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SPECTRA OF GRAPHENE NANORIBBONS WITH ARMCHAIR
AND ZIGZAG BOUNDARY CONDITIONS

PEDRO FREITAS AND PETR SIEGL

ABSTRACT. We study the spectral properties of the two-dimensional Dirac
operator on bounded domains together with the appropriate boundary condi-
tions which provide a (continuous) model for graphene nanoribbons. These are
of two types, namely the so—called armchair and zigzag boundary conditions,
depending on the line along which the material was cut. In the former case,
we show that the spectrum behaves in what might be called a classical way,
while in the latter we prove the existence of a sequence of finite multiplicity
eigenvalues converging to zero and which correspond to edge states.

1. INTRODUCTION

The Dirac operator in two—dimensional Euclidean space has received much at-
tention in the literature recently, partly due to its connection to the study of
graphene [3, 1, 22, 17], partly due to the interesting spectral properties in its own
right [8, 7, 23]. One key ingredient in both situations is the behaviour with respect
to boundary conditions, in the case where the domain considered is not the whole
space. On the one hand, and due to the scale of graphene—based devices, the way
in which the hexagonal lattice is cut affects the behaviour of the material and has
to be taken into consideration. On the other hand, this poses some issues regarding
the appropriate boundary conditions that should be imposed on the Dirac operator.

In a previous paper on the subject [23], Schmidt showed that for bounded do-
mains in R? imposing a vanishing condition on the boundary for one of the compo-
nents of the vector of eigenfunctions would imply that zero would be an eigenvalue
of infinity multiplicity and thus the essential spectrum would be non-empty. This
effect is a consequence of the fact that, in the functional setting considered in [23],
as long as the other function in the eigenvector is analytic in the domain under
consideration, then this will be in the kernel of the operator, as this second func-
tion will satisfy the necessary Cauchy—Riemann equations. Although in Schmidt’s
example the square of each of the remaining eigenvalues was an eigenvalue (of finite
multiplicity) of the Dirichlet Laplacian on the same domain, it is known that, at
least for balls in three dimensional space, the addition of a potential may destabilize
the zero eigenvalue and give rise to an infinite sequence of eigenvalues converging
to zero [8].

The purpose of the present paper is to show that a similar effect may occur
without the presence of a potential, as a result of imposing appropriate boundary
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conditions. Furthermore, these boundary conditions occur in a natural way in the
case of graphene as a consequence of the boundary effect of the hexagonal lattice
referred to above.

Several remarks are in order here. On the one hand, there are examples in
the physics literature where such sequences may be found, although the existence
of the sequence in not always mentioned explicitly and only some states are pre-
sented [3, 26]. In spite of this, and as far as we are aware, there has been no
rigorous mathematical study of this effect. Although, as stated in the Schmidt
paper mentioned above, the boundary conditions considered there are “essentially
the only type of local boundary condition which gives rise to a self-adjoint Dirac
operator,” later in the paper (page 511) the assumption that the zero boundary
condition is taken only by the first component of the eigenvector is made. It is
also stated that the “mixed boundary conditions where both types are employed
at different parts of 9Q” will not be considered. In fact, it is precisely this type
of mixed boundary condition that will cause the eigenvalue of infinite multiplicity
to split into an infinite sequence of eigenvalues with finite multiplicities. We thus
see, for example, that an annulus with what is known in the literature as zigzag
boundary conditions yields a sequence of eigenvalues converging to zero, with the
corresponding eigenfunctions localizing near the outer boundary of the annulus —
see the example in Section 4.2. The existence of such a sequence is a general feature
of the zigzag boundary conditions and is reflected in non-empty essential spectrum
(containing zero) and the fact that the norm of the associated eigenfunctions, called
edge states in the physics literature, tends to zero in any compact subset of the do-
main considered as the corresponding energy approaches zero. Furthermore, we
observe that for the explicit examples with zigzag boundary conditions considered
in Section 4, the eigenvalues in this sequence approach zero exponentially.

At the same time, these results raise the question of which of these eigenvalues
and eigenfunctions are physically relevant, taking into account the dimensions of
the domain and the fact that as the sequence of eigenvalues approaches zero, the
number of oscillations in the eigenfunctions approaches infinity. It is well known
from the physics literature that graphene can be described by Dirac’s equation only
for sufficiently low energies and long wavelengths — see e.g. [1].

Besides models defined on bounded domains, we also consider infinite strips
(waveguides), for which we obtain some preliminary results. In the case of armchair
boundary conditions, where only straight strips seem to be physically relevant cf. [1],
we see that there is a gap in the essential spectrum (depending on a physical
parameter) without any eigenvalues in that gap. In the case of zigzag boundary
conditions used to describe curved waveguides we see that the essential spectrum
covers the whole real line.

The plan of the paper is as follows. In the next section, we lay out the basic
concepts related to the Hamiltonian and the two different types of boundary con-
ditions. The corresponding spectral properties which are the main results of the
paper are studied in Section 3. These results are then illustrated by examples for
which the spectrum may be computed explicitly and which are presented in Sec-
tion 4. A further example for an infinite strip (waveguide) is given in Section 5 and
the results presented are discussed in the last section.

2. HAMILTONIANS AND BOUNDARY CONDITIONS

Graphene is a two dimensional planar sheet of carbon atoms organized in a
honeycomb crystal lattice as shown in Figure 1, which, when cut into a strip, is
called a graphene nanoribbon. One of the first theoretical studies of such systems,
and particularly the existence of edge states, can be found in [10]. The continuous
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model for nanoribbons is a two dimensional Dirac operator

o ™ 0 0
T 0 0 0

) B:=10 0 o -
O 0 —7 0
where 7 := —i0; + 0 and 7* is the formal adjoint, i.e. 7* := —id; — 0o, see e.g. [3, 1]

for details. The hamiltonian H acts in L?(Q,C*), Q C R?, i.e. on vector valued
functions, often called spinors. In what follows, we use H to denote a differential
expression only and we will introduce different notations for the corresponding self-
adjoint operators obtained by restricting it to different function spaces.

Zigzag edge

Armchair edge

FIGURE 1. Sheet of graphene

The orientation of the strip in a graphene sheet, i.e. the way how the strip is cut
out from the plane, is essential for the physical properties of graphene nanoribbons.
This is reflected in the type of boundary conditions that is imposed giving rise to
two standard choices, the so-called zigzag and armchair boundary conditions, the
names corresponding to the shape of the edge of the strip, as illustrated in Figure
1. Note that there are other armchair directions besides the vertical one.

We fix the horizontal direction x; to be parallel to the zigzag edge and the vertical
29 to the armchair edge and consider two infinite straight strips ; (i = 1,2) in
the z; and zo directions respectively; more precisely 1 := R x (=b,b) and Qs :=
(—a,a) x R. In this setting the boundary conditions, imposed on the components
of the spinor ¥ = (U, ¥y, U3, U,), read

(2) zigzag : \I/Z‘(l'l, 7b) = 0, \Iji+1(x17 b) = O, (’L = 1, 3), Vzl S ]R,
(3) armchair: U,(—a,z2) = ¥;i2(—a,z2),
(4) Ui(a,22) = €V s(a,20), (j =1,2), Voo € R, O € R,

where O is a physical parameter related to the number of unit cells of atoms in the
21 direction in the strip (see e.g. [3]). It it possible to argue that zigzag boundary
conditions are appropriate even when considering domains whose sides are not
parallel to the zigzag edge described above [1]. More precisely, to model graphene
nanoribbons, zigzag boundary conditions should be imposed except for straight
parts of the boundary in specific directions that are described by armchair boundary
conditions.

These two boundary conditions clearly have different natures, to which there
will correspond different spectral behaviour. More precisely, while zigzag condi-
tions enable us to separate the first two components of the spinor from the last
pair, armchair conditions connect its odd and even components. More important,
there is a substantial difference in the domains of definition of the corresponding
Hamiltonians depending on whether zigzag or armchair boundary conditions are
being imposed.
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2.1. Armchair boundary conditions. We describe the armchair case first, as
this leads to a “standard” problem. To do this, let’s define the symmetric operator
H,. by

HooW = HV
Dom (H,.) := {W e C>®(Q,C") : VU satisfies (3) and (4), H¥ € L*(Q,CY)}.
Using integration by parts we obtain
(6) [Hae O[> + |2 = [[000]]* + [[0:9]* + ||,

i.e. .the graph norm of Hac is the Sobolev space norm. We denote H,. the closure
of H,. and describe its domain and adjoint in details.

Proposition 1.
H,. ¥V =HU,
(7) Dom (Hye) = {¥ € W"?(Q,,C?) : ¥ satisfies (3) and (4)
in the sense of traces},
and H,. is self-adjoint.

Proof. We give a sketch of the proof only. The domain of the closure of H, can
be obtained immediately from the expression for the graph norm (6).

One possible way how to prove self-adjointness of H,. is to show that H2 is
self-adjoint and use the identity H2, —i = (Hae — Vi)(Hae + V1), particularly
Ran(H2, —i) C Ran(H,. — /i), together with the basic criterion of self-adjointness
[21, Thm.VIL3]. The self-adjointness of H2, can be justified as follows. Using a
standard approach relying on the difference quotients and the elliptic regularity [6,
Chap.5.8.2., Chap.6.3.], we can show that H2, = diag{—A, —A,—-A, —A}, acting
on spinors ¥ from W?22(;,C*) such that ¥ and H,.V satisfy boundary conditions
(3)-(4), is associated via the representation theorem [16] to the quadratic form
hac[¥] = || Hae ¥||2. O

We remark that if instead of the infinite strip 25 we consider a finite rectangle
(—a,a) x (=b,b), complementing the armchair boundary conditions with periodic
boundary conditions on the horizontal parts of the boundary (zo = =£b), using
similar arguments as above defines a self-adjoint operator acting on W2 functions
satisfying these boundary conditions.

2.2. Zigzag boundary conditions. Zigzag boundary conditions are quite dif-
ferent from the armchair case considered in the previous section. If we were to
proceed in an analogous way to (5), with a symmetric operator acting as H de-
fined on smooth functions satisfying the boundary conditions (2), we would then
conclude that the graph norm cannot be written as a W2 norm. Since zigzag
boundary conditions are physically relevant also on the non-straight parts of the
boundary, we shall consider a general bounded domain Q C R? with the technical
assumptions on () being stated in specific results. Some claims about the domain
of definition and supersymmetry are relevant also in the case of the infinite strip
O and its curved (non self-intersecting) version — see Section 5.

Due to the nature of the boundary conditions, we can split the 4 x 4 Hamiltonian
H into two 2 x 2 subsystems with a similar structure, namely

)

In what follows we will obtain a self-adjoint realization of H; in L?(Q2, C?). Zigzag
boundary conditions correspond to Dirichlet boundary conditions for the compo-
nents of the spinor and the case of W1 = 0 at 02 was already analysed extensively
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in [23]. Here we concentrate on two more general cases, illustrated in Figure 2, that
were not considered in that article.

In the first, 99 is assumed to have two connected components 99 (i = 1,2),
i.e. 0 = 00 U 002, a typical example of which is an annulus, where 9’ are the
inner (¢ = 1) and the outer circles (i = 2). We impose “complementary” Dirichlet
boundary conditions for each of the spinor components on the different part of
the boundary, i.e. ¥; = 0 at 9Q°. The corresponding closed realization of the
differential expression will be denoted by A.

In the second, 0f2 is assumed to be connected and divided by two points p; and
p2 in 9 into two (open) pieces 9 and 9IQa, i.e. I = 9N U 0N U {p1,p2}.
We then impose the “interchanging” Dirichlet boundary conditions for the spinor
components, i.e. ¥; = 0 at 0{2;. The closed realization of 7 will be denoted by
B. We remark that more general situations like any finite number of connected
components of ) or dividing points or a combination of both can be studied in
a similar way with the proofs given here being generalized in a straightforward
fashion.

Ty [ 002 =0

0,

Case A Case B
FIGURE 2. Two cases of domains and boundary conditions.

H; has a formal supersymmetric structure, cf. [24, Chap.5], therefore when we
find a densely defined and closed realization T'= A, B of 7, then

o (0 T
(9) H,=HL = <T 0

is self-adjoint, cf. [24, Lem.5.3]. The supersymmetric structure of H. i.e. T*T and
TT* are so-called supersymmetric partners, immediately yields also the quadratic
forms associated to T*T and TT* and the relation between spectra of these two

operators.

Proposition 2. Let T be densely defined and closed. T*T, TT* are associated with
the closed symmetric quadratic forms tpsr ] := || T2, trr-[1] = [|T*¥||* defined
on Dom (T'), Dom (T™*), respectively. Moreover, o(TT*) U {0} = o(T*T) U {0}.

Proof. The proof can be found in [16, V1.2.1] and [24, Cor.5.6]. O

We focus mainly on the spectrum of H2, = diag(T*T,TT*). Both T*T and TT*
act as Laplacians locally in Q and they represent a realization of Laplacians with
the combination of Dirichlet and “Cauchy-Riemann” or “anti-Cauchy-Riemann”
boundary conditions.

The initial step for the spectral analysis is showing the existence of a closed
realization of 7 and the description of its domain as well as the domain of the
adjoint operator. In the first situation, i.e. the boundary of €2 is made up of two
connected components, we give a full description of both domains. In the second
one, t.e. the connected boundary is divided into two parts, we start with a closable
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realization of 7 and find the domain of the adjoint. In this case, and although we
were not able to fully determine the domain of the closure of 7, we can provide
useful inclusions from both sides.

Proposition 3. Let Q) be a bounded connected domain with a locally Lipschitz
boundary OS) that is made up of two nonempty connected components O (i = 1,2)
with dist(9Q*, 002) > 0. Let A be the operator acting as At := 71 on the domain

(10)  Dom (A) :={y € L2 Q) NW 2 (QuUaQ) : ¢ | 99 =0, 74 € L*(Q)},

loc

where W22 (Q U dQY) means the functions from WY2(Q') for any ¥ € Q, OV C

QUONt.
Then A is closed and A* acts as A*¢ := 7*¢ on the domain

(11)  Dom (4%) :={¢ € L2 Q)N W2 (QUN?) : ¢ | 90 =0, 7%¢ € L*(Q)},

loc

where Wﬁ)f (U 90?) is introduced in an analogous way.

Proof. The proof is a modification of that given in [23, Prop.1].

Denote by Z* the set on the right hand side of (11). We first show that 2* C
Dom (A*).

Take ¢ € * and ¢ € Dom (A). Let I' C Q be a closed curve that divides €2 into
two subdomains with a locally Lipschitz boundary Q7 (i = 1,2), i.e. Q@ = Q'UQ2UT,
such that dQ¢ = 90 UT and dist(I', Q%) > 0. The restriction of ¢ to Q2 belongs to
W12(0?) and satisfies Dirichlet boundary conditions on dQ2; a similar fact holds
for ¢ € Dom (A) restricted to Q. Therefore ¢ and ¢ can be approximated in the
W12 norm in Q! and 2, by smooth functions 1, and ¢, whose support does not
intersect OQ! and 902, respectively. Then
a2 [Fav=tm [ Gre,+ im [ o= [ Tow.

Q n—oo Ql n—oo QQ Q
where we used Gauss’s theorem and the fact that boundary terms vanish on 9Q¢
and cancel (in the limit) on I

For the inclusion in the other direction, i.e. 2* O Dom (A*), we consider an

operator Ay C A defined on

Dom (Ag) := {1 € C>(Q) : suppy N IN" = 0}.

and we prove the second inclusion in Dom (A*) C Dom (4f) C Z*. Let ¢ €
Dom (4§), n := Aj¢ and ¢ € Dom (Ag). Let further K be a compact subset
of QU IN? and x € C§°(R?) a real function such that supp x N 9N = @ and
x [ K = 1. We take positive ¢ and mollify x¢ and xn, that is, we consider a
convolution J, := - * j. with the real function j. € C§°(B.) and write ¢. := J:(x¢)
and 7. := J.(xn). For an arbitrary ¢ € C5°(R?) we then have

/w o = /R2 xJ=(p)Ajd = /w T(xJe(¢))o
(13) = [ G0 #3708 = [ oI (r08) + ()10
- / o (J(r(0B) — 7(J(x))) = / =TT 0P) T 7 60),

R2 R2

where we used integration by parts, the fact that 7% = —7, commutation of molli-
fication with the derivative for smooth functions, and the fact that xJ.(p) | Q €
Dom (4p) in the second equality. Therefore 7*¢. = 1. + Jo(7*(x)¢) in L?(R?) and
integration by parts yields

1) [ e = [ 1006, 0ol + (0a0. 00l
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for ,6 > 0. Hence,
(15) 10 — OislL2(r2y < [Ime — msll L2 w2y + (1 (T7(X)B) — Js(7" () D) L2 r2)

and therefore 9;¢. converges to ¢() in L?(R?). Thus, for arbitrary ¢ € C5°(R?) we
have

(16) —/R2 AR lg%/Rz Je(x¢)ditp = /R2 X$0i¢p,

Hence, if we take an arbitrary open €' C Q such that O’ C QU 092 and consider
K =V, we get that ¢ € W2(Q'), since ¢(V) are in fact the weak derivatives of ¢
when supp ¢ C .

On any compact subset of €2, we have

(17) ¢ = —ip) — ¢ = lim 77, = 450
E—r

and Gauss’s theorem yields for every ¢ € Dom (Ay)

(1) 0= (6. 400) — (A500) = (070} = (6.0) = [ (<imy + o) TG

where 7 is the outward pointing unit normal vector to 9Q2. Therefore ¢ | 9O?
vanishes and thus Dom (A§) C 2*. B
If we repeat the described procedure for A*, we obtain A** = A = A. O

Proposition 4. Let  be a bounded connected domain with locally Lipschitz and
connected boundary 0Q. Let further p;, € 9Q (i = 1,2) be two distinct points
dividing the boundary into two (non-empty and open) parts such that 9Q = 0Q; U
00 U{p1,p2}. If By is an operator acting as 7 on the domain

(19) Dom (By) := {¢ € Cw(&ﬂ% € CP(R?), ¥ =10 | Q,
supp ¥ N OOy = 0},

then By is closable and

(20) Do + Dhoe C Dom (B) C 2,

where
@0 = {1/)1 S Wl’Q(Q) : 'LZJ1 [8Q1 = 0},
Droc = {tha € L2 () N W2 (QUOQ) :

JU; C R? (i = 1,2) open neighborhoods of p; (i = 1,2), respectively,

Yo [ Ur2 = 0,790 € L2(Q)},
and

2 = {y e L2Q)NW QU : ¢ | 9 = 0a.e.,Tp € L2(Q)}.

loc

The adjoint operator By = B* reads
By =19,
(21) Dom (By) = {¢p € L2(Q) NWEA(QUINW) : ¢ | 902 = Oae.,
"¢ € LA(Q)} = 2.
Proof. We start with the adjoint operator Bf. Let ¢ € 2* and ¢ € Dom (By).
There exists x € C5°(R?) such that x [ suppt = 1 and supp x N 99y = §. Then

| 30 - /buppﬂ”/’ [ oxre= [ 70 - [ T

- [ Taw.

(22)
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where we used that y¢ € W12(£2) so that we can apply Gauss’s theorem.

The proof of the opposite inclusion, i.e. Dom (Bj) C 2*, follows the lines of
the corresponding part of the proof of Proposition 3. The compact subsets K are
chosen to be in QU 9, and x € C§°(R?) so that x | K = 1 and supp x N9y = 0.
The remaining part of the proof can be completed straightforwardly according to
the above mentioned proof of Proposition 3.

The inclusion of Dom (B) C 2 can be justified by considering the restriction
of By to 9 = {¢ € C=(Q) : supp¢p N Iy = 0} and proving that the adjoint
of this restriction acts as 7 on the domain 2. To show the latter, we can use
the same strategy as in the preceding step where we described Bj. Consequently,
Dom (B) = Dom (Bg*) C 2. We show the first inclusion in (20) in two steps. The
first part, i.e. 99 C Dom (B), is a consequence of the norm inequality |7]? +
19117 < 2[[¢]f1.2 () and the result on the closure of Dom (Bp) in W'? norm,
cf. [4, Chap.7.2] or [19, Prop.3.1.a] with the precise claim and complete proof. The
second, i.e. Dioc C Dom (B), follows from %, C Dom (B**) which can be verified
by integration by parts. O

We remark that it remains open if Dom (B) = 2, but the derived inclusions are
useful for further spectral analysis and will be sufficient for our purposes.

3. SPECTRAL PROPERTIES

We shall now focus on the spectra of the squares of the Dirac operators intro-
duced in the previous section. The Hamiltonians with armchair boundary condi-
tions generate “standard” Laplacians defined in W22 spaces. The example with
a bounded (rectangle) Q and the combination of armchair and periodic boundary
conditions is presented in Section 4.3. As can be expected, the resolvent of such an
operator is compact.

The situation is different when zigzag boundary conditions are imposed. In the
special case of 90! = 90 and 902 = (), it has been proved in [23, Prop.3] that
A*A = —Ap, i.e. the usual Dirichlet Laplacian on 2, and 0 is an eigenvalue of
AA* with infinite multiplicity. This means, in particular, that AA* does not have
a compact resolvent which is linked with the large domain of definition — see [23]
for examples and further details. In our more general situations, i.e. both Q%2 or
08y 2 are non-empty, we cannot expect the domains of definition of either of the
supersymmetric partners to be a standard Sobolev space as in the above mentioned
particular case.

We shall show that 0 is not an eigenvalue of either TT* or T*T, with T = A, B.
Nonetheless, it belongs to the essential spectrum of these operators. The typical
picture is the existence of a sequence of eigenvalues converging to 0, unlike in the
special case studied in [23]. This effect will be illustrated by explicitly solvable
examples, namely, the annulus, c¢f. 4.2, which corresponds to the first situation
with two connected components of 9Q and T = A.

In the rest of the examples, i.e. the annular sector and the rectangle, the zigzag
boundary conditions are complemented with periodic boundary conditions — see
Section 4 for details. The sequence of eigenvalues converging to zero is observed
here as well and explicit calculations can be performed particularly in the simplest
rectangle case. FExplicit calculations may be done also for the rectangle with a
combination of armchair and zigzag boundary conditions, where the same effect
is observed. Examples of a similar effect in R?* may be found in [8, 7], where the
potential perturbation is responsible for splitting the infinite dimensional kernel to
the sequence of eigenvalues converging to 0. Our operators can be viewed as a
perturbation in the boundary conditions of the operator in [23].
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Dirac operators are known to be locally compact [24, 13] in L%(R3), i.e. for any
compact set K, xx(H —2)~!, where xx is a characteristic function of K, is a com-
pact operator. Since 0 is in the essential spectrum of the Dirac operators also for
bounded {2, its resolvent cannot be compact. Nonetheless, it still enjoys the local
compactness property in 2 — see Proposition 7 for the precise meaning of this state-
ment. As a consequence, the essential spectrum of the Dirac operator is a Zhislin
one, cf. [12, 13] in R™, i.e. the singular sequences vanish eventually on any compact
subset of Q. As was pointed out in [23], such a behavior is clearly connected to the
large domain of definition at the boundary without the Dirichlet boundary condi-
tion (or with “Cauchy-Riemann” boundary condition in the language of squares of
operators).

Using a refined version of the local compactness in the first situation of “comple-
mentary” Dirichlet boundary conditions (T' = A), we show that 0 is the only point
in the essential spectrum of HA or AA* and A*A. However, this remains open in
the second situation of “interchanging” Dirichlet boundary conditions (7' = B). If
zero is the only point of the essential spectrum (and it cannot be an eigenvalue), it
must be the only finite accumulation point of eigenvalues. Due to the local compact-
ness property, the sequence of corresponding eigenfunctions ¥,, must vanish in any
compact subset of 2, more precisely ||xx%,|| — 0. In the physics literature such
eigenstates, called edge states, have been extensively studied, see e.g. [10, 3, 27, 17]
and are responsible for some of the unusual physical properties of graphene.

The local compactness property also enables us to use a version of Glazman’s
decomposition (cf. [7] for its application to models in R?), so that we can localize
the essential spectrum of the Dirac operator perturbed by a bounded potential. As
expected, only the values of the potential on 92 will be relevant.

In what follows, we always assume that € is as in Propositions 3 or 4 and both
09 and 99; (i = 1,2) are non-empty.

Proposition 5. Zero is not an eigenvalue of either T*T or TT*, for T = A, B.

Proof. We consider B* B only, as the reasoning in the remaining cases is analogous.
Assume there existed a zero eigenvalue with associated eigenfunction 9. Then
ta-B[Yo] = [|7Y0||? = 0. Take 2o € 9; and consider an open ball Uy centred at
such that~70 N9 = (. Define Q := QU U, and denote the zero extension of v
on by 9. Since the trace of 1g is zero on 9y, the zero extension vy belongs to
W2(U) for any U such that U C Q. Moreover, for any ¢ € C°(Q),

(23) (&, 70} 2@y = T o) L2y = (6, Tv0) r2(y | < I8l m¢h0l| = O,

since ¢ | © € Dom (B*). Hence o is analytic in €, cf. [2, Sec.9.1]. Therefore o
must vanish identically since it is zero on an open set. O

Proposition 6. Zero is in the essential spectrum of both T*T and TT*, T = A, B.

Proof. We give the proof for T = A only, as again the case of T = B is analogous.
We consider A*A first and show below that 0 is in the spectrum. Since we have
excluded the possibility of 0 being an eigenvalue, it cannot be an isolated point of the
spectrum. Therefore there must be a nontrivial sequence of points in the spectrum
having 0 as an accumulation point. Because of the supersymmetry, cf. Proposition
2, the non-zero spectrum of A*A coincides with that of AA* and therefore 0 is in
the spectrum of AA* as well.

To prove that 0 is in the spectrum of A*A we use Dirichlet bracketing, super-
symmetry, and a suitable singular sequence inspired by the examples below — see
Proposition 12. We “cut” a rectangle R := (ay,az) X (b1, bs) C R? from of €, which
intersects Q2. More precisely, we place R in such a way that Q' := (QNR)° # 0
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and the boundary of Q' consists of three straight segments (the part of the bound-
ary of R, i.e. ¥ := OR N Q) and the part of 902, i.e. ' is a “rectangle” with one
deformed side, e.g. 9 = [ay, az] x {b1 }U{a1} x[b1, ¢1]U{az} x [b1, 2] UO2NR. The
following procedure can be easily adapted when another part of OR is deformed.

We use a Dirichlet bracketing type argument, i.e. we impose additional Dirichlet
boundary conditions on ¥. Define the operator (Bp)o acting as 7 on functions
from Dom ((Bp)o) := {¢p € C®(Y) : suppyy N Y = @} and denote by Bp its
closure in L2(Q). Since ||(Bp)o|| = ||7| = ||A%]| for all ¥» € Dom ((Bp)o), every
¢ € Dom (Bp), extended by 0, belongs to Dom (A). The non-zero spectra of B}, Bp
and BpBj, coincide and Bp B, is associated with the quadratic form

tepBy (9] = 70,
(24) Dom (tg,p;) = {¢ € L* () N W2 (2 U (92 NR)) :

loc

o1 (O NR)=0ae,7"¢ € L*(V)}
by Propositions 2 and 4. We define a sequence {¢,,} C Dom (tp,,z ) = Dom (B},)

e~ "% sinhn(q — x2), 2 < q,

(25) ¢n(x17x2) : {07 22 > q,
where ¢ > 0 is such that [a1,as] X [b1,q] C € and we get that [|7¢y||/||¢nll —
0. Therefore zero is in the spectrum of BpBj}, and, since by Proposition 5 it
cannot be an eigenvalue, it must be an accumulation point of the spectrum. By
supersymmetry, 0 is an accumulation point of the spectrum of B}, Bp as well,
i.e. 0 € 0ess(B5Bp). The latter implies the existence of the sequence of functions
¥y, € Dom (Bp) such that ||[¢,] = 1 and ||Bpin| = ||[7¢n|l = ||A%n|| — 0, thus 0
is in the spectrum of A*A. O

Further spectral results are mainly based on local compactness.

Proposition 7. Let ¢;,& € C§°(R?) (i = 1,2) be such that supp&; C QUAIQ,; (i =
1,2), supp @1 N 9N? = 0 and supp g2 NN = 0. Then

(26) o1 0 [—z A\ & 0\ (-2 B\ "
0 2 A -z ’ 0 & B —z
are compact operators in L?(Q, C?) for any z € C\ R.

Proof. We prove the compactness of the first operator only, the second proof being
analogous. Let W € L2(Q,C?) and denote ® := (HA — 2)”'W. Since ®; and
®, belong to Dom (A) and Dom (A*), respectively, ©;®; € W, *(Q). We show
that the operator in (26) is bounded when considered as a mapping L?(2,C?) —
W12(Q,C?). To this end we estimate the W2 norm of ¢;®;. The basic step is to
notice that |93 = I7(21 @12+ i:ill? = 17 (9 ®0)[12 + [l ,]/2. Then

2
Y lei®ill3e = (@)l + 1@ + 17 (2 ®2) | + llp2 P22
(27) o < 2([lranllZl@ll? + ler BTl + 17+ @213 | @212
+ 2 27 @2 1) + (o1 @11 + [[02P2|?
< Ci(|l(Hf, = 2)® + 20 + [ W]?) < Cof P2,

where Cs is independent of ¥. Mapping diag(¢1, p2)® to L?(£2, C?) gives the claim
by the compact embedding of the Sobolev space in the L? space. O
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Proposition 8. Let A\ € 0ess(HL), with T = A, B, let ¢;,& (i = 1,2) be as in
Proposition 7 and let K', K; C R? be compact sets such that K* C QU 0 and
K; c QU (i =1,2). Let also {¥1} C Dom (T) be a singular sequence for X,
ie JUT) =1, T 50, [|(HE — NWL|| = 0. Then ¢;(¥); — 0 (i = 1,2) and
&(UBY, — 0 (i = 1,2). Moreover, for A\ = 0, the singular sequence {¥1} can be
selected such that (V2); | K =0, (¥B); | K; = 0 in addition.

Proof. We give the proof for T = A and simplify the notation VX = ¥, HZ = H,,.
We denote ¢; := (1 — ;). Using the identity (for z € C\ R)

(28) (%1 £2> n = <%1 52) (Hy — 2) " (Hyp — AWt

(A—2) (9‘(’)1 £2) (H,— 2) 10,

we get by the local compactness that ¢;(¥,); — 0.

For A = 0, we fix ¢; such that suppp; N Q C QU IN" and ¢; = 1 on an e-
neighborhood of K (for € small enough); it follows that @; | K* = 0. We define
®,, := |diag(P1, P2) ¥, ||~ 'diag(P1, p2)®,, hence (®,); | K* = 0 and &, ~ 0.
Note that ®,, is correctly defined since, for n > ny,

(29 Iding(B1, 62) 0| > 1~ [ding(ip1, ), > > 0
Finally,
1 (\I/n)gT*(pQ . ~ ~
30 H,,®,| < - d y01)Hy Y0l |
@) el < 3 ([|((52) |+ it g

hence {®,} is a singular sequence for A = 0 since ¥,, is a singular sequence for
A =0, pi(¥n)i = 0 and (¥,);7*¢; (the latter follows from the first part of the
claim and supp 71 C supp @1, supp 7*ps C supp ¢2). O

Proposition 9. 0es(HA) = 0ess(A* A) = 00ss(AA*) = {0} and 0 is not an eigen-
value.

Proof. Denote HA = H,,. Let us assume that A\ € 0e(H,,) and take a corre-
sponding singular sequence {¥,,}. Direct manipulations yield
1(Hzz = M@0l = [7(¥n)1 = A¥n)2 ]| + 17 (¥n)2 = AT )1 |*
(31) = (@)1 + 175 (W )21 + (AP
—4XRe (77 (U p)2, (¥ )1).
With the help of Proposition 8, we show below that (7*(¥,)2, (¥,)1) — 0. How-
ever, since ||(H,, — NP, || — 0, (31) gives that A must be 0.
It remains to prove that (7*(¥, )2, (¥,)1) — 0. Take ¢ as in Proposition 7 and
denote 471 := (1 — ¢1). Using integration by parts, we obtain
(T ()2, (Pr)1)| < [T (Wn)2s 01 (Un) 1) + [((Tn)2, (Fn)1701)]
+ [{&1(¥n)2, 7(¥n)1)]-
Since supp 7¢1 C supp 1 and supp @ NONQ! = @, all terms on the right hand side
tend to 0 by Proposition 8 and the fact that ||[7(¥,)1] + ||[7* (V)] < M < .

The later follows from the first equality in (31), (H,, — A\)¥,, — 0 and ||T,,|| = 1.
O

(32)

Finally, we examine the effect of a perturbation by a bounded real potential V'
on the essential spectrum.
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Proposition 10. Let V' € L*°(Q) be a real potential. Let Us = {x € Q :
dist(z,09Q) < &} and let denote ms := essinfy,V, Ms := esssupy, V. Then
JCSS(H;; + V) C m5>0[m5aM5}‘

Proof. We begin by showing that the localization of the essential spectrum does
not depend on the potential inside 2. More precisely Oess(Hyy + V) = Oess(Hyz +
(1 — xkx)V), where xx is the characteristic function of a compact set K C 2
and H,, = HA. From Proposition 7, it follows that y(H,, — z)~! is compact.
Hence XK(HZZ +V - Z)il = XK(HZZ - 2)71 - XK(HZZ - Z)ilv(sz +V - 2)71
is compact, i.e. H,, + V remains locally compact. As a consequence, xxV is a
relatively compact perturbation of H,, + V.

For positive § we define K = K := Q\Us. Then there exists a singular sequence
{U,} for H,, and A = 0 such that ¥, | K = 0. Similarly as in [7, Thm.§8], we
show by [11, Thm.10] that for every € > 0, the interval (ms — €, Ms + €) contains
an infinite set of points of the spectrum of H,, + V. For all n > n(e),

1 1
[(Hzz +V = 5 (Ms +m5)) Un || < [[Hop Wl + [(V = 5 (M5 +m5)) Ul
1
< (e + 5 (M5 —mg)) [ 2s]

Finally, let A > Ms. We prove that X is not in oess(H + Vj), where Vs(z) =
mesxx + (1 — xx)V, i.e. we change the potential on K. The argument is based on
[11, Thm.6]. Since A — mgs > Ms —ms > 0, there exists, ¢f. [11, Thm.6], a positive
number € and a subspace F' with finite deficiency such that for all ¢ € FNDom (H,,)
(34) [(Hzz — (A = ms)e|l > (Ms —ms +€)llgl].

It follows that for all ¢ € F'N Dom (H,,) we have
[(Hee + Vs = Nl = [|(Hee — (A = ms))ell = [[(Vs — ms) ¢

> (Ms —ms + €)ool — (Ms — ms)lel| = |-

(33)

(35)

Hence A ¢ 0ess(Hyy + Vs) = Oess(Hyy + V). An analogous argument can be given
for A < mg. [l

If V is continuous on Q, the essential spectrum of H,, + V lies between the
minimum and maximum of V' on 0f).

A weaker result can be obtained also for HEZ + V., namely oess(HZ + V) N
(Ns>o[ms, Ms]) # 0. The difficulty in describing the entire essential spectrum lies
in the fact that we do not know if zero is the only point of the essential spectrum
of HE.

Remark 1. Using the existence of singular sequences from Proposition 6 with
T = B, we can in fact improve the result on the localization of the essential
spectrum of HA + V. Let xp € 09, Us(zo) := {x € Q : dist(wg,x) < &},
and mes(zo) = essinfy,(4,)V, Ms(zo) = esssupy,(,,)V. Then Oess(HA +V) N
(Ns>olms (o), Ms(x0)]) # 0.

To see this, the Dirichlet bracketing argument is used as in Proposition 6. Let us
assume that g € Q% and consider a sequence {t,,} C Dom (A) localizing at 992
and being zero outside of Us(xp), such that ||7¢,| — 0. Inserting this sequence in
[11, Thm.10], i.e. the estimate of type (33), yields the claim.

4. EXAMPLES

We shall now consider several examples based on rectangles, sectors and annulus,
to illustrate the operators studied in the previous sections. In addition to armchair
and zigzag boundary conditions, in some instances we shall complement these with
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periodic boundary conditions. In view of the Dirac equation in a curved space and
its connection to graphene, see e.g. [5, 25, 15], the examples of rectangles with
periodic boundary conditions can be viewed as models on a cylinder or cone (if
the frame is chosen as in [5, Eq.(A12)]) in R®. Information on the spectra of such
operators also provides insight on how to deal with waveguides, i.e. 2 is an infinite
strip, which we consider in Section 5 below.

4.1. Rectangle with zigzag and periodic boundary conditions. Let {2 be
the rectangle Q := (—a, a) x (=b,b) and write

oYy = (—a,a) x{-b} 00Ny = (—a,a)x {b}

(36) :
893 = {—a} X (—b, b) 694 = {a} X (—b,b)

We realize the differential expression H; from (8) as a self-adjoint operator H,j, in
L?(Q).

Proposition 11. Let A be the operator defined by A := 7 on

(57 Dom (A) := {¢ € L*(Q) : Ve > 0,% € W"?((—a,a) x (=b,b—¢)),
P[0 =0,¢ [0 =1 [ 0Na.e, T € LQ(Q)}.

Then A is closed and A* is given by
Atp =179,
(38)  Dom (4%) = {¢ € L*(Q) : Ve > 0,9 € W"?((—a,a) x (=b+¢,b)),
PO =0,0]00;=0¢ ][0 ae,77¢c LQ(Q)}.

Proof. We denote by 2* the set on the right hand side of (38) and take ¢ € 2*. We
show that ¢ € Dom (A*). Any ¢ € Dom (A) restricted to Q_ := (—a, a) x (—=b,0) is
in W12(Q_) and satisfies Dirichlet and periodic boundary conditions respectively
on 9Q; and the part of 9€; (i = 3,4), namely on {—a} x (—b,0) and {a} x (=b,0).
Similarly, ¢ restricted to Q4 := (—a, a) x (0,b) is in W12(Q, ) and satisfies Dirichlet
and periodic boundary conditions on 9y and the part of 99, (i = 3,4).

Both v and ¢ can be approximated on _, Q. , respectively, in the W12 norm
by smooth functions 1,, and ¢,,, whose supports do not intersect 02, 9Qs, respec-
tively, and satisfying also the periodic boundary conditions in the corresponding
part of the boundary. Then

(39) ¢T1p = lim o1y, + lim / ont) = | TF,
Q n—00 n—o0 Q, Q

Q_

since the boundary terms vanish on 99; (i = 1,2) and cancel on 99; (i = 3,4) and

(—a,a) x {0}.

The operator A is an extension of Ay acting as 7 on
Dom (4g) := {¢ € C™(Q): Iy € CF(R?),¢ =1y [ Q,

supp 1 N (9 U 0Nz U Q) = 0}.
By Proposition 4, the domain of the adjoint of A is
Dom (43) = {¢€ L2(Q)NW 2 (QUdN,) : ¢ | 0Q = 0aer*p € L2(Q)},

loc

and clearly Dom (A*) C Dom (A§). For non-negative values of ¢ we introduce the
(bounded) shift operators T; defined by

Y(xy +t,x9), if 21 +t<a,
(g +t—2a,x2), if z1+t>a.

(40) (Typ) (w1, 22) = {
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If 9 is 2a-periodic in x1, T} acts as the usual shift operator. It is easy to verify that
TF = Tt_1 =T_,;, where

Y(x —t,x9), if o1 —t> —a,
V(xy —t+ 2a,x9), if 21—t < —a.

(41) (T-4p) (1, 22) 1= {

Since A = T_;AT; and T; is bounded with bounded inverse, the same equality is
valid for the adjoints, i.e. A* = T_;A*T;. This equality particularly means that
it € Dom (A*), then T;¢ € Dom (A*) which implies (with regard to the domain
inclusion) that Dom (A4*) C {¢ € L?(Q) : Ve > 0,9 € WY2((—a,a) x (—=b+¢,b)),¢ |
00y = 0,7*¢ € L*(Q)}. Taking suitable 1) € Dom (A), namely those whose support
does not intersect 91, and using integration by parts, we see that functions from
Dom (A*) also satisfy periodic boundary conditions.

Repeating the described procedure yields A = A**. O

Having proven that H,, is self-adjoint, we shall now study its spectrum. In
fact, we study the spectrum of HZ2p from which the spectrum of H,, can be de-
duced. Formal calculations directly for H,, may be found in [3, 27]. Because of the
symmetry, the operators on the diagonal of HZ2p have the same spectrum.

Proposition 12. Let A and A* be the operators from Proposition 11. Then the
essential spectrum of A*A consists only of zero and its eigenvalues may be written
as Amn = 0py + w3, ,,, where o, = (mm)/a with m € Z and W, ,,, m € Z, n € N,

are the eigenvalues of the one-dimensional Dirichlet-Robin problems (indexed by n
in increasing order)

—" =wy, .6 in (=b,b),
(42) £E=0 at — b,
gl - Um§ = 07 at b7
2

m,n
(43) Om sin(2wd) = w cos(2wb).
Figenvalues A\, 1 — 0 as m — 400, more precisely

(44) Ama = 405,747 4 O(ap,e ™50,

ie w can be obtained from the solutions of the equation

Remark 2. If m > mg := a/(2nb), then (43) yields one purely imaginary root
Wm,1 = i@, 1 and infinitely many positive roots wy, , satisfying:

ns1: (n—l)wgwmngﬁn—l)w’
2b ’ 4b
(45) 2 1o 2
Hence
(46) lim o2 +w? ;= lim o2 —&%,=0.
m——+0o0 ’ m—+00 ’

If m < mg := a/(2nd), then (43) yields infinitely many positive roots wy, , satisfy-
ing:

1 o — 1
O<memy: VT, Cn—Dm
<p. @n=Ur_ <
= W =gy

The eigenfunctions

(48) U (21, 22) 1= Amme_i"m’”1 sin(wy m (2 + D)),
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associated to the eigenvalues A, , and where A,, , are normalization constants,
form an orthonormal basis of L?(€2).

Proof. We search for eigenfunctions by separation of variables writing U(x1,z) =
k(x1)€(x2). Assuming that ¥ is regular enough, we want to solve the following
problem

AT = AT,
U o0, =0,
(49) (i0) — 3)W | 992 = 0,
Vo0 = T 0Qy,
U 1003 =01V [ 08y,

and inserting ¥ as above into (49) we are led to the following equations for x and £

=" (x1)&(22) — K(21)¢" (22) = Ar(1)€(22),

£(=b) =0,
0 i (1) (1) — ()€ (5) = O,
k(—a) = r(a), K'(-a)=r'(a).
It follows that
w(z1) = Cre 71,
R0
(51) )’
&(xq) = Coysin(w(z + b)),
A =02 4+ w?.

The periodic boundary conditions for  restrict the values of o to o, = mn/a,
m € Z. Regarding the relation between o and the boundary values of £ and £ at
b, cf. (51), the function & must satisfy the Dirichlet-Robin problem (42) and wi, ,
the eigenvalue equation (43) in the claim.

For every m > my, we rewrite equation (43) for w = iw as

~ @

(52) tanh(200) = —
Om
and a simple analysis shows that it has one (and only one) positive root @y, 1.
Furthermore, the sequence {@m1}§3° is increasing and &y, 1 — +00 as m — +o0.
If we write oy, from (52) as a function of b and @ and insert it into the equation
Am,1 = an — d}%m we conclude that A, 1 — 0 as m — +o0. This also proves that
0 is in the essential spectrum of A*A. The enclosures for wy, , in the claim follow
from elementary estimates for the roots of (43) and (52).

To obtain the asymptotics of A, 1, we have to study the behaviour of the positive
root of (52) for large m. Writing &y, 1 = o, — € we obtain

(53) g(e™1omb 4 e71) = 24, e oMb

—4eb

and after expanding e into a Taylor series around zero this yields the following

equation for
(54) e(1 —e~tomby — 25, e747mb = R(e).

Here R(g) = O(£?) and it is a continuous function of e. Using e.g. the intermediate
value theorem, it is possible to show that the solution of (54) will be of the form
Em = 20m6_4"mb+(’)(o,2ne_8”mb). Returning back to @, 1, we obtain the expression
for Ap, 1 in the claim.
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B := {V,n.n}tmeznen is an orthonormal basis of L?() since (properly normal-
ized) {Km }mez and {&mntnen (for every m) are orthonormal bases of L?((—a,a))
and L?((—b, b)) respectively.

Since £ is an orthonormal basis, no points other than A, , can be in the point
spectrum and also

(35) A A=NFIP =D (T, HPAnm — AP > inf [ Ay m — AP[LF]%.
meZ,neN ’

Therefore only accumulation points of {\,, ,} can be in the essential spectrum.
Using the enclosures of w,, , and values of o,, we conclude that O is the only
accumulation point of {A,, »} and thus there are no other points in the spectrum
of A*A. O

%),

-10 0

05 05

00 00

-05 -05

FIGURE 3. Real and imaginary part of ¥y ; from Example 4.1 for
a=10,b=14.

The spectrum of the original Dirac operator H,, may now be obtained simply
by taking plus and minus square root of the points in O’(Hz2p>.

Lemma 13. The essential and point spectra of H,, are given by oess(H,p) = {0}
and op(H,p) = {£+1/Amntmez, nen, respectively. The eigenfunctions corresponding
to £/ Am n are, respectively, of the form

+ _pt pmioma (F8(Wm (22 +D))
(56) (@1, 22) = AL e ( sin (Wi, n (22 — b))

+

m.n are indeed

Proof. Tt suffices to verify by a straightforward calculation that ®
eigenfunctions associated to +v/\. O

Although HZ2p acts locally as a Laplacian, its resolvent is not compact and 0 is
in the essential spectrum. The latter is, in fact, a consequence of Proposition 6.
In more detail, we can consider a small rectangle placed at 0§22, impose additional
Dirichlet boundary conditions on the other three parts of its boundary and use the
sequence v, from the proof of Proposition 6 to show that |71, || — 0. Nonetheless,
in this example we can find the singular sequence explicitly, namely ¥,, ;. Figure 3
illustrates characteristic features of these eigenfunctions, as m increases, the eigen-
functions localize more and more near the boundary where the “Cauchy-Riemann”
boundary condition is imposed.

4.2. Annular sector with zigzag and periodic boundary conditions. As
another example, we consider Q := {(x1,22) : 1 = rcosp, xo = rsinp, r €
(r1,72), ¢ € (0,)}, i.e. the sector of an annulus or the entire annulus, and we
impose the combination of the zigzag and periodic boundary conditions. With
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regard to the symmetries of 0 we further work in polar coordinates (r,¢) and

denote Q, := (r1,73) x (0,). We can start with a symmetric operator H,
H3 W = H T,
(57) Dom (H;‘p) = {0 e C' () : Vo, ¥y (r,a) = 0,¥s(rz,a) =0,
Vr, Wy o(r,0) = Uy o(r, a)}.

and describe the domain of the closure H7, of H »p using the ideas from the previous
example. If a = 2w, i.e. Q) is entire annulus, the domain is described in Proposi-
tion 3. However, we omit further details and only calculate the eigenvalues and
eigenfunctions of (H2,)%.

We find the same effect as in the previous example, namely the existence of
a sequence of eigenvalues converging to zero with eigenfunctions localizing to the
boundary. In the case of r; = 0, i.e. the annulus sector becomes a usual sector, the
situation is different (9Q! = ) in the notation of previous section) and we return
to the example in [23] where zero is the eigenvalue of infinite multiplicity instead
of having the sequence tending to zero.

Proposition 14. Spectrum of (Hzap)2 consists of eigenvalues Ay, p, m € Z, n € N,
that are the solutions of transcendental equation (63) where X = k*. The associated
eigenfunctions Ymn(r,©) = pman(r)Em(p), cf. (60)=(62), form orthonormal basis
of L*(p). Eigenvalues A1 — 0 as m — —o00 and oess((HZ,)?) = {0}.

Proof. The differential expressions 7,7* are in polar coordinates transformed to

. 1. . 1 _.
(58) T =—ie¥0, + —e¥0,, 7" = —ie 90, — —e ¥0,.

r r
Thus we solve equation
1 1

* _ 2 2 —

(59) T = (=0, — ;& - ﬁago)w = A

for 9 satisfying boundary conditions 9 (ri,) = 0, (7¢)(r2, ) = 0, ¥(r,0) =
P(r, o), O, (r,0) = 0,9 (r, ). We search for solutions in a separated form ¥ (r, ¢) =
p(r)k(p) and inserting the latter into (59), we get

: 2
(60) k(p) = Che™ 9%, o= —Wm, meZ
o

and p is the solution of
(61) r2p"(r) +rp'(r) + (M = 0®)p(r) = 0,

satisfying boundary conditions p(r1) = 0 and p’(r2) + ;Zp(r2) = 0. This is similar
to the situation encountered in the previous example, with the eigenfunctions sep-
arating into the exponential and the solution of a Dirichlet-Robin problem. This
solution can be expressed as the following linear combination of Bessel functions

(62) p(r) = Cad,(rk) + C3Y,(rk),

where 0 < A = k2 and ¢ > 0. The boundary conditions now lead to the following
transcendental eigenvalue equation

@  Jo(r2k) Yy (r1k) — Jo(r1k) Yo (r2k)

g B Jo—(’l“lk‘)yof(’l“gk‘) — J‘/T(TQk)YU(le)7
where primes denote the derivative with respect to the argument of the function.
We remark that, for negative o, Bessel functions of negative order should be used
instead.

We can analyse the eigenvalue equation when o converges to —oo in a similar
fashion as was done in the rectangle case, cf. Proposition 12. However, calculations

(63)
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for the annulus are substantially more complex. With o« = 27 and hence o, = m,
we obtain

(64) Am,1 = _4m(:§_m) (2) - +0O (m*(ry/r2) ™)

and this expression remains valid for non-integer o as well. Thus, as in the previous
situation, we find a sequence of eigenvalues converging to zero exponentially when
o — —oo and we can justify by similar arguments that the described eigenfunctions
p(r)k(p) form an orthonormal basis of L?(Q,). O

FEigenfunctions corresponding to eigenvalues approaching zero localize to the
boundary as in the example of the rectangle — see Figure 4.

KFAA A“A

o

FIGURE 4. Real and imaginary part of 1_19; from Example 4.2
fora=2m,11 =02, =1.

As may be seen from the physics literature, cf. [1, 20], the boundary conditions
in closed graphene systems are in fact of a more complex nature. More precisely,
and following the approach in [1] for the case of a circular boundary, the zigzag
boundary conditions should change as one moves around the boundary in the same
way as for a regular hexagon. This way of modelling the boundary conditions for
such situations was tested in [1] successfully against the numerical solution of the
tight-binding model.

Thus, in the case of the annulus above, to obtain a physically relevant model
the even and odd spinor components entering the zigzag boundary conditions (2)
should be interchanged at angles which are multiples of 7 /3, while moving around
the boundary, i.e.

Va € (0,7/3) U (2n/3,m) U (47/3,57/3) :  1(r1,a) =0, 3(r1,a) =0,

(65) wg(’l“g,a) = O, w4(7‘2, Oé) = 0,
Va € (n/3,2n/3) U (m,47/3) U (47/3,27) = ha(r1, ) =0, a(ri,a) =0,
Yi(rz,a) =0,  ts(rz,a) = 0.

Taking the square of the corresponding Dirac operator leads to Laplacians with
combinations of Dirichlet and (anti-)Cauchy-Riemann boundary conditions, which
is no longer an explicitly solvable spectral problem.

Nevertheless, our theoretical approach can be generalized to this situation in a
straightforward way (we have to deal with a combination of the A and B operator
types). In particular, the existence of a portion of the boundary where the Dirichlet
boundary condition is imposed again prevents zero from being an eigenvalue, cf. the
proof of Proposition 5, while the Dirichlet bracketing argument, cf. the proof of
Proposition 6, shows that 0 is in the essential spectrum. Similar reasoning applies
also for curved armchair-zigzag waveguides — see the remarks in Section 6.
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4.3. Rectangle with armchair and periodic boundary conditions. As we
saw in the previous sections, the behaviour for armchair boundary conditions is
quite different, since we usually obtain “standard” operators defined in W12, Write
Q) := (—a,a) x (—b,b) and define the operator in L?(Q, C*) by
H,,U = HU,
Dom (H,yp) :={¥ € W"2(Q,C*) : ¥; | Q5 = Uy4n | 9,
U, [0y = 9Wipn [ 00, U5 [ 00 = T; | 00

(i=1,2 j=1,.,4)},

(66)

where 9;Q are as in (36) and © € R is a physical parameter, i.e. we impose the
combination of the armchair and periodic boundary conditions. The self-adjointness
of this operator is discussed in the remark below Proposition 1. Further we study
the spectrum of HZ, = diag{—A,—A,—-A, —A} with the domain Dom (HZ,) =
{\I/ S W2’2(97(C4) : \I’j [ o = \Ifj [8(22,82\11j T o = 62\11]‘ F 8927\111' [893 =
Wipo | 003, | 0 = e©Uipn | 00,000, | 0 = =01 V40 | 003,017; |
Oy = =€V, [0 (i = 1,2, j = 1,...,4)}. We remark that the spectral
problem corresponding to H,, was studied directly in a formal way in [3, 27].

Proposition 15. The spectrum ofop 1s discrete with eigenvalues given by Ay, ,, =
o2, + 2, m,n € Z, where 0., = mn /b and {, = nn/(2a) — ©/(4a). The associated
eigenfunctions

Ale*iCnﬂfl
Cle_iCn-'I:l
Aq (—1)"e_i% einm1 |
Cy(—1)me 13 eidnm

(67) U, = €17m72

where Ay, Cy are normalization constants, form an orthonormal basis of L?(Q, C*).

Proof. Since calculations are standard we give only a brief description. Clearly, we
can separate the even and odd components of ¥ and reduce the problem to two com-
ponents of W. It follows that the eigenfunctions are of the form (¥, ,);(x1,22) =
e9%25;(x1) (j = 1,3), where r;(z1) = Aje” 11 + Bjel¢®1. The latter must satisfy

(68) ki(—a) = k3(—a), Ky(a) = —€r;(a).

This leads to the algebraic equation cos(4al) = cos © yielding solutions (,. The
eigenfunctions of this subproblem are s; with A; € C, B3 = A;(—1)"e19/2 A3 =
B; = 0, denoted by Hgn). Since (Iign), Iiz()’n)) are the eigenfunctions of diag{—97, —97}
defined on the functions from W?22((—a,a), C?) satisfying the boundary conditions
(68), in other words, they are eigenfunctions of a self-adjoint operator with a com-
pact resolvent (an example of a quantum graph), they form an orthonormal basis

of L?((—a,a),C?). Due to the structure of ¥, ,, the latter form an orthonormal
basis of L?(Q2,C*). O

4.4. Rectangle with armchair and zigzag boundary conditions. The combi-
nation of the zigzag and armchair boundary conditions is the most relevant physical
situation, as it will be natural for some of the boundary lines to be at angles which
are not compatible with both having one single type of boundary conditions. We
intend to realize H, cf. (1), in L?(£2, C*) with Q := (—a, a) x (b, b) as a self-adjoint
operator and investigate the spectrum of its square. Formal calculations directly
for the Dirac operator can be found in [26]. We start with a symmetric operator
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defined on C' functions satisfying boundary conditions,
H,,U:= HU,
Dom (H,,) == {¥ € C*(Q) : ¥; [ 003 = V.o | 00,
T, [ 0 = €e©T0 [ 00,
U 100 =0V, |00 =0 (=12 j=13)},

(69)

where 9;Q are as in (36). We derive one inclusion of the closure of H,,.

Lemma 16. Dom (H.,) C Da,, where Da, := {¥ € L*(Q,CY) : ¥; € WL\

00), W41 € W2(Q\00),0; | 003 = Uipn | 93,0, | 9Qy = €OV, |
0N, U, 100 =0,T1 [0 =0 (i=1,2 j=1,3),HV € L*(Q,C*)}

Proof. Let ¥ € Dom (Eaz)7 then there exists a sequence of functions ¥, from

Dom (Haz) such that ¥,, — ¥ and H¥,, — H,,V. Since the boundary conditions
do not mix odd and even components, we restrict ourselves to the odd components
only, i.e. we assume that Uy = Uy = 0.

For € > 0, we take a real C'((—b,b)) function & : [~b,b] — [0,1] such that
& =1 at [-bb—¢], & = 0 at [b — ¢/2,b] and we define &(z1,12) := & (x2).
Functions £¥,, belong to Dom (H,,), £U,, — £V, and H,,(£V,) — H,,(£¥). By
partial integration, the graph norm of £W,, is equal to the W2 norm, therefore
0 € Wh2(Q,CY), satisfies the same boundary conditions as £VU,,, and H,,¥ =
H,,¥. O

We investigate further the eigenvalues and eigenfunctions of HazZ and we show
that the latter form an orthonormal basis. It follows that H2, is essentially self-
adjoint. It is then not difficult to obtain eigenvalues and eigenfunctions of Hyy,
similarly as in Lemma 13 for zigzag and periodic boundary conditions, and conclude
that H,, is also essentially self-adjoint.

Proposition 17. The eigenvalues of H2, can be expressed as Ay, = (2, + W s
m € Z, n € N, where (,, = mn/(2a) — ©/(4a) and w2, , are eigenvalues of the

one-dimensional Dirichlet-Robin problems (indexed by n in increasing order)
- il = w'?n,ngl in (_b7 b)a _€2N = w?ﬂ,ngQ in (_b7 b)?

(70) 51 =0 at — b7 gé + Cmf? =0 at — ba
£ —Cm&1=0 atb, £ =0 at b,

ie. wz%n can be obtained from the solutions of the equation

(71) Cm sin(2wb) = w cos(2wb).

Moreover,

(72) lim (2 4 w2, =0.

m=—o00
Associated eigenfunctions read

Are”6m® gin(wy, o (72 + b))

Cre im1 sin(wp, n (2 — b))
Ay (—1)me™1% el6n®1 gin(wy, (22 + b)) |
C1(—1)™e 1% e sin(wyn,p (22 — b))

(73) \I/mvn(flfl,.fg) =

where Ay, Cy are normalization constants, and they form an orthonormal basis of
L2(Q,C*%).
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Proof. As in the armchair-periodic case, cf. Proposition 15, we can separate the
even and odd components of ¥, therefore we focus only on odd ones further. The
even ones can be examined in an analogous way, nonetheless, we remark that it
follows from the symmetry that eigenvalues of both problems (70) coincide.

We search for solutions of H2 ¥ = AW in a separated form, i.e. U; = 0 (i =
2,4) and U;(z1,22) = Ki(x1)&(22) (1 = 1,3), where we take as k; those from
Proposition 15, i.e. /ﬁgm)(xl) = Aje " ilmo1 Hgm)(l‘l) = A(=1)me10/26Km1 with
Cm = mm/(2a) — O /(4a). This choice implies that £ = £3 and &; is a solution of the
Dirichlet-Robin problem (70). The latter is very similar to (42) from Proposition
12, the difference is the substitution of o, by (,,. The existence of a sequence
of eigenvalues converging to zero and completeness of {§1m’n)}neN in L2((—b,b))
for every m can be justified by the same arguments as in Proposition 12. The
completeness of eigenfunctions ¥, , follows from the mentioned completeness of
{flm’")}neN and the fact that (mgm), 0, Hgm), 0) together with (0, ng’"), 0, /{im)) form
an orthonormal basis in L?((—a,a), C*). O

Finally, we can verify by straightforward calculations that eigenfunctions of Hy,
have the following form.

Lemma 18. ap(HaZ) = {:I:‘Mma"}mez,neN' The eigenfunctions corresponding to

£/ Am,n read respectively:

Fe Im®1 gin(wy, n (72 + b))
—iCm®1 gj —
" 4 e sin(wp, n(r2 — b))
(74) q)m,n(ml’ ‘TQ) - Am,n :F(_l)me—i%ei(mxl Sin(wm)n(xg 4 b)) )
(—1)’”6_1%6%’”1 Sin(Wp,n (2 — b))

and form an orthonormal basis of L*(Q,C*).

5. WAVEGUIDES

We shall now consider the case of waveguides, i.e. when the set €2 is an infinite
strip such as = R X (—a,a), for instance. Our analysis will be based on the
above study when the operators were defined on rectangles, with periodic and
either zigzag and armchair boundary conditions. These examples will be used to
construct suitable singular sequences to investigate essential spectra of waveguide
systems and we shall consider three physically relevant situations, ¢.e. the straight
armchair waveguide and both straight and curved zigzag waveguides.

5.1. Straight armchair waveguide. Let Q = Q5 = (—a,a) xR and define HSY :=
H,., cf. Proposition 1. Since the domain of HSY is a standard Sobolev space and
(HEY)? can be written as a sum of a longitudinal and transverse operator —93 and
—03 respectively with appropriate boundary conditions, the following result on the
spectrum of the waveguide is very natural.

Proposition 19. o(HSY) = 0ess(HLY) = (—o00,—Ey] U [Ey,00), where Ey =
ming,ez |G, | with ¢, = nw/(2a) — ©/(4a), cf. Section 4.3 and, in particular, Propo-
sition 15.

Proof. Let (p, be such that Ey = |(,,|- The singular sequence for A € [Ey, 00), to
be inserted into the Weyl criterion, can be expressed as
e—i(noxl
lno 9 —iCngm1

. T 2 152

(75) \I/g\n) (z1,22) == 61012M \/Cngo U_i@ N ’
[¥nllz2m) (=1)ree 2 eltmo
(—1)n0e=i% —Szati? piCnoms

Ve to?
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where n € N, ¢ is such that A = (/0% + (2 and ¢, (z2) := ¢(x2/n — n) with
¢(z2) € C§°((—1,1)). Properties of 1, imply that \I/(”)/H\I!E\n)ﬂ - 0. Moreover, it
can be verified that ||(HZY — )\)\I/g\n) ||/||\I/g\”) || = 0. A similar singular sequence can

be constructed for A € (—oo, Ey] by multiplying the even components of \I/g\") by
—1.

To justify that no point in (—Ep, Ep) is in the spectrum, we can consider (H5Y)?
and, by standard arguments for tensor products [21, Thm.VIII.33], show that
o((H3Y)?) = [Ef, 00). O

We note that armchair boundary conditions seem to be relevant only for straight
strips in particular directions, while most other configurations such as curved strips
are generically described by zigzag boundary conditions, see e.g. [1].

5.2. Straight and curved zigzag waveguides. Unlike in the armchair case
where, depending on O, there is a gap in the essential spectrum around zero, the
essential spectrum of zigzag waveguides covers the whole real line. This is what
is to be expected from the operator H,, defined on a rectangle where the zigzag
boundary conditions where complemented with periodic boundary conditions. Us-
ing a standard approach in quantum waveguide literature [9, 18], we show that the
essential spectra of both straight and asymptotically straight zigzag waveguides
cover the whole R by means of the Weyl criterion directly for the operator H,,; we
insert singular sequences having the form of (56) with suitable modifications.

We begin by considering the straight waveguide, i.e. 2 = Q7 =R x (—b,b). We
denote 90! := R x {—b}, 992 := R x {b} and define the following operator in
L?(Q,C?)

HEW = Hy 0,
(76)  Dom (H5Y) := {W¥ € L*(Q,C?): ¥; € WL (QUIQ), ¥ | 99 =0

loc

(i=1,2),H;¥ € L*(Q,C?)},

where the notation is similar as that of Proposition 3, i.e. ¥; € WIECQ(Q U o0t if
U, € WH2(Q) for any Q' C Q such that € QUIN. A modification of the proof
of that proposition yields that H}Y is self-adjoint.

Proposition 20. o.(HEY) = R.

Proof. We consider the sequence

(n) 1.1 - e—iaml wn(l'l) sin(w(x2+a)) — (n)x T
) W plana = o g (T ) = e

where osin(2wa) = wcos(2wa), A = 02 + w?, and ¥, (z1) := ¢(x1/n — n) with
¢(r1) € C§°((—1,1)). The relation between o and w in fact corresponds to the
eigenvalue equation on the rectangle with periodic boundary conditions, cf. (43),
although the “quantization” of o is relaxed here.

Clearly |[¥™|| is bounded and does not depend on n. Moreover, ¥ %
because of the properties of v,,. We start with the identity

(78) (S + VT2 = 70 4 VAT 20 + 705 + VAT |2, ),
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of which we analyse only the first term on the right—hand side in detail.

PB4 VAT = 71— gsin(w(s +a)) + w cos(w(z + a))
+ \/ijn(w(m - a)) m
e singulas @)M.

(79)

Inserting the relations between o,w and A, we find that
(80) —osin(w(zs + a)) + wcos(w(za + a)) + VAsin(w(zy — a) = 0.
Therefore (78) reduces to

(3 + VA e |2 =

(1) 2y

(” sin(w(zs + a)>||%2((7a’a)) + || sin(w(z2 — a))HQLz((,a,a))) m.

Since [|9, |lz2@®)/l|¥nllz2@®) = C/n with C depending only on ¢, the point —VA
belongs to the essential spectrum of H}). Using the symmetry, as in Lemma 13,
we can construct a singular sequence for v/ as well.

We remark that relations between o,w and A can be rewritten in the following
way (for 2wa # n)
(82) 0 =wcot(2wa), VA= &

’ | sin(2wa)

For w € (0,7/(2a)) we obtain (1/(2a), 4+00) for the range of v/ while taking —iw €
(0, 00) yields the remaining (0,1/(2a)). O

We shall now introduce a curved waveguide similarly as in [9], referring to [18]
for an extensive discussion on this issue. We take ) as a curved planar strip,
ie. Q= {(z,y) € R?: 2z = a(s) —ub/(s),y = a(s) + ub/(s),s € R,u € (=b,b)},
determined by the reference curve I' ;= {(a(s),b(s)) : s € R} and denote by 9Q°
(i = 1,2) the lower and upper parts of the boundary, respectively. It is assumed
that a'(s)? + b/'(s)? = 1, i.e. I is parametrized by arclenght and we denote by -
the signed curvature of T, i.e. v(s) = V' (s)a"(s) — a’(s)b”(s). We further assume
that «y is continuous, 2b||7||e < 1, and the curved waveguide {2 obtained is not self-
intersecting, cf. [9, 18] for further details. If the curvature of the reference curve
vanishes at infinity, i.e. y(s) — 0 as s — +00, the waveguide is called asymptotically
straight.

The operator HE" corresponding to the curved waveguide is defined in L?(Q, C?)
by

HYU .= H U,
(83)  Dom (HLY) :={W¥ € L*(Q,C?): ¥; € W22 (QUIN), ¥ | 99 =0

(i=1,2),H;¥ € L*(Q,C?)},

where the function space notation is introduced above for the straight waveguide.
A modification of the proof of Proposition 3 yields that Hj)" is self-adjoint.

The essential spectrum of curved zigzag waveguide remains unchanged as was to
be expected from what happens to usual quantum waveguides.

Proposition 21. Let y(s) = 0 as s — +00, then oess(HSY) = R.
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Proof. The idea of the proof runs along the lines of the standard approach for
quantum waveguides [9, 18] and we use a modification of the singular sequence
used in the straight case. We first write the differential expressions 7 and 7* in
curvilinear coordinates (s, u)

(84) 7 =e O (—if T (s, u)ds + 8y), T =P (—if (s, u)ds — By),

where f(s,u) := 14 uy(s) and €?() = o/(s) — ib/(s) from which it follows that
¢’ = ~. This change of coordinates also implies that we change the Hilbert space
from L2(£2,C?) to L?(Qp, C?, fdsdu), where € := R x (—b,b). We denote the norm
in the new space by || - |lo. We shall now define the sequence

se(s)
8 \Il(n) = —ios ¢7L(S) e s Sll’l(w(u + b)) = \Il(n)
(85) _\E‘(S’u) ‘ l[¥onll L2 () o155 sin(w(u — b)) (5, u),

where 1, (s) := ¢(s/n — n) with ¢(s) € C§°((—1,1)) and, as in the straight case,
o sin(2wa) = wcos(2wa), A = o2 + w?. We insert this sequence into Weyl criterion

(86)  [[(HSY + VN U@2 = [ (rel + VATT) |2+ || (7w + VA2,

and analyse only the first term in detail.

T\Ilgn) + \/X\Ijgn) — e—i“’(25> ((—ias + au)e_iasL(S)Sin(w(u + b))
19l ®)
P (s)

+ Ve ot 270 sin(w(u — b)))
[¥nllL2 )

e <u>) B(e™ 7 (5))
2@ Y(8)  —ios ¥n(s)

2f(s,u) ¥nllz2®)
where we used the definition of f and ¢’ = . The norm of the first term at r.h.s
tends to zero as n — +oo for the same reason as in the straight case, while the other

terms tend to zero because the support of ¢, “escapes” to infinity and v(s) — 0 as
s — too. U

(87) sin(w(u + b))

1¥nllL2®)

sin(w(u + b)),

6. CONCLUDING REMARKS

The spectra of graphene nanorribons are highly sensitive to the different types
of boundary conditions which, in turn, depend on the orientation of the boundary
with respect to the graphene lattice. As we have shown, zigzag boundary conditions
necessarily lead to a non-empty essential spectrum resulting in the existence of edge
states with energies converging to zero exponentially. From the mathematical point
of view, the properties of edge states, namely the localization at the boundary and
zero being the accumulation point of energies, are a consequence of local compact-
ness of the resolvent. In the presence of a potential, the essential spectrum is moved
depending on the values of the potential at the boundary where zigzag boundary
conditions are imposed. Besides perturbations by a potential V', the addition of a
magnetic field or, more generally, off-diagonal perturbations, coming for instance
from a non-trivial geometry of the manifolds or deformations of the atom lattice
and which have appeared frequently in the literature for various graphene configura-
tions (e.g. planar sheets, nanotubes), see e.g. [5, 25, 15, 14], deserves further study.
The practical interest in the addition of the magnetic field lies in the possibility of
opening the energy gap around zero in infinite graphene systems, for instance in
infinite strips (waveguides), where the essential spectrum typically covers the whole
real line.
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An important issue that was considered only briefly in this work in Example 4.4,
is the combination of armchair and zigzag boundary conditions. Such interfaces
are known to have physical consequences e.g. in scattering [27]. In the context of
curved graphene waveguides, the most interesting system should be a strip that is
straight at both ends corresponding to the armchair edge and curved in a finite
region where zigzag boundary conditions are prevalent. Based on our analysis, the
essential spectrum (of the square of the Dirac operator) will contain [Ey, c0) coming
from the infinite armchair parts, see Section 5.1, and zero due to the presence of the
“zigzag region”. The existence of a gap in the essential spectrum between zero and
Ey is to be expected, but this requires further analysis. The interesting features
characteristic of quantum waveguides, namely the geometrically induced bound
states below Ey, cf. [9], could then be studied in such systems as well. However,
the traditional variational argument used in that setting cannot be applied here
directly due to the unavoidable zero in the essential spectrum.
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