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Magnetoelectric effects in multiferroics

Recent Topics by Spin-Orbit Coupling

generate long lived spin and valley accumulations on sam-
ple boundaries. The physics discussed here provides a
route towards the integration of valleytronics and spin-
tronics in multivalley materials with strong spin-orbit
coupling and inversion symmetry breaking.

The physics in monolayers is essentially the same for
group-VI dichalcogenides MX2 (M ¼ Mo;W, X ¼ S; Se),
described below using MoS2 as an example. Structurally,
MoS2 can be regarded as strongly bonded 2D S-Mo-S
layers that are loosely coupled to one another by Van der
Waals interactions. Within each layer, the Mo and S atoms
form 2D hexagonal lattices, with the Mo atom being
coordinated by the six neighboring S atoms in a trigonal
prismatic geometry [Figs. 1(a) and 1(b)]. In its bulk form,
MoS2 has the 2H stacking order with the space group D4

6h,
which is inversion symmetric. When it is thinned down to a
monolayer, the crystal symmetry reduces to D1

3h, and in-
version symmetry is explicitly broken: taking the Mo atom
as the inversion center, an S atom will be mapped onto an
empty location. As a consequence, the effects we predict
here are expected only in thin films with odd number of
layers, since inversion symmetry is preserved in films with
even number of layers.

We start by constructing a minimal band model on the
basis of general symmetry consideration. The band struc-
ture ofMoS2, to a first approximation, consists of partially
filled Mo d bands lying between Mo-S s-p bonding and
antibonding bands [25]. The trigonal prismatic coordina-
tion of the Mo atom splits its d orbitals into three groups:
A1ðdz2Þ, Eðdxy; dx2$y2Þ and E0ðdxz; dyzÞ. In the monolayer

limit, the reflection symmetry in the ẑ direction permits
hybridization only between A1 and E orbitals, which opens
a band gap at the K and $K points [25], schematically

shown in Fig. 1(c). The group of the wave vector at the
band edges (K) is C3h and the symmetry adapted basis
functions are

j!ci ¼ jdz2i; j!"
vi ¼

1ffiffiffi
2

p ðjdx2$y2iþ i"jdxyiÞ; (1)

where the subscript cðvÞ indicates conduction (valence)
band, and " ¼ &1 is the valley index. The valence-band
wave functions at the two valleys, j!þ

v i and j!$
v i, are

related by time-reversal operation. To first order in k, the
C3h symmetry dictates that the two-band k ' pHamiltonian
has the form

Ĥ0 ¼ atð"kx#̂x þ ky#̂yÞ þ
!

2
#̂z; (2)

where #̂ denotes the Pauli matrices for the two basis
functions, a is the lattice constant, t the effective hopping
integral, and ! the energy gap. These parameters are
obtained by fitting to first-principles band structure calcu-
lations and are listed in Table. I for the four group-VI
dichalcogenides [26]. We note that the same effective
Hamiltonian also describes monolayer graphene with stag-
gered sublattice potential [15,16]. This is not surprising, as
both systems have the same symmetry properties. What
distinguishes MoS2 from graphene is the strong SOC
originated from the metal d orbitals. The conduction
band-edge state is made of dz2 orbitals and remains spin
degenerate at K points, whereas the valence-band-edge
state splits. Approximating the SOC by the intra-atomic
contribution L ' S, we find the total Hamiltonian given by

Ĥ ¼ atð"kx#̂x þ ky#̂yÞ þ
!

2
#̂z $ $"

#̂z $ 1

2
ŝz; (3)

where 2$ is the spin splitting at the valence band top
caused by the SOC and ŝz is the Pauli matrix for spin.
The spin-up ( " ) and spin-down ( # ) components are com-
pletely decoupled and sz remains a good quantum number.
We emphasize that the spin splitting does not depend on
the model details; it is a general consequence of inversion
symmetry breaking, similar to the Dresselhaus spin split-
ting in zinc-blende semiconductors [27]. Time-reversal

FIG. 1 (color online). (a) The unit cell of bulk 2H-MoS2,
which has the inversion center located in the middle plane. It
contains two unit cells of MoS2 monolayers, which lacks an
inversion center. (b) Top view of theMoS2 monolayer. Ri are the
vectors connecting nearest Mo atoms. (c) Schematic drawing of
the band structure at the band edges located at the K points.

TABLE I. Fitting result from first-principles band structure
calculations. The monolayer is relaxed. The sizes of spin split-
ting 2$ at valence-band edge were previously reported in the first
principle studies [12]. The unit is Å for a, and eV for t, !, and $.
"1 ("2) is the Berry curvature in unit of #A2, evaluated at $K
point for the spin-up (-down) conduction band.

a ! t 2$ "1 "2

MoS2 3.193 1.66 1.10 0.15 9.88 8.26
WS2 3.197 1.79 1.37 0.43 15.51 9.57
MoSe2 3.313 1.47 0.94 0.18 10.23 7.96
WSe2 3.310 1.60 1.19 0.46 16.81 9.39
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Various interesting phenomena caused by spin-orbit coupling,

                                                 especially without spatial inversion symmetry
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Such interesting spin-orbital coupled systems 
can be created by 

spontaneous parity breaking ?

Degree of parity breaking is controllable



Parities and Band Structures
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View from Microscopic Degrees of Freedom

One-particle Hamiltonian symmetric

part
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charge sector

spin sector
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Minimal Ingredients for Parity Breaking

・Spin-orbit coupling atomic origin (local)

“magnetic field” without time-reversal breaking

・Local parity breaking

“parity mixing” without global parity breaking

exists intrinsically at atomic sites in proper lattices

Spontaneous parity breaking by electronic orders

・Electron correlations stabilize various electronic orders

electric orders

magnetic orders



1D zigzag chain 2D honeycomb lattice

even number of lattice sites in a unit cell   = global inversion symmetry

inversion center

lack of inversion symmetry

2D 1/5-depleted square lattice

3D diamond lattice

Local Parity Breaking



additional phase factor

from angular-momentum transfer
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A:   z2              m = 0

E:  (xz, yz)             ±1

E’: (x2–y2, xy)         ±2

Two-Band Model on Honeycomb Lattice

Basis & hoppings
trigonal CEF

inversion symmetry exists

A B
+1

–1
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–1
A B

spin-orbit coupling

A B

Non-interacting Hamiltonian

orbital (+1,–1)

spin (↑,↓)

sublattice (A,B)

Symmetry-breaking fields (AB-staggered type)



A B

Symmetry Operations
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parity
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w.r.t. xz-plane

time reversal
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Possible Spin-Orbital Orders and ME effects

CO : charge order

SO : spin order

SOO : spin-orbital order

ME (s)

Ey

staggered Sz

ME (u)

Ey

uniform Sx

OO : orbital order



Phase Diagram at T=0 (1/4 filling)
ne=1 (1/4 filling)

t0 = t1 = λ = 0.5

JH = 0.1U

U : on-site repulsion 
V : n.n. repulsion

Note: all cases are insulators
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ME responses in SOO state

O.P.s

ME (s)

ME (u)

ME (u) Tz toroidal dipole exists

no linear coupling in ME response
e.g. for CO

SOC around Γ point

ME (s) linear coupling



Non-Magnetic State
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cf. electronic structure is similar to

     monolayer dichalcogenides, MoS2

Charge Ordered State
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Spin Ordered State

cf. electronic structure is similar to

     monolayer MnPX3 (X=S, Se) under AFM
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anti-symmetric band deformation occurs
(energy contour at μ = 1)
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X. Li et al., PNAS, doi/10.1073/pnas.1219430110 (2013)



Summary

Minimal ingredients for spontaneous parity breaking

・Spin-orbit coupling ... for spin-orbital entanglement

・Local parity breaking ... seed for parity breaking

・Electron correlations ... origin of electronic orders

Two-band system on honeycomb lattice
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