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ABSTRACT OF THE DISSERTATION 

 

Understanding and Manipulation of Emerging Quantum Phases in Topological Insulators 

 

by 

 

Peng Zhang 

Doctor of Philosophy in Electrical and Computer Engineering  

University of California, Los Angeles, 2021  

Professor Kang Lung Wang, Chair 

 

Topological insulator (TI) is a new class of quantum material with inverted band 

structure caused by strong spin-orbit coupling (SOC), resulting an insulating bulk and 

topologically protected surface states. By introducing magnetism to break the time-reversal 

symmetry, it can host emerging topological quantum phases such as quantum anomalous Hall 

(QAH) effect, axion insulator quantum phase, and can host chiral Majorana fermion when 

coupled to superconductors. The goal of this dissertation is to study these quantum phases by 

material growth and transport measurements.  

First, we studied the growth condition by molecular beam epitaxy (MBE) and achieved 

high quality magnetically doped topological insulator (MTI) film growth that can host QAH 

effect. To understand the different origins of zero Hall conductance plateau in QAH insulators 

and axion insulators, we carried out the thickness dependent study on MTI sandwiched structures 

and observed a dimension crossover between 2D QAH and 3D axion insulators  by minor loops 
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measurements and scaling analysis. Then, we investigated the QAH insulator and 

antiferromagnetic heterostructures which offer an additional degree of freedom to manipulate the 

QAH state in MTI. By proximity coupling the QAH insulator to antiferromagnetic insulator Al-

Cr2O3, we observed an exchange biased QAH effect, and the exchange bias can be effectively 

controlled by a field training process. In addition, chiral Majorana edge modes are reported to 

exist in QAH insulator and superconductors heterostructures. Aiming to understand the 

discrepancy of recent experimental reports, we fabricated QAH insulator with superconductor 

and normal metals hybrid devices, and we found the details of material characteristics, interface 

conditions play important roles on the experiment observations. Finally, two collaborative works 

closely related to the main scope of this dissertation are introduced. To probe the size limit and to 

understand the inter-channel scattering of QAH effect, we fabricated mesoscopic scale sub-

micron size QAH insulator devices and carried out size dependent studies.  Enabled by the 

successful growth of QAH film on insulating 2D van-der-Waals substrate MICA, we were able 

to fabricate dual-gate QAH device by exfoliation and transfer techniques. By applying a vertical 

electric field, we observe a topological phase transition from QAH to a trivial insulator state. 

This research will greatly improve the understanding of emerging topological quantum physics, 

and lead to the new revolution of quantum electronic devices. 
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Chapter 1 Introduction 

1.1 Topological insulator 

Topological insulator (TI) is a new class of quantum materials which behaves as an 

insulator in its interior but contains conducting surface states [1-3]. Distinguished from other 

insulators, the surface states of TI have a spin-momentum locking mechanism where the spin 

polarization of surface electron is tightly locked to its momentum direction. These unique 

properties of TI are because its surface states are topologically protected Dirac fermions, and its 

non-trivial topology comes from the inverted band structure casue by strong spin-orbit coupling 

(SOC). In common semiconductor materials, the conduction band is usually formed from s-

orbitals while valence band is usually formed from p-orbitals. The valence band has a lower 

energy than conduction band, thus causing a trivial band gap. On the contrary, due to the strong 

SOC in TI, its p-orbitals can locate at a higher energy level above s-orbitals, causing the band 

inversion (i.e., band gap Eg is negative). As a result, topologically protected surface/edge states 

would arise when TI is interfaced with materials with a trivial bandgap (e.g., vacuum), because 

the wavefunction must follow continuity law across the two medias. 

Topological insulator in two-dimension (2D TI), is predicted to host dissipationless spin-

polarized helical edge states and result in the quantum spin Hall (QSH) effect, which can be 

viewed as a quantized version of spin Hall effect [4]. Being protected by time-reversal symmetry 

(TRS), odd number of pairs of helical states cannot open a gap at the edge which ensures that the 

back-scattering by non-magnetic impurities are forbidden. The QSH insulators, 2D TIs, regarded 

as the most suitable candidate to implement the “electron/spin highway” concept, raised broad 

interests in spintronic applications as well as scientific studies in condense matter physics. in 
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2006, B.A Bernevig et al. theoretically proposed the CdTe/ HgTe/ CdTe quantum well structure 

as a suitable candidate to host QSH state after fine tuning the HgTe thickness [5]. In fact, the 

CdTe/ HgTe/ CdTe quantum well can be described by an effective Hamiltonian given by [5] 

𝐻𝑒𝑓𝑓(𝑘𝑥,𝑘𝑦) = [
𝐻(𝑘)

0
  

0

𝐻∗(−𝑘)
]                                             (1 − 1) 

𝐻(𝑘) = 𝜀(𝑘) + 𝐴(𝑘𝑥𝜎𝑦 − 𝑘𝑦𝜎𝑥) + 𝑚(𝑘)𝜎𝑧                            (1 − 2) 

, where 𝜀(𝑘) = 𝐶 − 𝐷(𝑘𝑥
2 + 𝑘𝑦

2 ) is the contribution from trivial band bending, 𝑚(𝑘) = 𝑚0 +

𝐵(𝑘𝑥
2 + 𝑘𝑦

2 )  is the gap parameter and 𝜎𝑖  are the Pauli matrices, and 𝐻∗(−𝑘)  is unitarily 

equivalent to 𝐻(𝑘)  for this system protected by the time reversal symmetry. As shown in Fig. 1-

1 a, CdTe is a trivial semiconductor with s-type conduction band Γ6 above its p-type Γ8 valence 

band, while in HgTe the bands are inverted due to its strong SOC. The theoretical calculation 

suggests that the HgTe has a critical thickness dc of 6.5 nm (Fig. 1-1 b), below which the 

structure is a trivial semiconductor dominated by CdTe, and above which the structure is a 2D TI 

and can host QSH effect. For m/B < 0 (i.e., d < dc), the eigenstates of the model describe a trivial 

insulator. As the thickness of the HgTe quantum well increases, m becomes negative due to band 

inversion, and the m/B > 0 condition gives rise to the edge states of the QSH insulator. A 

schematic of the spin-polarized helical edge channels is shown in Fig. 1-1 c.  

Followed by this proposal, the QSH effect was experimentally observed by König et al. 

in the CdTe/ HgTe/ CdTe quantum wells in 2007, as shown in Fig. 1-1 d [6]. Several samples 

with different HgTe thickness were prepared by molecular beam epitaxy (MBE), and resistance 

measurements were carried out at various gate voltages to tune the Fermi level in and out of its 

bulk gap. The authors found that, when HgTe thickness d< 6.3 nm, the longitudinal resistance 

became very large indicating the sample is a normal insulator. As the thickness increased to d> 
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6.3 nm, the longitudinal conductance tends to quantize at 2 e2/h (where e is the electron charge 

and h is Planck’s constant), matching well with the theory. Recently, beside the CdTe/HgTe 

quantum wells, the QSH effect has also been observed in other materials systems including 

InAs/GaSb quantum wells [7] and the single layer WTe2 [8].  

 

Figure 1- 1 Quantum spin Hall effect in 2D TI CdTe/HgTe/CdTe quantum wells. (a) Bulk 

energy bands of HgTe and CdTe near the Γ point. (b) Left: quantum well in normal regime 

E1>H1 with HgTe thickness<dc. Right: quantum well in inverted regime H1>E1 with HgTe 

thickness>dc. Adopted from Ref. [5]. (c) Illustration of the spin-polarized helical edge channels 

in a 2D TI. (d) Experimentally measured longitudinal four-terminal resistance, R14,23, of 

various normal (d = 5.5 nm) (I) and inverted (d = 7.3 nm) (II, III, and IV) quantum well 

structures as a function of the gate voltage measured for B = 0 T at T = 30 mK. Adopted from 

Ref. [6]. 
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From the above review, we can conclude that non-trivial band inversion due to strong 

SOC in 2D TIs can give rise to the QSH effect. The topological insulator theory can also be 

extended to three-dimensions, where the topologically non-trivial boundaries extend from the 1D 

edges to 2D surface states and the gapless surface states are protected by time-reversal symmetry 

[9], as schematically shown in Fig. 1-2 a. Based on the theory, F. Liang and C.L. Kane predicted 

that the Bi1-xSbx alloy with a critical Bi to Sb ratio would be a 3D TI [10]. One year later, D. 

Hsieh et al. applied surface-sensitive angle-resolved photoemission spectroscopy (ARPES) to 

observe the topological surface states in Bi0.9Sb0.1 for the first time [11], indicating the birth of 

3D TI.  However, the surface states and the underlying mechanism of Bi1-xSbx alloy turned out to 

be extremely complex. Instead, tetradymite-type materials Bi2Se3, Bi2Te3, and Sb2Te3 were later 

proposed to be 3D TIs with a single surface Dirac cone [12], and later been experimentally 

demonstrated by ARPES techniques [13-15]. The electronic band structure of Bi2Se3 measured 

by ARPES is shown in Fig. 1-2 b, c [14]. This tetradymite family tend to be preferable 3D TI 

families by researchers, as they have a single Dirac cone at Γ point and a bulk band gap up to 

0.3eV, allowing for studying their surface states by transport measurement. In addition, they are 

layered single-crystalline materials that can be grown by MBE, which makes them become the 

most widely studied TI system. Especially Bi2Te3 and Sb2Te3 are able to form ternary 3D TI 

compound (Bi1-xSbx)2Te3 where Bi to Sb ratio can be tunned during growth thus tuning its Fermi 

level position [16]. 
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Figure 1- 2 Electronic band structure of 3D TI Bi2Se3 measured by ARPES. (a) Schematic of 

the band structure of 3D TI with spin-moment locked surface states. (b) The bulk conduction 

band (BCB), bulk valence band (BVB), and surface-state band (SSB) are indicated, along with 

the Fermi energy (EF), the bottom of the BCB (EB), and the Dirac point (ED). (c) Band structure 

along the K- Γ- K direction, where Γ is the center of the hexagonal surface Brillouin zone (BZ). 

Adopted from Ref. [14]. 

 

1.2 Magnetic topological insulator 

As described before, the surface states of TI are topologically protected by the time-

reversal symmetry (TRS). From Eq. (1-1) and (1-2), the Hamiltonian for non-magnetic TI is 

protected by TRS given 𝐻(𝑘) = 𝐻∗(−𝑘) . However, it is also of great interest to introduce 

magnetic exchange interaction into TI, which will break the TRS of the topological surface states 

and result a gap opening at the Dirac point, making the surface Dirac fermion massive  [14, 17, 

18]. For magnetic TI, the mass term will change to 

𝑚(𝑘) = 𝑚0 + 𝐵(𝑘𝑥
2 + 𝑘𝑦

2 ) + 𝑔𝑀𝑧                                             (1 − 3) 
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, where 𝑀𝑧 is the magnetic exchange tern perpendicular to its surface. Consequently, 𝐻(𝑘) ≠

𝐻∗(−𝑘) so the Hamiltonian no longer has TRS-protected property, and the massless surface 

Dirac fermions with linear dispersion will become massive where the Dirac point opens a gap, as 

shown in Fig. 1-3. Experimentally, Y.L. Chen et al. observed a small surface exchange gap 

opening in transition-metal Mn doped Bi2Se3 using ARPES [14]. L.A. Wray et al. also observed 

the surface exchange gap opening when they deposited Fe ions on top surface of Bi2Se3 [17]. 

The TRS-breaking physics and applications in magnetic TI can be multiplied through the 

interplay among the band topology (SOC strength), the magnetic orders (magnetic exchange 

coupling strength), and structural engineering. The breaking of time-reversal symmetry may lead 

to many other exotic physics including the quantum anomalous Hall effect (QAHE), axion 

electrodynamics, induced magnetic monopole, etc. [1, 19, 20].  

 

Figure 1- 3 TRS-breaking magnetic topological insulators. (a) The interplay among band 

topology, magnetic exchange, and structure engineering in the TRS-breaking phenomena. (b) 

Topological surface band diagram in undoped TI (massless) and MTI (massive), respectively. 

Adopted from Ref. [21]. 

In order to introduce magnetic exchange term Mz into TI, there are two widely studied 

approaches. First, by coupling TI with a topologically trivial magnetic material, the magnetic 
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proximity effect at the interface can locally align the spin moments of the TI electrons out of 

plane and thus breaking the TRS at the interface. Followed by this approach, ferromagnetism has 

been introduced into otherwise nonmagnetic TIs by proximity coupling to ferromagnetic 

insulator YIG [22-24], TmIG [25], EuS [26-28], Cr2Ge2Te6 [29, 30], and antiferromagnetic CrSe 

[31] and CrSb [32]. However, the magnetization introduces by such short-range magnetic 

exchange coupling are usually very weak probably due to the poor interface quality.  

Alternatively, directly doping magnetic ions into the host TI materials turns out to be a 

more effective approach to introduce robust magnetism. Zhang et al. reported a carried out 

detailed theoretical study on the stability, electronic, and magnetic properties of the magnetically 

doped topological insulators Bi2Se3, Bi2Te3, and Sb2Te3 [33], and they found the 3d transition 

metals favored the substitutional doping by using  first-principles calculations within density 

functional theory [34]. Experimentally, transition metal doped TI have been successfully grown 

by chemical vapor deposition (CVD) [35], Bridgeman growth [36, 37], and MBE [38-41]. The 

MBE techniques has unique advantages of non-equilibrium growth, precise thickness and doping 

control, and capability of integrating heterostructures or superlattices. In fact, most of the exotic 

quantum physics were discovered in magnetically doped TI, due to its stronger magnetic 

exchange interaction and better controllability through MBE. 

There are mainly two kinds of magnetic coupling mechanisms in transition metal doped 

Bi2Se3, Bi2Te3, and Sb2Te3. It is well known that in magnetically doped semiconductors or 

conventional dilute magnetic semiconductors (DMS), the neighboring magnetic dopants are 

aligned though the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction [42, 43]. The 

Hamiltonian of RKKY model can be expressed by the following equation [44, 45]: 
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𝐻12
𝑅𝐾𝐾𝑌 =

𝑖

𝜋
∫ 𝑑𝐸 ∑ 𝑇𝑟{[−𝐽(𝐸)𝜎⃗ ∙ 𝑆1

⃗⃗⃗⃗ ]𝐺(𝑅12
⃗⃗⃗⃗ ⃗⃗⃗)[−𝐽(𝐸)𝜎⃗ ∙ 𝑆2

⃗⃗ ⃗⃗ ]𝐺(−𝑅12
⃗⃗⃗⃗ ⃗⃗⃗)}

𝑖≠𝑗

𝐸𝐹

−∞
          (1 − 4) 

, where 𝐽(𝐸) is the exchange coupling coefficient, 𝑆1
⃗⃗⃗⃗  and 𝑆2

⃗⃗ ⃗⃗  are the spins of local magnetic ions, 

𝑅12
⃗⃗⃗⃗ ⃗⃗⃗ is the distance between the two localized ions, G stands for the Green’s function, and 𝜎⃗ is 

the Pauli matrix of itinerant electrons. The Hamiltonian can then be expressed into 

𝐻12
𝑅𝐾𝐾𝑌 = 𝐹1 (𝑅, 𝐸𝐹)𝑆1

⃗⃗⃗⃗ ∙ 𝑆2
⃗⃗ ⃗⃗ + 𝐹2 (𝑅, 𝐸𝐹)(𝑆1

⃗⃗⃗⃗ × 𝑆2
⃗⃗ ⃗⃗ )

𝑦
+ 𝐹3(𝑅, 𝐸𝐹)𝑆1

𝑦
𝑆2

𝑦
                 (1 − 5) 

Which shows that the RKKY interaction consists of three terms: the Heisenberg-like term, the 

DM-like term, and the Ising-like term, displaying different range functions [44]. Unlike the 

RKKY interactions mediated by itinerant carriers, it was found that the magnetic exchange 

among local moments in magnetic TIs could also be mediated by band electrons, through the van 

Vleck mechanism. In 2010, R. Yu et al. predicted that tetradymite TI materials 

(Bi2Se3/Bi2Te3/Sb2Te3) could form such magnetic order from van Vleck mechanism  when doped 

with Cr or Fe by first-principles calculations [19]. Later, C.Z Chang et al. carried out an 

experimental study to investigate the Van Vleck mechanism in magnetic TIs [39], where they 

found the ferromagnetism of the Cr0.22(BixSb1-x)1.78Te3 films remained the same, regardless of the 

carrier type and density modulated by Bi to Sb ratio. In 2013, X. Kou et al. from UCLA reported 

the experimental evidence of the coexistence of both magnetisms in 6 QL Cr-doped topological 

insulators with the Cr doping levels of 2%, as shown in Fig. 1-4 [41]. Fig. 1-4 a shows the device 

structure with a top gate control, and Fig. 1-4 b shows the gate-dependent anomalous Hall. As 

shown in Fig. 1-4 c, the observed ambipolar effect of Rxx (red solid lines) indicates that the 

Fermi level can be effectively tuned across the surface band gap. The Hall density (blue) 

determined from the linear Rxy curve at high field changes sign accordingly.  
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Fig. 1-4 d shows the changes of coercivity field Hc at 1.9 K (red hollow circles) and Curie 

temperature Tc (blue solid squares) with applied top-gate voltages. Both gradually decrease when 

the sample is biased from p-type to n-type, indicating the hole-mediated RKKY interaction 

signature in this region (green region, Vg< -1 V). With the Vg further increases and EF shifts into 

conduction band (yellow region, Vg> -1 V), Hc and Tc became saturated, indicating the existence 

of electric-field independent bulk van Vleck ferromagnetism. 

 

Figure 1- 4 Coexistence of hole-mediated RKKY and bulk van Vleck mechanisms revealed 

by electric-field-controlled anomalous Hall effect. (a) Top-gated Hall bar device structure. The 

effective size is 10 μm (L) by 40 μm (W). (b) Gate-dependent anomalous Hall effect at 1.9 K in 

6 QL Cr0.04(Bi0.49Sb0.49)2Te3 thin films. (c) Top-gate modulations of Rxx and Rxy in the sample. 

(d) The changes of coercivity field Hc at 1.9 K (red hollow circles) and Curie temperature Tc 

(blue solid squares) with applied top-gate voltages. Adopted from Ref. [41]. 
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1.3 Quantum anomalous Hall 

The quantum anomalous Hall (QAH) effect is known as a “zero-field version” of 

quantum Hall effect, which can be viewed as spontaneous magnetization replacing the external 

magnetic field. It is characterized by a quantized Hall resistance Rxy= e2/h with vanishing 

longitudinal resistance at zero magnetic field. Unlike quantum Hall which is due to the Landau 

level and cyclotron orbit localization in two-dimensional electron gas (2DEG) under strong 

external magnetic field at low temperature [46], the quantum anomalous Hall (QAH) effect has a 

different physical origin arising due to the combination of topologically nontrivial band 

structures and ferromagnetism-induced TRS-breaking. For 3D TIs, the ferromagnetism from 

magnetic dopants can introduce an exchange field along the out-of-plane direction thus the 

Hamiltonian of the surface states can be written as [19]: 

𝐻 = 𝐻𝑠𝑠 + 𝐻𝑍𝑒𝑒𝑚𝑎𝑛 = [

𝑚𝑘 + 𝑔𝑀 𝑖𝜈𝐹𝑘− 0 0
−𝑖𝜈𝐹𝑘+ −𝑚𝑘 − 𝑔𝑀 0 0

0 0 𝑚𝑘 − 𝑔𝑀 −𝑖𝜈𝐹𝑘+

0 0 𝑖𝜈𝐹𝑘− −𝑚𝑘 + 𝑔𝑀

]        (1 − 6) 

with the following basis: |+↑⟩, |−↓⟩, |+↓⟩, |−↑⟩, where  |±↑⟩ = ( |𝑡 ↑⟩ ±  |𝑏 ↑⟩)/√2, |±↓⟩ =

( |𝑡 ↓⟩ ±  |𝑏 ↓⟩)/√2. Here t, b stands for top and bottom surface and ↑, ↓ represent the spin up 

and spin down states. To achieve QAH effect, starting from either a topologically trivial 

semiconductor or TI, the surface band evolution when exchange field is introduced is shown in 

Fig. 1-5. If the system starts from a topological trivial case where subbands are not inverted as 

shown in Fig. 1-5 a, the exchange field can shift the bands with opposite spins and a pair of 

inverted subbands will appear (red dashed line and blue solid line) when the exchange field is 

strong enough. For TI system where the initial subbands are already inverted as shown in Fig. 1 -

5 b, the exchange field can release the band inversion in one pair of subbands (red solid line and 
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blue dashed line) and increase the band inversion in the other pair (red dashed line and blue solid 

line). In principle, QAH effect could occur in both cases. However, in practical, the route starting 

from TI (Fig. 1-5 b) is more feasible. 

 

Figure 1- 5 Evolution of the subband structure upon increasing the exchange field. The 

solid lines denote the subbands that have even parity at Γ point, and dashed lines denote 

subbands with odd parity at Γ point. The blue color denotes the spin down electrons; red, spin up 

electrons. (a) The initial subbands are not inverted. When the exchange field is strong enough, a 

pair of inverted subbands appears (red dashed line and blue solid line). (b) The initial subbands 

are already inverted. The exchange field releases the band inversion in one pair of subbands (red 

solid line and blue dashed line) and increase the band inversion in the other pair (red dashed line 

and blue solid line). Adopted from Ref. [19].  

In 2013, the QAH effect was first experimentally observed in magnetically Cr- doped 
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(Bi,Sb)2Te3 (Cr-BST) thin films by Chang et al. [47]. Five quintuple layer (QL) 

Cr0.15(Bi0.1Sb0.9)1.85Te3 thin films were grown on SrTiO3 substrates, and by applying a back gate 

voltage through SrTiO3, the Fermi level can be tuned into its bulk energy gap. As shown in Fig. 

1-6, a quantized Hall resistivity ρyx of h/e2 and a vanishing longitudinal resistivity ρxx (~0.098 

h/e2) at zero magnetic field can be observed when the gate is at an optimized voltage of Vg ~ -

1.5V. The QAH state only happened at a very small back-gate voltage window around -1.5V. As 

shown in Fig. 1-6 b and d, the ρyx, ρxx and the converted conductivity quickly deviated from the 

quantized value as its Fermi level tuned away by the gate voltage.  

 

Figure 1- 6 The QAH effect in Cr-doped (Bi, Sb)2Te3. (a) Magnetic field dependence of ρyx at 
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different back-gate voltage. (b) Dependence of ρyx (0) (empty blue squares) and ρxx (0) (empty 

red circles) on Vg. (c) Magnetic field dependence of ρxx at different Vg. (d) Dependence of σxy (0) 

(empty blue squares) and σxx (0) (empty red circles) on Vg. Adopted from Ref. [47]. 

 

Figure 1- 7 Scale-invariant QAH effect beyond 2D limit and metal-to-insulator transition in 

6 QL Cr- (Bi, Sb)2Te3. (a) Schematics of the chiral edge conduction in the QAHE regime. (b) 

Hysteresis Rxy − B curves of the 10 QL film at different temperatures. For T < 85 mK, Rxy attains 

the quantized value of h/e2. (c) Butterfly-shaped Rxx – B curves of the 10 QL film. In the QAHE 

regime, Rxx nearly vanishes at low fields. Adopted from Ref. [48] (d) Magnetic field-dependent 

σxy at different temperatures. Zero Hall plateaus at ±HC are developed between the two QAHE 

states up to 0.33 K. (e) Magnetic field-dependent σxx at different temperatures. Even when the 
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film already deviates from the perfect QAHE state at T=0.33 K, both the zero σxy plateaus and 

double-peaked σxx still persist. Adopted from Ref. [49]. 

Soon after the first discovery of QAH effect, X. Kou et al. from UCLA observed the 

QAH effect in 10 QL Cr0.12Bi0.26Sb0.62 films showing that the QAH effect can persist even when 

the film thickness is beyond the two dimensional (2D) hybridization limit [48]. As shown in 

Figure 1- 7 b and c, the Rxy attains the quantized value of h/e2 and Rxx nearly vanishes at low 

temperatures. The extension of the QAHE into the three-dimensional thickness region addresses 

the universality of this quantum transport phenomenon. Figure 1- 7 a show the schematics of the 

chiral edge conduction in QAHE regime under different magnetization. Later, X. Kou et al. 

further observed giant longitudinal resistance peaks and zero Hall conductance plateau at the 

coercive field in the 6 QL Cr0.12Bi0.26Sb0.62 films, demonstrating the metal-to-insulator switching 

between two opposite QAHE plateaus [49]. As shown in Figure 1- 7 d and e, the high resistance 

insulator state, after conductivity matrix conversion, would result in a zero plateau in σxy and a 

four-peak behavior in σxx. The realization of this QAHE insulating state near coercivity unveils 

new ways to explore quantum phase-related physics and applications and is closely related the 

work that will be introduced in Chapter 3. 

The exploration of materials systems that can host QAH effect aroused worldwide 

interest. In 2015, V- dopant was also shown to introduce robust ferromagnetism in (Bi,Sb)2Te3 

with perpendicular anisotropy (PMA) and QAH effect was observed in V-BST [50]. More 

recently, QAH effect was also observed in other material systems, such as intrinsic magnetic 

topological insulator MnBi2Te4 [51], twisted bilayer graphene [52], and MoTe2/WSe2 Moiré 

heterostructures [53].  
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1.4 Axion insulator 

Axion, in high energy physics is a hypothetical elementary particle and is of interest as a 

possible as a building block of dark matter [54]. The axion has signatured axial electrodynamics, 

where the electric field and magnetic field are in parallel direction, defying the conventional 

Maxwell electrodynamics, in which electric field and magnetic field are orthogonal. It is 

intriguing to note that these ingenious structures give a possibility to study the counterpart of the 

physics of dark matter in solid states. The topological magnetoelectric (TME) effect, is a 

signature phenomenon derived from the axion electrodynamics, where the crossed induction of 

magnetization and electric polarization are expected to occur by applying external electric and 

magnetic fields, respectively [1, 55-57]. A theoretical proposal to achieve axion insulator state on 

3D TI is shown Fig. 1-8 [1]. In the proposed structure, a cylindrical 3D TI is surrounded by a 

ferromagnetic material with magnetization in the radial direction. Due to the magnetic proximity 

effect, the 3D TI will become an axion insulator and host TME effect. Fig. 1-8 a and b Illustrate 

the magnetization induced by an electric field, and charge polarization induced by a 

perpendicular magnetic field in the cylindrical structure, respectively. 

However, the cylindrical structure is not practical to realize in experiments. A simplified 

sandwich structure, where two compositional different MTI layers with different coercivity are 

separated by an undoped TI layer, is also proposed to host the axion insulator state [1]. As shown 

in Fig. 1-8 c and d, the electric field Ex with direction into the paper would induce Hall currents jt 

and jb for parallel and antiparallel magnetizations, respectively. For the parallel case (Fig. 1-8 c), 

the sandwiched structure would be in a QAH state, while for the antiparallel case (Fig. 1-8 d), the 

system could form a circulating Hall current is neglecting un-gaped side surface, which is 

analogy to Fig. 1-8 a, representing the axion insulator state. With each surface contributing 1/2 
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e2/h conductance, the QAH insulator would have a Hall conductance of e 2/h while axion 

insulator would have Hall conductance of 0, as two surfaces canceled each other. This makes the 

detection of axion insulator accessible through transport measurement. 

 

Figure 1- 8 Realization of axion insulator state. (a) Illustration of the magnetization induced 

by an electric field in a cylindrical geometry. (b) Illustration of the charge polarization induced 

by a perpendicular magnetic field in the same geometry. (c-d) The electric field Ex with direction 

into the paper and the induced Hall currents jt and jb for parallel and antiparallel magnetizations, 

respectively. In (d) the Hall currents on the two surfaces are opposite and form a circulating 

current. Adopted from Ref. [1]. (e) Magnetic field dependence of Hall conductivity (σxy) and 

longitudinal conductivity (σxx) of the MBE-grown TI (BST) film doped with Cr and V 

individually on top and bottom (inset) measured at 60 mK. (f) Magnetic field dependence of σxy 

at 500 mK in the Cr-Cr–doped (shown in green) and the V-V–doped (shown in red) bicolor TI 

heterostructures. Adopted from Ref. [58]. 
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Followed by this proposal, the axion insulator state was first experimentally achieved in 

2017 in asymmetrically doping Cr- and V- MTI sandwiched structures [58]. As shown in Fig. 1-

8 e and f, the V-BST has a larger coercivity than Cr-BST, so the configuration in Fig. 1-8 d can 

be realized at certain magnetic field where top and bottom surface magnetization have the 

opposite directions. In the transport measurement, a signature zero Hall conductance plateau (σxy 

= 0), as the direct evidence of axion insulator state, was observed in Cr-BST/ BST/ V-BST 

sandwiched structures (Fig. 1-8 e), while absent in symmetrically doped Cr-BST/ BST/ Cr-BST 

or V-BST/ BST/ V-BST (Fig. 1-8 f).  

 

1.5 Organization 

In this Dissertation, we summarize our work on the emerging topological quantum states 

that can be hosted in TI and MTI. The contents are arranged as follows. In Chapter 2, we show 

the molecular beam epitaxy growth of TI and MTI, and the recipe development to achieve QAH 

effect in MTI. The challenges to realized QAH effect and effort to transfer QAH insulator 

growth recipe on various substrates will be discussed. In Chapter 3, we focus on the QAH effect 

on MTI and axion insulator state in MTI sandwiched structures. The similarity and difference of 

the two states will be discussed. In Chapter 4, we focus on the QAH insulator and 

antiferromagnetic heterostructures. We observed an exchange biased QAH effect resulted from 

the interfacial exchange coupling results, and a field training process as an effective method to 

manipulate the QAH state will be discussed. In Chapter 5, we focus on the QAH insulator and 

superconductor heterostructures which was believed to host chiral Majorana edge mode. To 

understand recent debate on the experimental observations, both superconductor and control 

experimental normal metal hybrid devices are fabricated and measured. The important role of 
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interface details will be discussed. In Chapter 6, two collaborative works will be introduced. 

Aiming to understand and address the inter-channel scattering in QAH, the size dependence on 

mesoscopic devices is studied. Enabled by the successful growth of QAH insula tor on mica, an 

electric field induced topological phase transition was observed in dual-gate devices, fabricated 

by exfoliation and transfer techniques. Chapter 7 is the conclusion chapter of this dissertation.  
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Chapter 2 Molecular Beam Epitaxy Growth of Topological 

Insulators 

In this dissertation, all TI and MTI films were grown in an ultrahigh vacuum Perkin 

Elmer MBE system at the Device Research Laboratory of UCLA. The in-situ reflection high-

energy electron diffraction (RHEED), atomic force microscopy (AFM), X-ray diffraction (XRD), 

and transmission electron microscopy (TEM) were used to characterize the film surface 

morphology and crustal quality. Cryogenic magneto-transport measurement was carried out to 

characterize the film magnetic property and study quantum transport behavior. In this chapter, 

most of the tools will be described, and the process development to realize QAH effect will be 

discussed in detail. 

 

2.1 Molecular beam epitaxy 

Molecular beam epitaxy is a popular thin-film epitaxy technique which has several 

unique advantages. It can realize good crystalline growth, maintain a low impurity level, and has 

precise control over thickness and doping levels. 

All TI and MTI films are grown in an ultrahigh vacuum Perkin Elmer MBE system at the 

Device Research Laboratory of UCLA with a base pressure as low as 10 -10 Torr. The system 

consists of three vacuum stages: first, sample is loaded into the system through a load -lock with 

pressure ~ 10-5 Torr maintained by a turbomolecular pump; then, sample was transferred through 

a transfer tube with pressure ~10 -8 Torr maintained by an ion pump, and finally sample is loaded 

into the growth chamber (shown in Fig. 2-1 a) with pressure ~10-10 Torr maintained by a cryo-

pump and an ion pump. The growth chamber is equipped with 8 effusion cells and enabling the 
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growth of Bi, Sb, Te, Se, Mn, Cr, Fe, Sn, where the Sb and Se cells are especially designed with 

high-temperature crackers to achieve monomeric element flux. In addition, an e-gun evaporator 

is integrated into the system, which enables the growth of low vapor pressure materials that 

requires high evaporation temperature. It can evaporate W, Mo, Nb, and V by using high power 

electron beam heating the source above 1300°C, which is beyond the limit of conventional 

Knudsen cells.  

The system is also equipped with in-situ process monitoring tools. The ionization gauge 

inside the chamber can measure the total pressure, and a residual gas analyzer (RGA) can 

provide accurate residual gases’ mass spectrum, which may also serve as a leak detector by 

monitoring helium partial pressure when flushing ultra-high purity helium gas outside the 

chamber through possible leakage spots. An in-situ reflective higher-energy electron diffraction 

(RHEED) is also equipped in the system, which can provide with the real-time crystal growth 

information on the surface. 

 

Figure 2- 1 MBE system in Device Research Lab at UCLA. (a) The system is equipped with 8 

Knudsen cells and 1 e-gun evaporator with 4 crucibles, making it capable of growing 12 

elements including Bi, Sb, Te, Se, Cr, Fe, Sn, Mn, W, Nb, Mo and V. This system is equipped 
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with in-situ RHEED, RGA. (b) Schematic drawing of the MBE setup. 

Fig. 2-1 b shows the schematic drawing of the setup inside the chamber. During the 

growth, pneumatic shutters can be controlled to allow the molecular beam we would like to grow. 

The flux of each element is precisely controlled by its crucible temperature heated by either 

tungsten filaments (effusion cells) or high-power electron beams (e-beam evaporator). The 

substrate holder is heated by radiation heating of tantalum filaments on its back and can be 

precisely controlled (±0.1°C) by the computer software. The substrate holder can also rotate in 

its surface plane, allowing the film growth with better uniformity. During the growth, high 

energy electron beams (>8keV) will be emitted from the RHEED gun, and shotted on to the 

substrate in a grazing angle (<5 °). The reflected and diffracted electrons are then collected and 

imaged by a phosphor screen and CCD camera developed by KSA Associates.  

RHEED is a powerful tool for real-time characterization of epitaxial growth, due to its 

surface sensitivity and small electron wavelength. For example, 8keV electron energy 

corresponds to a wavelength around 0.14 Å which is sufficient to resolve crystal details down to 

atomic scale. The interaction of grazing angle incident electrons and surface crystal lattice and be 

expressed by the Laue diffraction condition: 

𝒌𝑜𝑢𝑡 − 𝒌𝑖𝑛 = 𝑮                                                                  (2 − 1)                                         

where kin and kout are the wavevectors of incident and diffracted e-beams, and G is the 

reciprocal lattice vector of the surface. As an example, the reciprocal lattice vector of an ideal 

infinite two-dimensional rectangular lattice is an infinite array of rods spaced by (2𝜋𝑚

𝑎
 ,

2𝜋𝑛

𝑏
 ) where 

a and b are the real space lattice constant and m, n are integers. A common method to construct 

the RHEED pattern is using an Ewald sphere, as shown in Fig. 2-2 a. The Ewald sphere is 

constructed using the incident beam’s wavevector as the radius, and the intersection of the 
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surface reciprocal lattice rods and the Ewald sphere will fulfill the Laue condition and results in 

the diffraction pattern on the screen, as shown in Fig. 2-2 b. 

 

Figure 2- 2 Schematic of RHEED pattern formation. (a) Ewald sphere for the construction of 

RHEED pattern. The allowed diffraction beam must satisfy the condition kout - kin = G which is 

the crystal’s reciprocal lattice vector. (b) The RHEED pattern of an ideal 2D crystalline surface. 

Fig. 2-3 shows the RHEED patterns of some typical surface crystal conditions . For a flat 

and infinite single crystalline surface (Fig. 2-3 a), its lattice vector in reciprocal space is an 

infinite array of rods and results in spots on the RHEED pattern. However, some finite size 

domains will usually appear on the surface (Fig. 2-3 b), so its reciprocal lattice rods will have 

finite radius, resulting in streaks on the RHEED pattern. Similarly, when the surface has 

multilevel steps or even 3D islands, the RHEED pattern will becomes modulated streaks or 3D 

spots (Fig. 2-3 c and d). When the crystal growth is in a lay-by-layer mode, RHEED can provide 

important growth rate information as indicated by an oscillation in its intensity, as shown in Fig. 

2-3 e. In a layer-by-layer growth mode, the surface undergoes a serial of islands nucleation and 

expansion, and finally forms a new layer. During this process, there will also be a periodically 
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evolvement of the surface roughness. The roughness increase as the islands nucleates and 

expands before it reached 50% coverage (1 to 3), and then decreased when it’s gradually forming 

a 100% covered new layer (3 to 5). The RHEED spot intensity will also oscillated accordingly 

with the surface roughness, providing an accurate growth period information. The TI and MTIs 

in (Bi,Sb)2Te3 family usually show this layer-by-layer growth mode, so this techniques plays an 

important role in our later analysis. 

 

Figure 2- 3 RHEED patterns of some typical surfaces. The schematics of real space, 

reciprocal space, and RHEED pattern of (a) a flat and single-crystalline surface, (b) a flat surface 

with small domains, (c) multilevel stepped surfaces, and (d) 3D islands. (e) RHEED intensity 

oscillation during layer-by-layer growth mode, where smooth full-covered surfaces result in 

brighter patterns while rough partial-covered surfaces result in darker patterns. 
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2.2 MBE growth of TI and MTI 

Since the theoretical proposal of topological insulators, various material systems have 

been explored including HgTe/ CdTe quantum well [5, 6], InAs/ GaSb bilayers [59], BiSb alloys 

[10, 11], and Bi2Te3 base compounds [12, 13, 60]. Among all the materials, the Bi2Te3 based 

tetradymite-type 3D TI is the most studied material system, due to its stable phase and readily 

mature growth method. This TI material family includes Bi2Se3, Bi2Te3, Sb2Te3 and the 

compound (Bi,Sb)2Te3 (BST) which the addition degree of freedom to tune the fermi level by 

tuning Bi to Sb ratio. The TI and MTI materials in this dissertation will be focusing on this 

material family. 

The crystal structure of the Bi2Te3 TI family is shown in Fig. 2-4. It has a layered 

structure, with each layer consists of five atomic layers so it’s also known as quintuple layer 

(QL). Within each QL, the five atomic layers stacks in the order of Te-Bi-Te-Bi-Te and forms 

the covalent bonds, while between QLs, the two Te atomic layers are weakly coupled through 

Van der Waals force. The Bi2Te3 TI family has a rhombohedral crystal structure and shows a 

hexagonal symmetry in the (0001) plane. In this representation, the Bi2Te3 has a crystal lattice of 

a=4.38 Å in the (0001) plane, and c=30.49 Å along the c-axis where one QL has a thickness 

around 1 nm, and one unit cell consists of three QLs. The layered structural property of Bi2Te3 

TI family makes them to form a layer-by-layer Van der Waals growth mode. This makes it 

possible to grow Bi2Te3 on various substrates with high tolerance of lattice mismatch [61] and 

enables precise thickness control down to one single QL by RHEED oscillations. To achieve 

epitaxial growth, we choose either (111) surface of diamond/  zinc blende structure or (0001) 

surface of hexagonal substrates. Therefore, the substrates we chose are GaAs (111) B, Si (111), 

α-Al2O3 (0001) and mica.  
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Figure 2- 4 Crystal structure of Bi2Te3 TI family. 

The growth procedures of TI and MTI on various substrates are summarized in Table 2-1. 

To start with, some necessary substrates treatments outside the vacuum are needed to get a clean 

surface. Then, the clean substrates will be mounted onto the molybdenum-made substrate holder 

using indium glue at elevated temperature (~ 200 °C). This could provide a superior thermal 

contact between substrates and the holder, which ensures a fast temperature response and 

uniform temperature distribution. For some special applications that required low temperature 

process, In-Ga alloy may also be used since it’s liquid form at room temperature. Then the 

substrate holder is transferred into the MBE chamber. Before the growth of TI, the thermal 

degassing of substrates is also needed to remove its surface contamination or native oxide. For 

example, the GaAs substrate needs a pre-annealing up to 580 °C in Te rich environment, to 

remove its native oxide and induce surface reconstruction. Finally, the substrate was kept 
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between 160 °C and 230 °C, and Bi, Sb, and Te are co-evaporated for the growth of BST. For 

MTI growth, Cr was also co-evaporated to introduce magnetic doping.  

Table 2-1 MBE growth procedure of TI and MTI on different substrates 

 

Especially, GaAs (111) B and α-Al2O3 (0001) are the most used substrates for TI and 

MTI growth. GaAs (111) B has a lattice constant of a=4 Å in the hexagonal representative, 

whose lattice mismatch is below 10% with BST. As shown in Fig. 2-5 a, the GaAs (111) B after 

pre-annealing shows a streaky RHEED patterns with shining Kikuchi lines. During the growth, 

the RHEED pattern of GaAs (111) B quickly evolves into the Cr-BST RHEED pattern as shown 
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in Fig. 2-5 b. The d-spacing between the first order RHEED lines is in inverse proportional to 

crystal lattice constant, and it shows that the d-spacing of Cr-BST is smaller than GaAs (111) B, 

which is consistent with a larger lattice constant of Cr-BST. Fig 2-5 c shows the AFM of a 6nm 

thick Cr-BST film, which shows a flat surface with roughness around only one QL.  

One key factor affecting the Cr-BST growth quality is the GaAs (111) B pre-annealing 

process. During this process, Te molecular beam will be supplied to suppress the unwanted As 

atom escaping. An over-anneal issue may occur, where escaped As atoms leave pits on the 

substrates, due to insufficient Te flux, exceeding anneal temperature, or exceeding anneal time. 

The RHEED pattern of an over-annealed GaAs (111) B (Fig. 2-5 d) no longer show shining 

Kikuchi lines, and the Cr-BST tends to form 3D island growth indicated by 3D dots on the 

RHEED pattern as shown in Fig. 2-5 e. This issue can also be resolved by AFM. As shown in 

Fig. 2-5 f, the AFM image of as-grown 6nm thick Cr-BST film shows several pits, and a linecut 

indicates that the pits are as deep as 16 nm. For the MTI growth on α-Al2O3 (0001), it’s free 

from this issue. The streaky RHEED patterns and a clear RHEED intensity oscillation in Fig. 2-5 

g shows a high-quality layered growth. The XRD of as-grown Cr-BST films (Fig. 2-5 h) shows a 

good single crystal structure with the characteristic peaks in good agreement with previous 

reports [62]. 
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Figure 2- 5 Characterization of MTI growth. RHEED pattern of (a) proper-annealed GaAs 

(111) B substrates and (b) as-grown Cr-BST. (c) Its AFM image shows a flat surface with 

roughness only one single QL. RHEED pattern of (d) over-annealed GaAs (111) B substrates 

and (e) as-grown Cr-BST shows extra 3D growth patterns. (f) Its AFM image shows dense pits 

on the of the over-annealed GaAs substrates. (g) RHEED pattern, RHEED intensity oscillation 

and (h) XRD of MTI growth on the sapphire substrate. 

 

2.3 Cryogenic magneto-transport measurement 

The electrical and magnetic property of Cr-BST is characterized by cryogenic magneto-

transport measurement. The measurements were conducted in a Quantum Design Physical 

Property Measurement System (PPMS) at UCLA. As shown in Fig. 2-6, the system consists of a 

liquid Helium Dewar, a He relliquifier for recycling evaporated He gas, a He gas cylinder, 

magnet and temperature controllers, and some external electrical measurement tools. The PPMS 
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system can apply a maximum magnetic field of 14 Tesla, and can reach a temperature range 

from 400 K down to 1.9 K. The PPMS system can also incorporates a dilution fridge unit, which 

has a separate loop of diluted He3 and He4 mixture. The dilution fridge insert can be directly 

inserted into the PPMS sample chamber and utilize the cooling power of PPMS to condense 

mixture. The sample loaded in the dilution insert can reach a base temperature as low as 50mK. 

 

Figure 2- 6 PPMS system with and dilution fridge unit in Device Research Lab at UCLA. 

The samples were patterned into millimeter size Hall bar devices (L= 1 mm, W= 0.5 mm) 

for magneto-transport measurement, by using a hard mask and dry etch method. The schematic 

of the Hall bar transport measurement setup is shown in Fig. 2-7. A low-frequency (<100Hz) AC 

current is applied into the source and drain channel (port 1, 4), and the longitudinal voltage Vxx 

(port 2, 3) and Hall voltage Vxy (port 6, 2) were measured by lock-in amplifiers.  
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Figure 2- 7 Schematic of the Hall bar transport measurement setup. 

The longitudinal sheet resistance and Hall resistance can be expressed by: 

𝜌𝑥𝑥 =
𝑉𝑥𝑥

𝐼

𝑊

𝐿
, 𝜌𝑥𝑦 =

𝑉𝑥𝑦

𝐼
                                                   (2 − 2) 

and the conductivity after can be obtained from matrix conversion: 

𝜎𝑥𝑥 =
𝜌𝑥𝑥

𝜌𝑥𝑥
2 + 𝜌𝑥𝑦

2 , 𝜎𝑥𝑥 =
𝜌𝑥𝑥

𝜌𝑥𝑥
2 + 𝜌𝑥𝑦

2                                           (2 − 3) 

In Eq. 2-3,  𝜌𝑥𝑥 , 𝜌𝑥𝑦 are in the unite of one resistance quanta ℎ 𝑒2 = 25812  Ω⁄ , and 𝜎𝑥𝑥, 𝜎𝑥𝑦 are 

in the unit of one conductance quanta 𝑒2 ℎ⁄ . The measurements of interest are the dependence of 

ρxx and ρxy with temperature and magnetic field. The carrier density and mobility information 

could be directly extracted from ρxx and ρxy versus perpendicular magnetic field sweep. In some 

magnetic materials, when the temperature is below its magnetic critical temperature, the Hall 

resistance versus magnetic field will also presents an additional anomalous Hall effect (AHE) in 

additional to the linear ordinary Hall response. The AHE will result in an anomalous Hall 

resistance proportional to the perpendicular components of its magnetism, so the total Hall 

resistance can be expressed as: 

𝜌𝑥𝑦 = 𝑅𝑜𝐵𝑧 + 𝑅𝐴𝑀𝑧                                                       (2 − 4) 
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As a result, after extracting the linear ordinary Hall resistance or when the AHE 

contribution is dominant, the ρxy will effectively represents the perpendicular magnetization of 

the material. Some magnetic information such as Curie temperature Tc and coercivity field Hc 

can be easily known from the Hall bar transport measurement. One thing needs to be noticed is 

that, in the quantum anomalous Hall scenario that will extensively discussed in this dissertation, 

the quantized Hall resistance doesn’t mean all material has a universal Ms along perpendicular 

direction. Instead, it is defined by the Chern number which arises out of topological properties of 

the material band structure. In QAH regime, the chiral edge quantum transport can be described 

by Landauer Büttiker formalism, which is also known as the scattering method for coherent 

transport. It can be expressed as: 

𝐼𝑖 =
𝑒2

ℎ
∑(𝑇𝑗𝑖𝑉𝑖 − 𝑇𝑖𝑗𝑉𝑗)

𝑗

                                                  (2 − 5) 

where 𝐼𝑖  is the current flowing from ith contact into the sample, 𝑉𝑖  is the voltage potential on the 

ith contact, and 𝑇𝑖𝑗 represents the transmission probability from the ith contact to the jth contact.  

 

Figure 2- 8 Landauer Büttiker formalism on a Hall bar device. 
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Taking a Hall bar device as example, as shown in Fig. 2-8. It is straightforward to have 

𝑉1 = 𝑉 , 𝑉4 = 0 , 𝐼2 = 𝐼3 = 𝐼5 = 𝐼6 = 0. Then considering the film was magnetized along -z 

direction, due to the chiral property of its edge state (shown in dashed yellow lines), we can get 

𝑇61 = 𝑇56 = 𝑇45 = 1. As a result, we can get the voltage for all the pods as 𝑉1 = 𝑉6 = 𝑉5 =

𝐼(ℎ 𝑒2⁄ ) and 𝑉2 = 𝑉3 = 𝑉4 =0. Consequently, from the Hall bar measurement we will get 𝑅𝑥𝑦 

equal to one resistance quanta and 𝑅𝑥𝑥 vanishing to zero. 

 

2.4 Recipe development for QAH 

In this section, the recipe development of Cr-BST for realization of quantum anomalous 

Hall effect will be discussed, where transport measurement will serve as an important feed back 

to the growth. We will stick to semi-insulating GaAs (111) B substrate for the recipe 

development, because its treatment method before growth is well-established and high-quality 

MTI growth can usually be achieved. In order to achieve QAH, high quality growth of single 

crystalline Cr-BST is a prerequisite, which can be determined by streaky RHEED patterns 

without any 3D dots similar to Fig. 2-5 b. The QAH effect is usually observed in a limited 

thickness range from 5nm to 10nm [48], so we need to precisely control the film thickness to be 

6QL (~6nm) because it a higher possibility to observe QAH [63]. 

After a high quality 6QL TI and MTI growth can be achieved, the Bi to Sb ratio need to 

be proper adjusted so that the fermi level can locates in its bulk energy gap and near its Dirac 

point. Fig. 2-9 a shows the schematics of the position of EF and Dirac point with different Bi to 

Sb ratio, ranging from pure Bi2Te3 to pure Sb2Te3. For Bi2Te3 its EF is buried in the bulk 

conduction band while Dirac point locates at the top of bulk valence band. With the increasing of 
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Sb concentration, the EF gradually moves towards its valence band while the Dirac point moves 

up towards conduction band. This can be shown by a change from metallic behavior to 

semiconducting behavior and then back into metallic behavior with the increase of Sb 

concentration, as shown in Fig. 2-9 b. At certain range, EF and Dirac point are close to each other 

and both locate within the bulk energy gap. At this range, the sample will have a highest 

resistivity as well as a lower carrier density as shown in Fig. 2-9 c. 

 

Figure 2- 9 Fermi level tunning by varying Bi to Sb ration. (a) Schematic of the Fermi level 

positions for different Sb ratios (x = 0, 0.7, 0.78, 0.85, 0.93, 1.0) of (Bi1-xSbx)2Te3, which are 

estimated from the two-dimensional (2D) carrier density |n2D| and resistivity ρxx. (b) Temperature 

dependences of longitudinal resistance of the (Bi1-xSbx)2Te3 with different compositions. (c) |n2D| 

and ρxx as a function of Sb ratios in (Bi1-xSbx)2Te3. 
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After the rough optimization of Bi to Sb ratio, the Cr magnetic dopants are introduced 

introduce by co-evaporation, and its doping level needs to be tuned. The Cr concentration needs 

to be strong enough to introduce robust ferromagnetism and break the time-reversal-symmetry. 

On the contrary, too high Cr doping is not preferred as the Cr substitution of Bi and Sb will 

weaken the spin orbit coupling and likely destroy its topology. Fig 2-10 a show the Hall 

resistance hysteresis of samples with different Cr doping levels measured at 10 K. higher Cr 

doping can result in higher coercivity field and better perpendicular magnetic anisotropy (PMA). 

The Bi to Sb ratio and Cr doping concentration need to be further fine-tuned to achieve QAH 

quality film.  

Even though all these conditions are optimized, the observation temperature of QAH 

effect is usually limited to sub-Kelvin range and requires dilution refrigerator to measure it, 

which is almost two orders of magnitude smaller than its ferromagnetic ordering temperature 

(~30K). Extensive effort in the community has been focused on understanding this discrepancy 

and enhancing the observation temperature of QAH effect. It is proposed that the low 

observation temperature of QAH effect might be due to its bulk conduction channel from valence 

band top [64, 65], and the non-uniform surface exchange gap of inhomogeneous Cr-doping [64]. 

Instead of growing 6 QL uniform doping MTI, modulation doping strategy can be applied to 

improve the sample quantization temperature [64, 66]. By increasing Cr doping level at surface 

to enhance surface exchange gap and reducing Cr doping level in the bulk layers to suppress bulk 

conduction through in-gap dopant energy state, the observation temperature of QAH effect can 

be slightly enhanced. Here, in addition to the Cr modulation doping, the Bi to Sb ratio of surface 

layer and bulk layers was also optimized individually.  
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Then the films were patterned into Hall bar devices and measured in PPMS. QAH films 

have some typical transport behaviors about 2K that can be easily distinguished from regular 

MTI films. During the field cooling from 300 K to 2K, the longitudinal resistance will behave as 

a semiconductor at higher temperature but become metallic at low temperature below its TC, due 

to the emergence of edge channel conduction (Fig. 2-10 b). The Hall resistance will be 

approaching the quantized value of one resistance quanta ℎ 𝑒2 = 25.812 𝑘𝛺⁄  as shown in Fig. 2-

10 c where ρxy is almost 97% quantized at 2 K. If the sample was further cooled down to sub -

Kelvin temperature, its ρxx will continue drops to zero and ρxy will quantized to ℎ 𝑒2⁄ , which is 

the QAH effect. The magneto-transport results in the quantized region will be discussed in more 

details in the rest of this dissertation. 

 

Figure 2- 10 Magnetic tunning by Cr doping. (a) the Hall resistance hysteresis of samples with 

different Cr doping levels at 10 K. (b) The longitudinal resistance versus temperature under +1T 

magnetic field and (c) Hall resistance versus magnetic field sweep at 2K of a proper optimized 

QAH quality sample. 
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2.6 Summary of chapter 2 

In this chapter, we introduced the fundamentals of MBE and its in-situ RHEED 

characterization technique. The epitaxy of Bi2Te3 family TI materials on four different substrates 

are described. The unique layered structure of Bi2Te3 family enables a layer-by-layer Van der 

Waals epitaxy mode, making it possible to achieve high quality film on various substrates with 

high tolerance of lattice mismatch. We have also introduced the cryogenic magneto-transport 

measurement techniques such as PPMS and DR unit. The magneto-transport results of Hall bar 

devices will serve as important feedback for QAH recipe development. The QAH film can be 

achieved after fine-tuning of Bi to Sb ratio and Cr doping concentration, which has a signature of 

metallic longitudinal resistance and large Hall resistance at low temperature. 
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Chapter 3 Quantum anomalous Hall (QAH) effect and axion 

insulator 

The quantum anomalous Hall (QAH) effect arises due to the combination of 

topologically nontrivial band structures and ferromagnetism-induced time-reversal symmetry 

breaking. Characterized by a quantized Hall resistance with vanishing longitudinal resistance at 

zero magnetic field, it was first observed experimentally in magnetically doped topological 

insulator (MTI) thin films, Cr- and V- doped (Bi,Sb)2Te3 [47-50, 66, 67], and more recently 

observed in the intrinsic magnetic topological material MnBi2Te4 [51], twisted bilayer graphene 

[52], and MoTe2/WSe2 Moiré heterostructures [53]. Because of the dissipation-less edge 

conduction property, QAH insulator is a promising platform to design novel quantum devices, 

and it has a unique advantage over quantum Hall (QH) systems which require a large external 

magnetic field to drive two-dimensional electron gases into Landau quantization. 

The axion insulator is another exotic topological phase that can be hosted in MTI. The 

axion has signatured axial electrodynamics, where the electric field and magnetic field are in 

parallel direction, defying the conventional Maxwell electrodynamics, in which electric field and 

magnetic field are orthogonal. The topological magnetoelectric (TME) effect, is a signature 

phenomenon derived from the axion electrodynamics, where the crossed induction of 

magnetization and electric polarization are expected to occur by applying external electric and 

magnetic fields, respectively. The TME effect can be described by the so called 𝜃 term show 

below, in additional to the ordinary Maxwell terms: 

𝑆𝜃 =
𝜃𝑒2

2𝜋ℎ
∫ 𝑑3𝑥𝑑𝑡𝐸⃗⃗ ∙ 𝐵⃗⃗                                                    (3 − 1) 
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where𝐸⃗⃗ and 𝐵⃗⃗ are the electric and magnetic field, 𝜃 is a dimensionless parameter which denotes 

the axion field [68]. For a trivial insulator, 𝜃 = 0, while for a TI, 𝜃 = 𝜋 . 𝜃 can take value of 0 or 

π for time-reversal symmetric systems. This 𝜃 term is also related to the axion electrodynamics 

in particle physics [68]. 

Indeed, the axion is also being studied by particle physicists as a building block of dark 

matter. It is intriguing to note that these ingenious structures give a possibility to study the 

counterpart of the physics of dark matter in solid states. A QAH sandwich structure, where two 

compositional different MTI layers with different coercivity are separated by an undoped TI 

layer, is predicted to host the axion insulator quantum phase [1]. The V- dopant has been shown 

to introduce ferromagnetism in BST and QAH effect has also be observed in V-BST [50]. The 

V-BST has a much larger coercivity than Cr-BST. Therefore, by asymmetrically doping Cr- and 

V- on the top/bottom surface while leave middle layers undoped, the axion insulator state can be 

realized by at certain magnetic field where top and bottom surface magnetization have the 

opposite direction. It is a promising platform for exploring the quantized topological 

magnetoelectric coupling and axion electrodynamics in condensed matter. 

Up to now, the examination of the zero Hall conductance plateau (σxy = 0) was commonly 

applied as the direct evidence of axion insulator state [58, 69-71]. However, as discussed in 

Chapter 1.3, the QAH insulator in 2D limit (thickness ≤ 6𝑛𝑚) can also have the zero Hall 

conductance plateau due to top and bottom surface hybridization effect [49, 72, 73]. Therefore, 

we carried out a systematic thickness dependent study, and detailed transport measurements, to 

understand the difference between QAH and axion insulator. 
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3.1 Dimension crossover from QAH to axion insulator 

In such a Cr-BST/ BST/ V-BST sandwiched 3D TI system, the undoped TI layer in the 

middle, is essential to decouple the exchange coupling between top and bottom layers. Therefore, 

we carried out a systematic thickness dependent study by varying middle layer BST thickness. 

Cr-BST (3nm) / BST (t) / V-BST (3nm) sandwiched films were prepared by MBE, with t = 0, 2, 

4, 6, 8 nm. In addition, a 6nm Cr-BST QAH insulator was prepared as a comparison. All the 

films were patterned into 40μm * 20μm Hall bar devices by photolithography, and top electric 

gates were fabricated by exfoliated hexagonal boron nitride (h-BN). During the measurements, 

the gate voltage is set at Vg=Vg0 to optimize the sample’s Fermi level position, and a low 

frequency AC current with 5nA amplitude was applied through the source and drain. Fig. 3-1 

shows the magnetic field dependence of the longitudinal and Hall conductance of all the 

samples.  

 

Figure 3- 1 Quantum anomalous Hall insulator and its sandwich heterostructures. 

Longitudinal and Hall conductance of (a) 6 nm Cr-(Bi,Sb)2Te3 QAH insulator, sandwich 
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heterostructures of 3 nm V-(Bi,Sb)2Te3 and 3 nm Cr-(Bi,Sb)2Te3 separated by undoped 

(Bi,Sb)2Te3 with thickness of (b) 0 nm, (c) 2 nm, (d) 4 nm, (e) 6 nm, and (f) 8 nm. 

As shown in Fig. 3-1 a, the regular 6nm Cr-BST QAH insulator shows a good quantization 

with σxy = ±e2/h and σxx = 0 when fully magnetized, as well as a zero-Hall plateau (σxy = 0) near 

coercivity, which is a topological trivial normal insulator state [49, 72, 73]. For the BST (3nm) / 

V-BST (3nm) bilayer (Fig. 3-1 b), it also shows good QAH states by no zero-Hall plateau was 

observed. With the introduction of 2nm middle undoped BST layer (Fig. 3-1 c), the zero-Hall 

plateau starts to form, and with the increase of its thickness to 4nm (Fig. 3-1 d), 6nm (Fig. 3-1 e), 

and 8nm (Fig. 3-1 f), the zero-Hall plateau becomes more obvious and exists on a wider 

magnetic field range. This observation, where the signature zero-Hall plateau for axion insulator 

become more obvious as the system transits from a 2D QAH insulator into 3D regime, matches 

well with the theory that the axion insulator, in principle should be a three-dimensional 

topological insulator [1, 74].  

 

3.2 Zero-Hall plateau in QAH and axion insulator 

However, the zero-Hall plateau are not enough to serve as the direct evidence of axion 

insulator state, since some 2D QAH insulator can also have the zero Hall plateau (as shown in 

Fig. 3-1 a). Here we carried out the minor loops measurements to understand the different origins 

of σxy = 0 plateaus in 2D QAH insulator and 3D axion insulator. The minor magnetic hysteresis 

loop scan, where the cycling field is not enough to saturate the whole system, is usually applied 

to separate each individual ferromagnetic orders in a complex system. In our system, the minor 

loop scan starts at a saturated state (σxy = ±e2/h) and returns back when it reaches the zero-Hall 
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plateau middle state (σxy = 0). Moreover, multiple minor loops were studied, where each loop has 

a different returning point in the σxy = 0 plateau region. 

Fig. 3-2 shows the minor loops of all the five samples with σxy = 0 plateaus, where the top 

panels show the minor loops starting from σxy = e2/h while bottom panels show the minor loops 

starting from σxy = -e2/h. The minor loops with different colors have the different returning points 

in the plateau region, with blue color showing the returning point most “shallow” in the plateau, 

while red color showing the returning point going most “deep” into the plateau region. As shown 

in Fig. 3-2 a, the minor loops of the 2D QAH insulator don’t collapse at a single magnetic field 

when scanned back. On the contrary, for the axion insulators with 2nm (Fig. 3-2 b), 4nm (Fig. 3-

2 c), 6nm (Fig. 3-2 d), and 8nm (Fig. 3-2 e) undoped BST middle layer, all minor loops can well 

collapse at the same magnetic field when scanned back. 

 

Figure 3- 2 Minor loop hysteresis of QAH insulator and axion insulators. Multiple minor 

loop hysteresis measurements of (a) 6 nm Cr-(Bi,Sb)2Te3 QAH insulator, sandwich 

heterostructures with undoped (Bi,Sb)2Te3 thickness of (b) 2 nm, (c) 4 nm, (d) 6 nm, and (e) 8 
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nm. (f) Summarized magnetization reversal ratios for minor loops stopped at different locations 

inside the zero σxy plateaus. 

To quantitatively evaluate the degree of how minor loops merge together, we introduced 

two indicators. 𝐵𝑓𝑜𝑟𝑤𝑎𝑟𝑑 ∆𝐵𝜎𝑥𝑦=0⁄  where ∆𝐵𝜎𝑥𝑦=0 is the zero-Hall plateau width, describes how 

“deep” the returning point goes into the plateau region. In other words, the minor loops in blue 

color has smaller value of 𝐵𝑓𝑜𝑟𝑤𝑎𝑟𝑑 ∆𝐵𝜎𝑥𝑦=0⁄  while the ones in red color have largest value. 

Another indicator 𝐻𝑏𝑎𝑐𝑘 𝐻𝑐,𝑖𝑛⁄  represents how much magnetization the minor loops have 

reversed, where 𝐻𝑐,𝑖𝑛 is the coercivity field of the inner edge, and 𝐻𝑏𝑎𝑐𝑘 is the field needed to 

reverse half of the magnetization back when scanned back. More precisely, 𝐻𝑐,𝑖𝑛 and 𝐻𝑏𝑎𝑐𝑘 were 

taken at σxy = 0.5e2/h for the top panels and σxy = -0.5e2/h for the bottom panels in Fig. 3-2. The 

summarized 𝐻𝑏𝑎𝑐𝑘 𝐻𝑐,𝑖𝑛⁄  versus 𝐵𝑓𝑜𝑟𝑤𝑎𝑟𝑑 ∆𝐵𝜎𝑥𝑦=0⁄  are shown in Fig. 3-2 f. It is shown that, in 

2D QAH (black curve), the y-axis shows strong dependence with x-axis, increasing from 20% to 

100%. This means the sample only has one coercivity and different minor loops are at different 

multi-domain states during a continuous magnetic transition. In the other curves, y-axis shows 

almost no dependence on the x-axis, which means that axion insulators have two separate 

coercivities and different minor loops have the same magnetic profile. In other words, Cr-BST 

layer with smaller coercivity is switched while V-BST layer with larger coercivity is not, due to 

the middle undoped BST layer weaking their inter layer exchange interaction. Interestingly, 

unlike the other axion insulator samples, the y-axis of Cr-BST (3nm) / BST (2nm) / V-BST (3nm) 

sample shows a value of around 60-70%, which is far smaller than 100%. This might be due to 

the existence of an exchange bias effect between the Cr-BST layer and V-BST layer, possibly 

from the long-range RKKY magnetic interaction that has been discussed in Chapter 1.3. In 

conclusion, we show that an undoped BST middle layer with thickness ≥ 2 nm is essential to 
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separate the top and bottom ferromagnetism and to realized axion insulator state. We also show 

that the minor loops serve as an effectively method to distinguish the different origins of zero-

Hall plateaus in 2D QAH insulator and 3D axion insulator. 

 

3.3 Temperature scaling behaviors 

In addition, we carried out the temperature dependent measurements. Fig. 3-3 shows the 

magnetic field dependent Hall conductance σxy of all the devices measured at various temperature 

ranging from 100 mK to 1 K. The zero-Hall plateau width for all samples were further 

summarized in Fig. 3-4 g. It is shown that, the zero-Hall plateau becomes less obvious with 

increasing temperature, and the zero-Hall plateau in axion insulator can survive in a larger 

temperature range than in QAH insulator. The conductivity tensor flow d iagrams were 

constructed in Fig. 3-4 (a-f), which show the evolution of 𝜎𝑥𝑥 versus 𝜎𝑥𝑦 upon magnetic field 

sweeps at various temperatures. The samples with σxy = 0 plateaus show two semi-circle 

behaviors centered at (𝜎𝑥𝑦 , 𝜎𝑥𝑥) = (±0.5 𝑒2 ℎ⁄ , 0) with a radius of 0.5 𝑒2 ℎ⁄ , While the Cr-BST 

(3nm) / V-BST (3nm) bilayer sample shows one larger semi-circle centered at (0, 0) with a 

radius of 𝑒2 ℎ⁄ . 
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Figure 3- 3 Magnetic field dependence of σxy at various temperatures. (a) 6nm Cr-

(Bi,Sb)2Te3 QAH insulator, axion insulators with various middle undoped (Bi,Sb)2Te3 layer 

thickness of (b) 0nm, (c) 2nm, (d) 4nm, (e) 6nm, and (f) 8nm. 
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Figure 3- 4 Conductivity tensor flow diagram at various temperatures. (a) 6nm Cr-

(Bi,Sb)2Te3 QAH insulator, axion insulators with various middle undoped (Bi,Sb)2Te3 layer 

thickness of (b) 0nm, (c) 2nm, (d) 4nm, (e) 6nm, and (f) 8nm. (g) The summarized temperature 

dependence of zero Hall plateau width in all samples. 

To further understand the different physics related to the zero Hall plateau in QAH 

insulator and in axion insulator, we then conducted the scaling analysis of the quantum phase 

transition between σxy = 0 plateaus and σxy = ± e2/h plateaus. The plateau-to-plateau transition in 

σxy is accompanied by a field-driven metal-insulator transition. Unlike in the QHE where the 

plateau-to-plateau transition and the metal-insulator transition occur independently at different 

filling factors, these two transitions occur simultaneously in QAH transition. The maximum 

slope of the σxy trace (𝜕𝜎𝑥𝑦 𝜕𝐵⁄ )𝑚𝑎𝑥 between the σxy = ± e2/h plateaus and the σxy = 0 plateau is 

extracted from Fig. 3-3, and plotted as a function of temperature in Fig. 3-5, where the blue dots 
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describe the σxy = 0 to σxy = + e2/h transition and red dots describe the σxy = 0 to σxy = - e2/h 

transition. It is found that (𝜕𝜎𝑥𝑦 𝜕𝐵⁄ )𝑚𝑎𝑥 decrease with the increasing temperature. As a result 

of the critical behavior of the quantum phase transition, a linear dependence of (𝜕𝜎𝑥𝑦 𝜕𝐵⁄ )𝑚𝑎𝑥 

on the temperature T is found in the log-log plot, consistent with the theoretically predicted 

power-law relationship [72]: (𝜕𝜎𝑥𝑦 𝜕𝐵⁄ )𝑚𝑎𝑥 ∝ 𝑇−𝜅.  

The critical component κ was then extracted by linear fitting of the log-log plot. We find 

κ = 0.6 for 6nm Cr-BST QAH insulator (Fig. 3-5 a), which is in consistence with previously 

reported κ value of 0.61 by [75] and 0.62 by [76] in QAH system. For the axion insulators with 

undoped BST middle layer thickness of 2nm, 4nm, 6nm, and 8nm, we find κ = 0.45, 0.41, 0.39, 

and 0.38 respectively (Fig. 3-5 b-e). This is also in consistence with previously reported κ value 

of 0.47 in 8nm MnBi2Te4 axion insulator [77], and 0.38 in Cr-BST (3nm) / BST (5nm) / V-BST 

(3nm) axion insulator [78]. The temperature scaling exponent κ versus middle layer BST 

thickness was summarized in Fig. 3-5 f. The distinct difference of the κ value in the 6nm Cr-BST 

QAH insulator and Cr-BST (3nm) / BST (t ≥ 2nm)/ V-BST (3nm) axion insulator samples, 

indicates the different physical types of the two quantum phase transitions: in the QAH insulator 

it represents the phase transition between Chern insulator state and topologically trivial insulator 

state, while in axion insulators it corresponds to the phase transition between Chern insulator 

state and topologically nontrivial axion insulator state. For axion insulators, the κ values are 

pretty close to that of conventional quantum Hall plateau-to-plateau phase transitions (κ ~ 0.42 

[79]), indicating that the Chern insulator to axion insulator phase transition may share the same 

universality class with quantum Hall phase transitions. The dereasing trend of the κ value with 

the increasing thickness, also indicates a dimension crossover from a 2D QAH insulator in to 3D 

axion insulator. 
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Figure 3- 5 Temperature scaling behaviors of the plateau-to-plateau transition. Temperature 

dependence of (𝝏𝝈𝒙𝒚 𝝏𝑩⁄ )𝒎𝒂𝒙  extracted from Fig. 3-15 of (a) 6nm QAH insulator, axion 

insulators with various middle undoped BST layer thickness of (b) 2nm, (c) 4nm, (d) 6nm, and 

(e) 8nm. (f) The summarized temperature scaling exponent κ versus middle layer BST thickness. 

 

 

3.4 Summary of chapter 3 

In this work, we carried out a systematic thickness dependent study on MTI / TI / MTI 

sandwiched structures. By varying undoped BST middle layer thickness we observed a 

dimension crossover between 2D QAH and 3D axion insulators. We emphasized that the zero 

Hall conductance plateau (σxy = 0) was not adequate evidence for determine axion insulator state, 

because it can also be seen in 2D QAH insulators. We carried out detailed multiple minor loops 

scans observed distinct behaviors of QAH insulator and axion insulators, which may serve as a 
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powerful method to distinguish the σxy = 0 plateaus of the two. Finally, we did the temperature 

scaling analysis to study the critical behavior of the σxy plateau-to-plateau phase transitions. The 

different critical component κ values in QAH insulators and axion insulator, again indicates the 

different universality classes of the two quantum phase transitions.  
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Chapter 4 QAH insulator and antiferromagnetic heterostructures 

As mentioned in Chapter 1.3, there are two approaches to introduce magnetism into 3D 

TIs. While introducing magnetic dopants during the growth is an effective way to introduce 

ferromagnetism in TI, extensive efforts have been also devoted to proximity coupling TI or MTI 

materials to other strongly magnetically ordered compounds to engineer the time-reversal 

symmetry breaking in topological surface states. Proximity coupling to more uniform or stronger 

magnetic materials, such as Y3Fe5O12 (YIG) [23, 24, 80, 81], Tm3Fe5O12 (TIG) [25], EuS [26-28, 

82], Cr2Ge2Te6 [29, 30], CrSb [32], CrSe [31] etc. has been employed to introduce 

ferromagnetism into otherwise nonmagnetic TIs and to enhance the Curie temperature of MTI 

films. Moreover, the proximity effect through the interface also implements exchange coupling 

as an additional degree of freedom through which the topological surface states can be 

manipulated. Followed by Chapter 2 where we studied MTI film itself and its sandwich 

structures, in this Chapter we will focus on the heterostructures of MTI and other magnetic 

materials. 

While the successful integration of topological and (anti)ferromagnetic layers has been 

demonstrated, direct manipulation of the quantized states through exchange interactions remains 

elusive. Two main challenges are causing this difficulty. First, this (anti)ferromagnetic layer 

needs to be highly insulating to avoid current shunting effect. Second, the critical growth 

requirements for achieving the QAHE set hard limits to the crystal structure and quality of the 

(anti)ferrimagnetic material candidates.  

 

4.1 Cr-BST/Cr2O3 heterostructures 
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An ideal candidate fulfilling the above two requirements is Cr2O3, which is an 

antiferromagnetic insulator with a Néel temperature near 300 K. On its own, Cr2O3 is of interest 

as a magnetoelectric material with potential applications in electrical control of either AFM 

domains or adjacent ferromagnetic (FM) layers through exchange coupling [83-86]. As shown in 

Fig. 4-1a, Cr2O3 has a hexagonal crystal structure with a lattice constant a= 0.496 nm, and its Cr 

spins are generally aligned parallel or antiparallel to [0001] crystal direction, resulting in a robust 

AFM order along its c-axis. This crystal structure makes it a suitable substrate for the growth of 

high-quality MTI [64, 87].  

The Cr2O3 films used in this study were deposited by wither MBE or sputtering on 

Al2O3(0001) substrates, and subsequent MTI growth were performed in a separate MBE 

chamber. By carefully tuning the parameters, we successfully achieved high-quality MTI growth 

on Cr2O3. As shown in Fig. 4-1b, a clear boundary across the MTI/Cr2O3 interface and the well-

defined van der Waals structure of the MTI are observed. Remarkably, we are able to observe 

QAH state in MTI/Cr2O3 (sample 1), as shown in Fig 4-1c, where the Hall resistivity reaches the 

quantized value of ℎ 𝑒2⁄  when sample is cooled down to 20 mK.  

The exchange coupling between the two materials is investigated using field-cooling-

dependent magnetometry. It shows an absence of exchange bias when the sample (sample 1) is 

field-cooled under an out-of-plane magnetic field (Fig 4-1d), while a clear positive exchange bias 

can be observed in a non-quantized sample (sample 2) (Fig 4-1e). The exchange bias field for 

both the QAHI/Cr2O3 and the non-quantized MTI/Cr2O3 are extracted and presented in Fig 4-1f. 

Apart from our study, ref [87] has also reported exchange bias MTI/Cr2O3 heterostructure. While 

the existence of exchange bias shows strong interfacial interaction between the antiferromagnetic 

order of the Cr2O3 and the magnetic topological insulator, it has never been simultaneously 
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observed with the existence of the QAH state [64]. 

 

Figure 4- 1 QAH and exchange bias in Cr-BST/Cr2O3 heterostructure. (a) Crystal and spin 

structure of antiferromagnet Cr2O3 (only Cr atoms are shown). Cr atoms show a buckled 

arrangement. (b) HAADF-STEM of the MTI/ Cr2O3 heterostructure. (c) Quantized Hall 

resistance of MTI/Cr2O3 heterostructure (sample 1) seen at 20 mK. (d) Hysteresis loop at 1.45 K 

of sample 1 after different field cooling conditions, no exchange bias shift was observed in this 

sample. (e) Hysteresis loops of non-quantized MTI/Cr2O3 heterostructure (sample 2) after 

different magnetic field cooling shows a clear positive exchange bias. (f) comparison of the 

exchange bias magnitudes of QAHI/Cr2O3 and non-quantized MTI/Cr2O3 structures. Adopted 

from Ref. [64]. 

 

4.2 Cr-BST/Al-Cr2O3 heterostructures 
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While Cr2O3 is promising for low energy spintronic devices, the single domain state 

necessary for practical applications is challenging to achieve in AFM devices. This issue may be 

resolved through the introduction of nonmagnetic Al dopants into the Cr2O3 thin film during the 

growth, which yields a ferrimagnetic-like moment also known as a parasitic magnetization. This 

emergent magnetization has been attributed to the preferential occupation of Al on one of the 

two Cr sublattices [77, 88]. As illustrated in Fig. 4-2a, the Cr spins in Cr2O3 align parallel or 

antiparallel to [0001] forming a Néel vector along the c-axis, while the introduction of Al 

dopants breaks the symmetry of the two AFM sublattices. This unique parasitic enables 

deterministic control of the AFM domain structure and strengthens exchange-coupling with 

neighboring layers while preserving exciting properties, such as magnetoelectricity, from the 

parent compound. 
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Figure 4- 2 Atomic structure and magnetic property of Al-doped Cr2O3. (a) Atomic and 

magnetic structure of Al-doped Cr2O3. Oxygen atoms are omitted for simplicity. Al3+ 

substitution of Cr3+ change the AFM Cr2O3 into a ferrimagnetic-like magnetic structure. (b) M-

Hz profile of 50 nm Al-Cr2O3 substrate showing hysteresis loops below 300 K. A linear, 

diamagnetic background associated with the Al2O3 substrate has been subtracted from all 

presented curves. (c) Temperature dependence of saturated magnetic moment of 50 nm Al-Cr2O3 

substrate measured with an out-of-plane filed of +2 T. (d) The in-plane M-H SQUID 

characterization. 

The 50 nm thick 5% Al-doped Cr2O3 was deposited on α-Al2O3 (0001) substrates by 

magnetron sputtering, and its magnetic properties were characterized using a superconducting 
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quantum interference device (SQUID) magnetometer. Fig. 4-2b shows the out-of-plane 

magnetization profile of the 5% Al-doped Cr2O3 measured at multiple temperatures. Clear 

hysteresis loops were observed, consistent with the expected ferrimagnetic-like dopant-induced 

parasitic magnetization. The non-square shape of the out-of-plane hysteresis, combined with the 

observation of hysteresis loops under the in-plane field with a lower saturation magnetization 

(Fig. 4-2d), indicates a weak perpendicular magnetic anisotropy (PMA). However, a strong 

perpendicular exchange coupling can still be achieved in this bilayer system. The temperature 

evolution of the saturated magnetization in Fig. 4-2c indicates a critical temperature near 300 K, 

which is consistent with the Néel temperature (TN) of 307 K [86] in pristine Cr2O3. 

To fabricate the Al-Cr2O3/MTI bilayers presented in this study, Cr doped (Bi,Sb)2Te3 

(CBST) layers were consequently grown on 50 nm thick 5% Al-doped Cr2O3 using molecular 

beam epitaxy (MBE). CBST layers were grown with a thickness of 6 quintuple layer (QL) for 

transport studies, while thicker films (20 QL) were prepared for scanning transmission electron 

microscopy (STEM) characterization and polarized neutron reflectometry (PNR) studies. Both 

the sputtered Al-Cr2O3 and MBE grown CBST showed good single-crystalline quality, as 

indicated by the streaky reflection high-energy electron diffraction (RHEED) patterns both 

before and after the epitaxy of CBST (Fig. 4-3a). An atomically sharp interface between Al2O3 

and Al-Cr2O3, as well as the sharp interface to CBST layer can be seen from the high-angle 

annular dark field (HAADF) STEM in Fig. 4-3b and Fig. 4-3c, respectively.  
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Figure 4- 3 High quality Cr doped BST grown by molecular beam epitaxy on Al-doped 

Cr2O3 (0001). a. RHEED pattern of the Al-Cr2O3 substrates and MBE grown CBST on top along 

<11-20> direction. b. HAADF-STEM of the Al2O3/Al-Cr2O3 interface. c. HAADF-STEM of the 

Al-Cr2O3/CBST interface. 

 

4.3 Interfacial coupling in Cr-BST/Al-Cr2O3 probed by PNR 

To probe the interfacial coupling between the Al-doped Cr2O3 and CBST, we performed 

PNR measurements on a 20 QL CBST grown on a 50 nm Al-doped Cr2O3. PNR gives a measure 

of the depth-dependent magnetization of these bilayers. Specular reflectometry (𝑄⃗⃗ perpendicular 

to the surface) is sensitive to in-plane moments only, so measurements were performed with an 

in-plane applied field, at a base temperature of 6 K. The spin asymmetries extracted from these 

measurements (𝑆𝐴 =
𝑅++−𝑅−−

𝑅+++𝑅−−
) as well as the best-fit nuclear and magnetic profiles are shown in 

Fig. 4-4.  
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Figure 4- 4 Interfacial coupling between Al-Cr2O3 and CBST layers probed by PNR. a-c. 

Spin asymmetry of an Al-Cr2O3/CBST bilayer measured by polarized neutron reflectometry with 

applied in-plane magnetic fields of a. 3 T, b. 250 mT, and c. 110 mT. Solid lines show the best 

fits, which are generated by d. nuclear and in-plane magnetic depth-profile models. Due to aging, 

surface oxidation and adsorption varied between subsequent measurements. e. Possible 

orientation and relative magnitude of the net magnetization near the interface, deduced from (d), 

the in-plane magnetic scattering length density (SLD), and magnetometry results. This schematic 

assumes that the Al-Cr2O3 sublattices rotate together and does not illustrate the effect of domains. 

All error bars represent ±1 standard deviation. 

The best fit model indicates a region of zero in-plane magnetization at the interface between 

the CBST and Al-Cr2O3, a feature which persists under in-plane fields as large as 3 T. An 

absence of interfacial magnetization is not uncommon in multilayer magnetic heterostructures, 

Al:Cr2O3 Cr:(Bi,Sb)2Te3interface



57  

and typically indicates the presence of a magnetic dead layer. However, the observation of a 

robust and repeatable exchange biasing effect in these films (as will be discussed below) is 

inconsistent with the presence of a conventional dead layer at the interface. Rather, we propose 

that a strong exchange coupling between the CBST and Al-Cr2O3 surface spins pins the 

interfacial magnetization along the film normal. This is consistent with previous work [83, 89], 

in which the well-known Cr2O3 surface reconstruction fixes interfacial spins along the out-of-

plane direction, yielding the pinning of the interfacial CBST moments along the film normal 

direction. Based on previous works [64, 87], we assume antiparallel alignment across the 

interface. 

Additionally, the best model is in which the magnetic moments within the CBST layer 

gradually cant from an out-of-plane orientation at the interface towards the in-plane direction at 

the top surface of the film. A schematic of the moment orientation is shown in Fig. 4-4e. The 

canting of moments in the CBST layer, up to a maximum of 31 emu/cc (1 emu/cc = 1 kA/m) in -

plane at 3 T, becomes more gradual as the field decreases, indicating strong exchange coupling 

between Cr moments within the CBST; however, this gradual moment canting is not present in 

the Al-Cr2O3 layer, which exhibits a uniform increase in magnetization with increasing field. 

This matches the observation that Al-Cr2O3 is magnetically harder than CBST. Further, the 

maximum in-plane magnetization at 7 K and 3 T in-plane of 20 emu/cc within the Al-Cr2O3 

extracted from the PNR result matches the suppressed saturation magnetization of the in -plane 

hysteresis behavior measured using SQUID (Fig. 4-2b). We conclude, therefore, that some 

fraction of the Al-Cr2O3 spins remain pinned along the film normal at all fields.  

 

4.4 Exchange-biased QAH effect 
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 Having measured the vertical magnetization profile in Al-Cr2O3/CBST bilayers, we 

carried out transport measurements to show the exchange-biased QAH effect in these 

heterostructures. The films were patterned into Hall-bar devices with a geometry of 1 mm by 0.5 

mm, as shown in Fig. 4-5c inset, using a hard mask and dry etching method. The samples were 

cooled from 300 K to 50 mK with a +1 T perpendicular magnetic field applied. Fig. 4 -5a shows a 

vanishing longitudinal resistance 𝜌𝑥𝑥  and quantized Hall resistance 𝜌𝑥𝑦  at cryogenic temperature, 

confirming these films do indeed display the typical signatures of the QAH effect. For further 

confirmation, conductivity tensor components were computed using the relations 𝜎𝑥𝑥 = 𝜌𝑥𝑥 /

(𝜌𝑥𝑥
2 + 𝜌𝑥𝑦

2) and 𝜎𝑥𝑦 = 𝜌𝑥𝑦 /(𝜌𝑥𝑥
2 + 𝜌𝑥𝑦

2), indicating perfect quantization (Fig. 4-5b). The 

flow diagram in Fig. 4-5c shows the evolution of 𝜎𝑥𝑥 versus 𝜎𝑥𝑦 upon a magnetic field sweep 

between ±0.2 T at the base temperature of 50 mK. It showed the transition between the two 

quantized Chern insulator states with Chern number 𝑐 = ±1 , (𝜎𝑥𝑦 , 𝜎𝑥𝑥) = (𝑐, 0) , and an 

intermediate trivial insulator state, (𝜎𝑥𝑦 ,𝜎𝑥𝑥 ) → (0,0), which is observed in QAH insulators with 

thickness 𝑡 ≤ 6 QL  due to a competition between the magnetic exchange gap and surface 

hybridization gap [49, 72, 73], as discussed in Chapter 1.3. 
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Figure 4- 5 Observation of quantum anomalous Hall effect in Al-Cr2O3/CBST 

heterostructure. a. Temperature dependences of longitudinal resistivity ρxx and Hall resistivity 

ρxy under 1 T field, where ρxx vanishes and ρxy approaches the quantized value of h/e2 with 

decreasing temperature. b. Temperature dependences of σxx and σxy converted from ρxx and ρyx. c. 

Evolution of the σxx versus σxy when scanning the magnetic field at 50mK. 

The sample was then subjected to a small magnetic field sweep between ±0.2 T. The 

field sweep range was larger than the coercivity of CBST but smaller than that of Al-Cr2O3, such 

that the magnetization of the latter remained intact during the sweep. The sample showed an 

exchange-biased quantum anomalous Hall effect as evidenced by a shift of the coercivity field in 

both 𝜌𝑥𝑥 (Fig. 4-6a) and 𝜌𝑥𝑦  (Fig. 4-6b), under different Al-Cr2O3 magnetization initialization 

status. The exchange bias has a magnitude of around 2𝜇0𝐻𝑒𝑏 ≈16 mT, and a slightly asymmetric 

behavior of 𝜌𝑥𝑥, which fully reverses, could be due to different spin texture at the Al-Cr2O3 and 

CBST interface under different field training conditions. Remarkably, the exchange bias was 

observed simultaneously with the QAH effect, showing that the presence of the exchange bias 

from the Al-Cr2O3 layer could effectively manipulate the QAH state in CBST. 
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Figure 4- 6 Exchange-biased quantum anomalous Hall effect. Magnetic field dependences of 

(a) ρxx and (b) ρxy after training the sample using -3 T and +3 T to polarize the Al-Cr2O3 

magnetization. The magnetic field was swept between ±0.2 T and the data was taken at 50 mK.  

 

4.5 Exchange-bias controlled by field training 

We would like to emphasize that, the exchange-biased QAH effect could be controlled by 

a novel field-training (FT) approach, rather than traditional field cooling (FC) method. Field 

cooling is usually used to define the Néel vector of AFM materials, by applying a magnetic field 

and cooling through the Néel temperature. In Al-Cr2O3, the introduction of Al dopants breaks the 

symmetry of the two AFM sublattices and produces a nonzero net magnetization as indicated in 

the SQUID and PNR experiments. While an external magnetic field cannot couple to a perfectly 

compensated AFM order parameter, it can be used to switch the ferrimagnetic-like magnetic 

order in Al-Cr2O3. The use of Al-Cr2O3 thus has a significant advantage over its undoped 

counterpart Cr2O3 as the sign of any exchange bias may be changed through the application of an 

external magnetic field alone, without requiring the system be raised above its Néel temperature 

TN. 

To demonstrate this advantage, we show that the magnetism in Al-Cr2O3, and consequently 

the sign of the interfacial exchange bias, may be initialized using both field training and 

traditional field cooling methods. For field cooling, the sample was subjected to  ±3 T fields 

while cooling down from 330 K to 2 K. For field training, the sample was treated to ±3 T and 

±9 T fields after it cooled down to 2 K. In all Al-Cr2O3 initialization scenarios, small magnetic 

field sweeps between ±0.2 T were then performed at 2 K. As shown in Fig. 4-7a, after +3 T 
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field cooling, +3 T or +9 T field training, the device displays exactly the same behavior, and 

presents a pronounced exchange bias compared to the similar field cooling or field training 

process using a negative field, indicating that field training and field cooling are equally eff ective 

methods for establishing exchange bias in this system. 

 

Figure 4- 7 Exchange bias manipulated by field-training of Al-Cr2O3. a. Small field sweep 

(±0.2 T) of ρxy at T= 2 K, after treating the sample with ±3 T, ±9 T field training (FT) and ±3 T 

field-cooling (FC) processes. b. Small field sweep (±0.2 T) of ρxy at T= 2 K, after sample treated 

with various training field. +3 T field is applied to initialize the magnetization of Al-Cr2O3 

before each field-training and loop scan. 

The exchange bias was shown to be directly related to Al-Cr2O3 magnetization from the 

dependence of exchange bias on the externally applied training field. Before each small field 

sweep (±0.2 T), a negative exchange bias was set using a +3 T field, and the sample was 

subsequently subjected to a training field of opposing sign −𝜇0𝐻𝑡𝑟𝑎𝑖𝑛 (Fig. 4-7b). The magnitude 

of this training field was varied between 0.2 T and 3 T, resulting in a gradual switching of Al-

Cr2O3 magnetization. Shown in Fig. 4-7b is that the anomalous Hall loop of CBST gradually 

shifts to the positive direction and finally saturates with increasing training field, indicating a 
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sign change in the exchange bias. In this measurement series, zero exchange bias occurs with a 

training field of 0.7 T, whereas the value of the exchange bias saturates with training fields of 

approximately 1 T. These values correlate approximately with the coercivity and switching fields 

of Al-Cr2O3 obtained from the SQUID data in Fig. 4-2a. 

 

Figure 4- 8 Exchange bias manipulated by field-training of Al-Cr2O3. a. Mapping of the 

training field dependent exchange bias Heb at different temperatures. The gradual switching of 

Heb with increasing training field corresponds to the switching of the Al-Cr2O3 magnetization. b. 

Summarized temperature dependence of Heb. The same device that has been described in Fig. 4-5 

is studied for this measurement. 

The same measurement was performed at different temperatures, and the exchange bias 

as a function of training field magnitude was obtained and shown in the color plot in Fig. 4 -8a. 

The inset schematically illustrated the different signs of exchange bias under different training 
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fields due to the antiparallel alignment of the CBST and Al-Cr2O3 surface spins. The temperature 

dependence of |𝐻𝑒𝑏 | is summarized in Fig. 4-8b, where the exchange bias magnitude decreases 

with increasing temperature and vanishes when the temperature reaches above the Curie 

temperature (≈30 K) of CBST thin film. This observation, combined with the absence of 

magnetic proximity effects in an undoped BST and Al-Cr2O3 heterostructure (Fig. 4-9), indicates 

the exchange bias is most likely due to the dipolar interaction of Cr atoms between Al-Cr2O3 and 

CBST. 

 

Figure 4- 9 Transport result of 6 nm undoped BST grown on Al-Cr2O3. (a) longitudinal 

resistance and (b) Hall resistance. The absence of a magnetic response within the conductive 

layer of BST indicates the absence of magnetic proximity effects between BST and Al-Cr2O3. 

 

4.6 Summary of chapter 4  

To summarize, we demonstrate high quality MBE growth of CBST on an uncompensated 

AFM insulator substrate (Al-Cr2O3). PNR measurements reveal a vanishing in-plane 
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magnetization at the Al-Cr2O3 and CBST interface, which, when taken together with the 

transport measurements, indicates a strong exchange coupling between the two magnetic layers 

pinning the moments at the interface to point out-of-plane. Interestingly, while earlier studies on 

undoped Cr2O3/MTI heterostructures reported that exchange bias and the QAHE were never 

observed simultaneously, the strong exchange coupling in Al-Cr2O3/CBST results in the ability 

to exchange bias the quantum anomalous Hall effect. We further demonstrate that the magnitude 

and sign of the exchange bias can be effectively controlled using a field training process to set 

the magnetization of the Al-Cr2O3 layer, so that it is possible to directly manipulate the exchange 

bias without the heating and cooling cycles needed in traditional field cool process. Thus, we can 

magnetically tune both the magnetic and topological properties of the MTI. This work 

successfully demonstrates the manipulation of QAH states by an adjacent magnetic layer through 

exchange coupling, which provides an additional degree of freedom through which the 

topological surface states can be manipulated. Our findings highlight the rich tuning possibilities 

in topological and AFM heterostructures, and this approach can also be used to understand and 

manipulate other emerging topological quantum phases such as axion insulator states [58, 69, 70] 

and high-Chern number QAH states [90]. 
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Chapter 5 QAH insulator and superconductor heterostructures 

Now in Chapter 4 we have discussed about heterostructures of QAH insulator and other 

magnetic materials. In this chapter, we will focus on heterostructures of QAH insulator and 

superconductors . QAH insulator when coupled with s-wave superconductor, is predicted to host 

chiral Majorana fermions. As a result, the QAH insulator and superconductor heterostructures 

have aroused wide research interests recently. Proposed by Ettore Majorana in 1937 [91], 

Majorana fermion was originally a hypothetic particle in high energy physics, which is an 

elementary spin-1/2 particle with its anti-particle being itself. The Majorana fermions obey non-

Abelian statistics and can be potentially used to form topological qubits for fault-tolerant 

topological quantum computation [92-94]. The mysterious disappearance of Ettore Majorana in 

1938 led to a long way to find evidence of its emergence in the following decades until today. In 

condensed-matter systems, the quasi-particles of Majorana fermions are predicted to exist in 

topological superconductors (TSCs) [3, 95, 96]. TSCs are predicted to appear in various systems 

such as ν = 5/2 fractional quantum Hall system [97], spinless 𝑝𝑥 + 𝑖𝑝𝑦 superconductors [92, 98], 

strong spin-orbit-coupled semiconductor-superconductor heterostructures [99-104], topological 

insulator-superconductor heterostructures [99, 105, 106], etc. These proposals are mainly 

focusing on probing the Majorana zero mode, a zero-dimensional version of the Majorana 

fermion that exists strictly at zero energy. 

Recently, a theoretical work predicted chiral Majorana edge modes (CMEMs), the one-

dimensional version of the Majorana fermion, can exist when a quantum anomalous Hall (QAH) 

insulator is coupled to superconductors [107]. This chiral TSC in two dimensions will have a 

pairing gap in the bulk and odd number of gapless chiral Majorana fermion (CMF) modes at the 

edge. Followed by this proposal, a recent experimental work reported a half -quantized plateau in 
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the two-terminal conductance in a QAH-Nb bilayer and interpreted it as a distinct signature of 

the CMEMs [108]. However, a more recent study repeated the similar measurements, but got 

different results and argue an absence of evidence for CMEMs in QAH-Nb devices [109]. In this 

works, we studied the similar QAH-Nb devices, as well as QAH-normal metal devices, aiming to 

provide a better understanding of the transport behaviors of the QAH devices. 

 

5.1 Chiral Majorana Fermion in hybrid QAH-SC bilayers 

The proposed hybrid QAH-superconductor device for detecting CMZMs by Wang et al. 

[107] is shown in Fig. 5-1a. In this structure, the magnetic topological insulator (MTI) Cr-doped 

(Bi,Sb)2Te3 is a platform to provide the QAH effect, while an s-wave superconductor Nb could 

act as a superconductivity reservoir to induce a superconducting gap into the middle mesa of the 

QAH insulator. The calculated phase diagram of  the meddle region II is shown in Fig. 5-1b, 

where the x-axis λ is the exchange field along z axis induced by the ferromagnetism and can be 

changed during the magnetization reversal process in MTI, and the y-axis Δ is the magnitude of 

pairing gaps on the MTI top and bottom surface states, and 𝒩 is the Bogoliubov-de Gennes 

(BdG) Chern number. It is shown that, when superconducting proximity effect is sufficiently 

strong, region II will experience a series phase changing where BdG Chern number 𝒩 = -2 → -1 

→ 0 → 1 → 2 as the exchange field λ changes with magnetic hysteresis loop. The BdG Chern 

number 𝒩 of CMEMs has the relationship of 𝒩 = 2𝐶  with the Chen number C of QAH, so 𝒩 = 

±2 phases are actually the C = ±1 QAH phases, and 𝒩  = 0 phase is the C = 0 NI phase. 

Importantly, the 𝒩 = ±1 TSC states emerges near the transition between the QAH and NI phases 

and can result in a distinct edge transport signature in the two terminal conductance (Fig. 5-1c). 

It is shown that, with the change of magnetic field, σ12 exhibits plateaus quantized at e2/h and 0 
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when region II is in 𝒩 = ±2 (QAH) and 𝒩 = 0 (NI) states. In addition, an intermediate half 

quantized plateau at e2/2h could occur near the coercivity, which is a unique signature of the 𝒩 

= ±1 TSC in region II. 

 

Figure 5- 1 Theoretical proposal and current experiment status for detecting CMF in 

hybrid QAH-SC bilayers. (a) Proposed hybrid QAH-SC device for detecting CMF, (b) phase 

diagram and (c) expected transport signature of CMF, adopted from [107]. (d) Experimentally 

measured σ12 as a function of the magnetic field in QAH-Nb devices claimed the existence of 

CMF, reported by [108]. (e) σ12 as a function of the magnetic field in QAH-Nb devices measured 

by another team raised a controversy, reported by [109]. 



68  

Followed by this theoretical proposal, He et al. [108] fabricated QAH-SC hybrid 

heterostructure using MBE grown 6 QL Cr-doped (Bi,Sb)2Te3 and sputtered 200nm Nb. By 

tracing the longitudinal conductance (σ12) across this QAH-TSC-QAH junction under a 

perpendicular magnetic field, the signature σ12 = e2/2h plateaus were observed as shown in Fig. 

5-1d. However, in a more recent work [109], where the similar devices were fabricated and 

similar measurements were performed, the transport results showed the absence of these CMZM 

signatures. Instead, as shown in Fig. 5-1e, the σ12 is always quantized to e2/2h, independent of 

the external magnetic field, which was attributed to an “electrical short” by the superconductor 

across the QAH insulator. In other words, the total resistance is the series of two separate QAH 

regions, each with resistance of h/e2, resulting a total conductance of e2/2h.  

 

5.2 QAH-SC and QAH-normal metal devices 

To explore the origins about the above experimental discrepancy, more detailed studies 

are needed to understand the transport properties of QAH insulator. Here, we fabricated QAH-

Nb hybrid devices using similar method as [108]. The process steps and a device image are 

shown in Fig. 5-2a. Starting with MBE grown 6 QL Cr-BST QAH insulator film, 0.5 mm by 0.5 

mm Hall bars are fabricated by hard mask and dry etch, then a 100 nm thick Nb strip was 

deposited by magnetron sputtering with shadow mask made from aluminum foil covering on top 

of QAH Hall bars. Fig. 5-2b shows a schematic resistance measurement setup, where Rxx, Rxy are 

measured from the QAH Hall bar on the left, and R12, R13, R32 are measured with the Nb bar 

crossing QAH on the right side. The black arrows indicate the current flow direction. 

Superconductor Nb quality is characterized on a separate film using four terminal resistance 

measurements. Fig. 5-2 c-e show the characterization of superconductor Nb film by four terminal 
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resistance measurements, on a separate film during the same sputtering process. The temperature 

dependence of resistance (Fig. 5-2 c) shows a superconducting behavior, and the R-T curve under 

various out-of-plane magnetic field (Fig. 5-2 d) shows a critical temperature Tc ~ 8.3 K. The 

magnetic field dependence at various temperature shows an upper critical field Hc2 ~ 4.3 T at 2K. 

 

Figure 5- 2 Device fabrication and resistance characterization of superconductor Nb. (a) 

The process flow to fabricated QAH-SC hybrid devices and an image of a real device. (b) The 

schematic of the device and resistance measurement setup, where the QAH quality is 

characterized by the Hall bar structure on the left side. Superconductor Nb quality is 

characterized using four terminal resistance measurements. (c, d) The R-T curve reveals Tc ~ 8.3 

K at zero magnetic field. (e) Magnetic field dependence of R at various temperature shows Hc2 ~ 

4.3 T at 2K. 

To better address the possible non-Majorana trivial interpretations of the σ12= 0.5 e2/h 

plateaus, theoretically discussed in [110, 111], we have also fabricated the QAH-normal metal 

(NM) hybrid devices by replacing superconductor Nb with Ir, Ti, Mo, and Au with 100 nm 

thickness. In total, 56 QAH-Nb devices, 14 QAH-Ir devices, 2 QAH-Ti devices and 2 QAH-Mo 
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devices were made by magnetron sputtering, while 2 QAH-Au devices were made by e-beam 

evaporator. The devices were first screened at T=2K in PPMS to characterize the QAH film 

quality after sputtering process, and then measured at sub-Kelvin region in dilution refrigerators.  

 

Figure 5- 3 Transport results of quantum anomalous Hall insulator with various metal 

bars. Longitudinal conductivity σxx, Hall conductivity σxy, and longitudinal conductivity σ12 (σ12 

= 1/R12) of QAH across (a) Ir bar (device Ir #1), (b) Ti bar (device Ti #1), (c) superconducting 

Nb bar (device Nb #1), and (d) Au bar (device Au #1). All data is taken at T= 50 mK.  

The transport results of the QAH-Ir, QAH-Ti, QAH-Nb, and QAH-Au devices are shown 

in Fig. 5-3 a-d, respectively. The perpendicular magnetic field dependence of longitudinal and 

Hall resistance 𝜌𝑥𝑥, 𝜌𝑥𝑦  are measured on the QAH Hall bar, and the converted into conductance 

𝜎𝑥𝑥,𝜎𝑥𝑦 through the tensor matrix 𝜎𝑥𝑥 = 𝜌𝑥𝑥 (𝜌𝑥𝑥
2 + 𝜌𝑥𝑦

2 )⁄  and 𝜎𝑥𝑦 = 𝜌𝑥𝑦 (𝜌𝑥𝑥
2 + 𝜌𝑥𝑦

2 )⁄  relations. 

It is shown that, the QAH film remains high quality indicated by 𝜎𝑥𝑦 plateaus well quantized at ± 

e2/h and 0, corresponding to the 𝒩 = 2C = ±2 (QAH) and 𝒩  = 0 (NI) states. The channel 

conductance σ12 of QAH across SC or NM bars is directly converted from channel resistance by 

𝜎12 = 1 𝑅12⁄  where R12 is in the unit of resistance quanta h/e2. For the QAH-Ir hybride device 

(Fig. 5-3 a), σ12 is always quantized at e2/2h and cannot exceed this value, which is similar to the 

results reported by [109]. For the QAH-Ti (Fig. 5-3 b) and QAH-Nb (Fig. 5-3 c) devices, the σ12 
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can get greater than e2/2h in the QAH phase, and surprisingly the e2/2h plateaus can be observed 

near the coercivity in the QAH to NI transition regions as indicated by black arrows, similar to 

the results reported by [108]. Importantly, these e2/2h plateaus exist both superconductor Nb 

devices and normal metal Ti devices, which indicates the observation of half conductance 

plateau may not related to superconductivity. In addition, QAH-Mo devices also shows the 

similar results to QAH-Ti devices but are not presented here in order to have a more clear 

comparison among different cases in Fig. 3-9. For the QAH-Au devices (Fig. 5-3 d), σ12 can also 

exceed e2/2h and almost quantized at e2/h, but no half conductance plateau were observed near 

the magnetic transition. This behavior, is actually similar to the two-terminal conductance of a 

bare QAH film.  

 

5.3 Possible non-Majorana origins of the ½ conductance plateau 

The existence of half conductance in non-superconducting normal metal Ti devices, 

indicates that possible non-Majorana origins might be playing a role. To better understand this, 

more detailed measurements were carried out on the QAH-Ti devices. Three measurements 

configurations were studied, as shown in Fig. 5-4 a, with pad 1 and 2 being indium contacts, pad 

3 being the Ti bar and the black arrows indicating current flow directions. In the first and second 

configurations, three terminal resistances are measured, noted as 3-point R13, 3-point R32, 

respectively. In the third configuration, similar to Fig. 5-2 b, current is applied through the 

source and drain outside the shown region so four terminal resistances are measured, noted as 4-

point R13, R32, R12. The magnetic field dependent 3-point R13 (Fig. 5-4 b) and 3-point R32 (Fig. 5-

4 c) show the same behavior, well quantized at one resistance quanta h/e2, which is a typical 

behavior of a QAH section.  
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Figure 5- 4 Half-integer longitudinal conductance plateau in QAH with normal metal Ti 

bar. a. schematic of three-point resistance measurement and four-point resistance measurement, 

where the arrow stands for current flow direction. b, c. three-point resistance of R13 and R32 show 

symmetric field dependence with quantized value of h/e2. d. longitudinal resistance R12 across Ti 

bar, where the resistance hump marked by black arrow correspond to half -integer σ12 plateau. e, 

f. four-point resistance of R13 and R32 show asymmetric field dependence with humps labeled by 

black arrows. All data is taken at 50mK from device Ti #1. 

In the four terminal measurements, however, both 4-point R13 (Fig. 5-4 e) and 4-point R32 

(Fig. 5-4 f) show an asymmetric behavior, with different polarities. The 4-point R12 in Fig. 5-4 d 

equals to the sum of 4-point R13 and 4-point R32, and is the row data from which σ12 in Fig. 5-3 b 
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is converted. Ideally, all the 4-point R13, R32, R12 should be symmetric with magnetic field, if all 

the three pads are in good contact with QAH film. The total contact resistance in the QAH 

regime can be expressed as 𝑅𝐶 = 𝑅𝐶,𝑢𝑝𝑝𝑒𝑟 + 𝑅𝑚𝑒𝑡𝑎𝑙 + 𝑅𝐶,𝑙𝑜𝑤𝑒𝑟 where 𝑅𝐶,𝑢𝑝𝑝𝑒𝑟 and 𝑅𝐶,𝑙𝑜𝑤𝑒𝑟 are 

the contact resistance between metal bar and upper or lower QAH edge channel, and 𝑅𝑚𝑒𝑡𝑎𝑙 is 

the resistance of the metal bar itself. “Good contact”, in other words, means the pads are able to 

electrically short the upper and lower edge channels (i.e. contact resistance 𝑅𝑐 ≪ ℎ 𝑒2⁄ ) to form 

an equal potential region. Judging from the symmetry of 4-point R13, R32, and R12, it can be 

concluded that indium pads 1 and 2 are in “good contact” with QAH while Ti pad 3 is not (see 

later discussion). In addition, by comparing Fig. 5-4 d with Fig. 5-3 b, the half conductance 

plateau actually comes from the resistance “plateaus” in Fig. 5-4, indicated by black arrows. The 

resistance “plateaus” in 4-point R12 are further found to be the sum of two separate “plateaus” in 

4-point R13 and R32, near the magnetization transition region, indicated by the black arrows. 

The different transport results can be explanted by the different contact resistance 

conditions between metal bars to QAH insulator, as illustrated in Fig. 5-5. According to the 

Landauer Büttiker formula that previously discussed in Chapter 2.3, the conductance of a quasi-

1D system is related to the refection coefficient R in the form of [112]: 

𝜎 =
𝑒2

ℎ

1−𝑅

𝑅
                                                                (5-1) 

First, as shown in Fig. 5-5 a, when the metal bas (pad 3) is in good contact (𝑅𝑐 ≪ ℎ 𝑒2⁄ ) with 

QAH insulator, the refection coefficient R can be approximated to be 50% when the 

dissipationless chiral edge channel meets the metal bar. As a result, the electric potential 

distribution can be obtained, and the equal potential zones are separated by black dashed lines in 

Fig. 5-5 a. Here, only the scenario that QAH insulator is fully magnetized along +z direction is 
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shown. Accordingly, for the R12 or σ12 measurements, the signal would be from the series 

connected two QAH sections, and the corresponding signature of σ12 matches well with the 

results of QAH-Ir device Ir #1, as shown in Fig. 5-5 b (adopted from Fig. 5-3 a for better 

comparison). Second, as shown in Fig. 5-5 c, when the metal bas is in bad contact (𝑅𝑐 ≫ ℎ 𝑒2⁄ ) 

with QAH insulator, the refection coefficient R would be close to 0. In other words, the edge 

channel will not “see” the metal bar. As a result, the σ12 signal would be from the one bare QAH 

section, and this matches well with the results of QAH-Au device Au #1, as shown in Fig. 5-5 d 

(adopted from Fig. 5-3 d).  

 

Figure 5- 5 Explanation of Half-integer longitudinal conductance plateau by contact 

resistance condition. (a) The schematic of potential distribution when the metal bas is in good 
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contact (contact resistance 𝑹𝒄 ≪ 𝒉 𝒆𝟐⁄ ) with QAH insulator from Landauer Büttiker theory, and 

(b) the corresponding signature of σ12 for device Ir #1. (c) The schematic of potential distribution 

when the metal bas is in bad contact ( 𝑹𝒄 ≫ 𝒉 𝒆𝟐⁄ ) with QAH insulator, and (d) the 

corresponding signature of σ12 for device Au #1. (e) The schematic of the evolution of contact 

resistance with magnetic field sweeping when the metal bar is in medium contact with QAH 

insulator and (f) the corresponding signature of σ12 for device Ti #1. 

Fig. 5-5 e shows the third case, where the metal bas is in medium contact (𝑅𝑐 comparable 

to ℎ 𝑒2⁄ ) with QAH insulator, and Rc varies depending on the magnetization hysteresis. Three 

assumptions are made in the following analysis: 1. The quality of QAH insulator underneath 

metal bars (pad 3) are not as good as the QAH film in outer regions, as the sputtering process 

may introduce defects and damages. 2. At the beginning of magnetization switching of Cr-BST, 

the reversed domains tend to generate at the defect pinning centers and sample edges. 3. The 

total contact resistance between 1D chiral edge channels and metal bars decreases, with the 

increase of effective edge channel numbers or width. The four sub-figures in Fig. 5-5 e represent 

four steps during a magnetization switching from +z to -z, which are also labeled in the 

corresponding σ12 results of QAH-Ti device Ti #1 in Fig. 5-5 f (adopted from Fig. 5-3 b).  

In step 1, where Cr-BST if fully magnetized along +z, the whole sample is in a single 

domain state thus the chiral edge channels are confined near the samples edge, causing the Rc 

relatively large (𝑅 → 0 in equation 5-1). As a result, σ12 can exceed e2/2h and approach to e2/h, 

similar to the second case mentioned in Fig. 5-5 c. In step 2, at the beginning of magnetization 

reversal, reversed magnetic domains start to appear and mostly in the region beneath metal bars. 

Those domain walls near the sample edge act as additional edge channels contributing to the 

conduction, thus causing the Rc relatively smaller (𝑅 → 0.5 in equation 5-1). Considering the 
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first assumption made, the system can be viewed as two QAH in series at this narrow magnetic 

field window. As a result, σ12 tend to have a plateau at e2/2h, similar to the first case mentioned 

in Fig. 5-5 a. As the magnetic field sweep entered the coercivity field, located between step 2 and 

3, the whole sample turns into a normal insulator state, causing σ12 close to 0. In step 3, at the 

end of magnetization reversal, the QAH film outside metal bars almost finished magnetic 

reversal, while in the region beneath metal bars some original magnetic domains are still pinned 

by defects. The additional domain walls add to the total contact areas between edge channels and 

metal bar, causing the Rc relatively smaller. Similar to step 2, a half conductance plateau was 

generated. Experimentally, the half conductance plateau at step 2 is usually easier to be observed 

than step 3 [108]. This is because the opposite magnetic domains in step 2 (the beginning of 

reversal) are more gathered near the sample edge, while in step 3 (the end of reversal) they are 

not. Only the magnetic domain walls near the edge are able to contribute to the current 

conduction, thus affecting Rc. In step 4, the whole sample finished the reversal process and fully 

magnetized along -z. Similar to step 1, σ12 will exceed e2/2h and approach to e2/h. As a result, we 

conclude that the ½ conductance plateau may be a result of magnetic field dependent “medium” 

contact condition, rather than TSC origins, and this intern channel conduction path may be from 

directly electrical short, or the perculation effect thorugh the magnetic domain walls [110, 111]. 

 

5.4 Ultra-wide ½ conductance plateau in another device 

In addition, we would like to report the observation of an ultra-wide conductance plateau 

perfectly quantized at e2/2h in another QAH-Nb hybrid device (noted as Nb #2). The magnetic 

field dependence of R12, Rxy, and σ12 measured at various temperatures (base T= 50 mK) are 

shown in Fig. 5-6 a, b, c, respectively. The device shows good QAH quality since the Rxy is well 
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quantized at h/e2 (≈ 25.812 kΩ) in Fig. 5-6 b. Surprisingly, an ultra-wide resistance plateau at 

2h/e2 (Fig. 5-6 a) and thus conductance plateau at e2/2h (Fig. 5-6 b) were observed. This feature 

exists in a wide temperature range up to 600 mK. Uniquely, this σ12 plateau was precisely 

quantized at e2/2h, even though it was not well quantized at e2/h (≈ 0.9 e2/h) in the fully 

magnetized regions. However, the plateaus were only observed in the inner edge of magnetic 

hysteresis. The large magnetic field dependence of σ12 was further investigated, as shown in Fig. 

5-6 d. A gradual decrease of σ12 with large magnetic field was observed, which is similar to the 

large field result reported in [108]. However, it is not sure whether this behavior is related to the 

suppression of superconductivity under high magnetic field, because intuitively a rather 

“sudden” change should be expected when reaching Hc2.  
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Figure 5- 6 Another QAH-superconductor device Nb #2 shows an ultra-wide ½ 

conductance plateau. (a) The magnetic field dependence of QAH resistance R12 across Nb bar 

and (b) Hall resistance Rxy at various temperatures. (c) The σ12 (1/ R12) as a function of the 

magnetic field shows an ultra-wide conductance plateau located perfectly at 𝟎. 𝟓 𝒆𝟐 𝒉⁄ . (d) The 

σ12 as a function of high external magnetic field. 

This unique result, being much different from the previously discussed ones, may not be 

applied to the trivial explanation discussed in Fig. 5-5. Yet this result was only observed in one 

device (Nb #2) and couldn’t be reproduced in all the other devices. Therefore, further 

explorations are needed to address the details of material characteristics, interface, and detection 

methods, before a conclusive claim or exclusion of CMEMs should be made. 

 

5.5 Summary of chapter 5 

In this work, we carried out detailed transport study of QAH hybrid devices with 

superconductor Nb, normal metal Ir, Ti, Mo, and Au. Three different kinds of transport results 

were observed, and especially a half quantization conductance plateau, which is a signature of 

CMEM, was also observed in QAH-normal metal devices. Possible trivial non-Majorana 

explanations of the half  conductance plateau are provided, where a magnetic field dependent 

“medium” contact condition between metal bar and QAH insulator may play a role. Finally, 

another QAH-SC device expressed an unique ultra-wide half conductance plateau, which may 

not originate from the trivial contact explanations. So far, the fabrication of a proper proximity -

induced TSC remains a challenge. Therefore, the details of material characteristics, interface, and 
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detection methods need to be explored in details. More studies are required to fully understand 

this system, before a drawing conclusive claim or exclusion of CMEMs. 
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Chapter 6 Collaborative works 

In this Chapter, two collaborative works will be introduced. In the first work, aiming to 

understand the inter-channel scattering and address the possible percolation effect in QAH, we 

fabricated and carried out a size dependent study on mesoscopic scale QAH devices with sub -

micron channel width that is comparable to magnetic domain size. In the second work, enabled 

by the successful growth of QAH insulator on mica substrate, dual-gate QAH devices were 

fabricated using the exfoliation and transfer techniques that are commonly used for 2D materials. 

A topological phase transition induced by electric field was f urther observed. In addition, the 

combination of QAH material and techniques used for 2D materials, brings lots of new research 

opportunities to couple QAH with other interesting 2D materials such as 2D superconductors. 

 

6.1 Size dependence of QAH in mesoscopic scale 

Since the discovery of QAH effect, extensive efforts have been taken to understand the 

dissipation-less chiral edge states. Non-local transport measurements [48, 113, 114] have been 

carried out to prove the dissipation-less chiral transport property of sample edge and magnetic 

domain wall, and current breakdown measurements [115] were also reported to understand the 

dissipation channel of QAH insulator. However, these studies were focusing on macroscopic 

QAH devices where the chiral edge modes are simply treated as a perfect 1D conductor . To 

better understand the chiral edge state and possible dissipation channel in QAH, k ey questions 

such as the physical location and width of the chiral edge channel need to be addressed.   

For potential scalable manufacturing of quantum devices, Cr-doped (Bi, Sb)2Te3 stands 

out as the most suitable platform among available QAH candidates because of its matured 
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massive production route through molecular beam epitaxy (MBE). However, so far, the 

experimental efforts have been focusing on macroscopic QAH devices where the chiral edge 

modes are simply treated as a perfect 1D conductor at the physical boundary of the QAH mesa. 

The understanding of some key questions such as, where the chiral edge states are physically 

located, and how wide the chiral edge channel is, remains elusive. 

Although the chiral edge conduction channel has been directly visualized through 

microwave scanning microscopy [116], the several μm wide conductive edge should not be 

interpreted as the edge channel width but most likely limited by the resolution of the 

instrumentation. Thus, a comprehensive understanding of mesoscopic transport in sub-micron 

QAH devices is required to address these questions. In this work, we report a comprehensive 

investigation of the transport behavior of  QAH devices with various channel width from 500 μm 

down to 600 nm. The size-dependence of QAH and geometrical size limit above which the QAH 

effect can survive will be discussed. 

6.1.1 QAH down to sub-micron size 

The QAH insulator films are 6 QL Cr0.12(Bi0.26Sb0.62)2Te3 grown by MBE on semi-

insulating GaAs (111) B substrates as described in chapter 2. Two samples with the same growth 

recipe are prepared in this study, and they can be referred as sample S1 and S2. We have 

fabricated Hall bar devices with various width. The 500 μm wide devices were fabricated by an 

aluminum hard mask and dry etching method, while 200 μm, 100um, and 50 μm devices were 

fabricated by photolithography. All devices with these four widths were fabricated on sample S1. 

We further fabricated mesoscopic devices with channel width <10 μm on sample S2 with the 

help of electron beam lithography. The sample was first patterned into a 10-μm wide Hall bars 

using photolithography, then the narrow channels were further defined with electron beam 
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lithography. An optical image and a false-colored scanning electron microscopy image of 

representative devices are shown in Fig. 6-1 a and 6-1 b. To reveal size dependent transport 

behaviors, a set of four Hall bar devices with channel width of 5 μm, 3 μm, 1.5 μm, and 0.6 μm 

were fabricated. 

 

Figure 6- 1 QAH devices with sub-micron size fabricated by the hybrid method of 

photolithography and E beam lithography. (a) optical microscope and (b) TEM image of the 

device with channel width of 600nm. 

The longitudinal resistivity ρxx (red curve) and Hall resistivity ρxy (blue curve) of all the 

eight devices measured at 100 mK are presented in Fig. 6-2. Here, low AC current excitation of 

10 nA (500 μm, 200 μm, 100um, and 50 μm devices), 1 nA (5 μm and 3 μm devices), and 0.5 nA 

(1.5 μm and 0.6 μm devices) were used, to avoid the current heating effect and transverse electric 

field breakdown (see discussion in sub-section 3.1.2). It is shown that, depending on the 

magnetization directions, the Hall resistivity ρxy is fully quantized at ± ℎ 𝑒2⁄  for all the devices. 

The longitudinal resistance ρxx shows a vanishing value when in quantized states, and a 

resistance peak near the coercive field Hc, corresponding to trivial insulating states during 

magnetic domain switching.  
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Figure 6- 2 𝝆𝒙𝒙  and 𝝆𝒙𝒚  of QAH devices with various sizes measured at 100K. (a)-(h) 

Longitudinal and Hall resistance of all devices shows good quantization with channel width from 

500um down to 600nm. 

Therefore, we conclude that the general features of the QAH insulators are preserved in 

all devices with width ranging from 500 μm down to 600 nm. This is the first demonstration of 

QAH effect in sub-micron size device in the Cr-BST material system, which is below the direct 

imaged edge conduction [116] and estimated edge state localization length [115] of few 

micrometers. 

6.1.2 Size dependence of QAH 

In order to make a more comprehensive comparison of the QAH behavior of devices with 

different sizes, we carried out the temperature dependence measurements. Fig. 6-3 shows the 

longitudinal resistivity ρxx (a-h) and Hall resistivity ρxy (i-p) of all the eight devices measured at 
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various temperature ranging from 100 mK to 1 K. The longitudinal conductivity 𝜎𝑥𝑥  and 

transverse conductivity 𝜎𝑥𝑦 are converted through the tensor matrix 𝜎𝑥𝑥 = 𝜌𝑥𝑥 (𝜌𝑥𝑥
2 + 𝜌𝑥𝑦

2 )⁄  and 

𝜎𝑥𝑦 = 𝜌𝑥𝑦 (𝜌𝑥𝑥
2 + 𝜌𝑥𝑦

2 )⁄  and plotted in Fig. 6-4 accordingly, where the signatures of QAH states 

is again confirmed. It is shown that, at 100 mK, the converted 𝜎𝑥𝑥 is approaching to zero and 𝜎𝑥𝑦 

are fully quantized at ± 𝑒2 ℎ⁄ , which is originated from integer topological invariant i.e., Chern 

number C= ±1 of the system. The 𝜎𝑥𝑦 in Fig. 6-4 also shows an intermediate state 𝜎𝑥𝑦 = 0 near 

the coercive field Hc, as a result of the matrix tensor conversion of the resistance peak, which 

represents the trivial insulating states during magnetic domain switching.  

 

Figure 6- 3 𝝈𝒙𝒙  and 𝝈𝒙𝒚  of QAH devices with various sizes measured at different 

temperatures. (a)-(h) Longitudinal and (i)-(p) Hall resistance of devices with channel width 
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from 500um down to 600nm. 

 

Figure 6- 4 Transport result of QAH devices with various sizes measured at different 

temperatures. (a)-(h) Longitudinal and (i)-(p) Hall conductance of devices with channel width 

from 500um down to 600nm. 

As shown in Fig. 6-3 and Fig. 6-4, while Hall resistivity 𝜌𝑥𝑦  and conductance 𝜎𝑥𝑦 can 

keep good quantization in a wide temperature range, the remnant longitudinal resistance 𝜌𝑥𝑥  

starta to increase with the increas of temperature, which can be seen more obviously in the plot 

of 𝜎𝑥𝑥 . This increase of remnant 𝜌𝑥𝑥  or 𝜎𝑥𝑥  is interpreted as the involvement of additional 

dissipative channels, which might be contributed from variable range hopping due to in-gap 
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states [115], thermally activated bulk carriers [117-119], and quasi-helical non-chiral edge 

transport due to the un-gapped side surface [113, 120]. 

The remnant 𝜌𝑥𝑥  of all devices under an external magnetic field 400 mT (> Hc) are 

summarized in Fig. 6-5 a. where the x-axis is the Hall bar width. There are two major 

observations: First, the 500 μm hard mask made device shows a much larger remnant 𝜌𝑥𝑥  

compared to 200 μm, 100 μm and 50 μm devices made by photolithography from the same 

sample. This is because there is an inevitable air gap between the aluminum hard-mask and 

sample surface, causing potential edge damage or degradation during the etching process. On the 

contrary, for devices fabricated by photolithography, the photo resist is in close contact to sample 

surface, thus the edge region remains intact during the etching process.  Second, for the devices 

fabricated by photolithography or e-beam lithography, the remnant resistance increases for 

devices with smaller sizes, when it’s in the QAH region (low temperature range). This 

phenomenon becomes more obvious when comparing within the mesoscopic devices (5 μm, 3 

μm, 1.5 μm and 0.6 μm).  



87  

 

Figure 6- 5 Summary of the size dependence of QAH quality. (a) Longitudinal resistance 

versus channel width measured at various temperatures. (b) The longitudinal conductance versus 

1/T during the field cooling. By fitting the data using a thermal activation relationship with a 

constant offset, the activation gap size and remanence conductance can be obtained, summarized 

in (c). 
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The converted remnant conductance 𝜎𝑥𝑥  for all four mesoscopic devices during field 

cooling are shown in an Arrhenius plot in Fig. 6-5 b. At high temperatures, 𝜎𝑥𝑥  drops 

exponentially with 1/ T at the same decaying rate for all four sizes of devices, suggesting a bulk 

thermal activation gap independent of size dominates in this temperature regime. At low 

temperatures, the resistance saturates at a certain value, indicating a dissipative channel that 

originates from a temperature independent mechanism. The activation gap can be extracted by 

fitting the data with the following equation: 

𝜎𝑥𝑥(𝑇) = 𝐴 exp (−𝛥
𝑘𝐵𝑇⁄ ) + 𝜎𝑥𝑥,0                                            (6-1) 

where Δ is the activation gap or surface magnetization gap, kB is the Boltzmann constant, A is a 

device-dependent constant, and 𝜎𝑥𝑥,0  describes the remnant conduction from additional 

dissipative channels. The extracted average activation gap and remnant conduction are plotted in 

Fig. 6-5 c. It is shown that the activation gap is around 120 μeV, and no obvious correlation with 

the geometric size can be drawn. On the other hand, the remnant conductance 𝜎𝑥𝑥,0 increases 

monotonically with reduced size, suggesting a back-scattering mechanism is introduced despite 

topological protection when the width of the channel is reduced. However, since the width of the 

narrowest device is still considerably larger than the Fermi wavelength, the direct overlapping of 

wave functions of chiral edge states on the opposite boundary is unlikely. Instead, we believe 

this is most likely due to the inter-channel electrons scattering through percolative tunneling with 

the assistance of random 2D puddles in the energy landscape as shown in the inset of Fig. 6-5 c. 
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Figure 6- 6 Size dependence of the current induced breakdown of QAH. (a)-(d) Longitudinal 

resistance dV/dI versus DC current intensity of the four devices measured at various temperature. 

(e) plotting the dV/dI for four devices measured at 100mK together. (f) The extracted breakdown 

current Ic versus channel width. 

In addition, the QAH critical current was also measured in these devices using DC+AC 

current bias. A large DC current bias is sent through the device along with a fixed small AC 

excitation down to 0.2 nA, and the differential resistance was measured by a synchronized lock-

in amplifier. The differential 𝜌𝑥𝑥 as a function of DC current bias at various temperature for all 

the four mesoscopic devices are shown in Fig. 6-6 a-d, respectively. It can be seen that at low 

DC bias, the remnant differential 𝜌𝑥𝑥  is irrelevant to Idc but only determined by the previously 
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mentioned back-scattering mechanism. When DC current bias exceed a critical value which is 

the breakdown current Ic, the resistance begins to shoot up, as large current drives the system out 

of QAH states, which is attributed to the electric-field-driven percolation in the transverse 

direction [121]. It is also shown that, the devices show higher breakdown current at higher 

temperature, and all curves at various temperature merge together when further increase DC bias. 

This is because at large DC bias region, the breakdown of QAH is dominated by current rather 

than thermal effects. The differential resistance as a function of DC bias at 100mk for all devices 

are plotted together in Fig. 6-6 e, and their breakdown current is extracted in Fig. 6-6 f. It shows 

that the breakdown current scales linearly with the channel width, which also supports the 

argument of electric-field driven break-down of QAH [121]. 

6.1.3 Summary of chapter 6.1 

As a conclusion, in this work we presented a detailed study on the transport behavior of 

QAH insulators with various size down to the sub-micron regime. QAH signatures, including 

vanished longitudinal resistance and quantized Hall resistance, are well preserved in narrow-

channel devices down to 600 nm. The monotonic increase of the remnant conductance 𝜎𝑥𝑥,0 with 

reduced size suggests an inter-channel back-scattering through percolative tunneling with the 

assistance of random 2D puddles in the energy landscape. This is further evident by the current 

break-down measurements, where breakdown current scales linearly with the channel width, 

suggesting the electric-field driven break-down of QAH, consistent with the strong electric-field 

dependence of percolative tunneling process. 

 

6.2 Manipulation of QAH Through Electric Field 
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Though the magnetic field controlled exchange bias could offer great capability to 

manipulate the topological quantum phases, full electrical control of topological quantum phase 

transition is of greater interest for the application of functionalized dissipationless quantum 

electronics such as topological transistors [122]. In a gated MTI device, the electric gate has two 

distinct functionalities. First, it serves as a direct method to inject charge carriers into the MTI 

thus tuning its fermi level position. Second, it introduces an external perpendicular electric field 

across the device through which the topological and magnetic states of the MTI can be controlled, 

suggested by theoretical calculations by Wang et al. [123]. However, the latter effect is usually 

small in energy scale compared to other effects. As a result, in order to study the electric field 

controlled phenomenon, the carrier dependent effects need to be ruled out. Motivated by this, we 

conduct a research study on dual gated MTI devices, where the two degrees of freedom (electric 

field and carrier density) can be individually tuned.  

6.2.1 MBE growth of QAH quality Cr-BST on MICA 

In order to fabricate the dual gated MTI devices, we need to search for proper substrates 

for the MBE growth other than commonly used thick GaAs or Sapphire substrates. Muscovite 

mica with a stoichiometry of KAl2(Si3Al)O10(OH)2 is a layered material that is commonly used 

for van der Waals epitaxy [124]. It is a highly insulating, transparent, and flexible material, 

which is of great advantages to study the optical properties and strain effects of its epilayer.  Most 

importantly, its layered structure allows the exfoliation protocol as widely implemented in 

graphene and 2D materials [125], and its high dielectric constant makes it a great candidate as 

the bottom gate dielectric material. 

Followed by the procedures shown in table 2-1, we were able to growth high quality Cr-

BST films on 100μm-thick mica substrates, as evidenced by the streaky RHEED patterns (Fig. 6-
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7 a) and RHEED intensity oscillations (Fig. 6-7 b) during the growth. Fig. 6-7 a inset shows an 

image of the as grown 6QL Cr-BST film on a mica sheet after cleaning backside indium glue. 

Some curve textures can be seen because the 2cm-by-2cm surface contains several discontinuous 

stages, which is common because of peeling off the top surface for a clean growth surface . A 

1mm by 0.5mm Hall bar device was fabricated by using hard mask and dry etch method for 

quick transport measurement. Fig. 6-7 c shows the field dependence of longitudinal sheet 

resistance ρxx (blue) and Hall resistance ρxy (red) measured at T= 100 mK. Surprisingly, the 

quantized ρxy and almost vanished ρxx shows the realization of QAH effect on 6QL Cr-BST film 

grown on mica substrates, for the first time. 

 

Figure 6- 7 MBE growth of QAH quality Cr-BST on MICA. (a) RHEED pattern of as grown 

Cr-BST on MICA and an image of the film. The streaky RHEED patterns and RHEED 

oscillations in (b) show high quality layer-by-layer mode growth. (c) shows the transport 

measurement results on a millimeter size Hall bar device. A quantized Hall resistance and 
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vanishing longitudinal resistance in (e) indicated the Cr-BST film grown on MICA can host 

QAH effect. 

6.2.2 Dual-gated QAH devices 

We then developed a dry transfer scheme to fabricate the CBST dual-gated device, as 

shown in Fig. 6-8 a. First, a large piece of graphite on SiO2 substrate was prepared, and then the 

as grown Cr-BST/mica was exfoliated with mica thickness down to ~20 nm and transferred onto 

the graphite bottom gate contact. Second, the film was patterned into a 10 μm by 10 μm Hall bar 

device using photolithography and dry etching. Third, The Cr/Au contacts were fabricated 

through another photolithography and etching process. Finally, an exfoliated thin mica sheet (t ~ 

20 nm) and graphite were transferred onto the device to form the top gate. Fig. 6-8 b shows the 

optical microscopic image of a dual-gated device. Fig. 6-8 c shows schematics of the carious 

layers, and the measurement scheme we employed to trigger the electric field effect on QAH 

insulator. 
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Figure 6- 8 Fabrication process of dual-gated QAH devices. (a) Starting from the exfoliation 

and transfer of as grown CBST/mica onto graphite bottom electrode, the CBST film was 

patterned into Hall bar devices by photolithography and etching. Metal contacts was formed, and 

then top dielectric mica was transferred on top of the device. Finally, a graphite acting as top 

electrode was transferred on the top and connected to Metal contact. (b) Optical image of a 6QL 

Cr-BST Hall bar device in a dual-gated configuration. (c) A schematic of the device structure 

and measurement scheme for the dual-gated MTI, with each layer corresponding to its location 

in (b). 

We carried out the transport measurement down to 100 mK to see the gate responses. Fig. 

6-9 shows the longitudinal resistance Rxx and Hall resistance Rxy as a function of top-gate 

voltage Vtg at various temperatures, with bottom gate fixed at Vbg=0V. Both the Rxx and Rxy 
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show strong gate dependence, indicating a wide tunability range. The QAH effect is shown to 

survive in a wide range of gate voltage, with an optimized Vtg= +10V for this device.  

 

Figure 6- 9 Single top-gate response of the QAH device. (a) Rxx and (b) Rxy curves as a 

function of top-gate voltage for the 6QL CBST sample measured at various temperatures with 

the magnetic field fixed at 0.5 T. 

After successfully demonstrating QAH effect and the functionality of both top and 

bottom gates independently, we carried out the dual gate measurement. The quality of our dual-

gated device is again verified by the high-quality dual-gate mapping as presented in Fig. 6-10, 

where the Rxx, Rxy taken at 500mK and 1K, respectively. From the color maps, the Cr-BST film 

reaches a quantization in Rxy of h/e2 (25.8 kΩ) as the dual-gate voltages tune to a global Rxx 

minimum, confirming the QAH state. Unlike a single gate, which introduces electric field and 

charge carriers simultaneously, the dual-gate measurement is able to control them independently. 

The elongated Rxx minimum along the diagonal of the dual-gate map (Fig. 6-10 a arrow 

direction) indicates an electric field acting to the thin Cr-BST film. On the other hand, along the 
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direction perpendicular to the arrow, only carrier density is playing a role while electric field is 

unchanged. 

 

Figure 6- 10 Dual-gate response of the QAH device. 2D color maps of (a) Rxx and (b) Rxy as a 

function of dual-gate voltages for the Cr-BST device measured at temperature and magnetic field 

of 500 mK and 0.5T, respectively. The same 2D color maps of (c) Rxx and (d) Rxy taken at 1K. 

6.2.3 Electric field induced topological quantum phase transition 
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To analyze this effect, we convert the dual-gate voltages into the displacement field (D)-

charge density (n) function using the relations: 

𝐷 = (
𝜀𝑟

𝜀0
)(

Δ𝑉𝑏𝑔

𝑑𝑏 −
Δ𝑉𝑡𝑔

𝑑𝑡 )                                                         (6 -2) 

𝑛 = (𝐶𝑏Δ𝑉𝑏𝑔 + 𝐶𝑡Δ𝑉𝑡𝑔 )                                                       (6 -3) 

where εr is dielectric constant of mica, db and dt are the thickness of bottom gate mica and top 

gate mica, Cb and Ct are the capacitance of bottom gate and top gate, ΔVbg and ΔVtg are relative 

gate voltages referred to the optimized gate position (center point of the QAH region).  

The Hall resistance hysteresis under various displacement field and carrier density are 

shown in Fig. 6-11. With the increasing displacement field applied on the sample, there is an 

obvious drop of Hall resistance, while coercivity keeps the same. With introduction of charge 

carriers, the fermi level shifts outside the surface magnetic gap (QAH activation gap), resulting 

in the decrease of Hall resistance. In addition, an increase of coercivity can be observed with the 

increase of carrier density, which is more pronounced for p-type hole doping, indicating a carrier 

mediated magnetization mechanism. 
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Figure 6- 11 Electric field and carrier dependence. (a) Rxy – B curve under various electric 

displacement field. (b) Rxy – B curve under various carrier doping. 

We further conducted the dual-gate measurements at various temperatures and 

summarized the displacement field dependence of longitudinal resistance xx and Hall resistance 

xy in Fig. 6-12. As shown in Fig. 6-12 a, the ρxx-D curves taken at different temperatures 

converge at Dc ~1.9 V/nm and slowly diverge at higher D, indicating a metal (D < Dc) to 

insulator (D > Dc) phase transition, which is related to a gap closure and reopening processes 

mediated by the electric field. A suppression of the Hall signal by electric field can also be seen 

in Fig. 6-12 b, which is due to the reduction of magnetic exchange coupling (Jex) by electric field 

(see later discussion). The ρxy-D curves also show a trend of converging together but not 

reaching the critical point yet. 
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Figure 6- 12 Electric field induced topological quantum phase transition. (a) xx and (b) xy 

as a function of displacement field (D) extracted at different temperatures. 

Fig. 6-13 a shows the xx-T curves measured at different D with 0.5T constant magnetic 

field applied. Thermal activation energy  can be extracted from by a linear fitting of the 

log(xx) to T-1, similar to Equation (6-1). As shown in Fig. 6-13 b,  drops with D and reaches 

zero when D > Dc, indicating a gap closing by electric field. The suppression of thermal-

activation behavior is consistent with the predicted electric field-induced topological quantum 

phase transition [123], which can be explained by the band structure evolution in electric field as 

depicted in Fig. 6-13 c.  

In the QAH regime, the magnetic exchange energy (Eex) due to the surface band splitting 

for opposite spins is greater than the top and bottom inter-surface hybridization gap (h), and 

thus the gap lies in the inverted regime. With the apply electric field, the Eex shrink slowly as the 

magnetic exchange coupling (Jex) reduces due to the reduction of spin susceptibility and 

magnetic anisotropy [123, 126]. Meanwhile, the electric field can also shift the top and bottom 

surface band oppositely due to the structure inversion asymmetry [127]. These cause the 
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competition between the Eex and h. At sufficient electric field, the surface bands with opposite 

spin states cross at their band edges and results in the gap closing, leading to the converging xx 

signature as we observed in Fig. 6-12 a. As a result, electric field turns the system into an 

anomalous Hall insulator (AHI) phase with a trivial insulating gap. If further increase electric 

field, a ferromagnetic to paramagnetic magnetic quantum phase transition is predicted to occur, 

where the sample changes from AHI phase into a normal insulator (NI) phase [123]. However, 

we didn’t see this AHI to NI magnetic quantum phase transition because it requires a much 

higher electric field, which can be also inferred from Fig. 6-12 b. 

 

Figure 6- 13 Electric field induced closing of surface magnetic gap. (a) xx-temperature at 

different D. (b) Plot of the thermal activation gap () as a function of D calculated from the xx-

temperature curves. (c) Topological phase diagram for a MTI in an external perpendicular 

electric field (E⊥). Insets are the surface band structures in the different topological phases as 
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labeled. 

6.2.4 Thickness-dependent surface bands evolution 

In addition, we also carried out the thickness dependent study to see the topological 

surface states evolution. 8QL, 10QL, and 12QL QAH insulator films were also prepared, and 

dual-gate devices were fabricated. The dual-gate response for all thickness were measured at 2K, 

and the 2D color maps of Rxx are shown in Fig. 6-14. As mentioned for 6QL device, the 

elongated Rxx minimum along the diagonal of the dual-gate indicates an electric field acting to 

the thin Cr-BST film. This feature becomes less obvious in 8QL film, and fully disappear in 

10QL and 12QL films. This means, as the sample becomes thicker the top gate and bottom gate 

tend to be tuning the top layers and bottoms layers only. In other words, the gate cannot fully 

penetrate through the films, so the method of electric field and carrier density coordinate 

becomes no longer valid. This is also in consistence with the fact that, the top and bottom 

topological surface states become decoupled as the film goes into 3D region when it reaches 

10QL [48]. 

 

Figure 6- 14 Thickness dependent dual-gate response. 2D color maps of (a) Rxx and (b) Rxy as 

a function of top-gate voltage and bottom-gate voltage of the 6QL CBST measured at 2K. 

6.2.5 Summary of chapter 6.2 
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we achieved high quality epitaxial growth of Cr-BST on mica sheet. We fabricated dual-

gating QAH devices and demonstrated an electric field control of topological quantum phase 

transition. Our works may facilitate the application of functionalized dissipationless quantum 

electronics. 

In summary, we successfully realized high quality Cr-BST epitaxial growth on mica 

substrate, and fabricated well-functioning dual-gate devices. We demonstrate the electric field 

control of the topological quantum phase transition between the topological non-trivial QAH 

state and trivial gapped AHI state. The device and measurement scheme can also be 

implemented to other exotic quantum phases such as axion insulator [58, 69, 70] and high Chern 

number QAH systems [90] to achieve electrical control of different topological phases. 
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Chapter 7 Conclusion and Perspectives 

In this dissertation, we first introduced the MBE techniques and demonstrated the 

capability of growing high quality MTI thin films to realize QAH effect. We have also discussed 

the fine-tuning effort to enhance QAH observation temperature and the successf ul transfer of 

QAH recipe onto various substrates. In Chapter 3, we introduced a thickness dependent study on 

MTI sandwiched structures and addressed the different origins of the zero-Hall conductance 

plateau in QAH insulator and axion insulator. A minor loops measurement was utilized to 

distinguish the zero-Hall conductance plateau in the two systems, and their temperature scaling 

analysis result in different critical components. In Chapter 4, we studied the QAH insulator and 

antiferromagnetic heterostructures. We show the coupling between MTI and uncompensated 

AFM insulator Al-Cr2O3 leads to an exchange biased QAH effect and it can be effectively 

controlled by a field training process. In Chapter 5, we focus on the QAH insulator and 

superconductor heterostructures which was believed to host chiral Majorana edge mode. QAH 

insulator with superconductor Nb and normal metals hybrid devices were measure carefully to 

understand the debate of recent experimental reports on chiral Majorana fermions. A possible 

non-Majorana origin of the half-quantized conductance plateau was described, and the important 

role of interface details was addressed. In Chapter 6, two collaborative works will be introduced. 

Mesoscopic scale QAH insulator devices were fabricated to probe the size limit of QAH effect, 

and detailed size dependent study were carried out to understand the inter-channel scattering in 

QAH. The development of QAH insulator growth on mica substrates allow us to fabricate dual-

gate QAH devices using exfoliation and transfer techniques, and an electric field induced 

topological quantum phase transition was demonstrated. 
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