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Dirac & Weyl fermions

Paul Dirac Hermann Weyl

(Massless) Dirac fermion Weyl fermion
\/ \ / PorTbreakIng X X
4 x 4 matrix 4 x 4 matrix

H = UEIE m_ H = 1]5'# U - U&'E _U&'k
m —uo -k 0 —vo -k
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Band dispersions
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Band design by controlling lattice geometry

Honeycomb lattice

E.(q) = tvrlq| + 0[(q/K)?]
vp = 3ta/2




Kagome lattice: flat band & Dirac band

Tight-binding modeling

A=t ) (efg+hc)

<>

a

? Unearbahd

-

Hatban@

M K r M



Kagome lattice: ideal platform to exploit rich physics

e
s Linearb?
/ AR )<  Flatband

M K r M

Linearly dispersive bands

hosti less fermi + Flat bands hosting superheavy fermions
osting massless fermions

Topology, strong correlation, magnetism, relativity, ...



Outline

Novel properties in kagome lattices
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VAN ,’\ VAN » Antiferromagnetic Dirac semimetal FeSn
PRB 102,155103 (2020) ’
Editors' Suggestion ’
\ \ ¥~ Fe-Sn-2 layer
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» Flat band and HT ferromagnetism bt e sae F@,SN,
| 1 PRL 121, 096401 (2018)
Linear§ band Cover story, Editors' Suggestion
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PRL 128, 096601 (2022)



Dirac Point and its protection

Four-fold degenerate Dirac points are unstable

Symmetry protection for Dirac point
* Doubly degenerate band

PT symmetry

P: space-inversion symmetry
T: time-reversal symmetry

* Band crossing

Non-symmorphic symmetry
(Screw rotation or gliding mirror)



Previous demonstration of nonmagnetic Dirac semimetal
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Nonmagnetic Na;Bi with both P and T symmetries

Liu et al., Science 343, 864 (2014)



Magnetic Dirac semimetal?

 Doubly degenerate band
P and T symmetries absent separately

Combined PT symmetry survived

Ferromagnetic t%l
Antiferromagnetic *Y

PT symmetry broken

PT symmetry possibly survived

‘%’
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3D antiferromagnetic Dirac semimetal: theory

CuMnAs and CuMnP: AFM coupling between Mn atoms

k,=m/a
0.20

Protected by PT + S,, symmetries

Non-symmorphic symmetry om0 |

-0.15 £

_020 i 1 | 1 | 1 | 1 | 1 | 1 | L | 1 | 1 | 1

Experimentally not validated

k(2n/c)

Zhang et al., Nat.Phys.12, 1100 (2016)



Magnetic Dirac semimetal in kagome compounds?

Linear:band

e

Kagome lattice

Antiferromagnetic kagome lattice:
An ideal platform to exploit massless Dirac fermions



Antiferromagnetic kagome compound FeSn

Top view Perspective view




Antiferromagnetism and symmetry

S 2.00 :
2 | =—FC-500 Oe -
S el
c 1.96 TN=366K §
) 1 !
§ 1.92-
o
b
x 188
= 1.84 :

0 100 200 300 400

T(K)
AFM FM

Spins in plane, along [3.73 1 0]

L Haggstrom et al. Phys Scripta,11,47-54 (1975)

S K Kulshreshtha et al. J.Phys.F:metal Phys,11,281 (1981)

-2.328 (eV/u.c)

=-2.280 (eV/u.c)

AE pevnm™ AEeynm

» Néel temperature 366 K

» In-plane FM order, out-of-plane AFM order
» Tand P broken

» Combined PT symmetry survived




Band structure of FeSn bulk: theory

With SOC
Ny
-0.36 .
-0.40¢t 8
-0.44
A
“H K

STk

 Gap opening along the nodal line (<30 meV)
* Dirac point at H protected by PT and S,
(screw rotation) symmetries




Dirac bands in FeSn: ARPES

130 eV: k,=T1 MDC
E H H
= -
(@) >
E | iy
c 2
(0] ()
o - c
£ -
©
-
m . 1 T T
10 -05 00 05 1.0 41 H L9

k,(1/A)

k (1/A)

Dirac points at H/H” around 0.4 eV below E;



Symmetry 4= Topology
Symmetry control induced topological phase transition

Massless Weyl

Massless Dirac 91‘0‘63 >< ><

>< : Y
%‘
Doubly degenerate band ¢ //\

PT symmmatry Massive Dirac
Band crossing

non-symmorphic symmetry S,,



S,, symmetry breaking: spin reorientation

Spin in-plane

S5, symmetry

-0.361

-0.401 %

-0.44-

Energy (eV)

Massless Dirac fermion

Spin out-of-plane

S5, symmetry broken

Tl T T
-032-‘
-0.36
. ‘ | Gap of 70 meV
-0.444

A s

K
\H\_ R/H,

Massive Dirac fermion



PT symmetry breaking: ferromagnetization

1
0.4 N
=0.51/1 I

K H A

Dirac fermion Weyl fermion



PT symmetry breaking: surface Stark effect

A Dirac point composed of a pair of Weyl
points with opposite chirality residing in
adjacent Fe;Sn kagome layers

First Fe;Sn layer o
:§‘?§"',{---‘-:::;-.-i-.'-::----:-"-. -i- 4

Energy (eV)

L H A HLU
Dirac bands Real-space separated Weyl-like bands

Surface potential breaking the PT symmetry
Paired Weyl points residing in the first and second Fe,;Sn layers no longer degenerate in energy




Experimental verification of 2D Weyl-like states at the surface

High

o
o

Intensity

S o o
o » N

Low

Binding Energy (eV)

> Band crossing at K point around -0.21 eV



Symmetry breaking induced topological phase transitions

Massive Dirac

" @
L.a

Spin reorientation

Massless Dirac Massless Weyl

,,,,,

S,, broken

3‘%? A 4 PT broken | s=%=&2%*s
1’ p’ N
9 _ o Ferromagnetization
9
Antiferromagnetic
order Massless Weyl
PT broken =+ N
IE
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Surface Stark
effect
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llestones
The year 2020 marks PRB's s0th anniversary. On this occasion, the
editors launch a collection of select papers. These Milestone studies
represent lasting contributions to physics by way of reporting significant
discoveries, initiating new areas of research, or substantially
enhancing the conceptual tools for making progress in the burgeoning
field of condensed matter physics.

Collection

e moments, topological
ole moment pumping, and chiral hinge
states in crystalline insulators

Introducing higher-order topological insulators into the hierarchical
structure of topological phases of matter, the authors show that even a
well-developed field may hold uncovered gems

Wiadimir A. Benalcazar, B. Andrei Bernevig, and Taylor L. Hughes
Phys. Rev. B 96, 245115 (2017)

Collection

Search Press About Staff B

EDITORS' SUGGESTION

Dirac fermions in antiferromagnetic FeSn
kagome lattices with combined space
inversion and time-reversal symmetry

The authors demonstrate experimentally the existence of theoretically
predicted antiferromagnetic Dirac states in the kagome compound
FeSn, where the P and T' symmetries are individually broken but the
combined PT symmetry is present. Moreover, their theoretical analysis
reveals that, due to the salient antiferromagnetic structure, the Dirac
fermions can be transformed into either massless/massive Weyl or
massive Dirac fermions via symmetry manipulation, and the study does
report the experimental observation of Weyl-like cones at the surface
driven by PT symmetry breaking that is induced by the Stark effect

Zhiyong Lin et al.
Phys. Rev. B 102, 155103 (2020)

Current Issues
Vol. 102, Iss. 13-16 — October 2020

View Current Issues

Previous Issues

8O review s

To celebrate 50 years of enduring discoveries,
APS is offering 50% off APCs for any manuscript
submitted in 2020, published in any of its hybrid
journals: PRL, PRA, PRB, PRC, PRD, PRE,
PRApplied, PRFluids, and PRMaterials. Learn

More »

Email Alerts

Sign up to receive regular email alerts from

Physical Review B

Enter your email

Trending in PRB

Cor structural, electronic, and magnetic

prop of epitaxial VSey thin films

ies
Guannan Chen et al
Phys. Rev. B 102, 115149 (2020)

Strain-tu

textures
dichalcogenides
Qirui Cui et al.

PHYSICAL REVIEW B 102, 155103 (2020)

Editors’ Suggestion

Dirac fermions in antiferromagnetic FeSn kagome lattices with combined
space inversion and time-reversal symmetry

Zhiyong Lin,"" Chongze Wang,>* Pengdong Wang,** Seho Yi,>" Lin Li®,"" Qiang Zhang,' Yifan Wang,'
Zhongyi Wang @,' Hao Huang,' Yan Sun,* Yaobo Huang ®,’ Dawei Shen ®,® Donglai Feng,'” Zhe Sun,**
Jun-Hyung Cho,>* Changgan Zeng,"! and Zhenyu Zhang'

Ynternational Center for Quantum Design of Functional Materials, Hefei National Laboratory for Physical Sciences at the Microscale,
CAS Key Laboratory of Strongly Coupled Quantum Matter Physics, Department of Physics, and Synergetic Innovation Center of Quantum
Information & Quantum Physics, University of Science and Technology of China, Hefei, Anhui 230026, China
XDepartment of Physics, Research Institute for Natural Science, and HYU-HPSTAR-CIS High Pressure Research Center,
Hanyang University, 222 Wangsimni-ro, Seongdong-Ku, Seoul 04763, Republic of Korea
3National Synchrotron Radiation Laboratory, University of Science and Technology of China, Hefei, Anhui 230029, China
*Max Planck Institute for Chemical Physics of Solid, Dresden D-01187, Germany
3Shanghai Synchrotron Radiation Facility, Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201204, China
SState Key Laboratory of Functional Materials for Informatics and Center for Excellence in Superconducting Electronics,
Shanghai Institute of Microsystem and Information Technology, Chinese Academy of Sciences, Shanghai 200050, China
State Key Laboratory of Surface Physics, Department of Physics, and Advanced Materials Laboratory,

Fudan University, Shanghai 200438, China

Lin et al., Phys. Rev. B 102, 155103 (2020)
Editors’ Suggestion
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Flat band induced emergent effects: theory

In a flat band, the kinetic energy of electrons
is quenched, this highly degenerate energy
level becomes an ideal platform to achieve
strongly correlated electronic states

Ferromagnetism

J. Phys. A: Math. Gen. 24 (1991) L73-L77. Printed in the UK

LETTER TO THE EDITOR

Ferromagnetic ground states for the Hubbard model on
line graphs

A Mielke

Institut de Physique Théorique, Ecole Polytechnique Fédérale de Lausanne, PHB-Ecublens,
CH-1015 Lausanne, Switzerland

Mielke et al., J.Phys.A:Math.Gen.24, L73 (1991)
Wigner crystalization

PHYSICAL REVIEW LETTERS week ending

PRL 99, 070401 (2007) 17 AUGUST 2007

Flat Bands and Wigner Crystallization in the Honeycomb Optical Lattice

Congjun Wu,'? Doron Bergman,” Leon Balents,” and S. Das Sarma®
'Kavli Institute for Theoretical Physics, University of California, Sania Barbara, California 93106, USA
2Department of Physics, University of California, San Diego, California 92093, USA
*Department of Physics, University of California, Santa Barbara, California 93106, USA
*Condensed Marter Theory Center, Department of Physics, University of Maryland, College Park, Maryland 20742, USA
(Received 8 February 2007; published 16 August 2007)

Wu et al.,PRL.99,070401 (2007)

High-temperature FQHE

| Selected for a Viewpoint in Physics week eoding
PRL 106, 236802 (2011) PHYSICAL REVIEW LETTERS e endng,

4

High-Temperature Fractional Quantum Hall States

Evelyn Tang,' Jia-Wei Mei,'” and Xiao-Gang Wen'
I[)z'[ml‘l/m'm of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
*Institute for Advanced Study, Tsinghua University, Beijing, 100084, People’s Republic of China
(Received 14 December 2010; published 6 June 2011)

We show that a suitable combination of geometric frustration, ferromagnetism, and spin-orbit
interactions can give rise to nearly flatbands with a large band gap and nonzero Chern number. Partial
filling of the flatband can give rise to fractional quantum Hall states at high temperatures (maybe even
room temperature). While the identification of material didates with suitable remains open,

Wen et al.,PRL.106,236802 (2011)
Bose-Einstein condensation

PHYSICAL REVIEW B 82, 184502 (2010)
g)

Bose condensation in flat bands

our work indicates intriguing directions for exploration and synthesis.

Sebastian D. Huber and Ehud Altman
Department of Condensed Matter Physics, The Weizmann Institute of Science, Rehovot 76100, Israel
(Received 27 July 2010; published 2 November 2010)

Huber et al.,PRB.82,184502 (2010)
High temperature superconductivity

VOLUME 84, NUMBER | PHYSICAL REVIEW LETTERS 3 JANUARY 2000

Superconductivity from Flat Dispersion Designed in Doped Mott Insulators
Masatoshi Imada' and Masanori Kohno?

'Institute for Solid State Physics, University of Tokyo, Roppongi, Minato-ku, Tokyo 106-8666, Japan
Mitsubishi Research Institute, Inc., Ootemachi, Chivoda-ku, Tokyo, 100-8141, Japan

(Received 23 June 1999)
Imada et al.,PRL.84,143 (2000)



Fascinating flat band physics in magic-angle twisted bilayer graphene

Twisted bilayer graphene Band structure Superconductivity
i3 ,,555:1 0.6
s :E’=’::::~
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et g 1.8 1.6 1.4 1.2
Carrier density, n (10’2 cm™)
MacDonald et al., PNAS 108, 12233 (2011) Cao et al., Nature. 556, 43 (2018)
Correlated insulator Ferromagnetism
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Cao et al., Nature. 555, 80 (2018) Sharpe et al., Science. 365, 605 (2019)
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Novel properties in kagome lattices

» Antiferromagnetic Dirac semimetal

PRB 102,155103 (2020)
Editors' Suggestion

» Flat band and HT ferromagnetism

PRL 121, 096401 (2018)
Cover story, Editors' Suggestion

» Flat band and anomalously giant
magnetic & transport anisotropy

PRL 128, 096601 (2022)
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Understanding the flat band in kagome lattice

Bloch state of the flat band

In real space -+(p_+ >
o == 3 (=D} 10 (XXX
=m

» Wavefunction alternates its sign around
the six vertices in each hexagon

ﬁatband

MoK r M > Flat band arises from the local destructive
interference of the Bloch wave functions

Definitive experimental demonstration of flat bands in kagome lattice
remains to be accomplished



Ferromagnetic kagome compound Fe3Sn,

Perspective view Top view

e Fe-Sn-2 layer ° A ° A ° A

V=75 : s,
877 % '5‘?! -—— F
S " e-Sn-1 layer
— ¢ y L o L L

I‘%ﬁfﬁ Sn layer o A A A
B WEE ° o AV

S VA AN A‘:ﬁ 3
' N/ ‘ L] o o Fe

@
b

® Sn

Fe atoms form quasi-2D kagome lattice in each Fe-Sn layer



Fe3;Sn, surfaces

- Fe-Sn-2 layer
%«Fe-Sn-1 layer Fe-Sn-1 surface

. " +0.2V

30 nu

Fe-Sn-1 surface

Sn surface

Two surface Terminations: Fe-Sn-1 and Sn layers



ARPES results

\?9 0.0+

S -0.2-
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Second derivatives

Photon energy 35 eV, surface sensitive

A nearly dispersionless surface flat band at ~0.2 eV below E



Scanning tunneling spectra on the Fe-Sn-1 surface

A/

- —
: &
) /[0.88
-~ A S S S | =
© 0402 0 02 9 T

Sample bias (V) AQ

Fe-Sn-1 surface

» DI/dV spectra: a prominent peak at ~-0.2 eV
» Consistent with ARPES observation of a flat band at ~-0.2 eV
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Ferromagnetism of Fe;Sn,

Bulk
2
T 1]
L
~ 0
=
~ _1 |
=
) : .
02 -01 00 01 0.2
B (T)
0.002f |

300 500 700
T (K)

M, = 1.94 g (2 K)
T.~610 K

Surface

AFM MFM 300K

High

Low

Ferromagnetic behavior observed
» in Fe3Sn, bulk by VSM
» near the surface by MFM




Ferromagnetic state vs nonmagnetic state

Nonmagnetic Ferromagnetic

O i
____________ B RN

>, LT — | T —] — »—-*2:

— e ] Encl R e

QO Tijj;;;.,-ﬁ_‘ —"' :3‘:

C ' J

Lu -1 7;;;5.:'::‘1;,,:,. &

s O R =%

e ] —_ 5

2 ':::5::3-51,'_1,? 1 - =

......... - " 1 - .{‘

M K r M DOS(a.u.) PDOS(a.u.) DOS (a.u.)

» Nonmagnetic state: Several nearly flat bands near Ex

» Ferromagnetic state: A splitting of ~2.4 eV between the majority-
and minority-spin bands

» Ferromagnetic configuration is more stable than the nonmagnetic
one by 2.8 eV per unit cell




Stoner criterion

Stoner criterion of ferromagnetism:
U-n(Eg) > 1

 [: Coulomb interaction energy
* n(Er): density of states at the Fermi level

Fe;Sn,
» Effective on-site Coulomb interaction U within the hexagonal cell ~1.15 eV
» High DOS of the flat bands at the Fermi level for the nonmagnetic state

$

Ferromagnetic order




FM Mechanism of Fe3Sn,: a real space picture

» Local spin polarization due to the intramolecular exchange of localized
electrons around each hexagon

» Such spin moments coupled with each other via the intermolecular
correlation through a unique network of the hexagons




Ferromagnetism in 2D van der Waals crystals

doi:10.1038/nature 22060

Cr,Ge,Te,

Discovery of intrinsic ferromagnetism in
two-dimensional van der Waals crystals

Cheng Gong Lin LI. , Zhenglu Li*** Hum en Ji’, Alex Stern? Yang Xia!, Ting Cao®*, Wei Bao!, Chenzhe Wang!, Yuan Wang!*,
Z.Q.Qiu’, R. J Cava®, Steven G. Louie®*, Jing Xia? & Xiang Zha.ng

doi:10.1038/nature22391

Crlg

Layer-dependent ferromagnetism in a van der
Waals crystal down to the monolayer limit

Bevin Huang'*, Genevieve Clark?*, Efrén Navarro- Moratalla™ , Dahlia R. Klein?, Ran Cheng“, Kyle L. Seylerl, Ding Zhon, 1
Emma Schmidgall', Michael A. McGuire®, David H. Cobden!, Wang Yao®, Di Xiao®, Pablo Jarillo- Herrero® & Xiaodong Xu'-?

Y.V V. ¥

\7 . \7 = V? = W = v Magnetic atoms are ferromagnetically
| A W coupled with the interelectronic

’ A(SZ)Z _ ngBBSZ eXCha nge .]
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i Current Issue

Vol. 121, Iss. 9 — 31 August 2018

RE \’. ‘ I EW Evidence for flat-band physics near the Fermi level is attributed to the
3 _ - : = local destructive interference of Bloch wave functions within a kagome View Current Issue

L > 5 e e lattice.
7 ETTERS‘ Zhiyong Lin et al. X
S — Phye. Rev: Lotk 121, 096401 (2018 Previous Issues
Articles published week ending 31 Aucust 2018 i e i et
— s T )
\Y e Single-Photon Tempora

~

adiabatic PHYSICAL REVIEW LETTERS 121, 096401 (2018)

Flatbands and Emergent Ferromagnetic Ordering in Fe;Sn, Kagome Lattices

Zhiyong Lin,"* Jin-Ho Choi,” Qiang Zhang,'” Wei Qin,' Seho Yi,” Pengdong Wang," Lin Li,"” Yifan Wang,"”
Hui Zhang," Zhe Sun,* Laiming Wei,'? Shengbai Zhang,'® Tengfei Guo,"®’ Qingyou Lu,"*’
Jun-Hyung Ch0,1’3’Jr Changgan chg,l’z’* and Zhenyu Zhang1
'International Center for Quantum Design of Functional Materials (ICQD), Hefei National Laboratory for Physical Sciences
at the Microscale, and Synergetic Innovation Center of Quantum Information and Quantum Physics,

University of Science and Technology of China, Hefei, Anhui 230026, China
2CAS Key Laboratory of Strongly-Coupled Quantum Matter Physics, and Department of Physics,

University of Science and Technology of China, Hefei, Anhui 230026, China
3Depa.*'m‘tmr of Physics and HYU-HPSTAR-CIS High Pressure Research Center, Hanyang University,

17 Haengdang-Dong, SeongDong-Ku, Seoul 133-791, Korea
*National Synchrotron Radiation Laboratory, University of Science and Technology of China, Hefei, Anhui 230029, China
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Published by % sDepamnem of Physics, Applied Physics and Astronomy, Rensselaer Polytechnic Institute, Troy, New York 12180, USA
American Physical Society ohysies Volume 121, Number 9 “Anhui Key Laboratory of Condensed Matter Physics at Extreme Conditions, High Magnetic Field Laboratory
Y and Hefei Science Center, Chinese Academy of Sciences, Hefei 230031, China

- "Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing 210093, China

Lin et al., Phys. Rev. Lett. 121, 096401 (2018) Editors’ suggestion, highlighted on the cover
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Novel properties in kagome lattices

» Antiferromagnetic Dirac semimetal

PRB 102,155103 (2020)
Editors' Suggestion

» Flat band and HT ferromagnetism

PRL 121, 096401 (2018)
Cover story, Editors' Suggestion

» Flat band and anomalously giant
magnetic & transport anisotropy

PRL 128, 096601 (2022)
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Paramagnetic kagome compound CoSn

Perspective view Top view

Paramagnetism: to exclude any effect from long-range magnetic order



Band structure of CoSn

ARPES

- 0.2 L kz:HTI' (mod 21) -
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» Nearly dispersionless flat band around Ef
» Band width smaller than 0.1 eV



Anomalously giant electronic transport anisotropy

Quasi-2D kagome lattice Conventional quasi-2D materials

P/jab > PLab P/jab K Plab

uH=0T

pllab"

T(K)

pj_ab ."I

0.14 ' ' ' ' ' ' P/jab _ 3
0 50 100 150 200 250 300 Fr 5x10
T (K)
> Metallic RT behavior Edman et al., Phys. Rev. B 57, 6227 (1998)
» In-plane resistivity much larger than out-of-plane resistivity

Anomalously giant anisotropy: Pl/ab . 60 at 2 K

Plab




Flat band mechanism

0.2 0.2 0.2

(eV)

> 0.0

Energ

Binding energy (eV)

0 02 04 06 08 10 12 ) : ractione di :
K (11A) K-k, plane: flat k, direction: dispersive

o = ne’t/m*

At the atomic scale:
Self-localization of the flat band electrons in each hexagon

than out- of-plane m* mFA
( <>< e X )

CX_)
(AKX XD




Comparison with other kagome compounds

p//ab > Plab

100
% CoSn (Ourwork)  T=2K Why much larger anomalous resistivity
anisotropy in CoSn?
o 10¢ . .
= L YCr,Ge,l" » Flat bands locate just around the Fermi level
= ® Mngse[zl Mn,Sni4 » No long-range magnetic order
YMn Sn,®! A
2
1p-®---------- o -----—-----
F FeSnP! Co,Sn,S,°
0 20 40 60 80 100
P, (MQ CmM)
1. arXiv: 1906. 07140 (2019) 2. Phys. Rev. Appl. 5, (2016) 3. Phys. Rev. B 103, 014416 (2021)

4. arXiv: 1902. 06601, (2019) 5. ). Phys. Soc. Jpn. 88, (2019) 6. Sci. Adv. 5, 9867, (2019)



Anomalous diamagnetism along the perpendicular direction

,-\14' e Intrinsic FC
= 12}
O ] H
. £ 10¢ .
C Absence of long-range magnetic order o 8l In-plane
Superior to investigate the intrinsic g 6
magnetic properties of kagome lattice h ‘21
2 2l
S 0]
& oL ° Out-of-plane
0 50 100 150 200 250 300
T (K)

» Pauli paramagnetism, with magnetic-impurity contribution below 36 K
» Giant magnetic anisotropy:

DX =X apXyjap = -8.6%x10 emu-G*-mol™

» Additional diamagnetism along the out-of-plane direction




Flat band contributed orbital diamagnetism in CoSn

Red: DFT
Blue: Wannier
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Real-space scenario for the flat-band negative magnetism

Orbital diamagnetism in benzene ring In kagome lattice, flat-band electrons are sel-
localized in the hexagons, similar to the benzene case

Orbital diamagnetism in kagome lattice

" SRS

Aromatic molecule
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Summary

Kagome lattice:
» Rich Dirac/Weyl & flat-band physics

» ldeal platform to exploit novel magnetic, topological and
strongly correlated physics

» New-concept applications: topological spintronic devices
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Intriguing Weyl physics

= QOpen Fermi arcs = Chiral anomaly
B Fermi arcs
(©) 'Feljm{ ar: Surface T
ot
1;]Bulk P, *;.-U.-" -
o~ et =
“vmp L vvp
o~ Surface -0.6 -
Fermi arc ; T T 9 6 3 6 3 6 9
.1 00 0.1 B(T)
k. (A1)
S.Y. Xu et al., Science 349, 613 (2015) Q. Li et al., Nat. Phys. 12, 550 (2016)
= Fermiarcs = Large Berry curvature = Weyl orbits=> 3D QHE
- Quantum oscillations - AHE
a B d g e 0.0
b Eempetina,
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éﬁ" i S ‘N
£ 3 : ."'\ .-" : - « 02| ”61;_
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Andrew C. Potter et al., Nat. Commun. 5, 5161 (2014)  T. Liang et al., Nat. Phys. 14, 451-455 (2018)  C.Zhanget al., Nature 565, 331 (2019)



Typical systems

TaAs family
P breaking

All semimetals !

Magnetic systems
T breaking

TaAs
2
=R
S o i 2/><>—
B4 ' &
IS4 —
8=/_\-—/“\ 4
) N 2, I X
S. Xu, et al., Science 349, 6248 (2015)
Mn,Sn (AFM)
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0.6
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T 02t
ulf 0.0
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K. Kuroda, et al., Nat. Mater. 16,1090 (2017)

Energy (eV)

C. Lee, et al., Phys. Rev. B 92, 235104 (2015)

Energy (eV)

Co,Sn,S, (FM)
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E. Liu, et al., Nat. Phys. 14, 1125 (2018)




Weyl semiconductor?

Weyl semimetal Weyl semiconductor



Te: an ideal element Weyl semiconductor candidate

= Strong spin-orbit coupling

Chiral structure without inversion symmetry

= Direct narrow band gap p-type semiconductor (0.38 eV)
1D helical vdW material



Structure

(1010) > I s ® ® -
_ TN . .
Rod-like crystals ' “ fessessasser 'R ®
Physical vapor deposition 3 (3050) «  (140)
=
2
g ——— Micro-diffraction XRD
= - - - - Standard powder XRD
i _ l AR l ) h‘. l.l_
20 30 40 50 60 70 80
20(°)
= Single crystalline 3 =
: . s g
* No detectable impurities | o
. S :
= Non-magnetic £ £

0 2 4 6 8 6 4 2 0 2 4 6
Energy (keV) B(T)



k, (AT

Band structure
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» Weyl points in VB

> Fermi level across VB
(hole doping)

4

Promising to study Weyl physics

High
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Vacancy-induced hole doping




Basic transport characterization

Freeze-out region  Extrinsic region
100

T(K)

e Typical transport behavior of doped semiconductor
* Relatively low carrier density



Negative MR effect: signatures of chiral anomaly

4 p2
e"Bt,

-!'F{B) = 0Oy +
4-’14§'[EF)

Nielsen & Ninomiya, Phys. Lett. B 130, 389 (1983)
Son & Spivak, Phys. Rev. B 89, 054202 (2013)



Negative MR effect: signatures of chiral anomaly

= TaAs
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X. C. Huang et al., PRX, 5, 031023 (2015)

C. L. Zhang et al., Nat. Commun. 7,10735 (2015)

" GdPtBi

a
§=00° Sample G
J|Imoj
sl T=646K
E
~ 4
=]
E
3
=N
2L
_39
I I
-15 -10 -5 o] 5 10 15

M. Hirschberger et al., Nat. Mater. 15, 1161 (2016)

m ZrTeg

= Cos3Sn,S,

-

Magnetoresistance (%)
5
|

iV

B
o=0

-15 -0

-5 0
B(M

]

10

15
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Negative MR when B//I

» NMR magnitude up to 22% at 14 T and 25 K
» Comparable to that for Weyl semimetals (WTe,, Co;Sn,S,)

» NMR degraded with increasing temperature due to the thermal effect
but still observable up to ~100 K




Temperature dependence

350

e 15K
e 20K st
e 25K
1200 e 30K
e 40K &"6 |
* 50K -
3 * 60K ®
£ 1050 75 K o
= 100 K Z 4}
S e Fitting 03
900 ol ° Cw
— Fitting
750 0
0 3 6 9 12 20 40 60 80 100
B (T) T (K)
c(B)=(1+C,B?) -0 +0o C 3 T2 4 42 /72
w WAL T ON w X VeTy, /(T* + u/m*)

C,v: chiral coefficient, measuring chiral

Temperature dependence of the
anomaly contribution to the conductivity

chiral anomaly

Consistent with the theory of chiral anomaly



Angle dependence
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Quantum oscillation zoom

= 1/B = LogB
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Shubnikov-de Haas (SdH) Aharonov—Bohm (AB) Log-periodic oscillation
(1930) (1985) Jian Wang (2018)

L. Schubnikow et al., Nature 126, 500 (1930) R. A. Webb et al., Phys. Rev. Lett. 54, 2696 (1985) H. Wang et al., Sci. Adv. 4, eaau5096 (2018)
H. Wang et al., Natl. Sci. Rev. 6, 914 (2019)

Log periodicity: signature of discrete scale invariance

Log
Geometric series 1, 2,4, 8,16, .. mmmm) 0,1, 2,3, 4, .. Log periodicity



Discrete scale invariance (DSI)

Self reproduction for certain geometrical scaling factor

Matryoshka doll Koch curve Menger sponge



Supercritical collapse

Non-relativistic electron o i
o - - \"
SOVIET PHYSICS orbiting a subcritical nucleus l.J]tra relati 'sm"t _e lectron
orbiting a supercritical nucleus

USPEKHI i g
A Translation of Uspekhi Fizicheskikh Nauk 4 \ Ny
‘ \
N2
Z>Z,

Editor in chief—E. V. Shpol'skiY;, 4ssociate editors—L. F. Veres, S. G. Suvarov; Secretary—V. A. Ugarov
Editorial board—A. S. Akhmatov, D. I. Blokhintsev, V. L. Ginzburg, B. B. Kadomtsev, L. V. Keldysh, R. V. Khokhlov,
L. B. Okun’, L. P. Pitaevskil, Yu. D. Prokoshkin, G. V. Rozenberg, F. L. Shapiro, 1. A. Yakovlev, Ya. B. Zel'dovich

Vol. 14, No. 6, pp. 673-824 (Russian Original Vol. 105, Nos. 3 and 4) May-June 1972
ELECTRONIC STRUCTURE OF SUPERHEAVY ATOMS

539.183

Ya. B. ZEL'DOVICH and V. 8. POPOV

Usp. Fiz. Nauk 105, 403-440 (November, 1971)

We describe the status of the problem of the electron structure of superheavy atoms with nuclear ° e o °
charge Z > Zq; here Zo~ 170 is the critical value of the nuclear charge, at which the energy of the C r t C a | CO n d t O n . Za > 1
ground state of the 1§, ,, electron reaches the limit of the lower continuum of the solutions of the I I I I °
Dirac equation (€ = —meca). We discuss the dependence of Z¢ on the nuclear radius R and on the
character of the distribution of the electric charge inside the nucleus, and also the form of the wave
functions at Z close to Z. Owing to the Coulomb barrier, the state of the electron remains localized
at Z > Z¢, in spite of the fact that its energy approaches the continuum. An analysis of the polariza- —_ 2 4 h _— 1 1 3 7
tion of the vacuum in a strong Coulomb field shows that a bare nucleus with supercritical charge Z a — e TI:EO v bl —
> 7, produces spontaneously two positrons and, in addition a charge density with a total of two units F—3
of negative charge in the vacuum. The distribution of this density is localized in a region of dimen- C
sion r ~ h/mec at the nucleus. The possibility of experimentally observing the effect of quasistatic
roduction of positrons in the collision of two bare uranium nuclei (i.e., without electrons) is dis- o
lc)ussed, A brigf review is presented of work on the motion of levels( with increasing depth of the Va C u u m fl n e—st ru Ctu re CO n Sta nt
potential well in other relativistic equations (Kelin-Gordon, Proca, etc.).

What Don’t We Know?

tScience, we tend to get excited about new discoveries that lift the veil a little on how things work, from cells
to the universe. That puts our focus firmly on what has been added to our stock of knowledge. For this
anniversary issue, we decided to shift our frame of reference, to look instead at what we don t know: the
scientific puzzles that are driving basic scientific research.

s Senior Editorial Board, our Board of Reviewing Editors, and our own

We began by asking Scien
editors and writers to suggest questions that point to critical knowledge gaps. The ground rules: Scientists Are there stable
should have a good shot at answering the questions over the next 25 years, or they should at least know how to go about - -
answering them. We intended simply to choose 25 of these suggestions and turn them into a survey of the big questions hi gh-ato mic-number
facing science. But when a group of editors and writers sat down to select those big questions, we quickly realized that
25 simply wouldn't convey the grand sweep of cutting-edge research that lies behind the responses we elements?

received. So we have ended up with 125 questions, a fitting number for Science’s 125th anniversary
First, a note on what this special issue is not: It is not a survey of the big societal challenges that
science can help solve, nor is it a forecast of what science might achieve. Think of it instead as a survey
of our scientific ignorance, a broad swath of questions that scientists themselves are asking. As Tom
Siegfried puts it in his introductory essay, they are “opportunities to be exploited™
e selected 25 of the 125 questions to highlight based on several criteria: how fundamental they
are, how broad-ranging, and whether their solutions will impact other scientific disciplines. Some
have few d ractical s—the of the universe, for example. Others we
chose because the answers will have enormous societal impact—whether an effective HIV vaccine is
feasible, or how much the carbon dioxide we
are pumping into the atmosphere will warm our
planet, for example. Some, such as the nature of
dark energy, have come to prominence only
recently; others, such as the mechanism behind

limh recanaratinn in amnhihianc have

A superheavy element
with 184 neutrons
and 114 protons
should be relatively
stable, if physicists
can create it.

HAT DON




Supercritical collapse in Dirac/\Weyl systems

Dirac fermion

Relativistic particles

Ve << C =) a>>1/137

J

charged impurity Za>1

Relativistic quasiparticles =~ Coulomb
(e.g. Dirac/Weyl fermions) . attraction

» Two-body quasi-bound states

Opposite charge centers



Quasi-bound states in Dirac/Weyl systems

C Relativistic energy—momentum dispersion relation of a Dirac/Weyl band
Solving Dirac/Weyl equation under the supercritical collapse condition
C Energy levels of quasi-bound states in geometric series mm) DSl

C Quasi-bound states passing the Fermi level with varying magnetic field

Resonant scattering between the free carriers and quasi-bound states
C Log-periodic oscillation in transport

(9]
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H. Wang et al., Sci. Adv. 4, eaau5096 (2018)
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LLogB oscillation in Te?

Dirac fermion

charged impurity

» Weyl band (relativistic holes)

» Te vacancy (negative chage center)

» Much smaller Fermi velocity than c ‘ Supercritical collapse criteria
> Low carrier density B®) Quantum limit



Unusual oscillations in MR & Hall data

= VIR = Hall

300
160 |

120 f

80 F

Pxy (mQ cm)

40}

B Oscillations beyond the quantum limit

Quantum limit: all carriers condensed to the lowest Landau level

Quantum limit: Bq = (2n*)Y3mn?/3/e
*  End of SdH oscillations
« 44T for this Te sample (n = 3.9 x 101°cm ™3 at T=2 K)




High magnetic field facilities

4
l: X ’ .

Steady High Magnet Field Facility Pulsed High Magnetic Field Facility
CHMFL, Hefei WHMFC, Wuhan



Oscillations

= MR

= Hall
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1/B, (1/T)

LLogB oscillations
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MR vs Hall oscillations

* the same period



Temperature dependence
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Oscillation suppressed with increasing temperature
* Thermionic excitation = Weakened Coulomb attraction
* Increased carrier density =2 Reinforced Coulomb screening effect
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Mechanism

: : Coulomb
eyl fermions in valence band } ~ttraction Two-body

Q _ » quasi-bound states
~ Negative charge centers

(Te vacancies )

DSl scale factor: A = B,,/B,;, (estimated from the log-period)
In theory, A = e27/50, sy =+/(Za)>— k% =+a?—1 (forZ=1,k=11)

Fine-structure constant a = e*/4mehvy  Ve: Fermivelocity

Tecrystal: 1 ~233 a~75>>1/137 vg ~2.9X10°m/s

Supercritical condition (Za > 1) = Quasi-bound states with DSI

Zhang et al., PNAS 117, 11337 (2020)



Magnetotransport signatures of Weyl physics and
discrete scale invariance in the elemental
semiconductor tellurium

Nan Zhang®®<!, Gan Zhao®® !, Lin Li*?<'2, pengdong Wang9, Lin Xie®, Bin Cheng®®*<, Hui Li®, Zhiyong Lin®P-
Chuanying Xi?®, Jiezun Ke", Ming Yang"®, Jiaging He®, Zhe Sun®, Zhengfei Wang®"2{®, Zhenyu Zhang®®,
and Changgan Zeng®"<?

“International Center for Quantum Design of Functlonal Materials, Hefei National Laboratory for Physical Sciences at the Microscale, University of Science
and Technology of China, 230026 Hefei, Anhui, China; PSynergetic Innovation Center of Quantum Information & Quantum Physics, University of Science
and Technology of China, 230026 Hefei, Anhui, China; “Chinese Academy of Sciences Key Laboratory of Strongly Coupled Quantum Matter Physics,
Department of Physics, University of Science and Technology of China, 230026 Hefei, Anhui, China; “National Synchrotron Radiation Laboratory, University
of Science and Technology of China, 230029 Hefei, Anhui, China; ®Department of Physics, Southern University of Science and Technology, 518055 Shenzhen,
China; fInstitutes of Physical Science and Information Technology, Anhui University, 230601 Hefei, Anhui, China; “High Magnetic Field Laboratory, Chinese
Academy of Sciences, 230031 Hefei, Anhui, China; and "Wuhan National High Magnetic Field Center, Huazhong University of Science and Technology,

430074 Wuhan, China

Zhang et al., PNAS 117, 11337 (2020)



From bulk to 2D Weyl semiconductor

» Weyl semiconductor hosting Weyl fermions

e Weyl node = 2D Te

Fermi level shifting \?\\%}f&“&\
Band gap tuning ;\%\\% é‘}

L{K

M \
:> \ % &\ ”‘ \ &%\

* Further exploring Weyl physics
* Developing topological semiconductor devices




New degree of freedom-> New-concept device

~ Spin

Semiconductor devices
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D. Xiao et al., Phys. Rev. Lett. 99, 236809 (2007)



Utilizing chirality degree of freedom

Semiconductor devices

Q. Ma, et al., Nat. Phys. 13, 842 (2017)



Topological field effect transistor (TFET)

(N
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Source Drain

Conductivity /
O &

topology

Dual switch of conducting- and topological states



Quasi-2D Te samples

= Te nanoflakes grown using hydrothermal method

Intensity (a.u.)

2 3 4 5 6 7
Energy (keV)



R (kQ)

Basic transport characterizations

R-T curves
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Chiral-anomaly-induced negative MR when B//I

0 | 100 | 200
T (K)

Negative MR VETy
Fingerprint signature of chiral anomaly
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Field effect performance
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On/off current ratio ~ 3 X102 (1.5 K) High tunability of carrier density
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Dual switch of conducting- and topological states

.
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Dual switch
e Conductivity: High » Low
* Topology: Nontrivial trivial




Dual switch of conducting- and topological states

R(@) MR (%)
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* Three orders of magnitude change of resistance
* In-plane MR changes from negative (-5.8%) to positive (65.9%)



Intriguing functionality of the present TFET

Weyl semiconductor

Y2
A

| |

Semiconductivity chirality
- Conductivity on/off controlled * Topological nontrial/trivial states
by electrostatic field controlled by electrostatic field

* Chiral charge pumping control by
parallel electric- and magnetic field

Hybrid device applications with multi-field control



PHYSICAL REVIEW APPLIED 17, 054044 (2022)

Editors’ Suggestion

Topological Field-Effect Transistor Based on Quasi-Two-Dimensional Tellurium
Flakes

Bin Cheng,'? Lin Li,*" Nan Zhang,'? Ling Zhang®,'? Xianglin Li®,"? Zhiyong Lin,"* Hui Li,’
Zhengfei Wang,”> and Changgan Zeng'>7
'cas Key Laboratory of Strongly-Coupled Quantum Matter Physics, and Department of Physics, University of
Science and Technology of China, Hefei, Anhui 230026, China
* International Center for Quantum Design of Functional Materials (ICQD), and Synergetic Innovation Center of
Quantum Information and Quantum Physics, University of Science and Technology of China, Hefei, Anhui
, 230026, China
Institutes of Physical Science and Information Technology, Anhui University, Hefei, Anhui 230601, China

® (Received 13 February 2022; accepted 28 April 2022; published 26 May 2022)

For semiconductors, adding a degree of freedom beyond charge, e.g., spin and valley, will lead to alter-
native physics and device applications. Here, we demonstrate that another electronic degree of freedom,
the chirality of Weyl node, can be used in the Weyl semiconductor tellurium, a unique system harnessing
intriguing Weyl physics and high tunability of the semiconductor. By constructing a field-effect device
based on quasi-two-dimensional tellurium flakes, the Fermi level can be effectively tuned from the top of
valence bands, where the Weyl nodes locate at, into the bandgap via electrostatic gating. In addition to
a significant reduction of channel conductivity, a transition from chiral-anomaly-induced negative mag-
netoresistance to conventional positive magnetoresistance occurs at the same time, indicating complete
suppression of the chirality-related topological transport. The simultaneous switch of both conducting and
topological states is unprecedented in previous Weyl semimetals. Our findings pave the way for developing
new-principle semiconductor devices with fascinating functionalities.

DOI: 10.1103/PhysRevApplied.17.054044
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To see a world in a grain of sand
and a heaven in a wild flower

Hold infinite in the palm of your hand

and eternity in an hour William Blake (1757-1827)
-~ -5, - %%
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