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We calculate the optical conductivity of an anisotropic two-dimensional system with Rashba spin-flip excitation
within the Kubo formalism. We show that the anisotropic Rashba effect caused by an external field significantly
changes the magnitude of the spin splitting. Furthermore, we obtain an analytical expression for the longitudinal
optical conductivity associated with interband transitions as a function of the frequency for arbitrary polarization
angle. We find that the diagonal components of the optical conductivity tensor are direction dependent and
the optical absorption spectrum exhibits a strongly anisotropic absorption window. The height and width of
this absorption window are very sensitive to the anisotropy of the system. While the height of absorption peak
increases with increasing effective mass anisotropy ratio, the peak intensity is larger when the light polarization is
along the armchair direction. Moreover, the absorption peak width becomes broader as the density-of-states mass
or Rashba interaction is enhanced. These features in the optical absorption spectrum can be used to determine

parameters relevant for spintronics.
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I. INTRODUCTION

Phosphorene, a monolayer of black phosphorus (BP), with
puckered structure has attracted considerable attention because
of the unique physical properties associated with its anisotropic
band structure [1-6]. BP is a layered material in which each
layer forms a puckered surface due to sp* hybridization.
In its bulk crystalline form, BP is a semiconductor with a
direct band gap of 0.3 eV which reaches up to 2 eV in the
monolayer structure [7,8]. Phosphorenelike materials, group
IV-VI compounds, resemble in many respects, for instance, in-
plane anisotropy, orthorhombic lattice, and puckered layered
structure [9-11]. Similar to phosphorene and as a consequence
of their orthorhombic structure, transport, optoelectronic, and
spintronic properties of these materials are highly anisotropic
[12,13].

Nowadays, spin-orbit coupling interaction is a field of
great interest owing to potential applications in spintronic
phenomena and electric manipulation of spins [14-20]. This
interaction shows up when crystalline lattices lack a center
of inversion symmetry (the Dresselhaus type [21]) or there
is a structural asymmetry in the interface/surface region of
quantum wells (the Rashba type [22]). In two-dimensional
(2D) materials, when inversion symmetry is broken by an
applied transverse electric field or a substrate, spin degeneracy
is lifted due to the Rashba effect [23-26]. Therefore, transitions
between spin-split states results in a nonzero value for the
optical conductivity in the presence of an alternating electric
field. The absorption part of the optical conductivity can
be used in order to probe the spin-split energy levels. Like
the unique anisotropic properties of excitons in phosphorene
[27], the spintronic parameters such as the Rashba coupling
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strength, electron density, and also spin polarization in the 2D
materials can be measured optically [28-34].

Recently, Xiao et al. [31] studied the optical conductivity
of MoS, in the presence of spin-orbit coupling and found that
the Rashba spin-orbit parameter can change the absorption
peak or absorption window in the optical spectrum. In contrast
to the isotropic band structure of MoS,, the anisotropic band
structure in phosphorene results in a highly anisotropic Rashba
splitting [35,36]; hence, the strength of spin splitting depends
on the direction of wave vector, as well as its magnitude
[36]. The anisotropic Rashba spin-orbit interaction in 2D
electron or hole gas systems due to the k-cubic Rashba
spin-orbit interaction gives rise to different features in the
optical conductivity, anisotropic spin susceptibility, and also
distinctive behavior of the spin Hall conductivity [37,38].
Another anisotropic behavior of the spin splitting appears
for the interplay between both Rashba and Dresselhaus spin-
orbit coupling in a 2D electron gas. It has been shown that
the anisotropic dynamical optical conductivity can be used
as a powerful tool to probe and manipulate the coupling
strengths and set out the range of frequency where the optical
conductivity is essentially nonzero [34,39].

In this paper, we use the k-linear Rashba Hamiltonian for
anisotropic 2D materials, such as phosphorene and group-IV
monochalcogenides, which have been predicted to exhibit
an anisotropic energy band [10,12,40,41]. Based upon the
Kubo formalism, we obtain an analytical expression for the
longitudinal optical conductivity with arbitrary polarization
angles, including interband transitions. In contrast to isotropic
systems, the longitudinal optical conductivity depends not only
on the Rashba parameter, but most importantly also on the
effective mass anisotropy. The most significant contribution
to the optical absorption occurs when the polarization of light
is along the armchair direction (the direction with a smaller
effective mass). We find that the extrinsic spin-orbit coupling
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due to the broken inversion symmetry is strongly anisotropic,
which has an impact on the optical response of 2D electron
systems. The level splitting caused by the anisotropic Rashba
effect gives rise to an optical response with a direction-
dependent absorption peak. The width of the absorption
window strongly depends on both the polarization direction
and the effective mass ratio. The latter can be considered as
an additional degree of freedom to tune the height and width
of this absorption peak. High carrier mobility or increased
electric field shifts the position of the absorptive peak to
higher frequencies, which can be adjusted appropriately. Our
calculations of the optical conductivity with Rashba spin-orbit
coupling are compared with measurements of infrared spectra
on BP thin films for different polarizations [41]. Moreover,
these values compare favorably with the optical conductivity
of MoS,, a typical 2D material with nonpuckered structure, in
the presence of Rashba interaction at low temperature in the
infrared to terahertz (THz) spectral range [31]. We predict that
single- and few-layer BP similar to some other 2D materials
(e.g., MoS,) have a great potential for infrared optoelectronics.
Whereas phosphorene is a good example of a 2D anisotropic
system, our formalism is also applicable to other 2D puckered
materials.

Our paper is organized as follows. In Sec. II, we describe
the basic Hamiltonian used in this work in the presence of
anisotropic Rashba effect and develop a general formalism
applicable for anisotropic 2D materials. We obtain in Sec. IIl an
analytical expression for the optical conductivity due to spin-
flip transitions. We present our numerical results and provide
a discussion of our findings. The highlights of this work are
summarized in Sec. IV.

II. PARABOLOIDAL ENERGY BAND WITH
ANISOTROPIC RASHBA EFFECT

We study the low-energy dispersion and optical conduc-
tivity of a 2D system with paraboloidal energy band in the
presence of Rashba spin-orbit coupling. We assume that the
2D system is a puckered honeycomb lattice where the x and y
axes are taken to be along its armchair and zigzag directions,
respectively. The Hamiltonian for such a system including the
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extrinsic Rashba term is given by
H = Hy + Hx. (1

Here, Hj is the k - p free-electron Hamiltonian whose low-
energy spectrum for an anisotropic 2D system is obtained

as [42]
LIy
Hy=—|—+—]6d0, 2)

where m, and m, are the electron effective masses along the x
and y directions, respectively, and &y is a 2 x 2 unitary matrix.
The Rashba anisotropic Hamiltonian, which has been recently
introduced for phosphorene [36], can be rewritten as

A L N mg,
Hg = —aR( —k G, — —kyo,C). 3)
\ m, V m,

Here, ay is the Rashba coefficient, my = ,/m m, is the
density-of-states mass, and 6, and &, are the Pauli matrices.

Upon diagonalizing the total Hamiltonian, one obtains two

branches of the energy spectrum:

B2 R (6

Erk) = RO | anon, @)

where A refers to the electron spin in the upper (+) or lower

(—) branch, and 6 denotes the angle of the wave vector with

respect to the x axis. R(6), the orientation parameter, is defined

as [43]
-2
sin 9)7 5)

my my

cos? 6

R(9) = (

and ok is the anisotropic Rashba coefficient, given by

aR(0) = agy/myR(). (6)

To illustrate the effect of Rashba spin-orbit coupling on the
anisotropic band structure, we plot the energy dispersion of
the Rashba spin-split branches and energy spacing (the energy
difference between the spin-up and spin-down branches) along
the two main crystallographic directions in Fig. 1. Due to
the Rashba interaction, the energy dispersion deviates from
a parabola for each spin branch. Moreover, the anisotropic
characteristic of the spin-split branches as a result of different
effective masses along the armchair (x) and zigzag (y)
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FIG. 1. Energy dispersion (a) along the x direction (6 = 0) and (b) along the y direction (6 = 7 /2) with m, = mgy, m, = 4m,, and
ar = 10 meV A. (c) Spin splitting along the x and y directions for several values of g with m, = mg and m, = 4m,. The inset figure is a top
view of an anisotropic monolayer with the x and y axes being the armchair and zigzag directions, respectively.
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FIG. 2. (a) Energy dispersion and (b) spin splitting along the x (armchair) direction for a few values of agz with m, = 4mg and m, = my.

directions is clearly observed. Also, it can be seen from
Fig. 1(c) that the energy is direction dependent and, as
expected, along the armchair direction with smaller effective
mass, the spin splitting is stronger. It is known that the Rashba
spin-orbit interaction can be tuned by an external electric field,
so we show the energy dispersion and energy spacing along
the armchair (x) direction for different Rashba parameters
in Figs. 2(a) and 2(b). We find that the dispersion relation
of a 2D material with anisotropic band structure can be
well tuned by the directional effective masses as well as the
Rashba coefficient. Besides, there is a uniform enhancement
of the energy spacing with increasing Rashba parameter due
to the linear momentum dependence of the spin-splitting
interaction.

III. OPTICAL CONDUCTIVITY

In a spin-orbit coupled system, the optical conductivity due
to the transitions between different spin states is an important
quantity. We calculate this property using the Kubo linear
response formalism for a 2D system with anisotropic parabolic
energy band in the presence of Rashba interaction. Assuming
a spatially homogeneous electric field, the Kubo formula for
conductivity which starts from the current-current correlation
function is given by [22,44]

ine?
0ij(q,1) = ——3j;
mw

oo
+$/0 e“([Ji(q,1),J;(q.0Ddt, (D)
where indices i and j stand for the two Cartesian coordinates
x,y, n is the electron density, ® = w + in (n — 0%), and Ji =
ef); is the current density operator with d; = i~'d H /9k; being
the electron velocity operator. In this paper, we concentrate on
the absorptive part of the optical conductivity which is the real
part of this complex quantity [45]. In the optical limit g — O,
the dynamical optical conductivity can be obtained as follows:

;2
ie ,
Oij(w)z—w § § Vi (kK A,0")
on KK

« FUE ) = fUEX (K)
EMK) — E*(K) + hi(w + in)’

®)

where ¥;;(k,k’,A,1) is defined as
Vi (KK AL) = (KD [K'2) > (K'A[D;]kA). &)

The electron velocity operators for two spin-split branches
in the x and y directions are given as

1 [k
9, = _< Y60+ ag /ﬂkyax) (10)
R\ m, my

Before calculating the eigenstates of the system, |kA), we
introduce a new 2D wave vector p = (py, py), which is defined
as k= M/my; p with M being the mass tensor whose
diagonal elements are m, and m, [46]. Now, we can rewrite
the free electron and Rashba parts of the total Hamiltonian as
follows:

. 52]72
Hy = 60, (1)
Zmd
Hr = —ar(p x 2)- 6, (12)

where & = 6,1 + 6);f. Thus, the two spin-split eigenstates can

be identified as
6‘ip~r 1
|p)"> = _( Py—ipx )7 (13)
VA

withr = (x,y) being a 2D real-space position vector. Also, the
expressions for the velocity operators can be written in terms
of p:

h
by = —=(p<60 — PrG,),
A/ Mmyntg ?
h
b, = ——(p,6 5.), 14
v, W(p)oo + pr6yx) (14)

where pr = agmy/ K2 is the effective Rashba wave vector. It
has been shown that the spin-conserving intraband transitions
give rise to low-frequency absorption, whereas the spin-flip
transitions result in a wide absorption peak [31,34]. We focus
on the optical conductivity due to the interband spin-flip
excitations. As ordinary 2D electron gas systems [34], it
can be shown that the off-diagonal elements of the optical
conductivity (transverse or Hall conductivity) are zero in the
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absence of a magnetic field, i.e., o, = 0. By making use of
Egs. (13) and (14), one can calculate the diagonal elements of
the  tensor as

2
vii(p.pir.n) =

[P3(1 + A1) + pi(1 4 A cos 2¢)
2mjmg

+2prp;cos d(l + A1) [Spp, (15)

where ¢ = tan~!(py/py). Accordingly, the nonequal diago-
nal components of optical conductivity (longitudinal optical
conductivity) due to spin-flip transitions are obtained as

_ ie?h’pg pdpd¢
03 @) = 5 | gy~ e0520)
0¢ — _ £0
X[ SUEP)—f (E+(p)? +(E<—>E+)]
E=(p) — E*(p) + h(w +in)
(16)

After performing the p integral, the following expression is
obtained for o;; at zero temperature:

ie’m? FBoRO)A(w)]
W) = — 1
i) == ol [ @) | {17
with A(w) defined as
A(w)=1n|:(a)—w_+l:n)(a)+w++l:r})_, (18)
(0 +o-tin(w— oy +in) |

where w4 are the threshold frequency modes induced by the
interbranch electronic transition:

Z(X;pi
Wy = ——— = 19
«/de(G)h ( )

Here, pf = pr F pr are the Fermi wave vectors for the

two spin branches with pr = +2nm — p%. A schematic
diagram for the optical transitions is shown in Fig. 3. The

_..'_‘ '
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FIG. 3. Scheme of transitions between spin branches. The
arrows correspond to the transitions with threshold frequencies of
Qarpy)/h.
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FIG. 4. Real part of longitudinal optical conductivity as a function
of excitation frequency: (a) for all 8, and (b) for& =0and 6 = 7/2,
with 7 = 1 x 10'> cm~2. Here we set ag = 10 meV A, m, = 4my,
and m, = m,.

arrows correspond to the vertical transitions between two spin
branches in the optical limit (g — 0).

The longitudinal optical conductivity along an arbitrary
polarization direction 6 is given by [47]

0 (®,0) = 0y, 08”0 + oy, sin® . (20)

By inserting Eqgs. (17) and (18) in the above equation, we
obtain

o(w,0) =

ie*ma(as(0))? BPoRO)A(w)
- - [1 R ] Q1)
2nwh 8(as(0))

In Fig. 4(a), we illustrate the calculated real part of the
anisotropic conductivity for arbitrary direction of polarization
vector as a function of radiation frequency, o, at a fixed electron
density n = 1 x 103 cm~2 and for g = 10 meV A my =
4mg, and m, = my. As expected, the optical conductivity has
its maximum value at & = 0, i.e., along the armchair direction
of the 2D layer. The significantly smaller effective mass for
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the & = O direction suggests that the charge carriers prefer
to flow along this direction. In addition, Fig. 4(b) shows the
absorption part of the optical conductivity for the two main
crystallographic directions, & = 0 and 6 = m /2. The fact that
the anisotropy ratio of the optical conductivity is equal to the
inverse of the mass anisotropy ratio, i.e., o,y (®)/0. (@) =
my/m,y, is clearly observed in this figure. Furthermore, as a
consequence of the energy conservation law under vertical
transitions (¢ — 0) between spin branches (see Fig. 3), the
absorption part of the longitudinal optical conductivity at
T = 0 has a step-function-like variation with the frequency,
i.e., a nonzero value for a range of frequencies which is
given by

2ar)?

R®O)
As is evident from Fig. 4, the absorption is in the THz region
for the set of parameters used here.

We have already mentioned above that the optical con-
ductivity exhibits a strong dependence on the effective mass
anisotropy. The variation of the real part of o,, with the
effective mass along the x and y directions is shown in Fig. 5.
One may notice that the mass asymmetry not only alters the

maximum value of the optical conductivity but also changes
the width of the peak. According to this figure, the peak height

(22)

w_ — Wy

of o, (w) increases by decreasing the effective mass along the
radiation polarization direction or increasing the effective mass
along the direction perpendicular to the radiation polarization.
In other words, a higher peak intensity is achieved as a
consequence of the effective mass anisotropy ratio (m,/m;,)
enhancement. Moreover, the absorption window of the real part
of longitudinal optical conductivity is extended by increasing
the density-of-states mass (m,).

The effect of Rashba coupling strength on the absorption
part of o (w) is shown in Fig. 6(a). The absorption peak width
is broadened and the onset frequency of the absorptive peak
moves towards a higher value when the Rashba parameter
increases [28]. The Rashba parameters chosen here are
comparable to the as-obtained values for phosphorene and
group-IV monochalcogenides from density functional theory
calculations [35,36]. For large values of ag, a stronger spin
splitting occurs, which in turn shifts the absorption part of
the optical conductivity from the THz to infrared frequencies.
These features for the spin-flip absorption peak are similar to
that of the conventional 2D electron gas system and MoS;
[31]. We observe that the measurements of infrared spectra
on BP thin films for different polarizations [41] are in good
agreement with our results for the absorption part of the optical
conductivity at the high values of Rashba parameter and carrier
density, especially across the technologically relevant THz to
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midinfrared spectrum [47]. We also depict the variation of
the optical absorption with the electron density, in Fig. 6(b),
for fixed g = 10 meV A and effective masses my = 4mg
and m, = mgy. One of the important characteristics of this
figure is that while the value of the peak height remains almost
unchanged by increasing electron density, the absorption peak
moves toward higher frequencies as a result of the Pauli
blockade effect [48-50].

IV. CONCLUSIONS

In summary, we have studied the energy spectrum and
optical response of an anisotropic 2D electron gas system in
the presence of Rashba spin-orbit interaction. Based on the
Kubo formalism, we calculated the optical conductivity tensor
considering the Rashba spin-flip excitations. We found that the
effective mass anisotropy plays an important role in the optical
absorption spectrum through the direction-dependent Rashba

spin splitting. As a general result, the diagonal components
of the optical conductivity tensor are inversely proportional to
the corresponding effective mass elements. Furthermore, the
effective mass asymmetry is an additional degree of freedom
to tune the height and width of the absorption peak. This
introduces aspects to the optical conductivity for spintronic
applications of 2D anisotropic materials such as phosphorene
and group-I'V monochalcogenides. We also showed that larger
optical absorption is generated when the polarization of
radiation is along the armchair direction and its maximal value
is enhanced by increasing the effective mass ratio. However,
the width of the absorption window has a strong dependence
on both the polarization direction and the effective mass
ratio. Finally, the position of the absorptive peak moves to
higher frequencies with increasing the Rashba parameter and
electron density. Our results suggest an interesting way to
determine some of the spintronic characteristics of a class
of 2D nanostructures, with anisotropic Rashba effect, using
optical methods.
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