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® High Tc superconductors (Cuprates, Fe-based)

® Colossal magnetoresistance (LaCaMnO, )

® Half-metal (CrO, , Fe;O, SrRuO;)

® Nanotube, Graphene

® Multiferroic (ToboMnO;, ToMn,O; )

® Large spin-orbital coupling materials : Rashba material (BiTel),

Iridate (Sr_,,Ir,O; .;), transition metal dichalcogenides (TMD),
Topological materials.



2. BN EE S ERNE R E
BB

T2 A



o FHE T 2 A
Bt }:: A
conduction
() . _ A (band (CB), €mpPty
atom p orbital Solid states
-
/\ ________________________ Fermi
J E VOV FE level
s orbital v VAR W /\ electron
v ¥: valence )
) band (VB) occupied
Bloch waves with E(k) K >
Insula’r;r Semimetal Metal
A 47 42 )
F W L &R &%
. I B ey B EF

VR




N
al >+ /

Step 1 [Befsity funciional fneoiy (BFT):

[_h_v2+v(f}] ¢i(r) = €¢i(T)  where Vi(r)=V Fj"‘f

/7

surface spectral quasiparticle
B weight simulation  interference (QPI)

Step 2 Electronic structures —
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Step 3

RAI E RAFEGETRBAEEBNE, 0DKSFBEYIES,
ABZRINE B2 2, A 5T B ab-initio(from the beginning).

‘:

A ERRM R B, ..
HMEER X ERER FYIEX RS

e?ng(r’)

| d T —I—ch[ﬂs(?_‘}]

STM imagine simulation

FLVNL OO e
S TN eemmmrneem

Ee




F AP = 221 1 Wi

/Y '/fé \kéﬂﬁ %ZE %%_gil%ﬁ LL’%

R 15 FRFT A
¥




3. B, BRI B IR T H
SRR
) T E 2R HhE
i) M EEZ S B O] SENIER
iii) MTERAYFAEAR: IAEF T BN ERE

~l



REm A A5 18: R, BERRAV)\, E1EBEFR U EIEAELS. . etc

nh-————

. (m] r D) X L [wm) 0] » C tm) oIt x



At BRI IE Y I 152

Gauss-Bonnet Theorem:

OKGauss ds = 2(1 8 )
) i 9 A

Gauss curvature  genus

genus

Phys => momentum space
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electron move
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inversion point
(gapless point)

The gapless surface state is the hallmark of topological phase.

M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045 (2010)
X.-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83, 1057 (2011)



MR L (AB AR ) Bi,Se,

” Theory Bulk: insulating gap
topological Z,invariant
' odd/even number
surface states
A Surface: gapless surface states
0.4'?

spin-momentum locked

Angle-Resolved Photoemission Spectroscopy (ARPES)

(p <1077 mbar )

a
/ / UHV - Ultra High Vacuum



MR L (AB AR ) Bi,Se,

ARPES Theory

Bulk: insulating gap

topological Z,invariant

\ 4

odd/even number
surface states

A Surface: gapless surface states

spin-momentum locked

Eg =-20 meV

Eg =-20 meV
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Y. Xia et al. Nature Physics 5, 398 (2009)
D. Hsieh et al. Nature 460, 1101 (2009)



fei M EC IR A2 (M-RAM)

HAEA

o

100
- Model calculation
& 80+
= o
. CB /SS 5 s -o--k~o.1A'1
5 8 60 @ k~0.05A
N s
© = fecacimiificnsnin st igassil
E & 404 e
a = :
c = “
‘O APX & e
@ g 20 -
OPz = ? . -
-0.2-01 00 01 02 03 -02-0.1 0.0 0.1 02 03 o_t.:i'-"'
ky (A7) Ky (A1) R IR A
Thickness of the films (log units)




Ha A ) O] BERY FE A

~—
(LY
4

" ” b o ”
(a ON(1) (b) . OFF(0)
----------------------------------- > Sy
| |
N1 P N2 N1 P N2

= =
H Jie 2B e
© @y ONW™ () g “OFF(0)
e T >



HhEAS ) O] BERY B

e BB e

(c) Fop (d) == “OFF(0)”

>

free electron

The crucial point is the value of the spin splitting.
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ORIGINAL ARTICLE

Newtype large Rashba splitting in quantum well states
Induced by spin chirality in metal/topological insulator

heterostructures (Nature) NPG Asia Materials 8, €332 (2016)
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The spin splitting in metal /Tl is not due to potential gradient.

E metal QWS Tl SS spin splitting in QWS
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The surface state of Tl can be regraded as a spin filter.
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Topological phases

Insulating phase

Topological insulator: Bi,Se,, Bi,Te;, LuPtBi ...etc

Topological Kondo insulator: SmB,, YbB, ... etc

Weak topological insulator: KHgSb, Bi Br, ... etc
topological crystalline insulator: SnTe

Topological superconductor: Bi,Se;/NbSe,, Cu Bi, Se; ...etc

BI Tl Dirac Weyl Nodal-line
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High energy

Dirac Fermion

e
Hz(m' T-) <
m —vo - k

04 00 04

k, (A
m=0 Weyl semimetal
2 TaAs: Theory
( 01 5) S.-M. Huang et al, Nat. commun. 6, 7373 (2015)
Weyl Fermion p H. Weng et al, Phys. Rev. X 5, 011029 (2015)

TaAs: Experiment

S.-Y. Xu et al, Science 349, 613 (2015)

B. Q. Lv et al, Phys. Rev. X 5, 031013 (2015)
L. X. Yang, Nat. phys. 11, 724 (2015)

vo - k —V0o -k € >

0 1 0 —i (1 0 0.5 mm
where =1, 4] W= 1|,; o == \o -1

Nielsen-Ninomiya theorem: (Nuclear Physics B185 (1981) 20-40)
Equal numbers of ¥y =+1 and -1 WFs.




=M Rl Dirac and Weyl semimetal

Dirac point (42 &)

SClencexpress Reports ’
vo -k 0
Observation of Fermi arc surface states in H= ( 0 —vs. ,z)
Publication date: December 18, 2014 ﬁ%ﬁ% E/‘J %%

a topological metal

Weyl point (255 & 1)

58 eV
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Weyl semimetal (IMNE

Weyl semimetals:

1. Provide the realization of Weyl fermions (analogy with 3D graphene)
Extend the classification of topological phases of matter beyond insulators

2
3. Magnetic monopole in k-space (topological number called “chiral charge”)
4

Host exotic Fermi arc surface states

) Linear band dispersion
Expgriment
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TaAs
S.-Y. Xu et al, NbP
Science 349, 613 (2015) I. Belopolski ... T.-R. Chang et al
NbAs PRL 116, 066802 (2016)

S-.Y. Xu... T.-R. Chang et al  NbP (STM/STS)

Nat. Phys. 11, 748 (2015) H. Zheng... T.-R. Chang et al
TaP ACS nano 10, 1378 (2016)
S-.Y. Xu... T.-R. Chang et al G. Chang... T.-R. Chang et al
Sci. Adv. 1,e1051092 (2015) PRL 116, 066601 (2016)
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Weyl semimetal (YN + & )

Disadvantages of TaAs family
(1) 3D structure. Adversely to fabricate thin-film (e. g. MBE).

a [ ]
. b
s o | 7
o Q .
RX 'RX kx 'RX kx k}:’
Trival insulator  Critical point Weyl semimetal Critical point Topo. insulator

Our goals
(1) Searching Weyl semimetal with layer structure. (fabricating thin-film)
(2) Searching tunable Weyl semimetal. (exploring topological phase transition)



ARTICLE

Received 23 Sep 2015 | Accepted 7 Jan 2016 | Published 15 Feb 2016

DOI: 10.1038/ncomms10639 OPEN

Prediction of an arc-tunable Weyl Fermion metallic Nature Commun. 7, 10639 (2016)
state in Mo, W, _,Te,

Our goals

(1) Searching Weyl semimetal with layer structure. (fabricating thin-film)
(2) Searching tunable Weyl semimetal. (exploring topological phase transition)
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Weyl semimetal (YN F £ )

ARTICLE

Received 23 Sep 2015 | Accepted 7 Jan 2016 | Published 15 Feb 2016

Prediction of an arc-tunable Weyl Fermion metallic Nature Commun. 7, 10639 (2016)
state in Mo, W, _ ,Te,
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Weyl semimetal (YN F £ )

ARTICLE

Received 23 Sep 2015 | Accepted 7 Jan 2016 | Published 15 Feb 2016

Prediction of an arc-tunable Weyl Fermion metallic
state in Mo, W, _ ,Te,

Location of WPs (Mo 20%) WPs distance (topological strength)

Nature Commun. 7, 10639 (2016)
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Weyl semimetal (IMNE

ARTICLE
Received 23 Sep 2015 | Accepted 7 Jan 2016 | Published 15 Feb 2016 DOI: 10.1038/ncomms10639 OPEN

Prediction of an arc-tunable Weyl Fermion metallic
state in Mo, W, _ ,Te,

)

Nature Commun. 7, 10639 (2016)

Surface spectral weight simulation
Schematic of Fermi arc
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Momentum (2m/a) Fermi arc surface state which connects the

direct pair of Weyl nodes.



Weyl semimetal (IME

ARTICLE

Received 23 Sep 2015 | Accepted 7 Jan 2016 | Published 15 Feb 2016

Prediction of an arc-tunable Weyl Fermion metallic

state in Mo, W, _ ,Te,
Doping = 0%
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Nature Commun. 7, 10639 (2016)

topological strength can be

tuned by varying Mo doping

concentration.
0.04 +
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= ,
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0 10 20 30

Mo doping (%)

40

Mo, W,  Te, is not only a Weyl semimetal with layer structure, but a tunable Weyl semimetal.

This system is a good candidate for investigating topological metal-insulator phase transition.



Weyl semimetal: Mo W, _ Te,

(1) Nature Commun. 7, 13643 (2016) Experimental results

(2) Phys. Rev. B 94 085127 (2016) 3 (3)Phys Rev Lett 117, 266804 (2016)
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Nodal-line semimetal (EN&R =3
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Normal metal vs Topological metal

Normal metal: 2D Fermi surface

»

Topological metal: 1D Nodal-line
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Nodal-line semimetal (Eﬁ?ﬂ?f
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Nodal-line semimetals have yet to be found in real materials, even in DFT level.

Previous works

CuzPdN CuzZnN Graphene Networks CaisPs
PRL115, 036807 (2015) PRL115, 036806 (2015) PRB 92, 045108 (2015) APL Mat. 3, 083602 (2015)
without SOC (b) ; - @ | - \— i [ T T ——
E >;' . pa— 2 » g: W surface sm<‘—__ 10 ; —// Va
§° B .g" 00 r lx |
§ r X ¥ " 10 L‘EA"{‘ f‘<-:
SOC gap 7:SiS _20:\. 94l “LM

Nat. commun. 7, 11696 (2016)

Y 62 meV CIRZ7V A
/\ e /\/1 e \/\ Without SOC => Nodal-Line
&

B /)({"""a" /\ 1 With SOC => gap (or partially gapless)
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Our goal:

Searching Nodal-line Fermi surface in real materials.
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Nodal-line semimetal (EI4RFE

ARTICLE

Received 16 Nov 2015 | Accepted 28 Dec 2015 | Published 2 Feb 2016
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Topological nodal-line fermions in spin-orbit
metal PbTaSe,

Nature Commun. 7, 10556 (2016)
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Nodal-line semimetal (EI%R=>
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ARTICLE

Received 16 Nov 2015 | Accepted 28 Dec 2015 | Published 2 Feb 2016

Topological nodal-line fermions in spin-orbit
metal PbTaSeZ

\g‘ BN YR 2 AR EKH.
(‘k , Nodal-line Fermi surface (14£IR).

PbTaSe2

Nature Commun. 7, 10556 (2016)
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Topological superconduc’ror(?ﬁ*¥ﬁ_§ =)
39|

PHYSICAL REVIEW B 93, 245130 (2016)

Topological Dirac surface states and superconducting pairing correlations in PhTaSe,

Pl \EC pairing
L

TSC(?)
our goda I topological EL;;::;‘?TT
material
3 + bulk

superconductivity

supercondudctivity

Majorana fermion(?)

Science Adv. 2, €1600894 (2016)
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Superconducting topological surface states in the
noncentrosymmetrlc bulk superconductor PbTaSe,
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Conclusion: Topological materials

DFT + ab-initio tight-binding:

® Comprehensively explore electronic structures of emerging materials
® Providing detailed theoretical interpretation for the experimental results.

® Prediction for new types of topological materials.

BI T Dirac Weyl Nodal-line
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Science (2015) Science (2015)  Nat. com. (2016)

Why topology is interesting in condensed matter physics?
Exotic states and potential applications:
QAH, Magnetic monopole, Majorana fermion, Spintronics, Quantum computation.

..efc



i - o 12 B ER IR R 10 %2 & 0] LUSMRE BRI

Density functional theory (DFT) + ab-initio tight-binding model:

/" Transition metal oxides "\ / 2D materials (TMDC and thin-film)

TMDC: MoSe, Pb/Ge PbAu/Pb
Nat. Nanotech. PRL NJP ‘

Iridate: Srslr,O,  Cuprate: Bi2212 multiferroic: TboMn,O;
Nat. Mat. Nano Lett.

2 6 10 14 18
Thickness (ML)

15 10 05 0
Energy (eV)

/ Topological insulator Topological semimetals
2D Topological insulator Weyl semimetals
3D Topological insulator Nat. Com. 3D Dirac Nat. Phys Nodal-line: PbTaSe,
Nat. Phys. Science Nat. Com. Nat. Com.
Nat. Com. Nat. Com. PRL
PRL
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