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We present a semiclassical analysis of Dirac electron tunnelling in a graphene monolayer with mass gap
through a smooth potential barrier in the ballistic regime. This 1D scattering problem is formulated in
terms of a transfer matrix and treated in the WKB approximation. For a skew electron incidence this WKB
approximation deals, in general, with four turning points. Between the first and the second, and the third
and the fourth, turning points two tunnelling domains are observed. Scattering through a smooth barrier in
graphene resembles scattering through a double barrier for the 1D Schrédinger operator, i.e. a Fabry-Perot
resonator. The main results of the paper are WKB formulas for the entries of the barrier transfer matrix
which explain the mechanism of total transmission through the barrier in a graphene monolayer with mass
gap for some resonance values of energy of a skew incident electron. Moreover, we show the existence of
modes localized within the barrier and exponentially decaying away from it and its behaviour depending on
mass gap. There are two sets of energy eigenlevels, complex with small imaginary part and real, determined
by a Bohr-Sommerfeld quantization condition, above and below the cut-off energy. It is shown that total
transmission through the barrier takes place when the energy of the incident electron coincides with the
real part of one of the complex energy eigenlevels. These facts were confirmed by numerical simulations
performed using the finite element method (COMSOL).

Keywords: Graphene monolayer with mass gap, high-energy eigenstates, semiclassical approximation, gen-
eralized Bohr-Sommerfeld quantization condition.

1. Introduction

In this paper we study 2D electron transport in a graphene monolayer with mass
gap with a smooth potential barrier. The general description of graphene electron transport
may be found in the following reviews and publications [1-9]. Theory and experiments
on electron transport in graphene and the related phenomenon of Klein tunnelling were
described in many reviews and papers, for example, in [3], [10], [11], [12], [13], [14], [15].
It is worth mentioning the papers [16], [17], where analysis of electron-holes conductance
oscillation in transport through barriers in graphene nano-ribbons was presented similar to
2D electron gas transport in semiconductors ( [18], [19], [20]).

Graphene, a sheet of single carbon atom honeycomb lattice, is well-known for its
unique electron ballistic transport properties. It is regarded as an ideal medium for many
applications such as graphene-based electronic devices [1]. However, graphene is a zero-
bandgap semiconductor and exhibits semimetallic behaviour. Without bandgap opening it
cannot be applied directly to semiconductors devices such as field-effect transistors which
cannot operate in the absence of a bandgap in the material [21]. Thus, creating tunable
bandgap gives an opportunity of enormous applications of graphene in digital electronics. In
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the quest of creating the tunable bandgap, several physical and chemical approaches have
been proposed and implemented successfully. This privides the motivation to study electron
ballistic transport in graphene in the presence of a tunable bandgap. Generating the tunable
bandgap for graphene in studies of electron ballistic transport means an appearance of a mass
term in the Dirac system describing electron-hole quasi particle transport dynamics.

In the paper we present a semiclassical analysis of Dirac electron-hole tunnelling
in a graphene monolayer with mass gap through a smooth barrier representing electrostatic
potential in the ballistic regime. This 1D scattering problem is formulated in terms of transfer
matrix and treated in the WKB (adiabatic) approximation for the Dirac system. For a skew
electron incidence this WKB approximation deals with four turning points x;, i = 1,2, 3, 4.
For this scattering problem we assume that incident electron energy belongs to the middle
part of the segment [0, Up], where Uy is the height of the barrier. Thus, between x; and
Zo, and x3 and x4 we observe two tunnelling strips of total internal reflection similar to the
well-known case in electromagnetic optics where the solution exponentially decay and grow.
Between the asymptotically small neighbourhoods of z;, i = 1,2,3,4 (boundary layers),
we have five domains with WKB type asymptotic solutions, three domains with oscillatory
behaviour and two with exponentially decaying and growing asymptotics. A gluing procedure
between these five solutions is based on the matched asymptotic techniques (see [22], [23])
applied to so-called effective Schrodinger equation that is equivalent to the initial Dirac
system (see [24], [25]). This gluing procedure leads to WKB formulas for the entries of
the barrier transfer matrix that give all the transmission and reflection coefficients in this
scattering problems.

It is worth mentioning that the scattering through a smooth barrier in graphene
resembles scattering through a double barrier for 1D Schrodinger operator, i.e. a 1D Fabry-
Perot resonator. From the point of view of physics of graphene, for positive energies close
to one-half of the potential height Uy > 0 we observe incident, reflected and transmitted
electronic states outside the barrier, whereas under the barrier we have a hole state (n-
p-n junction). For negative energies close to one-half of the potential height Uy < 0 we
observe incident, reflected and transmitted hole states outside the barrier, whereas under
the barrier we have electronic states (p-n-p junction). It was Silvestrov and Efetov [17] who
first demonstrated that in graphene a single parabolic barrier is similar to the double barrier
potential well in GaAs/AlGaAs. They have shown that for the Dirac chiral relativistic
electrons or holes there exist quasibound states. Parts of the left and right slopes of the
parabolic potential barrier are acting like tunnelling barriers.

It is important to note that there is a strong difference between rectangular and
smooth potential barriers. The presence of stable bound states for a rectangular barrier was
first demonstrated by Pereira et al [26]. However in this case the double barrier structure
does not arise and therefore the bound states are associated with a trapping into a potential
well. Here we show that similar bound states can exist in a more generic situation when there
is a single 1D smooth potential barrier formed in a graphene monolayer by some external
electrostatic potential.

The main results of the paper are WKB formulas for the entries of the barrier transfer
matrix which explain the mechanism of total transmission through an arbitrary smooth
barrier in a graphene monolayer with mass gap for some resonance values of the energy of
a skew incident electron. Crucially we show the existence of modes localized within the
barrier and exponentially decaying away from it. There are two sets of energy eigenlevels,
complex (quasibound states with small imaginary part i.e. long lifetime) and real (bound
states), determined by a Bohr-Sommerfeld quantization condition, above and below the
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cut-off energy, respectively. This differs from previous results. It is shown that the total
transmission through the barrier takes place when the energy of an incident electron, which
is above the cut-off energy, coincides with the real part of a complex energy eigenlevel of
the first set of modes localized within the barrier. These facts were confirmed by numerical
simulations for the reflection and transmission coefficients performed using the finite element
method (COMSOL).

It is worth noting that the Dirac electron scattering by an arbitrary smooth barrier
in a graphene monolayer but with zero mass gap in semiclassical approximation was briefly
described in [27] stating only the main results. Here we present a more detailed general
semiclassical analysis of Dirac electron tunnelling in a graphene monolayer with mass gap
through a smooth potential barrier in the ballistic regime.

The paper is organized as follows. First, in section 2, we give a general details of the
WKB description of tunnelling through a smooth barrier in a graphene monolayer with mass
gap. In the next section we discuss WKB asymptotic solutions for the Dirac system with
mass gap. In section, a 4 WKB asymptotic solution uniform with respect to p, for tunnelling
through a smooth steps, left and right, is constructed. Building the total barrier transfer
matrix is described in section 5. Analysis of quasi-bound and real bound states localized
within the barrier is given in section 6. The results of numerical analysis are presented in
section 7.

2. Tunnelling through a smooth barrier in graphene monolayer with mass gap

The procedure for deriving a theory describing elementary electronic properties of
single layer graphene (see, for example, [9] and [4], section 2) works for electrons whose
energy is close to Fermi level when their momenta are close to the Dirac points K and K’
of the Brillouin zone. It uses the representation in the tight-binding 2D lattice Hamilton-
ian and expanding the operators up to a linear order with respect to momentum within a
neighbourhood of the Dirac points, and thus, leading to the effective Hamiltonian with Dirac
operator in the first approximation.

Consider a scattering problem for the Dirac operator describing an electron-hole in
the presence of a scalar potential representing a smooth localized barrier with the height
Up > 0 (see Fig.1) The problem can be described by the following 2D Dirac system (see, for
example, [4])

h
or(o - 29) + moban + UGN = B, w0 = (4 ). )
where x = (z,y). Here u,v are the components of the spinor wave function describing

electron density distribution localized on sites of sublattice A or B of the honeycomb graphene
structure (see [9]), vp is the Fermi velocity, m = const is the electron effective mass, h is the
Planck constant, and ¢ = (0, 0,) with Pauli matrices

(01 (0 —i (1 0
=\10) %" \i 0) %27 \o -1)"

If we assume that the potential representing the smooth barrier does not depend on
y, i.e. U =U(x), then we can look for a solution in the form
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Fic. 1. The three energy zones, shown in green - 1, pink - 2 and yellow - 3
colours are associated with the diverse character of scattering and localization
for potential behaviour. The schematic shape of the two barrier potential
for 1D Schrodinger, which is equivalent to the smooth potential barrier in
graphene presented in the Fig.1(a) when the energy of quasi-particles belongs
to 1 and 2 zones, i.e. —p, < E < Uy — p,.

where p, means value of the transverse momentum component describing the angle of inci-
dence. Then, we obtain the Dirac system of two first order ODEs

U(z) — E4+mvi  vp|—ihd, — ip,) u) (0 @)
vp|—ihd, +ip,] U(z) — E — mv¥ v ) 0 )"
We assume that the potential U(z) has just one maximum and vanishes exponentially as

x — to00. Thus, U(x) is being localized within a strip directed along Y axis.
It is more convenient to use the dimensionless system

(ool v ) ()=(3). o

with the dimensionless rescaled variables that we shall be using below, that is, /D — =z
with D being a characteristic length scale for the external potential, £/Ey — E with Ey
being a characteristic energy scale. Then, we have vpp,/Ey — p,, and U(xz/D)/Ey — U(z).
Then the mass term is given by

2

v = MoE _ const > 0. (4)
Eo
The WKB solution may be constructed if the dimensionless parameter
h— FLUF
EyD

is small (h < 1). Typical values of Ey and D are in the ranges 10-100 meV and 100-500
nm. For example, for Fy = 100meV, D = 66 nm, we have h = 0.1.

Let p, = /p; +7* > 0. In Fig. 1(a), 3 zones are shown that illustrate different
scattering regimes for the smooth barrier scattering problem. These zones are exactly the
same as for the rectangular barrier with the height U,. Below zone 1, F' < —p,, we have
total transmission and exponentially small reflection, asymptotic solutions are of oscillatory
type everywhere. In zone 1 (green), —p, < E < p, (E = +£p, are the cut-off energy values),
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there is no propagation outside the barrier, however there are oscillatory solutions within the
barrier. In the zone 2 (pink), p, < E < Uy — p,, there are oscillatory solutions outside and
within the barrier (zone of resonance tunnelling). In zone 3 (yellow), Uy —p, < E < Uy +p,,
there is no propagation through the barrier, we have total reflection and exponentially small
transmission. Above zone 3 E > Uy +p,, we have total transmission and exponentially small
reflection, asymptotic solutions are of oscillatory type everywhere.

In the paper, we study the scattering problem for zone 2 and localized states in zone 1.
In the first case, there are 5 domains with different WKB asymptotic solutions:

O ={x:—0c0 <z <1},
Qo ={z:11 <z <12},
Q3 ={z: 20 <z <3},
Q={z: 23 <z <14},

Qs = {z: 24 <z < +o0},
where the turning points z; with ¢ = 1, 2, 3,4, are the roots of the equation
(E - U(@)? 2 =0
The regions 2, Q23 and (25, in which
(E—Ulx))* —p5 >0,
will be referred to as classically allowed domains, whereas {25 and €24, in which
(E-U@) ~p2 <0

are classically forbidden domains. Note that as p, — 0 for fixed value of E, the turning
points coalesce.

These three energy zones are associated with diverse character of scattering through
this potential barrier. The Dirac electron and hole bound states arise in a process of reso-
nance tunnelling through this smooth potential. The quasi-bound states are to be found in
the pink zone 2, confined by two tunnelling strips between the turning points x;, s and z3,
x4, whereas the real bound states are located in zone 1 between x5 and x3. The schematic
shape of the two barrier potential for 1D Schrédinger shown in Fig. 1(b) is equivalent to the
smooth potential in graphene presented in the Fig.1(a) when the energy of quasi particles
belongs to zones 1 and 2, i.e. —p, < E < Uy — p,. Quasi-bound states shown in Fig. 1(a)
by dashed lines are confined by two tunnelling strips between x1, x5 and x3, zy4.

It is worth remarking that when p, is fixed, and if £ moves down from zone 2 to
zone 1, the turning points x; and x4 disappear (1 — —o0, 4 — 400) such that inside zone
1 we have only x5 and 3. When we move down within zone 1, the turning points z, and
x3 get more separated. When E moves up from zone 2 to zone 3, the turning points x5 and
x3 coalesce and disappear such that inside zone 3 we have only z; and x4,. When we move
up from zone 3, the turning points x; and x4 coalesce and disappear, and we obtain total
transmission. In the paper we assume that Uy > 2p,. Thus, zone 2 should not disappear
from the diagram in Fig.1(a).
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3. WKB asymptotic solutions for Dirac system
It is convenient to introduce

W:

U+ v uUu—v
V = .
2 7 2

Then, the system (3) reads
(U = EYW + (y + ip,)V — ihW" =0,
(U — BYV + (v — ip,)W + iV’ = 0. (6)

Eliminating V/,
ihW'+ (E—-U)W

V= . , (7)
Y+ 1Py
we obtain the so-called effective Schrodinger equation with complex coefficient
WPW" 4 (& = p2 4+ ihU" )W =0, (8)

where ¢ = U(z) — E. The WKB oscillatory asymptotic solution to (8) in the classically
allowed domains is to be sought in the form (see [23]) with real S(z)
+o0
W = enSE N " (—ih) W(x). (9)
=0
To the leading order we obtain

x

S ==+8,(z,2,) = j:/pgcdx, pe =1/ —p2 >0, n=1,23,4, (10)

Tn

and up to a constant multiplier wg, for a wave traveling to the right we have

egsp(x,zn)\/?
W=uw (1 + O(h)), 11
o Ve (1 om) (1)

while for a wave traveling to the left we have

e_%sp(fl‘,xn) § + pm(
Pz +Dy

Here —p, corresponds to solutions referred to x;4 as U(xi4) — E = —p,, whereas +p,
corresponds to zo3 as U(zy3) — E = p,.

We seek the WKB exponentially decaying or growing asymptotic solution to (8) in
the classically forbidden domains in the form (see [23]) with real S(x)

W:’IUO

1+ O(h)). (12)

+o0o
W = en¥@ 3" W, (). (13)
§=0
To leading order we obtain

x

5 = 5,000 = % [ e 0. =\ - € >0, (14)

Tn
and up to a constant multiplier wy, we have

lSq(mvwn) i . € T
W = wy e 2D (1 4 O(h)), (15)

Ve
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or
. 67%5’(1(33,171) %(arcslnL 2 (1 =+ O(h)) (16)
=Wo——F— ¢
0 \/q_a:

and again +7/2 corresponds to solutions referred to x4, whereas —m/2 corresponds to z 3.
All these asymptotic solutions break down at the turning points £ = —p,, for z; and x4, and
§ = p, for x5 and 3.

4. WKB asymptotic solution for tunnelling through a smooth step (uniform
asymptotics w.r.t. p,)

Consider the scattering problem for the smooth barrier under the assumption that
py < E < Uy —p,, Uy >0 and all four turning points are present. From the point of view
of scattering through the barrier we observe incident, reflected and transmitted electronic
states at * < —a and x > a, whereas under the barrier —a < x < a we have a hole state
(n-p-n junction, see Fig. 1). The transfer matrix for the left slope is defined as follows

. . Tlli Tllé . dl [
d= T(l, TL = (T2Ii TQIé s d= d2 , 4= as s (17)
where we assume that U(—oc0) = 0, and U(+o00) = Uy = const. This means that the

potential U(x) behaves like a smooth monotone step. The connection coefficients a and d
are defined in the asymptotic expansion of the solution at Foo. Namely, as © — —oo, we

have
1 ipraring (€707 —ipgo—i® e /2
V= o et _<alehpz o (p‘e"@/2 T ) ) =

—alehpf e; +ase” WP ey (18)

(o2 2 (pz)* +p;
T - E+q
and ®g is a constant phase factor. As r — 400, then
Y= ; <d1€ip$x+i<1>o ( 6_10;+> + dQG*%PII*i% ( ei% +) )
\/W _p—f—ei% p+67i82

it it
= dyer? el + age 1P Pef (19)

and

= — 2_p2 =Y -

and 6* = arg (pf +ip,). This asymptotic behaviour at Foo is very important as the cor-
responding transfer matrix satisfies canonical properties presented in Appendix A. This
normalization leads to the conservation of the probability current (see (74)) written as

jar[* = |aa|* = |do|* — |da[*. (20)
Then, the WKB asymptotic solution valid for x < x; that matches (18) has to be

written as follows
z+€
1 5, ) —p 1— PztE
— wSp(zm)—i®y [Py ipy+y
¢ ,—px (ale p$ _I_g (1 + pz+£ +

ipy+y
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. pz—E
ia2€—h5 p(z,x1)—1D2 Pz +§ (1 + zg)y—;-z> )’ (21)
—p, + Fr—
where
i Dy — E —D~y
(Pl = arg 61 2 (1 - )
{ ipy + p;(p;—E)}
~ E
®, = arg {ie” i (1+ Py + } (22)

ipy + '7 pvpm
The WKB asymptotic solution valid for > xo which corresponds to (19) has to be written

as follows
1 i . P 1 - pz+§
w — ( . Z-dleﬁsp(x,zg)fzég Y 1pgig +
Dz pe+&\1+ 55
. Pz
d26_%sp(377$2)—i‘1>1 p—m +€ (1 - Zfz;7> ) (23)
Py 1+ ipy+y

Thus, taking into account (5), for the WKB solution to the effective Schrédinger
equation (8) we obtain

W = aenSe@a=i®y [ UYLy o o5 Sp(ean)—ids 1+ 0O(h)), 24
\/p_x( ! Verp, tie — —=)( (h)) (24)

for z < z; (€ < —p,), then,

1 . i —i Dy §+pw
W = —id ehSp(z,xg) by [ Iy +d eh ¢ Sp(w,22) —i®1 1+ 0(h 7 25
\/p_z( | Vet T ” J(L+O0(R), (25

for z > 9 (£ > p,). All these asymptotic expansions break down at the turning points x ».
According to [22], [23], we construct an asymptotic solution to (8), uniform with
respect to p, by means of the comparison equation

22

1
5) - Z)y =0. (26)

By gluing this solution with (24) and (25), we derive the slope transfer matrix connecting
a1z and dy . Thus, we seek a uniform asymptotic solution to (8) in the form

W = \/ih”/2(

h*y.. + (h(v +

22

2 a2)\ /4

4(—6;)) <b1Dl,(h_1/2z) - bQD_V_l(ih—l/Qz)> (1+0(h), (27
q(z

where solutions to (26)

y12(2) = D, (h™%2), D_,_1(ih~'/%z)

are parabolic cylinder functions. According to the comparison equation method, after substi-
tution of (27) into (8), we find that the function z(z) is to be determined from the equation

(0 = =) = q(2), (28)
where

1
@ = (v +5), a(2) = € = +ihU’ = gola) + ihU (29)
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and a or v are to be determined later. From (28) for = > x5 (£ > p,) we have

=

whereas for z < z1 (£ < —p,),

/\/_dt /QQ\/——a%lz

where Z; 5 are complex roots of ¢(x) = 0. The branches of the complex functions /¢(z) and
V/z are fixed by the following asymptotic expansions for x >> 5 (|z| = 0)

a2 a2
/\/ t)dt ~ ——Elogz—ﬁ(l—loga) (30)

T2

and r << 11
2 2

/th g () - (1~ logad) (31)

From (28) we obtain

T2 2a
2
Z/ vV —q(x)dx = / \/a? — szz = ma’. (32)
z1 —2a

On the other side, using the estimate

we have

Hence, v is given by
v=— (34)

where
Q1 —/\/ —qo(x)dz. (35)

The following estimates are very important when we glue the solution (27) with
asymptotics (24) and (25). For z >> x5 we have

i i 2 1 1 v+l
E/\/q(t)dtwE/\/qo(t)dt——logp——z—i— 2( +v)log > (36)
T2 x2

o
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and for x <<

1 2 1 1 1
/\/ dtw—/\/qg dt——log—g—z—l—z(l—l—u)logy—: . (37)

Then, after taking into account (30) and (31), it follows that for x >> x5 (|z| >> |al)

2

z_h__logz /\/ dt——log—g—i—C (38)

and for x << x4

2 2

Z—h—% og (— N—/\/qo_dt——log—§+C (39)

where
a? 1 1., v+3 1 1 1 1
= 1-1 =1 2 _ == =)(1 -1 -
(=57 (1=loga”) + (v +3)log 1= g+ 5 —log(hw)) — 7.
In a case of linear potential with constant U’ we may use the substitute
2U' ™4z — a), (40)

(see [25]). In this case equation (8) transforms exactly into (26). For a more general case of
U(z), considered as a perturbation of the case of linear potential, our z belongs to a finite
neighbourhood of the complex plane based on the line (40), where U’ = U’(a) (E = U(a)).
Thus, we assume that for large |z| the asymptotic expansions of the parabolic cylinder
functions in (27) is applied in a way similar to the case of the linear potential.

Using the asymptotic expansions of the parabolic cylinder functions for large argu-
ment (see the appendix C), we obtain for z >> xo

21/2 —22/4h vy —v/2
y
bg[ 22 /4h—iZ (l/-‘rl) V—lhu/2+1/2+6—z2/4h—i7ru/22Vh—u/2 V2m ] )
I(v+1)
for r << a3

(=2)"? —22/4h v — 2/ 4h—imy —v— V2T
W~ b 2%/ vh v/2 _ _z?/4h—imv —v lhu/2—|—1/2 49
@ —py)l/4 1le z e z —F(—V)]+ (42)

b2622/4h7i%(u+1)27u71 hlx/2+1/2) ’

where I'(z) is the Gamma function. Matching these two asymptotic expansions with the
WKB asymptotics (24), (25), correspondingly, and using (38) and (39), leads to the following
System

aje”® = by(—1)"e S,

Z'a2€—i<1>2 — (_ble—iwur(%r) + b e —ig (v+1) )hl/+1/2( 1)_V_1€<, (43)
_Z-dlefiéz — bQGC—ig(V+1)hu+l/2’

d26_i¢)1 = (bl + b2€—igur(lj:r1) )6_4.
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Let us introduce new notation:
po = —(—1)7" = —e™ = —e "R, (44)

z7rV+2C V21 V+1/2

= = e VT 45
S TE L 1 T(1+v) (45)
Then, the system (43) reads
ale*iq’l = —bl%,
o —i®y . p i —C _ p C—iZvpu4l/2
iaze ‘; = blwe - zbzel . 2"h 1o, (46)
—idie™®2 = _jbyelTizvprtl/
d2€_i¢1 = ble <+b2€<+z Vhy+1/2'u2

Ho

Now eliminating b; and by from the system (46), we obtain the relations determining
the transfer matrix T'*

di = —aje®t —gyL,
{ d1 = —al( g &LSSLO—F el k2 (47)
2 = 1{Ho 10 2o’
that is . .
M1 L L 2502%) L —ia 2
Th=—e*—=, Th=—— Ty =—po+ =——, Ty ==, 48
11 uo 12 Mo 21 Ko 1o 1 22 10 (48)

where o = ®5 — ®,. The expressions for p; can be simplified as follows
1
p = —ivexp (imv + (v + 5)(1 —log (hv)) — =

:—iyexp(—%—kz%(l—l (=

Using the properties of the Gamma function (see [29])

raFv) \/ sin (7v) \/ Ql/h—e Qu/h)’

we derive
p1 = e\/1—e-2/h, (49)
where 0, 0 0
_ _ w_ T _ W
0= 0(Q1) = L1 —log (2)) = T —arg (1 - i %), (50)

Similarly, taking into account that

argl'(14+v) = —arg['(1 — v),

e = —e 1\/1 — e=2Qu/h, (51)

Hence, the left slope transfer matrix reads

o= (7 4)-

( i1 +a)+Q1/h, /T o=2Q1/h e )

we obtain

o e~ i01+a)+Q1/h, /T c=2Q1/h (52)
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It is clear that the transfer matrix for the left slope satisfies all the properties in
Appendix A, namely
Ty, = (TH)*, Tl = (T;)*, det Ty, = —1.
One can easily understand that the quantities 7 » mean the corresponding reflection coeffi-
cients, and ¢ is the transmission coefficient.
It is worth remarking that due to the asymptotics as x+ — 400

Imlog (T'(—ix)) = % + (1 —logz) + 0%),

if % — 400 (the turning points £ = £p, do not coalesce), we observe that

T

arg (1 — z%) = arg (— %) + arg F(—i%) =——+ Q—;(l —log E)’
and, consequently from (50), we obtain that ¢; — 0. Thus, up to small exponential errors
the transfer matrix (52) coincides with the corresponding non-uniform (wrt p,) asymptotic
representation (121) obtained in the Appendix D.

For the right slope, uniform asymptotics for the entries of the transfer matrix may
be obtained similarly to the derivation of the non-uniform asymptotic result (124) in the
Appendix D, namely,

i(02-0)+Q2/h\ /T — o—2Qz/h 92
R [ e e e
T (OZ, QQ) - ( 6% eii(92ia)+Q2/h /—1 — 6_2Q2/h : (53)

5. WKB asymptotic solution for scattering through a smooth barrier

Consider a problem of scattering through the smooth barrier (see Fig. 1(a)) under
assumption that p, < £ < Uy —p, and all four turning points z;, ¢ = 1,2, 3,4 are separated.
In this case we have again 5 domains €2;, 7+ = 1,2, ..., 5 to describe 5 WKB forms of solution to
leading order. From the point of view of physics of graphene, we observe incident, reflected
and transmitted electronic states at x < a and x > b, whereas under the barrier a < z < b
we have a hole state (n-p-n junction, see Fig. 1(a)).

We formulate the problem for scattering through the barrier for the transfer matrix
T', connecting the coefficients a; » of the asymptotics

Qp — G%Sp(xﬂ:l)allel + 6_%Sp(x’x1)a2627 (54)
for x < x;, and d; 5 of the asymptotics
P = G%Sp(f'fam)dl@l + e_%sp(x’“)dge% (55)

for x > x4, such that d = T'a, where e; 5 are corresponding eigenvectors (see (21)). Taking
into account the transfer matrices obtained for scattering through the left and right slopes
of the barrier (TX and T in (52), (53)), the total transfer matrix 7' may be obtained as the
product

ip
T=TF ( eg 0. ) T, (56)

where
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Then, the entries of the matrix T read

Ty = 6%+%[81826i(91+92+%) +e iR, (57)
Thy = e%+%[slsze’i(91+92+%) + ei%], (58)
Ty = e‘ia+%+%[326i(92+%) + Sle_iwﬁ%)], (59)
Ty = €5+ [spe 704 4 51O ], (60)

where
5i=V1—e2Qih =12

They satisfy the classical properties of a transfer matrix (see Appendix B)
Ty =17y, Tor =175, detT = 1.
Ifa1 = 1, ags =T, dl :tl, dg :O, then
1 T,
=7 "=
T
Ifa1 :O, a9 :tg, d1 =T9, d2 = ]_, then

1 2 2
2t =1.
T I I

o=t =t, rp = T |t2|2 + |7“2|2 =1L
22

Correspondingly, the unitary scattering matrix, defined as
(05} A aq
(5)-5(%)
& 1 t
8= ( t T2 ) ’

The transmission coefficient is given by

may be written as follows

1
Ty

Total transmission takes place only for symmetric barrier when Q2 = Q1 = Q (02 = 6, = 0).
Then, we have

t

0 P 20 Y -
t=e COS(E—FQ)(QS’I —1)+@s1n(ﬁ+0) , (61)

2cos (£ + 0)e i ti0+a) /T — ¢—2Q/R (62)
r = .
cos (£ + 9)(26§ — 1) +isin (£ +6)

It is clear that if
1
P(E)+h9:h7r(n+§), n=0,1,2,..., (63)
than we have total transmission |t| = 1.

It is worth noting that the formula for the transmission coefficient (61) was first
obtained in [25] for a single layer of graphene without gap.
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6. WKB asymptotic solution for complex resonant and real bound states
localized within the smooth barrier

Consider a problem of resonant states localized within the smooth barrier (see Fig. 1).
For the sake of simplicity consider the case of symmetric barrier, that is, Q1 = Q2 = Q,
01 = 0, = 6. Now, let the turning points be —xq, —x1, 21,272, and 0 < 7 < x5. Again,
when the energy of electron-hole is greater than the cut-off energy (£ > E. = p,), we have 5
domains §2;, ¢ =1,2,....,5 and 5 WKB forms of solution to leading order. To determine the
correct radiation conditions as * — oo that are necessary for the localization, we present
WKB solutions in the domains 1 and 5 in the form

1/} = 6_%51)(1:’_:02)@262) ¢ = e%SP($7$2)d1617 (64)

respectively, where e; 5 are the corresponding eigenvectors (see (18) in section 4). If a; =
0, do =0, as # 0, then
TQQ(E) = O, (65)

and as a result we obtain a Bohr-Sommerfeld quantization condition for complex energy
eigenlevels

' - 1
h'P(E)+0+ %log (1-— e’zilQ) =m(n+ 5), n=0,1,2,..,N; (66)

for p, < E < Up. Solutions to this equation are complex resonances E, = Re(E,) —il',,
where ' is the lifetime of the localized resonance. What is important is that the real
part of these complex positive resonances decrease with n, thus showing off the anti-particle
hole-like character of the localized modes. For these resonances we have I';, > 0. From (66),
we obtain the important estimate

Fn:h—w w = —log (1 — e~ 2@/M), At:—d—P (67)

2At’ dE g g,

This is the equivalent of the formula (14) in [17]. Namely, w is the transmission probability
through the tunnelling strip, and At is the time interval between the turning points —x;
and x1. If p, — 0, then @ — 0, and I';, — +o0, that is opposite to [17] (to be exact, the
estimate for I, in [17] works only for linear potential when p, is not small).

For the second set for the bound states, when the energy of electron-hole is smaller
than the cut-off energy (E < p,), we have 2 turning points —z; and x;. Between them we
have got oscillatory WKB solutions

) = enS @I g o) 4 e kS @) gy (68)
or
) = eTiSP($’z1)d1€1 + 6_%‘9”(’”’“)@2627 (69)
and outside decaying
) = etS@TIg g <y, = e EIEE e > (70)

where [; 5 are corresponding eigenvectors

+2 (arcsin pi -7) (1 F —iq”ig)

2l Y+ip;

NG 1+l

Y+ipy

lig=
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(a) (b)

1

09r
0.8r
0.7r
0.6-
Il o5}
0.4r
0.3r
0.2r

0.1r

. . . . . . . . . . .
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.4 0.5 0.6 0.7 0.8

F1G. 2. The dependences of |t(E)| are shown for py =01 -aand p, =0.2 -
b for the potential U = 1/cosh2z, and the other parameters are h = 0.1,
v =0.1.

By gluing these WKB solutions through the two boundary layers near —z; and z; and using
the techniques described in the Appendix D, we eliminate @, and d; 2 and come to the
homogeneous system

iél + EQQ%P = 0,

’LEl - 526_%13 = 0.
Thus, we derive the Bohr-Sommerfeld quantization condition for real energy eigenlevels
(bound states) inside the cut-off energy strip for 0 < E' < p,.

1
P(E) = hn(n+ 5), n=N; +1,..Ns. (71)

7. Numerical results

In this section we illustrate the effectiveness of the semiclassical formulae for the trans-
mission coefficients (61) and the energy spectrum obtained from Bohr-Sommerfeld quantiza-
tion conditions (66) by comparing their data with the results obtained by means of the finite
element method (COMSOL). All the computations were done for the symmetric barrier

1

U= ) 72
cosh 2x (72)

The other dimensionless parameters are h = 0.1, v = 0.1. In Fig. 2a and 2b the dependences
of [t(E)| are shown for p, = 0.1 and p, = 0.2. One can see a very good agreement between
semiclassical results and the data obtained by means of finite element method. In Fig. 2a
there are 3 resonances of total transmission (|¢(£)| = 1) that take place for £ = Re(FE;23)
where Ej 3 are obtained from (66) and E; = 0.607 — i0.035, Ey = 0.371 — ¢0.016, E5 =
0.205 —¢0.0044. In Fig. 2b there are only 2 resonances that take place for £ = Re(FE;2) and
E, =0.572—140.01, Ey = 0.343 —40.002. Note that I';, = I'm(FE,) decrease with n what is in
complete agreement with the thickness of the resonances shown in Fig. 2a and 2b.

In Fig. 3 the real parts of E,, for the first seven eigenvalues of quasibound (shown
in the triangular domain only) and the next six E, for the bound states are computed
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FIG 3. The reﬁl parts of E, for the ﬁrst seven elgenvzz’ﬂues of qua81b0und
(shown in the triangular domain only) and the next six FE, for the bound
states are computed semiclassically with respect to p, using Bohr-Sommerfeld
quantization conditions (66) and (71) with mass gap v = 0.1 - a and v = 0.0

- b. The lines depicted with stars represent ' = £p, and E = U — p,.

semiclassically for the symmetric barrier

1
U= cosh x (73)
with respect to p, using Bohr-Sommerfeld quantization conditions (66) and (71) with mass
gap 7 = 0.1 and v = 0.0. The structure of the energy eigenlevels has been deformed due to
the presence of the mass gap. It is clearly seen that in the case of normal incidence p, = 0

there are six bound states within the gap opposite to the gapless monolayer.

8. Appendix A. Transfer and scattering matrix properties for a smooth step

Let us come back to the scattering problem in terms of transfer matrix 7" (see [28]) for
the left slope of the entire barrier formulated in (17). Taking into account the conservation
of the x-component of the probability density current (see equation (8) in [24] or (18) in [25])

Jp = VU + v, (74)
we obtain that
a1 [* — |azf* = |dof* — |di]*. (75)
Thus, for the slope transfer matrix 7" it holds that
ToiToy — T1yTia =0, [To1|* — |Tu|? = 1, |Tae|? — |Tho|* = -1, (76)
. 10 1 0
r(3 -6t (m
As a result we have |T11| = |Tasl, |Th2| = |To1|, |det(T)| = 1. For the scattering matrix
S S
s= (& 3) )
we have

(i) - (), ™
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and
Jar|* + |da]* = |az]* + |d2]”. (80)
From (80) we obtain that
StS=885"=1, (81)

thus, the scattering matrix is unitary. If entries of S are known, than,

_511/512 1/512
T= — | ,
(521 - 511522/512 522/512) 5 det( ) 521/512 (8 )

Time-reversal symmetry in scattering through the graphene barrier would mean that

(o3p)" = 6_%1);%;62_ + ef?”;a;‘ef, x € (1, (83)

(o3)* = e’%f"ﬂtd*{eQ+ + e%pidzef, x € Qs, (84)

(10
03 = 0 —1/°

are both asymptotic solutions to the Dirac system. Thus, we have

(i) = (). ®
(i) - (&) 2

s—s7 (Y D (0 1) Zpe (87)
(o) (0 o)

detT = —1, (88)

where

In what follows that

Thus, Si2 = Sa,

and

Tll TlQ)
T = . .- 89
(T12 Tll ( )
If a; = 1, as = T1, d1 = 0, d2 = tl, then

1 T

th=—, 1 =——+ |r]?+|t)* =1 (90)
T T
If ap = O, a9 = tg, d1 = 1, dg = T9, then
1 Tk
tg T9 —22 |7’2|2 + |t2|2 =1. (91)
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9. Appendix B. Transfer and scattering matrix properties for a smooth barrier

Let us formulate this scattering problem in terms of transfer matrix 7" for the entire
barrier (see (54), (55), Ta = d). However, for the barrier we have

jaa]* — lao|* = |di|* — |dof?, (92)

v 0o (3 0). -

For the scattering matrix S we have

and

and
Jar|* + |da]* = |az]* + |di . (95)
From (95) we obtain that
StS=85T =1 (96)

If entries of S are known, than,

B So1 — 511592/ 512 S22/ 512 o
T = < —5S11/512 1/S12 > , det(T) = So1/S12. (97)

Taking into account the time-reversal symmetry in scattering through the graphene
barrier, we obtain S = ST, and

T = (% %i) , detT = 1. (98)
10. Appendix C
For the equation (8) (effective Schrédinger equation)
W' + (€ —p2 +ihU" )W =0, (99)
we shall have

1 7 - _— —q . 1
W= \/_(alehsﬂw—@l, /% tiage @2 [ETPey L ogy) (100)

x —p,y

for x < 1 (£ < —p,), then,

i

£ (arcsin =42 1 —i(arcsin = +Z
— (016_%5‘1(907951)62( p7+2)—|—62€f1bsq(z’m)€ 5( pﬂ,'f‘z) )(1—|—O(h)), (101)

for x1 < & < 29 (—p, <€ < p,), and

1
VD

for x > x5 (€ > p,).
To leading order, the uniform asymptotic representation within the neighbourhood
of x; is given by (see ( [23], chapter 4, section 3.3))

W= h"Y8 | X cosh g (b?)Az’(h—?/%) + bgl)Bi(h‘2/3z)> + (103)
Z

. L8, (z,ma)—i p 218, (x,w0)—i®y £+pm
—idyetSeean=ive [ Pr g TSy S P2y (1 4 O(h)), 102
( L L )som). 0
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+ih!/0 L/ sinh iy (bgl)Ai’(h_Q/?’z) + bél)Bi'(h_z/?’z)) ,
V —zz

for z <y (£ < —p,), and

W =h"1/5,/ ; cos 1 (bgl)Ai(hQ/:Sz) + bgl)Bz'(hQ/?’z)) + (104)

—ih % [ = sinuy (b§1>Az”(h2/3z) + bg”Bz"(hW?’z)) ,
zZZ

for x > z1 (£ > —p,). Here we have introduced

3 1 2/3
2= —(§/pxdx'> <0, z <2 (£ < —py), (105)
3 ’ 2/3
z = (5 /pxdx’) >0, z =2 (£ 2 —p,y), (106)
1
£+ Do | S
w1 = log , V1 = —(arcsin — + —). 107
' —Dy ' 2( Py 2) (107)
Note that for this neighbourhood z'(x) > 0. According to ( [23], chapter 4, section 3.3), the
functions Ay = cosh 1, By = — sinh p; are the solutions to the following systems for z < x;
(§ < _p7)7
22/\/—2Bj+ Ay =0,
22/\/—zAy + By = 0, (108)
where
ZI\/__ = Pz-
For x > x1 (£ > —p,), Ag = cosvy, By = —isinv; are the solutions to
22'\/2B) +iAy =0,
2:/\/ZAL +iBy = 0, (109)
where

Z/\/;: dz-

To leading order, the uniform asymptotic representation within the neighbourhood
of x4y is similarly given by

W= o (bgz)"‘“h_” 2) + bf)Bz'(h—Q/gZ)) + (110)
—ih1/6 T sinh b(Q)AZ'I(ffWSZ) + b(Q)BZ-/(hfg/gz)
—Z|Z/| H2 1 2 s

for x > x5 (€ > p,), and

W=h"Y [ cosue| b Ai(h=232) + bP Bi(h=232) ) + 111
2| ! ?
ya

ih1/6, / ﬁ sin v (ng)Ai’(hQ/gz) + béQ)Bi'(hQ/‘gZ)) ;
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for < x5 (€ < p,). Here we have introduced

3 . 2/3
2= —<§ /pxd:c') <0, x>z (£ 2 py), (112)
z2
3 1 2/3
7= (i/pzdx'> >0, v <z (£ < py), (113)
. 1
e = log §tp , Vg = —(arcsiné — E) (114)
Dy 2 Dy 2

Note that for this neighbourhood 2'(z) < 0. According to ( [23], chapter 4, section 3.3),
the functions Ag = cosh s, By = sinh y; are the solutions to the systems (108) for x > x5

(€ > py), where
2=z = p,.

For x < xy (£ < py), Ao = cos vy, By = isinw, are the solutions to (109) with

_Z,\/E = qx-
Now, using the asymptotic expansions of the Airy functions Ai(z) and Bi(z) (see

Appendix C) and matching the uniform asymptotic expansions (103) and (104) within the
neighbourhood of x; with WKB asymptotics (100) for z < x;, we obtain

aleﬂq)l 5 (bgl)em/él bél)efm/‘l)’ (115)
ia2€_z¢2 . . (bgl)e—wr/4 + bgl)ezﬂ'/ll)‘ (116)

Matching the uniform asymptotic expansions (103) and (104) within the neighbourhood of
x1 with WKB asymptotics (101) for z > z, we obtain
. 1 . . 1 4
ez7r/4cl _ §bgl)ez7r/4, 6717r/4c2 _ ébgl)efur/él' (117)
Matching the uniform asymptotic expansions (110) and (111) within the neighbourhood of
xo with WKB asymptotics (101) for z < x5, we obtain

e—Q1/h+i7r/201 _ bgz), 26Q1/h—i7r/202 = ng)’ (118)

where
T2

Q1 = /qx(m)dm.
1
Matching the uniform asymptotic expansions (110) and (111) within the neighbourhood of
xo with WKB asymptotics (102) for z > x5, we obtain

) 1 ) )
—idie " = S (b e, (119)
) 1 ) .
doe 1t = §(b§2)61ﬂ/4 + b§2)e’”/4). (120)
Now we derive the entries of the transfer matrix 7% connecting d and a
i 2L 67% @ 67%
THa, Q)= | T )T, (121)
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where @ = &y — ®;. It is clear that the transfer matrix for the left slope satisfies all the
properties (75)-(91).
For the right slope we have the following scattering problem

1
Pz
for z < x3 (£ > p,), and
1 i . —p . —i —i £+pz
W = dyenSr@ma)=i® [ LY 4 gy eq Sp(@e)=i®2 [>T T2 Y (1 4 O(h)), 123
L N B om0

for z > x4 (£ < —p,). By performing complex conjugation for (122), (123), and using (24),
(25) and (121), derived for the left slope, we obtain

_ % 1P * 1D
G ) = THe) 5
a;ezq)l ) 2 —dze’% )

(—iaers@a-ims [ P14 mswag—on [E5Py L omy) (122)

W:
§+ Do Dy

6—ia(€% . e7%> 6% 4 ef%
e s I s e R P (124)
er + e 4h eza(eT _ e 4h )

where

11. Conclusion

Semiclassical analysis of Dirac electron with mass gap tunnelling through a smooth
Gaussian shape barrier representing an electrostatic potential in the ballistic regime has been
presented. The corresponding 1D scattering problem is formulated in terms of a transfer
matrix and treated in the WKB (adiabatic) approximation. For skew electron incidence the
WKB approximation deals with the asymptotic analysis of matched asymptotic techniques
and boundary layers for four turning points. Scattering through a smooth barrier in graphene
resembles scattering through a double barrier for 1D Schrodinger operator, i.e. a 1D Fabry-
Perot resonator. The main results of the paper are WKB formulas for the entries of the
transfer matrix. They explain the mechanism of total transmission of a Dirac electron in
graphene with mass gap through a smooth barrier for some resonance values of the energy of
skew incident electrons. Moreover, we have showed the existence of modes localized within
the barrier and exponentially decaying away from it for two discrete complex and real sets
of energy eigenlevels determined by a Bohr-Sommerfeld quantization condition. It has been
shown that total transmission through the barrier takes place when the energy of the incident
electron coincides with the real part of one of the complex energy eigenlevels. These facts
have been confirmed by numerical simulations performed using the finite element method
(COMSOL). It is necessary to note that some of the details of the comparison equation
method of WKB analysis used in the paper require more rigorous treatment. These part
of the work along with further detailed discussion on other scattering regimes through the
barrier will be carried on in future publications.
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