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We study valley polarization, spin, and valley Hall conductivity in dopedmonolayerMoS2 considering dopant introducedmagnetic
exchange field using low energy effective Hamiltonian. We found that dopant introduced magnetic exchange field breaks the
time inversion symmetry and decouples the energetically degenerated valleys into nondegenerate. Moreover, the calculated result
reveals that, at low temperature, in insulating regime, anomalous Hall conductivity in a single valley and the total valley Hall
conductivity are quantized, whereas the total spin Hall conductivity vanishes identically. We also found that the strength of the
spin-orbit coupling together with the exchange field determines the valley polarization, which in turn controls valley and spin Hall
conductivity in doped monolayer MoS2 system. The spin Hall and valley Hall conductivity is dissipationless in the absence of any
external magnetic field. Therefore, our results are crucial to generate low power electronics devices.

1. Introduction

The charge and spin degrees of freedom (DOF) of electrons
are at heart of modern electronics as they form the basis
of a wide range of applications, such as transistors, pho-
todetectors, and magnetic memory devices. In addition to
this, electrons in two-dimensional (2D) crystals that have a
honeycomb lattice structure possess an extra valley DOF in
addition to charge and spin [1]. Valley is a quantum number
defined in an electronic system whose band structure con-
tains energetically degenerate but nonequivalent structures
due to a certain crystal structure. Among various material
candidates for valleytronics, spatial inversion symmetry bro-
ken two-dimensional (2D) honeycomb lattice systems such
as graphene and monolayer MoS2 are predicted to be the
most useful. These systems have two valleys called K and K’.
The use of valley indexes for a potential information carrier
was first suggested in the studies of conventional semicon-
ductors such as AlAs and Si [2].On the other hand, the
presence of a valley-dependent orbital magnetic moment in
graphene with gap suggests that currents flow perpendicular
to applied electric field even in the absence of a magnetic

field, named the ‘valley Hall effect.’ The valley Hall effect was
first observed in graphene with substrate. However, due to
the small value of the energy band gap this effect has not
been yet observed experimentally. Recently, photogenerated
valleyHall conductivitywas observed inmonolayerMoS2 [3].
In contrast, to graphene in monolayer MoS2 the inversion
symmetry is explicitly broken [2], which can give rise to the
valley Hall effect where carriers in different valleys flow to
opposite transverse edges when an in-plane electric field is
applied [4, 5]. In addition to this, MoS2 has a strong spin-
orbit coupling (SOC) originating from the d orbitals of the
heavymetal atoms(Mo)[4] and can be an interesting platform
to explore spin physics and spintronics applications which
are absent in graphene due to its vanishing SOC [6, 7].
However, as far as both valleys are concerned due to time
reversal symmetry analogy to paramagnetic and paraelectric
materials, pure monolayers MoS2 are paravlley material.
Therefore, the major challenge in valleytronics is to break the
degeneracy between the two prominent K+ and K− valleys
so as to achieve the valley polarization. Recent experimental
investigation demonstrated optical means of breaking valley
degeneracy [8–11]. In addition to this, other approaches like
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applied electric field[12], by electron-electron interaction[13],
by means of external magnetic field [14–17], are also recently
proposed mechanism to break valley degeneracy.

In this paper, we theoretically study dynamics of valley
polarization, spin, and valley Hall conductivity in the vicinity
of K+ and K− valleys of 2D hexagonal Brillouin zone (BZ)
of monolayer MoS2 considering spin-orbital coupling and
dopant introduced exchange field. In second section using
model Hamiltonian together with Berry phase approach we
obtained explicit expression of Berry curvature, spin and
valley split formofHall conductivity, and total valley and spin
Hall conductivity. In section three, we present the numerical
results showing effect of the spin-orbit coupling and dopant
introduced exchange field on energy band structure of two
prominent valleys (K+ and K−) and total valley and spin
Hall conductivity. Finally the conclusion is presented in last
section.

2. Theoretical Model

We consider an effective three-band tight binding model in
the vicinity of K+ and K− valleys of hexagonal MoS2 Bril-
louin zone including spin-orbital coupling originating from
transition element Mo 4d states and the dopant introduced
Hamiltonian. In symmetry based three-band tight binding
model, the conduction bands are dominated by 4𝑑𝑧2 and
the valence bands are dominated by 4𝑑𝑥𝑦 and 4𝑑𝑥2 − 𝑦2.
Since a three-band TB model is enough to capture the band-
edge properties in the vicinity of K± valleys [15–17] including
energy dispersions, Berry curvature, and valley Hall and spin
Hall conductivity.Therefore, it is convenient to use thismodel
to study desired properties in the vicinity of those valleys.

The Hamiltonian of the system will have the form

�̂� = �̂�𝑘.𝑝 + �̂�𝑆𝑜 + �̂�𝑑𝑜𝑝𝑒𝑥𝑐 . (1)

Following [2, 18] the low energy effective Hamiltonian in K.P
theory of the system reads

�̂�𝑘.𝑝 = 𝑎𝑡 (]𝜏𝑥𝑘𝑥 + 𝜏𝑦𝑘𝑦) + Δ𝑚𝜏3, (2)

and spin-orbital term Hamiltonian can be written as

�̂�𝑠𝑜 = ]𝜆𝑠𝑜 (1 − 𝜏3) 𝑠𝑧, (3)

whereas exchange energy resulting from dopants is assumed
to be

�̂�𝑑𝑜𝑝𝑒𝑥 = −]𝑠𝑧ℎ𝑒𝑥𝜎𝑧. (4)

Here, �̂�𝑑𝑜𝑝𝑒𝑥𝑐 is magnetic dopant ( Mn,V ) induced magnetic
exchange energy and is the energy splitting resulting from
exchange interaction between dopants, t and a are first-
order valence (conduction) band effective hopping and lattice
constant for MoS2, respectively, and Δ𝑚 and 𝜆𝑠𝑜 are mass
correction for Dirac Hamiltonian and spin-orbit coupling
parameter, respectively. ] = ±1 designates the value index
for 𝐾±,𝜏𝑥,𝑦,𝑧 and 𝜎𝑥,𝑦,𝑧 are Pauli matrices in lattice space and
spin space, respectively. Using the value of Dirac matrices the
matrix form of Hamiltonian reads

�̂� (𝑘) = (Δ𝑚 − ]𝑠𝑧ℎ𝑒𝑥 𝑎𝑡𝑘]−𝑎𝑡𝑘]+ ]𝑠𝑧 (ℎ𝑒𝑥 − 𝜆𝑠𝑜) − Δ𝑚) , (5)

where we have introduced short notation 𝑘]− = 𝑘𝑥] − 𝑖𝑘𝑦 and
its complex conjugates 𝑘]+ = 𝑘𝑥] + 𝑖𝑘𝑦. The eigenfunction
of tight binding Hamiltonian can be expressed in terms of
product of periodic part and plane wave as

𝜓𝑝 (𝑘) = 1√𝐴 exp (𝑖𝑘.𝑟) 𝑢V𝑝 (𝑘) (6)

where A is area of the two-dimensional system and(1/√𝐴) exp(𝑖𝑘.𝑟) is the plane wave solution corresponding
to kinetic (hopping term) of Hamiltonian in (5) and 𝑢]𝑠 (𝑘)
is periodic part of Bloch state which can be written as
a two-component way considering spin-up and spin-down
components. After solving characteristic equation, the energy
eigen value and energy eigenvector, respectively, is obtained
as

𝜁]𝑝 (𝑘) = −]𝑠𝑧 12𝜆𝑠𝑜
+ 𝑝√(Δ𝑚 + ]𝑠𝑧 (12𝜆𝑠𝑜 − ℎ𝑒𝑥))2 + 𝑎2𝑡2𝑘2.

(7)

𝜓]
𝑝 (𝑘) = exp (𝑖𝑘.𝑟)𝑊 ( 𝑎𝑡 (]𝑘𝑥 − 𝑖𝑘𝑦)𝜁]𝑝 (𝑘) + ]𝑠𝑧 (ℎ𝑒𝑥 − Δ𝑚)) , (8)

where𝑊
= √(]𝑠𝑧 (ℎ𝑒𝑥 − 12𝜆𝑠𝑜) − Δ𝑚 + 𝑝𝐷]

𝑠𝑧
(𝑘))2 + 𝑎2𝑡2𝑘2. (9)

𝐷]
𝑠𝑧
(𝑘) = √(Δ𝑚 + ]𝑠𝑧 (12𝜆𝑠𝑜 − ]ℎ𝑒𝑥))2 + 𝑎2𝑡2𝑘2. (10)

On the other hand, from our previous work [19], the general
expression for z component Berry curvature which is analog-
ical with real space magnetic field is given by expression

→Ω𝑛𝑥,𝑦 (𝑧) = −2Im∑
𝑚 ̸=𝑛

⟨𝑢𝑛 (𝑘) | ∇𝛼�̂� (𝑘) 𝑢𝑚 (𝑘)⟩ ⟨𝑢𝑚 (𝑘) | ∇𝛽�̂� (𝑘) 𝑢𝑛 (𝑘)⟩(𝜀𝑚𝑘 − 𝜀𝑛𝑘)2 𝑒𝑧. (11)
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Now, fascinatingly, this expression of Berry curvature for
particular system is under consideration together with using
(7) and (8). Making transformation, 𝜖𝑛𝑘 − 𝜖𝑚𝑘 → 𝜁]+(𝑘) −𝜁]−(𝑘), ∇𝑥 → 𝜕/𝜕𝑘𝑥, and ∇𝑦 → 𝜕/𝜕𝑘𝑦 using those

variable changes in (11), we shall rewrite Berry curvature
of conduction band minimum (CBM) and valance band
maximum (VBM) in the vicinity of K− and K+ valleys
as

Ω]
𝑥,𝑦 (𝑧) = −2Im⟨𝑢]+ (𝑘) | (𝜕/𝜕𝑘𝑥) (�̂� (𝑘)) 𝑢]− (𝑘)⟩ ⟨𝑢]− (𝑘) | (𝜕/𝜕𝑘𝑦) (�̂� (𝑘)) 𝑢]+ (𝑘)⟩(𝜁]+ (𝑘) − 𝜁]− (𝑘))2 𝑒𝑧. (12)

where x and y component of velocity in (12) can be obtained
using the relation between wave vector dependent Hamilto-
nian in (5) and momentum operator as

V̂𝑥 = 𝜕�̂� (𝑘)ℏ𝜕�̂� = ]
1ℏ𝑎𝑡𝜏𝑥, (13)

V̂𝑦 = 𝜕�̂� (𝑘)ℏ𝜕�̂� = 1ℏ𝑎𝑡𝜏𝑦. (14)

Substituting (13) and (14) into (12) together with simple
manipulation yields the Berry curvature for upper and lower
band (±) as

Ω±𝑥,𝑦 = ∓ ]𝑎2𝑡2ℏ2𝐷2𝑠𝑧] 𝑒𝑧 (15)

In (15), 𝑒𝑧 is unit vector along Z axis. To obtain the expression𝑒𝑧 explicitly we introduce a three-dimensional unit vector
along x, y, and z in a two-dimensional plane in k space in
terms of eigenvalues as

𝑛 (𝑘)
= { ]𝑎𝑡𝑘𝑥𝐷]

𝑠𝑧
(𝑘) , 𝑎𝑡𝑘𝑦𝐷]

𝑠𝑧
(𝑘) , Δ𝑚 + 𝑠𝑧] ((1/2) 𝜆𝑠𝑜 − ℎ𝑒𝑥)𝐷]

𝑠𝑧
(𝑘) } . (16)

Using (16) into (15), we find

Ω𝑝] (𝑧) = −𝑝]𝑎2𝑡2(Δ𝑚 + ]𝑠𝑧 ((1/2) 𝜆𝑠𝑜 − ℎ𝑒𝑥)2𝐷]
𝑠𝑧
(𝑘)3 , (17)

where p=1 for conduction band curvature and p=-1 for
valence band curvature. On the other hand, using linear
response theory the quantum Kubbo formula for Hall con-
ductivity in current-Current correlated system is found to be

𝜎𝜇V (𝑞, 𝜛) ) = 𝑖ℏ𝑉𝑑
⋅ ∑
𝑛,𝑚

⟨ 𝑓(𝐸𝑛) − 𝑓 (𝐸𝑚)(𝐸𝑛 − 𝐸𝑚) (𝐸𝑛 − 𝐸𝑚 + ℏ(𝜔 + 𝑖𝜂)𝐽𝑛𝑚𝜇 (𝑞)
⋅ 𝐽𝑚𝑛V (−𝑞)⟩

𝑐

.
(18)

In dilute limit or in absence of disorder effect, after some
mathematical algebra, z components of conductivity in (18)
are simplified to

𝜎]𝑥,𝑦 (𝑧) = 𝑞2ℏ𝑉𝑑∑𝑘 (𝑓𝜁]−(𝑘) − 𝑓𝜁]+(𝑘) ).
(Im∑
+ ̸=−

⟨𝑢]+𝑘 | ∇𝑥�̂� (𝑘) 𝑢]𝑘−⟩ ⟨𝑢]−,𝑘 | ∇𝑦�̂� (𝑘) 𝑢]+𝑘⟩(𝜁]− (𝑘) − 𝜁]+ (𝑘))2 )
⋅ 𝑒𝑧

(19)

On account of (12), the right side of (19) inside the bracket
gives (−Ω𝑝(𝑧)/2) which reproduces conductivity in terms of
Berry curvature as

𝜎𝑝] (𝑧) = − 𝑞22ℏ𝑉∑
𝑘

(𝑓(𝜁𝑘− ) − 𝑓(𝜁𝑘+ ))Ω𝑝] (𝑧) (20)

Following [20, 21] z component of total spin and valley Hall
conductivity in the vicinity of both Valleys, namely, K+ and
K−, respectively, can be obtained using

𝜎𝑠𝑝𝑖𝑛 (𝑧) = ( (𝜎+↑ (𝑧) − 𝜎+↓ (𝑧)) + ( (𝜎−↑ (𝑧) − 𝜎−↓ (𝑧)) . (21)

𝜎V𝑎𝑙 (𝑧) = ( (𝜎+↑ (𝑧) + 𝜎+↓ (𝑧)) − ( (𝜎−↑ (𝑧) + 𝜎−↓ (𝑧)) . (22)

where ± designates short notation for K+ and K− valleys,
respectively.

First we evaluate both spin and valley split form of
anomalous Hall conductivity 𝜎±↑,↓ using (20) but considering
two limiting cases.

Case I. At absolute zero and at low impurity concentration
or in pure monolayer MoS2, in this scenario all electron
states below the Fermi level will contribute (i.e., it is a
Fermi sea property). We use the approximation 𝑓(𝜁𝑘+) = 0
and 𝑓(𝜁𝑘−) = 1. Here it should be known that the word
‘anomalous’ reflects Hall conductivity in absence of external
magnetic field. Therefore, in this limit after transforming
summation into integration, (20) becomes

𝜎𝑝] (𝑧) = 𝑝]𝑞22ℎ (Δ𝑚 + ]𝑠𝑧 (12𝜆𝑠𝑜 − ℎ𝑒𝑥))
⋅ ∫∞
0

𝑎2𝑡2𝑘𝑑𝑘2 ((Δ𝑚 + ]𝑠𝑧 ((1/2) 𝜐𝜆𝑠𝑜 − ℎ𝑒𝑥))2 + 𝑎2𝑡2𝑘2)3/2 .
(23)
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After solving (23) the anomalous Hall conductivity in Valley
K+ in occupied valance band, for spin-up and spin-down
electrons (holes)

⇒ 𝜎+↑ (𝑧) = 𝜎+↓ (𝑧) = −𝑞2ℎ . (24)

Similar to anomalous Hall conductivity in the vicinity of 𝐾−
valleys in occupied valance band, for spin-up and spin-down
electrons (holes),

𝜎−↑ (𝑧) = 𝜎−↓ (𝑧) = 𝑞2ℎ . (25)

From these results we can understand that, in pure limit,
anomalous Hall conductivity in a single spin state (spin-up
or spin-down) and in single valley (±) is quantized (depends
only on fundamental unit of conductivity). On the other
hand, as seen from (24) and (25) the signs of calculated
anomalous Hall conductivity for K+ and K− are opposite to
each other which indicates that those valleys are related to
time reversal symmetry.

The total spin Hall conductivity and valley Hall conduc-
tivity in the vicinity of both valleys (K+ and K−) is obtained
by substituting (24) and (25) into (21) and (22)

𝜎𝑠𝑝𝑖𝑛 (𝑧) = 0. (26)

𝜎V𝑎𝑙𝑙𝑒𝑦 (𝑧) = −4𝑞2ℎ . (27)

Case II. At finite doping concentration, in this limit both
spin hall and valley Hall conductivity should be calculated by
taking into consideration both occupied bands from −∞ to 0
plus the conduction band until (𝜖𝐹) or (𝑘𝐹. Hence in this limit
(20) is rewritten as

𝜎𝑝𝐴𝐻𝐶 (𝑧) = 𝑞22ℏ𝑉 ∑
−∞<𝑘<0

(𝑓(𝜁𝑘+ )Ω𝑝]𝑆𝑧 (𝑧)
− ∑
0<𝐾𝐹

(𝑓𝑝
(𝜁𝑘− )

]𝑆𝑧 (𝑧) . (28)

After transforming summation into integration

𝜎𝑝𝐴𝐻𝐶 (𝑧) = 𝑞22ℎ ∫0−∞Ω𝑝]𝑆𝑧 (𝑧) − ∫𝑘𝐹0 Ω𝑝]𝑆𝑧 (𝑧) (29)

Substitute (17) into (29) and evaluating for 𝜎+↑ (𝑧), 𝜎+↓ (𝑧),𝜎−↑ (𝑧), and 𝜎−↓ (𝑧) by varying the values of ] and 𝑠𝑧 in (20).
To evaluate 𝜎+↑ from (20), we use ] = 1, 𝑠𝑧 = 1, p=-1 and after
series of steps

⇒ 𝜎+↑ (𝑧)
= −𝑞2ℎ Δ𝑚 + (1/2) 𝜆𝑠𝑜 − ℎ𝑒𝑥√(Δ𝑚 + (1/2) 𝜆𝑠𝑜 − ℎ𝑒𝑥)2 + 𝑎2𝑡2𝑘2𝐹 .

(30)

Similarly substitution of ] = 1, 𝑠𝑧 = −1, results in the
expression of spin-down electrons in the vicinity of𝐾+ valleys
as ⇒ 𝜎+↓ (𝑧)

= −𝑞2ℎ (Δ𝑚 + ℎ𝑒𝑥 − (1/2) 𝜆𝑠𝑜)√(Δ𝑚 + ℎ𝑒𝑥 − (1/2) 𝜆𝑠𝑜)2 + 𝑎2𝑡2𝑘2𝐹 .
(31)

Following the same procedure, 𝜎−↑ (𝑧) and 𝜎−↓ (𝑧) are found to
be

𝜎−↑ (𝑧) = 𝑞2ℎ (Δ𝑚 + ℎ𝑒𝑥 − (1/2) 𝜆𝑠𝑜)√(Δ𝑚 + ℎe𝑥 − (1/2) 𝜆𝑠𝑜)2 + 𝑎2𝑡2𝑘2𝐹 . (32)

𝜎−↓ (𝑧) = 𝑞2ℎ (Δ𝑚 + (1/2) 𝜆𝑠𝑜 − ℎ𝑒𝑥)√(Δ𝑚 + (1/2) 𝜆𝑠𝑜 − ℎ𝑒𝑥)2 + 𝑎2𝑡2𝑘2𝐹 . (33)

Total Spin Hall conductivity at finite doping concentration at
zero temperature can be obtained by substituting ((30)-(33))
into (21) as

𝜎𝑠𝑝𝑖𝑛 (𝑧)
= 2𝑞2ℎ ( (Δ𝑚 + ℎ𝑒𝑥 − (1/2) 𝜆𝑠𝑜)√(Δ𝑚 + ℎ𝑒𝑥 − (1/2) 𝜆𝑠𝑜)2 + 𝑎2𝑡2𝑘2𝐹
− Δ𝑚 + (1/2) 𝜆𝑠𝑜 − ℎ𝑒𝑥√(Δ𝑚 + (1/2) 𝜆𝑠𝑜 − ℎ𝑒𝑥)2 + 𝑎2𝑡2𝑘2𝐹).

(34)

Finally, the total valley Hall conductivity can be calculated by
making use of those ((30)-(33)) into (22)

𝜎V𝑎𝑙 (𝑧)
= −2𝑞2ℎ ( (Δ𝑚 + ℎ𝑒𝑥 − (1/2) 𝜆𝑠𝑜)√(Δ𝑚 + ℎ𝑒𝑥 − (1/2) 𝜆𝑠𝑜)2 + 𝑎2𝑡2𝑘2𝐹
+ Δ𝑚 + (1/2) 𝜆𝑠𝑜 − ℎ𝑒𝑥√(Δ𝑚 + (1/2) 𝜆𝑠𝑜 − ℎ𝑒𝑥)2 + 𝑎2𝑡2𝑘2𝐹).

(35)

Equation (34) reveals that unlike the case of pure, limit the
total spin Hall conductivity is finite due to spin polarization
of K− and K+ valleys associated with dopant introduced
magnetic exchange field (h𝑒𝑥).

3. Result and Discussion

The energy plotted as a function of dimensionless wave
number (𝑘𝑎/𝜋) is displayed in Figure 1. In Figures 1(a) and
1(b), we find that for zero spin-orbital coupling (lo=0) and
zero dopant introduced exchange field (ℎ𝑒𝑥=0), both bands
(K+ and K−) valleys are degenerate. On the other hand,
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Figure 1: Electronic band structure near valley 𝐾±: (a) and (b) for zero both spin-orbit coupling and exchange field (lo=hex=0), (c) and (d)
for spin-orbit coupling(lo=0.08 eV,) and zero exchange field, and (e) and (f) for spin-orbit coupling (lo=0.08 eV) and exchange field (hex=0.2
eV). Red: spin-up electron (hole) states, blue: spi- down electron (hole) states, right panel for𝐾+, and left panel for 𝐾− valley.
for nonzero spin-orbit coupling and zero exchange field as
shown in Figures 1(c) and 1(d), conduction band K+ point
eigenvalues are identical to those of the K− point if spin-
up and down are exchanged but the degeneracy in valence
band hole state in K+ and K− valleys are lifted due to spin-
orbital coupling resulting from transitionmetal(Mo) orbitals.
However,for finite spin-orbit coupling(lo) and finite dopant
introduced exchange field degeneracy in both valence band
holes and conduction band electrons in valley K+ and K−
is lifted Figures 1(e) and 1(f). Moreover, to understand the
role of dopant introduced magnetic exchange field (h𝑒𝑥)
on momentum space Berry curvature, we plot the Berry
curvature as function of wave number (𝑘𝑎/𝜋) in the vicinity
of K+ and K− valleys for spin-up holes in valence band
Figure 2, enhancement of pick of curvature with rise in
dopant introduced exchange field (0 to 0.16 eV) for state in
the vicinity K+ valleys are observed Figure 2.

On the other hand, Berry curvature is related to both
spin Hall and valley Hall through relation (20). Therefore,
the spin and valley Hall conductivity is expected to increase
with dopant introduced exchange field for state in the
vicinity of K+ valleys. In contrast with Berry curvature of
state in the vicinity of K+ valley, the Berry curvature of
state in the vicinity of K− valley suppresses with rise in
dopant introduced exchange field (0 to 0.16 eV). Therefore,
the degeneracy of curvature of K+ and K− is lifted under
dopant introduced magnetic exchange field or these valleys
become spin polarized (unequal number of spin-up states
are accumulated in K+ and K− curvature). In addition to
this, at absolute zero (T=0K) and insulating regime where
the chemical potential is in gap, (24) and (25) show that the
universal value of conductivity 𝑞2/ℎ is obtained for single spin
and single valleys. Hence, we can say that Hall conductivity is
quantized in this limit and the signs of conductivity in K+ and
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Figure 2: Berry curvature as function of (𝑘𝑎/𝜋) for different values of exchange fields (h𝑒𝑥), right panel for K+, and left panel for K− valley.

K− are opposite indicating that both of valleys are related to
time reversal symmetry. On the other hand, from (26) and
(27) and the total spin Hall conductivity vanishes identically.
Whereas total valley Hall conductivity is integral multiple
of quantum conductivity (4(𝑞2/ℎ)) the term 4 appears from
twofold valley degrees of freedom (DOF) corresponding to
K− and K+ valleys of the BZ and twofold to spin degree of
freedom of those carriers. We have also calculated both spin
and Valley Hall conductivities at finite doping concentration.
The calculated result reveals that in contrast to conductivity
in insulating regime Hall conductivity is not quantized but
depends on parameters (Δ𝑚,𝜆𝑠𝑜,ℎ𝑒𝑥, 𝑘𝐹,a, and t); see ((32)-
(35)). The calculated total spin Hall conductivity and total
valley Hall conductivity in (34) and (35) can be written in
more compact form as

𝜎𝑠𝑝𝑖𝑛 (𝑧)
= 2𝑞2ℎ {{{(1 +

𝑎2𝑡2𝑘2𝐹(Δ𝑚 + ℎ𝑒𝑥 − (1/2) 𝜆𝑠𝑜)2)
−1/2

− (1 + 𝑎2𝑡2𝑘2𝐹(Δ𝑚 + (1/2) 𝜆𝑠𝑜 − ℎ𝑒𝑥)2)
−1/2}}} .

(36)

𝜎V𝑎𝑙 (𝑧)
= −2𝑞2ℎ {{{(1 +

𝑎2𝑡2𝑘2𝐹(Δ𝑚 + ℎ𝑒𝑥 − (1/2) 𝜆𝑠𝑜)2)
−1/2

+ (1 + 𝑎2𝑡2𝑘2𝐹(Δ𝑚 + (1/2) 𝜆𝑠𝑜 − ℎ𝑒𝑥)2)
−1/2}}} .

(37)

From (36) and (37), total spin Hall conductivity and valley
Hall conductivity depend on parameters: Δ𝑚, 𝜆𝑠𝑜, h𝑒𝑥, k𝐹,
a, and t. For particular limits h𝑒𝑥 = 𝜆𝑠𝑜=0 and h𝑒𝑥 =2𝜆𝑠𝑜 total spin Hall conductivity in (36) vanishes whereas
the total valley Hall conductivity is simplified to −(4𝑞2/ℎ)((Δ2𝑚 + 𝑎2𝑡2𝑘2F)/𝑎𝑡𝑘𝐹)1/2, which indicates that the interplay
between spin-orbit coupling and dopant introduced mag-
netic exchange field is crucial for existence of spin and valley
Hall conductivity.

4. Conclusion

In conclusion, based on a three-band tight binding model
we have studied valley polarization, spin, and valley Hall
conductivity in the presence of dopants introduced magnetic
exchange field. The result reveals that in pure limit Hall
conductivity in single valley is quantized. In finite doping
concentration the existence of dopant introduced exchange
field breaks the time inversion symmetry and decouples
the energetically degenerated valley into nondegenerate and
elucidating the occurrence of valley polarization. We have
shown that the Berry curvature of occupied state resulting
from transverse motion unequal number of carriers in both
valleys of 2D hexagonal lattice is responsible for existence of
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valley and spin Hall conductivity. Moreover, we have found
that, at finite dopant concentration, the strength of the spin-
orbit coupling together with the exchange energy determines
the valley polarization, which in turn controls total valley and
spinHall conductivity in dopedmonolayerMoS2 system.The
spin Hall and valley Hall conductivity are dissipationless in
the absence of any external magnetic field. This effect could
enable a new generation of low power electronic devices.
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