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ABSTRACT. We work with photonic graphene lattices under strain with gain and loss, modeled by the
Dirac equation with an imaginary mass term. To construct such Hamiltonians and their solutions, we
use the free-particle Dirac equation and then a matrix approach of supersymmetric quantum mechanics
to generate a new Hamiltonian with a magnetic vector potential and an imaginary position-dependent
mass term. Then, we use a gauge transformation that maps our solutions to the final system, photonic
graphene under strain with a position-dependent gain/loss term. We give explicit expressions for the

guided modes.
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1. INTRODUCTION

Graphene is the last known carbon allotrope, it was
isolated for the first time by Novoselov, Geim, et al. in
2004 [I]. This material consists of a two-dimensional
hexagonal arrangement of carbon atoms. Graphene
excels for its interesting properties, such as mechanical
resistance, electrical conductivity, and optical opac-
ity [2[3]. The study of graphene has contributed to the
development of different areas in physics, for example,
in solid-state, graphene has prompted the discovery
of other materials with similar characteristics, such
as borophene and phosphorene. At low energy, the
charge carriers in graphene behave like Dirac massless
particles, and from this approach, graphene has al-
lowed the verification of the Klein tunneling paradox
as well as the quantum Hall effect. These phenomena
have gained a special interest in particle physics and
quantum mechanics [4].

Exploring graphene in an external constant mag-
netic field has allowed identifying the discrete bound
states in the material, the so-called Landau levels.
Moreover, theoretical physicist have analyzed the be-
havior of Dirac electrons in graphene under different
magnetic field profiles as well. Supersymmetric quan-
tum mechanics is a useful tool to find solutions of the
Dirac equation under external magnetic fields [5H9].
Following this approach, a mechanical deformation
in a graphene lattice is equivalent to introducing an
external magnetic field [10} [TT].

Graphene has its analog in photonics, called pho-
tonic graphene. It is constructed through a two-
dimensional photonic crystal with weakly coupled
optical fibers in a three-dimensional setting [12HI7].
Photonic graphene under strain is modeled through

a deformation in the coupled optical fiber lattice [I8-
21].

Compared with the conventional graphene Hamilto-
nian, the photonic graphene Hamiltonian has an extra
term that represents the gain/loss in the fibers. The
literature on this topic always considers a constant
gain/loss in space. With the previous motivation,
we will apply supersymmetric quantum mechanics
in a matrix approach (matrix SUSY-QM) to obtain
solutions of the Dirac equation for strain photonic
graphene with a position-dependent gain/loss.

2. STRAIN IN PHOTONIC GRAPHENE

The graphene structure consists of carbon atoms in
a hexagonal arrangement similar to a honeycomb lat-
tice. This structure can be described by two triangular
sublattices of atoms, which are denoted as type A and
type B. The base vectors to the unitary cell are given
by
a a
a; = 5(\/3, 3), as= §(—\/3, 3), (1)

where a is the interatomic distance, for graphene a =
1.42 A (sce Figure . The position of the atoms in
the whole lattice can be defined by the set of vectors
R; = liay + lras, with 1, I € Z. An alternative
description of graphene is through the first neighbors,
which are connected by the vectors 4,

5= 5(V31), &=3(-V31), &=a(0-1). (2)

A reciprocal lattice can be defined in the momentum
space, which is also hexagonal, as shown in Figure [Ib]
It is rotated 90° with respect to the original carbon
network. A hexagon in the reciprocal lattice is recog-
nized as the first Brillouin zone. In this zone, there
are only two inequivalent points, K1 = (+ 34\/%11’0)'
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FIGURE 1. (A) Hexagonal graphene lattice. The lat-
tice is constructed by type A and type B atoms, in
this case, a; and a2 correspond to the lattice unitary
vectors, and d,, are the vectors that connect the atoms
A(B) with the nearest neighbors. (B) Reciprocal lat-
tice, which is characterized by the by 2 vectors and K+
correspond to the two possible inequivalent points in
the lattice.

All subsequent corners are determined from either K
or K_ plus integer multiples of the vectors

b, = %(\/g’l)’ by = i—z(—ﬁ, 1). (3)

Vectors a; and b; fulfill the condition a; - b; = 274;;.

2.1. TICGHT-BINDING MODEL

The tight-binding Hamiltonian describes the hopping
of an electron from an atom A (B) to an atom B (A)

H=—tY > (Ar,) (Br,+s,| + |Brits,) (Ar.]), (4)

R; n=1

where t = 3 eV is called the hopping integral, R;
runs over all sites in the sublattice A, thus |Ag,) is
a state vector in these sites, the same applies to B
and |BR,;+s,), recall that d, connects the atoms of
the sublattice A(B) with its nearest neighbors in the
sublattice B(A). The translational symmetry suggests
the use of Bloch states

Wbtoen) == S (h) |4,
c RJ

+ etF (Batda)y o (k) |Br;+s5)),  (5)
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where N, is the number of the unitary cell [22]. Then
H |¥) = E|¥) becomes a matrix problem

3
_ —ik-o,
0 tLe (82) =2 (82)
3. Yv) T \¥B)’
—t > etk On 0
n=1

(6)
with ¥4 = (k) and ¥p = ¥p(k) and the energy
term given by

3
t § /‘efik-én
n=1

= it\/?) + 2 cos(V/3kya) + 4COS(\/§]€$%) cos(3ky%).

EL=+

To obtain an effective Hamiltonian at low energy, we
can consider the Taylor series around the Dirac points
H(k=Ki+q) ~q-VipH|k,. Notethat E(K4) =0,
as a consequence, at these points, the valence and
conduction bands are connected. The above calculus
leads to the analog of the Dirac-Weyl equation

H,¥ = hvg(001¢s + 02q,)¥ = EV, (7)

where p = +1 correspond to the K4 valleys, vg is
called the Fermi velocity, in graphene, vy = 3ta/2h =
¢/300, with ¢ being the velocity of light, o; are the
Pauli matrices

01 0 —i 10
() (0 T) e h)

and W is a bi-spinor. The matrix nature of this equa-
tion is related to the sublattices A and B, this degree
of freedom is called pseudo-spin. Notice that at low
energies, the dispersion relation is linear, given by
E,(q) = £hwo|q|, then, the Dirac cones are connect-
ing at F+ = 0, as expected for particles without
mass [23].

2.2. UNIFORM STRAIN

The photonic analog of a graphene lattice is built with
weakly coupled optical fibers. This kind of photonic
system is described by the same tight-binding Hamil-
tonian in graphene with an additional term 74, p; that
represents the gain and loss in the optical fibers in the
position A/B, this new term produces an attenuation
or amplification in the optical modes.

If we consider uniform strain in the lattices, which
is represented by a strain tensor

U= <u61 u22> ’ ©)

the Fermi velocity is modified in the following form
Vij = ’Uo(]. + (1 — ﬁ)u”) (10)

The hopping integrals are modified with a little per-
turbation ¢ — ¢,,, that, considering the changes in the
orbitals by the modification of the carbon distances

B
by ~ (1—@25,1-11-5”), (11)
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where
Olnt

f= Jdlna
is the Griineisen parameter that depends on the model;
for graphene, 3 is between 2 and 3 [10] (see also [24]
29]). In photonic graphene, a is the distance between
adjacent waveguides. The Hamiltonian of a photonic
graphene with a uniform strain reads as

H=94) |Ar) (Ar,| +78 > [Br.1s,) (Brits,|

R; R;

(12)

3
=3 ta(lAr) (Brits,| + |Brits,) (ArD). - (13)

R; n=1

The deformation of the lattice produces a shift of
the Dirac points K ~ (1 —u) - Ky + A, where
A=(A;A)

Az = %(un — 1122), Ay = 72/‘%(21112). (14)
Using the Bloch solution, the Hamiltonian under
strain takes the form:

3
va _ Z tne—ik~(1—u)~5n
H = n=1

3 .
_ Z tnezkr-(lfu)-é71 B

n=1
(15)
under the assumption |u-d,| < a. In this work, we will
assume that y4 = 7y and yp = 7}, then, for positive
7, the waveguides in the sublattice A (B) present the
energy gain (loss), as in the arrangements proposed
in [T4]. Expanding this Hamiltonian around the Dirac
points, through the substitution & = K + ¢, one
arrives at a Dirac Hamiltonian analog with minimal
coupling
H =wvyo - (1 +u— pu)q+ivyos. (16)
Comparing with , the effect of strain is equiva-
lent, to consider magnetic-like field modeled through
a pseudo-magnetic vector potential A. The last term
represents a gain/loss balance in sublattices A/B. In

photonic graphene, strain could be generated by de-
formations in the geometry of the optical-fiber lattice.

2.3. NON-UNIFORM STRAIN

For non-uniform strain, the deformation matrix de-
pends of the position, u — u(r). Thus, the expression
for the Hamiltonian becomes

H = 71.0'“/Vijaj\/\7j+ Voo Ay + Y03, (17)

considering a strain tensor of the form

()

and equations and , still apply. We can also
write the strain Hamiltonian as

H(z,y) = —i01/V1102/V11 — 102y/V220y/Va2

+ 01%(1111(%) —ug(y)) +ivyos, (19)

where vi1 = vi1(x), vaa = vaa(y).

We can relate the eigenvalue equation of this Hamil-
tonian, HV = EW, with a strain-free one using the
following transformation. First, we define the coordi-
nates

" / quljtzx) o= / sz(zy) . 20)

and the operator

_ VIV (0 [ )
Glz,y) = — eXp( 2a J, V11((J)dq>’ 2y

then, H will be related with a flat Fermi velocity
Hamiltonian Hj as

H(z,y) = G~ (z,y)Ho(r(x),5(y))G(x,y), (22)

where
Hy® = (—i’UoOjar — 4000205 — ¥u22 =+ Z"'yU'g) [oN (23)
and ugz = u22(y(r, s)). The solutions are mapped as
U(z,y) = G (z,y)®(r(x), 5(y))- (24)

The energy spectrum is the same for both Hamiltoni-
ans [I8] [19] [26].

3. SUPERSYMMETRIC QUANTUM
MECHANICS: MATRIX APPROACH

Supersymmetric quantum mechanics (SUSY-QM) is
a method that relates two Schrédinger Hamiltonians
through an intertwining operator [27, 28]. Another
approach is the matrix SUSY-QM, which intertwines
two Dirac Hamiltonians Hy, H; by a matrix operator
L. In this work, we use the latter to construct an
appropriate Hamiltonian H; that will be linked via the
operator GG introduced in to a photonic graphene
system under strain. For the sake of completeness we
will give a brief review of matrix SUSY-QM (more
details can be found in [29]).
We start by proposing the following intertwining
relation:
LiHy=H{Lq, (25)

where the Dirac Hamiltonians are given by
Hy = —iagas + V()(S), H, = _i0'2as + ‘/1(5)7 (26)
and the intertwining operator is

Ly =0, -UU", (27)

with U being a matrix function called seed or trans-
formation matriz, the subindex in Uy represent the
derivative respect to s, and U must satisfy HoU = UA.
Let us write U in a general form and A as a diagonal

madtrix
Uil U2 A0
U= , A= . 28
(U21 U22) (0 )\2> (28)
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From the intertwining relation and the given defini-
tions, the potential V; can be written in terms of the
potential V and the transformation matrix as

Vi =Vo +ilUU Y, oy). (29)

Solutions of the Dirac equation Hoé = FE£ can be
mapped onto solutions of H1$® = E® using the inter-
twining operator as ® o« L1&. There are some extra
solutions, usually referred to missing states. They
can be obtained from each column of (U T)_l, named
®y,, j = 1,2, which satisfy H1®y, = A\;®y,. If the
vectors @, fulfill the boundary conditions of the prob-
lem, A\; must be included in the spectrum of H;. As
a summary, with this technique, we start from Hj),
its eigenspinors and spectrum, then we construct Hq,
obtain the solutions of the corresponding Dirac equa-
tion and the spectrum. Now, let us mention that it is
possible to iterate this technique. The main advantage
comes from the modification of the spectrum, since
with each iteration, we can add more energy levels.
The second-order matrix SUSY-QM can be reached
through a second intertwining relation

LoHy = HoLo, (30)

which is similar to . The intertwining operator
now takes the form

Ly =05 — (Us) Uy . (31)

The operator Lq is used to determine the transforma-
tion matrix of the second iteration, Uy = L1Us, where
U, fulfills the relation HoUs = UsAs. In this case, A
is an Hermitian matrix that we choose diagonal once
again,

M0 w1l W12
Ay = ~ |, U= . 32
2 <0 )\2> 2 <w21 w22> (82)
The elements of Ay are such that (Xl,XQ) # (A1, A2).
Therefore, the second order potential is given by

Vo=Vi+1 [(Uz)sbl{l,m] . (33)

The solutions of Hyx = Ex are obtained from the
eigenspinors of Hy as x o Lo®. The second-order
matrix SUSY-QM generates, in principle, two sets of
eigenspinors that correspond to the columns of the
matrices (U] )~! and Lo(UT)7L.

4. PHOTONIC GRAPHENE UNDER STRAIN
AND POSITION-DEPENDENT GAIN AND
LOSS

In this section, we start from the auxiliary Dirac
equation of a free particle with imaginary mass, and
using a matrix SUSY-QM and a gauge transformation
(G, we obtain a photonic graphene model with strain
and position dependent gain/loss. We show that we
can iterate the technique to add more propagations
modes.

26
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FIGURE 2. Graph of the functions vok, + K (s) (line
blue) and the gain/loss term v —I'(s) (dashed red line)
for e = 1.5, k, = m, v = 1, vo = 1.0. Notice that
~ —T'(s) coincides asymptotically with ~.

4.1. PHOTONIC GRAPHENE WITH A SINGLE
MODE

Let us start from the free particle Dirac equation
where we included a purely imaginary mass term:

Hy® :(—iU00187- — 109020, + i’YU3)(I>. (34)

Considering ®(r, s) = exp(ik,r)(¢a(s),¢p(s))T, the

Hamiltonian can be written as
Ho(T, 8) = —ivodzas + Vo, (35)

where Vy = vok,01 + iyo3. Now, we use the matrix
SUSY-QM to construct a new system. A convenient
selection of the A elements is A\{ = ¢ = —Xy. We
build the transformation matrix U with the entries
Ug1 = uby = cosh(ks) + isinh(ks), the corresponding
momentum in s is given by k = \/k2 — (72 + €2) /v3.
The other two components are found through the
equation:

v .
J
From (29) we obtain V; as
Vi=Vy+ O’lK(S) — iU3F(S), (37)

where I'(s), K(s) are given by

=9y 2¢ (k(y sinh(2ks) + €) — vk, cosh(2ks))
- k(y — esinh(2ks)) + krecosh(2ks)
_ 2uokye (ky cosh(2ks) — ksinh(2ks))

K =
k(v — esinh(2ks)) + kre cosh(2ks)

— 2'[)()]%« .

Figure [2[ shows a plot of the functions vok, + K(s)
and v — I'(s). The new Hamiltonian takes the form

Hi(r,s) = —io2v00s + 01(—ive0r + K) +i0o3(y—T). (38)

This system supports two single bound states. They

are the columns of the matrix (UT)_1 = (D,P_,).
The eigenvector associated with € is given by

CI)G(’ﬁ 5) =
pikrr _ (72+52)(Cosh(ns)+i sinh(ks))
vok(y—esinh(2ks))+vokre cosh(2ks)
2 ('y—ieg)((/l&-ikrr)cosh(ns)—(c;cr-i-ic,';))sinh(ns)) ’ (39)

r(y—esinh(2ks))+k,e cosh(2ks)
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Our next step is to apply the gauge transformation
defined in (20)-(22). The strain and Fermi velocity
tensors that we consider are

u_<0 0 )
0 2K |
1 1
v =g (1 1—(1-p) 2al§(y)> ; (40)

see ([18)). The change of variables in becomes

1
r=z, §= dy, 41
/1—u—m%§w )

and the operator G(z,y) = \/1 —(1- 6)%@) This
choice leads to the following Hamiltonian

Hi(z,y) = — ivg010; — i02\/V22(y)y/Vas(y)

vo 3

— o1 ~ua(y) Hily —D(y))os. (42)

Bounded eigenstates of H; can be found as ¥ (z,y) =
G (z,y)®.(r(x),s(y)). In this system, there is a sin-
gle mode in the upper Dirac cone and another in the
bottom cone.

The strain generates an analog of a magnetic
field perpendicular to the graphene layer ]§(y) =
(8/2a)0yuz22. Since we are working with a photonic
graphene, such a pseudo-magnetic field affects light.
Moreover, the term iI'(y)os indicates a position de-
pendent gain/loss in the optical fibers of the sublattice
A/B. Figure [3a]shows the square modulus of each com-
ponent of ®, = (¢ca,b.5)T (shadowed curves) and
the intensity |¢eal® + |pen|? (red curve). Figure
shows the same for the mode V..

4.2. PHOTONIC GRAPHENE WITH TWO MODES

In this subsection, we use two iterations of the ma-
trix SUSY-QM, starting again from the free-particle
Hamiltonian. Let us choose an initial system with
zero gain/loss (v = 0), which is a massless fermion
in graphene. In the first matrix SUSY-QM step we
use the same transformation matrix U as in the ex-
ample above. The first matrix SUSY-QM partner
Hamiltonian has the form

Hy, = —ioqvgds + 01 K(8) + iosI'(s), (43)
where K(s) = k,vo,

2evpk
I'(s) = 44
() kg sinh(2ks) — k,vg cosh(2ks)’ (44)

with & = \/(krv0)? — €2/vg. As a result of the first
matrix SUSY-QM step, it is generated a position de-
pendent gain/loss term I'(s). The iteration of the
method requires to define the second diagonal ma-
trix Ao, with \y = =Xy = € # ¢, and the sec-
ond transformation matrix Us. For this example, we

o]
1.0}

S
-1.5 -1.0 =05 0.5 1.0 1.5 2.0
(A).
w2
0.6
04
0.2
Yy

-1.5 =-1.0 -6.5 0.0 D.I5 1:0 1.5 2.0
(B).

FIGURE 3. (A) Plot of the individual intensities |¢ea|?
(gray curve) and |¢.p|?> (blue curve) and the total
intensity |¢cal® + |¢ep|® (red line). (B) Analog of
the (A) plot for the solution ¥, of the Hamiltonian
under strain. The parameters in this case are: k, =,
e=15,a=10,6=08,v=1, vo = 1.0.

K.

s

—I2 -‘—1 1 ] 2
FIGURE 4. Graph of the function vok, + K2(s) (black
line), and the gain/loss function I'(s) + I'2(s) (red
dashed line), for € = 1.5, ¢1 = 2.0, k, = 7w, v = 0,
Vo = 1.0.

choose wy; = cosh(kes) and woy = cosh(kas), where

ko = +/(kyv0)?2 — €2 /vg. The other two components

can be found through the equation

U,
wij = X—O(—U}éj + k,ng)7

J

j=1,2.  (45)

The potential V5 can be calculated from , Vo =
V1+01K2(S)+i03F2(5) = V()+01K2+i03(F+F2). The
functions vk, + Ka(s) and I'(s) + I'z(s) are shown
in Figure @ It is important to highlight that the
gain/loss term remains a pure imaginary quantity.
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) y

FIGURE 5. (A) Intensity of the superposition |®(s, z)|?
propagating in the z-axis. (B) Intensity of the super-
position |¥(y, z)|?. The values of the parameters taken
are e = 1.5, €1 =20, k, =m, vy=0, 8=0.8, a = 1.0,
Vo = 1.0.

The second matrix SUSY-QM step introduces two
new sets of eigenmodes. They can be extracted from
the columns of the matrix (UZ)~1 = (xc,, X—¢,)- The
eigenmodes added in the first step are mapped as
X+e = Lo®i.. Similar to the previous example, it
is possible to perform the gauge transformation —
(22)). Then, in the system under strain, the modes
become

Uie, (2,y) = G2, y)Xte, (r(2), 5(y)),
Vic(z,y) = G (@, y)xxe(r(z), 5(y)).

Therefore, in this new optical system, two guided
modes are created in the upper Dirac cone and two
more in the bottom Dirac cone. Finally, let us mention
that we can have superpositions of the introduced
modes and let them propagate along the z-axis inside
the photonic graphene. For example, in the flat Fermi
velocity system (before the gauge transformation),

B(s,2) = A1e P (s) + Age D, (s),  (46)
becomes

Uy, z) = A1e™ " We(y) + Az 0, (y),  (47)
in the photonic graphene system under strain with

the position dependent gain/loss balance. Figure

28

shows the propagation along z-axis of the intensity
|®(s,2)|?, while Figureshows |U (s, 2)|?.

5. SUMMARY

This article shows a natural way to construct Hamil-
tonians associated with a photonic graphene under
strain with a position-dependent gain/loss balance.
The main tools that we use are a matrix approach
to supersymmetric quantum mechanics and a gauge
transformation. With a correct choice of a transforma-
tion matrix U, it is possible to add a bound state to the
free-particle Hamiltonian using the matrix SUSY-QM,
but the Dirac equation will have two new terms in the
potential, V; = Vi + 01K (s) — io3['(s). The function
K could be associated with a magnetic vector poten-
tial, but the function :I" is related to an imaginary
mass term, which is difficult to interpret or realize in
a solid-state graphene. The gauge transformation G
maps solutions from the flat Fermi velocity system of
the previous step to a graphene system under strain.
At this point, it becomes relevant to work with the
photonic graphene. The magnetic vector potential
translates into deformations of the lattice of optical
fibers, while the iI" function indicates the gain/loss
of the fibers in the sublattice A/B. We end with the
Hamiltonian of photonic graphene with a single mode.
This mode is confined by the strain and the position-
dependent gain/loss balance. Finally, we show that
the technique can be iterated, to have two or more
modes in the photonic graphene.
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