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Abstract 

 Searching for quantum materials with nontrivial band topology has been one of the 

central themes in the field of both materials science and condensed matter physics. The family 

of 5d pyrochlore iridates (R2Ir2O7, R = rare earth ions) has gained significant interest due to the 

interplay between comparable strength of the parameters such as the Coulomb interaction (U) 

and spin-orbit coupling (λ). This interplay is predicted to result in a fertile topological state of 

matter, including a topological insulator, Weyl semimetallic state, and axion insulator.  

R2Ir2O7 thin films offer a suitable platform for investigating topological phases and 

exotic phenomena hidden in bulk due to cubic crystalline symmetry. The epitaxial strain can 

break cubic crystalline symmetry, providing practical tunability to access hidden topological 

phases. Despite the extensive interest, the fabrication of high-quality single-crystalline (111) 

R2Ir2O7 thin films remains challenging due to the formation of highly volatile gaseous iridium 

oxides (IrO3) during growth. The vast majority of successfully grown R2Ir2O7 thin films have 

been realized via the two-step protocol called "solid phase epitaxy (SPE)." However, the SPE 

method produces either relaxed or partially-strained R2Ir2O7 films, which is not ideal for 

investigating strain-induced topological phenomena. In this thesis, I will discuss the new 

growth method for fabricating strained Nd2Ir2O7 (NIO-227) thin films, the way to optimize and 

utilize the new growth method, and strain-induced magnetotransport phenomena in strained 

NIO-227 films. 

 

 

Keywords: Topological phases, pyrochlore iridate, epitaxial strain, new growth method, 

magnetotransport. 

Student number: 2017-26221
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Figure 1.1 Phase diagram of novel topological phase diagram. Adapted from1 

Figure 1.2 a) Schematic of the R2Ir2O7 structure and (b) all-in-all-out (all-out-all-in) spin 

ordering. (c) Phase diagram for R2Ir2O7 based on transport and magnetism measurements, 

modified based on the diagrams in Ref. 13. (d) Electrical resistivities of R2Ir2O7 bulk6. 

Figure 1.3 Schematic diagram showing advantage of pyrochlore iridate thin film. Adapt from28 

Figure 2.1 (a) Partial pressures of gas species in the IrO2 and PrO2 binary systems. 

[Reproduced with permission from Guo et al., npj Comput. Mater. 7, 144 (2021).] (b) IrO2 

chemical reaction phase diagram. The dashed black line indicates the phase equilibrium line 

for Ir/IrO2. On the left-side of the equilibrium line, Ir dissociation tends to occur, which leads 

to the Ir-deficient phase of the R2Ir2O7 thin film. On the other hand, IrO2 formation is preferable 

for the right-side of the equilibrium line. However, the temperature is not sufficiently high for 

crystalline R2Ir2O7 thin film formation. Adapt from2. 

Figure 2.2 (a) Schematic of the conventional SPE method. (b) Phase-contrast image of high-

resolution TEM of a Eu2Ir2O7 (111) film on a YSZ (111) substrate. [Rep. 5, 9711 (2015)] 

Figure 2.3 Growth of strained Nd2Ir2O7 (NIO-227) thin films via repeated rapid high-

temperature synthesis epitaxy (RRHSE). NIO-227 films were deposited on [111] oriented 

yttria-stabilized zirconia (YSZ) substrates using the RRHSE method. (a)–(d) illustrate each 

step of the RRHSE method, respectively. (a) The first step of the RRHSE process is the ablation 

of the polycrystalline NIO-227 target on YSZ (111) at 600○C. (b) The second step of the 
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RRHSE method is the ablation of the IrO2 target. The additional ablation of the IrO2 target 

compensates for the severe Ir loss during the deposition of NIO-227 film. (c) The third step of 

the RRHSE method is the rapid thermal annealing of the sam- ple from steps (a) and (b) at high 

T to form the pyrochlore phase, with a rapid temperature increase of 400○C/min to 850○C. (d) 

After annealing the sample, the steps in (a)–(c) are repeated to achieve the desired thickness of 

films. Adapt from23. 

Figure 3.1 X-ray diffraction of NIO-227 films grown with different amounts of IrO2 ablation 

(> 70 %). (a) X-ray diffraction (XRD) -2 scans of NIO-227 films with different amounts of 

IrO2 ablation ranging from 80 to 100 %. Films grown with 85 % IrO2 ablation show strong 

NIO-227 signals, while films grown with 80 % IrO2 ablation results in an off-stoichiometric 

sample. The asterisks (*) mark the YSZ substrate (111) and (222) peaks. YSZ Panel (b) 

provides a magnified view of the XRD patterns from (a), with the black dashed line indicating 

the position of the bulk NIO-227 (444) peak. (c) Reciprocal space map of the films grown with 

80 % and 90 % IrO2 ablation in the vicinity of the YSZ (331) reflection. The dashed lines 

present the peak position of the films. (d) By Bragg's law, the calculated c - lattice constant of 

all samples from the peaks near YSZ (222) is shown. The dashed line presents the position of 

the bulk NIO-227 (444).   

Figure 3.2 X-ray diffraction of NIO-227 films grown with different amounts of IrO2 ablation. 

X-ray diffraction (XRD) -2 scans of NIO-227 films with varying amounts of IrO2 ablation 

(0 ~ 40 and 100 %). 

Figure 3.3 Cross-sectional scanning transmission electron microscopy images of films. High-

angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images 

of NIO-227 film grown with (a) 80 % IrO2 ablation and (b) with 90 % IrO2 ablation. The image 
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of the NIO-227 film grown with 80 % IrO2 ablation reveals inhomogeneity, with a cloudy 

region near the interface (highlighted in red). On the other hand, the image of the NIO-227 

films grown with 90 % IrO2 ablation shows homogeneity and high-quality.  

Figure 3.4 Intrinsic magnetotransport properties of the films with different amounts of IrO2 

ablation (> 70%) (a) The plot of the longitudinal resistivity, xx, vs. temperature, T, of NIO-227 

films grown above 75 %. The schematic image shows the measurement direction where the 

current is applied [110] direction. (b) Anomalous Hall effects (AHE) measurement is 

performed with an external magnetic field (Hext) applied along the [111] direction and current 

(I) flowing along the [110] direction at 2 K. (c) The log plot of xy
AHE vs. xx for strained NIO-

227 thin films with different amounts of IrO2 ablation at Hext = 0 T. The straight red dotted line 

features the xx
1.6 dependence of xy

AHE, indicating the intrinsic origin of xy
AHE. 

Figure 4.1 Schematic diagram of strain-induced cluster magnetic multipoles and OM in 

Nd2Ir2O7 thin films. a. Schematic view of the pyrochlore lattice structure of Nd2Ir2O7. b. When 

compressive strain is applied to Nd2Ir2O7 along the [111] direction, the AIAO configuration of 

the magnetic spin experiences spin canting. Such canting can be represented by three 

distinctive magnetic multipoles (dipole, A2-octupole, and T1-octupole). Note that the dipole 

has finite magnetization, whereas the A2-octupole and T1-octupole do not have magnetization. 

c. Schematic diagram of the longitudinal magnetization induced by the dipole. When Hext is 

applied along the x-y plane, the spin direction is aligned in the direction of Hext. d. Schematic 

diagram of the OM induced by coupling between an external magnetic field (Hext) and magnetic 

octupoles. The OM can be induced in two directions: normal to the surface and in-plane. 

Figure. 4.2 Characterization of a Nd2Ir2O7 thin film. a. High-resolution XRD pattern of a 15 

nm thick Nd2Ir2O7 (NIO-227) thin film. The NIO-227 thin film was grown on a YSZ substrate. 

b. Reciprocal space map of the NIO-227 film in the vicinity of the YSZ (331) reflection, 
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indicating that the NIO-227 film is fully strained. c. The plot of the longitudinal resistivity, xx, 

vs. temperature, T, of NIO-227 thin film and single crystal (Ref. 46 in the main manuscript). d. 

The AHE is measured by applying Hext along the [111] direction and I along the [11̅0] direction 

at 2 K. A clear AHE without a magnetic field is the signature of the presence of the T1-octupole 

in the NIO-227 thin film. 

Figure. 4.3 Anomalous magnetic oscillation in the Δ𝜎𝑥𝑦
𝑃𝐻𝐸(, 𝐻 = ± 9 T) of the NIO-227 thin 

film. a. Schematic diagram of the Δ 𝜎𝑥𝑦
𝑃𝐻𝐸(𝜙) measurement geometry. In this geometry, I is 

applied along the [1 1̅ 0] direction and Hext is rotated within the sample plane. b. 

Δ 𝜎𝑥𝑦
𝑃𝐻𝐸(𝜙)  curves at 20 and 2 K. At 20 K, the Δ 𝜎𝑥𝑦

𝑃𝐻𝐸(𝜙) curve has a sin (2) oscillation. c. 

Contour plot of all Δ 𝜎𝑥𝑦
𝑃𝐻𝐸(𝜙)  curves below 30 K. d. FFT results of all Δ 𝜎𝑥𝑦

𝑃𝐻𝐸(𝜙)  curves 

with different T. The FFT intensities of the second, fourth, and sixth harmonics are related to 

magnetization from the dipole, OM induced by the A2-CMO, and OM induced by the T1-CMO, 

respectively. The inset shows the temperature dependence of the sixth harmonic below 30 K.  

Figure 4.4 Process of fast Fourier transform of planar Hall effect curves. To see the dependency 

on each harmonic in the planar Hall effect curves, the fast Fourier transform was performed. a. 

The T ~ 2 K data of the planar Hall effect are shown to demonstrate the process of performing 

fast Fourier transforms in this work. b. The plot of the planar Hall effect was converted into 

radians. c. The plot of the performed fast Fourier transform. 

Figure 4.5 Nonlinear magnetic behavior of the 𝛥𝜎𝑥𝑦
𝑃𝐻𝐸(𝜙 =  45°, H) of the NIO-227 thin film. 

a. Schematic diagram of the 𝛥𝜎𝑥𝑦
𝑃𝐻𝐸(𝐻)  measurement geometry. b. 𝛥𝜎𝑥𝑦

𝑃𝐻𝐸(𝐻)  curves as a 

function of Hext below T ~20 K. In the region of 15 K < T < 20 K, the value of 𝛥𝜎𝑥𝑦
𝑃𝐻𝐸(𝐻)is 

nearly zero. The slight deviation of 𝛥𝜎𝑥𝑦
𝑃𝐻𝐸(𝐻) near Hext ~ ±9 𝑇 at T ~15 K is possibly due to 

dipolar order. c. Logarithmic plot of the results of fitting 𝛥 𝜎𝑥𝑦
𝑃𝐻𝐸(𝐻)  at T ~ 4 K with 
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𝛥𝜎𝑥𝑦
𝑃𝐻𝐸(𝐻)   = 𝑎2𝐻

2  + 𝑎3𝐻
3 + 𝑎4𝐻

4
 (red line). d. The plot of extracted fitting parameters a2, 

a3, and a4 and 𝛥𝜎𝑥𝑦
𝑃𝐻𝐸(𝐻 =  9 𝑇) for the measured T. 

Table 1 Contributions of magnetic orderings to the anomalous and planar Hall effects. Each 

contribution of magnetic orderings to the anomalous and planar Hall effects is shown. The 

contribution of T1-octupole ordering to the 𝜎𝑥𝑦
𝐴𝐻𝐸(H) of the Nd2Ir2O7 thin film can induce a 

finite 𝜎𝑥𝑦
𝐴𝐻𝐸(H =  0)2. In contrast, the orthogonal magnetization, 𝑀⊥, is induced from cluster 

magnetic octupoles, affecting 𝜎𝑥𝑦
𝑃𝐻𝐸() and 𝜎𝑥𝑦

𝑃𝐻𝐸(H) with distinctive features. 

Figure 4.6 The emergence of T1-octupole under strain and magnetic field. We present A2-

octupole and T1-octupoles under the change of strain and magnetic field. The blue solid line is 

A2, the orange dotted line is T1x, the orange circles are T1y, and the orange solid line is T1z. a. 

The change of order parameters when the strain 𝛿 varies from 0 to 0.01 with �⃗� = 0. When the 

strain is absent (𝛿 = 0), only A2-octupole exists. When 𝛿 ≠ 0, only 𝑇1𝑧 emerges linearly to 𝛿 

while 𝑇1𝑥  and T1y remains trivial. b. The change of order parameters when magnetic field 

strength varies from 0 to 0.02 with 𝜙 = 0, 𝛿 = 0.005 . T1x emerges linearly to 𝛿 , and other 

order parameters change quadratically to 𝛿. c. The change of magnetization when the strain 𝛿 

varies from 0 to 0.01 with �⃗� = 0. d. The change of magnetization when magnetic field strength 

varies from 0 to 0.02 with 𝜙 = 0, 𝛿 = 0.005. 

Figure 4.7 The angular dependence of A2 and T1-octupoles. We present the change of order 

parameters for two cases. a-b. �⃗�   is in the [111]  plane. 𝜙  varies from 0 to 2𝜋 , with 𝛿 =

0.005, 𝑈 = 1.485 𝑡𝑜𝑥𝑦 , and 𝐵 = 0.02 . a. A2-octupole (blue solid line) and T1z-octupole 

(orange solid line) which are proportional to 𝑠𝑖𝑛 3𝜙. b. T1x (orange dotted line) and T1y (orange 

circles) which are proportional to 𝑐𝑜𝑠 𝜙 and 𝑠𝑖𝑛 𝜙, respectively. c-d. �⃗�  is in the [112̅] plane. 𝜃 

varies from 0 to 2𝜋 , with 𝛿 = 0.01, 𝑈 = 1.5 𝑡𝑜𝑥𝑦 , and 𝐵 = 0.02 . c. A2-octupole (blue solid 
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line) and T1z-octupole (orange solid line) are proportional to 𝑠𝑖𝑛 3𝜃. d. T1x (orange dotted line) 

and 30 times T1y (orange circles) which are proportional to 𝑐𝑜𝑠 𝜃 and 𝑐𝑜𝑠 2𝜃, respectively. The 

schematics of the physical geometry when e. �⃗�  in the [111] plane and f. �⃗�  in the [112̅] plane. 

Figure 4.8 Plot of the calculated PHC below 30 K and their fitting results. 

Figure 4.9 Anisotropic magnetoconductance and fitting with cluster multipoles contributions. 

AMR () measured at a. 2 K, b. 4 K, c. 6 K, d. 8 K, e. 10 K, f. 12 K, g. 15 K, h. 20, and i. 30 K. 

The black line is experimental data while the red line is the fitting result with theoretical AMR 

equation. 

Figure 4.10 Temperature dependence of out-of-plane rotation magnetoconductivities. a. 

Schematic of out-of-plane rotation measurement. The current is applied along [11̅0] direction 

and magnetic field is rotated along [111] and [1 1̅ 0] plane. b. Experimental 

magnetoconductivities below 15 K and their fitting. 



Chapter 1 

 

 

 
 

13 

Chapter 1 

Introduction 

 

 

1.1 Novel correlated topological phases in 5d transition metal oxides 

 The discovery of topological insulators ignited the intensive theoretical and 

experimental investigation of topological states of matter. Such intensive efforts have delivered 

the “Zoo” of topological materials. In the Zoo, the symmetry-protected topological phases exist 

with unique quantum mechanical wavefunction. Each phase possesses an exotic surface state 

and quantized transport phenomena. Also, these exotic properties of topological materials can 

be utilized to build quantum sensing and thermoelectric devices. 

 On the other hand, there has been a recent shift in the research paradigm to search for 

materials with emergent quantum phenomena. By combining two energy scales (electron 

correlation and spin-orbit coupling), novel topological phases with novel functionalities can 

arise. These phases are classified as correlated topological phases (CTPs), including Weyl and 

nodal line semimetals, Axion insulators, and topological Mott insulators1 (Fig. 1.1). The main 

attractiveness of CTPs is that topological order can emerge purely as a result of correlations 

within a solid. As a consequence, the correlated topological materials exhibit unusual quantum 

phenomena such as anomalous Hall effect without magnetization, chiral anomaly, and 

superconductivity.  

 Transition metal oxides have attracted enormous attention because of their electronic 

and magnetic properties such as high-temperature superconductivity, colossal 

magnetoresistance, and multiferroics. Decades of research have found that these exotic 

phenomena in 3d/4d oxides originate from the strong correlation between the degrees of 
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freedom such as charge, spin, and orbital. These understandings enabled the technological 

advances in epitaxial growth of complex oxides that equaling or surpassing functionalities to 

those of bulk system. On the other hand, comparing with 3d and 4d state, the 5d compounds 

can have richer quantum states and functionalities. Owing strong spin-orbit coupling due to 

large atomic number, the various anomalous quantum state can arise, including quantum spin 

liquid and topological insulator. Furthermore, the interplay between degrees of freedom and 

spin-orbit coupling can resulted into emergence of CTPs.   

   

  

 

 

 

 

Figure 3.1 Phase diagram of novel topological phase diagram. Adapted from1 
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1.2 5d pyrochlore iridate 

 Among the handful of candidates, the family of 5d pyrochlore iridate (R2Ir2O7, R = rare 

earth ions) received tremendous attention. Initially, the family of 5d pyrochlore iridate is the 

first theoretical real materials system that can host Weyl fermions in electronic structure2. 

Within a few years after the first theoretical prediction, vast CTPs are theoretically 2-5 to emerge 

by the interplay between similar strength of electron correlation (U), spin-orbit coupling (SOC), 

and hopping parameters. Pyrochlore iridates have a cubic pyrochlore crystallographic structure 

(Fig. 1(a)). Most bulk R2Ir2O7 compounds exhibit intriguing antiferromagnetic spin ordering, 

namely all-in-all-out (AIAO) ordering6 where the magnetic moments at all four corners of one 

(neighboring) tetrahedron point inward (outward) (Fig. 1.2 (b)). This intriguing magnetic 

ordering naturally breaks the time-reversal symmetry and preserves the inversion symmetry of 

its fourfold degenerate Fermi nodes, and meets the criteria for realizing a magnetic WSM state1. 

In addition, numerous other correlated topological phases such as topological insulator3, axion 

insulator4, and nodal semimetal5 have been proposed. 

Compared to detailed theoretical studies, experimental studies on R2Ir2O7 have been 

limited to bulk systems. Experimental results on bulk R2Ir2O7 showed that its electronic ground 

state changes from a metal to an insulator as the R3+ ionic radius decreases (Fig. 1.2 (c))1,6. 

Moreover, a thermal metal-insulator transition occurs as a function of temperature in almost all 

compounds in this series, except R = Pr, which has the largest ionic radius among R (Fig. 1.2 

(d))6,7. Subsequently, angle-resolved photoemission spectroscopy (ARPES) revealed that this 

paramagnetic metal Pr2Ir2O7 has a quadratic-band touching state across the Fermi level8, 

whereas the ARPES measurement showed that Nd2Ir2O7 has a quadratic-band touching above 

its Néel temperature and a Mott gap state at low temperature9.  
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This quadratic band touching state can evolve into abundant topological phases by 

symmetry-breaking perturbation8,10. For example, (Nd, Pr)2Ir2O7 solid solution has been 

reported to exhibit anomalous Hall conductance, which may be attributable to its WSM state 

under various external perturbations, such as high pressure and a magnetic field11–13. Moreover, 

charge dynamics arising from the optical conductivity of  Nd2(Ir1-xRhx)2O7 with different Rh-

ion contents suggested that the ground-state phase differs among narrow-gap Mott insulators, 

WSMs, and correlated metals14,15. Importantly, these observations were limited to bulk solid 

solutions where the dopant-induced disorder can affect their physical properties16,17. In addition, 

these observations were made under high pressure and a magnetic field which makes ARPES 

measurement not applicable. Therefore, the clear observation and control of such topological 

phases have remained elusive. 

The main limitation in experimental studies of bulk R2Ir2O7 is that topological states are 

hidden by cubic crystalline symmetry. For example, the predicted WSM state in R2Ir2O7 bulk 

theoretically has pairs of the Weyl nodes in the Brillion zone18,19. The summation of each pair 

of the Weyl nodes can lead to an intrinsic anomalous Hall effect accompanied by the magnetic 

order, which can be direct evidence of the magnetic WSM state in R2Ir2O7 bulk. However, cubic 

symmetry of bulk R2Ir2O7 induces a complete cancellation of the Chern vectors resulting in a 

zero net anomalous Hall conductance20. Breaking the cubic symmetry should lead to 

incomplete cancellation of the Chern vectors for unveiling a nonzero anomalous Hall 

conductance20. Such breaking of cubic symmetry can be experimentally realized by either 

applying a biaxial (or uniaxial) strain20,21 or by confining the pyrochlore lattice into a slab 

geometry, along the [111] crystalline direction20,22.  In this sense, the thin film offers a suitable 

platform for additional control over the crystalline symmetry and lattice deformation by 
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leveraging epitaxial mismatch strain.  

 

 

 

   

Figure 1.4 a) Schematic of the R2Ir2O7 structure and (b) all-in-all-out (all-out-all-in) spin ordering. (c) 

Phase diagram for R2Ir2O7 based on transport and magnetism measurements, modified based on the 

diagrams in Ref. 13. (d) Electrical resistivities of R2Ir2O7 bulk6. 
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1.3 Why thin film? 

 The research in pyrochlore iridate limited the research to the bulk system. In bulk 

R2Ir2O7, the electronic ground states change from a metal to an insulator as the R3+ ionic radius 

decreases. In addition, the MIT occurs as a function of temperature in almost all members of 

the family except Pr2Ir2O7, which has the largest ionic radius. Later, the angle-resolved 

photoemission spectroscopy (ARPES) revealed the quadratic band touching state across the 

Fermi level in Pr2Ir2O7. This quadratic band touching state can be evolved into CTPs by 

symmetry-breaking perturbation such as chemical doping and high pressure and magnetic field. 

Importantly, these perturbation methods can critically affect the ARPES measurement with the 

disorder. Lastly, the pyrochlore iridate has Fd3m cubic crystalline symmetry. Such symmetry 

leads to a net zero of Berry curvature induced by Weyl points. As a consequence, the Berry 

curvature-induced anomalous Hall effect (AHE) vanishes. 

 Pyrochlore thin films allow tuning of ground states and associated physical properties 

in terms of the epitaxial strain. Having similar orders of magnitude of Coulomb interaction (U) 

and spin-orbit coupling (λ), 5d electron systems, such as iridates, are well suited for identifying 

novel topological phases. Many theoretical studies have shown that numerous topological 

phases can be observed by tuning U/t (t: hopping parameter) and λ/t in solid material systems 

(Fig. 1.2(a))6,23. Notably, the biaxial tensile (compressive) strain on R2Ir2O7 thin film can tune 

the Ir-O-Ir bonding angle closer to (further from) 180°, which increases (decreases) the 

magnitude of t (Ref. 1). This strain tunability of t (or U/t and λ/t) is shown in the phase diagram 

in Fig. 1.1.  

The epitaxial strain on pyrochlore iridate films can also break the cubic symmetry of the 

AIAO order, thus generating emergent phenomena that are hidden in the bulk phase20–22. For 
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example, applying compressive biaxial strain to (111)-oriented R2Ir2O7 will break the cubic 

symmetry of AIAO spin orders (Fig. 1.2(b)). This strained AIAO has three irreducible 

representation bases, i.e., dipole, A2-octupole, and T1-octupole, while regular AIAO has only 

the A2-octupole24. From the viewpoint of cluster multipole theory, the T1-octupole has a 

symmetry that allows spontaneous Hall conductivity, which is forbidden for regular AIAO 

ordering24,25. As the magnetism is often coupled to the electronic ground state, this tunability 

of spin order symmetry provides an opportunity to explore exotic correlated ground states. 

Another advantage of pyrochlore films is that their dimensionality can be controlled by 

thinning. In particular, en route to the two-dimensional limit from the three-dimensional limit, 

the hidden topological states may appear in the electron band structure20,22. Specifically, a 

quantum confinement effect is expected when the film thickness that are on the scale of the 

electron wavelength. Then, the quantum anomalous Hall effect (AHE) can emerge from its 

gapless surface states in a few unit cells of R2Ir2O7
 (Ref. 20,22). In addition, with the formation 

of a heterostructure and by combining the pyrochlore iridate layer with other material, we can 

expect intriguing phenomena at their interface. A couple of theoretical studies predicted that 

topologically non-trivial states could emerge at the interface between R2Ir2O7 and a 

nonmagnetic bandgap insulator26,27. As a promising means of exploring intriguing phenomena 

in R2Ir2O7, thin films provide control over crystalline symmetry, dimension, and lattice 

deformation by imposing strain (Fig. 1.3). 
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Figure 1.3 Schematic diagram showing advantage of pyrochlore iridate thin film. Adapt from28 
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1.2 Outline of the thesis 

 In this thesis, I will discuss about the anomalous magnetotransport in fully-strained 

Nd2Ir2O7 (NIO-227) thin films. I start with the study on the growth mechanism of NIO-227 

film, which is specially designed to obtain the high-quality pyrochlore iridate thin film. Next, 

I will discuss anomalous magnetotransport such as AHE and planar Hall effect in fully-strained 

NIO-227 film. Particularly, the anomalous magnetotransport in NIO-227 film is related to 

strain-induced antiferromagnetic spin texture called cluster magnetic octupole.  
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Chapter 2 

Experimental Methods 

 

2.1 Development of new growth methods via Pulsed Laser Deposition 

 Despite the extensive interest, the fabrication of high-quality single-crystalline (111) 

R2Ir2O7 thin films remains challenging due to the formation of highly volatile gaseous iridium 

oxides (IrO3) during growth1. The vapor pressure of IrO3 is higher than that of other iridium 

oxides, such as IrO2 and IrO. Such characteristics of IrO3 result in substantial Ir loss during the 

growth under conditions where pyrochlore oxide form2-4 (high pressure and temperature) (Fig. 

2.1). Moreover, the IrO2 can dissociate into Ir and O2 in the pyrochlore oxide growth region5-6. 

This results in the formation of Ir metal. Because of these thermodynamic reactions, the 

growing pyrochlore iridate thin films by conventional methods such as molecular beam epitaxy 

and pulsed laser deposition were notoriously known to be difficult.  
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Figure 2.1 (a) Partial pressures of gas species in the IrO2 and PrO2 binary systems. [Reproduced 

with permission from Guo et al., npj Comput. Mater. 7, 144 (2021).] (b) IrO2 chemical reaction 

phase diagram. The dashed black line indicates the phase equilibrium line for Ir/IrO2. On the 

left-side of the equilibrium line, Ir dissociation tends to occur, which leads to the Ir-deficient 

phase of the R2Ir2O7 thin film. On the other hand, IrO2 formation is preferable for the right-side 

of the equilibrium line. However, the temperature is not sufficiently high for crystalline R2Ir2O7 

thin film formation. Adapt from2 
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2.1.1 Solid phase epitaxy 

 

To circumvent the thermodynamic reactions of IrO2, the modified growth method is 

used to synthesize high-quality pyrochlore iridate thin films. Up until now, the most common 

way to synthesize pyrochlore iridate is the solid phase epitaxy (SPE) method7-14. The SPE 

method occurs when a metastable amorphous material is in close contact with a crystalline 

substrate. When heated, atoms in the amorphous phase reorder via local bond rearrangements 

at the interface between crystalline-amorphous interface. This process occurs entirely in the 

solid state; the resultant structure mimics the underlying crystalline substrate, which acts as a 

template. This method has been used for many types of materials, including Si-based 

semiconducting materials. One particular case of SPE has been of practical interest for almost 

60 years, i.e., the recrystallization of Si crystals after doping by ion implantation; the results 

for this process are optimal when the surface of the Si crystal is first amorphized by Si ion 

implantation. SPE converts the silicon back to the crystalline state while keeping the implanted 

dopants within the Si film, where they can be electrically active. A similar type of growth was 

also applied to GaAs where a deposited amorphous film crystallized upon annealing at low-

temperature.  

 The underlying mechanism of SPE can be understood by a thermodynamic relation. 

When amorphous solids crystallize, the Gibbs free energy is reduced. Then, the net free energy 

change after amorphous solid crystallization is 

∆G =
S∆xρ

W(𝐺𝑐 − 𝐺𝐴)
, 

Where Gc and GA are the Gibbs energies per mole of the crystalline and amorphous phases, 

respectively; ∆x is the crystallized thickness; S is the area; ρ is the density (g/volume); and W 

is the molar weight (g mol-1). When GA > Gc, ∆G is negative, and therefore, the transition from 
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amorphous solid to crystallized solid is possible.  

If thermodynamic conditions are suitable for the crystallization of the amorphous solid, 

the SPE is useful for the synthesis of volatile compounds into epitaxial thin film15. Since the 

amorphous layer is grown at relatively low temperatures this can suppress the volatile 

compound to evaporate during the growth. Considering the volatile nature of Ir under 

conditions of high pressure and high temperature, SPE provides a great opportunity for R2Ir2O7 

thin film growth.  

 In 2015 Fujita et al. demonstrated that SPE can be used to synthesize Eu2Ir2O7 

thin films7-8. To synthesize Eu2Ir2O7 thin films, they used conventional two-step SPE, as shown 

schematically in Fig. 2.2 (a). In this method, the amorphous Eu2Ir2O7 film is first deposited on 

yttria-stabilized zirconia (YSZ). Because its lattice parameters are like those of R2Ir2O7 (e.g., a 

= 10.27 Å for R = Eu)9, the cubic YSZ substrate (2a = 10.24 Å) provides a suitable template 

for SPE growth. Then, ex-situ post-annealing of this amorphous film is performed in a sealed 

tube (Fig 2.2). This method solves the problem of IrO3 volatility by first depositing the 

amorphous phase under conditions suitable for a stoichiometric balance of elements, followed 

by post-annealing at high temperatures in the air to induce crystallization. Note that some 

studies added IrO2 powders and performed post-annealing in combination with the amorphous 

R2Ir2O7 film to avoid Ir loss. Scanning transmission electron microscopy (STEM) image of 

SPE-grown Eu2Ir2O7/YSZ (111) in Fig. 2.2 (b) shows an epitaxial relationship between the film 

and substrate. This method has been extended to various R2Ir2O7 syntheses by many other 

groups. 

As we discussed in the introduction section of this paper, the observation of an intrinsic 

anomalous Hall effect from non-zero Chern vectors would be one of the evidence for the 

magnetic topological phases in pyrochlore iridates10,11. Although electrical transport can probe 
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such non-trivial topological properties, the more direct way to observe the topological band 

structure in the momentum space of the material would be the ARPES measurement. For 

example, ARPES measurements have revealed the 3D linearly dispersive bulk Weyl cones and 

Weyl nodes in TaAs12,13. Their measurement demonstrated the existence of the Fermi arc 

surface states connecting the projection of bulk Weyl nodes in the surface Brillouin zone. These 

studies indicate that ARPES is a powerful tool for investigating the surface and bulk electronic 

structure of topological materials. However, the ARPES measurement on pyrochlore thin film 

is difficult due to the sample quality issues, which will be discussed in more detail in the next 

section. Therefore, most reported studies of pyrochlore iridate thin film studies are confined to 

the transport measurements which will be discussed in this section.   

By allowing the successful synthesis of R2Ir2O7 thin films, SPE provides an opportunity 

to study electronic transport properties in thin films that do not often appear in bulk crystal 

form. Particularly, the well-defined crystalline structure with a large surface area of thin films 

allow analyses of their non-collinear magnetic ground state and associated magnetotransport 

behavior. For example, Eu2Ir2O7/YSZ (111) thin film with an Ir-AIAO octupole moment14 

showed odd parity (or asymmetric) magnetoresistance (MR) behavior. This observation was 

intriguing because MR usually does not include an asymmetric term. Such unusual asymmetric 

MR can be explained by the canting effect on non-collinear AIAO under the external magnetic 

field7.  

Moreover, unusual AIAO/AOAI domain wall conduction has been extensively studied 

in R2Ir2O7/YSZ (111) films. Large electrical conductance at the domain wall, which may have 

been related to its proximity to the metal-insulator transition, has been observed in bulk R2Ir2O7 

crystals15. However, thin film geometry can enhance the contribution of the magnetic domain 

wall response16. For example, creating a large AIAO/AOAI domain wall at the heterointerface 
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in Eu2Ir2O7/Tb2Ir2O7/YSZ (111) made it possible to measure domain wall sheet conductance17. 

In addition, large anomalous Hall conductance was observed in Nd2Ir2O7/YSZ (111) thin film, 

where the magnetic field was applied around the coercive field for domain switching18. This 

implies that the formation of a domain wall from a given crystal symmetry naturally breaks the 

cubic symmetry and is responsible for the observed large AHE. 

In addition to the AHE that arises from domain switching, the spontaneous Hall effect 

(i.e., without magnetization) has recently been reported in Pr2Ir2O7 thin film. In bulk Pr2Ir2O7,  

the spontaneous Hall effect due to spin chirality from Pr 4f moments was previously reported 

to be below 1.5 K (Ref. 19). Surprisingly, in Pr2Ir2O7 thin film, a spontaneous Hall effect started 

to appear near 50 K (Ref. 20,21). Ohtsuki et al. have suggested that slight strain can induce a 

WSM state by breaking the cubic symmetry within AIAO magnetic order and responsible for 

observed spontaneous Hall effect21. This argument was later expanded by Li et al., who showed 

that the twofold oscillation in the planar Hall effect is due to a chiral anomaly, while additional 

oscillation is due to AIAO ordering in Pr2Ir2O7 thin film20. However, no magnetic signals 

associated with long-range order were revealed by resonant scattering measurements in 

Pr2Ir2O7 thin film. Guo et al. argued that the spontaneous Hall effect is due to the spin chirality 

arising from localized Ir-moments ordering22. 
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Figure 2.2 (a) Schematic of the conventional SPE method. (b) Phase-contrast image of high-

resolution TEM of a Eu2Ir2O7 (111) film on a YSZ (111) substrate. [Rep. 5, 9711 (2015)] 
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2.1.2 Repeated Rapid High-T Synthesis Epitaxy 

 

 Although SPE allows the synthesis and investigation of pyrochlore iridate thin films, 

this method has a few critical limitations in investigating the CTPs. Because the SPE method 

involves ex-situ thermal annealing, the resulting film has mediocre surface roughness and poor 

interface. This resulted in restraint on electronic structure measurement such as ARPES and 

scanning tunneling microscopy, which requires atomically flat surfaces. Furthermore, most 

SPE-grown pyrochlore iridate thin films have bulk-like crystalline structures (relaxed film). As 

a result, the strain-induced CTPs cannot be investigated. 

 Thus far, the application of epitaxial strain to pyrochlore iridate thin film has been 

achieved with repeated rapid high-T synthesis epitaxy (RRHSE) method23-25. The RRHSE 

process involves two key steps in a thermal cycle using pulsed laser deposition (PLD) (Fig. 

2.3). The commercial PLD from Pascal was used. The temperature (T) is maintained at medium 

(~ 600 oC), while oxygen pressure (PO2) is kept fixed at 50 mTorr. After stabilizing the T and 

PO2, the pyrochlore iridate polycrystalline target is ablated. To compensate for any Ir-loss that 

may occur during the process, the additional IrO2 target (Toshima Manufacturing Co. Ltd) is 

ablated. In the second step, the pyrochlore phase is formed through rapid thermal annealing. 

The sample is rapidly heated to 850 oC at a rate of 400 oC/min using a diode laser heater. Then, 

the sample is maintained at 850 oC for a short period to synthesize the pyrochlore phase while 

minimizing Ir loss.  
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Figure 2.3 Growth of strained Nd2Ir2O7 (NIO-227) thin films via repeated rapid high-

temperature synthesis epitaxy (RRHSE). NIO-227 films were deposited on [111] oriented 

yttria-stabilized zirconia (YSZ) substrates using the RRHSE method. (a)–(d) illustrate each 

step of the RRHSE method, respectively. (a) The first step of the RRHSE process is the 

ablation of the polycrystalline NIO-227 target on YSZ (111) at 600○C. (b) The second step 

of the RRHSE method is the ablation of the IrO2 target. The additional ablation of the IrO2 

target compensates for the severe Ir loss during the deposition of NIO-227 film. (c) The third 

step of the RRHSE method is the rapid thermal annealing of the sam- ple from steps (a) and 

(b) at high T to form the pyrochlore phase, with a rapid temperature increase of 400○C/min 

to 850○C. (d) After annealing the sample, the steps in (a)–(c) are repeated to achieve the 

desired thickness of films. Adapt from23. 
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2.2 Sample structural characterization 

 X-ray diffraction (XRD, D8 Discover; Bruker) with a Cu K-1 source (l = 1.5406 Ȧ) 

were used to characterize the crystallinity of films grown by the RRHSE method. The lattice 

parameters, crystallinity, and film thickness were determined by using Bragg’s law. 

Furthermore, the reciprocal space mapping (RSM) technique is used to determine the existence 

of epitaxial strain. Also, atomic forced microscopy (AFM, Cypher; Asylum Research) was used 

to characterize the surface topography of thin films and substrates. 

 

 

2.3 Magnetotransport measurements 

 The electrical resistivity of thin films and magnetotransport of pyrochlore iridate thin 

films were measured using a four-probe method using physical property measurement system 

(Quantum Design Inc.). While the electrical resistivity of thin films with temperature variation 

is widely used to probe the physical properties of the sample, magnetotransport measurements 

such as AHE and planar Hall effect (PHE) are used to probe the magnetic properties of the 

sample.  

 For magnetotransport and temperature-dependent resistivity, a Hall bar device on the 

thin films was fabricated. To avoid the contact resistance effect, the Hall bar was designed for 

four-probe geometry. 50 nm of Au electro-rode was deposited with electron beam evaporation. 

Moreover, the magnetic properties of the film were measured by magnetic properties 

measurement system (MPMS, Quantum Design). We polished the back side of the samples to 

remove the possible magnetic signal from the substrate and Pt paste used during the growth.  
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Chapter 3  

Engineering structure homogeneity and magnetotransport 

in strained Nd2Ir2O7 thin films 

 

3.1 Introduction 

 Searching for quantum materials with nontrivial band topology is currently one of the 

central themes in both materials science and condensed matter physics1. The family of 5d 

pyrochlore iridates (R2Ir2O7, R = rare earth ions) has gained significant interest due to the 

interplay between comparable strength of the parameters such as the Coulomb interaction (U) 

and spin-orbit coupling (λ)2-17. This interplay is predicted to result in a fertile topological state 

of matter, including a topological insulator6,17, Weyl semimetallic state2-4,8, and axion insulator5. 

Moreover, bulk R2Ir2O7 exhibits an all-in-all-out (AIAO) antiferromagnetic ordering 

configuration3. This AIAO ordering spontaneously breaks the time-reversal symmetry without 

reducing cubic crystalline symmetry. Such symmetry breaking by AIAO ordering is highly 

suitable for exotic phenomena arising from nontrivial topological states, such as large 

anomalous Hall effect (AHE) and quantized AHE8.  

R2Ir2O7 thin films offer a suitable platform to investigate topological phases and exotic 

phenomena, which are hidden in bulk due to cubic crystalline symmetry8,18-19. The epitaxial 

strain can break cubic crystalline symmetry, resulting in nonvanishing AHE. Particularly, 

recent theoretical works7-8, 20-23 have revealed the investigation of various topological 

phenomena in [111] oriented R2Ir2O7 thin films through tuning U and λ. This is achieved by 

applying biaxial compressive or tensile strain along [111] direction, which adjusts the Ir-O-Ir 

bonding angle. Such tunability provides control over the electron hopping (t), U/t, and λ/t, 
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allowing access to hidden topological phenomena such as chiral magnetic metal and 

unconventional superconductivity7-8, 20-23.  
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3.1.1 Impurities induced by characteristics of IrO2 

Despite the extensive interest, the fabrication of high-quality single-crystalline (111) 

R2Ir2O7 thin films remains challenging due to the formation of highly volatile gaseous iridium 

oxides (IrO3) during growth24-26. The formation of IrO3 leads to the dramatic loss of Ir and the 

formation of secondary chemical phases and defects in the film. The vast majority of 

successfully grown R2Ir2O7 thin films have been realized via the two-step protocol27-40 called 

"solid phase epitaxy (SPE)." However, the SPE method produces either relaxed or partially-

strained R2Ir2O7 films, which is not ideal for investigating strain-induced topological 

phenomena. In this chapter, I will discuss the control of defects and impurities in (111) oriented 

strained pyrochlore Nd2Ir2O7 (NIO-227) thin films by adjusting the amount of additional IrO2 

target ablation.  
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3.1.2 Compensating Ir loss during the growth 

 The RRHSE (repeated rapid high-temperature synthesis epitaxy) process for 

synthesizing NIO-227 films involves two key steps in a thermal cycle using pulsed laser 

deposition (PLD). The temperature (T) is maintained at 600 oC, while the oxygen partial 

pressure (PO2) is kept at 50 mTorr. The reflection high electron energy diffraction (RHEED) 

patterns near [101] peaks of the (111) oriented yttria-stabilized zirconia (YSZ) substrate are 

shown in Fig. 2.3a. After stabilizing the T and PO2, we ablated the NIO-227 target to initiate 

the growth process (Fig. 2.3a). To compensate for any Ir-loss that may occur during the process, 

we then ablated the IrO2 target (Fig. 2.3b). The decrease in RHEED patterns near [101] peaks 

during this first step indicates the formation of amorphous bilayers41(Figs. 2.3a and 2.3b). Both 

targets were ablated by a KrF excimer laser ( = 248 nm) and a frequency of 5Hz with a laser 

influence of 1.7 J/cm2. 

In the second step, the pyrochlore phase is formed through rapid thermal annealing. The 

sample is rapidly heated to 850 oC at a rate of 400 oC/min using a diode laser heater (Fig. 2.3c). 

Then, the sample is maintained at 850 oC for a short period to synthesize the pyrochlore phase 

while minimizing Ir loss. Upon this thermal annealing step, we observed the appearance of 

additional half-order peaks in the RHEED pattern (Fig. 2.3c). Half-order peaks signify the 

formation of a new crystalline layer with unit-cell doubling relative to the YSZ substrate. After 

the thermal annealing process, the temperature of the sample is decreased to 600 oC, and the 

two steps are repeated to attain the desired thickness of NIO-227 films, as illustrated in Fig. 

2.1d. The RRHSE method differs from the conventional single target ablation PLD method in 

that it uses an additional ablation of the IrO2 target to compensate for Ir loss. As a result, the 

amount of IrO2 ablation should have an impact on the film structure. 



Chapter 3 

 

 

42 

 

 

3.2 Control of impurities during the growth via IrO2 ablation 

 To understand the impact of the IrO2 ablation on the NIO-227 film structure, we 

fabricated films on YSZ substrate with varying IrO2 ablation. The percentage of IrO2 ablation 

was calculated as  
(IrO2 ablation)

(total pulses)
× 100. Figure 3.1a shows the X-ray diffraction (XRD) pattern 

of films with IrO2 ablation between 75 % - 95 %.). The XRD pattern of films with an amount 

of IrO2 ablation not shown in Fig. 3.1a is shown in Fig. 3.2. When the IrO2 ablation is below 

70 %, the XRD pattern of the films displays peaks that do not correspond to NIO-227. However, 

by increasing the IrO2 ablation to 75 % of the film, the XRD pattern shows satellite peaks near 

YSZ (111) and (222), indicating epitaxial growth of the film. These peaks do not correspond 

to NIO-227 (Fig. 3.1b) but may be attributed to Ir-deficient impurity phases such as Nd3IrO7, 

as reported in previous studies25-26, 30. Further increase of IrO2 ablation from 75 % to 90 % leads 

to the appearance of “odd-numbered peaks” (111) and (333) in the XRD patterns of the films, 

indicating excellent crystallization of the pyrochlore phase41-42. The peaks in XRD patterns of 

the films with 85 % and 90 % IrO2 ablation indicate the growth of high-quality NIO-227 films. 

Additionally, it is worth noting that the growth of strained NIO-227 films is sensitive to both 

the oxygen pressure and annealing temperature. Changes in these parameters during growth 

can result in the formation of impurities such as Ir metal or Ir-deficient Nd2O3 (as shown in Fig. 

3.2). These impurities are induced by IrO2 volatility or dissociation, highlighting the narrow 

growth window required for the successful production of strained NIO-227 films. 

It is worth noting that the films produced with 80 % IrO2 ablation display distinct characteristics 

compared to other NIO-227 films in terms of their XRD and reciprocal space mapping (RSM). 

As shown in Fig. 3.1b, the 80 % IrO2 ablation film has peaks near odd-numbered peaks, but 
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they do not correspond to NIO-227. Furthermore, the RSM of both the 80 % and 90 % IrO2 

ablation films around YSZ (331) exhibit different features. As shown in Fig. 3.1c, both films 

have a peak around YSZ (331) in RSM. However, the peak of RSM in the 90 % IrO2 ablation 

films has the same Qx value as the YSZ (331) peak, indicating that the film is fully strained 

NIO-227. On the other hand, the peak of RSM in the 80 % IrO2 ablation films has a lower 

intensity and is stretched longer along Qz //[111]. This observation implies that the out-of-plane 

lattice is larger in the 80 % IrO2 ablation film than in NIO-227 films. Additionally, the c-lattice 

constant of d(444) in the 80 % IrO2 ablation film is larger than that of NIO-227 films (Fig. 3.1d). 

The correspondence c-lattice was derived from peaks in the XRD − patterns using the 

Bragg’s law equation, nλ = 2d sin(2θ) (λ = 1.5406 Å). Based on the growth technique of 

RRHSE, the XRD and RSM features of the 80 % IrO2 ablation films suggest the possible 

coexistence of Ir-deficient defects and a strained NIO-227 structure. 
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Figure 3.1 X-ray diffraction of NIO-227 films grown with different amounts of IrO2 ablation 

(> 70 %). (a) X-ray diffraction (XRD) -2 scans of NIO-227 films with different amounts of 

IrO2 ablation ranging from 80 to 100 %. Films grown with 85 % IrO2 ablation show strong 

NIO-227 signals, while films grown with 80 % IrO2 ablation results in an off-stoichiometric 

sample. The asterisks (*) mark the YSZ substrate (111) and (222) peaks. YSZ Panel (b) provides 

a magnified view of the XRD patterns from (a), with the black dashed line indicating the 

position of the bulk NIO-227 (444) peak. (c) Reciprocal space map of the films grown with 

80 % and 90 % IrO2 ablation in the vicinity of the YSZ (331) reflection. The dashed lines 

present the peak position of the films. (d) By Bragg's law, the calculated c - lattice constant of 

all samples from the peaks near YSZ (222) is shown. The dashed line presents the position of 

the bulk NIO-227 (444).   
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Figure 3.2 X-ray diffraction of NIO-227 films grown with different amounts of IrO2 ablation. 

X-ray diffraction (XRD) -2 scans of NIO-227 films with varying amounts of IrO2 ablation 

(0 ~ 40 and 100 %). 
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Figure 3.3a and 3.3b display cross-sectional scanning transmission electron microscopy 

(STEM) images of films with 80 % and 90 % IrO2 ablation, respectively. The 90 % IrO2 

ablation film displays a high-quality and homogeneous NIO-227 pyrochlore phase with a clear 

interface between YSZ and films. In contrast, the 80 % IrO2 ablation film shows structural 

defects and an unclear interface in the NIO-227 region, as highlighted by the red lines. The 

STEM image of 80% IrO2 ablation film indicates the coexistence of NIO-227 and defects, 

which can be attributed to Ir-loss during the growth. Furthermore, the STEM image of the 80% 

IrO2 ablation film provides an explanation for the appearance of peaks near odd-numbered 

peaks, which are not characteristic of NIO-227 as being due to the presence of defects resulting 

from insufficient IrO2 ablation. 

 The cross-sectional specimens for STEM measurement were prepared using focused 

ion beam milling (Helios G4; Thermo Fisher Scientific). Atomic-resolution HAADF STEM 

image in Figure 4a was acquired using a spherical aberration-corrected STEM (Themis Z; 

Thermo Fisher Scientific), operated at an electron acceleration voltage of 200 kV. The semi-

convergence and inner semi-collection angles were set as 18.2 and 50 mrad, respectively. 

Atomic-resolution HAADF STEM image in Figure 4b was acquired using spherical aberration 

probe-corrected STEM (JEM-ARM 200F; JEOL Ltd., Tokyo, Japan) with an acceleration 

voltage of 80kV installed at the National Center for Inter-University Research Facilities 

(NCIRF), Seoul National University, South Korea. The semi-convergence and inner semi-

collection angle for the imaging condition were employed to 24 and 80 mrad, respectively. 
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Figure 3.3 Cross-sectional scanning transmission electron microscopy images of films. High-

angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images 

of NIO-227 film grown with (a) 80 % IrO2 ablation and (b) with 90 % IrO2 ablation. The image 

of the NIO-227 film grown with 80 % IrO2 ablation reveals inhomogeneity, with a cloudy 

region near the interface (highlighted in red). On the other hand, the image of the NIO-227 

films grown with 90 % IrO2 ablation shows homogeneity and high-quality.  
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3.3 Tuning metallicity and anomalous Hall effect 

Next, we investigate the magnetotransport properties of the films. Figure 3.4a shows 

the longitudinal resistivity (xx) of the fabricated films above the 75 % IrO2 ablation as a 

function of T, measured using Hall-bar geometry (inset of Fig. 3.4a) without an external 

magnetic field (Hext). The magnetotransport properties of the NIO-227 films with IrO2 ablation 

were studied using a standard four-point probe method with a commercial physical property 

measurement system (PPMS; Quantum Design Inc., San Diego, CA, USA). The electrical 

contacts were made by depositing a 50 nm-thick Au layer on the NIO-227 film using an e-beam 

evaporator. The current was applied along the [11̅0] direction, while the magnetic field was 

applied in the [111] direction with a field sweep mode of ± 9 T for the anomalous Hall effect 

(AHE) measurement at 2 K. We observed two distinct features in xx for the 75 % and 80 % 

IrO2 ablation films: an upturn in xx as T decreases and a decrease in xx at low T. The upturn 

of xx as T decreases in both films can be attributed to the presence of Ir-deficient impurity 

phases, which have been shown in previous studies18,27,36 to cause an increase in xx, resulting 

in insulating behavior. Moreover, the xx at low T decreases by two orders of magnitude as the 

IrO2 ablation increases from 75 % to 80 %. This change in xx can be attributed to a decrease 

in structural defects and a more homogeneous NIO-227 structure in the film, which were seen 

in the STEM image of 80 % IrO2 ablation film (Fig. 3.3a). These results suggest that optimizing 

the IrO2 ablation process can enhance the magnetotransport properties of NIO-227 films, which 

has important implications for their potential use in various electronic and spintronic 

applications. 

The films exhibit semimetallic behaviors when the IrO2 ablation reaches 85 %. As 

shown in Fig. 3.4a, the xx at low T decreases by two orders of magnitude as the IrO2 increases 
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from 80 % to 85 %. This change in xx can be attributed to a further decrease in defects and 

structural inhomogeneity. Unlike bulk NIO-227, the NIO-227 films with 85%, 90 %, and 95 % 

IrO2 ablation do not exhibit a metal-insulator transition (MIT). This distinct behavior of 

semimetallic NIO-227 films can be elucidated by the compressive strain effect41-42. According 

to the previous studies41-42 of strained NIO-227 film, the valence and conduction bands move 

and cross near the Fermi level due to compressive strain. Notably, the xx reaches its lowest at 

90 % IrO2 ablation and slightly increases at 95 % IrO2 ablation. The slight increase in xx can 

be associated with the disappearance of odd-numbered peaks and sample quality, indicating 

that 95 % IrO2 ablation is excessive. Also, a recent experimental study on hydrothermally 

grown NIO-227 single crystals suggests that the transport properties can be enhanced by 

decreasing impurities in the crystal structure43. Therefore, the significant change in the 

resistivity of NIO-227 films can be attributed to a decrease in Ir-deficient impurities in NIO-

227. 

Furthermore, we measured the AHE (xy
AHE (H = ±9 T)) of the films at 2 K, with a 

magnetic field (Hext) applied along the [111] direction. As shown in Fig. 3.4b, the values of 

xy
AHE (H) in the films increase as the structure of the films becomes more homogeneous NIO-

227. The film with 75 % IrO2 ablation exhibits almost zero xy
AHE (H = - 9 T), while the film 

with 80 % IrO2 ablation shows a finite value of xy
AHE (H = - 9 T) ~ 0.45 -1 cm-1. In contrast, 

the film with 90 % IrO2 ablation exhibits a maximum value of xy
AHE (H = - 9 T) ~ 3.01 -1 

cm-1. This increase in xy
AHE in the films can be due to the improvement of the structure of the 

film, specifically, the enhancement of the (111) and (333) peaks.   

The films also exhibit a hysteric feature of AHE with a finite value at 0 T, known as the 

spontaneous Hall effect (xy
AHE (H = 0 T)). At 80 % IrO2 ablation, the xy

AHE (H = 0 T) is finite 
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(~ 0.09  -1 cm-1). The value of xy
AHE (H = 0 T) reaches its maximum value (~ 1.51 -1 cm-1) 

at 90 % IrO2 ablation (Fig. 3.4b) and decreases when IrO2 ablation is further increased to 95 %. 

This emergence of xy
AHE (H = 0 T) can be explained by the decrease in defects in NIO-227 

films. The finite value of xy
AHE (H = 0 T) in NIO-227 film is known as the strain-induced 

nontrivial contribution of antiferromagnetic ordering (T1-octupole) to the Berry curvature41-42. 

The xy
AHE should follow a ∝  xx

1.6 scaling relationship. Our films with NIO-227 structure 

(85%, 90 %, and 95 % IrO2 ablation) fall on the xy
AHE ∝ xx

1.6 relationship, whereas the films 

with defects (75 %and 80 % IrO2 ablation) do not (Fig. 3.4c). 
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Figure 3.4 Intrinsic magnetotransport properties of the films with different amounts of IrO2 

ablation (> 70%) (a) The plot of the longitudinal resistivity, xx, vs. temperature, T, of NIO-

227 films grown above 75 %. The schematic image shows the measurement direction where 

the current is applied [110] direction. (b) Anomalous Hall effects (AHE) measurement is 

performed with an external magnetic field (Hext) applied along the [111] direction and current 

(I) flowing along the [110] direction at 2 K. (c) The log plot of xy
AHE vs. xx for strained NIO-

227 thin films with different amounts of IrO2 ablation at Hext = 0 T. The straight red dotted 

line features the xx
1.6 dependence of xy

AHE, indicating the intrinsic origin of xy
AHE. 
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3.4 Conclusion 

 In summary, we systematically investigated the impact of IrO2 ablation on the structural 

inhomogeneity and related magnetotransport in strained NIO-227 films. By controlling the 

amount of IrO2 ablation through the RRHSE method, we were able to regulate structural 

inhomogeneity in the films. As a result, the improvement in electrical transport and AHE 

properties were observed, reflecting an increase in sample quality of pyrochlore iridate thin 

film.  

 As mentioned earlier, previous studies27-40 on pyrochlore iridate thin films were 

primarily grown using the SPE method, which allowed for the synthesis of these films. 

However, most of the SPE-grown samples are either relaxed or partially strained, making it 

difficult to investigate strain-induced novel topological phenomena. In contrast, the RRHSE 

method enables the growth of fully-strained NIO-227 films. This allows for the exploration of 

strain-induced novel topological phenomena not only in NIO-227 but also in other members of 

the pyrochlore iridate family. Moreover, we can utilize the RRHSE method to investigate novel 

quantum phenomena in oxide materials that were hindered by growth difficulties. Thus, our 

study not only contributes to the understanding of the magnetotransport properties of NIO-227 

films but also provides a valuable tool for exploring the rich physics of topological materials. 
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Chapter 4 

Higher harmonics in planar Hall effect induced by cluster 

multipoles 

4.1 Introduction 

 The anomalous Hall effect (AHE) is a fundamental transport phenomenon that has been 

universally observed in time-reversal symmetry-broken systems. Conventionally, AHE has 

been observed mostly in itinerant ferromagnets. Its magnitude is known to be proportional to 

magnetization, which is a measure of broken time-reversal symmetry. Recently, a large AHE 

has been unexpectedly found in noncollinear antiferromagnets, such as Mn3X (X = Sn, Ge) and 

GdPtBi, which do not exhibit spontaneous magnetization. Later, a similar AHE was observed 

in strained NIO-227 film. Importantly, the main mechanism This unconventional response 

indicates that ferromagnetism is not a necessary condition for AHE and suggests a possible 

alternative origin of AHE. In this chapter, I will discuss and demonstrate the relation between 

anomalous magnetotransport phenomena such as AHE and planar Hall effect and 

antiferromagnetic spin texture.
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4.1.1 Antiferromagnet 

 Antiferromagnetic (AFM) materials have attracted considerable interest as promising 

materials for next-generation spintronics1-5
 and novel topological phenomena6-11. This interest 

is largely due to the fact that the AFM spin arrangement produces zero net magnetization, 

leading to an absence of stray fields and insensitivity to external magnetic fields12-13. 

Additionally, the spin precession for AFM order is much faster than that in ferromagnets14. The 

resonance frequencies in antiferromagnets are in the terahertz range15-17, whereas those of 

ferromagnets are in the gigahertz range. In parallel with AFM spintronics, antiferromagnets 

with topologically protected states have become another focus of recent interest. As AFM spin 

order breaks the time-reversal symmetry (TRS) or inversion symmetry, various topologically 

nontrivial states, including the Weyl semimetal6-8, axion insulator9-10, and Möbius insulator11
 

can theoretically emerge. 
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4.1.2 Cluster magnetic multipoles 

To develop novel AFM spintronics and investigate topological states in AFM materials, 

understanding the relationship between the spin texture and emergent phenomena in AFM 

materials is essential. This relationship can be theoretically described by the recently 

introduced cluster multipole theory (CMT)18. In CMT18, magnetic structures are classified as 

“cluster multipoles” (dipole and additional high-rank multipoles) according to irreducible 

representations of the crystallographic point group. These cluster multipoles can be regarded 

as order parameters that reflect symmetry breaking in AFM materials. In particular, some 

cluster magnetic octupole (CMO) (i.e., T1 octupole) belongs to the same magnetic point group 

(-42'm') as the magnetic dipole18, leading to symmetry breaking and generating nonvanishing 

Berry curvature. In fact, the analysis using CMOs has been recently extended to understanding 

the large response of AHE18-21, magneto-optical signals22, the SHE23-25, the anomalous Nernst 

effect26-28, and perpendicular magnetization29-30 in AFM materials. However, due to the 

absence of net magnetization, experimental identification of the CMOs in AFM materials is 

very challenging. To date, it has been limited to X-ray magnetic circular dichroism 

measurements31 and the neutron scattering technique32. 
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4.1.3 Three different kinds of cluster multipoles in pyrochlore iridate thin 

film 

 Since the deformation modulates magnetic anisotropy, the Ir spin directions should be 

changed. To systematically describe the change of spin direction, we adopted the cluster 

multipole theory. Since the conduction electrons come from Ir d-orbitals, we considered Ir 

sublattice only. In the cubic pyrochlore lattice, all spin ordering patterns can be classified into 

five different irreducible representations, carrying 12 distinct cluster multipoles. According to 

CMT, the AIAO ordering of bulk NIO-227 is equivalent to the A2-CMO. This A2- CMO breaks 

the TRS and generates nonvanishing Berry curvature, resulting in topological properties in 

momentum space such as the magnetic Weyl semimetal and Axion insulator. 

 

4.2 Magnetotransport: anomalous Hall effect and planar Hall effect 

The anomalous Hall effect (AHE) is a fundamental transport phenomenon that has been 

universally observed in time-reversal symmetry broken systems. AHE can arise from two 

different forms of mechanism: extrinsic mechanisms, such as skew scattering or side jump due 

to magnetic impurities, and intrinsic mechanism, originating from Berry curvature in 

momentum space. Since the fundamental topological properties of electronic wave functions 

are encoded in the Berry curvature, AHE is considered a powerful tool for probing the 

topological properties of materials. In addition to its fundamental interest, AHE can be applied 

to memory devices. 

The planar Hall effect (PHE) has been considered a method of probing the physical 

properties of materials such as magnetism and topology. The PHE corresponds to the 
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development of a Hall voltage when electric and magnetic fields are coplanar, which is 

different from the usual Hall effect where they are perpendicular to each other. Initially, the 

PHE was observed in ferromagnetic systems 33-36, detecting the anisotropic magnetization of 

ferromagnetic materials. Additionally, the PHE has recently been in the spotlight due to its role 

in detecting topological characteristics such as the chirality arising from Weyl fermions in 

magnetic Weyl semimetals37-40. The associated PHE in both ferromagnets and Weyl 

semimetals exhibit sin (2) or second harmonic PHE oscillations. In contrast, higher harmonics 

PHE oscillations beyond second in topological systems41-44 have been recently reported, in 

which higher harmonics PHE originated from additional unknown parameters in materials.  

Among many kinds of AFM materials, the family of 5d AFM materials R2Ir2O7 (R: 

rare-earth ions: Eu, Y, Nd, and Pr) has received considerable attention due to a plethora of 

intriguing properties6-7. The crystal structure of NIO-227 is composed of Ir and Nd tetrahedral 

sublattices (Fig. 4.1a), which have a symmetry identical to that of the diamond lattice. Most 

R2Ir2O7 bulk compounds exhibit an intriguing spin configuration called all-in-all-out (AIAO). 

According to CMT, the AIAO ordering of bulk R2Ir2O7 is equivalent to the A2-CMO21,45. This 

A2-CMO breaks the TRS and generates nonvanishing Berry curvature, resulting in topological 

properties in momentum space such as the magnetic Weyl semimetal6 and Axion insulator6. 

Here, we demonstrate the detection and identification of CMO in fully-strained AFM 

Nd2Ir2O7 (NIO-227) film via the PHE. Under epitaxial strain, three kinds of cluster multipoles 

(dipoles and A2- and T1-CMOs) can be induced in the NIO-227 film. By rotating the magnetic 

field, distinctive harmonics in the PHE oscillation were observed. Specifically, the dipole 

induces the second harmonic due to longitudinal magnetization (Fig. 1c), whereas the A2- and 

T1-CMO induce fourth and sixth harmonics in the PHE oscillation, respectively. We 

demonstrate that the higher harmonics of the PHE oscillation for both CMOs originate from 
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the magnetic response of the CMOs, called orthogonal magnetization (OM) (Fig.1d). 

Furthermore, cluster multipoles induce nonlinear magnetic field-dependent the planar Hall 

conductivity. This nonlinear magnetic field behavior of the planar Hall conductivity can be 

understood in terms of the magnetic properties of the cluster magnetic dipole and CMOs. 
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Figure 4.1 Schematic diagram of strain-induced cluster magnetic multipoles and OM in 

Nd2Ir2O7 thin films. a. Schematic view of the pyrochlore lattice structure of Nd2Ir2O7. b. When 

compressive strain is applied to Nd2Ir2O7 along the [111] direction, the AIAO configuration of 

the magnetic spin experiences spin canting. Such canting can be represented by three 

distinctive magnetic multipoles (dipole, A2-octupole, and T1-octupole). Note that the dipole 

has finite magnetization, whereas the A2-octupole and T1-octupole do not have magnetization. 

c. Schematic diagram of the longitudinal magnetization induced by the dipole. When Hext is 

applied along the x-y plane, the spin direction is aligned in the direction of Hext. d. Schematic 

diagram of the OM induced by coupling between an external magnetic field (Hext) and magnetic 

octupoles. The OM can be induced in two directions: normal to the surface and in-plane. 
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To investigate the magnetotransport properties of CMOs, we fabricated 15 nm fully 

strained NIO-227 films on a (111)-oriented yttria-stabilized zirconia (YSZ) substrate. Figure 

4.2a shows the X-ray diffraction (XRD) pattern of a (111)-oriented NIO-227 thin film on a 

YSZ substrate. The strong odd-pair peaks in the XRD pattern exhibit excellent crystallization 

of the pyrochlore phase in the NIO film. Further analysis of the reciprocal space map (Fig. 4.2b) 

shows that the NIO-227 film is fully strained with a compressive strain of ~ 1 %. As mentioned 

earlier, the presence of compressive strain in the NIO-227 film is crucial, as it modulates the 

AIAO ordering and develops T1-CMOs. Figure 4.2c shows the longitudinal resistivity xx (T) 

of the NIO-227 thin film as a function of temperature without a magnetic field. Clearly, with 

decreasing T, the NIO-227 film exhibits stronger semimetallic behavior than that of bulk NIO-

227. At T ~ 2 K, our NIO-227 film has a xx of ~ 2.28 m cm, whereas that of bulk NIO-227 

is ~ 2.20 × 103 m cm46. With compressive strain, the valence and conduction bands move in 

the NIO-227 film. The valence and conduction bands cross near the Fermi level, resulting in 

the development of electron and hole pockets21. These previous model calculations explain the 

enhancement of the conductivity in the NIO-227 thin film compared to the bulk. 

Moreover, the AHE (xy
AHE

 (H)) of the NIO-227 film was measured with Hext applied 

along the [111] direction below 30 K. As shown in Fig. 4.2d, xy
AHE

 (H) at 2 K shows a hysteric 

feature with a finite value at 0 T, known as the spontaneous Hall effect21. In our strained NIO-

227 thin film, the AHE and spontaneous Hall effect developed below 30 and 15 K, respectively. 

The value of the spontaneous Hall effect approached the maximum value at 2 K. The 

appearance of AHE below 30 K was previously attributed to Ir spin ordering21. In contrast, the 

emergence of the spontaneous Hall effect without magnetization below 15 K in the NIO-227 

film is known to be the nontrivial contribution of the T1-CMO to the Berry curvature21, which 

is amplified by Nd ordering through f-d exchange interaction. In our 15 nm NIO-227 film, the 
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spontaneous Hall effect is observed without magnetization, which is induced by T1-CMO in 

the film.  
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Figure. 4.2 Characterization of a Nd2Ir2O7 thin film. a. High-resolution XRD pattern of a 15 

nm thick Nd2Ir2O7 (NIO-227) thin film. The NIO-227 thin film was grown on a YSZ substrate. 

b. Reciprocal space map of the NIO-227 film in the vicinity of the YSZ (331) reflection, 

indicating that the NIO-227 film is fully strained. c. The plot of the longitudinal resistivity, xx, 

vs. temperature, T, of NIO-227 thin film and single crystal (Ref. 46 in the main manuscript). d. 

The AHE is measured by applying Hext along the [111] direction and I along the [11̅0] direction 

at 2 K. A clear AHE without a magnetic field is the signature of the presence of the T1-octupole 

in the NIO-227 thin film. 
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 To detect CMOs in the NIO-227 film, we performed PHE measurements. As shown in 

Fig. 4.3a, the PHE (Δ𝜎𝑥𝑦
𝑃𝐻𝐸(, 𝐻 = ± 9 T))  below 30 K was measured across the width of the 

sample by applying I along the [11̅0] direction with the rotation of Hext. Magnetotransport 

properties were measured via a standard four-point probe method using a commercial physical 

property measurement system (PPMS; Quantum Design Inc., San Diego, CA, USA), which 

has a base T of 2 K and a maximum magnetic field of 9 T. Au layer (thickness: ~50 nm) was 

deposited by an e-beam evaporator on the NIO-227 film and used as an electrode. For the AHE 

measurement, the current was applied along the [11̅0] direction, while H was applied in the 

[111] direction. For the PHE measurement, the current was applied along the [11̅0] direction 

and H was rotated between the [11̅0]  and [112̅]  directions. The Rxy and longitudinal 

magnetoresistance Rxx below 30 K were simultaneously measured while varying  and fixing 

Hext at ± 9 T. The out-of-plane contribution of Hext caused by a slight misalignment of the 

electrode can be removed by symmetrizing the Rxy acquired at +9 and –9 T. Then, the planar 

Hall conductivity 𝜎𝑥𝑦
𝑃𝐻𝐸  is calculated by 𝜎𝑥𝑦

𝑃𝐻𝐸 = 
−𝜌𝑥𝑦

𝑃𝐻𝐸

𝜌𝑥𝑦
𝑃𝐻𝐸2

+𝜌𝑥𝑥
2
 and normalized (Δ𝜎𝑥𝑦

𝑃𝐻𝐸()) ; 

here, −𝜌𝑥𝑦
𝑃𝐻𝐸𝑎𝑛𝑑 𝜌𝑥𝑥 are the PHE resistivity and longitudinal resistivity, respectively. 

 In the range of 15-30 K, the Δ𝜎𝑥𝑦
𝑃𝐻𝐸() curves in the NIO-227 film mostly exhibit sin 

(2) oscillations (Fig. 3b). The sin (2) behavior (second harmonic) of the 

Δ𝜎𝑥𝑦
𝑃𝐻𝐸() oscillation above 15 K can be understood as the magnetization from dipolar order. 

As shown in Fig. 4.1b, the NIO-227 film has a cluster dipole, which can be regarded as 

ferromagnetic ordering. This cluster dipole induces ML to be directed along Hext, which can 

result in the second harmonic of the Δ𝜎𝑥𝑦
𝑃𝐻𝐸() oscillation. Thus, the second harmonic of the 

Δ𝜎𝑥𝑦
𝑃𝐻𝐸() oscillation above 15 K can be understood as the transverse voltage developed by the 

cluster dipole in the NIO-227 film under Hext. 
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Below T ~ 15 K, the behavior of the 𝜎𝑥𝑦
𝑃𝐻𝐸()  curves are complex but periodic, 

exhibiting oscillations of multiple harmonics. As shown in Fig. 4.3b, the Δ𝜎𝑥𝑦
𝑃𝐻𝐸() oscillation 

at 2 K cannot be explained only by the typical second harmonic induced by dipolar order. Such 

complex behavior of the Δ𝜎𝑥𝑦
𝑃𝐻𝐸() oscillation can be seen in the contour plot presented in Fig 

4.3c. Whereas the second harmonic of Δ𝜎𝑥𝑦
𝑃𝐻𝐸()  (green region) exists in all temperature 

regions below 30 K, additional harmonics (red region) of the Δ𝜎𝑥𝑦
𝑃𝐻𝐸() oscillation appears 

below 15 K. As a result, the Δ𝜎𝑥𝑦
𝑃𝐻𝐸()  curve exhibits oscillations of multiple harmonics below 

15 K. 

To obtain further insight into the anomalous behavior of 𝜎𝑥𝑦
𝑃𝐻𝐸() curves below 15 K, 

we performed a fast Fourier transform (FFT) of the measured 𝜎𝑥𝑦
𝑃𝐻𝐸() curves. The FFT was 

performed to observe the  dependence of the 𝜎𝑥𝑦
𝑃𝐻𝐸() curves below 30 K. As an example, to 

demonstrate the FFT process, the 2 K 𝜎𝑥𝑦
𝑃𝐻𝐸()  curve is used (Fig. 4.4a). Then, we converted 

 into radians, and repetition of the 𝜎𝑥𝑦
𝑃𝐻𝐸() curve was performed to increase the accuracy of 

the FFT data (Fig. 4.4b). Then, the FFT was performed by using the FFT function in the Origin 

program.  

The harmonics (n) dependency of the FFT intensity in the Δ𝜎𝑥𝑦
𝑃𝐻𝐸()  oscillation is 

shown in Fig. 4.3d. At 30 K, the second harmonic always exists, which is induced by the cluster 

dipole. The additional higher harmonics appear below 30 K. The appearance of the fourth 

harmonic in the Δ𝜎𝑥𝑦
𝑃𝐻𝐸()  oscillation has been attributed to the A2-CMO-induced chiral 

anomaly in Pr2Ir2O7 thin films41. Considering that both Pr2Ir2O7 and NIO-227 films have the 

A2-CMO, the observed fourth harmonic of the Δ𝜎𝑥𝑦
𝑃𝐻𝐸() oscillation in the NIO-227 film 
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should originate from the A2-CMO. However, the appearance of the sixth harmonic below 15 

K (inset in Fig. 4.3d) cannot be explained by either the dipole or A2-CMO. 
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Figure. 4.3 Anomalous magnetic oscillation in the Δ𝜎𝑥𝑦
𝑃𝐻𝐸(, 𝐻 = ± 9 T) of the NIO-227 thin 

film. a. Schematic diagram of the Δ 𝜎𝑥𝑦
𝑃𝐻𝐸(𝜙) measurement geometry. In this geometry, I is 

applied along the [1 1̅ 0] direction and Hext is rotated within the sample plane. b. 

Δ 𝜎𝑥𝑦
𝑃𝐻𝐸(𝜙)  curves at 20 and 2 K. At 20 K, the Δ 𝜎𝑥𝑦

𝑃𝐻𝐸(𝜙) curve has a sin (2) oscillation. c. 

Contour plot of all Δ 𝜎𝑥𝑦
𝑃𝐻𝐸(𝜙)  curves below 30 K. d. FFT results of all Δ 𝜎𝑥𝑦

𝑃𝐻𝐸(𝜙)  curves 

with different T. The FFT intensities of the second, fourth, and sixth harmonics are related to 

magnetization from the dipole, OM induced by the A2-CMO, and OM induced by the T1-CMO, 

respectively. The inset shows the temperature dependence of the sixth harmonic below 30 K.  
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Figure 4.4 Process of fast Fourier transform of planar Hall effect curves. To see the dependency 

on each harmonic in the planar Hall effect curves, the fast Fourier transform was performed. a. 

The T ~ 2 K data of the planar Hall effect are shown to demonstrate the process of performing 

fast Fourier transforms in this work. b. The plot of the planar Hall effect was converted into 

radians. c. The plot of the performed fast Fourier transform. 
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4.3 Nonlinear planar Hall effect 

To elucidate the appearance of the sixth harmonic in the Δ𝜎𝑥𝑦
𝑃𝐻𝐸() oscillation, we 

calculate Δ𝜎𝑥𝑦
𝑃𝐻𝐸 from the dipole and A2- and T1-CMOs using the phenomenological model. 

Notably, the A2-CMO induces an unusual magnetic response perpendicular to Hext. This 

magnetic response was initially observed in a Eu2Ir2O7 single crystal by torque magnetometry 

and defined as OM30. As mentioned above, the T1-CMO is also expected to exhibit OM. 

Employing the expression30 of the OM in Eu2Ir2O7, we obtained the 𝜙  dependence of 

Δ𝜎𝑥𝑦
𝑃𝐻𝐸(𝜙) for our system, expressed as follows: 

Δ𝜎𝑥𝑦
𝑃𝐻𝐸(𝜙)  = 𝜎𝑥𝑦

𝐷𝑖𝑝𝑜𝑙𝑒 + 𝜎𝑥𝑦
𝐴2 + 𝜎𝑥𝑦

𝑇1  =  𝐴𝑠𝑖𝑛(2𝜙) + 𝐵𝑠𝑖𝑛(4𝜙) + 𝐶 𝑠𝑖𝑛(6𝜙), (1) 

where A is the PHE coefficient of the dipole. B and C are the PHE coefficients of the OM 

induced by A2- and T1-CMOs, respectively. The detailed theoretical derivation is discussed in 

later section. Then, Eq. (1) can explain the appearance of peaks of the second, fourth, and sixth 

harmonics (Fig. 4.3d) by the ML induced by the dipole, OM induced by the A2-CMO, and OM 

induced by the T1-CMO, respectively. In the range of 15-30 K, the Δ𝜎𝑥𝑦
𝑃𝐻𝐸()  oscillation can 

be fitted with the ML and OM induced by the dipole and A2-CMO, respectively. The fitting of 

the Δ𝜎𝑥𝑦
𝑃𝐻𝐸()  oscillation at 20 K without the sin (6)  term in Eq. (1) is shown in Fig. 4.3b. 

This indicates that the cluster dipole and A2-CMO of Ir spin ordering induce second and fourth 

harmonics of the Δ𝜎𝑥𝑦
𝑃𝐻𝐸()  oscillation, respectively, while the contribution of the T1-CMO is 

small in this temperature region.  

In contrast, the Δ𝜎𝑥𝑦
𝑃𝐻𝐸()  oscillation below 15 K can only be fitted by including the 

T1-CMO contribution. As shown in Fig. 4.3b, Eq. (1), by including the sin (6)  term from the 

T1-CMO (red), well fits Δ𝜎𝑥𝑦
𝑃𝐻𝐸()  at 2 K. The temperature dependence of the fitting result is 
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consistent with the appearance of the sixth harmonic peak below 15 K in the NIO-227 film. 

The multiple harmonics of anisotropic magnetoconductivity and out-of-plane rotation 

magnetoconductivity are developed below 15 K. These complex behaviors can be explained 

by including the contribution of T1-CMOs, which is amplified by Nd ordering through f-d 

exchange interaction21. Therefore, we can confirm that the higher harmonics of 

𝜎𝑥𝑦
𝑃𝐻𝐸() originate from A2- and T1-CMOs via OM. 

 Since the OM is the coupling effect between CMOs and Hext and is known to have an 

H-field dependence30, the 𝜎𝑥𝑦
𝑃𝐻𝐸(H) of NIO-227 should exhibit behavior different from that of 

a ferromagnet. We measured Δ𝜎𝑥𝑦
𝑃𝐻𝐸(𝜙 =  45°, H) below 30 K by fixing   = 45° between I 

and Hext
. (Fig. 4.4a). The Δ𝜎𝑥𝑦

𝑃𝐻𝐸(H)  curves with respect to Hext below 20 K are shown in Fig. 

4.4b. In the range of 15–20 K, the values of the Δ𝜎𝑥𝑦
𝑃𝐻𝐸(H)  curves remain near zero at Hext = 

+9 and −9 T. However, below 15 K, the values of the Δ𝜎𝑥𝑦
𝑃𝐻𝐸(H)  curves have finite values 

with increasing Hext and reach Δ𝜎𝑥𝑦
𝑃𝐻𝐸(H = +9 T) ~ −1.103 − cm−1 at 2 K. 

By considering the OM induced by the A2-CMO and T1-CMO, we calculated 

Δ𝜎𝑥𝑦
𝑃𝐻𝐸(H)  using the phenomenological model. Based on our calculations, the relation of 

Δ𝜎𝑥𝑦
𝑃𝐻𝐸(H) to Hext can be expressed as follows: 

where a2 is the coefficient of longitudinal magnetization induced by the dipole. Both a3 and a4 

are the coefficients of OM induced by A2- and T1-CMOs. Figure 4.4c shows the fitting results 

for Δ𝜎𝑥𝑦
𝑃𝐻𝐸(H) at a selected temperature of ~ 4 K with (red line) and without (black dashed line) 

the H3 and H4 terms. The fitting with the OM contribution explains the experimental results 

better than that with the dipole, demonstrating the development of OM from Hext. The 

 Δ𝜎𝑥𝑦
𝑃𝐻𝐸(H)  =  𝑎2𝐻

2  + 𝑎3𝐻
3 + 𝑎4𝐻

4 (2) 
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contribution of the PHE coefficients of a2, a3, and a4 to Δ𝜎𝑥𝑦
𝑃𝐻𝐸(H) below 30 K is shown in Fig. 

4.4d. Below 30 K, the dipole induces an H2 dependence of Δ𝜎𝑥𝑦
𝑃𝐻𝐸(H) due to the longitudinal 

magnetization, as shown in Fig. 4.1c. In contrast, below 15 K, the contributions of a2, a3, and 

a4 coexist. While dipolar order still affects Δσxy
PHE(H), a3 and a4 may appear due to the OM 

induced by both the A2 and T1-CMOs. Through theoretical analysis and the PHE results, we 

confirm that the anomalous behavior of the PHE indeed originates from A2- and T1-CMOs. 

Our results summarizing the contributions to the AHE and PHE of the cluster magnetic dipole, 

A2-CMO, and T1-CMO are shown in Table 1. 
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Figure 4.5 Nonlinear magnetic behavior of the 𝛥𝜎𝑥𝑦
𝑃𝐻𝐸(𝜙 =  45°, H) of the NIO-227 thin film. 

a. Schematic diagram of the 𝛥𝜎𝑥𝑦
𝑃𝐻𝐸(𝐻)  measurement geometry. b. 𝛥𝜎𝑥𝑦

𝑃𝐻𝐸(𝐻)  curves as a 

function of Hext below T ~20 K. In the region of 15 K < T < 20 K, the value of 𝛥𝜎𝑥𝑦
𝑃𝐻𝐸(𝐻)is 

nearly zero. The slight deviation of 𝛥𝜎𝑥𝑦
𝑃𝐻𝐸(𝐻) near Hext ~ ±9 𝑇 at T ~15 K is possibly due to 

dipolar order. c. Logarithmic plot of the results of fitting 𝛥 𝜎𝑥𝑦
𝑃𝐻𝐸(𝐻)  at T ~ 4 K with 

𝛥𝜎𝑥𝑦
𝑃𝐻𝐸(𝐻)   = 𝑎2𝐻

2  + 𝑎3𝐻
3 + 𝑎4𝐻

4
 (red line). d. The plot of extracted fitting parameters a2, 

a3, and a4 and 𝛥𝜎𝑥𝑦
𝑃𝐻𝐸(𝐻 =  9 𝑇) for the measured T. 
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Table 1 Contributions of magnetic orderings to the anomalous and planar Hall effects. Each 

contribution of magnetic orderings to the anomalous and planar Hall effects is shown. The 

contribution of T1-octupole ordering to the 𝜎𝑥𝑦
𝐴𝐻𝐸(H) of the Nd2Ir2O7 thin film can induce a 

finite 𝜎𝑥𝑦
𝐴𝐻𝐸(H =  0)2. In contrast, the orthogonal magnetization, 𝑀⊥, is induced from cluster 

magnetic octupoles, affecting 𝜎𝑥𝑦
𝑃𝐻𝐸() and 𝜎𝑥𝑦

𝑃𝐻𝐸(H) with distinctive features. 
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4.4 Theoretical derivation of orthogonal magnetization from magnetic 

octupole ordering and its effect on the planar Hall effect. 

Results from the Hubbard model for pyrochlore iridates 

The Hubbard model for pyrochlore iridates is 

where 𝐻0 is the hopping Hamiltonian, 𝐻𝑈 is the Hubbard repulsion, and 𝐻𝐵 is the Zeeman term. 

Specifically, 

where t1,2,3,4,5  are the hopping parameters as a function of super-exchange hopping toxy , 

𝛼𝑖𝑗(𝛿) is the change in the hopping parameters induced by strain, 𝑑𝑖𝑗
⃗⃗⃗⃗  ⃗ (𝑅𝑖𝑗

⃗⃗ ⃗⃗  ⃗, 𝐷𝑖𝑗
⃗⃗ ⃗⃗  ⃗) are the nearest 

(next-nearest) Dzyaloshinskii-Moriya (DM) vectors, and σ⃗⃗  is the vector of Pauli matrices. The 

hopping parameters are defined as 

  

 𝐻 = 𝐻0 + 𝐻𝑈 + 𝐻𝐵 ,  (1) 

 

H0 = ∑𝑐𝑖𝛼
+ 𝛼𝑖𝑗(𝛿)(𝑡1 + 𝑖𝑡2 𝑑𝑖𝑗

⃗⃗⃗⃗  ⃗ × 𝜎 𝛼𝛽)𝑐𝑗𝛽
⟨𝑖𝑗⟩

                

+ ∑ 𝑐𝑖𝛼
+ (𝑡3 + 𝑖(𝑡4𝑅𝑖𝑗

⃗⃗ ⃗⃗  ⃗ + 𝑡5𝐷𝑖𝑗
⃗⃗ ⃗⃗  ⃗) × 𝜎 𝛼𝛽)𝑐𝑗𝛽

⟨⟨𝑖𝑗⟩⟩

, 

HU = 𝑈 ∑𝑛𝑖↑𝑛𝑖↓,

𝑖

 

HB = −�⃗� ⋅ ∑𝑐𝑖𝛼
+ 𝜎 𝛼𝛽𝑐𝑖𝛽

𝑖

, 

(2) 
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where tσ = −0.8𝑡𝑜𝑥𝑦, 𝑡𝜋 = −
2

3
𝑡𝜎, 𝑡𝜎

′ = 0.08𝑡𝜎, and 𝑡𝜋
′ = 0.08 𝑡𝜋.  We set toxy = 1 . The 

change in the hopping parameters is defined as 

The DM vectors are defined as 

where 𝑥𝑖𝑗⃗⃗ ⃗⃗  = 𝑥𝑗⃗⃗  ⃗ − 𝑥𝑖⃗⃗  ⃗ is the displacement between sites i and j and 𝑓𝑖𝑗⃗⃗⃗⃗  is the vector from the unit 

cell center to the bond center between sites i and j. 

The Hubbard repulsion is expressed in the mean-field approximation as 

where Ji⃗⃗ =
1

2
∑ 𝑐𝑖𝛼

+ 𝜎 𝛼𝛽𝑐𝑖𝛽 𝛼𝛽 is the spin operator. We set U = 1.485𝑡𝑜𝑥𝑦 or U = 1.5𝑡𝑜𝑥𝑦. Lastly, 

the magnetic field is applied in either the [111] plane or the [112̅] plane, That is, 

 

𝑡1 =
130

243
+

17

324
𝑡𝜎 −

79

243
𝑡𝜋, 

t2 =
28

243
+

15

243
𝑡𝜎 −

40

243
𝑡𝜋, 

t3 =
233

2916
𝑡𝜎
′ −

407

2187
𝑡𝜋
′ , 

t4 =
𝑡𝜎
′

1458
+

220

2187
𝑡𝜋
′ , 

t5 =
25

1458
𝑡𝜎
′ +

460

2187
𝑡𝜋
′ . 

(3) 

 𝛼𝑖𝑗(𝛿) = {
 1 − 𝛿 (ij = 12,13,14).

 1 + 𝛿 (𝑖𝑗 = 23,24,34).
 (4) 

 

𝑑𝑖𝑗
⃗⃗⃗⃗  ⃗ = 2𝑓𝑖𝑗⃗⃗⃗⃗ × 𝑥 𝑖𝑗 , 

𝑅𝑖𝑗
⃗⃗ ⃗⃗  ⃗ = 𝑥 𝑖𝑘 × 𝑥 𝑘𝑗 , 

𝐷𝑖𝑗
⃗⃗ ⃗⃗  ⃗ = 𝑑𝑖𝑘

⃗⃗ ⃗⃗  ⃗ × 𝑑𝑘𝑗
⃗⃗⃗⃗⃗⃗ , 

(5) 

 HU ≈ −𝑈∑(2𝐽𝑖⃗⃗ ⋅ ⟨ 𝐽𝑖⃗⃗ ⟩ − ⟨ 𝐽𝑖⃗⃗ ⟩
2
) ,

𝑖

 (6) 



Chapter 4 

 

 

79 

 

δ and B are variables. In the rest of this part, we change the basis to �̂� ∥ [11̅0], �̂� ∥ [112̅], and 

�̂� ∥ [111]. Using the model, we self-consistently calculate the ground state of the Hubbard 

model with a 32 × 32 × 32 k-mesh. The results are shown in Figs. s5. The blue solid line 

corresponds to the A2-octupole, the orange dotted line to the T1x-octupole, the orange circles 

to the T1y-octupole, and the orange solid line to the T1z-octupole. The definition of each 

multipole is 

 

where ⟨… ⟩ is the expectation value. Since we change the basis, the T1-octupoles transform as 

while A2-octupole does not transform. Magnetization is defined as Ma = ∑ ⟨𝜎𝑖𝑎⟩𝑖 . 

 In Fig. 4.6, we show the emergence of T1-octupoles under strain and a magnetic field. 

The ground state without δ and B is all-in-all-out (AIAO), which carries only the A2-octupole. 

 

�⃗� = 𝐵 (
(1,−1,0)

√2
cosϕ +

(1,1, −2)

√6
sinϕ) , 

�⃗� = 𝐵 (
(1,−1,0)

√2
cos θ +

(1,1,1)

√3
sin θ). 

(7) 

 

𝐴2 =
1

4√3
⟨𝜎1𝑥 + 𝜎1𝑦 + 𝜎1𝑧 + 𝜎2𝑥 − 𝜎2𝑦 − 𝜎2𝑧 − 𝜎3𝑥 + 𝜎3𝑦 − 𝜎3𝑧 − 𝜎4𝑥

− 𝜎4𝑦 + 𝜎4𝑧⟩, 

𝑇1𝑥,𝑜 =
1

4√2
⟨−𝜎1𝑦 − 𝜎1𝑧 + 𝜎2𝑦 + 𝜎2𝑧 + 𝜎3𝑦 − 𝜎3𝑧 − 𝜎4𝑦 + 𝜎4𝑧⟩, 

𝑇1𝑦,𝑜 =
1

4√3
⟨−𝜎1𝑥 − 𝜎1𝑧 + 𝜎2𝑥 − 𝜎2𝑧 + 𝜎3𝑥 + 𝜎3𝑧 − 𝜎4𝑥 + 𝜎4𝑧⟩, 

𝑇1𝑧,𝑜 =
1

4√3
⟨−𝜎1𝑥 − 𝜎1𝑦 + 𝜎2𝑥 − 𝜎2𝑦 − 𝜎3𝑥 + 𝜎3𝑦 + 𝜎4𝑥 + 𝜎4𝑦⟩, 

(8) 

 

𝑇1𝑥 =
𝑇1𝑥,𝑜 − 𝑇1𝑦,𝑜

√2
, 

𝑇1𝑦 =
𝑇1𝑥,𝑜 + 𝑇1𝑦,𝑜 − 2𝑇1𝑧,𝑜

√6
, 

𝑇1𝑧 =
𝑇1𝑥,𝑜 + 𝑇1𝑦,𝑜 + 𝑇1𝑧,𝑜

√3
, 

(9) 
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When δ varies from 0 to 0.01 without B, T1z appears and is proportional to δ. (See Fig. 4.6a.) 

Furthermore, when B varies from 0 to 0.02 with δ = 0.005, T1x and T1y appear. (See Fig. 4.6b.) 

T1x is proportional to B, while T1y is proportional to B2. Hence, the interplay of strain and the 

magnetic field induces T1-octupoles. 

 In Fig. 4.7, we show the angular dependence of A2- and T1-octupoles. First, let us 

consider B⃗⃗  in the [111] plane. When ϕ varies from 0 to 2π with δ = 0.005,  U = 1.485toxy, 

and B = 0.02 and B = 0.02, each order parameter has a distinct angular dependence. The A2-

octupole and T1z-octupole have a sin 3𝜙 dependence, as shown in Fig. 4.7a. This is explained 

by the threefold rotation about the z-axis of the strained crystal. However, the T1x-octupole and 

T1y-octupole have cos𝜙  and sin𝜙  dependences, respectively. Next, let us consider B⃗⃗   in the 

[112̅]  plane. When θ  varies from 0 to 2π  with δ = 0.01, U = 1.500toxy,  and B = 0.02 , the 

order parameters show different angular dependence from above. A2-octupole and T1z-octupole 

depend on sin 𝜃, while T1x and T1y-octupoles depend on cos 𝜃 and cos 2𝜃, respectively. Since 

these T1-octupoles have the same symmetry as the dipolar order or magnetization, T1x and T1y 

have the same angular dependence as the induced magnetization. 

Orthogonal magnetization from the A2-octupole and T1-octupole 

 Although the A2-octupole and T1-octupole are magnetic octupoles, they are different 

for two reasons. The first reason is that the magnetic point groups of the A2-octupole and T1-

octupole are different, −4’3m’  and −42′m′ , respectively. −4′3m′  carries 3-fold rotation 

symmetries, while −42′m′ does not. The second reason is that the A2-octupole is a scalar, while 

the T1-octupole is a vector. Whether the order parameter is a scalar or vector changes how the 

magnetic field and octupoles are coupled to each other. Specifically, the free energy under a 

magnetic field �⃗⃗�  and A2-octupole 𝐴2 is given by 
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while the free energy under a magnetic field and T1-octupole T1
⃗⃗  ⃗ is given by 

where 

Here, 𝑖, 𝑗, 𝑘 is a cyclic permutation of 𝑥, 𝑦, 𝑧. Magnetization is the derivative of the free energy 

induced by a magnetic field. From the free energy of the A2-octupole, we obtain 

and from the free energy of the T1-octupole, we obtain 

The components perpendicular to the magnetic field here are called orthogonal magnetization. 

Please note that this theory is for the small field limit. 

From here, we change the basis to �̂� ∥ [11̅0], �̂� ∥ [112̅], and �̂� ∥ [111] for both the T1-

octupole and magnetic field. The magnetic field is H⃗⃗ = H(cos𝜙 , sin𝜙 , 0)  in our physical 

situation. First, let us consider the magnetic field is in the xy-plane, i.e., H⃗⃗ = H(cos𝜙 , sin𝜙 , 0). 

On this basis, the magnetization from the A2-octupole is 

and that from the T1-octupole is 

 FA2 = −𝐴2𝐻𝑥𝐻𝑦𝐻𝑧, (10) 

 FT1 = −𝑇1
⃗⃗  ⃗ ⋅ �⃗� (�⃗⃗� ), (11) 

 𝑃𝑖(�⃗⃗� ) = −3𝐻𝑖
3 +

9

2
𝐻𝑖(𝐻𝑗

2 + 𝐻𝑘
2). (12) 

 𝑀𝐴2,𝑖
′ = 𝐴2𝐻𝑗𝐻𝑘, (13) 

 
𝑀𝑇1,𝑖

′ = 𝑇1𝑖 (−9𝐻𝑖
2 +

9

2
(𝐻𝑗

2 + 𝐻𝑘
2)) + 𝑇1𝑗(9𝐻𝑖𝐻𝑗)

+ 𝑇1𝑘(9𝐻𝑖𝐻𝑘). 

(14) 

 

𝑀𝐴2,𝑥 = −
𝐴2

√6
𝐻2 sin 2𝜙 , 

𝑀𝐴2,𝑦 = −
𝐴2

√6
𝐻2 cos 2𝜙 , 

𝑀𝐴2,𝑧 = −
𝐴2

2√3
𝐻2, 

(15) 
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𝑀𝑇1,𝑥 = −
3

4
𝐻2(2 𝑇1𝑥 + 𝑇1𝑥 cos 2𝜙

+ (−5√2𝑇1𝑧 + 𝑇1𝑦) sin 2𝜙), 

𝑀𝑇1,𝑦 =
3

4
𝐻2(−2 𝑇1𝑦 + (5√2 𝑇1𝑧 + 𝑇1𝑦) cos 2𝜙

− 𝑇1𝑥 sin 2𝜙), 

𝑀𝑇1,𝑧 =
3

4
𝐻2(2 𝑇1𝑧 + 5√2 𝑇1𝑦 cos 2𝜙

+ 5√2 𝑇1𝑥 sin 2𝜙). 

(16) 

Next, let us consider the magnetic field is in the xz-plane, i.e., H⃗⃗ = H(cos 𝜃 , 0, sin 𝜃). 

The A2-octupole gives 

𝑀𝐴2,𝑥 = −
𝐴2

2√3
𝐻2 sin 2𝜃 , 

𝑀𝐴2,𝑦 =
𝐴2

√6
𝐻2 cos2 𝜃 , 

𝑀𝐴2,𝑧 = −
𝐴2

4√3
𝐻2(−1 + 3 cos 2𝜃), 

(17) 

and T1-octupole gives 

 

𝑀𝑇1,𝑥 =
3

8
𝐻2( 𝑇1𝑥(−1 + 7 cos 2𝜃)

− 2(5√2𝑇1𝑦 + 4𝑇1𝑧) sin 2𝜃), 

𝑀𝑇1,𝑦 =
3

8
𝐻2 ((−3 + 5 cos 2𝜃) 𝑇1𝑦

− 5√2 (1 + cos 2𝜃)𝑇1𝑧

− 10√2𝑇1𝑥 sin 2𝜃), 

(18) 
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𝑀𝑇1,𝑧 = −
3

4
𝐻2(−8 𝑇1𝑧 sin2 𝜃 + 4𝑇1𝑥 sin 2𝜃

+ (5√2 𝑇1𝑦 + 4 𝑇1𝑧) cos2 𝜃). 
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Planar Hall conductivity from the A2-octupole and T1-octupole 

 The Onsager relation for the Hall conductivity is σ𝑖𝑗(�⃗⃗� , �⃗⃗� ) = 𝜎𝑗𝑖(−�⃗⃗� ,−�⃗⃗� ) . The 

planar Hall conductivity is defined as the symmetric part of the Hall conductivity (𝜎𝑖𝑗(�⃗⃗� , �⃗⃗� ) =

𝜎𝑗𝑖(�⃗⃗� , �⃗⃗� )). Specifically, the planar Hall conductivity (PHC) is 

σ0, σ1, and 𝜎2 are constants. 

Here, we change the basis to �̂� ∥ [11̅0], �̂� ∥ [112̅], and �̂� ∥ [111]. Let us consider the 

magnetic field in the [111]  plane, H⃗⃗ = H(cos𝜙 , sin𝜙 , 0)  The longitudinal magnetization 

(dipole) �⃗⃗� 𝐷 = 𝜒�⃗⃗�  , and orthogonal magnetization 𝑀𝐴2
⃗⃗ ⃗⃗ ⃗⃗  ⃗  and 𝑀𝑇1

⃗⃗ ⃗⃗ ⃗⃗  ⃗ . Note that the angular 

dependences of octupoles are A2 ∝ sin 3𝜙 , 𝑇1𝑥 ∝ cos𝜙 , 𝑇1𝑦 ∝ sin𝜙 , and 𝑇1𝑧 ∝ sin 3𝜙 

from the Hubbard model. 

 We divide the PHC on the xy-plane 𝜎𝑥𝑦
𝑃  into three parts according to the origin. First, 

the PHC from �⃗⃗�  and 𝑀𝐷
⃗⃗⃗⃗⃗⃗  is given by 

Second, the PHC from 𝑀𝐴2
⃗⃗ ⃗⃗ ⃗⃗  ⃗ and A2 ∝ sin 3𝜙 is given by 

where 𝑎𝑖 and 𝑏𝑖 are constants. Third, the PHC from 𝑀𝑇1
⃗⃗ ⃗⃗ ⃗⃗  ⃗,  𝑇1𝑥 ∝ cos𝜙 , 𝑇1𝑦 ∝ sin𝜙, and 𝑇1𝑧 ∝

𝐶 + 𝐷 sin 3𝜙 is given by 

 𝜎𝑖𝑗
𝑃 = 𝜎0(𝐻𝑖𝐻𝑗) + 𝜎1(𝑀𝑖𝐻𝑗 + 𝑀𝑗𝐻𝑖) + 𝜎2(𝑀𝑖𝑀𝑗). (19) 

 𝜎𝑥𝑦
𝑃,𝑀𝐷 ∝ 𝐻2 sin 2𝜙. (20) 

 

σxy
𝑃,𝐴2 = 𝐻3(𝑎1 cos𝜙 + 𝑎2 sin 2𝜙 + 𝑎3 sin 4𝜙)

+ 𝐻4(𝑏1 sin 2𝜙 + 𝑏2 sin 4𝜙

+ 𝑏3 sin 10𝜙), 

(21) 
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where 𝑐𝑖 and 𝑑𝑖 are constants. Here, we note some points. First, sin 2𝜙 is dominated by 𝜎𝑥𝑦
𝑃,𝑀𝐷 

since it is proportional to the leading order 𝐻2. Second, sin 4𝜙 is dominated by 𝜎𝑥𝑦
𝑃,𝐴2 since the 

A2-octupole is the largest among all the order parameters. Third, sin 6𝜙 appears only in 𝜎𝑥𝑦
𝑃,𝑇1. 

Hence, we denote sin 2𝜙 as the dipole term, sin 4𝜙 as the A2-octupole term, and sin 6𝜙 as the 

T1-octupole term. 

Using equations (19) and (22), we fitted the experimental planar Hall conductivity (Fig.s8). 

We calculated the magnetization induced by strain and magnetic field in the octupolar 

system Nd2Ir2O7 (Fig. 4.6). We recall that the planar Hall conductivity in Nd2Ir2O7 is generated 

by the orthogonal magnetization that results from the coupling between the octopolar orders 

(higher-rank multipoles) and the magnetic field. Since orthogonal magnetization is the 

coupling between the higher rank multipoles and magnetic field, it should have small values. 

As expected (Fig. 4.6c and 4.6b), the magnetization (orthogonal magnetization) induced by the 

magnetic field in the strained Nd2Ir2O7 is very small (at the scale of 10-3 μB/atom). Hence, the 

 

σxy
𝑃,𝑇1 = 𝐻3(𝑐1 cos𝜙 + 𝑐2 sin 2𝜙 + 𝑐3 sin 4𝜙)

+ 𝐻4(𝑑1 cos𝜙 + 𝑑2 sin 2𝜙

+ 𝑑3 sin 4𝜙

+ 𝑑4 sin 6𝜙 +𝑑5 sin 10𝜙), 

(22) 

 

σxy
𝑃,𝐴2 = 𝐻3(𝑎2 sin 2𝜙 + 𝑎3 sin 4𝜙)

+ 𝐻4(𝑏1 sin 2𝜙 + 𝑏2 sin 4𝜙

+ 𝑏3 sin 10𝜙), 

σxy
𝑃,𝑇1 = 𝐻3(𝑐2 sin 2𝜙 + 𝑐3 sin 4𝜙)

+ 𝐻4(𝑑2 sin 2𝜙 + 𝑑3 sin 4𝜙

+ 𝑑4 sin 6𝜙 +𝑑5 sin 10𝜙). 

(23) 
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octupolar contributions to the planar Hall conductivity are small. 
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Longitudinal magnetoconductivity from A2 and T1-octupoles 

 

Meanwhile, we use Onsager’s relation for longitudinal conductivity as well.  

First, let us consider the magnetic field in the [111]  plane, H⃗⃗ = H(cos𝜙 , sin𝜙 , 0) , The 

obtained conductivity is anisotropic magnetoconductivity (AMC). The first term is 

𝑀𝐴2
⃗⃗ ⃗⃗ ⃗⃗  ⃗ from A2-octupole gives rise to 

and 𝑀𝑇1
⃗⃗ ⃗⃗ ⃗⃗  ⃗ from T1-octupole gives rise to 

The experimental AMC for the measured temperature of Nd2Ir2O7 film and the fitting result is 

shown in Fig. 4.8 and 4.9. 

Next, let us consider the magnetic field in the [112̅] plane, H⃗⃗ = H(cos 𝜃 , 0, sin 𝜃). The first 

term is  

𝑀𝐴2
⃗⃗ ⃗⃗ ⃗⃗  ⃗ from A2-octupole and 𝑀𝑇1

⃗⃗ ⃗⃗ ⃗⃗  ⃗ from T1-octupole give rise to 

 

 𝜎𝑥𝑥 = 𝜎0(𝐻𝑥
2) + 𝜎1(𝑀𝑥𝐻𝑥) + 𝜎2(𝑀𝑥

2). (24) 

 𝜎𝑥𝑥
1 ∝ cos 2𝜙, (25) 

 

𝜎𝑥𝑥
A2 = 𝐻3(𝑒1 sin𝜙 + 𝑒2 sin 3𝜙) 

+𝐻4(𝑓1 cos 2𝜙 + 𝑓2 cos 4𝜙 + 𝑓3 cos 6𝜙

+ 𝑓4 cos 10𝜙), 

 

(26) 

 

𝜎𝑥𝑥
T1 = 𝐻3(𝑔1 sin𝜙 + 𝑔2 sin 3𝜙 + 𝑔3 cos 2𝜙

+ 𝑔4 cos 4𝜙 + 𝑔5 cos 6𝜙) 

          +𝐻4(ℎ1 sin 𝜙 + ℎ2 sin 3𝜙 + ℎ3 cos 2𝜙

+ ℎ4 cos 4𝜙 + ℎ5 cos 6𝜙

+ ℎ6 cos 8𝜙 + ℎ7 cos 10𝜙). 

 

(27) 

 𝜎𝑥𝑥
1 ∝ cos 2𝜃, (28) 

 

𝜎𝑥𝑥 = 𝐻3(𝑥1 sin 𝜃 +𝑥2 sin 3θ + x3 sin 4𝜃 + 𝑥4 sin 5𝜙

+ 𝑥5 cos 2𝜃 + 𝑥6 cos 4𝜃) 

(29) 
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The experimental longitudinal magnetoconductivity with out-of-plane rotation for the 

measured temperature of Nd2Ir2O7 film and the fitting result is shown in Fig. 4.10. 

  

+𝐻4(𝑦1 sin 𝜃 + 𝑦2 sin 3𝜃 + 𝑦3 sin 5𝜙 + 𝑦4 cos 2𝜃

+ 𝑦5 cos 4𝜃 + 𝑦6 cos 6𝜃). 
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About the magnetic anisotropy of pyrochlore iridates 

 

 Ir spins have no magnetic anisotropy, although Ir is a d-electron system since Ir spins 

are considered spin-1/2. In the pyrochlore system, Ir ions are surrounded by an oxygen 

octahedron. Then, Ir d-orbitals are broken into t2g and eg orbitals by the crystal field. Moreover, 

Ir also has strong spin-orbit coupling, and t2g is broken into 𝐽 = 1/2, 3/2 orbitals. Because J =

1/2 is half-filled at the Fermi level, Ir spins are considered spin-1/2. In contrast, Nd spins have 

magnetic anisotropy along the [111] and equivalent axes because they have a high spin 𝐽𝑁𝑑 =

9/2 . In our free energy model, since we consider the magnetic order of Ir spins only, the 

magnetic anisotropy seems to be obviated. 

However, most transport phenomena in pyrochlore iridates come from Ir d electrons 

and not from Nd f electrons since f electrons are strongly localized near the ionic center. Thus, 

the magnetic anisotropy of Nd f electrons can indirectly affect the transport by changing the Ir 

spin configuration through the f-d exchange. Since we study the magnetic multipole-induced 

planar Hall effect, considering the Ir spin configuration in the free energy model is sufficient 

to include the effect of magnetic anisotropy of Nd spins. 

Furthermore, magnetic multipoles have already been considered for magnetic 

anisotropy. Here, the magnetic multipoles are made up of spin clusters in the unit cell. We 

classify every possible spin configuration into magnetic multipoles by group theory. There are 

a total of 12 magnetic multipoles since we have 4 atoms in the 3-dimensional unit cell: 3 dipoles, 

an A2-octupole, 3 T1-octupoles, 3 T2-octupoles, and 2 E-dotriacontapoles. Every possible 

magnetic order can be expressed as a linear combination of the 12 magnetic multipoles. 

Meanwhile, magnetic anisotropy affects the spin configuration, either by making spins point 

along their easy axes or through the f-d exchange. The associated spin configuration can be 

described by the linear combination of magnetic multipoles. As the free energy contains the 
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coupling of magnetic multipoles to the magnetic field, our model includes the effect of 

magnetic anisotropy. 

Lastly, we consider the effect of compressive strain on magnetic anisotropy. Magnetic 

anisotropy strongly depends on the temperature. In Nd2Ir2O7, Ir spins order at 30 K, while Nd 

spins order at 15 K. Magnetic anisotropy becomes effective below 15 K, at which Nd spins 

order. However, compressive strain contributes little to magnetic anisotropy. The two largest 

energy scales that determine the physics in pyrochlore iridates are the energy gap between the 

t2g and eg orbitals (- 2 eV) and the spin-orbit coupling (-0.4 eV), which are much larger than 

the bandwidth. A compressive strain of approximately 1 %, in contrast, changes the band 

energy by a few percent of the bandwidth. Hence, the strain does not significantly change the 

magnetic anisotropy. 
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Figure 4.6 The emergence of T1-octupole under strain and magnetic field. We present A2-

octupole and T1-octupoles under the change of strain and magnetic field. The blue solid line is 

A2, the orange dotted line is T1x, the orange circles are T1y, and the orange solid line is T1z. a. 

The change of order parameters when the strain 𝛿 varies from 0 to 0.01 with �⃗� = 0. When the 

strain is absent (𝛿 = 0), only A2-octupole exists. When 𝛿 ≠ 0, only 𝑇1𝑧 emerges linearly to 𝛿 

while 𝑇1𝑥  and T1y remains trivial. b. The change of order parameters when magnetic field 

strength varies from 0 to 0.02 with 𝜙 = 0, 𝛿 = 0.005 . T1x emerges linearly to 𝛿 , and other 

order parameters change quadratically to 𝛿. c. The change of magnetization when the strain 𝛿 

varies from 0 to 0.01 with �⃗� = 0. d. The change of magnetization when magnetic field strength 

varies from 0 to 0.02 with 𝜙 = 0, 𝛿 = 0.005. 
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Figure 4.7 The angular dependence of A2 and T1-octupoles. We present the change of order 

parameters for two cases. a-b. �⃗�   is in the [111]  plane. 𝜙  varies from 0 to 2𝜋 , with 𝛿 =

0.005, 𝑈 = 1.485 𝑡𝑜𝑥𝑦 , and 𝐵 = 0.02 . a. A2-octupole (blue solid line) and T1z-octupole 

(orange solid line) which are proportional to 𝑠𝑖𝑛 3𝜙. b. T1x (orange dotted line) and T1y (orange 

circles) which are proportional to 𝑐𝑜𝑠 𝜙 and 𝑠𝑖𝑛 𝜙, respectively. c-d. �⃗�  is in the [112̅] plane. 𝜃 

varies from 0 to 2𝜋 , with 𝛿 = 0.01, 𝑈 = 1.5 𝑡𝑜𝑥𝑦 , and 𝐵 = 0.02 . c. A2-octupole (blue solid 

line) and T1z-octupole (orange solid line) are proportional to 𝑠𝑖𝑛 3𝜃. d. T1x (orange dotted line) 

and 30 times T1y (orange circles) which are proportional to 𝑐𝑜𝑠 𝜃 and 𝑐𝑜𝑠 2𝜃, respectively. The 

schematics of the physical geometry when e. �⃗�  in the [111] plane and f. �⃗�  in the [112̅] plane. 
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Figure 4.8 Plot of the calculated PHC below 30 K and their fitting results. 
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Figure 4.9 Anisotropic magnetoconductance and fitting with cluster multipoles contributions. 

AMR () measured at a. 2 K, b. 4 K, c. 6 K, d. 8 K, e. 10 K, f. 12 K, g. 15 K, h. 20, and i. 30 K. 

The black line is experimental data while the red line is the fitting result with theoretical AMR 

equation. 
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Figure 4.10 Temperature dependence of out-of-plane rotation magnetoconductivities. a. 

Schematic of out-of-plane rotation measurement. The current is applied along [11̅0] direction 

and magnetic field is rotated along [111] and [11̅0] plane. b. Experimental magnetoconductivities 

below 15 K and their fitting. 
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4.4 Conclusion 

In summary, the PHE of the AFM NIO-227 film exhibits unique features different 

from those of ferromagnetic materials. The CMOs without magnetization affect the PHE, 

resulting in higher harmonics of the PHE oscillation beyond the second harmonic. Notably, A2- 

and T1-CMOs produce fourth and sixth harmonics of PHE oscillations, respectively. This 

feature of CMOs can be well explained by considering the magnetic characteristic of CMOs 

called OM in our theoretical calculations. Moreover, the OM of CMOs shows an intriguing 

Hext dependency, which induces the nonlinear PHE when the angle between Hext and I is 45°. 

We want to make some remarks about the CMOs in AFM materials. According to 

recent theoretical studies and experiments on antiferromagnets, the magnetic octupole is crucial 

for stabilizing Weyl fermions near the Fermi energy18,27,47-51 and inventing magnetic field-free 

switching spintronic devices23-25, 48-50. Moreover, AHE, SHE, and Nernst effects have been 

experimentally observed in kagome antiferromagnets19-20,25-26,29, in which magnetic structure 

can also be classified with CMO18. Therefore, understanding and manipulating the CMOs are 

thus important to achieve novel topological phases and physics in AFM systems. However, due 

to the absence of magnetization, the detection and characterization of CMOs and multipoles 

beyond dipoles have been difficult. In this context, our strategy to distinguish A2- and T1-

CMOs could be extensively used to detect and identify cluster multipoles18,45 via the PHE. Thus, 

our work paves the way for detecting and identifying AFM order, which is expected to facilitate 

the development of novel functionalities using AFM materials. 
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국문 초록 (Abstract in Korean) 

밴드 토폴로지가 있는 양자 물질을 찾는 것은 재료과학 및 응집 물질 물리학 분

야의 중심주제 중 하나였습니다. 5d 파이로클로로 이리듐 계열 (R2Ir2O7, R = 희토류 이

온) Coulomb 상호 작용(U) 및 스핀-궤도 결합(λ)과 같은 매개 변수의 비교 가능한 강도 

간의 상호 작용으로 인해 상당한 관심을 받았습니다. 이 상호 작용은 토폴로지 절연체, 

바일반금속 상태 및 액시온 절연체를 포함하여 물질의 비옥한 토폴로지 상태를 초래할 

것으로 예측됩니다. 

R2Ir2O7박막은 입방체 결정 대칭으로 인해 대량으로 숨겨진 위상 위상 및 이국적

인 현상을 조사하기에 적합한 플랫폼을 제공합니다. 에피택셜 변형은 입방정 결정 대칭

을 깨뜨릴 수 있어 숨겨진 토폴로지 단계에 접근할 수 있는 실용적인 조정 가능성을 제

공합니다. 광범위한 관심에도 불구하고 고품질 단결정(111) R2Ir2O7박막의 제조는 성장 

중에 고휘발성 기체 이리듐 산화물(IrO3)의 형성으로 인해 여전히 어려운 과제로 남아 

있습니다. 성공적으로 성장된 R2Ir2O7박막의 대부분은 "고상 에피택시(SPE)"라고 하는 

2단계 프로토콜을 통해 실현되었습니다. 그러나 SPE 방법은 느슨하거나 부분적으로 변

형된 R2Ir2O7필름을 생성하므로 변형 유도 토폴로지 현상을 조사하는 데 적합하지 않습

니다. 본 논문에서는 변형된 Nd2Ir2O7(NIO-227) 박막 제조를 위한 새로운 성장 방법, 새

로운 성장 방법을 최적화하고 활용하는 방법, 변형된 NIO-227 박막에서 변형 유도 자기 

수송 현상에 대해 논의할 것이다. 

 

 

 

 

주요어: 위상적 상태, 파이로클로로 이리듐, 에피택셜 변형, 새로운 성장 방법, 자기수송. 
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