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We investigate the electron retroreflection and the Klein tunneling across a graphene-based n—p—n junction irradiated
by linearly polarized off-resonant light with the polarization along the x direction. The linearly polarized off-resonant
light modifies the band structure of graphene, which leads to the anisotropy of band structure. By adjusting the linearly
polarized light and the direction of n—p—n junction simultaneously, the electron retroreflection appears and the anomalous
Klein tunneling, the perfect transmission at a nonzero incident angle regardless of the width and height of potential barrier,
happens, which arises from the fact that the light-induced anisotropic band structure changes the relation of wavevector and
velocity of electron. Our finding provides an alternative and flexible method to modulate electron retroreflection and Klein

tunneling.
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1. Introduction

Graphene, experimentally prepared by Novoselov and
Geim in 2004,
widely due to its peculiar physical properties and potential

has attracted considerable attention

applications.>~15 In the real space, graphene is a carbon atom-
based two-dimensional hexagonal honeycomb lattice. Simi-
larly, in the momentum space, graphene has the same hexag-
onal honeycomb structure with two degenerate and inequiva-
lent high symmetry points K and K’ at the corners of the first
Brillouin zone. In the low energy approximation, its Hamil-
tonian near the high symmetry points was described by the
massless Dirac equation.”! By applying external fields such
as electric field, magnetic field, light, and temperature gradi-
ent, a lot of fantastic properties were found in graphene such
as half-integer quantum Hall effect,!¥ Klein tunneling,* and
topological phase transition.[?!!12:15] Recently, the supercon-
ductivity was predicted in twisted bilayer graphene in theory
and was observed in experiment.[10-16-18]

In the isotropic system, only electron specular reflection
happens at the interface of junction because of the same direc-
tion of transverse wave vector and velocity component along
the interface. In the anisotropic system, the anisotropic band
structure will lead to the opposite directions of transverse wave
vector and velocity component along the interface, which
makes electron retroreflection possible. Electron retroreflec-
tion was first reported in the AB-stacked graphene bilayer-
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based superconducting junction!!®! and then was studied in a
twisted graphene bilayer-based superconducting junction. 2]
We also gave some discussion in an 8-Pmmn borophene-based
n—p-n junction.?!!" Although the electron retroreflection was
investigated in the systems mentioned above, it is difficult to
realize the superconducting interface in graphene and 8-Pmmn
borophene in experiment. In addition, electron retroreflection
can not be tuned by external fields in the above-mentioned
systems. Thus, it is an urgent duty to find a mature and exter-
nal field-controlled system in experiment for realizing electron
retroreflection. In this paper, using the Floquet theory,?>~27]
we show that the electron retroreflection can be realized in
a graphene-based n—p—n junction irradiated by linearly polar-
ized off-resonant light.

Besides the discussion about the electron retroreflection,
we study the Klein tunneling in a graphene-based n—p—n junc-
tion irradiated by the linearly polarized off-resonant light.
In the region of high energy physics, there is a novel phe-
nomenon that is a perfect tunneling phenomenon of a rel-
ativistic electron at the normal incidence regardless of the

width and height of potential barriers. This exotic tunnel-

28291 However, in high energy

ing is called Klein tunneling.!
physics, it is difficult to test Klein tunneling in experiment
due to the high energy of the relativistic electron. Fortunately,
in 2006, a graphene-based n—p—n junction was designed by
Katsnelson to test this unique tunneling phenomenon. ! Af-

ter that, Klein tunneling in graphene was discussed widely in
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both theory and experiment.3%-33] Interestingly, the anoma-
lous Klein tunneling, i.e., the perfect tunneling with non-
normal incidence of electron, was described in the black phos-
phorus superlattices-based n—p—n junction, 3! the Dirac—Weyl
fermion systems with tilted energy dispersion,” and the 8-
Pmmn borophene-based p-n and n—p-n junctions.>!38 Al-
though the anomalous Klein tunneling has been investigated

in these systems,?!,36-38

I the realization of these systems in
experiment needs to be explored further in comparison with
graphene. Naturally, there appears a question how to modu-
late the anomalous Klein tunneling in graphene by the external
field continuously.

In general, the angle of Klein tunneling in graphene is
zero due to the isotropic band structure. The nonzero an-
gle of Klein tunneling happens in black phosphorus, Dirac—
Weyl fermion systems with tilted energy dispersion, and 8-
Pmmn borophene because of the anisotropic band structure.
Therefore, if we find an external field-induced anisotropic
band structure in graphene, we will solve the above question.
Fortunately, we find that the linearly polarized off-resonant
light meets our expectation. In fact, graphene, modulated
by circularly polarized off-resonant light, has been studied

(12.23.39-411 However, the circularly polarized light-

extensively.
induced gap can damage the Klein tunneling, which does not
meet our expectation. The paper is organized as follows. We
firstly give the model and basic formalism. Then, the nu-
merical results and theoretical analysis are presented and dis-

cussed. Finally, the main results of this work are summarized.

Fig. 1. Top view of the proposed experimental setup for transport mea-
surements. The direction of n—p—n junction irradiated by the linearly
polarized off-resonant light is characterized by 6.

2. Models and methods

We consider a graphene-based n—p—n junction shown in
Fig. 1. The Hamiltonian of n—p—n junction without irradiated
light is

Hy = hvp(k,0x + ky0,) +V 0p. (D

Here vg = 10° m/s, Oy,y and op represent the Pauli matrix and
unit matrix, respectively, and V = V@ (x")O(d — x’) with the
Heaviside step function ®, the electric potential in the middle

region of n—p—n junction, can be adjusted by doping or gate
voltage. When the linearly polarized off-resonant light with
the vector potential A = (A,,0) (i.e., the direction of the po-
larization along the x direction) is irradiated in the graphene-
based n—p-n junction, through the canonical substitution, the
wave vector ky, in Eq. (1) is rewritten as k, — k, — eA,/h.
Here A, = %cos ot with the electric field intensity Ey and
the frequency of light . Then the Hamiltonian of the light-
irradiated junction is modified as Hy, = Hy + Hjy; wWith Hiy =

—VpGeA, = 0e!® + Ofe 19" with 0 = 0F = — 3% By
using the Floquet theory,[?>%7 the effective Hamiltonian is
written as

1 ~ A 1 ~ ~
H" ~ Hy+ —[0,0"| + ——{[[0,Ho), 0] +H.c.}. (2)

ho 2(ho)?

By a simple derivation, the effective Hamiltonian above is
rewritten as

H" ~ hvplk,o, + (1 — 7)ky0,] +V 0p. 3)
Here y = (V)E;EZO )2, which comes from the contribution of the

linearly polarized off-resonant light.
The energy dispersion of the effective Hamiltonian is

Ex =V £/ (k)2 + (5T )2, @

where + (—) denotes conduction (valence) band and v&ff =

(1 —y)ve. According to the schematic diagram in Fig. 1, the
relations between the wave vector components in coordinate
systems x—y and x'—y’ are

{kx:kx/cose—ky/sine, )

ky = kyrsin@ +kyrcos 6.

Then, in coordinate system x’—y’, the wavefunctions in left,
right, and middle regions are written as

% = Wi+rvlli’
lH\/I = all/llvl +b‘I’1§47
Yk = 1yg, (©6)

where r (¢) is the reflection (transmission) coefficient in the
left (right) region and a (b) is the incidence (reflection) coef-
ficient in the middle region. By solving the equation Hegy =
€y, the incident, reflected, and transmitted wavefunctions in
each region are given as follows:

i | hVFk)ig(r>+ihV%ffk§,(r) T j(ki_(/r)x/+k./yl)
"I/L - ’ € € ! ’

o oer
i(r) (1 h"Fq;f(r)+1h"%ff‘1;’(r>> RICMEET Y

Ym = e—W
Avekt +imeTRNT o
l’/}tz: <1’ Fry - F y) el(k;,x +kyl) )7 (7)

where € is the incident energy of electron, T represents the
i(r,t)

transformation of matrix, the values of k,”” and ky/ meet

X
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€ = E, while the values of qi<r’t>

N and ky/ meet € = E_, and
k;(r7t>, kiy(r’t)

s q;(r), and q;,(r) can be calculated by Eq. (5). Then,
according to the continuity of wavefunction, the wavefunc-
tions at the interface of n—p—n junction meet

and the corresponding transmission coefficient is written as

(Mi - Mr)(Ni - Nr)

" N M) — ot
where
ek + i
i(r) = s ,
Ny = fveg ™) + it ' (10)

e—W

The transmission probability across the n—p—n junction is writ-
ten as T =t*t. Before the discussion about Klein tunneling, we
discus the physical properties of the polarized light. In Floquet
theory, the energy of light Zw is required that its value is much
larger than the hopping integral of graphene (about 2.3 eV).
We choose i = 12 eV, which is about six times larger than
the hopping integral. For the convenience of calculation in the
following, we set v € [0,0.9] and then the value of the electric
field intensity Eq of light varies from 0 to 2.08 x 10'! V/m.

3. Results and discussion
3.1. Electron retroreflection

In the coordinate x'—y’ system, the velocity components
of incident (reflected) electron are defined as

de  vplkycos O+ (1—17)%k,sin )]

T pak ’
x K2+ (1—7)%k2

iy = hglf _ —Vrlkesin® — (1 —7)%ky cos 9]. an
Y K2+ (1—7)%k2

We consider the incident energy in the conduction band in all
the calculations in this paper, so the incident energy € = E
in Eq. (11). The incident (reflected) angle of electron is de-
fined as @y;) = arctan(u () /uyjr)). When the transverse
wave vector ks, and the incident energy € are given, it is
easy to obtain the longitudinal wave vector of incident (re-
flected) electron by solving Eq. (4). Then the incident angle-
dependent reflected angle is plotted in Fig. 2 with 6 =0, %,
Z,and 7 in the different optical parameters y. In Fig. 2(a)
with 6 = 0, there is only electron specular reflection (SR)
regardless of the value of y. According to the conversa-
tion of transverse wave vector ky/, we can obtain the inci-
dent angle ¢; = arctan(k,/ (1 — ¥)?/k,;) and the reflected an-

gle ¢ = arctan(k, (1 — )% /k,/,) easily. By solving Eq. (4), it

is easy to obtain k,;; = —k,/, SO @ = — @, which is consis-
tent with the result in Fig. 2(a). With the change of direction
of junction, as shown in Figs. 2(b) and 2(c), electron retrore-
flection (RR) happens and the proportion of RR increases as
optical parameter y increases. In Fig. 2(d) with 6 = 7, it is
easy to obtain the incident angle ¢; = arctan(ky/ / [k, (1—7)?])
and the reflected angle @ = arctan(ky//[k,;(1 — ¥)?]). In the
same way, we obtain k,; = —k,. by solving Eq. (4), and then
¢; = — ¢, which is consistent with the result in Fig. 2(d).

90— — —
sof \_® TN
50l SR RR W RR
C 0=0 SPC\\\\\ \ 0:7r/4
§~ 0 ‘\\\\ \\
—30] I Mo~
A ~
—60[ RR SR 11 IRRE T
—90 79 RR L
90 -=-0.3 :
solDN\_(¢) —-== 06 ] (d)
ol VNN 0.9 RR] SR RR
o o 1
~ 0 '[‘\SR\ 0=m/3 0=m/2
S- \ \ N SR
=301 4\ SN 1t
—60¢ ‘Ef{\'\‘::-‘:‘:‘t ~_ {[RR SR
E— 0 60 —60 0 60
@i (°) @i (°)

Fig. 2. (a)-(d) Incident angle-dependent reflected angle with the param-
eters Vp = 0.3 eV, € =0.05 eV, and d = 80 nm in the different directions
of n—p—n junction with different values of optical parameter 7.

3.2. Anomalous Klein tunneling

In the coordinate x'—y’ system, the effective Hamiltonian
described by Eq. (3) is rewritten as

Hqg = h(Sxkx/ + Syky/) +Voy, (12)
where S = vpoycos 6+ o, sin@ and Sy, = —vpo,sin 6 +

vfffoy cos@. The velocity operator along the x’ direction is

A

fy = #[x’ ,Hetf]) = Sy. Its time evolution is given by the
Heisenberg equation of motion:

lyr, Heft] = 2vpvi ok . (13)

>

=

7l
When ky/ =0, we have zix/ = 0, which means that the velocity
along x’ is conserved and the perfect transmission (T = 1, i.e.,
Klein tunneling) happens. In the isotropic system, the incident
angle of electron is defined as arctan(k, /k,/), which indicates
that the incident angle must be zero when Klein tunneling hap-
pens. However, in our anisotropic system, the incident angle
is defined as ¢; = arctan(u,; /u,/;). Obviously, we can easily
obtain the incident angle of electron from Eq. (11) when Klein
tunneling happens

0 (12
kysin® — (1 —7y) kycose). (14)

. — t _
@ = arctan ( kycos 0 + (1 —7y)%kysin O

From Eq. (14), we can give a conclusion that the Klein
tunneling happens at zero incident angle when 6 = 0 (§) or

047301-3
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Y = 0 by a simple derivation, which is verified in Figs. 3(a)-
3(d) by numerical calculations. We also give the incident
angle-dependent transmission probability in the case of the
different values of 8 and 7 in Figs. 3(a)-3(d). The nonzero
incident angles of Klein tunneling are labeled in Fig. 3 by nu-
merical calculations, which are consistent with the analytic
expression (14). In fact, there are other angles for 7 =1 in
Fig. 3, which arises from the resonant tunneling of electron.
These resonant angles are sensitive to the incident energy &€,
the direction of junction 6, the width of potential barrier d, the
height of potential barrier Vj, and the optical parameter 7.

1.0
0.8F
0.6f
0.4f
0.2f

ol

1.0 Heyirersx | dh
0.8}

)

1

0.6 At
~ /7 \
0.4r1 ik

0.2} .

EmsmSo o

@i (°)
Fig. 3. (a)-(d) Incident angle-dependent transmission probability with

the parameters Vp = 0.3 eV, € = 0.05 eV, and d = 80 nm in the different
directions of n—p—n junction and optical parameters .

0
~ —0=0
—10f s ———-f=m/4 1
~ ---0=7/3
—20t .
—~ No. T 0=m/2
— =30 AT 1
& < T
—40F+ N \\\\ 4
\\ ~— ]
—50L S~o 4
—60 A
0 0.3 0.6 0.9
¥

Fig. 4. The optical parameter y-dependent incident angle of Klein tun-
neling in the different directions of n—p—n junction. The other parame-
ters are the same as those in Fig. 2.

In Fig. 4, the optical parameter y-dependent incident an-
gle of Klein tunneling is plotted in the different directions of
junction. In the regime of & =0 and 6 = %, the incident
angle of Klein tunneling keeps zero regardless of the varia-
tion of y, which can be tested by Eq. (14) clearly. In the
regime of & = £ and 6 = %, the absolute value of incident
angle of Klein tunneling increases as 7y increases. The maxi-
mal value of incident angle of Klein tunneling can reach about
—60°. In order to understand 6 and y-dependent incident an-

gle of Klein tunneling comprehensively, the contour graph of

the two-parameter-dependent incident angle of Klein tunnel-
ing is plotted in Fig. 5. The incident angle of Klein tunneling
increases as these two parameters increase and the maximal
value can reach around —80°. In experiment, graphene-based
n—p-n junction was constructed to test Klein tunneling.3*4?!
The circularly polarized off-resonant light was used to induce
anomalous Hall effect in graphene experimentally.!'*] There-
fore, if the circularly polarized off-resonant light in Ref. [14]
is changed with the linearly polarized off-resonant light, com-
bined with the means of preparing graphene-based n—p-n
junction in Refs. [34,42], the anomalous Klein tunneling in
our work will be tested in experiment.

0.9

0.6

0.3

0 /6 /3 /2
[%

Fig. 5. The contour graph of the direction of n—p—n junction 6 and opti-
cal parameter y-dependent incident angle of Klein tunneling. The other
parameters are the same as those in Fig. 2.

4. Conclusion

In summary, we have investigated the electron retroreflec-
tion and the Klein tunneling in a graphene-based n—p—n junc-
tion irradiated by the linearly polarized off-resonant light with
the direction of polarization along the x direction. The electron
retroreflection and the anomalous Klein tunneling can be real-
ized by adjusting the direction of junction and light due to the
linearly polarized off-resonant light-induced anisotropic band
structure of graphene. The light-modulated Klein tunneling
surpasses the traditional view that there exists the appearance
of Klein tunneling at one specific angle in a definite device.
Our work gives an alternative and flexible method to modulate
electron retroreflection and Klein tunneling.
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