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Abstract

In this paper, the optical absorption coefficients (OACs) and the refractive index changes
(RICs) due to both intra- and inter-band transitions in monolayer WSs are theoretically
investigated in the presence of a magnetic field. The results showed that both OACs and
RICs display the blue-shift behavior with the increase of the magnetic field. The Zeeman
fields have no effect on the peak positions but reduce slightly peak intensities. Besides, the
strong spin-orbit coupling in monolayer WS, causes the significant difference of the peak
due to spin up and down. The OACs and 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 to the visible optical range, making monolayer WS» to be a promising candidate
for novel optoelectronic applications.

(© 2020 Elsevier B.V. All rights reserved.
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1 Introduction

In the last few years, the layered two-dimensional (2D) materials such as
graphene [1,2], phosphorene [3], silicene [4,5], germanene [6], and transition-metal
dichalcogenides (TMDC) [7-10] have attracted great interest caused by their out-
standing properties. These materials have been attracted not only by their fun-
damental physical properties but also by their great potential applications [11-
14]. One of the problems preventing graphene from being a perfect candidate for
graphene-based transistors comes from its low on/off ratio, which is caused by

the gapless band structure of this interesting material [15]. With their natural large

* Corresponding authors.
Email addresses: phamthihuong@tdtu.edu.vn (Pham Thi Huong),

lethihoa8@duytan.edu.vn (Le T. Hoa).



bandgaps, the TMDCs resolves wonderfully the gapless problem of graphene, grad-
ually emerged as a potential candidate for new generation materials. That is the rea-
son why the TMCDs have attracted wide attention from scientists in recent years.
Among them, monolayer tungsten disulfide (WS5) has been being attracted increas-
ing attention due to its great properties. Firstly, the material WS, has strong spin-
orbit-coupling (SOC): its values are \, = 0.430 eV and A\, = 0.029 eV in the va-
lence band and the conduction band, respectively [16], providing a great system for
spin control [17]. Secondly, the band structures of WS, displays a pair of incom-
mensurate valleys at the K and K’ points. The different conduction and valence
bands are spaced by a direct band-gap in the near-infrared to the visible spectral
range, which results in the efficiency in the electromagnetic wave absorption and
emission.

Another interesting feature of the material WS is its layer dependent charac-
teristics [14]. While the bulk and the multilayer display the indirect-gap semicon-
ductors, the monolayer WS, is a direct-gap one with a large energy gap [18]. With
the energy gap of A = 0.90 eV [19] and the low defect density, the monolayer
WS, shows strong photoluminescence [20,21]. Therefore, the physical properties
of the monolayer WS, have been being one of the most subjects studied in recent
years, especially when a uniform magnetic field is taken into account [22-24]. The
photoluminescence of monolayer WSs in the strong magnetic field (up to 30 T) has
been measured [22]. The results showed that with increasing magnetic field, the
relative rotation angle between the polarization of the exciting light and the photo-
luminescence emission strongly increases, up to 35° at B = 25 T, and lessens the
polarization degree of emission. The monolayer WS, samples have been studied
using photoluminescence spectroscopy [23,24], in which the photoluminescence
emission is governed by two types of excitons: (neutral and charged excitons). For

the charged excitons, two separate types of them, including singlets and triplets,



have been observed nearby the neutral exciton emission line. These prominent re-
sults open a new way to study and exploit the valley-dependent phenomenon, which
is really hopeful for novel optoelectronics applications.

In this work, we study optical absorption coefficients (OACs) and the refrac-
tive index changes (RICs) generated by the intra- and inter-band transitions in
monolayer WS; in the presence of a magnetic field. The results are reported for
both cases of spin orientation: up and down. We find that both OACs and RICs
show blue-shift behavior with a growing magnetic field. Besides, while the opti-
cal spectrum due to intraband transition display only one peak in the THz range,
the interband spectrum display a series of peaks in the near-infrared to the visible

optical range.

2  Theoy
2.1 Single-particle Hamiltonian

We consider a monolayer WS, oriented in the (z, y) plane. Including the spin,
M;, and valley, M,,, Zeeman fields into the single-particle Hamiltonian of Ref. [25],

we have
Hy = vp(vo,m, + oymy) + Ay 0, + Oy s + sMy — vM,, (1)

where vp = 6.65 x 10° m/s is the Fermi velocity [19], v = =1 is for the K
and K’ valleys, s = =1 is for spin up and down, 7 = p + ¢A with p and A
being the momentum and the vector potential of the magnetic field, respectively,
Ox(y,) are the Pauli matrices whose eigenvalues are +1. The spin and valley Zee-
man fields have the same form as M) = gywupB /2 with the Bohr magneton
pp = eh/2me, gsw) = 2 + g, Here g; = 0.84 and g;, = 4.96 are the Landé fac-

tors, and m, = 0.35mg [26,27]. The expressions for the Dirac mass and the offset



energy are [28]
Aps=A4vs(Ae—Ay) /4, Ops =vs(Ac+ A\y)/4, 2)

where A = 0.90 eV is the intrinsic band-gap of the material [19]. The eigenfunc-
tions are |\) = xs ® Y22 (x)e*¥ /)L, where X is the eigenfunction of of §, [29],

n,s

and

vay?dn—1(x — 10)
ns () = : (3)

byl (z — o)
Here ¢,, are the usual oscillator functions with the coordinator center xy = o2k,
The index p labels the conduction and valence bands and n = 0,1,2,... is the

Landau level (LL) index. The normalization coefficients a, % and b, % are given by

E° .+ A, Ev. . — A,
A e B L 7Y QS i X Wi @)
2pE; 2pE;
The corresponding eigenvalues of Eq. (1) are
Ey\ = E;}Lf: = pE}i,s + Ov,s + SMS - UM”LM (5)

where ) is shorthand for {n, k;} with ) = {n, s,v,p}, E% ; = [n(hw)?+ (A,,5)]*/?
with w. = vpv/2/a, being the cyclotron frequency, .. = (h/eB)/?. Using the re-
lation hw, < A, 5, we have Ef -~ A, o + n(hw.)?/(2A, ), therefore, the eigen-
values in Eq. (5) can be written as follows

(hw,)?
20, ¢

E)\ ~ np + pAv,s + Ov,s + SMS - UMU’ (6)

Since (hw.)* ~ B, Eq. (6) shows a linear increase of the LLs spectrum on the field
and the LL index in both conduction and valence bands. For n = 0, we have ¢, =

(0, ¢0)™" and ¥, = (¢,0)" with T'r being the transpose. The corresponding



eigenvalues for n = 0 are

Egfy = —A+ 5\, /2 + sM, — M,, (7

Ef, = A —s\/2+ sM, + M,. (8)

Note that, the eigenfunctions and eigenvalues obtained here could be also obtained

from Ref. [30] in the case of absence electric field.
2.2 Dipole matrix element

When the system is considered to excite by an incident light £(t) = Ee 4

Ee‘im, the total Hamiltonian can be written as
H = Hy+ Hin, 9)
where H, which is shown in Eq. (1), is the unperturbed Hamiltonian part and
Hiy = —d - E(t) (10)

is the perturbed Hamiltonian part, which describes the dipole interaction between
system with the light. Here, d = —ef is the dipole matrix operator with 7 = (&, 7)

the 2D position operator. For the dipole matrix element in the x-direction, we have

A3\ = — €0k, b (Vs |20 %)
o' H v,p
’ogl 0, L
_ 5. (o [Ho, ]I%,J' (11
o Ey — By
where the commutator is [Hy, ] = —ihvpvo,. Therefore, the dipole matrix ele-

ment is derived

e [ iehvpu
YA TR
Ey A

/

/ ! /
() (@) Bt + 0T Q6] Gys (12)

)

where Fy \ = Ey — E, is the energy different between the two electronic sates

|A\") and |A). Eq. (12) implies that the selection rule for the allowed transitions is



An = =£1 and at the same k, points, agreeing with that in graphene [31-36], in

silicene [37-39], and in the transition metal dichalcogenides monolayer [30,40].
2.3 The absorption coefficients and the refractive index changes

When the matrix density is solved in a series in powers of the incident light,
the optical polarization in the z-direction of the system, P, (t) = (1/V)Tr(j - d),
can be usually expanded in terms of electric susceptibilities [31,32,41]. The time-

evolution equation for the density matrix elements if given by

Opy (RN - . e
02 — S [Ho + it v = valoaion = 755). (13)

Here the term /) is a phenomenological decay rate, which describes the relax-

ation of py  to its equilibrium value p&e,?i. Eq. (13) is solved using an iterative

approach [42-47], py A(t) =3, pf\rf’&(zﬁ), with

oS . Wl e
8A157A = —(iwy A + %',A)P(A/,)A - ﬁ[ int: D" 1)]A’,Aa (14)

where we have denoted wy, \ = Ey ,/h.
On the other hand, the electronic polarization can be expanded into series as

follows [44-47]

P(t);; ~oxiy () ES™ + eox) () E* Ee'™, (15)

ij

where ¢, is the permittivity of vacuum and €2 is the frequency of the incident
electromagnetic field. In Eq. (15), XS)(Q) and XE;’)(Q) are, respectively, the lin-
ear and third-nonlinear susceptibilities. Using the procedure suggested by Ahn and
Chuang [42,43], the linear longitudinal susceptibility in the 2D systems is given

by [31,32,41]

1 (f,\ - f}\/)(dl’/ )*dm/
M) = — NA) Gy
e (D) =32 2 Tp e iy

n'mkyky

(16)



where f, = p&O)A is the Fermi-Dirac distribution function for the |\) state. Using

the relation }-, — (L, /2m) |- }:/ 33042 = Sp/2ma?, the expression for the 2D linear

longitudinal optical susceptibility is found

/ d/ ix/
eoxD( Q) — P n) diy

17
e 27ThOéQ 2;7 Eyy — hQ — ihy an

where h = V/S, = 3.14 A [48] is the thickness of the monolayer WS;. Follow-
ing analogous procedure, the expression for the third-order nonlinear longitudinal

susceptibility can be obtained as follows

€ (3)(9) _ 1 Z (di',/\)*di’,k<f/\ - f)\’) 4(d§/’>\)*d§/7>\

Mo 2mhag o Evoa— hQ —ihyy | (Exva— 0Q2)%2 4 (hy)?
i (e — d5,)° |

(E/\’,)\ — Z'h’Yo)(E)\g,\ — h§) — '[h“/o)

(18)

The longitudinal susceptibilities ") () are related to the OACs and RICs by [44—

rr

46]
(@) =0 Pt [ 8], (19
€R
(n) (n) [o(n—1)
N, 2n?

where n = 1, 3 referring to the linear and nonlinear terms, respectively, p is the
material permeability, and g = n’ey with n, = 6.25 being the material refractive

index [49]. Therefrom, the total OAC and the total RIC can be written as [44—46]

a(Q, 1) =aM(Q) +a®(Q,1) 21)
An(Q, 1) AnM(Q)  An®(Q, 1
Ny Ny Ny

where [ = 260nT0|£~7|2 is the light intensity with ¢ being the velocity of light in the

vacuuin.



3 Results and discussion

We now evaluate numerically the linear and nonlinear OACs and RICs in
monolayer WSs. The parameters of materials are shown when they appeared, the
others are as follows: 7 = 5 x 106 W/m? and A" = 0.2v/B meV [36]. The 2D
density of 2 x 1012 cm™2 [50] results in the Fermi energy of 109.8 meV. Because
the K and K’ valleys are symmetric each other through their reversed spin indices,

ie, KT (1) = K'] (1) [30], we only evaluate for the K and put v = 2" = 1.

4l () B=10T|
3t — Linear / =
- NL ; \

@ (x 10*/cm)

1} Total, /4 N,
0

e
2
E
N

S ]

e ~_ Spindown |

0 1 2 3 4 5 6 0 1 2 3 4 5 6

7Q) (meV) 7iQ) (meV)

Fig. 1. The OACs for intraband transitions versus photon energy including the effects of
spin, valley Zeeman and magnetic fields: (a) with and without Zeeman fields, (b) the linear,
nonlinear and total OACs, (c) OACs due to spin-up case for different magnetic fields, and

(d) the same as those in (c¢) but for spin down.

In Fig. 1, the OACs caused by intraband transitions (p = p’ = 1) are presented
as a function of /(2 for different effects. The allowed transitions obey the condition
An =n’ —n = +1, which leads to the energy difference Fy y = (fiw.)?/(2A1 ).
It is clear that £y , is independent of the LL index and has the same value for

all the intraband transitions at given values of B and s. Therefore, the OACs peak



caused by intraband transition, which satisfy the condition

(hw,)? _ (hw,)?
2A1,5 2[A+3()‘c - )\1))/4]7

thtra - (23)

locate at the same position, generating only one peak, for one value of the magnetic
field and spin index as shown in all panels of Fig. 1. This result disagrees with that
in graphene where the LL spectrum is found to be proportional to /n [36], but
agrees with that reported in monolayer MoS, [40] and in phosphorene [51]. This
is because, in all monolayers of WS,, MoS,, and phosphorene, the LL spectrum
is linearly proportional to n. It can be seen from Fig. 1(a) that when the Zeeman
fields are taken into account, the peak positions do not change but their intensities
slightly reduce. Besides, the strong SOC in monolayer WS, results in the significant
difference of the peak positions due to spin-up and spin-down. From the relation
Ae — Ay = —0.401 eV< 0, we have A; 11 < A; _;. Using this into Eq. (23) we
find that AQ;,4a(s = +1) > hQinra(s = —1), this explains the fact that in the
intraband transitions, the peaks due to spin-up are always at the right-hand side of
those due to spin-down. In Fig. 1(b) we show the dependence of the linear, the third-
order nonlinear, and the total OACs for intraband transition on the A2 at B = 10 T,
including the effect of Zeeman fields. Because of its negative value, the contribution
of the nonlinear term pull the value of the total term downs, matching the results
reported in the literature [52-55]. Figures 1(c) and 1(d) illustrate the dependence
of the OACs on photon energy for the different magnetic fields for spins up and
down. With the enhancement of the field, the OAC spectra shift to higher energy
region because of the increase of cyclotron energy. For the OACs intensities, while
the third-order nonlinear reduces, the linear and the total terms increase when the
magnetic field increases in both spins up and down. The increase of the total OAC
is in agreement with that reported in monolayer phosphorene [S51] and MoS, [40],

and in conventional low-dimensional system [56].
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Fig. 2. The RICs for intraband transitions versus photon energy: (a) the linear, nonlinear
and total RICs for spin up and down, (b) RICs due to spin-up case for different magnetic

fields. The results are calculated for My, M, # 0.

In Fig. 2(a), the linear, third-order nonlinear, and total RICs are displayed as
functions of photon energy at B = 10 T. Similar to the case of OACs, the absorbed
photon energies due to intraband transitions here are also in the THz range, just like
the optical Hall conductivity in graphene [57], in silicene [37] and like the magneto-
optical conductivity in Weyl semimetals [58], and in topological insulator [59].
Besides, the relation between the absorbed photon energies caused by spin-up and
the spin-down cases as well as the reduction of the nonlinear part to the total are
also observed in monolayer WS, similarly to those in MoS; [40]. One can see from
Fig. 1(b) and Fig. 2(a) that the behavior of OACs and RICs caused by the spin-up
and the spin-down cases are the same. In the following, we only evaluate the spin-
up, but the results are also true for the other case. In Fig. 2(b), we illustrate the
dependence of the RICs on Af) for different magnetic fields. Similar to the OACs,
the increase of the energy different, £y 5, with the strong magnetic field causes the
blue-shift feature of the RICs. Meanwhile, the drop in the RICs intensities is the
cause of the reduction of the dipole matrix element, d5,, when the magnetic field

increases. This can be explained clearly form Eq. (12): the increase of B leads to

11



the increase of £/ and therefore, leads to the drop of the dipole matrix element.

10
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Fig. 3. The OACs for interband transitions versus photon energy at B = 10 T. The results

are evaluated for spin-up case and M, M, # 0.

The variation of the OACs due to interband transitions (p = —1 — p = 1)
on the photon energy is presented in Fig. 3. It can be seen that (i) the interband
transitions peaks appear in a series and (ii) locate in the near-infrared to visible
regime. These features can be explained from the expression of the absorbed photon

energies for the interband transitions as follows

B Qinter = (20 + 1) QHZ
1,s

C@n e (w)
T 2[A + s(A = A,)/4)

A — A”] . (24)

4

Firstly, because {2, is proportional to (2n + 1), the peak positions caused by
different LL indexes are not overlapped, they gradually move to the right-hand side
with the bigger LL indexes, generating a series of the resonant peaks. Secondly,
Eq. (24) reveals that {0, ~ 2A;7 = 1.5995 eV (s = 1 for spin up case).
Therefore, the peaks due to interband transitions are at the near-infrared to visible
regime, agreeing with previous study for monolayer WS, [60]. Note that, while the
first peak is generated by only one transition from n = 0 to n’ = 1, the others

are doubled. For example, the second peak is the result of the interband transi-

12



tions fromn = 1ton’ = 2 and fromn = 2 to n’ = 1, or written in the short
form as 1(2) — 2(1). It is clear that these two transitions have the same photon ab-
sorbed energy, therefore, they appear at the same position, displaying only one peak
for each couple-interband-transition. The higher-order interband transition peaks,
2(3) — 3(2), 3(4) — 4(3),..., are also generated by the same way. Besides, the
intensities of the interband transitions, here in monolayer WS,, are much bigger
than that of intraband transitions. This is in contrast to the behavior of the optical
conductivity in black phosphorus thin films [61], in monolayer silicene [62], in bi-
layer transition metal dichalcogenides [63], but in agreement with that of OACs in

monolayer graphene [36] and in monolayer MoS; [40].

4; T T j T |
r —— Linear B=9T
3 - NL B=10T ]
E [ e Total B=11T
Lo 2 ]
L
i [
x 1r ]
S
Of—= : . |
i 0-1 AV ]
e s Y - I
1.600 1.605 1.610 1.615 1.620
70 (eV)

Fig. 4. The OACs for first-three interband transitions versus photon energy for different

magnetic fields. The results are calculated for spin-up case and Mg, M, # 0.

In Fig. 4, the OACs for the first-three interband transitions are presented as
functions of A€} for different magnetic fields. Similar to the intraband transition
case (see Fig. 1c), we also observe that when the magnetic field increases, the OAC
peaks reduce in the intensity and shift to the right-hand side. The physical meaning
is explained exactly the same way as done in the intraband transitions, i.e., the
intensity reduction and the blue-shift are the result of the enhancement of transition

energies, F/y, » when magnetic field increases from 9 T to 11 T.
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Fig. 5. The RICs for interband transitions versus photon energy at B = 10 T. The results
are evaluated for spin-up case and Mg, M, # 0.

In Fig. 5, we show the RICs for the interband transition in monolayer WS,
as a function of 72 at B = 10 T. The results are evaluated for spin-up cases only,
including the effect of Zeeman fields. In comparison to the OACs, the RICs due
to interband transitions also display a series of peaks but have smaller intensities
in comparison to the intraband transitions. Besides, we can see from Eq. (12) that
the term d””/,/\ increases with the LL index, resulting in the enhancement of the
interband RICs as observed in Fig. 5. These results are in agreement with previous

works reported in graphene [36] and monolayer MoS, [40].

0.015
0.010|
0,005
0.000 =

0,005}
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—00156 . o

1600 1605 1610 1615 1620
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An/n,

Fig. 6. The RICs for first-three interband transitions versus photon energy for different

magnetic fields. The results are evaluated for spin-up case and M, M, # 0.
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In Fig. 6, we show the RICs for first-three interband transitions (0 — 1,
1(2) — 2(1), and 2(3) — 3(2)) as functions of A2 for different magnetic fields. We
can see that when the magnetic field increases the RICs due to interband transitions
display a blue-shift and reduce the intensities. The values of interband RICs here
are much bigger than those in phosphorene [51] and graphene [36] but in the same
order of magnitude as that in monolayer MoS, [40]. This is because both MoS,
and WS, are the members of a new two-dimensional material type: transition metal
dichalcogenides, which have large nature band-gap and strong spin-orbit interac-
tion, leading to the stronger dipole matrix element in these materials in comparison

to that in graphene and phosphorene.

4 Conclusions

We have studied the linear, the third-order nonlinear, and the total OACs and
RICs for both intra- and inter-band transitions in monolayer WS,. The Zeeman
fields have no effect on the peak positions but reducing peak intensities. The strong
SOC in monolayer WS, makes the resonant peaks due to spin-up and spin-down
different, where the peaks due to spin-up cases are always at the right-hand side of
those due to spin down. The magnetic field gives a significant effect on the OACs
and the RICs; both of them make a blue-shift and reduce the total intensities when
the magnetic field becomes stronger. The allowed transitions satisfy the condition
An = n' —n = +1. For the intraband transitions, the absorbed photon energies
are defined by Q00 = (hw.)?/(2A; ) which display only one resonant peak
in the THz region. Meanwhile, since the absorbed photon energies depend on the
LL index, hier = (2n + 1)(hw,)?/(2A15) + 2A; 4, the interband transitions
show a series of peaks. Besides, because of the large nature bandgap of monolayer

WS,, the interband transitions peaks in this material located in the near-infrared

15



to the visible regime. This makes monolayer WSs to be a promising material for

application in optoelectronic devices.
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Highlights

® Optical spectra display the blue-shift behavior when the magnetic field increase.

¢ The Zeeman fields do not affect the peak positions but reduce slightly their intensities.

¢ The strong SOC in monolayer WS, causes the significant difference of the peak due to spin up
and down.

¢ Peaks due to intraband transitions are in the THz range.

¢ The interband spectra show a series of peaks in the near-infrared to the visible optical range.
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