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Researsh of altitude of potential barrier at the metal-vacuum
interface by the diffraction method

A.V. Bezuglyi, E.S.Orel, A. M. Petchenko

O.M. Beketov National University of Urban Economy in Kharkiv,
Ukraine, 61002, Kharkov, Revolyutsii street, 12
physics@kname.edu.ua

The paper considers the problem of diffraction at normal incidence of a monochromatic beam of photons on a grating of thin metal
strips. Quantum-mechanical approach is used to describe the phenomenon of diffraction of particles. Based on the elastic interaction
of photons with electrons, that is in the strip and carries a one-dimensional movement in the potential pit with barriers of finite height,
relations for discrete values of angles, at which the diffraction peaks should be observed, were obtained in the first approximation.
The equations obtained in this work are the same in the case of small angles of diffraction as the known in the scientific literature
expressions that determine the position of the diffraction peaks in the case of diffraction of light at a diffraction grating surface. The
relation to determine the height of the potential barrier at the metal — vacuum interface was obtained.

Keywords: electrons, photons, diffraction, beam, potential barer, potential pit, discrete spectrum, elastic interaction, diffraction
grating.

B po6orti po3misHyTa 3aa4a qudpakiii mpu HOpMaITbHOMY MaliHHI MOHOXPOMATUYHOTO ITy4YKa ()OTOHIB HA IpaTKy HECKIHYEHHO
TOHKUX METAJIeBUX CTpi4oK. [Ipy po3B’s3aHHI 3a/1a4i BUKOPUCTAHO KBAHTOBO-MEXAHIYHUH MINXiJ A0 ONMUCAHHS sSBUINA AUPPaKIii
YaCTUHOK. BHXO519H 13 ySIBICHHS PO TPYKHY B3a€MOIi0 (DOTOHA 3 €IIEKTPOHOM, 1110 3HAXOAUTHCS B CTPIYILL, 1 3A1HCHIOE OMHOBUMIPHHN
PyX B MOTEHIIAJbHIN sIMi 3 TIOTEHI[IaIbHUMHU Oap’epaMu 0OMEKEHO1 BUCOTH, OTPUMAHO B MEPIIOMY HAOMMKEHHI CIiBBiTHOIICHHS
JUISL IUCKPETHHX 3HA4YeHb KYTiB, IMiJ] SIKKMH MMOBHUHHI crioctepiraticst andpaxuiiti Makcumymu. [Toka3aHo, 1110 piBHSIHHS, OTpUMaHi
B po0OTI, 30irafoThCsl y BUIAAKY MalMX 3HaueHb KyTiB JU(PaKIii 3 BiJOMUMH B HayKOBIii JiTeparypi BHpa3aMH, IO BU3HAYAIOTh
posranryBaHHs JU(PAKIIHHIX MaKCUMYMIB y BHUIaJIKy Audpakuii cBiTIa Ha qudpakiiiiniil rparmi. OTpIMaHO CITiBBiIHOIIEHHS JUIs
BH3HAYCHHS BUCOTH MOTEHIIIATEHOTO 0ap €pa Ha MEKI METaI-BaKyyM.

Kuarouosi ciioBa: enektpoH, GpoToHH, mudpaximis, MydoK, MOTCHIadbHUN 0ap’ep, MOTEHIiadbHA SMa, AUCKPETHHH CIEKTp,
Tpy’KHa B3aeMOois, qudpakimiiiHa rparka.

B paGore paccmoTpena 3ajadya AM(PAKIMU OPH HOPMAJIBHOM IaJCHHMH MOHOXPOMATHYECKOIO My4ka ()OTOHOB Ha PELICTKY
OCCKOHEYHO TOHKHMX METAJUIMYECKHX JIEHT. VICroib3yercs KBaHTOBO-MEXaHMYECKUIl MOIXON K ONMUCAHHIO SIBJICHHS JU(PPaKIUH
yacTuI. Mcxons u3 npencraBieHus 00 yIpyroMm B3auMOJSHCTBUH (POTOHA C DIEKTPOHOM, HAXOSIIMMCS B JIGHTE U OCYIIECTBIISIONIEM
OJJTHOMEPHOE JBIKCHUE B MOTEHIUAIPHOH siMe ¢ OaphepaMy KOHEUHOH BBICOTHI, MOIyYEHBI B IIEPBOM MPUOIIIKEHHH COOTHOIICHUS
JUISL TUCKPETHBIX 3HA4YE€HWH YTIIOB, MOA KOTOPHIMH JOJDKHBI HAOMIOAAaThesl TU(PPAKIIHOHHBIC MAKCHMYMBI. YPaBHEHHS ITOIyICHHBIE
B padoTe, COBMAAAIOT B CIIydae MaJbIX YIIIOB AU(PAKINH C N3BECTHBIMU B HAYYHON JIMTEPATypE BBIPAKEHUSMHU, OTIPEACISIONIMHI
MOJIO’KEHHS AU(PAKIMOHHBIX MAKCUMYMOB B cily4ae Ju(pakuiy cBeTa Ha Au(pakuoHHON peuteTke. [TomyueHo cooTHOMIEHHE s
OIIpe/ICIICHUsI BBICOTHI HOTEHIMAIBHOTO Oapbepa Ha rpaHuLle pa3/iera MeTalll - BaKyyM.

KonroueBsie cioBa: DiekTpoH, GOTOHBI, TU(PAKIHS, ITy4OK, TIOTCHINAIBHBII Oapbep, TOTeHIHaIbHas IMa, TUCKPETHBIH CIIEKTP,
yIpyroe B3auMozaeicTBHe, TU(PAKIMOHHAS PeIIeTKa.

Introduction

The article [1] offers a quantum approach to describe
the diffraction of light from two slits and from periodic
system of parallel slits on metal screen where they form a
diffracting screen. This approach is based on the following
model. Metal tape is compared to infinitely deep potential
pit, slits are infinitely high barrier. Herewith, diffraction
pattern composed of interleaving of minimum and
maximum of illumination intensity is explained as a result
of elastic interaction of photons with electrons. These
electrons in strips are in the state of free movement.

This work offers a model close to reality where strips

©Bezuglyi A.V., Orel E.S., Petchenko A. M., 2015

are compared to finite depth pit and slits are compared to
finite height barriers.

Statement and solution of the problem

Supposing photon flux falls normally to the screen
plane from the side of negative values X located in the
YOZ plane with Y-axis slit (Fig.1). When photons pass
through slits they interact with electrons of material,
suppose photon deflection from rectilinear propagation is
observed as a result of this interaction.

Further the following model is taken as a base.
Quantum-mechanical model of grating formed by infinite
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Fig. 1. Photon falling on the screen with slits.

sequence of slits (Fig.2) may be a periodic sequence of
potential barriers (pits) where pits correspond to non-
transparent opaque areas and barriers correspond to slits

Here we will base on the following assumptions:

1) photon passing through the slits interacts with
electron;

2) electron is in the state of free movement in one-
dimensional potential pit with walls of finite height;

3) collision of photon with electron occurs according
to the perfectly elastic collision law;

4) width of slit b is small compared to the width of the
metal strip a.

It is a complicated task to produce mathematical
expression of intensity distribution in the interference
pattern. Here we will limit ourselves to dimension that
determines the positions of the maximums.

According to the law of conservation of impulse

U

Fig. 2. Quantum-mechanical model of grating.
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where Kk /> k2 are photon impulses before and after

collision, ﬁ B ﬁ , are impulses of electrons in metal strip

before and after collision. Diagram of impulses is shown in
Figure 3.

ki

Fig. 3. Diagram of impulses of photons and electrons.

Since electron is in a plate-dimensional motion in one-
dimensional potential pit, it can not have X, an impulse
component. Consequently, in the projections on the axis

we will get
k,=k,cos 89, )

p,=—p,+k,sin§.

Rewrite the system of equations (2) as following

0=—k, +k,cos8,
p,=—p,+k,sin§.

After squaring and adding we will get
2 2 2
ps =k +k; +2kk,cos9+
2 .
+ p; —2pk,sin$. 3)
According to the energy conservation law

Eﬂ +Ek1:Ep2+Ek2, 4)

Where £, E 42 1s total energy of photon before

k1>

and after collision, £ . E , s total energy of electron
p p

before and after collision. Epl =hw,, £ ,=hw,,

P
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E, =m’c* +plc’ E, = m’c*+pic’ ,m-

stands for mass of electron at rest.

Using binomial theorem, we get the following
approximate expressions to calculate energy of photon and
electron of metal strip:

K2 k?
E, =mc’|1+—~ | ~mc®|1+——
m-c 2m’c
k2
E,, =mc’ (1 + 2m§c2 j , (5)

2 2
~ gy 2 p ~ 2 p
E, =mc {1+2m;c2j ,E,, =me (1+2m§czj

Rewrite the energy conservation law (4) as following:

1
k2 E p2
2 1 2 1
mc”| 1+ +me”| 1+ =
[ m?c? ] [ 2m?*c?

k2 p2
=mc*| 1+—2 +me?| 1+ —22
2m?*c? 2m?*c?

After minor changes in the expression (6) we will get

(6)

2
k
m’c* + pyct =m’c*| 1+ — | +
2m-c

2m-c

kZ p2
2m*et| 1+ —  [QEEE o T (7
( 2m2c2j[ 2m202j @)
2 2
klz 2 1+ ké 2 |
2m ¢ 2m’c

2 k2
om’t | 142 || 14 =2
[ 2mzczj( 2m’c?

Ignoring second-order term in the expression (7) we
receive

2 ) 2
k
+mzc4(l+—2n€;cz)2+mzc4(l+ ; ZJ +

—2m*c* [1 +

pr=pi+hk =k . (8)
Equating right parts of (3) and (8) we will get
— 2k k,cos 3+ 2p,k, sin9=-2k;. (9

In the optical range the change of frequency of photon
as a result of collisions with electrons (the Compton effect)
is very small [3], therefore in the equation (9) can be

assumed that K ;R k , and get the relation between the
initial value of the impulses of interacting particles and the
photon scattering angle, a diffraction angle & :

l-cos& sin&  p
sing  l+cosd k
We now determine the eigenvalues impulses of the

free-electron that are moving in a symmetric potential pit
with a height of potential barriers U . The spectrum of

(10)

impulses / momentum of electrons, which move in the
potential wells is discrete [2], and thus the deflection angles
of the photons (diffraction angles) when passing through a
screen with slits will also be discrete. For a given task the
eigenvalues of the wave numbers can not be obtained
analytically. To determine them, the transcendental
equation has been obtained [2]

ka = nr — 2 arcsin

N2mE
fi

=1.23,... (11)

kh
— 1
N2mU

L h 2% is the Planck constant.
T

where k =

It is obvious that the movement of electrons is
localized in potential pits, beyond which they can not get
out, which is consistent with the idea that the free electrons
in the metal are free to move in the sample, but can not
go beyond it. So when we have a periodic sequence of N
stripes, energy levels corresponding to a single isolated pit
will not be split.

Solution of equation (11) can be obtained by iteration
method. We rewrite this equation in the form

znh 2h .
——arcsin

a a

kh=

kh

— (12)
N2mU

The first term on the right-hand side of equation (11)
determines the eigenvalues of the momentum for an
infinitely deep potential pit. As shown by numerical
analysis, results of which are shown in Table 1, it is a good
starting (zero) approximation for calculating eigenvalues
of impulses (and energy levels) of the finite depth pit U .
Therefore, it is better to represent it in the following form

Py

2h .
= p, ———arcsin , (13)
P =Dy P Dl
Tnh
where Py = , n=123....
a

This expression (13) shows the electron momentum in
the first approximation in the pit depth U (obtained by
iteration method). Equation (13) can be simplified.

—Po__ 1, we will get
\2mU,
2h  p,
a \2mU

Substituting (14) into (10) we obtain an equation of a
diffraction grating

Assuming that in the equation

D =Dy (14)

BicHuk XHY, Ne 1158, cepis «®isukay, sun. 22, 2015
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sin 4 nAi h\/i
—=—1- ) (15)
l1+cosd 2a aNmU

determining the position of the maxima in the diffraction

pattern, A is the wavelength of the incident light. For small

diffraction angles & <1 and a deep well (pit) U — o©

we get the well-known equation of diffraction grating in
the case of normal incidence of light [4],

asin$=nAl (16)

Table 1 shows the results of numerical calculations for

pit depth U =33 eV, and width a= 10" m. It also presents

the results of comparison of the values of energy E, and
momentum p,_ for the infinitely deep well with the values
of energy £, and momentum p, for the finite depth pit

that were calculated by the formula (14) in the first
approximation .

. In the above table also shows the values of energy
E, and momentum p, * for the finite depth pit,

calculated by formula (12) by finding successive
approximations by Newton’s method. There are 9 roots in a
pit at a given height of the barrier. As the table shows, the

energy eigenvalues differ little from £, as well as p,,

from p, * and really are a good zero-order approximation
for calculating eigenvalues of momentum for the finite
depth pit. Comparing the energy eigenvalues En" with £
(and accordingly p, * with p ) we can see that the error
does not exceed 3.5%.

According to the definition arcsin equation (12) can
be written as

Sinpo_plaz Do .
2h 2mU

From equation (17) can determine the height of the
potential barrier

an

r’

2msin® {;h(po -p )}

U=

(18)

Suppose that we know the diffraction angles 3 from

the diffraction pattern obtained as the result of light
diffraction on two slits or a grating formed by the N slits. In
this case, the magnitude of the impulse p, can be
determined from equation (9)

sind  2zh sind
"1+cos & A 1+4+cos &

P = (19)

Conclusion

In the article the expression for calculating eigenvalues
of the electron impulses in a potential well bounded by
barriers of finite height has been obtained. Their estimation
accuracy is given. An expression that defines the angle of
diffraction, allowing finding the position of the maxima
in the diffraction pattern has been obtained in the first
approximation. The formula for the calculation of the
potential barrier at the metal-vacuum interface has been
derived.

1. Besymmeii A.B. Pangnotexauka. 2006. Beim. 147. c. 65-68.
2. Jlanpmay JLJ., Jlupmmn E.M. Teoperuueckas pusuka. M.,
1963, . 3. c. 61-65, 87-89.
3.  bBopu M., AtomHas ¢usuka, M.,1970 c.135.
Bopu M., Boned O. Ocuose! ontrku. M., Hayka 1973. ¢.371.

Table 1
n|E _,eV |E",eV |E,eV | p_,10°kGm/s | p, 10°kGm/s | p*,10°kGm /s | (p-p)/p,% | (E" -E )/E" , %
1] 0.381 0.334 0.324 3.297 3.118 3.077 1.3 2
2| 1.524 1.335 1.299 6.594 6.234 6.151 1.4 2.6
5| 9.528 8.301 8.123 16.49 15.55 15.32 1.5 3
9| 3087 26.32 26.32 29.67 27.66 27.11 1.9 3.5
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VIIK 523.4
PACS: 96.12.Kz

Modeling of the spectral properties of the dwarf planet Makemake

T. A. Hromakina, L. V. Starukhina, |. N. Belskaya, V. V. Korokhin

Institute of Astronomy of V.N. Karazin Kharkiv National University

We present the results of spectral modeling for dwarf planet Makemake in the visible and near infrared ranges. The spectral
modeling of surface properties suggests the presence of both large and small (~1 um) grains of methane ice on the top surface, and

possible presence of ethane ice and other long-chain hydrocarbons.

Keywords: small Solar system bodies, planetary surfaces, spectral modeling.

B pabote mpezncrTaBiaeHB! pe3ynbTaThl MOACIHPOBAHHS CIEKTpa KApIMKOBOHM IUTaHeThl MakeMake B BHIUMOH M ONMIDKHEH
nHppakpacHoit obmactsx. [Ipeanoxena Hanbonee BeposTHAS MOJEIb MOBEPXHOCTH MakeMake, KOTopast IPEAIonaraeT HaJndne KaKk
KPYTIHBIX, TaK U MENKUX (~] MHKpPOH) 4aCTUIl METAHOBOTO JIbla B TIOBEPXHOCTHOM CJIO€, @ TAK)KE BO3MO)KHOE HAJIMUHE JbJa 3TaHa U

GoJiee CIOKHBIX THAPOKAPOOHATOB B KAYeCTBE MPHMECEHi.

KuroueBble ciioBa: mainbie Tena ColTHEUHOM CUCTEMBI, IMIJIAaHETHBIC NOBEPXHOCTHU, MOJACIIMPOBAHUE CIIEKTPA.

VYV poboTi HaBeleHiI pe3yJbTaTH MOJETIOBAHHS CIEKTpa KapiMKoBOI IUIaHeTH MakeMmake y BHAUMOMY Ta OJIMKHBOMY
iH(ppayepBOHOMY JTiana3oHi. 3aNpOIIOHOBaHA HAWOIBII IMOBIpHA MOZETH MTOBEpXHI Makemake, sika mepedadae HasiBHICTB SIK BEIUKHUX,
TaK i Manux 3a po3mipamu (~1 MIKpOH) YaCTOK METaHOBOTO JIbOJY Ha MOBEPXHI, & TAKOXK MOXKJIMBY HasBHICTb JbOY €TaHy Ta OLIbII

CKJIaTHUX TiIPOKapOOHATIB Y SIKOCTI JIOMIIIIOK.

Korouosi ciioBa: mani tina COHSYHOT cCHCTEMH, TUIAHETHI TOBEPXHI, MOJICITIOBAHHS CIIEKTPA.

Introduction

The dwarf planet (136472) Makemake is one of the
largest and brightest trans-Neptunian objects (TNOs). The
first hints of its surface composition were obtained shortly
after the discovery in 2005; they were based on spectral
observations in the 0.3-2.5 pm spectral region by Brown
et al. [3] and Licandro et al. [13]. Spectral observations
have revealed the presence of methane absorption bands.
Moreover, Makemake’s spectra show the strongest
absorption bands of methane ice compared to other
methane-rich Solar system objects, namely (134340) Pluto,
(136199) Eris, and Neptune’s satellite Triton [3, 13].

Later Makemake was repeatedly observed in the
visible and near-IR spectral region in search for possible
surface heterogeneity [5, 14, 17]. Available for ground-
based observations, this spectral range is particularly useful
because it contains absorptions bands of silicate minerals,
ices and hydrocarbons [1]. All spectra of Makemake are
compatible with each other. Some discrepancies between
the continuum slope and the depth of absorption bands are
due rather to the use of different solar analog stars than due
to real changes over surface. However, as stated in [14],
the color variation over the surface of Makemake is also
not excluded.

Spectral modeling [3, 5, 13] suggests that the dominant
substance on the surface of Makemake is methane and not
nitrogen as it is for Pluto and Eris. No nitrogen absorption
lines were detected. But close examination of the methane

ice bands revealed that they are blue shifted by ~4 A [14, 17].
The authors argue that such shift is related to the presence
of a small (up to a few percents) amount of nitrogen on the
surface. As for methane ice, spectral modeling performed
by [3, 13, 17] in the visible and near-IR spectral ranges
using Hapke model [9] implies the presence of large grains
at least one centimeter in size. By applying both Hapke
and so-called slab model, the authors [7] suggested that
methane presented on Makemake’s surface in the form
of low-porosity ice slab formed by sintered micron-sized
grains.

The red spectral slope in the visible range measured
for Makemake is rather typical of outer Solar system
bodies. This is usually explained by the presence of tholins
that could be formed by solar irradiation of simple organic
compounds such as methane or ethane [3]. The presence of
ethane and more complex hydrocarbons as natural products
of methane irradiation on the Makemake’s surface was also
suggested [3, 5].

The presence of very large particles or slab on the
Makemake’s surface looks rather unrealistic, since the
typical estimate of the methane grain size on the other
dwarf planets is about 100 um or less (see., e. g, [19, 20]).
Furthermore, according to recent polarimetric observations
of Makemake [2], its surface should be covered by a thin
fluffy layer of submicron grains. In this paper we use
spectral modeling based on other approach to analyze
possible texture of the Makemake’s surface.
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Spectral modeling
We have analyzed spectral data published by Brown et
al. [3] and Licandro et al. [3 13], and kindly provided by the
authors. The spectra were normalized at the wavelength A =

0.55 um to the value of the visible albedo p, =0.8 [4,
15]. Both spectra are rather similar with only minor
differences in the absorption bands shape at 1.4 and 1.95
pm. For the modeling we used spectrum from [3] in the
1.0-2.5 um wavelength range which has the higher signal-
to-noise ratio.

In order to model the spectrum of Makemake we
used the model of Shkuratov et al. [21, 23]. One of the
advantages of this model is that it uses directly the optical
constants of the surface material (real and imaginary parts
of the complex refractive index). Another advantage is its
invertibility, i.e. possibility to calculate both the albedo
of the surface starting from its optical constants and the
absorption coefficient of the surface material starting from
the albedo, if the value of the real part of complex refractive
index is preliminary estimated. The mathematical concept
of the model is described in [21, 23].

In our modeling we used optical constants of methane,
ethane, tholins, acetylene, and other hydrocarbons [6, 8, 10,
11, 12, 18]. It should be noted that optical laboratory spectra
depend on conditions under which they were obtained,
in particular, on the temperature. Therefore, we used
optical constants that were obtained at the temperatures
corresponding to those on Makemake surface (~40 K).

We also used modification of the model [21, 23] for
submicron particles (~)A), because the presence of such
small grains results in change of both absorption and
refraction indices. The modification is also described in
[21, 23].

The best agreement between the observed reflection
spectrum and the model was achieved by minimizing the
chi-square value:

M,

= —M.)
p o3 O M)
i=1 i
where O, are the points of the measured spectrum, M,
are the points of model spectrum, n is the number of points.
For fitting procedure we used the astronomical software
“xIRIS Framework™ developed by V. V. Korokhin,
E. V. Shalygin., and Yu. I. Velikodsky (for more information
see http://www.astron.kharkov.ua/dslpp/iris/xiris.html).
Assuming that the Makemake’s surface is covered
mostly by methane ice [3, 13, 17], at the beginning we
used only laboratory spectrum of methane obtained at 40 K
[8]. Varying methane grain size from 10” to 1 cm we have
found the best fit for the grain size of 0.3-0.4 mm though
the coincidence is not perfect (Fig. 1).

Polarimetry results for Makemake [2] indicate
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Reflectance

Wavelength, um

Fig. 1. Comparison between the measured spectrum of
Makemake (dashed black line) and the spectral model
that uses large (~0.35 mm) methane ice grains (solid
gray line).
presence of micron-size particles on its surface. Taking this
into account, as the next step of our modeling we used a
two-component surface model, that includes large (d > A)
and small (d ~ A) methane ice particles.

The assumption about the presence of small methane
ice particles on the surface significantly improved the
agreement between the model and the observed spectra.
The minimum of ¥* value was achieved at 70:30 mix of
large (~ 0.3 cm) and small (~1 um) methane ice grains,
respectively (Fig. 2). Note that two free parameters of our
modeling (the concentration and grain size) cannot be varied
independently, so the determination of both free parameters
is difficult. Very similar model spectra can be obtained
either with very large grain size and high concentration of

1.0 T T T T T T

Reflectance

0.0

1.0 I 1!5 I 2!0 I 2.5
Wavelength, um

Fig. 2. Comparison between the measured spectrum of

Makemake (dashed black line) and model that uses large

(~0.3 mm) and small (~1 pm) methane ice in a 70:30
mix (solid gray line).
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Modeling of the spectral properties of the dwarf planet Makemake

micron-sized component or with smaller grain size and low
concentration of micron-sized component.

To improve the agreement between the measured and
calculated spectra we used different admixtures found by
spectral modeling on the surfaces of dwarf planets and
methane-rich Solar system bodies, and theoretically possible
on the surface of Makemake. We used reflectance spectra of
tholins, ethane, acetylene, and other hydrocarbons. Spectral
modeling of methane ice mixed with various inclusions
has shown that an addition of ~30 um ethane ice grains in
concentration of about 20% reduces the difference between
the observed and calculated spectra of Makemake at some
wavelengths. It also reduces total residual in comparison
with pure methane ice spectrum (Fig. 3). The presence of
tholins is also not ruled out. The influence of other organic
materials on the model is insignificant.

1.0 T T T T T T

0.8 +

Reflectance

0.2 1

0.0

Wavelength, um

Fig. 3. Comparison between the measured spectrum of
Makemake (dashed black line) and the model that uses
large methane ice grains (~0.3 mm), small methane ice
grains (~1 pm), and ethane ice (~30 pum) in a 60:20:20
mix (solid gray line).

Conclusion
We present the results of spectral modeling for dwarf
planet Makemake. We used a slightly different approach as
compared to other researchers in order to analyze surface
properties of Makemake and to check the plausibility of
very coarse methane ice grains on the surface of Makemake
suggested before [3, 13, 17]. According to our results, the
most likely model of the Makemake’s surface suggests the
presence of large methane ice particles of a size ~0.3 cm
(~60%) coated with fine particles of a size ~1 pm (~20%),
as well as the possible presence of ethane ice (~20%). The
assumption about the presence of small particles covering
large particles enables us to reconcile the results of spectral

and polarimetric observational data.
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Wavelet analysis of composition microinhomogeneities of
Cd,_Zn Te crystals grown from melt

O.N. Chugai, S.L. Abashin, A.V. Gaidachuk, D.P. Zherebyatiev, |.V. Lunyov, A.A.
Poluboiarov’, S.V. Sulima’

N.E. Zhukovsky Kharkiv National Aerospace University, Chkalova str., 17, Kharkiv, 61070, Ukraine
“Institute for Single Crystals of NAS of Ukraine, Lenin Ave., 60, Kharkiv, 61001, Ukraine
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Linear dependencies of composition of Cd,_Zn Te (x = 0.03 - 0.15) crystals grown from melt were measured along direction of
its growth. Wavelet analysis shows that in these dependences for Zn mole fraction corresponding to different sections there are several
harmonic components with spatial period about units — tens micrometers. Anisotropy of low-frequency dielectric properties on crystals
where specified direction is physically marked out was revealed. Peculiarities of crystal composition and properties are explained with
self-oscillating processes at their growth.

Keywords: A"BY! crystals, dielectric permittivity, semiconductors solid solutions, composition inhomogeneities, wavelet analysis.

BuMipsini fiHilHI 3a7€KHOCTI cKIaly BUpomeHnX 3 posmiaBy kpuctaiis Cd, Zn Te (x = 0.03 - 0.15) y HanpsaMKky iXHbOTO pocTy.
BeliBneT-anaii3 mokasas, 10 B X 3aJEKHOCTSIX JJISI MOJIBHOI YacTKU Zn, IO Bi/IMOBia€ PI3HUM JIUISHKAM, € KiJlbKa rapMOHIYHUX
CKJIQJIOBHX 3 IIPOCTOPOBHM HEPiOJOM IOPSIIKY ONWHHUIL — JECATKIB MIKpOMeTpiB. BusBieHa aHI30TpOmis HH3bKOYaCTOTHHX
TIEeNEeKTPUYHIX BIACTUBOCTEH KPUCTAIIB, IPH AKii (PI3MIHO BUIUICHIM € 3a3Ha4eHUI HanpssMOK. OCOOIMHMBOCTI CKIIa Iy 1 BIACTHBOCTEH
KPHUCTaTIB MOSCHEHI aBTOKOIMBAILHIMH MPOLECAMH TIPH iX POCTi.

Kurouosi cioBa: kpucramu A'BY!, nienexrpuuHa NMpOHUKHICTh, TBEPi PO3UMHH HAIIBIPOBIIHUKIB, HEOMXHOPIJHOCTI CKIIaLYy,
BeHBIIET-aHAII3.

W3MepeHbI TMHEHHBIE 3aBUCHMOCTH COCTaBa BBIPANIEHHEIX U3 paciuiaBa kpuctamwios Cd, Zn Te (x = 0.03 - 0.15) B nanpasnennn
nX pocta. BeliBner-anamms mokasa, 9To B 3THX 3aBUCHMOCTSX JUIS MOJIBHOM JIOJTH Zn, COOTBETCTBYIOIINX PA3HBIM Y4acTKaM, IMEIOTCS
HECKOJIBKO TAPMOHWYECKUX COCTABIISIONINX C IPOCTPAHCTBEHHBIM MEPHOIOM MOPSAKA €HHUIL - I€CSITKOB MUKpoMeTpoB. OOHapyskeHa
AHU30TPOITMS HU3KOYACTOTHBIX JUAIEKTPUUECKUX CBOHCTB KPUCTAJUIOB, IIPH KOTOPOH (U3HMYECKH BBIICICHHBIM ABIISCTCS YKa3aHHOE

HarpaBJICHHUEC. OCOOCHHOCTH COCTaBa U CBOMCTB KpUcTajuioB 00BSICHEHBI aBTOKOJIEOATEIbHBIMU IpoueccamMu 1mpu ux pocre.

KumwueBble cioBa: kpucramisl  A'BY
HEOJHOPOHOCTh COCTaBa, BEHBIICT-aHAIIH3.

Introduction

It is well known that a characteristic feature of solid
solution semiconductors is a heterogeneous composition
that significantly affects their electrical and optical
properties. Moreover, the heterogeneity of composition is
determined not only by statistical distribution of atoms
over the lattice sites, but also by the conditions of solutions
growth. In recent decades interest in the study of the effect
of growth conditions on the specified semiconductor
solutions composition feature has sharply increased. This is
due to the possibility of spontaneous modulation (see. Eg.
[1-2]) or in other words the superlattice ordering [3] of their
composition. Notice that solid solutions investigated in
mentioned and other studies differ in composition one from
another, but represent as thin layers with thickness of
several um . The particular role of the surface simplifies
composition self-structuring in such layers in comparison

JAUDJICKTPUYCCKass MNPOHUIIACMOCTh,

TBEPALIE PACTBOPLI MOJIYITPOBOAHUKOB,

with the bulk solid solutions with the same components
content [4]. In work [5] we first reported on the observation
of self-organization of the composition in Cd, Zn Te (x =
0.05 - 0.20) bulk crystals grown from the melt. The aim of
this work consists in a detailed study of these solutions
heterogeneity. We notice that these solutions are one of the
most promising materials for uncooled gamma-ray
detectors [6]. That is why the vast majority of studies on
their composition spatial distribution are closely linked to
the achievement of physical properties which are important
for this application. For example, in work [7] the
composition distribution in Cd,  Zn Te crystalline ingot has
been investigated in connection with the uniformity of
optical and electrical properties. In work [8] the correlation
of Zn content with electrical resistivity of crystals doped
with Se have studied. Also we should notice, solid solutions
of cadmium — zinc telluride are still used as a substrates for
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the Hg, Cd Te layers in optoelectronic devices [9].

Method of experiment

Investigated crystals were grown from melt under
high pressure of argon. Crystal wafers oriented with its
plane parallel to the axis of the ingot were cut from it. One
of these wafers after surface mechanical lapping is shown
in Fig. 1a. The numbers I, II and III mark the position of
linear sections along which the crystals composition was
measured by energy dispersive electron microscope POM
— 106. Sections were oriented parallel to the ingot axis
(Z-axis in the Figure la inset). Their length was 50 um .
Measurements were performed in the region of the spot 1
um diameter with pitch of the same magnitude. Their
relative error depends on the content of the solid solution
components and in case of Zn is 20%. Before these
measurements wafer surface had not only lapped but also
was mechanically polished and chemically etched to
remove affected surface layer. The same operations were
used in production of rectangular samples from the wafers
(7x6x5 mm) for measuring real and imaginary parts of
dielectric permittivity of crystals at low frequencies.
Sample planes were oriented perpendicular to the axes X, Y
and Z (see Figure la inset). Electrical contacts to planes
were created by coating with conducting lacquer TLC.
Condenser-type method with partial filling of the space
between plane capacitor plates with samples was used for
measuring & and &" .

In our studies of Cd,_Zn Te crystal composition
microinhomogeneities we paid special attention to changing
in the mole fraction of Zn (i.e. x) along with the coordinate
since this value determines crystal band gap. Fig. 2a shows
the dependence of x coordinate for the section I (see. Fig.
la), and Fig. 2b — the same dependence, but after the
wavelet analysis. As is well known [10, 11], this analysis
allows us to solve a wide range of experimental data
processing tasks, including tasks of solid state physics (see.
Eg. [12]). In our work, wavelet analysis was applied to

filter mentioned dependence, i.e. x(é ), assimilated to
“signal structure”. Pursued goal was not only in detecting
frequency of signal, but also in ascertainment of other its
features. It was taken into account that the studied data
characterize transient process whose statistical properties
are unknown. Therefore filtering operation which removes
both fast (fluctuations) and slow (trend) components from
the dependence x(é ) was applied. We should notice that
these components can provide useful information, but to
receive it indicated composition dependence had to be
measured at other magnitudes of d .

Results and discussion

Wavelet analysis has carried out using application
package MatLab [13]. Thereby for the initial coordinate
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Fig. 1. Image of Cd, Zn Te wafer in reflected light (a)
and anisotropy coefficients dependencies of dielectric
permittivity by frequency. Data is averaged by all
investigated samples (b).

dependence X represented as a sequence x, = x(nd ),

n=0,1..N-1,

transform
1/ N d—{
W(kf’gj):aiéix"w*[n jj

(N=50) direct discrete wavelet

n=0 a.

i

has been carried out, where W(ki,f ; ) is a value of

wavelet coefficient for the wave number k, = A" (2 —
spatial period) and coordinate ¢ , y is a basic function of
the wavelet transform, * symbol corresponds to the
complex conjugation, a, is a parameter determined by the
observation scale of investigated dependence in the & —
space, but not directly related to k,. We should notice that

the selection of specified function is one of the main
difficulties of the wavelet signal filtering, which
characteristics are insufficiently known. As the result, the
knowledge of these characteristics would allow optimizing
selection of the basic function using one or another criteria.
However, in our studies, as noticed above, it was only
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Fig. 2. Initial coordinate dependence of Zn mole fraction x(ﬁ) in crystals (a) and result of its wavelet analysis (b); ¢

—result of x (ﬁ ) dependence Fourier transform for wafer sections marked with Roman figures; numbers in parentheses

are spatial periods expressed in pm corresponding to the selected maximums of transformed dependence.

known that the “composition signal” x(ﬁ )of Cd,_Zn Te

crystals is periodic. The initial selection of y function was
determined by the presence of sharp peaks in this signal
(see. Fig. 2a). So we used Daubechies and Symlet wavelet
function (both biquadratic). Further analysis was based on
reaching minimum of a quadratic loss function obtained
after the inverse wavelet transform of the “composition
signal” to the source signal. It is ascertained that almost in
all cases the lowest values of this function provides Symlet
wavelet. So further only results obtained with this wavelet
are given.

At the beginning of the computational procedure
source data vector has multiplied by a quadratic matrix of
wavelet transform. Resulting wavelet coefficients were

divided into approximate app(K , ] ) and detail det(K ] )

components whose number was twice less than in the
original data vector. K and j indexes determine the scale
of the weight conversion function and its position on the
lengths, respectively. For separating wavelet
coefficients applied function «dwt» of MatLab environment,
which realizes the algorithm discrete wavelet transform
proposed by Mallat, was used [14]. Specified data vector
multiplication and division operations have performed
multiple components to achieve the maximum level of
“composition signal” expanding m . As a result we received

axis

a set of wavelet coefficients that were used for the inverse
wavelet transform with their additional weighting

x(0)= Y aKapp(K.j) o, (£)+
D03 BK)det(K. ¥, ()

K=0 j=1

where v, (E ) is a basic function designated above w
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and ¢, (E) is the corresponding scaling function , a(K)
and F(K) are weight coefficients for corresponding
expanding level K . Relation x(£ ) obtained as a result of

described procession for one of examined wafers surface
sections, as mentioned above is shown in Fig. 2b.

Stated above assumption about the presence of
periodic components in investigated dependence and the
possibility of their extraction by using wavelet filtering
confirm the data shown in Fig. 3. This figure contains two
wavelet spectrograms [10], each of them represents

coefficient W(kl.,ﬁ j) dependence of value ¢ and level

of expanding K . Spectrograms have obtained for the

primary and wavelet filtered dependence x(f ) for the
section indicated I in Fig. l1a. Dark areas on spectrograms
correspond to positive and light ones to negative values of

W(kl.,ﬂj). This coefficient limits are allocated with

shades of gray. Comparing the figure parts one to another
one can see that region for which K =1 — 7 have become
more homogeneous as a result of filtering. This region
corresponds to a fluctuating change of “composition
signal”. However, remaining part of the spectrogram has
not experienced any change. It is important that at this part
light and dark areas alternate in certain directions which
could indicate the presence of periodic changes in solid
solution composition.

With the purpose of determining periodic components

in dependencies x(ﬁ) for different sections filtered ones
have been subjected to a Fast Fourier Transform (FFT).
Results of this transform for three sections at one of
investigated wafers (see. Fig. 1a) are shown in Fig. 2c. It
can be seen that each of sections is characterized by own
composition distribution (i.e., x) in the k — space.
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Fig. 3. x(ﬁ ) dependence wavelet spectrograms for one of crystal surface sections before (a) and after (b) wavelet

filtration.

Moreover, such distributions have two or three dominant
peaks (“composition harmonics”).

The fact that the amplitude of these harmonics is
relatively small, taking into account Zn content measurement
error given above is essentially important. It raises the
question are whether detected periodic variations in the
composition due to their smallness real. In our opinion, in
favor of an affirmative answer to this question suggests not
only described features of wavelet spectrograms (see. Fig.
3), but also the observation of “composition harmonics” on
a number of sections oriented with its surface along growth
direction on different samples. In view of it we should
note that the analysis of other solid solution components
content with method set above also showed the presence
of harmonic components in changes of these magnitudes.
And the greatest amplitudes of these harmonics for Cd and
Te atoms were as a rule 2-3 times higher than for Zn atoms.

Among possible causes of observed self-organization
composition in Cd, Zn Te crystals, obviously, should be
excluded those are characteristic for the thin layers and are
closely linked to their surface [4]. In addition, it is unlikely
that mechanical stresses occurred due to heterogeneity play
a key role in mentioned self-organization since the
difference in lattice constants of ZnTe and CdTe crystals is
about 6% [15]. Spinodal decomposition of the solid
solution should also be excluded as another reason because
according to [16], the critical temperature of such
decomposition in Cd,_Zn Te crystals with x <0.3 is
significantly below 300 K. Taking all this into account, we
assume that the most likely cause of composition self-
organization in investigated crystals are self-oscillating
(auto-wave) processes in their growth. Similar processes
were observed in growing crystals of different composition
by various methods. Therefore it’s not surprising that
different mechanisms of self-oscillations near the surface
of the growing crystal are suggested. Although uncontrolled
impurities can affect the growth of investigated crystals,
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butinour opinionauto-wave processes during crystallization
none the less have a different nature. We mean transient
convection currents in the melt, which basic conditions of
occurrence are non-uniform temperature field and the large
size of the growing crystal [18]. This assumption consists
not only with considerable dimensions of investigated
crystals (see. Fig. 1a), but also with observation of several
“harmonics composition” on them (see. Fig. 2¢). Mentioned
work ascertained that in unsteady convection mode energy
spectrum of temperature fluctuations has a discrete
character. Convection currents distinction near different
crystal zones seems to be natural. It can explain peculiarities
of x(€ ) dependencies in k —space for different ingot
zones. Of course study of convection currents in specific
thermal growth conditions of Cd, Zn Te crystals in
connection with their composition peculiarities lays as
separate problem.

Observation of dielectric properties anisotropy in
crystals matches expressed assumption about their growth
peculiarities. Fig. 1b illustrates this peculiarity of properties.
It shows the typical dependences of anisotropy coefficients

’ "
&
K'=—and K" =— forreal and imaginary components
&' &

& dependencies measured in the direction indicated by the

subscript (see. Fig. 1a). Coefficients values are averaged
over all samples of the same plate to eliminate possible
influence on the measurement results of two-dimensional
structural defects on the measurement results cause they
have a random orientation and are clearly visible on the
polished wafer surface. We notice that such defects are
characteristic for melt-grown A"BY' crystals with cubic
modification [19]. As we can see from Fig. 1b, the direction
of their growth is physically marked at electric polarization
of investigated crystals in low-frequency region.
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Conclusion
1.That way the wavelet analysis allowed to reveal the

spatial ordering of Cd, Zn Te crystals composition which
has a significant influence on their dielectric properties.

2.Investigation of such composition feature is

important both for complete study of its connection with
electric and other crystal properties and to improve the
technology of their growth.
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Calculation of the generator for induction discharge initiation

A.M. Deryzemlia, P.G. Kryshtal, V.I. Radchenko,
O.l. Yevsiukov, D.A. Khizhnyak, B.M. Shirokov

National Science Center “Kharkov Institute of Physics and Technology”
1 Akademicheskaya St. 61108 Kharkov, Ukraine

The upgraded RF generator operating at 880 kHz in wide ranges of radio-frequency power and gas pressure has been developed.
The resonant circuits of the generator are calculated at 880 kHz. Real and imaginary components of the discharge system impedance
versus the electron density are under consideration for the cylindrical inductively coupled plasma.

Keywords: RF generator, cylindrical inductively coupled plasma, silicon tetrachloride.

[pencrasneno monepnizoBanuii BU reneparop i 30ymKeHHs IHIYKIIHHOTO po3psiy, o npamioe Ha dactoTi 880 k['m B
MIAPOKiH 00JacTi BUCOKOYACTOTHHUX MOTYXKHOCTEH 1 THUCKIB ra3y. [IpoBeieHO po3paxyHOK Pe30HAHCHUX KiJI TeHeparopa Ha YacTOTi
880 k['m. Po3risiHyTO 3aeKHICTh AIHCHOT 1 YSBHOT CKIIQJIOBOT IMITEaHCY PO3PSAAY BiJ KOHIEHTpALl eNEeKTPOHIB IS HTIHAPUIHOTO

IHIAYKIIHOTO PO3psILy.

Kurouosi ciioBa: BU renepatop, HUTiHAPUIHUN IHAYKIIHHUN PO3Psi, TETPaxJIOPUI KPEMHIIO.

[pencrasnen MoxepHU3upoBaHHEIH BY reHepatop mist Bo30Oy/JIeHUsI HHAYKIIMOHHOTO pa3psija, padoTaromuii Ha qactore 880
k[l B mmpoxoit o61acTH BBICOKOYACTOTHBIX MOLIHOCTEH M JaBlIeHUH ra3a. IIpoBeqieH pacueT pe3oHaHCHBIX KPYTOB eHepaTopa Ha
gactore 880 k'l PaccMOTpeHa 3aBHCHMOCTB JISWCTBUTEIBHOM M MHUMOW COCTAaBJISIONICH MMIIEIaHCa paspsiga OT KOHICHTPALUK

SNIEKTPOHOB IS IIMJIMHAPHUYECKOTO HHAYKIIMOHHOTO pa3psijia.

KiroueBbie ciioBa: BU reneparop, HUIMHAPUYECKAN MHAYKIIHOHHBIA pa3psill, TETPaxIopua KPeMHUS

Introduction

At present plasma chemical processes are widely
used in the world. The developing of discharge exciting
sources is a main issue in organization of plasma-chemical
processes, which must satisfy the requirements of the
plasma-chemical system energy balance, maintenance
of required gas and electron temperature, discharge
sustaining in the predetermined pressure range when the
partial pressure of initial reagents and pumping rates of the
reaction products are changing.

There are various sources of discharge excitation.
The induction high-frequency systems possess some
comparative advantages among them. The coaxial
disposition of the reactor and inductor simplifies the
calculations of energy characteristics of plasma-chemical
systems. Furthermore, the inductor situated outside the
reaction chamber can slightly reduce the contamination of a
final product in comparison with other excitation sources in
which the plasma discharge is in contact with the structural
elements of the plasma-chemical equipment.

The RF induction plasma sources are continuously
improving in the direction of increasing the discharge

energy input, pulsing and continuous lasing of the output
signal, changing the continuous lasing frequency and
pulse interval frequency, and increasing the efficiency of
plasma chemical facilities. The high-frequency power, fed
into the discharge, is absorbed in the skin layer. Therefore,
to increase the plasma chemical system efficiency, the
high-frequency exciting field should be sufficient for the
electromagnetic energy release from the almost entire
volume of a plasmoid.

In the plasma-chemical processes the use of the non-
equilibrium plasma, characterized by the high electron
energy at a relatively low gas temperature, occupies a
special place that allows one to carry out chemical reactions
for producing a final product and inhibits the reverse
reaction [1], and also provides a possibility of carrying
out chemical reactions, forbidden by thermodynamics, in
equilibrium conditions.

Using of RF generators operating in the frequency
range of 0.46+2.0 MHz for induction discharge excitation,
calculated in [2], shows that by changing the operating
frequency from 13.56 MHz to the frequency 2.0 MHz the
inductor power voltage is decreased in 3 times.
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In addition, the application of RF generators for
excitation of induction discharges, operating at low
frequencies, allows one to minimize the loss in the inductor,
as well as, in the circuits connected to it, and significantly
simplifies discharge diagnosis.

The aim of the present study was the design
modification of the commercial generator VChI-63/044,
and its matching with the reactor inductor to carry out
plasma-chemical investigations on the hydrogen reduction
of silicon tetrachloride in the low-temperature non-
equilibrium plasma.

Results and discussion
1.Upgrading of the high-frequency generator
VChi-63/044.

The RF frequency generator VChI-63/044 operating in
the pulse-periodic mode was upgraded to reach a continuous
wave lasing at a frequency of 880 kHz. Changeover of the
RF frequency generator to the continuous lasing mode has
been performed by making a replacement of an adjustable
thyratron rectifier by a non-adjustable diode one that
appreciably improved the reliability and stability of the
generator power source. The stable performance of the
generator under various magnitudes of output power in a
wide range of load parameters was ensured by dividing the
matching circuits and power adjustment circuit. Continuous
adjustment of the generator output power was carried out
by the variable-ratio autotransformer set up at the power
source input. The upgraded generator scheme is shown in
Fig 1.
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Fig.1. Schematic representation of the upgraded
generator.

The generator is assembled on the GU-23-type lamp
Ul. Three-phase supply voltage of commercial frequency
is fed via the adjustable autotransformer T1 of 25 kW, is
increased by the high-voltage transformer T2 and then
comes into the three-phase full-wave rectifier D1-D6. Each
arm of the rectifier consists of twelve series-connected
semiconductor diodes designed for the operational
voltage of 1000V and 10A current and shunted by the
2W resistor with a resistance of 100 Q.

The load circuit is formed by the inductor with an

BicHuk XHY, Ne 1158, cepis «®isuka», sun. 22, 2015

inductance of 6.5 pH and the capacitor C6 capacity of 5 nF.
Harmonization of the generator with the load is carried
out through the autotransformer T3. The autotransformer
comprising 12 turns, of the 10 mm, copper pipe wound on
the hull with diameter of 600 mm, has the inductance of 63
pH. The autotransformer design provides the step change
of the turn ratio in the range from 0.08 to 1 by changing the
number of turns in the primary circuit.

Measurements of voltage on the load circuit are carried
out with the aid of a capacitance divider with a dividing
coefficient of 1000:1. The current in the inductor and in the
load circuit is measured with the aid of shielded Rogowski
coils Al and A2 respectively.

The parameters of the generator anode circuit were
calculated by the framework of an equivalent circuit of the
upgraded generator (Fig. 2), from the condition of resonance
at the operating frequency and matching of the anode load
equivalent resistance with a characteristic impedance of the
cable. The coil with an average inductance value of 54 uH
is used in the anode circuit of the generator. The anode
circuit capacitance was calculated by the expression

1

Ch=
"ot L,

()

where o is the generator operating frequency, L, is the coil
inductance of the anode circuit.

el T

oo

Fig.2. Equivalent circuit of the upgraded generator:
R, - the equivalent anode load resistance, L,, C, -
anode circuit elements, T - matching autotransformer,
C,- capacitance of the load circuit, R, - equivalent active
resistance of the inductor with taken into account load
influence, L - equivalent inductance of the inductor
with taken in account load influence.

The estimated capacitance value for the frequency of
880 kHz is 606 pF. The plate circuit capacity is formed by
both the capacitor battery of a fixed capacitance and the
variable capacitor with a fluoroplastic dielectric of 20+200
pF capacitance. The variable capacitor serves for fine
resonance adjustment of the anode circuit.
The optimal value of the equivalent anode load
resistance is determined from the expression:
U 1
Re — amax i )
[...a S-a

amax

where U

a max

- maximum value of the anode voltage,
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I -maximum value of the anode current, @, - fundamental
harmonic ratio, S - mutual conductance of the lamp.
AtU_ =6.3kV,thecurrentvaluel  with maximum
power 25 kW equals 4A. The fundamental harmonic
ratio a, at cutoff angle of 70° equal to 0,436, the mutual
conductance of lamp GU - 23+48,5 mA/V. The calculated
optimal value of equivalent resistivity of the anode load is
3564 Q.
The anode circuit

characteristic impedance

fL
pP= C—A for a frequency of 880 kHz is 300 Q, and its
4

Q-factoris Q = —° ~12.In order to match the equivalent
p

resistance of the anode load with a cable having a

characteristic impedance of 50 Q, the coefficient of cable

connection into the anode circuit # = is 0.12.

Pe
RE

To ensure the required connection coefficient values
in the structure of generator VChI -63/044 coils, additional

outlets for cable connections are provided.

2.Estimation of the RF plasma discharge impact on the
inductor impedance.

The improved RF generator was tested on the
experimental assembly with a cylindrical quartz discharge
chamber. The quartz tube, surrounded by the inductor,
consist of 6.5 turns with an inductance of 7.36 pH and
resistance of 0.03 Q. The influence of high-frequency
discharge plasma on the inductor impedance was estimated
using the transformer model of an induction RF discharge
[1]. In transformer model the inductor itself serves as a
primary winding, and the plasma, generated in its inside,
forms a secondary winding consisting of a single turn,
the radius of which is determined by the high-frequency
plasma discharge parameters. The transformer model is
schematically represented in Fig. 3a.

The secondary winding of the transformer is
characterized by the plasma resistance R, and inductivity
L,. The plasma turn inductivity includes two components:
geometrical or magnetic inductance L,, determined by
the turn geometry, and inductivity L, characterizing the
electron inertial properties. The inertial induction L, is
the result of a complex nature of the RF discharge plasma
conductivity and is determined by the relation:

L=— )

where V . is the effective electron collision frequency.
In the pressure range under consideration the
collisional mechanism of energy input into the plasma

20

Iy 2 l4

a b
Fig.3. a) Transformer model of the high-frequency
discharge. b) Equivalent circuit of the high-frequency
discharge in the transformer mode.

discharge is implemented, and the electron-neutral collision
frequency significantly exceeds both the stochastic collision
frequency and the electron-ion collision frequency, that
makes it possible to equate Veﬂ to the electron-neutral
collision frequency V, .

1%
For the pressure range where “2>10 and
@

v, = 5,5 10757 the inductance L is much lesser
than L, that allows us to neglect the L contribution into
the inductor-plasma system impedance.

The inductances L, and L, are related by the mutual
inductance M. The coupling coefficient £ is determined by
the relation:

k=—— 4)

The coupling coefficient & (0 <k <1) versus the electron
concentration is shown in Fig. 4.

10

oA
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og Pl

onr "/J

m

18] 7
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Fig. 4. Coupling coefficient k£ versus the electrons
concentration.

The coefficient & monotonically increases with
electron  concentration  increasing, asymptotically
approaching to the theoretical maximum magnitude

BicHuk XHY, Ne 1158, cepis «®isukay, sun. 22, 2015



A.M. Deryzemlia, P.G. Kryshtal, V.I. Radchenko, O.1. Yevsiukov, D.A. Khizhnyak, B.M. Shirokov

2

k= > where R is the discharge chamber radius, B is

the inductor radius.
Applying Kirchhoff’s second law to the primary and
secondary transformer windings we obtain

Vi=joLlI +1,R — joMI, Q)
V,=joLI,+1,R, (6)
Considering that V, = joMI,, after simple

transformations of equations (3) and (4), the inductor-
plasma system impedance reduced to the transformer
primary winding can be determined.

2 2
7=l M gy
I R+a’L,
(7
2 2
: oM .
+](C()Ll —ma)LzJ:RS +]XS

The equivalent circuit of the inductive RF discharge
transformer model is shown in Fig. 3b. The real and
imaginary components of the impedance inductor-
plasma system versus the plasma electron concentration

Ven

=10 are shown in Fig. 5.
@
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Fig.5. The real and imaginary components of the
inductor-plasma system impedance versus the electron
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concentration for =10 .
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Assuming that the inputted induction RF discharge

plasma power is absorbed in the skin layer of a depth 0 ,
the plasma resistance can be determined from the expression
2.1

=, (8
’ 5-8-h L

where O is the real component of the complex conductivity
of the high-frequency discharge plasma, O - skin depth, h

- discharge height, R - plasma turn radius equal to
r=R-— 5 (R - discharge chamber radius).

The skin-layer depth is determined by the expression

/21/
é‘:L _eﬁ’ 9)
w,\

P

where ¢ is the light speed, ®,, is the electron plasma
frequency.

The plasma turn inductance is calculated by the
relation

2
L, :“O}Tr ,

where |1, is the magnetic constant.

(10)

The mutual inductance M is determined from the
expression
M= L7 n ’
h
where 7 is the number of inductor turns.

It should be noted that by assessing the influence of
the RF discharge plasma on the inductor impedance we
have not considered the capacitive coupling between the
inductor and the plasma, since at low frequencies it is not
essential [3] and its influence on the inductor impedance
can be disregarded.

In the model of the RF discharge transformer the
generator power P can be considered as a sum of the power
dissipated in the transformer primary winding (inductor)
P, and the power contributed to the plasma discharge P,

(11)

1 )
P,=F, +F, :5112(131 +R)) . (o

where [, is the inductor current amplitude, and

2 2
wM?R,
27 p2 272 18
Ry +w7L
resistance of the transformer primary winding. The

efficiency of power transmission from the inductor to the
plasma is determined by the relation [4]

the reduced active plasma

21



Calculation of the generator for induction discharge initiation

-1

P (| R

From the relation (13) it follows that with a fixed
value of R, the value of R2/ will be an indicator of the
efficiency of energy contribution into the plasma discharge,

namely, high values of Ré correspond to high values of 77
and conversely. The impedance components of the inductor-
plasma system (Fig.5) and the mutual coefficient k (Fig.4)
versus the electron concentration, and, consequently, the
RF power absorbed in the plasma, indicate to the existence
of optimal energy contribution modes in the induction RF
discharge. The energy efficiency is determined by the
discharge configuration and depends on the type and
pressure of the operating gas. As the gas pressure increases,
an optimal energy input range is shifted towards higher
electron concentrations.

The generator testing has shown its stable operation. A
HF discharge, excited in molecular hydrogen and mixtures
of hydrogen with chlorosilane, was observed in the
pressure range of 15-250 Pa. The power density fed into the
discharge was varying in the range from 1 to 7.2 W/cm?.

Investigations on the plasma-chemical hydrogen
reduction of silicon tetrachloride were carried out. The
reaction of plasma-chemical reduction was conducted in
the reaction chamber at pressure of 60 Pa with the ratio
H,SiCl,=5:1 (flow rate for H, - 6.5 I/h, for SiCl, - 1.3 I/h.)
The power density, fed into the discharge, was 6.5 W/
cm?. Polycrystalline silicon films with a thickness of
8.5-11.6 um were obtained for deposition time of 60-80
minutes. [5]

Conclusions

1. Experiments conducted with a upgraded RF
generator has shown a stable operation at a power density,
fed into the discharge of 1 to 7.2 W/cm? in the broad range
of varying power load parameters.

2. Plasma-chemical hydrogen reduction of silicon
tetrachloride in the low-temperature non-equilibrium
plasma was carried out. Polycrystalline films with thickness
of 8.5-11.6 pm were obtained.
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Mechanism of superplastic deformation of high-strength aluminum
alloy 1933 with bimodal structure

A.V. Poyda?, A.V. Zavdoveev?#, V.P. Poyda', V.V. Bryukhovetskiy?,
D.E. Milaya™?, R.V. Sukhov'

U V.N. Karazin Kharkov National University
Svoboda square, 4, Kharkov, Ukraine, 61077,
Y Institute of Electrophysics & Radiation Technologies NAS of Ukraine
Chernyshevskaya St. 28, P.O. Box 8812, Kharkov, Ukraine, 61002
¥ Paton Electric Welding Institute of NAS of Ukraine
Bozhenko St., 11, Kiev, Ukraine, 03680
¥ Donetsk Institute for Physics and Engineering named after A.A. Galkin NAS of Ukraine

Nauky Prosp., 46, Kiev, Ukraine, 03028

The characteristics of the initial structural state and phase composition of industrial alloy 1933 are determined. The specific
proportion of low-angle boundaries and high-angle boundaries is determined. The mechanism of superplastic deformation of aluminum
alloy 1933 with a bimodal structure is considered. In the investigation of the deformation relief the fibrous structures are found,
indirectly confirming the presence of a liquid phase during the mechanical tests. The effect of the inclusions of liquid phase, localized
at the grain boundaries, on the implementation of deformation and accommodative mechanisms developing during their superplastic
flow is analyzed.

Keywords: superplasticity, bimodal structure, grain boundaries, fibrous structures, partial melting.

BcTaHOBIICHO XapaKTEPUCTHKH BHXIJHOTO CTPYKTYPHOTO cTaHy i (a3oBOro Ckiiajy IPOMHCIOBOrO HamiBaOpukary cruiaBy
1933. BusHaueHO MHUTOMY YacTKy MaJIOKyTOBHX 1 BEIHKOKYTOBHX MEX 3epeH. PO3IIsHYTO MeXaHi3M HaauiacThdHoi aedopmarii
amominieBoro cmiaaBy 1933 3 OimomanbHOIO cTpykTyporo. Ilpm mocmimkeHHi nedopmamiiHOro penbedy BHSABIEHI BOJOKHHCTI
CTPYKTYPH, IO ONOCEPEAKOBAHO MiATBEPIIKYE HAsIBHICTh piAkoi (a3u mix 4ac MexaHiuHUX BUIPOOyBaHb. [IpoaHasizoBaHO BIUIUB
BKITIOUCHB PiZKOT (ha3u, TIOKATI30BaHUX HA MEKaX 3epPeH, Ha 3iHCHEHHS TeopMaIliifHUX 1 aKOMOJIalliii MEXaHi3MiB, 110 PO3BUBAIOTHCS
B XOJIi iX HAAIUIACTHYHOT fedopmarrii.

KorouoBi ci1oBa: HaIIacTH4HICTE, GIMOAIBEHA CTPYKTYpPa, MEXKI 3€peH, BOJIOKHHUCTI CTPYKTYPH, YACTKOBE IIIABJICHHSI.

VYcTaHOBIIEHBI XapaKTEPUCTHKUA HCXOHOTO CTPYKTYPHOTO COCTOSIHHSL M (Da30BOrO COCTaBa MPOMBINIICHHOTO monyhabdpukara
crutaBa 1933. Onpenenena yznenbHast 107151 MaJIOyIJIOBBIX U OOJIBILIEYTIIOBBIX IT'PaHUL] 3epeH. PaccMOTpeH MexaHN3M CBEPXIUIACTUYECKON
nedopManuy  amoMHHHEBOro cruaBa 1933 ¢ OumomanbHO# cTpykTypoil. [lpm uccienoBanuu aeopMaloHHOTO perbeda
00OHapy»KEeHBI BOJIOKHHUCTBIE CTPYKTYPHBI, 4TO KOCBEHHO IOATBEPIKAACT HATMUKE XKUAKOH (a3bl BO BpeMsl MEXaHHYECKUX MCIBITAHHUH.
[IpoaHanu3npoBaHO BIMSIHIE BKIIOYEHHH )KUIKOH (pa3bl, JTIOKAIN30BaHHBIX Ha TPAHHIAX 3€PEH, Ha OCYIIECTBICHUE 1e()OpMAIIMOHHEIX
1 aKKOMOJAIHOHHBIX MEXaHU3MOB, Pa3BUBAIOIIIXCS B XO/I€ X CBEPXIUTACTUYECKON e(hopMaIuu.

KiroueBble clioBa: CBEpXIUIACTHYHOCTH, OMMOIATbHAS CTPYKTYpa, TPAHHIBI 3€PEH, BOJOKHHCTBIC CTPYKTYpBI, YaCTHYHOE
IUIaBJICHHUE.

Introduction

To show the effect of micro-grain structural
superplasticity (SSP) of industrial aluminum alloys must
have steady to coarsening ultrafine equiaxed grain structure
[1-3]. It is considered that the smaller the initial grain
size in the specimen, the greater the area of high angle
intergranular (intergrain and interphase) boundaries per
volume unit of its working part. Therefore, the greater the

number of grains may be involved in the implementation
of grain boundary sliding (GBS) - the main deformation
mechanism of superplastic deformation (SPD) [1-3]. Such
a structural state in multicomponent aluminum alloys with
matrix structure can be obtained by carrying out of their
thermomechanical processing. However, using of standard
methods of heat treatment to the semifinished products of
many commercial aluminum alloys is not always provides
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them uniform ultrafine equiaxed structures, so in the initial
state they often have bimodal or varying grain size structure
[1-4].

High-strength forging alloy 1933 of Al-Zn-Mg-Cu-Zr
[5] is widely used in the aircraft industry. Large forgings,
stampings and pressed strips for massive elements of the
internal skeleton of the power of modern aircraft airframes
are produced from it.

A significant disadvantage of this alloy as well as
of other high-strength alloys of Al-Zn-Mg-Cu, is that
the presence in its composition of high amounts of zinc,
magnesium and copper to increase its strength, reduces its
plasticity [6]. Low technological plasticity of the alloy 1933
greatly limits its use for the production of complex and
thin-walled products needed for the aircraft industry. This
disadvantage can be eliminated by the use of superplastic
forming, which is a promising technology of materials
processing by pressure based on the effect of SSP.

In [7-10] was shown that the alloy 1933 with an initial
bimodal structure showed the effect of high-temperature
structural superplasticity (HTSS). It is determined that
during the SPD GBS developed intensively and occurred
not only on ultrafine grain boundaries, but also on the
boundaries of large poligonized grains parallel to the
direction of strain. It is uncharacteristic for the existing
classical conceptions about the development of GBS in
terms of micro-grain SSP and can be connected with the
presence on grain boundaries of small amounts of liquid
phase.

In this paper in order to clarify the mechanism of SPD
of alloy 1933, the characteristics of the initial structural
state and phase composition of the alloy were studied and
the attestation of its grain boundaries was performed.

Based on generalization of the results, obtained in the
work, and accounting data available in the literature, the
analysis of deformation and accommodative mechanisms
of SPD of the alloy is performed.

Materials and methods of the experiment
Investigated in the paper alloy 1933 has such a chemical
composition (1,6 — 2,2% Mg; 0,8 — 1,2% Cu; 0,1% Mn;
0,66 —0,15% Fe; 0,1% Si; 6,35 —7,2% Zn; 0,03 —0,06% Ti;
0,05% Cr; 0,10 — 0,18% Zr; 0,0001 — 0,02% Be; base Al,
% wt.) [5]. The main alloying elements in the alloy are
magnesium, zinc and copper. They play a fundamental role
in the partial melting of superplastic aluminum alloys and
as a result, creating small amounts of viscous liquid phase
at the grain boundaries during deformation [11-12].
Mechanical tests of the alloy specimens, prepared
from industrial intermediates, held in air by stretching
them in creep mode at constant flow stress according to the
procedure described in detail in [13].
Grain structure, cavity morphology and morphology
of fibrous in specimens were studied using light microscopy
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(MIM-6 with the digital camera Pro-MicroScan) and
scanning electron microscopy (JEOL JSM-840), and
standard techniques of quantitative metallography [14].

To determine the proportions of ultrafine and coarse
grains, the grain boundary misorientation angles and
to make quantitative assessment of their content in the
alloy 1933 the electron backscatter diffraction analysis
(EBSD) was used [15]. Investigations were performed
using a scanning electron microscope JEOL JSM-6490LV,
equipped with energy dispersive spectrometry INCA Penta
FETx3 and by detector of backscattered electrons Nordlys
S.

Analysis of the obtained structures was performed
according to the procedure described in [15], using software
HKL Channel 5, which is included in the set of technical
documents to the microscope.

The surface of the working part of the specimens was
subjected to grinding and to mechanical polishing. Surface
finishing of sections for metallographic investigations was
carried out using a diamond paste grit 1/0.

Specimens which were used for EBSD analysis were
subjected to electropolishing. It was performed in a solution
of such composition: 40 wt. % H,SO,, 45 wt. % H,PO,,
3 wt. % CrO,, 11 wt. % H,O [15]. Mode of operation:
operating temperature 60-80°C, the anode current density,
the voltage of 15-18 V, exposure — a few minutes.

To reveal the grain boundaries during the
metallographic studies was used universal chemical etchant
of such a composition: 17 ml HNO,, 5 ml HF, 78 mL H,O.
In addition to the chemical etching for revealing of grain
boundaries of the working part surface of the test specimens
of alloy as the initial one, and superplastically deformed to
a certain degree of deformation, strain relief method was
used. To determine the contribution of grain boundary
sliding (GBS) in the overall deformation and for studying
of the kinetics of its development at different stages of
SPD used a method of marker scratches. On the polished
specimens using a diamond paste of dispersion 3 microns,
the marker risks parallel to the axis of their subsequent
direction of stretching were applied. Mechanical testing
was carried out using specimens in a HTSP in the creep
mode, which led to the formation on the surface of polished
specimens of a deformation relief as a result of a small (3-
5%) deformation. The views of it were studied.

The average grain size (d) was determined by light
microscopy photomicrographs with use of random secant
method [8]. Full statistical grain size distribution based on
the data of EBSD analysis.

Results and Discussion
Figure 1, a shows a micrograph of a typical view of
the initial microstructure of the specimen of 1933 alloy
obtained using light microscopy techniques. It is seen that
the microstructure of the alloy is bimodal. It consists of
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the regions containing a large number of fine recrystallized
grains and ultrafine grains with (d) = 7 £ 1 microns,
separated by high-angle boundaries (HAB, misorientation
angle > 10°) of grains and contain some amount of coarse
elongated poligonized grains with (d) = 50 £ 1 mxm,
which are separated by low-angle boundaries (LAB,
misorientation angle < 10°) of grains.

o
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Fig.l. Typical views of the initial microstructure
specimen alloy 1933: a — obtained by using light
microscopy techniques; b — selected for EBSD analysis;
¢ — the grains size distribution (d) for shown on Fig.1, b
fragment of specimen of alloy 1933.
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Data of metallographic investigations, obtained using
light microscopy method, are qualitatively consistent with
the data obtained as a result of EBSD analysis.

Figure 1, b shows the map of contrasts, which was
used for quantitative metallographic analysis of the initial
structural state of the alloy in the investigated part of the
surface of the specimen of alloy 1933. It is seen that the
original structure of the alloy is not uniform. It contains
large elongated grains, which border on plots occupied by

Low-angle boundaries - 66,5%
High-angle boundaries - 33,5%
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Fig.2. EBSD analysis maps: a — resulted from
combination of contrasts map and misorientation angle
of grain boundaries map; b — orientation angles of grain
boundaries map; ¢ — dependence of the relative amounts
of different grain boundary misorientation angle from
disorientation for the tested plot of the surface of alloy
1933 specimen.
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small and ultra-fine grains.

Figure 1, c shows the distribution of the grain sizes by
the magnitude for the investigated part of the alloy 1933
specimen. It is evident that in a bimodal structure identified
on the surface of the investigated area, fine and ultra-fine
grains dominate and the amount of large polygonized
grains is much less.

Figure 2, a shows a fragment of the microstructure,
obtained as a result of overlapping of contrasts maps and
maps of misorientation angle of grain boundaries, and
figure 2, b is a map of orientation angle of grain boundaries.
These maps were used to determine the specific proportion
of LAB grains and HAB grains for the tested plot of the
specimen surface of the alloy 1933.

In Figure 2, ¢ the quantitative distribution of the
grain boundaries by misorientation angle is represented.
It was built as a result of accounting of all attested grain
boundaries existing in the studied area of specimen of
alloy 1933. When building this relationship was usually to
attribute to the LAB grains those grain boundaries, which
have misorientation angle below 10°, and to attribute to the
to HAB - those grain boundaries, which are misoriented
above 10° [15]. It was found that the specific proportion
of LAB grains for the tested area is 65.5% and the specific
proportion of HABs grains is 35.5%. These data strongly
suggest that the original structure of the specimens of alloy

IPF colouing

001

1o

Fig.3. a— orientations of grains map in the investigated
area of alloy 1933 specimen; b — image legend for this
orientations map.
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1933 is not fully recrystallized, and that in it there is a
developed substructure.

Figure 3, a shows a map of grains orientations in the
investigated area of specimen of alloy 1933, and in Figure
3, b - the image of the legend to it, which was built in the
space of inverse pole figures. It is seen that the orientation
of the grains in this area are distributed inhomogeneously.
For ultrafine grains are prevalent orientations tending to
an orientation (111) and (001), and for large polygonized
grains, prevailing is orientation, tending to the orientation
(001). On the orientations map is also present a number
of grains painted in green. Their orientation tends to
orientation (101).

Let us analyze the phase composition of alloy 1933
specimens. According to the phase diagram of Al-Mg-
Cu-Zn, [6], zinc, magnesium and copper under conditions
close to equilibrium form with aluminum and between each
other solid solutions and various intermetallic compounds:
MgZn, (n-phase), ALCuMg (S-phase), Mg Zn Al
(T-phase), which play a significant role in the hardening
of the alloy 1933 when heat treated. In addition to these
phases in composition of the alloy 1933 in conditions close
to equilibrium, must be present fine particles of phase
ZrAl,, which play an important role in the occurrence
of dynamic recrystallization and serve to inhibit grain
growth during SPD of aluminum alloys [1-3]. As a result
of diffracometric research of initial specimen of the alloy
1933 [7-9], it was found that the intensive diffraction peaks
on the diffractogram correspond to the aluminum based
solid solution (o, -phase). It also revealed a low-intensity
diffraction peaks corresponding n-phase (MgZn,) u T-phase
(Mg,Zn,Al,). This indicates that the amount of n-phase and
T-phase in the initial specimen of the alloy is not significant.
S-phase and phase ZrAl,, which, undoubtedly, are present
in the initial specimens of the alloy 1933, were not found
by the methods of diffraction. Since the crystallization of
alloy ingots of 1933, like other alloys of the Al-Mg-Cu-
Zn, takes place in conditions far from equilibrium, so in
the structure of the alloy may be present intermetallic
particles, which come in various nonequilibrium structural
components characteristic of the alloys of this system [6].

As aresult of energy dispersive X-ray microanalysis of
the initial microstructure of the alloy 1933 the concentration
of aluminum, zinc and magnesium at the grain boundaries
and in the middle of grain was determined [10]. It is
determined that the concentration of zinc and magnesium
which is responsible for reducing the temperature of the
partial melting of superplastic aluminum alloys [11,12] on
individual grain boundaries is higher compared with their
average concentration in the material and in the middle of
the grains.

The previously mentioned indicates that in the
specimens ma 1933 alloy prepared for mechanical testing,
most of the alloying elements (Mg, Zn) is in the solid
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solution based on aluminum. Only in some parts of the
grain boundaries, there is an increased concentration of
alloying elements.

It was determined [7-10] that during heating of alloy
1933 specimens to a test temperature, partial melting of the
alloy takes place. It results in the appearance of metastable
viscous liquid phase at grain boundaries.

As a result of mechanical tests carried out in creep
mode at a constant flow stress, it was found that the optimal
conditions for occurrence of the effect of HTSP for alloy
1933 are as follows: temperature T = 520°C, flow stress
o = 5,5 MPa. Maximum relative elongation of specimen
to failure 6, superplastically deformed under T = 520°C,
o = 5,5 MPa and true strain rate 1,2-10* s' was observed
as 260% [7-10].

As a result of detailed studies of typical views
of deformation relief which formed on the surface of
the working part of superplastically deformed alloy
1933specimens, performed using optical and scanning
electron microscopy fibrous structures (see. Fig.4),
localized in the cavities and microcracks were found.
The formation and development of such structures shows
convincingly that the alloy 1933 during SPD was in a solid-
liquid state due to partial melting.

The ends of the fibers (see. Fig.4) are connected to
the inner surfaces of grains in cavities formed during the
separation during of grains, when grains separated one
from each other by boundaries during GBS, approximately
perpendicular to the strain direction. The number of fibers
in cavities is different. It appears to depend on the amount
of liquid phase inclusions localized at the grain boundaries,
which surround the grain boundary cavities.

As a result of energy dispersive X-ray microanalysis
of the chemical composition of the material that makes
the fibrous structure formed during SPD of 1933 alloy
specimens, was determined [10], that the concentration of
Mg in them is increased in comparison with the average
concentration in the alloy. This result agrees with the data
on the chemical composition of the fibers obtained by
the authors of works [16,17] in the study of the structural
state of the specimens of aluminum alloys Al-Mg-Cu-Zn,
showed HTSP in a solid-liquid state.

On the surface of the fibers and grains to which
they are connected, friable oxide films were found. This
suggests that during SPD of 1933 alloy specimens tested
at a temperature T=520°C in its working part the dynamic
oxidation of the inclusions of liquid material that was
present in small amounts at the grain boundaries and at the
sliding grain boundary edges intensively occurred.

These thermal studies, which were aimed at
investigation of the probable causes of the kinetics of
partial melting of the alloy 1933 [9] in the presence of
superplastically deformed at T = 520 ° C specimens
of fibrous structures which comprised an increased
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Fig.4. The deformation relief of alloy 1933 specimens,
deformed to failure under the optimal conditions of
high-temperature superplasticity. Scanning electron
microscopy. Arrows indicate the tensile direction of
specimens.

concentration of magnesium strongly indicate that this
alloy shown HTSP in solid-liquid state.

Let us analyze the influence of the structural state and
phase composition of the alloy 1933 on the development of
deformational and accommodative mechanisms of its SPD.

Analysis of the specific views of deformation relief
formed on the surface of superplastically deformed
specimens, typical views of which are shown in Figure 5,
and the use of previously obtained data on the contribution
of GBS to the local deformation of its specimens [8-
9] provides a basis to offer a qualitative description of
the development of deformational and accommodative
mechanisms of SPD of alloy 1933 with a bimodal structure.

We can assume that during superplastic flow of
specimens of the alloys 1933, at the same time take place
three main deformation mechanisms: GBS, intragranular
deformation carried out due to sliding and climbing of
lattice dislocations and diffusion creep.

In [18,19] considered the effect of the presence
of a bimodal structure on the development of SPD of
aluminum alloy 01570C specimens (Al — 5,0% wt.
Mg — 0,18 % wt. Mn — 0,2 % wt. Sc — 0,8 % wt. Zr). It
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Fig.5. Characteristic views of deformation relief formed
on the surface of the working part of specimens of alloy
1933, deformed to failure under the optimal conditions
of high-temperature superplasticity. The tensile direction
is horizontal. Light microscopy.

is suggested that in the process of dynamic loading of the
specimen initially large grains begin to deform. In this case
intense flows of lattice dislocations generate, they fall on
the HABs grains in a fine-grained structure, transfer them
to a non-equilibrium state. This enables the development
of GBS in the fine structure part of the alloy. Streams of
lattice dislocations from volume of coarse grains activate
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the overwhelming number of HABs grains. Under the
influence of the dislocation stream excess nonequilibrium
volume of HABs grains increases, and as a result, the
diffusion processes in such boundaries are significantly
more active, which leads to faster diffusion of HABs and
the intensive development of GBS [1,18,19].

We can assume that in the specimens of studied
1933 alloy intragranular deformation of the alloy, which
is used to create nonequilibrium state of HABs grains by
applying stress to the specimen starts to be implemented
simultaneously in large elongated polygonized grains, and
in the fine and ultrafine grains in which the external stress
in according to the Schmidt law, reaches a critical shear
stress.

In [8,9], it was found that GBS in the specimens of
alloy 1933 intensively take place at the grain boundaries,
which consist of areas occupied by the solid and liquid
phases.

Apparently, intense GBS on solid areas of HABs of
ultrafine and fine grains takes place on the same micro-
processes that are active in terms of manifestation of micro-
grain SSP [1,2]. However, in consideration of deformation
mechanisms of alloy 1933 is necessary to take into account
that in specimens of aluminum alloys, superplastically
deformed at high homologous temperatures, GBS may
be further intensified by the separation of grain boundary
dislocations from the impurity atoms on the atmospheres of
ultrafine grain boundaries [20], as well as by substantially
increasing diffusion processes at the boundaries of coarse
grains [21].

Apparently, intense GBS occurring on the solid
parts of HABs boundaries of large and of ultrafine grains,
accompanied by the development of viscous flow in those
areas of HABs and LABs of all the grains that contain a
viscous liquid phase, which is a liquid-solid suspension. As
a result, as shown in [9,10], GBS can intensively develop
not only on the HABs of fine and ultrafine grains but also
on LABs of coarse grains, including polygonized grains
oriented parallel to the axis of tension of the specimen.

It was determined [9,10], that the contribution of
GBS to the local deformation of the specimen due to the
implementation of GBS in different parts of their working
part is different. As shown estimate calculations [9,10], its
values are within the range of = 50% and = 80%.

As shown in [22], the liquid phase, which borders with
potential stress concentrators (intermetallic particles, triple
junctions of grains and other structural inhomogeneities,
which are available on the grain boundaries), promotes
relaxation of local stresses arising during the GBS.

When at the intercrystalline boundaries there are
areas occupied by the liquid-solid phase, the GBS on such
boundaries can be facilitated as compared with sliding on
“solid” boundaries.

In the specimens of investigated alloy 1933, this
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process will be implemented under the action of shear
stresses due to relative displacement of the layers of liquid-
solid phase enriched by surface active elements, since, as
specified in [22], in a case if the liquid phase is in the form
of a film between the crystallites, the deformation capacity
of the material shearing increases, and its peel strength is
retained.

To ensure the stability of the SPD during superplastic
flow of investigated specimens of alloy 1933, in their
working part must the effectively different accommodative
mechanisms within the grains and at their sliding boundaries
must take place, as well as in the area of contact between
the liquid and solid phases. Accommodation of GBS can
be effectively implemented with the active development
of lattice and grain boundary diffusion in the solid phase
and diffusion in the liquid phase. Active implementation of
accommodative processes in the specimens of investigated
alloy 1933 superplastically deformed in a solid-liquid state,
promotes the effective stress relaxation in difficult for
GBS areas of grain boundaries. As a result of a coherent
implementation of the above-mentioned deformational
and accommodative processes in the working part of the
specimens of studied in this paper alloy 1933 with a bimodal
structure the intensive rearrangement of grains with grain
boundary cavities takes place, which is accompanied
by viscous flow of liquid-solid phase localized at grain
boundaries.

It is determined that at the early stages of superplastic
flow in the working part of the alloy 1933 specimens,
under the influence of normal stress on the HABs grains
perpendicular to the tension direction of specimens
begin to form wedge-shaped cracks. In those areas of the
working part of specimens in which a partial melting of
the alloy did not take place or the amount of liquid phase
was small, it entirely dissolved in solid phase to the
beginning of deformation. Wedge-like cracks during GBS
were transformed into individual grain boundary cavities,
developing in accordance with the mechanism proposed
in [23] for micro-grain SSP, which took place in the solid
phase.

Those wedge-like cracks that were formed by the
mutual sliding of grains, boundaries of which contained
inclusions of liquid-solid phase will also be transformed into
the individual grain boundary cavities. Fibrous structures
begin to form and develop during this. The edges of the
grains, perpendicular to the strain axis of the specimen, i.e.,
walls of the cavities and cracks in this case act as a sort of
“holders” to which fibers formed as a result of viscous flow
of liquid-solid material is “attached”. Further development
of cavities and cracks occur mainly due to GBS, which is
carried by grains adjacent to cavities with a speed of grain
boundary shift through solid sections of the boundaries,
the growth rate of the fibrous structures during SPD of
specimens of the alloys is probably close in magnitude to
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the rates of the disclosure of long grain boundary in which
they are formed. As follows from data presented in [24], the
growth rate of deformational cavities and the local rate of
SPD associated with the presence and participation of these
cavities in the deformation process, on average is about
twice higher than the overall rate of SPD of specimen.
Obviously, that the same in order of magnitude is the rate
of development of fibrous structures during SPD, i.e. the
rate of so-called “microsuperplasticity” [25].

This work is done with partial support by the target
complex program “Fundamental Problems of Creation
of New Nanomaterials and Nanotechnologies”, project
Ne62/15-N.

Conclusions

1. The initial structural state of industrial alloy 1933,
which showed the effect of high-temperature structural
superplasticity in a solid-liquid state is investigated. It
is shown that the original structure of the alloy 1933 is
bimodal.

2. The specific proportion of grain boundaries of
different misorientation in the initial specimens of alloy
1933, prepared for mechanical testing is determined. It
is found that the specific proportion of the low-angle
boundaries of grains is 65.5%, while the proportion of
high-angle boundaries of grains is 35.5%.

3. The influence of the initial structural state and phase
composition of alloy 1933 on the development of grain-
boundary sliding and other mechanisms of its superplastic
deformation, carried out on grain boundaries of different
misorientation, as well as in the core of ultrafine and coarse
grains during high-temperature superplasticity is analyzed.

4. The mechanism of grain boundary sliding in the
alloy 1933 with a bimodal structure, intensively carried out
on high-angle boundaries of fine and ultra-fine grains, as
well as on low-angle boundaries between coarse, including
polygonized grains oriented parallel to the tensile axis of
the specimen is considered.
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We describe a technique of computer indexing Laue patterns, determining the crystallographic orientation of the single-crystal
sample (or a single grain of a polycrystal) relative to the main directions in the crystal, and Schmid factors for all systems sliding
without the use of construction of a stereographic projection of the normals to the reflecting planes.

The basic algorithm of this procedure is to define and build a system of unit vectors of the normals to the Laue diffraction pattern,
and according to the terms of her shooting, similar to the definition of the radius vector to the crystallographic orientation of the crystal
planes known, combining them into a single computer center and a reversal of these systems relative to each other before the match
First the radius vector with a portion of the latter. Thus, the indices of the reflecting planes are determined to Laue spots. After the Laue
diffraction pattern indexing program to determine the crystallographic orientation of the studied sample and Schmid factor values for
all slip systems.

Keywords: computer technique, the unit vectors, crystallographic orientation, Schmid factor.

OmnucaHa KOMIDIOTEpHA METOAMKA 1HIULIIOBAHHS JIayerpaMMH, BU3HAYCHHsI KpuctanorpadidHoi opieHTanii MOHOKPHUCTATIYHOTO
3pa3ka (abo OKpeMoro 3epHa MONIKPUCTaIa) 010 OCHOBHUX HANPSIMKIB y KpHcTaii i (hakropis [lIMina muist Beix cucteM koB3aHHs Oe3
BHKOpPHCTaHHS NOOY10BY cTepeorpadiqHoi mpoeknii HopMaiei 10 BiTOMBarOYNX TUIOIIHH.

OCHOBHHUM QJITOPUTMOM I1i€] METOJMKH € BU3HAYCHHS Ta MOOYZ0Ba CUCTEMH OJMHUYHHMX BEKTOPIB HOpMaJel 10 BiIOMBAaIOUHX
TUTOIIMH 32 IJAHUMHU JIAyeTpaMMH 1 yMOB 11 3HOMKH, aHAJIOT14H1 BU3HAYEHHS CHCTEMH Pajiiyc— BEKTOPIB 0 KPUCTATIOrpadiyHIX TIIOIIHH
BiZIOMOi Opi€HTAaLii KpUCTalia, CyMIIIEHHS 1X B OAWH LHEHTP 1 KOMIDIOTEPHE PO3BEPTAHHS LIMX CHCTEM BiJHOCHO OMH OJHOTO 10 30iry
MePILINX PaJiyc BEKTOPIB 3 YACTUHOIO OCTAaHHIX. TaKUM YMHOM, BU3HAYAIOTHCS 1HAEKCH BiIOMBAIOYMX IUTOLIHMH JJIst layerpamMu. [licist
IH/IIIIII0BaHHS JJayerpaMMH IIporpamMa J1a€ MOXKJIMBICTh BU3HAYNTH KpUCTaJIOrpadivHy Opi€HTAMNiI0 TOCTIPKEHOTo 3pa3ka Ta 3HAYCHHS
¢axropa IlImina 1u1st BCiX cuCTEM KOB3aHHSL.

Kio4oBi cji0Ba: KOMIDIOTEpHA METOANKA, OMHHUYHI BEKTOPH, KpHcTanorpadidna opieHTais, ¢paxrop [lImima.

OmnycaHa KOMIBIOTEpPHAas METOAMKA WHIMLMPOBAHMS JiaydrpaMM, OIpPEACNCHHUs KpUcTaorpa@uyeckoldl OpHUeHTalnu
MOHOKPHCTAJUIMYECKOro 0o0pasia (WM OTAENBHOrO 3epHA IMOJIMKPUCTA/LIA) OTHOCUTENIBHO OCHOBHBIX HAIPABICHHH B KpHCTAJIE
n ¢axropos IlIMuna a1 Bcex CHCTEM CKOJBKEHHs Oe3 MCHOJIB30BAHUS IIOCTPOCHUS CTepeorpaMIeckoil MpOoeKnny HOpMalleH K
OTPaKAIOIIMM ITOCKOCTSIM.

OCHOBHBIM AJTOPHUTMOM 3TOH METOAMKH SBISETCS ONpENeNICHHE U MOCTPOCHUE CHCTEMBlI eIMHUYHBIX BEKTOPOB HOPMAlleH K
OTpPaKAIOIIIM TUIOCKOCTSIM IO JAHHBIM JIAy3TPAMMBI H YCIOBHAM €€ ChEMKH, aHATOTHIHbIE OTIPEIENICHUS CHCTEMBI PaInyC — BEKTOPOB
K KpUCTaJIOrpauuecKiM IIOCKOCTSIM H3BECTHOH OPHUEHTALMM KPHCTA/lla, COBMELIEHHE MX B OAMH LIEHTP M KOMIIBIOTEPHBII
Pa3BOPOT 3THX CHCTEM OTHOCHTENBHO APYT ApyTa J0 COBIAJICHUS IEPBBIX PaJilyC BEKTOPOB C YaCThIO MOCHeAHNX. TakuM oOpasom,
OIIPEEISIIOTCSl MHJIEKCHl OTPaXKAIOMNX IDIOCKOCTeH I JlaysmsteH. [locie MHANIMPOBAHMS JIaySrpaMMBbl IIPOrpaMMa MO3BOJISIET
OIIPEENUTE KPUCTAIIOrPAQUIECKYI0 OPHUEHTAMIO HCCICIOBAaHHOTO oOpasna M 3HadeHMs Qakropa Illmuma 1nius Bcex cucTeM
CKOJTBKEHHS.

KnroueBble ci10Ba: KOMIOBIOTEPHAS] METOAMKA, CAMHUTHBIE BEKTOPA, KpHUCTamIorpadmyeckas opuenranus, ¢paxrop Hmuaa.

Introduction and determining mechanical features of monocrystalline

It is well-known, that all crystaline bodies due to
their structure are anisotropic, i.e. their physical properties
depend on crystallographic direction. In most cases,
it concerns mechanical properties. That is why, while
researching pattern of development of plastic deformation

samples or separate grains of polycrystalls, the main
condition is determining of their crystallographic
orientation. For this reason, as a rule, a well-known X-ray
Laue method is used[1]. The deciphering of lauegram,
where each reflex (laue — spot) is a reflection of definite
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crystallographic plane with indexes (hkl), allows to
determine crystallographic orientation of monocrystaline
sample for separate grains of polycrystal in relation to the
main directions in the crystal (for cubical crystals this is
[001], [110], [111]).

Traditional and single method [2,3] of deciphering of
lauegrams included building stereographic projection of
normals to reflected planes with known indexes (according
to the lauegram) and its comparison to similar stereographic
projections of normal to planes with known indexes, built
in advance, for crystals with different crystallographic
orientation. This method is pretty demanding and not
always gives unambiguous results.

Lately appeared the works [4], where the method
that eliminates the building of stereographic projection of
normals to reflections planes is described. The algorithm
of this methodology is geometrical determination of
angles between reflecting planes, taking into account the
conditions, received with the help of lauegram, and their

b

Fig. 1. Images of scanned (a) and edited (b) lauegram,
received from one of grains of polycrystalline.

ﬂY

X

o}

Fig. 2. The graph of building radius — vectors on,

_— —

oc, cn.

comparison with the angles between the directions of
crystal bar with known indexes. This methodology greatly
simplifies the procedure of indexing of lauegram, but it
does not allow to completely automatize the method of
determining crystallographic orientation of researched
sample — monocrystalline.

The aim of this article is to review and approbation
algorithm of the method of indexing of lauegram and
determining the crystallographic orientation of grain in
relation to the main directions in the crystal and Shmidt's
factor for all glide systems.

Results and discussion
The algorithm of the method of indexing of lauegram
and determining the crystallographic orientation of grain in
relation to the main directions in the crystal and Shmidt's
factor for all glide systems.

cn

Fig. 3. The graph of building single vectors of normal
ﬁn to reflecting planes: S- sample; Ln — reflecting

plane, k — is unit vector of the axis Z.
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Fig. 4. Single radius — vector of normals to crystallographic planes with given indexes ﬁhkl (a), reflecting planes P

(based on data from lauegram) (b) and results of their comparison (c).

Above is shown the description of computer method,
which allows in automatic mode to index lauegram,
determine crystallographic orientation of the sample
relative to the main directions in the crystal and the number
of Shmidt's factor for all glide systems.

The preparatory stage of this method is scanning of
obtained lauegram, its editing to determine weak reflexes
and storing it in one file. In figure 1, as example, the
lauegram before (a) and after (b) editing is shown.

Further, the orthogonal system of numbers is presented
of axis XYZ, where X — is direction of axis of stretching
(the bottom part of the film), Z — is the direction, opposite
the X-Ray bunch and the numbering of the reflexes of
lauegram (n) and its center (c) is made (Fig.2).

The next stage is determining the radius — the vector

—_

of laue spots on and oc, the vectors cn

—_— — ——

(cn=on-oc), and their coordinates (Fig. 2) and
determining single vectors of normals to surrounding

planes ( ﬁn ) for laue spots. The diagram of this determining
is shown in figure 3.

From the figure we can see that if the distance sample—
film (H) is known, the unit vector of normal to reflecting
plane Ln can be determined by the following method:

5, =%(&+1€] .
‘&H; @ ’
an

where a, =cn— H 'k, k- is unit vector of the axis Z,

n — is the number of laue spots.

Determination of similar unit radiuses-vectors for
planes with known indexes (hkl) for researched crystal is
made by the formula:

BicHuk XHY, Ne 1158, cepis «®isuka», sun. 22, 2015
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where h, k, 1=0, £1,£2,...,#n.
The last stage of this method is graphic building of

unit radiuses — vectors P, and B, (Fig. 4.a,b, ¢) with
common center.

Fig. 5. Results of indexing of lauegram.

Computer program allows to find optimal common
place of specters of vectors P, and P;,kl in the space,
which leads to co-inciding of vectors P, with part of

vectors P, , so that it allows each laue spot to allocate

indexes to reflecting plane (hkl) (Fig. 5).
If on the lauegram there are no reflexes from
crystallographic planes, normals, to which they are the
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main crystallographic directions, they are determined based
on the results of indexing of the lauegram, taking into
account known angle correlation in crystalline bar between

= — —

Table 2

Glide systems 1 2 3 4 5 6

directions. Determining of vectors £y, F,,, £, in the
system X,Y,Z, connected to the crystal allows to determine Shmidt's factor | 0,46 | 0,37 | 0,35 { 0,30 | 0,27 [ 0,21
angle correlation between X,Y,Z and })100’ :10, }3“1 )
(table 1). Glide systems 7 8 9 10 1 | 12
Table 1
Shmidt's factor | 0,17 | 0,16 | 0,09 | 0,06 | 0,05 | 0,01
[100] [110] [111]
X 32 24 20
Y 19 28 31 Conclusion
V4 24 35 23 1. Computer method is developed, which allows to
index lauegram, determine crystallographic orientation
Finally, using the correlation for determining of monocrystallines (separate grains of polycrystalline)

Shmidt's factor (m = cosa-cosp, where a — is the angle
between direction of axis of stretching and glide plane,
¢ — angle between normal to glide plane and direction of
axis of stretching) (Fig. 6) can be determined Shmidt's

factor for all glide systems (table 2): (11D)[0T1],
(11D[101] (11D[110], (11D[110], (1 11)[101],
(TTp[o11] (1p[1o1] (11D[OT1] (111[110]
(1TD[101] (11D[O11] (1TD[T10],

o —
n

]
] 1

¢
<0L\C
\\Q
R
~_ 7
Fig. 6. The graph of determining Shmidt's factor:

1 — glide plane (one of the planes {111}); o — axis of

stretching of sample; 7 —normal to the glide plane, ¢ —
angle between the normal to the glide plane and direc-
tion of axis of stretching, a — angle between the direction
of the axis of stretching and glide plane.

It should be mentioned, that offered method does not
require difficult process of building and using stereographic
planes.
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relative to the main directions in the crystal and Shmidt's
factor for all glide systems.

2. The main algorithm of this program is determining
and building the system of single radiuses — vectors of
normal to reflection planes (based on data of lauegram),
system of similar vectors for crystals with known
orientation and combination of their centers.

3. Computer program allows to determine the optimal
common place of specters of these vectors in the space,
which leads to maximal co-incidence of vectors, so that it
allows to each laue spot to allocate indexes to reflection
plane.
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The technique of simultaneous investigation of the laws of
occurrence and development of rotational and translational modes
in situ during plastic deformation of the samples

K.S. Kazachkova, R.V. Shurinov, E.E. Badiyan

Department of Physics, Department of Solid State Physics,
Kharkov National University, 4 Svoboda Sq., 61077 Kharkov, Ukraine
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The described technique, allowing in situ in the process of plastic deformation of samples at the same time monitor the emergence
and development of translational and rotational modes. The first method uses a technique of producing color cards orientation and
imaging them colors. In the second - the effect of laser diffraction on quasi-periodic deformation relief in the form of slide steps. The
color orientation maps allow to determine the characteristics of the substructure with a linear resolution ~ 1 micron and angular ~ 10
seconds.

Using the laser technique makes it possible is to follow the emergence and development of sliding and determine characteristics
such as sliding direction and its change in the deformation of the sample, the minimum distance between slip lines characterizing the
intensity of slip and slip lines degree of curvature that characterizes the strengthening investigated sample.

Keywords: color orientation map, rotational mode, translational mode, the plastic deformation.

OmnucaHa MeTOAMKA, IO /A€ MOXJIMBICTB in situ B mpoleci IUIaCTHYHOrO Ae(OpMyBaHHs 3pa3KiB OJHOYACHO CTEKHUTH 3a
BUHHMKHEHHSIM 1 PO3BHTKOM POTAIiifHOI 1 TpaHCIALIHHIA Mox. Y TepmioMy BHUIAJKYy BHKOPHCTOBYETHCS METOIMKA OTPHMAaHHS
KOJILOPOBHX OPIEHTALIIHUX KapT i Bi3yasizamii Ha HUX BIATIHKIB KOJIBOPIB. Y pyromy - eekT 1udpakiii 1a3epHOro BUIIPOMIHIOBAHHS
Ha KBa3imepioguyHOMy IedopMaliifHoMy penbedi B BUIISAAI CXOOMHOK KoB3aHHS. KombopoBi OpieHTaliiiHI KapTH HO3BOJSIOTH
BHU3HAYUTHU XapaKTEPUCTHKH CYOCTPYKTYpH 3 JTIHIHHOIO PO3IITBHOIO 3AaTHICTD ~ 1 MK, 1 KyToBUM ~ 10 cek.

BukopucTaHHs J1a3epHOI METOIMKU A€ MOXJIUBICTh € IPOCTEKUTH 32 BUHUKHEHHAM 1 PO3BUTKOM KOB3aHHS i BU3HAYMTH TaKi
XapaKTePUCTUKH SIK HAIIPSIMOK KOB3aHHJ 1 HOro 3MiHa B Ipoueci AehopMyBaHH 3pa3ka, MiHIMaJIbHa BiJICTAaHb MXK JTiHISIMU KOB3aHHS,
0 XapaKTepU3y€e IHTEHCHBHICTh PO3BUTKY KOB3aHHS, a TAKOXK CTYIIIHb BUKPUBIICHHS JIiHIH KOB3aHHS, IO XapaKTepH3y€e 3MIITHCHHS
JOCJILKYBAHOTO 3pa3Ka.

KurouoBi cji0Ba: KomipHi OpieHTamilHI KapTH, poTaliifHa MO/a, TPAHCIAIiITHA MOJIa, TUTACTHYHA J1e(hopMaIlis.

OmnucaHa METOIUKA, MO3BOJIIOIIAS in situ B mpolecce MIacTHYecKoro aedopMupoBaHusi 00pa3oB OAHOBPEMEHHO CIICIHTh
32 BO3HMKHOBEHHEM M Pa3BHTHEM POTALMOHHOW M TPAHCIIIMOHHONW MoA. B mepBoM cityyae MCIOIb3yeTcss METOAMKA MOTYUCHUS
I[BETOBBIX OPHEHTAI[OHHBIX KapT M BH3yaJM3allid Ha HUX I[BETOBBIX OTTEHKOB. Bo BTOopoM — 3ddekt andpaxunu azepHOro
H3ITyYeHUs] Ha KBA3UIIEPUOANYCCKOM Je(opManmoHHOM penbede B BUA CTYIEHEK CKOIbXKEHHs. L[BeToBbIE OpHEHTAlMOHHBIE KapTh
TIO3BOJISIIOT OMPEACIUTh XapaKTePUCTHKU CYOCTPYKTYPBI C IMHEHHbBIM paspenieHneM ~ 1 MK, # yrioBsiM ~ 10 cex.

Hcnonb30BaHue J1a3ePHOM METOAUKH MO3BOJISCT MPOCIISUTD 32 BOSHUKHOBCHHEM M PA3BUTHEM CKOJIBKECHHS U OTIPE/ICIIUTh TAKNE
XapaKTepPUCTHKU KaK HaIlPaBJICHUS CKOJIBXCHHS M er0 U3MCHEHHE B npolecce JedopmupoBanus 00pasiia, MUHUMAIbHOE PacCTOSIHIE
MEX/1y JIMHUSIMH CKOJIBKCHHS, XapaKTepU3yIolllee MHTEHCHBHOCTh PAa3BUTHS CKOIBKCHHS, a TAK)Ke CTEINeHb MCKPUBIICHUS JIMHUI
CKOJTBKEHUSI, XapaKTePHU3YIOMNX YIIPOUHEHHE HCCIIeyeMoro oopasua.

KonroueBnie c/10Ba: [IBETOBBIC OPHEHTAIIMOHHBIE KapThI, POTALOHHASI MOJIa, TPAHCILIIMOHHAS MOJIa, INIACTHYEeCKast IehopMarys.

Introduction

It is well known that the mechanical properties of
crystalline samples are structurally highly sensitive. The
mechanical characteristics of the sample under study
depend not only on the initial structure and substructure, but
also on the nature of change in the process of plastic flow.
Plastic deformation of crystalline samples is characterized
by two modes - translational and rotational. In the first case,
as a result of plastic deformation of the elementary event

- slip dislocations on the sample surface at the exit site of
dislocation occurs in the form of steps relief whose shape,
size, number, orientation, and other parameters can judge
and the mechanism of occurrence of plastic deformation.
Similarly, in the second case, when the plastic deformation
is characterized by a rotary mechanism, there is a reversal of
certain parts of the sample, which can significantly change
not only share in the plastic deformation of the translation
mode, but also to make an independent contribution (in
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some cases substantial) in the plastic deformation of the
entire sample .

In recent years, developed a number of techniques
[1, 2, 3, 4], that allow using color maps to determine the
orientation and orientation substructural characteristics
of the sample and monitor in situ for their change in the
course of its deformation. Using the method of imaging
hues [5, 6] it is possible to determine the parameters of the
linear substructural ~1 micron resolution and angular ~10
seconds.

The traditional method of determining the translational
component of plastic deformation based on a study of
the strain relief in the form of steps slip occurring on the
polished surface of the sample [7].

Experimental studies patterns of plastic deformation
of polycrystalline samples made in recent years have
shown that it is impossible not only to determine and
predict the occurrence and sequence of deformation modes,
thus characterize a pattern of plastic deformation in the
whole sample. The main reason is the lack of experimental
techniques which allow the process of plastic deformation
synchronously follow the emergence and development of
shear and rotation deformation modes.

The simultaneous use methods of obtaining color
orientation maps and thus define substructural characteristics
and their changes in the process of deformation of the
sample to the entire working surface of the sample and
methodology of the study of deformation structures in the
form of sliding steps will enable to trace the origin and
development of different modes of plastic deformation, to
determine the role of each of them in the plastic deformation
of the whole of the sample and eventually to describe the
mechanism of plastic deformation of the specimen.

Aim of this study was to develop a technique for the
simultaneous investigation of translational and rotational
fashion plastic deformation of the sample in situ during its
deformation.

Description of the experimental setup

Scheme of the experimental setup is shown in Fig. 1.
On the base plate (3) of the deforming device at different
sides test sample installed two devices: one for registration
color orientation maps, another - for the registration in situ
during the plastic deformation of the diffraction pattern
formed by diffraction of the laser radiation on elements
of the strain relief arising on the surface of the sample
during its plastic deformation. For experimental studies
it is necessary that one of the working surfaces of the
sample (1) was polished, to identify the strain relief on
it and recording the diffraction patterns on this relief by
laser using a web camera (4), the other for the purpose
of chemically etched identifying on it a quasiperiodic
relief with which the interaction of white light leads to
the effect of diffraction of [2] and, consequently, to the
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Fig. 1. The experimental setup.

appearance of color orientation maps recorded by using a
Web camera (10). Due to the fact that the size of the laser
beam on the sample surface are insignificant (2x2 mm?)
in the installation has a device (8) for scanning the laser
beam across the sample surface. The scanning speed was
10 mm / sec. Special screen (6) is transparent to the laser
radiation (A=630 nm) allows to record diffraction patterns
with a digital camera. Voltage measuring deformation
unused specially made elastic element (9) with adhesive
on it, and strain gauges connected in a bridge circuit. The
deformation of the sample was carried out using a special
loading device, which was the ultimate force ~5 kg. The
rate of deformation of the sample - ~10 ¢!, All information
about the sample in the form of color orientation maps,
laser diffraction patterns and the deformation curve in
coordinates ¢ = o(g) synchronous recorded with a PC with
a period of 0,01 seconds.

Fig. 2. The color orientation map of the surface of the in-
dividual grains of the polycrystalline sample aluminum
after deformation by 17%.
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Fig. 3. Distribution of the elements of the substructure
in various size grains of a polycrystalline sample after
17% deformation (a - grain 1, b - grain 2, ¢ - 3 grain).

Research results and their discussion
As an example, in Fig. 2. Bring the color orientation
map of the surface of the individual grains of a

polycrystalline sample of aluminum after deformation by
17%.

Color image of the surface of the grains uniform, which
indicates the presence in the sample of the substructure
elements [3]. Fig. 3. provide information on the distribution
of elements of the substructure for the size of the sample
before and after the deformation of 17%, obtained using
the method of visualization [S] The colors in the COM.
From Fig. 3 that when the deformation of 17% in the 1-st
(a) and 2-nd (b) the grain is its division into blocks with a
decrease in the average block size, and expanding the range
of their disorientation. In the 3-rd grain (c) in the process
of deformation of the sample, and the average size of the
block range of misorientation not changed. This grain is in
the process of plastic deformation unfolding as a whole.

Distribution curves subgrain size and crystallographic
orientation to third grain deformation to the sample and
after deformation of 17% are shown in Fig. 3 c.

Thus, effects rotation of the first and second grain
manifested in a change in orientation of the sample during
deformation substructure elements, their crushing and
spreading of these changes, and the third average grain size
subgrain disorientation and their spectra remain practically
unchanged. In the process of deformation of the grain
subgrain orientation change occurs, leading to a change in
the orientation of the grain as a whole.

Here, in Fig. 4 shows typical laser diffraction patterns
obtained from the grains mentioned above, after the
deformation of the sample by 17%.

For grain 1 with a well-developed structure of a rotary
slip traces are found almost, so there is no diffraction pattern
(Fig. 3 a). On the surface of grain 3 after the deformation
of the sample at 17% deformation relief formed in the form
of steps at the exit site slip dislocations. This is evidenced
by the form of the diffraction pattern resulting from the
interaction of the laser beam with the relief (Fig. 3 c¢).
Analysis color maps of the orientation obtained from the
surface of the grain, showing that the effect of grain in the
crushing process of deformation of the sample takes place.

abc

Fig. 4. Laser diffraction patterns from the surface of the grains of the polycrystalline sample 1,2,3 after deformation

by 17%.
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Conclusions

1.The technique allows to simultaneously investigate
the emergence and development of translational and
rotational deformation modes of the sample in situ in the
process of deformation has been proposed.

2.Using a laser technique [8] allows not only to register
the occurrence of strain relief, but also the character of its
development in the process of deformation of the sample.
By the form of the diffraction pattern can determine the
direction of the slide and the change in the deformation
process. The shape and size of the diffraction pattern (in
view of its reflexes) can be defined such substructural
characteristics of plastic flow [8] as the minimum distance
between slip lines, characterized by intensive development
of plastic deformation and the character of the curvature
of the slip lines defining the pattern of hardening of the
sample.

1. Patent89743 UKRAINE, the IPC GO1B 11/16. E.E. Badiyan,
A.G. Tonkopryad, O.V. Shekhovtsov, R.V. Shurinov; The
applicant and patent owner V.N. Karazin KNU. - Ne a 2009
06455; appl. 22.06.09; publ. 25.02.10, Bul. Ne4.

2. E.E. Badiyan, A.G. Tonkopryad, O.V. Shekhovtsov, R.V.
Shurinov. Functional Materials, 3, 3, 411, 2006

3. E.E. Badiyan, A.G. Tonkopryad, O.V. Shehovtsov, R.V.
Shorinov, T.R. Zetova. Inorganic Materials, 15, 1663 (2011).

4. E.E. Badiyan, A.G. Tonkopryad, O.V. Shehovtsov, R.V.
Shorinov, T.R. Zetova. Factory Laboratory. Diagnosis
materials, 76, 8, 34, (2010).

5. Patent 104249 UKRAINE, the IPC (2013.01), GOIN 21/00,
GO1N 33/20 (2006.1). E. E. Badiyan, A. G. Tonkopryad,
O. V. Shekhovtsov, R. V. Shurinov, T. R. Zetova, K. S.
Kazachkova; The applicant and patent owner V.N. Karazin
KNU. — No a 2012 14845; appl. 24.12.12.; publ.10.01.14,
Bul. Nel.

6. E. E. Badiyan, A. G. Tonkopryad, O. V. Shekhovtsov, R.
V. Shurinov, T. R. Zetova, K. S. Kazachkova. Functional
Materials, 21, 3, 307 (2014).

G.A. Malygin. Solid State Physics, 43, 2, 248 (2001).

E. E. Badiyan, A. G. Tonkopryad, O. V. Shekhovtsov, R.
V. Shurinov, T. R. Zetova, K. S. Kazachkova. Functional
Materials, 22, 3 (2015).

38

BicHuk XHY, Ne 1158, cepis «®isukay, sun. 22, 2015



BicHuk XHY, Ne 1158, cepis «®isukay, Bun. 22, 2015. ¢c. 39-41

maKkc
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compounds
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The effectiveness of material transport by the mechanism of single-file diffusion in comparison with the conventional mechanism
of the classical diffusion of atoms is discussed. The conditions under which the single-file diffusion can provide fast mass transport are
considered. The analysis and assessment made indicate that the diffusion of atoms along one-dimensional vacancy clusters formed in
the (AB )-type ion nano-crystals, may have a much faster mass transport compared to transport by the classical diffusion mechanism
of atoms, which is defining for massive crystals.

Keywords: single-file diffusion, one-dimensional vacancy clusters, (AB, )-type ion nano-crystals.

OO0roBoproeThCst €(hEeKTHBHICTD TPAHCTIOPTY PEYOBUHH MeXaHi3MOM O1HO(DaiinoBoi qudys3ii y mopiBHAHHI 3 MEXaHI3MOM 3BHYAHOT
knacuyHol nudy3ii aromiB. Po3nisiHyTo ymoBH, 3a sikMX ogHodaiiioBa nudysis Moxe 3a0e3nednTH NPUCKOPEHHI MacolepeHic.
[IpoBenenuit aHaii3 Ta OIiHKA CBiYaTh MpO Te, MO AU(Y3is aTOMIB B3JOBK OAHOMIPHUX BaKaHCIHHHX KiIacTepiB, M0 (OPMYIOTHCS
B iOHHMX HaHO-KpucTanax Thimy AB ., MOXe XapakTepu3yBaTHCA 3HAYHO IIBHINIMM MEPEHECEHHAM PEYOBUHM TIOPIBHAHO 3
[IEPEHECCHHSAM 3BHYaiHUM KIIACHYHHM MeXaHi3MoM quby3ii, SKUii € BU3HAYaIbHUM /Il MACHBHHX KPUCTAJIB.

Karouosi ciioBa: omnodaiinosa nudysis, O1HOMIpHI BaKaHCilHI KIacTepH, i0HHI HaHO-KpUCTamy THITy AB .

O6cyxnaercs 3pHeKTHBHOCTH TPAHCIIOPTA BELIECTBA MEXaHU3MOM OIHO(aiI0BOM (0iHOKaHAIBHOI) M dy3HH 10 CPABHEHUIO
C MEXaHH3MOM OOBIYHOM Kiaccudeckoil muddy3nu atoMoB. PaccMOTpeHsBI yCiIoBHs, IPH KOTOPBIX ogHOdaiinoBas nuddy3us Moxer
obecIeYnTh YCKOPEHHBIH Maccotieperoc. [IpoBeIeHHbII aHAIN3 U C/ie/laHHask OIIEHKA CBUICTEIBCTBYIOT O TOM, YTO U] dy3ns aTOMOB
BJI0J1b O/HOMEPHBIX BAKAHCHOHHBIX KIIACTEPOB, (JOPMUPYIOIIMXCS B HOHHBIX HAHO-KPUCTAIIaX THIIAa AB |, MOMKET XapaKkTepH30BaThCs
3HAYUTEIBHO OoJiee OBICTPHIM EPEHOCOM BEIIECTBA 10 CPABHEHHUIO C MEPEHOCOM OOBIYHBIM KIACCHYECKUM MEXaHH3MOM TH(y3nH,
KOTOPBII SBIISIETCS OMPEEIIAIONIMM I MACCHBHBIX KPUCTAJIIOB.

Karouesbie cioBa: onHodaitnosas muddysus, o1HOMEPHbIE BAKAHCHOHHbBIE KJIACTEPhl, HOHHbIC HAHO-KPUCTAJLIbI THIIA AB .

Introduction

Nano-crystals — are the crystals with the linear size
of <1-10nm. As the experimental and theoretical studies
demonstrated the nano-crystals physical properties are
radically different from those of usual size scale crystals
[1-3].

The special properties of nano-crystals are caused
by the fact that in comparison with bulk crystals the very
important changes occurs in the nano-crystals structure and
in its electron energy spectrum. The main reason for these
changes is the fact that the surface atoms of crystal and the
atoms of subsurface layer by thickness of d~3a (a — the
lattice parameter) have the number of nearest neighbors
(the number of particles of the first and of the subsequent
coordination spheres) reduced in comparison with those in
bulk of crystal. An elementary estimate shows that if the
crystal size is d= 108~ 10 nm, the number of atoms that are
“feeling” the absence of half of the space is ~50 % of the
total atoms number.

The natural consequence of change in the number of

©Boyko Y.1., Bogdanov V.V., 2015

surrounding atoms (the coordination number change) is
that the “surface” and “near-surface” atoms are have to
displace to new positions. This changes their oscillations
parameters, charge state, polarization and thus changes the
nature of their interaction. In (AB, )-type ionic crystals
due to changes in the valence of ions and due to additional
polarization in the surface layers of nano-crystals the
specific transitional structures or so-called layered lattices
are formed [4]. These structures are characterized by the
appearance of a covalent component of the chemical bond
between the layers of ions. Herewith very important is
the fact that the rearrangement of the crystal lattices is
accompanied by the crystal stoichiometry violation.

So formation of a layered crystal structure entails
a change in valence of the ions. This in turn results to
appearance of the excess (non-stoichiometric) vacancies
in the corresponding sub-lattice due to the necessity to
satisfy the condition of electrical neutrality of the crystal as
a whole. Conglomerations of the stoichiometric vacancies
form one-dimensional channels (clusters), which in the
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case of nano-sized crystals can penetrate through them. A
typical example of ionic crystals in which by decrease their
linear size to the value of <10nm were experimentally
observed all the above mentioned changes in the structure,
are the crystals of cerium oxide CeO, [5, 6].

One-dimensional vacancy clusters penetrating nano-
crystal cause the possibility of an unconventional material
transport mechanism — the mechanism of so-called single-
file diffusion [7, 8].

In this work, we assessed the efficiency of material
transport by the mechanism of single-file diffusion in
comparison with the conventional mechanism of the
classical diffusion of atoms, which is determining for the
massive crystals. The conditions under which the single-file
diffusion can provide fast mass transport are considered.

Classical and single-file diffusion of atoms in crystals
Itisknown that the basis of description of the traditional
(classical) mechanism of atoms diffusion in crystals is the
model of random walks. According to this model, atoms
jumps during their thermal migration occur independently
from each other, i.e. there is no correlation between them:
next jump of the atom does not depend on what was the
previous jump. All directions of the subsequent jump are
equiprobable [9]. In this model, the radius-vector of the
average displacement of a large number of atoms equal to
zero: (X(t))=0, and their mean square displacement is not
zero: (X3(t))#0. For one-dimensional diffusion of atoms
in crystals in the framework of the classical model the
Einstein— Smoluchowski ratio is valid:
(X*(t))=2Dt. (1)
Here D — diffusion coefficient of atoms characterizing
the material transport efficiency, t — time of diffusion.
It should be noted that if one compares the distance
of the atom diffusion displacement from an initial position

L=+2Dt (1a)
with a total length L, which it passes during the same
time, it appears that L,<<L. This inequality indicates the
low efficiency of random walks (of chaotic motion) by
diffusion mass transferring mechanism and explains why
so small the penetration depth of the diffusing material is
even after long diffusion annealing.

In the case of the single-file diffusion unlike the
above-described mechanism, thermal chaotic migration of
atoms is limited to “one-dimensional” channel in which an
atom can move in one direction only and diffusing particles
can not bypass each other. The mean square displacement
for this diffusion mechanism is described by the following
formula [6]:

(X2())=2F ", @)
where F — mobility — parameter characterizing the
movement of atoms in the single-file diffusion. By itself, the
parameter F can’t be used to characterize the effectiveness
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of the mass transport. However, if we use the random
walk model applied to a single particle that is moving in
one direction and that is not experiencing any interaction
with other particles (an analogue of the single-channel or
single-file diffusion), the mean square displacement can be
described by the following equation [10]:

(X)) =M (X (D). 3)
(X(t)y — the average displacement of atom in one
dimensional channel, A — the average distance between
neighboring diffusing atoms. Considering that in the case

of single-file diffusion: (X(t))= /2Dt (similarly to
the relation (1a)), and using (2) we have:
D =2F/}. 6]
D, parameter has the dimension of the diffusion
coefficient and can be used to characterize the effectiveness
of the atoms transport by the single-file diffusion
mechanism.

Comparative evaluation of effectiveness of the
considered above two diffusion mechanisms of atoms
in crystals

For a quantitative estimation of the effectiveness of
mass transport by the classical diffusion mechanism and
by the single-file diffusion mechanism let’s consider the
dimensionless ratio:

X=D_/D=2F*/}D. 5)

Substituting in the equation (5) reasonable values
of quantities: A=0,5nm, D~ 10"2m?/s (for ionic crystals
at the premelting temperatures [9]), as well as the
experimentally found value of the mobility factor: F= 10~
2m?/s'2 [6], we have: X~ 107.

Conclusions

The analysis and assessment made indicate that the
diffusion of atoms along one-dimensional vacancy clusters
formed in the (AB,_ )-type ion nano-crystals, may have
the much faster mass transport compared to the transport
by the classical diffusion mechanism of atoms, which is
defining for massive crystals.

In fact, this result suggests that in the case of single-
file diffusion the length of the diffusion path of atom along
the vacancy cluster L approaches the value of'its total path
L,i.e. L,=L. As it already was mentioned, for the classical
diffusion of atoms based on the random walk model the
inequality L, <<L takes place.

The described effect of accelerated material transport
in the ionic nano-crystals, in the structure of which there
are vacancy clusters, must occur in the greater extent, the
smaller is the homologous temperature, i.e. the smaller is
the value of D; also the more the density of diffusing ions
is in cluster, i.e. the smaller is the value of A (see Relation

).
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Reorientation in alkali-halide single crystals under mechanical
stress in an initial stage of high-temperature creep
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Structural changes in KCl and NaCl single crystals were investigated at the initial stage of the high-temperature creep during
impeded motion of dislocation in easy-slip systems. The main features of the formation of dislocation structures were studied at the
initial stage of rotational deformation, marked by the development of reorientation bands in single crystals. The subsequent process of
rotational deformation was also analyzed, as the reorientation bands enlarge and merge and hence, single crystals become polycrystals.

Keywords: dislocation, rotational deformation, single crystal, polycrystal, reorientation band, kink band.

JocnimkeHo cTpykrypHi 3Minn B MoHOKpHcTanax KCl i NaCl Ha nmouarkoBiii cTa/ii BHCOKOTEMITEpaTypHOi MOB3y4YOCTi B YMOBaX,
KOJIM B CHCTEMI JIETKOTO KOB3aHHS PyX JIUCJIOKAlii yckinaaHeHo. BuBueHo ocobnuBocTi GopMyBaHHS THCIOKAIHHUX CTPYKTYp Ha
caMoMy ITOYaTKOBOMY €Tami poTamniifHoi nedopmariii, Ko 3apoKyIoThCs CMyTH IIepeopieHTalli B OKpeMHX 001acTsIX MOHOKPHCTAIA,
3POCTaHHS 1 3UTTS SIKUX TIPU3BOIMUTD JI0 IEPETBOPEHHSI MOHOKPHCTAIIIA B TTOTIKPUCTAIL.

KurouoBi ciioBa: qucioxanii, poramiiina qedopmaris, MOHOKPHUCTA, MTOTIKPUCTAJ, CMYTH TIEPEOPIEHTAILI], CMyTa CKHIY.

HccnenoBanbl cTpykTypHble n3MeHeHHss B MoHOKpucTamuiax KCl m NaCl Ha HavanbHOW CTaauM BBICOKOTEMIICPATYPHOM
MOJ3Y4YECTH B YCIOBHUAX, KOIJIAa B CHCTEME JIETKOTO CKOJBKCHHS JBMXKCHUE IHUCIOKAIMH 3aTpyqHEHO. M3ydeHbl 0COOCHHOCTH
(hopMHpOBaHUS TUCIOKAMOHHBIX CTPYKTYp Ha CaMOM HA4YallbHOM JTalle POTAIIMOHHOW JehOopMaIiu, KOTna 3apokKIar0TCs TTOJIOCH
MEPEOPUEHTALINH B OTACIBHBIX 00JACTIX MOHOKPHCTAIUIA, POCT U CIUSHHAE KOTOPHIX MPUBOIUT K TPEBPAIICHHIO MOHOKPHCTAIIA B

TIOJIMKPUCTATLI.

KiroueBsble cj10Ba: AMCIOKALMH, POTALMOHHAS Ie(hOopMaLMs, MOHOKPHCTAILI, TIOJIUKPUCTAILI, HOJIOCHI IEPEOPUCHTALIMH, IT0JIOCA

cbpoca.

The transformation of single crystals to polycrystals
due to reorientation of large areas during rotational
deformation can occur at different load regimes in crystals
with different bond types and unit cell types [1, 2].

What happens at the initial stage of reorientation band
formation is unclear. Simple structure of reorientation band
consists of two edge dislocation walls with antiparallel
Burger’s vectors [3, 4]. This structure indicates an already
formed kink band, but not the process of its forming.
The only explanation of such structure is a so-called
“mechanical polygonisation,” which sometimes occurs
during the low-temperature deformation [3]. This model
has a defect: the probability that such dislocations form a
band is rather small.

The reorientation of crystal areas causes the significant
decrease of internal stresses. The formation of reorientation
band effects a dip on strain hardening curve G(€).
However, the formation of reorientation bands at the initial
stage of fragmentation during the rotational deformation is
hardly studied [4]. The purpose of this investigation was to

explore a surface relief forming of single crystals at an
initial stage of high-temperature creep, forming of
dislocation structure at these conditions and influence of
such dislocation structures on the rotation deformation.

In this paper, the structural changes in single crystals
with NaCl-type lattice are investigated at the initial stage
of reorientation during high-temperature creep when
dislocation glide (motion) is impeded.

Experimental technique
The performed experiments used alkali halide single
crystals NaCl and KCl shaped as rectangular prisms with

an initial dislocation density © ~10° cm™ and average

linear size of the blocks / =107 m.
Single crystals were compressed uniaxially in the
direction <111> at temperature range from 0.6 to 0.92

T, in the creep mode. Because of the orientation of the

compression, the reduced shear stresses in all primary slip

© Kibets V.I., Kovtun O.l., Matsokin D.V., Matsokin V.P., Pakhomova [.N., 2015
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a

Fig 1. a — scheme of deformation; b — the initial stage of the reorientation bands formation in NaCl. T=625°C,
6 =0.6MPa, t=5 min, ¢ — KCl T=650°C, ©=0.8MPa, t=30 min.

systems {110} <110 > were zero.

Substructure evolution

The dislocation structure was visualized by selective
etching.

Single crystals became polycrystals at high
temperature and high level of external stresses during creep
at relative deformation € > 0.1 due to the formation of
sets of reorientation areas [5, 6]. The angles between these
areas reach several degrees.

During the initial stage of deformation of single crystal
prisms the reorientation bands started to form on the crystal
sides which were parallel to the compression vector and
have greater area (surface “2” on Fig 1a).

Initially the reorientation bands were perpendicular
to the direction of external uniaxial compression. Before

forming of the reorientation band, the surface relief became
striped (“crumpled”). With the increase of deformation
the reorientation bands became wider, merged together
and changed their orientations (Fig 1lc). As a result of
deformation, the dislocation structures of single crystals on
surfaces “1”” and “2” were significantly altered (Fig. 1 a).
On surface 1, one can see the set of etching pits forming
the rectangular cells (Fig 2a). The orientation of etch pits
rows is <110>. Hence, they denote the formation of the
low-angle boundaries composed of edge dislocations. Two
sets of dislocation boundaries indicate that the deformation
process is provided by dislocations of two perpendicular
slip systems {110}. During deformation the dislocation
structures transform into the typical for the high temperature
creep block structures with big blocks and arbitrarily
oriented block boundaries. The arbitrary orientation of
boundaries indicates the presence of dislocations of two

100 (LM
e

b

Fig. 2. Dislocation structures of NaCl single crystals, T=625°C, & =0.6MPa, t=5 min, a— surface “1”, b — surface “2”.
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creep

Fig. 3. The cleavage steps on surface “2” in NaCl single crystal. T=600°C, & =0.4MPa, t=30 min..

slip systems in each boundary.

On the surface of type “2,” the dislocation structure
is quite different. Along with the chaotically distributed
dislocations, there are periodic rows of etch pits in <100>
direction. Such areas indicate reorientation bands beginning
to form. These periodic rows of etch pits consist of screw
dislocations. This fact is confirmed by three experimental
evidences. The first of which is the direction of these short
rows. Second, these rows disintegrated into chaotically
distributed dislocations, as pile-ups of screw dislocations
with the same Burger’s vectors are unstable. Third, the
analysis of cleavage steps on surface of deformed crystal
confirms the presence of screw dislocations.

The alkali-halide crystals with NaCl-type lattice are
such, that if we apply external concentrated force, the
crystal cleaves out along the planes with minimum surface
energy {100}. Since the splitting forms two free surfaces, it
requires high energies. Thus the cleavage cannot instantly
occur in the whole crystal. The cleavage spreads from one
point to another in the form of crack, which starts in the
place of the force application.

In a single crystal without dislocations, the cleavage
surfaces have to be perfectly smooth on atom level.
In real single crystals, the cleavage surface consists of
the system of cleavage steps formed during the crack
propagation through the rows of screw dislocations. If the
crack crosses the twist boundary consisting of at least two
screw dislocation systems with different Burgers vectors,
numerous cleavage steps appear. Such cleavage steps can
merge, thus forming either higher steps or merging creeks
that spread in the direction of crack propagation.

If after the crack has crossed the boundary and only
orientation of cleavage steps is changed, the nonappearance
of new steps implies that this boundary is the tilt boundary,
consisting of edge dislocations. An increased amount of
cleavage steps indicates the twist boundary consisting of
screw dislocations. In all crystals we can see both types of
dislocations, particularly in the areas of reorientation band

44

formation (Fig. 3).

Conclusions

Actively discussed in literature, simple dislocation
structure of reorientation bands indicates the collective
nature of evolution of dislocation structure during the
formation and motion of such reorientation bands. It was
shown before reorientation band forming, the surface
relief becomes striped. The dislocation structures were
completely different on surfaces “1” and “2”. They depend
on nucleation of dislocations in different slip systems.

In high temperature creep experiments under the
condition of formation of new dislocations in crystal, a high
amount of dipoles of partial disclinations develop. Thus,
we can infer that partial disclinations carry the rotational
deformation.
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Fluctuation conductivity of hafnium doped YBa,Cu,O, ; ceramic
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The conductivity of Hf doped YBa,Cu,O, ; ceramics was studied in the thesis. It was shown that the introduction of Hf additive
leads to the increase of the amount of scattering effective centers of normal carriers. Excessive conductivity of the studied samples near
T, is satisfactorily described by a theoretical model of Aslamazov-Larkin. At the same time Hf additive leads to a significant increase
in the absolute value of £ (0) and the shift of 3D-2D crossover point with regard to the temperature.

Keywords: YBa,Cu,O, ; ceramics, doping, fluctuation conductivity, the coherence length, 3D-2D crossover.

B pabore mccnenosana mposonumocTh kepamuk YBa,Cu,O, ;. nomuposannbix Hf. Tlokasano, uto BHecenne mpumecu Hf
MPUBOIUT K BO3pacTaHMIO dYhcTa 3(P(EKTUBHBIX LEHTPOB pPACCESHHS HOPMANbHBIX HOcHTenel. V30bITouHas MPOBOAUMOCTH
UCCIIEN0BAHHBIX 00pa3oB BOMM3KM T YIOBIETBOPUTENILHO ONHMCHIBAETCS TEOPETHYECKOH Mozenbio Acnamasopa-Jlapkuna. Ilpu aTom
nobaeka Hf npuBoauT k 3Ha4MTEILHOMY BO3PACTAHUIO a0COTIOTHOTO 3HaYeHMs BemuuuHbI & (0) M CMENIEHUIO M0 TeMIIepaType TOUKH

3D-2D kpoccosepa.

Karouosi cioBa: xepamiku YBa, Cu,O, , nomyBanHs, QryKTyalilina MpoBiHiCTh, IOBKHHA KorepeHTHOCTi, 3D-2D kpocosep.

V pobori pociikena nposianicts kepamik YBa,Cu,O, ; nonosanux Hf. ITokasano, mo BHecenns gominku Hf npussoguts 10
3pOCTaHHs 4Kc/Ia eEKTHBHUX LICHTPIB PO3CiIOBaHHs HOPMAIBHUX HOCIiB. Hamuikosa npoBiiHicTh A0CikeHnX 3pa3kis noomusy T,
3aJI0BIJIBHO OMHCYETHCS TCOPETHUHO MOIEILTI0 AcnamazoBa-Jlapkina. [Ipu nbomy no6aBka Hf mpu3BoauTh 10 3HAYHOTO 3POCTAHHS
abcomroTHOro 3HaYeHHs Bemannu § (0) i 3mimenns no Temneparypi Touku 3D-2D kpocosepa.

Karuesbie caoBa: xepamuku YBa,Cu O, ,, nonmposanue, GuykTyalliOHHas MPOBOIMMOCTb, JUTMHA KOTE€PEHTHOCTH, 3D-2D

KpOCCOBEp.

A characteristic feature of HTSC, compounds of
the 1-2-3 system, is relative simplicity of full or partial
substitution of components by their isoelectronic analogues
[1]. As it was established in a number of studies [2] such
substitution often facilitates slowing of the aging processes
in the compounds of such a type and improving of the
stability of their technological characteristics. Most clearly
it is demonstrated in the case of ceramic samples, which are
also currently the most functional in terms of their practical
application [3].

At the same time this kind of substitution often leads
to the significant evolution of specific physical phenomena
observed in the HTSC - materials with regard to the normal
(non-superconducting) condition. The latter refers to
the pseudogap (PG) and fluctuation (FC) abnormalities,
transitions of the metal-insulator type, incoherent electric
transport, anisotropy of some physical characteristics,
and etc. [4]. According to the modern concepts [4] these
unusual phenomena may serve as a key to understanding
of the microscopic nature of the high-temperature
superconductors, which remains unknown despite the
29-year history of intense experimental and theoretical

research.

Taking into consideration the abovementioned the
influence of Hf impurities on the fluctuation conductivity in
HTSC — YBaCuO ceramics at the near critical temperatures
— was investigated in the study.

Samples of YBa,Cu,0, ; ceramics were synthesized
by interaction of Y,0,, BaCO,, and CuO (all OS grades)
compounds taken in the respective molar ratios in the
temperature range 750-900° C. The obtained powder was
pressed under pressure of 4 ton/cm? into the disks of 20x4
mm size and sintered at the temperature of 950-970°C
within 5 hours followed by cooling to the room temperature
with intermediate dwell of 2-3 hours at the temperatures
of 890 and 530°C. The obtained tablets represented
superconducting ceramics with rhombic symmetry of
lattice and T ~90 K. For obtaining samples with addition
of hafnium the starting material was added with a various
quantity of weight % of Hf,0,. Modes of production and
saturation with oxygen were the same as for the undoped
ceramics.

X-ray studies of the structure and phase composition
of the samples of YBa,Cu,0,; ceramic depending on
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Fig. 1. Dependence of reduced electrical resistance
R/R,,(T) of ceramic samples with the addition of
K1 hafnium. The inset shows the transition to the
superconducting state in the coordinates of R/R_ (T)
and d(R/R,(T))/dT - T in the area of superconducting
transition of one sample. Numbering of the curves in the

inset corresponds to the numbering in the Fig.

the hafnium additions were carried out on the DRON-
3 X-ray diffractometer in Cu-Ka-radiation. Profiles of
X-ray diffraction peaks were built by manual scanning
with intervals of angles of 26=0,1° in the background and
with intervals of 26=0,02° at maximum. Analysis of the
obtained diffractograms showed that the initial sample
had an orthorhombic structure of perovskite type with
the following lattice parameters: a=3.8348/&, b=3.8895/’¥,
c=11.6790& which corresponds to the literature data.
With increasing content of Hf,0, hafhium oxide additives
the intensity of X-ray diffraction peaks corresponding
to the initial structure is reduced and diffraction peaks
corresponding to the orthorhombic structure perovskite
of type appear on diffractograms X-ray but with higher
parameters of lattice.

For resistive studies the pieces of rectangular shape
were sawed from the “tablets”. Contacts were applied
by rubbing of ceramic India into the surface followed by
soldering of copper conductors to these sites. The electrical
resistivity was measured by standard 4 contact procedure
with direct current up to 10 mA. The sample temperature
was determined by platinum thermal resistor.

Temperature dependences of the stated electrical
resistance of R/R, (T) samples are shown in Figure 1.
Resistive transitions into the superconducting state of
the same samples are shown in the inset. It appears that
the dependences are quasimetallic. The parameters of
the studies samples are shown in the table. According to
the literature data the high values of T=92.1 K critical
temperature correspond to the oxygen content 6<0.1 [5].

As we can see from the Figure 1 R/R, (T) deviation
from linear dependence take place with the decrease of
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Fig. 2. Temperature dependences of the excess
conductivity for K1 - K6 samples in InAc-Ine.
Designation of the curves corresponds to the designations
in the Fig.1. Straight lines show an approximation to the
inclination angle tga =-0.5 (3D - mode) and tga,=-1.0
(2D - mode). Arrows show the point of 2D-3D crossover.
The inset shows the dependences of coherence length
€.(0) on the percentage of hafnium in the samples.

temperature below a certain characteristic value of T* which
shows the appearance of a certain excess conductivity,
which according to the theoretical concepts [6] near T,
is conditioned by processes of fluctuation pairing of the
carriers. Their contribution to the conductivity at T>T, for
two (2D) and three-dimensional (3D) cases is determined
by the following power dependence (6):

2
-1

% = Tena t )

2
e ~1/2
&

O-SD T AT .
320, (0)

where &=(T-T )/T, e - electron charge, £ (0) - is coherence
length along the ¢ axis at T—0 and d - is a characteristic size
of a two-dimensional layer. In our case T, was determined
at the maximum point in the dependences of d(R/R,)/dT
in the area of superconducting transition (Fig. 1 Inset).

The temperature dependence of the excess conductivity
is usually determined by the equation:

; 2

3)
where o =p;'=(A+BT)"is the conductivity determined
by interpolation of the linear section of p(T) to the zero
value of the temperature and ¢ =p' is an experimentally
determined value of conductivity in the normal condition.
Fig. 2 shows the temperature dependences of Ac(T)
in In Ao~ Ing coordinates. It can be seen that near T, these
curves are approximated satisfactorily by straight lines
with a slope of tg a1~0.5 corresponding to the exponent
parameter of —1/2 in the equation (2), which obviously

Ao =0-0,,
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Table

Samples % Hf T,K T*, K A* , meV Ln(e) €, £(0), A
K1 0 91,47 154 0,1006 -2,87 0,0567 1,39297
K2 5 91,62 160 0,06776 -1,98 0,13807 2,17372
K3 10 89,5 165 0,0675 -1,84 0,15882 2,33134
K4 15 91,65 250 0,05647 -1,714 0,18014 2,48294

K5 20 90,17 240 0,0306 -1,05 0,34994 3,4606
K6 37,5 90,38 237 0,03897 -1,06 0,34646 3,44334

evidences about 3D character of the fluctuation conductivity
in this temperature interval. Upon further temperature
increase the rate of Ac decrease substantially increases (tg
02~1) which in its turn can be interpreted as an indication
for change of fluctuation conductivity dimensionality.
As it follows from Egs. (1) and (2) at the point of 2D-3D
Crossover:

E(0)g, " =d/2. @)

In this case having determined ¢, value and using
literature data on the dependence of the interplane distance
on & [7] (d = 11.7 A) it may be possible to calculate the
values of &c(0). The concentration dependences of the
coherence length & (0) are shown in the inset to the Figure
2.

The made calculations showed that with introduction
of Hf additives a change in the value of coherence length
from & (0)=1,39A in YBaCuO to  (0)=3.44A in Hf doped
samples takes place by 37.5% and 3D-2D crossover point
significantly shifts with regard to the temperature (see
Table and Fig. 2).

In conclusion, we briefly resume the main results
obtained in this paper. Excessive conductivity Ac(T)
of Hf-doped YBaCuO samples in the case nearing T, is
satisfactorily described in the framework of a theoretical
model of Aslamazov-Larkin. Doping of YBaCuO single
crystals by hafnium leads to a more than twofold increase

BicHuk XHY, Ne 1158, cepis «®isuka», sun. 22, 2015

in the absolute value of € (0) and significant shift of 3D-2D

crossover point with regard to the temperature.
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It was examined special features of Peltier elements using for gas mixture separation into components and low temperature
cryogenic liquids obtaining in low-powered production using Joule-Thomson effect in the second stage of cooling. It was carried out
the measurements of necessary heat, electricity and cooling flows for components separation of the air and hydrogen-oxygen mixtures
in order to obtain liquid nitrogen, oxygen and hydrogen with a help of specially made investigation equipment.

Keywords: gas separation by cooling, Peltier element, throttling, liquid nitrogen, oxygen, hydrogen.

Po3rnsHyTI 0COOMMBOCTI BHKOPUCTAHHS €JeMEHTiB [lenbThe I pO3AiNeHHS CyMilll Ta3iB HAa KOMIIOHEHTH Ta OICp:KaHHS
HU3BKOTEMIIEPaTypPHUX KPIOPIIUH B MAJIOMOTYKHUX BUPOOHHIITBAX 3 BUKOPUCTAHHIM edexry [xoynsa-ToMcoHa Ha ApyroMmy CTymeHi
X0JI0/1y. 3a JOMOMOTOI0 CTBOPEHOI'O JAOCIITHOTO 00JIaIHAHHS TIPOBEICHI BUMIPIOBAaHHS HEOOXiAHMX MOTOKIB TeIUIa, eEKTPOCHEPTil Ta
OXOJIO/PKYBa4a JUIsl PO3LICHHS Ha KOMIIOHEHTH TIOBITPS 1 BOZHEBO-KHCHEBOT CyMillli 3 METOIO OTPHMAHHSI PiIKHUX HITPOT€HY, OKCUTCHY
Ta TipOTeHy.

KurouoBi c10Ba: po3ineHHs ra3iB OXOJIOMKEHHSM, eJIeMEHT [1eNIbThe, POCeToBaHHs, Pi/IKi HITPOTEeH, OKCHTI€H, T1POTeH.

PaccmoTpensl 0COOCHHOCTH MCHONB30BaHUS d1eMeHTOB [lenbThe Ui pa3aeneHus CMeCH Ta30B HAa KOMIIOHEHTHI U MOTyUCHUS
HHU3KOTEMIIEPATYPHBIX KPHOXKHJIKOCTEH B MaJOMOIIHBIX MPOM3BOACTBAX ¢ Hcroib3oBanueM sddexra [xoyns-ToMcona Ha BTOpO
cryneHt xonoza. C ImoMOLIbI0 CO31aHHOTO HCCIIEN0BaTEIbCKOr0 000PYJ0BaHUS IIPOBEICHBI N3MEPEHHS HEOOXOAMMBIX TOTOKOB TEILIa,
UIEKTPOIHEPIUU U XJIaJareHTa AJs pa3feeHUs Ha KOMIIOHEHThl BO3yXa U BOJOPOIHO-KUCIOPOIHON CMECU C LEbI0 IOIyYeHUs

JKUAKUX a30Ta, KUCJI0poda U BOAopoaa.

KiroueBble ci1oBa: Ppa3aeiIiCHUE ra30B OXJIaKACHUCM, JICMCHT HeJ’ILTLe, JAPOCCEIIMPOBAHNEC, JKUAKHUE a30T, KUCIOPOA, BOAOPOA.

One of the main methods [1] of industrial gas
separation into components with high purity is low
temperature method, based on the using of boiling
temperatures differences in the liquid state of different
substances, which is caused by the nature of intermolecular
interactions [2,3]. Other (non-cryogenic) methods are also
often used, for example membrane one, where there are
conditions for small size molecules moving through a small
hole or cavity fiber, adsorption method (carbon nanotubes
are especially promising today [4]), and space division
method with a space separation of mixture on electrodes
[5]. Last one is used in water electrolysis (Figure 1) when
oxygen is evolving at the anode and hydrogen — at the
cathode.

This method is more effective using the electrode
plates placed in opposite one to another, between which
transparent membranes for ions are fixed. Gases evolving
at the electrodes go up under Archimedes force to
different capacities (figure 1). However, the existing of the
membranes and separated capacities for gases withdrawal

© Zholonko M.M., Unrod V.I., 2015

to different capacities make process of separation more
difficult and slower. Therefore, for big capacities, at first
the gas mixtures are obtained, and then the separation is
caring out, for example, using low temperatures [6].

The aim of this study was to examine the possibility
of cryogenic separation of gas mixture into components
in low-powered unit using deep cooling process without
gas-expansion machines in conditions of limited element
base. Low temperatures are easy to get using Peltier
semiconductor elements when it is enough low power for
heat flow withdrawal [7].These are machineless devices
in the form of the plate, one side of which is heating by
current and requires heat withdrawal, and another one is
cooling. In this case the temperature differences between
the surfaces can reach more than 50 K. Peltier elements
cascade connection is applied too [8]. During a parallel
connection increases the cooler capacity while in sequential
case it will be for the temperature difference. These plates
using experience proves that in the two-stage sequential
connection they can create low temperatures with the
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Fig.1. Diagram of non-cryogenic manner of gases
separation during water electrolysis without low
temperature consideration of product
stoichiometry (double volume of H, .or one volume of
0,).
difference of over 100 K and operate in a stable mode.
However, Peltier elements are the most effective under
the normal conditions and with a few sequential cascades
[8], but lower temperatures obtaining for the accumulation
of elements in cascade leads to bigger thermal losses and
total thermal resistance of the bridge. There is reduction
of unit efficiency at low temperatures. In low-powered
scheme, shown in figure 2, Joule-Thomson effect of gas
throttling through a porous baffler from 1.5 MPa pressure
to atmospheric pressure was applied to further mixture
temperature reducing [2]. Because of Peltier elements,
the temperature of hydrogen that needed to be cooled was
becoming less than inversion temperature. For oxygen it

using in

reaches 893 K, and for hydrogen is 204.6 K.

Thus, Peltier elements using two-stage sequential
diagram make possible in both cases to get mixture
temperature reducing at first stage of cooling. It should
be mention that oxygen liquefies at 90.2 K and solidifies
at 54.4 K. Hydrogen liquefies at 20.4 K and solidifies at
13.8 K. Therefore, to separate oxygen from nitrogen
or hydrogen for Peltier elements with throttling on the
second stage is not a technical problem (nitrogen liquefies
at temperature of 77.4 C and solidifies at 63.15 K). This
process is more complicated for hydrogen. Especially
difficult is to liquefy helium as the temperature
must be 4.2 K. Helium solidifies only when
at 2 K temperature is creating additional
3.76 MPa pressure for the main isotope *“He and
for *He at 1.0 K and 87 MPa [10].

In the diagram (figure 2) was shown the additional
temperature reduction and throttling of mixture conducted
after using semiconductor elements. The mixture was
separated by the pressure expansion from 1.5 MPa to
normal one. It was in Dewar vessel. The general scheme
of unit was shown in figure 2. Compressed gas mixture for
cooling was moving sequentially through two radiators.
Then gases reach cold side of Peltier bridge, hot side of
which was cooling by running water or gas. Following
temperature reducing of gas mixture was in the heat-
transfer apparatus, where counter cold flow of gases from
Dewar vessels that have been not liquefied during throttling
in a cryostat returned to the balloon.

Starting of liquid oxygen selection from the air or
detonating mixture could be observed in Dewar translucent
glass vessel. Cessation of oxygen accumulation in the
vessel indicates its selection completion. Then, in the

=

Dewar
viesse]

Gas mixture

——p—

Heul-trunsfer appuraius

4

Compressor

= |

Cascade of
Pelticr
clemenis
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Fig.2. The scheme of low temperature separation of gases from gas mixture: 1 - radiator with air cooling and drier; 2 -
radiator with dry or ordinary ice cooling and decarbonifier (water solution of NaOH). It was used Peltier TES1-12706
elements with power 53 V (size 40x40 mm?). In Dewar translucent glass vessel we can obtain gases mixture separation

due to one of the components liquefaction.
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first case, nitrogen is extricating with argon in the balloon
(argon concentration increases in dozens of times from
1%). If the mixture is detonating it will be undiluted
hydrogen. However, some little residual concentration of
oxygen remains in the balloon. Table 1 shows the ratio of
gas components of air that successively transfer into the
liquid during throttling.

Hydrogen in the separation
process of  detonating  mixture  begins  to
liquefy [10] if it has been cooled before throttling by liquid
nitrogen or oxygen and if thermal insulation was provided.
Getting of liquid hydrogen provides an opportunity to
study and to use new application of superconductivity of
magnesium diboride MgB, (2001, transition into a state
of superconductivity occurs at 39 K [11]).We can get
liquid helium from liquid hydrogen by throttling without
which fundamental low-temperature researches are almost
impossible today. Liquid hydrogen is very important today
as the most powerful and the most ecological fuel, which is
used for solving current problems of energy, environment
and materials science [12, 13] and for creation of rocket
fuels for near space [14].

As a result of done work with using Peltier
semiconductor elements and method of throttling (Joule-

Table 1.
The mean air composition in normal environment
conditions.

Components | Concentration | Concentration List
of the air by capacity % | by weight % | number
Nitrogen 78,2 75,5 [9]
Oxygen 20,9 23,2 9]

Inert gases 0,9 1,3 9]

Thomson effect) was created a low-powered unit for the air
and hydrogen liquefaction, which allowed to conduct low
temperature researches and to teach undergraduates and
graduate students.
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Resonant modes in the system of two wide interacting Josephson
junctions

Alexander Grib
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Zero-field steps and Fiske steps in [V-characteristics of the stack of two inductively coupled wide Josephson junctions with
normal edges were investigated numerically. It was found that inductive coupling of junctions leaded to splitting of each of the step
in two steps. Dependences of frequencies of steps on the parameter which characterizes inductive coupling of junctions obeyed the
relation obtained for frequencies of inductively coupled resonance contours. Dependences of amplitudes of split Fiske steps on applied
external magnetic field were calculated and compared with the theory.

Keywords: Josephson junctions, high-temperature superconductors, Fiske steps, resonant modes.

CXOAMHKH HYJIHOBOTO MOJIS TA CXOMUMHKU Dicke Ha BOJIBT-aMIIEPHUX XapaKTEPUCTUKAX MTAUKH 3 JIBOX 1HIYKTHBHO 3’€JHAHUX MiXK
c00010 MIMPOKHX JK03e(PCOHIBCHKMX KOHTAKTIB 3 HOPMAJIBHUMH KpasMH OyJIM JOCIHIDKEH] YHCeIbHO. 3HalICHO, 0 IHAYKTUBHUI
3B’SI30K IIPHBIB /10 PO3LICIIIICHHS KOKHOT CXOAMHKHU Ha JIBI CXOIMHKH. 3aJI€)KHOCTI 4aCTOT CXOIMHOK BiJ] TapaMeTpy, SKui XxapakTepusye
IHIYKTUBHUH 3B’S30K MK KOHTAKTaMH, ITiJKOPSIOTHCS CITIBBIAHOIICHHIO, IO OylI0 OTPUMaHO Ui 4acTOT iHIYKTUBHO 3’€IHAHHUX
pe30HaHCHUX KOHTYpiB. Po3paxoBaHi Ta MOPIBHSHI 3 TEOPI€IO 3aJIKHOCTI aMILTITY/I PO3IIEIIEHHX CXOAUHOK Dicke Bij MPUKIIaAEHOTO
30BHIIIHBOTO MAarHITHOTO TOJISI.

KurouoBi cioBa: 1x03ecOHIBCEKI KOHTaKTH, BUCOKOTEMITEPATypHi HAANPOBITHUKH, CXOMUHKN Dicke, pe30HaHCHI MOJIH.

Bbutn rccnenoBaHbl YMCIICHHO CTYNEHBKH HYJIEBOTO TMOJS U CTYNeHbKH DHCKe Ha BOJBT-aMIIEPHBIX XapaKTEPUCTHKAX MadKH,
COCTOSIICH U3 ABYX MHIYKTUBHO CBSI3AHHBIX MEXKIy cOOOW MIMPOKUX HKO3e(DCOHOBCKUX MEPEXOA0B C HOPMATBHBIMH KpasiMU. beo
HalJIEHO, YTO MHAYKTUBHAS CBSI3b MEPEXO0B MPHUBEA K PACLICIUICHUIO KQKI0H CTYIEeHbKH Ha JABE. 3aBUCUMOCTH YacTOT CTYIECHEK
OT mapameTpa, KOTOPbIil XapaKTepu3yeT HHAYKTUBHYIO CBSI3b MIEPEXOI0B, MOAUYHHSIOTCS COOTHOMICHUIO, KOTOPOE OBLIO MOIYYCHO IS
YaCTOT UHJIYKTHUBHO CBSI3aHHBIX PE30HAHCHBIX KOHTYPOB. PaccuuTaHbl U CpaBHEHBI C TEOPHEH 3aBUCUMOCTH aMIUIUTY/I PACIETUIEHHBIX
cryneHek Oucke oT NPUI0KEHHOTO BHEIIHEI0 MAarHUTHOTO TOJISL.

KioueBbie c10Ba: 1K03e()COHOBCKUE MEPEXOBI, BBICOKOTEMIIEPATypHBIE CBEPXIIPOBOIHUKH, CTYNeHbKN DurcKe, pe30HaHCHEIE
MOJIBI.

Introduction to diffusion of the oxygen out of the stack. The physical

The problem of the adequate description of IV-
characteristics of intrinsic Josephson junctions in high-
temperature superconductors includes the development of
different types of the interaction between junctions such
as the inductive coupling of intrinsic junctions [1, 2] and
resistive shunting of neighbor junctions [3, 4]. On the
other hand, these inductive and resistive couplings produce
new effects which can be responsible for the appearance
of coherent emission in the stack of intrinsic Josephson
junctions without applied external magnetic field [5]. It was
found [5] that coherent emission appeared in the vicinity of
steps in I'V-characteristic. The origin of this effect is the
subject of the contemporary investigations [6]. We found
recently that the IV-characteristic of the wide Josephson
junction with the normal edges revealed so-called zero-
field steps [7]. These zero-field steps appear in the [V-curve
when the edges of the stack are in the normal state due
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origin of the formation of the zero-field step consists in
the interaction of the ac Josephson current with excitations
of the electromagnetic field which are introduced into
the junction through normal edges [8]. Voltages which
correspond to these steps are equal to
v = D,cs ’
D

where D is the width of the junction, @ is the quantum of

(M

magnetic flux, ¢ is the velocity of light in the junction and
s is an integer. These voltages correspond to even Fiske
steps:

D,c,

Vp — 0 '4 ,
2D

where p is an integer, so p = 2s. Fiske steps appear when

external magnetic field is applied in parallel to the junction
[9]. Their origin is connected with the interaction of the
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ac Josephson current and the standing-wave electromagnetic fields in the junction. However, steps which appear due to
the process of the propagation and the reflection of electromagnetic excitations are observed without applied external
magnetic field. Therefore they are called as zero-field steps.

In the present paper zero-field steps in IV-characteristics of the stack of two Josephson junctions with normal
edges are investigated numerically at different values of the parameter which characterizes inductive coupling between
junctions. Inductive coupling is introduced similarly to the model developed in Refs. [1, 2]. We show that the coupling
leads to the split of zero-field step. We also investigate the influence of coupling on the first and the second Fiske steps.

The model

The stack of wide Josephson junctions is presented in Fig. 1a, and the high-frequency scheme of the stack is shown
in Fig. 1b. Each of the wide junctions is divided into » ‘elementary junctions’ with critical currents L, where i=1,2 is the
number of the wide junction in the stack, j = 1...n is the number of the ‘elementary junction’. It is supposed that the dc
bias current /, feeds each of the ‘elementary junctions’ independently. For the use of visual aids, two wide junctions in the
high-frequency scheme are fully separated, though in the equivalent high-frequency scheme one can connect each pair of
inductances L, in 'elementary cells' into one common mutual inductance and connect also each 'elementary junction' in the
upper wide Junctlon with the corresponding 'elementary junction' in the lower wide junction by the current line. According
to the resistively and capacitively shunted model [10], each of the ‘elementary junctions’ has the resistance Rt the

capacitance C and the source of the Josephson current / e Ici/sin 9, with o; is the difference of the phase of the order

parameter across the junction (Fig. 1b). We assume that the critical voltage is equal to V= 1, R, = const for all ‘elementary

junctions’. 'Elementary junctions' are divided by the distance § =~+/CCL | where L is the inductance of the 'elementary
cell' between junctions. To model normal edges of the stack, each edge of the wide junctions is connected to the contour
which contains the resistance R  , the capacitance C, and the inductance L , (F ig. 1b). These additional contours introduce
electromagnetic excitations in the stack. To show mam features of our model we assume the simplest case when R,
const., C =const. and L, = const., i.e. all resistances R,  are the same for all edges etc. Then the full system of equatlons
which descrlbe the high- frequency scheme of the whole stack of junctions with boundary conditions include current
conservation conditions for junctions, Kirchhoff rules and flux quantization conditions:

() C d? golj ON dqoi’j

+1, sing =1, [R +I1% L i=12, j=2..n—1, 3
272_ dt2 Zﬂ_Ri’j dt ci,j ¢z i,j+1 J ( )
o.C,dp, @, do . dq .,
4 2], sing,, =1, -1 +—== i=12, j=1, 4
272_ dtz 27Z'R dt ci,n (pz,n b in ) .] ( )
®,.C dop do., dq.
—— ¢21’" + q)o ¢”” +]cinSin¢in =[b _IiRn +M H i=152’ j=n7 (5)
27 dt 27R dt ’ i i dar
d’q, . dg.. q.. do, .
L, . q;,, +R, 9:. + %:. =J‘r&M ,i=12, j=0,n+1, (6)
Ydt Yodt C,, 2 dt
LI® —L If +|® +ﬂ( ~p,)|=0.j=2.n %
Lt - Pja—P; )=V, =41,
R R (D() .
~L I + LIS + q)ﬁg(%,j_l_%’j) =0, j=2.n, ®

where [ ; is the current in the loop between two ‘elementary junctions’, @, is magnetic flux created by the external

applied magnetic field, L ’ is the mutual inductance between two adjacent cells of the ‘eclementary stack’. Note that

additional contours at edges have numbers j = 0 and j = n+1 for each wide junction (see Eq. (6)).

Now we describe the set of parameters which was defined for the solution of the described above system of equations.
At first, the width D, the length W, density of the critical current J , critical voltage V_ and inductance of the wide junction
per unit of length L , were set the same for all wide junctions. The length of the junction W was introduced formally
because our model was one-dimensional. Then wide junctions were divided into 7 cells with the length £ = D/ n, so the
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Fig.1. (a)- the stack of two wide Josephson junctions. Insulator is shaded. Black solid lines at ends of the stack

symbolize the R L C -shunting. (b)- the electrical scheme of the stack of two inductively coupled junctions.

critical current and the resistance of each ‘elementary voltage over the stack was calculated as

junction’ were calculated as I,=1=J W-Cand R =V /I . D, 1/ 2 d ®; ; )

The inductance of each ‘elementary cell’and the capacitance V= z Z ] , where the sign <>
. L 2 2n \‘F\T dt

of the ‘elementary junction’ were calculated as L=L { and

o2 (=2 ) means full averaging over the large interval of time [7, 10].
C=¢7/ (C L ) [11, 12]. The value of mutual inductance  yjpye5 of parameters were chosen as follows: D = 70-10°
between ‘elementary junctions’ in the stack was defined as  m, W=300-10°m, J =10°A/m* V =4.74 mV, L =7-10°
H/m, ¢ =6.708107 m/sec [5], B.= 68.4, n = 20. The
Josephson depth of penetration of magnetic field in the
single junction was equal to A, = 55-10° m. For boundary
conditions we chose values of R = 600 Ohm, L = 0.23
normalized to the  quantity of wide junctions  py ¢~ 0,011 pF for both junctions with i = 1,2 and both
boundaries with j=0and;=ntl.

Lf =l , where « is dimensionless parameter. Then

Egs. (3)-(8) were solved for different bias currents. IV-
characteristics were obtained in calculations. The

1.0
Results and Discussion
:u Ve, Steps in [V-characteristics obtained in the range of the
-~ ‘ resistively shunted model have some particularities. As an
=2 example, let us consider the IV-curve of single wide
0.5 v' V. ' Josephson junction which contains zero-field steps (Fig. 2)
TT?/T [7]. All of them are situated in intervals of jumps of voltages
w/ o which appear due to the instability of the [V-curve (voltages
e = at the step and at the hysteretic branch correspond to the
[ - vs=’" m x 0.196 x Vc same value of the current). Experiments on junctions with
0'00_0 ' 0:2 ' 0: 4 ' 0:6 ' 0:8 ' 1:0 the overlap geometry [13] prove this result. Therefore,
V4 l V4 instead of ¥, we consider the abscissa VS' of the highest
c

point of the visible part of the step (see Fig. 2). It is possible
if we are interesting not in the exact value of V_ but in the
single wide Josephson junction. The interval between change of V in some process (like the dependence of V on

. . ’ .
steps is .= 0.199-V . Positions of voltages v, =V /V, @) supposing that the difference ¥, —V{ remains

of zero-field steps are marked by arrows. The voltage constant. o ) )
I'V-characteristics of the stack of junctions are shown

in Fig. 3a,b for ¢ =0 and a =0.3, correspondingly.

Fig. 2. Zero-field steps in the normalized [V-curve of the

v!_, =V, 1V corresponds to the highest visible value
of the current in the first step. The dotted line £,/ =V/V
is the Ohm law which determines the hysteretic branch.
Parameters of the junction (see the section 2): D= Fig. 3b there are the zero-field step at VS':I, «=0.335-V and
150-10°m, A;=3610¢m, W=300-10°m,L,=810"  the zero-field step at Vs':l’u =0.474-V . Two wide junctions
H/m,n=30,J =-10°A/m* V =4736 mV, L, =L, =

en+l

3.7-10*H, R =R, =600 Ohm,C =C, =1.510"F.

The step is seen at VS':1 = 0.392-V_in Fig. 3a, whereas in

in the stack do not interact with each other at & =0.
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Fig.3. IV-characteristics of the stack of two wide junctions without the inductive coupling of junctions (a) and with

inductive coupling of junctions (b). The parameter of coupling is equal to & =0 for (a) and & = 0.3 for (b). Arrows
mark the value of v, =V/V_ in (a) and v;’d = V:d V., V;’u = K’u /V_in (b).

However, at & = 0.3 there is inductive coupling between
junctions. We can conclude that the inductive interaction
leads to the split of the zero-field step into two steps. This
conclusion is in agreement with the well-known split of
resonant frequencies of two inductively coupled resonant
contours. In Fig. 4 positions of zero-field maxima are
plotted as a function of the parameter ¢ . These plots can
be approximated with the good accuracy (solid lines in Fig.
4) by functions

! _ VS':l 4 _ V,
Vicia N and Vi,
which are well known from the theory of inductively
coupled resonance contours. We would like to emphasize
that voltages V_ , and V| correspond to some

©

=lu

© A
= 061
. A
3
0
> 04-
0'2 T T T
0.0 0.2 0.4 0.6

a

Fig. 4. Dependences of V;:l, 2!V, (circles) and
VS':Lu / V. (triangles) on the parameter ¢ . Solid lines

are approximations by Egs. (9).
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c

resonant frequencies of the stack of two interacting wide
junctions but they do not correspond to any resonant
frequencies of the separate wide junctions. This effect is
quite similar to the formation of frequencies of normal
vibrations in the system of interacting oscillators and, as far
as we know, it is obtained here for the first time.

The found effect of the split of the zero-field step in
the stack of two interacting wide junctions can be
generalized to the stack which consists of many junctions.
In this case the interval of voltages of zero-field steps forms
a band, and voltages inside this band correspond to
frequencies of vibration modes in the whole stack. Bands
can overlap each other. To investigate the formation of
bands one should apply another model for ‘elementary
junctions’, because in the ranges of the resistively and
capacitively shunted model the band is situated in the
interval of the jump of voltage. However, in the present
paper we investigate the interval 0 < < 0.6 at which
the overlap is absent (Fig. 4).

The example of the influence of applied external
magnetic field on I'V-characteristics of the stack of two
non-interacting junctions (& =0) and interacting
junctions (& =0.3) is shown in Fig. 5a, b. The external
applied field B =44.2 G corresponds to the value of q)/ D,
= 1.3 in the stack of two intrinsic junctions of the high-
temperature superconductor Bi,Sr,CaCu,O, mesa with the
width 70 micrometers. In the following consideration we
will use values of the normalized magnetic flux ¢ = ®/®,

instead of magnetic field. Four Fiske steps at

V), =p-0.199-V, are clearly seen in the IV-curve of the

stack with & = 0 (Fig. 5a). The position of the second
Fiske step coincides with the position of the zero-field step
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Fig. 5. 1V-characteristics of the stack of two wide junctions in magnetic field which corresponds to ¢ =1.3 for

a=0 (a) and a = 0.3 (b). Arrows mark values of v;

(b) for different p.
in Fig. 3a. In the [V-characteristic of the stack with inductive
coupling between junctions (@ = 0.3) each of the Fiske
VI

steps V1; is split in two steps at voltages Vp', gand V),

like the zero-field step considered above. The first
Fiske step Vp':1 =0.199-V_splits to the lower step at

Vp':Ld =0.170-V_ and the upper step

V1. =0.238-V, etc. We can conclude that the inductive

interaction between junctions leads to the split of the Fiske
steps too.

It is necessary to determine if amplitudes of these split
steps obey the usual dependences of Fiske steps on applied
external magnetic field. Therefore we calculated IV-
characteristics at different values of the normalized
magnetic flux and determined the dependence of the

maximum Josephson current /, of the stack on the value

of ¢. The dependence I, (¢) is shown in Fig.6a by
circles. This dependence has the usual Fraunhofer form
(solid curve in Fig. 6a). We obtained also dependences of
amplitudes of Fiske steps on @. As we noted above, the
application of the resistively shunted model for the
description of wide Josephson junctions gives the
possibility to determine only bottom parts of Fiske steps, so
the height of the step can not be determined exactly.
However, we can expect that the behaviour of remaining
parts of steps obey the physical processes which take place
when external magnetic field is applied to the system.
Taking into account this consideration, we determined

amplitudes of the first and the second Fiske steps 1% / I .
straightforward from IV-characteristics, plotted these
amplitudes as functions of normalized magnetic flux and

BicHuk XHY, Ne 1158, cepis «®isuka», sun. 22, 2015
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c

fitted obtained plots in ranges of the theory of Fiske steps
by standard equations [9,14]:

17 (o) =104, (o).

2 go|sin(7rg0—7z(p/2))|
Fp((p)_; |¢2_p2/4|

where p is the number of the Fiske step and J, (a / 2) are

(10)

) (11)

Bessel functions of the p-th order. The parameter a is the
root of the following equation [9]:

a a

et "
prp ¢

2
D) ©
where Z »= [—j 2—172, 0, is the quality factor for
A, ) m°p
the p-th resonance. The plot of dependences [ 51(¢)/ 1,
and ]uFl(¢)/[c for both split steps is shown in Fig. 6b.
The values of the amplitude of the upper step : Y/ . can
not be determined in some interval of ¢ around the first

maximum of I : (¢)/ I, (see Fig. 6b, triangles) because

voltage jumps from the lower step to the hysteretic IV-
curve. It is seen from Fig. 6b that the plot of the amplitude

of the lower step [ 51 on ¢ is satisfactory described by
theoretical equations (10)-(12) (solid line in Fig. 6b).
Because we can approximate only the part of the step, the
found value of O, = 37 can be treated only as a fitting
parameter.

Amplitudes of split second Fiske steps on normalized
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Fig. 6. (a) - the dependence of the normalized maximal Josephson current [, /1 . on the normalized magnetic flux

@/ D, for the whole stack of two wide junctions; (b) - dependences 1 dFl (¢)/ I, and [ : ] (¢)/ 1. for the stack with

a =0.3. Circles and triangles correspond to the lower and the upper step, correspondingly; (c ) - dependences

17 (¢)/ I, andI"? (¢)/ I for the stack with & =0.1. Circles and triangles correspond to the lower and the upper

step, correspondingly; (d ) - the dependence of [ :2 (¢)/ I, for the stack with & = 0.3 Solid lines in plots (b)-(d) are

approximations by Egs. (10)-(12).
magnetic flux are plotted in Fig. 6¢ for the system with

a =0.1 and in Fig. 6d for the system with & =0.3 (in
this plot only data for the lower step are shown). It is seen

that in all cases maxima of dependences I, * (¢)/ I, and
1 MF : (¢)/ I, for both lower and upper steps are satisfactory

described by Egs. (10)-(12) with O, = 97 for the upper steps
and O, =110 for the lower steps besides the interval

0 <@ <1/2 (see Figs. 6¢, d). The obtained in our model
152(¢)/IC ]:2(¢)/IC deviates

drastically from the dependence predicted by Eqs. (10)-
(12) in this interval of ¢. The amplitude of the step

dependences and
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decreases to some non-zero value and then at ¢ >0.5it

increases again according to the predicted behaviour of the
second Fiske step. This deviation was found in the
experiment with the single Josephson junction which
revealed the zero-field step in the IV-characteristic [9,15].
Theoretical treatment of zero-field steps in the presence of
multimode oscillations proved also such a form of the

dependence  [7? (¢)/ I, [16].
We can conclude that the found form of the second Fiske
step is characteristic for junctions which reveal zero-field
steps. Itisnecessary to check this supposition experimentally
and to investigate the physical origin of this effect in high-

for single junction
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temperature superconductors.

Conclusions

In the present paper we investigated zero-field steps
and Fiske steps in the stack of two interacting wide
Josephson junctions with normal edges. Each of the wide
junctions in the stack was modeled as a multijunction
interferometer consisted of twenty ‘elementary junctions’.
These ‘elementary junctions’ were described in the range
of the resistively shunted model. In our model wide
junctions in the stack can inductively interact with each
other. Zero-field steps appear in [V-curves of the stack as a
result of the interaction of Josephson generation with
electromagnetic excitations which are introduced through
normal edges. We found that due to the interaction, the
zero-field step was split in two zero-field steps. Frequencies
of split steps obeyed relations for inductively interacting
resonance contours. We investigated also the behaviour of
amplitudes of the first and the second Fiske steps in applied
external magnetic field. Due to the inductive interaction
between junctions, Fiske steps were also split. Dependences
of amplitudes of the split first Fiske steps on the normalized
magnetic flux were approximated by the theory with the
satisfactory agreement, whereas the behaviour of the split
second Fiske step at ¢ < 0.5 deviated from predictions of
the theory.
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Experimentally controlled stochastic resonance in a
superconducting quantum interferometer

O.G. Turutanov

B. Verkin Institute for Low Temperature Physics and Engineering,
NAS of Ukraine, 47 Lenin ave., 61103 Kharkov, Ukraine

The stochastic resonance effect is observed experimentally in a niobium superconducting quantum interferometer (RF SQUID
loop) and manifests itself in a non-monotonic rise of the gain of a weak low-frequency harmonic signal which peaks at a certain level
of Gaussian quasi-white noise flux inside the loop. It is shown experimentally that the gain of the weak harmonic signal can be varied
and maximized when the noise flux intensity is insufficient to realize the SR condition by introducing a deterministic ac magnetic flux
into the loop, the ac flux frequency highly exceeding the useful signal frequency.

Keywords: RF SQUID, stochastic resonance, controllable stochastic resonance, ScS contact, Josephson junction.

B 0oqHOKOHTAaKTHOM HHOOHEBOM CBEPXIIPOBOJSIIEM KBaHTOBOM nHTepdepomerpe (koumbie BU CKBI/la) sxcriepuMeHTanbsHO
HabmonaeTcss 3QPEKT CTOXaCTHIECKOTO PE30HAHCA, BBIpaKAloMuiics B HEMOHOTOHHOM POCTE YCHJICHHS CIab0ro HH3KOYACTOTHOTO
TapMOHHYECKOTO CHTHAaja, KOTOPOE JOCTHIaeT MaKCHMyMa IPH ONpPEAENEeHHOM YPOBHE KBAa3MOENOro rayccoBa ITyMOBOTO MOTOKA,
BHOCHMOTO B KOJIBI0. DKCHEPUMEHTAIBHO MOKa3aHO, YTO IPH MHTEHCUBHOCTH IIyMOBOTO TOTOKA, HEAOCTAaTOUHOM I peann3aliun
YCJIOBHSI CTOXaCTUYECKOTO PE30HAHCA, MOKHO PETYJINPOBATh CTOXaCTUUECKOE YCUIIEHNE CIIab0ro rapMOHHUUYECKOTO CUTHAIA U IOCTHYb
€ro MaKCHUMaJIbHO BO3MOXKHOTO 3HAUEHMs IIyTEM BHECEHMs B KOJBIO JETEPMUHHPOBAHHOIO IEPEMEHHOI0 MAarHUTHOIO NOTOKa C
YacTOTOH, 3HAYUTEJIbHO IIPEBBILAIOIICH YaCTOTY YCHIMBAEMOr0 [I0JE3HOIO CUrHAIA.

Kawouessie cioa: BU CKBU/I, croxacTudyecknii pe3oHaHC, YIIPABISIEMBII CTOXaCTHIECKUH PE30HAHC, SCS-KOHTAKT, KOHTaKT
Jxo3edcona.

VY OIHOKOHTAaKTHOMY HiOOi€BOMY HaJIpOBifHOMY KBaHTOBOMY iHTepdepomerpi (kinpui BU HKBIJly) excrepumMeHnTansHO
CIOCTEpIraeTbCsi e(EeKT CTOXaCTUYHOTO pPE30HAHCY, IO BUPAKAETHCS B HEMOHOTOHHOMY 3pOCTAaHHI IOCWICHHS CIa0KOro
HU3BKOYACTOTHOTO FAPMOHIMHOIO CHTHAITY, SIKe HOCSTa€ MaKCUMyMYy IIPH IIEBHOMY DiBHI KBa3i0LIOr0o rayCoBOTO IIyMOBOTO IOTOKY,
10 BHOCHUTBCS 10 Kilblisl. EKCIIEPUMEHTANIBHO MMOKAa3aHO, IO MPH iIHTEHCHBHOCTI IIyMOBOTO MOTOKY, HEJOCTATHIN Ul peajianii
YMOBH CTOXaCTHYHOTO PE30HAHCY, MOXKHA PEryJIOBAaTH CTOXACTHYHE MOCHJICHHS CIA0KOro rapMOHIHHOTrO CHrHaiy i JOCAITH HOro
MaKCHMaJIbHO MOJIMBOTO 3HAUEHHS LIIIXOM BHECEHHS JIO KiJbLd JETEpPMiHOBAHOIO 3MiHHOTO MarHiTHOrO IOTOKY 3 YacCTOTOO, IO
3HAYHO MEPEBUIIYE YAaCTOTY ITiICHIFOBAHOTO KOPHCHOTO CUTHAILY.

Kirouosi ciiora: BU HKBI /I, ctoxacTuuHmii pe30HAHC, KEPOBAHUI CTOXACTUYHUI PE30HAHC, SCS-KOHTAKT, KOHTAKT J[)0o3edcona.

Introduction

The Superconducting Quantum Interference Devices
(SQUIDs) based on low- and high-T, superconductors
are the key element in designing the most sensitive
magnetometers widely used in laboratory setups, industry
equipment, biomedical applications, geophysics, etc.
The sensitivity of SQUIDs, usually degraded in a noisy
environment, can, however, be enhanced [1-6] due to the
same thermodynamic fluctuations and the external noise by
using the stochastic resonance (SR) effect.

The SR conception was coined in the early 1980s [7,8].
The SR manifests itself in various ways, the most obvious
one is a non-monotonic rise of the response of a non-linear
system to a weak informational (often periodic) signal. As
a result, the signal is amplified and peaks at a certain noise

© Turutanov O.G., 2015

intensity. Other signal “quality characteristics” (e.g., signal-
to-noise ratio) become better, too, at the system output. To
make the SR possible in a specific system, the time duration
for which the system exists in one of its metastable states
(MS) (the residence time) must be a function of the noise
intensity. The SR effect has been found in numerous natural
and artificial systems, both classic and quantum. Till now,
a lot of detailed analytical and experimental studies of the
SR were performed, the criteria and quantifiers to estimate
the noise-induced ordering were elaborated [9,10]. For
the aperiodic systems with strong dissipation (which are
mostly explored both theoretically and experimentally), the
“stochastic filtration” (SF) is rather more correct term than
the widely accepted “stochastic resonance” [11)].
Although a noticeable number of the theoretical and
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modeling studies of the SR in the superconducting loop
are published, there is still a lack of the experimental
investigations of the stochastic dynamics in SQUIDs [12]
(e.g., [1-3]). Therefore some interesting challenges remain
in this field, including possible practical applications. One
of such problems is the issue of maximizing the signal gain
while stochastically amplified at a non-optimal noise level.

If the barrier height is fixed, the optimal stochastic
gain can be achieved by varying the noise intensity [9,10],
but in most practical cases the noise intensity may be
suboptimal while a change in the device temperature is
undesirable. The SR gain can be controlled by changing the
interferometer parameters (mainly the Josephson junction
critical current; the loop inductance is hardly changeable)
but this will alter the “operation point” of the device which
incorporates the interferometer. Therefore, more convenient
mechanisms controlling the stochastic signal amplification
at suboptimal noise in the SQUID should be looked for. A
noticeable number of methods to control the stochastic gain
in various system including SQUIDs were suggested such
as re-normalizing the potential barrier height in a single-
junction interferometer by microwave field [13] (this effect
was later [14] utilized to parametrically amplify a weak
informational signal in an RF SQUID with microwave
pumping), dynamic violation of symmetry of a model
potential by mixing two harmonics with various amplitudes
and initial phase shift [15], by changing the threshold of a
Schmitt trigger with frequency of the input signal [16] and
by system flip-over in a certain time with a pulse signal
[17], etc. We should like to notice the theoretical work [18]
suggested an approach to control the SR which is similar to
that we realized experimentally; the substantial differences
we will discuss below.

This work reports the experimental results
demonstrating a possibility of controlling the stochastic
amplification of a weak signal in an RF SQUID loop
by introducing a periodic ac magnetic flux into the loop
whose frequency is much higher than the signal frequency
and amplitude is large enough to ensure an increase in the
mean rate of transitions of the loop between its metastable
current (magnetic) states. We found this effect earlier [19]
by numerical simulation of the magnetic flux dynamics in
an RF SQUID loop and called it “stochastic-parametric
resonance”.

RF SQUID dynamics and experimental
RF SQUID loop is the “heart” of RF SQUID
magnetometers. It is a superconducting loop with
inductance L interrupted by a Josephson junction with
critical current [, , normal resistance R and capacitance
C (Fig. 1,a). Assuming sinusoidal current-phase relation
I (p)=1_.sing@ for the Josephson junction, the RF

SQUID potential energy, which is the sum of the loop
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Fig. 1. (a) Principal schematic of the RF SQUID loop;
the parameters are explained in the text. (b) Practical
design of the RF SQUID loop as a 3D self-shielded
toroidal construction with adjustable point Josephson
contact, tank, transformer and input coils, all the parts
are made of pure niobium except the tank and input
copper-wire coils.

magnetic energy and the coupling energy the Josephson

junction, in dimensionless units reads

u(x,x,)=(x-x,)>/2 —icos(Zizx), )
4

2

where X = CD/CDO and x, =D, /CI)O are dimensionless

internal and external magnetic fluxes, correspondingly,

®, ~2.07-10"° Wb is the magnetic flux quantum,

B, =2xLI, /D, is dimensionless parameter of non-

linearity; the energy is normalized to (Dé /2L . The B,
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parameter defines the number and depth of the local minima
of the SQUID potential energy, the potential becomes two-

or multi-well when 3, > 1.

To SQUID
electronics

Fig. 2. The simplified diagram of the measurements.
External magnetic flux @, is applied by a coil to the
loop of the interferometer-under-test (denoted by
number 1). The in-loop flux is measured with RF SQUID
magnetometer (denoted by number 2) via the
superconducting magnetic transformer. The
coupling coefficient between the loops is denoted by £ .

flux

The dotted line indicates the superconducting led shield.

Real device, keeping topology of a ring, is usually a
much more complicated unit than the schematic view of
Fig. 1,a. Our interferometer-under-test was designed as the
niobium 3D self-shielded toroidal construction with the
adjusted point contact (Fig. 2,b). The device design is
described in detail in [20]. In our experiments we tested the

interferometers with 5, = 4.7 — 5.4 and low impedance

(R~1Q) of the ScS

(superconductor-constriction-superconductor) type having

Josephson  junctions

low intrinsic capacitance (C =~ 3-107" F ), the toroidal

loop inductance being L ~3-107"" H . Such a parameter

value set (the smallness of C and R ) determines the
overdamped regime of the SQUID as a stochastic oscillator
and allowed us to neglect the second derivative in the flux
motion equation [21] and reduce it to the form convenient
for calculations and computer simulations [4-6]:

gf:lwkxg—x+£29nﬁﬁﬂ}, 2
d 2z

where 7, = L/ R is the loop flux decay time. As seen, the
equation describes an aperiodic system. The external flux

X, is the sum of the fixed bias flux (x, =0.5)

e
symmetrizing the potential, the weak low-frequency signal

X, =asin2zaft uncorrelated
(white) xy =&(1),
<§(l‘) . f(l")> =2Do(t—1t"), where D is the noise
intensity (variance), and a high-frequency “pumping”
x, =Asin2zxf t with f>>f and the amplitude A

(a<<1),

Gaussian noise
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comparable with the noise mean-square amplitude

s =D"? In both in the calculations and the experiments

the noise is frequency-band limited by a cut-off

frequency fc . To consider it practically uncorrelated in the
context of discussed SR model, the cut-off frequency
should sufficiently exceed the signal frequency:
f>>f . In our experiments we chose f, =37 Hz |,

J.=50kHz and f,=50kHz . The Gaussian noise

was generated by a real physical source (diode) and went
through low-pass filters.

The interferometer-under-test (denoted by 1 in Fig. 2)
was coupled to an instrumental RF SQUID magnetometer
(denoted by 2 in Fig. 2) via the superconducting magnetic
flux transformer L, with the interferometer loop-to-loop

k=0.05

r=0.3 Q) shunted the transformer forming a low-pass

flux coupling coefficient The resistor

filter with the cut-off frequency 7/ L, . It eliminated the
influence of the RF (30 MHz) pumping oscillations in the
instrumental SQUID tank circuit L,C,
interferometer-under-test. The spectral density of the
magnetic flux noise (the sensitivity) of the magnetometer
was Sy’ ~2-10% @,/ Hz">  in
frequency band of 2 to 200 Hz. The coupling coefficients,
the fluxes and the coil RF currents were determined from
the measurements of the amplitude-frequency and the
amplitude-flux characteristics of the interferometer-under-

onto the

the operation

test while changing the loop flux within + 5@ . The
experimental setup is similar ideologically to that reported
in [2] and will be described elsewhere. The measurements
were taken at temperature 4.2 K inside a superconducting
shield. The cryostat was placed into a three-layer mu-metal
shield. The output signal was fed to the spectrum analyzer
Briiel&Kjaer model 2033. The number of the instrumentally
averaged spectra was 16.

Results and discussion

The numerical calculations [1,2,4-6] showed that the
spectrum density of the internal flux in the SQUID loop at
the frequency of the useful signal rapidly rises, peaks and
then slowly decreases with the increase of the Gaussian
noise intensity D , in accordance with the theory [9,10].

Fig 3 displays the experimentally obtained amplitude
spectral density S(]D/z( f.) of the flux @ inside the
interferometer loop at the information signal frequency fs
as a function of mean-square amplitude of the Gaussian
noise D''*. The amplitude of the harmonic information
signal inside the interferometer-under-test was a = 0.05
in @ units, 5, =4.71 . The interferometer behavior is

typical for the scenario of SR (or SF) in a bi-stable system.
The maximum gain of about 10 dB was obtained in this
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Fig. 3. The amplitude spectral density Sy *( f.) of the
magnetic flux inside the RF SQUID loop at the signal
frequency f asa function of the mean-square amplitude
D"? of the Gaussian noise. The signal amplitude
a=0.05D, , the signal frequency f, =37 Hz ,the
noise cut-off frequency f, =50kHz , the non-

linearity ~parameter
T=42K.
experiment. It is interesting to note that the exact shape of

this “classical” SR curve turns out to be fairly sensitive to
the specific potential relief U (D) . Verifying the curve by

B, =471, the temperature

a numerical simulation, we found that the best fit
corresponded to the model of ScS Josephson contact at a
finite temperature [22] rather than traditionally used tunnel
junction model (1) or even ScS contact model at zero
temperature [6]. Although the niobium needle is thermally
oxidized (Fig. 1,b) and the critical current calculated from
the expression for f3, was small enough (1, =5.2 uA),
the real structure of the point contact may involve both
tunnel and direct conductivity in various proportions
making difficult to formulate an exact adequate model for
its description. The curve comparison with various models
and the details of the fitting procedure will be discussed in
further papers.

We showed earlier [19] by a computer simulation that
the SR signal gain can be maximized at an insufficient
noise level by introducing a high-frequency field into the
interferometer. We called this cooperative effect “stochastic-
parametric resonance” because the high-frequency field
affects the Josephson inductance as a device parameter.
However, many various signal combinations were proposed
to control the SR gain (see Introduction) that way or another
changing the potential. Particularly, the difference may lie
in the auxiliary signal frequency: if it is higher than the
loop response time L /R then it works much like the
temperature, really re-normalizing the barrier height [23].

Our case is adiabatic one, f<<L/R. To distinguish the
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effect discussed here, it is probably better to call it
“deterministically-assisted stochastic resonance” (DASR).
In the work [18] we found theoretical elaboration of a
similar idea but the authors added an ac field with a
frequency only 2-3 times higher than the weak signal
frequency and analyzed both commensurate and
incommensurate We propose [19] “noise-
substituting” periodic oscillations with a frequency that
substantially exceeds the weak signal frequency,

fp >10f, ; practically, fp =~ 1000/, .

Figure 4 shows the experimental curves of the

cases.

amplitude spectral density Sy >(f.) of the internal
magnetic flux @ at the signal frequency f. vs. amplitude

N

A of the ac magnetic flux (high-frequency pumping) at

04 | Gauss noise intensity D=
’ 0.05
0.15 -
9
o
:_,:, 0.3F
< o020 02
Sl
N :02‘ o
- &
2] o
(m]
0.1
0 0 L 1 L 1 " 1 L [l "
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Alo

0

Fig. 4. The amplitude spectral density Sé)/z( f.) of the
magnetic flux inside the RF SQUID loop at the signal
frequency f, as a function of the high-frequency ac

magnetic flux 4 expressed in @, units at various sub-
optimal mean-square amplitudes D'? of the Gaussian

noise indicated neae each curve). The signal amplitude
a=0.05D, , the signal frequency f, =37 Hz, the
noise cut-off frequency f, =50 kHz , the sinusoidal
ac flux frequency f, =50 kHz, the non-linearity

parameter 3, =4.71, the temperature 7 =4.2 K .

. . 1/2 . . .
various noise levels D''“. It is seen that if the noise

intensity is lower than the optimal value necessary for
obtaining maximum stochastic amplification (compare
with Fig. 3), then the maximal gain can be reached through
additional high-frequency pumping. Since f>>f, there is

no experimental difference between frequency-
commensurate and incommensurate modes. All the
61
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unwanted intermodulation products are far-spaced in the
frequency domain and can be easily filtered out. Thus, this
effect can be used in SQUID-based instruments (and other
devices because of its universality) for fine tuning the
stochastic amplification gain. Further investigation may
include a change in signal-to-noise ratio, non-linear
distortion, amplified frequency band, etc., as compared to
classical SR.

Conclusion

1. The stochastic resonance effect in a single-junction
superconducting quantum interferometer (RF SQUID)
manifesting itself in an amplification of a weak harmonic
low-frequency signal is experimentally observed.

2. The SR-like effect of a weak signal amplification,
that we found earlier by numerical modeling, but caused,
unlike SR, by the action of a periodic (deterministic) high-
frequency field and the cooperative action of both this
field and the noise flux inside the system is experimentally
proved. We suggest designating it as “deterministically-
assisted stochastic resonance” (DASR).

3. A possibility of controlling the stochastic
amplification of a weak harmonic signal and maximizing
the signal gain at a suboptimal noise level using the DASR
effect is experimentally demonstrated.

4. A statement concerning the most adequate model of
the Josephson contact incorporated in the interferometer-
under-test is made which requires a further numerical
analysis.
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Transport properties of semiconductor heterostructures PbTe/PbS with a superconducting interface are studied. The influence
of the electric current on the resistive state of the heterostructures is investigated. The possibility of the realization of the electric
current induced superconductor-insulator transition is shown. The temperature dependence of critical magnetic fields of the transition

is obtained.

Keywords: superconductivity, quantum superconductor-insulator transition, semiconductor heterostructures.

[IpoBeneHo BUMIpIOBAaHHSA TPAHCIOPTHUX BIACTUBOCTEH HAIIBIPOBITHUKOBHX reTepocTpykTyp PbTe/PbS 3 mammpoimamM
inTepdeiicom. J{0CTiHKEHO BIUIMB TPAHCIIOPTHOTO CTPYMY Ha PE3UCTUBHUI CTaH reTepoCcTpyKTyp. [IpoaeMoHCTpOBaHO MOXKITHBICTD
peaiizawii B TaKuX CTPYKTYpax iHJyKOBAHOTO TPAHCIIOPTHHM CTPYMOM IE€PEXOiy HaJIpoBiTHUK-130isTop. OnepikaHo 3ajeXHICTh

KPUTHYIHOTO MarHiTHOTO TMOJIs nepexony Bi}l TEMIIEpaTypHu.

KorouoBi c;10Ba: HanIpoBiHICTE, KBAaHTOBHH (ha30BUIA Tepexi HaAIPOBITHUK-130JIATOP, HAMIBIIPOBITHUKOBI T€TEPOCTPYKTYPH.

[IpoBeneHbl M3MepeHHs TPAHCHOPTHBIX CBOMCTB MONYNPOBOAHUKOBBIX reTepocTpykTyp PbTe/PbS co cBepxmpoBomsimM
unrepdeiicom. McciieoBaHo BIMSHUE TPAHCIOPTHOIO TOKA HA PE3UCTHBHOE COCTOSHHE IeTepocTpyKTyp. IIpomemoHCTpupoBaHa
BO3MO)KHOCTh pean3alliil B TaKHX CTPYKTypax HHIYLHPOBAHHOTO TPAHCIIOPTHBIM TOKOM II€pPeXofia CBEPXIIPOBOIHUK-HU3OJISATOP.
[Nomy4yena 3aBUCHMOCTH KPUTHYECKOTO MAarHUTHOTO MOJIS IEPEX0/Ia OT TEMIIePaTyphI.

KonroueBnle c0Ba: CBEpXIIPOBOJMMOCTH, KBAaHTOBBII ()a30BEI IEepexoi MOJIYIMPOBOAHUK-U3OISATOP, ITOIYIPOBOIHHKOBBIC

TeTepPOCTPYKTYPHIL.

Introduction

In this paper we present the results of an experimental
study of the influence of electric current and strong magnetic
fields on the superconducting state of nanostructures that
formed on the interface between semiconducting layers of
the epitaxial PbTe/PbS heterostructures [1, 2, 3, 4, 5, 6].
Here, we examine the possibility of the transport current
induced quantum superconductor-insulator phase transition
(SIT) [4].

Superconductor-insulator phase transitions have
been intensively studied for the last time. They are found
experimentally in a number of low-dimension systems such
as ultrathin amorphous films, granular films, and arrays
of Josephson junctions. This phenomenon occurs when
the internal parameters of the system (such as disorder or
film thickness) change or under the influence of external
impact such as magnetic fields H, electric fields or transport
currents /. Superconductor insulator transitions have also

© Yuzephovich O.1., 2015

been observed experimentally in HTSC compounds and
even in one-dimensional long nanowires. Features of SIT
depend on the material properties and the experimental
conditions [7, 5]. The nature of the superconductor-
insulator transition is still an open question.

Interpretation of the  superconductor-insulator
transition observed experimentally in uniform thin
disordered films is sufficiently complicated. As an example,
for films with relatively low resistance R per square the
characteristic features of SIT can be explained by quantum
mechanical corrections to the conductivity [6]. In this case,
on the insulating side there will be a slight increase of no
more than 10% in the resistance. In the case of a large
increase in the resistance on the insulating side induced by
a magnetic field, the superconductor-insulator transition
in uniform thin disordered films is most often explained
by Fisher’s scaling theory [7] (a theory of duality between
Cooper pairs and vortices). It is assumed that at 7—0
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delocalized Cooper pairs and localized vortices exist below
the transition at H<H_ (superconductor), and localized
pairs with delocalized vortices above the transition
H>H_ (insulator). The magnetic field and temperature
dependence of the resistance per square follow the scaling
law for phase transitions R(S 7) = R_F(dx / T""%), where
F is a constant introduced to maintain the dimensionality
of the equation; & is a variable parameter that drives the
phase transition, in this case, a magnetic field with 6=|H-
H|; and, vz is the critical exponent. The model predicts
that the critical resistance per square R_should equal the
universal quantum resistance R, = h/4e’ = 6.5 kOhm.
The scaling law proposed for the resistance by Fisher
[10] is in good agreement with a variety of experimental
data [see reviews 7, 8]. Nevertheless, many experiments
have yielded a large scatter in the values for the critical
resistance and the critical exponent vz. Thus, one of the
main predictions of Fisher’s theory (a universal quantum
resistance) is not observed experimentally in all systems
during superconductor-insulator transitions.

In granular systems with small granules [8, 9] and
artificially prepared regular arrays of Josephson junctions,
[10, 11, 12, 13] the SIT can be explained by a competition
between the inter-granule Josephson binding energy J and
the charge Coulomb energy £, of an individual granule.
When E >>J Coulomb blockade predominates. As a result,
Cooper pairs become localized and the system transforms
into an insulating state. If, on the other hand, the granules
are larger, then Coulomb blockade is not effective and
SIT takes place due to disruption of the Josephson links
by an external impact (e.g., magnetic field). Single particle
transport is also blocked because of the need to overcome
a potential barrier comparable to the superconductor gap
energy [7]. The Josephson coupling between granules is
affected by both magnetic field and electric current. Thus
it may be possible to observe the transport current induced
superconductor-insulator transition.

Here, the semiconductor PbTe/PbS
heterostructures are studied for the SIT. Interest in research
on this heterostructures arises from the possibility of
creating superconducting nanostructures with different
topologies in a controlled fashion at their interface. We
have found [3—6] that superconductivity of the interface
of AVBY! heterostructures is related to an inversion of
bands in the narrow-band semiconductors (PbTe, PDbS,
PbSe) owing to inhomogeneous elastic stresses along a
network of misfit dislocations produced at the interface
during pseudomorphic epitaxial growth. The period of the
superconducting nanonetwork is equal to the period of the
network of misfit dislocations and ranges from 3.3—40 nm,
depending on the combination of semiconductors. For PbTe/
PbS heterostructures it equals 5.2 nm. Thus, by varying
the heterostructure parameters, such as the thickness of
the semiconductor layers and the number of them, we

two-layer
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can create arrays of individual quantum dots with weak
Josephson links, as well as continuous superconducting
nanonetworks and quasi-three dimensional multilayer
structures  (superlattices).  These  superconducting
nanostructures have properties inherent in 0 -, 1 -, 2 -, and
3-dimensional systems. Thus, semiconducting PbTe/PbS
heterostructures can serve as model objects for the study
of effects of the localized superconductivity such as the
superconductor-insulator transition. In fact, in our previous
works the SIT was found in the heterostructures [14, 15 ].

It was established that the discontinuity of the
superconducting interface is a necessary condition for the
magnetic field induced superconductor-insulator transition
observation and has a significant influence on its features:
a fan-like set of resistance curves R(7), intersection of the
R(H) curves and negative magnetoresistance. A scaling
analysis based on Fisher’s theoretical model was carried
out for these samples. No evidence of a SIT was observed
in heterostructures with a perfect interface. It appears that
the SIT is related to percolation phenomena inherent in
granular superconductors. Up to now the effect of transport
current on the magnetic field induced SIT in these structures
has not been studied. In the present work we investigate the
influence of transport current on the magnetic field induced
superconductor-insulator transition in heterostructures
PbTe/PbS.

Samples preparation and measurement methods

Two-layer fabricated by
sequential condensation of the vapors of the corresponding
semiconductors on a freshly cleaved (001) surface of single
crystal KCl at 520-570K in an oil-free vacuum of 10 Torr.
The thickness d of each layer was 80nm. Deposition rate
was monitored in situ using a quartz resonator. The first
layer on the substrate always was PbS and the second one
was PbTe. These semiconductors have a NaCl-type crystal
structure with a small misfit (8%) between the parameters of
the unit cells. During epitaxial growth the pseudomorphic
stress relaxes through formation of a network of edge misfit
dislocations at the interface. When a critical thickness d,
of the upper PbTe layer is reached (about 1-2nm) the first
islands of misfit dislocation network arise at the interface
[6, 16]). Further thickness increase leads to the merging of
the islands and at thickness 100 nm a continuous square
network of edge misfit dislocations covers the entire
interface [6].

Transport measurements were made in a helium
cryostat equipped with a 14T superconducting Oxford
Instrument magnet. The accuracy of the temperature
stabilization was 10 K. The resistance R was measured
by the four-probe method. The direction of the dc transport
current / is parallel to the plane of the sample and I L B.
The upper critical magnetic fields B, were determined
from the resistive transitions at the point R =R / 2, where

heterostructures were
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R is the resistance before the superconducting transition.

Experimental data and interpretation

Earlier found that two-layer PbTe/PbS
heterostructures can be divided nominally into 3 categories
[6], although there is no sharp boundary between these
categories.

The first category includes samples with
semiconducting layer thicknesses d>80 nm. They have a
metallic conductivity in the normal state. The ratio of the
resistance at room temperature to the resistance before the
onset of the superconducting transition (r=R, /R ) varies
from 2 to 8. The corresponding critical temperatures 7' lie
in the interval 4.2-6.5K. For samples from this category
SIT has not been found.

The second category includes samples with
thicknesses of 50—80 nm. This category can be referred to as

it was

intermediate. A sample in the normal state can exhibit both
metallic conductivity and semiconductor behavior. But in
any case at low temperatures it enters a superconducting
state. The critical temperature ranges from 2.3-3.3K and r
ranges from 0.9 to 1.7. Samples from this category always
reveal all SIT features [17,18].

The third category includes samples with d<50 nm.
The R(T) curves in the normal state for these samples are
always characterized by a negative resistance coefficient
dR/dT above T. The resistance per square R, exceeds
1.5 kOhm and r<1. For these systems 7 is often below
IK and they undergo an unending transition into the
superconducting state down to the lowest temperatures at
which the experiments were carried out (0.3 K), or they do
not go into the superconducting state at all. The samples
from this category can reveal initial features of SIT [18].
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Fig. 1. R(H) for different transport currents in a magnetic
field parallel to the interface; =80 nm. 7=1.8K.

We will focus our attention on the samples from the
second category for which two types of evolution of the
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R(T) curves in magnetic fields were observed. The first
type, illustrated in Fig.1 in Ref.17, is characterized by the
presence of a horizontal separatrix that clearly separates the
R(T) curves which move downward with the temperature
decrease (superconductor) from the curves which move
upward (insulator). This “fanlike” set of curves is regarded
as an “ideal” case of SIT [7] and was observed in the
heterostructures with the semiconductor layer thicknesses
d=70-80 nm. For samples with d=40-70 nm the second
type of the R(7) curves set with tilted or non-monotonic
sepratrix is observed [17, 18] which is out of the framework
of this article.

For samples with the horizontal separatrix we always
see another distinctive sign of the SIT — a single cross point
of magnetic field dependences of the resistance R(H) at
different temperatures (Fig. 2 in Refl7).

300LlA ZOOHA
L7 50%4
L 0.1pA
G110k
o
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1.60 L I L I 1
0 2 3
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Fig.2. R(H) for different transport currents in a magnetic
field parallel to the interface; =80 nm. 7=6.5K.

In this work the resistance dependences on magnetic
field at different transport currents and fixed temperature are
presented for the PbTe/PbS heterostructure with d=80 nm.
It can be seen (Fig.1) that all R(H) curves corresponding
to different transport currents intersect precisely at the
single point like at different temperatures on the Fig2 in
Ref.17. The critical parameters H_=1.78 T, R  =1.64 Ohm
for the temperature 7=1.8K obtained for cross point. At
the temperatures higher than critical temperature (7>7),
magnetic field dependences at different transport current do
not intersect, and SIT is not observed (Fig.2).

Superconducting areas at the interface may be
considered like superconducting granules. Resistance of the
whole system is determined by the resistance of granules
and intergranular spacers. At sufficiently low temperatures
and the absence of external influences the whole system
is in a coherent superconducting state. Granules are
superconducting, and there are weak Josephson links
between them. Magnetic field H>H , breaks weak
links. The dissipative state arises. Resistance reaches the
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maximum because of Cooper pair tunneling through normal
regions is blocked by the potential barrier which height
is commensurate with the energy of the superconducting
gap. Conductivity of the system is now determined only
by low probability of single-particle tunneling due to
the small number of quasiparticles at the Fermi level.
The transport current increase leads to the destruction of
superconductivity directly in the superconducting granules
(decoupling of Cooper pairs). Number of quasiparticles
at the Fermi level rises, the single-particle charge carriers
begin to contribute to the conductivity of the system [17]
and the resistance decreases (Fig.3).
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25T """
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= 15T
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0.0
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Fig.3. R(I) dependences at different values of parallel
magnetic field. 7=1.5K.

On another side, the transport current increase causes
a corresponding increase of voltage at the boundaries of
superconducting islands, thus reducing the height of the
potential barriers between them. Therefore, the tunneling
probability rises and tends to reduce the resistance.

Similar experimental results were obtained in [18] in
the thick amorphous bismuth films. The authors of this work
suggest a different interpretation of the experimental results
within the framework of the hypothesis of overheating of
the electron gas. For a final clarification of the mechanism
of this phenomenon, we need more experimental data for
large values of the transport current in strong magnetic
fields.

The temperature dependence of the critical magnetic
field of transport current induced SIT is obtained. As
seen in Fig.4, the critical field at which we see horizontal
separatrix (H, )
with temperature decrease. The dependence H_ . (7)
separates the superconducting state and the state of the
localized superconductivity.

Thus, for the first time the possibility of transport
current assisted the superconductor-insulator transition
is shown in superconducting nanostructures based on
heterostructures PbTe/PbS. This phase diagram with /_(7)

and cross point on R(H) curves increases
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Fig.4. Temperature dependence of the critical magnetic
field of SIT and the temperature dependence of upper
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and H_ (T) curves separate the superconducting state and
the state of the localized superconductivity.
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Conclusions

1. It is shown that all of the typical features of the
SIT (the fan-like set of R(/) dependences at different
magnetic fields, the crossing of R(H) curves in a single
point at different transport currents) are observed in PbTe/
PbS geterostructures with the island-like superconducting
interface. The mechanism of the SIT realization is similar
to that one which realizes in granular systems with the
percolation conductivity. The possibility of realization
of a transport current induced superconductor-insulator
transition is shown.

2. The dependence of the critical magnetic field of the
SIT is obtained.

3. It is shown that A"VBY!-type heterostructures can
serve as model objects for the study of effects of localized
superconductivity, because we can vary the topology of the
superconducting interface at the preparation stage.
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Healing the cracks in crystalline solids under uniaxial compression
normal to the plane of crack deposition

M.A. Volosyuk

Kharkov National Automobile and Highway University,
Petrovskogo st, 25, 61002, Kharkov, Ukraine

The results of experimental and theoretical investigations on the process of healing the artificially created disc-like cracks in
uniaxially compressed samples of galvanic purified (99.999%) polycrystalline copper at room (T, ) and high (T=873 K) temperatures
are described. It has been shown that at T=T __under loading, cracks emitting dislocation loops reduce their radius to some stationary
value depending on loading; dislocation mechanism of healing takes place. The obtained calculated dependence of the crack radius on
loading has been experimentally supported.

It has been shown that at high temperature, the formed after loading dislocation assemblage becomes quasi-stationary due to
diffusion dissolving the dislocation loops and generating the new ones — that is dislocation-diffusion mechanism of healing. The
calculated relations describing the process have been obtained and experimentally tested. The assumption has been made on possible
dissolution of dislocation loops at the expense of absorption of interstitial atoms migrating over lattice by crowdion mechanism.

Keywords: crack, dislocation loop, stationary and quasi-stationary state, interstitial atom, crowdion, dislocation and dislocation-
diffusion mechanism.

V310KeHbI pe3yibTaThl AKCIEPHUMEHTANBHOIO M TEOPETHYECKOrO0 HCCIENOBAHMN Mpolecca 3allednBaHMS AUCKOOOPA3HBIX
HCKYCCTBEHHO CO3JJaHHBIX TPELINH B OHOOCHO CXKMMAEMbIX 00pa3iiax ralbBaHHIeCcKn OuUIeHHOH (99,999 %) monukpucTammdeckoit
menu npu komuatnod (T ) n Beicokoii (T=873 K) temneparypax. [Tokasano, uto mpu T=T __ 1pu Harpyxenun o0pasia TPEUUHbI,
HCITyCKasl TUCITOKAIMOHHBIE MTET/IN, YMEHBIIAIOT CBOW PaanyC A0 HEKOTOPOrO CTAI[MOHAPHOTO 3HAYCHHUS, 3aBUCSIIETO OT HATPY3KH —
JIMCIIOKAIIMOHHBIA MeXaHU3M 3ajeunBanus. [lomydenHas pacueTHast 3aBUCHMOCTb pajiyca TPEIIMHBI OT Harpy3KH SKCIIEPHMEHTAIBHO
TIO/ITBEPIK/ICHA.

IToxaszaHo, YTO TPU BBHICOKOW Temmeparype oOpasyroleecst MOCiIe HArpy)XeHHs IUCIOKAlHOHHOE CKOIUICHHE BCIICJCTBUE
11 Y3HOHHOTO PACTBOPEHUS AUCIOKAIMOHHBIX METETb M POXKIACHUS HOBBIX CTAHOBHUTCS KBAa3HUCTALMOHAPHBIM — JIHCIOKAIHOHHO-
11 QY3HOHHBIH MeXaHM3M 3ayiednBaHMA. [OdydeHBI pacdEeTHbIC COOTHOIIEHMS, OIMMCHIBAIOLINE YKa3aHHBI IpOILEcC, KOTOpbIe
MIPOBEPEHbl IKCHEPUMEHTANIbHO. BbICKa3aHO NPEIOIOKEHHEe O BO3MOXKHOM PACTBOPEHUH AMCIOKAIIMOHHBIX METeNb 33 CYeT
TIOTJIOIEHHST ME)XKY3€IbHBIX aTOMOB, MUTPUPYIOIINX B PEIISTKE KPayAHOHHBIM MEXaHU3MOM.

KonroueBnble cjoBa: TpenuHa, JUCIOKAMOHHAS ST, CTAlIMOHAPHOE M KBAa3UCTAIIMOHAPHOE COCTOSHUS, MEKY3EIbHBIH aToM,
Kpay/HOH, MCIOKAIIMOHHBII U AUCIOKAIIMOHHO-TH(G(Y3HOHHBIH MEXaHU3MBI.

BukianeHi pesyibraTi €KCHepUMEHTAaIbHOTO i TEOPETHYHOIO NOCIIKEHb MPOLECy 3aliKOBYBaHHs JUCKONMOMIOHMX IITYYHO
CTBOPCHUX TPIIIUH B 3pa3Kax rajbBaHiuHO o4HIIeHOT (99,999 %) momikpucTamiaHoi Miji, [0 OMHOOCHO CTHCKAKOTHCS, TPU KIMHATHIN
(T, iBucokiit (T=873 K) Temneparypax. [lokazano, mo npu T=T rnpu HaBaHTa)xeHHI 3pa3Ka TPIlMHH, BUITYCKAKOUH UCIOKAIliHH]
NeTTi, 3MEHIIYIOTh CBilf pajiiyc MO JESKOTo CTAI[lOHApPHOTO 3HAYCHHS, 3aJISKHOTO BiJl HABAHTa)KCHHS, — IHMCIIOKAIHHUN MeXaHi3M
3anikoByBaHHsA. OTpUMaHa PO3paxyHKOBA 3aJI€KHICTb pajiiycy TPIIMHH BiJl HABAHTAXKCHHS CKCIICPUMEHTAIIBHO TiATBEPAKCHA.

[lokazaHo, 0 TPH BHCOKIH TemImepaTypi IHMCIOKaliiHE CKYMYeHHS, 1[0 YTBOPIOETHCSA MICHS HABAaHTAXKEHHS, YHACITIJOK
J(y3iHHOT0 PO3YMHEHHSI TUCIIOKAL[IHIX ITeTe b | HAPOKEHHS HOBHX CTa€ KBa3icTallloHapHUM — TUCIIOKAIHHO-1u(y3iHHII MeXaHi3M
3aikoByBaHHs. OTpUMaHi PO3paxyHKOBI CITiBBiIHOILIEHHS, 110 OHNHCYIOTh BKa3aHHMH INPOLEC, SIKi MEpeBipeHi eKCIIepPUMEHTAIBHO.
BucnosieHo TpuITyIIEHHST PO MOMIIMBE PO3YMHEHHS JHUCIOKAIIMHUX IeTeldb 3a PaXyHOK IOIIMHAHHS MDKBY3EJIBHHX aTOMIB,
MITPYIOUMX B PEIIITII KPayJiOHHUM MEXaHi3MOM.

KurouoBi ciioBa: TpimuHa, AUCIOKALIHA METIIs, CTAllIOHAPHUH 1 KBa3icTalllOHApHUN CTaHU, MIXKBY3€IbHHI aToM, KpaymioH,
TUCTIOKAIIIMHUI 1 AUCIOKALIHHO- T (Y31 THAI MEXaHI3MH.

Introduction materials the cracks are able to self-healing (if mouths

Behavior of cracks in single crystals determines in of cracks are sharp enough), and the plastic zone occurs
many aspects their carrier ability and durability of work around the crack [1-3]. This phenomenon is analogous
under loading. Studying the possibilities of healing remains  to the effects of plasticity under powders sintering and
a problem actual at all times. It is known that in plastic  self-compaction. Under uniaxial loading, like under full
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compression, crack healing by the dislocation-diffusion
mechanism may be expected.

In the present work, we give the results of studying the
mechanisms and kinetics of crack healing under uniaxial
loading at low (room) and high (T=873 K) temperatures.

Materials and methods of the experiment

As the sample material, pure (99.999 %) and well
annealed polycrystalline copper was used as both widely
used material and suitable model object.

Each sample with cracks consisted of two plates with
sizes (20x20x5) mm. One of the surfaces (20x20) mm of
each plate was properly treated as to its flatness and mirror
smoothness. In one of the plates, flat-bottom hollows with
diameter to 1.5 mm and depth (10+107) cm were made
using a special attachment. The plates were joined by pairs
(with and without hollows) and then were subjected to
diffusion welding at 7=/073 K in vacuum (10°+10*) mm
Hg during 30 min under loading below Peierls threshold,
afterwards were annealed in vacuum 10* mm Hg without
loading at 7=1073 Kfor structure normalization. The initial
sizes of cracks in the samples obtained were the following:
radius @,~(2+5)-10? cm and thickness (3+5)-10* cm.
Experiments were carried out at room (7, ) and high
(T=873 K) temperatures. Crack sizes were measured using
an optical microscope.

Results and Discussion

Under applied loading, the stress state occurs in the
neighborhood of the crack mouth, while on the surface of
the mouth — dislocation loops of vacancy type are generated
forming a dislocation assemblage with opposite stress
deactivating the source on the mouth surface, so the healing
process comes to stop. The crack radius attains some stable
value a corresponding to a given value of applied stress o ;
the both are related as:

2
1—(iJ — Bo*»
ay

2n(1- v)cl/ 2
a(l)/ G Gi
initial radius of the crack, c is thickness (or height) of the
crack, G is shear modulus, o, is critical stress of shear

(Peierls barrier).

Such state will be stable, if the assemblage formed
near the mouth is stable. This is possible at low (room)
temperature. Obtained experimental data represented
in coordinates /-(a/a,)’ versus o’ are really linearized
(Fig. 1), and o, value following from the plot slope is quite
reasonable: cp/ G=~0,5-10°.

In the extreme case of high temperature [2],
vacancy type prismatic dislocation loops quickly formed
a dislocation assemblage and reduced the crack radius

(M

where B = , v is Poisson coefficient, a, is
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>

from q,to a,’, are dissolved by diffusion; the opposite
stress of the dislocation assemblage decreases that gives
a possibility to generating new loops and further healing.
At any temperature, generation of dislocation loops begins
immediately after loading application, and the dislocation
assemblage occurs quickly with corresponding reducing
the crack radius to a’,. At low temperature a’, is some
stable value corresponding to a given loading level.

At high temperature, a’,radius corresponds to loops
coming out from the crack mouth for forming a quasi-
stationary assemblage. This is initial state for further crack
healing due to diffusion dissolution of the assemblage
loops and replacement these by new loops (Fig. 2).
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Fig.2. Dependence of stabilized relative crack size (a/a,)
on loading exposure time ¢ under external compressive
loading ¢ ~5-10° N/m?,

Such mechanism of healing is called as dislocation-
diffusion one.

Kinetic equation describing the dependence a(?) can
be obtained, if to equate the flux of “emptiness” brought
out from the crack volume dV, /dt to the “emptiness” flux
from dissolved dislocation assemblage surrounding the
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mouth, and to take into consideration the equality of the
dislocation assemblage opposite stress o and the stress
caused by external loading o; as a result we obtain a
differential equation [3] from which it follows:

ay

| (ajz_ (t-0). @
- = | =(ay+aBD,AC;)—>"

2 nag 126°
where o= B=
(a))® ¢ GbIn(8R, /b)
Do
Y= k_T , I, t,are, respectively, the current time and the

time for formation of a quasi-stationary dislocation
assemblage at the vertex of the crack (here ¢, = 5 min); a,,
a, a,’ are, respectively, initial (before loading) and current
radii of the crack, and radius to time 7, (@, = 4.5:10* m,
a,”=0.88 a); c =410° m is crack thickness; v = 0.3 is
Poisson coefficient; » ~ 3:10"° m is Burgers vector;
o = 1.18'10% m? is atomic volume; k = 1.38:10% J/K is
Boltzmann constant ; 7 is experimental temperature
(T=3873 K); R,is radius of an emitting dislocation prismatic
loop (taken as R, = ¢/2 =210° m); G = 4.15:10" N/m* is
shear modulus in copper; ¢ = 5:10° N/m? is stress from
external loading; D is self-diffusion coefficient of atoms in
copper (at T'=873 K, D=3.1'10"" m%s); D=D,C° ; D,
is vacancy diffusion coefficient; C°, is equilibrium
concentration of vacancies at given temperature T;
AC, = C,— C" is supersaturation of the lattice by interstitial
atoms; C,, C° are, respectively, real and equilibrium
concentrations of interstitials at temperature 7} o is Peierls
threshold.

The first term in parentheses corresponds to
contribution into crack healing of loops diffusion
dissolution by vacancy mechanism, and the second — to
contribution of loop diffusion dissolution into crack healing
due to absorption of interstitial atoms. The first term is the
known value. In the second one — AC, is unknown. If AC =0
is assumed, then after plotting dependence (a/a’,) versus
(t-t,) in coordinates /-(a/a’ )’ versus (t-t,) from the plot
slope we obtain Gp/ G~=0,34 . This value, in principle, is
reasonable for given experimental conditions therefore we
cannot estimate the contribution of interstitials.

On the other hand, it is known that under conditions
like local plastic deformation, there take place intersections
of dislocation screw parts generating interstitials and
vacancies [4]. Concentrations of both components are
almost equal. But, because of high mobility of interstitials
[4] the quantity of generated interstitial atoms is larger
therefore these are in excessive concentration.

The second circumstance is related with the fact that
external applied stress lowers energy barrier for generation
of an interstitial by the value obla, and concentration of
interstitials can be determined from the relation [4]:
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_ Uy-obla
C=Be M . 3)

According to [4], B=1, [ is length of a dislocation
assemblage. If to assume the terms in parentheses of (2) be
equal, it follows: AC,~C ~6,2-10". From (3) it follows

that at c~5-10° N/m?, it should be
U rit kTInC,; 7
[x————~(4,6+4,8)-10""m. This / value
cba

is in accordance with data from [4], therefore the
assumption on the possible participation of interstitial
transfer is reasonable. The most probable mechanism of
interstitial atom migration may be “relay-race” motion in a
close-packed the form of crowdion
configuration [5, 6].

ray in

Conclusions

It has been shown in the work that at low temperature
there takes place dislocation mechanism of healing; its
result is determined by the level of loading applied.

At high temperature, due to diffusion dissolution of
dislocation loops and generation of new ones, the healing
process becomes permanent and is described by the kinetic
equation (dislocation-diffusion mechanism of healing). It
follows from experiments that dissolution of dislocation
prismatic loops may be caused not only by action of the
vacancy diffusion mechanism, but also by absorption of
interstitial atoms which occur in excess concentration in
plasticity processes within crack mouth and migrate over
the lattice in the form of crowdion configurations.
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3 HIDKHIMH 1 BepXHIMH iHJIeKcamu citif Habuparu B MicrosoftWord, mmpuna ¢opmynu ue Oinbine 70 mm, rpadiku ta
¢dororpadii HeoOXixHO noaBary B rpadivHOMY (opMari, KOJIbOPOBHI PHCYHOK ITOBUHEH OYTH B PYKOITUCI YOPHO-011uM
(grayscale), po3pizaenns He menuie 300 dpi, mommpeHHst GpaiiitiB MOBUHHO OyTH *.jpg, IIUPUHOIO B OJJHY Y /Bl KOJIOHKH,
JUTS OJTHIET KOJIOHKHU PO3MIPH: 3aBITUPIIKA 8 MM, JIJISl IBOX KOJIOHOK — 16 MM. Macimtad Ha MikpodoTorpadisx HeoOXiTHO
TIPEJCTABIIATH y BUTIISII MacIITa0HO T TiHIAKH.

BUMOTI'M 1O OPOPMJIEHHS I'PADIKIB
Tomwmna mniniit He Oinbire 0,5 MM, ane He merute 0,18 mm. Benmunna nitep Ha mignucax 10 puCyHKIB He Oinbir 14
pt, ane He menme 10 pt, rapHiTypa Arial.
[TPUKIIAJL O®OPMIJIEHHS CIIMCKY JIUTEPATYPU
1. JI.A. JJanmay, E.M. JIn¢mmn. Teopus ynpyroctu, Hayka, M. (1978), 730 c.
2. 1.U. Isanos. 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.
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1. IBa po3apykoBaHi MPUMIPHUKH PYKOIIUCY CTATTI, AKi MiANKCaHI i aBTOpaMu.
2. EnexTpoHHa Bepcis pyKOIHCY Ta TaHi 010 KOHTAKTIB /IS CIUIKYyBaHHS 3 11 aBTOpaMu. J{J1s 11h0r0 OTpiOHO HaicIaTh
€JISKTPOHHOIO TOIITO0, TUIBKK Ha aapecy vestnik phy@mail.ru.
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HanioHaibpHOTO yHIBepeutety iMeHi B.H. Kapasina. Cepist: ¢izuka», Kpunoscekomy B.C., Gisnunnii akyneret, Maiigan
CBobOoyu, 4, XapkiBcbknil HallioHabHUI yHIBepcuteT iMeHi B.H. Kapasina. tein. (057)-707-53-83.
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