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ABSTRACT The Schrödinger operators with constant magnetic field in a bent chain and Y-type chain of coupled
balls are considered. Coupling exists due to point-like openings at the touching points of neighbor spheres.
The mathematical background of the model is the theory of self-adjoint extensions of symmetric operators.
The spectral equations for the model operators in each case were derived and analyzed.
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1. Introduction

Last decades various nanostructures attract attention of researches. Single-walled nanotubes (SWNTs) were first
seen in 1993 as cylinders rolled from a single graphene sheet. In 1998, the first peapod was observed by B. Smith, M.
Monthioux and D. Luzzi [1]. Carbon peapod is a hybrid nanomaterial consisting of spheroidal fullerenes encapsulated
within a carbon nanotube. It is named due to their resemblance to the seedpod of the pea plant. There are a number of
works dealing with mathematical modelling of mechanical, optical and electronic properties of nano-peapods [2–5]. Since
the properties of carbon peapods differ from those of nanotubes and fullerenes, the carbon peapod can be recognized as
a new type of a self-assembled graphitic structure [6]. Possible applications of nano-peapods include nanoscale lasers,
single electron transistors, spin-qubit arrays for quantum computing, nanopipettes, and data storage devices thanks to the
memory effects and superconductivity of nano-peapods [7–10]. Spectral problems for a chain of coupled resonator attract
a special interest due to its usefulness for micro and nanoelectronics, radio physics, acoustics [3, 11, 12].

In the present paper, we suggest a solvable model of a chain of weakly coupled spheres. A presence of a magnetic field
is assumed. The mathematical background of the model is given by the theory of self-adjoint extensions of symmetric
operators. This approach appeared initially as a mathematical justification of zero-range potential method in atomic
physics [13]. Later, it became a well-developed method of construction of solvable models for systems with singular
interactions [14–16]. We consider two systems shown in Fig. 1, bent chain and Y-type chain of coupled spheres. Coupling
exists due to point-like openings at the touching points of neighbor spheres. The spectral equations for the model operators
in each case was derived and analyzed.

2. Model construction

At all junction points of the resonators, the presence of the so-called condition δ- connection, and it is assumed that
its intensity α ∈ R is the same for all junction points of the resonators. At the boundary of the resonators, which is not
involved in their connection, it is placed Neumann boundary condition. It is also believed that all balls making up the
chain have same radius. We consider the magnetic field to be uniform and directed along an axis perpendicular to the
plane containing all the junction points of the circuit resonators.

To study the stationary states of a non-relativistic spinless particle placed in the described chain structure, it is neces-
sary to consider the stationary Schrödinger equation:

HBψ(x) = Eψ(x), (1)

whereHB is the Hamiltonian of the system under the influence of an external magnetic field B, ψ(x) is the wave function
of the three-dimensional spatial coordinate x, and E is the energy of the system. The main goal of the work is to describe
the spectrum of the Hamiltonian of the system σ(HB) depending on its physical and geometric parameters.
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FIG. 1. Geometrical configuration of the system: a - bent chain, b- Y-type chain.

FIG. 2. Two coupled balls.

A mathematical model of interacting resonators is constructed within the framework of the theory of self-adjoint
extensions of symmetric operators [17]. The scheme for constructing a model of interacting resonators under the influence
of an external magnetic field is similar to that in [3].

The operator HB
j defined for the j-th resonator in the chain (j ∈ Z) takes the form:

HB
j =

1

2m

(
−i~∇− e(B× r)

2

)2

, (2)

where i is the imaginary unit, ~ is the reduced Planck constant, e is the particle charge, B = Bk is the magnetic field
induction vector, r is the radius vector: r = {x, y, z}, and m is the particle mass. We choose the symmetric gauge for the
magnetic field.

To understand the scheme for constructing a model of a chain of interacting resonators at exposure to an external
magnetic field, consider the simplest chain - two coupled resonators Ω0 and Ω1, having one common point x1 (Fig. 2).

Starting with the orthogonal sum of the self-adjoint Hamiltonians for each ball, we restrict it to the set of functions
vanishing at the common point of two balls and come to the symmetric operator. Its self-adjoint extension gives us a
model of coupled resonators. To construct it, one can restrict the domain of the adjoint operator [13]. The corresponding
limitation is that the following boundary form annihilates for elements from the domain of the adjoint operator:(

(HB)*u, v)− (u, (HB)*v
)

=

∫
Ω0∪Ω1

(
(HB)*uv − u(HB)*v

)
d(Ω0 ∪ Ω1), (3)

where the bar denotes complex conjugation, and d(Ω0 ∪ Ω1) is the volume element Ω0 ∪ Ω1. The function u ∈
dom

(
(HB)*) can be represented in the following form [3]:

u =

u0
0 + a−0(u)G

B
0 (x,x1, λ0) + b−0(u)

u0
1 + a+

1(u)G
B
1 (x,x1, λ0) + b+1(u)

 , (4)

where GBj (x,x1, λ0) are Green’s functions for the problem (j = 0, 1), are the deficiency elements of the symmetric

operator
◦
HB.
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By direct calculation, one obtains the boundary form and, correspondingly, the condition of its annihilation:

((HB)∗u, v)− (u, (HB)∗) = a−0(v)b
−
0(u) − a

−
0(u)b

−
0(v) + a+

1(v)b
+
1(u) − a

+
1(u)b

+
1(v) = 0. (5)

Expression (5) is similar to that for the boundary form in the absence of external fields [17].

3. Results

Based on all of the above, the following theorem is valid:

a) b)

c) d)

FIG. 3. Structure of the continuous spectrum of a chain with a break (or branching) depending on the
connection parameter α at a fixed magnetic field: a) B = 0, b) B = 0.5, c) B = 1, d) B = 3

FIG. 4. Structure of the spectrum of the basic Y-branch of the chain depending on B at α = −1 (gray
areas — continuous spectrum zones; solid line — energy values belonging to the discrete spectrum)
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Theorem 1. Let the chain break angle γ be such that γ ∈ [0,
2π

3
). Then the essential spectrum of the model

Hamiltonian of a chain with a kink and with the condition of δ-connection at the junction points of the resonators, subject
to the influence of the magnetic field B, consists of eigenvalues of infinite multiplicity — the eigenvalues of the Neumann
Laplacian in the ball, corresponding to the eigenfunctions equal to 0 at both junction points of the resonators (xj−1

and xj), and continuous spectrum. The continuous spectrum of the model Hamiltonian has a band structure completely
described by inequality (6)

|µ±B | = 1 ⇔
∣∣∣∣ XB

2GB

∣∣∣∣ 6 1. (6)

At γ = 0, the discrete spectrum of the model Hamiltonian is empty.

Let now the chain break angle γ be such that γ ∈ (0,
2π

3
). The discrete spectrum of the model Hamiltonian consists

of all λ that resolve equation (11) and satisfy conditions (7)-(8):

|µ+
B | < 1 ⇔ XB

2GB
< −1, (7)

|µ−B | < 1 ⇔ XB

2GB
> 1, (8)

whereXB = lim
x→xj

(
GB(x,x1, λ)−GB(x,x1, λ0)

)
. We also present here the eigenvalues µB of this transfer matrix

and the corresponding eigenvectors νB (for j 6= 1):

µB =
XB

2GB
±

√(
XB

2GB

)2

− 1, (9)

νB = %

 1

−µB

 , (10)

where GB = GB(xj−1,xj , λ) = GB(xj ,xj−1, λ) (j 6= 1), % is some constant (% 6= 0).

|ZBγ |2 − (GB)2

GBZBγ
= 0. (11)

For Y-type chain of balls, the structure of the spectrum is described by the following theorem [7]:
Theorem 2. The essential spectrum of the model Hamiltonian of a Y-branched chain with the condition of δ-

connection at the junction points of the resonators, subject to the influence of the magnetic field B, consists of eigenvalues
of infinite multiplicity - the eigenvalues of the Neumann Laplacian in the ball, corresponding to the eigenfunctions equal
to 0 at both junction points of the resonators (xj−1 and xj), and continuous spectrum. The continuous spectrum of the
model Hamiltonian has a band structure completely described by inequality (6). The discrete spectrum of the model
Hamiltonian consists of all λ that resolve equation (12) and satisfy conditions (7) – (8)

1

(GB)3

(
(XB − µBGB)3 − (XB − µBGB)

(
|G[2],3|2 + |G[1],2|2 + |G[1],3|2

)
+

+G[1],2G1,[3]G[2],3 +G[1],2G1,[3]G[2],3

)
= 0. (12)

The picture of the dependence of the continuous spectrum on the magnitude of the magnetic field in the case of a
Y-branched chain has the same form as in the case of a chain with a break It is shown in Fig. 4 (the gap between the first
and second zones of the continuous spectrum contains energy values belonging to the discrete spectrum).

4. Conclusion

Explicitly solvable model was constructed for electron in a system of bent chain and Y-type chain of weakly coupled
balls in a magnetic field. The model is based on the theory of self-adjoint extensions of symmetric operators in the Hilbert
space. The spectral problems are of special interest for systems of such type (see, e.g., [18–22]). Spectral equations were
derived. The continuous and the point spectra of the model operator were described.
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