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Fig. 1. Various types of interfacial defects in GaN: (a) Interfacial amorphous layer”; (b) atoms dislocation®; (c) strainl™); (d) voidsl’.
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Fig. 2. Study methods for interface thermal transport: (a) AMM and DMM models; (b) phonon wave packet method; (c) atomic

Green’s function method; (d) molecular dynamics method.
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thermal conductance between GaN and SiC with epitaxial or non-epitaxial AIN interlayer as a function of AIN thickness. The
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Fig. 5. (a) Graphical GaN/diamond heterostructure with a graphene interlayer as well the vibrational density of states in GaN,
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face with various lengths and intervals of nanopillars, where the dotted lines are predicted by the theoretical model and the solid
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Fig. 6. (a) Structure of GaN/SiC interface with isotope doping, and the calculated thermal boundary conductance with different

doping concentrations!®; (b) structure of GaN/SiC interface with light atoms doping, and the calculated thermal boundary con-

ductance with different doping concentrations (f) and doping lengths (L)67.
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Fig. 7. (a) Snapshots of LA wave packet passing through the amorphous layer at GaN/AIN interfacel™); (b) energy variation in the

compositional diffusion layer as a function of timel™); (c) thermal boundary conductance of GaN/AIN with different interface mor-

phologies('!}; (d) interface morphologies of GaN/SiC with and without annealing treatment!®.
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SPECIAL TOPIC—Modification of material properties by defects and dopants

Interface engineering moderated interfacial thermal
conductance of GaN-based heterointerfaces”

Wang Quan-Jie# Deng Yu-Ge# Wang Ren-Zong  Liu Xiang-Junf
(State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, Institute of Micro/Nano Electromechanical System,
College of Mechanical Engineering, Donghua University, Shanghai 201600, China)

( Received 16 May 2023; revised manuscript received 21 July 2023 )

Abstract

Gallium nitride (GaN) has great potential applications in the field of high-frequency and high-power
electronic devices because of its excellent material properties such as wide band gap, high electron mobility,
high breakdown field strength. However, the high power GaN electronic device also exhibits significant self-
heating effects in operation, such as a large amount of Joule heat localized in the thermal channel, and heat
dissipation has become a bottleneck in its applications. The interface thermal conductance (ITC) between GaN
and its substrate is the key to determining the thermal dissipation. In this work the various GaN interface
defects and their effects on ITC are first discussed, and then some methods of studying interface thermal
transport are introduced, including theoretical analysis and experimental measurements. Then, some GaN ITC
optimization strategies developed in recent years are introduced through comparing the specific cases. In
addition to the common chemical bond interface, the weak coupling interface by van der Waals bond is also
discussed. Finally, a summary for this review is presented. We hope that this review can provide valuable

reference for actually designing GaN devices.
Keywords: GaN, interface defects, interfacial thermal conductance, phonon transport

PACS: 63.20.—e, 44.20.4+b, 65.40.-b, 61.72.—y DOI: 10.7498 /aps.72.20230791
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Fig. 1. (a) The 5 x 5 supercell of MoS,; (b) after the elastic
collision with electrons, the S atom gets an initial velocity
v, whose direction is perpendicular to the lattice; (c) the
moving distance d of the S atom after sputtering from the
lattice. Yellow and purple balls represent the sulfur and
molybdenum atoms, respectively. The highlighted ball rep-

resents the sputtered S atom.
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Fig. 2. (a) For the sulfur atom with various initial kinetic
energies, the energy E, as a function of the atom distance d,
where the energy of the perfect MoS, lattice is set to zero;
(b) energy barriers for the S sputtering process as a func-

tion of the initial kinetic energy.
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Fig. 3. Energy levels of the system as a function of the
atom distance d. Red bubble on an energy level indicates
that the energy level is occupied by electrons, and the size
of the bubble indicates the number of electrons occupied.
The insets show the charge densities of the corresponding
states: (a) Without SOC; (b) with SOC and a low initial
kinetic energy of the S atom (E, = 15.2 eV); (c) with SOC
and a high initial kinetic energy of the S atom (FE, =
30.4 eV).
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Fig. 4. (a) When the initial kinetic energy of the sputtered S atom is low (E, = 15.2 eV), the electron occupations on the relevant

states as functions of the atom distance; (b) when the initial kinetic energy of the sputtered S atom is high (E, = 30.4 eV), the

electron occupations on the relevant states as functions of the atom distance; (c¢) electron occupation on the high-energy state as a

function of the initial kinetic energy Ey of the sputtered S atom, when the atom distance d = 3 A.
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Fig. 5. Charge density difference between the non-adiabatic and adiabatic results at different atom distances d (Blue and yellow

isosurfaces represent the charge depletion and accumulation respectively): (a)—(c) When the initial kinetic energy of the sputtered S
atom is low (F, = 15.2 eV), (a) d = 1.75 A, (b) d = 2.25 A, (c¢) d = 5.00 A; (d)-(f) when the initial kinetic energy of the sputtered
S atom is high (B, = 30.4 eV), (d) d = 1.75 A, (e) d = 2.25 A, (f) d = 5.00 A.

226101-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 % 3R Acta Phys. Sin. Vol. 72, No. 22 (2023)

226101

SRR RS T AT S AR S IR b Y ey AR
A, F ] Hirshfield 23 B9 2 7% 7+ F
() E fr 5, L2 SR AR 6 s, Bl 0 5 d S 1)
S JE IR WL B MoS,, 1R T 1 Y HiL faf BAS W 34
. M SR THEsEhEE d < 1.8 AR, REG A
L, RGENAAEAEARLE AN, PRI 2 ks 1)
S JE T P 1 F e £ BN OB T I 4R Bhag. 4
d > 1.8 ARf, BFERITE TR &L, B 6 PORFEVIHG
BIREFTA T BT LR TF O R B 22 5. JCIe LR 3hE
2R, BB ks S i1 L AT ECER R T 6, Y
MARAG TR T AR R AR SRR R A
S IR BIWI R sheds K, AR ARV AR5, S JR
AR A RIS R, BIAE S T2 6 i ol 7
T E 27878 X ULRH AR AR A MR T A
HP IR Ak 114 FL A A

Atomic charge

K6 AFBIIBIEE T, JE 4B B B Ah g 19 S T
Ry TR d Y E R
Fig. 6. Number of charges on the sputtered S atom as a

function of d with different initial kinetic energies.
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Non-adiabatic dynamic study of S vacancy formation in MoS,"
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Abstract

Defect is one of the central issues in semiconductors. MoS, is sensitive to irradiation and can be damaged
by electron beams, accompanied with the generation of sulfur vacancies. However, the dynamics for the defect
generation process is still unclear. In this work, we employ the time-dependent density functional theory to
simulate the process of a sulfur atom sputtering from the MoS,, producing a sulfur vacancy defect in the lattice.
We find that there exists a strong non-adiabatic effect in the process.

During the formation of the sulfur vacancy, there exist electron transitions which can be described by the
Landau-Zener model. As the sulfur atom leaves away from the lattice, two energy levels from the valence bands
rise up and one energy level from the conduction band falls down. When the spin-orbit coupling (SOC) is not
considered, those levels do not couple with each other. However, when the SOC is taken into account, electrons
can transit between those levels. The transition probability is related to the kinetic energy of the sputtered
sulfur atom. As the kinetic energy of the sulfur atom increases, the non-adiabatic electron transitions are
enhanced. The evolution of the energy levels is also strongly dependent on the kinetic energy of the sputtered
sulfur atom, which is induced by the non-adiabatic electron transition. It is worth noting that the SOC plays a
key role in sputtering sulfur atoms, although the system produces no magnetic moments in the whole process.

The non-adiabatic effect enhances the energy barrier of the sulfur sputtering. As the initial kinetic energy
of the sputtered sulfur atom increases, the energy barrier increases, and exhibits a jump around the initial
kinetic energy of ~22 eV, which can be explained by the non-adiabatic electron occupation and the Coulomb
repulsion. Beside the energy barrier, the non-adiabatic effect also modifies the charge distribution. When the
kinetic energy of the sputtered sulfur atom is relatively low, more electrons occupy the p, level; when the kinetic
energy is relatively high, more electrons occupy the p,, level instead. The sputtered sulfur atom always carries a
bit more electrons, leaving holes around the vacancy defect.

Our work reveals the dynamics of the sulfur sputtering and vacancy formation in MoS,, particularly the

non-adiabatic effect in the process. It builds the theoretical foundation for defect engineering.

Keywords: non-adiabatic dynamics, vacancy defect, MoS,, time-dependent density functional theory

PACS: 61.72.jd, 61.80.Az, 68.55.Ln DOI: 10.7498 /aps.72.20230787
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Fig. 1. (a) Schematic diagram of WS, device for ion intercalation; (b) optical image of WS, device before spin coating lithium ion
gel, the size of sample is about 15 umx25 pm, the width of the source and drain electrode is about 2 um, and the size of the gate
electrode is about 80 umx100 pm; (c) optical image of device after spin coating lithium ion gel; (d), (¢) Raman spectra characteriza-
tion of the bulk WS,, all the peaks showed in Raman spectra are consistent with the characteristic peaks of WS,. The scale bars are

50 pm.
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Fig. 2. Gate voltage dependence of source-drain resistance of WS, devices: (a) Schematic diagram of resistance measurement during
ion intercalation, gate voltage Vi was applied from the gate electrode with a bias voltage of Vg = 0.5 V at the source electrode, the
currents under different Vi were measured at the drain electrode; (b) gate voltage dependence of WS, device resistance, gate
voltage changes at a rate of 1 mV/s, the arrows in the figure represent the process of increasing gate voltage (intercalation, Li*
moving towards WS,) and decreasing gate voltage (de-intercalation, Li* leaving WS,); (c) time dependence of WS, resistance at

given gate voltages during intercalation, waiting at different gate voltages is represented by curves in different colors.
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Fig. 3. Scanning photocurrent images of WS, device under 633 nm excitation light with a power of 80 uW at 0 V bias, the excita-

tion light is focused using a 40x objective lens and the focused spot size is about 4 pum: (a) Scanning reflection image under 0 V

gate voltage; (b)—(h) scanning photocurrent images at different gate voltages, the marked value is the magnitude of gate voltage,

and the black arrows represent the intercalation (increasing gate voltage, Lit moving towards WS,) and de-intercalation (decreas-

ing gate voltage, Li* leaving WS,) processes. The scale bars are 10 um.
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Fig. 4. Gate voltage dependence of photocurrent of WS,
device at 0 V bias, the wavelength of excitation light is
633 nm and the power is 80 W, the white circle in Fig. 3(e)
indicates the focus position of laser, gate voltage changes at
a rate of 0.1 mV/s, the black arrow and curve show the
process of increasing gate voltage (intercalation), and the
red arrow and curve show the process of decreasing gate

voltage (de-intercalation).
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Fig. 5. Scanning photocurrent images of WS, device under different gate voltages at 0 V bias voltage: (a)—(h) Excitation light
wavelength is 880 nm, power is 80 uW, (a) the scanning reflection image of the WS, device at 0 V gate voltage; (b)—(h) the scan-
ning photocurrent images of the WS, device at different gate voltages; (i)—(p) excitation light wavelength is 1000 nm, power is
80 pW, (i) the scanning reflection image of WS, at 0 V gate voltage; (g)—(p) the scanning photocurrent images of the WS, device at

different gate voltages. The scale bars are 5 pm.
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Fig. 6. Wavelength dependence of photocurrent at the center line of WS, device in the ion intercalation process: (a) Vg = 0V,
(b) Vg =1V, (¢), Vg =2V, (d) Vg =3V are the conditions of different gate voltages. The excitation light power is 80 pW, and
the wavelengths are 633 nm (black), 880 nm (red), and 1000 nm (blue), respectively. The sample positions corresponding to the red

arrows in Figs. 3(b), 5(b), (j) represent the linecut positions. The yellow filled parts are the electrode area.
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Fig. 7. Normalized photocurrent spectrum of WS, device.
The red circle in Fig. 10(c) indicates the focus position of
laser, the laser wavelength range of the measurement is
500—1020 nm, and the wavelength step is 10 nm. The two
peaks at 520 nm and 620 nm correspond to the absorption
peaks of two excitons of WS,. The inset shows the normal-
ized photocurrent spectrum of the range 700-1020 nm.
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Fig. 8. (a)—(c) Photocurrent at the center line of WS, device during ion intercalation (increasing gate voltage); (d)—(f) comparison of

linecut photocurrent at Vg = 0 V before intercalation and after intercalation, excitation light power is 80 uW, wavelengths are (a),

(d) 633 nm, (b), (¢) 880 nm, (c), (f) 1000 nm, respectively. The a-coordinate represents the sample position corresponding to the red

arrows in Fig. 3(b), 5(b), (j), and the y-coordinate represents the photocurrent at the corresponding position.
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Fig. 9. Optical images and Raman spectra of WS, device during intercalation: (a) V; = 0 V, the optical image before ion intercala-

tion; (b) Vi = 3V, the optical image after ion intercalation. The scale bars are 50 pm; (c) Raman spectra of WS, at different gate,

the excitation light wavelength is 532 nm, the power is 1 mW. The white circle in Fig. 3(e) is the focus position of laser and the

sampling integration time is 5s. When increasing gate voltage for ion intercalation, WS, Raman signals are taken at Vg = 0V
(black), Vg = 1V (red), Vg = 2V (blue), Vg = 3V (green). The peak marked in the figure is consistent with the characteristic

peak of 2H-WS,.
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Fig. 10. Scanning photocurrent images of WS, device before and after spinning coating lithium ion gel. (a), (d) Optical images of
WS, device before and after spin coating lithium ion gel, the scale bars are 50 pm. Scanning reflection images (b), (e) and scanning
photocurrent images (c), (f) of corresponding position before and after spin coating lithium ion gel at 0V bias. Excitation

wavelength is 633 nm, power is 80 pm, the scale bars are 10 pm.
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Abstract

Transition metal dichalcogenides have emerged as a prominent class of two-dimensional layered material,

capturing sustained attention from researchers due to their unique structures and properties. These distinctive

characteristics

render transition metal dichalcogenides

226801-10

highly versatile

in numerous fields, including
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optoelectronics, nanoelectronics, energy storage devices, and electrocatalysis. In particular, the ability to
modulate the doping characteristics of these materials plays a crucial role in improving the photoelectric
response performance of devices, making it imperative to investigate and understand such effects.

In recent years, the electrochemical ion intercalation technique has emerged as a novel approach for precise
doping control of two-dimensional materials. Building upon this advancement, this paper aims to demonstrate
the effective doping control of transition metal dichalcogenides devices by utilizing the electrochemical ion
intercalation method specifically on thick WS, layers. The results show that the conductivity is significantly
improved, which is about 200 times higher than the original value, alongside the achievement of efficient and
reversible control over the photoelectric response performance is effectively and reversibly controlled by
manipulating the gate voltage. One of the key findings in this work is the successful demonstration of the
reversible cyclic control of the photoelectric response in WS, devices through ion intercalation, regulated by the
gate voltage. This dynamic control mechanism showcases the potential for finely tuning and tailoring the
performance of photoelectric devices made from two-dimensional materials. The ability to achieve reversible
control is especially significant as it allows for a versatile range of applications, enabling devices to be adjusted
according to specific requirements and operating conditions.

The implications of this work extend beyond the immediate findings and present a foundation for future
investigation into response control of photoelectric devices constructed by using two-dimensional materials
through the utilization of the ion intercalation method. By establishing the feasibility and efficacy of this
technique in achieving controlled doping and precise modulation of photoelectric response, researchers can
explore its potential applications in various technological domains. Furthermore, this research serves as a
stepping stone for developing the advanced doping strategies, enabling the design and fabrication of high-
performance devices with enhanced functionalities.

In summary, this work showcases the significance of doping control in transition metal dichalcogenide
devices and demonstrates the potential of the electrochemical ion intercalation method for achieving precise
modulation of their photoelectric response performance. The observed enhancements in electrical conductivity
and the ability to reversibly control the photoelectric response highlight the promising prospects of this
technique. Ultimately, this work paves the way for future advancements in the field of two-dimensional
materials and opens up new way for designing and optimizing photoelectric devices with improved functionality

and performance.

Keywords: WS,, ion intercalation, photoelectric response, doping control
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Fig. 2. The 12 types of intrinsic point defects in metal halide perovskites??. V,, denotes a M vacancy, M; denotes a M interstation

and My represents the N replaced by M, where M and N represent ions in APbXj.
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Fig. 4. (a) Local defect configurations and band structures change before and after the formation of a Pb-dimer for V{#¥7; (b) the
band structures change before and after the formation of a I-trimer for I;s, where the illustrations indicate the local charge density
of the defect state); (c) calculate the defect formation energy of Vi, Pb;, Pbyy and Iy, with Fermi level in different charge states?™;
(d) schematic diagram of the mechanism of V; forming deep-level defect states™; (e) potentially stable I; and Vpy, defect structures,
as well as the charge transition levelsP; (f) there are two possible defect configurations of Pby: in-plane bridge (top) and interplane
bridge (bottom) ; (g) formation energies and volume densities of key defects in 3-MAPbI;®); (h) the formation energy of Vi(N)
and Vy(C) with Fermi level under hydrogen-poor and -rich conditions, respectively!*l.
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Fig. 5. (a) Influence of different functional on defect configurations and energies of I; and Pb;®”; (b) the influence of PBE and PBE-
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Fig. 6. (a) Diffusion mechanism of 1=, Pb*2 and MAT ionsl; (b) energy profiles of V; and Vy;, migration path, where the in-

sets show the defect structures of the NEB images at the initial, transition, and final states*”; (c) migration paths of four common

defects (Vi, Vya, Vpp, and L) 19 (d)—(g) an overview of defect migrations and their impact on the operational mechanisms of per-

ovskite cells! .
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Fig. 7. (a) Local atomic structures of I; defects, and the relationship of the non-radiative capture coefficients and recombination

coefficient A to temperaturel'’. (b), (c) Atom-projected DOS for different defects and perfect MAPbI;, and the electron-hole recom-

bined percentage for different systems after 2 ns. Where, blue and green respectively represent the percentage of the direct recom-

bination and defect assisted recombination'?. (d) Evolution of populations of the key states for the charge trapping and recombina-
tion in different charged I; and perfect MAPbI;"). (e) Dependence of hole capture rate (left) and electron capture rate (right) of Pb;
on the transition energy level at different temperatures®. (f) Non-radiative capture coefficients of Pby as a function of temperaturel*.

(g) Relation between iodine ion migration process and carrier lifetime of excited state, the illustration is the migration path of iod-

ine ionl5,
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Fig. 8. (a) Change of photoelectric performance of traditional solar cells and perovskite under light over timel*?. (b) Schematic dia-

gram of crystal structure changes before (local distortion) and after (lattice expansion) lightP!l. (¢) Influence of illumination time on
device performance at 298, 278 and 263 KP?. (d) Photovoltaic performance of the CsPbl; perovskite cells for 0 and 180 s light soak-

ing, measured under the AM 1.5G simulated sun light/?. (e) Evolution of device performance over time under constant 1-sun illu-

mination and after resting the device in dark. Schematic figure of photocurrent degradation and self-healing mechanisms based on

the band structures, including photo-degradation and accumulation, during recovery in dark and under illumination after self-healing/®*.

(f) The change of defect activation energy of reference (start) and Cl-doped (hexagonal) perovskite after light soaking for 72 h and

650 h is measured™. (g) Sketch of the potential energy surfaces in the electronic ground state and lowest excited state for MAPbI;.

For the exciton charge density, electrons and holes are shown in red and yellow respectively?. (h) Two kinds of light soaking ef-

fects: degradation during the night and recovery during the day, degradation during the day and recovery during the night!*2.
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Fig. 9. (a) Effects of temperature and V¢, concentration on the phase transformation of CsPbCl; perovskiteP”; (b) photo-degrada-
tion of perovskite MAPbI; induced by oxygen®”; (c) the phase transition and degradation process of CsFAPbI; exposed to water/airl0!);
(d) the phase decomposition pathway of intermediate phase structure (MA,;Pbl;)%2; (e) structural evolution and energy profiles of

FAPbI; phase transition with/without I; defects (from cubic phase to hexagonal phase)!53.
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SPECIAL TOPIC—Modification of material properties by defects and dopants

Influence of defect in perovskite solar cell materials on
device performance and stability”

Wang Jing?  Gao Shan!  Duan Xiang-Mei"? Yin Wan-Jian ?)*
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Abstract

Perovskite solar cell material becomes one of the most attractive light absorbing materials in the
photovolatic field due toits unique photoelectric characteristics, especially the rapid improvement of
photoelectric conversion efficiency in the initial short period of time. However, in recent years, the growth of
conversion efficiency has entered a slow stage, posing a challenge for subsequent development. In addition, the
long-time stability of material has become a key barrier to widespread commerical applications. The emergence
of these problems is closely related to the inevitable defects in the material in preparation process, because
defect is usually regarded as one of the key factors hindering the improvement of photovolatic performance and
materical stability. Therefore, a comprehensive understanding of the inherent defects of material is essential to
improve cell efficiency and maintain long-time structural stability. In this paper, the effects of defects in
perovskite material on photovolatic performance and stability are discussed in many aspects, including the
traditional rigid defects, unconventional defects, complex defects, and ion migration. Second, this work also
delves into how defects affect carrier lifetime and highlights their role in determining the overall cell
performance. Such insights are very important in designing effective strategies to mitigate the adverse effects of
defects on material performance and stability. Finally, we discuss the complex relationship between defects and
structural stability, and recognize that the defects are a key factor affecting the long-term robustness of
perovskite solar cells. The understanding of the mechanism behind the focus problems will help researchers
achieve new ideas to improve the efficiency and duraibility of perovskite solar cell technology. Overall, this
review not only provides the current state of knowledge on defects in perovskite materials, but also illustrates
further research directions. By revealing the complex interplay between defects, photovoltaic performance and
structural stability, researchers can find a way to break through the current limitations and realize the potential
value of perovskite solar cell technology in the commercial applications. Thiswork aims to spark an in-depth

discussion of this issue and further explore and innovate in this promising field.
Keywords: perovskite solar cells, defects, non-radiative recombination, stability
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T, GnEl 2(b), (c) Fras, ISR EE R s-
FARBRRAE 9] X 5 4 HEOGCHL T BT (angle
resolved photoemission spectroscopy, ARPES) HI
HHi 5B B8 (scanning tunneling microscope,
STM) W45 H, - LA i A 5 HL A X A 25 18—

0617 JIAE AV,;Sby it s AR, I STM, 78

Bl 1 (a) Kagome i &5 B (b) AV3Shs (A =K, Rb,
Cs) MA& R B, V R TH4 B Kagome 2

Fig. 1. (a) Schematic diagram of the Kagome lattice struc-
ture; (b) Lattice structure of the AV3Sby (A = K, Rb, Cs),

vanadium atoms constitute the Kagome lattice.
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() CsV;Sby Y STM J5L - JE A5 548 L A 46, B3 (5 L T Q) 5, AL Y WX BN, PDW A 091,

Fig. 2. (a) Temperature-dependent resistivity at low temperature for CsV3Sb; under various magnetic fields!

4 (b) temperature de-

pendence of the Knight shift for CsV3Sb;[1%; (c) Hebel-Slicheter resonance peak of the spin lattice relaxation rate at low temperaturel!?);
(d) two kinds of superconducting gap spectra observed on the half-Cs surface (left image) and half-Sb surface (right image) for
CsV;Sbs'; (e) Fourier transformation of atomically resolved STM topography for CsV;Sbs, the pink cycle at Qy/3, shows the PDW

phaselt?],
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AR, IR 2% 2 BT R (AL BRI Al 1 x4 T Fr B2 (d) 26 a6 MR BRI AL B AN ILE Y o ane 5 0, KR, W5 2R
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Fig. 3. (a) Band structure of CsV;Sby calculated by DFT!M; (b) ARPES intensity as a function of wave vector and binding energy
measured along the 'KMP9; (c) Fourier transform of an Sb topographic image, showing 2x2 charge order vector peaks (red shaded
area), and 1x4 vector peaks along @ direction 3l; (d) plot of oyyy versus o, for a variety of materials compared with CsV3Sby and
K,_,V3Sb; spanning various regimes from the localized hopping regime to the skew scattering regimel”; (e) local orbital magnetic
moment distribution and charge distribution of chiral flux phasel?”; (f) Raman spectroscopy for KV;Sbs; two new phonon modes at
25.4 and 27.5 meV are observed below 30 K[*l; (g) angular dependent c-axis resistivity measured at different temperatures under
magnetic fields of 0.4 and 5 T3 .
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Bl 4 (a) A 1.8 K ] 300 K, Cs(V, ,Nb,)sSbs T P HiL BH 6 1418 BE AR 0G5 195 (b) Cs(V, Nb,)3Sby IAHE], B T CDW FIiE$2
] f1) 32 4 56 R 190, (o) RLEE b 5 KB, 2% R 4 T B IR 15 IR 5 3 A B2 K L LR 160, () 5% — M SR O 34 B B CsV,3Shby
1 Cs(V.93Nbg o7)5Sbs B HL T REHF 4544 (e) b A 43 31 24 CsV4Shy Fl Cs(V.g3Nbyg o7)5Sbs W5 TKM J7 [5] V1 %] #Y ARPES 38 i 4],

T R A R L e 1)

Fig. 4. (a) Temperature dependence of in-plane resistivity measured from 300 to 1.8 K for Cs(V;_,Nb,);Sbs1%; (b) phase diagram of

Cs(V,_,Nb,)3Sbs, which illustrates the competition between CDW and superconductivity [%; (c) extracted p’;x

HE taken by subtract-

ing the local linear ordinary Hall background at 5 K/*; (d) the electronic structure of CsV3Sbs and Cs(VgsNbygg7)3Sbs obtained
through first principle calculation!®d; (e) the upper and middle figures show the ARPES intensity maps of CsV3Sb; and

Cs(V.93Nbgo7) 3Sbs along I'KM, while the lower figure shows a comparison of the fitting points/*.
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Fig. 5. (a) Temperature dependence of in-plane resistivity measured from 1.8 K to 300 K for Cs(V, ,Ta,)3Sbs, where the inset shows

dp/dT as a function of temperature near the CDW transition. (b) Zoomed-in views of the p(T) curves near the superconductivity

transition temperatures for Cs(V, ,Ta,)3Sbs. (c) Schematic phase diagrams of Cs(V, ,Ta,)sSbs 8. (d), (e) X-ray scattering intens-

ity of Cs(V; ,Ta,)sSbs with different doping concentrations: the (d) H-cut (left image along [-2.5, 0.5, ~13.5], right image along [-1,
0.5, -15.5]) and (e) L-cut (left image along [-2.5, 0.5, L], right image along [-1, 0.5, L])PP!.
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Fig. 6. (a), (b) Schematic momentum dependence of the SC gap magnitude of the Cs(V(g3Nbjo7)sSbs and Cs(VigsTag14)35bs

samples, respectively; (c) schematic phase diagram in which Tepw and T, are plotted as function of the lattice expansion due to the

chemical substitutions; (d) zero-Field (ZF) uSR time spectra for Cs(V(gsTag 14)35bs below and above Tg; (e) temperature depend-

ence of the zero-field muon spin relaxation rate in the temperature range across 7., which indicates that time-reversal symmetry

breaking in the superconducting state of the Cs(VgsTag14)3Sbs sample with CDW fully suppressed!*7.
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Fig. 7. (a), (b) Fourier transform was performed on the Sb surface electronic states of Cs(Vgg7 Tl 013)35b5 and Cs(Vg5Ti05)35bs,
the former shows the presence of 2x2 CDW states and the latter disappearing’®; (c) the bands of Cs(V, ,Ti,);Sb; by first-
principles calculations®); (d), (e) phase diagrams of Cs(V, ,Ti,)5Sbs for two research groups?>%; (f) spatially-averaged dI/d V spectra
obtained on the Sb surfaces of the CsV;Sby (black curve) and CsVs; ,Ti,Sbs samples (z = 0.03, 0.04, 0.15 and 0.27, corresponding to
blue, green, and dark green curves, respectively), showing a transition from V-shape to U-shape symmetry through Ti substitution!®.
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Fig. 8. (a) Electron doping phase diagram Cs(V,_,Cr,);Sbs"; (b) the extracted anomalous Hall resistivity by subtracting the local
linear ordinary Hall background at 5 K for chromium doping content from z = 0 to z = 0.0954; (c) the electron doping phase dia-

gram CsV; ,Mo,Sb;!*8l,
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Fig. 9. (a) dM/dT-T for CsV3Sbs ,Sn, (¢ < 0.06), show a decrease in CDW transition temperature, and this transition disappears
for higher Sn concentration®; (b) calculation of the band structure of CsV3Sb,Sn where one Sn has been substituted within the
Kagome layer®; (c) calculation of the band structure of CsV3Sb,Sn where one Sn has been substituted at a Sb site outside of the
Kagome layer®; (d)-(f) X-ray scattering intensities for CsV3Sb;_,Sn, samples at 11 K, in which (d) and (e) are the X-ray scatter-
ing intensity in (H, K, 1.5)-plane and (H, 1.5, L)-plane, respectively, for the z = 0.025 sample, while (f) is the X-ray scattering in-
tensities in the (H, K, —0.5)-plane for the z = 0.15 samplel5.
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Fig. 10. (a) Hole-doping phase diagram for CsV3Sbs ,Sn, 9: (b) phase diagram of CsV3Sbs; under high pressurel®; (c) pressure de-
pendence of superconducting transition temperature for CsV3Sb; samples®?; (d) the pressure dependence of the upper critical field
at T = 0 KI%; (e) evolution of energy band structure with hole doping and (f) the position of two van Hove singularities relative to
Fermi level®); (g) temperature dependence of resistivity for CsV3Sby and CsV3(Sbygr7As) g23)5; (h) amplification around the super-

conducting transition; (i) the derivative of resistivity around the CDW transition/>.
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Fig. 11. (a) CDW transition and (b) superconducting transition ternary phase diagram of K,Rb,Cs,VsShs (2 4+ y + z = 1). The

CDW transition temperature Tcpyw data extracted using the peak in the d(MT)/d T data, the superconducting transition temperat-

ure T, data extracted using zero resistivity points from electrical transport data. The (c¢) Tepw and (d) T, of K,Rb,Cs,V3Sbs (2 + y +

2= 1) is compared with the linear interpolation of transition temperature of the parent KV;Sb;, RbV;Sh;, and CsV3Shs®.
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Fig. 12. (a) Band structure of CsV3Sbs, the orbital characters of different bands are represented by different colors; (b) comparison
of the ARPES intensity around the I" point between pristine and Cs-dosed samples™; (c) ARPES intensity as a function of wave
vector and binding energy, measured at 7 = 120 K along the I'KM for pristine sample; (d) the same as (c), but for Cs-dosed
sample; (e) phase diagram of CsV3Sbs with the variation of hole-doping content!™.
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Table 1.  Doping effect of CsV3Sby by different elements on different atomic sites.

SOOI BAOTR WATEEN  BS REERROL [ Ol e N AT BRI BIRRIR /%
A Nb EikH] Ko EikH] DRl 74P 5k, WERA H K EMMiBak 7
\% Ta ElE o ElE DR T LAY 5k, WERAG R B EMrisdk 14
s Ti i FiE i PORTIRAR, DT A0, JEERT A L &5 10
Y Mo HyiR i — — HLF 35
\% Cr EikH] EiKH] EikH] — M 25
Sb Sn i WE TR — POKMIEAR, DRBTF LA, EERTR BB =5 20
Sb As i Ko EikH] — EMMiBak 2.3
Cs K i i — — Sk 100
Cs Rb et i — — Rl oS 100
Fim Cs ek — — PRI I, i 4 5k CEN —
FTH 0 ek AN — JERAE ER, TR F4880 239X —
MRS AR, IR 1 fZE0He T x4 S0k
AT BEAS 5T, A AT B T i — 20 B Kagome # [1] Syozi 11951 Prog. Theor. Phys. 6 306
_ﬁ: AV3Sb5 12';/% . 5_[];[: Iﬁjﬁj" *E*E}é}%jﬁ“ Kagome [2] Villain J, Bidaux R, Carton J P, et al. 1980 Phys. France 41
ﬁﬁi;ﬁ)ﬂ%llﬁ%?ﬁuﬁ’ j’ﬂ)ﬁﬁﬁ?;ﬁ?ﬂ Kagome i 3] Il—IZe?fon J S, Matan K, Shores M P, Nytko E A, Bartlett B M,
R N Kagome R R 1) A P AR Yoshida Y, Takano Y, Suslov A, Qiu Y, Chung J H, Nocera
AT Kagome B SPRARTATHAT0 0 X & 2007 P e
N FHEE AL LI . Lett. 98 117205

067401-11


https://doi.org/10.1143/ptp/6.3.306
https://doi.org/10.1143/ptp/6.3.306
https://doi.org/10.1143/ptp/6.3.306
https://doi.org/10.1143/ptp/6.3.306
https://doi.org/10.1143/ptp/6.3.306
https://doi.org/10.1143/ptp/6.3.306
https://doi.org/10.1143/ptp/6.3.306
https://doi.org/10.1051/jphys:0198000410110126300
https://doi.org/10.1051/jphys:0198000410110126300
https://doi.org/10.1051/jphys:0198000410110126300
https://doi.org/10.1051/jphys:0198000410110126300
https://doi.org/10.1051/jphys:0198000410110126300
https://doi.org/10.1051/jphys:0198000410110126300
https://doi.org/10.1103/PhysRevLett.98.107204
https://doi.org/10.1103/PhysRevLett.98.107204
https://doi.org/10.1103/PhysRevLett.98.107204
https://doi.org/10.1103/PhysRevLett.98.107204
https://doi.org/10.1103/PhysRevLett.98.107204
https://doi.org/10.1103/PhysRevLett.98.107204
https://doi.org/10.1103/PhysRevLett.98.107204
https://doi.org/10.1103/PhysRevLett.98.117205
https://doi.org/10.1103/PhysRevLett.98.117205
https://doi.org/10.1103/PhysRevLett.98.117205
https://doi.org/10.1103/PhysRevLett.98.117205
https://doi.org/10.1103/PhysRevLett.98.117205
https://doi.org/10.1103/PhysRevLett.98.117205
https://doi.org/10.1103/PhysRevLett.98.117205
https://doi.org/10.1103/PhysRevLett.98.117205
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 73, No. 6 (2024)

067401

[5]

(6]
[7]
(8]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

21]

22]

[26]

27]

(28]

Jiang H C, Weng Z Y, Sheng D N 2008 Phys. Rev. Lett. 101
117203

Zhou Y, Kanoda K, Ng T K 2017 Rev. Mod. Phys. 89 025003
Balents L 2010 Nature 464 199

Yan S, Huse D A, White S R 2011 Science 332 1173

Norman M R 2016 Rev. Mod. Phys. 88 041002

Broholm C, Cava R J, Kivelson S A, Nocera D G, Norman M
R, Senthil T 2020 Science 367 eaay0668

Depenbrock S, McCulloch I P, Schollwock U 2012 Phys. Rev.
Lett. 109 067201

Liao H J, Xie Z Y, Chen J, Liu Z Y, Xie H D, Huang R Z,
Normand B, Xiang T 2017 Phys. Rev. Lett. 118 137202

Ortiz B R, Gomes L C, Morey J R, Winiarski M, Bordelon
M, Mangum J S, Oswald I W H, Rodriguez-Rivera J A,
Neilson J R, Wilson S D, Ertekin E, McQueen T M, Toberer
E S 2019 Phys. Rev. Mater. 3 094407

Ortiz B R, Teicher S, Hu Y, Zuo J L, Sarte P M, Schueller E
C, Milinda Abeykoon A M, Krogstad M J, Rosenkranz S,
Osborn R, Seshadri R, Balents L, He J F, Wilson S D 2020
Phys. Rev. Lett. 125 247002

Mu C, Yin Q W, TuZ J, Gong C S, Lei H C, Li Z, Luo J L
2021 Chin. Phys. Lett. 38 077402

Luo HL, Gao Q,Liu HX, Gu Y H, WuD S, Yi C J, Jia J J,
Wu S L, Luo X Y, Xu Y, Zhao L, Wang Q Y, Mao H Q, Liu
G D, Zhu Z H, Shi Y G, Jiang K, Hu J P, Xu Z Y, Zhou X J
2022 Nat. Commun. 13 273

XuHS, Yan Y J, Yin R T, Xia W, Fang S J, Chen Z Y, Li
Y J, Yang W Q, Guo Y F, Feng D L 2021 Phys. Rev. Lett.
127 187004

Xu J P, Wang M X, Liu Z Y, Ge J F, Yang X J, Liu C H,
Xu Z A, Guan D D, Gao C L, Qian D, Liu Y, Wang Q H,
Zhang F C, Xue Q K, Jia J F 2015 Phys. Rev. Lett. 114
017001

Chen H, Yang H T, Hu B, Zhao Z, Yuan J, Xing Y Q, Qian
G J, Huang Z H, Li G, Ye Y H, Ma S, Ni S L, Zhang H, Yin
Q W, Gong C S, Tu Z J, Lei H C, Tan H X, Zhou S, Shen C
M, Dong X L, Yan B H, Wang Z Q, Gao H J 2021 Nature
599 222

Hamidian M H, Edkins S D, Joo S H, Kostin A, Eisaki H,
Uchida S, Lawler M J, Kim E A, Mackenzie A P, Fuyjita K,
Lee J, Séamus Davis J C 2016 Nature 532 343

Edkins S D, Kostin A, Fujita K, Mackenzie A P, Eisaki H,
Uchida S, Sachdev S, Lawler M J, Kim E A, Séamus Davis J
C, Hamidian M H 2019 Science 364 976

Lou R, Fedorov A, Yin Q W, Kuibarov A, Tu Z J, Gong C S,
Schwier E F, Biichner B, Lei H C, Borisenko S 2022 Phys.
Rev. Lett. 128 036402

Kang M G, Fang S A, Kim J K, Ortiz B R, Ryu S H, Kim J,
Yoo J, Sangiovanni G, Di Sante D, Park B G, Jozwiak C,
Bostwick A, Rotenberg E, Kaxiras E, Wilson S D, Park J H,
Comin R 2022 Nat. Phys. 18 301

Kato T, Li Y, Kawakami T, et al. 2022 Commun. Mater. 3 30
Cho S Y, Ma HY, Xia W, Yang Y C, Liu Z T, Huang Z,
Jiang Z C, Lu X L, Liu J S, Liu Z H, Li J, Wang J H, Liu Y,
Jia J F, Guo Y F, Liu J P, Shen D W 2021 Phys. Rev. Lett.
127 236401

Nakayama K, Li Y K, Kato T, Liu M, Wang Z W, Takahashi
T, Yao Y G, Sato T 2021 Phys. Rev. B 104 L161112

Hu Y, Teicher S M, Ortiz B R, Luo Y, Peng S T, Huai L. W,
Ma J Z, Plumb N C, Wilson S D, He J F, Shi M 2022 Sei.
Bull. 67 495

Liu Z H, Zhao N N, Yin Q W, Gong C S, Tu Z J, Li M, Song
W H, Liu Z T, Shen D W, Huang Y B, Liu K, Lei H C,

29]

30]

(31]

(32]

(33]

(34]

35]

(36]

37]

38]

[39]

(40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

(49]

067401-12

Wang S C 2021 Phys. Rev. X 11 041010

Ortiz B R, Teicher S M L, Kautzsch L, Sarte P M, Ratcliff N,
Harter J, Ruff J P C, Seshadri R, Wilson S D 2021 Phys.
Rev. X 11 041030

Ortiz B R, Sarte P M, Kenney E M, Graf M J, Teicher
Samuel M L, Seshadri R, Wilson S D 2021 Phys. Rev. Mater.
5 034801

Yin QW, TuZ J, Gong C S, FuY, Yan S H, Lei H C 2021
Chin. Phys. Lett. 38 037403

Jiang Y X, Yin J X, Denner M M, Shumiya N, Ortiz B R, Xu
G, Guguchia Z, He J Y, Shafayat Hossain M, Liu X X, Ruff
J, Kautzsch L, Zhang S T, Chang G Q, Belopolski I, Zhang
Q, Cochran T A, Multer D, Litskevich M, Cheng Z J, Yang X
P, Wang Z Q, Thomale R, Neupert T, Wilson S D, Hasan M
7 2021 Nat. Mater. 20 1353

Wang Z W, Jiang Y X, Yin J X, Li Y K, Wang G Y, Huang
H L, Shao S, Liu J J, Zhu P, Shumiya N, Hossain M S, Liu H
X, Shi Y G, Duan J X, Li X, Chang G Q, Dai P C, Ye Z J,
Xu G, Wang Y C, Zheng H, Jia J F, Hasan M Z, Yao Y G
2021 Phys. Rev. B 104 075148

Xie Y F, Li Y K, Bourges P, Ivanov A, Ye Z J, Yin J X,
Hasan M Z, Luo A Y, Yao Y G, Wang Z W, Xu G, Dai P C
2022 Phys. Rev. B 105 1140501

Mielke C, Das D, Yin J X, Liu H, Gupta R, Jiang Y-X,
Medarde M, Wu X, Lei H C, Chang J, Dai P C, Si Q, Miao
H, Thomale R, Neupert T, Shi Y, Khasanov R, Hasan M Z,
Luetkens H, Guguchia Z 2022 Nature 602 245

Yang S Y, Wang Y, Ortiz B R, et al. 2020 Sci. Adv. 6
eabb6003

YuF H, Wu T, Wang Z Y, Lei B, Zhuo W Z, Ying J J, Chen
X H 2021 Phys. Rev. B 104 L041103

Yu L, Wang C, Zhang Y, et al. 2021 arXiv: 2107.10714 [cond-
mat. supr-con]

Kenney E M, Ortiz B R, Wang C N, Wilson S D, Graf M J
2021 J. Phys. : Condens. Matter 33 235801

Feng X L, Jiang K, Wang Z, Hu J P 2021 Sci. Bull. 66 1384
Feng X L, Zhang Y, Jiang K, Hu J P 2021 Phys. Rev. B 104
165136

LiHZ Wan S Y, Li H, Li Q, Gu Q Q, Yang H, 1i Y K,
Wang Z W, Yao Y G, Wen H H 2022 Phys. Rev. B 105
045102

Xiang Y, Li Q, Li Y K, Xie W, Yang H, Wang Z W, Yao Y
G, Wen H H 2021 Nat. Commun. 12 6727

Ni S L, Ma S, Zhang Y H, Yuan J, Yang H T, Lu Z Y W,
Wang N N, Sun J P, Zhao Z, Li D, Liu S B, Zhang H, Chen
H, Jin K, Cheng J G, Yu L, Zhou F, Dong X L, Hu J P, Gao
H J, Zhao Z X 2021 Chin. Phys. Lett. 38 057403

Li H X, Zhang T T, Pai Y Y, Marvinney C E, Said A, Yin Q
W, Gong C S, Tu Z J, Vescovo E, Nelson C S, Moore R G,
Murakami S, Lei H C, Lee H N, Lawrie B J, Miao H 2021
Phys. Rev. X 11 031050

LiY K, Li Q, Fan X W, Liu J J, Feng Q, Liu M, Wang C L,
Yin J X, Duan J X, Li X, Wang Z W, Wen H H, Yao Y G
2022 Phys. Rev. B 105 L180507

Zhong Y G, Liu J J, Wu X X, Guguchia Z, Yin J X, Mine A,
Li Y K, Najafzadeh S, Das D, Mielke C, Khasanov R,
Luetkens H, Suzuki T, Liu K C, Han X L, Kondo T, Hu J P,
Shin S, Wang Z W, Shi X, Yao Y G, Okazaki K 2023 Nature
617 488

Liu M, Han T X, Hu X R, Huon A, Lee H N, Said A, Lei H
C, Ortiz B R, Wilson S D, Yin J X, Hasan M Z, Wang Z Q,
Tan H X, Yan B H 2022 Phys. Rev. B 106 1140501

Kato T, Li Y K, Nakayama K, Wang Z W, Souma S, Matsui


https://doi.org/10.1103/PhysRevLett.101.117203
https://doi.org/10.1103/PhysRevLett.101.117203
https://doi.org/10.1103/PhysRevLett.101.117203
https://doi.org/10.1103/PhysRevLett.101.117203
https://doi.org/10.1103/PhysRevLett.101.117203
https://doi.org/10.1103/PhysRevLett.101.117203
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.89.025003
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.89.025003
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.89.025003
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.89.025003
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.89.025003
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.89.025003
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.89.025003
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1126/science.1201080
https://doi.org/10.1126/science.1201080
https://doi.org/10.1126/science.1201080
https://doi.org/10.1126/science.1201080
https://doi.org/10.1126/science.1201080
https://doi.org/10.1126/science.1201080
https://doi.org/10.1126/science.1201080
https://doi.org/10.1103/RevModPhys.88.041002
https://doi.org/10.1103/RevModPhys.88.041002
https://doi.org/10.1103/RevModPhys.88.041002
https://doi.org/10.1103/RevModPhys.88.041002
https://doi.org/10.1103/RevModPhys.88.041002
https://doi.org/10.1103/RevModPhys.88.041002
https://doi.org/10.1103/RevModPhys.88.041002
https://doi.org/10.1126/science.aay0668
https://doi.org/10.1126/science.aay0668
https://doi.org/10.1126/science.aay0668
https://doi.org/10.1126/science.aay0668
https://doi.org/10.1126/science.aay0668
https://doi.org/10.1126/science.aay0668
https://doi.org/10.1126/science.aay0668
https://doi.org/10.1103/PhysRevLett.109.067201
https://doi.org/10.1103/PhysRevLett.109.067201
https://doi.org/10.1103/PhysRevLett.109.067201
https://doi.org/10.1103/PhysRevLett.109.067201
https://doi.org/10.1103/PhysRevLett.109.067201
https://doi.org/10.1103/PhysRevLett.109.067201
https://doi.org/10.1103/PhysRevLett.109.067201
https://doi.org/10.1103/PhysRevLett.109.067201
https://doi.org/10.1103/PhysRevLett.118.137202
https://doi.org/10.1103/PhysRevLett.118.137202
https://doi.org/10.1103/PhysRevLett.118.137202
https://doi.org/10.1103/PhysRevLett.118.137202
https://doi.org/10.1103/PhysRevLett.118.137202
https://doi.org/10.1103/PhysRevLett.118.137202
https://doi.org/10.1103/PhysRevLett.118.137202
https://doi.org/10.1103/PhysRevMaterials.3.094407
https://doi.org/10.1103/PhysRevMaterials.3.094407
https://doi.org/10.1103/PhysRevMaterials.3.094407
https://doi.org/10.1103/PhysRevMaterials.3.094407
https://doi.org/10.1103/PhysRevMaterials.3.094407
https://doi.org/10.1103/PhysRevMaterials.3.094407
https://doi.org/10.1103/PhysRevMaterials.3.094407
https://doi.org/10.1103/PhysRevLett.125.247002
https://doi.org/10.1103/PhysRevLett.125.247002
https://doi.org/10.1103/PhysRevLett.125.247002
https://doi.org/10.1103/PhysRevLett.125.247002
https://doi.org/10.1103/PhysRevLett.125.247002
https://doi.org/10.1103/PhysRevLett.125.247002
https://doi.org/10.1088/0256-307X/38/7/077402
https://doi.org/10.1088/0256-307X/38/7/077402
https://doi.org/10.1088/0256-307X/38/7/077402
https://doi.org/10.1088/0256-307X/38/7/077402
https://doi.org/10.1088/0256-307X/38/7/077402
https://doi.org/10.1088/0256-307X/38/7/077402
https://doi.org/10.1088/0256-307X/38/7/077402
https://doi.org/10.1038/s41467-021-27946-6
https://doi.org/10.1038/s41467-021-27946-6
https://doi.org/10.1038/s41467-021-27946-6
https://doi.org/10.1038/s41467-021-27946-6
https://doi.org/10.1038/s41467-021-27946-6
https://doi.org/10.1038/s41467-021-27946-6
https://doi.org/10.1038/s41467-021-27946-6
https://doi.org/10.1103/PhysRevLett.127.187004
https://doi.org/10.1103/PhysRevLett.127.187004
https://doi.org/10.1103/PhysRevLett.127.187004
https://doi.org/10.1103/PhysRevLett.127.187004
https://doi.org/10.1103/PhysRevLett.127.187004
https://doi.org/10.1103/PhysRevLett.127.187004
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1038/s41586-021-03983-5
https://doi.org/10.1038/s41586-021-03983-5
https://doi.org/10.1038/s41586-021-03983-5
https://doi.org/10.1038/s41586-021-03983-5
https://doi.org/10.1038/s41586-021-03983-5
https://doi.org/10.1038/s41586-021-03983-5
https://doi.org/10.1038/nature17411
https://doi.org/10.1038/nature17411
https://doi.org/10.1038/nature17411
https://doi.org/10.1038/nature17411
https://doi.org/10.1038/nature17411
https://doi.org/10.1038/nature17411
https://doi.org/10.1038/nature17411
https://doi.org/10.1126/science.aat1773
https://doi.org/10.1126/science.aat1773
https://doi.org/10.1126/science.aat1773
https://doi.org/10.1126/science.aat1773
https://doi.org/10.1126/science.aat1773
https://doi.org/10.1126/science.aat1773
https://doi.org/10.1126/science.aat1773
https://doi.org/10.1103/PhysRevLett.128.036402
https://doi.org/10.1103/PhysRevLett.128.036402
https://doi.org/10.1103/PhysRevLett.128.036402
https://doi.org/10.1103/PhysRevLett.128.036402
https://doi.org/10.1103/PhysRevLett.128.036402
https://doi.org/10.1103/PhysRevLett.128.036402
https://doi.org/10.1103/PhysRevLett.128.036402
https://doi.org/10.1103/PhysRevLett.128.036402
https://doi.org/10.1038/s41567-021-01451-5
https://doi.org/10.1038/s41567-021-01451-5
https://doi.org/10.1038/s41567-021-01451-5
https://doi.org/10.1038/s41567-021-01451-5
https://doi.org/10.1038/s41567-021-01451-5
https://doi.org/10.1038/s41567-021-01451-5
https://doi.org/10.1038/s41567-021-01451-5
https://doi.org/10.1038/s43246-022-00255-1
https://doi.org/10.1038/s43246-022-00255-1
https://doi.org/10.1038/s43246-022-00255-1
https://doi.org/10.1038/s43246-022-00255-1
https://doi.org/10.1038/s43246-022-00255-1
https://doi.org/10.1038/s43246-022-00255-1
https://doi.org/10.1038/s43246-022-00255-1
https://doi.org/10.1103/PhysRevLett.127.236401
https://doi.org/10.1103/PhysRevLett.127.236401
https://doi.org/10.1103/PhysRevLett.127.236401
https://doi.org/10.1103/PhysRevLett.127.236401
https://doi.org/10.1103/PhysRevLett.127.236401
https://doi.org/10.1103/PhysRevLett.127.236401
https://doi.org/10.1103/PhysRevB.104.L161112
https://doi.org/10.1103/PhysRevB.104.L161112
https://doi.org/10.1103/PhysRevB.104.L161112
https://doi.org/10.1103/PhysRevB.104.L161112
https://doi.org/10.1103/PhysRevB.104.L161112
https://doi.org/10.1103/PhysRevB.104.L161112
https://doi.org/10.1103/PhysRevB.104.L161112
https://doi.org/10.1016/j.scib.2021.11.026
https://doi.org/10.1016/j.scib.2021.11.026
https://doi.org/10.1016/j.scib.2021.11.026
https://doi.org/10.1016/j.scib.2021.11.026
https://doi.org/10.1016/j.scib.2021.11.026
https://doi.org/10.1016/j.scib.2021.11.026
https://doi.org/10.1016/j.scib.2021.11.026
https://doi.org/10.1016/j.scib.2021.11.026
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.041010
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.041010
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.041010
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.041010
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.041010
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.041010
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.041010
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.041030
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.041030
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.041030
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.041030
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.041030
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.041030
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.041030
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.041030
https://doi.org/10.1103/PhysRevMaterials.5.034801
https://doi.org/10.1103/PhysRevMaterials.5.034801
https://doi.org/10.1103/PhysRevMaterials.5.034801
https://doi.org/10.1103/PhysRevMaterials.5.034801
https://doi.org/10.1103/PhysRevMaterials.5.034801
https://doi.org/10.1103/PhysRevMaterials.5.034801
https://doi.org/10.1088/0256-307X/38/3/037403
https://doi.org/10.1088/0256-307X/38/3/037403
https://doi.org/10.1088/0256-307X/38/3/037403
https://doi.org/10.1088/0256-307X/38/3/037403
https://doi.org/10.1088/0256-307X/38/3/037403
https://doi.org/10.1088/0256-307X/38/3/037403
https://doi.org/10.1038/s41563-021-01034-y
https://doi.org/10.1038/s41563-021-01034-y
https://doi.org/10.1038/s41563-021-01034-y
https://doi.org/10.1038/s41563-021-01034-y
https://doi.org/10.1038/s41563-021-01034-y
https://doi.org/10.1038/s41563-021-01034-y
https://doi.org/10.1038/s41563-021-01034-y
https://doi.org/10.1103/PhysRevB.104.075148
https://doi.org/10.1103/PhysRevB.104.075148
https://doi.org/10.1103/PhysRevB.104.075148
https://doi.org/10.1103/PhysRevB.104.075148
https://doi.org/10.1103/PhysRevB.104.075148
https://doi.org/10.1103/PhysRevB.104.075148
https://doi.org/10.1103/PhysRevB.104.075148
https://doi.org/10.1103/PhysRevB.105.L140501
https://doi.org/10.1103/PhysRevB.105.L140501
https://doi.org/10.1103/PhysRevB.105.L140501
https://doi.org/10.1103/PhysRevB.105.L140501
https://doi.org/10.1103/PhysRevB.105.L140501
https://doi.org/10.1103/PhysRevB.105.L140501
https://doi.org/10.1103/PhysRevB.105.L140501
https://doi.org/10.1038/s41586-021-04327-z
https://doi.org/10.1038/s41586-021-04327-z
https://doi.org/10.1038/s41586-021-04327-z
https://doi.org/10.1038/s41586-021-04327-z
https://doi.org/10.1038/s41586-021-04327-z
https://doi.org/10.1038/s41586-021-04327-z
https://doi.org/10.1038/s41586-021-04327-z
https://doi.org/10.1126/sciadv.abb6003
https://doi.org/10.1126/sciadv.abb6003
https://doi.org/10.1126/sciadv.abb6003
https://doi.org/10.1126/sciadv.abb6003
https://doi.org/10.1126/sciadv.abb6003
https://doi.org/10.1126/sciadv.abb6003
https://doi.org/10.1103/PhysRevB.104.L041103
https://doi.org/10.1103/PhysRevB.104.L041103
https://doi.org/10.1103/PhysRevB.104.L041103
https://doi.org/10.1103/PhysRevB.104.L041103
https://doi.org/10.1103/PhysRevB.104.L041103
https://doi.org/10.1103/PhysRevB.104.L041103
https://doi.org/10.1103/PhysRevB.104.L041103
https://arxiv.org/abs/2107.10714
https://arxiv.org/abs/2107.10714
https://arxiv.org/abs/2107.10714
https://arxiv.org/abs/2107.10714
https://arxiv.org/abs/2107.10714
https://iopscience.iop.org/article/10.1088/1361-648X/abe8f9/meta
https://iopscience.iop.org/article/10.1088/1361-648X/abe8f9/meta
https://iopscience.iop.org/article/10.1088/1361-648X/abe8f9/meta
https://iopscience.iop.org/article/10.1088/1361-648X/abe8f9/meta
https://iopscience.iop.org/article/10.1088/1361-648X/abe8f9/meta
https://iopscience.iop.org/article/10.1088/1361-648X/abe8f9/meta
https://iopscience.iop.org/article/10.1088/1361-648X/abe8f9/meta
https://doi.org/10.1016/j.scib.2021.04.043
https://doi.org/10.1016/j.scib.2021.04.043
https://doi.org/10.1016/j.scib.2021.04.043
https://doi.org/10.1016/j.scib.2021.04.043
https://doi.org/10.1016/j.scib.2021.04.043
https://doi.org/10.1016/j.scib.2021.04.043
https://doi.org/10.1016/j.scib.2021.04.043
https://doi.org/10.1103/PhysRevB.104.165136
https://doi.org/10.1103/PhysRevB.104.165136
https://doi.org/10.1103/PhysRevB.104.165136
https://doi.org/10.1103/PhysRevB.104.165136
https://doi.org/10.1103/PhysRevB.104.165136
https://doi.org/10.1103/PhysRevB.104.165136
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.105.045102
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.105.045102
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.105.045102
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.105.045102
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.105.045102
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.105.045102
https://doi.org/10.1038/s41467-021-27084-z
https://doi.org/10.1038/s41467-021-27084-z
https://doi.org/10.1038/s41467-021-27084-z
https://doi.org/10.1038/s41467-021-27084-z
https://doi.org/10.1038/s41467-021-27084-z
https://doi.org/10.1038/s41467-021-27084-z
https://doi.org/10.1038/s41467-021-27084-z
https://doi.org/10.1088/0256-307X/38/5/057403
https://doi.org/10.1088/0256-307X/38/5/057403
https://doi.org/10.1088/0256-307X/38/5/057403
https://doi.org/10.1088/0256-307X/38/5/057403
https://doi.org/10.1088/0256-307X/38/5/057403
https://doi.org/10.1088/0256-307X/38/5/057403
https://doi.org/10.1088/0256-307X/38/5/057403
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.031050
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.031050
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.031050
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.031050
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.031050
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.031050
https://doi.org/10.1103/PhysRevB.105.L180507
https://doi.org/10.1103/PhysRevB.105.L180507
https://doi.org/10.1103/PhysRevB.105.L180507
https://doi.org/10.1103/PhysRevB.105.L180507
https://doi.org/10.1103/PhysRevB.105.L180507
https://doi.org/10.1103/PhysRevB.105.L180507
https://doi.org/10.1103/PhysRevB.105.L180507
https://doi.org/10.1038/s41586-023-05907-x
https://doi.org/10.1038/s41586-023-05907-x
https://doi.org/10.1038/s41586-023-05907-x
https://doi.org/10.1038/s41586-023-05907-x
https://doi.org/10.1038/s41586-023-05907-x
https://doi.org/10.1038/s41586-023-05907-x
https://doi.org/10.1103/PhysRevB.106.L140501
https://doi.org/10.1103/PhysRevB.106.L140501
https://doi.org/10.1103/PhysRevB.106.L140501
https://doi.org/10.1103/PhysRevB.106.L140501
https://doi.org/10.1103/PhysRevB.106.L140501
https://doi.org/10.1103/PhysRevB.106.L140501
https://doi.org/10.1103/PhysRevB.106.L140501
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 6 (2024) 067401

[50]

[51]

[52]

53]

(58]

[59]

F, Kitamura M, Horiba K, Kumigashira H, Takahashi T, Yao
Y G, Sato T 2022 Phys. Rev. Lett. 129 206402

Miao H, Li H, Meier W R, Huon A, Lee H N, Said A, Lei H
C, Ortiz B R, Wilson S D, Yin J X, Hasan M Z, Wang Z Q,
Tan H X, Yan B H 2021 Phys. Rev. B 104 195132

Xiao Q, Li Q Z, Liu J J, Li Y K, Xia W, Zheng X Q, Guo Y
F, Wang Z W, Peng Y Y 2023 Phys. Rev. Mater. 7 074801
Liu Y, Wang Y, Cai Y, Hao Z Y, Ma X M, Wang L, Liu C,
Chen J, Zhou L, Wang J H, Wang S M, He H T, Liu Y, Cui
S T, Wang J F, Huang B, Chen C Y, Mei J W 2021 arXiv:
2110.12651 [cond-mat. supr-con]

Yang H T, Huang Z H, Zhang Y H, Zhao Z, Shi J N, Luo H
L, Zhao L, Qian G J, Tan H X, Hu B, Zhu K, Lu Z Y W,
Zhang H, Sun J P, Cheng J G, Shen C M, Lin X, Yan B H,
Zhou X J, Wang Z Q, Pennycook S J, Chen H, Dong X L,
Zhou W, Gao H J 2022 Sci. Bull. 67 2176

Ding GF, WoHL, GuY Q, Gu'Y M, Zhao J 2022 Phys.
Rev. B 106 235151

Kautzsch L, Oey Y M, Li H, Ren Z, Ortiz B R, Pokharel G,
Seshadri R, Ruff J, Kongruengkit T, Harter J W, Wang Z Q,
Zeljkovic I, Wilson S D 2023 npj Quantum Mater. 8 37

Oey Y M, Ortiz B R, Kaboudvand F, Frassineti J, Garcia E,
Cong R, Sanna S, Mitrovi¢ V F, Seshadri R, Wilson S D 2022
Phys. Rev. Mater. 6 L041801

Li H, Zhao H, Ortiz B R, Wang Z Q, Wilson S D, Zeljkovic I
2023 Nat. Phys. 19 637

Oey Y M, Kaboudvand F, Ortiz B R, Seshadri R, Wilson S D
2022 Phys. Rev. Mater. 6 074802
LuY,LuCC,ZhuQQ,JiLW, WuS Q, Sun Y L, Bao J
K, Jiao W H, Xu X F, Ren Z, Cao G H 2022 Phys. Rev.

(60]

[61]

[62]

(63]
(64]
[65]
[66]
[67]
(68]
[69]
[70]

[71]

067401-13

Mater. 6 124803

Zhang Z Y, Chen Z, Zhou Y, Yuan Y F, Wang S Y, Wang J,
Yang HY, An C, Zhang L L, Zhu X D, Zhou Y H, Chen X
L, Zhou J H, Yang Z R 2021 Phys. Rev. B 103 224513

Du F, Li R, Luo S S, Gong Y, Li Y C, Jiang S, Ortiz B R,
Liu Y, Xu X F, Wilson S D, Cao C, Song Y, Yuan H Q 2022
Phys. Rev. B 106 024516

Chen K'Y, Wang N N, Yin Q W, Gu Y H, Jiang K, Tu Z J,
Gong C S, Uwatoko Y, Sun J P, Lei H C, Hu J P, Cheng J G
2021 Phys. Rev. Lett. 126 247001

Yu F H, Ma D H, Zhuo W Z, Liu S Q, Wen X K, Lei B, Ying
J J, Chen X H 2021 Nat. Commun. 12 3645

Du F, Luo S S, Ortiz B R, Chen Y, Duan W Y, Zhang D T,
Lu X, Wilson S D, Song Y, Yuan H Q 2021 Phys. Rev. B 103
1.220504

Zhang J F, Liu K, Lu Z Y 2021 Phys. Rev. B 104 195130
Chen X, Zhan X H, Wang X J, Deng J, Liu X B, Chen X,
Guo J G, Chen X L 2021 Chin. Phys. Lett. 38 057402

Zhu C C, Yang X F, Xia W, Yin Q W, Wang L. S, Zhao C C,
Dai D Z, Tu C P, Song B Q, Tao Z C, Tu Z J, Gong C S, Lei
HC,GuoYF, LiSY 2022 Phys. Rev. B 105 094507
LaBollita H, Botana A S 2021 Phys. Rev. B 104 205129

Ortiz B R, Salinas A N C, Knudtson M J, Sarte P M,
Pokahrel G, Wilson S D 2023 Phys. Rev. Mater. T 014801
Nakayama K, Li Y K, Kato T, Kato T, Liu M, Wang Z H,
Takahashi T, Yao Y G, Sato T 2022 Phys. Rev. X 12 011001
Song Y, Ying T, Chen X, Han X, Wu, X X, Schnyder A P,
Huang Y, Guo J G, Chen X L 2021 Phys. Rev. Lett. 127
237001


https://doi.org/10.1103/PhysRevLett.129.206402
https://doi.org/10.1103/PhysRevLett.129.206402
https://doi.org/10.1103/PhysRevLett.129.206402
https://doi.org/10.1103/PhysRevLett.129.206402
https://doi.org/10.1103/PhysRevLett.129.206402
https://doi.org/10.1103/PhysRevLett.129.206402
https://doi.org/10.1103/PhysRevLett.129.206402
https://doi.org/10.1103/PhysRevB.104.195132
https://doi.org/10.1103/PhysRevB.104.195132
https://doi.org/10.1103/PhysRevB.104.195132
https://doi.org/10.1103/PhysRevB.104.195132
https://doi.org/10.1103/PhysRevB.104.195132
https://doi.org/10.1103/PhysRevB.104.195132
https://doi.org/10.1103/PhysRevB.104.195132
https://doi.org/10.1103/PhysRevMaterials.7.074801
https://doi.org/10.1103/PhysRevMaterials.7.074801
https://doi.org/10.1103/PhysRevMaterials.7.074801
https://doi.org/10.1103/PhysRevMaterials.7.074801
https://doi.org/10.1103/PhysRevMaterials.7.074801
https://doi.org/10.1103/PhysRevMaterials.7.074801
https://doi.org/10.1103/PhysRevMaterials.7.074801
https://arxiv.org/abs/2110.12651
https://arxiv.org/abs/2110.12651
https://arxiv.org/abs/2110.12651
https://arxiv.org/abs/2110.12651
https://arxiv.org/abs/2110.12651
https://arxiv.org/abs/2110.12651
https://doi.org/10.1016/j.scib.2022.10.015
https://doi.org/10.1016/j.scib.2022.10.015
https://doi.org/10.1016/j.scib.2022.10.015
https://doi.org/10.1016/j.scib.2022.10.015
https://doi.org/10.1016/j.scib.2022.10.015
https://doi.org/10.1016/j.scib.2022.10.015
https://doi.org/10.1016/j.scib.2022.10.015
https://doi.org/10.1103/PhysRevB.106.235151
https://doi.org/10.1103/PhysRevB.106.235151
https://doi.org/10.1103/PhysRevB.106.235151
https://doi.org/10.1103/PhysRevB.106.235151
https://doi.org/10.1103/PhysRevB.106.235151
https://doi.org/10.1103/PhysRevB.106.235151
https://doi.org/10.1103/PhysRevB.106.235151
https://doi.org/10.1103/PhysRevB.106.235151
https://doi.org/10.1038/s41535-023-00570-x
https://doi.org/10.1038/s41535-023-00570-x
https://doi.org/10.1038/s41535-023-00570-x
https://doi.org/10.1038/s41535-023-00570-x
https://doi.org/10.1038/s41535-023-00570-x
https://doi.org/10.1038/s41535-023-00570-x
https://doi.org/10.1038/s41535-023-00570-x
https://doi.org/10.1103/PhysRevMaterials.6.L041801
https://doi.org/10.1103/PhysRevMaterials.6.L041801
https://doi.org/10.1103/PhysRevMaterials.6.L041801
https://doi.org/10.1103/PhysRevMaterials.6.L041801
https://doi.org/10.1103/PhysRevMaterials.6.L041801
https://doi.org/10.1103/PhysRevMaterials.6.L041801
https://doi.org/10.1038/s41567-022-01932-1
https://doi.org/10.1038/s41567-022-01932-1
https://doi.org/10.1038/s41567-022-01932-1
https://doi.org/10.1038/s41567-022-01932-1
https://doi.org/10.1038/s41567-022-01932-1
https://doi.org/10.1038/s41567-022-01932-1
https://doi.org/10.1038/s41567-022-01932-1
https://doi.org/10.1103/PhysRevMaterials.6.074802
https://doi.org/10.1103/PhysRevMaterials.6.074802
https://doi.org/10.1103/PhysRevMaterials.6.074802
https://doi.org/10.1103/PhysRevMaterials.6.074802
https://doi.org/10.1103/PhysRevMaterials.6.074802
https://doi.org/10.1103/PhysRevMaterials.6.074802
https://doi.org/10.1103/PhysRevMaterials.6.074802
https://doi.org/10.1103/PhysRevMaterials.6.124803
https://doi.org/10.1103/PhysRevMaterials.6.124803
https://doi.org/10.1103/PhysRevMaterials.6.124803
https://doi.org/10.1103/PhysRevMaterials.6.124803
https://doi.org/10.1103/PhysRevMaterials.6.124803
https://doi.org/10.1103/PhysRevMaterials.6.124803
https://doi.org/10.1103/PhysRevMaterials.6.124803
https://doi.org/10.1103/PhysRevMaterials.6.124803
https://doi.org/10.1103/PhysRevB.103.224513
https://doi.org/10.1103/PhysRevB.103.224513
https://doi.org/10.1103/PhysRevB.103.224513
https://doi.org/10.1103/PhysRevB.103.224513
https://doi.org/10.1103/PhysRevB.103.224513
https://doi.org/10.1103/PhysRevB.103.224513
https://doi.org/10.1103/PhysRevB.103.224513
https://doi.org/10.1103/PhysRevB.106.024516
https://doi.org/10.1103/PhysRevB.106.024516
https://doi.org/10.1103/PhysRevB.106.024516
https://doi.org/10.1103/PhysRevB.106.024516
https://doi.org/10.1103/PhysRevB.106.024516
https://doi.org/10.1103/PhysRevB.106.024516
https://doi.org/10.1103/PhysRevLett.126.247001
https://doi.org/10.1103/PhysRevLett.126.247001
https://doi.org/10.1103/PhysRevLett.126.247001
https://doi.org/10.1103/PhysRevLett.126.247001
https://doi.org/10.1103/PhysRevLett.126.247001
https://doi.org/10.1103/PhysRevLett.126.247001
https://doi.org/10.1103/PhysRevLett.126.247001
https://doi.org/10.1038/s41467-021-23928-w
https://doi.org/10.1038/s41467-021-23928-w
https://doi.org/10.1038/s41467-021-23928-w
https://doi.org/10.1038/s41467-021-23928-w
https://doi.org/10.1038/s41467-021-23928-w
https://doi.org/10.1038/s41467-021-23928-w
https://doi.org/10.1038/s41467-021-23928-w
https://doi.org/10.1103/PhysRevB.103.L220504
https://doi.org/10.1103/PhysRevB.103.L220504
https://doi.org/10.1103/PhysRevB.103.L220504
https://doi.org/10.1103/PhysRevB.103.L220504
https://doi.org/10.1103/PhysRevB.103.L220504
https://doi.org/10.1103/PhysRevB.103.L220504
https://doi.org/10.1103/PhysRevB.104.195130
https://doi.org/10.1103/PhysRevB.104.195130
https://doi.org/10.1103/PhysRevB.104.195130
https://doi.org/10.1103/PhysRevB.104.195130
https://doi.org/10.1103/PhysRevB.104.195130
https://doi.org/10.1103/PhysRevB.104.195130
https://doi.org/10.1103/PhysRevB.104.195130
https://doi.org/10.1088/0256-307X/38/5/057402
https://doi.org/10.1088/0256-307X/38/5/057402
https://doi.org/10.1088/0256-307X/38/5/057402
https://doi.org/10.1088/0256-307X/38/5/057402
https://doi.org/10.1088/0256-307X/38/5/057402
https://doi.org/10.1088/0256-307X/38/5/057402
https://doi.org/10.1088/0256-307X/38/5/057402
https://doi.org/10.1103/PhysRevB.105.094507
https://doi.org/10.1103/PhysRevB.105.094507
https://doi.org/10.1103/PhysRevB.105.094507
https://doi.org/10.1103/PhysRevB.105.094507
https://doi.org/10.1103/PhysRevB.105.094507
https://doi.org/10.1103/PhysRevB.105.094507
https://doi.org/10.1103/PhysRevB.105.094507
https://doi.org/10.1103/PhysRevB.104.205129
https://doi.org/10.1103/PhysRevB.104.205129
https://doi.org/10.1103/PhysRevB.104.205129
https://doi.org/10.1103/PhysRevB.104.205129
https://doi.org/10.1103/PhysRevB.104.205129
https://doi.org/10.1103/PhysRevB.104.205129
https://doi.org/10.1103/PhysRevB.104.205129
https://doi.org/10.1103/PhysRevMaterials.7.014801
https://doi.org/10.1103/PhysRevMaterials.7.014801
https://doi.org/10.1103/PhysRevMaterials.7.014801
https://doi.org/10.1103/PhysRevMaterials.7.014801
https://doi.org/10.1103/PhysRevMaterials.7.014801
https://doi.org/10.1103/PhysRevMaterials.7.014801
https://doi.org/10.1103/PhysRevMaterials.7.014801
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.011001
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.011001
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.011001
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.011001
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.011001
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.011001
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.011001
https://doi.org/10.1103/PhysRevLett.127.237001
https://doi.org/10.1103/PhysRevLett.127.237001
https://doi.org/10.1103/PhysRevLett.127.237001
https://doi.org/10.1103/PhysRevLett.127.237001
https://doi.org/10.1103/PhysRevLett.127.237001
https://doi.org/10.1103/PhysRevLett.127.237001
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 6 (2024) 067401

SPECIAL TOPIC—Modification of material properties by defects and dopants

Doping effects of Kagome superconductor
AV3Sb5 (A - K, Rb, CS)*
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1) (Key Laboratory of Advanced Optoelectronic Quantum Architecture and Measurement, School of Physics,
Beijing Institute of Technology, Beijing 100081, China)
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Abstract

Material with Kagome lattice provides an excellent platform for studying electronic correlation effects,
topological states of matter, unconventional superconductivity, and geometric frustration. The recently
discovered Kagome superconductors AV;Shs (A = K, Rb, Cs) have attracted widespread attention in the field
of condensed matter physics, and many efforts have been made to elucidate their novel physical properties, such
as charge density wave, unconventional superconductivity, and band topology. Meanwhile, many groups have
effectively tuned these novel properties through chemical doping, offering a good opportunity for further
understanding the materials of this system. In this paper, we comprehensively review the latest research
progress of the doping effect of this rapidly developed AV3;Sby system, with the objective of further promoting
the in-depth research into Kagome superconductor. Specifically, we review the chemical doping in CsV3Sby with
elements such as Nb, Ta, Ti, and Sn, and the surface doping with elements Cs or O as well, and describe their
influences on the novel quantum properties, especially superconductivity, charge density wave, and electronic
band structure of the material. Furthermore, the intricate physical mechanism of doping manipulation is
discussed, in order to provide a basic knowledge for further understanding and studying the rich quantum

effects of the system, such as charge density waves, time reversal symmetry breaking, and superconductivity.
Keywords: Kagome lattice, chemical doping, superconductivity, charge density wave
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Fig. 1. Schematic illustration of a charged defect in a finite
supercell under periodic boundary conditions (left) or in an
infinite large supercell (right).
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Fig. 2. Potentials for a Vg; in a 3x3x3 cubic GaAs super-
cell. The Avq/b, \Z;r and Avq/b - \7;' are respectively
the total, long-range and short-range part, of the defect
electrostatic potential. The potential alignment term is in-
dicated by the dashed line. The defect is located at z =
0 Bohr with a periodic image at z = 31.38 Bohr. Reprinted
with permission from Ref. [30], copyright 2009 by the

American Physical Society.
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Fig. 3. Planar average of the extra charge and the electrostatic potential along the surface normal for an Oy ! molecule on the sur-
face of an anatase-TiO, (001) slab, without (a) and with (b) the SCPC correction. Reprinted with permission from Ref. [31]. Copy-

right 2021 by the American Physical Society.
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Fig. 4. Defect charge distribution for Vé’l in a cubic 512-
atom diamond supercell (a = 14.13 A): (a) The screened de-
fect charge density pgisc; (b) core defect charge density
E{’:core; (¢) unscreened defect charge density pg = |@q|?,
where ¢4 is the wave function of the defect state, and (d)
pd(r)/ex (€00 = 5.62). Reprinted with permission from
Ref. [32], copyright 2020 by the American Physical Society.
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Fig. 5. Calculated ionization energies of (a) donors, Cy and Vi , and (b) acceptors, Cy and Vy in 2D BN, as a function of cell
length in z direction (L,); (c), (d): schematic illustration of the corresponding electrostatic potentials; (e), (f) acceptor state in Cgl
at different L, = 20 and 70 A, respectively. The shade areas at the top and bottom of panel (f) are the calculated defect states un-
physically delocalized into the vacuum. Reprinted with permission from Ref. [45] . Copyright 2015 by the American Physical Society.
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Fig. 6. (a) Schematic plot of the TRSM model, where the electrons excited from the defect state to the conduction band minimum

(CBM) follow the Fermi-Dirac distribution; (b) schematic plots of the jellium charge distribution (jellium-CD) and real state charge

distributions (real-CD) in a model with a 2D layer (in orange). The jellium and real charges are represented by the green and dot-

ted orange area respectively; (c¢) formation energies of C]{f in BN monolayer corrected by the jellium model (JM) and TRSM re-

spectively, as functions of layer separation L, . Reprinted with permission from Ref. [48], copyright 2020 by the American Physical

Society.

066105-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 73, No. 6 (2024) 066105

P FEL ] A LSl I A — B s oA, o
Aii /e BN TR, A FHREEBR T A B )
A 3 B2 Z (18] 6(D)), SH A T [R] R B H £y ] )
VR AR BRI T DAAR S b o v g v A B, AL
TR ) 2 REREA 2 SR TS R0 AR A, A
T ol AT 145 B AN ] B4 L 2 22 5 2 SO B v e
FIERLRE. 7340, BT =4k i S S
5 152 FEL A [ 147 HL Ao 20 A3 22 57 850 /0N, TRSME A )i
TGt =4 F SR fL B BE I A3 2 T 5 BEIK
R —Z A . TRSM A AR ] Jif H] T A [R] £ J32 >
SRR BB TR T HE S SRR TG
FRE T LS P R A R e 1 1 B AR R

4 DFT #[#E

2 SRR BT A0 P S B 54 e S5 AR A
FEOCHEL. SRIM, % B2 RIS P 3 e SC R RE I
AL, 85 2R S R BB (LDA)
™ SCBEEEA, (GGA) 45 (3F) JRlliz ok, Xy
PRETT AR Z 0 T A Z54E | e A5 T T LAZA
FHYHERA 2551, ARAE TS SRR R T SR B
B 09 /2, LDA/GGA iZ Rt R 2 SR p
B 2™ S AIRAR 4920, filan, LDA/GGA %} ZnO
H1 SnO, 7 B A AL 23 BIE 2] T 70% Fl 75% 0152,
THE CdO F InAs Bl 5L 2k 7 {H 5293, 334~ %f
B A AR, — B T 2 d 7 A E AR = 4R
[ty [19.50.5456] 2l AR R AE N HLF I JE A B AT 8n
1AL, R R 1% Hartree 48N

e ([n(r) +on(r)][n (r') + dn(r)]
5 /drdr Py
2

e ;n(r)n(r)
=3 /drdr 7|r—r’|

+ e / drdr ) O

r — /|

by =

e? ,on(r)dn(r’)

(12) 5 1 TR R R 22 FL AT A9 Hartree
Wi, 5 205 on MR R, RINM N-N +
Sn AR FE P R R R R R IR L. B 3Tk
JEAERA A AR AR, Tk A, BE P
TR A B T LM T BN T 1 R =
WIRTTHER (K] 7). 10T YR Y R i AR b il Zefdi i 1
AR ] T A A R S i, X T — L

THOLT () Jridekiz o 7 0000 451 Qe f 5 25 Jey i
TSI RA . AT B E AT

aEel
T 550 ON

(13)

N—-§

AT LA B A A AR U e B TR AR e
i NI — RS RS TR T R (8] 7),
X RGTRFAT BU(EL AR E AR Xy B 3 ) AN TE T
AR BR T AATXE T BRBE , A0 2 v Bl A 1
BRI AE Sy . R, FFZEXF DFT R 2 AR B
HRHITBIE.

—23

—24 R,
EPTYA SN
—26 }
727 L
—928 }
729 L

Energy/eV

—30 F
—31F

_39 . . |
19.0 19.5 20.0 20.5 21.0

Number of electrons

K 7 H LDA. Hartree-Fock Fig Fil HSE 1R &2 BR 15 3 1Y
Si,H, BIFE M SR 5 TR IR, MARRH .
K R 51 B 225 30k 23] (MU T 28 E P i 2)

Fig. 7. Total energy of a Si;H, cluster with respect to the
number of electrons, for the LDA, Hartree-Fock theory, and
hybrid functional (HSE). The dotted straight lines denote
the ideal exact solutions. Reprinted with permission from
Ref. [23] , copyright 2014 by the American Physical Society.
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Fig. 8. Two Fermi reservoir model for the description of nonequilibrium defect formation under illumination. (a) Energy diagram of

a semiconductor going from equilibrium to nonequilibrium steady state condition under illumination. In this case, the equilibrium

Fermi level (Ef) is split into two quasi-Fermi levels (Ey and Ey), which could be treated as two Fermi reservoirs. (b) Schematic

plot of the dependence of defect formation energy on the Fermi level for a p-type semiconductor with a hole-producing acceptor A

and a hole-killing donor D. (c) Concentrations of charged defects Mgga1 and V;\I' L and (d) carrier concentrations in GaN as a

function of the photogeneration rate G. Reprinted with permission from Ref. [79] , copyright 2022 by the American Physical Society.
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SPECIAL TOPIC—Modification of material properties by defects and dopants

A review of first-principles calculation methods for
defects in semiconductors”

Li Chen-HuiV#  Zhang ChenV# Cai Xue-Fen?  Zhang Cai-Xin
Yuan Jia-Yi!"  Deng Hui-Xiong V21
1) (State Key Laboratory of Superlattices and Microstructures, Institute of Semiconductors,
Chinese Academy of Sciences, Beijing 100083, China)
2) (Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China)

( Received 13 December 2023; revised manuscript received 4 January 2024 )

Abstract

Doping and defect control in semiconductors are essential prerequisites for their practical applications.
First-principles calculations of defects based on density functional theory offer crucial guidance for doping and
defect control. In this paper, the developments in the theoretical methods of first-principles semiconductor
defect calculations are introduced. Firstly, we introduce the method of calculating the defect formation energy
and finite-size errors to the formation energy caused by the supercell method. Then, we present corresponding
image charge correction schemes, which include the widely used post-hoc corrections (such as Makov-Payne,
Lany-Zunger, Freysoldt-Neugebauer-van de Walle schemes), the recently developed self-consistent potential
correction which performs the image charge correction in the self-consistent loop for solving Kohn-Sham
equations, and the self-consistent charge correction scheme which does not require an input of macroscopic
dielectric constants. Further, we extend our discussion to charged defect calculations in low-dimensional
semiconductors, elucidate the issue of charged defect formation energy divergence with the increase of vacuum
thickness within the jellium model and introduce our theoretical model which solves this energy divergence issue
by placing the ionized electrons or holes in the realistic host band-edge states instead of the virtual jellium
state. Furthermore, we provide a brief overview of defect calculation correction methods due to the DFT band
gap error, including the scissors operator, LDA+ U and hybrid functionals. Finally, in order to describe the
calculation of defect formation energy under illumination,

we present our self-consistent two-Fermi-reservoir model,
which can well predict the defect concentration and carrier \D \i) '-\D

\C‘B/
concentration in the Mg doped GaN system under
illumination. =~ This  work summarizes the recent C_) ; '\‘D —L Ep
E\—l—‘”*‘
: VB ;

developments regarding first-principles calculations of

defects in semiconducting materials and low-dimensional

semiconductors, under whether equilibrium conditions or \i) c;) .@
non-equilibrium  conditions, thus promoting further

developments of doping and defect control within Finite size corrections
semiconductors.

Keywords: defect calculation in semiconductors, image charge correction, defect physics in low-dimensional

semiconductors, non-equilibrium doping
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AME AR, SR, AR5 R AN R R
(A [V R RS, JCHIL it A7 22 S sl B [l A
T T35 ORGSO R NE T A RRER A 3 AT L
PLER. TR VL AT AT W45 RUBE H &
XA RN AR SE R HEA TR, A S A A T T
SRR A AR R A T TR, 24K, 28
AT 4 & P RE 32 b A Bl e AR AL 2T T R 4¢
5%, WIS AR T840 R Ml m R E R0 b
B2 RE . FE X SRR vk, 5 —
PRI A RE A XTB IR R LT 25 4 L ) ek
RE . UL A | S5 AR PR AE AT ERASUL, DT
PR RUEE b SEBRT R o 3R A e R A EAE
R BIS e BE. 4N, Chatterjee 55 B X} FeNi & 4
7E Ni TCR B R RIB 200 E T AR
FasE AT T 3T DFT+ U MR8, &3 Ni
2% bee 4549 Fe BYFRUE M LT Ni 7E Fe 5
PR R A IR A Xiong %6 Vil a1 H R T 78
bee-Fe(1 0 0) R LI IARIIC R B 2% 5 2K 18 %
B2 B R, #8H Mn, Cr, V TREBIMERE S
FUH 5 BEREAS H BT AW B A S B 5 R, 2
i H o RBENHEG &8 A0t R, SOFE
BT A48 Cr, Mo, Ni Jii P58 K a-Fe(C)
MIVEH, &3 Cr Beig s b & i If 3 s ik R AR E
P, XT3 R R Z AR LA GRS Bl K Mo A TE
S A AR, (EECR A ) s SR R AN 5t e i e 1
KRR, E A5 M WIERR T Cr, Mo JLR R
ISR R f M A VE T, N A 25 58 0 A s it
YER. TRk, W FH A I RCBE TS B AT AT
AE B ICER T SR BREE X 5 B2 A s 15 3l Y
M. Ye B FSE T Fe-Cr-Al S & 4 HHR A H
bR ERE, 45K Cr Fl Al TR AEEfE E
TERFEFNEE SR AR B A B, T E T B A oA
AR FR B AR N 7 R REAIG. Zhou 45 21 3@ 1 73+ 3)
NN T HIRTEGIK i Fe 3 #A0
WA, JfF8 e = F A A H 0N T, H
BB s gz, i T DL, I AR R FH AR — MR
BN 5y 8) 125 7 BB AR R R U T 3¢
KELH, SRTMA G Fe AETEILEE As, Sb, Bi, Sn,
Pb SFTCE XM BRI A Z L.
ASCEAEN Fe HA B BAO0 R XML
PEREAIE M T RGMERRST, RIS B S — 1 R 3
012 1 AU T B 07 2 PR e el AR 1) N 7E

BLL. SR — VR T Fe-M oA &R
K Fe-C-M =Juik & (M = Cr, Mo, Mn, As, Sb,
Bi, Sn, Pb) 7ERIF] M 4 IRk T 0ot bt . 9981
i | A% IO & SA A L, & B Cr, Mo, Mn S5k
W IRITRIBIRS Fe B 3 R R A H s ik
FH, T As, Sb SR BT RB AN ; it
BEMNMERB 745, KRS ESETES
Fe M At I8 LA A 2 v A7 6 S5 A R, PR
Y FiR 3 R A B e BT R ER]; AR
LBITER S Fe b U A R i sl s 55, Rt
XPRZRIY 3 M A RN, H 1A
W2 iR = a2k A, DI FEARAR 2 i v PR R
SRR 3 MR AL, [, RT3
OTE, At AT FEBAOTR (C, Cr, Mn) L
KA TEAN Fe Zah iy hi itk ae (0 J7-07 22 ih
2R) A T A2 ). 38 5 | AN R AP A0 61 4 S
BRI S50 T 2 5 s i A =X, B3 1ot
RIS AN R4, BILAS SRR H X i
HABRIBIREH, DL Fe-Cr B AP E = H
IR BT R T 1M RE.

2 EFE
2.1 F—HERBIHERE

L. H VASP (Vienna ab-initio simulation pa-
ckage) " B A T A — PR IR ARG FE
ISR (GGA) HEZET, SR H] Perdew-Burke-
Ernzerhof A¢ 4 I3 14 T2 28 -F- T % (PAW)
Tk R T ORI WS, - THT 0k 48 T g 2 B
500 eV, G5 b b, A i T 58 A
%, BT HIEITHR MR RIS R 1070 eV, JiF
[/ U S5hn i 0.01 eV /AL A7 BLIH X L3 1Y
k 5 BURE SR A Monkhorst-Pack FUTHUS 72, & 5
WS B 3x3x3. X F Fe-M A& £ Fil Fe-C-M A&
Z, YR 128 JE T o-Fe BRY X414 8 o0
RFRHL 1%, 3%, 5% Wk B HA TR X T
Fe-C-M 1A%, @I 14> C JET

F S BOE MR R B 3 VIR G
Kty i ERBEEIT . SR Voigt-Reuss-Hill
FEAL Ho Voigt #5711 Reuss FE1T ff) A#R
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1
By = 9 [C11 + Caz + C33 + 2 (Cr2 + Ci3 + Ca3)],

Gy = —[C11 4+ Ca2 + C33 + 3 (Caa + Cs5 + Cop)

=
= (C12 + C13 + Ca3)], (1a)
Br = A[C11 (Cag 4+ C33 — 2C53) + Cag (C33 — 2C13)

— 203305 + C12 (2023 — C12)

+ C13 (2C12 — C13) + Co3 (2013 — Ca3)] ™,
4
A
+ C13) + C33C12 — C12 (Caz + Ci2)

— C13 (Cr2 + C13) — Ca3 (Ciz + C23)]

Gr = 15{ [C11 (Cag + Cs3 + Ca3) + Ca2(Cls

1
+3(Cas 4+ Cs57 + 066_1)} ; (1b)

A = C13(C12023 — C13C52) + C23(C12C13
— Ca3C11) + C33(C11Ca2 — C%Q)' (1c)

Kb Oy PR R A TT. B R B A
G WA A e R, FEHE (2) U5 5
Wi

9BG

E=3p7a @)

2.2 SFEhAFERMTERE

BR T R RS — P TR vk X B AR 1Y) ) 22
RE MR B A TRl 2 Ab, IR 4330 1 A
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IR SPaMD Studio 4 16 #g g, 1o FH A ]
1) 32 bR BB AN [ A 3R SN ] o 288 i+ 1) 4 A
YEH. RH Starikov %7 F- &) Angular Dependent
Potential fifiift Fe-Cr-H, Fe-Cr, Fe-H & Z& i 4
HAEH], Fe-C 1K % % ] Hepburn 1 Ackland!® JF

© Felit
Q BRET

K1) EAM/FS #5478l Fe-Mn {4 2 W % H
Kim % 9 JF & 1) MEAM #pRE L. iR
PR BAE BT R 7 2 Ry T BA R A
i .

J TR R S s AR T iz sl 7 =X
Far gt 1 i — ZR BN BEHLE ) 5 RS ) Fe 22 6
FEAR . A AR, BEBL A BB B KT R (B Y
Voronoi 7 5, flkiBlf& Voronoi 7 45 8] 3 B F-4)
TE R 8001 AT 0. AR A SRy 1K 150 AR ST 5 1,
AR TEEZY S 2.5 A, B 2 290000 AN JEF
FEAARL N RN AR BB 0 = 2.863 ARYIARL AT
k5, WA 1(b) Fros. Skt G RO 200 /Y 52 0
3 N5 [ YR BUR W i B4 . R TR R R
Z AT LUAFRAE R, T R R YR Rl — Fe JEA,
T I TE f AR AL e ks 6 B =, A
HA — RIS Fe-Cr, Fe-Mn &t [F A4
Fll Fe-C, Fe-H [a] B 4.

B R, AR P LGOS P B AT S5 A A
1k 9K J5, 76 NPT & %5 N H Nosé-Hoover #Ai7 20
£ 300 K Notig 35 ps; ERET R, 1E NVT RE5
THEAT 2 5 R, BT B 0.2 fs frfif
AT 40 ps. OVITORY Fl SPaMD Visualiser
A T AT, IR FH RS s AR L] (local
crystallographic orientation, LCO) Fl i &5 4 #r
(dislocation analysis, DXA) 77 & #E17 i 5t . B )
FPS R TR

3 #R53

310 F—MEEBETESGEMNERBRNZ
TR
B, BHREARBRIKRTBIOTRIGIAN
AR TR A B R SR S — MR B T
¥, % Fe-M(M = Cr, Mo, Mn, As, Sb, Bi, S, Pb)

El 1 (a) 5% MR B2 BOC B Fe MBI (b) KN 150 ARYZ & Fe BRI IS [ BT FH K 1X S ihir P 3 R LAk A JE 7
Fig. 1. (a) Fe supercell of BCC single crystal, 5% substitutional solution; (b) a polycrystalline Fe model with a side length of 150 A,

where different colours indicate atoms at the boundary and inside grains.
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ZICHR R Fe-C-M = JUiR R B HLAS i A% 4544 1E
b, MBI AR R RS o, b,
¢ FIAEISIE AHp . AERUEIKIR (3) 2314

AHp,q = Er.doping — Er-re

= Ep g — B — 1 (ptpe — pre) + mpige — mpuns,  (3)
H BEp BB ERE, By /240 bee-Fe J
AE, nFRBLEEALIE N CHIE) > (R ) BAH R
JRFECH, pre N pg, 53 RS20 Fe MIBAIG AR
i Fe T k2835 m 3 7m B i 19 R T A 48K
oy ABNE T ER BT A AR B A S B T SRR A
BURE A Hp o AT 340 W44 2 A A 1 DA S B RO
BUIXMES FERE, AHp o MRS B M PBB 44
X457, AHp g HIENWZFRRBIFEAELL A &
AT, XXz IR B T 2R A
A 22240 AT RGRL T A FB 20 K KA
BIRR BT TS 0 s S B A U, G5 Rk 1
Ji 3.

% 1A 0L, B4 Mo R R R LIS, Hoft
TCER MBI R S TR RS B A5 2 0k 2 1 i
TR, Horp Cr, Mo 2550 %X f i I 28 15 i
FI 2 3L/, 25 0.25%, T As, Sb, Bi, Sn, Pb %5
IVA, VA JFEITER N St B0 52 e R ) A v 1
ik 1.26%. NS IR E 14K, Cr, Mo, Mn
Fid 4R ITER Y Fe BB 2RV, HILT]
LAY AR I AR &N T As, Sb, Bi, Sn, Pb 48 IVA,
VA GITGRINE T 1425 Fe fIZER, Hig]#
1) F s B AR A, DT R TR BE AT L. AR 1
ATLLE Y, BAEKE R 3% B, Fe 5 Cr, Mo, Mn
TE RGO IR 28 0 A2 RS B A8 SHE /N T 1 eV, TS
HRTTERY AR R A ISR T 1 eV, [FEFHK
FET, Fe 5t ¥ 48 TR B 221K R 1A i)
YETRE 56 [ Fe 5 IVA, VA 240t G T £ P
WHB AR R E G, UL IVA, VA EICE S Fe i
TRAIAZS AR L T V4 R e R 55, B IA R
METE A, 5 DR B s B AR, PRI B0 AR ) 2
PEREIFEAR.

R T XA FHB 2R 3 i B A TS, e
TORESFI BRI, THE T A MR R A sk w
BOEFE, I8 T ICER B KER B, 58
OGS SR IE S, b R B Mgi )
Bt Gl H T b RIS 46 28 8 sl ) 48
TEHIRE T, W [RA i B[R T ) ) 3 4

AR, BB TT R AR A &R W ik
Z M RBE A 2(a)—(d) Fros. A LG5 1B 21k
R T, Fe 2% As, Sb, Bi, Sn, Pb % IVA, VA
WEICE KRB 3P A B TR, B2k
1% B HL 4l Fe 29T % 4%, B30 = &= 5% i,
BARR AR BRI IO B LA Fe TR T
10%—20%, MYt GW FRET 10%—30%.
Fe-Cr 5 Fe-Mo & & [ 5 1 WL T B 1%—2%;
Fe-Mn {4 2 1% B UJ 455 it Fl A7 [CABE HEAH L 21 Fe A
2%—4% ) LT, XA ST T I 4 JE TR X
LA T N = A I N = g - A
Fe [H] BB 2% C Ja FE#B 2 Lk IVA, VA %IT
RIR RS 22 5 BN El 2(e)—(h) PR,
LR Fe M EL, SIATIBR C JEFJ5 74 19 i
B AR SR R O B ARIRE B, 371

#£1 Fe-MIERMEAESEL a, b ¢, LI Fe-M £

F M Fe-C-M B3R R ML AR AHpq M AHcpg
Table 1.  Lattice parameters of Fe-M systems, and
formation energy of Fe-M and Fe-C-M systems.

BR% oA bA ¢/A A/qu A%@q
1 2.831 2.831 2.831 -0.168 0.565

Cr 3 2.834 2.835 2.835 —0.456 0.690
5 2.838 2.837 2.838 -0.721 0.863

1 2.834 2.834 2.834 0.001 0.738

Mo 3 2.841 2.842 2.841 0.009 1.174
5 2.849 2.848 2.850 -0.003 1.603

1 2.830 2.830 2.830 0.232 0.964

Mn 3 2.829 2.830 2.829 0.756 1.307

5 2.829 2.829 2.828 0.993 1.711

1 2.832 2.832 2.832 -0.387 0.335

As 3 2.837 2.837 2.836 -1.173 0.023
5 2.842 2.843 2.842 -1.983 -0.269

1 2.836 2.836 2.836 0.433 1.169

Sb 3 2.851 2.850 2.849 1.233 3.165
5 2.864 2.868 2.863 1.807 4.969

1 2.839 2.839 2.839 2.125 2.864

Bi 3 2.862 2.859  2.858 6.156 7.641
5 2.878 2.885 2.878 9.758 11.807

1 2.836 2.836 2.836 0.613 1.357

Sn 3 2.851 2.850 2.850 1.663 3.181
5 2.864 2.868 2.864 2.452 4.797

1 2.839 2.839 2.839 2.233 2.976

Pb 3 2.860 2.857  2.858 6.412 7.613
5 2.875 2.880 2.877 10.206 11.695
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Fig. 7. Influences of (a)—(f) H, C, Cr and Mn on maximum strength and yield strength of Fe polycrystal.

Fe-H Fe-C Fe-C-H Fe-Cr Fe-Cr-H Fe-Mn

K8 (a)—(f) FeH AR  Fe-C KR Fe-C-H K&, Fe-Cr & & | Fe-Cr-H & & J¢ Fe-Mn A Z 7ERLINH] U Z5 5 F 14 i s B 1) B 8L
(&)—() Fe-H K & . Fo-C kR . Fe-C-H K R . Po-Cr /& . Fo-Cr-H {5 2 5 Fe-Mn 7k 2 2EH0 1o B 4 ps 51k i K 1 25 0 58 PR R
T A5 AR | AN ] B3 6 PR 3R i A2 1 A [R] B 1)

Fig. 8. (a)—(f) Lattice orientation models of Fe-H, Fe-C, Fe-C-H, Fe-Cr, Fe-Cr-H and Fe-Mn systems under fully relaxed conditions;
(g)—(1) crystal orientation models of Fe-H, Fe-C, Fe-C-H, Fe-Cr, Fe-Cr-H and Fe-Mn systems at maximum strain during stretching.

Different colours indicate different orientations of crystals.
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Fig. 9. (a)—(f) Dislocation configurations of Fe-H, Fe-C, Fe-C-H, Fe-Cr, Fe-Cr-H and Fe-Mn systems after relaxation.
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SPECIAL TOPIC—Modification of material properties by defects and dopants

First principles and molecular dynamics simulations of effect
of dopants on properties of high strength steel
for hydrogen storage vessels”

Hu Ting-He Li Zhi-Hao  Zhang Qian-Fan''

(School of Materials Science and Engineering, Beihang University, Beijing 100191, China)

( Received 31 October 2023; revised manuscript received 6 January 2024 )

Abstract

High-pressure gaseous hydrogen storage is an important way of hydrogen energy storage and transport at
present, while high-strength steel material is one of the main materials used for hydrogen storage vessels.
However, their internal doping elements and inherent defects often lead their mechanical properties to decrease,
thus reducing the pressure-bearing capability and storage life of the vessel. At present, the mechanism of doping
elements influencing the mechanical properties of high-strength steels is still unclear. In this work, a first-
principles approach is used to study the influence of elemental doping (Cr, Mn, Mo, As, Sb, Bi, Sn, Pb) on the
mechanical properties of Fe single crystals and Fe-C systems. The results show that among the above elements,
Mn doping can increase the elastic modulus, bulk modulus, and shear modulus compared with those of pure Fe,
while the doping by remaining elements will reduce the three moduli above, with the non-transition metal
elements having a greater effect on the three moduli than the transition metal elements. Electronic structure
analysis shows that the transition metal elements have better compatibility with the Fe lattice. Molecular
dynamics results further show that the injection of H atoms significantly disrupts the lattice ordering of the Fe
polycrystalline doped by C, Cr, and Mn elements, while the doping of Cr elements can significantly enhance the
dislocation density of the system. The effects of doping elements on the mechanical properties of single-crystal
and polycrystalline Fe, which are studied in this work, are of great significance in guiding the mechanistic study

of the effects of doping and defects on the strength of Fe-based materials.
Keywords: first-principles, molecular dynamics, mechanical properties, crystal defects
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Bl 1 (a) &t 20 s A B9 B2 WSy; (b) G 30 s 2 BB )2 WS, i ] Jy Zb AT (9 B2 2 WSy; (o) R T, AL B FT S AE & 1Y
PLi%; (d) % T, b BT SRE G 69 Raman 3% (o) S0 F, A0 BTG RE S B0 OGS () ST, b B0 5 RE 5L 9 PL 3§, v
(c) TR WE € DX B L 8 A4 i R

Fig. 1. (a) Monolayer WS, after 20 s treatment; (b) monolayer WS, after 30 s treatment, the insets are the monolayer WS, before
treatment; (c) PL spectra of the samples before and after treatment at room temperature; (d) Raman spectra of the samples before
and after treatment at room temperature; (e) reflectivities of the samples before and after treatment at room temperature; (f) PL

spectra of the sample before and after treatment at room temperature, zoom-in of the spectral range marked by the blue rectangle

zone in panel (c).
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Fig. 2. (a) PL spectra of untreated monolayer WS, and monolayers treated for 20 s and 30 s at 77 K; (b), (c) temperature depend-

%
f)

3t 20 s, 30 s AbFH Y HRLZ WS, 7 X0, XBL,

ent PL spectra of monolayer WS, after 20 s and 30 s treatment; (d) temperature dependent PL intensity ratio of bound excitons XP!

and XP? over X° of monolayers treated for 20 s and 30 s; (e), (f) temperature dependent peak energies of X, X!, and X®? of mono-

layers treated for 20 s and 30 s.
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Fig. 3. Power dependent PL results at 200 K: (a)—(c) Results of monolayer treated for 20 s; (d)—(f) results of monolayer treated for

30 s; (a), (d) power dependent PL spectra; (b), (e) power dependent PL intensity ratio of bound excitons X' and X®? over X!,

(c), (f) power dependent PL intensities of X%, XB! XPB2,
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Fig. 4. (a) Power dependent PL spectra of the sample treated for 30 s at 150 K; (b) power dependent PL spectra of XP! in the

sample treated for 30 s; (c) power dependent PL spectra of X in the sample treated for 30 s.
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SPECIAL TOPIC—Modification of material properties by defects and dopants

Influence of defects induced by plasma-bombarded monolayer
WS, on optical properties of bound excitons”

Liu Hai-Yang  Fan Xiao-Yue Fan Hao-Jie Li Yang-Yang
Tang Tian-Hong  Wang Gang'f
(Key Laboratory of Advanced Optoelectronic Quantum Architecture and Measurement (Ministry of Education),
Center for Quantum Physics, School of Physics, Beijing Institute of Technology, Beijing 100081, China)
( Received 6 April 2024; revised manuscript received 17 May 2024 )
Abstract

Monolayer transition metal dichalcogenides (TMDCs) exhibit exceptional properties including atomic-scale
thickness, direct bandgap, and strong spin-orbit coupling, which make them have great potential applications in
spintronics, optoelectronics, and other fields. Usually, materials contain various structural defects, which are
either formed during preparation and growth or induced by subsequent treatments. These defects can
significantly change their physicochemical properties. Consequently, controlling and comprehending defects is an
important approach to adjusting the properties of these materials.

Herein, we use Ar® plasma to bombard monolayer WS, which is exfoliated mechanically, thereby
introducing defects whose density is controlled by changing the bombardment duration. The photoluminescence
(PL) and Raman spectroscopic measurements at different temperatures and power values are utilized to
investigate the optical properties of the defects. Furthermore, time-resolved photoluminescence is employed to
unveil the dynamic behaviors of free and trapped excitons.

The bombardment can introduce different types of defects into typical two-dimensional (2D) TMDCs such
as MoS, and WS,. Single sulfur vacancies are frequently generated, while other defects like double sulfur
vacancies or metal atom vacancies can also occur. Exciton effects dominate the optical properties of monolayer
TMDCs due to reduced screening and large effective mass. At low temperatures, bound exciton emissions arise
from trapped states. Our measurements reveal two types of defect-bound excitons from the PL spectra at
around 1.85 eV (XB!) and 1.55 eV (XP?). Meanwhile, the Raman peaks of the samples before and after
treatment exhibit no obvious changes, indicating that the lattice structure remaines unchanged. After the Ar™
bombardment, the intensity of the free neutral exciton significantly decreases to 1/6 of untreated WS,, owing to
the free exciton population and the increased non-radiative centers. The dynamic processes of these two bound
excitons are considerably slower than the neutral exciton’s, showing the typical dynamic behavior of defect-
bound excitons. Furthermore, comparison between the PL under vacuum condition and the PL under
atmospheric condition shows that the intensities of the two bound excitons exhibit opposing behaviors. In an
atmospheric environment, neutral excitons and bound exciton XP! possess higher intensities. In the vacuum, the
strength of neutral exciton and XPB! decrease quickly, while the intensity of deep-level bound exciton XPB2
increases.

In summary, we observe two bound exciton states arising from specific vacancy states in monolayer WS,
after Ar™ bombardment. Their energy values are 200 meV and 500 meV lower than those of the neutral exciton,
with a splitting energy value being about 300 meV. The detailed evolution of the relative spectral weight with
temperature and excitation power are presented. This work provides insights into the generation, control, and
characteristic spectra of defects in 2D materials.

Keywords: 2D semiconductor, WS,, defect states, exciton
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