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Abstract 

 

Transport Studies of Transition-Metal-Oxide Antiferromagnets from a 

Perspective of Applications in Memory Technology 

 

Shida Shen, Ph.D. 

The University of Texas at Austin, 2019 

 

Supervisor:  Maxim Tsoi 

 

Antiferromagnetic spintronics offers a promise of more robust, stray-field-free and 

ultra-high-speed applications, e.g. in memory technology. Transition metal oxides (TMOs) 

represent a big and natural pool of antiferromagnetic materials.  This thesis presents a 

series of transport studies with TMO antiferromagnets, i.e., Sr2IrO4, Ca2RuO4, and 

La2NiO4. We are focused on both TMO single crystals and heterostructures. For instance, 

we examined magnetoresistance and microwave response of a Pt/Sr2IrO4 double-layer 

structure in order to explore the spin Hall effect (SHE) enabled by the heavy-metal Pt 

overlayer. We have shown that the SHE-mediated spin injection from Pt into Sr2IrO4 can 

affect the magnetoresistance of Sr2IrO4. In a series of experiments with Ca2RuO4 we 

demonstrated that single crystals of this TMO, when doped with Cr, exhibit a non-

destructive reversible resistive switching at room temperature. An applied electrical bias 

was shown to reduce the dc resistance of Ca2RuO4 crystals by as much as 75%; the original 

resistance of the sample could be restored by applying an electrical bias of opposite 

polarity. Our results of transport measurements in 2-, 3-, and 4-probe geometries suggest 

that the resistive switching is mostly an interfacial effect. Temperature-dependent 
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resistivity measurements on Ca2RuO4 show that the activation energy of this material can 

be tuned by an applied dc electrical bias. A similar non-destructive, bipolar and room-

temperature resistive switching is also observed in La2NiO4 single crystals. It is also 

identified by 2-, 3- and 4-porbe measurements that the switching in La2NiO4 happens 

essentially at the sample/contact probe interfaces. The wide range of observed resistance 

values from 10 to 80 kΩ confirmed the tunneling nature of the La2NiO4 contacts. We 

tentatively associate the resistive switching in our TMOs with electric-field induced 

distortions of TMO lattice and have made an attempt to probe such distortions directly in 

experiments with a capacitive displacement meter. The resistive switching in Ca2RuO4 and 

La2NiO4 may be useful for non-volatile memory devices in the future. Finally, we have 

performed a comparative study between recycled and virgin NdFeB magnets. The recycled 

magnets demonstrate an enhancement of resistivity compared to the virgin ones, but share 

a similar surface morphology, magnetic structure, and magnetotransport properties. 
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I N T R O D U C T I O N  

 

 

Transition Metal Oxides (TMOs) constitute an interesting class of condensed 

matter systems. Many intriguing phenomena can happen in TMOs, ranging from metal-

insulator transition to high-temperature superconductivity and more [1, 2]. The complex 

electronic and magnetic properties of TMOs offer a fruitful source for finding new physics, 

since they ignite innovations in theories as well as advancements in experimental 

techniques. On the other hand, due to their complexity and versatility, TMOs provide great 

possibilities for future information processing and storage devices. For example, metal-

insulator transition in TMOs may play a role in resistive-switching-based non-volatile 

memories. Recently, antiferromagnetic (AFM) spintronics [3, 4] emerged and attracted a 

considerable research attention, as AFM spintronics may add robustness and other 

advantages to spintronic applications as well as enable a higher computational speed. Many 

TMOs are antiferromagnets and AFM TMOs have shown their potential in spintronic 

applications. 

Transport studies on TMOs offer experimental evidences that are fundamental to 

the understanding of physics behind the phenomena in TMOs and give guidance to the 

design of future applications based on these materials. This dissertation presents a series of 

transport studies on TMOs and its structure is based on a number of distinguished TMO 

materials. For instance, Chapter 1 presents study of transport and magnetic properties of 

Sr2IrO4 and is focused on the effects of spin injection into TMOs via the spin Hall effect in 

an adjacent Pt layer. Chapter 2 presents a study of single crystals of Cr doped Ca2RuO4 and 

demonstrates that its transport properties can be tuned by an applied electrical bias and 
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includes a resistive switching phenomenon at room temperature. Chapter 3 presents a study 

of tunneling-type contacts on La2NiO4, which reveal a reversible resistive switching with 

potential applications in memory technology.  

Besides TMOs, Chapter 4 presents a comparative study of virgin and recycled 

NdFeB magnets. Transport properties of these materials were investigated on both 

macroscopic and microscopic scales. Such NdFeB alloys are widely used nowadays and 

the recycled materials have gained significant importance from both economic and 

environmental points of view.  

Before moving forward, in what follows I will also introduce background 

information about two areas of emerging technologies: resistive memory technology and 

antiferromagnetic spintronics. 
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Fig. 1.1. Illustrations of different non-volatile memories: (a) STT-RAM (b) Resistive 

RAM (c) Ferroelectric RAM based on ferroelectric effects (d) NAND-flash RAM (e) 

Phase-change RAM, one type of Resistive RAM, often listed as a type alone 
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Memories are key components in modern computer architecture. Most of the 

memories used nowadays are volatile, which means data is eventually lost after power is 

turned off, whether they are static random-access-memory (SRAM) used in CPU cache or 

dynamic random-access-memory (DRAM) used as main memory. In comparison, non-

volatile memories retain data after power is off. Non-volatile memories usually operate 

based on physical states rather than transistors and capacitors, e.g. they use different 

physical states to record information and switch between these states to write information. 

Different mechanisms have been proposed and experimented for non-volatile memories, 

as shown in Fig. 1.1. Here we focus on resistive RAM [1, 5], where resistive switching in 

TMOs may play a role and magnetic RAM, which is an example of spintronics 

applications. Most advanced magnetic RAM, STT-RAM, has already been commercially 

available. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2. Illustrations of different mechanisms for resistive RAM. 
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In resistive RAM (re-RAM), information is encoded into high and low resistance 

states. For example, high resistance state can be used as ‘1’ and low state as ‘0’. Under a 

strong bias, the memory cell switches from high state to low state or low to high. A small 

bias or current is used to read out the resistance state. These are the ‘writing’ and ‘reading’ 

operations of re-RAM. The idea sounds simple but is difficult in implementation. To build 

such resistive-switching units, people have come up with different mechanisms [1, 5]. 

Three major types of re-RAM mechanisms are (i) phase-change-material type (ii) 

filamentary-path type (iii) transition-metal-oxides type, as illustrated in Fig. 1.2. In phase-

change re-RAM, chalcogenide material switches between ordered, low-resistance 

crystalline state and disordered, high-resistance amorphous state. In filamentary-path type 

re-RAM, resistive switching units are based on electrolyte glass where the movement of 

metal ions form and destroy conductive paths, resulting in low and high resistance states 

respectively. TMO-type re-RAM is more complicated and calls for more theoretical 

studies. The movements of oxygen vacancies may explain the switching between high and 

low resistance states; but it is also true that metal-insulator transition (MIT) is widely seen 

in TMOs and MIT can be triggered by different physical processes. Mott transition in 

TMOs, or structural changes may induce MIT which results in resistive switching, as would 

be discussed in Chapter 2 and Chapter 3. 
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Fig. 1.3. Illustrations of magnetic tunnel junction and STT-RAM unit. 

 

 

Magnetic RAMs (MRAMs) make use of magnetic states and are based on magnetic 

tunneling junctions (MTJs). MTJs are sandwich structures with three layers: one free layer 

which has magnetic moments switchable by external magnetic fields or spin torques, one 

barrier layer which acts as a tunneling barrier and one fixed layer with magnetic moments 

pinned in one direction. It turns out, quantum-mechanically, electrons in free layer would 

be more likely to tunnel through barrier if free layer’s magnetic moments are aligned 

parallel to fixed layer, resulting in a low resistance state; conversely, if magnetically the 

free layer is aligned anti-parallel to the fixed layer, electrons would be less likely to tunnel 
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through barrier, resulting in a high resistance state. STT-RAM is the state-of-art MRAM 

(STT short for spin-transfer-torque). It utilizes spin-polarized currents instead of external 

magnetic fields to flip the free layer. In STT-RAM, spin-polarized currents are generated 

by passing currents through a thick ferromagnetic layer and they exert torques on the free 

layer to realize magnetic-moments-flipping.  

MRAM demonstrates the feasibility and potential of spintronics based on 

ferromagnetic materials. The arise of antiferromagnetic spintronics comes with its great 

comparative advantages. Antiferromagnetic systems have magnetic moments alternating 

at neighboring sites. Sometimes these moments are also canted. This kind of arrangement 

results in a net moment almost or close to zero and it is difficult to influence internal 

moments with outside fields. Antiferromagnetic systems become ‘invisible’ to outside 

fields and the internal magnetic fields are also limited inside the systems. So 

antiferromagnetic spintronics devices are more robust to outside perturbations and are 

stray-field-free, i.e. there are no cross-talk between devices. Most importantly, 

antiferromagnetic systems have resonant frequencies in THz, much higher than 

ferromagnetic resonant frequencies in GHz. Antiferromagnetic spintronics applications 

may be capable of ultra-fast computation in the future.  

Antiferromagnetic spintronics also aim at new information technologies beyond 

information storage. As an exciting picture, if in the future information flow is carried by 

spin flows in antiferromagnetic devices, e.g. via magnons or skirmions, there comes the 

need to detect spin flows or effective fields generated by them. Anisotropic 

magnetoresistance (AMR) of AFM materials is ideal for this task. For example, previous 

study has applied nano-scale point contacts and revealed AMR in perovskite Sr2IrO4 at 

liquid nitrogen temperature [6].  
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As semiconductors, AFM TMOs also have electronic properties that may be 

integrated to silicon-based circuits and connect spintronics with electronics. In Sr2IrO4 and 

its sister iridate Sr3Ir2O7, studies have found electronic transport tunable by electric fields 

[7, 8]. Resistive switching was also found in Sr3Ir2O7. This resistive switching was shown 

to be suppressed by microwave signals, which offer insights for future studies in high-

frequency dynamics of AFM devices.  

The series of TMOs studied in Chapter 1 (Sr2IrO4), Chapter 2 (Ca2RuO4) and 

Chapter 3 (La2NiO4) are antiferromagnets with different transport and magnetic properties. 

Hopefully the work presented in this dissertation would enrich our knowledge about these 

materials and provide references for future AFM spintronics studies. 
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C H A P T E R  1  

S P I N  H A L L  E F F E C T  A N D  M A G N E T O R E S I S T A N C E  

O F  P T / S r 2 I r O 4  D O U B L E  L A Y E R  

H E T E R O S T R U C T U R E  

 

 

 

This chapter presents a transport study of Pt/Sr2IrO4 double-layer heterostructure. 

We examined the effects of spin injection on the anisotropic magnetoresistance of Sr2IrO4 

and its response to microwaves in a search for ferromagnetic/antiferromagnetic resonance. 

The spin injection was enabled by the spin Hall effect in the adjacent Pt layer. We have 

studied the magnetoresistance as a function of temperature, magnitude of the applied dc 

bias, microwave frequency and power. There was no evidence of ferromagnetic or 

antiferromagnetic resonance found in these experiments, however, the sample 

magnetoresistance was found to be different with and without the spin injection from Pt; a 

larger variation in resistance vs magnetic field was observed when the dc current was 

applied on the Pt side. At liquid nitrogen temperature, the sample exhibited a unipolar 

resistive switching. The critical current for the switching was found to vary as a function 

of the applied microwaves and/or low-frequency ac current. 
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1.1  INTRODUCTION 

1.1.1 Antiferromagnetic Iridate: Sr2IrO4 

5d transition metal oxide Sr2IrO4 has been extensively studied [1]. Sr2IrO4 lattice 

forms a canted antiferromagnet [2], with Néel temperature ~ 240K [3]. Due to a 

combination of strong spin-orbit coupling and on-site Coulomb repulsion, the 5d5 (t2g) band 

is split, resulting in a Mott-type insulator gap [4]. 

As illustrated in Fig. 2.1, the IrO6 octahedra rotate about c-axis by ~11 degree [5, 

6]. This rotation distorts Ir-O-Ir bond and gives rise to many novel electronic and magnetic 

properties in Sr2IrO4. Lattice distortions induced by high pressure [7], epitaxial strain [8] 

and magnetic fields [9] was found to change the effective energy gap at liquid nitrogen 

temperature. More recently, with nanoscale point contact spectroscopy, electrically tunable 

transport was found in Sr2IrO4 [10]. This tunable transport may be associated with a field-

driven displacement of oxygen anions in Ir-O-Ir bonds and the bias-dependent resistance 

can be fitted by a field effect model: 

𝑅(𝑋) = 𝐴 ∗ 𝑒
∆(𝐼)

2𝑘𝐵𝑇 ,    ∆(𝐼) = ∆0 − 𝐵 ∗ |𝐼|   

This tunable transport in Sr2IrO4 crystals may fit into a broader picture of pursuing 

more flexible electronic devices in the future, as conventional semiconductors have band 

structures fixed by crystal structure and chemical composition. 

Point-contact measurements have also found (in Sr2IrO4) a large magnetoresistance 

(MR) of ~28% under modest magnetic field of 250 mT at liquid nitrogen temperature [11]. 

Angular-dependent measurements revealed anisotropic MR with transition from 4-fold 

symmetry at low magnetic fields to 2-fold symmetry at high fields. It was proposed that 

such an anisotropic MR may be suitable for monitoring the magnetic state in future AFM 

spintronic devices. 
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Fig. 2.1 (a) Lattice model of Sr2IrO4. Ruddlesden–Popper iridates (layered perovskites) 

Srn+1IrnO3n+1 with n = 1. IrO6 octahedra are rotated ~11 degree.    
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Fig. 2.1 (b) Front view of Sr2IrO4 lattice 

 

 

 

 

 

 

 

 

Fig. 2.1 (c) Top-view (a-b plane) of Sr2IrO4 lattice.  
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1.1.2 Current-Driven Magnetization Switching and Excitation by Spin Hall Effect 

Spin Hall effect has been used to induce magnetic resonance [12] and realize 

magnetic switching [13] in solid state devices. A successful application of Spin Hall effect 

in nanoscale magnetic devices can be more energy-efficient than directly applying 

magnetic fields, and easier to scale than generating spin-polarized current by thick 

ferromagnetic layers, like in magnetic tunnel junctions (MTJs). These make spin Hall 

effect attractive for future spintronics applications.  

Spin Hall effect was introduced in 1999 [14]; previously people have already 

predicted such phenomenon but did not use the term [15]. In Hall effect, Lorentz force will 

deflect carriers and result in imbalanced charge accumulation across the direction of 

currents; while in spin Hall effect, it is the net spin rather than charge that gets imbalanced 

across the direction of currents. Spin Hall effect can occur through two mechanisms. First 

is through Mott scattering where electrons with different spins are scattered into opposite 

directions by impurities [14]. The scattering process involves spin-orbit coupling of 

electrons. Second spin Hall mechanism involves a spin-orbit-coupled band structure [18], 

where electrons trajectories depend on spins. This mechanism is called intrinsic spin Hall 

effect. Spin Hall angle, defined as spin current divided by normal current (Jspin / Je), 

measures the efficiency of converting normal current into spin current for heavy metals. 

Common heavy metals with large spin Hall angles include platinum [17] and β-tungsten 

[18]. 

Here our interest lies in potential ferro/antiferromagnetic excitations in iridate 

Sr2IrO4. In [19], both ferromagnetic and antiferromagnetic resonances signals are found by 

electron spin resonance spectroscopy. This chapter tries to investigate magnetic resonance 

in a transport perspective and tries to see if spin Hall effect can be used to generate 

ferromagnetic/antiferromagnetic resonance in antiferromagnetic Sr2IrO4. 
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Fig. 2.2 (a) Hall effect (b) spin Hall effect. In normal Hall effect, carriers sense Lorentz 

force and their trajectories get deflected, resulting in a charge imbalance across the 

direction of current. While in spin Hall effect, electrons with opposite spins are deflected 

in opposite directions, result in a spin imbalance across the direction of current with 

charge still being balanced. 

 

 

1.1.3 Experimental 

In our experiment, we used a single crystal of Sr2IrO4 synthesized via a self-flux 

technique [20]. Then a 15-nm-thick layer of platinum (Pt) was deposited on the top surface 

of Sr2IrO4 crystal by electron beam evaporation. The Pt/Sr2IrO4 double layer structure was 

put on top of a microwave connector, with the Pt layer bridging the gap between the inner 

and outer electrodes of the connector, as shown in Fig. 2.3 (b). The microwave-connector 

electrodes on Pt side of the double-layer sample are used to drive dc and microwave 

currents through the sample. Two extra (silver-epoxy) contacts were made on the other side 

(on Sr2IrO4 side) to drive dc currents into the Sr2IrO4 crystal directly. 

 

(a) (b) 
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Fig. 2.3 (a) Sample preparation: Pt layer was deposited on top of single crystal of Sr2IrO4, 

2 more conductive contacts (silver pastes) were built on the other side for driving current 

on Sr2IrO4 side. (b) Connection: double layer structure was put on top of microwave 

connector bridging the inner and outer side of connector. 

 

 

 

 

(b) (a) 

Contacts on Sr2IrO4 side 

Double layer structure 

Microwave connector Pt layer 
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1.2  STUDYING EFFECTS OF MICROWAVES 

The next two subsections present data and results from the transport study 

conducted on the Pt/Sr2IrO4 double-layer structure. This subsection investigates the 

influence of microwaves on the Pt/Sr2IrO4 double-layer structure. Here both dc and 

microwave currents are driven using only the contacts on the Pt side of the structure. The 

next subsection focuses on comparison between transport measurements on Pt and on 

Sr2IrO4 sides. In the next subsection, dc currents, microwaves and low frequency ac 

currents are driven through the structure using contacts on both sides. 

 

1.2.1 Magnetoresistance at Liquid Nitrogen Temperature 

Fig. 2.4 displays the sample resistance versus external magnetic field at liquid 

nitrogen temperature ~77K. Magnetoresistance (MR) in the Pt/Sr2IrO4 double-layer 

structure is similar to that observed in Sr2IrO4 single crystals [11], e.g. the shape of R vs. 

B curves are similar; however, the MR ratio (ΔR/R) in Pt/Sr2IrO4 is only about 0.5%, which 

is much smaller than ~28% MR in Sr2IrO4 crystals without Pt [11]. This may be because 

the Pt layer, which has a higher conductivity, short circuit a good portion of the applied 

current through Pt. Since Pt layer has no MR contribution, the MR ratio of the whole 

double-layer sample goes down. This phenomenon can also be used to estimate how much 

current is driven through Pt and Sr2IrO4 layers.   
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Fig. 2.4 (a) Magnetoresistance of Pt/Sr2IrO4 structure at liquid nitrogen temperature 

~77K. Dc current is driven on Pt side. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4 (b) Anisotropic magnetoresistance of Pt/Sr2IrO4 structure  

(a) 

(b) 
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The same resistance vs. magnetic fields measurements were repeated with fields 

applied in different directions. Fig. 2.4 (b) shows anisotropic magnetoresistance of the 

structure. Previous study has already shown there is anisotropic magnetoresistance in 

single crystals of Sr2IrO4 [11]. However, our results are slightly different in the case of the 

Pt/Sr2IrO4 double-layer structure; only 2-fold symmetry was observed. No strong evidence 

of 4-fold symmetry was found at low magnetic fields. This may come from the fact that 

the previous study [11] used nanoscale point contacts and was focused on local transport 

effects; if the 4-fold symmetry is a local effect, it may not be reproducible on the 

macroscopic scale in our bulk transport measurements. 

 

1.2.2 Magnetoresistance under Microwave Irradiation at Different Frequencies 

In Fig. 2.5, microwaves are applied to the Pt/Sr2IrO4 sample on top of a 10mA dc 

current. The sample is cooled down to liquid nitrogen temperature ~77K. Microwaves have 

a fixed power of 10 dBm (at the output of microwave source) and their frequencies was 

varied from 2-8 GHz. Figures 2.5(a) and 2.5(c) show that the magnetoresistance doesn’t 

change with microwave frequency; in panels (b) and (d), the signal from lock-in amplifier 

decreases with increasing frequency, but no sign of any resonance signal (e.g. 

ferromagnetic resonance) was found. The decrease of the lock-in signal with increasing 

frequency is because microwaves with different frequencies have a different efficiency of 

delivering power to the sample; in the case of our circuit configuration, lower frequencies 

are more efficient and deliver more microwave power into the sample. The fixed 

microwave power of 10 dBm at the output of microwave source doesn’t necessarily mean 

that the sample receives the same amount of microwave power. MR is calculated after 
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white noise and drift are removed. The measurements were also repeated at different B 

field directions (not shown).  

At first, the idea of this experiment was to use spin Hall effect enabled by Pt layer 

to exert a spin torque onto magnetic moments in Sr2IrO4. We were hoping to observe a 

resonance peak in the data from lock-in amplifier when magnetic field and microwaves are 

set to appropriate values. Antiferromagnetic resonance frequencies are generally beyond 

the upper limit of microwave frequencies available in our experiments. In [19], it has been 

shown that, in single crystals of Sr2IrO4, antiferromagnetic resonance modes are in the THz 

range. However, a weak ferromagnetism still exists in Sr2IrO4 and may result in a 

ferromagnetic resonance with frequencies in the GHz range. But after searching through 

all the available parameter space, our experiments didn’t find any evidence of resonances 

in the Pt/Sr2IrO4 double-layer structure. It is possible that the Pt layer cannot generate a 

strong enough spin torque for such an observation. 
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Fig. 2.5 (a) Resistance versus B fields with microwaves from 2GHz to 8GHz at fixed 

10dBm input power and 77K. The resistance curves are offset for display. Notice that 

MR doesn’t change with increasing microwave frequency. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5 (b) Readings from lock-in amplifier versus B fields with microwaves from 2GHz 

to 8GHz at fixed 10dBm input power and 77K. The curves are offset for display. Notice 

signals of MR become less obvious with increasing microwave frequency.  

(a) 

(b) 
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Fig. 2.5 (c) Normalized MR ratio with data subtracted from (a) versus microwave 

frequency at 77K. There is no obvious frequency dependence of MR, given fixed input 

power of 10 dBm. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5 (d) Readings (at low B fields) of lock-in amplifier versus microwave frequency 

with data subtracted from (b). The readings have a down trend because low frequency 

microwaves reach the sample more efficiently in the experiments. 

(c) 

(d) 
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1.2.3 Magnetoresistance under Microwave Irradiation at Different Power 

Fig. 2.6 shows a normalized MR and the lock-in signal for 2 GHz microwaves 

applied to the sample at different levels of power (from 0-18 dBm) at the source output. 

The measurements were done with the applied dc current of 10 mA and at temperature 77 

K. As indicated in Fig. 2.6(a), MR remains almost constant up to about 11 dBm and then 

decreases. In the data from lock-in amplifier [see Fig. 2.6(b)] the signal keeps going up 

with the microwave power. There are no resonance-like peaks in the lock-in signal at any 

power of the applied microwaves (not shown).  

At a fixed microwave frequency (2 GHz), a higher output power of microwaves 

increases the effective power received by the sample, so the lock-in signal keeps increasing. 

The decrease in MR at higher powers may come from the heating effect of microwaves. 

As will be discussed later in this chapter, MR is suppressed at high temperatures while the 

heating by microwaves and dc currents may become significant and increase the sample 

temperature. 
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Fig. 2.6 (a) Normalized magnetoresistance ratio versus microwaves power with 

frequency fixed at 2GHz at 77K.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.6 (b) Readings (at low B fields) of lock-in amplifier versus microwave power with 

frequency fixed at 2GHz at 77K. 

 

(a) 

(b) 
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1.2.4 Effects of Microwaves and DC Current on MR Anisotropy 

The anisotropic magnetoresistance is present in single crystals Sr2IrO4 [11]. Here 

we would like to see, with the Pt layer on top, if it is possible to change or affect this 

anisotropy with dc currents or microwaves.  

In Figs. 2.7(a-d), microwaves are applied at fixed frequency (2 GHz) and fixed 

power (10 dBm), but dc currents through the sample change from 10 mA to 20 mA. Similar 

experiments have been done at higher currents (up to 30mA) and stronger microwave 

power (up to 15 dBm) (data not shown). We define the hard and soft angles of MR as 

angles between magnetic field directions and current direction (along the sample in ab-

plane), where MR curve saturate at highest/lowest B values. The results show that hard and 

soft angles of MR are not changed by such combined variances in DC currents and 

microwave power. 
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Fig. 2.7 (a) Anisotropic magnetoresistance with dc current set to 10mA, microwaves at 

2GHz and 10 dBm 

 

 

 

 

 

 

 

 

 

 

Fig. 2.7 (b) lock-in amplifier reading in the same setting as (a) 

 

(a) 

(b) 
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Fig. 2.7 (c) Anisotropic magnetoresistance with dc current set to 20mA, microwaves at 

2GHz and 10 dBm. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.7 (d) lock-in amplifier reading in the setting as (c) 

(c) 

(d) 
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1.2.5 Magnetoresistance at Higher Temperatures 

Néel temperature of single crystal Sr2IrO4 is about 240K. Below 240K, single 

crystal Sr2IrO4 doesn’t shown magnetoresistance. Here we can heat the Pt/Sr2IrO4 sample 

to temperatures above liquid nitrogen temperature but below Néel temperature to see any 

temperature influence on magnetoresistance.  

Notice that (1) The deposited Pt layer may introduce extra impurities to the system 

and influence the Néel temperature (2) Resistance of Pt layer has different temperature 

dependence from Sr2IrO4: Pt tends to go down in resistance with lowering temperature 

while Sr2IrO4 resistance tends to go up. Combined effects will result in more and more 

current through Pt layer as temperature goes down, so MR of the double layer is smaller 

than single crystal at same temperatures.  

Data in Fig. 2.8 was taken at temperatures higher than 77K where the double layer 

is going to lose MR. As indicated in the figures, the resistance becomes more linear to B 

fields and signals in lock-in amplifier becomes more like random drift., compared to Fig. 

2.5 (b). 
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Fig. 2.8 (a) magnetoresistance when the sample is near transition temperature and about 

to lose magnetoresistance 

 

 

 

 

 

 

 

 

 

 

Fig. 2.8. (b) readings from lock-in amplifier at the same temperature 

  

(a) 

(b) 
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1.2.6 Suppression of Magnetoresistance by Joule Heating 

In Fig. 2.9, MR was measured with varying dc currents. It is shown that high dc 

current was observed to suppress magnetoresistance. In our set-up, significant Joule 

heating can bring the sample near or even above Néel temperature so this effect may simply 

come from Joule heating rather than being related to spin Hall effect. More detailed 

research is needed here to separate effects from Joule heating and possible spin Hall effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.9 Magnetoresistance of sample when different currents are sourced. 

 

In this case, the sample was not sitting in liquid nitrogen bath but in a vacuum 

insulated chamber with original temperature of 77K. In this chamber it is highly possible 

that Joule heating can increase the sample temperature significantly. 
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1.2.7 Cooling Down Options 

Fig. 2.10 shows anisotropic MR when sample was cooled down under different 

conditions. The idea was to apply B fields to tentatively pin magnetic moments in the 

sample when above Néel temperature, then cool down the system to see if magnetic 

moments are frozen differently. The cooling process has been experimented with 

combinations of (1) external B fields on, off and in different amplitudes (2) external B 

fields rotated to different angles regards to the sample (3) dc currents on, off and in different 

amplitudes. Fig. 1.10 shows part of the dataset. It turned out that such variance in cooling 

down conditions doesn’t change magnetoresistance anisotropy.   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.10 Anisotropic magnetoresistance of sample at 77K under different cooling down 

conditions: (i) sample is cooled with 10mA DC current through in ab-plane and 220mT 

field applied at hard angle (ii) cooled down with 220mT field applied at hard angle (iii) 

cooled down with -220mT field applied at hard angle (iv) cooled down with 220mT field 

applied at soft angle. Here soft and hard means angles in which the sample is 

easy/difficult to magnetize, as indicated by anisotropic MR measurement  
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1.4 COMPARISON BETWEEN TRANSPORT MEASUREMENTS ON DIFFERENT 

SIDES OF THE DOUBLE-LAYER STRUCTURE 

In this subsection, dc currents, microwaves and low frequency ac currents are 

driven through contacts on both Pt side and Sr2IrO4 side. 

 

1.4.1 Magnetoresistance of Pt/Sr2IrO4 with DC Current Applied to Different Sides 

of the Structure 

When dc currents are driven through Pt layer and Sr2IrO4 layer, magnetoresistance 

is not the same. Fig. 2.11 (a) and (b) show that in both cases MR ratio increases with DC 

current; on the Pt side, MR ratio increases relatively faster than Sr2IrO4 side, though MR 

ratio is also smaller on Pt side than Sr2IrO4 side. However, MR ratio is calculated as 

maximum resistance change under B fields divided by resistance at low or zero field. Since 

the resistance of Sr2IrO4 decreases with bias, as indicated in (e) and (f), a relatively stable 

ΔR can also lead to increase in MR ratio. Fig. 2.11 (c) shows that resistance changes are 

relatively at the same level with increasing currents on Sr2IrO4 side. While Fig. 2.11 (d) 

tells when DC currents are driven on Pt side, ΔR itself also increases. This is the most 

important result in this chapter because it (1) identifies certain current effect on Pt side 

which is not present on Sr2IrO4 side. (2) at the same time rules out Joule heating as 

increased current should tend to decrease magnetoresistance as already discussed.  

Notice that on both Pt and Sr2IrO4 side, data becomes noisier when current goes 

above certain level (around 22-25mA, not shown). This is because of the resistive 

switching in the sample as indicated in Fig. 2.11 (e) and (f). Similar resistive switching has 

been studied previously in sister iridate Sr3Ir2O7 [21]. When current goes beyond critical 

current, resistance is switched to higher state, and more noises are present in resistance 
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versus B fields curves. The unstableness of resistance at high state maybe come from 

internal lattice dynamics, as similar mechanism proposed for Sr3Ir2O7 [21]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.11 (a) MR ratio at 77K under currents driven on Sr2IrO4 side (b) MR ratio at 77K 

under currents driven on Pt side.    
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Fig. 2.11 (c) Maximum resistance changes under B fields and currents driven on Sr2IrO4 

side (d) Maximum resistance changes under B fields and currents driven on Pt side  

 

 

 



 35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.11 (e) Maximum resistance under currents driven on Sr2IrO4 side (f) Maximum 

resistance under currents driven on Pt side   
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More detailed MR ratio versus dc currents on Pt side is given in Fig. 2.12. It is 

shown that dc current effects on Pt side are symmetric regards to current direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.12 Detailed MR ratio statistics under current driven on Pt side 
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1.4.2 Effects of Microwaves and AC Current on Resistive Switching 

Fig. 2.13 (a) shows I-V characteristics of Pt/Sr2IrO4 sample at liquid nitrogen 

temperature of 77K. Dc current is driven on Pt side. The resistance switches to higher state 

when current goes beyond certain critical level; as current goes back below a second critical 

current, resistance switches back to low state. The two critical currents in up and down 

sweeps are different. This resistive switching is unipolar, which means it only requires bias 

of the same polarity; it is also symmetric and happens at both positive and negative current.  

Fig. 2.13 (b) shows that critical currents during up sweeps can be tuned and pushed 

towards lower current level by applying higher and higher microwaves power at fixed 

frequency (2GHz). Low frequency ac currents have similar effects (Fig. 2.15). The 

microwaves frequencies are below antiferromagnetic resonant frequencies of THz, though 

in the ferromagnetic resonant frequencies of GHz. Ac currents have frequencies too low to 

excite any resonance. However, both microwaves and ac currents have contributions that 

act like an added-on dc bias and this equivalent ‘added-on’ of dc bias may explain why 

microwaves and ac currents bring down critical switching current.  

Fig. 2.14 shows critical current Ic versus microwave power for 2GHz and 3GHz 

microwaves. The decrease of critical current with increasing microwaves power may be 

explained by that the ‘added-on’ dc bias by microwaves should increase with microwave 

power. 

Fig. 2.15 shows critical current Ic versus low-frequency AC bias. There is a linear 

dependence of Ic on V. 
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Fig. 2.13 (a) I-V characteristics of Pt/Sr2IrO4 sample at liquid nitrogen temperature 77K 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.13 (b) Microwave power affects critical currents during up sweeps at 77K. 
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(b) 
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Fig. 2.14 Critical switching currents versus input microwave power under microwaves of 

2GHz and 3GHz 

 

 

 

 

 



 40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.15 Critical switching currents under low frequency ac currents, x-axis is the 

amplitude of ac biases  
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1.4.3 Comparison of Effective Power Generated by Microwaves and AC Current 

and Their Effects on Critical Current 

When microwaves and ac currents are sent to the sample on top of dc current, an 

oscillating bias is added on top of dc bias. If there is only dc bias, a critical current or bias 

is needed for triggering switching; however, with the added oscillating bias, total effective 

bias can hit critical voltage with lower dc bias value. This picture can explain why 

microwaves and low frequency ac currents can bring down critical switching currents; but 

to confirm it, we need to quantify the ‘added-on’ bias brought by microwaves and ac 

currents. Microwave power is measured in dBm, which is power in logarithmic scale. The 

input power of microwaves is not the power essentially received by the sample; some of 

the input power is lost in the circuit. Ac currents are measured in volts, which describe the 

amplitudes of ac bias sent. Some of the ac bias is also distributed on other parts of the 

circuit with the sample receiving only a portion of it. To quantify the effects of microwaves 

and ac currents, the circuit needs to be re-used; sample responses to microwaves and ac 

currents, including signals in lock-in amplifier and sample resistance, can be used as 

indicators, so that we are able to bring microwaves (at different frequencies) and ac currents 

into a unified dimension which makes the comparison possible.   

If we only compare microwaves at different frequencies and want to know how 

much effective bias the sample receives, we can use the readings from lock-in amplifier. 

In general, the level of readings of lock-in amplifier describes the strength of microwaves 

received by the sample. To calibrate the strength, we sent a small dc current to the sample 

and applied microwaves at different frequencies and power (dBm) to record the level in 

lock-in amplifier. For example, 5 dBm at 3GHz may result in the same lock-in amplifier 

reading as higher dBm at 5GHz. With a detailed test, a table (not shown) of lock-in 

amplifier readings, frequencies and power can be generated; later when microwaves are 
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sent to the sample, the table can be referenced to know how much microwave power the 

sample actually receives. We can use this conversion technique to reproduce Fig. 2.14 in 

the dimension of lock-in amplifier reading, as shown in Fig. 2.16. In this dimension, the 

dependence of critical currents becomes more linear. It is expected that this conversion 

should bring the logarithmic scale of dBm into a linear scale.     

Fig. 2.17 gives critical currents versus input power for microwaves at 3-6GHz and 

Fig. 2.18 gives critical current versus effective power for these frequencies after the 

conversion is applied. In Fig. 2.16 and Fig. 2.18, curves of 3GHz and 4GHz overlap with 

each other but not with curves of higher frequencies. But curves of higher frequencies also 

look like straight lines in Fig. 2.18, though with different offsets. This variance in offsets 

may come from the inaccuracy in calibration. With curves of 3GHz and 4GHz, it is shown 

that switching currents are linearly dependent on the effective power received by the 

sample, regardless of microwave frequency. 

But when it comes to ac currents, we need a new measure, rather than lock-in 

amplifier lever, to calibrate the effects. Here we use sample resistance as such measure. A 

small dc current is sent to the sample for reading out dc resistance. Microwaves at different 

frequencies and power and ac currents with different amplitudes are sent on top of dc 

current respectively. I-V characteristics of the sample tells us that the added bias (which is 

oscillating) brings the sample resistance down. We can use the amount of decrease in dc 

resistance to quantify microwaves’ effects and ac currents’ effects to apply a new 

dimension, which can be called effective or equivalent dc bias.  

Fig. 2.19 puts ac current and microwaves together and displays their effects on 

critical current in the dimension of equivalent dc bias. As indicated in Fig. 2.19, for both 

ac current and microwaves at 2GHz and 3GHz, critical current is related to equivalent dc 

bias in a linear way, which in some degree supports the idea that the change in critical 
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currents is caused by the extra dc bias brought by microwaves and ac currents. Ac currents 

enable much more effective dc bias given the parameters allowed in the experiment than 

microwaves, so there is a large region in the data where microwaves are absent. This 

weakens the argument to some degree and encourages more related research in the future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.16 Critical switching currents under microwaves power at 3GHz and 4GHz in the 

dimension of lock-in amplifier reading  
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Fig. 2.17 Critical switching currents versus input power for microwaves 3GHz – 6GHz 
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Fig. 2.18 Critical currents versus equivalent power for microwaves 3GHz – 6GHz  
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Fig. 2.19 Critical switching currents versus equivalent power for low frequency ac 

currents (black square), microwaves at 3GHz (blue triangle), and microwaves at 4GHz 

(red dot).  
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1.5 DISCUSSION AND CONCLUSIONS 

The Pt/Sr2IrO4 structure studied in the experiments have ~0.5% magnetoresistance 

at liquid nitrogen temperature of 77K, which can be suppressed by Joule heating effect 

from dc current. The magnetoresistance is anisotropic and has 2-fold symmetry. The 

anisotropy of magnetoresistance is not affected by dc currents, microwave power or 

microwave frequencies.  

When currents are driven on Pt side, magnetoresistance of Sr2IrO4 increases 

compared to the case when currents are driven on Sr2IrO4 side. This observation may be 

related to the spin injection from Pt layer mediated by spin Hall effect in Pt. 
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C H A P T E R  2  

N O N - D E S T R U C T I V E  R E V E R S I B L E  R E S I S T I V E  

S W I T C H I N G  I N  C r  D O P E D  M O T T  I N S U L A T O R  

C a 2 R u O 4 :  I N T E R F A C E  V S  B U L K  E F F E C T S 1 

 

 

This chapter presents a study of the transport properties of Cr-doped Mott insulator 

Ca2RuO4. The study revealed a decrease in the resistance of Ca2RuO4 single crystals as a 

function of the applied dc bias followed by a non-destructive reversible resistive switching 

at higher biases. It was shown that an applied electrical bias can reduce the dc resistance 

of Ca2RuO4 by as much as 75%; the original resistance of the sample could be restored by 

applying an electrical bias of opposite polarity. The resistive switching was studied as a 

function of the dc bias strength, applied magnetic field, and temperature. A combination of 

2-, 3-, and 4-probe resistance measurements provided a means to distinguish between bulk 

and interfacial contributions to the switching and demonstrated that the switching is mostly 

an interfacial effect. The switching was tentatively attributed to electric-field driven lattice 

distortions which accompany the impurity-induced Mott transition. This field effect was 

confirmed by temperature-dependent resistivity measurements which show that the 

activation energy of this material can be tuned by an applied electrical bias. The observed 

resistive switching can potentially be used for building non-volatile memory devices like 

resistive random-access-memory. 

                                                 
1 Based on Non-destructive reversible resistive switching in Cr doped Mott insulator Ca2RuO4: Interface 

vs bulk effects, J. Appl. Phys. 122, 245108 (2017). As first author and the major contributor, Shida Shen 

conducted the experiments, collected and analyzed the data, and wrote the original draft.  
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2.1 INTRODUCTION 

Tuning materials’ properties by electrical means, e.g., by applying voltage, remains 

at the forefront of scientific and applied research because it can generate novel scientific 

phenomena and has an immense potential for future electronic devices. For instance, in 

conventional semiconductors like Si, the electronic band structure is fixed by the crystal 

structure and chemical composition and so defines the materials’ transport and optical 

properties, which ultimately determine the performance of semiconductor devices such as 

diodes, transistors, and lasers. With an electrical control over the band structure, it would 

be possible to create a new generation of electronic and optical devices with enhanced 

functionality and flexibility. Such an electrical control has been previously demonstrated 

in 2D systems such as electrically gated bilayer graphene [1–3] and bulk 3D systems such 

as Sr2IrO4 [4] and Sr3Ir2O7 [5]. Electrically driven metal-insulator transitions in transition-

metal oxides [6,7] are of particular interest for practical use in electronic devices like 

resistive random-access-memory (Re-RAM) [8–10]. Here, metallic (low-) and insulating 

(high-resistance) states are used to encode information, while its reading and writing 

involve resistance sensing and electrically stimulated change of the states. It is essential for 

a functional device that the switching between the high- and low-resistance states could be 

driven at room temperature by low bias voltages. Recently, such a switching has been 

demonstrated in the multiband Mott insulator Ca2RuO4 [11]. However, Ca2RuO4 single 

crystals were found to disintegrate in the process of metal-to-insulator transition [11], 

which makes them impractical for applications. Here, we report a study of electronic 

transport properties of Cr-doped (2.5%) Ca2RuO4 single crystals under high electrical 

biases. Our temperature-dependent resistivity measurements unambiguously demonstrate 

that the activation energy in this material depends on the applied dc electrical bias. This 

bias dependence allows one to drive continuous variations in the sample resistivity by more 
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than 75% followed by a reversible resistive switching at higher biases. The switching 

between high- and low-resistance states is reversible, i.e., biases of different polarity can 

be used to “write” the system into different states and is also non-destructive, i.e., a 

repetitive switching between the different states can be realized. Our results suggest that 

Cr doping of Ca2RuO4 can be an effective route toward finding a material with desired 

switching characteristics for Re-RAM devices based on Ca2RuO4. We also found that 

switching is not affected by applied magnetic fields, which makes it robust to magnetic 

perturbations, but depends on the strength of the applied bias, which may potentially be 

used in devices with multilevel switching capabilities. 
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2.2 SAMPLES AND EXPERIMENTAL SETUP 

Single crystals of Ca2RuO4 doped by Cr (2.5%) were grown by both the flux and 

the floating zone techniques [12]. The Cr-doped Ca2RuO4 crystallizes in the K2NiF4 

structure (Pbca space group) with an intergrowth of the perovskite layer and the rock salt 

layer [13] and becomes antiferromagnetically ordered below the Néel temperature TN ≈ 

110 K [14,15]; the crystal structure was determined by single-crystal x-ray diffraction. Two 

Ag-paste contacts (area ~ 0.1 mm2) were made on the opposite edges of a single-crystalline 

Ca2RuO4 flake with a thickness of about 0.2 mm and the c axis is normal to the flake’s 

surface (area ~ 0.5 mm2). The two Ag contacts were used to measure the sample resistance 

in a two-probe geometry; three- and four-probe measurements were performed (with two 

extra Ag contacts) to distinguish between bulk and interfacial contributions to the measured 

resistance. In magnetic fields (up to 250mT) applied parallel and perpendicular to the c 

axis and at temperatures from 150 to 300 K, we have characterized the dc transport 

properties of Cr-doped Ca2RuO4 by performing: (i) temperature-dependent resistivity 

measurements and (ii) current-voltage (I-V) characteristics. 
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2.3 RESULTS 

2.3.1 Bias-dependent Activation Energy 

Figure 3.1 (a) shows the temperature dependence of Ca2RuO4 2-probe resistance 

R(T) at a small bias (I = 0.1 mA). The inset to Fig. 3.1(a) shows the corresponding 

Arrhenius plot – ln(R) vs 1/T. From the plot’s slope, we extracted [Fig. 3.1(b)] the 

activation energy at low bias (Δ ≈  100 –  240meV for T = 150 –  240 K). By 

performing a similar analysis at different applied biases, we were able to reconstruct the 

bias dependence of the activation energy Δ at a fixed temperature. Figure 3.1(c) shows an 

example of such a reconstruction (Δ vs V) at T = 200 K. The activation energy in Ca2RuO4 

decreases with increasing bias similar to the behavior observed previously in Sr2IrO4 [4] 

and Sr3Ir2O7 [5]. In the case of iridates, the decrease of the gap has been attributed to the 

electric-field induced lattice distortions and their effect on electronic states and transport 

properties [4, 5]. Therefore, it is tempting to suggest that in experiments with Ca2RuO4, 

high local electric fields can also alter the equilibrium positions of oxygen ions with respect 

to ruthenium and stimulate distortions of the corner-shared RuO6 octahedra, thus provoking 

modifications of the localized states and electronic structure. Such an electric-field effect 

can be taken into account with the field-effect model successfully used to fit similar 

temperature-dependent data in iridates [4, 5]: 

 

𝑹 =  𝑹𝟎𝒆
𝚫

𝟐𝒌𝑩𝑻, 𝚫 =  𝚫𝟎 − 𝑨 ∗ |𝑰| 

 

where Δ0 is the activation energy at zero bias as extracted from Fig. 3.1(b), kB is Boltzmann 

constant, and R0 and A are fitting parameters. 
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Fig. 3.1 Characterization of the bias-dependent activation energy from temperature-

dependent resistivity measurements. 

(a) Experimental data of R vs T (open triangles) at low bias; black curve – exponential 

fit. Inset: Arrhenius plot shows the same data as ln(R) vs 1/T. 

(b) Temperature dependence of Δ as extracted from the slope of Arrhenius plot in (a); 

straight line is a guide for eye. 

(c) The bias dependence of Δ at T = 200 K extracted from the ln(R) vs 1/T dependencies 

like in (a) measured at different biases (not shown). 
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2.3.2 Non-destructive Resistive Switching at Room Temperature 

Figure 3.2 (a) shows the variation of Ca2RuO4 resistance R = V/I as a function of 

the applied bias voltage V at room temperature; the inset shows the corresponding I vs V 

characteristic. Arrows indicate the V-sweep directions: starting from zero bias (high-

resistance state; solid red circle), the sample resistance decreases from about 2 k down to 

~200 Ω as the positive bias increases up to 1.5 V. When the bias is then decreased back to 

zero, the sample remains in the low- resistance state (solid blue square). Only after the bias 

is reversed, increased to -1.5V, and then decreased to zero, the resistance goes back into 

the original high-resistance state (R ≈ 2 kΩ; solid red circle). The R(V) curve thus 

exhibits a large clock-wise hysteresis. Such a hysteresis is consistent with a first-order Mott 

transition [16,17] during a V sweep observed previously in undoped Ca2RuO4 [11]. We 

should note, however, that there is a significant difference between the switching effects 

observed in Ref. 11 and in Fig. 3.2(a). In Ref. 11, the switching between high- and low-

resistance states occurs at the same polarity of the applied voltage bias, i.e., the “flowing 

current” at a nonzero (e.g., positive) bias voltage plays a key role in maintaining the 

induced metallic state that disappears at zero bias. In contrast, opposite bias polarities are 

required to switch from high-to-low and low- to-high resistance states in Fig. 3.2(a); i.e., 

both high- and low- resistance states can be stabilized at zero bias without the “flowing 

current.” 

Three R vs V curves [Fig. 3.2(a)] measured in magnetic field (applied in the ab 

plane) of 0mT (open squares), 67.5 mT (triangles), and 135 mT (circles) illustrate the 

reproducibility of our measurements and the absence of any significant magnetic-field 

effects on the transition. The opening of the R(V) hysteresis depends on the maximum 

applied bias V. Four R vs V curves in Fig. 3.2(b) (open down-triangles, up- triangles, 

circles, and squares) show R(V) loops for four different values of the maxim positive bias 
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applied to the sample (0.8 V, 1 V, 1.2 V, and 1.5 V) while the maximum negative bias 

remains the same (-1.5V). The larger the applied bias, the larger the hysteresis and the 

corresponding change in resistance. Here, the low-resistance state has four different values 

(0.45, 0.8, 1.2, and 1.5 kΩ) as indicated by solid blue squares in Fig. 3.2(b). This finding 

may be potentially used for multilevel switching, e.g., in multistate Re- RAM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2. I-V characteristics of Ca2RuO4 at room temperature. 

(a) Resistance vs bias V. Inset: I(V) current vs voltage. The bias voltage changes from -

1.5V to +1.5V and back. Arrows indicate the V-sweep directions. Open squares, triangles 

and circles show three R(V) curves measured in magnetic fields of 0mT, 67.5mT, and 

135mT. Solid red (blue) circle (square) indicate the high- (low-) resistance states. 

(b) Open down-triangles, up-triangles, circles, and squares show four R(V) curves with 

four different values of the maxim positive bias (0.8 V, 1 V, 1.2 V, and 1.5 V) while the 

maximum negative bias remains the same (-1.5 V). 
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2.3.3 Reproducibility Test for Switching 

To test the reliability and reproducibility of switching between high- and low-

resistance states, we have set a repetitive switching experiment between different states. 

From a R(V) curve (like in Fig. 3.2), we choose two states (solid red circle and blue square) 

that can be clearly distinguished at a low bias of 0.1 V; here, high- and low-resistances 

represent ‘0’ and ‘1’ states, respectively, of our Ca2RuO4 memory cell. A positive bias (1.5 

V) is then used to switch the system from ‘0’ to ‘1’, while a negative high bias (-1.5V) is 

used to switch it back from ‘1’ to ‘0’. Both ‘0’ and ‘1’ states can be read out by probing its 

resistance at a low bias of 0.1 V. In Fig. 3.3(a), an alternating voltage profile is applied to 

the sample to simulate the writing on a memory device. The applied voltage goes 

continuously through the sequence: +1.5 V, 0.1 V, -1.5 V, and 0.1 V. High biases are used 

to switch (write) the system between high- and low- resistance states, while low biases are 

used to read out the states. We routinely perform > 200 write-read cycles in our 

experiments as illustrated in Fig. 3.3(a). Here, open circles and left scale show the applied 

voltage sequence, while solid symbols and right scale show the measured resistance of the 

device. Figure 3.3(b) shows the resulting distributions of the measured resistance values of 

the two states, which indicate a larger uncertainty in the high-resistance state. High- and 

low-resistance states are clearly separated with the high/low resistance ratio of about 400%. 

These results show that switching in our Cr-doped Ca2RuO4 crystals is robust and makes 

this material a promising candidate for Re-RAM applications. 
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Fig. 3.3. Resistance switching under alternating biases. 

(a) Grey trace and open squares (left scale) show an alternating voltage profile applied to 

the sample. High biases of ±1.5V are applied to switch between the high- and low-

resistance states; low bias of +0.1V is used to probe the states.Red circles and blue 

squares (right scale) show resistance values measured at +0.1V. Resistance alternates 

between high and low resistances of the two states. 

(b) Distributions of resistance values Rhigh and Rlow of the two states. 

 

 

2.3.3 Interfacial versus Bulk Crystal’s Contribution to Switching  

In pure Ca2RuO4, the insulator-to-metal transition (IMT) was previously associated 

with an electric-field induced structural transition [11] that results in a pronounced change 

in its transport properties. Here, the structural transition refers to a change in the material 

structure of Ca2RuO4 was probed in Ref. 11 by X-ray diffraction. A valid alternative to this 

picture is the impurity-driven IMT where the Mott insulator becomes a metal via excitation 

of carriers from an impurity bound state (indirect band) to its conduction band [18,19]. In 

Ca2Ru1-xCrxO4, the Cr doping is expected to induce holes in the lower Hubbard band. It is 
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possible that the local hole concentration is altered by the electric field (applied bias) that 

triggers IMT. This impurity-driven mechanism suggests an enhanced effect near interfaces 

because they have more impurities compared to the bulk. Next, we examine whether the 

transition is associated with the bulk or interfacial resistance switching, i.e., whether the 

switching occurs in the bulk of a sample or near the interfaces between the sample and 

electrodes (Ag-paste contacts in our experiments). In order to distinguish between the bulk 

and interfacial contributions, we carried out 2-, 3-, and 4-probe resistance measurements 

using four Ag-paste contacts to another piece of Ca2RuO4 single crystal.  

Figures 3.4 (a) – 3.4 (d) show R(V) curves recorded in 2-, 3-, and 4-probe 

measurements at room temperature; insets show the corresponding wiring schemes. In a 

two-probe configuration of Fig. 3.4 (a), the resistance is measured across the same two 

contacts used to supply current and is expected to include resistance contributions from the 

sample bulk and two interfaces between the sample and Ag contacts #1 and #4. The three-

probe configurations of Figs. 3.4 (b) and 3.4 (c) involve a bulk contribution and only one 

Ag contact: #1 for (b) and #4 for (c). Finally, the four-probe configuration in Fig. 3.4 (d) 

is expected to provide only the bulk resistance without any contributions from interfaces. 

Note that the different configurations have different resistances that defines different V-

scales for Figs. 3.4 (a) – 3.4 (d). This difference is particularly noticeable in the four-probe 

configuration of Fig. 3.4 (d), where the resistance is about two orders of magnitude smaller 

than in the other three configurations. Here the measured small variations in resistance 

[grey data points in Fig. 3.4 (d)] have a relatively high noise level. To increase the signal-

to-noise ratio in this configuration, we have averaged 100 R(V) curves [solid black curve 

in Fig. 3.4 (d)]. 
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Fig. 3.4. R(V) curves recorded in (a) 2-, (b-c) 3-, and (d) 4-probe measurements.  

Insets show the corresponding wiring schemes. 
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To summarize the outcome of these measurements, (i) a hysteresis in R(V) is 

observed in all four configurations, although the hysteresis opening and the corresponding 

difference between the high- and low- resistance states (Rhigh and Rlow) probed at 0.1 V (see 

solid red circles and blue squares in Fig. 3.4) vary significantly in different configurations. 

To quantify the difference, we use the ratio (Rhigh – Rlow)/Rlow, which is the largest (2%–

2.5%) in three-probe measurements and lowest (0.16%) in four-probe measurements. The 

two- probe geometry shows an intermediate effect (0.7%). We thus conclude that interfaces 

contribute more to the resistance change, which may be partially associated with higher 

electric fields inevitably present at interfaces due to band bending. Another observation 

that can be made from data in Figs. 3.4 (a) – 3.4 (d) is (ii) a different sense of circulation 

of the hysteresis loops: clockwise in (a), (b), and (d), and anti- clockwise in (c). In all three-

probe measurements we have performed on our Ca2RuO4 crystals [like those in Figs. 3.4 

(b) and 3.4 (c)], the direction of the loop circulation is different for the two interfaces that 

supply electrical bias to the sample. This is consistent with the opposite polarity of electric 

fields near the two interfaces and supports our previous conclusion of the predominant 

interfacial contribution to the resistance change. The exact magnitude of the resistance 

change from any given interface/contact is ultimately defined by local properties of the 

contact of interest and, unfortunately, is not readily controlled in our experiments with Ag-

paste contacts. This problem calls for further investigations with other contact types to 

maximize the switching effect. In our experiments, we found that the resistance change 

measured in two- probe geometry, like the one in Fig. 3.4 (a), is a simple algebraic sum of 

individual contributions from the two involved contacts/interfaces [Figs. 3.4 (b) and 3.4 

(c)] and the bulk [Fig. 3.4 (d)]. Since the two interfaces produce resistance changes of 

opposite polarities, they partially compensate each other and result in a smaller 

(intermediate) effect in the two-probe geometry. 
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2.3.4 Effects of Temperature on Switching 

Finally, we studied the effects of temperature on the resistive switching effect. Red 

and blue traces in Fig. 3.5 show the temperature dependencies of Rhigh and Rlow states, 

respectively. The resistance states were extracted from R(V) measurements like those in 

Fig. 3.2. Inset to Fig. 3.5 shows the temperature dependence of the (Rhigh – Rlow) difference. 

It is shown that low temperature suppresses the switching; the switching effect is present 

only above 260 K. At low temperatures, there is no switching, and the sample resistance 

increases exponentially with decreasing temperature in agreement with a simple picture of 

thermally activated transport [see Eq. (2.1) and Fig. 3.1(a)].  

However, the temperature dependent measurements were done at fixed bias range, 

i.e. the maximum applied biases remained the same in the whole temperature range. 

Resistance of Ca2RuO4 increases very fast at low temperatures, which may have a scaling 

effect on critical bias for switching; at low temperatures, much higher bias needs to be 

applied to trigger resistive switching. This may explain what Fig. 3.5 presents to us.    

Another interpretation/explanation comes from the suppression of the switching at 

low temperatures to suppressed lattice distortions/structural transition; the latter could be 

associated with the L-Pbca to S-Pbca phase transition which in a pure Ca2RuO4 occurs at 

about 360 K but may be lowered to 260 K by Cr doping. A change in the slope of R(T) 

around 260 K in Fig. 3.5 is consistent with this hypothesis. However, further studies are 

needed to verify whether the anomaly at 260 K is indeed associated with the structural 

transition. 
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Fig. 3.5. Switching vs temperature.  

Inset: the difference ΔR=Rhigh – Rlow as a function of temperature.  

Blue squares and red circles show temperature dependencies of Rhigh and Rlow states. 
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2.4 DISCUSSION AND CONCLUSIONS 

To conclude, electrically tunable band-gap and non- destructive resistive switching 

were all found in the Cr- doped (2.5%) Mott insulator Ca2RuO4. We observed a continuous 

reduction in the resistivity of Ca2RuO4 crystals as a function of increasing bias followed by 

an abrupt switching at higher biases. These results follow a chain of observations in other 

oxide systems such as Sr2IrO4 [4] and Sr3Ir2O7 [5] and corroborate the idea of an electric-

field effect on electronic states in these materials. This field effect was confirmed in 

Ca2RuO4 by temperature-dependent resistivity measurements that show that the activation 

energy of this material can be tuned by an applied DC electrical bias. Our two-, three-, and 

four-probe resistance measurements suggest that the resistive switching observed in 

Ca2RuO4 is primarily associated with the interfacial regions between the sample and 

contact (Ag-paste) electrodes. The switching was tentatively attributed to electric field-

driven lattice distortions that accompany the impurity-induced Mott transition [18, 19]. The 

reversible resistive switching can potentially be used as a switching mechanism in 

industrial applications, e.g., in non- volatile memory devices like a resistive random-

access-memory (Re-RAM). Our observation of the non-destructive switching in Cr-doped 

Ca2RuO4 opens a viable pathway to solve the disintegration problem in resistive switching 

oxides and, with further optimization of dopant material and doping level, can provide 

optimal performance (including resistance ratio and repetition characteristics) for such 

applications. 
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C H A P T E R  3  

R E S I S T I V E  S W I T C H I N G ,  L A T T I C E  D I S T O R T I O N S ,  

A N D  J O U L E  H E A T I N G  I N  L a 2 N i O 4  S I N G L E  

C R Y S T A L S  

 

 

This chapter presents a study of the transport properties of La2NiO4 single crystals. 

Sharing a similar lattice structure with Ca2RuO4, La2NiO4 also demonstrates a non-

destructive reversible resistive switching at room temperature. A combination of 2- and 3- 

probe resistivity measurements unambiguously demonstrated that the resistive switching 

is associated with the interfaces between the La2NiO4 crystal and silver-paste contact 

electrodes, with negligible contribution from the bulk of the crystal’s material. The wide 

range of observed resistance values of such contacts – from 10 to 80 kΩ – elucidates the 

tunneling nature of such contacts. Our experiments with an ultra-sensitive capacitive 

displacement meter attempted for the first time to monitor directly the field-induced lattice 

distortions previously proposed to be at the origin of the resistive switching. We have 

observed that the crystal lattice contraction/expansion accompanies the resistive switching. 

We also noted that the general shape of the observed displacement curves is qualitatively 

similar to the Joule heating generated in the sample by the dc current. This similarity 

provides a new insight into the origin of lattice distortions/resistive switching in La2NiO4 

and other transition metal oxides. 
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3.1 INTRODUCTION 

Transition metal oxides (TMO) offer rich transport phenomena and have 

continuously been the research focuses in condensed matter physics. Recently as 

antiferromagnetic spintronics emerges, antiferromagnetic TMOs have been brought up and 

researched in a new background. For example, canted layered perovskite iridates Sr2IrO4 

and Sr3Ir2O7 demonstrate their potential application in antiferromagnetic applications. One 

of the previous chapters has also covered spin-hall related research on Sr2IrO4. As also 

being antiferromagnetic layered perovskites, research efforts have been put into Ca2RuO4 

and La2NiO4 following the same direction.  

On the other hand, resistive switching emerges as an important phenomenon due to 

its potential in non-volatile memory applications. Many TMOs show resistive switching 

[1], including Sr3Ir2O7 [2], Ca2RuO4 [3] and La2NiO4. But details of their switching are 

different: in Sr3Ir2O7, resistive switching is at liquid nitrogen temperature and unipolar, 

which means resistance can be switched with single-polarity bias. It has also been shown 

that Sr3Ir2O7 switching gets suppressed by microwave fields. While in Cr doped Ca2RuO4, 

previous chapter has shown that resistive switching happens at room temperature and is bi-

polar, which requires both positive and negative biases to switch/restore resistance. This 

switching is not suppressed by microwaves. Resistive switching in La2NiO4 system is 

similar to what have been found in Cr doped Ca2RuO4 system. 

In previous chapter, resistive switching in Cr doped Ca2RuO4 is tentatively 

attributed to electric-field induced lattice distortion which accompany impurity induced 

Mott insulator metal transition. With high precision displacement measurement tool, it is 

possible to monitor lattice distortion along crystal c-axis. Luckily such displacement was 

observed during this experiment and the displacement data can be associated with 

resistance data. However, it also brings questions whether this distortion is solely driven 
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by electric fields, since correlations between Joule heating and displacement data are also 

present. Since Joule heating is also induced by currents/electric-fields, so more precisely, 

the question becomes in what manner electric fields influence impurity induced Mott 

transition in La2NiO4 and Cr doped Ca2RuO4. 

 

 

3.2 SAMPLES AND EXPERIMENTAL SETUP 

Experiment set-up involves La2NiO4 sample preparation, conducting contacts 

preparation and measuring circuits (transport and displacement measurement) set-up. 

3.2.1 La2NiO4 Sample and Preparation 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 Simplified Lattice Structure of La2NiO4 
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La2NiO4 belongs to 3d transition metal oxides. Fig. 4.1 shows lattice structure of 

La2NiO4: oxygen atoms form an octahedra centered at nickel atoms and these octahedron 

form layers with lanthanum atoms and extra octahedra in between; in real crystal, the lattice 

would get rotated and tilted, thus Fig 4.1 is a simplified illustration. At room temperature, 

La2NiO4 is antiferromagnetically ordered; its Néel temperature is around 330K [4, 5]. 

La2NiO4 undergoes two structural transitions at about 80K and 770K [4].  

Single crystals of La2NiO4 in this experiment are grew by both flux and floating 

zone techniques. Ag-paste contacts (~ 0.1 mm2) are built on sample surfaces to enable 2-, 

and 3-probe measurements. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2 Contacts made on La2NiO4 flake 
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3.2.2 Transport and Displacement Measurement Setup 

3-probe contact geometry enables separation of interfaces and bulk material in 

resistance measurement. Fig. 4.3 shows one 3-probe configuration in the experiment. Here 

top and bottom contacts are used to drive voltage across the sample; reference contact on 

the side are used to read out voltage across top and bottom interface separately. Since there 

is no current through the reference contact, the interface at reference contact is not activated 

and only serves as a voltage reference point. This configuration enables observations of 

any interfacial phenomenon between top/bottom contact and the bulk material. 

 

 

 

 

 

 

 

Fig. 4.3 3-probe configuration of resistance measurements 

 

 

Displacement measurement set-up is shown in Fig. 4.4. Two Ag-paste contacts 

were built on top and bottom of the La2NiO4 flake and used to drive voltage along crystal 

c-axis.  A glass plate coated with Au is fixed onto top contact. Detector head is placed 

above the Au-coated plate. The capacitance between the detector head and plate is 

measured at high precision thus enabled deduction of the distance between them. In this 

set-up, as voltage being driven through sample, any distortion along c-axis gets monitored 
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by this high precision displacement measurement set-up. The capacitance data is presented 

in a voltage signal to computer. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 Displacement measurement set-up 

 

In order to provide good quality displacement data, the Au-coated plate and detector 

header needs to be set up carefully. First, the Au coated area of the plate should be big 

enough and the detector should be placed above the center of this Au coated area. This is 

to prevent edge effect in capacitance measurement. Second, the surface plane of detector 

head should be put in good parallel with the plate plane; otherwise the displacement data 

loses accuracy. Third, direct contact between the plate and detector head should always be 

avoided. Such direct contact would leave data underflow (capacitance of contacted case is 

always 0) and damage Au coating. Once the Au coating is damaged, it needs to be re-

deposited again. While if the detector is far away from the plate, the data is always 
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saturated, and no change would be captured. It requires care to set up this displacement 

measurement tool.  

In the lab, the sample is placed on an adjustable stage, which can move in horizontal 

plane as well as vertical direction. The detector head is installed on a tripod; by adjusting 

legs of the tripod, the surface plane of detector head can be tilted and vertically shifted. 

When the detector head is in a good parallel with and a good distance from the Au-coated 

plate, detector gets engaged and by adjusting sample stage, voltage reading of displacement 

measurement changes accordingly. It is a good practice to put the distance where 

displacement reading settles around half the full range. 
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3.3 RESULTS 

3.3.1 2-probe and 3-probe I-V Characteristics 

Fig 4.5 shows resistance vs. voltage curve of La2NiO4 at room temperature. There 

is hysteresis loop on this curve. Starting at around 44 Ω at low bias, resistance keeps 

decreasing as bias increases. With two abrupt switching (indicated by arrows), resistance 

enters a low resistance state. When the bias hits its maximum at positive 2.2V, resistance 

stays at this low resistance state around 15 Ω; until bias reduces to zero, reverses direction 

and hits negative 2.2V, resistance starts switching back to high resistance state. As bias hits 

negative maximum, resistance stays in this high state and goes back to original point. The 

I-V characteristics curve has a basic trend, which upon applied bias, whether positive or 

negative, resistance decreases; but there are clearly two resistance states that separate from 

each other and in Fig 4.5 (a), traces of switching can be found (indicated by turning arrows). 

This process is reversible and has been repeated throughout the whole experiment period. 

Like what have been suggested in Ca2RuO4 study, this resistive switching has a potential 

in non-volatile memory applications: if the two resistance states are used to encode 

information, e.g. high state for ‘1’, low state for ‘0’, high positive/negative voltage can be 

applied to switch the unit between these two states, while a low positive voltage can be 

used to read out current resistance value/state. The former operation can be viewed as a 

simplified writing mechanism; the latter reading. For a real memory device, a lot more 

conditions (speed, industry-level endurability, robustness) are required; La2NiO4 adds to 

the material candidate pool and offers new possibilities. 
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Fig. 4.5 2-probe and 3-probe I-V characteristics on sample #1. 

(a) 2-probe I-V between top and bottom contacts. 

(b) 3-probe I-V between top and reference contacts. 

(c) 3-probe I-V between reference and bottom contacts.  

 

In Ca2RuO4 switching, another issue addressed was whether the resistive switching 

is a bulk or interfacial effect. Here 3-probe measurements show that in La2NiO4, it is also 

true that interfaces between metal contacts and material contribute more to the resistive 

switching than bulk material. Fig 4.5 (b) (c) shows 3-probe I-V characteristics which 
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accompany 2-probe measurement in Fig 4.5 (a). In (b) and (c), resistances of the two 

interfaces add up to 2-probe resistance in (a) which are indicated by green dots. This is no 

wonder since no current goes through reference contact. Switching in these 3-probe I-V 

characteristics show opposite polarities: in (b) the hysteresis loop is clockwise and 

resistance starts from high state, switches to low state at positive bias and switches back to 

high state after negative bias is applied; while in (c) the hysteresis loop is anti-clockwise 

and resistance starts from low state, switches to high state at positive bias and switches 

back to low state after negative bias is applied. Those abrupt changes on 2-probe curve can 

also be divided and attributed to two interfaces: in (a), the first abrupt change on the 

positive side (arrow marked red) should come from the bottom interface while the change 

on the negative side (arrow marked blue) should come from the top interface.  

It is understandable that interfaces would have opposite polarities/directions of the 

hysteresis loops if the interfaces are dominant in the switching than bulk material. When 

voltage is driven through top and bottom contacts, the interfaces always have opposite 

electric-field directions. For example, if top contact is at positive voltage, then the electric-

field at top contact should be into the sample; at the same time, the bottom contact should 

be at negative voltage and electric-field there should be out of the sample. Thus, when 

voltage sweeps, two interfaces always follow opposite electric-fields. They essentially 

have the same type of resistance hysteresis loop. But due to opposite driving voltage, their 

polarities are opposite. 2-probe resistance are these 3-probe resistances added up, plus 

some contribution from the bulk material; but voltage is mainly kept at interfaces due to 

the fact the interfaces have much higher resistance than bulk material. The 2-probe polarity 

is decided by the interface which has ‘stronger’ switching. As one interface is going from 

high to low, the other low to high, the resistance summed together would follow the 

interface which has larger change. 
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3.3.2 Tunnel Junctions with La2NiO4 Electrodes 

 

 

 

 

 

 

 

 

 

Fig. 4.6 (a) (left) Statistics of ΔR vs. R for different contacts at room temperature  

(b) (right) Examples of R vs. I curves for two junctions with 60,000 Ω and 300 Ω 

resistances in high-R state 

 

A wide range of 2-probe resistance values are observed with different contacts on 

the same sample and resistive switching has been observed at different resistance levels. 

Fig. 4.6 (a) shows the statistics of resistance change vs. resistance values in these 

measurements and Fig. 4.6 (b) shows two extreme cases where resistances are very high 

(60000 Ω) and very low (300 Ω). This wide range of 2-probe resistance values indicate the 

contacts built by La2NiO4 electrodes are tunnel-junction-type contacts. The interface 

between the conductive paint and La2NiO4 counter electrode may serve as a natural barrier 

forming a planar tunnel junction. Previously such contacts have been used to study 

superconducting oxides [6]. We can also see that ∆R seems to be linearly dependent on R. 
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3.3.3 Correspondence between I-V Measurements, Displacement Measurements, 

and Joule Heating 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7 2-probe I-V characteristics and displacement measurements on sample #2. 

(a) 2-probe resistance. 

(b) Displacement during the same voltage sweep in (a). 

(c) Joule heat power during the same voltage sweep in (a). 
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Fig. 4.7 shows both I-V and displacement measurements done on sample #2. In Fig. 

4.7 (a), the 2-probe I-V of sample #2 has bigger hysteresis loop and sharper ratio of high 

state resistance (about 300 Ω) to low state resistance (about 25 Ω). Two arrows marked red 

indicate abrupt resistance switching in positive bias (around 1V) and negative bias (around 

-1.5V). Fig. 4.7 (b) gives the associated displacement along c-axis during the same voltage 

sweep as (a). The displacement data tells how crystal is distorted along c-axis. There is 

crystal distortion under applied bias and correspondences can be established between 

resistance in (a) and displacement in (b): i) resistance and displacement share the same 

general trend, that is, upon applied biases (positive or negative), resistance tends to go 

down and the crystal tends to expand. This general trend can be viewed as a background 

of switching process. ii) detailed features can also be shared between resistance and 

displacement. As marked by red arrows in (a), two abrupt resistance switching at positive 

and negative side appear in I-V, one at +1V and the other -1.5V. There are also abrupt 

changes in displacement curve at same biases (marked by red in (b)). This shows that 

crystal expands along c-axis correspondingly during the resistive switching process.  

More interestingly, Fig. 4.7 (c) shows the Joule heating power generated by current 

during the same sweep as in (a). Qualitatively this Joule heating power is very similar to 

displacement curve, including both general trends and detailed features like abrupt 

changes.  

This poses a question that whether Joule heating is driving the crystal expansion, 

rather than electric-fields. Since the experiment is done in a way stable enough that thermal 

equilibrium believed to be established at every bias point, the Joule heating power can be 

viewed as a measure of heat generated at every bias point (Q = P∆t). In relatively small 

temperature window, both specific heat and coefficient of thermal expansion can be viewed 

as constant. So, in theory, a model can be built where sample expansion has a linear relation 
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with Joule power. But more questions arise regards to the internal mechanism driving the 

switching. As stated in previous chapter, in Ca2RuO4, resistive switching was tentatively 

attributed to electric-field induced lattice distortions accompany the impurity driven 

insulator-metal transition. There is a chance that the lattice distortion can be reflected in 

bulk volume change. But here is a good qualitative agreement between Joule heating and 

crystal expansion along c-axis. Change in Joule power should be a result of change in 

resistance thus crystal expansion observed maybe come after (logically, not temporally) 

resistance switching, which dims the chance that we are able to infer internal lattice 

movement from bulk volume observation.  

Another possibility exists that both electric-fields and Joule heating induces crystal 

distortion while the former one is the driving force in resistive switching and change in the 

latter one is a result of resistive switching. Lattice distortion triggered by electric-fields is 

usually directional while thermal expansion caused by Joule heating non-

directional/homogeneous. So, change in current direction doesn’t cause change in Joule 

heating but does influence how the electric-fields interact with lattice. 

Notice in Ref. 7, thermal expansion in Sr2IrO4 single crystals across a range of 

100K is about 0.1% and the lattice distortion caused by electrical currents is ~0.8%. In our 

experiments of La2NiO4, we generally observe 1nm-2nm distortion along c-axis for 1mm-

2mm flakes, which take up 0.1% to 0.5%. 
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3.3.4 Displacement and Joule Heating in Different Contact Geometries 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8 Joule heating and displacement measurements on Sample # 3 

(a) Displacement and Joule power vs. voltage when sourcing voltage along c-axis. 

(b) Displacement and Joule heating power vs. voltage when sourcing voltage in ab-plane. 

(c) Displacement vs Joule heating power in both geometries 
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Fig. 4.8 shows displacement vs. bias and Joule heating power vs. bias in two 

geometries: bias applied bias applied along c-axis (a) and in ab-plane (b). This is done on 

sample #3. The displacement is measured along c-axis all the time. This was trying to 

answer whether bias causes lattice distortion through electromagnetic effects. In these two 

geometries, electric-fields are in different directions (in ab-plane vs. perpendicular to ab-

plane, e.g. along c-axis). From (a) and (b), it is shown that, in both geometries, there are 

small discrepancies between Joule heating power curve and displacement curve; to some 

extent these discrepancies can be decreased with some coefficients, but not eliminated. The 

residual discrepancies can be viewed as electric-fields’ effects beyond Joule heating. While 

under the precision available in this experiment, it cannot be answered definitely that 

whether the beyond-Joule-heating part of effects are different in the bias geometries 

configured. In Fig. 4.8 (c), the scatter plot shows relation between displacement and power. 

The general relation is linear which indicates that Joule heating plays a significant role in 

displacement data; while there are also points deviated from linear relation. Those 

deviations may arise from experimental uncertainty, or from the mechanisms beyond Joule 

heating. 
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3.3.5 Sourcing Voltage versus Sourcing Current 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.9 Sourcing biases in current mode vs. in voltage mode. 

(a) comparison of I-V characteristics 

(b) comparison of displacement along c-axis 

(c) Joule power generated during the sweep 

 

Another question worth asking is whether it is voltage, or current that drives the 

resistive switching. Fig. 4.9 shows that in the resistive switching, there is no significant 

difference between sourcing voltage and sourcing current. 
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3.3.6 Statistics of ΔR vs R 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.10 Statistics of ΔR vs. R from 2-probe and 3-probe measurements. 

 

Fig. 4.10 shows statistics of resistance change ΔR. Here ΔR is calculated as 

difference between high resistance and low resistance. High and low resistance are 

resistances from high and low states at low positive bias (+0.1V). This figure includes 2- 

and 3-probe data together. Resistive switching has been identified to be mostly from 

interfaces, this figure shows high resistive interfaces (3-probe) or combined (2-probe) have 

bigger resistance change between high and low states, or simply putting, stronger resistance 

switching. 
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3.3.7 Calibration of Displacement Measurements with a Copper Sample 

 

 

 

 

 

 

 

 

 

 

Fig. 4.11 Displacement, Joule heating, and resistance (inset) measurement on copper 

 

We did a same measurement of a copper piece: drive bias through the copper piece 

and monitor the displacement of top surface of the piece. For copper, only thermal 

expansion induced volume change is present; thermal expansion coefficient, specific heat, 

resistivity and all necessary physical properties are well established. Fig. 4.11 shows the 

data. We can estimate the temperature change in the copper piece with two different 

methods for cross-validation: first is through the change of copper resistivity due to 

temperature. Empirical formula applies a linear approximation in relatively small 

temperature window around room temperature: 
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𝑅 = 𝑅𝑅𝑒𝑓[1 + 𝛼(𝑇 − 𝑇𝑅𝑒𝑓)] 

 

where α is a constant. Take resistance values at the highest and lowest bias, we infer the 

temperature change to be 11.3K. Second method uses thermal expansion. Empirical 

formula also applies linear approximation: 

 
𝛥𝐿

𝐿
= 𝛼𝐿𝛥𝑇  

 

with αL being coefficient of thermal expansion. This method gives us temperature change 

of 13.5K.  

The two methods show ~16% difference with numbers in the same order of 

magnitude. This demonstrates that our set-up is capable of measuring volume expansion 

caused by Joule heating with certain accuracy. 
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3.4 DISCUSSION AND CONCLUSIONS 

A reversible, non-destructive resistive switching is found and investigated in 

La2NiO4 single crystals at room temperature. With 3-probe I-V characteristics, the resistive 

switching is identified to be mostly from with interfaces between metal contacts and bulk 

material.  

A crystal distortion along lattice c-axis is observed together with resistance change. 

This distortion can be connected to Joule heating generated by current. Attempts have been 

made to answer the question whether the displacement observed is and is purely from Joule 

heat generated by currents. Though no definitive answer can be extracted from the 

experiment, it offers data and details that may help future research.  

In transition metal oxides, there are different types of resistive switching 

mechanism. Filament path formation and electrochemical oxygen ion migration are two 

major types. In Ca2RuO4, resistive switching has been attributed to structural transition or 

(tentatively) to lattice distortion accompany by impurity induced Mott transition. For 

La2NiO4, the resistive switching is less likely to be filament path type, since filament path 

type switching is very aggressive with sharp transitions and is usually unipolar. Both 

impurity driven Mott transition and oxygen ion migration can result in interfacial 

switching: for the former, usually there are more impurities at the interfaces; for the latter, 

thermal redox and anodization are also strengthened at interfaces. While in Ref. 8, 

structural change in Ca2RuO4 has been addressed and emphasized; since La2NiO4 shares a 

similar lattice structure, it seems to add weight to that La2NiO4 share same switching 

mechanism with Ca2RuO4. Nevertheless, it remains open to investigate the mechanism as 

well as other phenomena of resistive switching in La2NiO4. 
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C H A P T E R  4  

A  C O M P A R A T I V E  S T U D Y  O F  

M A G N E T O R E S I S T A N C E  A N D  M A G N E T I C  

S T R U C T U R E  I N  R E C Y C L E D  V S .  V I R G I N  N d F e B -

T Y P E  S I N T E R E D  M A G N E T S 2 

 

 

This chapter presents a comparative study on two types of NdFeB magnets: virgin 

and recycled. With recent development of magnet-to-magnet (m2mTM) recycling 

technology, recycled NdFeB sintered magnets have emerged as an alternative to virgin 

NdFeB magnets. Recycled magnets are economically viable and environmentally friendly; 

moreover, they demonstrate an enhancement of magnetic and physical properties. This 

unanticipated enhancement in recycled NdFeB magnets may come from their unique 

microstructure. In our experiments we applied: (1) atomic force microscopy and magnetic 

force microscopy to reveal and compare the surface morphology and magnetic structure of 

recycled and virgin NdFeB samples; (2) bulk- and point-contact-based resistivity 

measurements to probe the electrical transport properties of the magnets on both 

macroscopic and microscopic scales. 

  

                                                 
2 Based on A comparative study of magnetoresistance and magnetic structure in recycled vs. virgin 

NdFeB-type sintered magnets, J. Magn. Magn. Mat. 442, 158-162 (2017). As first author, Shida Shen 

conducted the major part of the experiments (transport measurements and AFM/MFM measurements), 

collected and analyzed the data, and participated in the writing and revision of the original draft. 
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4.1 INTRODUCTION 

Neodymium magnet, or NdFeB has been the most powerful commercial magnet 

since its invention in 1982 [1, 2]. They are widely used in consumer electronics, electric 

motors, AC systems, medical devices, wind turbines and so on. Though NdFeB has been 

dominating the market of commercial magnets, two factors constrain wider adoption of 

NdFeB magnets: (i) the high price of raw materials required for their manufacture, and (ii) 

performance limitations. The former concern has been addressed recently with the 

industrial scale production of high-energy (BHmax ~ 396 kJ/m3) recycled NdFeB sintered 

magnets via the magnet-to-magnetTM process (m2mTM) [3]. For the latter concern, 

subsequent studies have demonstrated that the m2mTM processing route can produce 

materials whose magnetic properties and thermal stability greatly exceed those of the 

starting material [3–5]. This is possible because of subtle changes in composition and 

microstructure of recycled magnets produced by the m2mTM process [5] using Grain 

Boundary Engineering (GBETM).  

Magnetic fields have long been known to influence the electrical resistance of 

materials through which current is flowing, e.g. magnetoresistance (MR) effect. 

Applications of MR materials include the read-heads in hard disk drives [6,7] and 

components in ABS sensors within the automotive market. Recently, biochips exploiting 

MR to detect single molecule recognition events have emerged as a new application of 

these materials [8]. NdFeB type magnets and rE-TMs (Rare Earth-Transition Metals) based 

alloys display a pronounced anisotropic MR effect. The majority of published works on 

rE-TM films [9] deal with thin films with thickness in the range of 100 nm ~ 1 mm. It has 

been shown that amorphous NdFeB multi-structured, multi-layered, thin films exhibit 

enhanced MR values when compared with other amorphous ferromagnets [10]. 
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4.2 SAMPLES AND EXPERIMENTAL SETUP 

4.2.1 Sample Preparation 

The compositions of the virgin and recycled magnets used in this study are shown 

in Table 4.2. The recycled magnets were produced using the m2mTM processing technique 

in a batch size of 100 kg. The end-of-life feedstock material for m2mTM recycling was 

derived from two different types of obsolete MRI machines. The manufacturing process to 

produce the recycled magnets required the feedstock magnets to be thermally 

demagnetized and the surface, anti-corrosion layer mechanically removed to ensure a 

clean, uncoated, NdFeB starting material. An additive based on the composition 

Nd6Dy21Co19Cu2.5Fe alloy (GBP1) was prepared by induction melting. The GBP1 alloy 

was then added to waste magnets at 3 at% to achieve Grain Boundary EngineeringTM. The 

m2mTM powder metallurgical processing technique and characterization were then as 

described in [3,4]. 

Cylindrical magnets (10 mm in diameter and 10 mm in height) were cut from a 

recycled and virgin NdFeB sintered blocks using a wire-cutting machine. The magnetic 

properties were then measured using a close looped permeameter (Magnet Physics EP-5) 

after pulse magnetizing in a field of 4T. Chemical compositions were determined by 

inductively coupled plasma (ICP) analyses (Agilent 5110 ICP-OES). Carbon and oxygen 

abundances were determined by elemental analysis. Sintered density was determined using 

the Archimedes principle. 
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4.2.2 Point-Contact Spectroscopy 

Point-Contact Spectroscopy has a long history [11-13] and it is often used in 

characterization of surface and local transport properties, injection of electrons and probing 

multilayer structures [14, 15]. When contact size a is much smaller than electron mean free 

path l (a ≪ l), point contacts can realize so-called ballistic transport with resistivity only 

dependent on contact size and independent of material and impurity; this resistance is 

named Sharvin resistance [11, 14]. Sharvin resistance Rs follows 

𝑅𝑠 = (4𝜋/3)𝜌𝑙/𝑎2 

, with ρ being the material resistance. For most metals, ρl ~1 f Ωm2 is a similar constant, 

thus makes Rs depends only on contact size a. When contact size increases, a diffuse term 

called Maxwell Resistance, Rm, emerges. Rm follows 

𝑅𝑚 = (𝜌/2𝑎)Γ(𝑎/𝑙) 

, with the function Γ(a/l) varying from Γ (0) =1 to Γ (∞) =0.694 and it is usually taken as 

constant 1. As shown above, both Sharvin and Maxwell resistance can be approximated to 

be only dependent on contact size a. When contact size further increases and approaches 

the region that it is comparable to mean free path, more complicated case emerges. In this 

region, point contact resistance deviates from Ohm’s law; the injected electrons may 

interact with phonons in underneath material and further leads to non-linear current-voltage 

characteristics [11, 13]. In this case Rs and Rm can be viewed as first and second order 

approximation of total resistance [14]. Point contact transport phenomena can be further 

enriched when magnetism is involved [14, 15]. Here, in order to characterize recycled and 

virgin NdFeB samples, point contacts are used in hope to detect any difference in surface 

transport of two type of NdFeBs. The point contacts made in this experiment are diffuse 

contact where Maxwell resistance dominates. It turns out that recycled and virgin NdFeB 



 94 

samples do not distinguish from each other in those measurements, under various current 

and magnetic fields. Fig. 5.1 illustrates point contact geometry. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 Illustration of Point Contact configuration. 

Preparation for a point contact include several steps. The wire can be made from 

Au, Ag, or Cu (in this case Cu). Two approaches have been proven to be able to sharpen 

the tip of wire to desired extent: one is through electrical-chemistry etching which gives 

nice, regular and sharp tips but is complicated; the other is through mechanically cut of the 

wire, which gives relatively nice tips and is easy to conduct. The latter approach is applied 

in this experiment. Specifically, a Cu wire is cut by a scissor, in a very quick manner and 

from a very sharp angle. Sharpness of the tip can be checked under the microscope. Next 

step is to solder the wire onto a metallic conducting base. Care needs to be taken since the 

wire is made of good thermal conducting material, over-heating can induce unpredictable 

deformation which blunts the tip. The tip is strengthened by bending and twisting into the 

shape indicated in Fig. 5.1. Then the tip along with the base is assembled on top of a 
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differential-screw mechanism. This mechanism consists of two parts: one is the differential 

screw which adjusts the total length to high accuracy level; the other is a chamber with a 

non-magnetic metallic ball at the center. The ball sits on the end of the differential screw. 

When the screw is tuned towards the chamber direction, only the metallic ball is pushed 

forward and passes the force forward, letting the conducting base moving forward in very 

little distance and bringing the conduct tip closer to the sample. For crystals and many 

layered samples dealt with, the surface is quite clear and under microscopy, a mirror image 

of the tip can be seen on the surface. This facilitates the last step of tip adjustment: tilt the 

tip so that it is perpendicular to sample surface; once perpendicular, the mirror image and 

tip itself can should form a straight line. Bring the tip further close but stop when the tip is 

about to hit the sample. 

Now the sourcing circuit should be un-grounded and turned on. Since the tip is not 

hitting the sample, the circuit is still open; even with zero current sourcing, the voltage 

reading in voltmeter indicates open circuit (due to unavoidable fluctuation in sourcing 

current around zero). Turn off current source. Turn the differential screw by quarter circle 

or even smaller amount; turn on current source again, check if circuit is still open. If the 

circuit is still open, turn off current source again and turn the differential screw by a little 

more. Repeat the process until the circuit is closed, which indicates the tip hits the sample. 

This adjustment cannot be done with visual judgement because eyes are not accurate 

enough even under microscope and once the tip hits the sample too quickly, contact size 

will go beyond desired region and become a normal metal contact. More importantly, under 

ideal situation, a tunneling contact will be built before the tip hits sample surface, when air 

is tunneled through by electrons. 

In this experiment, dozens of point contacts are made and tested. They are diffuse-

type (Maxwell resistance) contacts. 
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4.3 RESULT 

4.3.1. Magnetic properties and chemical composition 

The results of the magnetic characterization and ICP analysis are shown in Tables 

4.1 and 4.2, respectively. Four samples were then prepared: V1 and V2 from the 

commercial virgin magnet, and R1 and R2 from the recycled magnet produced using 

m2mTM. The starting material was cut into rectangular blocks (1 mm * 2mm * 5 mm) along 

and orthogonal to the c-axis, as shown in Fig. 5.2. 

 

Material Grade Br (T) iHc (kA/m) BHmax (kJ/m3) 

Virgin N42SH 1.215 1943 285.0 

Recycled N42SH 1.289 1876 323.4 

% Difference - 6% -3% 13% 

Table 4.1: Magnetic properties at room temperature. 
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Sample Virgin Recycled 

Pr (wt%) 5.26 5.85 

Nd (wt%) 17.78 21.63 

Dy (wt%) 4.89 4.0 

Fe (wt%) 65.01 64.75 

Ga (wt%) 0.09 0.10 

Zr (wt%) 0.09 0.11 

Al (wt%) 3.29 0.28 

Co (wt%) 2.33 1.74 

Cu (wt%) 0.14 0.32 

B (wt%) 0.95 0.97 

C (wt%) 0.08 0.12 

O% (wt%) 0.09 0.13 

Density (g/cm3) 7.62 7.55 

Table 4.2: ICP results (+/- 0.01 wt%) of virgin magnet and recycled magnets (3 at% of 

GBP1 addition). 
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Fig. 5.2. Samples were analyzed in the configurations shown above. 

4.3.2. Atomic and Magnetic Force Microscopy Characterization 

Microstructural analysis of recycled magnets fabricated using the m2mTM process 

suggest that their high coercivity may be linked to the formation of a novel grain boundary 

phase combined with the formation of Dy-rich shell(s) in the Nd2Fe14B grains [5]. Atomic 

and magnetic force microscopy analyses were undertaken at room temperature with the 

aim to assess if microstructural changes in the bulk magnet had an effect on the magnetic 

structure of the sample surface. A comparison between the virgin and recycled magnets is 

shown in Fig 5.3. Panels (a) and (b) are atomic-force-microscopy images of the virgin and 

recycled magnets, respectively. Panels (c) and (d) show the corresponding magnetic-force-

microscopy images for the two magnets. The atomic-force-microscopy and magnetic-

force-microscopy analyses reveal very similar surface morphology and magnetic structure 

for the virgin and recycled samples. The images were taken on 2 mm * 5 mm faces of 

sample blocks and did not show any significant differences between two different sample 

orientations (along and orthogonal to the c-axis). 
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Fig. 5.3. Atomic-force-microscopy (a-b) and magnetic-force-microscopy (c-d) 

characterization of native (a, c) and recycled (b, d) samples. 
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4.3.3. Resistivity and Magnetoresistance Characterization 

The resistance of the four samples (V1, V2, R1, R2) was measured at room 

temperature using various applied magnetic fields. Resistivity measurements were 

obtained using a standard 4-probe geometry with an electrical current flowing along (V2, 

R2) or perpendicular (V1, R1) to the c-axis of the magnets. The current (I up to 1 A) was 

driven along the longer side of a sample block (see Fig. 5.2) between two silver-paste 

contacts made on opposite (smaller) sides of the block. Two additional silver-paste contacts 

(2 mm apart) on the top of the sample were used as voltage (V) probes. The magnetic field 

(B up to 200mT) was applied along or perpendicular to the current direction. The sample 

resistance R = V/I was found to be independent of the current direction, orientation of 

magnetic field and the field magnitude in all samples. Assuming a uniform current flow 

between the voltage probes, the sample resistivity can be deduced from the measured 

sample resistance R. The only difference between the two types of magnets was a higher 

(by 27%) resistivity of the recycled magnets (183 µΩ*cm) compared with that of the virgin 

samples (144 µΩ*cm). Figs. 5.4 (a) and (b) show representative magnetoresistance R(B) 

traces for the native and recycled magnets, respectively. The traces are essentially 

horizontal (i.e., no magnetoresistance) and show a noise of the order of about 0.001%, 

which indicates the resolution of our measurements. Note that these measurements were 

performed at a relatively small current level (100 mA) to exclude any effects of Joule 

heating on the sample resistivity. Such a heating effect was indeed observed at higher 

currents (above 0.5 A) that lead to an increase of the resistivity at elevated temperatures 

(not shown). 
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Fig. 5.4. Magnetoresistance R(B) traces for virgin (a) and recycled (b) samples. 

 

4.3.4 Point-Contact Measurements 

Point-contact measurements on both types of magnets were also performed, to 

assess if their magnetoresistive properties are different at microscopic scales. Point 

contacts between a sharpened Cu tip and the sample magnets were made with a 

mechanically controlled differential-screw system described previously. The contact size 

a can be estimated from the measured contact resistance R with a simple model for 

diffusive point contacts that gives R = r/2a, where r is the sample resistivity: 144 and 183 

µΩ*cm for virgin and recycled magnets, respectively. When an electrical current is driven 

from the Cu tip into the sample, the so-called constriction resistance emanating from a 

small area near the contact dominates the measured resistance over other resistive 

contributions, including those from the bulk of the sample and the Cu tip. The measured R 

is, thus, defined by transport properties in the contact area and highlights the point-contact 

sensitivity to local transport properties on the scale of the contact size. 
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Fig. 5.5 (a) Contact size a ~ 50 nm, IV Characteristic (right) and Magnetoresistance(left) 

 

 

 

 

 

 

Fig. 5.5 (b) Contact size a ~ 8 nm, IV Characteristic (right) and Magnetoresistance(left) 

 

 

 

 

 

 

 

Fig. 5.5 (c) Contact size a ~ 4 nm, IV Characteristic (right) and Magnetoresistance(left) 

 



 103 

We have tested dozens of point contacts, with sizes ranging from 4 to 500 nm, and 

found no magnetoresistive response. Fig. 5.5 (a), (b), (c) shows I-V characteristics and 

magnetoresistance of 3 contacts with size 50 nm, 8nm and 4nm. These point-contact results 

are similar to those of the bulk measurements (Fig. 5.4). We thus conclude that the 

magnetotransport properties of both types of magnets (virgin and recycled) are similar at 

both macro- and microscopic scales. 
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4.4 DISCUSSION 

Atomic and magnetic force microscopy analyses and both bulk and point-contact 

resistivity measurements were performed on samples of recycled and virgin magnets. This 

work was designed to determine if the microstructural changes induced by the m2mTM 

process would influence the magneto and electric transport properties of recycled magnets. 

A virgin magnet produced via conventional manufacturing was used as a reference during 

this study. However, no significant differences were found in magnetotransport between 

recycled and virgin magnets by magnetic-force-microscopy analysis (Fig. 5.3). Atomic-

force-microscopy analysis did not detect any significant differences in magnetic structure 

either. (Fig. 5.3). Given the above, how can the almost 30% increase in the resistivity of 

the recycled magnets (see Fig. 5.4) be explained? Generally, resistivity values for different 

grades of sintered NdFeB materials are remarkably similar across a wide range of 

manufacturers; usually quoted between 130 and 160 µΩ*cm, with the vast majority lying 

at around ~150 µΩ*cm [16,17]. Indeed, this is close to the value we obtained (144 µΩ 

*cm) for the virgin magnet used in our study. At first sight, this lack of variation in 

resistivity over a wide range of compositions is surprising given that commercial NdFeBs 

are often doped with substantial and varying amounts of elements, such as Co, Cu, Al as 

well as Dy and Tb. It does however suggest that changing the bulk composition of NdFeBs 

alone produces only minor changes in resistivity. Indeed in the study reported herein, there 

was only one substantial compositional difference between the virgin and recycled magnets 

examined; aluminum was at 3.28% in virgin compared to 0.29% in the recycled magnets. 

All other elements were substantially similar. It is unlikely that this relatively small 

compositional change is responsible for the observed increase in resistivity, because 

manufacturers omitting aluminum from their NdFeBs do not report increases in resistivity. 

Indeed, the only time that addition of small amounts of elements have been reported to 
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affect resistivity is when they were selectively diffused into the grain boundaries of 

preformed magnets via Hitachi’s Grain Boundary Diffusion process. In that case, addition 

of dysprosium fluoride increased resistivity of NdFeBs by up to ten-fold to 1440 µΩ*cm) 

[18]. Note that this process does not substantially affect the composition of the magnetic 

phase. What then is impeding the flow of current through magnets made via m2mTM? As 

mentioned above, the partitioning of elements into different phases can affect resistivity 

[18]. We have ruled out inhomogeneity of the recycled magnet batch described herein as a 

cause; the intra-sample variance of Br, Hcj, BHmax were found to be 3.7mT, 4.5 kA/m and 

4.8 kJ/m3 respectively. Statistical analysis of the standard deviations of these parameters 

for 20 separate blocks demonstrates that variation in remanence and coercivity across the 

entire 100 kg batch is around ~3% at the 95% confidence interval; indicating a homogenous 

magnet. Microstructural studies also support this conclusion [5]. It is therefore likely that 

partitioning of elements into different phases may be responsible for the observed increase 

in resistivity in recycled magnets. m2mTM has previously been shown to selectively 

influence the composition of the grain boundaries of recycled magnets [5], as also happens 

in the Hitachi process [18]. Additionally, m2mTM also produces unique microstructures not 

found in the Hitachi process [5]. Thus, although the overall composition of elements in the 

virgin and recycled magnets reported herein is very similar, it is likely that their partitioning 

into the magnetic and grain boundary phases is very different. This may account for the 

observed current impedance in the present work. 
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C O N C L U S I O N S  

 

A series of transition-metal-oxide (TMO) antiferromagnets, including both TMO 

single crystals and heterostructures, have been studied in the context of searching for 

potential applications in antiferromagnetic spintronics and for non-volatile memory 

applications. The presented studies describe experimental investigations of transport 

properties of 3d (La2NiO4), 4d (Ca2RuO4) and 5d (Sr2IrO4) TMOs. In chapter 1, 

magnetoresistance and microwave response of Pt/Sr2IrO4 double-layer heterostructures 

was examined. Here the Pt layer was used to mediate the spin injection from Pt into Sr2IrO4 

via the spin Hall effect in Pt. We have found that the spin injection changes the 

magnetoresistance of Sr2IrO4. In chapter 2, Cr doped Ca2RuO4 crystals were found to 

exhibit a non-destructive reversible resistive switching at room temperature. An applied 

electrical bias was shown to reduce the dc resistance of Ca2RuO4 crystals by as much as 

75%; the original resistance of the sample could be restored by applying an electrical bias 

of opposite polarity. Results of transport measurements in 2-, 3-, and 4-probe geometries 

suggested that the resistive switching is mostly an interfacial effect. Temperature-

dependent resistivity measurements with Ca2RuO4 crystals showed that the activation 

energy of this material can be tuned by an applied dc electrical bias. In Chapter 3, a similar 

non-destructive and bipolar resistive switching was also observed at room-temperature in 

La2NiO4 single crystals. It was also identified by 2-, 3- and 4-porbe measurements as 

essentially an interfacial resistance effect which occurs at the sample/contact probe 

interfaces. The wide range of observed contact-resistance values from 10 to 80 kΩ 

confirmed the tunneling nature of the contacts to La2NiO4. The resistive switching in our 

TMOs was tentatively associated with electric-field induced distortions of TMO lattice. 

We have made an attempt to probe such distortions directly in experiments with a 
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capacitive displacement meter. The displacement measurements done on La2NiO4 samples 

provided information about crystal distortions, although further studies are still needed to 

separate thermal expansion caused by Joule heating from lattice distortion caused by 

electrical fields. Future resistive-switching memory applications may potentially make use 

of the switching observed in Ca2RuO4 and La2NiO4. Finally, chapter 4 presents a 

comparative study between virgin and recycled NdFeB magnets. Recycled NdFeB magnets 

show enhancement in resistivity. With combined application of atomic force microscopy, 

magnetic force microscopy and point-contact spectroscopy, virgin and recycled NdFeB 

magnets were shown to be very similar in surface morphology, magnetic structure and 

magnetotransport properties. Our results support the usage of the recycled materials in 

place of the virgin ones.  

There are similarities as well as differences in properties of the TMO 

antiferromagnets studied. Resistive switching has been observed in Sr2IrO4, Cr doped 

Ca2RuO4 and La2NiO4. However, for Cr doped Ca2RuO4 and La2NiO4, resistive switching 

happens at room temperature and is bipolar. It requires both positive and negative biases 

to finish a full switching cycle, e.g. switching from high resistance state to low state and 

back. The switching has a large resistance ratio (high resistance value over low resistance 

value) and only requires an electrical bias of <1V (with sample dimension ~1mm). In both 

TMOs, resistive switching has been identified to originate essentially from the interfaces 

between contacts and bulk sample. While for Sr2IrO4, as well as for its sister compound 

Sr3Ir2O7, the resistive switching is unipolar and was observed only at liquid nitrogen 

temperature. The resistive switching in Sr2IrO4 only requires biases of the same polarity to 

switch from high resistance state to low state and back. In contrast, the resistive switching 

observed in Cr doped Ca2RuO4, La2NiO4 and Pt/Sr2IrO4 double-layer heterostructures is 

reversible and non-destructive and was observed at different temperatures up to room 
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temperature. Another similarity comes from the tunable activation energy observed in both 

Ca2RuO4 and Sr2IrO4 (as well as Sr3Ir2O7). Unlike traditional semiconductors that have 

fixed band-gaps, the activation energy of Sr2IrO4 and Cr doped Ca2RuO4 both show a 

dependence on the applied electrical bias. This electrically tunable transport property is 

attributed to electric-field-induced lattice dynamics and offers a new method for controlling 

semiconductors’ properties.  

Different experimental techniques have been applied and tested in these studies. 

The displacement measurement set-up based on capacitance meter has been shown to 

provide measurements of crystal dimensions on the nanometer scale. It has also been 

calibrated in thermal-expansion experiments with a bulk copper sample. It has been shown 

that tunneling-junction-type contacts can be made to La2NiO4 single crystals, as opposed 

to conventional methods, which typically involve a thin film deposition.  

The studied TMOs can be candidates for future resistive-switching-based and 

magnetism-based non-volatile memory applications. The non-destructive feature and large 

high/low resistance ratio of Ca2RuO4 and La2NiO4 can be very helpful for building robust, 

multi-level switching schemes. Bias-dependent activation energy observed in Ca2RuO4 

indicates a possible way for building electrically-tunable semiconductors. In the future, 

transport properties of TMO antiferromagnets would be essential for interconnecting 

spintronics and electronics. Hopefully the presented studies have provided useful 

information for next generation memory applications and beyond.  
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