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1. 4 Why edge states?

“Band twist”

N\ &

Defined by the Z2 number

(or parity for inversion system)

Ref:
[1] Kane & Mele, PRL (2005).
[2] Fu, Kane, Mele, PRL (2007)
[3] Fu, Kane, PRB (2007).
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1. f&4): Different Surface states

(<) (d)

S

k-“-‘

Topological Insulators:

1. Insulating bulk Surface State urface State
2. Conducting surface ordinary Insulator Topological Insulator

3. Defined by the Z2 quantum number
4. Surface state 1s protected by T reversal symmetry
5. Robust against none-M disorders

“Beir twist”




1. f&4T: Surface state vs Graphene

X X

(1) psudo-spin
(2) Klien Paradox
(3) linear n~E,
linear o~E,
linear m~E
(4) Localization?
(5) Universal o?
(6) ......

Surface state of Tl

r

(1) 1/4 of Graphene,
spin splitting,
T-invariant

(2) 2DEG without mass
(3) Klien Paradox
(4) linear n~E,

linear o~E,

linear m~E
(5) QHE? Localization?
(6) Multi-ferroic?
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1. Ta4): Family of TIs?
2D 3D
T-broken T-invariant T-invariant T-Broken
Kondo
QHE QSHE Topological Band Insulator
QAHE Anderson
MOtt ...... Semi-metal

Energy

Edge States
TKNN
Chern number

k

Femi points
Surface States (in bulk)
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2. IhI4a%4ik. T-broken vs T-Invariant

®B Classical cyclotron motion: O A I Iy I I
© =
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DIAMAGNETIC CURRENT B I s
(SKIPPING ORBITS) )
GLr (%)
41
2 i N
Eoap
1 -------------- *
- 0 . 0 R
Mrami Hrami

d<d. normalregime d>d. inverted regime

QSHE in HgTe/CdTe
(S. C. Zhang, SCIENCE 2006)




2. thih4izik. Materials.

Guidelines:
1. Semiconductor with inverted band structure
2. Strong SOC

Gap opening
due to SOC

N ¥E: Real materials for 3D TI1?

“twisted band”



2.

Wb 4a%4k: Bi2Te3, Bi2Se3, Sb2Te3

Predictions for Bi2Te3 family: Basic Properties

1. Found 70 years ago.
Naturwissenschaften,
27,133 (1939)

2. Semi-conductor.

Optical Gap ~ 0.2 eV
J. Phys. Chem. Solids, 2, 240 (1957)

3. One of the best
thermoelectic materials.
/T~ 1 atroom T

4. Easy to be synthesized

5. Whole Family:
Bi2Te3, Sb2Te3
Bi2Se3, Sb2Se3
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2. IHFN4a%kik: Bi2Te3, Bi2Se3, Sb2Te3

Crystal Structure > (R3m)
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-

Band Structure Bi2Se3
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Without SOC

1. Only Gamma Point 1s relavant.
2. SOC will invert the bands at Gamma.
3. Gap is around 0.3 eV.
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Bi,Se; has the biggest Gap around 0.3eV

0.4
03
1 0.2
Y
£ 04
-
e
@
woog
4 0.1
0.2
B 02
8
0.1
4
S 0
2 8
b
o
o
w-01
2
02
-4
X -03
-

T A

H. J. Zhang, et.al., Nature Phys. (2009)
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(b) Sb,Te,
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2. Materials: BizTe3, Bizse3, szTe3

I —— e
Penetration Depth
of Surface state, 2nm Chiral Spin texture
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W. Zhang, et.al., New J. Phys, 12, 065013 (2010)



2. TIMaterials: Exp. evidence

ARPES

A 5=0% B 8=0.27% C 5=0.67%
Bulk n-type Bulk n-type K (WA Bulk insulator

k (1/A)

Binding energy (eV)

T | T
015 000 0.15
ke (A7)

= Binding energy increase

Y. L. Chen,et.al. Y. Xia,et.al.
SCIENCE (2009) Nature Physics (2009)

Bi, Te, Bi,Se,



2. TI Materials: Exp. evidence

L L . e —— ~

Absence of back—scattering

Ag is nonmagnetic,
backscattering is forbidden

E

Condution Band

Valence Band

Zhang et al., PRL 103,

Only I' -M direction 266803 (2009)

T. Zhang, et.al., PRL (2009).



2. Tl materials:

HINEGAEAE R T
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Edltor s Suggestion
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Quantum Hall state @ Quantum Spin Hall Quantum Anomalous@

Q Q Q & state Hall state
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2. TI Materials: Ag,Te

Crystal Structure:

T > 417 K, a —Ag,Te, anti—fluorite (Fm3m)
T < 417 K, B —Ag2Te, distorted (P2,/c)

Cubic: a, b, c




2. TI Materials: Ag,Te

Inverted Band Structure of a-Ag,Te Similar to HgTe

\[/S—band

g
<;;;7"‘§§§§§;bands
/r\ -

3
GaAS @

HgTe



2. TI Materials: Ag,Te

B -Ag,Te, gap=80meV

4

Energy (eV)
— 2

1
N

T

0.1

0.05

Energy (eV)
[e]

-0.05

002 001 0 001 002
K, (Bohr™)

W. Zhang, et.al., PRL 106, 156808 (2011).

L ———
Quantum Magneto—resistance
in Ag, ;Te?

400

Super-linear MR
R. Xu, et.al.,
Nature (1997).

Aplp (%)

1 1 1 1
20 40 60

H (kOe)
Ap | (nH)*, pH<I
Conventional MR: _;f*x C. uwH > 1,

Abrikosov’ s Quantum MR:
N,H

—— RH —H
mnlec’ Pxy= B

Px= Pyy o

Linear Dispersion is Important!
Landau Level Spacing. o /B



3. Th4

Three distinct

Metals

/

Fermi surface

!

Fermi
surface

% : Momentum Space Topology

stable classes in 3D:
Insulators

\/
/

No fermi surface

!

Normal Insulators
+

Topological Insulators
(Weyl points at Boundary)

Semi-metal

Ef

Femi points (in bulk)

Fermi arcs (on surface)
Standard Model + gravity

collective Bose modes:

propagating
oscillation of position
of Fermi point
P—PpP-cA
form effective dynamic
electromagnetic field

<« — propagating ~ -«—
oscillation of slopes
E?=cp? - g”‘p,— Py
form effective dynamic
gravity field
=————)

Our SuISjects



3. }h¥hF¥E4&E: Family of TIs?
2D 3D
T-broken T-invariant T-invariant T-Broken
Kondo
QHE QSHE Topological Band Insulator
QAHE Anderson
MOtt ...... Semi-metal

Energy

Edge States
TKNN
Chern number

k

Femi points
Surface States (in bulk)

72



3. Semi metals: From 2D to 3D without TRS?

2D Chern Insulators:

\ Gap opening

i} due to SOC -\/-I-\/

+ &
+

3D: (1) Weak 3D Chern Insulators:

(2) Strong 3D—Any analogy? Chern semi—-metal:
Time Reversal Polarization in momentum space!



3. Semimetals: Chern Insulators and semi-metal?
| L B T T —

Weak Chern Insulators:

Topological Phase Transition



3. Semimetal: Chern semi—metal?
.

t A / < Normal Insulator E
X “f---- / €~ Chern Insulator
. F____ __ _ ,_':7 < Normal Insulator
-/K' o,,= C e%/h
K, ’
2x2 Hamiltonian in Bulk (not 4x8): . = +|f(K)|
H(k)= f(k) & = fxfify ﬁc__flzﬂ} Weyl nodes at: |]?|:O
Berry’'s connection: /T(/;) — _Z<UE|VEIUE>
Berry’s curvature: Q(E) — V,;; X /Y



3. Semimetal: Chern semi—metal?
T T T ——

(1) It is topologically unavoidable. (not accidental)

(2) Time-reversal polarization & Magnetic Monopoles in the K—space.

—

Sz — J around |JF|::() (See, 7. Fang, Science (2003))

Nk

(3) Fermi arcs on the side surface.

o,,= C e/

(See, X. G. Wan & Savaraso, PRB (2011), on AF Pyrochlore iridates)

(4) QAHE in quantum well structure.



Crystal structure of HgCr,Se, 222,
Crystal structure B7 E oo
s &
Ca— bx
|
«
@::
' ‘.Cr
U e
— &

HgX sublattice is zinc—blende
Two HgX sublattice are connected by Inversion, like Diamond.
Space group Fd-3m (point group O.).

Each Cr atom is octahedrally coordinated by 6 nearest Se atoms. 32



HgCr,Se, 0ss

BT I LA

TasLE II. Magnetic and crystallographic properties of ferromagnetic spinels.

Magnetic
Lattice moment Curie Curie- Curie 0
parameter % (4.2°K) temp. Weiss constant —
Composition A parameter up/molecule T., °K. 6, °K Cu ¢
CdCrsSs 10.244 0.390 5.15 84.5 152 3.70 1.80
CdCr,Ses 10.755 0.390 5.62 129.5 204 3.82 1.57
HgCraS4 10.237 0.390 5.35 36.0 142 3.62 3.94
HgCr,Se, 10.753 0.390 5.64 106 200 3.79 1.89
6 6 30
CdCr,Se, B Hg Cr2$e4\ [ T T T T
w — Cd Cr, Seq s
§ 'g’ S5k H =10 000 OERSTEDS { =125 §
w 3] »
- | w [
o) a =
~ ~ -
@ [++] Q.
A =§ w
- HgCr,S, E sk —ls§
z w o
: : :
o = "
%) - =
— w w
- z 7
u - 5 &
o I T=4,2°K - ¢ >
< z
g z
| FA |
0 ' ' ' L % 50 100 150 200 250 30%
O 2000 4000 6000 8000 I0000 _ TEMPERATURE, °K

APPLIED FIELD H, OERSTEDS

Fi6. 3. Magnetic moment and inverse susceptibility as a function

. of temperature for CdCr;Se, in an applied field of 10 000 Oe.
MAGNETIZATION CURVES AT 4.2°K

P. K. Baltzer, et.al, PRB (1966)



Ry /R,

AHE
Metallic N. T . Solin, et.al,
I . Solin, et.al, PRB (2008) Phys. Solid State (1996)



Electronic structure without SOC §§§:
DOS oos
" o | ’ | ’ |
;): 16 — Total DOS
; 2
2 8F |
% .
S 0o
v |
IS
=0 |
5-16]
-

8 6 -4 2
Energy (eV)
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Electronic structure without SOC -4

Band

spin up

Energy(eV)




Schematic diagram for the band-inversion
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Electronic structure with SOC 4448

0.1

O

-04

-0.5

low energy band with SOC o2
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Weyl fermions and magnetic monopoles

Due to the presence of K. in the off-diagonal element, it is easy to check that
Chern number C equals to 2 for the plamrdg® <k, <k and k, =0

with a Ak, b
! | C number
i !
| i 2
) C 4
| kz "‘ ky
1 : K.
,1 ““““ .'"""""”7
/"; ...... i £ 1
’_,__-_JL _____ :. _____ F,, kx O kz
Coim ok —1 >
,/ :k_ZT / _n/a _kC krc n/a
” H Z Z
7 ’
P4
B
C d
—— 1 (AN 7771
[ AN /710
v\ N\ /S /7
NN\ /,i /
NN }}: o
. S
o }\‘\
—/ \ N~
et AN AN
Vo NN
A : NENRNR
B E— e R EERAAS | RSN
0.0 -1 & -1 -05 00 05 1
ky (7t/a) ky (7/2)

The in—-plane band dispersions near the

k, = £k _"are thus quadratic rather than

yaapodekth a phase of 4w for the chiral spin texture. The two Weyl nodes

form a single pair of magnetic monopoles carrying gauge flux in k—space.



8-band model for HgCr2Se4 0o0o

2-band effective model oo

Two basis: [3/2, 3/2>, |S, -1/2> with band-inversion

M D lfz 112_

Hepp =
Dk:ki —M

Here ky = k, £ ik, and M = My — 3k? is the mass term expanded to the second order,

with parameters My > 0 and 3 > 0 to ensure band inversion.

E(k)=i\/M2+D2kz2(kx2+ky2) two gapless solutions:

k. =xk' == /M,

<

k' +k, =M,/p

X

40



Edge states and fermi arcs on surface
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Edge states and fermi arcs on surface 1T

Fermi arcs for the (ky, kz) side surface

b

’ 0.7
1 0.6
T :

<< 0
X" :
0.2
0.1

-0.1
0 -0.1 ; ) |

ky (A7)

Fang & Dai, et.al, PRL (2011)



QAHE in the quantum well structure 1T

If we consider the open boundary condition along z direction,

'aﬂﬁagamianﬂqkevbiuate the Hall conductance in the quantum

well structure. 8
E, E,
6 L

0.08
0.06
0.04|
0.02

ol

-0.02

-0.04}

-0.06 -

-0.08.

E(eV)

: dc2

| d|c3

I L . I ! I ! I ! ! !
0 20 40 60 80 100 120 0 20 40 60 80 100 120
d(@) d (A)

Energy gap at I' vs. d Hall conductance vs. d
Our Early Proposal: Bi2Se3—-doped by Cr, Fe. Science (2012%



4. Topological Dirac Semimetal: 3
B . 00
Weyl Semi-metal Dirac Semi-metal o
X X X+ X
Separated in K Overlapped in K
2x2 Hamiltonian 4x4 Hamiltonian
No T or | symm Protected by crystal Symm
Na,Bi,K,Bi,Rb,B -
(a) ¢=9.655A P b) §
)?/ “““ s r K_ 4




4. Topological Dirac Semimetal:
I ——

15 C T T T ‘]5 T T T
(a) Non trivial FS (b) Trivial FS
[ Coo=+1 " Crs=0
< ~ =+ =+ =
> > FS™ — FS™ — ©] -
) o = L . —~cl & Non trivial FS
& % é > Weyl points || & 5 ?, Cog=t1
: 5, <9 Eob =
' -4 < Non trivial FS | < =
e s £
MFP CFS=i1 c Co=+1
10F Co=%2 oL 2 Fs™ =
CFS= 0
'15 B | | | -15 | 1 |
0 4 8 12 16 0 4 m 8 12 16
h,(mev) h,(mev)
h,=10.0, m=0.0 h,=10.0, m=5.6
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R ShE o NG T
Marginal Fermi points in -3 )/ )H@@ﬁ >\/ )()@,i@ﬁ
Na,Bi,K;Bi,Rb;Bi / k 3 /\ k. 3
Arxiv.org: 1202.5636 (2012) N CNVACRT
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