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Starting with the wave function characterizing massless fermions evolving in
orthogonal electric and magnetic fields, written in terms of Heun Biconfluent functions,
we analyse some physically interesting cases. When the Heun B function truncates to
a polynomial form, one may easily compute the essential components of the conserved
current density. For a vanishing electric field, we get the familiar Hermite associated
functions and discuss the current dependence on the sample width. In the opposite case,
corresponding to an electric static field alone, one has to deal with HeunB functions
of complex variable and parameters.
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1. INTRODUCTION

By “graphene”, one generally denotes one planar layer of carbon atoms, ar-
ranged on a honeycomb structure made out of hexagons. Its low-energy excitations
are massless, chiral, pseudo-particles, moving with a speed 300 times smaller than
the speed of light [1].

As a special feature and also a trademark of Dirac fermion behaviour, which
makes graphene a very attractive material from a theoretical point of view, is the
anomalous integer quantum Hall effect measured experimentally [2], at room tem-
perature [3].

Because the energetic states of the positrons within the barrier are aligned to
the continuous energetic states of the electrons outside the barrier, these carriers are
transmitted with unit probability [4]. As a result to the insensitivity to external elec-
trostatic potentials, they evolve in an unusual way in the presence of confining po-
tentials that can be easily produced by disorder [5].

The properties of chiral massless particles, belonging to the distinct sub-lattices
in graphene and described by the Dirac equation near the two points K and K’, be-
ing an active field of research, in a previous paper [6], we have considered a strong
magnetic induction orthogonal to a weak electrostatic intensity. By employing the
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perturbation theory, we have derived the first-order transition amplitudes and the
corresponding current. Then, we have generalized this analysis for arbitrary static
magnetic and electric fields, and concluded that the Dirac-type equation of mass-
less fermions is satisfied by the Heun biconfluent functions [7]. Even though these
functions have been intensively worked out in the last years, in situations relevant
to physics, chemistry and engineering [8], there are problems when dealing with the
general expressions. That is why, for having a better understanding of the physical
phenomena, in the present paper, we focus on particularly interesting cases which
can be investigated by using the corresponding series expansions, for some ranges of
the parameters.

2. DIRAC-TYPE EQUATION AND FERMIONS’ WAVE FUNCTION

In natural units, i.e. h = c =1, the four-dimensional Dirac equation describing a
massless fermion evolving in an electric field orthogonal to a magnetic field, oriented
along Ox and Oz respectively, is

VD=0, D;=0;—iqA, (1)
where the covariant derivatives D; contains the components of the 4-potential
Ay =Box , Ay=Fyx.
Using the Dirac representation for y matrices,

Y =—ifat, +t=-iB, 2)

Z 0 0 ot
5‘(0 —I)’ O‘”‘(M 0)’

where o# are the usual Pauli matrices, we are looking for the positive-energy solution

U(z,y,2,t) = e (Pyy+pz2—wt) <i((i))) , 3)

with

where £ and  are the two-component spinors

§1(96)> <901(33)>
T)= , T)= . 4
f0= (g eo=(20 @
Thus, the Dirac equation (1) leads to the system of coupled equations
(a)o'¢ +io?(p, — qBox)€ +ic’p.€ = iw+ qEox] p;
(b)o' ¢’ +ic?(py — qBox)p +io’p. o = iw+qBoz] €, (5)

where / stands for the derivative with respect to .
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Following the usual procedure, we express ¢(z), from (5.a) and, by replacing it
into (5.b), we come to the following second-order differential equation for the spinor

&

qEy iq

_ . B Elole?+ E 1.3
cu—i-qunvg w+qux{[w 0+pyEolo o™+ Eopzoto }§

5//

= [— (w+qEox)* + (py — ¢Boz)? ﬂﬁ} £. (6

As in [7], because the complicated form of the above equation, in the follow-
ings, we are working out the case p, = 0. This assumption which appears in most of
the works devoted to the (2+1)-quantum-relativistic study of graphene [9], is moti-
vated by the fact that the characteristic magnitude of p, is actually h/a, where a is
a length scale measuring the extent of the P, orbitals.

Thus, we come to the following decoupled equations for the two components
of the spinor &

d*€1o 1 d&ig
dz?2  w, dx,

e 2
+ Pt {d%i —0? (2. -7 ] §2=0, ™)
where € = %1, for &1, & respectively, and we have introduced the notations

x*zx+qwﬁ, b=qBy, d=qFE)y, p:perwgg. ®)

For p =0 and Ey = — Ej, the last relation in (8) is the quantum analog of the
well-known classical Hall relation, 'z = By v and the solutions of (5) are expressed
in terms of the trigonometric sine and cosine functions, for d > b, and hyperbolic
Sinh and Cosh functions, for b > d.

For p # 0 and arbitrary external static fields, whose intensities are related to
each other as b > d, the perturbative approach developed in [6] is no longer valid.
Thus, in order to solve the equation (7), we have introduced, in [7], the new function,
u(zy), by

&) = lexp [Crad + Cow ulz.), 9
where the parameters C'; and C' are
1 2
C= _ﬁ , Cy =bp\”, (10)
with
1 d2 —-1/2
2 _ 2

¢p = +/h/qBy being the magnetic length.
With the dimensionless variable ( = z./\, the function u satisfies the second
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order differential equation

du 1 9 3 du 2 1216 9 U
—+ = [-2C7 +20pA*( 4 3] =+ [(p°d*A° —4) C+pA (3bA% +¢)] = =0, (12)
¢z ¢ d¢ ¢
which can be compared with the so-called Heun Biconfluent Equation [10]
du 1 du d+B+ab|u
T 1| — —a—-2)(———|==0 13
dC2+C[ ¢ 5<+@+]d¢+(7 a—2)¢ 5 £=0 13
so that u is the function HeunB |« 3, v, d; (], with the parameters
a=2, B=-20p)\, ~v=p’d®\°, &=—2ep). (14)

Generally, for a differential equation which can be cast in the form
[F(D)+ P(z, d/dz)]u(z) =0,

where D = xg—x, F(D)=3}", a,D™is a diagonal operator in the space of monomials
and P(z,d/dz) is an arbitrary polynomial function of = and d/dx, the necessary

condition for a polynomial form of u is [11]
F(D)z" =0. (15)

By inspecting the equation (12), one can identify F'(D) = —2D + p?d?\% — 4,
so that the condition (15) concretely becomes

p?d*\6 — 4 =2n, (16)
leading to the following energy quantization law
3/4
Eo \° Eo
Wn :cv?(n—i—?)qBoh 1-— (C_BO> —pyFO, (17)

where we have restored ¢ and A for a better comparison with data.
Besides the Hall term p, Ey/ By, the first term in the right hand side is typical
for the energy levels of graphene’s carriers evolving in static magnetic inductions [2].
Putting everything together, we are able to write down the full expression of
the wave function (3), up to a normalization factor N, as

2
U = N elPry=wt) exp [— % —l—a(]
¢*HB,
¢*HBy
X = 12— (0A241) (2= pAC) +¢L | HBy [ - (8)
d\2 p dc 2
— 3z |2+ (022 = 1) (P +pAC) + (5 | HB:
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where

a= (pA\)(bA\?) = \/2(n+2)g (19)

and HB 2 = HeunB [2, —2a, p?d? XS, F2pA; C].
3. THE HALL-TYPE CURRENT

Even though we got an analytical solution to the equation (1), it is not easy to
deal with the HeunB functions in (18) since they are very sensitive to the parameters
values and, up to know, their normalization procedure is not well understood.

According to the exponential argument, for ¢ € [0, 2a], we experience the most
interesting behaviour. Thus, for ¢ € [0, 1] and a > 1, we are in the region of amplifi-
cation whose amplitude increases as a gets larger.

The physically interesting case corresponding to ¢ < 1, is leading, in view
of (8, 11, 17), to the following conditions which should be satisfied by the model
parameters:

d2:| 71/4

and

b2d?
wLd\ = n+2L 72(b2—d2)2 .
Besides the sample’s width, the above relation is imposing d close enough to b and
a maximum value of the quantum number n. However, in many theoretical studies,
the energy separation between the Landau levels is considered to be large enough to
justify the use of the lowest Landau level (LLL) approximation.
For ¢ < 1, one may use the following series expansions for u and its derivatives

oo
u:1+C1C+62C2+'”=chCn7
n=0

o
=4 2e(+3¢360 =Y nenl" (20)
n=1

o0
U =2co+6c3C +12¢4C% 4+ = Zn(n —1)e, ("2,

n=2
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and, by setting to zero the coefficients of ¢!, ¢? and ¢, we get

1= —pA (bA2+ g) <0;

(P/\) 2 2 E 1 1 .
2= = bAZ [ DA +12 +4 —|—2>0, 1)

3= — (pg)g [(W) <b)\2 ;g) 6(b>\2+;(1] )} pGA [159 A2 + ]

Since the quantity a( is also much less than 1, one can approximate the function
w in (20), with the coefficients (21), with exp[—a(]. This allows us to write down the
following easily handling expression for the wave function (18),

CQ
2 CQ
Fl ] ~g 249X - (2 + 1)) | 2
— 3 [2—pA(+ (0X2—1) ¢
which obviously is the superposition of two orthogonal modes, associated to the
pseudo-spin states belonging to the two sub-lattices that exist in graphene [1],

T = N elPvy=eb exp [—

C2
2
YUP = N i Puy=wt) oxp [_ <} ; 0 ) :
I\ g,
—7 |[PAC —bA
e P ¢ ¢ ] (23)
0
2 2
\I/doum _ Nei(pyy—wt) e [_ <:| ; ¢
R - [p/\C bAZ?]
—av [2 C2]
The non-vanishing components of the current density defined as
ji=iqly'e, U =01g, (24)

are the electric charge density

pe=qUV,
which is generating an electric potential through the Poisson equation and the spatial
component, j,, whose dependence on the external fields intensities is

. t 2 _ﬁ 2@;2 _Bh)\2,2 _ 2
Jy=q¥'a’V = N 35 [PAC= 0N exp [(7]

4 x2 b x2

4¢% |\ 0 w \’ e e
“FOV\/’ x—i_qfo (Bs — Eg) (py — qBox) ,
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w being quantized as in (17).

4. THE MAGNETIC FIELD ALONE

The case corresponding to a zero electric field deserve a closer look. Now, for
w # 0 and p, = 0 = Ey, the equation (6) gets a simpler form,
d*&1
dz?

which is, for each component of £, an oscillator-type equation. The solution

§= (qBo)1/4< Unl7) )

+ [w? = (py — gBow)’ £ qBo| €12 =0, (26)

wn—l(T)

is leading, using (5.a) written as

ot % +io? (py —qBoz)€ = iwyp
to
iy 1/4 Un(T) )
with

—72/9
V(1) = Cre™ ™ 12H, (1),
where C), is the normalization constant of the Hermite associated functions of di-
mensionless variable

T =

1 T
N (gBox —py) = s —pylB. (27)

The full wave function corresponding to the spectrum w, = v/2nqBy, with
n > 1, being

(o
_ \/Wn 1/4 wn—l i(pyy—wt)
o= 57 (qBy) | St | el (8)
_iwn—l

the observed current along Oy, in a given quantum state, for —D/2 < z < D/2,
where D is the sample width, can be computed as

TIn = %Wn vV qBo /_2D ¢n(7—)¢n71(7) dx

%_pyeB
= q2wn/_ wn(T)qu)nfl(T) dTa

D
20p _PyEB

(29)

obviously vanishing for D > (.
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For a semi-infinite graphene plane perpendicular to the magnetic field By, with-
out any boundary condition, the current along Oy, has the following expressions for
even respectively odd n-values,

even __ i 2n—1 Vv 27 1 1 p?2/

jn — 7T2 Wn ( _1)‘ T I‘ -n D) + — y
n—1nl [T (+57)]

¢ 2 or p ( p? >

jr?dd: o Wn
72 =Dl [T (— 2]

where
Jn:Qk 2k

Tn=ok+1  2k+1"7

for pz < qBy.
In the opposite case, meaning D < {5 = 25/+/By (nm), to first order in D /¢
and p,¢p < 1, the current (29) is linearly depending on D
T ~ % wnpyD .
For w = 0, the equations in the system (5) (with Ey = 0 and p, = 0) decouple
and the wave function corresponding to this dispersionless energy band is

0

1
U0 ~ exp <2T2) (1) ,
1

with 7 given by (27). One may notice that the above expression exists also for zero-
magnetic field, when it behaves like e*Pv, being an edge state, for p, < 0.

5. CONCLUSIONS

For massless fermions evolving in orthogonal electric and magnetic fields, the
solution to the Dirac equation is expressed in terms of the biconfluent Heun functions.
The exponential in (18) gets a maximum value for ( = a, meaning in view of (8),

w E2/c?
T~ —
qEo  Bj

and is exponentially dumping, for a > 1, once { > a. However, one should be care-
ful about the size, especially in strong magnetic fields since, once the samples get
narrower (than about 40 nm), the electrical characteristics of the devices are more
sensitive to temperature and to current fluctuations (current noise). These are sig-
nificantly increasing as the device dimension shrinks [12] as an impact of the edge
states.
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If the electric field vanishes, the situation gets significantly simpler because the
chiral wave function gets a familiar form expressed in terms of the Hermite associated
functions, for unconfined harmonic oscillators, exhibiting n zeros.

For the physically relevant case of a semi-infinite graphene sheet with zigzag
edges [13], the condition of an additional zero for the functions ), in the origin
of axes, provides a transcendental equation for the allowed values of the particle
momentum along Oy,

Dy _
(- ) =

Once an week electric field along Oz is applied, one may employ the pertur-
bation theory, [6], to evaluate the first-order transition amplitude between initial and
final states characterized by the wave functions (28).

As a final remark, we would like to say that even though today it is no doubt
that Heun’s functions are successfully succeeding the hypergeometric ones in study-
ing a whole range of phenomena, starting with the theory of quantum systems [14]
to astrophysics [15], to the best of our knowledge, there are problems with their nor-
malization and in evaluating the power-series representations, for some domains of
the variable [16].

For example, in the physically interesting case corresponding to By = 0, the
equation (7) will be replaced by

d*¢1 0 1 d&p
dz? 1z, dx,

el + [l —p}) G2 =0, (30)

where d and x, are defined in (8). Following the same procedure as in section 2, the
function u(x ), introduced by

dx?

£(as) = 2exp [2} u(zs). G31)

is the HeunB function of complex variable

(=V—idz, = —\}i(l—i)\/gx* ,
and complex v and é parameters. This can be understood as a sort of complex duality,
which operates in between the Hermite and the parabolic cylinder functions ( of
variable (144)7 ), respectively.

In terms of available soft, the treatment of Heun’s equations can be done only
with MAPLE routines which are working well in particular cases, but are breaking
down for values of the parameters which might be of interest. That is why, as the aim
of a coming paper, we plan to compare the analytical results derived in this work to
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the ones obtained within a numerical analysis of the original system (5).
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