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Abstract
In this work, we study the linear, the third-order nonlinear, and the total refractive index changes (RICs)
caused by both intra- and inter-band transitions in monolayer MoSe, in the presence of a magnetic field by using
the compact density matrix approach. The results show that RICs display the blue-shift behavior with the increase
of the magnetic field. The Zeeman fields do not affect the peak positions but reduce slightly peak intensities.
Besides, the strong spin-orbit coupling in monolayer MoSe, causes a significant difference in the peak due to
spinning up and down. The RICs due to intra-band transition display only one peak in the THz range, while the
inter-band spectra show a series of peaks in the near-infrared optical range, making monolayer MoSe, be a
promising candidate for novel optoelectronic applications.
Keywords: Magnetic field, monolayer MoSe,, refractive index changes.
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Tém tit
Trong cong trinh nay s dung phmmg phap ma tran mat do 161 thiéu, chung toi nghien ciru cac 50
hang tuyen tinh, phz tuyén bdc ba va s6 hang tong ciia do thay doi chiét suat (RICs) do qua trinh dich
chuyén néi vimg va lién ving trong MoSe, don ZO’p khi ¢é mat tir truong. Két qua cho thdy rang khi tir
truong tang lén thi phé RICs dich chuyén vé phia nang lwong cao. Cdc truong Zeeman khong dnh hwong
dén vi tri nhwng lam giam nhe cuong do cua dinh RICs. Bén canh do, tuwong tac spzn quy dao manh trong
MoSe, don lop anh hm)’ng dang ke dén cac dinh gdy nén boi spin hudng lén va spin hudng xuong Pho
RICs do dich chuyén noi vung nam trong vung THz trong khi phé RICs do dich chuyén lién vung nam
trong vung hong ngoal gan. Véi cdc tinh chat quang thii vi ciia minh MoSe, diwoc hita hen la mét ing vién
tiém ndng cho cdc irng dung vdo cdc thiét bi quang dién tir.

Tir khéa: Tir truong, MoSe, don [6p, d thay doi chiét sudt.
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1. Introduction

Molybdenum diselenide (MoSe;) is an
inorganic compound of Molybdenum (Mo) and
selenium (Se) (Eftekhari, 2017), an interesting
member  of the  Transition Metal
Dichalcogenides (TMDCs) family (Korméanyos
et al., 2014; Hien et al., 2020). In the bulk
form, the semiconducting MoSe, has an
indirect bandgap, but it transfers to a direct
bandgap in a monolayer layer. Besides, like
other TMDCs materials, MoSe; has a strong
spin-orbit coupling (SOC). This makes MoSe,
possessing remarkable electronic and optical
properties (Wang et al., 2012), and become a
potential candidate for novel optoelectronic
applications (Eda & Maier, 2013).

The refractive index changes have been
studied widely in the quantum well (Yildirim
& Tomak 2006) and in the layered materials
(Nguyen et al., 2017; Nguyen et al., 2018;
Huong et al., 2020). Yildirim and Tomak
studied the linear and nonlinear changes in
the refractive index of a GaAs Pdschl-Teller
quantum well. Their results showed that the
term as a consequence of the asymmetry of
the potential in the expression for the
nonlinear change is found to contribute
negligible values to the nonlinear refractive
index in comparison to the symmetry one
(Yildirim & Tomak, 2006). On studying the

linear and nonlinear  magneto-optical
properties of monolayer phosphorene,
Nguyen et al. found that the RICs in

phosphorene are strongly influenced by the
magnetic field. Besides, their peaks appear in
two different regimes: the microwave to THz
and the visible frequency. The amplitude of
intra-band transition peaks is larger than that
of the inter-band transitions. The resonant
peaks are blue-shifted with the magnetic field
(Nguyen et al., 2017). Similar results have
also been observed in the monolayer MoS,

26

(Nguyen et al., 2018) and monolayer WS,
(Huong et al., 2020). Accordingly, the RICs
can be used as a useful tool to study the
optical properties of the layered two-
dimensional material such as MoSes.

In this work, we study the linear, third-
order nonlinear, and total refractive index
changes (RICs) in monolayer MoSe, in a
perpendicular magnetic field, using the
expression in terms of single-particle
eigenfunctions and eigenvalues of this
material in the presence of the magnetic
field. Using the density matrix theory, we
calculate the RICs for both intra and inter-
band transitions between the two bands. The
effect of the magnetic, electric, and Zeeman
fields on the RICs spectrum have been
investigated quantitatively.

2. Eigenfunctions and eigenvalues of
the electron in monolayer MoSe;

We consider a MoSe; sheet oriented in the
(xy) plane. When a uniform static magnetic
field B is applied to the z-direction, the low-
energy Hamiltonian of the system is given as
follows (Hien et al., 2020)

H, =V (ro, 7, +o,7,)+ (A +dA,)o,
+0,  +sM,—-zM,, (1)

where v, is the Fermi velocity, 7 ==1 refers
to the valley index (for K and K’), s=41 is
for spinning up/down, o; denotes the Pauli
matrices (i=x,y,z), 2d is the distance
between the Mo and Se sublattices, A, =eE,
with E, being the electric field applied to the

z-direction, 7=p+eA is the canonical

momentum with p and A being the normal

momentum and the vector potential,
respectively. The Dirac mass and the offset
energy expressions are (Catarina et al., 2019)

A, =A+st(A—4)]4, @)
0, =st(4 +4)/4. (3)
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Here, A=0.74 eV is the intrinsic band-
gap (Xiao et al., 2012), the Zeeman fields are
M, =0,,B/2, with i=s,v corresponding to
the spin and valley ones, u, is the Bohr
magneton, and g, =2+g, with g, =0.29 and
g, =3.03 are the Landé factors (Kormanyos et

al., 2014). The corresponding eigenvalues of
the Hamiltonian shown in Eq. (1) have been
presented by Hien et al. as follows (Hien et al.,
2020)

E,=E. 0l =pE +P.+sM,—tM,. (4)

Here p=+1 refers to the conduction and
valence bands, and

E = \jn(ha)c)z +(A*)’.n=012,.. (5

Here, Al =A  +dA,
@, :VF\/m is the cyclotron frequency.
The eigenfunctions are | 1) = eikyyy/;’s"(x)/\ffy
(Hien et al., 2020), where

wé,‘f(X){T ”"X’X‘))], ©)

and

Br:,’sp¢n (X - XO)

with ¢ (x) are the normalization oscillator

functions centered at x,=a’k,. The
normalization constants are
T z T Z
TV’Sp _ pEn,s +TAZ’S ’ B;"Sp _ pEn,s _TAT‘S . (7)
2pE;, 2pE,

In the next subsection, we will use above
equations to evaluate the RICs.

3. The refractive index changes

To obtain the expressions for the RICs we
need the expressions of the corresponding
susceptibilities, using the compact density
matrix approach, the linear and nonlinear
optical susceptibilities for transitions between

the two bands |4) and |1} to be calculated as
follows (Huong et al., 2020)

golg() (Q) — 1 - Z ( f/l — fﬂ,')(dﬂ.'ﬂ.-) d/l'i (8)
27[ ac FL El'l_hQ_lhyO

£ Z(3) (Q) - _ 1 Z ( f/i — f/l)(d})f/l)*d;l
0 2rha? &7 E,., —hQ—inhy,

{ 4(dy,)"d,
(B, —HQ) +(7,)"

— (d/)?,(l _d;/l)z j| (9)
(B, —ihy)(E,, —hQ—ihy,)

where h=3.35A" is the thickness of the

monolayer MoSe, (Ding et al., 2011),

a,=(h/eB)’* is the magnetic length,

dy, =—e5, , (wif [Xwi?) is the dipole
matrix  element in  the  Xx-direction,
E,,=E,—E,is the energy separation,
hy, =0.24/B (meV) (Huong et al., 2020), and

hQ is the absorbed photon energy. From the
expressions for the optical susceptibilities
shown in Egs. (8) and (9), we can find the
RICs as follows (Rezaei et al., 2010)

An(Q, 1) AnY(Q) . AN®(Q, 1)
n n

r r r

@) Vﬁ@(ﬂ)éw
— " 7 —Re e
n 2n;

r

. (10)

}, (11)

where k = 1, 3 are for the linear and nonlinear
E‘Z is the
intensity of the incident light with ¢ = 3 x
10® m/s being the speed of the light and n, =

4.25 is the refractive index of the MoSe; (Liu
etal., 2014).

4. Numerical results and discussion

In this section, we will evaluate
numerically the linear, the third-order
nonlinear, and the total RICs in monolayer
MoSe, The values of the parameters are
displayed as they appear. The intensity of the
light is I = 3 x 10° W/m?.

terms, respectively, | =2gn.c
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Figure 1. The linear RICs for intra-band

transition is shown as a function of the photon

energy at certain values of B and dA,, for spin-
up and spin-down cases

In Figure 1, the dependence of the linear
RICs due to the intra-band transition on the
photon energy is presented, including the
effect of the spin and valley Zeeman fields. It
exists only one absorption peak for each case
of the spin. This result is in good agreement
with that obtained in monolayer MoS,
(Nguyen et al., 2018), WS, (Huong et al.,
2020), and phosphorene (Nguyen et al., 2017).
Because the SOC in monolayer MoSe; is
strong, the peak positions due to spinning up
and down are separated clearly with higher
energy for the up-spinning case, but there is no
difference between their intensities. Besides,
the Zeeman field does not affect the peak
positions but reduces their intensities. This
result is also in agreement with that obtained in
monolayer WS, (Huong et al., 2020).

The effect of the electric field on the
linear RICs in monolayer MoSe; is presented
in Figure 2. When the electric field is taken
into account, the intra-band transition RICs
spectrum shifts towards the lower energy
region and also reduces their intensities.

The dependence of the linear, third-order
nonlinear, and the total RICs caused by the
intra-band transitions on the photon energy is
shown in Figure 3 at certain values of B and
dA,. Since the nonlinear terms have the
opposite sign in comparison to the linear ones,
their contributions reduce the intensities of the

Anfm,
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total RICs. This is in good agreement with that
reported in the conventional semiconductors
(Yildirim & Tomak, 2006) as well as in other
layered two-dimensional materials (Nguyen et
al., 2017; Nguyen et al., 2018; Huong et al.,
2020). Since the behavior of the RICs for up-
and down-spinning cases are almost the same,
in the following, we only evaluate the RICs for
the up-spinning case but the results could be
also validated for the down one.
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Figure 2. The linear RICs for intra-band
transition including Zeeman fields are shown as
a function of the photon energy at certain values
of B and two different values of dA,, for spin-up

and spin-down cases
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Figure 3. The linear, third-order nonlinear,
and the total RICs for intra-band transition
including Zeeman fields are shown as a function
of the photon energy at B=10T, d4,=51.25
meV, and for spin-up and spin-down cases

In Figure 4, we depict the dependence of
the linear, the third-order nonlinear, and the
total RICs on the photon energy for several
values of the magnetic field. The results are
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evaluated for the up-spinning case, including
the spin and valley Zeeman fields, and at d4, =
51.25 meV. It can be seen that when the
magnetic field increases, the RICs spectrum
shifts towards the higher region of the energy
(blue-shift) and slightly reduces its intensity.
This result is in good agreement with that
reported in monolayer MoS; (Nguyen et al.,
2018), WS, (Huong et al., 2020), and
phosphorene (Nguyen et al., 2017). The blue-
shift behavior of the RICs spectrum can be
explained by the increase of the cyclotron
energy when the magnetic field increases.
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Figure 4. The linear, third-order nonlinear,
and the total RICs for intra-band transition
including Zeeman fields are shown as a function
of the photon energy at different values of B,
dA,=51.25 meV, and for spin-up only. The solid,
dashed, and dashed-dotted lines are for the
linear, the third-order nonlinear, and the total
RICs, respectively

L I . .. o [?

Y V
dA; =0 i
1.40
#0) (eV)
Figure 5. The linear, third-order nonlinear,

and the total RICs for inter-band transition
including Zeeman fields are shown as a function

of the photon energy at certain values of B, and
dA,, and for spin-up only

1.38 139

In Figure 5, we present the dependence of
the linear, the third-order nonlinear, and the
total RICs for the inter-band transition on the
photon energy. The results are evaluated for
certain values of B, and d4, including Zeeman
fields (i.e. Ms, M, # 0). Unlike in the intra-band
transiton cases, here we can see that the RICs
due to the inter-band transition appear in a
series of peaks at the near-infrared optical
region with their intensities increase when the
Landau Level increases, being in agreement
with those reported in other layered two-
dimensional materials (Nguyen et al., 2017;
Nguyen et al., 2018; Huong et al., 2020).
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Figure 6. The linear, third-order
nonlinear, and the total RICs for inter-band
transition including Zeeman fields are shown as
a function of the photon energy at different
values of B, d4,= 0, and for spin-up only. The
solid, dashed, and dashed-dotted lines are for
the linear, the third-order nonlinear, and the
total RICs, respectively

1.380

Figure 6 shows the variation of the RICs
due to inter-band transition with the photon
energy for different values of the magnetic
field. Like the case of the intra-band transition
(see Figure 4), here we also see that the increase
of the magnetic field shifts the peaks of the
RICs spectrum to the higher energy region as
the result of an increase in the cyclotron energy
when the magnetic field is enhanced.

5. Conclusions

We have studied the linear, the third-order
nonlinear, and the total RICs in monolayer
MoSe, in the presence of a perpendicular
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magnetic field. The numerical results are
evaluated including the combined effect of the
electric and the Zeeman fields. With the strong
SOC, the RICs spectrum in monolayer MoSe;
depends strongly on the spinning orientation of
electron: the peak positions due to the up-
spinning are located at the right-hand side of that
due to the down-spinning one. The effect of the
electric field on the RICs spectrum for the intra-
band and the inter-band transitions is opposite.
Meanwhile, the effects of the magnetic field are
the same in both these two types of transitions.
When the magnetic field increases, the peak
positions in both intra- and inter-transitions
always shift to the higher energy region. These
interesting optical properties make monolayer
WS, to be a potential candidate for useful
application in optoelectronic devices.
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