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Inversion asymmetric systems i.e. Te (tellurium)
e Weyl semimetals
e Chiral transport in crystals with helical lattice structure
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NI-TI phase transitions and Weyl semimetals
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TI: topological insulator NI: normal insulator

SM, New J. Phys. (‘07).
SM. Kuga, PRB ('08)
SM, Physica E43, 748 (‘11)



Z, topological number v

v=0: normal insulator (NI)
v=1: topological insulator (TI)

(A) systems without inversion symmetry

(B) systems with inversion symmetry
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Formulae are different between (A) & (B)

- How does the TI-NI phase transition occur in (A) & (B)?
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Systems with inversion symmetry
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Systems without inversion symmetry
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3D Weyl nodes = monopole or antimonopole for Berry curvature
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Weyl node L o
Monopole at k =Kk, Antimonopole at k =k,

p(K) = 5(k —k,) p(K) =—5(k —k;)

e Weyl nodes are either monopole or antimonopole
¢ Quantized monopole charge

C. Herring, Phys. Rev. 52, 365 (1937).
G. E. Volovik, The Universe in a Helium Droplet (2007).
S. Murakami, New J. Phys. 9, 356 (2007).



. | TE
Weyl semimetal
Weyl
—> Bulk 3D Dirac cones without degeneracy node\ | g

Either time-reversal or inversion symmetry must be broken K

~ k- o
SM, NJP (‘07).

» Surface Fermi arc — connecting between Weyl nodes

*Dispersion of Femi arc

top surface
r bottom surface

— k-space (surface)

—_

" k-space (bulk) 0\

Balents, Physics 4, 36 (2011)

Okugawa, Murakami,
Phys. Rev. B (2014)



Search for Weyl semimetals without inversion symmetry

Start from an insulator

—> suppose a gap closes by changing a parameter m
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Classification by space groups & k-points.



230 space groups

138 space groups without inversion sym.
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(Example ): C, symmetry (i.e. k = invariant under C,)

C, eigenvalue = +1 or -1

() Same signs of C,
gap cannot close at k — level repulsion

(i) Different signs of C,

gap closing
- Weyl semimetal
monopole-antimonopole pair creation
- move along a symmetry line

anti-
monopole




Systems without inversion symmetry
- Classification of parametric gap-closing

(a) Metal (gap closes along a loop) — mirror symmetric




Topological Effects
In Tellurium and Selenium

Hirayama, Okugawa, Ishibashi, Murakami, Miyake,
PRL 114, 206401 (2015)
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Introduction I Group-VI elements : Te and Se

Trigonal:P3,21 or P3,21

(ex. :a-quartz)

the strong SOI with the broken space
Inversion symmetry

\ 4

allows appearance of Weyl nodes

Band gap : Te 0.323, Se 2.0 (eV)

V. B. Anzin et al., Phys. Stat. Sol. (a) 42, 385 (1977).
S. Tutihasi et al., Phys. Rev. 158, 623 (1967).

Structure of Te and Se

e helical chains
either right-nanded
or left-handed
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| Electronic band structures of Te and Se

NN

6 g

Band gap (GW+SO): Te 0.314, Se 1.74 (eV)
(exp.): Te 0.323, Se 2.0 (eV)

V. B. Anzin et al., Phys. Stat. Sol. (a) 42, 385 (1977).
S. Tutihasi et al., Phys. Rev. 158, 623 (1967).
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4 N\
Hirayama, et al.,

I Electronic band structure under pressure  PRL 114, 206401 (2015)

Low — Increase pressure —

Te 0GPa Te 2.18GPa Te 3.82GPa
06 \ \ 4l . 02 — ‘
— | ] ’5 I | - NS : ]
i 0.2 He g 2 = 0
g ' = . . -
R e R CH B | ©-02 |
Z 04l - &5 y =z \
06 Hﬁl Nl 5 27 ' | *-04¢ e
08 :: Weyl point N 4l ' \ w . "
fromA H P, toKfroma;P; 2.:: Weyl poi t . 06 a...s:Weprpln; - i
fromA H “p3 P, toK fromA Sy HP; P, PjtoKfroma; Ps
insulator Weyl semimetal metal

Te becomes the Weyl semimetal under pressure.

It is a first proposal of Weyl semimetals for
real materials with broken inversion symmetry.
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Motion of Weyl Nodes: topological nature

@ .. (b)  Te218GPa
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Fermi Surface and Spin Texture of Te

0GPa (E=0.31eV) c.f. Rashba system

0.57;

0.49

028 0.30
k

X

The Fermi surface around the H point has a
hedgehog spin structure.

Hirayama, et al.,
PRL 114, 206401 (2015)




Chiral transport
In crystals with helical structure



current-induced orbital magnetization

Electric current flowing through a helical
crystal generates a magnetization.

Magnetization

/ Analogy to solenoid
)
Magnetic field

k Electric current /

Electric current




Current-induced orbital magnetization

Model

An infinite stack of honeycomb lattice layers with a helical structure
H = t1ZC2LCj +tZZEic;rcj
i

(ij)
t1: nearest neighbor hopping

t,:helical hopping between
the same sublattice in the neighboring layers

Left-handed

Right-handed




Formalism for current induced orbital magnetization

Orbital magnetization (Ceresoli et al, Xiao et al. (2006))

e d3k
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Apply electric field (// helical axis) ‘ / ;o
/K electric

Boltzmann approximation field
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distribution function : fukx = fi + €E2TVn 5
€=Enk

For a metal, the orbital magnetization is induced by an electric current.



Result parameters : t, = t;/3

(a)Right-handed crystal (b)Left-handed crystal
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The directions of the magnetization is opposite for the right-handed and left-handed helix.
Quantum mechanical analog of solenoid!
"The orbital magnetization is enhanced around the Dirac points.

Band structure for the right-handed helix
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Current-induced spin magnetization

Spin-orbit coupling should be included

Model

iv3A IA IA
E' t xy E' t z E' t
+ ~ c; ¢+ . c; (s*dj; + Sydl-j)Cj + - c; s?df;c

(i) [i]] [i]]

spin-orbit interaction

A:spin-dependent nearest neighbor hopping

Ayv, A, :spin-dependent helical hopping between the sublattice in the neighboring layers

Xy



Spin texture
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A radial spin texture around the H point
(similar to Te)

Different from Rashba systems



Current-induced spin magnetization

We apply an electric field along the helical axis.
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Chiral transport in CNTs
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Chiral nanotube breaks inversion & mirror symmetries
- chiral transport is allowed
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(previous works)

Theoretical proposal in BC,N Y Miyamoto et al. PRB 50, 4976 (1994)

Magnetization for ballistic transport in CNT

Self-induction in CNT

N Tsuji et al. PRB 75, 153406 (‘07)

B Wang et al. PRB 80, 235430 (2009)



Calculation of Chiral transport

(Hamiltonian):
nearest-neighbor tight-binding model

{conductivity):
Boltzmann transport,
constant relaxation time
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Chiral conductivity for nanotubes with various chiralities
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Chiral conductivity for (8,6) nanotube
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Conclusions

inversion
symmetric

m

e Weyl semimetals (in inversion asymmetric systems)
— In topological insulator (TI) — normal insulator (NI) phase
transition, Weyl semimetals naturally appear

— Combine with space group symmetry
- powerful way for searching topological phases
e.g. Tellurium: Weyl semimetal at high pressure

e Chiral transport in crystals with helical lattice structure
— analogy with solenoid
— Current induced orbital & spin magnetization

— Example:
e 3D chiral crystals: Tellurium etc.
e chiral CNT




