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The efficiency of limiting quantities as a tool for describing physics at various spatio-temporal scales is shown. Due to its universality,
limit values allow us to establish relationships between, at first glance, distant from each other's characteristics. The article discusses
specific examples of the use of limit values to establish such relationships between quantities at different scales. Based on the principle
of reaching the limiting values on the event horizons, a connection was obtained between the Planck values and the values of the
Universe. The resulting relation can be attributed to relations of the Dirac type - the coincidence of large numbers that emerged from
empirical observations. In the article, the relationships between large numbers of the Dirac type are established proceeding, in a certain
sense, from physical principles - the existence of limiting values. It is shown that this ratio is observed throughout the evolution of the
Universe. An alternative way of solving the problem of the cosmological constant using limiting values and its relation to the minimum
spatial scale is discussed. In addition, a one-parameter family of masses was introduced, including the mass of the Universe, the Planck
mass and the mass of the graviton, which also establish relationships between quantities differing by 120 orders of magnitude. It is
shown that entropic forces also obey the same universal limiting constraints as ordinary forces. Thus, the existence of limiting values
extends to informational limitations in the Universe. It is fundamentally important that on any event horizon, regardless of its scale
(i.e., its gravitational radius), the universal value of limit force c¢*/4G is realized. This allows you to relate the characteristics of the
Universe related to various stages of its evolution.

KEYWORDS: black hole, event horizon, entropy, limit values

The observed Universe represents a hierarchy of structures with a gigantic spread of characteristic parameters (sizes,
energies) from Planck to cosmological. The search for the mysterious connection between large and small scales that
describe the world around us is an exciting game of chance. "Random" coincidences caused a storm of enthusiasm and
the illusion of unraveling the innermost secrets of nature. The roots of the game go back to antiquity. The first "number
theory" - Kabbalah denied the possibility of random coincidences, considering numbers to be a symbol of the spiritual
nature of things.

A new era in "physical numerology" began in the first half of the twentieth century, when the characteristic sizes of
macro (Universe) and micro (atom, electron) objects became known. The greats entered the game: Weyl [1], Edington [2],
Dirac [3].

Already in 1923, in an appendix to his book, "Space, Time, Matter", G. Weyl estimated the ratio of the radius of the
Universe to the classical radius of an electron as ~ 10*° . As he writes, this suggests that the enormous numerical value of
the constant is related to the difference in the sizes of the Universe and the electron. P. Dirac belongs to the observation
that in the hydrogen atom the ratio of electric to gravitational forces is close to the ratio of the size of the Universe to the
classical radius of the electron.

electrical forces (H —atom) Hubble radius

gravitational forces(H —atom)  sizeof electron M)
No physical explanation of this result has yet been found, although it is obvious that any numerological coincidence

is of interest only if it can be explained (obtained) in the framework of fundamental physical theory.

The purpose of this article is to introduce a new approach [4] to explain the relationship between different scales. We

show that the so-called limit values are an effective tool for achieving this goal. Due to their universality, the limiting

values make it possible to establish connections between, at first glance, distant fields of physics.

PHYSICAL MOTIVATIONS

The traditional formulation of the ultimate goal of physics (in the narrower sense of physical axiomatics) represents
the derivation of physical laws from first principles. However, the search for first principles is not inferior in complexity
to the original problem. An alternative way to understanding the world around us is to interpret the fundamental limit
values as a factor determining the structure of physical laws. Limit values play a central role in both phenomenology and
axiomatic theories. It is well known that quantum mechanics can be built on the basis of the existence of a minimum
quantum of action 7 , and the special theory of relativity - maximum speed C. From relatively recently, it became clear
that a similar approach can be implemented in GR, which can be constructed by postulating the existence of a new limit
value - the minimum length [5,6]

©Y. L. Bolotin, V. V. Yanovsky, 2021
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Limit values play a key role in the analysis of the measurement process in quantum mechanics. In particular, these
quantities are included as parameters in the uncertainty relations, determining the permissible accuracy of measuring
physical quantities.

Over the nearly century-long history of its existence, the uncertainty principle (the Heisenberg uncertainty principle
(HUP)) has undergone a complex evolution related to the inclusion of gravitational interaction (generalized uncertainty
principle (GUP)) and the transition to macroscopic spatial scales (extended uncertainty principle (EUP)) [7-11]

xAp>h (HUP)

A 2
AxAp > h+1, 2

(GUP) (2)

2 2
A +h A);
*1
Here /. is a new fundamental length scale, the value of which should be determined.

The need to modify the HUP is dictated by the fact that the HUP fails both at short and long distances. The common
cause of failure is gravity: a “weak” gravitational interaction can transform into strong either at very small distances
(Planck scales), or for very large masses (cosmological scales)

Probably the most important consequence of the transition from the HUP to the GUP is the appearance of a minimum

spatial length
/Gh
Axmin = 2 C_3 = ZZPI (3)

/hG
Atmin = 2 C—5 = 2tPl (4)

GUP imposes fundamental restrictions on the accuracy 6/ (5t) of measuring length (time) / (t) regardless of the

AxAp = h+12, (EUP)

and a minimum time scale

measurement method used [12-14]

1/3 1/3
1/3 l 113 t
o1 = (I}, ) :1”(]—) . or=(umy,) :zpl(—] )

Pl Iy

The discreteness of space-time generated by the existence of a minimum length and a minimum time is inextricably
linked with the concept of an event horizon. The appearance of singularities in the theory is considered to be the first
signal that the theory has gone beyond its applicability and needs to be modernized. A natural variant of such
modernization is to take into account effects that have fallen from consideration, which allows us to hope (although hopes
are not always justified) to make the theory free of divergences. There is also an alternative point of view, formulated by
R. Penrose [15] in the form of the principle of cosmic censorship: "Nature has an aversion to naked
singularity." According to this principle, the singularities of space-time appear in places that, like the inner regions of
black holes, are hidden from the observer. The natural question: is it possible to generalize the principle of cosmic
censorship to the level of the "principle of physical censorship", making it a universal physical principle? The existence
of a minimum length allows an affirmative answer to this question, and the formation of an event horizon serves as a
mechanism for generating a minimum length. In the simplest case, the Schwarzschild solution, the event horizon is a
hypothetical sphere around the point of gravitational singularity, dividing the space into two causally unrelated areas.
Gravitational radius - the radius of this sphere for a body of mass m

_2mG

o ©)
Now consider the GUP structure
Az 2P ©)
Ap h

The right-hand side of this relation represents the sum of two length scales: the wavelength of the observer particle
k
where m*=E/c* (E is the energy of the observer

(photon, electron) > and its effective gravitational radius r, =
\p c
particle). Such a GUP structure suggests that quantum mechanics and gravity generate two fundamental boundaries for

2 >

measurement of length: the Compton wavelength 4, = — and the gravitational radius corresponding to this mass, and
me

}"g _ ﬂ :
o ®
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In the macrocosm m > m, , the Compton wavelength is much smaller than the gravitational radius, which
determines the ultimate accuracy in measuring the length. For the Sun A4 ~107"m, r, #3km. In the microcosm

m < my, we are faced with the opposite situation. For the proton 4, 10" m, r, 107 m.

An important consequence of GUP is the appearance on the physical scene of a whole set of limit values: minimum
length, minimum time, maximum force, maximum power. Consider the nature of the last two quantities. This will help
to better understand the role of the event horizon as the boundary of the observed physical reality.

The assertion of the existence of a maximum (limit) force in the framework of GR as a principle was first formulated
by G. Gibbons [16]. This force is equal to

4
C

=Ez3.25x1043N )

max

The limit does not depend on the nature of the forces and is satisfied for gravitational, electromagnetic, nuclear and
any other forces. It is interesting to note that, up to a factor of 2m, the reciprocal of the ultimate force coincides with the
coefficient in front of the pulse energy tensor in the field equations of GR.

The statement about the existence of maximum power is absolutely equivalent to this.
5

P ::—G=9.07x1051W (10)

o dp” . .
Both of these quantities are components of a 4-vector F” :dL' Maximum force and maximum power are
t

invariants: this follows from the invariance of the quantities ¢ and G. The dependence on time, generally speaking, is not
excluded.
Note that the above statements are valid only in space-time dimension N +1 for N =3 [17]. For N >3 maximum
N-3
force increases with mass as M V2. As a result, such spatial dimensions allow unlimited gravitational forces. Lack of
horizon leads to naked singularities can arise in more than three dimensions

COSMOLOGICAL APPLICATIONS
The surfaces on which the maximum force (maximum momentum flux) or maximum power (maximum energy flux)
is realized are event horizons. Any attempt to exceed the force limit creates a horizon that prevents a further increase in
force.
It is fundamentally important that on any event horizon, regardless of its scale (i.e., its gravitational radius),
maximum force c* /G is realized. Therefore, for the Planck and current cosmological horizons

2 2
m M m M
2Pl ~G 12/ BN /el
I, Ry Iy, R,

Here M, ~10”kg is the mass of the observable Universe, and R, =R, =cH,' =10 m s the current Hubble

(11)

radius. This relation is performed no worse (1).
The accuracy of relation (11) depends on how close the radius of the observable Universe R, is to the radius of the
2
event horizon of mass M, . In fact, since —2- = c—, it is necessary for (11) to satisty. R, =
Pl
fulfillment of this approximate equality, we use the first Friedmann equation

M. .G
YU  To evaluate the

o85G 3

3 PP TG
ZRH

4r , 3H®> ¢ (12)
My, =—Ry —= .
3 7G2G
2GM,
R, =R, = = C=r,

. . . . M . .
We now consider the asymptotic behavior of the relation P« ™ in the framework of SCM for ¢ —> oo . In this
Pl
limit
Act
87G’

e _.[3 _\ﬁ
TH Ac? ’

4
My :gﬂRi[pAs Pp =
(13)
R =
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Hence

= (14)
Ly

H |t—>w

Those, this ratio is satisfied throughout the evolution of the Universe.

Limit values can be used as an alternative way of finding a solution to the problem of the cosmological constant.
For this, the condition for limiting the concentration of energy can be used, in other words, the condition for preventing
the formation of an event horizon: the total energy contained in a region with a linear size L should not exceed the mass
of a black hole of the same size. If the volume is filled with energy in the form of a cosmological constant, then this
condition can be written in the form [18]

L3,0A < MBH - Lmi’l (15)

Here p, is the energy density in volume L. If this inequality is violated, a black hole is formed with an event

horizon that prevents a further increase in the energy density.
We apply inequality (15) to the Universe as a whole. In this case, it is natural to identify the IR scale with the Hubble

radius /7', and p, is understood as density of the dominant component filling the Universe, i.e. dark energy in the form
of a cosmological constant. Then for the upper limit of the energy density we find

Py~ L?my ~ H*my, (16)
Given that
m,, =1.2x10" GeV’;
(17)
H, =1.6x10"GeV
finally get
p, ~107%Ger* (18)

This value is close (the difference is only two orders of magnitude and not 120) with the observed density of dark
energy. Let us now try at a more fundamental level to understand what our hopes are for solving the problem of the
cosmological constant along this path. If we treat the cosmological constant as the energy of zero-point oscillations of a
vacuum, then

_1 © d]; 2 2 _ 1 ) 2 2
P _EIO 2 N = [ kNI +m?, (19)
4

pvac ~ kmaxz ’ kmax ~ MP[ - pvuc ~ 1074 GeV
167

Within the framework of this model, the only way to bring this gigantic value of the density of dark energy closer
to the observed one is to reduce the value of ultraviolet cutoff &, or, what is the same, to degrade the spatial
resolution k! . Within the framework of the proposed approach, it seems natural to switch from cutoff &~ m,, to

cutoff associated with the existence of a minimum length.
In any effective quantum field theory, defined in a spatial region with a characteristic size / and using ultraviolet

cutoff k. , entropyis S oc I’k’ . According to the holographic principle [19], the cutoff value must satisfy the inequality
2
S<S,, = [L] (20)
ZP[

Consider now a size box / (IR-scale) filled with a substance with a UV-cutoff scale k., . Then the entropy of such

asystem S oc ’k’ and

2
PKL < (LJ @)
lPl

It is natural to identify the UV- scale with a minimum uncertainty of length measurement &/ = k_. . In this case, the

max

last ratio is immediately transformed into 5/ </;*I"* . For [ =R, we can determine the scale of UV-cutoff.

According to SCM, quantum mechanics plays a fundamental role in the early Universe, which is described by Planck
units built from functional constants #,c,G . In the late Universe (z — —1) , the evolution of the scale factor is determined
by the cosmological constant, whose relative density Q, — 1. A “game” with fundamental constants allows a transition
to a new set of Planck variables. Since a cosmological constant plays such a fundamental role in the dynamics of the
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Universe, let us consider the transition from the initial set of Planck units m,,,/,,,, built on fundamental constants

h,c,G to anew set m,,/, ¢, built on constants A,c,G [20]

h c 1/2 C3
mA:(L) =————=590x10"GeV;
G G(87A)
12 2\1/2 22
,A:(G’ZA] :(8’“’ J =4.38x10% cm; @
c A
1/2 172
zA:LG;zAj :[8_”) =1.46x10"%s
¢ A
_871'05
AGA

The new units perfectly reproduce the mass, size and lifetime of the observed Universe, but solving the problem of
the cosmological constant, they give rise to the problem of Planck constant,

h, =735x10%h=7.75x10%J -s (23)

All the same 120 orders! Just the difficulty is “buried” in another place, and, apparently, to solve the problem of the
cosmological constant, one should look for fundamentally new approaches.

WEINBERG MASS
We now turn to the original idea of S. Weinberg [21] to take into account the influence of the dynamics of the
Universe at the level of fundamental constants. To do this, he constructed the mass of a hypothetical particle, using, in
addition to the fundamental constants #,c,G the Hubble parameter H

W 1/3
My :( Ge j (24)

A set of constants (h, c,G,H ) , generally speaking, does not provide an unambiguous choice of mass. Therefore, a

natural question arises: what physical considerations lead to such a choice of mass?
Surface gravity at the Hubble Horizon

M,
0, =GMv oy 25)
RH
"Surface" acceleration for a quantum particle of massm and size r =#/mc
m Gm’c?
Agp = Gr_z = B (26)

If the Hubble sphere represents the event horizon, and the Weinberg particle is a microscopic black hole, then
a, =a, and
2 1/3
a,=a —>mW=(h H/CG) 27)

4 prg

Note that in SCM H (1 —> %) =~/A/3 . Hence,
my (1 = o0) = (VA 13eG) (28)

Weinberg mass admits a curious interpretation [22]. The self-gravitational potential energy E, of this quantum of

mass m (and size its Compton wavelength 7/ mc ) is given by
E, :sz/(h/mc):Gm3c/h 29)

Substituting (24) into (29) we obtain
E,~Hh=hc/R, (30)
Since the age of the Universe 1/ H which is today the maximum time and, therefore /' minimum frequency, the
value E, ~ Hh can be interpreted as a quantum of the minimum gravitational energy. At a phenomenological level, it is

natural to interpret it as the minimum graviton energy.
Let us now consider in more general terms the structure of the set of parameters (h,c, G,H ) . The most important

characteristic of this set is the dimensionless parameter
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5
C

hH*G
The dimensionless parameter has a simple physical meaning: he represents maximum number of gravitons in the
Universe. Indeed,

1= ~10"° (31)

5
c -1 -1
]:[EH ]/hH:(PmaxH )/ E, (32)
Using a parameter [, a one-parameter mass family can be constructed
rH( 1 &Y
M =" 33
e (hH : GJ 33)

From this relation it follows that m,, = M, , . Note that the Planck mass is also present in this family and corresponds

1/2
. hH( 1 ¢ hc
to the choice: y=1/2, Ml/z:C_z(thgj :,fE:mP,.

The mass spectrum (32) contains four masses that are independent of one of the parameters of the set (h,c, G,H ) :

H . H . 3 5
the Planck mass m,, =h—21 "2 the mass of the graviton h—zl ’, the mass of the Universe M, = C Syt
c c HG G
h3H 1/5
and M2/5 = (F]

THERMODYNAMIC CONSTRAINTS
Let us show now that the entropy forces [23] satisfy the same limiting restrictions as ordinary forces. Consider a

particle of mass m approaching the event horizon of the black hole of the mass M (m <M ) . On the horizon, this particle
will experience acceleration
a=GMm/R,m=—— 34
Sh 4GM ( )

Assume that the force causing the acceleration is of entropic origin. Entropic force is a macroscopic force that arises
in systems with many degrees of freedom, as a consequence of the universal tendency to achieve maximum entropy.
Entropic force is determined by the condition

Foy =Tx 27k, =~ (35)
Acceleration caused by this force
@y, =Tx 2k, (36)
Equating (34) and (36), we reproduce the well-known expression for the temperature of the black hole horizon
3
7= fic (37)
87Gl,M
C4
For entropic force, a universal constraint is retained F < - Really,
3 4
F, :TXQ”kBE:szﬂkBE:ﬂC_ (38)
h 8xGk,M h MA4G
4
Since =<1 then F, <<
M 4G
2
Consider a Schwarzschild black hole with parameters M,R. Let R—>R+[  =R+2l,. Then AM = L IGC
Correspondingly the change in the energy of a black hole
4
AE = AMc* = l”(; =1,F_ (39)
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The number of bits on the horizon of a black hole of radius R

47R* R’
kR (40)
4lP1 lPl
Increasing the amount of information on the event horizon for R - R+2/,,,
AN = 47r£ (41)
Pl
Let the energy required to create (erase) one bitis £, . Then
AE = E,AN (42)
Substituting (39), (41) into (42) we obtain
It
E = 43
Y 4zGR “3)
3
Given that R = ZGZM and M = _he finally get
c 87k, GT
E, ~k,T (44)
in accordance with the Landauer principle [24].
CONCLUDING REMARKS

Historical experience teaches that the most interesting discoveries in physics occur during the transition to new
characteristic scales of quantities that describe the problem under study. The boundary of the region in which a certain
paradigm operates is determined by fundamental constants. For example, the transition from classical mechanics to
relativistic is controlled by the speed of light, and the transition from classical mechanics to quantum is controlled by the
Planck constant. The transition to the Planck scale is much more complicated, both quantitatively (this area is separated
from the parameters currently achieved by tens of orders of magnitude) and qualitatively. (Is the concept of continuous
space-time compatible with quantum mechanics). These difficulties make us look for workarounds to solve the problem.
One of these areas may be the physics of limit quantities. Some specific examples of the use of limit values were
considered in this paper. It is fundamentally important that on any event horizon, regardless of its scale (i.e., its

gravitational radius), the universal value of limit force ¢* /4G is realized. This allows you to relate the characteristics of
the Universe related to various stages of its evolution.
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SK TPAOIOIOTH TPAHUYHI 3BHAYEHHS
10.J1. Boaotin?, B.B. fInoBchKHii™*
“HHI] "Xapxiscokuii gizuxo-mexniunuil incmumym" HAH Vkpainu, Xapkis, Yrpaina
bIuemumym monoxpucmanie HAH Ykpainu, Xapxie, Yrpaina
“Xapxiscokuil HayionanvHuil yHigepcumem imeni B.H. Kapasina, Xapkis, Yxpaina

IMokazana eeKTHBHICTh I'PaHUYHMX BEJIMYHMH SIK IHCTPYMEHTY Ui omucy (i3MKH Ha Pi3HHX HPOCTOPOBO-YaCOBHX MacuITabax.
3aBsKH CBOIi YHIBEpCAIbHOCTI, TPaHHYHI 3HAYCHHS JI03BOJISIOTH BCTAHOBIIIOBATH B3a€MO3B'SI3KH MiXK, Ha MIEPLIN# OIS, JaTeKUMU
OJMH Bl OJHOTO XapaKTePUCTUKAMH. Y CTaTTi PO3MITHYTI KOHKPETHI MNPUKIJIAJY BHKOPHCTAHHS TPAHUYHUX 3HAUCHb IS
BCTAQHOBJICHHSI TaKUX 3B'S3KiB MDXK BEJIMYMHAMH Ha Pi3HUX Macmitabax. Buxonsuu 3 mpuHLMITY JOCATHEHHS TPaHMYHUX 3HAYCHb Ha
TOPU30HTAX MOJii OTPUMAHO 3B'SI30K MiXK [UIaHKIBChKMMH BeJIMYMHAMHE Ta BEIMYHHAMHU BChOro BeecBity. OTprMaHe CriiBBiAHOIICHHS
MOKHA BiJIHECTH [0 CITiBBiIHOILICHb IipaKiBCHKOTO THUIY — 30iry BENHMKHX YHCEl, SKi 3'SBISUINCS 3 €MIIPHYHUX CIIOCTEPEKEHb. Y
CTaTTi CHiBBITHOIIECHHS M BEJIMKUMH YUCIIAMU THUITY IipaKiBCHKHX, BCTAHOBIIOIOTHCS BHUXOISMYH, B MEBHOMY CEHCI, 3 (PI3MUHHX
MPUHIMIIB - ICHYBaHHSA T'paHWMYHHUX BeNW4YWH. [loka3aHO, IO 1€ CHiBBIHOIIECHHA NOTPUMYETHCS Ha BCHOMY IPOTSA31 €BONIOLIi
BcecsiTy. OOroBOpIOETECS aNBTEPHATUBHUI CIIOCIO BHUPIMIEHHS MPOOJIEMH KOCMOJIOTIYHOI CTanoi 3 BHKOPHCTAHHSAM T'DAaHUYHHX
BEJINYMH 1 3B'130K 1i 3 MiHIMaJILBHUM ITPocTOpoBHM MacurtaboM. KpiM 1150ro BBeIeHO 0IHO TapaMeTpUIHe CIMEHCTBO Mac, SIKe BKITIOYAE
B cebe Macy BceecBiTy, macy [lnanka i Macy TpaBiTOHY, SIKE TAaKOX BCTAHOBIIIOE 3B'SI30K MiX BEIMUMHAMH SIKI BiJPI3HAIOTHCS Ha 120
nopsaxiB. [TokazaHo, 110 €HTPONIMHI CHIM TAKOX IIKOPSIIOTHCS THM € YHIBepCalbHUM OOMEXEHHSIM Ha I'PaHMYHI 3HAUSHHS, SK 1
3BHUYaitHi cuii. THM caMUM iCHYBaHHS TPaHMYHUX BEJMYHMH MOIIMPIOEThCS Ha iH(opMmarliiiHi oomexenHs y Beecsiti. [IpuHuumnoBo
BaXXJINBO, 110 Ha Oy/1b-KOMY FOPU30HTI MOAIN, HE3aJIeKHO BiJ] HOro MaciiTady (ToOTo Horo rpaBiTaliiiHOro pajiyca), peani3yersest
yHiBepcaibHe 3HaUeHHs rpanuyHoi cunu ¢ / 4G . Lle 103BodIsie 3B'A3aTH XapaKTepUCTUKU BCecBiTy, 110 BiTHOCATLCS 10 Pi3HUX eTanax
11 eBomIOMii.

KJIIOYOBI CJIOBA: wopHa 1ipa, TOpU30HT HOAIH, CHTPOIIIS, TPAaHUYIHI 3HAYEHHS
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The paper discusses the properties of the nonlinear thermodiffusion equation corresponding to the heat transfer processes occurring
with a finite velocity in gas from a high intensity source. In the previous papers A. J. Janavicius proposed the nonlinear diffusion
equation which provided a more exact description of impurities diffusion by fast moving vacancies generated by X-rays in Si crystals.
This is similar to the heat transfer in gas with constant pressure by molecules carrying a greater average kinetic energy based on the
nonlinear thermodiffusion of gas molecules from hot regions to the coldest ones with a finite velocity by random Brownian motions.
Heat transfer in gas must be compatible with the Maxwell distribution function. Heat transfer in gas described by using nonlinear
thermodiffusion equation with heat transfer coefficients directly proportional to temperature 7' . The solution of the thermodiffusion
equation in gas was obtained by using similarity variables. The equation is solved by separating the linear part of the equation that
coincides with Fick's second law. The obtained results coincide with Ya.B. Zeldovich’s previously published solutions of nonlinear
equations by changing the respective coefficients.

KEYWORDS: nonlinear thermodiffusion, high intensity source, similarity solution, temperature profiles, spherically symmetric case

In the previous papers we have discussed the nonlinear diffusion of impurities in semiconductors [1-2], nonlinear
thermodiffusion in gas [2-3] and heat transfer in metals by electrons [4] using mathematical methods of similarity
variables [1] for the solution of the nonlinear equation. The obtained results are important for engineering calculations of
heat transfer in gas at constant pressure.

It is assumed that the process of thermal transmittance in gas is similar to nonlinear diffusion process of impurities
described as Brownian movement of atoms in solids spreading with a finite velocity. Heat transfer can be described by
using a modified theory of nonlinear diffusion in solids [1]. In this case the frequency of the jumps of diffusing
molecules [2] depends upon the coordinates and changing molecules concentration 7 and temperature 7' according law

of ideal gas defining pressure p = nkT .
The coefficient of thermal conductivity of gas can be expressed in the following way [2], [6]

v | _ [8rRT
S V= . 1
22nd? 2md*n mu (1

K = %ﬂvcvp = DW(T)Cvp =

Here A is the mean value of a free path of diffusing molecules, v - the mean velocities of molecular movement,
¢, - the molar heat capacity at constant volume, p - the density of gas, n — the number of molecules per unit volume,
k - Boltzmann constant, T — temperature of gas, g - molar mass, R — gas constant, d- the distance between centers
of the diffusing molecules of the gas, D, (T') - the thermodiffusion function of impurities in gas for the isobaric process.

The equation of thermodiffusion in gases can be obtained with the coefficient D, (7") , which is proportional to the

temperature [7] of gas. Similarly, as in the case of nonlinear diffusion in crystal silicon [1] by using (1), the coefficient
D, (T) can be introduced

5 (T):K(T):li/w:lc_v‘j KTy _T(o0) _, T0s0) o
w p,cp 3 cp 3 cp \/En'dzp 71 ws TS

The constant pressure p = n(r,0)kT (r,t) = ng(r,t)kT(r,t) at slow impurities transmission in gas with decreasing
temperature 7(r,t)is compensated by increasing the concentration n(r,¢) of impurities in gases with heating from the
spherical source of temperature 7T .

Here D, is the thermodiffusion proportionality constant for the nonlinear thermodiffusion function D), (T') for the
specific heat capacity ¢, of gas at the constant pressure p, K - the coefficient of thermal conductivity at source. From

the theory of Brownian motion follows that the diffusion velocity and the maximum penetration depth of impurity atoms

© A.J. Janavicius, S. Turskiené, 2021
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and heat transfer velocity must be finite. Consequently [1], the thermodiffusion coefficient D, (r,¢), defined by

thermodiffusion constant at source D__ , is directly proportional to the temperature

ws 2

D, (T)=D,,(r,t)= T“‘T(r ,t)=D,T(r,t), D, =D,T, 3)

wn wn
N

which requires that the first Fick law must be improved by introducing the heat flux [1], [2] according the radial direction

j=-D,T(r I)T(r+Ar ,0)—T(r, t) D, TdT )
Ar dr
with the finite length Ar of the jumps with the finite velocity [1] of diffusing particles. It can be assumed that the jump
length of the diffusing atoms or molecules from one equilibrium position to another in solids or fluids has the definite
value L .
In gases L may be the average free path of diffusing particles. From the conservation the number of diffusing
particles

gSDW grad(T)dS = j T av . b, =D, T(x,y,2,1) (5)
and the theorem of Gauss’ [6]

j div(D,, - grad(T))dV = j T v (6)

the following nonlinear thermodiffusion equation is obtained

o(_ or\ of. or) (. or\ or
div(D, grad(T)) =2 D, L1+ 2| p LI 2 p L)L 7
WDy grad(T)) 6x( W@xj 6y( WayJ 62[ Wazj ot M

By using the nonlinear diffusion equation [5], [6] the following thermodiffusion equation in spherical coordinates can be
obtained

or . . oT orT
— =—div(-D,, (T)grad(T)) s J, =—Dy (T)E =-D WTE 8)

The equation (6) for temperature 7'(r,t), 0<r<r,, 0<t<t, can be rewritten in the spherical case

D,, 2 ’
or _D,, a(Tr arj _ D0 T+2T8T+(8_TJ ’ ©
or T r*\or or T o r or \or
which mathematically coincides with the nonlinear diffusion equation [2].
The numerical calculations provided in [2] give the dependence n(r,t) as a straight line in the region 0<r <7,

0<t<t,. The temperature 7(r,t) dependence was obtained in a similar way [7].

The jump of hotter molecules or particles of impurities with a greater kinetic energy in the region » +Ar with lower
temperature is only possible if exists hotter at the point .
This requirement is equivalent to the approval that thermodiffusion and diffusion must occur with finite value jumps and
velocities. This is very important in defining coefficients of thermal conductivity [3], [7] and diffusion [1], [2].
The nonlinear heat conduction equation [8] presented for one dimensional case

OE _ 0
o x( (E )—j (10)

using energy density E , which cannot be directly measured, is not perspective viable as equation (9) for temperature
T(r,t), which can be measured directly for calculation thermal conductivity [9].

The aim of the article is to get the nonlinear equation describing the flow of atoms and molecules in gases by the
thermodiffusion for a spherically symmetric case and to find its approximate analytical solution.

THE NONLINEAR THERMODIFFUSION EQUATION FOR A SPHERICALLY SYMMETRIC CASE
The solution of (9) can be obtained by introducing similarity variable [5] ¢ and function f(§)

T(&)=T,f(£), f:J%“:\/;—t,
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0<E<g, 0<r<n, 1,=53D, It =&\D,t, (11)

which depends on the thermodiffusion constant D, at source with temperature 7, . By substituting (11) into (9) the
following nonlinear differential equation can be obtained
0’ 2 .0

o (o) 1
6Ef By ?(faf (5] 2y

The nonlinear equation (12) can be solved approximately by separating first three terms like the linear equation of

o 1.9 _

S o0& 26;‘

(12)

hot molecules diffusion [2] can occur with the different lengths A7 of the some average frequency of jumps as at linear

heat transmittance approach
o’ f, 29, f, o f, 20, f,
f[? £o¢ 2565] > {? £o¢ 25(35} o (42

The part of nonlinear equation (12) is transformed to linear (13) and obtained the following expression representing
thermodiffusion only by nonlinear processes

L L /Y L/ A/
(a;j ot 2565 0. 5p 3¢ f (14)

The first [2] and the third terms in (14) represent a nonlinear diffusion or thermodiffusion. The second term in (14)
represents the connection with linear thermodiffusion (13) and nonlinear equation (14) by introducing the term

P(é)= %{ - f;, which will be demonstrated below gets small numerical values in the region 0 <& <2.

APPROXIMATE ANALYTICAL SOLUTION

The term P(§) = %E - f, of nonlinear equation (14) can be excluded. Thus, a simplified equation is obtained

9.1 I 0
o +£=0, 2 (15)

The equation (15) is solved for the source point temperature 7, and environment temperature 7,
1 1
f(s")=1—252, TE)=Tf(), 0s&<¢,, T, =Ts(1—zsi2),

T,-T
¢ 16
T (16)

N

£=4

by satisfying the boundary conditions for the maximum distance 7, of heat penetration

T,-T
f(§)=0,¢, = =2D,t ST <, a7
ws N
and by satisfying the boundary condition for temperature 7 at the source point ¥ =0, £ =0
JO)=1, T(0) =T, f(0)=T. (18)

The solution of the linear thermodiffusion equation (13) can by expressed [2] by similarity variables

F@E) =1 T¢) _A¢ —erfe (ﬂJ (19)
T, & 2
where the radius of source is A¢ .
The nonlinear thermodiffusion equation (14)
D Legileo 20)

0F 2 2
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can be solved analytically by introducing a new variable

Z:S(_S(eo Sr:Z+ e

Yo _

1 1
5 SIS+ (EHE) =0 2D

The equation (21) can be modified to the following form

1 ol- 1
LML) Ly 22)
1-f, oz 2
which is easy to integrate
f, =1-C-exp[0.25z° +0.5¢ z]. (23)

The obtained solution of the equation must satisfy the boundary condition for maximum heat penetration depth

£(0)=0, z=0,¢=¢,=2, C=1. (24)
For the heat penetration from the point source a multiplier for the obtained solution of the equation must be introduced

fn(Z):L(l—exp(O.ZSZZ+0,5.§e.z)) 27183

, 00 582, 25)
e—1 271831

The comparison of solutions (Table) f, (&) of nonlinear thermodiffusion equation (25) and f(&) of simplified

equation (16) shows the coincidence of both numerical solutions which depend on similarity variables § .

Table.
'3 0 0.5 1 1.5
£.(&) 1 0.9624 | 0.8347 | 0.5606
(&) 1 0.9844 | 0.7500 | 0.5625 0
RESULTS AND DISCUSSION

The nonlinear diffusion equation is derived [10] by taking into account the local variations of impurities
temperature in the solvent within a mechanism of diffusion driven by random impurities particles collisions with solvent
molecules of density at average frequency

V(x,y,z,t):U~N(x,y,z,t)-u~x/5 (26)

and relative velocity (1) ux/2 = /2 with solvent molecules of density N . Here o is the collision cross-section of
diffusing particles. In real thermodiffusion process the collisions frequency depends not only on the distribution
N(x,y,z,t) but also on the distribution of impurities or hot molecules with velocities [6] as well as on temperature.

Figure 1. Profiles of nonlinear (16) f (&)= Tl and linear (19)

S
F(&)solutions of equation for the point source with
temperature 7 =300,15K and environment temperature
— T,=280,15 K when thermodiffusion coefficient [9]

D, =2.172-10"m* /s and time is 100 s.

0 025 05 0.75 1
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The presented profiles of f(§) and P(§) in Fig. 2 as well as the results presented in Table 1 show that the term
P() = %f - f, gets small numerical values in the equation (14), and, consequently, can be removed. The linear effects in

equations (12), (13) and nonlinear equations (15), (20) can be separated.

—] T
Figure 2. Profiles of nonlinear (16) solution f(§) :F

S
— and term (14) P(¢) :%f - f, for the point source with
temperature 7, = 300,15 K, environment temperature

T,=280,15 K when thermodiffusion coefficient [9]
D, =2.172-10"m" /s and time is 100 s.

Concentration profiles (Fig. 3) illustrate the obtained parabolic form of nonlinear equation (16) f(¢) :Tz and linear
N

equation (19) F(¢) solutions.

Figure 3. Concentration profiles of nonlinear (16)

f(6= Tl and linear (19) F(§) solutions of equations for
N

the point source with temperature T =300,15K,
— environment  temperature T,=250,15K  when
thermodiffusion coefficient [9] D,, =2.172-107m" /s
and thermodiffusion time is 100 s.

0 038 075 1.I13 1.5
3

It can be explained by taking into account the distribution function [6] of hot molecules with velocities ¢

_ 2
4.c,}exp| €
An 2T )
—= N -¢”-Ac, 27)
n m

possessing the most probable molecular velocity ¢, and average velocity v [6]
o o BT G BTS2 (28)

. . 1 . .
The average value v in (28) must be substituted by the temperature 7 = ETS . Gas densities 7 at this temperature

collide with the hottest molecules 2n, when they satisfy the condition n =2n_, which formats the front of temperature.

The dependence of density distribution of hot molecules ¢, and 7, can explain the formation of the barrier of hot
molecules with greater kinetic energies
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2
mc

3
==kT 29
5 29)

and hot shock waves [11] according (16), (17) and Fig. 4 rapidly spreading in space.

Figure 4. Temperature profiles of functions (16), (17)
T
f($= T and d(¢) for the same nonlinear solutions (16)

N

- of the point source with temperature 7, =300,15K,
environment temperatures 7, = 250,15 K and T, = 280,15 K

respectively for presented temperatures functions f(§) and
d(§) when thermodiffusion coefficient [9] at source is

D, =2.172-10"m* / s for the time interval of 100 s.

0 038 075 1.13 15
g

’T -T
In Fig. 4 heat penetration depths (17) from the same source are equal to 7, =2/D, ¢ |- 7 = and can be similarly
N

explained.
All graphs are presented by using computer algebra system MathCAD.

CONCLUSIONS

The flow of atoms and molecules by nonlinear diffusion [1] and thermodiffusion is defined by the finite length Ar
jumps of the hot molecules (4) as well as the finite velocity [1] by using a thermodiffusion coefficient proportional to the
temperature (2), (8). The obtained temperature parabolic graphs [11-12] of the nonlinear solutions in Fig. 4 are generated
by hot atoms or molecules velocities probability (27), (28) and their dependence on temperature.

The approximate analytical solution of nonlinear thermodiffusion equation for the point source in the spherical case
is very complicated and was solved by excluding the linear diffusion equation (13) from the nonlinear equation (12). This
can be physically realized only when the third term on the right side of (9) defining diffusion [2] on the frontier

2
%(z—Tj is significantly greater than the first term representing the self-diffusion from the source having high intensity
s r

of impurities. This can be similar to superdiffusion of impurities by vacancies [13-14] at room temperature in the crystal
silicon irradiated with X-rays.

In this case the obtained nonlinear equation (15), solved analytically (16), as can be seen in Fig. 4, by using similarity
variables, can be applied with sufficient accuracy.

Nonlinear thermal conductivity in gas [3] was considered in one dimensional case with thermal diffusion coefficient

(2) proportional to the gas temperature. Similar equations only for one dimensional case were solved analytically for more
complicated thermodiffusion coefficients [15-16] D=k+m-T", k >0 by using similarity variables.

The analytical solution of a more complicated task of nonlinear thermodiffusion equation for a spherically symmetric
case by using similarity variable and separation of linear processes has been successfully achieved.
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MOJIEJTIOBAHHS HEJTHIMHOT TEPMOJIU® V3Ii IS CPEPHYHO CHMETPUYHOT O BUITAJIKY
Apsunac Y. SInasiuroc, Cirita Typckiene
Incmumym pezionanvnozo poseumxy, Yuieepcumem Lllaynau, Jlumea
eyn. I1. Biwuncoxo, 25, LT-76351

VY craTTi pO3IIANArOTBCS BIACTUBOCTI HENIHIMHOTO pIBHAHHA TepMmoaudysii, IO BiINOBifae mpomecaMm TEIIOOOMiHY, SKi
BiOyBarOTHCS 3 KiHIIEBOIO IIBUAKICTIO B T'a3i BiJl JyKepelia BUCOKOI iIHTEHCUBHOCTI. Y mornepeHix podoTtax A. SIHaBidroc 3arponoHyBaB
HeJliHilHe pIBHAHHA AuQy3ii, ske Hajamo OLTBII TOYHMIT omuc audy3ii MOMIMIOK 3a JOMOMOTOI0 MIBHIAKOPYXOMHX BaKaHCIH,
MMOPOJPKEHUX PEHTTCHIBCHKHM BHIPOMIHIOBaHHAM y KpucTanax Si. e € momiOHuM 1o Teruionepenadi B rasi 3 MOCTIHHAM THCKOM
MOJIEKYJIaMH, SIKI HECYTh OUIbIIY CepeHIO KIHETHYHY €HEprito, Ha OCHOBI HelliHilHOT TepMoudy3ii MoJeKy 1 ra3y 3 rapsaux oonacreit
y HallXOJOJHINI 3 KiHIEBOIO HIBUJAKICTIO BUIAAKOBHMH OpOYHIBCBKMMH pyXaMHu. TeIiooOMiH y ra3i MOBMHEH OyTH CyMiCHHM i3
¢yukuiero posnopinty MakcBemna. Temmonepenaya B rasi ompcaHa 3a JONOMOIOI0 HeJiHiffHOro piBHAHHA TepMmoaudysii 3
koedirieHTaM1 TerIonepeaadi, siki € npsiMo nponopuiiinumy temneparypi 7. Pimenns piBHsHHs TepMoandy3ii B rasi 0yIo oTpuMaHo
3 BUKOPHCTaHHSAM 3MIHHUX MOXIOHOCTI. PiBHSHHSA BHpIIIyeThCS BiTOKPEMIICHHSM JIiHIIHOI YaCTHHU pPIiBHSHHS, SKa BiINOBiZae
npyromy 3akony ®Dika. OTprMaHi pe3yJIbTaTh CHIBIAAAIOTH 3 pilleHHIMH S1. 3eTb10BUYa HENIHIHHUX PiBHSAHB, 0 OYJIH Oy OJIiKOBaHi
paHime, IUISTXOM 3MiHU BiAMOBITHUX KOC]ILi€HTIB

KJIIOYOBI CJIOBA: meniniiina tepmonudysis, DKepero BHCOKOI iHTEHCHBHOCTI, pillleHHs MOJiOHOCTI, TemIiepaTypHi npodii,
c(hepuIHO CUMETPUYHHI BUIIAZIOK
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We focus on the comparative study of dosimetry protocols in radiotherapy for accelerated photon and electron delivered from medical
linear accelerator (LINAC). In this study, a comparison between the protocols (TRS 398, DIN 6800-2 and TG 51) for both the electron
and photon delivered from Clinac 2300CD and Clinac DHX 3186 were performed. We used photon beams with energies of 6 and 15
MYV and electron beams of 4, 6, 9, 12, 15 and 18 MeV for both Medical Linac. In case of Clinac the maximum deviations for the
relative dose at Dmax for the photon beam (15 MV) among the protocols was observed to be 1.18% between TRS-398 and TG-51,
1.56% between TG-51 and DIN 6800-2; and 0.41% between TRS-398 and DIN 6800-2. Conversely, these deviations were 3.67%
between TRS-398 and TG-51, 3.92% between TG-51 and DIN 6800-2 for 4 MeV and 0.95% between TRS-398 and DIN 6800-2 in the
case of Clinac 2300 CD for the PTW Markus and Exradin A10. For the measurement of the maximum absorbed dose depth to water
using three protocols, the maximum deviations were observed between TRS 398 and TG-51 as well as TG51 and DIN 6800-2.
KEYWORDS: TRS (Technical Report Series), TG (Task Group), DIN (Deutsches Institut fiir Normung).

Approximately 60% of cancer patients are referred for external beam radiotherapy, for which the most commonly
used equipment is a medical LINAC that produces an electron beam and photon beam [1]. The precise planning of the
treatment depends on the tumor type, size, position, stage, and health condition of patients [1, 2]. By considering various
uncertainty components associated with beam calibration factors, a study of the uncertainty in determining of the absorbed
dose to water had been carried out by C. Pablo et.al. [3] Their results showed a typical uncertainty in the determination
of absorbed dose to water during beam calibration approximately 1.3% for photon beams and 1.5% for electron beams
(k=1 inboth cases). M. S. Huq et. al. [4] performed a study by comparing International Atomic Energy Agency Technical
Report Series No. 398 (IAEA TRS-398) and AAPM TG-51 absorbed dose to water protocols in the dosimetry of high-
energy photon and electron beams. They compared the two protocols in two ways: (i) by analyzing the differences of the
basic data included in the two protocols for photon and electron beam dosimetry in detail and (ii) by performing
experiments in clinically accelerated photon and electron beams and determining the absorbed dose to water following
the recommendations of the two protocols [4]. For electron beams, the ratios TG-51/TRS-398, of the absorbed dose to
water Dy, were observed to be lie between 0.994 and 1.018 depending upon the chamber and electron beam energy used,
with mean values of 0.996, 1.006, and 1.017 respectively, for the cylindrical, well-guarded and not well-guarded plane-
parallel chambers [4]. A dosimetric study comparing NCS report-5, IAEA TRS-381, AAPM TG-51 and IAEA TRS-398
in three clinical electron beam energies was carried out by H. Palmans et. al. [5]. In their work, they compared dosimetry
for three clinical electron beam energies using two NE2571-type cylindrical chambers, two Markus-type plane-parallel
chambers and two NACP-02-type plane-parallel chambers [5]. Another comparison of high-energy photon and electron
dosimetry for various dosimetry protocols was performed by F. Araki et. al. [6] They calculated the absorbed dose to
water calculated according to the Japanese Association of Radiological Physics, IAEA TRS-277 and IAEA TRS-398
protocols, and compared it to that calculated using the TG-51 protocol. A comparison of protocols for external beam
radiotherapy beam calibrations was carried out by S S Al-Ahababi et. al. [7] where they used the IAEA TRS-398, AAPM
TG-51 and IPEM 2003 protocols. The comparisons were carried out by delivering electron beams of nominal energies of
6,9, 12, 16 and 20 MeV using Physikalisch-Techische Bundesanstalt (PTW) Markus and NACP-02 plane-parallel
chambers.

Different group of dosimetrists did experiments several times to ensure lower uncertainty, best suited protocols and
improvement of protocols for the commissioning of medical Linac and more precisely healthcare purposes. The aims of
our work is to analyze the dosimetry applying three different most preferable protocols maintaining the QA parameters
for high energy photon and electron beams delivered from the medical linear accelerator (Clinac). Different ionization
chambers were used to calculate the absorbed dose to water and a comparison among chambers was investigated. For
each chamber the absorbed dose to water was calculated using three different protocols. Sometimes in same reference
conditions absorbed dose differs from Clinac to Clinac because of wall material of jaws. To confirm that dose variations

© A. K. M. M. H. Meaze, S. Purohit, Md. S. Rahman, A. Sattar, S. M. E. Kabir, Md. K. A. Patwary, K. Kali,
Md. J. R. Akhand, 2021
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we use two different medical LINAC and same chamber response with LINAC in this research work. This study will be
helpful for defining more accurate dosimetry and developing more general protocol for ensuring patient safety during
treatment planning.

METHODS AND MATERIALS
Absorbed dose to water calibration in %°Co

The calibrations in terms of absorbed dose to water are available only for ®®Co gamma radiation [8]. The reference
point of the chamber was at 5g/cm? water depth. The size of the radiation field (50% isodose level) at the reference plane
was 10 cmx10 cm [9 — 12]. The PTW Markus chamber was set up for determining the calibration factor in a water
phantom, and then the Physikalisch-Techische Bundesanstalt (PTW) UNIDOSE electrometer was used to obtain the dose
rate. From these dose rates the calibration factor was measured using the IAEA TRS-398 protocol. The same procedure
was used to calibrate the Exradin A10 and IBA FC65-G (2009) chambers. The descriptions of different protocols are
presented in Table 1.

Table 1. Description of different protocols [10, 13, 14]

Criteria C'?y“l‘):er TRS 398 AAPM TG-51 DIN 6800-2
Electron Photon Electron Photon Electron Photon
dri : : : | AtZey F :
Chamber Cylindrical | At Z. + /2 At Z, At Z,o At Z,.o 2 At Zer +7v/2
position Plane ‘ ‘ ‘
parallel At Z,-e/ At ngf At ngf
Cylindrical specified specified
by the by the
specified by | specified by half- half-
the half-value the tissue value of | specified | value of specified by
Beam quality Plane of the depth phantom the by the 0=1266122 _ 00595
parallel dose in water ratio depth %dd(10)x | depth Mio
R50 TPRzo,lo dose in dose in
water water
R50 RSO
Cylindrical
Value of 7, 20 °C 22 °C 20 °C
Plane
parallel
lon | Cylindrical 2 1 U_1q
recomblqatlon K, = a0+ a (_) ‘o ( My ) Pi= MH—V?/“ K, Ul]lz -
correction Plane M —_——— - —
My VL U Mu,
factor parallel
Chamber
positioning | Cylindrical none none K.=1+|0|. 12
correction
RESULTS
Calibration of Ionization Chambers
The calibration factors of Markus, A10 and FC65-G are listed in Table 2.
Table 2. Calibration factors of Markus, A10 and FC65-G
Calibration factor in
Gy/nc
Chamber Certified by PSP
Chamber Model Serial No. (Physikalisch- Experimentally Variation (%)
Techische found
Bundesanstalt) PTB
PTW23343 Markus 3941 0.5448 0.5349 1.8200
Exradin A10 XC110304 0.6087 0.6047 0.6600
IBA FC65-G 2009 0.0476 0.0477 0.1900
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Absorbed dose to water for Photon beam
Absorbed dose to water according to different protocols

Mo = Myqw X Krp X Kejee X Kpop X K

TRS 398
DW,Q = MQ X ND,W.QO X KQ

M = Mgy X Prp X P X Ppol>< Pion
— p@Q
KQ - PgT X KRso
!
KRSO = KRSO X Kecal
Dw,Q = MX ND,W,QO X KQ

TG 51

My =M X K, X K, X K, X K
kg = kp X kg
ki = 1.106 — 0.1312 (Rso) %24
kg = 0.982 (Pegy)ry,
(Peav)rg, = 1 — 0.037¢7027Rs0
DW,Q = MQ X ND,W.QO X KQ

DIN 6800-2

a. Beam quality.
The measurement of K using three different protocols are presented in Table 3.

Table 3. Measurement of Kq

Ko
Energy (MV)
TAEA TRS-398 AAPM TG-51 DIN 6800-2
6 0.996 0.992 0.993
15 0.981 0.976 0.977

b. Comparison among protocols.
To make a comparison among protocols, we considered three main correction factors: pressure temperature
correction, ion recombination correction and polarity correction factors. The values of these parameters are listed in

Table 4.

Table 4. Values of pressure temperature, ion recombination and polarity correction factor

Kip
Chamber TAEA TRS 398 AAPM TG 51 DIN6800-2
FC65-G (2005)* 1.0078 1.0013 1.0081
FC65-G (2009)* 1.0080 1.0015 1.0082
ks
Chamber Energy (MV) TIAEA TRS 398 AAPM TG-51 DIN 6800-2
6 1.0048 1.0050 1.0054
. *
FC65-G (2005) 15 1.0063 1.0065 1.0078
6 1.0027 1.0028 1.0027
. %
FC65-G (2009) 15 1.0061 1.0064 1.0065
kpul
Chamber Energy (MV) IAEA TRS-398 AAPM TG-51 DIN 6800-2
6 1.0018 1.0018 1.0011
. £
FC65-G (2005) 15 1.0009 1.0009 0.9993
6 1.0017 1.0017 1.0011
. *
FC65-G (2009) 15 1.0009 1.0009 1.0006

*Here FC65-G (2005) and (2009) represents serial number.

A comparison of the maximum dose depths (D...x) measured with three different protocols is presented in Table 5.
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Table 5. Comparison of maximum dose depth (Dmar) measured with three different protocols

Dumax Deviation (%) in between
TRS-398
Energy AAPM DIN
Chamber |~y 1yy A e | AAPMTGSI | DIN6s00-2 | |, & | TGSI& | 68002&
DIN6800-2 | TRS-398
TG51
FC65-G 6 9.962x10%3 9.859x10%3 9.940x10-3 1.03 0.82 0.22
(2005) 15 9.882x103 9.765x10% 9.917x10°3 1.18 1.56 0.36
FC65-G 6 9.847x10°%3 9.745x10%3 9.872x10°3 1.03 1.29 0.26
(2009) 15 9.816x10 9.700x10%3 9.856x10"3 1.18 1.56 0.41

We found that the percentage of the depth dose increases with increasing of energy, and the maximum dose Djax
decreases. This is because the main influencing correction factor Ky decreases with increasing energy. The variation of
the maximum dose depth at D,,,, for FC65G (2005) and FC65G (2009) according to IAEA TRS 398 and AAPM TG 51
was found to be 1.18% and 1.03% in 15 and 6 MV photon energies respectively. However, in DIN 6800-2 the variation
of dose at D, for FC65G (2005) and FC65G (2009) was found to be less than 0.5% in both 6 and 15 MV photon energies.

a. PDD Curves.
The PDD curves were observed at energies of 4, 6,9, 12 and 15 MeV for Clinac 2300CD, and at energies of 6, 9,

12 and 15 MeV for DHX-3186. All comparative curves for limited length are shown in Figures 1 and 2. Since the electron

beam has significantly low penetration power the reference depth for an electron is close to the phantom water surface.
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Figure 1. PDD curves for 4, 6, 9, 12 and 15 MeV electron beams delivered from 2300CD Clinac
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Figure 2. PDD curves for 6, 9, 12, 15 and 18 MeV electron beams delivered from DHX-3186 Clinac
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The dose percentage with respect to the energy and depth is presented in Table 6.



24
EEJP.1(2021) A.K.M. Moinul Haque Meaze, Santunu Purohit et al

Table 6. Dose percentage with respect to energy and depth

Clinac Energy (MV) Zrer (cm) Dose (%)
4 0.64 99.60
6 1.29 99.70
2300CD 9 2.02 100.00
12 2.89 99.30
15 3.69 97.80
6 1.29 99.80
2.02 100.00
DHX-3186 12 2.89 99.50
15 3.69 98.70

Comparison among protocols
The PTW TM23343 Markus chamber was used to compare three protocols IAEA TRS 398, AAPM TG51 and DIN
6800-2. The correction factors for the electron beam are listed in table 7.

Table 7. Measurement of the correction factors for the electron beam

ks
Clinac I*:('I:Z{,g)y IAEA TRS 398 AAPM TG-51
4 1.0088 1.0084
6 1.0086 1.0089
2300CD 9 1.0089 1.0092
12 1.0081 1.0083
15 1.0078 1.0080
6 1.0099 1.0102
9 1.0110 1.0113
DHX-3186 12 1.0082 1.0086
15 1.0123 1.0126
13 1.0073 1.0075
Ko
Energy Ko
Clinac (MeV) IAEA TRS-398 ‘%‘él_’;\;[ DIN 6800-2
4 0.930 0.9705 0.9262
6 0.922 0.9507 0.9135
2300CD 9 0.913 0.9356 0.9042
12 0.904 0.9226 0.8957
15 0.897 0.9129 0.8889
0.922 0.9507 0.9135
0.913 0.9356 0.9042
DHX-3186 12 0.904 0.9226 0.8957
15 0.897 0.9129 0.8889
18 0.892 0.9061 0.8838

Uncertainty in Dose Measurement

For the photon beam the total uncertainty in the measurement of absorbed dose to water was approximately similar
for FC65-G (2005) and (2009) which was + 0.57% (k = 1) for both 6 and 15 MV. Our work provides better result than
that of Castro P et al 3. For electron beam using the PTW TM23343 chamber, the total uncertainty in the absorbed dose
to water in Clinac 2300CD were + 1.74%, + 1.09%, + 0.92%, + 0.85% and + 0.82% for 4, 6, 9, 12 and 15 MeV respectively
and that in Clinac DHX-3186 were + 1.09%, + 0.94%, + 0.86%, + 0.84% and + 0.80% for 6, 9, 12, 15 and 18 MeV
respectively (kK = 1). In contrast using the Exradin A10 chamber for electron dosimetry, the total uncertainty in the
absorbed dose to water in Clinac 2300CD were + 1.67%, + 0.97%, + 0.78%, £+ 0.69% and + 0.65% for 4, 6, 9, 12 and 15
MeV respectively and that in Clinac DHX-3186 were + 0.96%, = 0.78%, = 0.76%, + 0.68% and + 0.69% for 6, 9, 12, 15
and 18 MeV respectively (k= 1).
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DISCUSSIONS

In general, the discrepancies in the values of beam quality, Ko and D, for various protocols exhibited in a deceasing
trend for the electron beam with the increase of energy. In contrast, for the comparative study with various chambers, the
variation in D, also exhibited in a decreasing trend with energy for both the accelerated photon and electron. The vital
influencing factor for deviations among the protocols as well as between the chambers was the beam quality conversion
factor K. The deviation can be resolved if the chambers can be calibrated at their respective electron or photon beam
quality rather than at ®Co. Our measured correction factors, according to the TG-51, TRS-398 and DIN 6800-2 protocols
were in good agreement with previous published works [4, 6, 14, 15, 16].

CONCLUSIONS
In this study, it was experimentally observed that the TRS 398 protocol is in good agreement with DIN 6800-2 rather
than TG51 because of the measurement technique and correction factors included with the protocol. The experimental
uncertainty (Type A and B) included in the measurement is below that of the previously published and recommended
works [6, 17]. In this work we found that, some uncertainties would be minimized if the chambers calibrated with the
photon beam delivered from the medical LINAC rather than the %°Co beam.
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JOCJIIIKEHHS ITPOTOKOJIIB JO3UMETPII 1711 MIPUCKOPEHUX ®OTOHIB I EJTEKTPOHIB
BIJ MEJIAYHOT O JITHIMHOT O MPUCKOPIOBAUYA
AKM Moiinya F'aky Mu3z?, Cantyny Iypoxir®, M. lllakiayp Paxman®, A6ayc Carrap?, C.M. Enamya Ka6ip®,
M. Kaguap Axmen Iareapi?, Kampynnaxap Kaaid, M. J[:)xy0aiiep Paxman Axana®
“Disuunuil paxyromem, Yunisepcumemy Yimmazoney, banenradew
bllpyea cmandapmua dosumempuuna nabopamopis, Komicia 3 amomnoi enepeii banznadew, Casap, [Jaxka, Banznadew
“Hayionanvuutl incmumym 0ocniodcensb paxy, Haxka, Banenadew
ADizuynuii paxyromem, Yunieepcumem Kominna, banenadeus
Biticokoea Axademisn banenaoew, bxamiapi, Yummaeone, banenadew

Oco0nuBy yBary B Liil CTaTTi 30CEPEAKESHO HA MOPIBHIIBHOMY IOCIIKEHHI T03MMETPHYHUX MPOTOKOIIIB MPOMEHEBOI Teparii 1uist
NPUCKOPEHUX (OTOHIB Ta €IEKTPOHIB, 1110 HAIXOAATH 3 JiHiiHOro MenuyHoro npuckoproBada (LINAC). V npoMy mociimkenHi 6yio
npoBeneHo nopiBHAHHA Mik mpoTtokoidaMu (TRS 398, DIN 6800-2 i TG 51) sx i enekTpoHa, Tak i [t GOToHA, M0 HATIHIUTH 3
Clinac 2300CD i Clinac DHX 3186. Mu BUKOPHCTOBYBAaJIH ITy4KH (POTOHIB 3 eHeprisiMu 6 Ta 15 MB Ta enexTpoHHI MyYKH 3 EHEpTisIMHI
4,6,9,12,15 ta 18 MeB ans 000X MeqUUYHHX JIIHIHHAX TpUCKOproBaviB. Y Bunanky 3 Clinac MakcUMaibHI BiXWJICHHS BiJIHOCHOT
7031 TIpH Dmax Jutst myuka ¢oronis (15 MB) cepen npotokomniB cranosmio 1,18% mix TRS-398 i TG-51, 1,56% mix TG-51 i DIN
6800-2, Ta 0,41% mixk TRS-398 Ta DIN 6800-2. I HaBmakw, 11i BigxuieHHs ctaHoBwin 3,67% mix TRS-398 i TG-51, 3,92% mixk TG-
511 DIN 6800-2 mis 4 MeB, i 0,95% mix TRS-398 i DIN 6800-2 y suniaaxy Clinac 2300 CD anst PTW Markus ta Exradin A10. ITpu
BUMIPIOBaHHI MaKCHMaJIbHOI TJTMOWHM MOTJIMHYTOI 03U Y BOJI 3a JOMOMOIOI0 TPbhOX IMPOTOKOJIB CIOCTEPIrajiich MaKCHMasbHi
Bigxwuiends Mixk TRS 398 ta TG-51, a Takox TG51 Ta DIN 6800-2.

KJIFOYOBI CJIOBA: TRS (Cepis texuiunux 3BiTiB), TG (LlineoBa rpyna), DIN (HiMenpkuii iHCTUTYT CTaHAAPTH3ALIIT).
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Since the last decade, the half-Heusler (HH) compounds have taken an important place in the field of the condensed matter physics
research. The multiplicity of substitutions of transition elements at the crystallographic sites X, Y and (III-V) elements at the Z sites,
gives to the HH alloys a multitudes of remarkable properties. In the present study, we examined the structural, electronic and
thermoelectric properties of ZrCoBio.75Zo25 (Z = P, As, Sb) using density functional theory (DFT). The computations have been done
parallel to the full potential linearized augmented plane wave (FP-LAPW) method as implemented in the WIEN2k code. The
thermoelectrically properties were predicted via the semi-classical Boltzmann transport theory, as performed in Boltztrap code. The
obtained results for the band structure and densities of states confirm the semiconductor (SC) nature of the three compounds with an
indirect band gap, which is around 1eV. The main thermoelectric parameters such as Seebeck coefficient, thermal conductivity,
electrical conductivity and figure of merit were estimated for temperatures ranging from zero to 1200K. The positive values of Seebeck
coefficient (S) confirm that the ZrCoBio.75Z0.25 (x = 0 and 0.25) are a p-type SC. At the ambient temperature, ZrCoBio.75Po.25 exhibit the
large S value of 289 nV/K, which constitutes an improvement of 22% than the undoped ZrCoBi, and show also a reduction of 54% in
thermal conductivity («/t). The undoped ZrCoBi has the lowest ZT value at all temperatures and by substituting bismuth atom by one
of the sp elements (P, As, Sb), a simultaneous improvement in «/t and S have led to maximum figure of merit (ZT) values of about
0.84 obtained at 1200 K for the three-doped compounds.

KEYWORDS: First-principle, GGA, Doped-semiconductor, Seebeck coefficient, figure of merit

The half-Heusler (HH) semiconductors have attracted substantial interest of researchers, they are considered as
alternative and green energy sources because they have the capacity to transform waste heat into electric energy. A
significant change in their thermoelectric properties can be observed by the incorporation of a dopant at various
concentration rates. Many researches on the thermoelectric properties of HH compounds show moderately high ZT
of =1.0 in the mid to high temperature ranges (700-1000 K) [1] which makes them as potential candidates for high
efficiency power generation. Recently, several experimental [2-4] and theoretical [5-7] studies have been focused on the
doped HH alloys, these last can be utilized in a broad temperature region and a good part of their raw materials are non-
toxic, abundant and cheap [8-11]. The single doping remains one of the effective process, which adjust the electrical
power factor and reduce the thermal conductivity [12]. C.C. Hsu et al., [13] have studied the ZrFe,Co;.«Sb HH and they
show that for x=0.2, the maximum ZT value of 0.036 was obtained at 900K, they attribute this to reduction of thermal
conductivity because the point defects, mass alterations and strain field effects induced by doping vigorously scatter the
thermal phonons. Y.Lei et al. [14] have explored the impact of Sb doping on thermoelectric properties of TiNiSn HH,
they noted that the ZT value is moderately improved from 0.30 for undoped alloy to 0.44 for a dopant concentration
of 3%. R. Akram et al [15] find that the incorporation of 1.5% of Sb in Hfy»5Zro7sNiSn HH enhanced the electrical
properties by increasing the carrier concentration and reducing the thermal conductivity. A maximal ZT value of 0.83
was achieved at 923 K, which constitute 67% of improvement compared to the undoped sample value. In another
work [16], the La,Zr;xNiSn compounds, was synthetized by induction melting combined with plasma-activated sintering,
the x-ray diffraction confirms that for all x-concentration of La, the structures remain cubic with space group F-43m.
A particular drop in thermal conductivity was found following doping by La, thus leading to ZT of 0.53 at 923 K, which
represent an enhancement of about 37% compared to the pristine sample. In the present work, we studied the electronic
and thermoelectric properties of sp elements (P, As, Sb)-doped ZrCoBi half-Heusler alloy. A brief commentary on the
band structure and densities of states are given. A particular emphasis was placed on the thermoelectric properties
investigated by the semi-classical Boltzmann theory.

COMPUTATIONAL METHOD

The computations are performed by the full potential linearized augmented plane wave (FP-LAPW) method [17-18]
based on DFT [19] as implemented in Wien2K package [20]. The generalized gradient approximation (GGA) [21] is
employed for the exchange-correlation potential. The muffin-tin sphere radii RMT were chosen as equal to 1.85, 2.1 and
2.5a.u for the Zr, Co and (Bi / P, As, Sb) atoms respectively. For convergence, the energy cut off = -6.0 Ry,
Gmax =12, Imax =10 and RMT*K.x = 7 are used. The 22x22x22 k-point mesh is used for electronic properties
calculation. The self-consistency is achieved up to 0.0001 Ry. The space group of cubic ZrCoBi is 216 (F-43m).
According to reference [22], the compound is stable in paramagnetic phase and the atomic coordinates are (0, 0, 0), (0.25,
0.25, 0.25) and (0.5, 0.5, 0.5) for Zr, Co and Bi respectively. With the aim of creating 25 % concentration of doping in
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ZrCoBi lattice, the supercell 1x1x1 containing twelve atoms is constructed. The dopant elements (Phosphor, Arsenic and
Antimony) was substituted at the Bismuth site. The space group number of this generated super cell is 215 (P-43m) which
contains 4 Zr atoms, 4 Co atoms and 4 Bi atoms. For the four Bi atom, the one who is situated at the (0, 0, 0) position
was replaced with (P/As/Sb) atom without disturbing the other eleven atoms (4 Zr, 4 Co and 3 Bi) in the supercell. The
semi-classical Boltzmann approach [23] as given in the BoltzTraP code associated to a fine grid mesh of (46x46%x46)
were employed to investigate the thermoelectric response of compounds doped and undoped.

RESULTS AND DISCUSSION
Structural and electronic properties
The crystal structure of the perfect ZrCoBi HH and the doped ZrCoBio.75Zo25 (Z = P, As, Sb) are plotted by the
CrystalMaker 2.7 software [24]. The undoped structure of ZrCoBi (Fig.1a) is formed by three interpenetrating fcc
sublattices, which are occupied by Zr, Co and Bi elements. Its lattice constant obtained from optimization is in good
agreement with the value of 6.22 A, achieved by G. Surucu [22] using the GGA-PBE.

a) b)

Figure 1. a) - Crystal structure of half-Heusler semiconductor ZrCoBi, b) - 12 atom simple cubic model
of ZrCoBio.75Z0.25 (Z = P, As, Sb) structure.

The crystal structures of ZrCoBig 757025 (Z = P, As, Sb) are cubic with the space group of P-43m; the structure can
be regarded as four interpenetrating fcc sublattices (Fig. 1b). The calculated structural properties such as lattice constants
a, bulk modulus B, first derivatives B' and equilibrium energies Emin are recapitulated in Table 1.

Table 1.
Calculated lattice constant ao(A"), bulk modulus B(GPa), derivative of the bulk modulus, B'(GPa),
minimum total energy per unit cell Emin (Ry) and Gap energy (eV)
Compounds Space group A (A) B (GPa) B’ Emin (Ry) Gap (eV)
Undoped - ZrCoBi 216 F-43m 6.23 120.31 4.94 -53148.552763 0.990
ZrCoBig75Po2s 6.12 131.34 5.23 -170115.352819 1.018
ZrCoBio.75A80.25 215 P-43m 6.14 128.07 5.10 -173953.361417 1.008
Z1rCoBig.75Sbo.s 6.19 124.95 4.95 -182398.455731 0.996

The lattice constants for ZrCoBig 75Po 25, ZrCoBig75As0.25, ZrCoBig 75Sbg 25, show increase from P to Sb dopant. The
three doping elements are electronegative and their atomic radii in increasing order is P, As and Sb. Fig. 2(a—d) show the
calculated electronic band structure with high symmetric Brillouin zone W-L-I'-X-W-K for undoped ZrCoBi and
ZrCoBig 752025 (Z = P, As, Sb) Half-Heusler using the GGA approach. For the pristine case, the Fermi level lies inside
the forbidden gap and the valance band maxima (VBM) and conduction band minima (CBM) occur at the L and X points,
thus generating an indirect band gap of about 0.99 eV, which confirms the semiconducting nature of compound. The
introduction of sp elements (P, As, Sb) ions into ZrCoBi shifts the bottom point of the conduction band towards a higher
energy than the undoped ZrCoBi, thus increasing the band gap. The values to 0.996 eV, 1.008 eV and 1.018 eV are
obtained for ZrCoBig 75Sby 25, ZrCoBig 75As0.25 and ZrCoBiy.75Pg 25 respectively. The VBM and the CBM are located at the
L and T points, which indicates the change in momentum of the electrons during their transitions from VBM to CBM.
Consequently, all the ZrCoBio.75Z0.25 (Z = P, As, Sb) compounds are indirect band gap semiconductors. In order to study
the positioning of the orbital’s in the electronic band structure as well as the electrons involving in the shaping of the band
gap, the total anacd partial density of states (TDOS/PDOSs) of pure and sp element (P, As, and Sb) doped ZrCoBi are
investigated between -4 and 4 eV Fig. 3(a-d). The dashed line displays the Fermi energy level (EF). We can see that the
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top of the VB is mainly determined by the hybridization of d-Zr, d-Co, P-Bi and p-P states, whereas the bottom of the CB
is formed primarily by the d-states of Co and Zr. From [- 4 to - 2eV], the anion d-Zr, d-Co, P-Bi and p-P states depict the
lowest bands, these states are separated the main valence state (d-Co) by a small gap. The (PDOS) in this energy range is
more pronounced for P-doped ZrCoBi than for As-doped ZrCoBi or Sb-doped ZrCoBi. The density of states near the
Fermi level for the ZrCoBiy75Z025 (Z = P, As, Sb) HH, can be attributed to d-d orbitals hybridization between transition
metals (Zr/Co). The p-orbitals of the Z atom contribute only slightly to the electronic properties. The offset of the valence
bands toward the low energies is more larger for ZrCoBio.75Zo.25s (Z = P, As, Sb) than that for undoped-ZrCoBi, while the
conduction bands remain almost in the same energy range (Fig. 3a). We observe that with increasing in atomic number
of dopant element a shift of the main peak (d-Co) towards higher energies occurs [P (-1.22 eV)/As (-1.08 eV)/
Sb (-1.04 eV)].
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Figure 3. a) - Total density of states (TDOS), b-d) - Partial densities of states (PDOS)

Thermoelectric properties

The appropriate choice of the doping as well as its concentration remain among the principal factors which maximize
the ZT of semiconductors and which make them suitable for the thermoelectric applications. The transport properties will
be computed with BoltzTraP code under a constant relaxation time approximation of the charge carriers. The main
thermoelectric parameters, such as Seebeck coefficient (S), electrical conductivity (o/1), thermal conductivity (/1) and
figure of merit (ZT) will be investigated as function of temperature [25-26]. The temperature reliance of S is shown in
Fig. 4c. It is observed that beyond temperature of 400 K, the Seebeck coefficient (S) decrease steadily with the increase
of temperature for the ZrCoBio 75Z0.25(Z =P, As, Sb) HH. This limitation of S at high temperature can be attributed to the
bipolar effects which occur for wide-bandgap semiconductors and which result in an increase of thermal
conductivity [27]. Among the three doped compounds, the P-doped ZrCoBi exhibit the large Seebeck coefficient of 289
puV/K between 300 to 400 K, this obtained value of S has been improved by 22% than the undoped ZrCoBi. With the
increased of the atomic mass of the doping element, a diminution of S was observed. The positive values of Seebeck
coefficient confirm that the ZrCoBig 752025 (Z = P, As, Sb) are p-type semiconductors. The obtained values of S around
room temperature are larger to those reported by several doped and undoped HH compounds such TiCoSn,Sb;., [28],
FeV,xHfiSb [29], PdZrGe [30] ScRhTe [31]. Our compounds are good thermoelectric materials (TM), because according
to J.W. Sharp [32], the best TM are highly doped semiconductors with a Seebeck coefficient located in the domain
150 — 250 uV K-!. The ability of the ZrCoBio75Z0.2s (Z = P, As, Sb) HH to transfer heat is investigated in this section by
the computation of its thermal conductivity (/). Fig. 4b shows temperature dependence of k/t of doped and undoped
ZrCoBi.
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Figure 4. Thermoelectric properties versus temperature
a) Electrical conductivity b) Thermal conductivity c) Seebeck coefficient and d) figure of merit

We can see that doping reliance of the /T showed a decreasing value comparatively to the undoped ZrCoBi, which
is advantageous for improving the ZT value. After 400 K, the «/t, which is directly allied with electrical conductivity,
augments with temperature in a very linear trend and the slope of the k/t curves increases with increasing the Z-atomic
number. The k/t which is also influenced by the evolution of charge-carrier concentration, show at 300 K a value of about
5.90.10"* W/m.K.s which is comparable with that of Pb;BisSe;3 [33], CdSe, CdTe [34]. In comparison with undoped
ZrCoBi, a reduction of nearly 23% in the k/t was obtained at 1200 K by the substitution of the Bismuth site by the
Phosphor. Around the ambient temperature, the k/t is weak then it sudden increases with the increasing in temperature
this is due to electron-phonon scattering [35]. With an increase from 5.91.10'> mKs at 100 K to 2.69.10'> mKs at 1200 K,
and with value of 6.50.10"> W/mKs at room temperature (300 K), the ZrCoBio75Sbo2s constitutes a good thermal
conductor. The effectiveness of thermoelectric devices requires a sufficiently high electrical conductivity (/1) to achieve
a high figure of merit (ZT). Fig. 4(a) shows the temperature dependence of o/t for the ZrCoBig 75Z0.25 compounds. The
o/t displays exponential growth with increasing temperature due to the increase in the number of carriers. The
ZrCoBig75Sbo 25 exhibits the highest value of o/t comparatively to ZrCoBig75Aso2s and ZrCoBig75Po2s, because the
antimony shows the greater atomic weight to that of arsenic and phosphour. The increase in atomic weight augments the
number of electronic layer and nucleus grip on the valence electrons then becomes weak. Several electrons are pushed
toward the conduction band leading to improve the o/t values [23]. At room temperature, the o/t is 0of 4.41.10'%,2.52.10'®
and 2.09.10'® (Q.m.s)"! for ZrCoBig75Sby .25, ZrCoBig 75A80.25 and ZrCoBig 75Po 25 respectively. These values increase with
the temperature and reaches the maximum of 3.91.10'°, 3.21.10" and 2.91.10"° (Q2.m.s)"" at 1200 K. The increasing trend
of o/t displayed for doped ZrCoBi and undoped ZrCoBi is in agreement with previous studies done on the semiconductors
compounds [36-37]. The calculated values of figure of merit versus temperature are presented in Fig. 4d. There is a
continuous increase in ZT with increasing temperature. The undoped ZrCoBi has the lowest ZT value at all temperatures
and by substituting bismuth atom by one of the sp elements (P, As, Sb), an increase of the ZT was observed. A maximum
ZT = 0.85 was obtained at 1200 K with a 25% P-substitution at the Bi-site. At low temperature (100 K), the deviation of
ZT between the doped and undoped structures is much more marked. The high values of the Seebeck coefficient as well
as the electrical conductivity of ZrCoBi;.xZy alloys did not translate into high values of ZT because of rather high thermal
conductivity. The difference in mass and radius between Bi and Z are responsible for the high thermal conductivity.
However, others adjustment remains necessary for more improvement let's quote the concentration of the dopant element
which should be optimized to decrease more the density of transport electrons also the use of second substituting atom
(co-doping) with larger mass can reduce the thermal conductivity [38]. Despite that, the figure of merit and Seebeck



32
EEJP.1(2021) Djelti Radouan, Besbes Anissa

coefficients values obtained and which have been widely improved by doping we can conclude that ours doped
compounds have the capacity to transform waste heat into electric energy and may be also used in various
thermoelectrically devices.

CONCLUSION

By using the first-principle density-functional theory within the supercell approach, we have studied the
ZrCoBig 752025 (Z = P, As, Sb) half-Heusler, a particular emphasis was placed on the thermoelectric properties. The
calculated band structures reveal that the doped and undoped-ZrCoBi are indirect band gap semiconductors. The
substitution of the Bi site by P, As and Sb is found effective in decreasing thermal conductivity and increasing the Seebeck
coefficient and figure of merit value. Comparatively to undoped-ZrCoBi, the ZrCoBig 75Po 25 show improvements of 22%
and 54% of its Seebeck coefficient and thermal conductivity respectively. An enhancement of ZT values of 7.8% and
6.1% have been observed at 100K and 300K between the undoped-ZrCoBi and P-doped ZrCoBi half-Heusler. In order to
further boost the performance of these alloys, future work will focus on single doping with very low dopant concentration
as well as on co-doping.
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JOCJIKEHHS EJJEKTPOHHUX TEPMOEJEKTPUYHHUX BJACTUBOCTEM ZrCoBi JETOBAHOT O (P, As, Sb)
Joicenmi Paoyan®, Becoec Anica®, Becmani Benayoa®
aJlabopamopis mexnonoziti ma enacmugocmeli meepoux pevosut, Yuisepcumem Mocmaeanemy (UMAB) — Anotcup
bJlabopamopia SEA2M, Vuisepcumem Mocmazanemy (UMAB) — Anocup

[Ipotsirom ocranHboro necstupivus HamiB-IaficmepoBi crmonyku (HH) 3aiimMaroTe BakIuBe Micle B raimy3i AOCHiIXEeHb (i3WKd
KOHJICHCOBaHOI pe40BHHH. YHCIICHHICTE 3aMillleHb NIePEeXiTHUX eIeMEHTIB Ha KpucTanorpadivaux ainsakax X, Y ta (III-V) enemenris
Ha Z-AisHKax Hajae crutaBam HamiB-Iaiicnepa (HH) Oesnivu Han3BUYaiiHHX BIACTUBOCTEH. Y IOMY JIOCIIKCHHI MU BUBYAIH
CTPYKTYpHI, €JIeKTPOHHI Ta TepMoenekTpuuHi BinactuBocti ZrCoBio75Zo2s5 (Z = P, As, Sb), BUKOpucToByr0UH Teopito (yHKIIOHATY
mingeHOCTI (DFT). Po3paxyHKH NpOBOAMINCH MNapajielbHO 3 BHKOPHCTaHHSIM METOJa IOBHOTO IIOTEHIlially JiHeapu30BaHOI
postmpenoi mwiockoi xsuii (FP-LAPW)), skuit OyB peanizoBanuii B kogi WIEN2k. TepmoesekTpuuHi BIaCTHBOCTI Oyiiy MPOrHO30BaHi
3a JI0NOMOT0I0 HaIiBKIacHYHOI Teopil TpancnopTy bosbimana, sika Oyia peanizoBaHa B koxi bonburpana. OTpumaHi pe3yabTaTtu 1uist
30HHOI CTPYKTYPH Ta MIIBHOCTEH CTaHIB MiATBEPKYIOTH HAiBIPOBITHUKOBY (SC) MpUpOIy TPHOX CIIONIYK i3 HEIPAMUM IPOMIXKOM
CHEPTreTHYHOI 30HW, SKUH CTAaHOBHUTH ONM3bKO 1 eB. OCHOBHI TepMOENEeKTpHYHI MapaMeTpd, Taki 5K KkoedimientT 3eebeka,
TEIIONPOBIHICTD, €IEKTPONPOBIAHICTE Ta HMOPIBHAIGHUN MOKA3HHUK SIKOCTI, OyJIM OIiHEHI A Temreparyp Bim Hynas no 1200K.
IMosuruBHI 3HaueHHs koedinieHTa 3eedeka (S) miaTBepILKYIOTh, Mo ZrCoBio.7sZo.2s (x = 0 ta 0,25) € SC tumy p. IIpu Temneparypi
HABKOJHUIIHBOTO cepenopuiiia ZrCoBio.75Po25 1eMOHCTpye 3HauHy BennuuHy (S), sika ckiagae 289 pV/K, 1o o3Havae mokpaiieHHs Ha
22% mopiBHsHO 3 HeneroBanuM ZrCoBi, a Takox IeMOHCTpY€ 3MEHIIEHHS TertonpoBigHocTi Ha 54% (k/t). Henerosauuit ZrCoBi mae
HaiiHmk4ye 3HaueHHs ZT mpu Oynp-sSKUX TemIeparypax, i, npu 3amillleHHi aToMa BicMyTy oxHuMM i3 sp-enemeHtiB (P, As, Sb),
OJIHOYACHE MOKpameHHs k/T Ta S mpU3BOIUTH 10 JOCATHEHHS MaKCUMabHUX 3HAUCHb MOPIBHSAIBHOTO MOoKa3HuKa sikocti (ZT) ~ 0,84,
orpumanoro npu 1200 K a1 TpboX JIeroBaHUX CIIONTYK.

KJIFOUYOBI CJIOBA: nepuiooctoBa, GGA, fieroBaHuii HamiBIpoBigHUK, KoedirieHT 3eebeka, MOpiBHUTbHUI MOKa3HUK SIKOCTI
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The paper presents the results of studies of the optical and electrical properties of MoOx/n-CdixZnxTe semiconductor heterojunctions
made by depositing MoOx films on a pre-polished surface of n-Cdi«ZnxTe plates (5 x 5 x 0.7 mm®) in a universal vacuum installation
Leybold - Heraeus L560 using reactive magnetron sputtering of a pure Mo target. Such studies are of great importance for the further
development of highly efficient devices based on heterojunctions for electronics and optoelectronics. The fabricated
MoOx/n-CdixZnxTe heterojunctions have a large potential barrier height at room temperature (po= 1.15 eV), which significantly
exceeds the analogous parameter for the MoOx/n-CdTe heterojunction (go = 0.85 eV). The temperature coefficient of the change in the
height of the potential barrier was experimentally determined to be d(pg)/dT = -8.7-107 eV K, this parameter is four times greater than
the temperature coefficient of change in the height of the potential barrier for MoOx/n-CdTe heterostructures. The greater value of the
potential barrier height of the MoOx/n-CdixZnxTe heterojunction is due to the formation of an electric dipole at the heterointerface due
to an increase in the concentration of surface states in comparison with MoOx/n-CdTe heterostructures, and this is obviously associated
with the presence of zinc atoms in the space charge region and at the metallurgical boundary section of the heteroboundary. In
MoOx/n-CdixZnsTe heterojunctions, the dominant mechanisms of current transfer are generation-recombination and tunneling-
recombination with the participation of surface states, tunneling with forward bias, and tunneling with reverse bias. It was found that
MoOx/n-CdixZnxTe heterojunctions, which have the following photoelectric parameters: open circuit voltage Voc = 0.3 V, short circuit
current Ise = 1.2 mA/cm?, and fill factor FF = 0.33 at an illumination intensity of 80 mW/cm? are promising for the manufacture of
detectors of various types of radiation. The measured and investigated impedance of the MoOx/n-Cdi.xZnxTe heterojunction at various
reverse biases, which made it possible to determine the distribution of the density of surface states and the characteristic time of their
charge-exchange, which decrease with increasing reverse bias.

KEYWORDS: heterojunction, molybdenum oxide, CdixZnxTe, impedance, surface states.

Tenypun xammiro Ta TBepai po3unmHM Ha #oro ocHoBi CdixZniTe € mNepcreKTHBHUMM MaTepiajlaMu JUls
BUTOTOBJICHHA TPWJIAiB HAIIBIIPOBITHIUKOBOI MiKpoeNneKTpoHiku [1]. Bmu3pki 10 ONTHMAanbHUX 3HAYCHD IUIS
(hOTOETEKTPUIHOTO MTEPETBOPEHHS eHepTii mupuHU 3a00poHeHNX 30H E,= 1,5 eB (CdTe) Ta E,= 1,5 —1,55 eB (CdZnTe)
i Bucokmil kKoe(imicHT mormuHanHs cBitia (o = 10° cm™! mpu eneprii GpoToHIB 4V > E,) CHPHAIOTH 3aCTOCYBAHHIO IIHX
HaITIBIPOBIAHHUKIB JJI CTBOPEHHS COHSIUHUX €JIEMEHTIB.

B cBoro "epry, okCuaM MepexiTHuX MEeTasiB, 30KpeMa OKCHJ MONIOJeHY, € OJHUM 3 HAWOLIBII MEePCIEKTUBHUM
eJeKTPOHHUM MatepiasioM. [Ipo3opi MpoBimHI IIapu MIUPOKO BHKOPUCTOBYIOTHCS JIJISi BUTOTOBJIEHHS TPHUIIAJIIB
CJICKTPOHIKH, OITOEJIEKTPOHIKM Ta COHSYHOI EHEpreTMKH. B OocTaHHI POKM IHTEHCHBHO JIOCIIJUKYIOTHCS
HariBIPOBITHUKOBI reTEpONepexo/id Ha OCHOBI OKCHIB TOHKUX ITiBOK. MoOyx npo3opwuii B 00J1acTi BUIMMOTO CIIEKTpa,
a TaKOX BIJHOCHO 10Ope mpoBoauTh cTpyM [2,3]. Bimomo, mo marepiaiu 3 BEIMKOK POOOTOI0 BHXOMY 3/aTHI
YTBOPIOBAaTH OMIYHMI KOHTAKT i3 IIMPOKO30HHMMH HaIliBIPOBITHUKAMH pP-TUIy HpoBigHOCTI. IIpoTe TOHKI IUTIBKH 3
BEJIMKOIO pOOOTOIO BUXO/1y, HAHECEH] Ha ITiAKJIA/IKN N-THITY TIPOBIHOCTI, YTBOPIOIOTH BUCOKOSIKICHI BUIIPSIMILSIIOU1 110N
HlorTki abo rereponepexoan [4,5]. Tomy miKaBO BHIOTOBUTH T€TEpPONEPEXOJH J€ HMIMPOKO30HHA IPOBIHA IUTIBKA
OKCHIy MOIiONeHy 3a0e3rnedynTh ePEeKTHBHE NOTIHHAHHSA COHSYHOTO BHITPOMIHIOBAaHHA (DOTOAKTHBHHM IIIapOM
MOTJIMHAYA B LIMPOKOMY CIIEKTPaJbHOMY Jlialia3oHi.

Po3BuTOK (hi3WKH 1 TEXHOOTIT HAITIBIIPOBITHAKOBUX T€TEPOTIEPEXO/IiB — OJIMH i3 OCHOBHHUX HANPSMKIB JOCIIKEHb
y Tady3i CydacHOTO MaTepiaJlo3HaBCTBA 1 HAIIBIPOBIAHUKOBOTO mpmiaanodyayBanHa. Ha manmit dwac pi3Hi
reTeponepexoau MUPOKO 3aCTOCOBYIOTHCS B €IEKTPOHIIl, TEIEKOMYHIKAIIIITHAX CUCTeMaX, Jla3zepax i poToBombTaimi [6].

Take 3armikaBIeHHS 1O HAMiBIPOBITHUKOBHUX TPHJIAAIB HA OCHOBI T€TEPONEPEXO/iB BUMAra€ PO3BUTKY TOYHHX
METOJIIB JUIs JOCIIJIKEHHS iX eJIEKTPUYHUX 1 (POTOCIEKTPUYHUX BiacTuBocTel [7,8]. OqHak, BHACHIAOK JESIKUX IPUYHH
JIOCJTIJPKEHHS! €JIeKTPUYHUX BJIACTUBOCTEH IeTepOIepeXxo/IiB CYyTTEBO YCKIIAHEHE TIOPIBHSIHO 3 FTOMOIIEPEX0/IaMHu.

Y GUIBIIOCTI TETEPOIIEPEX0/1iB HEMOKIIMBO YHUKHYTH PO301KHOCTI IIEPio/IiB KPUCTAIIYHNX IPaTOK, 1110 BUKJIMKAE MOSIBY
PI3HUX ITIOBEPXHEBHMX CTaHIB, B OCHOBHOMY Yy BHIJISI JAMCIIOKAlii HeBinoBinHocTi. [ToBepxHeBi ledeKkTH CTBOPIOIOTH
SHEepreTHYHI PiBHI B MeXax 3a00pOHEHOT 30HH. BOHM MOXKyTh NpalfoBaTy sIK peKoMOiHaIiliHI HeHTpH a00 MAaCTKH, SIKi YHHATH
BEJIMKHI BIUTMB HA SJICKTPUYHI BIACTHBOCTI HAITIBIIPOBITHUKOBUX MPUIIA/IIB Ha OCHOBI rereponepexois [9,10].

IMmemanc CIeKTpOCKOIiss — IIe TMOTYXKHHHA IHCTPYMEHT MJs JOCITiDKCHHS HAIIBIPOBITHUKOBUX MaTepialiB i
CTPYKTYp Ha iX ocHOBI [9]. Lleit MeTon M03BOIsIE aHANI3YBAaTH OKPEMO BIUTHB Pi3HUX KOMIIOHCHT €KBIBaJICHTHOI CXEMHU
HaIIBOPOBIAHUKOBOI  CTPYKTypu. IMIEenaHC CHEKTPOCKOIS IIHPOKO BHKOPHUCTOBYETHCS IS JOCHIJDKCHHS
© M. M. Solovan, A. I. Mostovyi, H. P. Parkhomenko, V. V. Brus, P. D. Maryanchuk, 2021
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HaTBIPOBITHUKOBUX T€TEPONEPEXO/IiB, AKi € HadaraTo CKIATHIIINME 7S aHaJi3y Y MOPIBHAHHI 3 TOMOIIEPEX0JaMH, B
OCHOBHOMY BHACJIiZIOK HassBHOCTI TIOBEPXHEBUX CTaHiB [9].

3 BHIE CKAa3aHOTO OYEBHAHO, IO CTBOPEHHS reTepocTpykTyp MoOy/n-CdiZn,Te Ta mocmimkeHHs ix (QismuHuX
BJIACTUBOCTEH Ha MOCTIHHOMY Ta 3MIHHOMY CTPYMI € aKTyaJIbHOO 3a/1aueHo.

EKCIIEPUMEHTAJIBHA YACTHUHA

JIyist BUTOTOBIICHHSI T€TEpOCTPYKTYpH BHKOpuctoByBasmu Kpuctanu CdiZnsTe, 3 Manum BMicToM Zn, ki Oynu
BUPOIIEHI METOIOM BpijukMeHa i Maiu Masie 3Ha4EHHS TMTOMOTO onopy p = 102 Om-cm.

CTpyKTypH BHI'OTOBJISIINCh HaHECEHHAM IUTIBOK MoOyx Ha MoONepeaHp0 MOJIPOBaHY IIOBEPXHIO IIACTHH
n-Cd;xZnyTe (po3mipom 5 x 5 x 0,7 mm®) B yHiBepcanbHiil BakyyMHii yeranosii Leybold - Heraeus L560 3a momomororo
PEaKTHBHOTO MarHETPOHHOTO PO3MIUICHHS MIlIeHI YucTOro Mo B aTMocdepi CyMillli aproHy i KHCHIO, IIPH MOCTIHHIN
Hanpy3i. MomiOaeHoBa MillleHb — Iie TuiacTrHA AiamerpoM 100 MM i TOBIIUHOIO 5 MM. Po3MimIyeTbcsi BOHA Ha CTOJHKY
MarHeTpoHa 3 BojAssHUM oxouno/pkeHHsM. [Tinknanka 3 CdixZnsTe po3milly€eTbesi HaJi MAPHETPOHOM Ha CTOJIMKY, SIKHA
obepraerbesi. Lle poOuThes At Toro, 100 3a0e3NeunTH HAaHECEHHs OJHOPIMHMX IUTiBOK. [lepen modaTkoMm mpoiecy
HaIMIEHHS Yy BAKYyMHIiM KaMepi MOHMKA0Th THCK 10 107 Ta.

®dopmyBaHHs Ta30Bo1 cyMimni Ar 1 Oz, B HEOOXITHUX MPOIOPIIAX BiOYBa€eThCS 3 ABOX OKPeMHUX OaJIOHIB, mepen
MPOLIECOM HalUJICHHS.

Jlist BunaneHHs: 3a0py/JHEHHs MMOBEPXHI MilIeH] 1 MiIKIaK{, BUKOPUCTOBYBAIN KOpOTKOYacHe OoMOapyBaHHs
ionamu Ar. Ilix yac mpouecy HamuiIeHHs, NapliaidbHi TUCKH y BaKyyMHill kamepi BcraHoBimtoroTbest 0,34 Tla s Ar i
0,024 Tla mast O,. IToryxHicte mMarHerpona - 120 Br. Ilpornec HanmieHHs npoxoauB npotsiroM 10 XBHIMH, NpU
temrepaTypi migknaaxu 250 °C.

Bymu marmmneni ToHki mwriBku MoOy Ha CKIISIHI Ta KepaMidHi MiIKITaIKH, U BU3HAYCHHS ONTUYHHX 1 SIIEKTPHIHUX
mapaMeTpiB TOHKHX IUTIBOK. OTpHMaHi IUTIBKM BOJIOAUIM TPOBITHICTIO n-THUITy. BuMipsiHi 3HA4YeHHS MTUTOMOL
€JIEKTPOIPOBITHOCTI 1 KOHIIEHTpaIii HOCiiB 3apsamy cranoBmwmm ¢ =10 Om'-cm™! i n=4,8 - 107cm, mpm 295 K.

MeTomzoM MarHeTpOHHOTO PO3IWICHHS MOJNiOneHy (GopMyBad (PPOHTAIBHUH €NEKTPHUYHHA KOHTAKT 3 TOHKOIO
IUTIBKOIO OKCHY MOJiOeny, npu Temneparypi miaknanku 150 °C. Tlpu ¢popMyBaHHI THIOBOTO eNEKTPHYHOTO KOHTAKTY
no migknaaku n-CdZnTe ocamkyBanu map Cu HDISXOM BiJHOBJIEHHS 3 BOAHOro po3unHy CuSOs 3 nojaiabuiuM
BIUTABJIIOBAHHSIM 1HJIIFO.

PE3YJIbTATHU TA IX OBTOBOPEHHS
EsexTpuyni Ta poTOEIEKTPUYHI BJACTUBOCTI
Sk BuHO 3 puc. 1, NpU OCBiT/IEHH] 6iMM CBITIIOM iHTEHCUBHICTIO 80 MBT/CM?, 3BOPOTHHIA CTPYM Ijigis 3pOCTAE
MTOPIBHSAHHI 3 HOTO BEIMIHHOKO Y TeMPsiBi Lyak. 3 BAX ocBitnenoro rereponepexomxy MoO,/n-Cdi«Zn,Te (puc. 1) BunHO,
0 BiH BOJIOJI€ TaKUMH (POTOCIEKTPHYHIMH MapaMeTpaMu: Hampyra xojoctoro xoay V,. = 0,3 B, ctpym KopoTkoro
3amuKaHHsA I = 1,2 MA/cM? i koedinient 3anmosrenns FF = 0,33 npu inTteHcuBHOCTI ocBiTaeHHs 80 MBT/cM?.

B TemHOBa
80 MBt/cM’

107 ¢
10°L ’
E N 1 N n 2 1 n
-2 -1 0 1 2

Puc. 1. BAX rereponepexony MoOx/n-Cdi«ZnxTe HEOCBITIEHOTO Ta MpH iHTEHCHBHOCTI ocBiTeHHs 80 MBT/cM?
Ha BcraBmi nmpuBeeHO CTPYKTYpHY cxeMy retepocTpykrypu MoOx/n-CdixZnxTe.

YerBeptuii kBagpant (V,. = V > 0) ocBimienoi BAX € Haii0Oinblnl BaKJIMBHMM, TakK SK BiH BHM3HAYa€e BCi
(boToenekTpuyHi napameTpu (puc. 2). BpaxoByrouu piBHSHHS, SKE OMHCYE CTPYM Yepe3 TeTePOCTPYKTYPY Y TEMHOBHX
YMOBaX, MH MOKEMO 3amucaTi BUpa3 Ui OcBiTIeHOI BAX Ha OCHOBI €KBIBaJCHTHOI CXEMH TeTepoIiepexoay (BCcTaBKa
puc. 2) 3 ypaxyBaHHSIM BILTUBY HOCITIOBHOTO R; i IIYHTYIOYOTO Ry, OTIOPiB:
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e(V-IR,)) V+ IR,
I=1, —1ex = |-1]- >,
ph " fo| CXP nkT R

sh

ne Iy - CTpyM HaCHYEHHSI, N - MOKa3HUK HEeieaIbHOCTI, a Ry Ta Ry, MOCHIIOBHUH 1 IIYHTYIOUMH ONOPH (BCTaBKa. puc. 2),
L, - hoTocTpyM.

dv
0,2 Lf' ar, P =80 MBT/cM’
L mug I =12mA/M
\.‘l\.‘. V. .=03B
- ey FF=0.33

0,3

V,B

Puc. 2. Yereptuii kBaapant ocBitiaeHoi BAX MoOx/n-CdixZnxTe.
Ha BcTaBIi HaBe/IeHO €KBIBAJEHTHY CXEMY OCBITIIEHOTO Te€TEPOINEPEXOy.

Ha pwuc. 3 mpezncraBieHO TEMHOBI BOJNBT-aMIIEPHI XapaKTEPUCTHKH TeTepocTpykTypu MoOy/n-Cdi«ZnsTe npu
pi3HHMX Temmeparypax, y HamiBiorapudmiunomy maciutabi. JlociipKkyBaHa CTPYKTYpa BOJIOIIE SICKPABO BHPaXKEHOIO
TiOIHOK0 XapaKTEPUCTUKOIO 3 Koe(ilicHTOM BUNpsMiueHns k = 102,

10'L - 203K
g © 305K
[ =~ 321K
10°E s 329K
< |
=107
~
107} 4/
_ e
10° LY
10-4 _ ; 0.6 300 Tsfzo 360
2 4 0 1 2
V,B

Puc. 3. Temnosi BAX rerepoctpykrypu n-MoOx/n-CdixZnxTe npu pi3HEX TeMneparypax y HamiBiaorapudmigHomy Macmra0i.
Ha BcTaBii - TeMnepaTtypHa 3aJIeKHICTh BUCOTH HOTEHIIAIBEHOTO Oap'epy.

[Mpsimi rinku BAX mociimkyBaHol CTPYKTypH, BUMIPSIHI TIPH PI3HUX TeMIIepaTypax, HaBezeHi Ha puc. 3. {1 Hux
XapaKTEepPHO 3MEHILIECHHs HAalPYTH, IIPH SIKIH CIIOCTEPIraeThCs MBUIKE 3pOCTaHHA CTPYMY 3 IiABUIICHHAM TeMIEPaTypH,
BHACJIIJIOK 3HIDKEHHS MOTCHIIAJILHOTO Oap'epy, 0OYMOBJICHOTO KOHTAKTHOK PI3HHUIICIO MOTEHIANiB Ta 30LIBIICHHS
KOHIICHTpAIIil e1eKTpoHiB. [1sIxoM excTpamosiii JiHIHHUX AUITHOK BOJbT-aMICPHUX XapaKTECPUCTHK 10 MEPETUHY 3
BICCIO HAIlpyT, BU3HAYCHI 3HAUYEHHS BHCOTH IOTEHIIAJBHOTO 0ap'epy ¢y reTeponepexoay IpH Pi3HUX TeMIlepaTypax
(BcraBka puc. 3).

Bapro BiamiTHTH, IO BM3Hau€Ha BHCOTa IOTEHLIANILHOTO Oap’epy rereponepexoay MoO./n-CdixZn,Te mpn
KiMHaTHi# Temneparypi (po= 1,15 eB) 3HauHO MEepeBuIIy€e aHaIOTIYHMI apaMeTp A rereponepexoxy MoO,/n-CdTe
(po= 0,85 eB). ExcriepuMeHTaIbHO BU3HAUYCHUI TeMIIepaTypHUH Koe]ilmieHT 3MiHM BHUCOTH MOTEHIiabHOTO Oap’epa
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cTaHoBUB d(¢g)/dT =-8.7 - 107 eB/K, onHax maHuii mapaMeTp OiNbIINI y YOTHPH Pa3H Bil TEMIEpaTypHOro Koedimicara
3MIHH BHCOTH MOTEHLIANbHOTO Oap’epa mist rerepoctpykTyp MoOy/n-CdTe. binblire 3HaueHHs! BUCOTH MOTEHI1aIbHOTO
6ap’epy rereponepexony MoOy/Cdi.«Zn,Te oOymoBieHe (OpMyBaHHSIM EIEKTPUYHOTO JAWIONS Ha TeTepPOrpaHHII,
BHACJIIJIOK 30UIbIICHHS KOHIICHTpAIlii OBEPXHEBUX CTAHIB B MOPIBHSHHI 3 rerepocTpykryporo MoOy/n-CdTe, a e
OYEBHUJIHO IMOB’S3aHO 3 HASBHICTIO aTOMIB I[MHKY B 00JIACTI MPOCTOPOBOTO 3apsiay Ta HAa METAIYPriiHIA MEXi MOILTY
rereporpanuii. HeBenmkuii BMIiCT aTOMiB IMHKY IIPAKTUYHO HE 3MIHIOE NIMPHUHY 3a00pOHEHOT 30HU TBEPJIOTO PO3UHHY
Cdi«ZnTe no BimHomenno no CdTe. TomMy MOXHA NPHUITYCTHTH, IO HAsBHICTH AaTOMIB IUHKY IPH3BOIUTH 1O
(opMyBaHHS €HEpreTMYHUX pIBHIB po3MimieHUX B okoji rereporpanuni MoO,/Cdi«Zn,Te, sxi (opmyloTs BuIne
3raJlaHiil eJIeKTPUYHUI JUIT0Jb, a 30UIBIICHHS TeMIepaTypHoro koedilieHTa 3MiHM BUCOTH MOTEHIIAILHOTO Oap'epy
00yMOBJICHE 3MEHIICHHSIM [HOTO TUTIONS TP 3POCTaHHI TEMIIEpaTypH Yepe3 BHCHAKCHHS CHEPreTHYHUX PIBHIB, SKi
Horo yTBOpIOIOTh. MDOPMYBaHHS EIEKTPUYHOTO IMIIONS HA TETEpPOTPaHUIl TaKOX CIOCTEpirajJocsi HaMH IIpH
BuroToBleHHi rerepocTpykrypu TiN/p-Cdi«ZnTe [11].

MexaHi3MH CTpyMOINepeHoCcy

Amnaniz npsmux rimok BAX crpykryp MoOy/n-Cdi.«ZnsTe, moOynoBaHux B HamiBiorapupmivHOMy MaciuTabi,
NOKa3as, 1o Ha 3ajexHocTi In/ = (V) cnocrepiraerbest Tpy MPSIMOJIHIAHI JUISTHKH, 10 CBIJUUTD PO TPU AOMIHYIOUYHX
MeXaHi3MH cTpymoriepeHocy. OTpuMaHe 3HaueHHs KoedilieHTa HeilealIbHOCTI 71 JUIsl TPhOX AUISHOK Harpyr (puc. 4):
n 3miHtoeTbest Bif 3,6 no 3,3 (3kT/e <V < 0,3 B) 3 migBuiueHHsM Ttemneparypu Big 294-350 K, craHOBUTH
n~=6(03<V<0,6B)icranosurs n> 10 (V > 0,6 B).

3HaueHHs MOKa3HUKa HeijealbHOCTI B obyacti Hampyr 3k7/e < V< 0,3 B Onu3bki 10 2 AalOTh MOKIJIHUBICTH
NPUITYCTUTH, IO OCHOBHHI MEXaHi3M CTPyMOIIEPEHOCY BU3HAYa€ThCs TeHepaliiiHO-peKoMOiHALIiHUME TIpoLiecaMu B
00J1aCTi MPOCTOPOBOTO 3apsiLy, @ caMe N 3MIHIOETHCS Bij 3,6 10 3,3 3 MiABUIIICHHAM TeMIIepaTypHu B iHTepBam 295-358 K
(BcraBka puc. 4), e CBITYHUTH NPO Te, M0 Yy BUILE 3alPONOHOBAHMI JOMIHYIOUHH MEXaHi3M CTPYMOIIEpEHOCY, KU
00yMOBJICHHI1 T'eHepaliifHO-peKOMOIHAIHHIMHU TIpoliecaMu B 00JIaCTi TPOCTOPOBOTO 3apsiy, POOJISITH BHECOK
CJIEKTPUYHO AaKTHBHI TIOBEpXHEBI CTaHM pO3MILIEHI Ha METAIYpridHii MeXi po3Ally IOCHTiKyBaHOTO
rerepornepexoxny [12,13].

0,6 0,7 08 1 0,9

_15 ((/)O—IGV)_M, e]?-uz

00 02 04 06 08 10 12 14
V,B

Puc. 4. Temnosi BAX rerepocrpykrypu n-MoOx/n-CdixZnxTe npu pi3HEX TeMnepaTrypax y HamiBiaorapudmigHomMy Macmra0i.
Ha BcraBkax - IpHBEIEHO 3aJISXKHOCTI, SIKI ONHUCYIOTh MEXaHI3MH CTPYMOIIEPEHOCY Yepe3 reTepoCTPYKTY Py IPH 3BOPOTHOMY 3MIIIICHHI.

[Tpwu 36iBIIeHH] IPSMOTO 3MIIIEHHS MOKa3HUK HeifeaabHOCTi 3pocTtae 1o 7 =~ 6 (0,3 <V < 0,6 B), 11e cBiquuTh mIpo
HasIBHICTh TYHENBHOTO CTpyMy [14], OCKUIbKM MOTEHLiaNnbHUI Oap'ep Ile JOCTATHBO BEIHMKUN sl MPSIMOTO
TYHEIIIOBaHHS HOCIIB 3apsiy, €AMHUM (i3HYHO 00IPyTHOBAaHUM MEXaHI3MOM CTPYMOIEPEHOCY Y IOCHIPKYBaHiit o0sacTi
HAIIPYT € TYHEIbHO-PEKOMOIHAIIIMHI POLIeCH 32 y4acTl HOBEPXHEBHUX CTaHIB [14], a npu 3011bLICHH] TPSMOTo 3MIIEHHS
V > 0,6 B noka3zHuK HeiZealbHOCTI 1 3pocTae i CTaHOBUTH Ouiblie 10, 11e CBIAYMTH IO HACTAIOTh YMOBHU CIPHSITINBI
JUTS IPSIMOTO TYHEJTFOBaHHS HOCITB 3apsiy Yepe3 MOTCHIIaNbHUN Oap'ep.

[TpoBeneHuii aHaniz MexaHI3MIB CTPYMOIIEPEHOCY 4epe3 JOCIHiIKyBaHy rerepocTpykrypy MoOy/n-Cdi«Zn,Te
NOKa3aB, MI0 NPU MalMX 3BOPOTHUX Hanpyrax 3k7T/e <V,»< 0,5 B 3amexHicTb cTpyMmy BiJ Halpyrud ONHUCYETHCS
CTENeHEBUM 3aKoHOM [ ~ }™, moOyayBaBmH 3anekHOCTI In(Zrev) = f{InV}ey) BU3HAUEHO 3HaueHHs m = 1(BcraBka puc.4).
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e BimmoBimae cTpymMaM BUTOKY depe3 IIYHTYIOUHH OIip, a MpH OUIBIIMX 3BOPOTHHX 3MIMIECHHSX, ANpPOKCHMALIiSA
3BOPOTHHX T'iIok BAX mpsiMumu stiHisMu B koopauHatax In(z.,)=f(po-eV)"? (BcraBka puc. 4) CBiT4UTh IIPO JOMiHYBaHHS
TYHEJIBHOTO MEXaHi3My cTpyMoriepeHocy [14].

Immenance cneKTpoCKomist
IMnenanc HamiBIpoBiAHUKOBUX reTepornepexois MoOx/n-Cd;xZnsTe po3risiHyTo NpH HASIBHOCTI MOCITIIOBHOTO Ry
1 IIYHTYIOUOro Ry, OIOpIB, Mapa3uTHOI iHAYKTUBHOCTI L 1 KOHTMHYYMY IOBEpXHEBHX cTaHiB. EKBiBaleHTHa cxema
JIOCITIPKYBAHOTO I'eTepoIIepexo Iy IpeJICTaBIeHa Ha puC. 5.

Puc. 5. EkBiBaeHTHa cxeMa HaiBIPOBIAHUKOBOTO TETEPONEPEXONy IPH HASIBHOCTI KOHTHHYYMY IIOBEpXHEBHX CTaHIB:
Rs — mocnipoBaMi omip, Reg=RsiRy/(RsitRp) — eKBiBaJICHTHHH omip, Ry — HIyHTyIOUMi omip, Ry — 6ap’epuuit omip, Cp — Gap’epHa
€MHICTB, G5 — IPOBIAHICTH KOHTHHYYMY IIOBEPXHEBUX cTaHiB, Cs — EMHICTh KOHTHHYYMY IIOBEPXHEBUX CTaHIB, L — iHAyKTUBHICTS.

Bizomo, 1110 KOMILJIEKCHA MTPOBIIHICTE KOHTHHYYMY MOBEPXHEBUX CTaHIB ONMUCYETHCSI HACTYITHUM BHpas3om [15]:

eN S .eN_S
Y, =Zln(l+w21—i)+zTarctan(a)Tm), )

1€ Ny — pO3NOJILN IYCTUHH TIOBEPXHEBMX cTaHiB [cM? €B'], 7,, — XapakTepucTHUHMIT Yac y paMKax MOJIENi KOHTHHYYMY
MIOBEPXHEBUX CTaHIB, S — IUIONIA HAIIBIPOBIIHUKOBOTO I'eTEPOIIEPEXOTY, € — 3apsi/l eIEeKTPOHA, (» — IIMKJIIYHa YacToTa
3MIHHOTO curHaiy. TakuM YMHOM, KOMITOHEHTH T1IKM KOHTHHYYMY TIOBEpXHEBHX CTaHiB: NPOBiAHICTh G Ta eMHicTb Cy
BH3HA4aIOThCs BUpazami (2) i (3), BixnoBigHO:

eN_S
G, :2—Tmln(1+a)2ri), )
C = eN.S arctan(wr,, ) . (3)
T,

m

Bapro BiamiTuTH, 1m0 Bupa3 (1) 3anucanuii 3 ypaxyBaHHIM PiBHOMIPHOTO PO3MOALTY I'YCTHHH OBEPXHEBHX CTaHIB
B okoJ1i kT/e B oo piBHst Depmi, a He B Mexkax yciel 3a00pOHEHOT 30HH, L0 MPUHHSATHO 7151 0araTh0X peajbHUX CUCTEM.

OcTatouHO MOKHA 3alMcaTd BUpaA3 IS IMIEOAHCY HAIIBIPOBIIHUKOBOTO TETEPOIEPEXOAYy TPH HASBHOCTI
MOCIIZOBHOTO Ry 1 IIYHTYIOUOTO ONOpy Ry, NMapa3uTHOI iHIYKTUBHOCTI i KOHTHHYYMY MOBEPXHEBUX CTaHiB N, Tnm
[16,17,18]:
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ne ©= ReyCs, A = In(1+w?t,?), B = arctan(wt,), Z' 1 Z" - nilicHa i ysBHA Y9acTMHA iMIIENAHCY HATIBIPOBITHAKOBHX
reTepornepexo/iiB, PO3rISIHYTHX Y PAMKaX MOJIeNli KOHTHHYYMY MOBEPXHEBUX CTaHIB.
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Puc. 6. CriextpansHuii po3noain giCHOI KOMIIOHEHTH iMnenaHcy rereponepexony MoOx/n-CdixZnxTe
IIPY PI3HMX 3BOPOTHHX 3MIICHHSX.

CrieKTpasibHAN PO3MOIiT [iiicHOT 1 ysiBHOT yacTHHU imnenancy rereponepexoay MoOy/n-Cdi«ZnyTe npu pizHuX
3BOPOTHHX 3MILICHHSIX [MOKAa3aHO Ha pHC. 6 1 7, BIAMOBIAHO. 3 PUCYHKIB BUIHO, L0 BILUIMB KOHTHHYYMY MOBEPXHEBUX
CTaHIB Ha JAIHCHY Ta YSBHY YaCTHUHY IMIIEIaHCY CIIOCTEPIraeThCs JMIIE NPU LUKIIYHIA YacTOTi 3MIHHOTO CHTHAITY
® < 1/t = 1:10° ¢!, e cBimUUTEL MPO TE, O MOBEPXHEBI CTAHM BiJHOCHO MOBIJILHI i HE BCTHIAIOTH TIEPE3APSIIKATHUCS,
TOOTO HE BCTUralOTh CIIilyBaTH 32 BUCOKOYACTOTHUM 3MIHHHM CHT'HAJIOM.

KowmriekcHa npoBiHICTh apajeIbHOT TIIKK eKBIBaJIEHTHOI CXeMH, 300pakeHol Ha puc. 5, ¥, ONuCy€eThCsl BUPa3oM
yepe3 IIHCHY 1 ysSBHY YacTHUHHM iMrienancy Z' i Z"”, a Ha OCHOBI BHpa3iB IyIsl JiMCHOI YaCTHHM NPOBIAHOCTI 3aMHCYIOTh
HacTynHe piBHsHHA [19,20]:
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Puc. 7. CnextpansHuii po3NOALT yIBHOI KOMIIOHEHTH iMIefancy rereporepexony n-MoOx/n-CdixZnxTe
IIPY Pi3HUX 3BOPOTHHX 3MIIICHHSIX.
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Puc. 8. BuzHaueHHs mapamMeTpiB OB’ SI3aHUX 3 TOBEPXHEBUMH CTAHAMH B paMKaX MOJENT KOHTUHYYMY MOBEPXHEBUX CTaHiB.

3 Bupasy (5) BugHo, mo i3 rpadika {[Z-R)/([Z-R\)*H[Z"-wL]?)-1/Ry}/w Bin @ MOXKHa BU3HAYHMTH OOHIBA
rapaMeTpH I0B’s13aHi 3 KOHTUHYYMOM ITOBEPXHEBUX CTaHIB ITpH (iKCOBAaHOMY 3MIIlIEHHI:

1.977
T, = , (6)
a)O
1 (Z'-R)) 1
®|(Z -R) +(2-wL)* Ry
Nss = * (7)
0.402eS

BukopucroByroun piBHsiHHA (6-7) Ta (puc. 8) BHM3HAU€HO pPO3MOJUI TYCTHHU IOBEPXHEBHX CTaHIB Ny Ta
XapaKTEPUCTUYHOTO YaCy Tp Y 3JIEKHOCTI BiJl MPUKIAJCHOTO 30BHIIIHBOTO 3MIIIEHHS, SIKi TPUBEAEHO Ha puc. 9.
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Puc. 9. Po3nonin rycTuH MOBEPXHEBHUX CTaHIB NssTa XapaKTePUCTHIHOTO Yacy Tm

3 puc. 9 BUmHO, O 3i 30LTBIICHHSM 3BOPOTHOTO 3MIIICHHS 3MEHIIYETHCS TYCTHHA TOBEPXHEBHUX CTaHIB Ny Ta
XapaKTEePUCTHYHHN Jac iX Mepe3apsiikh T, 10 00yMOBICHO 3MIIIEHHIM MOJI0KEHHS piBHA Depmi B Mexax 3a00pOHEHOT
30HU KaaMill nUHK Tenmypy Ha rereporpanuii MoOx/n-Cd«Zn,Te.
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BUCHOBKHA

BceranoBneno, 1m0 BHrotorieHi rerepomepexomd  MoOy/n-CdixZnsTe BOJOIIIOTH BEIUKOI BHCOTOIO
MOTEHLIAILHOTO 0ap’epy npu KiMHaTHIH Temneparypi (go= 1,15 eB), sika 3HaYHO MEpeBUIyEe aHAJIOTIYHUI MapameTp
s rereponepexony MoOyx/n-CdTe (pp= 0,85 eB). ExcriepuMeHTa IbHO BU3HAYCHUN TEMITEPATYPHHMA KOSPIIIEHT 3MiHU
BHCOTH MOTEHLIaIbHOTO 6ap’epa cTaHoBUB d(pg)/dT = -8.7-107 eB/K, omHak nanuii napamerp GibIINN y YOTHPH pasu
BiJl TeMIIepaTypHOro koedillieHTa 3MiHA BUCOTH MOTEHIIAIbHOTO Oap’epa ams rerepoctpykryp MoOy/n-CdTe. Binbiie
3HAUYeHHS BHCOTH TIOTEHUianbHOTO Oap’epy rereporepexony MoOy/n-Cdi«ZnTe oOymoBieHe QopMyBaHHIM
CJIEKTPUYHOTO [JHIOJSI HAa TeTepOorpaHuii, yepe3 301IbLICHHS KOHLEHTpAalii IMOBEpXHEBHX CTaHIB B IOPIBHSIHHI 3
rerepocTpykTypoto MoOy/n-CdTe, a 11e oueBHIHO OB’ s13aHO 3 HASBHICTIO aTOMIB IMHKY B 00JIACTI IPOCTOPOBOTO 3apsay
Ta Ha METaNypriiHiil MeXIi MOALTY TeTepOrpaHHILLi.

IMokazano, mo B rereponepexonax MoOx/n-Cdi.«ZnTe HOMIHYIOUHMH MEXaHi3MaMH CTPYMOIIEPEHOCY €
TeHepamiiHO-PeKOMOIHAIIIMHINA Ta TYHENBbHO-PEKOMOIHAIIIHAN 32 yd9acTi MOBEPXHEBUX CTaHIB Ta TYHEIBHUHA MpH
MpsSIMOMY 3MIIlIEHHI Ta TYHENIOBaHHS IPH 3BOPOTHOMY 3MimlieHHI. BcranoBieno, mio rereponepexoan MoOy/n-
Cdi«Zn,Te, siki BOJOMIIOTh TAKUMH (POTOSIEKTPUYHUMH MapaMeTpaMHu: Hampyra xojoctoro xony V.. = 0,33 B, ctpym
KOPOTKOrO 3amuKanHs . = 1,2 MA/cM? i koedimient 3anosrenns FF = 0,33 npu inTencuBHOCTI ocBiTienns 80 MBt/cm?
€ TIePCIICKTUBHUMH JIJTs1 BUTOTOBJICHHS JIETEKTOPIB Pi3HOTO TUITY BUIPOMiHIOBAHb.

Hocnimkeno imnenanc rereporepexony MoOx/n-Cdi.xZnsTe npu pi3HUX 3BOPOTHUX 3MILIEHHSX, IO JaJl0 3MOTY
BU3HAYUTH PO3MO/IiI TYCTHHH MOBEPXHEBUX CTAHIB Ta XapaKTEPUCTHUYHUH Yac iX mepe3apsKd, SKi 3MEHIIYIOThCS TPH
3pOCTaHHI 3BOPOTHOTO 3MIIICHHS.
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EJIEKTPUYHI TA ®OTOEJEKTPUYHI BJJACTUBOCTI TETEPOIIEPEXO/IB MoOy/n-Cdi1xZnxTe
M.M. Co.osan?, A.I. Mocroguii®, I'.I1. llapxomenko?, B.B. Bpyc®, I1.J[. Map’anqayx?®
“Yepuigeyvkuil Hayionanvuuil yHisepcumem imeni IOpia dedvkosuua
eyn. Koyrobuncwroeo 2, 58012 Yepnisyi, Yrpaina
bYuisepcumem imeni Hazapbaesa, 53 Kabanbaii Eamup, 010000, Hyp-Cyaman, Kazaxcman
VY po0GoTi NMpeACTaBIeHO pe3yNbTAaTH JOCIIKEHb ONTHYHUX 1 ENEKTPUYHHUX BJIACTHBOCTEH HAIIBIIPOBIIHUKOBHX I'€TEpPOIEPEXO/iB
MoOx/n-CdixZnxTe BUroToBIeHHX HaHeceHHAM IUTIBOK MoOx Ha momepenHbo mHonipoBaHy mnoBepxHiO miacTuH n-CdixZnsTe
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(posmipom 5x5x0,7 Mmm®) B yHiBepcanbHiii BakyymHiii ycranoBui Leybold - Heraeus L560 3a 10mOMOror peakTHMBHOIO
MarHeTpOHHOTO PO3MHJICHHS MilleHi YucToro Mo y cepefoBuiii aprony i kucHio. Taki JOCTIKEHHSI MalOTh BEJIUKE 3HAYCHHS VIS
MOAANBINOI PO3POOKH BUCOKOS()EKTHBHUX TPHUIIAJiB HA OCHOBI F€TEPOIIEPEXO/IiB /TSl SISKTPOHIKM 1 ONMTOCTICKTPOHIKH. Burorosmnexi
rereponepexonn MoOx/n-CdixZnsTe BOJOMIIOTE BENMKOIO BHCOTOIO IIOTEHIiaIbHOTO Oap’epy MpH KIMHATHIN TemmepaTypi
(po=1,15eB), sKka 3HAaYHO TMEpEBUINY€ AHAJIOTIYHUA mapamerp i rerepomepexoxy MoOx/n-CdTe (po= 0,85 eB).
EKkcnepuMeEHTaNbHO  BH3HA4YCHHW  TemmeparypHuil  koedillieHT 3MiHM BHCOTH  IIOTCHLIaJbHOro 0ap’eépa  CTaHOBHB
d(90)/dT =-8,7-107 eB/K, nanuit napamerp GUIbLIKA y YOTUPHU PA3H Bijl TEMIIEPATYPHOIO Koe(dillieHTa 3MiHM BUCOTH MOTEHI[IAIEHOTO
6ap’epa s rerepocTpykTyp MoOx/n-CdTe. Binblile 3Ha4ueHHs BUCOTH NOTEHIIAILHOTO Oap’epy rereponepexony MoOx/n-CdixZnxTe
o0yMoBJiieHe (OPMYBaHHSIM EJICKTPHYHOIO JMIIONS HA T'eTepOrpaHMIl, 4epe3 30iNMbIICHHS KOHIEHTpAlii MOBEPXHEBHX CTAHIB B
HOpiBHAHHI 3 rerepocTpyKTyporo MoOx/n-CdTe, a 1ie 04eBUIHO OB S3aHO 3 HAsIBHICTIO aTOMIB LIMHKY B 00JIACTi IPOCTOPOBOTO 3apsiLy
Ta Ha MeTanypriiiHiii mexi mnomizy rereporpanuii. B rerepomepexomax MoOx/n-CdixZnsTe nomiHyooUnMH MexaHi3MaMu
CTPYMOIIEPEHOCY € TeHepaliifHO-peKOMOIHALIHHHUN Ta TyHEIbHO-PeKOMOIHALIIHAHN 32 yJacTi MOBEpXHEBHUX CTaHIB Ta TYHEIBHUH MIPH
MpsMOMY 3MIIIEHHI Ta TYHENIIOBAaHHSA IIPU 3BOPOTHHOMY 3MilleHHI. BceTanoBneno, mo rerepornepexomn MoOx/n-CdixZnxTe, siki
BOJIOJIIOTh TaKMMH (DOTOETICKTPUYHMMH [apaMeTpaMH: Hampyra Xoioctoro xoay Vee = 0,.3 B, cTpyM KOPOTKOrO 3aMHKaHHS
Lic=1,2 MA/cM? i koediuient 3amoBuends FF = 0,33 npu inredcuBrOCTI ocBitienHs 80 MBr/cM? € NEPCHEKTHBHUMH ISt
BUTOTOBJICHHS A€TEKTOPIB PI3HOr0 TUITy BUIIPOMiHIOBaHb. BUMipsiHUH 1 nocimkenHul imrenanc rereponepexony MoOx/n-CdixZnxTe
PH Pi3HUX 3BOPOTHHUX 3MILICHHSX, [0 JAJI0 3MOT'Y BU3HAUHMTH PO3MO/ILT I'YCTHHH MOBEPXHEBUX CTAHIB Ta XapaKTEPUCTHYHHI Jac iX
nepe3apaaKy, SKi SMEHIIYIOThCS IPH 3POCTaHHI 3BOPOTHOTO 3MiILCHHS.

KJIFOYOBI CJIOBA: rereponepexiz, okcua monioneny, CdixZnxTe, iMenanc, moBepxHeBi cTaHH
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The ZE10 magnesium alloy with the rare-earth metal additives, which contribute to a better forming of the alloy, was used as studied
material. The ZE10 magnesium alloy with the rare-earth metal additives, which contribute to a better forming of the alloy, was used as
studied material. Sheet material is usually straightened on roller levelers to relieve residual stresses and improve flatness. The metal is
subjected to alternating deformation by bending when straightening. The changes in the structure, crystallographic texture and, as a
result, physical and mechanical properties occur in the metal are often not taken into account in the future. The elastic modulus is an
important parameter, for example, in the production of products using bending. In this work, the elastic modulus of sheets of magnesium
alloy ZE10 was estimated in three main directions. A starting sheet was obtained by extruding an ingot, then rolling in the longitudinal
direction and then rolling with a change in direction by 90° after each pass in combination with heating to 350°C. The original sheets
were subsequently subjected to alternate folding. Evaluations were made of the elastic modulus of the original sheet, as well as the
sheets after 0.5, 1.0, 3.0 and 5.0 alternating bending cycles. To estimate the elastic modulus, we used the Kearns texture parameters ,
which we calculated from the inverse pole figures, as well as the elastic constants of the single crystal of the ZE10 alloy found by us.
The maximum deviation of the calculated and experimental values of the elastic modulus did not exceed 5.2%. Strong correlations and
quadratic regression equations have been established between the values of the elastic modulus, mechanical characteristics (tensile
strength, yield stress, elongation), on the one hand, and the above-mentioned parameters of the Kerns texture, on the other hand. The
approximation reliability coefficients are 0.76 - 0.99.

KEYWORDS: magnesium alloy, alternating bending, Kearns texture parameters, elastic modulus, tensile strength, ultimate tensile
strength, relative elongation

Magnesium, as the lightest metal suitable for the manufacture of structures, is the most attractive for use in the
aviation and space industries [1]. However, the practical use of pure magnesium is difficult due to unsatisfactory forming
during plastic deformation [1]. A crystallographic texture of the central basal type mainly is formed during rolling of Mg,
in which the crystallites are oriented with their hexagonal axis perpendicular to the rolling plane [2]. As a result, for
example, during subsequent stamping or deep drawing, the material is destroyed. Therefore, in practice, structural
materials are used not pure magnesium but magnesium-based alloys. In this case, aluminum, zinc, zirconium, lithium, as
well as rare earth metals or less common metals (LCM) are used as alloying elements [3]. Such additives to magnesium
in alloys contribute to an easier plastic flow of the metal during deformation due to an increase in the role of prismatic
and pyramidal sliding and a decrease in the contribution of the basal one [4].

The alloy of magnesium with zinc, zirconium and rare earth metals ZE10 is one of the most promising for practical
application of magnesium alloys. Before use, sheet material is usually straightened on roller straightening machines [5].
With such processing sheet or roll metal subjected to the alternating bending (AB) experiences periodic tensile-
compression deformations. This helps to reduce residual stresses and favors the creation of a flat sheet [5]. Earlier it was
shown that as a result of alternating bending, the original texture and, as a consequence, the physical and mechanical
characteristics of the sheet are changed [6] that should be taken into account in the manufacture of products.

The alternating bending render most significant impact on the structural parameters and mechanical properties,
which are sensitive to small deformations during tensile tests. These are texture, yield stress and twins [6, 7]. The texture
in [6, 7] was represented using inverse pole figures (IPF) of the direction (ND) to the rolling plane (IPF ND). The linear
equations of regression with approximation reliability coefficients of at least 0.7 were established between the normalized
values of pole density exceeding one on IPF ND, on the one hand, and values of the yield strength, ultimate tensile strength
and elongation, averaged over all direction of the sheets, on the other hand [6, 7]. At the same time, it seems more correct
to compare the values of properties and texture characteristics measured in the same corresponding directions. The use of
Kearns texture parameters allows carry out this comparison [8].

The Kearns texture parameters for materials with a hexagonal structure can be calculated both from their full direct
pole figures, and from the inverse pole figures (IPF) of the corresponding directions in the sheet - normal direction (ND),
rolling direction (RD), and transversal direction (TD) [8]. Moreover, knowledge of the Kearns texture parameters and the
values of the properties of single crystals along and across the hexagonal axis allow calculating the tensor properties (for
example, elasticity) of a polycrystalline sample in three mutually perpendicular directions [8].

© V. Usov, N. Shkatulyak, E. Savchuk, N. Rybak, 2021
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This work aimed the Kearns texture parameters to find and evaluating on this base the elastic and mechanical properties
of sheets of magnesium alloy ZE10 after industrial processing and subsequent alternating bending (AB). Such approach to
evaluating of the elastic and mechanical properties of sheets of magnesium alloy ZE10 has not been used before.

MATERIALS AND METHODS

Sheets of ZE10 magnesium alloy (1.3% Zn, 0.15% Zr, 0.2% rare earth metals (REM), among REM mainly cerium)
were obtained by processing [9], which consisted of ingot extrusion at a temperature of 350°C, after which a slab 6 mm
thick and 60 mm wide was obtained. Next, the slab was rolled sequentially in the longitudinal direction to a thickness of
4.5 mm in 2 passes in combination with heating to 350 ° C after each pass. Further rolling to a thickness of 2 mm was
performed in the transverse direction in combination with heating to 350°C after each pass. The degree of deformation
for each pass was approximately 10 %. From a thickness of 2 mm, the direction of rolling was changed by 90° after each
pass with a degree of deformation of approximately 10 % in combination with heating to 350°C, and thus obtained sheets
with a thickness of 1 mm (original sheets).

The alternating bending (AB) was simulated on a manual bending device that included three rollers. The diameter
of the bending roller was 50 mm. The speed of metal movement during bending was ~ 150 mm/s. The study was performed
after 0.5; 1.0, 3.0 and 5.0 cycles. One cycle of alternating bending consisted of bending in one direction (0.25 cycles),
straightening to a flat state (0.5 cycles), bending in the other direction (0.75 cycles) and straightening (1.0 cycle).

The three series of samples for mechanical testing in every from the three direction namely rolling direction (RD),
diagonal direction (DN, i. e. at an angle of 45° to the RD), and transverse direction (TD) were cut out from original sheet
as well as from the sheets after bending for 0.5, 1, 3 and 5 cycles. Mechanical tests of abovementioned samples were
performed at room temperature on the tensile-testing machine Zwick Z250 / SNSA with a force sensor at 20 kN. The total
length of the samples was 90 mm. The length and width of the working part of the samples was 30 mm and 12.5 mm,
respectively.

For the Young's modulus measuring were cut out the samples through every 15° from the rolling direction (RD) up
to the transverse direction (TD) (by three samples in every direction) from original sheet as well as from the sheets after
AB. The length and width of the samples were respectivelyl 00 mm and 10 mm.

The Young's modulus was measured dynamically by the frequency of natural bending oscillations of flat specimens.
The error Young's modulus measuring did not exceed 1% [10].

The average value by three series of measured and tested specimens in each according direction were taken as values
of the elastic and mechanical properties.

Samples to the texture study were cut also.

Before studying the texture, the samples were chemically polished to a depth of 0.1 mm to remove the distorted
surface layer. The crystallographic texture was investigated on the two surfaces of the sheets, as well as in the rolling
direction of the samples after above number of the RB cycles by means of the inverse pole figures (IPF) of the normal
direction (ND IPF) and the rolling direction (RD IPF) on a DRON-3m diffractometer in filtered Ka-Mo X-ray. A
typesetting sample was used to record of RD IPF. The sample without texture was made of fine recrystallized sawdust of
the investigated alloy. Morris normalization was used in the construction of the IPFs [11].

EXPERIMENTAL RESULTS AND DISCUSSION

The experimental IPFs of the alloy under study are shown in Fig. 1. The texture of the initial sample of the ZE10
alloy (Fig. 1a,b) is characterized by a wide preferential scattering of normal’s to the basal plane in the TD. The maximum
deflection angle is 90°. Intermediate maxima of the deviation of the hexagonal prism from the ND are observed both
towards the TD at 40° and towards the RD by 40°, in contrast to the texture, which is usually formed in Mg, Ti, and Zr.

Changes in the character of texture scattering are observed depending on the number of AB cycles (Fig. 1c - m).
The pole density values on the IPFs change also. The observed changes in the pole density distribution at different stages
of the AB indicate the occurrence of deformation processes of sliding and twinning [6, 7].

The Kearns texture parameters are often used to quantify the texture of hexagonal materials [8]. These coefficients,
/f; (index j means the corresponding direction ND, RD or TD in the sample) show the degree of coincidence of the c-axes

of the crystalline hexagonal cells of grains with a given geometric direction in a polycrystalline material and can be found
by the IPFs according to the ratio

fi= <cos a> ZA,PJI cos’ a, (1)
; 1,/1, isthe ratio of the integral intensity of the i-th reflex on the j-th IPF to the corresponding

value of the intensity of the reflex of the sample without texture /,; A is statistical weights of the i-th reflex

(ZA P, = 1) 12]. Conditionally 4 determined by the fraction of the surface area of the stereographic triangle around
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the normal to the i-th reflex of the corresponding IPF; ¢; is the angle of deviation from the c axis of the i-th
crystallographic direction for the j-th direction in the sample.

For hexagonal single crystal, the value of some properties connecting two vector quantities or a tensor with a scalar
quantity is determined [13] as:

P((p)mf =P cos’ p+P, (l—cos2 ¢) )

Where P((p)ye ; is property in the selected direction, P, and P. are the properties of a single crystal in a direction

perpendicular and parallel to the direction [0002] , respectively, ¢ is the angle between the selected direction and [0002] .
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Figure 1. Experimental IPFs of the alloy ZE10: (a, b) are IPFs of the original sheet; (c - ) are IPFs after 0.5 of the RB cycle; (f - h) are
IPFs after 1 of the RB cycle; (i - k) are IPFs after 3 of the RB cycles; (1 - n) are IPFs after 5 of the RB cycles; (a, c, f, i, 1) are IPFs of

ND; (b, e, h, k, n) are IPFs of RD; (d, g, i, m) correspond to the stretched out sides of the sheets; (¢, e, h, 1) correspond to the compressed
sides of the sheets

Assuming that crystallites in a polycrystalline contribute to the volumetric property in proportion to their volume
fraction, Vl , the contribution to the volumetric property of crystals whose axes ¢ are oriented at an angle of inclination ¢
to the chosen direction can be written in the form:

P(g,),, = BVicos’p,+ PV, (1-cosg,). 3)
Summing over the entire volume, we get:

P(p),, =P Y Vcos'p + PV, (1-cosg). @
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Since ZV, =1, and ZI/,.cos2(/),. = f, is the Kearns texture parameter, we can write
P(p),, =fB+(1-1)P,. (5)

To find the Kearns texture parameters by formula (1), we used the IPFs in Fig. 1, the values of 4 were taken

from [12]. To calculate the angles between the crystallographic planes of a hexagonal single crystal using the known
formulas [14], it is necessary to know the ratio of the crystal lattice parameters c¢/a of the alloy under study. According to

our data, for magnesium alloy ZE10 (c/ a) =1.622 . A similar result was also obtained by the authors of [15].

Kerns showed [8] that if a material property can be described by a tensor (for example, elasticity), then it obeys
relation (5). In this case, the sum of f; in the three main directions of the sample should be equal to one and a value of

f; = 1/3 in each direction determines the isotropic case. Thus, if the Kearns texture parameters found from ND IPF ( fao )
and RD IPF (f,,) are known, then can find the Kearns parameter for the third direction in the sheet - the transverse
direction (TD) - f;,, by the ratio:

Jeo + S+ S =1 (6)

The Kearns texture parameters calculated from ND IPF ( f,) and RD IPF (f,,) in Fig. 1 as well as f;,, found
using relation (6) are given in Table. 1.

Table 1. Kearns texture parameters

Kearns texture parameters
Cycles number, n o ) o
ND ND ND fRD -fTD
0 0.340 0.340 0.340 0.176 0.484
0.5 0.322 0.324 0.323 0.203 0.474
1.0 0.322 0.318 0.320 0.208 0.472
3.0 0.326 0.306 0.316 0.217 0.467
5.0 0.323 0.315 0.319 0.153 0.528

Analysis of the distribution of pole density on the ND IPFs of opposite sides of the sheets after a different number
cycles of AB showed certain inconsistencies (Fig. 1, ¢, d; f, g; 1, j; |, m). The cause of these discrepancies is due to the
fact that when bent to one side, the metal layers on the convex side of the sheet are subjected to tensile deformation. At
the same time, the corresponding metal layers on the concave side of the sheet are deformed by compression. The
deformation processes are alternated when the sign of bending is periodical changed. Similar inconsistencies in the
distribution of the pole density on the IPFs of the outer and inner sides of the strips obtained after cutting along the axis
and subsequent straightening of the tube made of Zr-2.5% Nb alloy were found earlier in [16].

The noted inconsistencies are reflected on the values of the Kearns texture parameters, calculated from the ND IPFs
of opposite sides of the sheets after the AB ( £} ,and £}, Table 1). For further analysis of the AB effect on the properties

ND >
of investigated alloy in the ND to the sheets plane were used of the Kearns texture parameters averaged over both sides
of the sheets after the corresponding number of AB cycles.
The values of the modulus of elasticity, measured every 15° in the rolling plane of the sheets of investigated alloy,
are presented in Table 2.
Tables 3-5 show the experimental values of ZE10 alloy mechanical characteristics: ultimate tensile strength o ,

yield strength oy, and relative elongation e = Al/1.

Table 2. Experimental elastic modulus £__ after alternating bending of ZE10 alloy sheets

exp

) Elastic modulus E__, GPa
Angle with the i

RD, deg. Number of the AB cycles, n

0 0.5 1.0 3.0 5.0

0 46.3 46.0 45.8 45.0 44.8

15 44.3 44.0 43.8 43.5 43.7

30 43.5 43.1 43.0 43.1 42.8

45 43.1 43.0 42.8 42.7 42.5

60 43.3 43.2 43.0 42.5 42.5

75 43.6 43.5 43.1 43.0 42.8

90 43.9 43.8 43.0 43.3 43.3
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Table 3. Ultimate tensile strength 0, after alternating bending of ZE10 alloy sheets

Angle with the Ultimate tensile strength o,,s, MPa
RD, deg. Number of the AB cycles, n
0 0.5 1.0 3.0 5.0
0 246.0 250.0 252.0 256.0 250.0
45 231.0 219.0 219.0 221.0 229.0
90 216.0 221.0 225.0 234.0 214.0

Table 4. Yield strength o, after alternating bending of ZE10 alloy sheets

Angle with the Yield strength o, , MPa
RD, deg. Number of the AB cycles, n
0 0.5 1.0 3.0 5.0
0 174.0 174.0 102.0 89.0 173.0
45 132.0 99.0 88.0 100.0 89.0
90 91.0 88.0 89.0 91.0 96.0
Table 5. Relative elongation = Al /[ after alternating bending of ZE10 alloy sheets
Angle with the RD, Relative elongation = Al /1, %
deg. Number of the AB cycles, n
0 0.5 1.0 3.0 5.0
0 23.1 21.0 20.5 19.1 28.3
45 28.0 36.1 19.1 35.6 25.0
90 334 32.6 33.0 31.0 34.3

Let us estimate the value of the elasticity modulus of the alloy under study in three directions of the sheets: RD, TD
and ND. For this we are used the Kerns texture parameters (Table 1) and the single crystal elastic constants of the alloy
under study. Earlier in [17], we found the values of the elastic constant S',; and the combination of the elastic constants

a:Sl3—Sll +0.5S44, (7)
b=58,+8; =285, ®)

According to [17]
(S ,=2.287;a=-0.100;5=0.128)-10™" Pa". 9)

Simple transformations of relations (7) - (9) made it possible to calculate the elastic constant of S, =2.22-10"" Pa™".

A relation was obtained in [18] that makes it possible to express the elastic modulus in terms of the Miller indices,
the ratio ¢/a , and the elastic constants of a hexagonal single crystal:

e

2 2 2 2
Sll{h2+(h+2k) ] +S (al4)+(S44+2S33)[h2+(h+2k) ](“zj
3 5\ C 3

c

E(hkl) =

(10)

As a result of substitution of the corresponding quantities of S 11> S33 , h, k, I, ¢, and a into relation (10), we obtain that

E(001) = E, =— =45.147 GPa, (11)

€
S33
a

E(100) = E(110) = E, = — =43.730 GPa. (12)

11
Now let us estimate the value of the elastic modulus of the sheets of the investigated alloy in three directions of the
sheet E,,, E,,,and E,, by arelation of the type (8), using the values of the elastic modulus of the single crystal along

and across the hexagonal axis of the ZE10 alloy (11) and (12), as well as the corresponding of the Kerns texture parameters
(Table 1). The calculation results are presented in the Table 6. The experimental values of the modulus of elasticity for
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convenience of comparison are also given in the Table 6. It is seen that the maximum deviation of the calculated and
experimental values of the elastic modulus was 5.2%.
We could not experimentally measure the elastic modulus in the normal direction E,,, to the rolling plane due to

the small sheet thickness (1 mm). The value of the E,,, in the original sheet of the ZE10 alloy estimated earlier us in [16]

was 43.8 GPa. The value of the E,,, obtained in this work (Table 6) deviates from the above value by 0.9% (Table 6).

Unfortunately, it is impossible to estimate the value of the mechanical characteristics of the alloy under study using
the Kearns texture parameters, similar to the above calculations for the elastic modulus, since data on the strength and
plastic properties of the single crystal of the alloy ZE10 are missed in the literature.

Table 6. Experimental and calculated elastic modulus after alternating bending of ZE10 alloy sheets

b oveies n | E-GPa | E.GPa | ABE.,% | E.GPa | E5°.GPa | ARy, % | Eif.GPa
0 46.3 439 5.2 439 44 4 -1.1 442
0.5 46.0 44.0 43 43.8 44 .4 -1.4 44.2
1.0 45.8 44.0 39 435 44.0 -1.1 442
3.0 45.0 44.1 2.0 433 44 .4 -2.5 44.2
5.0 448 44.0 1.8 433 44.5 -2.8 442

It is known that one of the main causes for the appearance of anisotropy in the physical and mechanical properties
of polycrystalline metallic materials is the crystallographic texture formed during deformation. As mentioned above,
Kearns texture parameters are often used to quantify the texture of hexagonal materials [19].

Let us analyze the observed changes in the studied characteristics (Tables 2-5) in connection with the
crystallographic texture, represented by the Kearns texture parameters (Table 1). The analysis was showed that there are
strong correlations between the values of the modulus of elasticity, mechanical characteristics, on the one hand, and the
above-mentioned Kearns texture parameters, on the other hand. The corresponding regression equations and
approximation reliability coefficients are represented by the relations (13) - (20):

ES? =—1514.6f2 +563.9 f,, —6.0;R> =0.99 (13)
ES =-846,2f2 +841.4f, —165.1;R* = 0.90 (14)
oo =—48102.0 £2 +16566.0 £, —1239.5;R> = 0.76 (15)
oo =2047.1f2 +1932.7f,, +545.8;R* = 0.84 (16)
ol =4640.5f2 —1584.7f,, +381.0;R> =0.99 (17)
oo =17176.0 £2 —17387.0 f,, +4606.3; R> = 0.94 (18)
£5 = 143732 —664.0f,, +96.0;R> = 0.98 (19)

£ =—1916.6£2 +1952.8f,) —462.5;R* = 0.84 (20)

CONCLUSION

The crystallographic texture of the original sample of polycrystalline magnesium alloy ZE10 after ingot extrusion,
further rolling in the longitudinal direction and subsequent rolling with a direction change by 90° after each pass in
combination with heating to 350°C is characterized by a wide predominant scattering of normal’s to the basal plane in
the TD with a maximum angle deviations of 90° and intermediate maxima of the deviation of the hexagonal prism from
the ND both towards the TD by 40° and towards the RD by 40°, in contrast to the texture, which is usually formed in Mg,
Ti and Zr.

Inconsistencies in the distribution of pole density on the ND IPF after a different number cycles of alternating bending
are caused by alternating deformation by stretching and compression, respectively, on the convex and concave sides of
the sheets results to a mismatch of the Kearns texture parameters, which were calculated from the ND IPF of opposite
sides of the sheets.

Evaluations of the elastic modulus in three main directions of the original sheet of magnesium alloy ZE10, as well as
sheets after 0.5; 1.0; 3.0; and 5.0 cycles of alternating bending were carried out using the Kearns texture parameters and
the elastic constants of the alloy single crystal. The maximum deviation of the calculated and experimental values does
not exceed 5.2%.
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Strong correlations the elastic modulus and mechanical characteristics values with Kearns texture parameters
established and quadratic regression equations with approximation reliability coefficients of 0.76 - 0.99 were found.

The presented results may be useful to develop a technology for obtaining improved characteristics of the shaping and
minimal anisotropy of mechanical characteristics of magnesium alloys sheets.
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OLIHKA NPYKHUX BJJACTUBOCTEM JIUCTIB CILIABA ZE10
3A TAPAMETPAMMU TEKCTYPH KERNS
Banentun Ycos?, Hatans Hlkaryasik?, Onena CaBuyk®, Hagis Pu6ax?
“[Tis0enHOyKpaincoKull HayioHanbHul nedazociunutl yHisepcumem imeni K. JI. Yuuncokozo
eyn. Cmaponopmogpanxiscera, 26, Odeca 65020, Vrpaina
bHayionanenuii ynieepcumem «Odecvka mopcvka axademiay, éyn. diopixcona, 8, Odeca 65000, Yipaina

Marepianom mns mociimxkeHHs nocnyxkus ciiaB ZE10 marniro 3 modaBkaMil piKiCHO3eMEIbHUX METANIB, sIKi CIIPHUAIOTH Kpamioi
(bopmo3Minu crutaBy. JIucToBHit MaTepiai micis MPOKaTKH 3a3BUYail BUNPSIMILIOTh HAa POJIMKOBUX NPABUJIBHUX MAIIMHAX I 3HATTS
3aJIMIIKOBUX HANpy>KeHb 1 TOJINIIeHHs IUIOIUHHOCTI. B mporeci mpaBku MeTat migmaeTses 3Hako3MiHHOT nedopmarii Burunom. He
JBJLSTYACH Ha HE3HAa4yHy Ae(opMaliilo B Mpoleci MPaBKH, B METANl BiIOyBa€ThCS IOMITHI 3MiHH CTPYKTYpH, KpucTayorpadiqHoi
TEKCTYpPH 1, K HACIIJOK, (Pi3MKO-MEXaHIYHUX BIACTHUBOCTEH, IO YaCTO HE BPAXOBYETHCS B MOAANbIIOMY. MOIyib NPY)XHOCTI €
Ba)KJIMBHUM I1apaMeTPOM, HAIIPUKIIAJ, IPY BUPOOHHUITBI BUPOOIB 3a TONOMOTrOI0 THYTTS. Y JaHii po6oTi Hamu Oya NpoBe/ieHa OLiHKa
MOZYJIsl IPY’KHOCTI JIUCTiB MarHieBoro cruiaBy ZE10 3a TppoMa OCHOBHMMH HampsiMKamu. Buxiguuii nuct OyB OTpUMaHH HUTIIXOM
eKCTPY3il 3/IMTKa, IOJANBIIMM BaJbLIOBAHHAM B IIO3JI0BXHbOMY HAIpPAMKY Ta HACTYIIHHM BaJbLIOBAaHHSM 31 3MiHOIO HANpPAMKY
BaJbLIOBaHHA Ha 90 © Micis KOXKHOTO MPOXOAY B MOEAHAHHI 3 HarpiBaHHAM 10 350° C. BuxiaHi TUCTH B MOAANBIIOMY HiAdaBaIHCs
3HAaKO3MiHHOMY BUTHHY. Hamu Oy mpoBe/ieHi OL[IHKH MOYJIiB IPYKHOCTI BUX1THOTO JIMCTA, a TaKoX JiucTiB micist 0,5, 1,0, 3,01 5,0
IUKJIB 3HAKO3MIHHOTO BUTHHY. [IJIs1 OIIHKK MOMYJISL TIPY>KHOCTI BHKOPHCTaHI ImapaMeTpu TekcTypu KepHca, po3paxoBani Hamu 3i
3BOPOTHHX MOMIOCHUX (iryp, a TaKoXK 3HANACHI HAMU IIPYXHI MOCTIHHI MOHOKpHcTana ciuiaBy ZE10. MakcuManbHe BiIXMICHHS
PO3paxXyHKOBUX 1 €KCIEPUMEHTAIBPHHUX 3HA4YeHb MOJYJIS NPY)XKHOCTI He repeBuinyBaito 5,2 %. Hamu Oysio BCTAaHOBIEHO CHIIBbHI
KOpEJISALiifHI 3B’13KM Ta KBaApaTHI PIBHSHHS perpecii MK 3HaYEHHSMH MOJIYJIS IPY)KHOCTi, MEXaHIYHUX XapaKTEPHCTHK (Mexa
MILHOCTI, TPaHHMIISL TEKYy4OCTi, BiJHOCHE MOJOBKEHHs), 3 OJHOTO OOKY, i 3ralaHNMH BHILE Tapamerpamu Tekctypu KepHcea, 3 iHIIIOTO0
6oky. Koeodiuientu HaaiiiHocTi anpokcumaii cxianu 0,76 - 0,99.

KJIFOYOBI CJIOBA: marHieBuii criiaB, 3HaKO3MIHHHI BUTHH, TapaMeTpu TeKCTypu KepHca, MOIyb MpyKHOCTI, MeKa MIITHOCTI
MIPH PO3TATYBaHHI, MeXa INIMHHOCTI IPH PO3TATYBaHHI, BiTHOCHE TIOAOBKECHHS.
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SURFACE PURITY EFFECT ON IRREGULARITIES
OF CHANGES IN DEFORMATION TEXTURE OF Zr-2.5% Nb ALLOY
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This work is a continuation of a series of works on the study of regularities and structural mechanisms of changes in characteristics of
crystallographic texture during cold deformation of plates made of Zr2.5%Nb alloy. Effects of influence of surface cleanliness of the
plates on the textural regularities during their rolling were investigated. For this, longitudinal fragments of the tube £J15.0x1.5 mm? were
used, flattened, annealed at 580°C in a vacuum of 1.5..3.0 Pa and rolled along the axis of the original tube with various degrees
deformation up to 56%, which is likened to longitudinal rolling of plates. Techniques of maximally uniform straightening of tube
fragments were used. An analysis of the results of studies of textural changes during cross rolling of plates, straightened from rings of the
same tube and pretreated under similar conditions, is also carried out. To analyze the results, the method of inverse pole figures was used,
which, in these studies, is distinguished by the possibility of achieving satisfactory accuracy in calculating the integral characteristics of
texture. On this basis, the Kearns textural coefficient was calculated along the normal to the plates’ plane. Corrections were introduced
for texture dissimilarity along the thickness of the plates, which is caused by the unbending of the preliminary blanks. Additionally, the
analysis of texture distributions was carried out using original techniques. According to the results obtained — as a result of X-ray
measuring from the plates’ surface — oscillations of the course of changes in the texture coefficient were revealed. This is associated with
an alternating process of relaxation of residual stresses during deformation. It has been established that this effect is initiated from the
near-surface regions, is associated with a near-surface impurity, and in some cases can penetrate to a considerable depth of the plates.
The twinning nature of such regularities is confirmed and active systems of twins are noted.

KEYWORDS: zirconium alloys, rolling, X-ray diffraction, texture, stresses, twinning.

This work is a supplement to the cycle of X-ray studies of regularities of changes in the crystallographic texture
during cold deformation of zirconium and its alloys [1-3]. A feature of such works is the implementation of X-ray
studies of rolling textures from their moderate level and the use of the method of inverse pole figures (IPFs) with an
increased accuracy of determining the quantitative texture characteristics.

In the course of the research, a task was formed to study an effect of stress relaxation in Zr-2.5%Nb alloy,
expressed in the instability of the process of texture changes after deformation, as well as to analyze conditions for
manifestation of this effect. Preliminary studies have established that this effect is initiated on the surface of deformed
plates [4]. Comparison of the results of works [2-4] gives reason to assume that this is due to surface impurities. Such a
circumstance can occur under usual conditions of materials machining.

In view of this, this work is aimed at continuing the study of stress relaxation effects associated with the state of
surface of hcp metals of the titanium subgroup. It is focused on the X-ray study of structural mechanisms of deformation,
directly related to stress relaxation, and also on conditions of its manifestation. The results obtained can contribute to study
of laws of plastic deformation of hep metals used in nuclear, aircraft, aecrospace engineering and medicine.

The main subject of the research is the Kearns texture parameter (TP) [1,2,5]. Many characteristics of zirconium
alloys and other metals with hcp lattice are associated with it. According to changes in this parameter with the degree of
deformation by rolling of alloys and using other methods, the analysis of textural dynamics — redistribution of the
crystallographic axes "c¢" of the material and characteristic features of such changes — is provided.

EXPERIMENTAL

For the research, the material of &J15.0x1.5 mm? tube of Zr-2.5%Nb alloy was used. The measurements of texture
characteristics were performed on the DRON4-07 X-ray diffractometer in CuKa radiation with the Bragg-Brentano
scheme.

According to preliminary studies, the texture of the tube turned out to be similar to the usual rolling texture of
plates which rolling direction coincides with the tube axis [2]. A distinctive feature was its fan-like shape — the
moderate character of its distribution along cross section of the tube.

Sample blanks were cut from the tube in the form of longitudinal fragments. Further, they were straightened to flat
shape. To straighten them as uniformly as possible, they were deformed using tubes of different diameters.

After that, the obtained plates were annealed at 580 °C for 24 hours in a vacuum of 1.5...3.0-1073 Pa. Further, the
plates were deformed by cold rolling within 6 ... 55% along their length. The degree of deformation from sample to
©D. G. Malykhin, K. V. Kovtun, T. S. Yurkova, V. M. Grytsyna, G. P. Kovtun, I. G. Tantsura, V. D. Virych, Y. V. Gorbenko,

V. M. Voyevodin, 2021
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sample was achieved in one act. Up to 40% of the total deformation, this was carried out with a step of 6...10%.
Technological breaks were made between the acts of rolling from ten to forty minutes for size measurements. As a
result, a series of 6 samples was obtained. In view of the texture feature of the original tube, the deformation of the
plates was considered as longitudinal rolling.

The investigated surfaces of the plates were etched by 10...15 um in a reagent with a volumetric combination of
water, nitric and hydrofluoric acid in a ratio of 9:5:1.5.

We also present and analyze the results of studies of plates straightened from rings of the same tube, with similar
preparation conditions, including the degree of rolling with other details, and subsequent etching [4]. In view of the
texture feature of the original tube, deformation for this series of samples was considered as cross rolling.

Texture of the plates was investigated by the method of inverse pole figures (IPFs) [6]. The essence of the method
is to analyze quantitative proportions in (4kil) crystallographic orientations of hcp lattice of the material along selected
direction of sample. In this case, this is the direction of the normal to its surface. An analogue of this distribution is the
density of poles (Puui), which was determined from the intensities of the recorded X-ray reflections (%kil) with certain
normalization: it should give the value of unity for all (kkil) in case of a textureless material.

The texture parameter (TP) is calculated using the obtained set {P;} [7]:

fj=<cos2 ai>j=Zl_:Ainj cos’ @, » (1)

where o; is the angle between the base normal of reflecting grains — this is "c" axis of hcp cell — and the measurement
direction (j), normal to the plate plane (NN); 4; is statistical weight of i-th reflection — solid-angular size of the
neighborhood related to i-th crystallographic orientation of grains [7].

In order to take into account the texture differences between the sides of the plates — the outer and inner surfaces
of the original tube — the measurements were made from both sides. In this regard, the appropriate designations were
adopted: "front" and "back" side of the plates.

As a result of repeated measurements of cross-rolled plates, satisfactory texture homogeneity was noted on the
surfaces of the tube and the plates (this is reflected in the subsequent graphs). In this case, in determining the TP
(0 <f<1), the random error as a whole was +0.003. Systematic error may have an increased value due to texture
inhomogeneity along the plate thickness.

RESULTS AND DISCUSSION
Figure la,c shows the TP values on the both sides of the alloy plates for each degree of longitudinal and cross
deformation. Significant differences are observed in the data measured from different sides of the plates.
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Figure 1. TP changes with degree of deformation by longitudinal (a, b) and cross rolling (c, d; [4]) of Zr-2.5%Nb alloy plates
(a, ¢) and near-surface layers on their both sides (b, d).
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According to the experience of work [2,4], the deformation degrees were corrected taking in account its
inhomogeneity along the thickness of the plates. The correction was calculated based on the values of the thickness and
diameter of the original tube — and was introduced as a deformation of the medium on the surface of the original plates
similarly to rolling. As a result, more regular graphs of TP changes with deformation of the plates medium were
obtained (Fig. 1b,d). For graph 1b, the optimal regularity was achieved by additionally introducing a correction
of £0,015 to the TP values (“-” for the front side). The numbers in Figure 1d refer to the following discussion.

As a result, as in the case of cross rolling of plates with specific preparation conditions (see Experimental) [4],
during longitudinal rolling of such a material, oscillations in the TP changes are also observed (Fig. 1b). And at the same
time, the inaccuracy of introducing corrections to deformation also did not exceed +0.5%. However, in view of the fact
that the both cross rolling and effect of unbending deformation of the original rings act in a single geometric direction,
the additivity of introduction of the correction with achievement of optimal regularity of the corresponding graph in this
case is quite obvious. As for longitudinal rolling, we will discuss it below.

Visual analysis of Figures 1b,d shows a qualitative coincidence of the features of the graphs in the neighborhood of
€=10.1 (10% deformation on the surfaces). Following the conclusions of work [4], this feature can be directly attributed
to the relaxation of viscoelastic stresses which remained after annealing of straightened blanks and affected texture of
the material. Further in Fig. 1b, there is an oscillation of TP with a period of Ae = 0.4 (40%), while for cross rolling
(Fig. 1d) this period is approximately 0.2. We will also discuss these details below.
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Figure 2. Changes in graphs of TP dependence on degree of longitudinal (a) and cross rolling (b [4]) after etching of the plates to a
depth of =30 pm (solid lines)

As mentioned at the beginning and noted in [4], TP oscillations during cross rolling of plates are associated with
relaxation of residual stresses, and it is initiated on the surfaces of the plates. Comparing the conditions of sample
preparation in the present studies and in [2,3], we can conclude that the surface relaxation of residual stresses, expressed
in the effect of oscillations, is associated in this case with interstitial impurities on the surface of deformed samples. In
this case, the nature of the data obtained during longitudinal rolling, first of all, gives grounds to clarify two points: how
significant is the relaxation of stresses in changes in TP in the free state of the plates (for example, during half an hour);
what are the limits of propagation of the TP oscillation effect into the depth of the plates.

As for the first point, the idea of stress relaxation in the periods

o8 ® bi ‘ ‘ \ between the acts of cross rolling of the plates was induced by a

07 —— _ ' ' |e face| “reverse” in the changes in TP on their front surface, which

ﬁﬁ o ‘ ‘ © bf“?k manifested itself almost in every act (Fig. 1d) [4]. However, during

06 1 Y longitudinal rolling (Fig. 1b), this character is not felt so clearly, and

u“— ‘ T ‘ ‘ with increased deformations, the experimental points fit into a

054+— —— —— \ _ sinusoid with a doubled period, which does not give grounds to
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Cs This study is supplemented with results obtained for

Figure 3. Relation of TP values with content of
fraction could be twinned by cross rolling of plates

longitudinally rolled plates with similar preparation conditions,
etched up to 65 um (Fig. 2a, solid lines). Dashed lines in Figure 2
mark the initial graphs (Fig. 1b, d).

According to Figure 2a, in longitudinally rolled plates, the effect of irregularity of the TP graph, associated with
textural effect of stress relaxation, penetrates to a considerable depth on both sides of the plates.

Following the approaches provided in [2,3], the analysis of the relationship between changes in TP and the
distributions of orientations of the crystallographic axes "c¢" under conditions of stress relaxation in deformed plates of
the alloy was carried out. The data obtained is shown here for cross rolling.

In particular, the participation in such changes of the fraction of grains could be twinned during deformation is
analyzed. Figure 3 shows a comparison of TP (Fig. 1¢,d) with the relative portion (Cy) of such a fraction.
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The graph on Fig. 3 repeats the character inherent in deformed alloy plates prepared under normal conditions [2],
i.e., practically, in absence of both residual stresses and the effect of their relaxation.

Thus, in relation to the effect of TP oscillations, the conclusion is repeated that twinning is significantly dominant in
this process. In this case, all the points lying on the drawn straight line (Fig. 3) refer to the intervals of TP increase (Fig. 1d)
and indicate the exclusive activity of the {1012}[1011] system of tensile twins with participation possibly of
{1121}[1126] system [8]. Their combination rotates the "c" axes by an angle ~ 90°, which gives the derivative for the
straight line equal to -1.

The points located above the straight line (Fig. 3) refer to the TP return intervals (Fig. 1b,d). They are probably
associated with compression twins, which do the counter-rotation of "c¢" axes at an angle ~ 60° [8] (derivative > -1). To
confirm this, Figure 4 shows the graphs of the pole density distribution on the base of (40 4 [) reflections. It is given for
14...39% of cross rolling in a logarithmic scale and represented by cos?a (Fig. 4a). Figure 4b shows similar distributions
for usual conditions of sample preparation — without the TP oscillations [3]. The both figures refer to the face of the
plates. The graphs in each figure are located with arbitrary intervals along the ordinate axis.
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B A B A

e 399 49%
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3 —_ 3
,:? 30W : 36%//—0\4
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Figure 4. Density distribution of poles Proj,y for deformed alloy plates in conditions of stress relaxation effects (a) and without it (b [3]).

A characteristic basis of the graphs in Figure 4b, as also was noted in [1,3], is their linear course. The conditional
maxima at points 4 and B were associated with twinning effects. The rising of the graphs in the neighborhood of point 4
(cos?a =~ 1; a = 0) was associated with the result of action of tensile twins on the base of the {1012}[1011] system. Point B
was associated with reverse rotations of the "c" axes at an angle Aa = 60° (cos?a = 0.25) created by compression twins.

The qualitative difference in Figure 4a is manifested in the oscillations of the character of the graphs from one to
next, which uniquely accords with the TP oscillations in Fig. 1d; (marked with the corresponding numbering "1"-"4").

In view of the foregoing, the TP oscillations, like any its changes in the deformation process [3], are associated
with twinning effects. In this case, this is a mutually counter-directional alternating action of both classes of twins:
compression twins — it can be particularly seen from the local rise of graphs (2) and (4) in the neighborhood of point B —
and tensile twins, what is expressed in the rise of graphs (1) and (3) in the neighborhood of 4 (Fig. 4a).

It can reasonably be argued that independent action of each of the two classes of the twins begins with reaching a
certain threshold level in the distribution of initiating stresses (lattice distortions) between these classes, and ends with a
reverse redistribution, giving rise to another class. In this case, just as in [3], the turns of "¢" axes mainly occur along
the fan of their orientations, which is inherent in the texture of the original tube. This was established as a result of the
analysis of the rocking curves of the deformed plates. This justifies the principle of introducing deformation corrections
when obtaining graph 1b: when straightening the blanks and subsequent deforming of the plates, the crystallographic
rotations of the grains are carried out in a single plane. This is the cross-sectional plane of the original tube. However, in
view of the existing differences in the rates of TP changes during deformation by longitudinal and cross rolling (with a
multiplicity of 1:2 [2]), it remains unclear why such a correction for longitudinal rolling is equal to 0.1, not 0.2. In this
regard, it remains to formally state that under conditions of accumulation of viscoelastic stresses during straightening of
the blanks, longitudinal rolling initially sets its own regularity to TP changes.

Taking into account the conditions and features of the accumulation of residual stresses and the manifestation of
the effect of their relaxation, it can be concluded that surface purity plays a role in this.

Obviously, it makes no sense to assume that only the main acting twins, and, consequently, other twins, play an
immediate role in the stress accumulation. It remains to attribute the stress accumulation effects to the influence of
surface impurities directly on gliding processes. This is mainly the effect of oxygen, the concentration of which on the
surface of the initial plates exceeded 0.2 wt% in this experiment and was limited to 0.14 wt% in [2, 3].

Although under normal conditions of deformation, twinning and prismatic gliding in hcp metals of the titanium
subgroup act simultaneously and in a balanced manner, there is reason in these studies to consider twinning as more
active. This can explain the feature of the initial changes in TP in Figure 2b (solid line; cross rolling [4]), the rate of
which, according to [3], should be considered, as well as in Fig. 1d [3], overestimated by about two times. Obviously,
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despite the significant elimination of the surface layer in the alloy plates, the influence of the surface contamination
effect on the deformation texture extends beyond the near-surface layer. This is especially confirmed by Fig. 2a.

SUMMARY

Surface effects of stress relaxation in the plates made from a Zr-2.5%Nb alloy tube &15.0x1.5 mm? have been studied
using the X-ray method of inverse pole figures (IPFs). Effects of oscillations of texture characteristics at cold deformation of
plates by longitudinal and cross rolling have been investigated. The following results have been obtained.

The oscillations of the Kearns’ texture parameter with degree of deformation of alloy plates are associated with a
mutually counter-directional alternating action of tensile and compression twin classes.

The sequence of the action of twins is associated with the threshold effects of stress accumulation in the material,
which is due to the near-surface impurity and its influence on the microstructural gliding processes.

When the plates are deformed in the presence of impurities, the activity of twinning systems is increased, which
has a significant effect on the characteristics of texture changes.

Influence of surface impurities on the process of texture changes can extend to a significant depth of the material.

ORCID IDs
Dmitry G. Malykhin, https://orcid.org/0000-0003-0259-0211; ““Kostiantyn V. Kovtun, https://orcid.org/0000-0002-0524-5053
Tetiana S. Yurkova, https://orcid.org/0000-0003-1264-640X; ““Viktor M. Grytsyna, https://orcid.org/0000-0003-4341-007X
Gennadiy P. Kovtun, https://orcid.org/0000-0003-4242-7697; “'Victor M. Voyevodin, https://orcid.org/0000-0003-2290-5313

REFERENCES

[1] G.P. Kovtun, K.V. Kovtun, D.G. Malykhin, T.S. Yurkova, and T.Yu. Rudycheva, East Eur. J. Phys. 4(3), 44-50 (2017),
https://doi.org/10.26565/2312-4334-2017-3-05.

[2] V.M. Grytsyna, D.G. Malykhin, T.S. Yurkova, K.V. Kovtun, T.P. Chernyayeva, G.P. Kovtun, V.V. Kornyeyeva,
0.0. Slabospitskaya, I.G. Tantsura, and V.N. Voyevodin, East Eur. J. Phys. 2, 39-45 (2019), https://doi.org/10.26565/2312-
4334-2019-2-06.

[31 V. Grytsyna, D. Malykhin, T. Yurkova, K. Kovtun, T. Chernyayeva, G. Kovtun, I. Tantsura, V. Voyevodin, East Eur. J. Phys.
3, 38-45 (2019), https://doi.org/10.26565/2312-4334-2019-3-05.

[4] V.M. Grytsyna, D.G. Malykhin, T.S. Yurkova, K.V. Kovtun, T.P. Chernyayeva, G.P. Kovtun, and V.N. Voyevodin, Problems of
Atomic Science and Technology, 5(117) 69-74 (2018), https://vant.kipt.kharkov.ua/ARTICLE/VANT 2018 5/article 2018 5 69.pdf.

[5] J. Kearns, Thermal expansion and preferred orientation in Zircaloy, USAEC WAPD-TM-472, (Westinghouse Electric
Corporation, Pittsburg, Pa. USA, 1965).

[6] G.B. Harris, Quantitative measurement of preferred orientation in rolled uranium bars, Phil. Mag. 43(336), 113-123 (1952),
https://doi.org/10.1080/14786440108520972.

[71 P.R.Morris, J. Appl. Phys. 30(4), 595 (1959), https://doi.org/10.1063/1.1702413.

[8] E. Tenckhoff, J. ASTM Int. 2(4), 1-26 (2005), https://doi.org/10.1520/JAT12945.

E®EKT YUCTOTH MMOBEPXHI Y HEPET'VJISIPHOCTSX 3MIH TEKCTYPH JE®OPMAIII CIITIABY Zr-2.5%Nb
J.I'. Mamnxin?, K.B. Kostyn, T.C. IOpkoBa?, B.M. I'pununa®,
I.IL. Kopryn®®, LT. Tanmopa?, B.JI. Bipuy?, 10.B. T'op6enko®, B.M. Boeponin®P
“HHI] «Xapxiecvruil gizuxo-mexuiunuil incmumymy HAHY, Ykpaina, 61108, 2. Xapxie, yr. Axademiuna 1
bXaprieckuii nayionanonuti ynieepcumem im. B.H. Kapasina, Yxpaina, 61022, m. Xapxis, maiioan Ceoboou, 4
AT «HTL] «bepuniviy HAHY, Vkpaina, 61108, m. Xapxie, eyn. Axademiuna 1

Hana po6oTa € MpPONOBKEHHSAM IMKIY pOOIT 3 AOCHiIKEHb 3aKOHOMIPHOCTEH 1 CTPYKTYPHHX MEXaHi3MiB 3MiH XapaKTEpHUCTHUK
KpHcTanorpadigHoi TEeKCTypH NpH XOIOAHIH Aedopmanii miacTuH 3i ciuaBy Zr2,5%Nb. Jlocmimxysanucst e(eKTH BIUIUBY YHCTOTH
MIOBEPXHi IUTACTUH HAa 3aKOHOMIPHOCTI TEKCTypHHX 3MIH y Ipoleci iX HpokaTku. [yl bOro BUKOPHUCTAHO ITO30BXKHI ()parMeHTH
Tpy6u 15.0x1.5 mm?, siki BunpsiMieHi 70 wiockoi Gopmu, Bimnaneni npu 580°C y Bakyymi 1,5 ... 3,0 ITa i mpokarani y3m0Bx OCi
BUXiTHOI TpyOM 3 pmedopmami€ro pi3HHX CTyHeHiB 10 56%, IO BBaXKaJoCs AHAIOTIYHMM IIO3JIOBXKHI IPOKATHi IUIACTHH.
BukopucTaHo mpuifoMH MaKCHMaJbHO PIBHOMIPHOTO BHIpSIMICHHS (parMeHTiB TpyOu. [IpoBemeHo Takok aHami3 pe3yibTaTiB
JOCIIIJKEHb TEKCTYPHHX 3MiH IIPH MONEPEYHii MPOKATIi IUIACTHH, BUIIPSIMIICHHX 3 KiJIELb TaKoi X TpyOH i monepeqHp0 00poOIeHIX
B moAibHux ymoBax. [lyisi aHamizy pe3ysbTaTiB BUKOPHUCTAHO METOJ 3BOPOTHHX ITOJIOCHHX (iryp, IIO BiAPI3HAETbCS B JAHHX
JOCIIKEHHSIX MOXKJIMBICTIO JOCSTHEHHSI 33JOBUIBHOT TOYHOCTI pO3paxyHKy iHTErpajbHUX XapaKTEPUCTHK TeKcTypH. Ha miit ocHOBI
IPOBEJCHO PO3PaxyHOK TEKCTYypHOro napameTpy KepHca y310Bx HOpMalli [0 IUIOMIMHY TUIACTHH. BBEAEHO MONPAaBKH HAa TEKCTYPHY
HEOJHOPIIHICTh B3JOBX TOBIIMHH IUIACTHH, IO TOB'S3aHO 3 PO3THHAHHIM IIOTNEPEIHIX 3aroTiBOK. /l0ZaTKOBO MPOBENCHO aHAi3
TEKCTYPHUX PO3IMOIUIIB 13 3aCTOCYBAaHHAM OPUTIHAIBHUX MPUHOMIB. 3TiIHO 3 OTPHMAaHUMHU Pe3yJIbTaTaMH — B PE3yJbTaTi 3HOMOK 3
MIOBEPXHi IUIACTHH — BUSBIICHO OCHWIIALIT X0y 3MIiH TeKCTypHOro mapamerpa. Ocumisii 3B'I13yI0TbCs 31 3HAKO3MIHHUM IIPOIIECOM
pernakcamnii 3aJHIIKOBUX HAIPYKeHb B Ipoleci aedopmarnii. Bcranosieno, mo meit eexT iHiiIoeThes 3 MPUIIOBEPXHEBUX 00IacTei,
TIOB'SI3aHUI 3 NPUIOBEPXHEBOIO JIOMIIIKOIO 1 B JESIKUX BHUIIAJKaX MOXKE NPOHHMKATH Ha 3HAYHy IIMOMHY IutacTuH. [lixTBepInkeHO
JBIHHUKOBY NPUPOJY TAKMX 3aKOHOMIPHOCTEH 1 BiZ[3HaUE€HO aKTHBHI CHCTEMH JIBIHHHKIB.

KJIFOUYOBI CJIOBA: 1ipKoHi€Bi cruiaBy, MpoKaTka, peHTreHorpadis, TeKCTypa, HanpysKeHHsl, IBIHUKY BaHHSL.
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ZONE RECRYSTALLIZATION OF ZIRCONIUM AND HAFNIUM
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The work studied the possibility of obtaining of the high-purity samples of zirconium and hafnium by the method of zone
recrystallization of round rods with electron-beam heating in a vacuum of 1-10* Pa. Some meltings were carried out in a constant
electric field with the variability of its connection. It is shown that the simultanecous passage of several refining processes
(evaporation of highly volatile metallic impurities, zone recrystallization with directional displacement of impurities to the end of the
sample, electrotransport) made it possible to efficient refining of zirconium both from metallic impurities and from interstitial
impurities. The best degree of purification was achieved when zone melting carrying out in an electric field directed opposite to the
zone movement. In this case, the displacement of interstitial impurity ions coincided with the direction of movement of the liquid
zone. Samples of zirconium with a purity of 99.89 wt. % were obtained (the concentration of aluminum was reduced by 5, iron - 11,
copper - 45, chromium - 75, silicon - 10, titanium - 2.5, oxygen - 3.3, nitrogen - 3, carbon - 2 times). The hafhium samples refined by
the zone recrystallization method were characterized by a purity of 99.85 wt. %. The concentrations of both all metal impurities and
interstitial impurities were significantly reduced (concentration in wt% oxygen was 0.011, carbon - 0.0018, nitrogen - 5-107).
A study of gas evolution from samples of iodide hafnium and refined hafnium was carried out. It was found that the maximum gas
release peak fell on the temperature range of 500 ... 550 °C. The use of an integrated approach, including high-temperature heating,
stages of zone melting at different rates, and thermal cycling in the range of the polymorphic transformation temperature, made it
possible to obtain single-crystal hathium samples. According to X-ray diffraction data, the parameters of the hafnium crystal lattice
were determined: a=(0.31950+5-10°) nm and c¢=(0.50542 +5-10°) nm (at 298 K), which corresponds to the density
p = 13.263 g/cm® and axial ratio c/a = 1.5819.

KEYWORDS: zirconium, hafnium, zone recrystallization, electrotransport, thermal cycling, impurity composition, microhardness

In the next 30 years, the thermal neutron reactors will continue to occupy a dominant position among nuclear
power units. The basic material for the active zones of such reactors are zirconium-based alloys, which have an
optimal combination of nuclear, corrosion, mechanical, thermal and other physicochemical characteristics. An
improvement of zirconium materials will increase the efficiency of existing power units, increase the depth of fuel
burnup, extend the design life, ensure operational reliability and safety [1, 2]. The industrial production of zirconium
(Zr) has led to an increase in the production of hafnium (Hf). A great deal of experience has been accumulated in the
chemical separation of zirconium and hafnium, the technology of manufacturing materials with the required physical
and mechanical characteristics has been improved, statistics have been accumulated on the duration of operation and
the evolution of the properties of products operating in the cores of nuclear reactors.

Zirconium and hafnium belong to the elements of IVB group of Mendeleev's periodic table. The chemical
properties of these metals are very similar, but the main applications in reactor construction are not the same due to the
different neutron-physical characteristics. Hafnium is characterized by a high thermal neutron absorption cross section
(105 + 5 b), which is three orders of magnitude higher than that of zirconium. Under radiation exposure, the hafnium
absorption cross section decreases very slowly. This is due to the isotopic composition of hafnium and the peculiarities
of isotope transmutation in the neutron flux. Therefore, it finds application in the manufacture of controls for control
and protection systems of reactors. Hafnium has good mechanical and corrosive properties over a wide temperature
range [3].

The interstitial and metallic impurities (O, C, Si, P, Mg, K, Ca, Cl, F, Ni, H, etc.) have a negative effect on the
structure and properties of zirconium and hafnium even in small amounts. This can lead to a change in mechanical
and corrosion characteristics, as well as to changes in deformation and heat treatment modes. Therefore,
experimenters are always interested in obtaining high-purity metal samples. The study of the characteristics of such
samples makes it possible to more correctly assess the physical and mechanical properties associated with an own
nature of metals.

The crystallization processes from melts are one of the main methods for refining metals and obtaining single
crystals. They are used at the final stage of cleaning to remove small concentrations of impurities. Since zirconium and
hafnium are characterized by high melting points and chemical activity, special physical purification methods are
required. The conducting of zone melting in a vacuum allows cleaning both as a result of the zone separation of
impurities and as a result of the evaporation process of impurities having a high saturated vapor pressure at the melting
point of the base material.

The article discusses the possibilities of effective refining of zirconium and hafnium by the zone recrystallization
method, including the use of electrotransport, the results of studies of the obtained samples are presented.

© 0. E. Kozhevnikov, M. M. Pylypenko, M. F. Kozhevnikova, 2021
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MATERIALS AND METHODS

In the presented work, the process of refining zirconium and hafnium was carried out by the zone recrystallization
method, including in an electric field, on a crucibleless electron-beam zone melting facility in a vacuum. A description
of the process and experimental setup was presented in detail in an article [4].

The starting materials for the experiments were zirconium with a purity of 99.7 wt. % and hafnium with a purity of
99.58 wt. %, obtained by the method of industrial iodide refining. The results of the content of impurities were obtained
by laser mass spectrometry using an EMAL-2 analyzer. The limiting sensitivity of the analysis method for metal
impurities was ~ 107...10° at. %.

The use of the LECO TC-600 gas analyzer made it possible to determine the content of nitrogen and oxygen in the
samples with an accuracy of 5-10® at.%. The device was calibrated with certified LECO samples.

The visual inspection of thin sections was carried out using an MMP-4 microscope. The microhardness was
measured on a PMT-3 microhardness meter at loads of 0.05 and 0.1 kgf. The value of the microhardness numbers was
recorded by ten measurements, the error did not exceed 5%.

ZONE RECRYSTALLIZATION METHOD
The principle of zone refining is based on the practical use of the phenomenon of different solubility of impurities
in the liquid and solid phases of the base material [S]. An important characteristic in the process description is the
impurity distribution coefficient is k, which is the ratio of the impurity concentration in the solid phase Cs to the
concentration in the melt C;:

k=Cg/C, . Q)

It is distinguishing between the concepts of equilibrium distribution coefficient k) and effective distribution
coefficient k.. When solving most problems, the equilibrium coefficient &y is determined from the “base-impurity” state
diagrams or by the ratio of the maximum solubility of an impurity to its concentration at the point of invariant
transformation [6,7]. However, with such estimation methods, ky values can be calculated only in the case of a
significant concentration of impurities in the base material.

When calculating the equilibrium distribution coefficient ky in the case of low impurity concentrations it is
convenient to use the theoretical methods of calculations based on the thermodynamic constants of the equation of ideal
solutions. According to this concept it be can use a special case of the Schroeder — Le Chatelier equation for refractory
metals [8]:

C :
- [L_LJZQ. o

where 4H; is the molar heat of fusion of the i-th impurity (J/mol), R is the universal gas constant (R = 8.314 J/mol-K),
T, is the melting temperature of the basic substance (77 = 2125 K; Ty =2 500 K), T is the estimated value of the
melting temperature of the base-impurity alloy, which is selected from the state diagram "base metal - impurity".

For phase diagrams characterized by a continuous series of solid solutions, peritectic-type diagrams throughout the
concentration range, as well as for impurities whose diagrams with the base metal are unknown, 7¢; is chosen equal to
the melting temperature of the impurity element. In the case of phase diagrams with a number of eutectic and peritectic
transformations value 7Tg; is selected in order to meet the minimum transformation temperature of eutectic or peritectic
type.

When conducting zone melting process, moving crystallization front pushes dissolved impurity faster than it can
evenly distribute in the melt. Before crystallization front occurs, enriched impurity region called the diffusion layer. The
diffusion layer thickness J is dependent on the impurity diffusion capacity, the melt viscosity, the nature of the fluid
motion, and the crystallization speed and it can be changed depending on the conditions of the melt mixing. The more
intensive the stirring, the thinner the diffusion layer adjacent to the crystallized metal. The layer thickness & can vary
from 107 cm with vigorous stirring to 10-! cm with weak stirring.

Therefore, the main characteristic of the zone separation is the effective distribution coefficient k.;, which for
the i-th impurity can be calculated using the Barton-Prim-Slichter relation:

. ! 3)

€ 12
1+[1—1J-e d
k,,

where v is the zone speed, 9 is the diffusion layer thickness, and d is the impurity diffusion coefficient in the melt [5].
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The value of the impurity diffusion coefficient d for most cases is in the range from 10 to 10 cm?/s. The width
of the diffusion layer ¢ in the case of moderate mixing of the melt in the liquid zone is assumed to be 0.01 cm.
Therefore, d/d =~ 200 s/cm. The ratio vd/d is called the reduced crystallization rate (it is a dimensionless quantity).

When zone melting of refractory metals is carrying out in vacuum, in addition to cleaning the material as a result
of zone redistribution, refining also occurs due to the evaporation of impurities having a high saturated vapor pressure at
the melting point of the base material. Thus, at the melting temperature of zirconium (72 = 2125 K) or hafnium
(Tyr= 2500 K), one should expect a decrease in the concentration of a number of metallic impurities (Al, Ca, Cu, Fe,
Mn, Ni, Si, Ti, etc.). The reduced evaporation coefficient g; for the i-th impurity (it is a dimensionless quantity) can be
expressed by the formula:

2a,y,p;Vl

= 4
g iz 4
17.16-vr |20
7,

where o; is the Langmuir coefficient; p’ is the saturated vapor pressure at a melting temperature, torr; v; is the activity
coefficient; A4; is the atomic weight in the condensed phase; #; is the number of atoms in a vapor molecule; V' = Ay/p; -
atomic (molar) volume of the main component; r is the radius of the molten zone, / is the length of the zone, and v is the
velocity of the zone [9].

After several passes of zone melting with a low speed of zone movement (1 or 2 mm/min), in the middle part of
the refined sample a region of quasi-stationary concentration is established. The concentration of the i-th impurity after
the n-th number of passes C,; in the quasi-stationary region is related to the initial concentration of C,; by the ratio,
which is valid only when considering the case of low concentrations of impurities:

n

N JC = —o | . )
Y s

The passing of a direct electric current through the metal sample leads to the displacement of both matrix ions and
impurity ions to the anode or cathode. The current passing through the phase boundary changes the value of the effective
distribution coefficient ke due to the addition of the electric transport component to the diffusion flux. In the case of zone

melting in an electric field equation (3) for the effective impurity distribution coefficient k.;’ takes the form:

%
1+—
k(: = = vs(, v’ (6)
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k 1%

0;
where D; is the diffusion coefficient of the impurity ion; v'is the speed of movement of the impurity ion.

RESULTS AND DISCUSSION

To obtain high-purity samples of zirconium or hafnium the method of vertical crucibleless zone melting (ZM) of
round rods in a vacuum of 1-10** Pa with electron-beam heating was chosen. The advantages of this technique include:
the ability to grow single crystals of refractory metals and alloys with a melting point above 2000 K, no crucible,
creation of a narrow heating area by focusing the electron beam, high specific power concentration [10].

The process of cleaning of metals was carried out in several stages. After the initial billet was heated (for the
purpose of degassing) and carrying out the ZM at different speeds (from 16 to 1 mm/min), the samples were obtained in
the form of cylindrical rods with a length of 100 to 300 mm and a diameter of up to 10 mm (Fig. 1).
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Figure 1. The samples of zirconium before (a) and after (b) zone recrystallization

Calculations of the equilibrium coefficient ko; and effective distribution coefficient ke allowed us to conclude that
when carrying out the zone melting, due to the different solubility of impurities in the liquid and solid phases of
zirconium, it is possible to carry out refining from the majority of metallic impurities (Al, Be, Fe, Ca, Si, Mn, Cu, etc.).
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Small amounts of these impurities lower the melting point of zirconium, and for them ky; < 1 [11]. For effective refining
of zirconium from metal impurities with k.; < 1, two or three passes of the zone melting with a low speed v =2 mm/min
are sufficient (Table 1).

The estimates of the values of the reduced evaporation coefficient g; and the assumed concentration of impurities
C,; in the quasi-stationary region were carried out for the stages of zone melting at different rates according to formulas
(5) and (6). The performed calculation of C,; for a speed of 2 mm/min showed that those impurities for which g;> 1.2
will be effectively removed during the evaporation process (Al, Be, Ca, Si, Cu, Mn, Pb, Cr).

Also Table 1 shows the calculations of the equilibrium distribution coefficient kg, taken from the article [12].

Table 1. The calculated values of equilibrium coefficient ko; and effective distribution coefficient ki, reduced evaporation coefficient
gi, assumed concentration Cy for the i-th impurity in Zr, and results of chemical analysis of zirconium samples after zone melting

Element Co, koi ko.1im [12] ki &i . i}gszgtsezvti‘glo an(ajl{l;sriii(;ier
wt. % ! o “ at v=2 mm/min V=2 mm/min M
Zr 99.7 1 1 1 2.2:10° - 99.87
Al 2.2-10* 0.46 <0.42 0.62 7.21 14-10°6 7-10°°
Be <1-10° 0.60 <1 0.74 5.35 1.5-107 <1-10°
Hf 0.075 1.23 >1 1.1 8-10°® 0.075 0/052
Fe 8.5-1073 0.54 0.27 0.70 0.21 0.005 7,5-10*
Ca 2-107 0.62 - 0.76 118.4 810710 1,3-10°3
Si 2.3-10* 0.43 <1 0.59 7.07 1.4-10°¢ 7-10°7
Mn 45107 0.68 <1 0.80 144.4 1.4-10° <5-10°¢
Cu 9.5-10* 0.54 0.101 0.70 1.34 1-10 <1-10°
Mo <6-10° 0.77 0.392 0.87 8.7-10°% 6107 <6-107
Ni 4-1073 0.49 <1 0.65 11.46 1.1-10° 21073
Nb <5-10° 0.92 0.634 0.95 5.5-10° 5-107 <5-10°
Pb <1-10* 0.50 <1 0.66 74.37 7.7-10° <1-10*
Ti 5-10% 0.83 <1 0.90 0.001 5-10* 5-10%
Cr 3.5:10°3 0.68 <1 0.80 5 6.5-10° 5-10°

In order to obtain large metal grains, the experiments were carried out using slow heating and cooling of the ingot
(stage of thermal cycling) in the range of polymorphic transformation temperature, which for zirconium is 1138 K.
Thermal cycling was carried out for 4...6 hours. Metallographic studies showed the presence of large metal grains with
sizes from 5 to 10 mm. The use of a complex purification procedure, including preliminary heating, stages of vacuum
zone melting and thermal cycling, made it possible to obtain samples of zirconium with a purity of 99.87 wt. %.

The concentration of impurities was significantly reduced (for example, the concentration of Hf decreased by 1.5,
O —by 2.7, C — by 1.6 times, metal impurities — by 1.5...700 times) (Table 1).

The study of the possibility of zirconium refining by the method of vacuum electron-beam melting was also
carried out in an electric field (ZMEF method), included both in the direction of the zone melting and against the
course of the zone. The process of directional bias of interstitial impurities during electrotransport takes place
actively both in the B-phase and in the molten metal zone. When the field was connected against the course of the
melting, the ions of interstitial impurities, characterized by a negative value of effective charge of the impurity ion
Z*, were displaced to the positive pole (anode) (according to the results of work [13]). Moreover, in this case, the
movement of ions coincided with the direction of movement of the liquid zone. This significantly increased the
efficiency of refining by the ZMEF method. In work [14], the parameters of the ZMEF process were calculated for
interstitial impurities: the values of the impurity ion mobility U, the diffusion coefficient D, the movement velocity
of the impurity ion v/, the effective impurity distribution coefficient k.". In carrying out the calculations, the values of
the melting parameters were used: the electric field strength E = 0.013 V/cm, the melting speed
v =10.066 cm/s (Table 2).

Table 2. The results of calculating the parameters of the ZMEF process for interstitial impurities in zirconium

Impurity Z'13] U’z 10%, D. 120_6’ V'), 10, ke _-k’e_. _,k'e_,
cm*/(V-s) cm?/s cm/s at ZM ENtv E1lv

o -1 1.8 3.3 2.34 1.15 1.01 0.99

C -0.2 0.9 8.25 1.17 0.95 0.96 0.95

N -0.7 1.2 3.14 1.56 1.03 1.01 0.99
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The refining of zirconium from gas-forming impurities took place at various stages of the experiments. Thus,
hydrogen was evaporated in the form of gaseous molecules (H», H,O) during preliminary heating and melting at a high
speed. The carbon was volatilized as CO and CO, molecules. The refining process also took place due to the
displacement of metal carbides into the end of the ingot. Nitrogen was evaporated in the form of N, gas molecules
during high-temperature heating and zone melting. A decrease in the oxygen content occurred at the stages of heating
and ZM as a result of the formation of gaseous molecules (CO, CO», H,O). Oxygen removal could also occur due to the
displacement of refractory oxides (for example, ZrO,, HfO,) during recrystallization to the end of the sample. In the
purest samples of zirconium, the concentration of oxygen was reduced by 3.3, nitrogen — 3, carbon — 2 times. The
results of the analysis of the elemental composition showed an insignificant content of a number of metallic impurities
in the refined ingots, which were removed during the simultaneous passage of the processes of evaporation, zone
recrystallization and melting with electric transfport. Thus, the concentration of aluminum was reduced by 5, iron — 11,
nickel — 2, copper — 45, chromium — 75, silicon — 10, titanium — 2.5 times. There was a slight decrease in the
concentration of hafnium (from 0.075 to 0.05 wt %). The content of molybdenum and niobium after heats did not
change and remained at the level of 2-10* and 1-10* wt.% respectively. The purity of the refined samples was
characterized by a value of 99.89 wt. % by zirconium content.

When carrying out a cycle of works on zone recrystallization of hafnium, the coefficients ky; ke g, Cyi, k' Were
calculated using formulas (2-5) (Table 3). A detailed description of the calculations was given in the articles [15, 16].
Also Table 3 shows the calculations of the equilibrium distribution coefficient &y, taken from the the article [12].

Table 3. The calculated values of equilibrium coefficient ko; and effective distribution coefficient & «;, reduced evaporation coefficient
gi, assumed concentration Cy; for the i-th impurity in Hf, and results of chemical analysis of hafnium samples after zone melting

Cy g C,; after two | Chemical
Element oi; koi koiim [12] kei at v=2 passes with | analysis after

wt. % mm/min | v=2 mm/min M
Hf 99.58 1 1 1 0.001 - 99.75...99.8
Zr 0.23 0.85 0.73 0.91 0.0099 0.225 0.21
Al 0.003 0.42 0.71 0.58 402.8 6.3-107 <1-10°
W 0.0002 0.81 0.49 0.89 2.8:107 0.0002 0.00013
Fe 0.007 0.68 0.12 0.80 11.45 3-10°° 4-10*
Ca 0.01 0.58 - 0.72 1502 2.3:10° <7-10°¢
Si 0.004 0.26 0.42 0.40 89.72 7.9-10°8 <4-10°
Mg 0.003 0.47 - 0.63 3.85-10* 810713 <5-10°¢
Mn 0.0003 0.64 0.29 0.78 3.84-10° 1.2:101 <1107
Cu 0.002 0.53 - 0.68 95.44 1-107 1-107
Mo 0.07 0.80 0.71 0.88 7.7-107 0.069 0.02
Ni 0.01 0.53 0.05 0.68 11.17 3.3-107 1-104
Nb 0.006 0.91 0.70 0.95 8.8-10+ 6:1073 0.004
Ti 0.003 0.76 0.66 0.86 1.37 4.4-10* 2-10*
Cr 0.003 0.66 0.74 0.79 79.13 2.9-107 <2:10°

It was found that for the refining of hafnium, the zone melting method will be most efficiently applied when several
stages of experiments are carried out sequentially, namely: 1) high-temperature heating, 2) zone melting at a big speed (16
or 8 mm/min) to remove highly volatile metallic impurities, 3) melting at a low speed (2 or 1 mm/min) for the display of
the effect of impurity displacement of together with the movement of the liquid zone, 4) thermal cycling in the temperature
range of polymorphic transformation. All operations must be carried out in a vacuum of at least 1-10* Pa.

Zone recrystallization made it possible to obtain hafnium samples with a purity of 99.88 wt. %. The oxygen and
carbon concentrations were lowered 1.5 times (from 0.03 to 0.02 wt. % in oxygen, from 0.04 to 0.022 wt. % in carbon),
zirconium - from 0.23 to 0.065 wt. %.

The use of the MX 7304A mass spectrometer made it possible to study the outgassing from hafnium iodide and
refined hafnium samples (the weight of the samples was 0.93 g). The experiments had shown that the maximum peak of
gas release was in the temperature range of 500...550 °C. In this temperature range, the total gas pressure during heating
of the refined sample was observed to be 10 times lower than during heat treatment of hafnium iodide (Fig. 2).

The change in the partial pressure of gases released from the hafnium iodide sample is shown in the diagram
(Fig. 3, a). In the experiment, the amount of evolved gas in relation to the chamber volume was 0.0063 %. When the
sample was heated to a temperature of 300 °C, there was a slight increase in pressure, which is explained by the
degassing of the original sample; gas evolution with a mass number of 18 (water vapor) prevailed. When heated from
300 °C to 550 °C, the pressure increased due to the activation of the process of gas evolution with mass numbers 18
(H20), 28 (carbon monoxide CO and nitrogen N), 44 (carbon dioxide CO,). When heated above 700 °C, the total gas
pressure stabilized at the level of 1.2:10° mm Hg.
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Figure 2. Gas evolution from samples of initial hathium iodide (1) and refined hafhium (2)

The gas evolution from a sample of refined hafnium under heating is insignificant (total pressure P = 3-10° mm Hg).
The distribution of the partial pressure of gases is shown in Fig. 3, b. When heated to a temperature of 350 °C...400 °C,
some activation of the process of gas evolution with a mass number of 18 (H,O) was observed.

The study of gas evolution made it possible to optimize the temperature regime of the stage of preliminary heating
of the hafnium sample. It is recommended to carry out heating in the range from 400 °C to 600 °C.
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Figure 3. Partial pressure of gases released from samples of hafnium iodide (a) and refined hafnium (b), with mass numbers:
1) 18 (H20), 2) 28 (N2, CO), 3) 44 (CO2)

Vickers microhardness measurements of the samples showed that if for the initial hafnium iodide
H, =2700...2850 MPa, then for the sample after zone melting with a high speed H, = 2050...2200 MPa, for the sample
after two passes at a speed of 2 mm/min the value decreased to H,, = 1200...1400 MPa.

The refining of hafnium by the ZMEF method was carried out with a variability of connection (in the direction and
against the movement of zone melting). Samples were cut from the purest part of the refined ingot 100 mm long for
testing. The results of chemical analysis of refined hafnium samples indicate an insignificant content of Al, Ca, Cu, Si,
Ti, which were removed during the joint passage of the processes of zone recrystallization and evaporation. The
concentration of iron was significantly reduced at the stages of zone melting (Table 4) [16].

Table 4. Results of chemical analysis of hatnium samples

Concentration of a chemical element, wt. %
Hf Zr o N C Al Fe Ca Cu Mo Si Ti
Hafnium iodide | 99.58 | 0.23 | 0.03 [0.003 | 0.04 | 0.003 | 0.007 | 0.01 |0.002 | 0.07 | 0.004 | 0.003
Hf after ZM 99.75| 0.21 | 0.02 |4-10* [0.022 | 1-10° | 410*|7-10° | 1-10° | 0.02 | 4107 | 2-10*
Hf ZMEF Et1¥ | 99.81| 0.17 [0.013 |8:10% |0.0021 |<2:10°| 5-10° |<3-10 |<3-10° | 0.01 |<I-10%(<5-10°
Hf ZMEF Et|¥ | 99.85| 0.12 [0.011 |5-10° |0.0018 |<2:10°| 2-:10* |<3-10 |<3-10 | 0.008 | <1-10%(<5-10"

Materials

In this work, the special attention was paid to the study of the distribution of interstitial impurities in hafnium after
various stages of melting. Refining is especially effective when melting in an electric field coinciding with the direction
of zone movement. The simultaneous passage of refining processes (evaporation of highly volatile impurities in
vacuum, zone recrystallization, electrotransport) significantly increased the efficiency of hafnium purification from all
types of impurities. High-purity hafnium samples with a low content of interstitial impurities were obtained. The
oxygen concentration was 0.011, carbon - 0.0018, nitrogen - 5-10 wt %.
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In Fig. 4 (a, b) it is can see a zone with a low concentration of oxygen and carbon (within 20...60 mm along the
length of the ingot), closer to the end sections is slightly higher concentration. The redistribution of oxygen along the
length of the ingot indicates the effect of an electrotransport. A significant decrease in the concentrations of carbon and
nitrogen after ZMEF occurred as a result of evaporation and displacement during recrystallization (Table 4).
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Figure 4. Dependence of the microhardness of hafnium on the impurity concentration after the ZMEF
for: a) oxygen, b) carbon. The directions of the zone melting and the electric field coincided

The value of microhardness directly depends on the concentration of interstitial impurities (the minimum of
microhardness falls on the minimum concentrations), and this dependence is most characteristic in relation to oxygen,
the content of which is much higher than that of carbon and nitrogen. So, the minimum value of microhardness
H, = 1460 MPa was observed at an oxygen concentration of 0.008 wt. %.

In order to obtain large grains of hafnium, experiments were carried out using slow heating and cooling of the
ingot in the range of the polymorphic transformation temperature of 2033 K (thermal cycling stage). The experiment
was carried out for 4...6 hours. Metallographic studies showed the presence of large grains up to 25 mm long, elongated
along the ingot. By the method of electrical discharge cutting an ingot of hafthium was divided into cylindrical columns
with a length of 10...12 mm and a diameter of 8...10 mm. The ends of the samples were ground and etched to reveal the
microstructure. The optical method using an MMP-4 microscope was used to visually study thin sections and
photograph the grain structure.

The orientation of the single crystals with the separation of hcp lattice directions [0001] , [1 OTO] was carried out on
diffractometer DRON-1.0. The orientation accuracy was within + 1.5, the crystal mosaic was + 4"...5". Single-crystal
samples had an arbitrary shape with a thickness of ~3 mm along the selected crystallographic directions. The
parameters of the crystal lattice of hafnium were determined from x-ray diffraction data: @ = (0.31950 = 5-10-°) nm and

¢=1(0.50542 +5-10°) nm (at 298 K), which corresponds to a density p=13.263 g/cm® and an axial
ratio ¢/a = 1.5819 [17].

CONCLUSIONS

The work investigates the possibilities of effective refining of zirconium and hafnium by the zone recrystallization
method, including the experiments in an electric field. It is shown that zone melting with the variability of connecting
the direction of the electric field makes it possible to obtain refined samples with a reduced content of metal and gas-
forming impurities. The best degree of purification was achieved when zone melting took place in an electric field
directed opposite to the movement of the zone. As a result of the experiments, zirconium samples with a purity of
99.89 wt. % and hafnium with a purity of 99.85 wt. % were obtained. The use of an integrated approach to refining
made it possible to obtain and study single-crystal samples of hafnium.
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30HHA MEPEKPUCTAJIIBAIISA IUPKOHIIO TA TA®HIIO
0.€. KoxxeBniko, M.M. IInimmnenko, M.®. KokeBHikoBa
Hayionanenuii naykosuii yenmp «Xapxiscokuil @izuxo-mexuiunuil incmumymy, HAHY
8yn. Axaoemiuna, 1, 61108, Xapxis, Yxpaina

B po6oTi BUBYEHO MOJIMBOCTI OTPHMAaHHS BHCOKOUYHCTHX 3pa3KiB IUPKOHIIO Ta TagHil0 METOIOM 30HHOI IepeKpHcTai3amil
KPYIJIMX CTPUKHIB 3 €JIEKTPOHHO-IIPOMEHEBMM HarpiBoM y Bakyymi 1-10* ITa. Yactuna ruiaBok Oyjio IPOBENEHO B MOCTIHHOMY
SJIEKTPUYHOMY IIOJNI 3 BapiaTHBHICTIO Horo minkitoueHHs. [loka3zaHo, IO OJHOYACHE IPOXO/KEHHS IEKIIBKOX padiHyHOUHX
mpoteciB (BUIIAPOBYBAHHSI JIETKOBUAATIEMUX METAJICBUX JOMIIIOK, 30HHA MEPEKPUCTANI3ALlis 31 CIIPSIMOBAHUM 3MIIIEHHIM JIOMiLIOK
B KiHIIEBY YaCTHUHY 3pa3Ka, eJIEKTPOIEPEHOC) T03BOIMIN MPOBECTH e)eKTUBHE padiHyBaHHS UPKOHIIO K BiJ METaJIeBUX JOMIIIOK,
TaK i BiJ JOMIIIOK BIpoBa/pKeHHs. Halikpamioi cTymeHi OuYHuIIeHHs OyJo MOCSATHYTO HpPH IIPOBEACHHI 30HHOTO IUIABJICHHS B
CJIEKTPUYHOMY II0JIi, HATIPaBJICHOMY IPOTHIIC)KHO PyXy 30HH. B 1IboMy BUIaAKy 3MillleHHS 10HIB JOMIIIOK BIIPOBaLKEHHS 30iragocs
3 HaNIpsIMKOM MepecyBaHHS pifkoi 30HK. Byio oTpumaHo 3pa3ku HMpPKOHI0 3 4ucToToo 99,89 Mac. % (KOHLEHTpamis aloMiHiI0
OyIo 3HIKEHO B 5, 3amiza - 11, mini - 45, xpomy - 75, kpemHito - 10, Tutany - 2,5, kucHio - 3,3, a3oty - 3, Bymiemoo - 2 pasu).
PadinoBani MeTo0M 30HHOI NTepeKpHCTali3aLil 3pa3ku TadHiI0 XapaKkTepu3yBaarcs YucToToo 99,85 mac. %. Byino 3HauHO 3HMkKEHO
KOHILIEHTpalii K yCiX MeTaJeBUX JOMIIIOK, TaK i JOMIIIOK BIIPOBaKeHHs (KOHLEHTpallis B Mac.% kucHio ckiana 0,011, Byriemnto -
0,0018, asory - 5:10). IIpoBeaeHO AOCHiIKEHHs Ta30BUAIIECHHS i3 3pa3KiB HomimHoro Ta padinosaHoro rairo. 3'acoBaHo, LI0
MaKCUMaJbHHUI MK ra3oBHIUICHHS OpunagaB Ha TemmepaTypHuil intepBan 500...550 °C. 3acrocyBaHHS KOMIUIEKCHOTO MiIXOAY,
SKUH BKJIIOYa€ BHCOKOTEMIICPATYPHUH HMPOIpPiB, €TalM 30HHOTO IUIABJICHHS 3 PI3HOIO IIBMAKICTIO i TEPMOLMKIIOBaHHA B 00JacTi
TEMIIEPaTypH MOJMIMOPPHOTO MEPETBOPEHHS, IO3BOJWIO OTPHMAaTH MOHOKpHCTaNi4HiI 3pasku radHiro. Ilo pesyiapraTtam
PEHTTEHOCTPYKTYPHOTO aHaidy OyJi0 BM3HAYEHO IApaMETPH KpHMCTaNiuHOi pemnitknm radmito: a = (0,31950+5-10°) mm i
¢=(0,50542+5-10"5) um (mpu 298 K), o Bianosixae miinsuocti p = 13,263 r/cm® 1a 0cboBOMY criBBifHOMmEHHO ¢/a = 1,5819.
KJIIOYOBI CJIOBA: nmpkoniii, radHilf, 30HHa HMEepeKpHUCTANI3allisl, eJIEKTPOIEPEHOC, TEPMOUUKIIIOBAHHS, JOMIIIKOBUH CKIIAJ,
MIKPOTBEPAICTb.
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Here in, we present the extensive analysis of the parameters associated with structural, electronic, optical and mechanical properties of
zinc-based chalcopyrite material by using full potential linearized augmented plane wave method (FP-LAPW) within framework on the
density functional theory. Ab initio calculations have been performed by the linearized augmented plane wave (LAPW) method as
implemented in the WIEN2K code within the density functional theory to obtain the structural, electronic and optical properties of ZnSnP>
in the body centered tetragonal (BCT) phase. The six elastic constants (Ci1, Ci2, C13, C33, Ca4 and Ces) and mechanical parameters have
been presented and compared with the available experimental data. The thermodynamic calculations within the quasi-harmonic
approximation is used to give an accurate description of the pressure-temperature dependence of the thermal-expansion coefficient, bulk
modulus, specific heat, Debye temperature, entropy Griineisen parameters. Based on the semi-empirical relation, we have determined the
hardness of the material; which attributed to different covalent bonding strengths. Further, ZnSnP: solar cell devices have been modeled,;
device physics and performance parameters have analyzed for ZnTe and CdS buffer layers. Simulation results for ZnSnP: thin layer solar
cell show the maximum efficiency (22.9%) with ZnTe as the buffer layer. Most of the investigated parameters are reported for the first
time. The result of the present study further validates the prospects of using this chalcopyrite that would be inherently persistent and
consistent with flexible substratum, those are the main features of commercialization chalcopyrite solar cells. Thus, promoting the evolution
of this material, for achieving high performance based optoelectronic devices will pave a new path in solar cell industry.

KEYWORDS: Ab-initio calculations; electronic properties; elastic constants; thermodynamic properties

ZnSnP; is a member of A"TBVCY, group ternary compound semiconductors, which has with chalcopyrite structure
as a new solar absorber. The growth of ZnSnP2 thin films has been prepared by co-evaporation and in ultra-high vacuum
by molecular beam epitaxy (MBE). Recently [1], ZnSnP; based thin-film solar cell is fabricated and also prepared energy
band gap by phosphidation method under the variation of Zn/Sn atomic ratio. Defects introduce localized levels in the
energy gap of ZnSnP, and other compound semiconductors through which they control solar cell device performance,
efficiency and reliability. In ZnSnP, thin film, zinc vacancies or zinc-on-tin sites are considered as acceptor. This is
responsible for p-type conductivity. ZnSnP; is focused as a solar absorbing material consisting of safe and earth-abundant
elements. Investigated the structures of interfaces related to the absorbing material ZnSnP; to clarify the origin of high
resistance and improve the photovoltaic performance in ZnSnP; solar cells. The absorption coefficient of ZnSnP, was
reported to be approximately 10° cm™! in visible light range; ZnSnP, has a promising property for a solar absorbing
material. ZnSnP; crystals for solar cells were prepared by mechanical-polishing [2,3].

Martinez et al [4], the ATB™VCY, materials have similarly compelling electronic properties to their A™BY counter parts.
Materials can typically be doped both n-type and p-type using extrinsic impurities, and mobilities can be extremely high, with
multiple reports. The phosphide and arsenide in A™BVCV, compounds have been synthesized in bulk form by three primary
techniques; while optical properties have been studied using a combination of theory and experiment. Experimental work has
been used to examine photoluminescence and absorption edge, while calculations can provide insight into physical mechanisms
underlying these measurements [4]. ZnSnP> has been proposed as a promising candidate for a solar absorbing material
consisting of earth-abundant and safe elements. Solar absorbing materials composed of earth-abundant and safe elements
have been investigated and Cu,ZnSnSs—Sex, CuzSnS;3, Cu0, SnS, Fe,S, and Zn3P; solar cells have been developed with
a conversion efficiency of 12.6% [5]. The chalcopyrite compound ZnSnP; is a promising candidate as a light absorber in
solar cells since it has a direct band gap of 1.6eV [6]. Ternary AUB™CVY, chalcopyrite semiconductors
(Zn,Cd)(S1,Ge,Sn)(P,As), have band gap energies ranging from 2.1 eV (ZnSiP;) to 0.67 eV (ZnSnAs;) [6]. These
materials have structural as well as electronic anomaly with higher energy gaps and lower melting points relative to their
binary analogues, because of which they are considered to be important in crystal growth studies and device applications.
Apart from it, the other important technological applications of these materials are in light emitting diodes, infrared
detectors, infrared oscillations, etc [4-8]. ZnSnP, semiconductors open up the possibility of fabricating a graded multi-
junction solar cell using the ordered chalcopyrite as the top layer, with progressively more disordered layers underneath,
free from lattice matching problems [7-10]. A considerable amount of experimental and theoretical work related to the
prediction of crystal structures, lattice constants, phase diagrams and related properties of these compounds has been done
during the last few years [9-13]. In spite of all these works, it has been seen that the theoretical results obtained for elastic
constants which experimentally need single crystals of these compounds differ considerably with the available
experimental data [4-8].

© Neeraj, A. S. Verma, 2021
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In the present article, we have been investigated the structural, electronic, optical, elastic and thermal properties of
ZnSnP; in chalcopyrite phase. We have presented the theoretical study of expansion coefficient (o), heat capacities
(Cy and C,), bulk modulus (B and B'), Debye temperature (6p), hardness (H) and Gruneisen parameter (y) of ZnSnP»;
which are nevertheless scarce in literature. Calculated ground-state structural properties of the aforementioned crystals
have been compared with available experimental and theoretical data. The outline of the paper is as follows. In section II
we have given a brief review of the computational scheme used. The calculations of the fundamental physical properties
have been described with the application point of view in solar cell device in section III; while the summary and
conclusions are drawn in section VI.

COMPUTATIONAL METHODS

The calculations were done using FP-LAPW computational scheme [14, 15] as implemented in the WIEN2K
code [16]. The FP-LAPW method expands the Kohn-Sham orbitals as atomic like orbitals inside the muffin-tin (MT)
atomic spheres and plane waves in the interstitial region. The Kohn-Sham equations were solved using the recently
developed Wu-Cohen generalized gradient approximation (WC-GGA) [17, 18] for the exchange-correlation (XC)
potential. It has been shown that this new functional is more accurate for solids than any existing GGA and meta-GGA
forms. For a variety of materials, it improves the equilibrium lattice constants and bulk moduli significantly over local-
density approximation [19] and Perdew-Burke-Ernzerhof (PBE) [20] and therefore is a better choice. For this reason, we
adopted the new WC approximation for the XC potential in studying the present systems. Further for electronic structure
calculations modified Becke—Johnson potential (mBJ) [21] as coupled with WC-GGA is used.

The valence wave functions inside the atomic spheres were expanded up to /=10 partial waves. In the interstitial
region, a plane wave expansion with RyrKmax equal to seven was used for all the investigated systems, where Ry is the
minimum radius of the muffin-tin spheres and Kmax gives the magnitude of the largest K vector in the plane wave
expansion. The potential and the charge density were Fourier expanded up to Gmax = 10. We carried out convergence tests
for the charge-density Fourier expansion using higher Gmax values. The Rvr (muffin-tin radii) are taken to be 2.2, 2.15
and 1.7 (in atomic unit) for Zn, Sn and P respectively. The modified tetrahedron method [22] was applied to integrate
inside the Brillouin zone (BZ) with a dense mesh of 5000 uniformly distributed k-points (equivalent to 405 in irreducible
BZ) where the total energy converges to less than 107 Ry.

The computer simulation tool AMPS-1D (Analysis of Microelectronic and Photonic Structures) was employed by
specifying semiconductor parameters as input in each layers of the cell.

RESULTS AND DISSCUSSION
Structural Properties

The ternary chalcopyrite semiconductor crystallizes in the chalcopyrite structure with sapce group / —42d (Dzlj ).

The Zn atom is located at (0,0,0); (0,1/2,1/4), Sn at (1/2,1/2,0); (1/2,0,1/4) and P at (u,1/4,1/8); (-u,3/4,1/8); (3/4,u,7/8);
(1/4,-u,7/8). Two unequal bond lengths dz,p and ds.-p result in two structural deformations, first is characterized by u
parameter defined as u=0.25 + (dza.p2 — dsn.p2)/a> where a is the lattice parameter in x and y direction, and the second
parameter n=c/a, where c is lattice parameter in z direction which is generally different from 2a.

To determine the best energy as a function of volume, we minimized the total energy of the system with respect to
the other geometrical parameters. The minimization is done in two steps, first parameter u is minimized by the calculation
of the internal forces acting on the atoms within the unit cell until the forces become negligible, for this MINI task is used
which is included in the WIEN2K code. Second, the total energy of crystal is calculated for a grid of volume of the unit
cell (V) and c/a values, where each point in the grid involves the minimization with respect to u. Five values of c/a are
used for each volume and a polynomial is then fitted to the calculated energies to calculate the best c/a ratio. The result
is an optimal curve (c/a, u) as a function of volume. Further a final optimal curve of total energy is obtained by minimizing
the energy verses [V, c/a (V), u (V)] by FP-LAPW calculations and Murnaghan equation of state [23]. Table 1 present
the lattice parameters (a, ¢ and u) and obtained along with the bulk modulus (B) and its pressure derivative (B'). The
calculated total energy per unit as a function of volume is shown in Figure 1 (a).

Electronic and optical properties
The present calculations using the WC-mBJ method yields a direct band gap of 1.9 eV. As clear from the Figure 1 (b),
that the obtained electronic band gap matches well with the experimental data predicted by Shaposhnikov et al [24]. Sahin
et al [3] reported an estimate of the theoretical band gap as 1.06 eV. The comparison of the theoretical band gaps with
available experimental data shows that mBJ correlation potential allows the prediction of band gap values much closer to
the experimental values. The mBJ potential gives results in good agreement with experimental values that are similar to
those produced by more sophisticated methods but at much lower computational costs [21].

To describe the general features of bonding in more detail the partial and total density for states (PDOS and DOS)
at 0 GPa pressure are calculated using the mBJ potential together with WC-GGA for the correlation (Figure 2). The DOS
of different compounds considered share the similar features. For a clear understanding we divided the valence band
region (VB) into three zones: low, intermediate and higher energy bands. For a better analysis, we have decomposed the
total density of states into s, p and d orbital contribution. Clearly, the low set of VBs ranging from -11 eV to -10 eV arise
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mainly from hybridized P s states, Sn p states and Sn s states. The intermediate energy sub bands situated at about -9 eV
and -5 eV consists mainly of Zn d states. The upper valence band mainly consists of P p-states Sn p and Zn p states. The
conduction bands near Fermi level are composed of strongly hybridized Sn s s-states and P p states with a few
contributions of Sn p-states and P s states.

Table 1. Structural equilibrium parameters, a, ¢, u, B and B’ calculated in WC-GGA and thermal properties at 300 K; isothermal bulk
modulus (B in GPa), Hardness (H in GPa), Gruneisen parameter (y), Debye temperature (Op in K) and thermal expansion coefficient
(o in 1075/K) of ZnSnP2.

Sﬁ‘:l;usrgl a (A) ¢ (A) u B (GPa) B
5.69,5.65%" 11.30, 11.30" 0.253,0.25%" 72, 73%" 4.59
Thermal Analysis B (GPa) H (GPa) Y 0p (K) a (109/K)
67 4.82 1.863 354,352 4.512

2 Reference [6]; ® Reference [3]; 1 Reference [51]; “Experimental
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Figure 1. (a) Calculated total energies as a function of volume and (b) Band structures of ZnSnP:
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Figure 2. The calculated partial and total density of states (DOS) for ZnSnP:.

The linear response to an external electromagnetic field with a small wave vector is measured through the complex
dielectric function,

g(0)= e1(0)+ iex(0) (1)

which is related to the interaction of photons with electrons [25]. The imaginary part €;(®)of the dielectric function could
be obtained from the momentum matrix elements between the occupied and unoccupied wave functions and is given

by [26]
(i)

ur
The real part €1(®) can be evaluated from &(m)using the Kramer-Kronig relations and is given by [27]
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All of the other optical properties, including the absorption coefficient a(w), the refractive index n(w), the extinction
coefficient k(w), and the energy-loss spectrum L(w), can be directly calculated from €1(®) and &,(®) [26, 28,29].

Figure 3 (a) and (b) displays the real and imaginary parts respectively of the electronic dielectric function &(®)
spectrum for the photon energy ranging up to 40 eV, respectively.
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Figure 3. The calculated real €1(®) and imaginary &2(®) parts of complex dielectric constant for ZnSnP>.

The main peaks of &;(®w) which is mainly generated by electronic transition from the top of the valence band to the
bottom of conduction band, occurs at 2.84 eV (14.90) and &(w) spectra further decreases up to 7.10 eV. Optical spectra
exhibit anisotropy in two directions (along basal-plane and z-axis) with a very small difference (0.1543 eV) in the static
limit. The imaginary part of the dielectric constant &>(®) is the fundamental factor of the optical properties of a material.
Figure 3 (b) displays the imaginary (absorptive) part of the dielectric function &(®) up to 40 eV. Our analysis shows that
the critical points of the &, (®) occurs at 1.80 eV. These points correspond to the I'; — I, splitting which gives the threshold
for the direct optical transitions between the absolute valence band maximum and the first conduction band minimum and
is known as fundamental adsorption edge. The obtained fundamental edges are closely related to the obtained energy
band gap values 1.9 eV.

Figure 4 (a) presents the refractive index n (o) along with the extinction coefficient k (w). The refractive index
spectrum shows an anisotropic behavior (An (0 eV) = 0.0263), hence only the averages are listed in (2.93737) Table 2.
The peak value of refractive indices for ZnSnP, is 3.88 at 2.94 eV.

45 30
[ ——Elc 3 ——Elc
4.0
251 I/ Elle
’ Y ZnSnP,
35 “k[ SnP,
g 20 \‘
L 30 S
g 2 I\
g 25 “QO‘; ; | \\
q>) 154 S5k I \
‘= 20 =l I
8 S \
5 15 E 1.0 F
= Z
10 H
05
05
0.0 P NI U I U U U T U U U S N S R S N S R 0.0 PR BRI T IR ST SR Y ST SR e S SR DA e S S .
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Energy (eV) Energy (eV)
(@) (b)

Figure 4. The calculated (a) refractive index and (b) extinction coefficient for ZnSnP:.

Figure 4 (b) show extinction coefficient k (o) is related to the decay or damping of the oscillation amplitude of the
incident electric field, the extinction coefficient k (®) decreases with increasing the incident photon energy. The peak
values obtained for the extinction coefficient occur at the points where the dispersive part of dielectric constant (g; (®))
has a zero value (Figure 3) for all the compounds. The calculated optical reflectivity R (o) is displayed in Figure 5 (a).
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These materials have small reflectivity in the low energy range. The maximum reflectivity occurs in region
4.54-13.92 eV [30].

Table 2. The calculated minimum band gaps Eg (eV), refractive index (n) and dielectric constant for ZnSnP> compared with other
experimental and theoretical data.

Crystals E, (eV) this work n this work € this work
ZnSnP, 1.9, 1.5-1.7%", 1.06°, 1.66° 2.93,2.90% 8.62,9.78
4 Reference [24]; © Reference [3]; ¢ Reference [52]; f Reference [53]; ¢ Reference [54]; *Experimental

The absorption coefficient is a parameter, which indicates the fraction of light lost by the electromagnetic wave
when it passes through a unit thickness of the material. These have been plotted in Figure 5 (b). It is clear that polarization
has a minor influence on the spectrum. From the absorption spectrum, we can easily find the absorption edges located at
1.89 eV. It is clear from the above discussion that both chalcopyrites are excellent mid-IR transparent crystal materials as
they transparent to low energy photons showing zero value of the absorption coefficient in that region. When the photon
energy is more than the absorption edge value, then adsorption coefficient increases. The absorption coefficients further
decrease rapidly in the high energy region, which is the typical characteristic of semiconductors. Optical conductivity
parameters are closely related to the photo-electric conversion efficiency and mainly used to measure the change caused
by the illumination. Figure 5 (c) shows the optical conductivities of ZnSnP,. It’s clear that the maximum
photoconductivity of the materials lies in the u-v region of electromagnetic spectrum.
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Figure 5. The calculated (a) reflectivity (R (®)), (b) absorption coefficient (ou(®)) and (c) photoconductivity ((w)) for ZnSnP>.

Elastic Properties
The elastic properties of a solid are among the most fundamental properties that can be predicted from the first-
principles ground-state total-energy calculations. The determination of the elastic constants requires knowledge of the
curvature of the energy curve as a function of strain for selected deformations of the unit cell. The deformations [31] are
shown in Table 3 and chosen such that the strained systems have the maximum possible symmetry. The system has been
optimized for each deformed cell geometry. The WIEN2K package [16] facilitates this task by providing a force-driven
optimization of the internal cell geometry. The elastic stiffness tensor of chalcopyrite compounds has six independent
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components because of the symmetry properties of the D)’ space group, namely Ci1, Ci, Ci3, Cs3, Cas and Cos in Young
notation. The calculated elastic constant for the tetragonal phase of ZnSnP; are listed in Table 4.
Table 3. The lattice parameters of the deformed tetragonal unit cell, the expression relating the & and € variables, the finite Lagrangian

strain tensor (Voigt notation) and the value of the second derivative, (1/2V)(d’E/de?), in terms of the elastic constants (¢ being
deformation coordinate and E the energy).

Strained cell g Strain (1) dE?/d ¢?
5) & & ce 1 1 1
(a+§,a+§,ﬂ,90,90,90) (a+2 ) -1 5’5’27,0,0’0) Z(Cu*’clz)"'gcn‘*'ECM
a a a |
2
(a+68,a+8,c,90,90,90) (@+o)” &£ 0,000 ~(C, +Cy)
5 @ 272 4 |
(a,a,57%2,90,90,90) (c+0)” 0.0,,000) -Gy
a cz the) 2 sty 8
2 1
(a,a+6,c,90,90,90) (a +25) 1 (O,%,0,0,0,0) 5 C,
a
(a,a,c,90,90+6,90) sin& (0,0,0,0,£,0) Cy
(a, a,c, 90, 90, 90 + 6) sin & (0,050a0705 ‘9) C66
Table 4. Elastic constants C;; (in GPa) of the ZnSnP, compared with available data.

Cn Cn Cis Cs3 Cu Ces
105, 110¢ 53,53¢ 53,51°¢ 103, 106°¢ 50,47°¢ 50,49°¢
B (GPa) G (GPa) Y (GPa) v K. (GPa™") K (GPa™h)

70 39 98 0.27 0.0047 0.0048

¢Reference [3];

In general, the proposed results are in good agreement with the available data, in particular if we consider, shear
constants (Css and Ces) appear to be no worse than the rest of the elastic constants, even though the inner strain component
is particularly difficult in those constants. The comparison with other theoretical calculations also shows an important
dispersion of values. The calculated elastic constants fulfill the mechanical stability criteria for the tetragonal systems:

Ci1> |Cia), (C11+Ci2) C33 > 2C15%, Cas > 0, and Ce6 > 0

In order to check the internal consistency of calculated elastic constants we can compare the bulk modulus reported
on Table 1 & 4 with an equivalent combination of the Cj’s.
Bulk modulus should be found from above by the Voigt approximation (uniform strain assumption) [32, 33]:

1
B, = 5(2C11 +C,, +2C, +4C;) “

Reuss found lower bounds for all lattices [34]

B = (Cn + CIZ)C33 _2C123

= 5
o +C,+2C,—4C, %)

Voigt and Reuss approximations provide, in fact, an estimation of the elastic behaviour of an isotopic material, for instance
a polycrystalline sample. Such a medium would have a single shear constant, G, upper bounded by

1
Gy =55 (M +3C, =3C;, +12C,, +6C,) (6)

and lower bounded by

1
18B
GR:IS{ —+ 6 +i+i} @)
c (Cn _Clz) C44 C66
where C* =(C,, +C,,)C;, —2C;,
In the Voigt-Reuss-Hill approximation [35], the B and G of the polycrystalline material are approximated as the arithmetic
mean of the Voigt and Reuss limits:
_ B, +B,
2

B ®
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G=9 G er G ©)
Finally the Poisson ratio and the Young modulus are obtained as
3B-2G
v=—n =T (10)
2(3B+G)
9BG
= 11
3B+G (1

Using the single crystal C;; data, one can evaluate the linear compressibilities along the principles axis of the lattice.
For the tetragonal structure, the linear compressibilities x, and «, along the a- and c-axis respectively are given in term

of elastic constants by the following relations:

1 Oa C,-C,
K'a = — = 3
adp Cy (Cll + CIZ)_2C13

(12)

__l@_ Cll +C12_2C13
‘ cdp  Cy(C +C,)-2C]

(13)

Pugh [36] proposed that the resistance to plastic deformation is related to the product Gb, where ‘b’ is the Burgers
vector, and that the fracture strength is proportional to the product Ba, where ‘a’ corresponds to the lattice parameter. As
b and a are constants for specific materials, the Ba/Gb can be simplified into B/G. This formula was recently exploited in
the study of brittle vs ductile transition in intermetallic compounds from first-principles calculations [37, 38]. A high B/G
ratio is associated with ductility, whereas a low value corresponds to the brittle nature. The critical value which separates
ductile and brittle material is around 1.75, i.e., if B/G > 1.75, the material behaves in a ductile manner otherwise the
material behaves in a brittle manner. We have found that B/G ratios is 1.82 for ZnSnP», classifying the materials is ductile.

Thermal Properties
To investigate the thermodynamic properties of Zn-chalcopyrite, we have used Gibbs program. The obtained set of
total energy versus primitive cell volume determined in previous section has been used to derive the macroscopic
properties as a function of temperature and pressure from the standard thermodynamic relations. Gibbs program is based
on the quasi-harmonic Debye model [39], in which the non-equilibrium Gibbs function G*(V; P, T) can be written in the
form of:

G'(ViP,T)=E(V)+PV +4,[6,:T] (14)

where E(V) is the total energy per unit cell, PV corresponds to the constant hydrostatic pressure condition, 0p is the Debye
temperature, and A, is the vibrational term, which can be written using the Debye model of the phonon density of states
as [40, 41]:

A,[0,:T] = nkT{%Jﬁln(l—e%)—D(?H (15)

where n is the number of atoms per formula unit, D (6/T) represents the Debye integral, and for an isotropic solid, 0 is
expressed as [40]:

j/ v A B,
0, = ;[&TZVAn} /(o) ﬁ (16)
M being the molecular mass per unit cell and Bg the adiabatic bulk modulus, approximated by the static

compressibility [39]:

- _,dEY) 17
By=BY) =V =7 a7

f (o) is given by Refs. [39, 42, 43]; where o is the Poisson ratio.
Therefore, the non-equilibrium Gibbs function G*(V; P, T) as a function of (V; P, T) can be minimized with respect

to volume V,
{6G (V;P,T)J o a8)
aV P,T

By solving Eq. (18), one can obtain the thermal equation of state (EOS) V(P, T). The heat capacity Cyv and the
thermal expansion coefficient a are given by [35],
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4 30/T
c, =3nk{4D[Tj_eg/T/—l} (19)
S = nl{4D(?] ~3In(1- e"‘]/’)} (20)
LY @21)
B,V

where v is the Griineisen parameter, which is defined as:

__dinér) (22)
dInV

Through the quasi-harmonic Debye model, one could calculate the thermodynamic quantities of any temperatures and
pressures of compounds from the calculated E-V data at T =0 and P = 0.

We can also provide a prediction of the hardness (H in GPa) by using the semi-empirical equations developed by
Verma and co-authors [44],

— +
H =K B¥'! (23)
B = Bulk modulus; K = 0.59 for A'B"VC,"
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Figure 6. (a) Volume vs temperature at various pressures (b) Bulk modulus vs temperature at various pressures, (c) Debye
temperature vs pressure at various temperatures (d) Thermal expansion coefficients vs temperature at various pressures for ZnSnPs.

To determine the thermodynamic properties through the quasi-harmonic Debye model, a temperature range
0 K-1000 K has been taken. The pressure effects are studied in the 0-8 GPa range. Figure 6 (a) presents relationships
between the equilibrium volume V (bohr?®) and pressure at various temperatures. Meanwhile, V increases slightly as the
temperature increases, whereas the equilibrium volume V decreases dramatically as the pressure P increases at a given
temperature. This account suggests that the ZnSnP» under loads turns to be more compressible with increasing pressure
than decreases temperature. Furthermore, it is noted that the relationship between the bulk modulus and temperature for
ZnSnP; in Figure 6 (b). The bulk modulus slightly decreases with increasing temperature at a given pressure and increases
with increasing pressure at a given temperature.
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The variation of the Debye temperature 0p (K) of ZnSnP; as a function of pressure and temperature illustrated by
proposed results is displayed in Figure 6 (c). With the applied pressure increasing, the Debye temperatures are almost
linearly increasing. Figure 6 (d) shows the volume thermal expansion coefficient 8p (10°/K) at various pressures, from
which it can be seen that the volume thermal expansion coefficient 0p increases quickly at a given temperature particularly
at zero pressure below the temperature of 300 K. After a sharp increase, the volume thermal expansion coefficient is
nearly insensitive to the temperature above 300 K due to the electronic contributions.

As very important parameters, the heat capacities of a substance not only provide essential insight into the vibrational
properties, but are also mandatory for many applications. The proposed calculation of the heat capacities Cp and Cy of
ZnSnP; verses temperature at pressure range 0-8 GPa is shown in Figure 7.
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From these figures, we can see that the constant volume heat capacity Cy and the constant pressure capacity Cp are
very similar in appearance and both of them are proportional to T> at low temperatures. At high temperatures, the
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anharmonic effect on heat capacity is suppressed; which is called Dulong-Petit limit, with the increasing of the
temperature, whereas Cp increases monotonically with the temperature.

Figure 8 (a) shows the entropy vs temperature at various pressures. The entropies are variable by power exponent
with increasing temperature but the entropies are higher at low pressure than that at high pressure at same temperature.
The Griineisen parameter vy is another important quantity for the materials. In Figure 8 (b), we have shown the values of
Griineisen parameter y at different temperatures and pressures. It shows the value y increases as the temperature increases
at a given pressure and decreases as the pressure increases at a given temperature.

In Figure 8 (c), we have shown the values of hardness (H in GPa) at different temperatures and pressures. It shows
the hardness decreases as the temperature increases at a given pressure and increases as the pressure increases at a given
temperature. The values of hardness are reported for the first time at different pressure and temperature. Table 1 present
the thermal properties such as isothermal bulk modulus, hardness, Griineisen parameter, Debye temperature and thermal
expansion coefficient at 300 K.

CELL STRUCTURE, MATERIAL PARAMETERS AND CELL PERFORMANCE

The modeled cell structure is shown in Figure 9 (a). The simulated structure starts with 2500 nm ZnSnP; layer over
a Molybdenum substrate followed by 50 nm CdS/ZnTe buffer and 50 nm intrinsic ZnO window layer with 300 nm Al
doped ZnO layer.

The device simulation is based on the solution of a set of equations, which provide a mathematical model for device
operation. Using this model, the influence of the modeling parameters over the efficiency of the device can be examined,
which is a tedious task by experimental method. The simulation is based on the solution of one-dimensional Poisson
equation and the continuity equations for free charge carriers. These equations are expressed as follows:

d d + -
()2 )= () n(x) N ()N (), () )] e
dp P, — Do dE dp_ dzp
i G _En Fao = _ g EX4D n 25
R Pty g TR T T g )
dn n —n dE dn d’n
P_G £ 20 —+u E—2+D 2 26
dt ! T e T T e o

n

Where & the permittivity, q the charge, W the electrostatic potential, n the free electron density, p the free hole
density, p,(x) the trapped hole density, n,(x) the trapped electron density, N," the donor atom density, N, the
acceptor atom density, E the electric field and G the generation rate, D the diffusion coefficient, 7 the lifetime and

the mobility of charge carriers. With the help of solution of these equations current density/voltage (J/V) characteristics
are determined and performance of solar cell with different buffer layers is compared. In Table 5 we have presented
description for the parameters; which was used in the simulation. The terrestrial spectrum AM 1.5 (Air Mass 1.5 Global
1000W/m?) is used for illumination. The schematic energy band diagram under equilibrium condition for the thin layer
solar cell has been illustrated in Figure 9 (b).

Table 5. Material properties for the ZnSnP: solar cells simulation.

p Layers I-n+Zn0O 2-n(i) ZnO 3-CdS 3-ZnTe 4-ZnSnP,
arameters

Thickness (nm) 300 50 50k 50 2500

€ (dielectric constant) 9.26% 9ec 9.42 4™ 8.62*
L (electron mobility in 10cm?/Vs) 65.6° 230" 265! 70m™ 550
L (hole mobility in 10cm?/Vs) 65°¢ 701 15! 50m 35°
n/p (carrier density in cm™) 1x10%'¢ 5x1017 1x10'7i 7.5x1019m 1x10'°
E, (eV) (optical band gap) 3.228¢ 3.294 2.421 225m 1.9%
N (electron density in  c¢cm™) 1x10%¢ 1x1019¢ 1x1019¢ Ix1015m 6.8x10'7
N, (effective density in  cm) 1x10%9¢ 1x1019¢ 1.6x10'9¢ 1.5x1019m 1.5x10"
% electron affinity (eV) 4.2f 4.4451 43¢ 3.65m 425"

aReference [55]; ® Reference [56]; ¢ Reference [57]; ¢ Reference [58]; € Reference [59]; f Reference [60]; € Reference [61];

Reference [62]; | Reference [63]; 7 Reference [64]; K Reference [65]; ! Reference [66]; ™ Reference [67]; ™ Reference [68]; © Reference
[69]; *This work

The band diagram is drawn according to Anderson’s affinity rule, which shows conduction band offset is
AE; = y> — 1 and valance band offset is AE: = (%1 + Eq1) — (%2 + Eg2). The band diagram shows that this is a type 11
heterostructure. The difference in band gaps creates discontinuity spikes in the conduction- and valence bands [45]. These
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spikes can create extra barriers for the electrons to overcome or tunnel through, and may also work as potential wells with
discrete energy states [46].
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Figure 9 (a). The layer structure of ZnSnP> solar cell.
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Figure 9 (b). The schematic energy-band diagram of a typical
ZnSnP> /CdS or ZnTe solar cell under equilibrium condition.

The Figure 9 (c) shows the illuminated characteristics J-V curve of the proposed solar cell structures. The
performance parameters open circuit voltage (V5.), short circuit current density (Js), Fill Factor (FF) and efficiency (7)
have been calculated from J-V characteristics for different considered buffer layers. The simulation results have been
presented in Table 6. These results show that both the buffer layers provide good efficiency (>20%); but the fill factor for
ZnTe buffer layer is considerably high. A maximum density of current (>29 mA/cm?) has been obtained with both the
buffer layers, which ensures the suitability of CdS and ZnTe buffer layers in ZnSnP; solar cells.
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Table 6. Simulated performance parameters of the solar cells for absorption layer ZnSnP:

Buffer layer E, (%) Voe(mV) Jse(mA/cm?) FF(%)

CdS 1.06 13.186 604 29.235 74.6
1.9 21.748 1066 29.864 68.3

ZnTe 1.06 14.055 603 29.121 80.1
1.9 22.926 1062 29.415 73.4

Further, the analysis of photoconductivity of cell structure is done in terms of quantum efficiency (QE) as shown in
Figure 9 (d). The spectral response of the device is studied within the spectral range of 0.4 pm to 1.0 um. Quantum
efficiency is a measure of collection of charge carriers with respect to number of incident photons. As CdS buffer layer
has higher band gap, it provides a wider window for absorption of photons, thus creating larger number of charge carriers
and resulting in higher quantum efficiency in lower wavelength region, whereas in higher wavelength region QE of CdS
becomes lower which ensures higher recombination in this structure. The higher values of quantum efficiencies are found
for blue region of the light. Since blue light is absorbed closer to the junction, recombination effect is less effective for
this wavelength region whereas at higher side of wavelength high recombination occurs, since the free carrier generated
deeper in the bulk have to travel longer before being collected. This results higher recombination loss and in tern lower
quantum efficiency in long wavelength region. Moreover, the absorption coefficient decreases with the increasing of the
photon wavelength, so the loss in absorption causes the spectral response to decrease quickly and thus the quantum
efficiency.

Effect of buffer layer thickness
The effect of thickness of buffer layer on J-V characteristics for the two cell structures are shown in

Figures 9 (e)-9 (f). With the help of these characteristics /_, V, ,n and FF are calculated at different thickness of buffer

layers. The effect of thickness of buffer layer over performance parameters of these cell structures is shown in
Figures 10 (a)-10 (c).

Figure 10 (a) and 10 (b) shows that as thickness of buffer layer increases, the current density as well as efficiency
start to decrease for both the structures. This shows that at 50 nm the ratio of diffusion length to the thickness of the buffer
layer is appropriate for collection of minority carriers. After this thickness all the photogenerated carriers are not able to
reach the depletion region, which in turn decreases the current density and efficiency. The decrement in current density
at lower thickness values is fast in ZnSnP,/CdS structure, which shows that rate of recombination is higher in ZnSnP,/CdS
solar cell structure.

Further, the effect of thickness over open circuit voltage for all the three buffer layers is shown in Figure 10 (c). At
50 nm thickness a significant value of V. is found whereas for higher values of thickness it decreases for both the

structures. At higher thickness the separated charge carriers starts to recombine before reaching the electrodes, which
causes decrement in V.

Effect of thickness over fill factor for the two structures is shown in Figure 10 (d). It is a measure of maximum
power that can be achieved by a cell. As both the structures are showing the highest FF at 50nm thickness, ensures that
at lower values of thickness charge collection is good because charge carriers are able to reach the electrodes. After this
thickness charge collection suffers due to low values of diffusion length than the thickness of buffer layer. Further, with
increment in thickness FF becomes almost constant because maximum effect of recombination over charge collection is
achieved.
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Effect of temperature
The effect of temperature over J-V characteristics for both the three structures is shown in Figure 10 (e) and 10 (f).
Further, Figures 11(a)-11(e) shows the effect of temperature over performance parameters for the two cell structures.
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In Figure 11 (a), J,. increases with temperature for both the structures considered. This effect can be understood in

terms of band gap. The effect of temperature over energy band gap, E, is given by Varshni equation [47]
al’
T+p

Where E; (0) is the band gap energy at absolute zero on the Kelvin scale in the given material, and ¢ and g are
material-specific constants. This decrement in band gap is responsible for enhancement in current density values at higher
temperature. Increase in temperature can be viewed as increase the energy of the charge carriers. Thus less energy is
required to break the bond and conduction increases.

As a consequence of the increase in temperature, there is a shift in quantum efficiency curves (Figure 11(b),11(c)).
When the temperature of the cell is increased, thermal vibrations of the lattice becomes stronger, which causes reduction
in lifetime and mobility of minority charge carriers. This in turn reduces the diffusion length and process of recombination
becomes stronger. But with increase in temperature, the band gap is reduced, which enhances the production of charge
carriers. In low and middle temperature range, there is equilibrium in between the phenomenon of charge generation and
recombination.

But with temperature, the absorption in wide band gap materials is improved for long wavelength region because of
the phonons multiplication phenomenon [48]. So, the minority carriers production is increased with temperature in the
range of long wavelengths, thus the photocurrent increases and consequently, the quantum efficiency. Further with
temperature a sharp increment is found in ¥, (Figure 11 (d)).

E,(T) = E,(0)- @)

The effect over ¥, can be understood as a measure of the amount of recombination in the device. As the temperature

increases, the number of thermally generated carriers can exceed the number of dopant-generated carriers. Though the
concentration of intrinsic carriers is very small; but it has very strong temperature dependence [49]. This increment in
intrinsic carrier concentration causes the increase in reverse saturation current. The increment in reverse saturation current
is responsible for decrement in open circuit voltage values.
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Also, the temperature dependence of Voe is given by [50]
av, . dE, /q+ V.—-E,/q
dT dT T

(28)

Voc —Eg /q
From eq. (28) it is inferred that the temperature dependence is mainly related to the term A which after

integration provides a linear relationship V,¢ o =T as observed experimentally [50].

Therefore, the tendency of V,. to decrease and J,. to increase with increasing temperature in the solar cells are
determining factor for efficiency with variation in temperature. The overall effect of temperature has been studied for 7

as shown in figure 11 (e).

Effect of Band gap of absorption layer

The effect of band gap of absorption layer over performance parameters is studied. To find the effect of band gap,
the results of ZnSnP, absorption layer with band gap 1.06 eV and 1.9 eV are compared. The effect of band gap of
absorption layer over J-V characteristics of the cell are shown in Figure 12 (a)-12 (d). These results show that the
increment in band gap results in an increment in absorption of light, thus an increment in performance parameters is found
(Table 6). This improvement in parameters is due to the enhancement of absorption in longer wavelength region. This
effect can be seen in quantum efficiency curves in Figure 12 (c) and 12 (d).

Hence, the study shows that ZnSnP» as absorption layer with CdS and ZnTe buffer can be promising solar cell
model. ZnTe can be used as an option for CdS buffer layer, which is not only beneficial on the energy basis, but also
helps in overcoming the serious environmental related problems due to the toxic nature of cadmium.
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SUMMARY AND CONCLUSIONS
To conclude, results have been presented for the solid state properties such as structural, electronic, optical, elastic
and thermal properties of the ZnSnP, semiconductor using the first-principles calculation. The structural properties in the
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chalcopyrite structure are obtained using the total energy as a function of volume; the derived equilibrium parameters are
compared with experimental data. We compared electronic and optical properties calculated with the mBJ functional and
spectroscopic ellipsometry data. We find that the mBJ functional provides an accurate description of the electronic and
optical properties. The ZnSnP; has a direct band gap. We have also derived the static refractive index. Thermal properties
such as Gruneisen parameter, volume expansion coefficient, bulk modulus, specific heat, entropy, debye temperature and
hardness are calculated successfully at various temperatures and pressures, and trends are discussed. The ground state
parameters of interest were obtained and showed good agreement with published experimental and theoretical data. An
application of the material in solar cell device has been presented; here we have used AMPS-1D to investigate the
dependence of the buffer layer for thin layer ZnSnP; solar cells. A device modelling and detailed simulation study have
been carried out over single junction ZnSnP; solar cell with a variety of buffer layers. The performance parameters of
solar cells as open-circuit voltage (Vo), the short-circuit current density (Jsc), the conversion efficiency #, Fill factor (FF)
and quantum efficiency (QE) have been calculated. Also the effect of temperature and band gap of absorption layer is
studied and it is found that higher band gap of absorption layer improves the performance of solar cell. Thus the study
shows that ZnTe can be considered as an alternative to CdS buffer layer and assumes greater significance under this
scenario. To the best of our knowledge, most of the investigated parameters are reported for the first time and will further
stimulate the research in the related field.
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CTPYKTYPA I BTIACTUBOCTI ZnSnP: IJI51 3ACTOCYBAHHS B ®OTOEJEKTPUYHUX ITPUCTPOSIX
3 BUKOPUCTAHHSIM BY®EPHUX IIAPIB HA OCHOBI CdS I ZnTe
Hupanx®, Axxkaii C. Bepma®
“@izuunuit paxynomem, Banacmani Bio sanim, Paoscacman 304022 (Indis)
b®aryrvmem npupoonuuux ma npuxnadnux nayx, [llxona mexnonozii, I okan ynisepcumem
Caxapaunnyp, Ymmap Ipaoew, 247232 (Inois)

TyT MU IPeICTaBISEMO POLIMPEHHI aHAaIi3 TapaMeTpiB, OB’ A3aHUX 13 CTPYKTYPHUMH, EICKTPOHHHUMH, ONTHYHUMH Ta MEXaHIYHUMU
BJIACTUBOCTSAMH XaJIbKOIIIPUTOBOTO MaTepialy Ha OCHOBI L[MHKY, BUKOPHCTOBYIOUHM HMOBHHMI NOTEHIliaJ] JiIHEAPU30BAaHOTO METOLY
nonoBHeHOI 1ockoi xBuii (FP-LAPW) B pamkax Teopii GpyHKITIOHaTBHOCTI OIiTBHOCTI. Po3paxyHKku ab initio BUKOHYBaJIHCh METOJIOM
niHeapu30BaHoi posmmpenoi miockoi xBuii (LAPW), peanizoBanoro B koxi WIEN2K B pamxax Teopii GpyHKIioHaTy MIIIBHOCTI, II00
OTpUMAaTH CTPYKTYpHi, €JIEKTPOHHI Ta ONTHYHI BiacTHBOCTI ZnSnP2 y 00’emHo-nieHTpoBaHiil TerparonansHiii (BCT) dasi.
Ipencrasneno micts npykHUX KOHCTAHT (Ci1, Ci2, Ci3, C33, Cas 1 Ce6) Ta MeXaHIYHI IapaMeTpH, sKi MOPIBHIOIOTHCSA 3 HASBHUMU
CKCICPUMECHTAJILHUMH JaHUMH. J[JI1 TOYHOrO OMHUCY 3aJICKHOCTI BiJl THCKY 1 TeMmepaTypH KoedillieHTa TeIUIOBOrO PO3LIMPEHHS,
00'eMHOT0 MOJYJIs, IMTOMOI TeIUIoTH, TeMneparypu Jebas, mapamerpiB enTpomnii I ploHali3eHa BUKOPHCTOBYIOTHCS] TEPMOANHAMIUHI
PO3paxyHKH B KBa3irapMOHIYHOMY HaOJIM>KeHHI. Ha OCHOBI HamiBeMIipHYHOTO CITIBBiAHOIICHHS MU BU3HAYWIIN TBEPIICTh MaTepialy;
II0 MOSICHIOETHCS PI3HOIO CHJIOI0 KOBAJEHTHOTO 3B’s13Ky. KpiM TOro, 3MOzenb0BaHi COHSYHUX €IeMEHTH Ha OCHOBI ZnSnP2, Takox
MpOaHai30BaHo (i3MKy MPHUCTPOIO Ta MapaMeTpH MPOAyKTHBHOCTI i Oydepuux mapis ZnTe ta CdS. PesynbraTét MoJeItOBaHHS
JUIsL TOHKOIIIApOBOi COHA4HOT Oarapei ZnSnP2 nokasyioTs MakcuManbHy eekTHBHICTD (22,9%) i3 ZnTe B sikocti OydepHoro miapy.
BinblricTe JOCHIKYBaHHX IapaMeTpiB MOBIJOMJISETbCS BHEpLIe. Pe3ynpTaT NBOr0 JOCIHIUKCHHS JOAATKOBO MiATBEPIXKYE
NIePCTIEKTHBY BUKOPUCTAHHS LILOTO XAJIBKOMIPHTY, KU 3a CBOEIO CYTTIO OyB OHM CTIHKHMM Ta BiINOBiAaB OM THYYKOMY CyOcTpary, o
€ HallBXKJIMBIIINMU XapaKTePUCTUKAMH /IS KOMEpIiasli3aiil COHTYHUX eJIEMEeHTIB Ha OCHOBI XanbKOMipHUTy. TakuM Y4MHOM, CIPUSIHHS
eBOJIIOLT [[POr0 Marepiany Ui JIOCATHEHHS BHCOKOC(EKTHBHUX ONTOCICKTPOHHUX MPUCTPOIB BiJKPHUBAE HOBHH IULIX y Tary3i
CTBOPEHHSI COHSIYHUX €JIEMEHTIB.

KJIIOUYOBI CJIOBA: Ab-initio po3paxyHKH; eCeKTPOHHI BIaCTUBOCTI; IIPY>KHi KOHCTAHTH; TEPMOJHUHAMIYHI BIACTHBOCTI



80
EAsT EUROPEAN JOURNAL OF PHYSICS
East Eur. J. Phys. 1. 80-88 (2021) DOI:10.26565/2312-4334-2021-1-10

PACS: 71.15.Mb; 71.20.—b; 71.55.Ak; 71.20.Nr
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The dielectric interpretation of crystal ionicity evolved by Phillips and Van Vechten (P.V.V) has been utilized to evaluate various
ground state properties for broad range of semiconductors and insulators. Although, the relevance of P.V.V dielectric theory has been
restricted to only simple ANB®N structured compounds, which have a particular bond. Levine has broadened P.V.V. theory of ionicity
to multiple bond and complex crystals and evaluated many bond parameters for ternary tetrahedral semiconductors. Some other
researchers have extended Levine’s work with a concept of ionic charge product and nearest neighbour distance to binary and ternary
tetrahedral crystals to evaluate the ground state properties. In this paper, a new hypothesis of average atomic number of the elements
in a compound has been used to understand the some electronic and optical properties such as ionic gap (Ec), average energy gap
(E), crystal ionicity (f), electronic susceptibility (x), and dielectric constant (€) of ternary tetrahedral (A"B'VCY and A'B"'CY")
semiconductors. A reasonably acceptable agreement has been noticed between our evaluated values and other researchers reported
values.

KEYWORDS: crystal ionicity, average atomic number, chalcopyrites

Optical and electronic properties of a material are the important parameters for device fabrication in almost all the
fields of present-time electronics. The ternary tetrahedral (A"B'VCY and A'B"'CY") structured compounds have brought
significant curiosity of researchers’ fraternity due to their exciting semiconducting, optical, electrical, mechanical and
structural properties. These properties are of underlying significance for the conduct of charge carriers, dopants,
impurities and defects in insulators and semiconductors. In contrast to binary analogues these semiconductors have high
energy direct band gaps and lower melting points with tetragonal chalcopyrite structure. Structurally chalcopyrite
semiconductors are extracted from that of binary sphalerite structure (A"BY! and A™BY) with a slight distortion in the
chemical composition. Therefore, similar to their binary analogues ternary tetrahedral semiconductors have a high non-
linear susceptibility. Although due to presence of two different types of bonds in ternary tetrahedral semiconductors
they show anisotropicity, which increases high bifringence. High non-linear susceptibility appeared with high
bifringence in ternary tetrahedral semiconductors make them very helpful for efficient second harmonic generation and
phase matching. Except this, the other major technological applications of these compounds are in photo-voltaic
detectors, infrared oscillators, modulators, filters, solar cells, light emitting diodes and lasers etc [1-13].

Theory of crystal ionicity is essential in analyzing the problems in the area of cohesive energy, heat formation,
elastic constants, bulk modulus and crystal structure [14]. Van Vechten [15, 16], Phillips [16, 17], Levine [14] and
many other workers [18, 19] have brought to light various theories and evaluated crystal ionicity for the elementary
compounds. Phillips and Van Vechten have computed the heteropolar and homopolar parts to the chemical bond in
binary ANB®N crystals. Penn [18] suggested one electron model to separate the average energy gap into heteropolar and
homopolar parts. Here, homopolar energy gap (Es) is used as the function of bond length. Levine [14] has broadened
Phillips and Van Vechten (P.V.V) theory of ionicity for ternary tetrahedral semiconductors including the effect of*d’
core electrons. Validation of Levine’s theory has been given by Singh and Gupta [19]. According to Levine’s modified
theory of crystal ionicity heteropolar energy gap (Ec) depends on bond length and ionic charges involved in bond
formation. Kumar et al. [20-22] have evaluated heteropolar and homopolar energy gaps with reference to plasmon
energy and it depends directly on the ionic charge of the compound. Ionic charge depends on atomic number of an
element in a compound.

Due to difficulties associated with the experimental procedure and its high cost, also intricacies in obtaining
correct values of physical properties, researchers have found theoretical methods more appropriate in calculating the
physical properties of solids. However due to the lengthy procedure, as well complicated computational methods
needed a series of approximation; those methods have always been complex and developed for only certain
semiconductors [23]. Hence, we thought it would be of great interest to suggest an another probable interpretation of the
ionic gap (E), average energy gap (Eg), crystal ionicity (f;), dielectric constant (€) and electronic susceptibility () for
ternary tetrahedral (A"B'VCY and A'B"'CY") semiconductors.

Several other researchers have made an effort to compute optical and electronic properties of ternary tetrahedral
semiconductors with the help of ionic charge and valance electrons. Besides it considering the different screening
factors present in compound crystallography, we have used a new concept of average atomic number of interacting
elements in a compound and found excellent outcomes comparable to previous workers for the ionic gap (E.), average
energy gap (Eg), crystal ionicity (fi), dielectric constant (€) and electronic susceptibility (y) in ternary tetrahedral
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(A"BVCY and A'B"CY") semiconductors. In the proposed relations only a few variables such as atomic number and
ionic charge on cation and anion are prerequisite; to calculate many electronic and optical properties of these
compounds the method emerge relevant to other materials, too.

THEORY, RESULTS AND DISCUSSION
Covalency and ionicity of the materials have been studied for long as a result researchers have got clear concept of
those. The covalent concept involves contribution of electrons between atoms in place of charge transfer, while the
ionic concept involves transfer of electron in actual from one atom to another which promotes interaction of two closed
shell ions mainly due to short range repulsion and Coulomb force. Pauling [24] has pioneered the concept of crystal
ionicity derived from thermo-chemical effect. According to one electron model of Penn [18], the average energy gap
(Eg= E,) may be given as,

E, = hop So/ (€x-1)"? (1)

where ho, is valance electron plasmon energy, € is the optical dielectric constant and S,=1.
Plasmon energy of valance electron oscillations both in metal and compound is given as [25],

ho, =288 |ND/,, 2)

where N is the number of valence electrons participating in plasma oscillations, D and M are density and molecular
weight, respectively. Relation (2) is applicable for valance electrons in semiconductors and insulators up to first
approximation. Philipp and Ehrenreich [26], and Raether [27] have found that the plasmon energy for semiconductors
and insulators is represented by,

hops = hop/ /T — & 3)

where e is a very small correction to valance electron plasmon energy hw, may be overlooked to a first
approximation. Philipp and Ehrenreich [26] have expressed that the evaluated values of hw, and hwps are in good
agreement with their observed values of plasmon energy in dielectrics. Kittel [28] has also been shown that plasmon
energy in dielectrics is actually the same as in metals.

It is stated in modified theory of dielectric of solids [15-17,29; 19,30] for tetrahedral coordinated compounds, average
energy gap (E,), relating bonding and anti binding (sp*) hybridized orbital can be decomposed into two parts because of
the symmetric and anti symmetric contribution to the potential in a unit cell. These two parts are covalent or homopolar
gap (En) and ionic or heteropolar gap (E.), which can be expressed in the following relation:

EZ = EZ + E} 4)
The ionic or heteroploar gap (E.) is inversely related to the bond length‘d’ as:
E.=Kdle K50 )

where K, is an arbitrary constant and depends on the difference between valence states of an atom and is given by
K,=bc?Az, where prescreening factor b depends on the coordination number [14] around the cation i.e. b = 0.089 N2,
here N, is average coordination number and c-electronic charge, Az = 4 for IIB chalcogenides. The values of N.= 4,
b=1.424 and hence K; = 262.784 are for zinc blende type structure. Thomas-Fermi screening parameter K has been
ascertained taking into account eight electrons per molecule (two for Zn, Cd & Hg and six for O, S, Se & Te) and r, =
ds2.

The covalent or homopolar gap (E) is related to the bond length‘d’ as [16]:

En= Ad ™%z (6)

Here A and K are constants, which remain unaffected in different crystal structures with values A = 40.468 eV/A%® and
K, = 2.5. These values are A= 39.74 and K, = 2.48 as reported by PVV theory. Therefore, the values of E. and Ej
depend on number of bonds emerge from cations and bond length.

The crystal ionicity f; of the chemical bond is expressed as the fraction of ionic character as follows.

fi= B2/ ()

V. Kumar [20-22] has expressed those electronic properties of ternary tetrahedral (A"B'VCY and A'BMCY') crystals in
terms of plasmon energy how, (eV) as follows:
For the A-C bond in A"B'VCY:

Enac (€V) = 0.05118(hapac)’, ®)
Ecac (eV) = 5.904bAc(h0)p,Ac) ¥ X exp [-5.971(hwp,Ac)’”/2] )
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For the B-C bond in A"™B'VCY:

Ensc (eV) = 0.04158(hopsc)" , (10)
Eenc (V) = 1.81bsc(hopsc) * X exp [-6.4930(hopsc) 2] 1)

For the A-C bond in A'B"'CY":
Ehac(eV) =0.0246(hwpac)", (12)
Ecac (eV) = 7.3208bac(hopac) 23 x exp [-8.026(he’p ac) 3(hopac)??] (13)

For the B-C bond in A'BMCY!:
Enpc (eV) = 0.0416(hwypc)" (14)
Eec (V) = 5.53bpc(hwp ) 2 % exp [-6.5058(hwppc)??] (15)

where v is a constant. E; and E; are the ionic and homopolar gaps, respectively. The authors of above theory have used
constants 1, v and prescreening factor b to evaluate the parameters mentioned therein.

Jayaraman et al. [31], Srideshmukh et al. [32], and Krishnan et al. [33] established that significantly reduced ionic
charges must be used to obtain better agreement with experimental values of these parameters. Verma et al. [34] have
been applied this concept for obtaining better agreement with theoretical data for ionic gap (E. ), average energy gap
(Eg), crystal ionicity () dielectric constant (€) and susceptibility (y) of ternary tetrahedral (A"B'VCY and A'B"CY")
semiconductors , which can be expressed in terms of product of ionic charges and bond length as follows:

For A-C bond in ternary tetrahedral (A"B'VCY and A'B"'CY") semiconductors:

Ecac (eV)=90d?/(Z,Z,)°7, (16)

Egac (eV)=96 d?12/(Z,Z,)°° a7

For B-C bond in ternary tetrahedral (A"B'VCY and A'B"'CY") semiconductors:
Ecpc (eV) =275 d?/(Z,Z,)"%, (18)

Egnc (eV)= 106 d?12/(Z,Z,)°° (19)

where, Z; and Z; are the ionic charges and d is the bond length in A. On solving equations (7) and (16-19), crystal
ionicity fi can be expressed as follows:
For A-C bond in ternary tetrahedral (A"B'VCY and A'B"'CY") semiconductors:

f;=0.87891 d?*/(Z,Z,)%* (20

For B-C bond in ternary tetrahedral (A"B'VCY and A'B"'CY!) semiconductors:
fi=6.731 d°2*/(Z,Z,)*5 @

V. Kumar [35] has given the relation for electronic susceptibility  as follows:

Xxy = (hwp,XY)z/(Eg,XY)Zo (22)

and dielectric constant

€xy =1+ xxv - (23)

As, the plasmon energy (ho,) and ionic charge depend on the number of valance electrons, which depend on
atomic number in an atom. But in a compound this may depend on the atomic numbers of the constituent atoms. Hence,
we have proposed the idea of average atomic number of the atoms in a compound to study the ground state properties.
As, this parameter of average atomic number includes all the distribution laws of electrons in an atom and various
screening factors. So, taking into account the above empirical relations and applying the concept of product of ionic
charges given by Verma at el. [34] and our hypothesis of average atomic number of elements in the ternary tetrahedral
semiconductors, the crystal ionicity (fi) of ternary tetrahedral semiconductors manifests a nearly linear dependence
when traced against average atomic number.
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However crystal ionicity falls on two closely parallel straight lines according to the product of ionic charge of the
compounds and this is presented in the Fig. 1 and 2. Applying this concept to reach better agreement with theoretical
data, we have introduced following empirical relations for electronic and optical properties such as ionic gap (E.),
average energy gap (Eg), crystal ionicity (fi), electronic susceptibility (y) and dielectric constant (€) and further
evaluated their values. The evaluated values are in excellent agreement with the values reported by Levine [14], V.
Kumar [21, 35, 36]. Our endeavour of determining those has not been required experimental values of the dielectric
constant although the previous models needed this value in their computations except Verma et al. [34]. These values

are presented in the Table 1-5.
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Figure 1. Plot of crystal ionicity versus average atomic number for A-C bonds in ternary tetrahedral (A'BIVCY and ABMCY"
semiconductors. Here, crystal ionicity of ATBIVCY lies on a line closely parallel to the line of A'BHCY!. In this figure values of (f))

taken from V. Kumar [35,36].
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Figure 2. Plot of crystal ionicity versus average atomic number for B-C bonds in ternary tetrahedral (A"B'™CY and A'B™C}")
semiconductors. Here, crystal ionicity of AUBIVCY lies on a line closely parallel to the line of AIBICY!. In this figure values of (f;)

taken from V. Kumar [35,36].
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For A-C bond in ternary tetrahedral (A"B'VCY and A'B"'CY") semiconductors:
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For B-C bond in ternary tetrahedral (A"B'VCY and A'B"'CY") semiconductors:
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while, we have found electronic susceptibility (yx,) same as given in relation (22) and can be calculated for AC and BC
bonds by using the values of E, obtained from relations (25) and (28), thereafter dielectric constant (exy) by the
relation (23). Here, Zi, Z, are ionic charges and a4, a, are atomic numbers of the elements in the compound.

Table 1. This table presents the values of ionic gaps Ec (eV) and average energy gaps Eg (¢V) for A-C bond of ternary tetrahedral
(ABECY and A'BIVCY) semiconductors.

Solids | as | an | Ec[14] | Ec3536] | Ec[34] | Ec[This work] | Eg[14] | Ee[35,36] | Ee[34] | Ee[This work]
CuAlS: | 29 | 16 10.575 10.565 10.655 11.728 | 11.719 12.941
CuAlSe: | 29 | 34 9.435 9.46 9.005 10436 | 10.425 10.938
CuAlTe: | 29 | 52 8.035 8.196 7.942 8.859 | 8.954 9.646
CuGaS: | 29 | 16 | 9.95 9.673 9.699 10.655 10.964 | 10.705 | 10.704 12.941
CuGaSe> | 29 | 34 | 7.87 8.807 8.936 9.005 8.888 | 9.692 | 9.813 10.938
CuGaTe> | 29 | 52 7.945 8.133 7.942 8.758 | 8.881 9.646
CulnS: | 29 | 16 | 852 8.523 8.936 10.655 9617 | 9478 | 9.813 12.941
CulnSe> | 29 | 34 9.333 9.382 9.005 10.321 | 10.334 10.938
CulnTe: | 29 | 52 6.635 7.83 7.942 7516 | 8.531 9.646
AgAlS: | 47 | 16 9.32 8.587 9.005 10.117 | 9.408 10.938
AgAlSe: | 47 | 34 8.393 7.83 7.942 9.096 | 8.531 9.646
AgAlTe: | 47 | 52 7.51 7.117 7.184 8.128 771 8.725
AgGaS: | 47 | 16 | 9.87 9.103 8.388 9.005 10.6 9877 | 9.177 10.938
AgGaSe: | 47 | 34 | 856 8.405 7.83 7.942 9.275 9.11 8.531 9.646
AgGaTes | 47 | 52 7.649 7.22 7.184 8.281 7.829 8.725
AglnS: | 47 | 16 9.608 8.794 9.005 10434 | 9.648 10.938
AgInSe> | 47 | 34 | 8.15 8.662 8.01 7.942 8.862 | 9392 | 8.739 9.646
AgnTe: | 47 | 52 7.554 7.117 7.184 8.176 7.71 8.725
ZnSiP» | 30 | 15 4.1 4.584 4.552 4425 6.119 6.53 6.263 6.477
ZnGeP> | 30 | 15 | 4.08 4.541 4.499 4425 6.134 | 6465 | 6.186 6.477
ZnSnP> | 30 | 15 | 4.07 4414 4.399 4425 6.038 | 6273 6.04 6.477
ZnSiAs: | 30 | 33 | 3.73 4225 4.229 3.739 5655 | 5980 | 5.793 5.474
ZnGeAs: | 30 | 33 | 3.71 4.157 4.168 3.739 5582 | 5887 | 5.705 5.474
ZnSnAs: | 30 | 33 | 3.68 4.061 4.082 3.739 5.48 5.744 5.58 5.474
CdSiP, | 48 | 15 | 4.17 3.875 3915 3.739 5682 | 5.647 | 5338 5.474
CdGeP, | 48 | 15 | 412 3.882 3.921 3.739 5652 | 5478 | 5347 5.474
CdsnP> | 48 | 15 | 4.04 3.785 3.834 3.739 5519 | 5334 | 5221 5.474
CdSiAs: | 48 | 33 | 3.8 3.618 3.684 3.298 5354 | 5.088 | 5.005 4.828
CdGeAs: | 48 | 33 | 3.94 3.612 3.679 3.298 5317 5.08 4.997 4.828
CdSnAs: | 48 | 33 | 3.87 3.527 3.602 3.298 5205 | 4983 | 4.887 4.828
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Table 2. This table presents the values of ionic gaps Ec (eV) and average energy gaps Eg (eV) for B-C bond of ternary tetrahedral
(ABUCY" and A"BIVCY) semiconductors.

Solids | as | an | Ee[l4] | Ec[35,36] | Ec[34] | Ec[This work] | Ee[14] | Eg[35,36] | Ee[34] | Ee[This work]
CuAlS: | 29 | 16 5.746 5.584 5.790 7.671 7471 9.214
CuAlSe> | 29 | 34 5.165 5.084 4.570 6.863 6.764 7.487
CuAlTe; | 29 | 52 4.479 4.469 3.899 5.902 5.899 6.512
CuGaS: | 29 | 16 5.6 5.684 5.536 4.570 7.45 7.584 7.402 7.487
CuGaSe> | 29 | 34 5.1 5.103 5.001 3.899 6.8 6.777 6.646 6.512
CuGaTe> | 29 | 52 4336 4366 3.458 5.725 5.755 5.862
CulnS: | 29 | 16 | 5.49 4.898 4.839 3.899 6.39 6.494 6.419 6.512
CulnSe> | 29 | 34 4.466 4.469 3.458 5.902 5.899 5.862
CulnTe> | 29 | 52 3.96 4.017 3.141 5215 5.269 5.388
AgAlS: | 47 | 16 5.939 5.734 5.790 7.943 7.683 9.214
AgAlSex | 47 | 34 5.381 5.258 4.570 7.162 7.009 7.487
AgAlTe: | 47 | 52 4.43 4.434 3.899 5.853 5.85 6.512
AgGaS: | 47 | 16 | 5.64 5.887 5.683 4.570 7.47 7.869 7.611 7.487
AgGaSe> | 47 | 34 | 5.02 5.235 5.127 3.899 6.7 6.959 6.824 6.512
AgGaTe; | 47 | 52 4316 4332 3.458 5.698 5.708 5.862
AglnS: | 47 | 16 4.835 4.8 3.899 6.408 6.364 6.512
AglnSe> | 47 | 34 | 471 4378 4.4 3.458 6.7 5.783 5.802 5.862
AglnTe: | 47 | 52 3.758 3.844 3.141 4.944 5.029 5.388
ZnSiP2 | 30 | 15 | 245 2.72 2.424 3.325 5.84 5.95 5.463 5.292
ZnGeP, | 30 | 15 2.6 2.546 2.8 2.625 5.56 5.54 5.12 4.300
ZnSnP> | 30 | 15 | 271 2.183 1.994 2.239 4.97 4.7 4.443 3.740
ZnSiAs: | 30 | 33 | 254 2.478 2.23 2.625 5.41 5.38 5.001 4.300
ZnGeAs: | 30 | 33 | 2.12 2.347 2.125 2.239 4.97 5.07 4.753 3.740
ZnSnAs: | 30 | 33 1.53 2.045 1.883 1.986 4.16 438 4.182 3.367
CdsiP> | 48 | 15 | 259 2.739 2.439 3.325 5.94 6 55 5.292
CdGeP> | 48 | 15 | 2.68 2.538 2.278 2.625 5.59 5.52 5.116 4.300
CcdsnP> | 48 | 15 | 271 2.181 1.992 2.239 4.96 4.69 4.439 3.740
CdSiAs: | 48 | 33 | 2.64 2.543 2.233 2.625 5.46 5.42 5.01 4.300
CdGeAs: | 48 | 33 | 221 2317 2.101 2.239 4.95 5 4.695 3.740
CdSnAs; | 48 | 33 | 1.9 2.017 1.861 1.986 4.14 432 4.13 3.367

Table 3. This table presents the values of crystal ionicity f; for A-C and B-C bonds of ternary tetrahedral (A'BYCY! and A'BIVCY)

semiconductors.
fi fi fi fi fi fi fi fi fi fi
Solids [14] [35,36] [37] [34] [This work] [14] [35,36] [37] [34] [This work]
A-C Bond B-C Bond

CuAlS: 0.813 0.78 0.813 0.708 0.561 0.62 0.559 0.503
CuAlSe2 0.817 0.79 | 0.824 0.770 0.566 0.65 0.565 0.563
CuAlTe: 0.822 0.75 0.838 0.820 0.576 0.56 0.574 0.606
CuGa$S 0.825 0.816 0.77 | 0.821 0.708 0.565 0.561 0.55 0.559 0.563
CuGaSe2 0.784 0.825 0.76 | 0.829 0.770 0.563 0.567 0.55 0.566 0.606
CuGaTez 0.823 0.81 0.839 0.820 0.573 0.51 0.576 0.641
CulnSz 0.785 0.808 0.77 0.829 0.708 0.636 0.569 0.6 0.569 0.606
CulnSe2 0.817 0.77 0.824 0.770 0.572 0.6 0.574 0.641
CulnTe2 0.779 0.76 | 0.842 0.820 0.576 0.57 0.581 0.671
AgAIS: 0.848 0.85 0.833 0.770 0.559 0.61 0.557 0.503
AgAlSez 0.851 0.86 | 0.842 0.820 0.564 0.63 0.563 0.563
AgAlTex 0.853 0.84 | 0.852 0.862 0.573 0.57 0.575 0.606
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fi fi fi fi fi fi fi fi fi fi
Solids [14] [35,36] [37] [34] [This work] [14] [35,36] [37] [34] [This work]
A-C Bond B-C Bond
AgGaS 0.867 0.849 0.86 | 0.835 0.770 0.57 0.559 0.54 0.558 0.563
AgGaSe: 0.852 0.851 0.85 0.842 0.820 0.561 0.566 0.54 0.565 0.606
AgGaTez 0.853 0.86 | 0.851 0.862 0.573 0.51 0.576 0.641
AgInS; 0.847 0.85 0.831 0.770 0.569 0.61 0.569 0.606
AglnSes 0.846 0.85 0.85 0.84 0.820 0.604 0.573 0.6 0.575 0.641
AglInTe: 0.853 0.84 0.852 0.862 0.578 0.58 0.584 0.671
ZnSiP> 0.438 0.493 0.528 0.509 0.117 0.2088 0.197 0.178
ZnGeP> 0.442 0.493 0.529 0.509 0.219 0.2112 0.198 0.199
ZnSnP> 0.455 0.495 0.53 0.509 0.298 0.2162 0.202 0214
ZnSiAs2 0.436 0.498 0.533 0.554 0.22 0.2122 0.199 0.199
ZnGeAs2 0.446 0.499 0.534 0.554 0.182 0.214 0.2 0214
ZnSnAsz 0.45 0.5 0.535 0.554 0.135 0.218 0.203 0.227
CdSiP; 0.539 0.502 0.538 0.554 0.191 0.2085 0.197 0.178
CdGeP2 0.532 0.502 0.538 0.554 0.231 0.2113 0.198 0.199
CdSnP» 0.536 0.504 0.539 0.554 0.298 0.2163 0.202 0.214
CdSiAs: 0.553 0.506 0.542 0.589 0.234 0.2202 0.199 0.199
CdGeAs> 0.549 0.506 0.542 0.589 0.199 0.2144 0.2 0214
CdSnAs: 0.553 0.501 0.543 0.589 0.148 0.2184 0.203 0.227

Table 4. This table presents the values of electronic susceptibility i for A-C and B-C bonds of ternary tetrahedral (A'BMCY! and

AUBIV(CY) semiconductors and plasmon energy hop are taken from [35,36].

hop X X X X hop X X x x
Solids [14] | [35] | [34] | [This work] [14] | [35] [34] | [This work]
A-C Bond B-C Bond
CuAlS; 25.110 4.584 | 4.591 3.765 18.295 4.955 5.997 3.942
CuAlSez | 23231 524 | 4.966 4511 17.041 5908 | 6.347 5.181
CuAlTez | 20859 5262 | 5427 4.676 15518 7.102 | 6.92 5.678
CuGaS, 23.626 | 443 | 4248 | 4.872 3.333 18.163 | 6.07 | 5485 | 6.021 5.886
CuGaSe2 | 2176 | 5.76 | 4.838 | 5.107 4111 16906 | 7.04 | 6573 | 6471 6.739
CuGaTex | 20703 5305 | 5434 4.607 15.195 7951 | 6971 6.718
CulnS; 22231 | 553 | 4824 | 5.132 2.951 16453 | 599 | 6537 | 657 6.383
CulnSe2 | 23 061 4607 | 4.98 4.445 15.489 7.867 | 6.984 6.981
CulnTe; 20.167 6.939 | 5.588 4371 14.332 9.114 | 7.399 7.076
AgAIS: 21.536 4138 | 524 3.877 18.708 4829 | 5929 4122
AgAlSe2 | 20,090 4767 | 5.546 4338 17.51 5461 | 6.241 5.470
AgAlTe; 18.681 5349 | 5.871 4.584 15.408 7.073 6.937 5.598
AgGaS: 21.201 | 3.68 | 4.209 | 5.337 3.757 18.598 | 5.84 | 5.338 5.971 6.171
AgGaSe2 | 20110 | 428 | 4762 | 5557 4346 17.193 | 7.04 | 6443 | 6348 6.970
AgGaTex | 18905 5275 | 5831 4.695 15.149 7978 | 7.044 6.677
AglnS, 21.979 4048 | 5.19 4.038 16.313 6.601 | 6571 6.275
AglnSea 20.513 | 4.53 | 4.658 | 5.51 4.522 15291 | 7.41 | 7.888 | 6.946 6.803
AglnTe | g 751 5325 | 5915 4.619 13.86 9.494 | 7.596 6.617
ZnSiP; 15.294 5.963 5575 18.757 11.789 12.562
ZnGeP» 15.198 6.036 5.505 17.944 12.283 17.415
ZnSnP> 14.907 6.091 5.296 16.203 133 18.766
InSiAs: | 14473 6.242 6.990 17.62 12.414 16.792
ZnGeAs: 14316 6.3 6.839 16.997 12.788 20.651
ZnSnAs> 14.094 6.38 6.628 15.524 13.78 21.257
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CdSiP: 13.659 6.55 6.225 18.845 11.74 12.681
CdGeP: 13.675 6.54 6.240 17.905 12.249 17.340
CdSnP; 13.446 6.633 6.033 16.194 13.309 18.746
CdSiAs2 | 13050 6.799 7.306 17.642 12.4 16.834
CdGeAs> | 13035 6.805 7.290 16.85 12.88 20.295

CdSnAs2 12.831 6.894 7.063 15.388 13.882 20.886
Table 5. This table presents the values of dielectric constant € for A-C and B-C bonds of ternary tetrahedral (A'BMCY" and A'BIVCY)
semiconductors.
€ € € € € € € €
Solids [14] [35,36] [34] [This work] [14] [35,36] [34] [This work]
A-C Bond B-C Bond
CuAlS: 5.591 4.765 6.997 4.942
CuAlSe: 5.966 5.511 7.347 6.181
CuAlTe> 6.427 5.676 7.92 6.678
CuGaS: 5.43 5.872 4.333 7.07 7.021 6.886
CuGaSe: 6.76 6.107 5.111 8.04 7.471 7.739
CuGaTez 6.434 5.607 7.971 7.718
CulnS2 6.53 6.132 3.951 6.99 7.57 7.383
CulnSe2 5.98 5.445 7.894 7.981
CulnTez 6.588 5.371 8.399 8.076
AgAlS: 6.24 4.877 6.929 5.122
AgAlSe: 6.546 5.338 7.241 6.470
AgAlTez 6.871 5.584 7.937 6.598
AgGaS: 4.68 6.337 4.757 6.84 6.971 7.171
AgGaSe: 5.28 6.557 5.346 8.04 7.348 7.970
AgGaTez 6.831 5.695 8.044 7.677
AgInS> 6.19 5.038 7.571 7.275
AglnSe> 5.53 6.51 5.522 8.41 7.946 7.803
AglnTe 6.915 5.619 8.596 7.617
ZnSiP> 6.84 6.486 6.963 6.575 10.41 10.931 12.789 13.562
ZnGeP2 6.84 6.526 7.036 6.505 11.55 11.494 13.283 18.415
ZnSnP> 6.84 6.648 7.091 6.296 12.65 12.93 14.3 19.766
ZnSiAs: 7.95 6.839 7.242 7.990 11.8 11.731 13.414 17.792
ZnGeAs> 7.95 6.913 7.3 7.839 14.29 12.223 13.788 21.651
ZnSnAs> 7.95 7.021 7.38 7.628 18.08 13.568 14.78 22.257
CdSiP2 6.99 7.239 7.55 7.225 10.41 10.874 12.74 13.681
CdGeP2 6.99 7.232 7.54 7.240 11.55 11.521 13.249 18.340
CdSnP> 6.99 7.355 7.633 7.033 12.65 12.922 14.309 19.746
CdSiAs2 8.22 7.579 7.799 8.306 11.8 11.603 13.4 17.834
CdGeAs: 8.22 7.588 7.805 8.290 14.29 12.343 13.88 21.295
CdSnAs, 8.22 7.73 7.894 8.063 18.08 13.71 14.882 21.886

SUMMARY AND CONCLUSION

It is obvious from the results introduced in the tables 1 to 5 that the values obtained for the proposed properties for
ternary tetrahedral semiconductors are in close agreement to the values reported so far for the same properties by earlier

researchers.

So, we draw an inference that average atomic number in addition to product of ionic charges of the

elements in a compound plays a vital role in determining the electronic and optical properties of the ternary tetrahedral
(A'B"'CY! and A"B™CY ) compounds. The proposed empirical relations for the ionic gap (E.) and average energy gap
(Eg) have been found inversely related to average atomic number and the product of ionic charges of the elements in the
ternary tetrahedral semiconductors. The crystal ionicity (fi) is directly related to the average atomic number and
inversely to the product of ionic charges of the elements in the compound, while the electronic susceptibility (y) and
dielectric constant (€) are directly related to both the criterion. It is noteworthy that the proposed relations are simple
and widely applicable and the values obtained for electronic and optical properties are in accordance to the earlier
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workers reported. The new idea conceptualized herein will be encouraging to the material scientists for exploring new
homologous compounds with desired ionic gap (E:), average energy gap (E,), crystal ionicity (fi), electronic
susceptibility () and dielectric constant (€), which may revolutionized modern microelectronic industry.
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JienexTpudHa iHTepIpeTanist i0HHOCTI KpHCTaniB, po3pobiena dinincom ta Ban Bexrenom (P.V.V), Gyna BuKkoprcTaHa JUIst OLIHKA
pI3HMX BIACTHBOCTEH OCHOBHOIO CTaHy JUIS IIMPOKOTO CHEKTPA HAaIiBIPOBIMHHWKIB Ta i301aTOpiB. ONHAK aKTYaIBHICTH TEOpii
nienektpukis P.V.V. oOMexeHa IMIe NPOCTUMH CTPYKTypoBanumu croinykamu ANB3N sxi marors neBuumii 38°s30k. JleBin
posmmpus P.V.V. Teopiro i0HHOCTI I KpUCTalIiB 3 6araTbMa 3B’I3KaMH Ta KOMIUIEKCHUX KPHCTAJIB Ta OLIHMB 0araTo mapamerpiB
3B 3Ky AJIS TMOTPIMHUX TeTpacAPHMYHHMX HAMIBIPOBIOHMKIB. JlesKki iHIII AOCTHIAHUKH PO3MIMPHIN poOOTy JleBiHa 3a JOMOMOTOIO
KOHIIETIIii i10HHOTO 3apsay Ta BiACTaHI 10 HaWOMIKYIOro OTOYEHHS Ha OiHApHI Ta MOTPiHHI TeTpaeapHyYHI KPHCTAM Ui OLIHKA
BJIACTUBOCTECH OCHOBHOTO CTaHy. Y Liif poOOTi A pO3yMiHHS AESKUX CNCKTPOHHHUX Ta ONTHYHHUX BIACTHBOCTEH, TAKHX SK 10HHHUN
3a30p (Ec), cepemns emepretmuna miinuHa (Eg), iomHicTs kpucTamiB (fi), eleKTpOHHA CIHPUIHATAMBICTE () Ta HieNEKTPHIHA
IPOHMKHICTh (€) NMOTPiMHMX HOTHPUrpaHHHX HamiBnposimuukis (A'BY CY and A'B™CY') 6yma Buxopucrana HoBa rimoresa
CEPEHBOT0 ATOMHOTO YHCJIa CIIEMEHTIB Y CIIOJyKax. BimMivaeThCsl TOCUTh NPUITHATHA BiIIOBIIHICTD OLIIHCHUX 3HAYEHB 3 OI[IHKAMU
3pOOJICHMH 1HIIHUX IHIIUMH JOCIiTHUKAMH.
KJIFOYOBI CJIOBA: ioHHICTh KPUCTAJIB, CEpeHii aTOMHUN HOMEP, XaIbKOIIPHTH
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The concept of ionicity developed by Phillips and Van Vechten originated from the dielectric analysis of the semiconductors and
insulators have been used to evaluate various bond parameters of binary tetrahedral (A"™BY! and A"'BV) semiconductors. An overview
of the understanding of correlation between atomic number and the opto-electronic properties of zinc blende crystal structured solids
is presented here. In this paper, an advance hypothesis of average atomic number of the elements in a compound has been used to
evaluate intrinsic electronic and optical parameters such as ionic gap (Ec), average energy gap (Eg), crystal ionicity (fi) and dielectric
constant (¢) of binary tetrahedral semiconductors.

KEYWORDS: Ionicity; atomic number; zinc blende; energy gap

The largest part of modern technology on the earth is based on solid state materials. Ample research dedicated to
the physics and chemistry of solids during the past four decades has produced sizeable breakthroughs in comprehending
the properties of solids as a whole. So, it is captivating to go through the behaviour and various properties of other solids.
The modern microelectronic industry uses the semiconductors of particular omnitriangulated nature in zinc blende
crystallographic structure. This nature gives rise to unique physical properties in materials. A great amount of theoretical
and experimental work has been completed in recent past on mechanical, structural and optical properties of zinc blende
(A"BY and A"BY') semiconductors [1-7]. It is due to their exciting semiconducting properties and various practical
applications in the area of non-linear optical laser devices, photovoltaic detectors, light emitting diodes, solar cells, and
integrated optical devices such as switches, filters and modulators. The hypothesis of crystal ionicity of chemical bonding
has been demonstrated its potential in the characterization of molecular and solid state properties. This proposed various
ionicity scales to associate with a broad spectrum of physical and chemical properties such as cohesive energy, elastic
constants, heat of formation, crystal structure, bulk modulus etc [8]. Levine [8], Phillips and Van Vechten [9-11], and
many more researchers [12-16] have evolved several theories and evaluated ionicity in the case of basic compounds.

Because of the trouble related to the experimental procedure and its price, also complicacies in getting correct values
of physical properties, researchers moved to evaluating the physical properties of solids by means of theoretical methods.
But owning to the elaborated process, as well difficult computational methods require a sequence of approximation; these
methods have always been complex and developed for only limited semiconductors [17]. Consequently, we realized it
would be of immense interest to present an another possible interpretation of the ionic gap (E.), average energy gap (Eg),
crystal ionicity (i) and dielectric constant (€) in binary tetrahedral (A" BY!and A BY) semiconductors.

Numerous researchers have attempted to evaluate electronic and optical parameters of binary tetrahedral
semiconductors with the help of ionic charge and valance electrons. But considering the different screening factors present
in compound crystallography, we have used a new concept of average atomic number of interacting elements in a
compound and found excellent results comparable to previous workers for the ionic gap (E.), average energy gap (E,),
crystal ionicity (f;) and dielectric constant (€) in binary tetrahedral (A" BY'and A™BY) semiconductors. In our suggested
relations only few variables such as atomic number and ionic charge on cation and anion are needed as input data, to
calculate many electronic and optical properties of these compounds and the method emerge relevant to other materials,
too.

THEORY, RESULTS AND DISCUSSION
As stated in modified theory of dielectric of solids [9-11, 18-20] for tetrahedral coordinated compounds, average
energy gap (E,), connected bonding and anti binding (sp*) hybridized orbital can be separated into two shares due to
symmetric and anti symmetric portions of the potential inside a unit cell. These shares are ionic or heteropolar (E.) and
covalent or homopolar (Ex), which can be expressed in the following relation:

EZ = E} + E} €))
The ionic or heteroploar share E. is inversely related to the bond length d as:
E. =K deKsTo (@)

where K, is an arbitrary constant and depends on the difference between valence states of an atom and is given by
Ki=bc?Az, where prescreening factor b depends on the coordination number [21] around the cation i.e. b=0.089 NZ, here
©R. C. Gupta, K. Singh, A. S. Verma, 2021
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N is average coordination number and c-electronic charge, Az = 4 for IIB chalcogenides. The values of N.= 4, b=1.424
and hence K; = 262.784 are for zinc blende type structure. Thomas-Fermi screening parameter K has been ascertained
taking into account eight electrons per molecule (two for Zn, Cd & Hg and six for O, S, Se & Te) and r, = d/2.

The covalent or homopolar share Ej, is related to the bond length d as:

Ev=Adke 3)

where A and K, are constants, which remain unaffected in different crystal structures with values A = 40.468 eV/A?° and
Ki =2.5. These values are A= 39.74 and K, = 2.48 as reported by PVV [10]. Therefore, the values of E. and E, depend
on number of bonds emerge from cations and bond length.

The crystal ionicity f; of the chemical bond is expressed as the fraction of ionic character as follows.

fi=E2/E; “

V. Kumar [22-24] has expressed those electronic properties of zinc blende (A" BY! and A™BY) crystals in terms of
Plasmon energy ho, as follows:

En(eV) = 0.04584(ho,)", (5)
E. (eV) = 10.722(hw,) 3% exp [-6.2554(hw,) ] 6)

Here ho, is in eV, v is a constant. E. and E;, are the ionic and homopolar gaps, respectively.

Jayaraman et al. [25], Srideshmukh et al. [26], and Krishnan et al. [27] established that significantly reduced ionic
charges must be used to obtain better agreement with experimental values of these parameters. Verma et al. [28] have
been applied this concept for obtaining better agreement with theoretical data for ionic gap (E.), average energy gap (E,),
crystal ionicity (fi) and dielectric constant (€) of binary tetrahedral (A"BY! and A™BY) semiconductor, which can be
expressed in terms of product of ionic charges as follows:

For binary tetrahedral (zinc blende) semiconductors:

E.=90d2/(Z,Z,)%7 eV, (7)
E,=90 d212/(Z,7,)°5 eV ®)

Here, Z; and Z are the ionic charges and d is the bond length in A. On solving equations (2) and (7, 8), crystal ionicity f;
can be expressed as follows:

£;=0.87891 d%2*/(Z,Z,)%* Q)
Levine and Penn [8, 29] have given the relation for dielectric constant € as follows:
2 2
=1+ (hw,)"/(E,) (10)

Considering the above empirical relations and using the concept of product of ionic charges given by Verma at el.
[28] and our hypothesis of average atomic number of elements in the binary tetrahedral semiconductor, we have proposed
following empirical relations for electronic and optical parameters such as ionic gap (E.), average energy gap (Ey), crystal
ionicity (f;) and dielectric constant (€) and further evaluated their values. The evaluated values are in excellent agreement
with the values reported by Levine [8], V. Kumar [22-24]. Our endeavour of determining ionic gap E., average energy
gap E,, crystal ionicity fi, and dielectric constant € has not been required experimental values of the dielectric constant
although the previous models needed this value in their computations except Verma et al. [28]. These values are presented
in the table 1 and 2.

azi+azz)%°
Ee=65/(2,2,)°% (42°2) (1
azita 0.5
By =91/(2,2,)°° (*22°22) ™, (12)
az1+azs 0.25 D25
fi=16(222) " /(2,2,)°%, (13)

We have found dielectric constant (€) same as given in relation (10). Here, Zi, Z> are ionic charges and az;, a, are
atomic numbers of the elements in the compound.

Table 1. This table presents the values of ionic gap Ec and average energy gap Eg of binary tetrahedral semiconductors.

Solids | @s | a» | Ec[8] | Ec[24,30] | Ec[28] | Ec[This work] | Ee[8] | Ee[24,30] | Ee[28] | E¢[This work]

AlP 13 | 15 | 3.76 3.31 3.47 4.00 6.04 5.18 6.50
AlAs 13 | 33 | 3.82 3.36 3.27 3.29 5.81 4.87 5.07
AlSb 13 | 51 | 3.08 2.71 2.73 2.90 4.68 4.02 4.30

GaP 31 | 15 33 2.9 3.47 3.29 5.76 5.18 5.07




91

Empirical Relation for Electronic and Optical Properties of Binary Tetrahedral... EEJP. 1 (2021)
Solids | a1 | an | Ec[8] | Ec[24,30] | Ec[28] | Eo[This work] | Ee[8] | Ee[24,30] | Ee[28] | Ee[This work]
GaAS 31 | 33 | 2.92 2.51 3.22 2.90 5.21 4.79 4.30
GaSb 31 | 51 | 2.13 1.87 2.75 2.63 4.14 4.05 3.80
InP 49 | 15 | 3.35 2.95 3.0 2.90 5.16 4.44 4.30
InAs 49 | 33 | 2.74 241 2.84 2.63 4.58 4.19 3.80
InSb 49 | 51 | 2.15 1.89 245 243 3.76 3.58 3.44
ZnS 30 | 16 | 6.16 6.05 6.23 6.31 7.82 7.73 7.92 8.25
ZnSe 30 | 34 | 5.1 5.57 5.64 5.55 6.98 7.09 7.12 7.00
ZnTe 30 | 52 | 438 4.54 4.89 5.03 5.66 5.75 6.13 6.18
Cds 48 | 16 | 5.78 5.1 5.29 5.55 7.01 6.47 6.65 7.00
CdSe 48 | 34 | 531 4.97 5.03 6.42 6.23 6.18
CdTe 48 | 52 | 443 4.19 4.32 4.66 5.40 5.29 5.37 5.60
HgS 80 | 16 5.08 5.33 4.73 6.45 6.71 5.71
HgSe 80 | 34 4.14 4.93 443 5.22 6.18 5.24
HgTe 80 | 52 3.97 4.18 4.92 4.87

Table 2. This table presents the values of dielectric constant € and crystal ionicity fi of the binary tetrahedral semiconductors.

Solids | as | an | hop[32] | €[5] | €[31] | €[28] | ¢[Thiswork] | £[8] | fi[24] | £[28] | fi[This work]
GaP 31 | 15 16.8 9495 | 9.11 | 11.52 11.95 0.328 | 0.3259 | 0.449 0.379
GaAS | 31 | 33 16 12.302 | 10.88 | 12.16 14.82 0.315 | 0.303¢ | 0.453 0.394
GaSb | 31 | 51 14.9 14.44 | 14.53 16.35 0.265 | 0.2649 | 0.461 0.404
InP 49 | 15 13.9 9.706 | 9.61 | 10.8 11.43 0.421 | 0.419 | 0.457 0.394
InAs 49 | 33 13.7 13.55 | 12.03 | 11.69 13.98 0.359 | 0.357¢ | 0.46 0.404
InSb 49 | 51 13.2 15.68 | 14.6 15.69 0.329 | 0.3279 | 0.468 0.413
ZnS 30 | 16 | 16.68° 5.7¢ 520 | 544 5.08 0.621 | 0.613 | 0.619 0.593
ZnSe | 30 | 34 | 15.78° 5.9¢ 6 | 591 6.08 0.623 | 0.617 | 0.627 0.615
ZnTe | 30 | 52 | 13.8° 6.7° 728 | 6.07 5.98 0.599 | 0.626 | 0.637 0.632
Cds 48 | 16 | 14.87° 5.3 6 5.51 0.679 | 0.621 | 0.631 0.615
CdTe | 48 | 52 | 13.09° 721 | 6.94 6.46 0.675 | 0.629 | 0.647 0.646
HgS 80 | 16 | 14.85° 5.9 7.75 0.622 | 0.631 0.643
HgSe | 80 | 34 | 12.98 5.41 7.12 0.629 | 0.637 0.655

aRef. [8], PRef. [24], °Ref. [33], 9Ref. [30]

SUMMARY AND CONCLUSIONS

The suggested empirical relations have been applied to calculate ionic gap E., average energy gap E,, crystal ionicity
fi, and dielectric constant € of binary tetrahedral (A"BY! and AMBY) semiconductors. This shows average atomic number
of the elements in the compounds is a crucial parameter for evaluating electronic and optical properties. The ionic gap
(Ec) and average energy gap (E,) of these compounds have been found inversely proportional to the average atomic
number and product of ionic charges of the compounds. The crystal ionicity (f;) is directly related to average atomic
number and inversely to product of ionic charges, while dielectric constant (€) is directly related to both the parameters.
This is interesting to note that the suggested relations are straightforward, extensively relevant and values obtained are in
good agreement with published values as compared to earlier workers. The hypothesis proposed herein will be supportive
to the researchers for exploring new analogous materials with aimed ionic gap (E.), average energy gap (Eg), crystal
ionicity (fi) and dielectric constant (€). Arguably this hypothesis may easily be broadened to ternary tetrahedral
semiconductors, for which work is in progression out comes will be revealed in expected paper.
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EMIIIPUYHE COIBBIIHOIMIEHHSA EJJEKTPOHHAX TA ONTUYHUAX BJACTUBOCTEA
BIHAPHUX TETPAEJIPUYHUX HAIIBITPOBITHUKIB
Pamkem C. Fynra?, Xymsant Cinrx?, Ajkaii C. Bepma®
“@izuunui paxynomem, B.S.A. konedac, Mamypa 281004 (Inois)
b®aynomem npupoonuuux ma npuxnadnux nayx, Ilxora mexnonozii, Inoxansnuii ynieepcumem, Caxapannyp 247121 (Indis)

Konueriiist ionHOCTI, po3pobiena diurincom Ta Ban BexTeHoM, BUHHKIIA B pe3yNbTaTi AICIEKTPUYHOTO aHaJIi3y HaMiBIIPOBIJHUKIB,
a 130JIATOPH BUKOPUCTOBYBAJIMCH JJISI OLIHKH Pi3HUX MapaMeTpiB 3B'A3KY ABIMKOBUX YOTHPUTPaHHHUX HamiBIpoBiaHUKIB (AIIBVI ta
AIIIBV). Tyt npeacTaBneHnit orsi po3yMiHHS KOPEJALii MK aTOMHIM HOMEPOM Ta ONTOEJICKTPOHHUMHE BIIACTUBOCTSMH TBEPIUX
KPHCTAJIB i3 3MIMIAHOIO KPUCTAIIYHOIO CTPYKTYPOIO IIMHKY. Y Il poOOTIi Ionepe iHs rinore3a cepefH50r0 aTOMHOTO YHCIIa eJIEMEHTIB
y cnonyni Oyjia BUKOPHCTaHa I OI[IHKM BJIACHHX EJICKTPOHHUX Ta ONTHYHUX IapaMeTpiB, Takux sk ionHa minmHa (Ec), cepenns
3abopoHeHa 30Ha (Eg), ioHHICT KpHcTamiB (fi) Ta ieneKTpryHa IPOHUKHICTE (€) MOIBIHHUX TETpaeIpUIHUX HaIliBIIPOBIIHUKIB.
KJIFOYOBI CJIOBA: ioHHICTh; aTOMHHI HOMEp; IMHKOBA OOMaHKa; 3a00pOHEHA 30Ha
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In the present work, we have studied intercalated Transition Metal Dichalcogenides (TMDC) MTiS2 compounds (M = Cr, Mn, Fe)
by Density Functional Theory (DFT) with Generalized Gradient Approximation (GGA). We have computed the structural and
electronic properties by using first principle method in QUANTUM ESPRESSO computational code with an ultra-soft
pseudopotential. A guest 3d transition metal M (viz; Cr, Mn, Fe) can be easily intercalated in pure transition metal dichalcogenides
compound like TiSz. In the present work, the structural optimization, electronic properties like the energy band structure, density
of states (DoS), partial or projected density of states (PDoS) and total density of states (TDoS) are reported. The energy band
structure of MTiS2 compound has been found overlapping energy bands in the Fermi region. We conclude that the TiS: intercalated
compound has a small band gap while the doped compound with guest 3d-atom has metallic behavior as shown form its overlapped
band structure.

KEYWORDS:-Density Functional Theory (DFT), Transition metal dichalcogenide compounds (TMDCs), Generalized Gradient
Approximation (GGA), Quantum ESPRESSO code, Intercalated compound, ultra-soft pseudopotential.

During several years, the Transition Metal Dichalcogenides (TMDC) materials of group IV-b,V-b and VI-b have
received significant consideration because of their uses particularly as electrodes in photoelectrochemical (PEC) solar
cell for conversion of solar energy into electrical energy as well as photonic devices in numerous electronic
applications. We have work on MTiS; intercalated compound [1]. While, different atoms may be intercalated into van
der Waal’s gap with TMDC TX, (T = group IV, V, VI transition metal, X = S, Se, Te) compounds and a great deal of
effort has been made to obtain new functional content. In TiS,, Ti has a sandwiched layer between two Sulphur layers
with very weak van der Wall’s force. Because of such weak attraction between interlayer, a guest 3d atom can be easily
intercalated in the TMDC TiS; [2]. The effect of charge transfer from guest 3d-transition metal to self-intercalated
compound TiS; has been studied by Kim et al. [3]. Also, based on self-consistent APW method the d-orbitals of
intercalant M atoms hybridize strongly with p-orbitals of ‘S’ in such a way that the Ti-S bonds become weaker than
the M-S bonds [4, 5]. Therefore, the M-S bonds are much stronger than Ti-S bonds [5]. Also, a strong hybridization
takes place in the states like 3d states of M, 3d-states of Ti and 3p-states of S [6-8]. However, the TiS; has a very small
indirect bandgap as a semiconductor [4]. Also, in the band structure of MTiS,, the energy band lines are overlapped
near at the Fermi region.

The Density Functional Theory (DFT) based formulation is commonly used for investigating the structural and
electronic properties of the materials and found successful [9-12]. The molecular-orbital (MO) method is found useful
to examine the nature of chemical bonding in intercalated MTiS, compound [3]. The intercalates MTiS, (M = Cr, Mn,
Fe) compounds depending on the guest atom M (viz; Cr, Mn, Fe), which are supported by various experimental
techniques such as X-Ray photoemission spectroscopy (XPS), Angle Resolved Resonant Photoemission Spectroscopy
(ARPES), Angle Resolved Inverse Photoemission Spectroscopy (ARIPES) and high field magnetization
measurements [13,14].

Very recently, Sharma et al. [6] have reported transport properties and electronic structure of intercalated compounds
CrTiS, by employing full potential linearized augmented plane wave (LAPW) with local orbitals (LO) method, in the
outline of DFT with Generalized Gradient Approximations (GGA) [15] under Wien2K code [16] environment. They have
constrained their studies up to band structure, density of states (DOS), charge density and specific heat calculations only.
But, they have not reported theoretical fallouts of MnTiS, and FeTiS, compounds in their research work thoroughly. Also,
they concluded that all CrTiS,, MnTiS; and FeTiS, compounds have same electronic band structure and DOS. However,
all above mentioned materials have different band structure and DOS.

Hence, looking to the technological aspects of the said materials, we though it undertakes in the present work, the
structural optimization and electronic properties like energy band structure, density of states (DOS), partial or projected
density of states (PDOS), total density of states (TDOS) of MTiS2 compounds using GGA [15] with Perdew-Burke-
Ernzerhof (PBE) exchange and correlation effect [17] and ultra-soft pseudopotential [18] through Quantum ESPRESSO
code [19] under DFT environment. The prime novelty of our current work is that, we have compared our computed results
of the studied materials and their properties after and before the interaction process, which gives us good assessments and
nature of aforementioned materials briefly.
© V. B. Parmar, A. M. Vora, 2021
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COMPUTATIONAL METHODOLOGY
All the calculations are performed in our computational laboratory based on density functional theory (DFT) of
intercalated compound MTiS, by solving Kohn-Sham equations [20] with Burai software [21]. Here, we have adopted
Generalized Gradient Approximations (GGA) with Perdew-Burke-Ernzerhof (PBE) exchange and correlation effect [17]
and ultra-soft pseudopotential [18] through Quantum ESPRESSO code [19]. The structural optimization and the
electronic properties such as band structure, density of states (DOS), partial density of states (PDOS) and total density of
states (TDOS) are reported for intercalated MTiS, compound.

RESULT AND DISCUSSION
Structural Optimization

The MTiS; has the Cdl,-type layer structure, in which, Ti layer is inserted among two Sulfur layers. In this structure,
the unit cell of it comprises four atoms with the unit cell positioned for Ti is a 1a; the two S atoms are positioned in 2d
(1/3, 1/3,0.2501) and (2/3,1/3,-0.2501), respectively. The structure consists of S-Ti-S sandwich, separated in Z-direction
by the van der Wall’s gap [22]. In very weak van der Wall’s attraction between the Ti and S layers, guest 3d atom like
Cr, Mn and Fe can be easily intercalated in pure TiS. In the MTiS; atom, the lattice position is 1b (0, 0, 0.5) in the
structure and also has a hexagonal crystal structure with space group P3ml [164] as shown in Fig. (1), (2) and (3). In
MTiS; has the lattice parameters a = 3.4395A and ¢ = 5.9303A. The Brillouin zone (BZ) for hexagonal structure is shown
in Fig. (4).

@
.Cr
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Figure 1. Crystal structure of CrTiS2

‘ HEX path: I-M-K-I"-A-L-H-A|L-M|K-H

Figure 3. Crystal Structure of FeTiS2 Figure 4. Brillouin zone for Hexagonal structure

Electronic properties
In electronic properties, the energy band structure, density of states (DOS), total density of states (TDOS) and partial
or projected density of states (PDOS) are computed and studied.

Band Structure
In the energy band structure calculation, the path of k-points is considered at the high symmetry path viz;
'-M—>K— I'->A—»L— H—A in irreducible Brillouin zone (IBZ). The Band structures of the said materials are plotted
in the energy range of -10.0 eV to 10.0 eV. Also, we have calculated the energy band structure with spin polarized
calculation of said material with spin up and spin down band structure as shown in the same figure.
In Fig. (5) and (6) shows the electronic band structure of CrTiS, compound with spin up and spin down configuration
for taking K path is '>M—>K— I'>A—L— H—>A. The valance band and the conduction band are overlapped in the
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energy range of -5.0 eV to 5.0 eV. From that, we have concluded that the intercalated compound like CrTiS; has a metallic
characteristic. Here, the maximum band is overlapped at the Fermi level. According to the spin up and spin down band
structure of CrTiS,, the paramagnetic nature of the studied compound successfully observed.

Band structure (Spin up) Band structure (Spin down)
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Figure 5. Electronic band structure of CrTiS2 Spin up Figure 6. Electronic band structure of CrTiSz Spin down

Fig. (7) and (8) shows the electronic band structure with spin up and spin down configuration for MnTiS, compound
for K path taking is [>M—>K— I'>A. The valance band and the conduction bands are overlapped in the energy range
between -5.0 eV to 5.0 eV. In MnTiS,, the energy band lines are overlapped more than that of the CrTiS, material. From
that, we have concluded that the intercalated compound like MnTiS; has a metallic characteristic. Here also, one can
observe the maximum band is overlapped at the Fermi level. According to the spin up and spin down band structure of
MnTiS,, it is having a paramagnetic material in nature.

Band Structure (Spin up) Band Structure (Spin down)
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Figure 7. Electronic band structure of MnTiS2 Spin up Figure 8. Electronic band structure of MnTiS2 Spin down

Fig. (9) and (10) shows the electronic band structure with spin up and spin down configuration in the K path of
'-M—K—> I'->A—-L—-> H->A.
Band structure (Spin up) Band structure (Spin down)
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Figure 9. Electronic band structure of FeTiS2 Spin up Figure 10. Electronic band structure of FeTiS2 Spin down
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The valance band and the conduction bands are met in the energy range of -5.0 eV to 5.0 eV. In FeTiS,, the energy
band lines are overlapped more than that of CrTiS; and MnTiS, compounds. From that, we have noted that, FeTiS,
intercalated compound has a metallic nature. Here also, the band is overlapped maximum at the Fermi level. From the
spin up and spin down band structures of FeTiS,, one can say that, the materials has a ferromagnetic in nature.

Density Of States (DOS)
From the partial or projected DOS, the contributions from the individual orbitals of different materials like s, p, d and
f can be checked [19]. We have used here the tetrahedral method for integration over the Brillouin zone to estimate the
DOS. Both DOS and PDOS are computed for spin up and spin down configuration.

C1rTiS: PDOS
ngiSz DOS CITiS: TDOS ==
. inu S Partial density of states
Density of states P P ty ol
Spin down —-—- (3d)
. S_(2p)=——
10 - 5
S
5 : : 25
o &
@ L
[ 72
< _JM/\\)/WWW &
= 0 A AN A n S oo}
2 WS of MY AN 3
~ Y YW oV AR N
7)) v vy 7
8 -5 g 2.5
=W
-10 5
-10 5 0 5 10 -10 8 6 4 -2 0 2 4 5

Energy - E(Fermi) (eV) Energy - E(Fermi) (eV)

Figure 10. Total DoS of CrTiS2 Figure 11. Partial DOS of CrTiSz

The TDOS of CrTiS; is shown in Fig. 10. While, Fig. 11 displays the energy contributions from the individual
orbitals like s, p, d and f in PDOS for CrTiS; compound. It is plotted in the energy range between -10.0 eV to 10.0 eV in
both spin up and spin down energy states. In TDOS below the Fermi region, the electron density shows maximum at 6.0
states/eV at a point -5.0 eV in spin up DOS and 3.5 states/eV at a point -4.5 ¢V in spin down DOS. Above the Fermi
region, the electron density maximum at 1.0 states/eV ata point 2.0 eV in spin up and 1.5 eV in spin down DOS. However,
the DOS at the Fermi region is 1.5 states/eV. In PDOS of CrTiS, is drawn in the states of Cr (3d-state), Ti (3d-state) and
S (2p-state), respectively. Such 3d-states are mainly paid attention to the conduction band, while S-2p states are mainly

contributed to the valance band. Because of these, the CrTiS; is having a metallic compound.
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Figure 12. Total DoS of MnTiS2 Figure 13. Partial DOS of MnTiS2

Figs. 12 and 13, show the TDOS and PDOS for MnTiS, compound, which are plotted in the energy range between -
10.0 eV to 10.0 eV in both spin up and spin down energy states. In TDOS below the Fermi region, the electron density
shows maximum at 6.0 states/eV at a point -5.0 eV in spin up DOS and 3.5 states/eV at a point -4.5 eV in spin down
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DOS. Above the Fermi region, the electron density maximum at 1.0 states/eV at a point 2.0 eV in spin up and 1.5 eV in
spin down DOS graphs. The DOS at the Fermi region is shown at a 1.5 states/eV. In PDOS of MnTiS; is drawn in the
states of 3d-state of Mn, 3d-state of Ti and 2p-state of S, respectively. In PDOS, 3d-states of Mn and Ti are mainly
contributed to the conduction band, while 2p-state of S is mainly contributed to the valance band. Hence, the MnTiS; is
showing a metallic nature.
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Fig. 14. Total DoS of FeTiSz Fig. 15. Partial DOS of FeTiS2

Figs. 14 and 15, display the TDOS and PDOS for FeTiS, compound with spin up and spin down configuration. It is
drawn in the energy range between -10.0 eV to 10.0 eV in both spin up and spin down energy states. In TDOS below the
Fermi region, the electron density found maximum at 6.0 states/eV at a point -5.0 eV in spin up DOS and 3.5 states/eV
at a point -4.5 eV in spin down DOS. While, above the Fermi region, the electron density shown maximum at 1.0 states/eV
atapoint 2.0 eV in spin up and 1.5 eV in spin down DOS. However, the DOS at the Fermi region is found at 1.5 states/eV.
The 3d-states Fe, Ti and 2p-state of such compound is represented in PDOS, in which 3d-states are mainly donated to the
conduction band, while 2p state is mainly contributed to the valance band only, which shows a metallic nature.

Above the reference paper, Sharma, Y., Shukla, S., Dwivedi, S., Sharma, R.: Transport properties and electronic
structure of intercalated compounds MTiS; (M = Cr, Mn and Fe), she says all the materials have same electronic
properties. In our research paper calculation, we can say all the material have not same electronic properties. Some
changes in energy band lines and density of states shown the above figure.

CONCLUSION

Lastly, we conclude here that, the DFT based simulation is used to compute the structural analysis, eelectronic
properties like electronic band structure, total and projected density of states (TDOS and PDOS) of MTiS; (M = Cr, Mn
and Fe) intercalated compound using GGA and PBE exchange correlation effects. Whole computations are performed
with Quantum Espresso code. From the structural optimization, the guest atom is placed between the interlayer of TiS,
and shows significant variations in the studied properties. From the electronic band structure data of the all the
compounds, it is noticed that the conduction and valance bands are overlapped with each other and shows metallic nature.
Also, spin up and spin down natures are easily reported from the band structure data and DOS data of the aforementioned
materials. Such type of results is not reported by Sharma et al. [6] earlier. Also, it is observed that, 3d-states of M and Ti
atoms are mainly contributed to the conduction band and 2p-state of S atom is mainly contributed to the valance band,
respectively. While, metallic nature of FeTiS, material is found more than MnTiS; and CrTiS, compounds. Also, spin
polarized configuration with spin up and spin down electronic band structure are observed for aforesaid compounds. It is
concluded from that, the CrTiS, and MnTiS, compounds are having paramagnetic in nature, while FeTiS, is having
ferromagnetic in nature. According to their such type of properties, the TiS; compound is used for making rechargeable
lithium batteries and fabrication of photo electronic devices. The prime novelty of this compound is that, it can be easily
intercalated by any guest 3d atom.
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BUBUEHHSI CTPYKTYPHUX I EJEKTPOHHUX BJACTHBOCTEM IHTEPKAJTbOBAHUX
JUXAJIKOTEHIAHUX KOMITAYH/AIB NEPEXITHUX METAJIIB MTiS: (M = Cr, Mn, Fe)
3A TEOPIEIO ®YHKIIOHAJBHOI IIJILHOCTI
Bannana b. [lapmap, Anites M. Bopa
Disuunuii paxynmem, Yuisepcumemcuoka wixona nayx, Yuisepcumem I'yoxcapam, Haspaneynypa

Axmeoabao 380009, I'vosxcapam, Indis
V uiit po6oTi MU BUBYAIH 1HTEpKaNIbOBaHi auxankoreHiau nepexigaux meranis (TMDC) MTiS2 (M = Cr, Mn, Fe) 3a nonomorozo
Teopil ¢pyHkuionaneHoi minsHocti (DFT) i3 y3aransHeHolo anpokcumaniero rpagienta (GGA). Mu oGUuCIMIN CTPYKTYpHI Ta
CJIEKTPOHHI BJIaCTHBOCTI, BHKOPHUCTOBYIOYH METOJ MeplionpuHiuny B obuucmoBaibHoMy komi QUANTUM ESPRESSO 3
HaaM'sikuM niceBonortenuianoM. 3d-nepexiani meranu M (a came; Cr, Mn, Fe) MoxxyTh OyTH JIETKO iHTEpPKalbOBaHi y CHOIYKY
YHCTOTO JUXAIbKOTEHI Ty IIepexifHoro MeTamy, ak TiSz. ¥V miit po6oTi HOBIZOMIISETECS PO CTPYKTYPHY ONTHMI3allifo, eIeKTPOHHI
BIIACTHBOCTI, Taki SK: CTPYKTypa 3a0OpOHEHOi 30HH, IIiIbHICTH cTaHiB (DoS), yacTkoBa abo MPOrHO30BaHa HIUIBEHICTH CTaHIB
(PDoS) Ta 3aranpna miineHicTs craniB (TDoS). Byno BusBieHo, mo crpykTypa 3aboponeHoi 30 cronykun MTiS2 nepexpuBae
SHepreTH4Hi cMyTH B perioHi @epmi. Mu npuim 10 BUCHOBKY, 1[0 iHTepKaJiboBaHa crioiyka TiSz Mae Maiy 3a00poHeHy 30HY,
TOJI SIK JIeroBaHa crojyka 3 3d-aToMoM Mae MeTaleBy MOBEAIHKY, SIK BUIHO 3 3a00pOHEHOT 30HU L0 IePEKPUBAETHCS.
KJIOYOBI CJIOBA: teopist ¢ynkuionaneHoi mineHocTi (DFT), nuxankorewimni cnoiyku nepexiguux mertanie (TMDCO),
y3aranbHeHe rpazientHe HaOmwkeHHs (GGA), ksantoBuit konq ESPRESSO, inTepkanboBaHuii KOMMayHJ, HaaM'sKAN
THICEBIONOTEHIia.



99
EAsT EUROPEAN JOURNAL OF PHYSICS
East Eur. J. Phys. 1. 99-103 (2021) DOI:10.26565/2312-4334-2021-1-13

PACS: 52.75.-d,52.77.-j,52.80.Hc,52.90.4+2,82.33.X]

PLASMA CHEMICAL METHOD OF DECREASING THE ETHYLENE IMPURITIES
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The efficiency of ethylene impurities decomposition in barrierless plasma-chemical system during artificial injection into the air of a
sea container has been studied. The experimental study was performed at the air temperature 5°C in container volume 65 m®. The
initial level of ozone in the air was 100 ppb. This concentration is below concentration which audible to humans. It has been
established that the use of a carbon filter after a plasma chemical system allows to maintain the ozone content in the air at an
acceptable level (in terms of human health and food storage). During 24 hours the ethylene concentration increases until an
equilibrium concentration is reached. After the plasma chemical rector was switched on, the ethylene concentration in the container
began to decrease due to decomposition in the low-temperature plasma and interaction with ozone until new equilibrium
concentration was reached. The ozone concentration after plasma chemical reactor was switched to begin increased. After 1 hour, the
new minimum equilibrium ethylene and ozone concentration was established. The decrease in concentration occurred exponentially
and reached a new equilibrium concentration above zero, which is consistent with the theory. The increase in ozone concentration
occurs by about 20-25%. It has been shown that using plasma chemical system based on barrierless plasma chemical reactors can
reduce the ethylene concentration by up to 10 times, even for low concentrations of ethylene in the air.

KEYWORDS: ethylene, plasma chemistry barrierless reactor.

During storage and transportation of many types of fruits and vegetables there is an increase in the concentration
of ethylene due to biochemical reactions [1]. The concentration of ethylene that can be generated in this way during
storage of vegetables and fruits varies in a wide range from 1.3-1.5 ppm for tomatoes [2] to 30-40 ppm for eggplants [3]
or plums [4]. Increasing the ethylene concentration in the air significantly accelerates the processes of maturation and
spoilage [5]. And the task of controlling the level of ethylene is difficult due to low concentrations (1-40 ppm) and large
volumes of air to be treated [6]. As shown in [7], low-temperature plasma of barrierless gas discharge can be used to
control the content of ethylene in the air of a sea container used for the transportation of fruits and vegetables. In gas
discharge atmospheric pressure in air is also generated ozone. For effective use of this method in transportation and
storage of vegetables and fruits requires a more detailed study of the efficiency and stability of oxidation of ultra-low
concentrations of ethylene by plasma chemical reactors and ozone influence. It should be noted that a significant
number of fruits are sensitive to ozone and it can have both positive (mold suppression [8,9]) and negative (spoilage of
products and loss of attractive appearance) effect. The air can be purified from ozone with a filter based on carbon or
oxide catalysts. However, reducing the filter load and the cost-effectiveness of using a plasma chemical system to
oxidize ethylene impurities in air to levels below harmful levels requires a study of the effect of concomitant low ozone
concentrations on the efficiency of ethylene oxidation.

EXPERIMENTAL SETUP AND METHODS
The experimental study was performed in a 40-foot sea container with a volume of 65 m3, which was cooled to
5 °C. Figure 1 shows a diagrammatic representation of a container with a plasma chemical system.

refrigerator 1016 =400
/ = 1219

f

2280 il i il i i i l

Plasmachemical system ~300
—— 300

11580

Figure 1. The diagrammatic representation of a container with a plasma chemical system.
© L. M. Zavada, D. V. Kudin, 2021
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The plasma chemical system consisted of two units, each of which included 12 plasma chemical reactors (PCRs)
with 10 star-shaped [9] electrodes and a high-voltage power supply unit with a capacity of 285 W each.
The photo (Fig. 2) shows a general view of the plasma chemical system.

Figure 2. The photos of plasma chemical system with closed and open outer cover.

The plasma chemical oxidation system of ethylene operated in three modes: standby mode (plasma chemical
system off, fans off), ventilation mode (3 fans on), operating mode (plasma chemical system on, 1 or 3 fans on
depending on the ozone system setting). The carbon filter consisted of 8 containers. The total weight of activated carbon
was 70 kg.

Figure 3 shows the photo of the container with the distribution of sensors for measuring the concentration of ozone
and ethylene to determine the uniformity of air treatment in the middle and a photo of the location of the plasma
chemical system in the container.

S

JUANE |

i |

Figure 3. Distribution of sensors inside the container and location of the plasma chemical system.

The ethylene concentration values were averaged for all sensors located in the container. The ethylene was fed into
the container from a 40-liter cylinder through a reducer and a control flow meter “Alicat scientific”. The air in the
container was forcibly circulated by an external air pump at a rate of 1 I/min. The ethylene and ozone concentrations, as
well as air temperature and moisture content were measured by sensors located in the container. The ethylene
concentration was measured with an ICA56 meter and monitored by sampling from a circulating line, which was
analyzed by a Thermo Scientific “Trace 1310 gas chromatograph with a flame ionization detector. Samples were taken
in different control points of the circulation line (in the middle of the container, near the door and at the end, at different
heights) with a 1 ml syringe. The chromatograph was pre-calibrated with calibration gas mixtures with ethylene content
of 10 and 100 ppm.
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RESULTS AND DISCUSSIONS
At the first stage of research the change of ozone concentration in the container depending on time at the
maximum power which applied to plasma chemical reactor with system of recirculation of air through the carbon filter
is measured (Fig. 4).
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Figure 4. Dependences of ozone concentration inside the container on time. Power 820 W.

The initial level of ozone in the air was higher than 0, but below the concentrations audible to humans. Reaching
the maximum value of 0zone concentration occurs within 1 hour. The ozone concentration level after switch on plasma
chemical reactor increase in occurs by about 20-25%. It is seen that the carbon filter is quite effective in reducing the
concentration of ozone, keeping it at a low level.

The concentration of ozone and ethylene in an empty container by artificially filling ethylene at a flow rate of
1 and 4 cm®/min was measured. On Fig. 5 is shown graphs of the dependence of the concentration of ozone and
ethylene on time at different flows of C,H,4 and at the applied power to the plasma chemical reactor 820 W.
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Figure 5. The dependence of ozone and ethylene concentration on the time (a - ethylene flow rate 1 sccm, b - 4 sccm).

The graphs show that the concentration of ethylene initially increases, until an equilibrium concentration is
reached in the container (approximately 24 hours). After reaching the equilibrium concentration of ethylene, the plasma
chemical rector was switched on, the ozone concentration in the container began to increase until equilibrium was
reached, and the ethylene concentration decreased due to decomposition in the plasma chemical reactor and interaction
with ozone. After approximately 1 hour, the minimum equilibrium concentration of ethylene was established, which
was determined by the rate of ethylene supply to the container.

To determine the law of decreasing ethylene concentration, the part of the dependence where the significant
decrease occurs was considered. The graph (Fig. 6) shows the dependence of the rate of decrease of the reduced
concentration of ethylene ([C,H4]/[C,H4]o) on time at different consumption of ethylene.

It can be seen that the graphs of decline are exponential in nature and agree well with the theoretical calculation.

The dependence of the decrease in the reduced concentration of ethylene on time is analyzed.

[CoH4]/[CoHalo = exp{-t/to}, D

where [C;Ha]o - equilibrium concentration C,H4 without plasma reactors, to - half-life CoHa.
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Figure 6. The rate of decrease of ethylene concentration at different injection rates (1-4 sccm).

In Table 2 is shown the data on the maximum (excluding the plasma chemical system) and minimum ethylene
content in the sea container at different injection of ethylene.

Table 2. The degree of decomposition of ethylene in the plasma chemical system.

1 scem C2H4 2scem C2Hs | 4 scem C:Ha
Applied power, W 800 820 820
Os, ppb 105 115 140
Max C,Ha4, ppm 7,2 11,2 31,1
Min C;Ha4, ppm 0.5 1,1 3.8

The table shows that the presence of a plasma chemical system reduces the ethylene content in the container by
about 10 times at different injection of ethylene.

The graph (Fig. 7) shows the dependence of the ethylene concentration decrease rate in the container on time at
different concentrations of residual ozone (5, 1 and 0 ppm).
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Figure 7. The rate of ethylene concentration decrease after the inclusion of the plasma chemical system
at different concentrations of residual ozone.

From the above graphs it is seen that with increasing residual ozone concentration, the rate of decline of ethylene
concentration increases, but over time it reaches the same stationary concentration, according to the theory [11].
Table 3 shows the half-life of ethylene at different concentrations of residual ozone.

Table3. The half-life of ethylene in the container.

(0] 0 ppm 1 ppm Sppm

to, Min 91 86 57

The table shows that the presence of residual ozone in the container reduces the half-life of ethylene by 40%.
Thus, the presence of a small concentration of residual ozone can accelerate the process ethylene impurities



103
Plasma Chemical Method of Decreasing the Ethylene Impurities in the Air EEJP. 1 (2021)

decomposition with the inclusion of the plasma chemical system. For some vegetables and fruits, the harmful effects of
ethylene become noticeable from concentrations much higher than those that can be obtained using the plasma chemical
method of ethylene decomposition, so they may have more energy-efficient regimes that reduce either the power
applied in the discharge or the plasma chemical system is switched on with some periodicity, which requires additional
methodological instructions for the use of the described method in the storage of a specific type of fruit and vegetable
products.

CONCLUSIONS
It has been shown that using a plasma chemical system based on barrierless plasma chemical reactors can reduce the
ethylene concentration by 10 times or more, even for low concentrations of ethylene in the air. It has been established
that the use of a carbon filter after a plasma chemical system allows to maintain the ozone content in the air at an
acceptable level (in terms of human health and food storage).
For each type of fruit and vegetable products it is necessary to form methodological guidelines for the use of
plasma-chemical method of ethylene oxidation to increase its energy efficiency and economic feasibility.
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TIJIASMOXIMIYHHAN METO/ 3SMEHIIEHHS TOMIIIKA ETAJIEHY Y TIOBITPI
3asana JI.M., Kynin /I.B
Incmumym naasmoeoi enekmpoHiku ma HO8UX Memooié NPUCKOPEHHSL
Hayionanvnuuii Hayxoeuii Llenmp "Xapkiscoxuii @izuxo-Texuiynuti Incmumympy, Xapxie, Yxpaina

HocnimkeHo epeKTUBHICTE OKUCHEHHSI TOMIIIKH €THJICHY 0e30ap’epHOI0 MIa3MOXIMIiYHOI0 CHCTEMOIO IPH IITYYHOMY iHKEKTYyBaHH1
y MOBITPs1 MOPCHKOTO KOHTEHHEPY. EKCIepuMeHTANbHE JOCHIIKEHHS IPOBOAUIOCH IPU TemmepaTypi nositps 5 °C B 06’emi 65 M.
INowaTkoBHi piBeHb 030HY B NOBiTpi cranoBuB 100 ppb. L{g KoHIEHTpaIist HIKYA 32 KOHIEHTPAILi0, KA 4yTHA JUIs Joneil. Takum
YMHOM BCTAHOBJICHO, 1[0 BUKOPUCTAHHS BYT'UIBHOTO (PLIBTPY MicHIs IIa3MOXIMIYHOI CHCTEMH JIO3BOJISIE MIATPUMYBATH BMICT 030HY Y
HOBITPI Ha MPUILyCTUMOMY (3 TOYKH 30py 3MOpOB’sl JroJed Ta 30epiraHHs mpoAykTiB) piBHI. IIpoTsrom 24 roamH KOHLEHTpALis
STUJICHY 3POCTAE 0 JOCATHEHHS pIBHOBa)XKHOI KOHIEHTpaii. [1icyist BKIFOUeHHS I1a3MOXIMIYHOTO PEKTOPa KOHIIEHTPALisl eTHIICHY B
KOHTeWHepi Mmoyana 3MEHIIYBaTUCS 4Yepe3 PO3KIaaHHsS B HU3bKOTEMIIEPATypHil IIa3Mi Ta B3a€EMOII0 3 030HOM [0 IOCSTHEHHS
HOBOI piBHOBa)KHOI KOHILeHTpauii. KoHleHTparis 030Hy micis BKIIOYEHHS IUIA3MOXIMIYHOrO peakTopa moyaia 3poctatu. Yepes 1
rofuHy OyJi0 BCTaHOBJICHO HOBY MiHIMaJIbHY PiBHOBa)XHY KOHILEHTpALIIO €THICHY Ta 030HY. CriagaHHs KOHLEHTpaLii BiIOyBasocs
3a eKCHOHCHI[IAIbHUM 3aKOHOM Ta JOCATaj0 HOBOi PIBHOBaKHOI KOHIEHTpALil BHINE HYJS, IO BiANMOBigae Teopii. 30UIbIICHHS
KOHIIEHTpalii 030Hy BinOyBaeThest mpubam3HO Ha 20-25%. [IpogeMoHCTpOBaHO, IO MPU BUKOPHCTAHHI INIA3MOXIMIYHOI CHCTEMH Ha
0a3i 0e30ap’epHUX IUIA3MOXIMIYHUX PEAKTOPIB MOJIMBO 3HIDKCHHS KOHIEHTpanii eTwiaeHy 10 10 pasiB HaBiTh Ui HU3BKHX
KOHIICHTpaLliil eTUIICHY y HOBITPI.

KJIFOUYOBI CJIOBA: etunen, mia3MoxiMmiunuii 6e36ap'epHuii peaktop
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Ana TanplanHa*

Mo 55-piunuyi ¢hynoayii
ITncmumymy meopemuunoi gizuxu imeni M.M. Bozonrobosa HAH Ykpainu

OJIEKCII T'PUTOPOBUY CUTEHKO: KEPMAHWY, YYEHWUI, TPOMA ISTHUH

Axanemixk HAH Vkpaiuu Onekciii ['puropoBnu Curenko (HaykoBa mikona akagemika O.l. Axiesepa) 30araTB TEOpEeTHUHY
saepHy (i3uKy 1 TEOpilo IUIa3MH BIIKPUTTSAM HU3KK €(eKTiB, 0 HUHI HOCATH Horo im’s. IliarpyHTsaM ¢yHspaanii oro HaykoBoi
wKou Oyiau 50-Ti pOKM MUHYJIOTO CTOJITTSI, KOJIM BiH MpalfoBaB y XapKiBCbKOMY (i3UKO-TEXHIYHOMY IHCTUTYTI Ta BHKIIQJIaB y
XapkiBCbKOMY JiepKaBHOMY yHiBepcuteTi. [Toganbiioro po3BUTKy iforo Haykosa mkosa HaOyna B Kuesi. 3aBnsuyroun croragam
1oro y4HiB, KoJer Ta poauHu akanemika O.I'. CuTeHKa, BUKIAJCHO XKUTTEMUC YICHOTO PaHIIl HE ONMPHIIOAHEHUMH (akTaMy Mpo
HOT0 pONOBiA, OUTSUI M IOHAIBKI POKH, & TAKOXK PEKOHCTPYHOBAHO BUTOKH HOT0 HAayKOBHX YMOA00aHb, YUHHUKH (HOPMYBaHHS
HayKOBOTO CBITOIJISAY, HampsMU HAyKOBOi, IEJaroriyHoi i HayKOBO-OpraHi3amiiHOi MiSIBHOCTI, IpPIOPUTETHI HAYKOB1
pe3ybTaTH.

KJIOUOBI CJIOBA: HaykoBa 1mkona akagemika O..  Axiesepa, Omnekciit I'puropoBuu Curenko, XOTI,
IT® im. M.M. Boronro6osa HAH Ykpainu, Anarouniit ['ni6oBiy 3aropoHiii.

Onmnexciii ['puropoBua Curenko Haponuscs 12 mrotoro 1927 poky B cemi HoBi Mimmuu batrypuaCcbKOTO paiioHy
UYepniriscpkoi obmacri [1].

1935 poky iioro Oatpka Oyno Ipu3HAYEHO iHXEeHepoM Ha HoBokpamaTopchkuii MamMHOOYAIBHHHN 3aBoh. Y
Kpamaropcrky OJiekciii miIioB 10 MepIioro Kiacy cepeaHboi mkonu. HaByaBcs oxoue, OyB BiJMiHHUKOM.

V MONOAmMX KIacax CTaB MOCTiiHUM BijBilyBaueM Michkoi 6ibmioteku. Moro poamHa 3rajye, K y NpaiiBHHUKIB
0101i0TeKH OYJIM CYMHIBH: YH HACIIPAB/II IIell MAJIIOK YMTAE TaKi CCPUO3HI SIK Ha HOTO BiK KHIXKKH, YU MOXKIIUBO [IPOCTO
Oepe Ta moBeprae ix HempounTaHuUMH. [loyanm posmuTyBartu... i Oynm BpaXKeHi, NOYYBIIM Yy BiJNOBiAb 3MICTOBHI M
00rpyHTOBaHI po3moBiai OJeKcis MO0 MPOYUTAHOTO.

1944 poxy Omekciii OimcKyde 3aKiHIy€e CEpelHIO KOy Ta Mpi€ MPUCBATHTH ceOe moesii i ¢inocodii. baTteku
MATPUMAN Horo Oa’kaHHSA TPOJOBXKHUTH OCBITY, aje, SK Ha IXHE IMEpPEKOHAHHA, CHHY Tpeba Oyio HaBYUTHCS
KOHKPETHIH crpaBi — 3100yTH CeniadbHICTh IHKeHepa.

Orekciit BaraeTscsi. TOX CHIUTBHO 3 JBOMAa JAPY3SIMH-OJHOKJIACHHKAMH BiH ime “Ha po3Bimky” mo Kuesa.
3pyiHOBaHE MICTO CIPaBWJIO Ha HBOTO THiTIOUE BpakeHHs. Omnekciit moBepTaeThes n0 pixHoro JJonbacy i Berymae 1o
EJIEKTPOMEXaHIuYHOTO (haKybTeTy JJOHeIbKOro NPHUYOTO IHCTHTYTY.

Ha nouarky mnepmoro kypcy Onekciii 3aHemykaB: HaIliBIOJIOJHE JKUTTS Ta 3acTyJu IPHU3BEIH JIO TSDKKOT
XBOPOOH — pEBMOEHAOKapIUTY .

Maiixe miBpoky Onekciii OyB mnpukyTuid 1o Jikka. [Iporpamy mnepmioro Kypcy BiH OIIaHOBYBaB yAoOMa
CaMOTYXKH: cecTpa ["anuHa, sika HaByanacs To/i B JloHEIIbKOMY MEIMYHOMY IHCTHUTYTI, IPUBO3MJIa OpaToBi HEOOXiTHI
i APYIHUKH.

VYTiM, cyMHIBY 110710 (haxy He MOJIHIIAIH HOTO...

CkJaBmy Ha BIIMIHHO ICHIUTH 3a MEpIIMA Kypc, BiH HApeIITi OCTaTOYHO YCBIOMHB: HOTO IOKJIWKAaHHSI — IIe
(yHIaMeHTanbHa HayKa, a came (i3uKa.

Omnekciit Bupymiae mo XapkoBa, MO0 BCTYNHTH Ha 3a04YHE BIINIICHHSA (Di3MKO-MaTeMaTHYHOTO (aKyIbTeTy
XapKiBCBKOTO JEP)KaBHOTO YHIBEPCHUTETY. 3aBAAKH ONUCKy4e CKIAJEHHM ICIHTaM HOTO 3apaxoOBYIOTh OJpa3y X Ha
JIpyTUH Kypc JEHHOTO BiUTiJICHHS.

3akigunBmm 1949 poky 3 Bim3Hakoio yHiBepcutTeT, Onekcii CHTEHKO BCTyNae 10 acHipaHTypu Kadempu
TEOpeTHYHOI siepHoi (izuku. Moro HaykoBHM KepiBHMKOM GyB mpu3HaueHuii Onexcanup Lty Axiesep (xapKiBchbKuit
yuenb Jlepa JlaBumosuua Jlanmay; ympomomx 1945-1975 pp. — 3aB. kad. Teop. saepHOi (i3uku XapKiBCHKOTO
JIepKaBHOTO YHiBepcutety, 1938-1988 pp. — KepMaHHY TEOPETHYHOrO BiIUTy XapKiBCHKOTO (Di3HMKO-TEXHIYHOTO
IHCTUTYTY).

[icns ycmimHoro 3akinueHHst acmipanTypu O.I'. CUTEHKO po3noYnMHae HpalroBaTH B XapKiBChbKOMY (hi3HKO-
TEXHIYHOMY IHCTUTYTi Ta BUKJIAIATH B XapKiBCBKOMY Iep>KaBHOMY YHiBepcHTeTi. Binromi i po3mounHa€EThCS CTpIMKE
HAayKOBE 3POCTaHHS MOJIOJIOTO BYCHOTO: B 25-pi4HOMY Billi BiH 3aXHCTHB KaHIMIATCHKy AMCepTauilo, y 32 — Bxke
IOKTOp (pi3MKO-MaTeMaTHYHHUX HAYK, a Y Billi 33 pokiB crae HaMoJOAmMUM mpodecopoM XapKiBCHKOTO JEP>KaBHOTO
YHIBEpCHUTETY.

On 1968 poky O.I'. Curenko — 3aBifyBay BiIiTy Teopil siiepHUX peakuiii [HCTuTyTy Teopernunoi ¢izuku AH
YPCP.

1982 poky #oro odupatots akagemikom AH YPCP, a uepes 6 pokiB BiH o4onuB IHCTUTYT TeoperruHoi dizuku AH
YPCP.

Oxpim Toro, Onekciii 'puropoBuy CuteHko OyB OJIMCKYYHM IEAAaroroM, KOTpUil 3Ha4HY YaCTHHY CBOTO JKUTTS
MIPUCBSITHB BUXOBAHHIO HAYKOBOI 3MiHH.

*CTaTTa MArOTOBJICHA JIO0 JIPYKY 3a MaTepialaMu JOKTOPCHKOI Jucepralii (HayKoBWil KypaTop — akanemik Bikrop I'puroposuu
Bap’saxrtap)
© A. Tanshyna, 2021
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Maitxe 10 pokiB BiH 04OIIOBaB 30praHizoBaHy 3a miarpuMkn akamemika AH CPCP M. M. Boromo6oBa kadenpy
Teopii fAgpa i eJeMEeHTapHUX 4YacTWHOK KHIBCBKOTO [ep)KaBHOTO yHiBepcHTETy. 30Kpema, 44 ydHS akajeMika
O.T. Curenka cranu KaHaugatamu (i3MKO-MaTeMaTHYHHX Hayk, 21 — mokropamu. 3-mocepes HOTO BHXOBAHIB —
Bijomi (isuku-teopernku Ykpainu, Pocii, ['py3ii, Y30ekucrany, B’ernamy Ta Kurato.

Hapasi MaeM0 MOXJIMBICTh ONPHJIIOJHUTH MAJIOBIIOMI IIMPOKOMY 3araiy Oiorpadiuni ¢akTu 3i criorafiB yuHiB,
Koyier Ta poaunu akagemika O. I'. Cutenka.

Axanemik HAH VYxpainu, ['epoit Ykpainu Bikrop I'puroposuu Bap’sixtap: «Omnekciit ['puropoBnd — BUIaTHUMA
¢i3uK, crpaBXHii iHTenireHt i matpior Ykpainu. CBOIO HayKOBY IiSUIBHICTH po3royaB y XapKOBi 3a KEpiBHUIITBA
0. I. Axie3epa. Bunarauit Bunrtens BuxoBaB BumatHoro ®i3zuka. BiH 3aay4uB MOJOAOTO HAYKOBIIA JO TOCIIKCHHS
m1a3mu (QrrykTamii y mia3Mi, KoMOiHaIiifHe pO3CitOBaHHS i TpaHCOpPMALlis XBWIb) Ta siAepHOI i3uku (audpaxmiiiaa
TEOpis SACPHUX TIPOIIECIB)...

3a Toro wacy BiH oTrpuMaB Qopmyrny CureHka-Imaybepa B smepHiil ¢i3uri, moOyayBaB TEH30p IieICKTPUIHOL
MIPOHUKHOCTI Mm1a3mu (3a crmiBaBTopcTra 31 K. M. CrenanoBum). . .

CuTeHKo 30prani3yBaB y XapKoBi, a 3roJjoM i y Kuei HayKkoBi mKoIH. . .

Mownorpadis 3 ¢izukn mrasmu (cmiBaBTopu — O.1. Axieszep, 1.O. Axiezep, O.I'. Cutenko, K.M. CremnaHos,
P.B. I1os10BiH) BBOXXAETHCS OJHIEIO 3 HAHKPAIMX KHUT 3a II€I0 MPOOJIESMATHKOIO Y CBiTi, Ta, 0€3yMOBHO, HAWKPAIIIOIO B
VYkpaiHi...» [2].

3i cmoraxiB crapiioro cuHa — FOpist OnekciioBuua Cutenka, wieHa-kopecronaenta HAH Vkpainu, 3aBimyBaua
BiZTy Teopii sipa i KBaHTOBOI Teopii moist [HecTuTyTy Teopernunoi ¢isuku imeni M. M. boromo6osa HAH VYkpainu:
«1 3ragyto, K y IOHaIbKi POKH 3al€KJI0 IUCKYTYBaB 3 0aTbKOM IIIOJIO MiCIsl 0COOMCTOCTI B CYCHUIBCTBI.

Oco0ucTicTh, CIpaBXHIA TalaHT, TBEPIUB 5, BIIMEKOBYIOTHCS Bijl CYCHIJILCTBA, “Ciporo HaTOBIY, TparHy4u
30epertu cebe y MpOTUCTOSHHI OyneHmuHI. Sk mpukiax, HaBoauB ¢inocoda JlioreHa, skuit xuB y Ooumi. batpko
3amepedyyBaB i HAaBOIWB IHIIHK TPUKIAL: ApicToTens OyB mapeaBopiieM (BHXOBaTeleM MaiOyTHBOTO iMIepaTopa
Omnekcanapa MakegoHCBHKOT0), 1 fioro 3100yToK 10 ¢inocodii BUSBUBCS BaroMimmM 3a JlioreHa.

barpkoBa mo3mmis TosTaNia B TOMY, IO CIHPaBXHS OCOOMCTICTh mMparHe HaNMOBHIMIOI peami3aimii cBOiX
31i0HOCTEH 3a HasBHUX OOCTaBUH 1 HE BUTpayae ceOe Ha MPOTHCTOSIHHSA TOMY, YOTO HE MOAONATH. ICHYIOTh JIFOH, SIKi
BOAYalOTh CEHC JKUTTS B OOpOTHOI, ICHYIOTH Ti, KOTpi BOA4alOTh ceHC y TBOp4YOCTi. barbko, 6e3yMOBHO, HaexXaB 10
OCTaHHIX, ajie i MPUHINIIH JII0JICHKOT MOpaJli Ta HAYKOBOT €THKH JJIsl HOT'O CTOSJIM Ha YiJIbHOMY MICIIi.

BiH po3moBifaB MEHi, SIK FOHAKOM OOMpaB XUTTEBHU NUTAX. [yiia Tsokina g0 rymManitapHol napunau (¢inocodii ta
roesii), ane BUOIp OyB 3poOieHMI Ha KOPUCTh TOYHUX HAyK, OCKUIBKM B LIl ramysi (30kpema, B snepHid ¢i3umi,
OIIOCEPE/IKOBAaHO MOB’sI3aHiN 31 3aBAaHHAMH OOOpPOHM Jep)KaBM) MOXKHa OyJio 30epertd He3aJeKHICTh IMOTIIAIB i
cBobony TBopuocti. Came TOoMy # iCHye ayMKa, 10 JlaBH (Di3UKIB ITOIOBHIOBANWCS HAWOUIBII 00/apOBaHUMHU
OCOOMCTOCTSIMH 1 SIBISITM COOOIO €JITYy paasHCBKOrO cycmiiabcTBa. IIpo me ToBOpMB 0aThKO, i B HBOMY S 3Mir
TIEPEKOHATHCS CaM IIIe JOCUTh JaBHO: O] PAHHBOTO IIKUIEHOTO BiKy 0aTHKO 3 MaMOIO TTI0YaJId OpaTH MEHE Ha BCECOIO3HI
HAYKOBI KOH(EpeHIIii...

He crimnsitourics Ha 3100yTKax Onekcis ['puropoBuda B saepHii ¢i3uii i ¢i3uii ruia3mMu, BiA3Hady JIUIIE, HI0 JUTs
HOro HAyKOBOTO CTHJIIO i METOAY XapaKTepHE IMparHeHHS JOCKOHANOCTi, JoBepiieHocTi. CaMe TaKHMH SIKOCTSMHU
BiJJ3HAYAIOTHCSI, 30KpeMa, Horo uyuciaeHHl MoHorpadii (17) Ta miapydHuKy.

Moi Kojiers MmoroasThCs 31 MHOIO, 1[0 YacOM TPAIUIAIOTHCS HAYKOBI KHHIH, I[IKaBi 1 MOIMYJISAPHI 3-ITOCEPE.
HAYKOBIIIB, aJI¢ AKi € KOMITUIALIEI MaTepiany: OyBae, 1o i pOpMyNH 3 TOMUIKAMH, 1 TO3HAYCHHS, | HABITh MOHATTS B
PI3HHX MICIISIX HE y3TOJDKEHI.

I3 kaur Onexcis 'puropoBnya BHIHO, 3 SIKOIO BHMOIJIMBICTIO aBTOpa 0 ce0Oe i MoBaror 10 4YWTadya BOHH
HanucaHi: (OpMyJIH BHUBIpEHi, TO3HAYEHHS NPOJyMaHi, MaTepiall BUKJIQJICHUH 31 TPAaHUYHOIO MPO30PICTIO 1 YiTKICTIO,
JIAKOHIYHO 1 BogHOYAac oOrpyHTOBaHO. Ha KOXKEH psIOK TaKWX KHUT MOXHA MOKJIaJaTUCS SIK Ha BIPOTIAHUM, 1 TOMY 3a
CBO€IO 0E3/I0TaHHICTIO, Ha MO0 TYMKY, iX CIIiJI 3apaxyBaTH 0 IIeeBPiB HAYKOBOI JIiTEpaTypH.

Bateko 3ramyBas, mo TeoperudHa Qi3uka Oyna ioro BaacHUM BuOopoM. OnHAK, SK HA MOIO IyMKY, B TOMY, IO
BiH CTaB BHJATHUM HAyKOBIIEM, BEJIUKY POJIb Biirpanu ioro 6ateku — I'puropiit I1asnoswu i [TapackoBis OnekciiBHa.
Ile BoHM 3pocTHiM iforo B Jr00OBi, BUXOBaJM 1 HABUMWIM HE INYKATH JITKUX LULAXIB y JKUTTi, a HAIOJEIJIHBO
mpamroBaty 1 0bpatu cobi poboTy 1o aymi. Apke cupaBxHi (axiBui MoTpiOHI 3aBXKIHU 1 OyIb-IKOMY CYCIIIBCTBY.

I e, sik MeHi 37a€ThCs, 0ATHKO HACIIYBaB HAIIMM KO3aIlbKAM MpPEKaM, KOTPi KOXKHY CIpaBy poOWIN CTapaHHO,
JIOCKOHAJIO 1 BHHAXiUIMBO — YK TO CTaBWJIM 3aCiKM B CTely, Y TO MaWCTpyBaIM ‘‘yaiiku” Ha y30epexcki, 4d TO
BIZUIMBAJIM TapMaTy Mepe; oXoA0oM. | 6eperiu CBOo 4ecTsb i MiHICTh 3a OyAb-sAKux o0cTaBuH» [2].

3i crioraniB npyxunu axkajnemika — XXanau 'puropisan Cutenko: «Brepie st modaunna Onekcist ['puroposuya y
XapKiBCbKOMY JIepXKaBHOMY YHIBEpCHTETi, Jie HaByajacs Ha (pi3MKO-MaTeMaTH4HOMY (aKyybTeTi. Y HaC BUKIJIAJAIN
BXe 3HaHI MeTpu Haykn — akageMmiku O.l. Axiesep, . M. Jlipmmns, A.K. Banbrep, Omuckyumii maremaThk
B.O. Mapuesnko.

I mocepen Hux — 30BciM Momoamit (32-piuanit) mpodecop Onekciit ['puroposnu CureHko. Buknamanpskuii Tanasr,
HOT0 BUHATKOBA BiAIOBINANBHICTE POOHIIH JICKIIi] IKABIMH 1 TOJIOBHE — 3pO3YMIITAMH.

Bce XUTTS NeAaroriuny AisuibHicTh Onexciii IpuropoByuy moeHyBaB 3 HAYKOBO. Moro Kypen ek yBikmmm
JI0 TIIPYYHHKIB, sIKi i J0CI BBAXKAIOThCS OJHUMHE 3 Haiikpamux. Ock YpHBOK 3 pelieH3ii aMepuKaHChKkuil npodecopa
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Ik JI. XipmBensaa Ha Monorpadiro O.I'. Cutenka “EnextpomarmitHi ¢uykryamii y tmasmi”™: “Ils xHura —
nefaroriuHuii menesp... Llro MoHorpadito HACTIHHO PEeKOMEHIYI0 4MTa4yaM, 3alHUTYIOYM: Jie KHWTH, CXOXI Ha Hei,
HanmcaHi 3aXiTHIMHA pizukaMu?”.

IMpodecop KwuiBchkoro namionansHoro yHiBepcurery imeni T.I. llleBuenka O.I. UyTtoB, mnepeOyBatouu B
ciy:)k0oBoMy Binps/pkeHHi B Smonii, OyB mnpuemHOo BpaxeHuid, mobGaumBiuu miapyyHuk O.I'. CureHka B pykax
STIOHCBHKOT'O CTY/ICHTA.

Yomy Onmnekciii ['puropoBuu crtaB came (i3sWKOM, BiH MOsCHIOBaB Tak: “He3paxkarounm Ha CBif mOTIr 10
TyMaHITapHHUX HayK, i, 30KpeMa, /10 yKpaiHO3HaBCTBa (Ille B IIKLIbHI POKM HE MEHII CHJILHHH BIUIMB CIIPaBUJIa HA MEHE
3aboponeHa “Icropis ykpaincekoro mmcemeHctBa” Ceprisi €dpemoBa), s 00paB, HaBYarOUUCh B XapKiBCHKOMY
yHiBepcuTeTi, (i3uKo-MareMaTHUHUR (akyapTeT. MeHi 3maBanocs, mo (i3uka JO3BOJNUTH 30€perTd BHYTPIIIHIO
HE3aJIeKHICTB 1 TIHICTH B YMOBAX 3aIlOJiTH30BAHOI paJASHCHKOT MIHCHOCTI. ..

®i3uKa BHABHCS TyKe IIKaBOIO HAayKOr. XapKiBCchKa (pi3MYHA IIKOJIA 3HAHA B yChOMY CBiTi. TeopeTndHa Qi3zuka
MTOJIOHWJIA MEHE 1 51 B MOJAIBIIOMY MPHUCBATUB CBOE KUTTSA HAYKOBiil poOOTi, 30CEpEAMBIINCH HA IpoOIeMax SAepHOI
¢izuku Ta dizuky mwiazmMu’.

Mu npoxunu 3 Onekciem ['puropoBuduem Tinmbku 34 pokm, ane TO Halkpamii pokd Moro XUTTA. Onexcii
I'puropoBuu OyB, € i Ha3aBKM 3ATHIIATHCS AJIsI MEHE 1 JUIsl THX, XTO HOT0 3HaB, B3IpIieM OCBIUEHOCTI, OaraTorpaHHoCTi
TaJIaHTY, IUPOTH JYXOBHOTO CBITY.

Bynyun TanaHOBUTOIO JIIOAMHOIO, BiH HE 0OMEXYBaBCs TLIBKM HAyKOI, YMIB PalliTH KHUTTIO, OCOOJIHMBO JIIOOUB
BECHSIHUH KBITYYHMH cajl, My3HUKY, JIITEPAaTypy, MUCTEIITBO.

Haii6inpima npuctpacts iforo »utts — ne kauru. Onexciii I'puroposud 3i0paB BenuKy 0i0JiOTEKY, IO SICKPaBO
BiJJI3epKaJIFOE€ [IMPOKE KOJIO HOro iHTepeciB. BiH 3aXoIunoBaBCs MUCTELTBOM, Bi/IBiyBaB XyIOXKHI My3ei KpaiH, jae
mepe0yBaB, 310paB BENUYE3HY KOJEKIIIO aTbOOMIB 3 PETPOAYKIIAMH pisHUX MUTIHIB. Onekciii [ puroposuy nepeiimancs
3HAaHHAMH 3 icTopii, Qimocodii 1 miteparypm Ha mabmi ¢axiBmg. Marodn yHIKaIbHY IaM’ATh, CHIUKIOICAHYHY
00i3HaHICTh, IUPO TUTMBCSA CBOIMH 3HAHHAMH, OyB LIKaBUM CITIBPOSMOBHHKOM, 3aJIMIIAIOYICH PH BOMY CKPOMHOIO
JIIOINHOIO.

Orexciii ['puropoBud He MOMIOOIIAB IMyCTi PO3MOBHU, MPUHIMI HOTO XHUTTS — “He Tpeba cniB, xail Oyae TiTbKH
10" — CTOCYBAaBCs K POOOTH, TakK i B3AEMUH y POAUHI.

MeHi X04eThCsl MIKpEeCIUTH HalronoBHinry pucy Ounekcist ['puropoBuya — HE3JIaMHICTh AyXY 1 CHITy BOJII.

CwMmepTh #ioro ymo0eHol foHeuku AJuid y 18-piuHOMY Billl 3aBaia HOMy TSDKKUX CTpakaaHb. | BCe K TakH BiH
3MIT 3HAMTH y c0o01 CHIIM IPOAOBXKYBATH XKHUTH 1 IUTITHO NPAIIOBATH.

L{i HeBuyIiKOBHI paHM mifipBanu 310poB’s, Onekciii I'puropoBnd mouyaB BaXko XBOpiTH. OfHAK BiH HIKOJIHM HE
00TOBOPIOBAB CBili CTaH, HE CKap)KUBCS 1 HABITH HAMarascsl IPUXOBATH BiJl MEHE CBOT IPOOJIEMH.

MoxkHa cka3atu, o0 B OcTaHHIH pik xutTs Onekciii ['puropoBmu BHOOpIOBaB y XBOpoOHW KokeH aeHb. Lli
CTpaKAaHHA HE 37aManyd Horo BoJIi 0 XHUTTS. BiH MpomoBXyBaB MpalfoBaTH, MaM’sITh 3aJIMINANACS MOTYXHOIO, a
pO3YM CBITIINM.

Ile manpukinmi ciunsa Onekciit mposiB Bueny pany B [HcTHTYTI, 3acimaHas peakoserii “YKpaiHCBKOTo (hi3HIHOTO
KypHaILy”, TOJJOBHUM PEIaKTOPOM SIKOTO 3aJIMILABCS 10 OCTAHHBOTO JIHS CBOTO JKUTTSI.

VY i gui Onekciit I'puropoBud mokaszaB MeHi i ['puropiro cBoI0 MOETHYHY CHAALINHY i TOTOJUBCS OMyOIIKyBaTH
30ipKy BUOpaHuX BipiiiB 3a Ha3Boro “TloeTnuHi oKpymMHK’. 3rofoM 10 KHUTY 51 BUjaia 0 pOKOBHH cMmepTi Onekcis
I'puropoBuua 3a miaTpuMKH [HCTHTYTY TeopeTnuHOi Qizuku. He KokHa JII0JMHA MOXKE IPOXKUTH KUTTS TaK MY>KHBO 1
TaK Ti/IHO, sIK MpokUB Horo Onekciii ['puroposnu CuTeHKoO.

KoxkxHa mmro/IiiHa J)KUBE JTOTH, MOKH 1i maM’sTatoTh. Onekcii ['puropoBrud i Hamami )KUTAME B CHOTaaX PiIHUX Ta
yuHiB. Mloro %uTTS NpOOBKYEThCS B MiAPYYHHMKAX, SIKHUMH KOPUCTYIOThCS CTYIGHTH, B CTATTAX, HA SIKi TIOCHJIAKOTHCS
HAYKOBIII B YChOMY CBiTi, a TAKOX Y TO€315IX, AKi BiH BCTHT 3aJUIIATI [2].

3i cmoramiB 4MHHOTO AMpeKTopa IHCTUTYTY TeopermdHOi ¢izuku imeHi M. M. boromo6osa HAH VYxkpainn —
akagemika Amnaromis [mibomua 3aropomuboro: «Onekcii 'puropoBud €, 0e3yMOBHO, OJHUM i3 THX SICKPaBHX
MPE/ICTABHUKIB YKPAaiHCHKUX YUCHHUX, 3aBJASKU SIKUM YKpaiHa CbOTOJHI CIIPUAMAETHCA B CBITI SIK JIEp>KaBa 3 BUCOKUM
piBHEM (GyHIAMEHTAJIBHOI HAYKH.

Moro mro6uiy i maHyBaau He JMIIE HA TepeHaX YKpaiHH, a i jJaneko 3a il MekaMu. Marouu IIacIHBYy HArOLy
cynpoBoKyBatu Onekcisi ['puropoBuua B HOro BifPSA/DKEHHSX 3a KOPAOH, s HEOJHOPA30BO OYB CBIJKOM TOTO, SIK
HaaBTOPUTETHII BUEHI 3i CBITOBMMHM IMEHaMH BiIJaBaJId HOMY HaiBMIII MOYECTI W IMOIIHOBYBajlM HOrO HayKOBi
3M00YTKH SIK TaKi, 1[0 BEJIUKOIO MIpOIO BU3HAYAIH PiBEHb PO3BUTKY TEOPETHUYHOT siiepHOT (i3uku 1 pizuku mnasmu. Tak
Oyno y B’ernami, Hinepnannax, Kanani, Benuxiit bpuranii, Pocii.

VmoBipHo, He BumaakoBo Omnekcis I'puroposuua Gyino o6pano g0 Koponiscskoi IlIBechkoi akaxemii Hayk Ta
VYropebkoi akagemii Hayk. Lle OyB oauH 3 TUTaHIB TeopeTH4YHOI (Di3uKHW, SKWI He JMIIe MaB TIIMOOKI 3HAHHA 3
OimpmIoCTi ii po3isiB, a #f caM AOIydaBcs 10 TBOPEHHS HAHCYYACHIIIAX HATIPSMIB Ili€] HAYKH.

BuxoBaHerb XapKiBCHKOI IIKOJM TEOPETHYHOI (Di3WKH, BiH 3aBXKIU IaM’siTaB MPO CBOE HAYKOBE KOPIHHA, 3
BEJIMKOIO TIOBAarol0 CTaBHMBCS J0 XapKIBCHKHX KOJET, NIMOOKO mranyBaB Bumtess — Onexcanapa Immiva Axiesepa, siKui
JI0 OCTaHHIX AHIB 3aJUINABCS AJS HHOTO HAYKOBHM aBTOPHUTETOM i MOPAIHUKOM 3 YCiX MUTAaHb — K HAyKOBHX, TaK 1
KHUTTEBUX.
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3 OmarocmoBeHHs1 cBoro Bumrens Omekciit ['puropomu y 1963 pomi mepeizauts 1o Kuesa, me mpomoBxkye
po3BUBaTH Tpanumii XxapKiBcbkoi mkomu. Onekciit I'puropoBrY HIKOIM HE 3yNHUHABCSA HA TOCATHYTOMY — OBOJIO/IiBAaB
HOBHMH METOAAMH, IIPOJOBKYBaB TBOPUYMN MOMHIyK. MOXKINBO, TOMY HOTO TBOPYOCTI MPUTAMAaHHUM 1 yX HAyKOBUX
iZiell 1e oHOTO maTpiapxa TeopeTuuHoi ¢izuku — Mukonn MuxkonaiioBnua boromo6osa. Lleii gyx mpocrexyerbcs B
Oararbox podorax O.I'. CureHka, i, MaOyTh, Oy/ie MpaBUIBLHUM BB)KaTH HOTO MOCIJOBHIUKOM boromtobosa.

Orekciro ['puropopuuy npuTamMaHHa HMIMPOKA HAYKOBAa CPYAHMILS, aje HAWOLIbIIEC BiH 3pOOUB JJIS TEOPETUYHOT
simepHOT (i3uKH 1 Teopil m1a3mu. BHecok foro B 11i rarysi €, 0e3 nepeOUTbIICHHS, BUIATHUM.

Jocuts 3raiaT TEOpito B3a€MOJii BUCOKOEHEPTETUYHNX YaCTHHOK 3 siipaMu. Taka Teopist Bkpail HeoOXiqHa 33115
oTpuMaHHs iH(pOpMaIil PO XapakTep AJepHOI B3aeMOJIi Ta sAepHi IpoLecH Ha OCHOBI Pe3yNbTaTiB €KCIIEPUMEHTIB 3
PO3CISIHHSI OKPEMHUX YaCTHHOK (TIPOTOHIB, HEHTPOHIB, 0-4aCTHHOK) aTOMHUMH siapamu. L{e ennHa MOXITUBICTE 3100yTH
HOBI 3HAaHHS IPO aTOMHE SAPO, OCOONMBOCTI Horo OyIOBH Ta BIACTUBOCTI saepHuX cmit. Came pospobiieHa OnekcieMm
I'puroposryem 3aranpHa Teopis 0araTopa3zoBoro AUGPAKIIIHHOTO PO3CISTHHSA (TEOpis, IO OMUCYE PO3CISTHHS YACTHHOK 3
JOBXXMHOIO XBHWII JleOpoiins, 3HAYHO MEHIIOI0 3a PO3Mip AOepHOi CHUCTeMH, Ha AKi BiIOYBa€TbCs PO3CISHHSA, i
BpaxoOBYy€ B3a€EMHHH BIUIMB yCiX CKJIAJOBHX CHCTEMH IIPpU pO3CisiHHI) copMyBasia cydyacHi ysBIECHHS HpO HPOLECH
SIIEPHUX 3ITKHEHb 32 BUCOKHX EHEpPriil 3 y4acTiO CKJIQJAHUX YaCTHHOK. PO3BMHYTHI METOA 3aCTOCOBYETHCS HE JIUIIE B
sIIepHIN (i3uir, a i y Qi3uii ereMeHTapHUX YaCTHHOK Ta aTOMHIH (izuii

Is Teopis 3amporonoBana i po3punyta O.I'. Curenkom y 1958 porri. Boepiie Bona Oyia ompuiognena 1959
POKy B “YkpaiHcbkoMmy (iznyHOMY XypHati”. OJJHOUACHO i He3aJIe)KHO aHAIOTIYHUIA miaxin 3anpononysas P. [aybep
(CIIA). Odyxe mBuaxo audpakuiiiHa Teopis sIEpHHUX MPOLECiB 3HAMIUIA IIUPOKE BU3HAHHA 1 OTpUMalla y CBITOBIH
jiteparypi Ha3By “reopis Curenka-InmayGepa”. 1 Bxke mHOHaJI YOTHUPH JECATHIITTS JIaBUHA HAayKOBHX ITyOJiKamin
TEOPETHYHOTO i EKCIIEPUMEHTAIBHOTO XapakTepy 3 AN(PPaKIiHHUX SAEPHUX IPOLECiB HEBIIMHHO 3pocTae. MiKHapoaHi
KoH(pepeHtii 3 saepHoi Gi3uku Ta (i3UKN eNeMEHTAPHUX YaCTHHOK MPUIUIIIOTH 3HAUYHY YBary po3poOIli 3aCTOCYyBaHHIO
teopii Cutenka-I maydepa 10 Halpi3HOMAaHITHIIIINX TPOIIECIB.

o naitBaromimmx pe3ynbraTiB O.I'. CureHka 3 saepHoi (i3WKH BapTO BiHECTH TAKOX NepeadadeHHs] HUM Pa3oM
31 cBoiM yumteneM akamemikoMm O.I. Axiezepom HOBOTO (Pi3MUHOTrO SBUIIA — AU(PPAKIIIHOTO PO3IIEIUICHHS AEeHTpOHA
(po3mamy BHCOKOCHEPTEeTHYHOTO NEWTpPOHA HAa MPOTOH i HEHTPOH mif 4ac Horo po3cissHHA Ha supax). Lleit edexr
MATBEPKEHO EKCIIEPUMEHTAIIBHO, 30KpeMa YKpaiHChbKUMHU (hi3UKaMU-SJePHUKAMH.

3nayHe Micne B HaykoBux mpaisix O. I'. CuteHka 3 sinepHoi Qi3uKH MOCINAI0Th JOCTIHKEHHS eNeKTPOAMHAMIKH
smep (po3ain saepHOi (I3UKH, M0 BHBYAE B3a€EMOJII0 CIEKTPOHIB Ta IHIIMX 3apS/KCHUX YAaCTHHOK 3 SIIPaMu),
BioOpakeHi B MoHorpadii “Enexrpopmnamika sgep” 3a cmiBaBropctBoMm O. I. Axiesepa, O.'. Curenka Ta
B.K. TapTtakoBchKoro.

Pa3zoM 3 y4HSMH BiH PO3BHMHYB TEOPil0 KBa3iNpY>KHOTO PO3CISIHHS BHCOKOEGHEPIeTHYHHX EJICKTPOHIB Ha S/Apax,
HENPY>KHOTO PO3CISHHS 1 TPOIECiB eleKTpojae3iHTerpamii (po3Bal sapa BHCOKOCHEPTCTUYHHMH EJICKTPOHAMH),
IHKJIIO3MBHHX ITPOIIECIB 3 €IEKTPOHAMH, TT0OY/TyBaB TEOPII0 €IEKTPOPO3LICIUICHHS MaJOHYKIOHHUX CHCTEM.

Oxkpemo BapTo BimzHaunTH npani Onekcis ['puroposmuya, B SIKUX UIsI KBAHTOBUX YaCTHHOK Pi3HOI Mpupoaw Oyim
3HaWZCHI TOYHI pO3B’SI3KM HU3KH 3a4a4 saepHoi ¢izuku. 3okpema, O.I'. CuTeHKo BIepIiie OTpuMaB TOUYHUI PO3B’ 30K
mpoOJeMH PO3CISIHHS IMPOTOHIB HAa MPOTOHAX 3a TPHITYIIEHHS, IO B3a€MOJiS 3aJa€ThCA HEIOKAIBHUM SACPHUM
MTOTEHITAJIOM 1 KYJIOHOBHM BiAIITOBXYBaHHAM. Li TO4YHi pe3ynbTaTH, OTpUMaHi JUIi MOJENBHUX CHCTEM, € €TaJOHOM
HiJ Yac po3MIsAy PeaNiCTHYHUX SAEPHHMX 33Ja4 1 BOXKIMBI JUI PO3yMiHHs Ta iHTeprnpeTtarii (i3uKu pi3HOMaHITHHX
SIBUIIL.

He menm Baromuit BHecok O.I'. Curenka i 10 TeopeTHuHOi (iKW uta3Mu. Sk BiIOMO, BJIACTUBOCTI IIa3MHU
3HAYHOIO MIpOIO 3aJeXaTh BiJl YMOB, 3a SIKMX BOHA nepeOyBae, 30KpeMa BiJ ii CTaHy, L0 BU3HAYAE€THCSI HASBHICTIO
30BHIMIHIX NomiB. [Ipy bOMY BaXKJIMBO SKOMOTa TOYHINIE ONMCATH IOBEAIHKY IUIa3MM, BPaxOBYIOUM TEIUIOBHH pyX
CJICKTPOHIB ¥ 10HIB, MPOCTOPOBI PO3MOIIIN TYCTUHH 1 TEMIIEpaTypy IUIa3MH Ta HEPIBHOBAXKHICTH iX PO3IOMALTIB 3a
IIBUAKOCTSIMH (BIAXWICHHS IIUX PO3MOILTIB Bl pIBHOBaYXHOTO po3moiry MakcBesuia). Takuil ormmuc MOXHA 3IHCHATH
Ha OCHOBI KIHETHWYHHUX PiBHSIHB — PiBHAHB M1 (yHKHiKA posmonainy. O. I'. Curenko pazom 3 K.M. CrenaHoBUM BHKOHAB
MOHEPCHKi poOOTH 3 KIHETUYHOI Teopii IIa3MHU Y 30BHIITHFOMY MarHiTHOMY IOJIi.

Brepme B kiHeTHUHOMY HaOMMKEHHI OyJO0 3HAWICHO TEH30DP MIENEKTPHYHOI NMPOHUKHOCTI TAaKoi IDIa3MH, IO
JIO3BOJIHIIO C(OPMYITIOBATH B HAW3araJbHIIIOMY BUTJISI AUCTICPCiiHI PIBHSAHHA U1 XBHJIb Y MarHITOAKTHBHIN TIa3Mi 3
ypaxyBaHHSM TEIUIOBOTO PyXy 4YacTHHOK. Lle BiIKpWiIo HUISX AJIsl ONMUCY €NeKTPOAMHAMIYHUX BJIACTHBOCTEH Takoi
TUIa3MH, 30KpeMa JUIs IIOCITiIOBHOTO OITUCY PI3HOMaHITHUX XBWJIb Y MarHiTOAKTHUBHIN IJIa3Mi.

OcHoBononoxxauM € BHecok O.I. CureHka N0 PO3BUTKY CTATHCTHYHOI TeOpii €JIeKTPOMAarHiTHHUX IPOIECIB Y
u1a3MoroioHnx cepenoBuniax. OnHe 3 TOJIOBHUX 3aBJaHb TYT — JIOCHI/PKCHHS (IYKTyarii, TOOTO BHIAJKOBHX
BIIXWICHb (I3MYHMX BENMYMH BiJ 1X CEpelHIX 3HAYCHb, OCKUIBKM TIOBEHiHKAa (IyKTyalmiid TmOB’s3aHa 3
€JICKTPOMArHiTHUMH 1 TEpMOAMHAMIYHUMH BJIACTHBOCTAMHU Iia3mu. Came Taky Teopiro po3Bunyan O.I. Axiesep Ta
O.I'. Curenxo.

3okpema, Oymu po3paxoBaHi CHEKTpH (IyKTyariil 0araThoX (i3MYHUX BETUYWH (TYCTHHH CIIEKTPOHIB Ta 1OHIB,
HATIPY>KEHOCTI EIIEKTPUYHOTO 1 MarHiTHOTO MOJIB, MIKPOCKOIIIYHAX (PYHKIIH PO3IMOILTY YaCTHHOK), 3HAWCHI Iepepizn
po3cistHHA 1 TpaHchopmamii XBuib Ha (IyKTyalisX y IUTa3Mi Ta BHSABICHI OCOOIMBOCTI CHEKTPIB PO3CISTHOTO
BHITPOMiHIOBaHHS, 3yMOBJICHI KOJIEKTHBHUMHU SIBUIIaMU y Mia3Mi. Ymepiie Oyio nepenbadeHo sBUIIe KOMOIHAIIHOTO
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po3cisHHEA XBHUih ¥ a3Mi. 3anpornoroBaHa O.1. Axiezepom, L.I'. [Tpoxoxoro, O.I'. CuTEeHKOM Teopis pO3CiSIHHS XBUIb y
mwra3mi (1957 pix) oTpumana cyTTeBHil po3BUTOK Y pobotax Oxexcist [ puroposmya ta fioro y4His.

Bona crama OCHOBOIO HOBOTO TEPCHEKTHBHOTO METOJYy JIarHOCTUKHU IUIA3MH, IO HIMPOKO 3aCTOCOBYETHCS JUIS
BUBYEHHS IPUPOJHOT Ta Ja0OpaTOPHOT I1a3MH, 30KpeMa eKCIIepUMEHTAIBHOTO BU3HAaYeHHs! 11 napamerpiB. [IpakTuyno
yci HAyKOBI MyOJTiKaIlii 3a Mi€0 TeMAaTHKOI MICTITh MOCWIAHHs Ha mioHepchki podotu O.I'. Curtenka abo BiamoBimHI
po3ainu ioro MoHorpadii.

UYineHe Miclie B HayKOBi AisutbHOCTI Onekcis ['puropoBruva mociaroTh JOCTIKCHHS HENHIHOT B3aEMOJIIT XBUIIb
y IUTa3Mi Ta BIUTMBY TakuX B3aeMoJiii Ha Quykryanii. Bin po3paxyBaB HeNiHiNHHI MieJIEKTPUYHI CIPUHHATIMBOCTI (SIK
CKaJISIpHI, Tak 1 TeH30pHi) 1 copMynioBaB HEiHIHHI PIBHSHHS JUIS €JIEKTPOMArHITHUX IMOJIB Ta ITOCIIIXOBHOCTI
KOPeTSIMIHHNK (QYHKIINH (IyKkTyalnifHuxX BenwdyrnH. Ha OCHOBI TakuX pIiBHSAHB JOCHIIKEHO HENiHIHHE HACHYCHHS
KpUTHYHUX (IIYKTyalliii y HeCTIWKii IIa3Mi, BUBUCHO MPOIECH PE30HAHCHOI B3a€MOJii XBWIb y mia3Mmi. Tum camum
Oy 3aKiaieHi OCHOBH Teopii QuIyKTyariii y cnaboTypOyIeHTHiH mia3mi.

3rayni pesymeratn orpuMaB O.I'. CuTeHKO i B IOCHIKEHHI Ia3Mu, Mo mepedyBae y TaK 3BaHOMY
CHIIBHOTYpOYJICHTHOMY CTaHI, SIKMH XapaKTepU3yeTbCs BENMKUMH EHEPTisIMH KOJEKTHBHUX KOJIMBaHb ILIa3MHU
MOPIBHAHO 3 TEIUIOBOIO CHEPri€l0 YacTHHOK. Lli yMOBH peami3yloThCs, 30KpeMa B YCTaHOBKAaxX MJsl KEPOBAaHOTO
TepMosiiepHoro cuntedy. [loOynoBa mocmioBHOI Teopil (uykryauwid y Takii masmi norpedye nepeHOpMYBaHHS
(GYHKUIH eNeKTPUYHOT0 BIATYKY 1 KOopensuiitHnx GpyHKuii mKkepen GuyKkTyaliil 3 ypaxyBaHHIM yCiX MOPSAAKIB Teopil
30ypeHb — Ha BIJAMIHY BiJ C1a0OTypOYJICHTHOI IUIa3MH, KOJHM TaKe MEPEHOPMYBAaHHS MOXHA 3[IHCHUTH Ha OCHOBI
OIMCY HENIHIHHOT B3aeMOAii CKiHUYCHHOI KiJIbKOCTI (TPhOX, YOTHUPHOX) XBWIIb. 3 METOI0 NOOymoBH Iii€i Teopil
O.I'. CuteHko pPO3BHHYB IEPEHOPMOBaHY €JIEKTPOAMHAMIKY IIIa3MH, LIO JAJI0 3MOTY pO3paxyBaTH CTalliOHapHi
CIIEKTpM KOHBEKTHBHHUX 1 ApeioBHX 30y/DKeHb y IIa3Mi Ta JOCTIJUTH TPOIECH aHOMAaJbHOTO IEPEHECEHHS Y
TypOyJIEHTHIH TUTa3Mi 3 IPOCTOPOBO-HEOHOPITHUMH ITapaMeTpaMu.

HageneHi pe3ynpTaTté 3 Teopii mia3Mu aX HisK HE BUYEPHYIOTh HAyKOBOro aopoOky Omekcis ['puropoBnda 3a
mi€ro ramyssro. Ixmiit mepenik MoHa mponoBxkysatH. Lle i Teopis monspuzamiiiHOi B3a€MOIi 3apAIKEHUX YACTHHOK 3
1a3MOI0, 1 (QIIyKTyauidHu{ MiAXiq A0 pPO3paxyHKY KIHETHUHHX KOe(II[€HTIB Ta IHTErpaiB 3iTKHEHb IS TUIa3MH, 1
TEOopist IIa3MOBOTO BITIYHHSI, 1 OCHIIOBHA KiHETHYHA Teopist PIyKTyamii y 1ua3mi 31 3iTKHEHHSIMH.

Bararo cun i eneprii Onekciii ['puropoBuy BingaBaB HayKoBO-opraizamiiHii po6oti. Brpomosx 1988-2002
pOKiB BiH oOu4osOBaB I[HCTUTYT TeopernuHoi ¢i3uku imeni M.M. Boromo6oBa HAH Vkpainu, OyB TrojioBHHM
penakropoM “YkpaiHChKOro (i3MYHOro KypHany”, nupekropoMm Mixkuapoanoro Llentpy ¢izuku nmpu Binminensi
¢izuku i acrponomii HAH Ykpainu.

3a inimiatuBun O.I'. CureHka 3amoyaTKOBaHO MDKHApojaHI KoH¢epeHuii 3 Teopii miua3mu. Ilepma ta apyra
koHpepenii BinOymucs B Kuesi B InctutyTi Teopernunoi ¢izuku im. M.M. boromo6osa HAH VYkpainu B 1971 ta
1974 pokax.

BpaxoByroun BeNmHMKHHA ycImix UX KoHQeEpeHIii, iM Oymo HamgaHo Ha3By “KwuiBcbkux”. IToumnarouu 3 1977 poky
came 3a Ii€0 Ha3BOIO MIKHAPOIHI KOH(EpEeHIlii 3 Teopii Ira3Mu IpoXoIATh B Pi3HUX KpaiHaX CBITY.

O.I". Curenko 6yB oganM 3 ininiatopis [lepmoi mixkaapoanoi koHdpepermii “®izuxa B Ykpaini” (Kuis, 1993) ta
MikHapoHOT Gorono6iBebkol koHpepeHunii “TIpodiemu Teopernuynol ta MaremarnuHoi ¢isuku” (MockBa-/lyOHa-
Kwuis, 1999).

Po3noBine npo Onekcist ['puropoBnya sik HayKOBIA He Oy/ie MOBHOIO, SIKIIO X04a O KOPOTKO HE 3yMUHUTHCS Ha
0CcOoONMMBOCTAX HWOro migxony o HaykoBoi mpaui. [lepemyciMm — e riamboke po3yMiHHS HayKOBOI mpoOiemu, sSKy
noTpioHo po3B’szatu. [lo-gpyre, BuOip BIANOBIIHOI, SKOMOra HOCIHIJOBHILIOI MOJENi, IO JOMYyCKAaE TOYHE
po3B’si3anHs. [lo-TpeTe, MOIIYK THX TPAaHUYHUX BUIAJKIB, y SIKMX CKJIa/{Ha TEOpis cTae (pi3MUHO MPO30pOIo 1 AKi Jar0Th
3MOTY 3pO3YMITH CYTHICTh 3arajlbHHX pe3ysbTaTiB. MOXIIHMBO, IIO caMe 3aBJISKHM LUM OCOOJIMBOCTSIM HayKOBa
nisuteHiCTE Onexcis ['puroposuda Oyiia HaA3BUYIAWHO LTI THOKO.

Bin 3aBxam OyB BIAKpUTHI JUII OOTOBOPCHHSA OYIb-IKHX HAyKOBHX IHTaHb. lIpM IIhOMY HAIOJNETTUBO i
apryMEHTOBAaHO BiJICTOIOBAB CBOI MOTJISIH.

Hoge mns cebe O.I'. Curenko oxode CpHiiMaB, aje BUMaraB oOIpyHTYBaHHS HE HIDKYOTO PIBHS CTPOTOCTI, aHIXK
HOTro BIACHI apTyMEHTH.

Bce 1ie pobmno HaykoBi auckycii 3 Onekciem I'puropoBuyeM HaA3BHYAHO KOPUCHUMHU 1 mikaBuMH. BoHn Oymm
LWIHHAMH ¥ 3 oIy 3HalOMCTBa 3 icTopi€to Tiei 4M 1HIIOT HAYKOBOI MPOOJIEMH, OCKIJIBKH BIPOJIOBXK 0araTb0oX pPOKiB
BiH OyB CBIJIKOM 1 0COOMCTO NMPUYETHUM J0 TBOPEHHS Cy4acHOI TeopeTuuHOi (izuku. CriKyBaHHS 3 HUM OYyJIO )KMBUM
CIJIKYBaHHSIM 3 KJIIACHKOM TEOPETHYHOT (Di3MKH, MOXKITUBICTIO TOTOPKHYTHUCS JI0 iCTOPIT HAIIIOT HAYKH.

O.I". Curenko — sickpaBa, BceOi4HO 00japoBaHa 0ocoOUCTiCTh. BiH OyB BelIMKNM 3HaBLIEM YKPaiHCHKOI Ta CBITOBOI
KyJIBTYpH, IIMPOKO OOI3HAaHWM B JITEPAaTYpHIH KJIACHIlI — BiJl CTapOJaBHBOI 10 HOBITHBOI. [ TMOOKO po3yMmiBcst Ha
KHBOIIHCI, apxiTekTypi. Moro 3HaHHsAM 3 ykpaiHChKOI Ta BCECBiTHBOI icTopii Mormm mosasmputu daxisui. Lle Gyna
CBITJIa 1 HAJ3BUYAHO TaTaHOBHUTA OCOOUCTICTD, TIPEKpacHa i JoOpa moamaay [2].

3ragye me omuH yueHb Omekcis [puropoBmua Curtenka — IBam BacmnpoBuu CumeHOT, IOKTOp (i3uKO-
MaTeMaTHYHUX HayK, 3aBilyBad BiIIiTy MPUKIAIHUX IPOOIEM TeopeTHYHOI (Pi3mku [HCTHUTYTY TeopeTHdHOi (i3uKu
imeri M.M. boromo6oBa HAH VYxkpaian: «Omnekciii ['puropoBud OyB IiTiCHOIO OCOOMCTICTIO 3 YHIKQJIBHO IIHPOKUM
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KpYyro30pOM i BHCOKOIO KyIBTYporo. S Maibke He 3HAI0 HAYKOBIIB (IPHUPOJO3HABYOTO HANPSAMY) TAKOTO IMAOIS, SKi
Oymnu 6 TaKO¥O MipOIO BipHUMH CBOEMY HApPOJOBI.

Onekciit I'puropoBud IpyHTOBHO IepeiiMaBcsi YKpaiHChKOI MOBOIO. [HKOJHM 1€ JIMBYBAaJIO HaBiTh OJIU3BKUX 10
HBOTO JIFoeH. J[JIsl MeHe BCe CTaio 3p03yMUTHUM, KOJIHM MU Ji3HAIKCS Y JeHb Hpomianas 3 Onekciem [ puroposuuem, mio
BiH yCe )XMTTs MKcaB Bipiii i OyB y IbOMY HEHMOBIPHO BUMOTJIMBHM J10 ce0e.

Hapasi mu ycBigommoemo, mo Osekciii ['puropoBud OyB He TUIBKM KOpHU(EEM Yy TEOpEeTHuHiH ¢i3uui, a U
HeTepeciyHiM YKpaiHCHKUM IOETOM, 3HaBIIEM YKpaiHCHKOI i BCECBITHBOI iCTOPIi, TIIMOOKUM IOLIHOBYBaYeM CBITOBOTO
oOpazotBopuoro mucrenrsa. [ymry Onekcis ['puropoBuda 3aBxau 3irpiBajid JyMKH, IO OOpaHHil HayKOBHM HUISAX 1
He3aBepIIeHI HAyKOBI 33/lyMH MPOAOBXKYE Horo crapumii cuH FOpiid.

upota ceitormany O.I'. CureHka BUSBWIACH i B TOMY, IO BiH YCUISIKO 3a0X0YyBaB CHHa 1O POOOTH Ha
repeqHpoMy Kpai cydacHol (pi3MKM — KBaHTOBIM Teopii mojist i Teopii eleMeHTapHHX YaCTHHOK, Xoda Oe3rmocepenHi
iaTepecu Onekcis ['puropoBrya i He HaJeKaJM 10 Mi€T TUIOMIHHI.

JlronuHOTO 3 BENUKO] JIITEPH, IIOPATHOIO 1 IPUHITUIIOBOIO, IIeIPO 00AaPOBAHOI0 TATAHTAMHM, — TAKUM 3allaM’ATaln
O.I'. Curenka #oro cy4acHUKN [2].

HaykoBi HanOanus O.I. Cutenka Oyjo TMOLIHOBAHO $IK BITYM3HSHOK, TaK 1 MDKHAPOJHOK HayKOBOIO
crinbHOTaMH. 30KpeMa, akagemik HarionanbpHol akamemii Hayk Ykpainu Omekciit ['puroposuu CHUTEHKO — jlaypeat
npemii imeni K.J[. CunensunkoBa HAH Ykpainu, [lepkaBHoi npemii Ykpainu B ramy3i Hayku 1 Texsiku [4], npemil
imeni M. M. Borosirooosa HAH Ykpainu ta Mi>kHapoHOT pemii imeni Banbrepa Tippinra (ABcTpis).

OxpiM Toro, BiH OyB 0Opanuii mouecHuM iHo3eMHUM wieHoM KopomiBeskoi IlIBeackkoi akanemii Hayk (1991),
VYkpaincekoi MorunsHcbko-MasenmHebkoi Axanemii Hayk (Kanama, 1992), VYropcekoi Akamemii Hayk Ta Hbro-
Mopkebkoi Akanemii Hayk (1998).

Ouekciit I'puropoBud BXOAWB 10 CKIany YKpaiHCHKOTO Ta AMEPHKAHCHKOTO (DI3MYHUX TOBApPHCTB, & TAKOXK OYyB
YJICHOM-KOPECIIOHAEHTOM MIXKHapOIHOTO palioco03y.

On 1991 poky O.I'. Curenko — aupextop MixkHapoaHoro neHtpy (isuku npu Bigninenni ¢isuku i actpoHoMii
Hamionansnoi akagemii Hayk Ykpainu, a BpogoBx 1991-1995 pokiB — roioBa KuiBchKkoro (i3W4HOTO TOBApUCTBA.

Buenwnit Haropomkenuit opaeramu Tpynosoro Uepsonoro Ipamopa (1977) i Apyx6u Hapoxais (1987).

1997 poky Omnekcito I'puropoBuuy CuteHky Ykazom IlpesuzeHta YkpaiHu 3a 3HAYHHH OCOOUCTHH BHECOK Y
PO3BHUTOK HAayKH i CTBOPEHHSI HAaLlIOHAJIbHUX HAYKOBHX LIKLJI IPHCBOEHO TOYECHE 3BaHHS «3aCiy>KeHUH IS4 HAayKH i
TexHikm» [3].

2000 poky nocranoBoto [Ipe3uaii Akazemii HayK BUIIOi MIKOJIM YKpaiHKM HOTO BifA3Ha4eHO Haropoporo Spociasa
Mynporo 3a BaroMi IOCSTHEHHS B raily3i HAyKH 1 TEXHIKH.

2002 poxy BepxoBna Pana Ykpainu naropomuia akaaemika O.I'. Cutenka [TouecHoro I'pamMoToro — 3a ocoOiuBi
3acyTH nepes yKpaiHChKuM HapoZoM. Lo 3BicTKy BiH ofiepiKaB y JIiKapHi, 3a JIiYeHi TOAUHHU 10 CMEPTI.

OctanHi poku cBoro XuTta Onekciidi I'puropoBnd CHTEHKO BaXKKO XBOpIB. YTiM, HOro He 3alWINaNd Y4HI Ta
KOJIETH: OLIS JTiXKKa XBOPOTO 0O0TOBOPIOBAIH PI3HOMAHITHI MUTaHHS HAYKH, MUCTEIITBA, MTOJITHKH.

Komu xBopoba Ttpoxu Bimcrymama, Onekciii ['puropoBuu mnepeliMaBcs HAayKOBUMH BUIIYKYBaHHSIMH. Bin
HEHMOBIpHHUX (DI3MYHUX 1 MOpPAIBHHX CTPaXKIaHb PATYBaJla i MoOe3is: Micis TPUBAJIOI MEpepBU BiH 3HOB PO3IO4YAB
MUCaTy BipIi.

Onnexciit I'puropouy Cutenko mimmos 31 xutts 11 arororo 2002 poky, 3a eHb 10 cBoro 75-pivus [1].
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