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QUANTUM MECHANICAL MODELING OF THE STRUCTURE OF COMPLEX FERRITES
KBAHTOBO-MEXAHIYHE MOJEJIOBAHHSA CTPYKTYPU CKIIAJHUX ®EPUTIB

We develop a method for the quantum mechanical modeling of the main characteristics of
chemical bonds of complex ferrites. The structural characteristics of ferrites were modeled to deter-
mine the effect of divalent metal ions on the chemical bonds of oxysene, which is responsible for the
formation of a cubic face-centered lattice. The regularity of the lattice parameters change with the
number of divalent metals that form the structure of complex ferrites was established.
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Po3pobnena memoduxa KaHmMoB8O-MexXaHiuHo20 MOOENOBAHHA OCHOBHUX XAPAKMEPUCTUK Xi-
MIYHUX 36 'A3Ki6 CKIaOHUuX gepumis. IIposedeno Mo0eniosants CmpyKmypHuxX XapaKxmepucmux gepu-
mie 3 Memow GCMAHOGICHHS 6NAUEY IOHI8 0BOXGANCHMHUX MEMAi8 HA XIMIUHI 38 S3KU OKCUCEHY,
AKULL 8ION0BIOAE 30 YMEOPeHHs KYOIUHOI epaneyeHmposanoi pewimku. Bcmarnosnena 3akoHOMIpHIiCmb
3MIHU napamempie pewimru 6i0 HomMepy 080XE8ALCHMHUX MeMAli8, AKi YMEOPImMb CIMPYKMYpy CKId-
OHuUX hepumis.

Knrouogi cnosa: k6anmogo-mexaniuna mooeiv, CKIaoHi (hepumu, HU3bKOmeMnepamypHa nia-
3ma, pisuanus Llpeounzepa, modenosanns cmpykmypu.

Development of new promising materials with predictable physical and chemical properties is
one of the most urgent tasks of modern science and technology. In this work, we have carried out
guantum mechanical modeling of the structural characteristics of ferrites obtained by low-temperature
plasma to determine the effect of divalent metal ions on the chemical bonds of oxysene, which is re-
sponsible for the formation of a cubic face-centered lattice. For this purpose, a mathematical apparatus
for solving the Schrddinger equation in ellipsoidal coordinates was developed. The use of the Cou-
lomb potential and the Yukawa potential is due to the fact that they are separable in ellipsoidal coordi-
nates, and thus the solution of the Schrdédinger equation can be reduced to the solution of the Whittak-
er equation, which is the best result from a physical point of view. The latter equation has half-integer
solutions, which means that it is possible to take into account the state of spins that have half-integer
values. The following problems have been solved: electron motion in the field of two Coulomb cen-
ters, energy of electron-electron interaction, influence of the third Coulomb center on chemical bond-
ing, reduction of the Yukawa potential to the solution of the problem of electron motion in the field of
two Coulomb centers. Quantum-mechanical calculations of the energies of chemical bonds of oxygen,
taking into account all interactions, as a basis for determining the parameters of the crystal lattice
showed a good agreement between experimental and theoretical calculations.

Problem’s Formulation

Modern scientific research is aimed at creating new promising materials with predictable
properties. The production of nanostructured and nanodispersed ferrites with different electronic struc-
ture, physicochemical and electromagnetic properties is a primary goal of modern science [1—4]. The
use of nanostructured ferrites in photocatalytic processes allows for the efficient oxidation of organic
compounds that do not decompose naturally by biochemical methods and the purification of aqueous
solutions is considered the most promising way. Thus, nanoscale ferrites are of considerable practical
and scientific interest due to their significant advantages over macroscopic analogs and certainly have
great prospects for obtaining new materials based on them.

Analysis of recent research and publications

An analysis of the current literature has shown that ferrites and nanomaterials based on them
have enormous potential for use in environmental protection (adsorbents, photocatalysts), as pigments,
catalysts, magnets, in the production of galvanic cells and other areas of modern technology. Accord-
ing to numerous experimental and theoretical studies, adsorption materials based on nanoscale ferrites
have a large specific surface area, high capacity, fast kinetics, and specific magnetic properties [5—7].

The ability to control the size and shape of ferrite particles makes it possible to obtain mate-
rials with predictable mechanical, chemical, magnetic, and electronic properties. The final properties
and characteristics of the materials obtained are determined by the technology of particle production
and the conditions of their production. Various methods of synthesis make it possible to obtain ferrite
particles in the form of nanostructured powders or in the form of nanostructures of various morpholo-
gies (nanorods, nanowires, nanotapes, nanotubes, nanospheres, nanocubes, nanosheets, nanolayers,
etc.) [8—10].

Using various kinds of physical fields and electric discharges makes it possible to carry out the
processes of obtaining oxide-hydroxide compounds at much lower energy costs due to the complex
action of many factors accompanying their appearance (UV radiation, radiolysis, etc.) [11].

The use of low-temperature plasma to produce ferrite oxide compounds from aqueous solu-
tions of their salts has been studied for a number of years. There is no complete explanation of the me-
chanism of a number of phenomena yet, despite the large amount of information obtained. In addition,
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the application of glow discharge is mostly related to wastewater treatment, removal of various impur-
ities, or solid-phase reactions. Works have been published on this issue, the study of which allows us
to draw certain conclusions [12].

Plasma technologies for the production of ferrites can be considered one of the most promising
ways to produce ferrites. Numerous studies have shown that the main influencing factors for hydro-
phase technologies are the composition of the initial mixture, the pH of the initial ash, and the parame-
ters of the plasma discharge. When considering the effect of pH on the phase formation of magnetite,
nickel and manganese ferrites, it was found that this is the most important parameter that affects the
phase composition of the final products. In some works, the acidity of the initial solution is considered
as a parameter for controlling the phase composition of ferrites in solvothermal and hydrothermal
technologies [13, 14].

Materials and research methods

During the experiments, the corresponding 0.5M solutions of manganese, cobalt, ferrum, and
nickel sulfates of different concentrations were used. Ferrites were obtained under the influence of
low-temperature plasma. In the course of the experiments, the corresponding 0.5M solutions of man-
ganese, cobalt, ferrum, and nickel sulfates of various concentrations were used. Ferrites were obtained
under the influence of low-temperature plasma. After the treatment, the obtained precipitates were
washed and dried for further study. Investigation of the phase composition and structural characteris-
tics of the obtained samples was carried out using an X-ray diffractometer DRON-3.0 in monochro-
matic Co-K, radiation

Formulation of the study purpose

Obtained experimental results do not provide an explanation of the trends in the structures of
ferrites. Therefore, it is necessary to establish the mechanism of structural changes in manganese, fer-
rite, sobalt, and nickel ferrites using the quantum mechanics apparatus.

Presenting main material

Low-temperature plasma is characterized by temperatures of up to 10,000 K and fully or par-
tially ionized atoms and molecules of the materials under study.

Glow discharge was used to produce complex ferrites. Fig. 1 shows the discharge scheme over
an electrolytic cathode (the surface of a solution of complex ferrites salts):

Taz

BomHuH PO3HHH — 3 —

Fig. 1. Stationary discharge over an electrolyte cathode: schematic image (a), discharge of a
contact non-equilibrium plasma observed in a plasma-chemical reactor during the treatment of
aqueous solutions of ferrite salts (b). 1 — electrode, 2 — plasma discharge, 3 — aqueous electrolyte
electrode

Thus, Fig. 1 shows that ferrite formation occurs in a rather thin layer of plasma above the sur-
face of the aqueous solution (reaction zone). The interaction between low-temperature plasma par-
ticles is determined by significant short-range forces that appear during their collisions and a signifi-
cant temperature difference. We will assume that the previous collisions and interactions do not affect
the subsequent ones. The Yukawa potential is the most appropriate for this type of interaction, since it
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is shorter than the Coulomb potential. And the electrostatic Coulomb interaction has a significant inte-
raction radius for low temperatures.

To build a physical model of chemical bonding, the potential energy of atomic interaction will
be defined as a function of the charges of the nuclei of atoms Z, and Z, and the distances between
them — r (“field of central forces™). The potential functions of short-range forces (Yukawa potential)
can be written as:

— ZaZb e—ﬁ'r (1)
r

S — shielding factor that shows how the electric charge of atoms changes
ZaZ/S + ZbZ/S
B= a

FOkasu

(2)

a,— boriv radius.

If in an ideal state the charges of nuclei are integer, then as these charges surround electrons
and ions, the effective charges decrease and become decimal. In the state of low-temperature plasma,
charged particles can be neutral, charged, ionized, and in different quantum states characterized by

various spinss (s = % RS g 'S =g---). We will develop a formalism for the transition from the Yu-

kawa potential to the Coulomb potential in the ellipsoidal coordinate system. Within the framework of
the face-centered cubic structure of iron spinels, it has been established that the basis for calculating
the parameters of the crystal lattice is the chemical bonds of oxygen O=0, in the octahedra of which
trivalent iron atoms are embedded. To determine the influence of divalent metals of the iron group on
the crystal lattice parameter, it is necessary to take into account all interactions that affect the O=0
chemical bond. In this case, the formation of the ferrite structure begins at a low-temperature plasma
temperature of about 10000 K. At this temperature, all atoms are in full or partial ionization. When the
plasma cools, chemical bonds are formed, and then structures with minimal energy. Initially, octahe-
dra and tetrahedra with minimum formation energies are formed. We will consider the O=0 chemical
bond as the basis for determining the parameters of crystal lattices, and the influence of other atoms
and chemical bonds as the electrostatic effect of the sum of third centers on this bond and on the bond
energy.

We will consider the further completion of the structure as the addition of tetrahedra with di-
valent atoms that affect the chemical bonds in the form of third charged centers. For these calculations,
it is necessary to perform a series of quantum mechanical calculations that would take into account all
these interactions. We will use the Schrddinger equation for an electron in the field of two Coulomb
centers, which has the following form [15—18]:

AV +2[E+U(r,, 1) =0, ©)

where U (r,,r,) — potential energy operator, A — Laplace operator in ellipsoidal coordinate sys-
tems, which is expressed using the Lamé coefficients (1):

A:{;{a (,12—1)i+i(1—u2)i}+ 4 Gl }

R2(A2 + u2)| o2 oA ou ou | R2(A%-1)(1- pu?)6¢?
where r, i r,— distance from the electron to the centers A and B. Denote by R the distance between
the potential centers, then equation (3) in ellipsoidal coordinates will be:
4 & 2 0 0 2. 0 4 82 (4)
(2 -1)—+—(1-u*)— ¥ +2[E+U(4, =0’
{Rz(/12+y2){5/1( a7t )5J+R2(/12—1)(1—y2)6(p2} FAEURF

where E — electron energy.
The choice of an ellipsoidal coordinate system is due to the fact that the Coulomb and Yukawa
potentials are separable in them. To solve equation (4), it is necessary that the variables A and u in

the potential functions to be separated and the condition:
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U(Au)(A = 1?)=1(A) - pa(u),

This class of separate functions includes functions of the type:

F(4, Fo (A,

— U A+

where Fy(A,u)=fi(A)+ fo(u); Fa(A.u)= f1(A)= f(u).
Expression (5) can be rewritten in the following form:

Dy( A, Dy (A,

U2 )= DAR) P L)

A5 —u A+ u
For the Coulomb potential, we present the solution of equation (3), which is divided into three ordi-
nary differential equations of the second order [16,17]:

o 2 .
JM D(p)=0; (6)
0 o A2
PACS R 2—u28+ﬂ2++A}Y(u)=0; ™
| OH ou 1-pu
I 0 2 2 +
S —1)6—1—12_1+), e+AZT —A[X(1)=0, (8)
where @(p) = exp(iAg), |A|— integer.
ER® _ .
£ = > ;2% =(Z,£Z,)R/ B ; A(R) — permanent separation.

Calculate some states using the formula:
_ <\Pk,A,n | H 0|\Pk,A,n>

k,A,n — * ’
<\Pk,A,n \Pk,A,n>
where H ,— hamiltonian of the two-center problem, Kk, A, n— quantum numbers:

B N[ 1, Z), 1
_Z( 2A, Vi}L .
i=1

Mo

E

Yan ‘P;A'n— wave functions that are the solution to the Whittaker equation [17]:
4{1(b1—z+)+e4blEi(—4b1)(b2—blz+—1b1}
2 4 "1,
Flo0” 1 4 ’ ©)
2" R2| - “pe™E (-4
Lbl S D Ei( bl)}
1

E3 = X

—0,0
2 R{le)—4b3—16b§ — Aby(1+ by )22 E; (—4bg )}
3

xlz{% - z+6+ bs + 4b3) — e E, (~4b, )J* Bbg +b3 —4bZ + 27 (16b3 +8b3 + by )}} (10)

Let us limit ourselves to the spin s=3/2. If a chemical bond has more than one electron, then
electron-electron interactions must be taken into account. We calculate electron-electron interactions
using the Slater determinant [17]:
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u, ) u@)
u,(2) u,(2)

here U, = a,0™ ;u, = B,0™ , that is, the model two-center field functions were used as the basis

(11)

det —

1 .
H, , — can be represented as a Neumann expansion [17]:
1,2

(p ) m m m m im(p—
Wi, 2,) =23 . (1) (2p+ 1){ 1 pr ()Q) ()P (u)Qy (g™, (12)
p=0m=—p
where 4, :%; M3 =%; A. — higher or lower of the values of; Pr‘,m‘ (A)i Q‘;“ (1)
1 1 >

attached Legendre functions of the I and 1 kind.
1

Ee—e = <l//det |

rl, 2

. 4
l//det = 2*
1 4 4
R——§a~e - E, (-4a)

2a
2

KLJFL)(C+In2a)+eSaEi2(—8a)[ 3 £+1+8—aj+e43E (-8a) 1a5

40a® 20a? 40a®> 20a 5 15

+e4aEi2(—4a)[— 32 i—lj-i-i—i.
20 2a 5) 8a 10

Let us assume elementary acts of chemical reactions as the interaction of chemical bonds with
positive and negative charges. We will consider these charges as the influence of the third Coulomb
center on a separately selected chemical bond. Let's imagine the third Coulomb center as a certain per-
turbation acting on a chemical bond. Then the Hamiltonian of the three-center system can be
represented as:

2 = 2 = 2o 2,7, 2,7, Z,7
H,=- n AR, — h ARZ—h—AR =z (13)
2M, 2M, 2M, ‘R —R‘ \ R‘ \ -R,|
H ,— Hamiltonian of the interaction of three particles. Let's enter the Jacobi coordinates:
§:M1R1+M2R2+M3R3 r:R—M1§1+M2§2 5_F _R
M, +M,+M, ' MM, 2
2 2 2
= = ~ 2,7, Z,Z
HO:—h AR—h AR—h Ar+zlzz+ 18y =23 (14)
2M, 2M 2M R r r,
where the following notations are entered:
M, =M, +M,+M i=i+i

M M, M,
Taking these assumptions into account, we will choose two Coulomb centers as a basis, and represent
the perturbation caused by the influence of the third center in the form of a Neumann expansion [15]:

(p ) m m m m im(p—
= { I P (2Q) ()P (1:)Q) (™ (15)
pom—p + |mi)!
where A, =%’ My =%, A — higher or lower of the values of, Pr‘)m‘ (A)i Q‘;"‘ (1)
1 1 >

attached Legendre functions of the I and 1 kind.
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H+W,

Then taking into consideration the perturbation, the energy of the three-part problem will be:
= 0 0
2’

[t
W, = - =Eo(R) +
()
4a’Z 1

2 .[l | }{QO(%)[ SR 4a) 4a} sa7g7e0 i | P2 ()P (415) ~1]

4a ot
Iy e’ E; (-4a)
[0, (2a(4, +1) —e* = VE, (<2a(4, - 1) |- Q, () P(Ha)EGM E (—4a) +

+ (22 -)e%VE (—2a(A, — 1)) +e 2R (i L ﬁj + i} +

2a 4a’ 2a) 4a®

+Qo(45)P; (2,)F; (ug){(ﬂ2 ~De**E, (-2a(, +1) —[2—161 —%— j;ﬂe-zaw—v .

) Pz (%)Pz (/J:a) ’ [e4a Ei (2*3 +1)Ei (_Za(jﬁ +1)) +2_1ae—26(13 _1)}} .

27 1 1 1) 8a 4a
AW700 —AW +?{[2Q (AS) P (AS)} |:[a 23_2 +§J—?(l+ a)e Ei (—43_)—

2

_2ak 4 (a2 + 223 +f+8a(13+ 3) g*aE, (~2a(A, —1))}[1—%% (yg)Pz(ig)}*

4a2 3

|:2Q0 (As)e*Za(lg 1)(2a13 +(l Za)lz ) [l 4aj 2 4a 3 J_i_

3)73 73

+e"E, (2a(4, +1))- (ﬁa —6+ 10 —4%) +— (L+a)e”E(-2a(4, +1)+

+ ? 0+ a)eE (-2a(4, 1)) (4, +1) - ™ E, (~2a(A; +1)) - (A, —1)]} +

9 3 4a 3 1 4a 4) 4a 4 3
P, (115)P,(A,)| 2845 + 4451 —a) + 22| — =1+ — [+ A,| 5 ————+—= [+ ————
+ (13) Py ( 3){ ai; +44;(1-a)+ [ 3j s[ag a 3 +3j+ 3 3 432 +
3 8a pta
+?+ 3 (1+a)E?(-2a(4, -1)) |. (16)

Thus, there are two terms in formula (16): the binding energy of the O=0O molecule and the
term representing the influence of the third Coulomb center on the chemical bond of this molecule.
Let us consider the motion of an electron in the field of two centers that have a Yukawa-type
potential:
e—ﬁra e—ﬁrb
V(r,,r) =2, +7Z, : 17)
r r,

a

Then in the ellipsoidal coordinate system:
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g MRa(ri)l2 g PRa(A-u)/2
V(A,u)=2, +2Z, : (18)
A+u A—u
Let's expand the exponent in the numerator into a series e= 1-x+...
After simple transformations, we get the following:

_E Z1 ZZ + Iﬁ RFl i-1 |ﬁ RFl |—1
V(A,u)_R(“u+—1_uj+z Z,( ) E— Atz 2( ) A

Rl I ,BHZJR'H -3 2i42]
+Z7Y D (-1) B A TR

20 i 8+32(i+ j—4)
The last expression can be represented as:
Z Z
VA, p)=—| ——+—2— |+ AW,, .
( ‘U) (A + A . ‘Llj fOkasu
where AW, . — represents the addition of the Yukawa potential to the Coulomb potential.
. L R'*1 L R"1 .
AW e =2 Z( 1) [21,., + 2E,(-4a)/3]+ Z~ Z( 1) [21, + 2E; (—4a) /(i + 2) ]+
i=2
o i+2jpi+] ) (—
+Z+ZZ(_1)|+]—1 a R : -2||-,1 n 2E|(4a) . (19)
20 im0 B+32(i+ j-4)| 21+ )+ (2(i+ j)+3)
To calculate the binding energy of molecules, use the expression:
Eo:o = ZE; 00 + Eee + Z(\Ns + AW}OKa(m) . (20)
>0
E.au

R0 M

Fig. 2. The chemical bonding energy of an oxygen molecule in states (a.u. atomic units): 1 —
in condition S :l, 2—S =§, 3—S =§
2 2 2
Let's calculate the binding energy of the oxygen molecule using formula (20) Fig. 2. Curve 1
was calculated using the formulas for the Coulomb potential, and curves 2 and 3 were calculated tak-
ing into account the Yukawa potential. The calculation of curve 1 showed that in the ground state, the
interatomic distance and binding energy coincide with the experimental data (0.189 a.u.) to within 2%.
Curves 2 and 3 show that the chemical bond “falls apart” with increasing temperature (spin in the 3/2
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and 5/2 states are equivalent to high temperatures). Using this method, we calculated the effect on the
chemical bond of the divalent atoms of the cubic structure of manganese, cobalt, ferrum, and nickel,
which are located in the centers of tetrahedra (Fig. 3) and significantly affect octahedra with trivalent
ferrum atoms, and therefore affect the chemical bond of oxygen. Quantum mechanical calculations
have shown that with increasing atomic number, the binding energy increases and the interatomic dis-
tance O=0 decreases, which corresponds to the experimental and tabulated values of the crystal lattice
parameters (Fig. 4), (Tabl. 1) [19].

. an

1,2

-1.6

20 —

Fig. 3. Structural forms of ferrites. Me** —
metal ions of manganese, cobalt, ferrum and nickel

Fig. 4. Binding energies of 1— Nicotine,
2— Cobalt, 3— Ferric, 4— Manganese

Table 1. Calculation of crystal lattice parameters of stoichiometric ferrites

Composition of | Table value of Calculated value of | The value of the Interatomic dis-
ferrite the crystal lattice the crystal lattice binding energy of | tance in the oxy-
parameter, a, nm parameter a, nm the oxygen mole- gen molecule
cule in the struc- R, a.u.
tures of ferrites,
a.e.
MnFe,O, 0,8515 0,8518 0,1354 2,2262
FeFe, O, 0,8397 0,8390 0,1531 2,1865
CoFe,0,4 0,8777 0,8385 0,1642 2,1811
NiFe, O, 0,8337 0,8339 0,1805 2,1680
Conclusions

We performed the quantum mechanical modeling of energies and interatomic distances to
show the regularities of ferrite structure formation. With an increase in the atomic number, the binding
energy increases and the interatomic distance O=0O decreases, which corresponds to the experimental
and tabulated values of the crystal lattice parameters. Establishing the regularities of ferrite structure
formation will make it possible to find out the conditions for creating new varieties of ferrite, and thus
to create new materials with unique properties. This method of quantum mechanical calculations can
be used to calculate the binding energy of a wide range of chemical compounds.
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