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Abstract. We present experimental results on the temperature dependence of the Nernst coefficient
in the normal state of the system Y, Ca Ba,Cu, Zn ,0 , analyzed quantitatively using a narrow-band model
jointly with temperature dependences of the thermopower. From this analysis, we determine the charge
carrier mobility across all studied samples and then analyze its variation with increasing calcium content.
It is shown that all experimental and calculated results can be explained if we take into account that both
calcium and zinc directly affect the structure of the band responsible for the conduction process in the YBa,Cu,0,
system. Calcium introduced into the lattice compensates for local disturbances in the electronic structure
created by zinc, as a result of which the values of all parameters of the normal state at x > 0.125 become
close to the ones characteristic of undoped YBa,Cu,0,.

Keywords: Y-based HTSC, doping, Nernst coefficient, narrow-band model, energy spectrum, charge carrier
mobility

Introduction

The unique properties of high-temperature superconductors (HTSCs) have been a major focus of ex-
perimental and theoretical research since their discovery in 1987. However, despite extensive studies,
the mechanism of electron pairing responsible for the superconductivity phenomenon in these materials
remains unclear.

The physics of HTSCs encompasses numerous aspects, many of each offering insights into the unique
properties of these materials. In our opinion, the transport properties of HTSC are of undoubted interest
for research. As is known, the transport coefficients in the normal state of HTSC exhibit very unusual
behavior compared to conventional materials (Gasumyants 2001; Iye 1992; Kaiser, Ucher 1991; Ong
1990), which reflect the unconventional energy spectrum of charge carriers. Although a complete theo-
ry of high-temperature superconductivity is still lacking, it is evident that the normal-state parameters
of the charge carrier system influence the critical temperature (7). For this reason, the information
on the nature and the parameters of the normal state is needed for developing the theory that can explain
this phenomenon. Such an information can be obtained by studying and analyzing the transport coef-
ficients. The reliable data on the structure of the energy spectrum and the changes in its parameters
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under varied sample composition should help to better understand the nature of the normal state in HTSC.
Moreover, identifying correlations between the values of these parameters and T, could indirectly help
to verify theoretical models aiming to explain the mechanism of electron pairing in HTSC. This requires
determining fundamental HTSC parameters, such as the energy parameters of the band responsible for
the conduction process; the charge carrier concentration, mobility, and effective mass, as well as obtaining
general knowledge about the peculiarities of the energy spectrum structure in these materials and its
transformation when varying the composition of the samples. However, there are not many works de-
voted to this topic among the numerous studies of HTSC. The most likely reason for this situation
is the lack of a holistic approach, which should include not only experimental studies of various transport
coefficients for samples of different HTSC systems and various compositions, but also their quantitative
analysis within the framework of a unified model, which makes it possible to explain the entire set of ex-
perimental data. To substantiate the validity of such a model, it is necessary to carry out systematic
studies and analysis of the behavior of transport coefficients in HTSC samples with different types and
levels of doping. At the same time, it is important that the model used for such an analysis contains
a limited number of physically reasonable parameters and allows one not only to describe the behavior
of all the main transport coefficients in HTSC, but also to reliably determine the values of these para-
meters for samples of different compositions.

In our earlier work, we proposed a phenomenological narrow-band model (Gasumyants et al. 1995)
that has since been successfully applied to analyze the thermopower, S, in different HTSCs (Gasumyants
2001; Gasumyants, Martynova 2012; Gasumyants et al. 1995; Elizarova, Gasumyants 2000; Martynova,
Gasumyants 2013). This approach enabled us to identify the main characteristics of the energy spec-
trum in HTSCs, as well as a character and mechanisms of its modification under doping. Subsequent
studies (Ageev, Gasumyants 2001; Gasumyants et al. 2005) expanded the model’s applicability, demon-
strating the possibility of its use for quantitative analysis of temperature dependences of the Nernst
coefficient, Q. Unlike other transport coefficients, the Nernst coefficient has received far less attention
in HTSCs. Moreover, while numerous studies have examined Q in the vortex phase (e. g., Calzona et al.
1995; Huebener et al. 1991; Qussena et al. 1992), its normal-state behavior remains understudied. A few
exceptions explore Q(T) dependences in a narrow temperature range above 7', where anomalously high
values in underdoped cuprates suggest the possible formation of electron pairs at 7> T (Alexandrov,
Zavaritsky 2004; Capan et al. 2002; Tan, Levin 2004; Wang et al. 2001; Xu et al. 2000).

The scarcity of data on Nernst coefficient temperature dependence Q(7) at temperatures well above
T primarily stems from the lack of suitable analytical methods for studying this behavior in a wide tem-
perature range. Our narrow-band model effectively addresses this challenge. Importantly, this approach
enables simultaneous description of four main transport coefficients — resistivity, thermopower, Hall
coefficient, and Nernst coefficient (Ageev, Gasumyants 2001; Gasumyants, Martynova 2012). It also al-
lows for joint quantitative analysis of both S(T) and Q(T) dependences (Ageev, Gasumyants 2001; Gasu-
myants et al. 2005). As shown in (Gasumyants et al. 2005; Gasumyants, Martynova 2018), this methodo-
logy additionally provides determination of real charge carrier mobility values.

To study the nature of the normal state, it is necessary to use doped samples with sequentially
changing composition and analyze the changes in the found values of model parameters depending
on the type and content of the introduced impurity. While numerous cations can substitute into the
YBa,Cu,O, lattice (Felner 1991), most impurities exhibit qualitatively similar effects on both super-
conducting and normal-state transport properties. The most interesting impurity for research in the case
of the YBa,Cu,O, system is undoubtedly calcium. Calcium doping produces unusual modifications
to transport coefficient temperature dependences and can also enhance superconducting properties
if they were previously suppressed by other impurities or oxygen deficiency (Awana et al. 1996; Gasu-
myants et al. 1994; 2000; Gasumyants, Martynova 2017; Martynova et al. 2011; Suard et al. 1992).
In systems like Y, ,CaBaCu,, Co,, O and Y, CaBa La CuO, the observed T, enhancement under
calcium doping appears linked to its influence on the oxygen subsystem and consequent modifications
to the energy spectrum (Gasumyants et al. 1994; 2000; Gasumyants, Martynova 2017). Higher-valence
impurities (Co or La) increase oxygen content causing the conductive band broadening, while subse-
quent calcium doping restores near-stoichiometric oxygen levels, improving subsystem ordering. This
influence the energy spectrum parameters in the opposite direction, bringing them closer to those
of undoped YBa,Cu,O, and consequently increasing T'. Interestingly, calcium dopingin Y, Ca Ba,Cu, Zn O,
also elevates T (Martynova et al. 2011), despite zinc being an isovalent impurity that neither affects
oxygen content and suppresses T, through pair-breaking effect (Bonn et al. 1994; Wang et al. 1998).

60 https://www.doi.org/10.33910/2687-153X-2025-6-2-59-68



https://www.doi.org/10.33910/2687-153X-2025-6-2-59-68

Zh. Xunpeng, V. E. Gasumyants

Zinc does, however, also modify the normal-state energy spectrum (Gupta, Gupta 1999; Martin, Ga-
sumyants 2021). This circumstance makes the Y, Ca Ba,Cu, Zn ,O system particularly compelling
for detailed investigation of calcium’s role.

Motivated by these considerations, we present the results of a systematic study of the normal-state
Nernst coefficient in the double-substituted Y, Ca Ba,Cu, Zn,,O system across varying calcium con-
centrations, as well as their quantitative analysis within the narrow-band model framework using
previously obtained data for the thermopower behavior in the same samples.

Samples and experimental details

Single-phase ceramic samples of YLxCaXBaZCquZnO'ZOy (x=0.05,0.1,0.125,0.15,0.175, and 0.2) were
synthesized via standard solid-state reaction using high-purity oxide and carbonate precursors. Previous
studies (Gasumyants 2001; Gasumyants, Martynova 2017; Martynova et al. 2011) show that oxygen-rich
calcium- and zinc-doped samples exhibit transport coefficients with extremely small absolute values,
making accurate analysis of their temperature dependences within our model framework challenging.
To address this, we performed controlled oxygen reduction through additional vacuum annealing at 460 °C
for 2 hours. The temperature-dependent resistivity and thermopower data for these samples, along with
their thermopower analysis, have been previously reported (Martynova et al. 2011). These datasets will
be incorporated in our current analysis and discussion of the Nernst coefficient results. To confirm
sample stability over time, we re-measured the thermopower temperature dependences S(7) for two
representative samples, obtaining excellent agreement with earlier measurements.

The Nernst coefficient measurements were performed under a constant reversible magnetic field
of B = 1.8 T. For each temperature, the Nernst signal was measured twice in opposite magnetic field
directions and then calculated as the half-difference of the corresponding voltages. This approach ef-
fectively eliminates even magnetic effects and significantly improves measurement precision. To increase
the signal-to-noise ratio, the sample geometry was optimized to be long (about / = 10 mm) in the Nernst
signal, U, direction, and thin (about d = 1 mm) in the temperature gradient direction. The temperature
difference applied to the samples was about AT = 10 K. Our measurement protocol was validated through
extensive test measurements confirming the linear response regime for HTSCs. The Nernst signal (1)
maintains linear dependence on temperature gradient (A7) up to AT = 30-35 K, as established in (Ga-
sumyants, Martynova 2018). The Nernst coefficient values were calculated as Q = U-d/B-AT'l. The tem-
perature range of measurements was from 100 K to 320 K.

Experimental results

Figure 1 presents the temperature dependences of the Nernst coefficient Q(7) for the investigated
samples, excluding the x = 0.05 and x = 0.15 compositions, the results for which are very close to other
experimental curves. As for other doped samples of the YBa,Cu,0O) (Gasumyants et al. 2005; Gasu-
myants, Martynova 2018), the Nernst coefficient has very small values and shows typical changes with
temperature. The Nernst coefficient is extremely small near 7'= 100 K increases sharply with increa-
sing temperature, reaching maximum values in the normal state, and then decreases slightly at tem-
peratures above 7' > 150-200 K (with the exact transition temperature varying by composition). This
conventional behavior shows notable deviations in samples with lower calcium content (x =0.05-0.125),
where the Q values exhibit a pronounced decrease at elevated temperatures beyond the maximum
point, as clearly illustrated by the x = 0.1 data in Figure 1. This anomalous effect displays a strong
calcium concentration dependence, appearing most distinctly in the sample with lowest calcium
content and progressively diminishing with its increase until it vanishes completely at calcium content
of x > 0.15.

Figure 2 displays the room-temperature Nernst coefficient (Q,, ) as a function of calcium content,
compared with corresponding thermopower values (S, ) from previous work (Martynova et al. 2011).
While most substitutions in YBa,Cu,O yield qualitatively similar changes in all transport coefficients
(Gasumyants, Martynova 2018), the Y, Ca Ba,Cu, .Zn ,O system exhibits distinct behavior. The thermo-
power shows a consistent monotonic decrease with increasing x, whereas the Nernst coefficient displays
a more complex dependence: Q, ,  decreases for x = 0-0.125, but rises at higher calcium concentrations.
This contrasts with the monotonic Q, . variation observed in the case of single calcium doping (Gasu-
myants, Martynova 2018).

300K
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Fig. 2. Room-temperature Nernst coefficient and thermopower in Y, Ca Ba,Cu, Zn 0,

The observed evolution of Q(T) behavior with increasing calcium content in Y, Ca Ba,Cu, Zn, O
likely stems from the influences of zinc and calcium on the conduction band structure. ch substltutes
for plane copper, which participates directly in conduction band formation, and according to the results
presented in (Gupta, Gupta 1999), removes electronic states from this band destroying its structure,
as confirmed by our thermopower analysis in YBa,Cu, Zn O, (Martin, Gasumyants 2021). This substitu-
tion also significantly perturbs the system’s electromc structure (Gupta, Gupta 1999), particularly affec-
ting charge carrier scattering. The Nernst coefficient’s enhanced sensitivity to scattering processes explains
why the YBa,Cu, Zn O, system with substantial zinc content maintains conventional S(T) behavior while
developing anomalous features in Q(T), as observed in our measurements. Conversely, calcium doping
introduces additional states into the conduction band (Gasumyants, Martynova 2017), effectively coun-
teracting zinc-induced modifications in the Y, Ca Ba,Cu, Zn ,O system. This compensation mechanism

accounts for the monotonic decrease in S, with increasing x (Fig. 2) and the systematic evolution
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of energy spectrum parameters, the values of which at calcium content x > 0.15 approach those charac-
teristic of undoped YBaZCuBOy as revealed by our S(7) analysis (Martynova et al. 2011).

Contrary to the thermopower, the Nernst coefficient behavior is affected by disruptions of the elec-
tronic structure induced by zinc. Atlow calcium contents in the Y, Ca Ba Cu, Zn,,0, system (x <0.15),
it gradually compensates for the effect of zinc on the energy spectrum structure. This results in a drop
in the Q,,, value and a decrease in the degree of deviation of the Q(7) dependences from the typical
form. This compensation becomes nearly complete at x > 0.15. As a result, the Q(T) dependences take
on a typical form, and the Q, . value increases with increasing x, as in the case of single calcium doping
in the YBa,Cu,O, system.

Note that our conclusion regarding calcium’s compensating effect on zinc-induced modifications
in the normal-state energy spectrum in YBa,Cu,O is further supported by recent studies
of the Y, Ca Ba,Cu, Zn O system with equal content of two dopants (Funtikova, Gasumyants 2023),
which revealed very slight changes in the energy spectrum parameters over a wide range of doping
levels. Thus, it is the compensating effect of calcium that causes the modification of the Q(7) depen-
dences described above, as well as the observed Q, . (x) dependence in the YLxCaxBazCuz.SZnO'ZOy system.

300K

Analysis of experimental results within the narrow-band model and discussion

Our analysis is based on a narrow-band model that assumes the band responsible for the conduction
process in HTSCs has a half-width comparable in order of magnitude to the Fermi smearing, with
the Fermi level located within this band. Under these conditions, we can approximate density-of-states,
D(E), conductivity, o(E), and Hall conductivity, o, (E), functions by rectangles of different widths (Gasu-
myants 2001; Gasumyants et al. 1995). This simplification allows us to derive analytical expressions for
the thermopower and Nernst coefficient by solving the Boltzmann transport equation within the relaxa-
tion time approximation (Ageev, Gasumyants 2001; Gasumyants et al. 1995):

S k| Wo (—u") + coshW,* ! (coshp* + coshW.)
= - — — X
e |smhwz exp(—p coshWy W coshp™® + coshWj
exp(u’) + exp(Wy) .
n . | T (1)
exp(u*) + exp(—Wy)
1[Iy, Iyh
— (L _He 2
Q eTu<IO 12 ) 2)
where
W, /2+bWp W, /2+kWp
I; = f <—%) E'dE, Iy, = f (—%) sign(E — kWp)E'dE,
! oE i OE
—W,/2+bWp —W,/2+kWp

k, is the Boltzmann constant, e is the elementary charge, f is the equilibrium Fermi-Dirac distribution

sinh(FWp) X . o . .
W—F)DWE)] = 2bWp, W*=W [2k, T, W =W, /2k,T, nis the electrochemical

potential measured from the middle of the band. As is seen, the S(7) dependence is determined by four
physically significant model parameters, namely, the degree of band filling with electrons F, representing
the ratio of the total number of electrons to the total number of states in the band; the total effective
bandwidth W ; the effective width of the delocalized state interval W_; and the band asymmetry degree
b. The latter three parameters are introduced into the model as describing the approximations we use.
The W, and W_values are the widths of rectangles approximating the functions D(E) or o(E) and o, (E),
respectively, as a result their ratio C= W_/ W characterizes the degree of delocalization of charge car-
riers at the band edges. The b value determines the energy shift bW, between the centers of these rec-
tangles, which arises due to the possible asymmetry of the density-of-state function.

The calculation of the Nernst coefficient’s temperature dependence Q(7) requires the introduction
of two additional parameters. They are the band-averaged electron mobility #, and the dispersion
law asymmetry parameter k, which determines the energy shift kW of the sign-change point in the Hall
conductivity o, (E) function relative to the band center. Since Eq. (2) shows that Q(7) depends

function, p* = pu/kgT = In
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collectively on all six model parameters, its independent analysis is not feasible. To apply the described
approach, it is necessary to measure both the S(7) and Q(7) dependences on the same samples and
then analyze them together. In such a case, the four primary parameters are first determined through
thermopower analysis using Eq. (1). These values are then used in Eq. (2) to extract the two remaining
parameters from Nernst coefficient analysis (Ageev, Gasumyants 2001; Gasumyants et al. 2005).
As demonstrated in previous studies (Gasumyants et al. 2005; Gasumyants, Martynova 2018), this
joint analysis of thermopower and Nernst coefficient data enables unambiguous determination of all
model parameters in doped YBa,Cu,O, systems.

Figure 3 presents the exper1menta1 thermopower data S(T) for the Y, Ca Ba,Cu, Zn O system
(Martynova et al. 2011), along with best-fitted curves calculated using Eq. ( ) The correspondlng calcu-
lated Q(7) dependences from Eq. (2) are shown in Figure 1. One can see that the narrow-band model
allows us to well describe the temperature dependences of both transport coefficients using a single set
of model parameters. Two aspects of the fitting procedure deserve mention. First, for samples with low
calcium content, we restricted the Q(7) fitting to the low-temperature regime, intentionally excluding
the high-temperature region where zinc-induced perturbations of the electronic structure cause anom-
alous suppression of the Nernst coefficient (as discussed previously). Second, since in the case of an asym-
metric band we need to use four parameters to calculate the S(7) dependence, their values can be de-
termined with some errors. The simultaneous fitting of both S(7) and Q(7) data not only determines
the u and k parameters, but also enables refinement of the initial parameter estimates, yielding optimal
agreement between the experimental and calculated curves for the two studied coefficients.
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Fig. 3. Temperature dependences of the thermopower in Y, Ca Ba,Cu,,Zn ,O . Symbols indicate experimental

¥
resuls; lines indicate results of calculation within the narrow -band model

The complete set of model parameters characterizing calcium’s influence on the electronic structure
and charge carrier system in Y, Ca Ba,Cu, Zn ,O is presented in Table 1. The detailed discussion
of calcium-induced changes in the F, W W and b parameters as well as the physical reasons for these
changes, can be found elsewhere (Martynova et al. 2011). Here we would only like to emphasize that
the energy parameters of the band (W, and W), which are little affected by zinc introduction, remain
almost constant for all the studied samples. The band filling degree F and asymmetry parameter b ex-
hibit systematic evolution with calcium content, progressively approaching the characteristic values
of an undoped sample (F ~ 0.5, b ~ 0), while in calcium-free YBa,Cu, Zn O, they differ significantly
from these values due to the zinc effect. This behavior quantltatlvely conﬁrms calcium’s compensating
effect on zinc-induced electronic structure modifications, as discussed above.

Figure 4 presents the calculated charge carrier mobility values, which represent the band-averaged
mobility determined through our narrow-band model rather than the conventional Nernst mobility
defined as Q/(k,/e). This explains why the u(x) dependence differs from the Q,  ,(x) behavior shown
in Figure 2. The obtained mobility values are characteristically small, less than 1 cm?/(Vxs), which
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Table 1. The values of model papameters determined from the joint analysis of the S(7) and Q(7) dependences
inthe Y, CaBaCu, Zn O system

X F W, meV C=w /W, b u, cm?/(V-s) k kW, meV
0.05 0.535 102 0.37 0.017 0.48 -0.11 -11.2
0.1 0.524 96 0.36 0.011 0.45 -0.12 -11.5
0.125 0.520 103 0.39 0.007 0.29 -0.13 -13.4
0.15 0.517 97 0.33 0.004 0.36 —-0.12 -11.6
0.175 0.513 95 0.35 0.000 0.47 -0.15 -14.3
0.2 0.509 20 0.41 -0.002 0.52 -0.15 -13.5

is consistent with previous results obtained for samples of the YBa,Cu,O, system with various types and
levels of substitutions (Gasumyants, Martynova 2018). The mobility exhibits a non-monotonic depen-
dence on calcium content, initially decreasing before showing an increase beyond x = 0.125. Note that
to explain the variations in the mobility value under increasing doping level in various Y-based HTSC
systems, we usually considered corresponding changes in the W, and C= W_/ W values (Gasumyants,
Martynova 2018). As shown earlier (Gasumyants 2001), in most doped YBa,Cu,O, systems, non-isova-
lent impurities typically cause band broadening (increased W) and enhanced state localization at band
edges (decreased C= W _/ W) via Anderson localization mechanism (Anderson 1958). Calcium doping
in pre-doped systems produces the opposite effect on both these parameters (Gasumyants et al. 2000;
Gasumyants, Martynova 2017).

The charge carrier mobility, defined as u = e<1>/m*, where <7> is the averaged relaxation time and
m* is the effective mass of electrons, exhibits doping-dependent behavior governed by two competing
factors. Band broadening typically reduces the effective mass, which would enhance mobility, while
impurity-induced disorder increases charge carrier scattering, reducing the relaxation time and conse-
quently decreasing mobility. By analyzing these competing effects, we can consistently explain
the doping-dependent mobility evolution observed in various doped systems (Gasumyants, Martynova
2018).
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Fig. 4. Calculated charge-carrier mobility for Y, Ca Ba,Cu, Zn,,O samples

Clearly, this approach cannot be applied to analyze the u(x) dependence in the studied Y, Ca Ba,Cu, Zn, 0,
system. As Table 1 shows, both the W and C values exhibit only minimal variation with i increasing cal-
cium content. However, it is 1mportant to note that W and W represent effective widths of their respec-

tive energy intervals, namely the widths of rectangles approximating the D(E) and o(E) functions. Most
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substitutions in the YBa,Cu,O, system affect the energy spectrum indirectly through band broadening
caused by the Anderson localization mechanism (Gasumyants 2001). In such cases, changes in W, and
W_accurately reflect the actual modifications of the D(E) and o(E) functions under doping. In contrast,
both calcium and zinc directly modify the energy spectrum — either through the formation of an addi-
tional Ca-induced peak in the D(E) function or via Zn-induced state removal from the band. Under these
circumstances, the rectangular approximation becomes too crude to quantitatively explain mobility
variations by considering changes in the above two parameters. Qualitatively, the observed u(x) depen-
dence in Y, Ca Ba Cu,, 020, can be understood as follows. At low doping levels, calcium partially
compensates for z1nc ’s effect on the energy spectrum while simultaneously introducing additional disor-
der to the electronic structure established by zinc incorporation, ultimately reducing mobility. Near
x =~ 0.125, zinc’s influence becomes nearly compensated, as evidenced by the shape of the Q(T) dependence
for samples with x > 0.15 (discussed earlier). Further calcium doping, once zinc compensation is complete,
increases mobility, which is consistent with previous observations in oxygen-deficient Y, Ca Ba,Cu,O,
systems (Gasumyants, Martynova 2018). Thus, the change in the charge-carrier mobilityin Y, Ca Ba Cu Zn O
with increasing calcium content can be explained by taking into account the compensatlng effect of cal
cium, similar to the explanation of the experimental results on the behavior of the Nernst coefficient.

As shown in Table 1, the dispersion law asymmetry parameter k remains negative and varies only
slightly with changes of calcium content x in the Y, Ca Ba Cu, Zn O, system. The kW, value, repre-
senting the energy shift of the Hall conductivity s1gn change p01nt relative to the band center, also
changes slightly between 11 and 14 meV. Note that this dispersion law asymmetry is not directly related
to the asymmetry of the D(E) function (parameter b in Table 1), which changes quite strongly in the
studied system due to calcium-induced states appearing within the band. Our earlier studies (Gasumy-
ants, Martynova 2018) established that such dispersion law asymmetry constitutes an intrinsic feature
of the YBa,Cu, O, electronic structure, whereas the band asymmetry b emerges only under specific types
of doping. Notably, despite the W value changes quite strongly with certain types of doping, the kW,
value in all cases varies in a relatlvely narrow range (Gasumyants, Martynova 2018). In particular, thls
value changes by 3 or 5 meV in cases of single doping with calcium or zinc, respectively, when the con-
tent of corresponding dopant changes from x = 0 to x = 0.2. The present results for double-substituted
Y, ,CaBa,Cu, Zn O system thus align well with this established pattern.

Conclusions

We have experimentally studied the Nernst coefficient in the Y, Ca Ba,Cu, .Zn ,O system with varying
calcium content in the normal state and analyzed the Q(7) dependences together with the thermopower
data. The main results are as follows.

For samples with low calcium content (x < 0.125), the Nernst coefficient at high temperatures deviates
from the temperature dependence characteristic of doped YBa,Cu,0, samples. This deviation gradually
diminishes with increasing calcium content and vanishes completely for x > 0.15. Across all composi-
tions, the room-temperature Nernst coefficient remains below 1 nV/(K-T), showing slight but non-
monotonic variation with doping level. The behavior of both thermopower and Nernst coefficient
inY, CaBaCu, Zn O can be satisfactorily described and quantitatively analyzed using the narrow-
band model. This joint analysis allows one to determine, besides the fundamental energy spectrum pa-
rameters, the values of the charge-carrier mobility and the degree of dispersion law asymmetry. Despite
calcium doping systematically modifies the density-of-states asymmetry, the dispersion law asymmetry
remains essentially constant. This demonstrates that the latter represents an intrinsic feature
of the YBa,Cu O, energy spectrum rather than being doping-specific. The charge carrier mobility, which
is notably low in all samples, decreases with an increase in calcium content at low doping levels, but
increases for x > 0.125. These mobility variations, along with the Nernst coefficient behavior and
changes in the calculated parameters of the energy spectrum structure, can be qualitatively explained
by the compensating effect of calcium on zinc-induced disturbances in the electronic structure of the con-
ductive band. Consequently, calcium doping enhances both superconducting properties and normal-state
charge carrier characteristics in the Y, Ca Ba,Cu, Zn ,O system.
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Abstract. In this paper, the dielectric and relaxation properties of a 10% water solution of human immunoglobulin
are investigated in the frequency range of 0.1 Hz to 15 MHz at temperatures between 35 and 39.7 °C.
The frequency dependences of the dielectric loss factor " were obtained, revealing three maxima in the dispersion
regions €'. These maxima were approximated by the Havriliak—Negami equation. For each relaxation process,
the parameters a, 3, and T, were calculated at different temperatures, and the time distribution functions
of the relaxers, G(t), were derived. The paper proposes possible interpretations of the kinetic units responsible
for these processes and discusses potential phase transitions within the system.

Keywords: dielectric constant of immunoglobulin G, dielectric losses of IgG, relaxation parameters of IgG,
Havriliak—Negami equation, phase transitions, globule—tangle, immunoglobulins

Introduction

In the physics of dielectrics, the method of dielectric spectroscopy is widely used for comprehensive
studies of the frequency dependences of the dielectric constant £/(f) and the dielectric loss factor £"(f).
The fundamental principles of this method are well-documented in both domestic and international
educational and scientific literature. See, for example (Borisova, Koikov 1979; Gorokhovatskiy et al. 2013;
Kremer, Schonhals 2003). This technique has been applied to investigate synthetic polymer dielectrics
as well as biological objects (Blythe, Bloor 2005; Sazhin 1986; Annus, Min 2021; Raicu, Feldman 2015).
The relaxation parameters of dielectrics are determined from the maxima observed in the frequency
dependence of the dielectric loss factor and are typically analyzed using the Havriliak — Negami equation.
From this analysis, the relaxation parameters a, f, and 7, are obtained at various temperatures, the time
distribution functions of the relaxers, G(z), are derived, and the activation energy E, of the dipole polari-
zation process is calculated.

In this work, the object of the study is a 10% aqueous solution of human immunoglobulin G (IgG).
The purpose of this study is to investigate the dielectric characteristics and relaxation parameters
of the sample across a broad frequency range at physiological temperatures, followed by comprehensive
analysis of the obtained results.
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Relaxation equations

To analyze the relaxation properties of dielectrics, we employ the concept of complex dielectric con-
stant ¥ defines as:

e¥(w) = g(w) — ie'(w), (1)

where o is the cyclic frequency of the applied electric field, €(w) denotes the real part (permittivity
of the medium) characterizing the medium’s ability to shield an external electric field, e"(w) represents
the imaginary part (dielectric loss factor) describing energy absorption and its conversion to thermal
energy.

Relaxation phenomena are generally described by the Havriliak—Negami equation (H-N) (Kremer,
Schonhals 2003, 62) (we used in the formula 1 — a, 1 — j):

Es—€0

e (@) = &+ e R (2)

where €, €_are the static and high—frequency dielectric constant ¢ (w) (ss —atw — 0, —atw — ),
7, is the most probable relaxation time of the sample molecules (or their individual kinetic units),
a is the width of the relaxation time spectrum,  is the dissymmetry of this spectrum. These parameters
vary within the following limits: 0 < a < 1, 0 < B < 1. The greater the value a, the greater the spread
of relaxation times of the sample molecules 7 relative to 7, that is, the wider the relaxation spectrum
(therefore, the value 1 — « is used in the formula in this work); the greater f3, the greater the degree of its
dissymmetry (therefore, we use the value 1 — /5 in the formula). For such complex systems as aqueous
solutions of biopolymers, the a parameter and, especially, the 5 parameter are significantly higher than
for low molecular weight compounds.

When considering the sample molecules as independent dipoles with several discrete orientation
states, it is concluded that there are molecules with different relaxation times 7 (Frohlich 1958). The dis-
tribution of molecules with different 7 relative to , is described by the function G(z) (Kremer, Schénhals
2003, 62):

pli-a)
[’J sin((1- B)6)

6(0)= - )
2(1-a) (1-a) 2
m{[TJ + 2[’} cos(z(1—a)) + 1]
Ty Ty
where: 6 = arctg (fil; (x(1-a) and0<0 <.
i +cos(z(1—a))

Ty

Ata =0and S =0, the H-N equation becomes the Debye equation (Kremer, Schonhals 2003, 62):

E5—Eoo

& (w) =ex + Ttior, (4)

In this case, G(7) is a delta function §( 1'0), which corresponds to the state when all kinetic units
of the sample have the same relaxation time 7,
Ata = 0and S =0, the H-N equation becomes the Cole—Cole equation (Kremer, Schonhals 2003, 62):

Es—Eco

8(a))=8w+m, (5)

Here G(7) is a symmetric function with respect to 7.
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At a =0 and 8 # 0, the H-N equation becomes the Davidson—Cole equation (Kremer, Schonhals
2003, 62):

) = et P ©

In this case, G(7) is an asymmetric function with respect to 7,

The parameters a, 8, and 7, are the main relaxation parameters of the object of study.

The parameter a characterizes how strongly the relaxation times 7 of the kinetic units of a given
relaxation process differ in frequency. The more kinetic units with different relaxation times,
the greater the a. The parameter  determines the cooperative nature of the reorientation of kinetic
units, considered as dipoles that make abrupt turns under the influence of an external field,
in which the probability of reorientation of the kinetic unit and the activation energy depend
on the orientation of the neighbors. The stronger the dependence on the orientation of the neighbors,
the greater the S.

Method for determining relaxation parameters a, 8, and r,

From equation H-N (2) and considering the aforementioned theoretical framework, we derive
the equation for &"(w) (Salnikova, Kononov 2020):

(¢, —&,)-sin(1-f)p

1+ 2(w7,)"™* sin @-f- wr,)*
0 2 0

£"()= = (7)

(w7,)"™* cos ra
where ¢ = arctg| 2 1.

1+ (w7,)" sin ”7“

Experimentally measured quantities are usually €(w) and £"(w). At the same time, a dispersion is ob-
served on the graph €(w), and a maximum in the frequency band of the dispersion ¢/(w) is observed
on the graph £"(w). The relaxation parameters a, 3, and 7, are determined empirically at each temperature,
from the principle of the best approximation of the experimental values ¢"(w) by the graph ¢"(w) accor-
ding to formula (7). When constructing an approximating curve for the graph £"(w), the least squares
method is used. Having obtained the values a, 8 and T,, the relaxation time distribution function
of the molecules of the sample G(7) is constructed according to formula (3).

In the presence of several relaxation processes, as well as in the presence of electrical conductivity
of the sample, the H-N equation is used in a generalized form:

ko= o) LS Esk ~ Eank
s l[aowJ +;{(1+(iwrk)'_“‘)'_ﬂ" +gwk} ®

This formula takes into account three relaxation processes, with the first term accounting for electri-
cal conductivity effects. The parameters are the same as in formula (2), o, is the electrical conductivity
at the minimum frequency under study, s is the exponent 0< s < 1, g, is the dielectric constant
(e,=8.8510" F/m).

Proteins exhibit a broad spectrum of motional modes across multiple structural scales — including
quaternary, tertiary, secondary, and primary structure rearrangements — each characterized by distinct
activation barriers and characteristic timescales. Motional modes with comparable relaxation times may
be collectively described as a single relaxation process (Gotlib et al. 1986, 156), though this aggregation
typically results in a markedly asymmetric relaxation time distribution function G(z) (Gotlib et al.
1986, 159). This behavior manifests experimentally as a broad and asymmetric relaxation spectrum
on the graph £(f).
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Experiment

Samples

The experimental samples consisted of human normal immunoglobulin produced by NPO Microgen
JSC (Moscow, Russia), obtained through standard pharmaceutical distribution channels in the Russian
Federation. The preparation contained 100 mg of human plasma proteins per 1 mL solution, with IgG
comprising at least 97% of the protein content. The formulation included 22.5 mg of glycine (aminoace-
tic acid) and up to 1 mL water for injection.

Measurement procedure

The complex dielectric permittivity was measured using a Novocontrol Concept 41 spectrometer
at the interdisciplinary Resource Center for collective use of Herzen University (Modern Physical and
Chemical Methods for the Research and Development of Materials for Industry, Science, and Education).
The frequency range spanned from 0.1 Hz to 15 MHz, and measurements were conducted at controlled
temperatures between 35 and 39.7 °C.

Data acquisition and analysis were performed using WinDETA software (Novocontrol Technologies
GmbH, Germany).

For each temperature, the relaxation parameters (a, S, 7,) and the relaxation time distribution func-
tion G(7) were determined via WinFit software (Novocontrol Technologies GmbH & Co). This software
employs an approximation algorithm for &"(w) based on formula (8) and the methodology described
earlier.

The measuring cell was a flat capacitor with a 0.24 mm. distance between the plates. The sample
volume for each measurement was 5 pL.

Results and discussion

The obtained results

The frequency-dependent dielectric properties €(f), €'(f), and tgd were measured across the fre-
quency range of 0.1 Hz to 15 MHz at temperatures between 35 and 39.7 °C, with temperature increments
of 0.3-0.4 °C.

Figure 1 presents the three-dimensional frequency-temperature dependence of #gd.
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Fig. 1. The value of tgd(f,T) at f = 0.1Hz—15 MHz, T = 35-39.7 °C
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Figure 2 shows the frequency dependences €/(f) for the temperature range of 35-39.7 °C. Similarly,

Figure 3 shows the frequency dependences £'(f) across the same temperature range.
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Fig. 2. Frequency dependence of ¢((f) at T = 35-39.7 °C
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Fig. 3. Frequency dependence ¢"(f) at T = 35-39.7 °C
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Figure 3 reveals three distinct relaxation maxima located at approximately f~ 10 Hz, f~ 3 x 10° Hz,
and f~ 5 x 10* Hz. Corresponding dispersion regions for £(f) are evident in Figure 2 within these fre-
quency ranges. The shift of the £"(f) maxima toward higher frequencies with increasing temperature
confirms the relaxation nature of these processes. At the same time, all the three processes partially
overlap. The first relaxation process terminates near f ~ 10°Hz, however, ¢(f) remains non-zero due
to the onset of the second relaxation process. This second process subsequently transitions into the third
relaxation process at higher frequencies. Notably, the overlap between the second and third processes
is significantly more pronounced than between the first and second processes. At frequencies exceeding
10" Hz, an increase in £"(f) suggests the presence of an additional relaxation process. However, the ab-
sence of a maximum in this frequency range prevents reliable determination of its parameters.

In the low-frequency range of 0.1-1 Hz, an increase in &'(f) is also observed. This behavior is either
due to significant changes in the sample’s electrical conductivity at low frequencies or to the presence
of an additional relaxation process.

Figures 4 and 5 show the detailed frequency dependence of £'(f) for the first relaxation process (I)
across different temperature ranges. A broad, asymmetric maximum is observed at f ~ 10 Hz, which
narrows with increasing temperature.
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—-353°C
094 | —357°%C
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Fig. 4. Frequency dependence ¢'(f) for process I at T' = 35.0-37.0 °C
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Fig. 5. Frequency dependence ¢'(f) for process I at T = 37.3-39.7 °C
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Figures 6 and 7 show the detailed frequency dependences of ¢'(f) in the range of 100 Hz to 2 MHz
across different temperature ranges. Two partially overlapping relaxation processes (II and III) are ob-
served: process Il at f~ 3 x 10° Hz and process III at f ~ 10° Hz. The maximum values of both processes
are three times larger than those of the first process. With increasing temperature, process II becomes
more pronounced relative to process III.
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Fig. 6. Frequency dependence £'(f) for processes I, IIl at T = 35.0—-37.0 °C

A II ",
26 &"(f) ——37.3°C
sl ——377°C
] ——38.0°C
2,2 —~383°C
1 —+—387°C
207 ——39.0°C
. 18- ——-39.3°C
W 4] ——39.7°C
1,4
1,2
1,0
0,8 -
0,6
T T T T T
10° 10° 10* 10° 10°
f, Hz

Fig. 7. Frequency dependence ¢'(f) for processes I, Il at T = 37.3-39.7 °C

For all observed processes (I, II, III), the relaxation parameters a, , and 7, were determined using
the WinFit software following the previously described methodology. The analysis employed the H-N
equation (8), which simultaneously accounts for three relaxation processes and electrical conducti-
vity. Experimental data points at frequencies above 2x10° Hz were excluded. Figure 8 presents
the analysis results for T = 37.3 °C, showing the experimental £"(f) data points along with the ap-
proximation curve, individual contributions from each relaxation process, and the electrical conduc-
tivity at low frequencies. The derived parameters a, f and 7, were used to construct the relaxation
time distribution function G(7), displayed in Figure 9. It shows an overlap between all three relaxation
processes (I, II, III).
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Permittivity"

G tau ) ]

The calculated relaxation parameters (a, 3, 7o) for each process at all temperatures are presented
in Table 1. The approximation error for a and 3 did not exceed 0.04, while for 7, it remained below 15%.
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Fig. 9. G(7) for Fig. 8

When a and f values approached 0.00, their error did not exceed 0.02.

Figure 10 shows the Cole-Cole diagrams for different temperatures. The diagrams are asymmetrical
in shape, and their centers (if modeled as semicircular arcs) are located below the ¢ axis. This graphi-
cally confirms the large values of the a and 8 parameters. At T’ = 35 °C, the diagram differs significantly
from those at other temperatures. Studying this phenomenon requires additional data at lower tem-

peratures, which will be presented in future work.
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Table 1. Values of relaxation parameters a, f3, 7, (according to equation 8)

The first (I) relaxation process: The secoxl;go(i‘le)s:felaxation The third (III) relaxation process:
T, °C f=1-100Hz f= 100 Hz—10 kHz f= 10 kHz-1 MHz
& B 1 Tos (s) a, ﬂz To o (s) as ﬂs Tys (s)
35.0 0.10 0.74 3.6 x 102 0.00 0.77 3.7 x 10* 0.11 0.37 8.7 x 10°°
35.3 0.13 0.08 2.4 x 10 0.32 0.00 1.3 x 10* 0.22 0.43 1.1 x 10
35.7 0.13 0.42 3.4 x 10 0.38 0.08 6.3 x 10° 0.25 0.44 6.9 x 10°°
36.0 0.15 0.42 3.6 x 102 0.32 0.00 3.5 x 10° 0.26 0.44 3.6 x 10°°
36.3 0.00 0.59 4.8 x 102 0.34 0.20 3.7 x 10° 0.16 0.47 3.7 x 10°®
36.7 0.10 0.59 4.2 x 102 0.11 0.29 6.1 x 10° 0.20 0.48 3.1 x10°
37.0 0.13 0.51 3.2 x 102 0.08 0.29 7.9 x 10° 0.22 0.46 2.7 x 10°°
37.3 0.12 0.52 3.6 x 102 0.05 0.53 1.6 x 10* 0.12 0.51 1.9 x 10°
37.7 0.18 0.27 2.5 x 10 0.13 0.67 1.9 x 10* 0.16 0.37 1.4 x 10°
38.0 0.17 0.35 2.7 x 102 0.00 0.72 2.1 x 10* 0.24 0.25 1.2 x 10°
38.3 0.18 0.25 2.2 x 102 0.00 0.57 1.7 x 10* 0.42 0.00 1.2 x 10°
38.7 0.18 0.28 2.4 x 102 0.09 0.53 1.1 x 10* 0.38 0.00 8.2 x 107
39.0 0.14 0.49 3.4 x 102 0.10 0.19 7.0 x 10° 0.33 0.06 9.3 x 107
39.3 0.26 0.31 2.4 x 10 0.08 0.49 1.1 x 10* 0.36 0.00 8.9 x 107
39.7 0.23 0.04 1.7 x 107 0.15 0.29 7.9 x 10° 0.33 0.15 1.1 x 10°
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Fig. 10. "(e)) at T = 35-39.7 °C

Figure 11 presents the function G(7) at different temperatures. Three maxima corresponding to three
overlapping relaxation processes are visible. The shape of G() varies with temperature. The decomposi-
tion of G(7) into components will be presented below (see Figs. 14, 16, 18).

Let us consider the IgG molecule in terms of potential kinetic units responsible for these relaxation
processes.

Immunoglobulin G (Litman, Good 1978)

The immunoglobulin G (IgG) molecule is a Y-shaped, globular, water-soluble protein with a molecu-
lar weight of 150 kDa. It consists of four polypeptide chains: two light (L) chains (25 kDa each) and two
heavy (H) chains (50 kDa each). These chains are covalently linked through interchain disulfide bonds
to form a single structure. Figure 12 presents a schematic representation of the IgG molecule.

The quaternary structure of IgG comprises three globular regions: two Fab fragments and one Fc
fragment. Each fragment contains four domains: the Fab fragments consist of V|, V,and C, and C,1
domains, while the Fc fragment contains two C,2 and two C3 domains. Within these domains,
the polypeptide chains primarily adopt [B-sheet conformations with parallel folds, while a-helices are
essentially absent. The domain geometries shown in Figure 12, along with the dimensions of Fab and Fc
fragments, were determined through X-ray diffraction analysis. Crystallographic and hydrodynamic
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Fig. 12. Schematic representation of the IgG structure. Taken from (Litman, Good 1978, 59)

studies of Fab and Fc fragments reveal that they can be approximated as ellipsoids of revolution with
an axial ratio of 2:1, with each Fab fragment exhibiting a relatively large free volume in its central region.
Antigen-binding sites are located at the tips of the Fab fragments, indicated in Figure 12 by shaded areas.
The Fc fragment contains a hinge region between the two C 2 domains (indicated by arrows in Figure 12)
that enables variation of the angle a between Fab fragments. Typically, this angle exceeds 90—100°.
Antigen binding induces conformational changes in the a angle, triggering IgG’s biological functions,
i. e, the immune response against antigens.

The Fc fragment may adopt an asymmetric position relative to the Fab fragments and need not lie
within their plane. This asymmetry can alter the IgG molecule’s dipole moment. Within the Fab regions,
the non-crystallographic symmetry axes of the V, V, and C , and C 1 domains may form varying angles,
further modifying the molecular dipole moment.
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These observations demonstrate that the IgG molecule exhibits multiple forms of intramolecular
motion across its quaternary, tertiary, secondary, and primary structural elements. These dynamic modes
can overlap, giving rise to a broad, composite relaxation process.

Identification of processes

According to established methodology (Gorokhovatskiy et al. 2013, 93), there exist three types of re-
laxation processes: a, P, and y. The a-process corresponds to dipole-segmental motion, while  and
Y processes represent dipole-group motions. The kinetic units differ for each process type. For
the a-process, the kinetic units consist of whole molecules or large segments corresponding to tertiary
structural elements. The B-processes involve large polar groups of molecules that vary in size and mass,
such as a-helices or B-sheets. The y-processes are characterized by small polar groups of molecules,
including amino acid residues. When different processes possess kinetic units of similar characteristics,
they may merge, leading to broadening of the dielectric spectrum. A broad relaxation process typically
contains multiple subprocesses: a,, a,, o, and so on for the a-process and B, ,, B, and so on for the 3-process.
Each subprocess exhibits its own characteristic relaxation time and contributes to the overall observed
relaxation behavior (Bartenev, Barteneva, 1992).

In our case, we observe three processes with characteristic relaxation times: I-process T, = 10?s.,
II-process 7, , =~ 10*s., IlI-process 7, , = 10° s. We propose that process I is an a-process, while process
III corresponds to a B-process. This assignment is justified by their four-order-of-magnitude separation
in relaxation times. Furthermore, we suggest that process II may also be classified as a B-process. This
interpretation is supported by the temperature-frequency dependence of £gd(f,T) shown in Figure 1,
where processes Il and III appear in close proximity, exhibiting mutual overlap and collectively forming
local maxima and minima. Additional evidence comes from Figure 3, which shows increased &” values
at both low (0.1-1 Hz) and high (5-15 MHz) frequency ranges. We attribute these features to the emer-
gence of additional relaxation processes: potentially another a-process at low frequencies and an addi-
tional B-process at high frequencies.

The first relaxation process

The first relaxation process (I) appears in the temperature range 7' = 35-39.7 °C within the frequency
domain f = 1-100 Hz (Figs. 4, 5). The maximum value of €"(f) ~ 0.7 is observed at f ~ 10 Hz. Figure 13
presents the temperature evolution of relaxation parameters a (7) and 3 (T) for this process. These de-
pendencies likely reflect conformational changes occurring in the kinetic units responsible for process I.

L o e T 0.8

| IgG 10% '
, —- 0,7
0,25 - B N i

. N "~ tos
A SN

_“
~ 0,15 - 0,4 |
o fu
© / N /\ 03 O
0,104 - . _ \/ '
L 0,2
0,05 -
L 0,1
a1l . i
0,00 : - 0,0

I ' I 4 I 4 I T I ' I 4 I 4 I T I ' I '
35,0 35,5 36,0 36,5 37,0 37,5 38,0 38,5 39,0 39,5 40,0
T,°C
Fig. 13. Temperature dependences of relaxation parameters a (7T) and j,(T) for the first relaxation process
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It can be seen that the minima of & (T) correspond to the maxima of 8 (7) and vice versa. This recip-
rocal relationship suggests a connection between these parameters. At T = 36.3 °C, this behavior is
particularly evident, with a; reaching its minimum (a; = 0) and f5; attaining its maximum (5; = 0.6).
The decrease in a; reflects reduced heterogeneity in the sizes and shapes of kinetic units. Concurrently,
the elevated S, value indicates highly pronounced cooperative motion, where the rotational probability
of a kinetic unit becomes strongly dependent on neighboring unit orientations. This simultaneous
minimization of &, and maximization of 3, likely signify substantial conformational changes in the ki-
netic units associated with the first relaxation process. Such changes may potentially involve phase
transitions, including globule-to-coil transformations.

The relatively long relaxation time (<to;> = 3.1 x 102 s) indicates that the kinetic units of the first
process must be either complete IgG molecules or substantial segments of the tertiary structure, par-
ticularly the Fab and Fc fragments. This would classify the first relaxation process as dipole-segmental
motion (a-process). To identify the specific structural elements involved, we examine Figure 3, which
reveals increased ¢'(f) in the 0.1-1 Hz range. This low-frequency enhancement likely represents an ad-
ditional relaxation process rather than conductivity effects, suggesting that rotation of entire IgG mole-
cules occurs at even lower frequencies. Consequently, complete IgG molecules cannot be the kinetic
units for the first process. We therefore propose that Fab and Fc fragments serve as the kinetic units,
with the observed conformational changes arising from modifications in their spatial configuration.
The limited response of these fragments to alternating electric fields is evidenced by the modest dielec-
tric loss peak €'(f) ~ 0.7 (Fig. 3) and the slight polarization change Ae/(f) ~ 84 — 83 = 1 (Fig. 2). This
constrained mobility stems from several factors. Fab and Fc fragments approximate rotation ellipsoids
(~80x40 A) with restricted conformational freedom, their relative positions are stabilized by both qua-
ternary structure maintenance forces and strong intermolecular interactions in aqueous environments,
and their substantial size combined with extensive hydrogen bonding to surrounding water molecules
severely limits rotational freedom.

The relaxation time distribution function G(7) (Fig. 11) was decomposed into constituent processes,
with the component corresponding to the first process displayed in Figure 14.

0,7

0,6

10" 10° 10® 10”7 10° 10° 10* 10° 10° 10" 10° 10
T [s]

Fig. 14. Relaxation time distribution function G(7) for the first relaxation process at various temperatures

The distribution function G(7) for the first relaxation process exhibits pronounced asymmetry, as evi-
denced by 8, = 0.25—0.74 The distribution spans six frequency decades (10~ to 1 s), indicating considerable
breadth. At 35 °C, G(7) shows distinct behavior, which correlates with the exceptionally high 3, = 0.74
observed at this temperature. This anomalous behavior may signal the onset of an additional relaxation
process, though investigation of lower temperature data would be required for definitive analysis.
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The second relaxation process

The second relaxation process (II) occurs in the temperature range 7 = 35-39.7 °C within the fre-
quency domain f= 100 Hz—10 kHz (Figs. 6, 7). The maximum value of ¢"(f) ~ 2-2.5 is observed at f~ 3 kHz
emerging at temperatures 7 > 36.7 °C. The peak magnitude shows temperature dependence, increasing
frome”"=1.5at T=36.7°Ctoe”"=2.6at T =39.7 °C. Figure 15 shows the temperature evolution of re-
laxation parameters a,(7) and ,(T) for process II, which likely reflects conformational changes
in the associated kinetic units.
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Fig. 15. Temperature dependences of relaxation parameters a,(7) and j,(T) for the second relaxation process

In the temperature range T = 36.7-39.7 °C, this process has a very narrow (a, ~ 0.1) and asymmetric
(B, = 0.3-0.7) relaxation spectrum. A particularly notable behavior occurs at 38-38.3 °C, where a,
reaches zero while 3, peaks at 0.72, signaling substantial conformational changes in the kinetic units that
may involve phase transitions. Figure 15 reveals another significant feature at 7'~ 36 °C, where a, attains
its maximum value (@, ~ 0.4) while S, drops to its minimum (B, = 0). This relationship indicates inde-
pendent rotation of kinetically distinct units. The co-occurrence of maximal a, and minimal S, values
likely reflects another regime of pronounced conformational changes in the kinetic units. These obser-
vations suggest that the temperature dependence of a,(T) and j3,(7) reflects conformational dynamics
in process IL

The function G(7) for process II is shown in Figure 16.

The temperature-dependent evolution of the relaxation function G(7) reveals significant confor-
mational changes in the kinetic units of the second process, particularly evident at 35 and 38 °C
where the distribution shifts markedly. Across the studied temperature range, G(7) for this process
spans four frequency decades (107-107s), notably narrower than the six-decade breadth observed for
the first relaxation process (Fig. 14). The shorter characteristic relaxation times (<7, ,>~ 10*s versus
<1, >=~3x 107”s) suggest the second process involves smaller structural elements than the Fab and Fc
fragments responsible for the first process. The close correlation between the second and third pro-
cesses (Figs. 6, 7, 11), evidenced by the temperature-dependent transition of their spectral maxima,
indicates they share a common physical origin. We propose these processes represent distinct
subcomponents (B, B.) of a unified B-process arising from the relative motion of individual IgG do-
mains (Fig. 12). This intramolecular motion can be understood as internal rotation of structural units
(Orville-Thomas 1974), where the -sheet-rich domains (Finkelstein 2014) undergo dipole-group
movements.
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Fig. 16. The time distribution function of the relaxers G(7) for the second relaxation process
at different temperatures

The third relaxation process

The third relaxation process (III) appears in the temperature range 7 = 35-39.7 °C within the fre-
quency domain f'= 10 kHz—1 MHz (Figs. 6, 7). This process exhibits a dielectric loss peak ¢(f) ~ 1.5-1.9
between 35.0 and 38.0 °C, centered at f~ 30—100 kHz. At 7' > 38.0 °C (excluding T = 39.0 °C), this peak
transforms into an inflection point. The ¢” maximum displays complex temperature dependence: it ini-
tially increases (35.0 °C < T < 36.3 °C), then decreases (36.3 °C < T < 37.3 °C), before increasing again
(37.3°C<T<39.7°C).

Figure 17 shows the temperature evolution of relaxation parameters a,(T) and j3,(T) for process IIL
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Fig. 17. Temperature dependences of relaxation parameters a,(7T) and j,(T)
for the third relaxation process
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The parameter a, shows two distinct minima, a, = 0.16 at T = 36.3 *C and a, = 0.12 at T = 37.3 °C,
corresponding to f; maxima of 0.47 and 0.51 respectively. A prominent &, maximum of a, ~ 0.44 occurs
at T ~ 38.4 °C, accompanied by vanishing (8, = 0.0) at T" = 38.3-38.7 °C. These parameter variations
signify substantial conformational rearrangements in the kinetic units of process III within this tem-
perature range.

The relaxation time distribution function G(z) for process III is shown in Figure 18. The distribution
spans five decades of frequency (10°—10*s), exhibiting greater breadth and symmetry compared to pro-
cess II (Fig. 18).
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Fig. 18. The time distribution function of the relaxers G(7) for the third relaxation process
at different temperatures

As proposed, both the second and third relaxation processes originate from domain motions
within the IgG molecule (Fig. 12). However, the third process exhibits significantly shorter relaxation
times (<7, ,> ~ 3 x 10° s) compared to the second process (<7, ,> =~ 10* s), reflecting differences
in domain size, mass, and intramolecular interactions, as well as available free volume for movement.
While Fab fragments contain free volume between the V|V, and C, C, 1 domains enabling larger-scale
motions (Fig. 12), the Fc fragment lacks comparable space between C,2 and C3 domains. Thus,
the second process involves more extensive domain movements, while the third process consists of re-
stricted, smaller-scale motions. These differences manifest clearly in the relaxation spectra (Figs. 6, 7),
with the second process appearing as a stronger, narrower peak compared to the broader, weaker third
process. Quantitative analysis in Table 1 confirms this distinction, with the third process showing
nearly double the a parameter (<a,> = 0.25 vs <a,> = 0.14) and reduced cooperativity (<f,> = 0.29
vs <f,> =0.37).

The broad, asymmetric G(z) distributions and large a and f values across all three processes reveal
the IgG molecule’s complex dynamics, featuring multiple motional scales with distinct activation barriers
and characteristic times — a hallmark of protein behavior that can be described as a set of dielectric
permittivity with discreet time constants each (Krishtalik 2012).

Possible phase transitions

The anomalous shapes of the relaxation time distribution functions G(z) for all three processes
(Figs. 19-21) show marked deviations from their typical forms at other temperatures (cf. Figs. 14, 16, 18).

These distinctive profiles, while all resembling the Cyrillic letter ‘A, demonstrate significant variations
in their specific forms — particularly in how abruptly the functions terminate at longer 7 values. The cor-
responding relaxation parameters « and S for these anomalous cases, extracted from Table 1, are pre-
sented in Table 2.
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Table 2. Values of relaxation parameters a and j3 for Figs. 19-21

The first relaxation process: The second relaxation process: | The third relaxation process:

T, °C f=1-100Hz f=100Hz-10 kHz f=10kHz-1 MHz

a, B, a, B, a, B,
35.0 0.10 0.74 0.00 0.77
36.3 0.00 0.59
37.3 0.12 0.51
38.0 0.00 0.72
38.3 0.00 0.57

The abrupt termination of G(z) functions, as observed in Figs. 19-21 (G,(7) at T = 36.3 °C, G (7)
at T = 35.0, 38.0, 38.3 °C), correlates with two key parameter changes: @ approaches zero, while j reach-
es local maxima (Table 1). This behavior — manifested as a sharp cutoff resembling the Cyrillic ‘A’ shape —
suggests the occurrence of a broad phase transition within the 7 = 38.0-38.3 °C temperature range.

We propose that such truncated G(7) profiles, accompanied by a—0 and 8 maxima, serve as distinc-
tive signatures of phase transitions, where the  magnitude and distribution width (e. g., full width at half
maximum) may quantify transition parameters.

Other G(7) shapes, like G,(7) at T = 35.0 °C (Fig. 19) or G,(7) at T = 37.3 °C (Fig. 21), likely reflect
substantial conformational changes in kinetic units without constituting true phase transitions.

The theoretical framework for conformational changes and phase transitions in biopolymers has been
extensively developed in several monographs (Birshtein, Ptitsyn 1964; Flory 1969; Dashevsky 1987;
Grosberg, Khokhlov 1989). The complexity of characterizing these transitions is exemplified by the on-
going debate regarding the classification of the globule-coil transition — while rigid chains exhibit abrupt,
first-order transition behavior, flexible chains demonstrate smoother, second-order transitions (Grosberg,
Khokhlov 1989, 146).

Recent investigations have employed complementary approaches to study these phenomena: the Shadrin
group at loffe Institute analyzed the globule-coil transition in albumin through critical exponents
(Vonti et al. 2018), while our team (Salnikova et al., 2025) examined the same system via relaxation pa-
rameters (a, 8) and G(z) characteristics. Our studies of 20% aqueous albumin solutions revealed signature
behavior during the first relaxation process at 7' = 37 °C — a,=0, maximal /3, (0.74), and abrupt termina-
tion of G,(7) (similar to Fig. 20) — which we interpret as markers of a molecular phase transition.

A qualitative explanation of the detected processes

The physical nature of these relaxation processes stems from temperature-dependent modifications
in both intramolecular motions and solvent interactions within the IgG system. As temperature changes,
conformational rearrangements occur in various structural elements of the IgG molecule while its inter-
actions with the aqueous environment simultaneously evolve. These alter the dipole-dipole interaction
energies, which scale with the squares of the constituent dipole moments (Kaplan 1982, 17). The modified
interaction energies change the local electric fields experienced by each kinetic unit, thereby affecting
their rotational response to external fields. This directly determines the characteristic temperature and
frequency dependences observed in ¢'and ¢” components.

Conclusions

Our dielectric spectroscopy study of a 10% aqueous human IgG solution at physiological temperatures
identified three characteristic relaxation processes with well-defined parameters. The dominant relaxation
(process I) corresponds to the rotational motion of Fab and Fc fragments under the applied alternating
electric field, while processes II and III, sharing a common physical origin, reflect intramolecular domain
movements within these structural elements.

The temperature-dependent behavior of the relaxation parameters a and 8 provides new insights into
conformational changes of the kinetic units, with the characteristic combination of & approaching zero
while S reaches maximum values serving as a potential indicator of phase transitions.

The dielectric spectroscopy approach proves particularly valuable for such investigations due to its
inherent sensitivity to dipole moment variations, conformational changes in structural subunits, and
modifications in intermolecular interactions within the aqueous environment. This methodology offers
a powerful tool for probing relaxation mechanisms in complex fluids, including biological ones.
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Abstract. The study investigates the laser modification of lead selenide (PbSe) chalcogenide films with
the formation of laser-induced periodic surface structures (LIPSS). These modifications are crucial for enhancing
the sensitivity of gas analyzers, particularly in detecting hazardous gases in various industries. The use
of nanosecond laser pulses for film processing offers improved productivity, better reproducibility, and greater
control over optical properties compared to conventional furnace annealing techniques. The formation
of LIPSS under specific laser irradiation conditions leads to changes in the film’s optical characteristics, including
increased absorption in the infrared (IR) range. Additionally, the study examines the dependence of the periodicity
of these structures on the power density of the applied laser radiation. The findings highlight the potential
of laser modification for creating new optical properties and developing innovative photonics devices.

Keywords: PbSe films, laser modification, optical characteristics, nanosecond laser pulses, laser-induced
periodic surface structures (LIPSS)

Introduction

Laser-induced periodic surface structures (LIPSS) have emerged as a powerful tool for modifying the
surface properties of materials, enabling precise control over optical, mechanical, and chemical charac-
teristics (Bonse 2020). These nanostructures, typically formed through the interaction of laser radiation
with a material’s surface, have found applications in a wide range of fields, including photonics, tribology,
and biomedicine (Antipov et al. 2012; Bonse 2020). The ability to tailor surface properties at the micro-
and nanoscale makes LIPSS particularly attractive for developing advanced optical devices, sensors, and
functional coatings.
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Laser modification of PbSe chalcogenide films via LIPSS formation

One of the key advantages of LIPSS is their ability to enhance optical properties of materials, such
as increasing absorption in specific wavelength ranges or creating diffraction effects. This is especially
relevant for materials like lead selenide (PbSe), which exhibit high photosensitivity in the infrared (IR)
range (Tan, Mohseni 2018). PbSe films, widely used in photodetectors and gas sensors, can benefit sig-
nificantly from laser-induced modifications (Nielsen et al. 2023; Peng et al. 2022). Conventional furnace
annealing of PbSe films is hindered by high defect densities, elevated production costs, and poor process
repeatability. These limitations have motivated the development of laser-based surface modification
techniques as a promising alternative (Tan, Mohseni 2018).

The formation of LIPSS on PbSe films not only enhances their IR absorption, but also opens up new
possibilities for creating innovative photonic devices, such as diffraction elements and sensors with
tailored optical responses (Gupta et al. 2021). Compared to conventional furnace annealing, LIPSS for-
mation can significantly improve reproducibility and offer more dynamic control over the material’s
optical properties (Nielsen et al. 2023; Olkhova et al. 2023).

In this study, we investigate the formation of LIPSS on PbSe chalcogenide films using nanosecond
laser pulses. The focus is on understanding the mechanisms behind LIPSS formation and their impact
on the optical properties of films. By exploring the relationship between laser parameters (e. g., power
density, pulse duration) and the resulting surface structures, we aim to demonstrate the potential of la-
ser modification for developing new optical materials and devices. This work highlights the broader
applicability of LIPSS in material science and photonics, paving the way for future advancements in sur-
face engineering and optical technology. The formation of LIPSS on the surface of PbSe films can allow
more controlled modification of the material and obtain new optical properties (Nykyruy et al. 2019;
Olkhova et al. 2022), as well as the creation of diffraction elements by direct laser writing, which repre-
sents the potential for the creation of new photonics devices.

Materials and methods

The 0.6 pm thick polycrystalline PbSe films used in this work were created by vacuum-thermal sput-
tering on a plane-parallel substrate made of 0.2 mm thick cover glass. The film samples were fabricated
by Optosens LLC, Russia.

Laser modification of the structure and properties of the films was performed by nanosecond pulses
of a fiber Yb laser based on the Minimarker-2 complex (Laser Center LLC, Russia) with a wavelength
of 1064 nm and a Gaussian profile of energy distribution in the beam cross-section. Spot’s movement
was controlled using a two-mirror galvanometer scanner. After the scanner mirrors, the beam was fo-
cused by an F-theta lens with a processing field of 100x100 mm on the film surface, where the spot dia-
meter was 50 um. The polarization of the radiation incident on the sample was adjusted using a Glan-
Taylor prism and a half-wave phase plate (Fig. 1). The following parameters were used to determine the
modes of LIPPS formation: pulse duration (from 14 to 100 ns), average power (from 100 to 500 mW),
and pulse repetition rate (from 30 to 140 kHz). At the same time, the laser spot scanning speed remained
unchanged and equal to 15 mm/s, which provided an overlap of more than 0.99. The modes of sample
modification using laser radiation are presented in Table 1.

: Scanning system
Half-wave -

Collimator plate

(

Transmissive
Fiber

Glan-Taylor
prism

Yhb:fiber laser
20W, 1064 nm

F-theta
lens

Workpiece

Fig. 1. Schematic diagram of the experimental setup for laser processing of chalcogenide films
with LIPPS formation
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Table 1. Modification modes of chalcogenide film using a pulsed laser source with a wavelength of 1064 nm

No Pulse duration, ns Frequency, kHz Average power, W Power density, kW/cm?
1 100 60 0.271 11.81
2 50 90 0.299 13.52
3 20 90 0.29 16.77

The structures obtained on the sample were investigated by optical microscopy in the light and dark
fields of transmitted and reflected light using a Carl Zeiss Axio Imager microscope (Germany). Spectral
reflection and transmittance of periodic structures in linearly polarized light at different angles of sam-
ple rotation were measured using a spectrophotometer MSFU-K Yu-30.54.072, LOMO (Russia)
in the wavelength range between 380 and 900 nm. The period of the structures was determined via
the analysis of optical microscopy data by two-dimensional fast Fourier transform (2D-FFT) using
the open-source software Gwyddion (Version 2.62).

Scanning electron microscopy (SEM) was performed using a Merlin Zeiss high-resolution electron
microscope (Germany) to evaluate the modification of the film structure after laser exposure.

Results and Discussion

Structure modification

In contrast to the traditional heat treatment in the furnace, the method of laser modification of the film
structure is characterized by the localization of thermal influence with a high temperature gradient
in the center and at the edges of the irradiation zone. During laser exposure, darkening of the film was
observed due to changes in the intermolecular bonds of PbSe in the area of exposure (Olkhova et al.
2023). The darkening of the film led to an increase in the absorption capacity and thus to an increase
in the fraction of the absorbed incident radiation energy, which influenced the temperature change
in the laser-modified region.

Obtained LIPSS were investigated by optical microscopy and 2D-FFT. The formation of periodic
structures, classified as Low Spatial-Frequency LIPSS (LSFL) (Bonse 2020), with a period 0of 0.7 £ 0.1 pm
and with a period of 1.2 + 0.2 um (Fig. 2), occurred during laser exposure of the film.

Fig. 2. Optical microscopy and 2D-FFT results of tracks exhibiting LIPSS with periods of 0.7
(power density of 16.77 kW/cm?) and 1.2 um (power density of 11.81 kW/cm?)
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The periodic structures with 0.7 pum spacing were formed in power density ranges of 14 kW/cm?* and
higher. At lower power densities in the range of 10 kW/cm? to 12 kW/cm?, the structure period increased
to 1.2 um (Fig. 3)
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Fig. 3. Power density dependence of LIPSS periodicity

The formation of laser-induced periodic structures (LIPSS) on PbSe films under nanosecond exposure
is associated with thermal and hydrodynamic processes depending on the laser power density. In the ‘non-
through oxidation’ regime (7.5-12.5 kW/cm?), the structures were formed predominantly at the edges
of the laser exposure track, repeating its contour, with a period of 1.2 + 0.2 um. This is explained by local
softening of the material, formation of a melt bath, and subsequent formation of a ‘border’ due to thermo-
capillary flows (Marangoni effect). Diffraction of laser radiation on edge rolls led to the formation of pe-
riodic structures parallel to the roll.

With increasing power density (‘through oxidation’ mode), the structures appeared across the entire
track width, aligning with the laser radiation polarization and demonstrating a smaller period — 0.7 pm.
This value agrees with the dependence A = A/n_, _(Bonse 2020), where n_, = 1.5 for a glass substrate
A =1064 nm, A = 710 nm.

‘Non-through oxidation’ is characterized by the use of shorter nanosecond pulses and lower power
density, at which LSFLs of a larger period are predominantly formed (Olkhova et al. 2023). Increasing
the pulse duration as well as increasing the power density leads to a decrease in the LSFL period as a re-
sult of reaching ‘through oxidation’ (Olkhova et al. 2023).

Figure 4 shows photographs of the modified region. The structures have a period of 0.7 pm throughout
the scanning track, which was confirmed by the 2D-FFT spectrum (Fig. 4a). When viewed in transmitted
light, LSFLs formed on the initially opaque PbSe film can be seen, which confirms the assumption that
‘through oxidation’ was achieved during processing (Fig 4b). SEM results (Fig 4c) confirm inhomogeneous
character of surface oxidation (Fig 4d).

substr substr

Fig. 4. (a) FFT spectrum of the LSFLs with A = 0.7 um and their microphotographs obtained
(b) by transmitted light optical microscopy and (c, d) by SEM (pulse duration 20 ns, frequency 90 kHz,
power density 16.77 kW/cm?)
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Optical properties

Following laser recording, the optical properties of the periodic structures were examined. Transmis-
sion and specular reflection spectra of linearly polarized light were measured at varying rotation angles
of the structures.

The most significant angles were 0° and 90°, corresponding to orientations where the periodic struc-
ture lines were aligned parallel and perpendicular to the light polarization direction, respectively.

Reflectance spectra of the film before and after laser irradiation show that the reflectance of the modi-
fied region decreases due to laser exposure (Fig. 5). The spectra of modified LSFL regions with a period
of 0.7 um exhibit a rise in the 780—810 nm range and a dip in the short-wavelength region. When the pe-
riod increases to 1.2 pm, the rise in the IR region vanishes, while reflection in the short-wavelength region
increases. In all cases, reflection is higher when the polarization vector is aligned with the LSFL lines;
rotating the polarization vector by 90° leads to a slight decrease in reflection across the entire measured
spectrum. This spectral dependence arises from two factors: (1) the presence of submicron surface relief
in the form of periodic structures and (2) a reduction in the refractive index of the near-surface PbSe film
layer due to oxidation (Olkhova et al. 2023). The observed artificial anisotropy is a notable phenomenon,
more commonly associated with femtosecond laser surface modification (Kolchin et al. 2022). Its occur-
rence after nanosecond pulsed treatment may suggest the induction of phase transitions.

0,400 0,400 0,400
0375 0,375 F 0,375
50380 50380 5 0:380
© © ©
& 0325 & 0325 & 0325
e e e
§ o000 § o800 o0t
80,275 8215} 80275}
- - -
[ [ [
@ 0,250 | X 0,250 | @ 0,250 |
0225 m M m 0,225 0225
0,200 . . . . 0,200 . . . . 0,200 . . . .
400 500 600 700 800 900 b 400 500 600 700 800 900 400 500 600 700 800 900
A, nm A, nm c A, nm

Fig. 5. Reflectance spectra of PbSe films obtained for samples treated with different pulse durations:
(a) 20 ns (16.77 kW /cm?), (b) 50 ns (13.52 kW /cm?), (c) 100 ns (11.81 kW /cm?),
for different rotation angles of periodic structures in polarized light

The reflection maximum near 750 nm, characteristic of the unmodified PbSe film, redshifts and
broadens into the 780-810 nm range after laser exposure. Varying degrees of film oxidation may alter
the refractive indices and introduce optical quenching, consequently reducing the film’s reflectance.
The observed redshift of the maximum into the infrared region results from diftraction effects of waves
reflected from the periodic structure (Chourasia et al. 2024).

Following laser modification, the film’s transmittance in the visible spectrum increased to 23—-25% (Fig. 6),
attributed to film oxidation and thickness reduction (Olkhova et al. 2023). Notably, the pristine PbSe film
exhibits no transparency in the visible spectral range. Rotation of the polarization vector relative to the LSFL
lines showed negligible impact on transmitted light intensity, with only minor variations observed
in the 780-810 nm region. These effects are likewise associated with film oxidation (Chourasia et al. 2024).
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Fig. 6. Transmission spectra of PbSe films obtained for samples treated with different pulse durations:
(a) 20 ns, (b) 50 ns, (c) 100 ns for different rotation angles of periodic structures in polarized light
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Conclusions

The study has identified the formation modes of LIPSS on thin PbSe films under nanosecond laser
irradiation. We observed a dependence of the structure periodicity on irradiation parameters. Large-
period structures exhibit surface modification resulting from localized material softening and the Ma-
rangoni effect, consistent with a ‘non-through oxidation’ mode.

Notably, we detected a redshift of the local reflection maximum from 750 nm to 780-810 nm in samp-
les with 0.7 um period structures. Spectral analysis revealed that variations in transmission and reflection
spectra for different polarization orientations relative to the lattice lines remain within 2%. Furthermore,
treated PbSe films showed increased reflectance up to 25% in the modified regions, attributable to both
film thinning and oxide layer formation.
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Abstract. Binary chalcogenides have found a wide range of applications due to the possibility of fast and
reversible phase transitions, tunable band gap, and high charge carrier mobility. This paper presents the results
of thermal and laser crystallization of InSe thin films deposited by vacuum thermal evaporation of synthesized
material and covered with a protective SiO, layer. The amorphous state of as-deposited InSe thin films was
confirmed by Raman spectroscopy. Thermal and laser crystallization processes were studied using electrical
resistivity measurements and optical microscopy respectively. The temperature and laser power ranges
required for the crystallization of the InSe thin film were determined. The Raman spectroscopy showed that
the degree of crystallinity of modified regions of InSe thin films can be tuned by varying the power of laser
irradiation.

Keywords: chalcogenide materials, binary compounds, InSe, optical properties, structural properties, laser
crystallization
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Thermal and laser crystallization of InSe thin films formed by vacuum thermal evaporation

Introduction

In recent decades, thin chalcogenide films have attracted considerable attention due to their unique
electrical and optical properties, which make it possible to implement various devices for storing and
processing data, and for the modulation and conversion of optical radiation. Of special interest is the con-
trol of the properties of materials through changing the phase state or van der Waals gap reconfigura-
tion — for example, through the application of uniaxial compression (Stepanov 2024). Numerous ap-
plications of chalcogenide materials and greater attention to two-dimensional chalcogenide structures
have fostered the study of A"™B"! system. It includes InSe, which is an n-type layered semiconductor with
aband gap of 1.2-1.3 eV (Darwish et al. 2013; Kovalyuk et al. 2005). InSe structures with a small number
of layers allow an adjustment of the optical band gap in the range of 1.4—2.6 eV and are characterized
by an extremely high mobility of charge carriers (Bandurin et al. 2017).

Currently, the possibility of creating InSe-based photosensitive elements is widely discussed (Song
etal. 2020). The formation of photodetectors with different architectures, including photodetectors with
simultaneous use of 1D and 2D objects (Dai et al. 2018), has been described in previous studies (Feng
et al. 2015; Wang et al. 2020). Besides, the use of InSe in flexible electronics (Zhao et al. 2019), optical
fibers and for the implementation of photoinduced structural transformations (Xin et al. 2024) opens
up significant prospects.

Featuring prominently among the main methods for obtaining InSe film samples are the electrode-
position technique (Gopal et al. 2004), molecular beam epitaxy (Emery et al. 1989; Voigt et al. 2024b),
chemical vapor deposition (Chang et al. 2018; Park et al. 2003), and thermal evaporation (El-Nahass et al.
2012; Kobbi, Kesri 2004). Depending on the method, growth conditions, and parameters, InSe films can
be also obtained as either amorphous or crystalline. In (Mustafa et al. 2010) In Se, _ thin films were pre-
pared using the thermal evaporation technique, while the XRD analysis confirmed the amorphous
structure of the deposited films. This film formation method enables the study of the crystallization
process, which, in phase-change materials, is a lower-temperature and longer process compared to amor-
phization.

Unlike other chalcogenide materials, such as materials of the Ge—Sb—Te system (Prikryl et al. 2022;
Rybin et al. 2021; Smayev et al. 2024), SbZSe3 (Lebedeva et al. 2023), or Mos, (Rani et al. 2017; Tran-Khac
et al. 2019), phase transformation study by laser modification in InSe film samples has not produced
many results so far. Laser irradiation with millisecond pulses of amorphous In,Se, films prepared
by thermal evaporation crystallizes thin film samples into a monoclinic phase (Khusayfan et al. 2024).
At the same time, change in optical and electrical properties is attractive for optoelectronic devices and
terahertz technology. The development of technology for creating a single-crystal InSe optical fiber was
described in (Xin et al. 2024), where a polycrystalline fiber core was formed by stretching the molten
InSe powder and re-crystallization of InSe induced by a CO, laser was used to obtain the desired fiber
characteristics.

This work studies the formation of InSe amorphous thin-film samples by vacuum thermal evapora-
tion and their optical, electrical, Raman spectra characteristics, and thermal and laser crystallization
features.

Methods and materials

A quartz ampoule containing semiconductor grade (5N) starting components, taken in stoichiomet-
ric proportions, was vacuum-sealed to a residual pressure of P = 10 Pa. Synthesis was performed
by melting elements directly in a vacuumized quartz ampoule in a resistive heating furnace equipped
with a rotation system for melt homogenization. The mixture was heated from room temperature to 660 °C
at a heating rate of 1.5 °C/min. The melt was maintained for two hours at a temperature of 250 °C, which
is above the melting point of selenium.

X-ray diffraction (XRD) patterns of the synthesized samples were studied using a D8 ADVANCE
(Bruker) diffractometer to investigate the structure of the bulk InSe compound. Elemental analysis of the
sample was performed using X-ray fluorescence (XRF) spectroscopy (M1 Mistral spectrometer).

Thermal analysis of the synthesized material was conducted using a TA Instruments Q600 SDT device,
which enables simultaneous measurements of differential scanning calorimetry (DSC) and thermogra-
vimetry (TGA). The analyses were performed in an argon atmosphere with heating and cooling rates
of 10 °C/min and the maximum heating temperature of 700 °C.
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The diffuse reflectance of the bulk InSe compound was determined using Cary 5000 (Agilent) spectro-
photometer equipped with an integrating sphere of 150 mm in diameter with a wavelength step of 1 nm.

The formation of amorphous films of the studied chalcogenide semiconductor was ensured by the va-
cuum thermal evaporation method using the UVN-2M setup. The film deposition process employed
a molybdenum boat as a resistive evaporator. The pressure in the chamber was 4 x 10~ Pa, with the dis-
tance of 15.5 cm between the substrate and the evaporator and the sample weight of ~ 5 mg. The samples
were coated with a 20 nm thick SiO, layer using the electron beam method to minimize material degra-
dation and oxidation during subsequent heat treatment. Corning glass 1737F was used as sample sub-
strates for laser irradiation and recording of Raman spectra, silicon substrates for determining thickness,
phase and elemental composition, and oxidized silicon substrates for studying the temperature depen-
dence of specific resistivity.

The elemental composition of the thin films was analyzed using a Tescan Amber scanning electron
microscope equipped with an energy-dispersive X-ray (EDX) spectrometer. The thickness of the InSe
thin films was determined using atomic force microscopy (AFM, scanning probe microscope Solver
PRO", NT-MDT) in the semi-contact mode. The thickness of the SiO, layer was estimated using an Ellips-
1881A ellipsometer. The temperature dependence of the resistivity of the thin films was measured
in the range from room temperature to 300 °C. Measurements were carried out in an argon atmosphere
with heating/cooling rates of 5 °C/min.

The structure of the synthesized bulk material and thin films before and after thermal or laser treat-
ment was identified using Raman spectroscopy. The Raman spectra were measured at room temperature
using a Centaur U HR spectrometer (A = 532 nm, edge filter from 50 cm™, monochromator with a dis-
persion of 1.3 nm/mm and spectral resolution of at least 1 cm™). The spectrum accumulation time was
1 min, and the laser radiation power, 0.4 mW.

The irradiation of amorphous InSe films was carried out using a continuous wave Nd**:YAG laser
with a wavelength of 532 nm. The laser radiation (TEM,, mode) was focused using a lens with a focal
length of 100 mm, resulting in a spot with a diameter of about 50 um on the film surface. The exposure
time was 100 ms. The laser exposure was studied at light beam powers in the range from 10 to 330 mW.
Since the crystalline phase of InSe is characterized by a higher reflection coefficient in the visible range
than the amorphous one (El-Nahass et al. 2012), the results of the laser radiation on thin films were
analyzed using an optical microscope (Altami MET 3T).

Results and discussions

InSe bulk samples

The X-ray fluorescence analysis of the elemental composition of the bulk InSe sample revealed a spectrum
containing only the analytical peaks corresponding to selenium (Se) and indium (In). No impurities were
detected above the detection limit of the device. An assessment of the elemental composition led to con-
centration values of C o = 99:2 £ 0.8% and C, s = 40.8 + 1.1%, which are close to the expected ones.

The phase analysis of the InSe compound was performed using XRD and was followed by the Rietveld
method applied in the TOPAS 4.2 software package. We established that the material crystallizes into
a hexagonal structure. The refined unit cell parameters are a = 4.005 A, b =4.005 A, and ¢ = 16.400 A.
These parameters are consistent with literature data (Alieva et al. 2020).

The DSC and TGA measurements are presented in Fig. 1. The DSC curves exhibit two distinct en-
dothermic peaks, one at 602 °C and the other at 620 °C. The melting temperature of the material, estab-
lished as 602 °C, agrees with literature data (Bergeron et al. 2020). According to (Tedenac et al. 1997;
Vassilev et al. 1998), the higher-temperature endothermic peak at 620 °C corresponds to the liquidus
temperature of the InSe compound. After this peak, a sharp decrease in mass is observed in the TGA
data, which is attributed to the evaporation of the material.

Fig. 2 shows the Raman spectrum obtained for the bulk material. Due to the crystalline nature
of the material, the spectrum was decomposed into a set of peaks using the Lorentz function (Strubbe et al.
2015; Yuan, Mayanovic 2017). The positions of the peak maxima for the polycrystalline material are
recorded near 111, 173, and 224 cm, which corresponds to the vibrations of the Allg, Elzg, and A2lg modes
of InSe structural units (Wu et al. 2019; Xie et al. 2021). The signal in the region of 120145 cm™ can
be attributed to a small number of chains of Se atoms between InSe clusters, which can be more sig-
nificant in the amorphous state, while the signal around 245 cm™ may be associated with two-phonon
scattering (Weszka et al. 2000).
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Fig. 2. Raman spectrum of bulk InSe

The results of the diffuse reflectance spectra measurements for the milled synthesized InSe are pre-
sented in Fig. 3. These data were processed using the Kubelka—Munk equation, which enabled the de-
termination of the optical absorption edge (Kortiim et al. 1963)

1-R V
F(Rd)z%, )

where R, is diffuse reflection and F(R ) is a parameter proportional to the absorption coefficient.
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Fig. 3. Spectral dependence of the diffuse reflection of bulk InSe and estimation of the optical band gap (inset)

The optical band gap of the synthesized InSe material was determined from the intersection point
of the tangent with the abscissa axis in the F(R ) energy dependence (Tarasov et al. 2023) as illustrated

in Fig. 3 (inset). The obtained value of the optical band gap is 1.2 eV, which is in agreement with literature
data (Olguin et al. 2003).

InSe thin-film samples

EDX microanalysis of the InSe thin films revealed spectrograms presented in Fig. 4, which clearly
exhibit pronounced reflections corresponding to indium and selenium. Additionally, the spectra show
peaks associated with a low carbon content. The study of areas of 200x200 mkm? shown in the upper
images in Fig. 4, confirm the uniformity of In and Se distribution over the surface of the studied sample.
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Fig. 4. EDX results of InSe thin film deposited by vacuum thermal evaporation.
The upper images show the distribution of In and Se elements over the film surface,
while the lower graph shows the elemental composition of the studied area
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According to the atomic force microscopy measurements, the thickness of the deposited films was
16 nm with a surface roughness not above 1 nm. Ellipsometry made it possible to obtain the thickness
of the protective SiO, layer, which was approximately 20 nm.

The temperature dependence of the resistivity of the InSe thin film is presented in Fig. 5. The sample
was heated from room temperature to 300 °C. A notable feature in this dependence is a sharp decrease
of resistivity from 5x10° to 1x10" Ohmxcm, observed in the temperature range from 210 to 235 °C. This
significant drop is attributed to the crystallization of the thin film.

Resistivity, Q-cm

150 200 250 300
Temperature, °C

Fig. 5. Temperature dependence of the resistivity of the InSe thin film

To identify the expected structural changes, Raman spectra were measured for the as-deposited
InSe film and the film annealed in an argon atmosphere for 20 minutes at 250 °C. The results are shown
in Fig. 6.
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Fig. 6. Raman spectra for the as-deposited amorphous film and the film annealed at 250 °C
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The Raman spectroscopy showed that the shape of the spectra of the InSe films thermally treated
at 250 °C and coated with a protective SiO, layer differs significantly from the spectra obtained from
the initial amorphous films. As a result of the thermal treatment, peaks near 114, 210, and 224 cm™ ap-
pear in the spectrum; the last two peaks are quite narrow. Comparison of the positions of these peaks
with the peaks in the spectrum obtained from the polycrystalline bulk material (Fig. 2) showed that these
peaks correspond to the A' ” and A’ (114 and 224 cm™) vibrational modes of InSe structural units,
characterlstlc of the crystalline state (Wu etal. 2019; Xie et al. 2021). Additionally, a narrow peak at about
210 cm™, which appears relative to the spectrum of the polycrystalline bulk material, can be attributed
toE' (LO) vibrations, which appear along with the A*, and AZ1 peaks for polycrystalline InSe in the form
of hexagonal sheets (Choi et al. 2003). A similar peak was observed for hexagonal InSe film synthesized
on a graphite (HOPG) substrate (Voigt et al. 2024a).

Fig. 7. Optical microscope images of a laser-irradiated InSe thin film in reflected (a) and transmitted (b)
backlight modes (the regions where Raman spectra were measured are marked with the * symbol)
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The optical microscopy images of the InSe films illuminated by a cw-laser were obtained in reflected
(Fig. 7a) and transmitted (Fig. 7b) backlight regimes. It is evident from the figures that all illuminated
areas can be divided into three groups. The first group consists of areas resulting from irradiation with
laser powers ranging from 18 to 96 mW. The reflectivity of the film remains unchanged or undergoes only
minor changes. An analysis of the Raman spectra reveals that in this case laser exposure does not induce
any phase transformation of InSe. Corresponding Raman spectra are identical to those obtained from
the original as-deposited (non-irradiated) film, as illustrated by the black and green curves in Fig. 8.

The second group comprises areas formed as a result of laser exposure with powers from 96 to 207 mW.
The reflectivity of these areas is significantly higher than that of the as-deposited amorphous film.
The Raman spectra exhibit peaks with maxima near 112, 210, and 225 cm™, which are characteristic
of a crystalline phase of InSe. As the radiation energy goes up from 164 to 207 mW, the intensity of these
peaks also increases, indicating a rise in the degree of crystallinity of the modified InSe areas. This sug-
gests that higher laser powers enhance the crystallization process.
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Fig. 8. Raman spectra of the InSe thin film coated with SiO, in areas after laser exposure with a different power

The third group comprises areas resulting from irradiation with a laser power exceeding 207 mW.
As follows from Fig. 7, the central part of the irradiated area, where the laser radiation energy is maximal
due to Gaussian intensity distribution, shows material ablation or degradation. That is clearly confirmed
by the fact that the irradiated areas of the film (at powers above 216 mW) become bright in the optical
microscope transmission mode (Fig. 7b), i. e. the transparency of the samples increases with the destruc-
tion of InSe, tending to the transmission of the glass substrate. The higher the radiation energy,
the larger the ablation or degradation area. At the periphery of the irradiation area, corresponding
to the tails of the Gaussian radiation intensity distribution, regions with increased reflectivity are observed.
These regions are similar to those in group 2 but display a lower intensity in both the specific peaks and
the overall Raman spectrum compared to areas modified by laser powers between 117 and 207 mW. This
reduction in intensity is attributed to the partial evaporation of the material due to the small thickness
of the InSe film and the SiO, protective film. This is also confirmed by the fact that the ablation threshold
of Si0, is obviously not exceeded by the laser action used in present work (Mangersnes et al. 2010; Rublack
etal. 2011).

Conclusions

Studies of InSe bulk samples showed that the synthesized material is close to the declared stoichio-
metric composition, with the melting point of 602 °C and the optical band gap of 1.2 eV. The use of va-
cuum thermal evaporation enabled the production of thin amorphous films, opening up opportunities
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for studying phase transformations in InSe upon heating or as a result of laser irradiation. Thin-film InSe
samples were passivated with a SiO, film for protection against oxidation and mechanical damage.

The temperature dependence of film resistivity showed that phase transition from the amorphous
to the crystalline state is in the range from 210 to 235 °C. Raman studies performed for the film annealed
at 250 °C confirmed its crystallization by the presence of characteristic peaks. Laser irradiation of thin
films was carried out in the power range from 10 to 330 mW. At low optical powers (up to 96 mW), film
crystallization is practically not observed, either with an optical microscope or by Raman spectroscopy.
At powers from 96 to 207 mW, film crystallization occurs partially, and with an increasing power, the in-
tensity of the Raman scattering peaks corresponding to the crystalline phase rises. Above 207 mW, film
ablation begins, and InSe destruction is observed within the irradiated areas. Thus, threshold values
of temperatures and laser powers necessary for the crystallization of amorphous InSe thin films formed
by vacuum thermal evaporation were determined.
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Abstract. In this paper, we analyze and discuss DFT calculations for zinc blende and wurtzite CdSe quantum
dots (QDs). We found QDs with a size of 1.6 A to be stable and relaxed using the PBE exchange-correlation
functional. The behavior of frontier orbitals (HOMO, LUMO) was examined for an unrelaxed structure
to include symmetry and degeneracy. The results of the Purcell factor of the zinc blende and wurtzite QDs
with a size of 1.6 A were found to be stable under axial compression. The designed quantum dots demonstrate
mechanical and optical stability, their properties retained under uniaxial compression.

Keywords: DFT, FDTD, quantum dots, cadmium selenide, wurtzite, zinc blende, electronic properties,
Purcell factor

Introduction

CdSe quantum dots are semiconductor nanocrystals that exhibit unique optical and electronic proper-
ties due to their small size and quantum confinement effects (Alnemrat et al. 2014; Huang et al. 2024;
Kolobkova et al. 2024; Zhang et al. 20244a; 2024b). These quantum dots possess a wide range of proper-
ties, including size-dependent optical ones such as a size-dependent band gap (Alsalme et al. 2025;
Askirka et al. 2025; Memon et al. 2025). As their size goes down, the band gap increases, which induces
a shift in the absorption and emission spectra (Alnemrat et al. 2014). This results in the emission of light
at different wavelengths (colors) based on the quantum dot size. The electronic and optical properties
of CdSe quantum dots are governed by the quantum confinement effect, where the motion of electrons
and holes is restricted in all three spatial dimensions, leading to discrete energy levels (Shabaev et al.
2012). This gives rise to unique optical phenomena like fluorescence and tunable emission, which can
be adjusted by altering the size of the dots.

CdSe quantum dots often have a high quantum yield and photoluminescence efficiency, which makes
them excellent for light-emitting applications such as displays and sensors (Magaryan et al. 2016; Silva
2014; Zhang et al. 2024a). CdSe quantum dots exhibit tunable absorption and emission spectra, which can
be fine-tuned by adjusting their size during synthesis. This makes them versatile for various applications.

Tuning the optical properties of CdSe QDs through uniaxial compression is a fascinating approach
that leverages mechanical stress to induce changes in the electronic and optical behavior of these nano-
materials (Gong et al. 2016; Pisheh et al. 2017; Rodriguez-Magdaleno et al. 2022). Size-dependent band
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gap behavior means that applying strain can effectively tune the frontier states of the quantum dots,
leading to changes in their absorption and emission spectra. Strain can alter the electronic band structure,
i. e. degeneracy, polarization, and band gap value by affecting the overlap of electron and hole wavefunc-
tions in the QDs. This modification changes the exciton binding energy, which is the energy required
to separate the electron—hole pair.

Compressive strain can also induce changes in the valence band and conduction band alignment and
localization, modifying the optical absorption spectrum (Rodriguez-Magdaleno et al. 2022). The ap-
plication of uniaxial strain can shift the absorption edge (onset of absorption) to different energies based
on strain direction, magnitude, and quantum dot shape. This will result in a change in the wavelengths
at which QDs absorb light. The fluorescence emission spectrum may be red-shifted or blue-shifted de-
pending on the specific strain applied. Compressing QDs along a certain axis, for example, might reduce
the band gap, causing a red shift in the emission.

Computational section

The electronic structure calculations of low-dimensional crystalline lattices were performed using
Vienna Ab-initio Simulation Package (VASP) (Kresse, Furthmiiller 1996; Kresse, Hafner 1993; 1994;
Kresse, Joubert 1999) within Density Functional Theory (DFT) (Kohn, Sham 1965). A plane-wave ba-
sis set coupled with the projector augmented wave (PAW) method (Blochl 1994; Kresse et al. 1999),
GGA-PBE (Perdew et al. 1996) functional, and Grimme D3 correction (Grimme 2006) for van-der-Waals
interaction were used in the study. Optimization and single point calculations were made only at I point
due to an absence of periodicity. For all elements involved in the electronic structure calculations, PAW
potentials were used. Twelve and six outer electrons were treated as valence electrons for cadmium
and selenium respectively. A vacuum interval of 20 A was set along 3 axes to avoid artificial interactions
between adjacent unit cell images. In all calculations, the cut-off energy was equal to 500 eV. During
optimization, the maximum force acting on atoms less than 0.001 eV/A was used as a stopping crite-
rion for structural minimization.

The Purcell factor calculations were performed using the Finite Difference Time Domain (FDTD)
method. Three independent orthogonally-oriented dipole sources were placed at the center of the nanopar-
ticle. For each dipole, the Purcell factor was calculated as the ratio between the power radiated in the en-
vironment with a nanoparticle and the power radiated in free space. After three independent calculations
for orthogonal sources, the final Purcell factor was averaged.

Results

The optimization procedure involved refining the atomic positions to minimize residual forces. Bulk
CdSe crystals in both the wurtzite and zinc blende phases were obtained from the Crystallography Open
Database and optimized using periodic boundary conditions (PBC) within Density Functional Theory
(DFT). Subsequently, spherical regions with a radius of 8 A were extracted from the bulk (see Fig. 1).
These regions were then further optimized to adjust the atomic coordinates and correct for any dangling
bonds at the surface.

wurtzite zinc-blende

o Oﬂ(:)l(:ho
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Fig. 1. Structure of wurtzite and zinc-blende CdSe quantum dots. Cd and Se atoms are shown
in purple and green respectively
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The optimized structure of the wurtzite CdSe quantum dot is illustrated in Fig. 2. The outer shell,
which consisted of both Cd and Se atoms, was subjected to relaxation during the optimization procedure.
Thus, reduction of symmetry to the C1 point group is an expected result due to the formation of dangling
bonds with the following outer shell relaxation; nevertheless, the quantum dot retains its spherical shape,

thereby confirming its structural stability.

L.

Fig. 2. Structure of the optimized wurtzite CdSe quantum dots. Cd and Se atoms are shown
in purple and green respectively

The electronic properties of spherical wurtzite CdSe were investigated using both pure and hybrid
functionals, specifically PBE and HSE06 (Fig. 3). Both computational approaches indicated the semicon-
ducting nature of the material; however, the HSE06 calculations predicted a band gap approximately
twice as large (2.17 eV) as the value obtained from the PBE functional (1.15 eV). While pure functionals
are known to generally underestimate band gap values, the shapes of the density of states (DOS) peaks
were found to be accurately reproduced, making them suitable for tracking general patterns in the system.

PBE/HSE DOS comparison

— TDOS PBE
— TDOS HSE

Arb. Units

-4 -2 0 2 4
Energy, eV

Fig. 3. Density of the states of wurtzite CdSe quantum dots calculated by PBE (black lines)
and HSEO06 (red lines) functionals. Fermi level assigned to 0 eV
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Axial compression and extension were then examined. Two additional structures, each with a 10%
deformation, were created and optimized, as shown in Fig. 4. The extended CdSe quantum dot was
generated by extension along the xy-plane, while the compressed CdSe quantum dot was formed by com-
pression in the xy-plane. Despite these deformations, the symmetry of the quantum dots remained C1

and was preserved throughout the optimization process.

Optimized Extended Compressed

Fig. 4. Optimized, extended and compressed wurtzite CdSe quantum dots. Cd and Se atoms
are shown in purple and green respectively

The impact of axial deformations of DOS was examined further. DOS calculations (Fig. 5) demon-
strated the shift of the occupied states closer to the Fermi level and no change in the band gap value.
The QD extension would lead to a shift of vacant states lower to the Fermi level contrary to the compression
case. The distorted structure can be characterized by diffuse localization of states around -2 and 2 eV

in comparison with the pristine model.

—— DOS Pristine
—— DOS Compressed

DOS Extended

Arb. Units

-4 -2 0 2 4
Energy, eV

Fig. 5. Total density of states (TDOS) of pristine, compressed, and extended CdSe QDs.
TDOS of the pristine lattice is shown with black curves, with TDOS of compressed
and extended CdSe QDs marked with red and green curves respectively

To proceed further, we evaluate the Purcell effect spectra under the deformation parameter. In the Fi-
nite Difference Time Domain, we simulate an ellipsoid particle with a major axis radius R, =8 A and
a different minor axis R changing from 09R, . toR . . We placed at the center three orthogonal
dipole sources and the average final factor and calculated the average final factor.

Fig. 6 shows the average Purcell effect for zinc-blende (left) and wurtzite (right) phases of the CdSe.
For the wurtzite phase, we observe a monotonically increased Purcell factor with an increased wavelength.
A similar pattern can be also observed in the zinc-blende phase. Besides, the cubic phase shows a narrow
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peak at a wavelength of 580 nm. The impact of axial deformation was examined. The Purcell factor for
both phases showed stability of the properties under a 10% deformation.

zinc-blende wurtzite
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Fig. 6. Purcell factor of CdSe QDs with compression dependence

Conclusions

This paper analyzed and discussed the impact of extension and compression of the CdSe quantum
dot of zinc blende and wurtzite phases. We found that for small-sized CdSe QDs, the strain and com-
pression effect do not lead to conductivity properties and a band gap decrease. Theoretical modelling
predicts the stability of the 1.6 Angstrom QD and its semiconductor properties with a band gap of about
2eV. Designed quantum dots demonstrate mechanical and optical stability, their properties retained
under uniaxial compression.
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Abstract. This paper shows that magnetic monopoles and charges exist, inter alia, in solids and cosmic rays,
which include electric charges. The magnetic charge, like the electric and the gravitational one, is located
in the numerator of the formula for the force of magnetic interaction. Thus, the magnetic charge is equal
to IdL. It is this value that creates the force (magnetic) field, interacts with other similar values and, therefore,
in accordance with the definition given above, is the magnetic charge. Universal representation is gv.
Its universality lies in the fact that it is suitable for individual particles, including cosmic rays, which include
electric charges.

Keywords: magnetic monopole, magnetic charge, electric charge, gravitational charge, electron

Introduction

Attempts to obtain a magnetic monopole by cutting a magnet into two parts have failed so far. Mag-
netic monopoles have not been found in space, ores, meteorites, lunar soil, experiments at the Large
Hadron Collider, or anywhere at all.

Abstract models of the magnetic monopole of Dirac, Hooft — Polyakov, Urutskoev, and others have
remained such and have not been found in nature.

At the same time, magnetic monopoles and charges exist, among other things, in solid bodies and
cosmic rays, which include electric charges.

The purpose of this work is to detect them.

To do this, we just need to take a look at other charges.

Preliminary remarks on relationship between the magnetic charge
and the electric charge

Theorem. The magnetic charge is proportional to the electric charge and the speed of its movement.
Proof.

1). The electric charge g is INSEPARABLY connected with the electric field.

2). The electric field strength E is proportional to the magnitude of the electric charge g, i. e. E = k g.

3). The magnetic charge p is INSEPARABLY connected with the magnetic field.

4). The magnetic field strength H is proportional to the magnitude of the magnetic charge y,
i.e. H=k,u.
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When an electric charge moves at a speed v, a magnetic field arises, the strength of which
is equal to

H = 8Ol:VJ]?‘] ’

where e is the electric constant.
In accordance with 2) and 4),

H e E K
H M=E |V, E 9 |-

The theorem is proved.

Corollary 1. The velocity v depends on the choice of the reference frame. Therefore, both the mag-
netic field and the magnetic charge also depend on the choice of the reference frame (they are not
invariant).

Corollary 2. At v = 0, the magnetic field cannot exist. Therefore, in accordance with 3), the magnetic
charge cannot exist either.

Remark 1. The idea that the magnetic charge is a fundamental characteristic of a particle and does
not depend on the choice of the reference frame in accordance with 3) is equivalent to the idea that
the magnetic field does not depend on the choice of the reference frame (unreliable idea).

Remark 2. The common view of a permanent magnet (magnetic dipole) as a static object ignores
the motion of electrons in it. If these motions, including spin ones, are hypothetically stopped, the mag-
netic dipole will cease to exist.

Remark 3. A magnetic monopole is not the only physical object that cannot exist at zero velocity.
Another one is the photon, the existence of which is unquestioned.

Remark 4: Opponents may point out that the dependence of the magnetic charge on velocity may
indicate that it is not a conserved quantity. However, this argument does not discredit the idea
of the magnetic charge, since the electric charge is not always conserved either — for example,
in the annihilation of an electron and a positron.

A note on Dirac’s magnetic charge

It is equal to the following:

g= nhic
2e
The fine structure constant is
2
o= e_ & .
4nh\ €,
2
he Mo
4no\ g,

2
_nhc _nc e |u, nce

=—=— = Z
2e  2e4no\eg, 8no

g

0 -

Z, is the impedance of free space.
The dimension of the Dirac magnetic charge includes the electric charge and velocity, which does not
contradict the theorem proved above.
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Finding a magnetic charge

A charge is a physical object that creates a force field and interacts with other charges of the same
physical nature (Demidov 2022; Gorokhovatsky et al. 2022; Kononov et al. 2020).

The electric charge (¢, g ) (Aslyamova, Gavrilov 2020; Pronin, Khinich 2020) is located in the nu-
merator of the formula for the force of interaction of electric charges

where e is relative permittivity and r is the radius vector.
12

The gravitational charge (m , m ) (Vertogradov 2023) is located in the numerator of the formula for
the force of gravitational interaction

where G is the gravitational constant.
The magnetic charge, like the electric and the gravitational one, is located in the numerator
of the formula for the force of magnetic interaction (Popov 2024)

JF = Mot (2, Lol
12 = 4 3
LI

ST (1)

where p is the magnetic constant, p is relative magnetic permeability, /, I are the electric currents
in the Coonductors, and dl , dl are the elements of the interacting conductors with the currents.

A similar formula was'obtained by Ampere (Ampere 1954).

Thus, the magnetic charge is equal to

dpn=Id. 2)

It is this quantity that creates a force (magnetic) field, interacts with other similar quantities, and,
therefore, is a magnetic charge according to the definition given above.
Universal representation is

dq dl
dn=1d1=4 =N 4o —viq .
" ar gt v

n=gqv, (3)

where v is the velocity of the electric charge.

Its versatility lies in the fact that it is suitable for individual particles (Pavlov 2024; Pavlov 2025), in-
cluding cosmic rays, which include electric charges.

For an electron:

p,=-—ev, (4)

where e is the charge of the electron.
As a consequence, the Lorentz force is equal to

FL :[H»B],

where B is magnetic induction.
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Qualitative representation of the magnetic interaction force

A rigorous derivation of formula (1) is beyond the scope of this discussion, but its fundamental struc-
ture can be verified by the following reasoning.

There are two parallel elements of conductors with currents (magnetic monopoles with charges I dl
and / dl ) (Fig. 1). b

®I1 ‘dl1—> b ‘dh@

<—
dBi

dF2 dF1»

ri2

Fig. 1. Interaction of magnetic monopoles

The magnetic charge I dl creates a magnetic field with induction at the location of the magnetic
charge I dl b
2 2

dB :%11 [dll’rn] .

1
12
The force acting on the second charge from the magnetic field is equal to
d¥, =1, [dlzadBl] =

woul 1 o (L, L)
Zn—rlgzz[dlza[dlnrlz]:l__ﬁ%rm . (5)

On Newton’s third law and Ampere’s law

Theoretical magnetostatics does not satisfty Newton’s third law (Fig. 2).

dB;=0
dF,1 =0 Jo) ®
I «— 4B
dll ——

dl
dF1»

v

ri

Fig. 2. Violation of Newton’s third law
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Indeed,
I
dF,, =1, [d[z’dB]]=%[dlz,[dl],l‘]2]:|¢0 ’
T,
1
dF,, :Il[dldez]:%[dll’[dlprn]]:o ’
T,
Here

[dlzorlz] =0,

since the vectors are collinear.

The contradiction with Newton’s third law has the following justification: current elements are not
independent objects, while Newton’s third law is observed for closed electric circuits.

However, such justification is not convincing, since not all electric currents are closed. Among
the examples of such currents are cosmic rays, which include electric charges.

Based on expression (1), magnetostatics is completely consistent with Newton’s third law, which
it unconditionally satisfies. (Popov 2024).

Remark 1. Ampere constructed magnetostatics on the basis of an expression similar to (1) (his for-
mula differed only in the dimensionless coefficient) and declared the necessity of fulfilling Newton’s third
law (Ampere 1954).

Remark 2. Expression (5) is not Ampere’s law. He does not have a single expression resembling this
formula (Ampere 1954).

Conclusion

The discovered magnetic monopoles (2)—(4) have nothing in common with the monopoles of Dirac,
Hooft—Polyakov, Urutskoev, etc. At the same time, the monopoles of Dirac, Hooft—Polyakov, Urutskoev,
etc. do not exist in nature. However, monopoles (2)—(4) exist wherever there are moving electric charges,
i. e., practically everywhere. They particularly determine the magnetic properties of solids and are pre-
sent in cosmic rays, which include electric charges.

The theoretical value of this work lies in that the discovery of magnetic monopoles and magnetic
charges improves the formal symmetry of electrodynamics, the violation of which has often concerned
many specialists.

The practical contribution of the study is that the overwhelming majority of processes in electrical
systems are determined by magnetic charges.
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Summaries in Russian / VIHpopmayus o crmambax Ha pyCCKOM S3biKe

Ousuka KOHACHCHUPOBAHHOTO COCTOAHUA

BAVAHUE KAABLIVISI HA KOO OVIMNEHT HEPHCTA — DTTUHICTAY3EHA B CICTEME
Y, CaBaCu, Zn, 0 C ABOMIHBIMU 3AMEIJEHVIAMU

Wkan CyHbIaH, Butaaui DayapaoBud [acymsHL

AnnoTanus. [TpeacTaBAeHbI SKCIIEPYMEHTAAbBHbIE PE3YABTATHI I10 TEMIIEPATYPHBIM 3aBUCUMOCTSIM
Koadduimenta HepHcTa B HODMAaAbHOM COCTOSIHUM B CUCTEME Yl_xCaxBazCuZ.sznOIZOy, KOTOPBIE KOAU-
YeCTBEHHO ITPOAHAAM3MPOBAHBI B pAMKaX MOAEAU Y3KOM 30HbI COBMECTHO C TEMIIEPATYPHBIMU 3aBUCU-
MocTtsmu Koadduimenta tepmoIAC. Ha ocHOBe MpoBeAEHHOT0 aHAAM3a TIOAYYEHBI AQHHBIE O TIOABVIXK-
HOCTM HOCUTEAEN 3apsiAd BO BCEX MCCAEAOBAHHBIX 00pasliax, a 3aTeM [IPOAHAAM3MPOBAHO 3MeHEHYe
ee 3HaYEHVs C YBeANUEHVEM COAepyKaHus KaabLys. [TokazaHo, YTO BCce 9KCIIepYMEHTAAbHBIE U pacyeT-
Hble PEe3YAbTATbl MOXKHO OOBSICHUTD, €CAM YYECTD, YTO KaK KAAbLIMIL, TaK M LIMHK HETIOCPEACTBEHHO
BOBAEVCTBYIOT Ha CTPYKTYPY 30HBI, OTBETCTBEHHOI 32 IPOBOAMMOCTS B cucteMe YBa, Cu,O,. BeeaeHHbI1
B pelIeTKY KaAbLMII KOMIIEHCUPYET AOKAaAbHble HAapYLIeHVs 3AeKTPOHHON CTPYKTYpPbI, BO3HMKILE
B pe3yAbTaTe AeTMpPOBaHMsI LIMHKOM, B pe3yAbTaTe 4ero napaMeTpbl HOPMAAbHOTO COCTOSIHVUSA IIPU
x = 0.125 cTaHOBATCS OAM3KMMU K 3HAUYEHUSIM, XapaKTePHBIM AASI HEAETPOBAHHOTO YBa2Cu30y.

KaroueBbie caoBa: uttpuesbie BTCII, aernpoBanue, koadduuyeHt HepHcra — DTTUHICrayseHa,
MOAEAD Y3KOI1 30HBI, SHEPIeTUYECKUI CIIEKTP, TOABVDKHOCTb HOCUTEAEN 3apsIAd

Aast nurupoBanus: Xunpeng, Zh., Gasumyants, V. E. (2025) Calcium effect on the Nernst coefficient
in double-substituted Y, Ca Ba,Cu, Zn,,O, . Physics of Complex Systems, 6 (2), 59—68. https://www.doi.
0rg/10.33910/2687-153X-2025-6-2-59-68 EDN VPUHLM

ANIDAEKTPMMYECKAA CIIEKTPOCKOIINA 10-IIPOLHEHTHOIO PACTBOPA
VIMMYHOTAOBYANHA G HEAOBEKA ITPV OVI3VIOAOITMMYECKNX TEMITEPATYPAX. YACTb 1

JKanna AuppeeBna CaapHuKoOBa, ArekcaHAp [TaBaoBuy CmupHOB, PeHe Aaexanppo Kactpo Apara

AnHOTanus1. ViccAepOBaHBI AVDAEKTPUYECKNE Y PEAAKCALIMOHHBIE CBOVICTBA 10-TIPOLIEHTHOIO BOA-
HOTO pacTBOPa MMMYHOTAOOYAMHA YeAOBeKa B 4aCTOTHOM AmanasoHe 0.1 Iy — 15 MI'y npu remnepary-
pax 35-39,7 °C. Ha 4acTOTHBIX 3aBUCUMOCTSIX PaKTOPa AUDAEKTPUUECKNX ITIOTEPD €' 0OHAPY>KEHO TPU
MaKCHMyMa B 00AACTSIX AMCIIEPCUM €', KOTOPbIe ObIAM aNMPOKCUMUPOBaHbI ypaBHeHeM [aBpuAbsiKa —
Heramu. AAs KaXAOTO Mpollecca pacCUMTaHbl PEAAKCALMOHHbIE TIApAMETPBI O, B, T, MPU Pa3AUIHBIX
TeMIlepaTypax 1 IOCTpoeHb! PYHKLUMM paclipeAeAeHust BpeMeH peaakcatopoB G(T). B pabore caeaanbr
IPEATIOAOXKEHMSI O BO3MOXKHBIX KMHETUYECKMX eAVHNIIIAX AQHHBIX ITPOLIECCOB ¥ BO3MOXKHBIX (Pa3oBbIX
IepexoAax B HUX.

KaroueBbie cAOBa: AM3AEKTpUYECKAsl IIPOHULIAEMOCTb IMMYHOTAOOYAMHA G, AMDAEKTpUYECKIIE
norepu IgG, peaakcaumoHHble mapameTpsl IgG, ypaBHeHue [aBpuabska — Heramu, pasoBsie mepexoasl,
rA00yAa-KAYOOK, UMMYHOTAOOYAVHBI

Aas qutupoBanust: Salnikova, Zh. A., Smirnov, A. P, Castro Arata, R. A. (2025) Dielectric spectros-
copy of a 10% solution of human immunoglobulin G at physiological temperatures. Part 1. Physics of Comp-
lex Systems, 6 (2), 69—86. https://www.doi.org/10.33910/2687-153X-2025-6-2-69-86 EDN VSUTSU

Ousuka INOAYIIPOBOAHUKOB

AA3EPHAA MOAVNOUKALIIVA XAABKOTEHUAHBIX TIAEHOK PbSe C ®OPMINPOBAHVEM
AUIIIIC

Aptyp AxypakyAoBud AoAronoAos, AHactacusi ArekcaHApoBHa OAbxoBa, Makcum MuxaiaoBud
Ceprees, IlaBea ITerpoBuu OmeabueHko, borpan lenHappeBnu lllyabpra, Muxana KoncraHTuHOBMY
MocksuH, AanHa ArexkcaHpposHa [larpukeesa, Baapucaas Pomanosud I'pecbko

Annoranus. ViccaepyeTcs aazepHast MOAMGUKALMA XaAbKOT€HMAHBIX MTACGHOK CEA€HMAA CBMHIA
(PbSe) c popmupoBaHreM Aa3epPHO-MHAYLIMPOBAHHBIX NT€PUOANYECKMX OBEPXHOCTHBIX CTPYKTYP
(AUTIIIIC). Takne MoAMdUKALMY Ba’KHBI AASI IOBBIIIEHMS YyBCTBUTEABHOCTM Ia30aHAAN3ATOPOB,
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AAsI OOHapy)KeHMsI OITACHBIX Ta30B B PA3AMYHBIX OTPACASIX IIPOMBIIIAEHHOCTH. VICIIOAB30BaHMe HAHO-
CEKYHAHBIX AQ3epHBIX MMIIYABCOB AASI 00pabOTKM IAEHOK oOecrieurBaeT 60Aee BBICOKYIO IIPOM3BOAU-
TEABHOCTD, AYYILIYIO BOCIIPOM3BOAMMOCTb U OOABILINIT KOHTPOAb HaA ONTUYECKMMY CBOMCTBAMU
10 CPaBHEHMIO C TPAAULIMOHHBIMU MeTopaMy IeyHoro orxura. @opmuposanue AVIITIC npu onpeae-
AEHHBIX YCAOBHMSIX AA3€PHOTO OOAYY€EHVS TPUBOAUT K M3MEHEHUIO OIITUYECKIX XapaKTePUCTUK MTAEHK,
B TOM YJCA€ K YBEAMYEHNIO NTorAoleHys B nHppakpacHoM (MK) ananasone. Kpome Toro, nsyueHa 3a-
BUICVIMOCTb NTEPUOAVYHOCTY CTPYKTYP OT IIAOTHOCTY MOIIHOCTYU A23€PHOT0 U3AydeHMsl. [ToayueHHbIe
pe3yAbTaThl IOAYEPKMBAIOT IMOTEHL[MAA AA3€PHOI MOAM(UKALMY AAST CO3AQHMUST HOBBIX ONTUYECKUX
CBOJVICTB 1 pa3pabOTKy MTHHOBALMOHHBIX YCTPOICTB (OTOHMKMA.

KaroueBbie caoBa: [Taenku PbSe, razepHas MmopnduKaLys, onTuyeckie XxapakTepUCTMKY, HaHOCe-
KYHAHBIE Aa3epHbIe MITyAbChI, AQ3€epPHO-VHAYLIMPOBAHHbBIE TEPUOANYECKYE TOBEPXHOCTHBIE CTPYKTY-
pst (AUTITIC)

Aas nutuposanust: Dolgopolov, A. D., Olkhova, A. A., Sergeev, M. M., Omelchenko, P. P, Shulga, B. G.,
Moskvin, M. K., Patrikeeva, A. A., Gresko, V. R. (2025) Laser modification of PbSe chalcogenide films
via LIPSS formation. Physics of Complex Systems, 6 (2), 87—92. https://www.doi.org/10.33910/2687-
153X-2025-6-2-87-92 EDN QUWZMD

TEPMUMNYECKAA N1 AASEPHAA KPVICTAAAMSAINA TOHKHUX ITAEHOK InSe,
COOPMNPOBAHHBIX METOAOM BAKYYMHO-TEPMUWYECKOI'O VICITAPEHUA

Mapus EprenbeBHa Q@epsinnHa, Bukropus bopucosha IlectoBa, Amutpuit BaaepreBuu [leneasies,
SIna CepreeBHa AebepeBa, Aaekceit BaapTepoBuu babuy, Muxaua ITerpoBuu Cmaes, Aaexkcen
BaaentnnoBny Pomamkus, Cepreit Visanosuu Hecrtepos, Cepreit AaekcanppoBud KosroxuH

AnHoTtaus. BuHapHbie XaAbKOT€HUAHbBIE COEAVTHEHNSI HAIIAY IIVPOKUIL CIIEKTP MPUMeHeHMs 0Aa-
roAapst BO3MOXKHOCTU ObICTPOro M 06paTumoro ¢GpazoBOro mepexoaa, nepecTpauBaeMoil LIMPUHBL 3a-
IpeleHHO 30HbI, BBICOKOI MOABVDKHOCTU HOCUTeAeN 3apspa. PaccMaTpuBaloTCsl pe3yAbTaThl
TEPMUYECKOI U Aa3€PHOI KPUCTAAAM3ALMY TOHKUX ITA€HOK InSe, cpopMMUpOBaHHBIX METOAOM BaKyyM-
HO-TePMMYECKOTO MCMAPEeHUsI CUHTE3MPOBAaHHOTO MaTePMaAa U MOKPHITHIX 3alIUTHBIM cAoeM SiO,.
AMop¢HOe cocTosIHIE TOHKYMX ITAEHOK InSe 6b1A0 TOATBEPKAEHO CIIEKTPOCKOTME KOMOMHALMIOHHOTO
paccesiHus cBeta. [Ipoliecchl TEpMUYECKON U AA3epPHOM KPUCTAAAU3ALMY ObIAY U3y4YeHbI ITyTeM U3Me-
PEeHVS SAEKTPUYECKOIO COIPOTUBAEHNS U C IPUMEHEHEM ONTUYECKO MUKPOCKOIIMY COOTBETCTBEH-
HO. BBIAM TTOAyYeHBI AMAIa30Hbl TEMIIEPATYP Y MOLIHOCTEN Aa3€pHOTO BO3AEVICTBYUS, HEOOXOAMMBIE
AASI KPMCTaAAM3ALMY TOHKOV AeHKM InSe. Pe3yAbTaThl ClIEKTPOCKONNY KOMOVHALIMIOHHOTO PaCCesTHUS
II0Ka3aAU, 4YTO CTENeHb KPUCTAAAMYHOCTY TOHKVX MA€HOK InSe MOKHO IOACTpanBaTh, BApbUPYS MOLI-
HOCTb A23€pPHOTO M3AYYEHUSI.

KAroueBbie cAOBa: XaAbKOT€HMAHbIE MaTepUaAbI, OMHApHbIE coearHeHus], InSe, onTuyeckme cBoit-
CTBa, CTPYKTYpHbIE CBONCTBA, Aa3epHast KpUCTAAAU3ALIMS

Aast putupoBanus: Fedyanina, M. E., Pestova, V. B, Pepelyaev, D. V., Lebedeva, Ya. S., Babich, A. V,,
Smayev, M. P, Romashkin, A. V., Nesterov, S. L., Kozyukhin, S. A. (2025) Thermal and laser crystalliza-
tion of InSe thin films formed by vacuum thermal evaporation. Physics of Complex Systems, 6 (2), 93—103.
https://www.doi.org/10.33910/2687-153X-2025-6-2-93-103 EDN MBYUNH

BAVAHNE OAHOOCHOTI'O CKATVA HA MUKPO- 1 MAKPOITAPAMETPBI KBAHTOBBIX
TOYEK CdSe PASHOI'O PASMEPA

FOaust AutoHoBHa MeabuakoBa, AaexcaHap ViBaHoBuy COAOMOHOB

Annortanus. Cmoaeanposanbl CdSe KBaHTOBBIE TOUKY B ABYX ¢a3ax: IUHKOBAs 0OMaHKa U BIOPLIUT,
a TaKKe npoaHaAusupoBaHsl paHHble DFT pacueToB u pacuetoB daxTopa [Tapceasa. KBaHTOBbBIE TOUKM
c pasamepom 1.6 A okazaAuch CTaGMABHBIMY ¥ GBIAY OITMMU3UPOBAHBI C TOMOIIBI0 0GMEHHO-KOPPeAs-
uuonHoro ¢yHkunonasa PBE. TToBepenne morpannynsix opourasern (HOMO, LUMO) mccaepoBaHO
AASI HEpEAAKCYPOBAHHOI CTPYKTYPBI C YU€TOM CUMMETPUN U BBIPOXKAEHMsSL. Pe3yAbTaThI OllpeAeAeH s
daxTopa [Tapceara KBaHTOBBIX TOYEK B pasax IMHKOBas 06MaHKa 1 BIOPIUT pasMepoM 1,6 A moxasaan,
4YTO OHM CTaOMABHBI IPY OAHOOCHOM CXXKaTuu. PazpaboTaHHble KBAHTOBbIE TOYKM AEMOHCTPUPYIOT Me-
XaHMYECKYIO Y ONITUYECKYI0 CTA0MABHOCTD, & MIX CBOVICTBA COXPAHSIOTCA.

KAaroueBbie caoBa: Teopus QyHKLMOHAAA TAOTHOCTY, YaCTHAsI Pa3HOCTb BO BPEMEHHOM AOMEHE,
KBAaHTOBbIE TOUKM, CEAEHMA KaAMUs, BIODLUT, ChaAepUT, SAeKTPOHHbIe CBONCTBa, pakTop ITapceara
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Aast putupoBanus: Melchakova, Yu. A., Solomonov, A. 1. (2025) The effect of uniaxial compression
on micro- and macro-parameters of CdSe quantum dots of different sizes. Physics of Complex Systems,
6 (2), 104—109. https://www.doi.org/10.33910/2687-153X-2025-6-2-104-109 EDN WANXEA

Teopetuueckas ¢pusuka

TEOPETUYECKOE 1 OKCITEPIMEHTAABDHOE OTKPBITUE MATHUTHOI'O MOHOITOA A
N MATHUTHOTIO 3APAAA

Urops ITaBaroBuy ITonos

AnnoTanust. [TokazaHo, YTO MATHUTHBIE MOHOIIOAM U 3aPSIABI CYLIIECTBYIOT B TOM MCAE U B TBEPABIX
TeAaX, U B KOCMUYECKUX AYYaX, BKAIOYAIOIX SAEKTPUYECKIE 3apsIAbL. MarHUTHBIN 3apsip, TOAOOHO
9AEKTPUYECKOMY U IPABUTALIMOHHOMY, PACIIOAATAETCS B YUCAUTEAE POPMYABI AASI CUABI MATHUTHOTO
B3aUMOA€eNCTBUS. TakuM 00pa3om, MarHUTHBI 3apsip paBeH Idl. VIMeHHO 5Ta BeAMYMHA CO3AQ€T CUAO-
Boe (MarHUTHOE) TI0A€ U B3aMMOAENCTBYET C APYTUMMU MOAOOHBIMU BeAMuMHaMu. Takum o6pasom,
B COOTBETCTBUMU C IIPVMBEAEHHBIM BBILIIE OIIPEAEAEHMEM, 9TA BEAUYMHA SIBASETCSI MATHUTHBIM 3aPSIAOM.
YHMBepCaAbHOE IIPEACTABAEHNE MMeeT BUA V. Ero yHMBEpCaAbHOCTD COCTOUT B TOM, YTO OHO ITOAXOAUT,
IIOMMMO IPOYETrO, U AASL OTAEABHBIX YACTUL, B TOM YMCA€ U AASL KOCMUYECKUX AYyYel, BKAIOYAILINX
9AEKTPUYECKIE 3aPSIABL

KAroueBble CAOBa: MarHUTHBIN MOHOTIOADB, MAaTHUTHBIN 3apsIA, 9ACKTPUUECKU 3apsIA, TPaBUTALIMOH-
HBIV 3apsIA, SAEKTPOH

Aast uutupoBanus: Popov, L. P. (2025) Theoretical and experimental discovery of the magnetic
monopole and magnetic charge. Physics of Complex Systems, 6 (2), 110—115. https://www.doi.
org/10.33910/2687-153X-2025-6-2-110-115 EDN WCYYUP
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