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GENERAL CHARACTERISTICS OF WORK

Relevance and currency of the research topic. The rapid de-
velopment of modern nanoelectronics creates the need to study
new physical phenomena in low-dimensional electronic systems,
such as thin films, natural (for example InSe>, GaSe, TaS,, NbTe»)
and artificial superlattices (for example GaAs/ AlGaAs, Si-Ge),
quantum wires and quantum wells. Due to the fact that using mo-
dern software, modern technology based on the methods of mo-
lecular beam epitaxy (MBE), gasphase epitaxy and nanolithograp-
hy, makes it possible to manufacture low — dimensional systems
and profiles of quantum wells with different potentials, interest in
the study of transfer phenomena in electronic systems of reduced
dimension has increased enormously. The study of low-dimensio-
nal systems with anisotropy of physical properties, on the one
hand, leads to the creation of new nanoelectronics devices, on the
other hand, provides new methods for controlling the parameters
of these structures.

There are several reasons why low-dimensional electronic sys-
tems are in the focus of attention of theoretical scientists and ex-
perimenters. The first reason is that interesting phenomena are
observed in low-dimensional systems, such as weak and Anderson
localization, negative magnetoresistance, negative differential
conductivity, quantization of Hall conductivity, oscillations of ki-
netic coefficients, for example, magnetoresistance, which are not
observed in massive samples. The second reason is the ability of
the direct output of low-dimensional electronic systems to nanoe-
lectronics. For example, heterostructures due to their high mobili-
ty in modulated doping heterojunctions are used to create ultra-
fast field-effect transistors; quantization of hall conductivity, to
create a reproducible reference of the unit of resistance, as well as
to more accurately determine the fine structure constant; superlat-
tices with metal-dielectric phase transitions in quantizing magnet-
ic fields are used to create highly sensitive sensors. Layered mate-
rials and superlattices are used as materials to reduce the size of
devices, improve physical characteristics and create new techno-
logical structures. In addition, it should be noted that on the same
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sample, by changing the parameters of low-dimensional electronic
systems, it is possible to obtain properties characteristic of struc-
tures with a different chemical composition. The third reason is
related to the unusual reaction of these systems to external influ-
ences. For example, in these systems, the transfer phenomena de-
pend on the magnitude and direction of the magnetic field, which
creates an additional anisotropy. Another reason is related to new
technologies that allow us to obtain pre-calculated parameters of a
superlattice or the properties of quantum wells. In most works,
when calculating kinetic coefficients, simplified model representa-
tions are used, which are often not performed for real objects. An
important role in the complex nature of the current density distri-
bution through the sample, which has anisotropy of electrical pa-
rameters, is played by the influence of boundaries, parameters of
low-dimensional structures and scattering mechanisms. In this
connection, the problem arises of constructing a theory taking into
account the specific features of the anisotropy of systems: the pa-
rameters of low-dimensional systems and the profile of quantum
wells, the relaxation time and the external influence of electric and
magnetic fields, their magnitude and direction.Therefore, the
transfer phenomena in low-dimensional electronic systems, de-
spite a large number of works in this field, are of interest to re-
searchers. Currently, galvanomagnetic phenomena are well stud-
ied, at the same time, compounds with anisotropy of thermomag-
netic phenomena under the influence of external fields are increas-
ingly used in modern nanoelectronics. In connection with the
above, there is a need to study the anisotropy of thermomagnetic
phenomena in low-dimensional systems.

The lack of a consistent theory of thermomagnetic phenomena
is due to the fact that with a strong anisotropy of the energy spec-
trum, taking into account various scattering mechanisms and the
orientation of the external magnetic field, which strongly affects
the kinetic effects and leads to additional anisotropy, is quite diffi
cult. Therefore, the study of anisotropic transport phenomena in
quasi-two-dimensional layered systems with a cosine dispersion
law in a magnetic field, as well as in asymmetric quantum wells,
will provide an additional contribution to the theory of kinetic

4



phenomena in low-dimensional electronic systems. The work was
carried out within the framework of the research (Research work)
“Kinetic, optical and magnetic properties of low-dimensional
electronic systems” of the Department of Solid State Physics of
Baku State University.

Research objects and subjects. The object of research is lay-
ered crystals, superlattices and quantum wells. As a subject of re-
seach, we studied transport phenomena anisotropy in the superlat-
tices, layered systems and asymmetric quantum wells.

Aims and purpose of the research. To theoretically investi-
gate the anisotropy of electrical conductivity, the electronic part of
thermal conductivity, the galvanic and thermomagnetic coeffi-
cients of superlattices and layered compounds with a cosine law
of dispersion, as well as the electrical conductivity and thermoe-
lectric power of an asymmetric quantum well and to establish the
features of kinetic phenomena associated with the anisotropy of
the scattering mechanisms and the energy spectrum, as well as the
influence of the parameters of a low-dimensional electron gas and
external fields on these phenomena.

To achieve this goal, the following issues were raised and re-
solved in the dissertation:

1. Calculate the electrical conductivity (EC) and the electronic
part of the thermal conductivity of an electron gas with a cosine
dispersion law when scattering on impurity ions in the absence of
a magnetic field. To determine the influence of the scattering ani-
sotropy and the screening radius of the impurity ions on these ki-
netic coefficients.

2. To investigate the influence of the anisotropy of the energy
spectrum and relaxation time on the galvanomagnetic effects dur-
ing scattering by impurity ions: the Hall effect and magnetore-
sistance (MR) - at different orientations of the magnetic field and
to analyze the dependence of these coefficients on the parameters
of superlattices, the screening radius, as well as the magnitude and
direction of the magnetic field.

3. Determine the Nernst-Ettingshausen (NE) coefficient and its
anisotropy depending on the magnitude and direction of the mag-
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netic field, the degree of mini-band filling of the superlattice when
scattering by phonons and impurity ions. When scattering current
carriers on impurity ions, to study the dependence of the NE on
the screening radius and the concentration of impurities.

4. To investigate the influence of the magnitude and direction
of the external magnetic field relative to the plane of the superlat-
tice layer on the thermoelectric power (TEP) (longitudinal NE ef-
fect) during the scattering of current carriers on various types of
phonons and impurity ions. To determine the dependence of the
TEP and the Maggi-Rigi-Leduc (MRL) coefficient in the entire
region of the magnetic field on the degree of mini-band filling, the
period of the superlattice, the screening radius during scattering
by impurity ions and the position of the Fermi level relative to the
mini-band of the superlattice.

5. Consider the anisotropy of the transverse (TNE) and longi-
tudinal (LNE) Nernst-Ettingshausen effects in the scattering of
current carriers on impurity ions. To determine the influence of
the shape of the Fermi surface of the superlattice, the magnitude
and direction of the external magnetic field, on the anisotropy of
these effects, depending on the direction of the temperature gradi-
ent.

6. Determine the conditions imposed on the confaiment—the po-
tential of an asymmetric quantum well (QW). To study the depend-
ence of the Fermi energy on the parameters of a semi-parabolic QW
and the concentration of conduction electrons. To determine the
influence of the surface potential, the width of the QW and the
Fermi level on the EC and TEP of a semi-parabolic QW well dur-
ing the scattering of conduction electrons on acoustic and polar op-
tical phonons.

Research methods. The quasi-classical approximation of the
Boltzmann equation, the Gibbs statistical method and the methods
of quantum mechanics were used as a theoretical research method
in the dissertation work.

Basic provisions for defence:

1. The anisotropy of the electrical conductivity (EC) of elec-
tronic systems with a cosine dispersion law when scattering by
impurity ions increases with an increase in the screening radius
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and when the Fermi surface is a corrugated cylinder becomes an
order of magnitude larger. The anisotropy of the EC depends both
on the concentration of impurities and on the period of the super-
lattice: for a given period of the superlattice, the degree of anisot-
ropy of the EC decreases with an increase in the concentration of
impurities.

2. With a change in the direction of the magnetic field relative
to the plane of the layer, there is an inversion of the sign of the
Hall coefficient. The sign change is due to the presence of regions
with negative effective mass in the mini-band of the superlattice.
The anisotropy of the Hall coefficient depends on the dimension
of the electron gas: during the transition from quasi-three-dimen-
sional to quasi-two-dimensional, the anisotropy decreases.

3. In the case of weak screening of impurity ions, the trans-
verse magnetoresistance (MR) depends on the direction of the
magnetic field: when the direction of the magnetic field changes
from the transverse (perpendicular to the plane of the layer of the
superlattice) to the longitudinal (in the plane of the layer), the sign
of the transverse MR of superlattices changes to the opposite
when the radius of the cyclotron orbit becomes of the order of the
period of the superlattice. If the Fermi surface of an electron gas is
a corrugated cylinder (a quasi-two-dimensional electron gas), then
the transverse MR changes its sign from positive to negative with
an increase in the transverse magnetic field and linearly depends
on the magnetic field, i.e. the Kapitsa effect occurs. In a longitu-
dinal magnetic field, the transverse MR is positive in a strong and
negative in a weak field, and the magnitude of the negative trans-
verse MR in the transverse field is less than in the longitudinal
field. When the Fermi surface is an ellipsoid (quasi-three-dimen-
sional electron gas) the transverse MR in the transverse field is
always positive, and in the longitudinal field it changes its sign,
taking small negative values.

4. The transverse MR in a longitudinal magnetic field is an al-
ternating function of the screening radius: when the screening ra-
dius is less than the superlattice period, the resistivity decreases,
and when it is greater, it increases, i.e. at large electron gas densi-
ties, the transverse MR is negative, and for small ones it is posi-

7



tive. The ratio of resistivity reaches its maximum value when the
screening radius is several times greater than the period of the su-
perlattice.

5. In intermediate magnetic fields, depending on the topology of
the Fermi surface in transverse MR superlattices, its sign changes:
when the Fermi surface is a corrugated cylinder, there is a region
with a negative effective mass of conduction electrons in the mini-
zone of the superlattice and the inversion of the transverse MR sign
is associated with the mechanism of unequal scattering of two
groups of electrons differing in the orientation of electron rotation
along cyclotron orbits.

6.In a longitudinal magnetic field, when scattering by polar op-
tical phonons in the same sample, the transverse Nernst - Ettings-
hausen (transverse NE) coefficient changes its sign twice depend-
ing on the degree of mini-band filling: with a small degree of fill-
ing of the mini-band, the transverse NE coefficient takes a large
positive value, then with an increase in the degree of mini-band
filling, it changes its sign and, passing through zero, becomes
negative and then becomes positive again for a quasi-two-
dimensional electron gas.

7.The coefficient of transverse NE in a longitudinal magnetic
field when scattering on weakly screening impurity ions depends
nonmonotonically on the magnitude of the magnetic field and the
dimension of the electron gas: in a weak magnetic field for a qua-
si-two-dimensional electron gas at high concentrations of current
carriers, the transverse NE coefficient is positive, slightly depend
on the field and tends to zero, while in a strong magnetic field, the
transverse NE is negative for a quasi-three-dimensional electron
gas and changes its sign with an increase in the degree of mini-
band filling.

8.When scattering by acoustic phonons, the TEP of a quasi-two-
dimensional electron gas is zero in a strong longitudinal magnetic
field, while in a transverse field it is nonzero. In the intermediate
magnetic fields, there is a significant increase in the TEP at small
degrees of mini-band filling. When scattering by polar optical pho-
nons in a weak magnetic field, the anisotropy of the effect is insig-
nificant, while in strong magnetic fields it is significantly and
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inversely proportional to the square of the mobility of two-
dimensional electrons. During the transition from a quasi-three-
dimensional electron gas to a quasi-two-dimensional TEP in strong
magnetic fields begins to oscillate.

9.When scattering on weakly screening impurity ions, there is
an inversion of the sign of the TEP in the longitudinal magnetic
field, which is associated with the position of the Fermi level of
the superlattice and the dependence of the screening radius on the
concentration. When the Fermi surface in the form of a corrugated

cylinder (&, >2¢,), TEP decreases with increase magnetic field

and for the Fermi surface in the form of an ellipsoid &, <2¢,, at

small values of the degree of mini-band filling it takes large val-
ues, remaining positive. Thermomagnetic coefficients can be con-
trolled by adjusting the parameters of the superlattice.

10.The Maggi-Rigi-Ledyuk coefficient (MRL) of quasi-two-
dimensional and quasi-three-dimensional electron gas is calculat-
ed when scattering by phonons and impurity ions. It is shown that
the MRL coefficient in weak magnetic fields decreases with the
field and tends to zero in strong magnetic fields, which makes it
possible to experimentally determine the thermal conductivity of
phonon gas in superlattices. The criterion of the magnetic field at
which this is possible is given.

11.The electrical conductivity (EC) of a semi-parabolic quan-
tum well is a step function of the Fermi energy, oscillates with the
width of the quantum well (QW), and the oscillation period de-
pends on the semi-parabolic potential of the QW and the concen-
tration of charge carriers. The peaks of EC are caused by the posi-
tion of the Fermi level relative to the energy levels of the QW. It
is established that in the case of scattering by polar optical pho-
nons, in contrast to scattering by acoustic phonons, the EC de-
pends nonmonotonically on the potential and the width of the
quantum well. It is revealed that the EC electrical conductivity
increases abruptly with an increase in the potential of the QW and
has a feature-loops that are formed when the energy levels of the
QW cross the Fermi level.

12.The TEP of a two-dimensional electron gas in a semi-
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parabolic QW under electron-phonon scattering has features asso-
ciated with the well profile: the formation of a loop, a sign
change. The loops and the change in the sign of the TEP are ex-
plained by the value of the surface potential, the properties of
electrons at the edges of the well, and the effects of localization
/delocalization of electrons in the QW. Hysteresis loops are in-
duced by Fermi energy fluctuat with the frequency of the quantum

well potential @, =d ' (2U/m)"*with an increase in the QW

width and at low electron concentrations, the loops disappear.

Scientific innovations. For the first time:

—The dependences of the Hall coefficient on the Fermi energy,
the parameters of the superlattice and the screening radius, as well
as on the magnitude and direction of the magnetic field during the
scattering of conduction electrons on impurity ions are deter-
mined. It is revealed that in a weak magnetic field, the Hall coef-
ficient depends on the anisotropy of the effective mass in superlat-
tices my,/m , (here my, longitudinal component -is the effective

mass of conduction electrons in the direction perpendicular to the
layer plane and m, transverse component — is effective mass of

conduction electrons in the layer plane) and is determined by the
ratio between the Fermi energy and the conduction mini-band
half-width. It is established that the Hall coefficient in a longitudi-
nal magnetic field changes its sign and does not depend on the
screening radius;

—The anisotropy of the transverse MR is determined when
scattering on weakly screening impurity ions in low-dimensional
electronic systems with a cosine law of dispersion depending on
the direction of the magnetic field: for a quasi-two-dimensional
electron gas in a transverse weak magnetic field, the transverse
MR is positive, in intermediate fields it changes sign, becoming
negative in strong ones, while in a longitudinal field, the opposite
effect takes place: in a strong field, the transverse MR is positive,
quadratically depends on the magnetic field, and in a weak mag-
netic field it takes small negative values. In a transverse strong
magnetic field, the MR of a quasi-two-dimensional electron gas
almost linearly depends on the magnetic field, i.e. the Kapitsa ef-
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fect takes place. Alternating MR oscillations occur in the longitu-
dinal magnetic field depending on the screening radius;

— A consistent theory of thermomagnetic effects in superlattices
with a cosine law of dispersion is constructed, general expressions
of galvano- and thermomagnetic tensors are found, the depend-
ence of these effects on the parameters of the anisotropic energy
spectrum, the dimension of the electron gas and scattering mecha-
nisms, as well as the magnitude and direction of the external mag-
netic field is determined.

— The possibility of inversion of the sign of the thermomagnetic
transverse Nernst-Ettingshausen effect during scattering by pho-
nons has been discovered. It is shown that in a longitudinal mag-
netic field, when scattering by polar optical phonons in the same
sample, the Nernst-Ettingshausen coefficient changes its sign
twice. In a strong magnetic field, when the radius of the cyclotron
orbit becomes of the order of the superlattice period, sign inver-
sion takes place in the case of an open Fermi surface.

—The dependences of the TNE coefficient on the degree of
mini-band filling of the superlattice, the magnitude and direction
of the magnetic field during the scattering of current carriers on
weakly screening impurity ions are investigated. It is found that
the TNE coefficient depends nonmonotonically on the degree of
mini-band filling: in a weak longitudinal magnetic field for a qua-
si-two-dimensional electron gas at high concentrations of current
carriers, the TNE coefficient is positive, does not depend on the
field and tends to zero, while in a strong magnetic field, the TNE
is negative for small degrees of mini-band filling and changes its
sign with increasing degree of mini-band filling;

—1It is shown that with a change in the direction of the magnetic
field, the longitudinal NE effect changes its sign from negative to
positive. In a longitudinal strong magnetic field, when scattering by
acoustic phonons and strongly screening ions, the TEP of a quasi-
two-dimensional electron gas is zero, while that of a three-
dimensional one is nonzero and positive. When scattering on polar
optical phonons with a decrease in the degree of mini-band filling,
the TEP first increases, and then, passing through the maximum, be-
gins to decrease in magnitude, oscillating in a strong magnetic field.
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When scattering on weakly screening impurity ions, the TEP of a
quasi-two-dimensional electron gas decreases with an increase in the
magnetic field, tending to zero, the change in the sign of the ther-
momagnetic coefficients of NE during scattering on impurity ions is
due to the Fermi topology of the surface, as well as the which is due
to the dependence of the screening radius on the concentration of
impurities and the period of the superlattice.

— It is noted that the transverse and longitudinal Nernst-Ettings-
hausen effects, differing in the direction of the temperature gradi-
ent during the scattering of conduction electrons on impurity ions,
depend nonmonotonically, in different ways, on the degree of fill-
ing of the mini-band, the magnetic field and the screening radius:
in a strong magnetic field, the TEP is positive, while the NE coef-
ficient takes negative values at small degrees of filling of the
mini-band, then the NE coefficient becomes positive, passing
through zero; the transverse NE coefficient of a quasi-two-dimen-
sional electron gas increases significantly in a magnetic field, and
the TEP decreases; for a quasi-three-dimensional electron gas, the
NE coefficient tends to zero, and the TEP depends nonmonoton-
ically on the field. The sign of both the longitudinal and transverse
NE effects can change when moving the Fermi level through the
mini-band. The change in the sign of the thermomagnetic coeffi-
cients of NE during scattering on impurity ions is due to the to-
pology of the Fermi surface, as well as the dependence of the scat-
tering radius on the concentration of impurities and the period of
the superlattice.

—The EC of an asymmetric QW with a semi-parabolic poten-
tial and the influence of the parameters of the QW and the mecha-
nisms of electron-phonon scattering on it are studied. When scat-
tering on polar optical phonons, unlike scattering on acoustic pho-
nons, the electrical conductivity depends nonmonotonically on the
potential and width of the quantum well. It is shown that the elec-
trical conductivity increases abruptly with an increase in the po-
tential of the quantum well and forms loops that occur when the
Fermi level crosses the energy level of the quantum well. Loops in
the electrical conductivity are associated with a non-monotonic
change in the position of the Fermi level relative to the energy
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levels of the OW, while the density of states experiences a jump,
which leads to the presence of inflection points in the electrical
conductivity.

—TEP in a semi-parabolic QW under electron-phonon scatter-
ing has been studied. It is established that the TEP has features
related to the profile of the QW and the relationship between the
Fermi level, the energy levels of the QW and the surface potential:
hysteresis loops and the change of the sign of the TEP. These fea-
tures are explained by localization/ delocalization effects and the
position of the Fermi level relative to the energy levels of the QW.
Also, the TEP oscillates with the Fermi level, and the oscillation
period depends on the surface potential, the width of the QW and
the concentration of charge carriers.

Theoretical and practical significance of the research of the
work lies in the fact that the results obtained can be used to explain
the effects of localization/delocalization in quantum wells and new
physical phenomena observed in such low-dimensional electronic
systems as natural and artificial superlattices, to estimate the pa-
rameters of quantum wells and superlattices and scattering mecha-
nisms in them, as well as in the development of devices in the field
of nano-optoelectronics. The resultsobtained in this work, such as
the scattering mechanisms, the influence of external influence
(magnetic field) and the parameters of a low-dimensional electron
gas (for example, the mini-band width, the anisotropic effective
mass and the Fermi surface in superlattices and the asymmetric sur-
face potential in quantum wells) can be useful to supplement the
existing theoretical concepts in the physics of low-dimensional sys-
tems. It should be noted that studying the dependence of the Fermi
energy on the width of the QW and the concentration, it is possible
to make a number of conclusions about the shape of the QW of a
two-dimensional electron gas, and also using the dependence of the
kinetic coefficients on the number of mini-band filling, it is possi-
ble to control the dimension of the electron gas. In addition, using
the information obtained in the work on the EC and the electronic
part of the thermal conductivity, it is possible to improve the ther-
moelectric figure merit of low-dimensional structures.

Approbation and application. The main results of the work
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were reported at symposiums and conferences: I Republican Scien-
tific Conference "Actual problems of physics" (Baku, 1998), II Re-
publican Scientific Conference "Actual problems of Physics" (Ba-
ku, 2001), IIT Republican Scientific Conference "Actual Problems
of Physics" (Baku, 2004), IV Republican Scientific Conference
"Actual Problems of Physics" (Baku, 2006), American Institute of
Physics (AIP) Conference Proceeding. "Frontiers of Fundamental
Physics: Eighth International Symposium FFP8" (USA, 2007), In-
ternational Conference dedicated to the 90th anniversary of Baku
State University (Baku, 2009), II International Scientific and Prac-
tical Conference "Modern Problems of Metal Physics" (Baku,
2009), International Conference Institute of Physics of ANAS (Ba-
ku, 2010), IV Republican Scientific Conference "Actual Problems
of Physics" (Baku, 2010), 28th International Physics Congress,
Turkish Physical Society (Bodrum, Turkey, 2011), International
Conference on Nano science + Texnology (Paris, France, 2012),
Turkish Physical Society, 30th International Physics Congress (Is-
tanbul, Turkey, 2013), Anniversary, International Scientific Confer-
ence dedicated to the 80th anniversary of Academician of the Acad-
emy of Sciences of Azerbaijan B.M. Askerov "Actual problems of
Physics" (Baku, 2013), Republican Scientific Conference "Actual
Problems of Physics" (Baku, 2015), International Scientific and Prac-
tical Conference "Modern Problems of Metal Physics" (Baku, 2016),
Turkish Physical Society, 32nd International Physical Congress
(Bodrum, Turkey, 2016), Republican Scientific Conference "Actual
Problems of Physics" (Baku, 2016), International Scientific Confer-
ence "Phase Transitions, critical and nonlinear phenomena in con-
densed media" (Makhachkala, Russia, 2017), International Scientific
and Practical Conference "Actual Problems of Radiophysics"
(Tomsk, Russia, 2017), I International Turkish World Engineerin-
gand Science Congress Turkish Physical Society (Bodrum, Turkey,
2018), Uluslararasi GAP Matematik-Miihendislik-Fen vo Saglik
bilimlori Kongresi (Adiyaman, Turkey, 2019).

The study of thermoelectric phenomena (thermoelectric power
(TEP), thermal conductivity) in superlattices makes it possible to
develop thermoelectric converters with high thermoelectric figure
merit used in nanoelectronics. The use of superlattices is particu-

14



larly promising in solar cells. One of the applications is field-
effect and single-electron transistors and semiconductor lasers
created on the basis of quantum wells.

Thermoelectric power (TEP) amplification in the longitudinal
magnetic field, at small degrees of mini-band filling in the super-
lattice can be used to convert energy and create a generator. The
magnification of the thermomagnetic coefficients can be con-
trolled by adjusting the structural parameters of the superlattice.

Based on the dissertation materials, 27 articles (8 of them in
Clarivate Analitics journals with a high impact factor including in
the Web of Science data base), 4 conference materials and 19 the-
sis were publiehed in local and foreign journals.

Name of the organization where the dissertation work is
executed. The dissertation work was accomplished at the depart-
ments of Solid state physics of Baku State University.

Structure, volume and main content of dissertation work.
Dissertation work is posted on 269 pages as a whole. It consists of
an introduction, including 60 figures, 7 chapters, a conclusion, a
list of 253 references titles, a list of abbreviations and symbols.
The volume of the dissertation (with the exception of gaps, and
pictures in the text, tables, graphs, appendices and list of refer-
ence) - 322307 characters (introduction - 39133, Chapter I -
46634, Chapter II - 30975, Chapter III - 37653, Chapter IV -
24607, Chapter V - 44593, Chapter VI - 45981, Chapter VII -
38661, result — 9666 characters).

CONTENT OF THE DISSERTATION WORK

The introduction provides a justification for the relevance of
the chosen topic, defines the goal and the corresponding tasks to
be solved. The scientific novelty, practical significance and the
main provisions submitted for defense are formulated. The general
characteristic of the dissertation work is given.

The first chapter is devoted to the study of transport phenom-
ena in layered compounds and superlattices with a cosine disper-
sion law of conduction electrons in the absence of a magnetic
field. The energy spectrum and the density of the state of the con-
duction electrons are given and the scattering of current carriers
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on impurity ions is studied. In strongly anisotropic layered crys-
tals and superlattices, the motion of electrons in the plane of the
layers is considered in the weak coupling approximation, and the
motion in the direction perpendicular to the layers is considered in
the strong coupling approximation, and the law of dispersion takes
the form:
nk;
e(k)= 5 L+ g,(1—cosak,). (1)

m,

Here k; =k’ +ky2, k, and k_ — are the longitudinal and trans-

verse components of the wave vector, &, — is the conduction

mini-band half-width, « — is the period of the superlattice in the
direction perpendicular to the plane of the layers, m, =m, =m, —
is the effective mass of conduction electrons in the plane of the
layer.

Based on the anisotropic dispersion law in the Born approxima-
tion, the longitudinal and transverse components of the inverse re-
laxation time are found for the scattering of conduction electrons on

impurity ions in the approximation y <1 when y =m, / m (m; —
is the effective mass of the conduction electrons 1n the layer plane
m, is the effective mass perpendicular to the layer plane),
1/m, = (g,a* /h*)cosak. which works well for layered connec-
tions and superlattices that have the form:

11 2k r, N
T Ty |[14 (k5 ) 11+ (k) 1+ (2k.r, )
F(Q,Q)—E(OC,CI)
(ak, ) -[1+ 2k, )1 |
1 1 1

)

T, 7, 2kr,

1 1
X{ 292 2912 2712 2 1/2}’ 3)
[+ @k )" 1" [+ k) 1 [+ (k) 1 +(2k,7)7]
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here
2(k.ry) (mll)l/z

q=—F————, a=arctg(r,k.), To=_—" 35
Ji+agk,n) v

87Nea??’
(24 d¢ o 5 - 5
Fla,q)=|—————, E(a,q9)=|-/1-q sin” pdg
ey 1

F(a,q), E(a,q) — elliptic integrals of the I and II kind, respective-

ly. In the Born approximation 7, <<r, (where r, = ;(hz/ me’ —is

the effective Bohr radius). For a quasi-two-dimensional electron

gas, the screening radius is determined by the formula:

2 = dre? m,Z(&p) _ dme® - n
¥y n’h*a 7

here n — is the concentration of charge carriers of a quasi-two-

dimensional electron gas, y — the dielectric constant.

2

In the case of strong screening ( k7, <<1), the anisotropy of the
relaxation time does not take place, the charged impurity ion be-
haves as a point defect with short — acting ¢ -shaped potentials.

In the case of weak screening, the relaxation time is signifi-
cantly anisotropic and, if the condition is met k7, >>1, the above

formulas (2) and (3) can be reduced to an analytical form conven-
ient for further calculation of the kinetic coefficients.

On the basis of the obtained relaxation time components, the
electrical conductivity (EC) and the electronic part of the thermal
conductivity are calculated in a semiclassical approximation. It is
shown that the anisotropy of the EC depends differently on the
period of the superlattice for different concentrations of impurities
: at large concentrations of impurities, it increases, while for small
concentrations it decreases (Figure 1) In the case of a degenerate
electron gas, for the anisotropy coefficient of EC, we have:

; 4

2 _27”0 ) 1 '10,0,5/2

o a Ir](2’”020 /a) Lz
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Here Z, is degree of mini-band filling, ¢, — energy Fermi,
Zy
Z(e) =aky, 1., = J.Z/‘ cos' (cosZ — cosZ,)"dZ .
0

It is shown that the anisotropy of EC depends on the dimension
of the electron gas: during the transition from quasi-three-
dimensional to quasi-two-dimensional, it increases significantly. It
is also found that the anisotropy of EC increases with an increase
in the screening radius, i.e. the degree of anisotropy of EC de-
creases with an increase in the concentration of impurities.

Figure 1. The dependence of the anisotropy of the EC & /s, on

the period a of the superlattice at different values of the impurity
concentration: 1 —N, =10%m™>,2— N, =10"m™.

It is established that the Wiedemann-Franz law holds for the
electronic part of the thermal conductivity of superlattices. where
the Lorentz number is anisotropic. With weak screening, the ani-
sotropy of the electronic part of the thermal conductivity is deter-
mined by the degree of filling of the mini-zone and the ratio be-
tween the screening radius and the superlattice period, which fol-
lows from the formula:

ki _gho kol 1 27,-3sin2Z,+4Z,cos*2Z, 5
ky a & In(2ryZ,/a)z2-7,sin2Z,-050c08°2Z,+05
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When scattering on strongly shielded impurity ions, the anisot-
ropy of the electronic part of the thermal conductivity, &, /kH

which is a consequence only of the anisotropy of the energy spec-
trum, is determined by the anisotropy of the effective mass:
ko _myp Lo ’ (6)
ky  my I 0—1,,
my, /m, — the ratio of the effective masses.

In the second chapter, we study the galvanomagnetic effects,
namely, Hall and transverse magnetoresistance (MR), in quasi - two-
dimensional and quasi-three-dimensional electronic systems in a
transverse (perpendicular to the plane of the superlattice layer) mag-
netic field when scattering by impurity ions. If the condition is met

&, >> /7, the Boltzmann equation can be used to calculate the ki-

netic coefficients in the approximation of the relaxation time.
In a transverse weak magnetic field, the Hall coefficient is
negative, depends on the anisotropy of the effective mass my, /m,

—and is determined by the ratio between the Fermi energy ¢, and
the mini-band half-width &, and does not depend on the ratio of
the screening radius to the superlattice period (7, /a).

For a quasi-two-dimensional electron gas (&, > 2¢&,), we have:

2
R F@ My & | S8 || o
. e m;, &£-¢, 2\ e—¢,

In the quasi-three-dimensional case (&, < 2&,)

Z E+3coszZ +cos'Z 2 Z+cos22 sin2Z7
7[2a3 o 0 0 0 3 8 0 0

2
., Z .
’ sin® ~*| Z, l+coszZO —ésm220
2 2 4

It can be seen from formulas (7) and (8) that the Hall coeffi-
cient is directly proportional to the anisotropy of the effective
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mass. Since the effective mass perpendicular to the layer plane is
much greater than in the layer plane m, >m, , the Hall coefficient

in two-dimensional systems is greater than in three-dimensional
ones. The Hall coefficient in a weak magnetic field depends on
the anisotropy of the effective mass and the degree of mini-band
filling, and in a strong magnetic field - only on the concentration
of current carriers. When scattering on strongly screening impuri-
ty ions, the Hall coefficient of a highly degenerate quasi-two-
dimensional electron gas does not depend on the total concentra-
tion of current carriers and is determined only by the crystal pa-
rameters, while the Hall coefficient of a quasi-three-dimensional
electron gas significantly depends on the degree of mini-band fill-
ing. For the transverse MR of a degenerate electron gas, a numeri-
cal calculation is performed and the dependence of the resistivity
on the magnitude of the transverse magnetic field is constructed
(Figure 2) and the degree of mini-band filling (Figure 3). Quasi-
two-dimensional and quasi-three-dimensional electron gas are
considered. The corners of the figures show the shapes of the
Fermi surface for quasi-two-dimensional (¢ >2¢,), quasi-three-

dimensional electronic gas (&, <2¢,). The sign of transverse MR

depends on the magnitude of the magnetic field (Figure 2), the
degree of mini-band filling (Figure 3) and the relationship be-
tween the screening radius and the superlattice period.!

From the above dependences, it follows that when scattering by
a long-range Coulomb potential in a transverse magnetic field, the
transverse MR of a quasi-two-dimensional electron gas is positive
in a weak magnetic field and negative in a strong magnetic field,
where the transverse MR almost linearly depends on the magnetic
field, i.e., the Kapitsa effect occurs. The transverse MR of a quasi-
three-dimensional electron gas is positive in a strong field. (Figure
2). In a weak magnetic field, the MR of a quasi-three-dimensional
electron gas at a certain ratio between the screening radius and the

! Askerov B.M. Figarova S.R., Guseynov G.I., Figarov V.R. Magnetoresistance in quasi-
two-dimensional electron qas at scattering on impurity ions // Physical Status Solidi B, —
2014.251 (6), —p. 1197-1201.
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period of the mesh oscillates with the degree of mini-band filling,

14
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Figure 2. The dependence of the relative resistivity p, (B,)/p,(0)
on the magnitude of the magnetic field perpendicular to the plane
of the layer v, =Q 7z, =eBr,/m, at r,/a=35 for a quasi-two-
dimensional ( Z, =z ) (@) and quasi-three-dimensional electron gas

(Z,=7/3) (b).
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Figure 3. The dependence of the relative resistivity p, (B,)/p,(0)
on the degree of mini-band filling Z, at r, /a=5.

changing its sign (Figure 3). Analytical expressions are obtained
for limiting cases in terms of the dimension of the electron gas
and the magnitude of the magnetic field.

In a weak magnetic field (Q,7,) <<1, the MR of a quasi-two-
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dimensional electron gas is equal to:

Ap(B) — ViO |:5 _ 9 j| , (9)
p(0)  In*2m, gle, —1

where v, =(eB/m, )z ,. It can be seen from expression (9) that in

this limit the MR 1is positive, quadratically dependent on the mag-
netic field and logarithmically weakly depends on the ratio be-
tween the screening radius and the superlattice period.

The MR of a quasi-two-dimensional electron gas in a strong
magnetic field (Q,7,)>>1, is expressed in terms of elliptic inte-

grals and has the form:

12
Ap(B 1(2 1
Ap(B) _ 1_(‘90j -~ K(k), (10)
p(0) AN V4
/2
here & =ﬂ, K(k)= J‘ __de — elliptic integral of the
Ep 0 A/ 1— k* sin® 0}

first kind, p=Z7/2.

Such a transverse MR behavior was experimentally detected in
the GaAs/AlGaAs quasi-two-dimensional electron gas structure.

The transverse MR of a quasi-three-dimensional electron gas in
a strong magnetic field is positive, is determined only by the de-
gree of mini-band filling.

2
) 4
Z,sinZ, - "cosZ,—sin> ~*
2

p(B) _ (11)

p(0) (sinZ,—Z,co0sZ,)’
In the third chapter, we study the galvanomagnetic effects in
a longitudinal (parallel to the plane of the superlattice layer) mag-
netic field in the case of a degenerate electron gas when current
carriers are scattered on impurity ions. It is established that the
Hall coefficient in a longitudinal magnetic field changes its sign
and does not depend on the screening radius. In a weak magnetic
field, the Hall coefficient is positive, depends on the anisotropy of
the effective mass, the ratio between the Fermi energy and the
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mini-band width, and does not depend on the concentration of
conduction electrons. For a quasi-two-dimensional electron gas,
the Hall coefficient is determined by the expression:

2 3 2
N
e m\&—¢§, Nepr—¢,) n7 4\ e —¢g,

In a strong magnetic field, the Hall coefficient in both the trans-
verse and longitudinal directions depends only on the concentration
of conduction electrons. With a change in the direction of the mag-
netic field, the Hall coefficient changes its sign. The absolute value
of the Hall coefficient anisotropy depends on the dimension of the
electron gas: during the transition from quasi-three-dimensional to

quasi-two-dimensional, the anisotropy |R,|/|R,| decreases. Based on

the general formula, a numerical calculation of the transverse MR of
the magnetic field value is made (Figure 4) and the ratio of the
screening radius to the superlattice period. The transverse MR of a
quasi-two-dimensional electron gas is positive and monotonically
depends on the magnetic field, while the transverse MR of a quasi-
three-dimensional electron gas in the intermediate region of the

4

#.(B1)/p,(0)
=

Figure 4. The dependence of the relative resistivity p, (B))/p,(0)
of the magnitude of the longitudinal magnetic field v, =0z, of
various values of the degree of mini-band filling: «-2, =7,
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b-Z,=n/2.
magnetic field changes its sign, becoming positive in a strong
magnetic field (Figure 4). In the longitudinal magnetic field, there
are alternating transverse MR oscillations depending on the
screening radius.

In the case of a quasi-two-dimensional electron gas, the trans-
verse MR is positive in the entire region of the magnetic field and
for a weak magnetic field it is determined by the formula:

Ap :l Vio .VHO (13)
p(0) 31InQ2zr,/a)
The transverse MR for a quasi-three-dimensional electron gas can

be either positive (Figure 6) in a strong magnetic field, or negative in
a weak magnetic field, which follows from the formula

AP _ 131 VoMo (14)
P In(2r,Z, /a)

The inversion of the sign of the transverse MR is associated
with the Fermi topology of the surface and with the presence of a
region with a negative effective mass in the mini-band and occurs
when the radius of the cyclotron orbit becomes of the order of the
superlattice constant. The logarithmic singularity that appears
when calculating the relaxation time during scattering by impurity
ions leads to an oscillation of the electron density, which in turn
leads to signalternating oscillations of the transverse MR depend-
ing on the ratio of the screening radius to the lattice period (Figure
5, 6). The presence of negative transverse MR in relatively strong
magnetic fields is associated with the geometric effect of electron
orbits and the mechanism of unequal scattering of two groups of
electrons that differ in the orientation of the electron rotation
along cyclotron orbits in a longitudinal magnetic field due to the
presence of a region with a negative effective mass in the conduc-
tion band.
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2,(Br)p,(0)

hla v,
Figure 5. Dependence of the relative resistivity p, (8))/p,(0) the

ratio of the radius of the screening to the period of the superlattice
r,/a , and longitudinal magnetic field v, =eBz /m,, in the case of

quasi-two-dimensional electron gas ¢, > 2¢,.

1.6 .

o 0 !1 II I3 I-l 5 6
Lla v,
Figure 6. The dependence of the relative resistivity p, (B))/p,(0)

the ratio of the radius of the screening to the period of the super-
lattice r,/a, and longitudinal magnetic field v, =eBz /m , in the

case of quasi-three-dimensional electron gas (¢, <2¢,).

In the fourth chapter, the transverse Nernst-Ettingshausen ef-
fect (TNE) in superlattices in a transverse magnetic field is stud-
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ied when scattering by phonons and impurity ions. The compo-
nents of the thermomagnetic tensor in a transverse magnetic field
are calculated for scattering on acoustic, nonpolar optical, polar
optical and piezoacoustic phonons, as well as on impurity ions for
a quasi-two-dimensional and quasi-three-dimensional degenerate
electron gas, and on the basis of these components, general ex-
pressions of the TNE coefficient are obtained. It is shown that
when scattering on acoustic, nonpolar optical phonons and strong-
ly screening impurity ions for a quasi-two-dimensional degenerate
electron gas, the NE coefficient is zero O =0, and in the quasi-

three-dimensional case, the coefficient is different from zero and
has a negative sign 0 <0.

When scattering on polar optical and piezoacoustic phonons,
the NE coefficient has a positive sign O >0 and decreases slight-
ly with an increase in the degree of mini-band filling.

In a weak magnetic field Q 7, <<1, the transverse NE coeffi-
cient depends on the degree of mini-band filling and has a positive
sign 0>0.

Q:Qoi' - SmZO._ZOCOSZO )]
Z, |2 (0,52,-0,75sin2Z, + Z,c0s Z,) "
2
k, k,T .
here Q, =7%-—0-°—um,uL0 =er,,/m, — the mobility of the
e &

conduction electrons in a perpendicular direction relative to the
plane of the superlattice layer.
It follows from (15) that the NE coefficient of a quasi-two-

dimensional electron gas ((& >2¢&,), opened Fermi surface)
0 =20,; quasi-three-dimensional electron gas ((&; <2¢,),
closed Fermi surface) O = %QO .

In a strong magnetic field (Q, 7, >>1), NE coefficient

1 1 zZ
0=—0,— :
B u} (sinz,-Z,cosZ,)
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It follows from formula (16) that the transverse NE coefficient is
inversely proportional to the square of the electron mobility and in
cases with a limit on the dimension of the electron gas has the form:

quasi-two-dimensional electron gas:

1
= -7; 17
0=0, 3u,B) (17)
quasi-three-dimensional:
1
; 18
00 e s

When scattering on weakly screening impurity ions in a weak
magnetic field, the transverse NE coefficient is expressed in terms

of the functions 7, .
71'2 kO kOT 1 1 ( 5 1010,3/2
T Ui : 4oos—o 1004
3 e g |n(2roZo /a) 10,0,5/2L 2 Loos
(19)

In the case of a quasi-two-dimensional electron gas (&, > 2¢,,

=r).
0= —47:2(1‘) KT U, (20)

e) &

0=

It can be seen that the NE coefficient of a quasi-two-dimensional
electron gas does not depend on the screening radius, it is directly

proportional to the electron mobility of the conductivity u , and the

ratio k,T' /¢, . It can be seen from formula (20) that when scattering

on weakly screening impurity ions in the quasi-two-dimensional
case, the transverse NE effect becomes negative, and in the quasi-
three-dimensional case, depending on the degree of mini-band fill-
ing, it can have both a positive and a negative sign.
In a strong magnetic field, for the NE coefficient, we have:
1 ﬂ'_k_k T In(ZrOZ /a) 1‘10,0,_3/2 +Ioo 1/21000 1)

Bz 3 e g U, 0(z) 2 Iy 001
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Our calculation of the transverse NE coefficient for the scatter-
ing of current carriers on weakly screening impurity ions showed
that even in a weak magnetic field perpendicular to the plane of
the layer, the transverse NE coefficient changes sign. Note that the
sign change in the concentration dependence of the transverse NE
coefficient was observed in layered crystal BixTes.

In the fifth chapter the NE coefficient is calculated for a qua-
si-two-dimensional and quasi-three-dimensional degenerate elec-
tron gas when scattering by phonons and impurity ions in a longi-
tudinal magnetic field. Analytical expressions are obtained for the
transverse NE coefficient in limiting cases in terms of the dimen-
sion of the electron gas, the magnitude of the magnetic field and
the degree of screening of the Coulomb potential. The anisotropy
of the transverse NE coefficient caused by a change in the direc-
tion of the magnetic field is considered.

Analytical expressions for degenerate electron gas when scat-
tering on acoustic phonons for the TNE coefficient can be ob-

tained within the limits of weak ({27, <<1) and strong (Q7, >>1)

magnetic fields: In a weak magnetic field, the following is ob-
tained:

0=- j.@m

It follows from formula (22) that in a weak magnetic field, the
transverse NE coefficient weakly depends on the magnetic field and
takes negative values for a quasi-two-dimensional electron gas.

In a strong magnetic field (27, >>1) for the coefficient of NE

we have:

0= _ﬁ;i ety kOTu 1 In[zg(0,5Z, +0,257)]

e 3 m, & . (uHB)2 sinZ,—Z,cosZ,

When scattering by polar optical phonons, the relaxation time
is anisotropic, which is reflected in the kinetic coefficients. The
dependence of the transverse NE coefficient in this case on the
magnetic field and the degree of filling of the mini-zone are
shown in Figure 7, 8, respectively. It can be seen from Figure 7
that for a quasi-two-dimensional electron gas, there is a significant
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increase in the transverse NE coefficient.

1.5

OBV Oy

ST

Figure 7. The dependence of dimensionless coefficient TNE
0(B))/0, on the magnetic field when scattering on polar optical

phonons at different degrees of mini-band filling: 1 — z, =7, 2 —

Zy=n/2,3— Z,=n/3.

Vo

OBV 0o

Figure 8. Dependence of the dimensionless TNE o(3B,)/0, of the
degree of mini-band filling Z, during scattering by polar optical
phonons: 1—a strong magnetic field (v = Qﬂ 7, =45), 2 —ainter-
mediate magnetic field (v =1), 3—a weak magnetic field (v=0.,5).
Here Q= eB/ \/Z myo 18 the cyclotron frequency of an electron in a

longitudinal magnetic field.
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It can be seen from Figure 8 that with a small degree of filling
of the mini-band, the transverse NE coefficient Q takes large posi-

tive values, then in the neighborhood of Z, ~ 7/2 changes its

sign and for a quasi-two-dimensional electron gas (Z, =7 ) it be-

comes positive again, i.e. the transverse NE coefficient changes its

sign twice. Depending on the degree of mini- band filling and the
magnetic field, the sign of the effect may vary in the same sample.
The sign of the transverse NE coefficient transverse effect in ani-

. . . m, T .
sotropic systems is determined by the parameter y =—--+ ie.,
m, 7,
the dependence of the relaxation time on energy and the anisotro-
py of the effective mass. In superlattices, when current carriers are
scattered on polar optical phonons, the relaxation time depends

differently on the components of the wave vector k, and k. In

addition, the effective masses of electrons along and perpendicular
to the layer differ, m, <m,, and m depends on the wave vector

k,. Thus, there are two groups of electrons with different relaxa-

tion times and effective masses when moving along the plane of
the layer and perpendicular to it, and the longitudinal magnetic
field mixes up these movements. The electrons move in different
cyclotron orbits and the relations between the radius of the cyclo-
tron orbit and the free path length are different for them.

Asymptotics the transverse NE coefficient in a weak and strong
magnetic field when scattering by polar optical phonons has the
form, respectively:?

in a weak magnetic field (Ct, <<1):

QZQO'L E+2 (stO—Z.OcosZO)cosZ02 1+ 2 ,(24)
Z,|2 05Z,-0,75sin2Z, + Z,cos" Z, 3Z,sinZ,

in the quasi-two-dimensional case (Z, =7 ,&, > 2&,), at large con-

%Figarova, S.R., Huseynov, H.I., Figarov, V.R. Transverse Nernst-Ettingshausen effect in
superlattices upon electron-phonon scattering // Semiconductors, — 2018. Jul; 52 (7), — p.
853-858.
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centrations of current carriers, the TNE coefficient retains its sign.
strong magnetic field field (Qt >>1):

1 (kY1 I
0=-0, ( . ] : 2o (25)

2 :
o U & uu,B* smz,—-7,cosZ,

Here
ZO

dz

L= '
b !ZcosZ(cosZ—COSZo)l/2

It follows from formulas (24) and (25) that a large value of the
transverse NE coefficient is a consequence of the high mobility of
current carriers in superlattices (for example, in the superlattice

GaAs/AlGaAs ul=9,5'105sm2/Bc, u”=7,5-103sm2/Bc) and

depends on the position of the Fermi level. In a strong field, the
transverse NE coefficient takes small negative values, and when
the radius of the cyclotron orbit becomes of the order of the super-
lattice constant, there is a sign inversion. In a strong field, the
transverse NE coefficient takes negative values.

Lo T T T T

(’

1 Qs

QB

-0.5

Figure 9. Dependence of the dimensionless transverse NE coeffi-
cient O(B))/Q, of the value of the longitudinal magnetic field

v =Qr, for a quasi-three-dimensional electron gas when scattering
by acoustic (b) and polar optical (@) phonons.
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It is of interest to compare the dependence of the transverse NE
coefficient on the direction of the magnetic field during the scat-
tering of conduction electrons on acoustic and polar optical pho-
nons for a quasi-two-dimensional electron gas.

It is shown that the transverse NE coefficient of a quasi-three-
dimensional electron gas in the scattering of acoustic and polar
optical phonons has different signs (Figure 9), while in the quasi-
two-dimensional case (Figure 10) in a strong magnetic field the
sign is the same.

In a weak magnetic field for scattering on acoustic phonons,
this increase is almost three times greater than for scattering on
polar optical phonons.

It is important to note that the criteria for a strong and weak
magnetic field are influenced by the parameters of the superlattice

a, &, and the scattering mechanism.
6

(]

Q(B)

[~
T

=
1

Figure 10. Dependence of the dimensionless transverse NE coef-
ficient Q(B))/Q, of the value of the longitudinal magnetic field
v =Qr, for a quasi-two-dimensional electron gas when scattering
by acoustic (b) and polar optical (@) phonons.

When scattering on weakly screening impurity ions, the sign of
the transverse NE coefficient in a longitudinal magnetic field also
significantly depends on the topology of the Fermi surface and the
ratios of the screening radius and the superlattice constant. The
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TNE coefficient at small degrees of mini-band filling is negative,
with an increase in the degree of mini-band filling, a sign change
occurs when at Z, ~ /2, passing through zero, the transverse NE
coefficient becomes positive (Figure 11).

In a weak magnetic field Q7 <<1, the transverse NE coeffi-
cient for the scattering of current carriers on weakly screening im-
purity ions has the form:

12
2 :(goj 1 |:_2 111,0,1 _11,2,1 +§' 10,0,3/2 . [1,0,2 _11,2,2 (26)
ln( ]

Qo koT 21’020 1,0,1/2 _11,2,1/2 2 ]0‘0,5/2 11,0,1/2_11,2,1/2
a
It can be seen from the formula that the transverse NE coeffi-
cient depends on the degree of mini-band filling, on the ratio of
the width of the mini-band &, to the thermal energy k,T, and

logarithmically weakly depends on the ratio of the screening radi-

us to the period of the superlattice.
1.0 1 I

08 —

06 -

04 | -

02 - -
0k -

-0.2 | | 1

B, )Q,

Z,
Figure 11. Dependence 0(B,)/0, of the transverse NE coefficient
depends on the degree of mini-band filling Z, in a strong longitu-

dinal magnetic field (v =4) when scattering on weakly screening
impurity ions 7, /a=2.

For a quasi-two-dimensional electrons gas, the transverse NE
coefficient is positive and equal to:
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12
QO (& | b _ 0,15>0
0, \kT) 1In2rZ,/a)

and in the quasi-three-dimensional it has the form:

12
0 | g . 1
0, _(kOT] Z3 -In(21,Z, /a)
In this case, with small degrees of mini-band filling, the transverse
NE coefficient begins to increase significantly.
In a strong magnetic field, the transverse NE coefficient in the
scattering of conduction electrons on impurity ions takes the form:

Zy
n IZ’I cos™ Z-(cosZ —cosZ,) "
0

o___ 1 [kI 1 , .(27)
Qo B U o(ze\110(ze) & 220 SmZo _Zo COSZO

Here u;(.,) = €T yo(0) /my, — is the mobility of the conduction

electrons in the plane of the layer. An approximate calculation of
the formula (27) gives (28)

302
oB)__ 1 (”J Loz g
o BzuLO(ze)uHO(ze) &o 2 ZycosZ,

It follows from (28) that in a strong magnetic field, when scat-
tering on weakly screening impurity ions, the transverse NE coef-
ficient is negative at small degrees of mini-band filling, and at
large degrees of mini-band filling it becomes positive.

The anisotropy of the transverse NE effect is revealed due to a
change in the direction of the magnetic field. In the transverse
field, when scattering by acoustic phonons and strongly screening
impurity ions, the transverse NE coefficient for a quasi-two-
dimensional electron gas is zero, while in the longitudinal field it
is different from zero.

When scattering on polar optical phonons, the transverse NE
coefficient in a perpendicular magnetic field has a positive sign
O >0 and decreases slightly with an increase in the degree of
mini-band filling, while the transverse NE coefficient when scat-
tering current carriers on weakly screening impurity ions in a
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weak magnetic field perpendicular to the plane of the layer chang-
es its sign.

In a longitudinal magnetic field, when scattering on weakly
screening impurity ions, the transverse NE coefficient changes its
sign depending on the magnitude of the magnetic field and the
degree of mini-band filling, and in strong magnetic fields it begins
to oscillate, when scattering on polar optical phonons, the trans-
verse NE coefficient changes its sign twice in a strong magnetic
field depending on the degree of mini-band filling.

The sixth chapter is devoted to the study of the longitudinal
Nernst-Ettingshausen (LNE) effect (thermoelectric power (TEP)
in a magnetic field) in a transverse and longitudinal magnetic
field, as well as the Maggi-Rigi-Leduc effect (MRL) in a trans-
verse magnetic field of a degenerate low-dimensional electron gas
in superlattices when scattering by phonons and impurity ions. It
is shown that, depending on the position of the Fermi level rela-
tive to the top of the mini - band and the period of the superlattice,
the TEP can change its sign and increase. The TEP increases sig-
nificantly with a decrease in the Fermi energy. It is found that for
the TEP in the longitudinal field, in contrast to the transverse one,
the saturation effect and the inversion of the sign take place. In a
strong magnetic field, with an increase in the degree of filling of
the mini-band, the TEP begins to oscillate.

In superlattices, when scattering by acoustic and nonpolar opti-
cal phonons, the TEP «(B,) is negative and in a transverse strong

field does not depend on the magnetic field strength and is deter-
mined by the degree of mini-band filling.

by kT 7,
e 3 g sinZ,—Z,cosZ,

a(B)=- (29)

In this limit, the TEP depends linearly on the ratio of thermal en-
ergy to the energy of the mini-band of the superlattice k,T/&, . In

the quasi-two-dimensional case, it is determined only by the rela-
tion k,T /¢, .
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ky 7 kT

a(B)=- .
(8) e 3 g

(30)

In the longitudinal magnetic field, the TEP a(B,) changes its sign
and becomes positive. In weak magnetic fields (€2 7, <<1) de-
pends nonmonotonically on the degree of mini-band filling.

2 .
agy="o. b % 1-(@r,)* 020 | 31y
e 3 g sinZ,-Z,cosZ, Z,

In strong magnetic fields (27, >>1), the TEP is inversely pro-
portional to the square of the magnetic induction and the electron

mobility.
{5
2 4

2 2

a(BH):ka.LkOiT. 220 - 1 In
e 3 & Buuy,, sinZ,—Z,cosZ,

In this limit, the TEP strongly depends on the degree of mini-band

filling and for a quasi-two-dimensional electron gas tends to zero

a(B)=0.

When scattering by polar optical and piezoacoustic phonons,
the coefficient of the longitudinal NE effect in a weak transverse
magnetic field also depends on the ratio &,7 /s, and on the degree

of mini-band filling Z,, for a quasi-two-dimensional electron gas
it takes the following form:

5 2
a(Bl)z__i?.”ka.4{1—viy[Aﬁ}j -01]. (33)

(32)

3 & 3 0

It should be noted that the TEP in a strong magnetic field does
not depend on the magnitude of the field and becomes twice as
large as when scattering by acoustic phonons. With an increase in
the degree of mini-band filling, the TEP decreases and begins to
oscillate, and the oscillations weaken with the increase of the
magnetic field and tend to zero. In the longitudinal magnetic field,
the effect of saturation of the TEP takes place.

When scattering on weakly screening impurity ions, the TEP in
a transverse weak magnetic field significantly depends on the en-
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ergy parameter k,T' /&, , the magnetic field B, , the number of de-
grees of mini-band filling Z, and logarithmically weakly depends
on the ratio 7,/a, while in a strong field it does not depend on the
field and is determined by the degree of mini-band filling:
2 : _
a(BL)=—&~7[—k°T- stO' ZocosZg )
e 3 ¢ 05Z,-0.75sin2Z,+Z,cos" Z,

It is established that in superlattices in a longitudinal magnetic
field, when scattering on weakly screening ions, the TEP impurity
depends nonmonotonically on the degree of mini-band filling
(Figure 12).

0.6 |-
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Figure 12. Dependence of the dimensionless TEP «(B))/a, on the
degree of mini-band filling Z, in strong magnetic fields (v=4) in
the case 7,/a=2 of scattering by weakly screening impurity ions.

In a strong magnetic field, the TEP takes large positive values
at a low degree of mini-band filling. The TEP of a quasi-three-
dimensional electron gas depends nonmonotonically on the field,
remaining positive, while the TEP of a quasi-two-dimensional
electron gas decreases. This behavior of the TEP is associated
with a change in the free path in a strong magnetic field, as well as
with the fact that in the quasi-two-dimensional case, the screening
radius does not depend on the concentration and the TEP is de-
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termined by the ratio of the superlattice period to the radius of the
cyclotron orbit. TEP amplification can be used to convert energy
and create a generator. *

The dependence of the TEP on the screening radius when scatter-

ing on weakly screening impurity ions is shown in Figure 13.
2 T T T T

a(B)/a,

Figure 13. Dependence of the dimensionless TEP «(B))/a, of a
quasi-three-dimensional electron gas (Z, = z/2) on the ratios r,/a

in intermediate magnetic fields v=1 during scattering by weakly
screening impurity ions.

It follows from the figure that in the quasi-three-dimensional
case, as the mini-band is filled, the screening radius decreases,
while scattering at large angles increases, and the TEP depends
nonmonotonically on the ratio between the screening radius and
the superlattice period. At a certain ratio between the screening
radius and the period of the superlattice in intermediate magnetic
fields (v =1), there is a change in the sign of the TEP, and when

the degree of mini-band filling Z, ~ /2 is equal to the singulari-

ty. This is due to the topology of the Fermi surface in the superlat-
tice. For a positive curvature of the Fermi surface near the

positive k_ =0, the effective mass of the electron is small and in-

3 Figarova, S.R., Huseynov, H.L, Figarov, V.R. Magnetothermoelectric properties of layered
structures for in impurity scattering // Superlattices and Microstructures, — 2018. Mar; 117, —
p. 469-475.
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creases positively and under the external influence of its energy,
while for a negative curvature at the boundary k. =7/2 of the

mini-band, the effective mass is negative and the electron energy
decreases, i.e. the sign of the TEP changes when the Fermi level
moves in the mini-band in the superlattice. In the quasi-two-
dimensional case, the screening radius does not depend on the
concentration and its sign is determined by the ratio between the
period of the superlattice and the radius of the cyclotron orbit, and
when these values coincide, a non-monotonic behavior of the TEP
is observed. In the quasi-three-dimensional case, the features in
the behavior of the TEP are apparently related to the fact that the

screening radius is a function of mini-band filling. At 7,/a <1

(r, ~1/n"?), with a decrease in the density of the electron gas, the

TEP changes its sign. A decrease in the superlattice period leads
to a decrease in the TEP. As follows from Figure 13, when scat-
tering on weakly screening impurity ions in a longitudinal field,
depending on the ratio between the screening radius and the su-
perlattice period, an inversion of the sign of the TEP occurs. The
positive TEP is explained by the direction of the magnetic field
relative to the plane of the layer and indicates that there is a region
with a negative effective mass near the ceiling of the mini-band.
The TEP increases significantly with a decrease in the Fermi en-

ergy, which corresponds to an experiment conducted on 7,/a <1
(r, ~1/n"* ) superlattices doped with Nb.

Thermomagnetic coefficients can be controlled by adjusting
the parameters of the superlattice a,¢&, .

The Maggi-Rigi-Leduc coefficient in superlattices in a trans-
verse magnetic field is calculated when scattering by acoustic, po-
lar-optical phonons and impurity ions.It is shown that the MRL
coefficient in superlattices during scattering by phonons and im-
purity ions in weak magnetic fields decreases in comparison with

the electronic part of the thermal conductivity without a magnetic
field. In strong magnetic fields, the electronic part of the thermal

39



conductivity tends to zero.

In the seventh chapter, the theory of transport phenomena in
an asymmetric quantum well (QW) with a semi-parabolic poten-
tial is developed in the absence of a magnetic field when current
carriers are scattered on acoustic and polar optical phonons. Based
on the solution of the Schrodinger equation, using the energy
spectrum and wave functions of conduction electrons in a semi-
parabolic QW, the dependence of the electrical EC and TEP of a
degenerate two-dimensional electron gas on the profile of the
QW, its width and the Fermi level is investigated in the approxi-
mation of the effective mass. The influence of the confaiment po-
tential (restriction) on the EC and TEP of a semi-parabolic QW is
discussed. It is shown that the EC and TEP are oscillates with the
width of the QW and the oscillation period depends on the poten-
tial of the QW and the concentration of current carriers. The EC
increases abruptly with an increase in the potential of the QW and
forms loops that occur when the Fermi level crosses the energy
level of the quantum wells, the number of branches corresponds to
the number of energy levels. It is found that the TEP of a semi-
parabolic QW has features: hysterical loops and sign change.
These features depend on the surface potential and are explained
by the effects of localization/delocalization in the QW. and the
properties of the electron at the edges of the well, as well as the
relationship between the Fermi level, the value of the surface po-
tential and the energy levels of the QW.

The potential of an asymmetric QW has the form:

U(Z):{Us(z/d)z, at 0<z<d

35
00, at z<0 (33)

Here U, — is the maximum value of the surface potential, d — the

width of the QW. From the boundary conditions imposed on the

wave function of the conduction electrons, we obtained a condition

for the surface potential (d/2h)(2mU S)'/ > >>1, in which the solu-

tion of the Schrodinger equation for a semi-parabolic QW is finite on

the right and infinite on the left and the law of dispersion of a two-
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dimensional electron gas in a semi-parabolic QW has the form:

272
g:hki+ha)s 2n+é , (36)
2m 2
where ki =k;+k,, m — Is the effective mass, frequency

wg=d "' (2Us/ m)"? — of the semi-parabolic potential.

The energy spectrum (34) is realized in structures
AIN/AlGaN/AIN and GaAs/AlGaAs. And for a given energy
spectrum, the Fermi energy is determined by the formula:

n,-a’d .1 |2U ( 3)
& 2 = h — n

m(n +1) d m

The dependence of the Fermi energy on the parameters of the QW

is non-monotonic (Figure 14) where is an 7 integer from

(37)

n= 1(8’”—3j , which is found from the condition ¢, =¢, .
2\heo 2
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Figure 14. The dependence of the Fermi energy on the potential

of the QW.
- — N2
At width d=d ,, = (n+3/2)(n+1) 41,225]3 , the Fermi ener-
m

el

gy has an extremum that depends on the concentration of the elec-
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tron gas and the QW potential (for U, =0.3eV,n, =10"m>,

d,.. =10nm). At small QW widths, the Fermi energy drops sharp-
ly, and then begins to increase almost linearly.

The motion of electrons in the plane xy is described by the
semiclassical Boltzmann equation, and the motion in the direction
of the axis z is quantized in a semi-parabolic well with a potential
U(z); the temperature gradient is directed along the axis x : With
such a geometry of the problem, when scattering current carriers
on acoustic (7 =0) and polar optical ( =1) phonons, the general
expression for EC will be determined by the expression:

) ZJ.G)(g* —e ) —g)™" (— ?j.dg*
er, n=0 ;. 3
= Ty

- = , (38)
D0 -¢,)
n=0
where
mk,T i’ dk,T (kaoTjr 1 . & . g
= 7500~ 2 PRI R .
7udh m 7 A, k,T k,T
For a degenerate electron gas, summing up over all occupied
energy levels of a QW and subtracting the value of the Fermi en-
ergy (35), when scattering on acoustic phonons for deep quantum

wells (hw, >> k,T), the EC has the form:

o _rmhidn, 1

1y

b

o, mk,T  (n+1)(n+2)

2
etyn,
b

(39)

where o, = n — is the number of sublevels below the

m
Fermi level.

It can be seen from (39) that in this case the EC is directly pro-
portional to the width of the well and the concentration of current
carriers and does not depend on the surface potential of the QW.
At the limit, for not deep quantum wells 7o, << k,T', the electrical
conductivity is equal to:
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2 2
gzﬂh dn, 71 3 2ho, . (40)
o, m-kJ |n+l k,T
In this case, the EC depends both on the width of the pit and on
the surface potential.
When scattering on polar optical phonons for EC, we have:

0_60!( i'n, j{h@)n(mz)} @1
m-k,T(n+1) k,T 3

Based on the numerical calculation using the formula (36), the
dependence of the EC on the Fermi energy (&;.), the width (d) of
the QW (Figure 15) and the QW potential (U,) (Figure 16) for a
semi-parabolic QW: GaAs/AlGaAs: m = 0,067m, —,n=10"m" —,
T =60K — for acoustic phonons, 80 K for polar optical phonons.*
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Figure 15. The dependence of the EC on the width of the QW
when scattering on optical phonons at U, =0.9¢V .

The EC is a step function of the Fermi energy and oscillates with
the well width with a period Ad = (\/mU, /zhn,)" that depends
on the QW potential and the concentration of current carriers.

4Guliyev B.1., Figarova S.R., Huseynov H.I, Figarov V.R. Semi-parabolic quantum well
electrical conductivity // European Physical Journal plus, — 2019. Jun; 134 (1), — p. 1-6.
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Jumps in the EC occur when the Fermi level crosses the enegetic
levels of the QW.

1.

o /oo

0 1 2 3 4
VeV’

Figure 16. The dependence of the EC on the potential of the QW
width d =10nm.

It follows from Figure 16 that with an increase in the QW po-
tential, loops appear in the EC, which are explained by a non-
monotonic change in the position of the Fermi level relative to the
energy levels of the QW, while the density of states experiences a
jump, which leads to the presence of inflection points in the EC.

For TEP scattering by acoustic phonons, the general expression
will be:

L X6 -s)
a=- (42)
e 3 Z(gF -¢£,)0(e, —¢,)

When scattering by polar optical phonons, the TEP has the form:
e Y60 <)
_ 20, n

e 3 Y(e;-5)0( ¢
On the basis of the general formulas (42) and (43), the depend-

a= (43)
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ence of the TEP @

2
(ao = k"”j on the Fermi energy and the
e

a,
potential QW (Figure 17-18) for QW was numerically calculated.’

The TEP oscillates with the Fermi energy and when the energy
levels of the QW cross the Fermi level, the TEP experiences a
jump at a certain width of the QW, depending on the ratio be-
tween the Fermi energy, the energy levels of the QW and the po-
tential of the QW, the TEP has features: loops and a sign change

(Figure 17, 18).

0.2
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U, eV

Figure 17. The dependence of the TEP on the QW potential in the scattering of
current carriers on polar optical phonons at a =7 nm .

Hysteresis loops are induced by fluctuations in the Fermi energy
with the frequency of the QW potential w, = d ' (2U/m)"* ; with an
increase in the QW width and at low electron concentrations, the
loops disappear. From the expression for the two-dimensional elec-
tron gas concentration, it follows that at the same value of the elec-
tron gas concentration due to the localization and delocalization of
electrons in the QW in the z direction (for example, during the

SFigarova, S.R., Huseynov, H.I, Figarov, V.R. Thermoelectric power hysteresis in semi-
parabolic quantum well // Thin Solid Films, — 2021.721, — p.138554(1-4).
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transition from the »—the quantum level to the n+1 level), the
number of electrons in the xy plane changes, i.e. the same potential

U, can correspond to two values of the Fermi energy, which ex-

plains the hysteresis loops of the TEP in Figure 17, 18. When the
Fermi level enters the region of the delocalized state, the charge den-
sity increases, and the TEP becomes negative, and vice versa, when
the Fermi level falls into the region of the localized state, the charge
density decreases and the TEP becomes positive. (Figure 17, 18). In
a semi-parabolic QW, the distance between neighboring energy lev-
els is twice as large as in a parabolic one, which affects the localiza-
tion/delocalization processes.

0.5
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Figure 18. The dependence of the TEP on the potential of the QW in the scat-
tering of current carriers on acoustic phonons at @ =7nm .

MAIN RESULTS

1. The electrical conductivity and the electronic part of the
thermal conductivity of the superlattice are calculated on the basis
of the relaxation time components obtained during the scattering
of conduction electrons on impurity ions. It is shown that the ani-
sotropy the electrical conductivity, in different ways, depends on
the period of the superlattice: at large concentrations of impurities
increases, while for small-decreases. A numerical calculation of
the anisotropy of EC is performed depending on the ratio be-
tween the Fermi level and the mini-band width for different
values of the ratio of the screening radius and the GaAs/AlGaAs
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superlattice period. It is shown that with an increase in this ratio,
the anisotropy of EC increases and when the Fermi surface is a
corrugated cylinder becomes an order of magnitude larger.

2. It is revealed that the Hall coefficient in superlattices chan-
ges its sign depending on the direction of the magnetic field. The
sign change is due to the presence of regions with a negative ef-
fective mass in the mini-band. The anisotropy of the Hall coeffi-
cient in a superlattice also depends on the dimension of the elec-
tron gas: during the transition from quasi-three-dimensional to
quasi-two-dimensional, the anisotropy decreases.

3. It is established that the anisotropy of the transverse magne-
toresistance (MR) in superlattices when scattering by impurity ions
significantly depends on the degree of mini-band filling, the magni-
tude and direction of the magnetic field and the ratio between the
screening radius and the superlattice period. In the case of weak
screening, there is an inversion of the MR sign when the radius of the
cyclotron orbit becomes of the order of the superlattice period. For a
quasi-two-dimensional electron gas in a transverse weak magnetic
field, the transverse MR is positive, and in strong ones it is negative.
In a strong magnetic field, the transverse MR depends almost linear-
ly on the magnetic field, i.e. the Kapitsa effect takes place. This be-
havior of the transverse MR was experimentally detected in
GaAs/AlGaAs. In a longitudinal magnetic field, the transverse MR
of a quasi-two-dimensional electron gas is positive in a strong and
negative in a weak field. The transverse MR in the longitudinal mag-
netic field is an order of magnitude greater than in the transverse
field. The transverse MR of a quasi-three dimensional electron gas in
the transverse field is always positive, and in the longitudinal field it
changes its sign.

4. The numerical calculation carried out for superlattices
GaAs/AlGaAs shows that the transverse MR in a longitudinal
magnetic field, in contrast to the transverse one, depends non-
monotonically on the ratio between the screening radius and the
superlattice period and, at a certain ratio, has a feature: alternating
MR oscillations depending on the screening radius. It is found that
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when scattering on strongly screening impurity ions, the MR posi-
tively and in a strong magnetic field does not depend on the
screening radius, since the cyclotron orbit is outside the strongly
screening impurity field.

5. In intermediate magnetic fields, the transverse MR changes
its sign if the Fermi level is in the middle of the mini-band of the
superlattice. When the Fermi surface is a corrugated cylinder, then
there is a region with a negative effective mass in the mini-band.
The change in the sign of the transverse MR is explained by the
mechanism of unequal scattering of two groups of electrons that
differ in the orientation of the electron rotation along cyclotron
orbits in a magnetic field due to the presence of a region with a
negative effective mass in the conduction band.

6. The transverse Nernst-Ettingshausen (TNE) effect in a longi-
tudinal magnetic field during scattering by phonons is investigated. It
is shown that when scattering by polar optical phonons in the same
sample, the sign of the TNE coefficient changes its sign twice de-
pending on the degree of mini-band filling. For scattering on acoustic
phonons, the TNE coefficient is almost three times greater than for
scattering on polar optical phonons. In a strong magnetic field, there
is an inversion of the sign of the NE coefficient, which is explained
by the presence of two groups of electrons with different dependence
of the relaxation time on the wave vector and anisotropy of the effec-
tive mass.

7. The dependence of the TNE effect in a longitudinal magnet-
ic field when scattering on weakly screening impurity ions on the
magnitude of the magnetic field, the degree of mini-band filling of
the superlattice and the ratio between the screening radius and the
superlattice period is studied. It is shown that in strong magnetic
fields, the TNE coefficient depends nonmonotonically on the de-
gree of mini-band filling: at small degrees of mini-band filling, the
transverse NE coefficient takes negative values, and then, passing
through zero, becomes positive. The change in the sign of the
TNE is due to the topology of the Fermi surface, the dependence
of the screening radius on the concentration and the period of the
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superlattice. The TNE coefficient of a quasi-two-dimensional
electron gas increases significantly in a magnetic field, while for
the quasi-three-dimensional case, the TNE coefficient tends to ze-
ro, this behavior is due to a change in the free path of electrons in
a strong magnetic field, as well as the fact that in the quasi-two-
dimensional case, the screening radius does not depend on the
concentration.

8. The features of the anisotropy of the TNE effect depending
on the scattering mechanism, the direction of the magnetic field and
the size of the electron gas are revealed. It is found that in a trans-
verse magnetic field, the TNE coefficient for a degenerate quasi-
two-dimensional electron gas when scattered by acoustic phonons
is zero, while in a longitudinal magnetic field it is different from
zero. In the case of scattering by polar optical phonons and impurity
ions in a perpendicular magnetic field, the TNE coefficient decreas-
es with an increase in the degree of mini-band filling, while in the
longitudinal field it depends nonmonotonically on the degree of
mini-band filling, up to a sign change. Note that a change in the
sign of the transverse NE coefficient was observed in layered crys-
tals BixTes.

9. The anisotropy of the thermoelectric power (TEP) in a mag-
netic field LNE (longitudinal Nernst-Ettingshausen effect) in a
superlattice under the scattering of conduction electrons on pho-
nons is studied. When scattering by acoustic phonons, the TEP of
a quasi-two-dimensional electron gas is zero in a longitudinal
strong magnetic field, while in a transverse field it is nonzero.
When scattering by polar optical phonons in a weak magnetic
field, the anisotropy of the effect is insignificant, while in strong
magnetic fields it is significantly. Numerical calculation for TEP
shows that in intermediate magnetic fields there is a significant
increase in TEP at small degrees of mini-band filling, the TEP be-
gins to oscillate in strong magnetic fields.

10. It is shown that when scattering on weakly screening im-
purity ions, there is an inversion of the sign of the TEP in the lon-
gitudinal magnetic field, which is due to the topology of the Fermi
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surface and the dependence of the screening radius on the concen-
tration. With a positive curvature of the Fermi surface, the effec-
tive mass of the electron positive, and with an external influence,
its energy increases, while for a negative curvature at the bounda-
ry of the mini-band, the effective mass is negative and the energy
of the electron decreases. Thus, the sign of the TEP can change
when the Fermi level moves through the mini-band of the super-
lattice. A decrease in the superlattice period leads to a drop in the
TEP. A significant increase in the TEP with a decrease in the
Fermi energy was found experimentally in superlattices SrTiO3 of
the Nb alloy. The TEP also depends on the ratio between the su-
perlattice period and the radius of the cyclotron orbit: at small
screening radius the electron gas density decreases and the TEP
changes sign.

11. The longitudinal and transverse NE coefficients of an elec-
tron gas are compared with the cosine dispersion law in magnetic
field parallel to the plane of the layer when scattering by impurity
ions. It is shown that the TNE and LNE effects depend nonmono-
tonically, in different ways, on the degree of mini-band filling, the
magnetic field and the screening radius. In a strong magnetic
field, the LNE coefficient is positive, and the TNE coefficient
takes negative values at small degrees of the band, and then, as the
mini-band 1is filled, passing through zero, it becomes positive.
This behavior of the thermomagnetic coefficients is associated
with a change in the free path of electrons in a strong magnetic
field, as well as the fact that in the quasi-two-dimensional case,
the screening radius does not depend on the concentration. In the
quasi-three-dimensional case, with a decrease in the screening ra-
dius, the LNE coefficient in intermediate magnetic fields changes
its sign, and the TNE coefficient decreases with an increase in the
screening radius at a period of the superlattice and tends to zero.
Thermomagnetic coefficients can be controlled by adjusting the
parameters of the superlattice.

12. It is shown that the MRL coefficient in superlattices during
scattering by phonons and impurity ions in weak magnetic fields
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decreases in comparison with the electronic part of the thermal
conductivity without a magnetic field. In strong magnetic fields,
the electronic part of the thermal conductivity tends to zero, so the
thermal conductivity of superlattices is equal to the thermal con-
ductivity of the phonon gas and this makes it possible to experi-
mentally measure the phonon part of the thermal conductivity.

13. The dependence of the electrical conductivity (EC) of a two-
dimensional electron gas in an asymmetric QW with a semi-para-
bolic potential under electron-phonon scattering on the parameters of
the QW and the Fermi energy is determined. The EC oscillates with
the width of the QW, and the oscillation period depends on the po-
tential of the QW and the concentration of conduction electrons.
With an increase in the potential of the quantum well, the electrical
conductivity increases abruptly and forms loops that occur when the
Fermi level crosses the energy level of the QW, and the distance be-
tween the neighboring energy levels of a semi-parabolic quantum
well is much larger compared to a parabolic one, which affects the
effect of localization/delocalization of electrons in the QW. At a cer-
tain position of the Fermi levels relative to the energy levels, the lo-
calization of electrons decreases, and the number of electrons in-
volved in EC increases. It is established that when scattering on aco-
ustic phonons, the amplitude of the EC oscillation increases with the
well width, while when scattering on optical phonons, this depend-
ence is non-monotonic and is associated with delocalization of EC.

14. The effect of the surface potential on the TEP of a semi-
parabolic QW during the scattering of charge carriers on phonons
is investigated. The dependence of the TEP on the Fermi energy
and the parameters of the QW is determined. It is shown that the
TEP oscillates with the Fermi level, and the oscillation period de-
pends on the surface potential, the width of the QW, and the con-
centration of charge carriers. Features in the behavior of TEP,
such as loops and sign changes, occur with a certain correlation
between the surface potential, the Fermi energy and the energy
levels of the QW. It is shown that the presence of loops is associ-
ated with the properties of electrons at the edges of the QW and is
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explained by the effects of localization / delocalization of elec-
trons, and the sign change is associated with the position of the
Fermi level relative to the energy levels of the QW. The change in
the sign of the TEP occurs at high concentrations of electrons,
when the Fermi level is located in a localized region.
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