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 Abstract 

 The magnetic topological insulator (TI) and the superconductor look different from 

each other, however, they share a similar electrical transport property of a profound 

significance: zero resistance. Their potential in the future low-power-consumption 

applications is beyond measure, therefore, the research attention on TI has been 

dramatically expanding since its debut in 2009, and the study of superconductivity keeps 

inspiring people of generations in the past 100 years.  

 The realization of the non-dissipative channel in magnetic TI requires the broken 

time-reversal-symmetry by ferromagnetic dopants. The engineering of ferromagnetism, in 

turn, induces new topological phenomena. In this dissertation, we show that by fabricating 

a magnetic TI/pure TI/magnetic TI sandwich structure, rigorous quantum anomalous Hall 

(QAH) effect could be realized along with ‘axion insulator’ state or topological Hall effect, 

depending on the sample structure. In Cr-doped/non-doped/V-doped TI heterostructures, 

QAH effect emerges when the magnetizations of the Cr-doped and V-doped magnetic 

layers are parallel, while an ‘axion insulator’ state with zero Hall resistance and insulating 

longitudinal resistance appears when magnetization alignment is anti-parallel; In an Cr-

doped/non-doped/Cr-doped TI structure, by tuning the chemical potential, QAH effect 

crossovers to topological Hall effect, where the electron spins form topologically non-

trivial spin textures. 

 Superconductivity, on the other hand, would be destroyed in a ferromagnet due to 

the decoupling of a Cooper pair by the exchange coupling. Therefore, a spin-singlet Cooper 

pair is not able to survive in a ferromagnet more than a few nanometers. In this dissertation, 
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however, we show that in a ferromagnetic Ni nanowire (500 nm wide and 40 nm thick), by 

simply adding a thin Cu buffer layer with natural oxidation between 

superconducting/ferromagnetic interface, an unusual long-range superconducting 

proximity effect (up to 136 nm) emerges. Strong evidence points to the Cu oxides for 

providing a noncollinear magnetic profile that is crucial to the induction of spin-triplet. The 

spin-triplet pairing can have two electrons with the same spin direction, and thus immune 

to the exchange coupling of the ferromagnetic nanowire.  

The experiments of magnetic TI heterostructures and spin-triplet superconductivity 

presented in this dissertation would inspire more relating studies and pave the way for next-

generation energy-efficient spintronic and electronic applications.  
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Part I: Quantum transport in magnetic topological insulator heterostructure 
 

Chapter 1  

Introduction of Topological Insulator 

1.1 Historical Overview of Topological Insulator 

 Topological insulator (TI), a new state of matter that has insulating interior but conducting 

boundary, has drawn great research attention since the first experimental observation of 

topological property in a real material. In 2007, motivated by the theoretical prediction1, König et 

al.2 discovered a two-dimensional (2D) topological insulator state (quantum spin Hall state) in 

HgTe/CdTe quantum well structure, featuring an insulating surface state and two counter-

propagating one-dimensional (1D) conducting edge channels. The most important ingredient to 

this novel effect is the strong spin-orbital coupling, which pushes the electrons from valence-band-

edge state above the conduction-band-edge state, leading to the inverted band structure and non-

trivial topology that is totally different from conventional band insulator.  

 The concept of 2D TI successfully extended to 3D regime by the prediction of another 

strong spin-orbital coupling material3, Bi1-xSbx, followed by the verification of its surface state 

through angle-resolved photoemission spectroscopy (ARPES)4. In a 3D TI, the bulk state has an 

inverted band structure and an insulating gap (the gap size is ~ 0.3 eV, meaning its non-trivial 

topology persists at room temperature), while the surface state holds a single Dirac cone protected 

by time reversal symmetry with linear dispersion5-7. The family of 3D TI soon expanded to include 

other three layered materials8, Bi2Te3, Bi2Se3, Sb2Te3.  
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 Another milestone of topological physics, the experimental realization of quantum 

anomalous Hall (QAH) effect, was firstly achieved by Chang et al. in 2013 on molecular-beam-

epitaxy grown Cr-doped (Bi1-xSbx)2Te3. In this magnetically doped 3D TI9-13, a zero longitudinal 

resistance, as well as a quantized Hall conductance, can be unambiguously observed by electrical 

transport measurement, even when the magnetic field is withdrawn. This peculiar transport 

response is due to the formation of a conducting edge channel, known as chiral edge state, in which 

the electron momentum is locked to one direction perpendicular to the polarized spin. Till now, 

the quantized anomalous Hall state has only been reached in Cr-9 and V-14 doped (Bi1-xSbx)2Te3 

thin film, and mechanically exfoliated MnBi2Te4 (although the magnetic field is required to 

maintain QAH state in this material)15. The realization temperature of QAH state also increased 

from tens of millikelvin to 1.5 K in magnetically doped TI systems with the effort of different 

groups16-17, and the newly-discovered intrinsic magnetic TI, MnBi2Te4, pushed the temperature up 

to 4.5 K15. The studies on the magnetic TI not only provide an ideal platform to engineer 

fundamental physics models18-20, but also pave the way of the future application in room-

temperature low-power-consumption spintronic for microelectronic circuits21.   
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1.2 Crystal Structure 

 The bulk Bi1-xSbx crystal is a substitutional alloy without well-defined electronic band 

structure due to its random ordering of Bi and Sb atom in the crystal structure. However, Bi2Te3, 

Bi2Se3, Sb2Te3 are all layered materials with the identical rhombohedral crystal structure. It 

belongs to space group 𝐷𝐷3𝑑𝑑5  with a triangle lattice within each layer, and five of atomic layers is 

defined as a quintuple layer (QL).  

 

 

 

 

 

 

 

Figure 1.1 Crystal structure of Bi2Se3 

family 3D TI. (a) Crystal structure of Bi2Te3, 

Bi2Se3, Sb2Te3 with three primitive lattice 

vectors labeled as t1, t2, t3. Dashed box 

includes one QL. (b) Top view. (c) Side view. 

(d) Crystal structure of (Bi1-xSbx)2Te3. Doped 

Sb atoms randomly replace Bi and lower the 

chemical potential while maintaining the 

same crystal structure. 

As seen in Fig. 1.1a, each quintuple layer consists of two equivalent Se/Te atoms (shown 

as Se1/Te1 and Se1’/Te1’), two equivalent Bi/Sb atoms (shown as Bi1/Sb1 and Bi1’/Sb1’), and a 

second Se/Te atom (shown as Se2/Te2). Each quintuple layer is terminated by Se/Te layers and 
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adjacent quintuple layers are bonded by Van der Waal force, while Bi/Sb and Se/Te atoms within 

a quintuple layer are strongly combined by chemical bonding.  

 In order to display topological properties in transport measurement, the chemical potential 

(or the Fermi surface) of the sample must be tuned closed to the Dirac point (or so-called ‘charge 

neutral point’ when the Dirac cone is gapped). However, the electrical transport (will be shown in 

Sec. 1.3.3) and ARPES measurement have proved that Bi2Se3 and Bi2Te3 exhibit n-type feature, 

meaning that the Fermi surface resides above the Dirac point, corresponding to the electron charge 

carrier. In Sb2Te3, Fermi surface is below the Dirac point, and the material is p-type.  

 In these 3D TIs, although the Fermi surface can be tuned by electrostatic gating technique, 

the tuning range is limited and the Dirac point is still far away. The most efficient way to control 

the level of the Fermi surface is doping impurities that can introduce the opposite type of charge 

carrier. Specifically, since Bi and Sb belong to the same element group, if Bi is doped into Sb2Te3 

(Fig. 1.1d), Sb atoms can be substituted by Bi without disturbing crystal structure and topological 

property, while the Fermi surface rises significantly. The product TI, (Bi1-xSbx)2Te3 becomes an 

ideal base material to host QAH effect. All the magnetic TI heterostructures studied in this 

dissertation are thus based on this material. 
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1.3 Electrical Properties 

1.3.1 Electrical Band Structure 

 In the Bi2Se3 3D TI family, the strong spin-orbital coupling of heavy elements causes the 

crossing of the conduction and valence band, then reopens a gap in an inverted ordering3. This 

inverted band structure introduces a non-zero topological invariant3, 22-23 ν2 . ν2 equals to 1 in TI, 

while in vacuum or a trivial insulator, ν2 is 0. The discontinuity of the ν2 between the TI and the 

vacuum / substrate gives rise to a gapless Dirac cone on their interface (the surface of the TI), as 

shown in Fig. 1.2a.  

 

 

Figure 1.2 Electrical band structure of 3D TI 

and magnetically doped 3D TI. (a) Band 

structure of Bi2Se3 family of 3D TI. The red and 

blue bands represent the bulk conduction and 

valence band, respectively, and the yellow 

Dirac cone is the surface state. Black arrows 

represent the spin of the electrons. (b) 

Schematic of electrons propagating on the 

surface of a 3D TI in real space when the Fermi 

surface is in the charge neutral point.  (c) Band 

structure of the magnetically doped (Bi1-

xSbx)2Te3 film. A line connecting surface 

bandgap is the chiral edge state. (d) Schematic 

of chiral edge state in real space in a 

magnetically doped (Bi1-xSbx)2Te3 film.  

This surface state is represented by the Hamiltonian24-25, 

𝐻𝐻 = 𝑣𝑣𝐹𝐹(−𝑘𝑘𝑦𝑦𝜎𝜎𝑥𝑥 + 𝑘𝑘𝑥𝑥𝜎𝜎𝑦𝑦), 
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 in which 𝑣𝑣𝐹𝐹 is Fermi velocity and 𝜎𝜎𝑥𝑥,𝜎𝜎𝑦𝑦 are Pauli matrices. This Hamiltonian shows that the spin 

is always perpendicular to the momentums (Fig. 1.2a), and in the real space (Fig. 1.2b) the electron 

with the different spin will move in an opposite direction.  

1.3.2 Angle-resolved Photoemission Spectroscopy (ARPES) 

 Experimentally visualizing the electronic surface band structure of a 3D TI becomes 

possible with angle-resolved photoemission spectroscopy (ARPES).  The schematic of the ARPES 

system is shown in Fig. 1.3a. A monochromatized light with preset photon energy hν is generated 

by a radiation source, then interacts with the electrons on the surface of the sample. The electrons 

will overcome the electron binding energy EB and the work function ϕ, and be emitted from the 

sample to all directions with the kinetic energy Ekin = hν - EB - ϕ. When photoelectrons pass through 

a hemispherical analyzer, their kinetic energy and emission angle will be resolved. Due to the 

transitional symmetry, the in-plane momentum of the photoelectron K|| and the initial electron k|| 

have the relation of 𝐾𝐾|| = 𝑘𝑘|| = 1
ћ �2𝑚𝑚𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘sinθ. Therefore, we can deduce the energy dispersion 

relation E(k) of the sample. Since the perpendicular momentum 𝑘𝑘⊥ is not conserved due to abrupt 

potential change across the sample surface, ARPES is particularly useful and convenient to study 

the electronic band structure of 2D materials and the surface state of TI materials. 
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(a) 

(b) (c) (d) 

  

 Figure 1.3b and c display the ARPES intensity mapping of the Bi0.9Sb0.1 and Bi2Te3 sample, 

which clearly show the gapless surface band with linear dispersion. Also, in Fig. 1.3d, the constant 

energy (hν = 35 eV) ARPES intensity map shows a circle in the kx-ky plane. These observations 

are consistent with the Dirac-cone-like surface state in 3D TI. 

Figure 1.3 ARPES measurement on the electronic band structure of 3D TI. (a) Schematic of ARPES set-up. This 

figure is reproduced from https://en.wikipedia.org/wiki/Angle-resolved_photoemission_spectroscopy. (b) ARPES 

intensity maps of Bi0.9Sb0.1 with the photon energy of 29 eV. This figure is reproduced from Hsieh et al., Nature, 2008. 

452 (7190): p. 970-U5. (c) ARPES intensity map of the gapless surface state bands of cleaved Bi2Te3. The yellow arrow 

is the spin direction based on calculation. (d) Constant energy ARPES intensity map using photon energy of 35 eV. 

Figure (c) and (d) are reproduced from Hsieh et al., Physical Review Letters, 2009. 103 (14). 

https://en.wikipedia.org/wiki/Angle-resolved_photoemission_spectroscopy
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1.3.3 Transport Characterization 

 The electrical transport measurement provides another reference for the band structure. 

Figure 1.4a shows the field dependent Hall resistance at 2 K of a 5 QL (Bi1-xSbx)2Te3 grown by 

molecular beam epitaxy (MBE) technique on the SrTiO3 (STO) substrate, and Bi/Sb ratio is fine-

tuned so that the Fermi surface is closed to the Dirac point, i.e., charge neutral point.  

 

Figure 1.4 Electrical transport of a 5 QL (Bi1-xSbx)2Te3 grown on STO substrate at 2 K. (a) µ0H-dependent Hall 

traces at various Vg. (b) Vg-dependent Hall and longitudinal resistance at µ0H = 1 T. (c) Estimated Fermi level respective 

to Dirac-cone surface state at different Vg. 

 By applying a gating voltage at the bottom of the substrate, the different type of carrier can 

be injected into the film. The chemical potential rises when applying a positive voltage, and 

decreases with a negative gating voltage. As we can see from Figure 1.4a, at Vg = 70 V and 15 V, 

the Hall coefficient is negative, indicating an n-type carrier in the system. The carrier density is 

calculated by 𝑛𝑛2𝐷𝐷 = 1
𝑒𝑒𝑅𝑅𝐻𝐻

 , where 𝑒𝑒 is the charge of an electron, and 𝑅𝑅𝐻𝐻 is the Hall coefficient. With 

a steeper slope, 𝑛𝑛2𝐷𝐷 at Vg = 15 V is lower than that of Vg = 70 V, because the Fermi surface is 

closer to the Dirac point at Vg = 15 V. When Vg = 7 V, 10 V, 13 V, the Hall trace shows a non-

linear behavior due to the crossing of Dirac point. At Vg = -4 V and -70 V, Hall coefficient becomes 

positive, meaning the charge carrier is converted to p-type. Figure. 1.4b shows the Vg - dependent 
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Hall resistance at 1 T. The magnetoresistance (red curve) displays a peak around 10 V, which 

indicates the smallest carrier density as the Fermi surface is the closest to the Dirac point. The Hall 

resistance (blue curve) shows a typical ambipolar behavior26, corresponding to the switch of carrier 

type when crossing the Dirac point. The Fermi level positions of different Vg respective to the 

surface-state Dirac cone are illustrated in Figure 1.4c.  
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1.4 Quantum Anomalous Hall Effect 

 Another prominent breakthrough in topological physics is the experimental observation of 

the QAH effect. In magnetically doped 3D TI film, the time-reversal-symmetry in the Dirac-cone-

like surface state is broken by exchange coupling of the magnetization normal to the sample 

surface. The surface state Hamiltonian can be expressed as, 

𝐻𝐻 = 𝑣𝑣𝐹𝐹�−𝑘𝑘𝑦𝑦𝜎𝜎𝑥𝑥 + 𝑘𝑘𝑥𝑥𝜎𝜎𝑦𝑦� + 𝑚𝑚𝜎𝜎𝑧𝑧 = 𝒅𝒅 ∙ 𝝈𝝈, 

where 𝑚𝑚 is a material-related parameter, 𝒅𝒅 = (−𝑣𝑣𝐹𝐹𝑘𝑘𝑦𝑦, 𝑣𝑣𝐹𝐹𝑘𝑘𝑥𝑥,𝑚𝑚), whose unit vector 𝒅𝒅� = 𝒅𝒅/|𝒅𝒅| 

determines the topological property of the system, 𝜎𝜎 are the Pauli matrices for spins. 

 The electron band structure can be topologically characterized by the Chern number, 

𝐶𝐶 = 1
4𝜋𝜋
∑ ∫ (𝜕𝜕𝑘𝑘𝑥𝑥𝑎𝑎𝑦𝑦 − 𝜕𝜕𝑘𝑘𝑦𝑦𝑎𝑎𝑥𝑥)𝑑𝑑𝑘𝑘𝑥𝑥𝑑𝑑𝑘𝑘𝑦𝑦

 
𝑩𝑩𝑩𝑩𝑡𝑡𝑡𝑡𝑡𝑡+𝑏𝑏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑏𝑏 , 

where 𝑎𝑎𝑥𝑥(𝑦𝑦) = −𝑖𝑖 ∑ ⟨𝑛𝑛𝒌𝒌| 𝜕𝜕
𝜕𝜕𝑘𝑘𝑥𝑥(𝑦𝑦)

|𝑛𝑛𝒌𝒌⟩ 
𝑘𝑘 , 𝑎𝑎 = �𝑎𝑎𝑥𝑥,𝑎𝑎𝑦𝑦� is the Berry curvature, and the total Chern 

number consists of the integrals from both the top and bottom surface of a magnetic TI film24-25. 

Berry curvature 𝑎𝑎 is the phase picked up by the wave function in an infinitely small loop around 

point (kx, ky) in momentum space. It can also be regarded as an equivalent magnetic field acting in 

the k-space. If we defined 𝒅𝒅� as the mapping from the momentum k to the unit vector 𝒅𝒅� on the 

sphere, we have  

𝐶𝐶 =
1

4𝜋𝜋
� � 𝒅𝒅� ∙ (

𝜕𝜕 𝒅𝒅�
𝜕𝜕𝑘𝑘𝑥𝑥

×
𝜕𝜕 𝒅𝒅�
𝜕𝜕𝑘𝑘𝑦𝑦

)𝑑𝑑𝑘𝑘𝑥𝑥𝑑𝑑𝑘𝑘𝑦𝑦
 

𝑩𝑩𝑩𝑩𝑡𝑡𝑡𝑡𝑡𝑡+𝑏𝑏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑏𝑏
 

 Since 𝒅𝒅� ∙ (𝜕𝜕 𝒅𝒅�

𝜕𝜕𝑘𝑘𝑥𝑥
× 𝜕𝜕 𝒅𝒅�

𝜕𝜕𝑘𝑘𝑦𝑦
) is the Jacobian of this mapping, C corresponds to the area 𝒅𝒅� covers 

when it integrates over the Brillouin zone. As we can see from the expression of 𝒅𝒅,  𝒅𝒅� vector is 
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normal to the plane (direction is related to the sign of magnetization) when 𝑘𝑘 → 0 and lies in-plane 

when 𝑘𝑘 → ∞, so the integral leads to half of a unit sphere on one surface. If the top and bottom 

surface have the same magnetization, we will have 𝐶𝐶 = ±1, meaning the band gap opened by 

magnetization is topologically non-trivial, and there will be a topology-protected boundary state 

on the 1D sample edge, as shown in Fig. 1.2c.  

 This edge state is non-dissipative with all the electrons spin-polarized and propagating 

along one direction (Fig. 1.2d), which is termed as chiral edge state. Experimentally, when the 

chemical potential is tuned into the exchange band gap, transport measurement can directly probe 

the chiral edge state by observing QAH effect with zero longitudinal resistance and the quantized 

Hall conductance ± 𝑒𝑒2

ℎ
, in which each surface contributes ± 𝑒𝑒2

2ℎ
. Quantum spin Hall state in 2D TI 

highly resembles this observation, while it has two conducting channels of opposite spin and 

propagating direction, and its Hall conductance is also twice of a quantized value. Its edge state is 

so-called ‘helical edge state’ and protected by time-reversal-symmetry. So, the QAH effect can be 

seen as half of a quantum spin Hall state.  

 QAH effect is proposed initially as a quantum Hall (QH) effect without Landau levels27-28 

and became promising to be achieved after the discovery of TI24, 29-32. It was first experimentally 

realized by Chang et al.9 in a 5 nm thick Cr-doped (Bi1-xSbx)2Te3 grown on STO substrate. Two 

years later, V-doped (Bi1-xSbx)2Te3
14 was demonstrated to be the second material that shows the 

QAH effect with a much larger coercive field around 1 T. Figure 1.5 displays the experimental 

observation of QAH effect by electrical transport measurement in these two systems. As we can 

see, the Hall resistance ρyx shows quantized resistance   ± ℎ
𝑒𝑒2

 with its sign depending on the 

magnetization direction. The longitudinal resistance remains zero except at the coercive field, 
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where the sample is not yet fully magnetized and the chiral edge state is not established. The 

quantization still holds when the field is withdrawn, fulfilling the long-chasing dream of reaching 

QH effect without any external field.  

(a) 

 

(b) 

 

Figure 1.5 Experimental observation of QAH effect by ultra-low temperature electrical transport 

measurement. (a) Field-dependent Hall resistance ρyx under varying Vg in Cr-doped (Bi1-xSbx)2Te3. The 

Fermi surface reaches charge neutral point Vg
0 at Vg = -1.5 V, and the ρyx becomes  𝑒𝑒

2

ℎ
. This figure is 

reproduced from Chang, C.Z., et al., Science, 2013. 340(6129). (b) Field-dependent ρxx and ρyx at Vg = Vg
0
 in 

V-doped (Bi1-xSbx)2Te3. The coercive field increased to 1T. This figure is reproduced from Chang, C.Z., et 

al., Nature Materials, 2015. 14(5). 

 However, the condition of realizing the QAH effect is subtle due to a few reasons: (i) 

Tuning chemical potential into exchange surface gap by adjusting Bi/Sb ratio requires a 

tremendous effort. (ii) The magnetic dopants could introduce defects, resulting in unwanted 

conductive bulk bands and jeopardize the topological order, but the insufficient amount would also 

harm long-range ferromagnetic order. The balance between sample quality and magnetic order is 

exceptionally subtle. (iii) Size of the exchange surface gap is small, so the ultra-low temperature 

(< 100 mK) is a must to minimize the thermal excitation to probe the chiral edge state. Recently, 
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a lot of discoveries have been making during the attempts to address these challenges. Mogi et al. 

found the modulation magnetic doping16 of Cr in a penta-layer (Bi1-xSbx)2Te3 structure increased 

QAH effect temperature to 0.5 K with the residual resistance of 0.017 ℎ
𝑒𝑒2

, and Ou et al. further 

increased the observation temperature to 1.5 K by Cr/V codoping method17. The MnBi2Te4-family 

materials have also been discovered as intrinsic magnetic TIs33-34 to avoid the disadvantage of 

magnetic doping15. 

 In this dissertation, we grew high-quality magnetic-doped/non-doped TIs and stacked them 

into different heterostructures. The interplay of non-trivial topological properties between different 

layers gives rise to exotic quantum phenomena. We successfully characterized them using ultra-

low temperature transport measurement.  
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Chapter 2  

Experimental Procedure 

2.1 Sample Growth 

2.1.1 Substrate Preparation  

 SrTiO3 (STO) is widely used as substrates due to its atomic-flat surface and low-lattice 

mismatch with various materials. In our experiments, STO (111) substrate with a clean and flat 

surface is crucial for TI growth. It was first rinsed by ethanol to remove the organic contaminations. 

Then it was soaked in deionized water at 90 °C for 1.5 hours to increase the chance of selecting 

Ti-related layer as termination layer35. After annealing at 985 °C for 3 hours in a tube furnace with 

flowing pure oxygen gas, most of the surface carbon and other organic contamination would be 

removed. Finally, it was outgassed at 550 °C for 1 hour prior to growth in an ultra-high vacuum 

chamber. A clear reconstruction of its surface can be observed by reflection high-energy electron 

diffraction (will be introduced in Sec. 2.2), indicating an atomic-flat surface for high-quality TI 

growth.  

 Un-doped STO is a good insulator with high dielectric constant36 (ɛ) under low temperature 

(ɛ ~ 20000 at 4.2 K). It is particularly useful in the transport measurement of TI. A considerable 

number of carriers is accumulated on the STO/TI interface and lift the chemical potential of TI 

when a voltage difference is maintained between STO’s bottom and the sample. When practicing 

the electrostatic gating technique, a layer of soft indium is applied on the bottom of STO in order 

to acquire a uniform electric field coverage over the whole area of the substrate.  
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2.1.2 Molecular Beam Epitaxy (MBE) Growth  

 Molecular beam epitaxy (MBE) is used for growing high-quality TI due to the following 

advantages: (i) The main chamber is required to reach ultra-high vacuum (~ 10-10 mbar), and the 

epitaxy growth is almost free from contamination. (ii) The growth rate is extremely slow (~ 10 

nm/hr), so the thickness of the film can be precisely controlled. (iii) Minimum interaction between 

beams due to the long mean-free-path in the MBE chamber. With stable beam fluxes and sample 

surface temperature, reproducibility is guaranteed. (iv) MBE growth is a non-thermal equilibrium 

process. It enables the sample to acquire the structure and phase with elevated energy states or a 

higher doping level. The TI samples studied in this dissertation are grown by the collaborators in 

Nitin Samarth’s group.   

 The schematic of an MBE chamber is shown in Figure 2.1. The key components in the 

system are listed as follows: (i) An ultra-high vacuum main chamber and load lock chamber 

pumped by turbopumps. Liquid nitrogen was circulated in the cryopanels to improve the 

background pressure. (ii) Sample holder with a radiant heater and a rotary stage. (iii) Knudsen 

effusion cell for high vapor pressure material and e-gun for high melting point material. (iv) A 20 

keV RHEED gun and a kSA400 RHEED analyzer.  

 Our TI growth is carried out under the vacuum better than 2×10-10 mbar, and the substrate 

temperature is maintained at ~ 240 °C. Bi (99.999%), Sb (99.9999%), Te (99.9999%) and Cr 

(99.999%) are evaporated from Kundsen effusion cell, while V (99.995%) is doped by using e-

gun. The flux ratio of Te/(Bi + Sb) is usually kept > 10 to minimize Te deficiency, and Bi/Sb ratio 

is optimized to tune the chemical potential into the charge neutral point. The flux of each element 

is adjusted by raising / lowering their effusion cell temperatures or e-gun power. The growth is ~ 

0.25 QL/min. The typical growth parameters are listed in table 2.1. 
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Figure 2.1 The schematic of the MBE 

system. MBE growth is carried out in an 

ultra-high vacuum chamber at the pressure < 

2×10-10 mbar. The substrate is mounted on a 

rotary stage with and heated by a radiant 

heater. Knudsen effusion cells are used for 

evaporating Bi, Sb, Te, Cr sources, and e-gun 

is used for depositing V.  RHEED system is 

used for in situ monitoring of the crystal 

quality during the growth.  

 

          Growth condition 

TI type Bi (°C) Sb (°C) Te (°C) Cr (°C) V (W) Substrate (°C) 

(Bi1-xSbx)2Te3 491 408 300 N/A N/A 315 

Cr-(Bi1-xSbx)2Te3 500 420 306 1130 N/A 315 

V-(Bi1-xSbx)2Te3 490 420 306 N/A 62 315 

Table 2.1 The typical growth condition of doped/non-doped TI layers. Bi, Sb, Te, and Cr are evaporated from 

Kundsen effusion cell, and the table shows their typical temperatures during the growth process. The power of e-gun 

used for depositing V is also shown above. The temperature can be slightly adjusted (up to ±20 °C) to 

increase/decrease the sources’ flux to tune the chemical potential of the sample into charge neutral point.  
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 After the growth, the sample is annealed at 240 °C for 30 minutes to heal the crystal defects. 

Before the removal of the sample from the main chamber, a 10 nm thick Te layer is deposited at 

ambient temperature on top of the magnetic TI heterostructure to slow down the sample 

degradation. Te capping layer is insulating (> 100 MΩ) at low temperature37, which is a few 

magnitudes higher than our heterostructure and have the negligible influence on the transport 

measurement. 

2.1.3 Reflection High-energy Electron Diffraction (RHEED) 

 Reflection high-energy electron diffraction (RHEED) is an in situ surface characterization 

method that requires a high vacuum environment to prevent the backscattering and a clean incident 

surface to ensure effective diffraction. These requirements are also fulfilled in MBE growth so it 

is commonly integrated with the MBE system. In a RHEED measurement, the high energy (10 ~ 

30 keV) electrons are collimated by RHEED gun and irradiated to the sample surface with an angle 

θ smaller than 3°, then they interact with the sample surface and yield a diffraction pattern on top 

of the RHEED screen.  

 The sample quality of the MBE growth can be indicated by the RHEED pattern: (i) A 

layered structure with single-crystalline surface gives a RHEED pattern of sharp parallel streaks, 

as shown in Fig.2.2a. The streak broadens if there are small domains smaller than the electron 

coherence length, and the distance between streaks depends on the azimuth angle. (ii) Rough 

surface caused by 3D islands will form a transmission diffraction pattern of a dot array, which is 

identical to the diffraction pattern of a 3D crystal.  (iii) Sample with disordered crystal structures 

would not display a well-defined RHEED pattern. Proper reconstruction of substrate STO surface 

can also be told by the formation of Kikuchi lines that connect the sharp diffraction points on a 

RHEED pattern, as shown in Fig. 2.2b.  
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(a)  

 

(b) 

 

Figure 2.2 RHEED pattern taken from sample growth. (a) A typical RHEED pattern of (Bi1-xSbx)2Te3 layer with 

the atomically flat crystalline surface. (b) A typical RHEED pattern of STO substrate prior to the growth. Kikuchi 

lines indicate a good reconstructed surface. 

 

2.2 Sample Characterization Methods 

 The small exchange gap size in a magnetic doped TI makes the observation of quantized 

value in transport measurement only possible with the minimum thermal fluctuation (T< 200 mK). 

Besides, the growth condition of the sample that displays ideal quantization is so subtle that 

hundreds of attempts have to be made before acquiring the optimal growth parameters. Thanks to 

the thorough study of TI electric band structure, we can analyze the sample quality by a brief 

electrical characterization and make a little progress each time.  

 The growth of magnetic TI heterostructures studied in this dissertation is more complicated. 

In these samples, not only the chemical potential has to be tuned to the charge neutral point of 

every TI layer, but the magnetic doping level of a different layer need to be balanced to obtain the 

target phenomenon. However, samples with the potential of displaying novel quantum 

phenomenon under ultra-low temperature will show preliminary signs in the measurement at a 

higher temperature accessible to the physical property measurement system. So, in order to 
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increase the success rate, we can screen out inferior samples by using the following transport 

characterization methods prior to the ultra-low temperature measurement. 

2.2.1 Physical Property Measurement System (PPMS)  

  Physical property measurement system (PPMS) is a commercial automated low-

temperature (down to 1.9 K) electrical transport measurement system with an integrated 7 T 

superconducting magnet from Quantum Design (QD), Inc38. It includes a storage dewar with liquid 

4He reservoir, a PPMS probe with the sample space and a programmable controller (M6000) with 

DC transport measurement system for data acquisition (Fig. 2.3a).  

 The PPMS probe along with the superconducting magnet is submerged in the liquid 4He 

bath (Fig. 2.3c) and its sample space is cooled by pulling the liquid 4He through a dual impedance 

system via cooling annulus (Fig. 2.3e). Our sample is mounted on the mounting stage (puck) 

provided by QD that can be fitted to the bottom of the sample space. A circuit board is installed 

below the sample space and soldered to the feedthrough that makes the electrical contacts with 

heaters, thermometers, and the puck. It is linked with probe head through the long wires tapped on 

the outside wall of the sample space.  

 Figure. 2.3b shows the block diagram of electrical connections when conducting the 

transport measurements. The device under test (DUT) is wired to the sample puck and matched to 

individual BNC ports on the contact switcher, so the resistivity measurement system integrated in 

M6000 can practice 4-probe transport measurement from any electrode of the sample. M6000 

conducts the transport measurement and sends acquired data to a computer via GPIB cable. The 

measurement sequence is programmed by the software Multivu.  
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Figure 2.3 Physical property measurement system (PPMS). (a) Storage dewar and M6000 controller. (b) Block 

diagram of electrical connection. (c) Schematic of the storage dewar. (d) Schematic of the PPMS probe. It is 

submerged in the liquid 4He bath. (e) Schematic of the cooling system and sample space. Figure (a), (d), and (e) 

are reproduced from Quantum Design website https://www.qdusa.com/.  

 

2.2.2 Sample Configuration 

 Before the transport characterization, every magnetic TI heterostructure film is scratched 

into the same Hall bar geometry with an effective area of 1 × 0.5 mm2 by a computer-controlled 

probe station. Then the soft indium metal is squeezed on the back of STO substrate to cover the 

whole area of Hall bar (in Fig. 2.4a, indium layer with silver-white color is shown in TI removed 

https://www.qdusa.com/
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area). The gating voltage is applied by connecting the indium layer to the potential HIGH of the 

source meter Keithley 2400, while the potential LOW is wired to the current drain electrode of the 

Hall bar (Fig. 2.4b). A 0.1 mm thick sapphire slide is glued (by GE varnish, aka, VGE7031) 

between the substrate and sample puck in order to insulate gating wire with the puck (made of 

copper) while keeping a good thermal contact.  

 When mechanically compressing an indium dot on the surface of the sample, indium 

penetrates through the Te capping layer and directly touches the TI. Gold wire is used to link the 

indium dot to the contact pins on the sample puck. An excitation of 1 μA is usually used at 1.9 K, 

and 1 nA is used at an ultra-low temperature to reduce the thermal fluctuation. Hall resistance ρyx 

and longitudinal resistance ρxx are measured simultaneously.  

 

Figure 2.4 Sample configuration in the transport measurement. (a) Photo of a typical sample with Hall bar 

geometry. (b) Schematic of the sample configuration. It shows the current flow direction, ρyx & ρxx leads, and gating 

voltage Vg.   

2.2.3 Hall Resistance 

 In a ferromagnetic material, the Hall resistance ρyx is expressed as: 

ρyx = ρyx
NH + ρyx

AH + ρyx
TH,  
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where ρyx
NH

 stands for normal Hall resistance, ρyx
AH is the anomalous Hall effect contribution, and 

ρyx
TH is an optional topological Hall component, which is observed in magnetic TI heterostructure 

that and be discussed in Chapter 4.  

  ρyx
NH is caused by the Lorentz force that deflects charge carriers’ propagation direction, 

and it is proportional to the external field, ρyx
NH = µ0RHH. The sign of the Hall coefficient RH 

reflects the carrier type, so the growth parameter can be adjusted accordingly. Specifically, we will 

increase the temperature of Sb by a few degrees Celsius to balance out the excessive n-type carrier 

in the case of a negative RH, while we will raise the temperature for Bi with a positive RH. 

Empirically, the optimal growth condition will give rise to an almost flat normal Hall resistance 

when -10V < Vg < +10V, and the sign of RH is tunable within the range of the source meter.  

 ρyx
AH

 is the anomalous Hall (AH) resistance normally relating the magnetization M of the 

sample, ρyx
AH = RAM. In our magnetically doped TI heterostructures, the coercive field is decided 

by the transition of ρyx
AH. The optimal growth parameters enable the magnetic TI to have a 

reasonable coercive field (0.1 T for Cr-doped TI; 1 T for V-doped TI) and a Hall angle (ρyx/ρxx
H=0T) > 

1 at 2 K. Insufficient magnetic dopants will significantly reduce the coercive field and broaden the 

transition area of magnetization flipping.  

 Since the Hall effect produces the voltage difference transverse to the current flow, the Hall 

resistance is measured from the Hall electrodes perpendicular to the current leads. However, the 

voltage drop measured by Hall electrodes is impossible to be aligned perfectly perpendicular to 

the current direction, so it inevitably picks up a longitudinal component. Otherwise, ρyx of a 

magnetic TI layer would be strictly zero before applying any external field in the ideal sample with 

perfect Hall geometry. Measured ρxx also has a Hall ‘pick-up’ component by the same reason. A 
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‘symmetrization’ method is practiced after the data acquisition to eliminate the influence of such 

pick-up resistance. The principle of this method is described as follows.  

 We use ρyx(H) to denote the measured Hall resistance at H in one half of the Hall loop (field 

sweeps from +H to –H), while ρ0
yx(H) is the actual value. ρyx(-H) denotes the Hall resistance at -

H in the other half of Hall loop where field sweeps from –H to H. Then we have,  

ρyx(H)= ρyx
0 (H) + α ρxx

0 (H), ρyx(-H) = ρyx
0 (-H) + α ρxx

0 (-H), 

ρxx(H)= ρxx
0 (H) + α ρyx

0 (H), ρxx(-H) = ρxx
0 (-H) + α ρyx

0 (-H), 

where α is the pick-up coefficient. Since the actual Hall loop is anti-symmetric and the actual 

magnetoresistance is symmetric, we have ρyx
0(-H) = -ρyx

0(H), and ρxx (-H) = ρxx
0(H). Solving for 

ρyx
0 (H) and ρxx

0(H) we will have ρyx
0 (H) = (ρyx(H) - ρyx(-H))/2 = -ρyx

0 (-H) and ρxx
0 (H)=(ρxx(H)+ 

ρxx(-H))/2 = ρyx
0(-H).  

 For most of the cases, the pick-up resistance is negligible, especially at the QAH state with 

non-dissipative edge state. However, the symmetrization process is indispensable when ρxx is more 

than one order of the magnitude larger than ρyx (e.g. the axion insulator state). 

2.2.4 Arrott Plot 

 The Curie temperature (Tc) is another reference for the quality of magnetically doped TI. 

Cr-doped TI that displays QAH has Tc around 20 K, and Tc for V-doped TI is around 60K. 

Unusually low Tc indicates the lack of long-range ferromagnetic order in TI.   

 Tc can be experimentally determined by magnetization measurement (using a 

Superconducting QUantum Interference Device (SQUID) based Magnetic Property Measurement 

System from QD) or the transport measurement of AH effect. However, the STO substrate used in 
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our experiment has background magnetization signal comparable to the signal of magnetic dopants, 

making the Tc hard to decide with SQUID magnetometer. The emergence of AH effect is a 

reasonable criterion for the ferromagnetic order, although the hysteresis loop and the anomalous 

Hall magnitude sometimes became too small to distinguish at a higher temperature.  

 

 

 

 

 

 

Figure 2.5 Arrott plot of a Cr-

doped TI (3QL)/non-doped 

(5QL)/Cr-doped TI (3 QL) 

heterostructure. The Tc of this 

sample is around 19 K.  

 Arrott plot is another method to determine Tc using transport data39. The Arrott plot is 

expressed as ρ2
yx = a + b μ0H/ρyx, where 𝑎𝑎 ∝ 𝑇𝑇−𝑇𝑇𝑐𝑐

𝑇𝑇𝑐𝑐
  and b are material-related constants. With the 

increasing temperature, a changes sign from positive (T < Tc, sample is ferromagnetic) to negative 

(T > Tc, sample is paramagnetic). Therefore, the back-tracing extension line of isothermal ρ2
yx - 

μ0H/ρyx curve that pass through the origin is taken at Tc. Figure 2.5 displays the Arrott plot of a Cr-

doped TI (3QL)/non-doped (5QL)/Cr-doped TI (3 QL) heterostructure for example. The extension 

line of the isothermal curve at Tc = 19 K has an intercept of zero, the curves above Tc have negative 

intercept, while those below Tc have positive intercept.  
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2.2.5 Conductance Conversion 

 In the electrical transport measurement, the measurable parameters are current, voltage and 

resistance (or it can be directly calculated from Ohm’s law using former parameters). However, 

conductance is more commonly used in the theoretical description of two-dimensional systems, so 

the conversion from resistance to conductance is vital to characterize the topological quantum 

phenomenon. In our topological heterostructure films, resistance and conductance are tensors in 

nature, and their conversion relations are listed as follows.  

𝜌𝜌𝑥𝑥𝑥𝑥 =
𝜎𝜎𝑥𝑥𝑥𝑥

𝜎𝜎𝑥𝑥𝑥𝑥2 + 𝜎𝜎𝑦𝑦𝑥𝑥2
,𝜌𝜌𝑦𝑦𝑥𝑥 =

𝜎𝜎𝑦𝑦𝑥𝑥
𝜎𝜎𝑥𝑥𝑥𝑥2 + 𝜎𝜎𝑦𝑦𝑥𝑥2

; 

𝜎𝜎𝑥𝑥𝑥𝑥 =
𝜌𝜌𝑥𝑥𝑥𝑥

𝜌𝜌𝑥𝑥𝑥𝑥2 + 𝜌𝜌𝑦𝑦𝑥𝑥2
,𝜎𝜎𝑦𝑦𝑥𝑥 =

𝜌𝜌𝑦𝑦𝑥𝑥
𝜌𝜌𝑥𝑥𝑥𝑥2 + 𝜌𝜌𝑦𝑦𝑥𝑥2

.  

 Extra caution should be used in 𝜌𝜌𝑦𝑦𝑥𝑥  and 𝜌𝜌𝑥𝑥𝑥𝑥  around Hc to prevent the artifacts formed by 

the conductance conversion. Figure 2.6 shows two common artifacts taken place during the 

magnetization reversal in field-dependent conductance relation of QAH effect. Figure 2.6a and c 

display perfectly quantized 𝜌𝜌𝑦𝑦𝑥𝑥  and 𝜌𝜌𝑥𝑥𝑥𝑥  in V-doped and Cr-doped TI under 30 mK, respectively. 

When converted to 𝜎𝜎𝑦𝑦𝑥𝑥 , however, Fig. 2.6b shows a ‘zero plateau’ (boxed by dashed lines) around 

Hc, while Fig. 2d displays a ‘peak’ overshooting the quantized conductance. Mathematically, ‘zero 

plateau’ is due to the much higher bulk resistance 𝜌𝜌𝑥𝑥𝑥𝑥  (> 2 ℎ
𝑒𝑒2

) than 𝜌𝜌𝑦𝑦𝑥𝑥(< 0.5 ℎ
𝑒𝑒2

) around Hc, and 

the ‘overshoot’ happens because  𝜌𝜌𝑥𝑥𝑥𝑥2  is negligible when 𝜌𝜌𝑦𝑦𝑥𝑥  is close but still smaller than ℎ
𝑒𝑒2

. These 

artifacts have no particular physical meaning and they are unambiguously different from the 

features of the quantum phenomena in the next two chapters. Merely induced by the method errors 

in the field scan under ultra-low temperature, these artifacts can be avoided if we set a uniform 

sampling/field-sweeping rate and take an enough amount of data points.  



26 
 

 

2.3 Ultra-low Temperature Transport Measurement 

 When the energy of electron thermal fluctuations (in the order of kBT, where kB is 

Boltzmann constant, T is the temperature) is comparable to the small exchange gap size of the 

magnetic TI in size, the electron would induce excessive conducting channels other than the chiral 

edge state. In the magnetic TI heterostructure with two magnetic TI layers, their exchange gap 

 

Figure 2.6 Two common artifacts when conducting conductance conversion from resistance. (a)  µ0H-

dependent ρyx and ρxx of V-doped TI showing QAH effect. (b) the ‘zero plateau’ of σyx around Hc. (c) µ0H-dependent 

ρyx and ρxx of Cr-doped TI showing QAH effect.  (d) the ‘peak’ overshoots quantized conductance 𝑒𝑒
2

ℎ
. 
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overlap is even smaller. In order to reach the quantized value, the ultra-low temperature is required 

to minimize the thermal fluctuation.  

 We use a commercial MiniKelvin 126-TOF series dilution refrigerator (DR) from Leiden 

Cryogenics40 to create an ultra-low temperature environment down to 30 mK, and pair it with an 

AVS-47 resistivity bridge to conduct the electrical transport measurement. Here, we will introduce 

the working principle and experimental set-up.   

2.3.1 Operation Principle of Dilution Refrigerator 

 The helium storage dewar used for the DR is more thermally conservative than a PPMS 

dewar shown in the Figure 2.3c: a liquid nitrogen jacket is buffered between the outer vacuum 

jacket and the 4He bath in order to reduce the heat exchange with the ambient environment. The 

DR insert is submerged in liquid helium (T ~ 4.2 K), and the dilution circuit (T << 4.2 K) is sealed 

(vacuum shield is removed to show components in Fig. 2.7b) at high vacuum in the inner vacuum 

chamber (IVC) to prevent the heat exchange with 4He bath. Figure 2.7a shows the DR working 

principle. The mixture of two isotopes of helium, 3He and 4He, is circulating inside this closed-

loop dilution circuit.  
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Figure 2.7 Operating principle of a dilution refrigerator. (a) The schematic diagram of a DR insert, the dilution 

circuit and other key components are labeled. (b) Picture of the DR insert used in our experiment with the shields 

removed. (c) Phase diagram of 3He/4He mixture41. (d) Picture of the experimental set-up of transport measurement, 

it is attached to the mixing chamber. (e) Picture of the sample puck and the sample.  

 The 1K pot provides the preliminary cooling power by pumping liquid helium from the 

4He bath through the needle valves, and the mixture is also initially liquefied in the 1 K pot (T ~ 

1.2 K). When pumping the still using turbo pump, higher-vapor-pressure (compared to 4He under 

low temperature) 3He would be extracted and lower the still temperature down to 0.6 K. Once the 

T is below 0.86 K (the tri-critical point in Fig. 2.7c), 3He/4He mixture separates into two phases: 

the ‘lighter’ 3He-rich ‘concentrated phase’ shown in green; and the ‘heavier’ 4He-rich ‘diluted 

phase’ shown in blue42. The 3He/4He ratio is carefully chosen (10 - 20 %) so that the phase 



29 
 

boundary is inside the mixing chamber. When 3He in ‘concentrated phase’ enters ‘diluted phase’ 

through the phase separation surface (shown with the horizontal arrow in Fig. 2.6c) in the mixing 

chamber, it will absorb heat and gradually bring the chamber down to the ultra-low base 

temperature. The cooling power of this DR model at 120 mK is designed to be 700 µW, and the 

base temperature is below 10 mK. 

 The circulation of 3He enables the system to maintain a dynamic equilibrium. In Fig. 2.7a, 

3He flow is labeled in red arrows, and let’s study the circulation starting from the Still. Once the 

3He is pumped out of the ‘diluted phase' in the Still (heat can be applied in the still to increase the 

flow), it enters the ambient environment. Then it is cleaned by liquid nitrogen traps, goes back to 

the condenser and is liquefied once again by the 1K pot. 3He is further cooled by the heat 

exchangers (shown in pink) when it passes through the impedances and flows back to the mixing 

chamber. 3He will always re-enter the ‘diluted phase’ and finish another round of circulation 

because the pumping of the Still prevents 3He from being saturated.  

2.3.2 Sample Space and Superconducting Magnet 

 The experimental set-up is closely attached to the mixing chamber, shown in Fig. 2.7d, by 

using a copper rod to maximize the thermal conductance. The samples are prepared in the way 

described in Section 2.2.2 on a custom-made sample puck (Fig. 2.7e). They are mounted at the far 

end of the rod to reach the center of the magnet. The wires for the transport measurement are 

rounded around the rod branches for increasing the heat capacity (or thermal stability). Each wire 

connects to an individual RF filter before contacting the sample. Since the sample is in direct 

metallic contact with these contacting wires, the heat of the sample conducted through the wires 

is comparable to the heat exchanged with the sample puck. A nonlinear thermometer RuO2, whose 
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resistance can rise from 400 Ω to 22 kΩ when the temperature changes from 300 K to 10 mK, is 

used in the mixing chamber. 

 A solenoid-style superconducting magnet made from winding NbTi wire is installed in the 

bottom of the 4He bath. The critical field and maximum current density of NbTi enable the magnet 

to host the magnetic field up to 9 T. The sample space is loaded into the center of the solenoid, 

where the magnetic field is concentrated and uniform.  

 During the magnet operation under ultra-low temperature, the magnetization process when 

applying field introduces heat to the system, resulting in the rise of sample temperature by a few 

millikelvin. This heating effect is rather pronounced at magnetization direction flipping when the 

magnet sweeps over zero field. By the same token, the demagnetization process of withdrawing 

the field decreases the temperature, similar to the adiabatic demagnetization technique used to 

achieve sub-millikelvin. This millikelvin temperature difference will give non-negligible deviance 

from actual resistance.  

 To obtain consistent temperature in field-dependent transport measurement, low field 

sweeping rate ~ 10 Oe/s is used and the magnetic field is held when taking data. An additional 

data acquisition delay of a few minutes is also taken after each target field value is achieved and 

stabilized. A Hall loop up to 1.5 T usually takes hours to finish, so a proper arrangement of the 

holding fields is vital for balancing data quality and time efficiency. A large field step size is often 

used in monotonously changing regions (quantized or zero resistance plateau in magnetic TI 

samples), while a finer but uniform field step size is practiced in feature-rich regions (around Hc). 

The step size shall be adjusted to avoid possible data artifact. However, in the PPMS measurement, 

high-quality data can be easily acquired with continuous field-sweeping due to the smaller ratio of 

temperature fluctuation at 2 K.  
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2.3.3 AC Resistivity Bridge 

 The AVS-47 AC resistivity bridge from Picowatt is used for conducting four-probe 

transport measurement43. It is an analog resistance bridge without any built-in microprocessor. 

Except for the main unit, it also has a digital interface for GBIP connection and the low-noise pre-

amplifier located in two separate units (Fig. 2.8 b & c). The computer interface provides a long 

 

Figure 2.8 AVS-47 AC resistivity bridge. (a) The front panel of AVS-47. The reference resistance Rr and the 

reference excitation voltage Vref is adjustable. (b) The digital interface for AVS-47. (c) Block diagram that shows 

the working principle of AVS-47. Figure (a), (b), and (c) are reproduced from AVS-47 manual from 

http://www.picowatt.fi. 

http://www.picowatt.fi/
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physical distance between AVS-47 and the noisy bus, while the pre-amplifier can decrease the 

radio frequency noise by minimizing the lead length to the sample. AVS-47 has an 8-channel 

multiplexer, an adjustable reference resistance Rr ranging from 2 Ω to 2 MΩ and the reference 

excitation voltage Vref ranging from 3 µV to 3 mV. These parameters can be toggled in the front 

panel (Fig. 2.8a). 

 The working principle of AVS-47 is illustrated by the block diagram in Fig. 2.8d. A 

precision DC reference output first sends out a preset excitation voltage signal Vref, then it is 

converted to a square wave (frequency is between 10 to 20 Hz) by the chopper and sent to channel 

‘b’ in the excitation channel pre-amplifier. If the difference ‘a-c’ doesn’t correspond to ‘b’, the 

pre-amplifier will output a square wave. Then the square wave is rectified but still synchronized 

to be in-phase with the excitation. The rectified signal is accumulated in an analog integrator, 

chopped again and superposed on the total output in order to adjust the excitation current. This 

feedback loop continues until ‘a-c’ is equal to ‘b’, which means the voltage drop across Rr is the 

same as the DC reference output Vref. Since the reference resistor Rr is in series with the sensor 

(DUT), the current excitation for both is 𝐼𝐼𝑟𝑟𝑒𝑒𝑟𝑟 = 2 𝑉𝑉𝑟𝑟𝑒𝑒𝑟𝑟/𝑅𝑅𝑟𝑟.   

  The second feedback loop measures the voltage drop of the sensor Rx. The sensor channel 

pre-amplifier will keep outputting a square wave and slewing either up or down the integrator until 

the Vx (channel ‘b’) matches the Rx voltage drop (‘a - c’). Hence, the resistance Rx is measured as 

RrVx /Vref. AVS-47 provides high-precision measurement under ultra-low temperature due to its 

special design and practical working principle. In our experiments, AVS-47 is able to characterize 

quantized Hall resistance up to 0.9991 ℎ
𝑒𝑒2

 and the resistance of non-dissipative edge channel as low 

as 2×10-5 ℎ
𝑒𝑒2

. 
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Chapter 3  

Realization of the Axion Insulator State 

3.1 Topological Magnetoelectric Effect 

3.1.1 Basic Concepts 

 Topological magnetoelectric effect (TME)24, 44-45 is a unique magnetoelectric effect for 

topological insulators that an electric field could induce a topological contribution to the bulk 

magnetization, and in turn, a magnetic field could also induce a quantized electrical polarization. 

In contrast to the ordinary Maxwell electromagnetic dynamics, the induced magnetic field is co-

linear with the electric field, and vice versa. Both of these two magnetoelectric responses, 

𝑀𝑀𝑡𝑡 =
𝜃𝜃

2𝜋𝜋
𝑒𝑒2

ℎ𝑐𝑐
𝐸𝐸, and  𝑃𝑃𝑡𝑡 =

𝜃𝜃
2𝜋𝜋

𝑒𝑒2

ℎ𝑐𝑐
𝐵𝐵. 

originate from the additional 𝐸𝐸 ∙ 𝐵𝐵 term,  

𝑆𝑆𝜃𝜃 =
𝜃𝜃

2𝜋𝜋
𝑒𝑒2

ℎ
𝐸𝐸 ∙ 𝐵𝐵, 

to the usual Maxwell Lagrangian, in which 𝜃𝜃  is the dimensionless pseudo-scalar parameter 

characterizing the topology of an insulator. In an ordinary insulator, 𝜃𝜃 is 0, while for a TI, 𝜃𝜃 equals 

to π. These topological magnetoelectric responses provide a condense matter approach to the axion 

electro-dynamics from particle physics46, and a system being able to facilitate such TME effect is 

termed as an ‘axion’ insulator45, 47.  

 In a magnetic doped TI film that is able to realize the QAH effect, a half-integer quantum 

Hall effect with spins polarized to the magnetization occurs on both top and bottom surfaces (Sec. 

1.3). When the magnetizations of both surfaces are aligned to the same direction, chiral edge 
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current emerges on the quasi-1D side surfaces, and QAH is observable with a full quantized Hall 

value ± ℎ
𝑒𝑒2

 when the chemical potential is tuned into the magnetic exchange gap (Figure 3.1a). 

However, when the magnetizations have the anti-parallel alignment, TME effect can be obtained. 

The two surfaces have a fixed edge Hall conductance 𝜎𝜎𝐻𝐻 = 𝑒𝑒2

2ℎ
, but with opposite directions and 

form a circulating current on the side surface normal to the electric field Ex (Circulation loop in 

red of Fig. 3.1b). This circulating current displays TME effect by inducing a magnetic field Bx 

parallel or anti-parallel to Ex. Similar induction of charge polarization will occur parallel/anti-

parallel to the applied magnetic field. In a TI system hosting TME effect, all surfaces, including 

the side surfaces, should be gapped to eliminate non-topological contribution.  

 

Figure 3.1 Schematics of the QAH insulator and the axion insulator shows TME effect. (a) The realization of 

the QAH effect in TI with the magnetizations of both top and bottom surfaces aligned to the same direction.  (b) 

Axion insulator state with the magnetization and quantized Hall conductance of two surfaces in opposite directions. 

With the application of an electric field Ex, it forms a circulating current that gives rise to a magnetic field Bx. This 

is a unique magnetoelectric effect for topological insulators and termed as the TME effect.  
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3.1.2 Requirements for Topological Magnetoelectric Effect 

 In order to realize the TME in the TI system, many proposals24, 45, 47 have been made and 

they sum up to the following requirements. (i) The thickness of TI film should be in the 3D regime 

to minimize the influence of the hybridization between the top and bottom surfaces; (ii) Time 

reversal symmetry of top and bottom surfaces should be broken in order to gap their 2D Dirac 

cones, then the chemical potential should be tuned into these gaps to give rise to the half-integer 

quantum Hall effect on each surface. The side surfaces should also be gapped to satisfy the 

adiabatic condition for TME effect; (iii) The interior of the TI should maintain the time reversal 

symmetry in order to keep θ = π in the bulk.  

 

Figure 3.2 Proposed axion insulator structure and its μ0H dependence of σyx. (a) Schematic of a magnetic / 

nonmagnetic/magnetic TI sandwich heterostructures for realizing axion insulator state. (b) μ0H dependence of σyx, 

the blue and red arrows represent the magnetization alignment of magnetic TI layers. The axion insulator state 

occurs at µ0Hc1 > µ0H > µ0Hc2. It displays zero Hall conductance and anti-parallel magnetization alignment.  This 

figure is reproduced from Wang, J., et al., Physical Review B, 92, 081107 (2015). 

 The most commonly proposed experimental structure design for realizing an axion 

insulator is the magnetic/nonmagnetic/magnetic TI sandwich heterostructure45, in which the top 

and bottom magnetic TI layers have two coercive fields, Hc1 and Hc2, shown in Fig. 3.2a. Here we 

set Hc1 > Hc2 and both magnetic TI has an out-of-plane easy axis for simplicity. The axion insulator 
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state can be achieved as follows: we first align the magnetization of both magnetic layers to one 

direction by applying µ0H > µ0Hc1, then we withdraw and increase µ0H to an opposite direction; 

Once µ0Hc1 > µ0H > µ0Hc2, the magnetization of Hc2 layer is reversed while the ‘harder’ Hc1 layer 

remains the same (shown by the red and green arrows in Fig. 3.2b). Two surfaces thus acquire 

opposite magnetization alignment, as shown in Fig. 3.1b.  

 We emphasize that the ‘surface’ mentioned above is the interface between the entities with 

different topology, e.i., bottom magnetic TI/STO substrate, top magnetic TI/Te capping, side 

surface/vacuum. Since the middle non-magnetic TI maintains the same topology of heterostructure 

throughout three TI layers, the magnetic/non-magnetic TI interface cannot be seen as an additional 

‘surface’ that could host a half-integer quantum Hall effect. In other words, the 

magnetic/nonmagnetic/magnetic TI sandwich heterostructure is one TI film with adjustable 

surface magnetization rather than two QAH insulators connected in parallel.  

 In the ultra-low temperature transport measurement using a typical Hall bar configuration 

(introduced in Fig. 3.2), when the TI sandwich heterostructure is showing the QAH effect, the only 

conducting channel is the chiral edge state where the backscattering is prohibited. The σxx, as well 

as ρxx, thus vanishes. While at the axion insulator state, any excitation current sent into the sample 

will be totally reflected by the counter-propagating half-quantized edge channels, so the ρxx = ∞ 

and σxx = 0. The ρyx and σyx should all reduce to 0 because the lack of conducting electrons blocks 

the Hall response. Figure 3.2b shows the μ0H dependence of σyx in such TI sandwich 

heterostructure displaying a ‘zero-plateau’ feature on top of QAH hysteresis loop.  
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3.1.3 Previous Experiments 

 Early studies discovered ‘axion electrodynamics’ features in uniformly Cr-doped TI48-49 or 

V-doped TI50, although these observations didn’t serve as solid evidence of the axion insulating 

state. In Cr-doped (Bi1-xSbx)2Te3, a ‘zero-plateau’ feature in μ0H - σyx relation45, 48-49 was observed 

during the magnetization reversal (Fig. 3.3a), and the corresponding ρxx was up to a few megaohms 

(Fig. 3.3b). However, as shown in Fig. 3.3c, the insulating behavior of ρxx is more likely due to the 

formation of multi-domain and the chiral edge states at the domain walls20, 48 rather than the 

counter-propagating edge state between the top and bottom surface. Since the conduction σyx is 

converted from  𝜌𝜌𝑦𝑦𝑥𝑥
 𝜌𝜌𝑥𝑥𝑥𝑥2 +𝜌𝜌𝑦𝑦𝑥𝑥2

, its ‘zero-plateau’ is due to the large ρxx (See Sec. 2.2.5 for further 

discussion). In V-doped (Bi1-xSbx)2Te3
50, a scaling behavior, which has two semi-circles (the dark 

gray curve in Fig. 3.3d) centered at (σxx , σyx) = (𝑒𝑒
2

2ℎ
, 0) and (- 𝑒𝑒

2

2ℎ
, 0), connecting (𝑒𝑒

2

ℎ
, 0), (- 𝑒𝑒

2

ℎ
, 0), 

and (0, 0), represents two independent integer quantum Hall effect observed at thickness d = 6nm50. 

It developed to one semi-circles (green dots in Fig. 3.3d) centered at (0, 0), connecting (𝑒𝑒
2

ℎ
, 0), (- 

𝑒𝑒2

ℎ
, 0) when d = 9 nm, which represents the QAH effect. The authors believe that the QAH effect 

observed in 3D TI can be regarded as an ‘axion insulator’. This observation, again, cannot 

guarantee the credibility of zero σyx as it was converted from ρxx and ρyx. Also, the chiral edge state 

at 3D regime makes the side surfaces gapless and contradicts the requirement (ii) for TME effect. 

Generally speaking, a uniformly doped TI film is unlikely to host the axion insulator state because 

the time reversal symmetry of its interior is broken by the magnetic dopants, and the strong 

exchange coupling between the top and bottom surfaces makes it impossible for it to have opposite 

magnetization directions.   
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Figure 3.3 ‘Zero-plateau’ feature in uniformly doped TI. (a) μ0H dependence of σyx in Cr-doped (Bi1-xSbx)2Te3 

at different temperatures. σyx is quantized when the sample is magnetized and a ‘zero-plateau’ feature appears during 

the magnetization reversal. (b) μ0H dependence of ρxx at different temperatures. Huge peaks with resistance up to a 

few megaohms appear around Hc. (c) Schematic of samples’ magnetization with randomly-formed multi-domains. 

Orange arrows and red color region represent upward magnetization while green arrows and blue color region 

represent the opposite direction. (d) Flow diagram of (σxx, σyx) of V-doped (Bi1-xSbx)2Te3 films with thickness d = 

6 nm (green), 8 nm (orange), 9 nm (gray). The two dashed black semi-circles represent the scaling behavior of 

integer quantum Hall effect, while the red dashed semi-circle represents the QAH state. Figure (a - c) are reproduced 

from Kou, X., et al., Nature Communications, 6, 8474 (2015); Figure (d) is reproduced from Grauer, S., et al., 

Physical Review Letters, 118, 246801 (2017). 

 Another study51 fabricated Cr-doped/non-doped/Cr-doped TI heterostructure with different 

Hc between two magnetic layers caused by the structural asymmetry. At 40 mK, it also acquired 

‘zero-plateau’ in σyx and two Cr-doped TI can potentially possess opposite magnetization 
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alignment. However, subsequent nanoSQUID-on-tip magnetic imaging studies52 failed to confirm 

the antiparallel magnetization.  

 We noticed that important evidence of ‘axion electrodynamics’, the ‘zero-plateau’ in μ0H-

ρyx relation, was absent in all previous studies, even with Cr-doped/non-doped/Cr-doped TI 

heterostructure. So, it’s natural for us to suspect that in that study, the Hc difference of two Cr-

doped TI surfaces was so small that the higher Hc layer already started the domain nucleation 

before the lower Hc layer’s magnetization was entirely reversed. This speculation motivates us to 

look for two magnetic materials that have much bigger Hc difference to realize the axion insulator 

state. 

3.2 Realization of the Axion Insulator State in TI Heterostructures 

3.2.1 Sample Configuration and Structural Characterization 

 We follow the proposed magnetic/nonmagnetic/magnetic TI sandwich heterostructure but 

use different magnetic dopants in the top and bottom TI layer to increase the Hc discrepancy. So, 

our design for the axion insulator is 3 QL V-doped (Bi1-xSbx)2Te3/4-6 QL (Bi1-xSbx)2Te3/3 QL Cr-

doped (Bi1-xSbx)2Te3 (Fig. 3.4a), here we refer them as 3-4-3, 3-5-3, and 3-6-3 heterostructure. The 

V-doped TI and Cr-doped TI are the best candidates since they have large Hc difference (at 30 mK, 

Hc = 1 T for V14 and 0.15 T for Cr9, as shown in Fig. 3.4b) and prior observations of QAH effect.  
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Figure 3.4 Structural characterization of 3QL V-doped (Bi1-xSbx)2Te3 / 4-6QL (Bi1-xSbx)2Te3 / 3QL Cr-doped 

(Bi1-xSbx)2Te3 sandwich heterostructure. (a) The schematic of the sample configuration and its cross-sectional 

HR-TEM image. The V-doped TI layer is labeled by blue color, while the Cr-doped layer is labeled by red color. 

(b) QAH effect of uniformly V-doped TI (blue curve), and Cr-doped TI (red curve) at 30 mK. Hc of V14 is 1 T and 

that of Cr9 is 0.15 T. (c - d) RHEED pattern of heat-treated STO substrate before growth and the 3-6-3 

heterostructure after the growth. (e) The cross-sectional HAADF-STEM image of 3-4-3 heterostructure and the 

EDS mapping of Cr and V element.  
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We keep our magnetic layer thickness as 3 QL to maintain the long-range ferromagnetic 

order and avoid the possible influence of the bulk carrier. Undoped middle (Bi1-xSbx)2Te3 layer 

serves two important proposes: (i) Maintaining the interior’s time-reversal symmetry for reaching 

the requirement (iii) of TME effect (θ = π in the bulk); (ii) Decoupling two magnetic layers for 

realizing the anti-parallel alignment. To fulfill the requirement (ii) for the TME effect (all surfaces 

gapped), we first optimized growth condition for each TI layer by tuning the chemical potential to 

the charge neutral point. Then we systematically change the thickness of middle layer from 4 QL 

to 6 QL in order to find the appropriate thickness that minimizes the exchanging coupling between 

two magnetic layers, while still gaps the side surfaces via quantum confinement.  

 The RHEED pattern in Fig. 3.4c shows dot array in concentric circles, indicating the 

atomically flat surface of heat-treated STO (111) substrate. The sharp and streaking ‘1×1’ pattern 

observed after the growth of 3-6-3 heterostructure in Fig. 3.4d also demonstrates its highly-ordered 

crystal structure.  

 Figure 3.4a and Fig. 3.4e respectively shows the cross-sectional of high-resolution 

transmission electron microscopy (HR-TEM) and high-angle annular dark-field scanning 

transmission electron microscope image (HAADF-STEM) of the 3-4-3 heterostructure. The 

crystal structures of Te capping layer, the 10 QL heterostructure, and the STO substrate can be 

distinguished. The Energy-dispersive X-ray spectroscopy (EDS) measurements (Fig. 3.4f and g) 

shows weak but distinguishable signals in Cr-/V- doped layer (highlighted with yellow dashed 

lines). It reflects the doping (~ 5 %) levels of these ions in our 3-4-3 heterostructure.  
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3.2.2 Transport Characterization at 2K 

 

Figure 3.5 Electrical transport characterization of the best sample in each thickness configuration at 2 K.  

(a - d) Vg dependent ρyx and ρxx at 2 K of 2-4-2, 3-4-3, 3-5-3, and 3-6-3 heterostructures. The feature included inside 

the dashed box indicates the emergence of QAH effect. Figure (e - h) µ0H-ρyx relation that displays a ‘plateau’ 

feature due to two Hc of V-/Cr- doped TI layers. 

 A good growth condition would feature the sample with both an overall quantization and 

a ‘plateau’ feature residing on zero. Figure 3.5 shows the electrical transport characterization of 
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the best sample in each thickness configuration at 2 K during the sample screening process. The 

most important indication of the QAH effect in the sample screening process is included in the 

dashed box in Fig. 3.5b - d. When the chemical potential is tuned into the magnetic exchange gap, 

the ρyx (blue curves) would reach the maximum and display a peak, while the ρxx (red curves) would 

show a dip indicating the influence of dissipationless chiral edge state.  

 The ‘plateau’ feature in µ0H - ρyx relation in Fig. 3.5 is due to two Hc, and the position of 

the ‘plateau’ is influenced by the bulk/surface contribution of the two magnetic TI layers. As we 

can see from Fig. 3.5e - h, the 2-4-2 heterostructure has ρyx closest to quantized value due to its 

minimal thickness (ρyx decreases monotonically as thickness increases from 10 to 12 QL), but the 

‘plateau’ is rather narrow and off from the zero resistance, representing a comparatively weak 

perpendicular magnetic anisotropy and imbalanced conducting channels from V- and Cr- doped 

TI layers.  

 The 3-4-3, 3-5-3, 3-6-3 heterostructures are all showing both ‘zero-plateau’ feature and a 

good sign of reaching QAH effect under ultra-low temperature. So, in the following section, we 

will introduce the transport result of these three configurations under 30 mK. 
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3.2.3 Gate Dependence of Transport Properties  

            We systematically studied the magnetoresistance ρxx, Hall resistance ρyx under different Vg 

using a small excitation of 0.3 nA and converted them into conductance. The charge neutral point 

Vg
0 of these three samples are at +16 V (Fig. 3.6e), +18 V (Fig. 3.7e), -16 V (Fig. 3.8d), 

respectively, and the theoretically predicted quantized TME effect can be achieved in this Vg. In 

μ0H dependence of σyx , we can see an apparent ‘plateau’ feature representing the anti-parallel 

alignment of the V- and Cr-doped TI layers with the coercive field of Hc1 and Hc2. At μ0H > μ0Hc1, 

two magnetic TI layers have ferromagnetic alignment, and QAH effect emerges with quantized 

ρyx, σyx and vanishing ρxx, σxx. When μ0Hc1 > μ0H > μ0Hc2, the counter-propagating edge states 

between the top and bottom surface make ρxx insulating that exceeds the maximum resistance range 

of the AC resistivity bridge (~ 40 h/e2). Large ρxx can be picked up by ρyx, so the ‘zero-plateau’ in 

our μ0H - ρyx becomes a rather random electrical fluctuation with the magnitude of a few h/e2. 

However, the conductance picture is displaying a textbook ‘zero-plateau’ in μ0H - σyx relation and 

a twin-peak feature in μ0H – σxx, demonstrating the magnetization reversal of V- and Cr- doped TI 

layer. Between the twin peaks, σxx is also zero due to the large ρxx. Now we confirm the predicted 

transport response for an axion insulator: ρyx = 0, σyx = 0, ρxx = ∞, and σxx = 0.   
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Figure 3.6 μ0H dependence of ρxx, σxx, ρyx, and σyx of the 3-4-3 heterostructure at 30 mK under different Vg. 

(a) -200 V, (b) -100 V, (c) -50 V, (d) 0 V, (e) 16 V, (f) +50 V, (g) +100 V, and (h) +200 V. 
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Figure 3.7 μ0H dependence of ρxx, σxx, ρyx, and σyx of the 3-5-3 heterostructure at 30 mK under different Vg. 

(a) -200 V, (b) -100 V, (c) -50 V, (d) 0 V, (e) 18 V, (f) +50 V, (g) +100 V, and (h) +200 V. 
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Figure 3.8 μ0H dependence of ρxx, σxx, ρyx, and σyx of the 3-6-3 heterostructure at 30 mK under different Vg. 

(a) -200 V, (b) -100 V, (c) -50 V, (d) -16 V, (e) 0 V, (f) +50 V, (g) +100 V, and (h) +200 V. 
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            With the Vg slightly deviated from Vg
0, the ρxx is dramatically reduced and has weakened 

influence to the Hall resistance at Hc1 > μ0H > Hc2, so ρyx starts to show ‘“real” zero-plateau’ feature 

(Fig. 3.6d, Fig. 3.7d-g), giving us an unambiguous observation of zero Hall resistance feature that 

is absent in all previous studies.  

          The transport properties of these three heterostructures when Vg is tuned away from Vg
0 have 

notable differences between each other. In the 3-4-3 heterostructure, when Vg < -50 V, the ‘plateau’ 

disappears and only one magnetic transition is seen in the hysteresis loop. This is because the 

exchange coupling between two magnetic TI layers is greatly enhanced by the substantial amount 

of the hole-carriers in the system (modulated by the Ruderman-Kittel-Kasuya-Yosida (RKKY) 

interaction). Thus Cr-/V- doped TI layers in 3-4-3 heterostructure are coupled with each other and 

act as one uniformly doped magnetic TI, while in other two samples with thicker pure TI spacer, 

the ‘step’ feature persists, meaning two magnetic TI layers are not totally coupled with each other. 

In both 3-5-3 and 3-4-3 heterostructures, the Hall resistance is much smaller at negative Vg (< 0.1 

h/e2) than that at positive Vg (> 0.5 h/e2) because the exchange gap is closer to the valence band 

than the conduction band. The 3-6-3 heterostructure shows an opposite Vg dependent behavior. Its 

small ρyx at Vg > 50 V indicates that the chemical potential may have crossed the bulk conduction 

band, and the ‘step’ feature in this Vg region is also similar to the Hall response of 3-5-3 

heterostructure at Vg < Vg
0. 
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3.2.4 Exchange Coupling in Heterostructures 

           In order to demonstrate the weak exchange coupling between the Cr- and V-doped TI layers, 

we carried out the minor loop measurement at these three samples at Vg = Vg
0

 under T = 30 mK. 

The magnitude of exchange coupling HE can be expressed as|𝐻𝐻𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝐿𝐿 −𝐻𝐻𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑅𝑅 |
2

, where 𝐻𝐻𝑐𝑐,𝑏𝑏𝑘𝑘𝑘𝑘𝑡𝑡𝑟𝑟
𝐿𝐿  and 

𝐻𝐻𝑐𝑐,𝑏𝑏𝑘𝑘𝑘𝑘𝑡𝑡𝑟𝑟
𝑅𝑅  respectively represents the left and right Hc of minor loop53-54. From Fig. 3.9, we can 

calculate the HE to be ~ 135 Oe (3-4-3), 115 Oe (3-5-3), 65 Oe (3-6-3). The HE decreases as the 

thickness of the pure TI increases, and it is at least one order of the magnitude smaller than the 

difference between Hc1 and Hc2, confirming this heterostructure configuration as a practical 

platform for antiparallel magnetization. We could expect further weakened HE as the spacer 

thickness increases, however, additional dissipative channels may also be introduced and make the 

realization of the axion insulator state more challenging. 

 

Figure 3.9 Minor loop of μ0H dependence of σyx at Vg = Vg0 under T = 30 mK. (a) 3-4-3 heterostructure, (b) 3-

5-3 heterostructure, (c) 3-6-3 heterostructure.  
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3.2.5 Magnetic Force Microscopy (MFM) Measurements 

 Apart from the transport measurement, magnetic force microscopy (MFM) measurement 

also provides conclusive evidence for antiparallel magnetization rather than randomly-formed 

multi-domains. MFM is based on an Atomic Force Microscope, but with a magnetically coated 

scanning tip that enables the measurement of magnetic properties on the sample surface. MFM 

images shown in Fig. 3.10 were taken in 3-5-3 heterostructure at Vg = 0 V under T= 5.3 K from -

0.1 T to -1 T, and the in situ electrical transport is also displayed in Fig. 3.10a. At -0.01 T, the 

MFM image shows a uniform red color that represents the upward parallel magnetization. As the 

μ0H ramps up, we can see the domains with opposite spins, presumably from the magnetization 

reversal of Cr-dope layer, nucleates and shows neutralized magnetization in green color (Fig. 

3.10d). The green color prevails as μ0H further increases (Fig. 3.10e) and at -0.09 T, the whole 

area shows a uniformly green color, corresponding to the ‘zero-plateau’ in the Hall loop.  
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Figure 3.10 μ0H dependence of ρyx and 

corresponding MFM images of the 3-5-3 

heterostructure. (a) μ0H dependence of ρyx 

at 5.3 K under Vg = 0 V. (b) μ0H dependence 

of magnetic domain contrasts (δf) from 0 T 

to 1 T. (c - j) The MFM images of selected 

μ0H respectively representing the 

magnetization alignment transiting from 

parallel upward, then antiparallel, and finally 

parallel downward. Corresponding Hall 

resistance is labeled by black circles in (a).  

 Since the top and bottom layer are not coupled to each other, the pure green color can only 

be explained as the antiparallel alignment between two magnetic TI layers. We can safely claim 

that at the lower temperature, with better a quantization and the broadened ‘zero-plateau’ μ0H 

window, the TI heterostructures indeed possess an anti-parallel magnetization alignment that gives 

rise to axion insulator state. In Fig. 3.10h - i, MFM image shows the emergence of the domains 

with blue color, representing the magnetization reversal of V-doped TI layer. When μ0H is 

increased to -1T, Fig. 3.10j shows a purely blue color, meaning both two magnetic layers is aligned 

downward.  

 Figure 3.10b is the μ0H dependence of magnetic domain contrasts (δf) estimated from the 

root-mean-square value of the MFM image (Fig. 3.10c - j). It shows two peaks that coincide with 

the Hc1 and Hc2 extracted from the transport result in Fig. 3.10a. Therefore, MFM measurements 

further verify our heterostructures’ capability of hosting an axion insulator state.  
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3.3 Conclusions and Discussion 

 We successfully fabricated a series of Cr-doped/non-doped/V-doped TI heterostructures 

displaying QAH effect and a ‘zero-plateau’ feature in μ0H dependence of both ρyx and σyx. The ρxx 

also shows an insulating behavior at the ‘zero-plateau’ μ0H windows caused by totally reflected 

conducting electrons. Complemented by MFM measurements, we confirmed the antiparallel 

magnetization alignment of the top and bottom magnetic layers. Therefore, the transport response 

unambiguously proves that the quantized Hall conductance in QAH effect is contributed equally 

by the top and bottom surfaces, and most importantly, it reveals a material system that hosts the 

axion insulator state and possibly, the TME effect.  

 However, the magnitude of TME response is expected to be weak, and we have not yet 

seen its evidence. The recent theoretical study found that by applying a dynamical in-plane 

magnetization, an axion insulator, unlike the trivial insulator, could host a response current a few 

orders larger than that of the TME effect55. Future experiments can utilize the Cr-doped/non-

doped/V-doped TI heterostructure system to explore novel phenomena originate from magnetic 

dynamics and topological magnetoelectrics. The realization of the axion insulator also paves the 

way for the applications of a new type of spintronic based on axion electrodynamics.  
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Chapter 4  

Crossover of Quantum Anomalous Hall to Topological Hall Effects 

4.1 Chiral Spin Textures and Topological Hall Effect 

4.1.1 Spin Textures 

 A topological insulator has an inverted band structure that gives a non-trivial topology in 

k-space. It cannot be converted to a trivial band insulator by the adiabatic transformation. 

Interestingly, the real space counterpart of electron momentum, electron spin, can also be 

represented by topological non-trivial textures in magnetic materials. To characterize the real-

space topology, we define a topological charge56-58 Q to be similar to the Chern number discussed 

in Chapter 1.3. In magnetically doped TI, topological 𝒅𝒅� vector covers half of a unit sphere and 

gives a Chern number of ± 1
2
 on one surface. By borrowing the definition of Chern number and 

replacing the k-space parameters with the real-space equivalents, we have  

𝑄𝑄 =
1

4𝜋𝜋
� 𝒏𝒏� ∙ �

𝜕𝜕 𝒏𝒏�
𝜕𝜕𝜒𝜒

×
𝜕𝜕 𝒏𝒏�
𝜕𝜕𝑞𝑞

�𝑑𝑑2𝑟𝑟
 

 
 

where the unit vector 𝒏𝒏� is the direction of magnetization. Q corresponds to the surface the spins 

cover when mapping the spin texture to the order-parameter space. 

 These topologically non-trivial spin textures are intensely-studied and can be put into the 

following categories: spin vortex, meron, bubble, skyrmion, and the chiral domain wall.  

 Spin vortex is commonly seen in 2D easy-plane magnet, and its spins rotate an angle of 2π 

around its core. The spins can either always stay in-plane (Fig. 4.1a), or gradually gain an Sz when 

approaching the center and become out-of-plane at the vortex core (Fig. 4.1b). In this ‘out-of-plane’ 
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vortex, the spins are in-plane on the boundary and out-of-plane in the center, the unit vector cover 

half of a unit sphere, so its topological charge59 Q is ± 1
2
. The sign of Q represents the magnetization 

of the texture core.  

  

 

Figure 4.1 Spin textures. (a) Vortex with in-plane spins. (b) Vortex with out-of-plane core with Q= ± 1
2
 . (c) Meron 

with surrounding spins radially pointing outward. (d) Meron with spins pointing inward. (c) Spin bubble with Q= 

±0. (f) Spin bubble with Q= ± 1. (g) Neel-type skyrmion projected from a hedgehog sphere. (h) Bloch-type 

skyrmion projected from a combed hedgehog sphere. These figures are reproduced from Liu, J. et al., ‘Skyrmions: 

topological structures, properties, and applications.’, CRC Press, 2016. 
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 Meron is the spin texture with an out-of-plane core and in-plane surrounding spins radially 

pointing outward or inward (Fig. 4.1c & d). Its Q is also ± 1
2
 for the same reason of an ‘out-of-

plane’ vortex59. The meron always comes in pairs with the same charge and opposite vorticity60-61 

and gives a total Q = ± 1. The meron pairs are observed in materials with ferromagnetism mediated 

by RKKY-interaction61 or have two magnetic layers with antiferromagnetic alignment62.  

 

Figure 4.2 The spin configuration of domain walls. (a) Bloch-type domain wall. (b) Neel-type domain wall. (c) 

Domain wall with zero topological charge. (d) Chiral domain wall with a non-zero winding number. These figures 

are reproduced from Liu, J. et al., ‘Skyrmions: topological structures, properties, and applications.’, CRC Press, 

2016. 

 The spin bubble is the spin texture that has opposite perpendicular spin direction between 

the inner and outer regions63. It has a narrow in-plane domain wall. There are two types of domain 

walls with different topological charges. The one with the spins forming closed-circle domain wall 
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(Fig. 4.1 e) has Q = ± 1 (Fig. 4.1e), while the other has two vertical Bloch lines64 with Q = 0 (Fig. 

4.1f). This kind of spin texture is often seen in magnetic material with strong perpendicular 

anisotropy.  

 Skyrmion attracts enormous research attention due to its promising application to 

spintronic device and its frequent emergence in various kinds of materials. Skyrmion has opposite 

perpendicular spin direction between its core and the boundary, and a comparatively large 

intermediate region with continuously rotating spins65. Skyrmion also has two types based on the 

in-plane spin component’s orientation. The Bloch-type has the texture by projecting a combed 

hedgehog sphere into a plane (Fig. 4.1h), and the spins’ in-plane orientation is normal to the 

direction pointing to the core; The Neel-type is the projection of a hedgehog sphere, and the spins’ 

in-plane orientation is pointing toward/outward the core66 (Fig. 4.1f). Both types have Q = ± 1 and 

topologically protected stability.  

 Domain wall is a transitional region filled with canting neighboring spins connecting two 

domains with opposite magnetization. Similar to the spin-texture of the skyrmion, domain wall 

can also be categorized into Bloch-type and Neel-type. The Bloch wall has the spins rotating in 

the plane parallel to the tangential direction of the domain wall (or normal to the dashed line in 

Fig. 4.2a), while the spins of a Neel wall are all in the plane normal to the domain wall (Fig. 4.2b). 

When the domain wall encloses a finite area and its spins respect the rotational symmetry, it 

becomes a chiral domain wall with non-trivial topology. Chiral domain wall has a finite winding 

number with non-zero Q67, while the domain wall with zero chirality has no winding number and 

breaks the rotational symmetry, as shown in Fig. 4.2d.   
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4.1.2 Origin of Chiral Spin Textures 

 The dominating interactions in a magnetic system are the Heisenberg exchange interaction 

and the Zeeman energy term from the external field. In a material with broken inversion symmetry, 

a noncollinear Dzyaloshinskii-Moriya (DM) interaction that favors the spin canting other than 

parallel / anti-parallel alignment should be taken into consideration68-71. DM interaction is usually 

decided by the crystal structure, and it can also be found in the transition metal interface of 

asymmetric magnetic heterostructures.  

 Thus, the total Hamiltonian of such ferromagnetic material can be written as, 

𝐻𝐻 = � −𝐽𝐽 𝑺𝑺𝒊𝒊 ∙ 𝑺𝑺𝒋𝒋 + 𝑫𝑫𝒊𝒊𝒋𝒋 ∙ �𝑺𝑺𝒊𝒊 × 𝑺𝑺𝒋𝒋� −�𝑔𝑔𝜇𝜇𝐵𝐵𝑩𝑩𝑺𝑺𝒊𝒊
𝑘𝑘<𝑘𝑘,𝑗𝑗>

 

where 𝐽𝐽 is the coefficient for Heisenberg exchange interaction, whose sign determines the parallel 

/ anti-parallel alignment. 𝑫𝑫𝒊𝒊𝒋𝒋 is the DM interaction vector, 𝑔𝑔 is the Landau g-factor and 𝜇𝜇𝐵𝐵 is the 

Bohr magneton. The DM interaction makes adjacent spins acquire a finite angle between each 

other and it is responsible for the formation of chiral spin textures72-75. The Hamiltonian also 

reveals the competition between different interactions, so the chiral spin textures can only be 

stabilized in a narrow field or temperature range.  

4.1.3 Experimental Observations  

 The chiral spin textures were first verified in bulk MnSi, a cubic B20 compound without 

space-inversion symmetry in the crystal lattice, using small angle neutron scattering. Three phases 

of chiral spin textures were observed (Fig. 4.3a - c): conical, helical, and an ‘A-phase’ representing 

the formation of skyrmion lattice76. Soon the similar results were acquired in Co and Fe doped 

MnSi77 and Fe0.8Co0.2Si78.  
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 Many spin sensitive imaging tools are used to observe real-space spin textures, such as 

magnetic force microscopy (MFM)79-80, magneto-optical Kerr effect (MOKE) microscopy81-82, 

Lorentz transmission electron microscopy (LTEM)72, spin-polarized low energy electron 

 

Figure 4.3 Phase diagram for the formation of chiral spin textures. (a) Magnetic phase diagram of MnSi in B-

T parameter space. Three phases were observed: conical, helical, and an ‘A-phase’ with skyrmion lattice. (b) The 

small angle neutron scattering data from a helical spin structure at 28.5 K under zero external fields. (c) The small 

angle neutron scattering result of skyrmion lattice under a finite field of 200 mT. (d - f) LSTM image of helical + 

skyrmion phase, skyrmion phase, and ferromagnetic + skyrmion phase of Fe0.5Co0.5Si under finite fields. (g) – (h) 

The Lorentz TEM observation is combined with a magnetic transport-of-intensity equation calculation to show the 

magnetic components of the helical and skyrmion phase. The spin direction is shown by the white arrows. (i) The 

magnetic phase diagram of Fe0.5Co0.5Si. The stars are corresponding to the B - T conditions in Figure (d - f). Figure 

(a - c) are reproduced from Muhlbauer, S., et al., Science, 2009. 323 (5916). Figure (d - i) are reproduced from Yu, 

X.Z., et al., Nature, 2010. 465 (7300). 
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microscopy (SPLEEM), and spin-polarized scanning tunneling microscopy (SP-STM) 59. Among 

these, MFM and MOKE microscopy are extensively utilized for studying the dynamics of the spin 

textures81-82, while the latter techniques can microscopically disclose the topology of chiral domain 

walls and skyrmions.   

  LTEM is used in the first observation of the skyrmion lattice in Fe0.5Co0.5Si72 (Fig. 4.3d-

f). With the help of magnetic transport-of-intensity equation calculation, it can resolve in-plane 

magnetization along the x-y direction (Fig. 4.3g - h). It’s also able to differentiate the Bloch-type 

and Neel-type skyrmion83, although it cannot determine the chirality of the latter spin texture. 

MnSi84, FeGe85 and a multiferroic insulator, Cu2OSeO3
86, subsequently exhibited the skyrmion 

lattice by using LTEM. These materials are measured in the form of thin film and they have a 

comparatively larger temperature and field range for stable skyrmion lattice than their bulk form72, 

84-89. 

 SPLEEM can precisely determine the spin chirality. It maps the three-dimensional spin 

textures on the sample surface with the resolution down to a few nanometers by spatially imaging 

the deflected or emitted electrons in three orthogonal directions67, 90-91.  

 SP-STM combines the conventional STM with a magnetic tip. The tunneling current 

corresponds to the relative sample-tip magnetization orientation so that the spin structure can be 

spatially resolved down to the atomic scale. This technique leads to the discovery of atomic-sized 

skyrmion lattice in Fe/Pd bilayer structure on Ir (111) substrate92, which is much smaller than the 

skyrmions in other magnets.  

 Recently, with the help of continuously developing imaging techniques, spin textures are 

being found in new materials under more achievable temperature / field conditions: 
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La2Cu0.97Li0.03O4 is found to be the first antiferromagnetic material that can host skyrmion lattice93; 

Room temperature ground state skyrmion without the need of external field  is artificially realized 

in patterned Co non-dots on top of a Co/Pd thin film and confirmed by scanning electron 

microscopy with polarization analysis80.   

4.1.4 Topological Hall Effect  

 The studies in the last section have revealed spin textures’ potential in memory technology. 

Their intriguing electrical transport property could provide a unique way for the information 

readout, which also paves the way to future applications.  

Topological Hall (TH) effect is a signature transport phenomenon for chiral spin texture. 

When a conducting electron meets the chiral spin texture, its spin will adiabatically follow the 

spatial spin distribution of the texture, like it sees a time-dependent emergent virtual magnetic field. 

The spin would pick up a Berry phase based on the solid angle of the magnetization along the path 

it travels. A non-zero Berry phase leads to an additional non-zero Hall component, ρyx
TH, 

superposed on top of the ordinary and anomalous Hall resistance. The magnitude of ρyx
TH is 

determined by the total topological charge of the spin texture acquired by the conducting electron. 

So, we have the total Hall resistance: 

ρyx = ρyx
NH + ρyx

AH + ρyx
TH (ρyx

TH is non-zero when chiral spin texture emerges) 

 The TH effect has been experimentally observed in many magnetic materials, such as 

MnSi94-95, MnGe96, FeGe97, and SrIrO3/SrRuO3 interface98-99. The capable system includes bulk 

magnets, magnetic thin films / interface, and even nanowires100.  
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Figure 4.4 TH effect in magnetic TI structures. (a) Schematic of a 2 nm Crx(Bi1−ySby)2−xTe3 / 5 nm (Bi1−ySby)2−

xTe3 magnetic TI heterostructure. (b) Schematic of a 4 QL Mn-doped Bi2Te3. (c) Top gate-dependent Hall 

conductance of the Cr-doped TI / non-doped TI heterostructure at 2 K. The ‘hump’ feature emerges at negative top 

gating voltage. (d) Bottom gate-dependent Hall resistance of the Mn-doped TI at 1.5 K. The TH effect persists at 

both positive and negative gating voltages. Figure (a) and (c) are reproduced from Yasuda, K., et al., Nature Physics, 

2016, 12, 555-559. Figure (b) and (d) are reproduced from Liu, C., et al., Physical Review Letters, 2017, 119 

(176809). 

 Recently, the TH effect was also reported in magnetically doped TI films and 

heterostructures101-102. Yasuda et al. systematically studied the topological Hall effect in a 2nm 

Crx(Bi1−ySby)2−xTe3/5nm (Bi1−ySby)2−xTe3 heterostructures grown on the InP substrate (Fig. 4.4 a). 

They found the Hall resistance, as well as the Hall conductance, ‘overshot’ the ordinary Hall 
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resistance during the magnetization reversal and produced a ‘hump’ feature around the coercive 

field at the negative top gating voltages (Fig. 4.4 c). Their theoretical calculation agreed with the 

observation and indicated that this TH effect is originated from the Neel2-type skyrmion formation. 

No ρyx
TH was found when they increased the thickness of Crx(Bi1−ySby)2−xTe3 from 2 nm to 3 nm 

while keeping the (Bi1−ySby)2−xTe3 as 5 nm, indicating the less favorable skyrmion formation when 

the magnetic exchange coupling prevailed over the DM interaction.  

 Another instance for magnetic TI that hosts TH effect is the epitaxy-grown Mn-doped 

Bi2Te3 on STO substrate (Fig. 4.4 b) discovered by Liu et al. 102. In this uniformly doped TI film, 

ρyx
TH  was found to be non-zero when the thickness was 4 QL at both positive and negative bottom 

gating voltages (Fig. 4.4 d), while no TH effect was observed in a thicker or thinner film. This 

finding indicated the possible correlation between the effective DM interaction and surface 

electronic band structure, where the DM term was suppressed under the large hybridization gap in 

a less than 4 QL thick Mn-Bi2Te3. Their experimental result showed that the TH effect disappeared 

when the 4 QL thick Mn-Bi2Te3 was capped with Te layer, in which the asymmetric potential was 

dramatically reduced. This research further verified the importance of broken inversion symmetry 

to the DM term.  

 These two studies provide us a guideline to realize TH effect in a magnetic TI: (i) The DM 

interaction has to be balanced with the magnetic exchange couplings. The magnitude of the 

exchange coupling can be roughly controlled by the thickness of the magnetic TI layer. Similar to 

the narrow B-T window for the stable skyrmion texture, there also exists an optimal magnetic TI 

thickness; (ii) Inversion symmetry needs to be broken for achieving non-zero DM interaction. 

Since the bulk of TI respects the inversion symmetry, the only place to host the DM interaction 

are the surfaces. In a uniformly doped magnetic TI film, the top and bottom surfaces are strongly 
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coupled, so their DM vectors have opposite directions and cancel out each other. In the Crx(Bi1−

ySby)2−xTe3/(Bi1−ySby)2−xTe3 heterostructure, the bottom surface is non-magnetic TI, so only the top 

surface has DM interaction and the total topological charge is non-zero. In the Mn-Bi2Te3 film, 

the top surface is exposed to vacuum while the bottom surface is on the substrate. The potential 

difference between two surfaces also results in a finite net DM term.  

 Since both the QAH and TH effect can be realized in the magnetic TI films, it is natural to 

ask whether these two topology-related phenomena can be achieved in a single sample. In the 

previous two studies, their exchange gap is overlapped by other bands and the chemical potential 

is buried under the bulk band, so their Hall resistances are far away from the quantized value. Thus, 

those systems are unlikely to unify both phenomena. In the next chapter, we will discuss our 

sample configuration to address this question.  

4.2 Unifying Topological Hall and Quantum Anomalous Hall Effect 

4.2.1 Sample Configuration 

 A magnetic TI film should satisfy three conditions to simultaneously facilitate QAH and 

TH effect: (i) The time-reversal (TR) symmetry is broken, which is the common prerequisite for 

both the QAH and TH effect; (ii) The chemical potentials of the top and bottom surfaces can be 

simultaneously tuned into the magnetic exchange gaps, which is essential for the QAH effect; 

(iii) A significant DM interaction can be created, which is required for the TH effect. 

 To meet the listed specifications, we started with a TI-based heterostructure with an 

undoped TI layer sandwiched between two Cr-doped TI layers. Then we tried different thickness 

of each layer to find the optimal configurations for unifying both phenomena. Such sandwich 

heterostructure has the following advantages: (i) Both the top and bottom surface states are 
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separately gapped by the magnetization, so the QAH effect is reachable. With our previous 

successful experience of growing ‘axion’ insulator heterostructures, we are able to tune the 

chemical potential into the charge neutral point of each layer. A similar tri-layer heterostructure is 

even reported to have a higher realization temperature of QAH effect13. (ii) The nonmagnetic TI 

layer serves as a spacer to decouple the magnetic exchange interaction between the two magnetic 

TI layers18, 103-104. As a result, the magnetic moments in each magnetic TI layer interact only with 

their own surface state, so the DM interaction of each layer independently makes a contribution to 

the total topological charge and maximizes the TH effect.  

 

Figure 4.5 Schematic of the 3-5-3 sample and its RHEED pattern during the MBE growth. (a) Schematic 

of the 3QL (Bi1-xSbx)1.85Cr0.15Te3/5QL (Bi1-xSbx)2Te3/3QL (Bi1-xSbx)1.85Cr0.15Te3 sample. (b) RHEED pattern of 

the heat-treated substrate. (c)-(e) RHEED patterns of the TI layer during each stage of the MBE growth.  

 Our sample screening results using PPMS shows target transport response in the structure 

of a 3 QL (Bi1-xSbx)1.85Cr0.15Te3/5 QL (Bi1-xSbx)2Te3/3 QL (Bi1-xSbx)1.85Cr0.15Te3, and the sample 

schematic is shown in Fig. 4.5a. We will show the transport results of 3-5-3 sandwich structure in 

Sec. 4.2.3 and discuss other thickness configuration in Sec. 4.2.6.  
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4.2.2 Sample Structure Characterization  

 Figure 4.5b - d shows the RHEED patterns during the MBE growth of the sandwich 

heterostructure. The clear reconstruction pattern of heat-treated STO (111) substrate indicated the 

highly smooth surface, which is crucial for epitaxy growth. The sharp and streaking ‘1×1’ pattern 

observed in each stage of the growth indicates the high-quality of the magnetic/non-

magnetic/magnetic TI sandwich heterostructure samples.  

 

Figure 4.6 HAADF-STEM image and EDS mapping of the 3-5-3 sample. (a) The HADDF-STEM image of 

the sample cross section. Te capping layer, the 11 QL heterostructure, STO substrate can be distinguished. (b) 

EDS map of the Cr ions of this 3-5-3 sample. 

Figure 4.6 shows a HAADF-STEM image of the 3-5-3 sample. The crystal structures of 

Te capping layer, the 11 QL heterostructure, and the STO substrate can be distinguished. The 

corresponding EDS mapping of Cr (Fig. 4.6b) shows that the Cr signal is stronger in the top and 

the bottom 3 QL TI layers, consistent with the Cr doping (~ 7.5 %) in these two layers. 

4.2.3 Transport Results  

 In the 3-5-3 sample, the FM order at low-temperatures gaps out the top and bottom surface 

states, and the chemical potential is located inside the magnetic exchange gaps of both surfaces, 

so the transport result shows a good QAH effect with a perfectly quantized Hall value and 
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vanishing longitudinal resistance at the base temperature of 30 mK under the Vg = 0 V (Figure 4.7). 

With the increasing temperature, the sample deviates from the QAH state and shows transport 

properties of a conventional FM material: hysteretic ρyx loops and butterfly-shaped ρxx. The Hc is 

around 0.18 T at 30 mK. Since the peaks in ρxx are caused by the insulating bulk state when the 

edge state is disturbed during the magnetization reversal, they indicate a decreasing Hc as 

temperature increases, which is also reflected in the ρyx with a shrinking hysteretic loop. The Tc of 

this sample is determined to be ~ 19 K (Fig. 2.4).  

 

Figure 4.7 The µ0H-dependent transport data at Vg = 0 V of 3-5-3 sample under various temperatures. (a) 

µ0H dependence of ρxx at varying temperatures under Vg = 0 V. (b) µ0H dependence of ρyx. At T = 30 mK, the 

quantized ρyx and the vanished ρxx suggest this sandwich sample in the QAH state when Vg = 0 V.  ρyx deviates from 

quantized value as temperature increases. 

 With the application of Vg, the measured ρyx during the magnetization reversal ‘overshoots’ 

the conventional Hall resistance, and a ‘hump’ feature extending a few hundred oersteds above 

µ0Hc appears in ρyx curves. At a much higher field, where the spins are presumably aligned to the 

same direction, the ‘hump’ merges with normal Hall resistance and it is muted until the next 

magnetization reversal. Similar to the result in Mn-doped Bi2Te3, the ‘hump’ feature is observed 
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under both positive and negative gating voltage, and it is a shred of strong evidence for the 

existence of chiral magnetic textures in the real-space.  

 

Figure 4.8 Crossover of QAH to TH effects at T = 30 mK. (a - f) μ0H dependence of ρyx under varying Vg. The 

sample harbors a perfect QAH state when Vg = Vg
0 = +20 V. ρyx deviates from the quantized value and a “hump” 

feature appears in ρyx (green shadowed) when Vg is tuned away from Vg
0.  Inset of (a - f): the offset resistance of 

ρyx when the external µ0H is swept upward and downward, which is used as TH component ρyx
TH. 

 In order to single out the TH component ρyx
TH, we subtract ρyx

NH and ρyx
AH from ρyx. Here 

we interpret the offset resistance between upward and downward μ0H sweeps (green shadow in 

the insets of Fig. 4.8) as the ρyx
TH for the following reasons: In the positive μ0H regime, during the 

downward µ0H sweep (red curves in Fig. 4.8), the system should be in a ferromagnetic state 

without any spin texture and thus the ρyx should include ρyx
NH and ρyx

AH. For the upward μ0H sweep 

(blue curves), the system undergoes a magnetic transition around the μ0Hc and chiral spin textures 

can be formed. In this situation, all three Hall contributions exist and ρyx
NH + ρyx

AH keeps the same 

value during the downward µ0H sweep. Thus, the ρyx
TH can be extracted by the magnitude 

difference between the red and blue curves. 
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Figure 4.9 μ0H dependence of ρyx of the 3-5-3 sample under different Vg and temperatures. (a) 60 mK, (b) 100 

mK, (c) 200 mK, (d) 400 mK, (e) 600 mK, and (f) 1 K.  
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Figure 4.10 μ0H dependence of ρxx of the 3-5-3 sample under different Vg and temperatures. (a) 60 mK, (b) 

100 mK, (c) 200 mK, (d) 400 mK, (e) 600 mK, and (f) 1 K. 
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 To further study the crossover of the QAH to the TH effect, we systematically measured 

the μ0H dependence of ρyx under various Vg from 60 mK to 1 K. Figure 4.9 and 4.10 display the 

magnetic field μ0H dependence of the Hall resistance ρyx and the longitudinal resistance ρxx of the 

3-5-3 sample. When Vg = Vg
0 = +50 V and T < 400 mK, this sample exhibits the perfect quantum 

anomalous Hall (QAH) state with quantized ρyx and vanishing ρxx. For Vg < Vg
0 or Vg > Vg

0, with 

increasing the dissipative channels, ρyx decreases and ρxx increases. We note that ρxx shows a twin-

peak feature near Hc regime when Vg = -200 V and T = 60 mK, and this twin-peak feature at Vg = 

-200V become more obvious with increasing T. The Vg at which ρxx shows this twin-peak feature 

extends to -40 V at T = 1 K. This phenomenon is likely due to the weakened magnetic proximity 

induced FM orders in the middle TI spacer layer. More systematic studies about the dip feature in 

the ρxx near μ0Hc are needed.  

 

Figure 4.11 TH component ρTHyx at different Vg and T.  (a) μ0H dependence of the ρTH
yx at varying Vg under 

T=30 mK. (b) μ0H dependence of the ρTH
yx when Vg = Vg

TH, max at different T. Maximum ρTH
yx =1.65 K at T = 30 mK 

and disappears at T = 5 K. (c) The maximum ρTH
yx as a function of (Vg - Vg

0) at different T. ρTH
yx shows a peak 

denoted by the arrows when Vg < Vg
0. 
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 We summarize the behavior of ρyx
TH in Fig. 4.11. At T = 30mK (Fig. 4.11a), ρyx

TH shows 

high and narrow peaks up to 1.6 kΩ at negative Vg, a flat zero plateau at Vg = Vg
0 = 20 V, as well 

as board but smaller humps at positive Vg. The peak location (denoted by the arrows) in each curve 

increases as Vg is tuned from negative to positive. Figure. 4.11b shows ρyx
TH - μ0H curves at 

different temperatures highlighting the TH hump. These curves show that the TH effect persists 

up to at least 3 K. The peak location decreases as temperature increases, tracking the decreasing 

Hc. The maximum ρyx
TH is much larger than the TH resistances observed in all previous studies on 

metallic systems94-99, 101-102, 105. A larger ρyx
TH indicates the higher density or the smaller size of the 

chiral magnetic textures in our sandwich heterostructures99, 102, 106. 

 Figure 4.11c summarized the Vg - dependent maximum ρyx
TH under varying temperatures. 

The graph clearly shows three regions: the QAH region, the Vg < Vg
0, and the Vg > Vg

0 regions. In 

the QAH region, we noted that the DM interaction is still able to give rise to chiral spin textures 

(see details in Sec. 4.3.2), however, the only conducting channel is the dissipationless chiral edge 

state. So ρyx is fully quantized and ρyx
TH is able to reach 0 when T is below 60 mK. When 0.1 K < 

T < 1 K, however, ρyx
TH

 becomes non-zero due to the thermally excited electrons in the surface / 

bulk band. At T > 1K, ρyx
TH

 vanished again because the thermal fluctuation prevents the formation 

of the spin textures.  

 In the Vg < Vg
0 region, when Vg is tuned from -10 V to -200 V under any T smaller than 

1K, ρyx
TH increases to its maximum and then saturates, if not decreases, at a finite μ0H. In the Vg > 

Vg
0 region, ρyx

TH also at peak around Vg - Vg
0= +90 V, but with a much smaller peak magnitude 

than Vg > Vg
0 region.  We attribute the asymmetry between Vg < Vg

0 and Vg > Vg
0 to the asymmetric 

surface / bulk band structure of TI. Prior theoretical and experimental studies107-109 show that the 

Dirac points of the surface band are closer to the top bulk valence band than the conduction band. 



72 
 

Naively, we can regard the ρyx
TH in Vg < Vg

0 region is attributed to both the bulk valence band and 

surface states. A hint of ‘kink’ is found at Vg = -60 V for the temperature scan T = 30 mK. This is 

likely due to the initial crossing of the maximum of the bulk valence bands. While in the ρyx
TH in 

Vg < Vg
0 region, chemical potential cannot be tuned into the bulk conduction band, so the TH 

feature is solely induced by the chemical potential crossing the surface states108-109. Theoretical 

calculations and other details will be discussed in Section 4.3.  

 The results reported here have been reproduced on two samples measured in the dilution 

refrigerator and more than ten samples measured in PPMS. 

 

Figure 4.12 μ0H dependence of ρyx of the 3-5-3 sample under Vg = -180 V at T = 30 mK. 

 We note that the slope of the Hall traces at high magnetic fields (0.5 T < μ0H < 1.5 T) is 

always negative in both the Vg < Vg
0 and the Vg > Vg

0 regions, which suggests that the standard 

Hall coefficient RN cannot be used to estimate carrier density near the QAH insulating regime. 

Figure 4.12 shows the high μ0H Hall traces of the 3-5-3 sample under Vg = -180 V at T = 30 mK. 

At low μ0H, we can see the feature of the TH effect, while at high μ0H, the Hall trace shows 

negative slope and the ρyx saturates when μ0H = 7 T.  
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4.2.4 Conductance Results  

 In order to exclude the possibility of large ρxx for causing the ‘hump’ feature in ρyx near 

μ0Hc regime, we convert the ρyx into the Hall conductance σxy. We can still see the TH-like ‘hump’ 

feature in both the Vg < Vg
0 and the Vg > Vg

0 regimes, but the Vg for the maximized σxy is changed. 

Figure 4.13 shows μ0H dependence of σxy under different Vg, and the insets show the offset 

conductance, σxy
TH. When Vg < Vg

0, σxy
TH still displays the ‘hump’ feature. We note that the σxy

TH 

show a maximum at Vg= -80 V instead of -200 V for ρyx
TH. This is because the chemical potential 

crosses the top of the bulk valence band, consistent with the ‘kink’ in ρyx at Vg = -60 V shown in 

Fig 4.11c. When Vg = Vg
0 = 20 V, σxy

TH vanishes due to the existence of the QAH effect. When Vg 

= 200 V, only a trace of σxy
TH is observed.  

 

Figure 4.13 μ0H dependence of the Hall conductance σxy of the 3-5-3 sample under different Vg and T = 30 

mK. (a) -200 V, (b) -120 V, (c) -80 V, (d) 90 V, (e) 200 V. Inset: the offset conductance σxy
TH when the external 

μ0H is swept upward (blue) and downward (red). 
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4.2.5 Angular Dependence of Topological Hall Effect 

 In addition to the TH effect in the perpendicular μ0H, we systematically studied the TH 

effect by rotating the sample with respect to the μ0H, as shown in Fig. 4.14 a. We found that the 

chiral spin textures in the 3-5-3 sample at T = 2 K, Vg = -180 V is exceptionally stable under the 

tilting of the µ0H and the “hump” feature of the TH effect survives as the μ0H is tilted as much as 

60º (Fig. 4.14 b to i), which is much higher than the destruction angle of the 2D skyrmion or other 

topological spin texture phase in the EuO film at θ ≤10º 110. 

 

Figure 4.14 Tilt-angle dependence of TH effect for the 3-5-3 sample under Vg= -180V at T=2K. (a) Schematic 

showing the tilt-angle θ. The external µ0H is tilted at an angle θ from the normal of the film. (b-i) The ρyx of the 3-

5-3 sample at the various angles of the µ0H inclination. (b) θ = 0º, (c) θ = 5º, (d) θ =1 0º, (e) θ = 20º, (f) θ = 30º, 

(g) θ = 40º, (h) θ = 50º, (i) θ = 60º. Inset of (b - i): the TH resistance ρyx
TH with the normal Hall and anomalous 

Hall contributions (ρyx
NH and ρyx

AH) subtracted.  This is accomplished by subtracting the red curve from the blue 

curve. In the inset, the blue (red) curve represents the trace in sweeping µ0H upward (downward). 
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4.2.6 Thickness Dependence of Topological Hall Effect 

          As noted in Sec. 4.2.1, the balance between the exchange coupling and DM interaction in 

magnetic TI layers with asymmetric chemical potentials are critical for the formation of the TH 

effect101. In order to single out the appropriate sandwich heterostructure, in which the TH effect 

coexists with the QAH effect, we first kept the middle layer of (Bi1-xSbx)2Te3 film to be 5 QL and 

systematically varied the thicknesses of the top and bottom magnetic TI layers (Fig. 4.15). We 

found 3 QL to be the optimal thickness for magnetic TI to realize the crossover of the QAH to TH 

effect. Then we kept the top and bottom Cr-doped (Bi1-xSbx)2Te3 film to be 3 QL and fine-tuned 

the exchange coupling strength between two magnetic TI layers by varying the thickness of the 

middle undoped TI layer. We found the 3-5-3 configuration indeed shows the best QAH state at 

Vg = Vg
0 and the TH effect appears when the sample is doped by electrostatic gating (Fig. 4.15).   

         Figure 4.15 shows the μ0H dependence of the ρyx at Vg = Vg
0 and Vg = -200 V of the 1-5-1, 2-

5-2, 3-5-3, 4-5-4 and 5-5-5 samples. The left column of Fig. 4.15 shows the ρyx at Vg = Vg
0. We 

can see that the ρyx of the 3-5-3 sample is close to the quantized value at T = 500 mK, while the ρyx 

of other four samples are still far away from h/e2. The lower ρyx in 1-5-1 and 2-5-2 samples is likely 

due to the weak magnetization of the thinner magnetic TI layers. This can also be seen from the 

smaller μ0Hc in these two samples. For 4-5-4 and 5-5-5 samples, the lower ρyx is possibly a result 

of the thickness-induced dissipative channels in the heterostructures. The right column of Fig. 4.15 

shows the ρyx at Vg = -200 V, where the TH effect is shown if applicable. We can see that the 3-5-

3 and the 4-5-4 sample show the ‘hump’ feature of the TH effect. The TH component ρTH
yx

 

decreases as the magnetic TI layer increases from 3 QL to 5 QL, which is due to the weakened 

DM interaction caused by strong exchange coupling. Therefore, the QAH and TH effects can 

coexist in the 3-5-3 configuration. 
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Figure 4.15 μ0H dependence of ρyx at Vg = Vg0 and Vg = -200 V of the samples 5 QL (Bi1-xSbx)2Te3 film 

sandwiched magnetic TI layers with different thicknesses at T = 500 mK. (a) 1-5-1, (b) 2-5-2, (c) 3-5-3, (d) 4-

5-4, and (e) 5-5-5.  Inset: the offset resistance, ρTH
yx at Vg = -200 V between upward (blue) and downward (red) µ0H 

sweep. 
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Figure 4.16 μ0H dependence of ρyx at Vg = Vg0 and Vg = -200 V of samples top and bottom 3 QL Cr doped (Bi1-

xSbx)2Te3 layers sandwiched by undoped TI films with different thicknesses at T = 500 mK. (a) 3-1-3, (b) 3-2-
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3, (c) 3-3-3, (d) 3-4-3, (e) 3-5-3, (f) 3-6-3, and (g) 3-7-3. Inset: the offset resistance, ρTH
yx, at Vg = - 200 V between 

upward (blue) and downward (red) µ0H sweep. 

        In order to optimize the thickness of the middle undoped TI layer, we kept the top and bottom 

Cr-doped (Bi1-xSbx)2Te3 film to be 3 QL and systematically changed the thickness of the middle 

TI layer. Figure 4.16 shows the μ0H dependence of the ρyx at Vg = Vg
0 and Vg = -200 V of the 3-1-

3, 3-2-3, 3-3-3, 3-4-3, 3-5-3, 3-6-3, and 3-7-3 samples at 500 mK. The left column of Fig. 4.16 

shows the ρyx at Vg = Vg
0, and the ρyx of 3-5-3 sample is closest to the quantized value. The right 

column of Fig. 4.16 shows the ρyx at Vg = -200V. The 3-5-3 sample, again, shows the most 

pronounced TH effect. The smaller TH effect in 3-6-3 and 3-7-3 samples is possibly due to the 

existence of dissipative channels and weakened efficiency of the bottom gate in the thick 

heterostructures. 

4.3 Explanation and Discussion 

4.3.1 Chiral Domain Walls 

           In order to understand the experimental observations, we propose a physical picture based 

on the emergence of chiral spin textures for μ0H around µ0Hc regime. The “hump” structure in the 

ρyx has been observed in a variety of noncollinear magnetic systems and particularly regarded as 

the key signature for the chirality of skyrmions94-97. However, our sample has a solid ferromagnetic 

ground state for the occurrence of the QAH effect at low field, thus stable skyrmions are unlikely 

to be formed56. The fact that TH effect only occurs near µ0Hc motivates us to consider the possible 

spin textures during magnetization reversal. Magnetic domains with opposite polarization are 

nucleated and chiral walls can be formed at the domain boundaries due to the presence of the 

strong DM interaction (Figs. 4.17a and b). Net scalar chirality 𝜒𝜒 = ∑𝑺𝑺1 ⋅ (𝑺𝑺2 × 𝑺𝑺3) is thus non-
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zero and leads to the TH effect. This is similar to the thermally-driven magnetization reversal that 

gives rise to the emergent chirality in the previous reports111-113.  

4.3.2 Theoretical Calculations 

 We start our calculation from the electronic band structure. The Hamiltonian of our 

magnetic TI heterostructure is consist of the surface state (SS) HSS and the bulk quantum well 

(QW) state HQW: 

𝐻𝐻𝑠𝑠𝑠𝑠 = 𝑣𝑣𝐹𝐹�𝑘𝑘𝑦𝑦𝜎𝜎𝑥𝑥 − 𝑘𝑘𝑥𝑥𝜎𝜎𝑦𝑦�𝜏𝜏𝑧𝑧 + 𝑈𝑈𝜏𝜏𝑧𝑧 + 𝑚𝑚0𝜎𝜎𝑥𝑥, 

 𝐻𝐻𝑄𝑄𝑄𝑄 = 𝜀𝜀0(𝒌𝒌) + 𝑁𝑁(𝒌𝒌)𝜏𝜏𝑧𝑧 + 𝐴𝐴�𝑘𝑘𝑦𝑦𝜎𝜎𝑥𝑥 − 𝑘𝑘𝑥𝑥𝜎𝜎𝑦𝑦�𝜏𝜏𝑥𝑥 + 𝑈𝑈𝜏𝜏𝑥𝑥 

where the Pauli matrices 𝜎𝜎 is for spins and 𝜏𝜏 is for two orbitals, U is the asymmetric potential 

applied to two surfaces. 𝜀𝜀 = 𝐶𝐶0 + 𝐶𝐶1𝑘𝑘2 and 𝑁𝑁 = 𝑁𝑁0 + 𝑁𝑁2𝑘𝑘2, and different sets of QW states differ 

by 𝐶𝐶0 and 𝑁𝑁0 values. Using the values 𝐶𝐶0 = 0.145 eV, 𝐶𝐶2 = 10.0 eV ⋅ Å2, 𝑁𝑁0 = −0.18 eV, 𝑁𝑁2 =

15.0 eV ⋅ Å2 , 𝐴𝐴 = 3.0 eV ⋅ Å, 𝑚𝑚0 = 0.005 eV, 𝑣𝑣𝐹𝐹 = 3.0 eV ⋅ Å, and 𝑈𝑈 = 0.02 eV, we will have 

the dispersion relation in Fig. 4.17c. In the following calculation, we only consider one set of SS 

and QW bands for simplicity, adding more QW bands will not affect our qualitative interpretation. 

As we can see, the Dirac cones of SS are closer to the top QW valence band than the conduction 

band, which is noted as a superficial reason for asymmetric Vg - dependent ρyx
TH in Sec. 4.2.3.  
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Figure 4.17 Chiral magnetic domain walls and theoretical interpretations of the crossover between the QAH 

and TH effects. (a) The formation of the chiral magnetic domain walls during magnetization reversals. (b) The 

spin distribution of the magnetic TI in a zoomed-in area in Fig. (a). (c) The energy dispersions of the SS and QW 

bands in the magnetic TI sandwich heterostructures. (d-e) 𝜒𝜒𝑥𝑥𝑧𝑧 as a function of energy for the QW and SS states, 

respectively, under different asymmetric potentials U. (f)  The QW contribution to 𝜒𝜒𝑥𝑥𝑧𝑧 , SS contribution to 𝜒𝜒𝑥𝑥𝑧𝑧 , and 

total  𝜒𝜒𝑥𝑥𝑧𝑧  in the magnetic TI sandwich heterostructures when U = 0.02. 𝑞𝑞𝑥𝑥 = 0.005 Å−1 and 𝑞𝑞𝑦𝑦 = 0 in Fig. (d - f). 

Since DM interaction is responsible for the formation of canting neighboring spins, the TH 

effect observed above can be evaluated qualitatively by investigating the DM interaction in 

magnetic/non-magnetic/magnetic TI sandwich systems. Since the DM interaction can be 

expressed as 𝐷𝐷𝛼𝛼(𝒒𝒒) = 𝜀𝜀𝛼𝛼𝛼𝛼𝛼𝛼𝜒𝜒𝛼𝛼𝛼𝛼(𝒒𝒒), where 𝜀𝜀 is the Levi-Civita symbol and 𝜒𝜒𝛼𝛼𝛼𝛼 (𝛼𝛼,𝛽𝛽 = 𝜒𝜒, 𝑞𝑞, 𝜒𝜒) is 

the spin susceptibility, we focus on the spin susceptibility to study the DM interaction.  

 Electrons couple to the magnetization 𝑴𝑴 via Zeeman coupling, 𝐻𝐻𝑍𝑍𝑒𝑒𝑒𝑒𝑏𝑏𝑍𝑍𝑘𝑘 = −𝑴𝑴 ⋅ 𝚪𝚪, where 

𝚪𝚪 are proper 4 × 4 matrices for electron spin operators. For QW state electrons, 𝐻𝐻𝑍𝑍𝑒𝑒𝑒𝑒𝑏𝑏𝑍𝑍𝑘𝑘
𝑄𝑄𝑄𝑄 = −𝑴𝑴 ⋅
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𝝈𝝈 , while the SS electrons respectively couple to the top magnetization 𝑴𝑴𝑡𝑡 and the bottom 𝑴𝑴𝑏𝑏, 

𝐻𝐻𝑍𝑍𝑒𝑒𝑒𝑒𝑏𝑏𝑍𝑍𝑘𝑘𝑆𝑆𝑆𝑆 = 𝑴𝑴𝑡𝑡 ⋅ 𝝈𝝈(1 + 𝜏𝜏𝑧𝑧)/2 + 𝑴𝑴𝑏𝑏 ⋅ 𝝈𝝈(1 − 𝜏𝜏𝑧𝑧)/2.  

 The spin susceptibility 𝜒𝜒𝛼𝛼𝛼𝛼 (𝛼𝛼,𝛽𝛽 = 𝜒𝜒,𝑞𝑞, 𝜒𝜒) is evaluated for the model Hamiltonian based 

on linear response theory: 

 𝜒𝜒𝛼𝛼𝛼𝛼(𝒒𝒒) = 𝑇𝑇
2𝑉𝑉

Tr[𝐺𝐺0(𝒒𝒒 + 𝒌𝒌, 𝑖𝑖𝜔𝜔𝑏𝑏)Γ𝛼𝛼𝐺𝐺0(𝒌𝒌, 𝑖𝑖𝜔𝜔𝑏𝑏)Γ𝛼𝛼], 

where  𝐺𝐺0 is the unperturbed Green’s function. The spin interaction energy is: 

𝐸𝐸 = ∑ 𝜒𝜒𝑘𝑘𝑗𝑗(𝒒𝒒)𝑆𝑆𝑘𝑘(−𝒒𝒒)𝑆𝑆𝑗𝑗(𝒒𝒒)𝑞𝑞 , 

thus, the off-diagonal part of the spin susceptibility is for the DM interaction. During the 

magnetization reversal, the mirror symmetry with respect to the x-y plane is broken and 𝜒𝜒𝑥𝑥𝑦𝑦 = 0, 

so we focus on the off-diagonal components 𝜒𝜒𝑥𝑥𝑧𝑧 and 𝜒𝜒𝑦𝑦𝑧𝑧. As expected from the Moriya rule70, 𝜒𝜒𝑥𝑥𝑧𝑧 

(𝜒𝜒𝑦𝑦𝑧𝑧) is linearly proportional to the momentum 𝑞𝑞𝑥𝑥 (𝑞𝑞𝑦𝑦), and 𝜒𝜒𝑥𝑥𝑧𝑧�𝑞𝑞𝑦𝑦 = 0� = 0 and 𝜒𝜒𝑦𝑦𝑧𝑧(𝑞𝑞𝑥𝑥 = 0) =

0, meaning the DM interaction is Neel type.  

 Take 𝜒𝜒𝑥𝑥𝑧𝑧 for instance, its Fermi energy dependence with different asymmetric potentials 

U for QW states and SS are shown in Fig. 4.17d and f, respectively. The 𝜒𝜒𝑥𝑥𝑧𝑧- Energy relation for 

QW states displays a peak between the charge neutral point (Energy = 0 eV) and the SS valence 

band, then drop below zero when Energy is crossing both SS and QW valence band (< -0.03 eV). 

The QW conduction band (> 0.3 eV) is far above the energy range of interests, so no contribution 

is shown in Fig. 4.17d. 𝜒𝜒𝑥𝑥𝑧𝑧- Energy for SS displays a symmetric distribution around the charge 

neutral point with twin peaks, as shown in Fig. 4.17e.  

 Figure 4.17f demonstrates the Fermi energy dependence of total 𝜒𝜒𝑥𝑥𝑧𝑧 when U is set to 0.02. 

It highly agrees with the experimental result of the ρTH
yx - (Vg -Vg

0) relation summarized in Fig. 
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4.11c. The -0.04 eV < Energy < -0.01 eV (filled by blue color) region corresponds to Vg < Vg
0 

region in Fig. 4.11c, where the 𝜒𝜒𝑥𝑥𝑧𝑧 displays a peak and the TH component also shows similar 

behavior. The -0.01 eV < Energy < 0 eV region (white color) corresponds to the Vg = Vg
0 region, 

however, the 𝜒𝜒𝑥𝑥𝑧𝑧 is still non-zero, meaning the DM interaction is still able to generate the chiral 

spin textures. This is confirmed by non-zero TH component as the temperature increases between 

100 mK and 1 K, where the thermal excitation introduces more conducting channels other than the 

chiral edge state from the SS or QW bands. The Energy > 0 eV region (green color) only has the 

contribution from SS band, thus the magnitude of TH component of positive Vg region is much 

weaker than it in the Energy < -0.01 eV region.  

4.3.3 Discussion and Conclusion 

 Extra caution should be taken when we credit the chiral spin textures for the emergence of 

TH effect since a sign change of the AH effect could result in similar transport features. A recent 

paper proposed an alternative interpretation for the ‘hump’ features observed in 

SrIrO3/SrRuO3/SrTiO3 sandwich structures114-115. These authors observed an opposite AH sign and 

different Hc between SrRuO3/SrTiO3 and SrIrO3/SrRuO3 interfaces, as displayed respectively by 

𝑅𝑅𝑥𝑥𝑦𝑦,I
AH  (green color) and 𝑅𝑅𝑥𝑥𝑦𝑦,II

AH  (purple color) in Fig. 4.18, and the total Hall response (Orange curves 

in Fig. c - f) is the addition of both AH channels. During the field sweep, a higher Hall resistance 

is exhibited in the anti-ferromagnetic alignment region than it in the FM alignment region, and the 

shape of the hysteresis loop is determined by the comparative magnitude between 𝑅𝑅𝑥𝑥𝑦𝑦,I
AH  and 𝑅𝑅𝑥𝑥𝑦𝑦,II

AH . 

At T < 48K, even the total ρyx loop has a negative sign if 𝑅𝑅𝑥𝑥𝑦𝑦,I
AH  > 𝑅𝑅𝑥𝑥𝑦𝑦,II

AH . Figure 4.18d - f provide 

reasonable explanations for all the ‘hump’ features observed in previous studies without resorting 

to the TH effect.  
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Figure 4.18 The formation of ‘hump’ feature in SrIrO3/SrRuO3/SrTiO3 sandwich structures by two AH 

channels with opposite signs. (a) The schematic of two AH channels with opposite signs. (b) The simplified 

crystal structure of SrIrO3/SrRuO3/SrTiO3 shows the exact locations for two AH channels (c) Different ‘hump’ 

features observed in the sample. (d-f) Experimental observations interpreted by the addition of 𝑅𝑅𝑥𝑥𝑦𝑦,I
AH  and 𝑅𝑅𝑥𝑥𝑦𝑦,II

AH . 

This figure is reproduced from Groenendijk, D. J., et al., arXiv:1810.05619, (2018). 

 However, this interpretation cannot be applied to our experimental results, mainly because 

a negative-sign AH resistance with a significantly enhanced µ0Hc (up to 1 T) has never been 

observed in a Cr-doped (Bi1-xSbx)2Te3 samples. Also, no sign change of total ρyx is seen in our 

magnetic TI heterostructures at all temperature range (Fig. 4.7b). Although we are not able to 

manually alter the sign of AH effect in a Cr-doped TI, enhancing its µ0Hc is possible by coupling 

to a harder ferromagnet. Therefore, we carried out a control experiment to illustrate that an 

enhanced µ0Hc does not favor the formation of the ‘hump’ feature, and no high-µ0Hc component 

exists in our heterostructures. 
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 In our control experiment, an additional 5 QL V-doped (Bi1-xSbx)2Te3 (Hc ~ 1 T) is grown 

on top of the 3-5-3 heterostructure, and the top layer magnetic TI layer thus has an Hc higher than 

the bottom layer. Figure 4.19b-d shows the μ0H dependence of the ρyx of the four layers 

heterostructure under Vg = -50 V, 0 V, 200 V. Two distinctive ferromagnetic transitions are seen 

at 0.25 T and 0.08 T, representing the coercive field of the top (Hc1) and bottom (Hc2) layer. The 

‘plateau’ feature observed when μ0Hc1 < μ0H < μ0Hc2 demonstrates the antiparallel magnetization 

alignment between the two 3 QL Cr-(Bi1-xSbx)2Te3 layers18, where the TH effect-like ‘hump’ 

feature disappears rather than being enhanced. The ‘plateau’ also indicates that the top 5 QL V-

doped/3 QL Cr-doped magnetic TI layer is decoupled with the bottom 3 QL Cr-doped TI layer 

because of the 5 QL un-doped TI spacer. Our 3-5-3 sample with an even weaker perpendicular 

anisotropy in the top layer should also have a weak exchange coupling with the bottom layer. 

Therefore, any Hall component with an Hc (~ 0.5 T at 2 K or ~ 1 T at 30 mK) more than twice of 

the Hc of Cr-doped TI should be seen in the Hall loop. The absence of a second Hc makes the 

interpretation of sign-reversed AH resistance unlikely in our magnetic TI heterostructures.  

 

Figure 4.19 The control sample with enhanced Hc (a) Schematic of the control sample: 5 QL V-( Bi1-xSbx)2Te3 

on 3-5-3 sample heterostructure. (b-d) μ0H dependence of the ρyx under Vg = -50 V (b), 0 V (c), 200 V (d).  Because 

of the exchange coupling between the 5 QL V-( Bi1-xSbx)2Te3 and the top 3 QL Cr-( Bi1-xSbx)2Te3, the coercive field 
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(μ0Hc1) of the top Cr-doped TI layer increases to 0.25 T at 2 K, while the coercive field (μ0Hc2) of the bottom Cr-

TI stays at 0.08 T. 

 To summarize, we artificially fabricate a magnetic/non-magnetic/magnetic TI sandwich 

heterostructure that can crossover from QAH to TH effects by applying electrostatic gating voltage 

Vg. Systematical transport measurements at varying temperatures show the TH component is 

suppressed at QAH regime, and gradually increased to maximum when applying negative Vg. TH 

component still exists at positive Vg at a much smaller magnitude. The theoretical study calculates 

the DM interaction of the two surfaces with asymmetric potentials and finds that the chiral domain 

walls are responsible for the emergence of the TH effect. The chiral magnetic domain walls have 

great potential for recording the spin information 56, while the dissipation-free chiral edge states in 

the QAH effect can be used to transfer this information with a low-energy-cost. The marriage of 

the TH and QAH effect motivates further explorations of magnetic TI-based multilayer 

heterostructures for proof-of-concept next generation energy-efficient spintronic and electronic 

applications. 
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 Part II: Long-range superconducting proximity effect in Ni nanowire 
 

Chapter 5  

Superconducting Proximity Effect in Ferromagnet 

5.1 Overview of Superconductivity 

 Since the discovery of the superconductivity in mercury116 by Kammerlingh Onnes back 

in 1911, the topic of superconductivity has been extensively and continuously investigated from 

both experimental and theoretical aspects due to its significant defining properties: transport of 

current without energy loss, and the expulsion of the magnetic field. The first widely recognized 

phenomenological theory117 is proposed in 1935 by H. London, which explains the relation 

between the electric and magnetic field. In 1950, the Ginzburg-Landau (GL) theory118 based on 

Landau’s theory of second-order transition was proven to be rather intuitive and effective in 

describing macroscopic properties of superconductors. Soon after that in 1957, the Bardeen-

Cooper-Schrieffer (BCS) theory119 was proposed and it provided a satisfying microscopic 

approach to calculate theoretical quantities, such as superconducting energy gap (Δ), penetration 

depth (λ), superconducting coherence length (ξ), and critical field Bc (The normally used notation 

Hc stands for a coercive field in this dissertation). 

 In the past 100 years, many materials and systems were found to be able to host 

superconductivity and most of them can be described by the BCS theory. In 1979, a new class of 

superconductor120 was uncovered in heavy-fermion system121-122 that revolutionized people’s 

knowledge of superconductors. Again in 1986, copper-oxide compounds (known as cuprates) were 

found to have a surprisingly high superconducting transition temperature (Tc) around 35 K123, and 
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soon approached the boiling point of liquid nitrogen124. However, the mechanism of these 

unconventional superconductors has not yet been completely understood today. In recent years, 

many more unconventional superconducting systems have been revealed, such as interfacial 

superconductivity in 2D material125, topological superconductors126, graphene127, low-carrier-

density superconductivity128-129, and high-pressure superconductivity130. Another interesting topic 

is the proximity-induced superconductivity in ferromagnets131.  

 In this dissertation, we report the finding of a surprisingly long-range superconducting 

proximity effect found in mesoscopic ferromagnetic nanowire system. 

5.1.1 Microscopic Understanding – Bardeen Cooper Schrieffer Theory 

 Proposed by John Bardeen, Leon Cooper, and John Robert Schrieffer in 1956, the BCS 

theory shows that under the sufficiently low temperature, two electrons can form a ‘Cooper pair’ 

and possess lower free energy than the normal state as long as an attractive force exists between 

them. In a conventional superconductor, this attraction is provided by electron-phonon interaction. 

The existence of a lower energy state of superconductivity starts the formation of ‘Cooper pair’ 

until the binding energy for an extra pair is decreased to zero. The paired electrons have the lowest 

free energy with minimum total momentum, so the two electrons have opposite but equal momenta. 

Here we will show below the derivation132 of Δ and ξ according to the BCS theory.  

 The wave function of Cooper pair ground state is written in the form of second quantization: 

|𝜑𝜑𝐺𝐺⟩ = �(𝑢𝑢𝑘𝑘 + 𝑣𝑣𝑘𝑘𝑐𝑐𝑘𝑘↑
+ 𝑐𝑐−𝑘𝑘↓

+ )|𝜑𝜑0⟩
𝑘𝑘

 

where 𝑐𝑐𝑘𝑘↑
+  is a ‘creation operators’ that creates a spin-up electron of momentum k, while an 

‘annihilation operator’ 𝑐𝑐𝑘𝑘↑  would give a 0 when act on a spin-up state with momentum k. |𝜑𝜑0⟩ is 
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the vacuum state without any particle. Also, |𝑢𝑢𝑘𝑘|2 + |𝑣𝑣𝑘𝑘|2 = 1, indicating the probability of the 

Cooper pair (𝑘𝑘 ↑,− 𝑘𝑘 ↓) being occupied is |𝑣𝑣𝑘𝑘|2, while its probability of being unoccupied is 

1 − |𝑣𝑣𝑘𝑘|2. The pairing Hamiltonian can be written as  

𝐻𝐻 = �𝜉𝜉𝑘𝑘𝑐𝑐𝑘𝑘𝑘𝑘+ 𝑐𝑐𝑘𝑘𝑘𝑘 

𝑘𝑘,𝑘𝑘

+ �𝑉𝑉𝑘𝑘𝑘𝑘𝑐𝑐𝑘𝑘↑
+

𝑘𝑘,𝑘𝑘

𝑐𝑐−𝑘𝑘↓
+ 𝑐𝑐−𝑘𝑘↓ 𝑐𝑐𝑘𝑘↑  

where 𝜉𝜉𝑘𝑘 is the energy of a single particle relative to the Fermi energy, while 𝑉𝑉𝑘𝑘𝑘𝑘 is the interaction 

potential. We can minimize the expectation value of the Hamiltonian at ground state by setting 

𝛿𝛿⟨𝜑𝜑𝐺𝐺|𝐻𝐻|𝜑𝜑𝐺𝐺⟩ = 0. 

          Since ⟨𝜑𝜑𝐺𝐺|∑ 𝜉𝜉𝑘𝑘𝑐𝑐𝑘𝑘𝑘𝑘+ 𝑐𝑐𝑘𝑘𝑘𝑘 
𝑘𝑘,𝑘𝑘 + ∑ 𝑉𝑉𝑘𝑘𝑘𝑘𝑐𝑐𝑘𝑘↑

+
𝑘𝑘,𝑘𝑘 𝑐𝑐−𝑘𝑘↓

+ 𝑐𝑐−𝑘𝑘↓ 𝑐𝑐𝑘𝑘↑ |𝜑𝜑𝐺𝐺⟩ =  2∑ 𝜉𝜉𝑘𝑘𝑣𝑣𝑘𝑘2 + ∑ 𝑉𝑉𝑘𝑘𝑘𝑘𝑣𝑣𝑘𝑘𝑣𝑣𝑘𝑘𝑢𝑢𝑘𝑘𝑘𝑘,𝑘𝑘 𝑢𝑢𝑘𝑘𝑘𝑘 , 

we can substitute 𝑣𝑣𝑘𝑘 with cosθk, and 𝑢𝑢𝑘𝑘 with sinθk, then we have 𝜕𝜕⟨𝜑𝜑𝐺𝐺|𝐻𝐻|𝜑𝜑𝐺𝐺⟩
𝜕𝜕𝜃𝜃𝑘𝑘

= 0 = −2𝜉𝜉𝑘𝑘 sin 2𝜃𝜃𝑘𝑘 +

∑ 𝑉𝑉𝑘𝑘𝑘𝑘 sin 2𝜃𝜃𝑘𝑘 cos 2𝜃𝜃𝑘𝑘𝑘𝑘  . Therefore, we have 

 tan 2𝜃𝜃𝑘𝑘 = ∑ 𝑉𝑉𝑘𝑘𝑙𝑙 sin2𝜃𝜃𝑙𝑙𝑙𝑙
2𝜉𝜉𝑘𝑘

. 

 We can then define ∆𝑘𝑘= −1
2
∑ 𝑉𝑉𝑘𝑘𝑘𝑘 sin 2𝜃𝜃𝑘𝑘𝑘𝑘  and 𝐸𝐸𝑘𝑘 = (∆𝑘𝑘2 + 𝜉𝜉𝑘𝑘

2)1/2, which respectively 

represents the minimum excitation energy (energy gap) and the excitation energy of a quasi-

particle with momentum ћ𝑘𝑘. With those definitions, we have 

 tan 2𝜃𝜃𝑘𝑘 = −∆𝑘𝑘
𝜉𝜉𝑘𝑘

,  sin 2𝜃𝜃𝑘𝑘 = ∆𝑘𝑘
𝐸𝐸𝑘𝑘

,  and cos 2𝜃𝜃𝑘𝑘 = − 𝜉𝜉𝑘𝑘
𝐸𝐸𝑘𝑘

. 

Substituting  sin 2𝜃𝜃𝑘𝑘 back to the definition of ∆𝑘𝑘 leads to the condition for self-consistency,  

∆𝑘𝑘= −1
2
∑ 𝑉𝑉𝑘𝑘𝑘𝑘

∆𝑙𝑙
𝐸𝐸𝑙𝑙

= −1
2
∑ 𝑉𝑉𝑘𝑘𝑘𝑘

∆𝑙𝑙
(∆𝑙𝑙2+𝜉𝜉𝑙𝑙

2)1/2𝑘𝑘𝑘𝑘 . 
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With the BCS approximation that 𝑉𝑉𝑘𝑘𝑘𝑘 = −𝑉𝑉  and ∆𝑘𝑘= ∆𝑘𝑘= ∆ , the self-consistency 

condition will become 1 = −𝑉𝑉
2
∑ 1

𝐸𝐸𝑘𝑘𝑘𝑘 .  

 The derivations above are done at 0 K, however, we need to translate them into a finite 

temperature so these quantities can be physically measured. The Fermi function that describes the 

probability of excitation energy 𝐸𝐸𝑘𝑘  is 𝑓𝑓(𝐸𝐸𝑘𝑘) = (𝑒𝑒
𝐸𝐸𝑘𝑘
𝑘𝑘𝑘𝑘 + 1)−1 , thus, ∆𝑘𝑘= −1

2
∑ 𝑉𝑉𝑘𝑘𝑘𝑘

∆𝑙𝑙
𝐸𝐸𝑙𝑙𝑘𝑘 [1 −

2𝑓𝑓(𝐸𝐸𝑘𝑘)] = −1
2
∑ 𝑉𝑉𝑘𝑘𝑘𝑘

∆𝑙𝑙
𝐸𝐸𝑙𝑙𝑘𝑘 tanh 𝐸𝐸𝑘𝑘

2𝑘𝑘𝑇𝑇
. And the self-consistency condition finally reveals the T 

dependence of ∆, 

1 = −
𝑉𝑉
2
�

tanh 𝐸𝐸𝑘𝑘
2𝑘𝑘𝑘𝑘

𝐸𝐸𝑘𝑘𝑘𝑘

 

With the conditions at Tc that ∆(𝑘𝑘𝑐𝑐) → 0,  𝐸𝐸𝑘𝑘 → |𝜉𝜉𝑘𝑘|, we will reach  

∆(0)
𝑘𝑘𝑘𝑘𝑐𝑐

= 1.764, 

in which the numerical coefficient 1.76 comes from converting the summation to the integral. This 

equation explicitly demonstrates that the superconductivity gap can be characterized by a 

measurable parameter, 𝑘𝑘𝑐𝑐.  

 The superconducting coherence length 𝜉𝜉0 is another important parameter that describes the 

size of the Cooper pair at 0 K, i.e., the maximum distance two electrons remain coherent. Since ∆ 

determines the range of energy for a Cooper pair, from Heisenberg uncertainty principle 𝜉𝜉0( ∆
𝑣𝑣𝐹𝐹

)~ћ,  

𝜉𝜉0 can also be estimated.  
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5.1.2 Macroscopic Approach – Ginzburg-Landau Theory 

 The GL theory starts with postulating a complex order parameter 𝜑𝜑(x) as the wave function 

of superconducting electrons, so the local density of superconducting electrons is |𝜑𝜑 (x)|2. 

Assuming 𝜑𝜑 (x) is small and varying slowly in space, we will have the free energy of 

superconductivity that could be expanded into the form: 

𝑓𝑓 = 𝑓𝑓𝑘𝑘0 + 𝛼𝛼|𝜑𝜑|2 +
𝛽𝛽
2

|𝜑𝜑|4 +
1

2𝑚𝑚∗ �(
ћ
𝑖𝑖
∇ −

𝑒𝑒∗

𝑐𝑐
𝐴𝐴)𝜑𝜑�

2

+
ℎ2

8𝜋𝜋
 , 

where 𝑓𝑓𝑘𝑘0 is the free energy of the normal state, α and β are the phenomenological parameters, m* 

and e* are effective mass and charge. In Cooper pair, we can simply set m* to 2m and e* to 2e. A 

is the magnetic vector potential and h is the effective field.  

 Without the presence of fields and gradients, we have 

𝑓𝑓 − 𝑓𝑓𝑘𝑘0 = 𝛼𝛼|𝜑𝜑|2 + 𝛼𝛼
2

|𝜑𝜑|4. 

 The superconducting state becomes the lowest free energy state when α < 0 while β > 0. 

The minimum free energy occurs at |𝜑𝜑|2 = −𝛼𝛼
𝛼𝛼

  with 𝑓𝑓 − 𝑓𝑓𝑘𝑘0 = − 𝛼𝛼2

2𝛼𝛼
.  

 From the free energy equation, α and β are related to the measurable quantities, Tc and Bc. 

When both α and β are positive, the superconducting free energy is larger than 𝑓𝑓𝑘𝑘0 at any order 

parameter 𝜑𝜑(x), meaning the system is above Tc and 𝛼𝛼 ∝ (𝑘𝑘 − 𝑘𝑘𝑐𝑐). For correlating Bc to the free 

energy, we should recall that Bc is the minimum field to destroy the superconductivity, meaning 

the energy possessed by Bc would let the superconducting system overcome the free energy 

difference 𝑓𝑓 − 𝑓𝑓𝑘𝑘0 and become normal. Therefore, the energy of the magnetic field satisfies  𝐵𝐵𝑐𝑐
2

8𝜋𝜋
  = 

𝑓𝑓 − 𝑓𝑓𝑘𝑘0 = − 𝛼𝛼2

2𝛼𝛼
.  
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 Defining 𝑡𝑡 = 𝑇𝑇
𝑇𝑇𝑐𝑐

, the empirical approximation gives us  

𝛼𝛼 ∝ (1 − 𝑡𝑡) 

𝛽𝛽 ∝ 1
(1−𝑡𝑡2)2 ≈ constant . 

 If we use 𝜑𝜑 = |𝜑𝜑|𝑒𝑒𝑘𝑘𝜃𝜃in the free energy equation and derive the equilibrium equation by 

minimizing the free energy respect to 𝜑𝜑, we will have GL differential equation,  

𝛼𝛼 𝜑𝜑 + 𝛼𝛼
2

|𝜑𝜑|2𝜑𝜑 + 1
2𝑏𝑏∗ (ћ

𝑘𝑘
∇ − 𝑒𝑒∗

𝑐𝑐
𝐴𝐴)2𝜑𝜑 = 0 . 

In the absence of fields and introduce a normalized wave function 𝑓𝑓 = 𝜑𝜑
𝜑𝜑∞

 (where 

|𝜑𝜑∞|2 = −𝛼𝛼
𝛼𝛼

  for α < 0 and |𝜑𝜑∞|2 = 0 for α > 0), we would have in 1D,  

ℎ2

2𝑚𝑚∗|𝛼𝛼|
𝑑𝑑2𝑓𝑓
𝑑𝑑𝜒𝜒2

+ 𝑓𝑓 − 𝑓𝑓3 = 0 .  

So, we can naturally define the temperature related characteristic length 𝜉𝜉2(𝑘𝑘) =

ℎ2

2𝑏𝑏∗|𝛼𝛼|
∝  1

1−𝑡𝑡
 . 𝜉𝜉  (𝑘𝑘) can be shown to be expressed by 𝜉𝜉0, 

𝜉𝜉  (𝑘𝑘) = 0.74
𝜉𝜉0

(1 − 𝑡𝑡)
1
2

 , clean limit, 𝑙𝑙 < 𝜉𝜉0  

𝜉𝜉  (𝑘𝑘) = 0.74
(𝜉𝜉0𝑙𝑙)

1
2

(1 − 𝑡𝑡)
1
2

 , dirty limit, 𝑙𝑙 > 𝜉𝜉0  

where l is the mean free path.  

 From here, we have seen how the BCS theory microscopically explains the origin of 

superconductivity, as well as the relation between the theoretical parameters and measurable 
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quantities. GL theory serves as an important extension of BCS theory when dealing with the 

practical systems with spatial inhomogeneity.  

5.2 Spin-triplet Superconductivity 

 The superconducting Cooper pair have minimum total momentum, meaning two electrons 

should have anti-symmetric wave-function. Most of the superconductors, conventional or high-Tc, 

have been proven to show even spatial part of the wave-function, φ (r) = φ (−r), so the spin of the 

electrons will have opposite directions and form a spin-singlet. Its spin part of wave-function can 

be written as 1
√2

(|↑↓⟩ − |↓↑⟩) with the total spin S = 0 (shown in Fig. 5.1a). However, it is natural 

for us to assume the case of odd spatial wave-function, where we would expect a spin-triplet with 

S = 1. Its spin wave-function should have three forms: 1
√2

(|↑↓⟩ + |↓↑⟩), |↑↑⟩, and |↓↓⟩; the latter 

two have Sz = ± 1 and are called ‘equal spin’. Recently, many pieces of evidence have pointed to 

the existence of spin-triplet, and in this dissertation, we present our attempts to induce a possible 

spin-triplet superconducting pairing indicated by the long-range superconducting proximity effect 

in a ferromagnet. 

 When a superconductor is adjacent to a normal metal, the Cooper pairs can tunnel into the 

normal metal up to a few microns without breaking the superconducting coherence. The distance 

for Cooper pair could extend in the non-superconducting metal is called ‘proximity range’, and it 

is given by 𝜉𝜉 = �ћ𝐷𝐷/𝑘𝑘𝐵𝐵𝑘𝑘. Here, D is the material-related electron diffusion constant, which can 

be calculated as one third of Fermi velocity vF times mean free path l. However, if we replace the 

normal metal is a ferromagnet, the exchange coupling would force the anti-parallel alignment of a 

spin-singlet to the same direction, and destroy the superconducting coherence. Therefore, a spin-

singlet Cooper pair is not able to survive in a ferromagnet more than a few nanometers. Its 
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proximity range can be expressed as = �ћ𝐷𝐷/𝑘𝑘𝐵𝐵𝑘𝑘𝑐𝑐  , where Tc is the superconducting critical 

temperature.  

 

Figure 5.1 Different pairing types of superconducting Cooper pair and the creation mechanism of ‘equal-

spin’ triplet. (a) The schematics of spin-singlet and triplet. Spin-singlet has opposite spin directions and S = 0, 

while for the spin-triplet, S = 1. (b) Electrons would acquire a spin direction dependent phase shift when entering 

a spin-polarized barrier. Blue curves indicate the wave function of spin-up electrons, while red curves represent 

that of spin-down electrons, so they will have a relative phase shift 𝜗𝜗 that gives rise to a singlet-triplet mixing state. 

(c) A buffer ferromagnetic layer with different magnetization direction than the strong bulk ferromagnet would 

create ‘equal-spin’ triplets that could survive in a ferromagnet. Figure (b - c) are reproduced from Eschrig, 

M., Physics Today, 64 (1), p.43. 

 However, there are observations of unusual long-range superconducting proximity effect, 

which will be introduced in the next section, in a ferromagnetic material that can be possibly 

explained by the emergence of spin-triplet. The system that facilities such observation usually 
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consists of an additional weak / non-collinear ferromagnetic layer that is presumably responsible 

for the induction of spin-triplet. Here we will briefly introduce the creation mechanism of spin-

triplet133-134.  

 When a spin-singlet penetrated into a ferromagnet with a spin-polarized barrier, the spin-

up electron with momentum k (blue curves in Fig. 5.1b) would acquire a spin-dependent relative 

phase shift respective to its spin-down electron with opposite momentum –k (red curves). Thus, 

we would have, 

|↑𝑘𝑘↓−𝑘𝑘⟩ → 𝑒𝑒𝑘𝑘(𝜑𝜑↑−𝜑𝜑↓)|↑𝑘𝑘′↓−𝑘𝑘′⟩, |↓𝑘𝑘↑−𝑘𝑘⟩ → 𝑒𝑒𝑘𝑘(𝜑𝜑↓−𝜑𝜑↑)|↓𝑘𝑘′↑−𝑘𝑘′⟩. 

Defining 𝜑𝜑↑ − 𝜑𝜑↓ = 𝜗𝜗, we would have the wave function of the singlet turned into a singlet-

triplet mixing state: 

 |↑↓⟩ − |↓↑⟩ →  (|↑↓⟩ − |↓↑⟩) cos𝜗𝜗 + (|↑↓⟩ + |↓↑⟩) sin𝜗𝜗.   

 Here the singlet-triplet mixing state is still not able to survive the exchange coupling, as 

shown in Fig. 5.1c. But if we have a weak / non-collinear ferromagnetic layer buffered between 

superconductor/ferromagnet interface that has different magnetization direction than the bulk / 

strong ferromagnet, the triplet component in singlet-triplet mixing state can have an ‘equal-spin’ 

projection in the magnetization direction of the strong ferromagnet. For example, in Fig. 5.1c, if 

the triplet component is generated in the y-axis, (|↑↓⟩ + |↓↑⟩)𝑦𝑦, it equivalents to the combination 

of the ‘equal-spins’ respective to the z-axis:  

(|↑↓⟩ + |↓↑⟩)𝑦𝑦 = 𝑖𝑖(|↑↑⟩ + |↓↓⟩)𝑧𝑧, 

therefore, the long-range superconducting proximity effect would be practical in a ferromagnet 

with a z-axis magnetization direction.  
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5.3 Previous Studies on Superconducting Proximity Effect 

 The first observation of spin-triplet supercurrent is reported in 2006, where authors 

discovered long-ranged supercurrent in the ferromagnetic half metal CrO2 between two 

superconducting NbTiN electrodes135 (Fig. 5.2a - b) with spatial separation of 310 nm. Extended 

work136 showed that when a Ni/Cu layer is sandwiched between the ferromagnet and the 

superconductor (Mo70Ge30 is used in this work), the supercurrent can even survive more than a 

micrometer in CrO2. This experiment demonstrated that the extra ferromagnetic Ni layer is playing 

a vital role in the induction of spin-triplet.  

 In 2010, two observations137-138 of long-range superconducting proximity effect in 

ferromagnetic Co make people realize the importance of an additional inhomogeneous 

magnetization profile for generating spin-triplet between the strong ferromagnet and the 

superconductor. Robinson et al.137 found triplet supercurrent in Co when it’s sandwiched between 

two conical magnetic Ho layers (Figure 5.2c - e), which have magnetic moments processing in a 

spiral form under low temperature. Their main result displayed a rather constant characterized 

voltage IcRN in response to the increasing thickness of strongly ferromagnetic Co layer, while the 

IcRN would decrease exponentially in the absence of Ho layers (inset of Fig. 5.2e).  
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Figure 5.2 Observation of the spin-triplet pairing in mesoscopic superconducting/ferromagnetic (SF) 

junctions. (a) Long-ranged supercurrent is observed in the ferromagnetic half metal CrO2 by using NbTiN 

electrodes. (b) I - V relation indicates a clear zero resistance supercurrent which is presumably caused by spin-

triplet. (c) Schematics of the SF junction using Nb as the superconductor and Co as the ferromagnet. Ho with 

conical magnetization is used as the magnetic inhomogeneity to induce spin-triplet pairing. (e) IcRN – Co thickness 

relation of Nb/Ho/Co/Ho/Nb junction. Inset shows IcRN – Co thickness in the junctions without Ho buffer layer. (d) 

Schematic of SF junction using Co/Ru/Co as strong ferromagnet and Pd/Ni as a weak ferromagnetic layer F’/F”. 

Cu buffer layers are also used to magnetically isolate those magnetic layers. (f) IcRN – Co thickness relation of the 

junction shown in Fig. (d). Red dots represent the data points acquired from the junction with F’/F” layers, while 
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the black dots represent the exponential drop of spin-singlet where F’/F” layers are absent. Figure (a - b) are 

reproduced from Keizer, R. S., et al., Nature, 439, 825-827 (2006). Figure (c - d) are reproduced from Eschrig, M., 

Physics Today, 64 (2011). Figure (e) is reproduced from Robinson, et al., Science, 329, 59-61 (2010). Figure (f) is 

reproduced from Khaire, T. S., et al., Physical Review Letters, 104, 137002 (2010). 

 Similar results are found by Khaire et al. 138 who used a weak ferromagnetic layer PdNi 

or CuNi (shown by the F’ and F” in Fig. 5.2d) as the buffer layer in between Nb and Co/Ru/Co. 

Its IcRN remains constant (shown as red dots in Fig. 5.2f) when Co layer is increased to 28 nm, 

indicating the robustness of spin-triplet against the exchange coupling of ferromagnetism. In this 

experiment, authors used Co/Ru/Co structure that has anti-parallel magnetization between two Co 

layers, which resulted in a zero net magnetization and greatly helped in the precise measurement 

of Ic. Also, Cu layers are used to magnetically isolate the weak and strong magnetic layers, so the 

non-collinear ferromagnetic texture is possible.  

 Long-range superconducting proximity range can be directly measured in ferromagnetic 

nanowire (NW) system with superconducting electrodes. This is based on the fact that below Tc, 

the part of NW permeable to Cooper pair is non-resistive and would reduce the normal resistance 

of the ferromagnetic NW. Assuming a good uniformity of nanowire, the ratio of proximity effect 

range to the total length would be the same as the ratio of the superconducting resistance drop to 

total normal resistance. Wang et al.139 observed that a ferromagnetic single-crystalline Co NW of 

40 nm diameter was driven superconducting by tungsten (W) electrodes separated by 600 nm. The 

superconducting W electrodes deposited onto the NWs by focused ion beam (FIB) technique 

contain approximately 40 % atomic carbon and 20 % atomic gallium and has a Tc of 4.5 K, well 

above that of pure W at 12 mK. For longer Co NWs of 40nm, 80 nm diameter (1.5 µm in length), 

and Ni NW of 60 nm diameter (3 µm in length), the residual resistance found after the 
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superconducting drop in the low-temperature limit were 11 %, 50 %, and 52 % of the normal state 

resistance, respectively. This observation was later confirmed by Kompaniiets et al.140 using 

superconducting W as a spin-triplet inducer, even the W is not a part of the measurement circuit. 

They found the proximity range is as long as 1 µm and insusceptible to magnetic fields up to 11 

T. In these experiments, the W were all fabricated by FIB, so the bombarding of high-energy ions 

may introduce contaminations into the ferromagnet139 and give rise to inhomogeneous 

ferromagnetism for spin-triplet superconductivity141.  

 

Figure 5.3 Sample configurations of the experiments observed long-range superconducting proximity effect 

in Co nanowire with FIB-assisted superconducting W electrodes / inducer. (a) SEM image of Co NW contacted 

by W electrodes and its resistance is measured by four-probe measurement. (b) SEM image of Co NW contacted 

by Pt electrodes; a W inducer is deposited in the middle of the NW to give rise to superconducting proximity effect. 

(c) Schematic of the sample configuration in figure (b). Figure (a) is reproduced from Wang, et al., Nature Physics, 

6, 389-394 (2010). Figure (b - c) are reproduced from Kompaniiets, et al., Applied Physics Letters, 104 (2014). 

 Motivated by last two experiments, we would like to substitute the high-energy FIB with 

better-controlled deposition methods. Assisted by physical vapor deposition (PVD) and multi-step 

ebeam-lithograph, we reproduced the long-range proximity effect on ferromagnetic Ni NW. 
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Chapter 6  

Sample Fabrication  

6.1 Physical Vapor Deposition 

 Physical vapor deposition refers to several deposition methods that make the material be 

vaporized into atoms / molecules or plasma under ultra-high vacuum before it condenses again on 

top of a substrate as a uniform thin film without experiencing any chemical reaction. The most 

common processes for PVD are evaporation and sputtering.  

 Evaporation is realized by heating a solid material up to a temperature that produces a 

vapor pressure. In most of the cases, the solid is melted into the liquid form in an up-right crucible 

and the vapor will be coated onto a face-down surface on the top of the chamber (Fig. 6.1a).  

 Two heating methods are commonly practiced. First one is the so-called ‘thermal 

evaporation’, which is used in our experiment. It involves electrical resistive heating filaments 

usually made of high melting point metal like W or Mo. The W filament used in our experiments 

are in a shape of a ‘boat’, and the evaporation source is placed and melted in its concaved belly 

when a high current (can be as large as 100 A) is driven through the filament. Noted that Ni will 

form an alloy with W, so W filament boat with Al2O3 coating (Fig. 6.1c) is utilized when it comes 

to evaporating ferromagnetic Ni NW to prevent the possible damage to W filament. The other 

heating method is ‘e-beam evaporation’, where electron beams would be accelerated by a high 

voltage (around 10kV) in an e-beam ‘gun’, then hit and create a ‘hot-spot’ in the source. Unlike 

the thermal evaporation where the whole source is melted, e-beam evaporation is able to heat up 

only a part of the source at a particular position. This method is widely used in the deposition of 

high melting point metals or the materials with poor thermal conductivity like Si and ITO.  
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Figure 6.1 Physical vapor deposition (PVD) methods for sample growth. (a) Schematic of a thermal evaporation 

chamber. The evaporation source (shown in red) is melted in a W filament and the vapor will reach and condense 

on the face-down substrate. The process can be controlled by source shutter and monitored by the thickness monitor. 

A cryo-panel can be cooled by LN2 and improve the background vacuum. (b) Schematic of a magnetron sputtering 

machine. The target is installed on top of a magnetron source and a high voltage will accelerate the ionized Ar 

atoms and bombard on the target surface. The ejected target material is trapped by the magnetic field and deposited 

on the substrate. (c) Image of a W filament in a shape of ‘board’ with Al2O3 coating used in our experiment. (d) 

Image of a magnetron gun used in the sputtering machine. Figure (c) is reproduced from https://www.lesker.com. 

Figure (d) is reproduced from https://moorfield.co.uk/.  

 Other components in an evaporation chamber are shown in Fig. 6.1a. A cryo-panel cooled 

by liquid nitrogen is installed to absorb impurities and improve the background vacuum level. To 

ensure the deposited film is of the desired thickness, a quartz crystal thickness monitor is placed 

at the same height of the substrate to read the real-time thickness based on its thickness-dependent 

https://www.lesker.com/
https://moorfield.co.uk/
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vibrating frequency. Cooling water is also employed to eliminate the influence of the temperature 

to the crystal vibration. Source shutter is opened when the source is fully melted for a stable 

deposition rate, and it will be closed to shut off the flux once the thickness reached the preset value. 

To improve the uniformity of the sample, we can increase the distance between the source and 

sample or rotate the substrate holder at a constant speed.  

 In the evaporator used our experiment, the power supply can host three separated sources, 

so different materials can be deposited consecutively without breaking the vacuum. The sample 

holder is ~ 1 m away from the source, and the evaporating process is carried out under the 

background pressure around 1×10-6 mbar with the deposition rate around 1-2 Å/s for Ni and Cu.  

 Magnetron sputtering is employed in our experiment for depositing superconducting Nb. 

After the chamber being pumped down to a vacuum around 10-7 mbar, Ar gas is injected into the 

chamber as the sputtering gas at the beginning of the sputtering process. Then a high voltage (DC 

for metallic target and AC for insulating material) will be applied on the cathode, which is a 

magnetron gun shown in Fig. 6.1d, so the ionized Ar would be accelerated and bombard the target 

(shown in red in Fig. 6.1b). The atoms of the target will thus acquire enough energy to be ejected 

out of the target surface and form a plasma before reaching the substrate. Strong magnets are used 

to confine the electrons in the plasma (as shown in Fig. 6.1b in yellow shadow), which will produce 

an even denser plasma and increase the deposition rate. The magnetic field will also prevent the 

high-energy plasma hitting the sample surface, protecting the fragile photoresists in our experiment. 

The anode is connected to the substrate holder and commonly grounded to the chamber during the 

deposition. Additionally, in our experiment, a negative voltage is often applied to the anode prior 

to the deposition (50 V for 50 s), so that the low energy ionized Ar can help remove the unwanted 

oxidation layer or organics on the sample surface. 
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 Superconductivity of Nb film / NW is greatly influenced by its impurity level. Nb deposited 

in the evaporator is not able to show the superconductivity, even growing Nb in an MBE chamber 

at the vacuum as good as 10-13 mbar can dramatically decrease its Tc from ~ 8 K down to 3 K. It 

was discovered that only the high growth rate of (> 1 nm/s) sputtering would result in deposited 

Nb film with the same Tc as its bulk state. In our experiment, Nb is deposited under the background 

vacuum of 4×10-7 mbar, Ar pressure up to 4×10-3 mbar; The substrate is placed 10 cm away from 

magnetron gun and 200 V DC voltage usually gives a growth rate of 1.3 nm/s.  

6.2 E-beam lithography 

 E-beam lithography is a process that uses scanning electron beams to draw a custom pattern 

in the nanometer scale. When the electron beams act on an electron-sensitive resist, the solubility 

of the resist would be reduced (or enhanced depending on the type of resist). After being immersed 

into a solvent, the region of resist scanned by the electron beam will be dissolved (or becomes 

harder while the rest of the area is dissolved). Followed by the deposition (or dry-etch) and lift-off 

process, we will have the target material in the shape of the pattern left on the substrate.  

 In our experiment, since the NW (ferromagnetic material Ni) and the electrodes 

(superconducting Nb) are different materials, we have to utilize two-step e-beam lithography. The 

detailed sample fabricating procedure is described below. The 0.5 mm thick Si substrates coated 

with 100 nm thick SiO2 is first spin-coated with e-beam resist (Figure 6.2a). Depending on the 

required resolution and thickness for NW, a suitable resist will be chosen. Normally for the NW 

configuration, we spin coat Zep520 or bilayer PMMA (PMMA 495 A3 and PPMS 950 A3) at 6000 

rpm, and bake it for 3 min at 180 oC for hardening. Then, the pattern of NW, along with the 

alignment marker, will be written by the electron beam (Figure 6.2b) in lithography tool (Leica 

EBPG5-HR). The dose of the electron beam is carefully calibrated (~300 μC/cm2 in our case), so 
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the backscattered electrons won’t expand the exposure area and compromise the pattern’s 

geometry. The resist Zep520 is normally developed in n-Amyl acetate, followed by rinsing using 

IPA and deionized water, while the developer for PPMA is diluted IPA (water : IPA = 1 : 3 by 

volume). After the development, the region radiated by e-beam will dissolve and leave us a resist 

mask with NW patterns. During the deposition, the vaporized materials will either condense on 

the e-beam resist or the bare substrate in the resist-removed region (Figure 6.2d). Once it’s soaked 

into the lift-off solvent (acetone is usually used), the remaining e-beam resist, along with its 

deposited metal on top, will be washed off, and only the patterns (NW / electrodes and alignment 

marker) will be left on the substrate.  

 Before repeating the same process to add the second material, locating the alignment 

marker under an optical microscope made in the previous step of lithography is indispensable. 

 

Figure 6.2 Schematics of the e-beam lithography process. (a) Spin-coating of the e-beam resist on top of SiO2/Si 

substrate. (b)  The solubility of the resist would be reduced (in a costume pattern, shown in blue) once scanned by 

electron beams. (c)  Regions of exposed resist will be dissolved after being immersed into the developer. (d) During 

the deposition, the vaporized materials will either condense on the e-beam resist or the bare substrate in the resist-

removed region. (e) The pattern is left on the substrate once it is soaked into the lift-off solvent. 
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Alignment marker is a 2D array consisting of 20 μm × 20 μm squares with 900 μm separations 

between each other (shown in Fig. 6.2a). It acts as a coordinate system that both NWs and 

electrodes have their corresponding locations. By calibrating the alignment marker to be consistent 

with the ‘coordinate system’ of the lithography tool, the electron beam can find the exact location 

to write the pattern for the next step, and the NW can thus be contacted by the electrodes.  

6.3 Sample Configuration 

 The pattern fabricated for our experiment is shown in Fig. 6.3a, where the contacting leads 

and pads take up most of the sample in the convenience of making electrical contact (See details 

in Section 2.2.2) for low-temperature transport measurement. The Ni NW is fabricated along with 

the red leads shown in Fig. 6.3a, while the Nb electrodes are made at the same time with the blue 

ones. The NW configuration seen under the microscope is shown in Fig. 6.3b and the wiring 

method for the contact-resistance-free four-probe resistance measurement is labeled in Fig. 6.3c. 

Depending on the sequence of the materials’ deposition, the supercurrent can flow through the 

ferromagnetic Ni NW either in a ‘bottom-up’ or ‘top-down’ manner. According to our results that 

will be presented in the next chapter, these two methods don’t make any difference to our 

conclusion. The optional buffer layers are deposited using the same e-beam resist mask with the 

Nb NW, so that the supercurrent would flow through the ferromagnetic material rather than being 

electrically shorted by the buffer layer. In such sample configuration, the current from Nb NW will 

penetrate into the Ni NW within its proximity range ξ, shown in blue in Fig 6.3d. So the total 

resistance measured between V+ and V- leads would decrease by the percentage corresponding to 

the ratio of ξ to L. Giving two voltage leads that doubles the proximity effect, the superconducting 

proximity range can be characterized as 𝜉𝜉 = 𝑅𝑅𝑑𝑑𝑚𝑚𝑚𝑚𝑑𝑑
2𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑙𝑙

𝐿𝐿. 
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Figure 6.3 The sample configurations of nanowire structure. (a) The pattern fabricated in the lithography 

process. The long leads and pads are used for making electrical contacts between NWs and transport measurement 

system. (b) A typical image for the NW and electrodes from an optical microscope. (c) Schematics of the NW 

configuration in side view. The supercurrent can flow through the ferromagnetic Ni NW either in a ‘bottom-up’ or 

‘top-down’ manner. (d) The superconducting proximity range can be characterized by the ratio of superconducting 

resistance drop to normal resistance. 
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Chapter 7  

Long-range Superconducting Proximity Effect in Ni nanowire 

7.1 Proximity Effect with Cu Buffer Layer 

7.1.1 Proximity Effect without any Buffer Layer  

 The major drawback of the previous NW experiments139-140 is that the deposition of the W 

electrodes on the Co or Ni nanowires (fabricated by electro-deposition) by the FIB process is not 

a well-controlled process, so the high-energy bombarding of W atoms may introduce a region of 

the inhomogeneous ferromagnetic area. It’s natural for us first to repeat the configuration of 

superconducting electrodes directly contacting the ferromagnetic NW grown by PVD.  

 Since Co NW is often granular when fabricated by PVD, Ni is chosen as the ferromagnet 

in our experiment. We note that these PVD-made Ni NWs are prone to have polycrystalline 

structure142. Nb is chosen as the superconductor due to its high Tc around 8K.  

 We fabricated our Sample 1 with the geometry shown in the inset of Fig. 7.1a. Ni NW is 

thermally evaporated in the first step of lithography, then superconducting Nb electrodes is directly 

sputtered on top after the second lithography. The resistance was measured by the excitation (at 

microampere level, 0.2 µA for Sample 1) that acquires optimal noise-to-signal ratio, and it has 

dropped only 0.8 % starting at 1.4 K (Fig. 7.1a), indicating a proximity range of 2 nm. The 

superconducting drop is further decreased with the application of the external field of 3 T and 6 T. 

Figure 7.1b shows the μ0H dependence of resistance shows that Bc is around the 4 T at 0.5 K, and 

decreases as temperature increases. The inset shows contact resistance around 0.4 kΩ from the 2-

terminal measurement, indicating the ohmic contact between Ni and Nb. The superconducting 

drop of contact resistance also displays good quality of Nb electrode with Tc around 8 K.  
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 The result acquired from Sample 1 is in a good agreement with the conventional theoretical 

predictions143-144. The contact resistance indicates a comparatively good electrical contact in 

superconductor/ferromagnet interface. The short proximity range also indicates the established 

ferromagnetic order of Ni NW fabricated in our experiment. 

 

Figure 7.1 R-T and R-μ0H property of a Ni NW measured by the superconducting Nb electrodes without any 

buffer layer. Dots in the graphs are individual data points and the lines are the guide to the eye. (a) The resistance 

of Sample 1 starts to drop at 1.5 K, and drops 0.8 % down to 0.5 K, suggesting the proximity range of 

superconducting singlet is 2 nm in the ferromagnet. The inset is the schematic of Sample 1 in side view. (b) μ0H 

dependence of resistance shows decreasing Bc and resistance drop as temperature increases. The inset shows contact 

resistance from the 2-terminal measurement, indicating the Tc ~ 8 K of Nb electrodes. 

 

7.1.2 Proximity Effect with CuNi Buffer Layer 

 In the previous successful observations of long-range superconducting effect, conical 

magnet Ho137 or the weak ferromagnetic PdNi or CuNi layers138 were used to provide a non-

collinear magnetic profile. CuNi alloy is first applied as a buffer layer in our experiments due to 

its wide accessibility. We use a CuNi (55:45) alloy as the evaporation source to deposit a 1 nm 
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CuNi layer sandwiched between two 1 nm Cu layers, and the sample structure is shown in the inset 

of Fig. 7.2.  

 

Figure 7.2 R-T relation of a Ni NW 

measured by the superconducting 

Nb electrodes with a Cu (1 nm)/CuNi 

(1 nm)/Cu (1 nm) buffer layer. The 

superconducting drop of Sample 2 

indicates a proximity range of 8 nm. 

The inset on the upper left is R-H 

relation and the one at the right corner 

is the schematic of Sample 2 in side 

view. 

 Sample 2 shows the largest superconducting drop (R-T curve in Fig. 7.2) among all the 

samples with the same structure, indicating a superconducting proximity range of 8 nm. The R-T 

relation of Sample 2 displays a ‘critical peak’ appears around 7.5 K and the R - μ0H relations (inset 

of Fig. 7.2) are also dominated by the influence of the giant ‘critical peaks’. The ‘critical peak’ 

feature is commonly seen in a superconductor-ferromagnet heterostructure, however, its origin 

still remains debatable. The absence of the long-range proximity effect in this structure is possibly 

due to the large ferromagnetic exchange coupling of Ni NW, which aligns the magnetization of 

CuNi layer to the same direction, so a non-collinear magnetic region is failed to be established.  

(a) Long-range Proximity Effect with Cu Buffer Layer 

 A practical way to isolate the influence of strong ferromagnetic material is increasing the 

thickness of the Cu layer138, 145. Before conducting further study on the weak ferromagnetic buffer 
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layer, we have to first identify the influence of Cu buffer to the superconducting proximity effect. 

Strikingly, we find that by simply adding a thin Cu buffer layer with natural oxidation between SF 

interfaces, an unusual long-range superconducting proximity effect emerges. In this section, we 

will present three ferromagnetic Ni NWs with 3 nm Cu buffer layer, Sample 3 to Sample 5, 

exhibiting superconducting proximity effect with spatial extent ranging from 35 nm to 136 nm. In 

our experiment, materials with different functionality were deposited separately to guarantee the 

clean interfaces and minimum intermixing, so Cu layer was exposed to air before the deposition 

of the next structure. And we will show later that the oxidized Cu is playing a vital role in the long-

range proximity effect.  

 

Figure 7.3 R-T and R-μ0H property of a Ni nanowire measured by the superconducting Nb electrodes with 

a Cu buffer layer. (a) The resistance of Sample 3 starts to drop at 3 K, and drops 25 % down to 0.2 K, suggesting 

a superconducting proximity range of 65 nm in Ni NW. The inset is the schematic of Sample 3 in side view. (b) R-

μ0H relation shows decreasing Bc and resistance drop as temperature increases, the dots in the graph are individual 

data points and the lines are the guide to the eye. The inset shows contact resistance from the 2-terminal 

measurement, indicating the Tc ~ 8 K of Nb electrodes. A resistive upturn shows up under 3 K.  
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Sample 3 is also a ‘top-down’ configuration with Ni NW deposited prior to the 3 nm Cu 

buffer layer and Nb electrodes. As shown in Fig. 7.3a, the resistance of Sample 3 has dropped 30 % 

from 3 K to 0.2 K, indicating a superconducting proximity range of 65 nm. Magnetoresistance 

displays consistent superconducting-normal state transition with decreasing Bc and Rdrop as 

temperature rises in Fig. 7.3b. Its inset shows the contact resistance acquired by two-probe 

measurement, where the superconducting transition of Nb electrodes is clearly demonstrated 

around 8 K, as well as an increase at 3 K. It is due to the bad thermal conductivity when Ni is 

induced superconducting, so the heat accumulated around contact is unable to dissipate through 

the substrate and cause the resistance to increase.  

 Figure 5.10 suggests a superconducting proximity range of 35 nm for Sample 4, and Figure 

5.10c shows an even longer range of 136 nm for Sample 5. Closed to Tc of Nb electrodes (see Fig. 

5.10 (b) & (d), insets), Rdrop of Ni NW in these two samples start to emerge from 8 K, and gradually 

vanishes with the applications of the external magnetic field. Sample 4&5 have more robust 

superconducting coherence than Sample 3 due to their higher Tc, which can also be seen from their 

larger critical current (Ic) (shown in Fig. 7.5a - c). Resistance peaks near Tc or Bc can also be 

observed, although the origin of which still remains as an open question139. The magnitude of 

normal resistance of Sample 4 is dramatically larger than other devices, indicating a comparatively 

larger strength of scattering in its Ni NW. This can also be seen in the R-T relation in the normal 

state (Figure. 7.5d), where Sample 4 shows a slightly insulating behavior while others show the 

all-range metallic property, coinciding with the fact that the superconducting proximity range of 

Sample 4 is the smallest among all three samples. 
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Figure 7.4 R-T and R-μ0H property of two Ni nanowires deposited on Cu/Nb electrodes. (a) R-T curve of 

Sample 4 suggests a superconducting proximity range of 35 nm with Tc ~ 8 K at zero field. The resistance drop 

gradually vanishes with the application of H. The inset is the schematic of Sample 4 in side view. (b) R-μ0H curve 

of Sample 4 shows Bc ~ 4 T at 2 K. Bc and the amount of resistance drop decrease as temperature increases. The 

inset shows contact resistance from the 2-terminal measurement. (c) R-T graph of Sample 5 suggests a proximity 

range of 136nm with Tc ~ 8 K at H = 0 and decreases with the application of H. The inset is the schematic of Sample 

5 in side view. (d) R-μ0H curve of Sample 5 shows Bc ~ 6 T at 0.5 K, and Bc ~ 4 T at 2 K. Bc and the amount of 

resistance drop decrease as the temperature increases. The inset shows contact resistance from the 2-terminal 

measurement. 

We noticed a repeatable quasiperiodic oscillation superimposed on background 

magnetoresistance (Fig. 7.4b and d) of both samples. These oscillations are likely to be the vortex 
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crossing in the proximity-induced superconducting region. Similar oscillation is reported in the 

type-II superconductor, NbSe2
146.  

 

Figure 7.5 Normalized resistance v.s. current relation under different temperatures of (a) Sample 3, (b) 

Sample 4, and (c) Sample 5. The superconducting proximity effect is gradually diminishing as the excitation or 

temperature increases, indicated by the decreasing resistance drop of ferromagnetic Ni NW. (d) Normalized 

resistance-T relation of three samples. 
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7.1.3 Proximity Effect with Au Buffer Layer 

 To check the influence of a normal-metal buffer layer to superconducting proximity effect, 

we substitute Cu with thermally evaporated Au in Sample 6. We also tried to short Ni wire by 

covering it with thick Au (6 nm) layer in Sample 7.  Au layer of Sample 6 shared the same mask 

of Nb electrodes, while in Sample 7, 6 nm Au was thermally deposited on the same mask of Ni 

NW.  

 

Figure 7.6 R-T and R-μ0H property of a Ni NW measured by the superconducting Nb electrodes with Au 

interlayer. (a) R-T graph of Sample 6. The inset is the schematic of Sample 6 in side view. (b) R-μ0H of Sample 6. 

The inset shows contact resistance from the 2-terminal measurement. (c) R-T graph of Sample 7. The inset is the 
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schematic of sample 7 in side view, where the Au layer has covered the whole Ni wire. (d) R-μ0H of Sample 7. The 

inset shows contact resistance from the 2-terminal measurement.  

 Interestingly, both samples show a resistance drop indicating maximum proximity range 

around 10 nm and giant ‘critical peaks’ in magnetoresistance, as shown in Fig. 7.6. In Sample 6, 

R-T relation also shows increased resistance with several ‘critical peaks’ around Tc, and the 

resistance flattened quickly with decreasing temperature. Sharp superconducting drops are also 

presenting around Hc in R-μ0H relation graph. While in most of our samples, resistance is dropping 

gradually and showing the trend of further drop at the cryostat’s base temperature. R-μ0H relation 

of Sample 7 has large and wide ‘critical peaks’ starting from 4 T to 2 T at 1 K. Interestingly, small 

peaks also emerge around the low field from 1 K to 7 K, and the reason remains unknown for us.  

 These results do demonstrate an enhanced superconducting proximity effect in the 

ferromagnetic wire when using Au buffer layer, although not as strong as it with Cu. It also 

indicates that the Ni NWs we are studying have strong ferromagnetism that has prevented Au layer 

from being driven fully superconducting147-148.  
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7.2 Possible Explanation of Long-range Proximity Effect in Ni 

7.2.1 Possible Noncollinear Magnetic Profile Induced by CuO 

 We listed all the nanowire samples presented in this dissertation in Table 7.1 for a clear 

comparison in an attempt to understand the particularly long-range proximity effect found in 

samples inserted with thin layers of Cu.   

No. Geometr
y  
L(nm) 

Ni 
fabrication 
method 

Interlayer(nm) 
/Method 

CuO 
presents? 

Supercurrent 
direction 

Contact 
resistan
ce (Ohm) 

Proximity 
range in 
Ni(nm) 

1 500 Evaporation N/A No Top-down 800 2 

2 500 Evaporation Cu(1)/CuNi(1)/Cu(1) 

/evaporation 

Yes Top-down 100 8 

3 500 Evaporation Cu(3)/evaporation Yes Top-down 13,000 60 

4 500 Sputtering Cu(3)/sputtering Yes Bottom-up 265 35 

5 1000 Sputtering Cu(3)/sputtering Yes Bottom-up 22,400 136 

6 500 Evaporation Au(3)/Evaporation No Top-down <1 10 

7 1000 Evaporation Au(6)/Evaporation No Top-down <1 10(Au/Ni NW) 

8 500 Sputtering Cu(3)/sputtering Minimal Top-down 200 13 

9 500 Sputtering Cu(10)/sputtering Minimal Top-down 5 2 

10 500 Sputtering Cu(10)/sputtering Yes Bottom-up 300 <1 

Table 7.1 Summary of NW structure and properties presented in this dissertation. Sample 1 has no buffer layer 

and it shows superconducting proximity range consistent with conventional theory. Sample 2, Sample 6, and Sample 

7 are showing a similar level of proximity range, indicating a slight enhancement due to the buffer layer. Sample 3 to 

Sample 5 display surprising long-range proximity effect when a naturally oxidized thin Cu layer is acting as the buffer 

layer. Sample 8 to Sample 10 will be presented in the next section to show that proximity range dramatically decreases 

if we reduce the amount of CuO or the magnitude of its magnetism.  

 The first candidate is the formation of CuNi alloy at Cu/Ni interface. It has been reported 

to provide noncollinear magnetic texture138 predicted to induce spin-triplet149-150. However, the 8 

nm proximity range from Sample 2 indicates the negligible influence of CuNi layer to the triplet 

supercurrent induction. Other candidates lie on the oxidations formed during the fabrication, 
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namely, CuO151
 and NiO, which are antiferromagnetic152 materials that could serve as the magnetic 

inhomogeneity. NiO can be ruled out by Sample 4&5, whose NiO is absent in the interface while 

the long-range proximity effect still emerges; And in Sample 1, NiO is possibly presented, but only 

2 nm of proximity range is detected. Thus, CuO becomes the most likely origin for inducing long-

range proximity effect. CuO could be formed in the atmosphere from thermally evaporated Cu153, 

it was shown that such CuO a film often displays anti-ferromagnetism properties with Neel 

temperature around 230 K154. Nano-sized CuO particles could even display ferromagnetism due 

to short-range low-dimensional anti-ferromagnetic elements153. Enhanced coercivity and 

remanence were also observed under low temperature by Karthik, et al.155 The CuO layer that 

formed between Cu and Ni layer in our sample could be the reason for the formation of spin-triplet 

cooper pairs that survive a long range in ferromagnetic Ni nanowire. 
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7.2.2 Experimental Evidence of Magnetic CuO 

 To test the magnetic properties of the Cu layer in our NW, we carried out magnetization 

measurement using Superconducting Quantum Interference Device (SQUID) by Quantum Design, 

Inc. As shown in Fig.7.7, the substrate (4 µm × 4 µm SiO2 (500 nm)/Si (500 µm)) has a linear M-

H relation with the negative slope at 50 K, and the one with 40 nm Nb on top presents similar 

diamagnetic behavior. These results are reasonable since Si/SiO2 are mostly showing the 

diamagnetic property if it’s not contaminated by ferromagnetic material; And the Nb is 

paramagnetic when it’s above Tc. Both diamagnetism and paramagnetism are giving a linear 

magnetic response, thus we can detect the ferromagnetic behavior of our sample when subtracting 

the linear M-H relation of the substrate. The inset of Fig. 7.7b displays superconducting behavior 

of Nb under 2 K. 

 

Figure 7.7 M-H relation of controlled samples. (a) M-H curve of a 4 µm × 4 µm Si substrate with 500 nm SiO2 

on the surface. (b) M-H relation of a 40 nm Nb sputtered on the substrate. The inset shows the M-H curve of the 

sample under 2 K. No ferromagnetic impurity is found by the SQUID measurement. 
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Figure 7.8 M-H relation of 3nm naturally oxidized Cu evaporated on 4 µm × 4 µm SiO2/Si Substrate with / 

without 40 nm Nb layer. (a) Raw Data acquired from the sample. (b) M-H relation of 3 nm naturally oxidized 

Cu layer with background subtraction. (c) A number of such Cu films from different batches were tested, similar 

M-H relations were found. Thin Film 1 is the film shown in Fig. (a) and (b). (d) M-H relation of 3 nm naturally 

oxidized Cu layer on top of 40 nm Nb. Inset shows the diamagnetism of superconductivity.  

 Figure 7.8 shows the ferromagnetic behavior of naturally oxidized Cu (3 nm) on the 

substrate. If we subtract the linear diamagnetic background out of the raw data, we found evidence 

of ferromagnetism in Fig. 7.8b. It presents a hysteresis loop with the coercive field around 200 Oe, 

and the saturation field more than 2 kOe under 50 K. The total magnetization increases as 

temperature decreases due to enhanced magnetic anisotropy. To ensure the repeatability of the 
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ferromagnetism, we deposited such Cu film several times, and the samples from all batches are 

showing similar result under 10K (Fig. 7.8c). Similar M-H is also obtained when a 40 nm Nb layer 

is deposited prior to the Cu layer (Fig. 7.8 d). 

 

Figure 7.9 M-H relation in thicker Cu layer or thin Cu layer with minimum exposure to atmosphere. (a) M-

H relation of 10 nm naturally oxidized 10nm Cu evaporated on a 4 µm × 4 µm Si substrate with 500 nm SiO2. Cu 

and Nb are deposited without breaking the vacuum. (b) M-H relation of 3 nm Cu layer covered by a 40 nm Nb 

layer grown on the Si substrate. Ferromagnetism vanished in these two cases, indicating the anti-ferromagnetism 

of CuO. 

 The naturally oxidized thin (3 nm) Cu layer in our system has found to show an anomalous 

ferromagnetic behavior, which agrees with the ferromagnetic response of reported CuO 

nanostructures153, 155-157. In those CuO nanostructures, anti-ferromagnetism dominates when the 

diameter (d) is larger than 10 nm, but when d is smaller than 10 nm, ferromagnetism emerges and 

persists even up to room temperature due to the uncompensated surface spin153, 155-157.  We believe 

the ferromagnetism in our thin oxidized Cu layer shares the same origin of those CuO 

nanostructures. Therefore, we increase the thickness of the Cu layer to 10 nm to check its 

consistency with anti-ferromagnetic CuO nanostructures. Figure. 7.9a shows a linear M-H relation, 
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indicating the vanishing ferromagnetism in 10 nm thick Cu layer. Also, as shown in Fig. 7.9b when 

thin Cu layer is covered by Nb layer before exposing to the atmosphere, minimum oxidation is 

expected without detectable ferromagnetism. Consistent with the previous reports153, 155-157, these 

results illustrate that the origin of the ferromagnetism in our 3 nm Cu buffer layer is the naturally 

oxidized surface.  

 The magnetic property of Cu layer in those films provide a possible explanation for the 

origin of ferromagnetism in our Cu buffer layer and based on this assumption, our sample 

resembles the S/F’/F/F’’/S structure reported holding the long-range triplet-supercurrent in Co up 

to 28 nm138. In their experiment, F’ and F’’ was used by CuNi or PdNi alloy and Cu buffer layers 

are employed to magnetically isolate F layer and preserve their noncollinear alignment. In our 

sample, the functionality of F’ or F’’ is fulfilled by naturally oxidized Cu layer, and its anti-

ferromagnetic nature makes it immune to the exchange coupling of Ni layer even they lie closely 

to each other.  

7.2.3 Proximity Effect with Minimum Influence of CuO 

 The magnetization measurement shows the Cu films we deposited are consistent with 

previous studies: ferromagnetism emerges at a few nanometers thick CuO due to the 

uncompensated spins (Fig. 7.8). Additional magnetization measurements (Fig. 7.9) show no 

ferromagnetism with a pure thin Cu layer and thicker CuO (> 10 nm) film. Therefore, the 

functionality of the CuO buffer layer can be further confirmed if the long-range superconducting 

proximity effect is absent in NW configuration with pure thin Cu or thicker CuO film. 

In Sample 8, the Cu buffer layer and Nb electrodes were sharing the same mask and 

sputtered consecutively without breaking the vacuum. In R-T relation, followed by the ‘critical 

peak’, the resistance starts to drop around 7 K at zero field, which is the same as the Tc of Nb 
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electrodes, shown in the inset of Fig. 7.10. At 2 K, R-μ0H graph shows resistance drop starting at 

4 T, prior to the appearance of ‘critical peak’ at 2 T. These resistance dips before the ‘critical peaks’ 

is also seen in Sample 1&6. Superconducting proximity range in such configuration is calculated 

as 13nm, which is of the comparable level of that found in Sample 6&7. This result is reasonable 

since minimum oxides should greatly reduce the noncollinear ferromagnetism in the buffer layer 

according to our assumption, and the inevitable oxidation around the edges of Cu layer still gives 

rise to a marginal proximity effect.  

 

Figure 7.10  R-T and R-μ0H relation of Sample 8, where Cu/Nb are deposited consecutively in the same 

chamber. (a) R-T relation under the different magnitude of the external field. The inset is the schematic of 

Sample 8 in the side view. (b) R-μ0H property under different temperatures. The inset shows contact resistance 

from the 2-terminal measurement. 

 When increasing the thickness of Cu to 10 nm in Sample 9 and keeping other fabricating 

parameters used in Sample 8, we find the proximity range is only 2 nm at zero field. In R-μ0H 

graph, we encounter a magnetoresistance step when crossing zero external field, similar to R-μ0H 

curve of Sample 1 in Fig. 7.1. This resistance change only takes up less than 1 % of normal 
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resistance and gives different normal resistance at the higher external field in R-T relation shown 

in Fig. 7.11b.  

 

Figure 7.11 R-T and R-μ0H relation of Ni NW with 10 nm Cu interlayer. (a) R-T relation under the different 

magnitude of the external field of Sample 9, where Cu/Nb are deposited without breaking the vacuum. The inset is 

the schematic of Sample 9 in the side view. (b) R-μ0H property under different temperatures of Sample 9. The inset 

shows contact resistance from the 2-terminal measurement. (c) R-T relation under different magnitude of the 

external fields of Sample 10, where Nb/Cu are sputtered prior to Ni NW. CuO is presented at the Cu/Ni interface. 

The inset is the schematic of Sample 10 in the side view. (b) R-μ0H property under different temperatures of Sample 

10. The inset shows contact resistance from the 2-terminal measurement. 
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 In Sample 10, we first sputtered Nb and consecutively deposited 10 nm of Cu layer, then 

Ni NW was evaporated after another step of fabrication. In such structure, the Cu layer was 

exposed to air, but we see negligible resistance drop indicating superconducting proximity range 

less than 1nm. R-T and R-μ0H relation are mostly dominated by the ‘critical peak’. 

 Combined with our SQUID data, we see a strong correlation between the emergence 

ferromagnetism of naturally oxidized Cu buffer layer and the observation of long-range proximity 

effect in Ni NW. Further experiments show that when the ferromagnetism of buffer layer 

significantly reduced by avoiding the exposure to air, as well as increasing the thickness, long-

range proximity effect also disappears. Therefore, strong evidence points to the Cu oxides for 

providing a noncollinear magnetic profile that is crucial to the induction of spin-triplet supercurrent 

in our observations of long-range proximity effect. 
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7.3 Conclusion 

 In this chapter, we report an experiment that directly correlates the dramatic effect in the 

spatial extent of the superconducting proximity effect along the Ni NW upon the insertion of a thin 

Cu buffer layer with natural oxidation between the Nb electrode and the Ni NW. We found three 

ferromagnetic Ni NWs with 3 nm Cu buffer layer exhibiting superconducting proximity effect 

with spatial extent ranging from 35 nm to 136 nm; while in the devices where Cu is absent, 

proximity range only yields 2 nm. In our experiment, samples were fabricated by e-beam 

lithography followed by physical vapor deposition (PVD). Materials with different functionality 

were deposited separately to guarantee relatively clean interfaces and minimum intermixing. 

 Our experiments provide a new understanding of triggering long-range superconducting 

proximity effect in a ferromagnetic NW system. We believe that the ferromagnetism originated 

from uncompensated antiferromagnetic spins in oxidized Cu buffer layer provides noncollinear 

magnetic alignment against ferromagnetic Ni wire. We hope the accessibility and flexibility of 

fabricating such structure could be handy in future applications and inspire many more studies. 
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