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Abstract

The magneto-optical transport properties in monolayer silicene subjected si-
multaneously to a perpendicular magnetic field and an electromagnetic wave
(optical field) are theoretically studied. The nonlinear absorption coeffi-
cient is calculated using perturbation theory taking account of the electron–
impurity scattering. The cyclotron–impurity resonance (CIR) is observed
through the absorption spectrum. The photon energy at resonances is found
to be proportional to the square root of magnetic field. This behaviour
is similar to that in graphene but different from that in conventional low-
dimensional semiconductors. The full width at half maximum (FWHM) of
CIR peaks increases with increasing magnetic field by the laws FWHM [meV]
≈ 0.432

√
B[T] and FWHM [meV] ≈ 0.215

√
B[T] for one- and two-photon

absorption, respectively. The obtained FWHM is about one order of magni-
tude smaller than it is in graphene monolayers. Moreover, the temperature
dependence of the FWHM is similar to that in graphene but different from
that in conventional low-dimensional semiconductors.
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1. Introduction

Silicene is a two-dimensional lattice of silicon atoms arranged in a plane
of honeycomb structure similar to graphene, as shown in Fig. 1. The term
silicene was introduced for the first time by Guzmán-Verri and Lew Yan Voon
in a theoretical work studying electronic band structures of Si graphene-like
sheets and Si nanotubes [1]. It was successfully fabricated on various sub-
strates [2, 3, 4, 5, 6], just a few years after the Nobel Prize was awarded
for the discovery of graphene. Because of its graphene-like structure, silicene
possesses some special properties similar to those of graphene: charge carriers
in silicene are the massless fermions described by the relativistic Dirac-like
Hamiltonian, a linear energy dispersion near the Dirac points, high electron
mobility (though smaller than graphene but much larger than silicon), and
some others. Unlike graphene, silicene has a low-buckled structure resulted
from the weak π bonding of the electrons in the outer shell [7]. Its band
gap can be controlled by external perturbations, for example, electric field
or magnetic fields. Also, the planar geometry in silicene is broken, leading
to the strong spin-orbit interaction and forming a small energy gap (about
1.55 meV [55]). Although having similar physical properties, but for the
potential applications in the near future, silicene is more advantageous than
graphene because devices and technologies used today are being based on sil-
icon technology, hence, silicene is more compatible with modern devices and
technologies than graphene is. Therefore, silicene has attracted numerous
attention recently.

It is well-known that the study of magneto-optical transport properties
of materials is of great significance for applications in optoelectronic devices,
especially for novel layered materials discovered recently that have many ex-
otic physical properties. Among the well-known quantum effects, cyclotron
resonance (CR) is an important spectral tool for determining the parameters
of materials with high accuracy. From the analysis of resonance spectrum,
one can obtain the effective mass of carriers, the distance between the Lan-
dau energy levels, the Lande factor (g-factor) and so on. When a CR pro-
cess accompanies the phonon absorption/emission we have the so-called the
phonon-assisted cyclotron resonance or cyclotron-phonon resonance (CPR)
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[9, 10, 11, 12, 13, 14, 15, 16]. This type of resonance is usually studied at
high temperatures when electron–phonon interaction overwhelms other inter-
actions (electron–electron, electron–impurity). In contrast, at low tempera-
tures when the electron–impurity interaction is dominant, one can observe
the cyclotron-impurity resonance (CIR) in which the electron–impurity in-
teraction directly affects the probability of resonant absorption/emission of
photons by electrons. The CPR and CIR have been studied intensively both
theoretically and experimentally in bulk semiconductors and conventional
low-dimensional structures [17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30].
In particular, very recently the CPR has been investigated in novel atomi-
cally 2D materials such as graphene [15, 16, 31, 32] and monolayer molybde-
num disulfide [33]. The CIR also has been studied in bulk and conventional
low-dimensional semiconductors [19, 20, 34, 35, 36] and graphene [37, 38].
However, it has not attracted adequate attention in silicene as well as other
2D atomically thin materials up to date, especially on the theoretical aspect.
Up to date, there have been some works dealing with the optical absorption in
silicene-based structures [39, 40, 41]. However, in those works, the authors
only considered the effects of the illustrated light, electric fields, exchange
fields [39], and the substrate [40] on the optical absorption. The effect of an
external static magnetic field was not included and, hence, the CR was not
observed.

In this work, we theoretically investigate the magneto-optical absorption
in monolayer silicene subjected simultaneously to a perpendicular static mag-
netic field and an electromagnetic wave (EMW). Our purpose is to make a
comparison of the magneto-optical absorption properties in silicene and in
other 2D structures (conventional semiconductor quantum wells, quantum
wires, graphene, etc.) and set a theoretical basis for further experimental
studies. Besides, it has been shown that the multi-photon absorption plays
an important role in nonlinear optics and should be considered to have better
estimations [42, 43, 44, 45, 46, 47, 48]. Therefore, we include both one- and
two-photon absorption processes in this investigation. The effect of electron–
impurity interaction is also taken into account at low temperature. The paper
is organised as follows. In Sec. 2, we present briefly the electronic structure
of monolayer silicene in a magnetic field. Sec. 3 gives briefly the derivation
of the magneto-optical absorption coefficient (AC). Numerical results and
discussion are presented in Sec. 4. Finally, concluding remarks are shown in
Sec. 5.
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2. Monolayer silicene in a perpendicular magnetic field
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Figure 1: The top view (a) and side view (b) of the silicene sheet. Figure 1(b) shows
the silicene sheet subjected to a perpendicular magnetic field which is considered in the
present calculation.

In this calculation, we consider a silicence monolayer in which silicon
atoms form a low-buckled honeycombs lattice as shown in Fig. 1. The
silicene sheet is assumed to be placed in the x − y plane. It was shown
that the intrinsic spin-orbit interaction (SOI) is about ten times larger in
magnitude than the Rashba SOI [49], so we can omit the Rashba term in the
following calculations. In order to investigate the magneto-optical transport
properties in silicene, we first recall its electronic band structure in a very
general case when the material is subjected to a magnetic field (B) and a
perpendicular electric field (Ez). The Hamiltonian matrix, H±, for Dirac
fermions in silicene reads [50, 51]

H± =

[
λ±(sz) vFπ±
vFπ∓ −λ±(sz)

]
, (1)

where the + (−) sign corresponds to the K (K ′) valley, vF is the Fermi
velocity; π± = πx ± iπy, πx(y) is the x (y) component of the generalised

momentum operator ~π = ~p + e ~A, ~p is the momentum operator, ~A is the
vector potential, and e is the electron charge; λ±(sz) = ∓λSOsz + `Ez, 2` is
the vertical distance between the two sub-lattices, λSO is the magnitude of
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the intrinsic SOI and sz = 1 (sz = −1) describes the up (down) spin. The
Hamiltonian (1) is the relativistic Dirac-like Hamiltonian, similar to that in
graphene [52].

When the magnetic field is oriented in the z direction ( ~B = Bêz) with

the Landau gauge ~A = (−By, 0, 0), the dimensionless Hamiltonian and its
corresponding eigenvalues have been given in details in Ref. [51]. The energy
spectrum for fermions in this case is

E±n,sz ,p = p~ωc
{
n+

[
λ̄±(sz)

]2}1/2

, (2)

where p = +1 and p = −1, respectively, correspond to electrons and holes,
ωc =

√
2vF/`B, `B =

√
~/eB, λ̄±(sz) = λ±(sz)/~ωc, and n(n >= 1) is the

Landau level (LL) index. The associated spatial eigenfunctions of a fermion
near the K valley are [51]

ψ+
n (x) =

(
η+1 φn(x)
η+2 φn−1(x)

)
, (3)

with φn(x) being the normalised wave function of the harmonic oscillator and

η+1 =
[λ+(sz) + E+

n,sz ,p

2E+
n,sz ,p

]1/2
, (4)

η+2 = −p
[−λ+(sz) + E+

n,sz ,p

2E+
n,sz ,p

]1/2
. (5)

Similarly, one can write out the eigenfunctions near the K ′ valley as [51]

ψ−n (x) =

(
η−1 φn−1(x)
η−2 φn(x)

)
, (6)

with

η−1 = −p
[λ−(sz) + E−n,sz ,p

2E−n,sz ,p

]1/2
, (7)

η−2 =
[−λ+(sz) + E−n,sz ,p

2E−n,sz ,p

]1/2
. (8)

If we neglect the SOI term (λSO) and take the vertical distance (2`) to be
zero, the Hamiltonian (1) is identical to that in graphene [52] and the energy
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spectrum (2) as well as wave functions (6) become that of graphene in a
perpendicular magnetic field [52]. The similarity in the electronic properties
of silicene and graphene comes from the fact that their lattice structures
and electron configurations are similar. Both silicene and graphene are 2D
materials with hexagonal lattices, also carbon and silicon elements belong
to the group-IV elements. Mathematically, the electronic structure of both
graphene and silicene around the Dirac point can be described by the similar
relativistic Dirac-like Hamiltonians.

In the present calculation, we do not focus on the effect of the external
electric field on the magneto-optical properties in silicene, so in the following
we will consider the case of the absence of the electric field, i.e., Ez = 0
is taken in the above formulae. In the next section (Sec. 3), we present
the derivation of the AC when an EMW propagates in the above-mentioned
silicene monolayer.

3. Expression of the absorption coefficient

Let us consider the interaction of electrons in silicene with photons and
ionized impurities that induces electron transitions between Landau magnetic
subbands. The absorption coefficient, Γ`, for the `-photon process can be
written as [53]

Γ =
16π~n0

c
√
ε∞α2

0ω

[
1− exp

(
− ~ω
kBT

)]∑
α,α′

f(Eα)[1− f(Eα′)]Wα,α′ , (9)

where we have denoted E±n,sz ,p ≡ Eα for simplicity, f(Eα) is the equilibrium
Fermi-Dirac distribution for electrons, c is the speed of light in free space,
ε∞ is the high-frequency dielectric constant in silicene, n0 is the electron
density, α0 = E0/ω with E0 and ω, respectively, being the amplitude and
frequency of the EMW (optical field). The sum in Eq. (9) is taken over all
possible electron initial (|α〉) and final (|α′〉) states, andWα,α′ is the transition
probability due to carrier–photon–impurity interaction in silicene which has
the form

Wα,α′ =
2πni
~S0

∑
`,q

|U(q)|2|J±n,n′,p,p′(sz)|
2`J2

` (a0q)δkx,k′x+qxδsz ,s′zδ(Eα−Eα′−`~ω).

(10)
Here, ni is the concentration of impurities, S0 is the area of the sample, q is
the change in electron wave vector, J`(x) is the `th-order Bessel function of
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the argument x, a0 = eE0/(2m
∗(ω2−ω2

c )) with m∗ being the electron effective
mass, U(q) is the Fourier transform of the impurity potential. For the short-
range scattering mechanism, which is considered in this investigation, the
screened impurity potential is U(q) = 2πU0/qs [51], where U0 = e2/4πεrε0,
εr is the dielectric constant, ε0 is the vacuum permittivity, qs is the screening
wave number which characterises the potential range of the scatterers. The
form factor |J±n,n′,p,p′(sz)| is given as follows [51]

|J+
n,n′,p,p′(sz)|

2 =
n<!

n>!
un>−n<e−u

[
η+1 η

+′

1 L
n>−n<
n<

(u) + η+2 η
+′

2

√
n<
n<

Ln>−n<

n<−1 (u)
]2
,

(11)

|J−n,n′,p,p′(sz)|
2 =

n<!

n>!
un>−n<e−u

[
η−2 η

−′

2 L
n>−n<
n<

(u) + η−1 η
−′

1

√
n>
n<

Ln>−n<

n<−1 (u)
]2
,

(12)

with u = `2Bq
2/2, n< ≡ min(n, n′), n> ≡ max(n, n′), and Ln>−n<

n<
being the

associated Laguerre polynomial.
In this calculation, we consider both the one- and two-photon absorption

(` = 1, 2). Also, in the Bessel functions appearing in Eq. (10) we limit ourself
to the terms which depend on E0 up to the second order, i.e., E2

0 . It should
be noted that electron–impurity scattering can make electrons change their
initial orbits and contribute to both the transition probability and absorp-
tion coefficient. Therefore, we evaluate this contribution by converting the
summations over q, α, α′ into the integrals∑

q

→ S0

(2π`B)2

∫ ∞
0

du

∫ 2π

0

dϕ, (13)

∑
α/α′

→
∑

n,p,sz ,±/n′,p′,s′z ,±

Lx
2π

∫ Ly/2`2B

−Ly/2`2B

=
S0

2π`2B

∑
n,p,sz ,±/n′,p′,s′z ,±

. (14)

The integral over u can be calculated analytically using the orthogonality of
the Laguerre polynomials. After a straightforward calculation, we obtain the
AC for the K valley as

Γ+ =
32π2nin0

c
√
ε(ω)α2

0ω`
2
B

[
1− exp

(
− ~ω
kBT

)]∑
n,n′

∑
p,p′

∑
sz ,+

f(E+
n,sz ,p)[1− f(E+

n′,sz ,p′
)]

×
[
I+1 δ(E

+
n,sz ,p − E

+
n′,sz ,p′

− ~ω) + I+2 δ(E
+
n,sz ,p − E

+
n′,sz ,p′

− 2~ω),

(15)
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where

I+1 =
S0U

2
0a

2
0

q2s`
4
B

[
(η+1 η

+′

1 )2(n> + n< + 1)− 2
√
n<n>η

+
1 η

+′

1 η
+
2 η

+′

2

+ (η+2 η
+′

2 )2(n> + n< − 1)
]
, (16)

I+2 =
S0U

2
0a

4
0

q2s`
6
B

[
(η+1 η

+′

1 )2
[
2 + 6n<(n< + 1) + (n> − n<)(n> + 5n< + 3)

]
− 4

√
n<n>η

+
1 η

+′

1 η
+
2 η

+′

2 (n> + n<)

+ (η+2 η
+′

2 )2
[
2 + 6n<(n< − 1) + (n> − n<)(n> + 5n< − 3)

]]
. (17)

Similarly, the results for the K ′ valley are given by Eqs. (15) - (17) with
E+
n,sz ,p and η+1 replaced by E−n,sz ,p and η−2 , respectively.

4. Numerical analysis and discussion

Now we perform numerical calculations of the above results to clarify some
physical behaviours of the absorption spectrum in monolayer silicene. The
parameters used in the calculations are as follows [51, 54, 55]: E0 = 105 V/m,
n0 = 5× 1015 m−2, ni = 1013 m−2, εr = 4, vF = 5.42× 105 m.s−1, λSO = 3.9
meV [51], and qs = 5 × 108 m−1 [51]. Because the K and K ′ valleys are
equivalent so in the following we only consider the processes that take place
within the K valley, i. e, the AC given by Eq. (15) is numerically calculated
(Γ+ ≡ Γ). Also, to eliminate the divergence of the delta functions in Eq.
(15), we replace them by Lorentzians of the width parameter γ = 0.01~ωc

[51].
Figure 2 shows the absorption spectrum as a function of the photon energy

at B = 10 T. In this figure, we can see clearly six maximum peaks labelled
(1) to (6). These peaks are located, respectively, at the photon energy of
~ω(1) = 9.8806 meV, ~ω(2) = 12.8691 meV, ~ω(3) = 19.7612 meV, ~ω(4) =
22.7498 meV, ~ω(5) = 25.7383 meV, ~ω(6) = 45.4995 meV. These values of
photon energy are shown to satisfy the following relations:

E3,1,1 − E2,1,1 = 2~ω(1) (18)

E2,1,1 − E1,1,1 = 2~ω(2) (19)

E3,1,1 − E2,1,1 = ~ω(3) (20)
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Figure 2: The AC as a function of the photon energy at B = 10 T and T = 4.2 K.

E3,1,1 − E1,1,1 = 2~ω(4) (21)

E2,1,1 − E1,1,1 = ~ω(5) (22)

E3,1,1 − E1,1,1 = ~ω(6) (23)

These relations are actually the CR conditions which have the general for-
mula ∆E = `~ω where ∆E is the electron energy difference between the ini-
tial and final Landau states, ` = 1 and ` = 2 are, respectively, for one-photon
(linear) and two-photon (nonlinear) absorption. The CR describes the elec-
tron transfer between the Landau energy levels through absorption/emission
of photons. In Fig. 2, peaks (3), (5), and (6) correspond to one-photon
processes and peaks (1), (2), and (4) correspond to two-photon processes. In
this investigation, electron–impurity scattering also contributes to the elec-
tron transitions. Therefore, these peaks may be called CIR peaks. We also
can see an important thing in Fig. 2 that the AC at two-photon CIR peaks
is much smaller than that at one-photon CIR peaks. This implies the fact
that the two-photon processes have a minor contribution to the absorption
spectrum in comparison with the one-photon ones. However, it was shown
that the multi-photon absorption has a significant role in nonlinear optics
[42, 43, 44, 45, 46, 47, 48]. Experimentally, the two-photon absorption can
be observed by using two-photon excited fluorescence (TPEF) introduced by
Denk, Strickler, and Webb [48] where a Ti-sapphire laser is used to generate
a photon beam with high density and flux required for two-photon absorp-
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tion, also its wavelength is tunable for a wide range. The TPEF has been
considered as a standard technique in modern microscopy and used widely
in many studies [56, 57, 58, 59, 60, 61]. Besides, it should be noted that we
need a strong magnetic field to observe the CR. This requirement is easily
met by using superconducting magnets used in observing, for example, the
quantum Hall effect or other magneto-transport properties [62, 63].

To show the effect of the magnetic field on the absorption spectrum, in
Fig. 3 we plot the AC versus photon energy absorption at B = 10 T (the
solid curve) and B = 5 T (the dashed curve). It is seen that the magnetic
field has a strong influence on the absorption spectrum. In fact, the value
of the AC and the position of the CIR peaks vary strongly with the change
of B. To be more specific, we consider the one-photon term in the AC.
Fig. 4 shows the 3D plot of the AC versus the magnetic field and photon
energy for the case of one-photon absorption. From the figure we can see that
when the magnetic field increases, the value of the photon energy satisfying
the cyclotron resonance condition, denoted ~ωres, increases. The relation
between ~ωres and B is numerically extracted and shown more clearly in Fig.
5. One can find that the resonant photon energy varies with the magnetic
field by the law ~ωres ∝ B1/2. So far, we can conclude that the dependence
of the resonant photon energy on the magnetic field is similar to that in
graphene [31, 37, 38] and is completely different from that in traditional low-
dimensional semiconductors. This is originated from the fact that Landau
energy in both graphene and silicene is proportional to B1/2, whereas in
traditional semiconductors it is proportional to B.

Beside the AC, the full width at half maximum (FWHM) of a resonant
peak is also an important parameter in studying a resonant absorption. The
FWHM is related to the electron transition probability in a resonant scat-
tering process. The FWHM is defined to be the width of a resonant peak
at the height equal to half of its maximum. To show the effect of the mag-
netic field on the FWHM of CIR peaks we now determine the FWHM as a
function of the magnetic field. Figure 6 shows the contour plot of the AC
versus the photon energy and magnetic field for the same transitions as in
Figs. 4 and 5. Looking carefully at this figure, we find that the width of
the all CIR peaks increases with increasing magnetic field. For more details,
as an example, we compute the FWHM of the CIR peak corresponding to
the transition n = 1 → n′ = 2 at different values of B. The B-dependent
FWHM is shown in Fig. 7 for both one-photon absorption (filled squares)
and two-photon absorption (filled circles). The figure shows that the FWHM

10
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Figure 3: The same dependence as Fig. 1 for B = 10 T (solid curve) and B = 5 T (dashed
curve).

Figure 4: The 3D plot of the AC versus magnetic field and photon energy for some electron
transitions. Here, only the one-photon absorption term in the AC is taken (` = 1) and
T = 4.2 K.

increases with increasing B for both cases of absorption. The best fitting re-
sults show the laws for the B-dependent FWHMs for one- and two-photon
absorption, respectively, as FWHM [meV] ≈ 0.432

√
B[T] and FWHM [meV]

≈ 0.215
√
B[T]. It was also shown for graphene monolayers that the FWHM
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Figure 5: Relation between the photon energy at resonances and magnetic field in the
case of one-photon absorption for some electron transitions. The other parameters are the
same as in Fig. 4.
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Figure 6: Density plot of the AP as a function of the photon energy and magnetic field
for the same parameters as in Figs. 4 and 5.

is proportional to
√
B [37, 38]. However, the FWHM in silicene is about one

order of magnitude smaller than it is in graphene [37, 38] for the same ranges
of magnetic field and temperature. The increase of the FWHM with magnetic
field is reasonable and consistent with that explained in bulk and traditional
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Figure 7: The FWHM as a function of magnetic field for n = 1→ n′ = 2 transition. Here,
T = 4.2 K.
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Figure 8: Dependence of the FWHM on the temperature at B = 10 T for n = 1→ n′ = 2
transition.

low-dimensional semiconductors [19, 20, 34, 35, 36] and in graphene [37, 38].
From Fig. 7, we can see one more interesting thing that the FWHM for the
two-photon process is smaller than that for one-photon process. For exam-
ple, at B = 10 T the FWHM for two-photon absorption is about 50% of that
for one-photon absorption. This shows that the probability of two photons
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absorbing is smaller than the absorption of one photon.
The effect of temperature on the FWHM of CIR peaks is also considered.

Fig. 8 shows the FWHM as a function of temperature. We can see from
the figure that the FWHM apparently remains unchanged with increasing
the temperature for the range from 0.1 K to 100 K. This behaviour implies
that the scattering processes in silicene monolayer are very weakly thermally
activated. The very weak dependence of the FWHM on temperature was also
observed in graphene monolayers [31, 32], showing the similarity in the effect
of temperature on the magneto-optical absorption properties of graphene and
silicene monolayers.

5. Conclusions

We have calculated the nonlinear AC in silicene monolayer subjected to
a perpendicular magnetic field, taking account of the electron–impurity scat-
tering. The nonlinear AC has been considered as functions of the photon
energy, the magnetic field, and the temperature. The CIR effect has been
observed in the absorption spectra. The results show that the photon en-
ergy at CIR peaks is linearly proportional to the square root of magnetic
field, which is similar to graphene and different from conventional semicon-
ductors. For n = 1 → n′ = 2 transition, we find that the FWHM of CIR
peaks increases with increasing magnetic field by the laws FWHM [meV]
≈ 0.432

√
B[T] and FWHM [meV] ≈ 0.215

√
B[T] for one- and two-photon

absorption, respectively. In particular, the FWHM in silicene is indepen-
dent on the temperature, showing the similarity to graphene monolayers and
difference from conventional low-dimensional semiconductors.
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Highlights

• The cyclotron-impurity resonance (CIR) is observed in the absorption spectra.

• The photon resonant energy is linearly proportional to the square root of 

magnetic field.

• The FWHM increases with increasing the magnetic field similarly to graphene.

• The FWHM is about one order of value smaller than it is in graphene.

• The FWHM is independent on temperature.


