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Theory k Theory k
Honeycomb lattice (Haldane 1988) Honeycomb lattice (Kane and Mele 2005)
Magnetically doped Tl (Yu, Fang et al. 2010) HgTe/CdTe (Bernevig, Hughes, Zhang 2006)
Experiment

Experiment
Cr-doped (Bi,Sb),Te; (Chang, Xue et al. 2013) HgTe/CdTe (Konig, Molenkamp et al. 2007)
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MBEIC X % bR A > HILigiIAE

DFRRIE X F 3 —%E & (Molecular Beam Epitaxy, MBE)

Growth chamber
(~107 Pa)

InP substrate
(200 °C - 380 °C)

4
Sb Te
(~400°C)
' Cr
o REBEE (< 1nm) Bi Y oo
o FEBRHITEIE (~ 1%) (~400°C) -1500°C) ( )

s NTAEETI I ZTY YT

(~230°C)

T

=3

(BijSb,),Te;

N NN S EAST S
INP substrate e

M. Mogi et al., PRL
123, 016804 (2019)
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R. Yoshimi, et al.,
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Experimental Observation of the
Quantum Anomalous Hall Effect
in a Magnetic Topological Insulator

Cui-Zu Chang,*?* Jinsong Zhang,'* Xiao Feng,“2* Jie Shen,?* Zuocheng Zhang,* Minghua Guo,*
Kang Li,? Yunbo Ou,” Pang Wei,” Li-Li Wang,? Zhong-Qing Ji,” Yang Feng,* Shuaihua Ji,*

Xi Chen,* Jinfeng Jia," Xi Dai,” Zhong Fang,” Shou-Cheng Zhang,” Ke He,’t Yayu Wang,'t Li Lu,?
Xu-Cun Ma,? Qi-Kun Xue't

Cr (Bi, Sb),. Te, (CBST) v

[} )

h

Fermi level

Following works (2014-2015):

(RIKEN) J. G. Checkelsky et al., Nat. Phys. (2014)

(UCLA) X. Kou et al., PRL (2014)

C.Z. Chang, Q. K. Xue et al., Science 340, 167 (2013) o0 55 5 (Penn State) A. Kandala et al., Nat. Commun. (2015)
i e T " ’ ' (MIT) C. Z. Chang et al., Nat. Mater. (2015)

(Wirzburg) S. Grauer et al., PRB (2015)
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Cr,(Bi, Sb),_ Te,
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Cr (~5 %)

QAHE below 0.1 K
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(Bi, Sb),Te; 1 nm
20— 11—
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1.0 M. Mogi et al., APL
B (T) 107, 182401 (2015).

Realization of QAHE up to 2 K
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Our idea Large H. magnetic Tl

/

B

Separation layer
non-magnetic Tl

Small H. magnetic Tl

Chiral edge state

M. Mogi, M. Kawamura et al., Nat. Mater. 16, 516 (2017)

idB/dt > 0

T. Morimoto et al,, PRB 92, 085113 (2015)
J. Wang et al., PRB 92, 081107 (2015)
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cf. QAHE in V-doped BST:
C.-Z. Chang et al., Nat. Mater. 14, 473 (2015).
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Other axion insulators, proposals, reviews
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Robust axion insulator and Chern insulator

phases in a two-dimensional antiferromagnetic

topological insulator

Chang Liu'?, Yongchao Wang ©®28, Hao Li**®, Yang Wu ©45, Yaoxin Li', Jiaheng Li', Ke He's,
Yong Xu©®'%7*, Jinsong Zhang©"¢* and Yayu Wang ©'¢*

PHYSICAL REVIEW LETTERS 122, 256402 (2019)

materials

PHYSICAL REVIEW B 100, 075303 (2019)
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Magnetic resonance induced pseudoelectric field and giant current response in axion insulators
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Higher-Order Topology of the Axion Insulator Euln,As,
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Symmetry-enforced chiral hinge states and
surface quantum anomalous Hall effect in the
magnetic axion insulator Bi,_,Sm,Se,

Changming Yue'?, Yuanfeng Xu'?, Zhida Song"?, Hongming Weng ©"234%, Yuan-Ming Lu®,
ChenFang ®'3457 and XiDai ®®*

ARTICLES

I REVIEWS

https://doi.org/10.1038/541567-019-0457-0

Axion electrodynamics in topological materials

Akihiko Sekine*® and Kentaro Nomura?
DRIKEN Center for Emergent Matter Science, Wako, Saitama 351-0198, Japan
D Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
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M) Check for updates.

Axion physics in condensed-matter
systems

Dennis M. Nenno'”®, Christina A. C. Garcia®?, Johannes Gooth'?, Claudia Felser®'”?
and Prineha Narang»?=

Abstract | Axions are hypothetical particles that were proposed to solve the strong charge-parity
problem in high-energy physics. Although they have long been known in quantum field theory,
axions have so far not been observed as elementary particles in nature. Yet, in condensed-matter
systems, axions can also emerge as quasiparticles in certain materials such as strong topological
insulators. The corresponding axion field is expected to lead to exciting physical phenomena

in condensed-matter systems, such as a fractional quantum anomalous Hall effect, the chiral
anomaly, exotic Casimir-Lifshitz repulsion and a linear magnetoelectric response quantized

in units of the fine-structure constant. First signatures of electronic states that permit axion
dynamics have been reported in condensed-matter systems. In this Review, we explore the
concepts that introduce axion fields in condensed-matter systems and present experimental
findings. We discuss predicted and realized material systems, the prospects of using axion
electrodynamics for next-generation devices and the search for axions as a possible constituent
of dark matter.



Electrode B Equivalent circuit
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= w > 100 MHz
cf. Cr,05: 0.7-1.6 (uCmM2T1)
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Another manifestation of axionic responses

R DEBIHICHETB /N T 4 BFE (19837)

V FE = —— V —|-B Voruse 51, NUMBER 23 PHYSICAL REVIEW LETTERS 5 DECEMBER 1983
0 Axial-Anomaly-Induced Fermion Fractionization and Effective Gange-Theory Actions
in Odd-Dimensional Space-Times
a B A, J. Niemi
v E - The Institute for Advanced Study, Princeton, New Jevgey 08540, and Research Institute
X —_- = For Theovetical Physics, University of Helsinki, SF-00170 Helsinki 17, Finland

at and

G. W. Semenoff
Depavinent of Physics, University of British Columbia, Vancouver, British Columbia VET 2A6, Canada

v . B j— 0 (Received 2 September 1983)

1 a E # e 2 9 PHYSICAL REVIEW D VOLUME 29, NUMBER 10 15 MAY 1984
v X B = -I— 0 V — | X E Fractional charge and zero modes for planar systems in a magnetic field

Cz at Zh T[ R. Jackiw

Center for Theoretical Physics, Laboratory for Nuclear Science, Massachusetts Institute for Technology,
Cambridge, Massachusetts 02139
(Received 9 January 1984)

= Hol PHYSICAL REVIEW
jy = e?/(2h)E, LETTERS

NI e =] a2 Vorome 53 24 DECEMBER 1984 Nomorn 26
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Condensed-Matter Simulation of a Three-Dimensional Anomaly

Gordon W. Semenofl
The Institute for Advanced Study, Princeton, New Jersey 08540, and Department of Physics,'
University of British Columbia, Vancouver, British Columbia V6T 246, Canada
(Received 4 September 1984)



Parity anomaly of “single” Dirac fermion

Massless Dirac fermion

Hy(ky, ky) = R(0,ky, — 0y ky)

)_.b._h._g

“1— Py
Parity operator

E
Ky "";.
kk I
k, — —k, X

P =lo, i

ﬂ:» e

_’kx ?; 1? H_’kx
KI.{ RI.{
P(0y, 0y,0,)P~" = (0, —0y,—0;)

:‘DH{}{_;{X! ky)jj_l :H{}(’I{xr ky)

Massive Dirac fermion

H,, (ky, ky,m) = h(o k, —o,k,) +ma,
2 Ab_.
- W *
*
E \

PHp (ks kyym)P™1 = Hp(Ky, ky, —m) # Hpy (Ky, Ky, m)
Parity and time-reversal symmetries are broken
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Dirac fermions “in pairs”

2D lattices 3D TI

Graphene

wikipedia

Dirac cones must be in pairs
< fermion doubling theorem

= Parity anomaly is cancelled out

“Single” Dirac cone at each surface
by Z, topological nature in 3D bulk

N. B. Nielsen, M. Ninomiya, L. Fu, C. L. Kane, E. J. Mele, PRL
Nucl. phys. B185, 20 (1981). 98, 106803 (2007).



Proposals for half-quantization in 3D Tl

PHYSICAL REVIEW B 76, 045302 (2007)

Topological insulators with inversion symmetry

Liang Fu and C. L. Kane

(Received 14 November 2006; revised manuscript received 17 January 2007; published 2 July 2007)

Layer-resolved Hall conductivity calculation

4A50
Hegn = Ztuclc + i — S Zc IXJZ)Cj.

{ij) Wi
+ h- (ZiEAC;r"'C.-: - ZfEBC;T"'Cf)

Essin, Moore, Vanderbilt, PRL (2009)

The surface of the strong topological insulator is thus
unique in that it can generate a single Dirac fermion without
Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA ‘l.-'i{jlﬂ[ing time-reversal symmetry and, in p[‘i[‘[{:iple, exhibits

the half quantized quantum Hall effect.

diamond lattice

C(n)
03}
02}
0.1}

-0.1¢}
-02¢
03}

FIG. 2 (color online).

The layer-resolved Hall conductivity (in

units of e /h) at B = 7 in a slab of 20 layers, with m = /2 and
Ago = t/4, terminated in (111) planes.



Parity anomaly in semi-magnetic T|

(Big 27Sbg 73),Te; 3 nm

— QAH composition

(Big 27Sbyg 73);Te; 5 nm

>

(Biy.,Sb,),Te; 5 nm - E within bulk gap
_ (BiogrShosa)Tes 1nm _

InP trat .
InP substrate Updated from R. Yoshimi, K. Yasuda

et al. Nat. Commun. (2015)

Original Parity-transformed

_A‘-"“N}

2
‘” s How to measure only the
top surface contribution?




Quantization of magneto-optical effects

1 hw <K 2|m| : exchange gap (> 10 meV)
5
a8 AX (Ery — Eyae) =0

I FM (> o, = 62/2/’) { X TI vac .
= it X (Hry — Hyac) = Juan = onEr
:/V/:r(etopo
T 4
B 04 a

Tl C7 O = tan~?! ~

L 1+ nri 1+ nTy

X.-L. Qi, T. L. Hughes, S.-C.

e? 1
a = ~
4teghc 137

Zhang, PRB 78, 195424 (2008)



Time-domain THz magneto-optical spectroscopy
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Geometries for Faraday & Kerr measurements

) Te
6 |

O = a(vr + vg)

HK =7T/2

W.-K. Tse, A. H. MacDonald,

PRL 105, 057401 (2010).

LT

Tl

6 |

substrate

_ 2a(vr +vp)

T 1 + ng

_ 4a(vr +vp)

K —

J. Macicjko et al.,

PRL 105, 166803 (2010).

— y_p?
a,, = vie/h

Tl
GX

= vge’/h

ol 1ie]

_ Za(VT + VB)
B 1 + ng

_ 4nsa(vr +vp)
K= ng? —1

present study

InP substrate: n, = 3.46



Quantized Faraday & Kerr rotations from QAHE

(Big 2750y 73),Te; 5 nm

_____(Bigo7Sboz3)oles 1 nm

InP substrate

EIN

Updated from K. N. Okada,
Y. Takahashi, M. Mogi et al.,
Nat. Commun. 7, 12245 (2016).

Related studies
GaAs, Graphene: Shimano group 2a(1/2 + 1/2) 4nga(1/2 +1/2)
3DTI: Armitage group, Molenkamp group Op = 1+ n, Ok = nZ — 1

(QHE states under magnetic fields)

= 3.26 mrad = 9.21 mrad



Half quantized magneto-optical rotations
a2

(Big27Sbg 73), Te; 3 nm

(Bi;,Sb,),Te; 5 nm

InP substrate

l a,, = ve?/h
L 0, = vgeX/h N
xy — VB LN [FF
6} 1]
_ 2a(vy +vp)
T+ Ng
_ 4nsa(vy +vp)
K= ng? —1

What about at zero-frequency
limit (dc transport)?



Comparison: magneto-optics and transport

QAH insulator Semi-magnetic Tl
THz light, E%
<
[ %Optics ] |
l 0y, = e/h J Transport

>
chiral edge state

dc current, |dc

Experimental confirmation of bulk (optics) — edge/surface (transport) correspondence



Halt-integer quantization in transport

EISN JEAFE

o=pt




Current distribution of half-quantized state

top view top

+ —
o, = €/2h Jy v
o= 0 Eqrk AR
+

Bottom surface j° causes dissipation (voltage)

xy =
pjr;rjlceas — Ey/(I/W) (erCI;CeaS)z + (pjr/r;ceas

5> = Oxy = W irrespective of J,I?x



Summary of our findings

e Our THz magneto-optical
measurement directly and
firstly demonstrates the
half quantization

 Well defined Hall bars
allow highly accurate
FENFH conversion to conductance

e Quantitatively consistent
data of THz and transport
certify the bulk-surface
correspondence

M. Mogi et al. under review
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