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ARTICLE INFO ABSTRACT

Keywords: We theoretically observe the cyclotron—-phonon resonance (CPR) in monolayer silicene by con-
Cyclotron-phonon resonance sidering the magneto-optical absorption power (AP) of the system. The AP is calculated utilising
Miagneto-optlcal absorption the projection operator technique when a static magnetic field is subjected perpendicularly to
Silicene

the plane of the material and the electron-optical phonon scattering is involved. The absorption
spectra show the resonance behaviour where the photon energies at resonant peaks satisfy the
cyclotron-phonon (CPR) conditions in which the CPR energy depends linearly on the square root
of the magnetic field strength. This dependence is similar to that in graphene and different from
that in monolayer MoS, and conventional low-dimensional semiconductors. The dependence of
the full-width at half maximum (FWHM) on the magnetic field strength has the laws similar
to those obtained for graphene and monolayer MoS,. However, the FWHM value in silicene is
two times smaller than it is in graphene and has the same order as it does in monolayer MoS,.
At relatively high temperature (T > 300 K), the FWHM for phonon emission differs very little
from that for phonon absorption and becomes identical in two cases when T > 350 K.

FWHM

1. Introduction

Silicene is an analogue of graphene in which silicon atoms deposited in a two-dimensional (2D) hexagonal lattice [1-9]. Similar
to graphene, silicene possesses fascinating physical properties [1]. For example, charged carriers (electrons and holes) in silicene
obey relativistic Dirac equation for massless fermions and their electronic dispersion is linear around the Dirac points. That results
in a high carrier mobility in silicene. Also, the quantum spin Hall effect can be observed in silicene [10]. Beside those graphene-like
properties, silicene itself has some distinct properties. The outer-shell electrons in silicene have the weak = bonding that makes
silicene to have a low-buckled structure [9]. The band gap of the material can be controlled by applied electric field or magnetic
fields. Also, silicene has a small band gap of about 1.55 meV [8,10]. More importantly, compared with graphene, silicene is more
advantageous for instant nanoelectronic applications because it is compatible with existing nanoelectronic devices which are based
on silicon technology. That is the reason that silicene has been being paid much attention recently.
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For a material subjected to a uniform static magnetic field and an optical field (electromagnetic wave) simultaneously, under
certain conditions the cyclotron resonance (CR) can be observed. The CR occurs when the magneto-optical absorption of carriers
(electrons or holes) satisfies the condition M w, = w, where w, and w are, respectively, the cyclotron frequency and photon frequency,
and M is an integer. If the emission or absorption of an optical phonon goes with the CR, there occurs the so-called phonon-assisted
CR or cyclotron—-phonon resonance (CPR). Both CR and CPR have been shown to have many applications in solid state research such
as determining of the carrier effective mass, the phonon energy, the difference between Landau energy levels, the mechanism of
carrier-phonon scattering, and some other parameters [11]. On the other hand, studies have shown that the transport properties in
materials at high temperatures are strongly influenced by electron—phonon interaction. At relatively high temperatures (7" > 50
K), the electron—optical phonon interaction dominates and gives a major contribution to the electron transition in comparison
with other interactions. Therefore, the CPR is usually observed at high temperatures when the emission or absorption of optical
phonon is evident. Studies on the CPR have been performed widely in three-dimensional (3D) and conventional low-dimensional
electrons systems [11-28]. For advanced atomically thin materials, in particular, the CPR has been also investigated very recently in
graphene [17,18,29,30] and monolayer molybdenum disulphide [31,32]. For silicene-based materials, there have been some studies
on the optical absorption considering separately the effects of optical field, dc electric field, exchange field [33], substrate [34], and
static magnetic field [35]. However, the combined effect of a static magnetic field and the electron—phonon coupling on the optical
absorption in silicene has not considered and, hence, the CPR has not been investigated theoretically in the material.

Motivated by the fascinating properties of silicene and earlier studies on the CPR effect in other low-dimensional materials, in the
present study we theoretically investigate the absorption of an optical field by monolayer silicene in the presence of a perpendicular
static magnetic field. The electron—phonon interaction in the material is taken into account at high temperatures. The main purposes
is to check the magneto-optical absorption behaviours of silicene and make a comparison with the other similar 2D structures such
as graphene and MoS, monolayer. In particular, the absorption power (AP) is calculated using the projection operator technique
which was used successfully in some works [32,36]. The AP obtained by this method has been shown to contain full electron states
during the transport process, including the initial, final and mediate states [36]. Therefore, one can extract and examine possible
transitions of electrons in the considered phenomenon. The paper is organised as follows. In Section 2, we introduce the theoretical
model and the obtained analytical results. Section 3 presents numerical results and discussion. Finally, some concluding remarks
are shown in Section 4.

2. Theoretical model and analytical results

In this investigation, we adopt the model of a silicene sheet in a perpendicular static magnetic field B as introduced in Ref. [37].
The electron energy is then quantised completely into Landau levels and given by

£z, , = oo {n+ [} o)

n,Ssz.p

where the upper sign (+ ) is for the K valley and the lower sign (-) is for the K’ valley; n = 0, 1,2, ... is the Landau level index;
s, = +1 (=1) for up (down) spin; p = +1 (—1) corresponds to conduction (valence) band; w, = \/Evp /¢ with 5 = \/h/eB, vp being
the Fermi velocity of electron in silicene and e its absolute charge; 1, (s,) = FAgos,/hw, where Agq is the magnitude of the intrinsic
spin-orbit interaction (SOI) in silicene. Here, we neglect the Rashba SOI because it was shown to be about ten times weaker than
the intrinsic SOI [38].

When the above silicene sheet is further illuminated by an intense EMW, the EMW absorption power (AP) by electrons in the
system can be written as

P(w) = (Ej/2)Re{o,_(@)}, (2)

where E, and w are, respectively, the amplitude and the frequency of the EMW; Re{o,_(w)} is the real part of the magneto-optical
conductivity, o, _(w). According to the Kubo formalism [36]

i*12[f(E,) — f(E,.)]B
Re{a+_(co)}=iz iT 1P Lf(Ey) = f(EgD]By (@)
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Here, |a) = |n,s,, p) presents the electron state; j* is the current matrix element induced by the transition of an electron between
the states |a) and |a + 1) = |n + 1,5, p), given by jI = (a + 1|j*|a) with j* being the one-particle current operator, j* = j, +1ij;
F(E,) = {expl(E, — Ep)/(kgT)]+1}~! is the Fermi-Dirac distribution for fermions having energy of E, (E, = E;{w), where Ey is the
Fermi level and T the temperature of the system. The term B,(w) is known as the collision factor or the line-shape function which
depends on the carrier scattering mechanism. In this work, we assume that the carriers in silicene are mainly scattered by optical
phonons at high temperatures. Performing straightforward calculations as in the previous work [32], one can obtain the explicit

expression of B,(w) at the K valley as

B, (®) 80, "S5 [B +B,+B;+B,+Bs+ B, + B +B] 4
W) = S
a Sﬂ'zhbﬂz[f(Ea)—f(Ea_;_l)] 1 2 3 4 5 6 7 8
where,
B = (14N X Y 17y SIIES, (A= FES )

n'#n sl p
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Here, N, is the distribution function for phonons of the angular frequency ,, and the wave number ¢ in the v mode; g, , is the
coupling matrix between electrons and optical phonons. As an examination, in this calculation we consider only the deformation
potential coupling within the zeroth order, i.e, |gq,V|2 = (D,K )Zh/(prq,vSO) [39], where (D,K)> = 2.6 x 10% eV/cm is the optical
deformation potential, p the 2D density of mass of the material, and .S, the normalisation area; and
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The physical meaning of the terms in B(w) can be explained similarly as in Ref. [32]. In the following, the optical phonons are
assumed to be dispersionless, i.e, »,, and N, , are independent of g. We also replace phenomenologically the delta functions in B,
to Bg by the Lorentzians to avoid the divergence, namely [40],

h +
B
o(X —a 18
0= 71'[Xz+?&12(3/+ 21 (18
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The results for the K’ valley can be obtained by replacing E; . by E; » 111+ by #;, and 'I; by #; in the above expressions, with
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3. Numerical results and discussion

To have a deeper insight of the above results, we now compute numerically the AP with specified parameters. The following
parameters are adopted in the computation [10,37,41,42]: E, = 10° V/m, vp = 5.42x10° m 571, Ago = 3.9 meV, p = 7.2x10~% g cm™2,
and hw,, = hwy = 61.2 meV. Though the energy band structure is inequivalent, the optical absorption in the K and K’ valleys is
believed to have similar behaviours. Therefore, in the following we only take account of intravalley processes, for example, the K
valley will be considered in the numerical calculation.

In Fig. 1, the AP is shown as a function of the photon energy at two values of the magnetic field strength of 5 T (the solid curve)
and of 10 T (the dashed curve). We can see clearly the appearance of absorption peaks in each curve. By numerical analysis, we
find that these peaks arise from certain conditions which are shown in details as follows. For instance, for the curve with B=5 T,
one can show that:

— The left peak locates at the photon energy of 45.3175 meV which satisfies the condition E,,; — E;; _; — hw, = ho, where
E, 1 — E;;_; = 106.5170 meV. This condition implies the excitation of electrons from state |1,1,—1) to state |2,1, 1) by absorbing
simultaneously a photon of energy 45.3175 meV and an optical phonon of energy 61.2 meV.

— The right peak occurs at the photon energy of 167.717 meV arising the condition E, | — E; | _| + hw, = ho. This condition
implies the jump of electrons from the state |1, 1, —1) to the state |2, 1, 1) by absorbing a photon of energy 167.717 meV and emitting
an optical phonon of energy 61.2 meV.

Two peaks on the curve for B =10 T can be explained similarly where the left and the right peak are, respectively, for phonon
absorption and phonon emission. From the above conditions for the peaks, we see that they are the CPR peaks in silicene monolayer
where both phonon absorption and emission occur during electron transition induced by the EMW absorption. Practically, both
CR and CPR can be applied to determine the effective mass of carrier, the optical phonon energy, and some other parameters in
solids (see, for example Ref. [43] and references therein). Recall that in silicene monolayer the cyclotron frequency is given by
w, = \/EUF /¢ with ¢ = \/h/eB. Hence, it is evident that when the CPR condition is achieved, namely % is given, one can obtain
experimentally the Fermi velocity (vg) in this material if the optical phonon energy is known, and vice versa.

To see clearly the variation of the CPR photon energy (or CPR energy, for simplicity) with the static magnetic field strength,
in Fig. 2 we show the plot of the CPR energy versus the magnetic field strength for both phonon absorption and phonon emission
processes. We can see from the figure that the CPR energy is linearly proportional to the square root of magnetic field strength.
This dependence can be explained by the fact that the CPR energy depends linearly on the separation between Landau levels which
is proportional to \/E, i.e, CPR energy ~ (E, — Eg) ~ \/E This relation is similar to that in graphene monolayer [29,30,44,45], but
different from that in monolayer MoS, [32] and conventional low-dimensional semiconductors where the CPR energy is proportional
to B.

When analysing an absorption spectrum, the full width at half maximum (FWHM) of resonant peaks is a parameter of particular
interest. The FWHM gives us information about the mechanism of the resonant absorption. It is known that the FWHM is proportional
to the probability of resonant scattering of charged carriers (electrons, holes) with other particles. The effects of magnetic field
strength and temperature on the FWHM are usually objects of interest.

To examine the impact of the magnetic field strength on the FWHM of CPR in this study, we consider again the CPR maxima
presented in Fig. 1. Adopting the familiar profile method [30,32,46], we can compute the FWHM and show its dependence
on the magnetic field strength in Fig. 3. From this figure we can see that when increasing magnetic field strength the FWHM
increases and obeys the laws FWHM[meV]=0.1489\/§ and FWHM [meV]=0.1430\/§ for phonon emission and phonon absorption,
respectively, where B is measured in Tesla. The \/E-dependent FWHM obtained in this calculation is similar to those observed
in graphene [17,18,30] and monolayer MoS, [32]. However, the FWHM in silicene here is about two times smaller than it is in
graphene [18,29,30,44,45] and has the same order of value as it does in monolayer MoS, [32]. Interestingly, for any magnetic field
strength, the FWHM for phonon absorption is always smaller than that for phonon emission. The origin of this behaviour can be
explained similarly as in monolayer MoS, [32] and semiconductor quantum wells [47-51].

We now go forward to examine the influence of temperature on the CPR in the material. In Fig. 4 we show again the AP as
a function of the photon energy but for two different values of temperature. We can see that the height and the width of CPR
peaks change with temperature but the photon energy at maxima does not depend on the temperature. This behaviour verifies the
temperature independence of the above CPR conditions. Furthermore, the variation of the FWHM versus temperature is obtained
and introduced in Fig. 5. It is seen from the figure that the FWHM for phonon absorption/emission increases from about 0.167
meV/0.230 meV to 0.390 meV/0.392 meV when increasing temperature from 50 K to 400 K. In this range of temperature, the
best fit gives us the laws for the temperature-dependent FWHM to be FWHM[meV]=0.1305 + 0.01287'/2 for phonon emission and
FWHM [meV]=0.0437+0.0174T'/2 for phonon absorption, where T is measured in Kelvin. Interestingly, at high temperatures (T > 300
K) the difference between the FWHMs for both cases is not considerable. This is reasonable because the FWHM is proportional to
the width parameters yi 5 given by Eq. (19) which depends on (N, , +1) for the former and on N, for the latter. At relatively high
temperature N, , > 1 so (N, + 1)~ N, ,, and so the FWHMs for both phonon emission and phonon absorption differ not much.

The slight increase of the FWHM with temperature indicates the difference of the effect in graphene and silicene. In graphene
monolayer, the FWHM has been calculated and shown to be nearly unchanged with temperature [30]. Besides, it has been shown
for monolayer MoS, [31,32] that the FWHM also increases with increasing temperature in which the increasing rate is larger than
it is in silicene. This property shows that the sensitivity to the temperature change of the lattice vibrations (phonons) in silicene is
larger than it is in graphene and smaller than it is in monolayer MoS2.
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Fig. 1. The AP as a function of the photon energy at two values of the magnetic field strength: B =5 T (the solid curve) and B = 10 T (the dashed curve).
Here, T =250 K.
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Fig. 2. The CPR energy versus the square root of magnetic field strength at 7 =250 K.
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Fig. 3. The dependence of FWHM on magnetic field strength at 7 =250 K. The red solid curves present the fit results.

4. Concluding remarks

We have investigated systematically the optical absorption in a free-standing monolayer silicene in a perpendicular magnetic
field. The electron-optical phonon scattering is assumed to be dominant and taken into account at high temperatures. Numerical
consideration for the AP shows the CPR effect in which both the absorbing and emitting pf an optical phonon occur. The CPR
photon energy depends linearly on the square root of magnetic field strength. This behaviour is similar to that in graphene and
different from that in monolayer MoS, and traditional low-dimensional semiconductor systems. The profile of the CPR is obtained
by calculating computationally the FWHM of the resonant peaks. The dependence of the FWHM on the magnetic field strength has
the laws similar to those obtained for graphene and monolayer MoS, but with a different coefficient. However, the value of the
FWHM in silicene is smaller than it is in graphene and has the same order as it does in monolayer MoS,. At very high temperature,
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Fig. 5. The variation of FWHM with temperature at B =5 T. The red solid curves present the fit results.

the FWHMs for phonon absorption and phonon emission become identical. So far, there has been no experimental observation of
the effect in silicene so that we can compare the present calculation with. However, our results could be a guidance for studying
further magneto-optical behaviours in silicene monolayers and possibility of application of the material to nanoelectronic devices.
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