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Abstract: In this work, we investigate the magneto-optical absorption in a phosphorene monolayer
subjected to a perpendicular static magnetic field. The magneto-optical absorption power is
calculated using the projection operator technique taking account of the effect of electron — optical
phonon interaction. Numerical results showed that in the case of absence of any interaction, the
higher the resonant frequency, the smaller absorbed power was. If the electron - phonon interaction
exists, there appear the cyclotron-phonon resonant peaks which show the electron transitions
between Landau levels by absorbing a photon accompanied by absorbing/emitting an optical
phonon. The obtained results are important for further studies and applications of the phosphorene
based structures in optoelectronic devices.
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1. Introduction

After the discovery of graphene [1], the family of two-dimensional materials has grown
tremendously. Phosphorene with its strongly anisotropic properties makes it an attractive material for
applications in deciding the specific direction for different purposes. Black phosphorus is the most stable
one among different allotropes of phosphorene. It possesses a honplanar/puckered honeycomb lattice
unlike planar graphene, transition-metal dichalcogenides and hexagonal boron nitride [2]. In addition,
black phosphorus shows a highly tunable anisotropic dispersion of fermions with a direct band gap of
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about 1.5-2 eV located at the T" point of the first Brillouin zone [2—-4]. The direct band gap in black
phosphorus can be tuned by doping or changing the number of layers [5-7]. Also, researchers have
reported a high on-off current ratio and high mobility for charge carriers in field-effect transistors based
on black phosphorus [8-10]. All these together lead to tremendous research activities on the electronic
and optical properties of black phosphorus [11-13].

Recently, in several theoretical works on phosphorene, the performance under the impurity-electron
scattering and metal oxide semiconductor field effect transistors under electron-phonon scattering have
been researched [14, 15]. In this work, we focused on the effect of electron-phonon scattering on the
magneto-optical properties in monolayer phosphorene subjected to a perpendicular static magnetic field
and an electromagnetic wave (optical field). The expression of the magneto-optical absorption power is
explicitly calculated using the projection operator technique. The analytical results are numerically
calculated with specific parameters to show the dependence of the absorption power on the photon
energy with different values of the magnetic field and temperature. This paper has the following
structure: After Introduction Section, in Section 2, we introduce the expression of electromagnetic wave
absorption power in monolayer phosphorene when placed in a perpendicular magnetic field. The
numerical results and discussion are presented in Section 3. Finally, important conclusions are listed in
Section 4.

2. Analytic Expression for the Absorption Power in Monolayer Phosphorene

We consider a two-dimensional phosphorene monolayer in which charged carriers move freely in
its plane (assumed the (x—y) plane). If a static magnetic field B = (0,0,B) is present, the
Hamiltonian of the fermions in the system is given by [16]
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where E°=0.34 eV (E" =- 1.18¢V) is the minimum (maximum) value of conduction (valence) band,
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A=1/m, =1/10,66m,; n=1/m, =1/1.12m,;E, =E°* ~ E"=1.52eV . I1=p+ed is the 2D canonical

momentum with 4 being the vector potential. The eigenfunctions and eigenvalues corresponding to the
Hamiltonian (1) in the gauge 4= (0,Bx,0), respectively, are
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Here, s=+1(-1) for electron (hole), E®=E®", o) =", where B/ Imm_ =2.696w,
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and fn (u) is a harmonic oscillation function, centered at X, =lczku with lc =+lc/ eB.
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Assuming that the system is further stimulated by a time-varying electric field £(;) - E Ee"e, with
k=1
the frequency w and e, being unit vector of external field direction (k = x, y, z,...) then the absorption

power is proportional to the absorption coefficient and can be given by an expression of the form as
reported in [17]:
2
P(w) =2 Refls ()l Q
where the symbol "Re" means "the real part of" and the optical conductivity tensorsi(W)is given
as [18]:
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Dirac distribution function for fermions with EF being the Fermi energy level; @ =w—iA, A —0". The
line-shape function B, (W) is determined by the scattering mechanism. In the case of electron - phonon
interaction, it has a form as fO||OWS'
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Here, N is the distribution function of phonons in the state |q,n> with energy 71w, g,=2 and
g, =2 are, respectively, the valley and spin degeneracy, and g(q) =cos’(qg/ 2) is the overlap integral of

spinor wave functions. The term g, denotes the square of the electron-phonon interacting matrix

element. For the optical phonon scattering, within the deformation potential approximation, it is
expressed as [19]:
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where ®Op is the optical deformation potential constant, o is the mass density of the material, and V is

the normalization volume. In Egs. (7) — (14), ‘_]a (@) ris called the form factor that is given as
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where L; (u) is the associated Laguerre polynomial in the case of u=u’'=u , u:qflf/ 2,
m=min(n,n'), j=|n'- n|.

To obtain the explicit expression of p(w), one needs to calculate the terms of B.(w) given in Eq.(6).
To do this, we transform the summations over q andeto integrals as S/(2pl)° Odu Odg; and

é (L,/2p) (‘)dky =S/ (Zplf)é , then use the orthogonality of the Laguerre polynomials. We also

assume that optical phonons are dispersionless so that we can take the approximation hw, =~ ho, =

constant (subsequently, qu = N0 = constant) in the following calculations. For instance, the explicit
expression of the first term in Eq. (6) after a straightforward calculation, is obtained as:
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To treatment the delta function, following the collision broadening model for the electron-phonon
scattering, we can replace the delta function by Lorentz function [20]
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The rest terms in Eq. (6) can be calculated similarly to obtain the full B_(w) as well as P(w).
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3. Numerical results and discussion
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Figure 2. Absorption power (in arbitrary units) as a
function of electromagnetic wave frequency at function of cyclotron frequency at different values of

different values of cyclotron frequency. the electromagnetic wave frequency.
Here, T=200K. Here, T= 200K.

Figure 1. Absorption power (in arbitrary units) as a
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In to see clearly the characteristics order of the absorption spectrum, we numerically evaluate the
expression of absorption power utilizing specific parameters. The parameters used in the computation
are taken from Refs. [2, 5].

We first consider the case of absence of the electron -- phonon interaction, i.e. there are only state
transitions of electrons due to excitation by electromagnetic wave photons. Figure 1 shows the
dependence of the magneto-optical absorption power on the electromagnetic wave frequency at different
values of the cyclotron frequency. It is seen that each absorption curve has a maximum peak for every
value of the cyclotron frequency. One can see that these maxima are atx»=18.872x10°s™;

w=21568x10%s"; and w=24.264" 10%s'%; respectively, for @ =7x10%s™; @ =8x10"s™ and
w =9 10%s°% It turns out that these maxima are cyclotron resonance peaks which arise from the

condition w* = recall that i =2.696w where an electron transits between two Landau energy levels

by absorbing a photon of energy 7w . The cyclotron resonance has also been observed in monolayer 2D
materials exposed to a perpendicular magnetic field and electromagnetic wave such as graphene [21],
silicene [22], and MoS; [23]. To confirm this behaviour, in Figure 2 we plot the dependence of the
absorption power on the cyclotron frequency at different values of the electromagnetic wave frequency.
The dependence of the absorption power on the cyclotron frequency has the same behaviour as shown
in Figure 1. In particular, as the cyclotron frequency increases, the absorption peak lowers, namely the
absorption power decreases. This can be physically explained that as the cyclotron frequency increases
(i.e. the magnetic field gets stronger) the radius of the cyclotron orbits decreases, leading to stronger
confinement of electrons by the magnetic field, reducing the probability of electromagnetic wave
absorbing due to the increase of selectivity.
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Figure 3. Absorption power (in arbitrary units) as a Figure 4. Absorption power (in arbitrary units) as a
function of electromagnetic wave frequency at function of cyclotron frequency at different values
different values of cyclotron frequency. of the electromagnetic wave frequency.
Here, T=200K. Here, T=200K.

We now consider the effect of electron-phonon interaction on the absorption spectrum. Like Fig. 1,
Fig. 3 depicts the dependence of the absorption power on the electromagnetic wave frequency at
different values of the cyclotron frequency. There appear more absorption maxima in this case. By
positioning the peaks in the figure, one can conclude that they are cyclotron-phonon resonance peaks.
For instance, for the case of 1 =7 1025t (the solid curve in Fig. 3), the peaks from left to right,

respectively, locate at w= 10.11" 10°s'";, 26.75" 10°s’"; 29.87" 10°s"; 45.62" 10°s* corresponding
to the conditions
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The condition (13)/(14) implies that an electron moves from the Landau level n=0to the level
n=21Dby absorbing a photon accompanied by the emission/absorption of an optical phonon. The
conditions (15) and (16) can be explained similarly but for the electron transition from n=0 ton=2.
We can conclude that under certain conditions, the presence of electron-phonon interaction results in
the appearance of more resonance peaks in the absorption spectrum. This is because, with the assistance
of phonon absorption or emission there are more values of photon energy/frequency satisfying the
selection rules w=(n"—n)w + @, that an electron can be absorbed during its transition between two

specific Landau levels.

4. Conclusion

So far, we have calculated the absorption power of an electromagnetic wave in a phosphorene
monolayer subjected to a perpendicular magnetic field using the projection operator technique. The
effect of electron - optical phonon interaction has been taken into account. In the case of absence of any
interaction, the cyclotron resonance is observed and the stronger the magnetic field, the smaller the
absorption power. If the electron - phonon interaction is present, there appear the cyclotron-phonon
resonant peaks showing the electron transitions between Landau levels due to absorbing photon and
absorbing/emitting an optical phonon under the conditions @ = (n'—n)af + @, . In general, for a specific

couple of the Landau levels the photon frequency at the resonant peaks is larger than that at the
corresponding ones in graphene, silicene and monolayer MoS;. This is because the electron cyclotron
frequency in monolayer phosphorene in this work is larger than it is in those references.
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