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Abstract

In the context of bilayer graphene we use the simple gauge model of Jackiw
and Pi to construct its numerical solutions in powers of the bias poten-
tial V' according to a general scheme due to Kravchenko. Next, using
this numerical solutions, we develop the Ermakov-Lewis approach for
the same model. This leads us to numerical calculations of the Lewis-
Riesenfeld phases that could be of forthcoming experimental interest for
bilayer graphene. We also present a generalization of the Ioffe-Korsch
nonlinear Darboux transformation.

PACS numbers: 02.30.Hq, 11.30.Pb, 81.05.Uw

1 Introduction

The recent discovery by Novoselov et al [I] that a single atomic layer of graphite
usually known as graphene can be stable under some special experimental con-
ditions opened widely the realm of a soon-to-come technology of graphene-based
electronic devices. The main transport mechanism of the charged carriers is in
this case an enhanced quantum Hall effect accompanied by a non-zero Berry’s ge-
ometric phase that has been experimentally observed [2]. On the other hand, the
quantum Hall effect and the Berry phase have been also discussed for graphene
bilayers [3] that technologically could be even more interesting than graphene
itself. Motivated by these works, in this paper, we introduce the more general
Lewis-Riesenfeld phases for the case of a graphene bilayer. These phases are
defined in a mathematical formalism called the Ermakov-Lewis approach, which
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is shortly presented. For the bilayer, we will make usage of the recent gauged
Dirac model of Jackiw and Pi [4]. With the aid of a mathematical procedure
due to Kravchenko [5] we present the results in a series expansion in the bias
potential V applied to the bilayer graphene for any gauge potential A. We give
detailed numerical results for a particular case of A.

2 Jackiw-Pi model for bilayer graphene

Recently Jackiw and Pi introduced a simple gauged Dirac model of bilayer
graphene that can be reduced to the following coupled system of first-order
differential equations [4]

(Dr = ®(r))u(r) = Vo(r), (1)
(Dr + @(r))v(r) = =Vu(r), (2)

where D, = %, V is a constant representing the external bias voltage and

k/2  kA(r)

o(r) = L= - =20 3)
Physically, function ® has two components:
e a scalar field ¢ = /2 that describes a particular dimerization called Kekulé
distortion [6] which can be also interpreted as characterizing the condensate
arising from states bound by interlayer Coulomb forces between particles in one
layer and holes in the other; the fingerprint of ¢ in ® is the parameter & which
should be an odd integer number.
e a vector potential, A, which was first introduced by Jackiw and Pi for a
monolayer graphene [7] to unpin the vortices and then studied in the context
of bilayer graphene as well [4]. A is a gauge field satisfying some appropriate
conditions in the origin and at infinity. In [4] it was supposed that

A(0) =0 and A(c0) = % (4)

It is easy to see that the spinor components v and v are necessarily solu-
tions of the following second-order differential equations obtained directly from

system ()-(2)

= (Dr +®(r)) (Dr = ®(r) u = V?u, (5)
— (D — @) (D) + @(r)) v = V0. (6)
This couple of equations can be rewritten in the following way
—D2u+ qi(r, V)u = 0, where ¢, (r, V) = ®* + &' — V2, (7)
—D2v + qo(r, Vv = 0, where ga(r, V) = & — &' — V2. (8)



The latter form of the uncoupled system shows that the two functions v and v in
the Jackiw-Pi model are supersymmetric partners in supersymmetric quantum
mechanics and therefore many known supersymmetric results can be directly
applied.

3 Kravchenko’s representation for the general
Schrodinger solution

Consider the Sturm-Liouville equation

D, (pDyu) + qu = wiu, 9)

where p and ¢ are complex-valued functions of a real variable r € [a,b], p €
C1(a,b) is bounded and non-vanishing on [a,b] and w is an arbitrary complex
constant. Suppose that there exists a solution gy of the equation

D, (pDrgo) +qgo =0

on (a,b) such that gy € C?(a,b) together with gio are bounded on [a, b].
Kravchenko [5] proved that the general solution of (@) has the form

U = Cc1u1 + cous (10)

where c¢1, ¢y are arbitrary complex constants and

oo n o n—1
W w
UL = go Z FX(n) 7 us = go Z TX(n) (11)
even n=0 odd n=1 ’

with X and X (™ being defined by the following recursive relations

XO=1  xO=1,

n [ X1 (€)g2(€)dE for an odd n

XM () = B (12)
nf;X("_l)(S)p(g)dg%(E) for an even n
nf’ X(”*l)(ﬁ)ﬁ for an odd n

XM (r) = o (13)
n [T XM=1(€)g2(€)de for an even n.

This iterative scheme is appropriate for an easy implementation of numerical
solutions and therefore for not exactly-solvable problems.



4 Application to the Jackiw-Pi uncoupled sys-
tem

To apply Kravchenko’s procedure to the Jackiw-Pi uncoupled system we start
with the equation for u. It is easy to find a particular solution gg from the
factorized form of the u equation (). We immediately get

) k(1 , k[
gi:—(——A(r))7 —>go(7°)=r2e

go T \2

)

and the general solution u has the form u = Cyu; + Cous , with

go(r) — X . xm
_ Z S E 14
" go(a)cvcn “ 0 n! v 2 go(a)go(T)Odd ~_ n! Vi (14

where X and X(™ are as in ([[Z) and (3), respectively, for p = —1.
The general solution v(r) of equation (@) can be obtained now by means of
the Darboux transformation v = Civ; + Covg = %gODngl(Clul + Cous)

1 © ¥ go(a) = XM .
oy — AT = V' (15
go(a)go(T)oddz,;:l n! VQO(T)CVC;LZO n! (19)

By construction, u; and uge satisfy the following initial conditions
ui(a) =1, uj(a) = ®(a), uz(a) =0, usy(a) =1, (16)

with their Wronskian being equal to W = 1. Consequently, the functions v; and
vy take the initial values

1 P(a
n(@=0, v@)=-V. n@=g. vha)=-"D
If one takes V' = 0 in (@), the formulas (I4)) give
(1) = c1g0 (1) and ua 1) = eag (1) [
Uy \r) = C1go \r na ugz (r) = c2go \r )
o 95(6)

where the expression in us represents the well known construction of a second
linearly independent solution of a Schrédinger equation.
When r — oo, A —3, the system ({)-(2) reads as

D,yu—Vv=0, D,v+ Vu=0.

A solution go in this case is an arbitrary constant, e.g., go = 1. Calculating
X™ and X with the aid of (I2)-(3) we obtain



_ (—1)nT71r”, for an odd n (—l)nTﬂr”, for an odd n
X00(r) = X)) =
(=1)zrm, for an even n (=1)z 7, for an even n.

N()W Sllbstil llli()[l iIltO (E) and (m) giveS us the f()ll()Wing S()lllti()ns (Cf [4])
U—COS[/T Ug——Sln[/T'U—_Sln[/7 ’Ug——COS[/T.
1 9 ‘7 9 1 ) ‘r

When r — 0, and consequently A — 0, the superpotential ® takes the form

® = £ For system (1)), (@) with this particular potential, in [4] the following

solution is presented
u = \/FJ(k—l)/z(VT)a v= _\/FJ(kJrl)/Q(VT)7 (18)

which is easily obtained from ([d) and (IF) choosing go = r% and calculating
uy and v1. Indeed, for X (™ we obtain the formulas

(-1 %TH", for an odd n
XM (r) =
(_1)%%7“", for an even n

leading us to the solution (I8) multiplied by a constant.
We have now all the elements to proceed to specific calculations. Let us

consider the Dirac system ({)-([2) choosing in () the vector potential A(r) =
% — %e*‘” which is in agreement with conditions (). The parameter = plays
the role of a screening length. The superpotential (B]) then becomes ®(r) =
kT/Qe"” and in this case the system (7))-(8) has the following form

k k 1
—D?u + 567#T(567#T - wu = V3u, (19)
k k 1
_D2 v —ury Y —pur - — 12 2
TU+2re (27“6 —|—T+,u)v Vo, (20)

The plots of u and v calculated within Kravchenko’s scheme are presented in
Fig.1.



Fig.1. The solutions u(r) (red) and v(r) (blue) of the supersymmetric system
(@3D-@0) for k = 1 and two cases of the arbitrary constants C, and Cy : — is

for Oy =1,C5 =0, and - - - is for C; = ﬁ,C’Q = —®(a).

5 The Ermakov-Lewis approach

We will now expound on the Ermakov-Lewis (EL) formalism for the supersym-
metric system ([)-(8). If the functions u and v are written in the form [8]

u(r) = apy(r) sin(ey(r, V) — B), v(r) = vpy(r) sin(p, (r, V) = §), (21)

where «, 3, vand § are arbitrary constants, then both the amplitude functions p,,
and p, and the phase functions ¢, and ¢, are directly related to the Ermakov-
Milne-Pinney nonlinear equations [9]

A
Pro(r)’
where A is an arbitrary constant, in the following way. While p,, and p, are

solutions of [22)) with a respective potential, the phase functions ¢,, and ¢, are
expressed in terms of p, and p, as follows

Puo(T) + q1.2(r, V) puw(r) (22)

T

Cup(r, V) = /ﬁdr'. (23)

a

For p, and p, there is an elegant representation [I0] in terms of pairs of
linearly independent solutions (ui,u2) and (v1,v2) of () and () respectively.



Namely, general solutions of ([22]) can be written in the following way

Pu = \/Au% + BuZ + 2Cuquz, p, = \/Avf + Buj + 2Cv1 03, (24)

where A, B and C are constants related by the equality AB — C? = %, with
W being the Wronskian ujub — ugu) = v1v4 — v9v] (which is a constant that
does not change through the Darboux transformation).

The solution of the Ermakov equations allows us to obtain another important
dynamic invariant quantity I,, and I, respectively, called the Lewis invariant
[11]. I, is constructed in terms of any solution u of (7l and the corresponding
solution p,, of the Ermakov-Milne-Pinney nonlinear equation (22)) (and analo-

gously I, is constructed in terms of v and p,)

1 [ \u? ., .2 1 [ v? ;a2
I, = 5 <E + (put’ = pyu)” ), Ly = 3 p—% + (pov" = ppv)” ) (25)

For the fixed interval [a, b] the expressions X, (b, E) give us the quantum
number function depending on the energy E [8],[12],[13]

b

NE) =1 / L (26)

mJ p*(r)
a

used in standard quantum mechanics to identify bound states since at a bound
state energy F, the function N(E) takes integer values N(E,) =n+1, n=
0,1, ... and this does not depend on the choice of the constants A, B, and C.
However, if the energy is different from FE,, then (26]) is not uniquely determined,
i.e., for B, < E < E,41 the function N(E) depends on the boundary conditions
imposed to p.

An important point of the EL formalism is that the phase function (23]) also
known as Lewis-Riesenfeld phase [I4], has two components: the usual dynamic
phase and a geometric phase that are given by the following formulas ([15])

A 1d dpus(r') Apus()\ 2
dyn(\ _ L a 1 @Pu,v Pu,v ’
A‘Pu,u (T) - / lp%,v(rl) 2 dr’! (pu,v(r ) dr’ > + < dr’ dr

’ (27)

sz = [ Bdi (puntrn 2D - <d”d—”” @' (28)

and



Any of these phases can be calculated by employing Kravchenko’s iterative series
(@) and (A for the p functions (DZI) Denoting

~ n >X< o n z>X<nz> e
22D o DS E

z' (n—1)
even n=0even =0 odd n=1lodd i=1

n—1

X(’L (n—i)
- Z Z il(n —1)! TV

odd n=1leven t=0

we get
1
A = 2C ~ 12
pu(r) = go(r —Zu—i—BgQaZu——Zu} . 29
) <>[g§(a> )z, - 2 (20)
Introducing the notations
~ e n X( " Z)X(n 0o,
Zo= > 2 V“va: >y Ay
odd n=1lodd i=1 ! even n=0even i=0
~ nl oy xn-i)
2= Y Y S
odd n=1leven =0
the amplitude function p, is calculated as follows
1
1 A = Bgi(a) 20~ 1°
pu(r) = Zo+ Ly — —2Ly 30
0 =5 [ e T )

The particular values of the functions p, and p, can be obtained by relating the
constants A, B and C to ([I8) and (I7), that is

pula) = VA, pifa) = ZHLEE
puta) = 2. pz,(a)——@—z—% (31)

Based on 29) and (B0]), we have calculated the Lewis-Riesenfeld angular inte-
grals (27) and (28]) for the same decaying exponential profile of A(r).The results
for the geometric Lewis-Riesenfeld phases are plotted in Fig. 2 and Fig. 3 of
the paper for A = 1 and A = 4, respectively, and for the same finite interval.
One can check by direct calculation that the values of the Ermakov-Lewis
invariant (25)) do not change under tthe supersymmetric transformation, that is
I, = I,. Indeed, noticing that I, and I, are r-independent quantities, we can

calculate them at one point only, e.g., at r = a and with arbitrary constants
C1,C5 and A, B,C. We have

Iu(a) = l (AC2 + 3012 - 200102) 5

\C3 C?C3
Iv(a):§ <?+BC2 200102+ Bz).

Taking into account that C? = AB — X\ we obtain I,,(a) = I,(a).



6 Generalization of the Ioffe-Korsch intertwin-
ing formulas

If the functions u and v are solutions of a coupled first-order system of the Dirac
type then the corresponding amplitude functions p,, and p, are related through
nonlinear Dirac-Ermakov relationships that in a particular case A = 1 have been
obtained previously by Ioffe and Korsch [I3]. Consider the equality

P2 = Au? 4 Bul + 2Cuqus.

Substitution of u; = —%(DT + ®)v; and uy = —%(DT + ®)vy leads to the
relationship

V2pr, = 920 + ©(p3) + So,
where S, = A (v})°+ B (v})* +2Cv|vh. Taking into account (2I)), the functions
v1 and vy can be expressed as vy = 1 py sin(p, — 1) and ve = Yap, Sin(p, — d2).
Calculating the constants ; and ¢; according to (I7)) and BI) we get

U1 = _\/Epv sin ¢y,
Pu_
VB

Now taking the derivatives and substituting them into the expression for S, we
obtain

Vg = (C'sin p, + cos py) .

2
2, 1 . 1
S, = ()" + 2 + (= 1) (plsing, + —cosp, )
Po P
2
: . 2

where one can notice that (p; sin ¢, + p% oS gov) = £ (v})".

Employing the same procedure with respect to p? and taking into consider-
ation that

uy = P (=C'sinp, + cos ) ,

VA
Uz = \/Zpu Sin @y,

we arrive at the nonlinear Dirac-Ermakov system involving the amplitudes p,,
and p, and the phases ¢,, ¢, of the Dirac spinors v and v

1 1 ’
V202 = ((Dr + ®@)pu)” + ST (pé sinpy + - cos %) (32

v

2

1 . 1
V2R = (Dr = )+ o+ (= 1) (Alsingu + -osi) (39

u u

2

where again it is worth noticing that (p; sin ¢, + p% oS gou) =1 (ub)?. Thus,
there is a cross contribution to the squares of the intertwined amplitude func-
tions of one-unit jumps in A which is given by the squares of the derivatives of

the corresponding eigenfunctions. For A = 1 the system ([B2)-(B3) reduces to
the result in [I3].



7 Application to the Jackiw-Pi model for screened-
exponential form of A(r)

To associate the spinor components u and v to the amplitude functions p,, and
po the relationship between the constants Cp and Cy and A, B and C should
be fixed. For instance, choosing p,(a) = u(a), pl,(a) = u/(a) we get A = C%,
B =25 +C3,C =010

The corresponding A@(h = (n+41/2)py,» and Apde™ for A =1 and A = 4
are displayed in Fig.2, Fig. 3. and Fig.4. In addition, the amplitude functions
for the same values of the parameters are shown in Fig.5. Notice that since the
problem is undefined at the origin because of the % singularity of ®(r) the plots
are displayed for the interval [0.17,7r]. For all plots we use the following three
sets of values of the constants A, B and C"

1. A=1, B= )\, C =0. These values imply C; =1, C3 =0,

u(r) =u1, o(r)=uv;.

2. A= @(1(1), B=(A+1)®(a), C = —1. In this case C; = ﬁ,
Cy = =®(a), p,(a) = 0.
3. A_V2’B V2 C'_OleadmgtoC'l CQ—O
The values of V, i and k are chosen as follows: V = 2 08236, u = 55 and k = 1.

Fig.2. Aptt (red) and At (blue) are i
plotted for three cases of the parameters A, B
and C : T isforA=1,B=A\C=0,---1is Fig. 3. Plots of Apd®™ (red) and Apgeo™
for A = 3355, B =+ 1) (a),C=—1, and -.- -~ (blue) given by ([28]) for the same three cases of
is for A = V2 ,B=V?2 C=0. Each of the the parameters A, B and C as in Fig.2. Each
cases is shown for A =1 and A = 4. of the cases is shown for A = 1.
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Fig. 4. Plots of Agde°™ (red) and Apgeom  Fig.5. The amplitude functions p, (red) and
(blue) given by [28) for the same three cases of Pv (blue) given by formulas ([29) and (30) for
the parameters A, B and C as in Fig.2. Each  the same parameters A, B and C as in the

of the cases is shown for A = 4. previous plots (A = 1).

8 Summary

After testing Kravchenko’s numerical solutions in the context of Jackiw and
Pi model of bilayer graphene we have developed an amplitude-phase approach
of Ermakov-Lewis type for the same model and numerical solutions and for
any radial profile of the gauge potential A. Next, we have chosen a Debye-
screened form of the profile of A to illustrate our results. This choice could be
of physical relevance when one considers the dynamic screening processes in the
scattering of the charge carriers in the background of vortex configurations or
other topological defects in the bilayer graphene.

Our technique is general and therefore can be applied to any other physi-
cal problem of similar mathematical structure. The geometric phase of Lewis-
Riesenfeld type, which is more general than the Berry phase, is calculated for
the first time in the graphene context. In addition, we provided a generaliza-
tion of the Ioffe-Korsch nonlinear intertwining of the Milne-Pinney amplitude
functions.
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