
 

 

 

 

 

 

 

 

 

Copyright 

by 

Heidi Seinige 

2016 

 

 

  



The Dissertation Committee for Heidi Seinige certifies that this is the approved 
version of the following dissertation: 

 

 

CURRENT-DRIVEN NON-LINEAR MAGNETODYNAMICS IN 
MAGNETIC NANO-DEVICES 

 

 

 

 

 
                                                     Committee: 

 

Maxim Tsoi, Supervisor 

Xiaoqin E. Li  

Keji Lai 

Allan H. MacDonald 

Sanjay K. Banerjee 

 



CURRENT-DRIVEN NON-LINEAR MAGNETODYNAMICS IN 
MAGNETIC NANO-DEVICES 

 

 

by 

Heidi Seinige, B.S.; M.A. 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 
May, 2016 

  



 

 

 

 

 

 

To my parents and sister 

 

 



 v  

Acknowledgements 

This dissertation could not have been completed without the support and help of 

so many people. 

First and foremost, I would like to thank my supervisor Professor Tsoi for the 

help, advice, and guidance he has provided throughout my time as his student. I have 

been extremely lucky to be part of his group. I enjoyed learning from him and benefited 

greatly from the opportunities he has given me. He always responded patiently to all my 

questions and queries and made it possible for me to expand my knowledge at many 

conferences. I could not have asked for more. 

I would also like to thank my committee members for their interest in my work 

and the encouraging faculty at UT for being great teachers and mentors along the way. 

Big thanks also to the physics department’s staff, that helped in countless ways to 

overcome bureaucratic obstacles. 

Next, I would like to acknowledge our collaborators: Without the oxide samples 

provided by Professor G. Cao’s group at the University of Kentucky, the last chapter of 

this dissertation would not have been possible. I greatly value the input and constructive 

criticism of Professor J.-S. Zhou and Professor. J. B. Goodenough during the preparation 

of the oxide publications. 

Many friends accompanied me along the way, and I would like to thank all of 

them, even if they are not specifically mentioned by name. I have greatly benefited from 

my friend and officemate Dr. Insun Jo’s advice and help, and I am especially grateful for 

having Dr. Cheng Wang as my labmate. We became dear friends and I wish them and 

their families all the best. 



 vi  

Last but not least, I thank my parents, my sister Mary, and Arnaud, for their 

continuous support and for just being there for me. They always made me feel like I can 

reach for the stars. 



 vii  

CURRENT-DRIVEN NON-LINEAR MAGNETODYNAMICS IN 
MAGNETIC NANO-DEVICES 

 

Heidi Seinige, Ph. D. 

The University of Texas at Austin, 2016 

 

Supervisor:  Maxim Tsoi 

 

Spintronis is an emerging electronic technology that is built on interconnections 

between the electron’s electric charge and its quantum-mechanical spin. The 

interconnections allow altering the electrical transport properties of magnetic nano-

devices by changing the magnetic configuration, and vice versa. It opens up a possibility 

of denser and faster magnetic memory and logic devices. In this work, we conducted 

electronic transport studies using nanco-scale point-contacts in CoSiBFeNb, exchange-

biased spin valves, and the antiferromagnetic Mott insulator Sr2IrO4 and Sr3Ir2O7. 

Magnetic domain switching and evidence of spin-transfer torque in CoSiBFeNb 

were observed. Furthermore, by simultaneously measuring the rectification signal and 

microwave absorption, we were able to directly compare electrical detection of 

ferromagnetic resonance and conventional absorption measurements. We found a good 

agreement between the methods and showed that here the point-contact acts as a nano-

scale bolometer, monitoring the absorption of microwave current.  

Measurements in exchange-biased spin valves showed that parametric resonance 

can be excited next to ferromagnetic resonance. These non-linear excitations are driven 

by spin-transfer torque and due to the field-like component shift with applied dc bias. 
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Parametric resonance can potentially be used as a new and faster method to switch the 

magnetization in magnetic memory and logic devices. 

Last, we studied electrical transport in Sr2IrO4 and Sr3Ir2O7. Both compounds 

revealed a decrease in activation energy with increasing dc bias, which was well fitted by 

a field-effect model and explained by small lattice distortions. Moreover, a small resistive 

switching due to the transition between meta-stable states at a critical current was 

observed. High-frequency measurements in Sr3Ir2O7 showed a resonance-like peak 

structure in the rectification signal as a function of dc bias at sufficiently high microwave 

power. We attribute these features to magnonics that can be excited in Sr3Ir2O7 when the 

lattice is distorted in an ac electric field. Our results show that transition metal oxides 

such as Sr2IrO4 and Sr3Ir2O7 are a new class of materials that allow for modifying band 

structures via dc and ac currents in spintronic applications. 
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Chapter 1  Introduction 

Magnetism is one of the most intensely studied topics in the field of physical 

sciences. First scholarly articles about magnetism and the properties of magnetic 

loadstone have been published as early as 1269 [1], and until 1819 ferromagnetism in 

loadstone and magnetized iron were the only kind of magnetism known. This changed 

with Oersted’s discovery that an electric current can deflect a compass needle, which for 

the first time made a direct connection between electricity and magnetism. The two fields 

were eventually unified in the 19th century in the theory of classical electromagnetism 

largely influenced by the works of Faraday and Maxwell [2]. The understanding of 

magnetism based on an atom-based picture was then developed in the 20th century, and 

with the development of quantum mechanics and the introduction of the electron’s spin, 

the understating of modern magnetism was developed [3]. From the beginning advances 

in magnetism research were closely associated with applications. As early as 1888 the 

storage of data in magnetized material was proposed and the first functional magnetic 

recording device, the telegraphone, was patented in 1894 [4]. Since then, with the 

advances in material science and nano-fabrication techniques, a huge market mostly 

based on hard disk drives (HDDs) has grown selling more than 500 million units a year 

[5]. Areal densities on HDD platters have reached more than 800 Gb/in2 [6] and are 

pushing the physical limits of quantum mechanics and fabrication techniques. New 

applications such as spin-transfer torque magnetic random-access memory (STT-MRAM) 

with unique advantages such as increased access speeds are starting to enter the market 

[7]. However to be competitive with other existing and emerging memory technologies 

such as SRAM, DRAM, and flash storage, fabrication techniques have to be improved 

and become compatible with existing CMOS fabrication steps. Additionally a better 

understanding of the underlying physics has to be developed.  

Next to ferromagnetic spintronics recently much attention has been paid to 

antiferromagnetic materials as active components in memory applications 

(antiferromagnetic spintronics). The main advantages are non-sensitivity against 
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perturbations by stray fields, ultra-fast switching schemes, and no cross-talk between 

devices [8]. 

The purpose of this dissertation is to further understand the underlying physics in 

ferromagnetic and antiferromagnetic materials for spintronics applications. It is organized 

as followed: In Chapter 2 the basic physical concepts relevant to this work are 

introduced, and a detailed explanation of the experimental techniques can be found. In 

Chapter 3 the study of the magnetodynamics in soft magnet CoSiBFeNb is summarized. 

We show giant magnetoimpedance (GMI) measurements, and for the first time, magnetic 

domain switching and spin-transfer torque (STT) effects in CoSiBFeNb are observed. 

Based on measurements of the soft magnet, we show that electrical and absorption 

measurements yield the same results and can be used interchangeably. Additionally, we 

show that in CoSiBFeNb ferromagnetic resonance is detected via the bolometric effect. 

In Chapter 4 we show that next to ferromagnetic resonance (FMR), parametric resonance 

(PR) can be excited in exchange-biased spin valves (EBSVs). In contrast to FMR, we 

show that PR is only excited in the vicinity of nano-scale contacts where current densities 

can overcome a threshold value. We demonstrate that in our experiments PR is excited 

via the field-like component of spin-transfer torque (STT). Finally, in Chapter 5 we 

compare recent results of the bias-dependent transport properties in Sr2IrO4 and Sr3Ir2O7. 

In both compounds, a decrease in activation energy with increasing dc bias can be 

observed and explained by small lattice distortions. Both compounds show reversible 

resistive switching in the resistance-current characteristic and therefore offer a way to 

read and write memory. Additionally we show high-frequency measurements in Sr3Ir2O 

with a dc bias-dependent resonance-like peak structure that can be attributed to 

magnonics in antiferromagnetic insulators. 
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Chapter 2  Theory and Experiment 

This chapter will first give a brief review of ferromagnetic and antiferromagnetic 

spintronics, including key effects like giant magnetoresistance (GMR), spin-transfer 

torque (STT), and STT driven ferromagnetic resonance (FMR). Following this, the 

experimental set-up and experimental techniques relevant to the work done in this 

dissertation will be discussed. 

2.1. Ferromagnetic Spintronics 

The field of spintronics explores the interplay of magnetism and transport 

properties in solid-state materials with the objective to develop a new class of electronic 

devices based on the spin degree of freedom. Two of the fundamental building blocks of 

this new field are giant magnetoresistance (GMR) and spin-transfer torque (STT). While 

GMR is defined as the change of resistance of a magnetic multilayer device to an applied 

magnetic field, STT is the inverse effect where electronic transport can alter the magnetic 

state of a device. GMR can for example be used in hard disk drives (HDDs), where a read 

head ‘flies’ above the disk with the information encoded in magnetic grains.  The read 

head senses the direction of the magnetic moments on the disk and changes its resistance 

accordingly, making it possible to transform the magnetic field into an electrical signal. 

STT can be utilized in magnetic random access memory (MRAM). Here magnetic tunnel 

junctions (MTJs) replace the magnetic grains as a memory bit, and STT can be exploited 

to write information. In the following the fundamentals of GMR and STT are explained 

and the basics of the electrical detection of STT driven ferromagnetic resonance (FMR) 

are discussed. 

2.1.1. Giant Magnetoresistance 

In 1988 the research groups of Albert Fert [9] and Peter Grünberg [10] 

simultaneously discovered the GMR effect; observed as a change in resistance in 

antiferromagnetically coupled [Fe/Cr]n multilayers as a function of applied magnetic 

field. Their discovery laid the groundwork of today’s spintronic applications. 
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Mott’s simple two current model can be used to explain the principles of the 

GMR effect [11]. It assumes that the conductivity of metal is made up of two independent 

conduction channels (spin up and spin down) that are mostly independent, due to the 

higher probability of spin-conserving than spin-non-conserving scattering (e.g. spin-flip 

scattering) in metals. Additionally, the scattering rate for spin ups and downs in 

ferromagnetic (FM) materials are very different and dependent on the magnetization of 

the material. The GMR effect can then be easily illustrated e.g. in a simple spin valve 

(SV) structure with two FM layers separated by a non-magnetic (NM) spacer (Figure 

2.1). The directions of the two FM layers depend on the direction and strength of an 

external magnetic field as well as exchange fields of neighboring layers. According to 

Mott’s arguments, the scattering rate of electrons is higher for spins antiparallel to the 

magnetization direction and weaker for spins parallel. Thus in the case of an antiparallel 

alignment of FM1 and FM2, spin ups can pass the first layer (low scattering rate) whereas 

they have a higher scattering rate in FM2. The first layer acts as a spin filter for electrons 

with spin down. If the second layer (FM2) is parallel to the first one (FM1), electrons 

with spin up can easily pass through the device and a lower resistance is detected. The 

MR ratio is defined as 

 𝑀𝑅 =
𝑅!" − 𝑅!

𝑅!
 2.1 

where 𝑅!" and 𝑅! are the resistance in the antiparallel and parallel state, respectively. 

The switching fields of FM1 and FM2 can be modified by various materials, materials 

thicknesses, and pining to an antiferromagnetic (AFM) layer via exchange-bias (EB). 

Mott’s two current model is a simplified model and to fully understand GMR, as well as 

tunneling magnetoresistance (TMR), models based on quantum mechanical effects 

reflecting the spin-dependent scattering of conduction electrons and the band structure of 

the material under investigation have to be considered. A good summary is given in [12]. 

The review on GMR also elaborates on the effect of layers thicknesses, layer 

compositions, layer roughness, impurities, temperature, and angle of the applied magnetic 

field. 
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Figure 2.1 Schematic of the GMR effect: The scattering probability of an electron 

depends on its alignment with respect to the moment of the magnetic layer. 
The first layer (left) acts as a spin polarizer, which filters spin downs and 
allows spin ups to pass.  The resistance of the whole structure then depends 
on the alignment of the two layers; for parallel (antiparallel) alignment the 
overall resistance is low (high). 

 

2.1.2. Spin-transfer Torque 

Less than 20 years after the discovery of the GMR effect a complimentary 

mechanism called spin-transfer torque (STT) was predicted by Slonczewski [13] and 

Berger [14]. While GMR describes the effect of an external magnetic field altering 

electronic transport properties, the magnetic state of a device can be modified by electron 

transport via STT. In FM materials, currents are partial spin polarized; that means there is 

a favorable direction of the electron’s spin parallel to the magnetization of the material. 

This momentum of the spin current can be partially absorbed by the lattice via spin-

dependent scattering mechanisms and other processes, and excite magnons [15][16][17], 

switch the magnetization of nano-devices [18][19], and move domain walls [20]. 
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Figure 2.2 Schematic explanation of STT effect: (a) for a high applied magnetic field the 

magnetic moments of FM1 and FM2 are almost parallel aligned. Electrons 
coming from the left are spin polarized by FM1 and exert a STT on FM2 in 
order to align both layers. (b) if the moments of FM1 and FM2 are 
antiparallel aligned, the spin-polarized electrons coming from FM1 exert a 
torque on the moment of FM2 in order to switch the magnetization. Higher 
order torques from reflected electrons are schematically shown, however due 
to a decreasing electron flux, the contribution is much smaller. 

 

A schematic of the STT effect in magnetic multilayers is shown in Figure 2.2: An 

incoming current (red) is spin polarized by the magnetic moment (gray arrow) of the first 

magnetic layer (FM1) and because of Newton’s third law it exerts a torque (green arrow) 

on the magnetic moment of FM2 in order to align both layers. In Figure 2.2(a) this means 

the torque acts to stabilize the magnetic orientation of FM2 and in Figure 2.2(b) it 

destabilizes the magnetic moment direction and can switch it. Higher order torques 

originating from reflected electrons are schematically shown (smaller green arrows), 

however due to a decrease in electron flux, their contribution is much smaller. 

Experimentally, STT was first observed in Co/Cu multilayers using mechanical point-

contacts (PCs) [16] and the first commercial application in ST-MRAM application was 

made available in 2012 by Everspin Technologies [21]. 
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2.1.3. Ferromagnetic Resonance 

Before considering STT driven FMR in the next section, it is important to 

establish the basics of conventional FMR. FMR is a standard technique to probe the 

magnetic properties and magnetization dynamics such as the gyromagnetic moment, 

magnetic anisotropies, and spin-lattice relaxation processes in FM materials. In a 

conventional set-up, the sample is placed in a microwave cavity and energy from a high-

frequency (microwave) source is absorbed by the precessing magnetization of the 

material under investigation. When the applied field (including intrinsic fields) and the 

applied rf frequency fulfill the resonance condition, the absorbed power peaks. That 

means the Larmor frequency given by 𝑓! = 𝛾𝐵 2𝜋 equals the applied frequency. The 

dynamics of the resonance precession can be described by the Landau-Lifshitz-Gilbert 

(LLG) equation given by [22] 

 𝑀 = 𝛾𝑀 × 𝐵!"" −
𝛼
𝑀𝑀 × 𝑀 2.2 

where 𝛾 is the gyromagnetic moment, 𝛼 a phenomenological damping parameter, 𝑀 the 

magnetization, and 𝐵!"" the effective field including applied, demagnetization, 

anisotropy, etc. fields. The damping in the LLG equation is described in terms of a 

phenomenological parameter; the contributing mechanisms are e.g. spin-orbit, 

magnetostatic, electron-magnon, electron-phonon, and magnon-magnon interactions 

[23][24]. Using the first term of Equation 2.2 the FMR frequency in thin magnetic films 

such as SVs can be derived (Appendix A) [25] 

 !
!!

 =  𝛾 𝐵!"" 𝐵!"" + 𝜇!𝑀!   2.3 

where 𝜇! is the vacuum permeability, 𝐵!"" the effective magnetic field, and 𝑀! the 

saturation magnetization of the material under investigation. Equation 2.3. is referred to 

as Kittel’s equation. 
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2.1.4. Spin-transfer Torque driven Ferromagnetic Resonance 

Due to the damping in the LLG equation, it is necessary to constantly apply 

power to drive FMR. In conventional FMR experiments, an external field exerts a torque 

on the magnetic moments of the sample and causes the magnetization to precess. An 

additional alternating (ac) magnetic field at the resonance frequency and perpendicular to 

the constant field then drives the magnetization into a steady precession. A more efficient 

way to locally excite FMR is by using STT. The magnetic dynamics including STT can 

be described by an additional term in the LLG equation (Equation 2.2) 

 𝑀 = 𝛾𝑀 × 𝐵!"" −
𝛼!
𝑀 𝑀 × 𝑀 +  𝜂

𝐼
𝑒𝑀𝑀!  𝑀× 𝑀′×𝑀  2.4 

where 𝜂 is a factor describing spin polarization and 𝑀′ the polarization direction of the 

injected current. The additional term due to STT can be parallel or antiparallel 

(depending on the current I) to the damping term and can decrease or increase damping. 

The damping can thus be described by an effective damping given by 

 𝛼!"" =  𝛼! 1−
𝐼
𝐼!

. 2.5 

The critical current 𝐼!  is the current at which a stable precession is built up, and intrinsic 

and extrinsic damping are canceled by STT. Consequently, a rf current at the resonance 

frequency can drive FMR without the need of a magnetic rf field as in conventional FMR 

experiments. 

2.2. Antiferromagnetic Spintronics 

Presently, AFM materials are only used as passive components in spintronics 

application, for example as exchange-biases in SVs or magnetic tunnel junctions (MTJs). 

However, this does not take full advantage of the unique potential of AFM materials. In 

AFMs, the magnetic moments in a unit cell are antiparallel aligned and compensate each 

other. This results in magnetic ordering without net magnetization (no stray fields) and 

consequently insensitivity to externally applied fields. Therefore, AFM materials can 
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potentially be used to achieve denser memory applications due to the absence of cross-

talk between devices. However, one of the milestones of AFM spintronics is finding 

efficient ways to read and write the magnetic order parameter in such materials. 

Theoretically, it has been predicted that phenomena, such as anisotropic 

magnetoresistance (AMR) and STT, which can be used to read and write information, 

have counterparts in AFM materials. STT is predicted to be even stronger in AFMs and 

due to higher resonance frequencies ultra-fast switching schemes are possible [26]. AMR 

[27] and tunneling AMR [28][29] have previously been observed in AFMs and offer a 

promising way to read information while spin transport via spin superfluidity in AFM 

insulators have also been demonstrated [30][31][32] and can offer a way to transfer 

information. Chapter 5 of this dissertation summarizes electrical measurements in 

antiferromagnetic Sr2IrO4 and Sr3Ir2O7 as a promising step towards AFM spintronics. 

2.3. Experimental Details and Techniques 

2.3.1. Point-contact Technique 

The majority of the measurements in this work are done using a mechanical point-

contact (PC) to inject high current densities into the samples. Schematics highlighting 

different aspects of a PC are shown in Figure 2.3(a-b). A PC can be modeled by filling 

space with a conducting material of resistivity 𝜌 (Figure 2.3(a), gray area) except for a 

thin insulating diaphragm with a circular opening of radius a. When a potential difference 

is applied between the two sides of the contact, a current I is forced to flow through the 

small opening. Owing to the small contact size, current densities and electric fields in the 

vicinity of the PC are very high, which makes PCs excellent local probes. At the same 

time due to the high current densities in the PC most of the heat is dissipated nearby. 

The contact resistance can be modeled by a monometallic diffusive contact with 

spherical symmetry where the contact surface is replaced by a sphere of radius a with 

infinite conductivity and current flowing in radial direction from/to the contact (Figure 

2.3(b) - symmetrically distributed dashed lines).  
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Figure 2.3(c) shows the electric potential 𝜑 and the temperature in the contact 

region normalized to their perspective values at the contact surface as a function of the 

radial distance to the contact. The peak values of the electric field and current density 

near the contact are given by 𝐼𝜌 2𝜋𝑎! and 𝐼 2𝜋𝑎!, respectively. The exact calculation 

of the contact resistance gives [33]  

 𝑅! =  
𝜌
2𝑎. 

2.6 

The resistance mostly arises from the immediate vicinity of the PC, and it can be used as 

a local probe as well as to estimate the size of the PC. 

Furthermore, the current-dependent mixing characteristics of PCs can be used in 

rectifiers and frequency mixing diodes [34]. Assuming that the current applied to the PC 

has a dc and rf component 𝐼 𝑡 = 𝐼!" + 𝐼! cos 𝜔𝑡 + 𝜑 , the rectification properties of 

the PC can be found by expanding 𝑉(𝐼) about the bias current 𝐼!" assuming a time-

dependent junction resistance 𝑅! = 𝑉 𝐼 (Appendix B.1) 

 𝑉! =  
𝐼!!

4
𝑑!𝑉
𝑑𝐼!  2.7 

Therefore measuring 𝑉! allows measuring the second derivative 𝑑!𝑉 𝑑𝐼! and can be 

used to measure phonons spectra in Cu [35] and other metals. In ballistic PCs another 

expression for 𝑉! can be obtained (Appendix B .2) [36] 

 𝑉! =  
𝐼!!

4 𝑅!
𝑑𝑅!
𝑑𝑉  2.8 

where 𝑅!  can increase with applied voltage due to Joule heating.  

There are a number of ways to experimentally achieve PCs; the current flow can 

be constricted using lithographic point-contacts [37][38], pillar devices [39][40] or, as is 

done in this work, mechanical PCs [41][42]. The PCs are made using a differential screw 

mechanism [43] that brings an electrochemically sharpened Cu tip in contact with the 

sample. 
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Though mechanical PCs are very sensitive to small vibrations and temperature 

variations, they are an inexpensive approach to preparing small contacts that cannot be 

achieved by other methods such as electron beam lithography. 

 

 
Figure 2.3 (a) Schematic of a PC with a typical FMR set-up (b) Model of PC with 

spherical symmetry. The gray area represents space filled with conducting 
material of resistivity 𝜌. Symmetrically distributed dashed lines show the 
current flow from/to the PC (c) Electrical potential 𝜑 and temperature T 
normalized to the contact surface value as a function of radial distance to the 
PC. 

 

2.3.2. Set-up 

If not mentioned otherwise all measurements in this work were done using the 

above-described PC geometry; a general experimental set-up is shown in Figure 2.3(a). 

We applied ac microwave currents using a microwave generator and dc currents 

(voltages) via a Keithley source meter. To inject both ac and dc current at the same time a 

bias-t with a frequency range of 4 – 8 GHz was used. Magnetic fields up to 650 mT were 

applied using a pair of Helmholtz coils powered by a Kepco power source and dc 

resistance was measured using a Keithley multimeter. To increase the signal-to-noise 

ratio, the microwave current was amplitude modulated at a few hundred Hz and the 

rectification signal 𝑉! was measured with a lock-in amplifier. The reflected power was 

detected using a USB power sensor and a high-bandwidth sampling oscilloscope. All the 

experiments were controlled and data was taken using LabVIEW while data analyzing 

and plotting was done in OriginLab and Mathematica. 
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2.3.3. Ferromagnetic Resonance Detection via Rectification 

Following the basics of FMR detection via rectification are explained at the 

example of a SV where FMR is driven by STT (Figure 2.4). If an ac and rf current 

𝐼 𝑡 = 𝐼!" + 𝐼!" cos 𝜔𝑡  at the resonance frequency of the SV’s free layer is applied, the 

STT exerted by the current, can drive the precession of the free layer. Since the resistance 

of the SV structure depends on the alignment of the free and pinned layer, the resistance 

will also vary in time 𝑅 𝑡 = 𝑅! + 𝑅!" cos 𝜔𝑡 − 𝜑 . Here 𝜑 is the phase shift of the 

resistance with respect to the ac current. According to Ohm’s law, the voltage 𝑈(𝑡) that 

will be measured is given by 𝐼 𝑡 ∗ 𝑅(𝑡) and the time-independent term of 𝑈 𝑡  is given 

by [18] 

 𝑉! =  𝑅!𝐼!" cos 𝜔𝑡 − 𝜑 cos 𝜔𝑡 =
1
2𝑅!𝐼!" cos𝜑 2.9 

Here the ac current and an additional time-dependent resistance (due to the GMR effect) 

are essential to detect a dc component of the voltage. 
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Figure 2.4 STT driven FMR: The torques induced by the ac current drive the free layer 

precession and due to GMR the overall resistance of the SV oscillates in 
time. The voltage given by the product of I(t) and R(t), also oscillates in time 
and the dotted line shows the average value that can be measured as the 
rectification voltage. 
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Chapter 3  Magnetodynamic Measurements in CoSiBFeNb * 

Soft magnetic materials such as CoSiBFeNb have been studied for a long time 

due to their interesting and useful magnetic properties [44]. Magnetic and structural 

properties of such materials can be easily controlled by material composition, and 

magnetic as well as thermal treatment. The high magnetic permeability makes them good 

candidates for applications with low magnetic losses and due to their sensitivity to 

magnetic fields and stress they have been widely used in sensor applications. In this 

chapter first giant magnetoimpedance (GMI) effect and dc MR in CoSiBFeNb are 

discussed, then three different detection methods for FMR in CoSiBFeNb are explored, 

and finally PCs used as a bolometer are investigated. 

3.1. Experimental Details 

The samples in this chapter are thin metallic ribbons of a CoSiBFeNb prepared by 

dripping liquid alloy onto a chilled steel wheel that rapidly cools the material (melt 

spinning technique). The resulting samples are ~ 50 𝜇m thick and experience a similar 

crystallization behavior as FINEMETs; that means nano-scale structures are formed in a 

wide range of annealing conditions due to a primary crystallization of the alloy [45]. The 

experimental set-up is the same as shown in Figure 2.3(a): We used a PC to inject dc and 

rf currents to the sample and measured the resulting magnetodynamics via dc voltage, 

rectification voltage, reflected power, and an oscilloscope. 

3.2. Giant Magnetoimpedance 

The giant magnetoimpedance (GMI) effect is defined as a large variation of the 

impedance as a function of an applied magnetic field in FM materials. It was first 
                                                
* This chapter is based on results previously published under (i) H. Seinige et al, APS March 

Meeting 2013, http://meetings.aps.org/link/BAPS.2013.MAR.N14.5 (ii) H. Seinige et al, Proc. SPIE 8813, 
88131K (2013) (iii) H. Seinige et al, Proc. Of SPIE 8813 (2013) Contributions: MT conceived the idea and 
designed the experiment; HS set up the experiment, measured and analyzed the data, and performed the 
numerical calculations using Mathematica; all authors discussed the results and commented on the 
manuscript 
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observed in 1937 [46] and found its way into many applications such as magnetic 

sensors, stress sensors, torsion sensors, and a way to study intrinsic and extrinsic 

magnetic properties of a diversity of materials. It can be explained in terms of the skin 

effect: e.g. the complex impedance Z of a cylindrical magnetic inductor can be expressed 

as [47] 

 𝑍 = 𝑅!"
𝑘𝑎𝐽!(𝑘𝑎)
2𝐽!(𝑘𝑎)

 3.1 

where 𝑘 = (1+ 𝑖)/𝛿, 𝐽! and 𝐽! are Bessel functions of the first kind, 𝑎 the radius of the 

wire, and 𝛿 the magnetic penetration depth  

 𝛿 = 𝑐(4𝜋!𝜎𝜇!𝑓)!!/!. 3.2 

Here 𝜎 is the electric conductivity, 𝑓 the frequency, and 𝜇! the circular magnetic 

permeability. In soft magnets, such as CoSiBFeNb, the magnetic permeability (here 𝜇!) 

is very sensitive to an external magnetic field, which results in a change of the magnetic 

penetration depth 𝛿 (skin effect) and therefore a change in magnetic impedance. 

 
Figure 3.1 Imaginary part of the impedance measured as a function of applied field. As 

expected the peak at zero magnetic field increases as a function of 
increasing ac frequency. 
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A typical impedance measurement of our CoSiBFeNb sample is shown in Figure 

3.1. As expected, the imaginary part of the impedance peaks at zero field [48]. At fields 

above 100 Oe, 𝜇! saturates and the impedance reaches a constant value. The change in 

magnetic penetration depth 𝛿 scales with frequency 𝑓 and the change in 𝑍 increases with 

applied frequency. 

3.3. dc Magnetoresistance 

While macroscopic contact electrodes to the CoSiBFeNb ribbons did not show 

any changes in dc resistance as a function of applied magnetic field, PC measurements 

revealed a GMR like magnetoresistance of about 0.1 % (Figure 3.2). Unlike macroscopic 

contacts, PCs are local probes and can show the switching of single domains formed 

during the melt spinning process. 

Therefore we can explain the MR traces in terms of a GMR-like two-domain 

model (Figure 3.2(b-d)): At high positive and negative applied magnetic field the two 

domains close to the PC are saturated and parallel, therefore resulting in a low resistance 

state. On the other hand, at smaller fields the domains are not saturated, and can be in a 

non-parallel configuration, resulting in a high resistance state. The saturation or switching 

field of individual domains can depend on surface effects, the nano-scale structure of the 

domains, as well as exchange fields of neighboring domains. 

In Figure 3.3 we show a 2D gray-scale plot of the dc bias dependence of MR for 

the up- (a) and down- (b) sweep of the magnetic field. The x-axis and y-axis indicate 

magnetic field strength and dc bias, respectively, whereas the shade of the gray indicates 

resistance; the brighter (darker) the gray shade, the higher (lower) resistance. For both 

up- and down-sweep the position of the switching at high fields depends linearly on the 

dc bias. Similar as for the MR trace in Figure 3.2 we can explain the bias dependence 

using a two-domain model (Figure 3.3(c-d)): When the magnetic field is swept up and a 

positive current is applied (electrons injected from the bottom contact into the sample), 

carriers are spin-polarized by domain 2, and exert STT on the magnetic moments in 

domain 1 facilitating the switching (Figure 3.3(c)). For negative current (Figure 3.3(d)), 

the current is spin-polarized upon reflection of off domain 2, and exerts STT on domain 
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1, which opposes switching. The down-sweep measurements can be explained with the 

same GMR-like two-domain model where the roles of the two domains are exchanged. 

 

 

 
Figure 3.2 (a) MR measured on CoSiBFeNb at room temperature at 1 mA. (b)-(d) 

GMR-like two-domain model: the two domains close to the PC are 
saturated and parallel aligned at high applied magnetic fields, resulting in a 
low resistance state. At low applied fields, the two domains are not parallel 
resulting in a high resistance state. 
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Figure 3.3 (a-b) 2D grayscale plot of the bias-dependent MR in CoSiBFeNb for (a) up- 

and (b) down-sweeps of the applied magnetic field. A brighter (darker) 
color corresponds to a higher (lower) dc resistance. (c-d) Schematic of STT 
effect in CoSiBFeNb. GMR-like two-domain model including STT (up-
sweep): (c) electrons are spin polarized by domain 2 and exert STT on 
domain 1 in order to switch it (d) electrons are spin polarized and are 
partially reflected by domain 2. Reflected electrons exert STT on domain 1 
facilitating switching. 
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3.4. Ferromagnetic Resonance Detection 

3.4.1. Electrical vs Absorption Measurements 

In Figure 3.4 we compare three different methods of detecting FMR in the set-up 

shown in Figure 2.3(a): (i) the rectified voltage 𝑉! from a lock-in amplifier, (ii) the power 

of the reflected microwaves and (iii) the microwaves in the time domain using an 

oscilloscope. By simultaneously measuring (i) - (iii) as a function of an applied magnetic 

field, we can directly compare the electrical detection of FMR (i) to conventional 

absorption measurements (ii) - (iii). Here all measurement were done using a PC with a 

dc resistance of 19.8 Ω corresponding to a contact size of a ~ 5 nm and a dc bias of 1.2 

mA including a rf current of 7 GHz. 

The first measurement (Figure 3.4(a)) shows the rectification signal as a function 

of external magnetic field. The dip around ± 70 mT corresponds to the FMR excitations 

of magnetic domains in the amorphous CoSiBFeNb ribbons. Here the PC acts as a nano-

scale bolometer (Section 3.4.3) and can be used to monitor the absorbed microwave 

power. The variations around zero field can be attributed to the switching of magnetic 

domains close to the PC (Section 3.3) or the GMI effect at small fields (Section 3.2). 

Figure 3.4(b) shows the microwave power reflected from the sample as a function 

of applied field. This measurement is similar to conventional absorption measurements. 

At resonance, the reflected power from the sample decreases due to an increase of 

microwave absorption. The signal shows deeps (decreased reflection, increased 

absorption) at ± 70 mT indicating FMR. 

The correlation between FMR and the dips in 𝑉! and the reflected signal can be 

further validated by plotting the position as a function of applied rf frequency (here 

shown at the example of 𝑉!, Figure 3.5). The position of the resonance in 𝑉! (open 

symbols) shifts to a higher magnetic field with increasing frequency and can be well 

fitted by Kittel’s equation with 𝜇!𝑀 = 0.9 𝑇 (solid line). 
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Figure 3.4 (a) Rectification signal Vω, (b) reflected power, and (c) amplitude extracted 

from oscilloscope traces as a function of magnetic field. 
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Figure 3.5 Resonance frequency vs field relation ship extracted from frequency-

dependent Vω measurements. Solid trace is the fit of the data (open 
symbols) based on Kittel’s equation. 

 

3.4.2. Time-resolved Measurements 

We used a high-bandwidth sampling oscilloscope to further investigate the 

reflected microwaves. By recording scope traces at different applied fields and fitting 

them with a sine function given by  

 𝑉 𝑡 =  𝐴 sin 2𝜋𝑓𝑡 + 𝜑 , 3.3 

we extracted the amplitude 𝐴 and plotted the results as a function of applied field (Figure 

3.4(a)). Here the amplitude 𝐴 is given in Volts, 𝜑 is the phase shift, and 𝑓 = 7𝐺𝐻𝑧 

(frequency of applied rf current). As expected, it shows the same dip at ± 70 mT as 𝑉! 

and the reflected microwave power (Figure 3.4 (a) and (b)) corresponding to FMR 

excitation. 

Furthermore, for small angle precession time-dependent magnetodynamics 

described by the LLG equation (Equation 2.2) can be linearized to (Appendix C) 
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 𝑚! + 𝜔!"#! 𝑚! + 2𝛼𝜔!"#𝑚! = 0 3.4 

where 𝑚! is the magnetization displacement of the magnetization from the equilibrium 

position 𝑀, and 𝜔!"# is the resonance frequency given by Kittel’s equation (Equation 

2.3). The resonance can be driven by the Oersted field of the incoming rf current; that 

means amplitude and phase of the oscilloscope trace as a function of frequency 𝜔 can be 

described by the theory of a driven damped harmonic oscillator which leads to (Appendix 

D) 

 𝑚! =
𝐴

𝜔!"#! − 𝜔! ! + 2𝛼𝜔!"# !𝜔!
 3.5 

 𝜑 = tan!!
2𝛼𝜔!"#𝜔
𝜔!"#! − 𝜔!  3.6 

where 𝐴 is a constant and depends on the power of the applied rf current. 

Using Equation 3.3 to fit the oscilloscope traces (minus the off-resonance 

background at 400 mT) the amplitude A and phase shift 𝜑 can be extracted as a function 

of applied magnetic field (solid symbols in Figure 3.6). The background was subtracted 

before fitting the traces, because it represents the major portion of the injected rf current 

that is always reflected due to impedance mismatch. Amplitude and phase shift can be 

well fitted by Equation 3.5 and 3.6 respectively, verifying basic expectations of 

precession amplitude and phase shift in a driven oscillator. 
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Figure 3.6 Amplitude (a) and phase shift (b) of the FMR precession from time-dependent 

measurements using an oscilloscope. Solid lines are the fits using Equations 
3.5 and 3.6. 

 

3.4.3. Point-contact Bolometer 

In 1878, the American astronomer Samuel Pierpont Langley invented a device 

called bolometer that measures the power of incident electromagnetic radiation [49]. In a 

bolometer the material under investigation heats up due to incident radiation and the 

absorbed power can be detected via a sensitive temperature-dependent resistance. This 

technique can be applied in magnetic resonance experiments and has shown to be more 

sensitive than conventional detection methods [50]. In the following two sections, the 

electrical and thermal properties of PCs are further discussed, and results of using a PC as 

a bolometer in CoSiBFeNb are presented. 

3.4.3.1. Theory of a Point-contact Bolometer 

When a current I flows through the constriction of a PC, a significant portion of 

the detected potential originates close to the contact where current densities are highest. 

Due to Joule heating the contact temperature rises and is at the maximum at the PC 
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constriction. The correlation between the potential 𝜑 and the temperature T in the contact 

region is given by [33] 

 𝜌𝜆𝑑𝑇

!!

!

=
1
2𝜑

! 3.7 

where 𝜆 is the thermal conductivity of the material and 𝑇! = 𝑇! + 𝑉! 4𝐿 is the 

maximum temperature at the contact surface with L the Lorenz number and 𝑇! the bath 

temperature (contact temperature at zero applied current). The temperature as a function 

of the radial distance to the PC at a constant current 𝐼 = 𝑉 𝑅!  is shown in Figure 2.3(b) 

(right y-scale, dashed line). 

A characteristic cool-off time (thermal relaxation time) can be estimated using 

[51] 

 𝜏!!~
𝐶
Λ~

𝑐𝑎!

𝜆  3.8 

where 𝐶 is the heat capacity of the contact, Λ the heat removed from the contact, a the 

contact size, 𝜆 the thermal conductivity, and c the mass specific heat. Assuming a contact 

size of 10 nm, 𝜆 = 100 𝑊/𝑚/𝐾, and 𝑐 = 420 𝐽/𝑘𝑔/𝐾 the thermal relaxation time is 

only 4 ps (values correspond to those of Co and are an estimate for CoSiBFeNb). The 

short thermal relaxation time suggests that the contact cools off rapidly when the current 

is turned off and can closely follow the profile of the applied microwave current at 

typical FMR frequencies (a few GHz). 

A more accurate description of the temporal evolution of the temperature in a PC 

can be obtained by numerical solving the heat diffusion equation in spherical coordinates 

[52] 

 1
𝑟!

𝜕
𝜕𝑟 𝑘𝑟!

𝜕𝑇
𝜕𝑟 + 𝑞 = 𝜌𝑐!

𝜕𝑇
𝜕𝑡  3.9 
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where 𝑘 is the thermal conductivity, 𝜌 the mass density, and 𝑐! the specific heat capacity. 

Figure 3.7 shows the numerically modeled temperature 𝑇 𝑇!  at the contact surface as a 

function of time. Here zero corresponds to time when the current was switched off. 

 

 
Figure 3.7 Temperature of a PC normalized to the temperature at the contact surface  

T/TC as a function of time after switching off bias current.  

 

3.4.3.2. Point-contact Bolometer in CoSiBFeNb 

To explore the bolometric effect in CoSiBFeNb, we investigated the dc bias 

dependence of 𝑅!  and 𝑉!. Figure 3.8 shows the current-voltage (I-V) and current - 

resistance (I-RC) characteristic of a representative PC of 𝑅! = 14.66 Ω with no 

microwaves applied. Here the open gray symbols represent V (left scale), and the solid 

gray symbols represent 𝑅!  (right scale). V(I) slightly deviates from linear ohmic 

behavior, whereas deviations in 𝑅!  due to Joule heating are clearly visible. At high 

applied dc current the temperature of the PC rises and resistance increases. We fitted the 

V(I) data with a polynomial of third order (dashed line) and used it to generate a smooth 

𝑅!(𝐼) (solid line) to avoid the increased noise at low applied dc bias due to the division 

by small currents. 
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Figure 3.8 dc bias dependence of voltage and contact resistance with no microwaves 

applied. Open circles show V(I) with fit (dashed line) slightly deviating 
from ohmic behavior. Solid gray circles show RC(I) with increased noise at 
small currents.  

 

To further investigate the effect of heating due to high electric currents in the PC 

region, we measured 𝑉! as a function of Idc. Figure 3.9 (a) shows 𝑉! at + 4 mA and f = 6 

GHz. Again the variations in the signal at low fields are due to the GMI effect and 

magnetic switching events in the vicinity of the PC, whereas the deep/peak at ~ ± 77 mT 

can be attributed to FMR. Figure 3.9(b) shows the 2D gray scale plot of 𝑉! as a function 

of magnetic field (x-axis) and applied dc bias (y-axis). The gray shade indicates the value 

of 𝑉! with brighter (darker) gray representing a higher (lower) 𝑉! value. We can see that 

the FMR signal flips sign at Idc = 0 mA. This change in 𝑉! is different than expected for 

STT driven FMR (Section 2.1.4), where the FMR signal is due to the mixing of ac 

current and an oscillating resistance. Here the FMR signal originates from the bolometric 

effect, a local heating in the PC region. We can further investigate this claim by having a 

closer look at the background signal Vbg (marked in blue in Figure 3.9(a)), that means the 
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value of 𝑉! at B = -150 mT and the resonance signal Vres=𝑉!-Vbg (marked in green in 

Figure 3.9(a)) as a function of Idc (Figure 3.10). Both Vbg (open symbols) and Vres (solid 

symbols) change polarity at Idc = 0 mA and increase linearly with Idc. We can use 

Equation 2.8 to fit Vbg and Vres (solid and dashed traces in Figure 3.10). The derivative 

𝑑𝑅! 𝑑𝑉 and the contact resistance RC can be extracted from the data in Figure 3.8, which 

leaves us with 𝐼! as the only adjustable parameter. The ratio 𝑉!"# 𝑉!" ~1/127 

corresponds well to the reflected microwave power at resonance and off-resonance in 

Figure 3.4(b). 

3.5. Summary 

In this chapter the magnetic properties of CoSiBFeNb have been investigated 

using a PC. Previous results showing GMI have been confirmed, and dc MR in nano-

scale contacts was observed. For the first time, we demonstrated the existence of dc MR 

and STT effects in a GMI material, and the results were explained using a GMR-like two-

domain model. Following this, three different FMR detection methods namely (i) 

rectified voltage 𝑉! (ii) power of the reflected microwaves and (iii) microwaves in the 

time domain have been directly compared, and it was shown that they offer equally 

suitable approaches to detect FMR. Finally, the effect of dc bias on the rectification 

signal 𝑉! was investigated, and it has been demonstrated that the bolometric effect in PCs 

can be used to detect FMR. 
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Figure 3.9 (a) Rectification signal as a function of applied magnetic field at f = 6 GHz 

and Idc = 4 mA (b) 2D grayscale plot of Vω as a function of applied field 
and dc bias measured at 6 GHz; brighter (darker) color corresponds to a 
higher (lower) 𝑉!. 
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Figure 3.10 Resonance Vres (solid symbols, right scale) and off-resonance Vbg (open 

symbols, left scale) signal of the rectification signal Vω as a function of Idc.  
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Chapter 4  Non-linear Current-driven Magnetodynamics in Exchange-
biased Spin Valves * 

A standard technique to study magnetodynamics in ferromagnetic materials is 

ferromagnetic resonance. In a standard FMR experiment, the sample is placed in a 

microwave cavity and resonant absorption is measured. However this conventional 

approach is limited to the natural frequency of the material under investigation that 

usually lies in the GHz range, and only relatively small magnetic excitations and 

magnetodynamics in the linear regime are detected. That is why non-linear excitations 

such as parametric resonance (PR) have recently been attracting a lot of attention 

[53][54][55]. They provide an additional opportunity to study magnetic nano-devices in 

the non-linear regime. In this chapter, the excitation of PR in an EBSV via a PC is 

investigated as a function of dc bias, rf current power, and frequency. 

4.1. Parametric Resonance 

The phenomenon of PR has been known and understood for more than 50 years 

[56][57]. In conventional PR experiments, an ac magnetic field perpendicular to a dc 

field at twice the natural frequency is applied. The ac field modulates the precession 

frequency of the sample and therefore drives PR. An intuitive example of driving 

parametric resonance is a child on a swing [58][59][60]; by periodically changing its 

position between squatting and standing, the child changes the effective length of the 

swing and therefore the eigenfrequency, driving the swing into resonance. PR cannot 

only be driven by an oscillating eigenfrequency but also a time-dependent damping 

parameter [61]. In Section 2.1.4 we discussed that STT can change the effective damping 

parameter given by Equation 2.5. If the applied current is a combination of ac and dc 

current the effective damping will oscillate in time and is given by 

                                                
* This chapter is based on results previously published under H. Seinige et al, J. Appl. Phys. 117 

17C507 (2015) Contributions: MT conceived the idea and designed the experiments; HS set up the 
experiment, did the measurement, and analyzed the data; all authors discussed the results and commented 
on the manuscript 
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 𝛼 𝑡 = 𝛼! + Δ𝛼 cos 𝜔𝑡  4.1 

As a result an ac current can drive PR by varying the effective damping at twice the 

natural frequency of the system. Following, we will show data supporting the idea that ac 

currents can drive parametric resonance. This is not only interesting from a fundamental 

physical point of view, but also for spintronics applications. While forced linear 

excitations grow linearly in time, non-linear excitations such as PR grow exponential in 

time [61], and therefore open up the way to faster magnetic switching in magnetic 

memory devices. 

 

 
Figure 4.1 Schematic of the experimental set-up of the EBSV with PC. 

 

4.2. Experimental Details 

A schematic of the experimental set-up is shown in Figure 4.1. A nano-scale PC 

(Section 2.3.1) is used to connect the EBSV to the rf and dc current source to inject high 

dc (up to 15 mA) and ac currents (4-8 GHz) via a bias tee in the presence of an external 

magnetic field up to 600 mT along the EB direction. The size of the PC presented in this 

work can be estimated at ~ 6 nm, and the magnetodynamics driven by STT are detected 

via monitoring the dc voltage across the PC and the reflected ac power from the sample 
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with a power meter. The EBSV Cu(50 nm)/Py(10 nm)/Cu(10 nm)/Py(10 nm)/IrMn(8 

nm)/Cu(5 nm) was deposited on a Si substrate using rf/dc magnetron sputtering, and the 

exchange-bias at the IrMn/Py interface was achieved by heating the film to 600 K and 

cooling it back to room temperature in an external in-plane magnetic field of 300 mT. To 

achieve a closely current-perpendicular-to-plane (CPP) current flow from the PC across 

the EBSV a 50 nm Cu buffer layer was deposited on the magnetically active layers of the 

SV. 

 

 

 
Figure 4.2 (a) MR trace of EBSV at Idc = 1 mA with no rf current applied. Here the 

black (gray) trace corresponds to up- (down-) sweep of the magnetic field. 
(b) MR traces of dc voltage, rectified voltage, and applied power with an 
applied microwave current at 8 GHz.  

 

4.3. Magnetoresistance Measurements 

A typical MR trace of the EBSV sample described in Section 4.2 with an applied 

magnetic field in the exchange-bias direction with no applied ac current, and a dc current 

of 1 mA is shown in Figure 4.2(a) (black/gray trace corresponds to up-/down- sweeps of 

the magnetic field).  The MR shows a typical field-dependent resistance with a low and 

high resistance state of 𝑅! = 22.32 Ω and 𝑅!" = 22.34 Ω and a corresponding MR ratio 

of 𝑅!" − 𝑅! 𝑅! = 0.1 %. To compare the resonance in the PC region to non-local 
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modes in the bulk sample Figure 4.2(b) shows the same MR measurement with an 

applied microwave ac current of 8 GHz. Here the dashed, black, and gray traces 

correspond to the dc voltage 𝑉!", the rectified voltage 𝑉! , and the reflected power 𝑃!"# 

respectively. 𝑉!"  clearly shows the switching of the magnetic layers at small fields as was 

illustrated in Figure 4.2(a), but is not sensitive to resonant excitations at higher fields as 

seen in 𝑉! and 𝑃!"#. 𝑉!  shows a deep around ± 80 mT that can be associated with FMR 

and even larger amplitude variations with much sharper features at lower fields that can 

be attributed to PR and will be discussed in detail later. The reflected power (gray trace) 

shows a dip around ± 80 mT that can be associated with FMR but no signal variations at 

lower fields (no PR). The difference between 𝑉!  and the reflected power can be explained 

by the origin of the respective signals. While the rectification signal 𝑉! is local and 

coming from the direct vicinity of the point-contact where current densities are high, the 

variations in the reflected power are non-local and can also originate from the sample 

regions further away from the contact (bulk of the sample) where current densities are 

low. As expected for PR, it is only excited in the areas where the rf current is high 

enough to reach the threshold power level (Section 4.5) and, thus, can exist only in the 

local (PC) measurements. The discrepancy of the FMR position in 𝑉!(𝐵) and 𝑉!"(𝐵) 

may be caused by local fields, non-linear excitations, or small non-uniform precessions 

due to high current densities in the PC region. 

4.4. Frequency-dependent Measurements 

Figure 4.3(a) shows how the rectification signal 𝑉! 𝐵  changes with the 

frequency of the applied ac current (traces for different frequencies are shifted vertically 

for clarity). The dips at 680 mT and 20 mT in the trace at 8 GHz can be attributed to FMR 

and PR respectively as will be discussed later. The traces at lower frequencies show a 

significant overlap between the FMR, PR, and the non-resonant signal associated with the 

switching of the magnetic layers around zero field. Overall it can be observed that while 

the non-resonant signal does not shift with frequency, the positions of both FMR and PR 

shift to higher applied magnetic fields (dashed lines are guides to the eye). To clearly 
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show this change the extracted frequency-field relationships for FMR (solid circles) and 

PR (open circles) are shown in Figure 4.3(b). The FMR relationship can be well fitted 

with Kittel’s equation (solid line) for FMR in a thin film (Equation 2.3), confirming the 

signal is due to the natural mode in the Py free-layer of the EBSV. The PR relationship 

can also be well fitted (solid line) with the same Kittel’s equation multiplied by two 

(twice the frequency at the same field), confirming that the low-field variations are due to 

the parametric excitations (Section 4.1). 

 

 

 
Figure 4.3 (a) MR as a function of rf frequency at Idc = -5 mA. Here MR traces are shifted 

vertically for clarity and dashed lines are included as guides to the eye. The 
resonance structure at low fields originates from PR whereas the resonance 
features at higher fields are due to FMR. (b) Frequency field relationship for 
FMR (solid symbols) and PR (open symbols) fitted by Kittel’s equation 
(solid traces). 

 

4.5. Power-dependent Measurements 

To study the effect of ac power on FMR and PR the rectification signal 𝑉!  at 

𝐼!" = 0 𝑚𝐴 and an applied rf frequency of 8 GHz was measured as a function of power 

level from 4 to 18 dBm. The results above 10 dBm are shown in Figure 4.4(a). For both 
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FMR and PR, the signal increases with increasing power. However, the change in 

amplitude is qualitatively and quantitatively different for FMR and PR. While the FMR 

amplitude is much smaller and only slightly changes with applied power, the PR signal 

grows much more between 10 and 18 dBm. It can also be seen that while the position of 

FMR in field is constant, the position of PR slightly shifts to a higher applied field with 

increasing applied power (dashed lines are guides to the eye). Figure 4.4(b) shows the 

extracted amplitude and field position (inset) as a function of the applied rf power of 

FMR (solid circles) and PR (open circles) in the range of 4 to 18 dBm. The FMR 

amplitude can be observed down to 4 dBm and shows a steady increase with increasing 

power, whereas the PR amplitude has a threshold value of ~11.5 dBm (no PR below this 

power level). This threshold behavior is typical for PR and is due to its nonlinear nature 

[62]. The amplitude of PR increases rapidly to ~ 5 times the FMR amplitude at ~ 16 dBm, 

whereas the FMR signal slowly grows with applied rf power. The subsequent sharp decay 

of the PR amplitude above 16 dBm may be associated with a highly non-linear excitation 

and excitation of higher order modes that cannot be detected by our experimental 

technique. Finally, the inset in Figure 4.4(b) shows that while the field position of FMR 

(closed circles) stays approximately constant, the position of PR (open circles) moves to 

slightly higher fields with increasing power. 

4.6. dc Current-dependent Measurements 

Finally, Figure 4.5 shows the rectification signal 𝑉! 𝐵  at 7 GHz of applied 

microwaves at different dc biases up to 15 mA (traces are shifted vertically for clarity). It 

can be seen that the position of the much smaller (in amplitude) FMR peak/deep is 

symmetric in field and remains approximately the same at different dc biases. However, 

the signal variations due to PR show a distinct close-to-linear shift with the applied bias 

(dashed lines are guides to the eye) and a bias-dependent amplitude. At positive biases 

(electrons flowing from the sample into the tip), the amplitude of the parametric 

resonance is larger for positive field than for negative field; at negative bias, the 

parametric resonance is more pronounced for positive fields. The slope of the shift in the 

PR signal is ~ - 0.9 T/A. It can be argued that the slope cannot be due to a simple Oersted 
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field of the applied dc current acting on the magnetization. Though the Oersted field 

strength can be significant in the vicinity of the point-contact, where current densities are 

high, it is very non-uniform (largest at the edge and zero in the center) running in closed 

loops around the contact [54]. It is therefore unlikely that such a non-uniform field can 

linearly shift the resonance in the entire contact region. Moreover, the FMR of the point-

contact is not shifted despite the fact that it is subject to the same dc bias. In previous 

work, it was shown that the excitation of parametric resonance in the high-density current 

regions of a PC can be caused by STTs [54]. These current observations in Figure 4.5 

indicate that the linear shift with applied dc bias of the PR signal could be due to the 

field-like component of STT, which is perpendicular to the magnetization of the fixed 

and free layers and proportional to the dc bias [23]. The effect of this STT component 

would be identical to an additional magnetic field applied in the direction of the fixed 

layer [23] and can therefore result in a linear shift of PR as observed in Figure 4.5.  

 

 

 
Figure 4.4 (a) MR as a function of rf power at a rf frequency of 8 GHz and no dc bias. 

MR traces are shifted vertically for clarity, and dashed lines are included to 
guide the eye. While the FMR position does not change with field, PR 
shifts to a higher field with increasing rf power. (b) FMR (closed black 
circles) and PR (open gray circles) amplitude as a function of applied rf 
power. The inset shows the position of FMR (closed circles) and PR (open 
circles) as a function of rf power. 
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4.7. Summary 

In summary, we used high-density electric currents to excite FMR and non-linear 

PR in point-contacts to EBSV samples and showed that PR is exclusively excited in the 

direct vicinity of the nano-scale contact where current densities are high enough to 

overcome a threshold value. Additionally, we showed that while the field position of 

FMR is constant at all dc bias currents, PR has a negative slope with dc bias of about 0.9 

T/A. We argue that this shift is due to the field-like STT generated by the dc bias. These 

current driven non-linear excitations are very interesting from a fundamental physics 

point of view; by extending the frequency range beyond the natural frequency, magnetic 

properties and the associated magnetodynamics of ferromagnetic materials can be further 

investigated and understood. Additionally, such non-linear excitations can be employed 

in magnetic memory devices. Due to the exponential growth of PR, it can improve 

switching speeds and decrease power consumption. 
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Figure 4.5 Rectification signal Vω(B) at different dc biases at an applied rf frequency of 
7 GHz. The traces are shifted vertically for clarity, and dashed lines are 
included as guides to the eye. While the FMR position does not change 
with dc bias, PR shows a negative linear shift of ~ 0.9 T/A.  
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Chapter 5  Antiferromagnetic Spintronics in Sr2IrO4 and Sr3Ir2O7 * 

In this chapter, we compare electrical measurements of the two antiferromagnetic 

compounds Sr2IrO4 and Sr3Ir2O7. Both materials show a decrease in resistivity with 

increasing temperature and a bias-dependent activation energy extracted from ln(R) vs 

1/T Arrhenius plots. The bias-dependent activation energy was further confirmed by 

temperature-dependent R vs I measurements that can be well fitted by a field-effect 

model. The field-effect model assumes that the band gap in those 5d transition metals can 

be tuned by an applied dc current due to the strong correlations between the crystal 

structure and transport properties. In both compounds, we observe a reversible resistive 

switching at a critical current that can be attributed to the transition between meta-stable 

states of the crystal. In Sr3Ir2O7 we additionally performed high-frequency measurements 

that show a resonance-like peak structure in the rectification signal as a function of dc 

bias. We attribute this to the excitation of spin currents via high-frequency electric fields.  

The finding of an electrically tunable band gap in Sr2IrO4 and Sr3Ir2O7 opens up a 

new way to engineer transport properties in 5d transition metal oxides, and the reversible 

resistive switching can potentially be used in future memory applications. The possibility 

of exciting spin currents via electric ac fields opens up new possibilities for 

antiferromagnetic spintronics applications. 

5.1. Experimental Details 

Our samples are single crystals of Sr2IrO4 (1.5 × 1 × 0.5 mm3) and Sr3Ir2O7 (0.5 × 

0.5 × 0.2 mm3) synthesized via a self-flux technique [63][64]. The measurements of 

Sr2IrO4 are done using the PC technique, whereas the small volume of the Sr3Ir2O7 single 

crystal did not allow for PC measurements and all data presented is measured using small 

Ag or In contacts. We applied electric currents through top contacts to the samples so that 

the current primarily flows along the c-axis of the crystal. If not noted otherwise, 

                                                
* This chapter is based on results previously published under (i) C. Wang et al, Phys. Rev. B 92, 

115136 (2015) and (ii) a manuscript in preparation. Contributions: MT conceived the idea; GC prepared the 
samples; CW and HS set up the experiment, and measured and analyzed the data; all authors discussed the 
results and commented on the manuscript 
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measurements are performed at 77 K. Temperature-dependent resistance measurements 

as a function of applied dc bias are compared in both compounds and additional high-

frequency measurements in Sr3Ir2O7 are performed.  

The crystal and magnetic structure of both compounds are shown in Figure 5.1 

[65][66][67][68]. Sr2IrO4 consists of distorted IrO6 octahedra that are rotated by ~12 

degrees about the c-axis. The magnetic moments of the Ir atoms have a canted 

antiferromagnetic order in the IrO2 planes resulting in a residual net moment and weak 

ferromagnetism [66]. Sr3Ir2O7 is the bilayer variant of Sr2IrO4 (Figure 5.1(c)). The 

magnetic structure observed by resonant x-ray diffraction measurement is shown in 

Figure 5.1(d) [68]. Nearest neighbors in the IrO2 planes, as well as neighboring planes, 

are AFM ordered and aligned along the c-axis. 

 

 
Figure 5.1 Crystal and magnetic structure of Sr2IrO4 (a-b) [65][66] and Sr3Ir2O7 (c-d) 

[67][68]: The Sr, Ir, and O atoms are shown in blue, red, and green, 
respectively. Sr3Ir2O7 is the bilayered sister compound of Sr2IrO4. In both 
materials neighboring IrO6 octahedra are rotated in opposite direction about 
the c-axis by ~ 12°. In contrast to Sr2IrO4 with an easy-plane canted 
antiferromagnetic structure, an easy c-axis collinear antiferromagnetic 
structure is observed in Sr3Ir2O7. 
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5.2. Temperature-dependent Resistance Measurements 

Temperature-dependent resistance measurements in Sr2IrO4 and Sr3Ir2O7 are 

shown in Figure 5.2 and Figure 5.3, respectively. With increasing temperature the 

resistance decreases (open triangles) and can be fitted using a temperature-dependent 

activation energy model up to the third order in T (solid line) 

 𝑅 𝑇 =  𝑅! ∗ exp 
∆! + ∆!𝑇 + ∆!𝑇! + ∆!𝑇!

𝑘!𝑇
   5.1 

where 𝑘! is the Boltzmann constant. The activation energy can be obtained by taking the 

derivative of this fit and the data in the ln(R) vs 1/T plot (insets of Figure 5.2(a) and 

Figure 5.3(a)). In both cases the results agree well with optical measurement methods 

[69][70]. Sr3Ir2O7 exhibits slightly lower activation energy than Sr2IrO4. By measuring the 

temperature dependence of the activation energy at different applied dc bias levels, the 

activation energy as a function of dc current can be probed. The activation energy ∆! at 

176 K is shown in Figure 5.2(c) and Figure 5.3(c). In both compounds the activation 

energy decreases with increasing dc bias in agreement with the field-effect model (more 

details follow in Section 5.3). The qualitative difference between the temperature- and 

bias-dependent activation energy in Sr2IrO4 and Sr3Ir2O7 highlights the strong 

interconnection between crystal structure and transport properties in 5d transition metal 

oxides. Though the two compound’s crystal structure is similar, the intra-bi-layer 

coupling in Sr3Ir2O7 that is absent in Sr2IrO4 can change the bias- and temperature-

dependent transport properties significantly. 
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Figure 5.2 Experimental data of R vs T (a) in Sr2IrO4 fitted by a temperature-dependent 

band gap up to the third order of T. The inset shows the same data as a ln(R) 
vs 1/T plot. (b) Temperature-dependent activation energy Δ derived from the 
slope in the ln(R) vs 1/T plot (c) Activation energy as a function of dc bias at 
T = 167 K extracted from current-dependent R(T) data. 
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Figure 5.3 Experimental data of R vs T (a) in Sr3Ir2O7 fitted by a temperature-dependent 

band gap up to the third order of T. The inset shows the same data as a ln(R) 
vs 1/T plot. (b) Temperature-dependent activation energy Δ derived from the 
slope in the ln(R) vs 1/T plot. (c) Activation energy as a function of dc bias at 
T = 167 K extracted from current-dependent R(T) data. 

 

5.3. Field-effect Model 

In 5d transition-metal oxides such as Sr2IrO4 and Sr3Ir2O7 electronic states are 

extremely sensitive to the overlap of orbitals of neighboring crystal sites and a small 

change in the lattice structure can considerable change electronic properties [71][72]. It 

was found that an applied electric field can induce an electric polarization that may be 

associated with a field-driven displacement of oxygen atoms and result in a change in 

resistivity [73]. In our experiments locally high electric fields can alter the position of the 
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oxygen atoms and distort the IrO6 octahedra. We use an electrically tunable activation 

energy model to fit the bias-dependent resistance data shown in Figure 5.4(a) and Figure 

5.5(a) (open symbols). The data shows a decrease in resistance with increasing dc bias in 

a temperature range of about 80 K to 180 K and is well fitted with the following model 

(electric field-effect model) [74] 

 𝑅 𝐼 = 𝐴 ∗ 𝑒
∆ !
!!!!,      ∆ 𝐼 = ∆! − 𝐵 ∗ 𝐼  5.2 

where ∆! is the thermal activation energy at zero dc bias for a fixed temperature, and A 

and B are fitting factors. This model (red lines) fits the dc bias-dependent resistance in 

both compounds. The activation energy was taken from our analysis in Figure 5.2 and 

Figure 5.3. The fitting parameter A is related to the intrinsic properties of the material 

under investigation and can be correlated with the activation energy. The magnitude of 

the field-effect B decreases with increasing temperature in both compounds (Figure 

5.4(d) and Figure 5.5(d)). At a high temperature, the same range of applied bias currents 

results in a smaller range of applied electric fields due to the increased conductivity and 

therefore the strength of the field-effect decreases. 
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Figure 5.4 (a) Temperature-dependent R(I) characteristics of Sr2IrO4 fitted by an electric 

field-effect model. (b-d) shows the temperature-dependent fitting parameters 
A, Δ0, and B.  
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Figure 5.5 (a) Temperature-dependent R(I) characteristics of Sr3Ir2O7 fitted by an electric 

field-effect model. (b-d) shows the temperature-dependent fitting parameters 
A, Δ0, and B. 
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Figure 5.6 R vs I (a) / (c) and V (b) / (d) characteristics (black symbols) of Sr2IrO4 / 

Sr3Ir2O7 with fits of different models; Joule heating (cyan), Poole-Frenkel 
(green), space charge limited currents (pink), tunneling barrier (blue), and 
field-effect model (red). Only the field-effect model (red) as a function of 
applied dc bias fits the data.  

 

To rule out other effects such as impurities, defect/traps, and interfacial barriers 

we tried to fit the R(I) and R(V) characteristics with different models (Figure 5.6), but 

found systematic discrepancies between the measured data and models. In the following 

the models are briefly discussed (i-iv). We would like to mention that a Schottky barrier 
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between the metallic contact and the semiconducting sample can be ruled out because of 

the symmetry of the non-linear R(I) characteristics. (i) Joule heating due to high current 

densities can lead to an increased temperature and a decrease in resistivity with 

increasing current. The change in resistivity can be modeled by 𝜌 ∝ 𝑒(!/!!!!) where 

𝑇 ∝ 𝑉! or 𝑇 ∝ 𝐼! (cyan) [33]. (ii) Defect induced traps in the semiconductor/insulator 

can lead to localized electron states within the band gap and alter the Fermi level and 

therefore transport properties. Such space charge limited currents (SCLC) are 

proportional to 𝑉! where usually 1 < 𝛼 < 2 (pink) [75]. (iii) A tunneling barrier at the 

interface between the metal contact and the Sr2IrO4/Sr3Ir2O7 can decrease the tunnel 

junction resistance with increasing bias due to an increase of the thermally excited 

transport across the junction (blue). (iv) The applied electric field can lead to the 

emission of trapped carriers and lead to Poole-Frenkel currents 𝑗 = 𝑗!𝑒(!!!
!/!) with 

𝑗! = 𝜎!𝐸 (green) [76]. While all models (i-iv) show a decrease in resistance with 

increasing dc bias, they have a qualitatively different shape than the data (black). Only 

the field-effect model (red) as a function of dc bias can fit the data indicating that in this 

case current is a better measure of local fields than voltage. 

We estimated the electric field and current densities in the vicinity of the contact 

in Table 5.1. The contact size a can be approximated using Equation 2.6. As expected, 

the PC used in Sr2IrO4 is smaller than the macroscopic contact to Sr3Ir2O7 (2.9 𝜇𝑚 vs 

0.05 𝑚𝑚). The maximal electric field and current density can be calculated using 

𝐸 = 𝐼!"#𝜌 𝐴 and 𝑗 = 𝐼!"# 𝐴, where 𝐴 is the contact size area, 𝐼!"# the maximum 

current, and 𝜌 the resistivity. Though electric fields are about three orders of magnitude 

bigger using PCs the estimated current density is only one order of magnitude smaller 

using In contacts owing to the higher applied dc current. 

The actual displacement due to the electric field can be estimated using following 

arguments: The potential energy of an oxygen atom in the Ir - O bond can be described 

by a simple harmonic oscillator with 𝑈 = 0.5𝑘𝑥! + 𝑒𝐸𝑥, where x is the ions position, e 

the electron charge, E the applied field given in Table 5.1, and k the spring constant. In an 

applied field E the displacement of the oxygen can be calculated by 𝑥!"# = 𝑒𝐸 𝑘. It is 
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known that in some 3d transition-metal (Fe, Co, Cr) oxides the spring constant of the 

ionic potential is 𝑘~10 𝑒𝑉Å!!. In 5d heavy metal oxides such as Sr2IrO4 and Sr3Ir2O7 the 

Ir - O bond is expected to be weaker, and therefore we assume k to be 𝑘~1 𝑒𝑉Å!!. In 

Sr2IrO4 the displacement of the oxygen ions is about 3×10!! Å, whereas the estimated 

displacement in Sr3Ir2O7 is only 3×10!! Å. The changes of the IrO6 octahedra are 

depicted in Figure 5.7: The displacement of the oxygen ions is assumed to be along the 

applied electric field along the c-axis. The two apical Ir – O bonds experience opposite 

effects, that means one increases and one decreases its bond length, while the four Ir – O 

bonds in the basal plane are elongated in a similar way (Figure 5.7(b)). Therefore 

assuming no effect on the apical bonds, buckled basal planes are favored in our model.  

 

 

 
Resistivity 𝜌 

(Ω 𝑐𝑚) 

Estimated 

contact size 

Imax 

(mA) 

E 

(𝑀𝑉/𝑚) 

j 

(Am-2) 

xmin 

 (Å) 

Sr2IrO4 50 [77] 2.9 𝜇𝑚 1.5 28 6 × 107 3 × 10-3 

Sr3Ir2O7 1 [78] 0.05 𝑚𝑚 15 0.02 2 × 106 2 × 10-6 

       

Table 5.1 Estimates of electric field E, current density j, and displacement of oxygen ions 
xmin in Sr2IrO4 and Sr3Ir2O7 using resistivity 𝜌 and the maximal applied current 
Imax. 
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Figure 5.7(a) Zoom into four IrO6 octahedra from Figure 5.1 The Ir and O atoms are 

shown in red and green, respectively.  (b) If a dc bias is applied to the 
compounds, the oxygen ions are displaced along the c-axis, and the octahedra 
are distorted. (c) Schematic illustration of the distorted Ir-O-Ir bond due to 
the oxygen displacement.  

 

5.4. Reversible Switching 

Figure 5.8(a) and Figure 5.9(a) show R(I) characteristics of Sr2IrO4 and Sr3Ir2O7 

with a reversible resistive switching at threshold currents |Ic|. Here the up-sweep (down-

sweep) of the dc bias is shown in gray (black). When the current is swept up beyond a 

critical current |Ic| the R(I) characteristic shows a step decrease/increase. The change in 

resistance can be explained by a dc bias induced structural modification in the crystal 

lattice [74]. Interestingly Sr2IrO4 shows a decrease in resistance at |Ic|, while Sr3Ir2O7 

shows an increase. The difference between the switching in the two compounds may have 

two origins. Due to different inter- and intra-layer interactions in the compounds, the 

nature of the two meta-stable states can be different. It is also possible that though the 



 51  

change in the octahedral structure is the similar in both compounds the effect on electrical 

transport is different. 

We measured the critical current as a function of applied magnetic field and found 

that this transition is magnetic field dependent in Sr2IrO4 (Figure 5.8(b)) with a similar 

behavior as its MR (Figure 5.8(c)). MR in Sr2IrO4 can be explained by field-induced 

variations in the magnetic order. Figure 5.10 shows the magnetic structure observed by 

neutron diffraction [66] of the IrO2 planes projected on the basal plane for four layers of 

Sr2IrO4 without applied magnetic field and an applied magnetic field above the critical 

field Bc. At B = 0 the in-plane canting of the magnetic moments results in a residual net 

moment in Sr2IrO4. Above a critical field of 200 mT, the uncompensated moments can be 

aligned which results in a non-zero net moment at high fields. The relative changes 

between the increase in Ic and the decrease in resistance are entirely different and cannot 

be explained by a field-independent critical voltage 𝑉! = 𝐼!𝑅. However, they suggest that 

the magnetoresistive phenomenon in Sr2IrO4 may originate from band structure 

modifications associated with field-induced lattice distortions. On the other hand, the 

reversible resistive switching in Sr3Ir2O7 is not field-dependent, and no MR is detected 

(Figure 5.9(b) and (c)). The magnetic moments in Sr3Ir2O7 are AFM aligned along the c-

axis [68] and due to the zero net-magnetism the magnetic and crystal structure cannot be 

altered by an external magnetic field. 
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Figure 5.8 (a) Reversible resistive switching in the R(I) characteristic of Sr2IrO4. Here the 

black (gray) represented the down-sweep (up-sweep) of the dc bias and a step 
in the resistance can be observed at a critical current |IC|. (b) Magnetic field-
dependence of the resistive switching. (c) MR correlates well with magnetic 
field-dependence of resistive switching. 
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Figure 5.9 (a) Reversible resistive switching in the R(I) characteristic Sr3Ir2O7. Here the 

black (gray) represented the down-sweep (up-sweep) of the dc bias and a step 
in the resistance can be observed at a critical current |IC|. No magnetic field 
dependence (b) or MR (c) is observed in Sr3Ir2O7.  
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Figure 5.10 Magnetic structure of four IrO2 planes projected on the basal ab-plane at (a) 

low and (b) high magnetic field applied in-field. The red arrows on the right 
indicate the uncompensated magnetic moment. [66]  

 

5.5. High-frequency Measurements in Sr3Ir2O7 

Figure 5.11 to Figure 5.14 show detailed high-frequency measurements of 

Sr3Ir2O7 at dc biases up to 50 mA and a rf current of 3 GHz (up to 20 dBm). First, we 

show 𝑉! and R(I) as a function of applied ac power (Figure 5.11). At P = -20 dBm the 

resistive switching discussed in section 5.4 is visible and 𝑉! shows a flat line with 

increased noise above the critical current (here up- and down-sweep are represented by 

the gray and black trace, respectively). The noise of up to 100 𝜇𝑉 above ± 30 mA 

originates from field-induced structural transitions between metastable states, which 

result in small variations in resistance and are reflected as a change in 𝑉!. At 10 dBm the 

resistive switching disappears, the overall shape of 𝑉! changes, and two resonance-like 

peak structures in the rectification signal emerge. The resonance-like peak structure has a 
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similar hysteresis behavior as the resistive switching at low ac power. It appears only at 

positive (negative) current when sweeping dc current up (down). At high applied ac 

power the resonance like structure broadens, shifts to a lower applied dc current, and 

decreases in amplitude. This is further illustrated in Figure 5.12 (here only down-sweeps 

are shown). The resistive switching disappears above 8 dBm, and the resonance like peak 

structure emerges in 𝑉!. When further increasing the ac power, the peak-like structure 

broadens and shifts to a lower dc bias. A 2D gray scale plot with high resolution of this is 

shown in Figure 5.13. Here the x- and y-axis represent the applied dc bias and the applied 

ac power, respectively; the shade of gray indicates the amplitude of the rectification (the 

brighter the gray shade, the higher the 𝑉! level). Two additional rectification peaks at a 

higher dc bias can be observed. 

 

 
Figure 5.11 Vω and R as a function of dc bias at an applied ac current of -20 (a-b), 10 (c-

d), and 20 dBm (e-f). At low applied power, the resistance shows reversible 
switching and Vω an increased noise above ±30 mA. The switching disappears 
at higher applied microwave power, and a resonance-like peak structure at  
±20 and ±24 mA can be observed at 10 dBm and vanishes at 20 dBm. 
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Figure 5.12 Change in resistance and Vω as a function of ac power level (0 to 19 dBm). 

Here traces are shifted vertically for clarity, and only down-sweeps are 
shown. Below 8 dBm reversible resistive switching can be observed in R and 
above 8 dBm Vω shows a resonance-like peak structure that shifts to lower 
applied dc bias with increasing power level. 

 

 

 

 
Figure 5.13 2D gray scale plot of Vω: here the x- and y-axis represent the dc bias and the 

applied microwave power, respectively, and the gray shade corresponds to Vω 
(the brighter (darker) the gray the higher (lower) the value of Vω). With 
increasing ac power, the resonance-like peak broadens and shifts to a lower 
dc bias. 
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According to Kittel [79] antiferromagnetic resonance (AFMR) can be described by 

𝜔 𝛾 = 𝐻! ± 2𝐻!𝐻! where 𝐻! is the anisotropy field, 𝐻! the exchange field, 𝐻! the 

applied magnetic field, and 𝛾 the gyromagnetic moment. From Section 5.1 we know that 

Sr3Ir2O7 has an antiferromagnetic ground state with moments directed along the c-axis. It 

seems therefore natural to assume that AFMR can be excited in Sr3Ir2O7. However, 

according to this model, the resonance-like peak structure must depend on the applied 

magnetic field and the applied microwave frequency. Figure 5.14 shows that the observed 

resonance-like structure is field and frequency independent in a range of 2 to 5 GHz and 

up to 240 mT (perpendicular or parallel to the c –axis of the crystal). It is therefore 

unlikely that the observed structure in 𝑉! is caused by AFMR. 

 

 

 
Figure 5.14 (a) Vω as a function of microwave frequency from 2 to 5 GHz. Traces are 

shifted vertically for clarity, and the up-sweep (down-sweep) is represented 
in gray (black). The resonance-like structure position and amplitude do not 
change with increasing frequency. (b) Resonance-like peak structure as a 
function of applied magnetic field. Traces are shifted vertically for clarity, 
and the field of 240 mT is applied perpendicular and parallel to the c-axis. 
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Theoretically, it was shown [31] that dissipationless magnonics can be excited by 

ac electric fields in coplanar multiferroic insulators with an AFM spiral order. In Sr3Ir2O7, 

the displacement of oxygen O2- ions in the IrO6 octahedra due to the dc bias can lead to 

electric polarization and lattice deformations. These lattice deformations may alter the 

magnetic structure via spin-orbit coupling and result in an AFM spiral-like magnetic 

order at certain dc-bias level (|IC|); the additionally applied ac bias can then excite 

electrically controlled magnonics. The observed dc voltage (resonance-like peaks) 

originates from the rectification of the ac current and a time-dependent resistance due to 

small lattice distortions. At this sufficient high microwave power level, the crystal and 

magnetic structure of Sr3Ir2O7 are governed by the ac current and the switching in R 

disappears. With increasing ac power level the resonance-like peak broadens and shifts to 

lower dc bias due to the increased impact of the ac current. 

5.6. Summary 

In this chapter, we investigated electronic transport properties in 

antiferromagnetic Sr2IrO4 and Sr3Ir2O7. From temperature-dependent resistance 

measurement and associated Arrhenius plots at different dc currents, we found a bias-

dependent band gap. Furthermore, we showed that the decrease in resistance with 

increasing bias can be well fitted by an electric field-effect model. These findings 

demonstrate the possibility to tune electronic transport properties via dc bias in 5d 

transition metal oxides and suggest a promising path towards the development of next-

generation functional devices.  

Additionally, we found reversible resistive switching in both compounds. Sr2IrO4 

shows a step decrease in resistance at a critical current |IC| and Sr3Ir2O7 an increase. While 

the step-like change in resistance can be associated with the transition between meta-

stable states in the crystal structure in both compounds, the specific change and effects on 

conductivity are different. Additionally, Sr2IrO4 shows a magnetic field-dependence of 

|IC|, with close similarities to its MR. MR in Sr2IrO4 can be closely associated with field-

induced variations in the magnetic order. In Sr3Ir2O7 an applied magnetic field has no 

effect on transport properties, most likely due to the AFM order. 
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Furthermore, high frequency measurements in Sr3Ir2O7 revealed a bias-dependent 

resonance-like peak feature that can be explained by dissipationless magnonics excited 

by an ac electric field when the lattice and magnetic structure is distorted. These findings 

are interesting for future AFM spintronics applications with the goal of electric field 

controlled spin dynamics and currents. 
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Chapter 6  Summary and Future Directions 

In this dissertation, the effects of ac and dc current, as well as magnetic fields on 

CoSiBFeNb ribbons, EBSVs, and antiferromagnetic Sr2IrO4 and Sr3Ir2O7 were 

investigated. 

For the first time we showed that magnetic domain switching in CoSiBFeNb can 

be observed using PCs, and a GMR-like two domain model was established to explain 

STT effects. By simultaneously measuring the rectification signal, microwave absorption, 

and time-resolved microwaves, we were able to directly compare electrical detection and 

conventional FMR absorption. We found a good agreement and the expected phase shift 

and amplitude variations of a driven resonance. Additionally, we showed that the 

detection of FMR in the rectification signal in amorphous CoSiBFeNb is based on the 

bolometric effect. 

In Chapter 4 we showed that, next to FMR, non-linear PR can be excited in 

EBSVs at twice the natural frequency and driven via STT. The non-linear excitation 

observed in the rectification signal originated exclusively in the small contact region of 

the PC where current densities are high. Power-dependent measurements showed a 

typical threshold behavior of PR and a broadening of the instability region with 

increasing power. The amplitude of FMR slowly grew with applied power, whereas PR 

showed a more than five times higher amplitude than the FMR signal. Current-dependent 

measurements revealed a linear dependence of the position of PR, which is consistent 

with a field-like spin-transfer torque on the magnetic moments in the free-layer. The 

excitation of PR in EBSVs is interesting from a fundamental point of view, and can be 

exploited to study magnetodynamics in such systems. It can also potentially be useful in 

magnetic memory and logic devices. Typical PR excitations grow exponentially in time, 

in contrast to forced FMR excitations that grow linearly and saturate faster [61]. 

However, the challenge remains to excite PR in MTJs in order to increase switching 

times in STT-MRAM applications. 
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The last chapter investigated electronic transport properties in antiferromagnetic 

Sr2IrO4 and Sr3Ir2O7. From Arrhenius like plots of the temperature dependent resistance at 

different dc biases, we found a bias dependent activation energy in both compounds. 

Furthermore, temperature-dependent R(I) characteristics were well fitted with an electric 

field-effect model. This further confirmed bias-dependent activation energy and the 

possibility to tune transport in 5d transition metal oxides using dc currents. We observed 

a reproducible resistive switching as a function of dc bias that can be attributed to the 

transition between meta-stable states of the crystal structure in both materials. MR and 

field-dependent resistive switching was only found in Sr2IrO4 and can be explained by 

field-induced variations in the magnetic order. This clearly demonstrates the close 

interconnections of magnetic order, crystal structure, and transport properties in 5d 

transition metal oxides.  

In Sr3Ir2O7, we additionally found a resonance-like peak structure in the 𝑉!(𝐼) 

characteristics at microwave frequencies of 2 to 5 GHz. We tentatively attribute these 

findings to dissipationless magnonics that can be excited via an ac electric field in 

antiferromagnetic insulators.  

In the future more work is needed to shed light on the interesting interconnections 

of magnetic and crystal structure, and transport properties in 5d transition metal oxides. 

The two compounds studied in this work, Sr2IrO4 and Sr3Ir2O7, have Néel temperatures 

(TN) of 240 K and 285 K, respectively. Especially for antiferromagnetic spintronics 

applications, it is important to find and study AFM materials with higher TN.  

This may be achieved e.g by doping or strain-induced stress in the crystal of the 

oxide. Especially doping with heavy or magnetic ions can significantly alter magnetic 

properties and increase the Néel temperature. Moreover, strain can be introduced by non-

ideal lattice matching in oxides grown as a thin film on a substrate. With an appropriate 

substrate, this may improve magnetic properties. However, the question remains if the 

electric field-effect can be observed in thin film oxides, and how measurements compare 

to single crystals used in this work. Additionally, by investigating other oxides with 

similar structure (layered iridates or heavy metal oxides) the underlying physical 

principles may be further understood.   
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Appendix A. Kittel’s Equation 

Deriving the resonance field as a function of applied frequency can be done 

following [25]. 

We are assuming an elliptical shaped ferromagnetic insulator with a cubic lattice 

and the principal axis along the cartesian unit vectors. 𝑁!, 𝑁! and 𝑁! are the positive 

demagnetization factors that depend on shape of the sample and fulfill the condition 

𝑁! + 𝑁! + 𝑁! = 1. The internal magnetic field 𝑩! of a specimen can be described by  

 𝐵!,!,!! = 𝐵!,!,!! − 𝑁!,!,!𝜇!𝑀!,!,! A.1 

where 𝑩! is the external field, 𝜇! the magnetic permeability, and 𝑀!,!,! the magnetization 

of the sample in the x, y, and z direction. Using 𝑩! (Equation A.1) in the LLG equation 

(Equation 2.2) with an applied magnetic in the z direction and assuming 𝑑𝑀! 𝑑𝑡 = 0 

and 𝑀! = 𝑀 (first order approximation for small angles) the x and y component of 𝑴 are 

 𝑑𝑀!

𝑑𝑡 = 𝛾 𝑀!𝐵!! −𝑀!𝐵!! = 𝛾 𝐵! + 𝑁! − 𝑁! 𝜇!𝑀 𝑀! A.2 

 𝑑𝑀!

𝑑𝑡 = 𝛾 𝑀 −𝑁!𝑀! −𝑀! 𝐵! − 𝑁!𝑀 = 𝛾 𝐵! + 𝑁! − 𝑁! 𝜇!𝑀 𝑀! A.3 

Assuming a time-dependent 𝑀 ∝ 𝑒!!"# and plugging it in into Equation A.2 and A.3, the 

solution of the eigenvalue problem is 

 𝜔!! = 𝛾! 𝐵! + 𝑁! − 𝑁! 𝜇!𝑀 𝐵! + 𝑁! − 𝑁! 𝜇!𝑀  A.4 

In FMR experiments with the applied magnetic field parallel to the plane of the thin film, 

the demagnetization factors are 𝑁! = 𝑁! = 0 and 𝑁! = 1 and the Equation A.4 leads to 

 !
!!

 =  𝛾 𝐵!"" 𝐵!"" + 𝜇!𝑀!   A.5 
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Appendix B. Rectification Properties of a Point-contact 

B.1 Expansion of V 

For an applied ac current of 𝐼 𝑡 = 𝐼!" + 𝐼! cos 𝜔𝑡 , 𝑉(𝐼) can be expanded 

around a small ac current 𝐼! 

 𝑉 𝐼 𝑡 =  𝑉 𝐼!" +
𝑑𝑉
𝑑𝐼 𝐼! cos 𝜔𝑡 +

1
2
𝑑!𝑉
𝑑𝐼! 𝐼! cos 𝜔𝑡 ! B.1 

The dc component of 𝑉(𝐼 𝑡 ) measured by the Lock-in amplifier can be calculated using  

 
1
𝑇 𝑉 𝐼 𝑡 𝑑𝑡

!

!

 B.2 

 

and is given by 

 𝑉 𝐼 𝑡 =  𝑉 𝐼!" + 0+
1
4
𝑑!𝑉
𝑑𝐼! 𝐼!

!  B.3 

 

B.2 Bolometric Effect 

The detected voltage 𝑉!"# due to heating in the PC can be obtained by the 

difference between the voltage with (𝑉!"#) and without incident radiation (𝑉!"#) 

 𝑉! = 𝑉!"# − 𝑉!"# = 𝐼 𝑅!"# − 𝑅!"# ≅ 𝐼
𝑑𝑅!
𝑑𝑇 = 𝐼

𝑑𝑅!
𝑑𝑉 ∆𝑉 B.4 

Using Equation B.4 we can calculate the effective values of 𝑉  

 𝑉!"# ! = 𝑉! B.5 

 𝑉!"# ! = 𝑉 + 𝐼!𝑅! cos 𝜔𝑡 ! = 𝑉! +
1
2 𝐼!

!𝑅!! B.6 

For the change in voltage it follows 
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 𝑉!"# ! − 𝑉!"# ! = 𝑉! +
1
2 𝐼!

!𝑅!! − 𝑉!  

 = 𝑉 1+
𝐼!!𝑅!!

2𝑉! − 𝑉 = 𝑉 1−
1
2
𝐼!!𝑅!!

2𝑉! − 𝑉  

 = 𝑉
𝐼!!𝑅!!

4𝑉! =
𝐼!!𝑅!!

4𝑉  B.7 

For the detected voltage it follows 

 𝑉! =  𝐼
𝑑𝑅!
𝑑𝑉 ∆𝑉 = 𝐼

𝑑𝑅!
𝑑𝑉

𝐼!!𝑅!!

4𝑉   

 𝑉! =  
𝐼!!

4 𝑅!
𝑑𝑅!
𝑑𝑉  B.8 
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Appendix C. Linearized LLG Equation 

To linearize the LLG equation (Equation 2.2) we first have to express the 

magnetic moment and the magnetic field in Cartesian coordinates 

 𝑀 = 𝑚!𝑒! +  𝑚!𝑒! +𝑀𝑒! C.1 

 𝐵 =  𝐵!""𝑒! − 𝜇!𝑚!𝑒! C.2 

here 𝑒! is the normal vector in 𝑖-th direction, 𝑚! the small magnetization in x and y 

direction and M the magnetic moment of the sample assuming a thin film in which the 

confinement in y direction is significant. By expressing the LLG equation in components 

we can get 

 𝑚! = 𝛾𝐵!""𝑚! + 𝛾𝜇!𝑀𝑚! + 𝛼𝑚! C.3 

 𝑚! =  −𝛾𝐵!""𝑚! − 𝛼𝑚! C.4 

here we assumed that 𝑚! = 0. By differentiation 𝑚! and 𝑚! and replacing 𝑚! and 𝑚! 

in 𝑚! we can get 

 0 = 𝑚! 1+ 𝛼! + 𝛼𝛾𝑚! 2𝐵!"" + 𝜇!𝑀 +𝑚!𝛾!𝐵!"" 𝐵!"" + 𝜇!𝑀   C.5 

As expected the resonance frequency is given by 𝜔!"#! =  𝛾!𝐵!"" 𝐵!"" + 𝜇!𝑀  and the 

damping term can be approximated to 

 𝛼𝛾 2𝐵!"" + 𝜇!𝑀 = 2𝛼𝛾𝐵!"" 1+
𝜇!𝑀
2𝐵!""

  

 ≅ 2𝛼𝛾𝐵!"" 1+ !!!
!!""

!
!
= 2𝛼𝜔!"#. C.6 

Assuming the damping 𝛼 to be small the LLG equation can be expressed as 
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 𝑚! + 𝜔!"#! 𝑚! + 2𝛼𝜔!"#𝑚! = 0 C.7 

for small angle precession.  
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Appendix D. Amplitude and Phase of Damped Driven Ferromagnetic 
Resonance 

Assuming the damped harmonic oscillator in Equation C.7 (linearized LLG 

equation) is driven by a force with simple harmonic oscillation of angular frequency 𝜔 

and amplitude 𝐴, we obtain the driven damped harmonic oscillator equation of the form  

 𝑚! + 𝜔!"#! 𝑚! + 2𝛼𝜔!"#𝑚! = 𝐴 cos 𝜔𝑡  D.1 

Eventually the periodically driven oscillator will settle down to a motion with contact 

amplitude with the same frequency of the driving force, in which the energy loss due to 

friction is matched by the work done. The solution has therefore to be of the form 

 𝑚 𝑡 = 𝑚! cos 𝜔𝑡 − 𝜑  D.2 

here 𝑚! is the amplitude of the driven oscialltion and 𝜑 is the phase lag with respect to 

the phase of the driving force. Taking the derivative of 𝑚 𝑡  and plugging it into D.1 we 

get 

 𝑚! 𝜔!"#! − 𝜔! cos 𝜔𝑡 − 𝜑 + 2𝛼𝜔!"#𝜔𝑚! sin 𝜔𝑡 − 𝜑 = 𝐴 cos 𝜔𝑡  D.3 

We can use cos 𝜔𝑡 − 𝜑 = cos 𝜔𝑡 cos 𝜑 + sin 𝜔𝑡 sin 𝜑  and sin 𝜔𝑡 − 𝜑 =

sin 𝜔𝑡 cos 𝜑 − cos 𝜔𝑡 sin 𝜑  to obtain 

 
𝑐𝑜𝑠 𝜔𝑡 𝜔!"#! − 𝜔! 𝑚! cos 𝜑 + 2𝛼𝜔!"#𝜔𝑚!𝑠𝑖𝑛 𝜑 − 𝐴  

+𝑠𝑖𝑛 𝜔𝑡 𝜔!"#! − 𝜔! 𝑚! sin 𝜑 − 2𝛼𝜔!"#𝜔𝑚!𝑐𝑜𝑠 𝜑 = 0 
D.4 

The two coefficients of 𝑐𝑜𝑠 𝜔𝑡  and 𝑠𝑖𝑛 𝜔𝑡  have to simultaneously equate to zero 

leading to  

 𝑚! =
𝐴

𝜔!"#! − 𝜔! ! + 2𝛼𝜔!"# !𝜔!
 D.5 
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 𝜑 = tan!!
2𝛼𝜔!"#𝜔
𝜔!"#! − 𝜔!  D.6 
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