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PACS: 71.55.-1, 73.21.Hb
UDC:

Toward a theory of the impurity states of electrons
in two-dimensional electron gas

G.l. Rashba

V.N. Karazin Kharkiv National University, 4 Freedom Square, Kharkiv, 61022, Ukraine
georgiy.i.rashba@gmail.com

The two-dimensional electron conductors containing impurity atoms capable of localiz-ing electrons in a magnetic field are considered
with the use of quantum Green function methods for investigating electron magnetoimpurity states. These states are taken into account by
the Lifshits method of local perturbations. The theory is illustrated for the case of a two-dimensional electron gas with impurity atoms in a
quantizing magnetic field. The characteristics of magnetoimpurity states are calculated for Gaussian separable impurity potential.

Keywords: method of local perturbations; two-dimensional electron gas; magnetoimpurity states; Green function.

Mertonom KBaHTOBHX (yHKLii [piHa po3MIsHYTI JBOBHMIPHI €JIEKTPOHHI MPOBIJHUKHU 3 JOMIIIKOBUMH aTOMaMH, 31aTHHUMHU
JIOKaJTi3yBaTH eJIEKTPOHH y MAarHITHOMY 1oJ1i. MeToz tokansHuX 30ypeHs [ Jlidmmis BukopucTaHnii 1711 BUBYSHHS MarHITOJOMIIIIKOBUX
CTaHIB eJeKTPOHIB. Teopist MpoiTrocTpoBaHa Ha MPUKJIA/Ii ABOBUMIPHOTO €IEKTPOHHOTO Ta3y 3 JOMIIIKOBIMH aTOMaMH y KBAaHTYIOUOMY
MarHITHOMY TOJIi. XapaKTepPUCTHKH MAarHiTOJOMIIIKOBUX CTaHIB OOYHMCICHI Yy paMKaX MOJENI TayCCiBCBKOTO CerapaderbHOTo
JIOMIIIIKOBOTO TTOTEHITIaTy.

KurouoBi ciioBa: MeTon jiokanbHUX 30ypeHb; IBOBUMIPHUI MEKTPOHHHN ra3; MarHiTOMOMINIKOBI cTanu; (yHKii ['pina.

MeTonoM KBaHTOBBIX (I)yHKL[I/If/'I FpI/IHa pacCcMOTPEHbl JIBYMEPHBIC DSJICEKTPOHHLIE MPOBOAHUKUW C MNPUMECHBIMU aroMaMu,
CITIOCOOHBIMHU JIOKAJIN30BaTh OJICKTPOHBI B MarHUTHOM I10JIC. Merton JOKaJIbHBIX BO3MyI_IleHI/I171 n. .HI/I(i)H_II/IIIa UCIIOJIb30BAH U1
NU3YyHUCHUS MAarHUTOIIPUMECHBIX COCTOSIHHI DJIEKTPOHOB. TeOpI/I}I OPOUIIITIOCTPUPOBAHA HAa NPUMEPE ABYMEPHOI'O 3JICKTPOHHOTO ra3a
C IPUMECHBIMU aTOMaMU B KBaHTYIOIIIEM MAarHUTHOM IIOJIC. XapaKTCpI/ICTI/IKI/I MarHUuTOIIPUMECHBIX COCTOSIHMI BBIYHMCIICHBI B clryyae

rayccosa cernapa0enbHOro IpUMECHOro HOTeHIHAIA.

KurroueBble ¢jI0Ba: METOT JIOKAJIBHBIX BO3MyH.[eHPII>i; I[ByMepHLIfI SHGKTpOHHLIﬁ ra3; MarHuTOIIpUMECHBIE COCTOSAHUSA, (byHKHI/II/I

I'puna.

Introduction

Impurity states of electrons (local and resonant) in
alloyed metals and semiconductors have been known for
a long time (see, for instance, [1-4]). It is well known,
in particular, that shallow and narrow impurity potential
well in a three-dimensional conductor cannot localize
electrons. In one-dimensional and two-dimensional cases
localization is possible for arbitrary potential well inten-
sity [5].

In the presence of a quantizing magnetic field the
situations changed. The motion of electron in a massive
conductor in magnetic field is similar to a one-dimension-
al case, and it is known that in the one-dimensional case
the electron is localized in a potential well for arbi-trary
small degree of intensity [5]. The spatial inhomogeneity
of the alloyed conductor lifts the degeneracy of Landau
levels on the position of “Landau oscillator”. Impurity
levels split off from every Landau level. The levels split
off from the lower Landau level are local and levels split
off from the higher levels fall within an area of continuous
spectrum and they are resonant [6,7]. Such levels caused

© Rashba G.I., 2017
https://doi.org/10.26565/2222-5617-2017-2-1

by mutual influence of donor-impurity atoms and mag-
netic field on electrons are called magnetoimpurity levels,
and the respective states of electrons are called magneto-
impurity states.

The magnetoimpurity states of electrons create the
beats in the de Haas-van Alphen [6,7] and in the Shub-
nikov-de Haas effects and they cause the linear growth of
magnetic re-sistance of metals with closed Fermi surfaces
with the increase of magnetic field [8,9]. These states re-
sult in appearance of new branches of collective modes
in massive and low-dimensional conductors: electro-
magnetic [10-12], sound [13], magnetoplasma [14], and
elec-tronic spin waves [15].

In Refs. [16-20] the influence of impurity atoms on
the properties of a two-dimensional electron system was
modelled by a Gaussian delta-correlated random poten-
tial. Its intensity was characterized by the electron col-
lision frequency calculated in the Born ap-proximation
for electron-impurity interaction. This is valid only in the
case of weak scatterers incapable of localizing electrons.
To consider localized electron impurity states at isolated
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scat-terers one must go beyond the Born approximation.
Such states were not taken into account in Refs. [16-20].

The problem of the influence of a short-range per-
turbation on the energy spectrum of an two-dimensional
electron in a magnetic field was first solved in Ref. [21].
The authors of that study restricted consideration to the
case when the potential of the perturbation is non-zero
within a square region laying in the plane of motion of
the electron. The general theory of electron magnetoim-
purity states in two-dimensional systems containing point
impurity atoms has been developed in the series of pa-
pers by Azbel, Gredeskul, Avishai and others (see Refs.
[22,23]) using a zero-radius potential method. The case
of a Gaussian separable impurity po-tential, which allows
one to solve the problem exactly — was not considered in
Refs. [21-23].

The elaborated methods of studying impurity states
are based on the Schrédinger’s equation and on the quan-
tum Green’s functions. Here we will specify how the 1.
Lifshits method of local perturbations [24] can be used
to calculate the characteristics of magnetoim-purity states
of electrons in two-dimensional electron conductor. The
formalism set out in Sec-tion 2 and a model presented in
Section 3 are used in Section 4 to calculate the character-
istics of magnetoimpurity states of electrons in two-di-
mensional electron gas.

Formalism
Let’s choose the scattering potential in the form [24]

V= Z‘"l’>”0<’7/‘°

J

(M

where — is the projection operator on vector

,7].><,7j

n;) Uy—2 constant, index j numbers impurity atoms.
We deem that function 7](!') = <r| 77> is equal to

- e -2

2a

where a — is a constant. Transformation of Eq. (1) to the
sum of delta-functions 1)05 (r —T; ) is performed by re-
placement

47 tim (2% ) = vp.
a—0
Uy—>0
The advantage of the potential chosen here is that it
contains two independent parameters u, and a, while at
the same time the point potential is characterized by only
one parameter —v,.
In case of potential (1) the sum of diagrams with one
cross for mean Green function G [25,26] in («, o, €) - pre-
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sentation (x is the set of Landau orbital quantum numbers,
o = =£1 is the spin quantum number, ¢ is the energy vari-
able) is equal to, G = G, + G TG, where value

Ty (&) =uon;| 1-up Y <K|77>2

« € €ko

-1

()

is proportional to the scattering amplitude of electrons,
¢ are the Landau levels, n, — density of impurity atoms,
G, — Green function of ideal conductor. With the impurity
potential (1) used in this study the divergence of the sum
in formula (2) inherent for a delta-like potential can be
avoided more simply than is achieved by the zero-radius
potential method.

Two-dimensional electron gas model

Themodel oftwo-dimensional electron gasconvenient
for calculations is a system of electrons in a two-dimen-
sional conductor. A sample of this model is a two-dimen-
sional electron gas at the border of Siand SiO, in the system
like metal-dielectric-semiconductor or in heterostructure
GaAs/Al Ga,_As. In such systems electrons move freely
in two directions and their motion in one direction is re-
stricted.

Let us select vector potential of magnetic field H
perpendicular to plane (x, y) occu-pied by a two-dimen-
sional electron gas in the form of A= (0, HX,O) . Then
the orbital wave function of electron’s stationary state
looks as usual [5]

_1
Wk, (x,y)z(\/ZZ"n!lL) /) X
X exp _l(x—xojz H (x_xo]exp(ik y)
20 1 S re

Here nand k — are the oscillator quantum number and
theprojectionofelectronmomentumonaxisy, /=(1 Ima )2,
m —is the effective mass of electron, m_— electron’s cyclo-
tron frequency, x,= -k /(mw ), Lx = Ly = L, L’ = S — the
area of sample, H — Hermite poly-nomial. We have set

3)

quantum constant 72 =1. Electron’s energy in state (3)
is equal to

1
Eng = W n+5 +ougH | (4)

where p, — electron spin magnetic moment. Density of
electron states with spectrum (4) is equal to

Vo (6)=—s 3 5(e )

271"2 n=0
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Magnetoimpurity states of electrons
in two-dimensional electron gas
In this section we will derive the equation of I. Lif-
shitz [24] for the spectrum of impu-rity states of electrons
in two-dimensional electron gas located in magnetic field.
We approxi-mate the potential of an impurity atoms located
at the random points inside system using con-venient for
calculations Gaussian separable potential (1). Within the
framework of this model the electron scattering operator
with an impurity center looks like [26, 27]
T(s)= LY ] )
1-upI(e)

where

(n]re )
I1, (5+i0) = Z—_= F. (8)—i7rga (5)
k, €~ énkyo 10
The operator poles in Eq. (5) correspond to impurity
states of electrons. Impurity levels satisfy the equation of
1. Lifshits [24]

1-uyIT, (+i0)=0. (6)

This equation can be obtained from the formula (6.8)
in Ref. [26], if one would consider the self-energy function
%, entering into this formula, in the linear approximation
over n, and would take into account multiple scattering of
electrons by isolated short-range impurity atoms in quan-
tizing magnetic field. In this case the formula takes the fol-
lowing form in our notations

-1
_ NiUo
" 1-ugIl, (£ +i0)

G, (x,6)=|c—¢

In the linear approximation over #, this equation im-
plies the relation between functions G, G, (presented in
Section 2) and multiple impurity scattering operator T. As
itis noticed in Ref. [26], this is equivalent to replacement of
the Born scattering amplitude of electrons by isolated impu-
rity atom in Eq. (6.12), which describe collision frequency
of electrons, by T-matrix (see Eq. (6.28) and Section 6.1 in
[26]). The T-matrix accounts for the effects of po-tential and
resonant electron scattering by impurity atoms. Replacing
the resonant dominator (1 —UyF, )2 + (nuog o )2 in self-
energy function £ by the unity we obtain Born poten-
tial-scattering contribution into the electrons collision fre-
quency. Near the poles of T-matrix satis-fying Eq. (6) the
amplitude is characterized by the Breit-Wigner resonanc-
es [5], which influ-ence considerably on observed values
[6-13,15].

8

Considering (1) and (3), we derive

<’7|nk >= 2Vl [|a_1|}% x
g \/x/;2”n!(a+1)Ly a+1
2 %
X exp —la2k2 1+ 2|1, | ak L ,
2 el " ‘a2—1‘

2
where o = (%) . As a result equation (6) takes the form

- 21 i y" 1 "

0a+1n:05—gna+i0 Jr2"n!
X +jzoa’k exp —a’k? 1+0[—2 X
’ I a+l

—00

(7

where y = |a-1//(a+1). (We have used well-known

formula Z

L o0
S I dky). Considering the identity
K 2r

y —0o0
1

m = —i‘[ duexp [iu (6-6ns +i0)]

0

and calculating the integral included in (7), the equation (7)
can be written as

3
24 hlo
1

l+i———— x

wé(a+l)
o0 ' _1
dexexp ix i—l—o'M+i0 (1_726—21):) Ax
0 w. 2 o
3 5

C (4
2
x| 2d%a,| 1+-2— |- 420, —< 2% =0.
a+l (06+1) e +y

®)

We have noted, that in deriving of Eq. (8), we have
used the Mehler formula:

1 2x%z
(1_22)% exp I+z

0 Zn ) B
ng,)mHn(X)—
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Let’s take into account the table integral [28] which
includes in Eq. (7):

Idx efpszi (bx)=

l’l n\/_ ’ % b2
pT = NE (267 - p) 2, )|
Rep>0,

where

1 d"

()

2"ntdz

Pn(z)=

— Legendre polynomials. Then in our case we obtained:

400 3 %

2,21 & -1 2 a
[ dk, exp| ~a*i | =— | 2| ———=ak, |=
-0 a -1 ‘0[2—1‘

B

Voo o’ +1 a
1)(f—ﬂ% o’ -1 o 6_1

n
:JEz n!(a2
a

a_

Taking into account the last expression, I. Lifshits

equation takes the following form:

Ja

1_21/10 X
a+Na?+a+1 }%
© | (a—l)(a2—a+l) 2
X - X
=0 & ~Eng +10 (a+1)(a2+a+1)
3
xp | -2 =0. 9)

" \/a6—1

The exact equations (8), (9) for a Gaussian separable
impurity potential in two-dimensional electron gas is ob-
tained here for the first time. Separating the real and imag-
inary parts in this equation, we derive functions F (¢) and
g (¢). The latter is equal to

1
2Wa [ a? -1 AX

a+1

)=
gd( ) o’ -1
n
S 3+1 A 3
* 27 (e=t0)| T | B —
n=0 a’ -1 o —1
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In the extreme case o — © (@ — 0) from this equation

we derive
vV (&
gd( ) 4ra 272-—225 & — Eno. 2 US( ) .

It follows from Eq. (8) or Eq. (9) that the electron
energy spectrum contains a system of local levels split off
from the Landau levels by the impurity atoms to higher or
lower values, depending on the sign of u,. For u, > 0 the
local energy level of an electron whose spin magnetic mo-
ment is oriented along the magnetic field lies in the region
e<0ifuH> /2 and u, < F *(0). Since the spin splitting
of the Landau levels was not taken into account in Refs.
[21-23], this possibility did not exist there. When a and /
differ strongly, the distance A between a Landau level and
the magnetoimpurity level split off from it is small com-
pared to w

-1
2

a -1

a){ln(2—2] + (2ma2|u0|) } , a<<l,
/
PY 1(aV o]

a ()
.| In| 8— —(—J =,

a*) 8\ |u0|

For the limiting value of the magnitude of the split-

ting agrees with expressions (25) and (28) in Ref. [21]
to within numerical factors stemming from the different

=4ra

a>>1.

model for the impu-rity potential. In the case a>>| the
positions of the local levels found here are poles of the scat-
tering amplitude (3.6) in Ref. [22]. The Lifshits equation
in that paper contains only one parameter — the scattering
length of the electrons in the absence of magnetic field. The
case @>>| was not considered in Refs. [21-23]. In the
quantum limit we obtain from Egs. (8) or (9) the expression

-2
1)

A=2uy| = | |=+|— ,
a |2 \a

which is valid for any value of a/l. If |u | — oo, the energy of
an electron in the bound state is equal to -Ju |. The widths of
the magnetoimpurity levels in this approximation are equal
to zero.

Summary and conclusions

The properties of isolated impurity atoms in mas-
sive and low-dimensional conductors are usually studied
by the method of local perturbations or by the zero-range
radius potential method. Phenomenologically the impurity
scattering of electrons in conductors is taken into account
within Born approximation. Meanwhile in two-dimension-
al structures the impurity donors of arbitrary small strength
are capable to form local states of electrons. They will be

9
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formed also in massive conductors in the presence of a
magnetic field. That is why there exist a necessity to go be-
yond the Born approximation and to take into account these
states within the framework of Lifshits local perturbations
formalism. In this paper we have shown that the charac-
teristics of impurity states of electrons in two-dimensional
conductors in a magnetic field can be evaluated by Green
function methods. The impurity atom field is modelled by a
Gaussian separable potential. The positions of local levels
of energy of electrons caused by combined effect of donor
impurity atoms and magnetic field are obtained.
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and the cooling rate on a structure of Al-Cu system alloys
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Y po6oTi AOCTIKEHO CTPYKTYPHI BIACTHBOCTI ciuiaBiB cucteMu Al-Cu B TBepoMy Ta pikoMy cTtaHax. JIOCiIKeHHS TIPOBOIIIH
Ha cIuiaBax i3 BmictoM mimi 25,0-34,0 % (mac.), pemra - amomiHii. [71st Bu3HaueHHst (Hi3MYHUX BIACTUBOCTEH CIUIABIB BUKOPUCTOBYBAIN
MIKpPOCTPYKTYPHHH, PeHTTEHOCTPYKTYpHUI Ta AudepeHniinmii TepMiuHmii anamizu. Byiio Bu3Ha4eHO (a30BHii CKIIa]] CIUIABIB B 3aJIE)KHOCTI
BiJI TEMITEpaTypH HArpiBy PiAMHU BUILE JiHIT JIIKBIIYCY Ta MIBUIKOCTI OXOJOMKCHHSI.

B poGorti moka3zaHo, 1m0 mpu 30UTBIICHH] TEMIIEpaTypy HarpiBy piAMHM CIUIaBiB Buie JiHil nikBimycy o 150 K BigOyBaerscs
3MEHIICHHS] 00’€MHOI YaCTKH MEPBUHHHUX KPUCTAJIB AFOMIHIIO Ta 30UIbLICHHS 00’€MHOI YacTKM €BTEKTHKH. [leperpiB piiMHu Ha
200 K npu3BOAMTh 10 TIOBHOTO MPHUIHIYEHHS MPOLECY YTBOPEHHS NMEPBUHHUX KPUCTAIB ITIOMIHIIO, IO CBIIYUTH MPO BIACYTHICTBH 1X
MIKPOKOMIUIEKCIB B pituHi crutaBy. OTprMaHi pe3ylisTaTi po3paxyHKiB J0Ope y3roIKyIOThCs 3 JaHUMH IHIIINX aBTOPIB.

Korouosi ciioBa: cruiaBu Al-Cu; eBTEKTHKA; PiJJMHA CIUIABIB.

B paGore uccmenmyioTcsi CTpyKTypHBIE CBOWCTBa cIutaBoB cucTeMbl Al-Cu B TBEpIOM M JKHIKOM cocTosHHsX. MccrnemoBanus
MIPOBOZIMJIM Ha CIUIaBax ¢ conepskanueM memu 25,0-34,0 % (macc.), ocranpHoe — amoMuHui. [{ns onpeneneHus GU3NYECKUX CBOMCTB
CITAaBOB HCIIONB30BAIN MUKPOCTPYKTYPHBIH, PEHTTEHOCTPYKTYPHBII 1 JuddepeHInaibHbli TepMUUeCKUid aHaM3bl. BbuT onpenieneH
(ha3oBBIif COCTAB CITAaBOB B 3aBUCHMOCTH OT TEMIIEpPATyphl HarpeBa JKH/IKOCTH BBIIIE JIMHUH JINKBU/TYCA U CKOPOCTH OXJIXKICHUS.

B pabote noxazano, 94To IpH yBEJIMYEHUN TeMIIepaTyphl HarpeBa *KUIKOCTH CIUIaBOB BEIIIE JIMHUK JIMKBHAYyca 1o 150 K mponcxonut
YMeHbIIeHHE 00BEMHO JT0JH EPBUYHBIX KPUCTAIIIOB ATIOMUHHUS 1 YBEJIMYCHHE 00EMHOIT 10711 9BTeKTHKH. [Teperpes xunkoctu Ha 200
K npHBOIUT K MOJHOMY MOJIABJICHHIO TPOLiecca 00pa30BaHMUs IEPBUYHBIX KPUCTAIIIOB AJIFOMHMHHS, YTO CBUJICTENILCTBYET 00 OTCYTCTBHU
MX MUKPOKOMIUIEKCOB B JKHMAKOCTH CIuiaBa. [TosyueHHbIe pe3yabTaThl pacyeTOB XOPOLIO COIIACYIOTCS C JAHHBIMH JIPYTHX aBTOPOB.

KuroueBsie ciioBa: crutaBel Al-Cu; 9BTEKTHKA; JKUAKOCTh CIUIABOB.

In this paper there is examined the structural properties of Al-Cu system alloys in a solid and in a liquid state. The investigation was
performed for the alloys with copper content of 25.0-34.0% (wt.), the rest is aluminum. To determine the physical properties of alloys we
used microstructure analysis, X-ray structural analysis and the differential thermal one. We determined the phase composition of alloys in
relation to the temperature of the liquid heating above the liquidus curve and to the cooling rate.

In the paper it is shown that when the temperature of the alloys liquid heating rises above the liquidus curve and reaches 150 K, both
the reduction of the volume ratio of primary aluminum crystals and the increase of the eutectics volume ratio occurs. The overheating of the
liquid by 200 K leads to a complete suppression of the process of formation of primary aluminum crystals, which indicates the lack of their
microcomplexes in alloy liquid. The obtained results of calculations are in good agreement with those of other authors.

Keywords: Al-Cu alloys; eutectics; liquid of alloy.

Introduction (AL Cu-type) and when the temperature decreases it turns to

The Al-Cu alloys system was examined due to the
wide use of these alloys in the aircraft industry and in
transport. According to the state diagram of Al-Cu system
proposed by Murray the ecutectics is formed at copper
content of 33 % (wt.) and aluminum content of 67 % (wt.)
and is represented structurally by a-solid solution of copper
in aluminum and Al,Cu compound. The structure of #-phase
(Al Cu)istetragonal[1,2]and canexistintwomodifications: 0
(ALCu-type) and 0" (CaF-type) [3]. Investigation of
the structure of alloys as a result of long-term ageing
revealed that up to a temperature of 190°C there is 8-phase

© Filonenko N. Yu., Galdina A. N., 2017
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0’ (CaF-type) [4].

As it is known, one of methods for determining the
presence of microcomplexes in the liquid of Al-Cu alloys
is associated with a liquid viscosity change [5-7]. On the
viscosity-temperature curves we obtained the hysteresis
loops between the heating and cooling curves, which
are associated with rearrangement of complexes in the
liquid of alloys [8]. For the alloy of eutectic composition
(copper content of 17.0 % (atom.)) there is an intersection
of the viscosity curves of the heating and the cooling at the
temperature of 950°C [8]. The study of alloy copper content
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and temperature dependence of a value of the structure
parameter function reveals that for alloy of eutectic
composition (Al Cu, ) decrease of the structure parameter
occurs in the temperature range of 750-980°C; moreover,
the availability of acute peak indicates that there is ordered
structure [9]. The authors demonstrated that temperature
dependence of the structure parameters for alloy of eutectic
composition is characterized by certain stability of atomic
arrangement within the temperature interval of 835-935
K [10]. Now it is known that at temperatures above the
crystallization temperature in the melts of metals and alloys
the microconcentration heterogeneity is observed [11-
13]. Thus, phenomena, which are appeared in the liquid
state of metals and alloys, are intrinsic to the systems that
are in a critical state [14]. Typical for such systems is the
temperature at which there are no complexes in the liquid.

It is known that increase in the cooling rate to
10*-10° K/s leads to the formation of a supersaturated solid
aluminum solution and to the increase in content of Al,Cu
phase in non-equilibrium eutectics [15-16].

Therefore, the objective of this paper is studying of
structural properties of Al-Cu system alloys depending on
the temperature of alloy liquid heating above the liquidus
curve and on the cooling rate.

Materials and methods of investigation

The investigation was performed for the Al-Cu alloys
specimens with copper content of 25.0-34.0 % (wt.), the
rest is aluminum. To obtain these Al-Cu alloys we used the
furnace burden of such composition: aluminum with content
of 99.9 % (wt.) and copper with content of 99.9 % (wt.).
In order to prevent segregation the alloys were prepared
from carefully pre-mixed and pressed powders of furnace
burden materials. The smelting of specimens was carried
out in Taman’s furnace with graphite heater at temperatures
of 820-1200 K. The cooling rate of alloys was 10 K/s. Part
of the specimens were prepared in a similar way, but after
heating were been casted into V-shaped molds, as a result,
in the process of cooling in the wide part of the wedge the
cooling rate was 102 K/s and in the edge it was 10* K/s.

Chemical and spectroscopic analyses were used to
ascertain the chemical composition of alloy [17]. Differential
thermal analysis by means of derivatograph with heating
rate of 2 K/min was used to determine the temperature of
the phase transformations.

The phase composition of the alloys was determined
by X-ray microanalysis on JSM—6490 microscope, as well
as by means of optical microscope ‘Neophot-21°. The X-ray
structure analysis was performed on diffractometer DRON-
3 in monochromated Cu_ radiation.

Results and discussion
Hypoeutectic alloys of Al-Cu system is of such
structure: primary Al dendrites and regular Al+AlLCu
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eutectics, which after crystallization is corresponding to the
phase composition of the state diagram of the system [1].

The microstructure of hypoeutectic alloys of Al-Cu
system, which after heating to the temperature of 850 K
were casted in the V-shape mold, consists of uniform-size
primary aluminum dendrites (of the size of 30-40 pm).
Eutectic is heterogeneous in morphology and is more
finely-divided in the center of grains (Fig. 1, a). When the
cooling rate rises to 10* K/s, the volume ratio and size of
primary Al dendrites reduce, and those for the eutectics
increase (Fig. 1, b).

Fig. 1. The microstructure of alloy wedge after pre-
heating of Al-Cu alloy by 50 K with aluminum content of
71.0 % (wt.) cooled with a rate of: a) 10? K/s, b) 10* K/s.

When hypoeutectic Al-Cu system alloys are pre-heated
to 100 K above liquidus temperature and then cooled with
a rate 10% K/s, this leads to decrease of the volume ratio
of primary aluminum dendrites and increase of the volume
ratio of the eutectics. The formation of more homogeneous
in morphology eutectics is observed. An increase in the rate
up to 10* K/s is attended with considerable reduction of the
volume ratio and size of primary aluminum dendrites and
formation of more finely-divided eutectics.

BicHuk XHY, cepis «®isukay, sun. 27, 2017
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Pre-heating of hypoeutectic alloys of the system
by 150 K leads to the increase in the primary aluminum
dendrites size (40-55 pm) in a wide part of a wedge
compared with the lower temperature of alloys overheating
(Fig. 2, a). The eutectics in morphology is more dispersed
and homogeneous.

Fig. 2. The microstructure of the wedge of alloy after
pre-heating of alloy liquid by 200 K with aluminum content
of 71,0 % (wt.) cooled with a rate of: a) 10> K/s, b) 10* K/s.

Increase in the cooling rate to 10° K/s results in the
formation of more mixed-sized primary Al dendrites (30-40
pum). The eutectics is of more dispersed structure compared
with specimens, which were cooled with a lower rate.

Changes in the morphology of eutectics were observed
in the wedge area, which was cooled with a rate 10* K/s. In
this part of the wedge both lamellar and finely-divided rod
eutectics exist and there are no aluminum primary crystals
(Fig. 2, b). Besides, the formation of single finely-divided
phases is observed.

For the wedge part, which was heated by 150 K above
liquidus curve and cooled then with a rate of 10* K/s the
differential thermal analysis is performed (Fig. 3).
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Fig. 3. Thermogram of alloy with aluminum content of
71.0 % (wt.): a) heating after cooling with a rate of 10* K/s,
b) cooling with a rate of 2 K/s after heating of alloy to
the temperature of 1000 K.

In the process of heating the hypoeutectic alloy in the
thermogram there is two thermal effects at the temperatures
110°C and 511°C. The first one is connected with the fact
that at the temperature of 110°C there is a transformation
6’ — 6 indicated by authors of the work [4], and the second
temperature is melting of eutectics and primary aluminum
dendrites at the temperature of 511°C, with a heat release
of 1592 J.

As a result of aftercooling of hypoeutectic alloy we
obtain a thermogram which indicates the transformations
corresponded to the state diagram of Al-Cu alloys [1],
such as the formation of primary aluminum crystals with
heat release of 32 J occurring at 533°C and formation of
eutectics with heat release of 576 J at 490°C.

As a result of X-ray diffraction analysis of Al-Cu
system alloys with overheating up to 100 K and aftercooling
with a various rates in the range of 10>-10* K/s the phase
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composition corresponds to that of the state diagram. The
overheating of the liquid of a hypoeutectic Al-Cu alloy by
150 K and aftercooling leads to the fact, that at cooling
rates of 10%> K/s the phase composition shows no change,
and the increase of the cooling rate up to 10* K/s provides
the formation of AICu phase (Fig. 4).

I imp/s

Prlons - Cooling rate 10~ K/s

= Cooling rate 10* K/s

500 -

400

300

200

100

Fig. 4. Diffractogram of hypoeutectic alloy with alumi-
num content of 71.0 % (wt.): 0 - AlCu, A -Al, e - ALCu.

Thus, depending on overheating temperature the
decrease of the volume ratio of the primary phase —
aluminum — takes place (Fig. 5).
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Fig. 5. Volume ratio — cooling rate dependence of prima-
ry crystals of aluminum.

Therefore, the overheating of the liquid above
liquidus curve to 150 K leads to the reduction of the
volume ratio of Al primary crystals and to increase of
the volume ratio of the eutectics. At the cooling rate of
10* K/s no formation of aluminum crystals occurs at all,
which can be explained by the lack of primary phase
microcomplexes in a liquid of alloy, that is in a good
agreement with results of the papars [5-8]. An analysis of
the outcomes shows that the eutectic point has shifted. At
the overheating of the liquid above liquidus curve to 200
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K and aftercooling of alloys with a rate of 10* K/s along
with aluminum eutectics and AlCu, there the formation of
finely-divided AICu precipitations takes place.

Conclusions

So, in the paper it was studied the hypoeutectic Al-Cu
alloys with copper content of 25.0-34.0 % (wt.), the rest is
aluminum, and the next results were obtained:

1. The overheating of the alloy liquid by 50-100 K
above the liquidus curve leads to the formation of finely-
divided eutectic arrangement and to suppression of the
process of formation of the aluminum primary crystals.

2. At all overheating temperatures and cooling rates of
alloys there are observed the increase of the volume ratio of
the eutectics compared with specimens.

3. The overheating of liquid by 150 K leads to a
complete suppression of the process of formation of the
aluminum primary crystals that indicates the lack of their
microcomplexes in the liquid alloy. The obtained results
agree nicely with data of the other authors.
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[psime criocTepexeHHs rpaBiTaliiHuX XBUIb y 2015 poli npuBepHyIo yBary 10 MHUTaHHS, YU € y TPaBiTOHIB Maca. 3BUYaiHO
BBXKA€ETHCS, 10 Y YacompocTopi MiHkoBchkoro 2S + 1 JMiHIHHO HE3aJe)KHUX CTaHIB MOJSpPU3AIli PENSTHBICTCHKOI MaCHUBHOI
YaCTHHKHU y 0€3MacoBiif TpaHMIll peIyKyIOThCS Yy B CTAHH 31 CHIPANbHOCTIMH S (TOOTO 13 MPOEKIISIMH CIIIHY +S Ha HaIpsIMOK
PyXy 4acTHHKHM). XUOHICTH IIHOTO PO3MOBCIOMKEHOTO YSBICHHS IPOAEMOHCTPOBAHA Y BUITAIKy MACHBHOTO TPaBiTOHY, IPEICTaBHUKA
4acTUHOK 31 cmiHoM 2. Takok mpoaHai30BaHI BIACTHBOCTI rpaBiTalliifHoi XBwi y yacompocrtopi ae Citrepa, akuid € n1o0pum
HaAOJIMKEHHSIM 0 MOZENI Cy4acHOTO CTaHy HAmioro BeecBiTy, 10 PO3MIMPIOETHCS 3 MPUCKOPEHHSIM. 3’ICOBAHO, 110 y BCECBITI JIe
Citrepa (a 11e 03Havae, 10 1 y HAIIOMY peaibHOMY BcecBiTi) rpaBiTOH He MOXe OyTH O€3MacOBHUM: KBaApaT HOTro MacH € Bil’€MHUM

2 2 v oo . .
unenom My =—(7/C€)"2A/3, ne A — aiinmraiiiBchka KOCMOJIOTIUHA CTaNa, TOOTO Maca TPaBiTOHa € CyTO YABHUM YHCIIOM, SIKE 10
: -33 2
MozyTio topiBHIoe [ m, |=1,70-107 eV/c.
Kurouosi cioBa: rpasiTariiini xsuii; rpaBiToH; ne CiTTep; CpaibHICTh; 6e3MacoBa YaCTHHKA.

Ipsimoe HaOJIIO[ICHHE T'PaBUTALMOHHBIX BOJIH B 2015 romy NpWBIEKIO BHMMaHHE K BOIPOCY O CYIIECTBOBAHHH MAacCChI
rpaBuTOHA. [IpUHATO CYUMTATH, YTO B IPOCTPAHCTBE-BpeMEHN MHHKOBCKOTO 2S + 1 IMHEHHO HE3aBUCUMBIX COCTOSHUH MOISPU3ALIHUU
PEISITUBHCTCKOW MaCCHBHOW YACTHUIIBI PEIYIHPYIOTCS B JBAa COCTOSIHUSI CO CIIHPATbHOCTAMU +S ( TO €CTh ¢ MPOCKUIHUSIMHU CIIHHA
+S Ha HampaBlCHHE JBWXKCHHS 4acTHIbl). OMUOO0YHOCTh ITOTO PABIPOCTPAHEHHOTO MPEACTABICHUS TPOJAEMOHCTPHPOBAHA B
cllyyae MacCHBHOIO I'DaBHTOHA, MPEICTABUTENS YacTHIl CO CIMHOM 2. Takke MpoaHalM3HMPOBAHBl CBOWCTBA IPaBUTALMOHHON
BOJIHBI B TIPOCTpaHCTBe-BpeMeHH ae CHTTepa, KOTOpoe MpeAcTaBisieT co0oi Xopoliee NMpUOIMKEHHE K MOJCIH COBPEMEHHOTO
COCTOSIHUS HalleH, pacmupsiomeiics ¢ yckopenueM Bceenennoii. [Tokasano, 4to Bo BecenenHoit ge Currepa (a, clieioBaTenbHO, U
B Halleil peanbHOil BCelleHHOM) TPaBUTOH HE SIBISIETCSI 6€3MacCOBBIM: KBAIPAT €ro MacChl OTPULIATENICH, m; =—(h/c)’2A/3, tne
A — SIHIITEHHOBCKAs KOCMOJIOTHYECKast TOCTOSIHHAS, TO €CTh Macca IPaBUTOHA MPE/CTABISLET CO00M YHCTO MHUMOE YUCII0, MOYJIb
KOTOPOTO | m, |=1,70-107 eV/c>

KuroueBble ¢j10Ba: rpaBUTAIMOHHbBIC BOJIHBI, IPaBUTOH; ie CHTTEp; CIUPaAIbHOCTh; Oe3MaccoBast 4aCTUIIA.

The direct observation of gravitational waves in 2015 has drawn attention to a problem on existence of graviton mass. In the
case of Minkowski space-time it is considered to be that the 2S + 1 linearly independent states of polarization of a relativistic massive
particle are reduced to two states with helicities +S (that is with projections of spin +S on a direction of movement of a particle).
The inaccuracy of this opinion is shown in the case of massive graviton, the special case of particles with spin 2. Also properties of a
gravitational wave in the de Sitter space-time which represents good approach model of a modern state of our extending with
accelera-tion Universe are analysed. It is shown, that in the de Sitter universe (and, hence, and in our real Universe) the graviton is not
massless: the square of its mass is negative, mg2 =—(h/c)’2A/3 , where A is Einstein cosmo-logical constant, i.e. graviton mass is
purely imaginary number modulo |m, [=1,70- 107 ev/c’.

Keywords: gravitational waves; graviton; de Sitter; helicity; massless particle.

Introduction

There were five direct detections of gravitational waves
in the last three years. They gave a lot of information for mod-
ern cosmology. These events let one to ask an old question:
do gravitons have mass? This was known as massive graviton
problem. The particle with spin S in Minkowski space-time
has 2S+1 linear independent states of polarization. It is usual
to believe that in massless limit these states reduce to two
helicity states . The other states “extinct”. But for massive

© Hradyskiy A.V., Stepanovsky Yu.P., 2017
https://doi.org/10.26565/2222-5617-2017-2-3

graviton in Minkowski space-time there is a contra-example,
which saves all five helicity components.

The latest investigations show that de Sitter metric is
one of the reasonably close ap-proximations to the metric of
real Universe. So the investigation of the massive graviton
prob-lem in de Sitter space-time is useful for understanding
of the role of massive graviton in real expanding Universe.
The graviton in de Sitter space-time is not massless, but its
mass proper-ties are somewhat unusual.



Massive graviton in Minkowski and de Sitter space-time

Gravitational quanta of Matvei Bronstein (1936)

Two important papers on gravitational quanta were
published by prominent soviet phys-icist Matvei Bron-
stein in 1936. The first paper ,,Quantentheorie schwacher
Gravitationsfelder” (“Quantum theory of weak gravitation-
al field”) appeared in Kharkov in German [1] (scientific
monthly ,,Physikalische Zeitschrift der Sowjetunion* was
published by “Ukrainian Institute of Physics and Technol-
ogy”, YOTI ). The expanded version of “Quantization of
gravitational waves” was published in Russian [2]. Both
papers are almost unknown abroad. Only in 2012 the first
paper of Bronstein was republished in English [3].

Bronstein was considered the small deviations from

Minkowski space-time with Rie-mann-Christoffel tensor

S

HpVo 2

+h

UV, po pouv hya’,pv - hpv,ya) s (1)

where hyv are the small deviation of the fundamental
metric tensor g, (X) =gy, +h,, (x)from its Minkowskian
value O, (y =1 0}, =05, =05, =1, g,, =0, if p=v).
Like Bronstein we admit the following summation conven-
tion for Greek indices in tensor values: ...x...u... = ...0...0...-
LD11-02..2..-..3..3..., so we can define the Ricci

tensoras R, =R = 0 and write down Einstein equations

LHovo

of gravitation (without cosmological constant A) in empty

space,
R, = go”"Rﬂpm =R, =0. )
In view of “gauge conditions” and tracelessness of
h,, -tensor
9N, =N, =0, 977, =h, =0, (3)

we have the wave equations
oh,, =0. 4)

The Riemann-Christoffel tensor satisfies two Bianchi

identities,
Rﬂpm + Rmp + RWPV =0, %)
R/.tpvo‘,ﬂ + R/tpo‘ﬂ.,v + Rypﬂ.v,o’ = 0 (6)
Let us introduce like Bronstein new notations
1
By = ROiOk, Bi :EgimnRijn.

Ten quantities (E; and H, are symmetric trace-
less tensors) use up all ten components of the Riemann-
Christoffel tensor R, .
the linearized Einstein equations in the following form

In his paper Bronstein presented

gEij = gikliBlj i i =0,
oX, ~  OX
(7
iBij _gikliElj 2 j =0
oX, ~  OX

The equations (7) are very similar to the Maxwell

ones,
gEi: gikliBl iBi:Os
ot oX, =~ OX
@®)
2Bi:_g.kliﬁ iEi:O-
ot oX, = OX

It isn’t accidental because in the both cases the equa-
tions with time derivatives in (7) and (8) can be written in
the form satisfying for arbitrary spin S

)

where S is the spin operator of particle with spin S and

A s the helicity of the particle under consideration. The
famous Italian physicist Ettore Majorana was the first who
presented Maxwell equations (8) in the form (9) (1928-
1932, unpublished, [4])

.0 e

I—w =troty, divy =0, (10)

ot

where Y = E+iB, and understood that the equa-
tions (10) are the wave equations for photons. The wave
equations (10) for right and left photons have very simple
physical meaning: pho-ton’s Hamiltonian H =+ §f).s trot
The arbitrary spin wave equations for the massless fields
can be written in the following relativistically covariant
form [5,6]

) )
(05, +58,,) = —w(1) =0, (1)

v

where S

v are infinitesimal operators of the (S;,S,)-

representation of the proper Lorentz group, S = S, +8S,.
The well known Weinberg theorem [7] states that the helicity
of the massless field under consideration A = S, —S,.

Massive graviton in Minkowski space-time
The massless graviton is described with complex

oo and Einstein

equations (2) in the flat limit. If we want to describe mas-

analogue Riemann-Christoffel symbols R

and

sive graviton we must also introduce two tensors H wp

1 . .
H P with some symmetry properties of them.

' The massive graviton is usually defined with Pauli-Fierz formalism [8]. Our definition based on the

Bargman-Wigner ones [9].
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wvpe . Npouv T _Rvupcr = _Ruvcrp’ (12)
RprJ+Rypm/+R/t0‘vp =0, (13)
H,uvp Z—Hmp, (14)
H#VP+HW+HW+O, (15)
H,=H, H,=0, (16)
Ripo =R, =H . (17)

Next we write down the series of equation with mass
of the graviton.

R =mH

uvpo o pvp? (18)
H/wmp o H/Npﬂ = mR/zvm’ (19)
Huvo =MH,., (20)
Hﬂp,a_H/w,p zchrpﬂ' (21)
Then we give the examples without mass.
R,uvpo‘,i + R/zvo%,p + R,uv/lp,o‘ =0, (22)
Hpav,/l + Ha/w,p + H/Ipv,a' =0, (23)
HW’V =0. (24)

In massless limit we obtain the independent equa-
tions for the particles with helicities £2, =1, 0 which led
to according to Eddington [10] TT-waves, TL-waves and
LL-waves.

TT-waves or Bronstein waves are:

Rpoo =0, (25)
Ripor T Rivorp T Ruipe =0, (26)
R, =0. 27)

TL-waves are:
pr’c =0, (28)
H/tvcr,p Mo = 0, (29)
Hpav,/l + Ha/lv,p + H/Ipv,a =0, (30)

LL-waves:

HM’G =0, 31
H,,-H,,=0 (32)

TT-gravitational wave in de Sitter space-time

De Sitter space-time is special solution of Einstein
equations with cosmological con-stant for empty space
and is the special case of Riemannian manifolds called by
mathemati-cians as Einstein manifolds [11],

R, =Ag,, (33)

BicHuk XHY, cepia «®isukay, sun. 27, 2017

Ry =9"Ry., (34)
De Sitter space-time is described by the metric tensors
O (G0 =1 G =-a®G) (9
and
9" (9" =1 g" =-(/a)’)3,) (6
and the metric
ds® = dt* —a(t)*dx’, (37)
where
(38)

a(t) =exp \/g(t —1),

A — is cosmological constant and t, — is the age of Uni-
verse. We see that g*” (t,) = g°* is Minkowskian metric
tensor.

Let us consider the small deviations from de Sit-
ter space-time by the use Riemann-Christoffel tensor
SRWM = R#Vpa + S#VPO'
where is small deviations of Riemann-Christoffel tensor

and metric tensor 9,, =9, + h;zv ,

S po from its de Sitter value R

R ., can be express by a formula

o - FOr small h,, tensor

A
iR/tha = ?(gﬂpgvc _g#Ung) + Ruvm =

A
= ;[(g +h),,(g+h),, -

_(g + h)yo‘(g + h)vp)]+ R,uvpa =

A

Z?(gﬂpgwr —0,69,,)+

(39)

A
+?(hypgvc +9,,0, —
_hﬂcrgw - gﬂUhVP) + Rﬂvm‘
It follows from (39) that
A
Suvm = ?(hﬂpgw + guphva -

_hwg"p - gﬂUhVP) + R/WPU'

(41)

Calculating

R, =9”R,,, = (9" ~h" )x

upvo

A
x(Rﬂpm + Sﬂpm) =Agﬂv +?hﬂv +

(42)
h re A h
+2? LT3R, =A9,, +h,),

we obtain

17
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L =0"R,. =0.

upvo

(43)

For the curvature tensor me , responsible to gravita-
tional wave, in the case of the de Sitter background space-
time we can obtain now, instead of (1) in the case of the Min-
kowski-an background space-time, the following relation,

Ripvo = —(hﬂv L LV o
=t (LU= U )+
LT L N
T LS U O
e e -
—g{;}[hwhm o]

—%(h,,vgm + 9,000 =N 9, = 9,00,),

where Christoffel symbol

i =%g‘”(gl,,,v = Gus) (49

{i} =\/§az5ik and {§}={4} =\/§5ik,i,k— 123

are only nonzero values of {fw} for de Sitter space-time.
Using the conditions (3) in de Sitter space-time

9N, =h,, =0, g”h, =h, =0 @0
and taking into account that for TT-wave
hy =hy; =h,, =0, (47)

finally we obtain from (43) and (44) the wave equation for
gravitational TT-wave,

62
(y )

We can rewrite the equation (48) in the form

NI BN JR P
30t at)y 3

5+Pa——m2 ho=0, (9
3 ot ’
where
S S (50)
a(ty’ ot’

is generalized d’Alembertian, and

18

m =—2A= —(h/c)zzA
3 3

: (51)

We see, that “graviton mass” is purely imaginary
number module | n, |=1,70- 107 eV/c* . This result was
obtained in [12] but in [12] was lost important second term
in the equation (49).

It is worthy of being noted that for Maxwell wave in
the de Sitter space-time we can obtain the wave equation
very similar to (48). The modified equation (10) in de Sitter
space-time looks as follow
(52)

ia(t)%y? =troty, divy =0.

Calculating

we obtain

ia(t)%(ia(t)%y?j =rotroty,  (53)
Ao 1

5 _
—+ Ay =0. 54
(6t2 EERES J"” oY

The equation (54) is lacking in “mass” term and differs

from (48) by the sign of second term, but we will not here
go into problems on his physical meaning.

Summary

We are exploring a limiting Bargman-Wigner equations
in opposite Pauli-Fierz ones usually used by investigation
of massive graviton. To sum up, the massless limit of wave
equa-tions saves all possible (five) polarization states. The
TT graviton particle corresponds to Bron-stein ones.

It is obtained the generalization (48) of Bronstein
equation in Minkowski space-time for gravitational TT-
waves in de Sitter space-time. In the case of A=0 the
equation (48) trans-forms to Bronstein equation (4). Let
us compare the second term in the equation (48), that we
have calculated, with the “mass” term 2A/3. The frequency
of last detected gravitational wave GW 170817 was located
between the frequency 24 Hz and a frequency of about
few hundred Hz. Let us take for definiteness the frequency
Vy of gravitational wave as 100 Hz. The energy corre-

sponds to this frequency is hvg =2,07-10" eV.

v, 2,07.107°

= ~10%,
Imy[¢*  1,70-107

(55)

We see that the second term in the equations (48) by
twenty orders of magnitude greater then the “mass” term.
So this term is of significant importance in the case of real
gravitational waves.
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Investigation of the “self-desensitization” processes in anionic dye
by means of the luminescence method
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The luminescence-based technique is proposed that permits to control the interaction processes of molecular and
polymolecular forms of the anionic dye AgHal emulsions, responsible for the self-desensitization. It is found that the
characteristic feature of the I-kind self-desensitization is the molecular dye phosphorescence occurring upon the immediate
transfer of the non-equilibrium electrons and holes from the excited J-aggregate to the molecular dye. The characteristic feature
of the II-kind self-desensitization is the anomalously retarded anti-Stokes fluorescence of the molecular dye associated with the
transfer of the non-equilibrium electrons from the excited J-aggregate to silver in the atomic-molecular degree of dispersion,
part of which can afterwards be transferred to the molecular dye and recombine there with the localized non-equilibrium holes.

Additional infra-red illumination enabled us to show experimentally that the anomalously retarded anti-Stokes
luminescence of the molecular dye and the phosphorescence of the molecular dye upon excitation of the dye J-aggregates,
take place in different dye molecules and are determined by different electron-hole processes and different interactions of the
molecules with the dye J-aggregates.

Keywords: luminescence; dye; aggregate; self-desensitization.

VY po6oTi 3anponoHOBaHa JIOMIHECIICHTHA METOANKA, 10 JO3BOJISIE KOHTPOJIOBATH NPOLECH B3a€MOJIii MOJIEKYISIPHUX Ta
nosiMosieKysipHux ¢popm anionHoro 6apsuuka y AgHal emynbcisx, siki BiJIOBiabHi 3a caMoeCceHCHOmi3arIuio.

3’sicoBaHo, moO 0coOMuBiCTH camonecencuoOinmizanuii I-pony momsrae y docdopecuenuii mMoiekyaspHoro OapBHHUKA,
sika BinOyBaeThes mpu Oe3mocepeHbOMY IepelaBaHHI HEPIBHOBAXKHHUX EJIEKTPOHIB Ta AIpoK Bix 30ymkeHoro J-arperary
MOJICKYJISIpHOMY  OapBHUKY. OcoOiuBicTh camonmeceHcuOimizanuii Il-pomy € aHTHCTOKCOBa aHOMAalbHO CIIOBIJIbHCHA
(uyopecueHIis MOJEKYJIIpHOro OapBHHMKA, sKa IIOB’s3aHA 3 IepeJaBaHHSAM HEPIBHOBa)XKHHX EJCKTPOHIB Bijx 30y KEHOTro
J-arperary GapBHUKa CpiOIy aTOMHO-MOJEKYISPHOI JUCTIEPCHOCTI, YaCTHHA 3 IKUX MOTIM MOXE MEPeIaBaTUCI MOJICKYIIPHOMY
0apBHUKY Ta peKOMOIHYBaTH TaM 3 JIOKATi30BAHHMHU HEPiBHOBAKHUMH JipKaMHU.

JlonatkoBe iH(pauepBOHE CBITIIO JO3BOJMIO EKCIEPUMEHTAIBHO MTOKA3aTH, [0 aHTUCTOKCOBAa aHOMAaJbHO CIOBINIbHEHA
¢yopecueHuis MoyeKynspHOTO OapBHUKa Ta (GochopecieHIlis MOoJeKyaspHoro OapBHHKa mOpu 30ymKeHHI J-arperaris
OapBHMKA, MAIOTh BiIHOLICHHS 10 Pi3HUX MOJIEKYJ OapBHHMKA Ta BU3HAYAKOTHCS PI3HUMHU €IEKTPOHHO-1iPKOBUMH MPOLIECAMHU Ta
PI3HO B3a€EMOJII€X0 MOJICKYI 3 J-arperaramu GapBHHKA.

KurouoBi ciioBa: moMiHecIeHIlisT; OapBHUK; arperar; cCaMoIeCeHCHO1Ti3alis.

B pabore mpepioxkeHa JIOMHHECHECHTHAs METOJAMKA, MO3BOJISIONIAS KOHTPOJIMPOBATH MPOLECCH B3aHMMOJCHCTBHS
MOJICKYJSIDHBIX W NOJUMOJICKYJISIPHBIX (OpM aHMOHHOTO Kpacutenss B AgHal 5SMynbcHsX, OTBETCTBEHHBIE 3a
CaMO/IeCeHCHONITH3AIIHIO.

BrIsicHEHO, 4YTO OTIMYUTENBHOW OCOOEHHOCTBIO camojeceHcuOunm3anun I-poga sBigercs docdopecueHnns
MOJIEKYJISIPHOTO KPacUTEeNsl, KOTOpasi MPOMCXOAMT IIPU HEMOCPEACTBEHHOM Mepe/iaye HEPaBHOBECHBIX 3JEKTPOHOB M JBIPOK OT
BO30Y)XJEHHOTO J-arperara MOJIEKYJISIpPHOMY KpacuTento. OTINYHTENbHOI 0COOCHHOCTBIO camojeceHcubOmmmzannn II-pona
SBJISIETCSl AHTUCTOKCOBAsE aHOMAJILHO 3aMeUIeHHAs (IIyOpPECLEeHIMs MOJICKYIIPHOTO KpAacUTels, KOTOpas CBs3aHa ¢ nepenadeit
HEPABHOBECHBIX JICKTPOHOB OT BO30Y K ICHHOTO J-arperara KpacuTels cepedpy aTOMHO-MOJICKYISPHON CTEIICHN AUCIEPCHOCTH,
4acTh U3 KOTOPBIX 3aTE€M MOXKET IepeJaBaThcs MOJCKYISIPHOMY KpPAacHTENII0 M PEeKOMOMHHPOBATH TaM C JIOKAJIM30BAHHBIMHU
HEPaBHOBECHBIMU JBIPKAMHU.

JlononuuTenbHass MHQpPaKpacHas MOJCBETKA MO3BOJMIA HKCIEPUMEHTAIBHO OKa3aTh, YTO AHTUCTOKCOBAas aHOMAJIbHO
3aMe/uIeHHast (IIyOpEeCIeHIMs MOJICKYJISIPHOTO KpacuTels U GpochopecueHIns MOJICKYISIPHOTO KPACUTENs IPU BO30YKACHUN
J-arperatoB KpacHTeNs, OTHOCATCS K Pa3HBIM MOJIEKyJaM KPAacHTENs M ONPEACISIOTCS PAa3HBIMHU JJIEKTPOHHO-IBIPOYHBIMU
MPOLECCaMH M pa3IHYHBIM B3aUMOJEHCTBHEM MOJIEKYI ¢ J-arperaraMu KpacuTels.

KoioueBble c/10Ba: JIOMUHECIEHIMS; KPACUTEIIb; arperar; caMo3anycKaeMoCTh.
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Introduction

Molecules and aggregates of molecules of a dye
efficiently absorb the light radiation of various spectral
ranges and can transfer this excitation to various optically
active compounds, for example, to silver halides, which is
widelyused for their spectral sensitization, or to the titanium-
dioxide quantum dots, being important components of the
photochemical cell optoelectronic devices [1].

In all such processes, the excitation transfer from
the dye is determined by the transmission efficiency of
the photoexcited electrons and holes to the active centers
[2]. However, not all the electrons and holes photoexcited
in the dye reach these centers; a part of them can be lost
due to recombination in the dye itself — a so called self-
desensitization effect [3].

For the photographic emulsions, in [4-6] the two types
of self-desensitization were defined:

- if an electron and a hole of the photoexcited dye
recombine inside the dye, without getting outside its
boundaries, such a process leads to the self-desensitization
of the I kind;

- otherwise, an electron of the photoexcited dye is
delivered to the active center while a hole remains within
the dye thus forming the cation-radical of the dye (Dy").
After this, Dy" traps an electron of the active center
which, in turn, either due to relaxation or in the course of
recombination, transits to the ground non-excited state.
This process of the electron-hole recombination is most
probable for the J-aggregated dyes and is called self-
desensitization of the II kind.

Accordingly, in order to evaluate and to control
the efficiency of the dye utilization in all branches of
its application, one needs to recognize the processes of
interaction of J-aggregated and molecular dye forms which
induce the self-desensitization processes [7] in the studied
system and thus decrease the dye efficiency. For the silver
halides this is a hard task when based exclusively on the
spectral sensitometric data [4]; that is why in this work
we study possibilities of the luminescence technique that
would primarily allow to control the processes of interaction
between the molecular and polymolecular forms of the dye,
responsible for the self-desensitization.

Experimental results

The luminescence measurements of the samples
were conducted at T = 77 K with the experimental setup
enabled registration of the luminescence spectra in the
following regime. The excitement lasts ~ 10* s, then
the “dark” interval of duration ~ 10 s takes place, and
only afterwards the luminescence registration starts and
continues for ~ 10 s. This cycle repeats periodically with
frequency 800 Hz.

This mode of registration permits to exclude the
contribution of fluorescence (decay time 7 < 102 s), and to
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register only the phosphorescence and anomalously retarded
fluorescence (ARF) (z > 107%) [8], which are generally
responsible for the self-desensitization processes. To clarify
the role of the non-equilibrium charge-carriers’ localization
in the luminescence process, we employ the additional
illumination by the IR light, obtained from non-modulated
radiation of the KGM lamp (50 W) transmitted through a
2-mm thick germanium light filter (A, > 1000 nm).

As an object of the luminescence study, we choose
the homogeneous emulsion containing cubic microcrystals
(MC) AgBrl (3% Agl) with the mean size d = 0.24 um,
formed in the gelatin medium by means of the two-stream
emulsification during which concentration of the bromine
or silver ions in the course of synthesis was kept constant
within the limits pBr 2 to pBr 7.5 and was controlled by the
ionometer [9]. In the fabricated emulsion, the content of the
silver and bromine ions in the solution was correctable by
adding solutions of KBr or AgNO..

The spectral sensitization of the emulsion was performed
by the anionic panchromatic J-aggregating dye — 3,3’-di-y-
sulfopropyl-9-ethyl-4,5,4”5’-dibenzothiacarbocyaninebetaine
pyridinium salt (Dy in further references).

In Fig. 1 the spectra are presented of the low-temperature
(T =77 K) luminescence and of the luminescence excitation
for the AgBrl emulsion (pBr 2) upon the introduced dye
concentration C, = 0, as well as C, = 10 mole Dy/mole
AgBr. For the sample without dye (CDy = 0), the single
luminescence band is observed in the green spectral segment
with & = 540-570 nm, stipulated by presence of the twin
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Fig. 1. Spectra of (a) excitation and (b) luminescence at
T =77 K for the emulsion AgBrl (3% Agl) with pBr 2
for the introduced dye concentration: Cp,=0—curves 1’,
1, 2-dashed; C, = 105 (mole Dy/mole AgBr) — curves
2’, 3, 4-dashed.

(a) The excitation spectra are recorded for the
luminescence bands with the wavelength A: 1°— 560 nm;
2> —750 nm.

(b) The luminescence spectra are recorded for the
excitation with wavelength A: 1,2, 3, 4 —450 nm; dashed
2 and 4 — in conditions of additional IR illumination
with A > 1000 nm.
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iodine centers I-I- localized at the surfaces of the AgBrl
MC [10,11] (Fig. 1b, curve 1); excitation of this band is
characterized by the single maximum at A_ = 450-470 nm
and corresponds to the intrinsic absorption edge of AgBrl MC
(Fig. 1a, curve 1”). Upon the IR action, emission in the green
range with A, = 540-570 nm shows the decrease of intensity
— the luminescence quenching (Fig. 1b, dashed curve 2).

Emergence of the green luminescence is described
by the following scheme. Initially, under the action of
monochromatic light with A = 450 nm, due to absorption
of photons with energy hv_, free electrons and holes are
generated, correspondingly, in the conduction band (CB)
and in the valence band of the AgBrl MC: AgBrl + hv__
— ¢ + p. Further, the holes are trapped by the I-I- centers
consisting of the dopant iodine ions situated on the AgBrl
MC surface in the adjacent lattice sites [10,11]. After
this, the electrons from the CB recombine with the holes
localized by the iodine twin centers with emission of a
quantum of the green luminescence hv, = 540-570 nm:

IT+e+p—TII"+e —IT+hv . (1)

The lifetime of electrons in the CB and, respectively,
duration of the green-band phosphorescence is determined
by the concentration of the interstitial silver ions Ag’,
which act as shallow traps for the photoelectrons [12].

In the luminescence spectrum of the emulsion with
introduced dye (C, = 10° mole Dy/mole AgBr, pBr 2)
obtained when the edge of intrinsic absorption of the AgBrl
MC is excited by monochromatic light with A =450 nm, along
with the green emission band of the twin iodine centers with
A .. = 540-570 nm, the two additional bands are observed
withk ~=640nmandA =750 nm (Fig. 1b, curve 3).

According to references [13,14], the luminescence
band with = 640 nm is associated with the ARF of
the dye adsorbed on the surface of the AgBrl MC in the
molecular state (M, ).

Following to our data [15-17], the luminescence
band with A_ = 750 nm is related with the presence of
(I'T" - Ag,") centers in the AgBrl MC, whose formation,
upon adsorption of the dye on the MC surface, is realized
according to the scheme:

(IT-Ag") +Kp’ — (IT - Ag") + Kp" + Ag', — (IT -
Ag,’) +Kp*
where Ag*. denotes an interstitial silver ion.

In this case, for excitation by light from the intrinsic
absorption range of AgBrl MC, origination of the
luminescence with A = 750 nm can be described by the
scheme:

AgBrl +hv_ —e+p;

(IT-Ag)+e+p—(I1°-Ag’) — (IT-Ag,)+hv, .(2)
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For the green-band luminescence, at the given dye
concentration, the excitation is characterized, as before,
by a single maximum in the excitation spectrum with
A, = 450-470 nm. In the excitation spectrum of the
luminescence with A = 750 nm, an additional band
appears with A = 600 nm (Fig. la, curve 2’), that
corresponds to the molecular dye absorption range. Upon
the sample excitation by the monochromatic light (A =450
nm) and under the action of additional IR illumination (A >
1000 nm), the luminescence bands with X, =550 and 640
nm experience the decay of the emission intensity — the
luminescence quenching, whereas the band of & = 750
nm shows noticeable intensity increase — the luminescence
enhancement (Fig. 1b, dashed curve 4).

In our opinion, the fact that IR illumination
contributes to the emission increase in this luminescence
band, testifies that the emission of the (I'T" - Ag,")-centers
with A= 750 nm is determined by recombination along
the scheme (2). According to the mechanism proposed,
the luminescence of the (I'T" - Ag,”) centers can increase
due to the IR illumination, which provides the observed
luminescence enhancement; at the same time, in the
luminescence band with & = 550-560 nm, emerging from
the recombination of the holes localized in the twin iodine
centers at the MC surface with the free electrons in the
conduction band (scheme (1)), the luminescence quenching
will be observed.

With further growth of concentration of the dye
introduced into the emulsion €y, = 10 mole Dy/mole
AgBr) and pBr 2, excitation of the green luminescence
associated with the twin iodine centers A = 540-570 nm
(Fig. 2a, curve 1’) is no longer characterized by a single
maximum but shows the two ones at A = 450-470 nm and
at A = 670-690 nm. The maximum of A = 670-690 nm
was never observed previously, and it corresponds to the
absorption band of the polymolecular dye associations, so
called J-aggregates of the dye [19].

Upon excitation of the absorption band of the
J-aggregated dye by monochromatic light with A = 670
nm, in the luminescence spectrum (Fig. 2b, curve 3), four
emission bands are observed: (i) The anti-Stokes emission
band of the twin iodine centers at & = 540-570 nm; (ii)
ARF of the molecular dye at A_ = 610-640 nm that was
first observed by us [20]; (iii)) The luminescence band
caused by the presence of (I'T" - Ag ") centers with A =
750 nm, and (iv) the band with & _ = 800 nm.

For the first time, the emission band of A =
800 nm excited by light from the absorption range of the
dye J-aggregate was observed in [20]. The spectral position
of this band coincides with the maximum of the molecular
dye phosphorescence in gelatin, upon its excitation from
the molecular dye absorption band with A = 600 nm. On
the other hand, it is known [21] that the dye in the J-state
in gelatin, as well as the molecular dye adsorbed at the
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Fig. 2. Spectra of excitation (a) and of luminescence (b)
at T=77 K of the emulsion AgBrl (3% Agl), pBr 2 with
the introduced dye concentration CDy=10'4 (mole Dy/mole
AgBr)
(a) The excitation spectraare recorded for the luminescence
bands with A: 1’ — 560 nm; 2’ — 750 nm; 3’ — 800 nm.
(b) The luminescence spectra are recorded for the
excitation by the light with wavelength A: 1, dashed 2 —
450 nm; 3 — 670 nm, dashed 2 —additional IR illumination
with A > 1000 nm.
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surface of MC AgHal, show no phosphorescence. This fact
permitted us to conclude [20] that this band is associated
with the molecular dye phosphorescence (M, ).

In Fig. 3, spectra of excitation and of the low-temperature
luminescence are presented for the emulsion containing the
dye CDy= 5 10* (mole Dy/mole AgBr), in which the content of
the silver ions was changed to pBr 7.5. Upon excitation from
the absorption range of the silver halide (A, = 450-460 nm),
the emission spectrum contains the emission band of the twin
iodine centers &, = 560-570 nm and the band corresponding
to luminescence of the (I'T - Ag,") centers A= 750 nm
(Fig. 3b, curve 1), whose emission is efficiently excited
from the absorption band of the silver halide MC (A, =
450-460 nm) and from the absorption range of the
J-aggregated dye A_ = 690 nm (Fig. 3a, curve 1’). Under
the action of the additional long-wave light A, > 1000 nm,
in the excitation spectrum there occurs quenching of the
green Stokes luminescence of the twin iodine centers A =
450-460 nm, equally as the quenching of the anti-Stokes
luminescence A_ = 690 nm (Fig. 3a, dashed curve 2°).

Upon exciting from the absorption range of the
J-aggregated dye (A = 670-690 nm), the luminescence
spectrum of the emulsion sample consists of the emission
band of the (I'T - Ag,")- centers (A = 750 nm) and the
overlapping band of the molecular dye phosphorescence
(A, = 800 nm); because of the strong overlapping, the
common maximum of those bands appears at A = 780 nm.
It should be emphasized that the anti-Stokes ARF of the
molecular dye at A = 620-640 nm is not observed in this
case.

The excitation spectrum of the molecular dye
phosphorescence with A = 800 nm (Fig. 3a, curve 3’)
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Fig. 3. Spectra of excitation (a) and of luminescence (b,
¢) at T=77 K of the emulsion sample AgBrl (3% Agl),
pBr 7.5 with the introduced dye concentration C;, =5 10
(mole Dy/mole AgBr). (c) Luminescence spectra of the
emulsion AgBrI (3% Agl) and pBr 4 with the introduced
dye concentration C,, =5 10 (mole Dy/mole AgBr) and
with the additionally introduced supersensitizer SS C , =
6 107 (mole SS/mole AgBr).

(a) The excitation spectraare recorded for the luminescence
bands with wavelengths A: 1°, 2’ — 560 nm; 3°, 4’ — 800
nm. The excitation spectra 2°, 4’ were obtained under
additional IR illumination with A > 1000 nm

(b) The luminescence spectrum is recorded upon excitation
by the monochromatic light with the wavelength A: 1° —
450 nm; 2’ — 690 nm.

(c) The luminescence spectrum is recorded upon
excitation by light with the wavelength A = 670 nm. The
additional IR illumination (A > 1000 nm) was applied for
recording the dashed curve 2.

contains three bands: the first one belongs to the
absorption band of the silver halide MC (= 450-
460 nm), the second one coincides with the absorption
range of the molecular dye and the third one — with the
absorption range of the J-aggregated dye at A = 630
and A_ = 690 nm, correspondingly. The additional IR
illumination A, > 1000 nm induces strong quenching
of the luminescence intensity within the silver halide
absorption range A_ = 450-460 nm and weak quenching
within the absorption range of the molecular dye A =
630 nm; in the absorption range of the J-aggregated dye
A, = 690 nm, no luminescence quenching is observed
(Fig. 3a, curve 4°).

In Fig 3c, the luminescence spectra are presented of
the emulsion AgBrl (3% Agl) with pBr 4 for the introduced
dye concentration CDy =5-10-4 (mole Dy/mole AgBr), and
with additionally introduced supersensitizer C, = 6 107
(mole SS/mole AgBr). As a supersensitizer, the undyed
organic compound di(n-anizil)-fenilphosfin was used. As is
shown in [4], the supersensitizers can change the charge
state of the silver centers and promote their transformation
into the complexes of the atomic-molecular degree of

dispersion.
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When this emulsion is excited by the light from the
absorption band of the dye J-aggregate (A = 690 nm), as
before, the luminescence spectrum contains the emission
bands: the anti-Stokes luminescence of the twin iodine
centers (A _ = 560-570 nm), the anti-Stokes ARF of the
molecular dye & = 630 nm and the luminescence band
of the (I'T - Ag,")-centers (A = 750 nm). Noticeably, the
phosphorescence band of the molecular dye (A = 800 nm),
upon excitation of the J-aggregated dye, is absent in this
case (Fig. 3c, curve 1). Under the action of the additional IR
illumination A > 1000 nm, both the anti-Stokes luminescence
of the twin iodine centers and the anti-Stokes ARF of
the molecular dye experience remarkable luminescence
quenching whereas the emission of the (I'T" - Ag,")-centers
is enhanced (Fig. 3¢, dashed curve 2).

Discussion of the results

As can be seen from the presented experimental data,
the luminescence-based technique permits to establish the
correspondence between the self-desensitization processes
that occur in the anionic dye J-aggregates adsorbed on the
surface of AgBrl MC upon the J-aggregate excitation, and
the specific luminescence bands that can be used for the
control and evaluation of the self-desensitization processes
in the AgBrl MC. These are the Anti-Stokes ARF of the
molecular dye M, .. (A = 610-640 nm) responsible for the
I-kind self-desensitization, and the phosphorescence of the
molecular dye (A, = 800 nm) responsible for the II-kind
self-desensitization.

The following facts testify in favor of this supposition.
The ARF of the molecular dye, upon excitation by the
light from the absorption range of the J-aggregated dye,
experiences the strong influence of the IR illumination and
of the variable concentration of silver ions on the surface
of the AgBrl MC (Fig. 2a and Fig. 3). Consequently, the
anti-Stokes ARF of the molecular dye realizes a channel
for the photoexcitation transfer from the J-aggregate to the
molecular dye that is controlled by the silver centers of the
atomic-molecular degree of dispersion situated at the surface
of the AgBrI MC. This provides a ground for the conjecture
that this channel is responsible for the self-desensitization
of the II kind.

Different reactions of the fluorescence excitation bands
to the additional IR illumination supply supplementary
ways for the self-desensitization control. For example, upon
excitation from the absorption range of the molecular dye,
the phosphorescence quenches under the IR action whereas
the molecular dye phosphorescence excited by the light from
the absorption range of the J-aggregated dye experiences
no effect of the IR radiation (Fig. 3a, dashed curve 4°). As
a result, for the phosphorescence of the molecular dye on
the AgBrl MC surface, excitation is transferred from the
J-aggregate to the molecular dye via the channel in which the
silver centers of the atomic-molecular degree of dispersion
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take no part. This leads to a suggestion that this channel of
recombination is responsible for the self-desensitization of
the I kind.

Mechanisms of the non-equilibrium electrons and
holes’ transition from the photoexcited J-aggregated dye to
the molecular dye where the recombination takes place that
gives rise to these luminescence bands, are considered in
detail elsewhere [18,20].

Also, the presented results form the basis for
an assumption that the anti-Stokes ARF and the
phosphorescence, upon excitation from the absorption range
of the J-aggregated dye (A =690 nm), appear as a response
of the dye molecules that undergo different interactions with
the dye J-aggregates. This assumption is supported by the
observation that, after introduction of the supersensitizer,
the non-equilibrium charge-carriers’ transfer from the
J-aggregate to the molecular dye decreases, and only
the ARF of the molecular dye is observed. An additional
support to this view follows from the fact that the change of
the silver ions’ contents on the MC surface contributes to the
decay of the molecular dye ARF.

It should be noted that account for the self-
desensitization processes is especially essential for the
case of spectral sensitization of fine-dispersed silver-halide
emulsions used in holography.

Conclusion

1. A luminescence-based technique is proposed that
enables to control the processes of interaction between the
molecular and polymolecular forms of the dye adsorbed on
the surface of AgBrl microcrystals, which are responsible for
the self-desensitization of the I and II kinds. The technique
can be applied for the control of the self-desensitization
processes in the system.

2. It is revealed that upon excitation of the dye
J-aggregates, the I-kind self-desensitization occurs due to
immediate transmission of the non-equilibrium electrons
and holes from the J-aggregate to the molecular dye, which
entails the molecular dye phosphorescence.

3. The II-kind self-desensitization processes, upon
excitation of the dye J-aggregates, are associated with the
transmission of electrons from the J-aggregated dye to silver
centers of the atomic-molecular degree of dispersion; a part
of'the electrons can pass to the energy levels of the molecular
dye and recombine with the localized holes. Evolution of
the II-kind self-desensitization processes with excitation
of the dye J-aggregates is accompanied by the anti-Stokes
anomalously retarded fluorescence of the molecular dye.

4. It is shown that the anti-Stokes anomalously retarded
luminescence of the molecular dye and the phosphorescence
of the molecular dye upon excitation of the dye J-aggregates
are related to different dye molecules and are determined
by different electron-hole processes and by different
interactions of the molecules with the dye J-aggregates.
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Selection of point-contact sensors for analysis
of complex gas media
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The criterion for selection of point-contact sensors in the laboratory batches of samples to improve the reliability of the results
in the study of complex gas media was proposed for the first time. The electrical conductivity of point-contact sensors in a multi-
component gas, which was exhaled by a person, was studied. Cluster analysis method was used for selection of transducers with similar
parameters in the studied sample batch of sensors. Group of samples with similar parameters of sensory images was selected on the
basis of the received data. Correct application of the approach to the development of criteria for the selection of point-contact sensors
was confirmed in medical investigations of gas which was exhaled by patients.

Keywords: Yanson point contact spectroscopy; point contact; sensor; breath gas; cluster analysis.

VY maniii po0GOTi BiiepIiie 3anponoHOBaHUI KPUTEPill BiZOOPY TOUKOBO-KOHTAKTHHX CEHCOPIB B JIA00OPATOPHUX HNAPTIiAX 3pa3KiB I
TTiIBUIIEHHS JOCTOBIPHOCTI PE3yNbTaTiB IIPH JOCITIPKEHHI CKIIQJHUX I'a30BHX CEpPEIOBHIN. BHBUeHA eIeKTpOIPOBIAHICT TOYKOBO-
KOHTaKTHUX CEHCOPIB B CKJIQJHOMY OaraTOKOMIIOHEHTHOMY CEpEeIOBHIII Ta3y, IO BHIUXAETHCS JTIOAMHON0. {7 BinOopy OMM3BKUX
10 MapaMeTpax 3pa3KiB B JOCII/DKEHIH mMapTii CeHCOpiB 3aCTOCOBAHMI METOJ KJIACTepPHOTrO aHaii3y. Ha oCHOBI OTpUMaHMX JaHMX
Oyia BuAiJIeHa Tpyma 3pa3KiB 3 OMHOPITHUMH MapaMeTpaMH CEHCOPHUX 00pa3iB. KopekTHiCTh 3aCTOCOBAHOTO MiIXOAY NP po3po0Ii
KpHTEpiro Juisi BUOOPY TOYKOBO-KOHTAKTHHX CEHCOPIB MiATBEP/DKCHA B MEMYHUX EKCHEPHMEHTAX I10 JOCII/PKEHHIO ra3y IallieHTiB,
1110 BUIMXA€THCA.

KuiouoBi ci10Ba: MikpOKOHTaKTHA CIIEKTPOCKOIIIS STHCOHA; TOUKOBHIT KOHTAKT; CEHCOP; I'a3, [0 BUANXAETHCS; KIIACTEPHHUN aHaIi3.

B nanHo# paboTe BHepBbIe MPEUIOKEH KPUTEPH 0TOOpa TOUCUHO-KOHTAKTHBIX CEHCOPOB B JIAOOPATOPHBIX MapTHAX 00pa3oB
JUISL TIOBBILIEHHS] JOCTOBEPHOCTH PE3yNbTaTOB MIPU HCCIIETOBAHUH CIOKHBIX Ta30BbIX cpefl. M3ydeHa aneKTponpoBOIHOCTE TOUEUHO-
KOHTaKTHBIX CEHCOPOB B CIOXXHOW MHOTOKOMITOHEHTHOM Cpeie Ta3a, BBIBIXaeMOro 4eoBekoM. /it othopa OM3KuX 110 apaMeTpam
00pa3IoB B HCCIEAOBAaHHONW MapTHM CEHCOPOB MPHMEHEH METOJ KIacTepHOoro aHaianusa. Ha ocHOBe MOMydeHHBIX AaHHBIX ObLIa
BEIJIEJIEHa Tpynna o0pa3loB C OAHOPOAHBIMH IIapaMeTPaMH CEHCOPHBIX 00pa30B. KoppeKTHOCTh MPHMEHEHHOTO MOjaXojxa IHpH
pa3paboTKe KpUTEpHs ISl BBIOOPA TOUEUHO-KOHTAKTHBIX CEHCOPOB MOATBEPK/IEHA B MEAUIIMHCKUX SKCIIEPUMEHTaX MO NCCIEA0BAHUIO
BBIJJBIXa€MOT'0 Ta3a MalUeHTOB.

KonroueBble c10Ba: MUKPOKOHTaKTHAs CHEKTPOCKOMNHMs SIHCOHA; TOUYEUHbIH KOHTAKT; CEHCOP; BBIABIXaEMbIH Ia3; KIaCTepHBII
aHaIM3.

Introduction

Sensor research is a rapidly progressing field of
scientific and technological activities at the present time.
They are performed at the edge of such fundamental
sciences as physics, chemistry, biology, medicine, and
materials science. The possibilities of these sciences
provide a solid foundation for advanced development
in all spheres of human activity, including electronics,
biomedical engineering, agricultural and food industries,

monitoring of industrial processes, computer engineering,
communications, and others. One of the most promising
trends in the creation of sensor devices is nanotechnology.
The of nanotechnology unveils
unlimited possibilities for the development of various

involvement new
types of sensitive elements with unique parameters.
Yanson point-contact spectroscopy [1, 2], which is one of
modern nanotechnology directions in the areas of sensor
technique, can be used as an example that confirms this
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statement. Recently, a new method of creating the sensing
elements [3, 4], which is based on the Yanson point-contact
spectroscopy and unique nonlinear properties of point
contacts, has been proposed. It provides the possibility of
obtaining physical data for the different areas of research
[4]. Point-contact sensors are a fundamentally new type of
nanosensors. They have excellent, unprecedented features
and their parameters exceed significantly the parameters of
the known analogues [4, 5].

Sensors based on TCNQ (tetracyanoquinodimethane)
compounds [6-8] are one of the types of point contact
sensors that have serious prospects for the development
methods of non-invasive medical diagnostics. The sensing
elements based on TCNQ compounds consist of a set of
large number of point contacts that are located randomly
with respect to each other [7]. These samples represent the
original version of the point-contact sensor array, which
essentially is a point-contact mesoscopic multistructure
and includes up to 200-300 point contacts that are arranged
on a general substrate with a surface area of 0.5 mm?.
Sensor samples based on the point-contact multistructure
are used for research and analysis of complex gas media.
The large amount of interactions continuously occurring
among the components in complex gas media may cause
variations in composition and component concentration
of these media. Significant variability of experimental
conditions in multicomponent gas media sets the high
quality requirements to sensitive elements which are used
in these experiments. It is caused primarily by the need to
provide good reproducibility of the results. Therefore there
is a need to develop new approaches to the selection of
samples which have similar parameters in the batches of
sensors that are produced under laboratory conditions. This
problem can be solved by developing criteria for selection
of point-contact sensors, which are similar to the criteria [1]
that are known in the Yanson point-contact spectroscopy. In
the Yanson point-contact spectroscopy, these criteria help
to select the point contacts with the best characteristics
that guarantee obtaining of high-quality information about
the test material. The purpose of this study was to analyze
the parameters of the response curves of point contacts
and search for criteria to select the point-contact sensors
that can provide high reliability of results in the study of
complex gas media.

Experimental technique

We have created samples of point-contact gas-
sensitive nanosensors based on the organic conductive
compound [N-C,H,-is0-Qn](TCNQ),, which is synthesized
from TCNQ and N-alkylquinolinium (N Alk-iso-Qn).
During the manufacturing process, the used materials
make a significant contribution to ensuring functionality
of the sensitive elements. Organic conductors are materials
that are promising for the development of new high-
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sensitivity sensor devices. Molecules packed in stacks are
a characteristic feature of their crystalline structure [9].
The three-dimensional crystals of TCNQ complexes are
composed of linear chains which are formed from stacks
and are a typical part of their structure. Distances between
TCNQ molecules within a stack are significantly shorter
than the distances between the different stacks. The electrical
conductivity of the crystal is provided by overlapping of
the wave functions of m-electrons of the neighbouring
molecules in a stack. Consequently, the transport properties
of these compounds are mainly determined by the nature
of quasi-one-dimensional motion of electric charge carriers
along the molecular stacks. A high anisotropy of electrical
conductivity of TCNQ compounds lies in the basis of
sensory properties of these materials [10]. As a result,
absorption of a small amount of gas atoms on the surface of
the organic conductor is able to cause significant changes in
its conductive properties.

The sensitive element is a mesoscopic point-contact
multistructure which is composed of stable elements that
are formed by lateral faces of needle-like TCNQ crystals
[7]. Point contacts of this structure are similar to the point
contacts obtained by shifting one electrode along the other
in accordance with the Chubov displacement technique
[11], which is the most effective and reliable technique
to make contacts in Yanson point-contact spectroscopy
[1, 2]. Samples were created on a dielectric glass-cloth-base
laminate substrate with the size of 5x10 mm?. The substrate
was covered with copper foil, which was used as a conductive
electrode. Part of the foil with a size of 0.15x5 mm?* was
removed from the substrate. A point-contact sample of
TCNQ compound was formed in the created gap as a flat
mesostructure with a thickness of 10-30 microns. Using
a number of original technological methods we prepared
samples of active-type sensors. Their structure contains a
source of electrical energy, which transforms the changes in
the physicochemical properties of the gas sensitive material
occurring in the process of interaction with the gaseous
medium into the sensor output. The source of accumulated
energy of the active sensor element was created by using
electrochemical synthesis [6].

The gas breathed out by the man was selected as the
complex gas media. The exhaled gas is a multicomponent
mixture of various endogenous and exogenous substances
[12]. The source of components of these substances, in
particular, is the respiratory tract, gastrointestinal digestive
tract and the oral cavity. The composition of the breath gas
is also dependent on environmental and behavioural factors
such as smoking or pollution of the environment [13].
There are up to 2000 known components in the exhaled
mixture at the present time. Among them 400-600 volatile
organic compounds are already characterized as markers
of the human organism state [14, 15]. This fact causes an
extra interest in the study of breath and determines the
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great prospects of these studies for the development of non-
invasive medical diagnostics. Analysis of the exhaled gas
is at the forefront of the new diagnostic methods, whose
realization occurs without any external intervention in the
human organism.

There was produced a laboratory batch of 49 point-
contact sensors. The study of the created sensitive samples
was carried out by means of measuring their electric
resistance dependency on time in the exhaled gas media. A
significant change in the electrical conductivity of the sensor
occurs under the action of the gas medium. This allows us
to record the process easily using traditional measurement
equipment such as Keithley 2000 and Keithley 2100
multimeters (USA). In this case, the recorded value is the
signal of sensor response. In our studies we used a portable
measurement system specially designed for this purpose.
Its working principle was described in detail in Ref. [16].
The measured signal was fed automatically to a personal
computer. Registration and processing of the results was
performed using the original software developed at B.
Verkin ILTPE of the NAS of Ukraine.

Results and discussion

The point-contact gas-sensitive sensors based on TCNQ
compounds demonstrate a unique response to the action of
a complex gas medium, which was not observed in sensor
technology earlier [4]. Typical responses of conventional
semiconductor sensors have a stepped or monotonous domed
shape [17, 18]. Such curves are characterized by a monotonic
increase of the signal during the exposure and a smooth
relaxation after the action of the external agent ceases. The
response of point-contact sensitive elements to the action of
the human breath gas has a complicated structure in contrast
to the response of conventional sensors. The dependence of
the electric conductivity of point-contact sensor on time could
be considered as a spectrum-like profile of the gas breathed
out by a man [8]. The point-contact samples reproduce the
signal in numerous experiments and demonstrate a response
that is specific for each researcher (volunteer) and depends
on his/her individual condition. Medical studies demonstrate
the point-contact spectroscopic profile of the breath gas to
accurately describe the internal state of the organism [4, 19].

A typical response curve of point-contact sensors based
on TCNQ compounds under the action of the breath gas is
shown in Fig. 1.

The left section of the response curve in the range of
0-60 seconds characterizes the exposure period (t,) of the
sensor in the breath gas medium. The right section is obtained
after the gas stops acting on the sensor and it is placed in
the ambient air. At this point a relaxation of the sensor to
its original equilibrium state starts (relaxation period t,). As
can be seen from the presented dependence, the point contact
responses curves are characterized by a nonmonotonic
structure reflecting the individual profile of the breath gas
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Fig. 1. Dependence of electric conductivity of a point-
contact sensor based on TCNQ compound on time in the
environment of gas breathed out by a man. U — voltage,
t—time, t, — time of exposure, t, — time of relaxation.

(see also Ref. [5, 8]). Response curves of point-contact
sensors are characterized by a set of parameters [7], which
not only can be used for analysis of the breath gas, but also
can serve as criteria for evaluating the reproducibility of the
sensor device’s data.

Achieving a high reproducibility of properties and
parameters of the created sensory object is one of the
researcher’s main tasks in the process of development of a
new method to diagnose the state of human body. Fulfilment
of the task will allow us to be sure that any discrepancy
observed in the response curves is due to a change in the
characteristics of the breath gas and is not related to possible
variations in properties of the sensor device. In this case,
the parameters of the response curves will reflect with high
accuracy the profile of the breath gas of a specific person and
thus provide a high selectivity and specificity in diagnosing
the states of organism.

To select samples with similar parameters in a studied
batch of sensors we used the method of cluster analysis
[20, 21]. The procedure of cluster analysis is based upon
allows one to ignore the nature of the objects to which
it is applied. This makes it a universal tool in almost all
disciplines of human knowledge with focus placed only
on properties of the analyzed objects, thus converting the
problem into a purely mathematical one. The task of this
method is to divide a set of objects of similar nature but
with slightly different properties within those to be studied
into groups (clusters), each comprising those objects that
are most similar among themselves but different from the
objects from the other groups. Most visibly the results
of this approach manifest themselves if it is applied in
psychology when a huge group of people united by the
same productive activity is divided into several natural
groups (according to the age, interests, skills, salary or any
other property characterizing a person).
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In our case, we had to divide a batch of sensors produced
in laboratory into groups in which each pair of sensor devices
showed the most similar response values under the action of
the gas under study.

The characteristic variables Max,, Max,, and ¢, (see
Fig. 1), which describe the shape and behaviour of the
response curves under the action of the gas, were chosen as
the parameters to be analyzed within the proposed approach.
The entire set of sensors was considered as the objects of the
three-dimensional Euclidean space of their properties (those
described by the above parameters: X = Max ; Y = Max ; Z
=1).

The Euclidean distance between objects of the space
was used to assess their similarity (proximity):

d[i.j] :\/(X[i] _ X[j])Z +(Y[i] _Y[J'])2 +(z[i] _Z[J'])2 ,
where i and j are the numbers of the objects the distance

d "1 between which is calculated.

It should be noted that to ensure correct final results
the methods of mathematical statistics require that each
variable should be scaled in such a way as to convert the so
called non-uniformly scaled random variables P (X, Y and
Z in our case) into their standardized analogues by means
of the centering and normalization procedures. As a result
of these transformations, our set of objects will be analyzed
in the Euclidean space of normalized random variables U
according to the principle described above.

To convert a random variable P into the normalized
random variable U, it is necessary to additionally calculate
the mathematical expectation M and dispersion ¢ for P for
the given group of objects. Mathematical expectation is the
average value of the variable under study:

N
2P
_ =l

N

M, :
where N is the number of objects.

Dispersion can be calculated using the following
relation:

Then, to convert the random values P into the
normalized analogues U we need to perform the following
transformation for all the variables used to describe the
sensor properties:
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It should be noted that in order to simplify the
calculation and minimize the eventual variability of the
gas medium acting on the sensor during the measurement
we chose the three parameters of the response curves of
the analyzed point-contact sensors that had already been
successfully tested medically and thus proven to be good
markers of the states of human organism [5, 7, 19]. The
parameters include the amplitudes of the main exposure
and relaxation peaks (Max, and Max,) and the relaxation
time ¢, (Fig. 1). We measured response of all the 49 samples
of point-contact sensors to the action of the exhaled gas.
The measurements were performed under the standardized
conditions following the procedure [7] developed for
medical research. The parameter values Max1, Max2, and
t2 used in cluster analysis were determined for the recorded
curves. Calculation performed in the three-dimensional
Euclidean space of sensors properties constructed in the
coordinates of exposure maximum, relaxation maximum,
and relaxation time values allowed us to find the Euclidean
distances needed to select the most similar samples. On the
basis of the obtained data a set of sensors forming a cluster
with a boundary Euclidean distance of 0.27 was selected.

The calculations have shown that sensory samples
of the selected sensitive elements should demonstrate
a good correlation within the experimental error. This
allows us to consider the selected group of samples as
similar objects and use them to study the composition of
complex gas media in clinical practice, in particular, for the
non-invasive diagnosis based on the analysis of the human
breath gas. We used these sensors in medical experiments
[8], which confirmed the correctness of the approach
applied to develop the criteria for the selection of point-
contact sensing elements able to provide a high reliability
of the results in the study of complex gas media. As a result,
a new basis for the breath test for detecting carcinogenic
strains of the bacterium Helicobacter pylori was developed
[8]. The sensor samples used in these studies demonstrated a
high selectivity (93.1%) and specificity (89.9%) of the new
diagnosis method.

Thus, a new criterion for selecting point-contact sensors
from laboratory batches of samples was proposed which
can provide a high reliability of the results in the study of
complex gas media. The electrical conductivity of point-
contact sensors in complex multi-component gas media
exhaled by a human was studied. Cluster analysis method
was used to select samples with similar parameters from the
studied batch of samples. On the basis of the obtained data,
a group of samples with sensory images demonstrating good
reproducibility was selected. The correctness of the approach
applied to select the point-contact sensors was confirmed in
experimental medical studies of human breath gas.
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Problems of modeling the creation
the surface laser-induced structures in relaxed optics

P. P. Trokhimchuck

Lesya Ukrayinka East European National University,
Voly av. 13, Lutsk, Ukraine, 43025

Experimental data of formation laser-induced surface structures on silicon, germanium and titanium are represented. Problems
of modeling the creation the surface laser-induced micro and nanostructures are observed. Comparative analysis of plasmic, synergetic
(theory of Benar phenomenon) and physical-chemical methods (cascade model of excitation the proper chemical bonds in the regime
of saturation the excitation) are represented and discussed. These methods were used for modeling the processes of creation surface
laser-induced structures in silicon, germanium and titanium. Cascade model explanation these experimental data is more full and really
as other models.

Keywords: laser irradiation; surface structures; Benar phenomenon; cascade model; relaxed optics.

HaBezieHi excriepuMeHTaNIbHI PE3yJIbTaTH yTBOPEHHS JIa3epHO-IHIYKOBAHMX ITOBEPXHEBHX CTPYKTYp Ha KpeMHii, repmanii
Ta TUTaHi. JloCHiIKyl0ThCs pOOIeMH MOJETIOBAaHHS YTBOPEHHS MOBEPXHEBHX JAa3€PHO-IHAYKOBAHUX MIKpPO Ta HAHOCTPYKTYp B
penakcaniiiHiii ontumi. [IpoBeneHo MOPIBHSUIBHUIA aHaIi3 Ta OOTOBOPEHHS IUIA3MOBUX, CHHPTETHYHUX (Teopis epekry benapa) Ta
(i3UKO-XIMIYHIX METOIIB (KacKaJHa MOJIC)Ib 30y/PKCHHS BiIIIOBITHUX XIMIYHHX 3B’SI3KiB B PS:KUMI HACHUCHHs 30y/KeHHs). i MeTomu
OyJu anpoOOBaHi JUIsl MOSICHEHHSI TPOLIECIB YTBOPEHHS [TOBEPXHEBUX JIA3ePHO-1HYKOBAHHX CTPYKTYp Ha KPEMHil, repMaHii Ta TUTaHi.
Kackazna Moens B HOPIiBHSAHHI 3 IHIIUMH J03BOJIsI€ O1IBII MOBHO TA a[JeKBATHO MOSICHUTH HABEICH] KCIICPUMEHTAIIbHI PE3yIbTaTH.

Kutro4oBi ci1oBa: jta3epHe OnpoMiHEHHS, IOBEPXHEBI CTPYKTYpH, siBHIe benapa, KackaHa MoJiellb, peaKcaniiiHa ONTHKa.

[IpuBeneHbl 3KCHEPUMEHTANbHBIE PE3YyNbTaThl MO OOPa30BaHUIO JIa3epHO-MHAYLHUPYEMBIX IOBEPXHOCTHBIX CTPYKTYp Ha
KPEMHHH, TepMaHuU M THTaHe. MccnenyroTes npoOieMbl MOACIUPOBAHUS 00pa30BaHMS MOBEPXHOCTHBIX JIA3€PHO-MHILYLIHPYEMBIX
MHKPO U HAHOCTPYKTYP B peIaKCallioHHOU onTuke. [IpoBeieH CpaBHUTEIIBHBIN aHAIN3 B 00CYKICHNE IITa3MEHHBIX, CHHEPIeTHIECKIX
(reopust opexra benapa) u pU3NKO-XUMHYECKUX METOJOB (KacKaaHasi MOAENb BO30YKICHUSI COOTBETCTBYIOIINX XUMUYECKHUX CBSI3CH
B PEXUME HACBIIIEHUs] BO3OY>KAECHUs). DTH METOAbI ObUIN arnpoOOBaHbl Il OOBSICHEHHS MPOLECCOB 00pa30BaHMS MOBEPXOCTHBIX
JIa3epHO- HHAYIIMPYEMBIX CTPYKTYP Ha KPEMHHH, FepMaHuK U THTaHe. KackajHas MOJENb B CPaBHEHHH C APYTHMH TI03BOJISCT Ooiee
TIOJTHO | aJICKBAaTHO OOBSICHUTH JaHHBIE SKCIIEPUMEHTAIBHEBIE Pe3yIbTaThl.

KiroueBsble ci10Ba: nasepHoe 00IyUueHHE; IIOBEPXHOCTHBIC CTPYKTYpBI; siBlIcHHe beHapa; kackaaHas MOJENb; pPelakCallMOHHAs
OIITHKA.

Introduction

Problems of modeling the creation the surface laser-
induced micro and nanostructures is very interesting. We
can have various processes and phenomena, which are
connected with photochemical, plasmic and thermochemical
processes [1]. As rule it is the cascade and circle processes.
Irreversible changes of laser-irradiated surface of matter
must be explained as phase transformations.

So, the laser-induced transition in Ge from cubic
(diamond) to hexagonal symmetry was represented as
Bernar phenomena in solid [2]. But Bernar phenomenon
is caused of the transition from heat conductivity to
convection in liquid [3 — 6] . This hexagonal phase is
two-dimensional. But the laser-induced structures have

© Trokhimchuck P.P., 2017
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three-dimensional crystal nature. Therefore cascade model
(CM) of step-by-step excitastion of chemical bonds in
the regime of saturation the excitation allow explaining
these experimental data more adequate as modified
Chandrasekar-Haken-Ebeling [3 — 5] or Kolmogorov-
Petrovskiy-Piskunov [6] theories of Benar phenomena.

A suitability of application CM is caused the large
dispersion of heights of laser-induced surface structures:
from 10-15 nm for Nd-laser irradiation of Si and GaAs
[2] to 20-50 pm for multipulse nanosecond eximer KrF-
laser irradiation of Si (wavelength 248 nm, pulse duration
25 ns, 1500 — 2000 pulses) [7, 8]. Only phase transitions
from diamond symmetry (initial matter) to structures with
more low symmetry (hexagonal, triclinic or monoclinic)
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allow receiving the last results. Estimation of regimes of
irradiation [7, 8] shows the possibility of these processes.
Thus we can have multiphase structure from ground of
our microcolumn to his peak. More low symmetrical
structures are generated in the upper part of laser-induced
microcolumn. Practically we have laser-induced swelling or
surface ionizing blistering of silicon. But for case of change
crystal symmetry this swelling has more large height. The
creation only one phase (Ge irradiation by 15 ns pulses of
Nd-laser, ~ 20 — 50 pulses) with change crystal symmetry
from diamond to hexagonal allow to receive 200 nm
nanohills [2]. The environment practically isn’t influence
on the geometrical sizes (heights) of created laser-induced
surface nano and micro structures [2, 7, 8, 10].

CM may be used too for the explanation the laser-
induced redistribution (interferograms) on titanium [9].
Titanium has two phases: low temperature hexagonal
a-Ti and high temperature cubic B-Ti. We have only cubic
phase for titanium heating more as 882,5° C [11]. But laser
irradiation allows separating these phases. In the peaks of
interferograms we must have hexagonal Ti (may be other
as a-Ti) and in the ground of interfertograms we must have
cubic titanium (may be other as -Ti). This redistribution is
caused of electronegativity conditions of this phases and its
geometrical volume.

Experimental data
First experimental data of irreversible interaction
the laser radiation and semiconductors were received
by M. Birnbaum in 1965 [12]. He observed the surface
interferograms after pulse Ruby-laser irradiation of
germanium (Fig. 1), silicon, indium antimonite a.o. [12]

Fig.1. Photomicrograph of Ruby laser induced surface
damage of {100} face of a germanium sample [12].

Later these results were developed to interference
laser annealing of semiconductors [1]. But this fact is
corresponded to the structural changes of laser-irradiated
pure matter and matter with impurity and damages.
Impurities and damages in the irradiated material have
little influence on the formation of the interferogramms
[1, 10]. Nanostructures formed by crest of interferograms.
Its formation is depended from parameters of irradiation.

32

Therefore these phenomena have more deep nature as laser
annealing of ion-implanted materials [1].

Surfaces nanostructures were received after irradiation
of Si0 /Si structure by second harmonic Nd:YAG laser at
density of power [=2.0 MW/cm?, pulse duration 10 ns,
wavelength 532 nm and frequency of repetition 12,5 Hz

(Fig. 2.) [2].

Fig. 2. AFM 3D images of: (a) SiO, surface after
irradiation of SiO/Si structure by second harmonic
Nd:YAG laser at I=2.0 MW/cm? and (b) Si surface after
subsequent removing of SiO, by HF acid [2].

More detail research of creation the surface laser-
induced structures are represented by A. Medvids in [2].
Samples of Ge {111} and Ge {001} i-type single crystals
are used in experiment. Nd:YAG laser (wavelength 1,064
pum, duration of pulse 15 ns, pulse rate 12,5 Hz, power P=1
MW) was used for the irradiation.

The AFM picture of Ge surface after Nd laser
irradiation is represented in Fig. 3 [12].

2030!!M

0.0 nM

0
100
UM

Fig. 3. Three-dimensional AFM image of nanostructures
after Nd:YAG laser irradiation with density of power
28 MW/cm? on Ge surface [12].

More large columns (height 20 pm, diameter
2 — 3 um) were received after irradiation of pulse series the
nanosecond eximer KrF-laser (wavelength 248 nm, pulse
duration 25 ns) (Fig. 4). This figure illustrates the high
aspect ratio silicon micro-columns that were formed in air
after 1000 laser shots at an energy density, £, , between
2.7 and 3.3 J/cm?. The columns are ~20 pm long and ~2~3
um in diameter. Moreover, surface-height profilometry
performed using a Dektak II profiler revealed that most
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of the length of the microcolumns, 10 — 15 pm, protrudes

above the original Si surface [7].

Fig. 4. SEM images of silicium nanocolumns after 1000
o )
laser shots in air at £, = 34”’2 [7].

The microcolumn morphology changes if the
atmosphere is changed during laser irradiation. Fig. 5 shows
several columns in a specimen that was first irradiated with
600 pulses in air and 1200 pulses in N2/5%02 [7].

Fig. 5. SEM image showing a change in Si microcolumn
morphology controlled by the ambient gas composition at
E,2.7 J/em*. The arrows indicate the height achieved after
600 laser pulses in air (N, — 18% O, ); the remainder of the
columns was grown by 1200 laser pulses in N, —5% O2 [7]

The
emphasized, when a plasma etchant, SF, was used as the

importance of the gas environment was

ambient gas during laser irradiation of silicon [7]. In SF,
extremely long structures are produced that look at first like
walls surrounding very deep central holes (see Fig.6) [7].
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Fig. 6. Walled Si structure produced by 2040 laser pulses
at E,=1.5 J/em*in 1 atm of SF, [7].

Ordered laser-induced nanostructures, which were
created on surface of Si after laser irradiation (A = 0,8
pum, 7, = 100 fs, number of pulses 200) through lay of
water, are represented on Fig. 7. Three types of micro
and nanostructures are generated [10, 13]. Nanostructures
have typical spatial scale d, =600 nm and d,=120 nm,
here lattice vector oriented g || E. Itis corresponded to
interference between surface polariton-plasmon (SPP)
and TM electromagnetic wave. Structures with period d,
are generated for interference of falling wave with SPP
wave, which arise on the border water — free electrons
of silicon. Structures with period d, are generated for
mutual interference of two SPP, which were propagated in
mutually inverse directions along border silicon — plasmic
layer. Structures with period 120 nm aren’t depended from
nature of liquid, which was contacted with silicon [10]. It
is experimental fact.

Ry =B

Fig. 7. Ordered structures, which were generated on
surface of silicon after laser irradiation through lay
of water, (arrow in lower angle show the direction of
polarization of laser radiation); duration of pulse 100 fs,
wavelength — 800 nm, number of pulses 200, density of
energy the irradiation a) 25 kJ/m?, b) 5 kJ/m? [13].

Laser-induced silicon nanostructures (A = 0,8 pm, i
= 100 fs, number of pulses 200) with d,=90 nm, which
was generated after irradiation structures of changing
D_Qlarization with d,=120 nm, when orientation of vector
E was changed on 90° relatively to initial action. Power of
laser irradiation was less in two time as for initial structure.
Generated periodical structures (Fig. 8 and Fig. 9 are
nanocolumns with height to 400 nm with spatial period 90
nm and orientation wave vector g || E [10, 13]. Where § is
beam propagation direction.

Generation of periodical nanostructures along crests
(d=90 nm) is cause with interference of falling radiation
with surface polaritons, which are exited along crest of
relief (d~120 nm), and with mutual interference of surface
polariton-plasmons [10]. A crest of relief, which considered
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Fig. 8. Nanocolumns, which are generated after
irradiation structures of silicon with d,=120 nm,
(wavelength of irradiation 800 nm, number of pulses —
200, density of energy of irradiation 0,5 kJ/m?): a) and
b) turn of polarization on 90°, c) turn of polarization on
45°, d) cross chip of nanocolumns. On insertion to Fig.
8a — Fourier-picture of structures [13].

Fig. 9. Surface silicon nanocolumns of little scale, which
have orthogonal orientation to a crests of nanorelief of
large scale [13].

in contact with the substrate, was selected as initial half-
cylinder. Formed in this case inoculating regular relief d~90
nm is basis for further growth of nanocolumns. Since typical
radius of half-cylinder r « 1 therefore dispersion relation
for surface polariton-plasmon in cylindrical geometry is
changed from dispersion relation in plane geometry of
phase separation. It cause to formation nanostructures with
less period as for plane case [10].

For case of elliptic polarization and falling angle to
surface from 0 to 20° basic nanostructures are created:
1) surface nanostructures with period ~200 nm and 2) these
structure with period 70-100 nm are generated on crest of
structure 1, but its orientation g L E [10].

Basic difference between nanosecond (Fig. 2, Fig.4
— Fig. 6) and femtosecond regimes of creation of surface
silicon nanostructures (Fig. 7 — Fig. 9) is the its sizes: 15-
20 nm for nanosecond regime of irradiation (nanohills)
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for Neodimium laser (Fig. 2), 20 — 50 um for eximer
laser (Fig.4 — Fig.6) and 400-450 nm for femtosecond
regime of irradiation (Fig.7 — Fig.9). These data are
proved electromagnetic mechanisms of creation surface
nanostructures (surplus of negative charge is caused the
electromagnetic swelling of surface) [1, 10, 14]. Heat
processes are caused the decrease of sizes, including height
of surface nanostructures. But we have nanosecond laser-
generated silicon microstructures (Fig. 4 — Fig. 6) and
200 nm germanium microstructures (Fig. 2), which are
shown an influence of intensity and mechanisms of light
absorption and number of pulses on the generation surface
structures.

For the modeling processes of Fig. 7 we must develop
electromagnetic concept of RO. This concept allows
including in parametric optical processes back side of
“medal”: resulting trace of interaction light and matter in
matter [1, 14].

An influence of pulses number on the processes of
formation of laser-induced periodic nanostructures on
titanium plate is observed in [9]. Sapphire laser system was
used for the irradiation. It had next parameters: wavelength
800 nm, repetition rate 1 kHz, pulse length 100 fs, beam
diameter 4 mm and density of energy of irradiation 0,25;
0,75 and 1,5 J/em?. Interference structures are generated
for the irradiation with energy density 0,25 J/cm? [9].
Evolution of creation laser-induced surface structures are
represented in Fig. 10.

The period of the parallel periodic microstructures as
a function of the number of laser pulses is shown in Fig.
11 [9].

As shown in Fig. 11, the period was gradually
increased in the range of 10-70 pulses and increased in the
range of 70—110 pulses as the number of pulse increased.

Distance between the microdots along the hill of
periodic microstructures as a function of the number of
laser pulses is shown in Fig. 12 [9]. As Fig. 12 shows, the
distance was increased in the range of 50—110 pulses. But
these distances are correlated with height and width of
inetrferogram bands (Fig. 10).

Phenomenon of doubling of period of laser-induced
surface structures is represented in Fig. 13 [9].

Modeling and discussions

Therefore we must estimate all possible mechanisms
of relaxation: kinetic and dynamical; and possible
mechanisms of excitation: hierarchical photo ionization.
In this case we must include respective chain of relaxation
times [1]. It is necessity for the more full representation
and modeling real and possible physical processes for the
respective regimes of interaction.

Thus this representation of the modeling dangling
bonds, which are created with help laser irradiation, is
very effective method. It allows including in consideration
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Fig. 10. Microstructures produced on the titanium plate at the laser fluence of 0.75 J/cm? for (a) 10, (b) 25, (¢) 50, (d)

70, (e) 90 and (f) 110 pulses [9].
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Fig. 11. Period of parallel periodic microstructures as a
function of number of laser pulses [9].
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Fig. 12. Distance between the microdots along the
hill of periodic microstructures as a function of the
number of laser pulses [30].
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Fig. 13. Relief of Ti surface after pulse linear polarized
laser irradiation (power density 1,1 GW/cm?, number of
pulses — 100): period of structures — 600 nm, b) region of
transition from structures with period 600 nm to period
300 nm [9].
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effects of equilibrium, nonequilibrium and irreversible
relaxations [1].

Now we show the using of cascade model for the
explanation experimental data of laser-induced phase
transformations in silicon, germanium, carbon and titanium.
It was called as case the structural phases.

The question about the influence of saturation of
excitation on effects of RO may be represented as process
of transitions between stable and metastable phases
too. Now we’ll estimate the influence of parameters of
irradiation (including spectral) on irreversible changes
and transformations in Si and Ge. Spectral dependences
of absorbance of various structural modification of Si are
represented on Fig.14 [1, 15]. Now we’ll be estimated
intensities of eximer, Ruby and Neodymium laser
irradiation (wavelengths of irradiation are 0,248 um,
0,69 um and 1,06 um properly of silicon and germanium,
which are necessary for the creation of proper irreversible
changes in irradiated semiconductor. As shown in [16],
absorbance of the Neodimium laser radiation in silicon is
equaled 100 cm!, second harmonic of Neodimium laser —
10* em™, eximer laser — 10° cm™’.

3000

2500

LiQuiD

2000
1500
1000

500

i
-200 Q

200
P (kbar)
Fig. 14. A schematic phase diagram for Si(CN). The
coordination numbers (CN) of the various phases are
indicated. The diagram is based on common features of
the phase diagrams of column IV elements as described
by the references cited in Pistorius’s review (Ref. 8 in
[15]). Starting from a high temperature >3x10°K and
subject to a constraint of average density < p> = p(4),
a hot micronucleus will tend to bifurcate into the most
stable phases (highest T ) which straddle Si(4) in
density. These are Si(3) and Si(8), as indicated by the
diagram [15].

400 600

Crystal semiconductors Si and Ge have, basically, the
structure of diamond. Volume atomic density of elementary
lattices may estimate according to formula [1]

N, ZPTJYA’ (1)
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where p —density of semiconductor, N, — Avogadro number,
A —aweight of one gram-atom. For Si N, = 5-10” ¢i”* and
for Ge N . =4,4-10% ci”.

But Si and Ge may be crystallized in lattices with
hexagonal, cubic, trigonal and monoclinic symmetry.
Phase diagram of Si as function of coordination number is
represented on Fig. 14.

Coordination number (CN) 8 is corresponded of
diamond lattice, CN 6 — hexagonal lattice, CN 4 and CN
3 — other two lattices. It should be noted that melting
temperatures of these phases are various. Volume density
of CN is equaled CN'N_. For diamond symmetry of lattice
this value is 8N..

Roughly speaking, transition from one phase to
another for regime of saturation of excitation may be
modeled as one-time breakage of proper numbers of
chemical bonds, which are corresponded to the difference
of CN of proper phases. For example, two bonds breakage
is caused the phase transition from diamond to hexagonal
structure. One bond breakage in the regime of saturation is
caused to generation of laser radiation.

Results of calculation of volume densities of energy,
which are necessary for breakage of proper number of
bonds in regime of saturation of excitation, are represented
in Table 1. It conceded that energies of all chemical bonds
for elementary lattice are equivalent (Si and Ge are pure
homeopolar semiconductors) [1]. For silicon energy of
covalent bonds Si-Si are equaled 1,2—1,8 eV; for germanium
energy of covalent bonds Ge-Ge are equaled 0,9-1,6 eV.
Minimal values of these energies are corresponded of
Pauling estimations. These values are corresponded the
energy on one CN: according to radiation physics of status
solid Zeits energy of creation one radiation defect is equal
12,7 eV for diamond lattice [17].

Table 1.
Volume density of energy 7, (10° J/cm’), which is necessary
for the breakage of proper number of chemical bonds in the
regime of saturation of excitation in Si and Ge.

Iv] Iv2 Iv4 Iv5
Si 128—-144 | 256—288 | 51,2—-576| 63-72
Ge 63-84 |126-168252-336]| 315-42

Surface density of energy on proper numbers of CN
for proper lasers irradiation may receive after division of
results of Table 1 on proper absorbance. This procedure
allows to transit from bulk to surface density of energy,
which is necessary for the receiving of proper phenomena.
Results of these calculations are represented in Table 6.

It should be noted that real regimes of irradiation must
be more (process of light reflection wasn’t included in our
estimations). In addition we aren’t include the relaxation
(time) processes for the scattering of light on stable centers
(self-absorption in crystals) as for InSb and InAs [1].
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Surface density of energy Isi (J/cm2), which are necessary for the breakage of proper numbers of chemical bonds in Si

and Ge crystals after proper lasers irradiation in regime of saturation the excitation [1, 2, 4]

Table 2.

I 1, 1, 1
Si, 1,06 um 128 — 144 256 — 288 512576 630 — 720
Si, 0,53 um 1,28 1,44 2,56 2,88 512-5,76 63-72
Si, 0,248 um 0,0128 — 0,0144 0,0256 — 0,0288 0,0512 — 0,0576 0,063 — 0,072
Ge, 1,06 um 0,63 — 0,84 1,26 — 1,68 2,52-3,36 3,15-42
Ge, 0,53 um 0,32 — 0,42 0,63 — 0,84 1,26 1,68 1,58 2,1

Remark to Table 2: absorbencies of Si (Neodimium laser) — 100 ¢m’; Si (second harmonic of Neodimium laser)
— +10* em!; Si (eximer laser) — -10° em™. Ge (Neodimium laser) — -10* cm™’; Ge (second harmonic of Neodimium laser)
—2:10% em!.

Height of surface nanostructures for the nanosecond Creation of instability is characterized of critical point.
regime of irradiation is maximal (200 nm, Fig.2) for the This point my be characterized by Rayleygh anf Nusselt
germanium [2] for small number of pulses and for silicon numbers [4].

(20 — 50 pm, Fig. 4 — Fig. 6) for large number of pulses
[7,8]. For the silicon (Fig. 2) height of laser-generated
surface nanostructures is change from 10 nm to 20 nm. Ra = ﬂ h4, )
This difference can be explained in next way. Index of KV

light absorption with wavelength 532 nm of Ge crystal
with diamond symmetry is more as silicon with this AT
symmetry for the nanosecond irradiation. But surface part expansion, 3 = —— —temperature gradient,

of irradiated germanium is transited to hexagonal phase. It

is experimental data. Other result given’s phase transitions. & — coefficient of heat conductivity, v — kinematic viscosity,
The hexagonal lattice of germanium has greater size as 7 — thin of heated films.

diamond modification. Therefore hexagonal nanostructures Nusselt number determined as

are greater and more stable as polycrystalline or metallic

Rayleygh number is determined as

where g — free fall acceleration, a coefficient of volumetric

nanohills. Nu = |q|h :M’ 3)
Mechanisms of creation other laser-induced K, AT Pk,

nanostructures may be explained on the basis cascade

model of step-by-step excitation of corresponding type and Where «, — statistical value of coefficient of heat

number of chemical bonds in the regime of saturation of ~conductivity, g — full heat flow.

excitation. According to this model decrease of symmetry N, =1 for case of heat transfer only with help heat

of irradiated matter is occurred with increase of intensity of ~conductivity and N, > 1 for case of heat transfer with
irradiation (Nd laser irradiation of silicon, germanium and  help heat conductivity and convection. Behavior function
carbon) [1]. Ra(N ) in critical point is analogous to curve of phase
But in [2] the explanation of creation laser-induced transition.
hexagonal phase on germanium surface is based on the Critical value Rayleygh number is equaled Ra_,
Benar phenomenon: generation of hexagonal phases in = 1700+£51. For Ra > Ra_ and N, > 1. For regime
heated liquid on roaster. This effect is observed for few of irradiation of Fig. 2 Ra < 1 and N, < 1 Therefore
liquids. Chandrasekar theory is described this process as application this theory to these results is very ambiquous
thermal-diffusive processes [3 — 5]. In this case we have and discussed.
transition from more low volume symmetry to more high According by Haken probability of creation hexagonal
surface symmetry. Chandrasekar created the hydromagnetic ~ structures is major for Ra > Ra_, . For further increasing of
theory of creation sunspots [4]. Rayleygh number a generation of cylindrical structures is
For laser-induced creation volume hexagonal basic. It explains of occurrence the curls in atmosphere [3].
structures on Ge we have inverse transition: from high But conditions of creation new phases in solid phase
volume symmetry (diamond modification) to more volume is other as in liquid phase. Chandrasekar — Haken theory
low symmetry (hexagonal symmetry) [2]. may be used for the modeling processes of growth Si;  Ge_
Now we represented estimations of process the whispers with diameter > 40 um [18]. These crystals have
creation laser-induced hexagonal structure on the basis hexagonal cross-section. Basic methods of receiving these
Chandrasekar-Haken theory [4] and cascade model [4]. structures are thermal (epitaxial and sputtering, including
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laser ablation)). For decreasing sizes to 1 um we have
circular cross-section [18] and properties of whispers is
identical to bulk matter. For case of laser implantation we
must include chain electromagnetic processes of creation
vortexes (nanohills and nanocolumns or according by
Makin polariton-plasmons) and chain photochemical
processes, which are connected with intensive photo
ionization of irradiated layers. These surface polariton-
plasmons may be having varius -electromagnetic
structures. They are having transverse or longitudinal
polarization [10].

The influence of pulse numbers on generated the
surface interferograms on titanium was received in [7,
8] (Fig. 10 — Fig. 12). For explanation these results may
be used the cascade model of saturation the excitation.
Irradiated titanium has two phases: a-phase (hexagonal)
and B-phase (body-centered cubic lattice). Temperature
of phase transition o — [ is equaled 882,5°C [I11].
Hexagonal structure has more large electronegativity,
therefore the interference maximum of Fig. 10 must be
have a-symmetry. Increasing of number pulses is caused
of saturation the interference band and generation nano
and microstructures.

The mechanisms of light absorption are influenced on
the relaxation time of excitation. Proper phenomenological
chain of relaxation times is represented in [1]. The number
of disrupt chemical bonds or CN may be determined with
help next formula

n=2 lnh—v .
E

a

“

Where £ — the energy of ionization (breakage) of
proper bond.

More pure ionizing results were received for the
irradiation silicon by femtosecond laser pulses in multipulse
regime [13]. One quantum of eximer laser radiation may
be ionized 3,5 chemical bonds according to formula (4).
Therefore multipulse regime of the irradiation is caused the
generation silicon structures with hexagonal and trigonal
symmetry. Density of energy 2,7 J/cm? (Fig.5) and 1,5 J/em?
(Fig. 6) certificated this hypothesis according to Table 2.
First regime (Fig. 5) allows receiving more thin and high
structures with more low symmetry, which is stipulated
more high intensity of irradiation. Second regime (Fig.
6) may be results of generation the structures with more
low symmetry (no cubic). Atmosphere of irradiation
must be has neglected influence on finishing picture. This
conclusion is certificated by experimental data of Fig. 7 —

Fig. 9.
For light absorption on unstable centers (amorphous
semiconductors) time characteristics haven’t large

observable influence on formation of irreversible changes
in semiconductors. Here integral dose of irradiation has
general meaning; therefore in this case photochemical
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ionizing processes give basic contribution and processes
of radiated relaxation are neglected.

With including of light reflection data of Table 2 must
be increased on 20-30 percents for regimes of irradiation
the Nedimium laser (both regimes) and 250 percents
for eximer laser irradiation (reflectance of eximer laser
radiation is equaled 60 percents).

In addition we must remember that Ruby laser
radiation for crystalline silicon has absorbance on order
less as for amorphous, therefore for short regimes of
irradiation the processes of bonds breakage may give more
influence as for case of Nd-laser irradiation. Polycrystalline
layer may include various crystalline phases. We can select
condition of irradiation with creation on surface of silicon
the nanostructures with various its fourth crystallographic
modifications.

The role of irradiated atmosphere on formation of
laser-induced surface nanostructures is shown in Fig. 1,
Fig. 5 — Fig. 9. An oxidation processes are smooth out
the surface (Fig. 1 and Fig. 5). The decreasing of oxygen
concentration is caused the more intensive growth of
microcolumns (Fig. 5, Fig. 6) and nanocolumns (Fig. 9).

The cascade model may be used for the explanation
of experimental data of Fig. 10 — Fig. 13. Titanium has
two phases: hexagonal and body-centered cubic. But after
heating the titanium to 882,5°C it has only cubic phase
[11]. According to cascade model peaks of proper surface
columns must have hexagonal symmetry, but its generation
is attended with oxidation processes. Therefore the
intensities of creation the surface structures are various for
two groups of pulses: for second group (70 — 110 pulses) is
more intensive process as for first group of pulse (10 — 50
pulses). Among these regimes of irradiation may be receive
thedoubling of period of interference pattern (Fig. 13).

This method was used for the explanation of the
experimental data about laser-induced transformations in
various allotropic phases of carbon, included diamond,
graphite, fullerenes and other [1] too.

Conclusions

1. The experimental data of creation surface laser-
induced structures on silicon, germanium and titanium
are discussed.

2. Possibility of wusing Chandrasekar-Haken-Ebeling
model of Benar effect for explanation these data is
analyzed: this model can’t be used for the research
the creation laser-induced hexagonal structures on
germanium with diamond symmetry.

3. Cascade model of step-by-step excitation of proper
chemical bonds in the regime of saturation the
excitation is observed.

4. We show that cascade model allows explaining
basic peculiarities of represented experimental data,
including generation of new phases.
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Electromagnetic-acoustic method
of ultrasonic pulse excitation and reception in metal products
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The problem of the main factors influence on the electro-magnetic energy to ultrasound conversion in test-ing of electrically
conductive or ferromagnetic materials is considered. The necessity to provide the polarizing magnetic field induction maximum value
and the maximum current in the electromagnetic-acoustic transducer high-frequency coil is shown. A converter for co-radiation and
reception of pulses of ultrasonic vibrations has been developed and tested, providing useful information signal amplitude of up to 50 dB.

Keywords: magnetic field; electromagnetic field; electrically conductive material; ferromagnetic material; ultrasonic oscillations;
electromagnetic-acoustic transducer.

Po3misiHyTO THTAaHHS NMPO BIDIMB OCHOBHHX (DAKTOPIB Ha IIEPETBOPEHHS €JIEeKTPOMArHITHOI eHepril B yIBT-pa3ByKOBY IpH
JIarHOCTHIII eNEKTPOIPOBITHIX a00 GepomMarHiTHUX MarepiaiiB. [lokazaHo, 1m0 HEOOXinHO 3a0e3meyyBaTH MaKCHMAJIbHE 3HAYCHHS
THAYKII{ MOISPU3YI0YOT0 MAarHiTHOTO MOJIA 1 MAKCUMAaJIbHOTO CTPYMY B BHCOKOYACTOTHIN KOTYIIIN €IEeKTPOMAarHiTHOI-aKyCTHYHOTO
nepeTBoproBada. Po3po06ieHo Ta BUIIpoOyBaHO EPETBOPIOBAY JUIS CIIIIBHOTO BUIIPOMIHIOBAHHS 1 IPUHOMY IMITYJIBCIB YJIBTPa3BYKOBHX
KOJIMBaHb, SIKUI 3a0e3redye aMILTiTyly KOpUCHOTo iH(opMmariiiHoro curnaiy mo 50 dB.

KurouoBi ciioBa: MarsiTHe 1oje; eeKTpOMarHiTHe I0JIe; SISKTPOIIPOBIIHHI MaTepial; pepoMarHiTHUII MaTepia; yIbTpa3ByKoBi
KOJIMBAHHS; €JIEKTPOMArHiTHO-aKyCTUYHHHI ITepeTBOPIOBaY.

Bormpoc o BIusSHUT OCHOBHBIX ()aKTOPOB Ha MPe0OPa30BaHKE NEKTPOMArHUTHON SHEPIUHU B YIBTPa3By-KOBYIO IPU JHATHOCTHKE
ANIEKTPONPOBOIHBIX MM (peppoOMarHUTHBIX MarepuanoB. [loka3aHo, YTo HEOOXOAMMO OOECHeYnBaTh MaKCUMalbHOE 3HAYeHHE
HHJTYKIHH HOJIIPU3YIONIEr0 MAarHUTHOTO TOJISl 1 MAKCUMAJIEHOTO TOKa B BHICOKOYACTOTHON KaTyIIKe AIEKTPOMArHUTHO-aKyCTHIECKOTO
npeobpazosarens. Pa3paboran u ncneitaH mpeoOpaszoBaTeNs JIsi COBMECTHOTO M3JIyUEHHs U IPHEMa UMITYIILCOB YIBTPa3BYKOBBIX
KoneOaHu, KOTOPBIN 0OecreunBaeT aMIUTUTY/y ITOJIe3HOro nH(opMannoHHOro curuaia go 50 dB.

KonroueBble cjl0Ba: MarHUTHOE TOJTE; ANMEKTPOMArHUTHOE TI0JIE; AMEKTPOINPOBOAHBIN MaTepuan; (heppo-MarHUTHBIM MaTepuai;
YJIBTPa3ByKOBbIE KOJIEOaHHs; AEKTPOMAarHUTHO-aKyCTHYECKHI peoOpa3oBareisb.

Introduction
One of the promising directions of ap-plication

Main part
Let us consider the mechanisms of elec-tromagnetic

in measurements, non-destructive quality testing and  energy into high-frequency ul-trasonic and ultra-sonic into

diagnostics of electrically conductive and ferromagnetic  ¢lectrical trans-formation in the surface layers of electro-

materials and products is the method of ultrasonic pulses ., quctive. electro-conductive and ferro-magnetic or
excitation and reception using magnetic and high-frequency

' ferromagnetic materials.
electromagnetic fields [1].

i . . . Ultrasonic pulse excitation. Place the high-frequency
It is traditionally considered for elec-tromagnetic-

acoustic method (EMA) to have low sensitivity [2]. At
the same time it’s safe to assume the modern possibilities
of polar-izing magnetic

current I, = 1,6/ conductor 3 above a flat surface of the
sample 1 on a small height £, as suggested by fig. 1.

field and  high-frequency High-frequency current /, generates magnetic field

electromagnetic field forming to allow reali-zation of EMA
advantages [3] in compari-son to traditional approaches,
like, for ex-ample, using piezoelectric transducers [1-2].

© Plesnetsov S.Yu., Suchkov G.M., 2017
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strength |H|. Due to |H| activity the sample’s surface skin-
layer receives the /, eddy current of the same frequency o,

j =+—1. Next affect the skin-layer current / , with polarizing
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Fig. 1. For the explanation of ultrasonic wave excita-tion
via affecting the conductive ferromagnetic ma-terial with
magnetic and high-frequency electromag-netic fields.

magnetic field of B =%,B, +¥,B, induction. In case the
sample is electrically conductive the organized electron
flow of /, current will be affected by variable Lorentz force
F,. As aresult, the sample skin-layer will receive tangential
voltage variables 2 [2]. In other words, the electrodynamic
mechanism is in action:

(1

Ty, =B /"
b

where £ is the wave number for ultra-sonic fluctuations.
Accordingly the normal mechanical stress will be as

follows:
Ty =1,Bye ™

2

C yueToM OOBEMHOTO PacCIpOCTPAHCHHE BUXPEBBIX
TOKOB 3JIEKTPOJIMHAMUYECKUE HAIPSLKEHUS, CO31aBaEMbIe
cuinamu Jlopenua F' » MOJKHO 3allicarh

TE —HB, —— 7k~
' .02
1-jp;

where f is the generalized parameter equal to the relation

)

of wave numbers for ultrasonic and electromagnetic waves
57 =\ uoo);
H is the alternating magnetic field strength;
4, is the magnetic constant 4r-107 H/m;
4 1s the relative permeability;
c, is the velocity of propagation of high-frequency elastic
shear perturbation in the sample material;
o is the actual frequency of high-frequency elastic
oscillations, coinciding with the frequency of high-
frequency cur-rent in the induction coil of the EMA trans-
ducer;
o — specific electrical conductivity of the sample material.
As a result of the variable voltages ac-tion, ultrasonic
volume waves C, which propagate deeper inside the sample
are ex-cited. In this case, the transverse waves C, arise
only as a result of the electrodynamic effect. In the case of
longitudinal waves C, excitation the other electromagnetic
field effects should be taken into account.
The second way of stress forming is based off the
magnetic interaction between the conductor 3 and eddy
current /, created by it within the sample.
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M = 7HByﬂ—71e_jk’x ) 4)
U

Variable forces action direction is de-fined as follows.
If the density of the magnetic field force lines increases
(the field H coincides with the direction of By), the forces
of conductors repulsion from the solid body act, and if
the force lines density decreases, the conductors and the
solid body are attracted. Movement direction 75y will be
opposite to 7L .

The third mechanism of stress formation is due to the
effect of magnetostriction

202
7€ = arp—2Li = (5)
1-jBi
where 7 = /(¢ uouc) ;
a = u-1 is applicable for paramagnetics;
a = a/H  is applicable for non-paramagnetics;
a is the magnetostriction constant;
If g7 <<1 , which is generally true form metals
Ty =—jafHB e/ (6)

In summary for (3), (4) u (6) (act of all three
mechanisms) we get the expression for stresses appearing
within the ferromagnets

NG

If an electric coil is placed between the pole of the
polarizing magnetic field source and the sample surface,

E M C
|Txx|:|Txx + T +Txx|:HBy

-1
|- £ jap?
u

where there is only one normal or tangential induction
compo-nent, then high-frequency longitudinal or
transverse waves can be excited separately. For example,
under the poles of the magnet, the normal field component
(B = B) pre-dominates, therefore a coil located directly
below the pole will excite transverse waves. Between the
poles of the horseshoe magnet the field is directed along
the surface (B = By), so the coil above this section will
excite longitudinal waves.

Analysis of the expression (7) and literature sources
[1-2, 4] shows that mechanical variable stresses value
and, consequently, the excited ultrasonic oscillations
displacements amplitude is mainly dependent on the
induction value of polarizing magnetic field and magnitude
of current in the inductor. When diagnosing ferromagnetic
materials, it is very difficult to formulate the value of
magnetic field induction in the excitation zone of high-
frequency mechanical oscillations of more than 1 TI,
especially in case of portable EMA converters (EMAT).
The impulse current in the EMAT inductance coil can
theoretically be increased without spe-cial restrictions up
to tens of kA. Therefore, it is necessary to create an optimal
converter design that will allow exciting the necessary type
of ultrasonic oscillations, with the max-imum induction of
the polarizing magnetic field and the maximum current in
the EMAT coil.
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EMAT ultrasonic oscillations reception. The system
for reception is presented on fig. 2.

A e J

\ —"‘
\ 8

\ o
\ J P
\ // -
A

Fig.2. To an explanation of the EMA method-based
ultrasonic  oscillations reception from electrically
conductive sample mechanism.

Let us place a conductor above the sample flat surface
1 at a small distance 4. Suppose a linearly polarized high-
frequency ultrasonic wave C, is falling from the volume of
the metal 1 to its surface under the conductor 3 so that the
oscillations of the two metal particles occur perpendicular
to the conductor 3 projection on the sample surface. Let us
apply a polarizing magnetic field with induction B to the
area. Displacements of the metal surface layer in magnetic
field will lead to appearance of EMF, and, consequently,
to appearance of a high-frequency eddy current /,, which
forms a high-frequency electromagnetic field above the
surface of the sample. In conductor 3, EMF U is induced,
the frequency of which will be the same as the frequency
of ultrasonic oscillations in the sample. The magnitude of
the EMF U induced will be proportional to the ultrasonic
vibrations displacements 2 magnitude, which allows to gather
information about the properties of material researched.

Thus, it follows from the foregoing that it is possible to
use a single EMAT to perform both excitation and reception
of ultra-sonic oscillations.

With EMAT combined implementation, the coefficient
n of electromagnetic into ultrasonic and back energy
convertion with-in the radiation / reception cycle can be writ-
ten as follows

n= k1132 -exp(— ah) (8)
where £, is the coefficient taking into ac-count the magnetic
field source shape;
1 is the current in the high-frequency coil of the converter
when excited;
B is the induction of a polarizing magnetic field;
h is the gap between high-frequency converter coil and
sample surface;
o is the coefficient taking into account the transducer high-
frequency coil.

A schematic representation of a com-bined EMAT for
the diagnosis of metal products is shown in Fig. 3.

For combined EMAT: 1 - source of a constant
magnetic field based on, for example, NeFeB ceramics;

42

Fig.3. Schematic design of the EMAT, allowing to
excite and receive pulses of volumetric shear ultra-sonic
vibrations in an electrically conductive ferro-magnetic
product.

2 - flat high-frequency inductivity coil, for example, from a
0.2 mm conductor containing 5 ... 30 turns; 3 - sample; 4 -
lines of polarizing magnetic field induction; 5 - lines of high-
frequency electromagnetic field intensity; 6 - eddy current in
the sample skin layer.

The EMAT high-frequency coil working part is its
middle, in the zone of which a polarizing magnetic field is
formed.

Figure 4 shows a combined EMAT model, which is
designed to excite and receive shear ultrasonic vibrations
normally to the sample surface.

b
Fig.4. The combined EMAT model (a) and its induction
coil (b)
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Figure 5 shows the time development of a pulse
taken from the steel 45 sample 45 mm thick. In the high-
frequency EMAT coil, a 120 A peak amplitude current with
a dura-tion of 6 2.5 MHz frequency periods was excited
by a special generator [5]. The polar-izing magnetic field
induction in the gap between the converter and the sample
was of 0.8 TL

Fig.5. Time sweep with the received signal, obtained
using EMAT presented on Fig.3 (vertically - 10 mV /
div, horizontally 10 ps)

Studies of various materials have shown that the
ultrasonic pulse amplitude ratio forf the received from
sample to the noise ampli-tude in frequency range 1 ... 5
MHz, for aluminum alloys or ferromagnetic steels, can
reach 40..50 dB.

BicHuk XHY, cepia «®isukay, sun. 27, 2017

Conclusions

1. The influence of factors determining the efficiency
of electromagnetic into ultra-sonic energy conversion and
vice versa is estimated. It is shown that the main contribu-
tion is made by the converter high-frequency coil current
and the polarizing magnetic field induction magnitude.

2. A variant of a combined direct elec-tromagnetic-
acoustic transducer allowing information signal obtaining
with an ampli-tude of up to 40 ... 50 dB in relation to
noise, which is sufficient for diagnostics of ferro-magnetic
materials and aluminum alloys is developed.
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Electrical properties
of 0.87Na, Bi, ;TiO,-0.13BaTiO, single crystals

V.M. Sidak, A.Yu. Tuluk, M.P. Trubitsyn, T.V. Kruzina

Oles Honchar Dnipro National University,
72 Gagarin Ave., Dnipro, 49010, Ukraine

Electrical properties of as- grown and heat treated in air 0.87Nao’5BiO’5Ti03-O. 13BaTiO, single crystals were studied in AC field in
the range 0.5-100 kHz from 300 to 800 K. It was shown that permittivity and conductivity strongly depend on heat treatment. Annealing
at 1070 K removes slow relaxation of permittivity and decreases conductivity. It is supposed that dielectric dispersion is determined
by the dipole defects formed by oxygen vacancies. The effect of BaTiO, additive on electrical properties of Na, Bi, TiO, crystal is
discussed.

Keywords: Na  Bi, TiO, - BaTiOj crystal; dielectric relaxation; conductivity; oxygen vacancy.

Esntekrpuuni BIacTHBOCTI BUXiAHMX i TepMooOpoOnenux B nositpi monokpucranis 0.87Nag Bi [ TiO,-0.13BaTiO; susueno
B 3MiHHOMY monmi B miamaszoni 0.5-100 kI'm Bixg 300 mo 800 K. Iloka3zaHo, 1m0 AieleKTpUYHA MPOHUKHICTH 1 €IEKTPONPOBIAHICTH
CHIIBHO 3aJIeXaTh Bif TepMiuHoi 00poOku. Binman mpu 1070 K ycyBae moBinpHY penakcamito AieIeKTPUIHOI MPOHUKHOCTI 1 3MEHIIy€e
npoBiaHicTh. [lependadaeTbes, MO AiCACKTPUYHA AUCHEPCis BU3HAYAETHCS TUITONBHUMHU Je(EKTaMU, 10 YTBOPIOIOTHCS KHCHEBUMHU
BakaHcisimu. OBrosoproeThest BIUMB o6aBku BaTiO, Ha enexkTpuuHi BractusocTi kpuctania Na  Bi, TiO,.

Karouosi enoBa: kpuctanu Na Bi [ TiO, - BaTiO,; nienekrpudHa penakcallist; eIeKTpONpPOBiIHICTh; KUCHEBI BaKaHCIi.

DJEeKTPUYECKHE CBOWCTBA HCXOJHBIX M TEPMOOOPAOOTAHHBIX B BO3IyXEe MOHOKPHCTAIOB 0.87N210’5Bi0’5TiO3-0.13BaTiO3
H3y4deHsl B mepeMeHHoM moie B amamazone 0,5-100 k['m ot 300 mo 800 K. Ilokazano, 4TO AMAIEKTpUYECKas MPOHUIIAEMOCTh U
ANIEKTPONPOBOJHOCTh CHIIBHO 3aBUCAT OT TepMmudeckoil oOpaborku. Omxur mpu 1070 K ycTpaHser MemJeHHYIO pelaKCaluio
JUBIIEKTPHYECKOH POHUIIAEMOCTH M yMEHBIIAeT MPoBOAUMOCTb. [Ipeamnonaraercs, uTo AWAIEKTpUYEcKas TUCHEPCHs ONPENeseTcs
JMIONBHBIMU fe(heKTaMu, 00pa3OBaHHBIMHM KHCIIOPOHBIMK BakaHCHsaMH. OOcyxkaetcs Biustaue nodasku BaTiO, Ha snexrpuyeckue

coifcTea kpucramia Na  Bi [ TiO,.

KuioueBble c1oBa: KpHCTaLIIbl Na0 5Bi0 5TiO3 - BaTiO3; JIAICKTPUYECKasl PeslaKCalusl; AIEKTPOIPOBOAHOCTD; KHCIOPOIHbIE

BaKaHCHH.

Introduction

Lead free ferroelectrics attract attention of
researchers as the functional materials for piezoelectric
and pyroelectric sensors. One of the most perspective is
sodium bismuth titanate Na, Bi TiO, (NBT) with A’
yA"yBO3 -type perovskite structure. At room temperature
NBT is strong ferroelectric but high coercive field and
conductivity hamper the polarization switching and restrain
the use of pure NBT. The different A-site substitutions in
NBT structure make it possible to avoid this drawback.
Among the NBT- based solid solutions the Na  Bi [ TiO,-
BaTiO, (NBT-BT) with morphotropic phase bo{mdary
(MPB) possesses lower coercive field, better ferroelectric
properties and high electromechanical coupling coefficient.
MPB for (1-x)NBT-xBT solid solutions is observed in the
range x = 0.05 — 0.07 where high piezoelectric coefficients
were found [1]. At the same time the authors of [2] report

the high piezoelectric activity of solid solutions with
x=0.13-0.14 content of BaTiO,. In spite of numerous
investigations of NBT-BT system, electrical properties of
these solid solutions were not studied systematically. This
paper is devoted to studying the effect of Ba on electrical
properties of NBT crystals.

Experimental procedure

The single crystals of 0.87Na  Bi ,TiO,-0.13BaTiO,
(0.87NBT-0.13BT) were grown by Czhochralski method.
The content of BaTiO, addition x=0.13 is given for starting
materials. The samples were prepared as the plates with
(001) main planes. Platinum electrodes were deposited
by magnetron method in an argon atmosphere. Electrical
properties were measured for as- grown and annealed
samples. Heat treatment of the samples was performed in
air at 1070 K for 1h. After that the samples were cooled

© Sidak V.M., Tuluk A.Yu., Trubitsyn M.P., Kruzina T.V., 2017
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Fig.1 Dependences of permittivity &(T) and conductivity o(1/T) of as- grown NBT-0.13BT. a) — heating run,

b) — subsequent cooling run

to room temperature. The permittivity and conductivity
were measured by using AC bridge P 5083 in temperature
interval 300 —800K and in frequency range 0.5—100 kHz.

Results and discussion

Fig.1a, b shows the temperature dependencies of
dielectric permittivity ¢ and conductivity ¢ measured on
heating and on cooling of as- grown 0.87NBT-0.13BT
samples which were not heat treated previously. It can be
seen that three anomalies of ¢(T) behavior are observed, such
as inflexion at T~420K, diffuse peak near T ~580K (f>10
kHz) and frequency dependent maximum around 630K.
Authors of [2] suggested that anomalies of ¢ near T~420K
and 580K can be attributed to diffuse phase transitions.

BicHuk XHY, cepia «®isukay, sun. 27, 2017

Permittivity dispersion is most prominent in the range of
&(T) maximum near ~630K. Dispersion is observed for low
frequencies and becomes practically indistinguishable for
f>10kHz (Fig.1a). In the range 0.5-10 kHz maximum of &
shifts to high temperatures as frequency fincreases.

The o(1/T) curves plotted in Arrhenius scale
(Fig. 1a) exhibit three regions with different character of
temperature and frequency dependence. Weak dependence
of 6 on temperature and considerable frequency dispersion
are observed at T<420 K. In the range 420 K-580 K & is
practically independent on f but exponentially increases on
heating that indicates thermally activated charge transport.
Around 630 K the 6(1/T) curves show frequency dependent
peak which correspond to &(T) relaxation maximum.
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Fig.2 Dependences of permittivity &(T) and conductivity (1/T) of annealed NBT-0.13BT (1070K, 1 h). a) — heating

run, b) — subsequent cooling run.

The inflexion of the ¢ (1/T) curves corresponds to the
anomalies of &(T) discussed above.

Comparison of Fig.la and b demonstrates that on
cooling relaxation maximum of &(T) decreases. In addition,
conductivity exhibits considerable frequency dependence
at T>580 K (Fig.1b). On cooling run frequency dependent
peak of the o(1/T) curves near 630 K practically disappears
(Fig.1 b) The similar dielectric dispersion and temperature
hysteresis were observed in NBT crystals and explained by
response of slow relaxing polar defects created by oxygen
vacancies [3]. One can assume that the same defects exist
in as- grown 0.87NBT-0.13BT crystals. Apparently on
heating up to 800K the number of such defects decreases and
relaxation maximum of &(T) at ~630 K reduces in amplitude.
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Fig.2 a, b shows permittivity and conductivity
of NBT-0.13BT samples
annealed in air at 1070K for 1 h. One can see that after
annealing the relaxation maximum of &(T) near 630 K
disappears. In comparison with as- grown samples o
reduces in one order at high temperatures and exponential
growth of conductivity is not observed up to 800 K (Fig.1,
2). Besides permittivity and conductivity dependences

temperature dependences

measured on heating and cooling nearly coincide (Fig.2)
in contrast to the data measured for as grown samples
(Fig.1). Such effect of heat treatment observed earlier for
NBT crystals [3, 4] shows thermal destroying the dipolar
complexes contributing to slow dielectric relaxation
around 630 K.
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Fig.3a shows the temperature behavior of ¢ in
annealed samples of 0.87NBT-0.13BT and NBT crystals.
Curve of &(T) of 0.87NBT-0.13BT exhibits the typical for
NBT anomalies related to diffuse phase transitions [5]. It
can be seen that introducing Ba*" to NBT lattice increases
permittivity, broadens maximum of ¢, shifts &(T) inflexion
and diffuse peak to lower temperatures, decreases region in
which the temperature hysteresis of electrical properties is
observed.

heating

cooling

o

0 400 600 800
T, K
4 heating
10°-
NBT
E=11eV

10°T, K
Fig. 3 Dependencies &(T) (a) and 6(1/T) (b) of annealed

NBT-0.13BT (1) and NBT (2) samples (1070K, 1 h). AC
field, f=1 kHz.

It is known that distribution pattern and disordering of
Na* and Bi** cations in the A-site and existence of oxygen
vacancies affect the properties of NBT [1,3-5]. Structural
and phase transformations in 0.87NBT-0.13BT are more
complicated that in NBT due to disorder in the A-sites
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occupied by Na+, Bi3+ and Ba2+ with different valence,
mass and ionic radius. The corresponding substitutions
of cations in NBT lattice play a key role and significantly
improve the ferroelectric properties [1,6]. The structural
disordering in A-site of 0.87NBT-0.13BT structure may be
the result of Bi, Na and Ba non-stoichiometry caused by
oxide evaporation during ceramics synthesis and crystal
growing. Excess charge, introduced by Bi, Na and Ba
vacancies, is compensated by necessary amount of oxygen
vacancies. Therefore, the role of oxygen vacancies is also
important and strongly effect on the properties of NBT-BT
system.

The relaxation maximums of &(T) for as-grown
crystals of 0.87NBT-0.13BT and NBT are observed near
630 K and 670K respectively. In [3,4] it was shown that
such low-frequency dielectric dispersion in NBT was
determined by intrinsic defects associated with dipole
complexes formed by oxygen vacancies VO. Obviously
that the similar dipole defects exist in 0.87NBT-0.13BT
solid solutions and give rise to slow dielectric relaxation
(Fig.1). The dipole defects disassociate after heat treatment
and ¢(T) relaxation peak disappears.

It should be noted that in as- grown 0.87NBT-0.13BT
samples amplitude of &(T) relaxation maximum (Fig.1a) in
one order higher in comparison with &(T) peak in as- grown
NBT [3.,4]. Such difference indicates higher concentration
of dipole defects in 0.87NBT-0.13BT solid solutions.
However high temperature growth of &(T) typical for
NBT [3.4] is not detected probably due to decreasing
concentration of mobile charged defects. One can assume
that association energy of the dipole centers in 0.87NBT-
0.13BT is higher in comparison with NBT.

Fig.3b compares o(1/T) behavior for annealed
0.87NBT-0.13BT and NBT samples in which slow
dielectric relaxation is absent. One can see that
conductivity in 0.87NBT-0.13BT is noticeably lower than
in NBT. Besides charge carriers in 0.87NBT-0.13BT solid
solutions overcome higher potential barriers (1.5 eV) in
comparison with NBT (1.1eV). One can suppose that in
the studied temperature interval oxygen vacancies V in
0.87NBT-0.13BT are less mobile than in NBT.

Conclusions

Low frequency dielectric relaxation was detected
around 630K (f<10kHz) for as- grown NBT-0.13BT
crystals. Permittivity maximum disappeared after heat
treatment in air at 1070 K. It is proposed that & peak is
caused by reorientation of the dipole complexes formed
by oxygen vacancies. The data obtained for NBT-0.13BT
solid solutions are compared with electrical properties
of NBT. It is shown that Ba*" introducing to NBT lattice
increases permittivity, broadens maximum of ¢, shifts the
dielectric anomalies to lower temperatures.
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The structure and properties of composite materials based on micropowders of silicon carbide and nanopowders of aluminum
oxide and zirconium in the process of hot pressing by electroconsolidation are investigated. The results of researches of the influence
of structure parameters and phase composition on the microstructure, physical and mechanical properties of silicon carbide-based
composites obtained by electrosparking (electroconsolidation) are described. It has been established that the formation of a composite
structure due to the introduction of nanopowders of aluminum oxide and zirconium dioxide into the microporous powder of silicon
carbide makes it possible to increase some of the physico-mechanical properties of the obtained composite materials.

Keywords: electroconsolidation; silicon carbide micropowder; alumina nanopowder; sintering; structure; density; transcristallic
destruction; intercrystalline fracture; eutectic; liquid phase.

B crarbe uccienoBaHbl CTPYKTYpa M CBOMCTBA KOMITO3MIMIOHHBIX MaTE€pUajoB HAa OCHOBE MUKPOIOPOLIKOB KapOuaa KpeMHUs
1 HaHOIOPOIIKOB OKCHJA QJIIOMHHHUS U IUPKOHUS B IPOLlecCe IOpsiUero MpeccoBaHUsl METOIOM 3JICKTPOKOHconuaanuy. OnucaHsl
pe3yabTaThl MCCIICIOBAHUI BIMSHUS I1apaMeTPOB CTPYKTYPHI M (pa30BOr0 COCTaBa Ha MHKPOCTPYKTYpY, (PHU3MKO-MEXaHHYECKHE
CBOICTBa KOMITO3UTOB Ha OCHOBE KapOuia KpeMHUsI, HOJIyIeHHBIX METOJJOM ICKTPOCIIEKaHuUsI (JIEKTPOKOHCOIHIAINS). YCTaHOBIIEHO,
4T0 (hopMUPOBAHNE KOMIOZUIIMOHHONW CTPYKTYPHI 33 CUET BBEACHHS B MHKPOIOPOIIOK KapOnaa KpeMHHSI HAHOIIOPOIIKOB OKCHA
QIIOMUHHS 1 TUOKCH 1A IUPKOHUS , TO3BOJISIET HOBBICHTH HEKOTOPHIE (PU3MKO- MEXaHUIECKHE CBOMCTBA IOTYUCHHBIX KOMIIO3UIIHOHHBIX
MaTepHaoB.

KoroueBble cj10Ba: 3I€KTPOKOHCONUAAINS; MUKPOIIOPOIIOK KapOHuaa KPEMHHMSI; HAHOMOPOIIOK OKCH/A aTIOMHHHUS; CIICKAHNUE;
CTPYKTYpa; IIIOTHOCTh; TPAHCKPUCTAIINTHOE pa3pyIIeHNe; THTEPKPUCTAININTHOE Pa3pyIIeHNE; IBTEKTHKA; KUIKas (a3a.

B craree uccnenoBaHbl CTPYKTypa M CBOMCTBA KOMITO3MI[MOHHBIX MaTe€PUAIOB HA OCHOBE MHKPOMOPOIIKOB KapOHaa KPEeMHUS
Y HAHOITIOPOUIKOB OKCHJA aJIOMHMHHUS M IMPKOHHUS B MPOLIECCE TOPSUEro MPEecCOBAaHHUS METOIOM 3JIEKTPOKOHcONUAAH. OnucaHbl
pe3yJbTaThl UCCIICIOBAHUI BIMSHUS I1apaMeTPOB CTPYKTYPbl M (pa30BOro COCTaBa Ha MHUKPOCTPYKTYpY, (PU3MKO-MEXaHHYECKHE
CBOMCTBA KOMIIO3UTOB Ha OCHOBE KapOuia KPEMHHUsL, [TOJIY4EHHBIX METOOM HJIEKTPOCHEKAHUS (IEKTPOKOHCOIUJALNS). YCTaHOBIIEHO,
410 (hopMUPOBAHNE KOMIOZUIIMOHHON CTPYKTYPHI 33 CUET BBEACHHS B MUKPOIIOPONIOK KapOuaa KpeMHHSI HAHOIIOPOIIKOB OKCHJA
QIIOMUHHMS 1 TMOKCH1a TUPKOHUS , TO3BOJISIET HOBBICHTH HEKOTOPbIE (PU3NKO- MEXaHUUECKHE CBOMCTBA ITOTyYCHHBIX KOMIIO3MIIHOHHBIX
MaTepUaIoB.

KonroueBsbie ¢j10Ba: 2JIEKTPOKOHCONNAAINS; MHKPOIIOPOIIOK KapOHIa KPEMHHsI; HAHOIOPOIIOK OKCH/A aTIOMHHUS; CIICKAHHE;
CTPYKTYpa; INIOTHOCTh; TPAHCKPUCTAIUIUTHOE pa3pyIICHNE; MHTEPKPUCTAIUINTHOE pa3pyIICHNE; IBTEKTHKA; JKIIKas (a3a.

Obtaining a structural material with high hardness and
strength based on silicon carbide is an actual task, since
dense materials based on silicon carbide can be obtained
only at temperatures above 1900°C, which is extremely
energyconsuming and laborintensive. The researches carried
out by various authors in particular [1] suggest that without
the activation of the sintering process, it is practically
impossible to lower the sintering temperature. The way
when the sintering temperature is lowered, creating a liquid
phase due to the addition of magnesium oxide and calcium is

perspective [2,3,4]. It is also possible to lower the sintering
temperature by using submicronpowders, nanopowders
and modern FAST methods [5]. It is known that aluminum
oxide and zirconium dioxide at a temperature of 1860°C
form an eutectic [4], therefore, by modifying the silicon
substrate with carbide alumina and zirconia nanopowders,
the sintering temperature can be lowered. In this case, we
used the method of electroconsolidation developed by us,
i.e. hot pressing with the use of high ampere current [6,
7]. This will allow to obtain a composite ceramic material

© Vovk R.V., Chishkala V.A., Prokopiv N.M., Kislitsa M.V., Chursina I. M., 2017
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able of long-term operation in an oxidizing environment at
a temperature of 2000°C at an oxidizing flow velocity of
350 m/s, at this while maintaining high strength and hardness.
A composite ceramic material containing alumina partially
stabilized with yttrium oxide, zirconium oxide and silicon
carbide, wherein the alumina and zirconia have a dispersion
in the range of 30-60 nm. The initial powder mixtures
were prepared by mixing powder components containing
alumina, zirconium oxide, silicon carbide, granulating
them, then hot pressing with direct current transmission
(electroconsolidation) was carried out at a temperature of
1600-1860°C and a pressure of 30 MPa.

As the initial powders, submicron SiC powder
(0.1-0.3 pum) obtained by SHS method, alumina nanopowder
with a grain size of 30-50 nm (Germany), partially yttria-
stabilized zirconia was used. The mixing was carried out in
a planetary mill, granulated with the addition of polyvinyl
alcohol (PVA), and dried at a temperature of 150-200°C.
Hot pressing was carried out at 1600—1860°C in a vacuum
environment and held at the final temperature for 2—5 minutes.
The increased resistance to oxidation of the proposed high-
density composite material is achieved by the introduction of
oxide components — nanodispersed alumina and nanosized
zirconium oxide partially stabilized with yttrium oxide, which
during the hot process can form an eutectic at a temperature of
1860°C. At temperatures of 1600—-1860°C diffusion processes
proceed more actively. This is one of the factors that provides
a high-density, durable material with high temperature
and oxidation resistance. It is known that ZrO, forms an
eutectic of 40 wt% ZrO, and 60 wt% Al O, with a melting
point of 1860°C. Introduction ZrO,-3 wt% Y,0, makes it
possible to increase the strength and fracture toughness of
the composite material due to the transformation hardening
and also stimulates the defect formation reaction inside the
nanostructured alumina, thereby promoting the formation of a
solid solution at the phase boundaries, which in turn dissolves
in corundum causes the formation of vacancies for aluminum.
Crystals of corundum become isometric. It is known that
silicon carbide is a diamond-like wide-gap semiconductor.
Among the family of wide-band materials, silicon carbide has
a high Debye temperature, which characterizes its resistance
to external influences. Extremely valuable quality is also a
sufficiently high thermal conductivity of SiC, second only to
diamond, but several times greater than the same parameter
for cuprum. Silicon carbide refers to compounds with strong
covalent bonds, which hinders mass transfer during sintering
without the use of activating additives and application of
external pressure. Therefore, in our opinion, the use of hot
pressing with the use of high-amperage currents will make
it possible to significantly activate the process of obtaining a
dense material at relatively low temperatures of hot pressing.
Electro-consolidation (electrosparking) is a process of hot
pressing with direct passing of high-temperature current
through a graphite mold [8]. Sintered samples were used
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to determine the density, Vickers hardness at a load of
100 N, fracture toughness on a indentation when indenter was
pressed in. The microstructure was researched by scanning
electron microscopy.

mode mag WD
SE 4000 x 15.0 mm

Fig. 1. Structure of SiC-ceramic obtained by
electroconsolidation of SiC nanopowder and temperature
1800°C and pressure 30 MPa, sintering time 3 min.

a

Range | C o Al Si Fe
1 3.33 | 5191|4423 | 0.53 100.00
2 2.01 |52.97 | 45.03 100.00
3 3.63 0.31 | 0.31 |95.75| 100.00
4 3.72 1 44.50 | 51.78 100.00
5 3.46 | 5493 141.32] 0.29 100.00
6 9.90 [41.78 [ 30.53 | 17.79 100.00
7 10.10 [ 37.96 | 28.49 | 18.33 | 5.12 | 100.00

b

Fig. 2. a — structure of hot-pressed SiC + ALO, (50%
by weight) at a temperature of 1600°C, a pressure of 30
MPa and a time of 4 min., b — distribution of chemical
elements in the resulting sample
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Time 14:18:24
Fig. 3. Fractogram of fracture of composite material SiC—
8 wt% ZrO,~12 wt% Al203, obtained at temperature T
= 1860°C, pressure P = 30MPa, sintering time 3 min.

From the fractogram of the fracture in Fig. 3, it can
be seen that the destruction of the sample is predominantly
trans-crystalline, which indicates quite strong bonds at
the phase boundaries. This is apparently facilitated by the
formation of a liquid phase during sintering.

EHT = 20,00 kv
WD = 16,0 mm

Signal A= CZ BSD
Phote Mo, = 3886

Date -3 Jun 2016
Time :14 5636

|
|

Fig. 4. Fractogram of fracture of composite material SiC

—20 wt% Al,O,, obtained at a temperature T = 1790°C,

pressure P =30 MPa, sintering time 3 min.

The microstructure (Fig. 4) shows that the destruction
of the sample is also predominantly trans-crystalline, but a
small amount of pores is present. It can be assumed that the
processes of accelerated surface diffusion on the cleaned
surface of powder particles contribute to a more complete
compaction in each of the cases shown.

As can be seen from Fig. 5, the amount of pores grows
and intercrystalline fracture is noticeable, which indicates
an insufficiently strong coupling at the phase boundaries.
Obviously, this hot pressing temperature is not sufficient
to obtain a high density. The increase in the amount of
nanopowders of alumina apparently does not greatly affect
the activity of the sintering process at a given relatively low
temperature.

BicHuk XHY, cepia «®isukay, sun. 27, 2017
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Tirme :11:35:33
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Fig. 5. Fractogram of fracture of composite material SiC
— 40 wt% ALO., obtained at temperature T = 1600°C,

273
pressure P =30 MPa, sintering time 3 min.

EHT = 20,00 kV
WD = 16.0 mm

Signal A = CZ BSD
Bhato Mo. = 3886

Date -3 Jun 2016
Time :14.56:36

ZEISS|

Fig. 6. Fractogram of fracture of composite material SiC

- 50 wt% AlO,, obtained at temperature T = 1600°C,

pressure P =30 MPa, sintering time 3 min.

Almost the same is also true for composite materials
with a higher content of aluminum oxide nanopowders (Fig.
6). Researches of some physicomechanical characteristics
were carried out on samples measuring 5x5%35 mm.
Properties of the composite SiC (micropowder)—15 wt%
(ZrO2-3wt% Y203)-wt% Al203:

- flexure toughness — 600-900 MPa;

- fracture toughness — 5-7 MPa-m0,5;

- hardness — 91-93 HRA;

- thermal conductivity —20-25 Bt/m-K;

- heat resistance — 2000°C.

Thus, the additions of aluminum oxide and
zirconia nanopowders partially stabilized with yttrium
oxide make it possible to obtain a dense material with
high physicomechanical properties at a relatively low
temperature, below the eutectic temperature of 1860°C,
which is characteristic of Al203-ZrO2 materials. The
products of the proposed material can be used for the
manufacture of heat-stressed parts operating at temperatures
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up to 2000°C under conditions that require high strength,
hardness and oxidation resistance, as well as in thermal
shock conditions, for example thermocouple covers,
continuous monitoring of the temperature of metal melts,
metalworking industry for the manufacture of cutting tools,
in the oil and gas industry (valve devices and pump sealing
rings), the tips of mouthpieces for welding, nozzles for
sandblasting machines and atomizers of chemical solutions.

52

References
A. Gadalla, M. Elmasry, P. Kongkachuichay. (1992).
High temperature reactions within SiC—-Al203
composites. Journal of Materials Research, 7(9), 2585-
2592. doi:10.1557/JIMR.1992.2585
M.F. Zawrah, L. Shaw. Liquid—Phase Sintering of SiC
in Presence of CaO // J. Ceram. Inter. 2004. N. 30. P.
721 -1725
V.N. Eremenko, Yu.V. Naydich, [.A. Lavrinenko.
Sintering in the presence of a liquid phase. Kiev:
Naukova dumka, 1968. — 124 p. (in Russian).
N.T. Andrianov, V.L. Balkevich, A.V. Belyakov and
others. Chemical technology of ceramics: a textbook

for high schools. Edited by I.Ya. Guzman. M.: OO0
RIF Stroymaterialyi, 2011. 496 p. (in Russian).
Moskovskikh D.O., Lin Ya-Ch., Rogachev A.S.,
McGinn PJ., Mukasyan A.S., Spark plasma sintering of
SiC powders produced by different combustion synthesis
routes, J. Eur. Ceram. Soc, 35, 2015, p. 477-486.

E. Gevorkyan, O. Melnik, V. Chishkala. The obtaining
of high-density specimens and analysis of mechanical
strength characteristics of a composite based on
ZrO2-WC nanopowders. Nanoscale Research Letters
2014, 9:35.

V. Sirota, V. Ivanisenko, I. Pavlenko, E. Gevorkyan, V.
Chishkala, M. Kovaleva Synthesis and consolidation
of (Zr0,94Y0,06)01,88
International  41(2015)5263-5269. 8.
Ukraine, MPK (2012.01)B22F 3/00.
M.O. Azerenkov, E.S. Gevorkyan, S.V. Litovchenko,
V.O. Chishkala, L.A. Timofeeva, O.M. Melnik,
Yu.G. Gutsalenko; Applicant and patent holder E.S.
Gevorkyan / The device for hot pressing of powders by
direct transmission of electric current. Ne u 2012 03 031;
stat. 15.03.12; publ. 27.08.12, Bul. Nel6. (in Ukrainian)

nanopowders. Ceramics
Pat.72841

BicHuk XHY, cepis «®isukay, sun. 27, 2017



BicHuk XHY, cepisa «®isukay, sun. 27, 2017. c. 53-58

PACS: 73.63.-b, 73.21.La, 71.38.-k.
UDC: 538.9

Effects of the Franck-Condon blockade in tunneling
of spin-polarized electrons in a molecular transistor
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We consider a molecular transistor, where the molecule is placed between two fully oppositely spin-polarized electrodes in an
external magnetic field. We take into account quantum oscillations of the molecule centrum of mass along the axis, connecting two
electrodes. The electric current and conductance are calculated using the equations of motion method and the perturbation theory over
the energy level broadening (weak tunneling limit). The Franck-Condon blockade of the current emerges for a strong electron-vibron
interaction. However, in our model for the certain values of an external magnetic field, the low-temperature current in the Franck-
Condon blockade regime increases. The matter is that the electron energy level in the dot come into voltage transparency “window”
depending on the field value. The temperature dependencies of the resonance conductance peaks are also obtained. They show an
anomalous (non-monotonic) behavior at intermediate temperatures for a wide range of external magnetic fields in the case of strong
electron-vibron coupling. The anomaly occurs due to the interplay of the values of external magnetic field and temperature.

Keywords: single-clectron tunneling; molecular transistor; Franck-Condon blockade; spin filters.

Po3rsiHy TO MONEKYIISIpHUI TPAH3HCTOP, IE MOJISKYJIa MOMIIIIeHa MK IBOMa ITOBHICTIO MOJIIPU30BAHUMHU 3a CITIHOM €JIEKTPO/IaMH,
y 30BHIIIHBOMY MarHiTHOMY I0Ji. BpaxoByrOThCSI KBAHTOBI OCIMJISIIIIT IIEHTPa Mac MOJCKY/IHM B3JOBXK BICi, 110 3 €THYE CICKTPOIH.
EnexTpuuHuii cTpyM Ta KOHJAKTaHC PO3Pax0BaHi 3 BUKOPHCTAHHIM METO/LY PiBHSIHB PyXy Ta Teopii 30ypeHb 3a IMPUHOIO PiBHS eHeprii
(cnabxe TynemoBanHs). [Ipu cunbHil €e1eKTPOH-BIOpOHHIN B3aemoxil BuHukae Opank-KonnoniBebka 6nokana ctpymy. OjHaK, B HaIiii
MOJIETTi P EBHUX 3HAYCHHAX MArHITHOTO 1oJisi cTpyM B peskumi @pank-KonnoniBebkoi Onokanu 36iibiyerses. [Ipudnta 1nsoro B
TOMY, 1110 €IIEKTPOHHUII piBEHb Ha MOJIEKYJIi ITOTparIsie A0 “BiKHA” MPO30POCTI 32 HAIIPYTOIO 3aJI€XKHO BiJl BEIMYNHH 30BHIIIHBOTO MOJISL.
Takox oTpHMaHi TeMIEpaTypHi 3aJIe)KHOCTI PE30HAHCHUX ITIKiB KOHAAKTaHCY. BOHM MaloTh aHOMajbHY (HEMOHOTOHHY) TOBEIiHKY
MpH MIPOMDKHHUX TEMIEpaTypax y MIMPOKOMY Aiana30Hi 30BHIMIHIX MAarHiTHHX IIOJIiB MPU CHJIBHINM €JIeKTPOH-BIOPOHHIHM B3aeMoii.
AHOMaJis BUHUKA€E Yepe3 HaKJIaAaHHs e()eKTiB BIUIMBY 30BHIIIHFOIO MAarHITHOTO MOJIS Ta TEMIIEPATypH.

Ki1ro4oBi ci10Ba: 0THOCIEKTPOHHE TYHETIOBAHHS; MOJICKYIISIpHUE Tpan3ucTop; Ppank-KoHnoHIBChKa O10Kaa; CIHOBI QLIBTPH.

PaccMOTpEeH MOJICKYJSPHBIH TPaH3UCTOP, II¢ MOJEKYJa MOMEILICHa MEXIY JBYyMs MOJHOCTBIO MOJISPH30BAHHBIMU 10 CIIUHY
9JIEKTPOIAMH, BO BHELITHEM MarHUTHOM I10J1€. Y YUTHIBAIOTCS KBAHTOBBIE OCIIMILISIINK IEHTPA MACC MOJICKYJIBI BIIOJIb OCH, COSIHHSIOIIEeH
AMEKTPOBL. DIEKTPUISCKUN TOK M KOHIAKTAHC PACCUUTAHEI C MCIOIF30BAaHUEM METO/Ia YPaBHEHHUI ABIKCHUS M TEOPHU BO3MYIIICHUIT
T10 YIIMPEHUIO YPOBHS dHepruu (ciaaboe TyHHenupoBanue). [Ipy cuiibHOM 2JIeKTPOH-BHOPOHHOM B3aUMOJICHCTBIH BO3HHKaeT DpaHk-
Konnonosckast Grmokazma Toka. OfHaKo, B Hamleld MOJENHN IPH ONPEIETeHHBIX BeIMYMHAX MarHUTHOTO IOJS TOK B peknMe DpaHk-
Konnonosckoii 6:1oxazp! yBenmauBaercst. [IppauHa 3TOro B TOM, YTO 2JIEKTPOHHBINH yPOBEHB YJHEPTUH HA MOJICKYJIE ITOIaJaeT B «OKHOY»
IIPO3PAYHOCTH 10 HANPSDKEHHIO B 3aBHCHMOCTH OT BEJIMYHMHBI NOJIs. Taroke IOIydeHbl TEMIIepaTypHbIC 3aBUCUMOCTH PE30HAHCHBIX
ITUKOB KoHJakTanca. OHM HIMEIOT aHOMaJIbHOE (HEMOHOTOHHOE) TTOBE/ICHHE TP MTPOMEKYTOUHBIX TeMIIepaTypax B IIMPOKOM JIHaIia30He
BHEILIHUX MarHUTHBIX MOJICH ITPU CHIIBHOM 2JIEKTPOH-BHOPOHHOM B3aUMOACHCTBIN. AHOMAINS BOZHUKAET U3-32 HAJIOKEHUsI 9P PEKTOB
BJIMSTHUS BEJIMYUH BHEIIHETO MAarHUTHOTO MOJIST M TEMITEPaTy L.

KiroueBble cj10Ba: OIHOICKTPOHHOE TYHHEIMPOBAHHUE; MOJCKYIApHbIA Tpansuctop; Ppank-KonmnoHoBckas Onokana;
CIHMHOBBIE (QUIIBTPBI.

Introduction there are the effects based on the vibron-assisted tunneling

The branch of mesoscopic physics covering the single [4, 5]. The transport properties of tunnel devices change
molecular transistors is a rapidly developing one. The when the electronic states on the electrodes couple to the
experimental realization of these challenging devices has low-energy vibrational states of the molecule. It is well
become feasible since the 2000th [1-3]. Among the novel known [6] that the current through a molecular transistor

phenomena, predicted to be observed in these systems, is a step-like function of the bias voltage with the so-

© Shkop A.D., Bahrova O.M., 2017
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called Franck-Condon steps. Each step appears when a
new inelastic vibron channel opens due to the extension of
an energy “window”. For large electron-vibron coupling
constants A = 2 the tunnel current is strongly suppressed.
A strong suppression of the current at low bias voltages in
molecular transistors is called the Franck-Condon blockade
[6] or the “polaronic” blockade.

The vibrational subsystem strongly influences on the
resonance conductance and temperature dependence of the
conductance peaks. The electron-vibron interaction leads
to a rapid decay of the conductance at low temperatures due
to the Franck-Condon narrowing of the tunnel broadening
of the resonant energy level.

A model of the single-molecular transistor is taken to
be used in spintronics. We place the vibrating quantum dot
(QD) with a single electronic energy level between two fully
spin-polarized electrodes (Fig.1). The magnetization vectors
of the electrodes are antiparallel. An external magnetic field
perpendicular to the plane of magnetization is applied. For
this configuration of the magnetization of the electrodes,
the electric current is blocked (“spin blockade” [7]). The
external magnetic field induces the spin-flips in QD and
lifts the “spin-blockade”. The model was suggested in [7]
to study the shuttling of the spin-polarized electrons. In
[8], the theory of magnetic shuttle was developed by using
the same model we use. The influence of a partial spin
polarization of the electrodes on the mechanical instability
in molecular transistors was studied in [9], [10].

u=0

Fig. 1. Model. The vibrating quantum dot containing a
single electronic energy level is placed between two fully
spin-polarized electrodes (index L=T,R=l) with the
chemical potentials 1 , = & £ €V /2. The magnetizations
of the electrodes are antiparallel (arrows). The direction
of the external magnetic field is perpendicular to the
direction of spin polarization of the electrodes. Graphic
interpretation of levels arrangement is given. The level
in the quantum dot is shifted due to the electron-vibron
interaction. The Zeeman splitting produces the levels
&, =& TQugH /2.

The goal of the present paper is to study polaronic
effects in the tunneling of the spin-polarized electrons
through a vibrating quantum dot in an external magnetic
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field. The average current is calculated using the equations
of motion method and the perturbation theory over the
level width I". The obtained current-voltage characteristics
(Fig. 2(a,b)) and temperature dependences of the resonant
conductance peaks (Fig. 3(a,b)) illustrate a specific feature
of this device to increase the current even for a strong
electron-vibron coupling. Furthermore, the temperature
dependences of the resonant conductance peaks show
an anomalous behavior at intermediate temperatures
depending on an external magnetic field.

The Hamiltonian and the equations of motion
The Hamiltonian of a vibrating quantum dot between
massive electrodes in an external magnetic field consists of
several parts
H,=H, +H,+H,,+H, +H, +H,. (1)
The Hamiltonian of electrons in two fully spin-
polarized electrodes (o = L,R =T, ) reads
q +
H, = zgkaakaaka (2)
ko
Here &, is the electron energy, &, () is
the creation (annihilation) operator for an electron with

momentum K and spin projection & =T, d . The single-
level vibrating quantum dot is described by the term

Ho = I:Id + I:Ib 3)

where
Hy =D &0:¢, 4)
H, =hob'b (5)

Here C*(C) and b* (D) is the creation (annihilation)
fermionic and bosonic operators respectively, @ is the
frequency of vibrations. Furthermore, the electron-vibron
interaction term

1 + +
Hiw = zgint (b" +b)c,c, (6)
o
describes the electrical coupling of electron in the dot to
the vibrational mode via the displacement operator and the
operator of particles number on the dot. Here &, is the
electron-vibron interaction energy. The term

q H + +
H,, =—g/'l2B (cic, +cc,) %

is the Hamiltonian of the electrons in an external magnetic

field, where 4 is the Bohr magneton, g is the gyromagnetic
ratio. The Coulomb interaction term reads

A

_ + +
H, =Uclc,cc,, (®)

where U is the Coulomb repulsion energy.

BicHuk XHY, cepis «®isukay, sun. 27, 2017



A.D. Shkop, O.M. Bahrova

The tunneling Hamiltonian describes the electron
tunneling between the electrodes and a quantum dot

ko~ o

H =Yt a; c, +h.c. ©)
ko

Here C)(C_) is the creation (annihilation) operator
for an electron in the dot with spin projection o, {_ is
the tunneling amplitude, which in general case depends
on the displacement of the molecule. In what follows, we
will assume the tunneling amplitudes to be coordinate-
independent. This assumption is verified for the case of
strong electron-vibron coupling (see, e.g., [11]).

Hamiltonian (1) is diagonalized in two steps.
Rotation at the angle @ =7 /4 leads to the elimination
of the term which is non-diagonal on spin projection. New
variables are the linear combinations of the dot operators
d,=(c+jc)/V2, (5=1,2;j,=—141). The
transformation provides the Zeeman splitting of the level
in the dot.

Next we apply an unitary transformation with the

operator V= exp(i Z AN,P)  where p=i(b" —b)/ V2

s=1,2
and N,=d/d, (the so-called Lang-Firsov or “small
polaron”  transformation [12]). The dimensionless

parameter A = —\/Ee‘im /h@ characterizes the strength
of the electron-vibron coupling. This results in the
“polaronic” shift of the electron energy in the dot, which

2 .
becomes &; =&, —Ah@, in the replacement of the

tunneling amplitude by tgs( p)= tasefmp, where T is
the matrix elements of the matrix

~ 1 +1 +1
T==t
2 -1 +1

and in the shift of electron-clectron correlation energy
U =U—-A%i®w. In what follows we assume that U
is small and neglect the effects of electron-electron
correlations.

The transformed Hamiltonian reads

(10)

H=H +H,+H,+H/, (1)

where
Hi=> (e, — 2 i, 0ugH)Ad, | (12
I:It’ - Ztose‘i”’akt,d5 +hec. (13)

kos
In order to calculate the current through the system,

we find the time dependences of the fermionic and bosonic
operators using Heisenberg approach. In a wide-band
approximation the time dependences of fermionic operators
become the functions of the partial energy level widths
[ =2nv(g )t . For a weak tunneling, we assume
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I'_, to be the smallest energy parameters of the problem,
which, however, cannot be neglected for the equations of
motion for fermionic operators. On the other hand, in the
perturbation approach with respect to I'_, the equation
for bosonic operator is reduced to a harmonic oscillator
equation.

We consider a case of the symmetric tunnel junction
(I'L =T'; =1"), thus the set of bound equations of motion
for fermionic operators on the dot is readily decomposed to
two independent differential equations.

The average electric current and the conductance
The operator of the electric current in the o(L,R)
-electrode reads

>
(oR
=

(14

where N = Zakt,aka are the particle number operators.
k

Then the average current can be expressed as

2e ;
|, = —?Ztas Im<Zaka(t)ds p(t)> 15)
s k b

where the average is taken with respect to the full
Hamiltonian. In perturbation theory, the average can be
factorized into the product of two averages, each depending
only on one type of quasiparticles — fermions or bosons. The
averages then can be taken with the unperturbed fermionic
Hamiltonian and unperturbed bosonic Hamiltonian,
respectively. Following the calculation procedure of [13],
we find that the steady state current can be written as a sum

of partial currents over “vibron channels”

=1, Zw: A(@) " {f(s) - Tale))} 16)

n=-o0 s=1,2

Here & = &, —Nha+ jSH~ ,H= gugH /2, and

.
T AR (T 2) a
is the maximal (saturation) current, fJ (¢)=

=(exp[(e—4,)/kgT]+1)"" are the Fermi-Dirac
distribution functions. The spectral weights A1 (w) are

ho

__-2%(l+2ng) 2kgT
A(w)y=e""""1 (z2)e 7 .

(18)

where |.(Z) denote the modified Bessel functions,

2=222n(1+ny)  n, = (exp[he/ K T]=1)" is

the Bose-Einstein distribution function.
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Fig.2. Current-voltage characteristics of the molecular
transistor with spin-polarized electrodes in an external
magnetic field. 2(a): Current-voltage characteristics for
the fixed coupling constant 4 =3 and different values
of an external magnetic field: H/aw =0.1(curve 1), 1
(curve 2), 3 (curve 3), 7 (curve 4). The inset shows
the same dependences in the range of low biases.
2(b): Current-voltage characteristics for a fixed
value of the external field H/hw=2 for different
electron-vibron coupling constants: A =0 (dashed
line), A =2 (dash-dotted line), A =3 (solid line).
I'/ho=0.001, k,T /hw=0.01 for all calculations. We
set 4, ho=¢¢ and ¢,(V,)—¢. =0, where V, is the gate
voltage, thus =0 coincides with &,.
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Fig.3. Anomalies in temperature dependence of the
conductance resonance peaks. 3(a): The temperature
dependence G(K,T /7iw) in units G, = (KT / hw)G,, (T)
at a fixed value of the external magnetic field
H/hw=1 for different coupling constants: A =1
(dashed line), A =2 (dash-dotted line), A =3 (solid
line). TI'/Aw=0.001. Nonzero coupling causes an
anomalous behavior at intermediate temperatures. 3(b):
The dependence of (G,,..—G,,.,)/(G;T/hw) from
gugH /1o for A =3, which describes the presence of the
anomaly in a wide range of fields and its non-monotonic
behavior when the field increases. We set 4, =& and
&(Vy)—ée - 2Vho=0, where V, is the gate voltage.
Thus =0 coincides with &, — A*Ae for each curve.
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Differential conductance in the linear response regime

is defined as G = d% . From Eq. (16), one readily
0

gets Vo
6=G,MY A@)Y cosh?| 2|09
n=-w s=1,2 2kBT
with
et T ~
G. = — ¥(H 20
a (M) oh kT x(H) (20)

where x(H)=H?/(H?>+(I'/2)*) . Notice that the

current and the conductance equal zero at H=0 , showing
the “spin blockade” phenomenon in our system.

The obtained current-voltage characteristics are
plotted in Fig. 2(a,b), where the expected appearance
of the Franck-Condon steps of the current due to non-
zero electron-vibron coupling is observed. The current-
voltage characteristics for different values of an external
magnetic field and for fixed coupling constant A =3 at
low temperatures are shown in Fig. 2(a). The behavior of
the curves strongly depends on the value of an external
magnetic field because it controls the appearance of
quantum dot energy level in the bias voltage “window”,
[er +eV /2, ec —eV /2]. The fermionic level
£,(Vy) = &¢ in the dot is shifted on A, = -2’ due to
electron-vibron coupling and does not fall into transparency
“window” at low biases 8V < 24°fiw . By changing the
external magnetic field one can move the upper Zeeman
splitlevel (g, = —A*hew+ H ) to this window and therefore
strongly enhance the current at finite temperatures. Notice
that the Franck-Condon blockade of the current (current
is proportional to e ) at low temperatures KgT << 7@
and low biases (€V << i@ ) formally originates from
the summation in Egs. (16), (18) over non-positive N
(N =0,-1,...). By adjusting H , one can move dot level
to the transparency “window” and therefore increase the
current. Thus the current can be controlled in the same
way as it could be controlled by using the gate electrode.
However, the Franck-Condon blockade cannot be lifted by
the external magnetic field as the current is still suppressed
comparing to the low-bias current in the absence of
electron-vibron interaction.

Fig. 2(b) shows | =V characteristics at a fixed field

H =hw for different coupling constants A . The curves
illustrate that the device supports the low bias current,
while the Zeeman splitting of levels blocks it in the absence
of electron-vibron interaction when €V < H . Moreover,
the current increases for an appropriate field values H ,
when the electron-vibron coupling constant A increases.
Usually, for large coupling constants A, the current is
suppressed in SMT when the magnetic field is not applied.
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Now we passto the study of the temperature dependence
of the resonance peak of differential conductance at
V =0.Thecurves G(k; T /i) are shown in Fig.3 (a)
for a different coupling constant A at the fixed field value
H =hw. The asymptotic expressions for low- and high-
temperature conductance read

- I <<k,T << ho,

~ Aho
2kT

Atthelow temperatures, Kz T << /i@, the conductance
is suppressed due to the strong electron-vibron coupling. At
the high temperatures, K;T >> A, polaronic effects
vanish, and the conductance has the same behavior as that
for a quantum dot (in the first term of the relation obtained
in this limit), because all inelastic channels are open and
the Franck-Condon blockade is lifted. At intermediate
temperatures, KT 2 7/@, for strong electron-vibron
interaction the dependences are highly non-monotonic due
to the interplay between the temperature and external field
effects. An anomalous behavior is observed for the curves
at different values of the field.

In order to qualitatively describe this anomaly, we

G _

G, |1 ey

, kT >> 2ho.

introduce the local maximum Gl'max and minimum Gl'min
of the conductance in this temperature range (see Fig.3(a)).
The value G, . —G
the external magnetic field H , as shown in Fig.3 (b) for
A =3. For large values of the external magnetic field
H >> 2%hw, the difference G, . —G
zero, and the anomaly vanishes.

i1s a non-monotonic function of

l.max l.min

tends to

l.max l.min

Conclusions

The current in the single molecule transistor with
fully oppositely spin-polarized electrodes in an external
magnetic field is evaluated. The limit of weak tunnel
coupling I' / K;T << is considered. The current-voltage
characteristics demonstrate the Franck-Condon blockade
for strong electron-vibron coupling and show the standard
Franck-Condon steps. We show that in this model the
external magnetic field allows to control and increase low-
temperature current. It is also shown that the electron-vibron
strongly affects the transport properties of the system. The
current rises (in comparison with the current through a non-
movable quantum dot) at the voltages eV < H regardless
of the Zeeman splitting of energy level due to the vibron-
assisted tunneling. In addition, the low-bias current may
increase at the certain conditions, when the electron-vibron
interaction increases.

The dependence of the resonance conductance peaks on
the temperature is highly non-monotonic. This anomalous
dependence takes place at intermediate temperatures
kBT Z hCO, where there is a transition from the regime
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of the Franck-Condon blockade at low-temperatures to the
regime of 1/T -decay at high temperatures. In this region
difference between the local maximum and local minimum
of the conductance depends on the magnetic field in a non-
monotonic way. The obtained dependences can be used to
control the current and conductance in the magnetically
operated molecular transistors.
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The influence of hydrostatic pressure (P = 0, 4.8 kbar) on the electron conduction characteristics and structural relaxation of the

HoBa,Cu,0

3778

single-crystal with a reduced oxygen content (6~0.35) is investigated. The formation of two superconducting phases

with TC and T , is associated with the redistribution of labile oxygen in the volume of the sample under pressure by the mechanism of a
diffuse coalescence of vacancies. Temperature dependences of the resistance in the T -300K range are analyzed by the Bloch-Gruneisen
model, while T (T > T) interval is analyzed by the Aslamazov-Larkin 3D model for the fluctuation conductivity.

Keywords: single-crystal HTSS; structural relaxation; diffuse coalescence; vacancies; oxygen clusters; single-file diffusion;

fluctuation conductivity.

JocmimkeHo BIuMB TigpoctatnyHoro THCKy (P = 0, 4,8 xbap) Ha XapaKTEepUCTUKH €IEKTPOHHOI MPOBITHOCTI Ta CTPYKTYPHY

penaxcarito Morokpucranis HoBa,Cu,O, ;

5 3 HECcTauero KucHio (6=0,

35). ®opmysanHs 1Box HaanpoBinaux $pas 3T i T, mossasyeThes

3 TIEPEPO3MOAINIOM JTa0ITBHOTO KHCHIO y o0'eMi 3pa3ka MiJ THUCKOM MUISXOM MEXaHi3My Iu]y3iiiHOI KoalleCIeHIil BakaHCIiil.
TemneparypHi 3anexHocTi onopy B mianasoni T -300K awmanizyrotbes 3a mogemmo broxa-I'pronaiisena, a B inTepsani moomsy T,
(T > Tc) - 3a mopmemmro AcnamasoBa-JlapkiHa ist QIIyKTyariitHOT MpOBiIHOCTI.

Kurouosi cioBa: moHokpuctann BTHIL, crpykTypHa penaxcauis; Judy3Ha KoaleCLEHIIs; BaKaHCIl; KUCHEBI KIacTepH;

OHOKaHaJbHA HUQY3is; IyKTyaliiHa MPOBIAHICTb.

HccnenoBano BiamMsHHUE THApocTaTHueckoro napienus (P =
U CTPYKTYpHYIO penakcanuio MoHokpucrawios HoBa,Cu,O,

0, 4,8 x0ap) Ha XapaKTEPUCTHKH DIICKTPOHHOU MPOBOIUMOCTH
¢ HemocratkoM kuciopoma (6~0,35). dopmupoBaHHE IBYX

ceepxmpososmux pas ¢ T u T, cBa3biBaeTCs ¢ nepepacrpeeNieHHeM JIa0MIBHOTO KUCIOpoaa B 00bemMe 00pasna Mojl IaBJIeHHEM
MyTeM MeXaHu3Ma NU(QQY3HMOHHON KOANECIECHIMN BakaHCUi. TeMIiepaTypHbIe 3aBUCHMOCTH CONPOTUBIIEHHs B nuanasone T -300 K
aHANM3UPYIOTCS COmIacHo mozienu broxa-I'pronaiizena, a B uatepsane Bomsu T (T > T)) — cormacno mogemu Acnamasosa-Jlapkuna

JUIst QITyKTYallMOHHON ITPOBOJMMOCTH.

KunroueBsie cioBa: moHokpuctamisl BTCIT; cTpykrypras penaxcanus; 1uddy3noHHas KOalTeCeHINs; BAKAHCUH; KHCIIOPOIHBIC
KJIaCTephI; OfHOKaHANbHAs U y3ust; (QIyKTyalioHHast TIPOBOANMOCTE.

Introduction
An important feature of the high-temperature
superconducting system (HTSS) compounds in the 1-2-3
ReBa,Cu,0

the possibility of realization of a non-equilibrium state at a

.5 System (Re =Y, Ho or other rare-earth ion) is
certain degree of oxygen deficit [1-3], which can be induced
by external factors of high temperature [4] or pressure [2,5].
This state is accompanied by the redistribution of labile
oxygen and structural relaxation, which has a significant
effect on the electron conduction parameters of the system
[1-5]. An important role is devoted to the replacement of
yttrium by its isoelectronic rare-earth analogs. A yttrium

© Savich S.V., Boyko Yu.l.,
Gralewski, 2017
https://doi.org/10.26565/2222-5617-2017-2-11

replacement by holmium, which has a sufficiently large
(more than 10 u,) magnetic moment [6], ensures the
paramagnetism of the compound in the normal state.
Nevertheless, Y replacement with paramagnetic ions Re =
Ho, Dy, do not change significantly the superconducting
properties of the optimally oxygen-doped ReBa,Cu,O,;
compounds for 6 < 0.1 [6]. Apparently, remote localization
of such ions from the superconducting planes prevents the
formation of long-range magnetic order. At the same time,
rare earth ion can serve as an indicator which is sensitive
to the local symmetry of its environment and distribution
of the charge density in samples of the high-temperature
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superconducting system 1-2-3 (non-stoichiometric in
oxygen composition), since their change affects the crystal
field, which forms an electronic structure of the ion [7].

An outstanding feature of samples with oxygen
deficiency 6>0.3 is the broadening of their resistive
transitions to the superconducting state under pressure
[2, 8, 9]. The reason of this behavior is not completely
defined. It should be also noted, that many aspects of
relaxation processes in the 1-2-3 system under high-
pressure conditions (e.g. charge transfer and the nature of
the redistribution of the vacancy subsystem [10]) remain
unclear. Obviously, a decent fact is that an essential part of
the experimental material was obtained from ceramic and
polycrystalline samples with a high level of intergranular
connections [8, 9]. The presence of twinning boundaries
in single-crystal samples is an additional complication [11-
13], which is associated with experimental difficulties of
determining the contribution of these defects [14].

The effect of pressure changes in the 0-5 kbar interval
on the resistivity in the ab-plane of the HoBa,Cu,O,
single-crystal was investigated [15], where Bloch-
Gruneisen formula acts as an approximated function
to the temperature dependence of the resistance in the
normal state [16]. We have also investigated the effect of
hydrostatic pressure up to 5 kbar on the electron conduction
characteristics and structural relaxation in the ab-plane
of single-crystal HoBa,Cu,O,, samples with a reduced
oxygen content, when the transport flows are parallel to the
twin boundaries (TB) and the influence of twins on carrier
scattering processes is minimized [12]. In contrast to [15],
we described the temperature dependence of the resistance
in the entire interval of 7'-300 K, using the Bloch-Gruneisen
formula for the normal state [16] and Aslamazov-Larkin
3D model for the fluctuation area [17-20].

The object and procedure of the experiment

HoBa,Cu,O, , single-crystal was grown in a gold
crucible by the standard solution-melt technology for
yttrium  single-crystals [21], with the replacement of
yttrium compounds in the initial mixture with similar ones
containing the content of holmium. For conducting resistive
measurements, a single-crystal measuring 1.7x1.2x0.2 mm
was chosen (the smallest dimension corresponded to the
direction along the ¢ axis). To reduce the oxygen content,
the sample was annealed for three days in a stream of
oxygen at a temperature of 600 K. The temperature Tc
for samples with oxygen deficiency decreased to a value
of = 63 K. According to the published data, this transition
temperature corresponds to the parameter 6~0.35 [6]

The electrical contacts were made of silver conductors,
which were connected to the crystals using a silver paste.
The electrical resistance in the ab-plane was measured at a
constant current of up to 10 mA with two opposite directions
of current in a standard four-contact technique. Hydrostatic

60

pressure was created in an autonomous chamber of the
piston-cylinder type [22]. The pressure was measured with
a manganin manometer, the temperature with a copper-
constantan thermocouple mounted in the outer surface
of the chamber at the sample position. To determine the
degree of influence of structural relaxation, measurements
were made after several days after application of pressure,
as the relaxation processes were completed.

The temperature dependences of R(7) were first
measured during heating of the multiplier at atmospheric
pressure. The pressure was then gradually increased at room
temperature. Having reached the desired value of pressure,
the multiplier was cooled to a temperature 7 < 7 and after
that R(7) measurements were made. After measurement
at the maximum pressure, it was reduced to atmospheric
pressure and the R(7) dependences were again measured.

In addition to the R(7) dependence, isothermal
measurements of the change in the electrical resistance R
at a temperature of 300 K as a function of time t under the
action of a pressure of 4.8 kbar were carried out, and also
after its removal. In this experiment the time of maximum
exposure reached ~120 hours.

Results and discussion
Effect of pressure on the temperature dependence
of the resistance of samples and their phase composition.
In Fig. 1 shows the temperature dependences of the
electrical resistance in the basal ab-plane parallel to the
TB, p,,(T), measured during the application-removal of

T —

150 200 250

T, K

300

Fig.1. The temperature dependences of the electrical
resistivity in the ab plane are parallel to the TB for
HoBa,Cu,0, ; single-crystals. Curve 1 - initial state
(P = 0); 2 - after application of pressure P = 4.8 kbar;
3 - after holding at P = 4.8 kbar for a week; 4 - after
depressurization (P = 0); 5 - after exposure at P = 0 for
three days. On the inset is the derivative, dp/dT, for curve
No. 5 (for the remaining curves, the derivatives look
similar). The points are the experiment, the lines are the
approximations according to expressions (5) — (7).
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high hydrostatic pressure. The application of pressure leads
to a general decrease in the electrical resistivity, probably
as a result of an increase in the density of matter and,
correspondingly, of the density of charge carriers (see, for
example, [23]). One can clearly see the "metal-like" nature
of the p (T) dependences. Curves 1 and 5 practically
coincide, which indicates an almost complete reversibility
of the charge transfer processes with changes in hydrostatic
pressure within the limits studied.

In the inset to Fig. 1 that the derivative, dp(7)/dT, as
a function of temperature, has two maxima in the 7-300K
interval the low-temperature one, due to the transition
of the sample to the superconducting state, and the high-
temperature charge carrier associated with scattering
features in the normal state (for the sample No. 5 T’ =
177 K).

Derivatives, dp/dT, in the region of the superconducting
transition are shown in Fig. 2(a).

It can be seen that the application of hydrostatic
pressure leads to the splitting of the low-temperature
SC-maximum dp/dT into two (curves 2-5), which means
the formation of at least two superconducting phases
in the sample [24-26]. The low-temperature SC phase
(forming an infinite cluster) is generated immediately
after application of the pressure and manifests itself as a
"shoulder" on the left slope of the maximum at about 65
K (curve 2). A low-temperature SC-maximum dp/dT is
formed only after holding under pressure for a week (curve
3). Return to zero pressure (curve 4) and holding at P =0
and room temperature for 3 days (curve 5) are insufficient
to completely restore the homogeneity of the sample - the
SC-maximum dp/dT remains split and its height is less than
in the initial state.

In Fig. 2b shows the changes in 7, during the
application of the pressure-relief for both phases. It is seen
that for both phases the application of pressure leads to an
increase in 7, (Fig. 2b) with a velocity d7/dP = 0.6 K / kbar
(state 1—2). This qualitatively agrees with the literature
data [8, 9, 24] obtained for samples of YBa,Cu,O, , with
a reduced oxygen content. The increase in T, as a result
of the increase in pressure is probably due to a change in
the lattice parameters, electron-phonon interaction, bonds
between layers, etc. — the so-called "true" pressure effect
[27].

In Fig. 2b it is also seen that holding at constant
pressures (4.8 kbar and 0, states 2—3 and 4—5) leads to
opposite changes in 7¢: for the high-temperature SC phase,
holding at P = 4.8 kbar causes an increase in 7, and holding
at P = 0 leads to a decrease in 7 ; for a low-temperature 7
phase, 7, decreases at P = 4.8 kbar and increases at P = 0.
These "relaxation" effects are apparently due to a change
in the number of holes under pressure, which in turn is
caused by the redistribution of labile oxygen [27, 28]. For
underdoped samples (as in our case), the increase in the
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Fig.2. The effect of pressure on the phase composition
of HoBa,Cu,O, ; single-crystals. (a) is the temperature
dependence of the derivatives dp/dT in the region of
the superconducting transition, (b) is the change in T
under pressure changes: O— is the high-temperature
superconducting phase; O — is the low-temperature SC
phase. The numbering of curves (a) and states (b) is the
same as in Fig. 1.
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oxygen content leads to an increase in 7, so it is natural
to assume that the low-temperature SC phase differs from
the high-temperature lower oxygen content, and holding
at constant pressures causes a redistribution of oxygen
between these phases. At 4.8 kbar, oxygen migrates
into a phase with a larger T, where oxygen is already
greater, that is, ascending diffusion takes place. At P =
0 oxygen migrates into a phase with a smaller T, that
is, the oxygen content in the sample is equalized due to
ordinary diffusion and, ultimately, one SC phase remains
in the sample. Thus, relaxation under pressure leads to the
formation of two SC phases in the sample as a result of
the ascending diffusion, and relaxation at zero pressure
leads to the disappearance of the phase separation and
to the preservation of one phase phase due to ordinary
diffusion. We note that the value of the "true" pressure
effect does not depend on whether the pressure increases
or decreases, and the magnitude of the "relaxation" effect
does not depend on the pressure at which relaxation
occurs (0 or 4.8 kbar). Therefore, the changes in T in the
investigated pressure interval are reversible.

Redistribution of oxygen ions in HoBa,Cu,O.
single-crystals (6 = 0.35) and intensification of this
process by external hydrostatic pressure. Letus consider
inmore detail the possible mechanism for the redistribution
of labile oxygen, the essence of which is that the pressure
intensifies the process of diffusion coalescence of
microscopic clusters of oxygen vacancies of different sizes
formed in the crystal under investigation in connection
with oxygen deficiency. As a result of coalescence, the
oxygen ions in the crystal are redistributed, which leads
to an increase in the number of ordered one-dimensional
clusters of oxygen ions (clusters) that are sufficiently
large in size. Since in our experiments we studied crystals
characterized by the value of the parameter 6~0.35 and
the transition temperature 7, = 63 K, in the structure of
the crystal under study, in connection with the deficit of
oxygen ions, there was a certain number of clusters not
completely completed to the optimum stoichiometric
composition. In fact, the crystal under investigation is a
thermodynamically nonequilibrium system, which in its
structure has defects in the form of microscopic clusters of
oxygen vacancies of various sizes. The behavior of such a
system on the way to the establishment of an equilibrium
state can be described within the framework of the theory
of diffusion coalescence of the separation of an extraneous
phase from a supersaturated solution [29]. In our case,
the extraneous phase is the emptiness associated with
the presence of clusters formed by oxygen vacancies. In
this case, a situation is observed that corresponds to the
final stage of the evolution of the two-phase system, when
the separation of the extraneous phase (accumulation of
vacancies) has already been formed and only the change
in their sizes occurs.
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According to [30], the diffuse flux of a substance in the
saturated phase (in our case, the flux of vacancies) per unit
cluster surface is described by the expression:

J, =-D, (dodr) _,=—(D/L) (C-C), (1
where D — is the vacancy diffusion coefficient,
L — is the effective size of the accumulation of vacancies: L
~ 3V /4n)"? = (3NQ / 47)"3, where V is the volume of the
cluster formed by N vacancies, £ is the volume per vacancy.

C — is the concentration of vacancies in the crystal,

C, — is the concentration of vacancies in the immediate
vicinity of the cluster,
r — is the coordinate.

The value of C, is determined by the well-known
formula: C, = C, (I + o/L), where C, is the equilibrium
concentration of vacancies, a = 2yQ / kT (y is the specific
surface energy, k, is the Boltzmann constant, and T is the
temperature). Taking into account the relation (1), and also
the fact that in our case "satiation" of vacancies in a crystal is
characterized by the parameter 6 = (C-C,) / C,, the reduced
concentration of vacancies, the change in cluster size with
time t can be described as follows:

dL/dt =—(D/L) (0 — /L), )
where D = D C, —is the diffusion coefficient of oxygen ions.

It follows from relation (2) that for each saturation
value of the crystal nonequilibrium (nonstoichiometric)
vacancies, that is, for each value of the parameter 0 > 0, there
are clusters of vacancies that are in an equilibrium state. For
them the following condition is satisfied: (dL / dt) = 0. These
vacancy clusters are characterized by some critical size L*:

L* = a/0. 3)

The existence of a critical size L* means that for L >
L*, in connection with the system's desire to establish an
equilibrium state, the accumulation of vacancies increases its
size, and when L < L* decreases it, that is, it dissolves. Note
that the "satiation" value, characterized by the parameter
x, and, respectively, the L* value vary with time and as we
approach the equilibrium, when 6 — 0, L* — oo. Thus, in
an equilibrium state, all the clusters of nonstoichiometric
vacancies in oxygen that are present in the crystal must
disappear in a diffuse way, combining with the largest
"accumulation of emptiness" - the surface of the crystal.

If a hydrostatic pressure P is applied to the crystal, then,
in connection with the decrease in the vacancy concentration
near the C, cluster, the "saturation" of the crystal with
vacancies decreases. Accordingly, the critical cluster size
L* increases. It is easy to show that there is a connection
between the critical cluster size in the absence of pressure
(L*) and its presence (L,*):
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L*=L*/(1-$,), 4
where f = L*/2y.

It follows that under the influence of pressure, the
accumulation of vacancies of "supercritical" size (L >
L,*) goes to the category of "subcritical" (L < L,*), that
is, dissolving. Thus, the pressure intensifies the process of
dissolution of clusters of vacancies in a crystal.

Now we take into account the fact that the flow of
vacancies in any direction causes the flow of oxygen ions in
the opposite direction: .J, = —J,. Consequently, the process of
coalescing of vacancy clusters (the process of their dissolution
to complete extinction) simultaneously means the coalescence
of oxygen clusters, that is, as the crystal approaches the
equilibrium state, oxygen clusters must increase in size
(grow). Thus, reaching the equilibrium stoichiometric state,
that is, having reached the value of the parameter J = 0, the
deficit of oxygen ions disappears and simultaneously all
the ordered chains of oxygen ions (clusters) become fully
equipped. Thus, in accordance with the above considerations,
external hydrostatic pressure contributes to the coalescence of
oxygen clusters and should, accordingly, intensify the process
of phase formation, which has a higher transition temperature
T. This is what we observed in our experiments (see Fig. 2b).

We note that in the process of establishing the equilibrium
state, the parameter x characterizing the degree of "saturation"
of the crystal with oxygen vacancies, as well as the average
clustersize L, depend not only on the temperature, but also
on the time ¢ = Ar'”, where 1 = («’°D"%); L = (Do) t"”
[29]. In addition, the diffusion of oxygen ions in the crystal
under study at various stages of the establishment of the
equilibrium state can be realized both by the conventional
classical mechanism and by the more accelerated mechanism
of single-file diffusion [31]. This circumstance complicates
the character of the kinetic dependences 6(1) and L, (1),
which ultimately determine the nature of the relaxation
curves p(t) (see Fig.3)

£ 7504 -0-0-0-0-0-0-0-0-0-0.0:0-0
o go® 2
qF
|
S 7001
o
gu
850{ O 1
“O~gg.
"0~0-0~0~0—00-g-0-0-0
0 20 40 60 80

t, hr

Fig. 3. Relaxation dependences of electrical resistance
p(t) at T= 300K, measured after application of pressure
4.8 kbar (1) and after its removal (2).
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Curve 1 of the present figure corresponds to the
dependence of R(?), measured after application of pressure
4.8 kbar, and curve 2 - after its removal. It is seen that the
establishment of the equilibrium value of the resistance
value R(t—x) after the pressure is released is almost
two times faster than under pressure conditions. This
experimental fact is also explained in the framework of
the proposed mechanism for the coalescence of oxygen
clusters. Indeed, under conditions of pressure, the process
of filling clusters with oxygen ions by the accelerated
mechanism of "single-file" diffusion is realized only at the
initial stage, and in the future this process and, accordingly,
the decrease in resistance are limited more slowly by the
mechanism of classical diffusion. After the removal of
the pressure, the process of intensive increase in the size
of the oxygen clusters ceases. In this case, the number
of incompletely completed clusters increases with time,
and accordingly the resistance R is relaxed. Under these
conditions, oxygen ions are displaced much less distances
and can be realized in the single-file diffusion regime until
the equilibrium value R(t—).

In conclusion, we present some quantitative estimates
confirming the effectiveness of the coalescence mechanism
(increase in dimensions) of the oxygen clusters in the
crystal under investigation, as well as the role of pressure
in this process.

According to formula (3), the value of the critical size
of the vacancy accumulation can be estimated using the
relation: L* = 2yQ / k,T6. Substituting in this relationship
the values of the constants y = 10" J/m’, Q = 3-107°n’, k,T
=~ 3-10'J (T = 300K), and also 6 = 0.4, we obtain: L* =
5-10°m. In addition, it follows from relation (4) that at a
pressure P* = 2y/L* the quantity L* becomes infinite,
that is, all the nonstoichiometric vacancies in the crystal
must be dissolved by a diffuse mechanism, turning into
oxygen clusters. Assuming Lp* =~ L* (the initial stage of
the coalescence process), and substituting this value in the
formula for P*, we have: P*~ 10° N/m’ ~ 1 kbar. This rough
estimate means that a pressure of several kbar can affect the
coalescence of oxygen clusters in the crystal under study. It
is this effect that we observed in our experiments.

Approximation of the temperature dependence of
the resistance in the range of 7-300 K. The temperature
dependence of the resistance of the metallic type is
described by the standard Bloch-Gruneisen formula, taking
into account scattering of charge carriers by phonons,
i.e. effects of electron-phonon interaction (EPI) [15], and
defects. In our case, one should also take into account the
appearance of a fluctuation conductivity near 7. For the
latter, the use of the Aslamazov-Larkin 3D model [17,20]
gives the smallest error. Therefore, the general expression
for the conductivity has the form:

0 = pnu’,;I + A (5)

O-AL
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Po+p
pmet(T): ( - ph)T ;
1+C, exp| -
orl 1)

TV xe" ©
P =C, (Ej '([ de
Aoy = ¢ (7

167, (0)\/260 sinh (28)
)

In (6), p, is the residual resistance; P is the resistance
due to scattering of electrons by phonons [15], in our case
n = 3, which corresponds to interband (s-d) scattering; 6
is the Debye temperature; the factor [/+Cexp(-T/T)]"’
describes the deviation of the dependence of p_ (T) on
the linear motion at high temperatures. In our case, there
is a deviation downward, that is, the tendency of the
dependence of p(7) to saturation. This factor is used to
describe the dependences of p(7) alloys of transition metals
at high temperatures and can be related, for example, to
the influence of one of the electronic bands whose bottom
energy is above the Fermi energy by the value of kT, [23,
32]. The saturation of the p(7) alloys is considered in more
detail in [27, 28, 32-34].

The expression for the fluctuation conductivity in the
plane of the layers (3) is chosen to limit the region of its
influence [35], & = In(T/T) is the reduced temperature, T
is the critical temperature in the mean-field approximation,
T>T, ¢ is the transverse length coherence, ¢, determines
the temperature range of superconducting fluctuations —
e,=In(T, /T), T,

; et
which there are no superconducting fluctuations.

is the characteristic temperature above

We note that, according to [20], the appearance of
fluctuation Cooper pairs above T causes a decrease in the
density of one-electron states at the Fermi level, that is,
leads to the appearance of a pseudogap at 7'~ T, . However,
it is difficult to take into account the corresponding change
in the normal resistance, since a much more singular
fluctuation conductivity acts in parallel, which determines
p(T) near T

By varying the parameters of expressions (5) - (7), it is
possible to minimize the average error of approximation to a
level close to the experimental error - ~ 0.5+0.9%. Thus, for
each experimental p(7) dependence, a set of approximation
parameters was obtained by (5). The solid lines in Fig. 1 are
carried out in accordance with (5) - (7). The optimal set of
approximation parameters is given in the table.

Note that the derivatives, dp/dT, calculated from
(5)-(7) adequately approximate the behavior of dp/dT,
calculated from the experimental data in the entire fitting
interval (see the inset in Fig. 1).

We also note that the formation of the second phase
does not in any way affect the approximation error. This
is possible if one phase shunts the other (R,>>R,) or if
the phases are practically indistinguishable from each other
(at least according to the temperature dependence of the
resistance).

The analysis of the changes in the obtained
approximation parameters as a function of pressure changes
allows one to estimate the effect of "true" and "relaxation”
pressure effects on the processes of charge transfer and
scattering of its carriers.

Effect of pressure on the parameters of the
temperature dependence of the resistance in the normal
state. In Fig. 4 shows the relative changes in the parameters
of approximation of the temperature dependence of the
normal resistance - formula (6) - with a change in pressure.

Table 1.
The parameters of approximation of the temperature dependence of the resistance in the interval 7-300 K according to (5)-(7).
3-P=4.8 kbar, 5 - P=0,
1-P=0 2-P=4. kbar o 4-P=0
t=7 days t=3 days
T,K 62.280 65.337 65.498 62.483 62.288
104
Po o 1.091 0.9245 0.8935 1.076 1.094
Ohm-cm
108,
€10 4.23 3.81 3.68 4.05 4.235
Ohm-cm
6, K 670 667.5 667 675 670
T,K 785 730 722 990 795
C, 1.9 1.97 1.965 3.8 2.0
£(0), A 5.5 4.4 4.1 3.8 4.5
AT, 5.2 0.3 1.2 5.0 45
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Fig. 4. Effect of pressure on the parameters of the
temperature dependence of the resistance in the normal
state. (a). - relative changes: the residual resistance p,, —
O and the interband (s-d) scattering parameter, C3 — O;
(b). - deviation of the dependence of p,_ (7) on linear
motion at high temperatures, C exp(~T/T) — o, (left
scale); relative changes: Debye temperatures 6 - A

(right scale).
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It is seen that the residual resistance, p, and the
parameter C, (Figure 4a) decrease with compression, and
the "true" pressure effect (sections 1-2 and 3-4) is much
larger than the "relaxation" (sections 2-3 and 4-5). It is also
seen that the values of these parameters at the pressure drop
return to their initial values after holding at P =0 — points 1
and 5 practically coincide. Thus, the parameters describing
the actual scattering of charge carriers by phonons and
defects vary with the pressure reversibly. Analogous to the
behavior of 7, (Fig. 2b), the magnitude of the "true" pressure
effect does not depend on whether the pressure increases
or decreases (sections 1-2 and 3-4), and the magnitude of
the "relaxation" effect does not depend on the pressure at
which there is a relaxation (0 or 4.8 kbar).

Since the factor /1+C exp(=T/T)] ", which describes
the tendency of the dependence of p(7) to saturation, has
several explanations - see, for example, [27, 28, 32-34], it
makes sense to consider its changes depending on changes
in pressure entirely, and not on individual parameters. This
dependence is shown in Fig. 4b (left scale). It can be seen
that, as in the previous cases, the value of the "true" effect
is much larger than the "relaxation" effect and does not
depend on whether the pressure increases or decreases and
the magnitude of the "relaxation" effect does not depend
on the pressure at which relaxation occurs (0 or 4.8 kbar).

For the Debye temperature 8, which characterizes the
phonon spectrum of the sample, the situation is somewhat
different - Fig. 4b (right scale). The magnitude of the "true"
effect with increasing pressure (section 1-2) is less than
with decreasing pressure (section 3-4). The magnitude of
the "relaxation" effect at 4.8 kbar (section 2-3) is very small,
but holding at 0 kbar (section 4-5) leads to a significant
decrease in 4 practically to the initial value.

Such a behavior of 6 under pressure changes may be
due to the fact that the time of pressure increase is much
longer than the pressure release time. With a relatively slow
increase in pressure, the structure improves (for example,
the concentration of vacancies decreases), and the pressure
drop leads to order disruption with the formation of excess
(nonequilibrium) defects, whose concentration at P = 0
relaxes to the initial equilibrium value [22].

Influence of pressure on parameters of fluctuation
conductivity. The magnitude of the transverse coherence
length, £ (0), is about 5A (see table), which corresponds
to the literature data (see, for example, [36]). The changes
in ¢ (0) and the temperature interval for the existence of
superconducting fluctuations, A7, et Ly Lo with the
pressure changes are shown in Fig.5

It can be seen that for all pressure changes, ¢ (0)
decreases (sections 1-2, 2-3 and 3-4), and only holding at
P =0 causes an increase in ¢ (0) (section 4-5), however
the time of such exposure - 3 days - was insufficient
for complete relaxation of ¢ (0) to the initial state - the
difference between the states 5 and 1 is about 20% (see
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Fig. 5. Effect of pressure on the parameters of fluctuation
conductivity. The transverse coherence length is ¢ (0)
— o (left scale); temperature range of existence of
superconducting fluctuations, ATﬂwf Tﬂwav —A (right
scale).

Table and Figure 5). It can be assumed that this behavior
of ¢ (0) is due to the fact that at all stages of the pressure
change the phase composition of the sample was not in
equilibrium. In particular, the exposure at P = 0 and room
temperature for 3 days is insufficient and to completely
restore the homogeneity of the sample (Fig. 2a, curve 5).
Thus, the characteristic times of the processes leading to
the formation of superconducting phases are much shorter
than the time of our experiment, which in turn is shorter
than the time for restoring the homogeneity of the sample.

As for the temperature interval for the existence of
superconducting fluctuations, in [35] this parameter was
introduced rather formally. Therefore, we note here only
the fact that for 4 T ﬁuc‘t=T ﬁm‘;TL "the true" effect is much
greater than the "relaxation" effect, that is, the times of
the processes causing the appearance of the pseudogap are
sufficiently small.

Conclusion

We have observed a significant change in the
character of the p(7) dependence and the appearance
of two SC phases with different values of 7 in samples
after 7 days under 4.8 kbar pressure. Moreover, the
difference is increasing with the holding time. This fact
is explained by the redistribution of the labile component
of the oxygen subsystem by the mechanism of ascending
diffusion. After the removal of pressure and relaxation,
the electron conduction characteristics of a single-crystal
tend to be restored due to the usual diffusion of oxygen
ions. Redistribution of labile oxygen can be described by
the mechanism of diffuse coalescence. A single-channel
diffusion regime appears at the initial stages of relaxation
and is followed by the classical diffusion mechanism.
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The temperature dependences of the resistance
over the entire 7-300 K interval and for all pressures are
satisfactorily described by the Bloch-Gruneisen formula in
the normal state, and by the Aslamazov-Larkin 3D model
for the fluctuation conductivity in 7 state:

0= pnze;[ + AUAL
Analysis of the dependences of the fitting parameters
and the residual resistance (i.e. parameters describing the
actual scattering of charge by phonons and defects) 7 on the
pressure and holding time indicates the reversibility of the
processes. The magnitude of the "true effect" is substantially
greater than the value of the "relaxation effect" and does
not depend on whether the pressure increases or decreases.
The magnitude of the "relaxation effect" does not depend
on the pressure at which relaxation occurs. Regarding the
temperature interval of super conductive fluctuations, the
"true effect" is much greater than the "relaxation”, i.e. the
duration processes causing the pseudogap is quite small.
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P.B. Bosk, I'.l. Pam6a

Xaprkiscokutl Hayionanenutl yHisepcumem imeni B.H. Kapasina
Vkpaina, 61022, m. Xapkis, ni. Ceé0600u, 4

Biographical data of the outstanding physicist 11’ya Mikhailovich Lifshits are given and his main scientific achievements in the
field of Theoretical physics are considered. Photography and documents illustrating the life of .M. Lifshits and his glorious scientific

path are presented. Many of them for the first time are published.

Keywords: fermiology; disordered systems; biopolymers; quantum crystals; condensed matter theory.

Hageneni Giorpadiuni naHi cTocOBHO BUIATHOTO ¢i3zuka akagaeMika Lt Muxaiinosuya Jlidmuis Ta po3rissHyTo HOro OCHOBHI
HayKOBI JIOCSTHEHHs y raiy3i Teopernynoi ¢isuku. [Ipencrasneni pororpadii Ta JOKYMEHTH, SIKi LTFOCTPYIOTh JKUTTS Ta CIaBETHUIM
HaykoBui nursix [.M. Jlidmuns. bararo 3 HuX myOiKyrOThCS BIIEpLIIE.

KurouoBi ciioBa: Gepmiornoris; HeBHOPsAKOBaHI cucTeMy; GionoiMepn; KBaHTOBI KPUCTAITH; TEOPisi KOHJCHCOBAHOTO CTaHY.

[MpuBenensl 6uorpaduuecKue AaHHbIe BhIIaromerocs Gusnka akagemuka Minbn Muxaitnosuya JIndiuma 1 pacCMOTPEHBI €r0
OCHOBHbIE HayYHBIE IOCTHXEHHs B 00nacTH TeopeTndeckoi Gpusnku. [Ipencrasnensl Gpororpaduut u TOKyMEHTbI, HILTIOCTPHPYOLINE
JKM3Hb U CIaBHBIA HayuHbIi myTh .M. JIn¢muna. MHOTHe U3 HUX MyOIHKYIOTCS BIEPBBIE.

KiroueBble cioBa: ¢epMHONIOrHs; HEyNOPsAAOYCHHBIE
KOHJICHCHPOBAHHOT'O COCTOSIHHUSI.
Y cydacHHMX yMOBaX HEOOXITHO HAIOJCTIUBO

MiAKpecIoBaTH  (yHAAMEHTAIbHY BaXKJIMBICTh OCBITH
i Haykd SK HEBiJI’€MHUX KOMITIOHEHTIB ICHYBaHHs
PO3BHHEHHX CIIIBHOT 1,  3BHYAMHO,
MiITPUMYBATH 1 PO3BUBATH BIiAMOBIAHI Tpamuiii. [mis
Muxaiinoua Jlipmumes (Puc. 1) BxXomuTe mo psmy
BCECBITHBO BIJOMUX MaTeMaTHKIB 1 (Di3WKiB, TIOB'I3aHUX 3
XapKiBCbKUM YHIBEPCUTETOM, SIKi CTBOPIOBAJIH 111 CIaBETHI
tpaguuii. Tomy HaMm — mnpeicraBHHKaM XapKiBCHKOTO
YHIBEPCUTETY — BUCOKMX TPJAWIIi OCBITH 1 HayKH He
[I03MYaTH 1 caMe Iie Ja€ HaM IPaBO I'OBOPUTHU IIPO HHX
TIPUBCEJTIOHO.

HaykoBi pesynsratn [.M. Jlipumms y 3Ha4HINA

JIIOJICBKHUX

© Boek PB., Paw6aT.l., 2017
https://doi.org/10.26565/2222-5617-2017-2-12

CUCTEMBI, 6I/IOHOHHMepr; KBaHTOBbIE KPHUCTAJJIBI; TEOPHUA
Mipi cpopMmyBamH  CydacHy TCOPETHYHY  (i3HKY
KOH/IGHCOBAHOTO cTaHy. Y Horo po0orax Bpaxae He
TIIBKM 1X MIMOMHA 1 3aBEPIICHICTb, aje TaKoX 1 CHEKTp
HalNpsIMKIB, 710 SIKUX 1[I pOOOTH BIJHOCSTHCS: B 3ajad
30HHOTO IIIABJICHHS Ta pPO3Maay NEPeCHYEHUX TBEPAMX
PO3UMHIB, IO HAMOJOBHHY (i3WKa, a HAIOIOBUHY
xiMiss ab0 HaBITh TeXHIKa, J0 (yHIAMCHTAIBHIX
IIMTaHb CY4YacHOI TeopeTHuHoi (isuxu. Momy Hamexars
pe3ynbTaTH, SIKi JSIIIM B OCHOBY psily HOBHX HalpsIMKiB
HayKH, pe3yJIbTaTH, SIKi SIBISIIOTCSI CYTTEBUM BHECKOM JI0
BXE ICHYIOUHMX HAMpPsMKIiB 1, HAPEITi, pe3yJIbTaTH, SKi 10
CYTi 3aBEepIIyIOTH KibKa o0macTeil Gpi3uku TBEpIOTO Tina.

BaxxnmmBo Big3HauWTH, MO BCE 1€, SK 1 paHimie, KUBE 1
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Puc. 1. ®oronoprpet I.M. Jlidmmrgs [1].

BHUKOPHUCTOBYeThCs. biorpadiuni nani nmpo [.M. Jlipmmrs
Ta OCHOBHI BIZIOMOCTI IIPO HOTO KUTTEBUH IUISAX, HAYKOBY
1 HAyKOBO-TIEIaTOT19HY IisUTbHICTE OImyOumikoBaHi B [ 1-4].

13 ciuna 2017 p. BunoBumioch 100 pokiB i3
nas  HapomkeHHs Jlipmmns Immi MuxaitnmoBudya —
BHUJATHOTO (hi3MKa-TeOpeTHukKa. 3 HOro imM’sM IOB’S3aHO
CTBOPEHHS JEKUTHKOX HOBHUX PO3IUTIB TEOPETHYHOI
¢i3ukn KOHIEHCOBaHOro craHy. Hacammepen, me €
Teopis HeBmopsAnkoBaHuX cucteM, ae .M. Jlipmums
Oy ii mepmmuMm  «OarbkoM-¢pyHmaropom». Came
BiH 3aIpONOHYBAaB OCHOBHI MOHATTS Ii€i Teopii Ta
chopmymtoBaB HU3KY 11 nOokux ineid. Lle € enexTponHa
Teopist MeTamiB B ii cydacHOoMy (OpMYIIIOBaHHI —
Tak 3BaHa «{epmionorisy. .M. Jlipmume po3pobus
MIPUPOHY MOBY, B TEpMiHAaX SIKOi €JICKTPOHHI BJIaCTUBOCTI
METalliB OMUCYIOTHCS HAWOIMBIN aJeKBATHUM IUISIXOM.
Bin € QyHnnatopoMm cTarucTHYHOI (I3UKK MOJIMEPIB
Ta OlomomimepiB. [nns MuxaiinoBuu Bmepmie moOaduB
y OlomoiiMepl MPHUHIIMIIOBO HOBUH (i3udyHHUI 00’ €KT.
VY pesynpraTi HapoOMBCS HOBHH PO3ALT TEOPETUYHOL
Gi3uKkd, 3HAYHA YaCTHHA METOJIB SIKOTO HAJICKHUTh
came [.M. Jlibmmumro. Hapemri, 11e Teopis KBaHTOBHX
KPHUCTAJIIB — HOBOTO CTaHy PEYOBUHH, OiJIsi BUTOKIB SKOT
crosiB came [.M. Jlipmunp.

Koxen 3 mux po3ainiB ¢i3uknm J0Ci € KOH4Ye
aKTyaJIbHUM, IPUBEPTA€ MOCTIIHY yBary JOCIiTHUKIB Ta

BicHuk XHY, cepia «®isukay, sun. 27, 2017

Bpaka€ HaC HOBHMH 1JICSIMH Ta PE3yJbTaTaMHU.
3anpomoHoBaHux .M. Jlipmmmnem
KOHLENIi He mnoTpeOyloTh JTEepaTypHUX MOCHIIAHb,
TOMY IO HOCATH Horo im’s: kBaHTyBaHHsA OHcarepa-
Jlibmus, dopmyna  Jligmmmsg-Kocesuua,  da3osi
nepexomn Jlipmuns 2.5 poxy, koanecuenuist Jlipmmurs-
Crnbo3oBa, xBoctu Jlipmuis rycTuHu CTaHiB, KBaHTOBI
kpuctanu Auapeesa-Jlidmurs.

Busnanns: [.M. Jlipmune Oys akagemikoM AkaneMii
Hayk Ykpainm, CPCP Ta mamionamsHOi Akamemii Hayx
CIIA, mnaypeatom MixkHapoanoi mnpemii CaiiMoHa,
mpemii AH CPCP imeni Mannensmrama, JleHiHCBKOT
npewmii, JlepxkaBuoi npemii VYkpainu (Puc. 2, a, 6, B).
Bin mparrioBaB KepiBHUKOM BiJIJTiJIiB TCOPETUIHOI (i3HUKN
VYkpaincpkoro Qizuko-TexHiuHoro iHctutyty (1941-
1969) Ta Imctutyry ¢ismunux mnpobmem AH CPCP
(1969-1982), 3aBinyBauem Kadenpu TeOPETUYHOI (i3UKH
XapxkiBcekoro yHiBepcuteTy (1944-1968).

st Muxaitnosuy Jlimmne nHaponusest y Xapkosi 13
ciuas 1917 p. (30 rpymast 1916 p. 3a crapum ctrmem) (Puc. 3).
Bin OyB Moomm cHHOM y postiHi, Opat €BreH MuxaiinoBuyu
OyB Ha J1Ba poku cTapumii. barsko Muxaiino Lmmig Jlidmmims
(1878-1934) (Puc. 4), Buxonenp 3 ayxe 0iHOI €BpeiichKol
poauHy,
(Himeuunna). Bin OyB Haropo/pKeHHiH 30JI0TOI0 MEAJLIIo
3a HAWKpaIly CTYICHTCHKY pOOOTy 1 y WMCIi HaHKparmimx
BUITyCKHHKIB-MEANKIB €Bpory OyB NPUIHATHI aHITIHCHKOIO

Bararo i3

oTpuMaB MeauyHy ocBity y leiimenms0epsi

KOponeBoro. /o MOMEHTY HapOMKCHHS MOJIOJIIOTO CHHA
BiH OyB BXKE€ BIIOMHM 1 YCITIIIHUM JIIKapeM 1 MaB CllaBy B
XapkoBi, sK Onmuckyunid miargoct. Maru .M. Jlidmmms —
bepra €B3oposHa (Maszenb) (1885 - 1976) (Puc. 5) Oyna i3
3abesmnedeHoi ciM' i3 [Tomorpka — ii 6aTbKo TOPTyBaB JIICOM.
J1is1 cBOrO Yacy BoHa Oyiia JIy»e OCBiYeHA JKiHKA — 3aKIHIMIIA
KypC IOpUANIHOTO (aKyIbTeTy XapKiBCHKOTO YHIBEPCUTETY.

Y keitai 1916 p. ML Jlipumne npumbas
JTBOMIOBEPXOBUI OYMHOK Ha BYJI. €mapxianpHii (Aprema),
18 (Puc. 6). 3apa3 Tam 3HaXOAUTHCS KOHCYJIBCTBO [lombii.
CiM's Memrkana y mpoMy OYIMHKY aX JO TOYaTKy BilfHM.
Came y 1ipomy Oynusky .M. Jliumie HapoauBes 1 MPOXKUB
1o camoi eBakyartii y 1941 p. [Ticns 3akiH9eHHS CeMUPITHOT
cepenupoi mkomu (1931 p.) Ta HBOPIYHOTO HABYAHHS
Ha poOdaky, y 1933 p. LM. Jlipmumps cTaB CTyACHTOM
(hizuko-MexaHiqHOTO (haKynbTeTy XapKiBChKOIO MEXaHiKo-
MamrHOOyiBHOTO iHCTHTYTY (PHc. 7.), BinkpuToro y Tomy
kK 1930 p., mo 1 YkpaiHcbkuil (i3UKO-TEXHIYHUN IHCTUTYT
(YOTI). ®akymereT OyB TicHO mmoB's3annii 3 YOTI.

VY 1935 pori napajienbHO 3 HABUAHHSIM Y MEXaHIKO-

MamuHOOy#iBHOMY  iHCcTHTYTI .M. Jlihmmmoe OyB
EKCTEPHOM  MaTeMaTH4YHOTo  BiAJUIeHHS  Qi3mary
XapkiBcekoro yHiBepcuteTy (Puc. 8).

[IporsiroMm  4YOTHUPBOX 3  IOJOBMHOKIO  MICSIIIB

BiH ONMCKy4de CKJIaB BiCIM HaBYaIbHHUX KypciB (Tpu
Kypcu 3 Teopil (QyHKIIH, aABa 3 Teomerpii, JBa KypcH
TUuQepeHIiaTbHIX PIBHAHD 1 BapiallifHOrO YHCICHHS).
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Axaodemix Lnnsi Muxatinosuy Jlighwuys — enasa wikonu Qizuxis-meopemuxie
ma gynoamop kagpedpu meopemuunoi Qizuxu gizuunoeo gaxyromemy (o 100-piuus 3 OHs HapoOdicerHs)
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10 gepersa 1960 p. Axagemin mayx CPCP obpana
LM. Tipmuns 91eH0M-KOPECHOHIEHTOM.

Corosa Coaemekuz | il
Coyunarucmuneckux Fecaydank
wa ocnosanun Yemaoa Hhkagesun Hayk CCCF

HIBPAAA

Havio Muxaiirosuna
JHOIHIA

YAEHOM- KOPPECNIOHAEHTOM
VO AKAAEMWHM HAYK ccCP

4 ancromaza 1970 p. Axagemis mayx CPCP obpaaa
LM. Tidmuns ceoim gificanm wienos.

nujlfuu)ﬂ

)
i

Puc. 2. Haropomu [.M. Jlipmmrs 3a HOT0 HAyKOBI TOCSTHCHHS.

Ex3amenaropamu Oynu npodecopu H.I. Axiezep, S.II.
bnank, M.H. Mapuescekuii, JI.M. CinoB. Hmwkue Ha
puc. 9-12 HaBezieH] X Iy)e CXBaJIbHI BIATYKH CTOCOBHO
BHCOKOTO PIBHS BOJIOJIHHS HABYAJIBHHAM MaTepiajioMm,
npoxemoncTpoBaroro I.M. Jlipmmem.

CBoro mepmry HaykoBy poboty «OO6 ompeneneHun
MHHUMAJIBHOH [IOBEPXHOCTU 1o 3a1laHHOMY
chepryeckoMy H300paKEHUIO IIOCKOTO KOHTypa» .M.
Jlipmmre omyGnikyBaB, koau oMy Oymo mumie 18 pokis.
YV 1936 pori BiH 3akiHYMB eKCTepHOM (hizmar XapKiBCHKOTO
nepxkaBHOTO yHiBepcutery (XZY) 3a cmemiaiapHICTIO
"maremaruka" (Puc. 13). Y npomy iy HactymHOoMy 1937 p.
HUM OynH OmyOJNIKOBaHI I YOTHPH MAaTEMaTH4HI CTaTTi.
Le#t motyxuuii marematwmuawmii crapt L[M. Jlipmms
SIK BYCHOTO, OE3yMOBHO, 3irpaB CyTTEBY pOJb B HOTO
HAyKOBOMY JKHUTTI.

Y 1937 bp.

MOJIONIIM HayKoBHM cmiBpoOiTHuKOM B YOTI (Puc.

M. Jlibmmie movynHAE TpamoBaTH

14) y cxmami rpymu [.B. Obpeimosa. Came pobota y miit
rpymi i ocobmeri HaykoBi KoHTakTH 3 [.B. OGpeimoBum,
Coro3y,
muteHy yBary .M. Jlimmwms 1o HeimeadbHHX CHCTEM Ta

MIPOBITHAM  CIIEKTPOCKOITICTOM TIPUBEPHYIH
iX cHekTpampHHX BiacTuBOCTei. Lli BiacTHBOCTI cranm
TOJIOBHOIO TEMOIO HOTO JOCHi/DKEHh B TIIEPEIBOEHHI 1

repIi mcasiBoeHHI poku. Brepie y cBiti .M. Jlidmmmem

BicHuk XHY, cepia «®isukay, sun. 27, 2017

Oynu knacugikoBaHi JaBa TUNM Oe3naay — By3elbHUH 1
CTPYKTYpHHH 1 po3paxoBaHi KopessiiiiiHi QyHKIT TBepaux
pozunHiB. Came JBi CTATTi 3 IBOTO LHUKIY POOIT CKIIAIN
npeaMeT KaHaumarchkoi mucepramii M. Jlidmmwms "o
Teopii TBEpAUX POo3uKHIB", 3axuieHoi HuM y 1939 p., konu
oMy Oymo nBaaisTh 1Ba poku. [loumnatoun 3 1938 p., .M.
Jligmmmp mpairoe BUKIagadeM Ha kKadeapi TeopeTHIHOl
¢disukn  XapKiBCBKOTO yHiBepcHTeTy. TakuM YHHOM
BiJpa3y MiciId 3aXUCTy KaHIUIATCHKOI JFCepTallil BiH CTae
CTapmuM HaykKoBUM cmiBpoOiTHuKOM YOTI i moreHToM
XIYV. AxiB Inniu @penkens, pekomenaytoun .M. Jlidmmrs
B SIKOCTI KaHAWJaTa Ha oTpuMaHHs CTaJIiHCBKOI CTHITeH/IIT
JUIA  JTOKTOPAHTIB, TIIKPECIIOBaB HOro Haa3BUYANHY
TaJAHOBWTICTH Ta repeadadaB Beqnue3Hi JoCATHEHHS .M.
Jlipmurs y maitbyTHROMY (AMB. pekoMeHarifo Ha Puc. 15).

Jles laBumoBwd Jlanmay migKpeciroBaB, o y 24 poku
M. Jlipurimp BKe € BUAATHAM (Pi3HKOM-TEOPETUKOM (JIMB.
pexomenpartiio Ha Puc. 16).

28 tpaBHA 1941 p. M. Jlipmurps GaucKyde 3aXUCTHB
y XapKiBCHKOMY YHIBEpPCHTETI (AWB. OTOJIOIIEHHS Ha Puc.
17) moxropchKy auceprariro « Teopiss OnTHYHOT TOBEAIHKN
HEieanbHUX KPHUCTANIYHAX PEINTOK B iH(padepBOHIN
obmacti». Y sKocTi o(]imifHMX OMOHEHTIB BHUCTYIMIN
BCECBITHBO BiioMi BueHi — S1.1. ®penkens, M. A. JIeoHTOBHY
i K.[. CunensuukoB. Ha puc. 18, puc. 19 HaBeneHi BUTSTH 3
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Puc. 3. ®oro noBoHapopxeroro Il Jliduruis.

Puc. 5. Doto bepru €B30poBHN
y POIXMHHOMY Kouti (y IEHTp1).

Puc. 7. XapkiBcbKu MEXaHIKO-MAIIUHOOY/ I BHHMA
Puc. 4. ®oromoprper M.I. Jlidpmurs [2]. iHCTHUTYT (3apa3 — kopyc HTY XIII).
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Puc. 9. Binryk npod. H.I. Axiezepa. Cm. ct. 56.
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Puc. 10. Binryk npog. S.I1. bianka. Cum. cr. 56.

Puc. 13. IM. Jlipumup — BunmyckHuk ¢izmary XJ1V.
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Biarykis f1.1. @penkenst i M. A. JleoHTOBHYA, SIKi TAIOTh YITKE
VSBJICHHSI IIPO BUCOKY OLIIHKY JIHICepTallii OTIOHCHTAMH.

Y nokropebkiit  aucepramii .M. Jlipmmns Oys
3aKaIeHI (QyHIAaMEHT TeOopii HEBIOPSAAKOBAHUX CHCTEM:
BHUSIBJIEHI JIOKAJbHI YaCTOTH KOJMBaHb, BiAIIEIICHI
Bil OCHOBHOTO CHEKTpY, OOTOBOpEHa TOHKAa CTPYKTypa
JIOMIIIKOBOT ~ 30HM  KOJIMBaHb BiJI3HAUCHO
iCHyBaHHS IBOX THIIB 30ypeHb, 3TaJlaHUX Y BIATYKY
S 1. @penkens. Tyr Bnepmie y cBiTOBil Haymi Oyio
cOpMyITLOBAHO OHATTS «CAMOYCEPETHEHICTEY aJIUTUBHOI
(Gi3UYHOT BETMYMHU. AHAIOTIYHUM JTOKA3 JIUIS KIHETHUHHIX
XapaKTePUCTHK HEBITOPSIKOBAHMX MeTaliB OyB 3poOIeHU
B. Konowm i [Ix. JlarrimxepoM suiie uepe3 BiCIMHAIISATh
POKIB.

8 mororo 1943 p. .M. Jlipumnps OyB 3aTBepaKeHUA
Yy BYCHOMY mpodecopa 3a  CHEMiaTbHICTIO
«reopernyHa ¢isuka». 23 cepmHsi 1943 poky Xapkis
OyB 3BimpHeHHH 1 8 kBiTHA 1944 p. YOTI moepHyBCS
3 eBakyamil. 3aJWIIaroYuCh KEPIBHUKOM TEOPETHYHOTO
Bimminy iHCTHTYTY, .M. Jlipmmums Bigpa3y >k BKIIOYHBCS
1 y menmaroriuny aisuibHicTb. 15 kBiTHs 1944 p. BiH crae
3aBigyBadeM KaeIpu CTaTHCTHIHOI (Pi3UKH (CTaTHCTHIHOI
¢i3uku 1 TepMoaMHAMiKN) XapKiBChKOTO YHIBEPCHUTETY, SIKY
BiH 3aCHYBaB.

3 1 kBitHs 2014 p. ctBopena [.M. Jlidmmem kadenpa
HOCHTH Horo iM’s (nmuB. Haka3 Pextopa XHY imeni B.H.
Kapasina B.C. bakiposa Ha Puc. 20).

Takum unHOM, 32 10 pokiB It Muxaitnosud Jlidmmim
MIPOMIIOB OJMCKYyYMH LIISIX BiJl CTy/AEHTA-TNEPIIOKYpPCHHUKA
JI0 OTHOTO 3 TPOBIAHUX (Di3UKIB-TEOPETUKIB BENMIE3HOI
KpaiHu.

Hpyruit micnaBoenanit mukn podit M. Jlidmmrs
TIPUCBSIUECHUH (i3UII peanbHUX KpUCTAIIB. Y LUKII CTarew,
omyomikoBarux .M. Jlipmumem ciimsro3J1. H. Po3entBetirom
i . TlapxomiBcbkuM, M0Oy/IOBaHa Teopis MPYKHUX
BJIIACTUBOCTEH MONIKPHCTAJIB, BUBUCHO PO3IIOBCIOKCHHS
1 TIOIIMHAHHS YABTPa3BYKy 1 PEHTTEHIBCHKHX IMPOMEHIB B
nomikpucTanax. Lli mocmimkeHHs Oymmi BIAMIOBIAHO OINiHEH.
2 mumas 1948 p. LM. Jlipumas Oy oOpaHuii wieHOM-
xopecnionieHTOM Axanemii Hayk VYipaincekoi PCP (muB.
quruiom Ha Puc. 2), a 16 ciunsa 1952 poky IIpesunis AH
CPCP mnaropomuma #oro mpectmkHoio Ilpemiero im. JLL
ManzenbiiraMa 3a UK poOiIT B 00s1acTi MHAMIYHOT Teopil
KpucTaiiB (IuB. cepTtudikar Ha Puc. 2).

M. Jlipumup OpaB axkTHUBHY ydYacTb y aTOMHOMY
mpoekti. Y mepmi moBoeHHI poku PamsHcpkuit  Coro3
JIOKJIaJIaB BEJIMKUX 3YCWJIb JUIl CTBOPEHHS aTOMHOI 30poi
i aromuoi enepretmkn. YOTI 3 #ioro TamaHOBHTHMH
CHiBPOOITHUKaMH, OaraTUM{ HAYKOBHMH TPAIUIIIMH Ta
JOCBIIOM JOCTITHUIBKOI 1 MPUKIagHOI POOOTH HE MIr
3aJIMILIATHCS. OCTOPOHB BiJl aTOMHOTO mpoekTa. TeopernyHa
¢di3uka pamianiifHUX TOPYIICHbP PO3BUBANACs y CEKTOpi
i MuxaiinoBnua. Hacnpasai poOorn, BukoHani [.M.
JlipmmrieMm B pamKax 3aKpUTOi TEMaTWKH, HE MICTHIN

KpHCTana,

3BaHHI
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Puc. 14. IM. Jlipmmns — B YOTI [2].

HIYOTO CEKpeTHOro i 3romoM Oymu omyOmikoBani. [le
CTaTTi TPO ENEKTPOH-TPATKOBY PpEJAKCaIlio 1 pajiariiui
nopymieHHs y MeTanax (cnimsHo 3 M.I. Karanosuwm ta JI.B.
TanarapoBuM) 1 TeMIepaTypHi Criajlaxu y CEpemoBHII TTij
JU€I0 SIIEPHOTO BHIPOMiHIOBaHHS. B pamMkax 000poHHOT
tematuku [.M. Jlipmmmem i1 JLH. Posenuseiirom Oyma
noOyJioBaHa Teopisi MapoCTPYHHOIO BaKyyMHOTO HAacocy.
Le Oyma omna 3 "mpukiagaux" poOiT Luti MuxaiinoBuya.
B it po0oTi sickpaBo TPOSBIIIOCS YHIKainbHE BMiHHSA [.M.
Jlipmmms popmyiroBaTé iHKCHEPHY, TEXHIYHY MPOOIeMy
SK HETpUBiaJbHE (I3MYHE 3aBIAHHS 1 3HAXOOUTH HOTO
BUTOHYEHE TEOPETUKO-(i3NYHE PO3B’A3aHHSL.

[MapanensHo 3 pobororo B YOTI M. Jlipmmuns
IpaIioBaB  3aBilyBaueM CTBOPEHOI HHUM Kadeapu B
XapkiBcrkomy yHiBepcuteTi. [lepmri poku Oyito 103BoICHO
MMOBHE CYMICHUIITBO, aji¢ TIOTIM, SIK CBimuaTh 30epekeHi
IHIMBITya bHI TUTAHU BUKIIAIaqiB, BiH CTaB HAIIBIITaTHAM
3aBigyBaueM. [IpuponHo, 1m0 OCHOBHa yBara iforo Oyna
3ocepemkerHa Ha poOoti B YOTI. Tam ke Oyma iioro
kBaptupa. B ymiBepcurer .M. Jlibmmne mnpuxonus,
Ko y HhOTO Oynmu srekuii. @akTu4HO BiH OyB MOYCCHUM
3aBimyBadyeM, a Bci motouHi crpaBu Kadempu BiB JI.C.
['ymina — mTaTHAH TOLEHT.

V¥ cBoix crnoragax mpod. B.B. VnesHOB po3mosigae
mpo 3acimaHHA Kadeapu, Ha SKOMY OOroBoproBaiacs
crpykrypa crenkypciB [3]. M. Jlipmmmp mmcaB Ha
qomti He (GOopMyNH, a TepeNiK CHelialbHUX KypciB, SKi
TUTAaHYBAJIMCh IS BUKJIQAAaHHS Ha Kadenpi. Toni BUHHKIA
JKBaBa JUCKYCis.

st MuxaitioBid 9uTaB CTyACHTaM YHIBEPCHTETY
3aranbHUH Kypc «CratucTiyHa i3uka Ta TepMOANHAMIKAY
Ta HHU3KY CICIiaIbHUX KypCiB U CTYIACHTIB TpPyNH
(hi3UKIB-TEOPETHKIB.

HaykoBa nisttericTs [.M. Jlidhmmns Toro wacy Oyna
OB ’s13aHA 3 TEOPI€I0 TBEPAOTO Tijla, a00 OUIBII MHUPOKO
— Teopi€r0 KOHIEGHCOBAHOTO CTaHy. MOro yd4Hi Takox B
OCHOBHOMY PO3pOOJISUIN MMUTAHHS LHOTO HApsIMKy. OHaK
B 1950-1960-Ti poku MOCTYTIOBO CKJamanacs TrpoMaachka
IyMKa, M0 TepeaHii Kpail ¢i3UKH 3HAXOOUTHCS B
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L.de JUEEL paspommn Tak=e DAX YPYZEHX MeTe ko THYEO0=
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Puc. 15. Pexomennauis S1.1. @penkens va orpumanns Cranincskoi crunenaii .M. Jligmunem. Cwu. cr. 61.
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Puc. 16. Pexomenmariist JI.JI. Jlannay.

KUMV BHUVNCHOHWAMZ ,0HIV DPACCMOT

Xapwiscewuil nepmanhuii ynisepcuter im, 0. M, [opbKoro
noBliagomnsae,

PO IPMATIO AHHIA SAXMCT AMCEPTALL

Kamanpatom diskko-matematngnnx mayx I M. JIIPIIMLIOM a suenail
CTyniHb AOKTOPA (is.-MATEMAaTHIHHX HAYK
na temy: .Teopia ontnusol moealpxn BeizeanbHMx kpicrazizmnx pi-
motok B ingpavepsorilt oGaacti®.
O¢iu. ononenTn:
qaen-xkopecn. Axazemil Hayxk CPCP, noxkrop is.-maTeMaTHUHHX Hayx,
npod. 3{ 1. ®PEHKEJIb. uaen-ko . Axanemii Hayx CPCP, nmox:
tia.-mateM. Hayx, r:poT. M. A. JIEOHTOBHY, uares-ko Axa
Bayk YPCP, pokrop dis -matem. mayx, npod. K. I CI bHIKOB,
Baxucr sigSynersca 28-Y 1941 p. o 6 roa. Bew., na saclpansl Bae-
wol Pagu XOY (eya. Biasnol Axagemii, 16):
3 pmceprauiew Moxaa osmafiommtica B Llemtpanwmilt nayk. 6i6aioreni XJY.
PEKTOPAT

Puc. 17. OronoleHHs npo 3aXUCT
mucepratii .M. Jlidmmrgs.

2.~

PeHH XoTH OH HNPUGINEKSHHEM ,HO

QUEMEHTAPHEM 00pa3oM, 9To OTHOCVTCH,B 0COGBHHOCTN K BONDOCY
0 HOEHX 1J80TOTax,00yCIOB/IGHHHX HDVMEHe ! MeM,

InccepTama V.M, JWSIMIIA UpeLcTaBiseT colol YpesBH-

YafiHo UeHHHE BRIAIL B TEODUD

K
TEOIBCTEYET O HOMUHOY 3pPEJOC TV g

VCTAIINYSCKYX DPEeEeTOK W CBU Le-—
ETopa K&K YyYOHOT'O,BHONHE NOCTOfi-

HOT'O CTeHeHW NLOKTOpE8 (USVKO-~MATOMATVUYECKVX HAVH .

Mpogec . I-p t{j@/&mw/q.ammmnb/

27/1 V=411,

Puc. 18. Burar 3 Binryky S1.I. @penkens Ha aucepranito [.M. Jlipurwms.

o0JacTi eneMeHTapHUX 4acTHHOK. Lle Oymo moB’s3aHo 3
HAHOUIBIIUME YCITIXaMU y TEXHIUHIN peai3allii aToMHO-
SIIEpHUX i7ield. Y TOW jke 4ac HOBI BIAKPUTTS B oOiacti
TBEPIOTUTBPHAX TPHIAAIB, PO3BHTOK OOYHCIIOBAIBEHOL

TeXHIKM, (I3UKM  HAIMIBIPOBIIHKKIB,  EJIEKTPOHIKH,
HaJAMpPOBITHOCTI TIOKA3yBaldM, MIO HE MEHII BayKJIUBE
3HAYEHHS MAIOTh PO3POOKH y rajty3i Teopil TBEpAOTO Tija.

[ MuxaiimoBUY OTHUM 3 IEPIIKX B35B Ha cebe poIib
IporarafycTa. Y TOW 4ac TOBOPHIIH, IO BiH 3aMKHYBCS
Baoma i nwmmie crartio B "lIpaBay". Hesabapom BoHa
niticHo 3'sBuiacs. OCh MOXKOBKIIA BUPi3Ka MiJ PyOPHKOIO
"Hayka poscoBye ropusontu" B raseri "[lpaBma" Bix
19 Bepecus 1965 poky. TyT po3mimieHa BeJIHKa CTAaTTS
"3aragku TBepaoro Tina" 3a migmucom "1. Jlipmmis, dwieH-
kopecnioneHT Akaaemii Hayk CPCP" (Puc. 21).

Kpiwm Toro, Buctymas st MuxaimoBud i 3 JEKITisIMA
o JiHii ToBapuctBa "3Hanus". [lizHime pasom 3i cBOIM

HaitOmmkaum yaaeM Moiiceem IcaakoBmuem Karanoum

76

BiH HaMMCaB NONMyJsApHY KHWKKY "KBasziuactuakn".

3BHYafHO, TOJIOBHY yBary y CBO€I isutbHOCTI Lims
MuxaiiioBUd TPONOBKYBAB IMPHIUISITH CaMe HayKOBii
poOoTi y Tamysi Teopii TBEpAOTo TiNa.

LM. Jlibummmem i O.B. IToropenoBum Oyia po3B’sizana
obepHeHa 3a1a4a mpo BiATBOpeHHS PopMu moBepxHi Depmi
1 IMBHUIKOCTEH €ICKTPOHIB HA IIiif TOBEPXHI 3 IOTIOMOTOI0
eKCIIepUMEHTAJIbHUX JaHuX — mnepiogy ne [‘aas-Ban
ATnB(GBEHIBCHKUX OCHUIIAIIH 1 TEMIIEPaTYPHOI 3aJICKHOCTI
ix ammnityn. OmHowacHo [.M. Jlipmunes po3p’s3aB i
obepHEHy 3amady PO BiTHOBICHHA CHEKTpa 30yMIKEHB
003eBCHKOTO THITY 3a JIOIIOMOTOI0 BUMIPIB TEIUIOEMHOCTI.
JlomaTkoBUM IMiATBEPIIKEHHSIM 3HAYYIIOCTI LHKIY POOIT
ILM. Jlidmmns i A.M. KoceBuua 3’siBuiacs peectpais
BimKpUTTs No 182 «SIBuIle OCHMIISAIIN TePMOIMHAMIYHIX
i KIHeTHYHHX BIACTHBOCTEH IITIBOK TBEPAUX Ti»,
BHeceHoro 17 mororo 1977 p. no epxkaBHOTO peecTpy
BimkpurTtiB CPCP. Tax Oymo 3akmajgeHo QyHZaMEHT
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KpuctaLiax, HyZHo JyMaTb, 4Yio 5T0 BOBMOEHO HA 0436 paBBUTHX
B pagore arTopa METOL0B. BADROATHD DRCIERIMACHIRILIOQ UCCJB 0Ba~
Hye node0aHMi MoTONOM RKOMORH&UMOHHOIOD paccaaxdd Owie OH éﬂae

YUPENBHO NpOWE, USM MHDPARpACIHEMN MeTORAMU, : '

lapexopma * ZpPETUYACKUM BaMEUsHUAM, Kol Mie Raxewes,

MOEHO Homaxy# asTOpy NoCTARMTL JBA CJ6 IyDIIX yhipoxa, Bo-HnepBuX

MOEHD OTMe THTD uagocmamauno ACHYK JACRyCCHW DUsMY8CKOI uUpupo-

I HARNeHHOI'0 My 1IO1VIOWOHUA, [O-B5TOPHX, WeAaTeinbuH Oumu OH
X0TA OH CaMue Ipylué WUC.CHHWE OISHKU HOJAyYaDisloca ubndama-

HEA . gfcymcmﬁma HX AGAR8T HOBEOSMOMEHM JI@TAJbHYD WICKYCCHD :

BOBMOTHEYX ORCHEpMIOHTANBALY NPDREPOK TEOPUH ¥ OHUIACKLX K8
. HOX DUBOJOB. '

BEJEYHE LOTIOWeuun, BuSsauLore "aryctruuelroi" p¢TebL coUCLw

3 UACIHOCLY 0UHB MHTOBECHO OURD OH Jafth DISHRY

BOMHEX YACTOR, [OBHUKABT BONPOC, HEABYSA JU Cuilb U DOHApy=ENTH
800 10 HAOMo I8 HMARM HDTpr JHBMeRYpIYeCiiuX RPIICTILIOB B DJASKRTRK

WEOREX I0MAX BHEOROE WBDELTR. =~ wois oo — e o’

Cymmupysa HyRHO OpHBHATH, YT0 Bu0DL& HOCOM!6HHO VADBIGT=
EgpRel BCBM IpeloBaHUAN, Hpei"ABJfeMuHN X JNORTOPCKON J@ccepra=- -
pun, OHa B CYMBOCIA OXBATUBAST UANYD 0GIacTh TOURUU Rpﬁcﬂaﬁnoﬁ
COJEPAMT CYMAGTHUHLO [DHE PESyLbI&TH £ CMHCIG MaroMaTHysCRAX
M8B00L W [IpUBeNA K pﬁﬂy-ﬂosux BOEHHX U nﬁmapﬁcuﬁx ﬁounpam—
IEX SHUBNUECKEX BHBOJOB, NPIBHBADLUX B mumj ®e U I0CTALOBKS
IaAbHOMMIX BKCHePUMOHTOS,

Cummamp, 4YT0 Ha OCHEBaHWM npsicransienHoit patoTH apropy
1oJiHa Oufib NPMCYKLEHA CLENSHD JOLTOPS PUIMLO-Is 1eua TUUSCRUX
HAYK., '

Wi, BOPP.AH CUCP | i _ =
nsohecenn L/ﬂk~4£aﬂﬁﬂ‘%; (M.4,. leoHTOBMT)"

Puc. 19. Bursr 3 Binryky M.A. JleonroBuya Ha aucepranito [.M. Jlidmums.
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MIHICTEPCTBO OCBITH | HAVEKH YKPATHHM
XAPKIBCbKHH HAUIOHAJBHWMW YHIBEPCHUTET
iMmeni BH.KAPA3ZIHA

HAKA3
9(‘;/31%_?_1{'4; ﬁj{ym. Xapkie No %jf"f////d;?';z,

[lpo nepefimenyBanHa kadeapw
TEOPETHHHOT (iHKH.

BinmosinHo 10 piwenns Buenol paau XapKiBChKOro HalllOHAIBHOIO
vHiBepcuTeTy imeni B.H. Kapasina sia 24 motoro 2014 poky (npotokon Ne3)
HAKA3YIHO:

I. INepefimenypatu 3 01.04.2014 p. kadenpy TeopeTHHHO! (P13MKK B Kadeapy
TeopeTHYHOT hi3ukK iMeHi akanemika .M. Jlipuimus.

2. Beawarty TpalliBHMKIB Kadeipd TeopeTH4HO! (i3MKK NpaliBHUKAMK
Kadenpu TeopeTHdHOT (i3nkn imeni akagemika LM, JTigumus.

3. BukoHanHs HABYANLHOIO HAaBAaHTAaXKEHHA, HAYKOBOI TA METOIHYHOI pobOTH
Kadeapu TeopeTHYHOI (i3zuKH NokIacTH Ha kadeapy TeopeTH4Hol (I3HKH
iMeHi akanemika .M. Jlignuuus.

4. Havanenuky siaainy kagpis Kyaiwy C.M. BHecTH BIAMOBIAHI 3anmucH ¥
TPVIOBI  KHHAKH NPaUiBHUKIB  Kadelpd TeopeTu4Hol Gi3MKH  IMeHI
akanemika L.M. Jlipwnus dizwunoro pakynstety.

Mincrasa: 1. Burar 3 npotokony Ned sacinanss Buenoi pamm dizuuasoro akyisrery Bl

21.02.2014 p.:
2. Burar 1 nporokgey Ne3 saciiguus Buenol panwn yuisepentery s 24.02.2014p.

7 /
7 7 I B.C. bBakipos
_n—'—’/—b

Pekrop

[lpoekT BHOCHTH e/ [Morogsxeno:
Jekan diznynoro gakyabrety [lepwnit npopektop ,/
P.B.Bogk B.B. Anekcanapos /7
| Hauaneuuk [TOB 777 d
[ H.C. Xpycaiosa- —f/f,«g ,’? o
Wl 7 HauansHHK BIALTY KAAPIB g
o | ') Y C.M.Kv.1i 5 %
NENL S M. Kyaim (/{é{j}f LA -
W HavansHuk nasyanpHefs . 7
| sivainy S

H.K. ®apaponopa”
3acTyNHUK HAYalbHHKA
WPHIHYHOTO BIAALTY
H.I. bapanuk -

Puc. 20. Haka3 Pextopa XHY imeni B.H. Kapazina B.C. Bakiposa npo nepeiimeHyBanHs kadeapu.
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Puc. 21. Bupizka 3 razetu «IIpaBma».

€JIEKTPOHHOI Teopii MeTaliB, 3aCHOBAaHOI Ha YSBICHHI
PO €JICKTPOHHY MiJICHCTEMY METaIly SIK IPO CYKYIHICTb
HEB3aEMOJIIIOUMX KBa31YaCTUHOK (hepMIEBCHKOTO THITY

(CNMIEKTPOHIB  MPOBIAHOCTI) 3  JOBUIBHUM  3aKOHOM
Jqucrepcii.

l'anbpBaHOMArHITHI BIACTHBOCTI ~ METaliB 3
BIAKpUTUMH  mOBepxHsMu Depmi Oynu  JeTajbHO

BuBueHi y poborax [.M. Jlibumus i B.I Ilimancekoro.

Y mux pobGorax Oyaum jgociimkeni — crenudivni
0COOJIMBOCTI KyTOBHX 3aJIe)KHOCTEH TrallbBAHOMATrHITHUX
XapaKTEepPUCTHK BiJ TOJIs, MPOAHANI30BaHUM iX 3B'S30K 3
TomnoJoriel0 BiikpuToi nosepxui depmi 1 NMokazaHo, 110
Y HOJIKPUCTATIUHUX 3pa3Kax yCepeIHEeHHs MO opieHTaril
KPHUCTAIITIB IPU3BOAMTS 110 3akoHy Karinu.

HoBa MOXJITHBICTB BIUIMBY TOIOJIOTT ToBepXxHi Depmi
Ha BIACTUBOCTI MeraiiB Oyna BussieHa [.M. Jlidumem
y poOoTi, MpHUCBSYCHIA aHOMaTil TEPMOAMHAMIYHHX 1
KIHETHYHHUX XapaKTepPHCTHK METaliB B 00JaCTi BUCOKOTO
THCKY. 3MiHa THCKYy MOXKE TPU3BECTH JO pO3PUBY
MepeMHYKH 00 yTBOPEHHs HOBOT MOJIOCTI TOBepxHi Depmi.
BuHukaoda mpu oMy J100aBKa 0 TEPMOAMHAMIYHOTO
MOTEHIlIaNy € HEAHATITUYHOIO SIK (DYHKIIisSi KOHTPOJIBHOTO
mapamerpa 1 BIANOBigae crnenudiuHOMY eJIeKTpPOH-

TorosoriuHoMy  (azoBomy  mepexomy. Y  pamkax
knacudikanii Ependecra ne e mnepexijg He wmijoro, a

«JIBOX-3-TIOJIOBUHHOTO» pofy. TermioeMHicTh, koedimieHT

BicHuk XHY, cepia «®isukay, sun. 27, 2017

CTHCJIMBOCTI, J0OaBKa /IO ONOPY IPHU TaKOMYy Iepexoi
MOBOJSITh ce0e 30BCIM MO-IHIIOMY, HDK IIPpHU IEpexoii
Jpyroro poay. Y pesynbrari hepmiosoris 30araruiacs e
OIHUM TOHKUM IHCTPYMEHTOM JOCIIIIKEHHS €IeKTPOHHHX
BJIacTUBOCTEeH MeramiB. Bigkpurrts Ne 238 "SAsuime
CJICKTPOHHO-TOTOJIOTIYHUX (ha30BUX IEPEXOIIB METaJiB
B YMOBax MpYXHHUX Jedopmarii» Oygo BHECEHO [0
JepxaBuoro peectpy BinkpurtiB CPCP 23 rpynus 1980
p. Tpoxu mizuime .M. Jlipumup 1me pa3 3BepHYBCS 10
i€l TeMaTHKH, AOCTiAuBIIN (CriIbHO 3 B.B. PikeBchKUM
i M. TpiOGenbchbkum) HeniHifHI akycTH4Hi edekrH,
SKi BHHHMKAIOTH y MeTajax MoOJIu3y eJNeKTPOHHO-
TOIOJIOTTYHOTO Mepexoay. Y pe3ynbTari HUX JOCHiIKEeHb
BHHHKIIA HOBa 00JIACTh, sIKA JI0 CUX Iip MPUBEPTAE yBary
JIOCIIIHUKIB.

EnextponHa Teopis MeraniB, po3BuHyta .M.
Jlipurniem Ta Horo miKoiorw, BUKIaAeHa B orsiiax [.M.
Jlipurmus, M.I. Karanosa ta M.f. A3bens. Ha nouarky
70-x pokiB 20-ro cropiuus Buiilia B CBIT KHura [.M.
Jlipummus, M.S1. Azb6ens i M.1. KaranoBa «DnexkTpoHHas
Teopus MetayuoB" (auB. Puc. 22).

Teopiss HEBMOPSIKOBAHUX CcHCTeM, cTBOpeHa [.M.
Jlipmmem Ta HOro CmiBpoOITHMKAMH, BHKIAQJeHA B
orsinax .M. Jlidmmrst, C.A. I'peneckyna ta JILA. TTactypa.
Ha nouarky 80-x pokiB 20-ro cropidusi BHILIA B CBIT

kuura I.M. Jlipumus, C.A. I'peneckyna ta JILA. Tlactypa
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HWMAROWKL -
MAAIEENS
MUAKATAHOB

3NEKTPOHHAA
TEOPUSA
METANNOB

Puc. 22. Obknanuuka kaury .M. Jligpmmurs, M.S1.
A30emnsa, M.1. Karanosa
«DNEKTPOHHAS TEOPHS METAILUIOB".

«BBezienre B TEOpHIO HEYMOPSIOYCHHBIX CHCTEM» (JIUB.
Puc. 23).

Ha mamy nymky, HaiiBaxumBimmuii pesynsrar .M.
Jlipmmist — cTBOpeHHS BCECBITHBO BIIOMO1 XapKiBChKOT
LIKOJIN TEOpeTHYHOI (i3MKM KOHIEHCOBAHOTO CTaHY
— mkonu Jlipmmus. Pesynbraru, siki Oynum oTpuMaHi
ILM. Jlipmwmem, #Horo yYHSIMH Ta
npeicTaBHUKaAMU  MOro

YHCICHHUMHU
Oynu
MiICyMOBaHI B 0ararboX MOHOTpa(isX Ta HaBYAIBHHUX
nociOHukax. Jleski 3 HUX HaBeleHi HbkYe (auB. Puc. 24).
Bruckydi nocaraenss 1952 - 1962 pp. 3abe3mednnn

MuxailoBudy [IMPOKe MDKHApOJAHE BHM3HAHHS.
Y 1957 p. upod. II. ®mepi — reHepadbHHI CEKpeTap
MixnaponHoro Coro3y uucToi 1 TNpHKIagHOT (i3UKH
(IUPAP) mnosigomuB I.M. Jlibmmus mnpo Te, 1mo BiH
BKIIIOYCHUH 10 ckiany komicii Coro3y 3 (i3uKH TBEpIOTO
tina (muB. Puc. 25). Lst monis Oyia my»e 3Ha4yIna: piBeHb
xoMiciit Coro3y BU3HA4YaBCA CKIAIOM (Di3HKIB, Cepell SIKIX
oymu: E. Amampai, M.M. boromo6os, k. ne Byp, K.
Toprep, A. lodde, I1. Kamima, Jx. Kipksyn, Y. Kirrens, P.
Mapak, H. Morrt, JI. Heens, P. Taitepinc, E. Cerpe, JIx.
Crerep, I. Tamm, JIx. Ban @nexk, JI. Baa Xos, . [llenGepr.
Inmo MuxalinoBudya HEOAHOPA30BO 3alpOILIyBadd Ha
3acijiaHHs 1iel Komicii, aje He BHIYCTHIIH, 3PO3yMLJO,

HAayKOBOI  IIKOJIH,

Tt

JKOIHOTO pasy.

10 uepust 1960 p. Luist Muxainosuyu Jliduruib
OyB oOpannii wieHoM-kopecrnoraeHTom AH CPCP (Puc.
2). ¥ 1961 p. iiomy Oyna mnpucymkeHa MixHapoaHa
mpemis imeni CaiiMoHa 3a BHIAaTHI POOOTH y ramysi
¢izukn Hu3pKkuX Temmeparyp (Puc. 2). PosmmproBamucs
1 MbkHapomHi 3B's3ku Luni MuxaiiinoBuua. Hanmpukiaii
mita 1963 p. 1ulanyBanocss TpoBeneHHS MiKHAPOTHOT
koHpepenuii LT-9 y CHIA.
Taxoxx [.M. Jlipmuiro Baamocs opradi3yBaTd i IpOBeCTH
MixHapoHy KOH(EPEHIIio 3 Teopii TBEpIOTO Tija y rpy/IHi
1963 p. y Mocksi. HoGeniBcrkuit maypear k. Bapnin
y CBOEMY JIUCTI BUCIOBUB mupy nomsiky .M. Jlipmmiro
3a OMHMCKydy opraHizaililo KoH(pepeHmii. ¥ CBOeEMY JHCTI

HU3bKOTEMIIEPATYPHOL
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Puc. 23. O6xnannuka kauru I.M. Jlipumus, C.A.
I'peneckyna, JI.A. TTactypa
«BBezieHIe B TEOPHIO HEYIOPSIIOYCHHBIX CUCTEMY.

BiH nucaB [.M. Jlipmmumiro: «Mu Haa3BUYaiHO BISYHI 3a
HaJlaHy HaM MOXJIMBICTH OpaTH y4yacTb y KOH(epeHIii.
Bu Bukonanu BenuuezHy poOOTy 3 METOIO OpraHizarii miel
koH(pepeHtii» (aus. Puc. 26).

[Mouarok 60-x pokiB XX-ro cTopidds OyB BaKIMBHUM
nepiofioM 'y SkutTi Lt MuxaiinoBuya iy ocoOucromy
madi. B 1ieil yac BiH oB’s13aB CBOE KUTTA 3 30€10 IOHIBHOIO
OpeiiiHOI0, BIOBOIO CBOTO PAHO IOMEPIIOr0  Y4Hs 1
cniBpoOiTHuka Jlumm HaranoBmya Poszenmpefira. YV 3oi
loniBuu Oyio 1Boe aiTed. CuHOBI €BreHy Ha TOU 4ac OyJo
ONMM3BKO IT’ATH POKIiB, a MOHBLI MapiaHHI — MIBTOpa pPOKY.
Mauti miTi HE CTad, OIHAK, IEPEIIKOIO0 T N0y, s
MuxaiinoBid BHXOBaB CBOiX HiTeil. BiH mpumiinss Bemuky
yBary (OpMYBaHHIO IX CTaBIICHHS JIO JKHTTS 1 CBITOIVISIZLY,
pajyBaBcs iX ycrixamy i 3acMydyBaBcs iX HeBaauamu. L
MuxaitioBid 3HAUIIOB CIIPABKHIO POIMHY BIKE B 3pLIOMY Billi
1710 CaMOT'0 KiHIsI HOTO JKUTTs 3051 [oHIBHA OyJia mopyd 3 HUM.
Bonu nipoxumm pazom B IF000BI 1 TOBHOMY B3a€EMOPO3yMiHHI
OunbIie MBasATH pokiB (nuB. Puc. 27, Puc. 28).

Immro MuxaimoBuya TMOCTIHHO 3amlpoIryBaidl Ha
MDKHapOAHI KOH(EpeHIii, ajie BHUIXaTH 3a KOPJOH 3
pexumuoro YOTT fiomy He no3Bomsuin. OgHaK, BCepeanHi
Coro3y #oro OmuCKydYi TOCSATHCHHS OynH BiI3HA4YCHI.
VYV xBitai 1967 p. .M. Jlibmwmmro Oyna mpucyIKeHa
Jlenincpka mpeMis 3a JOCHIIKEHHS EIEKTPOHHOIO
EHEePreTUYHOro CHEeKTpa MeTajiB (IuB. cepTUdikar Ha
Puc. 2). Y rpynni 1967 poxy, maiike depe3 IBaILATh POKiB
nicnst oopanns [.M. Jlipmuist 4ieHOM-KOpeCoHIEHTOM,
BiH OyB yIOCTOEHWI 3BaHHS AiMCHOTO dWieHa AKamemil
Hayk YPCP (nuB. ceprudikar Ha Puc. 2).

1960-x  pokiB  XX-ro  cropiuus
O3HAMEHYBaBCs PI3KMM 3pOCTaHHIM iHTEepecy J10 OioJorii,

ITouaTok

CTUMYJIbOBAHUM BIiIKPUTTSIM MOABIHHOI cripaii (1953 p.)
i 3BipHEeHHSM Oionorii y CPCP 3-min raity Jlucenko. Lle
TaKOX BIIOWJIOCS Ha TEMaTHINl MICHKOrO TeOp(i3HYHOrO
XapKiBCBKOTO ceMiHapy, sSkuM kepyBaB [.M. Jlidmrwmp.
Cranu 3’SBISATHCS AOMOBiAI Ha Oionoriuni Temu. Tak,
JIOTIOBiAE "MaTeMaTHIHI MO TTOMYIAMiHHOT TeHETHKI

BicHuk XHY, cepis «®isukay, sun. 27, 2017
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M. M. Haranos

BNEKTPOHDI v, : oeln
®OHOHbI PELUETHA c
MATHOHbI -

METOnH . B =
HEIHHTDBDH Plpmms, el B - Fa
KAHETIARIA :

i — N

Landdau-Siln spin waves in
conductors with impurity
states

b s
S

) EANERT

Puc. 24. O6kmaguHKN JesIKUX MOHOTpadil Ta HAaBUYAIBHUX MTOCIOHUKIB
MIPE/ICTAaBHUKIB HAyKOBOI 1Ikosn akaaemika [.M. Jlidmmrs.

UNION INTERNATIOWALE DE PHYSIQUE PURE ET APFLIQUEE

Professeur P. FLEURY
Secrétaire Général Paris, le 9 octobre 1957
3 Boulevard Pasteur

PARIS 15°
Monsieur J. LIFSCHITZ
Physical technical Institut
Jumovstri 2
Kharkov

U.S.5.R.

Mon cher Colldgue,

L’Assemblée Générale de 1’Union de Physique, dans sa
sdance du 19 septembre 1957, a décidé & l’unanimité de vous demndeLde
bien vouloir faire partie de sa Commission de

PHYSIQUE DES SOLIDES (sous-groupe A)
J?espére que vous jugerez possible de nous donner
votre acceptation, et, en m’en réjouissant & l’avance, je vous remercie

de 1’aide que vous apporterez ainsi & nos travaux.

Veuillez agréer, mon cher Collégue, l’assurance de mes
sentiments trés cordiaux.

P. FLEURY

Puc. 25. Jluct npod. I1. ®nepi go I.M. Jlidpumws.

BicHuk XHY, cepia «®isukay, sun. 27, 2017
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Puc. 26. JTluct nopsixu JIx. bapaina no 1.M. Jlidmmrs.

PRASERREL & 7
Puc. 27. IM. Jlipummp y Kapmarax
3 npyxuHoto 3.1. @peliaunoro [2].

3poOuB xapkiBchkuii MatemaTtuk 1O.1. JIroObwu. B meii xe
yac mnpobiemMamMu MOJEKyJsipHOi Oiosorii OiorosiMepis
samikaBuBcst 1 .M. Jlipmmms. Ilepma poGora 1o
OiomosiMepam, i ArOTOBJICHA HUM TS [Ty OJTiKaIii, MicTHIa
TEOPII0 TEPEeXOAy CHipaidb-KIyOOK Y IBOXCIipaNbHIN
MoJiekydi, Takiii sik JIHK, 3 ypaxyBaHHSIM €HTpOIIT 1eTellb.
VY 1965 p. Bin nomnosis ii Ha ceminapi B YOTL. YV 1968 pomi
IM. Jlipmmns po3moBiB HAyKOBiH T'POMAaICHKOCTI IIPO
BJIACHY p0OOTY, B sIKiif OyJia 3amporoOHOBaHa 1 TOCIIiHKEeHA
MOJICNIb  TONIMEPHUX  JIAHITFOXKKiB
3 JiHiiHOIWO nam’sTTio. Llg #oro mnepina OiodizuuHa
myOmikamiss BUSBWJIACS HAA3BUYAHO OPHUTIHATIBHOIO,
TOMY IO BHUIUIMBAJa 3 TIIMOOKOTO OCMHUCIEHHS (i3uUKH

HOro 3HAMEHHTA
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Puc. 28. Y XapkoBi Broma: cripaBa HaJiBO TOET
1. Myparos, 1. Jlidmmns,
xommo3utop B. Kapmincekuit, 3.1. @peiinuna [2].

HEBMOPSAAKOBAHUX cUCTeM. Y 1962 p. Ha 3ampoIIeHHs
pextopa MY LI. Ilerporchkoro .M. Jlipmump mouas
9UTaTH JIeKii y MoCKoBChKOMY yHiBepcuTeTi. A 'y 1964
potii BiH ctaB mpodecopoM Kadeapu eICKTPOAUHAMIKHA 1
KBaHTOBOI Teopii, Ky odoiroBaB M.A. Jleontoud. Tenep
Horo yac moAiIsIBcst Mik MOCKBOFO 1 XapKOBOM.

VY 1968 p., micas cmepti JI.JA. Jlannay, aupextop
Iactutyty ¢ismunux npobmem (I®IT) AH CPCP ILJL
Kamina odimiiino 3anpocus [.M. Jlipmunsg odvosnutu
TeopeTHuHUN Biamin [HCTHUTYTY OGi3MYHHX mpodieMm,
skuM panime kepysas JI.J1. Jlannay (nuB. Puc. 29).

Binbm npectmxHy nocaay anst (Gi3uKa-TeopeTuka y
konumrHbOMY PansacpkoMy Coro3i Baskko Oyito co0i ysIBUTH.

BicHuk XHY, cepis «®isukay, sun. 27, 2017
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AKALIEMHUK (_"-1'_94, Maf 196 8r.

M J. KAMMH LA

PR E TP,
HHCTHUTYTA ®PU3MYECKHUX [TPOBJIEM
AKAJIEMHH HAYK CCCP

Mocksa, B-334

BopoGbesckoe mocce, 2 qJIEHy_HOPPECHOHﬂEHTy AH CCCP

Ten. AB 7-32-47

Ne H.M . INem Iy

Jloporoft Nusa Muxaiinosudy,

STUM MUCBHMOM f XQYy IOLTBEPIUTH Hamy Oecefy M eue pas
CKa3aTh Bam, UTO Kak f caM, TaK ¥ BeAyume COTPYAHUKM Halero
NHcTUTyTA OyZeM pajH, ecinm Bu OyZeTe DPYyKOBOZUTH TEOpETHUE-
CKUM OTZeJoM Hamero llHcruTyTa. fl Bcerja Buzea B Bac IpueMHa-
Ka flay. Bb, KOHeUHO, 3Ha€Te€, UTO NOCJIE TPaBMH, MOAYUYECHHO MM
NpM ABTOMOOWJIBHOY KaTacTpode, OH yke He MOI' 9TH NOCHGZHUE
LEeCTh 6T BEDHYThCHA K AKTHBHO{ HayuyHO# pacoTe, HO BBUAY ero
IPOMAZHHX 3aCHYyl A HE CUMTANl BO3MOXKHHM OCBOOOJUTEH €r0 OT
ZOJXHOCTH DYKOBOZUTENA TeopeTHyeckoil gusMkuM Hamwero Hucruryra,
Jake eciM OH 3aHuMan ee (opumanbHO. KOHUMHA OejHOro Jay u3-
MeHWJIa curyauun. Xora ceifvac y Hac B MoCKBe M CYUECTByeT ca-
MOCTOAITENbHH] MHCTUTYT TeOpeTHueCcKo#t (u3nuku, g BCe Xe CUNTaN,
YTO IpHd TO#f UHTEHCHBHON! U MHOTOCTOPOHHEH 3KCIEPUMEHTANBHOI
HayuHOit padore B o0iacTu (U3UKH TBEpAOr0 Teja, KOTOpasd BejeT-
cA y Hac B llHcTUTyTE, HEMOCPEACTBEHHOE yyacTHe HMEHHO Bac u
Ipynns Bamux yYeHNKOB OyJeT ONarOTBOPHHM W MHTEDECHHM.

Teaerpad uwii: MockBa B-334 Maruut

fl Hazench, YTO HAM yZacCThCA NMPEOZOJETH BCE 3TH KUTelCKue
TPYZHOCTH, CBASAHHHE C Bamuu nepeeszioM, KOTOpHE, K COXANEHUW,
B HAaUUX YCJIOBUAX HDPEJCTABARN: €LE OCHOBHO® HpEHATCTBUE, C
KOTOpHM ~IPUXOZUTCA CuMTaThCA. Ho A HAZEwCh, uUTO BCEe 3T0 Oy-
ZeT NpeoJoNeHo, M B OJuxajimee BpeMa MH OyZeM Bac mpuBeTcTBO-
BaTh KaK COTPYZHUKA Hauwero MHcTuTyTa.

B e |
alil ///{é}/zzz; L ) _;_’/

~ TI.KATNIA

Puc. 29. Jlucr — 3anpomenns [1.JI. Kaminu no .M. Jlidmums.

BicHuk XHY, cepia «®isukay, sun. 27, 2017 83



Axademix Lnnsi Muxaiinosuy Jlighwuys — enasa wikonu Qizuxis-meopemuxis
ma gynoamop kagpedpu meopemuunoi Qizuxu gizuunoeo gaxyromemy (o 100-piuus 3 OHs HapoOdicerHs)

Onnak 3roga [.M. Jlipmmums He Oyma 0Oe33acTepekHOIO.
Bir no0pe ysBisB coOi BCIMAKI CKIIaIHOINI, MOB’s3aHI 3
peaxIli€ero Ik MOCKOBCHKHUX, TakK 1 yKpaiHChKUX (i3MKiB Ha
ioro mepeizn 1o Mocksu: «/loporoii [letp Jleornmosuua! S
n1yboko OGnaroynapen Bam 3a Ty BBICOKYIO 4eCThb, KOTOPYIO
TIPE/ICTaBISIET sl MEHs Bamie mpezyiokeHne BO3IIABUTH
Teoperndeckuii otnen Bamero Uucturyra ... S nanék or
MBICJIHN, 4TO, 3aHUMasi MecTo JIaHzay, s CMOTY BHOBB CO3/IATh
TaKOH OJIECTSIIHI 1 yHUBEPCATBHBIH LIEHTP TEOPETUUECKOM
¢u3nKn, KakuM OBIT 3TOT OTAET TPHU ero XKHU3HH ... Moit
nepee3q; B MOCKBY JIOJDKEH OBbITh coracoBan Mexay AH
CCCP u AH YCCP, tak, 9TO0BI 9TO HE pacCMaTpUBAIOCh
KaKk HapylIeHHE MOMX MOpPAJbHBIX 00s3aTeNIbCTB TEpes
Vkpaunnckoir Axagemuern Hayk, akageMuUKOM KOTOpOM
st ObUT M30paH B MPOIIIOM TOIY, ¥ IEPe] MHCTUTYTOM, B
KOTOPOM sI pabOTar0 CBBIIIE TPHUIIATH JIETY.

[Mpesunent Axanemii nayk YPCP b.€. [Ilaron
MPEKPacHO PO3yMiB, Ky poib TrpaB L MuxaitmoBud B
YOTI, y XapkiBcbKiit i B ykpaiHCbKil ¢izuni. [i3HaBIMCH
mpo MoxymBuiA nepeizn .M. Jlipmmrs no Mocksu, BiH
3BEpPHYBCSl JI0 HBOTO 3 JINCTOM, y SKOMY BHCJIOBITIOBAB
CBO€ 3aHETIOKOEHHS 3 IIHOTO MPHUBOJY i TOTOBHICTH BCITISIKO
cpusta Tomy, o6 .M. Jlipiumps 3MiHUB CBOE pillIeHHS.
Jlmer Oymo HamUCaHO Big PYKH, a HE MPOTUKTOBAHO
cekperapeBi — muM b.€. IlaroH miAKpeciarOBaB i CBOIO
mOoky moBary 1o [.M. Jligumumst i cBoe mupe OakaHHS
yTpuMaru ioro B XapkoBi. Llel nucT HABOTUTHCS HIKYE
(Puc. 30).

Opnak [.M. Jlimmip 1o cyTi BKe moyas cBOO poOoTy
Ha HOBOMY MicIli. [Tounnatoun 3 1968 p. BiH pazom 3 I.M.
XaJlaTHUKOBMM KepyBaB TEOpPETHUHHM ceMiHapom [PIT —
ceminapom Jlannmay. ¥ 1969 p. Oyma omyOGrmikoBaHa CTaTTs
O.®. Anypeesa ta [.M. Jlidmms, npucesiueHa KBaHTOBIN
Teopii JeeKTiB y KpUCTalaX, SKa € ONHIEI0 3 HaHOUTBII
nuToBaHuX poOiT i Muxaiinosuua. BusBuinocs, 1o npu
Jy’)ke HHU3BKHX TEMIIepaTypax KBAaHTOBI €(DEKTH MOXKYTb
CYTTEBO BIUTUBATH HAa TOBEMIHKY NIC(PCKTIB y KpPUCTAII.
3aMicTh TOro, moO ITOBOAMTH cebe SK JIOKai30BaHi
KJIAaCHYHI 00’ €KTH, K1 JINIIE PIAKO EPEXOASITH 3 OAHOTO
MOJIOKEHHS B iHIIE, HeekTH (moMmimku abo BakaHCIi)
MepeTBOPIOIOTECSl B "nedekrtoHn" («IPUMECOHBI» |
«BakaHCUOHBI") — 30YyIKEHHS, CIPOMOXKHI MPAKTHIHO
BUIBHO PyXaTHUCs 4epe3 00’ €M KpHCTay.

[TepenbauenHs Teopii, IKi BITHOCATHCA 1O KBAHTOBOL
nudysii (nomimkosi aromu 3He B kpucranax 4He), Oynu
He3abapoM eKCIepUMEHTANbHO MiATBepmKkeHi. Tomy 17
mucronana 1978 p. y [epxaBHuil peecTp BIAKPUTTIB
CPCP Oyno BHeceHo Biakpurts Ne 206 "SBwumie
KBaHTOBOI Mudy3ii y kpucranax". ABTOpamMH BIAKPUTTS
HasBaHi [.M. Jlipmmns, O.D. AHApEEB i TPH XapKiBCHKUX
exciepumenrtaropu: b.H. €censcon, B.H. I'purop'es i
B.A. Mixees (PTIHT AH YPCP).

Y 1969 p. ILM. Jlipmuue mepeixaB 10 MOCKBH.
HecmoxiBano s Beix fioro mepira "MocKoBcbKa" poboTa,
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Puc. 30. Jluct b.€. ITatona no [.M. Jlipmmrs.

BHUKOHaHa CIIUJIBHO 3 cTapuuM oparom €.M. Jlipmunmem i
.M. XamatHukoBuM, Oyjia IPHUCBSIYCHA BEIBMH TOHKOMY
MUTAHHIO 3arajibHOi Teopii BigHOCHOCTI. B pesynbrari
nepeizay g0 Mocksu [.M. Jlibmmme oTpuMaB 101aTKOBI
MOJKIIMBOCTI /JIs1 CBO€T Ipaili, HaiBuIe o(iriiiHe HayKoBe
BU3HAHHS, OUIbIIE MOMJIMBOCTEH Ui CHUIKYBaHHS 3
MPOBiTHUMH BYCHUMHU CBITY (nuB. Puc. 31, Puc. 32).
.M. Jlipmmup opranizyBaB i mpoBiB y MocCKkBi
II Bcecorosny koHdepeHIiro 3 Teopii TBepAOro Tiia
(MockBa, rpymens 1969 p.). Immo Muxaiinosuua,
HapemTi, BHUIYCTHJIM 3a KOpHOH. Bin OpaB yuwacTs
MOCIIIb MixxHapOgHIX

y  poboTi  YOTHPHOX

BicHuk XHY, cepis «®isukay, sun. 27, 2017



P.B. Bosk, I'1. Pawba

Puc. 31. 3yctpiu 3 H. Bopom. 3npaBa HaiiBo:
M.€. AnexceeBcbkuit, .M. Jlipmunp, O.0. AGpukocos,
A. Baitumrreiin, M. Kopradensa (nepimit psi) [2].

HU3bKOTEeMHepaTypHux koHdepenuiit (HIAP 1969 p.,
Bonrapis 1971 p., Yropmuna 1973 p., @immsaaagis 1975
p.), a B 1977 poui BiH OpaB ydacth y poboti VI-ro
PansHchKO-AMEPHUKaHCHKOTO CUMIIO31yMY 3 aKTyaJIbHHUX
mpoOneM Teopii KOHIEHCOBAHOTO CTaHy pEYOBHMHHU. 4
nmucromnana 1970 p. Axagemis nayk CPCP obpama [.M.
Jligpmmns cBoim mitficHuM wieHoM (nuB. Puc. 2). Bocenn
1970 p. Bin BimBimaB Xapkis. IIporsiroMm 1BOX IHIB y
kabineTi 3am. aupekropa @TIHT xapkiBChKi TEOPETHKH
po3moBiganu oMy 1mpo cBoi pobotu. Lle OyB ocranHil
npuiza Ll Muxaiinosuya 10 Xapkosa.

Kinpka citiB mpo ocobucTi sxocTi i Muxaiinosuya.
Bin OyB mmOOKO i1HTENIreHTHOIO 1 YapiBHOIO JIOAMHOIO,
TOHKHMM, IIMPOKO OCBIYCHHUM, JYyX€ YBaXHHM JIO
CIiBpO3MOBHUKA. | B TOM 5ke 9ac BiH OyB O€3KOMIIPOMiCHUM
y OPUHIHUIOBUX MUTAHHSIX JIOJICHKOI 1 HAYKOBOT €THKH 1
HaykoBOI icTuHU. CKpPOMHICTh OyJia MPUPOIHOI PHUCOIO
ILM. Jli¢pmmms. /1. Ilerbepr, roTyioun A0 APYKY CBOIO
KHUTY "MarautHsie ociuusiinuu B Metayax" (Puc. 33)
(e 3a sxutTst .M. Jlidumuist), 3BepraBcs 1o oro Opara
€.M. Jlibmuns 3 mpoxaHHAM Hagatu Qortorpadito Lmmi
Muxaiinosuya (Puc. 34).

Pazom3tum .M. Jlipmruirs mpexpacHO yCBiJOMITIOBAB
MaciiTad CBOTO BEJIHYE3HOTO 00JapyBaHHS 1 CBOE MicCIe
y HaykoBiil iepapxii. OGroBopiotoun 3 30€t0 loHIBHOIO
OIWH i3 3aIPOTIOHOBAHUX HOMY BapiaHTIB Iepei3ny 1o
Mocksu (e o 3anpoiuenss I1.JI. Kaminu), BiH cka3as:
"Sl nma nomHoxke He moeny". I.M. Jlipmmup BHCOKO
LiHyBaB aKa/JeMidyHe 3BaHHS, BiH BBa)XKaB, IO BiH TiTHUHN
OyTu akaseMikoM i XxoTiB Oytu im. 1o % cTocyerbes Beix
IHIOUX perajiif, BOHM He MaJIX JJIsl HbOTO JyXKe BEJTHUKOTO
iHTEepecy, xo4ya, 0e3yMOBHO, He OyJu oMy Oaiiyxi.

He nuBisiurch Ha 3HauHy 3arTHOJICHICTh Y HAYKOBY
po6oty, .M. Jlipmuie 3HaX0AWB Yac i IJIs 3aXOIUICHB i
x0001. BaxyiuBy posb B xuTTi Lii MuxaiaoBuda rpaiu
Mapku. BiH 3 paHHIX pPOKIB CBOTrO JKHUTTS 3aXOHHBCS
iX KOJEKIIOHYyBaHHSIM 1 1O TpaBy BBa)KaBCA OTHUM 3

BicHuk XHY, cepia «®isukay, sun. 27, 2017

Puc. 32. licns nonosini Hinkca Bopa. 3npasa HaiBo:
I1.J1. Kamina, JI.JI. Jlannay, Hinec bop, A. Baitnmireiin,
LM. Jlibtmie, C.M. Puros, 1.€. Tamm [2].

HalBimoMimmMX (QiTaTeNnicTiB HE TUIBKH PaJsHCHKOTO

Coro3y, a # city (Puc. 35). V 1957 poni y Mocksi, B

pamkax VI-ro BcecBiTHpOro (ectuBamio Momomi i

CTYIIEHTIB, Oyna npoBejieHa BucTaBka ¢inarenii (Puc. 36,

Puc. 37). I. M. Jlipmnne npeacTaBuB peKOHCTpyHOBaHY

MaTPHIIFO JTUCTA epiioi aHrIifickkoi mapku Black Penny

1 OTpUMaB JUILIOM | cTymeHs Ta 30J0Ty Menaib.
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%"m J.lenbepr

MarsurHbie
OCIMLIAIMHA
ek B MeTAIIAX

qu [D{ (
Mepeson ¢ anrnufckoro
n-pa dwa.-maT. Hayk B. C. Saenemana
u J1. 1. Hlapeuna

non penakuHci
a-pa ¢m3.-mar. Hayk M. M. Karanosa

JI. B. IYBHHKOB
(1901 — 1945)

B. Jl. ne TAA3
(1878 — 1960)

1. M. san AJIB®EH
(1906 — 1967)

P. E. TAREPJIC
(p. 1907)

JI. 0. TAHOAY
(1908 — 1968)

J1. OH3ATEP
(1903 — 1976)

MOCKBA «MHP» 1986

H. M. THSUTHLL . MEHBEPT
(1917 — 1982) (p. 1911)

Puc. 33. O6knamunaka kauru . Hlerbepra "MarauTHbIe OCIIDIAINAN B MeTasuiax"

UNIVERSITY OF CAMBRIDGE
DEPARTMENT OF PHYSICS

CAVENDISH LABORATORY
Telephone: 0223-66477 MADINGLEY ROAD
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Puc. 35. LM. Jlibmmne y ToquHA A03BILIA [2].

Oinarenictryni  npucrpacti M. Jlibmmuis Oyiau
Omuckyde obirpani mix gac cBaTkyBaHHA S0-pigus JI.JI.
Jlanmay y 1958 p. B sikocTi momapyHKa Bijfi XapKiBCHKHX
TEOPETHKIB IOBUIP OTPUMAaB CIIEIialbHO BHTOTOBJICHUH
KOHBEPT 3 Mapkorw. Ha nuupoBiii CTOpOHI KOHBepTa
OyB 300paxeHnit Ha menmectam Oroct JILJI. Jlammay,
YBIHYaHUH JTaBPOBOIO TiTKOI0. Ha camomy m’enecraini OyB
300pakeHNH 3akoH jaucrepcii 30y/KeHb Yy HaIUTMHHIN
piAMHI 3 POTOHHUM MiHIMYMOM.

Y 1933 p. omHOYaCHO 3 HaABYAHHIM Ha (i3UKO-
MeXaHI9YHOMY  (aKympreTi  XapKiBCHKOTO  MEXaHiKo-
MamHOOY/IBHOTO 1HCTHTYTY [t MuxaiiiioBUY BCTYIHB
N0 XapKiBCbKOi KOHCepBaropii Mo Kjlacy KOMIMO3HIT
npodecopaborarupboBa. Bin Hanucas qeKiibKa HEBETHKHX
My3UYHUX TBOPIB, AKi 3TOZOM, Ha YKaJlb, 3HUIIUB.

22 gepBHst 1982 y .M. Jlidmmis TpanuBes 4eproBuid
— YETBEPTHUIl 3a pPaXyHKOM 1 Jye cepio3HHH — iH(apKT.
Yepes Tpu TwxkHI iH}apkT nosropuBcs. 3nopoB‘s L
MuxaitioBiya CTpPIMKO TOTipiIyBajock. He3Baxaroun
HAa IIe, BiH HaMaraBcs MPOIOBKYBATH IPAIIOBaTH, aie 23
xKOBTHA 1982 poky #oro He crao.

3 iM’sm M. Jlibmmns mnos's3aHa wina ernoxa y
¢isukn. HMoro HeckiHueHHa

PO3BUTKY TEOPETUYHOI

BIIIAHICTh HAyIli 1 BEMWYE3HUN TAJaHT JO3BOIWIH HOMY

BicHuk XHY, cepia «®isukay, sun. 27, 2017

Puc. 36. I.M. Jlidpummp
Ha QimarenicTudHii BUCTaBi [2].
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Puc. 37. Hinepnanacbka Mapka
3 noprpetom JI.JI. Jlannay.

CTBOPUTH KiJbKa HOBHX HANpPSIMKIB Cy4acHOi Teopil
KOHJICHCOBAHOTO CTaHy, COPMYJIOBATH 1 BIPOBAIUTH Y
JKUTTSI TIUTMHA psil OHEPChKUX i71el, siki Oarato y domy
BU3HAYWIN [IUISIXU PO3BUTKY HayKH. 3aB/SIKK CBOTH AMBHIH
3MATHOCTI PaiTH YyKUM pe3ylibraram, HaJ3BUYaiHIN
HayKOBiH enpocTi y

TMOETHAHHI 3 TEPIHUMICTIO 1 TEIIOTOO CITUTKYyBaHHS,
BiH 3aBKIM OyB OJHHM 3 TOJOBHUX IICHTPIB TSDKIHHS
y  ¢izuyHomy  cmiBroBapucTBi. Ilpm  BupimieHHI
NPUHOUIIOBUX MUTAHb BiH 3aBXIHM 3QJIUIIABCSA YECHHUM 1
OE3KOMITPOMICHHM, TIPEACTABISAIOUN COOO0I0 MOpaThbHHUN
€TaJIOH JUIsl OTOUYIOUHX.

Lt Muxaitnosny Jlipmmis MposkuB He JTyXKe J0Bre,
aJie IIACJIMBE 1 TUTIHE KUTTS, BiH 3aJIMIINB Oaraty HayKOBY
CHAANIMHY 1 BHUXOBaB IIUTy TUIeSAy Yy4HIB. Bemmukumn
BUCHMMH TUINAIOTHCS, iX MOBaXKaIOTh 1 MIHYIOTh — y .M.
Jlipmmns Bee e Oyno. Kpim toro, foro qro0uim.

Tomy mopsizi 3 JOBI'MM HayKOBUM JKUTTSIM i1eH 1 pooiT
IIFOTO BHUJATHOTO BUEHOTO, 30epermacs i icHye moOpa i
BISIYHA ITaM’ SITh TIPO IyAOBY JTIOAUHY — [0 MuxaitnoBmda

Jlipmms.
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OcnoBHi aatu xutTs LM. Jlidpurins

1917 p. Hapomusest 13 ciuns y Xapkosi.

1931 p. 3akiHuMB ceMUpIUHy cepeHIo Koy 1y 1933
p. — poGirdax.

1933-1938  pp. Cryment  (i3uKo-MeXaHIYHOTO
(dakyinpreTy XapKiBCBKOIO MEXaHIKO-MaIluHOOYIiBHOTO
IHCTUTYTY.

1935-1936 pp. HaBuaBcs ekcTepHOM Ha Mat. BiTiIeHHI
¢izsmary XJIY 1 y 1936 pomi 3akiHUMB EKCTEPHOM 3a
crieniajapHicTIO "MaTeMaTuka'.

1937-1968 pp. Mononmmuii HaykoBuif, 3 1939 p. —
CTapUIMi HAayKOBHMH cHiBpoOiTHHK, 3 1941 p. — 3aBigyBau

BimaioM  TeopeTmuHoi  (i3mku  Di3MKO-TEXHIYHOTO
inctutyty AH YPCP.
1938 p. 3akinumB  XapKiBCBKMH  MEXaHIKO-

MaIIMHOOYNiBEIbHIH THCTUTYT 32 paxoM "imxeHep-¢i3uk".
1939 p. 3axucTHB JOUCEpTali0 KaHAuaata (i3uKo-
MareMaTHyHKX HayK Ha Temy "Jlo Teopii TBepiux po3unHiB".
1941 p. 3axuctuB aAmcepramilo AoKTopa (Hi3HWKO-
MaTeMaTHYHUX HAayK Ha TEMy
HeileaTbHUX KPHUCTAIB B iH(QpadepBoHii odmacTi".

1942 p. 3arBep/pkeHnil y BueHOMY 3BaHHI ITpodecopa
TEOPETUYHOI (Pi3HUKH.

1944-1968 pp. 3aBigyBad CTBOpeHOI HUM Kadeapu
crarucTUaHO1 (i3uky 1 TepmonnHamiku XJIVY.

1946 p. Haropomxennii memammo "3a moOmecHy
mpairo y Bemukiit BiTunsnstaiit Bivtai 1941-1945 pp."

1948 p. O6pano wreHom-kopecrnoraearoM AH YPCP.

1952 p. lpucymxeno npemito im. JI.I. Mannensirama
AH CPCP 3a uuxi pobit o JuHaMiYHINA Teopii peaibHIX
KpPHUCTATIB.

1956-1982 pp. Unen penxomerii xypHary "®i3mka
TBEpAOro Tinma'".

1960 p. OOpanuii uneHOM-KOpecmoHaeHToM AH
CPCP.

1961-1982 pp. T'onosa Hayxoroi paqu AH CPCP 3
npobnemu "Teopis TBeporO TiNA".

1962 p. Ob6pannii moyecHNM dwieHOM TpiHITI-KONCIKY
KemOpimxkcpkoro yHiBepcuteTy (AHDIIS). AHDIIHCEKAM
(I3UYHMM TOBApHCTBOM HOMY NpHUCY/KEHa IpeMis iMeHi
®. CaiimoHa 3a poOOTH 110 CIEKTPOHHIN Teopii METaIiB.

1964 p. Bigpsypkenuit B YropumHy Juisi ydacrti y
JITHIN KO 3 i3UKK HAITIBIPOBITHUKIB.

1964-1982 pp. IIpodecop xadenpm KBaHTOBOL
Teopii, 3 1971 p. 3aBimyBaB creriamizaiico Ha Gpi3HmIHOMY
¢axyasreri MJIVY.

1966-1968 pp. Tonoma (i3.-mMaT. CekIlii TOBapUCTBA
"3Hanns".

1966-1982 pp. Unmen penkomnerii Mi>KHAPOIHOTO
xypHaiy "Journal of physics and chemistry of solids"
(Heio-Hopk).

1967 p. OOpanuii nificHUM WicHOM AKanemii Hayk
YPCP. Ilpucymkena JleHiHChKa mpeMist 3a JTOCIIIKCHHS
€JIEKTPOHHOTO EHEPreTUYHOIO CIIEKTPa METaliB.

"OnruyHa  MOBENIHKA

88

1967-1982 pp. Unen peaxoierii XKETD.

1968-1982 pp. 3actrymHuk rojoBu Oropo HaykoBoi
pamu 3 mpobnemu "@izmka HU3BKHX Temmeparyp" AH
CPCP.

1969 p. Binpsymxennii 1o H/IP Ha HU3pKOTEMIIEpaTy pHY
KOH(EpEeHIIiIo.

1969-1982 pp. 3aBigyBau BiIIIOM TEOPETHYHOI
¢izuxu 1O AH CPCP, sxkum panime 3aBigysas JI.JI.
Jlannay.

1970 p. Obpannii mificHUM WieHOM AKazemii HayK
CPCP. HaropomxkeHui I0BIICHHOIO Meautio "3a 1o0IecHy
nparto".

1971 p. Binpsmkenunit y bonrapito 1y 1973 p. B
VYropumny Ha MixHapoaHi koHdepeHuii 3 ¢i3uku i
TEXHIKH HU3BKHX TEMIIEPaTyp.

1975 p. Haropomxkennit opaenom TpymoBoro
Yepsonoro [Ipamopa 3a 3aciyru B pO3BUTKY PaJsHCHKOT
HaykH 1y 3B13Ky 3 250-pivusim AH CPCP.

1977 p. Binpsypxennit y CILIA na VI PagsHcbKo-
AMepUKaHCHKHIA CHMITO31yM 3 aKTyalbHHUX Mpo0iieM Teopil
KOH/ICHCOBAHOTO CTaHy PEUOBHHHU.

1982 p. O6panwmii iHo3eMHUM WwieHOM HamioHampHOT
AH CIIA.

1982 p. [Tomep 23 x0BTHS Y MOCKBI.

1986 p. Ilpucymkeno (mocmeptHo) JlepkaBHy
npemito YPCP B obnacti Hayku i texHiku 1985 poky 3a
MoHOTpadito "BBemeHne B TEOpHIO HEYHNOPSIOYCHHBIX
cucreM" (cminbHO 3 C.A. I'peneckynom i JLLA. TTactypom),
sika Oya omyOmikoBana y 1982 p.

ABTOpH BHUCIIOBIIOIOTH MMpy nOasKy JleoHimy
Awnppiiiopuay  Ilactypy 1 Ceprito  AnnpilioBuay
I'peneckyiny 3a IOMOMOTY IIPH MIATOTOBIN 70 MPOBEACHHS
XI-0i MixnapomHoi HaykoBOi KoH(epeHIil «PDi3udHi
SBHINA B TBEPAUX TiJlax», mpucBsdeHoi 100-pigdio 3 mHA
Hapo/keHHs akanemika .M. Jlipmmrs.

ABTOpH BHCJIOBIIOIOTH MMPY Noasky Oiexcaniupy
MuxaitnoBudy €pMoiaeBy 3a JOIIOMOTY Y Iporeci poooTH
HaJl CTaTTelo.

Jlitepatypa

1. WM. Jludpmmun. U36panasie Tpynbl. Ou3uKa pearbHBIX
KPHCTAJUIOB U HEYIOPsA0YCHHBIX cucTeM, Hayka, M.
(1987), 552 c.

2. WM. Jlupmmu. M30paHHbIe Tpyabl. DNEKTPOHHAS
Teopuss  MeraiuoB.  Du3MKa  MOIMMEPOB U
omonommmepoB, Hayka, M. (1994), 442 c.

3. Wnps MuxaiinoBua Jludumm. YdYeHBIH U YENOBEK,
HHII X®TU, Xapekos (2006), 717 c.

4. B.B. VubsHoB. Wb Muxaitnopuu Jludmmn, XHY
nmvenu B.H. Kapasuna, Xapskos (2007), 40 c.

5. JLA. Tactryp. ®i3uyni sBUIIa B TBEPAWX Tilax.
Marepianu XIII MixxaapoaHoi koH(pepeHtii, mig pea.
B.C. Kpwioscskoro, B.II. Iloiinn, Ykpaina, Xapkis
(2017), cr. 16.
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IHam'aTi BikTopa IIpoxopoBuya JledeneBa
(1937 - 2013)

B.I1. JIe6eneB napoauscs 19 ciuns 1937 poky y M. Xapkosi. Bid 3akiHuuB (hi31KO-
MaTemMaTnuHuil pakyapTeT XapKiBCHKOTO Jep>KaBHOTO yHiBepcuTeTy imeHi O.M.
T'oppkoro Ta acmipantypy YKpaiHCBKOro (hi3MKO-TEXHIYHOIO 1HCTUTYTY. 3aXHUCTUB Y
1971 pomi kanauaaTceky, a y 1991 poui qokropesky auceprariito. Y 1991 pomi B.I1.
JleGeneBy OyIio mpucBO€EHO BUeHE 3BaHHs podecopa. Y 1959 pori B.I1. JIeGenen nmouan
IPAIfOBaTH Ha MOCa/l aCUCTeHTa KadeApu eKCIIepUMEHTANBbHOT (h13MKHU XapKiBCHKOTO
nepsxkaBHOTO YHiBepcuteTy iMeHi O.M. ['oppkoro. B momanmeiioMy mpaitoBaB Ha mocai
CTapuIoro BUKjIaaaya, 1oIeHTa, mpodecopa, nekaHa, 3aBiyBada kadeapu. 3 1993 p. no
2005 p. ob6iitmaB nocaay Aekana izuunoro daxkyasTeTy, a 3 2001 poky mo 27.10. 2014
IpaIfoBaB Ha MOCal 3aBiayBada KaQeapu eKCIepuMeHTAIbHOI (Pi3UKU XapKiBCHKOTO
HalioHanpHOTO yHIiBepcuteTy iMeHi B.H. Kapasina.

OCHOBHI HampsiMM HAyKOBUX JIOCHIIKeHb, skl mpoBoauB B.II. JlebGexes,
CTOCYBaJIUCh (DI3UKH MIITHOCTI Ta TUIACTMYHOCTI 1, 30KpeMa, HU3bKOTEMIIEpaTypHOi
nedopmariii meraiis i criaiB. [1ig HOoro KepiBHUIITBOM OyJIO OTPHMAHO P BATOMUX
HAyKOBUX PE3yJbTaTIB IIOAO0 BIUIMBY HAIIPOBIIHOTO CTaHy METaJliB Ta CHUJIBHUX
MarHiTHUX IMOJIIB HA MEXaHW4YHI Ta CTPYKTYpHI BJIACTUBOCTI marepiaiiB. JleOenes
B.I1. onmy6unikyBaB y criiBaBTOpcTBI MoHaA 150 HaykoBUX MIpallh Ta KiIbKa HaBYaJIbHUX
NMOCIOHMKIB, TIATOTYBaB TPhOX KaHAWAATIB HayK. BiH € OIHMM 3 pPO3pOOHMKIB



Jlep>kaBHOTO OCBITHHOTO CTAHJAPTY 3 MIATOTOBKHU OaKaIaBpiB 3a HAIIPSIMOM ITiATOTOBKH
«pizukay.

B.II. JlebeneB OyB Wi€HOM JBOX CHEIlali30BaHUX BUEHUX pajl 13 3aXUCTYy
JOKTOPCHKHUX JAMCepTalliid. 3 HOoro iHINIATUBH Ta MpPU HOro Oe3mocepenHiil ydacri
Ha ¢izuuHoMy (akynbpreTi Oyno BigHOBIEHO BuAaHHS «BicHuka XapKiBChKOTO
HarioHanbHOTO YyHiBepcutery imeHi B.H. Kapasina» cepis «®i3uka», ToI0BOIO
PEAKOIIETIi SKOTO BiH OyB JI0 cCaMOi CMEpTI.

Biktop IIpoxopoBuu JlebeneB TanmaHOBUTUN BUKJIAAa4y, BYCHHH 1 OpraHizaTop
(b13UIHOT OCBITH, JIIOAWHA MO Ay 1 Baadi. CBiTia mamM’sTh PO HbOTO HA3aBXKIH
30epeKeThCs B CEPISIX BCIX, XTO HOTO 3HAB.

Penakmiiina xoseris



To the 100th anniversary of the birth
of Thor Mykolaiovych Shkliarevskyi (1917 — 2004)

Ihor Mykolaiovych Shkliarevskyi, a prominent scientist and the first head of
the Physical Optics chair in Kharkiv State University (KhSU), was born in Lozova
town on April 22, 1917. His father was a veterinarian while his mother was a teacher
of physics. It was mother who encouraged him to be interested in physics. In 1935
Ihor Mykolaiovych entered the Physics and Mathematics Faculty of KhSU, and he
successfully graduated in 1940 by the department of physics.

Over the next year I. M. Shkliarevskyi worked as a teacher of physics in the
secondary school No.113 in Kharkiv city. In September 1941 he was mobilized
into the acting army. After suffering a severe contusion on the front, Ihor
Mykolaiovych worked in field hospitals as a radiologist. He was decorated with
the Order of the Patriotic War, the medal “For Courage” and other medals. After
demobilization in 1946 Thor Mykolaiovych was accepted for assistant position in
the Experimental Physics chair of KhSU led by academician K. D. Sinelnikov,
who also led Ukrainian Institute of Physics and Technology. Under his leadership
Shkliarevskyi successfully defended Candidate’s dissertation on mechanical
strength of optical coatings in 1949.



Educational and scientific activity of Thor Mykolaiovych was further developed in
1951 after K. D. Sinelnikov had initiated establishment of physical optics specialization
at the Experimental Physics chair. In a short period of time Thor Mykolaiovych and his
young coworkers created a modern laboratory workshop on physical optics for students
of the 4™ and 5™ year. Then he worked up and started to deliver several specialized
lecture courses. In 1962 Thor Mykolaiovych became the head of Physical Optics chair
first created in KhSU.

Over these years . M. Shkliarevskyi published a number of scientific papers
devoted to interference and metal optics. In fact, he was the first to study the optical
constants in a wide spectral range. Through his research together with apprentices the
frequency range was identified which corresponds to interband absorption, and the
interband absorption contribution to dielectric constants of metals was determined. In
1959 Thor Mykolaiovych defended his doctoral thesis on the subject of “Some questions
of metal optics.” His works on metal optics are cited in a large number of monographs
and reference books.

His researches were not limited to the study of massive metal optics. Thor
Mykolaiovych had published numerous articles on granular film optics, ellipsometry
and multi-layer optical coatings. There were researches of spectra of granular films
for metals experiencing plasma resonance in nanometer size granules. For the first
time he took into account influence of the dipole—dipole interaction of granules and
influence of medium dielectric constant on spectral position and intensity of the plasma
resonance band. These works became the basis for modern explanation of Weigert effect
in photolayers and for discovery of generation of periodic structures due to excitation
of scattered waveguide modes in photolayers.

[hor Mykolaiovych and his students had made great progress in experimental
studies and calculations of thin-film multilayer coatings. Inventor certificates were
obtained concerning manufacture of narrowband filters, cutting filters, anti-reflective
coatings, manufacture of polarizers etc.

[. M. Shkliarevskyi published more than 230 scientific papers. Sixteen PhD theses
were defended under his guidance. His apprentices M. A. Vlasenko, V. K. Miloslavskyi,
V. G. Padalka, and L. O. Ageev achieved Doctor of Science academic degree.

His friendly attitude to the students and staff of the department should be noted.
Ihor Mykolaiovych always supported new ideas put forward by collaborators, and
created conditions for development of new research directions at the department. The
memory of him as an outstanding scientist and an excellent person will forever remain
in the hearts of his students and followers.



IHam'saTi FOpis AnaponoBuua IlonkoBa
(1937-2001)

HOpiit Auaponosud [TonkoB — (i3uk, TOKTOp (i3uKO-MaTeMaTudHUX Hayk (1978),
npodecop (1982), 3aBimyBau kadenpu 3aranbHoi Gizuku (1980-2001).

Hapomuscs 18.11.1937p. B m.BnaguBocTok B poawHi BiiickkoBoro. Y 1954p.
BCTYNUB /10 (HI3UKO-MaTEeMaTUYHOTrO (akyJIbTeTy XapKiBCBKOTO  JEp:KaBHOTO
YHIBEPCUTETY, MICIIs 3aKIHUEHHS IKOro y 1959p. 3anummBcs npantoBaru B Jadoparopii
(b131MYHOT ONTHUKHU.

VY 1961p. BiH nocTynuB 10 acnipanTypu P13UKO-TEXHIYHOTO 1HCTUTYTY HU3BKUX
temrieparyp AH YPCP. B 1965p. FO.A.IlonkoB mig KepiBHUIITBOM BiioMUX (hi3UKiB,
MaiOyTHiX akaaemikiB b.[.Bepkina Ta B.B.€pemeHko 3axUCTUB KaHAUAATCHKY
aucepranito Ha TeMy «CreKkTpajibHi Ta MarHITOONTHYHI JOCIHIKEHHS KpUCTaliBy. B
HACTYIIHI POKHY Ha MTOCa/Il CTapIIoro HaykoBoro crmiBpoOiTHuKa FO.A.TlonkoB odontoBaB
KOJIEKTUB BUEHUX, 10 AOCIIKYBaAJIA HU3bKOTEMIIEpATypHI (Pa3oBi Nepexoan METOIOM
CHEKTPOCKOITT paMaHIBCHKOTO PO3CIOBaHHS CBITIA. Pe3ynbraTt mochipkeHb Oyiu
BUKJIJIEHI B HOro JOKTOPChKIM auceprauii «llormmHaHHs 1 HENpY>KHE PO3CIFOBAHHS
CBITJIa KPUCTAJIaMU TIPH MAarHiTHUX, CTPYKTYPHHX Ta CETHETOENEKTPUUHUX (Pa30BUX
nepexonax» (1977p.).



[Tenaroriuna misuibHicTh FO.A.TTonkoBa mounHanace 13 BUKIaAaHHS KypCy JIEKITii
13 3aranbHOi (i3UKKM y XapKiBCbKOMY I1HCTUTYTI pamioenekTpoHiku. 3 1980p. BiH
nepeunoB Ha poboTy B XapKIBChbKUN JIepKaBHUN YHIBEPCHUTET, /i€ OUOIHB Kadenpy
3arayibHOi (i3uku. B 1e# yac BiH UIAHO 3aiiMaBcs y40OBO-METOAMYHOK POOOTOIO:
BUKJIaJIaB Kypc 3arajbHOi (Pi3Wku Ha OIOJIOTIYHOMY Ta MEIUYHOMY (haKylbTeTax,
creniajgbHl Kypcu CTyAeHTaM crerianizaimii «Di3uka MarHiTHUX SBUIID; OIyOJI1KyBaB
OpUTIHAIBHUHN y400BHH MOCIOHHUK «JIEKIIT 3 OCHOB KPUCTAJIIYHOTO TOJIsH», a TAKOXK, B
CIIBaBTOPCTBI 3 BUKJIalauaMu Kadeapu, HU3KY METOIUYHUX PO3POOOK JIJIsl CTY/IEHTIB.

Hayxogi inTepecu FO.A.IlonkoBa 0XOITIOBANIN MIUPOKE KOJIO HAMIPSMKIB (h13HKH,
10 CTOCYBaJUCh JOCTI/DKCHHS JTUHAMIKH KPHUCTAIIYHOI peunTku npu (Ha3zoBux
nepexojax, MAarHiTHUX BJIACTUBOCTEW BUCOKOTEMIIEPATYPHUX CBEPXIIPOBIIHUKIB,
HEBITOPSIKOBAHUX CTaHIB y MarHETUKaX, BIACTUBOCTEH HAHOCTPYKTYPHHUX MarHiTHUX
nopoikiB. Ha mpoTsi3i psy pokiB BiH OyB HAyKOBUM KEPIBHUKOM HAyKOBO-JI0CI1THUX
poOIT, SIK1 MPOBOIMINCH Ha Kadepi, KEPIBHUKOM KaHIMIATCHKUX TUCEPTalliid, aBBTOPOM
Ta criBaBTOpoM OuIbIn 100 OpuTriHAIBHUX HAYKOBUX CTaTeH, IIMPOKO BIIOMUX Cepe
CHEIIaJIICTIB, TPU3HAHUM aBTOPUTETOM Yy TajTy3sX CIIEKTPOCKOIi MAarHETHKIB Ta (DI3UKH
(ha30BUX MEPEXo/IiB, WICHOM CIIEIIallI30BaHUX BUCHUX paj IpH Hi3UIHOMY (HaKyIbTeTI
XHY ta ®TIHT HARY, onauMm 13 3acHOBHUKIB YKpaiHChKoO1 (i3uuHOi criyiku. Cepen
roro yuniB 11 xkaHIMIaTIiB HayK.

Opis  AngponoBuua [lonmkoBa Bifpi3HsJIa BHCOKAa KyJabTypa CIUJIKYyBaHHS,
IIPUHIIAIIOBE Ta TOOPO3UWIMBE BIIHOIICHHS JI0 KOJIET Ta CTY/ICHTIB. YCi, XTO HOT0 3HaB,
IpAaIfOBaB Pa3oM 3 HUM, HOTO YHMCEINIbHI YUHI Ta COPAaTHUKU 30€periiv CBITIIy MaM’AThb
PO HBOTO SIK MPO JIIOANHY, BYSHOTO, BUUTEJIS.



IHOOPMALIIA JUUISI ABTOPIB CTATEN
xypHaiy «Bicauk XHY». Cepist «Dizuka»

VY xypHani «Bicauk XHVY». Cepis «®i3uka» IpyKyIOThCS CTAaTTi Ta CTHUCII 32 3MICTOM ITOBIJIOMJICHHSI, B SIKMX
HaBeJIeH1 OpUTiHANBHI PE3yNbTaTH TEOPETHYHUX Ta EKCIIEPUMEHTAIBHHUX OCHIKEHb, a TAKOXK AHAJITHYHI OTJISIH
JTepaTypHUX JHKEpeI 3 Pi3sHOMAaHITHUX aKTyalbHUX TMpo0sieM (i3uKH 3a TEMaTHKOIO BHIAHHS.

Moga craTeii — yKkpaiHChKa, aHTIIIHChKA Ta POCIHCHKA.

TEMATUKA XYPHAITY

1. Teopernuna Qizuka.

2. di3uka TBEPIOTO Tija.

3. ®i3uKa HU3BKUX TEMITEPATyp.

4. di3uKka MarHiTHUX SIBUIIL.

5. OnTrka Ta CIeKTPOCKOTTis.

6. 3arayspHi nUTaHHA (GI3UKK 1 cepel HUX: METOHOJIOTIS Ta icTopis (i3WKH, MareMaTHyHi MeToau (i3MYHHX

JIOCITIPKCHB, METO/IKA BUKJIAaHHs (DI3UKHU Yy BUIIH [IKOJI, TEXHIKA Ta METOAMKA (Di3UYHOTO CKCIICPUMEHTY TOIIIO.

BUMOTI'M 1O O®OPMJIEHH S PYKOITUCIB CTATTEN

3aranpHu 00CAT TEKCTY PYKOIUCY CTATTI MOBMHEH 3aiiMaTH He Oiible, HiX 15 CTOpiHOK.

Pykommic crarTi CKIamaeTbes 3 THUTYIBHOI CTOPIHKH, Ha SIKi BKa3aHHO: Ha3Ba CTAaTTi; IHIIIaNK Ta TIPi3BHINA
aBTOPIB; MOIITOBA a/Ipeca YCTaHOBH, B sKii Oyia BUKOHaHa poOoTa; Kiacudikaniiiauii ingekc 3a cucremamu PACS Tta
VJIK; aHoTanii Ha OKpeMOMY apKylIIi 3 TpI3BUILEM Ta iHilliaJlaMH aBTOPIB 1 HA3BOIO CTATTi, BUKJIAAEHI YKPaiHCHKOIO,
POCIHCBKOIO Ta aHTNIIHCHKOIO MOBaMH; OCHOBHHUI TEKCT CTATTi; CIUCOK JITEPATypH; MIAMKCH MiJl PUCYHKaMH; TaOJuIIi;
pHUCYHKH: Tpadiku, GOTO3HIMKH.

AHorarris moBuHHA OyTH 32 00'eMoM He MeHbII Hik 500 ciMBomiB. CtaTTs HOBHHHA OyTH CTpyKTOpOoBaHa. BHCHOBKHI
MOTPIOHO MIPOHYMEPOBATH Ta B HUX MOTPiOHI OyTH BUCHOBKH a HE TIEpETHCcaHa aHOTAaIlis.

EnexTpoHHMi BapiaHT pyKONHCY CTaTTi MOBWHEH BIAIIOBIJaTH TAaKUM BHMOTaM: TEKCT PYKOIHCY CTaTTi IOBUHEH
Oytu HaOpanuii y popmati MicrosoftWord Bepcii 2013, BupiBHIOBaHHS TEKCTY MOBUHHE OyTH 3/1iHCHEHE 32 JIIBUM KpaeM,
rapuitypaTimesNewRoman, 6e3 npornucanx OykB y Ha3Bax, OyKBH 3BHYalHI PSJKOBI, 3 MOJISMH JIIBOPYY, NTPABOPYHY,
3Bepxy 1 3HM3Yy 10 2,5 cM, Gpopmynu noBuHHI OyTn HaOpaui B MathType (He Hmxkue Bepcii 6,5), y hopMyrnax KUpHIHLs
HE JIOITyCKA€ETHCS, CHMBOJIM 3 HIDKHIMHU 1 BEpXHIMH iHAECKcaMH ciin Habuparu B MicrosoftWord, mmpuna dhopmynn He
oimemre 70 mm, rpadikm Ta GoTtorpadii HeoOXigHO TogaBaTH B TpadiuHoMy (opmari, pospizHeHHsS He MeHmne 300 dpi,
romMpeHHst (aiiyliB NOBUHHO OyTH *.jpg, IIMPUHOIO B OJIHY UM JIBI KOJIOHKH, JUIS OJHI€T KOJIOHKH PO3MIpH: 3aBILUPIIKA
8 MM, JuIsl 1BOX KOJIOHOK — 16 MM. Macmirad Ha mMikpodororpadisx HE0OXiJHO MPEACTABIATH Y BUIVIAA MaclITaOHOT
JHHIAKY.

BUMOI'U IO O®OPMIJIEHH I I'PA®IKIB
TopmuHa miniit He Oinbme 0,5 MM, ae He meHte 0,18 MM. BemnanHa miTep Ha mianucax 10 pucyHKiB He Outemt 14
pt, ane He menme 10 pt, rapHiTypa Arial.

ITPUKJIA L ODPOPMIJIEHHA CITMCKY JIITEPATYPU
1. JLJI. Jlannay, E.M. JIudmui. Teopus ynpyrocru, Hayka, M. (1978), 730 c.
2. N.W. Iranos. OTT, 25, 7, 762 (1998).
3. A.D. Ashby. Phys.Rev., A19, 213 (1985).
4. D.V. Vert. In Progress in Metals, ed. by R. Speer, USA, New York (1976), v.4, p.17.

J1O PEJAKLIT HAJAETHCA

1. IBa po3apyKoBaHi IPUMIPHUKN PYKOIIUCY CTATTi, AKi MiAMHCaHi ii aBTOpaMu.
2. EnexTpoHHa Bepcis pyKOMHCY Ta aHi MI0/10 KOHTAKTIB /IS CIUTIKYBaHHS 3 11 aBTOpaMu. J{J1s1 11h0T0 MOTpiOHO HazicIaTn
eJIEKTPOHHOIO TIOIITOY0, TUTEKH Ha afpecy physics.journal@karazin.ua.
3. HampaBiieHHS BiJ yCTaHOBH, ji¢ Oyia BUKOHaHa poOOTa, 1 aKTH €KCIIEPTU3H Y ABOX NPUMIPHUKAX; aJpecy, MPi3BHUIIE,
MOBHE iM’s1 Ta 0ATHKOBI aBTOPiB; HOMepH TenedoHiB, E-mail, a Takox 3a3HaYUTH aBTOpa PYKOIHKCY, BiIOBIAIEHOTO 32
CIUJIKYBaHHS 3 PEAAKINEI0 XKy PHAITY.

Marepianu pyKomucy CTaTrTi MOTPiOHO HAmpaBIATH 3a ajpecoro: Pemakmis sxypHamy «BicHuk XapKiBCBKOTO
HarfioHaneHOTO yHiBepcuteTy imMeni B.H. Kapasina. Cepis: ¢isuka», Jledbeney C.B., disuunuii daxynsret, Maiizan
Ceobomu, 4, XapkiBcbKuii HamioHaEHUH yHiBepcuTeT iMeHi B.H. Kapasina. texn. (057)-707-53-83.
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