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We investigate the effect of ellipticity ratio of the polarized radiation field on optoelectronic prop-
erties of a two-dimensional (2D) semi-Dirac (SD) system. The optical conductivity is calculated
within the energy balance equation approach derived from the semiclassical Boltzmann equation.
We find that there exists the anisotropic optical absorption induced via both the intra- and interband
electronic transition channels in the perpendicular za and yy directions. Furthermore, we examine
the effects of the ellipticity ratio, the temperature, the carrier density, and the band-gap parameter
on the optical conductivity of the 2D SD system placed in transverse and vertical directions, respec-
tively. It is shown that the ellipticity ratio, temperature, carrier density, and band-gap parameter
can play the important roles in tuning the strength, peak position, and shape of the optical con-
ductivity spectrum. The results obtained from this study indicate that the 2D SD system can be a
promising anisotropic and tunable optical and optoelectronic material for applications in innovative
2D optical and optoelectronic devices, which are active in the infrared and terahertz bandwidths.

I. INTRODUCTION

The isolation of a single layer of graphite, known as
graphene exhibits an unique Dirac-like linear and gap-
less band structure in low-energy regime, has emerged
as an important and promising field of research in con-
densed matter physics and electronics since 2004 [1]. The
rise of newly developed two-dimensional (2D) electron-
ic materials such as silicene, monolayer (ML) transition
metal dichalcogenides (TMDs), ML hexagonal boron ni-
tride (h-BN), ML black phosphorus (BP), etc., are ex-
pected to lead to applications in next generation of high-
performance nano-electronic, optical and optoelectron-
ic devices [2]. Recently, a distinct class of 2D materi-
als named 2D semi-Dirac (SD) electronic systems have
been realized in materials or device systems such as
TiO2/V203 superlattices [3, 4], phosphorene under pres-
sure [5], doped [6] or electrically modulated systems [7, 8],
a-(BEDT-TTF),I;5 salts under pressure [9, 10], etc. No-
tably, SD fermions have an anisotropic band structure
dispersion which displays a linear dispersion along one
direction and a quadratic dispersion along the perpendic-
ular direction [11, 12]. This anisotropy in the electronic
band structure results in unusual physical properties as
compared to, e.g., graphene and TMD-based 2D electron
gas systems. This has drawn the attention of the scien-
tific research community in recent years.

Several investigations of the electronic and optical
properties of 2D SD systems have been carried out
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recently. In particular, the electronic, optoelectronic,
and transport properties such as Floquet band structure
[13, 14], optical conductivity [15-18], dielectric function
and plasmons [11], nonlinear response [19], and ballistic
transport modulated by magnetic and electrical barriers
[20] have been studied. It has been shown that the 2D
SD system can transform from normal insulator to the
Chern insulating phase under light irradiation with rela-
tively high frequencies [21, 22]. Moreover, in the presence
of a high magnetic field, the 2D SD system can exhibit
interesting features, such as an unusual magnetic field de-
pendence of the Landau levels [(N + 1/2)B]?/? [23], the
Hofstadter’s butterfly [24, 25], Landau-Zener oscillations
[26], etc. Theoretical results on the thermoelectric prop-
erties, e.g., the Seebeck coefficient, the Ettingshausen co-
efficient, and the Righi-Leduc effect suggest that 2D SD
systems can also be utilized for device applications in
quantum thermoelectrics [12, 21].

Experimentally, SD electrons in strained black phos-
phorus (BP) thin films have been realized [27]. The zero
mode of the Landau level expected at the Dirac point has
been successfully observed in magneto-resistance mea-
surements of a-(BEDT-TTF),I5 under high hydrostatic
pressure [28]. Theoretical studies found a relatively large
anisotropy between the optical conductivities o' (w)

T

and o}’ (w) in the 2D plane of the system [15, 16]. The
polarization function has also been evaluated. Within the
random phase approximation (RPA), it was found that
there exists an undamped anisotropic collective mode
with square-root dispersion relation [11, 29]. On the ba-
sis of the unique anisotropic band structure and of the
optical properties reported, one can predict that the po-
larization of the radiation light should affect the optical
response of the 2D SD system. It was shown that the 2D



SD system realized from few-layer black phosphorus at
critical surface doping with potassium can exhibit linear
and quadratic bands along the armchair and zigzag di-
rections, respectively [30, 31]. Thus, this is an easy way
to probe the anisotropic optical properties of the 2D SD
system through a geometrical device setting.

From the viewpoint of physics, the optical conductivity
is a key physical quantity, which relates directly to mea-
surable optical coefficients such as transmittance and/or
reflectivity [32]. On the other hand, through optical
transmission or reflection experiments we can measure
the optical conductivity in a 2D SD system under dif-
ferent experimental conditions by varying the ellipticity
ratio of the polarized radiation light, temperature, car-
rier density, etc. In this theoretical study, we consider a
2D SD system placed in an anisotropic geometry along
different directions. The optical conductivity or absorp-
tion under elliptically polarized light radiation with d-
ifferent ellipticity ratios is examined. We find that the
optical absorption differs when the sample position is ro-
tated by 90° degrees. The ellipticity ratio, temperature,
carrier density and band-gap parameter can effectively
tune the optical absorption in the 2D SD system, espe-
cially in terahertz (THz, 1 THz ~ 4.1 meV) and infrared
regime. Thus, from a basic physics and a device appli-
cation points of view, the results from this study show
that the 2D SD system can be employed for the investi-
gating of novel optoelectronic physics with corresponding
applications in innovative 2D optical and optoelectronic
devices.

The present paper is organized as follows. In Sec. II,
we evaluate the optical conductivity of the 2D SD sys-
tem placed in different directions in the framework of
the energy balance equation derived from the semiclassi-
cal Boltzmann equation in the presence of an elliptically
polarized radiation field. The optical transition channels
for different doping levels are considered and the opti-
cal conductivities obtained under different experimental
conditions are presented and discussed in Sec. III. Our
main conclusions from this study are summarized in Sec.

IV.

II. THEORETICAL FRAMEWORK

In this study, we consider a 2D SD system positioned
in the z-y plane (taken as the 2D plane). The effective
two band model Hamiltonian [11, 12, 15, 30] for a carrier
(an electron or a hole) in reciprocal space can be written
as

- 0 A + ak? — ihvpk,
H(l) = < A+ ak? + ifgk, 0 - ()

where k = (kz, ky) is the carrier wave vector or momen-
tum operator, the quadratic dispersion is along the =z
direction, vp is the Fermi velocity, a = h?/(2m,) with
my, being the effective carrier mass along the x direction,
2A is the band gap between the conduction and valence

bands when A > 0 and 2D SD would be a gapless sys-
tem when A < 0 with A being the band-gap parameter,
ki =k, ik, = ke and 0 is the angle between k and
the x axis.

The corresponding Schrodinger equation for 2D SD
system can be solved analytically. The eigenvalues and
eigenfunctions are given respectively by

e = Ay/lak2 + A)2 + F2o2k2, 2)

where A = +/— refers to conduction/valence band, and
1 A ;
A ikr
= — s 3
wk (I‘) \/§ (gk ) e ( )
with

B ak? + A + ihvpk,
T = [(ak2 + A)2 + R202k2] 72

We now consider that an elliptically polarized CW ra-
diation field [33] is applied normal to the 2D plane of the
2D SD system. Within the Coulomb gauge, the vector
potential of the light field is given by the Jones vector
[34] with the left (v = —) and right (¥ = +) handed
elliptically polarization, with an ellipticity ratio 7, is

AY () = C(x + ivng), (4)

where C' = Fy(1+1?)"/? sin(wt) /w with Fy and w being
respectively the electric field strength and the frequency
of the radiation field. For the case of relatively weak
radiation, the carrier-photon interaction Hamiltonian can
be written as

1O 0 q+uvp
H)(t) =eC ( g—vp 0 . (5)
where p = vpn and ¢ = hkcosf/m,. Thus, taking

H! as a perturbation and applying Fermi’s golden rule,
the first-order contribution to the steady-state electronic
transition rate induced by direct carrier-photon interac-
tion can be obtained as
2772
o me* F, /
WHY (kK) = ———% §(e) — £ F hw)dk x
A ( ) 25/0.}2(14*7]2) ( k kT ) k.k

X [425A,>« + P25,\,7,\/ - >\)\/7"(q2 - P2)]a (6)
where F sign in the Delta function refers to the absorp-

tion (—) or emission (+) of a photon with energy fAw,
and

B h2vak?sin? 0
 [ak?cos? 0 4+ A2 + h2v2k2 sin? 0

After the rotation of the sample coordinates or of the
light polarization by 90°, the vector potential of the ra-
diation field now becomes

AN (1) = C(y + ivnX), (7)



The carrier-photon interaction Hamiltonian is then given
by

H!\(t) = ieC ( 0 wvmg e ) : 8)

vnq + vp 0

and the corresponding electronic transition rate is ob-
tained as

7T62F02
2h?(1 + 12)
X [1Pq*0ax + vE0A —x — AN ()

W (k, k') = 5(epy — ep T hw)diese

¢ =)l (9)

In this paper, we use the Boltzmann equation approach
to study the response of the carriers in a 2D SD system to
the applied radiation field. For nondegenerate statistics,
the semiclassical Boltzmann equation takes the form [35]

Ofie

=0 D Wi (K R f (1= )
MK/
= Wi (K fe (1= £, (10)
where g; = 2 counts for the spin degeneracy, fﬁ‘ ~
fr(ep) = {expl(ep — )/ (ksT)] + 1}~ is the statisti-

cal energy distribution for the carriers such as the Fermi-
Dirac function, and )y is the chemical potential (or Fermi
energy 5@\ at zero temperature) for electrons or holes in
conduction or valence bands. Taking the first moment,
the energy-balance equation can be derived by multiply-
ing gs >y » Ea(k) to both sides of the Boltzmann equa-
tion [35]. From the energy-balance equation, we obtain
the energy transfer rate:

Py=4hw Y Y Wik K)fe(1— ), (11)

N, Ak k

where P, = 9[gs >y 5 Ex (k) f]/0t. The optical conduc-
tivity can be obtained by [35]: ¢"(w) = 2P,/F¢ which
have intra- and interband electronic transition channels

Nw) = ol (W) (12)
A

We now consider an n-type 2D SD system irradiated by
an elliptically polarized CW radiation field. When pho-
ton energy hw is larger than the band gap between the
conduction and valence bands, the photo-excited carriers
are induced in the conduction and valence bands and a
quasi-equilibrium state is established in the system. In
this case, the electron density is n. = ng + An with
ng being the dark electron density and An the photo-
induced electron density. Due to charge conservation,
the hole density in the system is nj, = An. Furthermore,
the channels of the optical absorption can be induced
by intraband electronic transitions within the conduction
and valence bands via the mechanism of free-carrier ab-
sorption and by interband transitions from valence band
to conduction band. The interband electronic transition

from conduction band to valence band via optical ab-
sorption is physically impossible. Taking the real part of
the vector potential induced by polarized radiation field
along the zx direction, the optical conductivity via dif-
ferent transition channels can be obtained as

7,0° _ €6 (hw) o - 2 2 2
+?L (w) —m/o d9/0 dkklg” —r(¢” — p7)]
X (e[ = fi ()], (13)
n,0° _ *d (hw) o > 2 p(g? — 2
ol” (w) = ome(l + 1) /0 d9/0 dkkl[q (¢° —p?)]
X (e )1 = (5], (14)
and
n,0° _ e o > 2 4 (g2 — 2
) =g [0 [ k(e =)
x - (e )1 = f+(e0)]0(ef — e — hw), (15)
respectively.

Here, the § function will be replaced by a Lorentzian
distribution under the energy relaxation approximation
for intraband transitions: d(¢) — (e,/m)/(e®+¢2), where
€r = h/7 is the width of the broadened energy state with
7 being the energy relaxation time.

Taking the real part of the vector potential induced by
the polarized radiation field along the yy direction, the
optical conductivity via the different transition channels
are given as

790" (w)

2 27 oo
79 e"0(hw) ) / Ao | dkkfi ()
0 0

" 2rw(1 + 12
X (1= fo(EDIne® —r(n’a® — o)), (16)

27
,90°
o () = 27Tw1+77 / da/ dkkf_(ex0)
x (1= f- () — r(n** —vp)], (17)

and

2 2 0o
7,90° _ € 4o 2 2.2 2
U—+ (w) 271'0.)(1 + ng) /0 /0 [UF + 7"(77 q UF)]

% fo (el — f (IO — o — hw)kdb.

(18)
From Egs. (13)—(18), we can obtain the following rela-
tions with
AN 2 )\/\
00\ _ Tez (W) + 0oy (w)
s (w) = , 19
T (@) 1112 (19)
and
260 () 4+ oM (W
0230 (W) _ N Oz ( ) Uyy ( )7 (20)

1 +n?



where 622 (w) and U?;\&\/(w) are the longitudinal optical
conductivities in zz and yy directions for different elec-
tronic transition channels. The interband part of the lon-
gitudinal optical conductivity o, (w) and o, (w) can
be written respectively as

2 x/2 . .
o (W) :%/o dHM(G)ff(—T)[l — f+(?)]’
(21)
where
= I(k2 )s cosf =0
M) = { I(k3,) +90](%,), cosf # 0 (22)
with
I(kgg) 2a2111%k‘3§ sin2(29)@(k(§§)

B |2a cos? 0(ak}_ cos? 6 + A) + h2vdsin® 6]

The step functions is defined as

1,z >0

and kgg should be real and positive, which writes

2 (R2w? — 4A?%)/(4h?v3), cosf=0,6=0
Os (cVV = U)/(2a% cos*6), cosf #0,¢ =+
(24)

where U = 2Aacos?6 + h%vZsin®f and V = U? +
a? cos* (h?w? — 4A?). Moreover, The interband part
of the longitudinal optical conductivity in yy direction

0, (w) is given by

@ = o [ avos n -,
(25)
where
N @) = { J(kgj)(ig?f)(’kg), cont . 0 (9
with
) 202 (ak2, cos? 0+ A)2O(k2,)

B |2a cos? 0(akZ_cos® 0 + A) + h2vd sin® 0]

III. RESULTS AND DISCUSSIONS

For our numerical calculations, we take the following
typical material parameters obtained from literatures:
mg; = 5.08m,., where m, is the rest electron mass, and
the Fermi velocity vp = 9.875 x 10* m/s [12, 15, 22].
However, the material parameters would differ within d-
ifferent materials such as mg = 13.6m., vp = 1.5 x 10°
m/s in (TiO2)5/(VOsq)3 and m, = 3.1me, vp = 1.14x 105

4

m/s in a-(BEDT-TTF).I; [26]. We use the electronic re-
laxation time 7 = 1.0 ps for calculations of the optical
conductivity induced by intraband electronic transitions.
The chemical potentials (or Fermi energies) in the con-
duction and valence bands in a 2D SD system can be
determined respectively by using the condition of carri-
er number conservation with the given electron and hole
densities ny (A = + for conduction band and A = — for
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FIG. 1: Longitudinal optical conductivities o0z (w) and
oyy(w) as a function of radiation photon energy hw at the
fixed band-gap parameter A = —10 meV (a), A = 0 meV
(b), and A = 10 meV (c), with temperatures T = 4.2 K,
ellipticity ratio = 0, and carrier densities n. = 1.5 x 10'°
ecm™? and n, = 1.5 x 10° cm™2. The insets in (a—) show
zoom in of 0., (w) and oy, (w). Here oo = €2 /h.
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FIG. 2: The density-of-states (DoS) per unit area for a 2D
SD system with different band-gap parameters A = —10 meV
(black curve), A = 0 meV (red curve), and A = 10 meV (blue
curve), respectively. Here Dy = 10%° /meV.

valence band) through

27 oo
ny = (297)2/0 d¢/0 dkk[Sx 1+ Aa(eR)],  (27)

where f) (7)) is the Fermi-Dirac function for electrons in
conduction band or holes in valence band.

It should be noted that the electronic relaxation time
7 depends on the carrier densities and temperature via
electron-electron and electron-phonon interactions. We
take a phenomenological parameter for showing the fea-
tures of the intraband optical conductivity. The relax-
ation time 7 could be obtained from experiments via, e.g.,
transport measurement [36] or ultra fast optical spec-
troscopy [37]. By the way, in the framework of Fermi’s
golden rule, the optical conductivities obtained in this
study corresponds to the optical absorption in a rela-
tive weak elliptically polarized radiation because a strong
nonlinear optical response in a 2D SD system would be
occurred in the strong terahertz radiation [19, 38].

In Fig. 1, we plot the optical conductivity o”*° (w) and
o:90° (w) as a function of photon energy hiw at fixed ellip-
ticity ratio, carriers density, temperature, and band-gap
parameter. The total optical conductivity is due to both
the inter- and the intraband transition channels. For
7 = 0, we obtain that the longitudinal optical conductiv-
ities along different directions are 09" (w) = 7., (w) and
09 (w) = 0, (w). The optical absorption is anisotropic
for both interband transitions and intraband transitions.
From Egs. (15) and (18), we learn that the optical con-
ductivities are independent upon the sign index v = +1
for left- or right-handed elliptically polarized light, which
means that the transverse or Hall optical conductivity in
a 2D SD system is zero. In Figs. 1(a-c), the longitu-
dinal optical conductivity oy, (w) is larger than .. (w)

T I T I T I T I T I T I T -
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bo?) =-10 meV —n=15 7
‘% ) n= 1.5x10'%m™2 n=35
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1
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FIG. 3: Optical conductivities (a) 6% (w) and (b) ¢ (w)
as a function of photon energy hw at the fixed band gap pa-
rameter A = —10 meV, temperature T' = 4.2 K, carrier den-
sities ne = 1.5 x 10" em ™2, and nj, = 1.5 x 10” cm™? for d-
ifferent ellipticity ratio n = 0.0 (black curve), 0.5 (red curve),
1.5 (blue curve), 3.5 (green curve), and 5.0 (orange curve),
respectively. The dashed curves in (b) are the corresponding
ratios of 0% (w) /6% (w) for the different ellipticity ratios.

in the whole spectrum regime. At high radiation fre-
quencies, the optical absorption in the y direction is sig-
nificant stronger than that in the z direction, which is
in line with the results obtained previously [15-17]. In
the low-frequency regime, both 0,4(w) and oy, (w) de-
crease monotonously with increasing w, a typical feature
of the Drude-like optical conductivity for free carriers
[39]. It should be noted that in Refs. [16, 17], Car-
botte et al. had also calculated the longitudinal optical
conductivity of 2D semi-Dirac system in zz and yy direc-
tions with/without a gap within a Kubo formalism. Car-
botte et al. provided separate analytic formulas of opti-
cal conductivity for intraband and interband transitions
for certain limitation cases and considered the transport
properties such as dc conductivity, thermal conductivi-
ty, and the Lorenz number. In Fig. 1(a), we note that
an absorption peak can be observed at a photon energy
hw = 20 meV. In Fig. 1(b), the interband optical conduc-
tivities 044 (w) and o,y (w) at low-temperature behavior
as v/w and 1/y/w, respectively, as obtained in Ref. [16].
In Fig. 1(c), we can see the cutoff in 20 meV is due to
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FIG. 4: The hight of the absorption peak in Fig. 3 at a fixed
photon energy 20 meV as a function of ellipticity ratio n with
band-gap parameter A = —10 meV, temperature T' = 4.2 K,
carriQer densities n. = 1.5 x 10° cm*Q7 and n, = 1.5 x 10°
cm™ .

the prohibition of interband transitions below the band
gap. In general, the results of longitudinal optical con-
ductivities shown in Fig. 1 are in line with the results
obtained in Refs. [15-17]. The van Hove singularity of
oyy(w) in Fig. 1(a) can be understood from the electron-
ic density-of-states (DoS). In Fig. 2, we show the DoS
for a 2D SD system with different band-gap parameters.
The DoS per unit area is determined by the imaginary
part of the Green’s function via

D(E):% S mGi(E)=g, Y 6(E—e), (28)

A==k A==k

where G\ (E) = [E — €} +i6]~! is the retarded Green’s
functions for a carrier in the A = + band and F is the
electron energy. We take a broadened width of ¢, =
1.0 meV with replacing the delta function with energy
relation approximation. From Fig. 2, we see that the
DoS for a 2D SD system differs significantly from that for
a semiconductor-based 2D electron gas, which is a step-
function, and from that for graphene, which is linear.
The DoS for the 2D SD system depends strongly on the
band-gap parameter A. For a band-gap parameter of
A = —10 meV, we see that the energy spacing between
the two peaks in DoS is 20 meV, which corresponds to an
electronic transition energy of 20 meV and, thus, results
in a strong absorption peak in optical conductivity as
shown in Fig. 1(a). For the case of A > 0 the DoS for a
2D SD system increases nonlinearly with F starting from
the band edges. As a result, the interesting features of
the DoS for a 2D SD system are the main reasons why
the corresponding optoelectronic properties are different
from semiconductor-based 2D electron gas systems and
from graphene.
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FIG. 5: Optical conductivities (a) 6% (w) and (b) ¢ (w)
as a function of photon energy hw at the fixed band-gap pa-
rameter A = —10 meV, ellipticity ratio n = 0.5, carrier den-
sities ne = 1.5 x 10" em™?, and n, = 1.5 x 10° em™? for
different temperatures 7' = 4.2 K (black curve), 77 K (red
curve), 150 K (blue curve), and 300 K (green curve), respec-
tively. The dashed curves in (b) are the corresponding ratios
of 6% (w) /o™ (w) for different temperatures.

In Fig. 3, the optical conductivities 0" (w) in (a)
and 0% (w) in (b) are shown as a function of radiation
photon energy at a fixed band-gap parameter, temper-
ature, carrier densities for different values of the ellip-
ticity ratios . With increasing ellipticity ratio, the val-
ues of the optical conductivity in longitudinal direction
o™ (w) = o7, (w) increases in the whole spectral regime
and the optical conductivity o™%"(w) = 0¥, (w) in the
vertical direction decreases. From Fig. 3(b), we can al-
so see that the ratio of the optical conductivity between
longitudinal and vertical directions, o (w)/c™%%" (w),
increases with increasing 7. In Fig. 4, we plot the peak
hight of the optical conductivity in Fig. 3 at a pho-
ton energy 20 meV as a function of ellipticity ratio. We
can see that the peak hight of 0" (w)/6™%" (w) increas-
es/decreases with increasing the ellipticity ratio. The
absorption peak hight in van Hove singularity can be ef-
fectively tuned by the ellipticity ratio. In the presence
of elliptically polarized light with different ellipticity ra-
tios, the 2D SD system shows a strong anisotropy on the
optical absorption. Hence, the ellipticity ratio of light ra-
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FIG. 6: Optical conductivities (a) 6% (w) and (b) ¢ (w)
as a function of photon energy hw at the fixed band-gap pa-
rameter A = —10 meV, ellipticity ratio n = 0.5, temperature
T = 4.2 K, hole density nn, = 5.0 x 10° cm™? with differ-
ent electron densities ne = 1.0 x 10*® em™2 (black curve),
5.0 x 10*® em™2 (red curve), 1.0 x 10" ecm™2 (blue curve),
5.0 x 10" ¢cm™2 (green curve), and 1.0 x 10*? ecm™? (orange
curve), respectively. The dashed curves in (b) are the cor-
responding ratios of 0% (w) /"% (w) for different electron
densities as indicated.

diation can effectively tune the optical and optoelectronic
properties of the 2D SD system in the infrared and THz
regime.

In Fig. 5, we show the effect of temperature on the op-
tical conductivity spectrum of the 2D SD system at the
fixed band-gap parameter, ellipticity ratio, and carrier
densities. In the long-wavelength regime where the free-
carrier absorption contributes mainly to the intra-band
transitions, the optical absorption increases with increas-
ing temperature. In the intermediate frequency regime,
the absorption near the absorption peak is stronger at
low temperature. For photon energies fuww > 35 meV,
the effect of temperature on the optical conductivity or
absorption is weak. However, the ratio of the optical con-
ductivities in different directions 6% (w)/o"%%" (w) be-
comes larger at higher temperatures, which implies that
anisotropic optical absorption can already be observed at
room temperature.

In Fig. 6, we plot the optical conductivities ¢ (w)
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FIG. 7: Optical conductivities (a) 6% (w) and (b) ¢ (w)
as a function of radiation photon energy hw at the fixed ellip-
ticity ratio n = 0.5, temperature 7' = 4.2 K| carriers densities
ne =1.0x10" ¢cm™? and nj = 5.0 x 10" ¢cm™? with different
band-gap parameters A = —20 meV (black curve), —10 meV
(red curve), 0 meV (blue curve), 10 meV (green curve), and
20 meV (orange curve), respectively.

and ¢99° (w) as a function of photon energy at the fixed
band-gap parameter, temperatures, ellipticity ratio, hole
density for different electron densities. With increasing
the electron density, the absorption edges in the opti-
cal conductivities or absorption spectra show a blue shift
and the absorption at high frequency is not affected by
the variation of the electron density. This phenomenon
is a result of the well known Pauli-blocking effect [40],
which indicates that electronic transitions can only oc-
cur from occupied states to empty states at low tempera-
tures. With increasing electron density, the Fermi energy
in conduction band increases. This can increase the ener-
gy separation between the occupied valence band states
and the empty conduction band states and, thus, result
in the blue shift in the optical absorption edge. Simi-
lar to conventional electronic devices, the carrier density
and chemical potential in a 2D SD system can also be
tuned, e.g., by applying a gate voltage. As can be see,
the absorption regime becomes narrow with increasing
electron density. Thus, a wider absorption spectrum can
be observed in lower-density samples.

In Fig. 7, we show the optical conductivities %" (w)
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FIG. 8: Optical conductivities 0" (w), 0™ (w) and their
ratios as a function of ellipticity angle ¢ (n = tan¢) at fixed
photon energy hw = 25 meV, temperature 7' = 4.2 K, band-
gap parameter A = —10 meV, carriers densities ne = 1.5 X
10° cm =2 and n, = 1.0 x 10° cm™2. The dashed curve is
the ratio of %" /g™,

and 0% (w) as a function of photon energy at the fixed
temperature, ellipticity ratio, carrier densities for differ-
ent band-gap parameters. With changing the band gap
parameter, the strength and the position of the optical
absorption in infrared and THz regime can be effective-
ly tuned in the presence of an elliptically polarized light
field. From Eq. (2), we know that the 2D SD system
has a band-gap when A > 0. At the fixed carrier con-
centrations, the absorption edge in Fig. 7 exhibits a blue
shift for larger band-gap parameter. For a negative band-
gap parameter A < 0, the 2D SD system is gapless and
presents unique two nodal points in the energy spectrum
[11, 15]. The absorption edge is also blue shifted with de-
creasing A. It has been shown that there exists a widely
tunable band gap in few-layer black phosphorus dope-
d with potassium using an in situ surface doping tech-
nique [31] or by the induction of strain [41]. Using such
band-gap engineering approaches [31, 42], the anisotropic
optical absorption can be effectively tuned in the infrared
and THz bandwidths.

In Fig. 8, we plot the optical conductivities ¢ and
099" along different directions and their ratio as a func-
tion of the ellipticity angle ¢ at the fixed radiation photon
energy hw = 25 meV, temperature, band-gap parameter,
and carriers densities. The sinusoidal and the cosinu-
soidal like behaviors appear for respectively o™ and
099 when varying the ellipticity angle ¢ from 0 to 27.
The strongest optical absorption of ™" can be seen with
the ellipticity angles at 7/2 and 37/2 and the strongest
absorption along the perpendicular direction can be ob-
served with the ellipticity angles at 0 and 27. There exist-
s a phase displacement of 7/2 when the sample is rotated
with 90° at a certain ellipticity angle. The strongest ef-

fect in the anisotropy in the optical conductivities o,
and oy}, can be achieved at the ellipticity angles ¢ = /2
and 3w/2. We expect that such an interesting feature in
the ellipticity dependence of the optical absorption in a
2D SD system can be observed experimentally through
conventional infrared or THz transmission measurement
with elliptical polarizers.

In this study, we considered a 2D SD system with a
device setting placed in directions perpendicular to each
other. Hereby, the anisotropic and tunable optical ab-
sorption can be achieved by tuning the ellipticity ratio
of the polarized radiation light. As we know, a large d-
ifference in optical absorption can also be transformed
into electrical signals. As a result, 2D SD systems can be
used in infrared and THz optoelectronic devices. More-
over, we find that the effect of temperature, carrier densi-
ty and band-gap parameter can also modify significantly
the optical and optoelectronic properties of the 2D SD
system. Due to the unique anisotropic and tunable op-
tical conductivity, the 2D SD system can be promising
materials for applications in optics and optoelectronics
in infrared and THz bandwidths.

IV. CONCLUSIONS

In this paper, we presented a detailed theoretical study
on the anisotropic and tunable optical conductivity of 2D
SD systems in the presence of elliptically polarized light
irradiation. By considering the electron-photon interac-
tion using Fermi’s gold rule, the optical conductivity was
evaluated using the energy balance equation approach de-
rived from the semi-classical Boltzmann equation. The
effects of the ellipticity ratio of the polarized radiation
field, temperature, carrier density, and band-gap param-
eter on the optical conductivity was examined theoreti-
cally. The main conclusions we have obtained from this
study are summarized as follows.

2D SD systems exhibit anisotropic optical conductivi-
ty or optical absorption within the bandwidth from THz
to infrared in different geometrical directions. This inter-
esting phenomenon is induced by the anisotropy of the
electronic band structure of the system. In the presence
of elliptically polarized radiation field, the optical absorp-
tion can be effectively tuned by the ellipticity ratio and
the ratio of the optical conductivities along the longi-
tudinal and vertical directions o"*"(w) /o™ (w), which
increases with increasing ellipticity ratio of the polarized
radiation fields. Therefore, by changing the ellipticity ra-
tio, the optical signals can be effectively detected through
a device setting based on the 2D SD materials. The ratio
of 09 (w)/0™%%"(w) increases with temperature, which
indicates that this effect can be very likely observed even
at room temperature. With increasing the carrier den-
sity, the optical absorption edge is blue shifted, which is
caused by the Pauli-blocking effects [40]. Using band-gap
engineering [31, 42], the band structure of the 2D SD sys-
tem can be turned by changing the band-gap parameter



resulting in a tuning of the optical absorption in infrared
and THz bandwidths.

From our theoretical results, we have found that the
optical and optoelectronic properties of the 2D SD sys-
tems can be effectively tuned by the ellipticity ratio,
temperature, carrier density, and band-gap parameter.
The 2D semi-Dirac systems can therefore be applied as
tunable optical and optoelectronic materials to be used
for the realization of such devices as optical modulators,
switches, polarizers etc., which are active in the infrared
to THz bandwidths. Moreover, It has been shown that
2D SD electronic systems can be obtained in material-
s such as multilayer (TiOs2).,,/(VO3), heterostructures
[3, 4], a-(BEDT-TTF)5I5 [9, 10], few-layer black phos-
phorus [27, 30], silicene oxide [43], etc. By controlling the
ellipticity of THz or infrared polarized radiation with el-
liptical polarizers, the elliptically dependence optical con-
ductivity in this study can be measured through the tech-
niques such as Fourier transform infrared (FTIR) spec-
troscopy and THz TDS measurement [44-47]. Since the

2D SD materials mentioned above are usually predicted
theoretically. It is worth mentioning that our theoret-
ical results would also be helpful for detecting the 2D
SD electrons in these materials. We hope that our the-
oretical predictions can be verified experimentally in the
near.
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