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Abstract. Wastewater containing emulsified petroleum products poses a serious threat to the environment.
Hydrocarbons change the physicochemical properties of the environment, poison the body of living
organisms, and envelop their bodies, leading to the suppression of biocenosis and degradation of ecosystems.
In this regard, polysulfonamide membranes for water purification from emulsified oil have been studied.
To increase resistance to oiling and improve performance, the filters were treated with corona discharge
at a voltage of U = 5-35 kV for 1-5 minutes. As a result of corona treatment, the efficiency increased
from 74.9 to 84.5%, while productivity increased by up to 11 times. This circumstance is explained
by a change in the contact properties of the surface of the modified membranes, as shown by the results
of this study.

Keywords: wastewater, petroleum products, polysulfonamide membranes, industrial oil, corona treatment,
emulsion

Oil and petroleum products are fundamental components of the economic security of any state. At the
same time, excessive intake of hydrocarbons into the environment leads to a decrease in the stability
of ecosystems and pollution of the biosphere, as a result of which living organisms die, soil fertility de-
creases, water becomes unsuitable for drinking and fish farming, and air contributes to environmental
diseases of the cardiovascular and respiratory systems. In the end, the person himself is exposed to the
negative effects of adverse environmental factors, as a result of which the quality of life and work capa-
city decrease. The solution to this issue is the use of energy- and resource-saving technologies (Alta-
povaetal. 2017; Dryakhlov et al. 2015; Fedotova et al. 2016; Zainullin, Abzalova 2019; Zainullin, Shaigal-
lyamova 2019; Zainullin et al. 2005).

In this context, the use of membrane technologies for water purification from hydrocarbons is relevant.
The advantages of polymer membranes include high efficiency, a wide range of sizes for cleaning con-
taminants (from ions to suspended solids), and a relatively small area occupied by equipment, which is
important in industrial settings. The disadvantage is the concentration polarization of hydrocarbons
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on the filter surface during separation, which leads to oiling of the membrane and a decrease in the
performance of emulsion cleaning. To address this issue, the treatment of membranes with corona dis-
charge is proposed.

In recent decades, the corona discharge has attracted increasing attention in both scientific and
practical circles due to its unique properties and potential applications. A corona discharge is an electric
discharge that occurs in a gas when the voltage exceeds a certain threshold, but does not reach the
level necessary to create a full arc discharge. This phenomenon is widely studied in the context of elec-
trophysics, materials science, and energy technologies.

Processing of polymer materials using corona discharge is a promising method that allows modifying
their surfaces to improve adhesion, hydrophilicity, and other performance characteristics. Modern
technologies require highly efficient approaches to polymer processing due to the growing needs of ma-
terials science and engineering. Corona discharge, as a physical process, ensures the creation of active
centers on the surface of polymers, which opens up new possibilities for their functionalization.

When exposed to corona discharge, charged particles are formed, initiating a physical and chemical
modification on the surface of the treated material to impart the necessary characteristics, as in the case
of membranes, to increase wettability. The AC corona is characterized by the groups O—, HOO-, H,0O,,
and O,. At higher humidity levels, the concentration of OH groups increases, while O— and O, — con-
centrations decrease. CO, ions are also formed during negative corona discharge.

Modification of polymer membranes by corona discharge is an effective method of modifying and
improving their surface properties, which significantly improves their functionality and applicability
in various industries.

The key advantages of this method include:

1. Increased adhesion. Corona discharge increases the wettability of the membrane surface, which
contributes to the repulsion of the hydrocarbon phase and increases selectivity to water.

2. Improved separation efficiency. Corona discharge can increase the permeability of membranes
to gases and liquids, which is particularly beneficial in wastewater treatment.

3. Antibacterial properties. Corona discharge facilitates the formation of functional groups with
antimicrobial activity, which can enhance operational characteristics of the membrane.

Experimental studies (Shaikhiev et al. 2015; 2016a; 2016b; 2020a; 2020b; 2021) show that pro-
cessing parameters such as discharge power, exposure time, and distance to the surface signifi-
cantly affect the final properties of membranes. Properly optimizing these parameters is crucial
to achieving the desired balance between improving the properties and maintaining the initial
characteristics of polymers.

Based on the above, further research was conducted on the separation of water-oil emulsions
(WOE) using industrial oil grade ‘120-A’ (3%) and the surfactant ‘Kositol 242’ (0.2%) with polysulfona-
mide (PSA) membranes with a pore size of 0.1 pum. To intensify the process and increase resistance
to fouling, the polymer filters were subjected to corona discharge plasma for 1-5 minutes at voltages
ranging from 5 to 35 kV. As shown by the data in the table, the modification resulted in an increase
in the separation efficiency to approximately 90%, with productivity increasing by up to 10 times. The
results suggest that the tested ultrafiltration membranes can be effectively used for the purification
of wastewater containing emulsified oils, such as those found in spent lubricating and cooling fluids
or cleaning solutions.

Atomic force microscopy (AFM) using a MultiMode V probe microscope was used to obtain images
of the surface of both the original (untreated) and modified PSA membranes.

Infrared (IR) spectra of the examined membrane samples were obtained using an IR Fourier spec-
trometer (Infralum FT-08) over the frequency range of 600—4000 cm~".

The initial stage of the research involved studying the separation of WOE using PSA membranes with
a pore size of 0.01 pm pre-treated treated with corona discharge. The corresponding productivity graphs
over the duration of the process are presented in Figure 1, and the COD values of the permeates are
provided in Table 1.

Based on the data in Figure 1, an increase in the performance of the modified membranes up to 11 times
is observed, with the highest values of productivity occurring at the maximum exposure time to co-
rona discharge. At the same time, Table 1 indicates that the lowest COD value, corresponding to the
highest efficiency of 84.5%, was achieved at T = 5 min and U = 25 kV. This was accompanied by the
lowest productivity, likely due to partial pore blockage. The efficiency of the initial membrane was
74.9%.
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Fig. 1. Graphs showing the change in productivity of WOE separation using PSA membranes
with a pore size of 0.01 um, treated with corona discharge at a) U = 5kV; b) U = 15 kV;
¢) U=25kV;d) U=35kV as a function of process time
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Table 1. COD values of the permeates obtained from the separation of WOE
using corona-treated PSA membranes with a pore size of 0.01 ym

COD values, mg O/dm?®
Corona treatment time, T, min Corona treatment voltage, U, kV
5 15 25 35

1 6480 7020 5040 7020
3 6660 6480 7020 6840
5 5760 6660 4860 7200

Permeate after emulsion separation 7880

with the original membrane

Original/Initial emulsion 31360

Subsequently, the effect of different types of plasma on the surface structure and internal structure
of PSA membranes was evaluated using instrumental methods. In particular, Figure 2 shows images
of the membrane surfaces after exposure to glow and corona discharge plasma.

Fig. 2. Images of the surface of the PSA membrane: a) original; b) plasma-treated in corona discharge

Based on AFM analysis (Fig. 2), surface deformations were observed on the modified membrane,
resulting in an increase in roughness. The height of the protrusions increased from 100 nm to 750 nm.
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Fig. 3. IR spectra of PSA membranes before and after plasma treatment
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IR spectroscopy (Fig. 3) identified the following fragments of PSA: C-H, SO,, C-S, C-O, N-H, C-C,
and CH,,. Corona discharge treatment introduced oxygen-containing functional groups, which enhanced
the hydrophilicity of the membrane surface, leading to improved operational characteristics.

Conclusions

The data obtained from this study indicate that corona discharge plasma treatment significantly im-
proves the operational characteristics of polymer membranes, specifically in terms of productivity and
efficiency in the separation of water-oil emulsions. These improvements are attributed to changes in both
the topography and chemical structure of the membranes, as confirmed by AFM and IR spectroscopy,
respectively.
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Abstract. A new fluorinated thermally stable polyaryl ether with electron-withdrawing thioxanthenone
in-chain block (FPAE-ThS) was synthesized through the interaction of perfluorobiphenyl with 1,4-dihydroxy-
9H-thioxanthene-9-one. The charge transport mechanism within the FPAE-ThS film is governed by the
phonon-assisted tunneling between neighbouring traps. The thermal (1.0 eV) and optical trap (2.0 eV)
ionization energies, as well as the trap concentration (N = 1.0 x 10* cm), are determined. The value of half
Stokes shift (1.1 eV), obtained from the photoluminescence and photoluminescence excitation spectra,
is consistent with the results of charge transport simulation. Furthermore, a prototype memory device based
on the FPAE-ThS film demonstrates the resistive switching behavior with a four-order difference in the
resistance between its low- and high-resistance states.

Keywords: fluorinated polymers, charge transport, memristor, trap, photoluminescence, photoluminescence
excitation spectra


https://www.elibrary.ru/ZZHQFC
https://www.doi.org/10.33910/2687-153X-2025-6-1-9-16
https://crossmark.crossref.org/dialog/?doi=10.33910/2687-153X-2025-6-1-9-16&domain=pdf&date_stamp=2025-02-28
https://orcid.org/0000-0003-3177-6226
mailto:aagismatulin@isp.nsc.ru
https://orcid.org/0000-0001-7373-1152
mailto:v.a.pustovarov@urfu.ru
https://orcid.org/0000-0002-6644-6211
mailto:odintsov@nioch.nsc.ru
https://orcid.org/0000-0001-5788-0182
https://orcid.org/0000-0003-1172-7523
mailto:ishund@nioch.nsc.ru
https://orcid.org/0000-0001-9571-2227
mailto:azarov@isp.nsc.ru
https://orcid.org/0000-0002-5091-2812
mailto:shundrin@nioch.nsc.ru
https://orcid.org/0000-0003-1646-0848
mailto:grits@isp.nsc.ru
https://www.doi.org/10.33910/2687-153X-2025-6-1-9-16
https://www.elibrary.ru/ZZHQFC
https://creativecommons.org/licenses/by-nc/4.0/

Charge transport mechanism and memristive effect in a thin film...

Introduction

The main advantages of organic devices over silicon-based counterparts include low cost of organic
materials, inexpensive and environmentally friendly fabrication of organic electronic components using
printing technologies and their versatile properties, such as lightweight, flexibility, transparency, durabi-
lity, and reliability (Kronemeijer et al. 2014). Recently, a non-volatile memristor memory based on or-
ganic films has been developed (Shaposhnik et al. 2020; Yuan et al. 2021). This type of memory holds
significant potential for next-generation flash memory and neuromorphic artificial intelligence devices.

The key requirements for organic polymers used in memristor technologies are their thermostabili-
ty and ambipolarity. Specifically, the polymer structure must feature the alternating electron-donor and
electron-acceptor chain blocks that facilitate the trap mechanism of electron transport. Thioxanthone
(9H-thioxanthen-9-one) and its derivatives are electron acceptor compounds (Vasilieva et al. 2012) and
found numerous practical applications (Jiang, Yin 2014a; 2014b; Kumar, Pereira 2020; Nazir et al. 2015;
Neumann et al. 1997; Wang et al. 2014; Wang et al. 2018; Wu et al. 2014; Yilmaz et al. 2010). Recent
studies have shown that the C-H fragments at the 1,4-positions of the 9H-thioxanthen-9-one ring can
be replaced by OH groups during the cyclization of arylsulfanylbenzoic acid and benzoquinone (Losku-
tov, Beregovaya 2009), yielding the corresponding 1,4-dihydroxy-1H-thioxanthen-9-one (1, Fig. 1).
Compound 1 was found to be a strong electron acceptor (Odintsov et al. 2023). The presence of two
functional OH groups in the structure of compound 1 provides an opportunity to synthesize an electro-
active polymer containing thioxanthone-like structures as an effective electron-acceptor in-chain block.
This motivated us to synthesize fluorinated polyaryl ether with electron acceptor 1,4-dioxy-9H-thioxan-
thene-9-one in-chain blocks (FPAE-ThS, Fig. 1) for its potential application in polymer-based resistive
memory devices. Notably, polyfluoroaromatic fragments were not previously used in the design of elec-
troactive polymers for this purpose. Perfluorobyphenyl was chosen as the second monomer for poly-
condensation because of its regioselective reactivity with nucleophiles, which is facilitated by the reactive
F atoms at the 1,8-positions of the cycle. Meanwhile, the presence of two F atoms in the ortho-positions
of the benzene rings may also reduce the m-conjugation between the thioxanthenone and tetrafluoro-
phenyl fragments of the polymer chain, thus, increasing the polymer energy gap (E ), and preventing the
emergence of semiconducting properties.

The study of charge transport mechanisms, in particular leakage currents, can provide insights into
the trap nature of polymer films through the characterization of trap energies (Gismatulin et al. 2024).
Time-of-flight transient experiments on polymers showed that the logarithm mobility is proportional
to the square root of the electric field (VF) (Dunlap et al. 1996; Hirao et al. 1995; Novikov et al. 1998).
This dependence is formally described by the Frenkel law in inorganic dielectric films (Frenkel 1938;
Ganichev et al. 2000; Gritsenko et al. 2018; Schroeder 2015).

@ OH F F F F
soslivs vy
S F F F F
OH
1

2

|

S O FE F E F
F F F F

< n

FPAE-ThS

Fig. 1. Structures of 1,4-dihydroxy-1H-thioxanthen-9-one (1), perfluorobiphenyl (2) and FPAE-ThS
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The primary objective of the reported study is to explore the charge transport mechanisms within
thin FPAE-ThS films and to determine the trap parameters that govern the charge transport. In addition,
the potential of using FPAE-ThS films as an active medium in memristor devices was investigated.

Methods

FPAE-ThS was synthesized through the nucleophilic polycondensation of monomers 1 and 2 in di-
methylacetamide using K,CO, to increase the basicity of the solution (ESI). FPAE-ThS showed good
molecular weight properties for forming thin films on Si wafers and demonstrated its thermal stability
up to 247 °C. Its electrochemical reduction/oxidation activity confirmed the ability of FPAE-ThS to fa-
cilitate the charge transport (ESI). The polymer has an energy gap (E ) of 3.02 eV, which classifies FPAE-ThS
as a dielectric material (ESI).

To investigate the trap ionization mechanism in the FPAE-ThS film, experimental current density (j)
and electric field (F) characteristics, measured at different temperatures, were compared with different
theoretical models (Gismatulin et al. 2024).

To fabricate metal-insulator-silicon (MIS) structures, FPAE-ThS polymer films were deposited from a 1%
FPAE-ThS solution in chloroform on Si (100) p-type silicon substrates, with the resistances of 10 Ohmxcm
and 0.001 Ohmxcm, by spin coating using the SpinNXG-P1AC spin coater. Prior to deposition, the Si sub-
strate was treated with a 10% HF solution to remove the native oxide layer. An array of upper aluminum (Al)
electrodes was sputtered onto the FPAE-ThS layer through a shadow mask by thermal sputtering, with
a contact area of 0.5 mm? To enhance the electrical contact for j-F measurements, the bottom electrode
was also thermally sputtered over the entire area of the non-planar Si substrate. The j-F characteristics of the
Si/FPAE-ThS/AI structure were measured using a Keithley 2400 electrometer. Measurements were con-
ducted over a temperature range of 300 to 375K using a Linkam LTS420E cell, with the temperature controlled
by a Linkam T95 temperature controller. The voltage ramp rate was set to 0.9 V/sec.

The thickness and refractive index of the FPAE-ThS films were measured using an Ellips-1881 SAG
spectral ellipsometer. A film thickness of 110 nm was used to study the charge transport mechanism,
while a film thickness of 25 nm was employed for the memristor structure.

The photoluminescence (PL) spectra in the range of 1.7-3.3 eV and the photoluminescence excitation
(PLE) spectra in the range of 3.3-5.2 eV were measured at the temperature of 4.4 K. Measurements were
carried out using a HORIBA iXR320 FLUOROLOG spectrometer, equipped with a cooled Synapse plus
CCD camera (Horiba) as a detector and a 150 W ozone-free Xe lamp. A closed-cycle cryogenic system
and a high-vacuum helium cryostat (Trade Engineering, Russia) with an RDK-205D2 cryohead (Japan),
controlled by a Lake Shore 331 temperature controller, were used to cool the sample. The PL spectra
were recorded with a spectral resolution of 2 nm, while the PLE spectra were normalized to the number
of exciting photons using a calibrated photodiode. The PL spectra are presented without normalization
to the spectral sensitivity of the detection system.

The transverse charge transport mechanism in a copolymer is similar to that in a dielectric due to its
high energy gap. It is described by the following expression (Gismatulin et al. 2024; Gritsenko et al. 2018):

2

e -
j=a—2P=€N3P, (1)

where j is the current density, e is the electron charge, a is the average distance between traps, N = a=
is the trap concentration, and P is the trap ionization probability.

The exponential dependence of the current density on the electric field in the Frenkel effect arises
from the reduction in the Coulomb barrier under the influence of the electric field. The trap ionization
probability in the Frenkel model is described by the following expression (Frenkel 1938):

1
3 2
W—( ¢ ]\/F
TTE, &,

P=vexp| - T , (2)

where v=W/h is the attempt to escape factor, W is the trap ionization energy, / is the Planck constant,
¢_= n* is the high-frequency permittivity, # is the refractive index, g, is the dielectric constant, F is the
electric field, k is the Boltzmann constant, and T is the temperature.
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For high concentrations of neutral traps, the phonon-assisted tunneling mechanism between neigh-
boring traps, as proposed by Nasyrov and Gritsenko, is applicable. In this model, electron tunneling
occurs from one trap to a neighboring trap, rather than ionization into the FPAE-ThS conduction band,
due to the short distance between traps (Odintsov et al. 2022).

The trap ionization probability in the Nasyrov and Gritsenko phonon-assisted tunneling model
between neighboring traps is given by the expression (Nasyrov, Gritsenko 2011):

wo_w 2a\2m* W
P 2\/;hW; ) exp(——o’” ’jeXp(—@J sinh (ﬂj, (3)

) m*az\/2kT(W —w kT 2kT

opt t

where, 71 is the reduced Planck constant, W/ is the thermal trap ionization energy, 7" is the effective mass,
and W, is the optical trap ionization energy.

Results and discussion

The refractive index (n) and absorption coefficient («) are shown in Fig. 2. These optical constants
were determined by reconstructing the data from multiple angles using an inverse ellipsometry approach,
applying optimization techniques for each photon energy individually. In the ultraviolet region, three
distinct peaks are observed in both the refractive index and the absorption coefficient, corresponding
to photon energies of 3.1 eV, 3.9 eV and 4.5 eV. The refractive index in the infrared region is consistent
with values typically found in similar organic films (Odintsov et al. 2022). At a photon energy of 1.1 eV,
the refractive index of the FPAE-ThS film is measured to be 1.49, as shown in Fig. 2.

The experimental j-F characteristics of the p-Si/FPAE-ThS/Al structure were simulated by the Fren-
kel model (see Fig. 3(a)). The corresponding trap ionization energy (W) obtained from the simulation is
0.55 eV. The attempt-to-escape factor (v) was then calculated using the Einstein relation: v = W/h, giving
avalue of 1.3 x 10" sec™ at the trap ionization value of 0.55 eV. The high-frequency dielectric constant
parameter value obtained from the simulation is 19. Alternatively, the high-frequency dielectric constant
can be derived from the expression ¢ = n*> = (1.49)* = 2.22. Thus, the Frenkel effect is not a suitable
model to describe the charge transport and trap ionization in the FPAE-ThS film. In addition, the Fren-
kel model predicts an extraordinarily low trap concentration value, N = 1.5 x 10" cm=3, which is incon-
sistent with typical trap concentrations in inorganic dielectrics, normally ranging from 10'® to 10?! cm™
(Nasyrov, Gritsenko 2013).

20 T v 1 v 1 v 1 v 1
4 9x10°
a )
19} 4 8x10°
i 5
18} ] 710
4 6x10° {E‘
< 17T {5x10° S
16} n 4 4x10°
4 3x10°
15} 1
4 2x10°
14 1 . 1 . 1 . 1 1 1X105

1 2 3 4 . 5
Photon energy (eV)

Fig. 2. Refractive index (1) and absorption coefficient («) of the FPAE-ThS film at different quantum energies
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In the Nasyrov and Gritsenko model, the trap ionization probability exhibits an exponential depen-
dence on the intertrap distance, a = N, or, equivalently, on the trap concentration N. Thus, the trap
concentration can be determined from the curve slope of the j-F characteristic (see Fig. 3(b)). The
simulation results based on the Nasyrov and Gritsenko model give the following fitting parameters: trap
concentration N = 1.0 x 10 cm™®, thermal trap ionization energy W, = 1.0 eV, optical trap ionization
energy W = 2.0 eV and effective electron mass m* = 0.39 m,.

The DL spectra of the FPAE-ThS film are shown in Fig. 4. A broad peak in the range of 2.25-2.45 eV
predominates the PL spectrum. In addition, the PLE spectrum, shown in Fig. 5, reveals three maxima
at 3.80, 4.55 and 5.05 eV. Notably, the PLE peaks at 3.8 eV and 4.55 eV coincide with the peaks in the
refractive index and absorption coefficient spectra of the FPAE-ThS film, suggesting that the luminescence
centers of the FPAE-ThS film are associated with these energy levels. The thermal trap energy W= 1.0 £ 0.1 eV
obtained from the charge transport simulation is in agreement with the half Stokes shift value of 1.1 + 0.1 eV
of the PL and PLE spectra.

10-3 _(a) oI 375K- 10'3 (o) sepeesttD 375K-
E ””:,.«mlma 350K 1 ] ‘ e 300K
10%E ™ 325K ] 104k gl - 325K
— . 300K ] — 300K
10°F 1 10° ¢
g W Frenkel model g E N-G model
< 10°F N=1.5x10""cm®y 3 10°F N=1.0x10%° cm™
~ i W=0.55 eV ] ~ i m*=0.39 m, ]
107} y=1.3x10"sec™ 107 ¢ W=1.0eV
108 F £,=19 - 108 [ W,,=2.0 eV
g d—11o nm g d=110 nm
10-9 1 1 1 1 1 1 -9 L,

0.0 0.1 02 0.3 04 05 06 0 0.0 01 0203 04 05 06
F (MV/cm) F (MV/cm)

Fig. 3. j-F characteristics of the FPAE-ThS-based structure at various temperatures, along with simulations using
(a) the Frenkel model and (b) the Nasyrov-Gritsenko model
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Fig. 4. Photoluminescence spectra of the FPAE-ThS film at a temperature of 4.4 K
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Fig. 5. Photoluminescence excitation spectrum (2.35 eV emission band) of the FPAE-ThS film
at a temperature of 4.4 K (blue circles). The green curves represent the decomposition of the spectrum
into three peaks, the red line denotes the sum of these individual components

The potential application of the FPAE-ThS film as an active medium in a memristor is demonstrated
through the p**-Si/FPAE-ThS/Al MIS structure (see Fig. 6). This structure, with a 25 nm thick FPAE-ThS
film, shows its reversible resistive switching behavior from the high resistance state (HRS) to the low
resistance state (LRS) when the voltage sweep is increased from 0 V to +3V and from the LRS to the
HRS when the voltage sweep is reversed from 0 V to -2.5V. (Fig. 6). The FPAE-ThS-based memristor is
a low-power memory device, making it a promising candidate for practical applications in the Resistive
Random-Access Memory (ReRAM) technology, which requires switching voltages of less than 5 V.

10’3
10°
< 107
10°
107" |
10—13E PR IR RN I I BRI
3 2 -1 0 1 2 3
U (V)

Fig. 6. current-voltage characteristics of the FPAE-ThS-based memristor,
with arrow numbers 1 to 5 indicating the voltage sweep direction

Conclusions

We described the synthesis and properties of a novel electroactive polyaryl ether containing an elec-
tron-withdrawing thioxanthenone in-chain block and a polyfluoroaromatic tetrafluorobiphenyl fragment.
This fragment was used for the first time in the design of organic polymers for practical applications
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in memristor technologies. The charge transport mechanism in the thin FPAE-ThS film was studied
by measuring the current density-electric field characteristics of the corresponding MIS structures at dif-
ferent temperatures and modelling the experimental data using both the Frenkel model and the Nasyrov-
Gritsenko model of phonon-assisted tunneling between traps. It was shown that the Frenkel model fails
to describe the experimental data, predicting an anomalously high value of the high-frequency permit-
tivity and an anomalously low trap concentration. In contrast, the Nasyrov-Gritsenko model of phonon-
assisted tunneling between traps quantitatively describes the experimental data, yielding values for the
thermal (W, = 1.0 eV) and optical (W, = 2.0 eV) trap energies, as well as a reasonable trap concentration
(N=1.0x10* cm~) for the FPAE-ThS film. These results indicate that the charge transport in the
FPAE-ThS film is effectively described by a multiphonon mechanism, similar to processes occurring
in semiconductors and inorganic dielectrics. Moreover, the thermal trap energy derived from the simu-
lation of the charge transport mechanism in FPAE-ThS films is consistent with the half Stokes shift
value observed in the PL and PLE spectra of the FPAE-ThS film, taking into account measurement and
simulation errors. In addition, FPAE-ThS was shown to be a viable active layer for memristors. The
FPAE-ThS-based memristor structure has low switching voltages and a 4-order resistance ratio between
HRS and LRS, thus making it particularly advantageous for applications in the Resistive Random-Access
Memory (ReRAM) technology.
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Abstract. The electret properties and electrical conductivity of polypropylene-polyphenylene sulfide (PP-PPS)
composites were studied. The results reveal that the effective surface charge density is higher in fibrous-porous
materials (FPM) compared to film-based composites. In the electrical conductivity-temperature dependence,
a characteristic up-turn is observed at a temperature of 110 °C, where the high-temperature segment of the
curve corresponds to the intrinsic conductivity of the composite. The low-temperature segment can be
attributed to structural defects. Additionally, two relaxation maxima are identified in the thermally stimulated
depolarization (TSD) current spectra. The low-temperature peak is associated with the charge relaxation
at the matrix-filler interface, a phenomenon driven by Maxwell — Wagner polarization. The high-temperature
maxima are likely related to the relaxation of charges governed by the intrinsic conductivity of PP in its
amorphous phase.

Keywords: polypropylene, polyphenylene sulfide, electret, electrical conductivity, composite material

Introduction

In recent years, there has been an increasing demand for polymer composites incorporating fillers
of diverse types, including dielectric fillers (metal oxides, clays) (Galikhanov et al. 2024a; 2024b; Gorokho-
vatskij et al. 2020), nanostructured fillers (aerosil, talc, nanotubes, montmorillonite, diatomite) (Ga-
likhanov et al. 2019; Goldade et al. 2020; 2021; Kovalenko, Goldade 2021; Kovalenko et al. 2023; Minza-
girova et al. 2021), as well as polymer blends and copolymers (Aniskina et al. 2010; Castro et al. 2024;
Gorokhovatskij et al. 2022; Guliakova et al. 2024). The introduction of fillers allows to adjust various
material properties, including mechanical, electrical, and optical characteristics, allowing for the fabri-
cation of composites with tailored performance attributes (Galikhanov et al. 2024b). The investigation
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of the electret state in polymer composites is of significant practical importance, since the electret charge
influences key performance characteristics of materials, i. e., liquid permeability, friction wear resistance,
and filtration efficiency (Goldade et al. 2019; Kestelman 2000; Li et al. 2021).

The objective of this study is to investigate the electret effect in composite materials composed
of polypropylene and polyphenylene sulfide. A comparison is made between film-based samples and
fibrous-porous samples, as the electret state in the latter significantly influences filtration efficiency
(Chen et al. 2023; Kara, Molnar 2021; Zhang 2020).

Materials and methods

The reported experiments are based on polypropylene (PP) 4445S produced by Rospolymer LLC
(T, = 160 °C) and polyphenylene sulfide (PFS) NHU-PPS produced by ZHEJIANG NHU SPECIAL
MATERIALS CO.LTD (Tm = 230 °C). To obtain the PP-PPS composite, both powdered and granular
forms of polymers were used. Mechanical mixing did not yield a homogeneous distribution of the com-
ponents within the mixture. Consequently, a twin-screw extrusion method was employed using
a SuPlast 25/2 extruder (China).

Following extrusion, the polymer was cooled and granulated, with the resulting granules used for
subsequent sample fabrication. Two distinct sample types were analyzed: 1) fibrous-porous material (FPM)
produced via melt-blowing technology (Pinchuk 2012) and 2) film samples obtained by hot pressing. FPM
samples, each with a diameter of 1 cm, were cut from the PP-PPS composite, with a thickness ranging
between 1-1.5 mm.

The thickness of the polymer films was 150-170 pm. The following sample compositions were
investigated: 1) PP (without filler); 2) PP 90 wt. % + PPS 10 wt. %; 3) PP 80 wt. % + PPS 20 wt. %;
4) PP 65 wt. % + PPS 35 wt. %. The selected component ratios were based on the superior filtration
efficiency of the PP-PPS composites.

Electrets formation was achieved using corona discharge at a potential of —6 kV (Fig. 1). The initial
electret potential difference was adjusted by positioning a grid in the air gap between the needle and the
sample. The charge process was conducted at room temperature for 1 minute. The ion transfer from the
discharge region ceased when the potentials of the sample surface and the grid became equal, allowing
the electret potential difference to be set.

The electret properties of the polymer composites were evaluated using two techniques: 1) measure-
ment of the effective surface charge density (ESCD) and 2) thermally stimulated depolarization (TSD)
current spectroscopy (Gorokhovatskij 1991). The polarity and magnitude of the ESCD were determined
using an IPEP-1 electrostatic field parameter meter (MNIPI, Minsk, Belarus).

needle
- 6 KV

sample 0.3kV

Fig. 1. Schematic of the sample charging process

To study the temperature stability of electrets, measurements of thermally stimulated voltage (TSV)
and thermally stimulated depolarization (TSD) currents were conducted.

The temperature dependence of TSV, denoted as U(T), allows for a visual assessment of the electret
state stability in the material: the lower the temperature at which a sharp decline in U is observed, the
less stable the charge. The U(T) curves were obtained at a constant heating rate of 1 K/min.
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Assuming that the relaxation of the near-surface homocharge occurs due to the intrinsic conductivity
of the dielectric, the temperature dependence of the conductivity can be calculated using the following
formula:

()= T or

U(r) dr’ @

where f is the heating rate, K/s, and ¢ is the relative permittivity of the composite material.
The relative permittivity of composite materials was calculated using the Lichtenecker’s formula
(Bogorodickij 1965):
lge=06,-1ge +6,-1ge,, 2)

where €, and ¢, represent the relative permittivity of individual components, while 6, and 6, denote the
volume fractions of these components. The results of these calculations are presented in Table 1.

Table 1. Relative permittivity of PP and PP-PPS

Material PP PP + 10% PPS PP + 20% PPS PP + 35% PPS

€ 2.20 2.25 2.30 2.39

The primary method for studying charge relaxation processes is the thermally stimulated depolari-
zation (TSD) current technique. The position of the TSD current maxima is determined by the chemical
composition of the material, the charging method, and the nature of the sample’s contact with the
electrodes. The TSD current method is also capable of detecting moisture, impurities, and material
aging.

TSD currents were measured at a constant heating rate of 2 °C/min, with an insulating layer (PTFE
film, 30 um thick) placed between the sample surface and the electrode (Fig. 2). The resistivity of the
insulating layer (~10'® ohms/m) is several orders of magnitude higher than that of the PP + PPS samples.
In this configuration, the direction of the TSD current corresponds to the movement of charge carriers
through the volume of the composite.

L

insulating layer |
BP Gp §3 &R g g g0 gn fh o b

|| mo | |

Fig. 2. TSD current measuring scheme
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Results and discussion

Effective surface charge density

The effective surface charge density ESCD (o) is a critical property of electrets, reflecting both the
magnitude of the surface charge and the extent of the charge distribution within the material. ESCD
is equivalent to the potential difference of the electret U:

O-e

U= E(dx=EL="%=A0,, 3

&g,

where L is the thickness of the electret, E is the average internal field of the electret, A is a constant.

The ESCD of FPM samples prior to corona discharge treatment ranges from —0.2 to +0.7 pC/m?
(Fig. 3). This value represents the technological charge present in all samples and is determined by the
manufacturing process. After treatment with corona discharge, a significant increase in ESCD was re-
corded. As the content of PPS in the composite increased from 10% to 35%, the ESCD rose to values
of —=3.0 and —6.2 pC/m?, respectively.

The technological charge value in the film samples lies in the range from —0.12 to —0.3 uC/m? (Fig. 4).
The maximum ESCD observed after corona discharge treatment in the film samples was —2.3 uC/m?,
which is notably lower than the corresponding values for the FPM samples.

Fig. 3. ESCD values (uC/m?) before (blue bars) and after (red bars) charging of FPM samples.
Labels 1, 2, 3, and 4 correspond to PFS contents of 0%, 10%, 20%, and 35 wt.%
in the PP + PFS composition, respectively

Fig. 4. ESCD values (uC/m?) before (blue bars) and after (red bars) charging of film samples.
Labels 1, 2, 3, and 4 correspond to PFS contents of 0%, 10%, 20%, and 35 wt.%
in the PP + PFS composition, respectively
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The FPM structure contains numerous air inclusions (pores or inter-fiber spaces). The local electric
fields within these pores can significantly exceed the intensity of the external electric field, poten-
tially reaching levels that approach electric breakdown of air. This phenomenon leads to a sharp in-
crease in the number of charge carriers adsorbed on the fibers, which, in turn, results in an increase
in ESCD.

The subsequent results were obtained by studying the electret properties of the film samples.

Thermally stimulated voltage. Electrical conductivity

Figure 5 shows temperature dependences of the electret potential difference L(T)/U,,

—1
1,0 - 2
—3
08 —4
06
2
)
0,4 -
0.2
w4+
20 40 60 80 100 120 140 160

T,°C

Fig. 5. Temperature dependences of the electret potential difference L(T)/U,;
PP (1), PP 90 % + PPS 10 % (2), PP 80 % + PPS 20 % (3), PP 65 % + PPS 35 % (4)

Figure 5 shows that the most stable electret state is observed in pure polypropylene (curve 1), where
the electret potential difference changes only slightly as the sample is heated to 110 °C. In contrast, the
U/U, of the composite materials decreases almost linearly as the temperature increases.

The temperature dependence of the electrical conductivity of dielectric materials is derived from
formula 1 (Fig. 6).

A notable difference in the temperature dependence of the electrical conductivity is observed between
pure PP (curve 1) and the PP + PPS composites. In pure PP, the electrical conductivity decreases steadi-
ly with increasing temperature. In contrast, the composites exhibit a distinct break at approximately
110 °C, which can be attributed to the ionic conductivity mechanism in dielectrics.

The ionic conductivity of dielectrics is typically governed by two distinct mechanisms, as described
by (Borisova, Kojkov 1979). At low temperatures, conductivity is primarily influenced by impurities,
whereas at higher temperatures the movement of the primary ions of the material becomes the dominant
factor. The temperature dependence of conductivity, y(T), can be expressed as:

y(T) = Ale( i) +A2e(";j, )

where A s and A, are independent coefficients, and E | and E, are activation energies associated with the
two conduction mechanisms.

In Figure 6, curve 3 is approximated by two distinct segments with different slopes. The high-tem-
perature segment of the curve represents the intrinsic conductivity of the dielectric material, while the
low-temperature region exhibits a weaker slope (E,<E,), indicating that the conductivity in this region
is primarily determined by the nature and concentration of impurities (in this case, PFS).

Physics of Complex Systems, 2025, vol. 6, no. 1 21
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Fig. 6. Temperature dependence of the electrical conductivity:
PP (1), PP 90 % + PPS 10 % (2), PP 80 % + PPS 20 % (3), PP 65 % + PPS 35 % (4)

TSD current spectra

Figure 7 shows the temperature dependences of the TSD currents.

Two relaxation maxima are evident in the TSD spectra. The low-temperature maximum (7 = 75+90°C)
is due to the relaxation process of the charge accumulated at the interface between the matrix (PP) and
the filler (PPS), which exhibit different dielectric permittivity, €, leading to Maxwell — Wagner polariza-
tion. The activation energy for the high-temperature current maxima ranges from 1.7 to 3.8 eV and in-
creases with higher filler concentrations.

The high-temperature maximum (7 = 135+145 °C) may be associated with a relaxation process caused
by the intrinsic conductivity of PP in the amorphous phase. The accumulated charge remains stable
until the crystalline phase of PP melts at approximately 160 °C.

The TSD current spectra are analyzed using discrete elementary Debye maxima, each characterized
by a single relaxation time (Borisova et al. 2004). In this case, the TSD current can be expressed by the
formula:

T
ITSD=Im-exp(W” —W“j-exp —Wuz'.[exp[W“ —W"}dT , (5)
kT, kT kT T kT, kT
where k is the Boltzmann constant, T is the temperature at which the current reaches its maximum I,
W is the activation energy, 7 _is the relaxation time at the temperature of the current maxima.
An example of the experimental and calculated data for PP + 20% PPS sample is shown in Figure 8.
From the obtained graphs, the activation energies for the relaxation peaks were calculated and are
presented in Table 2.
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Fig. 7. TSD spectra for the PP sample (red) and composites with varying PPS content:
PP + 10% PPS (A), PP + 20% PPS (B), PP + 35% PPS (C)

300 350 400
T.K

Fig. 8. Experimental (points) and calculated (solid line) TSD current for the PP + 20% PPS sample
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Table 2. Current maxima and calculated activation energy values

Sample T,K I,10%A W, eV
PP 406 1.3 1.7
357 2.4 0.6
PP + 10% PPS
410 1.6 1.9
348 1.0 1.3
PP + 20% PPS
415 2.8 2.6
365 1.3 0.5
PP + 35% PPS
408 2.3 3.8

The activation energy for the high-temperature current maxima varies from 1.7 to 3.8 eV, with an in-
creasing trend as the filler concentration rises.

Conclusion

The study shows that the polarization of polypropylene samples filled with polyphenylene sulfide
results in the formation of an electret state. Notably, the effective surface charge density is significantly
higher in fibrous-porous materials compared to film-based materials. This increase in the ESCD
is likely due to the formation of strong local electric fields within the pores, which substantially enhance
the number of charge carriers, thereby boosting the ESCD.

In pure PP, the electrical conductivity decreases steadily with increasing temperature, while compo-
sites exhibit a distinct change in the conductivity curve at approximately 110 °C. The high-temperature
segment of the curve reflects the intrinsic conductivity of the dielectric, while low-temperature conduc-
tivity is primarily influenced by material impurities.

Two relaxation maxima are observed in the TSD current spectra. The low-temperature maximum
is associated with the relaxation of the charge accumulated at the interface between the matrix (PP) and
the filler (PES), which exhibit different dielectric permittivity, €, leading to Maxwell — Wagner polariza-
tion. The high-temperature maximum can be attributed to a relaxation process caused by the intrinsic
conductivity of polypropylene in the amorphous phase.

To enhance the electret properties, further investigations are recommended on composite materials
based on polypropylene with lower concentrations of polyphenylene sulfide, as the greatest influence
of the filler on the electret characteristics of the composite material is observed at filler concentrations
below 10% (Galikhanov et al. 2019; Gorokhovatskij et al. 2020; Kovalenko et al. 2023). However,
it is important to note that the electret state of filter materials does not always correlate with improved
filtration efficiency (Xiao 2015). Therefore, a careful balance must be struck between the desired mate-
rial properties and the technical and economic constraints of the production process.
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Abstract. A quantitative model of the behavior of metal-oxide-semiconductor (MOS) structures subjected
to thermal field treatment, particularly in the accumulation and recovery modes of mobile charge in the
gate dielectric, is presented. The mobile charge transport is modelled based on ion trapping on polyenergetic
defects with a spectrum of binding energies. The time-dependent shifts in the threshold voltage of the MOS
structures under positive and subsequent negative gate biases are simulated. The proposed model accounts
for both symmetric and asymmetric behaviours observed in MOS structures containing Na* ions. Additionally,

the model determines the range of binding energies, trap concentrations, and the spatial localization
of traps.

Keywords: MOS structure, gate dielectric, mobile charge, thermal field treatment, dispersion transport,
polyenergetic traps, amorphous silicon dioxide, modeling

Introduction

Positive Bias Temperature Instability (PBTI) may be observed during thermal field treatment (TFT)
of MOS structures with a positive gate voltage (Grasser 2014; Zhang et al. 2022). This phenomenon
is associated with the transport of mobile impurity ions of alkaline earth metals, primarily sodium (Na’),
from the gate to the silicon (Si) substrate in the electric field of the gate dielectric. Two primary models
have been proposed to describe the kinetics of mobile charge accumulation during TFT: Snow’s diffusion
model (Snow et al. 1965), and Hofstein’s interface trapping model (Hofstein 1966). In Show’s model, the
transfer of mobile charge from the gate to the Si substrate is governed by the diffusion and drift rates

of free impurity ions in the dielectric. The accumulated mobile charge is proportional to the square root
of the TFT duration:

0~ (1)

In Hofstein’s model, the rate of charge accumulation is determined by the release rate of impurity
from the interphase boundary (IPB) between the dielectric and the gate. In this case:

26
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Q=0y(1-exp(-~1/1)), 2)

where Q,is the initial charge, 7 is the time constant, T I Vexp(—ﬁ), v is the frequency factor, E is the

binding energy, T is the TFT temperature, k is the Boltzmann constant (k = 8.617 x 10~° eV/K).

When the polarity is reversed, the charge near the Si substrate decreases (or is restored) as the mobile
ions return to the gate. According to the diffusion model, this process should occur at the same rate
as the accumulation, resulting in symmetric behavior. Conversely, the boundary capture model suggests
that restoration occurs much faster than accumulation, reflecting asymmetric behavior due to the high
speed of free impurity transport. In practice, both behaviors are observed, and the kinetics of accumula-
tion and restoration deviate from the simple dependencies described by equations (1) and (2) (Hofstein
1966; Snow et al. 1965).

These deviations may be attributed to the capture of impurity by traps in the dielectric, which slows
the rate of impurity ion transfer (Aleksandrov, Morozov 2023). Moreover, in the case of amorphous
silicon dioxide, these traps are not monoenergetic, but polyenergetic, exhibiting a distribution (or disper-
sion) in binding energies. The dispersive transport of charge carriers in amorphous materials can be
modeled by multiple capture events involving polyenergetic traps (Noolandi 1977). For amorphous
silicon dioxide, these traps may include oxygen vacancies or other structural defects.

The aim of this work is to develop a quantitative model for the behavior of MOS structures during
TFT, focusing on the capture of mobile impurity ions by polyenergetic traps in the gate oxide. The
model also simulates time-dependent shifts in the threshold voltage.

Model equations

The gate dielectric of the MOS structure (amorphous silicon dioxide, SiOz) contains structural defects,
such as oxygen vacancies, which can serve as polyenergetic traps for mobile impurity ions. It is assumed
that during their transport, impurity ions can be captured by neutral traps, Tio , within the volume
of silicon dioxide, leading to the formation of positively charged complexes NT;" :

ki:
N++7}OkﬁN7}+,i=l,2...n, 3)
2i

where k . and k,, are the rate constants for the direct and reverse reactions of the impurity with the i-th
trap. The system of diffusion-drift continuity equations and the Poisson equation, describing the trans-
port of impurity ions and their capture by polyenergetic traps in accordance with reaction (3), is as fol-
lows:

acy, L 9*ch 9 n n
N=p ZN-—M—(CTV’E)—Cz+v2kuc%+2kz,~07m, (4)
ot dx ox i=1 i=1
+ 0
9CNr 9 _ ky;CLCY + ko, Chigsni=1,2...m, (5)
ot ot
% P qd ot ot
——5 == (Cy+ X Cyri), (6)
oxZ  egy  egg o

where x is the coordinate (x = 0 on the Si-SiO, IPB and x = d on the SiOz—metal gate IPB, d is the oxide
thickness); ¢ is the TFT time; Cj is the concentration of free impurity ions N*, C%- is the concentration
of neutral traps TI-O, Cy; is the concentration of positively charged complexes NTi+ ; Vis the potential
distribution in the dielectric; E is the electric field strength, E = —dV/dx; D is the diffusion coeff 2c icient
of free ions; y is the ion mobility; (u = D/(kT) according to the Einstein relation), g is the elementary
charge (g = 1.6:107" C); ¢ is the relative permittivity of the dielectric (¢(SiO,) = 3.9); ¢, is the electric
constant (g, = 8.85-10~"> F/m).
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The mobility of impurity ions in amorphous SiO, is described by the Arrhenius equation:

E
U= em(—ﬁ), (7)

where y is the pre-exponential factor, and E_ is the activation energy. The mobility of Na* ions in SiO,
was determined in (Stagg 1977) using the thermally stimulated ion current method in the fields
up to £ =5 x 10° V/cm, p, = 1.05 cm?*/Vxs, E = 0.66 eV.

We assume that the capture of an ion by different traps 7°, is equally probable, and under diffusion
limitation, the rate constant of the forward reaction (3) is determined by the diffusion coefficient of free
ions: k, = k, = 4mRD, where R is the effective radius of ion capture by a trap (we assume R = 1 A).
The reverse reaction occurs at a rate that depends on the binding energy of the ion with the i-th

E;.
trap E,: ky; :Vexp(—k—lj’f) where v is the vibration frequency of atoms, v = 10'* s7'. The binding

energy is distributed within the range from E,, to E, : Ejp; = Ep + AEy; -(i—1),i=1,2...n, where
_ Epn— Ep
=dE; = —1——"%, is the energy increment.
We assume that the distribution of traps by energy follows an exponential form, characteristic of amor-
phous materials (Arkhipov, Rudenko 1982):

aCTi(xaEbi)
—Ti il - ¢ - =1,2..
OE,, T(x) e><p( £ —biy = .n, (8)

where E is the characteristic energy corresponding to the width of the energy distribution of traps,
Cri(x, Ep;)ZEp; is the concentration of traps with energies from E, to E,, + AE, , and C (x) is the distribu-
tion of traps along the coordinate without taking into account the energy distribution, which we assume
to be exponential near both IPBs:

0O; 0; d-x
Cr(x) = “LSLexp(——) + ZLMe ey~ %), (9)
Lg; Lsim Ly Lyse

where Orsi» Oy are the integral concentrations of traps near the Si-SiO, and SiO,-gate IPBs, respec-

tively, without taking into account the energy distribution, and L and L, are the widths of the corre-
sponding exponential distributions of traps.

By summing equations (8) over energies and replacing the sum with an integral, we obtain an expres-
sion for the total concentration of traps in the selected range E,, — E, :

Ebn
Croum(x) = ZCTz(x Ep))AEy,; = _[ Cri(x, Ep;)dEp; =
=l Ep (10)

-cT<x)(exp(— ) exp(— b”))

The integral concentrations of traps in this range from equations (9) and (10) can be expressed as:

Orsi = QTS,(eXp(— ) exp(— ”" )) (11)

Orate = Qg (exp(— ”1) exp(— ”")) (12)

We assume that at the initial moment of time, the charged complexes are in equilibrium with free
impurity ions and neutral traps:

i CACRy = ki Clopii=1,2....m, (13)
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n
Replacing C% (x)= C%— (x, Ep;)AEp; — CX;Ti(x), D C]-l\-/Ti (x)= C?\-fsum (x)— C?\} (x¥) and summing (14)
over i, we get: i=1

" Cri(x,Ep;)AE),;
Choa+ Y, DI _ cp o, (14
=R+
1

Solving equation (14) using the bisection method, we find the distributions of C(x), C%-(x), and
Cri(x) in the equilibrium for a given TFT temperature at the initial time ¢ = 0.

The boundary conditions are assumed to be a constant gate bias and dielectric boundaries that reflect
the impurity ions:

Vd,)=Vg, (15)
J(0,1)=j(d,1)=0, (16)
. . o . oCy N
where j is the flux of impurity ions, j(x,f)=-D 3 +UCyE.
X

To assess the influence of mobile ions accumulation on the behavior of the MOS structure, the effec-
tive amount of impurity AQ , and the threshold voltage shift AV, (equal to the flat-band voltage shift
AVfb) near the SiO,-Si MOS IPB are calculated:

d —_—
Q1) = [ (Clisum (6.1) = Clisum (1,00 2 Yy (17)
0
AVth(t)=CiAQm(t>, (18)

where C = eg /d is the specific capacitance of the dielectric.

The system of equations of model (4)—(6) with the initial condition (14) and boundary conditions
(15)—(16), taking into account equation (8), was solved numerically using both explicit and implicit dif-
ference schemes.

Calculation results and discussion

The calculation results were compared with the experimental data from (Kriegler, Devenyi 1973) and
(Snow et al. 1965) on the TFT of MOS structures contaminated with Na* ions. In (Kriegler, Devenyi
1973), the MOS structure had an aluminum gate, with the gate oxide formed by thermal oxidation in dry
oxygen at a temperature of 1150 °C, resulting in a thickness of 120 nm. Sodium was introduced into the
structure during the deposition of aluminum at an approximate concentration of 10> cm™ TFT mea-
surements were performed at temperatures of 75 °C, 120 °C, and 175 °C, with a gate bias of V,=+2V
in the charge accumulation mode and at V, = —1 V in the subsequent recovery mode.

Figure 1 shows the kinetics of threshold voltage shift as a function of time in the accumulation mode
on the silicon substrate. Curves 1-3 represent experimental dependences from (Kriegler, Devenyi 1973),
while curves 1'-3” show calculations for monoenergetic traps at E, = 1.14 eV following (Aleksandrov,
Morozov 2023), and curves 1”-3” represent calculations for polyenergetic trapsat £, =0.9eV, E, =1.4¢eV,
E, = 0.25 eV. The comparison in Figure 1 reveals that calculations incorporating polyenergetic traps,
in contrast to those based on monoenergetic traps, better represent the experimental data.

The lower limit of the energy range of the traps was initially set to the activation energy of Na* ions
mobility (E, = E_= 0.66 eV, as reported by (Stagg 1977)), but was subsequently adjusted to 0.9 eV, since
at lower values of E, the calculation results do not change, due to the rapid depletion of traps with small
E, . The upper limit of the range E, = 1.4 eV was taken to be equal to the highest activation energy ex-
perimentally recorded for the diffusion of sodium ions following (Sugano et al. 1968). The number of trap
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energy levels within the range was taken to be # > 30, ensuring that the solution became independent
of n.

The obtained range of 0.9-1.4 eV corresponds to the activation energy range for the ‘slow’ diffusion
of sodium ions, as described in (Verwey et al. 1990). The narrow distribution of traps near the gate
(L e = 2 nm) was selected to reflect the fact that, at negative V., no significant shift in the threshold volta-
ge was observed during TFT, with the voltage shift measured as AV, =3 mV at 7= 120°C, V= -2 V).
The appearance of the calculated dependences at temperatures of 75 °C and 120 °C resembles the root
function (1) of Snow’s model (Snow et al. 1965), while at 175 °C, the behavior aligns more closely with
the function (2) of Hofstein’s model (Hofstein 1966).

----------------------- -t =y S

'Y W W w s s an an

f, min

Fig. 1. Dependences of AV, (¢) during TFT (accumulation mode V, = +2 V, d = 120 nm) at temperatures, °C:
1,117 —175; 2,2, 2" — 1205 3, 3, 3” — 75 °C. Curves 1-3 — experimental data from (Kriegler, Devenyi 1973);
1'-3’" — calculations for monoenergetic traps (E, = 1.14 eV, Q,*, =125 x 10” cm™, Q,,, = 9.4 x 10" cm™);
17-3” — calculations for polyenergetic traps (Eb1 =09eV,E, =14eV,E =025eV,Q, ", =14 x 102 cm™,
Qe = 2:13 x 10 cm™)

In (Snow et al. 1965), the MOS structure was contaminated with sodium prior to sintering the alu-
minum gate. The gate oxide thickness was 200 nm. TFT measurements were performed at temperatures
of 80 °C, 100 °C, 120 °C, 140 °C, and 160 °C with a gate bias of V.=+10V for one hour.

Figure 2 shows the experimental data (symbols 1-4) from (Snow et al. 1965) and the calculated de-
pendences (curves 1’-4’) between the effective charge and the Q_(¢'*) during TFT. It is evident from
Figure 2 that the experimental dependences from (Snow et al. 1965) deviate from both Snow’s model (1)
and Hofstein’s model (2), but are satisfactorily described by the proposed model based on polyener-
getic traps, with the same parameters used in Figure 1 as in (Kriegler, Devenyi 1973), i. e, E, = 0.9 eV,
E,=14eV,E =0.25¢eV.

The kinetics of the threshold voltage change during the recovery mode at V_ = -1 V (following the
accumulation mode at V_ = +2 V, T = 120 °C, ¢ = 10 min) is shown in Figure 3 (curve 1) based on the
data from (Kriegler, Devenyi 1973). Curves 2 and 3 show the calculation using the polyenergetic trap
model with the same trap parameters at the gate as those in Figure 1. These calculations are performed
both in the absence of traps in silicon (curve 2, Q,, = 0) and with a small number of traps present (curve 3,
Q. = 2.36 x 10" cm™). The trap parameters in silicon are identical to those at the gate (E,; = 0.9 eV,
E, =14eV,E =025 eV), except for the distribution width, which was taken to be L,=5nm, according

b
to the data from (DiMaria 1977).
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Fig. 2. Q (¢'?) dependences during TFT (accumulation mode V= +10 V, d = 200 nm) for temperatures, °C:
1,1 —160; 2, 2" — 140; 3, 3’ — 120; 4, 4’ — 100; 5, 5" — 80. Curves 1-5 — experimental data (Snow et al. 1965);
1’'-5" — calculation for polyenergetic traps (E,, =0.9eV,E, =1.4eV,E =0.25eV,Q,*, =53x10”cm?,
Q,,, = 2:24 x 10% cm?)

As shown in Figure 3, recovery occurs much faster than accumulation, indicating asymmetric beha-
vior. The initial rapid voltage drop is caused by the drift of free impurity from the Si-SiO, IPB, with the
slope of this drop characterized by the mobility of free ions. In the case of no traps near silicon (curve 2),
atz>0.2s, the threshold voltage is completely restored to V, =0 (|AV, | = AV, (at +V)). However, when
traps are present near silicon (curve 3), the threshold voltage does not fully recover, as the impurity ions
are captured by traps near the boundary with silicon. Among the available literature data on the diffusion
coefficient of free sodium ions (Greeuw, Verwey 1984; Hofstein 1967; Kriegler, Devenyi 1976; Stagg 1977;
Sugano et al. 1968; Verwey et al. 1990), the data from (Stagg 1977) provide the best correlation with the
experimental observations in the region of fast drift.

The asymmetry observed in the charge accumulation and recovery dependencies AV (¢) in Figures 1-3
within the framework of the model can be explained by two factors: first, the initial position of Na* ions
on traps near the gate, and, second, the relatively low concentration of traps near the Si-SiO, IPB
(Q,g = 2.36 x 10" cm™) for silicon oxide obtained by thermal oxidation in dry oxygen.

In contrast, when ‘chlorine’ oxides are used, which are obtained by thermal oxidation in the presence
of HCl vapor, a more symmetrical accumulation-reduction time dependences are observed during TFT.
This symmetry is attributed to an increase in the concentration of traps near silicon, which slows down
the drift of sodium ions during the reduction mode under a negative bias. In (Kriegler, Devenyi 1973),
along with standard samples with oxide produced by thermal oxidation in dry oxygen (see Figs. 1 and
3), samples with chlorine oxide were also studied. The thermal oxidation of these samples was performed
ata temperature of 1150 °C in an atmosphere containing 6% HCI: O,. The oxide films formed were 115 nm
thick. TFT in the recovery mode was carried out at temperatures of 250 °C, 225 °C, 200 °C, and 175 °C
with a gate bias of V_ = -2V (after applying V_ = +2 V at T'= 200 °C for ¢ = 5 min). The amount of charge
Q,, = 4Q,A that moved from silicon with a negative bias to the gate with an area of A = 0.025 cm® was
measured. Under a positive bias during the accumulation mode, the experimental dependences AV (¢)
for both the standard and chlorine oxides, as reported in (Kriegler, Devenyi 1973), were identical. This
indicates that the defects induced by chlorine are concentrated near the SiO,-Si IPB and do not impact
the drift of sodium ions from the gate to silicon.

Figure 4 shows the calculated Q, () dependencies for chlorine oxide in the reduction mode.
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AV, V

0.2 03 04 0.5
£, s

2

Fig. 3. Dependence of AV, () during TFT (recovery mode, V.= -1V, T =120 °C, d = 120 nm).
Curve 1 — experimental data (Kriegler, Devenyi 1973); curve 2 — calculation based on the model
with no traps near silicon, Q, = 0; curve 3 — calculation based on the model with traps near silicon,
Q. = 2.36:10" cm™?, L, = 5 nm. The trap parameters near the gate are the same as those in Figure 1
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Fig. 4. Q, () dependences during TFT (reduction mode, V.= -2V, d = 115 nm, A ~ 0.025 cm?)
for temperatures, °C: 1, 1’ — 175; 2, 2 — 200; 3, 3’ — 225; 4, 4" — 250. Curves 1-4 — experimental data
(Kriegler, Devenyi 1973); 1’-4” — calculation for Q' sy cm%1 —3.7x10% 2 — 4.6 x 10" 3" — 4.7 x 10" cm™%;
4 —51x10" (Q,, =3.51 x 102 cm™%, E, =0.9€V, E, =2¢V,E,=0.25¢V, L, = 5nm)
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The calculation shows that, for the given parameters of the preliminary positive bias, almost all the
impurity migrates from the gate to the substrate (Q, = 1.4 x 10" cm™). Consequently, the recovery
calculation was performed assuming an initial impurity distribution on traps near silicon in the local
equilibrium state at the corresponding TFT temperatures. The experimental curves were obtained
by varying Q,*., while maintaining a constant number of traps near silicon Q, . = 3.5 x 10" cm™
(curve 1'-4’), using the same parameters of polyenergetic traps (EO =0.25eV,E, =09 eV), but with
a higher E, = 2 eV. The distribution width L. = 5 nm was taken from the experiment (DiMaria 1977).
From the values obtained for curves 1'-4’ (Q,*,, = (5.1 — 3.7) x 10" cm™), it is evident that the integral
amount of impurity Na* ions in the chloride oxide, when moving from silicon (with a negative bias),
is less than when migrating to silicon (with a positive bias). This suggests neutralization of some Na* ions
located on traps close to the SiO,-Si IPB. As established in (Aleksandrov 2015; Dmitriev, Markin 1998),
neutralization occurs due to the capture of electrons from the silicon substrate:

ka

Nat +7% + e~ == NT".
ky
2

We assume that the formation of the inactive part of the impurity Q' = Q,, — Q, is limited by the
slower reaction of the impurity ions with the traps and is in equilibrium with them:

ky
Cir =—LCh P,
)
ki
Oy =—0N0Or /L,
)

ki
ky =—0nOr / L.
Oy

E:
Atk =k, using the temperature dependence k3 = v’ exp(- —b), we find the binding energy of sodium

in such neutral traps: E,” = 0.82 eV, which is close to the lower limit of binding energies for polyener-
getic traps (E,; = 0.9 eV).

Conclusions

A quantitative model of the behavior of MOS structures during thermal field treatment has been
developed based on the mechanism of capturing mobile impurity ions by polyenergetic traps in the bulk
of the gate dielectric. At a positive gate voltage, the kinetics of charge accumulation in the IPB with sili-
con is determined by the rate of impurity ion release from polyenergetic traps in the IPB with a gate
(Figs. 1 and 2). The parameters of these traps (Eb1 =09eV,E, =14eV,E =0.25 eV), their concentrations,
and the width of the localization region (L,, = 2 nm) have been determined from experimental tem-
perature dependences (Kriegler, Devenyi 1973; Snow et al. 1965).

Upon a subsequent change in polarity, the kinetics of charge recovery depends on the presence of traps
near Si-SiO, IPB. In the absence of traps (Fig. 3, curve 2) or their low concentration for dry oxide
(Fig. 3, curve 3), the recovery rate is high (showing asymmetric behavior) and is determined by the drift
velocity of free impurity ions, as well as the internal field of ions. With a high concentration of traps
in the chloride oxide near Si-SiO, IPB, the recovery rate becomes significantly slower (Fig. 4) and
is comparable to the accumulation rate (indicating symmetric behavior). In this case, the recovery rate
is determined by the rate of impurity ion release from polyenergetic traps near Si-SiO, IPB (Fig. 4). The
parameters of the traps (E,, = 0.9 eV, E, = 2.0 eV, E = 0.25 eV), their concentrations, and the width
of the localization region (L, = 5 nm) were determined by comparing the calculations with the experi-
mental temperature dependences (Kriegler, Devenyi 1973). It was found that neutralization of a part
of the ionized impurity occurs in chlorine oxide, and the binding energy of the Na impurity on such traps
is calculated to be E,” = 0.82 eV.
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Abstract. This paper presents phenomenological and numerical studies of Gaussian white noise and field-
induced dynamical phase transitions in bulk antiferroelectrics (AFE), focusing on the delayed transition
from AFE to ferroelectric (FE) states. The steady states of the AFE are formulated by applying the calculus
of variations to the AFE thermodynamic potential, in the absense of external noise. Stochastic relaxation
equations for the AFE are then derived using the Landau — Khalatnikov equation, where the AFE
thermodynamic potential accounts for both Gaussian white noise and a sinusoidal time-dependent electric
field. These equations are solved numerically using the stochastic fourth-order Runge — Kutta (SRK4)
method. The results indicate that, for an applied field amplitude of 97% of the transition amplitude, additional
Gaussian white noise with amplitudes < 8% of the applied field induces delayed AFE to FE phase transitions,
with the time delay inversely proportional to the noise amplitudes.

Keywords: Gaussian white noise, stochastic fourth-order Runge — Kutta (SRK4) method, dynamical phase
transition, antiferroelectrics, ferroelectrics

Introduction

Phase transitions in antiferroelectric (AFE) materials are typically characterized by a unique electric
polarization that reverses direction at a critical temperature or applied electric field. Below the critical
temperature, the AFE to ferroelectric (FE) phase transition occurs when both static and time-dependent
electric fields increase beyond their respective critical thresholds. At various static field values, steady
states of the AFE systems can be identified. These states exhibit hysteresis patterns in 2D plots of induced
polarization versus applied static field. By observing these hysteresis patterns, the system’s AFE and FE
states can be distinguished. For time-dependent applied electric fields, sinusoidal or other periodic be-
haviors lead to what is called a dynamic field-induced phase transition, where the dynamic field can drive
the system from one phase to another, typically from AFE to FE phases. These phase transitions manifest
as abrupt changes in hysteresis patterns, shifting from AFE double hysteresis loops to FE single hysteresis
loops (Lines, Glass 1977; Tolédano, Guennou 2016; Zhang et al. 2020; 2023).

In dynamic field-induced phase transitions, the effects of noise are inevitable. Sources of this noise
may arise from fluctuating environmental conditions, non-ideal equipment, material degradation (such
as aging), electrical interference, thermal fluctuations, imperfect control systems, and other random
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disturbances (Garcia-Ojalvo, Sancho 1999; Gardiner 1985; Henkel, Pleimling 2010). Initially, stochastic
effects on dynamical phase transitions were used to explain climatic transitions between ice ages and
interglacials (Alexandrov et al. 2018; Benzi et al. 1981; Nicolis 1982). The theoretical study of noise-induced
phase transitions has gained momentum in other physical systems. For example, in the cubic lattice
model (Van den Broeck et al. 1994), spatially extended systems (Cao et al. 2007; Carrillo et al. 2003), and
delayed triple-well potential systems (Jin, Xu 2020), among others. Stochastic transitions have also gar-
nered significant interest in quantum systems, such as the system-reservoir model (Ghosh et al. 2005),
mesoscopic metal rings (Tong, Vojta 2006), electronic Mach-Zehnder interferometers (Levkivskyi,
Sukhorukov 2009), two-dimensional open quantum systems (Dagvadorj et al. 2015), quantum dots
(Zhang et al. 2017), and hybrid quantum circuits (Liu et al. 2024), etc.

In this paper, we investigate both phenomenologically and numerically the effects of additional Gaus-
sian white noise on field-induced delayed AFE to FE phase transitions in bulk AFE systems, such as am-
monium dihydrogen phosphate (ADP). We first explore how electric fields, both static and time-depen-
dent, influence these phase transitions, with particular attention to hysteresis patterns that help
distinguish between AFE and FE states. We further examine the impact of Gaussian white noise on dy-
namic field-induced AFE to FE phase transitions by evaluating how the frequency and amplitude of the
applied electric field, as well as the noise amplitude, affect hysteresis patterns, time series curves, and
the delay of phase transition onset.

The study is divided into three parts. In the first part, the steady states of the AFE system are formu-
lated using the bulk AFE thermodynamic potential with an applied static electric field, excluding noise
(Lines, Glass 1977; Lim 2022). The resulting equations of state are solved numerically using a root-
finding method (Press et al. 1996), and the results are presented graphically in 2D plots. These results
serve as a baseline for distinguishing between the AFE and FE phases in the second and third parts of this
paper.

In the second part, the adopted AFE thermodynamic potential incorporates Gaussian white noise
and a sinusoidal time-dependent electric field. The nonlinear stochastic relaxation equations of the AFE
system are formulated by applying the Landau — Khalatnikov equation to this thermodynamic potential.
To numerically solve these nonlinear stochastic relaxation equations, we adopt the stochastic fourth-
order Runge — Kutta (SRK4) method (Khodabin, Rostami 2015). In the numerical simulations, two sets
of frequency and amplitude of the applied field are selected, with the selected amplitudes being smaller
than the transition amplitudes without noise. For each set of frequency and amplitude, three sets
of numerical data are generated to account for three different noise amplitudes. Specifically, the first two
sets correspond to noise amplitudes below the critical value, while the third set corresponds to the
critical noise amplitude. The generated data are plotted as time series and hysteresis curves. The abrupt
changes in values and the patterns of the curves enable the identification of the transition from AFE
to FE phases of the system.

The third part is an extension of the second part, using the same formalism and numerical scheme.
The selected frequencies are the same as the frequencies chosen in the second part, but the selected field
amplitudes are significantly greater than the transition amplitudes without noise. Two sets of numerical
data are generated using the same SRK4 method to account for two moderate noise amplitudes. The
generated data are plotted as time series and hysteresis curves, serving as a comparison with the results
from the second part.

Part I. AFE and FE steady states in applied static fields

Before applying noise, it is necessary to identify the steady states of the system under a static applied
field. The formalism is based on the Landau theory of first-order antiferroelectricity, adopted from pre-
vious work (Lim 2022), in which the dimensionless bulk AFE thermodynamic potential is presented
in equation (1):

g,=(w+t)g>+r2—(q*+6q%r+rt) +
+ (g®+ 1542+ 15g2%r*+r%) —eq. (1)

gyt & q, 1, and y, are reduced variables, or dimensionless quantities, corresponding to the thermody-
namic potential of the AFE system, temperature, applied static electric field, normal electric displacement,
staggered electric displacement, and the interaction constant of the AFE sublattices (Lim 2022; Lines,
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Glass 1977). When the system is in equilibrium, the variation of g, in equation (1) with respects to g and r
is minimized, which gives the equations of state for the AFE system, as shown in equations (2):

2(w+1t)g — (4q3+12gr?) + (63 +60g3r2+30gr+) —e = 0, (2a)
2tr — (12q%r + 4r3) + (30g*r+60g2r3+6r3) = 0. (2b)

From equation (2b), the possible values of r are:
e =0, (32)

r,

which corresponds to the field-induced FE phase, and

o _5¢° ~1)%/180g* —12¢° +1-3

v 3 ; (3b)

which corresponds to the remnant AFE phase under the influence of the applied static field. The existence
of the AFE phase is confirmed when the value of r = r, is non-zero and real. Substituting equations (3)
into equation (2a) gives the equations of state of the AFE system in terms of ¢ versus é.

To reveal some features of the equations of state, equations (2) and (3) are solved numerically (Press
et al. 1996), and the generated data are presented graphically. In the numerical calculations, the mate-
rial parameters for ammonium dihydrogen phosphate (ADP) are adopted from previous work (Lim
2022). For ADP, the Curie temperature is 7. = 148 K. The fitting of ADP material constants yields
¥ ~0.01233, £ ~ —3.346 x 107 e. = 0.41658, and f, ~ 0.021336524 at T'= 80 K (Lim 2022), where f is the
natural frequency of the AFE system. The calculated points for ADP’s equations of state are shown
in Figure 1.

\:
s

-1.5 -1.0 0.5 1.0 1.5
h\
0.4 )
N—
/

-0.8 e

-1.2 -

Fig. 1. Steady states for ADP at T = 80 K (¢ ~ —3.346 x 107%), where FE states are represented
by black dots (r = 0), AFE states by purple dots (r = r ), and red dots (r = r)

In Figure 1, the black dots, calculated from equations (2a) and (3a), correspond to the field-induced
FE states of the system, whereas the red (r = r ) and purple (r = r,) dots, obtained from equations (2a) and
(3b), correspond to the remnant AFE states of the system. In Figure 1, the numerical points indicate the
existence of AFE states for both |é| < e_and |é| > e.. However, the bulk AFE system considered here does
not account for stress, strain, size, or surface effects that may pin the AFE states for |é| > e_.. Therefore,
the condition for the existence of the AFE phase is that the magnitude of the applied static field must be
smaller than the coercive field, i. e., |é| < e... To satisfy this condition, the purple and red dots with |é| > e
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are removed. Additionally, in Figure 1, the AFE and FE states corresponding to the dots with negative
slope trends are unstable and are unlikely to exist under an applied static electric field. To retain only the
stable and metastable states, points exhibiting negative slopes are also removed (Line, Glass 1977). The
results of discarding the unstable states and the AFE states with |é| > e are shown in Figure 2.

1.2 149

-1.5 -1.0 -0. 0i0

-1.2 -

Fig. 2. Metastable states (AB and CD) and stable states of ADP at T'= 80 K (¢ ~ —3.346 x 10-3), where FE states
are represented by black curves (r = 0), AFE states by purple curves (r = r ), and red curves (r = r)

The curves in Figure 2 show obvious hysteresis patterns with discontinuities around +e_ for both FE
and AFE states. Key differences between FE and AFE states include: (i) the FE states show a single hys-
teresis pattern, whereas the AFE states show a double hysteresis pattern; (ii) the magnitudes of the
normal electric displacement in AFE states (i. ., |g| < 0.2) are significantly smaller than those in FE states
(i. e., |g| > 0.6); (iii) the magnitude of the applied field required to induce discontinuous switching in FE
states (i. e., |€| ~ 0.39325 = 0.944e_) is smaller than that required in AFE states (i. e., |é| = e ); and (iv) the
FE curves exhibit metastable state curves AB and CD (Line, Glass 1977).

Part I1. AFE to FE phase transitions under the influence
of applied sinusoidal fields and Gaussian white noise

In the formulation, the applied dynamic fields consist of two components: one is a deterministic si-
nusoidal field, and the other resembles Gaussian white noise with zero mean, adjustable amplitude, and
variance. With these dynamic fields, the dimensionless bulk AFE thermodynamic potential is given
in equation (4) (Lim 2022; Van den Broeck et al. 1994):

g, z(t//+z‘)q2 +1r’ —(q4 +6q°r’ +r4)+(q6 +15¢*r* +15¢°r* +r6)f
—eq—DE(s)q, @)

where s is the dimensionless time variable, e = e, sin(27fs) is the time-dependent applied electric field
(in what follows referred to as field’ or ‘applied field’), and e is the field amplitude. (s) represents
Gaussian white noise, and D = e, is the adjustable amplitude of the noise, where o is a constant. In the
presence of the field and noise, the dimensionless Landau — Khalatnikov equation of motion is given
by equation (5) (Lim 2022):

d’x,  dx, 0g,
i + _lzi_, 5
ds’ 4 dr ox, )
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where y is dimensionless damping constant, and x, represents the dimensionless normal or staggered
electric displacements, g and r. The first and second terms in equation (5) represent the acceleration and

damping of x.. 4 s the variation of g ', in equation (4) with respect to x,. For small damping, the dy-

namics of g and r are oscillatory, which has been used to simulate chaotic dynamics without noise in pre-
vious works (Lim 2022; 2023). For large damping, such as y = 1, the first-order time derivative terms
dominate, and equation (5) can be approximated as nonlinear first-order stochastic relaxation equations
for the AFE system, as shown in equations (6) (Khodabin, Rostami 2015; Van den Broeck et al. 1994):

dgq = C,ds + Ddw, (62)
dr=C.ds, (6b)
where
C, = 72(y/+t)q+4(q3 +3qr2)76(c]5 +104°7° +5qr4)+e, (7a)
C, =-2r+4(3¢r+r)-6(5¢"r +10¢°r" ++°), (7b)
dw=E&(s)ds . (7¢)

Equations (6) are used to simulate the dynamic phase transitions and hysteresis effects of AFE systems.
The stochastic fourth-order Runge — Kutta (SRK4) method, an extension of the classic fourth-order
Runge — Kutta method (Khodabin, Rostami 2015), is adopted to simulate equations (6). In the nu-
merical scheme, equations (6) are rewritten in vector form, as shown in equation (8):

dX,=C(X,,s)ds+D(X,,s)dw,. (8)

To solve equation (8), the SRK4 method involves discretizing the time interval into steps and updat-

ing the solution iteratively. Let X, denote the approximation of X at times ,andletAs=s  —s .The

SRK4 method updates X using the computed intermediate values as shown in equation (9):

K, =C(X,.s,)As+D(X,.s,) AW, , (92)
K, = C(X +;K s, +—= AsjAs+D(X +—K,s, +;AsjAWn2, (9b)
K, = C(X +;K2,s +— AsjAs+D(X +—K,,s, +1AsjAWn3, (9¢)
K,=C(X,+K;,s,+As)As+D(X, +K;,s, +As) AW, ,, (9d)

where all the terms D (..., ...) in equations (9) are adjustable constants. AW , AW , AW  and AW ,
are independent amplitude increments of the stochastic process with zero mean and variance As, i. e o
AW ~ N(0, As) = VAs N(0,1), where N(0,1) is the Gaussian random variable with zero mean and vari-

ance one. The updated solution is given by equation (10):

n+l

=Xn+%(Kl+2K2+2K3+K4). (10)

The material parameters adopted in the simulations are based on the parameters of ADP at T = 80K,
which are the same as those used to generate Figures 1 and 2.

Before applying Gaussian white noise, two frequencies of the field are selected: f, = 0.5f and f, = 1.5f; .
The corresponding transition amplitudes of the field needed to switch the system from AFE hysteresis
to FE hysteresis are approximately e ., = 1.0162e_and ¢, = 1.0775e_, respectively. To reveal the effects

071 C 072
of Gaussian white noise and maintain the periodicity of the induced normal electric displacement as the
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applied field, the selected field amplitudes for the two frequencies are e, = 0.9857¢.and e, = 1.0443e_,
which are approximately 97% of the corresponding transition amplitudes. The numerical results for the
first set of frequency and amplitude, namely f = f, = 0.5f and |e | = e, = 0.9857¢_, with a standard de-

viation of

\JAs, ~7.654083178069687 x 1072, are shown in Figures 3 and 4.

In Figure 3, the time series curves are presented as e, versus s (i. e, (s, ¢,)), along with three g versus

s curves (i.

e, (s, q,), (s, q,), (s, q,)), and three r versus s curves (i. e., (s, 7)), (5, 1), (s, r,)). These curves

correspond to three amplitudes of noise: D, = 0.0630¢,, = 0.06203610¢_., D, = 0.0792¢ , = 0.07798824e .,
and D, = 0.0793¢, = 0.07808671e_.. For all these curves, e, is switched on from the 1 to 45" cycles and
switched off after the 45™ cycle, whereas noise is switched on from the 1% to the 35% cycles, and switched

05 &

0.3 rMMH | (] AR AR

0.1 .

0.1 4 Jr , olk( 31600 Jj,soo

03 T M T

-0.5

1.0 G D, = 0.0630

0.5 {H”H\I\\WV\H\P\\\W

0.0 s
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0.0 AWM s

05 0 900 130(j :znjs :S,Eijﬂ 4,500

o WYY DIV —

1.0 G 7 D, =0.0793

erpwmw T

0.0
-0.5
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Fig. 3. Time series curves for (s, e,), (s, q,), (s, 7)), (5, q,), (s, 1), (s, q,), and (s, r,) for the 1 to 45" cycles.
The three black (s, g) curves and three red (s, ) curves correspond to three amplitudes of noise:

40

D, =0.0630e,, D, =0.0792¢,, and D, = 0.0793¢,,. Here, e | = e, = 0.9857e_, f = f, = 0.5f,,
and /As, ~7.654083178069687 x 1073 all noise is switched off after the 35™ cycle
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02 149,
D,=0.0792¢e,,
(5"to 8™ cycles)
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-0.5 0.5
-0.2 - (a)
D,=0.0792¢e,, 12 94,
(17™to 20" cycles)
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. : ~0:0 : : &1
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038
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Fig. 4. (a) AFE hysteresis loops without noise (white loop, D = 0) and AFE hysteresis loops with Gaussian
white noise (black curves, D, = 0.0792¢,) for the 5* to 8" cycles. (b) FE hysteresis loops induced by Gaussian
white noise (D, = 0.0792¢ ) for the 17* to 20™ cycles. Here, f = f, = 0.5, and |e | = ¢, = 0.9857e_

When Gaussian white noise is activated, the transition from AFE hysteresis to FE hysteresis does not
occur immediately but is delayed, as shown in the curves (s, q,), (s, g,) and (s, r,), (s, r,) in Figure 3. This
is displayed as an abrupt change in the amplitudes of (s, g,), (s, ¢,) from less than 0.2 to greater than 0.6,
and in (s, 7)), (s, r,) from greater than 0.6 to approximately 0.0. For the noise amplitudes D, = 0.0630e,,
and D, = 0.0792¢_, the transitions from AFE hysteresis to FE hysteresis are delayed until the 23 and
14™ cycles, respectively. This indicates that a larger amplitude of Gaussian white noise results in a shor-
ter delay time for the AFE to FE phase transition. The noise amplitude required to induce the transition
is identified as D, = 0.0793¢ , which is the smallest amplitude necessary to observe the transition oc-
curring in the first cycle.

The numerical results indicate that when the amplitude of the field is smaller than the transition
amplitude (i. e., e, < ¢,,,), and in the absence of noise (D = 0), the system displays only the AFE hys-
teresis curve, depicted as a white loop in Figure 4(a). The black curves in Figures 4(a) and 4(b) show
the hysteresis loops with Gaussian white noise, derived from a selected curve in Figure 3, specifi-
cally the (e,, g,) curve for D, = 0.0792¢, focusing on the 5™ to 8" cycles (before the transition) and

o1’
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the 17" to 20" cycles (after the transition), respectively. Due to the applied noise, the four successive
AFE and FE hysteresis loops in Figures 4(a) and 4(b) show fluctuations and do not overlap. In par-
ticular, the black AFE hysteresis loops in Figure 4(a) exhibit fluctuations around the white loop. The
FE hysteresis loops in Figure 4(b) exhibit both stable and unstable states, corresponding to the parts
with positive and negative slopes.

The numerical results for the second set of frequency and amplitude, namely f = f, = 1.5f and

le,| = e,, = 1.0443e_, with a standard deviation of \/As, =~ 4.419086983258320 x 102, are shown in Figu-
res 5 and 6. In Figure 5, the time series curves display e, versus s (i. e, (s, e,)), along with three g versus s
curves (i. e, (s, g,), (s, q,), (s, q,)), and three r versus s curves (i. e, (s, r,), (s, 1), (s, ). These curves cor-
respond to three amplitudes of noise: D, = 0.0561¢,, = 0.05858523e ., D, = 0.0813¢ , = 0.08490159% .,
and 1)6 = 0.0866¢,, = 0.09043638e,.. For all these curves, e, is switched on from the 1% to the 45" cycles
and switched off after the 45" cycle, whereas noise is switched on from the 1* to the 35" cycles, and
switched off after the 35™ cycle.

05 &

0.3

0.1

-0.1 !
-0.3 ]

-0.5
1.0 G4 11 D, =0.0561

LA D
e T I

o T
N T TP T TR =

-1.0

o LA PO P
"W T e b =

Fig. 5. Time series curves for (s, e,), (s, q,), (s, 7,), (s, q.), (5, 1)), (s, q,), and (s, r,) for the 1% to 45™ cycles.
The three black (s, g) curves and three red (s, r) curves correspond to three amplitudes of noise:
D, =0.0561e,,, D, = 0.0813¢,,, and D, = 0.0866¢,. Here, |e,| = e, = 1.0443e_, f = f, = 1.5f,,

and /As, ~4.419086983258320 x 1073 all noise is switched off after the 35™ cycle
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Fig. 6. (a) AFE hysteresis loops without noise (yellow loop, D = 0) and AFE hysteresis loops with Gaussian
white noise (black curves, D, = 0.0561¢,) for the 5* to 8" cycles. (b) FE hysteresis loops induced by Gaussian
white noise (D, = 0.0561e,,) for the 17* to 20™ cycles. Here, f = f, = 1.5f, and e = e, = 0.9857e_.

As with the first set of results, when Gaussian white noise is introduced, the transition from AFE
to FE hysteresis does not occur immediately after noise is switched on; instead, it is delayed, as shown
in the curves (s, g,), (s, g,) and (s, ), (s, r.) in Figure 5. For the noise amplitudes D, = 0.0561e,, and
D, =0.0813¢,, the transitions from AFE to FE hysteresis are delayed until the 14™ and 8" cycles, respec-
tively. This reflects the inversely proportional relationship between noise amplitude and time delay for
the AFE to FE phase transition. The transition noise amplitude is identified as D, = 0.0866¢,. In addition
to the AFE to FE phase transitions, the three (s, ) curves in Figure 5 exhibit desynchronization, or phase
slips, and a loss of periodicity while Gaussian white noise is switched on. The appearance of these features
is the result of the crossing of unstable and fluctuating orbits (Berglund 2016).

When the amplitude of the field is smaller than the transition amplitude (i. e., ¢, < ¢ ,,), and in the
absence of noise (D = 0), the system displays only the AFE hysteresis curve, depicted as a yellow loop
in Figure 6(a). In contrast, the black curves in Figures 6(a) and 6(b) represent the hysteresis loops with
Gaussian white noise, derived from the (e,, ¢,) curve in Figure 5, for D, = 0.0561e,, during the 5 to 8"
cycles and the 17* to 20" cycles, corresponding to the periods before and after the AFE to FE phase
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transition. As a result of the applied noise, the four successive AFE and FE hysteresis loops in Figures
6(a) and 6(b) do not overlap and show fluctuations. In particular, the black AFE curves in Figure 6(a)
exhibit fluctuations around the yellow loop, while the FE hysteresis loops in Figure 6(b) display both
stable and unstable states, corresponding to the parts with positive and negative slopes. The large and
distorted deviations observed among the four successive FE hysteresis loops in Figure 6(b) are manifes-
tations of desynchronization, or phase slips, as seen in the time series curve (s, q) , in Figure 5.

Part I1I: Hysteresis effects in the FE phase under strong field and moderate Gaussian white noise

In this section, the formalism, material parameters, and numerical schemes are the same as those
in the second part. To enable comparison with the results from the second part, the same two frequen-
cies and standard deviations are selected, i. e., f1 = O.Sfo and f2 = 1.5f0. The selected strong field amplitudes
for the two frequencies are |e,| = ¢, = 1.5e_.and |e,| = e , = 3.0e_, respectively, which are approximately
147.6% and 278.4% of the transition amplitudes e, and e, respectively. To assess the effects of Gaussian
white noise, moderate noise amplitudes of D, = 0.1¢,, = 0.15¢_and D, = 0.1¢,, = 0.30e_. are selected for
the two frequencies, respectively. The numerical results for both frequencies, covering the 1% to 10" cycles,
are presented in Figures 7 and 8.

1.2 4 Q7’ 83
0.8 -
04 -
0.0 : . .S
0 0 0 50 8 1,000
0.4 -
0.8 -
1.2 - (a)
12 ¢,
€3
-0.8 0.8
1.2 - (b)

Fig. 7. (a) (s, e,) and (s, ¢,) time series curves. The (s, ¢,) time series curve corresponds to Gaussian white noise
with amplitude D, = 0.1e,. (b) FE hysteresis loops without noise (yellow loop, D = 0), and FE hysteresis loops
with Gaussian white noise, (63, q7) (black curves, CD7 = 0.1603), Here,f:f1 = O.5f0, |e3| =e, = L.5e,,

\/El ~ 7.654083178069687 x 1072, and the time range is 1* to 10" cycles
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Fig. 8. (a) (s, e,) and (s, g,) time series curves. The (s, g,) time series curve corresponds to Gaussian white noise
with amplitude D, = 0.1e,. (b) FE hysteresis loops without noise (yellow loop, D = 0), and FE hysteresis loops
with Gaussian white noise (black curves, D, = 0.1e,), Here, f = f, = 1.5f,, |e,| = ¢, = 3.0e_,

JAs, ~4.419086983258320 x 102 and the time range is 1* to 10™ cycles

For f,, the time series curves (s, e,) and (s, ¢.) are represented by the red and black curves in Figure 7(a).
Similarly, for £, the time series curves (s, e,) and (s, g,) are represented by the red and black curves
in Figure 8(a). The corresponding hysteresis curves (e,, g,) and (e, q,) are shown in Figures 7(b) and 8(b).
The numerical results indicate that in the absence of noise (D = 0), the system shows only a single FE
hysteresis loop, represented by the yellow hysteresis loop in Figures 7(b) and 8(b). Upon the introduction
of Gaussian white noise, the FE hysteresis loops fluctuate around the yellow hysteresis loop and do not
overlap. Given that the field amplitudes are significantly larger than the corresponding transition ampli-
tudes e ,, and e, the time series curves (s, g.) and (s, g,) in Figures 7(a) and 8(a) do not exhibit the
pronounced desynchronization or phase slips, as seen in Figure 5.

Conclusions

The results in the first part of the reported study show the steady states of the selected AFE system,
specifically ADP, under the applied static electric field. The numerical results demonstrate possible states
of the system, including stable, unstable, and metastable states, as shown in Figure 1. By eliminating
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unstable states and AFE states with é > e_., clear AFE and FE hysteresis patterns emerge, with the cor-
responding magnitudes of the induced normal electric displacement at |g| < 0.2 and |g| > 0.6, respec-
tively. These steady states provide a baseline for identifying the AFE and FE phases in the second and
third parts of the study.

In the second part, it is observed that for ADP, without the application of noise, a higher frequency
requires a greater field amplitude for the dynamic phase transition from AFE to FE phases. For both
selected frequencies, f1 = O.Sfo < f0 and f2 = 1.5f0 > fo, and with the selected field amplitudes slightly below
the critical field amplitudes (around 97%), additional Gaussian white noise with amplitudes less than 8%
of the field amplitude induces a dynamic phase transition from AFE to FE phases. These phase transi-
tions, however, are delayed for noise amplitudes below the corresponding critical values. The higher the
level of noise, the shorter the delay time. This is due to the nonlinear nature of the system, where the
system’s states are affected by their history or past states over time. Consequently, the influence of noise
accumulates until it reaches the threshold for the phase transition from AFE to FE phases. The stronger
the noise, the faster the system gains the energy to cross the energy barrier and thus escape from AFE
to FE states (Kramers 1940; Schiiller et al. 2020; Tsimring, Pikovsky 2001). Notably, the transition delay
means that when plotting the 2D hysteresis curves, both AFE and FE hysteresis loops may coexist if the
AFE phase duration is not excluded from the analysis.

The hysteresis loops in the FE phase exhibit both stable and unstable states, identified by the positive
and negative slopes of different parts of the hysteresis loop, as shown in Figures 4(b) and 6(b). More
unstable features in the FE phase include desynchronization, phase slips, and loss of periodicity, which
are clearly observed in the g versus s curves in Figure 5. It is also observed that, at higher frequency of the
field, these instabilities become more pronounced. This is evident from comparing (i) the deviations
of the four consecutive hysteresis loops in Figure 6(b), which are larger than those in Figure 4(b), and
(ii) the more obvious desynchronization, phase slips, and loss of periodicity in the g versus s curves
in Figure 5 compared to Figure 3. These instabilities arise because the selected field amplitudes are close
to the transition amplitudes for the two selected frequencies.

When the field amplitude is well above the transition amplitude, it is evident that only the FE phase
exists, and the effects of moderate Gaussian white noise diminish considerably. This is clearly observed
in Figures 7(b) and 8(b) as the loss of negative slopes in the hysteresis loops, along with the recovery
of synchronization, as evidenced by the time series curves in Figures 7(a) and 8(a). The residual effects
of noise manifest as fluctuated and non-overlapping hysteresis loops.

In summary, when the field amplitude is just below the transition amplitude, the addition of Gaussian
white noise will provide energy to the AFE system to overcome the energy barrier from AFE to FE
phases, thereby inducing a transition. The transition does not occur immediately but is delayed for noise
amplitudes slightly below than the critical value. Once the AFE system transitions to the FE phase,
it remains in this phase, even when the noise and/or field are switched off. This indicates that the noise
and field-induced phase transition from AFE to FE phases is irreversible, which is significantly different
from the modeled non-stop transitions between ice ages and interglacials (Alexandrov et al. 2018;
Benzi et al. 1981; Nicolis 1982). The bulk AFE model used in this study (Equation 4) does not include
stress, strain, size effects, surface effects, or restoring forces that could pin the AFE states, which con-
tributes to the irreversibility of the transition. In contrast, the phase transition from AFE to FE phases
induced solely by a deterministic sinusoidal electric field, does not exhibit any delayed behavior.

To conclude, for the antiferroelectric system in its first-order phase, manipulating the frequency, the
amplitudes of the applied field, and the levels of Gaussian white noise can control the timing of the AFE
to FE phase transition. This feature may have applications in systems which require controllable switch-
ing time from small to large values of a physical quantity, corresponding to the AFE (|g| < 0.2) to FE
(lg| > 0.6)phase transition. Moreover, this feature will provide direct observations of the system’s order
parameter behavior in its time series, similar to climate transitions over time. In future research, the
analytical and numerical techniques developed here may be modified to enable the restoration of the
AFE phase, and the study of noise-plus-field-induced phase transitions may be applied to other physical
systems, such as antiferromagnets.
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Abstract. This paper investigates the quantum of kinetic momentum in a two-particle system of correlated
electrons. Under these conditions, the minimum possible magnetic flux quantum becomes half of the flux
calculated for a single electron, presenting an apparent contradiction. Since magnetic flux is an additive
quantity, one might naturally expect an increase, not a decrease, in the flux. This study aims to resolve this
contradiction. While pair correlation leads to a halving of the magnetic flux quantum relative to F. London’s
value, n-fold correlations would theoretically reduce the quantum by a factor of n. This, however, defies
conventional explanation. It is unacceptable to attribute the quantum of kinetic momentum to a Cooper
pair; rather, a quantum of kinetic momentum must be assigned to an individual particle, not a system
of particles. F. London’s quantum should, therefore, be regarded solely as a quantum of magnetic flux.

Keywords: quantum structure, correlated electrons, conductor, mean free path, kinetic moment, magnetic flux

Introduction

Two-particle quantum systems of electrons, referred to as Cooper pairs (Daido, Yanase 2024; Si-
vukhin 2002), emerge in conductors as a result of electron-phonon interactions (Ishida, Matsueda 2021;
Wu, Liu 2023).

In these systems, a quantum of kinetic momentum h is ascribed to the correlated electron pair, resul-
ting in a magnetic flux quantum that is half the value calculated for a single electron (Pavlov 2020). This
presents a contradiction, as magnetic flux is inherently additive, and one would typically expect an increase
in flux rather than a decrease. The objective of this study is to address and resolve this contradiction.

The research adopts a theoretical approach, employing both quantum mechanical and semiclassical
considerations (Nesterov et al. 2024; Timchenko et al. 2022).

The exclusivity of two-particle systems in the creation of magnetic flux

Pair correlations occur in conductors with short electron mean free paths, and are absent in those
with long mean free paths (Sivukhin 2002). The quantum of magnetic flux from a two-particle system
was first measured in 1961 for conductors with short electron mean free paths. However, this does not
preclude the possibility of measuring the magnetic flux quantum from a single electron in a conductor
with along mean free path, where pair correlations are absent. Notably, the quantum measured by F. Lon-
don is twice as large as the value measured in 1961, and advancements in measurement equipment have
increased sensitivity.
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On the electronic quantum structures of conductors

Consequently, the creation and measurement of magnetic flux by a two-particle system of electrons
is not exclusive; a single electron can also generate a magnetic flux.

Magnetic quantization from a conductor with a long electron mean free path

The magnetic flux energy expression is derived as follows:

g0
2
Current from a single electron:
=<,
T

where T is the time it takes for an electron to complete one revolution in a circular path.

_27R
—.

T

Here R is the size of the circular contour, v is the linear velocity of the charge.
At the same time,

pomy
2
Comparison of the given expressions derives
= 2nRm,v _ 2TRp ’
e e

where p is the amount of motion.
Since the electron is not correlated (unique), no dual interpretation of the quantum of its kinetic
moment is possible. This leads us to the following:

myR=pR=h, (1)
and results in:
2nh  h
®, === )
e e

This represents the well-known F. London’s quantum of magnetic flux.

Magnetic quantization from current created by two electrons

The current generated by two moving charges is double that of a single charge, irrespective of whether
the charges are correlated.

Consequently, the magnetic flux created by the doubled current is also twice as large. Applying this
to the equations above (2), we derive:

The textbook value of the magnetic flux quantum created by a Cooper pair is four times smaller.
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h
O, =—. 3
0= 5, 3)
Obtaining value (3) is possible only by adding the values that are inverse to (2)
1 1 1 2 2e
¢ O, O, P, h

There is no reasonable explanation for this.

Pairwise correlations are not the limit

The textbook calculation of the magnetic flux quantum accounts only for Cooper pairs of electrons,
thus assuming pairwise correlations. At the same time, correlations of more than two electrons are pos-
sible, and, in some cases, multi-particle correlations could even be less pronounced.

Just as pair correlations result in a halving of the magnetic flux quantum compared to F. London’s
value, n-particle correlations would theoretically reduce the quantum by a factor of n:

O, =—. (5)

There is no rational explanation for this, just like (3) and (4).

Magnetic quantization from a conductor with a short electron mean free path

If we accept the expression for the Cooper pair (Equation 3), it follows that one electron generates
half the magnetic flux of the Cooper pair:

o 10 _h
22e Ade
In the case of n-particle correlations, the magnetic flux quantum would further decrease:

o Lh_h

0 2
nne ne

This phenomenon is conceptually unacceptable (Popov 2024b).

On double standards

In a poor conductor, two correlated electrons are assigned a quantum of kinetic momentum h on the
basis of their being part of a quantum system. This would have to be agreed with if this approach were
extended to other similar quantum systems, such as two electrons in helium, where the role of phonons
(in conductors) is analogous to the attractive force of the atomic nucleus in helium (Popov 2024a). Let
this be so. In other words:

2myvr,, =h. (6)

There are three forces applied to an electron: attraction to the nucleus, repulsion from another elec-
tron, and centrifugal force.

2 2 2
2e e _my

2 2
dne,ry,  4me,(2r,) Fye >

2 2
e m)y

1.75 =—t—, 7
dneri. 1 )

€
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Expression (6) squared

Ther relation (7) takes the form:

2 2.2 2
e’ 4dmyy.  my

1.75

)

2
4re, h e

2 2 2
_ my-4nght  4mght a,

Tige = = =—.
e 1.75¢*4m>v  1.75¢*4m, 7

In quantitative terms it results in:

. —-11
; :&:5.2917721092 10 ~7.56:10"(m)
He 7 7

The result differs from the table value by almost four times.

At the same time, if not the pair, but each electron is attributed a quantum of kinetic momentum 7,
the resulting calculations will be correct.

There are two possible ways out of this situation.

First. The pair of helium electrons should not be assigned a quantum of kinetic momentum /. There-
fore, in order to avoid double standards, other multi-particle systems, including the Cooper pair of elec-
trons, should not be assigned it either.

Second. Multi-particle quantum systems should be assigned a quantum of kinetic momentum 7,
including the pair of helium electrons. But then we will have to admit that the radius of the helium atom
is four times smaller than is commonly believed.

The first option seems more preferable.

Conclusion

Kinetic momentum is an additive quantity. The contributions of each element of a multi-particle
system must be summed. If the kinetic momentum of a multi-particle system is equal to the quantum
h, it implies that each particle (electron) has a kinetic moment equal to a fractional part of the quantum.
This, however, undermines the very concept of a quantum.

Therefore, attributing the quantum 7 of kinetic moment to the Cooper pair is fundamentally incorrect.

On the other hand, if the value of the magnetic flux quantum for the Cooper pair measured in 1961
is reliable, then the radius of the helium atom must be four times smaller than currently assumed.

Alternatively, the quantum of kinetic momentum h should be attributed to individual particles, not
systems of correlated particles. F. London’s quantum should, therefore, be regarded solely as a quantum
of magnetic flux.

Conflict of Interest

The author declares that there is no conflict of interest, either existing or potential.

References

Daido, A., Yanase, Y. (2024) Rectification and nonlinear hall effect by fluctuating finite-momentum cooper pairs.
Physical Review Research, 6 (2), article L022009. https://doi.org/10.1103/physrevresearch.6.1022009 (In English)

Ishida, K., Matsueda, H. (2021) Two-step dynamics of photoinduced phonon entanglement generation between
remote electron-phonon systems. Journal of the Physical Society of Japan, 90, article 104714. https://doi.
org/10.7566/]PS].90.104714 (In English)

52 https://www.doi.org/10.33910/2687-153X-2025-6-1-49-53



https://www.doi.org/10.33910/2687-153X-2025-6-1-49-53
https://doi.org/10.1103/physrevresearch.6.l022009
https://doi.org/10.7566/JPSJ.90.104714
https://doi.org/10.7566/JPSJ.90.104714

V. D. Pavlov

Nesterov, V. Yu., Presnov, N. D., Zabotnov, S. V. et al. (2024) Three-photon absorption and photoluminescence
in films of liquid-crystal polymers with embedded CDSE/ZNS quantum dots. Physics of Complex Systems, 5 (1),
3-9. https://doi.org/10.33910/2687-153X-2024-5-1-3-9 (In English)

Pavlov, V. D. (2020) Magnitnyo potok i ego kvantovanie [Magnetic flow and its quantization]. Izvestiya Ufimskogo
nauchnogo tsentra RAN — Proceedings of the RAS Ufa Scientific Centre, 4, 25—28. https://doi.org/10.31040/2222-
8349-2020-0-4-25-28 (In Russian)

Popov, . P. (2024a) Dvojnye standarty pri opisanii atomov geliya i pozitroniya [Double standards when describing
helium and positronium atoms]. Vestnik Tomskogo gosudarstvennogo universiteta. Khimiya — Tomsk State
University Journal of Chemistry, 35, 143—151. (In Russian)

Popov, L. P. (2024b) Seven singular points in quantum mechanics. Technical Physics. [Online]. Available at: https://
doi.org/10.1134/S1063784224700427 (accessed 01.04.2024). (In English)

Sivukhin, D. V. (2002) Obshchij kurs fiziki. T. 5. Atomnaya i yadernaya fizika [General course of physics. Vol. 5.
Atomic and nuclear physics]. Moscow: Fizmatlit Publ., 784 p. (In Russian)

Timchenko, B. A., Faleeva, M. P, Gilev, P. A. et al. (2022) Atmospheric implementation of superdense coding
quantum algorithm. Physics of Complex Systems, 3 (4), 186—201. https://doi.org/10.33910/2687-153X-2022-3-4-186-201
(In English)

Wu, C,, Liu, C. (2023) Effects of phonon bandgap on phonon—phonon scattering in ultrahigh thermal conductivity
0-phase TAN. Chinese Physics B, 32, article 046502. https://doi.org/10.1088/1674-1056/acb201 (In English)

Physics of Complex Systems, 2025, vol. 6, no. 1 53


https://doi.org/10.33910/2687-153X-2024-5-1-3-9
https://doi.org/10.31040/2222-8349-2020-0-4-25-28
https://doi.org/10.31040/2222-8349-2020-0-4-25-28
https://doi.org/10.1134/S1063784224700427
https://doi.org/10.1134/S1063784224700427
https://doi.org/10.33910/2687-153X-2022-3-4-186-201
https://doi.org/10.1088/1674-1056/acb201

Physics of Complex Systems, 2025, vol. 6, no. 1
WWW.physcomsys.ru

Summaries in Russian / VIHpopmayus o crmambax Ha pyCCKOM S3biKe

Ousuka KOHACHCHUPOBAHHOTO COCTOAHUA

NMOANCYAbB®OHAMUAHBIE MEMBPAHBI-DAEKTPETDBI AASI PASAEAEHIUIA DMYABCUIN
YITAEBOAOPOAOB

Mancyp @aropuposud [aanxaHos, Vabpap ImabmanoBuy Hlanxmes, Baapucaas Oaerosuy Apsxaos,
3em¢upa TaaratoBHa CaHaTyArOBa

Annortanus. CTouHble BOABI, COAEPIKalllie SMYAbTMPOBAaHHbIE HEPTENPOAYKTHI, IPEACTABASIOT
CEPBE3HYIO YTPO3Y AASI OKPYIKAIOLEN CPEABL. YTAEBOAOPOADI U3MEHSIOT PM3UKO-XMMUYECKME CBOMICTBA
CpeAbl OOMTaHMsI, OTPABASIIOT OPraHM3M >KMBBIX OPraHM3MOB, 00BOAQKMBAIOT IIOBEPXHOCTh TEAQ, YTO
NPUBOAUT K YTHETEHUIO OMOLIEHO3a U AerpaAaliiy 9KOCUCTeM. B aToil cBsi3u B paboTe 1CCAEAOBaHBI
HNOAUCYAbGOHAMUAHBIE MEMOPAHbI AASI OUMCTKU BOABI OT SMYABIVIPOBAHHOTO MacAa. AASI TIOBBILLIEHMSI
YCTOMYMBOCTY K 3aMaCAMBAHUIO U YAYYLIEHNS SKCIIAYaTAL[IOHHBIX XapaKTePUCTUK GUABTPBI 0Opada-
TBIBAAMCb KOPOHHBIM pa3psiaoM npu HanpspkeHun U = 5-35 kB B TeueHue 1-5 muH. B pesyabrarte Ko-
POHHOM 00paboTKM 3¢ PEeKTUBHOCTb YBEAUIMAACH C 74,9 A0 84,5%, TPy 3TOM NMPOU3BOAUTEABHOCTD
HOBBICUAACH AO ~ 11 pas. AaHHOe 00CTOSATEABCTBO OOBSCHSAETCS M3MEHEHVEeM KOHTAKTHBIX CBOJVICTB
IIOBEPXHOCTY MOAVGULIIPOBAHHBIX MEMOpPaH, KaK TOKa3aHO Pe3yAbTATaMU HACTOSILETO ICCAEAOBAHMSL.

KAroueBbie cCAOBa: CTOYHBIE BOABI, HEQTEPOAYKTHI, TOAUCYAbHOHAMUAHBIE MEMOPAHBI, UHAYCTPU -
aAbHOE MaCAO, KOpOHHast 00paboTKa, SMYAbCUS

Aast gutupoBanus: Galikhanov, M. F, Shaikhiev, I. G., Dryakhlov, V. O., Sanatullova, Z. T. (2025)
Polysulfonamide electret membranes for hydrocarbon emulsion separation. Physics of Complex Systems,
6 (1), 3—-8. https://www.doi.org/10.33910/2687-153X-2025-6-1-3-8 EDN XCXNQF

MEXAHI3M TPAHCITOPTA 3APSIAA B OPTAHMYECKOJV ITAEHKE HA OCHOBE
OTOPMPOBAHHOI'O ITOAVTAPVIAOBOTO 2®UPA, COAEP)KAIIETO BAOKMU B LETIN
1,4-ATIOKCO-TNIOKCAHTEH-9-OHA

Anppent Auppeesnd [ncmaryans, Baapymup Aaexceesud ITycroBapos, Aannaa Cepreesud OAMHIOB,
Vpuna AaexcanpposHa OcbkuHa, VHHa KasumuposHna lllynapuHa, ViBan AaekceeBud A3apoB, AeOHUA
Amnatoabesnu lllynapun, Baapumup AaexceeBnu IpuneHko

Annortanus. Ha ocHoBe nepdropoudennaa u 1,4-Aurnppokcu-9H-tnokcaHTeH-9-oHa ObIA CUHTe-
3MPOBaH HOBBIIT TepMOCTa0MABHBIN ToANapuA3¢dup (FPAE-ThS) ¢ 2AeKTpOHOAKLIENTOPHBIM THOKCAH-
TEHOHOBBIM (parMeHTOM B COCTaBe IMOAMMEPHOI Lieny. MexaHusM TpaHcnopra 3apsipa B FPAE-ThS
IAEHKe ONMChIBaeTCsI GOHOH-OOAErYeHHBIM TYHHEAMPOBaHUEM MEXAY AOBymKamu. OnpepeseHbl
tepmuueckas (1.0 eV) n ontuyeckas (2.0 V) sHepruu MOHU3aLUU AOBYIIEK 1 KOHLIEHTPALIMSI AOBYIIEK
(N=1.0x10* cm~®). [ToroBuHa 3HaueHusi CrokcoBoro cappura (1,1 aB), moayyeHHoro us crieKTpoB ¢poTo-
AIOMMHECLIEHIIMM U CIIEKTPOB BO30Y>KAeHMsI GOTOAIOMMHECLIEHLIMM, COOTBETCTBYET PE3YAbTaTaM MO-
AEAVIPOBaHMS TPaHCIOPTa 3apsipa. [lokasaHo, YTO MOAEABHOE 3allOMUHAIOLIlee YCTPOMICTBO Ha OCHOBE
naeHky FPAE-ThS o6AapaeT pe3ncTBHBIMY NTEPEKAIOYEHMSIMY C Pa3HULIEN B CONIPOTUBAEHMY Ha 4 T10-
PsIAKa MEXAY COCTOSIHUSIMU MEMPUCTOPA C HU3KUM U BBICOKMM COIIPOTUBAEHUEM.

KaroueBbie caoBa: GpTOpUpPOBaHHBIE TIOAVMEPBI, TPAHCIIOPT 3apsIAQ, MEMPUCTOP, AOBYILIKA, GOTO-
AIOMMHECLIeHLIMS], CIIEKTPbI BO30Y)XAEHUS (POTOAIOMMHECLEHLIVN

Aas putupoBanus: Gismatulin, A. A., Pustovarov, V. A., Odintsov, D. S., Os’kina, L. A., Shundrina,
I. K., Azarov, I. A., Shundrin, L. A., Gritsenko, V. A. (2025) Charge transport mechanism and memristive
effect in a thin film based on fluorinated polyaryl ether containing 1,4-dioxo-thioxanthene-9-one in-chain
blocks. Physics of Complex Systems, 6 (1), 9—16. https://www.doi.org/10.33910/2687-153X-2025-6-1-9-16

EDN ZZHQEC

SAEKTPETHBIE CBOMCTBA I SAEKTPOITPOBOAHOCTH KOMITO3UTOB ITOAUITPO-
IMNAEH-TIOAVNOEHNAEHCYABOUA

Anppent Aaexcanpposud ITaBaoB, Muxana AHatoabeBnd KoBaaenko, Buktop AutoHoBud ['oabpase,
Mapraputa 2ayapaoBHa bopucosa, Cepreit BareHTrHOBMY 30TOB
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AnHoTanus. VIccAeAOBaHBI 9AEKTPETHbIE CBOMICTBA U SAEKTPOIPOBOAHOCTD IOAMMEPHBIX KOMIIO-
3uTOB noAutnponreH-noandennaeHcyappup (IIT-ITOC). [TokazaHo, 4To 3 PeKTrBHASI TOBEPXHOCT-
Hasl IAOTHOCTb 3apsIAQ 3HAYUTEABHO BbIlLE Y BOAOKHUCTO-OPUCTBIX MaTepuasos (BIIM) o cpaBHeHuIo
C TAEHOYHBIMU. YCTAaHOBAEHO, UTO Ha rpadyKax 3aBUCUMOCTEN YAEABHOI 9AEKTPOIPOBOAHOCTI KOM-
MO3UTOB OT OOPaTHOI TeMIIEpaTypbl HAOAIOAQETCSI M3AOM IIpu TeMiieparype npumepHo 110 °C. Beico-
KOTeMIIEPATYPHBIN YYaCTOK KPUBOJI XapaKTepusyeT COOCTBEHHYIO IIPOBOAVMOCTb AVUDAEKTPUKA,
HYU3KOTEMIIEPATYPHBIN — «CTPYKTYPHO YyBCTBUTEABHYIO» VAV IPUMECHYI0. B criekTpax ToKoB TepMo-
ctumyaupoBaHHon Aenoasipusauuu (TCA) HabA0pAaeTCsT ABa peAaKkcalMOHHBIX Makcumyma. Husko-
TeMIIepPaTyPHBII MAaKCUMYM TOKa OTIPEAEASIET IPOLIECC PeAaKCaLiuy 3apsiAQ, HAKOTIAEHHOTO Ha IpaHulLle
pasaeaa marpuusl (IIT) u Hanoanuteas: (ITOC), yTo 0OycAoBAeHO MOAsipUsaLmeit MakcBeara — Bar-
Hepa. BbICOKOTeMIepaTypHbIil MAKCMMYM TOKA TPEATIOAOKUTEABHO CBSI3aH C PEAAKCALMOHHBIM IIPO-
11eccoM, 00YCAOBAEHHBIM COOCTBeHHOI poBoAuMOocThio [T B amopdHoit dase.

KAroueBbie CAOBa: TOAUIIPONMAEH, TOAUPEHNAEH CYABDUA, SAEKTPET, IAEKTPOIPOBOAHOCTD, KOM-
MO3ULIMOHHBIV MaTepUaA

Aas yutuposBanus: Pavlov, A. A., Kovalenko, M. A., Goldade, V. A., Borisova, M. E., Zotov, S. V.
(2025) Electret properties and electrical conductivity of polypropylene-polyphenylene sulfide composites.
Physics of Complex Systems, 6 (1), 17—25. https://www.doi.org/10.33910/2687-153X-2025-6-1-17-25
EDN OEOMHP

Ousuka IMOAYIIPOBOAHUKOB

MOAEAD ITOBEAEHMA MOITI-CTPYKTYP ITPYI TEPMOITOAEBBIX OBPABOTKAX

Oaer BukropoBuu Aaexcanpapos, Hukura Hukoaaesuu Moposos

AnHoTanms. PaspaboTaHa KoAMueCTBeHHast MOAEAD IToBeAeHst MOIT-CTPYKTyp Ipy TEpMOIIOAEBBIX
00paboTKax B peXXMMax HAKOIIAEHVS 1 BOCCTAHOBAEHMSI IIOABVDKHOTO 3ap5sIAQ B TIOA3aTBOPHOM AMAAEK-
TpuKe. TpaHCIIOPT MOABIVYXHOTO 3apsiAQ PACCMATPUBAETCS HA OCHOBE MOAEAM 3aXBaTa MIOHOB Ha ITOAU-
dHepreTMyecKre AOBYIIKM C AMANIa30HOM dHepruil cBs3u. IIpoBeaeHO MOAeAMpOBaHME BPpeMEHHbBIX
3aBMCHMOCTEN CMeleHNs TOporoBoro HanpspKeHnss MOIT-cTpyKTyp pu MOAOKUTEABHOM U TIOCAEAYIO-
II[eM OTPULIATEABHOM CMellleHVM 3aTBopa. [ [peaAo>kKeHHass MOAEAD TIO3BOASIET OIMCATh KCIIEPYMEHTAABHOE
CYMMeTpUYHOE 1 acuMMeTpudHoe noBepaeHne MOIT-cTpykTyp, copeprkamnyx nonsl Na+. OnpepeAeHbl
AUAIa3oH SHEPIrUil CBsI3Y, KOHLIEHTPALIMU M 00AACTU AOKAAM3ALIY AOBYIIEK.

KaroueBbie caoBa: MOII-cTpyKTypa, OA3AaTBOPHBIN AMIAEKTPUK, TIOABVKHBIN 3apsiA, TEPMOIIO-
AeBast 00paboTKa, AVICIIEPCUOHHBIN TPAHCIIOPT, TIOAMIHEPTEeTUYECK/ e AOBYLIKY, aMOPQHBIN AMOKCHA
KPEeMHMSI, MOAEAVIPOBaHE

Aast sutupoBanust: Aleksandrov, O. V., Morozov, N. N. (2025) Modelling the behavior of metal-
oxide-semiconductor structures under thermal field treatment. Physics of Complex Systems, 6 (1), 26—34.
https://www.doi.org/10.33910/2687-153X-2025-6-1-26-34 EDN TUEBOO

Teopernyeckas pusnka

YN CAEHHOE MOAEAVIPOBAHME TAYCCOBCKOI'O BEAOIO IIYMA U NTHAYLNPO-
BAHHOTI'O I[TOAEM ®A30BOIO ITEPEXOAA B OB bEMHbBIX AHTU®EPPOISAEKTPUKAX
HA OCHOBE AUTUAPO®OCOPATA AMMOHNIA

Coro-Yy Aum

AnnoTanus. B Hactosielt pabote nmpepcTaBAeHbl GeHOMEHOAOTMYECKYE U YMCAEHHbBIE ICCAEAOBA-
HUSI FayCCOBCKOTO 0EAOTO IIyMa 1 MHAYLMPOBAHHOTO IIOAEM AMHAMUYeCcKoro (azoBoro nepexopa B 00b-
eMHbIX aHTU(epposrexTpukax (AD). Ocoboe BHUMaHNE YAEAEHO 3aAePIKKe TlepexoAa OT aHTudeppo-
9AeKTpUUecKoro K ¢peppossexkrpuieckomy (PI) cocrosuuio. CranmoHapusie coctossHuss ADD
MIPUBOAATCS Ha OCHOBE BapMaLMIOHHOTO aHAAM3a TEPMOAVHAMMYECKoro noreHuasa ADO3 npu oTcyTcTBUM
myma. CroxacTuyeckue ypaBHeHMs peaakcauuu oas ADD BBIBOAATCA C IpMMeHeHeM YypaBHeHuA AaH-
Aay — XaAaTHMKOBA, TA€ pacueT TEPMOAMHAMMYECKoro rnorennyasa ADD yyurTbiBaeT raycCoOBCKUNI
OeABIi1 LITyM U M3MEHSEMOE BO BpPEMEHY CHYCOMAAABHOE SAEKTPUYECKOE MTOAe. DTY ypaBHEHNSI PELIAOT-
Cs1 YVICAEHHO C MICIOAB30BaHVEeM CTOXacTU4YeCcKoro Metopa PyHre — KyTTol ueTBepToro nopsiaka (SRK4).
Pe3yabTaThl MIOKa3bIBAIOT, YTO IIPY AMIIAUTYAE IIPUAOXKEHHOTI'O IIOAS, COCTaBASOLIE 97% OT aMIIAUTYABI
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IIepexoAd, AOTIOAHUTEABHBII TayCCOBCKUI OEABIN IIYM C aMIIAUTYAAQMU MeHee 8% OT NMPUAOKEHHOTO
IIOASI BBI3BIBAET 3aAEPKKY pazoBoro nepexopaa ot ADI k @3, mpu 3TOM BpeMsi 3aA€P>KKM 00paTHO Ipo-
MOPLIMIOHAABHO aMITIAUTYAE LIyMa.

KAroueBble cAOBa: rayCCOBCKMIT OEABIN IIYM, CTOXaCTUYECKUI MeTOA PyHre — KyTTbl yeTBepTOro
nopsiaka (SRK4), aunamudeckuii ¢pasoBblil TepexoA, aHTUPEPPOIAEKTPUKHY, PePPOIAEKTPUKYI

AAs nutupoBanms: Lim, S.-Ch. (2025) Numerical simulations of Gaussian white noise and field-
induced phase transition in bulk antiferroelectrics using parameters of ammonium dihydrogen phosphate.
Physics of Complex Systems, 6 (1), 35—48. https://www.doi.org/10.33910/2687-153X-2025-6-1-35-48
EDN DNZGSD

OBb DAEKTPOHHBIX KBAHTOBBIX CTPYKTYPAX IIPOBOAHVIKOB

Baaentun Amutpuenny ITaBaoB

AHHoOTaUsA. ABYXYaCTUYHOI CUCTEME KOPPEAVPOBAHHBIX S9AEKTPOHOB IIPUIMCHIBAETCS KBAHT KI-
HETUYECKOT0 MOMeHTa. BcaeACTBME 9TOr0 MMHMMAaABHO BO3MOYKHBIM MarHUTHBIN IMOTOK (KBaHT) CTaA
MeHblle (B ABa pasa), 4YeM IOTOK, PACCUMTAHHBIN AASL OAHOTO 3AeKTpoHa. Haaniio npoTuBopeune, mo-
CKOABKY MarHUTHBIV IOTOK — BEAMYMHA AaAAUTHBHAS, Y IO3TOMY €CTECTBEHHee ObIAO ObI 0XKMAATH €70
yBeAUYeHMs], @ He yMeHblieHus. Lleab cCAeAOBaHMS 3aKAI0UAETCS B pa3pellieHN ! YKa3aHHOTO TPOTHUBO-
peunst. [ToAOOHO TOMY KaK Ipy NMapHO¥ KOPPeAsILiMM KBAaHT MarHUTHOTO IIOTOKA BABO€ YMEHBIIVACS
110 cpaBHeHuIo ¢ KBaHTOM D. AOHAOHA, TPU N-KPATHOI KOPPEASILINM KBAaHT YMEHBIINTCS B N pas. ITo-
MY HeT pasyMHOro o0bsicHeHus. [IpunycbiBaHMe KYIepOBCKOI Tape KBaHTa KMHETMYECKOr0 MOMEHTa
HenpreMAeMo. KBaHTOM KMHETMYECKOTO MOMEHTA CAEAYET HAAEASITh EAMHCTBEHHYIO YaCTHULLY,  HE CU-
cremy yactutl. KBant @. AOHAOHA €AMHCTBEHHO MOXKET PaCCMaTPUBAThCS B KA4eCTBe KBAHTa MarHUT-
HOTO TIOTOKA.

KAroueBbie cAOBa: KBAHTOBasI CTPYKTYPa, KOPPEAMPOBAHHbIE IAEKTPOHbI, IPOBOAHMK, AAMHA CBO-
60AHOTO TTpoOera, KUHETUIECKUI MOMEHT, MAaTHUTHBIN TIOTOK

Aast yutupoBanust: Pavlov, V. D. (2025) On the electronic quantum structures of conductors.
Physics of Complex Systems, 6 (1), 49-53. https://www.doi.org/10.33910/2687-153X-2025-6-1-49-53
EDN MDSAWK
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