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and the EFG tensor parameters for copper nodes
in RBa,Cu,0O. superconducting metal oxides

A. V. Marchenko ', T. E. Baimirzaeva !, V. S. Kiselev !, P. P. Seregin ""!
'Herzen State Pedagogical University of Russia, 48 Moika Emb., Saint Petersburg 191186, Russia

Authors

Alla V. Marchenko, ORCID: 0000-0002-9292-2541, e-mail: al7140@rambler.ru
Tamara E. Baimirzaeva, e-mail: toma4535@mail.ru

Valentin S. Kiselev, e-mail: kiselev.valentin@gmail.com

Pavel P. Seregin, ORCID: 0000-0001-5004-2047, e-mail: ppseregin@mail.ru

For citation: Marchenko, A. V., Baimirzaeva, T. E., Kiselev, V. S., Seregin, P. P. (2026) Correlations between NMR data,
Méssbauer spectroscopy data and the EFG tensor parameters for copper nodes in RBa,Cu,O, _superconducting metal
oxides. Physics of Complex Systems, 7 (2), 59—64. https://www.doi.org/10.33910/2687-153X-2026-7-2-59-64 EDN CGGAPH

Received 13 January 2026; reviewed 3 February 2026; accepted 3 February 2026.
Funding: The study had no financial support.

Copyright: © A. V. Marchenko, T. E. Baimirzaeva, V. S. Kiselev, P. P. Seregin (2026). Published by Herzen State Pedagogical
University of Russia. Open access under CC BY License 4.0.

Abstract. Linear ratios have been determined between the quadrupole interaction constants, measured
by nuclear magnetic resonance with the “*Cu isotope, emission Mossbauer spectroscopy with the “Zn isotope
and the principal component of the electric field gradient tensor in the copper nodes of RBa,Cu,O, ceramic
superconductors. These ratios make it possible to determine compounds in which copper is bivalent without
using any models of charge distribution across the nodes within the crystal lattice.

Keywords: nuclear magnetic resonance, Mossbauer spectroscopy, electric field gradient tensor, high-
temperature superconductors, electronic defects

Introduction

Determining the spatial distribution of electronic defects in the lattices of superconducting copper
metal oxides is one of the urgent problems in the physics of high-temperature superconductivity. This
problem can be effectively solved by a comparison of experimentally determined and calculated para-
meters of the electric field gradient (EFG) tensor for copper nodes.

Nuclear magnetic resonance (NMR) with the ®*Cu isotope (Asayama et al. 1996) and emission Moss-
bauer spectroscopy (EMS) with the “’Cu parent isotope (Bordovsky et al. 2012) are the most applicable
methods used to determine the EFG parameters for copper nodes. The measurement results of both
methods can be presented as a quadrupole interaction constant

C=eQU, (1)
and the EFG tensor asymmetry parameter
n=U,-U)/U, (2)

where U , U _and U_ are the diagonalized EFG tensor components on the probe nucleus, |U_ |2[U_|>[U_[,
and Q is the quadrupole moment of the probe nucleus.
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Correlations between NMR data, Mossbauer spectroscopy data and the EFG tensor parameters...

For the “*Cu** probe, EFG on the nuclei is created by the crystalline lattice ions (crystalline EFG) and
the non-spherical valence shell of the probe atom (valence EFG). When the orientations of the two ten-
sors’ principal axes coincide, then the ratio occurs

eQU_=eQ(1-y)V,_ +eQ1-R)W , (3)
whereU ,V and W _ are total, crystalline and valence EFG tensor principal components for the **Cu**
probe, and y and R are Sternheimer coefficients for the probe.

If EMS with the “Zn isotope obtained from the ¥Cu parent nuclei is used for the experimental de-
termination of the EFG tensor parameters in copper nodes, we should take into account that zinc valence
electrons do not contribute to the EFG for the “Zn*" probe, which results in

eQU_=~eQ(l-y)V, . (4)

It is of undoubted interest to find the ratios between NMR spectroscopy data with the ®*Cu isotope,
EMS data with the “’Cu(*Zn) isotopes and the crystalline EFG tensor principal components in order
to evaluate the charge states of atoms in the superconductive lattices.

In the present work, such ratios are established between the quadrupole interaction constants for
the ®Cu (C_), “Zn (C, ) nuclei and the crystal EFG tensor principal component V_ for the bivalent
copper nodes in the RBa,Cu,0O, lattices (R = Nd, Sm, Eu, Gd, Y, Er, Tm,Yb), as well as for the monovalent
copper nodes in the YBa,Cu,O,, Cu,0 and Nd . Ce  .CuO, lattices, making it possible to evaluate the va-

36 . 0.15
lidity of charge distribution models for crystal lattices of high-temperature superconductors.

Experimental methodology

The RBa,Cu,O,  samples were prepared using the ceramic technology with the “’Cu isotope, obtained
by the “Zn(n, p)¥Cu reaction irradiating “ZnO with fast reactor neutrons, followed by the chromato-
graphic detachment of the carrier-free “CuCl, preparation. The RBa,Cu,O, control samples had a su-
perconducting phase transition temperature within the 75-85 K range and a rhombohedral structure,
while the YBa,Cu,O, control samples did not display a transition to the superconducting state up to 4.2 K
and had a tetragonal structure.

Nd, ,.Ce  .CuO, ceramics were synthesized by sintering the corresponding oxides in the air at 1,120 °C,
followed by annealing in argon at 900 °C. The “’Cu radioactive isotope was injected into ceramics by dif-
fusion alloying at 900 °C for an hour. The control samples were single-phase, and T = 22 K was obtained
for the Nd, ,.Ce .CuO, ceramics. Copper nitrous oxide was obtained by decomposition of the copper
nitrate.

The Zn Mossbauer spectra were recorded at 4.2 K with the “ZnS absorbers (1,000 mG/cm?).

The ©3Cu NMR data for RBa,Cu,O, were taken from (Matsumura et al. 1998; Pennington et al. 1989;
Takatsuka et al. 1991), for Cu,O from (de Wijn, de Wildt 1966), and for Nd, .. Ce ,.CuO, from (Kambe
etal. 1991).

The crystalline EFG tensors in the copper sites within the RBa,Cu,O, , YBa,Cu,O,, Nd . Ce,  .CuO,
and Cu,O lattices were calculated according to the point charges approximation. The RBa,Cu,O, ,
YBa,Cu,O,, Nd, . Ce, ,.CuO, and Cu,O lattices were represented as a superposition of sublattices

RBa,Cu(1)Cu(2),0(1),0(2),0(3),0(4),
YBa,Cu(1)Cu(2),0(1),0(2),0(3)
(Ndlssceo.ls)cuozﬂ

Cu,0,, (5)

2 2’

and the tensor components for the node were written as the sum of the contributions from the indi-
vidual sublattices

i 1 > .
Vaa = ;ek 2_3[3 al;" - lj = ;ekGaak ’

n Vi \O i
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* 3 *
Vg = 2.6 zaﬁTﬂk = Zk:ekGaﬂk , (6)

k n

where k is the summation index over the sublattices k =1 - Y, k=2 - Ba, k=3 - Cul, k=4 - Cu2,
k=5-01,k=6-02k=7-03, k=8- 04, nis the summation index over the sublattice nodes,
a, B are the Cartesian coordinates, r,  is the distance from the k ion to the lattice site under consideration,
and €', is the effective charge of the atoms in the k-sublattice.

To calculate the crystalline EFG tensor for the RBa,Cu,O, series and for YBa,Cu,O,, the atom position
in the unit cell and the unit cell parameters were used according to (Le Page et al. 1987; Tarascon et al.
1987). While calculating the EFG tensor in the copper nodes of the Cu,O lattice, the atom coordinates
within the unit cell and the unit cell parameters were used from (Wells 1984). For the Nd, . Ce  ,.CuO,
lattice, the atom coordinates in the elementary cell and the lattice constants were used according
to (Sadowski et al. 1990).

Results and discussion

Figs. 1 and 2 display experimental data for the values of the quadrupole interaction constant for
the ®Cu nuclei in the Cul (|C_, |) and Cu2 (|C__,|) nodes of the RBa,Cu,O_ lattices, as well as in the cop-
per (|C_,, |) nodes of the Cu,O, YBa,Cu,O, and Nd, .. Ce . CuO, lattices obtained by NMR with

the Cu [3-12] and EMS with the ¥Cu(“Zn) (our original data), in the form of |C_ | = AC,),
|C.ol =AC, ) and |C_ | = AIC, ) dependencies.
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Fig. 1. Experimental dependences |C_ | = fAC, ), |C_,| =AC,)and |C_ | =AC, ). The |C_ |, |C_,|
and |C_ | data were obtained by NMR with the ©Cu [3-12], and the C, data were obtained by EMC
with the “Cu(“Zn). Here |C__|, |C_,| and |C_ | are the quadrupole interaction constants for the *Cu centers
in copper nodes, and C, are the quadrupole interaction constants for the “’Zn centers in copper nodes.
Designations: Cul in NdBa,Cu,0O, (1), SmBa,Cu,O, (2), EuBa,Cu,0, (3), YBa,Cu,0, (4), GdBa,Cu,O, (5),
ErBa,Cu,0O, (6), TmBa,Cu30, (7), YbBa,Cu,O, (8), NdBa,Cu,O, (9), SmBa,Cu,O, (10), EuBa,Cu,O, (11),
YBa,Cu,0, (12), GdBa,Cu,0, (13),ErBa,Cu,O, (14), TmBa,Cu,O, (15), YbBa,Cu,O, (16), Cul in YBa,Cu,O,,
(17) Cuin Cu,O (18) and Cuin Nd, . Ce ,.CuO, (19)
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Fig. 2. Experimental dependencies |C_ | = fC, ) (a) and |C_ | = AC, ) (b) in an enlarged scale

It can be seen that the data corresponding to the bivalent copper compounds are located on two dif-
ferent linear dependences corresponding to the Cul and Cu2 centers,

IC.,,| = -821C, +203.6, (7)

Cull -

IC.,| = —9.93C, +181.2, (®)

and what is more is that these dependences differ from the dependence obtained for the Cu+ single-phase
copper centers

IC,.|=-149C, +23, 9)

which is characterized by an insignificant contribution to the EFG for the *Cu nuclei from the valence
electrons (all values in (7-9) are indicated in MHz).

It should also be concluded that the contribution from the valence electrons to the total EFG for
the “Cu nuclei is the same for both Cul [eQ(1-R)W  ~ 204 MHz] and Cu2 [eQ(1-R)W  ~ 145 MHz]
centers in all the studied compounds. At the same time, a decrease in |C_ ,| and |C_ | with an increase
in C,_is evidence for the opposite signs of the valence and crystalline contributions in formula (1) and
leads to the ratio

|(A-R)W_[>[1-y)V,| (10)

for bivalent copper centers in RBa,Cu,O..

The dependences |C_ | = AAIC,) and |C_,| = AIC, ) and ratios (7, 8) can be used to select the com-
pounds in which copper is bivalent and for which the directions of the principal axes of the valence and
crystalline EFG tensors coincide. Such a selection does not use any models of charge distribution along
the nodes of the crystal lattice.

Fig. 3 and Fig. 4 shows the dependences |C_ | =AV )and |C_,| = AV ), which are similar to the de-
pendences |C_ | = AC, ) and |C_,| = AC, ) since C, , according to (2), is proportional to V_. When
calculating V_, the choice of a model of charge distribution across the lattice sites is of fundamental
importance. The best agreement with the experiment is shown by models

R3+Ba%.98+cu(1)%.04+Cu(z)%.1+O(1)%.06—0(2)%.99—0(3)%.88—0(4)1.32— (11)
Nd}g:>* CefgZ®* Cul 85+ 05~ (12)
Y3*Baj*Cu(1)3"Cu(2)570(1)370(2)570(3)3" (13)

Cu}0%". (14)
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Fig. 4. Experimental dependences |C_ | = AV ) (a) and |C__ | = AV ) (b) in an enlarged scale

It can be seen that the data corresponding to the bivalent copper compounds are still located on two
linear dependences corresponding to Cul and Cu2

|CCul| = -142.5V_ +175.8, (15)
|CCu2| = -176.1V,_ +170, (16)

and once more these dependences differ from the dependence obtained for Cu+ monovalent copper
centers by a small contribution to the total EFG on **Cu nuclei

|CCu+| = -29.1V, +23. (17)

Physics of Complex Systems, 2026, vol. 7, no. 2 63
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This difference is especially noticeable in the case of the bivalent zinc centers, for which the contribu-
tion to the total EFG from valence electrons, firstly, coincides in sign with the crystalline EFG, and,
secondly, the contribution from valence electrons is very small

C, =20V, +0.24. (18)

In formulas (15-18), the values of |C
of V_arein e/As,

The ratios (15, 16) can be used to evaluate the reliability of the proposed model charge distributions
within the lattice sites for superconductive ceramics.

» |Cepl 1C,.| and C, are given in MHz, and the values

Cul | Cu2| Cu+

Conclusion

Thus, linear dependences between |C_, | (NMR data with the “®Cu) and C,  (EMS data with the “Cu(*Zn))
for bivalent copper metal oxides are demonstrated, which indicates the similarity of the copper elec-
tronic structure in these lattices. A similar linear dependence is found between |C_ | (NMR data with
the ®*Cu) and V_ (calculated in the point charge model approximation), which can be used to evaluate
the reliability of the proposed model charge distributions within the lattice sites for superconductive
ceramics.
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Abstract. The reported study investigates the influence of microstructure (geometric dimensions of spherulitic
blocks), external field amplitude, and aging on the magnitude of the internal field (imprint) in thin lead
zirconate titanate films formed by a two-stage RF magnetron sputtering on a platinized silicon substrate.
It is shown that the increase in the internal field during aging occurs as a result of the upward diffusion
of oxygen vacancies (the Gorsky effect), caused by bending stresses in the thin film. It is hypothesized that
the source of oxygen vacancies in the perovskite lattice is the additional oxidation of excess lead oxide located
at the interfaces and in the intercrystalline space of the thin films.

Keywords: thin PZT films, RF magnetron sputtering, spherulitic microstructure, imprint, self-polarization,
oxygen vacancies

Introduction

Imprint refers to the presence of an internal (built-in) electric field in a thin ferroelectric film, often
described as a voltage shift. This shift manifests as a displacement of dielectric hysteresis loops (P-V curves)
or capacitance-voltage (C-V) characteristics along the abscissa axis (Alexe et al. 2001; Hiboux, Muralt
2001; Lee, Ramesh 1996; Okamura et al. 1999; Sun et al. 1999; Warren et al. 1995). When ferroelectric
films are used in non-destructive memory elements, the presence of such a field is an undesirable (para-
sitic) phenomenon, because switching the ferroelectric polarization in a planar thin-film ferroelectric
capacitor requires the application of an external field of varying magnitude. In other words, a strong in-
ternal field may render the external (switching) field insufficient to reorient the polarization opposite
to the internal field, leading to memory element failure.

Imprint is associated with the appearance of a self-polarized state (macroscopic polarization)
in freshly prepared films, a phenomenon referred to as self-polarization since the early 1990s (Frey et al.
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2001; Kholkin et al. 1998; Sviridov et al. 1994; Takayama et al. 1991). In the Russian literature, another
term ‘natural unipolarity’ or simply ‘unipolarity’ is often used (Gavrilyachenko et al. 1968; Kanareikin
etal. 2016). It has been shown that the presence of a strong internal field and self-polarization are distinct
advantages when thin films are used in microelectromechanical systems (MEMS) and related applica-
tions where polarization switching is not required (Akkopru-Akgun, Trolier-McKinstry 2023; Akkopru-
Akgun et al. 2019; Araujo et al. 2016; Shvartsman et al. 2005; Song et al. 2021). This is due, on the one
hand, to the elimination of the costly process of pre-polarizing the thin film and, on the other hand,
to the increased stability of the polar state under external (mechanical, electrical, thermal) influences.

An analysis of previous studies on the nature of the internal field and macroscopic polarization re-
duces to the action of two relatively distinct physical mechanisms:

— a mechanical stress gradient across the film thickness,

— a collective polarizing effect of charges or potentials present in the thin film.

In the first case, the mechanism in question is the mechanoelectric effect (Bursian et al. 1969; Sviridov
et al. 1994), later termed the flexoelectric effect (Gruverman et al. 2003; Yudin, Tagantsev 2013), which
reduces to the appearance of opposite-sign charges in a thin-film ferroelectric capacitor under me-
chanical bending (Bursian et al. 1969). The presence of a mechanical stress gradient can induce macro-
scopic polarization even in nonpolar materials (Ehre et al. 2007).

In the second case, the mechanism of internal field formation and self-polarization is associated with:

— the action of a space charge at either the bottom or top interface of a thin-film ferroelectric ca-

pacitor (Frey et al. 2001; Kholkin et al. 1998; Sun et al. 1999),
— anon-uniform charge distribution across the thickness of the thin film or charge diffusion (Hiboux,
Muralt 2001),

— the presence of ordered dipoles formed by charged defects or impurities (Okamura et al. 1999).

The use of electrodes made from different materials also gives rise to an internal field due to the dif-
ference in Schottky barrier heights at the thin film-electrode interface (Choi et al. 1997). The role of surface
charge, which can also lead to self-polarization, is noted in (Shen et al. 2024; Stephanovich et al. 2023).

Thus, even from the above brief account of the causes (or mechanisms) of imprint formation, it is
clear that a definitive explanation of the nature of this phenomenon has yet to be developed. At the same
time, there is clear practical interest in this class of thin films, particularly lead zirconate titanate (PZT)
solid solutions, due to their considerable potential for use in MEMS devices (Akkopru-Akgun, Trolier-
McKinstry 2023; Akkopru-Akgun et al. 2019; Li, Feng 2025; Liu et al. 2024; Song et al. 2021). The aim
of this study was to investigate imprint in PZT thin films, whose composition corresponds to the mor-
photropic phase boundary (MPB) region, characterized by a spherulitic microstructure and block size,
under the influence of strong alternating fields and during long-term aging.

Materials and methods

Thin films of a composition corresponding to the morphotropic phase boundary region on the rhom-
bohedral phase side, with the elemental ratio Zr/Ti = 54/46, were prepared by a two-stage method of RF
magnetron sputtering on platinized silicon (Pt/Ti/SiO,/Si) substrates. The films were deposited at dif-
ferent target-substrate distances (D = 30—-70 mm) and then annealed at 580 °C in air. The film thickness
was ~ 500 nm. A detailed description of the sample preparation is given in (Staritsyn et al. 2023a).
To exclude the effect of differences in electrode material, the top electrodes were also made of platinum.

Microstructure studies of the samples were conducted using scanning electron microscopy (SEM,
EVO-40, Zeiss). Phase analysis was performed using X-ray diffraction (DRON-7) and optical micros-
copy (Nikon Eclipse LV150). Dielectric properties were studied with an E7-30 immittance meter and
a modified Sawyer-Tower circuit.

Results and discussion

The features of the spherulitic microstructure are associated with the crystallization behaviour
of the perovskite phase, which involves the nucleation, growth, and subsequent merging of individual,
nearly round islands during high-temperature annealing of pre-deposited amorphous thin PZT films,
ultimately forming a single-phase block structure (Staritsyn et al. 2023a), Fig. 1. The linear size of the blocks
in the studied films depended on the deposition conditions and decreased from 35—40 pm (at D = 30 mm,
Fig. 1a) to 10-15 pum (in films deposited at D = 60—70 mm, Fig. 1c).
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Fig. 1. SEM images of thin PZT films deposited at target-substrate distances
D =30 mm (a), D = 40 mm (b), and D = 60 mm (c)

The dielectric hysteresis loops (P-V) measured on as-prepared films (the holding time did not exceed
several days) revealed the presence of an internal field: the P-V curves were shifted along the abscissa
axis toward negative voltages (Fig. 2a-c). This means that the field vector was oriented from the free
surface toward the bottom interface of the film. In weak external fields (E_, = 200 kV/cm), the internal
field (E, ) ranged from ~10 to 30 kV/cm. Applying a strong field to the samples resulted in a significant
decrease in E_, i. e., in symmetrization of the hysteresis loops (Fig. 2a-c). Moreover, under strong fields
(E,,, = 600 kV/cm), a sign reversal of the field was observed in the films, Fig. 3a and Fig. 4a. The highest
value of E_ with reverse orientation exceeded 10 kV/cm in the film deposited at D = 40 mm.
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Fig. 2. P-V loops of as-prepared films (a—c) and after aging for 810" s (d—f), deposited at different target-
substrate distances: D = 30 mm (a, d), D = 40 mm (b, e) and D = 60 mm (c, f)
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A significant change in the shift of the P-V loops along the abscissa axis was observed after aging
the films for 8*107 s. From Figs. 2d-f and Figs. 3b and 4b, it is evident that an increase in the magnitude
of the internal field directed from the free surface of the films to the bottom interface was observed in all
the samples, and the field orientation persisted even under the application of strong fields. In weak fields,
the value of E_ exceeded 20-25 kV/cm, and the highest value (~40 kV/cm) was achieved in the film
deposited at D = 30 mm. Under the application of strong fields, the orientation of the internal field vec-
tor was maintained in all the studied samples.

The observed changes in the dielectric hysteresis loops allow us to make several assumptions regarding
the mechanisms of internal field (and self-polarization) formation in thin PZT films, based on the contri-
bution of internal charges (electrons and charged oxygen vacancies) to the effect, as well as on the features
of the spherulitic microstructure and the associated bending mechanical stresses.

The appearance of the internal field in as-prepared films is attributed to the presence of charged
oxygen vacancies (and electrons), whose high concentration results from the presence of excess lead
oxide. Measurements of the lead content in the formed perovskite films by energy dispersive x-ray spec-
troscopy showed an excess of 6-9 mol.%. It is assumed that at room temperature, the equilibrium state
of lead oxide is realized in the form of lead dioxide (PbO,) (Tentilova et al. 2012), and further oxidation
of lead to the tetravalent state occurs through the capture of mobile oxygen atoms from the perovskite
lattice and the formation of internal point defects — oxygen vacancies. According to various sources,
the activation energy of the pair consisting of two electrons and a doubly positively charged oxygen
vacancy varies in the range of ~ 0.1-0.4 eV (Scott 1998). Thus, calculations show that at an activation
energy of E__ = 0.22 eV, the concentration of charged oxygen vacancies is ~ 1% of the total oxygen va-
cancy concentration in a thin PZT film (Valeeva et al. 2022).

According to the data of (Pronin et al. 2002), in the absence of a top electrode, the formation of a ne-
gative space charge during the growth of a PZT thin film occurs through the capture of mobile electrons
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in deep traps near the bottom thin film-electrode interface. The resulting space charge field can lead
to a reorientation of ferroelectric dipoles in the lower part of the thin film or throughout the entire volu-
me in (symmetrically allowed) directions that are as close as possible to the direction of the internal field,
and the formation of a unipolar (self-polarized) state, depending on the particular electron concentration
(Pronin et al. 2002). It should be noted that, during subsequent deposition of the top contact pads, high-
temperature annealing of such unipolar films to the Curie temperature or above leads to a redistribution
of electrons between the top and bottom interfaces, the formation of local space charges and internal
fields oriented in opposite directions and, thus, to the cancellation of the measured internal field and
symmetrization of the hysteresis loops (Okamura et al. 1999; Pronin et al. 2002).

Animportant aspect here is the distribution of charged oxygen vacancies across the thickness of the thin
films. It can be assumed that excess lead is located both at the interfaces of the thin film and in the in-
tercrystallite space. If we assume that a significant portion of the excess lead lies near the bottom inter-
face of the film due to the specific crystallization and growth of spherulitic islands (Pronin et al. 2002),
then the generation of oxygen vacancies will occur in the bottom part of the film, and, accordingly,
the distribution of vacancies will be uneven and shifted towards the lower interface. The distribution
of localized negative charge and the distribution of charged oxygen vacancies is shown schematically
in Fig. 5a, which reflects the magnitude of the internal field in freshly prepared films under a weak ex-
ternal field and corresponds to the values of E,_ on curve 1, Fig. 4a. Apparently, the distribution of excess
lead in the thin film in our case is associated with the features of perovskite phase crystallization
(changes in spherulitic block size) with variations in the target-substrate distance.
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Fig. 5. Distribution of negative charge and charged oxygen vacancies across the thickness of the PZT-film:
in a freshly prepared film (a), in a freshly prepared film after application of a strong external field (b), in a film
after long-term aging (c) and in a film after long-term aging followed by application of a strong external field (d)

It is assumed that the application of a strong external field leads to the release of electrons from deep
traps at the bottom interface and, to a first approximation, to their uniform distribution within the bulk
of the thin film. This may result not only in the symmetrization of the hysteresis loops, as is often ob-
served in experiments (Okamura et al. 1999; Pronin et al. 2002; Valeeva et al. 2022), but also in the ap-
pearance of an internal field of reverse polarity if charged oxygen vacancies are concentrated in the bot-
tom part of the film, Fig. 5b. Thus, it can be assumed that the appearance of an internal field (imprint)
of reverse polarity — oriented toward the free surface of the film — is determined by the nonuniform
distribution of positively charged oxygen vacancies.

Obviously, during aging, the concentration of oxygen vacancies should equalize through diffusion,
i. e., vacancy diffusion toward the top interface of the film. However, a more probable scenario
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is the mechanism of oxygen vacancy diffusion known in the literature as the ascending diffusion effect
or the Gorsky effect. The essence of this effect is related to bending deformation of the thin film and
the diffusion of large impurity atoms (or defects) in the direction of the mechanical stress gradient,
leading to a nonuniform distribution of these atoms across the film thickness (Gorsky 1935). Subse-
quently, the concept of the Gorsky effect was extended not only to the diffusion of impurity atoms but
also to intrinsic point defects, including oxygen vacancies, whose diffusion occurs in the direction op-
posite to the mechanical stress gradient, Fig. 6 (Kosevich 1975).

Fig. 6. Oxygen vacancy diffusion in a deformed crystal lattice

In our case, bending of the PZT film-Si substrate system can be caused by at least two factors:

— a difference in the linear thermal expansion coefficients of the film and the substrate,

— crystallization of the perovskite phase from the amorphous phase during high-temperature an-
nealing, accompanied by a change (or more precisely, an increase) in film density, which leads
to the appearance of tensile mechanical stresses acting on the perovskite islands from the inter-
mediate pyrochlore phase, Fig. 7a.

a) PyS Pes PySiPe 5 Py S Pes Py S Pe 5Py

Si

Vo ———

Fig. 7. Perovskite phase crystallization from the amorphous phase during high-temperature annealing (a) and
bending deformation of the bimorphic PZT film-Si substrate structure after completion of the perovskite phase
crystallization (b)

In PZT films whose composition corresponds to the MPB region, the bending strain in the first case
was estimated to be no more than 0.1%, and in the second case, ~ 0.5% (Staritsyn et al. 2023b). Both
effects lead to deformation of the bimorphic PZT film-Si substrate structure with a bend towards the free
surface of the thin film, Fig. 7b. The presence of bending strain, manifested as a rotation of the crystal
lattice of the PZT film and recorded by electron backscatter diffraction, allowed us in our previous work
(Valeeva et al. 2025) to estimate the main parameters of the directed diffusion flux of oxygen vacancies
in the perovskite lattice, as well as the time required for their diffusion to the top interface, which
is ~ 107 s, that is, on the order of three months (Fig. 7).

The result of film aging is shown schematically in Fig. 5c. However, to explain the increase in the in-
ternal field in aged films, it can be assumed that it is caused not only by the directed diffusion of oxygen
vacancies but also by their additional generation, leading both to an increase in the negative space charge
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localized near the bottom interface of the thin film and the accumulation of positive charges near the top
interface of the film. In this case, application of a strong external field no longer leads to a change
in the orientation of the internal field (Fig. 5d).

The minimum value of E_ at D = 40 mm in Fig. 4 deserves special mention. It was previously shown
that in such a film, the maximum angles of crystal lattice rotation in spherulitic blocks and the maximum
values of the projection of polarization lying in the plane of the thin film (lateral polarization) were ob-
served, which was caused by the maximum lateral stresses among all films (Staritsyn et al. 2023c). In this
case, the reasons for the appearance of maximum lateral polarization values were associated with the re-
distribution of negative space charge towards the periphery, where, along with the region of deep traps
near the bottom interface, the formation of deep traps and space charge occurred at the pyrochlore-
perovskite phase boundary throughout the thickness of the PZT film (Senkevich et al. 2024).

Conclusions

This paper investigates the imprint (internal field) phenomenon in PZT thin films with different
linear dimensions of spherulitic blocks, obtained by a two-stage RF magnetron sputtering with varying
target-to-substrate distances and, consequently, block sizes. It was experimentally demonstrated that:

— in as-prepared films, applying a strong external field (600 kV/cm) leads to a change in the sign

of the internal field (imprint);

— as a result of prolonged aging, the internal field magnitude increases significantly;

— the linear dimensions of the spherulitic blocks significantly influence the imprint magnitude.

To explain the observed phenomena, a model is proposed according to which the imprint is the result
of the combined effect of a negative space charge, localized primarily in deep traps in the bottom inter-
face region of the thin film, and the positive charge of oxygen vacancies, distributed nonuniformly across
the film thickness. It is assumed that the effect of long-term aging, which consists of a significant increase
in the internal field, is caused by the ascending diffusion effect (the Gorsky effect) of positively charged
oxygen vacancies.
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Abstract. The electrical relaxation processes observed in poly(ethylene terephthalate) were investigated
using thermal activation spectroscopy. In the area of glass transition temperature of this polymer, two
relaxation processes were detected — in the area of 60°C and 80°C. Ultraviolet radiation caused a significant
change in the intensity of these processes. Relaxation around 60 °C is related to the glass transition process
in the amorphous phase of poly(ethylene terephthalate). Relaxation in the region of 80 °C may be related
to a part of the amorphous phase at the surface of crystals (rigid amorphous fraction) characterized by reduced
mobility of molecular segments. After UV irradiation of this polymer, the relative content of this fraction
increases substantially.

Keywords: poly(ethylene terephthalate), thermostimulated depolarization, glass transition temperature, UV
radiation, electrical relaxation

Introduction

Poly(ethylene terephthalate) (PET) is one of the most widely used thermoplastic polymers due to its
combination of mechanical, thermal and dielectric properties (Dhaka et al. 2022; Joseph et al. 2024). PET
has applications in food and beverage packaging (Benyathiar et al. 2022), textile fibers (Sarioglu, Kaynak
2017), optical and electronic films, as well as substrates for flexible electronics and energy-harvesting
devices (Yakimets et al. 2010). Its stability in use, low cost and technological versatility are the reason
for constant interest in studying the structure, relaxation mechanisms and durability of the material
under the influence of external factors.

PET crystallization is accompanied by the formation of not only an ordered crystal phase and amor-
phous phase but also a limited amorphous phase with reduced segment mobility at the surface of the crys-
tals, resulting in a three-component structure: crystalline, amorphous fraction and rigid amorphous
fraction (RAF) (Heidrich, Gehde 2022). This morphology affects the segmental mobility of molecules
in the amorphous phase, since molecular segments closer to the surface of the crystals have greater
limitations compared to those in freer amorphous regions. This heterogeneity is clearly evident
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in relaxation processes: in fully amorphous a-relaxation polymers, the glasswork-associated process can
be regarded as relatively uniform; in semi-crystalline PET, relaxation dynamics are spatially heteroge-
neous and reflect the complex interaction between amorphous and crystalline phases through local
motion distribution and relaxation times (Alves et al. 2002; Wei et al. 1994).

Such heterogeneity makes relaxation processes in PET particularly sensitive to external factors that
can modify the local mobility of macromolecules and the chemical structure of chains. In particular, ul-
traviolet exposure leads to photo-oxidative degradation of PET, accompanied by chain rupture, forming
carbonyl and hydroxyl groups (Rostampour et al. 2024). These processes mainly develop in the amorphous
phase and near the interphase regions, which allows one to expect a significant influence of UV radiation
on glazing and a-relaxation parameters in semi-crystalline PET.

Despite the large number of articles and researches dealing with the photodegradation of PET and
the modification of its mechanical and optical properties by UV radiation, the influence of UV radiation
on glass processes and segmental relaxation in semi-crystalline PET remains understudied. This determines
the relevance of this work, aimed at studying the influence of UV-effects on relaxation processes in PET.

Methods and materials

Materials

The samples were made from Hostaphan RNK PTP 13-pm thickness film produced by Mitsubishi
Polyester Films. Ultraviolet radiation was carried out in the air using LE30 lamps manufactured
by Lisma (Saransk, Russia).

Methods

The TSC-II system of Setaram (France) was used to measure thermal depolarization currents (TDC).
The process of measuring the depolarization currents of the samples under investigation involved several
sequential procedures. In the electric field at £ = 90 V/min over 2 min, the samples were polarized
at a polarization temperature of TP = 60 °C. Next, in the electric field, the film was cooled at a rate
of 2 °C/min to a temperature of 7, = —10 °C and then held for £ = 1 min. The specimen was then heated
at a rate of 9°C/min to a temperature of 7, = 110 °C. The current was recorded with a Keithley 6517E elec-
trometer with a measurement accuracy of 10** A. All measurements were carried out in a vacuum cham-
ber in the atmosphere of helium gas.

When there are complex overlapping processes, standard thermal current peak processing methods
such as the Buchi method, heating rate variation method and initial rise method produce incorrect results.
The optimization method described in the article was used to process data in this work (Volgina et al. 2026).

Results and discussion

Fig. 1 shows the TSC curves of unirradiated UV radiation from the PET film, polarized at 60 °C in an elec-
tric field of different voltages. The practically linear dependence of the current value on the electric field
voltage indicates the dipole mechanism of relaxation processes occurring at this temperature interval.

&7 —30kViem

——60 kV/icm
——90 kV/cm
——120 kV/cm

I, pA

; : .
25 0 25 50 75 100
t,°C

Fig. 1. The dependence of TSC for the original (unirradiated UV) PET film at different polarizing field values.
Polarization temperature — 60 °C, heating rate — 9 °C/min
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The data obtained clearly shows that the TSC curve is complex, indicating that several overlapping
processes occur in the given temperature range as shown in Fig. 2(a). The following relaxations can be
distinguished: in the areas of 10 °C (1), 40 °C (2), 60 °C (3) and 80 °C (4).

6~ 0.7 4
experimental PET without UV
sl theoretical 0.6

0.5 3

I, pA

s 0.4

0.3 4
0.2 2

0.1 1

0.0 T T T T T T
0.6 0.8 1.0 12 14

(a) t,°C (b) W, eV

Fig. 2. a) Decomposition of the TSC curve for unirradiated PET polarized in the field 90 kV/cm at 60 °C
to separate relaxation processes. b) The relaxer distribution functions for unirradiated UV polyethylene
terephthalate processes as shown in Fig. 2(a)

At temperatures below the glass transition temperature T,=60°Cina PET, only relaxation pro-
cesses associated with the movement of macromolecular segments can occur (process 1). This is due
to the fact that at temperatures below T the polymer is in a glass state, where the mobility of the chains
is severely limited. As the temperature rises, different types of molecular motion begin to be activated:
rotation of lateral groups, oscillatory movement of segments of the main chain and movement of entire
macromolecule sections (process 2). At temperatures close to 60 °C, the TSC spectra show a peak cor-
responding to the process of glazing the amorphous part of the polymer (process 3). As previously
mentioned, the presence of a crystalline part leads to the appearance of an amorphous part with limited
segmental mobility and, as a consequence, to the emergence of a second relaxation process in the TSC
currents associated with the glass transition process (process 4).

Fig. 2(b) presents the power distribution functions of G (W) relaxers involved in all the observed
processes at temperatures ranging from -10 °C to 100 °C. The ‘red’ curve in Fig. 2(a) corresponds
to the theoretical TSC curve calculated according to formula (1) and corresponding distribution func-
tions in Fig. 2(b).

~Zj:Lme( exp{———j G xp(

The high activation energy (W) for process 3 compared to process 4 is due to higher frequency factor
values (0, > ®,).

Fig. 3 shows the TSC spectrum after the exposure of the samples to ultraviolet radiation from an unir-
radiated sample.

As is known, photo-oxidative degradation processes occur in PET due to the influence of UV radia-
tion and are mainly accompanied by chain scission of macromolecules. This leads to increased mobility
of the chain segments in the amorphous phase. The resulting shorter chains and fragments of macro-
molecules have an increased capacity for conformational relaxation. As a result, they can be regrouped
and arranged in interlamellar regions, as well as near the crystal line, which is accompanied by a local
increase in the degree of crystal personality.

According to the work (Falkenstein et al. 2020) performed using ATR-FTIR, NMR spectroscopy
and enzymatic degradation analysis, UV treatment leads to the formation of a surface layer characte-
rized by increased organization and relative increase in the proportion of the crystalline phase. This
is related to photoinductive chain decompression and subsequent structural reorganization of the su-
perficial regions.

o de}dW. (1)
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Fig. 3. TSC current dependence for the unirradiated and irradiated UV film of PET at 90 kV/cm polarizing
field stress. Polarization temperature — 60 °C, heating rate — 9 °C/min

UV irradiation can lead to the redistribution of the phase composition of semi-crystalline PET:
changing the ratio between a movable amorphous fraction, rigid amorphous fraction (RAF) and crys-
tal phase, which potentially affects glazing parameters and «o-relaxation characteristics.

Fig. 4(b) shows the power distribution functions of G (W) relaxants involved in all the observed
processes at a temperature range from -10 °C to 100 °C. The ‘red’ curve in Fig. 4(a) corresponds
to the theoretical TSC curve calculated according to formula (1) and corresponding distribution func-
tions in Fig. 4b.
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Fig. 4. a) Decomposition of the TDD curve for the irradiated UV PTEF polarized in the field E = 90 kV/cm
at 60 °C for individual relaxation processes. b) The relaxer distribution functions for unirradiated
UV polyethylene terephthalate processes as shown in Fig. 4(a)

For an unirradiated sample, the ratio between processes 4 and 3 is 4/3, whereas after UV irradiation,
it decreases to 3/5. Therefore, the relative contribution of process 3 increases compared to process 4,
indicating an increase in the RAF share in the irradiated sample.

Conclusion

Our research employed the method of thermally stimulated depolarization to study UV-irradiated
and unirradiated PET films. The spectrum of TSC in the area 0 °C-100 °C demonstrates a complex
character due to closely located overlapping relaxation processes. Relaxation processes in the area of 10 °C
and 40 °C are observed below the glass transition temperature of this polymer and can only be related
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to the movement of individual segments of macromolecules. Relaxation in the area of 60 °C and 80 °C
is related to the processes of glass transition developing in the amorphous phase of the polymer and
the so-called rigid amorphous fraction, which is on the border with available crystallites of the polymer.
UV radiation of this polymer leads to a significant increase in the content of the limited amorphous
phase, which indicates a local increase in the degree of crystallization of the polymer in the superficial
regions. The functions of distribution of electrically active defects for all the relaxation processes were
found by the optimization method.
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Abstract. This paper studies the electrical conductivity, permittivity, and dielectric losses of a nanocomposite
obtained by impregnating a NaA zeolite host matrix with Rochelle salt (potassium sodium tartrate tetrahydrate,
KNaC H,O, x 4H,0) as a guest substance over the frequency range from 0.1 Hz to 1 MHz upon heating
from 273 K to 493 K. This study discusses the characteristic features of the frequency and temperature
dependences of the electrophysical properties of the Rochelle salt / zeolite A nanocomposite.

Keywords: ferroelectrics, Rochelle salt, permittivity, dielectric losses, electrical conductivity, zeolite,
nanocomposite

Introduction

The matrix method for creating nanocomposite materials, proposed in the late 20" century (Bogo-
molov 1978; Stucky, Mac Dougall 1990), oftfers numerous advantages, including the ability to study en-
sembles of nanoparticles at high concentrations and with ultra-small sizes (up to 1 nm).

This paper employs this method to study size dependence of the upper ferroelectric Curie point T,
in the well-known crystalline substance — Rochelle salt (double potassium sodium tartrate KNaC H,0,x4H,0;
RS in what follows) embedded into a NaA-type zeolite matrix.

Previous investigations have examined the ferroelectric properties of Rochelle salt dispersed
in various porous media. In the case of RS embedded into a microporous glass matrix with particle dia-
meters of ~ 7 nm ferroelectric features appeared only on the derivative (de/dT) curve (Colla et al. 1996).
RS inclusions in nanoporous alumina with pore diameters from 10 to 40 nm retain a ferroelectric state
at temperatures exceeding the Curie point of bulk crystals by several tens of degrees (Rogazinskaya et al.
2009). In contrast, a low-temperature shift of the Curie point 7. of the RS guest substance’s upper fer-
roelectric transition due to confined geometry has been observed in mesoporous sieves MCM-41 with
2.6 nm pores (Tien et al. 2008), as well as in NaA zeolite (Matveeva, Solovyev 2022; Puchkov et al. 2025).
NaA zeolite is a porous dielectric matrix containing an ordered system of interconnected voids and
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three-dimensional channels with diameters of ~ 1 nm (Breck 1974). The lattice parameters of Rochelle
salt (@ ~ 1.2 nm, b = 1.4 nm, and ¢ = 0.6 nm) (Solans et al. 1997) are rather large; thus, we assume that
RS molecules can only reside within the a-cavities of the NaA crystal, where interactions between neigh-
bouring molecules are possible.

In a previous work (Matveeva et al. 2024) we studied electrophysical properties of RS ferroelectric /
zeolite NaA near the ferroelectric phase transition temperature over the frequency range from 100 Hz
to 100 kHz. It was found that this nanocomposite shows a shift of the RS upper ferroelectric transition
Curie point by ~ 5 K towards lower temperatures, relative to the phase transition temperature in a bulk
ferroelectric (T, = 297 K).

The present study aims to experimentally determine the electrophysical characteristics of this nano-
composite material over a wide range of frequencies (0.1 Hz—1 MHz) and temperatures (273-493 K).

Experiment

We used granules (~ 2 mm in diameter) of NaA zeolite as a porous dielectric host matrix. A satu-
rated aqueous solution at room temperature introduced the Rochelle salt guest substance into the zeo-
lite voids; thereafter, the ferroelectric / zeolite (RS / NaA) nanocomposite sample was washed with
distilled water and dried at T = 300 K. To remove Rochelle salt from the sample surface, it was sub-
jected to mechanical processing (surface grinding), and then shaped into a tablet with a diameter of 2 mm
and a thickness of approximately 0.5 mm. After that, the sample was clamped between the metal elec-
trodes of the measuring cell.

The complex dielectric permittivity was measured using a Novocontrol Concept 41 spectrometer
at the Interdisciplinary Resource Center for Collective Use of Herzen State Pedagogical University of Rus-
sia (Modern Physical and Chemical Methods for the Research and Development of Materials for Indus-
try, Science, and Education). The frequency range spanned from 0.1 Hz to 1 MHz, and measurements
were conducted at controlled temperatures between 273 and 493 K.

Results and discussion

Figure 1 shows frequency dependences of the electrical conductivity for the RS ferroelectric / zeolite
A nanocomposite in the ferroelectric and paraelectric phases. One can observe a power-law frequency
dependence of conductivity, o ~ f*, which is often found in many materials (Jonscher 1972; Mott, Davis
1979) and may arise from two distinct mechanisms: (1) a rotational motion of molecular dipoles with
frictional losses (when s ~ 2), and (2) a translational motion of free electric charges (0 < s < 1). For the ex-
perimental results shown in Fig. 1, s = 1.3(10* Hz < f < 10° Hz). This exponent value can be explained
by the simultaneous existence of both mechanisms; a similar situation has already been observed
in another ferroelectric material (Mostafa et al. 2005).
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Fig. 1. Frequency dependences of the electrical conductivity for the RS / NaA composite
at 283 K (curve 1), 293 K (curve 2), 303 K (curve 3), 313 K (curve 4)
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The frequency dependences of the dielectric losses for the RS / NaA composite (Fig. 2) display a de-
crease at relatively low frequencies — up to approximately 10 kHz — after which tgd begins to increase.
A similar pattern is observed in the frequency dependences of the imaginary part of the permittivity
(Fig. 3). This high-frequency increase can be explained by proton conductivity (Colomban, Novak 1988;
Ovchinnikova et al. 1997). Figures 2 and 3 again show an increase in dielectric losses at low frequencies,
as well as a shift of the graph minima toward higher frequencies at the phase transition of Rochelle salt
to the paraelectric phase.

- 4
tgs-sgﬁ%
-

1

01} me

L RESS) '%80
"% Ig (f, Hz)
o1l o o+ . -'.-Iiaﬁ@@.@a.O o

Fig. 2. Frequency dependences of the dielectric losses tgd for the RS / NaA composite
at 283 K (curve 1), 293 K (curve 2), 303 K (curve 3), 313 K (curve 4)
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Fig. 3. Frequency dependences of the imaginary part of dielectric permittivity € * for the RS / NaA composite
at 283 K (curve 1), 293 K (curve 2), 303 K (curve 3), 313 K (curve 4)

Figure 4 shows temperature dependences of the electrical conductivity for the RS / NaA composite
at low frequencies. One can see two maxima at temperatures of approximately 323-333 and 363 K.
It should be noted that at T'~ 329 K, Rochelle salt decomposes into a mixture of sodium and potassium
tartrates (Jona, Shirane 1962); this process is often referred to as the ‘melting’ of Rochelle salt. According
to our assumption, the second maximum likely corresponds to the subsequent stage of decomposition
of these components. The temperature dependences of the dielectric losses (Fig. 5) exhibit similar
peculiarities.
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Fig. 4. Temperature dependences of the electrical conductivity for the RS / NaA composite
at 1 Hz (curve 1) and 10.8 Hz (curve 2)
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Fig. 5. Temperature dependences of the dielectric losses tgd for the RS / NaA composite
at 1 Hz (curve 1) and 10.8 Hz (curve 2)

Conclusions

The ferroelectric / zeolite nanocomposite material obtained by infiltrating the NaA zeolite host ma-
trix with the Rochelle salt guest substance exhibits a power-law frequency dependence of electrical
conductivity which can be explained by the simultaneous existence of two mechanisms: (1) rotational
motion of dipoles with frictional losses, and (2) translational motion of free electric charges.

Upon heating from room temperature, the study observes a significant increase in dielectric losses
at frequencies below 10 kHz, and this increase continues into the paraelectric phase.
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Abstract. The quadratic Zeeman effect and hyperfine magnetic shielding are calculated in the ground
(1s)? state of helium-like ions using perturbation theory. Numerical values are obtained for the nuclear
charge range Z = 6 — 32. The Zeeman splitting is computed by solving the Dirac equation in the Coulomb
field of an extended nucleus with B-splines from the DKB method. Leading-order contributions and
one-photon-exchange corrections are treated within a rigorous QED approach. The calculated nuclear
magnetic shielding constants can be used to determine nuclear magnetic moments, and the quadratic
Zeeman effect is relevant for high-precision Penning-trap measurements of transition energies
in He-like ions.

Keywords: Zeeman effect, g factor, highly charged ions, bound-state QED, nuclear magnetic shielding,
hyperfine structure

Introduction

Bound-electron g factor, which mostly determines Zeeman splitting in highly charged ions, has been
measured with increasing precision during the last two decades (Sturm et al. 2017). The relative ex-
perimental uncertainty has reached 2.4 x 107!! in H-like carbon (Sturm et al. 2014), 0.7 x 10~'°in Li-like
silicon (Glazov et al. 2019), and 0.24 x 10~° in B-like tin (Morgner et al. 2025). The g-factor measurements
already performed and anticipated in the near future, combined with the corresponding theoretical ef-
forts, provide access to the fundamental constants and nuclear properties (Harman et al. 2018; Shabaev
et al. 2015). In particular, nuclear magnetic moments can be determined with unprecedented precision
from the g factors of few-electron ions (Quint et al. 2008; Werth et al. 2001). This task has become par-
ticularly relevant after a discrepancy was found between the recent measurement of the hyperfine split-
ting in H- and Li-like bismuth (Ullmann et al. 2017) and the most accurate theoretical prediction
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(Volotka et al. 2012). This so-called ‘hyperfine puzzle’ has been resolved with the new value of *Bi
nuclear magnetic moment (Skripnikov et al. 2018), which disagrees with the previously accepted one.
The more general outcome of this work is that the uncertainty of the magnetic moment values deter-
mined by the nuclear magnetic resonance method can be significantly underestimated. Recently, a new
value for *’Pb has been determined (Fella et al. 2020) in strong disagreement with the tabulated value.
The nuclear magnetic shielding for a bound electron in the 1s and some excited states was studied using
a fully relativistic approach in Refs. (Moore 1999; Pyper 1999; Pyper, Zhang 1999). Later, detailed
theoretical investigations have been presented for the ground state of H-like (Moskovkin, Shabaev 2006;
Moskovkin et al. 2004; Yerokhin et al. 2011; 2012), He-like (Yerokhin et al. 2024), Li-like (Moskovkin
et al. 2008a; 2008b), and B-like ions (Volchkova et al. 2017). In this work, we study the nuclear mag-
netic shielding for the ground state of He-like ions. The total magnetic moment is fully determined
by the nucleus and the shielding constant in this case. Despite certain experimental difficulties, this
allows one, in principle, to access directly the nuclear magnetic moment in high-precision Penning-trap
measurements.

The nonlinear contributions to the Zeeman splitting can play an important role in high- precision
measurements. In particular, the second- and third-order effects can be detected in the Penning-trap
experiments with B-like ions (von Lindenfels et al. 2013). Recent measurement of the ground-state g fac-
tor in “Ar"* (Arapoglou et al. 2019) was sensitive to the third-order contribution (Glazov et al. 2013;
Varentsova et al. 2017; 2018). Subtraction of the second-order contribution (Agababaev et al. 2017;
Glazov et al. 2013; Varentsova et al. 2018) was required to obtain the most precise up-to-date experi-
mental value of the fine-structure transition energy in B-like argon (Egl et al. 2019; Micke et al. 2020).

The nonlinear Zeeman effects are enhanced by the closely spaced levels of the same parity — *P, ,
and *P, , in B-like ions — which are mixed by the external magnetic field. The same can happen with
n = 2 levels in low- and middle-Z He-like ions. The quadratic Zeeman shift can thus be relevant for future
high-precision measurements. Transition energies in He-like ions serve as a perfect probe of the many-
electron QED effects and therefore attract much experimental and theoretical interest: see, e. g., Refs.
(Beiersdorfer, Brown 2015; Epp et al. 2015; Kozhedub et al. 2019; Loetzsch et al. 2024; Machado et al.
2018; Malyshev et al. 2019; 2023; Yerokhin, Surzhykov 2019; Yerokhin et al. 2022) and references therein.
In this work, we investigate the second-order Zeeman effect for the ground state of low- and middle-Z
He-like ions. The excited states of He-like ions will be the subject of our future work.

Both the nuclear magnetic shielding and the quadratic contribution in a magnetic field represent
the terms of the second order of perturbation theory. In addition to the one- electron part, we consider
the first-order interelectronic-interaction correction. The results are obtained within the perturbation
theory using the finite basis sets.

Relativistic units (7 = 1, ¢ = 1, m, = 1) and Heaviside charge unit [a = €°/47, e < 0] are employed
throughout the paper; y, = |e|/2m_ denotes the Bohr magneton, m,, is the proton mass, and 1, is written
for clarity in the electron-to-proton mass ratio m,/m,.

Relativistic theory for He-like ions

We consider a helium-like ion in the ground (1s)? state. The relativistic perturbation theory offers
the following expression for the ground-state energy, to first order in 1 / Z:

E.=2E" +AED, + (1)

1ph veey

where E(¥ is the single-electron energy in the 1s state. The one-photon-exchange correction is given by

AE(), =(ab|1(0)|ab)—(ba|I(A,,)|ab). 2)

Here, a and b represent electron states — 1s with angular momentum projection + 1/2,and A , =E - E,
is zero in the present case. The operator [ is the interelectronic-interaction operator, which in the Feyn-
man gauge takes the form

)exp(i|a)|r12) '

UP

(3)

Iw.n,)=a(l-a,-a,
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Below, we focus on various aspects of the Zeeman effect in helium-like ions, such as the second-order
shift in a magnetic field and nuclear magnetic shielding. These problems have been addressed before, in-
cluding the second-order Zeeman effect in hydrogen-like ions (Feinberg et al. 1990; Grozdanov, Taylor 1986;
Manakov, Zapryagaev 1976; Manakov et al. 1974; Szmytkowski 2002a; 2002b), the second- and third-order
Zeeman effects in boron-like ions (Agababaev et al. 2017; Glazov et al. 2013; von Lindenfels et al. 2013;
Varentsova et al. 2017; 2018), and the Zeeman splitting in hydrogen-, helium-, lithium-, and boron-like ions
with nonzero nuclear spin (Moskovkin, Shabaev 2006; Moskovkin et al. 2004; 2008a; 2008b; Volchkova et al.
2017; Yerokhin et al. 2011; 2012; 2024). The present work brings into focus two-electron systems and com-
putes the first-order electron-electron interaction, namely one-photon-exchange contribution.

For this purpose, we employ the complete spectrum of the one-electron Dirac equation

—~

Ho'//(r):gl//(r) (4)

with the zeroth-order Hamiltonian:

Hy=ap+p+V,.(r), (5)

nuc

where a and f are the Dirac matrices, and V| (r) is the spherically symmetric electrostatic nuclear po-
tential. The interaction between electrons is treated within the framework of perturbation theory (PT).
To describe the ground state of a helium-like ion, we specifically take the sum of two one-electron zeroth-
order energies and account for the electron-electron interaction in first-order PT.

Quadratic contribution to the Zeeman effect

Consider a bound electron in the presence of an external magnetic field. The system is described
by the stationary Dirac equation (4), and the magnetic field is treated as a perturbation V’ :

V,=AU, A=muB, U-=[rxa]. (6)
Within the perturbation theory, the energy E(1) can be expanded in a power series in A,

E(A)=EY +AEY + AED 1.,

7)
=EQ 4+ 28"+ 226P 1.
The first-order contribution, which is conveniently expressed via the g factor,
EY =2g" (M,)=p,BeM,, (8)

and the second-order term can also be written in terms of a dimensionless quantity — the g coefficient,
EY =228 (M) = (u,8)’ g (M,). ©)

These calculations are carried out here for the 1s state using the previously developed numerical ap-
proach (Varentsova et al. 2018). We then turn to the ground state of He-like ions, evaluating the contri-
bution from electron-electron interaction. In this case, the linear Zeeman effect vanishes, and the second-
order coefficient is expressed as

g(2) [(IS)ZJ =gl [(1s)2]+Ag1(2 [(ls)z}, (10)

where g”[(1s)?] = 2g®[1s] corresponds to the non-interacting electron case and follows from the second-
order perturbation theory expression:

alU|n)(n|U|a

g(z)(ls)=2;< | | >< | | >’ (11)
gll - g’l

where |a) denotes the one-electron [1s] state, and the summation extends over the complete Dirac spec-

trum of states | 1), excluding the reference state |a) = |1s). The resulting coefficient g¢® is an even function

of the angular momentum projection: g¢*(M)) = g*(-M)).
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The one-photon exchange correction to the g coefficient is obtained from the set of diagrams dis-
played in Fig. 1. To evaluate this correction, we employ formal expressions derived within a rigorous
QED framework. Up to symmetry coefficients, these expressions coincide with those in Ref. (Moskovkin
et al. 2008a) after replacing the hyperfine interaction potential with the magnetic-field interaction po-
tential appropriate for the quadratic Zeeman effect.

——4 REataas REaaa" aaaav

H-< b > < --<

Fig. 1. Illustration of the one-photon exchange correction to the g? coeflicient. In the diagram,
the double line represents the electron propagator in the field of the nucleus V (), the wavy line corresponds
to the photon propagator, and the dashed line terminating in a triangle denotes the interaction
with the magnetic field as given in Eq. (6)

Zeeman splitting of the hyperfine structure levels

A rigorous treatment of the hyperfine interaction necessitates incorporating nuclear variables into
the Hamiltonian. Nevertheless, after constructing the proper states of the system with a definite total
angular momentum F =] + I, the hyperfine interaction can be represented by an effective term within
the Dirac Hamiltonian for the bound electron:

am rxa
Vhfs:,uWa /UZE egllv WZ[ 3]2’ (12)
m, r
where I denotes the nuclear spin and g, is the nuclear g factor. Note that 4 represents a dimensionless
parameter proportional (though not equal) to the nuclear magnetic moment.

Zeeman splitting of the hyperfine levels is then described by V in Eq. (6). The total perturbation
potential in the Dirac equation is V| + V, . Within perturbation theory, the zeroth-order Hamiltonian
remains that of Eq. (4), whereas the perturbation comprises two distinct contributions, V, and V, o These
are governed by two independent parameters, A and y, which ‘tune’ the magnetic and hyperfine interac-
tions, respectively.

In the present work, we consider the weak-magnetic-field regime, where the Zeeman splitting is sig-
nificantly smaller than the hyperfine splitting. In this limit, the linear Zeeman shift is characterized
by the g factor of the electron-nucleus system, which takes the form (Moskovkin et al. 2004; Yerokhin et al.
2012):

F(F+1)=I(I1+1)+J(J+1)
2F (F +1)
F(F+1)+1(I1+1)-J(J+1)
2F (F+1)

8r=8,

; (13)

—(1—0)%&

P

where g is the electronic g factor, while 7, and m, denote the electron and proton masses, respec-
tively. The nuclear magnetic shielding constant ¢ arises from the mixed second-order contribution
involving the perturbations V and V, . We compute o for the 1s state using perturbation theory, fol-
lowing the previous work of our group (Volchkova et al. 2017). In the one-electron approximation,
it is conveniently characterized by the relativistic factor A(aZ) (Shabaev 1994; Volotka et al. 2008),
which can be expressed as:

3
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The expression for o in the ground state of He-like ions is written as:
2 2 2
a[(ls) }zao [(m) }A% [(m) } (15)
where 0,[(15)’] = 20{1s] is obtained from the second-order perturbation theory term:

o [Is] =% (alU|n)(n||a)

a n

, (16)

where the summation extends over the complete spectrum of states |n), omitting the reference state
|a) = |1s), as in Eq. (11). Note that the first term in Eq. (13) vanishes because J = 0 in this case.

The diagrams illustrating the one-photon-exchange corrections to the nuclear magnetic shielding are
shown in Fig. 2. Their explicit form can be found in Ref. (Moskovkin et al. 2008a).

oo o --O O_-
._O -—4 avava¥ avava’ avava’

< -0 < O-f <

Fig. 2. Illustration of the one-photon-exchange correction to the nuclear magnetic shielding.
Here, the hyperfine interaction potential (Eq. (12)) is represented by a dashed line terminating in a pentagon.
The remaining notation is the same as in Fig. 1

Discussion

In this section, we present the results of our calculations for nuclear charge Z varying from 6 to 32.
All the calculations were performed using B-splines obtained by the dual-kinetic-balance method (Sha-
baev et al. 2004). All calculations were performed for an extended nucleus, employing the homoge-
neously charged sphere model for the nuclear charge distribution.

Table 1 presents the values of the coefficient g?, its one-photon-exchange correction, and their sum
for the ground (1s)? state of helium-like ions. For convenience, g factor values for hydrogen-like ions are
also listed. As expected from Eq. (11), g scales as (aZ)~? with increasing Z. It is important to note that
the contribution of the negative-energy spectrum to this coefficient is dominant. The one-photon-exchange
correction behaves asl/Z as expected. Moreover, its relative magnitude is smaller than in the case
of p states, where the coefficient is mainly determined by a single contribution whose energy denomina-
tor depends strongly on the interelectronic interaction.

Table 1. The g factor for the 1s state and the second-order Zeeman effect for the ground (1s)? state
of helium-like ions are expressed in terms of g¢® coefficient, comprising the leading-order term g\*,

the one-photon-exchange correction Ag,”, and their sum g

glls] 22[(15)? gl (1s)] 2115y
6 1.998721 1040.605 138.744 1179.349
10 1.996445 372.913 30.038 402.951
12 1.994878 258.154 17.410 275.564
14 1.993024 188.959 10.984 199.943
16 1.990881 144.049 7.374 151.423
18 1.988448 113.259 5.191 118.450
20 1.985723 91.236 3.794 95.030
26 1.975782 52.906 1.767 54.673
32 1.963138 34.032 0.945 34.977
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Table 2 presents data on the hyperfine magnetic shielding for the ground (1s)* state of helium-like
ions, defined by the coefficient o, as well as the one-photon-exchange correction to it and the sum
of these contributions. The values of the coefficient A(aZ) for the hydrogen-like ion are given for com-
parison. As expected from (16), the coefficient o scales linearly with Z. The one-photon-exchange cor-
rection behaves as 1/Z relative to o, meaning that its absolute value does not vary significantly with Z.

Table 2. The factor A(aZ) for the 1s state and the nuclear magnetic shielding constant o for the ground (1s)? state
of helium-like ions. Presented here are the leading-order term ¢,[(1s)*], the one-photon-exchange correction
Aalph[(ls)z], and their sum o[(1s)?]. The 1s results from Ref. (Moskovkin, Oreshkina, Shabaev et al. 2004) are shown
for comparison (o,[(15)’] = 20{1s]). The values of o are given in 10~ units

Z A(aZ) a,[(1s)’] x 10° AO'IM[(ISV] x 10° ol(1s)*] x 10°
6 1.002332 0.214108 —-0.011041 0.203067
0.214109*

10 1.006906 0.360134 —-0.010944 0.349190
1.006911¢ 0.360135°

12 1.010201 0.434893 —-0.010875 0.424018
1.010204¢

14 1.014136 0.511171 —-0.010792 0.500379
1.014133¢

16 1.018689 0.589235 —-0.010693 0.578542

Note: “From Ref. (Volotka et al. 2008), “from Ref. (Moskovkin et al. 2004;).

For comparison, we also present the values of the hyperfine-splitting factor A obtained in this work
using perturbation theory, alongside those from Ref. (Volotka et al. 2008), as well as the values of o[1s]
from Ref. (Moskovkin et al. 2004). One can see that these coefficients are in good agreement. The re-
maining discrepancies can be attributed to the fact that the coefficients in Refs. (Moskovkin et al. 2004;
Volotka et al. 2008) were calculated for a pure Coulomb potential, whereas our values were computed
for a finite nucleus.

It should be noted that our calculations account for the finite nuclear size (employing the finite-size
nuclear potential V), but neglect the effect of the finite nuclear magnetic moment distribution (the
Bohr—Weisskopf effect). Consequently, the quantity we report is actually A(aZ)(1 — §), where J represents
the nuclear size correction (Shabaev 1994; Volotka et al. 2008).

Conclusion

This work reports on the calculation of the quadratic Zeeman effect and hyperfine magnetic shielding
in helium-like ions using perturbation theory. We have obtained numerical values for the ground (1s)?
state in the nuclear charge range Z = 6 — 32. The DKB method to solve the Dirac equation in the Coulomb
field with an extended nucleus has been applied to evaluate the Zeeman splitting in helium-like ions.
We provide the leading-order contributions as well as the one-photon-exchange corrections, the latter
being derived within a rigorous QED approach. The results for the nuclear magnetic shielding constant
can be used to determine the nuclear magnetic moments. The quadratic Zeeman effect can be relevant
for high-precision Penning-trap measurements of the transition energies in He-like ions. To provide
complete theoretical background, corresponding calculations for excited states are needed, which
is the subject of our future investigations.
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Abstract. This article addresses the persistence of astronomical misconceptions among preservice teachers.
The study makes two contributions: 1) an object-based classification framework is proposed (Stars & Constellations,
Moon, Solar System, Sun), grounded in cognitive theory and aligned with standard curricula; 2) the prevalence
of misconceptions is illustrated through survey data from 69 students at Herzen State Pedagogical University
of Russia. The survey instrument is not psychometrically validated and serves to document a precedent rather
than measure population-level prevalence. Results show that 68.1% of respondents conflate zodiac signs with
astronomical constellations, and 42% agree with the notion of astrology as a ‘gateway’ to astronomy. Cognitive
mechanisms underlying the myth persistence (naive theories, synthetic models, p-prims) are discussed, along
with five pedagogical strategies for addressing misconceptions in teacher training.

Keywords: astronomical misconceptions, astrology, teacher training, pedagogical strategies, scientific literacy,
misconception classification, cognitive mechanisms

Introduction

Astronomy has long been recognized as one of the most captivating subfields of physics, sparking im-
mense fascination among learners across all age groups (Hennig et al. 2023). Due to this high level of inter-
est, recent educational reforms in various countries, including Russia, have sought to strengthen the role
of astronomy within the core school curriculum. However, a persistent problem remains: despite formal
pedagogical efforts, astronomical misconceptions — alternative conceptions, children’s ideas, naive beliefs,
etc. — are unusually resistant to change (Sadler et al. 2009). These misconceptions are not merely isolated
errors but deep-seated beliefs that contradict accepted scientific information (Comins 1998; Driver 1989).

This challenge extends beyond physics classrooms. In an era where pseudoscientific beliefs — such
as astrology — are resurging in popularity, misconceptions about celestial phenomena are increasingly
pervasive among educators of all disciplines.

Astrology, defined as a ‘doctrine concerning the influence of the mutual positions of the planets,
the Moon, and the Sun, as well as their locations against the background of bright stars in various con-
stellations, on natural phenomena (such as rainfall, droughts, earthquakes, etc.) and on the destinies
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of individual people and entire nations’ (Zhukov 2021, 60), is often conflated with astronomy in public
discourse. While astronomy is a rigorous scientific discipline grounded in empirical evidence, astrology
is widely regarded as a pseudoscience by the scientific community.

This conflation poses a significant challenge for secular education systems, which aim to foster sci-
entific literacy and critical thinking while respecting diverse cultural beliefs.

The challenge is further complicated by the fact that not only preservice physics teachers but educa-
tors across disciplines — those responsible for guiding student conceptual development — often harbor
the same misconceptions as their pupils (Hennig et al. 2023; Nandi et al. 2015; Parker, Heywood 1998).
Research indicates a significant gap between a teacher’s ability to perform formal tasks, such as ranking
astronomical objects by size, and their ability to provide accurate qualitative explanations for celestial
phenomena (Rajpaul et al. 2014). Moreover, teachers tend to dramatically overestimate student perfor-
mance, largely because they remain unaware of the specific, entrenched misconceptions their students
hold (Sadler et al. 2009). A classic illustration of this phenomenon is the documentary A Private Universe.

In this context, our study addresses the urgent need to equip educators with tools to distinguish
scientific knowledge from pseudoscientific claims. We focus on the classification of astronomical mis-
conceptions, with particular attention to the cultural and cognitive factors that perpetuate these myths.

This study makes two contributions: 1) it proposes an object-based classification framework for as-
tronomical misconceptions, grounded in cognitive theory and aligned with standard curricula; 2) it il-
lustrates the persistence of these misconceptions through survey data from 69 students (preservice
teachers) at Herzen University. By proposing pedagogical strategies, we aim to support teachers in fos-
tering a scientific worldview — one that embraces empirical inquiry while leaving questions of religious
or metaphysical belief to personal conviction.

Illustrative pilot survey

This pilot survey serves as an illustrative case rather than a representative study. Its purpose is to de-
monstrate that astronomical misconceptions — particularly the conflation of astronomy and astrology —
persist among preservice teachers across disciplines.

Survey design

To explore the prevalence of astronomical misconceptions among future educators, we conducted
an anonymous online survey of 69 students (aged 17-28) from one pedagogical university, representing
17 academic programs across bachelor’s and master’s levels (Table).

Table. Distribution of survey participants by year and level of study (count of participants)

Bachelor’s level Master’s level
Field of study
1% year 2" year 3 year 4™ year 1%t year 2" year

Preschool and primary education 1 — — — — —
Special education 2 — 1 — — —
Foreign language teaching — 1 3 — — _
Information technology and labor education 1 — 1 1 — —
History and social sciences teaching — 5 1 1 — —
Theater and music arts education 1 — — — — _
Psychology 3 2 — — — —
Physics 3 3 11 4 — 1
Physical education (Sports) 1 — — — — —
Philosophy education — — — — — 1
Fine Art education — 3 _ _ _ _
Economics and educational management — — — — 1 _
Life safety education 1 — — — — _
Mathematics teaching 5 1 — — — _
Geography teaching — — — 1 — —
Philology 2 1 2 1 — —
Law (Legal studies) — 1 1 _ _
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The survey was distributed through closed university chat groups to limit access to enrolled students
only and prevent third-party responses. Participation was voluntary, and no incentives were offered.
A preamble to the survey informed participants about the study’s purpose, the anonymous nature of data
collection, and their right to discontinue at any time. Completion of the survey was taken as implicit
consent. No personally identifiable information was collected, and all data were aggregated for analysis.

The study was conducted with the approval of the department leadership. Given the minimal-risk
nature of the survey (anonymous, non-sensitive educational topics) and the absence of vulnerable
populations, formal institutional review board approval was not required under local guidelines at the time
of data collection. However, we acknowledge this as a limitation.

The survey comprised 18 questions, including 3 demographic items (program, year, age) and 10 ques-
tions on astrological beliefs and astronomy knowledge.

In addition, students were asked an open-ended question: ‘Are there people in your social circle who
believe in astrology, numerology, or Tarot cards? (If yes, specify what they believe in and describe any
instances from life when predictions came true.)’

At the end of the survey, students were given the opportunity to provide an open-ended response
to the question: ‘If you do not believe in astrology, where does your knowledge of it come from?’

The responses cited below include answers to these questions.

The full survey instrument (in Russian with English translations for international readers) has been
deposited in the Zenodo repository (Krushelnitckii, Razboinikova 2026).

Key findings

Zodiac literacy and cultural ubiquity

All respondents identified their zodiac sign, reflecting the pervasive cultural penetration of astro-
logical terminology. When asked whether they inquire about peers’ zodiac signs, 75.4% in our sample
answered affirmatively, with comments like:

— ‘My parents are very compatible, so my mom thinks their zodiac signs played a part in making their

marriage work’ (B.Ed. 2"-year student, History and social sciences teaching)

— It's more about general knowledge and being able to hold a conversation on almost any topic with

just about anyone’ (B.Ed. 4™-year student, Geography teaching)

This aligns with prior research on astrology’s role as a social lubricant, but our data highlights its
normalization among future teachers.

Blurred boundaries: Astronomy vs. astrology

A key misconception was revealed by the task: ‘Match birth date periods with zodiac signs’ and
the follow-up question: “When does the Sun pass through the constellation Aries?’

The task included a decoy date range resembling Cancer’s zodiac period but actually corresponding
to the Sun’s passage through Gemini. This tested whether students distinguish astronomical constella-
tions from astrological signs.

In our sample, 68.1% of respondents conflated the two, demonstrating persistent confusion:

— (I have] no knowledge of astrology at all. But I'm interested in the concept of tarot — itd be cool

to understand how the cards are chosen to determine a person’s possible fate during a reading. But
I don’t take fortune-telling seriously. Oh, and I just happened to learn the zodiac signs. That’s not
astrology, right?’ (B.Ed. 2"-year student, Philology)

This echoes Vosniadou’s (Vosniadou 1994) ‘synthetic models, where students merge scientific terms
with pseudoscientific narratives.

Personal encounters with occult practices

Open-ended responses also revealed divergent attitudes toward astrology’s legitimacy:

— Endorsement. A physics student (B.Ed. 2"-year student) described their full natal chart reading’
as ‘100% accurate to my personality’, linking it to their astrological trust.

— Skepticism. A bachelor 1%-year student (Life Safety education) noted: 1 believe that astrology can-
not be reliable, as we can take the date and time of birth as a starting point. Doctors record this
time by rounding it off, whereas astrology requires precise timing for its calculations. Consequently,
any conclusions drawn by astrology may fundamentally be incorrect. At the same time, she has
friends in her social circle who are interested in tarot cards and astrology.
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The Kepler paradox

When presented with Kepler’s quote on astronomy’s reliance on astrology for public appeal, 42%
in our sample agreed, framing astrology as a ‘gateway’ to science:

— Astrology can be considered a science equal to astronomy. (B.Ed. 1**-year student, Physics)

— Astrology sparks people’s interest in astronomy. (B.Ed. 3"-year student, Foreign language teaching)

— '..at present, astronomy as a science is capable of standing on its own due to people’s awareness

of the importance of space exploration. However, I agree with the idea that the serious branches
of any science rely on an engaging presentation of its fundamentals, be it popular science or astrolo-
gy’ (B.Ed. 3"-year student, Physics)

— ‘I believe that astrology is scientifically flawed, but at the same time it helps the development of as-

tronomy. (B.Ed. 3"-year student, Physics)

These responses illustrate a paradoxical relationship between astrology and astronomy in the eyes
of preservice teachers. Some participants — including physics students — view astrology as a catalyst
for public interest in science, echoing Kepler’s historical observation about its role in sustaining as-
tronomy’s appeal. Their comments reveal a pragmatic stance: astrology, despite its scientific flaws,
is perceived as a cultural bridge that can engage audiences who might otherwise disregard astronomy.

While our small-scale data precludes generalization, it establishes a precedent: future teachers, regard-
less of the discipline, may actively endorse pseudoscientific beliefs. This finding aligns with prior Russian
research documenting similar patterns of astronomical misconceptions among preservice teachers
at pedagogical universities (Nandi et al. 2015).

These misconceptions are particularly concerning among preservice teachers, whose future students
may inherit these blurred boundaries. As prior research indicates (Comins 2001; Vosniadou 1994), such
synthetic models — where scientific and nonscientific ideas coexist — can hinder the development
of a coherent scientific worldview.

Limitations

Several methodological limitations should be acknowledged.

First, the sample size (69 participants) and single-institution design limit statistical power and gene-
ralizability. The voluntary nature of participation may have introduced self-selection bias, as students
with stronger opinions on astrology — either positive or negative — may have been more likely to com-
plete the survey.

Second, the open-ended responses were analyzed thematically without formal intercoder reliability
procedures, as the number of substantive responses was limited. Third, all data are self-reported, which
may be subject to social desirability bias, particularly on questions about belief in pseudoscience. Fi-
nally, the cross-sectional design precludes causal inferences about how misconceptions develop or change
over the course of teacher training.

Third, the survey questions were designed to illustrate the persistence of astronomical misconceptions
rather than measure their prevalence. The instrument was not validated psychometrically; its purpose
was to document concrete examples of misconception patterns among preservice teachers.

Despite these limitations, this pilot study provides preliminary insights into the persistence of astro-
nomical misconceptions among preservice teachers across disciplines — a population underrepre-
sented in the existing literature. The findings should be interpreted as exploratory rather than definitive,
and future research with larger, multi-institutional samples is recommended to validate these patterns.

Thus, astronomical misconceptions persist among preservice teachers across disciplines, but why do
these beliefs prove so resistant to formal instruction? The following section examines the cognitive and
cultural mechanisms that sustain these myths.

Why myths persist

These empirical findings raise a critical question: why do astronomical misconceptions persist despite
formal education? The answer lies in cognitive and cultural mechanisms that sustain these beliefs.

Research in cognitive development suggests that individuals begin constructing a ‘naive framework
theory of physics’ during infancy based on their everyday observations (Driver 1989; Piaget 1929;
Vosniadou 1994). These early-formed intuitions often persist into adulthood, resisting modification even
through formal scientific instruction.
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The persistence of these myths can be attributed to several key factors.

a) The formation of ‘synthetic models. When students encounter scientific facts that contradict their
framework theories (e. g., ‘the Earth is a sphere’), they often attempt to reconcile the two views rather
than abandoning their initial beliefs. This leads to the creation of hybrid or synthetic models, such
as the ‘hollow Earth’ model, where people are imagined to live on a flat surface inside a spherical shell
to avoid falling ‘down’

b) Phenomenological primitives. Students often rely on simplified cognitive scripts known as p-prims,
which are superficial interpretations of reality. A primary example is the ‘closer means stronger’ p-prim;
this intuitive ‘common sense’ leads many to conclude that the Earth is hotter in the summer because
it is closer to the Sun, ignoring the role of axial tilt (Comins 1998; 2001).

¢) Influence of media and science fiction. Popular culture is a major external source of astronomical er-
rors. Cartoons often portray physically implausible events that damage students’ intuitions. Similarly,
science fiction movies and T'V-series, for example, frequently depict the asteroid belt as a densely packed
region requiring complex maneuvering, whereas in reality, asteroids are separated by millions of kilometers.

d) Vernacular misconceptions. These arise from the use of words that have one meaning in everyday
language and another in a scientific context (e. g., the words ‘work; ‘weight; ‘energy; etc.). This, for in-
stance, leads to difficulties in understanding scientific terms such as ‘shooting star’ (used for meteors)
or the ‘dark side of the Moon’ (which implies it is never illuminated).

e) Personal cosmology and sensory misinterpretation. Most people develop a ‘personal cosmology’
to explain the origins and motions of the universe (Comins 1998; Piaget 1929). Since our senses pre-
filter information (for instance, the Sun appears yellow and seems to orbit a flat Earth), these uncritical
interpretations are accepted as facts. Once a belief is incorporated into one’s world view, individuals will
go to extraordinary lengths to distort new facts to fit their existing beliefs.

In summary, astronomical myths are not simply a lack of knowledge but are coherent, internally
consistent systems of explanation. Overcoming them requires more than just ‘giving the right answer’;
it requires the development of metaconceptual awareness, where learners begin to treat their beliefs
as falsifiable hypotheses rather than unquestionable truths.

These cognitive and cultural factors explain why astronomical misconceptions prove resistant to tra-
ditional instruction. To translate this understanding into practice, educators need a structured tool
to map specific misconceptions to observable phenomena. The following section presents such an object-
based classification.

Object-based classification of astronomical misconceptions

Our classification of astronomical misconceptions integrates findings from academic literature, Mil-
lar’s lists of students’ misconceptions in physics (can be found at iop.org), and public science communi-
cation sources including blogs, podcasts, and documentaries. This synthesis reveals persistent patterns
of misunderstanding that arise from the interplay between naive realism, gaps in physical knowledge,
and cultural inertia.

We organize these misconceptions according to specific celestial objects — Stars and Constellations,
the Moon, the Solar System, and the Sun — rather than abstract themes. This object-based approach
was selected for its pedagogical alignment with standard astronomy curricula, its reflection of how
learners cognitively structure celestial phenomena, and its capacity to address culturally specific myths
associated with particular astronomical bodies.

Unlike previous topic-based classifications such as Comins; our framework grounds misconceptions
in observable celestial objects, thereby facilitating more targeted educational interventions.

This classification framework focuses on observable celestial objects covered in standard school cur-
ricula. Misconceptions about specialized astrophysical objects (e. g., black holes, neutron stars) were
intentionally excluded, as these topics are typically addressed at advanced levels. Future research may
extend this framework to include such concepts.

Stars and Constellations

Misconceptions in this category are often driven by ‘naive realism; where the sky is perceived
as a solid dome and stars as burning points on a flat surface. Key errors include the following:

a) Physical nature. Stars are misunderstood as burning objects (ignoring thermonuclear fusion)
or as ‘falling’ during meteor showers.
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b) Spatial geometry. Constellations are incorrectly viewed as real, physical 3D groupings rather than
arbitrary 2D regions of the sky.

c) Astrological influence. A persistent belief that celestial configurations mystically influence human
destiny, supported by cognitive biases like the Barnum—Forer effect and the search for patterns in random
data (apophenia).

We see the causes of these misconceptions in the historical roots of the animistic view of the sky,
the persistence of naive realism, and the lack of understanding of stellar physics.

The Moon

Lunar myths are categorized by their perceived impact on human life and history.

a) Influence on behavior and health. The belief that full moons trigger insomnia, crime, or psychiatric
disorders, often misapplying the Moon’s gravitational effect on tides to the water in the human body.

b) Conspiracy theories. The ‘Moon Hoax” myth, claiming the Apollo landings were fabricated. This
arises from a misunderstanding of lunar physical conditions (e. g., shadows and lack of atmosphere) and
a postmodern distrust of government institutions.

c¢) Everyday superstitions. Domestic myths where lunar phases are thought to dictate the timing
of haircuts, agricultural work, or major life decisions.

Among the key causes of these misconceptions are illusory correlations, the influence of expectation
effects, and insufficient understanding of gravitational physics.

The Solar System

This category covers misconceptions about planetary mechanics and characteristics.

a) The ‘Planet Parade! Alignments are misinterpreted as physical straight lines that exert catastrophic
gravitational forces on Earth rather than simple optical phenomena.

b) The inner planets. Common errors include believing Mercury is the hottest planet due to its proxi-
mity to the Sun (in reality, Mercury’s negligible atmosphere cannot retain heat, leading to extreme
temperature fluctuations) and perceiving the asteroid belt as a dense, impassable field of rocks rather
than a mostly empty space.

c¢) The outer planets. Jupiter is often mislabeled as a ‘failed star, and Saturn’s rings are incorrectly
imagined as solid, monolithic disks.

d) Exoplanets and life. An anthropocentric bias that leads to the belief that habitable planets must
be identical ‘second Earths’ and that life only exists in complex, intelligent forms.

We can attribute these misconceptions to the following factors: flawed extrapolation techniques;
over-reliance on analogical thinking; the shaping effect of media imagery on public perception.

The Sun

Misconceptions about our star involve its physical nature and interaction with Earth.

a) Physical nature and the Sun’s motion. Relics of geocentric thinking still suggest the Sun ‘rises’
or rotates around Earth. Its heat is often wrongly attributed to literal fire rather than plasma processes.

b) Influence on health and tech. The belief in a direct, deterministic link between every ‘magnetic
storm’ and individual physical ailments (like headaches), as well as the myth that tanning is ‘unconditio-
nally healthy’ while ignoring the risks of UV radiation.

These misconceptions stem from everyday sensory experience, false analogies, and ingrained lin-
guistic patterns. The persistence of these barriers is driven not just by missing facts, but by imprecise
language (like calling the Sun ‘burning’) and cognitive biases favoring simple explanations over scien-
tific complexity.

This classification framework provides educators with a structured tool to map specific misconcep-
tions to observable celestial objects. However, identifying misconceptions is only the first step. The
following section outlines evidence-based pedagogical strategies for addressing each category within
teacher training programs.

Implications for teacher training

Astronomy presents unique pedagogical challenges due to the nature of its subject matter. The phe-
nomena it studies are typically inaccessible to direct experimentation, requiring instead prolonged
observation of a megaworld where space and time are fundamentally interconnected. Astronomical
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processes occurring on timescales are either too slow or too rapid for immediate perception, further
complicated by the specific wavelengths at which these phenomena manifest (Zhukov et al. 1997).

To effectively address these pedagogical challenges, teacher training in modern science concepts —
particularly astronomy — must transcend traditional fact-based instruction. Merely presenting accurate
information fails to dislodge deeply held naive models; instead, students frequently merge new scien-
tific facts with preexisting misconceptions, creating hybridized understandings (e. g., a disk-shaped Earth
model). True conceptual transformation requires integrating the following instructional strategies into
teacher preparation programs.

The five strategies outlined below correspond to the misconception categories from Section 3. For
instance, 3D modeling addresses spatial geometry errors (Section 3.1b, 3.3), while ‘what if?” questions
challenge causal misconceptions about lunar and solar influence (Section 3.2a, 3.4b).

a) Development of pedagogical content knowledge. Effective teaching requires more than just subject
matter knowledge; teachers must possess an in-depth understanding of how students represent abstract
ideas that do not resonate with their daily experience (Loyola, Vanegas-Ortega 2021; Parker, Heywood
1998). A key measure of Pedagogical Content Knowledge is a teacher’s ability to identify the most
popular ‘distractors’ or wrong answers, which allows them to address entrenched misconceptions di-
rectly rather than assuming students are ‘blank slates’ (Sadler et al. 2009). By understanding the specific
origins of myths — such as media influence, language imprecision, or ‘common sense’ p-prims — teachers
can help students think more critically (Comins 1998).

b) Practical 3D modeling. A major barrier is the difficulty of translating 2D textbook diagrams into
3D relative motions (Parker, Heywood 1998; Zhukov et al. 1997). Practical modeling, such as using
polystyrene spheres and torches to simulate the Earth—Moon—Sun system, is paramount for learners
to clarify and articulate their ideas (Baxter 1989; Parker, Heywood 1998). Such hands-on discovery makes
the invalidity of naive beliefs visible in a way that lectures cannot.

c) Predictive ‘what if?’ questions. Teachers should utilize ‘what if?’ scenarios to follow misconceptions
to their logical (and often absurd) contradictions (Comins 1998). For instance, asking what would hap-
pen to the Earth’s orbit if its mass changed helps students realize that mass does not affect orbital motion,
proving their intuitive ‘heavier means faster’ models incorrect (Comins 2001).

d) Peer discussion and verbalization. Encouraging students to share their explanations and defend them
against criticism helps them compare personal models with scientific ones (Baxter 1989; Vosniadou 1994).
Peer-led discussions transform the classroom from passive listening to active engagement, which has been
shown to help even students with weaker backgrounds perform significantly better (Baxter 1989; Parker,
Heywood 1998).

e) Historical parallels. Referring to historical ideas, such as the geocentric system, can make students
feel more comfortable by showing that their naive notions were once the accepted scientific view (Bax-
ter 1989). This highlights the tentative nature of science and the types of evidence required to change
a theory.

Together, these strategies provide a practical toolkit for addressing the specific misconception catego-
ries identified in this study. Implementation within teacher training programs can help future educators
recognize and correct these persistent errors in their own understanding before entering the classroom.

Conclusion

The documented cases of astronomical misconceptions among preservice teachers in our sample
illustrate a potential gap in teacher training. Further research is needed to determine the prevalence
of these patterns. Existing literature suggests that high academic achievement does not automatically
eliminate naive framework theories established in childhood.

The categorization of misconceptions provided in our study is a vital tool for the development
of Pedagogical Content Knowledge. Teacher education must focus on the processes of conceptual acqui-
sition, making teachers explicitly aware of the specific misconceptions they will encounter in the classroom.

Future research with larger, multi-institutional samples is recommended to validate the proposed
classification framework and test the effectiveness of the pedagogical strategies outlined herein.

Ultimately, the goal of physics education is to foster a ‘metaconceptual awareness’ that allows learn-
ers to distinguish between appearance and reality (Vosniadou 1994). By directly addressing the roots
of incorrect beliefs — such as the confusion between the solar system and the galaxy or the ‘no gravity
in space’ myth — educators can help students move toward a coherent, scientific worldview.
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Overcoming these misconceptions is the first step in freeing the mind, allowing individuals to under-
stand how the natural world truly operates and to use that knowledge to make informed decisions.

A final thought

One respondent captured this nuanced relationship with astrology: ‘I consider astrology a tool for
self-reflection. People want to feel special, with unique characteristics. When we read a horoscope, we note
traits that resemble us and criticize what doesn’t apply. I don’t believe in predictions, but I know my friends’
zodiac signs. It’s simply a curious way to learn more about yourself. (B.Ed. 1*-year student, Psychology)

This perspective serves as one example of how astrology can occupy a space between belief and cu-
riosity — a psychological tool rather than a scientific claim. Understanding this distinction is essential
for educators seeking to foster scientific literacy without dismissing the human need for meaning and
self-understanding.
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Summaries in Russian / VIHpopmayus o crmambax Ha pyCCKOM S3biKe

Ousuka KOHACHCHUPOBAHHOTO COCTOAHUA

KOPPEAALIMIN MEXXAY AAHHBIMU AMP, AAHHBIMU MECCBAY23POBCKOM
CIIEKTPOCKOIIU I TAPAMETPAMU TEH3OPA T PAAUIEHTA SAEKTPMYECKOTO
IMMOAA AAA MEAHDBIX Y3AOB B CBEPXITPOBOAAINIX OKCUAAX METAAAOB RBa,Cu,O,

Aanaa BaaentuHoBHa Mapuenko, Tamapa DpraiibaeBna baiimupsaena, Baaentun Cepreesuu Kuceaes,
ITaBea ITaBaoBuu Ceperux

AnHoTanus. DplAM OIIpeAeAeHbl AMHEIHble OTHOLIEHMSI MEeXKAY KOHCTAaHTaMy KBaAPYIOABHOTO
B3aMIMOAEVICTBYSI, U3MEPEHHBIMY METOAOM SIA€PHOI'O MarHUTHOTO pe3oHaHca ¢ usortonoM *Cu, me-
TOAOM 3MUCCUOHHOV MECCOayapOBCKOII CIEKTPOCKOIUY C U30TONOM ’Zn, ¥ TAQBHOV KOMIIOHEHTOM
TeH30pa IPaAMEHTa SAEKTPUUYECKOrO MOASI B MEAHBIX Y3AaX KepaMUYECKUX CBEPXIIPOBOAHNKOB
RBa,Cu,O.. DT OTHOLIEHMS TI03BOASIOT, 6€3 UCIIOAB30BAaHMs KAKNX-AMO0 MOAEAEIT PacIIPeAeAeHM
3apsaa 110 Y3AaM B KPUCTAAAMYECKON pelleTKe, OTIPEAEASITD COEAVHEHM S, B KOTOPBIX MEAD SIBASIETCS
ABYXBAA€HTHOIL.

KaroueBble cAOBa: sSIA€pHBIMI MaTHUTHBIM pe30HaHC, MEccOAyspOBCKasl CIIEKTPOCKOIMSI, TEH30P
IPaAVeHTa SAEKTPUYECKOTO MTOASI, BBICOKOTEMIIEPATYPHbIE CBEPXIIPOBOAHVKIY, SAEKTPOHHBIE AeeKThbI

Aas purupoBanus: Marchenko, A. V., Baimirzaeva, T. E., Kiselev, V. S., Seregin, P. P. (2026) Correlations
between NMR data, Mdssbauer spectroscopy data and the EFG tensor parameters for copper nodes
in RBa,Cu,0O, superconducting metal oxides. Physics of Complex Systems, 7 (2), 59-64. https://www.
doi.org/10.33910/2687-153X-2026-7-2-59-64 EDN CGGAPH

VMIIPUHT B COEPOAUTOBBIX TOHKUX ITAEHKAX HVMPKOHATA-TUTAHATA
CBIUIHLIA

Baapumup Ilerposud IlponnH, Apremuit Hukosaesny Kpymeabuuuxuit, Aacy PaBuaeBHa Masry-
ToBa, EBrenuit IOpresuu Kanreaos, CranucaaB Buxroposuu Cenkesudy, Vrops Ilerposuu IlpoHuH,
Cepreit AaekcaHppoBuy HemoBs

AnHoTanums. ViccaepayeTcs: BAMSIHME MUKPOCTPYKTYPBI (reoMeTpUuecKX pasMepoB CHepOAUTOBBIX
OAOKOB), aMIIAUTYABI BHEIIIHETO [TOAS M CTAPEHUS HA BEAYVHY BHYTPEHHEr0 MOASI (MMIIPUHTA) B TOHKUX
IIA€HKaX LMPKOHATa-TUTaHaTa CBMHLA, CGOPMMUPOBAHHBIX ABYXCTAAUITHBIM MeTOAOM BY marueTpoH-
HOTO pacCIbIA€HMsI Ha TAQTMHVPOBAHHON OAAOXKKe KpeMHYs. [TokazaHo, YTO yBeAYeHV e BHYTPEHHe-
IO TIOASI B ITPOLIeCCe CTapeHMsI IPOMCXOAUT B Pe3YAbTaTe BOCXOAALILE AP Y31 KUCAOPOAHBIX BaKaH-
cuit (addexra [opckoro), BBI3BAHHOI M3TMOHBIMY MEXQaHUYECKMMU HAMIPSDHKEHUSIMU B TOHKOI ITAEHKe.
[TpeanoaaraeTcst, YTO UICTOYHUKOM KMCAOPOAHBIX BAKQHCHIL B IEPOBCKUTOBOM PEIIETKE CAY>KUT AOOKHC-
A€HMe M30BITOYHOIO OKCHAA CBMHLIA, PACIIOAOXKEHHOTO Ha MHTep(eiicax I B MEXXKPUCTAAAUTHOM IIPO-
CTPAHCTBE TOHKNX ITAEHOK.

Karouesbie caoBa: Tonkue naenku LITC, B marHeTpoHHOe pacmbiaeHre, chpepoAnToBass MUKpPO-
CTPYKTYPa, MUMIIPUHT, CAMOIIOASIPU3ALVsl, KUCAOPOAHBIE BAKaHCUM

Aast mutuposanust: Pronin, V. P, Krushelnitckii, A. N., Mazgutova, A. R., Kaptelov, E. Yu,, Senkevich, V.S.,
Pronin, I. P., Nemov, S. A. (2026) Imprint in spherulitic thin films of lead zirconate titanate. Physics
of Complex Systems, 7 (2), 65—73. https://www.doi.org/10.33910/2687-153X-2026-7-2-65-73 EDN JCWNAV

BAVAHUE Y® HA MPOLECCHI DAEKTPMYECKOI PEAAKCALIMU B OBAACTU
TEMIIEPATYPbI CTEKAOBAHUA II9T®

VBan AaekceeBiry Depopos, Anacracust Baaentunosua CremyenkoBa, Hukura ITerpoBuy BebenuH,
Eaena AaexceeBHa BoAruna, AMutpuit dayapAosud TeMHOB

AnHOTanus. MeToAOM TePMOAKTMBALIMOHHOI CIIEKTPOCKOIIMY ICCAEAOBAAVIC IIPOLIECCHI DAEKTPU-
4eCKOJ peAaKcaunu, HabAIAaeMble B TOAMSTUAEHTepedTasare. B 06AaCTy TeMIepaTypbl CTEKAOBAHMUS
AQHHOTO MOAKMepa 0OHapy)KeHO ABa peAaKCALMOHHBIX mpolecca — B obaactu 60°C u 80°C. OTHOoCHK-
TeAbHasI MHTEHCUBHOCTD 3TVX IIPOLIECCOB CYLIECTBEHHO M3MeHsIAACh IocAe YD-00AyueHrs moAuMepa.
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[TokasaHo, yTo peaakcauus B obaacTu 60°C cBsi3aHa C IPOLIECCOM CTEKAOBAHUS, Pa3BUBAOLIMMCS
B amopdHoit pase moanmepa. Peaakcauus B ob6aactu 80°C MOXKeT ObITh CBsI3aHA C 4aCThI0 aMOP(dHOIT
¢a3bl y noBepxHocTy KpuctarautoB (rigid amorphous fraction), xapakrepusyroleiicsi MOHMKEHHO
MOABVDKHOCTBIO MOAEKYASIDHBIX cerMeHTOB. [Tocae YD-00AyUyeHMsI AAHHOTO TOAMMEPA OTHOCUTEABHOE
COA€ep’KaHMe 9TOM GpaKLMy CYI[eCTBEHHO BO3PACTaeT.

KAroueBbie cAOBa: TOAMATUAEHTEPEPTAAAT, TEPMOCTUMYAUPOBAHHAS AETIOASIPU3ALISI, TEMIIEPATY-
pa crekaoBaHusi, YD-u3AyueHe, SIAEKTPUUECKAsT PEAAKCALIS

Aas nutuposanus: Fedorov, . A., Bebenin, N. P, Stepchenkova, A. V., Volgina, E. A., Temnov, D. E.
(2026) The influence of ultraviolet radiation on electrical relaxation processes within the temperature
area of stained glass films of PET. Physics of Complex Systems, 7 (2), 74—78. https://www.doi.org/10.33910/2687-
153X-2026-7-2-74-78 EDN JDXSII

Qu3nKa NOAYNPOBOAHUKOB

SAEKTPO®U3INYECKUNE CBOVICTBA HAHOKOMITO3UTA CETHETOBA COABbD /
LHIEOAUT A (UACTbD 2)

Tamapa [enHapbeBHa MaTBeeBa, Pene Aaexanapo Kactpo Aparta, Baapumup laeBuu CoaroBbeB

AnnoTanus. B onamazone yactort ot 0.1 Ty oo 1 MI'y npu HarpeBanuu ot 273 a0 493 K Obiau uc-
CAEAOBAHBI DAEKTPOIPOBOAHOCTDb, AUSAEKTPUUECKasl IPOHULIAEMOCTb U AUSAEKTPUYECKME TIOTEPU
HaHOKOMIIO31Ta, MTOAYYEHHOTO IIyTeM IPOIUTKY MaTPULIbI-«X03sIMHa» LleoAnTa NaA BeljecTBOM-
«TOCTEM», B KQUeCTBe KOTOPOTO BBICTYIIAAA CETHETOBA COAB (KaAUI-HATPUI BUHHOKVCABIN 4-BOAHBIN,
VAU ABOVIHOI Kaauit-HaTpuesbiit TapTpat KNaC H,O x4H,0). ObcyxaaroTcsa xapakTepHble 0COOeH-
HOCTY YaCTOTHBIX U TEMITEPATYPHBIX 3aBUCMMOCTEN 3AeKTPODU3NIECKUX XapaKTEPUCTUK HAHOKOMIIO-
3UTa CETHETOBA COAB / LIEOAUT A.

KaroueBble cAOBa: CETHETOIAEKTPYKM, CETHETOBA COAb, AUDAEKTPUYECKasI IPOHNLIAEMOCTD, AIAEK-
TpUYeCKIe TTOTePH, SAEKTPOIPOBOAHOCTD, LIEOAUT, HAHOKOMITO3UT

AAst putupoBanusi: Matveeva, T. G., Castro Arata, R. A., Solovyev, V. G. (2026) Electrophysical
properties of the Rochelle salt / zeolite A nanocomposite (Part 2). Physics of Complex Systems, 7 (2),
79-83. https://www.doi.org/10.33910/2687-153X-2026-7-2-79-83 EDN SKNMEI

Teopernyeckas ¢pusnka

AAEPHOE MATHUTHOE SKPAHNPOBAHIE 1 KBAAPATUYHBIN S®®EKT 3EEMAHA
B IOHAX, ITIOAOBHBIX TEAVIIO

Baaentun AaekcaHppoBud Arababaes, Amutpuit AaekceeBud ['Aa3oB, MarBeit MakcumoBuy Ocurr-
0B, AHapeit Buktopouy Boaotka, Baapumup Mouceesuy 11labaes

Annoranus. Ksappatuunsiit 5pdekT 3eeMaHa U CBEPXTOHKOe MarHUTHOE SKpaHMPOBaHMeE pac-
CUMTAHBI B TEAUETIOAOOHBIX MOHAX B OCHOBHOM (1s)* COCTOSIHMM C ITOMOIIBIO TEOPUM BO3MYILEHMUIL.
UncaeHHble 3HAUEHM S TIOAYUYEHBI AASL AMAIIa30HA 3aPSIA0B sIApa Z = 6 — 32. 3eeMaHOBCKOe paclilenae-
Hle OL|eHMBAETCs IIyTeM pelleHMs ypaBHeHMsI Aypaka B KYAOHOBCKOM IIOA€ C KOHEYHBIM SIAPOM
C ICIIOAB30BaHMeM B-criaaiiHOB, moCTpoeHHbIX B paMkax MeTopa AKDB. Bkaaabl Beaylero nopsaka,
a Tak’ke 0AHOQOTOHHBIEe 0OMEHHBIE MOMPABKM PAaCCMATPUBAIOTCS B paMKax cTpororo nmoaxoaa K9A.
PaccunTaHHbIE KOHCTAHTBI SIA€PHOTO MAarHUTHOIO SKPaHUPOBAHMS MOTYT OBITh MCIIOAB30BAHbI AASI
OIIpEAEAEHNsI SIAEPHBIX MarHUTHBIX MOMEHTOB, B TO BpeMsI KaK KBapApaTU4HBIN 3¢ deKT 3eeMaHa
VIMeeT 3HaueHMe AAS IIPELVI3VIOHHBIX 3MePEHMI SHEPI Uil IIEPEXOAOB B FeAMENIOAOOHBIX MIOHAX B AO-
Bymkax IlenHuHra.

KaroueBbie caoBa: a¢pdekT 3eemaHa, g-hakTop, MHOT03apsiAHble MOHBI, KD A CBsI3aHHBIX COCTOSIHUIA,
sIAepPHOE MarHMTHOE SKPaHMPOBaHMe, CBEPXTOHKAs CTPYKTypa

Aast putupoBanus: Agababaev, V. A., Glazov, D. A., Osiptsov, M. M., Volotka, A. V., Shabaev, V. M.
(2026) Nuclear magnetic shielding and quadratic Zeeman effect in helium-like ions. Physics of Complex
Systems, 7 (2), 84—91. https://www.doi.org/10.33910/2687-153X-2026-7-2-84-91 EDN ZTCZ]C
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[Tpo6AembI pu3nvecKoro oopazoBaHus

MEXXAY ACTPOHOMMEN 1 ACTPOAOTMEN: 3SABAY)XKAEHUA BYAYIINX YYUTEAEN
O HEBECHBIX OB BEKTAX

Apremuit HukoaaeBunu Kpymeapunuxui, Tarbsina AmutpueBHa PasboinukoBa, AuHa ViropeBHa
KoaAecHukoBa

AnHoTauus. B ctatbe paccMaTpuBaeTcs mpobaeMa yCTOMYMBOCTY aCTPOHOMUYECKYX 3a0AY>KAEHUI
y OyAyLIMX 1epaaroros. ViccaepoBaHye BHOCUT ABa BKAAAQ: 1) TpeAAO)KeHa 00beKTHO OPMEHTHPOBAaHHAS
KAaccuumKaus 3a0AyKAeHnit (3Be3Abl 1 co3Be3pmsi, AyHa, CoaHeuHas cuctema, COAHLIE), OCHOBaHHASI
HA KOTHUTUBHOM TEOPUU U COTAACOBAHHAsI CO MIKOABHBIMU MIPOTPAMMaMi; 2) IPOUAAIOCTPUPOBAHA
PacIpOCTPaHEHHOCTDb 3a0Ay>KAEHMIT Yepe3 AQHHbIE IMAOTHOTO OIpoca 69 CTYAEHTOB OAHOTO POCCUIL-
CKOTO ITeAarornyeckoro Bysa. ONpOCHMK He SIBASIETCSI BAAMAVIPOBAHHBIM MHCTPYMEHTOM U CAY>KUT AASI
AEMOHCTpALIY NPELeAEHTa, a He M3MePeHMsI IIOMYASILIMIOHHON PacIpOCTPaHEHHOCTU. Pe3yAbTaThl o-
Ka3bIBalOT, 4YTO 68,1% peCIOHAEHTOB MyTAIOT 30AMaKaAbHbIE 3HAKM U aCTPOHOMMUYECKUE CO3BE3ANS,
42% coraacHBI C MA€eil aCTPOAOTUM KaK «BOPOT» B aCTpoHOMUI0. OOCYKAQIOTCSI KOTHUTVBHBIE MeXa-
HU3MBI YCTOMYMBOCTY MUGOB (HaBHBIE TEOPUY, CUHTETUYECKIE MOAEAY, P-Prims) U MsTh [eAAroru-
YeCKMX CTPATeruit AAst paboThl C 3a0AY)KAEHUSIMHU IIPU TIOATOTOBKE YUUTEAEIL.

KAroueBble cAOBa: acTpOHOMMYECKME 3a0AYKAEHMSI, aCTPOAOT Y, TIOATOTOBKA YYUTEAEN, ITEAAro-
rYecKyie CTpaTerny, HayYHasi PaMOTHOCTb, KAACCUbUKALVIS 3a0Ay)KAEHU, KOTHUTVBHBIE MEXaHV3MbI

Aas nutupoBanus: Krushelnitckii, A. N., Razboinikova, T. D., Kolesnikova, A. I. (2026) Between
astronomy and astrology: Preservice teachers’ misconceptions about celestial objects. Physics of Complex
Systems, 7 (2), 92—100. https://www.doi.org/10.33910/2687-153X-2026-7-2-92-100 EDN XLKEIV
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