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DEPENDENCES OF THE INTERATOMIC QUASIELASTIC
FORCE COEFFICIENT AND THE ROOT-MEAN-SQUARE
AMPLITUDE OF THERMAL VIBRATIONS OF ATOMS

ON THE CONFIGURATION OF VALENCE ELECTRONS

The interatomic quasielastic force coefficient f and the root-mean-square amplitude of thermal

vibrations V' u? of atoms in s-, d-, and p-elements located in various groups of Mendeleev’s Pe-
riodic Table are calculated. It is found that, with an increase in the atomic number of elements

in the groups, the quasielastic force coefficient f and the amplitudes \/1?2 of thermal vibrations
of atoms in the s-, d-, and p-elements change according to different patterns depending on the
atomic number of the element in a group. The discovered regularities can be explained by the
configurational model of the electronic structure of matter.
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1. Introduction

The Mendeleev’s Periodic table of chemical elements
(MPTCE) plays an important role in science and
particularly in material science which is developed
and studies the properties of materials. In connection
with the 150-th anniversary of the MPTCE discovery,
the works [1,2] provided the extensive overview of how
it has developed over the years. The acquaintance
with these works allows one to conclude that the re-
searchers over the years mainly focused on the atomic
weight and valence. Indeed, these two parameters de-
termine the entire spectrum of the MPTCE. The pa-
per [3] emphasizes that the study of the Periodic ta-
ble itself is not “fully completed,” as it seems that it
is necessary to pay attention to the search for special
additional principles of symmetry in the MPTCE. In-
deed, in the studies of inorganic materials, their rela-
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tionship to the atomic weight and horizontal valence
is considered [1, 2|. At present, there is no informa-
tion on regularities in the dependence of quantities
characterizing the thermal vibrations of atoms in a
crystal lattice of elements on the atomic number by
groups. Nevertheless, such consideration could pro-
vide a useful information about the nature of inter-
atomic interaction forces for elements with the same
electronic configuration, but with different principal
quantum numbers. The aim of this work is to study
the dependence of the quasielastic force coefficient
and the root-mean-square (RMS) amplitude of ther-
mal vibrations of atoms of the s-, d-, and p-elements
of ITI-VIII groups of the MPTCE on the configura-
tion of the orbitals of valence electrons n the groups.

2. Theoretical Analysis

According to works [4, 5], in addition to the atomic
weight and valence, the configuration of outer elec-
trons also plays an important role in the formation
of the properties of elements. It is of interest that
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the configuration is diverse not only in chemical el-
ements of different groups, but even in subgroups of
one group.

In paper [6], it was shown that the Debye tem-
perature @ in all groups of the Periodic table (that
is, in elements with the same configuration of the
outer electron shells of atoms) smoothly decreases
with an increase in the atomic number of elements Z
along a curve resembling hyperbolae. Note that the
same conclusion was also made in paper [7] based on
the experimental data from the investigations of the
Debye temperature of rare-earth elements contained
in a complex solid solution of rare-earth metal hex-
abarides. It is worth noting that this rule is fulfilled
without exception for all elements in each group of
MPTCE regardless of the difference in their crystal
structure. For example, the B, Al, Ga, and T1 ele-
ments of IIIb group have a cubic, rhombic, tetrag-
onal, and hexagonal crystal structures, respectively
[8]. Nevertheless, for this group, a nonlinear smooth
decrease in the Debye temperature can be also ob-
served [6]. This indicates that, in the binding energies
of elements with simple crystal structures, the dom-
inant role is played by the outer electronic configu-
ration, which is determined by the atomic number of
the element. However, using the example of diamond
and graphite modifications of carbon, one can see a
sharp difference in their Debye temperatures (2230
K for diamond [6], and 1000 K for graphite [9]. This
special case can be explained by the fact that, in the
layered hexagonal structure of graphite, the layers are
bound by weak van der Waals forces.

It is believed that the Debye temperature of a crys-
tal @ can be a measure of the interaction of atoms in
the lattice and the binding strength [6,7]. If so, then,
with a decrease in the Debye temperature, the bind-
ing strength decreases as well, and one should expect
a decrease in the melting temperature of elements in
all groups with an increase in the atomic number. In
fact, according to [8, 10], the melting point of ele-
ments increases in some groups and decreases in an-
other groups with the atomic number of the element
in the group. Since the melting point depends on the
binding strength in the crystal, one can assume that
there is no direct relationship between the binding
strength and the Debye temperature. The process of
oscillation in a crystal is, in itself, a very complex
process. However, due to the small amplitude of vi-
brations of its atoms compared to the lattice param-
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eters, the vibrations of the atoms at room tempera-
ture can be assumed to be harmonic. By the way, the
harmonic approximation for the vibrations of atoms
in a crystal lattice is the basis for explaining many
physical phenomena in solids [11]. Within the har-
monic oscillation model, the expression for the in-
teratomic quasielastic force coefficient f related to a
one-component lattice [12]
k2

f= 372 mo? (1)

implies that the Debye temperature can be defined as

h2
e:,/%%, 2)

where h = %, h is Planck’s constant, k is Boltz-
mann’s constant, and m is the mass of the atom. A
smooth decrease in the Debye temperature, like a hy-
perbolic curve, with an increase in the atomic num-
ber of an element in the group indicates that the
nature of its change is dominated by an increase in
the mass of an atom in comparison with a change
in the interatomic binding force in the group. This
means that the change (increase) in the mass of an
atom in a group from period to period occurs more
strongly than the change in the interatomic binding
force. Thus, the Debye temperature does not reflect
the true nature of the change in the interatomic force
and cannot serve as an unambiguous characteristic
of the interatomic binding force. Obviously, the in-
teratomic force in a crystal can be characterized by
the quasielastic force coefficient f and the RMS am-
plitude of thermal vibrations of atoms (\/1772) The
quasielastic force coefficient f and a displacement of
atoms from the ideal position in the harmonic ap-
proximation are related to the quasielastic force F'

between atoms in the crystal via the simplest expres-
sion F' = —fz [11].

3. Calculation Methodology
and Discussion of Results
The wvalue of the root-mean-square amplitude

(RMSA) of atoms V42 in the lattice is determined
through the spectrum of lattice vibrations, which, in
turn, is determined by the nature of the interatomic
binding force. The RMSA of thermal vibrations of
atoms in the lattice was calculated by using the for-

mula connecting RMSA of atoms V 42 and the Debye
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Table 1. Debye temperature (in K) for the elements of Mendeleev’s Periodic table [6, 8,9, 12]

Groups
No | Ia IIa | IIla | IVa | Va | VIa | VIIa VIIIa Ib | IIb | IIIb | IVb | Vb | VIb | VIIb | VIIIb
1| H He
IT| Li Be B C N O F Ne
366 | 1060 1150 | 2230
III | Na | Mg Al Si P S Cl Ar
164 | 386 428 645 180 | 109 82
IV | K Ca Sc Ti A% Cr Mn Fe Co | Ni | Cu | Zn Ga Ge As Se Br Kr
96 230 | 360 | 384 | 339 | 630 | 410 | 391 | 454 | 357 | 347 | 313 | 240 371 | 285 | 129 84 72
V | Rb Sr Y Zr | Nb | Mo Tc Ru | Rh | Pd | Ag | Cd In Sn Sb Te I Xe
55 129 | 235 | 300 | 276 | 458 | 345 | 348 | 450 | 275 | 228 | 190 | 109 170 | 193 | 129 81 64
VI | Cs Ba La Hf | Ta W Re Os Ir Pt | Au | Hg Tl Pb Bi Po At Rn
39 96 135 | 252 | 240 | 380 | 281 | 273 | 425 | 235 | 162 | 72 | 79.6 92 117
VII | Fr Ra Ac

temperature established by the Debye theory of ther-
mal vibrations of a lattice and experimentally con-
firmed by the X-ray diffraction and neutron diffrac-
tion methods [13-15]:

o 9 {CI)(:c) 1}

 kmo T 4

(3)

where 6 is the Debye temperature, %? is RMSA of
thermal vibrations of atoms, A = %, h is Planck’s
constant, k is Boltzmann’s constant, m is the mass
of an atom of the element, v = % is the ratio of the
Debye temperature to the measured temperature T

(in K), ®(z) is the-tabulated Debye function [14]:

1 [ ede
(I)(x):;/ef—l’
0

where £ = Z—% w is the frequency of the normal

harmonic oscillations. To calculate the quasielastic
force coefficient f and RMSA of thermal vibrations

of atoms (\/ﬁ)7 formulas (1) and (3), respectively,
can be used. For the calculation, the Debye temper-
ature values were mainly taken from the data given
in work [6], which are reliable and very close to the

data in [8,9]. The missing data in [6] were taken from
[8-10] (Table 1). When selecting data on the Debye

(4)
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temperature @, we have used its decrease with an in-

crease in the atomic number of elements Z in groups

along a nonlinear curve resembling a hyperbola [6].
The results of calculations of the quasielastic force

coefficient f and the RMSA \/§ for the elements of
the MPTCE are obtained by using formulas (1) and
(3), respectively, and are presented in Table 2.

As is seen from Table 2, in s- and some p-elements,
the quasielastic force coefficient f decreases, and

RMSA \/ﬁ increases with an increase in the atomic
number of the element, that is, with an increase
in the principal quantum number of valence elec-
trons. Figure 1 shows the dependences of values of

f and \/1772 on the atomic number of s-elements in
group la. One can see that these dependences in
Fig. 1 are nonlinear. For other s-elements, as well
as for p-elements of groups IIIb—Vb, the same form

of dependence of f and Vw2 on the atomic num-
ber in the corresponding groups can be also ob-
served. Such a decrease in f and, accordingly, an in-

crease in RMSA \/1772 in these elements with an in-
crease in their atomic number can be explained as
follows. According to [4, 5], in s-elements, the bonds
occur by means of valence s-electrons. With an in-
crease in the principal quantum number (atomic num-
ber), the binding energy of valence s-electrons de-
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Table 2. Atomic number, configuration of outer valence electrons

(1-st row in cells), quasielastic force coefficient (in N/m, 2-nd row in cells),
and the RMS amplitude of thermal vibrations (in A, 3-rd row )

Groups
No. | Ia Ia Mla | IVa | Va | VIa Vila Villa Ib Ib | b | IVb | Vb | VIb | VIb | VIIb
I 1H 2 He
1s! 1s2
s 3 Li 4 Be § B 6 C 7 N 8 O 9 F 10 Ne
2s! 252 2s2p! | 2s22p? | 2s22p3 | 2s22p* | 2s%2p° 2s22p6
26.45 288.03 406.74 | 1699.22
0.38 0.130 0.115 0.067
I 11 Na 12 Mg 13 Al 14 Si 15 P 16 S 17 C1 18 Ar
3st 3s? 3s23p! | 3s23p2 | 3s23p3 | 3s23p* | 3s23p> | 3s23pS
17.59 103.01 140.61 | 332.36 29.55 11.98 7.64
0.459 0.194 0.167 0.112 0.355 0.556 0.695
v 19 K 20 Ca 21 Sc 22 Ti 23V 24 Cr 25 Mn 26 Fe | 27 Co 28 Ni |29 Cu | 30 Zn | 31 Ga | 32 Ge | 33 As 34 Se | 35 Br 36 Kr
4s! 452 3d4s? | 3d%4s2 | 3d%4s? 3d%s! 3d%s? 3d%4s2 | 3d74s? | 3d%4s? | 3dl04s! | 3d104s2 | 4s24p! | 4s24p? | 4s24p3 | 4s24p* | 4s24pS | 4s24pS
10.25 60.31 165.74 | 206.05 | 166.55 550.40 262.76 242.88 | 345.58 | 212.81 | 217.67 182.23 | 114.26 | 284.42 173.14 37.38 16.04 12.36
0.601 0.249 0.151 0.137 0.151 0.084 0.122 0.126 0.106 0.134 0.132 0.145 0.182 0.125 0.148 0.314 0.480 0.547
A% 37 Rb 38 Sr 39Y 40 Zr | 41 Nb 42 Mo 43 Tc 44 Ru [ 45 Rh | 46 Pd | 47 Ag [ 48 Cd | 49 In S50 Sn 51 Sb | 52 Te 53 IA 54 Xe
5s! 552 4d'5s? | 4d?5s? | 4diss! 4d55s! 4d°5s? 4d75s! | 4d85s! | 4d105s0 | 4d105s! | 4d105s2 | 5s25p! | 5s25p? | 5s25p | S5s25p* 5525p° 5525p°8
7.36 41.48 139.68 | 233.58 | 201.34 572.69 331.56 348.24 | 592.84 | 228.31 159.54 11545 38.81 97.61 129.04 60.41 23.69 15.3
0.707 0.299 0.164 0.128 0.137 0.080 0.119 0.105 0.081 0.128 0.153 0.180 0.309 0.196 0.17 0.248 0.395 0.492
VI 55 Cs 56 Ba 57 La 72 Hf | 73 Ta 74 W 75 Re 76 Os 77 Ir 78 Pt | 79 Au | 80 Hg | 81 T1 82 Pb 83 Bi 84 Po | 85 At 86 Rn
6st 6s? 5dl6s2 | 5d%6s2 | S5d3%6s2 | 5d%6s? 5d6s2 5d%6s? | 5d76s2 | 5d%s! | 5d1%s! | 5d1%6s2 | 6s26p! | 6s26p? | 6s26p® | 6s26p* | 6s26p> | 6s26p®
5.75 36.01 72.02 322.49 | 296.52 755.27 418.32 403.37 | 987.81 306.51 147.06 29.59 36.84 49.9 81.39
0.799 0.320 0.227 0.108 0.113 0.072 0.095 0.097 0.063 0.111 0.159 0.354 0.316 0.272 0.214
VII 87 Fr 88 Ra 89 Ac
7s! 7s? 6d17s?
£ N/m iz A | the weakening of interatomic force. In this case, a de-
2 . . . .
Cs 08 | crease in the quasielastic force coefficient f and, re-
25 - spectively, an increase in RMSA of thermal vibrations
Lo7 | V u? are observed in the elements under consideration
20 4 of an increase in their atomic number in groups.
06 The regularity discovered for p-elements of groups
15 - IIIb—Vb can be explained by the fact that, according
los | to the configurational model of the electronic struc-
10 - ture of matter [4, 5], in p-elements, the outer ad-
0a jacent electron shells of s*pY-configurations partici-
pate in the interatomic interaction, while the connect-
5 . o . .
ing stability of these configurations decreases with an
03

Fig. 1. Dependence of the quasielastic force coefficient and the

root-mean-square amplitude V w2 for s-elements of the group
Ta (Li-Cs) on the atomic number

creases due to an increase in the distance from the
atomic nucleus. In addition, with an increase in the
atomic number of an element, the degree of screen-
ing of nuclear charges by internal electrons increases
which also leads to a weakening of the binding energy
of valence s-electrons.

Consequently, in s-elements, an increase in the
atomic number of elements within a group leads to
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increase in their principal quantum number. Conse-
quently, in these elements, with an increase in the
atomic number in the groups, their interatomic bind-
ing force decreases, respectively, whereas RMSA of

thermal vibrations of atoms \/17»2 increases. Interes-
tingly, in p-elements in groups from oxygen to inert
gases (in metastable crystals of inert gases), the de-
pendence of the quasielastic force coefficient f and
RMSA of thermal vibrations \/172 on the atomic num-
ber in groups demonstrate opposite character than in
other previously mentioned p-elements. Such depen-
dence cannot be explained basing on the available
literature data on outer electronic configurations of

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 8
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elements. Apparently, an increase in the number of
p-electrons from the left side of the groups of these
elements to the right one (ns*np! — ns’np?) leads
to an increase in the degree of overlap of s- and p-
electrons, which increases with an increase in their
principal quantum number and leads to an increase
in their binding energy. In this case, an increase in
the quasielastic force coefficient f and, accordingly, a

decrease in the RMSA h b \/7?2 with an increase in
the atomic number of the element in these groups are
observed.

As one can see from Table 2, for a number of d-
elements of groups IIIa—VIIla, in addition to the Sc,
Cu, and Zn subgroups, the quasielastic force coeffi-

cient f increases, and the RMSA \/1772 decreases with
an increase in the atomic number in the groups. Fi-
gure 2 shows such a dependence for d-elements of
subgroup IVa. For the rest of the d-elements of the
subgroups in the V-Ni series, the same dependence is
observed. The discovered regularity can be explained
by the fact that, according to [5], the orbitals of
d-electrons together with the orbitals of s-electrons
form hybrid ds-orbitals, which define the interatomic
interaction force.

For the ds-orbitals, the overlapping degree increa-
ses with the atomic number of elements (principal
quantum number of valence electrons). Consequent-
ly, this leads to ian ncrease in the interatomic inter-
action force, which causes an increase in the quase-
lastic force coefficient f and a decrease in the RMSA

of atomic vibrations \/172 with an increase in the
atomic number of elements of subgroup IVa. For
other d-elements of subgroups in the series V — Ni,
the same dependence is observed. The discovered reg-
ularity can be explained by the fact that, according
to [5], in these groups, the orbitals of d-electrons to-
gether with the orbitals of s-electrons form hybrid
ds-orbitals, which determine the interatomic interac-
tion force. The overlapping degree of ds-orbitals in-
creases with the atomic number of elements (principal
quantum number of valence electrons). Consequently,
this leads to an increase in the interatomic interac-
tion force, which causes an increase in the quasielastic
force coefficient f and a decrease in the RMSA \/172
of thermal vibrations of atoms with an increase in the
atomic number of the element.

In d-elements of the Sc subgroup, noble metals
(copper subgroup) (Fig. 3) and the Zn subgroup, the
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Fig. 2. Dependence of the quasielastic force coefficient and
the RMS amplitude of atoms V w? in d-elements of group IV
a (Ti—Hf) on the atomic number Z
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Fig. 3. Dependence of the quasielastic force coefficient f and

the RMS amplitude of atoms (Vu2) in d-elements of group
VIII a (Cu—Au) on the atomic number Z

opposite tendency is observed than in other d-ele-
ments of subgroups IIla—VIla. For them, a decrease
in the quasielastic force coefficient f and an increase

in the RMSA \/772 with an increase in the atomic
number can be observed. Among the groups of d-
elements, the Sc subgroup (subgroup IIla) is the
only one which has one electron in the outer d-shell
(nd'(n + 1)s?), that is, the number of s-electrons n
the elements of this subgroup is larger than the num-
ber of d-electrons.

Atoms of the Cu (copper) subgroup in the isolated
state have an outer d'%s electronic configuration. In
these metals, s-electrons are mainly involved in the
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generation of binding forces during the formation of
crystals [5]. In these metals, a decrease in the en-
ergy stability of s-electrons occurs, when moving from
copper to gold due to an increase in the principal
quantum number. When moving from Cu (copper)
to gold, this leads to a decrease in the energy stabil-
ity of s-electrons due to an increase in the distance of
s-electrons from the nucleus and the degree of screen-
ing of the nucleus charge by internal electrons, which
causes a decrease in the quasielastic force coefficient
f and an increase in RMSA of thermal vibrations of

atoms V42 in d-elements of this group (Fig. 3). In-
deed, this leads to a decrease in the modulus of nor-
mal elasticity [5], including, as it has been observed
in the present study, the quasielastic force coefficient
f- Obviously, this leads to an increase in the RMSA of

thermal vibrations \/vTQ in the group with an increase
in the atomic number of the element.

Metals of the zinc subgroup also have a d'°-valence
subshell. In a condensed state, it is disrupted (mainly
due to the excitation of the s2-configurations) with
the formation of a high concentration of unlocalized
antibonding electrons [5], the antibonding degree of
which increases with the atomic number of an ele-
ment in the given subgroup. Naturally, this causes the
weakening of interaction forces with an increase in the
atomic number of an element in the given subgroup.

Note that different patterns of the dependence of
interaction force characteristics and the melting tem-
perature values [8] of the MPTCE elements in the
groups on their atomic numbers correlate with one
another. The nonlinear nature of the change in the
interaction force characteristics of elements in groups
is apparently caused by a sharp increase in the atomic
mass of elements from period to period. The slightly
different behaviors of the curves in the groups may be
caused by the uncertainty in the Debye temperature
values and the difference in the crystal structures of
some elements in the same group.

4. Conclusions

1. The quasielastic force coefficient f and the root-
mean-square amplitude of thermal vibrations of
atoms \/172 are calculated via the Debye tempera-
ture in the s-, d-, and p-elements of the MPTCE. It
is shown that, in s-elements of groups Ia and ITa and
p-elements of groups IIIb—Vb, the quasielastic force
coeflicient f decreases, and the RMS amplitude of
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thermal vibrations of atoms \/1772 increases with the
atomic number of elements in the groups. This pat-
tern is explained by a decrease in the binding energy
of valence s- and p-electrons with an increase in their
principal quantum number due to an increase in the
distance from the nucleus and in the degree of screen-
ing of the nucleus charge by internal electrons.

2. It is found that, in p-elements of groups VI-
VIIIb, the dependence of the quasielastic force co-
efficient f and the RMS amplitude of thermal vibra-

tions of atoms \/172 on the atomic number in groups
shows the opposite character as compared with other
previous p-elements. Apparently, an increase in the
number of p-electrons when moving from the left
side of the groups of these elements to the right
(ns?np! — ns?np?) leads to an increase in the over-
lapping degree of s-and p-electrons, which increases
with the principal quantum number of valence elec-
trons and leads to an increase in their binding energy
values.

3.1t is shown that, in the d-elements of
Mendeleev’s Periodic table, in addition to the Cu and
Zn subgroups, the quasielastic force coefficient f in-
creases, whereas the RMS amplitude of thermal vi-

brations \/ﬁ decreases with an increase in the atomic
number of elements in the groups. The discovered
regularity can be explained by the configurational
model of the electronic structure of matter. Namely,
in these subgroups, the orbitals of d-electrons to-
gether with the orbitals of s-electrons form hybrid or-
bitals, for which the overlapping degree increases with
the atomic number of elements, and, consequently,
the interatomic interaction forces increase as well.

4. In noble metals (in the copper group) and in
the Zn group, in contrast to the previous subgroups
of d-elements, there is a decrease in the quasielastic
force coefficient f and an increase in the RMS am-

plitude of thermal vibrations \/1772 with an increase
in the atomic number of the element. Such depen-
dence can be explained by the fact that s-electrons are
largely involved in the generation of binding forces,
when crystals in the copper group are formed. The
fall in the energy stability of s-electrons when mov-
ing from Cu (copper) to gold caused by an increase
in the principal quantum number (due to an increase
in the distance of s-electrons from the nucleus) and
the degree of screening of the nuclear charge by in-
ternal electrons leads to a decrease in the interatomic

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 8
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quasielastic force coefficient and to an increase in the

RMS amplitude of thermal vibrations \/1772 .

5. Metals of the zinc subgroup also have a d!'°-va-
lence subshell. In the condensed state, it is disrupted
(mainly due to the excitation of s?-configurations)
with the formation of a high concentration of unlocal-
ized antibonding electrons. The antibonding degree
of electrons increases with an increase in the atomic
number of the element in the given subgroup. This
leads to the weakening of the interatomic interaction
force with an increase in the principal quantum num-
ber of s-electrons.

6. It is shown that the nature of the established de-
pendences of the magnitude of quasielastic force coef-
ficient and the RMS amplitude of thermal vibrations

of atoms \/LT»Z on the atomic number of elements in
groups is based on the well-known and generally rec-
ognized literature data and can be well explained by
the configurational model of electronic structure of
matter. The nature of the dependence of the interac-
tion force characteristics and the melting temperature
of the MPTCE elements in groups on their atomic
numbers correlates with each other. It can be consid-
ered that the results of this work are a good confir-
mation of the validity of the configurational model
of the electronic structure of matter, which has been
initially advanced and developed by the scientists of
the Institute for Problems of Materials Science of the
National Academy of Sciences of Ukraine.
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SAJIEZKHOCTI KOE®IIIEHTA

MI2KATOMHUX KBA3BUIIPY>KHUX CUJI

TA CEPEHBOKBAIPATUYHOI AMILJIITYIN
TEIIJIOBUX KOJIMBAHBb ATOMIB

BIJI KOH®ITYPAIIIT BAJJEHTHIX EJIEKTPOHIB
PospaxoBano koedirieHT MiKATOMHHUX KBA3UIPY’KHUX CHJI f
Ta cepeJHbOKBAIPATHIHY aMIUITYLy TeIUIOBHX KOIUBaHb V u2
aToMmiB s s-, d- Ta p-eseMeHTIB 3 pisuux rpyn llepioguanol
Tabyuni MengeneeBa. 3HalIeHO, 0 13 3POCTAHHSAM ATOMHO-
ro YIHCjIa €JIeMEHTa B Ipyli KoediIieHT KBa3UIPy»>KHUX CHI f
Ta aMIUITYAu \/u:2 TENJIOBUX KOJIMBAaHb aTOMiB s-, d- Ta p-
€JIEMEHTiB 3MiHIOIOTBCH IIO-PI3HOMY B 3aJIE2KHOCTI BiJl aTOMHOI'O
quciia. 1li 3aKOHOMIpHOCTI MOXKHa ITOSICHUTH B MeXKax KOHi-
rypariifHol MozeJli eJIeKTPOHHOI CTPYKTYPH MaTepil.
Katrwwoei caosa: llepiognuna tabaurg enementis Menie-
JeeBa, s-, d- Ta p-eseMeHTH, KoHdIiryparyis opbitaseil BaseH-
THHUX €JIEKTPOHIB, KOedilieHT KBa3UIPY>KHUX CHUJI, CEPEIHbO-
KBaJpaTHYIHA AMIUITyJa TEIUIOBUX KOJIMBAaHb, TEMIEparypa
Iebasi, aToMHE YUCJIO.
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