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Introduce to the toPological semimetal
Chiral magnetic etfect as the kcg Propcrtg of TSM

Detect the CME bg the clgnamics of Pseudo scalar

PI’)OﬂOﬂ mocles

Nematic and charge clensitg wave (CDW) instabilities

for Dirac semimetal under magnetic field
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Definition of ToPological Semi-Metal (TSM)

- ToPological Semi-metal: metal with Vanishing S insulator with vanishing

energy gap, band crossings at Fermi level

o  Semi-metals defined above can all described by ToPological invariance:

Wegl, Dirac, Nodal lines

* TSM has very unique and fruitful transport Properties (most|9 under
magnetic field)

* New Fermions: three-fold and six-fold Pointsi arXiv:160%.0%509%



https://arxiv.org/abs/1603.03093
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DSM, high symmaetry point Hfl
WSM. Magnetic, type | LinqalraOy

WSM, Magnetic.type | HyCrySes
WSM. Magnetic,type |l YbM D,

WSM, non-Magnetic,type | 1"« and S« under pressure
WSM, non-Magnetic,type | Ty Sy
v o eareiope | curtsecamy | @
WSM, non-Magnetic,type || W Tes and MaTez
NLSM wio SOC Carbon Mackay-Terrones structure
NLSM wio SOC Clas 2N
NLSM wio SOC LaN
NLSM wio SOC Black Phosphorus under pressure
NLSM wio SOC Cuglh
NLSM wio SOC CoAgX

NLSM with SOC Srlr03




Dirac vs. Weyl

Quantum mechanics + Relativistic
Dirac Equation (1928) 4x4
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Massive Fermion

1 E(k)

Massless Fermion

Two Weyl Equations with
opposite Chirality




Wegl Fermion in solid

“accidental” band crossing in the band structure
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Moving the Weyls around by smoothly changing the
Hamiltonian

H = Z ?}a[ggakﬁ — Z)\z]%za-z
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Wegl Points and singularitg of
Berrg’s Curvature

Weyl points are always come in pairs with opposite chirality for any
lattice model.

Weyl points are the singular point of the Berry’s Curvature
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A(k) =" < nk|Vi|nk > B(k) =V} x A(k)

Vi B(k) = £6(k — ko)

integral of Berry curvature over a 2D closed manifold gives Chern
number: Chern number for a 2D BZ:  quantum Hall effect
Chern number for a FS in 3D: Chiral anomaly!
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Why Weyl points must appear in pairs!?

Chern #

Kz

pi



Properties of VWSM:

Fermi arcs on the surface, what protects it!

fully gapped between nth and (n+1)th bands!
Weyl points are located between nth and (n+1)th bands!

Projected Bulk Spectrum

Chiral Edge State

Projected Bulk Spectrum

Momentum, k; 2n

Wan et al, Phys.Rev.B 83,205101

Topview



The most important Physics in TSM:

|. Chiral anomaly: non-conservation of electron number with fixed
chirality under parallel electric and magnetic fields

2. Chiral magnetic effect: Weyl fermions can carry current under
external magnetic field with unbalanced chemical potential



Anomalous Hall effect il and CME for a single WP Pair
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Chiral anomaly under U(1) gauge field: E and B
Full quantum mechanical(strong field) point of view

The Chiral density(NL-NRr) won’t be conserved under
parallel magnetic and electric fields:
adiabatic pumping of particles from One Weyl point to another one
with opposite chirality

q\/ \/P

€en = vpsign(n) 7h|n|(’B + (hk - B )¢, n=+£1,£2,.
€0 = —xhvpk-B

The equation of motion for the zeroth Landau level

dk
R,
it~ ¢

Will generate negative Magneto-resistance in VWSM materials
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FIG. 1: Landau bands and deformation potential in a
two WPs model. The red and blue lines represent the
zeroth (chiral) Landau band and other Landau bands
respectively. Chiral charge density is defined as
ng, =np —ny,. (a) is the case of Q = 0 and (b) is the
case of Q # 0.




Where to find WSM?

Remove the spin degeneracy of the band
Spin-orbital coupling is essential?
SOC+Either break of time reversal or spacial inversion symmetries

First proposed real material by X.Wan, S. Savrasov et al:Y2Ir207 with
all in all out spin structure Phys.Rev.B 83205101

Ferromagnetic metal proposed by us: HgCr2Se4 prL 107,186806

Tellurium and Selenium under pressure by S. Murakami, and T. Miyake’s
groups: cond-mat:1409.7517

critical point between normal and topological insulators by
Vanderbilt’s group: PRB90,155316

Nonmagnetic material without inversion center:TaAs, TaP, NbAs, NbP
HM Weng, et al, Phys. Rev. X 5,01 1029 (2015)



vpsign(n)y\/ 2h|n|eB + (hk - B)2, n = +1,+2, ...
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(N :Generating CME by time clepenc]c—:nt state:
much bigger territorg to explore!!
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il Prol:)osal: detect CME bﬂ lattice clynamics

(more are on the Wagl)

EEliacre arc certailn hOﬂOﬂ mocles CB”CC! SCUCIO scalar
[F P

phonons which can couple foCNE

* Some Phonon modes can be r1c>r1~-l:>o|arizeclJ which is
clecouple from EM wave without CME

~ With CMEL, these Pseuclo scalar Phonons can be oPtica”g

active
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Wlﬂat |<incl of Zone centre Pl’xonon mode can couple OV

' 1 » : .
H,, = vV Z 'lﬂ‘l'{(‘+pAKz-Q"."’Kz+pQ
Kgp
clectron~Phonon coupling term

. .‘\"u.' € 2 B .
JCMEQ = — 535 8a.Q0

. o 1 Nw / i
where A, g = Nov Yo Xidk,.0

In order to have nonzero coupling, the Phonon
mode Q must transform in the same way with cl*wiralitg,

which is a Pseudo scalar
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Example of Pseudo Scalar Phonon mode

Moving&own \ / Moving up
e 5
O @ \
Movingup Movingclown




Little
Materials Group at

Aﬁil—zS?TeS 1
BiTel under pressure [I]
| Se/Te under pressure [] |
TaAs [, ]
A21r207 5]
HgCtzSe.a {6' .
CusPdN [7] 221
AsBi [ 194
BaAuBi-family [0 194
LiGaGe-family [© 186
SrSnzAs: 9 160 -
Cd3As, 10 137 3 X 8 4x A

CdsAs; [10] 110 20 X As

B-cristobalite BiOz [1 1. 227 n
Hﬂs 9] 193 - -
AMo; Xs-Family [7] 176 o Cor | 3% Aa

Distorted Spinel [12 74 s TR B
C., C.

2 The pseudo scalar representation may have different symbols in different groups. In the first class point groups (consisting of proper
rotations), it is just the identity representation A,;. While in the second (centrosymmetric) and third (non-centrosymmetric but with

improper rotations) class point groups, it is usually referred as A,,, and A,, respectively. The prefactor is the number of pseudo scalar
phonon modes. “" means there is no pseudo scalar phonon.

b The magnetic space group is referred to Ref. [17].

¢ The magnetic little group is defined as Oy, =T}, + T - (Oy, —T}) and Dy, = Cyp + T - (D4 — Cyp ), respectively, where T is the time
reversal operator.

4 The classification follows Ref. [11].
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Coupled Dgnamics for anomalous current, current,

elec’tric ECICI 8I’1Cl DSCUC!O SCBIBF Pl"lOﬂOﬂS

internal electric field EEvelrreniy
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external magnctic field B
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Couplecl equations of motion:

Q+whQ+ ?T:n =0 Phonon mode
fla = %E ‘B Chiral charge
D4+J+ V(V-E) - %V E=0 internal electric field
B [ e Chiral current induced
JoME = 53 (\u AlQ + %)

by CME
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FIG. 2: EM wave coupled with unpolarised pseudo
scalar phonon. (a) illustrates the fields configuration,
which ensures that the mode coupled with CME current
(Fr1) and is free from Hall effects. (b) and (c) are the
numerically calculated dispersion and reflectivity for
Er, at |B| =0. (d) and (e) are the dispersion and
reflectivity at |B| = 2T. The cyan areas are the
inter-band single particle excitation zones [17].
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FIG. 3: Plasmon coupled with unpolarised pseudo
scalar phonon. (a) illustrates the fields configuration,
which ensures that the mode coupled with CME current
(EyL) is free from Hall effect. (b) and (c) are the eigen
frequencies of the coupled modes as functions of carrier
density at |B| = 0 and |B| = 2T, respectively, where the
cyan areas are the inter-band single particle excitation
zones [25]. In (d) we plot the eigen frequencies of the
coupled modes as functions of the magnetic field.
Different colored lines represent different intrinsic
plasmon frequencies (carriers densities).
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(N nstabilitg of Dirac semimetal under strong
magnetic field




Topological semi-metal with TRS:

3D Dirac semi-metal




KX

Along Z-axis with extra crystal symmetry Along any other direction where
Which protects the band crossing the crossing is no longer protected




3D Dirac semi-metal: A3Bi (A=Na, K, Rb)

¢=9.655A (b)

s

Layered hexagonal structure
Space group: P63/mmc
Stacking of NaBi Honeycomb layers along the C-axis




M (k) —vhk_  y(k) 0
HO—C(k.) + | 0k -M (k) 0 (k)

7* (k) 0 M (k.) vhk_
0 ) ke M)
Here C(k.) = Co(cosagk. — cosagk.), M (k.) =
My (cosapk. — cosagk.), k+ = k; + ik, v is the veloc-




Two kinds of instabilitg caused bﬂ “nesting FS” under
strong magnctic field

Reduced BZ for CDW
(a) 4 v (b)




GW tHPC aPProach

(a) P k-q
n m (n-m)Q K i€
k,n Kk.m M ghn'Q e
(b) p
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Mle.an field Phase Aiagram
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Conclusions

© Dgnamics of Pseudo scalar Phonons =15 couple
o CNME

* non-Polarizecl PSCUCIO 5calar P]"lOl"lOﬂ mocles

F—

can be used as the detector of CME

s Two kinds of instabilitg, CDW and nematic
Phases, can occur under magnetic field in

toPological Dirac semimetal
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Thank you for your attention!




