as Mg are of particular interest as they 

can support plasmon resonances in the visible spectrum in nanostructures with suitable geometry48. 

These resonances can enable subwavelength light manipulation, and color generation with print 

resolutions at the optical diffraction limit30,31,49. Hydrogen loading and unloading can serve as an 

effective means to change the optical response on demand to achieve active plasmonics and 

metasurfaces, with great potential in dynamic plasmonic color displays, dynamic holography, anti-

counterfeiting technologies, and information encryption46,50–53. However, in most work so far, 

plasmonic switching is achieved through exposure to hydrogen gas in an enclosed chamber, which 

is impractical for many applications as it precludes addressability, i.e. local and selective 

switching54. Although hydrogen gating using ion storage layers has been achieved in solid-state 

tunable mirrors103 and similar electrochromic devices104, a simple, general means to locally gate 

hydrogenation in more complex optical and plasmonic device architectures is currently lacking. 
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It was recently demonstrated that a solid-state proton pump can be realized utilizing H2O 

hydrolysis in ambient atmosphere catalyzed by a GdOx/Au interface, where it was shown that the 

magnetic properties of thin buried metal layers could be gated nondestructively with a modest 

voltage7. Here we show that a similar mechanism enables local, reversible hydrogen gating of 

optical properties in a wide range of metallic and plasmonic devices by covering the structure with 

a transparent gate oxide capped with a top electrode and applying a small voltage. We demonstrate 

the simplicity and utility of the mechanism by realizing nonvolatile voltage-gated color pixels 

based on tunable interference cells and plasmonic arrays. We further discover a large reversible 

change in the optical path length of GdOx upon hydrogen insertion, equivalent to a > 20% change 

in its index of refraction, which is matched only by liquid crystal cells and complex phase-change 

materials32,41,42. Our approach permits switching speeds on the order of tens of ms, and device 

thicknesses down to several tens of nm. It promises highly localized control of a wide range of 

optical properties for applications such as high-resolution reflective displays, hyperspectral 

imaging, and dynamic holography.  
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5.1 Experiment Methods 

Device fabrication: Thin film stacks were grown using magnetron sputtering at room temperature 

with a background pressure of ~3 x 10-7 Torr. Ta was deposited under 2 mTorr Ar. Au, Pt and Pd 

were deposited under 3.5 mTorr Ar. Al, Mg, Ti and Y were deposited under 3 mTorr Ar. SiO2 

layers were deposited by radio frequency (RF) sputtering under 3 mTorr Ar. GdOx were deposited 

by RF sputtering from a Gd2O3 target under 3 mTorr Ar at an oxygen partial pressure of 0.6 mTorr. 

The transmission switching devices and interference devices were patterned with shadow masks 

as shown in Figure 5.1. Aluminum nanodisks of the plasmonic devices were patterned with 200 nm 

PMMA and electron beam lithography. 25 nm of Al was deposited by electron beam evaporation, 

and excess material was removed by lift-off in N-Methyl-2-pyrrolidone. 

 

Figure 5.1. Shadow mask design for fabricating array of gating devices allowing 

measurement of multiple devices on thickness wedge samples. From left to right: bottom 

electrode layer, electrolyte layer, top electrode layer and an overlay of all layers. The width of each 

bottom electrode and each top electrode is 400 μm. 

Gate voltage application: Gate voltages were applied using a Keithley 2400 Sourcemeter and 

mechanically compliant BeCu microprobes. All gating experiments were carried out under room 

temperature. 

Gas ambient study: Four devices with the same device structure fabricated in the same batch 

were used in the study. The optical images of the devices in the virgin state were taken. Then the 
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devices were placed in a vacuum chamber. After the vacuum level reached 10-3 Torr, either dry 

nitrogen, dry oxygen, or wet nitrogen was introduced to the chamber for each device. After the 

pressure level reached 20 Torr, VG = +3 V was applied to each device for 180 s, and then the 

devices were left open circuit. The same +3 V, 180 s was also applied to one device at vacuum 

without introducing gas into the chamber. Optical transmission images of these devices were taken 

again after the voltage applications. 

X-Ray Absorption Spectroscopy (XAS): XAS data were acquired at the Coherent Soft X-ray 

Scattering (CSX) beamline at the National Synchrotron Light Source II, Brookhaven National 

Laboratory using fluorescent yield. The incident soft X-ray beam has a footprint of ~200 µm and 

the sample was tilted 15º relative to the incident beam. The sample used for the measurement had 

a crossbar geometry with about 1 mm x 1 mm gated regions and a layer structure of 

Ti(3 nm)/Mg(40 nm)/Pd(5 nm)/GdOx (40 nm) with a 3 nm Au top gate. The main chamber base 

pressure was ~2 x 10-9 Torr, and the sample was kept at 150 K throughout the measurement. The 

gating was carried out ex-situ before loading into the measurement chamber. Three devices with 

the same structure, grown side by side, were used. To get the spectrum of the virgin state, no 

voltage application was carried out on the first device. To study the effect of positive VG, VG = +3 V 

was applied for 5 min on the second device. To study the reversibility of the chemical change, 

VG = -2 V was applied for 1hr after VG = +3 V was applied for 5 min on the third device. A large 

color change of the devices was observed when VG  = +3 V was applied on both the second and the 

third device, indicating hydrogen was loaded into the third sample before the negative voltage 

application (hydrogen unloading). 
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Optical characterization: Reflection spectra were measured using a CRAIC microspectrometer 

with a 20x objective and 0.5 N.A. for wavelengths between 400 nm and 800 nm. The 

measurements were calibrated with a standard Si reference. 

Switching ratio characterization: VG = +6 V was first applied for 30 s to each device to load 

hydrogen, and then the device was left open circuit for 30 s while the reflection spectrum was 

collected. After 30 s of open circuit, VG = -2 V was applied for 10 s to unload hydrogen from the 

device. Then the device was left open circuit again and the reflection spectrum after unloading was 

collected. The switching ratio was calculated as the reflectance of each device after hydrogen 

loading over the reflectance after unloading. 

Reflected color simulation: We used the transfer matrix method19 to simulate the reflection 

spectra of the interference devices. The interference color change by yttrium hydrogenation was 

simulated assuming yttrium changed to YH2.9, and Pd changed to PdH using the optical constants 

reported in ref105 and ref106 respectively, and assuming the refractive index of GdOx changed from 

1.7 to 2.1. The interference color by hydrogen loading into GdOx was simulated using the GdOx 

refractive index adapted from ref107. The reflected spectra of plasmonic devices were simulated by 

the FDTD method. The refractive index of MgH2 was taken from ref108. Refractive indices of Ta, 

Ti, Au, Mg and SiO2 from Palik21 were used in the simulations. The colors of the devices were 

rendered from reflection spectra using D65 illuminant.  

 

5.2 Optical Property Switching Using a Solid-

state Proton Pump 
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We first show that a small gate voltage (VG) applied to a metal/GdOx/metal stack can be used to 

electrically switch optical transmission by injecting protons sourced from moisture in the air. 

Devices were formed by depositing a layered structure of 

Ti(3 nm)/Mg(60 nm)/Pd(5 nm)/GdOx(35 nm)/Au(3 nm) onto an indium tin oxide coated glass 

substrate as discussed in Section 5.1, as shown schematically in Figure 5.2a.  Here, Mg serves as 

a hydrogen-switchable mirror38,43,109, Au serves as the top gate electrode, Pd protects the Mg from 

oxidation, and Ti serves as an adhesion layer.  As we show below, the GdOx layer catalyzes water 

splitting and facilitates proton conduction under a positive gate bias, allowing for voltage-gated 

switching of the transmissivity of the Mg mirror. 

Figure 5.2a shows the device schematic and measurement scheme. The device was placed on a 

LED backlight panel and the optical images were acquired in transmission mode (Figure 5.2a, 

insets). Due to the low transmissivity of the 60 nm thick Mg, the sample initially appears almost 

opaque with a barely visible darker region corresponding to the gold contact. After VG = +3 V was 

applied for 180 s, a large increase in optical transmittance of the gated region was observed.  When 

the bias is removed and the device set to open circuit, the new optical state is retained in a 

nonvolatile fashion.  After subsequently applying VG = -2 V for 1 hr, the gated region of the 

transmitted image became dark again, showing that the optical switching behavior is reversible. 

This behavior is consistent with a reversible transition between metallic Mg and optically-

transparent MgHx
110, suggesting hydrogenation and dehydrogenation of Mg under gate bias.  

Figure 5.2b shows experiments performed under several different environmental conditions. 

Gating experiments were performed in vacuum, as well as at atmospheric pressure in ambient air, 

dry O2, dry N2, and wet N2.  The results indicate that the optical property changes only occur when 

there is moisture in the gas environment.   
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Figure 5.2c shows schematically the mechanism of electrochemical water splitting catalyzed at the 

top oxide/noble-metal interface that accounts for the reversible transition in transmittance.  At 

positive bias, water molecules near the metal/oxide interface are split into H+ and O2. The gate bias 

then drives the extracted protons towards the bottom electrode, loading the Mg layer with hydrogen 

and switching it to an optically-transparent state. Under negative bias the reaction is reversed, 

leading to hydrogen removal and the return of Mg to a metallic state, consistent with the images 

in Figure 5.2a. Figure 5.2d confirms this process directly, using X-ray absorption spectroscopy 

(XAS) to follow the chemical state change under voltage cycling. Here, the K-edge spectra of Mg 

from a similar device were obtained in the virgin state, after positive VG, and after subsequent 

negative VG application, corresponding to the three optical states shown in Figure 5.2a. The XAS 

spectra correspond closely to previously reported K-edge XAS spectra of metallic and 

hydrogenated Mg, as shown in Figure 3.977, before and after positive bias application. The 

spectrum recovers to the virgin state after subsequent negative bias application, showing that the 

hydrogen loading process is reversible. The reverse reaction only occurs in the presence of oxygen 

gas as shown in previous work7.  
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Figure 5.2.  Hydrogen absorption by bottom electrode. a, Device schematic and measurement 

scheme for switchable transmittance devices. The Ti and Pd layers are omitted. Transmission 

images are shown to the right of the camera icons. The transmission image became brighter after 

applying VG = +3 V and then became darker after applying -2 V. The scale bar is 400 μm. b, 

Optical images of the device as fabricated and after applying VG = +3 V for 180 s in different gas 

environments (cropped to a square located at the center of the gated region). Transmission change 

was only observed in ambient and wet N2. c, Schematic illustration of the electrochemical water 

splitting and Mg hydrogenation. d, X-ray absorption spectra of Ti/Mg/Pd/GdOx/Au devices, in 

virgin state, after positive VG application, and subsequent negative VG application. e, Schematic 

illustration of reflection device with yttrium as bottom electrode. The Ta and Pt layers are omitted. 

f, Optical images and simulated colors of the devices with increasing yttrium thickness as 

fabricated and after applying VG = +3 V for 180 s.  
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We next demonstrate the generality of the device design by substituting Mg with Y in a Fabry-

Pérot configuration that permits the realization of nonvolatile reflective color pixels (Figure 5.2e). 

Here, we deposited a Ta(3 nm)/Al(100 nm)/Y(wedge 50 nm-140 nm)/Pt(3 nm)/GdOx(35 nm)/ 

Au(3 nm) film on a Si substrate as described in Section 5.1.  Discrete Au electrodes were fabricated 

across the film to allow the thickness-dependent optical properties to be probed in a single film. 

As fabricated, the Y layer is metallic, and devices with different yttrium thicknesses have similar 

reflected color as shown in Figure 5.2f. After positive bias application, devices with different Y 

thicknesses changed to different colors as shown in Figure 5.2f (bottom).  Colors emerge as the 

metallic Y transforms into an optically-transparent dielectric that contributes to the total path 

length of the Fabry-Perot cavity. The total thickness of Y and GdOx determines the color of the 

reflected light. Transfer matrix modeling of the system agrees well with experimental results, as 

shown in Figure 5.2f. 

 

5.3 Switchable Plasmonic Color Devices 

To demonstrate the range of functionalities that can be achieved using this simple gating 

mechanism, we study switchable plasmonic color devices as shown in Figure 5.3a. Starting with a 

uniform Al(100 nm)/Mg(40 nm)/Pd(5 nm)/GdOx(5 nm) film, a palette consisting of pixels of Al 

nanodisk arrays (Figure 5.3b) was fabricated on the top as described in Section 5.1. The entire set 

of pixels was covered by a 35 nm GdOx layer and a single 3 nm Au top electrode. As shown in 

Figure 5.3c (top), the disk diameter d and nearest neighbor separation g were varied from array to 

array to yield a range of reflected colors due to the geometry-dependent plasmonic resonances. 
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The plasmonic resonance depends on the optical properties of the surrounding layers and therefore 

can be controlled by hydrogen loading/unloading. As fabricated, Mg functions as a mirror layer 

below the Al disks. When a positive VG is applied, hydrogen loading transforms the Mg into 

transparent MgHx, so that it is no longer a mirror layer. Instead, the bottom Al layer functions as 

the new mirror layer. Hence, the distance between the Al disks and the mirror layer increases 

compared to the virgin state due to the inclusion of the MgHx layer. The distance increase causes 

a blueshift of the resonances. Optical images after applying VG = +5 V for 120 s are shown in 

Figure 5.3c (middle).  

Finite-difference time-domain method (FDTD) simulations of switchable plasmonic color were 

carried out to simulate the reflected colors. Simulations were carried out with periodic conditions 

along x- and y-direction and perfect matching layers along z-direction. Planer light source and 

frequency domain power monitor were placed above the device. The virgin device structure used 

in the simulation is the same as described in the main text except that the outmost 1nm in radius 

and the bottom and top 3 nm of the aluminum nanodisks were replaced by aluminum oxide to 

account for oxidation that happened during fabrication. The Mg layer is assumed to expand in 

thickness by 30% when loaded with hydrogen110. The resulted colors as shown in Figure 5.3c 

(right) match well with the experimental results. 

With a later negative VG application, the colors recovered closely to the virgin state as shown in 

Figure 5.3c (bottom), demonstrating the reversibility of the plasmonic response control.  
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Figure 5.3. Electrochemical switchable solid state thin film plasmonic device. a, Schematic 

illustration of the switchable plasmonic device. b. A scanning electron microscope image of the 

nanodisk array before 35 nm GdOx and top electrode deposition. The scale bar is 200 nm. c, 

Optical image (left) and simulated colors (right) of the device as fabricated, after applying +5 V 

for 2 mins and after applying -2 V for 1 h. 

 



82 

 

5.4 Giant Reversible Switching of Effective 

Refractive Index 

We observed that the optical properties can be switched not only through hydrogen gating of 

metallic and plasmonic structures, but also through large and reversible changes in the optical 

properties of the GdOx dielectric layer itself.  We demonstrate this by examining interference color 

switching in Ta(3 nm)/Au(3 nm)/GdOx(50 nm)/Au(3 nm) stacks grown on Si/SiO2(tSiO2) and gated 

using a cross-bar structure (Figures 5.4a,b).  Here, the thickness of the SiO2 layer (tSiO2) was varied 

from 110 nm to 420 nm, so that the reflected color due to thin-film interference varies over a wide 

range. The variation of tSiO2 also provides multiple data points for studying the mechanism of color 

switching. Figure 5.4c shows a plan-view optical micrograph of a device with tSiO2 = 270 nm in 

the virgin state.  Figure 5.4d shows that the device color changes from blue to green upon positive 

bias application in ambient atmosphere, and Figure 5.4e shows that this color change can be 

modeled by an increase by ~0.4 of the real part of the refractive index of GdOx upon hydrogen 

injection. Figure 5.4f shows that the identical index change can closely reproduce the color change 

observed for an array of devices with different tSiO2, which act as switchable color interference 

devices.  
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Figure 5.4. Electrochemical switchable color from solid state thin films. a, Schematic 

illustration of interference color switching device. When a VG > 0 is applied, water from the 

ambient is dissociated and the protons move towards the bottom electrode and incorporate into 

GdOx film. b, Schematic illustration of interference color switching device with a crossbar 

structure. c, Optical image of a typical device as fabricated. Probes are landed on the top and 

bottom electrode. d, Optical images of a device with 270 nm SiO2 before and after voltage 

application in ambient. e, Simulated reflected color of the device as a function of the refractive 

index of GdOx. f, Optical images of devices and simulated colors with increasing SiO2 thickness 

from the left (110 nm) to the right (420 nm).  

The reflectance spectra of the interference color switching devices were measured before and after 

VG = +6V for 30 s as shown in Figure 5.5a (left).  The spectra were simulated by the transfer matrix 

method and are shown in Figure 5.5a (right). The refractive index of GdOx used in simulation is 
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shown in Figure 5.5b. The virgin state GdOx refractive index is taken from ref107. The small 

imaginary part is ignored and assumed to stay zero when loaded with hydrogen. The simulation 

and experimental data show good agreement in virgin state spectrum, in that the peaks red shift 

with hydrogen loading. The experimental data shows lower reflectance at shorter wavelength than 

the simulation which is likely due to scattering caused by absorption and inhomogeneity of optical 

property change during voltage gating. 

 

Figure 5.5. a, Measured and simulated reflectance of interference color devices with three 

different tSiO2, before and after hydrogen loading. b, Refractive indices of GdOx used in the 

simulation (adapted from ref107). 

The observations and simulations hence suggest that a substantial change in the optical path length 

in the visible spectrum from voltage application is responsible for the observed color change. We 

attribute this effect to hydrogen accumulation in the GdOx layer, which could occur through 

conversion to a mixed oxide-hydroxide phase changing the optical index and effective thickness, 

although the detailed mechanism remains to be understood. Nonetheless, the magnitude of change 

in effective refractive index is extremely large, comparable only to the index change achievable 

using liquid crystals or phase-change materials32,41,42,111.  
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We note that the GdOx refractive index change was taken into consideration in the simulations of 

the yttrium interference switching, and Mg plasmonic switching devices and found to play a minor 

role in the observed behaviors in those devices. In the plasmonic devices, the direction of the peak 

shift due to the change from Mg to MgHx and from the increase of refractive index of GdOx oppose 

each other, but the change from Mg to MgHx dominates. The contributions from Y/Mg and GdOx 

are compared, and The GdOx refractive index change was found to play a minor role in the 

observed behaviors in the yttrium interference switching, and Mg plasmonic switching devices. 

For the yttrium interference switching devices, simulations were carried out with GdOx refractive 

index of 1.7 and 2.1, and the reflected colors at hydrogen loaded state are shown in Figure 5.6. 

The minor difference in colors demonstrates that the color change with hydrogen loading is 

primarily due to the change of yttrium, and the refractive index change of GdOx only contributes 

minor change to the colors. 

 

Figure 5.6. Experiment micrographs and simulated colors of yttrium gating reflection 

devices with different GdOx refractive index when loaded with hydrogen. The refractive index 

change of GdOx only contributes minor change to the colors. 

Similarly, for the Mg plasmonic switching devices, simulations were carried out with GdOx 

refractive index of 1.7 and 2.1, and with Mg unloaded and loaded with hydrogen. The reflected 

colors are shown in Figure 5.7. Comparing to Figure. 5.3c, the agreement to the experimental result 

is better with n=1.7 for the hydrogen unloaded state and n=2.1 for the loaded state. The results 

indicate that the plasmonic color change with hydrogen loading is primarily due to the optical 
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change of Mg to MgH2, and the refractive index change of GdOx only contributes minor change 

to the colors. Here we note that although the color change due to refractive index change alone is 

small, it is still significant to the point that the patches of colors shifted by an equivalent of ~20 

nm in diameter of the nanodisks in the case of the Mg unloaded state. This suggests that plasmonic 

color switching devices can be made without a metallic hydrogen storage bottom layer.  

 

Figure 5.7. Simulated colors of plasmonic switching device with different GdOx refractive 

indices and different Mg hydrogen loading states. The agreement to the experimental result is 

better with n=1.7 for the virgin state and n=2.1 for the hydrogen loaded state. 

 

5.5 Switching Performance 

Next, we characterized the switching ratio, speed and cyclability of the voltage gated optical 

devices, as these are important performance metrics for display applications. We first studied the 

amplitude of reflectance modulation as a function of wavelength in a series of GdOx interference 

switching devices with different tSiO2 as described in Section 5.1. As shown in Figure 5.8a, the 
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reflectance modulation ratio exhibits a maximum in a wavelength range that can be tuned 

throughout the visible spectrum by the choice of tSiO2.     

We then studied the switching dynamics of the voltage gated devices. The devices are classified 

into two types according to where the hydrogen is loaded. Type 1 devices include the GdOx 

interference switching devices without a hydrogen-switched metallic layer at the bottom.  In these 

devices, the optical modulation is due to hydrogen loading into the GdOx layer. Type 2 devices 

have a metallic hydrogen-switched layer in the bottom, whose optical properties are modulated 

through voltage-gated hydrogen loading/unloading. This class of devices includes the transmission 

switching devices with Mg, interference switching devices with Y, and plasmonic switching 

devices with Mg. The switching dynamics of the two types of devices are determined by three 

processes: the water hydrolysis reaction at the top electrode, the transport of protons through GdOx, 

and the loading/unloading of hydrogen in the bottom metallic layer or the GdOx layer. The two 

types of devices only differ in the third process, while they show different switching speeds. With 

the analysis below, we show that the gating process introduced here through the first two processes 

is fast, with switching time down to ~10 ms. 

The switching dynamics of Type 1 devices were characterized by measuring the time-resolved 

reflectivity change using a 532 nm laser beam focused on the device and measuring the reflection 

intensity with a fast photodiode and the results are summarized in Figure 5.8b-f. Here, we used the 

GdOx interference switching device with tSiO2 = 408 nm shown in Figure 5.8a, whose reflectivity 

modulation ratio is maximum at the probe laser wavelength.   Figure 5.8b shows the reflectivity 

measured while VG was cycled between +6 V and -2 V steps at 4 s intervals. We find that the 

device response is reversible and asymmetric, with hydrogen unloading occurring more rapidly 

than loading. To quantify the switching speed, switching transients with different VG steps were 
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measured as the reflectance normalized by the value at the beginning of the rising/falling edge. 

Figure 5.8c shows reflectance transients for positive-going voltage steps, transitioning from VG = -

4 V to various positive values of VG. Figure 5.8d shows similar measurements for negative-going 

voltage steps transitioning from a fixed VG = +8 V to various negative voltages. Switching transient 

measurements were also carried out on another device with a thinner 10 nm GdOx layer (Figures 

5.8e and 5.8f).  

 

Figure 5.8. Switching ratio, reversibility and response time. a, Reflectance switching ratio 

versus wavelength for five devices with different SiO2 thicknesses. The thickness of SiO2 and the 

color of the device in both states are shown in the legends.  b, The normalized reflectance of the 

408 nm SiO2 sample measured by a 532 nm and VG as a function of time. The reflected color can 

be cycled multiple times reversibly with ratio of ~3. c and d, Reflectance of the optical device as 

a function of time measured by a 532 nm laser, showing the switching transient of a device with 

50 nm GdOx, switching from VG = -4 V (c) and from VG = +8 V (d) to the voltages labeled on plots. 

e and f, Reflectance of the optical device with 10 nm GdOx and 400 nm SiO2 measured by a 
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660 nm laser as a function of time, switching from VG = -3 V (e) and VG = +4 V (f) to the voltages 

labeled on the plots. 

 

The switching time dynamics of the GdOx interference switching devices (Type 1 devices) shown 

in Figure 5.8 was characterized by measuring time-resolved reflectivity transients at a fixed 

wavelength during hydrogen loading and unloading.  We find that the switching transients can be 

well-fitted by double-exponential functions with two separate time constants, suggesting that the 

rate of insertion/removal of hydrogen depends on the instantaneous concentration of loaded 

hydrogen:  hydrogen can be rapidly pumped into an initially hydrogen-free layer, but the rate of 

hydrogenation decreases with time; likewise, the rate of hydrogen removal is faster immediately 

when a gate voltage is initially applied, and it declines with time.  Although a detailed analysis of 

the hydrogen loading and unloading kinetics, accounting for the multiple processes involved, is 

beyond the present scope, we here characterized the dynamics as a function of VG and GdOx 

thickness by considering the rate of the initial transient response during hydrogen 

loading/unloading.  In this way, we compare the rate of hydrogen insertion/removal amongst 

devices and bias conditions under a common hydrogen-loaded state for each measurement (either 

the hydrogen-depleted state for hydrogen loading measurements, or the hydrogen-saturated state 

for hydrogen unloading measurements.)  

From the switching transients in Figure 5.8, we extracted two timescales:  the rate of reflectivity 

change at the initial application of VG, and a time constant T1/2 which corresponds to the time to 

reach 50% of the maximum observed reflectivity change.  These timescales are shown are shown 

in Figures 5.9a,b as a function of VG for devices with two GdOx thicknesses. The rate of change at 

the initial application of VG increases with increasing amplitude of VG for both the 10 nm and the 
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50 nm thick GdOx devices and for both the falling and rising edge of VG, which we attribute to 

faster electrochemical reaction kinetics and faster proton migration through the oxide induced by 

larger VG. With larger VG, shorter time is needed to achieve 50% change as T1/2. The only exception 

is that for the device with 50 nm GdOx, T1/2 is higher at positive VG of +6V and +8V than VG of 

+4V, which suggests that large positive VG may activate the formation of a different phase that has 

different time dynamics. However, we caution that if the optical change does not saturate in the 

measurement window, then comparison of T1/2 for different VG may not be applicable, since the 

time to reach saturation at small VG may be very much longer than the T1/2 corresponding to the 

apparent saturation in the measuring time window. 

The thickness of GdOx is also an important factor in the time dynamics. A direct comparison of 

the rate of change at the onset of VG is not applicable between the two types of devices because 

the rate of change is not only proportional to the speed of the optical property switching but also 

the sensitivity of the reflectivity to the optical property change determined by the optical stack and 

incident wavelength. The time constant on the other hand gives a better comparison for different 

device configurations. As shown in Figure 5.9c, the time constant T1/2 is smaller for device with 

thin GdOx oxide at positive VG edge. At the edge of negative VG, the T1/2 of devices with thin and 

thick oxide layer is comparable at -1V and -2V, and the device with 10 nm GdOx has much smaller 

T1/2 than the device with 50 nm GdOx at -3V. The fastest switching (T1/2 ~ 10 ms) is achieved for 

the device with 10 nm thick GdOx and at VG of +4V and -3V. Because the optical change originates 

from the GdOx layer itself, a change in the GdOx thickness also changes the amount of hydrogen 

that can be loaded into the device, which complicates the time dynamics comparison between 

devices with different GdOx thickness.  
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Figure 5.9. Switching time dynamics of GdOx interference device. a and b, rate of reflectivity 

change at the initial application of VG and T1/2 versus VG for devices with GdOx thickness of 50nm 

(a) and 10nm (b). c, T1/2 versus VG for devices with GdOx thickness of 50nm and 10nm.  

 

The total device thickness responsible for the gating (excluding the Si/SiO2 substrate) is around 

20 nm for devices with 10 nm GdOx. The result indicates that it is possible to achieve optical 
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property modulation with total device thickness of ~20 nm and switching speeds on the order of 

10 ms in these devices. The results suggest that the speed can potentially be further improved by 

replacing GdOx with materials with higher proton conductivity and improved tolerance to large 

VG.  

We then studied the switching dynamics for Type 2 devices. We studied the switching transient of 

the Mg plasmonic switching devices by extracting the mean red channel intensity value from 

images captured from a CCD camera, using only regions without Al nanostructures. The result for 

VG of +5V and -2V is shown in Figure 5.10. The switching time constants T1/2 for both the 

hydrogenation and dehydrogenation processes are on the order of seconds or more. In contrast, the 

switching time of GdOx interference switching devices with even thicker GdOx layer under the 

same VG is around 100 ms as shown in Figure 5.9.  

 

Figure 5.10. Switching transient for Mg optical switching device during hydrogenation with 

VG = 5 V (a) and dehydrogenation with VG = -2 V(b). The inset in b is the plot zoomed-in near 

the beginning of VG application. 

The result suggests that the interfacial reaction at the top electrode and the diffusion of hydrogen 

through the GdOx layer is not limiting the speed of the switching.  Instead, the 

hydrogenation/dehydrogenation of Mg and Y are likely to be the rate limiting step for Type 2 

devices. As a result, we expect that the switching speed of Type 2 can be optimized by 
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modifications such as adding a buffer layer between the metallic layer and the Pd capping layer48, 

using a nanostructured metallic layer to increase the surface area for hydrogenation50, and using 

hydrogen switchable materials with faster absorption/desorption kinetics such as Mg-Ni alloy34 to 

achieve faster switching.  

Finally, we comment on device cyclability. As shown in Figure 5.8b, the devices of Type 1 can be 

cycled reversibly over many cycles without significant change in device performance.  In 

performing the measurements shown, the devices were cycled for several hundred cycles without 

degradation.  In some devices, failure occurs through a sudden increase in leakage current, 

consistent with dielectric breakdown of the GdOx. We find that failures occur more frequently with 

larger-area devices, which is consistent with this failure mode.  This observation suggests that the 

cyclability of the devices can potentially be optimized by improving oxide uniformity to reduce 

pinhole formation, or by using an electronic blocking layer in the device to minimize the electronic 

current.  We note that voltage gated magnetic devices using a GdOx gate layer have recently been 

shown to be reliable for several thousand switching cycles7.   

 

5.6 Additional Implementations of Color 

Switching Devices 

In this section, several additional implementations of color switching devices will be discussed, 

and the preliminary results will be shown. We focused on voltage control of plasmonic response 

based on the reversible refractive index change of GdOx, and voltage control of the color of devices 

with nanohole array as the top electrodes. 
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The plasmonic color switching devices shown in Section 5.3 are based on hydrogen-switching of 

a metallic layer in the heterostructures. It is also possible to achieve plasmonic color change simply 

by hydrogenating the GdOx layer, which is significantly faster. Figure 5.7 (left) shows that the 

effective refractive index change of GdOx makes a significant contribution to the color change of 

the plasmonic devices, corresponding to color shifts by an equivalent of ~20 nm in diameter of the 

nanodisks. This suggests that fast plasmonic color switching can be achieved by just changing the 

effective refractive index of GdOx via voltage gating without the rate limitation from hydrogen 

loading/unloading of a metallic layer. 

We fabricated Al nanodisk arrays with diameters ranging from 80-160 nm and periodicity ranging 

from 160-240nm on a glass substrate coated with ITO. The height of the Al nanodisks are 20 nm. 

The gating device was completed by growing 65 nm of GdOx and circular Au top electrodes with 

thickness of 3 nm. The optical image of the device is shown in Figure 5.11. Bright and vibrant 

colors were observed from the nanodisk arrays with different nanodisk diameters and periodicity. 

However, a gate voltage was not able to switch the colors, which we attribute to the extremely low 

hydrogen diffusivity and proton conductivity of Al2O3 formed when Al nanoparticles were 

exposed to air following GdOx deposition. The result shows that it is possible to achieve different 

colors with the same layer stack by just varying the geometry. The result also indicates that a dense 

oxide layer should be avoided in order to allow electric contact between the electrolyte and the 

nanodisks. 
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Figure 5.11. Reflected colors from Al nanodisk arrays with varying periodicities and 

diameters showing bright colors. 

We then fabricated similar structures with Au nanodisks instead of Al. Figure 5.12 (top) shows the 

reflected image as fabricated (left) and after a gating sequence was applied. The colors of the 

nanodisk arrays were not as vibrant as the one made of Al, but with a gate voltage applied to the 

top electrodes, reversible color change was observed from the devices. 

+  
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Figure 5.12. Reflected images of voltage controlled plasmonic color devices with Au nanodisk 

arrays (top) and Al(20 nm)/Au(4 nm) nanodisk arrays (bottom) as fabricated, after VG = 5 V 

was applied and after -5 V was applied subsequently. 

An alternative approach to prevent the formation of a dense oxide layer is to cap the Al with a thin 

layer of inert material. Similar switchable plasmonic color device was also fabricated with 20 nm 

of Al capped with 4 nm of Au. As shown in Figure 5.12 (bottom), by applying voltage to the top 

electrode, reversible color change was also observed. 

 

Figure 5.13. Reflected images of voltage controlled plasmonic color device with a 1nm thick 

Co layer as fabricated, after VG = 5 V was applied and after -5 V was applied subsequently. 

The gated region was smooth after gate voltage application. 

We also notice that non-homogenous features appear in the region without plasmonic nanodisks 

in the devices after gating in Figure 5.12. We attribute the inhomogeneous feature to hydrogen gas 

bubble formation with gate voltage application due to poor adhesion of GdOx  to ITO in these 

devices. The inhomogeneous features can be effectively removed by depositing a thin layer of 

material such as Co as shown in Figure 5.13. 
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In addition to controlling the optical properties of the dielectric medium surrounding plasmonic 

nano structures, we show that effective voltage-controlled color change can be achieved with 

devices with nanohole array top electrodes. Figure 5.14a shows the device structure, a 20 nm thick 

Au top electrode layer was put on top of Ta/Pt/GdOx layers. Figure 5.14b shows the secondary 

electron SEM images of the device after fabrication. The color of the device after fabrication was 

yellow as shown in Figure 5.14c. By applying VG = +7 V to the top electrode, the color of the 

device changed first to red and then to blue. Figure 5.14c also shows the optical image of the device 

after two complete cycles showing the reversibility of the color change.  

 

Figure 5.14. Color pixel that shows color changes through yellow, red and blue. a, Schematic 

illustration of the device structure. b, SEM image of the device. Scale bar, 200 nm. c, optical 

images of the pixel as fabricated and after a series of voltage applications. 

We further demonstrate a dynamic color picture of a leaf using the same device structure with high 

resolution features by using electron beam lithography. Figure 5.15 (a) shows the design layout of 

the device. Electron beam lithography was used to define a leaf pattern with two regions. The two 
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regions were separated by gaps with the smallest width of <400 nm. Figure 5.15 (c) shows the 

optical images of the devices as fabricated and after positive VG pulses of different lengths were 

applied to the two top electrodes. The background region changed to blue and the leaf region 

changed to red. The small feature size and the fact that there was no leakage between the two 

regions indicate the localization of voltage-controlled color with this approach.  

 

Figure 5.15. High resolution demonstration. a, Lithography layout of the dynamic color images 

of a leaf. b, Zoomed in to the main region. c, Optical images of the image as fabricated (left), after 

voltage application to Top Electrode 1 (middle), and then after voltage application to Top 

Electrode 2 (right), showing that different parts of the image can be addressed individually, with 

gaps smaller than 400 nm and undetectable leakage current between the two electrodes. The scale 

bars are 10 μm. 
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5.7 Discussion 

We demonstrated all-solid-state thin film devices with electrochemically switchable optical 

properties through hydrogen loading/unloading using a simple gate oxide. Reflectance, 

transmittance and plasmonic response gating over a wide range can be achieved by reversibly 

pumping hydrogen into and out of the system, based on electrocatalysis at the electrode/air 

interface. The active oxide can be made as thin as 10 nm so that the optical modulation can be 

highly localized, and high switching speeds can be achieved. The versatile system has great 

potential to be applied in plasmonic devices and active metamaterials to achieve control of optical 

properties at the nanoscale.  

Two types of switching mechanisms are studied: Type 1 devices modulate optical responses with 

hydrogen loading into the electrolyte layer, while Type 2 devices include a hydrogen-switched 

layer as the bottom electrode. As discussed above, the speed of Type 1 devices are as fast as around 

tens of milliseconds, so these devices are potentially applicable for devices that require fast optical 

property change such as displays. The speed can potentially be further improved by replacing 

GdOx with materials with higher proton conductivity and improved tolerance to large VG. 

Simulations also suggest that the inclusion of plasmonic structures in adjacent to the electrolyte 

materials may provide improved switching contrast. For Type 2 devices, we show that the speed 

is limited only by the hydrogenation/dehydrogenation process of the hydrogen switchable 

materials, not by the hydrogen pumping mechanism. We expect that the speed can potentially be 

optimized by modifications such as adding a buffer layer between the metallic layer and the Pd 

capping layer, using a nanostructured metallic layer to increase the surface area for hydrogenation, 

and using hydrogen switchable materials with faster absorption/desorption kinetics such as Mg-Ni 

alloy to achieve faster switching. The comparison of speed of hydrogenation for Mg and Mg-Ni 
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alloy is shown in Figure 4.5a. In addition to metallic hydrogen storage materials, we expect 

electrochromic oxide such as WO3 to be promising candidates for achieving faster optical 

switching and/or additional degree of freedom in terms of optical design. For both types of devices, 

we have used GdOx as a proton conducting layer, other proton conducting oxides such as 

Y:BaZrO3
112,113 may provide even faster performance, leading to ultrafast switching for displays 

and optical modulation applications.   

In addition, the ultra-thin solid-state stack structure of the devices allows the use of flexible 

substrates and realization of ultrathin pixels whose lateral dimensions can hence be scaled to deep 

sub-wavelength for high-resolution optical and holographic display applications. 
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Chapter 6  
Voltage Control of Ferrimagnetic 

Order and Voltage-Assisted 

Writing of Ferrimagnetic Spin 

Textures by Solid-State Hydrogen 

Gating 
 

Controlling the magnetic state of a material by electrical means is a key to spin-based data storage 

and more efficient data manipulation114,115. One key technological challenge is to achieve 180o 

magnetic switching efficiently by electrical means. The present methods are mainly based on local 

magnetic fields or spin torques116,117. It is desirable to switch magnetization with a voltage, which 

has the potential to minimize energy consumption118,119, however it is inherently difficult because 

electrical fields do not induce time-reversal symmetry breaking, as is required for 180o magnetic 

switching. Many methods for voltage-controlled magnetization switching are being explored 

including manipulating magnetization with piezoelectric material and using multiferroic 

materials118,120–124. These methods require either high voltages to induce enough strain or difficult 

growth and device fabrication procedures.   

Ferrimagnets are ideal candidates for achieving 180o switching owing to a multi-sublattice 

configuration with magnetic moments of different magnitudes opposing each other. If the relative 

magnitude of magnetic moment of the sublattices can be controlled, the sign of the net 

magnetization can be inverted. Moreover, ferrimagnets have technological advantage over 
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ferromagnets as they allow for fast spin dynamics60,63,125, small spin textures60, and ultrafast optical 

switching58. However, the usual means of controlling compensation behavior in ferrimagnets, such 

as varying the composition at fabrication126, changing the temperature127, annealing128,129, and 

hydrogen gas exposure130,131 do not allow for localized electrical actuation. 

Here we show that the dominant sublattice of a rare-earth transition-metal alloy (RE-TM) 

ferrimagnet (GdCo) can be controlled reversibly by a gate voltage using a solid-state hydrogen 

pump7. The control originates from hydrogen injection into GdCo sourced from ambient moisture 

through hydrolysis. Using a small gate voltage, the compensation temperature (TM) can be shifted 

by >100 K. Ab initio calculations suggest that this effect is due to a larger decrease of the Gd 

sublattice moment than the Co sublattice moment with hydrogen loading, resulting from a drastic 

decrease of the inter-sublattice exchange coupling between Co and Gd sublattices. Applying this 

approach, the sign of the polar-magneto-optical contrast and the polarity of the anomalous Hall 

effect in out-of-plane magnetized thin film ferrimagnets can be switched by gate voltage 

application, reflecting a change in the dominant sublattice. Dominant sublattice switching can be 

toggled at room temperature using pulses as short as 50 μs, and devices show no degradation after 

cycling in excess of 104 cycles. With a constant field, the Néel vector of the film can be switched 

180 degrees just by applying a gate voltage. In addition, the exchange bias field in GdCo/NiO 

exchange-coupled stacks can be reversibly inverted. Moreover, the approach allows for localized 

electrical control as we further demonstrate through reverse domain generation and skyrmion 

bubble generation in racetrack-like devices114,115. The approach provides a new type of magnetic 

bit writing, a new platform for voltage control of magnetism and may also find applications in 

magneto-optical modulators132. 
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6.1 Experiment Methods 

Sample preparation: Samples with three types of layer structures were fabricate. Samples for 

MOKE measurement have a layer structure of Ta(3 nm)/Pd(6 nm)/Gd45Co55(6nm)/Pd(10 

nm)/GdOx(30 nm)/Au(3 nm). Samples for electrical measurements, demonstrating reverse domain 

generation and structural characterizations have a layer structure of Ta(3 nm)/Pt(3 nm)/Gd45Co55(6 

nm)/Pd(6 nm)/Al2O3(20 nm)/GdOx(30 nm)/Au(3 nm).  Samples for demonstrating switchable 

exchange bias have a layer structure of Ta(3 nm)/Pd(10 nm)/NiO(30 nm)/Pd(0.6 nm)/Gd45Co55(10 

nm)/Pd(10 nm)/GdOx(30 nm)/Au(3 nm). All samples were grown using magnetron sputtering at 

nominal room temperature. The Ta, Pt, Pd, GdCo and Au layers were grown using d.c. sputtering. 

Au was grown under 3.5 mTorr Ar and the rest was grown under 3 mTorr Ar sputtering gas. The 

NiO layer was grown reactively under 3 mTorr Ar with PO2 of 0.05 mTorr. The Al2O3 layer was 

grown reactively under 3 mTorr Ar with PO2 of 0.1 mTorr. The GdOx layer was deposited using 

radio-frequency sputtering with 3 mTorr Ar and PO2 of 0.7 mTorr. The exchange biased samples 

were grown with an out-of-plane bias field of 2.8 kOe. The thickness of the Pd layer between NiO 

and GdCo was optimized to minimize the reduction of NiO and the oxidation of GdCo while 

maintaining the exchange bias133.  

Shadow masking was used to pattern top Au electrodes for the MOKE measurements. The Au(3 

nm) top electrodes are of size around 200 x 200 μm. The domain wall tracks and Hall crosses were 

patterned using photolithography and ion milling. The Al2O3 hydrogen blocking layer, GdOx 

electrolyte layer and Au top electrode layer for gated Hall cross and gated racetracks were 

patterned using photolithography and lift-off. The device layouts are shown in Figure 6.1. 
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Figure 6.1. Device layout of reversed domain (left) and skyrmion bubble generators (right).  

The fabricated Hall crosses had channel dimension of 6 x 6 μm.  The domain wall tracks are 

200 μm long and 20 μm wide. The skyrmion tracks are 200 μm long and 100 μm wide with an 

80 μm wide region of length 50 μm in the center. The Al2O3 hydrogen blocking layer was 

incorporated into the skyrmion racetrack only. The blocking layer was patterned with a 20 m 

diameter circular hole, located at the center of the gate electrode. 

Polar laser and wide field MOKE measurements: MOKE measurement was performed using a 

1 mW laser with wavelength of 660 nm focused to a spot size of about 10 m. Measurements were 

performed in polar geometry which is sensitive to the out-of-plane magnetization. A CuBe probe 

was used to make electrical contact to the top electrodes and the bottom metal layers were 

contacted to at the sample edge and were grounded. The laser spot was positioned near the center 

of the electrodes for hysteresis loop measurements. The focused laser MOKE was integrated into 

a custom wide-field MOKE microscope.  The MOKE differential images for shadow mask devices 

were obtained by subtracting the MOKE images after saturating the film along z+ direction by the 

images after saturating the film along z-. The MOKE differential images of the reversed domain 

generators were obtained by subtracting the MOKE images after current injection by the MOKE 

images before current injection.  
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Hall effect measurements: Anomalous Hall effect (AHE) measurements were performed using a 

lock-in amplifier with an alternating-current injected current of amplitude 0.3 mA and at frequency 

10 kHz. The field was swept perpendicular to the plane with cycling time 0.1 s. 

Cycling of dominant sublattice at room temperature: VG = +2.3 V (-0.5 V) was applied to 

switch the device to Co (Gd) dominant state at room temperature. The AHE hysteresis loop was 

constantly acquired every 0.1 s. After each crossing of compensation, the polarity of VG was 

switched once a loop with HC < 800 Oe was acquired and met the criteria of (|Mr/Ms| > 0.8) for at 

least three consecutive loops, where Mr is the remnant and Ms is the saturation magnetization. 

Current pulse injection for racetrack experiments: To displace the reversed ferrimagnetic 

domain along the racetrack of the reversed domain generator, current pulses with width of 10 μs 

were injected using contact pads patterned at either end of the track.  The current density in Pt 

layer was 1.1×1011 A m−2. To displace the bubble skyrmion, current pulses with width 200 μs were 

injected along the track, and the current density in the Pt layer was 0.8×1011 A m-2. A small 

constant out-of-plane field (-10 Oe) was applied after the nucleation of the reversed bubble 

skyrmion to stabilize its size so that it could remain visible in wide MOKE microscopy. 

Computational methods: First-principles spin polarized calculations were performed by means 

of the density functional theory and projector augmented wave method as implemented in the 

Vienna ab initio simulation package (VASP)134. The exchange-correlation potential was treated 

using the generalized gradient approximation with the Perdew, Burke, and Ernzerhof functional 

corrected for solids135, including the valence states 5s25p65d16s24f7 for Gd and 3d74s2 for Co. The 

GGA+U method136 was applied to f-orbitals of Gd and d-orbitals of Co atoms with Ueff = 7 eV and 

3 eV, correspondingly. A 7.31 x 7.31 x 7.31 Å3 supercell of GdCo2 (C15 Laves phases) containing 

8 Gd and 16 Co atoms was used. k-point mesh of 8x8x8 and energy cut-off of 400 eV are applied. 
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Our calculations showed that hydrogen solubility is higher at 1Gd3Co tetrahedral pores and these 

interstitials were used to simulate hydride formation.   

Magnetic coupling constants were calculated using the Heisenberg model of the exchange for 

nearest neighbors, described by the following Hamiltonian:  

 
𝐻 = −

1

2
∑ 𝐽ij ∙ 𝑺𝐢

i,j

∙ 𝑺𝐣 (6.1) 

To compute the temperature-dependent equilibrium magnetizations for the GdCo2Hx we employ 

Landau-Lifshitz-Gilbert equation as implemented in VAMPIRE atomistic code137. A supercell of 

5.78 x 5.78 x 5.78 nm3 containing 12288 Co and Gd atoms was used.  The effect of hydrogen 

absorption is introduced by modifying the set of exchange correlation constants in accordance with 

the results of ab initio calculations. System trajectories with 107 time steps (after 104 equilibration 

steps) and an integration time step of 10−15 s are simulated for various hydrogen concentration 

under constant T = 300 K. From these trajectories the zero-field equilibrium magnetizations of the 

sublattices of the ferrimagnet as well net magnetization were extracted.  

 

6.2 Dominant Sublattice Switching and 

Compensation Temperature Gating 

Experiments focus on perpendicularly-magnetized GdxCo100-x (GdCo), an amorphous ferrimagnet 

with antiparallel Gd and Co sublattices.  The dominant sublattice depends on the alloy composition 

and temperature (T), since the Gd sublattice magnetization (MGd) varies more strongly with T than 

does the Co sublattice magnetization (MCo). We examined voltage-controlled hydrogen gating in 

Ta/Pd or Pt/Gd45Co55(6 nm)/Pd/GdOx/Au films grown on thermally oxidized Si as described in 

Section 6.1.  
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Figure 6.2. Gating of dominant sublattice and compensation temperature (TM) of GdCo. a, 

Cross-sectional high resolution transmission electron micrograph (left) and energy dispersive X-

ray (EDS) chemical profile of a CoGd heterostructure. b, Schematic illustration of the device 

structure in the virgin state (top) and after a positive gate voltage is applied (bottom). The Pd 

protection layer on top of GdCo is omitted. c-e, Laser MOKE hysteresis loop of the device in 

virgin state (c), after applying VG = +2.5 V for 180 s (d),  and after subsequently applying  VG = -

0.5 V for 30 s. Insets: wide-field differential MOKE contrast images of the gate electrode area. f, 

Coercivity Hc versus temperature in the virgin state (blue) and after applying positive gate 
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The cross-sectional transmission electron micrograph in Figure 6.2a confirms the amorphous 

nature of the GdCo layer. We prepared Ta(4 nm)/Pd(6 nm)/GdxCo100-x(6 nm)/Pd(10 nm) films 

with x = 39.3, 41.6, 43.8, 45.7, and 46.7. The Hc and polarity of MOKE hysteresis loops are shown 

in Figure 6.3. The coercivity diverges and the loop polarity inverts at x  44, which corresponds 

to the compensation composition at room temperature. We estimate the composition of the samples 

in the main text to be Gd45Co55 based on measured Hc and the MOKE loop polarity and is Gd-

dominated at room temperature 

 

Figure 6.3. a, Hc and MOKE loop polarity versus Gd atomic percent of GdCo. b, MOKE 

hysteresis loops at x = 43.8 and x = 45.7. 
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The GdOx/Au top gate serves to catalyze water dissociation and proton injection, sourced from 

ambient humidity under positive gate bias as reported previously7.  The upper Pd layer was used 

to protect the GdCo from oxidation while allowing hydrogen to diffuse through138.  

To examine the effect of gate voltage on the magnetic properties, the top Au layer was patterned 

as an array of ~200 μm x 200 μm isolated electrodes on an otherwise continuous film, with the 

bottom metal layers serving as a back electrode, allowing for localized gating (Figure 6.2b). Out-

of-plane hysteresis loops were measured via the polar magneto-optical Kerr effect (MOKE) using 

a focused probe laser spot positioned at the interior of the gate electrode. It has recently been 

shown7,8,139 that in metal(anode)/GdOx/Au stacks, a positive gate voltage VG ≳ 1.2 V dissociates 

water molecules at the Au/GdOx interface and injects protons toward the bottom electrode, where 

they recombine with electrons to form neutral H. Negative VG drives the process in reverse, 

allowing for solid-state hydrogen loading/unloading by VG. Figures 6.2c-e show hysteresis loops 

from the GdCo layer in the virgin state (Figure 6.2c), after applying VG = +2.5 V for 180 s (Figure 

6.2d) and after subsequently applying VG = -0.5 V for 30 s (Figure 6.2e).  The data reveal a 

reversible voltage-gated inversion of the MOKE polarity which, as seen in wide field differential 

MOKE contrast images (insets in Figures 6.2c-e), is localized to the gate region. Because the 

MOKE contrast arises primarily from the Co sublattice62, this inversion suggests that MCo switches 

from being antiparallel to parallel with respect to Ms under positive VG, that is, the dominant 

sublattice switches from Gd to Co (Figure 6.2b) upon hydrogen loading. 

voltage (red), showing > 100 °C decrease of the magnetic compensation temperature TM by 

hydrogen gating. 

As discussed in ref7, in metal(anode)/GdOx/Au stacks, by applying a positive gate voltage VG ≳ 

1.2 V to the top Au and grounding the bottom metal layer, water from the ambient is split at the 
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top electrode forming oxygen and protons. The protons are driven by electric field towards the 

bottom electrodes where they recombine with electrons and get loaded into the bottom electrode. 

The mechanism was supported by X-ray absorption spectroscopy measurements7. Figure 6.4 

shows the processes involved when a positive VG is applied for the device structures in this chapter.  

 

Figure 6.4. Schematic illustration of water splitting and hydrogen pumping by applying 

positive VG. 

The electrode reactions involved during hydrogen loading are: 

 
Anode(Au): 2H2O → 4H+ + O2 + 4𝑒− 

 

(6.2) 

 

 
Cathode(Pd): Pd + xH+ + x𝑒− → PdHx 

 

(6.3) 

 

 
Cathode(GdCo): GdxCo100−x + yH+ + y𝑒− → GdxCo100−xHy 

 

(6.4) 

 

   

To support the processes described above, we experimentally show the critical role of water vapor 

in voltage induced hydrogen loading. Experiments were carried out to study the effect of different 

gas environments. Five devices with the same device structure fabricated in the same batch were 

used in the study. The polar MOKE loops of the devices in the virgin state were measured. Then 

VG = +3 V was applied to one device for 180 s in ambient, and the same VG was applied to another 

device for 180s in vacuum (<10-3 Torr). The other three devices were first placed in a vacuum 
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chamber. After the vacuum level reached 10-3 Torr, dry nitrogen, dry oxygen, and wet nitrogen 

were introduced to the chamber for each device respectively. After the pressure level reached 

20 Torr, VG = +3 V was applied to each device for 180 s, and then the devices were left open 

circuit. MOKE hysteresis loops of these devices were taken again after the voltage applications. 

The results are shown in Figure 6.5. Inversion of hysteresis loop polarity was only observed in gas 

environment with water vapor and the hysteresis loops of the rest of the devices did not show 

observable changes. The critical role of water vapor in the gating process supports the water 

splitting and hydrogen injection mechanism7.  This remarkable change in TM, by >100 K, indicates 

that hydrogen gating can enable facile solid-state control of ferrimagnetic order and 180o switching 

of the net magnetization by tuning the relative magnitude of MCo and MGd using a small gate 

voltage.  
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Figure 6.5. MOKE hysteresis loops before and after applying VG = +3 V for 180 s under 

different gas environments 
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Figure 6.2f shows the coercivity, Hc, versus T before and after gating with VG = +2.5 V.  The 

divergence of Hc corresponds to the magnetization compensation temperature TM, at which 

|MCo|=|MGd| and hence Ms=0.  In the virgin state, TM  330 K, consistent with a Gd-dominated net 

magnetization at room temperature.  After gating, TM decreases to 220 K, such that the room-

temperature magnetization is Co-dominated, which explains the MOKE polarity inversion in 

Figure 6.2d.   

We note that the sign flip of MOKE hysteresis loop alone may not fully support that the dominant 

sublattice of GdCo was switched at room temperature, because the sign flip of the loop may come 

from the sign flip of Co sublattice moments, or from the change of the optical properties of the 

thin film stack such that the MOKE contrast flips. To study the origin of the sign flip, we carried 

out differential wide field MOKE measurements to show that we indeed switched the Co sublattice 

moment direction with respect to the total magnetization. The measurement sequence is shown in 

Figure 6.6. We cycle the gate voltage between +2.5V and -2.5V with 60s dwell time on each 

polarity. A few seconds before the gate voltage sign flipping, a +Hz pulse was applied to align the 

total magnetization to positive z direction, and wide field MOKE contrast before and after the field 

pulse was recorded and shown as insets of Figure 6.6.  
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Figure 6.6. Differential wide-field MOKE images and experimental procedures to verify the 

origin of MOKE polarity flipping. 

Because we observe MOKE contrast every time after the field pulse, the Co sublattice moment 

was flipped during the field pulse. The opposite sign of the MOKE contrast at positive and negative 

VG corresponds to the two flipping events during a full positive and negative VG cycle. We also 

rule out the effect of reflection intensity change by measuring the MOKE contrast when no field 

was applied, which was negligible because the optical change was plateaued after 60s at each 

direction. The results support that the origin of the sign flip of MOKE hysteresis loop is due to the 

toggling of the dominant sublattice. Such measurement protocol was extended below in the section 

on reversed domain generation. 
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6.3 Ab initio Modeling of Hydrogen-Enabled 

Switching of Ferrimagnetic Order 

To provide mechanistic insight into the observed Tm gating by hydrogenation, we employed 

density functional theory (DFT) calculations using a crystalline GdCo2 supercell as a model system 

(Figure 6.7a). Ab initio calculations reveal that the zero-temperature Gd magnetic moment is 

insensitive to hydrogenation due to the highly localized nature of the f-electrons, and the Co 

magnetic moment varies only slightly upon hydrogen loading, remaining in the range of 1.3-1.5 

μB under all studied loading conditions. Since these changes are insufficient to explain switching 

of the dominant sublattice, we examined the effect of incorporated H on inter- and intra-lattice 

exchange interactions, which may affect the T-dependence of MCo and MGd. Using a Heisenberg 

model, we find that the intersublattice exchange coupling constant JGd-Co decreases drastically 

upon hydride formation, whereas the Co-Co exchange constant JCo-Co shows a more modest 

decrease (Figure 6.7b). Since Gd-Gd exchange coupling is weak, JGd-Co is dominantly responsible 

for stabilizing MGd at finite temperature, and hence we attribute the experimentally-observed 

hydrogen-gated reduction of MGd relative to MCo to a weakening of antiferromagnetic exchange 

coupling. 

To confirm the effects of weakened antiferromagnetic exchange, we performed Monte-Carlo spin 

dynamics simulations as discussed in Section 6.1 to estimate MGd and MCo at finite temperature as 

a function of the degree of hydrogen loading (Figure 6.7c). In accordance with prior work140,141, 

GdCo2 is Gd-dominated at room temperature, with a net magnetic moment of 2.8 μB/f.u.  Hydrogen 

incorporation leads to a significant reduction of MGd at room temperature, while MCo decreases 

less strongly.  Although GdCo2H remains Gd-dominated, for GdCo2H2, the relative change in MGd 

and MCo   is found to be sufficient to switch the dominant sublattice at room temperature, as seen 
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in Figure 6.7c.  These results point to hydrogen-gated modulation of JGd-Co as the origin of the 

experimentally-observed shift in TM. 

 

Figure 6.7. Ab initio calculations of the impact of hydrogen intercalation. a, Crystal structure 

of GdCo2Hx (C15 Laves phase) used as a model system. b, Evolution of exchange coupling 

constants upon GdCo2Hx hydrogenation obtained using DFT calculations. c, Sublattice and net 

magnetizations of GdCo2Hx at T= 300 K from spin dynamics modeling 

 

6.4 Reversibility of Sublattice Gating and 180o 

Néel Vector Switching 

We next examine the reversibility of sublattice switching and demonstrate 180o switching of the 

Néel vector, detected electrically in a standard Hall cross geometry (Figure 6.8a).  Out-of-plane 

hysteresis loops were probed via the anomalous Hall effect (AHE) resistance (RAHE) while VG was 

applied to the gate electrode. Similarly to MOKE contrast, RAHE arises primarily from Co71,142, and 

hence VG toggling of the dominant sublattice should manifest as an inversion of the AHE hysteresis 

loop.  Figure 6.8b shows a time sequence of hysteresis loops acquired as VG = +3 V was applied 

for 5 s starting in the Gd-dominated state, followed by VG = -1.5 V for another 5 s. Positive bias 

causes Hc to first increase abruptly, as the GdCo is driven through compensation, and then to 
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decrease after the AHE loop inverts.  Negative bias brings the system back through compensation 

to the Gd-dominated state.  Since the transition is continuous, the degree of compensation can be 

precisely tuned by controlling the gate voltage and dwell time, providing analog accessibility to 

intermediate states with a wide range of Hc in both polarities.  
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Figure 6.8. Electrical measurement of reversible toggling of the dominant sublattice with 

gate voltage. a, Schematic illustration of the device structure. The Pd protection layer on top of 

GdCo is omitted. b, Time sequence of the coercivity Hc of hysteresis loops acquired as VG = +3.0 

V was applied for 5 s starting in the Gd-dominated state, followed by VG = -1.5 V for another 5 s. 

c, AHE hysteresis loops measured before (left) and after (right) a VG pulse (+16 V, 50 μs) was 

applied. The VG pulse waveform is shown in the middle. d, AHE hysteresis loop polarity versus 

cycle number, showing >10,000 reversible cycles. AHE hysteresis loops of device in Gd 
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dominated state (blue) and Co dominated state (red) at the 1st and 10,000th cycle are shown 

(bottom). No irreversible changes of the hysteresis loop are observed. 

Figure 6.8d shows the AHE loop polarity as a function of cycle number as the device was cycled 

>10,000 times between Gd and Co-dominated states. Here, the voltage dwell time during each 

cycle was adjusted to set the device into states with equal Hc on either side of compensation. The 

AHE hysteresis loops measured at Cycles 1 and Cycle 10,000 are shown in Figure 6.8d. We find 

that although the time required for hydrogen loading/unloading increases with increased cycling 

as shown in Figure 6.9, the magnetic property switching is remarkably reversible, with no evidence 

of device wear out or irreversible magnetic property changes after an unprecedented degree of 

cycling. 

 

Figure 6.9. Cycle time as a function of cycle number when the device was cycled using 

VG = +2.3 V and -0.5 V. 
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Figures 6.10a,b shows that in the presence of a static bias field, 180o Néel vector switching can be 

achieved through gate voltage control. For this Hall cross device, RAHE is ~-0.1 Ω in the Gd-

dominated state and ~0.1 Ω in the Co dominant state (Figure. 6.10a). For the switching experiment, 

a fixed +1000 Oe out-of-plane field was applied, while VG was alternated between +2.8 V and -

1.5 V. Figure 6.10b shows RAHE and VG versus time, where RAHE alternates between -0.1 Ω and 

+0.1 Ω, showing 180o switching of the Néel vector of the ferrimagnetic order. Although an external 

field was used for convenience, a pinned stray field layer143 could be readily integrated to permit 

field-free 180o switching by VG alone.  
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Figure 6.10. 180o switching of the Néel vector and the exchange bias field by gate voltage. a, 

AHE hysteresis loops taken at Gd dominant state (left) and Co dominant state (right), controlled 

by applying VG = -1.5 V and +2.8 V, respectively. b, RAHE and VG as a function of time showing 

reversible switching of the sublattice magnetizations. c, MOKE hysteresis loops of exchange 

biased GdCo as fabricated (left), after applying VG = +2 V (middle), and subsequently application 

of VG < 0 (right). 
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We have also grown a stack in which the GdCo layer is exchange-biased by an antiferromagnetic 

NiO layer as described in Section 6.1, in which we demonstrate voltage-gated toggling of the 

exchange bias field.  In Figure 6.10c, the sample was grown with an out-of-plane bias field to 

achieve a negative out-of-plane exchange bias field of 330 Oe, in the Gd-dominated state.  

Applying a positive gate voltage of +2V for 3 mins switches the dominant sublattice, as evidenced 

by the vertical inversion of the loop, which is accompanied by an inversion of hysteresis loop shift 

direction along the field axis.  This toggling of the exchange bias field can be attributed to a change 

in the direction of the net magnetization with respect to the pinned spins at the interface, and it is 

reversible under application of VG < 0. 

 

6.5 Fast Hydrogenation with Voltage Pulses 

Fast toggling of dominant sublattice at room temperature can be achieved with larger VG voltage 

application. The speed of the hydrogen loading is determined by water splitting reaction at the top 

electrode, proton migration through the GdOx layer, and hydrogen incorporation into the bottom 

layer. All these procedures are expected to be faster at larger positive VG. Figure 6.11. shows the 

Hc as a function of time as we apply +7 V 5 ms VG pulses. When the pulse was off, a -0.5 V VG 

was applied to reverse the hydrogen loading. Figure 6.11 shows that the dominant sublattice can 

be toggled by just one pulse.  
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Figure 6.11. Hc and VG as a function of time showing that a single 5 ms +7 V VG pulse can 

switch the dominant sublattice at room temperature. 

Figure 6.12 plots Hz, VG, and the AHE signal as a function of time in vicinity of the VG pulse. It 

shows that the AHE signal switching was delayed <10 ms after the pulse. The delay could be 

attributed to the hydrogen diffusion rate from Pd layer into GdCo layer, or be attributed to the 

domain wall propagation time. Further study on the effect of Hz and VG on the delay time should 

reveal the cause of the delay.  
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Figure 6.12. Hz, VG and AHE signal as a function of time in the vicinity of the VG pulse 

showing a delay of Co moment switching after the VG pulse.  

Nonetheless, by further increasing the amplitude of the VG pulse, we show that the time required 

to toggle the dominant sublattice at room temperature can be substantially shorted. We examined 

a device started in the Gd-dominated state, and a 50 μs long pulse with VG = +16 V VG was applied, 

after which the hysteresis loop inverted. This is the fastest magneto-ionic switching reported to 
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date, and it is expected that even faster switching should be accessible with higher VG and a thinner 

GdOx layer so that the electric field becomes higher. 

 

6.6 Reversed Domain and Skyrmion Generation 

in Racetrack Devices 

The localized nature of the hydrogen gating effect also enables applications such as reversed 

domain and skyrmion generators in racetrack-like devices, as we demonstrate in Fig. 6.13. The 

reversed domain generator is based on a Ta(3 nm)/Pt(3 nm)/GdCo(6 nm)/Pd(6 nm)/GdOx(30 nm) 

film patterned into a domain wall track with a rectangular Au(3nm) gate electrode, as shown in 

Figure 6.13a. The asymmetric heavy metal layers beneath and above GdCo give rise to a 

Dzyaloshinskii–Moriya interaction (DMI) and current-induced spin-orbit torque (SOT)60,144, 

stabilizing Néel domain walls that are readily displaced by current. To generate a reversed domain 

in the gate region (Figure 6.13a), the film was first initialized with a positive out-of-plane field 

pulse, and then VG = +2.5 V was applied for 30 s to switch the gated region from Gd-dominated to 

Co-dominated.  A positive out-of-plane field pulse was then used to locally switch the Néel vector 

under the gate, after which VG = -1 V was applied for 10 s to return the gated region to a Gd 

dominated state.  

Figure 6.13b shows a sequence of differential MOKE contrast images as the resulting reversed 

ferrimagnetic domain was displaced along the track by longitudinal current pulses. Both up–down 

and down–up domain walls move along the current flow direction, consistent with SOT-driven 

left-handed Néel domain walls145. The result demonstrates that voltage gating in conjunction with 

a global out of plane field can be used to write a reversed domain in a defined region, which can 
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be subsequently shifted by current along a racetrack. The out-of-plane field can potentially be 

replaced with a localized pinned stray field layer to remove the need for an external field. 

 

Figure 6.13. Reversed domain generator based on GdCo voltage gating. a, Schematic 

illustration of device structure and operation of the reversed domain generator. The Pd protection 

layer on top of GdCo is omitted. b, Sequence of wide field MOKE contrast images showing the 

movement of the generated reversed domain. c, Sequence of wide field MOKE contrast images 

showing the movement of the generated bubble skyrmion. 

 

To further demonstrate the versatility of this approach, we also fabricated skyrmion generators 

with a similar structure to the reversed domain generator, with the addition of a Al2O3 hydrogen 

blocking layer146 between the GdOx and Pd layers as described in Section 6.1. The Al2O3 layer 

was patterned with a circular hole beneath the rectangular gate, so as to limit the region in which 

hydrogen loading occurs. Following the same procedure as for the reversed domain generators, a 
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circular reversed domain in the middle of a racetrack was nucleated and shifted by current, as 

shown in Figure 6.13c. The direction of motion indicates that the domain is a left-handed Néel 

bubble skyrmion, which can be shifted bidirectionally by reversing the current polarity. Figure 

6.14 shows the MOKE contrast images of the skyrmion generator after the initiation sequence 

described in the main text, after each of a series of current pulses injected laterally while holding 

a small out-of-plane stabilizing field. The current pulses were injected from right to left, which is 

reversed comparing to the current injected in Fig 6.13 in the main text, and the skyrmion bubble 

also moved towards the reversed direction as expected. 

 

Figure 6.14. Sequence of wide field MOKE contrast images showing the movement of the 

generated skyrmion bubbles with lateral current pulses injected from right to left. 
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6.7 Voltage Control of Magnetic Anisotropy of 

Bulk PMA Films 

In addition to the control of the relative size of the magnetic sublattice moment, gate voltage 

induced hydrogen loading/unloading also enables the control of magnetic anisotropy of the GdCo 

film. We measured the AHE hysteresis loop with either an out-of-plane field or an in-plane field 

of the devices before and after VG application and the results are shown in Figure 6.15.  
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Figure 6.15. AHE hysteresis loops measured with out-of-plane field and in-plane field as 

fabricated, when the gate voltage was held at different levels, and when a negative gate 

voltage was applied to reverse the hydrogen loading. The Hc and HK values are labeled inside 

the hysteresis loops. 
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As fabricated, the GdCo layer shows PMA characterized by a square hysteresis loop with 

Hc ≈ 67 Oe. The polarity of the AHE hysteresis loop indicate that the device was Co dominant at 

room temperature. We extract the coercive field (Hk) of the GdCo by fitting the top and bottom of 

the hysteresis loop to Stoner W model. As fabricate, Hk was around 4.2 kOe. Then, VG = 2.7 V was 

applied. After 3 min, the hysteresis loops were measured while the VG was holding at 2.7 V. As 

shown in the figure, Hc becomes 35 Oe, and Hk ≈ 1.4 kOe showing a great reduction of the Hk. 

Then a +3.5V VG was applied for 3mins, and the hysteresis loop measurements was carried out 

again. The AHE hysteresis loop shows that the PMA was turned off. Finally, VG = -2 V was 

applied, and the film regained PMA, and Hc and Hk recovered partially. The results indicate that 

the anisotropy of ferrimagnets can be reversibly controlled by a gate voltage in such structure. 

Previous works on voltage controlled magnetic anisotropy usually focus on controlling interfacial 

PMA. It is desirable for data storage applications to use magnetic layers with bulk PMA so that 

the bit size can be shrink down without losing the date retention as the anisotropy energy of bulk 

PMA film scales with the thickness. The work paves ways to magnetic data storage with improved 

power efficiency and high scalability. 

 

6.8 Conclusions 

We have shown that the dominant sublattice of a ferrimagnet can be switched reversibly by a 

gate voltage in an all solid-state structure. The switching originates from hydrogen injection into 

GdCo sourced from H2O hydrolysis in ambient, reducing MGd more than MCo and therefore 

reducing TM. We show that TM of GdCo can be shifted by > 100 °C, and at room temperature the 

MOKE contrast and AHE loop polarity can be switched reversibly. The switching showed 

remarkable cyclability of > 10,000 cycles, and allows for analog accessibility to intermediate 

states, making it of utility for realizing a spintronic synapse147. The approach also allows for 180o 

switching of the Néel vector with a fixed bias field, which could be readily replaced by a local 

stray field source for device integration. Because the switching is restricted to only the gate 
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region, it also allows for reversed domain and skyrmion generation on racetrack-like devices, 

revealing potential applications of the approach in solid-state magnetic data storage and logic. 

We expect that the approach is not restricted to GdCo, but should be applicable to the larger 

family of RE-TM magnets. A wide range of properties and phenomenon can be gated such as 

spin dynamics and spin texture characteristics. Finally, the switching of MOKE contrast in a 

localized region may also enable a new type of magneto-optical switching, with potential 

application of an energy efficient and high pixel density magneto-optical spatial light modulator.
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Chapter 7 Summary and Outlook 
 

7.1 Summary 

In summary, we have significantly extended the scope of voltage gated material properties using 

solid-state ionic motion and electrochemical reactions. We demonstrate that a simple structure of 

a solid-state electrolyte on top of a metallic layer followed by a thin layer of top electrode enables 

control of a wide range of material properties including electrical and optical properties and 

enables the control of ferrimagnetic order. The findings also extend the scope of controlling 

interfacial properties to also include control of bulk material properties. 

For the voltage control of electrical properties, we focused on controlling the resistivity of a thin 

film conductive channel by demonstrating a three-terminal resistive switch based on a metal-redox 

switch. The device operates by oxidizing a metallic material and reducing the corresponding oxide 

back to metal with all solid-state operation. Resistance change can be observed at room 

temperature. By reducing the thickness of the wire layer, a switching ratio of ~103 was obtained. 

The reversible non-volatile redox reaction between metal and metal oxide provides a means of 

post-fabrication control of solid-state material composition and properties. Potential material 

choices and device designs are discussed for achieving better switching performance. This type of 

three-terminal switch may find applications in neuromorphic computing and multilevel data 

storage, as well as applications that require a large resistivity change and those involving 

controlling a relatively large current. 
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For voltage control of optical properties, we demonstrated all-solid-state thin film devices with 

electrochemically switchable optical properties through hydrogen loading/unloading using a 

simple gate oxide. Reflectance, transmittance and plasmonic response gating over a wide range 

can be achieved by reversibly pumping hydrogen into and out of the system, based on 

electrocatalysis at the electrode/air interface. The active oxide can be made as thin as 10 nm so 

that the optical modulation can be highly localized, and high switching speeds can be achieved. 

The versatile approach has potential applications in optical modulators and displays. In addition, 

the ultra-thin solid-state stack allows the use of flexible substrates and realization of ultrathin 

pixels whose lateral dimensions can hence be scaled to deep sub-wavelength for high-resolution 

optical and holographic display applications. 

For voltage control of ferrimagnetic order, we demonstrate that the dominant sublattice of a 

ferrimagnet can be switched reversibly by a gate voltage in an all solid-state structure. The 

switching originates from hydrogen injection into GdCo sourced from H2O hydrolysis in ambient, 

reducing MGd more than MCo and therefore reducing TM. We show that TM of GdCo can be shifted 

by > 100 °C. The switching showed remarkable cyclability of > 10,000 cycles with fast switching 

with 50 µs pulses, and allows for analog accessibility to intermediate states. The approach also 

allows for 180o switching of the Néel vector with a fixed bias field, allows for reversed domain 

and skyrmion generation on racetrack-like devices, revealing potential applications of the 

approach in solid-state magnetic data storage and logic. We expect that the approach is not 

restricted to GdCo, but should be applicable to the larger family of RE-TM magnets. A wide range 

of properties and phenomenon can be gated such as spin dynamics and spin texture characteristics. 

Finally, the switching of MOKE contrast in a localized region may also enable a new type of 
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magneto-optical switching, with potential application of an energy efficient and high pixel density 

magneto-optical spatial light modulator. 

7.2 Outlook 

In this section, we briefly mention possible future research topics as the outlook of the thesis. 

Additional study is necessary to better understand the underlying mechanisms as well as to better 

engineer devices for better performance. In addition, there are other properties that can potentially 

be controlled using the same approach.  

 

7.2.1 High Resolution Optical Modulator with Applications of Ultra-High 

Pixel Density Displays or Holographic Displays 

The unique advantage of the method to control material properties studied in this thesis is the 

localization of the property change. Because the devices consist of thin films with thickness down 

to ~10 nm that are compatible with semiconductor manufacturing processes, the approach is 

expected to allow for localized control with high spatial resolution. We expect that the capability 

to control the optical properties reversibly at subwavelength scale can enable unique applications 

such as high pixel density displays, counterfeit printing, reconfigurable metasurfaces, and dynamic 

holographic displays with wide viewing angle.  
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Figure 7.1. Passive addressing of an array of voltage-controlled devices. 

Because the devices have a threshold behavior defined by the water splitting potential and the 

switching speed depends non-linearly on the gate voltage, it also has the potential to use passive 

addressing to control an array of devices to form a matrix. Figure 7.1 illustrates the layout of a 

passively addressed array of voltage-controlled devices. 

 

7.2.2 Using SiO2 and Spin-Coated Hydrogen Silsesquioxane (HSQ) as the 

Solid Electrolyte for Proton Conduction 

SiO2 is one of the most common material used and is highly abundant. Preliminary results show 

that it is possible to use SiO2 as the solid-state electrolyte layer to conduct protons. Optimizing and 

exploiting the use of SiO2 may enable devices that are easily fabricated with low cost. It is also 

worth exploring the use of spin coated HSQ as a way to make large area device at low cost. 
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7.2.3 Controlled Properties as Quantitative Probes for Nanoionics 

The device structures used in the thesis for controlling electric, optical properties and ferrimagnetic 

order offer analog readout of the amount of hydrogen loading of the device. For the lateral resistive 

switching devices, the resistance is an analog reading of the oxidation of the conductive channel, 

for voltage control of ferrimagnetic order, the coercive field is a quantity that can be used as a 

quantitative measurement of the total magnetic moment, which relates to the hydrogen loading, 

and the reflectivity for voltage controlled optical devices also changes in an analog way that relates 

to the hydrogen loading and profile of the device. We expect that the controlled properties can be 

quantitively characterized relatively easily, therefore offering a way to quantitatively study solid-

state ionic motion and electrochemical reactions. Further study is needed to correlate the property 

change and the amount of composition change as well as the ion concentration profile. 

 

7.2.4 Voltage Control of Spin–Orbit Torque (SOT) Switching Threshold 

for Alternative Implementation of Reversed Domain Generators 

Chapter 6 reveals that the bulk PMA can be controlled by applying a gate voltage. The control of 

the magnetic anisotropy energy may lead to different current threshold for SOT switching. Further 

study is needed to characterize the magnetic anisotropy energy and the effective spin Hall angle 

as a function of hydrogen load. Measurement of the critical switching current at a fixed applied 

field at different gating state can be carried out. If a reversible change of the critical switching 

current can be achieved, devices with localized reversed domain generator can be realized and a 

new scheme of magnetic bit writing can be achieved. 
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7.2.5 Voltage Control of More Material Properties 

Using solid-state ionic motion and electrochemical reactions, one can control the composition of 

thin film material layers. Since a wide variety of properties are sensitive to such hydrogen loading 

or oxidation, the voltage control of materials properties should enable much greater functionalities 

than can be covered in this thesis. In addition to the electrical, optical and magnetic properties 

discussed in the thesis, there are also a wide range of other materials properties that depend on 

materials composition, such as thermal conductivity, modulus, strain, and chemical/catalytic 

activity. For example, the change from Mg to MgH2 when loaded with hydrogen is accompanied 

by a 40% volume expansion. Such a large lattice parameter change may enable a voltage-

controlled strain device that functions at room temperature as shown in Figure 7.2.   

 

Figure 7.2. Gate voltage controlled hydrogen loading/unloading device fabricated on a chip 

with a 200 nm thick 0.5 mm x 0.5 mm square Si3N4 window showing reversible deformation 

with gate voltage application. 

Due to the broadness of material properties that can be modulated with a change in composition, 

we expect exciting developments of voltage-controlled material properties with solid-state ionics 

in the near future.  
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