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ENERGY STATES OF PARTICLES IN A QUANTUM SIZED STRUCTURE WITH A
COMPLEX SHAPED BAND DIAGRAM

The subject of research in the article is the energy spectrum of a multilayer quantum sized structure with an energy profile of a
complex shape. The goal of this work is to study the interaction of quantum-confined and quasi- continuum energy states of particles
under the action of an external stationary electric field applied perpendicular to the planes of quantum confinement. The following
tasks were solved in the article: The spectrum of eigenfunctions and eigenvalues of particle energy is determined, both in the area of
the quantum confinement and in the area of the quasi-continuum. The definition of the eigenfunctions takes into account the fact that
the phase of the eigenfunctions changes due to the motion of particles over the quantum well. The following methods were used to
solve the set tasks: quantum mechanical modeling of stationary states in a structure with an energy profile of a complex shape;
methods of the theory of small perturbations for describing the interaction of particles in such a structure. The following results were
obtained: the basic calculation relations of the mathematical model of the energy states of particles and quasiparticles in quantum-
limited and quasi-continuum states were obtained within the framework of the quantum-mechanical approach. The interaction of
energy states of particles and quasiparticles in each of the bands between quantum-confined and quasi-continuum states is described
depending on the external influence. The theory of small perturbations is applied in the paper to assess the degree of interaction.
Conclusions: Analysis of the results of modeling the energy spectrum of a structure with two quantum wells, calculated for an
unperturbed state and for the case of external action in the form of a stationary electric field, leads to the following conclusions: in the
absence of an external field acting on the considered quantum well structure, electrons and holes located above the separation barrier
are characterized by a non-monotonically increasing spectrum of energy states. In this case, the particles are predominantly localized
above the quantum wells; the action of a constant external electric field on the structure under consideration leads to the manifestation
of the quantum-limited Stark effect both for solitary and for multilayer periodic quantum well structures. In this case, the
delocalization of the wave functions and the shift of the corresponding energy levels (the lowest energy levels in the structure under
consideration) is expressed as strongly as in multilayer symmetric structures. At the same time, the effect is almost invisible for the
higher levels. This is especially pronounced for the energy levels lying above the separation barrier. Thus, it can be expected that an
equidistant energy spectrum can be realized at a certain external field strength, which in turn should simplify significantly the
attainment of the second harmonic generation mode if the structure under consideration is used in the active region of a
semiconductor laser.
Keywords: energy spectrum; quantum limitation; wave function; electron; heavy hole; easy hole; quasi-continuum.

Introduction

Optical nonlinearity in superlattices becomes
pronounced when the so-called resonance condition is
satisfied, when the energy levels of the spectrum of the
system are located equidistantly and the difference in their
energies is a multiple of the photon energy of the primary
radiation. The problem of finding the limiting potential
that ensures the equidistance of several energy levels is a
complex variational problem, which, even with a fixed
form of the potential, does not have an unambiguous
solution. The potential parameters can be varied in such a
way that when the positions of the levels change, the
equidistance between them is preserved. In turn, the
variation of the parameters, without violating the
resonance conditions, strongly affects the values of the
dipole matrix elements, which in turn can lead to a
significant change in the values of the optical
characteristics of the system. Thus, by changing the
parameters of the structure, a large value of the second
harmonic generation (SHG) coefficient can be achieved.
At the same time, the maximum SHG coefficient does not
mean at all that the observed intensity of the generated
radiation at the doubled frequency will necessarily be
maximum. Indeed, in the double resonance regime, both
lasing and generated radiation can be strongly absorbed,
i.e., resonant optical transitions can lead to strong lasing at
the frequency 2w, but at the same time to strong
absorption at frequencies » and 2o [1-6].

From what has been said, in particular, it follows that

the problem of finding the conditions for optimal
generation for the second harmonic cannot be completely
solved within the framework of microscopic theory, i.e. by
revealing the parameters of a nanostructure with a
maximum SHG coefficient or a minimum value of the
absorption coefficient at a doubled frequency. The
complete  optimization theory, along with the
determination of the optical characteristics of the system,
should also consider the solutions of the equations of
macroscopic fields that determine the intensities of the
main and generated radiation at different values of the
optical characteristics of the system.

In connection with the problem of SHG radiation in
the infrared region of wavelengths due to both interband
and intersubband optical transitions, there are numerous
asymmetric low-dimensional structures with several
equidistantly spaced energy levels. Such as quantum wells
with a complex structure or simple wells located in a
built-in or external electric field. Nonlinear optical
properties of asymmetric quantum-well semiconductor
structures are applicable to heterosystems GaAs/AlGaAs,
Si/SiGe, AllnAs/GalnAs, GaN/AlGaN [5, 8-13].

Analysis of the problem and existing methods

With the development of nanoelectronics and its
semiconductor element base, researchers are paying more
and more attention to the creation of semiconductor
nanoelectronic devices for both optoelectronic and non-
optoelectronic  applications. In the production of
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nanoelectronic devices, a number of technological
problems arise: the integration of discrete nanoelectronic
devices and their simplest assemblies into standard
microelectronic  circuits  with a  well-established
technological implementation. The creation of purely
nanoelectronic circuits is still a serious problem; creation
of reliable electrical connections both between nano-sized
circuit elements and between nano- and microelectronic
components; temperature stability of nanoelectronic
elements; bringing the parameters of the newly created
nanoelectronic element base to existing standards for one
or another type of equipment, or creating new standards;
suppression of undesirable effects in the operation of a
new element base, the occurrence of which is associated
with the quantum nature of physical processes occurring
in the active regions of nanoelectronic devices, etc.

The greatest interest in the creation and
modernization of the element base of nanoelectronics is
the production of discrete elements for optoelectronic and
non-optoelectronic  applications, such as injection
semiconductor lasers and highly directional high-power
LEDs, amplifiers and modulators of optical radiation, as
well as field-effect transistors with a nanochannel,
resonant tunneling diodes, resonant-tunnel transistors,
bipolar transistors with nanoscale base. With the
development of technological methods of nanoelectronics,
special attention is paid to the creation of semiconductor
devices with superlattices [7-10].

As the main materials for the creation of
semiconductor nanoelectronic devices, double AIllIBV
compounds and their ternary and quaternary solid
solutions were most often used. The choice of this group
of materials is based on their wide use in microwave
semiconductor electronics. In the last five to six years, the
attention of researchers has been attracted by AIIBVI
semiconductor compounds and their ternary and
quaternary compounds. This group of materials was also
used to create devices for semiconductor microwave
electronics and optoelectronics, however, since this group
of materials contains a large number of volatile
compounds, the temperature instability of which manifests
itself in technologically used temperature ranges, it was
difficult to create high-quality and sharp p-n junctions
based on materials of this group. For this reason, devices
based on AIllIBV compounds, and especially AlIBVI
compounds, have not become widespread, except for
individual samples and series of devices.

With the development of epitaxial technologies, a
previously inaccessible opportunity has appeared to vary
the energy diagram of semiconductor structures both in
the width of the regions and the height of potential
barriers, and in the directions of crystal growth. It became
possible to create structures with alternating materials in a
given order with different electrophysical and
crystallographic  properties. The concept of "zone
engineering” appeared, which implies the artificial
production of materials with electrophysical properties
that do not exist in nature.

This work is devoted to the study of quasicontinuous
states that arise in multilayer quantum-dimensional
structures in the case when the internal potential barriers

are lower than the external ones, between which the
energy states of particles arise, much higher than the
ground states in individual quantum-limited regions and
also experiencing quantum confinement.

Highlighting previously unsolved parts of a common
problem. Purpose of the work

The possibility of obtaining layers with an arbitrary
profile of changing the composition made it possible to
use structures with quantum wells (QWSs) of complex
shapes to improve the characteristics of devices. Thus, to
create a new generation of resonant tunneling diodes and
heterolasers with separate electronic and optical
confinement, structures with rectangular QWs are used, in
the center of which there is an additional dip (fig. 1).

Varying the structural parameters of the double
quantum well makes it possible, at the design stage of the
structure, to "tune" the semiconductor laser or optical
amplifier to a given frequency (wavelength) of an external
source.

A change in the width of the separating barrier for a
given thickness of the entire structure and the position of
the barrier in the structure can maintain a given energy
distance between the levels within a fairly wide range.

Changing the height of the limiting barriers of the
structure allows you to plan frequency doubling in the
direction of increasing the frequency of the external
signal.

The growth of semiconductor nanostructures with
almost  arbitrary,  predetermined, structural and
compositional characteristics using modern technologies
does not pose significant difficulties. Thanks to this, at
present, it has become possible to implement low-
dimensional systems with the required properties of the
energy spectrum, as well as the degree of overlap of the
wave functions of various energy levels of dimensional
quantization. This capability, in turn, makes it possible not
only to design and create various highly efficient optical
devices with active elements based on quantum objects,
but also on the basis of appropriate calculations of the
parameters of these objects to optimize their performance.
[1,2,17].

The problem of finding the conditions for optimal
generation for the second harmonic cannot be completely
solved within the framework of microscopic theory, i.e.
revealing the parameters of the nanostructure with the
maximum SHG coefficient or the minimum value of the
absorption coefficient at the doubled frequency. The
complete  optimization theory, along with the
determination of the optical characteristics of the system,
should also consider the solutions of the equations of
macroscopic fields that determine the intensities of the
main and generated radiation at various values of the
optical characteristics of the system.

In connection with the problem of SHG radiation in
the infrared region of wavelengths caused by both
interband and intersubband optical transitions, numerous
asymmetric low-dimensional structures with several
equidistantly spaced energy levels were considered. Thus,
quantum wells with a complex structure or simple wells
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located in a built-in or external electric field were
considered [7, 8, 10, 13, 16].

The aim of this work is to study the interaction of
quantum-confined and quasicontinuum energy states of
particles under the action of an external stationary electric
field applied perpendicular to the planes of quantum

confinement.

Materials and methods

One of the most common quantum dimensional
structures with a complex energy profile is shown in
fig. 1, general view - fig. 1a, and the energy diagram is
shown in fig. 1b. Moreover, the shown structure can be
used both by itself and as part of a repeating construct - as
an element of a complex superlattice.

The structure considered in this work is based on
GaAs/AIXGal-XAs materials and is five-layer. The
materials of the first and fifth layers MI, MV, consist of
the AIXGal-XAs solid solution with the maximum
aluminum content, which provides the largest band gap in

these layers, and, as a consequence, the highest potential
barriers for carriers of both types throughout the structure.

The materials of the second and fourth layers - M I,
M 1V, on the contrary, have a minimum aluminum content
or completely consist of gallium arsenide. This ensures the
formation of rectangular quantum wells in the second and
fourth layers for carriers of both types. In the material of
the third layer - M 111, the aluminum content is higher than
in the materials of the second and fourth layers, but less
than in the materials of the first and fifth layers of the
structure. Thus, in the second, third, and fourth layers
above the potential barrier of the third layer and between
the potential barriers of the first and fifth layers, a quasi-
continuum zone is formed, since the carriers in the second
and fourth layers experience quantum confinement, their
thickness does not exceed the de Broglie wavelength, the
thickness of the separation barrier is also small since the
barrier is considered to be permeable; however, the total
distance between the barriers of the first and fifth layers,
in the general case, can approach the values of a bulk
sample [5-7].
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b)

M | - MV - designations of materials of layers of a quantum dimensional structure; Ec and Ev are the boundaries of the conduction
and valence bands, respectively; -b, b - boundaries of the central part of the structure - the barrier above which the state of the quasi-
continuum is formed; markers "TOP" and "BOT" - the upper and lower boundaries of the quasi-continuum region for electrons in the

conduction band
Fig. 1. Five-layer structure of an asymmetric superlattice

In fig. 1b: (-b), (b) are shown boundaries of the
central part of the five-layer nanostructure, a similar
region exists for heavy and light holes in the valence band
(not shown in the figure).

The energy diagram of the structure shown in fig. 1b
was calculated based on the electrophysical parameters of
the ternary substitutional solid solution GaAs/AlXGal-
XAs given in table 1.

Table 1. Physical parameters of ternary substitutional solid solution GaAs/AIXGal-XAs

Parameter GaAs AlAs AlxGai-xAs
Eg, eV 1,424 3,018 1,424+1,247-X, 0 < X < 0,45
1,424+1,247-X+1,147-(X - 0,45),0,45 < X<1,0
* 0,067 0,124 0,067+0,057-X
mc / Mo
n 6,85 3,45 6,85 -3,4-X
72 2,1 0,68 2,1-1,42-X
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The effective masses of heavy and easy holes are
calculated according to the formulas:

* m
mhh=—0’ (1)
=27,
. m,
m =———-, 2
" 71+2'7/2 ( )

where m;h is an effective mass of a heavy hole; m|*h is an
effective mass of an easy hole; mq - free electron mass; y;
i y, - Luttinger's material constants.

The law of dispersion of the valence band of double
semiconductor compounds is approximated using
Luttinger constants.  Luttinger constants  uniquely
characterize the effective masses of heavy and light holes
near the extremes of the band diagrams of homogeneous
semiconductor materials and semiconductor compounds
constructed in the space of wave vectors (inverse lattice)
[23-25]. This approach is also applicable for triple and
quadruple solid solutions of substitution. Formulas (1) and
(2) allow us to determine the effective masses of light and
heavy holes of a triple solid solution of AlxGal-XAs
substitution. For this solid solution, the main
electrophysical parameters are given in table 1 and are
semi-empirical. The convenience of this approach allows
to consider the change of electrophysical constant
throughout the range of variation of the chemical
composition of a ternary solid solution. l.e. to take into
account the influence of the material at the transition from
layer to layer in the nanostructure. Thus, formulas (1) and
(2), as well as those given in table 1, can serve as an
acceptable basis for determining the input parameters of
the model of the nanostructure under consideration.

The determination of the energy eigenvalues and the
eigenfunctions of the carriers is carried out within the
framework of the quantum mechanical approach based on
the solution of the stationary Schrodinger equation:

HY =E-V¥. ?3)

In this paper, to solve equation (3), we used the
standard procedure for determining the eigenvalues of the
Hamilton operator using the conditions of continuity and
smoothness of the eigenfunction. The solution to equation

ch(ks-b)-cos(k, -a+gg)

(3) for the energy eigenvalues in the region below the
quasi-continuum - in the region of separation of quantum
wells (quantum confinement), is written as:

1 (arctg [ K- m, J +arctg (ks_mzj] -

2 kz-rr*l1 k, -m; (&)
ks'mz

—arctg| ———=%-th(k,-b) [-k,-(a-b)+n-7=0
kz'm3

- for even solutions,

L arctg —kz'—mi +arctg —kz'—mi -

2 k,-m, k-m,

; (5

—arctg[%-th(&-b)}—k2 (a=b)+n-z=0

<L)

- for odd solutions.
The solution to equation (3) for the energy
eigenvalues in the quasi-continuum region can be written

as:
1 arctg kl'mi +arctg kS'mi -
2 k; -m, k; -m;

. ; (6)
Kk, -m, , ,
—arctg| ——=—=-tg(k; -b) |-k; -(a—b)+n-z =0
k, -m,
- for even solutions,
1 arctg —kz'—mi +arctg —kz'—mi -
2 k,-m, k; -m,
. (1)
—arctg[ 2 i~tg(k3'-b)J—k2'-(a—b)+n~7z:0
<]

- for odd solutions.

Equations (4) - (7) are transcendental equations for
the eigenvalues of the carrier energy. The eigenfunctions
of the Hamilton operator from relation (3), the wave
functions of particles corresponding to the eigenvalues
determined by expressions (4) - (7), are given by the
relations:

Y (2)=Ag cos(ky b1 90) -exp(ky-(z+a)), —o<z<-a, (82)
xp%(z):%.%.cos(kz.z_%), _a<zs-b, @®b)

Wi (2)=Ag-ch(ks-2), -a<z<-b, @c)
T4e(z)=%~%-cos(kz-z+(pe), b<z<a, (8d)
‘Pse(z):Ag.ch(ks,.b).cos(kz-a+¢e).exp(kl.(z_a))’ A7 <o @0

cos(ky -b+gp)
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- for even solutions in the area below the separation barrier;

sh(ks-b)-sin(ky -a+g,)

¥y, (2)=-B; Sin(k, b g0) -exp(ky-(z+a)), —o<z<-a, (9a)
sh(ks-b )
\PZO(Z):B:’:'W'S”](I(Z'Z_?O)l —a<z<-b, (9b)
‘P3O(Z):Bs'5h(k3'2),—aSZS—b, (9C)
Y4o(2z)=B -Msin(k ‘Z+¢,), b<z<a (9 d)
0 Psin(kybrg) o T
sh(ks-b)-sin(k, -a+ ¢,
Wso (2)=Bs- (3sin2k2-b(+2(po) °)~exp(kl~(z—a)), a<z<+w (9e)
- for odd solutions in the region below the separation barrier.
. , cos(k3-b)-cos(k;-a+¢;
Wi (2)= A5 (ioszk§~b(+2¢é) e).exp(kl-(z+a)),—oo<z<—a, (10 a)
Yhe (2)= A3 cos (k3 -b) cos(ky-z—¢4), —a<z<-b (10 b)
22 ()= ol bagy) (V22T 0e) A= 2ED,
Wse(z)=Ag-cos(ky-z), -a<z<-b, (10¢)
cos(ksz-b
Tge(z):%-m'cos(ké~z+%’), b<z<a, (10d)
cos (k3 -b)-cos(k; -a+¢p)
Wi (2)= Ay -exp(k -(z-a)), 10
ge(z)=A o5 b+ ) exp(k; -(z—a)), a<z<+oo (10€)
- for even solutions in the field of the separation barrier;
sin(kg-b)-sin (ks -a+g¢p)
! —_B.. . Ky - , -a, 11
lO(Z) 3 Sln(kéb-i-(/)é) exp( 1 (Z+a)) —©o<z<-a (11 a)
sin(kz-b o ,
‘P'ZO(Z):Bé~m~sm(k2-z—%), —a<z<-b, (11b)
W5 (z)=Bj-sin(k3-z), -a<z<-b, (11c)
Wy (2) =By — D) i) bez<a (11d)
0 T in(ky brgg) 2 TR AR
) , sin(k3-b)-sin(k; -a+¢;
Wi (2) = By- (iin()ké-b(:goé) 0)-exp(k1-(z—a)),a<z<+oo (11e)
- for odd solutions in the field of the separation barrier.
Here
(pezl- arctg kl—mi +arctg k5_mi +
4 k2'm1 kz'm5
(12)
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- phase of the wave function for even solutions in the region below the separation barrier,

%23' arctg _k2~mi +arctg —kz'—mfj n
4 ky -my ks -mp

+%{arctg {kz'—mf«th(ks ~b)J—k2 ~(a—b)J+n~7r

k3 -my

(13)

- phase of the wave function for odd solutions in the region below the separation barrier,

o, = 1 [arctg [kl—mij +arctg (kf’—miﬂ +
4 ks -my ks -mg

+%.[arctg [— k?-mz tg (k3 .b)J—ké .(a+b)J+n.7z

k2 'm;

(14)

- phase of the wave function for even solutions in the region of the separation barrier,

oy = 1~[arctg {— K2 il ]+ arctg [—I(Z—rTEN+
4 ky -my ks -mj

+%{arctg{t€ ms g (k3 .b)]—ké .(a—b)}+n.n

(15)

3 My

- phase of the wave function for odd solutions in the region of the separation barrier.

Expressions (12) - (15) were obtained taking into account relations (4) - (7). The dash in expressions (6), (7), (10),
(11), (14) and (15) denotes that the expression belongs to the description of the solution in the region of the separation
barrier.

The amplitude coefficients of the wave function in expressions (8) - (11) are determined by the relations:

1

AG:\/|A1+|A2+|A3+|A4+|A5' ues
where

2 2

IA&:ch (k3-b)-<;05 (kz-a+g,) (16 b)
2-ky -cos” (kp -b+gp)
A — ch? (k3 -b) ,[a—bJr 1 .sin(kz.(a—b))~cos(k2~(a+b)+2-(/>e)], (16 ¢)
cos® (ko -b+pe) L 2 2k

_sh?(2-ks-b)

IAS_T+b, (16 d)

h2 (K, - _
ch (k3 -b) .{ab+1

- o (ko brgg) | 2 2k, -sin(ky - (a—b))-cos(k; .(a+b)+2.(pe)], (16 ¢)

~ ch? (kg -b)-cos? (k, -a+g,)

1A (16)
2-ky -cos? (ka b+ )
- for even solutions in the area below the separation barrier;
Bs = !
1By +1By + 1B3 + 1B + IBg (17 2)

where
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- for odd solutions in the region below the separation
barrier.

A feature of the presented solution is the presence of
a phase term that takes into account the effect of multiple
reflection processes of the wave function at the "barrier -
well™ and "well - barrier" boundaries in the region above
the separation barrier.
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Mathematical modeling of the energy states of
carriers and the corresponding wave functions, both in
stationary and in perturbed states, are shown in figs. 2 and
3 respectively. The energy eigenvalues for electrons in the
conduction band are shown in fig. 2(a). In fig. 2(b), the
eigenfunctions of electrons in a stationary state are shown.
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Fig. 2. Energy eigenvalues and eigenfunctions of the Hamilton operator for electrons in the conduction band

Energy states of carriers under the action of an
external constant electric field. When a quantum-
dimensional structure with an energy profile of a complex
external electric field is exposed, the state of particles in
the region above the separation barrier undergoes
significant changes caused, on the one hand, by the action
of the external field strength, and on the other, by the
presence of additional potential energy in particles in this
region. In addition, particles located above the separation
barrier interact with particles located in quantum wells

under the action of an external field. The changes caused
in the structure by an external electric field can be
relatively easily traced using the second approximation of
perturbation theory. Figs. 3(a) and 3(b), respectively,
show the eigenvalues of the energy and distribution
density of the probability of finding electrons in the
conduction band, calculated for the case of the action of
an external stationary electric field. Fig. 3(a), for
comparison, shows the unperturbed energy states of
electrons by dashed lines.
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Fig. 3. Effect of an external electric field on the states of carriers
Conclusions and prospects for further development of energy states. In this case, the particles are

Modeling the spectrum of energy eigenvalues and
carrier eigenfunctions in a quantum dimensional structure
with an energy profile of a complex shape reveals a
number of essential regularities. A quantum dimensional
structure consisting of two quantum wells separated by a
barrier, nevertheless, is a single structure. Since the
external barriers are energetically higher than the
separation one, the space above the separation barrier and
adjacent quantum wells is a separate quantum-limited
region.

Analysis of the results of modeling the energy
spectrum of a structure with two quantum wells,
calculated for the unperturbed state (fig. 2), and for the
case of an external action in the form of a stationary
electric field (fig. 3), leads to the following conclusions:

- in the absence of an external field acting on the
considered quantum dimensional structure, the electrons
and holes located above the separation barrier are
characterized by a nonmonotonically increasing spectrum
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spectrum can be realized at a certain external field
strength, which in turn should significantly simplify the
attainment of the second harmonic generation mode if the
considered structure is used in the active region of a
semiconductor laser.
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EHEPTETAUYHI CTAHU YACTUHOK Y KBAHTOBII PO3MIPHI CTPYKTYPI I3
30HHOIO JIATPAMOIO CKJAJTHOI ®OPMU

IIpeameTom nociiJ)KeHHs B CTATTI € €HEPreTHYHHUI CIeKTp OaraTomapoBoi KBaHTOBOI PO3MIPHOI CTPYKTYPHU 3 €HEPreTUYHUM mpodiiem
ckiagHol ¢hopmu. MeTa poboTH - JOCIHIIKEHHS B3a€EMO/IiT KBAHTOBO-O0MEKEHHX 1 KBa3iKOHTIHYYMHHX €HEPreTUYHUX CTaHIB YaCTHHOK i
JIIE0 30BHIIIHBOTO CTALIOHAPHOTO EIEKTPUYHOTO IOJIsl, MPHUKIAJCHOr0 MEPICHIUKYISPHO /0 IUIOMIMH KBAaHTOBOTO OOMEXEHHs. Y CTaTTi
BHPILIYIOTBCS HACTYIHI 3aBJAaHHsA: Bu3Ha4ueHO CHeKTp BiacHUX (PYHKIIH 1 BlIacCHUX 3HAa4€Hb €HEPrii YaCTHHOK, SK B 00JIaCTI KBAHTOBOTO
00OMEXEeHHs, TaK 1 B 00J1acTi, siKa 3HAXOAUTHCS BUIIIE PO3LIIOBAaIBHOTO Oap'epy. Y BH3HAUCHHI BIACHUX (YHKII BpaXoBYeThCs (akT 3MiHH
¢ba3u BnacHuX (yHKIH BHACTIZOK PyXy YaCTHHOK Haj KBaHTOBOI siMO0. JIJis BHpIIICHHS MOCTABJICHUX 3aBJaHb, B CTATTi, BUKOPHCTaHI
HACTYIIHI METO/M: KBaHTOBO-MEXaHIYHE MOJCIIOBAHHS CTAIliOHAPHUX CTAHIB B CTPYKTYpi 3 CHEpPreTHYHHM npodineM CkIamgHOI hopMmu;
MeTOH Teopil Manux 30ypeHb i1 OIHCY B3a€MOAIl YACTHHOK B Takiil cTpykTypi. OTpuMaHi HaCTyIHI Pe3yJbTATH: B paMKaxX KBaHTOBO-
MEXaHIYHOTO IiJXOJy OTPUMAaHI OCHOBHI PO3PAaxyHKOBi CIBBiIHONICHHS MATEMAaTHYHOI MOJENi CHEPreTHYHHMX CTaHIB YacTHHOK 1
KBa314aCTHHOK B KBAaHTOBO-OOMEXEHHX i KBa3iKOHTIHYYMHHUX CTaHaX. B3aeMo[iisi eHepreTHIHUX CTaHIB YaCTHHOK i KBa314aCTUHOK B KOXKHIH
i3 30H MK KBaHTOBO-OOMEXEHHUMH i KBa3IKOHTIHYyMHHUMH CTaHAMH OMKCYEThCS B 3aJIKHOCTI BiJl 30BHILNIHBOrO BIUIMBY. JlJsi OI{HKH
CTyIICHS B3a€MOJIl B CTAaTTi 3aCTOCOBAaHA TEOpis MalNX 30ypeHb. BHCHOBKHU: AHaili3 pe3yJbTaTiB MOJENIOBAHHS CHEPIreTHYHOIO CIEKTPY
CTPYKTYPH 3 JBOMa KBAaHTOBMMH SIMaMH, PO3PAaXxOBaHOro, JUisi HE30ypeHOro CTaHy, 1 /Ul BHIIQJKY 30BHILIHBOTO BIUIMBY Y BHIVIAIL
CTalliOHAPHOTO EJICKTPHYHOTO IIOJIS, HPU3BOAUTH O HACTYIHUX BHCHOBKIB: 3a BiJICyTHOCTI 30BHIIIHBOIO IOJSA, IO Ji€ HA PO3LIIIHYTY
KBaHTOBY PO3MIpHY CTPYKTYpY, CICKTPOHH 1 AIpKH, IO 3HAXOIAThCS HAJ PO3NUTIOBAIBHHM 0ap'epoM, XapaKTepH3YIOThCS HEMOHOTOHHO
3pOCTAI0OYMM CHEKTPOM €HEePreTHYHUX cTaHiB. [Ipy 1IbOMy YaCTHHKHU MEpeBa)KHO JIOKAII3YIOTCS HAJl KBAHTOBUMHU SIMaMM; TaK CaMo, SIK 1 JUIs
BiJTOKPEMJICHHX, TakK 1 Ui 0AraToIapoBHX MEPIOJUYHUX KBAHTOBHX PO3MIPHUX CTPYKTYD, BIUIHB MOCTIHHOTO 30BHILIHBOTO €ICKTPHYHOTO
HOJISL Ha PO3IVIIHYTY CTPYKTYPY NpPU3BOIMTH N0 IPOSBY KBaHTOBO-0OMexeHoro edekry Illrtapka. Ilpm mpoMy nenokaiisarlis XBHIbOBUX
GyHKI# 1 3MIlIEHHS BiINOBIIHUX €HEPTETHYHUX PIBHIB - HIDKYUX €HEPTETUYHUX PIBHIB B JaHIil CTPYKTYpi, BUpaXXEHA TAKOXK CHIIBHO, 5K B
baraTomapoBuX CHMETPHUYHHUX CTPYKTypax. Y TOW K€ 4Yac Uil BHIMX PiBHIB ehekT Maibke HemoMiTHHN. OCOOIMBO 1€ BUPa)XEHO ISt
€HEepreTHYHUX PIiBHIB, IO JIEXKaTh BHUIIE PO3ALIIOBAIbHOrO Oap'epy; TakuM 4MHOM, MOMKHA OYIKyBaTH, IO NPH IEBHIH HaNpy>KEHOCTI
30BHIIIHBOTO HOJISI MOXKE OYTH pealli3oBaHUii CKBIMMCTAHTHUN CHEPIeTUYHUN CIIEKTP, 10 B CBOIO YEPTy Ma€ CYTTEBO CIPOCTUTH JIOCATHEHHS
PpeXuUMy TeHepallil Jpyroi rapMOHIKH, SIKIIO0 BUKOPUCTOBYBATH PO3TJISHYTY CTPYKTYpPY B aKTHBHI# 00J1acTi HAIIBIPOBIHUKOBOTO J1a3epa.

KimiouoBi ciioBa: eHepreTHuHui CIEKTP; KBAHTOBE OOMEKEHHS; XBHIIbOBA (YHKINis; €JEKTPOH; BakKKa JipKa; Jierka Jipka;
KBa31KOHTIHYYM.

SHEPTETUYECKUE COCTOSIHUS YACTHUL B KBAHTOBOM PABMEPHOM
CTPYKTYPE C 30HHOM JMATPAMMOM CJIOKHOM ®OPMbI

IIpenmerom wuccrnenoBaHUs B CTAaThe SBISICTCS OHEPreTHYECKHIl CIEKTP MHOTOCIONHON KBAaHTOBOW pa3MEpHON CTPYKTYpBI C
sHepreTuyeckum mpodumiem ciaoxHoi ¢Gopmer. Ileab paboTel — HcciemoBaHWE B3aMMOJCWUCTBHS KBAaHTOBO-OTPAHUYCHHBIX W
KBa3MKOHTHHYYMHBIX YHEPIeTHUECKUX COCTOSIHUI YaCTHII [O]] ICHCTBHEM BHEIIIHETO CTAL[HOHAPHOTO AJIEKTPHUYECKOTO OIS, IPHI0KEHHOTO
MIEPICHNKYJSIPHO TUIOCKOCTSIM KBaHTOBOTO OrpaHWYeHUs. B crathe pemarorcs ciemyromue 3agadm: OmnpeneneH CHEeKTp COOCTBEHHBIX
(GyHKIMIA ¥ COOCTBEHHBIX 3HAUCHHI SHEPTMH YACTHIl, KaK B 00JACTH KBAHTOBOTO OTPAHUYCHHUS, TAK U B 00OJACTH KBa3HKOHTHHyyma. B
OMpe/ICNICHUH COOCTBEHHBIX (DYHKIMH YYUTHIBAcTCS (DaKT U3MEHEHHs (pa3bl COOCTBEHHBIX (YHKLHMH BCIEIACTBHE JIBMKEHHS YaCTHI[ HaJ
KBaHTOBOW siMOi. Jls pelieHus TIOCTABICHHBIX 3aJad B CTaThe WCIOJB30BAHBI CICAYIONIME METOMABI: KBaHTOBO-MEXaHHUYECKOS
MOJICITUPOBAHKE CTAIHOHAPHBIX COCTOSIHUMI B CTPYKType C DSHEPreTHYECKUM MpOQHIEM CIOXKHOW (DOPMBI, METOABI TEOPHH MaJIbIX
BO3MYLICHHUH Ul ONHCAHHS B3aMMOICHCTBHS YaCTHIl B Takod cTpykType. IlodydeHsl ciemyroue pe3yJabTaTbl: B paMKax KBaHTOBO-
MEXaHMYECKOTO IMOXO0/a TOJIyYeHbl OCHOBHBIC PACUCTHBIC COOTHOIICHHS MATEeMAaTHYECKOW MOJEIH YHEPTeTHUYECKUX COCTOSHHUN YaCTHI|
KBa3U4YacTHI] B KBaHTOBO-OIPAaHMYEHHBIX M KBa3WKOHTHHYYMHBIX COCTOSHHSX. B3auMojeiicTBHE IHEPreTHYECKUX COCTOSIHMN YacTHI[ U
KBa3WYACTHI[ B KAXIOU M3 30H MKy KBAHTOBO-OTPAHUYCHHBIMU M KBA3UKOHTHHYYMHBIMH COCTOSTHHSIMH ONHCHIBACTCS B 3aBHCHMOCTH OT
BHEIHEero Bo3/eiicTBust. JIIsl OIEHKM CTENEeHH B3aMMOJCWCTBHS B CTaThe NMPUMEHEHA TEOPHs MalbiX BO3MylleHHi. BhIBOABI: AHamm3
pe3yIbTaTOB MOJACTUPOBAHHUS SHEPTETHUECKOTO CIEKTPAa CTPYKTYPHI C JBYMsI KBAHTOBBIMH SIMAMH, PACCUUTAHHOTO, JJIsI HEBO3MYIICHHOTO
COCTOSIHHS, ¥ JJIsl CTydasl BHEITHETO BO3JCHCTBUS B BHAC CTAI[MOHAPHOTO 3JEKTPUYECKOTO IOJS, MPUBOAMUT K CIEAYIOIMM BBIBOJAM: B
OTCYTCTBHH BHEILIHETO T0JIs, ACHCTBYIOLIEr0 HAa PACCMAaTPHBACMYIO KBAHTOBYIO pa3MEPHYIO CTPYKTYPY, JIEKTPOHBI M JIBIPKH, HAXOISILIIHAECS
HaJ pa3’eiuTeIbHBIM OaphepoM, XapaKTepH3YIOTCS HEMOHOTOHHO BO3PACTAOLIMM CIIEKTPOM JHEPreTHYECKHX cocTosHuH. [lpm sToMm
YaCTHIBl TPEUMYIIECTBEHHO JIOKATM3YIOTCS HaJ KBAHTOBBIMH SIMaMH; TaK k€, KaK W ISl YEAWHEHHBIX, TaK M s MHOTOCIOWHBIX
MEPHOIMYECKIX KBAHTOBBIX Pa3MEPHBIX CTPYKTYp, BO3IEHCTBHE MOCTOSHHOTO BHEHIHETO 3JIEKTPHYECKOrO MOJII HA PaccMaTpUBAEMYIO
CTPYKTYpY NPHBOJMT K IPOSBICHUIO KBaHTOBO-OrpanumdeHHoro 3¢dekra Illrapka. Ilpu 3TOM AenoKanu3amus BOJHOBBIX (GYHKLIHHA U
CMEII[CHAE COOTBETCTBYIOIINX SHEPTETUYECKUX YPOBHEH — HU3IINX SHEPreTHYCCKUX YPOBHEH B paccMaTpUBAEMOW CTPYKTYpe, BBIpaKeHa
TaKKe CHJIBHO, KAK B MHOTOCJIOMHBIX CHMMETPHYHBIX CTPYKTypax. B TO e Bpems Juisl BBIIENEKAIINX YPOBHEH d(PEKT MOuTH He3aMEeTEH.
OC00EHHO 3TO BBIPAXKEHO JUIS YHEPIeTUUECKUX YPOBHEH, JIe)KALUX BBIIIE pa3/ieiuTeNIbHOTO Oapbepa. Takum 00pa3oM, MOXKHO OKHIATh, YTO
[IPU  ONpE/IeTICHHON HANPSDKEHHOCTH BHEIIHETO TI0JISi MOXET OBITh peali30BaH J3KBHUAMCTAHTHBIN JHEPreTHYECKHH CIIEKTp, Y4TO B CBOIO
ouepelb JODKHO CYHIECTBEHHO YNPOCTHTh JOCTIIKEHHSI PEXKHUMa TeHEepalMd BTOPOM T'apMOHMKH, €CJIM HCIOJb30BaTh PACCMOTPEHHYIO
CTPYKTYpY B aKTUBHOMU 00JIACTH MOIYIPOBOAHHKOBOTO JIa3epa.

KawueBble €j10Ba: dHEpreTHYeCKUil CIEKTp; KBAHTOBOE OrPaHMYEHHE; BOJHOBAs (DYHKIHMS, DJIEKTPOH; TSKENas JAbIPKa; JerKast
JIBIPKA; KBAa3UKOHTHHYYM.
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