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In this paper, the main scientific results of the outstanding Ukrainian theoretical physicist Petro
Tomchuk (January 2, 1934—October 7, 2024) are reviewed. P.M. Tomchuk worked in various
areas of condensed matter physics, including semiconductor physics, metal physics, soft matter
physics, and nanophysics. This review article on the scientific legacy of P.M. Tomchuk focuses
on his research of kinetic and optical phenomena in semiconductors, carrier transport in semi-
conductor structures, electron-lattice energy transfer and hot electrons in semiconductors and
metal island films, optical properties of metal nanoparticles and their ensembles, liquid crystals
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1. Introduction

Petro Mykhailovych Tomchuk (January 2, 1934—Oc-
tober 7, 2024) was an outstanding Ukrainian theoreti-
cal physicist, Doctor of Science in physics and mathe-
matics (1973), Professor (1980), Corresponding Mem-
ber of the National Academy of Sciences of Ukraine
(2000), and Honored Worker of Science and Engineer-
ing of Ukraine (1997). He was undoubtedly one of the
most famous Ukrainian theoretical physicists in the
late 20th and early 21st century in the field of con-
densed matter physics and solid state physics. Petro
Tomchuk spent his entire scientific life at the Insti-
tute of Physics of the National Academy of Sciences
of Ukraine, where he headed the Department of The-
oretical Physics for 50 years. Under his supervision,
7 doctoral and 19 candidate theses were defended.
You can learn about P.M. Tomchuk’s life path from
the book “The Life Credo is Science” [1], which was
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published on his 80th birthday, and congratulatory
articles on his 90th birthday [2, 3].

P.M. Tomchuk was a graduate of the Physics and
Mathematics Faculty of Chernivtsi State University
(in 1957), where the supervisor of his diploma thesis
was Arnold Markovych Kosevych, a well-known spe-
cialist in the field of condensed matter physics (later,
in 2009, P.M. Tomchuk became an honorary doctor
of this university). The supervisor of P.M. Tomchuk’s
PhD thesis “Problems of the Theory of Hot Elec-
trons in Atomic Semiconductors” (1962) was Isaak
Markovych Dykman, who worked in the scientific
group of the famous theoretical physicist Solomon
Isakovych Pekar, at that time the head of the De-
partment of Theoretical Physics at the Institute of
Physics. It was owing to the influence of I.M. Dyk-
man and S.I. Pekar, both the prominent representa-
tives of the school of theoretical physics at that time,
that the main direction of Petro Tomchuk’s scientific
activity was formed. Throughout his subsequent sci-
entific life, P.M. Tomchuk studied the effects associa-
ted with hot electrons in various semiconductor and
metal structures.

His doctoral dissertation entitled “Research on
the Theory of Transfer Phenomena and Collective
Processes in Nonequilibrium Semiconductor Plasma”
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(1972) dealt with kinetic phenomena and fluctuations
in nonequilibrium systems, another topic that laid the
basis for his further scientific work. Later, Petro Tom-
chuk’s scientific achievements were recognized with
two state prizes in the field of science and engineer-
ing: in 1986 as a team member for the series of works
“Size Effects in Small Particles of A Solid” and in 1995
as a team member for the series of works “Physical
Mechanisms of Degradation and Ways to Enhance
the Reliability of Optoelectronic Devices”. In 2008,
for the series of works “Hot Electrons and New Opti-
cal Phenomena in Multi-Valley Semiconductors and
Nanoparticles”, P.M. Tomchuk, together with his col-
leagues, was awarded the A.F. Prykhotko Prize of the
National Academy of Sciences of Ukraine.

Petro Tomchuk can be characterized as a very ver-
satile theoretical physicist. The scientific breadth of
his research was favored by the diverse topics of the-
oretical research at the Institute of Physics: crystal
optics, electron-phonon interaction, band structure of
semiconductors and spin phenomena, transport pro-
cesses, size effects, nonlinear effects in laser fields,
acoustoelectronics, and semiconductor materials. His
scientific results are important for the physics of semi-
conductors and metals, as well as for the description
of physical processes in liquid crystals and biological
molecular structures.

In the domain of semiconductor physics, P.M. Tom-
chuk, together with I.M. Dykman, was the first to
develop the theory of carrier heating in semiconduc-
tor structures [4-6]. He also developed the theory of
superlattices on hot electrons in multi-valley semicon-
ductors (together with O.0. Chumak) [7] and an an-
alytic method for calculating fluctuations and wave
scattering on them in nonequilibrium electron-pho-
non systems (together with V.A. Shenderovskyi) [8].

While studying the properties of metal nanoparti-
cles and their ensembles, Petro Tomchuk proposed
and substantiated the concept of hot electrons in
metal nanoparticles. It was used as a basis for the the-
ory of nonlinear current-voltage characteristics and
the theory of electron and photon emission from metal
island films in the case of current flowing through
them [9,10] or in the case of laser heating of electrons
[11]. P.M. Tomchuk also developed the theory of the
optoacoustic effect in metal island films; it consists
in the sound generation by metal islands under the
action of a modulated light flux [12]. Moreover, he
constructed the theory of optical absorption by small
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metal particles and showed an anomalously high ab-
sorption sensitivity to the nanoparticle shape in the
infrared spectral interval [13, 14]. Based on this the-
ory, the dependence of the width of plasma reso-
nances on the shape of metal nanoparticles was de-
termined [15].

In the field of liquid crystal physics, P.M. Tom-
chuk, together with B.I. Lev, applied a microscopic
approach to the theory of liquid crystals and showed
how the microscopic theory can be associated with
the phenomenological one [16]. He, together with
Ye.D. Bilotsky and B.I. Lev, also proposed an orien-
tational mechanism for the formation of the effec-
tive mass of an ion in a liquid crystal, which was
confirmed experimentally [17]. In addition, together
with Ye.D. Bilotsky, he constructed the theory of dis-
sipative structures that can be formed in nematic
liquid crystals under the action of an external elec-
tric field [18]. Finally, P.M. Tomchuk, together with
B.I. Lev, developed the theory of interaction between
macroscopic particles immersed in a liquid crystal and
analyzed the possibilities of creating supramolecular
structures in systems of such macroimpurities [19,20].

In regard to the properties of molecular chains,
of high importance is the proton polaron model
proposed by Petro Tomchuk to describe the con-
ductivity of hydrogen bond chains. This model was
used, in particular, to construct the theory of trans-
membrane proton transport through biological mem-
branes. Another important result of P.M. Tomchuk,
which was obtained together with V.V. Krasnoholo-
vets, is the theory of quantum tunneling repolariza-
tion in finite chains of hydrogen bonds [24].

Summarizing the scientific achievements of
P.M. Tomchuk, it is worth mentioning that he is a
co-author of two monographs [25, 26] and the author
or co-author of more than 300 scientific papers [27].
Among his most cited works, it is worth marking the
review article on the emission of electrons and light
from metal island films and the generation of hot
electrons in nanoparticles, which was published in
Physics Reports [28] together with R.D. Fedoro-
vych and A.G. Naumovets; the articles in Physical
Review E on the interaction between extraneous
macrodroplets in nematic liquid crystals and induced
supramolecular structures [20] and on the symmetry
breaking and the interaction of colloidal particles
in nematic liquid crystals [29] (co-authored with
B.I. Lev and other colleagues); the articles in Phy-
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sical Review B on size effects and the influence of
particle shape on the energy absorption by small
metal particles [15] and on the optical and transport
properties of spheroidal metal nanoparticles with
allowance for surface effects [30] (co-authored with
M.I. Grigorchuk); and the article in Surface Science
on electron-phonon interaction and hot electrons in
small metal islands [31] (co-authored with Ye.D. Bi-
lotsky). It is also worth mentioning the review article
in Advances in Chemical Physics on the proton trans-
fer and coherent phenomena in molecular structures
with hydrogen bonds [32], which was written together
with V.V. Krasnoholovets and S.P. Lukyanets.

The main directions of P.M. Tomchuk’s scientific
research can thematically be divided into the follow-
ing categories:

1) kinetic and optical phenomena in semicon-
ductors,

2) hot electrons in metal island films,

3) optical properties of metal nanoparticles and
their ensembles,

4) liquid crystals and colloids,

5) molecular structures with hydrogen bonds.

In the subsequent sections of this review, each of
these directions is considered separately. Basic points
of each indicated topic are presented, current prob-
lems are outlined, and Petro Tomchuk’s contribution
is demonstrated. The conclusions briefly point to the
prospects for further research based on P.M. Tom-
chuk’s scientific legacy.

2. Kinetic and Optical
Phenomena in Semiconductors

2.1. General information

In the second half of the last century, the domi-
nant place in solid state physics was occupied by the
physics of semiconductors together with its various
directions that emerged due to the wide possibilities
of their practical application in technology. The task
of creating a theory of kinetic effects that would in-
volve the band structure of specific semiconductors,
the specificity of the mechanisms of carrier scattering,
and lattice vibrations and defects became urgent.
Let us recall that the electrical and optical prop-
erties of semiconductors are a result of the fact that
the filled electron states in the valence band are sep-
arated from the vacant states in the conduction band
by a forbidden band gap, in which electron states
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are absent. The band gap width (in energy units)
largely determines the electronic properties of a par-
ticular semiconductor. The smaller the band gap, the
easier it is for electrons to move into the conduc-
tion band, and the better the semiconductor con-
ducts current as temperature increases. Depending on
the band gap width, semiconductors are divided into
wide-band semiconductors (if the band gap width ex-
ceeds a certain conditional value, the semiconductor
properties become actually lost, and the correspond-
ing material is classified as an insulator) and narrow-
band semiconductors (they are also called narrow-gap
semiconductors, and, in the limiting case of zero band
gap width, gapless semiconductors). The current car-
riers in semiconductors are electrons in the conduc-
tion band and holes in the valence band. In pure
semiconductors, the motion of an electron in the con-
duction band corresponds to the motion of a hole in
the forbidden band gap. This type of conductivity is
called intrinsic. Impurities and defects can cause the
appearance of local electronic levels in the forbidden
gap and, accordingly, change the conductivity toward
the electron-type (n-type semiconductors, donor im-
purities) or hole-type (p-type semiconductors, accep-
tor impurities). The structure of the bands in semi-
conductors is determined by the law of dispersion of
current carriers in them. Energy minima in the con-
duction band are called wvalleys, and semiconductors
with several equivalent minima are called multi-valley
semiconductors [33, 34].

2.2. Physical kinetics

The quantitative description of kinetic phenomena in
semiconductors is based on the methods of statistical
physics [25]. Here, the main equation of the theory is
the Boltzmann kinetic equation [35]

af = or op
=+ = Vrf%-a

which describes a change in the distribution function
f(r,p, t) of charge carriers in the phase space of coor-
dinates r and momenta p due to the motion of carri-
ers (the second term), the influence of external fields
(the third term), and collisions between the particles,
which are taken into account through the so-called
collision integral Z(f). Making allowance for the in-
teraction of electrons, lattice vibrations, and various
scattering mechanisms considerably complicates the
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solution of the kinetic equation, which is an integro-
differential equation in the general case. One of the
approaches to solve the kinetic equation is the varia-
tional method [35].

Petro Tomchuk was among the first who applied
the variational approach in the kinetic theory of so-
lids. In work [36], he first applied the variational me-
thod to calculate kinetic coefficients in anisotropic
condensed media. The originality of this work con-
sisted in choosing the appropriate functional, the ex-
treme value of which coincided with the Joule power
divided by the electron temperature. Therefore, in
crystals with arbitrary scattering potential anisotro-
py, anisotropic energy dispersion law, and carrier sta-
tistics, the extreme value of the functional can be de-
termined through the conductivity tensor.

This fact made it possible to apply the theo-
ry of kinetic and fluctuation processes in nonequi-
librium electron-phonon systems to semiconductors
with various band structures and the dominant role of
electron-electron interactions [37]. Various cases were
considered: semiconductors with the parabolic and
isotropic dispersion law of carrier energy under the
isotropic scattering mechanisms; multi-valley semi-
conductors with ellipsoidal isoenergetic surfaces and
anisotropic scattering; semiconductors with a non-
parabolic dispersion law and narrow-gap semiconduc-
tors. The dependences of the kinetic coefficients, the
fluctuation characteristics, and the cross-section of
wave scattering by fluctuations on the carrier scat-
tering rate and the band structure features in typical
semiconductors were also found [38]. Generalized ex-
pressions were obtained for the electrical conductiv-
ity, the Hall effect, the thermoelectric power, and the
electron thermal conductivity in multi-valley silicon
and germanium, as well as for various kinetic coeffi-
cients in semiconductor crystals with low symmetry,
and a comparison with experimental data was made.

2.3. Hot carriers and electric field effect

Hot carriers are nonequilibrium charge carriers (elec-
trons and holes), whose average kinetic energy ex-
ceeds the equilibrium thermal energy correspond-
ing to the lattice temperature. If some power is in-
troduced into the electronic subsystem in one way
or another, the thermodynamic equilibrium between
the electronic and lattice subsystems becomes vio-
lated. Electrons become “hot” when their average en-
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ergy exceeds the equilibrium energy. The higher the
input power and the lower the intensity of electron-
phonon interaction, the higher is the degree of elec-
tron heating [39]. The heating of charge carriers is
manifested not only in known kinetic effects, but
also leads to the appearance of new phenomena,
which are characteristic only of the hot carrier gas
state (the Gunn effect, negative differential resis-
tance, anisotropy of conductivity in cubic crystals,
and so forth) [40].

When studying the influence of an electric field
on the electron temperature, the electrical conduc-
tivity, and the thermionic emission in atomic and
ionic semiconductors, P.M. Tomchuk, together with
I.M. Dykman, first determined the electron distribu-
tion function by solving the kinetic equation, where
the presence of an electric field, the interaction of
electrons with lattice vibrations and impurity cen-
ters, and the Coulomb electron-electron interaction
were taken into consideration [4]. It is important to
note that an analysis of the literature on the theory
of hot carriers at that time showed that none of the
works correctly considered the influence of electron-
electron interaction on the transfer phenomena. It
was in work [4] where a method for solving the kinetic
equation for finding the electron distribution function
was first proposed, and where it was shown that, un-
der certain conditions, the electron-electron interac-
tion leads to an approximately Maxwellian distribu-
tion with an effective temperature 7" different from
the lattice temperature. The dependences of the con-
duction current magnitude on the electric field and
the semiconductor parameters were obtained. Since
the temperature T can substantially exceed the lat-
tice temperature (which corresponds to the “heating”
of the carriers), this effect is especially pronounced
in the magnitude of the thermionic emission current
(see also works [5, 6]).

In work [41], the case of strong electric fields was
considered, when the charge carriers are substantially
nonequilibrium, and the electron distribution func-
tion is largely determined by the conduction band
shape.

Another important result obtained by P.M. Tom-
chuk (together with V.A. Shenderovskyi) concerned
the processes of scattering and transformation of
waves on fluctuations in nonequilibrium plasma of
semiconductors with an anisotropic energy band [8].
The intensity of wave scattering is determined by
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both the level of fluctuations and the intensity of
the incoming wave. If the plasma is nonequilibrium
with a high fluctuation level, then the cross-section of
the wave scattering and transformation can be quite
large. In strong electric fields, the plasma in solids
can become substantially nonequilibrium (especially
in materials with a high carrier mobility). Further-
more, in semiconductors with a carrier energy disper-
sion law different from the isotropic parabolic one,
the frequencies and decrements of intrinsic oscilla-
tions become dependent on the magnitude and ori-
entation of the external electric field. A consequence
of the nonequilibrium state of plasma and anisotropy
is the emergence of anomalously large fluctuations at
frequencies close to the natural ones. Since the mag-
nitude and character of fluctuations in a semiconduc-
tor plasma in the nonequilibrium case considerably
depend on the scattering mechanisms and the shape
of energy bands, studying the processes of wave scat-
tering and transformation on these fluctuations can
provide valuable information on the mechanisms of
hot carrier scattering and the details of the energy
band shape.

It was found that in a nonequilibrium semicon-
ductor plasma with a complicated carrier disper-
sion law the wave scattering (transformation) cross-
section substantially depends on the shape of energy
bands and the field orientation. For certain field di-
rections (an external field or the fields of the incom-
ing and scattered waves), the scattering cross-section
can reach anomalously large values, which is associ-
ated with the appearance of anomalously large fluc-
tuations in the nonequilibrium plasma at those field
orientations. Taking into account the deviation of the
energy dispersion law from the isotropic parabolic
behavior and the presence of a field that heats the
carriers brings about the emergence of a specific cur-
rent that causes the additional wave scattering (trans-
formation) — the so-called band-structure effect. This
additional contribution to the wave scattering (trans-
formation) coefficient can be noticeably larger than
the ordinary contribution associated only with fluc-
tuations in the carrier concentration in plasma. For
this reason, in particular, the scattering and trans-
formation coefficients at high electric fields in semi-
conductors of the p-Ge type at low temperatures
(when the carrier distribution function is noticeably
elongated along the field) are strongly anisotropic,
and they may have anomalously large values in cer-
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tain directions. The appearance of anomalously large
scattering cross-sections (with regard for their strong
anisotropy) can be used for the frequency conversion
at Raman scattering. The importance of this result
was indicated, in particular, in work [42].

Current fluctuations in semiconductors in strong
electric fields, when the quantum effects caused by the
level splitting due to the Stark effect (the quantizing
electric field) begin to affect the behavior of electrons,
were studied in work [43] written by P.M. Tomchuk
together with S.S. Rozhkov. It is known that the
fluctuation-dissipation theorem is obeyed for sys-
tems in thermodynamic equilibrium. This theorem
implies that the problem of fluctuations can be re-
duced to calculating the linear response of the sys-
tem to an external action. For nonequilibrium sys-
tems, such a general theorem does not exist, so that
calculating the fluctuations requires a special consid-
eration in every specific case [26]. P.M. Tomchuk and
his co-authors developed the theory of fluctuations
for nonequilibrium electron-phonon systems and pro-
posed a method for calculating the fluctuations on
the basis of the equation of motion for a quantum
analog of the microscopic distribution function. This
method makes it possible to introduce external fluc-
tuation sources into the equation for the fluctuating
part of the distribution function without any addi-
tional assumptions, except for those used while de-
riving the corresponding kinetic equations.

Thus, spatially uniform fluctuations of the trans-
verse current with respect to a strong electric field
were calculated [43]. It was found that the quanti-
zation arising due to the Stark effect considerably
changes the character of fluctuations, and their in-
tensity can substantially exceed the intensity of equi-
librium fluctuations. Such fluctuations were shown to
depend on the parameters of the scattering system
and the band gap width. This result allows certain
conclusions to be drawn about the energy dissipation
in semiconductors and their band structure.

2.4. Optical phenomena

Of importance for optical phenomena in semiconduc-
tors are the studies by P.M. Tomchuk (conducted to-
gether with .M. Dykman) on the influence of coher-
ent light beams on free carriers [44, 45]. P.M. Tom-
chuk and I.M. Dykman considered a superlattice
formed in a semiconductor by a standing laser wave
and analyzed the influence of a constant electric field,
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which heats electrons, on this superlattice. Special at-
tention was paid to the consideration of wave inter-
ference because it is the phenomenon that gives rise
to the superlattice formation and the appearance of
additional light pressure on the electron gas. In work
[46], the results were generalized to the case where
a semiconductor with electrons heated by a constant
electric field is illuminated with a beam of coherent
light waves. In this case, static and high-frequency su-
perlattices of electron concentration, electron temper-
ature, and additional electric field are formed in the
semiconductor. These superlattices are rather non-
inertial, which allows their control by means of an
applied constant electric field.

In work [47], a system of kinetic equations was ob-
tained that describes the electron-magnon system of
a ferromagnetic semiconductor when several coher-
ent light beams fall on it, both in the presence and
absence of a constant external electric field. It was
shown that in ferromagnetic semiconductors there
arise superlattices on nonequilibrium electrons and
magnons as a result of the interference of coherent
light beams.

Another fundamentally important result obtained
by P.M. Tomchuk together with O.0O. Chumak while
studying the nonlinear propagation of infrared radi-
ation in multi-valley semiconductors (7] is also worth
mentioning. It is known that the isoenergy surfaces
of free electrons in multi-valley semiconductors of the
germanium or silicon type are strongly prolate el-
lipsoids of revolution. This circumstance is often re-
sponsible for a non-trivial dependence of the semi-
conductor response to an external action. Since ex-
ternal forces (a magnetic or an electric field, elas-
tic deformation, and so forth) are generally directed
at various angles to the axes of the ellipsoidal isoen-
ergy surfaces, electrons in different valleys react dif-
ferently to this action, and the stationary state of the
system is achieved at different fillings of the valleys
with the carriers. When considering the interaction of
electrons in multi-valley semiconductors with strong
electromagnetic radiation, it is actually necessary to
study the intervalley redistribution of electrons in the
field of a strong electromagnetic wave. In this case,
in addition to the fact that different heating of elec-
trons in different valleys takes place, a contribution
to the effect can be made by unequal energy shifts
of the valleys due to electron oscillations in the wave
field. The distribution of carriers over the valleys will
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depend on the coordinate; therefore, the contribution
of free electrons to the refractive index of the crystal
can be appreciable. The calculation of the relevant ki-
netic effects was reduced to finding the electron dis-
tribution functions and the integral of intervalley col-
lisions, in which the change of the electron spectrum
in the wave field was taken into account. The interval-
ley redistribution of the carriers leads to a variation of
the crystal refractive index, so that a superlattice of
the refractive index and the self-diffraction of beams
might be realized. Conditions under which multival-
ley semiconductors can be used as nonlinear media for
dynamic holography in the infrared spectral interval
were established.

Petro Tomchuk also built the theory of light ab-
sorption and emission by free electrons in multi-valley
semiconductors of the n-Ge and n-Si types [48]. Ge-
neral expressions for the coefficient of light absorp-
tion by free carriers and the intensity of spontaneous
light emission by hot electrons were obtained. These
expressions depend on the electron concentration
in individual valleys and their temperatures. The
anisotropy of the dispersion law and the mechanisms
of electron scattering were taken into account. The
impurity-driven and acoustic scattering mechanisms
were considered. The polarization dependence of the
spontaneous emission of hot electrons was found.

The polarization dependence of the spontaneous
emission of hot electrons associated with their inter-
valley redistribution in multi-valley semiconductors
was also considered in paper [49], which P.M. Tom-
chuk published together with V.M. Bondar and
0O.G. Sarbey. The polarization dependences of light
emission by free electrons in n-Ge at liquid he-
lium temperatures were considered, and a qualita-
tive agreement of numerical calculations with experi-
ment was obtained [50]. The angular dependences of
spontaneous emission by hot electrons in multi-valley
semiconductors were analyzed by an example of n-Ge
[61]. It was shown that the angular dependence of
emission in the case where electrons in all the val-
leys have the same concentration and temperature is
associated with the violation of the symmetry of the
electron energy distribution function.

In work [52], the angular dependences of hot elec-
tron emission were considered in the high-frequency
terahertz range in the case where the electric field
is orientated in the symmetric direction with respect
to the locations of valleys in n-Ge. The influence of
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anisotropic scattering mechanisms on the polariza-
tion dependences of terahertz radiation emission by
hot electrons in semiconductors of the same type
was considered in work [53]. It was shown that the
change of the anisotropic mechanism of electron scat-
tering by ionized impurities to the anisotropic mech-
anism of their scattering by acoustic phonons leads
to the transformation of maxima into minima in the
periodic polarization angular dependence of the in-
tensity of hot electron radiation. A comparison with
the experiment was made. In papers [54, 55|, the in-
fluence of a weak magnetic field on the intensity
of terahertz radiation by hot electrons in n-Ge was
investigated.

2.5. Optoelectronics

A separate prominent direction of theoretical re-
search by Petro Tomchuk in the field of semicon-
ductor physics concerned the physical mechanisms of
degradation of optoelectronic devices.

In work [56], which was published by a group of
co-authors with the participation of P.M. Tomchuk,
the kinetics of injection-stimulated transformation of
defects in semiconductor light-emitting diode struc-
tures GaAs:Si was studied *. During the injection of
electric current into a semiconductor, the injected
charge carriers can interact with defects available in
the semiconductor. This interaction can lead to the
transformation of defects, which affects the service
life of optoelectronic materials and devices and re-
sults in their gradual degradation. It was shown that
the non-monotonic kinetics of changes in the lumi-
nescence efficiency of the examined structures un-
der injection conditions can be explained by the pro-
cesses of recombination-stimulated decay of simple
impurity—intrinsic defect complexes, subsequent dif-
fusion of intrinsic defects, and their combination into
complicated multi-particle complexes. A theoretical
model for the defect transformation under injection
conditions was proposed, which made it possible to
describe a non-monotonic change of the luminescence
intensity of LED structures.

1 This work was published in the journal “Physics and Technics
of Semiconductors” in 1989. It was recognized as one of the
best works in solid-state physics published in this journal
in 1989-1990 and was included in the collection of articles
republished in English by the World Scientific Publishing
House [57].
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Degradation of optoelectronic materials is also pos-
sible because of the action of pulsed laser irradi-
ation. In works [58, 59] with Petro Tomchuk as a
co-author, it was shown that the reduction in the
strength threshold of optically transparent materials
under repeated laser irradiation can occur because
of the thermal diffusion of locally heated inhomo-
geneities in the material. An increase in the inho-
mogeneity radius leads to even stronger heating (the
accumulation effect) and thermal deformation of the
material near the inhomogeneity. The local heating of
an inhomogeneity occurs owing to the recombination
of photoexcited nonequilibrium charge carriers in the
material.

For his contribution to the theoretical research of
the physical mechanisms of degradation in optoelec-
tronic devices, Petro Tomchuk was awarded the State
Prize of Ukraine in Science and Engineering (in 1995),
as a member of the author’s team. This award is a fair
recognition of the substantial contribution made by
P.M. Tomchuk to the development of semiconductor
physics.

3. Hot Electrons in Metal Island Films
3.1. Metal island films

Island films are systems of small (nano-sized) metal
particles that are located on a dielectric substrate and
do not contact with one another. Small metal parti-
cles, when in close thermal contact with the substrate,
can withstand large power fluxes without destruc-
tion. This property, together with the weakening of
the electron-phonon interaction intensity as the par-
ticle size decreases, allows the electron gas in small
metal particles to be heated. As a result, hot electrons
are obtained. The appearance of hot electrons (when
there is a current passing or laser irradiation applied)
stimulates electron emission of such films and their
luminescence [60].

The properties of metal island films differ signifi-
cantly from those of bulk metals and even solid metal
films. This occurs due to their nanoscale size and dis-
crete structure. The greatest efforts in the study of
such physical objects were directed to the description
of the mechanism of electrical conductivity and the
nature of anomalous optical properties [28]. It was
Petro Tomchuk who, using the theory of hot elec-
trons, managed to give an excellent theoretical expla-
nation to the observed experimental data.
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3.2. Electron and photon emission
under the action of electric current

The story began with the discovery made by
P.G. Borziak, O.G. Sarbey, and R.D. Fedorovych at
the Institute of Physics in 1963. They observed the
phenomenon of electron emission and luminescence
of metal island films when an electric current passed
through them. The scientists reported about their
discovery in the work published in 1965 [61]. They
found that when applying a voltage of several tens
of volts, separate points begin to glow, but only in
the films with an island structure. The glow of those
points had various colors: from red to blue. Com-
paring the total radiation spectrum from all lumi-
nescence centers with the radiation spectrum from
an incandescent lamp, the authors pointed out that
the film radiation most likely had a non-temperature
character. Further research was focused on a more
detailed clarification of the luminescence nature of
the above-mentioned phenomenon. Radiation from a
film in a vacuum was found to appear simultaneously
with electron emission at the voltages for which the
current-voltage characteristic of the conduction cur-
rent began to deviate from the linear law [62].

After the discovery of electron emission and lumi-
nescence of metal island films, P.G. Borziak addressed
P.M. Tomchuk with a request to develop a theory of
the observed phenomena. By applying his scientific
intuition, Petro Tomchuk formulated the idea that
the emission of electrons and photons from metal is-
land films can be associated with the availability of
nanometer-sized metal islands in the emission centers
(Fig. 1). He was the first who showed theoretically
that the energy exchange between electrons and the
atomic lattice is drastcally weakened in nanoparti-
cles whose size is smaller than the mean free path
of electrons in metal, as the electrons are mainly
scattered by the nanoparticle surface. As a result, it
is possible to heat the electron gas to temperatures
much higher than the lattice temperature. Hence, hot
electrons are emitted into a vacuum, although the
nanoislands themselves remain unheated. This phe-
nomenon ensures the long-term operation of metal
island film emitters without destruction of the film
itself [63]. A substantiation of the concept of hot elec-
trons in metal island films and the nonlinearity of the
current-voltage characteristics observed under those
circumstances was given by P.M. Tomchuk in works
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Fig. 1.
film under the action of an electric current (the hand-drawn
illustration by P.M. Tomchuk)

Electron and photon emission from a metal island

[9, 10] published together with R.D. Fedorovych in
1966. Later, experimental and theoretical results on
the emission of hot electrons from metal island films
were presented in a joint paper by P.G. Borziak and
P.M. Tomchuk [64].

In his subsequent works, Petro Tomchuk detailed
his theory and summarized it in a preprint of the In-
stitute of Physics published in 1987 [65]. He showed
that if some power is introduced into the electron
subsystem interacting with lattice vibrations, a vi-
olation of the thermodynamic equilibrium between
electrons and phonons can occur, i.e., the electron
subsystem becomes “hotter”. The degree of thermo-
dynamic equilibrium violation depends on the po-
wer magnitude and the electron-phonon interaction
strength. In the case of a weak electron-phonon in-
teraction, rapid heating of electrons takes place at the
initial stage of power input (due to a relatively low
heat capacity of the electron subsystem as compared
to phonons), which is accompanied by an increase in
the power transferred from electrons to phonons. In
the case of further stationary power input, the elec-
tron subsystem either enters a stationary (but non-
equilibrium) state or stays in a quasi-stationary state,
depending on what happens to the phonon subsys-
tem. The electron concentration is high in massive
metals, so that the input power per electron required
to heat the subsystem to a given temperature might
substantially exceed the power in semiconductors. As
a result, rapid heating of the electron and phonon
subsystems takes place, and the metal melts. There-
fore, hot electrons in metals could be observed only
at the initial moment of applying short but powerful
light pulses.

A completely different situation arises in metal
island films, where the concentration of electrons
is high, but it is concentrated in small island vol-
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F1ig. 2. Electron and photon emission from a metal island film
under the action of a CO2 laser with a wavelength of 10.6 pm
(the hand-drawn illustration by P.M. Tomchuk)

umes. An island of small radius is able to withstand,
without destruction, powers that are considerably
larger than the power that a massive piece of the
metal can withstand. However, if the size of islands is
smaller than the electron mean free path, the mech-
anism of electromagnetic radiation absorption by the
electron gas also changes. For such islands, if the film
has a certain structure, the specific power of elec-
tromagnetic radiation in the infrared range can ex-
ceed the specific power absorbed by a massive metal
by several orders of magnitude. All those factors, to-
gether with some weakening of the electron-phonon
coupling in small islands, contribute to the appear-
ance of hot electrons in metal island films at relatively
low flux densities incident on the film. In turn, hot
electrons stimulate electron emission from such films
and their luminescence in a wide frequency interval.

3.3. Electron and photon emission
under the action of laser radiation

Electron and photon emission from island films de-
posited on a dielectric substrate was also observed
under the action of laser radiation [66, 67]. Gold
and copper island films were chosen for the exper-
iment, as emission phenomena occurring when an
electric current passes through them were most com-
pletely studied. In order to restrict the contribution
of multi-quantum effect, a CO5 laser with a wave-
length of 10.6 um in the infrared spectral interval was
used (Fig. 2). Electron and photon emissions from
the islands occurred under the action of pulsed ra-
diation with flux powers ranging from 5 x 10* to
5 x 10 W/cm? and a pulse duration of 1076 s. For
continuous films made of the same material, no sim-
ilar emission phenomena were observed under the
same conditions.
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Neither the single-quantum photoeffect (because
the laser quantum energy was an order of magnitude
lower than the electron work function) nor a multi-
quantum process (since the probability of a high-
order nonlinear effect is insignificant for the powers
used in the experiment) can explain such electron
emission from island films. Furthermore, the shape of
the electron emission pulse was close to the shape of
the laser pulse, i.e., the emission was almost station-
ary (the pulse duration was an order of magnitude
longer than all characteristic relaxation times). The
destruction of the film structure did not occur during
the observation of electron emission. P.M. Tomchuk
was engaged in the explanation of the experimental
data, and he suggested that the observed emission
of electrons and photons from island films under the
laser action can be explained by the heating of elec-
trons, as in the case of heating by current [67].

A theoretical explanation of the possibility of the
electron heating in metal island films under the ac-
tion of laser radiation was given by Petro Tomchuk in
work [11] (this theory was further developed in works
[31,68,69]). To this end, he proposed a thermal model
of the electron-phonon interaction in metal island
films. The power transmitted to the electron subsys-
tem in a metal island (using a laser, current, or an
electron beam) is then transferred to the phonon sys-
tem via electron-phonon interaction and transferred
to the substrate. The system of equations describing
the time evolution of the electron and phonon tem-
peratures looks like

8:(C.T.) = div(K.VT,) — o(T. = T) + Q,

O (CT) = div(KVT) + o(T. - T). @)
Here, C, and C are the heat capacities of electrons
and phonons, respectively; K, and K are the thermal
conductivity coefficients of electrons and phonons, re-
spectively; and @ is the specific power absorbed by
the island. The coefficient « describes the electron-
phonon interaction, and the product oz(Te — T) de-
termines the power transferred from electrons to
phonons (here, the temperature difference T, —T is as-
sumed to be small). These equations must be supple-
mented with boundary conditions that describe the
heat transfer process from the metal island to the
substrate.

To analyze this system of equations, P.M. Tom-
chuk proposed a graphical model of coupled vessels,
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which illustrates the energy transfer between the elec-
tron and phonon subsystems as well as the nonequi-
librium heating of the electron gas in a small island
on the substrate. The model consists of two intercon-
nected cylindrical vessels nested one inside another
(Fig. 3). The narrow vessel is responsible for the elec-
tron gas, and the wider one for the phonon subsys-
tem (the lattice). The cross-sections of the vessels are
proportional to the heat capacities C, and C. The
heights of a liquid in the narrow and wide vessels cor-
respond to the electron (7¢) and phonon (T') temper-
atures, respectively. The height of the wide vessel cor-
responds to the lattice melting temperature T,,. The
narrow vessel is inserted into the wider one and is
quickly filled with liquid, and this process corresponds
to a rapid temperature growth in it. The narrow ves-
sel has a gap that simulates the interaction between
the electron and phonon subsystems. The width of
this gap is determined by the electron-phonon in-
teraction coefficient «, and its narrowness demon-
strates that the energy exchange between electrons
and phonons is predominantly weak. Similarly, holes
in the wide vessel simulate the interaction with the
substrate, namely, the intensity of the heat exchange
between the island lattice and the substrate. The lig-
uid is fed into the narrow vessel (the term @ in the
equation), which corresponds to the thermal power
transfer to the electron subsystem. The narrower the
gap in the narrow vessel (the smaller the electron-
phonon interaction coefficient «), the less liquid en-
ters the wide vessel per unit time. The liquid level
in the wide vessel is stabilized by means of the lig-
uid leakage from it, which simulates the thermal con-
tact between the island and the substrate. As a re-
sult, the phonon temperature is maintained at a level
where the substrate material is not destroyed. In ad-
dition, the thermal stability of small metal islands on
a thermally conductive substrate can be substantially
higher, if the power @ is supplied in the pulsed mode.

The specific heat capacity of the electron subsys-
tem (C.) is much lower than that of the phonon sub-
system (C). Therefore, the characteristic relaxation
time for the electron temperature, 7. ~ C./a, is es-
timated to be of the order of 1 ps, which is much
shorter than the corresponding time for phonons, esti-
mated to be of the order of 100 ps. For this reason, the
phonon temperature cannot change considerably dur-
ing the time t < 7., and the electrons behave them-
selvelves as if they were thermally isolated during this
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Fig. 3. A graphical model proposed by P.M. Tomchuk to ex-
plain the phenomenon of electron gas heating in a small metal
island (particle) on a substrate. The narrow vessel is respon-
sible for the electron gas, and the wider one for the phonon
subsystem

time interval. If a quasi-equilibrium state is reached
within a time interval of the order of 7., the differ-
ence between the electron and phonon temperatures
stabilizes (as much liquid flows into the narrow vessel
as flows out of the wider one) and becomes equal to

T.—T ~Q/a. (3)

Theoretical estimates of the electron temperature
T, made by P.M. Tomchuk gave values of the order of
10 K, whereas the lattice remained almost unheated
(T =~ 10? K). This result coincides with experimen-
tal data [28, 70]. In this case, the thermionic emis-
sion current can be determined using the well-known
Richardson formula

I, ~exp (— k?e)’ (4)

where ¢ is the electron work function from the island.

An essential difference between island and continu-
ous films, especially between island films and massive
metals, is manifested at the stage of energy redistri-
bution between the electron gas (the electron subsys-
tem), the metal lattice (the phonon subsystem), and
the dielectric substrate. The energy flow from elec-
trons to the lattice increases as the temperature dif-
ference T, — T grows. However, as the lattice temper-
ature increases, there begins an intensive removal of
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the energy to the substrate (where it is distributed
over a large volume), which does not occur in a mas-
sive metal.

An island film is principally different from a con-
tinuous film by the character of the heat transfer into
the substrate. In particular, in metal islands with a
size smaller than the critical one, there are no energy
losses associated with the generation of longitudinal
acoustic waves such as Cherenkov radiation, as was
described in detail in P.M. Tomchuk’s works [71, 72],
written jointly with Ye.D. Bilotsky. The Cherenkov
radiation of acoustic waves is the main channel of en-
ergy losses by hot electrons in massive metals. In the
absence of such losses in metal island films, the elec-
tron heating can occur at lower input powers. The-
oretical estimates presented in works [73, 74] showed
that the electron-phonon energy exchange in a sys-
tem of small metal particles, such as metal islands
in a film, is two orders of magnitude weaker than in
massive metals. This result was also confirmed expe-
rimentally [75].

Thus, Petro Tomchuk showed that the electron and
photon emissions from a metal island film in the case
of its heating with current or laser irradiation are of
the same nature. The difference lies only in the mech-
anisms of power input. In the case of current trans-
mission, hot electrons arise due to high current den-
sities (along the current lines) and some weakening of
the electron-phonon interaction. In the case of pulsed
laser irradiation, the power is introduced only into
the electron subsystem of the island, and the electron
temperature increases almost non-inertially following
the irradiation power density, which leads to the elec-
tron gas heating and the emission of hot electrons.

Later, the electron emission from island films ob-
tained by sputtering silver and gold nanoparticles and
irradiated with a femtosecond laser was detected as
well, and P.M. Tomchuk’s theory was also applied to
explain this experiment [76].

3.4. Optoacoustic effect

Besides the theory explaining the emission of elec-
trons and photons from metal island films, Petro
Tomchuk also built the theory of sound generation
by metal island films under the action of a mod-
ulated light (laser) flux [12]. This effect was called
optoacoustic. If the electron temperature 7T, substan-
tially exceeds the lattice temperature, the electrons
create additional pressure on the metal particle sur-
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face and deform it (even the particle destruction is
possible). Additional electron pressure and the heat
flux from hot electrons can generate acoustic waves
propagating in the dielectric substrate. In the case
of electron temperature modulation occuring as a re-
sult of the modulated laser flux acting on the island
film, additional electron pressure induces surface vi-
brations of the metal island (particle) rather than its
destruction, as in the case of unmodulated flux. A
characteristic feature of this sound generation mech-
anism is the appearance of a double harmonic and
the quadratic dependence of the sound wave ampli-
tude on the light flux intensity. It is significant that
the acoustic wave shape does not depend on the is-
land shape, but the light absorption cross-section may
depend very strongly on it and change by several or-
ders of magnitude. In this case, a metal island film
can absorb light much more efficiently than a contin-
uous film.

In work [77], the theory of optoacoustic effect was
extended to the case of laser irradiation in the ultra-
short (femtosecond) interval; additionally, the prob-
lem was considered in a more general formulation in-
volving a system of metal nanoparticles embedded
into a dielectric matrix. In works [78, 79], the influ-
ence of laser irradiation on metal nanoclusters in a di-
electric matrix was considered. The energy absorbed
by the clusters propagates in the dielectric matrix in
the form of heat and generates sound waves via the
thermodeformation mechanism. A high sensitivity of
the sound wave amplitude to the shape of metal clus-
ters as well as to such parameters of laser radiation as
frequency, polarization, and intensity was found. The
behavior of the sound vibration amplitude in the re-
gion of surface plasmon excitation? was investigated
in detail. It was found that if light is absorbed by a
discrete metal film (a system of clusters in a matrix)
in the spectral interval of plasmon resonances, this
amplitude can be several orders of magnitude larger
than the corresponding amplitude in the case of a
continuous metal film.

3.5. Size effects

The latest series of works by Petro Tomchuk and co-
authors on the theory of hot electrons in metal is-

2 Recall that surface plasmons are collective oscillations of
electron plasma in metals. They are excited near the metal
surface by an incident external electromagnetic wave [80].
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land films (in essence, this is an ensemble of metal
nanoparticles in a dielectric matrix) is related to the
study of size effects in such systems [81-84].

The authors of paper [81], which was a continu-
ation of works [71, 72], demonstrated that the in-
tensity of the electron-lattice energy exchange in the
bulk (associated with the Cherenkov mechanism of
sound generation) decreases and tends to zero for
certain particle sizes as the size of metal particles
(islands) decreases. An expression was obtained for
the energy lost by an electron per unit time to ini-
tiate acoustic vibrations in the lattice. In paper [82],
the bulk and surface components of electron-phonon
energy exchange in metal nanoislands were consid-
ered. It was found that the bulk energy exchange ex-
hibits non-monotonic oscillations depending on the
particle size. The amplitude of such oscillations in-
creases with particle size decreasing until the parti-
cle size reaches a critical value. Oscillations disappear
below this value, the bulk energy exchange ceases,
and only the surface mechanism of energy exchange
remains in force. It was confirmed that there is an
interval of particle sizes for which the total energy
exchange is several orders of magnitude lower than in
massive bulk metals.

The electron-lattice energy exchange was found to
substantially depend on the electron temperature for
certain particle sizes called “magic” [83]. The effect
of size dependences of the electron-lattice energy ex-
change on the temperature of hot electrons was ana-
lyzed in work [84] for the case of a system approaching
a critical size. A high sensitivity of electron tempera-
ture to the size of metal nanoparticle in the vicinity
of critical values was revealed. The results of compu-
tational experiments were presented, and they con-
firmed the main assumptions of the theory.

4. Optical Properties of Metal
Nanoparticles and Their Ensembles

4.1. General background

In the last few decades, the physics of metal nanopar-
ticles has undergone significant development. This
was due to the so-called plasma resonances associ-
ated with the collective motion of conduction elec-
trons (in particular, in the visible spectral interval)
that manifested themselves in systems of such par-
ticles [85]. Studying the physical properties of metal
nanoparticles is challenging in a wide range of prob-
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lems that are not only of purely academic but also
of practical interest. For example, this concerns the
study of colloidal solutions of metals, the develop-
ment of paints with finely dispersed metal particles,
the design of optical metamaterials with nanosized
metal inclusions, and so forth [86].

The studies of the optical properties of small metal
particles have a history spanning over a century. One
of the milestones in this history is the classic article
by Gustav Mie “Contribution to the optics of turbid
media, particularly of colloidal metal solutions” [87]
published in 1908. It is where a solution to the prob-
lem of the plane electromagnetic wave scattering by
a homogeneous spherical particle was presented. The
results obtained by G. Mie still constitute a theo-
retical basis for describing and analyzing the optical
properties of particles of various sizes (both small and
comparable to the length of the incoming light wave).

At first, in his work on the physics of metal island
films, Petro Tomchuk considered small metal parti-
cles as structural elements of such films, as was in-
dicated in the previous section. Later, in the 1990s,
he moved on to consider isolated nanoparticles and
their ensembles as separate research objects, inde-
pendent of the island film problem. In the works
by P.M. Tomchuk and his co-authors on the optical
properties of metal nanoparticles that were published
over the past three decades, effects that had previ-
ously been little studied or not studied at all were
analyzed.

The choice of the research direction in this series of
works was based on the idea that the character of light
interaction with metal particles changes qualitatively
whenever two (or more) characteristic dimensions —
for example, the incident wave length, the particle
size, the mean free path of conduction electrons in
the particle material or their de Broglie wavelength,
and the skin layer depth — become the same or com-
parable. Petro Tomchuk not only determined the ap-
plicability limits of the Mie theory, but he also ob-
tained some new results in the problem of light scat-
tering and absorption by small metal particles. Here,
we review the most significant results obtained by
P.M. Tomchuk in this direction.

4.2. Spheroidal metal nanoparticles

The light absorption by metal nanoparticles with the
shape of ellipsoids of revolution (prolate or oblate,
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spherical particles being a particular case) was consid-
ered in works [13,14] 3. Such particles are also called
spherotdal or spheroid. Both the electric component
of absorption (associated with the currents excited di-
rectly by the electric field of the incoming wave inside
the particle) and the magnetic component (associated
with the Foucault currents induced by the oscillat-
ing magnetic field of the wave) were taken into ac-
count. The estimates showed that the magnetic com-
ponent of absorption can be considerable for nanopar-
ticles even under quite standard (non-exotic) condi-
tions. For instance, for spherical gold particles with
a diameter of 60 nm, the magnetic absorption at the
emission frequency of a CO; laser turns out to be
twice as large as the electric one. In the case of prolate
or oblate particles, the ratio between two absorption
mechanisms also becomes dependent on the incom-
ing wave polarization with respect to the directions
of ellipsoid axes.

In the works cited above, the dependence of to-
tal absorption on the nanoparticle size was analyzed
using the kinetic equation for the distribution func-
tion of conduction electrons over their velocities in el-
lipsoidal nanoparticles in an external electromagnetic
field. The both possible cases of the relationship be-
tween the electron mean free path [ in the particle and
the particle size d were analyzed, namely, | < d and
I > d. Variations in the shape of metallic ellipsoidal
nanoparticles were demonstrated to affect the total
absorption as well as the ratio between the electric
and magnetic absorption components by several or-
ders of magnitude. Analytic expressions for the elec-
tric and magnetic components of absorption, as well
as for the components of the particle conductivity
tensor, were obtained for the first time for particles
smaller than the electron mean free path.

Later, these results were developed in the stud-
ies of optical absorption by metallic nanoparticles in
the frequency interval near the particle’s plasma res-
onances [15]. For ellipsoidal particles with different
sizes of all three axes, expressions for the electric ab-
sorption component were obtained in terms of the
depolarization coefficients and the components of the
optical conductivity tensor of the particle.

3 Some ideas of those works were also presented in the earlier
paper [88]. It is also worth noting that paper [14] was written
by P.M. Tomchuk in co-authorship with his son Bohdan, and
this is their only joint work.
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Further studies also concerned the optical absorp-
tion of ultrashort laser pulses by spheroidal particles
[89,90]. They are of importance for the experimental
study of the femtosecond dynamics of the electron
gas in nanoparticles. Besides the geometric parame-
ters of the particles, this problem involves new pa-
rameters that have effect on the optical absorption
by particles, namely, the carrier frequency as well as
the laser pulse duration and power. The pulse car-
rier frequency coinciding with the frequency of the
particle’s surface plasmons was considered, as well
as the carrier frequency being higher or lower. Ana-
lytic expressions for the coefficients of light absorp-
tion by particles were obtained depending on the ini-
tial problem parameters. It was shown that the effec-
tive light absorption in the case of highly prolate or
oblate particles can be achieved at a carrier pulse fre-
quency close to the frequency of either of two plasma
resonances in such particles, or under the condition
of a spectrally broad pulse whose frequency “covers”
the both plasma resonance peaks. The interaction of
small spheroidal metal particles with double ultra-
short laser pulses was considered in work [91]. It was
shown that the energy scattered by the particles in
this case reveals an oscillatory behavior with a change
in the time delay between the pulses.

The behavior of optical and transport proper-
ties (namely, the refractive index and the electrical
conductivity) of spheroidal metal nanoparticles was
analyzed in detail in paper [30]. A wide range of
initial problem parameters was considered: the fre-
quency of incident wave, the particle size, the ra-
tios between the particle axis lengths, and the par-
ticle orientation with respect to the direction of the
wave electric field vector. It was shown, based on
the analysis of kinetic equation, that if the size of
a nanoparticle decreases to the value of the electron
mean free path or below, collisions of electrons in-
side the particle with its walls begin to play a de-
cisive role. The optical and transport properties of
nanoparticles undergo substantial variations (up to
two orders of magnitude) in comparison with the val-
ues calculated on the basis of the real and imagi-
nary parts of the dielectric permittivity of the particle
material when using the formula of classical Drude—
Sommerfeld theory

2 2
w. w.
pl v pl (5)

— i— }
w2 +v2 ww? 412
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Here, w is the incident wave frequency, wp is the
plasma frequency of the particle material, and v is
the frequency of electron collisions in the particle bulk
(v~! is the relaxation time of conduction electrons in
the bulk material of the particle). The plasma fre-
quency is determined by the formula

4mne?
Wpl = m (6)

where n is the concentration of conduction electrons
in the material, and e and m are the electron charge
and mass, respectively. The imaginary part of € is re-
lated to the electrical conductivity o of the particle
material in a well-known way,

e'(w) = 4—Wa(w). (7)
w

This relationship, as was shown in work [30], be-
comes violated for particles whose size is comparable
to or smaller than the mean free path of electrons
in the particle. Namely, it becomes dependent on the
particle size and on the orientations of the electric
and magnetic field strength vectors of the incident
wave with respect to the particle symmetry axis. The-
refore, the quantities ¢’ and o transform into ten-
sors for which analytical expressions were obtained
in some limiting cases.

The tensor character of optical conductivity was
used by P.M. Tomchuk in work [92], where he fur-
ther developed the theory of the light scattering by
ellipsoidal metal nanoparticles to the case where the
particle sizes are smaller than the electron mean free
path in the particle and considerably smaller than
the electromagnetic wavelength. The angular depen-
dence of the light intensity scattered by a spheroidal
particle is determined by the mutual orientations of
the polarization vector of the output light flux, the
spheroid symmetry axis, and the observation direc-
tion (Fig. 4). Making allownce for this angular de-
pendence, Petro Tomchuk obtained an analytic ex-
pression for the cross-section of light scattering by
a spheroidal metal particle, which involves not only
the influence of particle shape on the frequencies of
plasma resonances, but also its influence on the half-
widths of plasma resonances. It was shown that this
effect is fundamentally important and cannot be re-
duced to small corrections of the known results for a
spherical particle. In work [93], the theory was gener-
alized to the case of ensembles of nanospheroids that
are chaotically oriented in space.
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4.3. Ultrasmall metal
nanoparticles and nanoparticle ensembles

Nonlocal effects that can be observed in extremely
small (or otherwise ultrasmall) metal nanoparticles
(10 nm and smaller in diameter) were investigated
in work [94]. The simplest case of a spherical parti-
cle was considered. In the framework of kinetic ap-
proach, the current induced by an external wave field
was shown to depend on the spatial derivatives of the
local field inside the particle. Such a dependence can
be explained by a large contribution of the particle
surface to the scattering of free electrons in the parti-
cle in the case when the particle size is substantially
smaller than the mean free path of electrons. As a re-
sult, the relationship between the current density and

XN[J Juaprouf

Fig. 4. Schematic diagram of electromagnetic wave screen-
ing at a small spheroidal particle used by P.M. Tomchuk to
analyze the influence of the particle shape on the scattering
cross-section. The vector ng determines the observation direc-
tion, the vector pgo specifies the polarization of the outgoing
light flux, and the vector go specifies the orientation of the
spheroid symmetry axis (reproducted from work [92])
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the electric field inside the particle becomes nonlocal,
g(r,w) =309 + 50 = o (@) E(r,w) + 5™, (8)

which means the violation of Ohm’s law and requires
a modification of the Mie theory for nonlocality. The
nonlocal term j™) is a function of the derivatives
of the vector E length in the electron velocity direc-
tion and lateral direction. In the work cited above,
the dependence of the nonlocal contribution on the
incident wave frequency and the particle size was
analyzed.

In paper [95], the problem of calculating the opti-
cal properties of extremely small metal particles was
formulated in terms of an integral equation for the
electric field in the particle. Approximate analytic so-
lutions for this equation were found in the cases of
spherical and ellipsoidal particles, provided that the
field nonuniformity inside the particles is neglected. If
the field nonuniformity is considered, the solution can
be found numerically. The obtained results were con-
sistent with the known experimental data for the op-
tical properties of metal nanoclusters.

The optical properties of the systems (ensem-
bles) of metal nanoparticles were considered in works
[96,97]. Systems of spheroidal particles randomly ar-
ranged in a dielectric matrix were analyzed, assum-
ing that all the particles have the same volume but
different shapes. The particle distribution function
was defined in terms of the particle shape param-
eter, namely, the eccentricity of the generating el-
lipse. At the same time, the particle size (the largest
of the two sizes of any particle in the system) was
limited so that it was smaller than the electron
mean free path. The coefficients of light absorption
and scattering by the system of particles were cal-
culated as the averages over the ensembles of cor-
responding coefficients for individual particles. The
optical spectra obtained numerically for the parti-
cle system under consideration had features that
are also characteristic of the spectra measured ex-
perimentally; in particular, these are two peaks of
plasma resonances for the systems of ellipsoids of
rotation.

4.4. Final remarks of the section

The influence of the magnetic dipole moment of an
asymmetric metal nanoparticle on the electromag-
netic radiation scattering was studied in the frame-
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work of kinetic approach in work [98]. The contribu-
tion made by the magnetic moment to the scattering
was shown to be of the same order of magnitude as
that made by the electric moment in the frequency
interval far from plasma resonances. In this case, the
ratio between the magnetic and electric scattering
cross-sections becomes maximum for a spherical par-
ticle. In paper [99], the dependences of the magnetic
absorption by spheroidal metal nanoparticles on the
ratio between their curvature radii and on the angle
between the spheroid symmetry axis and the mag-
netic field vector of the electromagnetic wave were
considered. An interesting result of this study is that
the energy absorption by a spheroidal nanoparticle
grows as its disk-likeness increases.

A separate research direction for Petro Tomchuk
was investigating the optical properties of metal nan-
otubes and nanoshells. These are small composite
clusters consisting of a dielectric core and a metal
cylindrical or spherical shell. In particular, the opti-
cal conductivity (electrical absorption) of such shells
was calculated in the one-electron approximation and
for frequencies far from the plasmon resonance re-
gion [100].

We hope that the studies of the optical properties
of metal nanoparticles carried out by P.M. Tomchuk
will be continued, and the theoretical approaches de-
veloped by him will be used to explain new experi-
mental data.

5. Liquid Crystals and Colloids

5.1. General properties
and the story of discovery

Liquid crystals are thermodynamically stable states
of matter that have physical properties that are in-
termediate between those of a liquid and a solid [101].
Liquid crystals are formed by particles (molecules or
molecular groups) with a prolate shape. The most
general properties of liquid crystals are the presence
of long-range orientational order in the arrangement
of molecules and the absence (complete or partial)
of translational order in the arrangement of the cen-
ters of mass of molecules. Therefore, a liquid crys-
tal is an intermediate state of matter (the so-called
mesophase) between a solid and a liquid, in which
the orientational ordering of long molecules is possi-
ble without complete spatial ordering of their cen-
ters of mass [102]. The average equilibrium direc-
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tion of orientation of molecules in liquid crystals is
called director.

Depending on the structure of molecules, liquid
crystals are divided into two groups, lyotropic and
thermotropic. In the former, the orientational order-
ing of molecules arises as the concentration increases,
and in the latter as the temperature grows [102].
Thermotropic liquid crystals are classified into three
groups according to their properties: mnematics, in
which only an orientational ordering (along the di-
rector) of the long axes of mesophase molecules takes
place, with no spatial ordering; cholesterics, in which
the director forms a helix in space; and smectics, in
which the molecules form parallel layers with an ori-
entational ordering.

The properties of liquid crystals are very sensi-
tive to various external factors (temperature, elec-
tric or magnetic field, mechanical stresses, and
so forth). The mesophase properties also change if
macroscopic inclusions of other substances are in-
troduced into it, for example, in the form of solid
particles or liquid droplets. Such systems are called
liquid crystal colloids. A possibility of changing the
material parameters to a significant degree by using
weak external influences is a factor that determines
a significant practical interest to liquid crystals and
colloids.

Unusual properties of a transitional phase between
the crystalline and liquid phases were first demon-
strated by the Austrian scientist Julius Planer in
his work [103] published in 1861. At that time, he
worked at Lviv University and studied the optical
properties of a cholesterol derivative (an organic sub-
stance) *. More details about this discovery can be
found in works [108, 109].

Since the second half of the 20th century, liquid
crystals have found a wide application in display tech-
nologies [110] and the chemical industry, in partic-
ular, in the production of liquid crystal polymers
[111]. Nowadays, the scope of liquid crystal research
has been expanded even further.

4 J. Planer’s work was published in German; the English
translation can be found in the reference [104]. Note that
the discovery of liquid crystals is often ascribed to another
Austrian scientist, Friedrich Reinitzer [105]. He published his
research much later (in 1888), with the work by J. Planer
cited therein. The term “liquid crystal” was first introduced
by the German physicist Otto Lehmann in the variations
“flowing crystal” [106] and “crystalline liquid” [107].
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5.2. Foundational studies

Petro Tomchuk was a pioneer in theoretical research
on liquid crystals at the Institute of Physics®. To-
gether with his disciple B.I. Lev, he applied a micro-
scopic approach to the theory of liquid crystals and
showed how the microscopic theory can be related to
the phenomenological one [16]. In the phenomenolog-
ical approach, the deformation of the director in the
nematic liquid crystal’s bulk is described in terms of
the free energy. In the simplest case (where the sur-
face deformations are neglected), the latter can be
written in the form

1
F= 5/dV(K11 (divn)? + Ko (n - rotn)® +
+ K33 (n X rot n)2>, (9)

where the unit vector n denotes the director orien-
tation. This expression is called the Frank free en-
ergy,% and the constants Ki; (responsible for splay-
ing), Ko (responsible for torsion), and K33 (respon-
sible for bending) are called Frank elastic constants.

Using the BBGKY method,” B.I. Lev and
P.M. Tomchuk obtained a chain of equations for the
particle distribution functions (single-particle, two-
particle, and so on) that depend on the position and
spatial orientation of the liquid crystal molecules.
Further, they obtained hydrodynamic equations for
describing the liquid crystal dynamics, proposed a
scheme for obtaining the phenomenological Frank

5 Experimental studies on liquid crystals at the Institute of

Physics were first initiated by M.V. Kuryk, with whom

P.M. Tomchuk was on friendly terms [112]. Scientific discus-

sions with Mykhailo Kuryk were a starting point for Petro

Tomchuk’s research on the physics of liquid crystals.

Sir Frederick Charles Frank was a British theoretical physi-

cist who built the general theory of elasticity for molecularly

uniaxial liquid crystals [113]. The expression for the free
energy of a liquid crystal is also called the Frank—Oseen en-
ergy, paying tribute to the Swedish theoretical physicist Carl

Wilhelm Oseen, who built the theory of elasticity of liquid

crystals and obtained an expression for the free energy ear-

lier than F.C. Frank did [114]. The corresponding historical

reference can be found, in particular, in work [115].

7 This method was named after M.M. Bogolyubov, M. Born,
G.S. Green, J. Kirkwood, and J. Yvon, who independently
developed a statistical approach to describe the dynamics
of many-particle systems with interaction, which is based
on the reduction of the Liouville equation for the particle
distribution function.
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elastic constants in terms of the microscopic param-
eters of the theory, and estimated one of those con-
stants (Kag).

In works [17, 116, 117], P.M. Tomchuk (together
with Ye.D. Bilotsky and B.I. Lev) built the theory of
the effective mass and mobility of ions in a nematic
liquid crystal. The electric field of an ion acts on the
liquid crystal molecules and orients them along the
field so that a deformation shell appears around the
ion (which can also be called a deformation “coat”). It
was assumed that the deformation shell adiabatically
follows the moving ion (a similar assumption was used
by S.I. Pekar to build the polaron theory, which is
described in more detail in the next section). Then,
during the ion motion, the rotation energy of the di-
rector in the deformation shell is added to the ion’s
kinetic energy. Accordingly, the ion’s (effective) mass
becomes substantially (by several times) bigger. This
result is consistent with experimental data. Thus, the
above authors first put forward the concept of the ori-
entational mechanism describing the formation of the
ion effective mass in a liquid crystal.

5.3. Nonequilibrium dissipative structures

In work [18], the theory of formation of station-
ary nonequilibrium dissipative structures in a ne-
matic liquid crystal film under the action of a trans-
verse external electric field was built. The formation
of such structures occurs when the external field
strength exceeds a certain critical value. This fact
was first noticed by the American physicist R. Wil-
liams [118, 119], who observed the formation of one-
dimensional domains in the form of elongated rolls in
a liquid crystal. Accordingly, such structures in lig-
uid crystals are called Williams domains. In the work
by other American physicists, the formation of two-
dimensional twisted (helical) structures in the pres-
ence of an additional transverse electric field modu-
lated in the longitudinal direction with a period dif-
ferent from the period of the Williams domains was
experimentally established [120].

P.M. Tomchuk, together with Ye.D. Bilotsky,
showed that such nonequilibrium structures are for-
med due to the electrohydrodynamic instability ac-
companied by the loss of mechanical equilibrium in
the liquid crystal [18]. For this purpose, the theory
of perturbations near the external-field critical point
was developed for a system of equations that de-
scribes the liquid crystal dynamics in the hydrody-
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namic approximation and has to be solved together
with Maxwell’s equations for the electric field. The
twisted nonequilibrium structures formed due to in-
stability are described using a generalized thermody-
namic potential. The minima of this potential deter-
mine stationary nonlinear dissipative nonequilibrium
structures, whereas the free energy determines equi-
librium structures. Further, the perturbation magni-
tude was found to be almost constant, and only the
perturbation phase was changing, so that a general-
ized thermodynamic potential for the phase could be
written. By analyzing this potential, the authors of
work [18] concluded that in the case of a modulated
electric field whose period is not constant, but incom-
mensurate with the period of Williams domains, there
arises a two-dimensional helicoidal periodic structure
in the system. Thus, the experimental data from work
[120] were explained. This topic was further devel-
oped in work [121].

The authors of paper [122] considered the problem
of the formation of nonequilibrium dissipative struc-
tures in nematic liquid crystals from the viewpoint
of the group-theoretical analysis. The same general-
ized thermodynamic potential was found as in work
[18], but this was done using the method of Lie alge-
bras. The corresponding algebra and Lie group were
found by analyzing a linearized system of differen-
tial equations describing the Williams domains in a
nematic liquid crystal. This algebra was used to de-
rive a nonlinear differential equation that also was
the Euler equation for the sought generalized ther-
modynamic potential describing nonlinear dissipative
structures in the Williams domain system. In par-
ticular, a generalized thermodynamic potential was
obtained that describes the low-frequency regime of
electrohydrodynamic instability. The theory of high-
frequency nonlinear dissipative structures was devel-
oped in paper [123].

5.4. Liquid crystal droplets

In papers [124, 125] written by a group of colleagues
with the co-authorship of Petro Tomchuk, the effect of
an external electric field on the nematic liquid crys-
tal droplets freely suspended in an isotropic liquid
polymer was studied. The shape of a liquid crystal
droplet was deformed under the action of the field. As
the field strength increased, the equilibrium droplet
shape transformed into a prolate ellipsoid. The exper-
imental dependence of the droplet size on the elec-
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Fig. 5. Possible director configurations around a spherical particle: a hyperbolic hedgehog around a point defect
(a), a ring of Saturn around a linear defect (b), and boojums around a pair of point defects (¢). The shaded region
between the particle and the liquid crystal (the so-called deformation coat) contains topological defects and strong
director deformations (reproduction of Fig. 5.1 from work [102])

tric field strength was analyzed and conditions for
the droplet to lose its stability were determined. The
droplet shape and critical field strength were found
to depend on the ion concentration in the polymer
liquid and a theoretical explanation of the observed
effect was proposed.

5.5. Liquid crystal
colloids and elastic deformations

P.M. Tomchuk’s scientific achievements in the field
of liquid crystals also include the studies of micron-
sized colloidal particles immersed into a nematic lig-
uid crystal [19, 20, 29, 126, 127]. If a particle is em-
bedded into a nematic liquid crystal, the molecules
of the latter interact with the particle surface. This
interaction is determined by the anisotropic part of
the surface tension, which depends on the orientation
of liquid crystal molecules with respect to the particle
surface. Such anisotropic interaction of liquid crystal
molecules with external surfaces is called adhesion (or
anchoring) [102]. In the phenomenological approach,
the surface energy of the interaction between a liquid
crystal and a particle immersed into it is determined
by the integral over the particle surface

F, = %ds W(s)(n(s) ~V(S))2,

where v is the vector normal to the particle surface
at the surface point s, and the anchoring coefficient
W determines the adhesion force of the director to
the surface (the case W < 0 corresponds to the nor-
mal orientation of the director on the particle surface,

(10)
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and W > 0 to the tangential orientation). The bulk
energy of deformations is determined via the Frank
free energy. If there are several particles in a liquid
crystal, each of them creates deformations that over-
lap. As a result, the elastic interaction originating be-
tween the particles leads to the formation of various
structures. Depending on the value of the coefficient
W, the director deformations can be strong enough
for topological defects to emerge around the particle
(Fig. 5).

The region around the particle where the director
deformations are substantial (and where topological
defects are present) can be separated from the re-
gion where the director deformations are small. Such
a region with topological defects around the particle
can be called a “deformation coat”’, as was proposed
in work [29]. Outside this region (far zone), deforma-
tions are weak, implying that the director field can be
considered as a small perturbation én(r) of the equi-
librium distribution of the director ng in the absence
of inclusions,

n(r) =ng+én(r), |in| <1, (11)

with én(r)Lng in the linear approximation. Then,
the director field at a supposed surface of a colloidal
particle with a coat can also be approximately repre-
sented as a gradient expansion in a small perturbation
of the equilibrium distribution [20],

n(s) =ng+on(r.) + (p-V)on(r.) +
1

+ i(p V)2 on(r,).
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Here, p is the vector drawn from the particle center
r. to the surface point s, r(s) = r. + p. This repre-
sentation makes it possible to reduce a real particle to
some point source of deformations in a liquid crystal.

Next, the corresponding gradient expansion can be
obtained for the surface energy. It can be expressed
in terms of a set of certain tensor characteristics of
the deformation coat. These tensors characterize vari-
ous possible symmetry violations of the director field
near the particle and determine the interaction po-
tential features in the far zone [20]. It is also possible
to calculate the pairwise interaction energy between
two particles. For particles of arbitrary shape, this
energy depends on the Frank elastic constants (the
volume component of energy) and the correspond-
ing tensor characteristics of surface deformations (the
surface component of energy). Depending on the par-
ticle symmetry, this interaction in the far zone can
be of the Coulomb, dipole-dipole, or quadrupole-
quadrupole types [29].

An equation for the director distribution can be ob-
tained from the condition of the minimum of the to-
tal energy functional (volume plus surface). In the far
zone and in the case of the so-called single-constant
approximation (K77 = K = Kj33), the Laplace
equation is obtained. Its solution can be written in
the form of a multipole expansion, as is done in elec-
trostatics [102,128],

(e% af
qi pir 1 Q; " rar
ni(’l")z?z—F E Ta-i-i E %4-..., (13)
a a,B

where the subscript ¢ runs through the values 1 and 2
(the coordinates x and y; the unperturbed director is
considered to be directed along the z-axis), and the
indices « and f run through the values 1, 2, and 3 (the
coordinates z, y, and z). The quantities ¢;, p, and
Q?B are called elastic charges (monopoles), dipoles,
and quadrupoles, respectively.

The results obtained by P.M. Tomchuk together
with a group of his co-authors in the theory of liquid
crystal colloids are undoubtedly important, which is
confirmed by their wide recognition among the sci-
entific community. In particular, it was shown how
one can build a theory of elastic interactions between
macroparticles in a liquid crystal [19,20]. The broken
director symmetry in the near zone of a colloidal par-
ticle (near the deformation coat) was demonstrated to
affect the nature of the interaction between the parti-
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cles in the far zone [29]. The deformation coat around
the particle confines the region of topological defects
and strong deformations. Outside the coat, there are
no topological defects and the director deformations
are small. In a nematic liquid crystal, colloidal parti-
cles interact through elastic deformations of the direc-
tor field, which can lead to the formation of spatially
modulated structures. Some examples of such struc-
tures were considered and modeled in work [126]. In
paper [127], the theory was applied to explain the
formation of a two-dimensional hexagonal structure
of glycerol droplets introduced into a nematic cell.

6. Proton Conductivity in Molecular
Structures with Hydrogen Bonds

6.1. Proton conductivity

In the early 1970s, it was known that injected pro-
tons are charge carriers in some hydrogen com-
pounds [129]. Such compounds include some inor-
ganic crystals (for example, ice, potassium dihydro-
gen phosphate KHyPOy, lithium sulfate monohydrate
Li;SOy4 - HyO, and others [130]) and certain organic
compounds (imidazole, dry alcohols, carbohydrates,
and biopolymers [129]). A distinctive feature of these
compounds is the presence of three- or two-dimensio-
nal networks of hydrogen bonds (H-bonds) in them
and H-bond chains ...A-H...A-H... in some of them
(here, A stands for O, N, F, or other atoms).

At the same time, some chemical compounds with
H-bond chains, such as lithium hydrazine sulfate
Li(N3H;5)SO4 (LiHzS), triammonium hydrogen disul-
fate (NH4)3H(SO4)2 (TAHS), and others, demon-
strate a strong anisotropy of their specific proton con-
ductivity, which is three orders of magnitude larger
along the H-bond chains than in perpendicular di-
rections [32]. This fact testifies that H-bond chains
significantly contribute to the motion of protons.

A bright example of proton conductivity is the
functioning of biological membranes in living organ-
isms, which is a subject of study in molecular bio-
physics [131]. Proton transport is performed along
proton channels, which are essential components of
biological membranes of all types. Playing a major
role in the bioenergetics of living organisms, this pro-
cess maintains a constant difference between the elec-
trochemical potentials in the aqueous media on both
sides of the membrane. The process of proton trans-
port occurs precisely along the H-bond chain that is
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formed by the end groups of side radicals in the amino
acid residues of protein [132]8.

6.2. Proton polaron model

It was the possibility of applying the methods of the-
oretical physics in biophysics that motivated Petro
Tomchuk to join the study of proton conductivity
in hydrogen bond chains. The task was to research
the proton transport in order to develop the micro-
scopic theory of proton transfer along an H-bond
chain. When studying the process of proton motion
in compounds with hydrogen bonds, P.M. Tomchuk
noticed that their conductivity was not similar to the
conductivity of metals or semiconductors. The con-
ductivity mechanism here was more reminiscent of
polaron (hopping) conductivity, which is caused by
the interaction of charge carriers with polarization
vibrations in the crystal.

The term “polaron” was introduced by S.I. Pekar
in 1946 [135] for a quasiparticle that describes the
state of a conduction electron localized in the polar-
ization potential well formed by the displacements of
surrounding ions [136]. If the potential well is formed
by small displacements of a large number of ions (so
that the well’s radius substantially exceeds the inter-
atomic distance), then we speak of a strongly cou-
pled (or large-radius) polaron. If the potential well is
formed by the displacements of the equilibrium po-
sitions of a small number of ions (for example, the
two closest ones), then we speak of a small-radius po-
laron. The theory of such “small” polarons was pro-
posed by T. Holstein in 1959 [137]. The presence of
a potential well drastically reduces the probability
of electron tunneling to neighboring sites, and the
velocity of current carrier motion is determined by
thermally activated electron jumps between neighbor-
ing sites.

It was the hopping mechanism of charge carrier
transport (such as the polaron electron conductivity,
which has an activation nature) that Petro Tomchuk
took as the basis for describing the proton conduc-
tivity in H-bond chains®. Such a mechanism, based

8 This fact was first pointed out in papers [133, 134] by Lars
Onsager, an American physicist-chemist of Norwegian origin,
the Nobel Prize laureate in chemistry.

9 Note that there were other models of energy transfer in mo-
lecular chains at that time; e.g., the soliton mechanism of
propagation of collective intramolecular excitations proposed
by O.S. Davydov and M.I. Kislukha [138].
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Fig. 6. Schematic diagram of charged defect (ionic state)
transfer along an H-bond chain in an external electric field E
[22, 23]. Charged defect: (a) an excess proton, (b) a proton
hole. Notations: O is an atom (e.g., O, N, or F), e is a proton
(H'), - - - is a hydrogen bond, and is a covalent bond

on the model of a quasiparticle like a small-radius
polaron, was earlier proposed by American chemists
[130], mainly to describe the proton motion in ice
crystals. Together with his colleagues, P.M. Tomchuk
used the small-radius polaron model to describe the
transport of charged defects (excess protons or pro-
ton holes, Fig. 6) along the H-bond chains [21,22]. At
first, the theory of proton conductivity in a chain of
weak H-bonds located in a strong electric field (up to
the field strengths achievable in biomembranes) was
developed [21]. Then, taking into account the renor-
malization due to the phonon-phonon interaction, an
expression for the proton conductivity was obtained
in the case of a strong defect coupling with longitu-
dinal optical polarization phonons and longitudinal
acoustic phonons [22]. To this end, the chain polar-
ization was assumed not to be affected by the motion
of the ionic state, which is a charge carrier in the sys-
tem examined. This assumption is valid as long as
the proton rotates around the proton-binding atom
much faster than the charge carrier migrates along
the chain.

The hopping conductivity along the chain is de-
scribed by the trace of the current density operator,

[="Tr (57, (14)

where I is the “hopping” proton current density (the
hopping mechanism dominates at temperatures of
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Fig. 7. Schematic diagram of the hopping motion of an excess
proton along a chain of polaron wells, which corresponds to its
motion along a chain of hydrogen bonds in an external electric
field (reproduced from work [144] by permission from Elsevier).
Notations: 2J is the width of a narrow polaron zone, E is the
applied electric field strength

about 300 K, when phonons play the role of an ac-
tivation system), 3 is the current density operator
calculated via the tunnel Hamiltonian in the second
quantization representation, and pg is a correction
to the density matrix operator that involves the in-
teraction with the external electric field E. Based on
this expression, the activation energy for the proton
polaron jump was obtained in the explicit form as a
function of the proton coupling constant with crys-
tal lattice vibrations and the resonance integral of
the overlap of the proton wave functions in the H-
bond chain. These two fitting parameters can be de-
termined from a comparison with experimental data
in every specific case. Taking the anharmonicity into
account improves the agreement with the results of
proton conductivity measurements [139].

In addition, the influence of Coulomb correlations,
i.e., the interaction of conductivity protons with one
another in the H-bond chain, local inhomogeneities
[140], and external factors such as electromagnetic
radiation and ultrasound [141] on the proton conduc-
tivity was analyzed.

6.3. Applications in biophysics

An important result of those works was a conclusion
that an H-bond chain does not repolarize after the
passage of a proton along it. Such a behavior is typi-
cal for H-bond chains in the proton channels of trans-
membrane proteins. It was P.M. Tomchuk who, to-
gether with co-authors, proposed the polaron mecha-
nism to describe the proton transport along a pro-
ton channel through the membrane in the protein
complex of the ATP synthase enzyme [23]. This en-
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zyme catalyzes the synthesis of adenosine triphos-
phate (ATP), the molecule responsible for the in-
tracellular energy transfer in living organisms. Fur-
ther studies of the structure and proton conductiv-
ity of the transmembrane protein bacteriorhodopsin,
which is found in some microorganisms belonging to
the class of halobacteria (H. halobium) and acts as a
proton pump due to light energy, confirmed that the
proton motion in the proton protein channels of living
organisms occurs in accordance with the predictions
of the small-polaron theory [142-144].

For instance, a polaron state can arise at any node
of the H-bond chain along which an excess proton
moves. In this state, the charge carrier remains bound
to the chain node for a short time (of the order of a
microsecond), though sufficient for the chain to de-
form and a potential (polaron) well to appear. Then,
the excess proton “jumps” from one polaron well to
another, which corresponds to its motion along the
H-bond chain from the active center to the extra-
cellular membrane surface under the electric field ac-
tion [144]. A schematic diagram of such a proton hop-
ping motion is shown in Fig. 7.

6.4. Pseudospin chains,
repolarization effects

Having returned from a business trip to Germany
in 1990, Petro Tomchuk was hooked on the idea of
considering the behavior of a hydrated layer on the
metal film surface. It was experimentally found by
his German colleagues that such a layer substantially
affected the electrical parameters of the metal film
[145]. P.M. Tomchuk, together with V.V. Krasnoho-
lovets, proposed a theoretical explanation of this ef-
fect in the framework of the pseudospin operator ap-
proach, which makes it possible to describe oscilla-
tions of polar water molecules [146].

As a continuation of this study, the polarization dy-
namics of a pseudospin H-bond chain was considered
with allowance for the chain anisotropy [24]. It was
shown, using the time-dependent mean-field approx-
imation, that the repolarization of hydrogen bonds
(i.e., switching the orientation of OH groups to the
opposite direction) can take place in a finite chain
due to the macroscopic quantum tunneling of the
chain polarization. An expression for the tunneling
probability was obtained, and this probability was
shown to decrease as the number of H-bonds in
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the chain inceases. Therefore, repolarization does not
take place in sufficiently long H-bond chains.

In the subsequent series of papers published by
P.M. Tomchuk on this topic [147-149], this time to-
gether with S.P. Lukyanets, another mechanism of
tunnel repolarization of a short H-bond chain was
considered, with allowance for coherent reorientation
of ionic groups. Using the quasiclassical approxima-
tion (also known as the WKB method),!? they es-
timated the frequency of such reorientation of ionic
groups, which turned out to be independent of the
temperature. Therefore, coherent reorientation can
be observed at low temperatures, at which the tunnel
repolarization of the H-bond chain prevails over the
thermally activated one.

6.5. Final remarks of the section

The quintessence of P.M. Tomchuk’s research on the
conductivity of molecular H-bond chains was the
large review article he published together with his
colleagues in Advances in Chemical Physics in 2003
[32]. This review article was invited by the editors of
the Advances in Chemical Physics series, the well-
known physicists I. Prigogine and S.A. Rice.

Note also that the polaron mechanism of proton
conductivity was later confirmed experimentally in
work [150] using the quasielastic neutron scattering
(QENS) method in hydrated yttrium oxide substi-
tuted by barium cerate (BCY20), which is an in-
organic compound, and in work [151] by analyzing
low-temperature Raman spectra of oxalic acid dihy-
drate, which is an organic compound. Both of those
experimental works contain references to articles co-
authored by P.M. Tomchuk. The results obtained
there testify to the correctness of Petro Tomchuk’s
scientific intuition in choosing a model to describe
the proton conductivity in H-bond chains.

7. Conclusions

In this paper, the main scientific results obtained by
the outstanding Ukrainian theoretical physicist Petro
Tomchuk in such domains as the physics of semicon-
ductors, metal island films and nanoparticles, liquid
crystals and colloids, and molecular structures with
hydrogen bonds were considered.

10 The method was named after the physicists G. Wentzel,
H.A. Kramers, and L. Brillouin, who developed it indepen-
dently of one another in 1926.
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In the field of semiconductor physics, Petro Tom-
chuk built the theory of hot electrons with a dominant
role of electron-electron interaction and a complex
structure of energy bands. He predicted non-trivial
field dependences of the kinetic coefficients, which
were later experimentally confirmed, and built the
theory of superlattices on hot electrons in semicon-
ductors. P.M. Tomchuk also developed the theory of
physical mechanisms of degradation in optoelectronic
devices.

Petro Tomchuk was the founder of the theory of
hot electrons in metal island films and nanoparti-
cles, especially in the context of the electron emission
and energy transfer. His work became fundamental
for understanding those processes. The possibility of
obtaining hot electrons at relatively low powers can
explain why, in the stationary regime, hot electrons
can be obtained only in island films and cannot be ob-
tained in continuous films or massive metals. Due to
the intensive electron-lattice energy exchange in con-
tinuous films and massive metals, thermal destruction
of the material occurs before the electron tempera-
ture “breaks away” from the lattice temperature. The-
refore, to avoid thermal destruction of such materials,
hot electrons can be obtained there only if short and
powerful laser pulses are applied.

P.M. Tomchuk’s theory laid the foundations for the
quantitative description of nonequilibrium electronic
processes in nano-sized metals. His approach com-
bined classical solid-state physics with quantum ef-
fects, which became crucial for modern research in
nanophotonics and quantum electronics. P.M. Tom-
chuk’s works on the optical properties of metal
nanoparticles and their systems formed a basis for
understanding the processes that govern the optical
response of particles of various sizes: from tens of
nanometers, as in the long-used paints based on col-
loidal gold or silver, to several nanometers, as in the
structural elements of modern metamaterials for plas-
monics. From the viewpoint of the increasing minia-
turization of the element base of electronics and opto-
electronics, the significance of the theoretical results
obtained by Petro Tomchuk will only grow.

The works co-authored by P.M. Tomchuk in the
field of liquid crystals laid the foundations for under-
standing many processes in liquid crystals and liquid
crystal colloids, and they can certainly be used in
future studies. In particular, one can think about
biaxial liquid crystals (with two average orientatio-
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nal axes), ferroelectric nematics (consisting of long
molecules with a dipole moment, where a transition
to a state with spontaneous polarization is possible;
the polarization sign can be changed by an exter-
nal electric field, which leads to the hysteresis ef-
fect), polar nematics (which have spontaneous polar-
ization, but its sign cannot be changed by an exter-
nal field; i.e., there is no hysteresis), and twist-bend
nematics. An important direction of further research
is also the study of three-dimensional topological de-
fects in liquid crystals, such as skyrmions, thorons,
and so forth.

To describe the proton conductivity in the molec-
ular chains of hydrogen bonds, Petro Tomchuk used
the small-radius polaron model, which describes the
hopping mechanism of charge carrier transport due to
the interaction of carriers with polarization phonons.
The proton polaron model was used to describe the
proton transport along proton channels through bio-
logical membranes in protein complexes. The polaron
mechanism of proton conductivity in some inorganic
and organic compounds was subsequently confirmed
in experiments made by various research groups. To-
gether with his colleagues, P.M. Tomchuk also built
the theory of repolarization of hydrogen bonds in
finite-size chains based on the quantum tunneling and
coherence effects. Petro Tomchuk’s work on the pro-
ton conductivity in H-bond chains has received the
wide international recognition.

The vast majority of P.M. Tomchuk’s research in
the field of theoretical physics and condensed mat-
ter physics, which was considered in this review,
dealt with nonequilibrium systems and processes. Ki-
netic theory, distribution function, fluctuations, mi-
croscopic approach, density matrix — these are the key
concepts that can most often be found in the works by
P.M. Tomchuk. That is why his research can be used
in the future in such a modern direction of condensed
matter physics as active soft matter, in particular, ac-
tive liquid crystals. This is a substance that contains
components (for example, bacteria, cells, actin cy-
toskeleton, motor proteins, active colloids) that take
energy from the environment and use it for move-
ment, deformation, or flow generation. Active envi-
ronments are in a nonequilibrium state, even when it
is a stationary state, and they are capable of self-orga-
nization. Such studies may probably help one to dis-
cover new physical principles in order to better under-
stand relations between living and nonliving matter.
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During his long scientific activity, P.M. Tomchuk
collaborated with many theoretical physicists and ex-
perimenters. His works were aimed at explaining spe-
cific effects observed in the experiment. He was al-
ways open to discussing the results with his colleagues
or other scientists who turned to him for advice.
P.M. Tomchuk contributed to the scientific maturing
of many theoretical physicists. A lot of his disciples
continued to develop the ideas of their teacher in their
further scientific works. This is a sign of the formation
by Petro Tomchuk of his scientific school in the field
of theoretical physics and condensed matter physics.

Petro Tomchuk was an example of a person who
devoted his entire life to science. He was a man of
the highest decency and virtue, a democrat, and a
patriot. This is how his colleagues and disciples will
remember him.

Finally, we would like to note that this review is not
an exhaustive record of all scientific achievements of
Petro Tomchuk. Here, we primarily focused on those
results that he himself considered the most signifi-
cant, and which received wide recognition within the
scientific community. Other works by P.M. Tomchuk,
which have not been paid enough attention, can be
considered elsewhere.
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participated in writing the conclusions.
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1.C. I'andorca, B.A. llendeposcvruti, JI.M. Bapabaw,
B.B. I'ootcenko, B.B. Kpacrozonoseyn, C.B. Yepruwyx

HAVKOBUU CHAIOK ITETPA TOMYYKA
B T'AJTY3I TEOPETUYHOT ®I3UKU I ®PIZUKN
KOHIEHCOBAHOI'O CTAHY

Y po6oTi PO3IJITHYTO OCHOBHI HAYKOBI Pe3yJbTaTH BUIATHO-
ro ykpalHcbKoro ¢isuka-reoperuka llerpa Muxaitnosuaa Tom-
qyka (2.01.1934-7.10.2024). ITerpo Tomuyk npargoBas y Gara-
THOX HampsiMax (Pi3UKU KOHJIEHCOBAHOI'O CTaHy, TaKUX K (i-
3UKa HAIBIPOBIIHUKIB, di3uka MerasiB, ¢izuka M’SIKOl pe-
40BUHU, HaHODI3UKa. Y il OrIsiIoBifl cTaTTi PO HAyKOBUM
crnanok Ilerpa Tomtuyka rosioBHy yBary opuaijieHO oro mo-
CJIJIPKEHHSAM KIHETHUYHMX 1 ONTHYHUX SIBUII Y HAIliBIIPOBiIHU-
KaX, TPAHCIOPTY HOCIIB y HaIiBIPOBIIHHKOBUX CTPYKTYPaX,
€JIEKTPOH-I'DATKOBOT'O €HEeProobMiHy i rapsiiux eJeKTPOHIB y
HaIIBOPOBIIHMKAX Ta OCTPIBIEBUX METAJIEBUX ILJIIBKaX, ONTH-
YHUX BJIACTUBOCTEH MeTajIeBUX HAHOYACTHUHOK 1 IXHIX aHCcaM-
6J1iB, PIMHHUX KPUCTAJIB 1 KOJIOIIIB, & TAKOXK MOJIEKYJISIPDHUX
CTPYKTYD 3 BOJHEBUMHU 3B’SI3KAMU.

Katrwwoei caoea: Teopernana isuka, (pisuka KOHIEHCOBA-
HOTO CTaHy, ¢i3uKa TBEPAOro Tina, HaHodI3MKa, HAIIBIPOBiI-
HUKH, rapsAadi eJIeKTPOHM, PIAUHHI KPUCTAJU, BOJHEBI 3B’A3KH,
MOJISIPOH, IPOTOHHA HPOBiAHICTE.
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