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PACS: 74.72.-h Cuprate superconductors.
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Normal and longitudinal electronic transport of HTS compounds

ReBa,Cu,0O

3770

K.A. Kotvytska, S.R. Vovk,

(Re =Y or lanthanides) under extreme exposure

|. M. Chursina, R.V. Vovk

V.N. Karazin Kharkiv National University, 4 Freedom Square, Kharkiv, 61022, Ukraine

Large part of the theoretical and experimental papers, reflecting the current state of research on normal electric HTSC-compounds

ReBa,Cu,0

3778

(Re =Y or lanthanides) in extreme impacts are reviewed. We discuss the crystal structure and defects of these compounds,

as well as their impact on the various modes of the electrical conductivity of these compounds at low temperatures and high magnetic
fields and high pressures. It is shown that the use of such effects can not only verify the adequacy many theoretical models but outline
empirical ways to improve the critical parameters of high-temperature superconductors - compounds.

Keywords: YBaCuO single crystals, hydrostatic pressure, excess conductivity, crossover, coherence length, fluctuation
conductivity, pseudogap state, high-temperature superconductivity, critical temperature

HaBeneno ormsi 3Ha4HOT YaCTHHU TEOPETUYHUX 1 EKCIIEPUMEHTAIBHUX POOIT, IO BiOOpaXKaroTh Cy4acHHUH CTaH JOCIHiIKEHb

HopmasbHoro enekrporpancnopry BTHII-cnomyk ReBa,Cu,O,, (Re = Y abo naHTaHOinu) B yMOBaX €KCTPEMAlbHUX 30BHIlIHIX
niif. JletanbHO PO3INISHYTO KPUCTANIYHY CTPYKTypa 1 CTPYKTYpHI Je(eKTH IHX CHOJNYK, a TaKoX IX BIUIUB Ha Pi3HI PEKUMHU
€JISKTPOIIPOBITHOCTI IIPH HU3BKHUX TEMIIEpPaTypax, BUCOKMX MarHiTHHX MOJISIX 1 BACOKOMY THCKyY. IToka3aHo, 10 3aCTOCYBaHHS TaKHUX
BIUTUBIB JIO3BOJISIE HE TUIBKU IIEPEBIPHTH aEKBATHICTh YHCICHHUX TEOPETHYHUX MOJENIEH, ane i OKPeCIUTH eMITIpHYHI IUITXH
miABUIOICHHS KpUTHYHUX napametpis BTHII - criomyk.

Kirouosi ciaoBa: monokpuctanmu YBaCuO, pomyBaHHS, TiAPOCTAaTHYHUM THCK, HAJIUIIKOBA IPOBIAHICT, KPOCOBEP,
¢nykTyariiiHa npoBiAHICTh, NCEBAOLIIMHHNIN CTaH, BACOKOTEMIIEpAaTypHa HAAMPOBIAHICTh, KpUTHYHA TeMIepaTypa

[TpuBeneH 0030p 3HAYNTENHEHOM YaCTH TEOPETHYECKUX M IKCIIEPUMEHTAIBHBIX paboT, OTPaKaloIINX COBPEMEHHOE COCTOSTHHE
uccrneoBannii HopManbHoro siekrporpancnopra BTCII-coenunennii ReBa,Cu,0,; (Re = Y wnin naHTaHOH/BI) B yCIOBHSIX
9KCTPEMAabHBIX BO3JICHCTBUI. [leTalbHO pacCMOTpeHA KPHUCTAIMYIECKast CTPYKTYpa U CTPYKTYpHBIE Te(EKTHl STUX COCANHEHHH, a
TaKoKe X BIMSHNE HA Pa3JINYHbIC PEKIMBI IEKTPOTIPOBOTHOCTH ITPU HU3KHUX TEMIIEPATyPax, BHICOKUX MAarHUTHBIX MOJIAX M BBICOKHX
napneHusx. IlokazaHo, 4TO MpUMEHEHHE TAaKUX BO3JECHCTBUH IO3BOJSET HE TOJIBKO MPOBEPHTH aJE€KBATHOCThH MHOTOUHCIEHHBIX

TEOPETUUCCKUX Moz[eneﬁ, HO U OYEPTUTH SMIUPHUIYCCKHUE ITYTHU NOBBIILIECHUA KPUTHUICCKUX TapaMETPOB BTCII - COCZ[PIHGHI/Iﬁ.
KurwueBblie ciioBa: MOHOKpPHUCTAJIJIbI YBaCuO, JAOMUPOBAHUE, TUAPOCTATUYCCKOE HNAaBJICHUE, n30BITOYHAS IpoOBOAUMOCTD,
KpOoCCOBEp, (bHyKTyaHI/IOHHaﬂ IIPOBOAUMOCTD, ICEBAOMICIICBOC COCTOAHMC, BBBICOKOTEMIICPATYPHAA CBEPXIIPOBOAUMOCTD, KPUTUYCCKast

TeMIeparypa

2016 marked 30 years since the discovery of the
high-temperature superconductivity phenomenon (HTS).
During this period there have been published thousands
of articles and tens of reviews (see, for example, [2-4]).
However, there is no unambiguous explanation of the HTS
phenomenon for now. There also no explanations of the
pseudogapped state phenomenon, Fermi surface structure,
linear dependence phenomenon of electrical resistance et
cetera [4]. The roles of spin fluctuations in Cooper pairing,
electron-phonon coupling in the HTS emergence remain
open problems [5-11]. The shortcomings of experimental
research consist in uncertified test samples (high defect
films or polyphase objects) [3-10]. The problems in the
development of an appropriate theoretical model are
connected with a proper account for the multiparticle
interaction in systems with strong correlations. It was only

made clear that the symmetry of d-type superconductivity,
gap, is aeolotropic and it has zero values in nodal directions
of Brillouin zone, and the superconductive gap is preceded
by the pseudogap [2,3]. But its role in the superconductivity
state formation has not been clearly determined yet.

1.1 Crystal structure, defects and electronic transport in
1-2-3 HTS system on the basis of yttrium.

1.1.1. Crystal structure of YBa,Cu,O,_; compound.
The structure and properties of YBa,Cu,0O, ; are directly
related to 6 index which characterizes the oxygen vacancy
content. The compounds are superconductive and have
orthorombic symmetry when 6 < 0.4 with YBa,Cu,O,
interphase. For & > 0.4 they become semiconductors with
YBa,Cu,O, interphase. Their structure can be regarded

© Kotvytska K.A., Vovk S.R., Chursina I. M., Vovk R.V., 2016
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as the perovskite structure with the lack of oxygen [12].
]. In general case perovskite represents a pack of BO,
octahedrons where B - small metal cation (for example,
copper) surrounded by 6 oxygen ions. Atom positions
between 8 octahedrons centered in cube corners are
occupied by large cations of A metal (yttrium). Removing
oxygen atoms from the ideal lattice of perovskite we obtain
the most oxygen-rich YBa,Cu,O, compound (fig.1).

Its unit cell can be presented in the form of layered
sequence perpendicular to ¢ axis: a) Cu — O in which
there are two oxygen vacancies in comparison with the
initial perovskite; copper ion Cu (1) situated in this layer
has coordination number 4 and it is surrounded by four
oxygen ions; b) Ba — O; ¢) Cu — O where copper ion Cu
(2) situated in this layer has coordination number 5 and it is
surrounded by five oxygen ions forming a polyhedron; d)
yttrium layer in which there are four oxygen vacancies in
comparison with the initial perovskite. The cell extension
is symmetrical relatively to this yttrium ion layer and the
Ba-O and Cu-o layers described earlier are repeated again
there.

However, copper ions are situated in atom positions of
two types: Cu (1) in the plane of CuO,, and Cu (2) - in the
pyramid with the square base of CuO.. It is the polyhedron
layers separated by yttrium ion layers that define the two-

o)

Cul2)
2 g T+ c
0i2) o)

a

by b

Fig.1 Crystal lattice of
according to[12].

YBa,Cu,0,, compound

BicHuk XHY, cepia «®isunkay, sun. 24, 2016

dimensional nature of the structure. The presence of cuprate
planes, as well as two-dimensional structure and quasi-
two-dimensional structure is a common feature of all high
temperature superconductive compounds. The bonding
force between cuprate layers are usually quantatively
expressed in terms of the anisotropy parameter I':
I=(C,/C) =0/ ,) )

where ¢, ¢ u /la 2, - coherence length and penetration
depth through the length and breadth of layers,
respectively. In this case the anisotropy value varies from
I' > 29 for ytrrium HTS, to I' > 3.10° for bismuth and " >
10° for thallium compounds.

Neutron diffraction and electron microscopy methods
[13] show with a high resolution that oxygen vacancies are
situated in the plane of square CuO, but not in the pyramids
of CuO,. With increase of vacancy concentration the Cu - O
chains along b axis become completed, and Cu atoms (1)
change their coordination number from 4 to 2 for the most
oxygen-deficient YBa,Cu,O, compound.

While comparing cubic and rhombohedral structure
of perovskite (LaCuO,) with the structures of YBa,Cu,0O,
and YBa,Cu,0, compounds it turns out that the chains
develop in three dimensional directions in perovskite,
only in b direction in YBa,Cu,0,, and they do not exist in
YBa,Cu,O,.

1.1.2. Structural defects in YBa,Cu,O, ; compound.
In YBa,Cu,0, ; pure crystals depending on the oxygen
deficit and synthesis technology we observe the
following structural defects: point defects as oxygen
vacancy defects which are formed in CuO planes, planar
defects of (001) type, twin boundaries, dislocations and
so called 2V2x2V2 structures [14] observed under oxygen
deficit 6 = 6.8 - 6.9.

Planar defects are twin formation planes which
are formed under “tetra-ortho” transition and minimize
elastic crystal energy. The boundaries of twins represent
planes with tetragonal structure as a result of presence
of the layers containing oxygen vacancies situated along
the twin boundary [14, 15]. ]. Electronic and microscopic
researches showed [15] that in the initial stage of tetra-
ortho transition there emerge domain nuclei in which two
families of coherent separation surfaces (110) and (110)
are formed. This can cause formation of a structure such
as “tweed” under overlapping of close micro twins. The
period of such structure depends on the oxygen content
and can be stimulated by doping with a three-valence
metal and, specifically, with aluminium [15,16]. In the
initial stage of microdomain formation the formation of
separation interface takes place by means of diffusion of
structural vacancies in CuO layers. The propagation of
interface separation occurs by means of voltage controlled
movement of twin dislocations.

Linear defects (dislocations) are rather characteristic
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for epitaxially grown films and texture samples. Defects
of this type can be caused by imperfect dislocations
produced by the support film interface in film samples,
and imperfect dislocations produced at the interface of
YBa,Cu,0,, and YBa,Cu,O, phases in textured melted
samples. The dislocation density in films can reach about
1.4 108 /em? [17].

High dislocation density in single crystals YBa,Cu,O_ ;
can be obtained in a crystal growth during the peritectic
reaction [18], which is probably due to small inclusions
of YBa,Cu,O, phase. But the dislocation density equals
to about 5 10°/ cm? [19] in the crystals grown with the
solution-melt method. It should be noted that the dislocation
density can be increased under the thermomechanical
treatment of materials [20].

Point defects (oxygen vacancies) are present at all
YBa,Cu,O, ; samples, which is due to the nonstoichiometric
oxygen content. Besides, the filling factor is close to one for
all oxygen positions, except CuO (1). Depending on oxygen
content the superstructure formation is possible under the
periodic distribution of oxygen vacancies. The density of
oxygen vacancies is relatively large and at & = 0.03 it equals
to about 10%° /m?.

In the literature there is also some evidence about
copper deficit in CuO planes that can reach the value of
0.09 in compounds [21]. Point defects can also be obtained
under doping. As a rule, doping elements (except rare-earth
elements and Sr) embed in Cu positions (1) [6]. But the ions
of rare-earth metals and K replace ytrrium atoms, and Sr
embed in the positions of Ba atoms.

Additional defects can be created under bombardment
[22,23]. Depending on the type of particles and their energy
there can be obtained both point and linear defects (tracks of
high energy heavy particles) [24].

1.1.3. Influence of defects on transport properties
of YBa,Cu,0O_, superconductor in the normal state.
Transport properties of HTS materials depend very
heavily on the structure imperfection and, specifically,
on the oxygen content [25] and impurities [26, 27]. The
specific electrical resistivity at room temperature of
YBa,Cu,O, , single crystals with the oxygen content close to
stoichiometric equals to p, = 200 mQ cm in ab — plane,
and p = 10 mQ cm along ¢ axis [2]. In perfect single
crystals the electrical conduction is quasi-metal in
all crystallographic directions [1-3, 28]. However,
even a small stoichiometric deviation ¢ <0.1 leads to
quasi-semiconductor dependence p (T) under preservation
of the quasi-metal type of the dependence p , (7). Further
reduction of the oxygen content leads to the density reduction
of current, heat and conductivity carriers of YBa,Cu,O,_;
superconductor, and under oxygen deficiency 6 > 0.6 the
metal-insulator transition is observed [28]. Doping of

YBa,Cu,O,, with metal elements, with the exception of

cases described above, leads to the replacement of copper
atoms in CuO planes. In this case the data regarding the
level of influence of such replacement are substantially
contradictory. For example, in the work [29] it is reported
that according to the data from different authors the growth
of p , value in YBa,Cu,. Al O, crystals at z = 0.1 can be
less than 10%, or it will increase twofold at the same Al
concentration. The reason for such divergence is likely to be
the inhomogeneous Al distribution throughout the volume
of crystals because under single-crystal growth in corundum
crucibles the Al implantation occurs in an uncontrolled way.
In particular, wide transitions in superconductive state 7, =
2 K are representative of inhomogeneous Al distribution.
There is also a significant spread in superconductive state
parameters. Doping of YBa,Cu,O, ;under replacement of
yttrium by rare-earth metal ions practically does not change
transport characteristics of the normal and superconductive
state [3, 24]. The replacement of yttrium atoms by
praseodymium atoms is an exception. In the area of y <
0.05 concentrations the current carrier concentration and p ,
in Yl_yPryBaZCu307_6 superconductor weakly depend on Pr
concentration [30]. At y = 0.5 we observe a sharp fall of
the current carrier concentration and at y > 0.5 we observe
p(T) dependence typical for superconductors [30,31].

As mentioned above, there are flat defects, twin
boundaries, in YBa,Cu,0,; single crystals. The work
[32] deals with the influence of these defects on transport
properties in the normal state. It shows that the twins are
effective scattering centres of current carriers. According to
[32] the free path of electrons in single crystals is measured
equal to 0.1 pm, which is one order less than the intertwine
distance. Therefore, the maximum increase of electrical
resistance due to scattering can make up 10%. It was
observed approximately the same resistance increase under
current flow across twins in comparison with the resistance
under current flow along twins [33].

1.1.4. Fluctuation conductivity and 2D-3D
crossover in HTS. As it is generally known, small
coherence length value and quasi-laminated structure
of HTS leads to emergence of a wide fluctuation area
on temperature dependences of conductivity near the
superconducting transition temperature [3, 8, 9, 33, 34, 36-
39]. Besides, the change of oxygen content and impurities
has a significant impact on the formation processes
of fluctuation Cooper pairs and, respectively, on the
realization of different modes for existence of fluctuation
conductivity (FC) at temperatures higher than the critical
temperature (7)) [3,5,8,9,33,34]. It is widely agreed now
that the FC existence domain can be conditionally divided
into three characteristic temperature intervals defined by the
correlation between the coherence length perpendicularly
to ab-plane £ (7) and the interlayer distance d:

1) £(T) <<d - 2D-area (the most distant from T );
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2) £(T) ~ d—3D-area (the closest to T);

3) narrow section in the immediate vicinity to T_— so
called «beyond - 3D» mode [5,34].

The last mode mechanism emergence is still not
clear enough. It is assumed that the mode fits so called
“first level pairing” [5, 34]. The 3D-area fits the mode
where Josephson interaction between pairs is realized
throughout the body of superconductor. It is thought that
in this area the capital contribution to FC is due to Cooper
pairs emerging spontaneously at 7> T as a result of the
classical mechanism that was first described in the well-
known paper of Aslamazov-Larkin [35]. According to [35]
this contribution to HTS can be written as:

Ao, (T)=[e*/32h&E.(0)]e"? .

where € = (T-T)/T, — reduced temperature (7, — critical
temperature in mean field approximation). Here Ao,
practically does not depend on the sample structure
imperfection.

In 2D-area the two-particle tunneling between layers
is ruled out. As a result superconductive and normal carriers
are situated directly in the planes of conductive layers. In
this case taking into account the irregularity level of the
sample structure is of prime importance. The influence of
the structure imperfection on FC mode in film samples of
YBa,Cu,0, ;compound was researched in the works [8, 9].
Here it was shown that for pure samples the dominating
contribution in FC in 2D-area is due to the additional
contribution substantiated by Maki-Thompson [36] and
defined as a result of interaction for fluctuation pairs with
normal charge carriers. Such contribution depends on the
lifetime of fluctuation pairs and it is defined by unpairing
processes in a specific sample. According to [36]:

2
e

X
8hd(1—a / 8)e

O l+a+1+2ax

a 1+6+V1+208 )

If there are structural irregularities in the sample,
Ac(T) dependence is defined with Lawrence-Doniah [37]:

Ac,, =[e’ 1 (16ad)](1+2a) ™ @)

Here a=2¢& (T)/d*=2[¢ (0)/d]’e” —coupling parameter,
and 8=1.203(1/ ,(0))(16/rh)[ 56(0)/d2]kBTr¢ — unpairing
parameter. Here / — free path length, £ , — coherence length
in ab-plane and t 0 lifetime of fluctuation pairs. I t
should be noted that we have a crucial issue regarding
the temperature range where the 46(7) dependence can be
described within the fluctuation theory because, according
to current concepts, the excess conductivity at temperatures
rather distant from the critical 7 >> T is an effect of the

Ao, (T,H)=

xIn

BicHuk XHY, cepia «®isunkay, sun. 24, 2016

so-called “pseudogap anomaly”. It was experimentally
discovered earlier [3] that at a rather large temperature
increase above 7 the fluctuation conductivity decreases
more quickly than the theory predicts. It was supposed that
the reason for this process is in underestimation of short-
wave order-parameter fluctuations while it increases with
the temperature growth. In the works of Varlamov with co-
authors [38, 39 ] the microscopic estimation of Aa(T) was
made taking into account all order parameter components.
The comparison of experimental data with the theory [38,
39] was made, in particular, in [40]. In this case there was an
agreement with the theory for the temperatures up to near
T=1.35 T . Under further temperature increase the 45(7)
decreases more quickly than the theory predicts [38, 39].
Apparently, it is this temperature area where the transition
to the pseudogap mode occurs [40]. The pseudogap mode
will be considered more thoroughly in the next chapter.

1.2. Pseudogap state in HTS- compounds

In high-temperature superconductors, as it follows
from the phase diagram (see fig. 2.2), under change of the
oxygen index the dielectric antiferromagnetic phase will be
replaced by metal one and then by superconducting phase
which does not have an ordered magnetic structure [41].
]. There was discovered the emergence of the pseudogap
phase (considerable density decrease of electronic states)
above the superconducting transition point under the
oxygen content less than optimal. The pseudogap phase
is observed in numerous magnetic [42, 43], neutron
diffraction [44], optical [45,46] and nuclear magnetic
resonance researches [47], and in experiments of the
angle-resolved photoelectron spectroscopy (ARPES) as
well. In resistive measurements the pseudogap anomaly
is displayed in the departure ¢ ,(7) from linearity under
the temperature decrease below some representative value
7%* [2,8,9,40,50], which is an evidence of the emergence
of some excess conductivity. There are two dividing lines:
“upper” pseudogap (there begin resistance deviations from
the linear law) and “lower” pseudogap (pseudogap proper)
in many phase diagrams.

At present the literature intensively discusses two
main scenarios of the pseudogap anomaly emergence in
HTS-systems. According to the first one the pseudogap
emergence is linked to “dielectric” short-range order
fluctuations, for example antiferromagnetic fluctuations,
spin and charge density waves et cetera (see, for example,
review [41]). The second scenario supposes the formation
of Cooper pairs even at temperatures considerably higher
than the critical 7*>>T with the subsequent establishment
of their phase coherence at 7'< T, [40,51].

In recent years the model of fluctuating
antiferromagnetic clusters has been intensively researched
in theoretical works of Sadovsky with co-authors [41,
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52]. Thus, for example, in [52] the authors generalized
dynamic medium field theory by including the terms that
depend on the correlation length of pseudogap fluctuations
in the corresponding equations. These summands are
expressed by means of some additional self-energy which
in its turn depends on the impulse and describes nonlocal
dynamic correlations induced by short-range collective
fluctuations such as antiferromagnetic spin-density or
antiferromagnetic charge-density waves. It should be
noted that the conclusions of the above-mentioned paper
are based on the results of ARPES researches which are
often used for explanation of other different pseudogap
models as well. [48, 49].

There was applied an approach based on the
approximation within the framework of the effective field
theory in the recent large theoretical paper [53]. It should be
noted that the phase diagram substantiated in the paper [53]
does not have a transition curve into the “weak” pseudogap
phase. Besides, it is assumed that the spin-spin fluctuations
leading to pseudogap effects are formed not in localized
moments but in the conduction band.

As mentioned previously, the concept of uncorrelated
electron pairs or so called paired clusters [54] in the
explanation of the pseudogap anomaly in HTS is also a
subject of a rather wide discussion in scientific works.
Among the works upholding this point of view the crossover
theory from Bardeen—Cooper—Schrieffer mechanism to the
mechanism of Bose-Einstein condensation should be noted.
Within this crossover theory there were obtained pseudogap
temperature dependences for weak and strong pairing cases
[55, 56]:

A(T) = A(0) —%x

[ 2 2 ®)
X——-——eX _LA(O)
Vi +A(0) r

where 4 — pseudogap value, and  — chemical potential.

The authors of this work specify their point of view
on the nature of the cuprate pseudogap based on the
concept of uncorrelated pairs. However, in the article they
write that their research does not include the influence of
antiferromagnetic spin fluctuations.

The attempt to unite concepts was made in the work
[57]. It is the upper border of “weak” pseudogap that
was given special attention in this work. The analytical
treatment made in [57] is based on the concept of the
resonant valence band which was first proposed in the
well-known Anderson RVB model [58, 59]. Here,
however, the authors suppose that there are areas of both
Bose (b-RVB) and Fermi (f-RVB) types. Whereas Bose
area is responsible for the “strong” pseudogap, Fermi
area - for the “weak” area respectively. According to these
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Fig. 2 Phase diagram variants for HTS-cuprates
according to [41].

views in the area of the “strong” pseudogap, which is
situated just behind the superconducting transition curve,
the reduced density of states is caused by the existence of
uncorrelated Cooper pairs. But in the “weak” pseudogap
area situated above in the phase diagram (fig. 2 (b)), there
is an orbital magnetic-ordered state which is destroyed at
higher temperatures. However, as it was shown in the
works of Boyarsky (see [60] and references to it), the
whole set of considerations and facts contains multiple
internal contradictions. Besides, up to now there are no
substantial experimental proofs of its validity.

In recent years one of dominating concepts for
pseudogap anomaly emergence in HTC has been so
called cluster model [61-63]. Thus, for example, in
the recent theoretical work [61] it was found that the
critical temperature T_and the temperature of pseudogap
opening T* in the compound Y ,Ba,Cu,O, ; are uniquely
related to the dimensions of superconducting clusters.
The superconducting clusters are generated by oxygen
ions forming the negative U centres (NUC) responsible
for the carrier generation in the compound. Besides,
it is affirmed that the pseudogap observed in different
experiments is nothing less than the same superconductive
gap but emerging at T>T_as a result of large fluctuations
of the particle number between the NUC pair level and the
oxygen area [61]. Here it is supposed that under reduction
of the doping level by oxygen the average dimension of
clusters decreases, and the relative fluctuations of NUC
occupation density increase, which, in its turn, must create
rise of T* and drop of T [61]. In the work [62] within
the framework of the impurity mechanism for the high-
temperature superconductivity, on the hypothesis that finite
superconducting clusters exist in the area adjoining to the
superconductive phase from the doping less than optimal
(pseudogap area) and the boundary of the superconductive
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phase corresponds to the threshold of existence for an
infinite superconductive cluster, there was obtained an
upper boundary of the pseudogap state. There was made
an attempt to explain the pseudogap state on the basis of
the percolation theory on the hypothesis that the coherence
length is proportional to 7* — T in the work of Abrikosov
[63]. Among experimental works dealing with this matter
one should note the experiments where the clusters in
HTS were observed by means of the scanning tunnelling
spectroscopy [64, 65] and the works [66-69] dealing with
the optical studies of oxygen ordering processes as well.
However, despite the considerable stored scientific material
itis not completely clear both the nature of structural cluster
anomalies and the mechanisms of their formation in HTS.

1.3. Redistribution of labile oxygen and evolution
of resistive characteristics of

YBa,Cu,O. ; single crystals under heat treatment
at low temperatures.

The researches of superconductive [25,61-67]
and optical [68, 69] properties of the single crystals
YBa,Cu,0, ; hardened from high temperatures with the
oxygen deficiency 6 = 0.5-0.6 showed that these properties
depend not only on the oxygen index value but also on the
anneal time at room temperature. Thus, for example, the
anneal at room temperature leads to increase of the critical
temperature T, which can reach AT =15 K depending on
the oxygen index value [25, 66, 67]. The optical researches
show [68, 69] that under anneal at room temperature one
can observe the increase of the single crystal reflectivity
which is explained by the authors as a result of an increase
of the current carrier concentration.

Neutron diffraction researches [13] of YBa,Cu,O_;
ceramic samples hardened from 500°C temperature are
evidence of the lattice parameter change under anneal of
sample at room temperature: all lattice parameters decrease
(Fig. 3), and the degree (a-b) increases (Fig. 4). However,
we do not observe a considerable change in the filling factor
of oxygen positions in Cu-O plane along a and b axes.
The main changes of the critical temperature, (Fig. 4), the
lattice parameters (Fig. 3) and the reflectivity under anneal
are observed in the early stage of anneal: approximately
85% of general variation value of these characteristics is
realized during the first 24 hours.

The influence of anneal at room temperatures on the
critical temperature, current carrier concentration and on
the lattice parameters change of YBa,Cu,O,, oxygen-
deficit samples is explained as a result of oxygen atoms
ordering in Cu-O plane without change of the oxygen
content in the sample. The three issues that arise then are:
(1) what is the cause of the critical temperature increase
(oxygen ordering or lattice parameters change)?, (2) what
range of 6 values does the ordering occur in? and (3) What
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nature and typical scale does this ordering have?

It is known that it is anomalously large increase of
the critical temperature of LaBaCuO superconductor under
the hydrostatic pressure P, dT /dP=0.64 K/kbar [70] that
stimulated search of new superconductors which have
Cu-O layers drawn together due to “internal pressure”
caused by the small ionic radius separating these layers. But
in YBa,Cu,O, ; superconductor the baric derivative of the
critical temperature is not constant and depends on d index.
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Fig. 3. Dependence of volume and unit cell parameters
on anneal time at room temperature for hardened sample
YBa,Cu,0O,,, [13].
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Fig. 4. Dependence of (b-a) difference and critical
temperature T, on anneal time at room temperature for
hardened sample YBa,Cu,O, , [13]. Critical temperature
was defined from the beginning of diamagnetic response
appearance.

Besides, the derivative value has its maximum at 6 = 0.4-
0.5 and equals to (0.1+1) K/kbar [71-74]. Therefore, the
slight decrease of lattice parameters under low-temperature
anneal can lead to the considerable critical temperature
increase. On the other hand, the authors of the work [66]
believe that the T  increase is due primarily to the change of
the local environment of copper atoms in Cu-O planes that
leads to the charge distribution in these planes.

The research of oxygen index influence on the critical
temperature increase under low-temperature anneal [67]
showed that AT value decreases at & reduction, an at § =
0.2 there were not observed any changes of T_ value under
anneal. However, it should be noted that T  value is not
sensitive to the oxygen index change at & < 0.2 [66], and,
therefore, the issue regarding possibilities of the oxygen
redistribution in the specified range of 6 variation should
be investigated further.

The structure of YBa,Cu,O_; at 6 = 0 is defined by
Cu-O chains presence, that is, the oxygen positions of O(1)
are fully occupied and the positions of O(5) are vacant.
Under oxygen deficit 6 = 0.5 the structure is defined by
interchange of chains where the oxygen positions of O(1)
are fully occupied, and of chains where the positions of
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Fig. 5. The average length of chains in YBazCu3C56_5
(shaded circles) and YBa,Cu,O, (hollow circles) as

reciprocal temperature function [69].

O(1) are vacant. The realization of such ordered structures
is possible at a stoichiometric ratio between the oxygen
concentration and the vacancies, which is equal to 1:0 1 1:1
in these examples. The experimental research of different
physical properties of YBa,Cu,O, ; sample with the oxygen
deficit6~0.4 made it possible for the authors of the work [ 77]
to substantiate the concept of superconductive cluster with
the structure close to ordered one under the concentration
ratio between oxygen concentrations and vacancies equal
to 5:1,4:1,3:1 m 2:1. For instance, it is thought that under
5:1 ratio in every sixth chain the oxygen positions of O(1)
are vacant and in other chains they are occupied. Under
stoichiometric ratio between oxygen concentrations and
vacancies it is possible either disordering in the oxygen-
vacancies system or the formation of ordered phase-clusters
mixture. The issue remains open. The results of the works
[13, 68] point to the existence of the ordered state at room
temperature. However, the ordering scale obtained from
the neutron diffraction [13] researches (= 30 A) is less by an
order of magnitude than the value 300 A obtained from the
optical [69] researches (see fig. 5). It should also be noted a
possibility of change for the oxygen subsystem state under
low-temperature hardening starting from the temperatures
T, = 100+300 K. The research of hardening influence on
the electrical resistance and the critical temperature of the
sample from ¢ T =91 K [78] show that there is increase of
T, and decrease of the specific electrical resistance p in the
plane (a,b). The variation value of T  and p depended both
on the value T, and on the holding time at T,. The authors
interpreted the obtained results by means of microdiffusion
mechanism for the formation of the lattice state with the
increased value of T.. The behaviour of p depending on
value T, showed that there was disordering of the initial
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state of the oxygen vacancies and their further ordering.

It should also be noted that under resistive
measurements the transition to the pseudogap mode is
displayed in faster than linear fall of the electrical resistance
value in the basis plane p_ (T) (emergence of the so called
excess conductivity) when the temperature decreases less
than some representative value T* which is observed in
HTS samples [2, 8, 9, 40]. Since the electrical resistance of
such compounds is rather sensitive to the state of the oxygen
subsystem, the redistribution of the labile component must
have an effect on the temperature dependences p, (T).
As far as we know there have not been published any
experimental researches regarding the influence of labile
oxygen redistribution in the nonequilibrium state (at fixed
oxygen concentration in the sample) on the pseudogap
anomaly in 1-2-3 system.

Conclusions

In conclusion it should be mentioned that there
was considered only a rather small part of scientific
publications dealing with different aspects of normal
electron transport in HTS in this very brief scientific
literature review. The more detailed consideration of the
above-mentioned phenomena can be found in the reviews
[4, 41]. Nevertheless, following on from the results of
the analysis performed we can set up some problems
that do no have the ultimate experimental and theoretical
solution up to now, such as: (i) what is the nature of the
high pressure influence on formation of the pseudogap
anomaly in low praseodium-doped YBa,Cu,O, ; single
crystals and what is the role of singularities in the electronic
spectrum of these compounds under compressional change
of the critical temperature and the lateral coherence
length? (ii) What is the role of the structural relaxation
induced by the temperature step change in realization of
different modes of the longitudinal electron transport?
And, in this aspect, what is the influence of isovalent
and nonisovalent substitution on the processes of labile
component redistribution in the oxygen subsystem?
(ii1) What is the role of structural defects of different
morphology on the realization of specific dynamic
transitions in the magnetic subsystem of single-domain
single-crystal samples YBa,Cu,O, , with a small deviation
from the oxygen stoichiometry? What way does the layer
structure have an influence on order-disorder transitions?

The performed analysis of the scientific literature
dealing with different aspects of unusual properties display
of the normal electron transport in HTS in this review
made it possible to define some problems that have not
been fully-investigated up to now. Despite a considerable
body of existing experimental and theoretical works
dealing with research of the effects observed in the normal
(nonsuperconducting) state we do not have comprehensive
understanding of the mechanisms causing these effects.
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In particular, the examples may include the anomalously
wide temperature area of fluctuation paraconductivity
phenomenon, so called “pseudogap anomaly”, incoherent
electron transport, metal - insulator transitions and a
number of other issues.

From this perspective it is very important today
to conduct researches concerning determination of the
influence level of different morphology defects on single
crystal samples with a given defect structure topology.
It should also be noted that despite the absence of
the microscopic theory there is a special demand for
experimental procedures using the extreme exposure of
different types (low temperatures, high magnetic fields and
high pressures). These procedures makes it possible not
only to test the validity of multiple theoretical models but
also outline the empiricism for critical parameters increase
of HTS compounds.

Consequently, the above-mentioned issues are the base
for the solution of the problem involving determination
of the influence physics of point and flat defects on
magnetoresistive properties of ReBa,Cu,0O, , compounds
(Re =Y and other rare-earth elements), and establishment
of laws concerning the conduction state formation
such as insulator-metal transition, superconductor -
Fermi - liquid metal - nonsuperconductor under carrier
concentration variation, under change of the labile
component concentration in a wide range and replacement
of constituent elements of these compounds as well.
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For the first time magnetoresistivity Ap/p and magnetothermopower AS/S in textured polycrystalline samples of Big, ,Mn Fe
were studied in a wide temperature range (300 + 4.2) K and in magnetic field B=3 T. The peculiarities on the temperature dependencies
of resistivity p, magnetoresistivity Ap/p, thermopower S and magnetothermopower AS/S were found. These peculiarities are likely
due to modification of the band structure of the charge carrier energy spectrum and/or spin-dependent scattering of charge carriers
under magnetic field. It is shown that the peculiarities on the temperature dependence of Ap/p and AS/S correlate each other very well.

Keywords: magnetic field, resistivity, magnetoresistivity, thermopower, magnetothermopower

BriepBrle HccemoBaHBI MarHeTOCONpOTHBIeHHE M MarHetoTepMoO/lC B MOIMKPUCTAIIMIECKOM oOpasie Bi%”MnéFeo.01 B
nHTepBaine temreparyp 4,2-300K 6e3 marautHOTO 1o u B moine 3T. OOHapy)eHbl 0COOCHHOCTH Ha TEMIIEPATYPHBIX 3aBHCHMOCTSIX
ANIEKTPOCONPOTHBIECHUS, MarHeToconpoTusieHus, TepModJJC u maraerorepmod[IC mpu m3MepeHusix B MarHuTHOM mone 3T,
MIPEINONIOKUTEIBHO 00YCIOBICHHBIE H3MEHEHUEM 30HHOH CTPYKTYpbI SHEPreTHUECKOrO CIEKTpa HOCHTENEH 3apsijia W/Winm  CHHH-
3aBUCHMOTO PAcCesHUsI HOCHUTENeH 3apsiia, MPOUCXOMSIINMH MO AeiicTBHeM MarHuTHoro mois. [TokasaHo, 4To 0coOEHHOCTH Ha
TeMIIepaTypHBIX 3aBUCHMOCTSIX MarHEeTOCONPOTHBICHHS 1 MarHeToTepMo/IC XOpOIIO KOPPETHPYIOT IPYT C JPYTOM.

KonroueBnlIe cj10Ba: MarHUTHOE I10JIE, y/ICIIBHOE AIICKTPOCOIPOTUBIICHUE, MarHETOCONIpoTuBIeHue, TepMoIJC, maraerorepmoI/1C

Bnepuie nocnimkeno marseroonip i MaruerorepMoEPC B nonikpucraniddomy 3pasky Big, ,,MnFe B inTepsaii remneparyp
4,2+300K 6e3 marniTHoro noJs i B nosi 3T. BusiBieHi 0coOIMBOCTI Ha TeMIIepaTypHHUX 3aJeKHOCTSIX €JIEKTPOOIOpPY, MarHeTooopy,
TepMoEPC i marnetoTrepMoEPC nipu Bumipax B MaraitHoMy modi 3T, iMOBipHO 00yMOBIIEHI 3MiHOIO 30HHOT CTPYKTYPH €HEPreTHYHOTO
CIEKTPY HOCIiB 3apsy Ta / abo CIiH-3aJIeKHOTO PO3CiIOBaHHS HOCITB 3apsiy, 10 BiIOyBalOThCs ML Ji€l0 MarHiTHOTO mosst. [TokasaHo,
10 0COOIMBOCTI HA TEMIIEPAaTyPHHX 3aJISKHOCTSIX Maruetoonopy i MmaruerorepMoEPC no0pe KopeoloTh OfUH 3 OTHHM.

KurouoBi cji0Ba:. Mar"itTHe moie, TUTOMHIA €EKTPOOTIip, MarHeToorip, TepMoEPC, maraetotepmMoEPC.

Introduction
Magnetic properties study of the materials based
on Bi and Mn has shown that at room temperature some
of such compounds possess the rather high value of the
coercive force which increases with temperature. The fact
makes these materials to hold much promise for creating of

the permanent magnets for high-temperature applications
[1,2]. However, there is a lack of the electrical transport
study of these materials in magnetic fields. In our recent
paper [3] we have partially filled up the gap and studied
the temperature dependence of resistivity p(T) of the

textured polycrystalline Big, ,MnFe in the temperature
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range (300 + 4.2) K in magnetic field B=6T. However, no
experiments as for thermopower in such compounds have
been performed so far. In the paper we report on results
of the simultanecous measurements of the temperature
dependencies of the resistivity p(T) and thermopower
S(T) from room temperature down to 4.2 K in magnetic
field B=3 T. The measurement results were used to
calculate for the first time the temperature dependencies of
magnetoresistivity Ap/p and magnetothermopower AS/S.

Matherials and methods

The polycrystalline samples, whose properties have
been measured, were prepared using analytical purity
grade reagents of Bi, Mn and Fe. The quartz tubes of 16-
18 mm long evacuated to the pressure P ~ 10 Pa were
used as containers for the synthesis and growth of the
Biy, ,,MnFe - polycrystals. The synthesis has been
performed in a horizontal tube furnace of the SUOL type.
The crystals were grown using Bridgeman’s method at
temperature 630°C with the sinking velocity of about 1.5
mm/h.

The process has resulted in textured polycrystalline
Biy, ,,MnFe of the cylindrical shape. Rectangular
samples of about 7x2x2 mm were cut out along of the
element of cylinder. A fully computerized setup on the
bases of a Physical Properties Measurement System
(Quantum Design PPMS-9T) utilizing the four-point probe
technique was used to measure the longitudinal resistivity
p(T) and magnetoresistivity Ap/p. Silver epoxy contacts
were glued to the extremities of the sample in order to
produce a uniform current distribution in the central region
where voltage probes in the form of parallel stripes were
placed. Contact resistances below 10 were obtained.
Resistivity was measured using alternative current (I = 30
mA, =17 Hz) running along the largest sample dimension.
The thermopower S was measured using the standard
approach as described elsewhere [4]. Measurements were
performed in a wide temperature range (300 + 4.2) K
both without magnetic field and in magnetic field applied
perpendicularly to the measuring current. Magnetic field
was produced by the superconducting solenoid.

Results and discussion

Figure 1 shows temperature dependences of resistivity
p (curves 1,4) and thermopower S (curves 2,3) measured
both without field (curves 1,2) and in magnetic field B=3 T
(curves 3,4). It should be noted, that p(T) measured at B=0
demonstrates linear dependence in the whole temperature
range from room temperature down to 4.2 K (curve 1). In
magnetic field B=3T the positive magnetoresistive effect
followed by appearance of noticeable maximum on the
p(T) curve was observed. The magnitude and location
of this maximum increases quickly with increase of the
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Fig.1. Temperature dependences of resistivity p(T)
(curves 1,4) and absolute thermopower S(T) (curves
2,3) at B=0 (curves 1,2) and at B=3 T (curves 3,4).

magnetic field.

The specific behavior of p(T) in magnetic field, can be
caused by different reasons. One of them is the possibility of
the transformation of the Mn magnetic subsystem. It is well
known that the transition from antiferro- or paramagnetic
ordering to ferromagnetic one may be attended by strong
changes in conductivity. Most likely it is due to the so-called
spin-dependent scattering of the conduction electrons [5,6].
The spin-dependent scattering depends on the direction in
which magnetic field is applied to the sample. There are
preferred magnetic field directions along which the changes
in magnetic subsystem occur more quickly and in more
weak fields than it occurs in other directions. Evidently,
particularities observed in magnetic field on the p(T) are
also expected to appear on the temperature dependences
of magnetization, thermopower and some other physical
characteristics.

Figure 1 shows temperature dependences of the
absolute thermopower S (curves 2) measured both without
field (curves 2) and in magnetic field B=3 T (curves 3). It is
seen that at B=0 measured thermopower has negative sign
in the whole temperature range from room temperature
down to 4,2 K. Accordingly, under applied field the
thermopower S(T) increases much faster with decrease of
temperature demonstrating transition from negative values
of S to the positive ones at T, = 117 K followed by a distinct
maximum at T _ =~ 80 K. Below T S(T) starts to decrease
smoothly along with p(T) demonstrating transition from
positive values to the negative ones at T, =30 K. At T, =
30 K weak minimum is observed below which S(T) draws
to zero. On the whole, the S(T) curve reminds the p(T)
dependence in magnetic field (curve 4).

Observed change of the thermopower sign in studied
Bi,, ,,Mn Fe can be caused by different reasons. First of
all the change of the sign of the charge carriers is possible.
This effect is often observed in semimetals which include
Bi too. The next reason is the likely change of the charge
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Fig. 2. Magnetoresistivity Ap/p (curve 2) and
magnetothermopower AS/S (curve 2) as a function of

temperature in magnetic field B=3 T.
carrier concentration and their distribution between

different isoenergetic surfaces under applied magnetic field
[7]. The same physical mechanism can also account for
the peculiarities of the p(T) behavior observed in magnetic
field.

Very interesting result comes from the comparison
between temperature dependences of magnetoresistivity
Ap/p = [p(B, T)-p(0, T)]/p(0, T) (Fig. 2, curve 2) and
magnetothermopower AS/S = [S(B, T)-S(0, T)]/S(0, T)
(Fig. 2, curve 1). The distinct correlation between both
temperature dependences is observed. However, Ap/p
increases with temperature demonstrating maximum at
T, .=~ 60 K, whereas AS/S noticeably decreases with T
demonstrating minimum but again at the same temperature
T . = 60 K. Thus, both maxima observed in Fig. 1 shift
towards the lower temperatures. However, if the shape
of the Ap/p (T) curve is in keeping with the curve of p(T)
(Fig. 1), the temperature dependence of the AS/S (Fig.
2, curve 1) is completely different. Nevertheless, the
minimum of the thermopower is in precise correspondence
with the maximum of the thermoresistivity (Fig. 2). The
result allows us to conclude that such unusual shape of the
AS/S (T) dependence is most likely specified by the same
physical mechanism (by the rearrangement of the magnetic
structure and/or by the modification of the energy band
structure). It should be emphasized that such temperature
dependence of AS/S is observed for the first time. Evidently,
the physical processes in Bi,, ,MnFe  which result in
revealed correlation between the temperature dependencies
of magnetoresistivity Ap/p and magnetothermopower AS/S
require further investigation.

Conclusion
1. It is shown, that textured polycrystalline
Bi,, oMn Fe ~ demonstrates noticeable maximum on

p(T) when magnetic field is applied in B_LI configuration.
The maximum can be connected with the change of the

BicHuk XHY, cepia «®isunkay, sun. 24, 2016

spin-dependent scattering and/or with modification of the
changes of the band structure of the energy spectrum of the
charge carriers in magnetic field.

2. For the first time maximum on the temperature
dependence of the thermopower S(T) is revealed. In
addition, below T, = 117 K S(T) demonstrates transition
from negative values of S to the positive ones which can
be attributed to the transformation of the energy bands
structure under magnetic field.

3. For the first time temperature dependence of the
magnetothermopower AS/S was studied. It is found, that
AS/S demonstrates minimum at T, . = 60 K. Moreover, the
minimum on AS/S exactly coincides with the maximum
of the magnetoresistivity Ap/p. The finding allows us
to conclude that the reasons which result in appearance
of peculiarities on both magnetothermopower and
magnetoresistivity are caused by the similar physical
mechanisms.
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In the paper luminescent properties of CeO, (ceria) nanocrystals are discussed. Ceria nanocrystals with different oxygen non-
stoichiometry were obtained using sol-gel method and subsequent annealing in oxidizing or reducing atmosphere. Luminescence
spectra of ceria nanocrystals reveal three types of luminescent centers. Beyond previously observed 4f-5d luminescence of Ce**
ions and charge transfer (CT) luminescence determined by radiative relaxation in Ce*-O* complexes, wide luminescence band
formed by F° centers was revealed. Ratio between luminescent centers of different types can be varied by variation of treatment
atmosphere. Luminescence of Ce*" ions is the most intensive in reducing atmosphere due to highest content of oxygen vacancies, and,
correspondingly, of Ce** ions. As CT luminescence of Ce*-O* complexes, so luminescence of F° centers demonstrate strong quenching
with temperature increase; however CT luminescence quenching is more pronounced than quenching of luminescence for F° centers.

Keywords: ceria; F-centers; luminescence; nanocrystals.

B crarbe 00CYyKIaroTCs JIFOMUHECHEHTHBIE CBOMCTBA HanokpucTamwios CeO, —(nuoxcuaa uepus). HanokpucTabl JMOKCHIA
LEepHs C PA3TMYHON KUCIOPOAHON HECTEXMOMETPUEH OBUTH MOTyUeHbI IPU MOMOIIH 30JIb-T€llb METO/IA C TOCIEAYIONHM OTXKUTOM B
OKHCJIUTENBHOM MM BOCCTAHOBUTENBHOM aTMocdepe. CrieKTphl JIIOMUHECIEHIIMY HAHOKPUCTAIIIIOB AUOKCHIA LIEpHsl IEMOHCTPHUPYIOT
HaJWYUe IIEHTPOB JIFOMHHECHCHIMH TpeX TUIMoB. [lomnumo panee HaOmomaemoit 4f - 5d momunecteHnnn HoHoB Ce* U Mosnochl ¢
neperocom 3apsima (CT), oOycnoBinenHO# wu3imydarenbHol penakcarumeir Ce** - O KOMIUIEKCOB, BBIIBICHA IIHPOKAs MOJIOCA,
dopmupyemas F° nenrpamu. COOTHOIICHHE MEXK/Y COICP/KAHHEM LIEHTPOB JIFOMHHECIICHIIMH Pa3HBIX THIIOB MOKHO U3MCHSATH ITyTEM
BapbUpOBaHHs atMochepsl orxura. JlromuHecteHius noHoB Ce’" Haubojee WHTEHCHBHA NPH 0OpabOTKE B BOCCTAHOBHTEIHHON
armoc(epe Garoapst BHICOKOW KOHIICHTPALMH KHCIOPOAHBIX BAKAHCHI M, COOTBeTCTBeHHO, HOHOB Ce*". Kak CT iOMHHECHCHIHSL
Ce*" - O* KOMILIEKCOB, TaK ¥ JIFOMHHECHCHIUs F [IEHTPOB IEMOHCTPHPYET CHIIBHOE TYIIICHHUE C BO3PACTAHHEM TEMIIEPATYPBbI, OJHAKO
temreparypHoe tyieHie CT JTIOMHHECHICHIIMH BBIPAXKEHO CUIIbHEE, YeM TyLICHHE JIFOMUHecHeHInn F° 1ieHTpoB.

KonroueBnle ciroBa: roxcun uepust; F-IeHTpPBI; IIOMUHECHCHIINS; HAHOKPHCTAIUIBL.

B nawmiii crarti 0OrOBOPIOIOTHCS JIIOMiHECHEHTHI BiacTHBOCTI HaHokpucranis CeO, —(mioxcumy mnepito). Hamokpucranm
JIOKCH/TY LEPil0 3 Pi3HOI KUCHEBOIO HECTEXiOMETpi€ro OyiiM OTPHMaHi 3a IOMOMOTOI0 30J1b-Tellb METOAY 3 IOJaJbLINM BiANAIOM B
OKHCITIOBaJIbHII 200 BifHOBIIOIOUiN atMocdepi. CrieKTpH JTIOMiHECIeHIiT HAHOKPUCTAIB JIOKCUIY Lepisl AEMOHCTPYIOTh HasBHICTh
LEHTPiB JiroMiHecteH i Tppox THmiB. Okpim 4f - 5d mominectenuii ioniB Ce* ta cMmyru 3 nepenocom 3apsny (CT), oOymosneHoi
BUIIPOMIiHIOBaJIbHOI penakcariiero Ce*" - O KOMIUICKCIB, 110 CIOCTepirajinucs paHilie, BUsBICHA IIMPOKa cMmyra, copmoBana FO
neHTpamu. CIiBBiTHOIICHHS Mi’K BMICTOM IICHTPIB JIFOMiHECIICHIIIT Pi3HUX THITIB MOJKHA 3MIHIOBATH IIISIXOM BapilOBaHHS aTMochepu
Bianaty. Jlrominecuenis ionis Ce’* HaiiGinbI iHTEHCHBHA P 00POOIIi B BIIHOBIFOBAIBHOI aTMOC(Epi 3aBISKH BUCOKi il KOHIIEHTpAIIii
KHCHEBUX BakaHCiil i, BimnosigHo, ionis Ce*. Sk CT momunecuenmis Ce*" - O* koMIuiekciB, Tak i nrominectenuis FO neHrpis
JIEMOHCTpPY€ CHIIbHE TaCiHHs 31 3pOCTaHHIM TeMIIepaTypH, oJHaKk TemreparypHe racinus CT groMiHecleHii BUpaXKeHO CUIIBHILIE,
HIXK racinus Jominecueniii F° neHTpis.

Kurouosi cioBa: niokenn nepito; F-eHTpH; TOMiHECIICHITIST; HAHOKPUCTAIN.

Introduction properties of nanoceria, so variation of co-dopants and

High oxygen storage capacity and ability to switch
between Ce*" and Ce** oxidation states recently has turned
the attention of leading material scientists to ceria (CeO, )
powders and nanocrystals [1-3]. Low Ce**—Ce*" reduction
energy and high concentration of oxygen vacancies in ceria
lattice seem to be the main prerequisites for the specific

treatment conditions allow obtaining ceria nanocrystals with
different oxygen storage and antioxidant properties[4,5].
As was shown in the number of papers [6,7], formation
of oxygen vacancies in ceria is accompanied by capture of
two electrons by Ce** ions, which turn in this way to Ce*
ones. However, some recent publications suggested that
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electrons can be captured not only by Ce*" ions, but by
oxygen vacancies as well, leading to formation of so-called
F-centers [8]. Presence of different kinds of F-centers in
nanoceria was confirmed in [9] both by EPR and optical
spectroscopy methods. Moreover, recently in [10] a new
phenomenon of room temperature ferromagnetism for
undoped ceria films and nanocrystals was shown and
exchange interactions between F-centers were proposed to
be the cause of this effect [11]. F-centers can be formed
as a result of capture of one (F), two (F°) or no (F™)
electrons by oxygen vacancies. While each of these centers
has its distinct magnetic and spectroscopic features, clear
distinction between F-centers can be made.

Spectroscopic properties of ceria nanocrystals depend
on the presence of both Ce** ions and defect centers.
Undoped ceria is a dielectric material with band gap of about
6 eV with valence band formed by 2p states of oxygen, and
conduction band formed by mixed 6s+5d states of cerium
[12, 13]. Inside the band gap of ceria a narrow band formed
by empty 4f° states of Ce*" ions is observed. The distance
between the top of the valence band and the bottom of 4{°
band is about 3.15 eV.

Steady
studies shown in our previous papers [14] enable us to
distinguish clearly two types of optical centers in undoped
ceria nanocrystals formed by Ce* ions which charge is
compensated by oxygen vacancies in NN positions, and
Ce*"-O? charge transfer (CT) complexes, respectively. Also
it was determined that ratio between intensities of Ce**
5d—4f luminescence and CT luminescence in Ce**-O*
complex depended strongly both on the atmosphere of
treatment and size of nanocrystal [15]. Increase of the
content of oxygen vacancies either due to treatment in
reduction atmosphere or decrease of nanocrystal size led
to corresponding increase of Ce®" luminescence intensity
as compared to CT band. However, presence of alternative
paths of electron behavior after oxygen vacancy formation
besides localization on cerium ions, such as formation of
F-centers, can complicate sufficiently this rather simple
picture. In this paper we show that F-centers (namely,
F® centers) are inevitably formed in ceria lattice even at
treatment in oxidative atmosphere leading to formation of
alternative luminescence centers.

state and time-resolved luminescence

Experimental

CeO, nanocrystals were obtained by Pechini method
[16]. Cerium oxide CeO, (99,999%, Sigma-Aldrich) was
dissolved in the mixture of nitric acid HNO, and hydrogen
peroxide H,O, (in 1:1 volume ratio). The solution of 0.75 g
of citric acid and 1 ml of ethylene glycol was added to 20
ml of cerium nitrate Ce(NO,), (¢ = 1 mol/l) solution. The
resulting mixture was treated at 80 °C during 10 h and then
hydrolyzed by means of 10 mass.% NH, water solution
(corresponding pH change was from 3 to 7). The precipitate
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was dried at 120 °C during 5 h and then dehydrated at
250 °C during 4 h. CeO, nanocrystals were annealed in
oxidative (air) and reducing (hydrogen) atmospheres at
1000°C during 2 h. The corresponding samples are marked
in the paper as CeO, (Air), and CeO,(H,). Average size of
nanocrystals was estimated from TEM images and was
about 50 nm for all nanocrystals. The structure of the
samples corresponds with JCPDS card No.34-0394, so the
nanocrystals are characterized by FCC fluorite-type lattice
and formation of any additional phases at these conditions
can be excluded.

Luminescence  spectra were obtained using
spectrofluorimeter based on the grating monochromator,
luminescence was excited by He-Cd laser (A_ = 325 nm),
diode-pumped solid state laser (A = 457 nm), Ar” laser
(488 nm) and YAG:Nd laser (532 nm) Investigations were
carried out at 293 K and 77 K.

Results and discussion

CeO, nanocrystals obtained by the method described
in previous section were treated at 1000°C in different
atmospheres in order to obtain nanoceria with different
concentration of oxygen vacancies, and so, with different
content of structural defects. In fig. 1 the luminescence
spectra of CeO, (Air), and CeO,(H,) at 77 K under excitation
in the charge-transfer (CT) band (A= 325 nm) are shown.
The band with maximum of about 400 nm was observed
only for CeO,(H,) and as was shown in our previous paper
[14] this band is determined by 5d—4f luminescence of
Ce** ions stabilized by oxygen vacancies. Both excitation
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Fig. 1. Luminescence spectra of CeO, nanocrystals
treated in oxidizing (1) and reducing (2) atmospheres
(A, = 325 nm), T=300 K.

21



Luminescence of I centers in CeQ, nanocrystals

Wavelength, nm
680 640 600 560 520

T i I T I ! T T T r

)\exc=325 nm

0,8

0,6

0,4

Luminescence intensity, arb. un.

02
=2 ~ .
~. -
0,0 P S N IR S R T
1.8 19 20 21 22 23 24 25
Energy, eV

Fig. 2. a) Luminescence spectra of
atmosphere at A = 325 nm and

exc

€:

457
A, = 325 nm by two Gaussian profiles is also shown. b) Luminescence spectra at A_ = 325 nm at variation of

Wavelength, nm
700 650 600 550 500 450

T ! T ! T i T !
EZ:G meV -

2 5 @ b5

Intensity, arb.un.

2 | E;=90 meV
00w

0.00 0.02 O‘M 0.06
1T, K

Luminescence intensity, arb. un.

— 20K
02— 80K
130K
180K
00— L v 1 vt 1 TS
17 18 19 20 21 22 23 24 25 26 27 28
Energy, eV
CeO, nanocrystals treated in oxidizing
nm; fitting of luminescence  spectrum  at

temperature in the range from 20 K to 180 K normalized by the intensity of 650 nm band. In the inset — temperature
dependence of intensity of 570 nm band at 457 nm excitation.

spectrum and typical for Ce*" 5d—4f luminescence decay
times in nanosecond range clearly confirm this attribution
[14]. At the same time as for stoichiometric, so for non-
stoichiometric ceria, wide band with maximum at 620 nm
was observed. In [14] it was shown that this band can be
attributed to CT-luminescence of Ce*-O* charge transfer
complex.

More detailed analysis of this band reveals its
complex nature (fig. 2a). Fitting of luminescence spectrum
obtained at 325 nm excitation at 77 K by two Gaussian
profiles reveals two peaks at 1.9 eV (650 nm) and 2.17 eV
(570 nm). At 457 nm excitation (with energy lower than
the difference between the top of the valence band and
bottom of 4f° band) the 650 nm sub-band disappears and
spectrum consists of the band with maximum at 570 nm.
The same luminescence spectra as for 457 nm excitation
were observed at different excitations with energies below
optical gap (488 nm and 532 nm). The fact that 650 nm
sub-band can be excited only at 2p®—4f° excitation allows
to attribute it to CT-luminescence of Ce*-O* charge
transfer complex, while 570 nm band must have some
different origin. These sub-bands exhibit sufficiently
different temperature dependences (fig. 2b) — intensity
of 650 nm band is comparable with intensity of 570 nm
one only at low temperatures (less than ~100 K), while
at room temperature its contribution to total intensity of
complex 620 nm band is negligible. The 570 nm sub-band
also exhibit temperature quenching but this quenching is

22

sufficiently weaker than for 650 nm one. So, it must be
concluded that 620 nm band consists of two sub-bands with
different origin — while luminescence band at 570 nm can
be excited as via CT excitation band, so directly by 457

T F0.1eV

=5

3.15eV
2.17 eV

FO

Fig. 3. Energy scheme for CeO, showing the positions of
F°and F** levels in the band gap of ceria (VB — valence
band, CT — charge transfer (4{°) band).
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nm excitation and probably has the defect-related nature,
luminescence band at 650 nm can be excited only via CT
band and so can be ascribed to luminescence in Ce*-O*
charge transfer complex.
Fitting the temperature dependence of 570 nm (defect-
_E _E
related) band intensityby / = I,(1+ Be ¥ +B,e ¥ )

(fig.2b, inset) allows determining the activation energy in
the low and high-temperature ranges: 6 meV and 90 meV,
respectively. These values are in good agreement with the
correspondent values of activation energy for F° centers in
ceria nanocrystals obtained by precipitation method in [9].
Also the maximum of luminescence band for F° centers
determined in [9] (2.1 eV) is close to the maximum of
defect band for our nanocrystals (2.17 eV). So, the 570 nm
band is most probably related to transitions in F° centers
(F”— F°).

The most probable pathway of F""— F° luminescence
quenching is the one with participation of the bottom of
4f° (CT) band. So the activation energy of 570 nm band
luminescence quenching at room temperature (90 meV)
can be associated with energy difference between F** level
and the bottom of 4f° band. This supposition allows us
placing F®and F* levels in the band gap of ceria (fig.3).

Conclusions

1. Luminescence spectra of ceria nanocrystals at 325
nm excitation consist of two luminescence bands: the first
one is determined by 4f-5d luminescence of Ce** ions and
second one is complex consisting of two sub-bands: charge
transfer (CT) luminescence band and luminescence band
formed by F° centers.

2. Both CT luminescence band and F° luminescence
band are temperature-dependent, however temperature
quenching of F° luminescence band is less pronounced,
than temperature quenching of CT luminescence which at
room temperature almost disappear.

3. Temperature quenching of F° luminescence is
realized with participation of the bottom of 4f° band.
Energy difference between excited F** level and bottom of
4f° band is about 0.1 eV.
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The structural state of the specimens of industrial alloy 1933, passed previous hot working processing, is investigated. It is
found, that the microstructure has considerable anisotropy. The grains, elongated in the rolling direction, dominate in it. The specific
proportion of low-angle grain boundaries and high-angle grain boundaries in specimens after hot working is determined. The optimal
conditions of superplastic deformation in specimens past previous hot working are determined.

Keywords: superplasticity, hot working, grain boundaries, structural anisotropy.

HccnenoBaHo CTPYKTYpHOE COCTOSIHUE 0OpaslloB IPOMBIIUIEHHOTO cruiaBa 1933, mporenmero mpeaBapUTENbHYIO
TEPMOMEXaHUYECKYI0 00paboTKy. YCTaHOBICHO, YTO MHUKPOCTPYKTYpa 00J1a1aeT 3HAYMTEIbHON aHU30TPONHeH. 3epHa, yITHHCHHbIC B
HAIPaBICHUH MIPOKATKH, IIPeoOIafaroT B Hell. OnpernesieHa yaenbHas 105l MaJIOyTIIOBBIX M OOJBIICYTIIOBBIX IPAHHMI] 3ePEH B 00pasiax
mociie TepMOMeXaHHYeCckoi 00paboTku. OrmpeneneHbl ONTUMAIBHBIE YCIOBHUS IMPOSBICHUSI CBEPXILIACTHYECKOH aedopmaiiu B

oOpasuax npoe IInX IpeIBapUTEIbHYI0 TEPMOMEXaHIHUECKYI0 00paboTKy.
KiroueBble ¢J10Ba: CBEPXILIACTUYHOCTD, TEPMOMEXaHUYECKasi 00pabOTKa, IPAHUIIbI 36PEH, CTPYKTypHas aHU30TPOIIHSL.

JlocnipkeHO CTPYKTYpHHI CTaH 3pasKiB MPOMHCIOBOTO ciuiaBy 1933 1o mpoimioB momepenHio TepMOMEXaHIiYHy 0OpoOKy.
Bcranosneno, mo MIiKpOCTPYKTypa Ma€ 3Ha4Hy aHi30TpOIi€ro. 3epHa, BUIOBXKCHI B HANpPSMKY IPOKAaTKH, MEPEeBAKAIOTh B HiH.
BuznaueHo muTOMy dYacTKa MaJOKYTOBHX 1 0araTOKyTOBHX MeX 3€peH B 3pa3kax ICisi TepMOoMeXaHiqHOi 00poOku. BusnaueHo
ONTUMAaJIbHI YMOBH IPOSBY HAAIIACTUYHOI AedopMallii B 3pa3kax, 0 MPOUIIIIH HONEePEeTHIO TEPMOMEXaHIYHY 00pOOKY.

KurouoBi ci1oBa: HaIIacTUYHICTh, TEPMOMEXaHiuHa 00poOKa, MeXi 3epeH, CTPYKTypHa aHi30TPOIIisL.

Introduction

In [1-5], it was found that the forging high strength
alloy 1933 of the system Al-Zn-Mg-Cu-Zr with the
original bimodal grain structure showed the effect of
high-temperature structural superplasticity (HTSP) in
a solid-liquid state. The initial structure of industrial
semi-finished alloy 1933 consisted of large poligonized
unequiaxed grains that surrounded areas, consisting of
ultrafine equiaxed grains. In [5] the specific proportion of
grain boundaries in the initial misorientation of various
1933 alloy specimens, prepared for mechanical testing was
determined. It was found that the specific proportion of
low-angle boundary (LAB) grains for the tested area was
65.5% and the specific proportion of high-angle boundary

(HAB) grains was 35.5%. It was shown [1-5] that the grain
boundary sliding (GBS) occurs in the specimens during
superplastic deformation (SPD). It occurs not only on the
boundaries of ultra-fine grains, but also on the boundaries
of coarse poligonized grains, oriented parallel to the stretch
axis. On the basis of generalization of the results obtained
in the work, and taking into account the data available in the
literature, the analysis of development of the deformation
and accommodative mechanisms of SPD of this alloy is
conducted [5].

Since 1933 alloy is increasingly used in aircraft
construction, in particular for the manufacture of
load-bearing aircraft fuselage [6], it was necessary to
continue research aimed at improving of its superplastic
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characteristics. These improvements, in particular, could
be achieved if it were possible to create a uniform ultrafine
structure in the original alloy specimens. As it has been
shown in [7], the implementation of static recrystallization
does not provide the formation of homogeneous
nonpoligonized grain structure and does not eliminate
bimodality in the alloy 1933 of Al-Zn-Mg-Cu-Zr system,
it was necessary to conduct studies aimed at using of other
methods of forming of ultrafine homogeneous structure in
the specimens of high-strength aluminum alloy, by selecting
them from the set of those techniques that are traditionally
used for its creation in multicomponent aluminum alloys
[8-11]. The aim of research, the results of which are
described in this article was to determine the effect of pre-
thermomechanical processing, carried out as a result of
cold rolling of pre-annealed industrial semi-finished alloy
1933 specimens on their structural condition, as well as
improving of performance of superplasticity of the alloy
specimens by creating in them firstly fibrous structure, and
then uniform ultra-fine microstructure instead of bimodal
structure.

Materials and methods of the experiment

Investigated in the paperalloy 1933 has suchachemical
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 [12-13].

Cold rolling of the pre-annealed for 2 hours at a
temperature of 500°C specimens was carried out on the
mill BMC-64-2BY2C so that the accumulated amount of
deformation was e = 1.3.

In the initial state the hardness of semi-finished alloy
1933 was HV — 126 HV, after annealing it was equal to 56,
and after the cold rolling HV - 126.

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 details in [14].

Grain structure, cavity morphology and morphology
of fibrous in specimens were studied using light microscopy
(MIM-6 with the digital camera Pro-MicroScan) and
scanning electron microscopy (JEOL JSM-840), and
standard techniques of quantitative metallography [15].

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 [16]. Investigations were performed using a scanning
electron microscope JEOL JSM-6490LV, equipped with
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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 [16], 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 [16]. 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.
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Fig.1. Typical view of the initial microstructure of
the specimen of alloy 1933 in the initial state. Light
microscopy.
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Superplastic deformation of high strength aluminum alloy 1933 after hot working

The average grain size (d) was determined by light
microscopy photomicrographs with use of random secant
method [15].

Results and discussion
Figure 1 shows a micrograph of a typical view of
the initial microstructure of the specimen of alloy 1933,
obtained using optical microscopy techniques. The

microstructure of the alloy is bimodal. It consists of areas
containing a large number of recrystallized ultrafine grains
with (d) =7+ 1 um, divided by high-angle grain boundaries
and contain some coarse elongated poligonized grains with
(dy=50+ 1 um, divided by low-angle grain boundaries [5].
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Fig.2. Cards of EBSD analysis: a — chosen fragment,
b — card obtained as a result of combination of card of
contrasts and of card of grain boundary misorientation;

¢, d — cards of grain boundary angles orientation.
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As indicated in [7] a small amount of nonequilibrium
eutectic constituents (Quasi-binary, ternary and quaternary
eutectics), consisting of a mixture of crystals of a solid
solution based on aluminum (a,) and intermetallic
particles of T-phase, n-phase and S-phase are present in
almost all industrial semifinished alloy 1933 which passed
thermomechanical processing. It is characteristic for alloys
of Al-Zn-Mg-Cu-Zr [6].

It is found that the stitch inclusions of intermetallic
phases are mainly localized at the grain boundaries, which
are parallel to the rolling direction. In grains the inclusions,
which are scopes of mentioned above particles and the
particles of ultrafine [3' -phase (Al ,Zr) are present in grains.

B' -phase (Al Zr) effectively inhibits the growth of the

grains in multi superplastic aluminum alloys at high
homologous temperatures [8-10]. After hot working of the
alloy 1933, performed in this study, the analysis of
microstructure was conducted using EBSD techniques.
Figure 2, a shows a fragment of the working part of
specimen that has been used for EBSD analysis of the
structural state of the alloy in the investigated part of the
surface of cold-rolled alloy specimen of 1933. It is seen
that the structure of the alloy is homogeneous
submicrocrystalline. On fig.2, b there is EBSD card,
obtained as a result of combination of chosen for
investigations fragment and of card of grain boundary
misorientation. On fig.2, ¢, d cards of grain boundary
angles orientation are shown. These cards were used for
determination of the specific proportion of low-angle grain
boundaries (LAB) and high-angle grain boundaries (HAB)
for the investigated fragment of surface of specimen of
alloy 1933.

Figure 3 shows the dependence of the relative
amounts of different grain boundaries from misorientation
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Fig.3. Relative amounts of the grain boundaries of
the different misorientation from misorientation angle
for the tested area of the specimen’ surface after hot
working.
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angle for the tested area of the specimens’ surface of alloy
1933 after hot working. This quantitative distribution
of the disorientation angles of the grain boundaries was
constructed as a result of accounting of all certified grain
boundaries present in the tested 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° [16]. It is found that the specific proportion of
LAB grains for the tested area is 84.0% and the specific
proportion of HABs grains is 16.0%.

As a result of the mechanical tests performed in
the creep mode at a constant strain stress it is found that
specimens of the alloy 1933, subjected to preliminary
hot working exhibit the effect of high-temperature
structural superplasticity (HTSP). The optimal conditions
of its performance is such: temperature T = 500°C, flow
stress 6 = 4.5 MPa. The maximum relative elongation of
specimens to failure 6 = 410%. Strain rate is 2,2-10° s\,

Elongation to failure and the true strain rate in the
specimens with a homogeneous fine-grained structure,
previously passed thermomechanical treatment, is higher
than that for the initial 1933 alloy specimens with bimodal
structure [1-5].

D~
-

Fig.4. General view of the specimen of alloy 1933,
previously passed hot working, deformed to failure in
mode of superplasticity in optimal conditions to 410%
in comparison with the initial.

Fig.4 shows the general view of the specimen of
alloy 1933, previously passed hot working, deformed to
failure in mode of superplasticity in optimal conditions
to 410% in comparison with the initial one. It’s seen that
the superplastic deformation of the specimen performed
homogeneously and steadily on the macroscopic level.
This is proved by the fact that the specimen’s failure was
quasibrittle without forming a distinct neck.
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working part of specimen: a - heated to a test temperature
T=500°C, b - superplastically deformed to failure under
the optimal conditions. Light microscopy.

Fig.5 shows the typical view of the microstructure of
the working part of specimen heated to a test temperature
T = 500°C and superplastically deformed to failure under
the optimal conditions. Their analysis showed that as a
result of a preliminary thermomechanical processing of
semifinished alloy 1933 bimodality was eliminated and
a uniform ultrafine grain structure having an average
size d = 15 um formed. It made possible to increase
the phenomenological parameters characterizing the
superplastic properties of the alloy.

It can be assumed that a certain amount of intermetallic
phases localized at the grain boundaries, is dissolved
in the aluminum-based solid solution during heating of
the specimen to a test temperature and directly during
the superplastic deformation. Not had time to dissolve
intermetallic and non-equilibrium components to which
they belong, as well as the border edge grains in which, as
shown in [4] in a solid solution based on aluminum contains
increased compared to the nominal alloy composition
concentration of zinc atoms and magnesium act as centers
of partial melting of the alloy. As a result, plots occupied
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Superplastic deformation of high strength aluminum alloy 1933 after hot working

Fig.6. Typical views of deformation relief formed on the
surface of the working part of specimens of the alloy
1933 superplastically deformed to fracture under the
optimal conditions. Scanning electron microscopy.

by a metastable liquid phase, necessary for active and
facilitated the development of HTSP accommodative
processes [17-23] are formed on the grain boundaries.

As a result of detailed studies of specific views of
strain relief formed on the surface of the working part of
the alloy 1933 specimens superplastically deformed to
failure performed using scanning electron microscopy,
fibrous structures were found (see. fig.6). They formed

28

and developed during the superplastic deformation in near-
surface grain boundary pores and microcracks of grain.

It is considered [17-22] that the formation and
development of such structures is an indirect confirmation
of the fact that the 1933 alloy during superplastic
deformation is in the solid-liquid state due to its partial
melting. The study of specific types of strain relief found
that the ends of long fibers (see. Fig.6, a, b) connect the
surface of grain boundary cavities and cracks formed in the
course of GBS in the separation of grains from each other
along the boundaries, approximately perpendicular to the
strain direction, and short fibers form a fringe on the edges
of the grains (see. Fig.6, c).

The number of fibers found in the near-surface grain
boundary cavities is different. Apparently, it depends on the
amount of metastable liquid phase localized at the grain
boundaries perpendicular to the strain direction of the
specimen.

On the surface of the fibers and grains to which
they are connected, friable oxide film are detected. This
suggests that during SPD in specimens of alloy 1933 at a
test temperature T = 500°C, in its working part the dynamic
oxidation of the surface of the specimen and the inclusions
of a metastable liquid phase, which in a small amount are
present at the grain boundaries and in the boundary edges of
slipping grains intensively occured. The dynamic oxidation
led to the formation of oxides of AL,O,, MgO and magnesia
spinel MgAlO,, consisting of the oxides, which are the most
common for multicomponent aluminum alloys doped with
Mg [23]. Saturation of metastable liquid phase by particles
of magnesium and aluminum oxides is apparently led to
the formation of liquid-solid material with higher viscosity
[24], viscous flow of which occured due to the disclosure
of grain boundary cavities during the development of GBS
in the SPD of specimens of alloy 1933. It, in its turn, led
to the formation and development of the fibrous structures
according to the mechanism described in [3].

This work is done with partial support by the target
complex program ‘“Fundamental Problems of Creation
of New Nanomaterials and Nanotechnologies”, project
Ne62/16-N.

Conclusions

1. The structural state of the specimens of industrial
alloy 1933, passed previous hot working, is investigated.
It is found, that the microstructure has considerable
anisotropy. The grains, elongated in the rolling direction
dominate in it.

2. The specific proportion of grain boundaries of
different misorientation in specimens of alloy 1933 passed
hot working is determined. It is found that the specific
proportion of the low-angle grain boundaries is 84% and
the specific proportion of high-angle grain boundaries is
16%.
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3. It is shown that a uniform equiaxed grain structure
with an average grain size of d = 15 microns in specimens of
alloy 1933 previously past thermomechanical processing,
forms in the early stages of superplastic deformation.

4. It is found that the specimens of alloy 1933
previously past thermomechanical processing exhibit
the effect of high temperature structural superplasticity.
Optimal conditions for its manifestation are: temperature
T =500°C, flow stress 6 = 4,5 MPa. The maximum relative
elongation of the specimens to failure 6, superplastically
deformed under T = 500°C, ¢ = 4,5 MPa under the true
strain rate 2,210 s reached 410%.

5. In the process of superplastic deformation of the
specimens of alloy 1933 with an ultrafine grain boundary
structure the fibrous structures form and develop in the
surface cavities and intergranular cracks as a result of
their disclosure during the development of grain boundary
sliding.
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Application of modern ways of ceramic mater ials’ consolidation and association of synthesis methods of organic and inorganic
chemistry, sol-gel method and mechanochemistry, allowing to control processes of synthesis of the defined phases at molecular level,

gives the chance to create highly effective composite materials.

Keywords: mechanochemistry, nanoparticles, synthesis of B-SiC, nanopowder, ZrO,-3 wt. % Y,O

consolidated composite materials

WC, properties, K1C,
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3acTocyBaHHs Cy4aCHUX CIIOCO01B KOHCOIALli] KepaMidHUX MaTepiaiiB i 00> AHAHHS METO/IIB CHHTE3Y OPTaHiqHOI | HeOpraHiYHOT
XiMii, 30J1b-T€JIb METO/Y 1 MEXaHOXIMii, 1110 JO3BOJISIFOTH KOHTPOJIFOBATHU MPOIECH CHHTE3Y 3a/IaHuX (a3 Ha MOJCKYISIPHOMY PiBHI, 1a€e
MOXKJIUBICTh CTBOPIOBATH BHCOKOS(EKTHBHI KOMITO3HIIIHHI MaTepiaH.

Ka1040Bi ci10Ba: MexaHOXiMisl, HaHOUAaCTUHKH, cuHTe3 B-SiC, Hanomopomkn, ZrO,—-3 wt. % Y,0,.

[IpumeHeHHE COBPEMEHHBIX CIIOCOOOB KOHCOMMAAIMU KEPaMHUYECKHUX MAaTepuaioB M OOBEOUHEHHE METOIOB CHHTE3a
OpraHUYeCKOW W HEOPTaHWYECKON XUMUH, 30J1b-TelIb METO/Ia U MEXaHOXMMMUH, TO3BOJISIFOIIMUX KOHTPOJIUPOBATh MPOLECChl CHHTE3a
3aJJaHHBIX (Da3 Ha MOJICKYJISIPHOM YPOBHE, Ja€T BO3MOXKHOCTh CO3/IaBaTh BEICOKOA()(HEKTHBHBIC KOMITO3HUIIMOHHBIC MATEPUAIIBI.

KiwoueBble c10Ba: MeXaHOXUMUS,HAHOUACTUIIBL,cUHTE3 PB-SiC,HAHOIOPOIIKH, ZrO,-3 wt. % Y,0,.

Introduction

The modern stage of development of science and
technology is characterized by considerable achievements
in the field of creation of the composite materials (CM).
In modern development of high technologies the mixing
of components at molecular level and creation of CM
with disperse, nanosized and fibrous inclusions are the
main tendencies in ceramic materials science. Therefore
the mechanochemistry and sol-gel process which allow to
project, create and control the properties of materials and
products from them, are the most perspective directions
for developing of new technological decisions and new
materials with the defined properties. Results of use of the
specified tendencies for creation of perspective composite
materials have been presented in the report [1, 2, 3, 4].

One of the characteristics of creation method of the
CM nanostrengthened by nanoparticles and nanofibres of
B-SiC and Si,N, is self-organization of gel structures and
the purposeful organization of nanoreactors for synthesis of
nanoparticles and nanofibres of the specified compounds.
In nanoreactors by means of physical impacts (temperature

and pressure) it is possible to operate processes of chemical
transformations of tetracthoxysilane and the subsequent
self-organization of radicals (-~CH,) in gel clusters of
B-cristobalite structures into organo-inorganic complex (—
CH,)—(Si0,),. This complex is a precursor of components
for synthesis of nonoxygen compounds, first of all,
B-SiC at low temperatures. Low-temperature synthesis of
SiC, according to thermodynamic calculations [5-8], is
possible only from such components as carbon and silicon
monoxide.

At P = 10" — 10" atm. and P_ /P, = 9:1 — 8:2
synthesis of SiC can be carried out at a temperature below
700 K that is confirmed experimentally [6, 7] in the course
of thermodestruction of gels and modification of powders
of refractory compounds for CM at their milling with
silicon alkoxide. Mechanisms of low-temperature synthesis
of B-SiC in the course of mechanochemical activation
of powders at milling with silicon alkoxide and at heat
treatment of gels on its basis are identical.

During modification of powder of any refractory filler
at milling with an additive of silicon alkoxide the nucleation
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and synthesis of B-SiC nanoparticles have been observed,
as well as systematic and nonsystematic violations of
crystal lattices of fined powders that intensify sintering of
refractory powders for producing of CM.

Use of the modified by silicon alkoxide powders of
a-SiC, B,C, Si,N, and Al O, as fillers of ceramic matrixes
led to creation of hot-pressed crack-resistance ceramics,
the corundum coatings for protection of graphite from
oxidation with the intermediate layer nanostrengthened
by B-SiC, nanostrengthened carbon-graphite and silicon
carbide CM [9].

Use of nanoparticles of WC and partially stabilized
by yttrium oxide nanoparticles of ZrO, allows to get by
method of hot pressing at a direct transmission of current
through graphite form a thin microstructure of composites
with high physicomechanical properties. This process has
been carried out on specially developed apparatus for hot
pressing [10].

Apparatus and Procedures

Consolidation of composite materials on the basis of
powders of nonoxygen compounds has been carried out
by well-known method of hot pressing at temperatures of
1873-2573 K (30 min.). Hot pressing of ZrO, has been
carried out by means of the developed apparatus of hot
pressing with application of the high-ampere current at a
transmission it through a graphite compression mold [10]
at a temperature of 1473—1673 K and rate of temperature
raise 400 degrees/min.

The phase composition of the modified powders and
the developed materials on their basis, the size of grains
of the synthesized phases, properties of samples have been
determined by known methods. Structure of SiC materials
has been studied using a polarizing microscope MIN—8 and
an electronic microscope Jeol. The X-ray phase analysis
has been carried out on the diffractometer DRON-3M at
Cu,, radiation.

Phase structure of the received samples of ZrO,-
Y,0,~WC has been investigated by method of the X-ray
phase analysis (the Rigaku Ultima IV diffractometer (Cu,
— radiation, Ni — filter). For definition of exact element
composition of material the X-ray spectral analysis with
use of a raster ion-electronic microscope of Quanta 200
3D has been made. Definition of a form and the sizes of
powders’ particles has been carried out with usage of a
transmission electron microscope JEM—-2100.

Structure research of the sintered specimens on
the basis of partially stabilized zirconium dioxide has
been carried out by methods of power probe (atomic
power Ntegra Aura microscope) and raster microscopy
(a raster ion-electronic microscope of Nova NanoSEM).
Microhardness of ceramics’ samples has been determined
by the automatic AFFRI DMS8 microhardness tester by
Vickers’s method with application of 1 kg loading within
15 seconds.

BicHuk XHY, cepia «®isunkay, sun. 24, 2016

Monoaxial compression tests of materials’ samples
have been carried out at the room temperature on the air by
means of the test machine Instron 300LX.

Results and discussion

For creation of crack-resistant constructional ceramics
on the basis of nonoxygen compounds have been used
modified powders of these compounds during milling
with an additive of silicon alkoxide (tetraethoxysilane).
Nucliation and mechanochemical synthesis of f-SiC during
milling of powders with this additive can be most brightly
presented at obtaining of the modified electrocorundum
(Fig. 1). After 1 hour of a grinding in a spherical mill
mechanochemical synthesis of B-SiC in the course of
milling of the organo-inorganic complex (-CH,)—(SiO,),
has been observed [7].

Use of the powders of refractory compounds modified
by silicon alkoxide allows to obtain materials with
theoretical density at much lower temperatures of their
consolidation (Fig. 2).

Thanks to existence of the organo-inorganic complexes
(-CH,)—(Si0,), created at mechanochemical activation,
mechanochemical synthesis of B-SiC nanoparticles from
them and creation of B-SiC globules 80-30 nanometers in
size reinforcing ceramic matrixes from modified powders
of refractory compounds such as ALO,, o-SiC, and B,C,
lead to increase of durability and crack resistance of these
materials.

During consolidation of the modified by silicon
alkoxide powders self-reinforcing of matrixes of materials
by B-SiC nanoparticles, creation —intra and —inter
nanostructures have been observed.

The peculiarity of structures of the materials
consolidated at hot pressing from the modified powders
is not only self-reinforcing of ceramic matrixes by
nanoparticles that leads to their dispersion hardening, but
also loss of silicate layers between grains of the modified
filler (Fig. 3).

Properties of hot-pressed ceramics from the modified
powders of nonoxygen compounds have been presented in
Table 1.

Apparently from Table 1, figures of properties of
hot-pressed materials from the powder of SiC modified
by silicon alkoxide surpass values of figures of density,
porosity, durability, and it provides higher rates of crack
resistance and hardness at identical value of friction
coefficient at comparing of properties of the consolidated
materials with the usual powder of SiC.

Research of processes of hot pressing with a
direct transmission of the high-ampere current of
nanopowder mixes of partially stabilized zirconium
dioxide ZrO, — 3 %Y,0, and tungsten monocarbide
WC have showed that the optimum modes, providing
the maximum density and mechanical properties of the
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20
26, rpan

Fig. 1. Phase composition of modified fused corundum
after one hour of milling: ¥ —0-ALO,, ® — B-SiC, o —
Si,ON,, m — mullite, o — Si.
material, are: Tsimering = 1300 — 1400 °C, Ppressing =30 MPa,
wnering — 2 Min. Researches of a microstructure of the
received composites ZrO,~Y,0.~WC with the content in
initial mixes of 10 wt. % and 20 wt. % WC that have been
carried out by means of raster electronic microscopy, have
showed a difference of initial mixes as well as the received
materials.
As it has been shown at Fig. 3, agglomerates of
tungsten monocarbide with an average size of grains
are distributed in “cloud” of the white phase ZrO, -3 wt.

GRS
n:s ™) ~

relative density

2173 2273 2373 2473 2573

TK
Fig. 2. Dependence of density of hot-pressed samples
from usual (°) and modified powder (m) of silicon
carbide.

% Y,0,. At this it is noticeable that in the agglomerated
parts of WC there is the certain hitch similar to
links in a chain which in turn chaotically coil. The
microstructure of the material received as a result of hot
pressing with a direct transmission of the high-ampere
current at a temperature of 1350 °C has been shown in

Fig. 3. Destruction surface of hot-pressed (1850 °C, 30
min.) SiC material from the a-SiC powder modified by
silicon alkoxide 1 - globules of 3-SiC nanoparticles, 2 —
grains of a-SiC.

Fig. 4.

From Fig. 4 it is possible to notice that grains of
tungsten carbide are in the bulk located in the form of the
smallest colonies of nanograins, however there are large
agglomerates of tungsten monocarbide in which there are
also grains of zirconium dioxide. It is demonstrably visible
on the X-ray spectral analysis in point 1.

Results of properties’ research of the known consolidated
(Zr,,Y ,46)0, s and developed hot-pressed ZrO, — Y,0, —
10 wt. % WC ceramics are reported in Table 2.

From comparison of characteristics of materials from
partially stabilized zirconium dioxide and the developed
composite on the basis of zirconium dioxide with an
additive of 10 wt. % WC it is visible that indicators of
physicomechanical properties considerably increase with
introduction of nanodimensional tungsten monocarbide.

Research of the influence of tungsten monocarbide
nanopowders on properties of zirconium dioxide partially
stabilized by yttrium oxide is currently important because
tungsten monocarbide has high hardness and abrasive
firmness therefore in principle introduction of these
additives allows to increase wear resistance and crack

Table 1

Properties of CM from powder of silicon carbide

. . Self-bonded Hot-pressed from the modified SiC Hot-pressed from the usual
Properties of material . .
SiC powder SiC powder
Density [g/cm?] 3,0 33 2,92-3,03
Porosity [%] 2,5 0 2-5
Bending strength 220 Not less than 650 Not more than 440
[MPa]
K,.[MPa.m®’] 2,941 6,2-6,5 Not more than 4,4
Hardness [GPa] 9,1-9,6 14,7 10-11
Friction coefficient 0,15-0,25 0,16 0,16
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Fig. 4. Initial nanopowder mix of ZrO,~ 3 wt. % Y,0,
—10 wt. % WC.

resistance of a composite as a whole.

It should be noted that tungsten monocarbide carries
electric current and consequently the nanopowder mixes can
put in positive dynamics into agglomeration mechanisms at
hot pressing with a direct transmission of the high-ampere
current. At a certain content of tungsten monocarbide in
mix there will be the percolation processes, allowing to
pass electric current at even rather low temperatures that in
turn influences composite structurization, first of all kinetics
of growth of grains. On this basis we have investigated
processes of hot pressing of mixes with various content
of tungsten monocarbide at various temperatures, heating
speeds and exposure time, in this case pressure sustaining
by graphite compression mould has been maximum.

The realized researches of hardness, durability and
crack resistance of composites with various content of
tungsten monocarbide give the grounds to assume that
the amount of tungsten monocarbide strongly influences
the hardness and crack resistance that the greatest
hardness turns out at the 30 % content of WC whereas
crack resistance turns out maximum at the contents
20 wt. %. Decrease in crack resistance with increase of
the content of tungsten monocarbide most likely can be
explained by increase in the content of W_C.

Carbon partially penetrates into a crystal lattice of
ZrO, that allows to increase durability on phase boundary.

Fig. 5. Microstructure of composite of ZrO, — 3 wt.
% Y,0, — 10 wt. % WC (sintered at a temperature of
T=1350 °C, P=30 MPa and hold time of 2 min.), X
10000. 1 — agglomerates of WC-ZrO, -3 wt. % Y,0,; 2

273
—submicronic grain WC-ZrO, -3 wt. % Y,0; 3 - ZrO,

~3wt. %Y,0,- WC; 4 - 710, -3 wt. % Y,0,.

Thus the content of W C decreases.

As it is shown at Fig. 6, crack extends practically
bending around nanograins of tungsten monocarbide,
thereby losing energy of destruction that leads to crack
resistance increase.

Apparently from fig. 7 sample destruction is
transgranular that points at durability on phase boundary.
It is most likely explained by partial penetration of carbon
from W_C into a crystal lattice of ZrO, increasing durability
of interphase borders that in turn increases crack resistance
of a composite as well as bending strength.

As can be seen from Figure 9 with increasing hot
pressing pressure shrinkage.

It adopts a smoother character.

As can be seen from the composite structure ZrO,-3
wt.% Y,0,-20 wt.% WC. along with nanoparticles have
submikronyye WC particles, indicating that the mechanism
of nanoparticle growth heterogeneity in hot pressing by

Table 2
Properties of the hot-pressed modified zirconia ceramics
Compressive Pycnometric Density in
Material composition Microhardness [HV] p specific gravity [g/ reference to
strength [MPa] )
cm’] theoretical [%]
(Zr,6,Y 06O, 1408 2586 6,08 98
Zr0,-Y,0, -
1 2 2
10 wt. % WC 630 3200 6, 99
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Fig. 10. Composite structure ZrO,-3 wt.% Y,0,-20
wt.% WC, obtained at P =30 MPa, the temperature T =
1400° C, holding time 2 minutes.

Fig. 7. Formation of cracks in a sample ZrO, — 10

wt. % WC received by hot pressing at a temperature e Te—Pw——
T=1200 °C. reisea
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composite Zr0,-3 wt.% Y,0,-20 wt.% WC, received at
Fig. 8. Fracture of a sample of ZrO, — 10 wt. % WC P =30 MPa and temperature T = 1400° C, holding time
received by hot pressing at temperature T=1200 °C and 2 minutes.

pressure P=30 MPa.
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passing a high current direct current through the graphite
mold (electro consolidation), which is located in a special
vacuum chamber. Note the phase boundary between
Zr0,-3 wt.% Y,0,-20 wt.% and WC, which shows that
the WC grains have a sleek oval surface, which suggests
the possible formation of the eutectic at the boundaries
between the matrix phase and a reinforcing particles.

On Fig. 10 is represented the chemical analysis of the
composite ZrO,-3 wt. % Y,0,-10 wt. % WC, obtained at P
= 30 MPa and temperature T = 1400° C, holding time of 2
minutes. As can be seen, along with particles of WC, there
is a small amount of W,C, which raises the hardness of the
composite, and the fracture toughness lowers.

Conclusion

Thus, mechanochemical synthesis of B-SiC
nanoparticles in nanoreactors from the created organo-
inorganic complex (—~CH,)—(SiO,) at modifying powders
of refractory fillers and carbonaceous binders by silicon
alkoxide and gels on its basis has allowed to create CM on
the basis of SiC, B,C, Si,N, with a bending strength not
less than 650 MPa and crack resistance 6,5-7,9 MPa.m®>.

The method of hot pressing (12001400 °C, the speed
of temperature raise 400 degrees/min.) also synthesized
the nanomaterial ZrO,~WC from mix of the nanopowders
of WC and ZrO, received by thermodecomposition of
zirconium salts. Samples from the developed material had
bending strength 250-300 MPa, crack resistance 10-15 MPa
m", hardness 22-24 GPa, heat conductivity 30-35 W/m K.

From the researches carried out follows that additives
of nanopowders of tungsten monocarbide to partially stabilized
zirconium dioxide lead to microhardness and durability
increase that, apparently, is explained by durability increase
on the interphase borders and fine-grained structure of the
received samples.
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The structural and morphological study of the powder sample of

strontium hexaferrite

E.M. Savchenko, S.I. Petrushenko, K.A. Mozul
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In the paper the results of X-ray diffraction and electron microscopic examination of the ferrite sample are presented. It is found
that the ferrite consists of particles with size of 20-50 nm, with a narrow size distribution. It has been shown that the individual ferrite
particles tend to unite in large complexes, with an average size of 600 nm. A complex structure of hexaferrite particles was detected,

which consists of a dense core and a light shell.
Keywords: ferrite, X-ray diffraction, powder particle size.

B paGote npencraBieHsl pe3ynbTaThl PEHTTEHOIPaQUUECKOr0 U AEKTPOHHO-MUKPOCKOMMYECKOTO UCCIIeI0BaHus (eppUTOBOTO
oOpasia. YCTaHOBIEHO, YTO (PEeppUT COCTOUT M3 yacTull pasmepoM 20-50 HM ¢ IOCTATOUHO y3KUM PACIPENSICHHEM 10 Pa3MepaM.
[Noka3aHo, 4TO OT/EIBHBIC YACTUIIEI (PepPPHUTA CTPEMSTCSI 00BbEANHNTHCS B KPYITHBIE KOMITIEKCHI, CPEIHHUI pa3Mep KOTOPBIX COCTaBISIET
600HM. OOHapyXKeHa CII0KHAs CTPYKTYpa YacTHI] rekcad)eppuTa, KOTOPBIE COCTOST U3 THIOTHOTO si/Ipa 1 0ojee JIeTKOH 000IOUKH.

KurodeBsble cjioBa: Gepput, peHTIeHOrpaMMa, pa3Mepbl 4aCTHI] OPOIIKA.

Y po6oTi mpencTaBiIcHI pPe3yIbTaTH PEHTTCHOTPadigHOTO Ta SICKTPOHHO-MIKPOCKOIIIYHOTO MOCIIIKEHHs (DEpPUTOBOTO 3pa3Ka.
Bcranosneno, mo GpepuT ckiIagaeThest 3 4acTHHOK po3mipoM 20-50 HM 3 OCHTB By3bKHM PO3IOALIOM 32 po3Mipamu. [Tokazano, mo
OKpeMi YaCTHHKHU (pepUTy NMParHyTh 00’ €AHATHCS Y BEIHKI KOMIUICKCH, CepeHill po3Mip skux ctaHoBUTh 600HM. BusBiena ckinagna
CTPYKTypa YaCTHHOK TreKcaepuTy, sSIKi CKIaIal0ThCS 3 MILTBHOTO SIpa 1 JeTmoi 000J0HKH.

KurouoBi ciioBa: ¢heput, peHTreHorpaMa, po3Mipu YaCTHHOK TTOPOIIKY.

It is well known that modern electronics development
is moving towards increasing the density of the elements.
This inevitably leads to the necessity of using in electronic
devices of components that have increasingly smaller sizes.
However, many of their physical properties depend on the
size, and may vary with time. The reason for this can be
both chemical interaction processes and diffusion processes
which are substantially more active in nanoscale samples
than in the bulk ones [1]. Thus, the study of the properties
of fine materials, as well as using them as technological
objects or model samples, is impossible without a thorough
study of their morphology.

This work is devoted to the study of the structure of
strontium hexaferrite SrFe O, , which is a hard magnetic
material and an important component for the manufacture
of magnets, which is applied in many fields of technology:
from the carriers in recording devices to medical and
biological innovations. Due to the wide application,
ferrites are investigated in considerable detail. However,
to evaluate the influence of particle size on physical
properties, particularly, magnetic properties, it is necessary

to understand how the morphology of ferrite powders
changes with an increase of dispersity and, consequently,
with the rise of the contribution of the surface, and also to
have samples with reliably defined structural parameters.
It is known that the surface energy of the phase
(the phase boundary) is higher in comparison with the
volume energy. The energy lowering is due to the surface
restructuring because of the migration of atoms or the
adsorption of additional components. For example, in the
study of single crystal of barium hexaferrite BaFe O,
[2] by X-ray photoelectron spectroscopy it was found the
difference between the element composition of the surface
and the stoichiometric composition. On the surface there
was an excess of oxygen, and positions of iron appeared
to be vacancies. Such deformation of the structure leads
to the distortion of the magnetic subsystem of ferrite, the
depth of which, according to the authors, is less than the
crystallographic one. Because of the smallness of this
layer it was not detected for a long time, and the near-
surface region was considered as “magnetically-dead”
(non-magnetic). are obtained [3] Direct evidence of the
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existence of the surface region with “chamfered” magnetic
structure of finite thickness (from 5-10nm in ferrite base
compositions to ~ 200nm in aluminum substituted ferrites)
was obtained from the studies [3] of the Mdossbauer
spectra of ferrite single crystals, that is a consequence
of the existence of the surface as a structural defect. The
Curie temperature of the open surface layer appears to be a
few dozens of degrees (50-75K) lower than that of a bulk

crystal.
During the transition from macrocrystals to
nanocrystals of BaFe O, magnetic structure is

transformed. The thickness of the plate-ferrite particles
having a hexagonal shape becomes comparable with the
size of magnetically perturbed area. It is accompanied
by a significant decreasing of the magnetization [4.5]. In
addition, by the temperature dependence of the specific
magnetization, the transition from the magnetically-stable
state to the superparamagnetic state in calcium-barium
hexaferrite (10-60nm particle size) is detected [6].

Experimental technique

As the samples for the research, the industrial
strontium hexaferrite SrFe ,O,, was used. The study of the
phase composition was carried out by X-ray diffraction
measures using X-ray diffractometer DRON-2. This is
a classical method which makes it possible to carry out
a qualitative phase analysis, identification of chemical
elements and compounds, studying of preferred orientation
in crystals, and grain size evaluation. The morphology
of ferrite samples was studied with a scanning electron
microscope (SEM) JEOL JSM840 and transmission
electron microscope (TEM) 100BR EME.

In additin, the possibility of transition of particles
to the superparamagnetic (SPM) state was assessed by
calculating the critical superparamagnetic volume of ferrite
particles. Experimental research of the magnetic state in
a wide temperature range was carried out by the method
suggested in [8].

Samples for X-ray studies were prepared by pressing
industrial strontium hexaferrite powder in a cylindrical
tablet with the radius of about 5 mm and the height of about
3. For the samples examined by transmission electron
microscopy (TEM), the structural basis was the carbon
film that was condensed under vacuum (10°° mm Hg) to
a cleavage of single crystal KCl. Then the salt crystal
dissolved in water and the carbon film was transferred
to an electron-microscopic mesh. A drop of slurry from
the ferrite powder with distilled water was applied to the
prepared mesh, and then the sample was dried.

Results and its discussion
Fig. 1 shows the SEM micrograph of the investigated
sample of hexaferrite. When X-ray studying the samples,
it was found that they really are the single phase strontium
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Fig.1. An electron micrograph of the pressed sample of
strontium hexaferrite.

hexaferrite. The resulting Debye pattern was shown in Fig.
2. The unit cell has a hexagonal symmetry, characterized by
the space group P63/mmec. The calculated lattice parameters
for strontium hexaferrite SrFe ,0,, are: a = 5,883 nm, ¢ =
23,046 nm (reference: a = 5,886 nm, ¢ = 23,037 nm). As a
reference, we used data of «1996 JCPDS — International
Centre for Diffraction Data. All rights reserved». It should
be noted that when comparing the experimental data with
the reference x-ray data, a relative change in intensity of
lines (107) and (114) was found, which may be caused by
the presence of a partial texture of the sample.
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Fig.2. The XRD pattern obtained from the pressed
sample of strontium hexaferrite.

The estimation of the mean characteristic size of
coherent scattering regions has been made on the basis of
the broadening of diffraction lines, using the Selyakov -
Scherrer formula

A
Pcosb
f is the half-width of the line; 4 is the wavelength; 6 is the
diffraction angle; D is the crystallite size; n is the number
of interplanar spacings d, |
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Fig.3. An electron micrograph of the strontium
hexaferrite pressed sample (b) and the structure of the
basal plane (a).

The obtained value was equal to 20 nm. It can be
assumed that the actual grain size significantly differed from
this one, because the technology of obtaining powder did
not provide the desired formation of nano-sized particles.

To estimate the actual grain size of the powder
electron microscopy data were used. SEM image of the
sample is shown in Figure 3. In the photo it is clearly
visible the particle with hexagonal faceting that is typical
for hexagonal symmetry P63/mmc.

Determination of the average typical size of particles
observed in the pictures, and the construction of their size
distribution were carried out using specially designed
software. The resulting distribution is shown in Fig. 4 [9].

The average crystallite area according to research data
was S = 0,370 mkm?, which corresponds to the average

02 04 06 08 10 12 14 16 1,8
S, mkm®

Fig.4. The histogram of size distribution of the ferrite
particles.

typical size D = 600nm. This significant difference between
the results of X-ray analysis and SEM suggested that the
particles observed in Fig. 1, 3 have composite structure,
and the process of pressing samples and relatively
low resolution of SEM complicate their fine structure
observation, for registration of which the methods of
transmission electron microscopy were used.

In the picture (Fig. 5) obtained at low magnification,
the general structure of the sample is shown. Ferrite
particles come together in fairly large complexes, which
are clongated structures having length many times greater
than their transverse dimension. Such aggregation of the
particles of the ferrite powder is, probably, due to the strong
uniaxial magnetocrystalline anisotropy of hexaferrite,
which determines the tendency of the particles to unite.
The sizes of such composite particles are in the range from

Fig.5. Nllustration for composite structure of particles of studied sample.
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Fig.6. complicated structure of individual particle at
high magnification.

about 200 nm to 8000 nm, and in some pictures even larger
units are detected. Averaged value of the typical size of
such composite particles is about 600 nm and coincides
with the results obtained with the use of SEM.

In addition to the large composite particles,
complicated structure of which is clearly visible in the
fluorescent screen of electron microscope, there are a small
number of particles having much smaller size. Besides
small size, these particles are characterized by narrow size
distribution. Particles of this class have a typical size in the
range of 25-50 nm that is comparable to the value obtained
during radiographic examinations.

A similar pattern was observed in [7] in the study of
nanocomposite WC-Co alloy. Evaluation of grain size on
the X-ray data (50nm) basis gave about 1000 times smaller
result than the SEM (75mkm). However, these large friable
particles were easily crumbled by grinding into smaller
nanocrystalline grains, the size of which according the
TEM data correlated with X-ray data.

Furthermore, the analysis of electron microscopic
images showed that the nano-sized particles of ferrite have
a complex structure as well, and consist of fairly dense core
surrounded by lighter shell which is more transparent for
the electrons (Figure 6). The depth of the shell is about 10
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Fig.7. Temperature dependence of magnetization at
constant external field H=1 kOe.

nm. This result agrees with the results of [2] which indicate
the difference between the surface and the stoichiometric
structures. According to the authors, on the surface there
exist an excess (compared to stoichiometric) amount of
lighter and hence more “transparent” oxygen ions and
deficit of relatively heavy iron.

The possibility of transition of the particles of
investigated hexaferrite system SrFe O,  into the SPM state
is found out by evaluating the critical superparamagnetic
volume V_(H = 0) and comparing it with the actual
minimum volume V . obtained by microscopy.

The critical volume is determined by equating the
magnetic anisotropy energy of the particles and thermal
energy [8]:

KV, = 25kT 2)

It is evident that with temperature increasing the
magnitude of critical volume rise substantially, and thus
the probability of the transition of particles in to the SPM
state grows.

As can be seen in the curves of ¢ (T) (Fig. 7) taken at
a fixed magnetic field H = 1 kOe, the anomaly predicted
by Pfeiffer [4] is not observed. This indicates that actual
particles volume is above the critical superparamagnetic one
all over the temperature range up to the Curie temperature.
It can be assumed that a slight part of the powder with
small particle sizes, which was detected in micrographs,
goes into SPM state. However, in view of the small pro
rata contribution of this group of particles, the anomaly in

Table 1.

The dependence of the magnetocrystalline anisotropy constant and the critical volume of the particles on temperature

T K, *10%, ergs / cm® K (T)/K,(300) vV, *10?', cm? d, nm
300 33 1 279 11.2
400 2.7 0.818 455 13.2
500 2.04 0.618 752 15.7
600 1.23 0.373 1501 19.7
700 0.24 0.073 8944 35.7
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the temperature dependence of the magnetization does not
occur.

Conclusions

In this paper it is founded that the ferrite used
for radiographic studies, has a hexagonal structure.
Redistribution of intensities of the diffraction lines
indicates the texturing of the sample, which is confirmed
by TEM studies. By SEM research it is revealed that the
morphology of the molded ferrite samples is represented
by a number of large particles having a typical size of
about 600 nm. It was found that the ensemble preserves
magnetically stable condition over the entire temperature
range, up to the Curie point, despite the presence of the
fraction of particles whose dimensions match the SPM
transition condition, which generally correlates with the
results of microscopic research. At the same time, TEM
studies have shown that these particles have a complicated
structure and are composed of separate units, distributed in
a narrow range of sizes, and their average size is about 45
nm and generally correlates with the diffraction analysis
results. Furthermore, a complex structure of separate ferrite
particles is determined. It was first found by TEM that the
particles consist of a massive core surrounded by a lighter
shell.
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Nano-porous SiO,-matrices for development

of new optical materials
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Nano-porous transparent SiO,-matrices obtained by sol-gel techniques and organic phosphors PPO, 0-POPOP, p-Tp are
produced, and their optical, luminescent, and scintillation characteristics are studied. It is shown that these simples generate an intense
photoluminescence signal, possess a nanosecond decay time. The absolute light yield of the composites was determined to be 4400
photon/MeV for SiO,:PPO, 5100 photon/MeV for SiO,:0-POPOP, and 1800 photon/MeV for SiO,:pTh.

Keywords: SiO,-matrice, organic phosphors, scintillation characteristics.

Onycan MeToJ1 NOMyYEHUs HAHOIOPHCTHIX Tpo3paunbIX SiO,-MaTpull, coaepskamux opranuyeckue dpocdopst PPO, 0-POPOP,

p-Tp, u3ydeHs! UX ONTUYECKUE, TFIOMUHECLIEHTHBIE ¥ CLIMHTHUIALMOHHbIE XapaKTepucTUKU. [loka3aHo, 4To Takue MaTepHasbl UMEIOT
WHTEHCUBHBIA CHTHAJ (DOTONIOMUHECIICHIIMM ¥ OOJIaJaloT HAHOCEKYHIHBIMH BpeMEHaMH 3arTyxaHus. Bennunna aGcomoTHOTO
CBETOBBIXOZIa TP BO30OYKAeHHH anbda-uznyuenueM c sHeprueir 5.46MeV cocraBmina 1800—5100 ¢oron/MeV, amrumrynHOe
paspelieHue IeKHT B AuanasoHe 27—-67%.

Karouenbie ciiopa: SiO,-marpuna, opranudeckue Gocopsl, CHMHTHILIAIMOHHBIE XapAKTEPHCTHKH.

Omnycano MeTojl OTPUMMaHHs HAHOMOPUCTHX TPo30opux SiO,-MaTpHIlb, AKi MicTATH opraniuHi Gpochopu PPO, 0-POPOP, p-Tp,
JOCHIJKEHO 1X ONTHYHI, JIFOMIHECICHTHI 1 CIMHTHJISIIIAHI XapakrepucTuku. [loka3aHo, 10 Taki Marepiaid MarTh IHTCHCUBHHN
curaai (oTONOMIHECIICHIIT 1 BOJIOAIIOTh HAHOCEKYH/IHIM YacoM 3aracaHHs. BemmanHa aGCoIIOTHOTO CBITIIOBUXOY IPH 30Y/DKEHHI
anb(ha-BUIIPOMIHIOBaHHAM 3 eHeprieio 5.46MeV ckiamgae 1800-5100 ¢poTon/MeV, amrmiiTynHe po3MUpEHHs JISKUTH Yy Tiana3oHi 27-

67%.

Karouosi ciioBa: SiO -marpunst, opradiuni Gpochopy, CHUHTHIALIHHI XapaKTePUCTHKH.

Nowadays, highly porous materials obtained by
different techniques have attracted a lot of attention as
materials for the development of new nanoscale objects
with unusual and unique properties [1, 2]. There are a
number of properties such as the strict ordering of pores at
large surface areas, the narrow dispersion of pore diameters
and intervals between them, the controlled pore diameter
allowing to create new materials based on the nanosized
matrices.

Different polymers, silica-gels, xerogels, ormosils and
composite glasses were used as matrices, and are of great
potential for technical application in the fields of optics,
electronics, mechanics and environment protection [2].

Nano-porous silica matrices are unique materials with
high specific surface area, high porosity (order 50-75%) and
low index of refraction [3, 4]. The sol-gel technique is the
primary method used to prepare nano-porous SiO,-matrices.
For the synthesis of materials by a sol-gel technique organic

metal compounds are usually used such as metal alkoxides
[M(OR), ], where M represents a network forming element
(Al, Si, Ti, Zr, etc.), and R is usually an alkyl group [2, 5].
The hydrolysis and polycondensation of the metal alkoxide
precursor lead to the transition from a colloidal solution
to a solid phase. The characteristics of the materials
synthesized via the sol-gel technique are influenced by
many parameters, such as the nature of the reagents, the
molar ratios used, the type of solvents and catalysts, the
reaction temperature and the rate of removal of solvents. In
particular, the choice of catalyst influences the properties
of the material. Hydrolysis is favored by acidic catalysis
and, therefore, in such conditions the formation of linear
Si-O-Si polymers is favored. This causes the formation of
more compact material (with small pores) compared with
that obtained using basic catalysis [2, 6].

Due of their unique properties, SiO -matrices have
been extensively studied as inter-metal dielectric materials,
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for optical and acoustic applications [ 1, 2]. The introduction
of various organic phosphors into nano-porous SiO,-
matrices makes possible to produce composite luminescent
materials with required properties. Such SiO,-matrices can
be used as fluorescent screens or scintillator materials [1,
7, 8].

In this work, we report our experimental results on
the structural properties of pure nano-porous SiO,-matrices
and optical properties of SiO_ -matrices doped by organic
phosphors. As organic phosphors 2,5-diphenyloxazole
(PPO), 1,2-bis(5-phenyloxazolyl-2)benzene (0o-POPOP)
and 1,4-diphenyl benzene (p-Tp) were used.

Experimental techniques

Optical transmission spectra were measured using
a SPECORD 200 spectrophotometer (Analytik Jena,
Germany). Luminescence spectra were recorded using
an automated spectrofluorimeter based on a grating
monochromator. Luminescence was excited by the
radiation of a He-Cd laser with a wavelength of 325
nm. Luminescence decay curves were measured using a
FluoTime 200 picosecond spectrofluorimeter (PicoQuant,
Germany) with a semiconductor laser with a wavelength
of 330 nm as the excitation source and a setup instrument
function of 0.5 ns.

Pulse amplitude spectra were measured using a
spectrometric circuit consisted of a BUS2-94 preamplifier,
a BUI-3K spectrometric amplifier, and an AMA-03-F
multichannel amplitude analyzer (Tenzor Co., Russia). An
R1307 photoelectric multiplier (Hamamatsu Co., Japan)
was used as the photodetector; scintillations were excited
by a particles with energy of 5.46 MeV emitted from a
238Pu radioactive source.

Synthesis and characterization

The method of obtaining of SiO -matrices is based on
the widely known sol-gel method, which proceeds through
the steps of hydrolysis and polycondensation of organic
silicon compounds in an alcohol solution containing acid
or base catalyst.

Briefly, tetramethoxysilane (Si(OCH,),, 98,0%
“Merck” (Germany), TMOS), anhydrous methanol and
water with volume ratios of 1:0,84:1,2 were used as
precursors for the silica and nitric acid (HNO,, 65%) used
as a catalyst. All components were mixed for about 5 min
until the transparency appear. The mixture was poured in
plastic Petri dishes (D=35 mm) and held for 24 h at room
temperature until a gel was formed, which was then dried
in the oven at 45°C for several days. The heat-treatment
was executed at increasing temperature up to 500°C for
10 h and held for 2 h. The samples of SiO -matrices were
transparent colorless disks with D =20 mm and H=1 mm
(Fig.1.).

The organic phosphors were introduced by
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Fig. 1. Photographic of SiO -matrices.

impregnating the SiO,-matrices into the compositions of
the solutions PPO, 0-POPOP and p-Tp in toluene with
optimal concentrations of 1,0 wt % [9]. SiO,-matrices were
held in these solutions for 5-48 h and then dried at 50°C
until constant weight. It has been found experimentally
that the samples of SiO,-matrices with a concentrations
of the dopant of 1-10 wt % possess the most intensive
luminescence.

According to X-ray phase analysis SiO,-matrices
have an amorphous structure. Studying the surface of the
matrices by AFM revealed open pores with the diameters
about 20 nm. TEM images of the samples reveal that
matrices consist of silica nanoparticles with average sizes
of about 30 nm. Pore distribution, and specific surface areas
were calculated from the nitrogen adsorption isotherms, via
the BET method. The specific surface area of the samples
of SiO,-matrices is 800 m*g with corresponding total
pore volume of 0,55 cm?/g. The density and porosity of
the matrices determined using the hydrostatic weighing
method [8] are 1.40 g/cm? and 54 vol %, respectively. The
average microhardness of the matrices is 170 kg/mm?,
which is practically twice as high as the values reported by
the other authors [1, 10].

Optical properties

Luminescence and scintillation properties of obtained
materials were investigated. In Fig. 2 the absorption and
luminescence spectra of SiO,-matrice with incorporated
PPO, 0-POPOP and p-Tp organic phosphors are shown.
Both the edge of fundamental absorption and maxima
of luminescence of organic phosphors in the matrix are
shifted (~40 nm) to long-wavelength region as compared
with the spectra of corresponding solutions indicating a
strong interaction of phosphor molecules with pores of
SiO,-matrices.

Incorporation of organic phosphors into SiO_-matrices
leads not only to strong interaction between phosphor
molecules and pores of SiO -matrices, but also to increase
of interaction between molecules themselves that can be
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Fig.2. Absorption spectra of SiO,-matrices with different
phosphors (a). Luminescence spectra of SiO,-matrices
with different phosphors (b).

seen from the modification of kinetics of excitation energy
relaxation. Decay curves of PPO in solution and in the SiO,-
matrice at different concentrations of phosphor molecules
are shown in Fig. 3 (A = 377 nm). Decay curves of
phosphors are sufficiently modified with their incorporation
into SiO,-matrices. At the initial stage of luminescence
decay (0-15 ns) shortening of decay time is observed, most
likely due to luminescence quenching due to decrease of the
distance between PPO molecules. Meanwhile, in the range
of 15-50 ns, the second component is observed, which may
be determined by migration of excitation energy between
the phosphor molecules.

In the Fig.4 the pulse height spectra of SiO_ -matrices
with different phosphors under excitation by alpha-radiation
are shown. It can be seen that spectra are symmetric and
well fitted by Gaussian function that indicate the uniform
distribution of the dopant molecules within the matrix
volume. The pulse height resolution R is 27% for SiO,:PPO,
32 % for SiO,:0-POPOP and 67% for p-Tp. The absolute
light yiel d of the composites was determined to be 4400
photon/MeV for SiO,:PPO, 5100 photon/MeV for SiO,:0-

BicHuk XHY, cepia «®isunkay, sun. 24, 2016
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Fig. 3. Decay curves of PPO luminescence (A = 377
nm). 1 — in solution, 1 mass.%; 2 — in SiO,-matrice, 1
mass.%;3 — in SiO,-matrice, 10 mass.%.
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Fig. 4. Pulse height spectra of SiO,-matrices with
different phosphors under a-excitation (excitation
source - 2%Pu).

POPOP, and 1800 photon/MeV for SiO,:p-Tp. These
values of light yield are rather low, but comparable to the
light yield of. the BC416 commercial plastic scintillator
based on polyvinyl toluene (Saint Gobain Co.), equal to
6000-7000 photon/MeV.

Conclusions
Highly-porous transparent SiO,-matrices obtained by
sol-gel techniques are perspective materials for creation of
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new luminescence and scintillation materials on their base.
These matrices have high porosity (54 vol. %) with average
pore diameter equal to 10 nm. Impregnation of SiO,-
matrices by phosphor molecules (such as PPO, 0-POPOP,
p-Tp) allows to obtaining luminescent and scintillation
materials with properties quite different from those
observed in corresponding phosphor solutions. Obtained
materials have moderate scintillation properties; however
their light yield is comparable with the one of commercial
plastic scintillators.

10.
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Optical bistability in the formation of spontaneous gratings in
photosensitive AgQClI-Ag waveguide films

V. I. Lymar, E. D. Makovetsky

V. N. Karazin Kharkiv National University,
Physical department, Physical optics chair,
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An experiment was conducted to create periodic structures in light-sensitive waveguide AgCl-Ag films on glass surface under
irradiation by He-Ne laser beam (A = 632.8 nm). So-called spontaneous gratings were formed from Ag granules within AgCl film
on the interference pattern created by the beam and scattered waveguide modes. These gratings developed due to positive feedback:
diffraction efficiency of spontaneous grating and intensity of waveguide mode are mutually amplified for account of the beam energy.
Doubling of the spontaneous grating diffraction reflex has been found, and optical bistability has been shown to occur based on spatial
analogy to stimulated temporal oscillations of a harmonic oscillator.

Keywords: light-sensitive materials, waveguide film, AgCl, Ag, waveguide mode, periodic structure, optical bistability.

ITpoBeneHuii ekcriepruMeHT 3 HOpMyBaHHS IEPIOTMIHUX CTPYKTYP Y CBITIIOUY TIIMBHUX XBHIEBOIHUX ILTiBKaX AgCl-Ag Ha ToBepXHi
CKJIa TIpU onpoMiHIoBaHHI my4ykoM He-Ne nmazepa (A = 632,8 am). Ha inTepdepeHniiiiHoMy nmomi mydka Ta po3CisiHUX XBHJICBOAHUX MO
(dbopmyBanKch T. 3B. CHIOHTaHHI rpaTku 3 rpanya Ag y miiui AgCl, 1m0 po3BUBaINCh 38 PaXyHOK ITO3UTHBHOTO 3BOPOTHOTO 3B’SI3KY:
B3a€EMHOTO TiJCHIICHHS TU(PAKIiifHOI epeKTUBHOCTI CIIOHTAHHOI I'PaTKH Ta IHTEHCHBHOCTI XBHJIEBOIHOI MO 3a PaXyHOK €Hepril
nmy4ka. BusiBineHe nmoaBoeHHs qudypakiiifHoro pedyuekcy Bii CHOHTAHHUX I'PAaTOK, Ta HA MiICTaBi MPOCTOPOBOI aHAJIOTI] 3 YaCOBHMMH
KOJIMBAHHSMH TapMOHIYHOTO OCHIIITOPA MOKa3aHo, 10 Ma€ MICIle ONTHYHA 0iCTaOlIbHICTb.

KurouoBi cioBa: CBITIOUYTIIMBI MaTepiaiy, XBUiIeBoAHA 1UTiBKa, AgCl, Ag, XBUIIeBOIHA MO/a, TIEPIOANYHA CTPYKTypa, ONTHIHA
0icTabIIBHICTS.

[IpoBeneH HSKcreprMEHT MO (HOPMHUPOBAHUIO IIEPUOAUYECKHX CTPYKTYP B CBETOUYBCTBHTEIBHBIX BOJHOBOIHBIX IIICHKAX
AgCl-Ag Ha MOBepXHOCTH cTekia npu obmydenun myukom He-Ne nmasepa (A = 632,8 um). Ha unTepdepeHIIMOHHOM TT0JIe TTydKa U
paccestHHBIX BOIHOBOIHBIX MOJ (POPMUPOBAIUCE T. HA3. CHOHTAHHBIC PEIIeTKN U3 TpaHyn Ag B mieHke AgCl, pa3BuBaBImecs 3a cuer
TIOJIOKUTETEHOM 00paTHOM CBSA3H: B3AaMMHOTO YCHICHHS AU(PAKIMOHHON 3(DGEKTUBHOCTH CIIOHTAHHOH PEIIETKH ¥ HHTECHCUBHOCTH
BOJIHOBOJIHOM MOJIBI 3a cueT 3Hepruu myuka. OOHapyKeHO pa3aBoeHHe AU(PAKIMOHHOTO pediekca OT CIOHTAHHBIX PELIEeTOK, U Ha
OCHOBAaHMH TPOCTPAHCTBEHHOW aHAJIOTMH C BPEMEHHBIMU BBIHYKJICHHBIMH KOJICOAHMAMU IAPMOHHUYECKOTO OCLMILIATOPA MOKA3aHO,
YTO MMEET MECTO ONTHYECcKast ONCTaOUIIBHOCTB.

KoroueBnble ci10Ba: CBETOUYBCTBUTENIBHBIE MaTepUalibl, BOIHOBOAHAS IuieHKa, AgCl, Ag, BOJHOBOIHAST MOJa, NEPHOIYECKast
CTPYKTypa, ONTHYECKast OMCTaOMIBHOCTb.

Introduction silver layer is thin (about 10 nm) and therefore granular.

The effects of optical bistability and multistability
are of permanent interest when studying nonlinear optical
systems [1]. Due to significant concentration of wave
energy in a small region of space when light propagation is
limited by the interior of the waveguide, nonlinear effects
may have a significant impact on propagation of waveguide
modes [2]. It has long been known that thin silver halide
films with excess of silver are photosensitive. AgCl-Ag
films, which are objects of study in this work, are among
them [3]. Characteristic feature of photosensitivity of
composite AgCl-Ag films is transfer of silver granules
to the darker areas of the interference pattern, provided

©Lymar V. ., Makovetsky E. D., 2016

The pattern is created either by two acting beams or by
single beam interference with scattered waveguide modes.
Transfer of substance is the cause of proportionality of
changes not to intensity / but to energy H = It where ¢ is
duration of irradiation. Therefore, researchers’ attention is
mainly focused on the issue of film changes dependence on
H and other exposure conditions.

In this paper we reveal existence of bistability in
dependence of waveguide mode intensities in AgCl-Ag
films on intensity of the irradiating laser beam, not on value
of exposition H.



Optical bistability in the formation of spontaneous gratings in photosensitive AgCI-Ag waveguide films

Experiment

Waveguide silver chloride films with addition of Ag
were used in the experiments. AgCl film with thickness
~ 80 nm and Ag film (= 10 nm) were deposited sequentially
in vacuum system at a pressure of ~ 10 mm Hg on a glass
substrate. AgCl film thickness was controlled by mass of the
thermally vaporized substance (30 mg), and Ag thickness
was controlled by frequency change of the quartz thickness
meter (Av = 15 Hz). The thickness of the resulting AgCl—
Ag sample was measured using lines of equal chromatic
order and was 92+2 nm.

After deposition, the sample was irradiated by
‘white’ light of an incandescent lamp to provide more
uniform distribution of silver within the matrix of AgCl.
Such a distribution of silver (in the form of granules) is
indicated by an absorption band in the spectrum of the
optical density. The band is associated with irradiation-
induced plasma oscillations of free electrons in nanometer-
sized silver granules. There is a resonance behavior of
these oscillations when the frequency of light matches
eigenfrequency of plasma oscillations of free electrons in
the granules surrounded by silver chloride. This resonance
has a maximum at 4 = 500 nm.

The layout of the recording of spontaneous gratings
(SG) is shown in Fig.la. The photosensitive waveguide
AgCl-Ag film is irradiated with a normally incident beam
of He-Ne laser. Due to the interference of the incident wave

AgCl-Ag

a

NS 5)
Ll \S ?’\/ 0

Fig.1. a) Experimental layout used to record spontaneous
gratings (SG) in photosensitive waveguide AgCl-Ag
films on a glass substrates using a He-Ne laser, light
filter F and aperture D. b) Scheme for observation and
measurements of SG periods using autocollimation
diffraction after fixing film, top view. L is a lens to
focus the beam on the sample mounted on a horizontal
goniometer. S is a screen on which the diffraction pattern
was observed in reflected light. O is the observation
point from which the screen was photographed, see
photographs in Fig.2.

| He-Ne :
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with scattered waveguide modes in the film, an interference
pattern emerges, and Ag granules move from maxima to
minima of the interference. Prior to irradiation, silver
granules are statistically uniformly distributed on the surface
and inside the AgCl film. During SG recording under the
laser irradiation, silver is redistributed to form a periodic
structure which is a diffraction grating. Experimental
evidence of SG formation are microphotographs, see [3.4].

After completion of grating recording, the sample was
washed by photographic fixer to remove AgCl in order to
eliminate photosensitivity. Silver granules remain on the
surface of glass substrate and form the gratings which
create diffraction reflections observable in autocollimation
diffraction scheme (a diffracted beam propagates oppositely
to the incident one). To increase brightness of the diffraction
pattern, highly reflective aluminum layer was deposited
onto the post-fixed sample. The test beam of He-Ne laser
was focused at the center (or elsewhere) of the spot with the
gratings recorded. Diffraction reflection from SG located
within the particular area was observed on the screen
installed across the laser beam with an aperture letting the
beam through, see Fig.1b. According to the measured value
of the rotation angle ¢ of the sample on goniometer under
autocollimation conditions, SG period d was determined by
formula d =A/2sin@ where 4 = 632.8 nm is the
wavelength of He-Ne laser beam which was used both to
record SG and to observe diffraction patterns.

Experimental results

Both SG recording process according to the scheme
in Fig.1a and observation of diffraction from SG according
to the scheme Fig.1b are convenient to describe in terms of
wave vectors. It is known that interference of two coherent
waves with wave vectors k, and k, creates an interference
pattern with vector K = k, -k, in the overlapping area. On
the other hand, |K| = 2z/d where d is the spatial period of
the interference pattern, and direction of the vector K is
perpendicular to the stripes of interference.

In the case of SG there is interference of the incident
wave with wave vector k and waveguide modes with wave
vector B. Since the AgCl-Ag waveguide is thin (less than
100 nm), only projection of the wave vector k to the plane
of the film is important when creating the interference
pattern. Assuming x axis is the crossing of the plane of
incidence and the plane of the film, we get an interference
pattern vector K as

I?:J_r(ﬁ-kx) . )
The vector B belongs to the layer plane, its value is

determined by the dispersion equation for the propagation
constant of the waveguide mode in a planar waveguide [5],

k,=(27/A)sina where a is the angle of incidence of

the laser beam on the film. In the case of normal incidence
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a b

c d

Fig.2. Photographs of diffraction reflections obtained in scheme Fig.1b. In each photograph there is an aperture in the
screen and vertically elongated diffraction reflections to the left of the aperture. a) The beam intensity /= 0.75 W/cm?,
exposure H = 56.6 kJ/cm?, the test beam is focused to the center of the irradiated spot on the sample. b) /= 7.45 W/cm?,
H =58.1 kJ/cm?, the center of the irradiated spot. ¢,d) consecutive change in diffraction pattern shown in Fig.2b when
shifting the test beam from the center to periphery of the spot.

of the laser wave there is a = 0, hence & =0, and from (1)
we obtain B .

K=1p, )
i.e. the wave vector of the interference pattern is determined
by a ‘set’ of f vectors of the waveguide modes. A vector ff can
be directed anywhere in the waveguide layer plane because
of scattering process, therefore the ends of all the vectors
K plotted from the point of origin in the wave vector space
is a circle of radius . Directions of the greatest probability
of scattering of TE waveguide mode are perpendicular to
the polarization vector E of the incident laser wave, so the
‘set” of the vectors p and K is concentrated around these
directions.

Since the AgCl-Ag photosensitive,
interference patterns are recorded as gratings with ‘fan’-
like vectors K. In this case the spatial period of the gratings
corresponds to the spatial period (wavelength) of the
waveguide modes because of (2).

When observing diffraction from the SG in
autocollimation scheme on the screen, one can see
diffraction reflections from the SG demonstrating the ‘fan’-
like gratings. These reflections provide information both on
propagation constant of waveguide modes and spread of
directions of the wave vectors f§ whose appearance caused
development of the SG.

Photographs in Fig.2a,b display the diffraction
reflections from the SG recorded in centers of irradiated
spots at different intensities of the laser beam and
approximately the same energy doses. The difference in
diffraction reflection brightness indicates the difference in
the amplitude of the scattered waveguide modes, and their
different positions (different distances to the aperture in the
screen) indicate different radii of circles, i.e. the value of
propagation constant f of waveguide modes depends on
intensity of the incident beam.

system is
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When shifting the focused test laser beam from the
center of the spot (see Fig.2b) to the periphery of the same
spot (see Fig.2c,d), we can clearly see that diffraction
reflection acquires double structure. We associate such a
structure with manifestation of spatial bistability affecting
formation of SG.

Discussion

It is possible to describe the effect of bistability on the
basis of analogy of the spatial problem of waveguide mode
excitation inside a film with a grating and the problem of
forced oscillations of a harmonic oscillator in time, see
Fig.3.

If a pump wave s falls on a waveguide with a grating,
its field is modulated with the spatial frequency of the
grating B = 2n/d where d is the grating period. The

—ifsx

modulated field of the incident wave s = Se actsasa

driving force for the field of the waveguide mode a in the
film, resulting in developing of a waveguide mode

a= Ae " with forced spatial frequency f,. However,
the waveguide mode has its ‘own’ resonance frequency

B,(1—k |a ") with attenuation factor y. The multiplier
(1-k|a) with nonlinearity coefficient k takes into

account dependence of the resonant propagation constant
B, of the waveguide mode on the value of mode amplitude
|a|, as it follows from Fig.2. As a result, we can write down
the equation for coupled modes a and s [6]:

d_a:[—iﬁo (1—k|a|2)—7}a+qs,

3
& €)

where ¢ is coupling coefficient for waves a and s. We look
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s=Se~Psx

l a=Ae " Ps*
N\ N——>

AN
~d x

-
_

Fig.3. The scheme of spatial connection of the wave s
incident on the waveguide (gray bar) with waveguide
mode a through the grating with spatial frequency
B, = 2n/d. SG strokes are black oblique lines in the
waveguide.

for a ‘stationary’ solution in the form § = Se St

a= Ae P therefore
—ifAe” S = [—iﬁo (1 - k|a|2 ) - ;/} Ae™ " +

+gSe™ {—i[ﬂs -5, (1 —k|a|2 )} + 7} A=4qS |

Similar equation must be true for the complex
conjugate form, i.e.

W A= (1=laf [ 7}a =g
By multiplying (4) and (5), we obtain

2
{[ﬂs 41 —k|a|2)} - 72}|A|2 =g ©

We introduce new variables: / = [A]* > 0 is field
intensity of the waveguide mode; I = |gS”? = 0 is intensity
of the external pump wave, at the expense of which the
intensity of the waveguide mode increases, see (3). Thus
(6) can be rewritten as

4)

KB +
Ipw (Iwm)zlwm +2kﬂ0(ﬂs_ﬂ0)lwm+ . (7)
+(,Bs _180)2 +7/2

This is a cubic equation for / , and the shape of
this curve is qualitatively shown in Fig.4 as an inverse
dependence /(1 ).

Provided the external wave intensity is low (hence the
nonlinearity may be neglected), low-intensity waveguide
mode a is excited in the waveguide film due to the external
wave s diffraction on the grating:

1
= Lt 5 > )
(,Bs - ﬂo) +y

Dependence Ipw(lwm) may be studied concerning

extremums. Solving the quadratic equation in /__, obtained

wm

by equating [/ l;W (] Wm) to zero yields values
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(ﬂo — ﬂs )2

3k6,

I, value provides the largest intensity of waveguide
mode on the lower branch in Fig.4, and [, provides the
smallest one on the top branch.

2+

wml2 —

Atvalues [ €[l ,,1,, ] (see Fig.4) waveguide

modes with two intensity levels can be excited, which
corresponds to bistability. Intermediate branch is unstable,
and the states corresponding to it can not be realized [6].

Assuming absorption to be low, which means
7 — 0, we get

I ~ ﬂo — :Bs I ~ ﬂo — :BS
wml > T wm2 .
3kp, kp,

Thus, the excitation levels of waveguide modes should
differ about 3 times or more, as is observed in the images of
double diffraction reflections in Fig.2c,d.

Since it is assumed that the resonant value of the
propagation constant is determined as f,(1—kZ ), asit

(10)

follows from (10), we obtain two values for the resonant

propagation constants of the waveguide modes. The
propagation constant [, = f; corresponds to [

wm2

intensity level, i.e. the upper branch in Fig.4, and
B =Q2B,+ )/ 3 corresponds to the I intensity
level, i.e. the lower branch. The value of f is the resonant
value for the ‘entry’ level of excitation (see (8), i.e. for the
emerging SG. Grating period values d,=27/p,,
d =2r/p,, and d, =27/ 5, were calculated from

angles of autocollimation diffraction and are d, = 385.8 nm,
d, =392.5 nm, and d, = 403.7 nm. On the other hand, using
two of three experimentally measured periods, one can
calculate the third period. So, from &, and d, the theoretical

[wm

Iwm2— —————

Iwml -1-—-———- - - ———

Fig.4. The qualitative form of the intensity of the
waveguide mode / on the intensity of the pump wave
(laser beam) Ipw obtained from the equation (7).
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value d is
heor O 3dyd,

e = = =391.6nm.
28,+ 5, d,+2d,

Divergence between dltheor and d, is less than 1 nm.
This result may be considered as confirmation of the
hypothesis of the optical bistability as the main cause of
doubling the diffraction reflections observed on Fig.2c,d.

Conclusions

In this paper, an experimental study of the parameters
of the plane wave diffraction on a grating in a nonlinear
waveguide was conducted, and a theoretical model has
been proposed to describe them. The model is based on
spatial analogy with the problem of establishing forced
oscillations of a harmonic oscillator. It has been shown that at
diffraction on a grating in a nonlinear optical waveguide the
optical bistability effect may manifest itself in dependence
of the intensity of the waveguide mode on the intensity
of the external incident wave. The double structure of the
diffraction reflections of spontaneous gratings recorded
by laser in waveguide photosensitive AgCl-Ag films is
considered as a manifestation of spatial bistability effect.
The calculated values of periods and intensities of grating
diffraction reflections are in accordance to those observed
in the experiment.
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Effect of gamma irradiation on the physical properties of melt span
alloys of Ti, Zr, Ni,,

O.E. Dmytrenko, 1.V. Kolodiy, V.l. Dubinko

National Science Center “Kharkov Institute of Physics and Technology”
Kharkov 61108, Ukraine

Gamma irradiation of the melt span samples of Ti, Zr, Ni_; up to the dose of 10* rad did not result in any substantial changes
of their physical properties (micro hardness and electric resistivity), which is consistent with a high degree of disorder in the initial
microstructure that does not change significantly under irradiation. The present results show that these materials can be considered
as radiation resistant hydrogen absorbers (HABs) for the mitigation of hydrogen hazards in severe accidents in nuclear power plants.

Keywords: hydrogen absorption, amorphous alloys, Laves phase, irradiation.

['amma-onpomiHeHHs 3pasKiB MmBHMKO 3araprosanoro cruiasy Ti, Zr, Ni o 1o no3u 10* paj He IPU3BOAUTH JI0 CYTTEBHX 3MiH
iX (Qi3MYHHUX BIACTHBOCTEH (MIKPOTBEPAOCTI i MUTOMOTO EJIEKTPUYHOTO OTIOPY), IO Y3TOMKYETHCS 3 BUCOKHM CTYIICHEM Oe3laay B
BHXI1JTHOI MIKPOCTPYKTYPpi, sIKa HE 3a3HAa€ CYTTEBUX 3MiH NpH onpoMiHeHHi. [IpencTaBieni pe3ynbraTi MoKa3yroTh, IO IIi Marepianu
MOXYTb PO3IIISIATUCS B SIKOCTI paialiiifHO-CTIHKMX BOAHEBUX MOMIMHAYIB AJIsl SMEHIICHHS PU3HKIB, [IOB’sI3aHUX 3 BUTOKOM BOJIHIO B
aBapiiHUX YMOBax Ha aTOMHHUX €JIEKTPOCTAHIIISX.

Korouosi ciioBa: normmHanHs BOHIO, aMopdHi crutaBy, Gasn JlaBeca, OIpOMiHEHHS.

lamma-o0mydenne o0pasoB OBICTPO 3aKaJCHHOTO CIUIaBa Tinr“Ni25 10 no3el 10* pag He TPHBOAMT K CyNIECTBEHHBIM
HU3MEHECHUSIM HX (DU3MUYECKUX CBOMCTB (MHKPOTBEPIOCTH M YASIBHOTO IEKTPUIECKOTO COMPOTHBIICHHS), YTO COITACYETCsI C BHICOKOM
CTEIeHbI0 Oecropsiaka B MCXOTHOW MHKPOCTPYKTYpe, KOTOpas CyLIECTBEHHO He HM3MEHsieTcsi mpu oOnydenun. [IpencraBieHHbIe
Pe3yNIbTaThl MOKA3BIBAIOT, YTO STH MAaTEPHAIBI MOTYT PACCMATPUBATLCS B KAUECTBE PaIHAIIMOHHO-CTOMKUX BOJIOPOIHBIX MOTTIOTUTEICH

JUIs1 YMEHBUICHUS PHUCKOB, CBA3aHHLIX C yTe‘IKOf/i BOAOpOAA B aBapI/IﬁHI)IX YCJIOBHAX HAa aTOMHBIX 3JICKTPOCTaHIHAX.
KuroueBsie ciioBa: rorimomieHue BoAopoaa, aMOp(pHLIe CILJIaBBI, (1)331)1 J'IaBeca, 06nyquI/Ie.

Introduction

One of the most important issues of the nuclear power
plants operation is the mitigation of hydrogen hazards in
severe accidents in nuclear power plants. To avoid severe
damage of the containment and thus loose the confinement
function for radioactivity release some hydrogen control
and risk mitigation measures exist [ 1]. In particular, passive
auto catalytic recombiners (PARs) have been developed and
have become commercially available in the last decades.
PARs are simple devices, consisting of catalyst surfaces
arranged in an open-ended enclosure. In the presence of
hydrogen (with available oxygen), a catalytic reaction
occurs spontaneously at the catalyst surface and the heat
of reaction produces natural convection flow through the
enclosure, exhausting the warm, humid hydrogen depleted
air and drawing fresh gas from below. Thus, PARs do not
need external power or operator action. However, PAR
capacities are ultimately subject to mass transfer limitations
and may not keep up with high hydrogen rates in some
scenarios so that flammability limits can be reached or
exceeded (e.g. in the immediate vicinity of the hydrogen

© Dmitrenko O.E., Kolodiy I.V., Dubinko V.., 2016

release). Thus, working in high concentrations (>8%) can
initiate deflagration in the PARs due to the hot surfaces of
the catalyst, which shows the need for research to create
other means of hydrogen removal in addition to PARs,
which is addressed in the present paper.

It is known that some metals and alloys can be very
strong hydrogen absorbers (HABs), and the rate and
efficiency of hydrogen absorption depends strongly on
temperature and material structure. Therefore HABs can
be used in some scenarios where PAR capacities are not
sufficient, such as high hydrogen concentrations or places
where exothermic reactions taking place at PAR surfaces
are not desirable. In this respect, melt span alloys of Ti-
Zr-Ni may present a good alternative, since, according to
our research, they can absorb large quantities of hydrogen
(up to 1.7 wt%) without producing extra heat [2, 3].
Their absorption capacity and rate strongly depend on
temperature and show the best characteristics between 400
and 500 °C, and so HABs made from these alloys can be
used in the hot areas of the reactor. Application of a thin
Pd coating dramatically reduces the loading time and
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a

Fig. 1. Crystal structure of the L-TiZrNi phase before hydrogenation (a) and L-TiZrNiH, , after

hydrogenation (b).

enables absorption at room temperature [4], which shows
the potential of these materials as HABs for power plant
applications.

One of the main questions concerning the applications
of melt spun alloys with a complex structure as HABs for
nuclear power plants is their stability under irradiation.
The main constituent of the irradiation fields in nuclear
power plants are gammas which are hard to shield. Few
existing studies of the effect on gamma irradiation on
Ti, Zr, Ni and Ti, Hf, Ni quasicrystals have shown
their resistance to the radiation-induced phase transitions in
the dose range up to 10000 rad [5]. In the present study

we investigate the effect of gamma irradiation on the
physical properties of Ti, Zr, Ni,, melt spun alloys, which
demonstrate high absorption rate and capacity due to a
large fraction of amorphous phase in the initial state prior
to irradiation.

In the following section, the structure and hydrogen
absorption kinetics of Ti, Zr, Ni , melt spun alloys are
presented. In section 3, the gamma irradiation setup of
the Ti, Zr,/Ni,, samples is described, and the effect of
irradiation on their micro hardness and electric resistivity
is presented.

Fig. 2. Crystal structure of the (Ti,Zr),Ni phase before hydrogenation (a) and (Ti,Zr),NiH, ; after hydrogenation (b).
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Fig. 3. Micro hardness of Ti, Zr, Ni_. in different states
[2] : 1 — crystalline ingot; 2 — melt span films before
hydrogenation; 3- melt span films after hydrogenation at
400 °C; 4- melt span films after hydrogenation at 450 °C;
5- melt span films after hydrogenation at 500 °C.
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Fig. 4. Micro hardness of the melt span samples after
different irradiation doses.

Structure and hydrogen absorption properties of
Ti3ﬂzr45Ni25

Ingots of Ti, Zr, Ni,, were made of iodine Ti (99,98%),
iodine Zr (99,98%) and electrolytic Ni (99,99%) in the arc
furnace with tungsten electrode in the Ar atmosphere. Melt
span films of thickness 40+60 microns were obtained at
the cooling rate of 10° K/s [2]. The microstructure of as-
received and hydrogenated samples was analyzed means
of X-ray diffraction at XRD installation DRON-4-07 and
scanning electron microscope QUANTA 200 3 D with
micro-analyzer Pegasus 2000.

Ingots of Ti, Zr, Ni,, contain two phases. 98 wt% is
occupied by hexagonal Laves phase L-TiZrNi (C14, MgZn,
type [6]) shown in Fig. la. Its lattice parameters are a =
5,2250A, ¢ = 8,5509A, and the elementary cell volume V
=202,17A%. The remaining 2 wt% is taken by the o-(Ti,Zr)
based solid solution.

After melt spinning, the main phase L-TiZrNi retained

52

its geometry with somewhat increased lattice parameters:
a=52294A; ¢ = 8,5621A, V = 202,78 A3, and decreased
fraction - 86.2 wt%. Additional cubic phase occupying
13.8 wt% was formed by melt spinning - (Ti,Zr), Ni, with
a=11,913A; V =1690,69A°% which is mediated by 0.132
wt% of oxygen present in the matrix (Fig. 2).

Hydrogenation of samples was done for 4 hours in a
heated vacuumed chamber under initial hydrogen pressure
of 0.5 bar at 400 °C , 450 °C and 500 °C [2]. The maximum
hydrogen content of 1.3 wt% was achieved at 450 °C,
which resulted in a significant increase of micro-hardness
from 520 to 700 kgf/mm? (Fig. 3).

Analysisofthe microstructure of samples hydrogenated
at 400 °C for 4 hours has shown that it consists of three
phases. The main one (82 wt%) is the hydride of the Laves
phase L-TiZrNiH, , (Fig. 1b) with increased volume: a =
5,4280A; ¢ = 8,9191A, V = 227,58A3. The second phase
(9.6 wt%) is (Ti,Zr),NiH, , witha = 12,586A V=1993,72A°
(Fig. 2b) and the third phase (8.4 wt%) (Ti,Zr),Ni,O with
a=11,398A, V = 1480,76 A3. The relative increase of the
volume of the first two phases, AV/V =12,7% and 17,9%,
respectively, corresponds to the accumulation of hydrogen
in them.

Elementary cell of L-TiZrNiH, , consists 12 metal
atoms and 10.5 hydrogen atoms that fill about 20% of the
vacant hydrogen positions. At 100% occupancy one would
have the phase L-TiZrNiH , with 48 hydrogen atoms per
12 metal atoms, i.e. with exceedingly high ratio H:M = 4:1.
On the other hand, the maximum hydrogen occupancy in
the second phase (Ti,Zr),NiH, is 128 H per 224 positions
amounting to the maximum ratio H:M = 4:3. It means that
for the best performance of this material as the hydrogen
absorber, we need to get rid of oxygen in the system, which
mediates the transformation of L-TiZrNi into (Ti,Zr),Ni.

Effect of gamma irradiation on Ti, Zr Ni,
Gamma irradiation of the samples was done by
Bremsstrahlung gammas produced by 350-500 keV
electrons from the impulse electron accelerator passing

3
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Fig. 5. Specific electric resistivity of melt span samples
after different irradiation doses.
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through a molybdenum converter. The electron beam
current in the impulse was ~ 2+5 kA and the impulse
duration ~ (1.5+5) 10 s. The dose rate of gamma irradiation
was ~ (3.5+5) 10® rad/s.

The micro hardness of the melt span Ti, Zr, Ni,
samples increases after irradiation from 520 to 700 kgf/
mm? (Fig. 4). However, the effect quickly saturates and
does not seem to depend on the irradiation dose, which may
be due to the random nature of the microstructure change
with increasing irradiation dose. Similarly, there is no clear
tendency in the change of electric resistance of the samples
with increasing irradiation dose (Fig. 5), which seems to
confirm this hypothesis.

Conclusions and outlook

Hydrogenation of the melt span samples of Ti, Zr, Ni,
results in formation of two phases: L-TiZrNiH, , and
(Ti,Zr) NiH,. The former phase has a potential to absorb
up to 4 H atoms per a metal atom. On the other hand, the
maximum hydrogen occupancy in the second phase 4:3.
It means that for the best performance of this material as
the hydrogen absorber, we need to get rid of oxygen in the
system, which mediates the transformation of L-TiZrNi
into (Ti,Zr),Ni.

Gamma irradiation of the melt span samples of
Ti, Zr,\Ni,, did not result in any substantial changes of
their physical properties (micro hardness and electric
resistivity) with increasing irradiation dose up to 10* rad,
which is consistent with a high degree of disorder in the
microstructure that does not change significantly under
irradiation.

The present studies have been done on materials
after irradiation. However, the problem needs further
investigations, especially under irradiation,
which is hardly possible to do under reactor conditions
due to obvious technical problems. Existing reports on
the hydrogen behavior in metals under in situ electron
irradiation [7] conclude that “excitation of vibrations
in the hydrogen subsystem” which greatly
accelerates diffusion and release of hydrogen isotopes
from metals at low temperature. The main constituent of
the irradiation fields in nuclear power plants are gammas
which are hard to shield as compared to electrons. Gammas
are converted inside the material into electrons of the same
energies due to the photoelectric effect and ultimately result
in radiation-induced formation of defects and localized
atomic vibrations (LAVs). The existence of LAVs, known
also as discrete breathers, has been demonstrated in solids
of different types and structures ranging from metals to
insulators and from crystals to amorphous medium [8-12].
Recently the interest of researchers has extended to the
study of the role of LAVs in solid state physics and their
impact on the reaction rates in non-equilibrium conditions,
such as exposure to irradiation, oscillating magnetic field,

in situ

occurs
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temperature and stress gradients [13-18]. We expect that
LAVsproduced in may catalyze various reactions, including
the hydrogen diffusion and storage. These processes will be
investigated in in a subsequent paper.
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One of the main problems in the study of system of equations of the gravitational lens, is the computation of coordinates from the

known position of the source.

In the process of computing finds the solution of equations with two unknowns. The difficulty lies in the fact that, in general, is
not known constructive or analytical algorithm for solving systems of polynomial equations In this connection, use numerical methods

like the method of tracing.

For the N-point gravitational lenses have a system of polynomial equations. Systems Research is advisable to start with an
assessment of the number of solutions. This can be done by methods of algebraic geometry.
Keywords: gravitational lenses, algebraic geometry, Bézout’s theorem.

OpHi€I0 3 OCHOBHHX 3aBIaHb, IPH JOCITIPKEHHI CUCTEMHU PIBHSHB IPABITALIIHOT JTiH3H, € O0YHCICHHS KOOPAUHAT 300paKCHHS

3a BiHOMI/IM TIOJIOKCHHAM JPKEpeia.

VY mporeci 00UNCICHb TOBOIUTHCS 3HAXOAUTH PIiIICHHA CHCTEMHU PiBHSHB 3 ABOMA HEBiTOMHUMH. CKIIAaIHICTh MOJSATAE B TOMY,
1110 B 3arajibHOMY BHIIQJ(Ky HE BiJOMUil KOHCTPYKTHBHHI a00 aHATITUUHHUHN aJITOPUTM ISl BUPIIICHHS CHCTEM HENIHIMHUX PiBHSIHB. Y
3B’SI3KY 3 LIUM BJIAFOTHCS 10 YUCEITBHUX METO/IB MOAIOHUM METO/Ly TpacyBaHHsI.

VY pa3i N-TOUKkOBHX IpaBiTalliiHUX JIIH3 CHCTEMa PIBHSHB € MOJTMHOMHUAILHOU. JlOCHiPKEHHS TaKOT CUCTEMH JIOIUTBHO MOYaTH 3
OLIHKY YUCIIa pilleHb. MU IPOBOAUMO 1€ JOCIIHKEHHS METOAaMHt ainreOpaiyHol reomMeTpii.

KuouoBi ciioBa: rpasitaniiiai tiH3u, anredpaidna reomerpis, Teopema besy.

OﬂHOﬁ 13 OCHOBHBIX 3a/Ja4, IPpU UCCICAOBAHNN CUCTEMBI ypaBHeHI/IP'I FpaBHTaHHOHHOﬁ JIMH3BI, €CTh BBIYUCIICHUE KOOPAMHAT

1/1306]38.)1(81—11/15[ T10 U3BECTHOMY IIOJIOKECHUIO UCTOYHHKA.

B npouecce BbluuCIeHUH MIPUXOAUTCS HAXOAUTh PELICHUE CUCTEMBl YPABHEHUH € JByMSI HEU3BECTHBIMU. TPyIHOCTH COCTOUT
B TOM, YTO B OOIIEM Cilydae HE M3BECTEH KOHCTPYKTHBHBIN WM aHAJUTHYCCKUI QITOPUTM IJISI PEIHICHUS CHUCTEM HEIMHEHHBIX
ypaBHEHHH. B ¢Bs3u ¢ 3THM npubeTraroT K YUCICHHBIM METO/IaM OJ0OHBIM METOY TPACCHPOBKHL.

B cinyuyae N-ToueuHbIX TpaBUTALIMOHHBIX JIMH3 CUCTEMA YPaBHEHUH SIBIISI€TCS MMOJIMHOMHUAIbHON. MccnenoBanne Takoi cuctembl
1eecoo0pa3HoO HayaTh ¢ OLIEHKU YHCia peleHuid. Mbl MPOBOAMM JAHHOE UCCIIEI0BAaHNE METOIaMHU alNredpandeckoil reOMeTpHUH.

KirodeBble ¢J10Ba: TpaBUTALIMOHHBIC JIMH3BI, alireOpanyeckas reomeTpust, reopema besy.

Introduction
According to the general theory of relativity, the light
beam, which passes close to a point source of gravity
(gravitational lens) at a distance & from it (in case

E>> 1, ) is deflected by an angle

“= (1)

where Vy - gravitational radius; M - mass point of the lens;

G - gravity constant; ¢ - velocity of light in vacuum.
The detailed derivation of the formula (1) can be
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found in many classic books [1-3]. For N - point of the
gravitational lens, in the case of small tilt angles have the

following equation in dimensionless variables [4], [5]:
> >

- — xX— li
. x_Zmin’ &)
X—4

5
where ll. - dimensionless radius vector of point masses

outside the lens, and the mass m, satisfy the relation Zm_ =
1.

The Equation (2) in coordinate form has the form of
system:



N
X, —aq,
=X, — m.
D Yl ey S—s
v X, —b e

=X, — m.
R Y -

where a, and b, are the coordinates of the radius-vector /, ,

5
ie. [ :(ai’bi)'

The right parts the equations of system (3), are rational
functions of the variables x, and x,. We transform each

equation of the system (3) in a polynomial equation, and
we obtain a system of equations:

Fl( xlsz’%):o
Fz(xl,x2,y2)=0, )

To study the solutions of the system (4), it will be
convenient methods of algebraic geometry.

Indeed, the main object of study of classical algebraic
geometry, as well as in a broad sense and modern algebraic
geometry, are the set of solutions of algebraic systems, in
particular polynomial, equations. This situation gives us the
opportunity to apply the techniques of algebraic geometry
in the theory of N-point gravitational lenses [6] - [9].

Most of the results that we need stated in terms of
homogeneous coordinates to projective curves that are
defined in the projective plane.

Therefore, we need, in the beginning, the system
transform (4) to a form convenient for evaluation.
To transform the system (4) we need the following terms
and definitions.

Mathematical definitions and theorems

Before that provide definitions, we describe the
projective plane and homogeneous (projective) coordinates.
The real projective plane can be thought of as the Euclidean
plane with additional points added, which are called points
at infinity, and are considered to lie on a new line, the line
at infinity. There is a point at infinity corresponding to each
direction (numerically given by the slope of a line),
informally defined as the limit of a point that moves in that
direction away from the origin. Parallel lines in the
Euclidean plane are said to intersect at a point at infinity
corresponding to their common direction. Given a point

(x, y) on the Euclidean plane, for any non-zero real
number S, the triple (xS, FAYY ) is called a set of

homogeneous coordinates for the point. By this definition,
multiplying the three homogeneous coordinates by a
common, non-zero factor gives a new set of homogeneous
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coordinates for the same point. In particular, (1,2) is
such a system of homogeneous coordinates for the point
(x, y) . For example, the Cartesian point (x, y,l) can
be represented in homogeneous coordinates as (1,2.1)
or (2,4.2). The original Cartesian coordinates are

recovered by dividing the first two positions by the
third. Thus unlike Cartesian coordinates, a single point
can be represented by infinitely many homogeneous
coordinates.

Some authors different notations for
homogeneous coordinates which help distinguish them
from Cartesian coordinates. The use of colons instead

use

of commas, for example (x Sy Z) instead of
(x, y,Z) , emphasizes that the coordinates are to be

considered ratios [10]. Square brackets, as in [x,y, Z]

emphasize that multiple sets of coordinates are
associated with a single point [11]. Some authors use a
combination of colons and square brackets, as in

[x:y:z] (121

The properties of homogeneous coordinates on
the plane:
We define homogeneous projective coordinates
for the first points of the projective plane not lying on a

straight 00
At all points of the projective plane, in addition to

lying on a straight 00  (the line at infinity) are
homogeneous coordinates of the projective: three
numbers, not both zero.

The basic points for arithmetization projective
plane (i.e., the introduction of non-homogeneous

projective coordinates) are the origin Systems; o0

(infinity on the X -axis), o0  (infinity on the ) -axis),

(1,I)- unit. Obviously, the line at infinity passes

through the points 00 and oo v

We give a precise definition.
Homogeneous coordinates of a point M is said to be
three numbers X |, X,, X, not both zero and such that

X, . & _ L
Ag =X; Ag = y ,where X and y -projective

heterogeneous (affine) position. Homogeneous coordinates
of points M lying on a line, o , call three numbers
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X, X,, X, under conditions:
1. X;=0;
2. Of two numbers X, X, is at least one non-zero;
X . B . . B .
3. Theratio =}/ is equal to (—4) where 4 and B - coefficients of each line Ax+ By +C =0, passing
2
through M .

Let us look at some of the properties of homogeneous coordinates in the projective plane.
1) Each point of the projective plane is the homogeneous coordinates.

2)If X,,X,,X; - homogeneous coordinates of the point A, then sX,,sX,,sX; (where s - any non-zero

number), too, are homogeneous coordinates of the point M.
. . . X/ X, . .
3) different points correspond to different attitudes Y Y their homogeneous coordinates.
3 3
4) Direct A, A, - is the line at infinity - it is in homogeneous coordinates the equation X; = 0.

5) The axes have their usual equation.
6) If the equation of the line Ax + By + C =0 substitute homogeneous coordinates of a point M, lying on the

straight line ( )%(3 =Xx; X%{} =y),thenwe get: AX, + BX, + CX, =0, linear equation in a homogeneous form
(there is no free member).
7) The equation of any curve in homogeneous coordinates is a homogeneous equation, and its degree is called the

degree of the curve. X
8) A polynomial g (x, y) of degree k can be turned into a homogeneous polynomial by replacing x with %( ,
3

y with / , and multiplying by X , , in other words by defining.

The resulting function P is a polynomial so it makes sense to extend its domain to triples where X =0. The
equation P (X X, X 3) =0 can then be thought of as the homogeneous form of g (x,y) , and it defines the same
curve when restricted to the Euclidean plane.

Transform the system (3) into the equation system in homogeneous coordinates. We introduce the notation of
homogeneous coordinates.

X X
Let X, = —L x )= 2 Wehavea system of equations in homogeneous coordinates:
0 0
X
N 1
X5 X,
yl - X ml X 2 X 2
0 i=1
—L—a, | +| 2-)
X, X,
X, < x, —b, : ®)
= Y m; % 2 Y 2
0 i=1
“L_ag | +| 22—
X, X,
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We transform the system (5)

We transform the system (6) to form: {

where [ E( Xy X, X5, ),

X & X, —alX,)X
yl:_l_zmi ( : 2 O) - 2
X, T (X —aX,) +(X,-bX,)
yzzﬁ_ZN:mi (Xz_zbiXO)Xo 2 ©
o T (X —aX,) +(X,-bX,)
Fl( XO’XI’XZ’yl)ZO
Fz( Xo’Xerz’)b):O
{F}( X, X, X, yl):O
Fy( X0, X, X,,9,)=0 ()

) and £, = F ( Xo’Xl’Xz’yz) - homogeneous polynomials.

In equations of system (6), under the sign of the amount we give to a common denominator. We have:

_ X
B2 X,
X,
yz_XO

Let denominator through:

i=1,i# ]

XOZN:mj (Xl—ano){llﬂ[ [(Xl —a X, ) +(X, —biXo)z}}

f[[(xl ~a.X,) +(X,~bX,) ]

Xoim/ (Xz_ijo){ﬁ |:(X1 _Cl,»Xo)2 +( X, —biXO)z}} ®)

L=L( )(O,Xl,)(z)zlﬂ[[()(1 —a X, ) +(X, —b,.XO)Z}_

Transforming further we have:

i=1

N N
p X, m, (Xl—a].Xo){ I1 [(Xl —a.X,) +(X, —bl.XO)z}}
_ 4 Jj=1 i=Li# ]
Ty, L( X, X, X,)
N N
M X, om (X,=b,X,) TT[(4-aX,) +(x, —b,.XO)Z}}
¥, _ 22 Jj=1 i=l,i#j
XO

L( X, X, X,)

We transform the equation to a polynomial form.

(X1 _leo)L( XO’XI’XZ)

(Xz _szo)L( Xo:Xl:Xz)

N N
-x2m, (Xl—anO){ I [(X1 —aX,) +(X, —b[XO)z}} )
j=1 i=li%j ©
& N ) ,
-x2m, (XZ—ijO){ [(Xi-aX,) +(X,-bX,) }} =0
j=1 i=1,i%j
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Note that the polynomial in the left side of the first (second) equation is homogeneous.
For the degrees of these polynomials we have:

N

N
deg{ (X, —y.X, ) L( XO,X,,XZ)—X(mej(Xl—ano){ 1] (X -ax,) +(x, —b,,XO)Z}} =2N+1,
=

i=li#j

N N
deg (X, =3, X, ) L( Xy X, X,)=X23 m, (Xz—ijo){ [T[(X-ax,) +(x, —biXO)Z}} —2N+1.

Jj=1 i=li#j

It’s obvious that:

deg F, =deg F, =2N +1. (10)

Estimating the number of solutions of homogeneous polynomials

Let the number of solutions of (7), of course. The case in which the number of solutions endlessly, it is found out
quite simple, and does not need to move to the projective coordinates, see. e.g., [6].

To estimate the number of solutions of homogeneous polynomials (7) we apply the following Bézout’s theorem, see.
e.g., [10], which says: that if C and D are plane curves of degrees deg C =m , deg D = n , then the number of points
of intersection of C and D is m - n , provided that

(1) the field is algebraically closed;

(11) points of intersection are counted with the right multiplicities;

(111) we work in  to take right account of intersections ‘at infinity’.

See for example [10].

Note that the equations | ( XO,XI,Xz,yl) =0 and F 2( XO,XI,Xz,yz) =( define two curves in the

projective space, and considered over an algebraically closed field of complex numbers. Thus we are in the conditions of
application of the Bézout’s theorem.

Conclusions
- Number of complex solutions of equations (7), taking into account the multiplicity, in the projective plane P’

2
equal (2N+1) ;
-The number of real solutions of the system of equations (7), taking into account the multiplicity equal to
2
(2N + l) —2n in the projective plane P g , where 7 - a natural number, that is less than or equal to N, thatis n < N .

The last relation occurs because the systems of equations (7), although considered over the field of complex numbers, but
have real coefficients. The fact, that in such equations, complex roots come in pairs.

2
-number (2N + 1) —2n- odd number. The number of real solutions of the system of equations (7), taking into

account the multiplicity, in the affine plane A° , s also equal to this number, if the curves do not intersect at infinity.

Note that each real solution of system has an obvious physical meaning: the coordinates of the point - image plane
of the lens. Our results, about the oddness of the number of images are in good agreement with the theorem proved in [4],
[5]. At the same time, our approach is based on the methods of algebraic geometry.

References P.564.

1. P.V.Bliokh, A. A. Minakov, Gravitational Lenses, Naukova 8. Walker R.J. Algebraic curves. Pringeton. New Jersey. 1950,
Dumka, Kiev 1989. P. 249. P. 236.

2. Weinberg S. Gravitation and Cosmology, 1972. P 657. 9.  Van Der Waerden B.L. Algebra LII. Achte auflage der

3. Landau L.D., Lifshitz E.M. The classical Theory of Fields, modernen algebra Springer-Verlag Berlin Heidelberg New
1988, V.2 P. 512. York 1971 P. 456.

4. Zakharov A.F. Gravitacionnye linzy i mikrolinzy, 1997, P.  10. Reid M. Undergraduate Algebraic Geometry. Math Inst.,
328. University of Warwick, Cambridge 1988, P. 136.

5. Schneider P., Ehlers J., Falco E.E. Gravitational lenses. 11. Garner, Lynn E. An Outline of Projective Geometry, North
Springer-Verlag Berlin Heidelberg 1999 P. 560. Holland, 1981, P.220.

6. Kotvytskiy A.T., Bronza S.D. // Odessa Astronomical 12. Bocher, Maxime. Introduction to Higher Algebra. Macmillan,
Publications, vol. 29 (2016), P.31-33. 1907, P.292.

7. Lang S. Algebra. Columbia University. New York, 1965.

58 BicHuk XHY, cepis «®isukay», sun. 24, 2016



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

VY xypHani «Bicauk XHVY». Cepis «®i3uka» IpyKyIOTBCS CTAaTTi Ta CTHUCII 32 3MICTOM ITOBIJIOMJICHHSI, B SIKMX
HaBeJIeH1 OpUTiHANBHI PE3yNbTaTH TEOPETHYHUX Ta EKCTIEPUMEHTANIBHHUX OCHIKeHb, a TAKOXK AHAJITHYHI OTJISIH
JTepaTypHUX JHKEpeI 3 Pi3sHOMAaHITHUX aKTyalbHUX TMpo0iieM (i3uKH 3a TEMaTHKOIO BHIAHHS.

Moga craTeii — yKkpaiHChKa, aHTIIIHChKA Ta POCIHCHKA.

TEMATUKA XYPHAITY

1. Teopernuna dizuka.

2. di3uka TBEPIOTO Tija.

3. ®i3uKa HU3BKUX TEMITEPATyp.

4. di3uKka MarHiTHAX SIBUIIL.

5. OnTrka Ta CeKTPOCKOTTis.

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

JIOCITIPKCHB, METOIKA BUKJIAaHHs (DI3UKHU Yy BUIIH [IKOJ, TEXHIKA Ta METOAMKA (Di3UYHOTO CKCIICPUMEHTY TOIIIO.

BUMOTI'M 1O O®OPMJIEHH S PYKOITUCIB CTATTEN

3aranbHUI 00CAT TEKCTY PYKOIUCY CTATTi MOBHHEH 3aiiMaTH He Oiibiie, HiX 15 CTOpiHOK.

Pykommic crarTi cKIamaeTbes 3 THUTYIBHOI CTOPIHKH, Ha SIKi BKa3aHHO: Ha3Ba CTAaTTi; IHIIIANKM Ta TIPi3BHINA
aBTOPIB; MOIITOBA a/Ipeca YCTaHOBH, B sKii Oyia BUKOHaHa poOoTa; Kiacudikauiiiauii ingekc 3a cucremamu PACS Tta
VJIK; anoTanii Ha OKpeMOMY apKylIi 3 TpI3BUILEM Ta iHilliaJlaMH aBTOPIB 1 Ha3BOIO CTATTi, BUKIAAEHI YKPaiHCHKOIO,
POCIHCBKOIO Ta aHNIIHCHKOIO MOBaMH; OCHOBHHUI TEKCT CTATTi; CIUCOK JITEPATypH; MIAMKCH MiJl PUCYHKaMH; TaOJuIIi;
pHUCYHKH: Tpadiku, POTO3HIMKH.

AHorarris moBuHHA OyTH 32 00'eMoM He MeHbII Hik 500 ciMBomiB. CtaTTs HOBUHHA OyTH CTPyKTOpOoBaHa. BICHOBKHI
MOTPIOHO MTPOHYMEPOBATH Ta B HUX MOTPiOHI OyTH BUCHOBKH a HE TEepeTrcaHa aHOTAaIlis.

EnexTpoHHMI BapiaHT pyKONHCY CTaTTi MOBUHEH BIAIOBIJaTH TAaKUM BHMOTaM: TEKCT PYKONHCY CTaTTi IOBHHEH
Oytu HaOpanuii y popmati MicrosoftWord Bepcii 2013, BupiBHIOBaHHS TEKCTY MOBUHHE OyTH 3/1iHCHEHE 32 JIIBUM KpaeM,
rapaitypaTimesNewRoman, 6e3 npornucHnx OyKkB y Ha3Bax, OyKBH 3BHYalHI PSJKOBI, 3 MOJISMH JIIBOPYY, NTPABOPYY,
3Bepxy 1 3HM3Yy 10 2,5 cM, popmynu noBuHHI OyTn HaOpaHi B MathType (He Hmxkue Bepcii 6,5), y hopMyrnax KUPHIHLs
HE JIOITyCKA€ETHCS, CHMBOJIM 3 HIDKHIMHU 1 BEpXHIMH iHAEKcaMH ciin Habuparu B MicrosoftWord, mmpuna dhopmynu He
oimemre 70 MM, rpadikm Ta GoTtorpadii HeoOXigHO ToxaBaTH B TpadiuHoMy (opmari, pospizHeHHS He MeHmne 300 dpi,
romupeHHst (aiyliB NOBUHHO OyTH *.jpg, IIMPUHOIO B OJIHY UM JIBI KOJIOHKH, JUIS OJHI€T KOJIOHKH PO3MIpH: 3aBILUPIIKA
8 MM, JuIsl 1BOX KOJIOHOK — 16 MM. Macmitad Ha mMikpodororpadisx HE0OXiJHO MPEACTABIATH Y BUIVIAA MaclITaOHOT
JHHIAKY.

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