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Based on the transmission coefficient of tunneling electrons, we have presented tunneling current
and conductivity across a square-potential barrier for both graphene and «-73 lattices under a
linearly-polarized off-resonant dressing field. The presence of such a dressing field introduces an
anisotropy factor in the energy dispersion of tunneling electrons so that the cross section of a
Dirac-cone appears as elliptical. Consequently, the field-polarization controlled major axis of the
ellipse will be misaligned with the normal direction of a barrier layer in the tunneling system,
which exhibits an asymmetric Klein-paradox for an off-normal-direction tunneling. The resulting
tunneling current in this system is calculated by using a transmission coefficient and a longitudinal
group velocity (different from a longitudinal momentum) of electrons. By presenting numerically
calculated tunneling conductivity modified by a laser dressing field, we demonstrate a significant
enhancement of electrical conductivity by external laser-field intensity, which is expected to be
crucial in application of ultrafast optical modulation of opto-electronic devices for photo-detection
and fiber-optic communication.

I. INTRODUCTION

The a— T3 model represents an innovative and unusual type of Dirac materials in which their atomic structure leads
to a pseudospin-1 Dirac-Weyl model Hamiltonian for electrons and an additional energy band which is completely
flat and symmetric with respect to the valence and conduction bands corresponding to the upper and lower parts of
the Dirac cone in graphene. [1-5] This type of energy bandstructure results in a variety of truly unique and previously
unknown electronic, [6] topological, [7] collective, [8, 9] optical [10, 11] and magnetic properties [12-16] of o — T3
model.

The atomic composition of an « — 73 lattice consists of a regular graphene-like honeycomb lattice with additional
fermionic atoms at the center of each hexagon, which are referred to as hub atoms in contrast to the rim atoms located
at each of six hexagonal vertices. Here, the ratio between the hub-rim and rim-rim electron hopping coefficients
defines a parameter o with its limiting values @ = 0 for graphene and o = 1 for a dice lattice [17, 18]. One of the
first realizations of a crystal lattice with a non-dispersive flat energy band in derivations of the bandstructure dates
back to nearly a decade ago[19, 20]. At the present time, there has already been copious and convincing evidence for
experimental confirmation and successful-fabrication efforts in producing different types of o — 73 materials, in which
the most well-known cases include a three-layer structure of SrTiO3/SrIrO5/SrTiO3 lattices with a cubic crystal
symmetry, [4] Lieb and Kagome lattices with additional atoms at the edges[21-26], and a number of other planar
materials [27-29] as well.

On the other hand, Floquet engineering [30-33] appears as a crucial tool for the modification of principal electronic
properties of a planar structure [34, 35] or the surface states in a three-dimensional material [36-39] by employing an
off-resonance dressing field with its frequency substantially higher than the characteristic energies of a system, such as
the Fermi energy. Encouraged by rapid technological advancements in intense lasers and microwave field sources, lots
of new field-induced phenomena in recently discovered low-dimensional structures, especially Dirac materials, have
been demonstrated both theoretically and experimentally. [40, 41] Physically, a strong off-resonance field applied to a
two-dimensional material enables the appearance of so-called dressed states, i.e., a quantum-mechanically composite
involving both irradiated electrons and the applied field. Such a quantum composite acquires tunable electronic
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properties controlled by the strength of an external laser field. [42] Moreover, the laser-dressing field can also induce
new or significantly modify existing fundamental quantum effects in the target system. [43-46]

The type as well as major dynamical properties of these dressed states are mainly manipulated by the polarization
of external dressing field, e.g., circular-polarized light is known for opening or varying an existing energy gap, [47-50]
while linearly-polarized field can induce an anisotropy [51] in optical response of irradiated materials. The theoretical
study of laser-induced anisotropy in opto-electronic properties of graphene and a dice lattice is the focus of current
research. Specifically, we will concentrate on the tunneling-transport properties of a system with light-induced tunable
anisotropy of its electronic states. [52, 53]

The electronic properties of highly anisotropic Dirac fermions was first predicted theoretically by using the first-
principles computations and then confirmed experimentally [54] based on angle-resolved photoemission spectroscopy of
epitaxial graphene modulated by an island superlattice, [55] a Bi-square net of SrMnBis, [56] an organic conductor, [57]
and a BsS honeycomb monolayer [58]. Such kind of materials has revealed unique features of an exceptional Dirac-
material family as long as engineering a local directional asymmetry [55] can be introduced into the system. Since
these materials with anisotropic dispersions are available and implemented within an electronic device, most of their
electronic and collective properties have been addressed thoroughly, including plasmons [59, 60] whose frequency
depends on the direction of wave vector, as well as angle-dependent screening and transport. [61-64] Meanwhile,
specific attention has also been put onto materials with a tilted Dirac cone and having either a zero or finite bandgap,
which exhibit a unique out-of-plane anisotropy [61, 65—68] and even include recently fabricated 8-Pmmn borophene
as well as single-element materials presenting two ionic sublattices. [69-74]

Historically, Klein paradox, a complete and unimpeded tunneling of incoming charged carriers through a square-
potential barrier with arbitrary height and width, has become one subject unique to all gapless Dirac cone materi-
als. [75] This phenomena is attributed to the relativistic type of graphene Hamiltonian and the existence of chirality in
its electronic wave functions. Interestingly, Klein tunneling was demonstrated extensively in graphene, a dice lattice
and all types of interpolating o — T3 even under a tilted potential barrier. [6, 76-79] Furthermore, Klein paradox is
found persisting for an anisotropic Dirac cone. However, in this case, it occurs only at a finite angle of incidence and
is referred to as an asymmetric Klein tunneling. [80, 81] Technically, however, various types of potential barriers, e.g.,
inhomogeneous and non-uniform spatial profiles of a potential and junctions, could be easily realized in graphene or a
nanoscale-width nanoribbon by introducing a spatially-distributed gate voltage. [82-84] As a part of graphene-based
optoelectronic device, [85-87] studying electron conductance through these different barrier arrangements, as well as
revealing involved physics mechanism for ballistic transport, [88-91] or trapped electronic states [92] are paramount
for quantitatively predicting the current level and characterizing the performance of an electric switch.

The remaining part of this paper is organized as follows. In Sec. II, we review some of important properties
of optically modulated Dirac electrons with tunable-elliptical energy dispersions of electrons irradiated by linearly-
polarized light, including the calculation of transmission of electrons and demonstrating the so-called asymmetric
Klein tunneling associated with a non-head-on electron incidence. Based on computed transmission results, we arrive
at an expression for the tunneling conductivity of electrons over a square potential barrier in Sec. III and provide
a detailed investigation on how this conductivity relies on the crucial material and external irradiation parameters,
e.g., the irradiation-induced anisotropy factor a,(Ag) in the energy dispersion of electrons and the misalignment angle
between the direction of light polarization and the normal direction of a barrier layer. These new features are not
known from previously considered cases for isotropic particles. The final conclusions are drawn in Sec. IV.

II. ASYMMETRIC KLEIN TUNNELING RESULTING FROM ELLIPTICAL DIRAC DISPERSIONS

The energy dispersion of electrons in a crystal usually appears spherical around a highly-symmetric valley such as
the I' point, within the first Brillouin zone. However, in the presence of strong laser-electron interaction, this energy
dispersion is modified and becomes anisotropic, e.g., an elliptical one with a long-axis parallel to the polarization
direction of an incident laser field. If the long-axis of the elliptical energy dispersion appears misaligned with the
normal direction of the square-barrier layer in a tunneling structure, we expect to find that the tunneling conductivity
will vary with this misalignment angle. Therefore, the first step for computing tunneling and conductivity in our system
is to derive anisotropic dressed states of electrons under a linearly-polarized dressing field and to full understand how
this anisotropy depends on the intensity of an applied optical field in different Dirac materials. Even though we only
consider in this paper graphene (o — 0) and a dice lattice (o« — 1) as two extreme limiting cases for the oo — T3 model,
it would be useful to present a comprehensive description for the induced anisotropy by a linearly-polarized dressing
field in all @ — 73 materials.

For a two-dimensional (2D) a — 73 material, the low-energy Hamiltonian takes the form



A 0 k™ cos¢ 0
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where the geometry phase ¢ = tan™! « is directly related to the relative hopping parameter «, and k7 = k7 + iky

are obtained from components of the electron wave vector k = {k,,k,}. Once an optical dressing field with a linear
polarization is applied, the components of k introduced in the Hamiltonian in Eq. (1) are modified according to a

canonical substitution, i.e. k; — k; — eAEL)(t), where the transient vector potential A(L)(t) of this linearly-polarized
light is given by

(L) )
AD(g) — j()gg i[ng] cos(wt) | (2)

with Ey representing the electric field amplitude, w is the frequency of light, and 8 stands for the polarization angle
of light made with the x axis. Moreover, in the presence of both the dressing field and an electrostatic finite-width
square barrier V(z) = Vo O(z) ©(Wp — ), the non-interacting Hamiltonian in Eq. (1) becomes

(6] 2,y) = —vr 8(9) - [ihV, + AP (1) + V() | 3)

where O(z) is the Heaviside step function, Vj; and Wp are barrier height and thickness respectively, V(1) =
{T0/0x, 0/0y}, and the two ¢-dependent matrices S(¢) = {Sz(¢), Sy (4)} are defined as

X 0 cosgp O
Sy(¢)=|cos¢p 0 sing | , (4)
0 sing O

R 0 —coso 0
Sy(¢p) =1 | cos¢p 0  —sing | . (5)
0 sin ¢ 0

Here, even if the potential V(x) only remains piecewise-constant, the translational symmetry of the system is still
maintained and, therefore, we can simplify our eigenvalue equation using {0/0x,0/dy} — i{ky,k,} and assuming
the wave function in the form of ¥(z,y) « e™*=e’v ¥  Consequently, the energy dispersions obtained from the
Hamiltonian in Eq. (3) for the dressed states keep the flat band £)=°(\g, k) = 0 under the dressing field, while two
anisotropic Dirac-cone dispersions are given by

g(;y::l:l()\m k) = ith\/k:?c + [aa(Xo) ky|? = £hork fo(Ox, Xo) , (6)

which appear as an ellipse in the (z,y)-plane. Here, the angular factor in Eq. (6) is calculated as

falbk, Ao) = cos® Oy + [JG(2X0) cos®(2¢) + J3F(Ao) sin®(26)] sin® by (7)

where Jy(z) stands for the zeroth-order Bessel function of the first kind. In addition, we know that, for fixed 6y, the
anisotropic factor f(0x, \g) in Eq. (7) depends on « or phase ¢ and it reaches a maximum for ¢ = 0 (graphene) but a
minimum for ¢ = /4 (dice lattice). In particular, the anisotropy employed in Eq. (6) takes the form

2
an(Ng) =1 — % [5+ 3cos(49)] , (8)

which is always less than one (isotropy with f, (0, A\o) = 1) if the irradiation intensity A\ oc E3 # 0 and reveals how
the strength of a dressing field modifies the interaction property of o — 73 materials. For example, we find from Eq. (8)
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a relatively larger anisotropy with ag(A\g) = 1 — A3 for graphene but a smaller anisotropy with a;(\o) = 1 — A\3/4 for
dice lattice.

The anisotropic dispersions €775 (Ao, k) = £hvp/k2 + [aa (o) ky]? = Lhvpk fo(fk, Ao) for electron dressed states
in the presence of a linearly-polarized off-resonant field is obtained using the Floquet-Magnus expansion technique.
Mathematically, it is a high-frequency perturbation expansion with respect to the interaction Hamiltonian in powers
of (1/hw), which works particularly well in the off-resonance limit hw > evpEy/w. Eventually, this allows for an
approximate solution whenever the exact diagonalization of an interaction matrix becomes impossible or at least it
greatly simplifies the calculation.

The dressed states, corresponding to linearly-polarized irradiation, was first presented for graphene in Ref. [53] and
for a dice lattice and o — T3 materials in Ref. [52]. The most important features in the obtained dispersions is their
anisotropy and the fact that they are totally independent of time. This is an exact result under the Floquet-Magnus
expansion, which is not based on any approximation.

The corresponding wave function for graphene was derived in Ref.[53]. Except for a general et/ factor, the
calculated wave function for a linearly-polarized light field acquires additional exp [£i)g sin(wt)] terms. However, it
is straightforward to show that the phase of the oscillations in these terms never changes substantially, and therefore
could be neglected. Consequently, the considered electromagnetic wave can be treated as a purely dressing field which
can be neither absorbed nor emitted by conduction electrons.

Our model for the electron dressed states is based on the off-resonant limit condition hwy > E7, i.e., the photon

energy is much larger than any characteristic energies of our material (both graphene and a dice lattice), and we use
perturbation theory to calculate the energy dispersions of these states. The off-resonant limit could be achieved solely
by the high frequency of the dressing field for a wide range of the light intensity. Moreover, we would like to indicate
that the multi-photon transitions considered in Ref. [93] is a clearly resonant phenomena which is incompatible with
our off-resonant field limit. Since the single-photon energy hwy of a dressing field is much larger than the Fermi energy
of electrons, the assumption that multiple photons with energy nhwy could participate in the process of creating dress
states becomes much less realistic. Furthermore, the condition Awy > F7}, for the off-resonant field limit is also the
mathematical condition for excluding the multi-photon contributions to the dressed states.

For measuring charge transport through potential barriers, a feasible experimental realization with a gated square
barrier has demonstrated strong evidence for Klein tunneling in a Dirac-cone material [94-96] (specifically, it was
done for graphene but could now be repeated for a dice lattice as well). In this experiment, the density inside the
top-gated region is set by both a back gate and top gate voltages without a substantial restriction on the doping
level of electrons. In the experimental setup, an array of tapered electrodes were mounted on the upper side of the
graphene sheet, while the interface side of the arrangement consists of several silicon-based substrates. Furthermore,
we should mention that the vertical electric field associated with a depletion gate for the potential barrier cannot
interfere with a horizontally-polarized light electric field for dressing electronic states. Therefore, the potential barrier
and off-resonant dressing field could be implemented completely independently from each other.

The dimensionless coupling parameter Ao = ¢o/fiw is directly related to the electron-photon interaction strength cg
which is given by ¢y = evpEp/w «~ 10722 J «~ 0.1—1meV, where hw is the energy of the incident photons, v = 10°m/s
is the Fermi velocity for all & — 73 materials including graphene as the limiting case when o — 0, and FEjy represents
the amplitude of an incident light field. This estimate based on the values for Zop = 1kW/cm? = 107 W/m? for the
light intensity, while the light frequency w = 27 f falls in the terahertz range f « 1012 — 10" Hz (or w « 1013 — 10
rad) pertaining to a realistic experimental setup. The corresponding electric-field amplitude is Ey = 10° V/m since
Ty = €ocEZ /2, where ¢y and ¢ are the permittivity and speed of light in vacuum. Therefore, it is clear that the
coupling parameter A\g will vary from 0.01 to almost 0.5. Meanwhile, the off-resonant limit can also be achieved
by assuming a high frequency w « 103 — 10'* rad for the dressing field rather than employing its intensity Zy so
that the requirement for low light intensity is no longer needed. Consequently, both Zy and w could still be varied
independently by up to one order of magnitude. All parameter values utilized in our plots are realistic and could be
accessed in an actual experiment. In fact, the predicted phenomena in our paper would still be valid qualitatively
even if the value of Ag is increased by five times.

Here, we would like to emphasize that our initial model for the dressed states of electrons is obtained within the
off-resonant limit in which the photon energy is actually much higher than any of the characteristic energies of the
material, such as the electronic Fermi energy. In contrast, resonant multi-photon states and transitions between them
are related to a nonlinearly driven oscillator with strong electron-photon coupling and photon-assisted tunneling taken
into account, as seen in Ref. [93].
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FIG. 1. (Color online) A horizontal (constant energy &) cut, as well as a vertical (constant wave-vector magnitude |k|) cut, of
anisotropic Dirac-cone dispersions for both electron and hole states (v = £1), which are represented by intersection curves of
the dispersion cones with either a horizontal plane or an upright cylinder. Panels (a)-(d) describe the situations with ax = 0.5
for a larger anisotropy, while plots (¢) and (f) correspond to ax = 0.8 for a smaller anisotropy. Here, the lower panels (b), (d),
(f) are zoom-in views for the energy range 0.2 < & /E% < 1.0 with Fermi energy E% for a host material.
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FIG. 2. (Color online) (a) The relationships between the electron wave vector k, spinor S7=*()\o, k) and group-velocity vector
VI (Mo, k), i.e., a visualization of Eq. (14), outside the barrier layer. (b) Determining the components of wave vector k within
the barrier layer, corresponding to a given energy & = E% required for calculating tunneling conductivity in Eq. (29).

Figure 1 displays both horizontal and vertical cuts of an anisotropic Dirac-cone in different energy scales.® As shown
in Fig. 1, the constant-energy or horizontal cut of the anisotropic Dirac-cone presented in Eq. (6) turns into an ellipse
with a shortened k, semi-axis. This ellipse is inscribed by a |k|-circle which includes all ky wave vector satisfying

1 A brief and informative description and a recipe for finding an intersection curve for two given surfaces using Wolfram Mathematica
similar to what was used here could be found in https://community.wolfram.com/groups/-/m/t/177994.



FIG. 3. (Color online) A schematic graph for determining the momentum of transmitted k£ and reflected k" electrons, as
well as the group-velocity vector ngl()\o, k) in the barrier region characterized by a barrier height V5. These quantities could
be computed by the known energy difference £ — Vp in the barrier region and the fact that the transverse electron momentum
k;, remains conserved in this system.

Eq. (6) and |kx| < |k|. The constant |k|-cut by an upright cylinder, on the other hand, appears as a much more
sophisticated three-dimensional curve which acquires its maximum values on the k, axis as 6y = 7/2.

Corresponding to energy dispersion in Eq. (6), the wave functions for the electron and hole states (i.e., conduction
and valence bands with v = +1) in a dice lattice (aw = 1) are given as

e—108" (T.k[ Xo)

_ 1
\Drl)liil(T’ Ao, k:) =7 \/5’7 ) (9)
o +i087 (mk [ Xo)

where the phase factor, as defined in Fig. 2, is calculated from

0L (r,k| Ao) = tan™"! K;’i@’) al(xo)} = tan~! [ra; (\o) tan 6y . (10)

Moreover, the wave function attributed to the flat band (v = 0) is

0105 (m:k| o) kw — a1 (Mo)ky

- 1
=07, Mo, k) = 0 = 0 : (11)
_e+i@(sl)(7',k|)\o) A *kx — iTal(Ao)ky
where k) = /k2 +a? (Ao)kZ represents a measure for the kinetic energy of incident particles.

We further see from Fig.3 that the wave vector k, the spinor vector S7(\g, k) and the group-velocity vector
V' . (Xo, k) are different and not aligned to each other in the existence of a finite anisotropy a;(Xg) # 1. Explicitly,
S7(Xo, k) and V', (Ao, k) are defined as

y _ Y ky

S7(No, k) = EEurRmINE [al(AO)ky} , (12)
N 1[0/0k, | - vp k.,

Vaou )= [ 3ok, | 4008 - Tt [aaoum, | "



Here, the spinor vector and its angle with the x-axis in Eq. (10) represent crucial components of the wave functions
presented in Egs. (9) and (11), while V', specifies the actual incidence direction of incoming particles and is used to
distinguish transmitted and reflected waves associated with the second interface of a barrier layer. From Egs. (12)
and (13), the angles of these two vectors relative to the z-axis are determined by

tan Og(Ng) = (:y> a1(Ao) = a1(Ao) tan by , (14)
tan Oy (o) = (Z’) a?(No) = a2 (No) tan by

which will be utilized in our hereafter computations.

As seen in Fig. 3, direction of the polarization for an imposed dressing field usually mismatches the normal direction
of a barrier layer in tunneling structures. As a result, it is reasonable to introduce two coordinate frames of reference
corresponding to these two directions, e.g., {z,y} for the & vector whereas {x’,y'} for the &’ vector. These two frames

can be related to each other by an in-plane rotation angle § with a rotation matrix R(ﬁ) given by

R(3) = {Cosﬂ Smﬂ} : (15)

sinf8 cosf

where ( is the polarization angle of light made with the & direction. From a physics perspective, what makes our
transmission problem unique and a lot more complicated results from the fact that both {z,y} and {z’,y'} frames are
required to define the wave function of electrons. First, components of incident-electron momenta outside the barrier
layer should be defined in the (z/,y’) frame with respect to the normal direction of a barrier layer, and meanswhile,
both spinor and group-velocity angles must be calculated in the (, y) frame within which the energy dispersions can be
determined by Eq. (6). Similarly, for electrons within the barrier layer, we also deal with both frames simultaneously

2 2
as we decide the electron momentum components based on £ —Vy = hv F\/ [kg)} + [al (Mo) kg(f)} in the (x, y)-frame,
and the conservation of transverse k; component in the (2’,y')-frame, as illustrated by Fig. 3.

Another intriguing feature for electron tunneling in a dice lattice with anisotropic dispersions comes from the
requirement of a new type of boundary conditions which are different from simply matching the components of a wave
function at two boundaries of a barrier region for graphene and isotropic dice lattice. [97] In our current system, the
new boundary conditions possess an additional k,/-related term due to an extra discontinuity at two boundaries of a
barrier layer in the (z’,y’)-frame and that the main Hamiltonian in Eq. (3) is defined in the (z,y)-frame. As a whole,
after a lengthy calculation, we find the resulting boundary conditions for a dice lattice are given by ¢q(—dz') = w2 (dz")
and

R (Ao, B) 1 (—0z") + R (X0, B) p3(—0a") = VT (o, B) ¢1(0a") + R (Ao, B) ¢3(02") , (16)

where @;(z) for j =1, 2, 3 represent three wave function components, and

RE(Ng, B) = Tcos B[1 £itai(No) tan 3] . (17)

It is known that a skew or non-symmetric type of Klein paradox is associated with a full transmission independent of
barrier height Vj, width Wx or the energy & of incoming particles. Such a phenomenon can be observed at a finite
incidence angle O}, # 0, in contrast with the conventional Klein paradox with 07, = 0. In this paper, however, we are
interested in investigating how this finite angle ©1, # 0 depends on parameters of our system setup, e.g., anisotropy
factor aj(\g) and light-polarization angle 8 made with a’-axis or the potential barrier normal direction.

Common Klein paradox could be observed only if the transverse component of electron momentum vanishes, or
equivalently kj = 0. Obviously, this condition could be met as #) = 0 or fx = 8 and k = {kcos 3, ksin 5}. In fact,

this critical incidence angle could be found from dT[Eqc, &~ (k), GS,) | Ao, 6]/8@8,) = 0, which gives rise to [98]

(18)
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Consequently, we immediately discern that for || < /2, the largest asymmetry of the Klein paradox is achieved if
Be = cot™1[ai(Ng)], yielding

[60)] = tan~t[a ()] — cot~far (No)] (19)

max

Therefore, the reach to [@S?} could be fulfilled by adjusting either anisotropy factor a; (Ag) or misalignment angle
5. max

Our calculated results for electron transmission in both graphene and dice lattice are presented in Figs.4, 5 and 6,

which clearly demonstrate asymmetric Klein paradox for a finite @$2 angle of electron incidence as the anisotropy
factor aj(Xo) # 1 and the misalignment angle 8 # 0 between the (z,y) and (2/,y’) frames. For the case of a dice
lattice, however, we need consider the energy &y of incoming particles separately in the ranges of & < Vy and & > Vj
so as to exclude the possibility for particle scattering into a zero-energy state in the barrier region with an infinite
degeneracy for its momentum. The observed transmission is generally larger for a dice lattice and very close to unity
for a wide range of incident angles, which is not the case for graphene with a series of separated distinguished peaks.
The dice lattice is also known for its “magic case”, i.e., a complete transmission for all angles of incidence if & = 2V}
is satisfied. The angular dependence of transmission is not symmetric with respect to @S,) = 0 if both 8 and a1 (\p)
are finite [see panel (d) of Figs.5 and 6]. In these cases, the Klein paradox line for full transmission is moved to

negative values for @g,) in accordance with Eq. (18).

III. SEQUENTIAL-TUNNELING CURRENT AND CONDUCTIVITY

Under a DC electric field Fq4. along the " direction for tunneling transport of electrons within monolayer graphene
(with o = 0), which includes a potential barrier distributed along the 2’ direction with a barrier width Wg and a
barrier height Vp, the sequential-tunneling sheet current Jg(Eq. | EF, Ao, 3) in this system is calculated as

S ’L)e = =
Ti(Fac) Br . 8) = S35 [ PR TIE77 0. 00 20, VI Qo)

x { fol€3 = (R)] = fol€3 ™ (k) + eEacWi]} (20)

where T[Eoﬂyzl(k:),G(\},) | Ao, B8], which is independent of Eq4. for a thin barrier layer, represents the coefficient for
sequential tunneling of electrons through the square-potential barrier, gs = 2 and g, = 2 are spin and valley de-
generacies of graphene sheet, and k is the wave vector of electrons within the 2D lattice. Additionally, fo(x) =
{1 +exp[(x — p)/kpT]} ! is the Fermi function for thermal-equilibrium electrons, y and T are the graphene chemical
potential and the system temperature, and the incident energy Sovzl(k) is below the Fermi energy of electrons in the
source electrode.

In current study, we calculate the conduction (dark) current of doped graphene or o — 75 materials under a weak
bias field Fy4. and a strong dressing field as well. In this way, a bias-independent conductance of this system can be
found within the linear-response regime. Meanwhile, we also know that the optical absorption in the same system can
occur and will further lead to a photo-current if hiwg > 2E%. However, such an induced electron-hole photo-current
becomes insignificant in comparison with the high conduction current resulted from doped electrons in the system,
and then can be neglected safely in our model. This implies that the conductance of system will not be changed by the
appearance of very small electron-hole photo-current. Physically, for graphene or oo — 73 materials, either a diffusion-
based (undoped p-n junction) or a sequential-tunneling-based (doped) photo-current can be generated and observed
experimentally if the thermally-excited electron-hole or doped-electron dark current is kept small enough. Refs. [99
and 100]

For a thin barrier with eEq.-Wg5 < Eovzl(k), we find from Eq. (20) that

0

f0[507=1(k)] - fO [SO’Y:l(k) + eEchVB] =elyWp —m

Fol€d ™ (B)]| 2 eEacWi (€5~ (k) — E],  (21)
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FIG. 4. (Color online) Angular plots for electron transmission 7 [£o, 6(\},) | Ao, B] as a function of incidence angle 99,) of incoming-
particle group-velocity vector in graphene and a dice lattice. Each panel corresponds to a different value of the anisotropy factor
aa(Xo) of irradiated dressed states as well as the misalignment angle 3 and other parameters, as labeled. The Klein paradox is
detected as full transmission is observed for different selected values of barrier height V5, incidence energy & and barrier width

Wg, eg. Vo/Er =3.0, &/Er = 1.0, 1.5 and k;?) Wg = 10.0, 15.0, 5.0 for black, red and blue curves, respectively, in panel (a).
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FIG. 5. (Color online) Density plots for T [&o, @32 | Ao, B] as functions of @S,) and & in a dice lattice. Each panel corresponds

to a specific value of a1(Ao) and , as labeled. Here k;}O)WB = 100.0 for all panels. The values of £/FEr are chosen above the
barrier height Vo /Er = 4.0 such that e-h (electron-to-hole) transition never occurs in the barrier layer.

where 507:1(19) = hwpy/k2 + ad(Xo)k2, Ef, stands for the Fermi energy of graphene layer at low temperatures kT <

E%, and vp is the Fermi velocity. In our computations of Eq. (20), we have used the following relations:

o] 2
/ko:/k’dk/de , (22)
0 0
)1 (1)
= " s 2
Oy = tan {a%(x\o) tan (@V + 5) (23)
-1
db = a3(No) {eos? (64) + ) [a3(ho) + tan? (60) + 8) |} ae)). (24)
Meanwhile, we also acquire
Vg /()\o,k) :| YUR [ km/ :| YVUF 3 kz
5" = > = R(=8) | .2 : (25)
[ VG,y’()‘O7 k) ki' + ag()\o) k12/’ ag(Ao) Ky k2 + a%()\o) k; ag(Ao) ky

or simply Vg;,l(/\o, k) = vp cos (@g,))

At a finite but low temperature (i.e., kgT < E7}), the negative derivative of the Fermi-Dirac distribution function
under a weak bias field F4. becomes
-1
"

Fol&g ™ (R)] = fol&G' ™" (k) + eBac W] ~

eEqWp 507:1(’“) - Er
T { +cos [ kT
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to a specific value of a1(X\o) and 8, as labeled. Here, The k&?)WB = 100.0 for all panels. The values of & /FEF are chosen below
the barrier height Vo /Er = 4.0 such that e-h transition always occurs in the barrier region.
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FIG. 7. (Color online) Tunneling conductivity os(Ef, Xo) for Ao = 0 in the units of oo = 2e?/h for isotropic graphene electronic
states in the absence of a dressing field as a function of incoming-particle energy & = E% in the units of Er. Panel (a)
is plotted for three different values of barrier height V4 and the fixed barrier width k}O)WB = 12.0, while panel (b) displays
os(Ex, o) for three different values of W, as labeled, for fixed Vy and Wg.

where its low-temperature asymptotic delta-function representation gives rise to a peak with an “energy width” kgT
around 507:1(16) = E7. Consequently, the above result could be replaced by any other J-function representation,
e.g., a Gaussian-type function. As a result, we immediately conclude that the temperature-induced broadening of our
k—integral in Eq. (20) will be on the order of O(kgT/E}) < 1. On the other hand, for estimate of the temperature-
induced modification of our calculated tunneling conductance, we would indicate that there exist two competing
factors, i.e. monotonic dependence of 6y on the temperature-independent group velocity angle @8,) and a decrease of
electron occupations around the Fermi energy E} due to the presence of an elliptical cross-section.

For the quantities, proportional to the Fermi energy E7,, such as the polarization function, the largest temperature-
induced effect comes from the decrease of the chemical potential p(7") due to u(T') # E%. In fact, the Boltzmann
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anisotropic factor ao(Xo) in panel (b) and a function of misalignment angle 8 in panels (d) and (f). Inset (i1) in panel (a)
displays the difference of tunneling conductivities with 8 = 30° and 8 = 0.

conductivity of graphene remains nearly independent of the temperature for unscreened electrons, but shows a steady
decrease as a function of temperature if the screening is included. [101] Our study in this paper corresponds to

the former case. Furthermore, we should emphasize that both the transmission 7[&y, st) | Ao] and group velocity

V' (Ao, k) do not exhibit a monotonic dependence on wave number k or the particle energy Eovzl(k), as can be
verified from Figs.5 and 6. Therefore, the averaging over a broadened k-range will not lead to significant changes of
the calculated conductance or its dependence on temperature.

Finally, the optically-modulated sheet conductivity o4(E}, Ao, 5) of the system is given by

oo 2m
Js(Edc | Efy Ao, w -
oy o, p) = L B 200 L SB[ [aneTier= ,04) 2o,
¢ 0 0
<V O k) 17 () — 7] o7

In Eq. (27), the delta function 6[£,~" (k) — Er]| for the anisotropic dispersions £~ (k) = hvgk fo(f) with fo(6) =
\/1 —[1 = a2(No)] sin?(6) and ag(Ng) < 1 could be written as

olE7 " (k) — Ej] = {aak &7 (k) - | } 31k 5 ()] = s Ok = k()] (28)

where k5(0k) = E/[hwr fo(fk)] is the Ox-dependent Fermi momentum for an elliptical Dirac-cone dispersion. By
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FIG. 9. (Color online) os(E}, Ao, 8) in the units of o9 = 2e?/h for dice-lattice anisotropic dressed electron states. On the
panels (a)-(d) and (f), os(E%, Ao, B) is plotted as a function of & = E% in the units of Er, as a function of a1 (o) in panel (e)
and as a function of 8 in panels (g) and (h). Here, for & = E% dependence in isotropic os(Ex| Ao = 0), we separate the cases

for & > Vo and & < Vp in the barrier region.

using the result in Eq. (28) and considering a forward incidence of particles with |@$/)| < m/2, the conductivity in

Eq. (27) can be calculated explicitly as
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where & :1(k) = E} represents the kinetic energy of tunneling electrons at the Fermi level of graphene.

The only effect of finite temperature in our model is that we cannot use the J-function approximation for the
0/0E, =" (k)-derivative of the Fermi-Dirac distribution function. For a thin barrier with eEq. W5 < £~ " (k), where

£y (k) = hup /K2 + a3(No)k2, we find

_ _ 0 _
Fol€d ™ (k)] = fol€) 7" (k) + eEacWi] ~ eEac Wi B fol€ ™" (k)]
0&) " (k)
-2
1 £ (k) — B}, &'~ (k) — B -
= 1 _ & E v — E%].
Pl T + exp " T # eEaWp &) (k) 7] (30)
o) 2m
For this case, neither of the two integrals [ dkk [ dfy can be eliminated by the delta function and both of them are

0 0
retained in the final equation for the current. However, all the calculated quantities and their dependence on finite

but low temperatures kpl' < Ej remain qualitatively the same as the zero-temperature case. Even for elevated
temperatures, we still expect to find two competing factors, i.e. monotonic dependence of i on the temperature-
independent group velocity angle 6)(\},) and a decrease of electron occupations around the Fermi energy E}. due to
the presence of an elliptical cross-section although the exact numerical value will vary. Also, the obtained tunneling
conductivity will not be directly related to the density-of-states ps(E) in Eq. (31) below.

Finalizing our calculations, we also obtain the density-of-states for asymmetric Dirac-cone electrons in graphene,
as well as the dependence of their Fermi energy E7 on the electron density n [102]. In general, the density-of-states
ps(E) is defined as

2
ps®) = [ 55 3 X SE-E0) (3)

y=%1 ¢,0=+1

where o and ¢ refer to the spin and valley indices. As an example, we will only consider electron states with

v = 1, while the situation for hole states with v = —1 will be exactly symmetric. Meanwhile, there exist valley and
spin degeneracies so that Y. = 4. Moreover, Eq. (31) looks identical to a part of the integrand in Eq. (29) for
E,o=%1

conductivity, therefore, we can easily rewrite Eq. (31) as

21
E 1+ tan? 6y
EY=C\E= —— [ df 32
ps(E) Ao (mhop)? 0/ k L—i—a%()\o)taHQHk ’ (32)

which is still proportional to energy E although its coefficient depends on the anisotropy factor ag(Ag) < 1, and is
reduced with increasing light intensity, in correspondence with the increase of tunneling current due to the anisotropic
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dispersion. Furthermore, the Fermi energy Er of the system is calculated as E} = (2n./Cy,)'/? which reduces to a
standard expression E}. = hvp /7n. after taking ag(Ao) = 1.

Figures 8 and 9 demonstrate the electron tunneling conductance os(Ef, Ao, §) of irradiated graphene and a dice
lattice for different values of dressing-field intensity (o< Ag) and misalignment angles § in comparison with non-
irradiated materials displayed in Fig.7. The calculated results for os(E}, Ao, 8) in Figs.8 and 9 are scaled with
oo = 2¢*/h = 7.75 x 107> S, while the incoming-particle energy is scaled by the electron Fermi energy Ef = hk}h =
hy/7ng = 100 meV, corresponding to doping density ng = 10'°—10'? cm~2 or Fermi wave number k}, = 105—107 cm ™.
Meanwhile, the familiar V —shape dependence of o5(E}, Ao, 5) on the incident energy & shows up even under a dressing
field. However, its correction Aog(E%, Ao, ) resulted from irradiation is limited by Ao, < oy.

The tunneling conductivity os(Ef, Ag) for the standard case of isotropic dispersions (Ag = 0) and symmetric Klein
paradox (@8,) = 0) is shown in Fig. 7. As it is well known, os(E%, Ag) reproduces a familiar V-shape dependence for

& = Ej., where the transmission 7 [&, ol | Ao] is equal to zero for all non-zero @(\},) angles of incidence and reaches
its minimal values at & = Vj, where the electron momentum in the barrier region is zero so that the particle still
remains. However, the Klein paradox is still observed for the head-on collision. Similar & dependence in o5(Ef, Ao, 3)

is found for anisotropic dispersions with a finite angle 3, as seen in Fig. 8, which is also reflected in T [y, @8, | Ao, ]
It is very interesting to find that the S dependence of o4(E}, Ao, 8) in Figs.8(d) and 8(f) is weak, periodic and
non-monotonic so that it plays no substantial role in os(E}, Ao, 8). The fluctuations around a fixed value in Figs. 8(d)

and 8(f) result from the fact that sub-resonances with kP W = nr with integer n [103] can equally contribute to
tunneling current and the change of 5 corresponds to a rotation of these “transmission petals”. In fact, as presented in

Eq. (27), 05(E%, Ao, 8) is a convolution of T [&, 99,) | Mo, B] with cos [@8,)} , which certainly relies on the misalignment
angle (.

It is also crucial that o4(Ex, Ao, 3) exhibits a stable decrease with increasing anisotropy factor an(Xg), namely,
0s(E%, Mo, 8) will reach its minimal value for the isotropic case with a,(Ao) = 1 and demonstrate a steady growth
with enhanced eccentricity e, (Ag) = \/m of the electron dispersions. Therefore, the presence of an optical
dressing field is enabled to enhance the tunneling conductivity of electrons with increasing field intensity, which
demonstrates an attractive device application. This property remains true for both graphene and dice lattices, as can
be verified from Fig.9(e), and could be explained by a similar dependence of density-of-states in Eq. (32) as well as
the dependence of E} on n. in Eq. (32) for an(Ao) < 1. As illustrated in the right panel of Fig. 3, the actual value of
a transverse wave number k, will be changed by the inclusion of anisotropy.

Mathematically, the dependence of o4(E7%, Ag, 5) on the light-induced anisotropy factor as(Ag) can be quantified

by two competing factors, i.e., a reduced dependence of fx on the group velocity angle @8,) in Eq. (23) and a slight
decrease of density-of-states pg(E) included in Eq. (29) due to the interchange of k—integration defined in Eq. (24).
On the other hand, the Fermi energy E7, is considerably reduced for an anisotropic Dirac cone under a fixed electron
density n., and therefore, it should be regarded as a key parameter in our computations. Moreover, as a,(Ag) = 1,
the isotropic o4(E}| Ao = 0) also displays a steady enhancement for a wider barrier width Wp mainly due to a bigger
voltage drop across the barrier layer, as seen in Eq. (29). Furthermore, the tunneling current in a dice lattice reveals
qualitatively the same feature as in graphene by comparing Fig. 8 with Fig. 9, but the actual values of o5(E%, [Ag = 0)
are quite different due to an enhanced transmission coefficient for a dice lattice compared to that of graphene, as
can be seen in Fig. 4 and from Ref. [104]. Meanwhile, we find additional saturation of current increasing as & = E7},
becomes lower than a critical value, as found from Figs.9(a) and 9(c), due to unique features in the transmission
coefficient of a dice lattice.

IV. SUMMARY AND REMARKS

The effort of our work has been directed towards carrying out a rigorous investigation of the tunneling conductance
and the currents through a square potential barrier in graphene and a dice lattice in the presence of irradiation-induced
anisotropy of the electronic states and, specifically, their energy dispersions. In order to do that, we have derived an
analytical expression for the conductivity as a function of all the crucial tuning parameters: an incoming electron
energy &, angle of incidence @S/) , anisotropy a,(Ao) and misalignment angle 3 between the directions of the light
polarization and the direct incidence on the potential barrier.

For a finite angle /3, the direction of motion of an incoming particle is determined by its group velocity ‘_/g(/\o, k)

and its angle @3,) relative to the normal incidence on the potential barrier, which is also used to distinguish the
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transmitted and reflected waves in the barrier region, but not the wavevector angle 6. In our case, however, both
these angles enter the equations for conductance simultaneously, which brings in some new unexpected relations and
physical behavior.

We have found that the tunneling conductance has only non-essential and periodic dependence on the misalignment
angle 8. Its dependence on anisotropy consists of two terms with competing effects: a monotonically increasing trend
coming from the mismatch between angles @S/) and 6, and a separate decreasing dependence which exactly reflects
the way how the density of states for such anisotropic Dirac electrons is related to their Fermi energy.

The external optical dressing field could modify the sequential-tunneling current of electrons with the help of polar-
ization angle 5 and light-interaction strength Ag. In addition to the applied Eq., the sequential tunneling of electrons
can also be enhanced by the Fermi energy Fr in two electrodes and the barrier width Wg. A strong dependence of
the tunneling conductance and the current on the electron doping and its fine-tuning by the applied irradiation leads
to a possibility to engineer an electronic device with desirable characteristics. Therefore, our work is expected to be
an important step in understanding the radiation-modulated properties and behavior of such optoelectronic devices.
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