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We investigate the transport properties of electron in a 1T′-MoS2-based p–n junction. The anisotropic refraction
of electron is found when the electron beam crosses the p–n junction, which brings the phenomenon of valley splitting
without any external fields. Moreover, it is found that the valley-spin-dependent anomalous Klein tunneling, i.e., the perfect
transmission exists at a nonzero incident angle of valley-spin-dependent electron, happens when the vertical electric field
is equal to the critical electric field. These two peculiar properties arise from the same reason that the tilted band structure
makes the directions of wavevector and velocity different. Our work designs a special valley splitter without any external
fields and finds a new type of Klein tunneling.

Keywords: 1T′-MoS2, anisotropic refraction, valley splitting, Klein tunneling
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1. Introduction

The discovery of two-dimensional transition metal
dichalcogenides,[1] (TMDCs, the generalized formula MX2

with M = Mo, W and X = S, Se, Te) provides a highly prac-
tical and prospective platform for studying energy storage,[2]

next-generation electronics and photonics,[3,4] novel topolog-
ical electronic devices,[5,6] and heterostructure.[7] TMDCs
monolayer has three typical structures, i.e., 2H, 1T, and 1T′

structures.[6,8,9] Noticeably, 1T′-MX2 was predicted to possess
tilted Dirac band structure by first-principles calculations[6]

and has been prepared in experiment,[10–13] which dis-
tinguishes from the band structure of 2H and 1T struc-
tures (untilted Dirac band structure). Generally, com-
pared with an untilted system, the tilted system shows a
wide range of extraordinary properties, such as anisotropic
plasmons,[14] anisotropic optical conductivity,[15] anomalous
Klein tunneling,[16–20] and anomalous Andreev reflection.[21]

Therefore, the tilted Dirac band structure of 1T′-MX2 also
attracts researchers to find unusual physical properties, e.g.,
anisotropic longitudinal optical conductivities in 1T′-MoS2

monolayer.[22] Here, we focus on the valley-dependent trans-
port properties of electron in a 1T′-MoS2-based p–n junction.

Electrons in some materials can occupy some sepa-
rated low energy states called valley in the momentum
space. The earliest concept of valley degree of freedom
can trace back to 1970s.[23,24] At the beginning of 21th
century, valley-dependent physical properties were discussed
in some traditional materials such as silicon[25] and AlAs
quantum wells.[26] The concept of valleytronics, being sim-

ilar to charge-based electronics and spin-based spintronics,
emerged in graphene based on the manipulation of valley de-
gree of freedom.[27,28] After that, a variety of Dirac materials,
e.g., silicene,[29] TMDCs monolayer,[30,31] and borophene,[32]

were predicted to provide an important platform for realiz-
ing valleytronic devices such as valley filter,[27,33–35] valley
valve,[36–38] and valley splitter.[39,40] The generation of valley
polarization is a key factor for valleytronics applications. Tra-
ditionally, valley polarization is nonexistent in Dirac materials
due to the valley degeneracy and hence the method of applying
external fields, e.g., electric field, light illumination, and strain,
is an efficient method to generate valley polarization.[41–47] In
this paper, owing to the anisotropic refraction of electron, we
find that the valley splitter can be realized in a 1T′-MoS2-based
n–p junction without any external fields.

In high energy physics, when a relativistic electron at the
normal incidence crosses a potential barrier, the full transmis-
sion will happen regardless of the height and width of poten-
tial barrier, known as Klein tunneling.[48,49] In condensed state
physics, Klein tunneling was firstly discussed in a graphene-
based n–p–n junction,[50] which attracted tremendous interest
in both theory and experiment.[51–54] Here the incident angle
of electron is equal to zero when the Klein tunneling happens.
However, the valley-dependent anomalous Klein tunneling,
i.e., the full transmission at nonzero valley-dependent incident
angle, was investigated in some anisotropic materials such
as black phosphorus superlattices-based n–p–n junction,[16]

Dirac–Weyl fermion systems,[17] 8-Pmmn borophene,[18,19]

and borophane recently.[29] In this study, we find a valley-spin-
dependent anomalous Klein tunneling in a 1T′-MoS2-based p–
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n junction.
The paper is organized as follows. We firstly give the

model and basic formalism. Then, the numerical results and
theoretical analysis are presented and discussed. Finally, the
main results of this work are summarized.

y

x

n p

1T′ MoS2 monolayer

Fig. 1. Schematic diagrams for 1T′-MoS2-based p–n junction.

2. Models and methods
The uniform Hamiltonian for 1T′-MoS2-based p–n junc-

tion shown in Fig. 1 reads[6,22]

Hη = h̄kxvxσy + h̄ky[vyσx−η(v−σ0 + v+σz)]

+λsoσx(η−ασ)+V σ0. (1)

Here, the spin–orbit coupling-induced gap λso = 42 meV and
the velocities vx = 0.387vF, vy = 0.046vF, v+ = 0.721vF, and
v−= 0.286vF with vF = 106 m/s; η =+(−) represents Λ(−Λ)

valley index;[6,22] σ is the spin index; σx,y,z and σ0 denote
the Pauli matrix and unit matrix, respectively; α is equal to
|Ez/Ec| with the vertical electric field Ez and the critical elec-
tric field Ec for topological phase transition.[6] Potential bar-
rier V =V0 (0) in p (n) region can be adjusted by gate voltage
or doping. The energy dispersion of Eq. (1) is

E±ησ =V −η h̄kyv−±
√

M, (2)

where M = (h̄kyv+)2 + (h̄kxvx)
2 + [h̄kyvy + λso(η − ασ)]2,

+ (−) denotes conduction (valence) band, and parameter v−
makes the band structure tilted along ky direction.

The wavefunctions in left and right regions are

ΨL = ψ
i
L + rψ

r
L,

ΨR = tψ t
R, (3)

where r is the reflection coefficient and t is the transmission
coefficient. The incident, reflected, and transmitted wavefunc-
tions in each region are

ψ
i(r)
L =

(
1,

ih̄vxki(r)
x + h̄vyky +∆

ε +η h̄ky(v−− v+)

)T

e i(ki(r)
x x+kyy),

ψ
t
R =

(
1,

ih̄vxkt
x + h̄vyky +∆

ε +η h̄ky(v−− v+)−V0

)T

e i(kt
xx+kyy), (4)

where ∆ is equal to λso(η −ασ). T represents the transfor-
mation of matrix, ε is the incident energy of electron. In the
process of calculation, we consider the incident electron from
conduction band and therefore the magnitudes of ki(r)

x and ky

meet ε =E+
ησ while the magnitudes of kt

x and ky meet ε =E−ησ .
Then, the matching condition for the wavefunctions at the in-
terface of 1T′-MoS2-based p–n junction is given as

ΨL(0) =ΨR(0), (5)

and the corresponding valley-spin-dependent reflection coeffi-
cient is written as

rησ =
Bt−Ai

Ar−Bt
, (6)

where

Ai(r) =
ih̄vxki(r)

x + h̄vyky +∆

ε +η h̄ky(v−− v+)
,

Bt =
ih̄vxkt

x + h̄vyky +∆

ε +η h̄ky(v−− v+)−V0
. (7)

The valley-spin-dependent transmission probability across p–
n junction is written as Tησ = 1− r∗ησ rησ .

3. Results and discussion
3.1. Anisotropic refraction

The velocity components of electron are calculated by
formula 𝑢= 1

h̄ ∇𝑘E,

u±x =
∂E±ησ

h̄∂kx
=± h̄v2

xkx√
M

,

u±y =
∂E±ησ

h̄∂ky
=−ηv−±

h̄v2
+ky +(h̄vyky +∆)vy√

M
. (8)

We consider the incident (transmitted) electron from conduc-
tion (valence) in n (p) region. Then the valley-spin-dependent
incident angle of electron in n region and the refracted angle
of electron in p region are defined as

ϕ
ησ

i = arctan
u+y
u+x

∣∣∣∣
kx=ki

x

, ϕ
ησ

t = arctan
u−y
u−x

∣∣∣∣
kx=kt

x

. (9)

The valley-spin-dependent refractive index of electron is de-
fined as

nησ =
sinϕ

ησ

i

sinϕ
ησ

t
. (10)

The valley-spin-dependent refractive index as a function
of incident angle are given in Fig. 2 in the different values of
α . The signs of refractive index for two valleys are opposite
completely in Fig. 2 regardless of the value of α . Although
the spin-dependent refractive index in one valley can be tuned
by the external electric field, the signs of refractive index for
spin-up and spin-down in one valley are the same, as shown
in Figs. 2(b)–2(c). This unusual valley-spin-dependent refrac-
tive index brings exotic relations between incident angle and
transmitted angle, as shown in Fig. 3, in which the valley-spin-
dependent transmitted angle as a function of incident angle is
given in the different values of α . In Fig. 3(a) with α = 0, the
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spin is degeneracy and the sign of transmitted angle is neg-
ative (positive) for Λ (−Λ) valley. In Figs. 3(b)–3(c) with
the nonzero α , the valley-spin-dependent transmitted angles
are shown. Although the spin-dependent transmitted angles in
one valley are different, their signs are the same in one valley.
These results in Fig. 3 are consistent with those in Fig. 2 and
will bring a potential application for valley splitting without
any external fields.
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Fig. 2. Incident angle-dependent refractive index with ε = 0.1 eV and
V0 = 0.3 eV in the different values of α .
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Fig. 3. Incident angle-dependent transmitted angle with ε = 0.1 eV and
V0 = 0.3 eV in the different values of α .

Why does the valley splitting happen in a 1T′-MoS2-
based p–n junction? Let us pay attention to Eq. (8). We
assume physical parameter v− = 0, then the valley-spin-
dependent incident angle of electron in n region and the re-
fracted angle of electron in p region can be rewritten as

ϕ
ησ

i = arctan
h̄v2

+ky +(h̄vyky +∆)vy

h̄v2
xkx

∣∣∣∣
kx=ki

x

,

ϕ
ησ

t = arctan
h̄v2

+ky +(h̄vyky +∆)vy

h̄v2
xkx

∣∣∣∣
kx=kt

x

. (11)

The signs of ϕ
ησ

i and ϕ
ησ

t are opposite completely due to the
conversion of transverse wavevector ky and the opposite signs

of ki
x and kt

x. This analytical result is consistent with the nu-
merical result in Fig. 4, in which the signs of ϕ

ησ

i and ϕ
ησ

t are
opposite regardless of the value of α . Therefore, the presence
of parameter v−, which makes the band structure of 1T′-MoS2

tilted, plays a key role in realizing valley splitting.

1, 1

1, -1

-1, 1

-1, -1

(a) (b)

(c) (d)

α=0 α=0.2

α=1 α=1.2

↩

ϕi (O)





↩

ϕ
t 
(O
)





↩

ϕ
t 
(O
)

η, σ

↩

ϕi (O)

Fig. 4. Incident angle-dependent transmitted angle with ε = 0.1 eV,
v− = 0, and V0 = 0.3 eV in the different values of α .

3.2. Valley-dependent anomalous Klein tunneling

Using Heisenberg’s equation of motion, we can write
the velocity operator of electron along x direction as ûx =
1
i h̄ [x,Hη ] = vxσy, and then its time evolution is given as

˙̂ux′e =
1
ih̄
[ûx,Hη ] =−2kyvx(vyσz + v+σx)−

2∆vxσz

h̄
, (12)

in which ∆ = λso(η − ασ). We give the incident angle of
Klein tunneling when ky = 0 and ∆ = 0,

ϕei = arctan
(
− ηv−

vx

)
. (13)

It is easy to obtain ϕei ≈ −(+)36.5◦ for η = σ = 1(−1) re-
gardless of the value of V0, which is the same as the numeri-
cal results in Figs. 5 and 6. Interestingly, the angle of Klein
tunneling is dependent on the valley and spin simultaneously,
which is different from the valley-spin-independent Klein tun-
neling and valley-dependent Klein tunneling.

η, σ

0

0.2

.

.

0.8

1.0

T

-36.5O

36.5O

1, 1
-1, -1

↩

ϕi (O)

Fig. 5. Incident angle-dependent transmission with ε = 0.1 eV, α = 1,
and V0 = 0.3 eV.
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T

↩

ϕi (O)



.

.

.

.

.

↩.O

V0
.

.

.

.

Fig. 6. Incident angle-dependent transmission with ε = 0.1 eV, η = 1,
σ = 1, and α = 1 for different values of V0.

4. Conclusion
We now give some discussions on experimental realiza-

tion of our theoretical proposal. In experiment, the prepara-
tion of 1T′-MoS2 was reported in Ref. [55]. The 1T′-MoS2
based p–n junction can be realized by doping. The similar
setup has been successfully realized for graphene.[52,56,57] A
beam of electrons splits into two beams, which is the signa-
ture of valley splitting. The nonzero incident angle of electron
for full transmission is the signature of anomalous Klein tun-
neling.

In conclusion, the transport properties of electron is in-
vestigated analytically in a 1T′-MoS2-based p–n junction. The
anisotropic refraction consisting of positive and negative re-
fractions is found, which leads to the valley splitting without
any external fields. Interestingly, the nonzero incident angle
of valley-spin-dependent anomalous Klein tunneling happens.
These two peculiar properties come from the same fact that the
tilted band structure makes the directions of wavevector and
velocity different. Our work designs an special valley split-
ter without any external fields and provides an insight into the
understanding of the Klein tunneling.
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