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Weyl semimetals have attracted significant attention due to their intriguing electronic proper-

ties arising from the presence of Weyl points. Among them, ideal magnetic Weyl semimetals,

characterized by a single pair of Weyl points close to the Fermi level, have long been sought

for exploring the intrinsic topological effects associated with Weyl fermions free from inter-

ference by other trivial energy bands. In the past few years, the antiferromagnetic layered

compound EuCd2Pn2 (Pn = As, Sb) has been regarded as a potential platform to realize

several different topological phases via tuning its magnetic order. Specifically, EuCd2As2 was

proposed to be one of the leading candidates to realize an ideal magnetic Weyl semimetal.

The earlier studies of magneto-transport and photoemission seem to agree with the existence

of the Weyl semimetal phase, however, the direct observation of Weyl crossings of EuCd2As2

is lacking. In this study, through materials synthesis, materials characterization, and sys-

tematic magneto-transport and photoemission measurements, we not only reveal the trivial

topological nature of ACd2Pn2 (A = Eu, Sr; Pn = As, Sb) but also distinguish the origin of

the overestimation of the topological region in ACd2Pn2.

In the first part of the study, we successfully synthesized highly insulating EuCd2As2

crystals with carrier density reaching as low as 2× 1015 cm−3. The magnetotransport mea-

surements revealed a progressive decrease of the anomalous Hall conductivity by several



orders of magnitude as the carrier density decreases. The behavior contradicts what is ex-

pected from the intrinsic anomalous Hall conductivity generated by the Weyl points, which

is independent of carrier density as the Fermi level approaches the charge neutrality point.

In contrast, the scaling relationship between AHC and longitudinal conductivity aligns with

the characteristics of variable-range hopping insulators. Our results suggest that EuCd2As2

is a magnetic semiconductor rather than a topological Weyl semimetal. There is a significant

discrepancy between DFT calculation prediction and experimental results.

In a very recent work, it was found there are two possible origins of the underestimation

of the bandgap in EuCd2As2, the choice of DFT functional and the size of the Hubbard po-

tential U. To elucidate the origin of the underestimation, we performed a comparative study

of EuCd2Pn2 and SrCd2Pn2 (Pn = As, Sb). transport and optical transmittance study of

EuCd2Pn2 and SrCd2Pn2. EuCd2Sb2 is the sister compound of EuCd2As2 with identical crys-

tal structure and antiferromagnetic ground state. It was predicted that in the field-induced

FM phase, EuCd2Sb2 is a type-II Weyl semimetal with five pairs of Weyl nodes. SrCd2Pn2

is a non-magnetic analog of EuCd2Pn2. It has the same properties as EuCd2Pn2 but without

Eu magnetic moments. Hence, SrCd2Pn2 is an ideal platform to separate the effect of 4f

electrons on band structures. We successfully synthesized high-quality ACd2Pn2 (A = Eu,

Sr; Pn = As, Sb) and conducted studies of electrical transport, optical transmittance, and

DFT calculation of these samples. In the electrical transport measurement, we found that

the temperature dependence of resistivity of RCd2As2 (R = Eu, Sr) shows an insulating be-

havior. We observed the Shubnikov-de Haas oscillation on the magneto- and Hall resistivity

of RCd2Sb2 (R = Eu, Sr), and extracted the effective mass of carriers using the temperature

dependence of the SdH oscillation. In the Fourier Transform Infrared spectroscopy (FTIR)

measurement, we observed an electronic gap of ∼0.74 eV, ∼0.86 eV, ∼0.48 eV, and ∼0.54

eV for EuCd2As2, SrCd2As2, EuCd2Sb2, and SrCd2Sb2, respectively. Additionally, the extra

drops on the transmission spectrum of EuCd2Sb2 and SrCd2Sb2 are in agreement with the



estimated values of plasma frequencies from the measured effective mass and carrier density.

This further confirmed that EuCd2Sb2 and SrCd2Sb2 are hole-doped semiconductors. Our

results suggest that the use of local functionals strongly overestimates the topological region

in the prediction and design of topological phases in ACd2Pn2.



CONTENTS

Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

Chapter 1: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Topological band theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Topological semimetals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Magnetism in solids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.4 Transport signatures of topological semimetals . . . . . . . . . . . . . . . . . 15

1.5 RCd2Pn2 (R = Eu, Sr; Pn = As, Sb) . . . . . . . . . . . . . . . . . . . . . . 26

Chapter 2: Experimental Method . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.1 Materials synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.2 Materials characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.3 Physical properties measurement . . . . . . . . . . . . . . . . . . . . . . . . 32

Chapter 3: Colossal negative magneto-resistivity and carrier density dependence of

anomalous Hall conductivity in EuCd2As2 . . . . . . . . . . . . . . . . 37

3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37



3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.6 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

Chapter 4: Revealing topology property of ACd2Pn2 (A = Eu, Sr; Pn = As, Sb) . 53

4.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.5 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Chapter 5: The interplay between magnetism and electronic structure in EuCd2Sb2 62

5.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

Chapter 6: Summary and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71



LIST OF FIGURES

1.1 Schematic plots of various band structures. The band structures of

Schrödinger, massive Dirac, massless Dirac, and Weyl fermions. The curves

with mixed and uniform colors represent doubly degenerate and nondegenerate

bands [40]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Two types of Weyl semimetals. (a) The type-I WSM. The Fermi surface

shrinks to zero at the Weyl points when the Fermi energy is sufficiently close

to the Weyl points. (b) The type-II WSM. Due to the strong tilting of the

Weyl cone, the Weyl point acts as the touching point between electron and

hole pockets in the Fermi surface [85]. . . . . . . . . . . . . . . . . . . . . . . 6

1.3 Fermi arc surface states. (a) A schematic of Weyl points and surface

arcs. (b) Connection of surface states to bulk Weyl points. (c) Evolution of

the Fermi arc with chemical potential in a particular microscopic model on

raising the chemical potential from the nodal energy (E = 0). Fermi arcs are

tangent to the bulk Fermi surface projections and may persist even after they

merge into a trivial bulk Fermi surface [20, 75, 4]. . . . . . . . . . . . . . . . 9

1.4 Chiral anomaly. (a) Schematic of chiral charge pumping between two Weyl

cones with opposite chiralities under parallel magnetic and electric fields. [82]. 10



1.5 The Curie-Weiss law (a) The susceptibility χ versus temperature T for

paramagnet (θ = 0), ferromagnet (θ = 0) and antiferromagnetic (θ = 0). (b)

The inverse susceptibility, 1/χ against T for paramagnet, ferromagnet, and

antiferromagnet with the intercept on the temperature axis yielding θ = 0,

θ = TC , and θ = TN , respectively. . . . . . . . . . . . . . . . . . . . . . . . . 12

1.6 Landau levels quantization. Schematics for energy-momentum dispersions

of (a) nonrelativistic and (c) relativistic electrons. Landau spectra for the 2D

spinless (b) nonrelativistic and (d) relativistic electrons. Landau spectra for

the three-dimensional spinless (e) nonrelativistic and (f) relativistic electrons

as the magnetic field along the kz direction [25]. . . . . . . . . . . . . . . . . 18

1.7 Shubnikov-de Hass oscillation of Fermi arc. (a) Weyl orbits in a slab of

a WSM of a finite thickness (L) in the presence of a perpendicular magnetic

field. (b) Fourier transform of magnetoresistance measured on the Cd3As2

microplates at 2 K, with magnetic field parallel (blue curve) and perpendicular

(red curve) to the (010) surface, respectively. . . . . . . . . . . . . . . . . . . 20

1.8 Mechansims of anomalous Hall effect. σAH
xy versus σxx for a variety of

materials spanning the three AHE regimes from the side-jump mechanism

through the intrinsic and skew scattering [88]. . . . . . . . . . . . . . . . . . 21



1.9 Intrinsic anomalous Hall effect (a) Band edges along the z-direction in

the momentum space for the two bands that touch at the Weyl points. The

dashed line denotes the Fermi energy. (b) Total anomalous Hall conductivity

(solid line) versus the Fermi energy. The plateau-like feature in σxy correlates

with the range of the Fermi energies, for which the Fermi surface consists

of two separate sheets, each enclosing a single Weyl node. When the Fermi

surface enclosing two Weyl points merge, the intrinsic AHC contributed by

the existence of Weyl points vanishes [7]. . . . . . . . . . . . . . . . . . . . . 22

1.10 Negative longitudinal magnetoresistance (NLMR). (a) Resistivity ρxx

versus B at the selected field-tilt angle ϕ to the x axis. For ϕ = 90◦, ρxx
displays a B-linear positive MR. However, as ϕ → 0◦ (B ∥ I, σxx is strongly

suppressed. (b) Longitudinal magnetoresistance ρxx at various temperatures

measured with B parallel to E and perpendicular to x axis for Na3Bi. Negative

longitudinal MR is observed at lower temperatures [82]. . . . . . . . . . . . . 23

1.11 Planar Hall effect (PHE). (a) Illustration for the planar Hall effect mea-

surement setup (VH is the in-plane Hall voltage). (d) The angular dependence

of planar Hall conductivity for B = 5T [50]. . . . . . . . . . . . . . . . . . . 25

1.12 Crystal structure of RCd2Pn2 (R = Eu, Sr; Pn = As, Sb). RCd2Pn2

has a hexagonal unit cell with space group P -3m1. . . . . . . . . . . . . . . 26

2.1 X-ray diffraction. (a) Bragg’s condition for constructive interference that

gives the Bragg peak in the powder XRD spectrum. (b) The x-ray path for

an ideally aligned sample is indicated by the blue line. For a single crystal

with a thickness of H (sample height), the peak position is shifted as shown

by the red line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31



2.2 Powder and single crystal XRD of RCd2As2 (a) The observed x-ray

diffraction spectrum (red circles) of EuCd2As2 and the refined intensity (black

line) gained by the Rietveld refinement using FullProf suite [61]. (b) The x-

ray diffraction spectrum is measured on the ab crystalline plane of SrCd2As2

single crystal. The red triangles mark the condition where the diffracted beam

constructively interferes, corresponding to the c lattice constant. . . . . . . . 33

2.3 Single crystal and samples for transport measurements. (a) Single

crystal of EuCd2As2. (b) The sample of EuCd2As2 with six-probe contact

configuration for the magnetotransport measurement. (c) The heat capacity

puck with single crystals mounted with grease. The red dot frame marks the

supporting wires on the puck to transfer heat from the mounted sample. . . 34

3.1 Transport and magnetic characterizations of EuCd2As2. (a) Crys-

tal structure of EuCd2As2 with the P -3m1 space group. (b) Powder x-ray

diffraction of EuCd2As2 at room temperature. (c) Temperature dependence

of magnetic susceptibility χ with 0.1 T magnetic field applied along the c

axis. The inset shows the inverse susceptibility versus temperature and the

Curie-Weiss fitting. (d) Magnetization versus field at different temperatures.

The saturated magnetization is ∼7µB per Eu atom at the base temperature

2 K. (e) Temperature dependence of the electrical resistivity ρ(T ) between 2

and 300 K. The inset shows ln ρ versus the inverse of temperature 1/T of the

sample from 10Sn. The transport activation gap ∆gap = 55.8 meV is obtained

by fitting ln ρ versus 1/T in the temperature range of 30-100 K. . . . . . . . 40

3.2 Colossal magnetoresistance of EuCd2As2. (a) Temperature dependence

of resistivity ρ(T ) under different magnetic fields applied along the c axis. (b)

Resistivity ρxx versus magnetic field at temperatures between 2 and 200 K. . 41



3.3 The temperature dependence of the carrier density and anomalous

Hall conductivity of EuCd2As2. (a) Hall resistivity ρxy versus magnetic

field for samples from 10Sn, 15Sn, and 20Sn at temperatures between 2 and

100 K. (b) Carrier density n and (c) anomalous Hall conductivity σA
xy versus

temperature obtained by fitting from ρxy in (a) (see text for details of the

fitting). Vertical lines mark antiferromagnetic transition temperature TN =

9.5 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.4 Carrier density dependence and the scaling relationship of the anoma-

lous Hall effect in EuCd2As2. (a) Anomalous Hall conductivity σA
xy ver-

sus carrier density n measured from samples 10Sn, 15Sn, and 20Sn and semi

metallic EuCd2As2 reported in previous works [68, 84, 10, 62]. The expected

value of σA
xy (black dashed line) is for an ideal Weyl semimetal with only one

pair of Weyl nodes separated by 0.52 nm−1 [68]. (b) Anomalous Hall conduc-

tivity σA
xy versus longitudinal conductivity σxx in log-log scale. The dashed

line marks the power law σA
xy ∝ σ1.6

xx . . . . . . . . . . . . . . . . . . . . . . . 44

3.5 Transmittance spectrum of EuCd2As2. Transmittance versus incident

light wave number of sample 10Sn measured by FTIR at room temperature.

The incident lights with a wave number larger than 6000 cm−1 are fully ab-

sorbed, consistent with a band gap of 0.74 eV. . . . . . . . . . . . . . . . . . 47



3.6 First-principles linear-response calculations for the Hubbard U of

Eu atoms in EuCd2As2. (a) Fitted charge self-consistent (solid red line)

and non-self-consistent (solid black line) linear response functions for a 5-atom

EuCd2As2 unit cell. The inverse slopes of the response functions in the linear

regime can be utilized to determine the U value. (b) Convergence test of

the calculated Hubbard U parameter with respect to the supercell size. The

results converge to U ∼ 8 eV in a 40-atom EuCd2As2 unit cell. Such a strong

U ∼ 8 eV would lead to a finite energy gap and suppression of the topological

behavior in EuCd2As2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.7 High-field magnetoresistance. The magnetoresistivity ρxx versus along

the c axis magnetic field µ0H ranges from 2 to 35 T of the sample from 10Sn

EuCd2As2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.8 Colossal magnetoresistance of samples from 15Sn and 20Sn. Tem-

perature dependence of longitudinal resistivity ρxx versus ±9 T magnetic field

along the c axis at temperatures between 2 and 150 K for samples from (a)

15Sn and (b) 20Sn. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.9 ARPES results on Eu(Cd1−xInx)2As2 (x=5%). Samples for ARPES

measurement and the electronic band structure detected on the pristine, in-

situ K dosing, and Rb dosing samples surface (credits to my collaborator,

Shanmei He, from the Lawrence Berkeley laboratory). . . . . . . . . . . . . . 52

4.1 Two scenarios of band evolution as Sb replaces As in ACd2Pn2 (A

= Eu, Sr; Pn = As, Sb). A schematic plot of (a) the band structure of

ACd2As2 (A = Eu, Sr). (b) the first possible band structure of ACd2Sb2 (A

= Eu, Sr) and (b) the second possible band structure of ACd2Sb2 (A = Eu,

Sr). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56



4.2 Transport and magnetic characterizations of ACd2Pn2 (A = Sr,

Eu; Pn = As, Sb). (a) Powder x-ray diffraction of SrCd2Sb2, SrCd2As2,

EuCd2Sb2, EuCd2As2. b Magnetization M versus field for EuCd2Sb2 at dif-

ferent temperatures. The magnetic field is applied along the c axis. The

saturated magnetization is ∼7µB per formula unit at the base temperature

2 K. (c) Temperature dependence of the electrical resistivity ρ(T ) between

2 and 300 K for SrCd2Sb2, and 180 and 300 K for SrCd2As2. (d) The tem-

perature dependence of electrical resistivity ρ(T ) between 2 and 300 K for

EuCd2Sb2 and EuCd2As2. Hall resistivity ρxy versus magnetic field for (e)

SrCd2Sb2 and (f) EuCd2Sb2 at temperatures between 2 and 20 K. . . . . . . 57

4.3 Shubnikov-de Haas oscillation of RCd2Sb2 (R = Sr, Eu). Oscillatory

Hall resistivity, ∆ρxy, versus the inverse of along c-axis magnetic field, 1/µ0H,

for (a) SrCd2Sb2 and (b) EuCd2Sb2 at temperatures between 2 and 40 K,

extracting from the linear background of ρxy. The fitting of the temperature

dependence of oscillation amplitude for (c) SrCd2Sb2 and (d) EuCd2Sb2 using

Lifshitz-Kosevich factor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.4 Transmittance of RCd2Pn2 (R = Eu, Sr; Pn = As, Sb) at room

temperature. (a) Transmittance spectrum of (a) RCd2As2 (R = Eu, Sr)

and (b) RCd2Sb2 (R = Eu, Sr). . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.1 Magnetic characterization of EuCd2Sb2. (a) Temperature dependence

of magnetic susceptibility χ with 0.1 T magnetic field applied along the c axis.

(b)Magnetization as a function of along c-axis magnetic field at different tem-

peratures below 20 K. The saturated magnetization is ∼7µB per formula unit

at the base temperature 2 K. (c) Temperature dependence of magnetization

at 14 T. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63



5.2 Temperature dependence of Shubnikov-de Haas oscillation of EuCd2Sb2.

(a) Hall resistivity, ∆ρxy, as a function of magnetic field at temperatures be-

tween 2 and 20 K. (b) Oscillatory Hall resistivity, ∆ρxy, as a function of

inverse field, 1/µ0H, at temperatures between 2 and 14 K, extracting from

the linear background of ρxy. (c) Landau level index against the inverse mag-

netic field. The integer Landau level indices are assigned to ∆ρxy peaks, while

half-integer Landau level indices are assigned to ∆ρxy valleys. The solid lines

are linear fits of Landau indices at temperatures between 2 and 14 K. All peaks

and valleys fall in the linear fits. (d) Temperature dependence of oscillation

frequencies extracted from the slopes of linear fits of Landau level indices. . . 64

5.3 Magnetic field angle dependence of Shubnikov-de Haas oscillation

of EuCd2Sb2 and SrCd2Sb2. (a) and (d) Magneto-resistivity, ρxx, under

a magnetic field of 31 T and 14 T rotating from µ0H ∥ c axis (0◦) to µ0H ∥ ab

plane (90◦) for EuCd2Sb2 and SrCd2Sb2, respectively. (b) and (e) Oscillatory

part of magneto-resistivity, ∆ρxx, under different magnetic field angles for

EuCd2Sb2 and SrCd2Sb2, respectively. ∆ρxx are offset for clarity. (c) and (f)

Angle dependence of oscillation frequency Fs by tracking the peak and valley

position in 1/B and fitting the linear slope. The red dot line in (f) denotes the

fitting to the equation of the angle dependence of, Fs, of a three-dimensional

Fermi pocket. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66



5.4 Magnetic field angle dependence of anomalous Hall effect of EuCd2Sb2.

(a) Hall resistivity, ρxy, as a function of magnetic field up to 14 T as the field

angle rotating from µ0H ∥ c axis (0◦) to µ0H ∥ ab plane (90◦). (b) Anoma-

lous Hall resistivity, ∆ρAxy, under different magnetic field angles, obtained by

subtracting the linear background of ρxy. (c) Angle dependence of ∆ρ
A
xy. The

dashed line indicates the perpendicular effective magnetic field as a function

of angle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67



ACKNOWLEDGMENTS

My journey of Ph.D. study has been long and challenging, yet filled with numerous

moments of joy and excitement. The path to this thesis has been paved with invaluable help

and unwavering support. I am deeply grateful to those who have helped and supported me

throughout this journey.

First and foremost, I would like to express my heartfelt gratitude to my advisor, Prof.

Jiun-Haw Chu. When I joined the lab, I had very limited knowledge of topological materials

and barely knew any essential experimental skills in the lab. He not only guided me through

the intricacies of experimental procedure but also helped me develop skills in paper writing

and presentation. His expertise, patience, integrity, and kindness have been instrumental in

guiding me through the complexities of my studies and shaping my personal growth. I am

deeply grateful to him and feel truly honored to have been supervised by him.

I would also like to express my gratitude to my co-advisor, Prof. Xiaodong Xu, and

my committee members, Prof. Ting Cao, Prof. Mo Li, and Prof. Xiaosong Li. I am

deeply thankful for their insightful comments and suggestions, valuable collaboration, and

constructive feedback, all of which have enriched my knowledge and fostered my growth

through every exam.

I would also like to extend my gratitude to my colleagues in Chu’s lab. I thank postdocs,

Zhong Lin and Zhaoyu Liu, who joined the lab the same year as I did, for sharing their

invaluable experience and personal reflections on scientific research. I learned a lot from

them. I would like to express my gratitude to Qianni Jiang, who mentored me when I

joined the lab. She taught me almost all the experimental skills and offered many heartfelt

conversations. Her companionship over the last few years has been truly invaluable. I’m

xiv



also grateful to Joshua Mutch, Joshua J. Sanchez, and Paul Malinowski for their stimulating

discussion and kind help. Their suggestions for my work always inspire me greatly. I also

thank Elliott Rosenberg and Jonathan M DeStefano. We did several maglab trips together.

Although each trip was challenging, they were always filled with joy. Thanks for their help

and support in the last few years. I also want to express my gratitude to postdoc, Chaowei

Hu. I learned a lot from his on crystal synthesis. I also thank Sarah Edwards for her cookies,

cakes, and the small talks we had, which brought joy to my daily life. Working with Joss

Ayres-Sim, Xuetao Ma, and Sanae Tominage has been a rewarding experience, and I have

greatly enjoyed growing together with them.

My work would not have been accomplished without our wonderful collaborators. I

thank David Graf, Shalinee Chikara, and Scott Maier for their efforts and assistance with

the transport measurement at the National High Magnetic Field Laboratory (NHMFL). I’m

grateful to Seokhyeong Lee and Prof. Mo Li from the Electrical and Computer Engineering

Department for their kind assistance with the FTIR measurements. I also thank Logan A.

Burnett and Prof. Cheng-Chien Chen from the University of Alabama at Birmingham for

their excellent theoretical calculation in our projects. I also extend my thanks to Prof. Jiunn-

Yuan Lin and Prof. Chih-Wei Luo for their invaluable discussion and close collaboration.

My gratitude goes to Han Wu and Prof. Ming Yi from Rice University and Q.-Q. Zhang and

Prof. Lexian Yang from Tsinghua University for their beautiful ARPES results contributed

to our collaborated projects.

I would also like to extend my gratitude to my friends, Yuzhou Zhao, Chaowei Hu, Qianni

Jiang, Jiayi Zhu, Chun-Chih Tseng, and Xuetao Ma, and my two adorable cats, soy milk and

churro, for their companionship throughout my studies. The countless wonderful memories

we have created together have brought immense joy and comfort to my life. Their presence

has been a source of warmth and support, making the challenging moments more manageable

and the happy times even more special.



Lastly, I want to convey my deepest gratitude to my family. I deeply thank my parents

for their unwavering support, trust in my every decision, and pride in all my achievements,

which have been a constant source of motivation and strength in my journey. I also want to

thank my husband, Yang, for his encouragement, support, care, and love over the last ten

years. I would not be where I am today without their unwavering love and dedication.

.



1

Chapter 1

INTRODUCTION

This chapter offers a comprehensive overview of the background knowledge essential to

this thesis. It begins with an introduction to the band topology theory and magnetism in

solids, followed by a focus on topological semimetals, including Dirac and Weyl semimet-

als. The chapter then delves into the signatures of topological semimetals in the transport

measurements, including the surface state Shubnikow-de Haas effect, negative longitudinal

magnetoresistance, and planar Hall effect. Finally, it introduces the topological semimetals

candidates - RCd2Pn2 (R = Eu, Sr; Pn = As, Sb).

1.1 Topological band theory

The conventional band theory was established in the 1930s, relying mainly on Bloch’s theo-

rem, which characterizes the behavior of electrons in the periodic potential. The Fermi-Dirac

statistics describe the filling of energy states at thermal equilibrium. It provided a founda-

tional understanding of electronic properties in solids, classifying solids into insulators, semi-

conductors, and metals. In the 1980s, the experimental discovery of the integer quantum

Hall effect in 2-dimensional electron gas challenged the traditional band theory and led to

the discovery of the topological phase. The topological phase of 2D systems was proposed

by Thouless et al. [73, 32, 37], characterized by a topological invariant that is robust under

continuous deformations. In recent decades, with the development of the topological band

theory, topological insulators, having an electronic band gap in the bulk but conductive

states on the surface, and topological semimetals, having similar topological surface states,

were proposed and subsequently realized.
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1.1.1 Berry phase and Chern number

The Berry phase is one of the key concepts in the topological band theory. It described the

cyclic adiabatic evolution of a quantum system. It was adapted to Bloch band theory to

define the topological properties of electronic bands [5]. Within the independent electron

approximation, the band structure of a crystal is determined by the following Hamiltonian

for a single electron:

H =
p̂2

2m
+ V (r), (1.1)

where V (r + a) = V (r) is the periodic potential with Bravais lattice vector, a. According

to Bloch’s theorem, the eigenstates of a periodic Hamiltonian satisfy the following boundary

condition:

ψnq(r+ a) = eiq·aψnq(r), (1.2)

where n is the band index and ℏq is the crystal momentum, which resides in the Brillouin

zone (BZ). To comply with the general formalism of the Berry phase, the Hamiltonian is

transformed to be q-dependent Hamiltonian:

H(q) = e−iq·rHeiq·r =
(p̂+ ℏq)2

2m
+ V (r). (1.3)

The transformed eigenstate unq(r) = e−iq·rψnq(r) is the cell-periodic part of the Bloch func-

tion. It satisfies the strict periodic boundary condition.

unq(r+ a) = unq(r). (1.4)

If q is forced to vary in the momentum space, then the Bloch state will pick up a Berry

phase as:

γn =

˛
C
dq · ⟨un(q)|i∇q|un(q)⟩, (1.5)

where ⟨un(q)|i∇q|un(q)⟩ is regarded as Berry connection for n-th band. The path C must

be closed to make Berry phase γn a gauge-invariant quantity with physical significance. The

Berry curvature of the energy band as a gauge-field tensor in momentum space is then defined

as:

Ωn(q) = ∇q × ⟨un(q)|i∇q|un(q)⟩. (1.6)
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The Berry curvature describes the phase changes when the wave vector moves in the BZ. The

presence of a non-zero Berry curvature indicates a non-trivial topology. The Berry curvature

integrated over the entire BZ is quantized in the units of 2π and equals the net number of

monopoles inside. This number is called the Chern number:

Cn =
1

2π

˛
BZ

Ωn(k)d
2k. (1.7)

The Chern number Cn is a topological invariant associated with the topological classification

of electronic bands in two-dimensional systems, which cannot change when the Hamiltonian

varies smoothly.

1.1.2 Dirac and Weyl fermions

In 1928, P. A. M. Dirac proposed the Dirac equation in the context of particle theory. It was

the first successful reconciliation of special relativity and quantum mechanics in describing

electron motion [15]. The Dirac equation in d spatial dimension and effective speed of light

c = 1 is

(iγµ∂µ −m)ψ = 0, (1.8)

where ψ is the wave function of the particle, m is the mass of the particle. µ = 0, 1, ...d

label time and space dimension, and the d+1 gamma matrices satisfy the anticommutation

relation {γu, γv} = 0 for µ ̸= ν and (γ0)2 = −(γi)2 = I, where i = 1, ..., d. I is a 2× 2 unit

matrix. The minimal-sized matrices that satisfy this property depend on the dimension and

are (2k+1 × 2k+1)-dimensional matrices in both spatial dimensions d = 2k + 1 and 2k + 2.

In 1929, the mathematician Hermann Weyl proposed a solution for the Dirac equation

for massless particles in odd spatial dimensions [19]. Consider the simplest case that d = 1,

the anticommuting two gamma matrices are the 2× 2 Pauli matrices, γ0 = σz and γ
1 = iσy.

Therefore, the Dirac equation in 1 + 1 dimension involves a two-component spinor and can

be written as

i∂tψ = (γ0γ1p+mγ0)ψ, (1.9)
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Figure 1.1: Schematic plots of various band structures. The band structures of
Schrödinger, massive Dirac, massless Dirac, and Weyl fermions. The curves with mixed
and uniform colors represent doubly degenerate and nondegenerate bands [40].

where p = −i∂x. Consider the massless particlem = 0, this equation can be further simplified

by simply picking eigenstates of the Hermitian matrix γ5 = γ0γ1 = σx if γ5ψ± = ±ψ±. One

then has the 1D Weyl equation

i∂tψ± = ±pψ±. (1.10)

The resulting dispersion is

E±(p) = ±p, (1.11)

which denotes a right(left) moving particle with speed c = 1 which are termed Weyl fermions.

1.2 Topological semimetals

Semimetals are characterized by a small or vanishing density of states near the Fermi energy.

Topological semimetals (TSMs) refer to the semimetals with the finite density of states caused

by the crossing or touching of conduction and valence bands in three-dimensional BZ. Two

of the most famous TSMs are Dirac semimetals (DSMs) and Weyl semimetals (WSMs) in

which two doubly or single degenerated bands cross each other at discrete points near EF ,

forming the fourfold Dirac points or twofold Weyl points.
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In solids, the Schrödinger equation provides a successful description of nearly free quasi-

particles with the Hamiltonian Hs = p2/2m∗, where p is the momentum and m∗ is the

effective mass. The resulting electronic parabolic band structure is shown at the leftmost

of Fig. 1.1. However, the realistic Dirac and Weyl equations are necessary as the effective

mass of electrons approaches zero [23]. In a three-dimensional solid, the Dirac Hamiltonian

has the following form:

HD = νFα · k+ βmν2F =

νFσ · k mν2F

mν2F −νFσ · k

 , (1.12)

where k = (kx, ky, kz) represents the momentum, νF is the Fermi velocity and m is the

effective mass. Equation 1.12 has the same form as the Dirac Hamiltonian in high-energy

physics, with the effective speed of light c replaced by the Fermi velocity. The Dirac fermions

in a solid obey the relativistic energy-momentum relation

E± = ±
√
m2ν4F + k2ν2F , (1.13)

which leads to spectral gap ∆ = 2mν2F at k = 0. The excitations on the electrons are massive

Dirac fermions and the materials with such 3D band crossings are called massive DSMs (Fig.

1.1).

In the special case of vanishing effective mass (m→ 0), the Dirac Hamiltonian becomes

Hm=0
D =

νFσ · k 0

0 −νFσ · k

 . (1.14)

As a result, the spectrum of this massless Dirac Hamiltonian is gapless at k = 0, giving

rise to a fourfold-degenerate node with linear dispersion in all the kx, ky, and kz directions,

known as the Dirac point. The corresponding low energy excitations at the Dirac point are

massless Dirac fermions and materials with such 3D Dirac band crossings near EF are called

DSMs (Fig. 1.1).

When m = 0, the upper two components (ψ+) and the lower two components (ψ−) are

no longer coupled. The Bloch diagonal HD can be written in a simple 2× 2 form

H± = ±νFσ · k. (1.15)
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(a) (b)

Figure 1.2: Two types of Weyl semimetals. (a) The type-I WSM. The Fermi surface
shrinks to zero at the Weyl points when the Fermi energy is sufficiently close to the Weyl
points. (b) The type-II WSM. Due to the strong tilting of the Weyl cone, the Weyl point
acts as the touching point between electron and hole pockets in the Fermi surface [85].

This is the Weyl Hamiltonian of condensed-matter systems, and ± corresponds to the dif-

ferent chirality of the massless Weyl fermions. Either H+ or H− has two eigenvalues,

E = ±νF |k|, (1.16)

which implies that the spectra of the Weyl Hamiltonian are also gapless, and two linearly

dispersed and nondegenerate bands cross each other at k = 0 and form a twofold point,

called the Weyl point. The three-dimensional solids with Fermi points existing are WSMs

(Fig. 1.1). A fourfold-degenerate Dirac point can be considered the composite of two Weyl

points of opposite chirality. Therefore, once the spin degeneracy is lifted by breaking either

the inversion symmetry (P) or time-reversal symmetry (T ) in DSMs, one Dirac point is split

into a pair of Weyl points separated in the momentum space.

1.2.1 Type-I and type-II Weyl semimetals

The realistic Dirac fermions and Weyl fermions in solids imported from particle theory should

respect Lorentz invariance, which gives rise to an isotropic Dirac or Weyl cone with linear

band dispersion in all momentum directions. However, band crossings in crystals are con-
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strained by the symmetries of the space groups, giving rise to the possibility of finding titled

band crossings [1]. In general, according to the configuration of the band crossing, WSMs

can be classified into two types by the energy dispersions near the Weyl points – type-I and

type-II. Adding a tilting term to the simplest 2× 2 Weyl Hamiltonian [40].

H = ±ν0σ · k+ t · kI2, (1.17)

where k = (kx, ky, kz), σ = (σx, σy, σz) and t is the tilt vector. Consider the right-handed

fermion and assume the vector t is along the kz direction. The Hamiltonian can then be

further written as

H = ν0

kz(1 + t/ν) kx − iky

kx + iky −kz(1− t/ν0)

 . (1.18)

The resulting two branches of the energy spectrum are:

ϵ±(k) = ±ν0(kx + ky)± ν0(1±
t

ν0
)kz. (1.19)

These two energy branches cross each other and form a Weyl node at k = 0. The ν0k and tkz

can be viewed as the kinetic and potential energy, respectively. When t/ν0 < 1 (tkz < ν0k),

the two linearly dispersed Weyl bands always have opposite velocities along any k direction,

and ϵ(k) = 0 only occurs at k = 0 point. The band crossing obeys the Lorentz invariance.

The WSMs having such band crossing are classified as type-I WSMs. However, if t/ν0 > 1,

potential energy exceeds the kinetic energy, the Weyl cone is tipped along the kz direction.

At a particular region in BZ, the equation of ϵ(k) = 0 has solutions not only at k = 0

but also at certain other nonzero kz points. The WSMs having this tilted band crossing

are classified as type-II WSMs. When Weyl points at the Fermi level, Type-I WSMs have

the Fermi surface shrinking at zero while type-II WSMs have the Weyl point acting as the

touching point between electron and hole pockets 1.2.

1.2.2 Topological aspects

We have understood the topology nature and classification of WSMs. Here we explore some

of the remarkable phenomena in WSMs associated with their topological band including the
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Berry curvature monopoles [16, 83], surface states [4, 75, 83], and chiral anomaly [52, 24, 31].

Berry curvature monopoles

The topological invariant Chern number can be used to characterize the previously discussed

nontrivial electronic structure of WSMs:

nm =
1

2π

˛
Ωnd

2k = ±1. (1.20)

This equation reveals that a Weyl point is a singularity of the Berry curvature, which is a

close analog of the magnetic field in momentum space. Therefore, a pair of Weyl points of

opposite chirality can be regarded as the monopole and antimonopole of Berry curvature

in momentum space. Moreover, to satisfy the periodic BZ boundary condition, the Berry

curvature must begin and end within the BZ, that is the Weyl points should always come

in pairs of opposite chirality so that the total monopole charge integrated over the one BZ

is zero. The only way to eliminate the Weyl points without breaking charge conservation is

to annihilate them pairwise, which happens only if one can move them to the same k point.

Thus, the Weyl points are topologically protected in k space.

Finally, we note the difference between the T -breaking WSMs and P-breaking WSMs. In

the T -breaking WSMs, the presence of P symmetry ensures that Ω(k) = Ω(−k), implying

that Weyl points at k and −k should have opposing monopole charges. These T -breaking

WSMs can have a minimum of one pair of Weyl points at k and −k of opposite chirality. In

the P-breaking WSMs, for a Weyl point at k, there must be another Weyl point with the

same chirality −k, due to the T invariance imposing the condition that the Berry curvature

at the k and −k are negatives of each other, Ω(k) = −Ω(−k). The vanished net chirality

requires another pair with the opposite chirality, making the total number of Weyl points

in P-breaking WSMs a multiple of four. While the T -broken WSMs can ideally have only

one pair of Weyl points, the P-broken WSMs, without the complications of magnetism,

possess properties that are simpler under a strong magnetic field. Additionally, they are

more compatible with angle-resolved photoemission spectroscopy (ARPES).
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(a) (b)

(c)

Figure 1.3: Fermi arc surface states. (a) A schematic of Weyl points and surface arcs.
(b) Connection of surface states to bulk Weyl points. (c) Evolution of the Fermi arc with
chemical potential in a particular microscopic model on raising the chemical potential from
the nodal energy (E = 0). Fermi arcs are tangent to the bulk Fermi surface projections and
may persist even after they merge into a trivial bulk Fermi surface [20, 75, 4].

Fermi-arc surface states

One of the most striking consequences of the fact that the Weyl nodes behave as monopoles

of the Berry curvature is the appearance of unique surface states. Consider the simplest

example of WSMs in which only one pair of Weyl nodes existed at (0, 0, ±k0), and trivial

states are far away from the EF . Therefore, slices not containing the Weyl points in BZ

are gapped 2D insulators. If the slices lie between two Weyl points, the net Berry flux

accumulated across the slices leads to Chern insulators with a nonzero Chern number, which

carries chiral edge states. If the slices stay far away from the two Weyl points, they are
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Figure 1.4: Chiral anomaly. (a) Schematic of chiral charge pumping between two Weyl
cones with opposite chiralities under parallel magnetic and electric fields. [82].

trivial 2D insulators. Thus, the chiral edge states exist only between these two Weyl points

and assemble a topological Fermi surface - Fermi arc. As shown in Fig. 1.3 (b), both surface

(pink) and bulk and projected to the surface BZ. The Fermi arc is tangent to the projection

of the bulk states onto the surface BZ.

When EF = 0, the Fermi arc appears as a straight line on the surface BZ, connecting

the projected points of Weyl nodes, as shown in Fig. 1.3 (c). As EF deviates from the Weyl

nodes, the bulk Fermi surface encloses a nonvanishing volume and its projection onto the

surface BZ is a pair of filled disks that encloses the Weyl points. The Fermi arc is displaced

by its finite velocity and becomes a contour tangent to a closed contour of the Weyl point.

As EF continues to move away, the projection of the bulk surface evolves into a dumbbell

shape. The Fermi arc remains tangent to the bulk Fermi surface projection until merges into

a trivial bulk Fermi surface.
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Chiral anomaly

The Weyl node as a chiral magnetic monopole could lead to another extraordinary phe-

nomenon: the chiral anomaly [52, 31, 24, 55]. In the presence of a strong magnetic field, the

energy states of the WSMs condensed into Landau levels, and the zeroth Landau levels can

be expressed as ±ℏvFk · B. Once the magnetic field is large enough, all electrons will be

condensed into two zeroth LLs with opposite chirality, χ. Now, if an external electric field E

is applied parallel to B. The electrons are accelerated at a rate of eE in the −E direction,

leading to a charge pumping between right-moving and left-moving zeroth LLs, and resulting

in the following modified charge continuity equation for each Weyl node of opposite chirality:

∂ρχ
∂t

= χ
e3

4π2ℏ2
E ·B, (1.21)

where ρχ is the charge density of χ chirality Weyl fermions. The charge flow of individual

Weyl point results in an imbalance of chiral charge within an individual Weyl point. This

is known as the chiral anomaly (Fig. 1.11 (a)). Since the Weyl nodes are separated in

momentum space, the pumped charge is then relaxed by the scattering process and reaches

a steady state. The final chiral imbalance can thus be expressed as:

∂

∂t
(ρ+ − ρ−) = − e3

2π2ℏ2
E ·B · τint. (1.22)

where τint is the intervalley relaxation time. Equ. 1.11 refers to an extra electric current

along the magnetic field. In a sufficiently clean system, the backscattering of electrons of

opposite chirality is suppressed, resulting in a large τint that is nearly independent of the

magnetic field in a certain range. Consequently, the longitudinal conductivity along the

applied magnetic field is large and proportional to the square of B, the resistivity decreases

with increasing magnetic field.

1.3 Magnetism in solids

This chapter introduces the concept of magnetism in solids. Magnetism in a solid originates

from magnetic moments generated by the motion of electrons in the atoms of this solid.
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(a) (b)

Figure 1.5: The Curie-Weiss law (a) The susceptibility χ versus temperature T for para-
magnet (θ = 0), ferromagnet (θ = 0) and antiferromagnetic (θ = 0). (b) The inverse
susceptibility, 1/χ against T for paramagnet, ferromagnet, and antiferromagnet with the
intercept on the temperature axis yielding θ = 0, θ = TC , and θ = TN , respectively.

The orbital and spin motion of an electron together gives rise to the magnetic moment

of an atom. However, the magnetism in a solid is not a simple summation of the magnetic

moments of atoms. For the magnetic atoms in certain crystal structures, a magnetic moment

interacts with the neighboring magnetic moments or with their immediate environment.

These interactions finally produce various long-range magnetic orders in solids, including

ferromagnetism, antiferromagnetism, ferrimagnetism, and so on.

Before the introduction of spontaneous long-range magnetic orders from the interactions

of magnetic moments. we start with paramagnetism in which the magnetic moments are

independent of each other and the environment. Paramagnetism in a solid is due to at least

one unpaired electrons in its orbit shell which gets magnetized in a magnetic field. The

magnetic moment in an atom is associated with its total angular momentum J which is a

sum of the orbital angular momentum L and the spin angular momentum S:

J = L+ S (1.23)
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An increase in applied magnetic field will tend to align the moments while an increase in

temperature will tend to disorder them. The Brillouin function is used to describe the

magnetization of an ideal paramagnet in the presence of a magnetic field:

BJ(y) =
2J + 1

2J
coth (

2J + 1

2J
y)− 1

2J
coth

y

2J
(1.24)

where y = gJµBJB/kBT , gJ is the Landé g factor and µB is the Bhor magneton.

In the limit of the small magnetic field, the Brillouin function can be reduced to:

BJ(y) =
(J + 1)y

3J
+O(y3). (1.25)

Hence, the susceptibility is expressed by

χ =
M

H
≈ µ0M

B
=
nµ0µ

2
eff

3kBT
(1.26)

where µeff = gJµB
√
J(J + 1).

The susceptibility we discussed above is evaluated in the limit of vanishing applied mag-

netic field and given be µeff . However, at high applied magnetic fields, the magnetization

saturates to Ms which is equivalent to a moment of gJµBJ per ion.

Ferromagnetism in a solid refers to a spontaneous parallel alignment of magnetic moments

in the absence of an applied field due to exchange interactions. For a ferromagnet in the

presence of applied magnetic field B, the Hamiltonian can be expressed as:

Ĥ = −
∑
ij

JijSi · Sj + gµB

∑
j

Sj ·B. (1.27)

The first term is the Heisenberg exchange energy, where Jij is the exchange constant for

the nearest neighbors and is positive for ferromagnets, and S⃗i and S⃗j are the spin vectors

of electrons at sites i and j. The second term is the Zeeman energy from the applied field.

Here, the orbital angular momentum is ignored to keep things simple. To solve equ. 1.30,

an effective molecular field at the ith site is estimated by:

Bmf = − 2

gµB

∑
j

JijSj. (1.28)
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The exchange interaction between the ith spin and its neighbours become

−2Sj ·
∑
j

JijSj = −gµBSI ·Bmf. (1.29)

Then, the effective Hamiltonian can now be written as:

Ĥ = gµB

∑
i

Si · (B+Bmf). (1.30)

Assuming that Bmf = λM, where λ is a constant that parameterizes the strength of the

molecular field as a function of the magnetization. We are now able to treat this problem as

if the system were a simple paramagnet placed in a magnetic field B+Bmf.

The temperature above which ferromagnetic materials lose their permanent magneti-

zation and become paramagnetic is known as the Curie temperature, Tc. The the Curie

temperature Tc is defined by:

Tc =
gJµB(J + 1)λMs

3kB
=
nλµ2

eff

3kB
. (1.31)

Applying a small B field at T > TC will lead to a small magnetization so that the reduced

form of Brillouin function near zero field limit can be used (Equ. 1.25). Thus

M

Ms

≈ gJµB(J + 1)

3kB
(
B+ λM

T
). (1.32)

So that the magnetic susceptibility is

χ = lim
B→0

µ0M

B
∝ 1

T − TC
(1.33)

If the exchange interaction is negative, J < 0, the molecular field is oriented such that

it is favorable for nearest neighbor magnetic moments to align antiparallel to one another.

This is antiferromagnetism. The antiparallel magnetic moments can be considered as two

interpenetrating sublattices, on one of which the magnetic moments point up and on the

other of which they point down. The molecular field on each sublattice is

B+ = −|λ|M−,

B− = −|λ|M+

(1.34)
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Néel temperature is known

TN =
gJµB(J + 1)|λ|Ms

3kB
=
n|λ|µ2

eff

3kB
. (1.35)

By expanding the Brillouin function BJ(y) = (J+1)y/3J+O(y3), the results in the magnetic

susceptibility χ is given by:

χ = lim
B→0

µ0M

B
∝ 1

T − TN
. (1.36)

In the Curie-Weiss model,

χ ∝ 1

T − θ
, (1.37)

θ is the Weiss temperature. If θ = 0, the material is a paramagnet. If θ > 0, the material

is a ferromagnetic and θ = TC ,. If θ > 0, the material is a antiferromagnetic and θ = TN .

In a temperature dependence of magnetic susceptibility measurement, TC or TN can be

determined by the intercept of 1
χ
at T = 0 (Fig. 1.5 (b)).

If the two sublattices with magnetic moments point up and on are not equivalent, a solid

will then have a net magnetization. This phenomenon is known as ferrimagnetism. The

spontaneous magnetization of each sublattice is different and thus will have quite different

temperature dependence. One sublattice can dominate the magnetization at low temperature

but another dominates at higher temperature. In this case, the net magnetization can be zero

and change sign at a temperature known as the compensation temperature. The temperature

dependence of magnetic susceptibility of ferrimagnets therefore does not follow the Curie

Weiss law.

1.4 Transport signatures of topological semimetals

In the last few decades, experimental studies have shown that relativistic fermions can result

in a rich variety of extraordinary transport properties, including extremely large magnetore-

sistance, intrinsic anomalous Hall conductivity, negative longitudinal magnetoresistance, and

planar Hall effect. These relativistic fermion-associated properties have great potential for

future electronic and spintronic applications and also serve as a powerful tool in identifying
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topological semimetals. In this section, this signature of topological semimetals and their

corresponding underlying mechanisms will be introduced in the following.

1.4.1 Quantum oscillation

The de Haas-van Alphen (dHvA) and Shubnikov-de Haas (SdH) effects describe the oscilla-

tory behavior of a material’s magnetization and resistivity, respectively, as a function of the

applied magnetic field at low temperatures. The observation of these oscillations, which are

periodic in the reciprocal magnetic field, is a powerful way to reveal the physical properties

of the material, such as the cross-sectional area of the Fermi surface, effective mass, and

Fermi velocity. Therefore, these effects are extensively used to study topological semimetals.

The dHvA and SdH effects in a solid stem from the Landau quantization of electronic

states under a high magnetic field. With the conduction band condensates into Landau

levels (LLs), the density of state at the Fermi level is periodically modulated by the magnetic

field, leading to periodic oscillations in resistivity or magnetization. Figure 1.6 (a) shows a

parabolic electronic band for nonrelativistic electrons. The Hamiltonian for free electrons is

Ĥ =
p̂2x
2me

+
p̂2y
2me

+
p̂2z
2me

. (1.38)

In the presence of magnetic field B = (0, 0, B), the magnetic vector potential A = (0, Bx, 0)

is imported. The Hamiltonian becomes

Ĥ =
p̂2x
2me

+
(p̂y + eBx̂)2

2me

+
p̂2z
2me

. (1.39)

The energy spectra under a magnetic field is the quantized LLs energy

ϵn = (n− 1/2) ℏωc +
p̂2z
2me

, (n = 1, 2, ...) , (1.40)

where ωc =
eB
me

is the cyclotron frequency and n is the non-negative LL index. The energies

of LLs are field-dependent and evenly spaced by ℏω. The lowest LL has finite energy ℏωc/2

(Fig. 1.6 (b) and (c)).
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For the relativistic fermions on the linear dispersive band (Fig. 1.6 (d)), the LL quantiza-

tion is also formed but with a different structure. Equation 1.15 describes the Hamiltonian

of the relativistic fermions. By introducing a magnetic field B = (0, 0, B), the energy is

quantized into energies:

ϵn = sgn(n)µF

√
eℏ|B|n+ (ℏkz)2, (n = 0,±1, ..) , (1.41)

where sgn(n) is the sign function of n, µF is the Fermi velocity and n is an integer. As shown

in Fig. 1.6 (c) and (e), in relativistic fermions, the LLs are no longer equally spaced. The

space between two levels depends on the magnetic field and LL index, ϵn ∝
√
B|n|. Notably,

there is a field-independent zeroth LL with finite energy, ℏvFkz located at the band crossing

point (ϵ0 = 0). For a 3D WSM with topological-protected bands, the LL quantization yields

energy spectra of

ϵn = sgnεn,k =

vF sgn(n)
√
2eℏ|B||n|+ ℏ2k2z , if n ̸= 0,

χℏvFkz if n = 0,

(1.42)

where χ = ±1 represents the chirality of the Weyl points.

As we introduced, the dHvA and SdH effects share the same underlying mechanism - LL

quantization. Here, we will focus on the SdH effect in which the resistivity oscillates against

the applied magnetic field. The experimental observed SdH oscillation can be well described

using the Lifshitz-Kosevich (LK) formula [28, 22, 47]:

∆ρ ∝ RTRD cos

[
2π

(
F

B
+

1

2
+ β

)]
. (1.43)

Here, ∆ρ is the oscillatory amplitude of resistivity, F is the resistivity oscillation frequency,

and 2πβ is the Berry phase. RT is the temperature damping factor defined as:

RT =
αTm∗

Bsinh(αTm∗/B)
, (1.44)

where α = 2π2kBme/eℏ, and me is the effective mass of electrons on the Fermi level. RD is

the Dingle factor:

RD = exp−αTDm
∗

B
, (1.45)



18

(a) (b) (c)

(d) (e) (f)

Figure 1.6: Landau levels quantization. Schematics for energy-momentum dispersions of
(a) nonrelativistic and (c) relativistic electrons. Landau spectra for the 2D spinless (b) non-
relativistic and (d) relativistic electrons. Landau spectra for the three-dimensional spinless
(e) nonrelativistic and (f) relativistic electrons as the magnetic field along the kz direction
[25].

where TD = ℏ/2πkBτq is the Dingle temperature and τq is the cyclotron relaxation time.

The SdH measurement is powerful in revealing various physical parameters of a solid,

including the cross-sectional area of the Fermi pocket, electron scattering time, the effective

mass of fermions at the Fermi level, and the Berry phase. These parameters can be extracted

from the period, temperature, and field dependence of the oscillation amplitude, and phase of

the SdH oscillation. The oscillation frequency F of oscillation can be obtained using the Fast

Fourier Transform (FFT) analysis of the oscillatory component of resistivity versus inverse
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magnetic field. The cross-sectional area of the Fermi pocket normal to the applied field, AF ,

is then obtained via the Onsager relation using the oscillation frequency:

F = (ℏ/2πe)AF . (1.46)

The corresponding Fermi momentum, kF , can be extracted by assuming a circular Fermi

surface cross-sectional area via AF = πk2F . The effective mass of electrons at the Fermi level,

m∗, is estimated by fitting the temperature dependence of the oscillation amplitude using

Equ. 1.44.

The nontrivial π Berry phase, a distinct feature of topological semimetals, can also be

extracted from the SdH oscillation. In general, any closed cyclotron orbit is quantized under

an external magnetic field, according to the Lifshitz-Onsager quantization rule:

AF
h

eB
= 2π

(
n+

1

2
+ β + δ

)
= 2π(n+ γ) (1.47)

where n is the LL index, 2πβ is the Berry phase, and 2πδ is the additional phase shift resulting

from the curvature of the Fermi surface in the kz direction. δ equals 0 for a two-dimensional

cylindrical Fermi surface and ±1/8 (+ for hole and − for electrons) for a corrugated three-

dimensional Fermi surface. The quantity γ = 1
2
+ β + δ can be experimentally accessed by

analyzing the LL fan diagram of the SdH oscillation. The LL indexes are plotted with the

inverse magnetic field with peaks of the oscillation assigned to integers and valleys assigned to

half integers. The intercept in the limit 1/B → 0 is the value of γ. In the SdH measurement

of Cd3As2 [22], the nontrivial π Berry phase (β = −1/2) was detected by fitting the Landau

index versus the inverse magnetic field using Lifshitz-Onsager rule.

Besides the bulk states, the SdH oscillation can also detect the topological surface states,

such as Fermi arcs of Dirac/Weyl semimetals. In a simple case, assuming that a WSM has

only one pair of Weyl points along the kz direction, the Fermi-arc surface states are thus

expected on the top and bottom (010) surfaces (Fig. 1.7 (a)), on which the projections of

the two Weyl points are well separated in the k space. In the presence of a magnetic field

perpendicular to the (010) surface, the surface electrons may propagate between the top and
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Figure 1.7: Shubnikov-de Hass oscillation of Fermi arc. (a) Weyl orbits in a slab of a
WSM of a finite thickness (L) in the presence of a perpendicular magnetic field. (b) Fourier
transform of magnetoresistance measured on the Cd3As2 microplates at 2 K, with magnetic
field parallel (blue curve) and perpendicular (red curve) to the (010) surface, respectively.

bottom surfaces via the bulk states if the propagation distance is smaller than the quantum

mean free path of the electron and an oscillation. Therefore, a DSM or WSM with finite

thickness under a magnetic field perpendicular to the Weyl orbit would have an additional

oscillation strongly depending on the sample thickness and the angle of the magnetic field

(Fig. 1.7).

In the presence of a magnetic field strong enough to push all LLs above EF except for

the lowest LL, all electrons are condensed to the lowest LL; such a state is generally referred

to as a quantum limit. In the quantum limit, a new type of resistivity oscillation is periodic

in log(B) emergent, which is believed to be associated with the discrete scale invariance and

formation of the two-body quasi-bound state [81, 39].

1.4.2 Intrinsic anomalous Hall effect

The intrinsic anomalous Hall effect (AHE) is another important transport feature for the

topological semimetals. Consider a T -breaking magnetic WSM with a pair of Weyl nodes

along the z direction separated by a distance ∆k in the momentum space. In this situation,

the region between the two Weyl points with opposite chiralities can be seen as a collection
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Figure 1.8: Mechansims of anomalous Hall effect. σAH
xy versus σxx for a variety of ma-

terials spanning the three AHE regimes from the side-jump mechanism through the intrinsic
and skew scattering [88].

of 2D Chern insulators. Each Chern insulator has a chiral edge mode near the Fermi energy

contributing a Hall conductance e2/h. Therefore, the total intrinsic anomalous Hall conduc-

tivity (AHC) when the Fermi level is at the Weyl nodes should be given by the integral of

the z component of the Berry curvature over all occupied states:

σA int
xy =

1

2π

ˆ π

−π

σxy(kz) dkz =
(
e2/2πh

)
∆k. (1.48)

When the Fermi level slightly moves away from the Weyl points, the intrinsic AHC attains a

universal value determined by ∆k (the plateau shown in Fig. 1.9 (b)), the linear dispersion

sufficiently close to Weyl nodes is a topological property, thus the intrinsic AHC follows

directly and exclusively from the existence of a nonzero topological charge. As the Fermi

level moves away, there are also intrinsic and extrinsic contributions to the AHC from the

free carriers. However, for an untilted type-I Weyl semimetal the sum of these contributions
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(a) (b)

Figure 1.9: Intrinsic anomalous Hall effect (a) Band edges along the z-direction in the
momentum space for the two bands that touch at the Weyl points. The dashed line denotes
the Fermi energy. (b) Total anomalous Hall conductivity (solid line) versus the Fermi energy.
The plateau-like feature in σxy correlates with the range of the Fermi energies, for which the
Fermi surface consists of two separate sheets, each enclosing a single Weyl node. When
the Fermi surface enclosing two Weyl points merge, the intrinsic AHC contributed by the
existence of Weyl points vanishes [7].

is equal to zero[7].

Unlike the type-I WSMs discussed above, the type-II WSMs have a tilted conical spectrum

around the Weyl points. The intrinsic AHC of a type-II WSM with a pair of Weyl points is

not universal and can change signs as a function of the tilting parameters [93]. Moreover, for

the P-breaking Weyl semimetal, the intrinsic anomalous Hall effect principally diminishes

because a P-breaking Weyl semimetal posses at least two pairs of Weyl points in the Brillouin

zone, and the total Berry has contributed by the two Weyl pairs cancel each other.

In the practical measurements of the AHC, the WSMs are not always ideal as assumed,

the trivial electronic band around EF also contributes to the AHC, σA
xy, like the extrinsic

contribution, including the skew scattering, and side-jump. Therefore, the experimental

measured σA
xy can expressed by

σAH
xy = σAH int

xy + σAH skew
xy + σAH sj

xy . (1.49)

Each of the mechanisms is governed by different relationships between longitudinal resistivity

and anomalous Hall resistivity. The longitudinal resistivity, σxx is divided into three regimes
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(a) (b)

Figure 1.10: Negative longitudinal magnetoresistance (NLMR). (a) Resistivity ρxx
versus B at the selected field-tilt angle ϕ to the x axis. For ϕ = 90◦, ρxx displays a B-linear
positive MR. However, as ϕ→ 0◦ (B ∥ I, σxx is strongly suppressed. (b) Longitudinal mag-
netoresistance ρxx at various temperatures measured with B parallel to E and perpendicular
to x axis for Na3Bi. Negative longitudinal MR is observed at lower temperatures [82].

that have been identified when surveying a large body of experimental data for diverse ma-

terials. As shown in Fig. 1.8. Within each regime, difference mechanisms contribute the

total AHE, σAH
xy . In the high conductivity regime (σxx > 106 Ω−1cm−1), a linear contribu-

tion to σAH
xy ∝ σxx due to skew scattering dominates σA

xy and the normal Hall conductivity

contribution can be significant. In the mediate conductivity regime (104 Ω−1cm−1 < σxx <

106 Ω−1cm−1), the σAH
xy is intrinsic and thus roughly independent of σxx. In the bad metal

regime (σxx < 104 Ω−1cm−1), σAH
xy decreases with decreasing σxx following the power law,

σAH
xy ∝ σα

xx(α = 1.6) [48]. The mechanism of AHE in this region is side-jump.

1.4.3 Negative longitudinal magnetoresistance

The negative longitudinal magnetoresistance (NLMR), a decrease of longitudinal resistivity

when the magnetic fieldB is parallel to the electrical field E, related to the chiral anomaly has

been regarded as one of the most prominent transport features of topological semimetals. In

a sufficiently clean system, the backscattering of electrons of opposite chirality is suppressed,
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resulting in a large τint that is nearly independent of the magnetic field in a certain range

and an NLMR versus magnetic field.

However, in a solid, the NLMR is not a universal behavior of chiral anomaly. The

quantum limit condition requires that no other states cross EF , otherwise, the zeroth LLs

contribution would be smeared out. Moreover, in a strong magnetic field, the relaxation

time can be proportional to |B|−1, which cancels out the dependence on the current induced

by the chiral anomaly [40]. Therefore, a semiclassical approach based on the Boltzmann

equation was developed to describe the NLMR in TSMs [31]. By describing the scattering

channels using the semi-classical equation of electron motion, the electrical current is solved

as:

J = ner⃗ = ne
(
1 +

e

c
B⃗ · Ω⃗p

)−1
{
p⃗

m
+ eE⃗ × Ω⃗p +

e

mc
(Ω⃗p · p⃗)B⃗

}
. (1.50)

After several straightforward steps derivations, the NLMR under a small magnetic field can

be expressed in:

σ(B) = (1 + CwB
2) · σWAL + σn, (1.51)

where σWAL is the conductivity from weak anti-localization corrections associated with intra-

node scattering and σn is that from conventional Fermi surface contribution. CwB
2 with a

positive value of CW is from the topological E · B, driven by the parallel E and B under

the influence of Berry curvature [31]. The chiral anomaly-induced NLMR described by the

equation above has been observed in both Na3Bi (Fig. 1.11 (b)) and Cd3As2 single crystals

[82, 27, 91].

In type-I WSMs, the chiral anomaly-induced NLMR always appears, regardless of the

direction of the parallel magnetic field. In contrast, in type-II WSMs, the chiral anomaly

shows a different situation. Given the strongly titled Weyl cones in such WSMs, Landau

quantization sensitively depends on the orientation of the magnetic field, and the Landau

spectrum is gapped for some field directions. Therefore, their negative longitudinal MR is

strongly anisotropic [70, 74, 89].
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(a) (b)

Figure 1.11: Planar Hall effect (PHE). (a) Illustration for the planar Hall effect mea-
surement setup (VH is the in-plane Hall voltage). (d) The angular dependence of planar Hall
conductivity for B = 5T [50].

1.4.4 Planar Hall effect

Recent advances reveal that the chiral anomaly in WSMs can lead to another key effect, the

planar Hall effect (PHE), which refers to the appearance of transverse Hall resistivity when

the coplanar electric and magnetic fields are not perfectly aligned [8, 50]. Figure. 1.11 (c)

shows the configuration of the PHE measurement. The Hall resistivity ρAHE
xy of PHE in a

pure WSM can be described as:

ρAHE
xy = (ρ⊥ − ρ∥) sin θ cos θ, (1.52)

where θ is the angle between the current flow and the magnetic field orientation, ρ⊥ and ∆ρ∥

are the resistivity with the planar magnetic field perpendicular and parallel to the current,

respectively. The planar Hall conductivity follows cos θ sin θ dependence is depicted in Fig.

1.11 (d). Notably, unlike the conventional Hall effect, the PHE is not antisymmetry as the

magnetic field since the origin is not the Lorentz force. This face can be used to isolate PHE

in experiments by taking measurements with both positive and negative B. On the other
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Figure 1.12: Crystal structure of RCd2Pn2 (R = Eu, Sr; Pn = As, Sb). RCd2Pn2

has a hexagonal unit cell with space group P -3m1.

hand, the PHE can be distinguished from the anomalous Hall effect by taking measurements

with both B = 0 and B ̸= 0 and subtracting the background (B = 0) contribution [50].

1.5 RCd2Pn2 (R = Eu, Sr; Pn = As, Sb)

In the last few decades, significant progress has been made in the field of WSMs. Weyl states

and associated extraordinary phenomena have been observed in several material systems

using various experimental techniques. However, the study of Weyl fermions in a solid so far

has been hindered by (1) the non-negligible distance between Weyl nodes and EF , (2) the

presence of trivial bands surrounding the Weyl points, and (3) the existence of multiple Weyl

points. Consequently, a direct study of the fundamentals of Weyl fermions is still lacking.

The realization of an ideal WSM with only one pair of Weyl points close to the EF without

other trivial electronic bands surrounding is demanding.

In recent years, the magnetic layered materials family, EuCd2Pn2 (Pn = As, Sb), was

proposed to be a platform to realize several topological phases. For example, a topological

DSM phase can be realized in EuCd2Pn2 in a c-axis oriented layered AFM order (c-AFM).

When the spin easy axis lies in the plane, the same AFM state leads to a band gap due to a

broken C3 symmetry. The gapped phase is expected to be an axion insulator, which shows a
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half-quantum Hall effect [45]. c-axis oriented FM phase is predicted to be a magnetic WSM

with one pair of Weyl points, where the breaking of time-reversal symmetry splits the Dirac

node to one pair of Weyl nodes [68, 78, 41].

EuCd2Pn2 (Pn = As, Sb) crystalize in the CaAl2Si2 structure of space group D3 (Fig.

1.12). They can be considered as the layered analog of the well-known 3D DSM Cd3As2

with Cd3As2 layers separated by trigonal Eu/Sr layers. At a temperature of 7.2 K and 9.5

K, the localized magnetic moments of Eu atoms develop a long-range magnetic order, with

moments ferromagnetically coupled within layers and antiferromagnetically coupled between

layers for EuCd2Sb2 and EuCd2As2, respectively [90, 69, 58, 65]. Application of a 3.2 T

and 2 T magnetic field saturates all magnetic moments along the c axis at low temperature,

stabilizing a field-induced FM state in EuCd2Sb2 and EuCd2As2, respectively. Previous

studies suggest the field-induced FM order leads a phase transition of small gap topological

insulator to an FM Weyl semimetals with five pairs of Weyl points in EuCd2Sb2 and only

one pair of Weyl points free from interference by other trivial energy bands in EuCd2As2

[71, 68, 78, 41].

SrCd2Pn2 (Pn = As, Sb), with Sr replacing Eu in EuCd2Pn2, is a non-magnetic analog

of EuCd2Pn2. It has a qualitatively similar crystal structure and electronic band structure

to EuCd2Pn2 but lacks ordered magnetic moments. Hence, SrCd2Pn2 can be thought of

as a platform to reveal the topology nature and explore the interplay of magnetism and

topology in the proposed magnetic Weyl semimetal, EuCd2Pn2. Previous works proposed

that SrCd2As2 is a small electronic gap semiconductor and the negative hydrostatic pressure

can reduce the band gap of SrCd2As2, inducing the band inversion between Cd s and As

p orbitals along the Γ-A direction to form a pair of Dirac points [14]. SrCd2Sb2 with the

increased nearest neighbor Cd-Pn distance from the larger Sb atomic size is as SrCd2As2

under negative hydrostatic pressure. Therefore, SrCd2Sb2 was expected to be a DSM.

The main focus of this thesis is to investigate the electronic properties and determine

the topological properties of these Dirac and Weyl semimetal candidates. As we will show,

the DFT calculations that are widely used by the community seriously underestimate the
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bandgap of these materials, and therefore incorrectly predict their topological properties.
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Chapter 2

EXPERIMENTAL METHOD

This chapter introduces the experimental methods used in the works presented in this

thesis. It starts with a detailed introduction of the synthesis procedure for single crystal

RCd2Pn2 (R = Eu, Sr; Pn = As, Sb). It then introduces the techniques used for character-

izing the synthesized single crystals. Finally, it presents the methods for measuring physical

properties, including electrical transport, magnetic properties, and heat capacity.

2.1 Materials synthesis

RCd2Pn2 (R = Eu, Sr; Pn = As, Sb) single crystals were synthesized via the flux method

[30]. For RCd2Sb2, mixtures of stoichiometric Eu or Sr lump (Ames Laboratory), Cd, and

Sb shots with 4 times atomic mass Sn shots were used as start materials; While for RCd2As2,

mixtures of stoichiometric Eu or Sr lump, Cd, and As shots with 10 times atomic mass Sn

shots were used. The mixtures were then ground, mixed, and loaded in the bottom of a

Canfield crucible [56]; then the crucible was loaded in a quartz tube. To avoid oxidization,

grind, and load were conducted in the glove box filled with argon, and the ball valve was

used to keep input materials from the air when transferring them out of the glove box to

the seal station. The mixture was then sealed in an evacuated quartz tube and placed in

a box furnace. The mixture was heated to 900 ◦C over 12 h, held for 24 h, then slowly

cooled over 200 h to 550 ◦C for RCd2As2, and to 450 ◦C for RCd2Sb2. The tube was quickly

removed from the furnace and spun in a centrifuge to remove the Sn flux. This process yields

plate-like single crystals with a hexagonal shape up to a few millimeters in size (Fig. ??).

For EuCd2As2, we discovered that the residual carrier density of crystals is highly sensitive

to the ratio of Sn flux in the starting materials. The stoichiometric Eu pieces and Cd and
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As shots were mixed with 10 to 25 times atomic mass Sn shots as starting materials, which

yielded EuCd2As2 crystals with hole carrier density spanning from 1015 to 1016 cm−3. This

allowed us to use various carrier densities as a convenient knob to study the electronic band

structure of EuCd2As2.

2.2 Materials characterization

2.2.1 Energy-dispersive spectroscopy

Energy-dispersive spectroscopy (EDS) is used to determine the chemical composition of

crystals. The high-energy electron beam (0.5 - 20 kV) strikes the sample surface and knocks

out a deeply localized electron in an atom. The emission occurs as the outer electrons

relax into the inner hole. Each element emits x-ray at specific energies unique to its atomic

structure. The emitted x-rays from all the elements are finally collected by the detector and

used for qualitative determination of the elemental ratio.

The EDS measurement was carried out on a clean crystalline surface using a Sirion XL30

scanning electron microscope mounted on a scanning electron microscope. For each crystal,

measurements were made at several locations on each sample to obtain an averaged chemical

composition and composition ratio variations.

2.2.2 X-ray diffraction spectroscopy

X-ray diffraction spectroscopy (XRD) is used to observe the space group and lattice con-

stants of crystals. The XRD was performed at room temperature using a Rigaku MiniFlex

diffractometer either on a flat crystalline surface of a single crystal or on the ground crystal

powder.

In powder XRD measurement, the sample is ground into a fine powder to ensure every

crystalline orientation is represented equally; the powder is then pressed on the sample

to ensure a flat surface. Figure 2.2 is the powder XRD diffraction spectrum measured on

EuCd2As2, along with the calculated intensity made via FullProf [61]. Each peak corresponds
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(a) (b)

Figure 2.1: X-ray diffraction. (a) Bragg’s condition for constructive interference that gives
the Bragg peak in the powder XRD spectrum. (b) The x-ray path for an ideally aligned
sample is indicated by the blue line. For a single crystal with a thickness of H (sample
height), the peak position is shifted as shown by the red line.

to a specific lattice plane where the distance between the two parallel planes is an integer

multiple of the incident wavelength (2.1 (a)). The relationship between the distance of a

specific crystalline plane d and the diffraction angle 2θ is described by Bragg’s law

nλ = 2d sin θ (2.1)

where λ is the wavelength of incidents. By analyzing the diffraction spectrum, one can

obtain the space group and lattice constants of a crystal. Further, the Rietveld refinement

of the spectrum can be used to reveal more detailed crystalline information, including types

of crystal defects and inner strain inside crystals using the FullProf suite [61].

The single-crystal XRD measurement allows the checking of the lattice constants along

a specific direction. The single-crystal XRD on the ab plane of SrCd2As2 is shown in Fig.

2.2. The red triangles mark the peaks refracted from the ab plane of crystal, reflecting the

lattice space along the c axis according to Equ. 2.1. However, for a single crystal with a

thickness H, the peak position shifted as shown in 2.1 (b). The effect of the sample height

on the peak position is given by

∆2θdisp = S · cos θ (2.2)
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where S = 2· H
R
, H is the sample height and R is the diffractometer radius. The displacement

results in a modified Bragg equation can be written as:

2c · sin(θ − S · cos θ
2
) = λ (2.3)

By subtracting θ corresponded with peaks and fitting it with H, R, and λ into Equ. 2.3,

one can obtain the precise value of constant c.

2.2.3 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) technique is used to determine the electronic

band gap of crystals. FTIR was conducted using a Hyperion 2000 system from Bruker Inc at

room temperature. The measurement was performed in the transmission mode, employing

an infrared globar source and a liquid nitrogen-cooled mercury cadmium telluride (MCT)

detector. To ensure optimal signal transmission, a bulk crystal sample is polished down to a

thin plate with a thickness under 100 µm. Finally, a thin plate crystal with a flat and clean

surface was utilized. Additionally, a reference measurement was conducted using a silicon

wafer.

2.3 Physical properties measurement

2.3.1 Electrical transport measurement

The magnetotransport measurements were carried out in a 14 T physical property mea-

surement system (PPMS), or a 31 T resistive magnet at the National High Magnetic Field

Laboratory (NHMFL) in Tallahassee, FL. The magnetic field is out-of-plane along the c-axis

of the crystal if not otherwise noted. The magnetic field angle dependence of magnetotrans-

port measurement was carried out using a sample holder board attached to the horizontal

rotator probe. The magnetic field rotates from out-of-plane to in-plane perpendicular to the

current direction.

In sample preparation, the single crystal was cut into a rectangular plate using a wire saw

and then made into a standard six-probe contact configuration with the current direction
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Figure 2.2: Powder and single crystal XRD of RCd2As2 (a) The observed x-ray diffrac-
tion spectrum (red circles) of EuCd2As2 and the refined intensity (black line) gained by the
Rietveld refinement using FullProf suite [61]. (b) The x-ray diffraction spectrum is measured
on the ab crystalline plane of SrCd2As2 single crystal. The red triangles mark the condition
where the diffracted beam constructively interferes, corresponding to the c lattice constant.

in-plane and the magnetic field out of plane (Fig. ??). Electrical contacts were made

to the sample by sputtering gold pads on the sample surface using a hand-made paper

mask and gold sputterer with argon atmosphere (108 Manual Sputter Coater, Cressington

Scientific Instruments). Electrical leads in the form of 25-micron diameter gold adhered

gold to the pre-patterned contacts using silver paste (EPO-TEK H20E, Ted Pella, Inc). For

high-insulating samples, the contact resistance of samples was limited to a few hundred Ω.

We utilized a Keithley2450 as the current source and voltmeter for measuring the GΩ level

resistance, benefiting from the high impedance resistance of the Keithley2450. The current

source and measured voltage range should be adjusted accordingly to get a better signal as
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(a) (b) (c)

Figure 2.3: Single crystal and samples for transport measurements. (a) Single
crystal of EuCd2As2. (b) The sample of EuCd2As2 with six-probe contact configuration
for the magnetotransport measurement. (c) The heat capacity puck with single crystals
mounted with grease. The red dot frame marks the supporting wires on the puck to transfer
heat from the mounted sample.

the resistivity changes a few orders of magnitude as the temperature decreases in a short

time. For metallic or semimetallic samples, the SRS860 Lock-in amplifier is used to supply

the current source and record the voltage between electrical leads. To eliminate any effects

from contact misalignment, the magnetoresistance and Hall resistance were symmetrized and

antisymmetrized, respectively.

2.3.2 Magnetic properties measurement

Magnetization measurements were performed using the vibrating sample magnetometer

(VSM) module of the 14 T PPMS. In the VSM mode, the measurement is accomplished

by oscillating the sample at a frequency between 10 and 60 Hz near a detection coil which

synchronously detects the voltage induced. The magnetization resolution is less than 10−6

emu. In preparation for the measurement, a small amount of GE varnish was used to glue

the sample plate on a low background quart rod, which was then placed in a brass sample

holder.

Two principal magnetic measurements were performed: magnetization as a function of
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temperature and applied magnetic field. For the temperature dependence of magnetic sus-

ceptibility measurement, two cooling modes are used, zero-field cooled (ZFC) and field cooled

(FC). In the ZFC mode, the sample is first cooled across the magnetic ordering temperature

under zero field, then the magnetic field is switched on and data are taken while the sample

is warmed from base to room temperature. In the FC mode, the sample is cooled with the

field on, and data of the sample are recorded while warming. For the field dependence of

magnetization measurements, the up to ± 14 T magnetic field is applied either along the

sample plane or perpendicular to the sample plane.

The raw magnetization data is measured in the unit of emu, and then converted to Bohr

magnetons per formula unit (µB/f.u.) or emu/oe mol using the weight of the measured

sample and the EDS-determined composition and corresponding formula mass. To eliminate

the background effect from the sample holder, two sets of measurements are conducted on the

empty sample holder with the same amount of grease and with the sample added, respectively.

The final results are the magnetization of samples deducted by the magnetization of the

background.

2.3.3 Heat capacity measurement

The heat capacity measurements were performed using the heat capacity option of the 9

T PPMS. The hear capacity puck with single crystal mounted is shown in Fig. 2.1. A

pulse of heat is applied to the sample, then gradually lost to the environment through the

supporting wires. The temperature of the sample is recorded throughout the process as it

relaxes back to equilibrium. By fitting the recorded temperature to an exponential decay

function, the relaxation time constant is determined at each temperature. To increase the

accuracy, the relaxation process is repeated three times at each temperature. To obtain the

sample heat capacity, the empty puck measured without the sample was subtracted from the

data measured under identical conditions with the sample present.

In the sample preparation for the measurement, a sample with a mass at least of ∼100

mg is needed to guarantee measurement quality. For one big sample, the sample surface
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in contact with the platform needs to be flat to ensure good thermal contact with the

calorimeter puck. For a few small pieces of samples, the orientation of the pieces needs to be

aligned in the same orientation. Then Apiezon N grease is applied to cover the samples to

further enhance the thermal contact between the sample and the puck. The PPMS chamber

is pumped to a high vacuum during the measurement to minimize the thermal dissipation

to surrounding gas.
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Chapter 3

COLOSSAL NEGATIVE MAGNETO-RESISTIVITY AND
CARRIER DENSITY DEPENDENCE OF ANOMALOUS HALL

CONDUCTIVITY IN EUCD2AS2

3.1 Abstract

The antiferromagnetic layered compound EuCd2As2 is widely considered a leading candidate

of ideal Weyl semimetals, featuring a single pair of Weyl nodes in its field-induced ferromag-

netic state. Nevertheless, this view was recently challenged by an optical spectroscopy study,

which suggested that it is a magnetic semiconductor. In this study, we successfully synthe-

sized highly insulating EuCd2As2 crystals with carrier density reaching as low as 2 × 1015

cm−3. The magnetotransport measurements revealed a progressive decrease of the anomalous

Hall conductivity (AHC) by several orders of magnitude as the carrier density decreases. This

behavior contradicts what is expected from the intrinsic AHC generated by the Weyl points,

which is independent of carrier density as the Fermi level approaches the charge neutral-

ity point. In contrast, the scaling relationship between AHC and longitudinal conductivity

aligns with the characteristics of variable-range hopping insulators. Our results suggest that

EuCd2As2 is a magnetic semiconductor rather than a topological Weyl semimetal.

3.2 Introduction

Weyl semimetals have attracted significant attention due to their intriguing electronic prop-

erties arising from the presence of Weyl points [3, 85]. Among them, ideal magnetic Weyl

semimetals, characterized by a single pair of Weyl points close to the Fermi level, have long

been sought for exploring the intrinsic topological effects associated with Weyl fermions free

from interference by other trivial energy bands. In the past few years, the layered mag-
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netic compound EuCd2As2 was proposed to be one of the leading candidates to realize an

ideal magnetic Weyl semimetal in its field-induced ferromagnetic (FM) state [68, 78, 41].

EuCd2As2 has a hexagonal unit cell with space group P -3m1 [No.164; Fig. 3.1(a)]. At a

temperature of 9.5 K, the localized magnetic moments of Eu develop a long-range magnetic

order, with moments ferromagnetically coupled within layers and antiferromagnetically cou-

pled between layers [77, 59, 66]. Nevertheless, the magnetic ground state appears to be

highly tunable and depends on the growth method and the application of a small amount of

hydrostatic pressure [30, 18, 72]. Application of a 2 T magnetic field saturates all magnetic

moments along the c axis at low temperature, stabilizing a field-induced FM state. Previ-

ous density functional theory (DFT) calculations suggested that Cd s and As p orbitals are

inverted near the Γ point in the energy bands of EuCd2As2 [26, 59], leading to an antifer-

romagnetic (AFM) topological insulator. Once the moments are fully saturated along the

c axis in the FM state, the Zeeman splitting lifts the band degeneracy and gives rise to a

single pair of Weyl points [78, 41, 68].

In previous works, a high magnetic field quantum oscillation study revealed a small

Fermi surface with a light effective mass in the field-induced FM state of EuCd2As2 [68];

a Hall resistivity study presented a large anomalous Hall conductivity at low temperatures

presumably related to the topological state of EuCd2As2 [84, 10, 62, 68], and angle-resolved

photoemission spectroscopy experiments observed the quasilinear dispersion of the valence

band in the AFM state and the band degeneracy splitting at a temperature right above the

Néel temperature due to the existence of strong spin fluctuations [79, 43, 41]. All of these

observations seem to agree with the existence of the Weyl semimetal phase. Nevertheless,

the direct observation of Weyl crossings of EuCd2As2 is not possible because all the samples

synthesized so far are p type with a Fermi level below the valence band top. In contrast,

a recent study employing optical conductivity and pump-probe photoemission suggested

that EuCd2As2 is, in fact, a semiconductor with an electronic gap of 0.77 eV instead of a

Weyl semimetal [63]. Furthermore, a systematic investigation on the DFT calculation of

the materials family EuCd2X2 (X=P, As, Sb, Bi) revealed that the topological states of the
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materials in this family are sensitive to the choice of functional and the value of Hubbard

U; hence, the conduction and valence bands might not even be inverted in EuCd2As2 [13].

A well-known prediction for a type-I Weyl semimetal is that the anomalous Hall conduc-

tivity (AHC) is solely determined by the distance between the Weyl nodes in the momentum

space when the Fermi level is exactly at the Weyl crossings [86, 7]. Therefore, the AHC is

expected to approach a finite and constant value as carrier density decreases to zero, which

serves as direct evidence to distinguish Weyl semimetals from other trivial electronic states.

In this work, we successfully synthesize EuCd2As2 single crystals with carrier density ranging

from 1015 to 1016 cm−3 in the field-induced FM state and conducted a systematic study of

the transport behaviors of these samples. We find that the temperature dependence of resis-

tivity of all samples shows an insulating behavior and the resistivity dramatically decreases

by several orders of magnitude as Eu moments are fully saturated by a c axis magnetic

field. We find the AHC decreases by several orders of magnitude as the carrier density de-

creases, far below the value expected from previous DFT calculations that predicted a Weyl

semimetal phase in this system. In contrast, the scaling analysis shows good agreement with

the AHC in the variable-range hopping regime. The optical transmittance measurement fur-

ther confirms a finite optical gap of 0.74 eV, consistent with previous studies. An ab initio

calculation to compute the Hubbard U parameter of EuCd2As2 is also performed in this

work, revealing that previous calculations significantly underestimate the value of Hubbard

U, highlighting the importance of correlation when determining the topological phase of

magnetic semiconductors.

3.3 Results

3.3.1 Transport and magnetic characterization

EuCd2As2 single crystals were synthesized via the Sn flux method [30]. We discovered that

the residual carrier density of crystals is sensitive to the Sn flux ratio. The stoichiometric

Eu pieces and Cd and As shots are mixed with 10 to 25 times atomic mass Sn shots as
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Figure 3.1: Transport and magnetic characterizations of EuCd2As2. (a) Crys-
tal structure of EuCd2As2 with the P -3m1 space group. (b) Powder x-ray diffraction of
EuCd2As2 at room temperature. (c) Temperature dependence of magnetic susceptibility χ
with 0.1 T magnetic field applied along the c axis. The inset shows the inverse susceptibility
versus temperature and the Curie-Weiss fitting. (d) Magnetization versus field at different
temperatures. The saturated magnetization is ∼7µB per Eu atom at the base temperature 2
K. (e) Temperature dependence of the electrical resistivity ρ(T ) between 2 and 300 K. The
inset shows ln ρ versus the inverse of temperature 1/T of the sample from 10Sn. The trans-
port activation gap ∆gap = 55.8 meV is obtained by fitting ln ρ versus 1/T in the temperature
range of 30-100 K.

starting materials, which yielded EuCd2As2 crystals with the hole carrier density spanning

from 1015 to 1016 cm−3. While it is unclear how the Sn flux ratio alters the defect density,

the wide range of carrier density offers us a convenient knob to tune the transport properties

of EuCd2As2.

Figure 3.1(b) shows the powder x-ray diffraction of EuCd2As2 samples from batches

using 10, 15, 20, and 25 Sn flux ratios (labeled 10Sn, 15Sn, 20Sn, and 25Sn). All diffraction

patterns and extracted lattice constants are identical to the previous report [30], indicating

that the change in the Sn flux ratio has a minimal effect on structural properties. Similarly,

the magnetic properties of samples from different batches show no measurable difference
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Figure 3.2: Colossal magnetoresistance of EuCd2As2. (a) Temperature dependence of
resistivity ρ(T ) under different magnetic fields applied along the c axis. (b) Resistivity ρxx
versus magnetic field at temperatures between 2 and 200 K.

and agree with previous studies [41]. The representative data of a sample from 10Sn are

summarized in Fig. 3.1. As shown in Fig. 3.1(c), the temperature dependence of c axis

magnetic susceptibility χ follows the Curie-Weiss temperature dependence, with a kink at

9.5 K indicating the onset of AFM order. Fitting the high-temperature susceptibility with

the Curie-Weiss law yields a Weiss temperature of −9.8 K and an effective magnetic moment

of 8.28µB. Figure 3.1(d) shows the magnetization M as a function of the field measured at

different temperatures. At the base temperature of 2 K, M increases linearly before reaching

the saturated value of ∼7µB per Eu atom, in agreement with the magnetic moment of a

divalent Eu with half-filled 4f orbitals.

Unlike the structural and magnetic properties, the electrical transport of EuCd2As2 is

very sensitive to the Sn flux ratio. Figure 3.1(e) shows the temperature dependence of

in-plane resistivity ρ(T ) for samples selected from different batches. All samples show an

insulating behavior below 100 K, where resistivity increases by 3 to 7 orders of magnitude

as the temperature decreases. This is very different from the semimetal behavior reported in
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previous studies [68, 84, 10], with the exception of the most recent works [63, 80]. The kink

in resistivity at 9.5 K is consistent with the AFM transition determined from the magnetic

susceptibility. Below 9.5 K the resistivity of the sample from 10Sn continuously increases,

while samples from 15Sn, 20Sn, and 25Sn initially decrease before increasing again as the

temperature cools further down to 2 K. The inset in Fig. 3.1(e) shows ln ρ versus 1/T

of the sample from 10Sn. The black solid line denotes the linear fit of ln ρ versus 1/T in

the temperature range between 30 and 100 K, which allows us to extract the activation

energy ∆gap ∼ 55.8 meV using the relationship ln ρ = ∆gap

2KBT
. We note that in a disordered

semiconductor the activation energy extracted from resistivity is often related to the energy

of impurity levels, which is much lower than the band gap.

3.3.2 Colossal magnetoresistance

The insulating resistivity of EuCd2As2 can be strongly modulated by the application of

magnetic fields. The magnetoresistance (MR) of the sample from 10Sn is summarized in

Fig. 3.2. The results are qualitatively similar to samples from other batches. Figure 3.2(a)

shows the temperature dependence of the resistivity ρ(T ) under different magnetic fields

from 0 to 7 T. The exponential increase of resistivity is suppressed by the external magnetic

field, resulting in a dramatic decrease of resistivity by almost 5 orders of magnitude. As the

magnetic field increases, the kink at the Néel temperature is smeared, and a bump like feature

at ∼20 K emerges for 1 T magnetic field and then shifts to the higher temperatures. For

temperatures higher than 100 K, where resistivity no longer follows the thermally activated

temperature dependence, the magnetoresistance becomes negligible.

Figure 3.2(b) shows the magneto-resistivity ρxx as a function of field at a fixed temper-

ature between 2 and 200 K. It can be seen that at low temperatures resistivity abruptly

drops by several orders of magnitude as magnetic field increases, followed by a kink at the

saturation field, above which the resistivity increases again when magnetic moments are

fully aligned with the field. As temperature increases, the drop in resistivity becomes more

gradual and the kink is smeared out, which is highly correlated with the field dependence
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Figure 3.3: The temperature dependence of the carrier density and anomalous Hall
conductivity of EuCd2As2. (a) Hall resistivity ρxy versus magnetic field for samples from
10Sn, 15Sn, and 20Sn at temperatures between 2 and 100 K. (b) Carrier density n and (c)
anomalous Hall conductivity σA

xy versus temperature obtained by fitting from ρxy in (a) (see
text for details of the fitting). Vertical lines mark antiferromagnetic transition temperature
TN = 9.5 K.

of magnetization at higher temperatures [Fig. 3.1(d)]. This was also reported in a recent

work [80], and is consistent with the decrease in band gap induced by the saturation of

magnetization reported in Ref. [63]. MR = 100% × [ρxx(9T) − ρxx(0T)]/ρxx(0T) reaches

−90% at T < 50 K. Such a colossal negative MR was also observed in several Eu-based

semiconducting materials, a property that might be of interest for spintronics applications

[60, 76].
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Figure 3.4: Carrier density dependence and the scaling relationship of the anoma-
lous Hall effect in EuCd2As2. (a) Anomalous Hall conductivity σA

xy versus carrier density
n measured from samples 10Sn, 15Sn, and 20Sn and semi metallic EuCd2As2 reported in
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Weyl semimetal with only one pair of Weyl nodes separated by 0.52 nm−1 [68]. (b) Anoma-
lous Hall conductivity σA

xy versus longitudinal conductivity σxx in log-log scale. The dashed
line marks the power law σA

xy ∝ σ1.6
xx .

3.3.3 Anomalous Hall effect

The Hall resistivity ρxy is shown in Fig. 3.3(a) for samples from 10Sn, 15Sn, and 20Sn.

Similar to the longitudinal resistivity ρxx, ρxy is strongly affected by the magnetism. As

temperature decreases, the field dependence of ρxy becomes highly nonlinear and resembles

that of the magnetization, a clear sign of the anomalous Hall effect (AHE). For temperatures

below 10 K, ρxx becomes too large (approximately MΩcm) for magnetic fields below 2 T, so

antisymmetrization becomes too difficult to extract ρxy, and hence, only data above 2 T are

presented. To quantitatively understand the temperature and carrier density dependence of

the AHE, we extract the anomalous Hall resistivity ρAxy and the ordinary Hall effect R0µ0H

from the linear fit of ρxy in the field range of 3 to 9 T using the expression ρxy = R0µ0H+ρAxy.

The ordinary Hall coefficient R0 allows us to calculate the carrier density n. The anomalous
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Hall resistivity ρAxy is converted to the AHC σA
xy via the expression σA

xy = ρAxy/(ρ
A
xy

2
+ ρ2xx),

where the values of ρxx are taken at 9 T, at which the magnetic moments are most aligned

along the c axis. Using ρxx at different fields results in minor changes in the absolute values of

the AHC but does not change its dependence on carrier density or longitudinal conductivity.

Figures 3.3(b) and 3.3(c) show the temperature dependence of the carrier density n and

AHC σA
xy between 2 and 100 K. Intriguingly, the carrier densities of all three samples show

a nonmonotonic temperature dependence, which is in contrast to the thermally activated

behavior where carrier density decreases monotonically with temperature. This is likely

due to the interplay between the thermal activation of carriers and the change in magnetic

configurations at elevated temperatures due to moment fluctuations. Regardless of the origin,

the carrier density and the AHC measured across three samples show a substantial variation

for T < TN , providing us an opportunity to systematically investigate the carrier density

dependence of AHC of EuCd2As2 in the field-induced FM state.

In a Weyl semimetal, the Weyl nodes are the source and sink of Berry curvature flux in the

momentum space. In an ideal time-reversal symmetry-breaking Weyl semimetal, the single

pair of Weyl nodes forms a Berry curvature dipole and gives rise to an intrinsic AHE solely

depending on the separation of the Weyl nodes, σA
xy = (e2/2πh∆k). This σA

xy is topological

and independent of the Fermi level position; hence, we should expect a constant AHC even if

the carrier density approaches zero. Here, we compile the data of σA
xy and n extracted below

10 K in the field range of 3−9 T when EuCd2As2 is in the field-induced FM state from Figs.

3.3(b) and 3.3(c) and plot the result in Fig. 3.4(a) on a log-log scale. In addition to the

data collected in this work (blue squares), the AHC measured from higher carrier density

samples in previous works are also included [68, 84, 10, 62]. The horizontal black dashed

line indicates the value of the intrinsic AHC, 30 Ω−1cm−1, from a single pair of Weyl points

separated by 0.52 nm−1 in ferromagnetic EuCd2As2 predicted by previous DFT calculations

[68, 78]. As shown in Fig. 3.4(a), the observed σA
xy has a strong dependence on carrier density

n and decreases dramatically as n decreases. As the carrier density approaches ∼ 1015cm−3,

the AHC reaches a value that is 5 orders of magnitude smaller than the AHC expected for
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an ideal Weyl semimetal.

To gain insight into the underlying mechanism of the AHE in EuCd2As2, σ
A
xy versus σxx

[σxx = ρxx/(ρ
2
xy + ρ2xx)] is plotted in Fig. 3.4(b). Note that we use the values of resistiv-

ity tensors at µ0H = 9 T for all conversions since both longitudinal and Hall resistivities

depend strongly on the magnetic fields. As shown in Fig. 3.4(b), all longitudinal conductiv-

ities σxx fall below the value of 1 Ω−1cm−1, which belongs to the insulating regime, where

conduction and the AHE are governed by the variable-range hopping or activated hopping

process. Moreover, the AHC versus longitudinal conductivity can be well fitted by a power

law relation, σA
xy ∝ σα

xx, with α = 1.6 (black dashed line). This is consistent with previous

experimental results and theoretical models of the AHE in the insulating regime [48]. Thus,

the observed AHC is fully consistent with EuCd2As2 being a magnetic semiconductor.

3.3.4 Optical transmittance

As a final confirmation, the optical transmittance spectrum of sample 10Sn was measured

using the Fourier transform infrared spectroscopy (FTIR) technique at room temperature. As

shown in Fig. 3.5, EuCd2As2 remains transparent up to a wave number of 6000 cm−1(equivalent

to ∼0.74 eV), followed by a sharp drop in transmittance at higher wave numbers. This is

consistent with the presence of an ∼0.74 eV band gap, which is in agreement with the optical

study reported in Ref. [63].

3.4 Discussion

The comprehensive anomalous Hall effect and optical transmittance measurements presented

above clearly support the conclusion that EuCd2As2 is a magnetic semiconductor. One re-

maining question is why most of the previous first-principles calculations identified ferro-

magnetic EuCd2As2 as a Weyl semimetal. We note that recent calculations by Cuono et

al. [13] showed that electron correlation effects can significantly alter the electronic and

topological behaviors of EuCd2As2. In particular, within the standard generalized gradient

approximation (GGA) functional, AFM EuCd2As2 can exhibit a vanishing electronic band
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Figure 3.5: Transmittance spectrum of EuCd2As2. Transmittance versus incident light
wave number of sample 10Sn measured by FTIR at room temperature. The incident lights
with a wave number larger than 6000 cm−1 are fully absorbed, consistent with a band gap
of 0.74 eV.

gap and nontrivial band topology only when Eu’s on-site Hubbard repulsion U is less than

∼6 eV [13]. Previous theoretical and experimental studies considered U values in the range

of ∼3-5 eV [26, 43, 41, 35, 59, 92], which could tend to lead to the conclusion that EuCd2As2

is topologically nontrivial. Since the Hubbard repulsion plays a critical role, it is important

to more accurately estimate the U value.

Here, we employ the linear-response ansatz by Cococcioni and de Gironcoli to determine

the Hubbard U from first principles [12]. In this approach, the U value is derived by

measuring the change in the Eu f orbital occupation as a response to external perturbation

of an on-site potential. Specifically, after an initial DFT ground state calculation, the self-

consistent response χ and non-self-consistent response χ0 are constructed by computing

the orbital occupation change with and without DFT charge density updates, respectively.

Afterward, U is determined by subtracting the inverse of the self-consistent response from the

non-self-consistent one: U = χ−1 − χ−1
0 . Figure 3.6(a) shows the corresponding calculation

on a five-atom EuCd2As2 unit cell in the external potential range −0.20 to 0.20 eV. When

the perturbation is small, both response functions show a linear trend, so χ−1 and χ−1
0 can be
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obtained directly from the linear slopes. With a larger perturbation, the response functions

may exhibit a nonlinear behavior. In this case, the linear response approach can still be

applied by using a nonlinear fit and then taking the derivative near the zero potential [36].

The result is essentially equivalent to that of a linear fit in a smaller perturbation regime.

Figure 3.6: First-principles linear-response calculations for the Hubbard U of
Eu atoms in EuCd2As2. (a) Fitted charge self-consistent (solid red line) and non-self-
consistent (solid black line) linear response functions for a 5-atom EuCd2As2 unit cell. The
inverse slopes of the response functions in the linear regime can be utilized to determine the
U value. (b) Convergence test of the calculated Hubbard U parameter with respect to the
supercell size. The results converge to U ∼ 8 eV in a 40-atom EuCd2As2 unit cell. Such
a strong U ∼ 8 eV would lead to a finite energy gap and suppression of the topological
behavior in EuCd2As2.

As seen in Fig. 3.6(a), the Hubbard U for a five-atom EuCd2As2 unit cell is calculated

to be 6.77 eV. Since the U value is largely affected by charge screening, it is necessary

to examine the convergence in larger DFT supercells. We performed corresponding linear-

response U calculations up to a unit cell of 40 atoms, where the U value is found to converge

to ∼8 eV, as shown in Fig. 3.6(b). We also performed the calculations using different DFT

ground states, including paramagnetic (PM) and AFM, and found that the resulting U

values only differ by less than ∼0.1 eV. In this regard, magnetism has only a small effect on

the resulting U value of ∼8 eV, which remains substantial in both the PM and AFM states.
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Unlike the empirical values of U ∼ 3−5 eV considered in the literatures [41, 26, 43, 35, 59],

the strong Hubbard repulsion U ∼ 8 eV discovered in our ab initio calculations thereby

suggests a finite energy gap and only trivial band topology in EuCd2As2. We also note

that a meta-GGA or hybrid DFT functional would lead to an ever larger energy gap that

further suppresses the topological behavior [13]. Therefore, in accord with our carrier-control

transport experiments, the theoretical results also indicate that EuCd2As2 is likely to be a

topologically trivial magnetic semiconductor.

3.5 Conclusion

Our study revealed that the carrier density dependence of the anomalous Hall conductivity

in EuCd2As2 does not align with the expected behavior of an ideal Weyl semimetal. Instead,

the scaling relationship between the AHC and longitudinal conductivity is in good agreement

with the characteristics of insulating hopping transport. These observations, coupled with the

substantial electronic gap revealed in the optical transmittance measurement, unambiguously

establish that EuCd2As2 is a magnetic semiconductor instead of a Weyl semimetal. We

further performed ab initio calculations and discovered that the underestimation of Hubbard

U could play a key role in previous misidentification of the topological phase in this material

system. Despite being topologically trivial, the resistivity of EuCd2As2 is extremely sensitive

to the magnetic configuration of Eu-ordered moments, leading to a colossal magnetoresistance

effect, indicative of a strong coupling between the electronic band gap and the magnetic

orders. This unusual property may be useful for applications in spintronics and magneto-

optoelectronics.

3.6 Appendix

3.6.1 High-field magnetoresistance

High-field magnetoresistance measurements were conducted under up to 35 T magnetic field

at the National High Field Magnetic National Laboratory (NHMFL) in Tallahassee, Florida.
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Figure 3.7 shows ρxx measured on a sample from 10Sn EuCd2As2 with magnetic field along

the c axis at 1.4 K. The magnetoresistivity presents a quadratic increase as the field increases.

No Shubnikov-de Haas quantum oscillations appear until 35 T.
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Figure 3.7: High-field magnetoresistance. The magnetoresistivity ρxx versus along the
c axis magnetic field µ0H ranges from 2 to 35 T of the sample from 10Sn EuCd2As2.

3.6.2 Colossal magnetoresistance of samples from 15Sn and 20Sn

The magnetoresistivity ρxx as a function of the field was also conducted on samples from

15Sn and 20Sn. Figure 3.8 shows ρxx versus magnetic field at fixed temperatures between 2

and 150 K. The behaviors are qualitatively the same as those of the represented data of the

sample from 10Sn shown in the main text.

3.6.3 Angle-resolved photoemission spectroscopy measurement on Eu(Cd1−xInx)2As2 (x=5%)

To tune the Fermi level to the conduction band, we doped Lanthanum in EuCd2As2 to intro-

duce electrons. Nominally, 5% Lanthanum was doped into Europium sites. Fig. 3.9 shows

the results of ARPES measurement on 5% Indium doped crystals. Unfortunately, we did
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Figure 3.8: Colossal magnetoresistance of samples from 15Sn and 20Sn. Tempera-
ture dependence of longitudinal resistivity ρxx versus ±9 T magnetic field along the c axis
at temperatures between 2 and 150 K for samples from (a) 15Sn and (b) 20Sn.

not observe the conduction band minimum, neither through dosing K nor Rb. Even though,

we observed the significant electronic band of approximately 0.65 eV in Eu(Cd1−xInx)2As2

(x=5%) (the Fermi surface might be pinned by some impurity levels just below conduction

band minimum), which further confirmed the gapped semiconductor nature of EuCd2As2.
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Figure 3.9: ARPES results on Eu(Cd1−xInx)2As2 (x=5%). Samples for ARPES mea-
surement and the electronic band structure detected on the pristine, in-situ K dosing, and Rb
dosing samples surface (credits to my collaborator, Shanmei He, from the Lawrence Berkeley
laboratory).
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Chapter 4

REVEALING TOPOLOGY PROPERTY OF ACD2PN2 (A =
EU, SR; PN = AS, SB)

4.1 Abstract

The antiferromagnetic layered compound EuCd2Pn2 (Pn = As, Sb) has been regarded as

a potential platform to realize magnetic Weyl semimetal in its field-induced ferromagnetic

phase. However, EuCd2As2 was recently found as a trivial magnetic semiconductor, and the

topological property of EuCd2Sb2 remains ambiguous. It has also been predicted that sub-

stituting As with Sb can turn SrCd2As2, the non-magnetic analog of EuCd2As2, into a Dirac

semimetal. In this study, we synthesized single crystals of ACd2Pn2 (A = Eu, Sr; Pn = As,

Sb) and conducted magneto-transport and optical measurements. The Hall effect revealed

carrier density of 1.15×1018 cm−3 and 2.20×1018 cm−3, and the quantum effective mass of

0.20me and 0.26me for carriers in SrCd2Sb2 and EuCd2Sb2, respectively. Fourier transform

infrared spectroscopy identified the electronic band gaps in four compounds, ACd2Pn2 and

determined the plasma edges in ACd2Sb2 (A = Eu, Sr), which is also consistent with the

measured values of carrier density and effective mass. Our results suggest that ACd2Pn2

are gapped semiconductors and the discrepancy between DFT calculation and experimental

results is from inaccurate choice of functional.

4.2 Introduction

Topological semimetals have attracted significant attention due to their extraordinary elec-

tronic behaviors from the topology-protected electronic band structures near the Fermi level.

In the past few years, the magnetic layered material EuCd2As2 was proposed to be a platform

to realize several different topological phases via tunning its magnetic order [68, 78, 41, 69].
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EuCd2As2 has the CaAl2Si2-type crystal structure of space group, P -3m1 [No. 164], with the

hexagonal Cd2As2 layers stacked and separated by the trigonal Eu layers. At a temperature

of 9.5 K, the localized magnetic moments of Eu atoms develop a long-range magnetic or-

der, with moments ferromagnetically coupled within layers and antiferromagnetically coupled

between layers [90, 69, 58, 65]. Application of a 2 T magnetic field saturates all magnetic mo-

ments along the c axis at low temperature, stabilizing a field-induced FM state in EuCd2As2.

Previous ab initio calculations suggested that this field-induced AFM to FM transition also

leads a transition from a small gap topological insulator to a Weyl semimetal with only one

pair of Weyl points free from interference by other trivial energy bands [68, 78, 41].

While the earlier studies of photoemission and magneto-transport all claimed that the

experimental results are consistent with the prediction of Weyl semimetal phase, more recent

studies on lower carrier density samples revealed that EuCd2As2 is a magnetic semiconductor

with an electronic gap of 0.77 eV [64, 13, 67]. One reason for such a large discrepancy is that

the EuCd2As2 samples used in earlier studies are all hole-doped. Therefore both transport

and photoemission could only probe electronic states well below the top of the valence bands

and relied heavily on the comparison of the DFT calculations, which greatly underestimate

the bandgap in EuCd2As2. In a very recent DFT calculation, it was found that there are

two possible origins the underestimation of the bandgap in EuCd2As2, the choice of DFT

functional and the size of onsite repulsion Hubbard potential U of Eu 4f electrons. Since

DFT calculation is widely used in the prediction and design of topological materials, it is

important to elucidate the origin of the underestimation of the bandgap ( or overestimation

of the topological region) in EuCd2As2.

A promising way to address this question is a comparative study of EuCd2Pn2 and

SrCd2Pn2 (Pn = As, Sb). EuCd2Sb2 is the sister compound of EuCd2As2 with identical

crystal structure and antiferromagnetic ground state. It was also predicted to be a Weyl

semimetal in the field-induced FM phase, with five pairs of type-II Weyl crossings[71], yet

the photoemission and transport experiments reported so far were also performed on heavily

hole-doped samples[71, 49, 53]. SrCd2Pn2 is a non-magnetic analog of EuCd2Pn2. It has the
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same crystal structure as EuCd2Pn2 but without Eu ions, hence it is the ideal platform to

separate the effect of 4f electrons on band structures. While most previous studies focused

on its potential for thermoelectric applications[54, 29, 44, 11], a recent DFT calculation us-

ing the same functional that predicted EuCd2As2 to be a Weyl semimetal suggested that

SrCd2As2 is close to a topological phase transition[14]. The calculation suggested that a

negative hydrostatic pressure of 2 GPa reduces the 0.1 eV band gap, resulting in the forma-

tion of a pair of Dirac points along the Γ-A direction. It was also argued that replacing As

with Sb induces a negative chemical pressure because the larger Sb ionic radius increases the

nearest neighbor Cd-Pn distance. Therefore, if the prediction made by the DFT calculation

is accurate, SrCd2Sb2 is a natural candidate to realize the Dirac semimetal phase.

In this work, we synthesized high-quality single crystals of SrCd2As2, SrCd2Sb2 and

EuCd2Sb2 using the flux method and conducted measurements of the electrical transport

and optical properties of these samples. We found that the resistivity of SrCd2As2 follows a

thermal activation behavior, with a bandgap of ∼ 0.6 eV. The resistivity of both EuCd2Sb2

and SrCd2Sb2 shows metallic behavior, with a Hall carrier density ∼ 1−2×1018cm−3. They

also exhibited pronounced Shubnikov-de Haas oscillations when an external magnetic field

was applied. In the Fourier Transform Infrared spectroscopy (FTIR) measurement, we ob-

served an electronic gap of ∼0.86 eV, ∼0.48 eV, and ∼0.54 eV for SrCd2As2, EuCd2Sb2, and

SrCd2Sb2, respectively. Moreover, a plasma edge can also be observed in the optical trans-

mittance of EuCd2Sb2 and SrCd2Sb2, with plasma frequencies consistent with the carrier

density and effective mass extracted from the transport measurements. Our study revealed

that both EuCd2Sb2 and SrCd2Sb2 are doped semiconductors rather than semimetals. We

also found that previous DFT calculations underestimated the band gap of all the members

of EuCd2Pn2 and SrCd2Pn2 families, regardless of the presence of Eu ions. Consequently,

we conclude that the choice of the functional is the main source of error in the prediction of

topological properties of these materials.
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(a) (b) (c)

Figure 4.1: Two scenarios of band evolution as Sb replaces As in ACd2Pn2 (A =
Eu, Sr; Pn = As, Sb). A schematic plot of (a) the band structure of ACd2As2 (A =
Eu, Sr). (b) the first possible band structure of ACd2Sb2 (A = Eu, Sr) and (b) the second
possible band structure of ACd2Sb2 (A = Eu, Sr).

4.3 Results

4.3.1 Transport and magnetic characterization

Figure 4.2(a) shows the powder x-ray diffraction of ACd2Pn2 (A = Sr, Eu; Pn = As, Sb)

measured at room temperature. The extracted lattice constants are shown in the Appendix.

All extracted lattice constants are in agreement with the previous reports. Similarly, the

magnetic properties of EuCd2Sb2 are also consistent with previous studies [42]. Figure

4.2(b) shows the magnetization M as a function of the magnetic field measured at different

temperatures. At the base temperature of 2 K, M increases linearly with c-axis magnetic

field before reaching the saturation value of ∼7µB per Eu atom, in agreement with the

magnetic moment of a divalent Eu with half-filled 4f orbitals.

Figure 4.2(c) shows the temperature dependence of in-plane resistivity ρ(T ) for EuCd2As2

and SrCd2As2. The data of EuCd2As2 is reproduced from the data presented in the previous

chapter. As discussed in the previous chapter, EuCd2As2 is a magnetic semiconductor with a

bandgap of 0.7 eV, yet SrCd2As2 is even more insulating than EuCd2As2. The resistivity of
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Figure 4.2: Transport and magnetic characterizations of ACd2Pn2 (A = Sr, Eu; Pn
= As, Sb). (a) Powder x-ray diffraction of SrCd2Sb2, SrCd2As2, EuCd2Sb2, EuCd2As2. b
Magnetization M versus field for EuCd2Sb2 at different temperatures. The magnetic field is
applied along the c axis. The saturated magnetization is ∼7µB per formula unit at the base
temperature 2 K. (c) Temperature dependence of the electrical resistivity ρ(T ) between 2 and
300 K for SrCd2Sb2, and 180 and 300 K for SrCd2As2. (d) The temperature dependence of
electrical resistivity ρ(T ) between 2 and 300 K for EuCd2Sb2 and EuCd2As2. Hall resistivity
ρxy versus magnetic field for (e) SrCd2Sb2 and (f) EuCd2Sb2 at temperatures between 2
and 20 K.

SrCd2As2 is ∼ 105 MΩcm at room temperature and exponentially increases as temperature

decreases. The resistivity below 180 K is above the limit of measurement electronics. Figure

4.2(d) shows the ρ(T ) for SrCd2Sb2 and EuCd2Sb2. The resistivity of both compounds

decreases with temperature, showing a typical metallic behavior. In ρ(T ) of EuCd2Sb2,

resistivity first shows an upturn while temperature approaches Néel temperature at 7.2 K,

then drops as the temperature cools further down to 2 K.

Figure 4.2(e) and (f) show the Hall resistivity ρxy of SrCd2Sb2 and EuCd2Sb2 as a function

of the magnetic field measured at the various temperatures between 2 and 20 K. The slope
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of the ρxy is nearly temperature independent for both SrCd2Sb2 and EuCd2Sb2. The Hall

coefficient R0 is determined from the linear fit of ρxy in the high field range. From the

Hall coefficient, we extracted the hole carriers density of SrCd2Sb2 and EuCd2Sb2 at base

temperature 2 K extracted from R0 are 1.15×1018 cm−3 and 2.20×1018 cm−3, respectively.

4.3.2 Shubnikov-de Haas oscillation
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Figure 4.3: Shubnikov-de Haas oscillation of RCd2Sb2 (R = Sr, Eu). Oscillatory Hall
resistivity, ∆ρxy, versus the inverse of along c-axis magnetic field, 1/µ0H, for (a) SrCd2Sb2

and (b) EuCd2Sb2 at temperatures between 2 and 40 K, extracting from the linear back-
ground of ρxy. The fitting of the temperature dependence of oscillation amplitude for (c)
SrCd2Sb2 and (d) EuCd2Sb2 using Lifshitz-Kosevich factor.
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In the measurement of Hall resistivity of SrCd2Sb2 and EuCd2Sb2, Shubnikov-de Haas

(SdH) oscillations were also observed. (a) and (c) show the oscillatory part of Hall resistivity,

∆ρxy, as a function of the inverse magnetic field along c-axis, 1/µ0H, at temperatures between

2 to 30 K. The magnetic field range of the extracted oscillations is between 6 to 14 T for

SrCd2Sb2 and 10 to 31 T for EuCd2Sb2. The oscillatory component ∆ρxy was extracted

by subtracting a linear background of ρxy. The amplitude of ∆ρxy decays as temperature

increases due to the smearing of Fermi-Dirac distribution. We fit the temperature dependence

of the amplitude of oscillations to the Lifshitz-Kosevich factor,

RT =
αTm∗

Bsinh(αTm∗/B)
,

where α = 2π2kBme/eℏ. The effective mass,m∗, is a ratio to the mass of the free electron,me.

B is the average value of the magnetic field over range where oscillations were extracted. RT is

the normalized amplitude of the SdH oscillation. We determine the temperature dependence

of amplitude by taking the Fast Fourier transform (FFT) analysis of SdH oscillation at each

temperature. As shown in Fig. 4.3 (b) and (d), the temperature dependence of oscillation

amplitude is well fitted by RT for both SrCd2Sb2 and EuCd2Sb2. The extracted effective

masses of hole carriers are 0.2me and 0.26me for SrCd2Sb2 and EuCd2Sb2, respectively.

4.3.3 Optical transmittance

The transmission spectra of ACd2Pn2 were measured using the Fourier transform infrared

spectroscopy (FTIR) technique at room temperature. The incident range is between 400

and 8000 cm−1, corresponding to the electronic energy range from 0.05 to 1 eV. In Fig.

4.4(a) we reproduce the EuCd2As2 spectrum presented in previous chapter, which remains

transparent up to a wave number of 6000 cm−1 (equivalent to ∼0.74 eV), followed by a sharp

drop in transmittance at higher wavenumbers. The transmittance of SrCd2As2 drops near

the upper limit of the measurable range, ∼7000 cm−1 (equivalent to ∼0.86 eV). These data

suggest that both materials are good insulators with comparable gap size, with ∼0.74 eV for

EuCd2As2 and ∼0.86 eV for SrCd2As2.
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Figure 4.4(b) shows the transmission spectrum of SrCd2Sb2 and EuCd2Sb2. Unlike

SrCd2As2 and EuCd2As2, the transmittance measured at low frequencies is nearly zero, then

it begins to increase as the wavenumber of the incident light increases above ∼2000-2500

cm−1. At higher wavenumber, it reaches a maximum and drops sharply at ∼4000 cm−1 and

∼4500 cm−1 for EuCd2Sb2 and SrCd2Sb2. Such behavior is consistent with a doped semi-

conductor. The low-frequency suppression of transmittance is due to the Drude response of

doped carriers. The materials become transparent above plasma frequency, until reaching

the frequency that corresponds to the bandgap energy. From these data we determined that

the size of the bandgap is 0.48 eV for EuCd2Sb2 and 0.54 eV for SrCd2Sb2.

The plasma frequency, wp, is related to the carrier density n and the effective mass of

carriers m∗:

w2
p =

ne2

ϵ0ϵoptm∗ .

Here, ϵ0 is the vacuum permittivity and ϵopt is the relative background permittivity of

the samples

The effective mass, m∗, and carrier density, n, are determined from magneto-transport

measurements. The relative permittivity of EuCd2Sb2 and SrCd2Sb2 is unknown. Never-

thelss, using the typical values of relative permittivity, we obtained a plasma frequency that

is consistent with experimental data.

4.4 Conclusion

Our study revealed an insulating nature of the non-magnetic analog of EuCd2As2 - SrCd2As2.

Substituting As with Sb in RCd2As2 (R = Eu, Sr) results in metallic temperature dependence

in the resistivity of RCd2Sb2. However, the FTIR measurements metallic transport behavior

is due to the doped carrier, and the materials do possess an electronic band gap. The

very similar size of the bandgap between the Eu and Sr compounds suggest that the Eu

4f electrons is not the origin of the underestimation of the bandgap. Our results suggest

that the choice of DFT functional plays a crucial role in the correct prediction of topological

phase.
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Figure 4.4: Transmittance of RCd2Pn2 (R = Eu, Sr; Pn = As, Sb) at room
temperature. (a) Transmittance spectrum of (a) RCd2As2 (R = Eu, Sr) and (b) RCd2Sb2

(R = Eu, Sr).

4.5 Appendix

4.5.1 Crystal lattice constants

The extracted lattice constants from the Rietveld analysis of powder x-ray diffraction of

ACd2Pn2 (A = Sr, Eu; Pn = As, Sb) at room temperature.

Crystal a (Å) c (Å)

EuCd2Sb2 4.7019 7.7208

EuCd2As2 4.4463 7.3390

SrCd2Sb2 4.7180 7.8300

SrCd2As2 4.4629 7.4264

Table 4.1: Crystal lattice constants of ACd2Pn2. The lattice constants are obtained
from the Rietveld analysis of the powder X-ray diffraction at room temperature.
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Chapter 5

THE INTERPLAY BETWEEN MAGNETISM AND
ELECTRONIC STRUCTURE IN EUCD2SB2

5.1 Abstract

In the previous two chapters, we presented our findings that contrary to theoretical predic-

tions, ACd2Pn2 (A = Eu, Sr; Pn = As, Sb) are gapped semiconductors rather than topo-

logical semimetals. This significant discrepancy between density functional theory (DFT)

calculations and experimental results arises from the use of an inappropriate functional in

calculation. In this chapter, we will demonstrate the strong interplay between magnetic

ordering and the electronic band structure of EuCd2Pn2, highlighting its potential for spin-

tronics applications.

5.2 Introduction

Although we have determined that EuCd2As2 is a trivial magnetic semiconductor, it exhibits

an intriguing colossal magnetoresistance at low temperatures. This phenomenon is usually

a result of the strong interplay between the magnetism and the electronic structure, where

the resistance is strongly modulated by the change of electronic structure induced by the

change of magnetic configurations. Indeed, it was observed that there is a reduction of the

bandgap of EuCd2As2 by 100 meV when the magnetic moments are fully saturated by the

external magnetic fields.

In contrast to the highly insulating EuCd2As2, EuCd2Sb2 is a doped magnetic semi-

conductor that shows pronounce SdH oscillations. This offers a possibility to monitor the

change of electronic structure by comparing the oscillation frequency with the field-induced

magnetization. In this chapter, we present a comparative study of the angle dependence
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Figure 5.1: Magnetic characterization of EuCd2Sb2. (a) Temperature dependence of
magnetic susceptibility χ with 0.1 T magnetic field applied along the c axis. (b) Magne-
tization as a function of along c-axis magnetic field at different temperatures below 20 K.
The saturated magnetization is ∼7µB per formula unit at the base temperature 2 K. (c)
Temperature dependence of magnetization at 14 T.

of SdH oscillations of both EuCd2Sb2 and SrCd2Sb2 and show that the magnetism indeed

strongly modifies the shape of the Fermi surface. We also present the angle dependence of

the anomalous Hall conductivity, which is consistent with the modulation of energy bands

due to the magnetization rotation.

5.3 Results

5.3.1 Magnetic characterizations

We first present the the magnetic property of EuCd2Sb2. As shown in Fig. 5.1 (a), the

temperature dependence of magnetic susceptibility χ under along c axis external magnetic

field follows the Curie-Weiss temperature dependence, with a kink at 7.2 K indicating the

onset of AFM order. Fig. 5.1 (b) shows the magnetization M as a function of the field

measured at different temperatures. At the base temperature of 2 K, M increases linearly

before reaching the saturated value of ±7µB per Eu atom, in agreement with the magnetic

moment of a divalent Eu with half-filled 4f orbitals. Fig. 5.1 (c) shows the saturated M
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at different temperatures. As temperature increases from 2 K to 45 K, the magnetization

under magnetic field 14 T decreases from 7µB to 4µB.

5.3.2 Temperature dependence of Shubnikov-de Haas oscillation
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Figure 5.2: Temperature dependence of Shubnikov-de Haas oscillation of
EuCd2Sb2. (a) Hall resistivity, ∆ρxy, as a function of magnetic field at temperatures
between 2 and 20 K. (b) Oscillatory Hall resistivity, ∆ρxy, as a function of inverse field,
1/µ0H, at temperatures between 2 and 14 K, extracting from the linear background of ρxy.
(c) Landau level index against the inverse magnetic field. The integer Landau level indices
are assigned to ∆ρxy peaks, while half-integer Landau level indices are assigned to ∆ρxy
valleys. The solid lines are linear fits of Landau indices at temperatures between 2 and 14
K. All peaks and valleys fall in the linear fits. (d) Temperature dependence of oscillation
frequencies extracted from the slopes of linear fits of Landau level indices.

We then move to the magneto-transport study of EuCd2Sb2. Fig. 5.3 (a) shows the

Hall resistivity, ρxy, as a function of c-axis magnetic field at temperatures from 2 K to 20

K. The slope of Hall resistivity has negligible change at the temperature below 20 K. With

the magnetic field µ0H above 7 T, the SdH oscillations are observed. In Fig. 5.3 (b), the

oscillatory part of the resistivity, ∆ρxy, is plotted against the inverse of the magnetic field,

1/µ0H. The oscillatory part is extracted by subtracting a linear background of ρxy. As shown
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in Fig. 5.3 (c), the positions of peaks and valleys of ∆ρxy are extracted and plotted against

the Landau index n with the peaks assigned to the integer index and valleys assigned to the

half-integer index. The peaks and valleys of each temperature are then fitted in a straight

line. The slope yields the oscillation frequency at each temperature. Fig. 5.3 (b) shows

the temperature dependence of the oscillation frequency Fs. Notably, as the temperature

ramps, the oscillation frequency increases from 80 T to 90 T. For the SdH oscillation, the

amplitude of SdH oscillations decays with temperature due to the smearing of the Fermi-

Dirac distribution, but the frequency is usually a constant as a function of temperature. A

significant change in oscillation frequency versus temperature is not expected. Compared

with the temperature dependence of the saturated magnetization moments under a 14 T

magnetic field, we found the change in oscillation frequency versus temperature is associated

with the magnetization. The electronic band structure of EuCd2Sb2 is strongly correlated

with the magnetization.

5.3.3 Magnetic field angle dependence of Shubnikov-de Haas oscillation frequency

To further understand the interplay between magnetism and electronic band structure in

EuCd2Sb2, we conducted a magnetic field angle dependence of magnetoresistance measure-

ment that the applied magnetic field rotates from perpendicular (θ = 0◦) to parallel (θ = 90◦)

with sample plane. To elucidate the effect of magnetism solely, the angle-dependent mea-

surement is also conducted on non-magnetic analog SrCd2Sb2. The magnetic field is along

the c axis and up to 31 T for EuCd2Sb2, 14 T for SrCd2Sb2. As Fig. 5.3 (a) and (d) show,

the SdH oscillations appear on ρxx at different magnetic field angles for both EuCd2Sb2 and

SrCd2Sb2. The oscillatory parts were then extracted by subtracting the second polynomial

background of ρxx and plotted with an offset shown in Fig. 5.3 (b) and (e). Then the

oscillation frequencies were obtained from the linear fitting of peaks and valleys of oscilla-

tory resistivity. Fig. 5.3 (c) and (f) show the angle dependence of oscillation frequency for

EuCd2Sb2 and SrCd2Sb2, respectively. For typical three-dimensional materials, the Fermi
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Figure 5.3: Magnetic field angle dependence of Shubnikov-de Haas oscillation of
EuCd2Sb2 and SrCd2Sb2. (a) and (d) Magneto-resistivity, ρxx, under a magnetic field
of 31 T and 14 T rotating from µ0H ∥ c axis (0◦) to µ0H ∥ ab plane (90◦) for EuCd2Sb2

and SrCd2Sb2, respectively. (b) and (e) Oscillatory part of magneto-resistivity, ∆ρxx, under
different magnetic field angles for EuCd2Sb2 and SrCd2Sb2, respectively. ∆ρxx are offset for
clarity. (c) and (f) Angle dependence of oscillation frequency Fs by tracking the peak and
valley position in 1/B and fitting the linear slope. The red dot line in (f) denotes the fitting
to the equation of the angle dependence of, Fs, of a three-dimensional Fermi pocket.

pocket is ellipsoid, and the angle dependence of frequency can be fitted in the formula

F 3D
S =

FcFa/b

[(Fcsinθ)2 + (Fa/bsinθ)2]1/2
, (5.1)

where Fc and Fa/b indicate the oscillation frequencies when the magnetic field is in-plane

(90◦) and out-of-plane (0◦), respectively. For SrCd2Sb2, the oscillation frequency increases

as the magnetic field angle rotates from 38 T to 74 T. The angle dependence of frequency

can be well fitted into Equ. 5.1; While for EuCd2Sb2, as the angle increases, the SdH

oscillation frequency decreases from 78 T to 50 T, which deviates to the behavior of typical

three-dimensional semimetals. Furthermore, according to the Onsager equation, the cross-
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sectional area of the Fermi pocket, A, can be estimated from the oscillation frequencies and

the Fermi wave vectors k can be estimated from the cross-sectional area.

5.3.4 Magnetic field angle dependence of anomalous Hall effect

Except for the anomalous magnetic field angle dependence of quantum oscillation frequency,

we observed the anomalous magnetic field angle dependence of the anomalous Hall effect

in EuCd2Sb2. Fig. 5.4 (a) shows the Hall resistivity as a function of the magnetic field

at different angles. As the magnetic field rotates toward the sample plane, the effective

magnetic field perpendicular to the sample plane µ0Hcosθ diminishes and the ordinary Hall

resistivity approaches zero. The magnetic field is perpendicular to the current direction once

in the sample plane. Fig. 5.4 (b) shows the anomalous Hall resistivity, ρAxy, as the magnetic

field rotating from out-of-plane to in-plane by subtracting the linear background of ρxy. The

ρAxy is fully saturated at 14 T and ρxy(14T ) is plotted against rotating angle θ in Fig. 5.4 (c).
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Figure 5.4: Magnetic field angle dependence of anomalous Hall effect of EuCd2Sb2.
(a) Hall resistivity, ρxy, as a function of magnetic field up to 14 T as the field angle rotating
from µ0H ∥ c axis (0◦) to µ0H ∥ ab plane (90◦). (b) Anomalous Hall resistivity, ∆ρAxy, under
different magnetic field angles, obtained by subtracting the linear background of ρxy. (c)
Angle dependence of ∆ρAxy. The dashed line indicates the perpendicular effective magnetic
field as a function of angle.
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5.4 Conclusion

Despite being topologically trivial, the resistivity of EuCd2Pn2 (Pn = As, Sb) is extremely

sensitive to the magnetic configuration of Eu-ordered moments. EuCd2As2 has a colossal

magnetoresistance effect that the resistivity drops a few orders of magnitude as the magnetic

field increases. EuCd2Sb2 exhibits a significant temperature dependence and magnetic field

angle dependence of oscillation frequency. All of these behaviors indicate a strong coupling

between magnetism and electronic band structure in EuCd2Pn2. This unusual property

makes EuCd2Pn2 great candidates in spintronics applications.
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Chapter 6

SUMMARY AND OUTLOOK

In this dissertation, I presented our studies on one of the leading Weyl semimetal can-

didates, EuCd2Pn2 (Pn = As, Sb) in different aspects including single crystal synthesis,

materials characterization, magneto-transport measurement, and photoemission measure-

ment.

Our study of EuCd2As2 revealed that the carrier density dependence of the anomalous

Hall conductivity (AHC) in EuCd2As2 does not align with the expected behavior of an

ideal Weyl semimetal. Instead, the scaling relationship between the AHC and the longi-

tudinal conductivity is in good agreement with the characteristics of insulating hopping

transport. These observations, coupled with the substantial electronic gap revealed in the

optical transmittance measurement, establish that EuCd2As2 is a magnetic semiconductor

with an electronic gap of 0.77 eV instead of a Weyl semimetal.

Moreover, to investigate the origin of the significant discrepancy between DFT calculation

and experimental results, we conducted magneto-transport and optical studies on EuCd2Sb2

and non-magnetic analog SrCd2Pn2 (Pn = As, Sb), which revealed ACd2Pn2 are all doped

semiconductors and the discrepancy between DFT calculation and experimental result is

from the inaccurate choice of functional in DFT calculation.

Despite being topologically trivial, the resistivity of EuCd2Pn2 is extremely sensitive to

the magnetic configuration of Eu-ordered moments, leading to a colossal magnetoresistance

effect in EuCd2As2 and a magnetic moments dependence and anomalous magnetic field

angle dependence of SdH oscillation frequency in EuCd2Sb2. The electronic band structure

of EuCd2Pn2 is strongly coupling with the magnetic orders.

In conclusion, the research presented in this thesis 1) revealed that EuCd2As2, proposed
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as one of the leading candidates for realizing a Weyl semimetal, is a doped semiconductor

rather than a semimetal; 2) identified that the underestimation of the electronic band gap of

EuCd2Pn2 in previous DFT calculations arises from the inappropriate choice of functional

approximation. Future prediction and design of ideal Weyl semimetals should carefully con-

sider the choice of functional in DFT calculation; 3) found that the strong coupling between

the electronic band gap and the magnetic order in EuCd2Pn2, indicating a great potential

for future spintronic applications; 4) developed an experimental toolkit for identifying the

topological phase in p-type materials for the future study of topological semimetals.
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