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Complexity arising from large number of
electrons leads to fascinating physics of solids
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US penny: 3.1 grams of copper, 2.9x1022

electrons
DVD: 4x10™~ bits

we would need some 7.25 x 1011 DVD's to
store information just about spin of all
electrons
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Simplest quantum model: electrons in 1D box:
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Reduced band scheme
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ARPES experiment
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Synchrotron based ARPES measurements
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Tunab

le VUV laser ARPES system
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Brief introduction to topology

Gauss-Bonnet theorem deA =2nx =2n(2-2g)
M
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Analogy in solid state physics:

Berry connection: A (K) = i (tpm(K)|Vitum(k)) k = (kx, ky ).

Berry curvature: QM (k) = Vi X i (Um(K)|Victm(k))

1

—— [ QM (k)dk
21 ) Bz

Chern number: Q(m) —

J. K. Asbodth, L. Oroszlany, and A. Palyi, arXiv:1509.02295

L\ D. Xiao, M-Ch Chang, and Q. Niu, Rev. Mod. Phys. 82, 1959.




Nobel Prize in Physics 2016

"for theoretical discoveries of topological phase
transitions and topological phases of matter”

“For the greatest be mﬁl to mankind”

&ﬁ‘“"’ =

The Royal Swedish Academy of Sciences has decided to award the

2016 N OBEL PRIZE IN PHYSICS

DaV1dJ T houless
F. Duncan M. Haldane
~ J. Michael Kosterlitz

“for theoretical discoveries of topological phase transitions

and topological phases of matter”

Nobelprize.org
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trivial state topological state
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Insulator

Quantum Hall
State
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S. Zhang. Topological insulators. Scholarpedia, 10(7):30275, 2015. revision 151969.

w: Ames Laboratory
Creating Materials & Energy Solutions
U.S. DEPARTMENT OF ENERGY




Graphene
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Topological insulators:
Highly unusual surface state

TI sample

Ames Laboratory
A,_\ Liang Fu and C. L. Kane, Phys. Rev. B 76, 045302 (2007).



Topological insulators:

Highly unusual surface state
A

Y. Chen et al., Science 329, 659 (2010). " 01 070 " 01 '
A c,f;;}:3:;%5:3:;2;:5; D. Hsieh et al., Nature 460, 1101 (2009) kx (A“)




Tuning properties of topological insulators:
Bi>Tez28S5eo2 - a true topological insulator
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Y e Rui Jiang et al., Phys. Rev. B. 86, 085112 (2012




Dirac energy (eV)

L rrrrp e
3 .“|*“\

-0.25

-0.30

-0.35

-0.40

0 hours @20K

Tuning properties of Bi2Tez285eo

90 hours @20K

-
e
-
i
—
—
—
—
—
—
—

147 hours @200K 180 hours @300K

L 20K 300K
- o0k 259K d
3 ]
(a) ’
- 100K )
o X\ -
: 1 I 1 I 1 I 1 I 1 I 1 I 1 I | 1 I || I 1 I 1 I 1 I 1 I 1 I 1 I:
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

=| 9F

z|s
o
(@)
=
]
ct+
@)
=
<

Time (hours)

Rui Jiang et al., Phys. Rev. B. 86, 085112 (2012)



3D Dirac semimetal - Cd3As:>

(a) 6.70 eV (b) 6.36 eV

(c) 6.20 eV (d) 6.05 eV (e) 5.90 eV (f) 5.77 eV
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Weyl semimetals
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7. K. Liu et al., Nat Mater 15,27 (2016).
H. Weyl, Electron and Gravitation. I, Z. Phys. 56, 330 (1929).
X. Wan, A. M. Turner, A. Vishwanath, and S. Y. Savrasov, Phys. Rev. B 83,205101 (2011).

L. Balents, Weyl Electrons Kiss, Physics 4, 36 (2011).
A Sy G. Xu, H. Weng, Z. Wang, X. Dai, and Z. Fang, Phys. Rev. Lett. 107, 186806 (2011).



Weyl semimetals

k,

Type I: TaAs, NbAs Type IT: WTez, MoTe:
TaP, NbP

S.-Y. Xu et al., Science 349, 613 (2015). Alexey A. Soluyanov, Nature 527, 495-498 (2015)
S.-Y. Xu et al., Nat Phys 11, 748 (2015). Lunan Huang et al., arXiv:1603.06482
L. X. Yang et al., Nat Phys 11, (2015). Yun Wu et al., arXiv:1604.05176
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Type I: TaAs, NbAs
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Prediction of Weyl IT semimetallic state in MoTe:
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"Simplified” model of Weyl IT semimetal
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Lunan Huang et al., Nature Materials 15, 1155-1160 (2016)
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Signatures of type IT Weyl semimetal in MoTe;
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Electronic properties of
WTe;

I FTTER ~500,000%

Titanic
Large, non-saturating magnetoresistance in WTe,

Mazhar N. Ali', Jun Xiong”, Steven Flynn', Jing Tao’, Quinn D. Gibson', Leslie M. Schoop', Tian Liang”, Neel Haldolaarachchige',
Max Hirschberger’, N. P. Ong” & R.J. Cava'

do0i:10.1038/naturel3763

M. N. Ali et al., Nature 514, 205 (2014).
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M. N. Ali et al., Nature 514, 205 (2014).
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WTez Fermi surface and band dispersion
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WTe,: temperature induced
Lifshitz transition
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WTe,: temperature induced
Lifshitz transition
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Yun Wu et al., Phys. Rev. Lett. 115, 166602 (2015).



Temperature and magnetic field dependence
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WTez

M. N. Ali et al., Nature 514, 205 (2014).

two types of surface
terminations:

Relaxed - Topological

N- Normal ﬂ

Yun Wu et al.,
Phys. Rev. Lett. 115, 166602 (2015).

Fermi Arcs

T- Topological

c) Strained - Trivial

Yun Wu et al.,
Phys. Rev. B 94, 121113(R) (2016)




Fermi arcs in WTe>
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Fermi arcs in WTe>
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"plain” and "titanic” Magnetoresistance
~N 500 'OOO O/O PHYSICAL REVIEW B 85, 035135 (2012)

Magnetic field effects on transport properties of PtSn,

Eundeok Mun,! Hyunjin Ko,?> Gordon J. Miller,”> German D. Samolyuk,"" Sergey L. Bud’ko,' and Paul. C. Canfield'
' Ames Laboratory US Department of Energy and Department of Physics and Astronomy, lowa State University, Ames, lowa 50011, USA
2Ames Laboratory US Department of Energy and Department of Chemistry, lowa State University, Ames, lowa 50011, USA
(Received 6 October 2011; revised manuscript received 17 January 2012; published 31 January 2012)

E. Mun et al., Phys. Rev. B 85, 035135 (2012).
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Titanic
Large, non-saturating magnetoresistance in WTe,

Mazhar N. Ali', Jun Xiong”, Steven Flynn', Jing Tao’, Quinn D. Gibson', Leslie M. Schoop', Tian Liang”, Neel Haldolaarachchige',
Max Hirschberger”, N. P. Ong” & R.J. Cava'

do0i:10.1038/naturel3763

M. N. Ali et al., Nature 514, 205 (2014).
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Energy (eV)

Dirac arc nodes in PtSns
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Dirac arc nodes in PtSnas
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Conclusions:

*BixTe285eq2 is a "true” topological insulator with Fermi
energy located inside of the bulk band gap

* TI properties can be reversibly tuned at the surface by
hydrogen absorption

* We discovered spectroscopic evidence that both WTe?2
and MoTe?2 are type IT Weyl semimetals

*PtSn4 is a novel topological material hosting Dirac node arcs
(DNA) that yet have to be understood by theory
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