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ARTICLE INFO ABSTRACT

Transition-metal dichalcogenide monolayers recently have attracted much attention motivated by their exotic
physical properties. In this paper, we theoretically investigate the optical absorption in the monolayer MoS,
which is subjected to a uniform static magnetic field and an electromagnetic wave. The magneto-optical ab-
sorption power (MOAP) is calculated using the projection operator technique in the linear response scheme,
taking account of the electron-optical phonon interaction at high temperature. Both phonon emission and
phonon absorption processes are included. The cyclotron-phonon resonance (CPR) is observed in the photon
energy dependence of the MOAP. Numerical analyses show that the photon energy satisfying CPR condition
depends linearly on the strength of magnetic field, which is similar to that in conventional low-dimensional
semiconductors but different from that in graphene. The increase of the full width at half maximum (FWHM) of
CPR peaks with increasing magnetic field shows a similar behaviour to that in graphene. In addition, FWHM
increases slightly with temperature, which is different from that in graphene where the FWHM is temperature
independent. Our investigation provides basic information about the magneto-optical properties of the mono-
layer MoS,, that are useful for further experiments and applications.
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1. Introduction graphene-based applications, researchers have been investigating novel

layered materials and their heterostructures [4-17], each structure

The discovery of graphene about a decade ago marked the begin-
ning of the era of atomic monolayers and their heterostructures. These
novel two-dimensional (2D) materials possess numerous exotic physical
properties not found in conventional low-dimensional structures,
making them potential candidates for future nano-electronic devices.
For example, the carriers in a single-layer graphene are massless Dirac
fermions moving at very high speed, about 1/300 of the speed of light
[1-3]. This results in a very high carrier mobility in graphene, about
2.10° cm?/V.s at room temperature [3]. However, graphene can not be
implemented in optoelectronic devices as it is because of the lack of its
band gap. Therefore, in parallel with studying and developing
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having its own physical characteristics, suitable for specific applica-
tions. A typical example of graphene-like 2D family is transition-metal
dichalcogenide (TMD) monolayers having formula MX, with M and X
being, respectively, a transition metal (Mo, W) and a dichalcogenide (S,
Se, Te) element. In general, TMD monolayers have a specified band gap,
overcoming the disadvantage of the single-layer graphene whose band
gap is zero. One of the first TMD monolayers to be successfully created
and widely studied was molybdenum disulfide (MoS,) monolayers. The
monolayer MoS, has a high on/off current ratio () [18] and high carrier
mobility of ~ 200 cm?/V.s at room temperature [19,20] allowing it a
potential material for novel field-effect transistors (FETs) and
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Fig. 1. The atomic structure of MoS, monolayer with the top view (a) and side views (b, ¢). Mo and S atoms are modeled, respectively, by the violet and yellow balls.
Fig. 1(b) shows the MoS, monolayer in a uniform static magnetic field which is considered in the present calculation.

photodetectors. In addition, the MoS, monolayer is a buckling structure
in which Mo atoms and S atoms do not locate in the same plane as
shown in Fig. 1. This asymmetric arrangement opens a finite energy
band gap of ~ 1.8eV in the material at the equilibrium state [21].
Moreover, this band gap can be adjusted by changing some parameters
such as strain, applied electric field, layer thickness, and so on. The
asymmetry over its plane also leads to the strong spin-orbit interaction
in MoS, which opens possible applications to spintronics.

Studying of resonant effects related to interaction of carriers, such
as electron—-phonon, electron-impurity interaction leads to structural
information of the materials including the carrier effective mass, the
distance between energy subbands, the phonon energy, and so on.
Therefore, resonant effects such as magnetophonon resonance, cyclo-
tron resonance in bulk materials in general, and in low-dimensional
structures in particular, have been numerously investigated for the past
decades [22-35]. Theoretically, up to date there has been no formula
determining the full width at half maximum (FWHM) or half width at
half maximum (HWHM) of a resonant peak. It has been shown by T. C.
Phong and co-workers that the FWHM/HWHM can be extracted from
the graph describing the dependence of absorption power (AP) or ab-
sorption coefficient (AC) on the photon energy. In their works, the
authors proposed the so-called profile method to determine the FWHM/
HWHM by computational program. The obtained results are consistent
with previous theoretical predictions and available measurements
[36]- [40]. Recently, some theoretical studies on the transport prop-
erties in MoS, monolayers in external electromagnetic fields have been
carried out [18,41-43]. By using a direct relation between the ab-
sorption coefficient and transition probability of 2D electrons, Bhargavi
et al. [18] calculated the optical AC in an n-type monolayer MoS, and
other TMDs, taking account of the piezoelectric (PE) and deformation
potential (DP) electron—acoustic phonon coupling regime. The results
show that for both unscreened PE and DP coupling regime, the ab-
sorption coefficient is independent on the carrier effective mass. This
behaviour is different from that in bulk semiconductors. In the work by
Wang and Lei [41], the authors studied the linear magnetotransport in a
monolayer MoS, by calculating the magnetoresistance for electro-
n-phonon and electron-impurity interactions at high and low tem-
peratures, respectively. The spin-orbit interaction was also included.
The Shubnikov de Haas (SdH) oscillations were observed at low tem-
perature. At high temperature, both optical phonons and acoustic
phonons contribute to the magnetophonon resonances which emerge
for a suspended system with high mobility. Moreover, for the
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electron—optical phonon (OP) interaction, a beating pattern of magne-
tophonon resonance was observed. In another work [42] Tahir et al.
used linear response formulae to calculate the longitudinal and Hall
conductivity/resistivity in a MoS, monolayer subjected to a perpendi-
cular magnetic field (B). The spin and valley Zeeman effects were taken
into account. The authors showed that these effects lead to new
quantum Hall plateaux and new peaks in the dependence of the long-
itudinal resistivity on magnetic field. The presence of magnetic field
results in a significant enhancement of the spin splitting as well as in a
beating of the SdH oscillations at low B. The spin and valley polarisa-
tions were also investigated for the magnetic field up to 30 T. At low
fields, the spin and valley polarisation show a similar behaviour
whereas they are strongly separated in high-field regime. Very recently,
Chuong et al. [43] have studied theoretically transport properties of a
monolayer MoS, laid on some polar substrates in a perpendicular B and
a light wave. The authors calculated the magneto-optical AC by in-
cluding interaction of carriers with intrinsic acoustic and optical pho-
nons, and surface optical phonons induced by the polar substrates. The
FWHM was shown to increase with increasing magnetic field. Also, the
effects of different substrates on the AC and the FWHM were compared
and discussed in details. However, to our knowledge, experimental
measurements of the cyclotron resonance line-width in MoS, mono-
layers have not yet been carried out. Therefore, systematic studies on
the optical absorption and FWHM in this structure using different
methods are currently necessary for future experiments and applica-
tions.

In this work, we investigate the magneto-optical absorption in MoS2
monolayers stimulated simultaneously by a perpendicular static mag-
netic field and an electromagnetic wave (EMW). By using projection
operator technique, we calculate the AP taking account of the
electron—-OP interaction at high temperature. Both phonon emission
and phonon absorption processes are considered. The AP is numerically
evaluated and plotted to clarify resonant effects from absorption
spectra. The paper is organised as follows. In Sec. 2, we introduce the
theoretical model and basic formulae for the calculation. The brief
derivation of the AP for electron-OP interaction is introduced in Sec. 3.
Sec. 4 presents the numerical results and discussion. Finally, the main
conclusions are shown in Sec. 5.

2. Basic formulation

In this calculation, we deal with a monolayer MoS, crystal with its
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2D lattice plane being the (x, y) plane, as shown in Fig. 1. The electronic
band structure of the material without external electromagnetic fields,
has been investigated previously using tight-binding and first principle
calculations [44-48]. We now apply a static magnetic field (E) ) per-
pendicularly to the lattice plane (Fig. 1(b)) and choose the corre-
sponding vector potential to be A = (—By, 0) in the Landau gauge.
Then, the expression for the energy of a carrier at state ler) is written as
[41,42]

Ey = Epgpe = ST + 9y AL + n(hw.)?, '6))
for the Landau level (LL) index n=123,.., A;=A—su,

A = A/2, 1 = A/2 where A and A are, respectively, the band gap and the
spin-orbit coupling (SOC) energy in the monolayer MoS,, 7 =1 (-1) is
for K (K") valley, the band index 7 = 1 (—1) represents the conduction
(valence) band, the index s = 1 (—1) refers to spin up (down), and the
cyclotron energy #w, = at+/2/a. with a. = (4/eB)'/2, t, and a being,
respectively, the radius of electron orbit, the hopping integral, and the
lattice constant.
The eigenvalue for the case of n = 0 is given separately to be

Eosc = —7(A — s4) + 5. 2

We can expand the square root in Eq. (1) and simplify to have a
simpler eigenvalue [43]

_ _ 202
Epsye = (1 — nstd + nA + np—=

=

27 3

where we have used the fact that w. < A,;. For example, for B= 5T
one has #%w, ~ 0.0433 eV whereas the minimum value of Ay is
As; = A/2 — 2/2 ~ 0.7925 €V based on the values of A and A reported in
Ref. [49]. The expression (3) now exhibits a linear dependence of the
Landau energy levels on the magnetic field strength B and level index n
in the monolayer MoS,, similarly to conventional 2D quantum wells
and superlattices.

The corresponding eigenfunctions, including zero level (n = 0) have
the form for the K valley and K’ valley, respectively [41]

elkex [AZ1§'1¢n1(y—yo) J

Jori 40-w

Eb,zgﬂ(r, ky) =

“4)
ikyx ¢ (y i/ )
) = ——=—=| T o
l‘bn,s (V ) @Z:S—I [A2131¢n10} - yO) J (5)

here, k, is the component along the x-direction of electron wave vector,

Orl = (APD? +1, and ALl = Vihwd/ (A — ) — gy (A — TA)? + niPw?

and ¢,(y — y,) represents the harmonic oscillator eigenfunction, cen-

tered at y, = aZk, giving by
_0’ = »)’ ]Hn(y - yo)’

60— =

1
2"nla. 7T LXP[ 2a2 a
‘ac ¢ ¢ 6)

with H,(x) the Hermite polynomial of order n.

We now consider the propagation of an EMW with the amplitude E,
and frequency o in the above-mentioned MoS, monolayer. The inter-
action of electrons with photons and lattice phonons is assumed to be
the unique cause that induces electron transition between Landau
magnetic subbands. The AP is given by Ref. [50]

P(w) = (Ej/2)Refo; (@)}, Q)

in which the symbol “Re” implies “the real part of”, o, _(w) is the optical

conductivity. According to the Kubo formalism in Ref. [51], one has
P (fy = fos1)Ba (@)

[h® — (Bar1 — E)P — B2 (@)’

1
Refo,_(w)} = —

Here, j* is the current matrix element, j© = (a + 1|j*la) with being
the one-particle current operator given by j* = j. + ij,. f, = f (Ensy0)

a
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is the Fermi-Dirac distribution corresponding to the state la) with the
notice that the LL index pertinent to the fermi energy Er is larger for the
lower fields B and the bandwidth is smaller for higher LLs. Hence, one
can remove the k, dependence from the Fermi-Dirac function. The
collision factor B, (w), sometimes referred as the line-shape function is
determined by the scattering mechanism. We can recast it after calcu-
lating the interaction matrix elements as

Bo(@) = " {25 Dot 18 PUep@ P ()g, 8, [W” (@ )
—WP B @)+ W, B) = W (B, )]
+ 2o Do 18 Pl (@PeO)g,g [WEP (B a + 1)
-W @+ 1,B)
+ W@ a+ 1) - W@+ 1,9} ©)

where g, =2 and g = 2 represents, respectively, the degeneracy of
valleys and spins, g(0) = cos?(6/2) is the overlap integral of spinor
wave function, g;‘ is the matrix element of electron—phonon coupling
governed by the coupling mechanism [18,41,43,52], IL,3(q)! is con-
sidered as the form factor. The terms Wﬁ;) (a, B) are as follows

" 1 1
W (a, B) = (N[M +5 % 5)@(1 — )8 (hw + E, — Ep

F g ) Ok k' xtq, (10)
() _ 1.1
Wi (a, B) = [ Nga + 3 + 3 £, (1 —fﬁ)E(—hw + Eq — Ep
F g )00k kg, a1

where N, is the distribution function for phonons of the frequency wg 1.
WE(R)(oc, B) Wi r)(a, B)) describes the electron transition from the state
lr) to the state |5) assisted by phonon emission (absorption).

In Eq. (9), eight terms inside the bracket, {...}, on the right hand side
can be labelled, respectively, as A, B, C, D, E, F, G, H. The term A
represents the transition from la) to |8) by emitting a phonon, whereas
the term B implies the similar transition by absorbing a phonon. All rest
terms (C, D, E, F, G, H) can be understood similarly. The delta func-
tions and the Knonecker indices in Egs. (10) and (11) enforce the en-
ergy-momentum conservation, which shows the resonant behaviour of
electron—phonon-photon scattering in MoS, as a consequence of the
selection rule.

Since the K and K’ valleys are equivalent [43], so in this calculation
we consider only intravalley transitions (v =t’), i.e, the processes
taking place within the K or K’ valley. Then, the form factor IJ,z(q)! is
given by Ref. [41]
|Jac/3(u)|2 = Ln_l!unzfme—u I:AVJJTA']:,T’ “JEL ny—ny (u) + L—m (u) ’

' orien ! A T " ’

(12)
with L"(u) being the associated Laguerre polynomials, u = a2q?/2,
n; = min(n, n’), and n, = max(n, n).

3. Magneto-optical absorption power for electron-optical phonon
interaction

To obtain the AP explicitly, we need to calculate B, (w) given by Eq.
(9). In MoS, monolayer, the square of the matrix element g;, for the
coupling of electrons with intrinsic phonons, is determined as [18,52]

g = Mg 21,
9 2Spwg 13

where p is the 2D density of mass of the material, S is the normalisation
area, M, is a matrix element determined by the coupling mechanism
and the A phonon mode.

In the following, we consider only electron-OP interaction at high
temperatures. Then, in the deformation potential regime and the limit
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of the zero-order of interaction, we have [46]

g/ P = DY),
& ZSpcoo( +) 14)

where we have assumed that optical phonons are dispersionless so that
Wy = Wo = constant and N, = Np. DY is the optical deformation con-
stant which is taken to be independent on q in this calculation. It should
be noted that electron-phonon scattering contributes to the absorption
coefficient by causing the change in the initial orbit of electrons. We
can evaluate this contribution by converting the sums over g, § into the

integrals (S/4n%a2) [ 02” as f Om du, (L./2m) Zn,,s,,n,,r, S OLy fag dk, and
using the orthogonality of the Laguerre polynomials. After a straight-
forward calculation, we obtain the explicit expressions of the terms A to
H, and followed by B, (w) and the AP. For instance, the first term (A) in

Eq. (9) is obtained as

A= Tn 8 Pls(@)Pe@)g,g WL (o, B)
= Fz;’l’¢n+] zs’,n’,r’ Ir:l,,s,:gv;,,z,vr(l + NO)f(En,s,n,r)(l - f(En’,s’,n’,‘[))a(Xa_,ﬁ)x

(15)
where we have set T= (D))*#Sg,g,/(16pwo%at) and
Xc;,ﬁ = hw + Ensne— Ens e — ha,, (16)
5 2
T = 7’7 AZTALL] + 1.
CIHC a7

The delta function in Eq. (3) will be divergent when its argument is
equal to zero. We now phenomenologically replace this function by the

Lorentzian [53] with the width parameter yofﬁ, namely,
2 2
S(Xzp = (l/n)hy;ﬁ/[(X;—fﬁ) + hz(yjﬁ) ], with
2 2
yi = %(NO + l + l)_as,s’ A?],TAﬂ:’T, +1].
h 8mhpwyal 202 G)ZI;@ZI{;’ e (18)

Seven rest terms (B, C, D, E, F, G, H) can be derived similarly to
the term A to obtain the full B, (w) as well as P (w).

4. Numerical results and discussion

We now clarify characteristics of the absorption spectra by carrying
out numerical calculations of the above analytic result for the AP, uti-
lising specific parameters of monolayer MoS,, which are given in
Table 1. The energy levels given by Eq. (3) are adopted in the calcu-
lations. Also, the Fermi energy (Er) appeared in the Fermi-Dirac dis-
tribution functions (f, and f;) is obtained from the relation between the
density of states (DOS) and electron concentration n, as [42]

+00 8, Y
ne= [ " DEFEE =22 Y fErono),

00 0 nn,s (19)
where D(E) is the DOS, Do=27a;, and [f(Eusy) =
(1 + exp[ (B e — Er)/(ksT)]). Eq. (19) shows that the Fermi energy

Table 1
Some parameters of the monolayer MoS, which are necessary for our numerical
calculation.

Parameter Symbol Value

Lattice constant [49] A 3.193 A

Hopping integral [49] t 1.1leV

Energy gap [49] A 1.66 eV

SOC energy [49] A 75 meV

Mass density [46] p 31 % 1077 g.cmi~?
Optical DP (K phonon) [46] DY 2.6 X 108 eV.em ™!
Optical phonon energy [54] g 42.2 meV
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Fig. 2. The dependence of the AP on the photon energy at B = 5 T (solid curve)
and B = 10 T (dashed curve). Here, T = 200 K.

depends on the magnetic field and temperature. In reality, however, the
Fermi energy varies very weakly with the magnetic field. For example,
it was shown in Ref. [42] (Figs. 3 and 4 therein) that for a wide range of
magnetic field from 0 to 30 T, the Fermi energy only fluctuates between
about 840 meV and 843 meV. Furthermore, we now consider only the
transitions within the K valley (z = 7’ = +1). Also, all the following
results are obtained for the 2D electron concentration of 5 x 10' m ™2,

Fig. 2 shows the AP versus the photon energy (fiw) at the magnetic
field of 5T (solid curve) and 10T (dashed curve) for the transition
(m=1,s=+1,n=-1) > =2,5=+1,n = +1). It can be seen
clearly from the figure that, for this transition, there exist two max-
imum peaks on each curve. We can easily show the physical meaning of
these peaks. For example, for the solid curve (B = 5 T) the left and the
right peaks are located, respectively, at the photon energy of
hw = 1.53764 eV and hw = 1.63944 eV and satisfy the following rela-
tions

Ey110 — Br1,-11 — Awp = ha, (20)

E110 — Br1,-11 + wp = ho. (21)

So one can recognise that these resonant peaks describe the phonon-
assisted cyclotron resonance or cyclotron-phonon resonance (CPR) ef-
fect, in which the left CPR peak is for phonon absorption and the right
one is for phonon emission. The above CPR conditions are confirmed
again in Fig. 3 where we show the AP depending on both #w and B.
From Fig. 3 we can also extract the relation between the photon energy
at resonance and the magnetic field. This relation is shown in Fig. 4. It

P (arb. units)

Fig. 3. Surface plot of the AP versus magnetic field and photon energy. Here,
T = 200 K.
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Fig. 4. The calculated CPR peak position (in the unit of energy) versus magnetic
field for the same parameters as in Fig. 3.

can be seen from Fig. 4 that the photon energy at resonance is linearly
proportional to the magnetic field. In the other words, a blue-shift of
CPR peaks is observed as magnetic field increases. This behaviour can
be explained by the linearly magnetic field dependence of the electron
energy as shown in Eq. (3). From Eq. (3) one has
AE = E;;11 — E11,-11 « B, and according to identities (20) and (21) #w
must be increased with increasing magnetic field.

To have a deeper insight about the effect of the magnetic field on
the CPR in monolayer MoS,, we now examine the dependence of the
FWHM of a CPR peak on the magnetic field. Utilising the profile method
[36-40], we determine the FWHM as a function of magnetic field for
both phonon emission and phonon absorption processes, this depen-
dence is shown in Fig. 5 for the temperature of 200 K. We can see from
the figure that the FWHM increases with increasing magnetic field. This
is because the FWHM is known to be proportional to the probability of
electron—-phonon interaction which is enhanced with the decrease of
Landau orbits when increasing magnetic field. The increase of the
FWHM with magnetic field has been observed in conventional low-di-
mensional semiconductors [36-38] and recently in graphene mono-
layers [39,40,55]. We also see from the figure that the FWHMs for
phonon emission and phonon absorption differ very much from each
other, especially at large magnetic field. For instance, the FWHM of
CPR peak at B = 10 T for phonon absorption is just about one fourth of
that for phonon emission. Also, the FWHM for phonon emission is al-
ways larger than that for phonon absorption at any magnetic field.
Mathematically, this behaviour comes from the fact that the FWHM is
proportional to the width parameter given by Eq. (18), and we can see

—e—: phonon emission

—-m—: phonon absorption

N W A O

FWHM (meV)

15

10
B(T)

Fig. 5. The FWHM as a function of magnetic field at T = 200 K for phonon
emission (filled circles) and phonon absorption (filled squares).
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Fig. 6. The AP versus photon energy at B = 10 T for different values of tem-
perature.

155

from this equation that the width parameter for phonon emission de-
pends on (N, + 1) whereas it depends on N, for phonon absorption.
We now proceed to investigate the effect of temperature on the CPR
in the monolayer MoS,. We show again the AP as a function of photon
energy in Fig. 6 at different temperatures for B = 10 T with the other
parameters being the same with those in Fig. 2. It is seen generally that
as the temperature increases, both the AP and the broadening of the
CPR peaks increase. However, the temperature does not affect the CPR
peak position, because the CPR conditions are governed by the delta
functions which ensure the energy conservation and are independent of
the temperature. The dependence of the FWHM of CPR peaks on the
temperature is also shown in Fig. 7. It can be seen that the FWHMs for
both phonon emission and absorption increase slightly with increasing
temperature at nearly the same rate. When the temperature is increased
from 10K to 300 K, the FWHM for phonon emission/absorption process
increases, respectively, from 3.39/0.106 meV to 4.99/1.69 meV. The
slight increase of the FWHM with temperature in monolayer MoS, here
is consistent with that obtained by perturbation theory for electron-OP
scattering in the zero-order DP [43]. Also, this behaviour shows the
difference between MoS, and graphene monolayers [39,40] where the
FWHM remains unchanged in the same range of temperature. So far, we
have not yet found any experimental measurements of the FWHM in
MoS, monolayers to compare with the present theoretical results.
However, the present investigation is of significance for further studies
of magneto-optical properties of monolayer MoS, and potential appli-
cations of this material to future devices besides some well-known ap-
plications such as transistors [56], photodetectors [57], solar cells [58],

5
4 ,
>
g 3/ 1
g ; —e—: phonon emission ]
g 2r —m—: phonon absorption 1
w _..rr.‘".'
1 ’ .,.-rI"". ]
O:\ r.’-——‘\.‘.—‘"..—‘ Lo L PR PRI TS|
0 50 100 150 200 250 300
T (K)

Fig. 7. Dependence of the FWHM on the temperature at B = 10 T.
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batteries and supercapacitors for energy storage [59].
5. Conclusions

We have theoretically investigated the CPR effect in monolayer
MoS, via the magneto-optical AP when the material is stimulated by a
perpendicular magnetic field and an EMW. The main results of the
present work can be summarised as follows. Based on the general for-
mula derived by the projection operator technique, we have obtained
the explicit expression for the linear AP taking into account the
electron—-OP interaction. The absorption spectra show CPR behaviour
where the photon energy satisfying the CPR condition exhibits the blue-
shift as the magnetic field increases. By using the profile method, we
obtain numerically the FWHM of CPR peaks. The FWHM is found to be
proportional to the strength of magnetic field in the same way as in
graphene. In particular, the FWHM slightly increases with increasing
temperature, showing the difference between monolayer MoS, and
monolayer graphene. The results also show that the FWHMs for phonon
emission and phonon absorption differ much from each other. Our re-
sults provide qualitatively some novel and useful information on the
magneto-optical transport of the monolayer MoS, that may be useful
for future researches and applications in nano devices.
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