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The development of spintronics and potential applications demands a thorough 

understanding of various novel phenomena in ferromagnets and antiferromagnets. 

Magnetotransport measurements, which have been implemented in current data storage 

and magnetoresistive sensing technology, provide convenient and powerful approach to 

the characterizations of magnetism. We conduct point-contact magnetotransport 

investigations in metallic magnetic multilayers and antiferromagnetic insulators, aiming 

at probing the electron transports associated with local magnetic properties in those 

different materials. For metallic exchange biased spin valves, both radiofrequency (rf) 

and dc currents are injected through point contacts and we detect the rectified electrical 

signals. Point contacts with contact sizes of the order of 10-100 nm allow to probe the 

spins in very local scale. It is found that both linear ferromagnetic resonance and 

nonlinear parametric resonance can be observed driven by oscillating currents. 

Particularly, the parametric excitation driven by ac spin transfer torque (STT) is a 

promising candidate of techniques for realizing fast magnetic switching in spin torque 

based devices. As for investigating the single crystals of antiferromagnetic Mott insulator 

Sr2IrO4 (SIO), a large anisotropic magnetoresistance (AMR) signal originated from the 

entanglement of orbital physics and magnetic moments was revealed, shedding lights into 
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the unexplored physics in heavy transition metal oxides in presence of comparable 

magnitudes of electron correlations and spin-orbit coupling. The crystalline AMR found 

in SIO may point out a practical path to the sensing of antiferromagnetic order in future 

AFM-based devices. Furthermore, detailed point-contact study of the electron transport in 

SIO under high electric biases discovers an electrically tunable transport band gap in this 

iridate, suggesting a very interesting playground for developing functional devices based 

on transition metal oxides. 



 viii 

Table of Contents 

List of Figures ..........................................................................................................x	  

Chapter 1: Introduction: from Magnetism Basics to Contemporary Spintronics ....1	  
1.1 Ferromagnetism and antiferromagnetism .................................................2	  
1.2 Magnetoresistance: the electrical sensing of spins ...................................8	  
1.3 Spin transfer torque .................................................................................15	  

Chapter 2: Experimental Techniques .....................................................................23	  
2.1 Point-contact techniques .........................................................................23	  
2.2 Ferromagnetic resonance detected by electrical measurements .............27	  

Chapter 3. Current-driven Magnetodynamics in Magnetic Nano-devices ............34	  
3.1 Electrically detected FMR driven by heating of microwaves: point-contact 

bolometer .............................................................................................35	  
3.2 Spin-torque ferromagnetic resonance (ST-FMR) in exchange-biased spin 

valves (EBSV) .....................................................................................40	  
3.2.2 Experimental results of STT-FMR in point-contact devices ......44	  

3.3 Current driven parametric excitations in spin valves ..............................50	  
3.3.1 Parametric excitations: aiming towards fast magnetic switching50	  
3.3.2 Experimental observation of parametric resonance ....................54	  
3.3.3 Discussion about current-driven parametric resonance ..............61	  

3.4 Summary and future work ......................................................................63	  

Chapter 4: Magnetoresistance study of antiferromagnetic Mott insulator Sr2IrO4 66	  

4.1 Antiferromagnetic spintronics: opportunities and challenges .................67	  
4.2 Recent progress on probing AFMs via anisotropic magnetoresistance 

(AMR) ..................................................................................................73	  
4.3 AMR study of Mott insulator Sr2IrO4 with canted antiferromangetic order

..............................................................................................................77	  
4.4 Summary and future work on Sr2IrO4: from magneto-transport to 

ferromagnetic resonance study ............................................................97	  



 ix 

Chapter 5: Electrically Tunable Transport of Mott Insulator Sr2IrO4 ..................103	  
5.1 Introduction to electronic transports with tunable band gaps ...............103	  
5.2 Experimental study of non-linear I-V in SIO .......................................108	  
5.3 Summary and future work ....................................................................126	  

Chapter 6: Conclusions ........................................................................................129	  

Appendices ...........................................................................................................131	  
Publications .................................................................................................131	  
Presentations ...............................................................................................132	  

Bibliography ........................................................................................................134	  

Vita .....................................................................................................................140	  

  



 x 
 

List of Figures 

Figure 1-1 Simple description of 3d band structure in Stoner model of 

ferromagnetism in transition metals. ...................................................3	  

Figure 1-2 Illustrations of (a) superexchange and (b) double-exchange interactions in 

transition metal oxides ........................................................................6	  

Figure 1-3 Giant magnetoresistance of Fe/Cr superlattice at T = 4.2 K. ...............12	  

Figure 1-4 Illustration of giant magnetoresistance (GMR) effect using two-channel 

model .................................................................................................14	  

Figure 1-5 Illustration of spin transfer torque phenomena. ...................................16	  

Figure 1-6 Earliest experimental observation of spin transfer torque effect in magnetic 

multilayers ...................................................... 错误! 未定义书签。 	  

Figure 1-7 Memory cell structures of toggle (magnetic field driven) MRAM and STT-

MRAM ..............................................................................................20	  

Figure 2-1 Illustration of mechanical point contacts based on differential screw 

system. ..............................................................................................24	  

Figure 2-3 Experiment of spin transfer torque driven ferromagnetic resonance. ..29	  

Figure 2-4 Illustrations of devices for observing STT-FMR. ................................31	  

Figure 3-1 Bolometer effect of ferromagnetic thin films detected by ferromagnetic 

resonance. ..........................................................................................36	  

Figure 3-2. Rectification signal of FMR. ...............................................................38	  

Figure 3-3 Bias dependence of the measured dc voltages of the background and FMR 

resonance. ..........................................................................................39	  

Figure 3-4. Ferromagnetic resonance driven by (a) ac magnetic fields and (b) ac spin 

transfer torques. .................................................................................41	  



 xi 

Figure. 3-5 Device geometry of describing STT-FMR in magnetic multilayers using 

macrospin model. ..............................................................................42	  

Figure 3-6 Experimental setup of STT-FMR.. ......................................................45	  

Figure 3-7 Observation of FMR driven by ac currents in point-contact devices.. .47	  

Figure 3-8. Bias dependence of FMR linewidth. ...................................................48	  

Figure 3-9 Demonstration of difference in the initial excitations of ferromagnetic 

resonance and parametric resonance. ................................................51	  

Figure 3-10. Rectified voltage vs magnetic field measurement of ferromagnetic and 

parametric resonance. .......................................................................55	  

Figure 3-11 Power dependence study of the parametric excitations. ....................56	  

Figure 3-12 frequency –resonant field dependence of magnetic excitations. ........57	  

Figure 3-13 Dc bias dependence of parametric resonance signals. .......................58	  

Figure 3-14 The dependence of parametric resonance on the applied dc bias current 

and rf power at 16 GHz. ....................................................................60	  

Figure 4-1 Exchange bias effect characterized by M(H) loop. ..............................68	  

Figure 4-2 Magnetic tunnel junctions with exchange bias effect. .........................69	  

Figure 4-3 Exchange spring effect in FM/AFM bilayer structure.. .......................70	  

Figure 4-4 Illustration of using AFMs instead of FMs as active components in data 

storage devices. .................................................................................72	  

Figure 4-5 Observations of tunneling anisotropic magnetoresistance (TAMR) in 

antiferromagnetic-based tunnel junctions. ........................................75	  

Figure 4-6 Room temperature antiferromagnetic-based memory devices. ............76	  

Figure 4-7 Origin of the magnetic moments in Sr2IrO4. ........................................78	  

Figure 4-8 Crystalline structure and magnetic ordering in the single cell of Sr2IrO4.

...........................................................................................................79	  



 xii 

Figure 4-9 Experimental setup and basic measurements. ......................................80	  

Figure 4-10. A dozen of point-contact measurements of field sweep MRs. ..........82	  

Figure 4-11 Magnetization measurements in comparison to transports. ...............84	  

Figure 4-12 Angular dependence of magnetoresistance. .......................................85	  

Figure 4-13 2D gray-scale plots of the normalized AMR versus magnetic field for (a) 

PC1 and (b) PC2. ..............................................................................86	  

Figure 4-14 Detailed analysis of AMR. .................................................................87	  

Figure 4-15. Magnetoresistance of SIO measured by point-contacts at 3 different 

temperatures (T = 77 K, 120 K and 250 K). .....................................92	  

Figure 4-16 Temperature dependence of bulk magnetoresistance ranging from T= 77 

K to 295 K. ........................................................................................94	  

Figure 4-17 2D density plot of the normalized AMR of bulk measurements. ......96	  

Figure 4-18 Study of lattice strain effect on magnetism of SIO via magnetotransport 

measurements. ...................................................................................99	  

Figure 4-19 Electron spin resonance (ESR) measurement of single crystal SIO.100	  

Figure 5-1 Electrically tunable band gap in bilayer graphene realized in a gated 

device.. ............................................................................................105	  

Figure 5-2 Tunable band gap of Sr2IrO4 in recently reported experiments. ........107	  

Figure 5-3. Current-voltage characteristics of Sr2IrO4 crystal in point-contact 

measurements at T = 77 K. .............................................................109	  

Figure 5-4 Analysis of the bias dependence of point-contact resistance. ............111	  

Figure 5-5 Temperature dependence of the point-contact R(I) characteristics. ...114	  

Figure 5-6 Band gap characterization by temperature-dependent resistivity 

measurements. .................................................................................116	  

Figure 5-7 Resistive switching in point-contact R(I) characteristics. ..................118	  



 xiii 

Figure 5-8 Bias dependence of magnetoresistance (MR). ...................................120	  

Figure 5-9 Effects of electric field on the resistance of SIO point contacts ........121	  

Figure 5-10 Electric field effect on the crystalline structure of SIO. ...................125	  





 1 

 

Chapter 1: Introduction: from Magnetism Basics to Contemporary 

Spintronics 

Magnetism is one of the most intensively investigated research themes since the 

beginning of human beings’ exploration of the physical science, and the outcome of 

research on magnetism has always been closely associated with applications. Tremendous 

change in modern life has been witnessed in the past decades thanks to advances in the 

study of magnetism and magnetic materials. For instance, the rapidly developing 

spintronics (spin-based electronics) [1][2], together with advances in material science and 

nano-fabrications, has introduced disruptive innovations into information technology 

from hard disk drives (HDDs) to the emerging magnetic sensors and magnetic random 

access memories (MRAMs). The research discussed in this thesis is aimed at reaching a 

better understanding of some underlying physics encountered in the contemporary 

development of spintronic technologies. In this beginning chapter, basic concepts of 

magnetism such as ferromagnetism and antiferromagnetism will be introduced followed 

by some brief discussions on magnetoresistive and spin transfer phenomena, which may 

be frequently encountered in the study of modern spintronics and are of particular 

importance for the understanding of specific projects in my study. 
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1.1 FERROMAGNETISM AND ANTIFERROMAGNETISM 

Spintronics involves interactions of the charge and spin degrees of freedom with 

electrons. The phenomena of magnetism associated with electrons can be regarded as the 

outcome of electronic exchange interactions in presence of certain orbitals of atoms and 

electronic structure in materials. Back to the beginning of quantum mechanics, it was 

found that electrons have orbital and spin angular momentums that generate atomic 

magnetic moments. Quantum mechanical description of the origin of magnetism was first 

discussed in hydrogen molecule H2, which involved intriguing complexity compared to 

individual hydrogen atoms. Pauli exclusion principle, together with Coulomb interactions 

between the two electrons contributed respectively from each H atom determine that 

ground state of the electronic orbitals have bonding orbitals with antiparallel spins 

(singlet), which is used to explain that most diatomic gas are diamagnetic [3]. Exchange 

interaction of the two electrons as described by Heitler-London model is further 

expanded by Heisenberg to many-electron systems with lattice structures or chemically 

bonded electrons:  

Heff =   𝐽!"𝒔𝒊 ∙ 𝒔𝒋!
!!! .      (1.1) 

The sign of exchange constant regarding to inter-atomic coupling of atomic 

moments from neighboring atoms determines the magnetic nature to be ferromagnetic or 

antiferromagnetic. When Jij is negative the energy minimum state of the many-spin 

system favors the parallel configurations of spins with their neighbors, while positive 

exchange constant leads to energy minimum state with antiparallel spin configuration. 

Note that the general form of Heisenberg model may be used for the descriptions of 
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various exchange interactions including intra-atomic and interatomic interactions when 

coupled magnetic moments or spins are taken into account. 

 

 

Figure 1-1 Simple description of 3d band structure in Stoner model of ferromagnetism in 
transition metals [3][4]. The degeneracy of spin degree freedom will be broken in 
presence of exchange energy splitting. The spin dependent Hamiltonian can be described 
by an effective magnetic field Heff, which can induce magnetic moment m. Electrons 
with opposite spins will have different density of states and therefore different 
populations because of the exchange energy splitting. 

In order to describe the ferromagnetism in metals, band theory instead of 

independent electron models is needed. In metallic ferromagnets, the atomic moments are 

resulted from unpaired d electrons following the Hund’s rule, and 3d electrons from 

atoms at different sites of lattice broaden individual atomic states into energy bands 

(Stoner Model [4-6]). In presence of energy splitting ΔEex due to exchange interactions, 

ΔEex 

Heff   m 

Majority Band  Minority Band 

EF 

Energy 

Density of States 
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as shown in Fig 1-1, density of states with opposite spins will be shifted, producing 

difference in the populations of electrons with parallel (down) and antiparallel (up) spins 

with respect to the effective field direction (spin quantization axis) and thus non-zero 

magnetic moments about few Bohr magnetons can be induced. Note that the magnetic 

moments of electrons are opposite to the spins due to the negative charges of electrons. 

The magnitude of atomic magnetic moment is determined by the difference in the 

populations of electrons in majority and minority bands. Typical atomic magnetic 

moments in ferromagnetic metals were found that m = 2.216 μB for Fe, 1.715 μB for Co, 

0.616 μB for Ni. The strength of ferromagnetic coupling among magnetic moments at 

different lattice sites is characterized by the exchange integral constant J among 

neighboring sites, and the quantity of exchange stiffness A, which is frequently used in 

characterizing practical magnetic materials [7], is defined as A = J*S2/a, where S is the 

magnitude of atomic angular momentum and a is the lattice constant. 

Furthermore, contemporary study of magnetic materials has expanded from 

transition metals and alloys to compounds of transition metals such as oxides, which are 

mostly insulators and are found to have magnetism originated from different mechanisms 

compared to metals. Both ferromagnetism and antiferromagnetism can be observed in 

transition metal oxides, though it is noteworthy that antiferromagnetism is more 

frequently found in oxides. The antiferromagnetism in oxides is originated from the 

interactions of two unpaired electrons from metal ions’ d orbitals via the bonded oxygen 

atom. The energy ground state of the d electrons can be determined by competition of 

hopping energy t and on-site Coulomb repulsion U in presence of indirect exchange 
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(superexchange) interaction [8] mediated by the p electrons from oxygen. Similarly to the 

circumstance in H2 molecules, ground state with superexchange interaction in transition 

metal oxides favors antiferromagnetic spin configurations among bonded neighboring 

ions so that hopping of electrons between ions are allowed to minimize the kinetic energy 

(Fig. 1-2a). Meanwhile, ferromagnetic ground state in transition metal oxides may be 

favored when metal ions with mixed valency (double exchange interactions [9][10]) are 

involved in oxides such as manganite (Fig. 1-2 b) and Fe3O4.  Note that in the band 

theory of transition metal oxides, the partially filled d band expanded from d orbitals may 

split due to charge transfer energy or onsite Coulomb repulsion energy U, when U is 

larger than band width W (Mott-Hubbard insulator). 

Antiferromagnetic insulator Sr2IrO4 (SIO), a 5d transition metal oxide, is regarded 

as a Mott insulator and will be discussed in details in following chapters (see Chapter 4 

and 5). Although the Coulomb energy is relatively weak in 5d oxides, the insulating 

nature of 5d oxide SIO has been found, and it is known to be originated from the 

combination of reduced Coulomb repulsion energy and strong spin-orbit coupling [11]. 

With the preparation of fundamental knowledge on magnetism, it is helpful to introduce 

some phenomenological concepts that may be practical in discussing experimental study 

of spintronics. When it coms to discussions about experimental study on magnetic 

phenomena, the magnetization, which is defined as the sum of atomic magnetic moments 

per volume, is mostly used. Since the atomic magnetic moment differs from the magnetic  
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Figure 1-2 Illustrations of (a) superexchange and (b) double-exchange interactions in 
transition metal oxides (figure from [10]). When localized electrons remain in the 
respective orbitals and transmit spin information among two ions, superexchange 
interaction can lead to AFM ground state; when the exchange interaction is intermediated 
by the oxygen (without spin flip), FM ground state is energetically favorable due to 
Pauli’s principle and Hund’s rule. 

  

(a) 

(b) 
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moment from single electron, the exchange interactions among atomic moments are of 

different physical meanings. One may introduce Weiss exchange field as 𝐻! = − !!(𝒎)
!𝒎

   

to describe the long-range exchange interactions of magnetic moments m in contrast to 

the short range interatomic exchange couplings, and the magnitude of Weiss field is 

associated with the Curie temperature that can be calculated in thermal dynamic study of 

the spontaneous magnetization:  

               𝑇! =
!!!!(!!!)

!!!
  𝐻! ,     (1.2) 

where J is atomic angular momentum, gJ is the Lande g-factor, and μB is Bohr magneton. 

Spontaneous magnetization may only persist below Curie Temperature at which the 

thermal fluctuations become strong enough to smear any local magnetic order. As is 

observed in experiments, the free energy of magnetic materials associated with 

magnetization is found to contain contributions from several other terms, including 

Zeeman splitting under external magnetic fields, exchange energy of magnetic moments 

among neighbors in texture, magneto-static energy due to shape effect of 

demagnetization and magnetic anisotropy originated from different mechanisms. As 

discussed in the coming chapters of this dissertation, some of those contributions to the 

magnetic free energy can be decidedly important when discussing the magnetodynamics 

in specific studies in magnetic thin films (Chapter 3) or single crystals with unique 

crystalline anisotropy (Chapter 4). 
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1.2 MAGNETORESISTANCE: THE ELECTRICAL SENSING OF SPINS  

The probing of magnetizations, with its crucial importance for both fundamental 

research and technical applications, is a major theme in magnetism-related research for 

centuries. Great advances have been achieved on probing magnetic moments down to 

sub-micron scales in recent decades. A kaleidoscope of characterization methods having 

been developed, including magneto-transport study [12][13], spin-polarized scanning 

tunneling microscopy (STM) [14] / magnetic force microscopy (MFM) [15], X ray 

magnetic circular dichroism (XMCD) [16], and magneto-optical Kerr effect (MOKE) 

imaging [17]. Among all the probing means of magnetic moments, magneto-transport 

measurements, which reflect magnetic configurations from electric resistance signals, 

provide unique accessibility with relatively simple apparatus and therefore can be 

instrumental for applications in magneto-electronic devices and sensors. Throughout my 

graduate study, measuring magneto-transport properties lies in the foundation of all 

experimental projects and thus it is essential to capture a good understanding of the 

various magnetoresistive phenomena. In the following several types of common 

magnetoresistive phenomena will be discussed. 

The earliest investigation of magnetoresistance (MR) was done by Lord Kelvin in 

1856 [12]. It was discovered that iron conductor’s resistance changed by 0.6% when the 

magnetic field was rotated from along the current flow to perpendicular to the current and 

such effect was later defined as anisotropic magnetoresistance (AMR). Great advances in 

the understanding and applications of AMR have been achieved since 1950s and AMR 

has been found in many kinds of magnetic materials including pure metals, alloys and 
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oxides [13]. Magnetic sensors had mostly relied on AMR as the sensing mechanism until 

the very recent applications of giant magnetoresistance and tunneling magnetoresistance. 

The origin of AMR, however, is not as simple as the phenomenon looks like. The 

fundamental of AMR lies in spin-orbit coupling, which is a relativistic effect associated 

with electromagnetic interactions between moving electrons and nuclei. Although the 

exact picture of AMR is still under heavy debates nowadays, a simplified and qualitative 

model of AMR is given as follows, although rigorous formalism is certainly needed to 

give an accurate explanation. In a typical metallic ferromagnetic material, magnetic 

moments are aligned by external fields so that up (down) spins can be defined as parallel 

(antiparallel) to the magnetization [see Figure 1-1] The sub-band of down spins has a 

lower energy due to the energy split under magnetic fields, making up (down) spins 

become the minority (majority). The conduction electrons from the minority (spin-up) s 

sub-band will see more empty states in the d sub-bands and thus experience stronger 

scattering from spin-orbit coupling. Naively one can assume that the difference between 

empty states in spin-up and spin-down d band ∆𝑁!  determines the additional magneto-

resistance: 𝑅 = 𝑅! + 𝛿𝑅 ∙ ∆𝑁! . When varying the angle θ between conduction electrons 

(I) and magnetization (M), ΔNh depends on the strength of s-d orbital scattering, and is 

found to be anisotropic as ΔNh ~ cos2θ. One important outcomes from the above 

simplified analysis is that magnetoresistance reaches its maximum (minimum) at θ = 

0°(90°): 

𝑅 𝜃 = 𝑅! + (𝑅∥ − 𝑅!) ⋅ 𝑐𝑜𝑠!𝜃.      (1.3) 
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AMR has been found ubiquitous in most ferromagnetic polycrystalline, and the 

magnitude of AMR defined as (𝑅∥ − 𝑅!)/𝑅!"# is usually few percents [13]. Further 

investigations revealed that in some single crystalline materials, orientations of crystalline 

lattice with respect to the moments or currents also play important role in AMR 

(crystalline AMR). Crystalline AMR can be associated with the orbital physics including 

crystal field splitting of d orbits and spin-orbit coupling. It is found that AMR, though 

widely studied in ferromagnetic materials, does not necessarily require the presence of 

macroscopic magnetization. In antiferromagnetic materials, where ordered magnetic 

moments from two sub-lattices tend to compensate with each other, local magnetic 

moments can also influence the electron conduction and lead to observable AMR. It has 

been recently reported that anisotropic magnetoresistance with spin dependent tunneling 

can sense the different orientations of antiferromagnetic order, suggesting that AMR may 

be a viable solution to the sensing of magnetic order in antiferromagnet-based spintronic 

devices when other sensing mechanism of magnetic order in FMs may fail in AFMs [18]. 

The crystalline AMR in 5d transition metal oxide Sr2IrO4, is utilized as a powerful way of 

probing the antiferromagnetic order and will be discussed in details in Chapter 4. 

One disruptive discovery that significantly expedites the development of 

spintronics and magnetic sensors is giant magnetoresistance (GMR). GMR effect, which 

is defined as the resistance depending on the relative orientations of magnetizations in 

magnetic multilayer thin films, is fundamentally a quantum mechanical effect reflecting 

the spin dependent scattering of conduction electrons. The first experimental observations 

of giant magnetoresistance were in systems of magnetic multilayers with Current In the 



 11 

Plane (CIP). In system of tri-layer [19] or superlattics [20] containing epitaxially grown 

layered ferromagnets separated by nonmagnetic such as Fe/Cr/Fe, electrical currents were 

applied in the plane of the films and large negative magnetoresistance is observed. In 

order to witness the change of electrical resistivity due to spin dependent scattering, it is 

required to have the thickness of Cr layers to be no larger than the mean free path, which 

is of the order of 10 nm. When the two Fe layers are separated by 1 nm of Cr, it has been 

known that the magnetizations of Fe layers tend to couple antiferromagnetically. If one 

sweeps down the external magnetic field starting from above saturations, low resistance 

state is observed at first and then high resistance state emerges at low fields. The 

accompanying magnetization process involved is that adjacent ferromagnetic layers are 

initially  aligned in parallel states (low resistance), while at low field they will switch to 

antiparallel states (high resistance), as illustrated in Fig. 1-3. Therefore, the change of 

resistance with and without external magnetic fields ∆𝑅(𝐻) 𝑅!  corresponds to the 

change of resistance between parallel and antiparallel configurations of different 

magnetizations. Later on, GMR with current perpendicular to the plane (CPP) was 

experimentally demonstrated with lithographically fabricated devices [21] and 

electrodeposited nanowires [22]. 
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Figure 1-3 Giant magnetoresistance of Fe/Cr superlattice at T = 4.2 K. The magnetic field 
is applied in (110) within the thin film plane (figure from [20]). The magnetization of 
neighboring Fe layers (blue arrows) are coupled antiparallel at zero field, and can be 
aligned by the external magnetic field. The normalized resistance change can be as high 
as 40% at T = 4.2 K. 

 

The physical picture of GMR with CIP is subtler compared to CPP GMR. CIP 

GMR can be intuitively pictured as the effect of boundaries limiting the conductivity 

[23]: if one assume that channel of majority spins in the ferromagnets are perfectly 

coupled with non-magnetic spacing layer, then the case with parallel magnetizations will 

effectively have a larger summed thickness of films involved in electron conduction in 

comparison to the case with antiparallel states. Interestingly, CPP GMR, which is in 

general more difficult to realize experimentally, can be more intuitively conceptualized 
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following the idea of two-current model of spin dependent scattering as proposed by Mott 

in 1930s. A simple structure of “spin valve” consisting F/N/F can be used to illustrate the 

mechanism of GMR. The two ferromagnetic layers (F) serve as free layer and reference 

layer respectively and they may have different magnitudes of switching fields. The 

reference layer is usually thicker and pinned by an antiferromagnetic layer via exchange 

bias effect. The model of “two channels circuit” may provide a qualitative explanation of 

GMR, which is originated from spin dependent scattering. In two-current model, the 

conduction electrons from subbands of opposite spins have different conductivity (see 

Fig. 1-4). When electron spins are antiparallel with magnetic moments (defined as spin 

“up”), the experienced scattering is weak and thus corresponds to a lower resistance, 

while spins being parallel with magnetic moments (defined as spin “down”) will have 

high resistance. The spin valve resistance with parallel and antiparallel magnetizations 

will have distinct combinations of up and down channel resistance and thus leads to 

GMR effect. The mechanism of spin dependent scattering is further applied in developing 

magnetic tunnel junctions (MTJs), which have two ferromagnetic layers separated by 

insulators rather than non-magnetic metal. As for electronic transport in MTJs, it is the 

spin dependent density of states involved in tunneling that account for the observed 

tunneling magnetoresistance (TMR) [25]. Following the suggestions from electronic 

structure calculations that epitaxially formed MgO barrier can provide highly selective 
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Figure 1-4 Illustration of giant magnetoresistance (GMR) effect using two-channel model 
[24]. The resistance of current perpendicular to plane (CPP) spin-valves is known to be 
determined by spin dependent scattering. According to the two channel model, electrons 
with opposite spins have separate conducting channels in a ferromagnet (FM) so that 
electrons with spins parallel (antiparallel) to the macrospin of the FM are more (less) 
conductive. Therefore, it turns out that when the two FMs are antiparallel, both up and 
down spins will experience some highly resistive scattering going through a spin valve, 
while for 2 parallel FMs, only one spin direction has highly resistive channel and the 
other spin direction is highly conductive. 

 

interface for spin dependent tunneling in k space, significant improvement of TMR ratio 

was realized in MgO based tunnel junctions [26]. Later on, significant improvements of 

TMR ratio up to 600% were achieved in CoFeB/MgO/CoFeB MTJ devices [27]. The 

applications of GMR and TMR in magnetic recording technology as the reading 

mechanism play essential roles in the leaping development of hard disk drive industry 

from 1990s to 2000s.  
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1.3 SPIN TRANSFER TORQUE 

Research on interactions between conduction electrons and magnetizations 

recently revealed that the transport of spin dependent currents may also affect the 

magnetic states of local atoms, defined as spin transfer torque (STT), which provides a 

novel means of magnetic “writing” as opposed to reading via GMR. Spin transfer torque 

describes the phenomena that spin angular momentums associated with spin-polarized 

currents (or spin currents) transfer from conduction electrons to local d electrons, 

inducing a net torque and altering local magnetic states due to the conservation of spin 

angular momentum [28][29]. Phenomenological description of spin transfer driven 

magnetic excitations employs Landau Lifshitz Gilbert Equation with the STT terms 

included:  

 

!𝒎
!"
= 𝛾!  𝒎  ×  𝑩𝒆𝒇𝒇 +   𝛼!  𝒎  ×   

!𝒎
!"
  + 𝛼𝑗 𝒎  ×   𝒎∗  ×  𝒎 + 𝛽𝑗   𝒎∗  ×  𝒎     (1.4) 

 

where m and m* are unit vectors of the excited magnetic moments (free layer) and 

polarizer (reference layer) respectively. The direction of STT acting on the free layer’s 

magnetizations is determined by the relative directions of the non-collinear magnetic 

configurations and current polarity, while the magnitude of STT depends on spin 

polarization and current densities. An intuitive description of spin transfer torques (STT) 

is illustrated as follows in spin valve structures similar with the one used for previous 
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discussion on CPP GMR, while the only additional condition is that the magnetizations of 

the two layers have non-collinear configuration at equilibrium, which in practice is 

 

 

Figure 1-5 Illustration of spin transfer torque phenomena. (a) In magnetic multilayers 
with non-collinear spin orientations, the fixed layer serve as spin polarizer and the 
polarization direction is along the direction of the macrospin S*. Spin torque on free 
layer’s atomic spins (represented by macrospin S) is determined by the current 
polarization and relative orientation of S and S*. (b) Spin precessional dynamics driven 
by spin transfer torques. Since the spin torques originated from non-collinear 
magnetizations act onto the transverse component, it’s possible to have STT to drive the 
macrospin out of equilibrium as counteracting the damping. And the dynamics can be 
described by LLG equation with STT term included [34].  

 

common in devices with magnetic multilayers. We would like to describe the phenomena 

of spin angular momentum transfer following a macrospin model. The macrospin of 

reference layer (see thick red arrow S* in Fig. 1-5 (a)) serves as spin polarizer (filter) so 

that charge currents passing through become spin-polarized by the spin dependent 

scattering therein. The spin-polarized current, if at large current density and high 
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polarization, can significantly modify the atomic spins in the free layer S via spin 

transfer. A detailed examination of the ideal spin filter model can tell more details about 

the transfer of spin angular momentum. In presence of interactions between conduction 

electrons in sp bands and d electrons in the free layer, electron spins of the polarized 

current will tend to be tilted away from the polarizer’s spin orientation and towards the 

free layer’s spin axis while local atomic spins in free layer in return feel a torque due to 

the conservation of spin angular momentum. Depending on the polarity of currents, the 

torque on free layer’s magnetization tends to either increase or decrease the non-collinear 

configuration, as is illustrated in the top and bottom panels of Fig. 1-5 (a). As shown in 

Fig. 1-5 (b), the net effect of spin torque, according to LLG equation with STT term, is 

possible to drive the atomic moments out of equilibrium, therefore exciting local spins 

into precession or switching.  

Following the theoretical predictions of spin momentum transfer in magnetic 

materials by Berger [29] and Slonczewski [30], spin transfer torque has been 

experimentally observed in thin films of magnetic multilayers, spin valves, and 

nanopillars during 1998-2000 [30-32]. The earliest experimental proof of spin transfer 

phenomenon was found in mechanical point contact devices, where a chemically 

sharpened Ag tip was placed in contact with thin films of magnetic multilayers (Co/Cu)N 

and enabled to inject high density electric currents locally into the magnetic films. 

Magnetotransport measurements revealed peaks in dI/dV spectra corresponding to 

current-driven magnetic excitations. The linear magnetic field dependence of the 

asymmetric conductance signals, together with the field dependence of microwave 
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absorption peak frequency, demonstrated the excitations of local magnetic moments 

driven by the transfer of spin angular momentum via current injections [30]. In addition 

to using mechanical point contacts, lithographically fabricated point contacts with 

magnetic multilayers were sooner realized in spin valves [31]. 

Since the first experimental demonstration of STT, intensive investigation has 

been devoted to a better understanding of this phenomenon and also to the exploration of 

potential applications. Early work based on various types of point-contacts managed to 

inject current density as high as 108 A/cm2 to sufficiently alter the local magnetic  

Figure 1-6 Earliest experimental observation of spin transfer torque effect in magnetic 
multilayers (figure from [29]). Metallic point contacts were formed by placing chemically 
etched Ag tips onto Cu/Co multilayer thin films, and the differential resistance exhibit 
sharp peaks with strong magnetic field dependence, suggesting the excitations of local 
magnetizations near the contact area. 
 
moments within the range of 10 ~ 100 nm, which is sufficiently small to have single 

magnetic domains. But the long-range exchange interaction of magnetic moments in FMs 
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makes the magnetic moments from the single domain under contacts difficult to be 

collectively switched. Later on, current induced magnetization reversals of free layers in 

nanopillar devices of spin valves [32] and magnetic tunnel junctions [33] were achieved, 

paving a promising way towards magnetic memory applications. In order to maximize the 

effect of STT, free layer is usually ultrathin (< 10 nm) so that total magnetic moment in 

the volume of free layer is small and thus can be efficiently altered. Note that the STT on 

the free layer flip signs with the polarity of currents, thus it is possible to have oscillating 

spin torques under ac currents. The ac spin torque effect can drive the local spins away 

from equilibrium into precessional motions with finite cone angles. In Chapter 2 and 

Chapter 3, we will discuss in details about using oscillating STT as the driving force for 

magnetic resonance (such as ST-FMR) in devices based on magnetic thin films.  

The success of altering local magnetizations via current flow instead of applying 

magnetic fields is a remarkable achievement in terms of its impact on both fundamental 

physics and technical applications. Introducing STT into magnetic Random Access 

Memory (MRAM) lends strong support to addressing the potential challenge of scaling. 

Thanks to the recent endeavors on STT from both academia and industry, this novel 

technology is now being implemented into the newest generation of magnetic random 

access memory, known as STT-MRAM and moving towards mass production. In STT-

MRAMs, each bit is based on one MTJ with one transistor, and both reading and writing 

of information can be completed by solely applying electrical currents (see Fig. 1-7). The 

novel writing mechanism via STT, together with currently developing MTJ with 

perpendicular anisotropy, can enable the possibility of shrinking its memory unit down to 
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sub 10 nm. The non-volatility, high endurance and high speed performance makes STT-

MRAM a promising candidate for future emerging memories.  

 

Figure 1-7 Memory cell structures of toggle (magnetic field driven) MRAM and STT-
MRAM (figure from [35]). Both designs involve one transistor and one magnetic tunnel 
junction in each unit, and the major difference lies in the structures associated with 
writing mechanism. The toggle MRAM uses the induced magnetic field generated from a 
passing electric current to write while STT-MRAM uses STT for writing via the same 
structure of reading. The application of STT simplifies the design structure and is 
beneficial for high density scaling.  
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Chapter 2: Experimental Techniques 

This chapter will go over the basics of two types of experimental techniques that 

are heavily involved in my research: the use of point-contact techniques allows one to 

probe the physical properties down to submicron scale, while the electrical detection of 

ferromagnetic resonance (FMR) provides a convenient yet powerful means of studying 

the dynamics of magnetizations. In the introduction to point-contact techniques, 

descriptions of experimentally setting up mechanical micro-contacts will be given, 

followed by discussions of probing localized electron transports by the point contact 

technique. As for the electrical detections of FMR, the development from early 

waveguide-based technique to spin torque driven FMR will be introduced, and different 

types of systems that have been used for observing STT-FMR will be highlighted. 

2.1 POINT-CONTACT TECHNIQUES 

In order to investigate the magnetic and electronic properties of materials down to 

nanoscale, point-contact (PC) technique is applied to most of my experimental research in 

my work. Point-contact set-up has become a well-established experimental method of 

studying electron transport of materials since 1970s, providing an approach with 

unprecedented capability of local probing [1]. A typical point-contact used in my 

experiments is illustrated as follows. A chemically etched Cu tip is installed onto a 

mechanically controlled differential screw, of which the position and motion along one 

direction can be precisely controlled [2]. Electric contacts with contact size down to few 
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nanometers can be made when the sharpened tip is brought in proximity to sample 

surface controlled by the differential screw (see Fig. 2-1).  

 

 

Figure 2-1 Illustration of mechanical point contacts based on differential screw system. 
Left: illustration of the real setup in my experiment. A chemically wet etched metallic tip 
is mounted on the end of the differential screw and contacts under the tip can be made 
with the thin film sample. The bending of metal wire could provide additional mechanical 
stiffness in response to mechanical disturbs. Typical electrical circuits that are similar to 
four probe measurements, together with a parallel resistor, can be used to monitor the 
condition of electrical contacts and to conduct transport measurements. Right: details 
about the home-made differential screw system. When turning the user end of screw, the 
vertical position of the center rod can be varied, displacing a thin copper foil at the end of 
rod. As a result, the tip installed on one side of a thin copper foil can be pushed down or 
pulled up by the rod of differential screw from the other side of the copper foil. Point 
contacts as small as few nanometers can be realized with such techniques [1][2]. 

 

Other types of point-contacts can be realized via lithography patterning. 

Mechanical point contacts, if carefully controlled with chemically wet etched tips, may 

achieve contact sizes down to few nanometers, while lithographically fabricated devices 

can have the pattern of the order of 10 ~ 100 nm. According to the solution of Poisson 
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equation under the geometric restriction of point-contacts, most electro-potential would 

fall across the contact area when biased voltage is applied over the whole circuit (see 

Figure 2-2), and therefore PC transport measurements are mainly attributed to local 

properties of materials under high current density.  

Current-voltage characteristics with metallic point contacts can demonstrate non-

linear/non-Ohmic features resulted from the geometric restrictions of contacts, and may 

serve as a powerful tool of probing the mechanisms of local scattering and elementary 

excitations [1]. The geometric profile becomes critical to the electron conductions 

especially when the mean free path l of carriers is comparable to the contact size a. In the 

regime of ballistic transport, i.e. l >> a, contact resistance is expressed as Sharvin 

resistance [3] 

    𝑅! = 4𝜌𝑙/3𝜋𝑎!.      (2.1) 

In the regime of diffusive transport, i.e. l << a, the contact resistance is still ohmic 

with current density j = σE. Assuming voltage dropping mostly within the diameter of 

the contact close to the interface: E ~ V/a, we can obtain 𝐼 = 𝐽 ∗ 𝜋𝑎!  ~ 1/𝜌 ∗V/a*  𝜋𝑎! 

and R~  𝜌/𝜋𝑎. The exact solution can be expressed by the Maxwellian formula [1]: 

        𝑅! = 𝜌/2𝑎.      (2.2) 

Intermediate situation between diffusive and ballistic limits will have both 

mechanisms contributing to the resistivity depending on the ratio of mean free path to 

contact diameter K = l/a 

 𝑅!" = 𝑅! + Γ 𝐾 ∗ 𝑅! =
!
!!
+ Γ 𝐾 ∗ 4𝜌𝑙/3𝜋𝑎!,    (2.3) 
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where Γ 𝐾  is a slowly varying function with  Γ 0 = 1  and  Γ ∞ ≈ 0.694 [1][4]. In all 

the cases of my current research, the temperature of my study is not low and thus the 

condition of diffusive transport (l/a << 1) always holds. So from the simplified diffusive 

formula, one can estimate contact sizes given the resistivity of materials and measured 

resistance. 

Point-contact technique, as a unique tool of probing nanoscale magnetism in 

materials, has been used all through the various research projects completing my work. 

The application of point-contact to transport study of magneto-dynamics, as demonstrated 

by the earliest experimental work on spin transfer torques [5], is especially crucial when 

high current density/high electric field is needed. As introduced in Ch. 1.3, the first 

observations of spin transfer torque from dc currents were observed in magnetic 

multilayers with mechanically controlled point-contacts. Similar experimental setup was 

also used for the earliest detection of current-driven spin waves emissions [6]. It has been 

reported that dc current-voltage characteristics under external magnetic fields exhibit 

field-dependent peaks that can be attributed to spin wave emissions resulted from the spin 

torque driven excitation in presence of dc current injection via point contacts [5][6]. The 

finding that dc currents can generate spin precessional motions and spin waves opens the 

gate to spin torque nano-oscillators and other important applications of STT [7]. In the 

proceeding chapters, point contact based setup is employed for detecting STT-FMR [8] 

and current driven non-linear magnetic excitations [9]. Moreover, we also applied point 

contact techniques to investigate local electronic transports under high electric fields as 
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well as novel magnetoresistive phenomena in antiferromagnetic materials and some key 

findings will be discussed in Chapter 4 and 5. 

2.2 FERROMAGNETIC RESONANCE DETECTED BY ELECTRICAL MEASUREMENTS  

The excitations of magneto-dynamics are universally associated with precessional 

motions of magnetic moments. The characteristic spectrums of energy involved in 

magneto-dynamics are similar to radiofrequency electromagnetic waves with typical 

frequency of 1 ~ 100 GHz. Therefore, a widely used approach to quantify magnetic 

properties of various materials of thin films and bulks is to irradiate magnetic materials 

with microwaves and measure ferromagnetic resonance (FMR) [10], which can provide 

unique insight to physical dynamics involving magnetic switching, damping relaxations 

of magnetization, and propagation of spin waves [11][12]. Conventional FMR techniques 

measure the microwave absorptions on/off resonance [13], while electrical detections of 

FMR trace the dc voltage induced by resonant precessions under FMR [14]. As firstly 

reported in 1960s, dc voltages due to the mixing of oscillating magnetizations and 

induced oscillating currents can be used for detecting FMR in thin films of Ni [14]. In the 

earliest studies, magnetic samples were placed in a cavity or on top of a waveguide so 

that the electromagnetic fields from propagating microwaves can provide the driving 

force for FMR. As discussed in Chapter 1, the electrical conduction in ferromagnetic 

materials is dependent on the relative orientation of current flow direction and 

magnetization. Ohm’s law finds that the current J is a function of m (as the unit vector of 

magnetization) and can be expressed as: 
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  𝑱 = 𝜎𝑬+ ∆𝜌 𝜌 𝑱 ∙𝒎 𝒎+ 𝑅!𝑀!𝜎 𝑱×𝒎       (2.4) 

where ∆𝜌 𝜌 is the magnitude of anisotropic magnetoresistance (AMR) and RH is the 

anomalous Hall effect (AHE) coefficient [14]. It can be seen that since J and m have 

same temporal variations with only phase difference, dc signals can be obtained. The 

electrical detections of dc voltage originated from FMR require simpler apparatus and 

thus leads to wider range of applications. Note that the magnetoresistive mechanism of 

detecting FMR is not limited to AMR; GMR and TMR in magnetic multilayers can yield 

much large signal with higher sensitivity and thus can be used for electrically detecting 

FMR as well. In addition, it was found that dc resistance of ferromagnetic metals (such as 

permalloy) could be altered due to the heating of microwave radiations known as 

bolometer effect, and the heating effect as determined by microwave absorptions, has 

strong dependence on the states of precessing magnetizations and thus may also be 

applied for electrically detecting ferromagnetic resonance [15]. 

The conventional technique of electrically detecting FMR being developed since 

1960s still needs the oscillating magnetic fields produced at the surface of waveguides as 

the driving force for magnetic resonance. Since ac Osterd field is in general not spatially 

restrictive, it is desirable to seek for alternative driving mechanism of FMR if one needs 

to investigate the magneto-dynamics down to nano-domains. It is recently found that, 

oscillating spin transfer torques (ac STT) can also be employed to drive ferromagnetic 

resonance (STT-FMR) [16-18]. The use of STT for exciting FMR relies directly on the 

injected spin (polarized) currents, allowing for simplification of experimental setups 

without complications with microwave waveguides/cavities. Moreover, the greatest 
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benefit of utilizing currents to directly drive FMR in comparisons to the established 

electrically detected FMR technique lies in that the current-driven technique enables to 

“pump and probe” the spin dynamics within submicron domains of nanomagnets with 

only ~106 Bohr magnetons involved, managing to unveil various key characteristics (such 

as spin wave excitation mode and Gilbert damping) of such nanomagnets and bringing 

powerful insight to developing magneto-electronic devices.  

 

Figure 2-3 Experiment of spin transfer torque driven ferromagnetic resonance. (a) 
Generic sketch of setups for observing STT-FMR. Both dc and rf circuit is connected to 
the device via a bias tee, and dc voltage across the device can be detected while an rf 
current is injected. (b) First demonstration of dc voltage generated by the oscillating 
magnetization in a magnetic tunnel junction driven by ac currents. One can see that 
positions of FMR peaks shift along with the applied external magnetic fields. Detailed 
analysis of the resonant frequency vs field relation revealed that the peaks can be well 
described by Kittel’s formula for thin films.  
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The first demonstration of ST-FMR was observed in magnetic tunnel junctions in 

2005 [16]. Measurements were performed on a magnetic tunnel junction (MTJ) with 

deposited multilayer stack structure of Si (substrate)/PtMn/CoFe/Ru/CoFeB/MgO/CoFeB  

and the multilayer thin film is lithographically patterned into oval shaped nanopillar of 

dimension 100 nm ×  200 nm. A bias tee was used for connecting both dc and 

radiofrequency circuit with the MTJ device. The key finding is that by applying only an 

oscillating rf current with varying frequency without any dc bias, a Lorentzian shape dc 

voltage as a function of frequency can be detected across the MTJ in presence of external 

magnetic fields (see Fig. 2-3 (b)), and the peaked frequency in the voltage spectrum 

follows the Kittel’s formula 𝜔! = 𝛾! 𝐵! + 4𝜋𝑀! 𝐵! for ferromagnetic resonance of 

thin films. STT-FMR has rapidly demonstrated itself as a unique way for characterizing 

different kinds of nanomagnets, and can lend strong support for the development of STT-

MRAM. Fruitful knowledge about spin transfer driven magnetic dynamics such as 

Gilbert damping [17] [18], bias dependence of spin torques [19], and thereliability of 

MTJ devices [20] has been harvested from using STT-FMR technique during the past 

decade. In addition to being studied in magnetic tunnel junction nanopillars, STT-FMR 

experiments have been done in various systems including nano-contacts, nanowires and 

bilayer heterostructures as summarized in Fig. 2-4 [21]. In all of such experiments, 

certain magnetoresistive mechanism may be involved, and ac currents injected into 

devices containing local magnetizations can excite the local moments into Larmor 

precession. Therefore, when the resonant condition is reached (during frequency sweeps  
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Figure 2-4 Illustrations of devices for observing STT-FMR. STT-FMR has been 
investigated in systems of (a) patterned nanopillars of magnetic tunnel junction or spin 
valves, (b) metallic point-contacts on thin films of exchange-biased spin valves, (c) 
ferromagnetic nanowires electrodeposited into porous membrane and (d) 
ferromagnetic/heavy metal bilayer with transversely injected spin current due to Spin 
Hall Effect (SHE). 

or magnetic field sweeps), a rectification signal generated from the mixing of ac currents 

and synchronized oscillating magnetoresistance can be detected out of the non-resonant 

background. Note that in the cases of nanopillars, point contacts and nanowires, the 

oscillating spin torques are provided from directly injected currents with high densities 
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and large spin polarizations, while in the case of FMR driven by Spin Hall Effect, the ac 

STT is originated from pure spin currents transversely injected due to spin-orbit coupling. 

Specifically in my study, the electrical detections of FMR, in combinations with 

point-contact techniques, enable us to probe the magnetodynamics down to microscopic 

domains. More detailed discussion about both the physical model and experimental 

results of STT-FMR as part of my Ph.D. research can be found in Chapter 3. 
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Chapter 3. Current-driven Magnetodynamics in Magnetic Nano-devices* 

Current driven magnetodynamics in nanoscale is of crucial importance to a full 

understanding of magnetization precession, current induced switching and other 

phenomena, and its unprecedented spatial and temporal control of spins is vital for 

spintronic applications. In my Ph.D. research, magnetic dynamics driven by ac currents, 

which is the heart of discussions in this chapter, were investigated using electrically 

detected broadband ferromagnetic resonance technique. This chapter will begin with 

introducing the detection of bolometer effect in soft magnetic alloys using electrically 

driven ferromagnetic resonance, followed by discussing the macrospin model of spin 

transfer torque driven ferromagnetic resonance (STT-FMR) and experiments of STT-

FMR detected by means of point-contact electronic transports in metallic thin films of 

exchanged biased spin valves. Then the discussion of magnetodynamics is extended to 

current driven parametric excitations with clear characteristics of nonlinearity observed in 

similar structures. In the end comes the summary with some brief discussion dedicated to 

the ongoing and future study of current driven magnetic excitations in magnetic tunnel 

junctions. 

  

                                                
* See published paper based on this chapter: C. Wang, H. Seinige, and M. Tsoi, Journal of Physics D: 
Applied Physics 46, 285001 (2013). Contributions: M.T. conceived the idea and designed the experiments; 
C. Wang conducted the numerical analysis and wrote the manuscript. All authors discussed the result and 
commented on the manuscript. 
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3.1 ELECTRICALLY DETECTED FMR DRIVEN BY HEATING OF MICROWAVES: POINT-

CONTACT BOLOMETER 

We begin the discussion of current-driven ferromagnetic resonance from our 

recent study of thermally driven FMR. As is mentioned in Ch.2, it is recently reported 

that the anomaly of microwave absorption of FMR in ferromagnets can be electrically 

detected via bolometer effect [1]. A bolometer is a device for measuring energy of 

incident electromagnetic radiations. In this session, the experimental detection of 

ferromagnetic resonance resulted from Joule heating is conducted with point contact 

techniques. With the application of point-contacts onto magnetic material of interest (in 

the current case a soft magnetic alloy CoSiBFeNb), ferromagnetic resonance can be 

detected from the changes in detected dc voltage. It is found that the observed FMR 

signal is resulted from the effect of additional heat absorption originated from magnetic 

resonance, and that the effect of heating can be detected from point-contact electron 

transport [2]. In comparison to previous study of using bolometer effect of ferromagnetic 

resonance, our work with point-contacts extends the FMR bolometric technique into sub-

micron dimension, where the time constant for thermal relaxations with such confined 

geometry becomes much smaller than that in studies of thin films on bulky substrates [3] 

and thus can be particularly interesting for investigating the correlations between thermal 

and magnetic properties in nanomagnets.  

The fundamental physics of FMR-associated bolometer has been illustrated in thin 

films ferromagnetic materials [1][3]. It has been found that a photovoltage signal will be 
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detected when magnetic materials were irradiated by microwaves and signals of 

resonance can be observed from the photovoltage vs magnetic field measurement (see 

Figure 3-1). The dc voltage detected at resonance may contain contributions from both  

 

 

Figure 3-1 Bolometer effect of ferromagnetic thin films detected by ferromagnetic 
resonance. (a) Detected resonant signal of dc voltages in field sweep experiments.(b) 
Linear bias dependence of FMR signals is shown. (c) resistance change of both 
background (solid) and resonant signals (open circles) exhibit linear dependence on MW 
power. (d) Comparisons of background resistance change resulted from dc current 
heating and continuous wave (CW) microwave (MW) heating. 
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heating effect and spin rectification effect associated with anisotropic magnetoresistance 

(AMR). The bolometric (heating) effect can be linked to thermal relaxation under 

irradiation of electromagnetic wave’s photons: Vb = I*ΔRb with 𝜟𝑅  𝒃 = !"
!"
∙ !"
!
𝐴(𝜔), 

where P is the power of microwave, 𝜏 is the thermal relaxation time, C is specific heat 

of the material, A(ω) is the Lorentzian function of microwave absorption. The spin-

rectification effect is resulted either from the AMR resulted from the out of equilibrium 

magnetization or the mixing of magnetoresistance signal with either eddy currents (in the 

study of detecting photovoltage of FMR [3]) or injected ac currents (our study [2]). At 

resonance the resistance change due to the deviation of M from its equilibrium reads: 

Δ𝑅! = Δ𝑅!"# 𝑚!
!   /𝑀!

!. With the help of slow (~100 Hz) amplitude modification of 

injected microwave, one can differentiate the effect of spin rectification and bolometric 

effects [3]. 

With the foregoing presented background in mind, we can test if using point-

contact technique to study FMR will bring up some interesting findings. Note that point 

contact spectroscopy has been applied to study the effect of phonon spectrum on transport 

properties for several decades [4]. For point contact spectroscopy, the non-ohmic 

character of local transport will lead to the following expression of dc voltage as a 

function of injected microwave currents [4] 

     𝑉 = !!!

!
𝑅 !"
!"

      (3.1) 

Moreover, it has been found that under electric potentials, point contacts will be 

heated mostly close to the contact area. Similarly, the effect of microwave’s heating on  
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Figure 3-2. Bolometer signal of FMR. (a) The field-dependence of rectification dc 
voltage Vω developed across the point contact subject to microwaves at f =6 GHz and dc 
bias current Idc = 4 mA. (b) 2D gray-scale plot of the rectification signal Vres as a 
function of magnetic field B and dc bias current Idc. A brighter color corresponds to a 
higher Vres. (c) The field-dependence of rectification dc voltage Vω developed across 
the point contact subject to microwaves at f =6 GHz and dc bias current Idc = -4 mA. 
(Figure from [2]) 

 

electric transport is expected to be locally confined by the geometry of point contacts as 

well. Therefore, the bolometric effect detected by FMR can bring insight into the local 
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thermal relaxation at nanometer scale. Detection of FMR on this soft magnetic material 

CoSiBFeNb is done in the same experimental setup described earlier in Chapter 2. As is 

shown in Figure 3-2, magnetic field sweep measurement of dc voltage across revealed 

FMR signals of which the bias dependence differed from STT-FMR (see discussions 

below) and resembled previously reported bolometric effect. The observation of flipping 

signs of both background and resonant signals (Fig. 3-3) indicates that it is the bolometric 

effect rather than the mixing of ac current and oscillating resistance that dominates the 

contribution to the detected FMR [5]. Moreover, detailed analysis of the bias dependence 

of the resonant signals found that the relationship of Vres (Idc) can be well described by Eq. 

(3.1), lending further support to the proposed mechanism of nano-contact bolometer.  

Figure 3-3 Bias dependence of the measured dc voltages of the background and FMR 
resonance. One can see that both background and resonant signal exhibit linear I-V 
dependence, suggesting the origin of the detected FMR as bolometer effect.  
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Note that electrically detected current-driven magnetic resonance conventionally relies on 

magnetoresistive phenomena such as GMR or TMR in thin films of spin valves or 

magnetic tunnel junctions, limiting the application of the FMR technique into nanoscale; 

while bolometer effect originated from Joule heating can be ubiquitous in ferromagnetic 

metals and alloys and thus may potentially disclose a powerful pathway of probing the 

thermal effect on magnetism down to nano-domains.  

 

3.2 SPIN-TORQUE FERROMAGNETIC RESONANCE (ST-FMR) IN EXCHANGE-BIASED SPIN 

VALVES (EBSV) 

3.2.1 Basic principle of ferromagnetic resonance driven by spin transfer torques 

Ferromagnetic resonance (FMR) describes the resonant precessional motions of 

ferromagnetic moments under oscillating driving forces (such as microwave 

electromagnetic fields or ac currents). The precession of magnetic moments in an external 

magnetic field can be resonantly excited when the angular frequency of driving forces 

matches the eigen frequency of magnetization determined by the external fields and some 

parameters of materials. And a sharp increase in oscillation amplitude or in microwave 

absorption can be experimentally detected upon the occurrence of FMR. FMR technique 

is a powerful tool for characterizing magnetization dynamics and can reveal key magnetic 

properties of materials, such as magnetic anisotropy, magnitude of saturation 

magnetization MS and Gilbert damping parameter α [6]. Conventional FMR, as illustrated 
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in Fig. 3-4 (a), utilizes oscillating magnetic field of microwaves to excite the magnetic 

precession, while spin transfer driven FMR (STT-FMR) utilizes the oscillating spin 

transfer torques associated with radiofrequency currents as the driving force (see Fig. 3-

4(b)). 

The mechanism of STT-FMR can be illustrated as follows. In a non-collinear 

magnetic configuration as illustrated in Fig. 3-5), the oscillating spin torque exerting on 

those magnetic moments in the free layer flips direction with the polarity of ac currents, 

playing the role of driving forces. If the rf current oscillates 

 

Fig 3-4. Ferromagnetic resonance driven by (a) ac magnetic fields and (b) ac spin transfer 
torques. In both field driven and spin torque driven FMR, external static magnetic fields 
are applied to set the magnetizations in the equilibrium state. For field driven FMR, the 
sample is placed above a planar waveguide so that the Osterd field induced by the 
microwave flowing in the waveguide can provide a transverse field driving the magnetic 
moments away from equilibrium. For STT-FMR with CPP geometry of spin valves, the 
spin-polarized current can exert an oscillating torque on the free layer’s spins and excite 
the magnetic precession.  
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Magne&c(Field(Driven(
FMRIω τ
STT(Driven(FMR

Characteriza*on:.STT1Ferromagne*c.Resonance

Magne&c(Field(Driven(
FMRIω τ
STT(Driven(FMR

STT-‐FMR	  

(a) 

(b) 



 42 

 

In sync with the magnetization precession, STT can continuously counteract damping 

(denoted by Gilbert damping term in LLG equation) and drive the magnetic moments 

away from equilibrium to reach a larger cone angle of precession. The spin transfer 

driven dynamics of non-equilibrium component of free layer magnetization can be 

 

 

Figure. 3-5 Device geometry of describing STT-FMR in magnetic multilayers using 
macrospin model. Oscillating current j(t) is injected with current perpendicular to plane 
(CPP). The thin film geometry determines the demagnetization factor (Nx, Ny, and Nz) 
used in following formulism. M* represent the reference layer’s magnetization’s 
direction, while m // z represents the free layer’s magnetic moments under B0 // z. 

 

 

described by LLG equation with the Slonczewski term [7] (taking into account only in-

plane spin torque): 

  !𝒎
!"
= 𝛾!  𝒎  ×  𝑩𝒆𝒇𝒇 +   𝛼!  𝒎  ×   

!𝒎
!"
  + 𝜂𝑗 𝑡   [𝒎  ×   𝒎∗  ×  𝒎 ], (3.2) 
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where m and m* are the magnetization unit vectors of free layer and polarizer layer 

respectively in the specific case of magnetic thin films of spin valves, 𝑩𝒆𝒇𝒇 = 𝑩𝟎 −

𝑩𝒅𝒆𝒎𝒂𝒈, 𝛾!  is gyromagnetic ratio, 𝛼! is Gilbert damping parameter and j(t) is current 

density. In the simplest scenario, one can set 𝒎∗ as few degrees deviated from z-axis: 

𝒎∗ ≈ (𝑠𝑖𝑛 𝜃∗ , 0, 1), 𝒎 // z, and the dynamics is mainly restrained in the xy-plane under 

the approximation of small oscillation. Equation for mx and my can be written as follows: 

   𝑚! = 𝛾!𝑚!(𝐵! + 4𝜋𝑀!)− 𝛼!  𝑚! + 𝜂𝑗 𝑡 𝑠𝑖𝑛 𝜃∗,  (3.3a) 

   𝑚! = −𝛾!𝑚!𝐵! + 𝛼!  𝑚!.      (3.3b) 

After using 𝐵! = 0,𝐵!!"" = −4𝜋𝑀!𝑚! ,   𝐵!!"" = 𝐵! using the demagnetization 

factors of thin film and applying in plane external magnetic fields (along z-axis). 

Applying the form of trial solution m(t) = m0e-iωt following j(t) = j0 e-iωt, mx and my can be 

expressed as a function of the injected current. And the amplitude of precession along the 

transverse direction (xy-plane) can be obtained as: 

   𝑚!! = 𝜂𝑗! sin𝜃∗
!"

!!!! !!!!!!!!!!"!!
,      (3.4a) 

   𝑚!! = 𝜂𝑗! sin𝜃∗
!!"

!!!! !!!!!!!!!!"!!
,    (3.4b) 

where 𝜔! = 𝛾! 𝐵! + 4𝜋𝑀! 𝐵! is the FMR resonance frequency of thin film samples 

with in-plane static fields (Kittel Formula [6]). Note that in magneto-electronic devices 

such as spin valves, the magnetoresistive (MR) signal is sensitive to the variation of the 

relative orientation of magnetizations in different layers R(m, m*) = R(ν) with 𝜈 =

cosΘ =𝒎 ∙𝒎∗. An oscillating MR signal emerges when the relative angle between the 
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spins in free layer and in reference layer periodically varies: Δ𝑅 𝑡 = !"
!"

− sin𝜃∗ ∗

𝑚!!𝑒!!"# = Δ𝑅!𝑒!!"#. The mixing of ac currents and in-sync oscillating resistance will 

produce a non-zero time averaged voltage V0 detectable by dc transport [8]: 

 𝑉!"# = 𝑅𝑒(𝑗!𝐴𝑒!!"#) ∗ 𝑅𝑒 Δ𝑅!𝑒!!"# = 𝑉! + 𝑉!! cos(2𝜔𝑡 + 𝛿)  (3.5) 

with   𝑉! = −𝜂𝑗!!𝐴
!"
!"
(sin𝜃∗)!𝑅𝑒 !"

!!!! !!!!!!!!!!"!!
, and 

𝑉!! = −𝜂𝑗!!𝐴
!"
!"
sin𝜃∗! |𝑚!!|.  

A more applicable expression of V0(𝜔) with ω ~ ωR characterizing the nature of magnetic 

resonance can be directly derived from the expression above: 

   𝑉!~− 𝜂𝑗!!𝐴
!"
!"

!"#!∗ !

!
!!

(!!!!)!!!!!!!!
.   (3.6) 

This expression tells that the rectification effect originated from spin transfer 

dynamics has V ~ I2, and the FMR line-shape of magnetic thin films in absence of 

additional anisotropy is a typically symmetric Lorentzian. Since the dynamics driven by 

STT is only robust under high current density within small areas, STT-FMR is capable of 

probing magnetodynamics in submicron scale, offering a novel approach to excite and 

detect magnetization dynamics with unprecedented spatial resolution.  

3.2.2 Experimental results of STT-FMR in point-contact devices 
Our setup for observing STT-FMR is illustrated in Fig 3-6, where dc and 

radiofrequency (rf) currents are merged via a bias-tee and connected to point-contact 

devices (see Ch. 2.2). Microwave currents are generated from an rf generator, and the dc 

circuit involves current source and voltmeter and a lock-in amplifier system is added to 
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precisely measure the dc response of microwave injection modulated by a low-frequency 

(about 330 Hz) amplitude modification. As introduced in Chapter 2.1, point-contact 

devices controlled by mechanical differential screw can produce sub-micron contacts that 

can be used for injecting high current density. From the measured contact resistances of 2 

~ 10 Ω, one can get the contact sizes ranging from 10 to 30 nm [9][10]. 

The exchange biased spin valves (EBSV) samples were magnetron-sputtered thin 

films with stacks of IrMn(10 nm)/NiFe(10 nm)/Cu(5 nm)/NiFe(4 nm). The films were 

deposited in 5 mTorr of Ar atoms onto oxidized Silicon substrates. An underlayer of 30 

nm Cu is used for producing CPP transport. Details about sputtering process and 

treatments can be found in previous publications [9][11]. 

 

Figure 3-6 Experimental setup of STT-FMR. (a) Both dc and rf currents can be injected 
into point contact devices on thin films of exchange-biased spin valves. (b) Illustration of 
reaching high current density injection into local magnetic domains. A sharpened Cu tip 
is in contact with magnetic thin films with contact size ~15 nm. 

Magnetoresistive signals were measured with in-plane magnetic field sweeps at 

room temperature in presence of rf currents with frequency 8 – 25 GHz are applied to the 

sample. Rectified voltage was detected and plotted in Fig 3-7. As shown in Fig. 3-7 (a), 

sharp peaks of FMR signals were observed with zero dc bias under rf currents of 

http://www.ph.utexas.edu/~tsoi
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Schematic diagram of the experiment. Both dc and rf
currents are applied to a point contact using a bias tee
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amplitude ~1 mA and ω = 21 GHz, and the peaks are symmetric with respect to the 

directions of applied magnetic fields. In our work, the amplitude of ac currents injected 

into the point contact devices were estimated from calibrations using Joule-heating 

effects on the metallic contacts. The mean square root value of rf currents is obtained 

from comparing dc and ac Joule heating effects reaching same amount of contact 

resistance change measured by current-voltage characteristics. When varying the rf 

current frequency, the peaks in rectified voltage shifted with rf frequency as shown in 

Fig. 3-7 (b), following the Kittel formula in the case of in-plane magnetic excitations in 

thin films (Fig. 3-7 (c)). Fitting the frequency-resonant field dependence yields that the 

saturation magnetization of the free layer in the sample (NiFe in the current case) MS = 

0.88 T, which is reasonable for permalloy. 

The question that whether the driving force in the current experiment is the 

oscillating magnetic field as used in conventional FMR or the spin transfer torques still 

remains unanswered. This can be addressed via investigating the bias dependence of 

FMR linewidth. It is found that dc bias can clearly alter the linewidth of FMR peaks, as 

demonstrated in Figure 3-8. Although FMR traces detected at different bias have similar 

lineshapes and amplitude of resonant signals remain mostly unchanged, the linewidth 

exhibit linear dependence on dc bias currents. Since the linewidth broadening is directly 

linked to damping relaxation of magnetic precession, the observed linear dependence of 

linewidth on bias suggests that dc currents are able to alter the effective damping of the  
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Figure 3-7 Observation of FMR driven by ac currents in point-contact devices. (a) Single 
trace of magnetic field-swept rectified voltages under microwave injection without dc 
bias. (b) Frequency dependent field sweeps measurements of dc voltage signals showed 
resonant peaks are symmetric in magnetic fields and shifting with rf frequency [12]. 
Traces are shifted vertically for clarity. (c) Frequency-field relationship fitted by Kittel 
formula. The fitting curve corresponds to Ms = 0.88 T [9].  

(a) 

(b) 

(c) 
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magnetization precession. It has been known that spin torque induced switching is 

resulted from the spin-polarized current reaching the critical current IC and STT winning 

over Gilbert damping. In our experiments with applied field ~ 300 mT, the relative 

orientations of magnetic moments in the free layer and reference layer at equilibrium are  

 

Figure 3-8. Bias dependence of FMR linewidth. (a) FMR traces of f =16 GHz with several 
representative dc currents. (b) Linewidth of resonant peaks as a function of dc currents. 
Peaks at both negative fields (solid dots) and positive fields (open circles) showed linear 
dependence of linewidth on currents [9].  

 

Close to parallel configuration, where the dc spin torques, depending on the polarity of 

currents, can either counteract the damping trying to tilt the free layer’s moments away 

from equilibrium, or strengthen the damping and thus inhibit the increase of precession 

angle. The effective damping parameter 𝛼!"" in presence of dc STT can be expressed 

as: 
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   𝛼!"" 𝐼 = 𝛼! 1− 𝐼/𝐼! .    (3.7) 

Meanwhile, the broadening of resonance peak, as known to most damped 

harmonic oscillators, is linearly dependent on the damping parameters: 

    Δ𝐵 = Δ𝐵! +   
!!!""!
!!!

𝑓,     (3.8) 

where Δ𝐵 is the experimentally measured linewidth, Δ𝐵! is a constant characterizing 

intrinsic damping relaxation, g is the gyromagnetic ratio, 𝜇! is Bohr magneton, h is 

Planck constant, and f is microwave frequency. The observation of Δ𝐵  linearly 

depending on Idc is a direct evidence to prove that the FMR we observed is associated 

with spin transfer effects. Note that at large magnitudes of dc currents at both polarities, 

the linewidth vs current starts to deviate from linear relationship (see Fig. 3-8). This is 

possibly due to stronger effect of Joule heating at high bias that contributes to additional 

damping mechanism such as 49agnon-phonon interactions.  

The presented experimental study of current driven ferromagnetic resonance using 

point-contact devices confirmed that spin transfer torques underlie the magnetodynamics. 

However, it is also true that the Oersted field induced by the injected microwave currents 

can also possibly drive the local magnetic moments into resonance, considering that B ~ 

μ0I/2πr is maximal close to the contact. While linewidth vs dc current measurements 

confirmed the spin torque effect on FMR, the contribution from magnetic field – driven 

FMR to the measured signal is not determined. One way of differentiating spin torque 

effect and Oersted field effect is to analyze the symmetry of the Lorentzian lineshapes of 

FMR [8] [13]. But this approach is valid only for certain types of magnetic configuration 
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and geometry. In the metallic point contacts investigated here, lineshapes of field driven 

FMR can possibly have symmetric Lorentzian. The magnetic field effect on current 

driven magnetic excitations is further discussed in the following sub-chapter on 

parametric resonance.  

3.3 CURRENT DRIVEN PARAMETRIC EXCITATIONS IN SPIN VALVES 

3.3.1 Parametric excitations: aiming towards fast magnetic switching 
The study of current driven magneto-dynamics in nano-domains is not only crucial 

to understanding of the spin physics at submicron scale, but also important for exploring 

the potential of using magnetic materials in spintronic devices. A major challenge for 

making competitive magnetic memory/logic devices is to realize fast and reliable 

switching of magnetic moments in nano-domain. The continuous shrinking of working 

units in data storage and logic devices requires large magnetic anisotropy/coercivity to 

ensure a good thermal stability, making the desirable merit of fast switching even harder 

to reach. Heat assisted magnetic recording (HAMR) [14] and microwave assisted 

magnetic recording (MAMR) [15] are among the intensively studied approaches to this 

issue. As for the proposed MAMR mechanism, one fundamental limit lies in the linear 

response of forced harmonic oscillation. In order to have spin torque or field driven 

switching between parallel and antiparallel orientations of magnetic multilayers, the free 

layer’s magnetizations must always start the precession from small angle regime, where 

the driving torques are small and non-collinear configuration need the assistance from 

thermal fluctuations. Therefore, the initial stage of switching, which is in fact small-angle 
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precession, will consume most of the time of switching event. If one can manage to 

minimize the dwelling time of magnetic moments in the small angle regime, the 

switching time may be significantly decreased. Parametric excitations can be a viable 

approach to the fast switching, since the typical non-linear characteristics of parametric 

excitations and the initial emergence of excitation can grow exponentially in time, while 

in contrast forced linear excitations grows linearly and saturate sooner (see Figure 3-9). 

 

 

 

 

 

 

Figure 3-9 Demonstration of difference in the initial excitations of ferromagnetic 
resonance and parametric resonance via macrospin simulations. Both FMR (left) and 
parametric (right) excitations started from unit amplitude, and the growth of signals 
within given time are significantly different in the two cases.  

 

Our research on parametric resonance is motivated by the potential application of 

parametrically assisted switching in magnetic devices. The basics of parametric 

excitations (also called parallel pumping) in the magnetic system can be explained in the 

context of macrospin dynamics described by LLG equation. When considering the small 

angle precession near equilibrium, one can simplify the LLG equation of 3D vector to a 
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1D damped oscillator equation describing the time dependent evolution of transverse 

component of magnetization mi (mx or my as in Fig. 3-5): 

 𝑚! + 𝛾!! 𝐵! + 4𝜋𝑀! 𝐵!𝑚! + 2𝛼𝛾!(𝐵! + 2𝜋𝑀!)𝑚! = 0.    (3.9) 

Recalling that 𝜔!! = 𝛾!! 𝐵! + 4𝜋𝑀! 𝐵! , the above equation can have an 

approximate form as follows: 

   𝑚! + 𝜔!!𝑚! + 2𝛼𝜔!   𝑚! = 0.    (3.10) 

From the reduced equation of 1D damped harmonic oscillator, one can see that 

𝜔! and 𝛼 are two parameters that may be varied for driving parametric excitations. It 

has been experimentally demonstrated that setting the oscillating magnetic fields in 

parallel to B0 can drive local magnetic moments into resonance as a result of effectively 

varying the parameter 𝜔! [16-17]. In comparison to requirement for the frequency of 

driving forces 𝜔 = 𝜔! for FMR, parametric excitations need driving frequency to be 

2𝜔! . Similarly, varying the other parameter 𝛼 is also possible to drive parametric 

excitations. Since the effect of dc STT on spins works as tuning the effective damping, an 

oscillating component of STT will induce an oscillating damping parameter 𝛼 𝑡 .  

Although STT-FMR has been observed in various systems, using STT (other than 

magnetic fields) to drive parametric excitations hasn’t been reported before our recently 

report [18]. In our point-contact detection of STT-FMR, It is found that injected ac 

currents are able to drive the parametric excitations under large microwave power. To 

assure that the experimental observation of current-driven parametric resonance can be 

correctly associated with STT, a qualitative energy analysis based on the macrospin 



 53 

model is presented as follows. It can be shown that both STT-FMR and STT-parametric 

resonance are possible according to the calculated time-averaged energy pumping 

quantity. To begin with, we present the expression of macrospin’s total Gibbs free energy 

E in presence of static (effective) magnetic field B0 as follows: 

   𝐸 𝑴 = −𝑴 ∙ 𝑩𝟎 +
!
!

𝑁!𝑀!
!

!   ,     (3.11) 

where Ni (i = x, y, or z) are the demagnetization shape factors. In the case of thin film or 

long ellipsoid geometry, one can assume that Nz ~ 0. With magnetic field applied along z 

direction and magnetic moments mostly aligned by B0, the energy term now becomes: 

  𝐸 𝑴 ≈ −𝑀!𝐵! +
!
!
(𝑁!𝑀!

! + 𝑁!𝑀!
!)  ,     (3.12) 

The energy change or pumping rate dE/dt due to the oscillation of transverse 

magnetization now reads: 

   𝑑𝐸(𝑴)
!"

=   𝑁!𝑀!𝑀! + 𝑁!𝑀!𝑀! .     (3.13) 

The energy pumping rate is linked to LLG equation via terms of dMi/dt. A simple 

test of the energy pumping rate formula can be done with static precession without 

driving forces or damping. It turns out that static precession requires that the amplitudes 

of precession in the xy-plane 𝑀!! and 𝑀!! satisfy relationship determined by the shape 

anisotropy 𝑁!𝑀!!
! = 𝑁!𝑀!!

!. 

With the preparation of knowledge about energy pumping rate, the effect of spin 

torque driven dynamics on the magnetization energy can be analyzed as follows. The 

term of dm/dt associated with STT is known as !𝒎
!" !"

= 𝜂𝑗 𝑡    𝒎  ×   𝒎∗  ×  𝒎 , 
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following the notations used in Figure 3-5 of STT-FMR discussion. The resulted energy 

pumping rate driven by !𝒎
!" !"

becomes: 

d𝐸 𝑴
d𝑡 !"

≈ 𝜂𝑗 𝑡   [ 𝑁!𝑀!
! − 𝑁!𝑀!

! + 𝑁!𝑀! sin𝜃∗ 

    +𝑀!𝑀! 𝑁!𝑀! − 𝑁!𝑀! sin𝜃∗].   (3.14) 

From the requirement imposed by static precession the first term in the square 

bracket, which is independent of spin torque’s non-collinear angle, will vanish. For 

𝑗 𝑡 ~𝑐𝑜𝑠𝜔𝑡   and 𝑀! 𝑡 ~cos  (𝜔𝑡 + 𝛿) , time-averaging integral over one period of 

precession will have 𝑁!𝑀! sin𝜃∗ non-vanishing, this term corresponds to the linear spin 

torque driven ferromagnetic resonance. Interestingly, the last term in the square bracket 

will have terms ~cos   3𝜔𝑡 and cos  𝜔𝑡, and the latter will mix with 𝑗 𝑡  to produce 

non-vanishing component in the energy term, which corresponds to the energy absorption 

in exciting parametric resonance. Note that the third term in square bracket is of a higher 

order of Mi compared to the second term, implying that more power is needed to see the 

effect experimentally. 

3.3.2 Experimental observation of parametric resonance 
Parametric resonance signals could be observed (in addition to FMR signals) at 

elevated power levels of the applied rf current. Figure 3-10 (a) shows the spectrum at the 

highest (14.8 dBm) power of applied microwaves. In addition to the FMR dips at ± 280 

mT, there is another (much sharper) resonance (dip) at ± 90 mT(see Fig. 3-10 (b)) 



 55 

Figure 3-10. Rectified voltage vs magnetic field measurement of ferromagnetic and 
parametric resonance. (a) At high power of 14.8 dBm of f =16 GHz, both FMR signals 
(dips at ~ 300 mT) and parametric resonance signals (spikes ~ 90 mT) were observed. (b) 
Zoom in figure of low field sharp resonant signals. The sharp spikes have order of 
magnitude smaller in its linewidth in comparison to FMR. 

 

Fig. 3-10 (b) zooms into the regime of small magnetic fields. Compared to FMR signals, 

additional resonance has an order of magnitude narrower linewidth and also has a fine 

structure. The variations in Vω(H) at low fields (< 20 mT) are likely to be associated with 

magnetic switching and changes in contact resistance due to GMR.  

Figure 3-11 (a) shows Vω(H) spectra for different power levels of applied rf current 

(at fixed ω/2π = 16 GHz) in the range from 3.8-14.8 dBm. The spectra are shifted 

vertically for clarity. The resonance appears only above 10 dBm of applied rf current and 

grows in amplitude and width with the increasing rf power. This sharp difference can be 

better illustrated by comparing the power dependence of resonant signals’ amplitudes. 
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The power dependence of the new resonance signal differs qualitatively from that of 

FMR signal. Fig. 3-10 (b) shows the amplitudes of the new resonance (solid circles) and 

FMR (open triangles) signals as functions of the injected rf power. While FMR is present 

in the whole range of  

 

 

 

 

 

 

 

 

 

 

Figure 3-11 Power dependence study of the parametric excitations. (a)Vω(H) measured at 
various power levels from 3.8 to 14.8 dBm of injected microwave of 16 GHz. (b) Power 
dependence of the FMR (triangle) and parametric resonance (dot) amplitudes. Parametric 
resonance shows threshold behavior. 
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applied powers, the new resonance can only be found at sufficiently high power levels, 

demonstrating a threshold-like behavior versus the applied rf power. The new resonance 

shifts to higher Hs at higher ω/2π; its frequency vs field relation (open circles in Fig. 3-12) 

is consistent with the doubling of the FMR frequency (Kittel formula), clearly 

demonstrating the nature of parametric excitations. 

Figure 3-12 frequency –resonant field dependence of magnetic excitations [18]. FMR 
(solid dots) can be well fitted by Kittel formula, while parametric resonance (open 
circles) can be fitted by the formula of doubled FMR frequency. The fitting formula for 
parametric resonance is simply multiplying the Kittel formula by two for given fields. 
The fitted curves (grey lines) uses saturation magnetization of Permalloy ~ 0.88 T.  
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Figure 3-13 Dc bias dependence of parametric resonance signals. (a) Solid traces show 
the rectified (11.8 dBm) dc voltage as a function of magnetic field for a series of dc 
biases ranging from 0 to -11 mA in 0.5 mA steps (shifted vertically for clarity). (b) 
Illustration of instability region in the parameter space formed by driving frequency ω 
and damping parameter α0. One can see that dc current is an important parameter that can 
tune the emergence of parametric excitations.  
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In order to seek for further findings about the origin of the parametric resonance, 

the effect of dc bias currents on parametric excitation signals are investigated. We have 

measured the dependence of the parametric resonance on the applied dc bias at different 

levels of rf power P and fixed rf frequency ω/2π = 16 GHz. For P = 11.8 dBm, Figure 3-

13 (a) shows typical variations in the rectified dc voltage Vω as a function of the applied 

magnetic field H (solid traces) for a series of bias currents Idc (shifted vertically for 

clarity). For bias currents Idc < 3 mA Vω(H) is essentially constant. For Idc > 3 mA Vω(H) 

has a resonance structure which grows in amplitude and width with the increasing dc bias. 

According to the theory of non-linear excitations, the threshold behavior which is tunable 

with certain parameters can be portrayed as instability region in parameter space. As 

shown in Fig. 3-13 (b), simulations of linearized LLG equation with time dependent 

damping parameter can yield instability region in which the occurrence of parametric 

resonance is allowed (black area).  

The boundary of the instability region in parameter space is determined by factors 

including injected power, dc bias and magnetic fields (see discussions later). It is 

expected that at high powers instability region will expand to wider field ranges. And we 

indeed observed such power dependence of instability regions. The four panels in Fig. 3-

14 (a) show 2D gray-scale plot representations (lighter color indicates higher Vω) of the 

data P = 11.8, 12.8, 13.8, and 14.8 dBm. The resonance signal is detected only for a 

specific range of experimental parameters H and Idc (darker region in Fig. 3-14 (a)), 

which shifts towards lower Is at higher power levels of applied microwaves. 
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Figure 3-14 The dependence of parametric resonance on the applied dc bias current and rf 
power at 16 GHz. (a) 2D gray-scale plots of the rectified signal (lighter color indicates 
higher voltage) as a function of magnetic field and dc current for four different levels of 
rf power applied to the contact (top to bottom: 11.8, 12.8, 13.8, and 14.8 dBm). (b) 
Numerical simulations of the boundaries of instability regions in the magnetic field-dc 
current parameter space for different rf currents corresponding to 11.8 (•), 12.8 (Δ), 13.8 
(■), and 14.8 (◊) dBm power levels [18]. 
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3.3.3 Discussion about current-driven parametric resonance 
Current-induced magnetodynamics in spin valves can be well described by the 

LLG equation. The effective damping parameter αeff can be modified by dc current I via 

the STT effect of applied current on M:  𝛼!"" 𝐼 = 𝛼! 1− 𝐼/𝐼! , where α0 is the 

damping at zero applied current and Ic the critical current for magnetization auto-

oscillations. When the applied current I = Idc + Iacsinωt has a time-dependent component, 

STT on magnetic moments will vary in time, and so will the effective damping parameter 

αeff(t) = αdc(Idc) + αac(Iac)sinωt. According to nonlinear oscillation theory, such 

parametrically excited system will reach a resonance at double the natural frequency of 

oscillations (FMR frequency). For a fixed frequency of applied rf current, we have 

analyzed numerical solutions of Equations with oscillating effective damping for various 

amplitudes of the oscillating (Iac) and dc (Idc) currents and magnetic fields (B0). In our 

simulations we assume α0 = 0.027 and Ic = 42 mA found from data of Fig. 3-8 by linear 

extrapolation to zero linewidth. For a certain range of parameters (B0, Idc, Iac) we observed 

instability of the M-precession characterized by an exponential growth of its amplitude. 

This instability phenomenon is the signature of parametric resonance. Figure 3-14 (b) 

shows boundaries of the instability region – Arnold tongue [19] – in the Idc-B0 parameter 

space for different values of Iac. Note that the instability (i) is centered around B0 = -87 

mT where the natural frequency of the M-precession is half of the applied rf frequency, 

(ii) only occurs above a certain threshold in rf power and dc bias, and (iii) develops for a 

range of B0 and Idc parameters inside the Arnold tongue, which grows with the applied rf 

power.  
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Our numerical simulations of macrospin dynamics in the presence of an oscillating 

STT are in qualitative agreement with our experimental observations. Meanwhile, a 

factor of two higher rf currents compared to the values estimated (see above) for the 

point-contact experiment is needed. Possible sources of the discrepancy may include 

spatially non-uniform distributions of magnetization and applied current in the point-

contact geometry. Or else the Oersted field hrfsinωt produced by the rf current can drive 

the parametric resonance via the parallel pumping mechanism [16]. However, the Oersted 

field is highly non-uniform in the contact region: zero in the center, maximum at the edge, 

and runs in closed loops around the contact [18]. This geometry is not efficient for 

exciting the uniform mode, but may be favorable for spin waves with a wavelength of the 

order of the contact size a. For a nanoscale contact this would correspond to large spin-

wave energy and, therefore, to a significant deviation from the frequency-field relation 

observed in our experiments. Moreover, the Oersted field produced by the dc bias current, 

if significant, should necessarily shift the position of the resonance line on the field axis. 

We compared measurements in positive and negative applied magnetic fields (only 

measurements in negative fields are shown) and observed no such shift. All of the above 

suggest that the role of the Oersted field is minimal in our experiments. Nevertheless, we 

decided to include the effects of the Oersted field in our STT simulations and added a 

uniform oscillating field hrfsinωt into B0 of Eq. 3.9, where hrf is the maximum Oersted 

field produced by the rf current at the edge of the point contact. The best fit (Fig. 3-14 (b)) 

to our data (Fig. 3-14 (a)) provides a good quantitative agreement between experiment 

and simulations even in macrospin approximation. Similar simulations without STT 
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cannot explain our experimental observations since the parameter of effective damping is 

tuned by STT from dc currents. Therefore, we conclude that the parametric resonance 

observed in the present experiment is mainly driven by oscillating spin transfer torques. 

3.4 SUMMARY AND FUTURE WORK 

In summary, current-driven ferromagnetic resonance and parametric resonance are 

studied with point contact devices on thin films of exchange biased spin valves, and 

point-contact techniques provide a convenient means of probing the magneto-dynamics 

in submicron scale. Spin transfer torques is found to play an important role as the novel 

force in exciting magnetization precessions in spintronic devices. The technique of borad-

band STT-FMR developed in the experiment provides a powerful means of studying the 

current-driven magnetodynamics in nanoscale devices. Parametric excitations induced by 

an ac electric current are probed and studied in metallic point-contact devices. We find 

that the parametric resonance can be driven in spin-valve multilayers by a microwave 

current injected into the multilayer through a point contact. The parametric resonance 

exhibits a threshold-like behavior as a function of the ac amplitude and can be switched 

on and off by an applied dc bias current due to the spin transfer torques of dc currents. 

Due to its nonlinear nature, the parametric excitations may be potentially developed for 

fast magnetic switching, which is one of the recent research focus of developing 

spintronic devices especially STT-MRAM. After realizing current driven parametric 

resonance in spin valves, the challenge of observing parametric excitations in magnetic 

tunnel junctions still remains. Investigations of parametric excitations in magnetic tunnel 
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junctions are ongoing and potential implications of non-linear current driven magnetic 

excitations in spin torque devices may be unveiled in future. Recent project in the lab has 

started to examine the current-driven FMR in magnetic tunnel junctions. Instead of using 

point-contacts to probe the local magnetic dynamics, MTJ devices were patterned into 

different areal sizes, on which both dc and rf electron transports will be investigated. So 

far, FMR has been observed in some large devices (~20 μm), but the bias dependence of 

resonance amplitude shows linear behavior, which is clearly different from previously 

discussed STT-FMR in EBSVs. The investigation about the mechanism of the observed 

FMR and explaining the bias dependence of signal is ongoing. 
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Chapter 4:  Magnetoresistance study of antiferromagnetic Mott insulator Sr2IrO4* 

Antiferromagnetic (AFM) spintronics is a recently emerging topic in the 

community of spintronics research, and the last decade has witnessed a rapidly growing 

interest in developing potential prototypes of AFM-based memory or logic devices. 

Currently, various types of materials with antiferromagnetic order including pure metals, 

alloys, and semiconductors are being investigated as candidates for developing 

antiferromagnetic-based electronic devices. The current chapter will begin with a brief 

introduction of recent progress in antiferromagnetic spintronics study, followed by point-

contact study on magnetoresistive phenomena of antiferromagnetic Mott insulator Sr2IrO4 

(SIO). It is shown that our point-contact study unveils a sizeable crystalline component of 

anisotropic magnetoresistance (AMR) of SIO. The observed AMR in this 5d transition 

metal oxide suggests that oxides with strong spin-orbit coupling may be an interesting 

playground for studying the interactions among magnetism, orbital physics and electronic 

transports. Moreover, the crystalline AMR may provide a means of probing the local 

antiferromagnetic order and has promising implications in making AFM-based devices. 

  

                                                
* See published paper based on this chapter C. Wang, H. Seinige, G. Cao, J.-S. Zhou, J. B. Goodenough, 
and M. Tsoi, Physical Review X 4, 041034 (2014). Contributions: C.W. set up the experiment and did the 
measurement; G.C. prepared the sample; M.T. conceived the idea; C.W. and M.T. designed the 
experiments; H.S. and C.W. analyzed the data and contributed to the figures; all authors discussed the result 
and commented on the manuscript. 
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4.1 ANTIFERROMAGNETIC SPINTRONICS: OPPORTUNITIES AND CHALLENGES 

As introduced in Chapter 1, antiferromagnetism has been an interesting and 

important type of magnetism being investigated for decades. In fact, phenomenon of 

antiferromagnetic coupling of correlated electrons is more ubiquitous than the 

ferromagnetic counterpart [1]. However, in contrast to the wide application of 

ferromagnetism as major ingredients in various types of devices, antiferromagnetism 

(though with non-trivial magnetic configurations) so far has been involved merely as 

supporting roles. This inequality among FMs and AFMs is largely due to the 

compensation of atomic moments with nearest neighbors in AFMs [2], resulting in 

minimal (if any) macroscopic magnetizations, which account for most of the physical 

mechanisms underlying magnetic sensors/devices.  

One typical application of antiferromagnetism is exchange bias, which is used to 

fulfill the requirement of magnetic “hardness” via interfacial exchange coupling. An 

exchange bias forms as one FM is placed in contact with an AFM that has been trained 

and field cooled beforehand [3][4]. At the interface of FM/AFM, the magnetic moments 

of two sides can be exchanges coupled so that flipping the magnetizations in FM will 

require the reorientations of the interface moments in the AFM side and thus tend to alter 

the antiferromagnetic order in AFM. The much higher cost of energy for manipulating 

antiferromagnetism leads to the effective higher coercive field (see Fig. 4-1). Exchange 

bias can be found in modern hard disk drives (HDDs), utilizing the exchange pinning 
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effect at the interface between thin layers of ferromagnetic and antiferromagnetic 

materials to reach a good thermal stability for the read head. Stack structure of an 

exchange-biased magnetic tunnel junction is illustrated in Fig. 4-2 (a). In order to achieve 

a good signal to noise ratio with high sensing capability, the reference layer of FMs 

requires a large coercive field though the thickness of reference layer is ~10 nm. The 

introduction of the interfacial exchange coupling equivalently exert an anisotropy of one 

preferred direction to the magnetizations in the proximate FM layer which can be 

demonstrated both in the breaking of symmetry in M-H loops (exchange bias) and in 

magnetotransport measurements (see Fig. 4-1 and 4-2 (b)). 

 

 

 

 

 

Figure 4-1 Exchange bias effect characterized by M(H) loop. The bilayer system of F/AF 
has been under trained by applying an external magnetic field at T > TN, therefore the 
moments in the AFM is preset either parallel or antiparallel to that of the FM. And the 
pinned moments in AFM will break the symmetry and introduce an unidirectional 
anisotropy, which can be quantified in the shifted M(H) loop. 
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Figure 4-2 Magnetic tunnel junctions with exchange bias effect. (a) The stack structure of 
a typical MTJ, where the antiferromagnetic layer (Pt-Mn or Ir-Mn alloys) is placed under 
the reference layer as one part of the synthetic antiferromagnetic layer formed by two 
antiferromagnetically coupled FMs separated by thin layer of Ru on top of an AFM layer. 
(b) The effect of exchange bias can be demonstrated in the horizontal shift of the TMR 
curves (figure from [5]). The MTJs are made of CoFe/MgO/CoFe and TMRs measured 
with different annealing conditions all exhibit exchange bias effect. 

 

The discovery of exchange coupling at FM/AFM interface opens the gate to 

utilizing antiferromagnetism in modern spintronic devices. However, the idea of 

manipulating magnetization using interfacial exchange coupling is not limited to 

exchange bias, where the effect on FM is being utilized. Vice versa, tuning magnetization 

in FMs may also affect the antiferromagnetic order at FM/AFM hetero-structures. This 

so-called exchange spring effect [6], as is originally used in the study of switching hard 
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magnetic material assisted by interfacial soft magnetic materials [7], provide a novel 

approach to modify or “writing” antiferromagnetic order. The concept is illustrated as 

follows in Fig. 4-3. When the FM layer is switched by external magnetic fields, the 

exchange coupling tends to “drag” the magnetic moments at the AFM/FM interface to 

follow the rotation of ferromagnetic moments, forming a twisted domain wall at the AFM 

side of interface. When the thickness of AFM layer becomes comparable or smaller than 

the domain wall width, which is determined by the exchange stiffness of the AFM and 

the magnitude of atomic moments [6][8], the twist of AFM order due to interfacial 

coupling enables the switching of antiferromagnetic order all through AFMs. And such 

effect has been widely applied in recent study of antiferromagnet-based spintronic 

devices in absence of high magnetic fields (1 to 10 Tesla), which were conventionally 

needed to alter the AFM order due to the usually strong exchange interactions in 

antiferromagnetic materials [9].  

 

 

 

 

 

Figure 4-3 Exchange spring effect in FM/AFM bilayer structure. In the earliest 
demonstration of exchange spring effect in AFM, domain wall between FM and AFM is 
established when the magnetization in FM is rotated by an applied external field [6]. If 
the AFM layer becomes ultrathin, the interfacial twisting can be strong enough to change 
the overall orientation of AFM order (figure from [6]). 
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Exchange bias in magnetic multilayers may be regarded as the most important 

application of antiferromagnetic materials in contemporary nano-magnetism. An 

ambitious leap forward is to build spin devices with AFMs only or as active ingredients, 

wishing to significantly extend the regime of spintronic research and to benefit the 

industry in pursuit of ultrahigh density data storage. Unique potential and advantages can 

be resulted from AFMs-alone device. One significant advantage lies in the minimal effect 

of magnetic stray fields associated antiferromagnetic order. In ferromagnetic-based 

devices, scaling meets fundamental challenges since the crosstalk between adjacent units 

via dipole-dipole interaction becomes increasingly robust at higher storage densities. The 

conventional approaches to this problem include using materials with smaller saturation 

magnetizations and implementing soft magnetic under layer to form closed loops for 

magnetic dipoles, but none of these approach can fundamentally solve the problem. In 

sharp contrast, AFMs have zero (or almost zero) net magnetizations due to the 

compensations of magnetic moments from the sub-lattices, and therefore the dipoles and 

magnetic fields from the dipole interactions are much smaller (if not zero). An illustration 

of using AFMs replacing FMs as units of data storage media is shown in Fig. 4-3. 

Another aspect of potential can be the application of high frequency spintronic devices. 

As discussed previously in Chapter 2 and 3, the fundamental of ferromagnetic resonance 

technique tells that, the spectrum of electronic magnetic excitation energy, which is 

determined by the Zeeman splitting of energy levels under magnetic fields, falls into the 

range of microwaves (with frequency 1 ~ 102 GHz). Note that AFMs, however, usually 

have stronger exchange interactions and therefore the spectrum of excitation energy goes 
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to higher frequencies. A better understanding of magneto-dynamics of AFMs may 

facilitate the device development of spin based high frequency electronics [10]. The 

following work of magnetoresistance study of antiferromagnetic Sr2IrO4 aims for 

unveiling some fundamental physics of electron transport in presence of 

antiferromagnetism and examining potential candidate materials for AFM-alone devices. 

 

Figure 4-4 Illustration of using AFMs instead of FMs as active components in data 
storage devices. The macrospin vectors originated from local magnetizations in FM (left) 
vanish in AFM (right) and thus the neighboring crosstalk become minimal. 
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4.2 RECENT PROGRESS ON PROBING AFMS VIA ANISOTROPIC MAGNETORESISTANCE 

(AMR) 

Due to the vanishing net magnetic moments in antiferromagnetic materials, the 

investigations and characterizations of AFMs are greatly challenging. Most investigated 

AFM devices to date still need accompany of certain FM elements, which introduce 

complications and diminish the advantage of using AFMs [11][12].  Seeking viable 

“reading” and “writing” mechanisms in AFM-alone spintronic devices are regarded as the 

Holy Grail in developing antiferromagnetic spintronics. As for “writing”, spin transfer 

torques, which has been predicted to be stronger in AFM than in FMs [13] and thus can 

be an option for altering AFMs. Moreover, thermally assisted switching of magnetic 

materials involving FM-AFM phase transitions has been demonstrated to work in certain 

materials such as FeRh [14]. Meanwhile, the other major remaining challenge is to find 

mechanisms of “reading” in AFM-based electronics, and the following work on the 

iridium oxide Sr2IrO4 aims at addressing this challenge. It turns out anisotropic 

magnetoresistance may provide a good starting point for seeking the “reading” 

mechanism in AFMs.  

One may note that, giant magnetoresistance (GMR) and tunneling 

magnetoresistance (TMR) effects, which rely on existence of macroscopic spins to 

represent local magnetizations, cannot be directly applied to AFMs due to the vanishing 

net magnetic moments in AFMs. Nevertheless, at atomic scales, magnetic moments 

originated from d orbitals of transition metal ions do exist, and the anisotropy associated 

with orbitals and chemical bonds can still be reflected in the magnetocrystalline 
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anisotropy [15]. As has been known from early stage of spintronics, electric resistance of 

materials with ferromagnetic moments can be anisotropic depending on the relative 

directions of magnetizations and currents [16] (or crystal axis [17]). Therefore in AFMs, 

AMR can still persist even when magnetic moments are compensated and macroscopic 

magnetizations vanish, and thus anisotropic magnetoresistance (AMR) may be a 

promising candidate for reading mechanism in AFMs.  

Before entering the specific discussion on magnetoresistive study of SIO, it is 

worthwhile reviewing the recent achievements towards reading AFM order using 

magneto-transports. The first experimental observation of reading antiferromagnetic 

order using tunneling AMR has been done in AFM-based tunnel junctions [11]. As 

shown in Fig. 4-5, the core of tunnel junction stack is NiFe/IrMn/MgO/Pt. During film 

growth, an in-plane magnetic field was applied and preset a uniaxial magneto-crystalline 

anisotropy. At T = 4 K, field-swept magneto-transport measurements revealed a huge 

TMR signal (130%) at B = 50 mT with bipolar characteristics. Detailed study in 

combination of transport and SQUID suggests that the magnetic moments in thin AFM 

layer are rotated via exchange coupling at F/AF interface. Moreover, the temperature 

dependent tunneling-AMR (TAMR) measurement shows that at higher temperatures 

(such as T = 100 K), the exchange coupling may induce complete rotations of AFM 

moments following FMs. It is found that the magnitude of the TAMR effect is sensitive 

to the thickness of AFM layers, since thinner AFMs are easier to be switched by the 

interfacial exchange coupling but at the same time may also weaken the contribution to 

AMR signals. Although the observation of TAMR manages to prove the concept of 
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AFM-based devices, it is still heavily dependent on the involvement of the adjacent 

ferromagnetic materials and may introduce concerns about the magnetic proximity effect 

at the interface.  

Figure 4-5 Observations of tunneling anisotropic magnetoresistance (TAMR) in 
antiferromagnetic-based tunnel junctions with structure of stacks NiFe(10) 
/IrMn(1.5)/MgO(2.5)/Pt(10). As the left bottom inset shows, the magnetoresistive signal 
comes from the tunnel barrier between antiferromagnetic IrMn and MgO. Up to 130% 
TMR variation has been observed at T = 4 K when the magnetic field is applied parallel 
and antiparallel with the field applied during film growth. While at T = 100 K (right top 
inset), about 1% TMR signal with same resistance at positive/negative fields is observed 
(figure from [11]).  

Another recent report on AFM-based spintronics utilizes the temperature 

dependent phase variation of Fe-Rh alloys and realizes AFM based devices without 

exchange spring effect [14]. FeRh alloys has unique magnetic phase diagram with AFM- 

FM transition at Tc ~ 400 K: it is ferromagnetic at T > Tc and antiferromagnetic at T < Tc 

T=100 K T= 4 K 
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[18]. Therefore, thermally assisted writing can alter the magnetic states at T > Tc, while 

reading of anisotropic magnetoresistance can be done at room temperature since the 

AFM-AMR gives maximal signal variations when the AFM order is rotated by 90 

degrees (see Fig. 4-6).  

In short, it has been found that varying the relative orientations between the AFM 

order and conduction electron flow or between AFM order and certain orbital axes can 

still produce an observable AMR effect. In the following session (Ch. 4.3), anisotropic 

magnetoresistance in SIO is investigated experimentally via micro-contact technique and 

the underlying physics is discussed in details. 

 

Figure 4-6 Room temperature antiferromagnetic-based memory devices. FeRh crystalline 
films of 100 nm were grown on MgO. Left: at high temperatures (T~ 400 K), FeRh 
becomes ferromagnetic and magnetizations (black arrows) are saturated by external fields 
along different directions with respect to the current flow of transport measurement. After 
field-cooling, anisotropic magnetoresistance signal can be sensed at room temperature 
when FeRh is in the antiferromagnetic state with different orientations of magnetic 
moments (red and blue arrows). Right: two level MR signals from AMR measurements 
(figure from [14]).  
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4.3 AMR STUDY OF MOTT INSULATOR SR2IRO4 WITH CANTED ANTIFERROMANGETIC 

ORDER 

 

Since the phenomena of AMR are generally attributed to spin-orbit coupling, a 

natural path to explore AMR in antiferromagnets will be searching for AFMs with strong 

spin-orbit coupling. That is how transition metal oxides (TMOs) such as iridates came to 

our attention. 5d transitional metal oxides are regarded as fascinating playgrounds for the 

study of correlated physics. Oxides of heavy metals tend to have stronger spin-orbit 

couplings than their counterparts of 3d metals, and antiferromagnetism have been found 

in various types of transition metal oxides as a result of the exchange interactions among 

local ions. Our investigation on Sr2IrO4 (SIO) is triggered by the finding of sizeable 

magnetoresistance [19] of this 5d transition metal oxide with antiferromagnetic order [20]. 

Sr2IrO4 is a 5d transition metal oxide with layered perovskite structure (see descriptions 

below), and its crystalline formation resembles the parent material for high Tc 

superconductor La2CuO4. Though expected to be a good conductor due to weak on-site 

Coulomb repulsions associated with electrons contributed from 5d transition metal atoms, 

SIO is insulating due to a sizeable Mott gap originated from a strong spin-orbit coupling 

acting on top of a comparable Coulomb repulsion [21] (Fig. 4-7). It has been found that 

the magnetic ground state of SIO is canted antiferromagnetic order in the plane of IrO2 

with canting angle 11° [20], as illustrated in Figure 4-8. A residual net moment can be 

formed as a result of the in-plane canting, and the net moments account for a weak 

ferromagnetism that has been found in various experimental characterization of the 



 78 

magnetic properties with SIO. In the following point-contact magnetoresistive 

investigation of single crystal Sr2IrO4 will be discussed in details.  

 

Figure 4-7 Origin of the magnetic moments in Sr2IrO4. Left: illustration of the effective J 
= 1/2 band originated from crystal field splitting and spin orbit coupling. Note that J =1/2 
band has higher energy than J=3/2 band (figure from [21]). Right: SIO is insulating with 
a Mott-like band gap resulted from the comparable Coulomb repulsion U and spin-orbit 
coupling (both ~ 0.1 eV). 

 

We use point-contact technique to probe very small volumes and, therefore, to 

measure electronic transport on a microscopic scale. Point-contact measurements with 

single crystals of Sr2IrO4 were intended to examine if the additional local resistance 

associated with a small contact area between a sharpened Cu tip and the antiferromagnet 

shows a magnetoresistance (MR) like that seen in bulk crystals. The measurements at 

liquid nitrogen temperature revealed large MRs (up to 28%) for modest magnetic fields 

(250 mT) applied within the IrO2 a-b plane (see Fig. 4-8). The angular dependence of MR 

revealed an AMR  
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Figure 4-8 Crystalline structure and magnetic ordering in the single cell of Sr2IrO4. (a) 
The single cell structure of SIO with each IrO6 octahedron rotates 11.8o about the c axis. 
The Ir, Sr and O atoms are shown in red, green and blue, respectively. (b)Magnetic 
structure from single-crystal neutron diffraction measurements. (c-d) The magnetic 
structure of IrO2 planes projected on the basal plane for low (c) and high (d) in-plane 
applied magnetic fields. The red arrows on the right indicate the uncompensated 
(residual) magnetic moments of IrO4 planes [22]. 
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with an intriguing transition from four-fold to two-fold symmetry in response to an 

increasing magnetic field. As discussed in the following, we tentatively attribute the four-

fold symmetry to the crystalline component of AMR and the field-induced transition to 

the effects of applied field on the canting of AFM-coupled moments in Sr2IrO4 [22].  

 

 

Figure 4-9 Experimental setup and basic measurements. (a) Illustration of point-contacts 
realized by a sharpened Cu tip on the surface of a single crystal. The crystallographic axe 
of the sample and the orientation of external magnetic field are also shown. (b) Current 
(I)-voltage (V) characteristics of the presented point contact (PC1) at T = 77 K. Both I-Vs 
and differential resistance dV/dI vs V curves are presented. Within regime of small dc 
bias, both contacts have linear current-voltage dependence. Note that in the present setup, 
the sharpened tip – crystal interfaces forming contacts of smaller than a few microns’ size 
contribute predominantly to the measured resistance, therefore the AMRs we observed 
are mostly originated from the small portion of the crystal right beneath/around the 
contact interface. (c) Typical field-swept magnetoresistive traces of two point contacts 
with small (PC-1) and large (PC-2) contact resistances. 

 

 (a)      (b)      (c) 



 81 

 

Our sample is a single crystal of Sr2IrO4 (1.5 mm×1 mm×0.5 mm) synthesized via 

a self-flux technique [19].  Fig. 4-9 (a) shows a schematic of our experiment: a point 

contact between a sharpened Cu tip and the single crystal (001) surface was made with a 

mechanically controlled differential-screw system described in Ch. 2; an electrical current 

is injected through the point contact into the crystal and flows (primarily) along the [001] 

c-axis into a macroscopic Cu electrode on the back side of the crystal. The system 

enables us to produce electrical contacts on the sample’s surface with a dimension from 

microns down to a few nanometers [23]. The point-contact current-voltage characteristics 

exhibit largely ohmic behavior, as shown in Fig. 4-9 (b). The contact size a can be 

estimated from the measured contact resistance R with a simple model [23] for diffusive 

point contacts that gives R=ρ/2a, where ρ is the resistivity of Sr2IrO4. Note that the 

resistive contributions of the Cu tip and Cu back electrode (see Fig. 4-9 (a)) are negligible 

due to a much higher conductivity of Cu. Assuming ρ of Sr2IrO4 ≈50 Ωcm at liquid 

nitrogen temperature [19][24], this analysis yields a ranging from 45 nm – 4.2 μm for R = 

15 kΩ - 1.4 MΩ. In the following, we present results from two representative point 

contacts with a ≈ 3 μm (PC1) and 1 μm (PC2). At liquid nitrogen temperature (77K) we 

have measured the point-contact magnetoresistance R(H) for different orientations of the 

applied magnetic field H in the (001) a-b plane of Sr2IrO4 crystal (see Fig 4-9 (c)). The 

results of MR measurements were found reproducible for a dozen contacts with 

intermediate sizes. As shown in Fig. 4-10, for the range of contact resistances from about 

10 kΩ to 300 kΩ, the observed magnetoresistive signals are reproducible, with the MR 
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ratios and shape of the field-swept MR curves varied for different contact resistances. In 

company with the measurement of (non-ohmic) current-voltage characteristics, it is 

speculated that for highly resistive contacts, tunneling may have large contribution to the 

resistance, introducing additional complications. Therefore we focused on analyzing the 

measurements done at contact resistances 10 ~ 100 kΩ (as the PC1 and PC2 shown in 

Fig. 4-9 and later.)  

Figure 4-10. A dozen of point-contact measurements of field sweep MRs. Following the 
diffusive model of contact resistance, the PC resistances shown here from 11 to 190 kΩ 
corresponds to contact sizes 5680 – 330 nm. All measurements are done at T = 77 K. 

 

As one can see in Fig. 4-9 (c), the point-contact MR – the R(H) dependences – for 

PC1 (bottom trace) and PC2 (top trace) exhibit negative MR with magnetic field sweep 
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up to 0.3 T. The black (grey) traces are the up- (down-) sweeps from high negative 

(positive) to high positive (negative) fields. Clear hysteresis is found from magnetic field 

swept MR measurements, and at 0.3 T the MR traces start to show saturation. All MRs 

have maximal resistance R(H) found at ~ 50 mT, which may correspond to the coercive 

field of the residual ferromagnetic moments. To validate the correlation of magneto-

transport measurement and magnetic properties of materials, we compare the transport 

measurement R(H) and M(H) characterizations, as shown in Fig. 4-11 (a) [19]. On can 

see from Fig. 4-11 (a) that in-plane M(H) measurements at T = 35 K exhibit nonzero 

remnant magnetizations, which is in accordance with our non zero magnetic fields 

corresponding to the peaks in R(H). Note that high magnetic field M(H) suggests that 

magnetizations in SIO will not be saturated before ~ 10 T (see Figure 4-11 (b)), therefore 

the residual moments and associated non-zero coercivity are originated from the weak 

ferromagnetism of the uncompensated moments (rather than the reorientation of total 

moments) in the basal plane of crystal. 

We have also measured R(H) traces for different angles θ between the applied 

magnetic field H and the [100] a-axis (not shown). All MR traces exhibit negative 

magnetoresistances with generally similar shapes (like in Fig. 4-9 (c)) and MR ratios 

(Rmax-Rmin)/Rmin from 6.7-8.4 % for PC1 and 20-28 % for PC2. Interestingly, we find an 

anisotropy in the point-contact resistance R for different orientations of H (different θs). 

This anisotropic magnetoresistance (AMR) is presented in Fig. 4-12, which shows R(θ)  
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Figure 4-11 Magnetization measurements in comparison to transports. (a) M (black) vs 
magnetic field applied parallel to the [100] a-axis (T=35 K) and sample resistivity (grey) 
vs field. Applied field is swept from H=0 (the virgin state) to high positive values and 
back to zero (with residual magnetization). The variations in ρ and M are correlated. (b) 
Magnetization measurements M(H) with magnetic fields applied along a (blue) and c 
(red) axe up to 14 T. The change of slopes at ~ 0.3 T in M(H) suggests the occurrence of 
meta-magnetic transitions.  

  

(a) 

(b) 
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Figure 4-12 Angular dependence of magnetoresistance. (a) Angular dependence R(θ) of 
PC1 (shown in Fig. 4-9) contact resistance for different magnetic fields (from top to 
bottom μ0H = 40, 60, 80, 100, 150, 200 mT). (b) Polar plots of the normalized AMR at 
μ0H = 40 mT (black) and 270 mT (gray). All MR measurements are done at T = 77 K. 

 
for a series of applied fields H obtained from R(H) data. The curves were shifted 

vertically for clarity. The data shows that R(θ) has a predominantly four-fold symmetry at 

low fields (top trace in Fig. 4-12 (a) and a two-fold symmetry at high fields (bottom trace 

in Fig. 4-12 (a)). This major observation is further illustrated by polar plots in Fig. 4-12 

(b), which show the four- and two-fold symmetries of the normalized AMR [R(θ)-

Rmin]/[Rmax-Rmin] at µ0H = 40 and 270 mT, respectively. R(θ) traces at intermediate fields 

(progressively from top to bottom trace in Fig. 4-12 (a) = increasing H) show a gradual 

transition from the four- to two-fold symmetry with increasing magnetic field: two out of 

four ‘peaks’ in R(θ) start to shrink and the positions of the remaining two ‘peaks’ shift by 

as much as 40 degrees as the applied H increases above the critical field (µ0Hc ≈ 200 mT) 

(a) (b) 
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of Sr2IrO4 meta-magnetic transition (see Fig. 4-11). Such a field-dependent AMR 

transition was found to reproducible in all measured point contacts (see Fig. 4-13). 

Figure 4-13 2D gray-scale plots of the normalized AMR versus magnetic field for (a) 
PC1 and (b) PC2. Lighter color indicates higher resistance (black = 0; white = 1). The 
transitions from the fourfold (at low fields) to twofold AMR symmetry can be seen in 
both plots but at slightly different fields: ∼ 40 mT for larger PC1 (a) and ∼ 60 mT for 
smaller PC2 (b).  

 

To further quantify the AMR, we note that the amplitude of R(θ) variations – the 

magnitude of AMR=[R(θ)-Rmin]/Rmin – changes with increasing H. The four-fold 

variations in R(θ) at low fields (µ0H < 70 mT) are much smaller than the two-fold 

variations at higher fields (see different traces in Fig. 4-12 (a)). Figure 4-14 (a) shows that 
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the magnitude of AMR is a non-monotonic function of H and peaks at around 120 mT. 

Finally the ‘coercive’ field H * where R(H) has a maximum exhibits small variations as a 

function of θ. Figure 4-14 (b) shows that these variations in H *(θ) are somewhat 

correlated with the four-fold variations in R(θ) at low fields (grey trace) but have a 

predominantly two-fold character. The angular dependence of coercivity revealed here by 

transport measurements provides very useful information about the in-plane SIO’s 

magnetic anisotropy, which is a heavily debated issue in recent study of this iridate.  

Figure 4-14 (a) Variation of the AMR magnitude with the applied magnetic field for PC1 
(gray) and PC2 (black). (b) Angular dependence of the “coercive field” H(θ) (black) for 
PC1. For comparison, the gray trace shows the low-field AMR data. 
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We would like to point out that the AMR observed in our experiments cannot be 

explained by the conventional AMR in polycrystalline magnetic conductors defined 

solely by the relative angle between the current direction and magnetic moments [16]. 

The current is being injected vertically through the point contact (perpendicular to the a-b 

plane; see experimental setup shown in Fig. 4-9 (a)) and is not expected to see any 

changes in its relative orientation with respect to the magnetic moments of Sr2IrO4 as the 

applied magnetic field is rotated within the sample’s basal a-b plane. Instead, it is the 

relative angle between the moments and the crystal axes that may change as the field 

rotates. Therefore the observed anisotropy in resistance can be tentatively attributed to the 

crystalline component of AMR. Such spin-orbit (SO) coupling induced effect arises from 

the crystal symmetries and reflects the effects of orbital degree of freedom on the 

magneto-electronic transport in Sr2IrO4. Note that the AMR observed in our point 

contacts can be as large as 14%, which is very large when compared to the crystalline 

AMRs reported previously in 3d transition metal alloys/oxides (0.1-0.5%) [17, 25, 26] 

and is also much larger than the crystalline AMRs observed to date in Sr2IrO4 [27].  

It is known from the resonant x-ray [20] and neutron [28, 29] scattering 

experiments that Sr2IrO4 exhibits a meta-magnetic transition in an external magnetic 

field: the order of uncompensated magnetic moments within IrO2 planes changes above 

the critical field µ0Hc ≈ 200 mT. As illustrated in Fig. 4-8 the canting of Jeff =1/2 moments 

leads to an uncompensated (residual) moment within each of IrO2 planes, and these 

uncompensated moments can be aligned by an external magnetic field that results in a 

non-zero net (weakly ferromagnetic) moment at high fields. The observed point-contact 
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MR traces correlate very well with this transition and previously observed MRs in bulk 

Sr2IrO4 samples [24]. We thus attribute the observed variations in R(H) to the field-

induced variations in the magnetic order of Sr2IrO4 while the observed angular variations 

in R(θ) can be attributed to the crystalline AMR [17]. The latter is further confirmed by 

correlations between the observed symmetry of AMR and the crystal structure as we 

discuss next.  

The intriguing magnetic field dependence of the AMR symmetry obtained in this 

work indicates yet unexplored entanglements of crystal structure, magnetic order and 

electron transport in this canted AFM Mott insulator. The range of external magnetic 

fields we applied in this study (up to ~ 0.3 T) covers the field-induced variations in the 

magnetic order of IrO2 planes, but is too small (compared with the exchange field) to 

significantly alter the underlying AFM order of the Sr2IrO4 crystal (see Fig. 4-11). The 

observed AMR transition from the four- to two-fold symmetry (as shown in Fig. 4-12 and 

4-13) occurs over the same field range suggesting its possible relationship with the 

magnetic transformations in IrO2 planes. As was pointed out in previous studies of the 

magnetic order in Sr2IrO4 [20, 28, 29], the magnetic moments tend to follow octahedral-

site rotation because of a strong spin-orbit coupling and therefore a strong single ion 

anisotropy in Sr2IrO4. Since the electronic properties of Sr2IrO4 are also known to be 

sensitive to lattice distortions [24, 30], it is possible that the observed magnetic field 

dependence of AMR symmetry in our study can be associated with lattice distortions that 

originate from the magnetoelastic effect and spin-orbit coupling. To explain the different 

AMR symmetries observed at low (four-fold) and high (two-fold) fields, we note that our 
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Sr2IrO4 sample has a tetragonal crystallographic structure as verified by X-ray diffraction 

(XRD). Based on the XRD data (not shown), we found that the minima of the four-fold 

AMR pattern observed at low fields, where the magnetoelastic effect is small, correspond 

to the applied field oriented along the Ir-O bonds, assuming small octahedral distortions. 

Note that the four-fold symmetry of AMR is most readily observed around µ0H ~ 40 mT 

where we also see the maximum in R(H) traces (Fig. 4-9 (c)). At this ‘coercive’ field, we 

expect to have no net magnetization in the crystal and the measured AMR to reflect the 

intrinsic electronic properties of Sr2IrO4. This correlation suggests that the four-fold AMR 

pattern observed at low fields can be associated with the intrinsic crystal structure, band 

structure and orbitals of 5d electrons with spin-orbit interactions. The two-fold symmetry 

of AMR observed at higher fields can be tentatively associated with the uniaxial 

anisotropy of the canted antiferromagnetic configuration in Sr2IrO4. Although the crystal 

structure is tetragonal, the canted antiferromagnetic order is orthorhombic with twinning 

domains as suggested by neutron scattering/diffraction [29]. Note that the point-contact 

technique probes the local transport properties, which should be closely related to local 

magnetic configurations. Assuming a single domain or few domains with preferred 

orientations in the proximity of the contact area can be a viable approximation. Following 

a single domain picture, the magnetic structure is orthorhombic rather than tetragonal. In 

the continuing discussion of AMR in bulk Sr2IrO4 at later part of this chapter, the AMR 

symmetry will be revisited and compared with point-contact measured results.  

The observed angular dependence of the coercive field H*(θ) has a predominantly 

uniaxial character (see Fig. 4-14 (b)) that is also consistent with the existence of 
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orthorhombic magnetic structure in the a-b plane [29]. We attribute the uniaxial 

symmetry of AMR observed at low fields to the effect of the applied magnetic field on 

the canting of AFM magnetic moments. When the field is applied along the spin axis 

(near the [100] a-axis) of Sr2IrO4 the canting is reduced, while a perpendicular (to the spin 

axis) field would promote a larger canting. Smaller canting corresponds to a ‘more 

antiparallel’ state which corresponds to a higher resistance and thus results in a two-fold 

symmetry. In light of the fact that the canting of magnetic moments can be locked to the 

distortions of octahedra, the proposed picture of AMR due to the field mediated canting is 

in good agreement with previously reported magnetoelastic effect on the resistivity of 

Sr2IrO4. The uniaxial magnetic anisotropy due to this reduced symmetry may be 

strengthened by the applied magnetic field, which aligns the uncompensated (residual) 

moments of IrO2 planes [20]. Note that the observed symmetry of AMR becomes mostly 

two-fold at a relatively low field (~ 60 mT), indicating the predominance of the 

anisotropy upon the breaking of AFM order between the uncompensated moments. After 

that, the magnetic order (dominated by the two-fold symmetry) continues to change up to 

a higher magnetic field of the order of the critical field where the two-fold symmetry 

finally stabilizes/saturates. Moreover, the lattice distortions induced by magnetoelastic 

coupling are expected to further enhance the uniaxial anisotropy because of the 

orthorhombic magnetic structure. All of the above suggests that the field-induced lattice 

distortions due to the magnetoelastic effect may dominate the AMR and result in the two-

fold symmetry at high fields.  
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In addition to studying the magnetic field dependence of anisotropic MR, 

temperature dependence magnetotransport is also investigated. Measurement of magnetic 

field sweep R(H) is done at from T = 77 K to room temperature and a good correlation 

between MR signals and magnetic phase transition is observed. Three MR curves 

measured at different temperatures are shown in Fig. 4-15 to illustrate how the 

magnitudes of MRs become weaker with increasing temperature [31]. Magnetic field 

sweep measurements of R(H) during continuous warming-ups is done. Analysis of MRs 

with point contacts as well as bulk has been summarized as in Fig. 4-16. For bulk  

Figure 4-15. Magnetoresistance of SIO measured by point-contacts at 3 different 
temperatures (T = 77 K, 120 K and 250 K). One can see that the MR signal has vanished 
at T =250 K (above TNeel~ 240 K). Black (grey) curves correspond to up (down) sweeps 
of applied magnetic field. The vertical-axis scale is the same for all 3 curves [31]. 
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experiments, the top electrodes are macroscopic Cu wires attached via silver paste instead 

of the sharpened tips used in point-contact study. The temperature dependence of point-

contact and bulk resistance shares similar exponential decay with increasing temperature 

that clearly reflects on the semiconducting nature of transport in SIO. Note that our PCs 

to SIO are ohmic in nature as PC current-voltage (I-V) characteristics are linear at small 

biases applied; we have not observed any significant decreases in PC resistance vs bias 

which would be expect in the tunneling regime of transport between a metallic (Cu) tip 

and a semiconductor with a relatively small gap (30-200 meV). From the R vs T 

measurement, one can obtain from band gap values Δ ~ 60 meV following the model of 

thermally excited conductivity in semiconductors. The MR ratio decreases with 

increasing temperature until it vanishes at T ~ 240 K, implying that MR should be 

determined by the changes in magnetic order under the external magnetic fields. 

At the same time, as is shown in the inserts to Fig. 4-16, the MR ratio decreases to 

zero approximately linearly, showing qualitatively different behavior as a function of 

temperature if compared to the exponential decay of R(T). It is known from previously 

reported field cooling (FC) data that saturated magnetic moments would not vary 

significantly at temperatures below 200 K [19]. Therefore, the linear temperature 

dependence of MR ratio can not be simply interpreted as an indication of temperature 

effect on magnetic moments. According to the model that MR is resulted from the lattice 

distortions induced by the reoriented magnetic moments under fields, rising MR ratios at 

low temperatures (well below TNeel) implies that the influence of magnetism on lattice 

dynamics and electron transport may be stronger at lower temperatures.  
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Figure 4-16 Temperature dependence of bulk magnetoresistance ranging from T= 77 K to 
295 K. Resistance R (circles) and change of resistance ΔR (solid) vs temperature 
measured in (a) point-contact geometry and (b) bulk sample. The inserts show the 
magnetoresistance (MR=ΔR/R) ratio vs temperature in respective measurements. 

 

Furthermore, bulk AMR was also measured and analyzed as a function of B and θ 

(to be compared with the PC AMR). It is found that bulk AMR is smaller and exhibits 

qualitatively different field dependence as shown in Fig. 4-17. The smaller bulk AMR 

signals may be resulted from the averaging of multi-domain magnetic configuration. 

Although the field-induced changes in AMR symmetry are clearly present, there appears 

to be a “boundary field” around 100 mT that defines two distinct regimes of the observed 

AMR. In the low field (B < ~100 mT) regime, the field dependence of AMR symmetry of 

bulk qualitatively resembles that in PCs. On the other hand, in the large field (B > ~ 100 
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mT) regime, where the PC AMR readily exhibits a 2-fold symmetry, bulk AMR shows a 

reminiscence of the 4-fold symmetry up to B ~ 150 mT in the bulk. Another distinction  

among bulk and PC measurement is that the axis of maximum AMR experiences a step-

like shift and becomes independent of the magnetic field magnitude up to the largest 

fields applied. This sharp distinction between PC and bulk AMR may shed some light 

into the unveiled magnetic dynamics under external fields. The PC AMR involves 

magnetic moments primarily from the local contact region (~ 1 μm), where the 

observations may be associated with a single-domain behavior. In such a scenario the 

uniaxial magnetic anisotropy observed in PC measurements at higher fields may be 

induced when the canting of magnetic moments is tuned by an externally applied 

magnetic field. As for bulk AMR, multi-domain magnetic textures may be involved and 

possibly associated with the peculiar magnetic-field dependence. The remaining 4-fold 

symmetry up to ~150 mT in bulk AMR further support the speculation of coexistence of 

twinning domains in the crystal. The abrupt shift of the AMR symmetry axis seen in the 

bulk measurement may be an indication of domain switching/realignments induced by the 

applied fields. The robust 2-fold AMR symmetry in the high field regime suggests that, 

under applied magnetic fields, one of the twinning magnetic domains is preferred over 

the other. The boundary field (of ~150 mT) may correspond to the field needed for the 

domain reorientation. 
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Figure 4-17 2D density plot of the normalized AMR of bulk measurements. The color 
plot uses red =1 and blue = 0. One can see the abrupt change in the axe of maximal AMR 
(figure from [31]). 
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4.4 SUMMARY AND FUTURE WORK ON SR2IRO4: FROM MAGNETO-TRANSPORT TO 

FERROMAGNETIC RESONANCE STUDY 

In summary, our systematic magneto-transport study on single crystal 

antiferromagnetic Mott insulator Sr2IrO4 revealed a large (up to 14%) AMR in point 

contacts. The observed AMR has an intriguing transition from four-fold to two-fold 

symmetry with increasing magnetic field, which provides an interesting insight into 

correlations between the orbital states, electronic properties and magnetic properties of 

this antiferromagnetic oxide. Temperature dependent transport measurement found that 

MR vanishes at T~TNeel, confirming the crucial role of magnetic order in magneto-

electronic transport. Bulk and local (point contact) measurements of AMR exhibit 

qualitative differences, which may be attributed to the magnetic field effect on magnetic 

textures involved, including SIO twinning domains. Finally, the observed large AMR 

effect in a purely antiferromagnetic system without interference of ferromagnetic 

materials supports the development of antiferromagnetic spintronics where 

antiferromagnets are used in place of ferromagnets. Such sizeable AMR that originates 

from strong spin-orbit interactions in 5d transition metal oxides could be employed in 

spintronics to monitor the AFM order parameters in a more technologically favorable 

fashion. As introduced in Ch. 1, the development of FM-based magnetoresistive sensors 

was initiated with anisotropic magnetoresistance and then moved on to GMR/TMR in 

magnetic multilayers. Similarly, the chance still holds that a thorough research on AMR 

in AFM materials may also lead to future devices structured with multilayers of AFMs 

involved, such as antiferromagnetic tunnel junctions.  
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At present, a better understanding of the electronic/magnetic properties of 

transition metal oxides is needed provide deeper insight into the correlated physics and 

may shed lights on the exploration of spintronic devices eventually based on 

antiferromagnetic thin films. The investigations of electronic and magnetic properties of 

iridates have attracted renewed attentions in recent years but there is still much remaining 

to be uncovered considering that lots of key issues related to the electronic/magnetic 

property of iridates are still under heavy debates. For instance, the panorama of magnetic 

anisotropy of Sr2IrO4 in presence of the strong spin-orbit coupling and antiferromagnetic 

exchange interaction is not reached yet; theoretical calculations and various types of 

characterizations yield controversial conclusions [27][29][30][32]. It has been known 

from early work that the magneto-conductivity along c-axis (perpendicular to IrO2 

planes) is different from that within the basal plane [19], while recent experiments 

including our work discussed above showed that magnetoresistance signals are clearly 

anisotropic even within the basal plane (crystalline AMR). Meanwhile, the investigations 

of AMR on thin films of SIO on various substrates under different types of strains have 

shown that AMR signals are sensitive to the lattice distortion (see Fig. 4-18) [30], 

implying the crucial role of magneto-elastic coupling in determining the AMR effect. 

Meanwhile, devices based on epitaxial grown thin films of SIO were found to only 

demonstrate relatively weak crystalline AMR in proximity with exchange spring, 

suggesting that the AMR properties found in bulk samples may not persist in samples 

down to a few atomic layers [27], raising questions about the nature of the magnetic 

anisotropy and the roles of different factors affecting it. Therefore, more work needs to be 
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done studying the strain effect on anisotropic magnetoresistance and the relationship 

between magnetic anisotropy and lattice distortion. In addition, a remaining obstacle for 

pushing Sr2IrO4 towards real applications is the low Neel temperature (~ 240 K), which is 

not remotely far from room temperature. Several approaches may be helpful to reach a 

higher Neel Temperature. For instance, doping of other heavy ions or magnetic ions can 

vary the magnetic properties significantly and may be used to raising the Neel 

temperature. Moreover, different types of strains in deposited thin films can be 

introduced by the non-ideal lattice matching to the substrates and thus modify the 

magnetic properties and may help to persist the magnetism up to a higher temperature. 

Figure 4-18 Study of lattice strain effect on magnetism of SIO via magnetotransport 
measurements of SIO on different substrates. STO and NGO are SrTiO3 and NdGaO3 
respectively. SIO films on STO have tetragonal structure with a tensile strain of 0.13%, 
while SIO on NGO have orthorhombic structure with anisotropic biaxial strain of 0.39% 
and 0.51% along the two in-plane crystallographic axes. In the recent report of AMR on 
these two substrates, both MR signals and the angular dependence of MRs were found to 
exhibit qualitative difference (Figure from [30]).  
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Another interesting direction for future work on SIO that may complement 

magnetotransport study could be the ferromagnetic resonance (FMR) study. Though 

magnetic resonance study of antiferromagnetic materials usually requires driving forces 

of higher frequency, the uncompensated magnetic moments within the basal plane of SIO 

exhibit weak ferromagnetism and thus can possibly be detected using ferromagnetic 

Figure 2-19 Electron spin resonance (ESR) measurement of single crystal SIO. (a) FMR 
signal at 9.5 GHz detected at several temperatures below TN (~ 240 K). The external 
magnetic field is applied in the ab-plane of single crystal. (b) Angular dependence of 
FMR resonant field with respect to the out of plane angle: (0 is H//c axis). The observed 
~ 1/sinθ dependence indicates the preferred magnetic orientations in the ab-plane (figure 
from [33]). 

 

resonance with the usual FMR band range (~ 10 GHz). Crucial information including 

magnetic anisotropy and magnitude of magnetizations can be obtained from magnetic 

resonance study and thus provides further hints for a better understanding of the 

magnetism in SIO. Very recently, electron spin resonance (ESR) experiment on single 
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crystal of SIO was reported, where both high frequency antiferromagnetic resonance 

(AFMR) and low frequency FMR were observed from ESR experiments (see Fig. 2-19) 

[33]. In the future, magnetoresistive signals (spin-rectification effect) can be used for 

detecting the FMR response in this canting antiferromagnet down to submicron scale (see 

Ch. 2). Measuring the anisotropy of FMR within the ab-plane can nicely complement 

previously anisotropic magnetoresistance study: fitting the angular dependence of FMR 

signals’ magnitude can tell the angular dependence of the effective magnetic anisotropy. 
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Chapter 5: Electrically Tunable Transport of Mott Insulator Sr2IrO4 

It is observed from the magneto-transport study of SIO that point-contact 

measurement of current-voltage (I-V) characteristics in SIO showed non-linearity that 

could not be explained by established models. After investigating the temperature 

dependent transport of SIO with point-contact techniques in more details, we found that 

SIO crystal exhibit property of electrically tunable transport. In this chapter, we focus on 

the experimental study on the electrical tunability of transport. Following an introduction 

about recent approach of tunable electronic transports, our point-contact study of SIO 

under high electric field is presented. And a model of electrically tunable band gap is 

proposed to quantitatively explain the observed non-linear I-V and other associated 

phenomena. Our findings suggest a promising path towards band gap engineering in 5d 

transition metal oxides which could potentially lead to appealing technical solutions for 

next-generation electronic devices. 

 

5.1 INTRODUCTION TO ELECTRONIC TRANSPORTS WITH TUNABLE BAND GAPS 

Tunability of electronic properties in semiconductors is of crucial importance to 

developing electronic and optical devices. The electronic properties of insulators and 

semiconductors, as is described by the electronic band structures, can be characterized by 

the band gaps. The gaps define the material’s transport and optical properties and are 

important for performance of semiconductor devices like diodes, transistors and lasers. 
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The band gap in a conventional semiconductor material, such as silicon, is fixed by the 

material's crystal structure and chemical composition. The ability to tune its value would 

allow enhanced functionality and flexibility of future electronic and optical devices.  

It has been known that band structures in certain materials can be altered by 

applying large mechanical stress (piezoresistance) [1], pressures [2] or by varying the 

alloying composition [3]. For instance, α-Fe2O3 (hematite), an insulator with a band gap 

of ~ 2.1 eV can experience narrowing of band gap and thus decrease of resistivity under 

high pressures and becomes metallic at 50 GPa [2]; while sulfur doping as in Fe2O3-xSx 

leads to a decrease of band gap to ~ 1.5 eV with S concentration of few percent [3]. 

Meanwhile, realizing electrical means of tuning band gap could be beneficial in light of 

implementation of functional (such as switchable) devices. Recently, an electrically 

tunable band gap was realized in a 2D material – electrically gated bilayer graphene, 

where a perpendicularly applied gating electric field can manage to open and control 

band gaps [4, 5]. As is shown in Fig. 5-1 (a), a thin plate sample of bilayer graphene is 

placed between top and bottom electrodes of a gated device, and the electric displacement 

field on the top (bottom) layer of graphene Dt (Db) can be tuned by the applied top and 

bottom voltages. The average of Dt and Db as 𝐷 = (𝐷! + 𝐷!)/2 breaks the inversion 

symmetry and thus open a band gap at the Dirac point, while the difference in Dt and Db 

expressed as 𝛿𝐷 = (𝐷! − 𝐷!)/2 leads to charge carrier doping with the drift of the 

chemical potential. By analyzing the difference in absorption spectrums measured at 

finite bias and zero bias in the infrared spectroscopy experiments, one can find a gate-

controllable band gap that can be as large as 250 meV (see Fig. 5-1 (b)). 
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Figure 5-1 Electrically tunable band gap in bilayer graphene realized in a gated device. 
(a) Cross section of the gated device with top and bottom electrodes. (b) Gate induced 
infrared absorption spectra under different biases (quantized as displacement fields), and 
it is found that larger bias can induce a larger band gap. The absorption spectrum at zero 
bias has been subtracted as background. The left and right panels correspond to 
experiment and theory respectively (figure from [5]). 

 

The opening and tuning of band gaps in bilayer graphene is significant for 

potential applications of two-dimensional materials in future electronics. But the 

applicability of band gap engineering still awaits a larger class of materials that can be 

compatible with current CMOS technology. One type of materials for consideration is 

transition metal oxides (TMOs), which are interesting candidates for studies spanning 

from high-Tc superconductors to colossal magnetoresistance (CMR) materials and Mott 

insulators. In the latter case the localized d-orbitals lead to strong Coulomb electron 

correlations, which interplay with electron conduction, magnetism and crystalline lattice 

[6] thus prompting realization of a functional material where all these properties may be 

tuned and controlled. Electronic properties of transition metal oxides are known to be 

(a) (b) 
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sensitive to strains and pressures; particularly some Mott insulators can experience an 

insulator-metal (I-M) transition under high pressures. Note that both pressures and 

epitaxial strains between grown thin films and substrates can induce lattice distortions. 

The I-M transition and strain-induced effects reflect the distortion-induced modification 

of electronic structure and are rooted from changes in the electron correlations and the 

overlapping of d orbitals contributed from neighboring atoms.  

Of a particular interest is iridate Sr2IrO4 (SIO), which is known to have 

comparable energy scales of spin-orbit coupling, crystal field splitting and electron 

correlations, thanks to the 5-d orbitals of Ir4+ ions which have a weaker overlapping 

compared to the orbitals of 3-d/4-d transition metal ions [7]. Recent investigation on this 

5d TMO has revealed a canting antiferromagnetic order due to a distorted octahedra 

structure [8][9], which is found to associate various intriguing phenomena including 

magnetoresistive [10] and magneto-elastic effects [11]. Most interestingly, the recently 

reported band gap modification in SIO under epitaxial strain [12] and high pressure [13] 

(as is summarized in Fig. 5-2) suggests a possible tunability of band structure under 

external forces such as electric/magnetic fields. In particular, a non-linear current-voltage 

(I-V) relationship in SIO has been recently reported [14], though the transport 

mechanisms under external electric/magnetic fields in this Mott insulator remain to be 

addressed. In this chapter, we present a temperature dependent study of magneto-

transport in Sr2IrO4 under dc electric fields up to a few MV/m achieved using the point-

contact (PC) technique. We will demonstrate the realization of an electrically tunable 

band gap in a 3D antiferromagnetic Mott insulator Sr2IrO4 in our point contact study. We 
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will further show the feasibility of reversible resistive switching and electrically tunable 

anisotropic magnetoresistance that provide evidence of correlations between electronic 

transport, magnetic order, and orbital states in this 5d oxide.   

 

Figure 5-2 Tunable band gap of Sr2IrO4 in recently reported experiments. Left panel: the 
band gap of single crystal SIO is found to vary with pressures [13]. Right panel: effect of 
(tensile) strain on the band gap of epitaxially grown thin films of SIO (blue squares are 
experimental data). As the tensile strain becomes stronger at films with smaller thickness, 
the apical lattice constant decreases with extended in-plane lattice constant, yielding a 
smaller ratio of c/a [12]. 
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5.2 EXPERIMENTAL STUDY OF NON-LINEAR I-V IN SIO 

Our sample is a single crystal of Sr2IrO4 (1.5 mm × 1 mm × 0.5 mm) synthesized 

via a self-flux technique [15]. A sharpened metallic (Cu) tip is brought into contact with 

(001) surface of the crystal using a standard mechanically controlled point-contact system 

as described in Ch. 2. The system provides a means to produce electrical contacts with 

sizes a ranging from microns down to a few nanometers (see discussion in Ch. 2). An 

electrical current is injected through the contact into the crystal and flows (primarily) 

along the [001] c-axis into a macroscopic Cu electrode on the back side of the crystal. 

When an electric bias is applied between the electrodes, the electrical potential drop 

occurs essentially in the direct vicinity of the point contact on the SIO side, thus resulting 

in a locally high electric field E as well as high local current densities j ~ E [16].  

Fig. 5-3 (a) shows current-voltage (I-V) characteristics of 10 different point-

contacts with zero-bias resistances ranging from 13 kΩ to 27 kΩ measured at T = 77 K, 

corresponding to estimated contact size a ranging from 4.8 μm – 2.3 μm [17]. The local 

electric fields and current densities at the highest bias are of the order E ~ 107 V/m and j ~ 

108 A/m2, respectively. All I-V curves show a similar non-linear behavior: the contact 

resistance decreases with increasing dc bias as shown in Fig. 5-3 (b); the decrease in 

contact resistance is symmetric at positive and negative biases. From now on we will 

mostly focus on such resistance vs bias R(I) (as in Fig. 5-3 (b)) or R(V) plots which 

highlight even small  
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Figure 5-3. Current-voltage characteristics of Sr2IrO4 crystal in point-contact 
measurements at T = 77 K. (a) Voltage (V) vs current (I) characteristics of 11 point 
contacts with zero-bias resistances ranging from 13 kΩ to 27 kΩ are shown in different 
colors. (b) Resistance (R) vs current (I) plots for the same 11 point contacts. The insert 
shows schematically a point contact between a sharpened Cu tip (top light grey) and the 
crystal (dark grey) on a Cu back electrode (bottom light grey).  
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deviations from a linear I-V behavior. Note that all I-V curves are non-rectifying thus 

indicating an ohmic contact at the Cu tip/SIO crystal interface.  

The observed “S”-shape of I-V curves is in good agreement with previous SIO 

studies in bulk crystals [10] and polycrystalline films [14]. Unlike those standard bulk 

measurements, our point contacts provide a means to probe the electron transport on a 

local scale in SIO (~point-contact size a) subject to extremely high electric fields (~ 107 

V/m). In what follows we examine various possibilities for explaining the observed non-

linear I-V behavior. There are several established models describing a non-rectifying 

electrical transport in undoped semiconductors/insulators with a number of factors, 

including impurities, defects/traps, and interfacial barriers which may lead to a non-linear 

I-V characteristic. We will use both current and voltage as fitting parameters since (a) the 

local current density is expected to scale with the local electric field, while (b) the applied 

voltage is traditionally used to estimate the applied fields in point contacts, but it may not 

reflect well on its local nature as it spreads over a larger sample space.  

Figures 5-4 (a) and 5-4 (b) show R(I) and R(V) data (black), respectively, for a 

representative point contact (R = 17.5 kΩ; a ~ 3.5 μm) together with fits (colored traces) 

originating from a series of transport models/physical mechanisms as we briefly discuss 

next: (i) defect-induced traps in a semiconductor/insulator crystal are often associated 

with localized electron states within the band gap; the latter alter the crystal’s Fermi level 

and, therefore, its transport properties via so-called space charge limited currents (SCLC) 

[18]  
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Figure 5-4 Analysis of the bias dependence of point-contact resistance. (a) Measured 
point-contact resistance R (black) as a function of applied bias current I together with fits 
by different models: Joule heating (dashed cyan), Poole-Frenkel (dashed green), field-
effect (red). (b) Measured resistance R (black) is shown as a function of applied bias 
voltage V together with fits by: space charge limited currents (dashed dark yellow), Joule 
heating (dashed cyan), Poole-Frenkel (dashed green), tunneling barrier (dashed pink), and 
field-effect model (red).  

 

which are expected to lead to the 𝐼 ∝ 𝑉! dependence (dark yellow trace in Fig. 5-4 (b)); 

(ii) the emission of carriers from traps stimulated by an applied electric field can lead to 

Poole-Frenkel (PF) currents 𝑗 = 𝑗!𝑒!!!
!/!, where 𝑗! =   𝜎!𝐸  and 𝐸 is the electric field 

close to the contact [19]; such currents can become significant at high enough electric 

fields and lead to non-linear characteristics as shown by green traces in Figs. 5-4 (a) and 

5-4 (b), where the applied field is represented by either current or voltage; (iii) a 
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tunneling barrier at the interface between Cu tip and the SIO crystal can promote a 

decrease in the tunneling junction resistance with increasing bias due to an enhancement 

of the thermally excited transport across a biased junction (pink curve in Fig. 5-4 (b)); (iv) 

a simple Joule heating may lead to a decrease in the crystal’s resistivity at an elevated 

temperature which can be modeled by the temperature dependence of resistivity 

𝜌 ∝ 𝑒∆/!!!!!"  and the bias dependence of the temperature in the contact 𝑇!" ∝

𝑉!  (𝑜𝑟   ∝ 𝐼!) (cyan curves in Figs. 5-4 (a) and (b)) [20]. It is obvious that none of the 

established physical mechanisms discussed above can provide an adequate agreement 

with the observed R(I) or R(V) data over the entire range of applied biases. Below we 

propose a new mechanism, which is consistent with our observations and involves a 

change of the crystal’s band structure under externally applied electric fields via a field-

induced lattice distortion.  

Since electronic states in 5d transition metal oxides are extremely sensitive to the 

overlap of neighboring crystal sites, even a subtle change of the lattice structure may lead 

to a considerable modification of the crystal’s band structure. For instance, lattice 

distortions induced in SIO thin films by an epitaxial strain were found to change the 

effective band gap between 200 and 50 meV at liquid nitrogen temperature [12]. Recent 

studies of the ferroelectric properties in SIO have found that an applied electric field can 

induce an electric polarization [21]; the latter may be associated with a field-driven 

displacement of oxygen anions in O-Ir-O bonds. In our experiments, extremely high local 

electric fields may be sufficient to alter the equilibrium positions of oxygen with respect 

to iridium ions and induce distortions of the corner shared IrO6 octahedra, thus, 
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provoking modifications of the band structure (see discussion later). We have used an 

electrically tunable band gap in a simple model to fit our data for the bias-dependent 

resistance. It was found that the data are well fitted in the entire range of applied bias 

currents I (red curve in Fig. 5-4 (a)) using the following model: 

   𝑅 𝑋 = 𝐴 ∗ 𝑒
∆ !
!!!!, ∆ 𝐼 =   ∆! − 𝐵 ∗ |𝐼|,   (5.1) 

where Δ0 is the band gap at zero-bias (I=0) for a given temperature T, A and B are fitting 

parameters. Note that when using the applied voltage V instead of current I in Equation 

5.1, the fitting shows significant deviations from the observations (red curve in Fig. 5-4 

(b)) that indicates that the current is a better measure of the local electric field in a 

diffusive point contact (see discussion later). Eq. 5.1 was successfully used to fit the data 

from contacts with different sizes/resistances (see discussions later and Fig. 5-9). Further 

discussion based of this model suggested that the electric field may have similar effect on 

the lattice distortion as applying high pressure does. Our model suggests that the band 

gap in SIO decreases by about 16% at the maximum applied field (at I = 3 mA in Fig. 5-4 

(a)).  

We further verify our field-effect model (Eq. 5.1) by measuring the temperature 

dependence of I-V curves. Fig. 5-5 (a) shows R(I) data (black symbols) measured at 

temperatures T from 83-166 K. The R(I) data at different temperatures were fitted by Eq. 

5.1 (red curves). Figures 5-5 (b), (c), and (d) show temperature dependencies of the three 

fitting parameters A, Δ0, and B, respectively. The first parameter A is related to the zero-

bias resistance of the point contact R =𝜌 2𝑎 which can be written as R =1/2𝑎𝑛𝑒𝜇, with  



 114 

 

carrier density 𝑛 = 2(𝑚!𝑘!𝑇 2𝜋ℏ)!/!e!!/!!!!  and mobility 𝜇  of a semiconductor 

with band gap Δ. That gives A= (4𝑎 ∗ 𝑒𝜇(𝑚!𝑘!𝑇 2𝜋ℏ)!/!)!! which is consistent with 

the temperature dependence of A in Fig. 5-5 (b) and yields 𝜇  ~  0.1  𝑐𝑚!/𝑉𝑠 at 83 K.  

 

Figure 5-5 Temperature dependence of the point-contact R(I) characteristics. (a) 
Measured R(I) curves (black) at temperatures from 83 to 166 K together with the field-
effect model fits (red). The temperature dependences of A, Δ0, and B fitting parameters 
are shown in panels (b), (c), and (d), respectively. 
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The values of the second parameter Δ0 – the band gap at zero-bias – agree well with the 

ones extracted from the ln(R) vs 1/T data (shown later), and the gap increase with 

increasing temperature is also consistent with previous results in SIO [10][12]. Finally, 

the third fitting parameter B, which quantifies the magnitude of the field effects, is found 

to decrease with increasing temperature since at higher T the same range of applied 

currents I results in a smaller range of applied electric fields due an increased 

conductivity of SIO.  

Variations of the band gap as a function of temperature and electrical bias can be 

directly elucidated using the standard temperature-dependent resistivity (contact 

resistance) measurements at constant biases. Figure 5-6 (a) shows the zero-bias resistance 

R vs T along with ln(R) vs 1/T plot (inset to Fig. 5-6 (a)) of the same data. The slope of 

the latter dependence is expected to give the band gap value. Following this standard 

approach we have extracted the temperature dependence of the zero-bias band gap Δ0 

(Fig. 5-6 (b)) from the derivative d(ln(R0))/d(1/T) of the data in the inset to Fig. 5-6 (a). 

By performing a similar analysis at different values of the applied bias current, one can 

extract the bias dependence of the band gap at a fixed temperature. The result of such an 

analysis at T = 167 K shows (Fig. 5-6 (c)) that the band gap Δ decreases (from its zero-

bias value Δ0) with increasing bias I, supporting the proposed field-effect model.  
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Figure 5-6 Band gap characterization by temperature-dependent resistivity measurements. 
(a) Experimental data of R vs T (open triangles) with an exponential fit (black curve). The 
insert shows the same data as ln(R) vs 1/T (straight lines are guides for eye). (b) 
Temperature dependence of the band gap as extracted from the slope of ln(R) vs 1/T in 
(a). (c) The bias dependence of the band gap at T=167 K extracted from the ln(R) vs 1/T 
dependencies at different bias currents (not shown). 

 
  

100 150 200
0

5

10

15

20

R
 (k

Ω
)

T (K)

0.005 0.010
7

8

9
ln

 R

1/T

100 150 200

50

100 Δ (m
eV

)

T (K)

-0.5 0.0 0.5

60.2

68.8

77.4 Δ (m
eV

)

I (mA)



 117 

In addition to the continuous variations of the resistance (band gap) as a function 

of the applied bias, we have observed a reproducible and reversible resistive switching. 

One can notice small jumps in I-V characteristics of different point contacts in Fig. 5-1. 

Fig. 5-7 (a) shows an example of such a behavior. Here the black curve shows the R(I) 

sweep from positive to negative biases and the grey curve shows the sweep back. When 

the applied bias current increases beyond a critical |Ic| value the contact resistance has a 

step decrease. Following the scenario of the field-effect model, the step decrease may be 

associated with a field-induced structural transition between two metastable states. The 

ions being displaced/migrated under high electric fields may encounter potential barriers 

which need a certain energy to be overcome; the applied electric field modifies the 

energy landscape and could promote the transition over such a barrier, i.e. switching. We 

can estimate the variation of the band gap between the two states (below and above Ic) 

from the corresponding decrease in resistance. For instance, the switching shown in Fig. 

5-7 (a) gives a band-gap change of about 0.34 meV. Furthermore, the switching threshold 

Ic exhibits a clear magnetic field dependence Ic(μ0H), which correlates with the point-

contact R(μ0H) magnetoresistance observed at zero bias (compare Figs. 5-7 (b) and 5-7 

(c)). The increase in Ic(μ0H) with increasing field correlates with the decrease in R(μ0H) 

but their relative changes are quite different and cannot be explained by a field-

independent critical voltage Vc = IcR. Previous studies suggested that lattice distortions in 

SIO may cause a magnetoresistive effect due to a strong spin-orbit coupling [11, 17, 22]. 

The correlations between the magnetoresistance and resistive switching observed in our 

present work suggest that the magnetoresistive phenomenon in SIO could originate from 
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the band structure modifications associated with the field-induced lattice distortions.  

 

Figure 5-7 Resistive switching in point-contact R(I) characteristics. (a) A typical R(I) 
curve with up- (grey) and down- (black) sweeps of I. The switching current is indicated 
by Ic and arrow. (b) The magnitude of critical current Ic vs applied magnetic field is 
shown with open circles (solid dots) for up- (down-) sweep of magnetic field. (c) 
Variations in the zero-bias resistance (magnetoresistance ratio) as a function of the 
applied magnetic field. All measurements were done at T = 77 K. 
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The interplay between magnetism and electron transport may be further illustrated 

by studying the effects of bias on SIO magnetoresistance (MR). The MR was previously 

associated with crystalline component of anisotropic magnetoresistance (AMR) and the 

effects of applied field on the canting of antiferromagnetically coupled moments in SIO. 

Fig. 5-8 (a) shows a typical MR curve R(μ0H) where the applied magnetic field is swept 

from high positive to high negative fields and back. We have measured such MRs at 

different values of the applied bias current I and found that while the resistance R at a 

constant H decreases as a function of I (see Fig. 5-8 (b))) in agreement with the behaviors 

shown in Fig. 5-3, the MR ratio, defined as (Rmax – Rmin)/Rmax with Rmax and Rmin maximum 

and minimum resistances of R(μ0H) sweep, increases with the applied bias. Our 

observation that MR can be influenced by the applied bias can be taken as another 

evidence of the idea that magnetic field and electrical bias effects on SIO resistance are 

entangled and originate from the band structure modifications induced by lattice 

distortions under magnetic and electric fields. The finding of a higher MR ratio at 

elevated bias currents may imply that the magnetism-induced lattice distortions can be 

strengthened by an applied electric field. Finally, the observed MR ratio of about 6-10 % 

(Fig. 5-8 (c)) is smaller than the typical resistance variations of 30-60% (Fig. 5-3) due to 

the applied electric field, thus, suggesting that in our point contacts measurements electric 

fields have a stronger effect on the SIO band structure than applied magnetic fields.  
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Figure 5-8 Bias dependence of magnetoresistance (MR). (a) A typical MR measurement 
under low bias current (0.02 mA) at T =77 K. (b) Bias dependence of the point-contact 
resistance at zero applied magnetic field. (c) Bias dependence of the MR ratio found from 
MR data like in (a) at different biases. 

 

The presented experimental findings clearly demonstrate that electron transport in 
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Figure 5-9 Effects of electric field on the resistance of SIO point contacts. (a) Normalized 
contact resistance (R(E)-R(0))/R(0) as a function of electric field E. Different colors 
represent data from different contacts with resistances ranging from 11 to 24 kΩ. Dashed 
grey lines are the boundary (10%) fits of the field-effect model. (b) Magnitude of the 
critical (switching) field vs contact size. Open (solid) symbols are for switching events at 
positive (negative) biases.  

 

electrical bias depend on the contact size a – in smaller contacts the fields are higher at 

the same bias. The result that applied currents (rather than voltages) serve better for a 

quantitative fitting of experimental data implies that electric fields associated with point-

contact transports in this case are better characterized by injected currents. The maximum 

(a) 

(b) 
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field produced in the contact subject to an electric current I (current density j) can be 

estimated from E = j/σ = I/σA, where σ is conductivity and A = πa2/4 is cross-sectional 

area of the contact. Following the field-effect model, we can express the contact 

resistance R as a function of electric field R(E)~exp[(Δ0-β|E|)/2kBT] with β=B(I/E). 

Figure 5-9 a shows the normalized contact resistance (R(E)-R(E=0))/R(E=0) as a 

function of applied electric field for point contacts with different size (different colors 

correspond to different contacts from Fig. 5-3. The field-effect model suggests that all 

curves would collapse on a universal R(E) dependence. Our data for different contacts 

fall within an envelope between two boundary curves (dashed grey in Fig. 5-9) predicted 

by the field-effect model with the parameter β varied by 10%. Given an uncertainty in 

the contact geometry and spatial non-uniformity of the electric field we find such 

behavior to be in a good agreement with the proposed field-effect model. Our data from 

different contacts show that the contact resistance drops by approximately 50% in 

electric fields of about 20-30 MV/m and suggest a similar variation of the activation 

energy. In what follows we estimate and compare electric fields needed for the resistive 

switchings (see Fig. 5-7) observed in contacts with different size. We have attributed 

such switching events to the field-induced structural transitions between metastable 

states. Here the oxygen ions being displaced/migrated under high electric fields 

encounter potential barriers which need a certain energy to be overcome; the applied 

electric field modifies the energy landscape and could promote the transition over such a 

barrier, i.e. switching above a certain critical electric field Ec. Figure 5-9 (b) shows how 
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the measured Ec depends on the contact size a. We find the strength of the critical field Ec 

to be independent of the bias polarity (compare open and solid symbols in Fig. 5-9 (b)) 

and fall within a range from 6-10 MV/m. It can be noticed that Ec has a tendency to 

decrease slightly with an increasing contact size (dashed red line in Fig. 5-9 (b)). The 

latter may be associated with an increased numbers of oxygen ions subject to high 

electric fields in larger contacts.  

Moreover, it is of great importance to portray the field effect on Sr2IrO4 within the 

context of the special crystallographic structure, since most of the interesting phenomena 

in this class of oxides can be associated with the sophisticated structure of layered 

octahedra [8][10]. We are going to estimate the associated field-driven displacement of 

ions in the lattice and show that electric field may reach similar effect of lattice distortion 

as applying pressure or strain does. Previous studies in SIO have shown that distortions of 

IrO6 octahedra can be induced by magnetic field [10], high pressure [13], or epitaxial 

strain [12]. Since the band structure is closely associated with the crystalline structure and 

extremely sensitive to any variations in Ir-O bonds, it is possible that the observed 

variations of the band gap originate from a lattice distortion driven by electric fields. Here 

we focus on the displacement of oxygen atoms in the lattice and estimate the lattice 

distortions induced in SIO by an applied electric field. The energy potential of each 

oxygen O2- ion in SIO can be approximately described by a simple harmonic oscillator 

model. In the presence of an external electric field E, this simple model gives the energy 

profile as 

U = !
!
𝑘𝑥! + 𝑒𝐸𝑥,     (5.2) 
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where x is the ion’s position, e the electron charge, E the applied field, and k is the spring 

constant of the ionic potential. In an applied field the equilibrium energy minimum is no 

longer at x = 0 but at xmin = eE/k. The constant k in SIO can be estimated using the 

following arguments: it is known that k ~10 eV Å-2 in some 3d transition metal (Fe, Co, 

Cr) oxides; in a 5d heavy metal oxide like SIO it is expected to be smaller, since the Ir-O 

bond is considerably weaker than that of O with 3d metal ions. If k is assumed to be ~1 

eV Å-2 (one order of magnitude smaller than in 3d transition metal oxides [23]) and E ~20 

MV/m like in our experiments (contact shown in Fig. 5-4 has R = 17.5 kΩ; a = 3.6 µm), 

we calculate the displacement xmin of oxygen ions to be ~ 2*10-3 Å (~ 0.1 % of the Ir-O 

bond length [24]). The displacements are expected to be along the applied field E, i.e. 

along the c-axis (perpendicular to the basal plane). Figure 5-10 illustrates the associated 

changes of IrO6 octahedrons. The four Ir-O bonds in the basal plane (see Fig. 5-10 (b) at 

E = 0) are elongated in a similar fashion (see Fig. 5-10 (c) at E ≠ 0). The two apical Ir-O 

bonds experience opposite effects on the bond length – one increases and the other 

decreases. Assuming a zero effect of the apical bonds on the band gap due to their mutual 

compensation, our model suggests that an applied electric field favors buckled basal 

planes with longer Ir-O bonds. These distortions normally reduce the bandwidth and 

increases the band gap since the overlap integral b is proportional to cos2(ω/2)/d3.5, where 

ω is the M-O-M bond angle and d is the M-O bond length in oxides with the perovskite 

or perovskite-related structures [25].  Our observation indicates that the gap decreases as 

the structure becomes more distorted under the electric field in SIO, which is just 

opposite to the relationship between the structural distortion and the gap found in 3d  
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Figure 5-10 Electric field effect on the crystalline structure of SIO. (a) The crystal 
structure of SIO. Each IrO6 octahedron rotates 11.8o about the c axis. The Ir, Sr and O 
atoms are shown in red, green and blue, respectively. (b) Zoom into four IrO6 
octahedrons. (c) The four IrO6 octahedrons with oxygen ions displaced along the c axis. 
(d) Schematic illustration of the distortion of the Ir-O-Ir bonding due to an oxygen ion 
(green) displacement. Undistorted bonds are shown in grey. 

 

oxides [26]. However, this behavior agrees well with the recent studies of SIO under 

epitaxial strain [12] where an increased band gap could be associated with shortened Ir-O 

bonds and under high pressure [13]. It should be noticed that the magnitude of local 

structural distortion in responding to the external electric field is equivalent to that under 

1 GPa or less. The gap appears to increase under pressure P < 12 GPa at T > 100 K from 
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the result of resistance under pressure reported in ref. [13]. From our temperature-

dependent measurements (around liquid nitrogen temperature), the band gap modification 

under 20 MV/m is about 8 meV, which corresponds to a change of ~15% from the zero-

bias band gap Δ0 = 55 meV. Our calculations of the electric-field effect agree well with 

the effects of high pressure and epitaxial strain on the band gap in SIO crystals and thin 

films. In these [12, 13] studies a variation in the lattice constant of ~ 0.1-1 % changes the 

effective band gap by ~10 % or more at T < 100 K.  

5.3 SUMMARY AND FUTURE WORK 

Our point-contact study of Sr2IrO4 have unveiled non-linear current-voltage 

characteristics under high electric fields and the proposed model of electric-field tunable 

band gap provides a viable explanation for the observed transport phenomena. The 

experimental observation of the non-linear electronic transport in this 5d transition metal 

oxide with reproducible resistive switching as well as magnetoresistive phenomena 

clearly demonstrate the richness of interesting physics in such systems. A combined 

effect of electric and magnetic fields on SIO band gap suggests a promising path towards 

band gap engineering in 5d transition metal oxides. The electrical tunability of materials, 

as is achieved in our study, can be potentially applied to developing functional devices 

for future generation’s electronics. 

More work is needed for continue exploring the observed phenomena in this study. 

As is mentioned previously, our analysis on electron transports under high electric fields 

correlates quantitatively well with recent study of strain effect on epitaxially grown SIO 



 127 

thin films. A succeeding question to answer is that whether the proposed electric field 

effect as we currently studied in bulk samples can also be observed in thin films. In light 

of the fact that strains due to lattice mismatch with the substrate can significantly affect 

the magnetic and electric properties of iridates [12][27], it is possible that the material’s 

response to high electric fields may be largely different in the case of thin films. 

Moreover, it is also interesting to see if such effect of electric field on band gaps may be 

found in other oxides with similar structures (layered iridates or heavy metal oxides). The 

5d heavy transition metal oxides, which combines electron correlations with a expected 

strong spin-orbit coupling and subtle orbital physics, may provide an interesting 

playground for band gap engineering, and thus open a new area in the study of functional 

oxides. 
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Chapter 6: Conclusions 

The research presented in this dissertation focuses on the magnetoresistive 

characterizations of ferromagnetism and antiferromagnetism in microscopic scales with 

particular emphasis on investigating the effects of applying electric currents/fields on 

magnetism in various materials.  

It has been demonstrated that applying dc and ac currents can excite local 

magnetizations out of equilibrium and the magnetodynamics characterized by 

ferromagnetic resonance technique revealed that non-linear parametric excitations driven 

by oscillating spin transfer torque can be observed in magnetic multilayers. The use of 

point contact technique allows the probing of magnetic moments within submicron 

volumes, providing a unique approach to nano-magnetism. The role of spin transfer 

torque associated with oscillating currents is highlighted, and the novel mechanism of 

driving magnetic precessions via the tuning of damping may provide a promising path 

towards fast switching mechanism for spin transfer based spintronic devices.  

The phenomenon of anisotropic magnetoresistance (AMR) is extended to 3D 

antiferromagnetic Mott insulator Sr2IrO4, where sizeable AMR associated with complex 

crystalline structure is observed. The analysis of the magnetic field and angular 

dependence of the observed AMR indicates the entanglements of magnetic order with 

orbital physics and electron correlations. Our work suggests an exciting pathway towards 

developing antiferromagnetic spintronics with heavy metal oxides in presence of strong 

spin-orbit coupling. The strong AMR effect found in this antiferromagnet may potentially 
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serve as the reading mechanism in devices based on antiferromagnets. 

Moreover, electronic transport in Sr2IrO4 under high biases is investigated via 

point-contacts. Point-contact technique enables very high local electric fields on SIO 

crystals and result in considerable reduction of the material’s band gap. The finding of 

electrically tunable band gap in Sr2IrO4 clearly demonstrates the yet unexplored physics 

in such systems of heavy transition metal oxides. We argued that the Ir-O bonding length 

may be altered under high electric fields and proposed an electric-field effect model to 

explain the electrically tunable band gap. Our work sheds lights on potential band-gap 

engineering and implementations of oxides in functional devices. 
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