Topological insulators

Binghai Yan

Max Planck Institute for Chemical Physics of Solids, Dresden




Outlines

Topological insulator (TI)

Where did Tl come from?

What is topology?

Whatis a TI?

Who are TIs?

Graphene, HgTe, Bi2Se3, Heuslers
What is the recent progress?
Topological mirror insulator




Travel of electrons in the device
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Human society

Information highway ?




Separate the electron motion
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Avoid backscattering

Quantum Hall Effect 5

Edge conduction



Quantum Spin Hall effect (2D TI)
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GaAs Predicted for HgTe in 2006

by Bernevig, Huges and Zhang.
X.-L. Qi and S.-C. Zhang, Physics Today 63, 33 (2010).



Band inversion

Normal insulator Topological insulator

k-space

Understand the topology




From QHE to QSHE

[ Quantum Spin Hall State J Time reversal symmetry (TRS)
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Surface states due to band inversion

Understand the topology
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Different from trivial surface states

conduction conduction

conduction conduction

valence

valence valence valence
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Only in a small energy region, they do look quite similar. 10



Robustness of topological states

Normal surface states Topological surface states

. /

\/ \_/
/ N\ /\




Topological Insulators

(a) 2D TI Conduction
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Materials for Tls

. Correlated
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For a review on materials,
BY and S.-C. Zhang, Rep. Prog. Phys. 75, 096501 (2012).
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Interesting Physics and applications

Thermoelectric devices
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Spin-momentum locked, pure spin current. Spintronics application.
Majorana particles. Quantum computation.
Topological magnetoelectric effects

/Electronics more efficient
(Longer functional time)

l .
N

épintronics without magn&

(Faster & less consumption)

&~
- J

Higher density integrated
circuit

( Thermoelectric \
generators

( Quantum Computation\

14



Graphene
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Graphene

Anti-bonding state ‘“‘+” parity

parity
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Bonding state
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Graphene
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Graphene

Shockley edge states (spinless)
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Graphene
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(Su, Schrieffer, and Heeger, 1979, 1980) model,
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Quantum Spin Hall Effect in Graphene

E/t}

—
" I n
Y A
-—
—

X

P0500860000000000000000004

)OS0 00000000000000000001

PO SS0O00S0000000000000001
1004 POSOS0OS0000000000000(

v A

POSOS SOOI SIOIOOIO O

X
RO < O®
PP o O

-1 .
0 n/a Kk, 2n/a

FIG. 1. (a) One-dimensional energy bands for a strip of gra-
phene (shown in inset) modeled by (7) with ¢,/t = 0.03. The
bands crossing the gap are spin filtered edge states.

Kane, Mele PRL 95, 226801 (2005)
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The bulk band structure of Tls

Z, topological invariant
Band theory [Fu, Kane & Mele (2007), Moore & Balents (2007), Roy (2007)]
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Inversion symmetry: 6, is the parity product of all valence Bloch states.
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A note about the Parity

Bonding state “+” w“_n

==

Anti- bondmg state =
p orbital - ‘

s orbital ’
Anti-bonding state “.” ‘_".

Bonding state  “4” @ @— -9

The parity of the Bloch wave function in a lattice is NOT equivalent to
the parity of the local orbital,
when the inversion center does not locate at the atom center.
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Characterize Tls

Z, topological invariant
Band theory [Fu, Kane & Mele (2007), Moore & Balents (2007), Roy (2007)]

? . ’ / . \/det[B(l“l-)]
B.s(k) = (-k,a|Tk,8) §; = PIB(T)] =41
e |1 o= [6,==+1
.1“ .r > AT
1 2 1: topological insulator
p = < POIOg
2D

0: regular insulator @

Inversion symmetry: 6, is the parity product of all valence Bloch states.

Field theory [Qi, Zhang, et. al. (2008, 2009), Wilczek, (1987,2009)]
So = (8/m) [ d*xdt(eE* — (1/u)B?)
+

_ Oa ; 0= <7:: topological insulator
Sy d°xdtk - B 0: regular insulator

Wang & Zhang (2012) Simplified Topological Invariants, G(w=0,k) 23



Characterize Tls

Z, topological invariant
Band theory [Fu, Kane & Mele (2007), Moore & Balents (2007), Roy (2007)]

2D
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o= [6,==+1
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v=<
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Inversion symmetry: 6, is the parity product of all valence Bloch states.

v=

2D TI

(0;001)
Weak 3D TI

(1;000)
Strong 3D TI

Topological

Crystalline/Valley Insulators.

Fu, PRL 106, 106802 (2011).
Slager et al. arXiv:1209.2610 (2012)



Tl materials

HgTe QWs (2D Tls) Bi,Te,, Bi,Se; and Sb,Te; (3D Tls)
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A Band inversion
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HgTe QWSs

Transport measurements of the edge state conductance.

Conductance
channel with
up-spin charge
carriers

Conductance

channel with
Quantum down-spin
well charge carriers

M. Konig et al. Science 318, 766 (2007) 28



HgT

al
< e —
K
©
N~ X
I+,
©
<

0% s 4:.11:) -0.05  0.00 c:.:n;) 0.10 015 _1'5i T b_ll)_(
) /” X. Dai et al. Phys. Rev. B 77, 125319 (2008). I S
I, S.C. Wu et al. EPL, 107 (2014) 57006. I,

R 14 ! Kom)

‘ I T T T T 15
14 . . 1.0 -
12

E0.0

302 ~ E (d) B

) .

c 04 >

L ) m jg

2 0.6 mm??f,(”
208

o

8 10
B[T]

-08 -04 00 04 038
Brune et al. PRL106, 126803 (2011). 29



Bi,Se,, Bi,Te; and Sb,Te,
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Layered semiconductor with strong SOC.

Zhang et al. Nature Physics 5(6) 438 (2009).
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Bi,Se,, Bi,Te; and Sb,Te,

With SOC
Z,= (1,000)
o5 |4 = F = =t =t =+ === +|(+)
Sbyfey [ =d =t =t = == =;=|(=)
Sl LA e i 177 o P P
Bite, [+ = 4 = + =+ 4 = + — = —+; =|(-) A

SOC
() (I (i)

Zhang et al. Nature Physics 5(6) 438 (2009).
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~ BiySe,, B| Te3 and Sb,Te;
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Topological insulators

Zhang et al. Nature Physics 5(6) 438 (2009).
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Bi,Se;, Bi,Te; and Sb,Te,

MeT> WER« T K ARPES experiments

Es (eV)
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k, (A") Bi2Te3 ,.®

- k (1/A)
S 021
é ! Problem:
& -02] ¢ Bi2Se3, n-type, Se vacacny

=01 00 o M L Bi2Te3, n-type, Bi-Te antisite defect

Sb2Te3, p-type, Sb vacancy

Xia et al. 2009 Nature Physics 5(6) 398. Chen et al. 2009 Science 325(5937) 178.
Hsieh et al. 2009 PRL 103(14) 146401. Hsieh et al. 2009 Nature 460(7259) 1101.



Find new Tl materials

2
Atomic
Sym
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20
Ca
38
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88
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- alogens
Liquid nonmetals gases 5 6 7 8 oll AR
E Gas ( Metals ) B C N (o] F Ne
Alkaline Lanthanoids Post-

Alkali Transition 13 14 15 16 17 18

Unknown metals g\aentgls Actinoids metals ::':}gon Sy

21 | 228 238 | 228 | 250 | 26} | 278 288 28
Sc Ti V Cr Mn Fe Co Ni Cu

39 40 41 42 43 44 45 46 47
Y Zr Nb Mo Tc Ru Rh Pd Ag

| 720 730 748 750 760 7l 78M 79
“"JHf Ta W Re Os Ir Pt Au
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Rf Db Sg Bh Hs Mt Ds Rg Uuo

For elements with no stable isotopes, the mass number of the isotope with the long®

eriodic Table Design & Interface Copyrig 997 Michael Dayah. Ptable com Last ed Sep 30, 2012
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La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

8 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

Strong SOC, A, is proportional to Z4.
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Thermoelectric materials

A% Genoration) ¥
Thermoelectric »

2l [/ materials i

k3
< (p-type. n-type

Snyder & Toberer
Nature Mater.

7,105 (2008).
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ZT=TS?c/x > TI

> Smaller gap (o) >Band inversion
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HgTe variation: Heulser compounds
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Materials engineering

HgT
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single layer

AUT'Te;

Li,AgSb
double layer

Topological Insulators from a Chemists Perspective
Angew. Chem. Int. Ed. (2012) 51, 7221. 37



Materials engineering

Bi2Te3 Bi2Te2Se
olglyo

0LQr0Rr0 0RO 095090

o= ke Glgodge

0Rr0y0 > 0LQpody0
0-REosp0 N o5t

R (PoTe)Bi2Ted o1 piotes
ararl g}l

o<LpEol-0 °
LaBiTe3 TIBiTe2

[(PbTe)-Bi2Te3)] — Bi2Te3

38



!

Parity eigenvalues Gap at I" Bulk gap (eV)

TIBiTe,[+ = ++ = — —=++ — ; +{(-)| 0.16 <0.01*
TIBiSe, |+ = ++ = = —=++ - ; +(=)| 0.17 0.17
TIBi1S, [+ —++ - — —++ — ; +{(=)| 0.07 0.07
TISbTey+ = ++ = = = ++ - ; +[(=)| 0.05 0.05
TISbSey|+ —++ - — —++ — ; +[(=)| 0.19 0.14*
TISbS, |+ =++ = = —=++ + ;=[(+)| 0.09 0.04%*

* Indirect gap.

Yan et al. EPL 90, 37002 (2010), 39
Lin et al. PRL105(3) 036404 (2010), Eremeev et al. JETP Lett. 91(11) 594 (2010).



Bi2Se3 type: TIBiSe2 and TIBiTe2
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TIBiTe2 :Topological superconductor.
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Sato et al. PRL 105(13) 136802 (2010),

Kuroda et al. ibid, 105(14) 146801 (2010),

Chen et al. ibid, 105(26) 266401 (2010), 40
Xu et al. arXiv:1008.3557 (2010).



Search for a weak 3D TiI

2D
QSH Conduction
v=1
HgTe/CdTe QWs
InAs/GaSb/AISb QWs
Valence

I
v=

2D TI

Weak Tl Strong Tl —
v=(0; v;»,v;) v=(1; vyv,v,)
n Bi,Se,, Bi,Tes, TIBiSe,,

Strained HgTe, Ag,Te ...

i
Valence

(1;000)
Strong 3D TI

(0;001)
Weak 3D TI
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Generalization of Heusler compounds

\./
/A\ Wourzite lattice

Stacking 2D Tl layers

ZB
lattice

%
o,

Structure of SrPtAs-type

unconventional SC
Biswas et al., PRB 87, 180503(R) (2013);
Fisher et al. PRB 89, 020509 (2014)

double layer

AuTITe,

Following Heusler’s idea to design a weak Tl



3D weak Tls

Cubic Heusler XYZ Layered Honeycomb XYZ

%
KHgSb

X — X
/\ 78\
The weak Tl has a “strong” side.

Z. Ringel, Y. Kraus, and A. Stern, Phys. Rev. B 86, 045102 (2012).
R. S. K. Mong, J. H. Bardarson, and J. E. Moore, Phys. Rev. Lett. 108, 076804 (2012).
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Finlk band structure
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The first 3D weak Tls

0.8
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0.0
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M T ZM) H K T X T Z
(a) Bulk (b) Side surface

M

» The first weak Tl material, KHgSb
« Surface state with fwo Dirac cones
« Eg~0.2eV >RT

BY, Mulechler, Felser. PRL 109, 116406 (2012).

tall ¥ }%’j:
7(¢ M .
(c) Side surface side surface
KHgSb

(synthesized in 1980)



3D weak Tls

Bernevig-Hughes-Zhang model, minimal Hamiltonian

( M(k)  Aky 0 Ek, \\ /1 Band inversion
HO = el + | M0 M0 B 0N M) = My~ Bk -Gk
0  Ek, MK —Ak_ /
\ Bk 0 Ak _M(k)) Turning on inter-layer coupling
G , strong KHgSb KHgAs KHgP
weak - NaHgSb NaHgAs NaHgP
/\ f\ LiHgSb LiHgAs LiHgP

KCdSb KCdAs KCdP

ARV
\,/_--- NaCdSb NaCdAs NaCdP 2
AT \/ \UM Licdsb LiCdAs LiCdP
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----- KAuTe KAuSe SN
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NaAuTe NaAuSe XYZ ‘ I N\
\/ \/ LiAuTe LiAuSe
>’ trivial KAgTe KAgSe
4‘\ /‘\ NaAgTe NaAgSe
strohg LiAgTe LiAgSe

BY, Mulechler, Felser. PRL 109 (2012) 116406.



Extract a QSH layer from the layered

:®m©®

X-Y-Z
8 or 18 electrons

weak Tl

V-1V IV2-X2
8 electrons

H XYZ Heusler compounds He]
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0.82]1.00 6 4 1.6 66 8 88 1.9 90 1.6 8 0 :12.55|2.96|3.00
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0.82]0.95 60 1 1.90 0 8 019 69 8 1.96 2.05 PR A PR
Cs|Ba Ta Re|Os AW Hg| Tl [ 2:) =] Po| At|Rn
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Fr|Ra
0.70]0.90
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0 4113 1.20 0 0
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1.10]1.30]1.50]1.70] 1.30f 1.28] 1.13] 1.28 1.30{ 1.30] 1.30] 1.30| 1.30| 1.30f 1.30




~ eSH—S5e -

Sn1 Sn2

Bonding state

pxy-band With parity ‘6+” S

Anti-bonding state
s-band with parity “—”

J 03 A
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QSH layer

SnF (QSH)

SnH (trivial)

1
—’\ fluorinated

stanene
0

stanane

2D bulk

Band inversion at the [ point, different from graphene.

Y. Xu, BY, H.-J. Zhang, J. Wang, G. Xu, P. Tang, W. Duan, and S.-C. Zhang, PRL 111, 136804(2013).



QSH layer with large energy gap

Stanene: Snl 0.4 eV
Germanene: Gel 0.3 eV

helical edge states X2: trivial insulator

X1: topological insulator

topt\,/iew side view

Recent MBE growth

Zhu et al.
arXiv:1506.01601 (2015)
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Gold surface
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Gold surface

(A8) ABisuz
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Gold surface

Free-electron e Surface
model + ~f — band bending =
Rashba effect r r r

NFE model Shockley state Topological state Topological state

B. Yan et al. Nature Communications 6, 10167 (2015).
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Topological mirror insulator

Figure 1| SnTe lattice and Brillouin zone. (a) the crystal structure of SnTe;
(b) the face-centered-cubic (FCC) Brillouin zone showing the plane I'L;L,
which is invariant under reflection about the (110) axis and projects onto
the TX; line in the [001] surface.

Fu 2012’
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Materials design for Tls
LYV
AN RN A A

Heusler Honeycomb Heusler Stanene  Stanene with half passivation

gi%

Diamond lattice  Graphite lattice Graphene lattice Magnetic graphene

B =~ W

3D strong TI 3D weak TI 2D T1 (QSH)

N \/

PRL 113, 256401 (2014).
Nature Physics 9, 709 (2013).




Topological insulators and topological metals

et
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Band inversion

3D bulk

3D analoge of
graphene

2D Surface

Fermi arcs

Topological insulator
Time reversal
symmetry (TRS)x

Weyl Semimetal
Non spin degenerate
TRS and/or IS breaking




Summary

3D bulk 2D Surface

Topological insulators

 Topological surface states, Dirac cone
« 2D TI, 3D strong and weak Tls
Topological metals (3D graphene)

* Topological surface states, Fermi arcs
 Chiral anomaly, MR, high mobility sand inversion

3D analoge of Fermi arcs
graphene

Thanks for your attention!
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