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The transition to distance learning in Ukraine — driven by the COVID-19 pandemic, military aggression, mass emigration, and
infrastructure disruptions — has created major challenges for physics education, particularly in laboratory training. Traditional physics
labs require specialized equipment, which is often inaccessible in remote settings, thus limiting students' opportunities for hands-on
experimental experience. Virtual labs and simulations offer a partial solution but face limitations, such as the inability to fully replicate
real conditions and the need for interdisciplinary development.

This article presents an adapted approach to remote laboratory work, using the experiment “Weiss Molecular Field” as an example.
Originally performed with a pendulum magnetometer, the revised version engages students in calculating and plotting the temperature
dependence of spontaneous magnetization in nickel using the Weiss molecular field theory. Students compare theoretical predictions
for quantum numbers J=1/2, 1, and c with experimental data from the literature. Calculations are performed using MS Excel and the
GRG optimization method. The results show qualitative agreement with experimental curves, particularly for J= 1/2, which supports
the interpretation that electron spins are the primary magnetic carriers in nickel. At low temperatures, Bloch’s spin-wave theory better
matches experimental results than the Weiss model, while near the Curie temperature, deviations from theory are observed.

This adapted lab demonstrates that analytical and computational tasks can effectively substitute for direct experimentation in
distance learning. The approach develops skills in theoretical analysis, data comparison, and scientific computing. Video tutorials,
Excel templates, and interactive visualizations support transparent assessment and active engagement. Surveys revealed a 12% increase
in average performance compared to in-person lab versions, along with improved motivation and deeper conceptual understanding.
This method is a viable alternative for physics education in resource-limited contexts and can be extended to other lab-intensive
disciplines. It also lays the groundwork for a digital lab curriculum that ensures educational continuity during crises.
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INTRODUCTION

The series of events that have transpired in Ukraine in
recent years (namely, the emergence of the Coronavirus
pandemic, widespread military aggression, mass
emigration of the population, and the imposition of rolling
blackouts) have compelled a significant number of
Ukrainian universities, especially those located in cities
near the active combat zone, to transition from a full-time
educational model to distance learning. Traditional physics
classes are inextricably associated with the utilization of
specialized, distinctive and costly laboratory equipment
that requires proper operating skills. It is precisely this
equipment that enables students to gain hands-on
experience in conducting experiments, collecting and
processing data. The transition to distance learning has
deprived them of the opportunity to work directly with
such equipment, which significantly narrows the range of
available practical skills. The lack of physical access to
laboratory facilities is one of the main obstacles to the
implementation of a full-fledged special laboratory
training in physics in an online format. To overcome it, it
is necessary to implement alternative methodologies that
will enable students to develop practical competencies in
the absence of authentic technical equipment.

One potential solution to this issue is the integration of
virtual laboratories and simulation platforms into the
educational process. Such resources allow students to
conduct conventional experiments in a virtual environment
using computer models of physical phenomena or technical
devices. This approach serves to partially compensate for
the lack of access to real equipment, helps to master
theoretical knowledge, develop skills in data collection and
analysis, and understand the basic laws of physical
processes. At the same time, virtual laboratories have
certain functional limitations. Primarily, they are not able
to fully reproduce the real conditions of the experiment,
including the sensory and tactile components of interaction
with the devices, which are important for developing an
intuitive understanding of the material. In addition, the
models used in virtual environments are often simplified
and do not cover all aspects of real experiments, which can
lead to a distortion of the physical phenomena. Creating
high-quality educational simulations is a complex process
that requires interdisciplinary collaboration between
programmers, physicists, and designers, as well as
significant funding. In the context of constrained resources,
it is evident that not all educational institutions possess the
capacity to develop their own digital laboratories.
Consequently, these institutions are compelled to use third-
party products, which often fail to align with the
particularities of educational programs. Additional
obstacles include technical factors, such as unstable
Internet connections or a lack of necessary software, which
make it difficult to fully implement online learning.

So, the transition to distance learning necessitates a
thorough revision of the content of the special practical
training in physics and its methodological support in view
of the new conditions. It is imperative to acknowledge the
constraints stemming from the students' limited access to
laboratory equipment, which requires the introduction of
alternative educational approaches. Such measures may
include the optimizing of practical classes, the reduction of
traditional laboratory works, the adaptation of teaching
methods to the online environment, as well as the active
use of interactive simulations and digital learning resources
that can partially compensate for the lack of experimental
experience.

In cases where the virtual setup proves inadequate for
the real experiment, or where it is not feasible to substitute
the real experiment with a virtual analogue, it is possible to
expand the range of tasks during the analysis of
experimental data obtained earlier in the real experiment.

The present paper discusses such an approach on the
example of the laboratory work "Weiss Molecular Field",
which is included in the list of works of the special
practical training "Physical Properties of Magnetically
Ordered Substances" intended for 4th year students of the
School of Physics of Karazin University.

This laboratory work was created on the basis of the
laboratory work “Investigation of the temperature
dependence of the specific saturation magnetization of
ferromagnetics” for full-time students [1]. In the real
laboratory work, the pendulum magnetometer method was
used as a method of magnetization research. The method is
quite simple, convenient and has good accuracy. The
students conducted studies on this setup in two stages. In
the initial phase, it was imperative to ascertain the field
dependences of magnetization at varying temperatures
within the low-temperature region (80-300) K. Subsequent
to this, the focus shifted to the high-temperature region
(300-700) K. Following the processing of the results, the
obtained data were analyzed.

In the context of distant work, the goals and objectives
of the lab work are changed. In accordance with the
molecular theory of Weiss, students are required to
calculate and construct curves depicting the temperature
dependence of the spontaneous magnetization of nickel at
In the context of remote work, the goals and objectives of
the work are subject to modification. In accordance with
the molecular theory of Weiss, students are required to
calculate and construct curves depicting the temperature
dependence of the spontaneous magnetization of nickel at
H =0 for the cases J= 12, J=1, J= . These curves are
then to be compared with experimental data taken from
literature sources.for the cases J= 12, J=1, J= . These
curves are then to be compared with experimental data
taken from literature sources
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THE WEISS THEORY

In 1907, Weiss hypothesized the existence of an
internal effective field in ferromagnets, which, like the
external magnetic field in paramagnets, produces an
orienting effect of the magnetic moments of atoms. This
internal effective field was later designated the molecular
Weiss field. In fact, the introduction of the molecular field
meant replacing the pairwise interaction of the magnetic
moments of atoms by the interaction of the magnetic
moment of an atom and the average magnetic field
produced by the other magnetic moments.

Using the concept of molecular field, Weiss
constructed a phenomenological theory of ferromagnetism,
which successfully explained the primary experimental
data. The molecular field was introduced as a quantity
proportional to the magnetization of the substance, given
by H,, = wl, where w is the molecular field constant and [
is the saturation magnetization of the substance. Next,
Weiss applied the molecular field hypothesis to Langevin's
theory of paramagnetism by replacing the external field H
with the effective field H + H,. Consequently, the
expression for spontaneous magnetization assumed the
following form:

Consequently, the expression for spontaneous
magnetization assumed the following form:
I—IL( H+w1) )
— 10 # kT

where L is the Langevin function [2], [, is the saturation
magnetization at 0 K.

The formal assumption of the dependence of the
internal energy of a ferromagnet on spontaneous
magnetization allowed Weiss to correctly explain the main
features of the properties of ferromagnets, namely the
occurrence of spontaneous magnetization, the anomalously
high magnetic susceptibility, the temperature-dependent
magnetization, and the temperature at which magnetic
order is destroyed, known as the Curie temperature.

Later, and with consideration for the spatial
quantization of magnetic moments, the fundamental
equation of Weiss molecular field theory began to assume
the following form [3]:

ghsl
I'= Ngus/By (W (H + w1)>, @)
Curie temperature is defined as a value equal to:
Iy
Te = U+ Dgusw, (3)

where N is the number of magnetic ions in the unit volume,
g is the Lande factor, upis the Bohr magneton, J is the total
momentum of the magnetic ion, B; is the Brillouin

function, k is the Boltzmann constant.

CALCULATION OF THE TEMPERATURE
DEPENDENCE OF SPONTANEOUS
MAGNETIZATION

In the first part of the calculation-graphic assignment in
the distance lab work, students are tasked with calculating
and plotting the temperature dependences of the
spontaneous magnetization of a ferromagnet at H = 0 for
the cases J=1/2, ] =1, ] =00, and subsequently
comparing these with experimental data for nickel. The
experimental values of the temperature dependence of the
spontaneous magnetisation of nickel were previously
obtained from the monograph by R. M. Bozorth [4], by
digitizing the corresponding curves. The students are
provided with a predetermined table of experimental data.

In order to calculate the theoretical dependencies
I = f(T) at different values of the quantum number ],
students must first convert the basic molecular field
equation into a form that is convenient for calculations:

I 2]+1 2] +1 1 x
y=E= 2 cth ( 2 x)—acth (Z)' 4
where x = (Jgugwl)/kT, here it is taken into account that
H=0.

Then for the case ] = 1/2, g = 2 (one magnetically
active electron in an atom) after simple calculations

students should get the expressions:

I upwl
To=(0J+ 1)gu3wﬁ = Bk °
_Jgus Te 1 y

kr ST, T T

y= 2]2-; ! cth (2]2-; 1x) —%cth (Zx_]) =
— 2 cth (2x) — cthx = thx = th (—T/yT ) (5)
C

For the case ] =1, g = 2 (two magnetically active
electrons in the atom) we have:

T. = 1 0 _ .
c=0+ )Q#Bw3k 3k
X ZIQ#B _ 3T, 3y

)kt T or1, T 21T,
J+1 2 +1 1 x
y = cth( 2 x)——cth (—)=

2] 2] 2]
3 9y 1 3y
== cth —F=—— = cth ——. 6
2 g, T2 Mt ary; (6)
The case J=o00, g=2 (absence of spatial

quantization of magnetic moments):
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Iy Iy
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KT Tl, T/T.
_2]+1 th(2]+1) 1 th(x)—
“Tyy ¢ 2 ¥) T\ T
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= cth(x) — ot (7

All calculations of Weiss curves are performed by
students using the mathematical software package
MS Office Excel [5]. Since all the obtained Weiss
equations are nonlinear equations, the GRG method
(reduced gradient method) was used as a solution method,
using the “Solution Finder” tool in MS Excel.

Fig. 1 shows the curves of temperature dependences of
the spontanecous magnetization of a ferromagnet at
different quantum numbers | (J =1/2, J =1, ] = o).
calculated by the Weiss model. The figure also illustrates
the experimental points for nickel derived from [4]. A
comparison of the theoretical curves of temperature
dependences of magnetization with experimental data
demonstrates a satisfactory qualitative agreement between
theory and experiment. The optimal coincidence at
moderate temperatures is observed when considering the
spatial quantization of magnetic moments (curve ] = 1/2).
This finding suggests that electron spins are the primary
carriers of magnetism in nickel. The most significant
difference in the behavior of the temperature dependences
of magnetization is observed when the experimental
dependence is approximated by the Langevin function
(J = oo, the classical case).

e

0.0 T hd

0.0 0.2 0.4 0.6 0.8 1.0
T/Tc

Fig. 1. Comparison of the temperature dependences of
spontaneous magnetization, calculated using the Weiss
theory for different quantum numbers J, with the
experimental dependence for nickel, taken from [4].

The circles indicate the experimental points.
In the second part of the calculation-graphic

assignment in the distance lab work, students are asked to
investigate in more detail the behavior of the temperature
dependence of the spontaneous magnetization of a
ferromagnet in the vicinity of the points 0 K and T¢.

As illustrated in Figure 2, the calculated curves of the
temperature dependence of the magnetization near 0 K are
presented according to the Weiss theory for the cases of
quantum numbers /] = 1 andJ = 1/2. Furthermore, Figure
2 presents the experimental data for nickel, in addition to
the temperature dependence of the magnetization of a
ferromagnet, as predicted by the Bloch spin wave theory,
for comparative analysis. It is evident that within this
temperature range, the Weiss curves are positioned above
the experimental curve. However, the temperature
dependence of the spontaneous magnetization, as derived
from the theory of spin waves (i.e. Bloch's law T3/2 [6]),
aligns closely with the experimental observations. In this
case, the Bloch law for a face-centered cubic lattice was
used: I/l =1—0.25(T/T.;)*/? (Ni). The validity of
Bloch's law extends to the low-temperature region;
however, the definition of "low" is quite broad. So, at
T /T; ~0.3 (~190 K) the error margin is 1.5%. It should be
taken into account that the fundamental theory of
magnetization is only applicable at low temperatures due
to a number of approximations. The main ones are the
assumptions that spin waves with low wave numbers are
excited at low temperatures and that the interaction of spin
waves can be neglected.
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Fig. 2. Temperature dependence of spontaneous
magnetization of nickel in the vicinity of 0 K. Theoretical
curves according to the Weiss theory (for J = /2 and
J=1) and the Bloch spin wave theory, as well as
experimental data are shown.

Fig. 3. shows the curves of spontaneous magnetization
calculated in accordance with the quantum Weiss model in
the vicinity of the Curie temperature for the cases of
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quantum numbers /] = 1 and J = 1/2. The experimental
data of the temperature dependence of the spontaneous
magnetization of nickel for this temperature region are also
given there. It can be seen that in this case the experimental
curves lie much higher than the theoretical curves.
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Fig. 3. Temperature dependence of the spontaneous
magnetization of nickel in the vicinity of 7¢. The
theoretical curves according to the Weiss theory (for
J=1/2 and J= 1) and experimental data are shown.

CONCLUSION

The transition to distance learning necessitates the
adaptation of traditional forms of laboratory practicals in
the study of natural sciences. The article presents an
example of the laboratory work “Weiss Molecular Field”,
in which the experimental component is partially replaced
with calculation and graphical assignments.

The tasks proposed for students include deriving the
temperature dependence of spontaneous magnetization for
different values of the quantum number, numerically
solving the Weiss model equations using the reduced
gradient method in MS Excel, and comparing theoretical
curves with experimental data for nickel taken from
literature sources.

The chosen format is aimed at developing key
competencies such as analytical thinking, numerical
modeling, data visualization, and the ability to correlate
theory with experiment.

The proposed distance-learning approach can be
adapted to other topics and serve as a basis for creating
digital practicals under conditions of limited access to
laboratory equipment.
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Hapiiiiuna o penakuii 6 kiths 2025 p. [leperisanyro 15 tpasus 2025 p.
[pwuitasaro go apyky 20 tpaHs 2025 p.

[epexin no AucTaHitHOTO HABYAaHHS B YKpaiHi, cipranHeHni nangeMiero COVID-19, BoeHHO0 arpeciero, MacoBOIO EMIrpaIiiero
Ta MOIIKODKEHHSIM iH(QPaCTPyKTypH, MOCTaBMB (i3MYHy OCBITY Iepel HOBUMH BHKIMKaMHd. HaiiBpa3nuBiiioro BHsSBHIACST
nabopaTopHa CKJIAagoBa: KJIACHYHI eKCIICpIMEHTH NOTPeOyIOTh CIeliali3oBaHoro o01aaHaHHs i poOOTH 3 HUM, IIO Y BiJaJICHOMY
pexuMi HeMOXJIHBO. BipTyanbHi 1abopaTopii Ta CUMYJISILIT Jal0Th YACTKOBHIA BUXiJI, IPOTE HE MEPEIaloTh YCIO CKIIAAHICTh PEabHOTO
JIOCIiTy 1 TOTpeOyroTh 3HAYHHUX PECypCiB.

CraTTd NpONOHYE NUCTAaHUIAHMK BapiaHT mnabopaTopHoi poboTu «MonekynipHe mnojie Beiiccay. 3amicTb MasSTHHKOBOTO
MarHiTomerpa cTyleHTH KopuctyioTbess MS Excel 1 ontumizaropom GRG 1 po3B’sizaHHs piBHSHB Teopii Belicca Ta moOynoBu
TEMIIepaTypHUX KPHBUX CHOHTAaHHOTO HaMarHidyBaHHsS Hikemo. TeopeTHdHi 3aiexHocTi it J=1/2,1 Ta o TIOPIBHIOIOTHECS 3
niTepaTypHUMHE eKCTIepUMEHTAIbHIME HaHuMu. Halikpartuii 36ir nae J = 1/2, 1o miaTBepmKye CriHOBY IPUPOLY MArHETH3MY HIiKeIr.
Binsg aGcoimoTHOTO HYJISI TOYHINIA CIIH-XBHIILOBA Teopist bioxa, a mo6mm3y Touku Kropi criocTepiraloTbesi BiIXMICHHS BiJ MOAeNi
Beiicca.

Meroauka MoeHy€e aHAIITHYHI Ta OOYNCIIOBANEHI PUIHOMH, PO3BHBAE YMIHHS IPAIIOBATH 3 TEOPI€I0, TaHUMHU i IIU(PPOBUMHU
IHCTpyYMEHTaMH 1 Maibke He moTpeOye MarepianbHHX pecypciB. Binmeoinctpykuii, mabmonn Excel Ta iHTepakTHBHa Bi3yamizawis
3a0e31eUyIoTh [IPO30pUi KOHTPOIb 3HaHb. ONUTYBaHHS 3aCBiUIIM BUCOKHI PiBEHb 3aJTyUeHHS CTYJIEHTIB i 3pOCTAHHS CEPEIHBOTO
Oaxy Ha 12 % mnpotn ounoi Bepcii. ITixxin Jierko NepeHOCUThCS Ha iHINI TeMHU (TEILIONpPOBIIHICTH, (ha30Bi Iepexoau) i Moxe
chopmyBaTu 6aHK HU(PPOBUX MPAKTUKYMIB, III0 FAapaHTyBaTHME Oe3MepepBHICTh MiArOTOBKU (axiBLiB HABITH Y KPU30BUX YMOBaX.
Kypc Takox mokpammyB HaBUYKM aHANII3y JaHUX | KPUTHYHOTO 3iCTABICHHS Teopil 3 eKCIIepHMEHTOM, a HeralHa Bi3yai3arlis
Ppe3yabTaTIB MiABHUIIMIA MOTHBALIIO.

Knrouogi cnosa: monexynapue none Beticca, cnonmanne namaenivenns, memnepamypa Kiopi, cneyiansnuti npakmuxym.
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