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Characteristics of creep of fine-grained zirconium

E.V. Karaseva

National Science Center “Kharkov Institute of Physics and Technology”
1, Akademicheskaya St., 61108 Kharkov, Ukraine
vsokol@kipt.kharkov.ua

Creep studies in the temperature range 300 — 700 K have shown that the deviation from depending the Hall-Petch relationship for
a nano-structured zirconium is associated with the decrease of the contribution of the mechanisms of intragranular slip in the plastic
deformation and increasing of the contribution of the mechanisms more characteristic of high-temperature creep.

All studied materials have instability of the structural state after creep deformation in the all temperature range. That is a result of
the change in the geometry of the applied stress and low strain rate and significantly influences on the creep characteristics.

Keywords: creep, intence plastic deformation, structural instability.

[Iposenewi B obnacti Temmneparyp 300 - 700 K gociipkeHHS MOB3y4OCTi TTOKa3aJiu, 1110 BiIXUICHHS Bil 3anexHocTi Xomta-Tlera
JUIS HAHOCTPYKTYPOBAHOT'O IIMPKOHIIO OB S3aHO 31 3MEHIIECHHSIM BKJIAIy B IUIACTHYHY JedopMallilio MexaHi3MiB BHYTPi3epEHHOTO
KOB3aHHS 1 3pOCTAHHSIM BKJIa/ly MEXaHi3MiB TOBEPHEHHS, OUIbII XapaKTEPHHUX /IS BUCOKOTEMIICPATYPHOI TOB3Y4OCTi.

Bci mocmimkeHi CTPYKTYpH IUPKOHIIO Y BCiH OCTIKEHIN 00IacTi TeMIeparyp BUSBISIOTHCS HECTIMKAME IIPH 3MiHI TapaMeTpiB
nedopMartii, IO € Pe3yNbTaTOM 3MiHU TeOMETpii MPUKIaJeHUX HANPYKEHb 1 TeMIIepaTypHO-IIBUIKICHIX YMOB Aedopmarii i cyTTeBoO

BIUIMBA€ HAa XapaKTEPUCTUKH [OB3y4OCTi.

KurouoBi ciioBa: moB3yd4icTh, iIHTEHCHBHI IUIaCTHYHI AedopMallil, CTPYKTypHa HECTIHKICTh

[IpoBenennsie B obmactu Temneparyp 300 - 700 K wccnenoBanus moi3y4ecTd MOKa3ajid, YTO OTKIOHEHHE OT 3aBHCHUMOCTH
Xomma-IleTda Uit HAHOCTPYKTYPHPOBAHHOTO IUPKOHUS CBSI3aHO C YMEHBIICHHEM BKJIAIa B TNIACTUYECKYTO Ie(hOPMAIIIO MEXaHU3MOB
BHYTPH3EPEHHOTO CKOJILKEHHS M POCTOM BKJIaJJa MEXaHIM3MOB BO3Bpara, 0osiee XapaKTePHbIX 11 BEICOKOTEMITEPATYPHOU MOI3YIECTH.

[ToxazaHo, 4TO Bce U3YYECHHBIC CTPYKTYPHBIE COCTOSHUS LIMPKOHUS BO BCEH MCCIIEIOBAHHON 00IaCTH TEMIIEpaTyp OKa3bIBAIOTCA
HEYCTOWYMBBIMU B YCJIOBHUSIX TMOJ3YYECTH, 4YTO SIBJSIETCS PE3YJIbTATOM HW3MEHEHHs T€OMETPHM TPUJIOKECHHBIX HANpPSOKEHUH W
TEMIIEPaTYPHO-CKOPOCTHBIX YCIOBHIA 1e(OPMHUPOBAHHUS, U CYIIIECTBCHHO BIUSCT HA XapaKTEPUCTUKU MaTepuaa.

KioueBble c10Ba: 110J13y4eCcTh, HHTCHCUBHBIC IUIACTHYCCKHE 1e()OPMAIHH, CTPYKTypHAst HEyCTOWYHBOCTh

Introduction

The interest in materials with ultra fine grain
is conditioned by their unique mechanical, physical
and chemical properties differ significantly from the
corresponding polycrystalline samples with small and large
grains.

Atpresent, various methods intense plastic deformation
(IPD) are developed and used: the equal channels angular
pressing, rolling, screw under high pressure, pressing,
and the methods of combining the IPD with the doping
hydrogen [1-5]. One of the most perspective methods of
obtainment of nanocrystalline metallic materials is based
on the use of IPD. However, large deformed materials are
characterized by high internal stresses and low plasticity at
cold deformation, which don't improves their processability.
Effectiveness of heat treatment in terms of stress relaxation
increases with increasing temperature. Simultaneously
with increasing of annealing temperature the probability of

© Karaseva E.V., 2015

substantial grain growing increases, what can lead to loss of
the nanocrystalline advantage, such as high strength. Thus,
the effective use of large plastic deformations, i.e. selection
of method and the optimum modes of processing for this
material is not possible without a systematic analysis of
the regularities of formation of nano- and microcrystalline
structures after large plastic deformations, as well as
studies of the mechanisms of evolution of the structure
of highly deformed materials by heating and subsequent
deformation.

Because the systematic study of polycrystalline ultra
fine grain began relatively recently (the 80 years of the last
century), so far is no generally accepted terminology in this
field. One classification of polycrystals grain size is shown
in Table 1 [6] and we will stick to it:

It should be noted, that specificity of nanomaterials
according to theory of defects, is that the main processes
controlling their behavior and properties, are not realized in
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the crystal lattice (in grains), as in traditional materials, and
in the grain boundaries [1-9]. And the main type of defects,
which determine the nature of these processes are not the
dislocations and vacancies (both in traditional materials),
but the internal boundaries. The peculiarities of grain-

Table 1.
The classification of crystal grain size

Th 1 Th f
© seale € fypeo The grain size
level polycrystals
coarse grained 0,1-10 mm
Mezo ordinary 10-100 pum;
fine-grained 1-10 pm
ultrafinegrain 0,2—1 pm;
Micro submicrograin 100-200 nm
nanocrystalls 3-100 nm

boundary flow processes are caused by the interaction of
grain boundaries with the dislocations and point defects,
which adjudged to them from the lattice. Moreover,
qualitative and quantitative difference of the properties
of these materials is determined not only by the size of
elements of grain structure but also by the nonequilibrium
state of grain boundaries formed in the process of IPD.
Therefore, can change the strength and creep rate of
nanocrystalline materials by changing the structure of the
boundaries.

Besides the perspective of industrial using and
scientific interest be associated with the idea that in
the case of the small grain size the main mechanisms of
plastic deformation of metal materials in creep at low
and middle temperatures (T <0,4Tpl) can be the high-
temperatures deformation mechanisms. This determines
the importance of studying of the creep characteristics of
nanostructured metallic materials obtained by the methods
of IPD. Moreover an important issue is the stability of
obtained structural states in a wide temperature range. It
is known that the nature of the external action determines
the resistant type of the structural state in relation to
it. Changing the geometry of plastic deformation is
accompanied by structural restructuring so as to cause the
maximum intensity of the internal stress relaxation in line
with the desire to maintain continuity of the crystal [2]. The
newly formed structure as a result of alteration also can be
fragmented, but steady in relation to the new scheme of the
elastic-stress condition and the temperature-rate mode of
deformation.

The purpose of this paper is to analyze the
characteristics of creep and structural evolution, and
the influence of state of the grain boundaries on the
development of plastic deformation of zirconium with
different grain size, obtained by the combined processing
by rolling and subsequent annealing.

BicHuk XHY, cepia «®isunkay, sun. 23, 2015

Material and experimental procedure

The investigated material was the polycrystalline
Zr with grain size 80 nm — 5 pm;, obtained by electron
beam melting and deformed by rolling at 100 K with next
annealing.

For the study of defect structure of materials we
used the method of measuring of electrical resistance
after each treatment and in the process of creep. Electrical
resistance was measured at T=300 K for 4th point scheme
by a compensative method with the use of potentiometer of
P- 363. The measuring error did not exceed +0,05 %, and
variation of values of specific electrical resistance did not
exceed +0,5 %. Monitoring of the structure evolution was
carried out by electron microscopy.

Creep tests were carried out in the step loading regime
at 300-700 K, the measurement accuracy was 510 “cm.
The activation parameters were determined using the
differential methods described in [10].

Results and discussion

Based on the analysis of experimental data and
theoretical estimates is established, that in all investigated
temperature range there is a big creep rate for all samples
and the dependence of the deformation value from test time
is described by a power law (e~t"?), which may be the result
of the simultaneous action of the hardening and recovery
[11-13], i.e. plastic flow is caused by the combined action
of several mechanisms.

The dependence of the creep rate of zirconium with
grain size 80 nm — 5 um; from the applied stress are shown

in Figure 1.
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Fig. 1. Dependence of creep rate of zirconium with
different grain size at 300 K(1,2,3,4) and 700 K(5,6,7,8)
from the applied stress: 4,8 — 5 um; 3,7 — 1 pm; 2,6 —
300 nm, 1,5 — 80 nm.

Strength characteristics of zirconium (yield strength
o,,and tensile strength 6,) increases with decreasing grain
size up to d =300 nm, that is the evidence of fulfillment the
Hall-Petch law. Further the grain refinement to d = 80 nm
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leads to the sharp increase in strength characteristics,
particularly at 300 K, and it is connected with the
dependence of Hall-Petch coefficient from the grain size
[6-10]. At the same time sharply reduced the plasticity of
nanostructured zirconium, which is due to the high level
of long-range stresses on the nonequilibrium boundaries
grain.

20
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Fig. 2. Dependence of creep characteristic of zirconium
from grain size at 300 K (1,3,5) and 700 K (2,4,6): 1,2
— plasticity (¢); 3,4 - tensile strength (c,); 5,6 - the yield
strength (5, ,).

Now, let us analyze the data obtained. The basic
mechanisms of plastic deformation of the fine crystalline
and ultrafine zirconium (1-5 microns) during the creep
in the temperature range 300 — 700 K [11-14] are: the
cross-slip, climb and annihilation of dislocations at the
grain boundaries, diffusion creep and grain-boundary
slip and the basic mechanism of accommodation of grain
boundary slip - intragranular dislocation slip, controlled by
dislocations crossed of the point defects and dislocations
of the forest. All these processes lead to micro localization
of deformation and stress relaxation. The contribution of

osum | B gl

each of mechanisms in the material deformation depends
on the test temperature, applied stress and the state of the
grain boundaries. The contribution of the intragranular
slip, as accommodative mechanism, to the development of
the creep of zirconium with a grain size of 300 nm is very
small, and for nanostructured zirconium - is practically
absent, especially at T =300 K. Thus, at T =300 K, there is
a sharp increase in strength characteristics.

Microstructure of ultrafine zirconium having an
average grain size of 1 um; (density of dislocations in the
grains ~ 10® cm?) shown in Fig.3a. During creep at 300 K
in this samples is formed the cellular structure with the size
~ 0.1 - 0.3 mm, extending along the direction of the tensile
load, the cell walls are friable. It should be noted that the
essential role as an accommodative mechanism carried
out by the intragranular slip. This leads to the formation
of the cellular structure, and as consequently, to some
increase of the electrical resistivity. During creep at 700 K
(fig.3b) is formed highly defective state characterized by a
large number of boundaries and high dislocation density,
that are the result of translational and rotary deformation
modes. Micro volumes are unfolding completely, forming
fragments, adjusting to the direction of strain. There are
the large numbers of long high angle boundaries, while the
disorientations between the fragments are small.

Structural studies of the submicrograined and
nanostructured zirconium have shown that the formed
structure is sufficiently homogeneous by volume. The
dislocation density in the body of grains is ~ 3.4 10" cm™.
The main part of dislocations is concentrated at the grain
boundaries and triple junctions (fig.3c).

The plastic deformation of the submicrograin and
nanostructured zirconium is due to the reorganization of the
defect structure and is accompanied by stress relaxation.

Fig. 3. TEM images of zirconium with different grain size: a) d=1 um; b) d=1 pm + creep at 700 K; ¢) d=300 nm; d)

d=300 nm + creep at 300 K; ¢) d=100 nm; f) d=100 nm + creep at 700 K.

BicHuk XHY, cepis «®isukay, sun. 23, 2015
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structural configuration, created as a result of deformation
by rolling, and the formation of a new structure, which also
is fragmented, but less tense and steadier to subsequent
deformation.

At the first, being in the other mode of stress- and
rate deformation, being unable to change during plastic
deformation, the initial boundaries are destroyed, trying
to adjust the orientation of micro volumes to the direction
of tension. After that, developing a uniformly oriented
crystal, plastic deformation creates new boundaries of
disorientation, but already steady in relation to new
geometry and rate of deformation influence.And to the
end of uniform elongation the fragmented structure with
the grain size d ~ 0.5 um is formed; and the high level
of internal stresses is observed. The high density of
dislocations in clusters is observed. On the boundaries of
fragments are the powerful high angle boundaries, which
can later open a crack (fig.3d).

During creep at 700 K the initial structure experiences
a number of transformations (fig.3f). At the beginning
the recrystallization is occurring. In the future the
new grains are destructed and formed the equilibrium
distribution of dislocations with a homogeneous density of
N,~5 10" cm?, and in their place a cellular structure with
disorientations of ~ 3-7 degrees is formed. This results in a
sufficiently equilibrium structure with uniform distribution
micro stress.Recovery processes are due to the presence in
the material the high level of internal stresses, so that the
accumulate energy is sufficient to accelerate the kinetics of
dynamic recrystallization [11-14].

Studies of zirconium submicrocrystalline and
nanostructure (80 — 300 nm) obtained by IPD have shown
that plastic deformation and relaxation of stress during
creep can occur due to the destruction of the original
structural configuration by the intense deformation by
rolling, and forming a new structure, a less stressful and
more stable with respect to a given temperature and high-
speed mode and the geometry of loading. In the temperature
range 300 - 700 K deformation of zirconium with a grain
size of 80 — 300 nm is due to the combined action of several
mechanisms is more characteristic of high-temperature
creep: climb of dislocations, grain boundary diffusion,
grain boundary sliding, and the intragranular slipping
virtually nonexistent. The contribution of each of them
depends on the test temperature, applied voltage and the
boundary structure.

As above, with
submicrocrystalline and nano - structures obtained by
severe plastic deformation, have non-equilibrium grain
boundaries. Fields stress non-equilibrium boundaries are
inhomogeneous and depend strongly on the orientation
of the facet, ie changed within a single grain. This makes
the non-equilibrium boundaries of the source of strong
overlapping long-range stress fields, which made difficult

noted metallic  materials
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the accommodative slip inside grains and leads to strain
localization at the borders. As a result are increasing the
deforming stresses required for plastic deformation of the
material. At the same time the contribution of the recovery
process, which determined by the dislocations climbing
and by absorption of dislocations at the boundaries, as
well as by development the grain-boundaries slip, rises
with increasing of stresses, which explains the big creep
rate. A small value of the activation volume ~ 10?2 cm? also
indicates an increase in strain localization.

Conclusions

1. Studies of creep in the temperature range 300 —
700 K have shown that the deviation from Hall-Petch
law for the nanostructured zirconium is associated with
the decreasing of the contribution of the intracranial slip
mechanisms in the plastic deformation and with increasing
of the contribution of the mechanisms characteristic more
for high-temperature creep.

2. So, it should be noted, that all studied materials have
instability of the structural state after creep deformation.
That is a result of the change in the geometry of the applied
stress and low strain rate and significantly influences on the
creep characteristics.
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This paper discusses the analysis of the isochoric high-temperature thermal conductivity of the atomic cryocrystals exceeding
over the law of 1/T within the frames of Callaway method using the hypothesis of the phonon Raileigh scattering influence on the local
diffusive modes. It demonstrates that with the temperature and frequency of the dominant phonons growth in these crystals is possible
the weakening of the effective thermal resistance due to the transition from mechanism of Raileigh scattering to the independent from
wavelength one. The effect is the acoustic analogue of the sky color change from blue to white due to air pollution by the impurity
particles with wider length than the wavelengths of the optical photons.

Keywords: rare gas solids, isochoric high-temperature thermal conductivity, phonon scattering by diffusive modes, Callaway
method.

[TpoBeneno aHaii3 MEPEBUIICHHS 130XOPHOI BUCOKOTEMIIEPATYPHOT TEIUIONPOBIHOCTI aTOMAPHUX KPIOKPHCTAIIB HaJl 3aKOHOM
1/T B pamkax metony Kamiayest 3 BUKOPHCTaHHSIM TiIIOTE3H PO BIUIMB PENEIBCHKOTO PO3CisiHHS (GOHOHIB Ha JU(Y3HUX JOKATBHUX
Mozax. ITokasaHo, 110 i3 3pOCTaHHIM TeMIepaTypH 1 YaCTOTH HAHOUIBIT ICTOTHUX (DOHOHIB B TAKNX KPHCTATIAX MOXKIIMBE MOCIA0ICHHS
e(peKTHBHOTO TEIUIOBOTO OIIOPY BHACIHIIOK MEPEXOMy B pereiBCHKOrO MEXaHi3My PO3CISHHS 0 HE3aJIC)KHOTO BiJ] JOBKHHU XBUIJIL.
Edexr € akycTHIHIM aHAJIOTOM 3MiHH KOJTBOPY HeOa 3 roiry0oro Ha Oinit BHACHIJOK TyMaHy a00 3a0pyIHeHHs aTMOCc(epr YaCTHHKAMH,
PO3MipH SKUX TIEPEBHUILYIOTh JOBKUHU XBUJIb ONTHYHHUX (DOTOHIB.

KurouoBi ciioBa: aromMapHi KpiOKpUCTau, i30X0pHa BUCOKOTEMITEpaTypHa TEILUIONPOBIAHICTh, PO3CISIHHS (OHOHIB JU(Y3HUMHU
monamu, Meroa Kammayest.

[IpoBeneH aHaNW3 NPEBBIICHUS H30XOPHON BBICOKOTEMIIEPATypPHON TEIIONPOBOAHOCTH aTOMApHBIX KPHOKPHUCTAJLUIOB HaJ
3akoHOM 1/T B pamkax Merona Kasayssi ¢ mprMEHEHHEM THIIOTE3bl O BIMSHUH PEJICEBCKOTO paccesHus Ha AU(GY3HBIX JTOKAIBHBIX
Monax. IToka3aHo, 4TO ¢ POCTOM TeMIepaTypbl M 4YacTOThI HauOOJiee CYIIECTBEHHBIX ()OHOHOB B TAKMX KPUCTA/UIAX BO3MOXHO
ociabienue 3G GEeKTHBHOTO TEIUIOBOTO CONPOTHBICHHUS BCISACTBUE IIEPEX0/Ia OT PEIECBCKOTO MEXaHU3Ma PACCESHUS K HE3aBUCAILEMY
OT JUIMHBI BOJHBL D(QEKT SBISETCS aKyCTHIECKUM aHAIOTOM U3MEHEHHs IBeTa Heba ¢ Toy0oro Ha Oellblil BCIEACTBHE TyMaHa WU
3arpsi3HEHMs aTMOCc(ephl YaCTHIIAMU, Pa3Mepbl KOTOPBIX NMPEBBIIIAIOT [UTMHBI BOJIH ONTHYECKUX (POTOHOB.

KonroueBnle ciioBa: aTomMapHbIe KPHOKPHCTAJIBI, H30XOPHAs BBICOKOTEMIICpATypHasl TEILIONPOBOIHOCTE, paccesHue (HOHOHOB
muddy3apME Monamu, Metox Kammayast.

Introduction under conditions of gradual weakening of phonon thermal

The isochoric thermal conductivity of the molecular
cryocrystals for temperatures higher than Debay's
temperatures identifies the systematic excesses over the law
of 1/T. It was explained by reducing of the libron scattering
due to the gradual moving rotational molecular motions,
while the sample was heated [1], and with the additional
thermal transfer by the diffusive modes [2]. The effect
is so powerful that it changes the thermal conductivity
behavior with its transition from decrease to increase. As
an explanation, in addition to the libron mechanism, the
diffusive local modes concept is used [3, 4]. It occurs

©Zholonko M.M., 2015

transfer mechanism of the thermal energy transfer when
it begins to propagate diffusively from one localized area
of excitation to another one. It is found that the minimum
of thermal conductivity of the diffusive thermal transfer
in solids has not been achieved yet (Figure 1). Therefore,
for the high-temperature field (near and above the Debye's
temperature) the conclusion was made that the phonon
mechanism and the diffuse modes in the heat transfer work
simultaneously, competing with each other [5].

However, it should be noted that the high-temperature
isochoric thermal conductivity excesses over the law
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Fig. 1. Thermal conductivity temperature dependencies
of solid argon and crypton. Squares are the argon
experimental data [8]. Circles are the crypton
experimental data [9]. Dashed lines is 1/T dependences
(upper for Ar and bottom for Kr). Dotted straight lines
is minimal thermal conductivity (for diffusive transfer,
upper for Ar and bottom for Kr). Solid curves are the
calculation results of the thermal conductivity by
Callaway method.

of 1/T. It was also observed in the rare gas solids, even
though those gases have no molecular rotational degrees
of freedom (Figure 1). Explanation of this phenomenon is
based on the concept of need to renormalize the phonons
oscillation spectrum in conditions when the sample’s
temperature increasing. However, we can propose another
explanation of this phenomenon. The reason consists
of the thermal conductivity excess over the law of 1/T
dependence is connected with mechanism that is similar
to the optical high-frequency photons molecular scattering
in atmosphere. According to some earlier studies [3],
diffusive modes appear in conditions where the free
phonons path / become close to their wavelengths (/ =1/2,
where 4 — wavelength). It is clear, that those not correlated
local areas will transmit heat energy much worse than the
flow of phonons. Therefore, diffusive modes are defects of
the flow of phonons, because these fluctuation formations
disturb the general correlation of the directive wave-like
movements of the non-equilibrium crystalline sample.

Statement and solution of the problem

We will consider that local diffuse modes as
spherical formations, which scatter phonons by Rayleigh
mechanism, that is proportionally to the fourth degree of
the frequency. At a constant length of these centers with
Rayleigh scattering mechanism, which predominates
over other on the thermal conductivity curve while T
increases, thermal conductivity behavior will appear as the
dependence of 1/T [7, 15], because the parameter x= A/
kT for dominant phonons must remain constant and nearly
equal to 4. It satisfies maximum of function x’e* / (e*-1)?
in the integral expressions for the thermal capacity and
the thermal conductivity in the frames of Debye model. It
seems clear under the condition of the heat transfer phonon
mechanism still works.
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Fig. 2. The thermal conductivity of solid hydrogen with
neon impurity [8, 12] for the following Ne concentrations
(curves are going down): thombus are 0.0001%, circles
are 0.001%, triangles are 0.012%; squares are 0.099%.
Solid line is pure hydrogen.

The appropriate example for this case is solid
parahydrogen with doped neon impurity [8]. In Figure 2,
in a double logarithmic scale, the experimental results are
shown obtained for the thermal conductivity temperature
dependence with the different concentrations of neon
impurity. It is evident that on the right wing from the
maximum of pure solid hydrogen thermal conductivity
(solid line) it decreases faster than dependence of T°
growing on the left wing. This is due to the solid hydrogen
is a quantum crystal with a melting temperature is much
lower than Debye temperature (118.5 K). However,
addition of spherical impurities of the constant size (atomic
Ne) gradually reduces the slope of the curve. It becomes
close to the law of 1/T for the biggest concentrations of Ne.
An appropriate Rayleigh dependence T* is shown on Figure
3 for effective scattering rate t-/=Cv?/3K (thermal capacity
of solid hydrogen with Ne impurity were taken from [9]).

Unlike neon atoms, the size of the diffusive modes
increases with temperature increase, and it could become
bigger than wavelength of dominant phonons. It happens
because the appropriate frequency of the dominant phonons
increases. Under those conditions, it is possible to predict the
opportunity of scattering mechanism change on diffusive
modes with its transition from Raileigh mechanism to the
independent from the phonon’s frequency. A multiplier in
Raileigh expression for the relaxation velocity must be
taken into account in those circumstances. This transition to
the new scattering mechanism leads to weaker temperature
dependence of the isochoric high temperature thermal
conductivity of atomic crystals than the law of 1/T. As one
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of the active phonon scattering mechanisms it could take
place in other molecular crystals and has an influence on
the high temperature thermal conductivity together with
libronic and others [2]. It is important to mention that the
exponential influence in the expression for the U-processes
relaxation velocity decreases with temperature increasing
(see expression for 7, ' below).

The calculation results for the isochoric thermal
conductivity in cases of classical pure atomic cryocrystals
Ar and Kr in comparison with experimental data and
classical dependence the law of 1/T are shown in Figure 1.
Besides the normal processes and U-processes hypothetical
phonon scattering mechanism on diffusive modes was also
taken into account. Relaxation Callaway method was used
for calculations when in addition to resistive mechanisms
we considered the special role of normal phonon-phonon
processes. For pure substances and high-quality samples,
the normal processes remain important for high temperature
range (here we can not consider K, as an insignificant).
Phonon thermal conductivity K is determined within the
frameworks of this relaxation model with two components
[4]:

K =K, + K, , where

3 o/T 4 x
K= (K] [ gy
2rv\h (e -1

0

o/T 2
{f (TC/TN)x4ex(e" —l)zdx}

k (kY
Koselh) 7
I (r. /T T,)x*e (e —1) " dx
C N*R
0

Integration parameter x = /iw/kT, where / is Planck’s
constant, @ is cyclic frequency, 7 is crystal temperature,
© is characteristic Debye temperature. Reciprocal
combinational time of phonon relaxation 7. (or average
frequency of collisions ) is determined by the expression:

4
Tc

_ - -1

=Tz +7 N

where 7, is frequency of normal processes, that is the way
those phonon-phonon collisions that occur without loosing
of quasi-momentum:

-1 _ 5.2
Ty = AT x",

Here 7, is frequency of all resistive processes as the
sum of all such frequencies. It was calculated in case of
perfect single crystal with such mechanisms: boundary
scattering (v - speed of sound, L - characteristic size of the
bulk sample):

Ty =V/ L where L=3 mm;

inelastic phonon-phonon interactions (U-processes):
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modified Rayleigh relaxation velocity d,j] on diffusive
local modes:

-1 4
Ty =J@

where f=A/T" (n <4). The exponent of power 7 is
considered the parameter, which together with the
coefficient 4 is determined by matching of the theoretical
models with thermal conductivity experimental curve.
Some of parameters are shown in Table 1.

At this point, we will do the comparison of dominant
wavelength phonons at different temperatures for the
parahydrogen and rare gas solids with the size of the local
diffusive modes which we can consider as the fluctuating
volumes. Square of it can be written [17, 18] as

<OV?>= kT(a—Vj .
op ),

For example, at T = 10 K for 1 mole of ideal gas
under the normal pressure the isothermal compressibility

L) e ST BB 10w
& ); p p 10

Then, the fluctuation per one molecule will be:
OV, =(<oV*>)"? /N, =

:(kTVmo,]m N -
A

p
=(1L410™)"/6-10® ~ 10 m’

Since the compressibility of these crystals is six
orders less then for ideal gas [1, 19] despite the weak
intermolecular bond in these substances, the corresponding
volume magnitude 67, will be also smaller.

Hence the order of estimate for an ideal gas fluctuation
size per one particle is equal 10"°m. This magnitude
is even less than the size of the one molecule. On the
contrary, dominant phonon wavelength near 10K is much
more. Indeed, from ZAw/kT = 4 we will have w=4kT/l or
Agom=2mc/ 0= mwch/2kT=1-10"m, where c is the speed
of sound. The speed of sound was set in the calculations
as equal to 1 km/s. Thus, phonon Raileigh scattering of
this fluctuating formations for solid parahydrogen (right
wing of thermal conductivity curve, Figure 2) is weak.
However, in experiments with temperature conductivity
of solid argon and krypton the fluctuation magnitude per
molecule increases more than an order. The dominant
phonon wavelength conversely decreases. Keep in mind
that the local diffusive mode is forming by the fluctuations
of many molecules, the situation with excess dimensions of
diffusive modes above the dominant phonon’s wavelengths
for the highest temperature of experiments with Ar i Kr

13



Diffusive modes as a defect for explanation of isochoric high-temperature thermal conductivity deviations
of rare gas solids from law of 1/T

T, K

5 7 9

Fig. 3. The temperature dependence of the effective
scattering rate 7 '=Cv’/3K of solid hydrogen with
neon impurity [16]. The concentrations are the same
as in Figure 3 (curves are going up with concentration
growth). Dashed line is pure hydrogen. The solid line is
T*dependence.

(Figure 1) seems likely. It should be also noted that in the
latter case the length of the phonon does not depend on the
temperature and size of it and has the order of magnitude 10
'm (the temperatures of the experiments exceed the Debye
temperature, see Table 1). Therefore, scattering of phonons
could not have the Raileigh character. The question of the
size growth the volume fluctuations till to 10" m remains
open. It requires further investigation.

Conclusion

Thus, thermal conductivity excess in atomic
cryocrystals over the law of 1/T could be explained by
phonons scattering on diffusive modes when the dominant
phonon wavelengths become shorter than their size with
the temperature increasing. This effect can be also active in
other molecular crystals [1, 2, 11, 12]. However, the excess
over the law of 1/T is much higher for molecular crystals
due to other mechanism’s action, in particular for case of
the libronic scattering. The libronic scattering also weakens
in conditions of a gradual putting into action of molecular

rotational movements with the temperature growth. It
seems that phonons as carriers of heat energy must be much
more active for the heat transfer than diffusive modes.
The scattering of the phonon flow by diffusive modes and
libronic mechanism weakens as the temperature increases.
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Within the framework of a simple model of the energy spectrum of electrons on the nanotube surface with a superlattice in a
magnetic field, an analytical expression for the magnetic moment of a degenerate electron gas is obtained. It is shown that in the case of
a large number of filled energy levels of the transverse motion of electrons there exist monotonous and oscillating contributions to the
magnetic moment. The oscillation part demonstrates de Haas-van Alphen type of oscillation on electron density and Aharonov-Bohm
like oscillations on longitudinal magnetic field.

Keywords: nanotube, superlattice, magnetic field, magnetic moment.

Ha ocHOBe MOJENBHOTO CIIEKTpa YHEPIHU AJIEKTPOHOB Ha MOBEPXHOCTH HAHOTPYOKH CO CBEPXPELICTKOH B MarHUTHOM MOJIe
MOJTyYeHO AHAJIUTHYECKOE BBIPaXKEHHE JUII MarHUTHOTO MOMEHTa BBIPOXKICHHOTO JJIEKTPOHHOTO rasa. IlokaszaHo, 4To B ciydae
OOJIBIIIOTO YHCIIa 3aMIOHEHHBIX YPOBHEH SHEPTHH ONEPEYHOTO JBIKEHHS YJICKTPOHOB CYIIECTBYIOT MOHOTOHHBIC H OCIMLINPYIOIINE
BKJIAJbl B MarHUTHBIH MoMeHT. [locmemHmii MCHBITEIBAaeT ocIpuuiinuy Tuma ae [aaza-Ban Anb(eHa C M3MEHEHHEM ILUIOTHOCTH
9MEKTPOHOB M OCHMLIAINT AapoHOBa-boMa ¢ M3MeHeHneM MarHUTHOTO TTIOTOKA Yepe3 CedeHHne TPyOKH.

KoaroueBble ciioBa: HaHOTpyOKa, CBEPXpEIIETKA, MAarHUTHOE TI0JIE, MAaTHUTHBIH MOMEHT.

Ha ocHOBI MOJENBHOTO CHEKTPY €Heprii eJICKTPOHIB Ha MOBEPXHI HAHOTPYOKH i3 HAATPaTKOIO y MarHiTHOMY IOJI OTPUMAaHO
QHANITHYHUI BHpa3 U1 MAarHITHOTO MOMEHTY BHPOJKEHOTO E€JIEKTPOHHOro ra3y. IlokaszaHo, IO y BHIAAKy BEIHMKOI KiTBKOCTI
3allOBHEHHX DIBHIB €HEPTil MOMEPEYHOr0 PyXy €JEKTPOHIB iCHYIOTh MOHOTOHHI Ta OCIWIIIOIOYiI BHECKH JO MAarHiTHOTO MOMEHTY.
OcranHiil Bunpo06oBye ocumawii Tumy e ['aasa-Ban Anbgena 31 3SMiHOIO TYCTHHU €JIeKTPOHIB 1 ocimisinii AapoHoBa-boma 31 3MiHOIO

MarHiTHOTO MOTOKY Yepe3 IePeTHH TPyOKu.

Kirwuogi ciioBa: HaHOTpYyOKa, HaArpaTka, MarHiTHE TOJIe, MATHITHUI MOMEHT.

Introduction

The study of the magnetic response in nanostructures
with cylindrical geometry (nanotubes) provides us the
important information about the electron energy spectrum
and the potential of geometric confinement of electrons in
such systems [1-6]. This is because the magnetic response
of such nanostructures is mainly determined by the shape
of the electron spectrum, which in turn depends on the
geometry of the system.

Interest in carbon [1-3] and the semiconductor [4-6]
nanotubes is caused by their unique characteristics — high
strength and conductivity, magnetic, waveguide and optical
properties. These systems are obtained by folding a sheet
of graphene or two-dimensional heterostructures in a tube.
Depending on the method of a folding the tube has a metal,
semiconducting or dielectric properties.

Modern production methods allow one to create not
only nanotubes, but also nanotubes with superlattices.

©Rashba G.I., 2015

Along with the flat superlattices [7-15] there exist the
superlattices with cylindrical symmetry [16]. They are
radial and longitudinal [16,17]. The radial superlattice
represents a system of coaxial cylinders and the
longitudinal superlattice is similar to the system of coaxial
rings. The tubes with longitudinal superlattice are created
by lithographic methods and by the introduction of
fullerenes in a tube. In such a system there is a periodic
potential acting on the electrons moving along the tube.
The miniband appears in the energy spectrum of electrons.
The density of electron states has a root singularities on the
miniband boundaries [18].

It is important to note that the theoretical study of
magnetic properties of nanotubes with a superlattice is
quite a complex problem. The effect of one-dimensional
superlattice on the magnetic moment of the semiconductor
nanotubes is relatively little known. The theoretical research
in this field is usually limited to numerical calculations.
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The number of electrons, considered in these numerical
studies, is little and such research methods can not be
used for the study of nanostructures, containing hundreds
or thousands of electrons. In addition, the most important
thing is that the numerical methods do not always reveal
the physical nature of the phenomena studied. In Ref. [19]
the magnetic response of the electron gas on the surface of
semiconductor nanotubes in a longitudinal magnetic field
without the superlattice is considered. The Ref. [20] takes
into account the effect of the superlattice on the magnetic
moment. However the authors of [20] had obtained results
which are expressed in terms of integrals. The authors Ref.
[20] argue that these integrals are not expressed in terms
of tabulated functions, and for this reason they are limited
themselves to the numerical calculation.

The goals of this article are: to choose the suitable
model for the description of the geometric confinement in
nanotubes, to offer a convenient expression for the energy
spectrum of electrons in the tube with superlattice, to obtain
an analytical formula for the magnetic response of the
electron system, to study the dependence of the magnetic
moment on magnetic field and the surface curvature.

The electron energy spectrum

Equilibrium properties of the electron gas in
nanosystems are determined by the electron energy
spectrum, which is caused by the geometry of the system
[19].

The energy of the electron with effective mass 7, on
the nanotube cylindrical surface in a magnetic field B
parallel to the tube axis was calculated by Kulik with taking

into account the radial motion quantization of electrons in
the tube of small thickness [21]:

n2k?

i = E(m+1) +—— (1)

o
where /i —quantum constant, im and 7k —the projection

of the angular momentum and electron momentum on the

2
axis of the tube, &, = % - rotational quantum,
msa

a —the tube radius, 77 = % —the ratio of the magnetic
0
flux O = ﬂazB through the cross section of the tube to

the flux quantum @, =27[c% [21]. Equation (1)
describes a set of one-dimensional contiguous subzones,

whose boundaries &5 = &y (m +77)2 coincide with the
quantized energy levels of the circular motion of the
electrons on the tube in a magnetic field. The density of
electron states has a root singularity at the subzone
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boundary. The simplest way to take into account the
superlattice on the tube is to replace the longitudinal motion
electron energy in the formula (1) by the expression

8k:A(1—COSkd)’ )

where d - the period of the superlattice, 2A — the width
of the energy spectrum band of the electron longitudinal
motion. This expression (2) is borrowed from the theory of
tight binding between the electrons and the lattice and it is
often used in the theory of layered crystals and superlattices
[20,22,23]. Thus, in the single-band approximation, the
electron energy with an effective mass m, and spin

magnetic moment fp on the cylindrical nanotube surface

with a longitudinal superlattice in the longitudinal magnetic
field is

Emko = 30(m+77)2 +A(l—coskd)+ougB | (3)

where o =%1 - spin quantum number. This band

corresponds to the wave number values situated in the first
Brillouin zone — % <k< % . The spectrum (3)

describes a set of allowed electron energy region in intervals
& <& <g +2A, which separated by gaps. According

to the analogy with the conventional superlattice theory
these bands are called minibands.

Magnetic moment of the electron gas
Using the standard expression for the thermodynamic
potential € [24], we obtain in considered case the
following expression

o Y
kpTL H=Epio
Q=— B;; z z J dkln{l+exp(T]f‘fH,(4)

m=-o o ()

where L — the nanotubes length, kB — Boltzmann
constant, H _ chemical potential. Using formula (4) we

find the magnetic moment according to the expression

M =-(%/ .
OB T Then we get the expression

D m,
T, -
o 1 Y m+—+o

M L 0]
__z_ﬂ Z Z .[dk (6 0 njo .5
exp| —— [+1

/uB T m m=—wo=—1 ()

where my) — the free electron mass. In Ref. [20] the spin is
not taken into account but in this article it will be taken into
account. The summation over # in the formula (5) is

calculated using the Poisson summation formula:
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Z V/( Z de(// Zmlx

J=—00 _

As aresult of simple transformations, it turns out that the magnetic moment of the electron gas on the surface of the

tube with a superlattice can be represented as the sum of three contributions M = M + M, + M5, where

7
M, 2Lo
1= dk | dx (6)
Hp ; T 0 I f

7
M, _ Z4Lm0 Zsm(zﬂlE] .[ dkj dx'x'sin (271x") / (x'). @
0 0

Hp o M o 0

~+00
d [ dx' cos(2xlx') f (x'). ®)
0

M 410 31 ) %
——322—2005[27#—}]'
B o 7 1= Do) %

The notation here we have used:

f(x)= :

expﬂ[gox'2 +A(1-cos kd)+tuB—,u} +1°

where 'B = kBT — the reverse temperature.

(From the formulas (6)-(8) it is seen that under & = 0 the only contribution A 5 is non-zero.)
Expressions (7) and (8) are the result of the expansion of Fourier series of the magnetic moment of nanotube with a
superlattice:

ZZCzl sm(27ﬂ§] ’ ZZQ, cos(27zl§} , 9)

o =l 0 g o =l 0
Let us introduce the new variables x =k X 27x' = z and notation ' = S2A,
U, & z?
— 0
by (z)=Ho - 202
2A 87°A

where Mo = Mo —OHpB [y _ the chemical potential at zero temperature. Also we take into account that there is

S _ .02 . . . . .
an identity A (1 —Cos2x ) =2AsIn” X As aresult, we obtain the following expressions for the Fourier coefficients:

2 77 1

C3 = Pmd J.dzzsleJ. dx ﬁ'(sinzx—bg) , (10)
e +1
V4
%
Cy = 4LO- J dz cosIzJ. dx . 21 , (11)
ﬂ- o (sm x—bg)_i_1

It follows from (9)-(11), the magnetic moment of the semiconductor nanotubes is an oscillating function of magnetic
flux with a period equal to the flux quantum.
Following the authors Ref. [20], with the goal of qualitative research nature of the dependence of the magnetic
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moment of the magnetic flux, one considers the case 7'=0. Then in the jdx integrand takes the

formula ® (Sin2 x—b, ) , where ® (x) — the Heaviside theta function. Next, you need to consider the following case,

when 4, >2A.

In that case there exist the contributions for the magnetic moment:

27 Ho 24 27 |Ee
M, 2ml x V0 .
_72 _ 20 Zsln[27rl—j2 — I dzzsinlz + .[ dzzsinlzarcsin,/ba(z) (12)
Mg womd i Do S5 2 1o —2A
272- o =
€0
27 Ko 24 2z |He
M +M, 2L P “
——1 3 = 5 ZO‘ By I dz + I dz arcsin«/ba(z) X
Hp ned s 0 1, 2A
27 [Fe (13)
€o
400 q)
X 1+22cos 27l— |coslz |.
= Dy

Further analysis of the magnetic moment dependence of the magnetic flux is performed using the values of typical

parameters Gads , which are commonly used in experiments [16,20]: m, = 0.07-m0 (mgy — free electron mass),
0
a= 10_7cm, ,u% =10, L=10um kK A=0.01eV, d =3500 A . Provided you use inequalities t; L] 2A,
0

Hs [ &g it can be represented (12) in the form

2myL <
M, _2myL ZZ —sm{Zﬂl /'UUJ L ’u—gcos{Zﬂ'l ’u—aj sin(angJ. (14)
Hp  md 57 71N & “0 o

If we consider the inequality Al & , we can neglect the first term in brackets in (14). The second term in brackets

max

in formula (13) contains the integral of the form _[ dz arcsin V b ( ) coslz .

me

872 Hs 2
Proceeding in this integral to a new variable U# according to the formula Z = Z -—u
€0

followed by an approximate calculation under condition o U 2A 4 gives

2
Vs A Y7,
B z——COS(Zﬂ'l —"J. 15
2 \Eéols €0 (1

As a result the contributions were obtained:

—M=2—LZU Ho 1+A+—Zcos(27ﬂ/ Jcos(ZﬂIE] . (16)
Hp d ‘7 o 2y Mo 1T €0 @,
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It is important to note, that the integral

872A j "
o |Ho_ 2
2A

arcsinu

can be calculated exactly. As a result of the integration
by parts it is equal to:

BTN 7 My Mo g [2A
g | 2V24 2A W\, )|

where £ (k ) =E (% N ) —the complete elliptic integral
of the second kind [25]:

@
E((p,k) = jdax/l —k*sin’ «
0
— elliptic integral of the second kind, k&

Performing expansion in the £ ( ’ 2% j over small
-

parameter 2A [l g1 we obtain the result that is consistent

with (15) at / = 0.

The formula (14) and (16) undergoes Aharonov-Bohm
oscillations under variation of magnetic flux through the
tube cross-section. The oscillation period is equal to the
flux quantum @ . Also there exist the oscillations looking

BS =

— its module.

like de Haas-van Alphen ones. They are caused by transition
of root singularities of electron density of states at the
miniband boundaries through Fermi boundary due to the
tube radius variation or changing the electron density 7 .

The latter is related with the Fermi energy under £ 2A
as follows [26]

1 2
MU= —( hdn)
8m, ’
In addition, we neglect the weak spin levels splitting.
Analyzing the dependence of oscillations in (14) and (16)

on (adn )% we obtain the period

Y

1

asm,A

Conclusions
The increasing interest in electron properties of carbon
and semiconductor nanotubes is due to several reasons.
They are functional elements of various instruments and
devices. The existence of an additional parameter — the
curvature of the nanostructure — increases the number of

T =

)

20

ways to control the properties of these systems. Modern
production methods allow us to create the superlattice on
the tubes. Nanotubes with a superlattice are characterized
by additional parameters — the period and amplitude of
modulating potential. As a result, the physical properties of
the electron gas on the surface of the tube with a superlattice
become richer.

Observation of the magnetic moment oscillations of
de Haas-van Alphen type allow us to determine the electron

effective mass m, , Fermi momentum, rotational quantum
&y and the superlattice parameters d and A. These

values determine the amplitude (14), (16) and period (17)
of magnetic response of the nanotube. The magnetic field
results in Aharonov-Bohm oscillations of the magnetic
moment caused by nonconnectivity of the area occupied by
electrons.
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Evolution of the excess conductivity in slightly doped YBa,Cu,O, ;
under high pressure
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The influence of hydrostatic pressure up to P=1.05 GPa on resistivity, excess conductivity ¢/(T) and pseudogap (PG) A*(T) in
slightly doped single crystals of YBa,Cu,O, ; (T (P =0) =49.2 K and 6 = 0.5) is studied. For the first time it is found that the BCS ratio
2A*/k,T and PG A* both increase with increasing external hydrostatic pressure at a rate dlnA*/dP =~ 0.37 GPa™, implying an increase
of the coupling strength with pressure. Simultaneously, the critical temperature T, also increases with increasing pressure at a rate
dT/dP =+5.1 K-GPa™, whereas resistivity p(300K) decreases at a rate dlnp/dP = (-19+0.2)% GPa™'. Independently on pressure near T,
o/(T) is well described by the Aslamasov-Larkin and Hikami-Larkin fluctuation theories demonstrating 3D-2D crossover with increase
of temperature. The crossover temperature T, determines the coherence length along the c-axis £ (0) = (3.43 + 0.01)A at P=0 GPa,
which decreases with pressure.

Keywords: Fluctuation conductivity, pseudogap, pressure, excess conductivity, YBaCuO single crystals.

B pabote nccnenoBaHo BiHMsHUE TUApocTarnieckoro masieHus po P=1.05 I'Tla Ha ynembHOe compoTHBIEHHE, H30BITOUYHYIO
nposoaumocTh ¢/(T) u ncesnomens (1) A*(T) B cnabo gonupoBanHoM MonokpucTamie YBa, Cu O, ¢ (T(P=0) = 49.2 K u 6=0.5).
Brepsrie obHapyskeno, uro cootnomenne BKI 2A*/k, T u IIILI A* Bospacrator ¢ poctom nasienns kak dnA’/dP = 0.37 GPa',
yKa3blBas Ha yBEIMYEHHE CHIIbI CBs3M. [lokazaHo, 4To kpuTHYeckas Temmeparypa T, Taroke yBenuuuBaeTcs ¢ yBenndeHueM P kak
dT /dP=+5.1 K-T'Tla"', B To Bpems Kak yjenbHoe conporusienue p(300K) ymenbiaercs kak dinp/dP = (-19+0.2)% I'Tla™". HezaBucumo
ot masyerns Bommsu T, o (T) Xopomo omickBaeTcs (GIyKTyalHOHHBIME Teopusmu Acmamasosa—Jlapkuna u Xukamu— Jlapkuna,
neMoHCTpupyst 3D- 2D kpoccoBep TpH yBeJIMYEHMH Temmeparypbl. Temmeparypa kpoccoBepa T, MO3BOISET ONPENENUTH JUTHHY
korepentHocTn &_(0) = (3.430.01)A npu P=0 I'Tla, k0Topast yMEHbIIAETCA C JABIEHUEM.

KoroueBnbie ciioBa: OyKTyaliMOHHAs IPOBOANMOCTG ,IICEBIOIIEIb, AaBICHNE, N30BITOUHASI IIPOBOAUMOCTh, MOHOKPHCTAJIIBI
YBaCuO.

B po6oTi mocimipkeHo BIUUB rifpoctatndHoro Tucky mo P = 1.05 I'Tla wa muromuii omip, Ha uiHmkoBy mpoBiaHicts o/(T) i
ncesoutimuny (ITII) A*(T) B cnabomonosanomy monokpuctan YBa,Cu,O. ;3 (T (P =0) = 49.2 K i 6=0.5 ). Bnepuie BusiBIeHo, mo
cnisBignomenns BKIIT 2A"/k, T i ITLL A*(T) 3poctaroTs 3i 36imbmenHsm THcky, ak dInA"/dP =~ 0.36 GPa™', maioun Ha yBasi 36inbleHHs
cuiH 3B’3Ky 3 THCKOM. [ToKasaHo, Mo KpuTHYHA Temieparypa 30inburyerhbes 3i 36inbmennsam tucky dT /dP=+5.1 K-T'Tla", B Toit uac,
sk p(300)K smenmyersest din p/dP = (-19+0.2)I'Tla. Hezanesxuo Bij tucky nobmusy T, o' (T) nobpe onucyerbes duykTyanitnumu
TeopisiMu Acnamasosa-Jlapkina i Xikami- Jlapkina, nemoncrpytoun 3D- 2D xpocosep npu 30inbIeHH] Temneparypu. Temmeparypa
kpocosepa T 103B0NIs€ BU3HAYUTH JTOBXKUHY KorepeHTHOCTI & (0) = (3.43 +£0.01) A mpu P = 0 I'Tla, sixa 3MEHITY€THCA 3 TACKOM.

Kirouosi ciioBa: @ykryariiiHa IpoBigHICTh, ICEBIOUIIHHA, TUCK, HA/UTHIIIKOBA TIPOBiAHICTH, MOHOKpHUCTanu Y BaCuO.

Introduction

Pseudogap (PG), which is opening in the excitation
spectrum at the characteristic temperature T*>> T, where
T is the resistive transition temperature, still remains one
of the most interesting and intriguing property of high-T,
cuprate superconductors (HTS’s or cuprates) [1-3]. It is
believed that the proper understanding of the PG physics
has to promote deciphering the basic pairing mechanism in
the HTS’s [1,2]. Since the observation of a large pressure
dependence of T in the La-Ba—Cu-0 system [4], pressure

plays an important role in the study of HTS’s. In contrast
to conventional superconductors, dT/dP for the high-
T, superconductors appears to be in most cases positive
whereas dInp_ /dP is negative and relatively large [5-8].
Applied pressure produces a reduction in lattice volume
which promotes ordering [5] and this appears to lead to
positive dT /dP observed in experiment. The interpretation
of the pressure effect on p is rather uncertain, since the
nature of the transport properties for HTS’s is not clear yet.
The dominant contribution to the conductivity is known to
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come from the CuO, planes which are interconnected by a
relatively weak transfer interaction. Most likely pressure
leads to the increase of the charge concentration n, in the
CuO, planes, which in turn has to affect both T and p(T).
The theoretical approach to the hydrostatic-pressure effects
on the resistance of HTS’s is discussed in Ref. [5]. There
are also several papers in which the influence of pressure
on the fluctuation conductivity (FLC) was studied in HTS’s
compounds [6-8]. But as far as we know no detailed study
of pressure influence on pseudogap in the high-Tc oxides
has been carried out up to now.

In the paper we report on the in-plane resistivity
p,, (T) measurements under hydrostatic pressures up to
P=1.05 GPainslightly doped YBa,Cu,0O, ; (YBCO) single
crystals with the oxygen index 7-6~ 6.5 and T, = 49.2K at
P = 0 GPa. We studied the excess conductivity o/(T) and
focused on the temperature dependence of FLC. From
the analysis of the excess conductivity the magnitude and
temperature dependence of pseudogap A*(T) with and
without pressure were finally derived. The analysis was
performed within our Local Pair (LP} model [1,9,10] as
discussed in details in the text.

Experiment

The YBa,Cu,O,; (YBCO) single crystals were grown
with the self-flux method in a gold crucible, as described
elsewhere [11-14]. For electrical resistance measurements
were selected crystals of rectangular shape with typical
dimensions of 3x5x0.3mm?’. The smallest parameter of
the crystal corresponds to the c-axis. To obtain samples
with given oxygen content, the crystals were annealed in
an oxygen atmosphere as described in Refs. [14,15]. The
electrical resistance in the ab-plane, p (T) = p(T), was
measured in the standard four-probe geometry with a dc
current up to 10mA in the regime of fully automated data
acquisition. The measurements were conducted in the
temperature sweep mode, with a rate of 0.1 K/min near T,
and about 5 K/min at T >> T . The hydrostatic pressure was
generated inside an autonomous chamber (piston—cylinder
type) as described elsewhere [13,14]. A manganin gauge
made of a 25 Q wire was used to determine the applied
pressures. The temperature measurements were performed
using a copper—constantan thermocouple mounted at
sample level on the outside of the chamber [13].

Figure 1 displays the temperature dependencies
of the resistivity p(T) of the studied YBCO single crystal
measured at P =0 GPa (curve 1) and P = 1.05 GPa (curve
2), respectively. The curves have an expected S-shaped
form being typical for the slightly doped YBCO films
[1,16] and single crystals [17,18]. Above T*~ 260 K p(T)
varies linearly with T at a rate dp/dT = 2.48 pQemK!
and dp/dT = 2.08 pQcmK-' for the pressures P = 0 and
1.05 GPa, respectively. (Note that 1 GPa = 10 kbar). This
linearity is characteristic for the normal state of cuprates
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Fig. 1. Temperature dependence of p of YBa,Cu,O, ; (7
— 6~6.5) single crystal at P=0 GPa (curve 1 dots) and
1.05 GPa (curve 2, semicircles). Inserts display the way
of T* determination at P=0 GPa using (p(T) — p,))=aT
criterion.

[16-20]. The slopes were determined by the computer
linear fitting which results in the rather good linearity in the
stated temperature range with the standard error of about
(0.009+0.002) at all applied pressures. The PG temperature
T* is taken at the point where the experimental resistivity
curve starts to downturn from the linear behavior at the
higher temperatures designated by the dashed lines in the
figure. The more precise approach for the T* determination
is to use [p(T) — p,J=aT criterion [21]. Now T* is the
temperature at which [p(T) — p ]/aT downturns from 1 as
shown in insert in Fig. 1. Both approaches give the same
T*’s.

The relative diminution of p(T) as a function of
pressure is practically temperature independent above 260
K and amounts to dlnp(300K)/dP= (-194+0.2)% GPa’'. This
value is in agreement with results obtained for different
cuprates [5-8,13]. Simultaneously, the critical temperature
T, also increases with increasing pressure at a rate dT/
dP=+5.1 K-GPa! which is in a good agreement with our
results for slightly doped (SD) HoBCO single crystals
where dT /dP=+4 K-GPa™' is found [22]. The same dT/
dP=+4 K-GPa! was observed by pressure experiments in
SD polycrystalline YBa,Cu,0O, ; (7 =6 ~ 6.6) using a muon
spin rotation (LSR) technique [23]. The result confirms the
expressed assumption that in cuprates both p diminution
and T, increase occur likely at the expense of the increase
of the charge carrier density n, in the CuO, planes under
pressure. Meanwhile, it is likely that the oxygen vacancies
in the slightly doped cuprates provide the possibility for the
more easy redistribution of n.as compared with optimally
doped samples where the number of vacancies is small and
n,is, in turn, rather large [1,2,24].

Results and discussion
Below the PG temperature T* the resistivity curves
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at all applied pressures deviate down from the linear p(T)
observed at the higher temperatures (Fig.1). This leads to
appearance of the excess conductivity

&'(T) = o(T) - o, (T) = [Up(D)] - [1p(D].1)

where p(T)=aT +p, is the linear normal state resistivity
extrapolated to low T region (dashed lines in the figure).
Accordingly, a=dp/dT and p, is the intercept with the y-axis.
This procedure of the normal state resistivity determination
is justified in Ref. [20] and is of a common occurrence
now [21,25-27]. We will mainly perform analysis for the
sample YO (P=0) and compare results with those obtained
for the sample Y6 (with P=1.05 GPa applied for five days),
as well as with results obtained for different cuprates [5-
7]. Naturally, the same analysis has been performed at all
applied pressures.

To begin with the analysis, the mean field critical
temperature T "has to be found. Here Tcmf> T, is the

critical temperature in the mean-field approximation, which
separates the FLC region from the region of critical
fluctuations or fluctuations of the superconducting (SC)
order parameter A directly near T (where A <kT), neglected
in the Ginzburg-Landau (GL) theory [28]. In all equations
used in the analysis the reduced temperature

g:(T_Tcmf )/Tcmf (2)
"My =
. |n(8G) =-4.58 a
10 ~ o In(e,) = -2.45 |
9F " v ‘ T
P
Q 6
2108 | iney=278 -
c 9l P~ ‘ In(E)) =-0-3 |
c b )
RaNV
) — S
oot
6

6 5 4 3 -2 1 0 1
In(e)
Fig. 2. In 6’ vs Ing at P=0GPa (panel a, dots) and P=1.05
GPa (panel b, circles) compared with the fluctuation

theories: 3D AL (dashed line 1); MT with d = d1 (solid
curve 2).
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is exploited. Thus, the correct determination of Tcm f [26] s

decisive in the FLC and PG calculations. Within the LP
model it was convincingly shown that near T, FLC (Fig. 2,
dots (P= 0 GPa) and circles (P= 1.05 GPa)) is always
extrapolated by the standard equation of the Aslamasov-
Larkin (AL) theory [29] (Fig. 2, dashed line 1), which
determines FLC in any 3D system:

2
' e

—c. —<
O 413D 3D 324 .(0)

Here &_is a coherence length along the c-axis, d is a
distance between conducting layers [30,31], and C, is a
numerical factor used to fit the data by the theory [1,25,26].
This means that the conventional 3D FLC is realized in
HTS’s as T draws near T,[1,30,31] providing the way for
T ™" determination. From Eq. (3), one can easy obtain 6> ~
e ~ T- T™. Evidently, 6"*(T) = 0 when T= T ™ [1,26,30].
The interception of the extrapolated linear ¢”*(T) with
T-axis determines both T ™=50.2 K and, consequently, €.

Figure 2 shows ¢’ as a function of ¢ plotted in double
logarithmic scale. Above T™ and up to T = 54.4 K (Ing, =
-2.45, P=0 GPa) Inc/(Ing) is well described by Eq. (3) which
is the straight line with the slope A= —1/2 (Fig. 2, dashed
line 1). Above the crossover temperature T, data deviates
up from the AL line suggesting the crossover to the 2D
behavior which corresponds to the Maki—Thompson (MT)
fluctuation contribution into FLC [31] (Fig. 2, solid curve
2). Thus, above T and up to T, = 87.4 K (In g ,=-0.3) Inc’
(Ing) is well fitted by the MT term of the Hikami—Larkin

-1/2

(€)

(HL) theory [31]:
et 1 l+a+J1R2a )
OMr~ g, In| (0/a)———F—= |6~ 4
8dh 1-a/d6 l+a+1+28
In Eq. (4)

0
a:2|:§c( ):l 6_-1 (5)
d
is a coupling parameter,

161 &0
5:'35[%} kT, (6)

is the pair-breaking parameter, and 7 that is defined by
equation

r¢ﬂT=ﬂh/8kBe=A/e @)
is the phase relaxation time, and A =2.998 - 1072 sK. Factor
p=1203(l/&,) ., where 1 is the mean-free path and &

(T) is the coherence length in the ab plane, considers the
clean limit approach (1> &) [1,31].
Evidently, at the crossover temperature T ~g, the

coherence length &,(T)=¢&,(0)e™? s expected to
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amount to d [9,30,31]. This yield & (0)=d\/¢, and

allows the possibility of € (0) determination. Set d=11.67A,
which is the c-axis lattice parameter in YBCO [33], one can
easily obtain & (0) = (3.43+0.02) A and £ (0) = (2.91+0.02)
A for P=0 GPa and P=1.05 GPa, respectively. Both found
€.(0) values are in a good agreement with those usually
reported for SD YBCO [1,16,21]. & (0) is the important
parameter of the PG analysis [1,2,8].

Accordingly, at T=T , (ore=¢ ) & (T)=d,, whered, isa
distance between the conducting CuO, planes [9,19,30,31].

This yield &, (0)=d,+/&,, and allows the possibility of d,

determination since & (0) has already been found. Finally,
d,=(3.98+0.02) A and d =(3.37+0.02) A were derived from
the experiment for P=0 GPa and P=1.05 GPa, respectively.
Revealed d, = (3.98+0.02) A is actually the inter-planar
distance in YB,Cu,O, . at P=0GPa [33]. Both £ (0) and d,
are found to decrease with pressure [5-7]. Within the LP
model it is believed that below T, & (T) exceeds d, and
couples the CuO, planes by Josephson interaction resulting
in appearance of the 2D FLC of the MT type which lasts
down to T, [1,9,30,31]. Correspondingly, below T, & (T)
exceeds d, and pairs can interact in the whole sample
volume forming the 3D state now [30,31].

Finally, it turns out that just € has to govern Eq. (4)
now and its proper choice is decisive for the FLC analysis.
Corresponding temperature T, is introduced to determine
the temperature range above T, in which the SC order
parameter wave function stiffness has to maintain [34,
35]. As it is clearly seen from the analysis, it is just the
range of the SC fluctuations which obey the conventional
fluctuation theories.

Pseudogap analysis

In HTS’s pseudogap is manifested as a downturn of
the longitudinal resistivity at T* from its linear behavior
above T*[1, 2]. This results in appearance of the excess
conductivity o/(T) (see Eq. (1)). It is well established
now [1,2,10] that just the excess conductivity has to
contain information about the PG. Evidently, to attain
the information one needs an equation which specifies a
whole experimental ¢/(T) curve, from T* down to T, and
contains the PG in the explicit form. Besides, the dynamics
of pair-creation and pair-breaking (see Eq. (9)) above T,
must be taken into account in order to correctly describe
the experiment [1,9]. Due to the absence of a complete
fundamental theory the equation for o(T) has been
proposed in Ref. [9] with respect to the local pairs:

e’A, (1 - ]T*j(exp(- f )j

(1 6he, (0)\/ 2&,sinh(2¢/e,) )

o'(e)= ®)
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Fig. 3. Temperature dependence of pseudogap parameter
A" of YBa,Cu,0, , single crystal at P=0 (curve 1, dots)
and P=1.05 GPa (curve 2, semicircles). The data were
analyzed with Eq. (11). Solid curve 3 indicates the result
of such analysis performed at P=1.05 GPa but using the

resistivity curve fitted by polynomial down to ~160K.

Here A, is a numerical factor which has the meaning
of the C-factor in the FLC theory [1,10].
Solving Eq. (8) for the pseudogap A" (T) one can

readily obtain:
e’A, (1- TT j
€)

o'(T)167E, (0)2¢,,sinh(2& /., )

Here o/(T) is the experimentally measured excess
conductivity over the whole temperature interval from T*

A" (T)=TIn

down to Tcmf. Within the LP model all parameters in (9),

including T*, Tcmf, g, £(0), A, and theoretical parameter
g*,, can be directly determined from the experiment
[2,9,10].

Fig. 3 displays the results of the LP model PG analysis
for P=0 GPa, and P=1.05 GPa, curve 1 and 2, respectively.
Curve 1 (dots) is computed using Eq.(11) with the following

set of parameters derived from experiment: T* = 252 K,
Tcmf= 50.2 K, £ (0)= 3.43A, ¢* = 0.94 and A, = 55, and
curve 2 (semicircles) with T*= 254 K, Tcmf =56.6 K,

£(0)=291A, ¢* =0.71 and A, = 100. Curve 3 is obtained
after the polynomial fit of the resistivity data at P=1.05 GPa
which we used to avoid the nonphysical jumps of A*(T) at
high temperatures. It is seen in the figure that both curves
look rather similar, especially in the range of low
temperatures. But both A" and BCS ratio

D'=2A" (Tcmf)/kBTC noticeably increase with P at a

rate dlnA* /dP ~ 0.37 GPa!, implying an increase of the
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coupling strength in cuprates with pressure. Found D* = 5
(P=0GPa) and D*=6.6 (P=1.05GPa) correspond to strong
coupling limit being typical for HTS’s in contrast to BCS
weak coupling limit ( 2A, /kBTcBCS ~ 4.28 ) established

for d-wave superconductors [36]. The pressure effect on
the PG and D* is observed for the first time.

Obtained dInA*/dP=0.37 GPa™ is a factor of ~3.3 larger
than that reported from tunneling spectra measurements on
Ag-Bi2223 point contacts [37] but in a good agreement
with results of uSR experiment on the SD polycrystalline
YBa,Cu,0, ,[23]. Simultaneously T decreases gradually
with P. Eventually, at P=1.05 GPa the A*(T) curve acquires
the specific shape with T~ (133+-2) K being typical
for the SD YBCO films at P=0 [1,9,10]. This suggests a
strong influence of pressure on the lattice dynamics [23]
especially in the high-temperature region.

Observed increase of A* and BCS ratio D*, as well
as decrease of resistivity, can be accounted for by the
anomalous softening of the phonon frequencies under
pressure [37]. Correspondingly, observed increase of T, can
be attributed to the rearrangement of the density of charge
carriers n, in conducting CuO, planes [22], as mentioned
above. It appears that oxygen vacancies in slightly doped
cuprates make the n, rearrangement more easy to achieve.

Conclusion
For the first time the pressure effect on pseudogap
A*(T) of slightly doped single crystals of YBa,Cu,O,
was studied within the Local Pair model. Both A* and BCS

ratio D =2A" (Tcmf)/kBTC are found to noticeably

increase with P at a rate dInA*/dP = 0.37 GPa!, implying an
increase of the coupling strength in cuprates with pressure.
Simultaneously the sample resistivity p is found to decrease
with P at a rate dlnp(300K)/dP=(-19+0.2%) GPa' whereas
T is found to increase at a rate dTc/dP = +5.1 K-GPa™',
which both are in a good agreement with those obtained for
the YBCO compounds by different experimental technique.
Independently on pressure, near T_o/(T) is well described
by the Aslamasov-Larkin and Hikami-Larkin fluctuation
theories demonstrating 3D-2D crossover with increase of
T. The crossover temperature T, determines the coherence
length along the c-axis £ (0) = 3.43+0.02A at P=0 GPa.
Revealed value of £ (0) is typical for the slightly doped
cuprates and is found to decrease with P.

Observed increase of A* and BCS ratio D*, as well
as decrease of resistivity, can be accounted for by the
anomalous softening of the phonon frequencies under
pressure [37]. Correspondingly, observed increase of T, can
be attributed to the rearrangement of the density of charge
carriers n_in conducting CuO, planes [22] which is much
more easy to obtain in the slightly doped samples.
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Thermal activation analysis of the dislocation unpinning
from stoppers in KCI crystals

G.A.Petchenko, A.M.Petchenko

A. Beketov Kharkiv National University of Urban Economy,
12 Revolution St., 61002 Kharkiv, Ukraine
gdaeron@ukr.net

The effect of temperature and elastic static loading on the dislocations unpinning from stoppers in KCl crystals has been studied.
Dependence of the stress of the activation energy on activation volume of the studied process has been determined, value of the energy
of the dislocation binding with the pinning center has been calculated. Based on the comparison of the power law of interaction of
dislocations and the stopper with the existing theoretical laws, there has been made a conclusion about the possible nature of the
dislocation blocking by pinning centers in these crystals.

Keywords: elastic deformation, activation energy, activation volume, binding energy.

BuBYeHO BIUIMB TeMIEpaTypu Ta MPYXKHOrO CTATUYHOTO HABAHTAXKCHHs Ha MPOLEC BiAKPIIUICHHS AMCIIOKAIiN BiJ CTONOPIB y
kpucranax KCl. BusHaueHO 3a1eKHOCTI BiJl HaNpy>KCHHs €HEprii akTHBALlli Ta aKTHBAIIMHOTO 00’€My IOCHIKYBAaHOTO MPOIIECY,
PO3paxoBaHO BEJMYMHY CHEPTii 3B’sI3Ky MUCIIOKAIT 3 IIEHTPOM 3akpiruieHHs. Ha 0CHOBI 3iCTaBICHHS 0JICPKaHOTO CHIIOBOTO 3aKOHY
B3a€MOJIIi IUCIIOKALI1 TA CTOIIOPY 3 ICHYIOYNMHE TEOPETHYHUMU 3aKOHAMH 3POOIICHO BUCHOBOK 111010 MOXKJIMBOTO XapakTepy OJIIOKYBaHHS
JICITOKAIIH [IEHTPaMu 3aKPITUICHHsI Y OCHIPKYBaHUX KPUCTAIax.

KirouboBi ci10Ba: pyxHa nedopmartist, eHeprisl akTHBALlii, aKTHBALIHHUI 00’ €M, eHepris 3B’ A3KY.

I/I3y'—{eH0 BJIMAHHUE TEMIIEPATYPHI U YIIPYTOro CTATUYCCKOI'O HArpy>XCHUsA Ha MPOLECC OTKPEIICHUSA uncnoxauuﬁ OT CTOIIOPOB B
Kpucrauiax KCl. Onpeﬂeneﬂm 3aBUCUMOCTHU OT HAIIPSPKECHUSA DHEPIUU aKTUBAIIUU U aKTUBALIUOHHOI'O o0bema n3y4acMoro mnporecca,
paccurTaHa BEJINYINHA SHEPIrUUu CBA3U NUCIOKAlUHN C LHEHTPOM 3aKPCIUICHUS. Ha ocHoBanuu cormocraBieHus HOJYy4YEHHOTO CUIIOBOTO
3aKOHA B3aMMOJICHCTBHUS OUCIOKALMH K cTonopa € CyHmECTBYHOIIMMHU TCOPETUYCCKUMU 3aKOHAMHU CACJTIAH BBIBOA O BO3MOXHOM

XapakTepe OIOKMPOBAHMS JUCIOKAIMI IEHTPAMHU 3aKPETUICHNS B UCCIIEI0BAaHHBIX KPUCTaIAX.
Koarouessie cioBa: ynpyras aedopmanusi, SHEprys aKTHBAIMH, aKTUBAI[MOHHBIH 00bEM, SHEPTUS CBA3H.

Introduction

The study [1] offered a theory for conducting thermal
activation analysis of the dislocation unpinning from
pinning centers basing on results of acoustic measurements.
These measurements were obtained under simultaneous
influence of temperature and stresses applied to samples in
the elastic strain range. To test this theory [1], authors
studied ultrasonic attenuation o, in high-purity copper
samples on a frequency of 10,17 MHz under the influence
of thermomechanical effects mentioned above. As a result,
temperature dependence of average length of dislocation

segment / (T) was determined as well as an average size
of dislocation cell L and the binding energy of impurity
atom with dislocation. Having analyzed obtained data and
chemical composition of studied samples, authors [1] have
made a conclusion that atoms Fe and Zn are the most
probable centers of dislocation pinning. Note that
previously thermal activation analysis was conducted
basing on data obtained by measuring individual dislocation

© Petchenko G.A., Petchenko A.M., 2015

mobility [2,3] or by applying low-frequency internal
friction KHz frequency range [4,5]. But obtained data were
always unreliable. Method [2,3] errors occur due to
difficulties in calculation of stress that secure passage of
individual dislocation on ~ 50 interatomic spacing in
crystal when individual dislocation is under alternate
influence of direct and reverse mechanical impulse. Errors
in the second method [4,5] occur because changes in
dislocation structure of crystal caused by influence of
elastic waves of considerable amplitude are not taken into
consideration. All this leads to distortion of observed
thermal activation processes [6]. The following method [1]
is deprived of these limitations. According to this method
sounding pulse with deformation amplitude in sound wave
€ ~ 107 is passed through the crystal under the external
thermomechanical effects. The acoustic signal allows to get
high accuracy information on subtle processes in crystals at
their loading in the field of quasi-elastic deformation, and
thus does not affect the course of their occurrence. Due to
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certain technical difficulties associated with its
implementation, the method [1] has not received wide
application, although the relevance of its application to the
study of the power laws of interaction of dislocations with
stoppers [7], of course, remains relevant.

Until recently, there were only two works, performed
on CsJ [8] and KBr [9] single crystals, in which the thermal
activation analysis was conducted in the framework of the
theory [1]. Taking into account the recommendations
provided in the study [1], authors [8-9] have received a
similar array of experimental data but applied theoretical
patterns of power laws for their analysis [3]. As a result, the
process of identifying the type of pinning centers in KBr
and CsJ crystals has become more simple and informative.
More recently, results of a new study [10] were published.
The paper studied the temperature dependence of the

average length of a dislocation segment / (T) and the
concentration of the stoppers C(7), as well as the binding
energy of a dislocation with a stopper in KCl single crystals
was evaluated.

The purpose of this study is to continue similar
investigations on the KCI single crystals, initiated in paper
[10]. These investigations are aimed to determine the
dependence of activation energy U(c) and activation
volume ) (o) from stress and further comparison with
theoretical curves [3], calculated for the most probable for
our crystals dislocation pinning centers.

Methodology of the experiment

In this study, as in [10], the dislocation ultrasonic o,
absorption in KCI single crystals was studied as a function
of the statistic loading value of & in 300-430 K temperature
range. The value of o, was measured by the superimposed
exponent method on 7,5 MHz longitudinal wave. KCI
crystal was chosen as the object of the study due to its low
Debye temperature (® = 235K), which made it possible
to observe the effects of the breakout of dislocations at
a sufficiently low temperature tests. The test samples of
10* wt % purity and size of 17x17x23 mm® were obtained
by chipping them along the cleavage plane <100>. The
samples obtained were treated by grinding and polishing
to achieve nonparallelism of the work surfaces of about
+1 mkm/cm. Then the prepared samples were annealed in
the muffle furnace MP-2UM for ~12 h at temperature of
08T , (T ., = 770°C) with subsequent slow cooling up
to the room temperature. High-temperature liquid VKJ-94
was applied as a transition layer between the piezoelectric
transducer and the sample. Experiments were carried
out by the following scheme. Using a specially designed
furnace with electronic control a given test temperature
of the samples was set and strictly maintained. The
temperature was measured with a differential copper-
constantan thermocouple. After reaching the required

BicHuk XHY, cepia «®isunkay, sun. 23, 2015

temperature an initial attenuation o, at ¢ = 0 was measured.
Then the sample was step-by-step loaded by compression
in the tensile-testing machine of «Instron» type at strain
rate of ~107s" in the range of stresses ¢ = (0+7)x10°
Pa. To avoid the point defect redistribution under applied
load action the time of each loading was ~ 15 s. After
each stop of the machine rod the quantities o, and ¢ were
measured. The sample was unloaded when the indicated
loading range was over. It was found that after the sample
unloading the quantity o, returned to its initial value at the
given temperature that evidence on the elastic character of
the sample loading. This has been confirmed by absence
of strain stress on the chart of the recorder KSP-4 at each
stop of machine movable clamps in the indicated range of
temperatures and stresses. The corresponding estimates
were carried out to exclude apparent losses as well as losses
caused by the nonparallelism of the working surfaces of
the sample from the measured ultrasound attenuation [11].
Analysis has shown that the dominant contribution in the
apparent loss is made by the diffraction loss o, = 0,15
Db/mks and the contribution from other above-mentioned
losses is negligibly low.

Results and discussion

Experimental dependences o, (o), obtained at
temperatures 300, 340, 385 and 430 K are presented in Fig.
1. The curves for temperature range 300 — 400 K are
presented in paper [10]. As it is shown in Fig. 1, the
importance of stress value applied to samples ¢ at increase
in acoustic losses o, becomes more considerable when the
temperature of experiment increases. According to the
authors [10], this is explained by lower level of potential
barrier for dislocations that try to unpin from pinning
centers when crystals are heated. We have used theory [1]
to make preliminary analysis of the distraction unpinning
from stoppers under simultaneous influence of temperature
and elastic static loading. The theory is based on the

o, dB/gs

=}
©
N

0,46

01 ! c.10°Pa
Fig.1. Dislocation ultrasonic absorption o, in KCI as
a function of the elastic statistic loading at different
temperatures.
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expression [7] for probability W of dislocation segment
unpinning from one of point stoppers of total number N =
vl under external static loading

_U(o,T)
kT

W(o,T)=~ N -exp( ). Here U, T) =

U,— Yt is energy of activation of the dislocation unpinning
from the pinning centers, U, is energy of the dislocation
binding with the pinning center in the absence of external
stresses; T = Q- is the reduced shear stress provoking the
dislocation slipping; Q is orientation factor taking into
account that the reduced shift stress in the slip plane is less

than the applied stress; Y = b-d- 0 s the activation volume,
where d ~ (1<-3) b is distance of the effective dislocation
binding with the stopper, b is the Burger vector. In the
approximation of the catastrophic dislocations unpinning
from stoppers authors [1] have accepted the relation that
takes into account the change of the dislocation segment

length when the external stress changes in the form of: 14

(c,=LWw+ L (1-w.

Taking into account that o ~ /¢ [7] the relation is

, where

a,(o) %N {(o)
T

used for low frequencies (
(04
0

a, = a,(o =0) . The resulting relation, appropriate for
thermal activated analysis based on experiment data, looks
like [1]:

1
" >
In|| £ | —1 zlnL—z—ﬂ+M. 1)
/= kT kT

4
Using dependences In Ya -1|-o for
&,
different T within 300 — 430 K range, authors [10] have
determined the temperature dependence of average length

of dislocation segment 14 (7) and stoppers concentration
C(T). The diagram C(T7) allows to determine energy of the
dislocation binding with stoppers U, In accordance to [1]:

nCrn|| 2o |.c, |-LBu=5) Yo
B, k kT

where , and B, are numbers of equivalent free positions of
interstitials or substitutions in the unit cell of the dislocation
atmosphere, C, — atomic fraction of impurity atoms in the
matrix dimension, S, and S — vibrational entropies of
matrix atoms and dislocation atmosphere. It is seen that
having the dependence In C - f(1/7) it is easy to determine
U, by the slope. In the paper [10], we have found value U,
~ 0,35 eV for KCI crystals that is in good agreement with

. @

30

the results of [1,8-9]. In addition, the average size of
dislocation cell was determined L = 4,2x10° m, that is in
good accord with the data of [12]. This paper generalizes
the experimental data presented in [1] and those listed in
Figure 1 After processing the entire array of data for KCl in
the framework of relation (1) we can determine the
dependence on the activation energy of the voltage U (o)
and the activation volume ) (o). For this purpose a series

a. )
of cross-sections was made In|| =~ | —1|—o for all
Q,
the studied temperatures in 300 - 430 K range for different
values of loading. The stress value at which the section of

a.
curve was made In (—d] —1|—0o for each of the
@,
temperatures, was selected from the linear portion of the
given dependence where the condition of the catastrophic
dislocations unpinning from stoppers was fulfilled [1]. The
higher the temperature of the experiment was, the smaller
the critical stress value ¢ was needed for passage to the
linear area. The results are shown in Fig. 2. It can be seen
that for all stresses in the 0,5 — 6 x10° Pa all the experimental
points fit well a straight line from the slope of which the
function U (o) can be easily obtained. Using the values of

Q =042, b = 446x10"° m, and data ¥ (7) [10], the
activation energy as a function of the stress U(c), shown in
Fig. 3 as curve 1, was obtained. The curve extrapolation at
zero stress of the curve gives energy of the dislocation
binding with the stoppers. Continuing dotted experimental
curve U(o) to o =0, we obtain U,= 0.35 eV, which agrees
well with the value U, calculated from the slope of the

24 30 UT, 10°K™
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Fig.2.  The logarithm of the dislocation ultrasonic
absorption o, in KCI as a function of converse
temperature at different values of elastic static loading
c,Pa:1-0,5x10% 2 - 1x10% 3 —2x10°; 4 — 3x10°;
5—-4x10% 6 —5%x10% 7 — 6x10°.
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Fig.3. The activation energy (1) and activation volume
(2) in KCI crystals as a function of the value elastic
static loading.

curve InC-f(1/T)[10]. Further, by graphical differentiation
of the curve U (o) we obtain the dependence of the
activation volume of the voltage for the dislocations
unpinning from stoppers (Figure 3, curve 2). It can be seen
thatboth Uand )/ characteristics decrease with increase of
o, this indicates a decrease in the level of the potential
barrier for dislocation under such conditions and explains
the behavior of the temperature curves 1-3 shown in Figure
1. Indeed, with an increase in stress the value of the
activation energy of thermal dislocations unpinning from
stoppers reduces, so the long dislocation loops appear, and
by law o~/ # ultrasonic absorption increases that is observed
in the experiment. To compare the data obtained with
known from literature power laws of interaction of
dislocations with pinning centers reconstruct
dependence y(c) in the reduced coordinates In (c/c") — In
(y/y"). As ¢ was taken the maximum stress of studied
interval 7x10° Pa and the corresponding value y" on the
curve y(o). Fig. 4 shows a comparison of experimental data

we

—
T

c/c

Fig.4. The change in the reduced activation volume de-
pending on the reduced stress. Points - the results of the
present study, 1 and 2 - power laws [3] of interaction
[211] of edge dislocations with <100> tetragonal defects
and [101] screw dislocations with <110> tetragonal de-
fects respectively.
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with the theoretical profiles 1 and 2 [3] (where 1 - interaction
[211] of edge dislocations with <100> tetragonal defects,
and 2 - interaction [101] of screw dislocations with <110>
tetragonal defects). It can be seen that both interaction
mechanisms are effective and it is likely that dislocation in
the investigated KCl crystals interact with both types of
stoppers.

Conclusion

1. The acoustic impulse method was applied to
investigate, in the temperature range from 300 to 430 K
at 7,5 MHz frequency, the dislocation absorption o, (c) in
KCI crystals as a function of the elastic statistic loading.

2. The dependence of the activation energy and
activation volume of the external static loading have been
determined. It has been found that when stress increases
both mentioned characteristics decrease, this means that the
value of energy barrier for thermal dislocation unpinning
from stoppers decreases. The data obtained explain the
behavior of curves o, (o) at a fixed value of the loading
under conditions of temperature increase. The amount of
energy U, of the dislocation binding with the stoppers was
calculated 0,35 eV. This result is in good accord with the
value U, [10] found in a different way.

3. A comparison of the power law of the dislocations
binding with stoppers, obtained by experiment and
theoretical profiles [3] calculated for the case of interaction
[211] of edge dislocations with <100> tetragonal defects
and [101] screw dislocations with <110> tetragonal defects.
It is shown that both interaction mechanisms are effective
and it is likely that the dislocations in the investigated KCl
crystals interact with both types of stoppers.
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Neutral and charged excimer complexes in cathodoluminescence
spectra from substrate-free icosahedral and crystalline clusters of
argon

Yu.S. Doronin, V.L. Vakula, G.V. Kamarchuk, A.A. Tkachenko, V.N. Samovarov

B. Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of Ukraine
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We studied cathodoluminescence spectra from substrate-free argon clusters produced in a supersonic jet expanding adiabatically
into a vacuum. The average cluster size varied from 500 to 8900 atoms per cluster. As clusters grew bigger, their structure changed from
a quasicrystalline icosahedral structure with a 5-fold symmetry axis to a crystalline fcc one. Clusters were excited by a 1-keV electron
beam. Luminescence spectra were measured in the 8.1-11.8 eV energy range containing emission bands of the neutral and charged
excimer complexes (Ar,)" and (Ar,")". An analysis of the intensity of radiation from their relaxed vibrational states was performed
on the basis of a new approach that allows us to take into account the fraction of jet substance condensed into clusters. It was shown
that in crystalline clusters with an fcc structure the emission from neutral (Ar,)” molecules comes from within the bulk of a cluster,
while the radiation from charged (Ar,")" complexes originates in its near-surface layers. We found the cluster size range in which the
jet is dominated by quasicrystalline clusters with the structure of multilayer icosahedron and demonstrated that the transition from
icosahedral clusters to fcc clusters occurs when the average cluster size is 1400+400 atoms.

Keywords: argon cluster, cathodoluminescence spectrum, icosahedral structure, fcc structure

B pabote umccienoBaHbl CIEKTPhI KaTOAOIIOMHHECIIEHIIMH CBOOOIHBIX KJIACTEPOB aproHa, (JOPMHUPYIOLIUXCS B CBEPX3BYKOBOI
cTpye, aauabaTnyecku pacumpsoneiics B Bakyym. Cpennuii pasmep kiactepo Bapbeuposaics ot 500 1o 8900 aromoB Ha Kiactep,
IIPU 3TOM HX CTPYKTypa M3MEHsJIach C YBEIMYEHHEM pa3Mepa KiacTepa OT KBa3HKPUCTAUIMYECKOH C OChI0 CHMMETPHH 5-TO
MOPAAKA 0 KPUCTAINIMYECKOH TIK CTPYKTyphl. KiacTephsl Bo30y:KAannch MEKTPOHHBIM ITydKoM C dHeprueid 1 k»B. Perumcrpanus
CHEKTPOB JIIOMHHECHEHIIMM TPOBOAMNACh B OONACTH CBEYEHMs HEHTPANbHBIX M 3apsSHKEHHBIX JKCHMEPHBIX KOMIUTEKCOB (Ar,)"
(Ar,")’, 8,1-11,8 5B. B pamKax HOBOTrO MOAXO/A, MO3BONAIONIETO YUECT 00 CKOHIEHCHPOBAHHOTO B KIIACTEPHI BELIECTBA B CTPYE,
TIPOBEJIEH aHAJIM3 HHTEHCUBHOCTEN M3ITydeHHs U3 KoJlebaTenbHO-PeNakCHPOBAHHBIX COCTOAHMI (Ar,)" u (Ar,")". YcTaHOB/IEHO, UTO B
KPUCTAJITMYECKUX KIACTEPax ¢ TIK CTPYKTYpOH CBeueHHe HEUTPATbHBIX MOJEKy (Ar,)” IPOMCXOMUT U3 BCEro oObeMa KiacTepa, B
TO BpEMsl Kak 3apsKeHHbIE KOMILIEKChI (Ar,")” M31y4aloT U3 NPHIIOBEPXHOCTHOTO cllosl. Bhijiesiena o61acTh pasMepoB, MPU KOTOPBIX
B CTpye IpeoliiaafoT KBa3HKPUCTAININIECKHE KIACTePhl CO CTPYKTYpOi MHOTOCIOMHOTO MKOCA’3Apa, M MOKAa3aHO, YTO MEPEXOX OT
HMKOCadIPUUECKUX KITACTEPOB K KJIACTEPAM C TTIK CTPYKTYPOH MPOMCXOINT MPH CPEAHEM pa3Mepe Kinactepos B ctpye 1400+400 ar/ki.

KunroueBble ciioBa: kiactep aprosa, ClekTp KaTOIOIIOMUHECIIEHIINH, HKocasipuueckas ctpykrypa, I'LIK cTpykTypa

VY po6oTi ZOCIIHKEHO CHIEKTPH KaTOIOMIOMIHECIIEHIIIT BUIBHUX KIIACTEPiB aproHy, Mo (GOpMYIOTECS B HAJI3BYKOBOMY CTPYMEHI,
SIKMA aziabaTHYHO pO3MIMPIOEThCS Y BakyyM. CepenHiil po3mip kiactepiB BapitoBascst Bix 500 no 8900 atomiB Ha Kiactep, npu
BOMY IXHS CTPYKTypa 3MiHIOBajacs 31 30UIBIICHHSIM PO3MIpY KJIAcTepa BiI KBa3HMKPUCTATIYHOI 3 BICCIO CHMETPIl 5-TO MOPSIKY
no kpucramiynoi I'LIK ctpykrypu. Knacrepm 30ymKyBammcst eneKTpOHHHM ITydykoMm 3 eHepriero 1 keB. Peectpamis crexrpi
ToMiHeCIeHNiT 31ilicHIoBaacs B 0671acTi CBITIHHS HEHTPATBHUX Ta 3apsAKEHUX eKCHMEPHHUX KoMIUIeKCiB (Ar)" i (Ar,")", 8,1-11,8 eB.
V pamkax HOBOTO MiJIXOMY, SIKMH Ja€ 3MOTY BPaxyBaTH JIOJIO CKOHJICHCOBAHOI B KJIACTEPH PEUOBHHH y CTPYyMEHi, IPOBECHO aHai3
IHTEHCHBHOCTEH BUNPOMiHIOBAHHS 3 KOJIMBAJILHO-PENAKCOBAHUX CTaHiB (Ar,)" i (Ar,")". YcTaHOBIIEHO, 110 B KPUCTaJIYHAX KIACTepax 3
I'lIK cTpyKTypoIO CBiTiHHS HEUTPaTbHUX MONEKYI (AT,)" BiIOYBa€ThCA 3 yChOTo 00’ €My KIIacTepa, y TOH yac sk 3aps/pkeHi KOMILIEKCH
(Ar,")" BUIIDOMIHIOIOTB 3 TIPUIIOBEPXHEBOTO mapy. Buineno o6macTs po3mipiB, MpH SKHUX y CTPYMEH HepeBakKaloTh KBA3UKPHCTaiuHi
KJIaCTEpH 31 CTPYKTYpOIO 0araTomrapoBOrO iKocaeapa, 1 MoKa3aHo, IO Mepexia OT iKocaeApHYHHUX KiacTepiB a0 kmactepis 3 I'LIK
CTPYKTYPOIO BiJOYBa€THCs 3a CEPEAHBOTO po3Mipy KiactepiB y crpymeni 1400+£400 at/kr.

KirouoBi ciioBa: kiactep aprony, ClieKTp KaToA0MOMIHECICHIIIT, ikocaeapuyHa cTpykTypa, [ TIK cTpykTtypa.

Introduction in such systems is largely due to a number of unusual

Atomic and molecular clusters have been widely properties they display which are not observed in bulk
studied in such areas as physics, astrophysics, chemistry, samples. Among them is, for example, influence of cluster
medicine, materials science, etc. The fundamental interest size on relaxation processes of electron excitations [1] and
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on cluster structure [2].

One of the main methods for obtaining substrate-
free clusters of various elements and compounds is
condensation of a gas (gas mixture) in a supersonic jet
exhausting into a vacuum. Luminescence studies of rare-gas
clusters produced in supersonic jets (see, e.g., Refs. [3,4])
demonstrate that VUV spectra from clusters depend greatly
on the jet composition and cluster size.

The purpose of the present paper is to find and study a
dependence of integrated intensities of neutral and charged
excimer complexes in cathodoluminescence spectra of
argon clusters on the fraction of jet substance condensed
into clusters.

Experimental

The paper presents the results of
cathodoluminescence study of substrate-free -clusters
of solid argon generated in the process of argon gas
condensation in a supersonic jet which adiabatically
expands through a conical nozzle into a vacuum. The
cluster size and structure were varied by changing the gas
temperature 7, at the nozzle inlet, the stagnation pressure
p, being constantly kept equal to 1 atm. The average cluster
size in the jet was found by using a modified Hagena
relation [5].

Medium-sized clusters were studied in the paper with
average sizes and diameters varying in the range 500 to
8900 atoms per cluster (at/cl) and 32 to 87 A, respectively.
The cluster temperature amounted to about 40 K and did
not depend on the parameters of gas at the nozzle inlet [6].

At a distance of 30 mm from the nozzle outlet,
clusters were excited by a 1-keV electron beam. Their
cathodoluminescence spectra were registered in the photon
energy range of 8.1-11.8 eV, which contains emission
bands of the neutral and charged excimer complexes (Ar,)*
and (Ar,")". More experimental details can be found in
Refs. [7,8].

our

Results and discussion

Cathodoluminescence spectra from clusters of all the
sizes studied in the paper are shown in Fig. 1. Two examples
of their decomposition into spectral components are
presented in Fig. 2 for clusters with the average size
N = 1000 at/cl (cluster diameter being 42 A) and 8900 at/
cl (87 A). The spectra consist of a few bands emitted from
molecular and atomic states of argon. The narrow band at
11.61 eV corresponds to the *P,—'S  transition in single
atoms of argon desorbed from clusters after their excitation
by electrons as well as in argon atoms still present in the
gaseous fraction of the jet which did not condense into
clusters. There are two pronounced molecular continua in
the low-energy section of the spectra which are emitted
from clusters: the band at 9.6 eV corresponds to transitions
from vibrationally relaxed levels of neutral excimer
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Fig. 1. Cathodoluminescence spectra from clusters with
the following average sizes (at/cl): 8900 (1), 4500 (2),
2900 (3), 1800 (4), 1000 (5), 500 (6). Each cluster
size is presented by one to three curves measured in
different experimental cycles. The discrepancies among
the curves corresponding to one and the same cluster
size are due to experimental errors which affect the
calculated cluster size values.

complexes (Ar,)" in the states °P +'S  and *P+'S  (see.,
e.g., Ref. [9]), while the band at 8.9 ¢V can be assigned to
transitions occurring in charged complexes (Ar,”)" [10,11].
In the higher-energy spectral range, we can see emission
from partly vibrationally relaxed (W' band at 10.6 eV) and
vibrationally excited (asymmetric W band with a maximum
at 11.3 eV) states of (Ar,)" molecules in clusters. It should
be noted that in bulk samples of solid argon the W band has
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Fig. 2. Luminescence spectra from substrate-free argon
clusters with the average sizes N ~ 1000 and 8900 at/
clin the spectral regions of the (Ar,))", (Ar,")", W', and W
bands. Experimental data are shown as solid curves.
Decomposition of the spectra into components is shown

as dashed ((Ar,)" and (Ar,")") and dotted (W' and W)

curves.
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Neutral and charged excimer complexes in cathodoluminescence spectra from substrate-free icosahedral and
crystalline clusters of argon

a significantly lower relative intensity than it has in clusters
[12,13]. Analysis of the W’ and W bands was only needed
to fit more accurately the profiles of the molecular continua
(Ar,)" and (Ar,")" which are of main interest to the present
study.

Integrated intensity of the molecular continua (Ar,)*
and (Ar,")" emitted from clusters depends on cluster
excitation cross-section, number of clusters excited, and
probability of relaxation of the created excitations through
a radiative channel under study:

I~c, n W . ()
where [ is integrated intensity of an emission band, c__is
excitation cross-section for one cluster, 7 is number of
clusters excited, and W¥_ is probability of radiation through
the radiative channel which gives rise to the analyzed
emission band.

The number of clusters n  excited in unit time is given
by the total number of atoms n, passing through the
excitation area in unit time, fraction of substance c,

condensed into clusters, and average size N of clusters in
the excitation area:

)
It was shown theoretically in Ref. [14] that the

maximum concentration ¢__of bound atoms at the end of
expansion of pure atomic gas is:

n,=c,n,/N.

c ~£lnN

max max’

3)

where N is the maximum number of cluster atoms at the
end of expansion, 7, is the condensation onset temperature,
and g is the mean binding energy per cluster atom. In the
case of large clusters, when the binding energy is weakly
dependent on cluster size, being close to its value for a

*

g(l

Taking into account that in our experiments the jet
excitation area was 30 mm away from the nozzle outlet,
that is where clusters already possess the largest average
size possible and the process of their further growth is thus
ineffective, and assuming that the maximum cluster size
N__ in the excitation area is proportional to the weight-

average cluster size N, we can conclude that the fraction

macroscopic system, the ratio can be taken as constant.

of the substance ¢, condensed into clusters is given by
Eq. (3) with a numerical factor under the logarithm:

ncl~noln1\_// N +An,/ N, 4)

where A is the logarithm of the numerical factor. Hence

n,~n,InN/ N 5)
under the assumption that the second term in Eq. (4) is
small for clusters of the sizes studied in the paper. The
value n, depends on the stagnation pressure p,, which was
constant in our experiments, so

n,~nN/N. (6)

34

Cross-section of cluster excitation by an electron is, in
the general case, a function of the electron energy and
cluster size. In the case of clusters excited by electrons of
the same energy, we can use the cluster geometrical cross-
section, which is proportional to N**, as its excitation
cross-section. Then Eq. (1) can be rewritten as follows:

I~N"nW ~N"InNW_, (7)

Equation (7) allows us, by using experimental data on
the integrated intensity / of a cluster luminescence band,
to get information on the value of W_,, which reflects
the physics of the processes that give rise to the studied
radiative transitions occurring in one cluster.

Figure 3 shows integrated intensities of the (Ar,)" and
(Ar,")" bands divided by In N as functions of the average
cluster size N . Each point is the result of averaging over
several spectral measurements. Two cluster-size ranges can
be seen in Fig. 3 which are characterized by different
behaviour of the reduced intensities of both bands.

The large-cluster section (N > 1800 at/cl) displays a

nonlinear growth of I/In N with increasing N which can
be approximated with good accuracy by I / InN ~ N*°
with o = 2/3 for (Ar))" and a = 1/3 for (Ar,")". It follows

from Eq. (7) that / / In N ~ N W_. This means that the
probability of (Ar,)" neutral excimers radiating from one
cluster is proportional to the total number of atoms in the
cluster (W, ~ N), while the emission from charged
complexes (Ar,")" depends on the number of atoms
contained in some near-surface area of the cluster (W, ~
N*"). Indeed, in case of ionization of an argon atom from

_ﬂ 30 T T g T T
s CRCS .
£ “f i S
5 [*Wd & i N=- N2 ]
1= 20} ]
£
= 15} ]
< 13
10F R [/InN~N I
5F ]
O 1 1 1 1
0 2000 4000 6000 8000 10000

Average cluster size N, at/cl

Fig. 3. Average cluster size (N ) dependence of
integrated intensity (/) reduced by In N for (Ar,)" and
(Ar,")" bands. Regions of icosahedral structure for
N <1000 at/cl, in which //In N ~ N for both bands,
and fcc structure for N > 1800 at/cl, where I/ In N ~
N** for the (Ar,)" band and / / InN ~ N" for the
(Ar,")" band, can be seen.
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inner layers of the cluster, the probability of its
recombination with the electron before radiation from the
(Ar,")" state is rather high. When an atom from a near-
surface layer is ionized, the probability of recombination is
lower since the electron is more likely to leave the cluster
before it happens.

A different situation is observed for smaller clusters (
N <1000 at/cl). Here, the I/In N vs. N dependences are
linear for both bands within the experimental error. It is
known from electron diffraction studies that argon clusters
of these sizes are quasicrystalline with a 5-fold axis of
symmetry (polyicosahedral and multilayer icosahedron
structures) [15], while clusters with a few thousands of
atoms are characterized by a crystalline fcc structure [16].
If we relate the different behaviour of the reduced integrated
intensities of the (Ar,)" and (Ar,")" bands to the cluster
structure, we can use our cathodoluminescence data to find
the cluster-size range in which a passage from icosahedral
(multilayer icosahedron) to crystalline (fcc) structures
takes place: we can see from Fig. 2 that it corresponds to
N =1000-1800 at/cl. The deviation of the dependences of
the reduced intensities for icosahedral clusters towards
lower values with respect to their behaviour in the fcc
phase can be qualitatively explained by a greater binding
energy g, of atoms in an icosahedral cluster [17] (see the

*

factor

in Eq. (3)), while the close intensity values for
both bands are due to the fact that in small clusters near-

surface layers occupy a large fraction of the cluster volume.

Conclusion

We analyze integrated intensities of molecular bands
in cathodoluminescence spectra of argon clusters in a wide
range of average cluster size N from 500 to 8900 at/cl.

Our spectroscopic data demonstrate that the fraction
of substance ¢ condensed into clusters is proportional to
the logarithm of their average size, ¢, ~In N .

It is found that in the case of crystalline fcc clusters of
argon with N > 1800 at/cl emission of the vibrationally
relaxed neutral excimer molecules (Ar,)" comes from the
entire cluster (/ / In N ~ N**), while the charged excimer
complexes (Ar,")" radiate from its near-surface layers (// In
N ~ N™).

The cluster-size range in which a passage from
multilayer icosahedron quasicrystalline structure to
crystalline fcc structure occurs is determined using the
cathodoluminescence technique: it corresponds to the
average cluster size values N = 1000-1800 at/cl.

The authors are grateful to S.I. Kovalenko,
0O.G. Danylchenko, and O.P. Konotop for the fruitful
discussion of the paper results.
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Approximation of the deuteron wave functions and parameters for
potential Argonne v18

V. |. Zhaba

Uzhhorod National University, 88000, Uzhhorod, Voloshin Str., 54

The coefficients of analytical forms for the deuteron wave function in coordinate space for Argonne v18 potential have been
numerically calculated. The obtained wave functions do not contain any superfluous knots. The designed parameters of the deuteron

are in good agreement with the experimental and theoretical data.
Keywords: wave functions, analytical form, deuteron, knot.

UncenbHO po3paxoBaHi KoedillieHTH aHAMITHYHUX (HOPM Ul XBHIBOBOI (YHKLIi IeHTpOHA B KOOPAWHATHOMY IPEICTABICHHI
Juis ToteHIiany Argonne v18. OTpuMani XBWIBOBI (YHKIIT HE MICTATh HaUTHIIKOBUX By31iB. Po3paxoBaHi mapameTpu JedTpoHa
J00pe y3romKyIOThCS 3 €KCIIEPUMEHTAIBHIMY 1 TEOPETHIHUMU JaHUMU.

KurouoBi ciioBa: XBripoBa (QyHKINS, aHATITHYHA popMa, IEHTPOH, By30IL.

YuciieHHO pacCYUTaHbl KOAQ(HIMEHTHI aHATUTHYECKUX (POPM J11s BOTHOBOH (DYHKIIMH ISHTPOHA B KOOPIMHATHOM IIPE/ICTaBICHUH
Jutst moreHuana Argonne v18. ITomy4yeHHbie BOIHOBBIE (DYHKIIMH HE COZIEPIKaT JIMIIHUX y3JI0B. PaccunTaHHbIe mapamMeTpsl 1eHTpoHa
XOPOLIO COIIACOBBIBAOTCS C IKCIIEPUMEHTAIBHBIMU U TEOPETUYECKUMU JAHHBIMU.

KonroueBnle ciioBa: BOTHOBasT QyHKIIHS, aHATHTHYECKast (hopMma, IeHTPOH, y3eIL.

Introduction

Deuteron is the most elementary nucleus, which
consists of the two strongly interacting particles (a
proton and a neutron). The simplicity of the deuteron’s
structure makes it a convenient laboratory for studying
nucleon-nucleon forces. Currently, deuteron has been well
investigated both experimentally and theoretically.

The calculations of static characteristics of the deuteron
(binding energy, magnetic moment, electric quadrupole
moment, etc.) are in good agreement with the experimental
data [1]. Despite that, there still are some theoretical
inconsistencies. For example, in some theoretical papers
[2] one (Bonn potential) or both (Moscow potential) [3]
components of the wave function have knots near the
origin of the coordinates. Such behavior of a wave function
contradicts the common mathematical theorem about the
number of knots for the eigenfunctions in boundary value
problems [4]. The ground state of the system corresponds
to a function without knots in the middle of the interval of
boundary value problem. The presence of knots in the wave
functions of the basic and the unique state of the deuteron
may indicate the existence of certain inconsistencies in the
implementation of the numerical algorithms used in these
tasks. In Ref. [5] it is shown that the asymptotic behavior of
the solution components of the system of equations is not
defined by a single orbital angular momentum L, as with
individual solutions of the Schrédinger equation, but by the

©Zhaba V. ., 2015

total orbital moment J and the asymptotic behavior of the
tensor potential at short distances, which ensures the binding
of Schrddinger equations in the system. The way the choice
of numerical algorithms influences the solution is shown
in Ref. [5-7]. In Ref. [5] it is shown that input of incorrect
asymptotic of wave function could generate superfluous
knots of the solution. The calculation of the deuteron wave
function in the momentum space are given in Ref. [6]. In
Ref. [7] studied the effect of different methods to smooth
the experimental curve of yield on the energy dependence
of the cross section for the reaction (y,y”).

Such potentials of the nucleon-nucleon interaction
as Bonn [2], Moscow [3], Nijmegen group potentials
(NijmlI, NijmlII, Nijm93 [8]), Argonne v18 [9] or Paris
[10] potential have quite a complicated structure and
cumbersome representation. The original potential
Reid68 was parameterized on the basis of the phase
analysis by Nijmegen group and was called Reid93. The
parametrization was done for 50 parameters of the potential,
where /N, =1.03 [8].

Besides, the deuteron wave function can be presented
as a table: through respective arrays of values of radial wave
functions. It is sometimes quite difficult to operate with
such arrays of numbers during numerical calculations. And
the program code for numerical calculations is overloaded.
Therefore, it is feasible to obtain simpler analytical forms
of deuteron wave functions representation.
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Analytical form of the deuteron wave functions

The known numerical values of a radial deuteron wave
functions in coordinate space can be approximated with the
help of convenient expansions [11] in the analytical form:

Na
u, (r)= ZAi exp(—al.rz),
M
Na
w,(r)=r") B exp(=br?),
i=1

asymmetric double sigmoidal [7] or approximations of
Yukawa type [2, 10, 12]:

Ny
u, (r)=2.C,exp(-mr),
j=1

2
3

where m; =/3+(j—1)m0, p= MEd ,m,=0.9 fm'. M

Ny
w,(r)= ZDj exp(—mjr) 1+ 3 +

= m;r

b

- nucleon mass, E, - binding energy of deuteron.

Despite cumbersome and time-consuming calculations
and minimizations of y’ (to the value smaller than 10
#), it was necessary to approximate numerical values of
deuteron wave functions for potential Argonne v18 [9], the
arrays of numbers of which made up 1500x2 values in an
interval r=0-15 fm. The values of coefficients 4, a, B, b,
for formulas (1) are shown in Tables 1 and 2 (N =17).

The asymptotics of deuteron wave functions (1) for
r —> oo as have been A, exp(—ar’), where 4, are the

asymptotic S- or D- state normalizations.
The accuracy of parametrization (1) is characterized

by:

! 2
Z(yi _f(xi;al’az""’ap))
ZZ _ =l ,
n—p

where n - the number of points of the array y, of the
numerical values of deuteron wave functions in the
coordinate space; f - approximating function of u (or w)
according to the formulas (1); a,a,,...
p - the number of parameters (coefficients in the sums of
formulas (1)). Hence, y’ is determined not only by the shape
of the approximating function f, but also by the number of
the selected parameters.

The designed the deuteron wave functions u(r) and
w(r) on an analytical form (1) in configuration space do not
contain superfluous knots (Fig. 1.). The obtained deuteron
wave functions well correlate with the data in Ref. [9].

3)

a, - parameters;

Parameters of the deuteron
Based on the known deuteron wave functions (1) one
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Fig. 1. Deuteron wave functions u(r) and w(r).
can calculate the deuteron parameters [2, 6]:
- the root-mean-square or matter radius r;:
1/2
L)% ar 2 2 )
ry == [rolu” () +w () |dr;
210 Table 1
Coeflicients 4, a, of analytical form (1)
i A a
1 0.3783013556 4.5159833496
2 0.0527547473 0.0047927056
3 0.0588462113 0.0402241853
4 0.0394988588 0.1108640062
5 -0.0983386258 0.9027821990
6 0.0602079746 0.0129223752
7 0.0583622013 0.0395882632
8 0.0395335071 0.1114996980
9 -0.0983386259 0.9027821990
10 0.0562850175 0.0281322415
11 0.0579689851 0.0389768962
12 0.0395253229 0.1113533265
13 -0.0983386258 0.9027821990
14 0.0579715002 0.0132941967
15 0.0586185593 0.0129874337
16 0.0395035425 0.1109524943
17 -0.6972629687 2.5872139842
Table 2
Coefficients B, b, of analytical form (1)
i B b,
1 0.0004509483 0.0202568988
2 -0.7761852998 2.8877752389
3 -0.1541927357 1.8739405194
4 0.0315895933 0.8758471679
5 0.6146075529 2.0531580006
6 0.0190358032 0.8868757916
7 -0.1541927357 1.8739405194
8 -0.1541927357 1.8739405194
9 0.1226950521 0.6009934906
10 -0.0216492291 0.9298786972
11 0.0218535866 0.2200515118
12 -0.0028421548 0.9083871303
13 0.6146075529 2.0531580006
14 -0.1541927357 1.8739405194
15 0.0402612414 0.8681178930
16 0.0218416604 0.2230021638
17 0.0066681258 0.0733951961
37
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Table 3
Deuteron parameters
Potential P, (%) | r, fm) | O, (fm?) “, n
Argonne v18 (1) | 5.75949 | 1.96737 | 0.267685 | 0.846988 | 0.0260866
Argonne v18 [9] 5.76 1.967 0.270 0.847 0.0250

- the electric quadrupole moment Q :
1 0
0y =~ [ r*w(r)| V8u(r) ~w(r) ] dr
200

- the magnetic moment:
3 1

ﬂd = Hg _E(ﬂs _E)PD;

- the D- state probability:

°o2
Pthj)W (r)dr;

- the “D/S- state ratio”:
n=A4 D / AS .

The designed parameters of a deuteron it is reduced
in Table 3. They well agree with the experimental and
theoretical datas [1, 9].

Conclusions

The coefficients of the approximating dependencies
have been calculated in a new analytic form (1) for the
numerical values of deuteron wave functions in the
coordinate space for realistic phenomenological Argonne
v18 potential. The obtained wave functions do not contain
any superfluous knots.

Using the deuteron waves functions in coordinate
presentation, were calculated the parameters of the
deuteron.
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On the designed deuteron wave functions (1) expedient
there are calculations of polarization characteristics
[13]: a component of a tensor of sensitivity polarization
of deuterons 7,, polarization transmission K, tensor
analyzing power Ayy and tensor-tensor transmission of
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Extrusion and intrusion in plastically deformed copper foils

T.R. Zetova, E.E. Badiyan

Department of Physics, Department of Solid State Physics,
Kharkov National University, 4 Svoboda Sq., 61022 Kharkov, Ukraine
Evgeny.E.Badiyan@univer.kharkov.ua

It was found experimentally that during the deformation of copper foil of thickness 200 microns, having only the through
twin boundaries, which occur in extrusion and intrusion. Place of localization - twins boundary. This method of relaxation state of
stress usually occurs when fatigue (cyclic) test specimens, which may cross slip of dislocations. Place localization of extrusions and
intrusions - the region of stable slip bands (UPS). Thus, the formation of extrusions and intrusions during static deformation is not
typical for copper samples in which because of the low stacking fault energy can not cross slip. It is shown that a possible cause of
extrusions and intrusions in the copper foil is a specific orientation of the samples, their thickness (200 microns) and the presence of
through twin boundaries through.

Keywords: color orientation maps, extrusion, intrusion, the copper sample, twin boundary.

DKCIEepUMEHTAITFHO 00HAPYKEHO, YTO TP Ae(HOPMHUPOBAHUHU (POIBT Menu TOMIIUHON 200 MKM, coep KalnX TOINEKO CKBO3HEIE
JIBOTHUKOBBIC TPAHUIIBI, B HUX BO3HHUKAIOT SKCTPY3UH U MHTPY3HU. MecTo MX JOKaIM3alliy — TpaHuUIla IBOMHUKOB. Takoit cocob
penaKcanuy HanpsHKEHHOTO COCTOSHUSA, KaK MPaBUII0, UMEET MECTO IPH YCTaIOCTHBIX (LIUKIMYECKUX ) HCITBITAHUAX 00Pa310B, B KOTOPBIX
BO3MOJKHO ITOTIEPEUHOE CKOJIBKEHUE AUCIOKAMN. MecTo JTOKaTn3aluu TaKuX SKCTPY3Ui U UHTPY3Hid — 00JIaCTh YCTOWYHMBBIX MOJIOC
cxonbxenus (YIIC). Takum oOpa3om, oOpa3oBaHue SKCTPY3Uil M HHTPY3HH, B IPOIIECCE CTATHIECKOI ieopMaliiy He CBOHCTBEHHO
JUISL METHBIX 00pa3LoB, B KOTOPBIX M3-3a HU3KOH YHEPrUH Jie(ekTa yIIaKoBKH HEBO3MOXKHO MOIepedHoe ckonbxenue. [Tlokasano, ato
BO3MOKHOH MPUYHUHON BO3ZHUKHOBEHNUS SKCTPY3HUH M HHTPY3UH B MEAHBIX (ONIbTax SIBIAETCA crienuuIeckast OpHeHTaIHs 00pasIoB,
ux TommuHa (200 MKM) ¥ HaJIM4Ke CKBO3HBIX ABOMHUKOBBIX TPaHHILI.

KnroueBble ciioBa: 11BETOBbIE OPUEHTALMOHHBIE KapThI, SKCTPY3Hsl, UHTPY3Hs, MEAHBII 0Opasel, IBOMHUKOBAs IPAHHLIA.

ExcniepumeHTanbHO BUSIBICHO, 110 IpH JedopMyBaHHI (oibr Miji 3aBTOBIIKH 200 MKM, 1110 MICTSTh TUTBKH HACKPI3HI ABIHHUKOBI
MEXIi, B HIX BHHHUKAIOTH €KCTPY3ii Ta iHTpy3ii. Micue ix mokaiizamii - Mexa JBiifHuKIB. Takuii criocid penaxcanii Harpy»keHOTo CTaHy,
SIK TIPABUJIO, MA€ MicIle IPU BTOMHUX (IIUKJIIYHIX ) BUIIPOOYBAHHSX 3pa3KiB, B IKIMX MOXKJIMBE ITOTIEpEeYHe KOB3aHHS AUCIOKaIiil. Micie
JIOKaji3amii TaKuX eKCTPy3ii Ta IHTpy3ii - 00macTs cTilikux cmyr koB3aHHS (CCK). TakuM 4nHOM, yTBOPEHHS eKCTpPY3iil Ta IHTpY3iii,
y mporeci craruyHoi nedopmariii He BIACTHBO MUl MIJHUX 3pa3KiB, B SKUX i3-3a HU3bKOI eHeprii JedeKTy ynakoBKH HEMOXKJIMBE
rornepeyHe KoB3aHHs. [lokazaHo, IO MOXKJIMBOIO MPUYMHOIO BHUHHMKHEHHS eKCTpY3id Ta iHTpy3ii B MigHid ¢donb3i € cnenudidna
opieHTaIist 3pa3kiB, iX ToBIHHA (200 MKM) 1 HassBHICTh HACKPI3HUX JIBIHHUKOBUX MEX.

KorouoBsi ci1oBa: konipHi opieHTaIiHI Mary, eKCTPy3is, IHTPY3is, MiJHUH 3pa30K, IBIITHUKOBA MEKa.

Introduction

When loading crystalline samples due to their structure
and orientation of heterogeneity in them there is difficult -
the state of stress, relaxation is realized in different ways,
leading to plastic deformation. The main methods of
relaxation state of stress should include dislocation glide
and the diversity of rotational changes. Ultimately, the state
of stress relaxation processes determine the mechanical
characteristics of the samples.

In [1, 2] in the study of relaxation processes occurring
during plastic deformation of polycrystalline aluminum
samples containing only through grain boundaries (two-
dimensional polycrystalline), found the variety of specific
rotation changes, many of which are not found in ordinary

©Zetova T.R., Badiyan E.E., 2015

three-dimensional polycrystalline. As an example, the
formation of the body arising from rotations rotations
secondary crystallographic orientation favorable to
the development therein of crystallographic slip. It is
experimentally shown [3] that in the two-dimensional
polycrystalline due to lack of constraint when they are
deformed in the direction perpendicular to the sample
surface all methods of relaxation state of stress are
manifested most clearly.

Samples and investigations methods
Copper, as well as aluminum, is a bright representative
of fcc - crystals, however, because of low value of defect
packing energy in copper samples, unlike aluminum
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Fig. 1. Microphotograph of a typical structure of copper
samples.

samples, practically are always found twins of growth
and, therefore, twinning boundaries the role of which
isn’t obvious in deformation processes. It can be argued
that the choice as an object of study of two-dimensional
polycrystalline copper, as well as two-dimensional
polycrystalline aluminum, will reveal the features of the
structural changes in their plastic deformation.

For polycrystalline copper samples with different grain
size and containing only through twin boundaries and grain
boundaries was chosen copper foil (99,98%) 200 microns
thick was used. The samples, size 100x10 mm?, were cut
out from a sheet of foil, the average size of grains was
~0,1 mm. Changing modes of thermomechanical
processing, which consists in primary annealing at
temperature of 500 °C, sample deformation value 2 — 7%

subsequent recrystallization annealing vacuum ( ~107 Pa),

polycrystalline samples were obtained, the average grain

1 3

Fig. 2. Scheme of formation of extrusions and extrusions
in copper foil: 1 — twin; 2 — extrusion; 3 — extrusion; ¢
— the direction of stretching of the sample.

size of which varies in the range from 1 to 12 mm. Before
recrystallization annealing both surfaces of the sample
carefully ground and polished. Samples boundaries became
apparent by means of spirit solution of concentrated nitric
acid. The time of etching was of 1-15 sec. All the samples
were deformed in conditions of monoaxial stretching

with constant speed of deformation & =107 sec™ with
registration of the deformation curve. For all samples of in

situ in the course of deformation the color orientation maps
(COM) were registered [4].

Experimental results and discussion
As a result of the recrystallization annealing
depending on the primary deformation € the 3 types of
samples were obtained. The samples of the first type
contain fine-grained structure (¢ = 2%). The average
size of such grains makes ~ 1 mm. Almost in each grain
twinning structure are found. The samples of the second

€ f

] g

Fig. 3. Microphotographs (COM) of the various extrusions occur on the polished surface of the copper sample, after

12% deformation.
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Fig. 4. Microphotos of extrusion occurred near twin
boundary on one of the surfaces of the deformed sample
and the intrusion occurred on the opposite surface.

type (¢ = 7%) contain boundaries of grains and twinning
boundaries. The average size of grains makes = 10 mm.
They contain twins differing in form, orientation and sizes.
Finally, samples of the third type (& = 4-5%), contain only
twinning boundaries crossing all over the surface. It should
be noted that all twins in the samples of the third type are
oriented identically to the axis of stretching of the samples.
Boundary certification according to X-raying data showed
that all of the boundaries is coherent twinning boundaries
(£3,60°,[111]).

Research using the color orientation maps (COM)
substructural and orientation changes in situ during the
deformation of copper samples first and second type
showed that the latter is fundamentally no different from
similar studies found in the polycrystalline aluminum [5].

The third type of samples that are essentially “single
crystals” are contained in the body, of identical orientation,
through twin boundaries detected not typical samples of
copper, structural relaxation as intrusions and extrusions.
The observed effect is of particular interest for two reasons.
Firstly, extrusion and intrusion usually found in fatigue tests
[6,7], and secondly, they are the source of a transgranular
fracture [8]. On Fig. 1 is a microphotograph of a typical
structure of the samples of the third type, and Fig. 2 and
Fig. 3 scheme of formation of extrusions and intrusions,
and microphotograph of various extrusions occurring on
the surface of the sample after deformation by 12%. Form
and size of extrusion being various, but all of them are
localized near the twins so that at least one of boundaries
of extrusion was perpendicular to twinning boundary.

A feature of all extrusions that have arisen during
plastic deformation of copper samples with twins is the
appearance on the opposite side of the sample opposite
extrusions intrusions. This is shown schematically in
Figure 2.

The microphotographs of extrusion and intrusion
occurred on opposite sides of the sample are shown in
Fig. 4. The interferograms of the both surfaces testify to
being of on one surface of the stamping material occurs

BicHuk XHY, cepis «®isukay, sun. 23, 2015

[101]
[111)

[001]

Fig. 5. The crystallographic orientation of the axis of
the tensile specimen (1) with respect to possible slip
systems.

[011]

(extrusion) and depression of another material (intrusion).

In [6,7] it was shown that the intrusion and extrusion
occur in fatigue tests, and the main criterion for their
occurrence is quite developed cross slip. Extrusion and
intrusions occur on one of the surfaces of the sample in the
stable slip bands.

Deformation of copper samples in the present study
was carried out in a static test. Because of the low value
of defect packing energy in copper samples indispensable
for the development of cross slip. Thus, the experimentally
observed effect of occurrence of pairs of “extrusion-
intrusion” in the static tests of samples of copper requires
explanation.

Studies have shown that the possible cause of a pair
of “extrusion-intrusion” is the availability of pass-through
twin boundary, a small thickness of the sample and the

specific orientation of the axis of tension, close to [ 1 12]

(Fig. 5)
At what orientation in crystals with fcc - structure,

along with the system (Tl l) [01 1] possible development

of the secondary slip system (111)[TOT:|. Given all

the above, we can assume that the observed effect of
occurrence of extrusion of copper samples at their specific
structure deformation obliged samples containing through
twin boundaries, the thickness of the sample and the
specific orientation of the axis of the tensile specimen that
is conducive to development in a sample of secondary slip.

Conclusion

1. It was found experimentally that the plastic
deformation of copper samples with twin structure at room
temperature under uniaxial tension at a constant rate of
extrusion and intrusions occur.

2. It is shown that finding ways to relax the stress
state that is not characteristic patterns of copper due to the
impossibility of cross-slip (low stacking fault energy), can
be explained by three factors - the small sample thickness
(200 microns), the presence of only through the twin
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boundaries and the specific crystallographic orientation the

extension axis of the sample close to the [TIZ:I , leading

to the emergence of dual-sliding systems (Tl 1)[011]
and (111)[ T0T].

1.

42

Badiyan E.E., Tonkopryad A.G., Shekhovtsov 0.V,
Shurinov R.V. Rotational deformation of polycrystalline
alumina // Visnuk KNU, seriya «Fizika". — 2002.— Ne558,
vip.6.— C 99 — 101.

Badiyan E.E., Tonkopryad A.G., Sakharova N.A,
Shekhovtsov O.V., Shurinov R.V. Structural relaxation at
plastic deformation of two-dimensional polycrystals with
fec lattice // Functional Materials. — 2004.— V. 11, Ne 2.— p.
402 —409.

Badiyan E.E., Tonkopryad A.G., Sakharova N.A. Rotational
effects at plastic deformation of two — dimensional copper
and aluminium polycrystals// Functional Materials. — 1997.—
V. 4, Ne 4.—p. 560 — 563.

E.E. Badiyan, A.G. Tonkopryad, O.V. Shehovtsov, R.V.
Shorinov, T.R. Zetova. Optical Technique for the In Situ
Study of Orientation and Structure Changes Accompanied
the Plastic Deformation of Polycrystalline Specimens of
Aluminum // Inorganic Materials. — 2011. — Nel15. — P. 1663
—1666.

Badiyan E.E., Tonkopryad A.G., Shekhovtsov O.V,
Shurinov R.V. Plasticheskie rotatsii v polikristallicheskih
folgah alumina // MFINT. — 2015. — T. 37. — Ne 6.

Hunsche A. and Neumann P. On the Formation of Extrusion
- Intrusion Pairs During Fatigue of Copper. Advances in
Fracture Research, Vol. 1 (Oxford, Pergamon Press, 1981),
273-279.

Lichagin D.V.,, Starenchenko V.A., Soloveva U.V./
Fizicheskaya mezomehanika 8 6 (2005), P. 67-77.

Forsyth P.J.E.: Fatigue damage and crack growth in
aluminum alloys. Acta Metall. 11, 1963, 703 — 715.

BicHuk XHY, cepis «®isukay, sun. 23, 2015



BicHuk XHY, cepis «®disukar, sun. 23, 2015. c. 43-48

VK 535.3+535.8+538.91
PACS 42.50 Gy, 61.50 Ks, 78.20 Ci

Problems of modeling the surface interference relaxed optical
processes and phenomena

P. P. Trokhimchuck, H. I. Berezyuk, M. S. Penkovskiy

Lesya Ukrayinka East European National University
trope@yandex.ua

Problems of created and modeling of surface interference relaxed optical processes and phenomena are analyzed. Problem of
nonlinear fundamental absorption and its role in the formation of surface irreversible interference pattern is discussed. Comparative
analyses of dynamical (plasmic and thermal) and kinetic (physical-chemical) models is represented too.

Keywords: interference, Relaxed Optics, irreversible processes, fundamental absorption, Nonlinear Optics.

[IpoananizoBaHO MPOOIEMH CTBOPEHHS Ta MOJCIIIOBAHHS MOBEPXHEBUX IHTEp(EpEeHUINHNX PeNaKcaIifHOONTHYHUX MPOLECiB
Ta sBUIl. OOroBOprOEThCs MpoOiieMa HENIHIITHOTO BIACHOTO TOTIMHAHHS Ta ii poib y (OpMyBaHHI MMOBEPXHEBHX HE3BOPOTHHUX
iHTepdepeporpam. Takokx MpPoOBeIEHO CHCTEMHUH aHai3 AMHAMIYHHMX (TUTa3MOBHX 1 TEIUIOBHX) Ta KiHETHYHHX ((Di3MKO-XIMIYHHUX)
Teopiit i Moaesnell. AKIIEHTYEThCs yBara Ha IUIa3MOBIH (€IeKTPOIHMHAMIYHIN) IPUPO/Il yTBOPEHHS MOBEPXHEBHUX iHTEP(EPeHIIIHHIX
ctpykryp. [lokasaHo, 1o (i3uKo-xiMidHa KacKaJHa MOJCIb J03BOJISE MOSCHUTH MIKPOCKOMIYHI MEXaHi3MH 0COOIHUBOCTI YTBOPCHHS
TIOBEPXHEBUX HAHOCTPYKTYp. BUCIOBIIOETBCS Ta OOTPYHTOBYETHCS MPUITYLICHHS NP0 PO3IIMPEHHS HENiHIHHOONTHUYHHX SIBHI Ha
HE3BOPOTHI (pesakcariifHOONTHYHI) IponecH: 6aratooTOHHE NONIMHAHHS IPH3BOAUTH 10 (a3oBUX TpaHChOpMariil OIpoMiHEeHOTO
Marepiaiy.

KurouoBi ciioBa: inTepdepeHiis, penakcaiiifHa ONTuKa, HE3BOPOTHI MPOLIECH, BIIaCHE NOMIMHAHHS, HENiHIIfHA ONTHKA.

[poanann3npoBaHbl MPOOIEMBI CO3IAHUS U MOJICTHPOBAHHSI TOBEPXHOCTHBIX HHTEP()EPEHIIMOHHBIX PENAKCAIMOHHOONTHYECKIX
nporeccos U siBieHui. O6cysxnaeTcs npodiieMa HeTMHEITHOro COOCTBEHHOTO TTOIVIOIICHNUS 1 €€ POJIb B ()OPMHPOBAHHH ITOBEPXHOCTHBIX
HeoOpaTuMbIX HHTEphepeporpam. Takke, IPOBEEH CUCTEMHBII aHAIN3 TUHAMUYECKHUX (IIa3MCHHBIX M TEIUIOBBIX) M KHHETHYECKUX
(pM3HKO-XUMIYECKIX ) TEOPHIA 1 MOJIETIeH. AKIIEHTHPYETCsl BHUMAHHE Ha TUTa3MEHHOM (IEKTPOIMHAMIYECKOH ) pUpoze 00pa3oBaHUs
MOBEPXHOCTHBIX MHTEP()EPEHIIMOHHBIX CTPYKTYp. Iloka3aHo, 4TO (DU3MKO-XUMHYECKas KAaCKaaHas MOJAEJNb IMO3BOJISIET OOBSICHUTH
MHKPOCKOIINYECKUE MEXaHU3Mbl 1 OCOOCHHOCTH 00pa30BaHUs MOBEPXHOCTHBIX HAHOCTPYKTYp. BbICKa3bIBaeTCst 1 000CHOBBIBACTCS
MIPENONIOKEHNE O PACIIMPEHHH HENIMHEHHO ONTHYECKUX SIBJICHHH Ha HeoOpaTHMble (pelakCaluiHOONTHYECKUE) IPOIECCHI:
MHOTO(OTOHHOE MOTVIONIEHNE IPUBOAUT K (Pa30BEIM TpaHC(HOopMaUsIM 0OIyUISHHOTO MaTepuaa.

KonroueBsie ci1oBa: mHTEpdEpeHINS, pellaKcalliOHHAs OIITHKA, He0OpaTHMbIe IIPOIECCH, COOCTBEHHOE ITOITIOIICHUE, HETMHEIHAS
OIITHKA.

Inroduction

Problem of modeling irreversible laser-induced
nanostructures is one of central problems of Relaxed
Optics (RO) [1, 2]. This problem is connected with
electrodynamical processes of redistribution first-order and
second wave processes in irradiated materials.

First-order processes are the excitation and ionization
of proper centers of light scattering and chemical bonds
[1, 2]. Second-order processes are the processes of the
relaxation and interaction of first-order excited states.

Laser-induced interference processes and phenomena
are the second-order processes. These processes have
two aspects: electrodynamical (optical) and physical-
chemical. First part is corresponded to redistribution of
results of interaction of electromagnetic oscillations,
which cause the creation of interferogramms on surface
of laser irradiated matter. These processes and phenomena

may be explained with help of theories thermodynamical
creation nanostructures [3] and surface polariton-plasmon
[4]. Second part is corresponded to creation of polyphasic
structure in each nanohill [3] or nanocolumn [4], including
the change of stoichiometry
These phenomena must be observed with help of physical
chemical methods and methods of phase transformations.

of irradiated materials.

Results and discussions

First irreversible laser-induced interferograms were
received by M. Birnbaum in 1965 after pulse Ruby laser
irradiation of germanium [5].

Results of more detail research of laser-induced
interferograms ion semiconductors were received by 1. A.
Sokolov [6].

Periodic laser-induced surface structures
received an amplified 77 with help sapphire laser system

were
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Fig.1. Photomicrograph of Ruby laser induced surface
damage of {100} face of a germanium sample [5].

that generates 65 fs pulses with energy around 1,1 mJ/
pulse at a maximum repetition rate of 1 kHz and with a
central wavelength A=800 nm [4]. The laser beam was
horizontally polarized and was focused normally onto
in metal sample that is vertically mounted on an X-Y
motorized translation stage. Scanning electron microscopy
(SEM) images of femtosecond laser-induced periodic
surface structures (FLIPSS) are represented in Fig. 2. These

Fig. 2. SEM images of FLIPSSs on silver produced
by a scanning femtosecond laser beam. [(a) and (b)]
Microscale futures of FLIPSSs. (c) Nanoscale futures of
FLIPSSs [4].
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FLIPSSs were produced using a scanning laser beam with
fluence of 0,16 J/cm?. FLIPSS period in Fig. 2 is measured
575-625 nm [376] and this value is significantly less then the
laser wavelength (800 nm). Nature of these interferograms
are caused of generation of surface plasmons [4].

Further researches shown that these interferograms
have nonostructural nature (nanohills and nanocolumns)
[1-4].

AFM 3D image of Gads surface after irradiation
by YAG:Nd laser at density of power I=5.5 MW/cm? is
represented on Fig. 3 [3]. Nanohills have various high and
place in the maximums of interferograms.

2000

Fig.3. AFM 3D image of GaAs surface after irradiation
by second harmonic Nd:YAG laser at [=5.5 MW/cm? [3].

Analogous nanostructures were received after

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

(Fig.4) [3].

Fig. 4. AFM 3D images of: (a) SiO, surface after
irradiation of SiO,/Si structure by second harmonic
Nd:YAG laser at I=2.0 MW/cm? and (b) Si surface after
subsequent removing of Si0, by HF acid. [3].

The results of increasing of height of nanocones to
100 nm were received on Ge after second harmonic Nd-
laser irradiation with power density 28 MW/cm?. The 3D
picture of the irradiated surface of a Ge samples as seen
under AFM is shown in Fig. 5 [3].

Height, form, geometry and physical and chemical
structure of nanohills is depended from conditions of
irradiation.
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200.0 nM

100.0 nM

Fig. 5. Three-dimensional AFM image of self-organized
nanostructures Nd:YAG laser radiation at intensity 28
MW/cm? [3].

Ordered structures, which were created on surface of
Siafter laser irradiation through lay of water, are represented
on Fig. 6 [4]. Three types of micro and nanostructures are
generated. Nanostructures have typical spatial scale d =600

nm and d,=120 nm, here lattice vector oriented g | E. ltis
corresponded to interference between surface polariton-
plasmon (SPP) and TM electromagnetic wave. Structures
with period d, are generated for interference of falling
wave with SPP wave, which arise on the border water —
free electrons of silicon. Structures with period d, are
generated for interference mutual interference of two SPP,
which were propagated in mutually inverse directions
along border silicon — plasmic layer. Structures with period
120 nm aren’t depended from nature of liquid, which was
contacted with silicon. It is experimental fact.

Third type of nanostructures (d,=90 nm) was generated

Fig. 6. Ordered structures, which were generated on
surface of silicon after laser irradiation through lay
of water, (arrow in lower angle show the direction of
polarization of laser radiation); duration of pulse 100 fs,
wavelength — 800 nm, number of pulses 200, density of
energy the irradiation a) 25 kJ/m?, b) 5 kJ/m* [4].

after irradiation structures with d,=120 nm after irradiation
of changing polarization, when orientation of vector E
was changed on 90" relatively to initial action. Power of
laser irradiation was less in two time as for previous case.
Generated periodical structures (Fig.7 and Fig. 8) are
nanocolumns with height to 400 nm with spatial period 90
nm and orientation g | E.

BicHuk XHY, cepis «®isukay, sun. 23, 2015

Fig. 7. Nanocolumns, which are generated after
irradiation structures of Fig. 6, (wavelength of irradiation
800 nm, number of pulses — 200, density of energy of
irradiation 0,5 kJ/m?): a) and b) turn of polarization on
90°, ¢) turn of polarization on 45°, d) cross chip of
nanocolumns. On insertion to Fig. 14a — Fourier-picture
of structures [4].

Axes of nanocolumns have perpendicular orientation
to initial surface. Structures on other crests are differed
slightly in periods and weren’t correlated in phase
(Fig.4.15a). Moreover Fourier transformation of these
structures confirms here periodicity in direction of lattice
vector g of initial nanostructures (Fig.6 and Fig. 7).

Generation of periodical nanostructures along crests
(d=90 nm) is cause with interference of falling radiation
with SP, which are exited along crest of relief (d~120 nm),
and with mutual interference of SPP. A crest of relief, which

Fig. 8. Surface nanocolumns of little scale, which have
orthogonal orientation to a crests of nanorelief of large
scale [4].

considered in contact with the substrate, was selected as
initial half-cylinder. Formed in this case inoculating regular
relief d~90 nm is basis for further growth of nanocolumns.
Since typical radius of half-cylinder ¥ < A, therefore
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dispersion relation for SPP in cylindrical geometry is
changed from dispersion relation in plane geometry of
phase separation. It cause to formation nanostructures with
less period as for plane case.

For case of elliptic polarization and falling angle to
surface from 0° to 20° basic nanostructures are created: 1)
surface nanostructures with period ~200 nm and 2) these
structure with period 70-100 nm are generated on crest of
structure 1, but its orientation g L E [4].

Phenomena of doubling of period of laser-induced
surface structures is represented in Fig. 9.

Data of Fig. 9 were explained with help help
nonlinear Feygenbaum dynamics [4]. Roughly speaking
this phenomenon may be represented as example of
«structural» generation of second harmonic. According
to I. R. Shen this phenomenon isn’t be observed for self-
absorption range [7]. In classic Nonlinear Optics it is
impossible, but in Relaxed Optics it is possible [1,2].
Radiated relaxed processes of optical absorption in matter
are caused Linear and Nonlinear Optical phenomena and
radiationless relaxation — Relaxed Optical phenomena
(phase transformations of irradiated matter).

Universal polariton surface concept may be explained
on the basis of Fig. 10.

According to the known universal polyariton model
of destruction surface of the condensed environments,
intensity total interference field at influence of the linear
polarized laser radiation on a normal to the surface of metal

a
+\'
.&" flc ;l‘“
M & !l\lu. .tj B .j.|h .-Ia"
10 KV
CS
(]

Fig. 9. Relief of Ti surface after pulse linear polarized
laser irradiation (power density 1,1 GW/cm?, number of
pulses — 100): period of structures — 600 nm, b) region
of transition from structures with priod 600 nm to period
300 nm.
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Fig. 10. a — is a chart of excitation of superficial

plasmons (k. k,,
polarized laser radiation, directed on a normal to the
surface, with a metal; b — is the circular vectorial graph,
illustrating the conservation law of quasimomentum and
creation of grates of nanorelief on surface of metal due
to interference of falling wave with superficial plasmons
(grate g,) and due to mutual interference of superficial

plasmons (grate 2g ).

) at co-operation of the linear

in the conditions of excitation of superficial plasmons it
is possible to present in the following kind, taking into
account that superficial plasmons spread in direction +x
(directions of their primary distribution):

J(x)=I(x)+(l-ls)%sin(g1x+(o)+

+(Isl 1 )% sin(gx+y)

Where /(x) is intensity of the absorptive laser radiation,

(M

]S_(x) is depending from a coordinates intensity of

absorption of the excited superficial plasmons; indexes of
i=1,2 is conformed to directions of distribution of superficial
plasmons in mutually opposite directions of propagation, /,
is total intensity of absorption of superficial plasmons,
which is propagated in opposite directions (look also the
chart of influence of laser radiation on a Fig. 10a).

= _ESZ s
of which is conditioned interference of falling radiation and
superficial plasmon (see Fig. 10b), in this case equal to the
wavevectors of superficial plasmons, spreading in opposite

directions and resulting in forming of double degenerate

k+k

522
conditioned reciprocal interference of superficial plasmons

with opposite directions of propagation (Fig. 3.85); @, ¥

Wavevector of basic lattice of g, = k forming

s~

lattice; wavevector of this lattice g, = is

— phase angles between the proper waves. It is assumed in
Eq. (1), that superficial plasmons spread in directions =x,
i.e. in the first approaching ignored the waves of superficial
plasmons, spreading in near directions.

First term in (1) gives the permanent constituent / (x)

in summary intensity of electromagnetic field J (x) At
comparatively low intensities of laser radiation (and smalls
of heights of grates of resonance nanorelief) a basic
contribution to formation of periodic structures gives
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interference of falling radiation with the superficial
plasmons excited them (the second element is in right part
of Eq. (3.64). Since small values of height of resonance
nanorelief (/) size of the electric field of superficial plasmon
of E . =&hE, on the initial stages of forming of regular

surface nanostructure the second term prevails in
modulation part of Eq. (1) [4]. Where E is amplitude of the
electric field of falling wave, & it is a coefficient of
proportion. In these conditions the second term appears

1
proportional ([s)/2 ~ h. It leads, with the increase of

number of pulses of laser radiation N (at the normal falling
of radiation), to forming of resonance remaining nanograte

of relief with the period of d = A n Were / is a central

e+l is an

P
wavelength falling laser radiation, 77 = [7 }

index of refraction of border of section of metal-vacuum

for superficial plasmons, 8(60) is a permittivity of metal,

o — is central frequency of laser radiation.

At the normal falling of light on the formed grate of g,
the process of resonance excitation of superficial plasmons,
spreading in mutually opposite directions goes
simultaneously, with a positive feed-back on amplitude of
grate of 4. With growth of amount of pulses of radiation of
N, amplitudes of remaining resonance nanorelief and
intensity of the excited superficial plasmons (/, > I) the
third term begins to play a basic role in right part of formula
(1). This term is represented an interference of superficial
plasmons, spreading in mutually opposite directions. Their
mutual interference [4], and also interference of the second
spatial harmonics of superficial plasmon (wavevector of & ,
=k,+tg, o =0, s=12),with a falling radiation [4]
result in forming of degenerate structures with the period of

d= %’7 and to more effective transformation of energy

of falling radiation to the superficial plasmons (SP) (in
right part of Eq. (1) the second term appears small as
compared to the third). Here k, is a wavevector of
superficial plasmon for the flat border of section of metal—
air, w, is frequency of the second spatial harmonic of
superficial plasmon. We will mark that a transition in Eq.
(1) to quadratic dependence on amplitude of relief is
possible and in the second term, at large amplitudes of
grate of nanorelief [4].

Physical-chemical nature of laser-induced phase
transformations in irradiated materials may be observed
with help cascade model of step-by-step excitation of
chemical bonds in irradiated matter [1, 2].

Straight method of the estimation the energetic
characteristics this processes may be realized in the next

BicHuk XHY, cepia «®isunkay, sun. 23, 2015

way. Energy of “disruption” of chemical bonds of one type
is equalled
E,=NE,,

1 1 1 (2)
where N, — a density of proper bonds; E, — energy of a
disruption (ionization) one bond.

Density of bonds was determined with help Eq. (3)

]vl:pc‘]z;A , (3)

where p — density of semiconductor, N, — Avogadro

number, 4 — a weight of one gram-atom, C' — coordination

number.
For C =8 we have N =6, 26-10"'cm™, and

for N, = 5,68-10*'c¢m™ . This method was used for

the modelling of laser-induced phase transformations in
silicon, germanium and allotropic phases of carbon [9]. It
allow to explain basic peculiarities of creation new laser-
generated phases in irrradiated materials. It may be used for
the pecosecond and femtosecond regimes of irradiation.

Phase diagram of silicon (Fig. 11) was selected for
the modelling [10]. Roughly speaking, basic causes of
laser-induced generation of interferograms and nanohills
are creation of surplus of negative charge and, as result,
plasmonic oscillations in subsurface region. Surplus of
negative charge is caused symmetry and stehiometry of each
nanohill or nanocolumn. For case of binary semiconductors
surface and peak of nanohill are rich of acceptor component.
Symmetry of each nanohill is decreased from basis to peak.
For silicon it may be next chain: structure with CN=8 —
structure with CN=6 — structure with CN=5 — structure
with CN=3 and quasicrystal modifications [2]. But this
scenario is characterized plasmic regime of irradiation,
when processes of melting, evaporation and sublimation are
negligible. Including thermal characteristics is caused the
decreasing and spreading of nanohills. Hear chemical and
structural characteristics may be changed too. Therefore
for more long-term regimes of irradiation we must allow
radiated and thermal relaxation [9].

Basic peculiarities of creation the laser-induced
surface nanostructures are next: heght of the proper
nanohills (for nanosecond regime of laser irradiation) and
nanocolumns (for femtosecond regime of laser irradiation)
is depended from intensity and time of irradiation. For
nanosecond regime of laser irradiation high of nanohills
is equaled 15 — 100 nm [3], for femtosecond regime of
laser irradiation height of nanocolumns is equaled 400
— 450 nm [4]. Structure of nanohills for germanium is
change from diamond to hexagonal (peaks of nanohills)
[3]. Femtosecond nanocolumns must have the chain of
crystal structures, which is changed from diamond in the
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Fig. 11. A schematic phase diagram for Si(CN). The
coordination numbers (CN) of the various phases are
indicated. The diagram is based on common features of
the phase diagrams of column IV elements as described
by the references cited in Pistorius’s review (Ref. 8 in
[259]). Starting from a high tempera-ture >3x 10°K and
subject to a constraint of average density < p> = p(4), a

400 600

hot micronucleus will tend to bifurcate into the most
stable phases (highest T ) which straddle Si(4) in
density. These are Si(3) and Si(8), as indicated by the
diagram [10].

basis nanocolumns to hexagonal or trigonal in the length
of proper nanocolumn to direction to its peak. In whole 12
crystal and quasicrystal structures for silicon may be created
on the length of proper nanocolumns. Basic limitation of
this process is the minimal size of creation of proper phase
and thermal processes of relaxation. Each phase structure
(nanostructures) has minimal size. This condition is one of
basic for the formation of nanostructural pictures of our
interferogramms.

With point view of phase transformations the problem
of decreasing of crystal symmetry is caused with problem
of the creation proper phason — nucleus of new phase [1,2].
Significant parameters of multipulse regime of irradiation
are the intensity in one pulse and frequency of pulse
repetition. Last must be more as relaxation time of previous
excited “phason” state. In this case we have kinetic growth
of proper nanocrystall structure. Therefore nanohills of
“hexagonal” Ge (Fig. 5) have more large height as for
GaAs (Fig. 3) and Si (Fig. 4).

Processes of creation of surface laser-induced
nanostructures have electromagnetic nature. This concept
is verified of hedgehog-simple surface of first-order
nanocolumns after second-order additional irradiation:
needles of these hedgehogs are perpendicular to initial
surface (Fig. 8).

Therefore for modeling of these processes we
must used methods of nonlinear dynamics, including
electrodynamics, irreversible physics, physics of phase
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transformations and methods of quantum chemistry.

Perspective method of modeling may be concept
of coherent structures [11]. All possible laser induced
processes may be represented as creation and evolution of
coherent structures [11].

These results may be represented as expansion of
researches of nonlinear and irreversible processes in the
self-absorption range of irradiated matter too [1,2].

Conclusions
Comparative analysis of various laser-induced surface
nanostructures is represented. Universal polariton and
cascade models are represented and used for the explanation
basic peculiarities of these processes and phenomena.

1. Trokhimchuck P.P. Relaxed Optics: Necessity of Creation
and Problems of Development./ International Journal of
Advanced Research in Physical Science, Vol. 2, Is. 3, 2015.
—P.22-33.

2. Trokhimchuck P.P. Relaxed Optics: Reality and Perspectives
(Review). // Advances in Applied Physics, vol. 3, No.4,
2015. —P. 325 - 341. (In Russian).

3. Medvid’
Semiconductors by Laser Radiation: Technology Model and

A. Nano-cones Formed on a Surface of
Properties. Nanowires Science and Technology, ed. Nicoletta
Lupu. — Vukovar: Inech, 2010. — P. 61-82.

4. Makin V.S. Regularities of creation of ordering micro- and
nanostructures in condensed matter for laser excitation of
mode of surface polaritons. D. Sc.Thesis. — Saint-Petersburg:
State University of Informative Technologies, Mechanics
and Optics. — 384 p. (In Russian).

5. Birnbaum M. Semiconductor surface damage produced by
Ruby Laser.// Journal of Applied Physics, vol. 36, Issue 11,
1965. — P. 3688-3689.

6. Sokolov .A. Interference laser annealing of semiconductors.
Ph.D. Thesis. — Lenigrad: A. Joffe Physical Technical
Institute, 1983. — 140 p. (In Russian).

7. Shen Y.R. Principles of nonlinear optics. — Moscow: Nauka,
1989. — 559 p. (In Russian).

8. Landau L. D., Lifshits E. M. Electrodynamics of Condenced
Matter. — Moscow: Nauka, 1982. = 621 c. (In Russian).

9. Trokhimchuck P. P. Foundation of Relaxed Optics.
Lutsk: Vezha, 2006. — 294 p.; Foundations of Relaxed
Optics. Lutsk: Vezha, 2011. — 627 p.

10. Philips
annealing.//Journal of Applied Physics, No.12, Vol. 52,
1981. — P.7397-7402.

11. Trokhimchuck P.P., Dmytruk I.P. Problem of coherence in
modern theoretical physics. //Bulletin of Lesya Ukrayinka

J.C. Metastable honeycomb model of laser

East European National University. Physics. No. 2(251),
2013.—P. 46-53.

BicHuk XHY, cepis «®isukay, sun. 23, 2015



BicHuk XHY, cepisa «®isukay, sun. 23, 2015. c. 49-51

VIIK 536.7, 538.9

Phase transformations in Fe-B system alloys
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It is found that in Fe-B system alloys with boron content 11,0-15,0% (wt.) the phase formation of iron boride Fe B, is feasible. It
is revealed the mechanism of formation and temperature range of iron boride Fe B, ficld in Fe-B system alloys with boron content of
11,0-15,0% (wt.), the rest is iron. It is shown that formation of Fe B, phase results from interaction of liquid with monoboride FeB

according to peritectic reaction at the temperature of 1680 K: L + FeB — & 533 . It is established that at the temperature of

1420 K the decomposition of boride Fe B, occurs and results in formation of iron monoboride FeB and iron boride FeB phases.
Keywords: boride Fe,B, monoboride FeB, boride Fe B,, Fe-B system.
YcraHoBJIEHO, YTO B cIuTaBax cucteMsl Fe-B ¢ conepikanmem 6opa 11,0-15,0% (mac.) Bo3MoXkHO 0Opa3oBaHue Oopuaa xeesa
Fe B,. Onpejienien MexaHu3M 00pa3oBaHus M TEMIIEPATypHBIH MHTEpBaJ CylecTBOBaHMs 60pu/I0B Kenes3a Fe B, B crimaBax cucteMbl
Fe-B ¢ conepxannem 6opa 11-15,0% (mac.), ocranbHoe - xene3o. Ilokaszano, uto o6pasosanue pasbl Fe B, mporcxoaut B pesynbrare

B3aMMOJICHCTBHS KHUIKOCTH U MOHOOOpuaa FeB no mepurekTiueckoi peaknuu npu temmeparype -1680 K: L+FeB—>¥F 5B3 .

ITokaszano, uto npu Temneparype 1420 K mpoucxoaut pacnan 6opuna FeB,, cnenctsuem xotoporo sisnsercs obpasosanue (a3
MoHobopuna xenesa FeB u 6opuna Fe,B.

Karouesbie ciiosa: 6opun Fe,B, monobopun FeB, 6opun Fe B,, cucrema Fe-B.
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Bceranosnero, mo B crasax cuctemu Fe-B 3 Bumictom 6opy 11,0-15,0 % (mac.) moxnmse yTBopeHHs Gopuiy 3amiza Fe B,
BusHaueHo MexaHisM yTBOPEHHs Ta TEMIIEPATYpHMi iHTepBan icHyBaHHsa Oopuay 3amiza Fe B, y cmasax cucremu Fe-B 3 BmicTom
6opy 11-15,0 % (mac.), inme — 3amizo. Ilokaszano, mo yrBopenHs ¢asu Fe B, BinOysaeTbcst B pesynbraTi B3aeMOMil piiuHH Ta

Mono6opuy FeB mo neputextuuniii peaxuii npu temmeparypi 1680 K: L + FeB — £ 533 . Busnageno, mo npu temneparypi

1420 K icnye posnan 6opuny Fe B,, HaciigkoMm sikoro € yrBopeHHs a3 MoHoOopu Ly 3aii3a FeB Ta 6opuy 3amiza Fe B.

Karouosi ciiora: 6opun Fe,B, mono6opun FeB, bopuny Fe B, cucrema Fe-B.

Introduction transformation ff — FeB — o — FeB takes place. It is

Fe-B system alloys exhibit a complex of such unique
properties as refractory quality, high hardness, chemical
stability in various aggressive environments and others [1].
Despite the fact that study for the structure, mechanical
and chemical properties of these alloys has persisted for
decades the matter of the phase composition and phase
transformations in these alloys remains actual.

It is known that in Fe-B system alloys with boron
content over 8,86% (wt.) at the temperature of 1833 K the
iron monoboride FeB is formed [2]. At the temperature of
1682 K due to the interaction of liquid with iron monoboride

FeB the peritectic transformation L+ FeB <> Fe,B

occurs, and as a result the boride Fe B is formed [3].
Authors of Refs. [4-5, 6-7] suggest that in Fe-B system
alloys there is iron monoboride FeB appearing in two
high-temperature ~ -FeB
temperature o-FeB. According to results represented in
Refs. [4, 5] at the temperature of 1400 K the polymorphic

modifications: and low-

©Filonenko N. Yu., 2015

known that B-FeB and a-FeB phases differ only in value of
magnetic moment [4-7].

In the paper [8] it is shown that in Fe-B system alloys
upon boron content of 11,0-15,0% (wt.) the occurrence of
metastable boride phase Fe B, is feasible, but mechanism
of its formation is not revealed.

The object of the paper is to determine the structure
and phase transformations in Fe-B system alloys.

Materials and methods of investigation

The investigation was performed for the specimens
with boron content of 11,0-15,0% (wt.), the rest is iron.
To obtain Fe-B system alloys we used the furnace burden
of such content: carbonyl iron (with iron content of
99,95% (wt.)), amorphous boron (with boron content of
97,5 % (wt.)). The smelting of specimens was performed
in Taman’s furmace in alundum saggers in an argon
atmosphere. The cooling rate of alloys was 10 K/s. To



Phase transformations in Fe-B system alloys

ascertain the features of phase transformations for Fe-B
system alloys we heated alloys up to the temperature of
1820 K and cast into V-shaped molds. The study of phase
structure changes depending on heating temperature was
performed on facility for investigation for microstructure
of materials at high temperatures ‘Kyrgyzstan’ in argon
atmosphere with heating rate of 24 K/min.

To determine the chemical composition we use the
chemical and spectroscopic analysis [9]. The microhardness
for various phase constituent we measure by means of
microhardness gauge PMT-3. The phase composition of
alloys we ascertain by X-ray microanalysis on JSM—-6490
microscope, as well as by means of optical microscope
‘Neophot-21°. The X-ray structure analysis was performed
on diffractometer DRON-3 in monochromated Fe-K,
radiation.

Results and discussion
For Fe-B alloys with boron content within the interval
of 11,0-15,0% (wt.) we observe the FeB phase dendrites of
different colors (Fig. 1, a).
The X-ray structure analysis data show the presence
of iron monoboride FeB and iron boride Fe B in alloy.

1,47 FeB

1,29 FeB

4 50 60 70 80 90 100 110 20

a b

Fig. 1. Microstructure (a) and diffractograms of alloy
FeB with boron content of 14,0% (wt.).

The occurrence of the monoborides of different colors
in the structure of Fe-B system alloys is associated with
existence of two modifications of monoboride — the high-
temperature modification B-Fe(B,C) and low-temperature
a-modification [4-5].

To ascertain the phase transformations which occur
during crystallization of alloys the specimens with boron
content of 13% (wt.) were heated up to the melting point,
namely to 1820 K, and then were casted into V-shaped
molds. As a result in the part of a wedge cooled with a
rate of 10? K/s against white primary boride dendrites we
observe two-phase structure areas, which consist of the
phases FeB and Fe,B, as it is proved by X-ray structure
analysis data (Fig. 2, a). In the interdendritic space the
phase has the same coloring as inside the boride FeB. The
analysis of outcomes enables to assume that in alloy the
primary phase is monoboride FeB dendrites and dark areas
are results of decomposition of the phase Fe B, occuring as

a result of peritectic transformation L+ FeB — F 6533

50

. The increase of cooling rate is followed by formation of
more dispersed structure (Fig. 2, b).

To determine the temperature and to check the fact of
occurrence the phase transformation we study the annealing
of alloy Fe-B with weight content of boron of 12,0% to the
temperature of 1490 K on ‘Kyrgyzstan’ facility in an argon

Fig. 2. Microstructure of alloy with boron content of
13% (wt.) at cooling rate of: 10> K/s (a), 10° K/s (b).

Heating to the temperature below 1390 K does not
effect on morphology of phase constituents of alloys.
The further heating to the temperature of 1400 K leads to
appearance of white inclusions of the size of 2,5-7,5 um
(Fig. 3, b). It should be noted that these inclusions are
structurally similar to boride FeB. When the temperature
rises to 1450 K we can observe in black monoboride FeB
the formation of inclusions of round shape (Fig. 3, c). In
white monoborides such process is not observed.

Thus, investigation of alloy structure shows that at the
temperature of 1450 K the solid-phase transformation takes

place, namely F'eB+ Fe,B — Fe.B; .

To reveal the phase transformations in Fe-B alloys the
differential thermal analysis was carried out. According to
obtained results in iron-based alloy with boron content of
12% (wt.) the phase transformation L — FeB takes place
during cooling at the temperature of 1798 K. The possible
formation of Fe,B, boride is occurring as a result of

L+ FeB <> Fe,B,

temperature of 1739 K. At the temperature of 1421 K we
observe a slight heat effect on thermogram, which can
show that  there is phase transformation

Fe.B, — FeB+ Fe,B , occurring in solid state.

peritectic reaction at the

The analysis of outcomes enables to assume that
iron boride Fe B, is formed as a result of peritectic

transformation L + FeB — Fe B, at the temperature of
1680 K. At the temperature of 1420 K decomposition of
this phase F 6533 — FeB + F ezB takes place along

with formation of iron monoboride FeB and boride Fe,B.
The revealed phase Fe B, exists within the temperature
interval of 1420-1680 K.

BicHuk XHY, cepis «®isukay, sun. 23, 2015
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Fig. 3. Microstructure of Fe-B alloy with boron content of 12,0% (wt.) after hot-stage microscope study: a) 293 K, b)

1400 K, c) 1450 K, x1000.
Conclusions

1. In the paper the phase transformations occurring
in Fe-B alloys with boron content over 11,0% (wt.) are
studied. The mechanism of formation and temperature
interval of existence of iron boride Fe B, is ascertained in
Fe-B system alloys with boron content of 11-15,0% (wt.),
the rest is iron.

2. TItis ascertained, that at the temperature of 1680 K
the formation of Fe B, phase occurs as a result of peritectic

transformation L + FeB — Fe.B,, and decomposition
of this phase in a solid state takes place at the temperature
of 1420 K along with formation of FeB and Fe,B phases.
3. Itis shown that phase Fe B, exists in Fe-B system
alloys within the temperature interval of 1420-1680 K.
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The kinetic characteristics of the two-dimensional system of charge carriers in the p-type heterostructure Si,.Ge,./Si ,Ge,/
Si,,Ge,, in condition of two subbands occupied has been calculated. The density, mobility and the effective mass of the charge carriers
in each subbands have been estimated. The effects of weak localization of charge carriers under the condition of strong spin-orbit
influence have been analyzed. The phase relaxation time and the spin - orbit interaction of the charge carriers, as well as the value of
spin splitting have been found. The results are in good agreement with available theoretical models.

Keywords: magnetoresistance, weak localization.

INonaro po3paxyHOK KiHETUMHUX XapaKTEPUCTHK JIBOBUMIPHOI CHCTEMH HOCIiB 3apsity B JipkoBili reTepoctpyktypi Sij Ge, ./
Si,,Ge,/ Si,,Ge,, 32 yMOB 3aCEICHHS JBOX KBAHTOBHX PiBHiB. OTPUMAHO 3HAYCHHS KOHIIEHTPAIl, PYXJIMBOCTI i €(eKTHBHOI Macu
HOCI{B 3apsiTy Ha KO)KHOMY 3 KBaHTOBUX piBHIB. [IpoBeneHo aHami3 edekriB cnabkoi JTokami3amii HOCIiB 3apsay B yMOBaX CHIIBHHX
criH-opOitanbHuX edektiB. OTpuMaHO 3HAUCHHS YaciB (a3oBoi pemakcamii 1 ciH - opOiTanbHOT B3a€MOIl HOCIIB 3apsamy, a TaKoXK
BEJIMYMHU CHIHOBOTO po3iervieHHs. OTprMaHi pe3yasTaTy 00pe BiAMOBIAAI0Th HABHUM TEOPSTUUHUM MOJICIISIM.

KirwuoBi ciioBa: maruitoorip, cirabka JoKatiarris.

[IpencraBieH pacueT KMHETHYECKHX XapaKTEPUCTUK ABYMEPHOH CHCTEMBI HOCHUTENICH 3apsaia B JIBIPOYHON I€TEPOCTPYKType
Si, ,Ge,,/Si,,Ge, /Si, Ge , B yCIOBHAX 3aCENEHUS JIBYX KBAHTOBBIX ypOBHEH. [1oTydeHBI 3HAYEHUS KOHIIEHTPAIUH, MOJBUKHOCTH
1 3G PEeKTUBHON MacChl HOCUTEINEH 3apsiga Ha KaKIOM M3 KBAaHTOBBIX ypoBHeH. [IpoBeneH aHanus 3(h¢dexToB craboii ToKaau3aun
HOCHTEJIEH 3aps/a B YCIOBUAX CHIIBHBIX CIUH-0pOHUTanbHbIX 3 dekToB. [Tomyyens! 3Ha4eHns BpeMeH (a30Boii peakcaluy 1 CIuH —
OpOUTAIBHOTO B3aMMOJICHCTBHSI HOCUTENIEH 3aps/a, a TAK)KE BEJIMYNHBI CIIMHOBOTO paciieruieHus. [lorydeHHbIe pe3yabTaThl XOPOILo
COOTBETCTBYIOT UMEIOIIMMCSI TEOPETHUECKAM MOJIEIISIM.

KoroueBbie ci10Ba: MarHuTOCOIPOTHUBIICHHE, Cllabast TOKaIH3aIHsL.

Introduction

The electron properties of two-dimensional conducting
systems have been studied extensively for several decades.
In modulation-doped heterostructures the motion of charge
carriers in the direction perpendicular to the interface
is quantized and forms a sequence of quantum levels
(E,E,...). At low temperatures the mobility of charge
carriers is strongly dependent on their density. When the
number of carriers is low, only the lowest subband (£))
is occupied. In such systems the mechanisms of electron
scattering are mainly determined by the scattering at

ionized impurities and the interface roughness, as well as
by the intrasubband scattering [1]. As the number of charge
carriers increases, the Fermi level shifts too. When it
exceeds the energy of the second subband (£)), the charge
carriers start to occupy it. In this case the intersubband
scattering should also be taken into consideration [2]. The
occupation of the second subband in a two-dimensional
conducting system affects its electrical conduction. The
effect has been studied for a ling time with a regard on
the influence of the intersubband scattering upon electric
transport [3-5]. Recently much researcher’ attention has

© Berkutov 1.B., Andrievskii V.V., Komnik Yu.F., Kolesnichenko Yu.A., Berkutova A.l., O.A. Mironov, 2015
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Fig. 1. The dependences of the longitudinal and transverse components of resistance on the magnetic field at T=1.5K

a) and the Fourier spectrum of SdH oscillations b).
been given to systems with two subbands occupied [6,7] in
which the intersubband scattering is rather weak [8].

The Rashba effect of spin-orbit interaction has
attracted much interest in the context of its possible use
in spintronics [9,10]. In particular, the Rashba effect can
produce significant influence to the transport properties of
two-dimensional conducting systems [11, 12].

Results and discussion

In this study we report the calculation of the kinetic
and quantum interference characteristics of the p-type
Si, ,Ge, 4/Si, ,Ge, /Si, .Ge, the
condition when two subbands are occupied.

The width of the quantum well Si ,Ge,, was 14 nm.
The heterostructure configuration and the preparation
technology are considered in Ref. [13]. The conducting
region was shaped as a Hall bars ~0.55 mm wide and
~2.25 mm long, the distance between two pairs of narrow
potential contacts being ~1.22 mm. The investigations
were performed at the International Laboratory of High
Magnetic Fields and Low Temperatures (Wroclaw, Poland)
in magnetic fields up to 14 T at temperatures down to 1.5 K
using the standard lock-in technology.

The measured dependences of the longitudinal

heterostructure under

yo (B ) and the transverse P

= (B ) components of
magnetoresistance are illustrated in Fig.la). The curves
Shubnikov-de (ShdH)
oscillations (longitudinal component) and the corresponding
quantum plateaus of the Hall effect (transverse component).
However, the Hall component of magnetoresistance is
essentially nonlinear in high magnetic fields (see Fig. 1a),

which suggests that two subbands are occupied in the

demonstrate  distinct Haas
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system investigated. This is supported by the presence of
two maxima with frequencies f1 and f2 on the Fourier

spectrum of the magnetoresistance dependence (Fig. 1b)).
In this case the simple formulas x=0oR, and
p=1/R, e (R, is the Hall coefficient, e is the electron

charge) are not fully correct for calculation of the charge
carrier density p and carrier mobility . The charge
carrier density at each subband can be calculated using

1

relation p, = 2ef, / h where f; is the frequency at which
the maxima appear in the Fourier spectrum. The maximum

at the frequency fl corresponds to the contribution of the
carriers at the lowest subband and the maximum at the

frequency f2 corresponds to the contribution of a group of
excited-state carriers. The broad maximum at frequency
f; =60T (Fig. 1b) corresponds to the second harmonic

of principal maximum ( fl) The composite harmonics (
f1 t f2 ) are not visible at the steep slopes of maximum in
f;- Using the experimental values f; =27.8 T and
f> =3T ,we were able to calculate the hole concentration
at the first (p, =1.5x10%cm™)
P, =1.75x10" cm™ ) subbands.

and the second (

The charge carrier mobility at each subband was
calculated using the theoretical model of [14]. It allowing

us to estimate in addition to mobilities of £, and [, on
first and secod subband respectively, also the parameter of
intersubband interaction », which can be significant in
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Fig. 2. The dependences of the longitudinal a) and transverse b) components of the resistance of the sample at T=1.5K.

Solid lines are calculation in terms of theory [14].

such systems. In this theory the longitudinal and the
transverse components of magnetoresistance can be
described by the following expressions:

pxx(B):pO(l+

PPy (Iul _/12)2 B ’ O
(Pt + potty ) +(1pyiapsy) B

and
(1) +(rmmB) B
Py (B) - 2 2 ’ @
(1) +(ramm,B)" Prae
where p, = ! is the resistance in a zero

(pllul + D4, )e

magnetic field, () = M
Pt D,

mobility. If # =1, Egs. (1) and (2) turn to the expressions
common for noninteracting conducting channels. The
description of the measured magnetic field dependences of
the longitudinal and Hall components of magnetoresistance
in terms of Eqgs. (1) and (2) is illustrated in Fig.2. Using this

is the averaged

approach, we calculated £, (£, and 7. For example, at
T =1.5 K the mobilities at the first and second subbands
were g4, =3000cm® Vs and u, = 6600 cm®[Vs .

The parameter 7 was nearly equal 0.3. In this case, the

quantum channels are weakly interacted one with other.
The effective masses of charge carriers can be found by

analyzing the ShdH amplitude variations with temperature
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and magnetic field in terms of the theoretical model [15]
follow the procedure described in Ref. [16]. According
to the theory, the resistance variation is described by the
formula

P.. =P {1+4 3 (ij
o “~'\ sinh Ws
)
X eXp L -cos[zﬂng —CDJ
o1, ho,
27k, T

where (V¥ = B ) determines the temperature and

the magnetic field dependences of the oscillation amplitude,

o, = ;—i is the cyclotron frequency, 7 . is the quantum
(one-particle) relaxation time of charge carriers which
characterized the collisional broadening of the Landau
levels, @ is the phase. The calculated results are shown in
Figs. 3a,b.

The experimental points in Fig.3a taken in different
magnetic fields at different temperatures form a single line

for the effective mass m" =0.18 m,, and the parameter
a=rt / 7,=3.3 (7 is the transport relaxation time). As

follows from Eq. (3), in this arrangement the points
corresponding to the extrema with different values of filling
factor v are expected to fall onto a single straight line with
a slope angle of 7z&x (the solid line in Fig.3a). In this case
the effective mass 7 serves as a fitting parameter for
aligning the points taken at different temperatures on a
single curve. However, in high fields the lines formed with

BicHuk XHY, cepis «®isukay, sun. 23, 2015
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Fig. 3. The illustration of the numerical calculation of the parameters m" and @ . Dash line - 45° slope.

this these points deviated from the linear dependence. The
deviation may be attributed to the influence of the second
subband on the amplitude of the resistance oscillations,
which is evident in higher field. The possibility of fitting all
the experimental points, even those taken in high fields,
onto a single curve suggests that the effective masses of the
charge carriers at the first and the second quantum levels

are equal, being 0.18m,, which is close to 0.16m,

obtained for a similar sample [17] with 10 nm wide
quantum well and one subband occupied.
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%
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In the region of a zero magnetic field the initial part
of the magnetic field dependences of resistance exhibits a
positive magnetoresistance which changes then to anegative
one with formation of maximum (Fig. 4a). This is an
evidence of the influence to the sample magnetoresistance
the weak localization (WL) effects under the condition of
strong spin-orbit interaction. The experimental results were
described in terms of the WL theory. The model used [18]
is applicable for considering non-deformed and deformed
bulk p-type semiconductors and semiconductor

5,0x10”
0,0 |
'S s owro L
= 5,0x10
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= i
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Fig. 4. The dependence of the longitudinal component of the resistance in low magnetic fields at 7' =1.5 K a). The

calculation (theory [18]) of the magnetic field — induced change in the localization correction to conduction AGZL (B)

b).
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- based structures with quantum wells. According to the
model, the magnetic field dependence of the localization
correction to conductivity can be described as

D; 4eDB 7,7
Ac"H(B)=—L.G el
xx ( ) D;) 0 -f2 h T¢+TH
G
1 4eDB 7,7, 1 4eDB
+— = ‘T
2f2 ho ottt 2f2( h {”j

where G, = e’ / (271’271) , T, is the phase relaxation time,
T and T | are the times of the longitudinal and transverse
spin relaxation, and the normal to the quantum well plane

. . .10 /0 .
is taken as a preferred axis, the ratio Dl.j / D, characterizes

the relative values of the components of the diffusion
coefficient. The description of the experimental results in
terms of the theory [18] is illustrated in Fig. 4b. The
calculated 7, values can be approximated by the

dependence 7, o« T close to the oc T™'— type

dependence characteristic of the charge carriers interaction
in a two-dimensional system [19].
The estimated time of the spin-orbit scattering

T, =4x 10™"¢ makes it possible to find the value of spin
splitting in terms of the Diakonov-Perel theory [20]:

T, * Q' T, )
where the frequency of spin precession is {2 = A/27i . The
value of spin splitting A =1.02 meV was obtained from
Eq. (5). Itis close to value A =1.81meV find in in [17].

Conclusions
1. The periods of the Shubnikov-de Haas oscillations
have been calculated on the basis of experimental results,
which permitted is to find the hole density at the first

(p,=1.5x 107 cm™) and the second

(p, =1.75x% 10" cm™ ) subbands .

2. The mobility of charge carriers at both the subbands
(4, =3000 cmz/Vs , M, =6600 cm_z/Vs ) and the

interaction parameter (7 = (0.3 ) of the carriers have been
estimated.

3. The effective masses of the charge carriers
occupying the first and second subbands have been
obtained. They appear to be equal in

(m" =0.18 my), my is the free electron mass.

value

4. The form of the magnetic field dependences of
resistance in low magnetic fields (before the Landau
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quantization reveals itself) points to the contribution of the
weak localization (WL) effect under the condition of strong
spin-orbit interaction.

5. The estimated time of spin-orbit scattering was
used to find the value of spin-orbit splitting (
A=1.02 meV ).

We have thus calculated the kinetic characteristics
of a two-dimensional charge carrier system in the p-type
heterostructure  Si .Ge, ./Si ,Ge,/Si .Ge , when two
subbands are occupied. The effects of week localization
of charge carriers have been analyzed under the condition
of strong spin-orbit influence. The results obtained are in
good agreement with the current theoretical models.
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Photonic crystals with defects, as a storage location for cooling
atoms and ions
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Photonic crystal structures with defects for the localization of light are considered in this paper. The simulation of the radiation field inside
the photonic crystals with defects is calculated. Accommodation and cooled storage of atoms or ions within the defect are given is well.

Keywords: photonic crystals, localization of light, point defects, linear elements, planar waveguides, electromagnetic field, Maxwell's
equations, photonic band gaps, finite-difference time-domain method, plane wave expansion method.
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Krwouosi ciioBa: hoTOHHI KprCTaIH, TOKATI3aIlis CBITIIA, TOYEYHI Ne(EeKTH, MHIMHI eIeMEHTH, ITOCKI BOJHOBOIH,
CJIEKTPOMATHITHE TIoJIe, piBHAHHSI MakcBeiia, poToHHa 3a00pOHEHA 30HA, METO/] KIHIIEBUX PI3HUII y YaCOBil 00JacTi, METO

PO3LIMPEHHS TIOCKOT XBUII.

Introduction

Photonic crystal structures [1, 2] have become one of
the main themes in the last decade which presented much
interest in nanophotonics. The applications in the area of
nanophotonics due to the large number of studies about
photonic crystals have been formed.

Photonic crystals represent an important and necessary
element for the realization of light waves control functions
in areas such as quantum optics, telecommunications,
lasers and biomedical engineering. These structures can
be used to construct the resonators, the size of which may
be comparable with the order of the wavelength of light.
These resonators can facilitate the interaction of light with
matter, as a result of quantum-optical phenomena, such as
the increase in spontaneous emission [3], strengthening the
connection [4], and hold the atoms in the cavity [5].

The aim of'this research is to determine the distribution
of the electromagnetic field intensity in the crystal defect,
which will allow due the gradient field intensity forces hold
atoms and ions in the center of the defect.

The problem which is solved in this case by using
defect in the photonic crystal associated with the creation
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of frequency reference points which are necessary for
frequency stabilization of the laser radiation sources. In this
article we have presented the results of analysis photonic
crystals with defects in the form of a usual linear resonator
and a T-shaped resonator.

Defects of photonic crystals and light localization

One of the most important properties of photonic
crystals is the localization of light. It occurs when photons
enter into the photonic medium and become locked or
localized in it. First Anderson and Mott studied and
observed electron localization in disordered solids [6].
However, the theoretical predictions are often met with
difficulties in registered experimental data because of the
existence of the electron-electron interactions and electron-
phonon interaction. S. John first explored the possibility of
observation of localized light states in a dielectric medium
[7]. The experiments were carried out which quickly
verified the existence of weak localization in the form of
coherent backscattering [8-10].

However, there was important problem: the effective
energy of the wave equation of light in an inhomogeneous
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medium is always positive, and the photon energy is
always higher than the potential barriers for the realization
of strong localization of light [11]. After Yablonovich first
has proposed the three-dimensional structure of dielectric
photonic crystal with band gaps, John made conclusions
[12] that moderate disorder disturbance of this structure
could lead to the observation of the strong localization of
light.

The localization of light in the photonic crystals occurs
via introduction of certain defects in the crystal structure of
a photonic crystal. There are major variations of introduced
defects such as point defects, when in the structure one
element is deleted or changed; or linear elements (figure 1)
when a series of photonic crystal structures was removed
or modified. While photons with energies within a photonic
band gap cannot propagate through the crystal, they may
be limited in the defective areas. Light with a frequency
within the band gap may be distributed along the channel
defect because it is reflected from the walls of the defect. It
is also possible to use the point defects in photonic crystals
of light like traps, when the photons are held in the place
of point defect. The photonic crystal fibers and traps have
a great practical importance for miniature optoelectronic
circuits and devices [13].

Numerical research defects in photonic crystals

If we consider the planar waveguides created on the
basis of two-dimensional photonic crystal in which it is
possible to form a linear defect and so limit the light that it
may extend only along a predetermined trajectory. In this
case the lack of one or more rows of rods or holes should
be understood by linear defect.

Fig. 1. Photonic crystals with linear defects: a - T-shape
waveguide; b - linear waveguide.

If through this defect we let the light flow with
coincide with the frequency of band gape of the photonic
structures, it will be limit by the defect and spread strictly
along it. This allows manipulating the traffic light, turning
its trajectory at large angles up to 90 °, on the micron scale.
This scattering loss will be completely eliminated.

The difference between the photonic crystal waveguide
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by ordinary coaxial waveguide consists in the possibility
rapidly change of the direction of light propagation without
great losses. Another advantage of such a waveguide is
that if a defect is a region free from the substance, the light
propagates in the waveguide preferentially in air, and thus
the absorption and dispersion effects are greatly reduced.

The localization of the electromagnetic field is one
of the important properties of structures with photonic
band gaps. The challenging and transmission light in a
photonic-crystal waveguide is possible at different angles
and rotations of the waveguide.

The perspective field for the distribution of research
in the photonic crystals is a method that is based on the
numerical solution of Maxwell’s equations, which is called
the finite difference method (FDTD) [14]. In this paper we
applied FDTD method to analyze the localization and the
channeling the electromagnetic field in a two-dimensional
photonic crystal structure with a lattice defect. By using
this method it is possible to draw important conclusions
from the physical and technical point of view about
the nature of radiation channeling in defect photonic
crystals. Our analysis in this paper demonstrates that the
electromagnetic field in these conditions can be localized
in the region smaller than the wavelength in the band gap
of the photonic crystal.

In this paper two structures, which represented two
dimensional photonic crystals have been studied, which
are the periodic structure of cylindrical rods, arrange
hexagonally and surrounds by air. The defects are created
by removing several rows of rods to produce a T-shaped
waveguide and an ordinary waveguide.

The simulation results of the optical propagation
in two-dimensional photonic crystal are analyzed by
OptiFDTD software.

The mathematical basis of the method of numerical
simulation

We used Finite-difference time-domain method
(FDTD) and method plane wave expansion (PWE) to
analyze the photonic crystal structures [15].

The decision of strict non-stationary Maxwell’s
equations where the derivative of two-dimensional
transverse electric field (TE) wave equation for a linear
isotropic material polarized along the direction of
movement in free field can be written as [16]:

OE, :l OH, OH, , )
o e\ oz ox

OF
aizi i R (2)

ot u, Oz

OF
OH., :_L vy 3)

ot H, Ox
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Fig. 2. Band gaps a for T-shape photonic crystal waveguide for the TE mode.

Where ¢ =¢,g, are the dielectric permittivity and the

magnetic permeability in vacuum.

These equations are called grid technique Yi or Yi
algorithm and can be discrete in free-space and time. The
spatial dimensions of the equations 1-3 are divided into
discrete two-dimensional grid with a time differential step
in E-polarization x-z coordinate system [15] [17],

H! (G k+1/2)=H! ™ (i,k+1/2) +

A o 4)
+ AZI:Ey(l’k+1)_Ey(l’k):|’
0
H' @ +1/2,k) = H™" (i +1/2,k) -
\ (6]
——[E"i+1L,k)-E"(i,k) |,
,quZI: y(l ) y(l ):I
H"™ (i k+1/2)—
E;’ (l, k) _ E;—l (l, k)+£ x (l ) _
eAz| —-H""*(i,k-1/2) (6)
At
——— | H" (i +1/2,k)-H " (i -1/ 2,k) |.
gAx[ 2 o )

Where 7 is an index which enumerates the discrete time
step; indices 7 and k take into account the number of spatial
steps in x-z plane, respectively; Ax and Az an interval
between the points on the grid along the x and z directions;
At - the increasing the time step.

Numerical derivative the time step is a proportion to
the number of sampling points. The time step in the FDTD
method is determined as follows a:

A1 )

NAXT + Az
Where ¢ — the speed of light.

The photonic crystal with a T-shape defect is a structure
with dielectric rods located in the air as a hexagonal lattice
with a refractive index n = 8. In all calculations a/r=0.25
is selected, where a —the lattice constant; r — the radius of
rods.

The photonic band gaps for the electrical component
(TE polarization) in the two-dimensional photonic crystal
were calculated by the plane wave expansion method PWE.

Frequency (w/2z ¢) [1/um]

3 6 K Vector Index

9 12

Fig. 3. Band gaps for linear photonic crystal waveguide for the TE mode.
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Fig. 4. The field distribution of TE wave in T-shape
defect in photonic crystal.

The band gapes of the photonic crystal (Figure 2) are
located within the range of 0.530-0.840 pm and 1.040-
1.450 um for the incident wave A = 0.533 um.

The photonic crystal with a linear defect also
represented the structure located in the air dielectric rods
which have a hexagonal lattice with a refractive index n =
6.85. In all calculations a/r=0.3 is selected, where a —the
lattice constant; r — the radius of rods.

Band gaps of the photonic crystal (Figure 3) were
located within the range of 0.515-0.828 pum and 1.027-
1.440 pm for the incident wave A = 0.533 um.

We have modeled a situation where the radiation
is run into the photonic crystal the wavelength of which
corresponds to the band gap of the photonic crystal. As a
result, the field distribution (Fig. 4-5) is obtained. We can
see from the calculation results, field concentration takes
place within the photonic crystal defect. Since the defect is
surrounded by a photonic crystal with a band gape, which
corresponds to a wavelength of radiation.

As can be seen from the results of calculations (Figures
4 and 5), the field concentration takes place within the
defect photonic crystal, and a photonic crystal in the field
cannot extend. The concentrated field occupies the central
part of the defect; this area has fairly clear boundaries due
to the reflection of radiation from a photonic crystal with a
frequency corresponding to the band gape.

Due to the concentration of the field in the center of the
defect gradient force, or in the microwave band, is called
force Miller, allows to keep the micro and nano particles
including atoms and ions in the middle of the defect.
Considering near the border of the defect work Casimir-
Polder forces [18] the gradient force keeps the center of
the defect and does not allow nanoparticles to approach the
boundary of the defect.

60

Fig. 5. The field distribution of TE wave in the photonic
crystal with linear defect.

Conclusion

From the results presented in this article, the features
of'a qualitative description of the field defect in the photonic
crystal are observed. Since the field which accumulates
in the defect, as in the resonator has a spatial intensity
distribution with a maximum in the central part of the defect
and the minimum value on the defect borders. This field
it is strongly non-uniform spatial intensity distribution,
provides a gradient force that can have an impact at the
micro and nano particles from the field. Of course the
smaller the size of the particle and its polarizability is
smaller, the bigger intensity is necessary for its holding. In
these paper preliminary numerical calculations of the field
defects are made in the photonic crystals. The localization
of the field inside the photonic crystals with different
defects that it allows to use the gradient force to hold the
nano particles in the defects of photonic crystals has been
shown. This gradient force can be used to hold the cooled
atoms or ions within the defects.
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studies the influence of pulses, electric current to jump-like deformation of industrial alloy
300 K. Critical current density at which the suppression of the jump-like deformation occurs
of electric current density on the strength of characteristics of the industrial alloy

The paper
AMg-6 at T =
was defined. The effect
AMg-6 was studied.

Keywords: jump-like deformation, tensile strength, plasticity resource, the electric current density, electric current pulses, the
suppression of jump-like deformation.

VY po6oTi BUBYEHHH BIIMB IMITYJIBCIB €IEKTPUIHOTO CTPYMY Ha CTpHOKONoAiOHy nedopmMaltito mpoMHCIIOBOTO ciuiaBy AMr-6 mpu
T =300 K. Bu3HaueHo KpUTHYHE 3HAYCHHS TYCTUHU CTPYMY, IIPU SIKOMY BiJOyBa€ThCs IPHIYILICHHs CTpUOKONoniOHo1 nedopmarii.
BuBUYEHO BIUIMB IIUIBHOCTI €IEKTPHYHOTO CTPYMY Ha XapaKTePHUCTUKH MIIHOCTI IPOMHCIIOBOTO cIiaBy AMr-6.

Korouosi cioBa: crpubxononiona nedopmartis, Meka MIITHOCTI, peCypc IIIaCTHIHOCTI, I'yCTHHA €IEKTPHYHOTO CTPYMY, IMITYJIbCH
CIIEKTPUYHOTO CTPYMY, IPUAYIICHHS CTPHOKOIIONIOHOT e opmartii.

B pabote n3y4yeHO BIMAHHE HMITYJIbCOB 3JIEKTPUYECKOIO TOKA Ha CKAYKoOOpasHylo AehOpMaIfIo MPOMBIIUICHHOTO CIUIaBa
AMr-6 npu T=300 K. OnpeneneHo KpuTHYECKOE 3HAYCHUE MJIOTHOCTU TOKA, TIPH KOTOPOM MPOUCXOAUT MOJABICHUE CKAauKOOOpa3HOH
nedopmaruu. V3ydeHo BIHsSHIE TNIOTHOCTH SJICKTPHUYSCKOTO TOKA HA MTPOYHOCTHBIC XapaKTEPHUCTUKHU MPOMBINIUICHHOTO criiaBa AMr-

6.

KunroueBslie cioBa: ckaukooOpa3Hast AeopMariis, Ipesen IPOIHOCTH, PeCypC IIIACTUIHOCTH, INIOTHOCTH AIEKTPHIECKOTO TOKA,
HMITYJIBCHI AEKTPUIECKOTO TOKA, TIOJaBIeHNEe CKaIKo00pa3Hoil aedopmarum.

Introduction

Mechanical properties of metal are determined by its
structure state (presence and behavior of lattice defects)
and by deformation conditions (strain rate, temperature).
However, its structure properties (at other different
conditions) not the only key factor. Recent studies have
shown that dislocations motion are affected by phonons
and conductivity electrons. First studies showed that at low
temperatures the electrons influence increases, because of
“freezing” of the other mechanisms. Some facts about a
possibility to speed-up the dislocations moving using an
electron flow were found too.

On graphs, during a crystal deformation with a
constant strain rate, we can see a leaps of deforming stress
(single or multiple). It was called “jump-like deformation”.
During the plastic deformation of metal under electron,
neutron radiation we can also see energy dissipation of
moving dislocations on the conductivity electrons [1, 6].

Aluminum magnesium alloys are classic materials,
which plastic deformation can show us different modes of
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plastic flow, Portevin-Le Chatelier effect for example [2,
6-10].

Theoretical models of appearing and evolution of
plastic flow instability usually based on two approaches
of avalanche-like overcome of potential barriers by
dislocations and its accumulations, in the way of force
(athermal affect) and thermic excitation of crystal
lattice [9]. However, incompleteness of research of this
phenomenon do not give us a possibility to choose any of
these mechanisms, which controls moving of dislocations
on microscopic level, as correct.

Researching results of impact of electronic irradiation
on the process of plastic deformation of AMg-3 are listed
in [3-5]. Obtained experimental results of researching the
plastic deformation of AMg-3 alloy can be summarized
in the next way: jump-like deformation is going parallel
to general deformation hardening of crystal lattice; short
(~ 1s) and long electron irradiation are suppressing the
jump-like deformation; decreasing of deforming stress
and increasing of plastic resource at the same time are
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observed. Emergence of jump-like deformation with
general deformation hardening let us to observe the plastic
flow of AMg-3 alloy like consisting of two simultaneous
processes. The first one is determined by generation,
moving and interaction of defects, and the second one by
specific behavior of dislocation system. Earlier was shown
[2], that the starting mechanism of emergence of jump-like
aluminum deforming stress decreasing, can be collective
force (athermal) overcome of potential barrier by a big
group of dislocations (due to the high level of internal
stresses). Emergence of deforming stress leaps with a sharp
increasing of plastic flow speed in local volume [2], which is
in 105 times higher than uniform plastic deformation speed,
explained by deallocation of dislocation accumulation
from atoms of impurities and intermetallic ejections.
Increasing of experiment temperature are making these
relations weaker and, due to this, increasing the amount
of dislocations, which are overcoming the barrier, what
we can observe by increasing of leap amplitude. Due to
high-energy electrons flow impact, suppression of jump-
like deformation occurs and decreasing of deformation
stress level due to changes in defect structure and behavior
of single dislocations interactions and their accumulations
with impurities.

Research of electric current impact on jump-like
deformation and comparing it with experiments of
electronic irradiation impact on this effect [3] is crucial for
understanding the mechanism of jump-like deformation
suppressing.

Experiment and research objects

Using of standard and original equipment allowed
reaching following technical characteristics and parameters
of experimental machines: creation stresses on the
specimen up to 2-10° with ultimate sensitivity of registration
102 N; registration of elongation during active loading with
relative elongation 5-107 %.

The specimens were made of industrial alloy AMg-6.
Stress, temperature and electric current pulses implemented
the impacts on it.

The specimens were made by cutting a 10-20 mm
length pieces from cylinder of industrial alloy AMg-6,
which had 20 mm diameter. Then the piece was made
thinner by rolling it in 2-3 stages and annealed it in 320
°C. This process was repeated until 0,9 mm thickness was
reached. Then the specimens were cut using templates with
thickenings for deformation machine holders. The sizes of
specimens working part were 4x30x0,9 mm.

Electric current pulses generator up to 1 kA with 400
V voltage.

The scheme of machine, which generating single or
multiple consecutive pulses up to 1 kA current, ~10°— 10+
s length and 60 — 450 V voltage are described. Discharger
with a 400 — 1250 Hz frequency.

BicHuk XHY, cepia «®isunkay, sun. 23, 2015

For making experiments of annealed lattice defects in
pulsed regime, getting a big drifting speeds of electrons and
other tasks we need to have a current like 10°— 10* A/mm?
density for a 10*— 10 s of time.

Electric scheme of it is shown on fig 1. It has the next
nodes:

1 — control block; 2, 3 — thyristors; 4 — inductor; 5 —
specimen; 6 — capacitor bank; 7 — voltmeter; 8 — resistance
standard 1 mOhm; 9 — oscilloscope; 10 — load resistor; 11 —
capacitor bank 20 mF; 12 — supply 220 V; 13 — transformer;
14 — diode bridge.

w220V %f ¥

12713, 14
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10. 1. _
‘ 5__: 7.
4,
2, 3
- +
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+ -

Fig. 1. Electric scheme of the pulse machine.

Relation of current and time shown on fig. 2 is
regulating by changing the voltage on supply. Calibration
of pulses by amplitude and duration is realizing by Rigol
DS1052D oscilloscope. Signal on is going from resistance
standard and allow us to make a measurement with a 5%
error.

A

1-5 ps
Fig. 2. Single pulse curve in time-voltage cords

50-300 V

Main scheme characteristics: (0,1 —10)-10° A current;
60 — 450 V working current; (1,4 — 18)-107 pulse duration;
Bell-shaped pulse; Steepness of the front and slope are
4-10° and 2-10° kA/s respectively; smallest duty cycle in
automatic turning on regime 1 s.

Results and discussion
Let’s consider the affect of current pulses on jump-like
deformation of AMg-6 specimen with 400 Hz frequency.
Deformation curves of specimens are shown on figure 3.
From this graph, we can see that the pulses of current
suppress the jump-like deformation in the AMg-6 specimen.
We can see an increase of the specimen toughness as well
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Fig. 3. Deformation curves of AMg-6 alloy, which
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as plastic resource.

The effect of current pulses with different density on
toughness properties of material and suppressing of the
jump-like deformation was observed.

The influence of the pulses density on toughness
properties of material during deformation are on the
figure 4.

From these graphs we can see a decreasing of
toughness, plastic resource and yield stress of specimens
after increasing the current density to 45-50 A/mm?. If we
continue the increasing, these values will rise.

The relations of relative elongation and stress, which
starts the jump-like deformation are shown on the figure 5.
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Fig. 5. Relation of starting point of jump-like
deformation for different current densities and: a — applied
stress, b — relative elongation.

As we can see, due to the increase of electric current
density, the starting point of jump-like deformation moves
to larger values of elongation, on top of that decrease of
stress is observed.

Increasing of current more than j = 70 A/mm?’
suppOress the jump-like deformation. This influence on
dislocation movement cannot be explained only by thermal
impact. Review of the temperature increasing showed
that the temperature grows only for 6-15 K depending on
electric current density. On the temperature growing like
this, the area of starting the jump-like deformation are
moves to larger values of elongation, but not completely
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suppress it, and thus the reduction of potential barriers
during the dislocation movement are not primary. It
may be, that during the current pulses passing through,
the breathing model [5] appears, as well as during the
specimens irradiation by high-energy electrons.

Conclusions

1. The influence of electric current pulses on jump-
like deformation of the specimens made of industrial alloy
AMg-6 at a 300 K temperature was studied.

2. It was found, that due to electric current density
increase, the starting point of jump-like deformation are
moves to larger values of elongation.

3. It was showed, that the electric current pulses
absolutely suppress the jump-like deformation on the
specimens at the values more than critical value (j = 45-50
A/mm?) of electrical current density, and also increases its
plasticity and decreases ultimate tensile stress.

1. VL O.A.
deformatsiya metallov — Moskva: Nauka, 1985. - 160 p. — In

Spitsin, Troitskiy  elektroplasticheskaya
Russian.

2. Pustovalov V.V. Skachkoobraznaya deformatsiya metallov I
splavov pri nizkih temperaturah. Fizika nizkih temperatur,
2008, Vol. 34,19, p. 909. — In Russian.

3. Dubinko VI. Vozdeistvie elektronnogo oblucheniya na
skachkoobraznuyu deformatsiyu splava Al — 3% Mg / V.I.
Dubinko, A.N. Dovbnya, V.A. Kushnir, I.V. Khodak, V.P.
Levedev, V.S. Krilovskiy, S.V. Lebedev, V.F. Klepikov //
Voprosi atomnoi nauki i tehniki. Seriya «Fizika radiatsionnih
povrezhdeniy i radiatsionnoe materialovedenie». —2010 — Ne
5(96). — P. 36 — 42. — In Russian.

4. Dubinko V.I. Plastificatsiya GTSK — metallov v protsesse
elektronnogo oblucheniya / V.I. Dubinko, A.N. Dovbnya,
V.A. Kushnir, I.V. Khodak, V.P. Levedev, V.S. Krilovskiy,
S.V. Lebedev, V.F. Klepikov, P.N. Ostapchuk // Fizika
tverdogo tela. —2012. — Vol.54, Ne12. — P. 2314 —2320.—In
Russian.

5. Dubinko V.I. Reaction — rate theory with of the crystal
anharmonicity / V.I. Dubinko, P.A. Selyshchev, J.F.R.
Archilla // Physical Review E. —2011. — Vol. 83, Ne 041. — P.
124 - 137.

6. Lebedev S.V., Savitch S.V. HNU. Seriya: Fizika 915, v.14,91
(2010) — In Russian.

7.  Panin V.E., Egorushkin V.E. Fiz. Mezomehanika 14, Ne3,7
(2011) — In Russian.

8. Startsev V.1, Illichev V.Ya., Pustovalov V.V. Plastichnost i
prochnost metallov i splavov pri nizkih temperaturah. - M.:
Metallurgiya, 1975.-328 p. — In Russian.

9. Zuev LB, N.V, M.A.
Makrolokalizatsiya plasticheskogo techeniya v alyuminii i
sootnosheniye Holla — Petcha, JTF, 2010, Vol 80, Is. 9. — In

Russian.

Zarikovskaya Fedosova

BicHuk XHY, cepia «®isunkay, sun. 23, 2015

10. Golovin Yu.l., Lebedkin M.A., Oblast
suschestvovaniya effekta Portevena-Le-Shatelie v usloviyah
neprerivnogo indentirovaniya splava Al-2.7%Mg pri
komnatnoy temperature. FTT.-2004, Vol 46, Is. 9. — In
Russian.

Ivolgin VI,

65



BicHuk XHY, cepis «®isukar, sun. 23, 2015. c. 66-70

VIK 669.017:539.16
PACS 61.80.-x, 61.72.-y

The effect of irradiation with inert gas and hydrogen ions
on nanohardness of SS316 stainless steel

G.D. Tolstolutskaya', S.A. Karpov', G.Y. Rostova?,
B.S. Sungurov’, G.N. Tolmachova'

'National Science Center “Kharkov Institute of physics and technology”
1, Academicheskaya Str., 61108, Kharkov, Ukraine
’National Technical University “Kharkiv Politechnic institute”
21, Frunze str., 61002, Kharkiv, Ukraine
e-mail:karpofff@kipt.kharkov.ua
Received December 20, 2015

The influence of gas ions irradiation (hydrogen, helium, argon) on nanohardness and microstructure changes in SS316 austenitic
stainless steel has been studied. Samples were irradiated with 15 keV/D, 30 keV/He and 1400 keV/Ar ions at different temperatures.
It has been found that irradiation at room temperature leads to the formation of dislocation structure in the steel, regardless of ion
species. The formation of the bubble structure was observed after irradiation of SS316 steel with argon ions at 873 K. An increase
of nanohardness of about two times was observed for ion irradiated steel. It was established that the main factor of hardening is the
formation of radiation induced dislocation structure.

Keywords: ion irradiation, nanoindantation, hardness, microstructure, stainless steel.

N3yuyeHo BiusiHEE OOTyYeHHs Ta30BBIMA HOHAMH (BOIOPOJ, TeIIHiA, aproH) Ha M3MEHEHHE HAHOTBEPIAOCTH M MHKPOCTPYKTYPBI
ayCTEHUTHON Hepxkaperomiel cramu SS316. O6pasupl obmydanu woHamu 15 k3B/D, 30 kaB/He u 1400 x3B/Ar npu pasnuvHbIx
Temreparypax. OOHapy»KeHO, YTO OOJIY4YCHHUE NPH KOMHATHOW TEMIIEpaType MPUBOAUT K OOPa30BAHUIO B CTAIU JHCIOKAIIMOHHON
CTPYKTYpBI BHE 3aBHCHMOCTH OT copTa uoHOB. ITocie obmydenust cramu moHamu aprona npu 873 K mabmomaercs oOpaszoBanue
My3bIPEKOBOHN CTPYKTYpbl. OOHAPYKEHO paJHalliOHHO-CTHMYITHPOBAHHOE YIIPOYHEHHE cTanu Oojee, 4eM B JiBa pa3a. YCTaHOBJICHO,
YTO OCHOBHBIM (pAaKTOPOM YIPOYHEHHS SIBIIsIeTCsl POPMUPOBAHUE PAANALMOHHO-HHAYIIUPOBAHHON JUCIOKALIMOHHOM CTPYKTYPBI.

KiroueBble ci10Ba: HOHHOE 00TydeHNE, HAHOMHICHTUPOBAHKE, TBEPOCTh, MUKPOCTPYKTYPa, HEPXKABCIOIIAs CTab.

BuBueHO BIIMB OIPOMiHEHHS Ta30BUMH 10HaMH (BOIEHb, TeIiif, aproH) Ha 3MiHy HAHOTBEPAOCTI 1 MIKPOCTPYKTYpPH ayCTEHITHOL
HepxkaBirouoi crani SS316. 3pa3ku onpomintoBan ioHamu 15 keB/D, 30 keB/He 1 1400 xeB/Ar npu pizHuX Temmeparypax. BussieHo,
10 ONPOMiHEHHS MPH KIMHATHIA TeMmneparypi MpU3BOAUTH 10 YTBOPEHHS B CTall MUCIOKAIIHOI CTPYKTYpH HE3aJeKHO Bi COPTY
ioniB. ITicis ompomineHHst cranu ionamu aprony npu 873 K crmocrepiraetbcsi yTBOpeHHs Oysib0aIlKkoBOi CTPyKTypu. BusiBieHo
panianiifHo-CTUMYITbOBaHE 3MIIHEHHs CTaJIi OLIBII, HiX B /1Ba pa3u. BcTaHOBIEHO, 1110 OCHOBHUM YHHHHUKOM 3Mil[HEHHS € pOpMyBaHHS
panianiifHo-1HyKOBaHOT TUCIIOKAIIIHOT CTPYKTYpH.

KorouoBi ci10Ba: ioHHE ONPOMIHEHHS, HAHOIH/ICHTYBAHHS, TBEPICTh, MIKPOCTPYKTYpa, HEpXKaBiloya CTalb.

The rapid development of nuclear power has led to the
elaboration of new generation reactors that are more safe,
reliable and economical. Further implementation of these
reactors requires the development of new radiation-resistant
materials, because the behavior of structural materials in
nuclear reactors determines the safeness of nuclear power
station. An understanding of the effects of irradiation on
the mechanical properties of the candidate materials is
essential for such materials development initiatives.

In structural materials during their exploitation
gas impurities, in particular, helium and hydrogen are
accumulated contributing the appearance of helium and
hydrogen embrittlement and gas swelling [1]. Typical

concentrations of helium and hydrogen, which generated
by the displacement of one atom (dpa) from its equilibrium
position in the lattice (He/dpa, H/dpa) are << 1 for fast
neutron reactors, about 10 for fusion reactors and ~100 for
“spallation”-type installations [2,3]. So, it is needed to pay
special attention to complex effects of hydrogen, helium
and radiation defects on these materials.

Austenitic stainless steel SS316 is widely used as
structural material in an II and III generation reactors due
to the combination of its good creep resistance at high
temperature and oxygen corrosion resistance. In addition,
the vessel of «spallation» neutron sources is manufactured
from SS316 steel. It is selected as a structural material for
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ITER and considered as a candidate structural material for
reactors with molten salt as the heat-transfer agent (MSR).

To simulate neutron irradiation damage in structural
materials, heavy ion irradiation experiments have been
performed because of the simplicity of use, easier control
of irradiation parameters, reduction of cost, rapid damage
production, the absence of induced radioactivity, and the
occurrence of the co-implantation of helium/hydrogen
[1-3]. On the other hand, ion irradiation has a significant
drawback — shallow depth of damage layer that making
it difficult to investigate the mechanical properties of
materials. The solution of problem is possible by using
nanoindentation method that provides a study of the
mechanical properties of the samples in the near-surface
region.

The goal of the present work is the investigation
of changes of the hardening of SS316 steel and its
microstructure after irradiation with deuterium, helium and
argon ions.

Materials and methods

Specimens of SS316 steel with dimensions
27x7x0.1 mm were used for investigations. Before
experiments the samples were annealed at 1340 K for one
hour in a vacuum of ~10* Pa. Chemical composition of
steel is shown in Table.

Samples were irradiated with 30 keV D" (15 keV/
D") ions up to a dose of 3x10" D/cm?, 30 keV helium
ions to a dose of 5-10' cm? and 1.4 MeV argon ions to a
dose of 1-10"7cm™?. All irradiations were carried out with
accelerating-measuring system “ESU-2” [4], consisting of
Van de Graaf accelerator (high-energy argon irradiation)
and two irradiation facilities for hydrogen and helium
implantation. The irradiation with light ions was performed
at room temperature, whereas argon irradiation was
conducted at room temperature and at 873 K.

Studies of the steel microstructure were performed
by transmission electron microscopy at room temperature,
employing standard bright-field techniques on an EM-
125 electron microscope at accelerating voltage 125 kV.
Preparation of specimens to suitable for TEM thickness
was performed using standard jet electro-polishing from
unirradiated surface. The initial structure of SS316 steel is
shown in Fig.1.

Nanohardness was measured by Nanoindenter G200
with a Berkovich type indentation tip. Tests were performed
with a constant deformation rate of 0.05 s'. Each sample
was applied at least 10 prints at a distance of 35 pm from

0.5 um

Fig. 1. The initial microstructure of SS316 steel after
heat treatment at 1340K/0.5 h.

each other. The methodology of Oliver and Pharr was used
to find the hardness [5]. The details of nanoindentation tests
have been presented elsewhere [6,7].

Results and discussion

In the present paper we have determined the
nanohardness of SS316 steel in the initial state and after
irradiation with deuterium and helium ions at room
temperature, and argon ions at T __and 873 K.

The depth distribution of gas atoms concentration and
damage was calculated by SRIM 2008 [8] and shown in
Fig. 2. The damage calculations are based on the Kinchin-
Pease damage energy model, with a displacement energy of
40 eV for Fe and Cr, as recommended in ASTM E521-96

Concentration (at.%)

Displacement damage (dpa)

T
o

Fig. 2. Calculated profiles of damages and concentrations
of D, He and Ar ions.

(2009) [9].
Calculated damage level of He and D was ~1.4
dpa. Herewith, the maximum of calculated deuterium

Table
Chemical composition of SS316 steel, wt.%.
C Si Mn P S Cr Ni Mo Ti Fe
0.056 0.68 1.6 0.034 0.014 16.68 12.03 2.40 <0.01 oau.
BicHuk XHY, cepia «®isunkay, sun. 23, 2015 67
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concentration profile is almost 6 times higher than
maximal concentration of helium — 25.3 and 4.22 at.%,
respectively. On the other hand, at almost identical
maximum concentrations of helium and argon, the ability
of damaging of argon is more than 20 times higher in the
depths 0-200 nm.

Initial
—D
f~ N He
cecee Ar (Tirr = Troom)
Ar (T, =873 K)

Hardness, GPa

200 400 600 800

Depth, nm
Fig. 3. Nanoindentation hardness of SS316 steel vs.
indentation depth of the unirradiated sample, and
samples irradiated with D,’, He', Ar"at T and 873 K.

Fig. 3 shows indentation-depth profiles of
nanohardness of SS316 steel before and after ion irradiation
with deuterium, helium and argon ions.

For the nonirradiated steel, the depth dependence of
the hardness is relatively simple and close to constant.
After the ion irradiation of speciments with D, He and Ar
ionsatT _ anincrease of nanohardness of about two times
is observed, independently of species of ions. It should be
noted that G.S. Was et. al. analyzing the data of radiation
induced segregation, irradiated microstructure, radiation
hardening and IASCC susceptibility of the same heats of
proton- and neutron-irradiated 304SS and 316SS have
shown that the irradiation hardening of austenitic steels
saturates at doses about a few dpa [10].

Irradiation of steel with Ar ions at 873 K also causes
the increasing of nanohardness, but not such evident
compared to irradiation at T

1000

room”

Apparently, the observed increase in hardness of
irradiated steel is associated with the hardening of the
implanted layer. However, at hardness measuring by the
nanoindentation technique should take into account the
so called size effect, leading to deviations from the true
hardness values. This effect consists in the increase of the
hardness values in the region of small depths of indenter
implementation while decreasing the pressing forces
(Indentation size effect - ISE) [11].

To explain the ISE, Nix and Gao have developed a
model based on the concept of geometrically necessary
dislocation [12]. This model predicts the hardness depth
profile as follows:

— =, 1+, (1)
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Fig. 4. The dependence of the square of the hardness on
inverse depth introduction of the indenter for samples
irradiated with deuterium (a), helium (b), argon (c) and
the non-irradiated steel. The error bars show standard
deviation.
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Fig. 5. TEM images of the structure of SS316 steel irradiated by He (a), D (b) Ta Ar (¢) at T

where H is the measured hardness at the depth of h, H is
the hardness at infinite depth (i.e., macroscopic hardness),
which will be referred to as the bulk hardness hereafter, h*
is a characteristic length which depends on the material and
the shape of indenter tip.

There are a few papers, in which radiation hardening
is evaluated using the Nix and Gao model [13-16]. In
particular, Kasada et al. have suggested a new model to
extrapolate the experimentally obtained nanoindentation
hardness to the bulk-equivalent hardness of ion-irradiated
Fe-based binary model alloys [16]. This model is based on a
combination of the Nix-Gao model [12] for the indentation
size effect and a composite hardness model for the softer
substrate effect (SSE) of the non-irradiated region beyond
the irradiation range.

The hardness of bulk sample can be obtained if plot
the graph H? (1/h). The square root of the value obtained by
the intersection of the tangent to curve H? = f (1/h) with the
H? axis gives the value of H. [16]

Plots of H2(1/h) for irradiated with D, He and Ar ions
samples are shown at Fig. 4.

The unirradiated SS316 steel showed a good linearity,
and the bulk hardness H, which is the square root of the
intercept value, was estimated as 2.4 GPa.

In the case of deuterium and helium irradiation the
data can be divided at least into two regions. In the region of
shallow depth, the square of the nanoindentation hardness,
H?, was proportional to the reciprocal of the indentation
depth, 1/h. The data in this region could be interpreted as
the hardness of the region irradiated to 1.4 dpa (see Fig.2).
The bulk hardness H, estimated from this irradiated region
was 3.7 and 4.35 GPa for deuterium and helium irradiation,
respectively.

The argon irradiated SS316 steel appear to have a
bilinearity with a shoulder at around 160-180 nm. The
bulk-equivalent hardness of argon ion-irradiated steel can
be obtained from the shallower depth region before the
shoulder: 4.8 GPa for room temperature irradiation and 3.8
GPa for irradiation at 873 K.

For specimens irradiated with argon ions (at T ) a
smooth decrease of hardness is observed, since the depth of
~200 nm. This is due to the fact that during nanoindentation,

BicHuk XHY, cepis «®isukay, sun. 23, 2015

the plastic zone around the indenter tip extends well below
it, and in an approximately hemispherical volume around
it, with the depth of the plastic zone reaching about 5-7
times the depth of the tip in most cases (SSE).

The mismatch observed experimentally between
the maximum of nanohardness and the maximum in the
distribution of defects (see Fig. 2 and Fig. 4) can be also
explained by the effect of a soft substrate [17]. Besides,
the same effect may be due to the rapid decrease in
nanohardness with depth.

Generally, the defects being responsible for the
hardening in materials mainly are dislocation loops, which
act as obstacles for dislocation glide [18,19].

Our TEM studies of irradiated samples have showed
the formation of tangled dislocations at depths of 0-150
nm after irradiation of SS316 steel with He, D or Ar ions
at T (Fig. 5). The formation of dislocation structure, as

room

the main factor of hardening, is likely gives approximately
similar growth of the nanohardness up to 4.3+0.5 GPa.
The hardening of steel implanted with inert gas (He,
Ar) ions may results from two separate pinning centers:
dislocation-like defects and gas-filled cavities (He or
Ar bubbles) [18,19]. Some studies [20,21] have shown
that dislocation structure and gas bubbles contribute to

Fig. 6. TEM image of the structure of SS316 steel
irradiated by Ar at T = 873 K.
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hardening of stainless steel SS316.

In this study He ions were implanted only at room
temperature, while Ar ions at room and at evaluated
temperature. TEM studies of structure of irradiated at
873 K samples in the depths 500-600 nm from irradiated
surface revealed the formation of the argon bubbles with
mean size 20 nm (Fig. 6).

Nevertheless, it is obvious from Fig.4(c), that the
formation of dislocation structure causes a more significant
increase of the hardness of bulk material compared to the
presence of the bubble structure.

Until recently it was believed that the contribution to
the increase of yield strength of metals and alloys provides
a spectrum of radiation-induced defects (point defects,
clusters, dislocation loops of vacancy and interstitial
types, the precipitation of a new phase, etc.). However,
the present investigation with the use of modern high-
resolution techniques allowed to show that the pinning
of dislocations, causing hardening of steel SS316, occurs
effectively only on the displacement damage rather than
bubbles.

Conclusions

1. Radiation-induced nanohardness of SS316 steel
increases about two times after bombardment with
deuterium, helium or argon ions despite the difference in
gas concentrations and levels of damage.

2. The main contribution to the hardening of the steel
is due to the formation of radiation-induced dislocation
structure, regardless of the type of bombarding ions.

3. The absence of correlation between nanohardness
gain and irradiation dose in the range of 1-50 dpa may
result from hardening saturation at ~1 dpa in austenitic
stainless steels.
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In this article we discuss conditions of the precision frequency measurements, which are based on highly stable lasers. In this
paper we analyze conditions of the measurement of the gravitational field in spatial domain of the Lagrange points.
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B pa60Te O6Cy)K)Ia}OTC5[ YyC0BHA NPEUU3UOHHBIX YaCTOTHBIX I/ISMepeHI/Iﬁ, B OCHOBE KOTOPBIX UCIOJB3YHOTCA BBICOKOCTAaOUIIbHBIE
10 4aCTOTE JIa3€phbl. B HaCTOﬂH.[ei/’I CTaTbC€ Ha OCHOBEC MOJCIIU B3aHMO,Z[efICTBPIS{ TpaBUTALlUOHHOI'O IOJIA ¢ ONTUYECKUM HBITYUCHUEM,
AHAJIM3UPYIOTCA YCIOBUA UBMEPCHUSI HECOAHOPOJHOCTH I'PABUTAIIMOHHOTO 1TOJIA B HpOCTpaHCTBeHHOﬁ 00J1aCTH TOUYCK J'[arpaH)Ka.

KiroueBble cj10Ba: ONTHYCCKHUE HU3MCPCHUS, TPABUTAUOHHOC II0JIC, JIA3€PHOC H3IIYUCHUC, FeTepOIIHHHLIﬁ METOO, STaJIOHHaA

qgacTora.

Y po60Ti 06TOBOPIOIOTHCS YMOBH MPEIU3IHHNX YaCTOTHUX BUMIPIOBaHb, B OCHOBI SIKHX BUKOPHCTOBYIOTHCS BUCOKOCTAOIBHI 1O
4acToTi Jazepu. Y 1iif cTaTTi Ha OCHOBI MOJIEII B3a€MOIIT TPaBITALIHOTO ITOJISI 3 ONTHYHUM BHIIPOMIHIOBaHHSM, aHATi3yIOTHCSI yMOBH
BHMIpY HEOJHOPIAHOCTI IPaBITaLliifHOTO MOJISt B IPOCTOPOBIiit o0nacTi Touok Jlarpamxka.

KurouoBi cioBa: onTu4Hi BUMIpIOBaHHA, TpaBiTalliifHe MOJe, JIa3epHE BUIPOMIHIOBAHHS, TETEPOJUHHUI METON, €TaJOHHA

qgacTora.

Introduction

Well-known heterodyne methods allow to determine
the optical frequencies, their shifts and their temporal
characteristics of one laser relative to other laser. Technical
realization of the heterodyne method is possible when
we have reference laser with high stability of frequency
radiation.

Till now the single field of practical utilization of
optical frequencies existed. It is in metrological provision
of optical frequency measurements. These measurements
are based on a set of reference lasers, which are included
in the recommended list (26 optical frequencies) of defined
frequency characteristics. These characteristics are a
relative standard uncertainty and long-term frequency
instability. Further development of the heterodyne methods
isrelated with the expansion of areas of use for the frequency
measurement of physical quantities. Therefore, the aim of
this paper is to search conditions of measurement of the
gravitational field in the interplanetary space.

Features of frequency standards
for precision heterodyne systems
The development of optical frequency measurements
is persistent. Basing on the development of the
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reference lasers, which allow to improve the accuracy
of measurements, when optical frequency difference is
decreasing. The frequency standard, which builds on basis
of frequency reference, may be an example of this assertion.
This frequency reference is formed from cooled strontium
ion 88 [1]. The updated list of laser frequency standards
was presented in the final decision of CIPM (2009) [2]. It
is characterized by significant decrease of relative standard
uncertainty of frequency emission 10-'°. But the frequency
standard with relative standard uncertainty for 1000 sec of
averaging 107'® on the same wavelength was introduced a
few years later. However, this result was not included in
the CIPM list as certified and tested frequency standards.
Therefore, standards from this list (CIPM 2009) can be
used in modern circuits of heterodyne measurements.
Thus, high precision and high stability standards of optical
frequencies can be used for special heterodyne methods of
physical quantities measurements at present time.

The heterodyne methods of measurement
gravitational fields
The heterodyne method of measurement laser
frequency consists in registering of the beat frequency
between two lasers, the frequency of the one of laser is the
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reference or known, and frequency of a second laser will
be determined.

Inthe case where the frequency stability of the reference
laser is characterized by a very low relative frequency
uncertainty, the heterodyne method allows us to investigate
and monitor change in the frequency of the second laser
under the influence of the physical phenomena. Examples
of using optical frequency measurements to solve practical
problems are not so many. One of such effects of the change
frequency is used in the two-frequency interferometers, in
which not only the distance but also the speed of the object
with reflector can be measured and to determine direction
of object’s motion.

Measurements, which are performed in order to solve
the fundamental problems of physics, should be used on the
basis of new techniques, which are based on the developing
of physical theories.

Basing on the change of frequency radiation under the
influence of the gravitational field in the space the research
of the process in the interplanetary space may be performed
by the difference between gravitational potential in the
space point and the potential in the reference point.

Using of frequency measurements as the most high-
precision makes it possible to measure very little changes
in the magnitude of the gravitational potential. The ability
to receive the signal of the beat frequencies between the
two lasers in the space depends on the location of the lasers
in the Lagrange points.

Placement of lasers in these points is determined by
the solving problem, namely, we study the structure of the
gravitational field in the area of saddle point (L1) or in
the area of unstable point (L4). It should be noted that the
theoretical description of characteristics of gravitational
field is related with the amount accounted celestial bodies
and their weight. From this it follows that the structure
of the gravitational field is quite difficult to determine
theoretically in the planetary system and experimental
determination of relative distribution of the gravitational
potential field is possible with using of a laser heterodyne
system described in [3].

If the frequency difference between two lasers for a
long time has been monitored and has been measured with

an uncertainty of 107" —=107"7 this value allows to fix
the effect of the gravity offset of the optical frequency.
When one of the lasers is placed on the artificial satellite of
the Earth, the frequency difference will be influence by
Doppler Effect of 1st and 2nd order.

For the measurement of the gravitational frequency
shift it is necessary to eliminate influence of the Doppler
effect of the 1st order. For this it is necessary to reduce
the distance between the lasers to ten meters, but the
stability of the frequency radiation must be several orders
of magnitude greater than in the case of laser arrangement
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in Earth orbit. In this case, the influence of the Doppler
effect of the 1st-order is negligible. This condition allows
only by measurement of the optical frequency difference to
determine the basic characteristics of inhomogeneity of the
gravitational field. It should be noted that such examination
is possible in the linear approximation to Einstein’s theory,
because only in this approximation remains valid concept
of Newton’s potential.

Due to the principle of equivalence, which is based by
A. Einstein in 1911 [3], the increase of electromagnetic
radiation by passing difference of gravitational potentials,

leads to increase on value of the photon energy h% .
cAp

On the other hand, the time of the flight radiation from the

source to the observer is % , where h - the distance

between spatial points. In equivalent coordinate system, if
gh

first-order Doppler effect leads to increase the frequency by

is small (g is the acceleration of the gravity), the

an amount equal gh , and the observer records frequency
C

equal to:

fo=fi(l+ghlc?) (1
The coefficient % is 107'°, that is why changes of

the frequency can be registered at the instability of
-1
frequency of lasers 10 7and less [4]. Because the

necessary highly stable lasers have been developed during
last 10 — 15 years, the opportunity of work in the optical
range did not exist in the 60s years. In connection with the
search for possible ways of experimental verification of the
gravitational shift of optical frequencies Pound and Rebka
used Mossbauer Effect.

Conditions of the interaction of electromagnetic
radiation with gravitational field

The effect of changing in the frequency of radiation
is linked with the time of radiation propagation in the
nonuniform gravitational field massive object.

The influence of Earth gravity on the frequency of
electromagnetic radiation, which manifests in gravitational
violet shift [5] can be recorded and evaluated by measuring
the shift of optical frequency of laser relative to the other
lasers, which are located at a predetermined distance
between themselves. The reference laser is located on the
surface of Earth. Both the frequency of radiation of lasers
are stabilized by frequency reference, between which a
predetermined frequency is separation A@, which can
have value from Hz to hundreds of MHz. It is possible to
use either a differential or integral measurement method to
determine the influence of gravitational field on frequency
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of optical radiation. In this paper the differential method is
used, which allows to determine acceleration of free fall,
based on gravitational potentials.

The equation of measurements which are based on
differential method,
decomposition of gravitational potential # near the

obtained in the conditions of

observation point . Points with gravitational potentials
u and u, are spaced apart in height above the Earth at a
sufficiently small distance AH , at which the variable
changes linearly. Then, by limiting to simplify the analysis,

linear by AH terms of the expansion, we obtain an
expression for the potential near the observation point:

ou
=u,+——AH +... 2
u =u, ol ()

Because the vertical gradient of the potential is not

ou
more than the acceleration of gravity g = E , then in the

view of (2) we obtain the relation between the frequency
shift and value g, which is described by the equation:
Jo—fi _ AH
= g R
fo c
The limit of the optical frequency increment to the
value of the height increment is a value proportional to the
acceleration of the free fall. It is possible to determine the
value of g by measuring the difference of optical frequency

Af = f, — f, with registration of the distance AH :
gz Af ¢
f AH

3)

“)

It is possible to use a laser interferometer with an
uncertainty of measurement distance of 1.5 um/m
(measuring interferometer type LSP-30-Compact [6]) to
accurately measure the distance AH . Lasers, which are
used in the experiment, must have a long-term stability of
the frequency of radiation. This stability should allow to
measure the change in frequency of radiation caused by
influence of the gravitational field.

When you measure difference between optical
frequencies, it should be noted that absolute value of
difference optical frequencies may be registered and the
sign of difference frequency remain constant and
unchanged. While investigating this problem, the
information of sign of optical frequency difference does
not play a fundamental role, but it is very important in
clarifying the provisions of general relativity and
fundamental provisions in cosmology [7]. To make an
important experiment the long-term stability of laser
radiation should be characterized by magnitude
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of less than107'® .

It should be noted, that only natural optical radiation
sources have been used until recently. But artificial sources,
which include various types of lasers, have advantage in its
time frequency and spatial characteristics of radiation. At
first this is high stability of frequency radiation.

These advantages allow essentially improve accuracy
of frequency measurements. Depending on conditions for
realization of measurements circuit two extreme cases can
be focused. In the first case, a small base between lasers
is used. It’s range from 1 to 10 meters, and in the second
realization is at high base (100 m to 400 km) between the
lasers.

The accuracy, which is required for measuring of
acceleration of the gravity o . = S pug e the quantity,
which corresponds to modern absolute gravimeters (type
GABL and FG-5).

The distance between lasers is AH selected small —
10 m, that allows make measurement of the acceleration of
free fall quickly and efficiently. The distance before main
measurements is refined by measuring laser interferometer,
such as LSP-30-Compact. The error of interferometer for
linear measurements is 1.5 gm/m . Therefore, in this
case:

0y =1,5x10°m/m-10m=1,5x10"m  (5)

The phase range finders must be used in measurements
with long distances. The measurement error in these
rangefinders depends on methods of precision phase
measurements.

The difference of frequencies between two lasers

Af =| |- f2| is measured by an optical heterodyne

system.
The reference frequency fl of the laser, which is

located on the reference plane, is determined by the type of
the selected laser, its system of frequency stabilization and
natural frequency reference, which is used. The frequency
[, of the second laser is also stabilized by natural frequency

reference and is separated from the frequency f, of a small
fixed value f, = f, + A@ . On the other hand, the change

of frequency in the propagation by the vertical is described:

fr =(fi +Ap)(1+ah) (6)

Where o = ‘% —the linear coefficient of increasing
C

the frequency on each meter of radiation, it is estimated as
1 0716
The difference of frequencies| =75 (h)|, except

values of frequency reference, which stabilizes frequency
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of laser radiation can ranging from a few tens of kHz to
MHz:

A = fi=fi(h)=bo+(fi+Ap)ah (1)
The frequency offset Af*, which is caused by influence

of gravity, in cause, that A eliminated by heterodyning
in the radio engineering range of frequencies, is like this:

Af = f,ah=10"-10-5,0-10" Hz =5-10"" Hz (8)

In order to register this value of the frequency shift,
the optical frequency stability should allow measure
this frequency shift. Therefore, this problem is solved
by applying a high-precision and the high stability laser
technique.

Conclusions

As a result of this article, conditions of heterodyne
measurement of frequency shifts between two lasers in
the conditions of the interplanetary space are determined.
The main technical conditions for realization of such a
system for study of the influence gravitational field on
measurement of absolute values of optical frequencies are
defined as well.

It was found that to register the influence the
gravitational potential on system of heterodyne frequencies
measurements it is necessary to use highly stable frequency
and high precision laser technology. The development of
such laser technology has started recently.

These studies make it possible to measure the value
of gravity acceleration and may find application in the
fields of geodesy, geophysics, optical transmission of time,
distance measurement, etc.
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The energy spectrum and thermodynamics of two one-dimensional spin systems: the finite XX-chain with periodic boundaries
and one zz (Ising) bond, and open ends XX-chain with two zz-impurities at the both ends have been investigated. The conditions for the
appearance of the energy states, localized in the vicinity of impurity spins, have been derived. The peculiarities of field and temperature
dependences of the basic thermodynamic characteristics of these models have been studied.

Keywords: spin Hamiltonian, XY-chain, XX-chain, spin, energy spectrum, thermodynamic characteristics.

HccnenoBaHbl S3HEPreTUUECKUI CIIEKTP U TEPMOJMHAMUKA JBYX OJHOMEPHBIX CIIMHOBBIX CUCTEM — KOHEUHOM XX-IEemnouku ¢
JIOTIOJTHUTEIBHON ZZ (M3UHTOBCKOH) CBSI3BI0, 3aMBIKAIOIICH IIEOUKY B KOJIBIO, U XX-IETIOYKN C OTKPHITBIMH KOHI[AMH C ABYMSI ZZ-
MIpUMECSIMH Ha KOHI[axX. IToka3aHo, YTO B CIIEKTpe MOTYT CYyIIECTBOBAThH JIOKAIN30BAaHHBIE BONM3M MIPUMECHBIX CIIHOB COCTOSHHS,
HalJeHbl yCIOBHSA HX MOSBICHHUs. lIcclenoBaHBl TOJNEBBIE M TEMIIEPAaTypHBIE 3aBHCHMOCTH OCHOBHBIX TEPMOJMHAMUYECKHX
XapaKTEePUCTUK MOZEIEH.

Ki1roueBbie ci10Ba: CIMHOBBII raMUIbTOHUAH, X Y-1en1ouKka, X X-11e[04Ka, CIIMH, YHEPreTUYEeCKUI CIEKTpP, TEPMOJUHAMHUYECKIE
XaPaKTEePUCTUKH.

JIoCIiDKEHO €HEePreTHYHUI CIIEKTP 1 TepMOAMHAMIKY IBOX OJHOBHMIPHHX CIIIHOBHX CHCTEM — KIiHIEBOro XX-JIQHIFOXKKA 3
JIOIaTKOBUM zZ (i31HTOBCKHM) 3B’SI3KOM, SIKHH 3aMHKAa€ JIAHIIOKOK B KinbIle, 1 XX-JIaHIIOKKA 3 BIAKPUTHMHU KiHISIMU 3 JABOMa ZZ-
JOMilIKaMK Ha KiHIsiX. [Toka3aHo, 1110 B CIIEKTPi MOXKYTb iCHYBaTH JIOKaJIi30BaHi MOOIN3Y JOMIIIKOBHUX CITiHIB CTaHH, 3HAWACHO YMOBHU
X mostu. JIOCIIKEHO MOJIBbOBI 1 TeMITepaTypHi 3aJI€)KHOCTI OCHOBHUX TEPMOJAMHAMIUYHUX XapaKTEPUCTHK MOJIEIIEH.

Kawuosi ciaoBa: crniHOBUI raMinbToHiaH, X Y-TaHIFOXKOK, XX JTaHIFOXKOK, CIIH, CHEPreTHYHHHA CIEKTp, TEPMOAWHAMIYHI
XapaKTePUCTUKH.

Low-dimensional spin models occupy special place in quantum theory of magnetism due to the fact that such systems
in some cases may have exact analytical solutions [1, 2]. Usually, the real magnets are characterized by different types of
heterogeneity, so the theoretical study of the influence of impurities on the energy spectrum and the thermodynamics of
such structures is of great interest.

This work is devoted to the study of the energy spectrum and the thermodynamics of two exactly solvable spin
models: finite isotropic X'Y-chain, or so called XX-chain, with periodic boundaries (“ring”) and impurity Ising spin S|
which is described by the Hamiltonian

N N-1
H,, =—gu,HS; —J,(S7 +53)S; —gu,HY S; —J

n=1 n=l1

x QX yQy
(Sn n+l + n n+1) (0
and open ends finite XX chain (“line”) with two different edge impurity Izing spins S, S, described by the Hamiltonian
_ z z zQz z Qz
H,, = _,UBH(goSo +8yvaSya ) —JoS6ST =T wiiSuSua

N N-1 ()
~guHY ST =JY (8185, +S.S),)-
n=l1 n=l1

Here J>0 is the exchange integral for spin-1/2 XX chain, J,, J,,, are the exchange integrals of Ising (or zz)-type
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interactions with impurity spins, u,, is the Bohr magneton, g, g, and g, ., are g-factors for chain and impurities respectively,
H is the longitudinal uniform magnetic field. Positive and negative values of Ising interactions correspond to ferromagnetic
(FM) and antiferromagnetic (AF) type of exchange. These Hamiltonians describe some kind of well-known broken-chain
effect in real quasi-one dimensional magnets [3, 4].

Z-projections of the impurity spins are the good quantum numbers due to the commutation of the Hamiltonians (1)
and (2) with the z-projection of the impurity spin operators (¢, = —S,,..., +S, i =1, 2), and z-component of the XX-chain
total spin. The models stationary states can be classified by all the possible values of these projections:

The model Hamiltonians split into the sum of the finite XX-chain Hamiltonians with the effective “impurity” spins
(s = 1/2) at the ends. After Jordan-Wigner transformation [1] the Hamiltonians and take the form

Si
H,, = Z H(o,), H(O-o) = Eo(o-o) +(g,UBH +Joo-o)(a1+a1 + a;aN)
oy=—5;
N-1 N-1
+gluBHZa;an _EZ(a;anH +a,.,a, )= )
n=2 n=l1
HN
Eerro (O-O) - _(goluBH + Jo)ao _%’ Ty ==Sp5-8)

2

and
SZ Sl
H, = 2 2 H(o.0..).
ON1=—8 09=—5;

H(O-070-N+1 ) = Eferro (0-090-N+1 ) + (gluBH + JOGO)aral

+ W + J - + +
+(gluBH + JN+IO-N+1)aNaN + g/’lBHZan an - EZ(CI” an+1 + an+lan )3
n=2 n=l1 (4)

J
Eferro (O-O’GN-H) = _(gOILlBH + 7())0-0

v guzHN
_(gNHluBH +%j0N+l _BTa

Oy =88, Oy =—35,,...,9,,

respectively. Here d, ,d, are the creation and annihilation operators for spinless fermions. The Ising interactions of

impurity spins in , are described by additional Zeeman type terms. Spin-1/2 XX chain is a well-known example of an
exactly solvable spin system [1, 2].

We used one particle Schrodinger equation in the lattice site representation to diagonalize the Hamiltonians and . As
a result, we derived the following dispersion relations for the exact energy spectrum for the “ring”:

N+1
1+x;

e _—gqg 5)
N-1 0>
x (1£x.7)
and for the “line”
L N —(a, + +x )2 =0 6
o Ay QT+ X, )(az\m X, )X, =Y. (6)
xO' xU
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respectively, and calculated the normalized wave functions. In both cases excitation energy defines by

5(%):}1_% x6+xL , ™

o

where h =gu.H, 0 =0,, 0 =0, 0, for the “ring” and for the “line” respectively, and

2J.0 2J. O
_ 0~0. _ N+1~" N+1 _ . _
o, _T’ Ay _fa Oy ==8,- 485 Oy ==85,., 15,

For quasi-continuous band the parameter x_= exp(ik ), and
& =h-Jcosk_, (8)

N+1
It was shown that the sufficiently strong Ising interactions of impurities with the main chain lead to the appearance

of localized levels with real parameter x (]x| < 1). For cyclic chain two critical values of the parameter « are defined from
the conditions for the emergence of levels :

with o = g, for the “ring” and ¢ = ¢, 7, for the “line”.

N+1
N-1

>

|0‘1c > 1 |azc )

The critical length of the open chain (the condition of the appearance of the next level at given values of o,
has the form:

N+1

_ oy, 1
c s (10)
(g £D(@y,, £1)
and for infinite chain (N — o)
la, [> 1] ay,, > 1. (11)

The partition functions for above “ring” and “line” models are the sum of partition functions of finite XX chains with

impurities described by the Hamiltonians H(G 0) and H(J 0°0 N +1) respectively

5, 1

M [(ho +Jy )%*’hﬂ) _;{h_;[xwo +1H
Ze= 2, Z(o))= > € P 1+e sl (12)

ring
0o=—35; 0y=—35; A

s, s,
Zie = Z Z 2(0,0y,,)=

On1=—8, 0p=—5;

1 J 1
Sy S, %((ho‘h]o Yoo +(hy i+ y 1) 0N ‘*’h?Nj _T{h_z[xwoc"“ -'—x/1 H
¥ 3 [T+

Oy =S8, 09=—5 A

5 (13)

hy =gtz hy, =gy, HsH.

One can calculated easily all the thermodynamic quantities of “ring” and “line” models from and . For example, the
magnetization for “line”” has the form
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Fig. 1. Field dependence of the magnetization per spin at 7= 0.05K for N =12, g = 2, J = 1K for (a) “ring” with §, =

1.5, g,= 1,J,=—6K (b) “line” with S, = 1.5, S, = 1, g,= 1, g,., = 1.5,J,= 6K, J,
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We performed the simulation of the field and the temperature dependencies of the magnetization and heat capacity.
One may expect the big effect of impurities, if there are localized levels. The sign of Ising interaction is also important.
For AF Ising interaction the field dependence of the “ring” magnetization at very low temperatures, one can see jump
associated with the spin-flip of impurity spin in sufficiently strong magnetic field for “ring” (fig. 1a) and two jumps for
“line” (fig. 1b). At very low temperatures, the field dependence of the specific heat for both chains has complex form with
the multiple maxima. Additional peaks of specific heat for AF Ising interaction of impurities with XX chain we associate
with the local impurity levels and the spin-flip of an impurity spin in strong fields (fig. 2).

Average values of z-projections of impurity spins <Sg > 5 <S§, +1> are
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Fig.2. Field dependence of the specific heat per spin at

T=0.05K for “line” with § = 1.5, §5,=1,¢,=1,g,,, =
1.5,J,=-6K, J,. =—4K.
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for “line”. The longitudinal pair spin-spin correlation function <S S N+l > for impurities in “line” has the form
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Fig. 4. The ratio of longitudinal pair spin-spin correlation
Fig 3. Comparative behavior of <Sg > / So for “ring” functions to impurity spins values <Sg S;, ) > / S1S2
and for “line’ of N = 12 spins in the XX chain for the for the two impurity sites in “line” at S, = 5, =1/2, g =
same values of all g-factors for 7=0.1K, S, = S, =1/2, 2,8,=8y, =15 J=1Kat=0.05K (1) J,= 6K, J, ., =

> Y N+

g£=8,=8y, = LJFLIK, J =J,  =-10K. —4K; (2) J,=—6K, J,., = 4K; (3) (1) J,= 6K J,., =—4K;

(4) J,= 6K, J, . = 4K; (5) product Brillouin functions
for free spinsto

The behavior of the average z-projection of impurity spins and longitudinal impurities spin-spin correlation functions
at zero and non-zero temperature were studied numerically. It was shown that under certain conditions, the average
z-spin projection for impurity sites at 7= 0 may have the finite jumps and non-monotonic dependence on the magnetic
field at low temperatures. The behavior of an impurity spin in a closed chain and open chain can differ substantially
(fig. 3). This is due to the fact that in the closed chain the impurity spin interacts directly with the two neighboring spins.
Peculiarities of this behavior are clearly visible at AF impurity interactions with the XX chain. Even for the same g-factors
in the case of closed chain in weak field, the impurity spin is oriented oppositely to the field. In open chain in all fields

average z- projection of impurity spin is positive. The longitudinal pair spin-spin correlation functions <S S N +1> for

the two impurity spins in “line” is shown on fig. 4. For sufficiently strong AF Ising interactions with opposite signs the
corresponding correlation functions demonstrate non-monotonic field dependencies.

E. Lieb, T. Schultz, and D. Mattis, Ann. Phys. 16, 407 (1961).

Zvyagin A.A., Quantum Theory of One-Dimensional Spin Systems, Cambridge Scientific Publishers, Cambridge, 2010. — 330 p.
A. Klumper, D.C. Johnston, Phys. Rev. Lett., 84, 4701 (2000).

4.Y. Liu, J.E. Drumheller, R.D. Willett, Phys. Rev., B52, 15327 (1995).

bl S

BicHuk XHY, cepia «®isunkay, sun. 23, 2015 79



BicHuk XHY, cepis «®ismkar, sun. 23, 2015. c. 80-83

YIK: 537.312, 537.9, 53.082.7, 542.06.
PACS: 73.40.Jn, 81.07.Lk, 84.37.1q.

Study of tungsten point contacts’ electric conductivity
in a complex gas medium

A.S. Klimkin', V.A. Gudimenko', A. O. Gerus', V.V. Fisun’,
A.P. Pospelov, G2.V. Kamarchuk’
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The electrical conductivity of tungsten point contacts has been investigated in multicomponent das medium. The complex gas
mixture was the human exhaled gas. It has been found that the point contacts (PCs) demonstrate spectral type responses to the action
of complex gas media. The spectral character of the time dependence of electrical conductivity is a unique feature observed for the
first time on tungsten-based PC sensors in a multicomponent gas medium. The results obtained hold much promise of large-scale
investigations on point contacts in multicomponent gas media which can provide the information required to estimate the individual
contributions of the gas mixture components to the total response of point contacts.

Keywords: Yanson point contact spectroscopy, point contact, sensor, electrochemical synthesis, breath gas.

HccnenoBana 3J1eKTPOIPOBOTHOCTh BOIB(PPAMOBBIX TOUYSYHBIX KOHTAKTOB B MHOTOKOMIIOHEHTHOM Ta30BoOi cpene. B kauecTse
CIIO)KHOHM T'a30BOH CMECH HCIIONB30BANICA Tra3, BBIABIXAEMbI dernoBekoM. OOHapyKEHO, YTO TOYEYHBIE KOHTAKTHI JEMOHCTPUPYIOT
OTKJIMKH CIIEKTPAJILHOTO THUIIA HA JEHCTBHUE CIOKHBIX Ia30BbIX cpell. CIeKTpaIbHbIH XapaKTep MOBEACHUS BPEMEHHON 3aBUCHMOCTHU
ANIEKTPONPOBOAHOCTH TOUYCUHBIX KOHTAKTOB BOJIb(paMa B MHOTOKOMIIOHEHTHOM T'a30BOM Cpejie SIBIISICTCS YHUKAIBHBIM U HAOII0IaeTest
BIICPBBIC JUTs YYBCTBUTEIBHBIX AJIEMEHTOB Ha OCHOBE BoJb(pama. Ha 0CHOBE MOMYyUYEHHBIX PE3YJIbTaTOB OTKPBIBACTCSI BOBMOXKHOCTh
MPOBEIICHUST MIMPOKOMACIITAOHBIX HCCIICIOBAHUI TOYECYHBIX KOHTAKTOB B MHOTOKOMIIOHCHTHBIX T'a30BBIX Cpelax. DTO ITO3BOJHT
MOTYYHUTh WHPOPMAIHIO JJIS OTPEENICHNsT BKJIAAa OTHENBHBIX COCTABIISIOMIMX T'a30BOM CMECH B CYMMApHBIH OTKIUK TOYEYHOTO
KOHTaKTa.

KiroueBble ci10Ba: MUKPOKOHTAKTHAsl CIEKTPOCKONMS SIHCOHA, TOYEUHBIH KOHTAKT, CEHCOP, 3JIEKTPOXUMHUYECKHH CHHTE3,
BBIIBIXa€MBIH ra3.

JIOCII/DKEHHS  €JICKTPOIPOBITHOCTI BOJNB(GPAMOBUX TOYKOBHX KOHTAKTIB B 0araTOKOMIIOHCGHTHOMY TI'a30BOMY CEpPEIOBHILY.
B skocTi CKiIaaHOI ra3oBOl CyMilli BHKOPHUCTOBYBAaBCS Ia3, IO BHAMXYETHCS JIIOAWHONW. BHSBICHO, IO TOYKOBI KOHTAKTH
JEMOHCTPYIOTh BIITYKH CIIEKTPAJIBHOTO TUITY Ha JII0 CKIAHNUX Ta30BHX cepenoBuil. CIeKTpaabHUI XapaKkTep MOBEIIHKH 3aJIeKHOCTI
EJICKTPOIIPOBITHOCTI TOYKOBUX KOHTAKTIB BOJIb(ppamy Bix yacy B 0araTOKOMIOHEHTHOMY ra30BOMY CEpPEIOBHIII € YHIKAIBHHUM i
CIIOCTEPIraeThesl BIEpIIE VIS Uy TIMBHX CICMCHTIB Ha OCHOBI BONb(pamy. Ha OCHOBI OTpHMaHHUX pe3y/bTaTiB BHHUKAC MOXKIIHUBICTh
MPOBE/CHHS [IMPOKOMACINTAOHNX JIOCIHI/UKCHb TOYKOBHX KOHTAaKTiB B 0araTOKOMIIOHEHTHHX Tra30BHX cepenoBuiiax. Lle no3Bose
oTpuUMaTH iHpOpMAaLlito I BU3HAYCHHS BHECKY OKPEMUX CKIIaJ0BUX ra30B0i CyMillli B 3arajbHHi BIArYK TOYKOBOTO KOHTAKTY.

Ku11040Bi c/10Ba: MiKpOKOHTAaKTHA CIIEKTPOCKOIIS SIHCOHA, TOUKOBHI KOHTAKT, CEHCOP, SEKTPOXIMIYHMIT CHHTE3, BUANXYBaHUH
ras.

Introduction

Intensive research has been carried out presently to
develop high-sensitivity chemical nanosensors and sensing
arrays [1]. The universal devices used to analyze gas
media include a complex of similar sensing elements. The
instruments capable of analyzing complex gas media are
called “electronic noses”. They incorporate several sensors
responding to a particular gas or a group of gases [2]. In
contrast to the conventional approaches of updating sensors
primarily by enhancing their sensitivity, the ‘“electronic

nose” technology is concentrated on complex assemblies of
relatively nonselective sensors [3]. This technology came
with the advancement of computer engineering permitting
real-time processing of multiparameter information.
Despite the considerable progress in the technology of
individual sensors, the development of “electronic nose”
devices is still a labour-consuming process. Besides,
the restricted real time data output imposes a limit on
the number of sensing elements in current multisensory
systems. In this context the urgent present-day challenge
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is to find alternative innovatory approaches to development
and investigation of high-sensitivity devices for analyzing
complex gas media.

The goal of this study was to develop point contact
(PC) sensors capable of spectral-type responses to complex
gas media and to investigate their electric properties in the
process of their interaction with external agents.

Experimental technique

Point contacts formed between bulky tungsten
electrodes (40 um thick wires) have been investigated. The
choice of tungsten was dictated by the peculiar structure
of the electron shells of the W atom which determines
the physical-chemical nature of tungsten oxides and
is extensively exploited in sensor technologies [6, 7].
Point contacts with gas-sensitive properties [8, 9] can
be modelled as a long metallic channel [10] coated with
a semiconducting oxide layer. We sought to cover our W
electrodes with a material that would respond to gas media
in a wide range of compositions and concentrations. The
surface treatment technology applied to our electrodes was
based on electrochemical methods. Prior to treatment, the
electrode surface was subjected to anodic cleaning in an
aqueous 20% NaOH solution, the current density being 0.1
A/em?. The W wire electrodes fixed in the holder served as
an anode. The cathode was a tungsten rod. After cleaning,
an oxide layer was formed on the electrode surfaces by
the cathodic method in an aqueous 20% Na,WO, + H,0,
solution with the current density 0.04 A/cm?. In this case the
W electrodes used to form the contacts acted as a cathode
and the bulky W rod was an anode. On completing the
reduction process, the electrodes were washed thoroughly
and treated thermally in a thermostat at T=50 °C for half
an hour.

The point contacts were prepared using a modified
method based on the Fisun twist method [11] and the
elements of the Chubov displacement technology [12].
These technologies have long been approved as efficient
tools of the Yanson point contact spectroscopy. As with the
twist technology, the contacts prepared were highly stable
to external mechanical factors and retained their properties
for a long time. The investigation was performed in a
specially designed cell allowing a control gas feed.

The human exhaled breath was chosen as a complex
gas mixture because it contains up to 2000 components of
different endogenous and exogenous origin [13, 14]. About
600 of them are markers of various states of a human
organism and can be used as a basis for developing new
methods of medical noninvasive diagnostics [15]. Besides,
the human breath gas is a readily available multicomponent
gas mixture, which assists considerably attacking the
problem of a functional gas-sensitive layer at the surface
of a PC channel.

The current-voltage characteristics (IVCs) of the

BicHuk XHY, cepia «®isunkay, sun. 23, 2015

point contacts, the first IVC derivatives and the electrical
PC resistance under ambient conditions were measured.
Also, the time dependences of the electrical resistance
of the PCs exposed to human breath gas were obtained.
The time dependence of the electrical conductivity of
a point contact interacting with a gas medium is taken
as a response signal of PC sensors. The measurements
were made using an original point contact spectrometer
developed at the B.I.Verkin ILTPE, NAS of Ukraine. This
is a multifunctional automated measuring setup capable of
simultaneous five-channel high-precision signal recording.
The recorded data were analyzed using a special software
packet.

Results and discussion

The investigation was performed on 52 point contacts
demonstrating a spectral type signal in response to the
complex gas mixture (breath gas). This behavior of the
gas sensor based on a tungsten compounds is unusual for
conventional gas sensors, and was observed for the first
time in the study. It should be noted that the gas-sensitive
elements used in current sensor technologies demonstrate
simple behavior of the signal in response to one- or several-
component gas mixture which reduces to a “yes-no” signal
and is seen as a step or a Dirac delta function in the response
curve [6, 7, 16].

The typical time dependences of the electrical
resistance of tungsten PCs in the breath gas medium are
illustrated in Fig.1.

The PCs respond to the gas medium immediately or
with a short delay after feeding the gas to the contact, i.e.,
the response time of the contacts is small. The amplitude
of the electrical conductivity variations is over 100% with
reference to the starting signal level. The time dependence
of the electrical resistance has a distinct spectral character.
It is quite nonmonotonic and contains a number of maxima
and minima varying in both intensity and reactivity rise
rate. The duration of the PC spectrum of the breath gas
profile is about 100-150 sec. The PC resistance decreases
due to the interaction between the PC and the gas medium
and becomes stable at ~0.7 R, where R is the starting PC
resistance before the onset of interaction. Note that the
samples were irresponsive to the pulse of atmospheric air:
the electrical conductivity of the PCs remained invariant
for an hour, i.e., during the whole experiment.

The nonlinear behavior of the electrical conductivity
of tungsten PCs in a gas medium and the parameters of
PC-based sensors can be interpreted readily in terms of
the fundamental properties of point contacts considered
in Yanson point contact spectroscopy [17, 18]. The high
sensitivity of point contacts to gas media is determined first
of all by the unique distribution of the potential over a point
contact [19]. When current flows through the “electrode-
PC-electrode” system, a drop of voltage occurs only
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Fig. 1. The time dependence of the electrical resistance R of tungsten point contacts in the medium of human breath gas.
The vertical dash lines show the pulse duration of the exhaled gas. a — R =155 Ohm, b~ R =21 Ohm.

at the point contact. It is therefore the point contact that
determines the electrical resistance of the whole system.
As aresult, the possible contribution of the current-feeding
electrodes to the gas-caused changes in the electrical
conductivity of the system is negligible [8]. As a nanoscale
object, a point contact has a very high surface-to-volume
ratio [9], which in turn determines the ultrahigh sensitivity
of point contacts to gases.

The short relaxation times of PC sensors are accounted
for by the unique conditions induced by the current flow
in the PC. The classical experimental investigations of
the electron-phonon interaction in the context of Yanson
point contact spectroscopy at helium temperatures show
that the current density in contacts can be as high as 10°-
101 A/em? [20]. A very high current density (10%-107 A/
cm?) was also observed in the narrowing area of point
contacts while investigating the PC sensitivity to gases
at room temperature [8]. In this case the point contacts
retained their physical properties and stable mechanical
parameters, i.e., no heating or destruction of the sample
material occurred. This behavior is due to the fact that,
unlike conventional bulk conductors, in the point contacts
obeying the criteria of Yanson point contact spectroscopy
[17] the nonequilibrium current states of charge carriers
and the thermal effects are separated. When current flows in
conventional homogeneous conductors and nanostructures,
the nonequilibrium and thermal effects are distributed
uniformly over the whole volume, which leads to heating
and melting of such objects even at densities about 10*-
10* A/cm?. In point contacts the current carriers are in a
nonequilibrium excited states. They scatter at the adsorbed

82

atoms and molecules and stimulate their desorption by
transferring them excess energy of the electrons. This
accounts for the short relaxation time of PC sensors and
their instantaneous response to gas mixtures.

The nonmonotonic behavior and the spectral character
of the responses of tungsten-based point contacts to
gas media can be attributed to the unique fundamental
properties of these nanostructures. It should be noted that
point contacts are nanostructural objects whose behavior
is of quantum nature [21]. They can thus be used as
an efficient tool of investigating and applying various
quantum effects. For example, the PC spectra of the
electron-phonon interaction recorded in terms of Yanson
point contact spectroscopy [17, 18] can be used to obtain
information about the energy states of the components of
a physical quantum system through finding the function
of the electron-phonon interaction and the function of the
phonon density of states in a solid. The exhaled gas is a
complex mixture with a great number of interactions of its
components. As a result, the components of the gas medium
form a certain profile of the exhaled gas accounting for the
state of the organism. Knowledge of the profile enables
us to analyze the exhaled gas which contains information
about the adsorption energy of the components of the gas
medium. Owing to the quantum nature of their electric
properties, point contacts are able to detect fine changes
in the surface states of the conducting channel [21] that
are caused by the adsorption of external agents. This
permits us to register spectral-type response signal with PC
sensors [5]. In this case the relaxation time of a PC sensor
is in some way analogues to the energy extent of the PC
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spectrum of the electron-phonon interaction because it
describes the integral energy of adsorption of the exhaled
gas components.

The absence of relaxation of a point contact in
reference to the starting electrical resistance may be
connected with the chemical interaction of some breath gas
components with the PC material.

Conclusions

To sum up, we note that the revealed time dependence
of the electrical conductivity of tungsten point contacts
in a multicomponent gas medium demonstrates a unique
behavior observed for the first time in W-based sensors.

The complex response detected in this study can testify
about a novel mechanism of gas sensitivity operating in
point contacts.

The results reported have been made possible by
the efficient original technology developed to form point
contacts.

The data obtained open the way to large-scale
investigations of point contacts in multicomponent gas
media. The new approach will provide information required
to estimate individual contributions of the gas mixture
components to the total response of a point contact.
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Dynamics of oscillation processes in siphon U-tubes
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The dynamics of oscillation processes in a siphon U-tube is studied for the system of connected vessels filled with homogeneous
liquid. The equations and phase paths describing the motion of non-viscous liquid and fountain effects are given, oscillation frequencies
are considered. Oscillations are nonlinear in general case, but they turn into linear by setting special parameters of the system. Phase
portraits are obtained and their dependences on parameters of the system are analyzed for the linear and non-linear cases. It is shown
that the behavior of the deep and shallow water in such a system could be discussed using analogy with the propagation of elastic
waves in condensed matter. Some interesting analogies between a siphon U-tube and hydrodynamic, mechanical, electromagnetic
phenomena, wave motion are also analyzed.

Keywords: communicating vessels, oscillations of liquid, motion equations, phase paths.

B pabore uccrnenoBaHa JUHAMMKa KoieOaTelnbHbIX mporeccoB B cupoHHOH U-00pasHoi TpyOke Ha OCHOBE CHCTEMbI
COOOMIAIOMNXCS COCY/IOB, 3aIIOJTHEHHBIX OJHOPOAHON KUAKOCTHIO. [IpuBeneHsl ypaBHEeHHS U (Da30BBIC TPACKTOPUH, ONUCHIBAIONIHE
JBIDKEHHE KHKOCTH 0e3 ydeTa BSI3KOCTH U (QOHTAaHUPOBAHUS, PACCMOTPEHBI YaCTOTHI KoJIeOaHUH B HccaeayeMoil cucteme. B oOmem
cirydqae KojaeOaHus SBISIOTCS HETMHEIHBIME, HO TIPH OMPEJeNeHHbBIX MapaMeTpax CHUCTEMbI BO3MOXHA UX auHeapu3anus. [lomydyenst
U [IPOAHAJIM3UPOBAHbBI B 3aBUCHMOCTH OT HAPaMETPOB CHCTEMbI (ha30BbIe OPTPETHI B IMHEHHOM U HEJIMHEIHOM citydasx. [lokasaHo,
4TO PAacCMOTPEHHUE IMOBEICHUs ITyOOKOil M Menkod Boxsl B cupoHHON U-00pa3Hoil TpyOke MOXET OBITH MPOBEICHO IO aHAJIOTHU
C pacnpoCTpaHEHHEM YIPYIHX BOJH B KOHJICHCHPOBAHHBIX cpenax. Takke pacCMOTPEHBI aHAIOTHH C THAPOJMHAMUYECKHMH,
MEXaHHIECKUMH, HICKTPUICCKIMHU SIBJIICHUSIMU, BOJTHOBBIM JIBIDKCHHEM.

KuroueBsbie ci10Ba: coOOIIAIOIINECs COCYBI, KONEOAHNS KUIKOCTH, YPAaBHEHHS JIBIDKCHHS, (Da30BBIE TPACKTOPHH.

VY poborti gociikeHa AuHaMiKa KoTMBaIbHUX MpoleciB y cudonniit U-moaibHiil TpyOLi Ha OCHOBI CHCTEMH CIIOIY4EHHUX COCY/IIB,
sIKi 3aIIOBHEHI OTHOPIAHOO pinuHoo0. HaBeneHi piBHSHHS Ta (a30Bi TPAEKTOPIT, SIKi OMHUCYIOTh PyX PiIMHU 0€3 BpaxyBaHHS B SI3KOCTi
Ta (OHTaHyBaHHs, PO3NISTHYTI YaCTOTH KOJIMBAaHb B JOCIIJDKyBaHIl cucTeMi. B 3arampHOMY BUNaAKy KOJIMBAaHHS € HENHIHHUMH, ajie
Y NIeBHUX 3HAUCHHSX MapaMeTpiB CHCTEMHU MOXIIMBA iX siHeapizaris. OnepikaHo Ta IpoaHAIi30BAaHO B 3AJICKHOCTI BiJ ITapaMeTpiB
cucremu (a30Bi MOPTPETH B JTiHIHHOMY Ta HeliHEHHOMY BHUMaakax. [lokazaHO, IO BUIAIKH MUIKOi Ta IIMOOKOT BOAM y cH(OHHIM
U-noni6Hiit TpyOui MOXyTh OyTH PO3IISHYTI MO aHAJOTI] 3 PO3MOBCIOIKEHHSAM NPYKHUX XBHJIb B KOHJCHCOBAHOMY CEPEIOBHIII.
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Introduction

Studying the properties of motion of a liquid in a
siphon U-tube has a long history and is still of an essential
interest nowadays. System like communicating vessels
has a fundamental and practical importance. Here we can
reference work [1] which examined transmission of liquid
helium through superleak connecting two vessels in process
of heating one of the containers. This process is interesting
because a thermomechanical effect [2] in phonon regime
take place, which is also discussed in terms of an increase
of quantum degerancy in colder compartment. However,

the way of changing the quantum degerancy is not uniform,;
another method to cause it is adiabatic displacement of the
wall dividing two compartments of homogeneous quantum
fluid. On the thermomecanical effect a well-known process
called helium fountain is based: if superfluid helium is
heated, the flow of liquid can achieve velocity high enough
for a short-time liquid excess the level of vertical vessel [3].
Practical importance of connected vessels is, for example,
that using them as a U-tube damper systems can lead to
reduction of the vibration amplitude of high buildings; on
ships these systems are used to reduce the rolling motion
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caused by waves [4]. By the principle of communicating
vessels water locks of the rivers and channels operate, as
well as the level-measuring tubes for water tanks. Siphon
U-tubes are also used to determine the volume of a non-
magnetic body of a random shape [5]. There is also an
interesting example of relations between principles of
system of communicating vessels in which one vessel is
half-immersed into another: this principle can be used in
experimental studies of *He equilibrium in its liquid/solid
state [6]. Other important phenomena in this field are siphon
properties of liquid, i. e. the ability of liquid to overcome a
certain barrier without external mechanical action [7].

Our article is devoted to the research of the behavior
of liquid forced out of an equilibrium state and left to itself.
In other words, we study the free vibrations of liquid in the
system of communicating vessels including oscillations,
which can lead to realization of the siphon mechanism. At
the same time we do not take into account pouring, viscous,
and fountain effects. Actually, we examined such motion
as oscillations so for describing them the differential
equations and phase portraits were used. The equations
are nonlinear in general case, but special parameters of
the system, for example the equality of the cross sections
of vertical vessels, leads to motion described by linear
equations. It should be noted that such a system is also
analyzed in [8], where the relation between heights of the
liquid in two vessels and time is obtained, and the period
of oscillation is derived through a transformation formula
of the elliptical integral of the second order. The main idea
of an article [8] is using the unsteady Bernoulli equation
(energy method) for describing the liquid motion in the
U-tank. We obtain the characteristics describing the motion
of a liquid by means of Euler-Lagrange equations and the
law of energy conversation. Of interest are also cases of
deep and shallow water; which can be examined by using
analogy with propagation of elastic waves in condensed
matter. System like siphon U-tube has some analogies with
the various physical processes, i.e. there are some relations
between motion of liquid in communicating vessel and
hydrodynamic, mechanical, electromagnetic phenomena,
and a wave motion.

Overview of the system

Here we study the behavior of incompressible liquid in
U-tube in Earth’s gravity field. Geometry of this system is
shown in Fig.1. Index g corresponds to the wide container
(tube), index s corresponds to the narrow container (tube),
L corresponds to the communicating tube; S, and S are
cross sections of the vertical tubes, H_ and H_ are heights of
liquid in these tubes. Zero coordinate of Z - axis is assigned
to the equilibrium height H; of liquid under the upper line
of the connecting tube, S, is the cross section of this tube.
The levels of the liquid never reach the height low enough
to let the surrounding air enter the connecting tube. Length
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Fig. 1. Geometry of the system.

of the tube L is measured between the axes of vertical
vessels, as shown in Fig.1.

In case of the free oscillations in the system disturbed
from equilibrium state, motion equations for incompressible
liquid could be written as a balance between volumes of
liquid in vertical vessels or by using parameters such as
cross sections and height of the liquid:

S,H,=-SH,, (1)

and after differentiation we obtain an equation for the
speeds of the liquid in the different tubes of the system:

ngg ==Sv =-8v )

Here we consider that integer constant is zero.
Directions of the speeds v, u v_are shown in Fig.1. Flow
through the connecting tube S, does not change the
volume of liquid in it. Let us perform calculation of the
main physical properties of this system using Lagrangian
formalism.

Dynamical equations of the system
of communicating vertical vessels
To obtain Lagrange function L=T-U (where T is a
kinetic and U is a potential energy) we first find potential
energy U when liquid is disturbed from equilibrium
state, which can be done by various ways: for example,
by heating the liquid or by means of mechanical impact
on liquid surface. In the narrow container the height of
the liquid is H/2, and the change of its mass is positive
m =pAV=pS H>0. For a large container the height of mass
center of the liquid is Hg/2, and the change of its mass is
negative m, = pAV = pSgHg < 0 because the liquid flows
from large to narrow container. So the corresponding
potential energies are:

3)

K

1
U =—pgS (H) >0.
2

1
U, = 3 pgS (H,)" > 0. 4)

Kinetic energies in the respective parts (tubes) of the
vessel are:

85



Dynamics of oscillation processes in siphon U-tubes

7:_ :%ms_vj :%pS“_(HO-i-HX)Vf, (5)

T 1 , 1 S (H. +H W 6

¢ TyMYe 5P (Hy+H v, ©)
1 2 1 2

T, =~ :EpSLLvL. (7

Introducing the dimensionless parameters significantly
simplifies the analysis of liquid behavior in a U-tube:

S, S S L H
Op=—"00,=—,0, =", l=—, y="t

sg S Lg S

g 8 s

And Lagrange function equals to the difference
between total kinetic and total potential energies can be
written as:

L=T-U-= —%pgSjHé{y2(1+O'sg)—

/ (®)

-V y(-oy)+(1+0,)+—]1}
o

Ls

Here we introduce the dimensionless time 7 =1/z, ,

& :VHo/g-

Dynamics of the system is described by Lagrange
equation:

2j}[y(1—asg)+1+;]+
o,(+0,,) )
)'/2(1—0'%,)+2y =0.

Nonlinear parts of motion equation appear because
of variation of the height of liquid when it moves in the
vessels with different cross sections. It is clear that when
ngzl (Sg:SS) the equation is linear:

O-Ls

=0.
/ Y

J+ (10)

So only equality of cross sections of vertical vessels
is important for the linearity of the equation (9); the cross
section of horizontal connecting tube thus can actually be
of an arbitrary value. Equation is linear in a variable y and
describes ordinary harmonic oscillations with a frequency
(in dimensional parameters):

(11)

L S,
Hy[l+——— "]
2H, S,

Period of those oscillation can be written using
reduced length I, = Hy + L/20, = H,(1+1/20,,):

oy /LSS/SL:MF 12)
g g

As we see there takes place analogy with physical
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pendulum. In case of equality to zero of the parameter
/=0 the reduced length coincides with the equilibrium
height of liquid H, and the physical pendulum becomes
mathematical with oscillation period T=2m(H /g)"*. The
reduced length equals to equilibrium height of liquid in
case of 6 =00 too as then the component LS /(2S,) is zero.
If cross sections of connecting tube and vertical tubes are
of the same value (0,=1,0,=1), the reduced length differs
from equilibrium liquid height H; on a half of length of
connecting tube L. Otherwise at equality of all cross
sections reduced length equals to the half of length of a
connecting tube. The equation also becomes linear in the
case of infinitesimal amplitude of oscillations (y<<1); then
oscillation frequency is defined by equation (11). If we
assume cross sections to be equal within a certain small
parameter o (ng = 1+a), we will receive the equation which
is nonlinear in general case, but if o is small as well as y, we
have in the first order of a smallness in accuracy expression
for linear oscillations, but in the second order of smallness
we do not anymore obtain the equation like (10).

Phase portraits. Analysis of nonlinear
oscillations of the system
Let us consider behavior of the system generally and
integrate the equation (9). Without friction the integral of
motion is a total energy of the system:

W:T+U:%pgSSH§[y2(l+asg)+
(13)

!
VA=) +1+o,)+ ——l=const.
Ls

Constant of integration is defined by maximum
value of liquid height in narrow vertical vessel y=H _/H,
(turning point when y=const), i.e.:

2 -2 2
y(+o )+y[y(l-o,)+

! (14)
+(l+0,)+—]= y§(1+o—xg).
O-LS

For studying of phase portraits it is convenient to
rewrite the equation (13) into:

2 yé _y2
y =

(15)

l-c )+l+——
y(l-o,) o (1t

This rearrangement allows to find period of nonlinear
oscillations as the integral of this equation [9]. The equation
(15) defines a phase portrait of the system generally.

Phase portraits of the linear oscillations of the system
At equality of vertical tubes cross sections (o =1)
oscillations of the liquid are described by linear equation ,
and thus in the denominator of expression there is no
dependence on coordinate y. In this case phase portrait of
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Fig. 2. Evolution of the phase portraits of linear
oscillations of the system when: a) connecting tube
section is fixed as /o, =2, parameter y=0.2; 0.5; 0.7;
0.9; 1; b) maximum amplitude of oscillations is fixed
as y,=1 while the parameters of the connecting tube I/
6, =0;0.125; 0.5; 2; 4.

2
the system is ellipse with semiaxes a” = y;, b’ = _ N
1+//o,,
. )
and eccentricity &* = ———:
(I+0oy,)
2 -2
y .y
—+5=1 (16
aZ bZ )

Obviously, if we have harmonic oscillations when
parameters of the system are fixed, all ellipses are similar
for different oscillation amplitudes. Direction of rotation is
topological invariant (see Fig. 2).

Interesting dependence on parameter /6, =LS /(S H )
follows from the equation (16): in extremely minimum
case 1/c, =0 phase portrait on plane y —y, is a circle. This
parameter may become zero (or closely near to zero) in two
ways: when equilibrium liquid height in vertical vessels
much exceeds the length on connecting tube (1 = 0), or
when two vessels are connected by sealed channel with
large cross section (o, =0). The increase in parameter I/
o, leads to the flattened phase portrait in Fig. 2 (b), and the
decreasing of the frequency of oscillations.

Phase portraits of nonlinear oscillations
In case of the maximum amplitude y, = H__/H = 1at
big difference in sections of vertical tubes (5,,=0), and on
condition /o, =0 the equation is reduced to:

V=l-y. a7

On the phase plane it is equation of the parabola (Fig.

3 (a)) closed by a vertical segment. Analyzing the equation
it is possible to see that at increase in length of a connecting
tube the parabola is flattened and turns into an ellipse. The
graphic analysis of fluctuations for the case I/, =0 is also
given in [4] where two phase paths in the limiting cases
are presented: when the cross sections of vertical tubes
are identical and when they are much different. When
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Fig. 3. Evolution of a phase portrait of nonlinear
oscillations of the system when: a) maximum amplitude
is constant y *=1 and cross sections strongly differ 5, =0,
the ratio 1/o, =0; 0.125; 0.5; 2; 4; b) cross sections
strongly differ ng:() and l/c, =0 while the oscillations
amplitude y =0.2; 0.5; 0.7; 0.9; 1; ¢) amplitude is small
3 — 0 and the ratio of cross sections is fixed c,=0.5,
the parameters of the connecting tube l/c, =0; 0.125;
0.5;2:4.

amplitude changes within 0<y <1 (displacement from -y,
to y,) in the system takes place the following evolution of
phase paths: semiaxes of ellipses at y,—0 increase with
a growth of amplitudes, elipses being strongly deformed
in the foots reached by a fluid column; angles of paths on
phase plane at an approximation to a parabolic form are
sharped (Fig. 3 (b)).

Taking into account a numerical factor the behavior of
the system in cases c,~1 and y,<<I coincide.

When there is small difference between cross
sections, the phase paths are ellipses, and in the process of
decreasing of the parameter they are imposed at each other,
almost merging into one curve. Further, if the oscillation
amplitude is small (y<<I), we have the linear description of
liquid oscillations in vessels with a frequency . Assuming
the amplitude to be a small, but such that we neglect only
an item contain square of differential from y, we obtain
a nonlinear equation. In Fig. 3 (c) change of phase paths
in process of increase in parameter I/, is the following:
elliptic paths are flattened to an ordinate axis having one
generic point.

Oscillation frequencies in the system
of connected vessels
For studying nonlinear oscillations of the system
and analyzing oscillation period we find the integral of

equation:
y+q
t—t,=J0-0,)[dy P
-y

0

(18)

Where t, is the constant of integration, and
g= 1 N /
= —.
1_6-5‘8 O-Ls (1_O-Sg)
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If limits of integration are substituted:

= /(1—%)? %dyzﬂ/l—% x

o 10 (19)
o =) +,)
X2| E(@,k)\y, +q — |- 202 |
[ (0, k) v, + Vi ]

where E(¢, k) is an elliptical integral of a second type and
introduced denominations are:
k= \/ 20
Yot+4q

sing = J(yo ) +1,)
2y,(y+9)

The half-period of oscillations is a time span of the
oscillations amplitude changing from its minimum to
maximum point (from -y, to y ). We see that if we substitute
the limits into an expression (19), the second term becomes
zero both at minimum and maximum value. Furthermore
we see that in the case of y =y, sing = 0 and thus, ¢ =0,
and if' y =y, then sing = 1, and thus ¢ = /2. Because E(0,k)
= 0, then oscillation frequency is:

co=7r/[2 (1-0,,) (7 +q)E(72r,kD (20)

The influence cased by initial amplitude y, and by
parameters of the system /o, and o, is shown in Fig. 4
(a) and in Fig. 4 (b). Fig. 4 (a) presents the dependence of
oscillation amplitude on initial amplitude and parameter 1/
o,, when the relation between cross sections is constant.
It is obvious that oscillation amplitude increases with
initial amplitude growth and the exponential law describes
decreases with growth of parameter 1/cLs, and dependence
of frequency on parameter /cLs. In Fig. 4 (b) there is a
dependence of the oscillation frequency on initial amplitude
Yy, and a parameter 1/, . As we can see here, oscillation
frequency changes with an increase of an initial amplitude
¥, as an exponential function and with an increase of relation
between cross sections o asa logarithmic function. To the
linear cases of the oscillations lines of constant frequency

10

Vs

Fig. 4. The graph of dependence of an oscillation
frequency: a) at fixed ratio of cross sections o _=0.5
of vertical tubes, dependence on the initial amplitude
Yy, and parameter l/c_; b) at fixed parameter l/c, =0.5,
dependence on the initial amplitude y, and ratio of cross
sections o_.
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correspond. For example, if k = 0 (i. e. y, = 0) E(n/2.,k) =
7/2 and then frequency is:

H A
o=1/ [>T+ "5
g H,S, (S, +S,)

In addition, k becomes zero at q—o (i. e. at 6, = 1),
and then we receive the expression for frequency which is
totally coinciding with a formula (11).

If the cross sections of vertical tubes considerably
differ, the oscillations period does not depend on a cross
section of a vertical tube with a large diameter.

H L 2
Z: _02\/y0+1+ Ss E Z’ l yOLS
2 Vg S,H, |2 \/y0+1+H \

0~L

@n

(22)

Analogies
Analogy with electric current. In case of ng=1 the
equation takes the following form:

2H,
yz yz (yg _y2 S 0
.2 0 s
Y ] 2H, L 3
1+— —+—
O S, S
After  redesignation y, -y’ >e, U,

L/S, »r, 2H,/S — R, the equation transforms into an

U=eR/(R+r), which is similar to an expression for the
electric field strength, where r is an internal resistance, R is
a load resistance, € is an electromotive force. Instantaneous
value of a deviation of level y from equilibrium level y=0
defines a potential energy of the system and is the reason of
flow of a liquid. Redesignation corresponds to that from the
total energy of all system (vertical containers and a
connecting tube);the potential energy of vertical vessels is
neglected. The kinetic energy of vertical vessels and a
connecting tube exactly corresponds to electromotive force
of a source of electric current. In the work [10] it is also
discussed how to map the U-tube vessel to an electric
circuit.

Mechanical analogies. As it was already considered
above, in case of equality of cross section of vertical vessels
we obtain the frequency period similar to small frequency
period of a physical pendulum T=2n((h+r*/h)/g)"?, where H,
corresponds to the distance from the suspension point to a
pendulum center of gravity h, and LS /(2S, ) corresponds to
the moment of inertia concerning the axis passing through
a center of gravity. And if parameter /o, equals to zero too,
we obtain oscillation period of mathematical pendulum.
Same way we can obtain analogy with oscillations of
a spring pendulum T=2n(m/x)"? in case of equality of
all cross sections in the system if we consider that to the
weight m corresponds the value pS(H, +L/2), and to the
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stiffness there corresponds value k = pgS. In case of the
maximal possible amplitude and condition I/, .= 0, when
the equation describing motion has a form (17) we see that
dimensionless oscillation period is T/2=V2. Respectively,
dimensional period is:

T/2=\2H,/g.

Here we observe the analogy to periodic vertical
motion of the ball which elastically bounces off a horizontal
surface, where H  corresponds to the height from which the
ball was dropped. The phase path for such a ball motion
has the similar shape to the path in Fig. 3 (a) for I/ =
0. Fig. 5 shows the time dependence in this case, it is set
of parabolic segments (in linear case we have a sinusoidal
dependence).

+H,/2
h /\ /\
0 t
T 2T

H2

24

Fig. 5. The height-vs-time dependence in narrow vessel
in extremely nonlinear case according to equations (17)
and (24).

Analogies with wave motion. If all cross sections of
the tubes in the system are equal, an analogy also could
be considered with the propagation of elastic waves in
condensed matter. Using accordance for stiffness k = pgS
(on the assumption that vertical tubes and horizontal has
the identical cross sections) we can rewrite expression for
Young’s modulus as:

w(H, + 5

E- - pg(H, +5) (25)

SL

Consider longitudinal waves we see that phase
velocity of the running waves is:
L
g (H o T EJ

f
A e
P

Here we regard oscillations in U-tube as standing
wave with the wavelength A = M2 = L where L is the

(26)
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distance between vertical containers (walls). This standing
wave is a superposition of the running wave and reflected
wave with wavelength A.

An expression for group velocity of running waves is
the following:

0 A
Vgr :Vf —l%:ﬂg(f[o +i/4)—§ﬁ (27)

Let us analyze the limiting cases, i.e. we will consider
deep and shallow waters. As the criterion of definition of
the deep and shallow water, we will take a ratio of length
of a connecting tube and a equilibrium height of the liquid.
If we consider that for the deep water the length of a
connecting tube considerably exceeds liquid column height
in a vertical vessel L/2 >> H , expression for phase speed
has an appearance:

v, =Ag/4.

That practically coincides with an expression v, for
gravity waves in deep water [11], and the group velocity
of those is:

(28)

Ny St B

8 /4 2 29)

i.e. group velocity is twice less than the phase one.

Now consider a case, when the length of a connecting
tube is much smaller than the liquid column height in
a vertical container, L/2 << H/. Then the speed of a
longitudinal wave equals to:

v, =v, —>/gH, (30)

Thereby we received phase velocity for gravity waves
in shallow water. This speed is dispersion-free (v.= Vgr).

When carrying out analogy to wave motion and
consideration of deep and shallow water, an interesting
question is: what exactly in the system of communicating
vessels is defined as the limits of deep and shallow water?
The criteria of definition of deep and shallow water can be
chosen not only as a ratio of length of a connecting tube
and equilibrium height, but also as a ratio of diameter of a
vertical tube and equilibrium height of the liquid level in
vertical containers. In a general case we obtain the nonlinear
equation which solution will be expressed through elliptical
integral and will have the form of a common solution of
the nonlinear equation. Therefore we will focus on the less
complicated case of the identical cross sections of vertical
tubes.

For the deep water the equilibrium height of liquid
in both vertical tubes well exceeds their diameters, and,
respectively, the cross sections are H >> \/Sg v H >> \/SS,
and then the period and frequency are:

T/2=\H,/gr, ® =g/H,. (31

Having made redesignation k=H,;', we obtain the ratio
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®* = gk, that has an appearance similar to a dispersion ratio
for deep water @* = gk [10], where k is a wave vector.
For shallow water (H, << VS, H << S) it is visible

that frequency is:
o= |—5
LS, /28,

The dispersion ratio for shallow water from [11] has
an appearance ®’=gkh/y, where x = M(2r) is a reduced
wavelength. For the obtained expression we observe the
following analogies: as well as for deep water a wave vector
is k = 1/H, to reduced length of a wave there corresponds
value y = LS/2S . Respectively, expressions for phase
velocity for deep and shallow water are:

/ S
v, = g%S—", and v, =/gH,.
L

It is interesting that both approximations for deep and
shallow water will well be coordinated among themselves.
If in the formula (28) as length of a standing wave we take
the value LS /S, (i.e. considering that the cross sections
of vertical containers differ from the cross section of
the connecting tube), then for deep water we receive
expression that exactly coincides with the one for deep water,
equation (33). Equality of phase velocities (30) and (33)
for shallow water is apparent.

(32)

(33)

Conclusions

1. Oscillations of liquid in the system of
communicating vessels are studied. Frequencies and
periods of free oscillation are discribed for the general case
through elliptical integral.

2. Phase portraits are plotted for the general case
of oscillations when different parameters of the system
are changed, i. e. dependence of liquid motion on one
parameter of the system when other parameters are fixed.
When oscillations are linear, phase paths are elliptical,
while in the case of nonlinear oscillations we have
parabolas closed by a vertical segment. The same kind
of phase portraits also correspond to the vertical motion
of a ball elastically bouncing off a horizontal surface,
which suggests analysis of the strong analogies between
the various mechanical motions and the oscillations of the
liquid in the communicating vessels.

3. Analogies are considered with some diverse
physical systems: mathematical, spring and physical
pendulums, an electric current. We have also studied an
interesting analogy with wave propagation in condensed
matter which arises when we consider the cases of deep
and shallow water. Notice two different ways to approach
the problem: after obtaining expressions for the velocities,
we can reveal the connection between oscillations in the
U-tube and elastic waves, or otherwise we can first analyze
the cases of deep and shallow water and then turn to elastic
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waves.

4. In this work the internal friction (viscosity) is
neglected, which must have an influence on real liquids’
motion. If we consider viscosity, the general motion
equations would be changed, and that will lead to the
results different from obtained here for the frequency of
oscillations. It is of interest to further analyze the general
expression for oscillations frequency because in the current
work analysis is presented for the more simple case of the
identical cross sections of two vessels. It is also prospective
to consider the siphon mechanism within this system and
study the fountain effect caused by special initial conditions.
Using discussed system of communicating vessels such
extraordinary phenomena as superfluid flow (for example,
liquid helium or diluted quantum gas) and supersolid (‘He)
could be experimentally studied.

1. D.J. Papoular, G. Ferrari, L. P. Pitaevskii, and S. Stringari.
Phys. Rev. Lett., 109, 084501 (2012).

2. Gérard A. Maugin. Mechanics Research Communications,
69, 79 (2015).

3. D.R. Tilley, J Tilley. Superfluidity and Superconductivity,
CRC Press (1990), 240 p.

4. M. J. Smith, J. J. Kobine, F. A. Davidson. Proc. R. Soc. A,
464, 905 (2008).

5. S. Upadhyay. Phys. Educ., 23, 21 (20006).

S. Sasaki, R. Ishiguro, F. Caupin, H. J. Maris, S. Balibar.
Science, 313, 1098 (2006).

7. C. Gianino. Phys. Educ., 42, 488 (2007).

8. S-I Hong, Resonance, 16, 451 (2011).

9. Gradstein 1. S., Ryzhik I. M. Table of Integrals, Series,
and Products, The state. publishing house physical - a mat.
literatures, M. (1963), p. 247.

10. S-T1 Hong, Phys. Educ., 45, 323 (2010).

11. Frank S. Crawford. Waves Berkeley Physics course, Nauka,
Moscow (1974), 527 p.

BicHuk XHY, cepis «®isukay, sun. 23, 2015



BicHuk XHY, cepisa «®isukar», sun. 23, 2015. ¢. 91-97

VJK 538911, 611.018.4
PACS 68.35.bj, 68.35.bp, 78.66.Tr, 82.80.Ch, 83.80.Lz, 83.80.Pc

Investigation of diamond biocompatible coatings for medical
implants

V.V. Starikov’, S.L. Starikova?

!National Technical University “Kharkov Polytechnic Institute”, 61002, Kharkov, Frunze St., 21
vadym_starikov@mail.ru
’Kharkov Medical Academy of Post-Graduate Education. 61176, Kharkov, Korchagintsev St., 58

Despite the advantages of diamond-like carbon films that are used as wear-resistant coatings for implants, they may have a number
of disadvantages such as the high level of internal tension, low adhesive durability and high sensitivity to environment conditions.
These problems can be overcome by application of the new carbon nanocomposite coatings that can be deposited from C_ ionic beam.
It was found that the proposed diamond-like nanocomposite coatings increase implant material resistance to electrochemical corrosion
processes due to shift of its electrode potential to area of positive values, and also promote a complex of reparative and adaptation and
compensatory reorganizations that will allow to accelerate processes of healing and postoperative adaptation of organism in zone of
implant inputting.

Keywords: diamond-like films, nanocomposite, implant coating, structure, electrode potential, biocompatibility.

HesBaxaroun Ha mepeBaru 1iaMaHTOOMIOHNX BYIJICIIEBUX MTOKPHUTTIB, III0 BUKOPHCTOBYIOTHCS B SIKOCTI 3HOCOCTIHKUX 3aXUCHHUX
MOKPUTTIB [UIs IMIUIAHTATIB, BOHU MOXYTh MaTH PsiJl HEAOIIKIB, TAKMX SIK BUCOKHI PiBEHb BHYTPILIHIX HAPY)KeHb, HU3bKa ajre3iiiHa
MIIHICTB, BUCOKA Yy TJIMBICTH IO YMOB HABKOJIMIIHEOTO cepenoBuina. L{i mpobnemu MoxxyTh OyTH MO/I0IaHi B pa3i 3acTOCYBaHHS HOBUX
BYIVICIIEBMX HAHOKOMIIO3UTHUX IOKPHUTTIB, HAaHECEHUX 3 ioHHOro Imy4ka C60. BcTaHoBieHO, 10 3arpornoHOBaHI AiaMaHTONONIOHI
HAHOKOMITO3HUTHI HOKPUTTS MiABUIIYIOTH OMIPHICTH Marepialxy IMIUIAHTATy 0 eIeKTPOXIMIYHHX KOPO3IMHUX IPOLECIB 32 PaXyHOK
3MILIEHHST HOTO €JEKTPOAHOIO IOTEHIIany B 00JacTh MO3HTHBHHMX 3HAYCHb, & TAKOXK CIIPUSIOTH KOMIUIEKCY perapaTHBHUX i
a/IanTalifHO-KOMIICHCATOPHUX MepeOy/I0B, 110 JO3BOIUTH MPUCKOPUTH MPOIIECH 3aTO€HHS Ta MIiCISONepaiiHoi afanTarii opraHizmy
B 30HI BBE/ICHHSI IMILJIAHTATY.

KirwuoBi ciioBa: 1iaMaHTONOMIOHI IUTiIBKH, HAHOKOMITO3HT, MOKPHUTTS Ha IMIUIAHTATi, CTPYKTypa, CICKTPOTHHN MOTCHINA,
010CYMICHICTb.

HecMoTpst Ha MpEeMMYIIECTBA AIMa30MNOJO0HBIX YIIEPOJHBIX IUIEHOK, KOTOPBIE HCIONIB3YIOTCA B KAa4eCTBE HW3HOCOCTOMKHX
3AIMTHBIX MOKPBITHI TSl KMIUIAHTATOB, OHU MOTYT HMETh Psijl HEZIOCTATKOB, TAKMX KAK BHICOKHI YPOBEHb BHYTPEHHETO HAPSKEHHSI,
HH3Kasi a[re3MOHHAs MPOYHOCTh, BBICOKAs YyBCTBUTEIBHOCTh K YCJOBHSIM OKPYXKAIOWICH Cpeibl. DTH MPOOIEMBI MOTYT ObITh
MIPEOIOJIEHBI B Cilydae NMPUMEHEHHUS HOBBIX YIVIEPOJHBIX HAHOKOMITO3UTHBIX IOKDPBITHH, HaHECEHHBIX M3 HOHHOro myuka C60.
VeTaHOBJIEHO, YTO Mpe/ylaraeMble aiMa3ono00Hble HAHOKOMIIO3UTHBIE TMOKPBITHS IOBBIIIAIOT COMPOTHBIIEMOCTh MarepHalia
HMIUTaHTaTa K DJIEKTPOXUMHUYECKHUM KOPPO3HOHHBIM IPOIECCAM 3@ CYCT CMELICHHs €ro JJIEKTPOJHOrO IMOTCHIMAana B 00IacTh
TOJIOKUTEILHBIX 3HAYCHHUI, @ TAKIKE CIIOCOOCTBYIOT KOMIUIEKCY PelapaTUBHBIX U aJIallTal[AOHHO-KOMIIEHCATOPHBIX MEPECTPOEK, UTO
MO3BOJIMT YCKOPHTH TPOLIECCHI 38KMBIICHHUSI M TIOCIEONEPAIIMOHHOM ajaNTallii OpraHu3Ma B 30HE BBEICHUS UMILTAHTATA.

KiroueBble ¢J10Ba: a1Ma30n000HbIC NICHKH, HAHOKOMITO3HT, [IOKPHITHE HA MMIUIAHTATE, CTPYKTYPa, JIEKTPOAHbIN TOTCHIHAI,
OHMOCOBMECTUMOCT.

Introduction

The choice of material for production of medical
implants always represented certain difficulties. The
majority of the used metals don’t possess sufficient
chemical inertness and necessary mechanical properties [1,
2]. One of problem solutions is creation and use of carbon
coating of wide functional purpose on metal implants [3, 4].
In this plan diamond-like carbon (DLC) coatings [5, 6] are
of great interest. Such coatings possess unique mechanical,
chemical and thermal characteristics. The combination of
low friction coefficient and high wear resistance allows
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to increase repeatedly durability of friction couples, for
example, when forming artificial joints [7]. The DLC
coating shows high biocompatibility [2, 7]. It unlike other
types of coatings doesn’t cause blood coagulation, serves
as the effective barrier preventing diffusion of metal ions
and can effectively be used on the implants contacting to
bone and soft body tissues [8].

Validity of carbon films use as coating at production
of endoprostheses and implants and their application in
medicine is defined by ability of carbon materials to grow
together quickly with surrounding tissues, and also to
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stimulate formation of a new bone tissue. Carbon materials
differ in high biochemical and mechanical compatibility.
Besides, they possess the biostimulating action, promoting
regeneration of the tissues surrounding an implant. Products
of their wear or destruction don’t make harmful effects on
surrounding tissues, lymph nodes and organism in general.
Thus, these materials are very perspective for application
as implants or coatings on them.

DLC coatings can be deposited on different types
of substrates by means of several methods, including
sputtering [9], pulse and laser deposition [10] or ion-
beam deposition [11]. Unlike other methods the ion-beam
deposition of fullerene C_ instead of atomic carbon has
allowed to receive new diamond-like material with unique
nanocomposite structure and low level of residual tension
[12, 13]. The synthesized films consisted of the graphite
nanocrystals injected in amorphous diamond-like matrix
[14]. Graphite nanocrystals had primary orientation of the
graphene planes which are settling down perpendicularly to
surface [13]. Such structure of nanocomposite coatings led
to the high ratio of hardness to edacity module that allowed
to expect the best combination of mechanical properties
of coating and metal substrate in comparison with the
DLC coatings received by traditional methods with use of
nuclear streams of carbon. Primary orientation of graphite
nanocrystals can play an important role at necessary of
transition from biocompatibility of coverings to their
biological activity as there is a distinction in chemical and
biochemical properties of graphite crystals depending on
the crystallographic directions [15]. Besides, thin DLC
coatings usually have a smooth surface and reproduce initial
topography of substrate [2]. The new type of diamond-
like nanocomposite coatings had own topography [14] in
addition to excellent mechanical and frictional properties.
The similar nanodimensional topography can be useful to
various biological applications [16, 17].

Thus, research of biocompatibility of carbon
nanocomposite coatings created by means of ion-beam
deposition of C; can lead to development of new class of
the carbon coatings having optimum mechanical properties.
Research of electrochemical activity and biocompatibility
of the diamond-like nanocomposite carbon coatings
deposited on cobalt-chromium alloy in comparison with
titan and Co/Cr alloy without coating was the purpose of
work.

Object and methods of research

Two types of metal alloys were used for preparation of
the samples: cobalt-chromium alloy Vitallium (Co 62%, Cr
30%, Mo 5%, and C 0.4%) and titanium alloy VT1-0 (Ti
99% and Fe 0.18%).

C,,-fullerene powder (99.5% purity; NeoTechProducts,
St. Petersburg, Russia) was used as the source material
for the deposition of the carbon nanocomposite coatings.
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Coatings were deposited on metal substrates from C,
ionic beam which was generated by means of source with
saddle electric field. The discharge was fired in fulleren
vapor at accelerating voltage 6 kV. From source chamber
the ionic beam went to a magnetic mass separator and
further to substrate. For films structure formation the
single-charged ions with average energy 5 k3B were used.
For this purpose, at the exit of mass spectrometer the
mobile aperture which spatially limited a beam has been
established. Deposition of carbon films from C_ ion beam
was carried out on substrates at temperature of 100 °C.
Speed of films deposition was 0,1 nm per second, thickness
of the investigated films — 20-100 nm [18].

Microscopic investigations of the DLC coating
structure were made on transmission electron microscope
TEM-125K with resolution of 0,2 nm. The samples-
witnesses were prepared on NaCl substrates. After
separating the films from substrate they were washed with
deionized water and placed on a copper grid.

Electrode potentials were measured using the standard
AgCl reference electrode [1] for rating of initial activity
of metals. The measurements were conducted in an
electrochemical cell filled with 0,9% aqueous solution of
NaCl.

To carry out model tests in a biological environment
the metal plates imitating implants were placed into
solution with a composition of inorganic components close
to blood plasma. The solution composition involves the
creation of calcium phosphate sediments and subsequently
the formation of hydroxyapatite crystals. Entering implants
into solution induces sludge formation and its quantity and
distribution over the surface of samples was estimated. It
was supposed, that if the implant after anode processing
will activate the formation of calcium phosphate on
its surface, the stimulation of similar processes at the
introduction of the implant to real bone tissue will lead to
faster restoration of tissue in the implant site and, therefore,
to faster healing of the wound. A solution for tests was
prepared as an equivalent blood plasma at T = 36.5 °C and
pH = 7.4. Molar concentration of ions in solution was the
following: Na* - 142.0; K* - 5.0; Mg*" - 1.5; Ca*" - 2.5; CI
- 147.8; HCO* - 4.2; HPO,* - 1.0; SO,* - 0.5 mmol. The
solution was prepared by the dissolving of reagents: NaCl,
NaHCO,, KCl, K,HPO, * 3H,0, MgCl, * 6H,0, CaCl, and
Na,SO, in distilled water [19]. To adjust for the necessary
pH was added (CH,OH),CNH, and one-molar solution of
hydrochloric acid.

Infrared (IR) spectra of the sediment in the solution
were taken using Fourier spectrometer Perkin Elmer
Spectrum One. Processing and analysis of spectra were
carried out by means of software attached to the device.

The X-ray research of phase structure was carried out
by diffractometer DRON-2,0 according to Bragg-Brentano
scheme 0-20. To eliminate reflections from K -radiation
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a manganese filter was used. The survey was conducted
point-wise with step 0.1° and the exposure at each point
was 10 seconds in the angular range 20 = 15 - 120 °.

Biological estimation of the carbon nanocomposite
coatings integration was carried out in animal experiments.
Rabbits (20 months old with body mass of approximately
3 kg) were separated into three groups. Subperiosteal
implants made of Co/Cr alloy, titanium alloy and
nanocomposite-coated Co/Cr alloy were implanted in
rabbits from the first, second and third groups, respectively.
Rabbits were sacrificed by air embolism at 12 weeks. The
animal tests were performed according to the requirements
of the European Convention and Ukrainian law.

After the rabbits were sacrificed, a fragment of the
mandible, including the implant and a portion of the adjacent
bone comprising an outer and an inner compact bone and
spongy substance, was extracted. The extracted material
was visually investigated using an optical microscope
(Leika Axiostar Plus). For the microscopic investigation,
the extracted fragments were fixed in 5 vol.% nitric acid,
then dehydrated in 96° ethanol and embedded into celloidin
[20]. Cross-sections with thicknesses of 7-10 pm were
coloured with haematoxylin, eosin, and van Gieson’s stain.

Morphometric investigations were concentrated on
the following characteristics: an estimation of the newly
formed tissue between the parent compact bone and the
implant; the presence of necrosis on the surface of the tissue
adjacent to the implant; and assessment of the nature of the
restructuring of the compact and trabecular bone [21].

Results and discussion

At investigation of carbon nanocomposite coatings
by transmission electron microscopy the contrast inherent
to amorphous films and microdiffraction consisted of two
halos with peaks characteristic of amorphous carbon could
be seen (Fig. 1). Transformation structure, mechanical,
electrical and optical properties of such coating at different
temperatures of substrate is described in [18]. These
coatings have high values of mechanical properties:
elasticity modulus - 340 GPa, hardness - 46 GPa.

Time dependences of electrode potentials of all
three samples types are presented in Figure 2. Length of
measurements was determined by going into constant
value of potential. It can be seen, the lowest potential had
sample of Co/Cr alloy. At the beginning this electrode
potential was E = -0,32 V, and after slight growth and
stabilization it came to E = -0,15 V. The electrode potential
of titanium practically unchanged during measurement
and was E = 0,05 V. The Co/Cr alloy with DLC coating
had maximum potential (E = 0,2 V) that was indicated
about maximum of its initial resistance to degradation in
electrochemical corrosion process.

Test of Co/Cr sample with carbon nanocomposite
coating in the solution imitating blood plasma has shown
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Fig. 1. Micrograph and electron diffraction pattern of
diamond-like nanocomposite film. On the electron
diffraction pattern it was marked the corresponding
position for the family of graphite (G) and diamond (D)
planes.
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Fig. 2. Time dependence of electrode potential for Co/
Cr implant (1), Ti implant (2) and Co/Cr implant with
carbon diamond-like nanocomposite coating (3).

Fig.3. Photo of diamond-like film surface with sediment
from solution.
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Fig. 4. IR spectra of native bone tissue (1) and calcium
phosphate sediments (2) from solution imitating blood
plasma.

that on the sample surface there is formation of sediment
and crystals (Fig. 3).

Analysis by IR-spectrometer was taken and was
compared with that of native bone tissue (Fig. 4). On both
spectra there are lines at 3428,63 cm™ corresponding to
valent vibrations of hydroxyl groups OH; lines 1632.66 cm'™
corresponding to deformation molecular vibrations of
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Fig. 5. X-ray diffraction pattern of the calcium phosphate
sediments from solution imitating blood plasma.

H,O; lines 1421.13 cm corresponding to carbonate groups
CO,*, lines 876,14 cm™ u 823,57 cm™ corresponding to
hydrophosphate groups HPO,* or carbonate groups CO,*
and also lines 1094,93 c¢cm’, 1032,32 cm™, 602,31 c¢cm’'
and 563,66 cm™ corresponding to phosphate groups PO,*.
The main IR absorption lines of bone tissue coincide with
the lines of calcium phosphate sediments on the sample

Table 1

Severity gradation of morphological parameters of the mandible body for animals in 12 weeks after implantation

Implant type
. . . Co/Cr with DLC
Indicator Gradation Co/Cr alloy Titanium alloy oWl
coating
Severity
Newly formed tissue Connective 89,67+0,88 76,33+4,30 69,33+4,80
between parent tissue, %
compact bone and
implant Coarse-fibered bone,% 10,33+0,88 23,67+4,40 31.6641.76
Foci of necrosis at Absence +
the ti f: .
© .1ssue surtace Isolated foci + +
adjacent to the
implant 1/3 of the contact
surface
Osteocyte-free area 0.33 0.33 0.25
The nature of the
compact bone Resorption cavity% 50,70+2,60 44,67+2,60 41,67+3,33
restructuring
Demineralization foci single single absent
Characteristics of Density of Osteocytes 119,33+1,20 122,00+6,43 158,00+1,15
trabecular bone B dod
reconstruction , xpande 61,00+4,36 57,304,40 43,6742,60
intertrabecular space %
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Fig. 6. Microscopy of contact zones of implants and
bone: a— Co/Crimplant; b—Ti implant; ¢ - Co/Cr implant
with carbon diamond-like nanocomposite coating.

surface. This indicates that the coating composition which
is formed from the prepared solution is similar to the
composition of native bone tissue wherein the main part is
hydroxyapatite.

The phase structure of sediments has been also
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investigated. Large crystals which are visible on the
surface represent chlorides and oxychlorides. Structure
of thin continuous coating layer, which was scratched out
from sample surface, was more interesting. The received
X-ray diffraction pattern is presented in Figure 5. As can
be seen, calcium phosphate sediments from solution are
generally presented by single phase — hydroxyapatite that
contains, according to IR spectra, significant amount of
carbonate and other impurity. Formation of hydroxyapatite
crystals on the nanocomposite carbon coating surface
testifies to high biointegration qualities of diamond-like
film and potential efficiency of its application as a coating
on medical implants.

Figure 6 shows the contact zones of bone and implants
made from Co/Cr alloy, titanium and Co/Cr alloy with
nanocomposite DLC coating in three months after surgery.

Microscopic investigation revealed that the Co/Cr
alloy implant was firmly adhered to the surface of the bone
and was partially covered by connective tissues. Connective
tissue sections with a high density of fibroblasts were
observed in the areas between the implant and compact jaw
bone (Fig. 6a). At other locations, the implant was in direct
contact with the parent bone. In these areas the bone tissue
exhibited signs of destructive disorders such as absence
of osteocytes, presence of demineralisation niduses, and
chaotic arrangement of basophilic resting lines. Also,
small foci of cellular detritus were observed, as compact
bone restructuring areas with small resorption cavities.
These cavities were filled with loose connective tissues.
Narrow basophilic resting lines of bone remodelling foci
and strata between the bone tissues were also observed.
The morphological parameters of the mandible after
implantation of the Co/Cr alloy plates are shown in Table 1.

The microscopic investigation of compact bone sites
adjacent to the Ti alloy implant revealed areas of newly
formed, mature bone. This bone was observed with
connective tissues, a low density of fibroblasts and bundles
of collagen fibres (Fig. 6b). Isolated foci of necrosis between
the implant and the newly formed tissue were observed.
Evidence of restructuring processes was observed in the
compact bone of the jaw near the surface of the implant.
These processes required the formation of resorption
cavities, which were filled with friable connective tissue
with a high density of capillary-type blood vessels. The
density of osteoblasts was increased in the edge regions
of trabecula of the cancellous bone. Intertrabecular spaces
were also filled with friable connective tissues.

The microscopic investigation for Co/Cr alloy with
nanocomposite DLC coating showed that edge surfaces of
the implant were covered with connective tissues. Fields
with rough bone were primarily observed between the
implant and the compact body of the jaw bone. Only small
areas containing connective tissues with collagen fibres
arranged parallel to the surface of the implant were evident.
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Only single, mature fibroblasts were observed (Fig. 6c¢).
Resorption cavities were observed on compact bone areas
located under the implant. These cavities exhibited various
shapes and sizes and were filled with friable connective
tissues or bone marrow fat. Some signs of restructuring,
which included the formation of basophilic resting lines,
were observed. These resting lines separated the strata
and the newly formed bone. These areas contained a high
density of osteoblasts (Table 1).

Thus, the comparative analysis of bone reconstruction
was performed in the fixation implants of various materials
to the compact bone of the mandible. It was found that in
all cases after implantation the complex reparative and
compensatory-adaptive restructurings, the severity of
which depended on the implant material, occurs in compact
and trabecular bone. It was revealed that in terms of “Newly
formed tissue between parent compact bone and implant”
most favorable results were observed for the implant made
of Co/Cr alloy with nanocomposite DLC coatings. In this
case it is observed a maximum formation of coarse fiber
bone and minimal presence connective tissues, as well
as more favorable value of other parameters. Average
position was marked for implant made of titanium, a more
pronounced negative rates were monitored for Co/Cr
implant without coating.

Summary

Results of experiment have shown that the deposition of
DLC nanocomposite coatings on Co/Cr alloy considerably
increases biological compatibility of implant that reduces
risk of fibrous tissue formation in zone of implant and
bone contact and, therefore, increases primary stabilization
and duration of implant use. Such coating increases the
implant resistance to electrochemical corrosion processes
at the expense of shift of its electrode potential to the
positive values area. In the physiological plan the action
of coating is defined by behavior of complex of reparative
and adaptation-compensatory reorganizations that allows
to accelerate processes of healing and postoperative
adaptation of organism in implant introduction zone.
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Formation of vacancy-helium complexes
at low-energy irradiation of tungsten

0O.V. Dudka, E.V. Sadanov

Department of Condensed Matter, National Scientific Center “Kharkov Institute of Physics and Technology”
61108, Kharkov, Ukraine
dydo4kao@kipt.kharkov.ua,

The structure of subsurface area of tungsten after low-energy irradiation by helium ions was investigated by the method of field-
ion microscopy. The emerging of the compact groups of interstitial atoms to the surface was registered. It was found the depleted zones
consisted with vacancy—helium clusters, which arise as the result of crowding out own lattice atoms by helium. The depleted zones
spatial configuration was investigated as a function of the dose. The processes of forming of vacancy—helium complexes and depleted
zones in subsurface area at the high concentration of the implanted helium atoms were analyzed. The correlation between the size of
depleted zones and the range of image forces was shown.

Keywords: vacancy, interstitial atom, field evaporation, electron emission, adatom, radiation, erosion, vacancy-helium clusters.

MetogoM TOMBOBOI  IOHHOT MIKPOCKOMIi JIOCHiPKEHa CTPYKTypa MiANOBEpXHEBHX oOmacteid  Bomb(pamy micis
HH3bKOCHEPIeTHYHOTO OIPOMIHEHHS 10HAMH Tellifo. 3apeecTpOBaHHI BHXi/l HA MOBEPXHIO KOMIIAKTHUX TPYI MiXKBY3CJIbHHX aTOMIB.
Busineni 30iqHeH1 30HH, YTBOpEHI BaKaHCIHHO - TETI€BUMH KJIacTepaMu, BUHHKAIOYMMH BHACIIIOK BHUTICHEHHS TETI€M BIACHUX
rpaTtkoBHuX aToMiB. JlocmimKkeHo mpocTopoBi KoH}Irypaiii 30iIHEHHX 30H B 3aJIeKHOCTI BiJ| 03M onpoMiHeHHs. [IpoaHanizoBaHo
MPOIIECH MOBEAIHKK Ta GOPMYBaHHS BAKaHCIMHO - FeJTiEBUX KOMILJICKCIB 1 301THCHUX 30H B MPUITOBEPXHEBI 00TaCTi B yMOBaX BUCOKOI
KOHIICHTpAIIiT BIPOBA/XKCHUX aToMIB refito. [TokazaHo 38’5130k po3MipiB 30iJHEHUX 30H 3 OOIACTEO JIiT CHIT 300paKeHHS.

Konrouosi ciroBa: BakaHCis, MiXKBY3€JIFHHI aTOM, ITOJIE0BE BUIIAPOBYBAHHS, €JIEKTPOHHA eMicis, alaToM, ONIPOMIHEHHS, epo3is,
BaKaHCIHO — TeNi€BUH KIacTep.

MetonoM MONEBOH HOHHOM MMKPOCKOIIMM MCCIIEOBaHA CTPYKTypa IOANOBEPXHOCTHBIX oOnactell Boib(pama mocie
HU3KOYHEPreTUYHOro OOJIydeHHsT MOHAMHU Tejusl. 3aperdcTpUPOBaH BBIXOJ Ha MOBEPXHOCTh KOMITAKTHBIX TPYIH MEX0Y3eJIbHBIX
aromoB. OOHapy)XeHbI 0OeTHEHHBIE 30HBI, 00pa30BaHHbIE BAKAHCHOHHO - TEJIMEBBIMH KJIACTEPaMH, BO3HUKAIOIIMMH B pPe3yJbTaTe
BEITCCHCHHUSI TEJIMEM COOCTBEHHBIX PEIIETOYHBIX aTOMOB. llcciieoBaHBI MPOCTPAHCTBEHHBIE KOH(GUIypanuu OOCTHEHHBIX 30H
B 3aBHCHMOCTH OT 03Bl 00mMydeHus. IIpoaHamm3HpoBaHBI MPOLECCH (hOPMUPOBAHMS BAKAHCHOHHO - TEIHEBBIX KOMIUIEKCOB U
00eJHEHHBIX 30H B TPUIOBEPXHOCTHON OOIACTH B yCIOBHSAX BBHICOKON KOHIIEHTPAIMM BHEIPEHHBIX aToMOB renus. [lokazaHa cBs3b
pa3mMepoB 00CHEHHBIX 30H C 00JIACThIO ACHCTBUS CUIT U300PaKEHHUSL.

KiroueBble ¢J10Ba: BAKaHCHS, MEXI0Y3€IIbHBIH aTOM, T10J€BOE HCIIAPEHUE, JIICKTPOHHAs SMUCCHS, a1aTOM, 00Ty4eHHE, 3pO3Hus,
BAaKaHCHOHHO - I'€JIMEBbIE KJIACTEPbI.

The low-energy irradiation of metals is an
accompanying the process of the work of many vacuum

technological devices. The short projectile path lengths of

an opportunity to conduct a simulation of the irradiation
conditions which is similar conditions of divertor work and
to obtain information about the state of surface at the atomic

the low energy ions are a cause of the surface damage. The
low-energy irradiation intensifies the processes of surface
diffusion [1] and ultimately leads to radiation-induced
erosion [2]. The problem of interaction of helium atoms
with the surface in tungsten is relevant in the light of the
intended using this metal for the elements of construction
of the first wall and divertor in the controlled thermonuclear
fusion reactor. Previously, it was shown that at relatively
high concentrations of helium in a perfect crystal, it is
able to produce the displacement of lattice atoms into the
interstitial positions [3-5]. Field emission microscope gives
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level. This paper presents the results of ion-microscopic
research of subsurface vacancy - helium formations, arising
by the low-energy helium irradiation of tungsten.

Method of experiment
The experiments on the low-energy irradiation of
tungsten surface were realized in the two-chamber field ion
microscope, at a temperature of samples 78 K. The samples
were prepared by the method of electrochemical etching
in water solution of potassium hydroxide. The wire for
samples had diameter 10 microns. The final shaping and
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cleaning of the samples surface were conducted by the
field evaporation in the chamber of microscope. The layer
by layer analysis of the tungsten nanocrystal irradiation
structure on a depth was conducted in the mode of the
impulsive field evaporation, providing remove less than
one atomic layer for the one act of evaporation. To obtain
reliable information on atomic level the irradiation of the
investigated objects was conducted “in situ” in order to
avoid any surface contamination under contacting with air.
The bombardment was conducted by the helium ions which
also were used as the imaging gas. The irradiation was
produced in the electron mode of a microscope operation.
The negative potential at the voltage 400 V — 500 V was
supplied to the pointed specimen in a presence of the
imaging gas at a pressure of 5 - 10 Pa. At this led to
the appearance of the cold field emission. The atoms
of imaging gas were ionized by the stream of emitted
electrons. The imaging gas ions were accelerated under
the electric field and bombarded the sample surface with
an average energy of about 140 e¢V. The fluence of falling
particles depended on the density of imaging gas and the
current of electron field emission. These parameters were
chosen and controlled during experiments. Calculations of
the total numbers of particles N which fall on the top of
sample were obtained using expression, proposed in [6].
N=144LL.5(r) ()
kT e
where: i — is an electron field current, p — is a gas pressure,
r, — is a radius of the sample, (V) =2,24-10""cm® -is an
ionization cross section. An irradiation was conducted at the
size of electron field currents within the limits of ~ 0,4 um,
which provided the fluence of bombarding ions of helium

2-10%ion/cm* -sek . Four series of irradiations were

conducted from a dose 6-10"ion/cm® to 3,6-10"ion/cm? .

Results
As a result of irradiation atomically smooth tungsten
surface by low-energy helium atoms is appear a lot of
atoms displaced to the adatoms position on the surface. In
image, such atoms were observed as bright emission spots
(la, b). The positions adatoms is characterized by low

Fig.1 . lon microscopic image of the sample surface W
before irradiation (a) and after irradiation (b).
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coordination numbers, therefore in an electric field it leads
to a local increasing of the field strength over these atoms.
This factor is cause of their high contrast.

The analysis showed that only a part of the observed
atoms appeared during the irradiation stage. Because a
formation of Frenkel pairs by classic way is impossible
by the subthreshold irradiation. The second part of the
adatoms the most important for our consideration, has
already appeared in image in the research process at the
constant voltage after irradiation. The appearance of this
part of the adatoms can not be associated with a direct
exposure of the bombarding beam to the surface. Since the
second part of atoms emerging out volume, they passed
the stage of interstitial condition. Atoms come out to the
surface, generally in the complex forms or compact groups.
An example of a compact group, which appeared through 5
second after evaporation of two atomic layers (001) is shown
in Fig. 2 (a). The group consists of three dozen interstitials.
A feature of the emerging of polyatomic interstitial groups
is their surface localization and simultaneous appearance
on the image. Delay time between the moment of emerging
and a moment of evaporation was typical for the groups
of interstitial atoms. In some cases, the delay time could
be several minutes. The emerging of interstitial atoms was
stopped after field evaporation layer which is greater than
the length of the projected range of helium with energy of
140 eV in tungsten (~ 3-4 nm). It is show, that presence of
helium in the surface layer was a necessary condition for the
formation groups of interstitial atoms. Thus, the observed
effects of the emergence of interstitial atoms, confirmed the
possibility realization the process of crowding out lattice
atoms from the site positions by implanting helium atoms
[3-5] and not by the impact.

The mechanism of crowding out supposes the
formation of the vacancy-helium defects. This statement
has been experimentally verified in process of controlled
field evaporation of the irradiated sample. Vacancy type
defects were always detected at a depth of 1-5 atomic
layers bellow the crowded out interstitial atom groups. The
structure of these defects is similar to depleted zones. An
example of such vacancy defects, which is observed as a
dark area, is shown in Fig. 2 (b).

Fig.2. (a) The polyhydric interstitial complex on the
surface, (b) the ion- microscopic image vacancy-helium
depleted zones .
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Formation of vacancy-helium complexes at low-energy irradiation of tungsten

The observation and unambiguous interpretation of
the individual vacancies by field ion microscopy, is an
extremely rare event. It is possible only in cases where
the vacancy is located on a full resolution surface area.
Depleted zone is an area with increased concentration
of the vacancies, where a lot of atoms are having low
coordination. Thereby bonding energy of atoms with
crystal in the depleted zones is reduced. This is the reason
of local removing of material from area with a high content
of vacancies by the field evaporation. In this place on the
surface is formed a deepening. The field strength on this
area with a negative curvature of the surface is lower than
on the rest parts of the pointed sample. It reduces the rate
of gas ionization and decrease a brightness of the image on
the vacancy defect area.

The transverse (in the image plane) and longitudinal
(depth in the crystal) sizes of depleted zones were obtained
by a series of images. The size distributions of the depleted
zones are shown in Fig. (3), and (4a, b). The transverse
size of the depleted zones was practically unchanged with
irradiation dose increasing and was ~ 13 A. The longitudinal
sizes of the depleted zones in the depth of the crystal were
increased with dose increasing. The average value of the
longitudinal sizes of the depleted zones was about 25A at
the maximum dose of radiation.

9 /

N\

T

0 5 10 15 20 25

30 35
d,A

Fig. 3. Distribution of depleted zones on the transverse
dimensions.

It should be noted that in this experiment the energy
of helium was insufficient to create the Frenkel pairs
by classical way in a tungsten crystal. Therefore, the
experimentally observed effects of the emergence groups
of interstitial atoms and large vacancy formations are
the result of helium implantation. Helium is mobile at a
temperature of 78 K therefore it form an inactive cluster
by the mechanism of self-trapping [5]. In the cluster the
crowding out process of the lattice atoms in to the interstitial
positions can develop at the sufficiently high local helium
concentration. At the same time the vacancy is form.

In this case, some of the helium atoms are in a bound
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Fig. 4. Distribution of depleted zones on the longitudinal
dimensions for the two doses min (a) and max (b).
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state, occupying the volume of vacancy, thereby stabilizing
it and making immobile. The immobile vacancy-helium
clusters, formed as a result of this process, hold the displaced
interstitial atoms nearby. Detaching of the interstitial atoms
from the complexes is possible at the additional absorption
of helium by vacancy or when the temperature increase.

In this experiment we found another opportunity
to initiate the crowding out. It is based on a fact that the
processes of crowding out were observed only after acts
of field evaporation. The each act of evaporation removes
small surface layer and resulted in a decrease of the distance
from the helium clusters to the free surface. Nearness to the
free surface promoted to the development the processes of
crowding out of the lattice atoms by the implanted helium.

In the subsurface area on any defects are forces seeking
to bring them out of volume. It is image forces. For the own
interstitial atoms, which arise as a result of crowding out,
depth action of the image forces in the crystal is greater than
25 A. The received data on the longitudinal dimensions of
the depleted zones are satisfactory agreement with the area
ofimage forces. This indicates that the thickness of the layer,
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containing the vacancy — helium complexes is determined
by the depth action of the image forces. Therefore can be
assumed that the number of helium atoms in the clusters,
capable to produce the crowding out and create a vacancy -
helium clusters should fall with decreasing of the distance
to the free surface.

Thus, at low-energy irradiation of tungsten helium, the
most part of the implanted atoms turns out in a subsurface
layer in the connected state. Helium is located near the
surface within the action of the image forces and exists in
depleted zones, consisting of vacancy- helium complexes.
On the greater depth helium is concentrated in slow-moving
helium clusters.

The simultaneous output from the volume of the
interstitial atom groups and the appearance under them
the localized vacancy-helium educations (depleted zones)
allows to assuming that the process of output has collective
character and develops as avalanche. The developments of
collective processes of the crowding out were previously
found in the experiments carried out by the method
of molecular dynamics [7]. Apparently, the incidental
emerging of the interstitial atom induces the development
of the avalanche processes in the surrounding area. The
eventually formed subsurface layer, consisting of a series
of depleted zones, saturated with helium. Data on the
longitudinal dimensions of the depleted zones give us an
idea about spatial distribution of helium, which present in
vacancies and is not able to migrate.

Conclusions

1. The depleted zones consisting of vacancy - helium
complexes are found in a subsurface area at the low-energy
irradiation of tungsten helium.

2. It was found, that the implanted helium at the low-
energy irradiation is localized in a subsurface area, where
is in the bound state.

3. It was shown, that the main factor leading to the
formation subsurface vacancy - helium depleted zones is
the action of image forces.
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About of the possibility of quantum interferential transitions
and entanglement in vacancy and divacancy of silicon
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Annotation. Some characteristics of divacancy in silicon as a radiation bistable defect with the Jahn-Neller stabilization are
analyzed. It is shown that by external influence, by change of some properties of material, of concentration of the entered defects and
of the type of irradiation it is possible to influence purposefully on the parameters of these defect centers, that indicate on possibility of
application of silicon with such centers for the creation of devices of the quantum informative systems.

On the basis of carried out analyses the assumption about of existence of interference transitions between quantum states of
minima of adiabatic energy at certain conditions is suggested. It is pointed on generality of such approach and on the possibility of
expansion of approach, used for the description of such transitions, on some other bistable defects.

Keywords: silicon, divacancy of silicon, the entangled states, the interference transitions, the superposition states.

[poananizoBaHi AesKi XapaKTEPUCTUKH JMBAKaHCII KPEMHIiIO K paniauiiinoro 6ictabinmbHOro Aedexty 3 sSH-TEICPOBCHKOIO
crabinizauiero. [Toka3aHo, 10 NUISIXOM 30BHIIIHBOTO BIUIMBY, 3MiHH JESKHX BJIACTHBOCTEH MaTepialy Ta KOHIIEHTpPALl BBEICHHX
nedexTiB, a TaKoXK BHIY ONPOMIHEHHS MOXKHA IIIJIECHPSIMOBAHO BIUIMBATH HA IapaMeTpH IMX Je(eKTHHX LEHTPIB, IO BKa3zye Ha
MOJKIIMBICTh BUKOPHCTAHHS KPEMHIIO 3 TAKUMH LICHTPAMH SIK Matepiay [Uisi CTBOPCHHS [IPHJIa/liB KBAHTOBUX iHQOPMALIIHHUX CHCTEM.

Ha migcraBi mpoBeaeHOTO aHANi3y BHCIOBIOETHCS MPHUITYIICHHS PO iCHYBaHHS 32 TIEBHUX YMOB iHTEp(EpEeHILIHUX MEPEX0/IiB
MK KBaHTOBHUMHM CTaHAMH MiHIMyMiB aaiabaTmyHOi eHeprii nuBakaHcii. BkasyeTbcs Ha 3arajibHICTh TaKOTO MiAXOAY 1 MOXIHBICTH
MOLINPEHHS ITiIX0/1Y, 3aCTOCOBAHOTO IJIsl OMUCY TAKUX IEPEXO/IiB B AUBAKAHCIT , HA JesiKi iHII 6icTabiIbHI 1eeKTH.

KurouoBi ciioBa: kpeMHil, IMBaKaHCis KPEMHI0, 3aIUTyTaHi CTaHH, iHTepdepeHLiiiHI mepexoau, Cynepro3uLiiiHi cTaHu.

[Ipoanann3npoBaHbl HEKOTOPHIE XapPAKTEPUCTHKH AMBAKAHCUM KPEMHUS KaK paJUaliOHHOro OMcTabMIbHOTO aedexra C
SIH-TEJIJIEPOBCKOil cTabunu3anueil. IToka3aHo, 4TO MyTEM BHEIIHErO BO3JCHCTBUS, M3MEHEHHs HEKOTOPBIX CBOWCTB Marepuaia H
KOHILICHTPAIMU BBEICHHBIX JC(EKTOB, a TAKXKE BHAA OOTyYECHHS MOXKHO LIEJICHAIPABICHHO BIMATH HA IapaMeTpbl 9TUX Ae(EKTHBIX
LIEHTPOB, YTO YKa3bIBACT Ha BO3MOXKHOCTb INPHMEHECHUS KPEMHMS C TAKUMH LEHTPAMM Ul CO3JaHMs NPUOOPOB KBAHTOBBIX
HH(OPMAIIMOHHBIX CHCTEM.

Ha ocHOBaHMM IPOBEICHHOTO aHalM3a BHICKA3bIBACTCS IPEANOJIOKEHHE O CYIIECTBOBAHWHU IIPH ONPEIEICHHBIX YCIOBHSIX
HHTEPEPEHIIMOHHBIX IEPEX0/I0B MEK Ty KBAHTOBBIMH COCTOSTHUSIMH MHHIMYMOB aina0aTHaecKOH SHePI U TUBAKaHCHHU. YKa3bIBAaeTCsI
Ha OOIIHOCTb TAaKOr0 MOAXOAa M BO3MOXKHOCTb PACIPOCTPAHEHHs MOJXOAa, MPUMEHEHHOTO Ul ONHMCAHHS TAaKUX IIEPEXOfIOB B
JBAaKaHCHHU, HA HEKOTOPBIE Ipyrue OMCTaOUIbHBIC 1Ee(EKTHI.

KirodeBble cjIoBa: KpeMHHUi, JMBaKaHCHUS —KPEMHHU,
CYHEPIIO3HUIIHOHHBIE COCTOSHHSI.

3alyTaHHbIE COCTOSIHUS, WHTEP(QEPEHIMOHHBIE IEPEXOIbI,

Introduction

The central material in the semiconductor industry is
silicon. Despite of the fact that the radiating technologies
for modification of properties of this material are used for a
long time and are advanced enough, the occurrence of new
tasks of a modern science and a instrument making opens
new problems, one of which is the decision of a question
about possibility the use of silicon as material for creation
of quantum computers. The use of the bistable defect
centers, which appeared in silicon at the irradiation as a
memory cells with two stable states at room temperatures,
can appear perspective. The divacancy V,, and even a
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vacancy (last is the bistable at low temperatures), and also
the certain defects with participation of the atoms impurity,
which arise at an irradiation [1], can be such centers.

The divacancy is, apparently, the most acceptable
as the active center at creation of devices for information
technologies on the basis of silicon. Really, a strong
distortion ofa crystal lattice of the basic material is take place
in the field of formation of divacancy. Therefore the area of
divacancy is to some extent shielded from the destroying
influences of external environment and can steadily
preserve the parameters at an high enough temperatures
that specifies the perspectives of use of materials with such
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centers in modern quantum technologies.

The literature dates about of experimental researchers
of properties of vacancies and divacansies in silicon were
analyzed in presented work. For the first time it is shown
that for these defects may be existed some quantum effects,
including quantum interference transitions between the
states of minimums of adiabatic energy.

It indicated on perspective of using of silicon materials
with artificially entered in them the radiation defects of type
of vacancies and divacancies in the devices of quantum
information technology

Divacancies in silicon — the literary data

Radiation defects in silicon arise at an irradiation of a
material by particles of various energies. Such irradiation is
carried out with the purpose of controlled change of
properties, for example, for making the materials with the
increased radiation resistance. Usually apply technologies
of ionic implantation, transmutation doping, of irradiations
by the charged particles. Depending on required tasks the
silicon material is irradiate with protons, electrons, ions,
neutral particles (neutrons, J —quantums) with the
subsequent annealing of a material. Each of these methods
has the advantages and the features of introduction of
radiation defects in a material.

The development of technology of introduction of
defects and studying of their properties has led to detection
of some interesting features of radiation defects. For
separate radiating defects as divacancy and some other such
qualities as bistability are inherent, for them the display of
Jahn-Teller effect is typical.

Bistable are the defects having two or more minimums
of adiabatic surface. Besides they should possess the
following features, to be found out. Firstly, the power
barrier between minima should be big enough:
AE, > kT and, secondly, it is necessary, that the power

bar.
location of minima differed on some size O .

It means that the system will mainly be in one of states
which names as the basic. If 0 > kT, for transition from
one state to another the external influence is necessary.

In [2], where numerous the examples of bistable
defects are made, it is underlined, that the defects, for which
the Jahn-Teller effect is revealed, can possess by properties
of bistabilityc. For the last is possible the situations, when
the defect with multi-well potential do not display as the
bistable defect. So, in [1] is pointed that for defect with
the orientation lower than cubic is possible the orientation
degeneration and even at presence of transitions between
states such defect do not emerge as bistable.

The divacancy in silicon is the radiation defect and is
forming at irradiation by the particles of different type, for
example, by neutrons, by electrons with energy in range
of 1.5-4.5 MeV , or at ionic implantations; it is the deep
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muli-charged center.

In according with [3] the levels between the states,
which define the energy of divacancy, correspond to the
next position in forbidden zone:

E(2-/-)=E, - 0.23 eV
E(-/0)=E,—~0.43-0.41) eV
E(0/+)=E_ +(0.23-0.25)eV.

In the charge states V,, V, the divacancy
has spin .

Both the charge states of divacancy is appeared as
paramagnetic that is caused by the presence of not coupled
electron in the open shell, therefore at addition of the

. 0 _
electron non paramagnetic states V2 and V2 are

generated. To paramagnetic states V;, V, , as pointed in
[4], the levels £ +0.25 eV, E_—0.4 eV correspond.
Thus, the divacancy, in according with [4], brings the three
levels, corresponding to four charged states V;, Vzo v,
u V) (fig. 1).

At forming of divacancy a certain center with the
ragged connections, being in full symmetric atomic

4—056-

E.~(0,21+0,23)

(%
=2)
-7

£,-(0,39+0,4)

—————— Eg _0,54
a
o—————0 £,
g

Fig. 1. The energy levels, which correspond to the
different charge states of divacancy in silicon

configuration D, ,, appears in the beginning, the after
ragged connections are filled by electrons. The opened
shell here is formed by orbital e ) and there is a removal of
the degeneration of levels of the opened shell at the small
distortion D,, — C,, (it is answered the component of

distortion £ < ). In accordance with [3] at lowering of the

symmetry corresponding to the process of completion of
formation of divacancy, the two modes of distortion £ ¢ -
resonant (7 ) and coupling ( p ) are appear.

As have shown the direct calculations which have
been carried out in [3] for neutral and for two charge states,

103



About of the possibility of quantum interferential transitions and entanglement
in vacancy and divacancy of silicon

E,
~2239f
& L
= —2240f
&
_224]E.|||I||||I||||I|||.I....I..._._|L.|,|
0035 0025 ~0015 <0003 0,005 0,015 0,025 0,035

P F
Fig.2. Multiplexed structure of the charged states of
divacancy depending on two-mode distortion of Jahn-
Teller [3].

the divacancy is the double-well center for all charge states
investigated by the author.

According to carried out in [3] calculations, energy of
Yahn—Teller stabilization for a neutral state is equal 0.34
eV; the energy differences between absolute and metastable

minima of energies is 0.6 eV for V;” (¥ - mode of distortion
for the basic state), 0.07 eV for V20 (7 - mode) and 0,03 5V
for V, ( p -mode), fig. 2).

About of the possible interference transitions in
divacancy of silicon

As follows from [3], the adiabatic potential of
divacancy in silicon has two minimums, shared by high
enough potential barrier (more than k7T), that provides
stability of this defect at a room temperature. In addition,
high enough value of energy of Jahn-Teller stabilizing
testifies to presence of strong vibrancy connection. In [2]
the criterion of strong vibrancy connection is entered,
according to which this type of connection is carried out in
the event that energy of Jahn-Teller stabilizing far more
energy of zero fluctuations. In such case there are always
the local vibrancy states in minimums of adiabatic energy.
In a limit, at the high enough barriers, these states become
quasi-stationary.

In case when a potential barrier appears transparent
enough, the system can make the pulsating fluctuations,
caused by tunnel transitions between configurations of
equivalent minimums of adiabatic potential. In [2] specified
that: «tunnel effects in the Jahn-Teller systems meet much
more frequent, than it can appear on the face of it».

In [2] is underlined, that: « tunnel effects in in the
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systems meet much more often, than it can seem at first
sight ».

Mathematically this process can be described as
follows [5-7].

We will suppose, that there are two some stationary
states ¥, and ‘¥, with close energy W, and Ww,,
corresponding to operator W . Between these states the
transitions are possible and the systems W' , described such
transition, is non-stationary.

_ [on iyt
Y=a¥e™ +a,¥,e (1)
6
where @,,@, - complex numbers: a, =|qa, e,
1) . . -
a, =la,| e, satisfying a condition

|a1 |2 +|052 |2:1~

For a defect which has two minimums of surface of
potential energy, at transparent barrier the position of
system in one of two minima ¥, or ‘¥, will correspond to
stationary states. In case, if the barrier is appeared the
transparent for tunneling, the system pass to superposition
state, described by equation (1). As pointed in [7], instead
of “not coherent mix of two stationary states we deal here
with their superposition, adequate to some non-stationary
state”.

If apart from wave’s functions ¥, and ‘¥, the
ortonormal functions ¢, and @, to enter as follows:

N A PR e
=T h T T a
2 V2

that @, , @, will describe too the superposition state of our

@)

system also. Really:

iw iyt iy iw,t

"+a,e - "—ae o
V2 ' V2 -

Here the functions ¢,, @, are correspond to some

a.e

p =% a6

(€)

other operator £ having the eigen values &, &, .
In such case the probabilities of that the system accepts
the values W, and W, will be estimated by the coefficient

a,, &, ;thevalues &, &, willbe estimated by magnitudes

P\D>-

1
)2 :EH a, |2 +|a2|2 +2|a, | a,|cos(Q t+0)

1
pr=k @ P +lasf 2]a] a | cos(@ 1+8)(@

where: Q:a)l —,, 5251 —52.
Thus, if the probabilityes of being in one of the states

W, or ¥, are defined by coefficients &, ¢, and do not
depend from time, such dependences is take place for
P, D, and are defined by equations (4). For | ¢, |5 &, |=
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1/2 the transitions will be most brightly expressed. To such
case correspond (for two well’s defect) the absence of the
energy’s gap O between the minima on a potential surface.

In common case the state of system with two minima
is describe [5 - 7] by equation:

O=L0x+B0x, ®)

We will suppose that the functions ¥, u J,, which
not depend from time, correspond to orthonormal states of
systems from two states, i.e. it its own basal states. The
change in time of function 181, P, is described [7] by

system of equations.

L d

lh% =H,B+H,pB

L d

in b =H, B +H,pB (6)

Hy, =W HYdV
where H - operator of disturbance, V' - volume.

Coefficients H,, H,, are arisen in connection with

not zero probability of transitions from state ¥, in ¥ and
2
back. We will accept its equal: -A (A —the positive number).

The H,,H,, - correspond to energy of the not
disturbance state. At the equivalent potential wells,
H,,,H,, accept an identical value of energy, we shall
designate this value as E .

For the system of equations (6) in case of absence of

decay H,, =H ;’1, and in case of absence of tunneling
(interaction with subsystem) H, ,=0[7].

Let’s write out the decisions of the system of equations

(%), [7]:

1 :
O =——R 1 +1)
R 7
1
O, =——=(—R1>) @)
SN T T
R= Hy
Hl +H2 i\/(Hl _Hz )2 +|H2 ’2
2 4

For energies, proper to states ¥, ¥, , we have:

H. +H H, . —H,)
E1,2: 112 22 i\/( 11 4 22) +|H12 |2 (8)

The inclusion of the mechanism of interaction between
subsystems means, that the level with energy of E,

corresponds to the states ¥, and ¥, , under action of some
disturbance is slightly splitting. We will designate the size
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of splitting as AE . From (8) we have:
AE=E,-E =2H, )

According to [5-7], the splitting of a levels means that

the states ¥, and ¥, are not the stationary and in system
are arise the beating with frequency f =2H,/h .

For not symmetrical quantum well the values of

and H ,, do not coincide, and, consequently, there are the

own location of levels for each of minima: /fl and Afz .

In this case we have [6] at H ,H,, = A from (8):

2
E”:H1 +Hy, H -H, || 44 (10)
’ 2 2 (Hl _Hz)
If: |H, -H, |> 4,
A2 2
E=H +—2% _p=m ——4 . an
1~ 442 1~ 2

Thus, the accounting of the amplitude 4 of a passing
from one of state to another gives the insignificant change
of levels from the position from levels with energy
and H,, [6](at which the tunneling is, practically, absent).

As follows from the calculation carried out in [3], the
positions of minima in divacancy of silicon is not equivalent,
therefore the divacancy is in configuration, corresponding to
the central minimum. However it is possible to pick up the
parameters of an external field at which the configuration
of divacancy will be displaced and at the certain
characteristics of this field the pulsations, corresponding
to periodic transitions from one configuration minimum in
another are possible. If to influence by a variable field, it is
possible to pick up the resonant frequency and to have an
opportunity of an experimental research of the processes
caused by tunnel transitions.

However is possible and another method of influence.

It was found that is observed the dependence of the
position of Fermi level, and also the concentrations of
defects which are revealed as be situated in some one of the
minimums, from the type of irradiation and dose of
irradiation [8]. In addition, in accordance with experimental
dates consider that for 7 —Si 0.7 % divacancy have a
central minimum in the first configuration, and 0.3% in the
second configuration. For p—Si, vice versa: 0.3%
divacancy have such minimum in the first configuration
and 0.7 % in the second.

On the basis of the above mentioned equations, it is
possible to postulate that such ratio indicate on the presence
of superposed transitions between minima of divacancy. It
means that instead of asserting that the certain percent of
divacancies has as the central the one minimum and the rest
of divacancies has as the central the other minimum, we
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pass to other treatment of observable dependence. We
assert that the states of divacancy are not independent, and
are in the superposition state, described by equalization (5),
where the ratio between ﬁ1, and f, determine the

probability of a presence of the system in each of the states.
It means, that divacancies in the given material are identical
concerning an arrangement of minima, but here minima are
not equivalent. The reasons bring to such non equivalence
are ambiguous and in this article are not discussed, however
is clear that by introduction of certain radiation defects it is
possible to influence on the configuration parameters of
divacancy.

Certainly, experimental researches are necessary for
detection of pulsing fluctuations of divacancy in silicon
at external influence. The defective centers which are
used for researches should be in close energy states. It is
desirable to investigate simultaneously some such centers,
taking into account that in devices of quantum information
technologies the usual number of the required active centers
no more than several tens.

Let’s note that the size of splitting AE much less than
energy of the possible fluctuations AV , set by the position
of a vibrating level in any from minima of potential
adiabatic energy. Usually, as follows from [2], the
frequency of pulsations (beatings) f  is in the range of
micro-waves or ultrasound [2].

Some types of clustered defects can be convenient
object for studying of possible collective effects for
divacancies, close located between itself. It is known
that clusters formed in silicon at an irradiation, mainly
consist from divacancies [9], which can be between itself
in entangled state. For the decision of multi-aspect tasks
on creation of devices of quantum information technology
with application as elements of devices of divacancies the
additional researches are needed.

It is very important to develop the technologies
allowing to create a few active centers, which could be
used as qubits being in the entangled state. Thus, the time
of decoherency for such centers must be more than the time
of execution of various quantum transformations. But such
works are conducted and in some cases of uses of some
types of the bistable centers find the successful decision.
The divacancies of silicon can be such centers.

The offered approach has the general character and
can be distributed and on the others bistable centers in
silicon or other compounds. It opens the opportunities for
creation of devices of quantum information technologies
[9] on the basis of such bistable centers.

Conclusions
The bistable defects can have the superposition states,
the transitions between which correspond to resonance
frequencies of such systems [2]. The divacancy of silicon,
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as bistable defect, also can display itself as the system
with two states (minimums) between which it is possible
the interferential transitions. It opens the perspectives of
using of divacancies in technology of quantum information
systems.

The analyses of the materials of literature sources
about of characteristics of divacancy, presented in this
article, has been made with the position of theory of
interferential transitions in quantum systems.

In accordance with experimental dates consider that
for n—Si 0.7 % divacancy have a central minimum in the
first configuration, and 0.3 % in the second configuration.
For p—Si, vice versa: 0.3% divacancy have such
minimum in the first configuration and 0.7 % in the second.

It is possible to postulate, on the basis of the
above mentioned equations, that such ratio indicates
on the presence of superposition transitions between
configurations (by minimums) of divacancy. It means
that the states, proper to positions of the system in one or
another minimum are not independent. In such system there
are beatings, proper to the transition of divacancy from one
configuration state to other.

In superposition state, the system does not have the
stationary position, and the configuration state of the
system is determined by probabilistic correlations which
are fixing experimentally, but not correctly interpreting as
percentage of divacancies, which have a central minimum
in the first or in the second configuration.
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Properties of barium ferrite powder,
prepared using a flux additive Na,O

N.M. Borisova, Z.l. Sizova, E.V. Shurinova, K.A. Mozul’

V.N. Karazin Kharkov National University, Svobody sq. 4, 61022, Kharkov, Ukraine

Within ceramic technology using sodium as a flux component by precipitation from the melt obtained microfine powder of
hexagonal barium ferrite. Defined functional magnetic parameters: the coercive force, and a constant effective magnetic anisotropy
field and the maximum magnetic energy. The level of the received parameters corresponding to the requirements of the hard magnetic

powder materials.

Keywords: magnetic properties, coercive force, residual magnetization, single-domain particles

B pamkax kepamidHOi TexHOJOTril 3 BUKOpUCTaHHAM Na,O B AKOCTi OHOIO 3 KOMIIOHEHTIB (DIIFOCY METOIOM OCA/KCHHS 3
pO3IuIaBy, OTPUMAHO MiKPOJICIIEpCHUH MOPOIIOK TeKcaroHaabHOTro (eputy Gapiro. BusnadeHo ¢yHKIiOHAIBHI MAarHITHI TApaMeTpH:
KOCPIMTHBHA CHJIAa, KOHCTAaHTa 1 TIoJie e()eKTHBHOI MArHiTHOI aHi30Tpomii Ta MakCHMaJbHA MarHiTHa eHepris. PiBeHb OTpUMaHUX
rmapaMeTpiB BiANOBIAa€ BUMOTaM, 10 Tpe IBISIOTHCS 10 MarHITOTBEPAUX MOPOIIKOBUX MaTepialiB.

Ki1ro4oBi cji0Ba: MarHiTHi BIaCTUBOCTI, KOEPLUTHBHA CHJIA, 3AJIUIIKOBA HAMArHIYEeHICTh, OAHOJOMEHH] YaCTUHKH.

B pamkax kepaMH4eCKOH TEXHOIOIMH € UCTIOMb30BaHHeM Na,O B KaueCTBE O/JHOTO M3 KOMIIOHCHTOB ()III0Ca METOIOM OCaXICHHS
13 pacIIaBa, MOIy4YeH MUKPOANCIIEPCHEIH MOPOIIOK TeKcaroHaAIbHOTo (eppura Gapus. OnpeneneHs! GyHKINOHATBHBIE MATHUTHBIS
rapaMeTphl: KO3PIUTUBHAS CHJIA, KOHCTaHTA ¥ 1oje () (EeKTUBHOI MarHUTHOM aHM30TPOIMU M MAaKCHMaJIbHasi MaTHUTHASI SHEPTHS.
YpoBeHb MOIY4EHHBIX TAPAMETPOB COOTBETCTBYET TPEOOBAHMAM, IPEABABIIEMBIM K MATHUTOTBEP/IBIM OPOIIKOBBIM MaTepHaIaM.

KonroueBble ciioBa: MarHUTHBIE CBOMCTBA, KOOPIIUTHBHAS CHIIA, OCTATOUHAs HAMArHUUEHHOCTb, OJJHOJIOMEHHBIE YaCTUIIBI

Introduction

One way to control the magnetic properties of the ferrite
powders is to use of additives, containing as paramagnetic
so diamagnetic ions. This supplements can play a role of
“providers” of replacement of ions, that is, to change the
original chemical composition of ferrite, and can regulate
the morphological parameters of the particle, which is also
affected, in one way or another, on the magnetic parameters
of the powder as a whole.

This issue is devoted to a series of papers [1-5].

In [1], we measured the coercive force H_ of the
hexagonal barium ferrite BaFe ,0,,, belonging to the class
of hardmagnetic materials and finding a wide application
in various spheres of human activity: technology, ecology,
medicine. As a substitute Fe ions used ions Al, Cr, In
and combinations of ions ZnGe, ZnV, ZnNb, ZnTa. The
substitution for ions of Al, Cr, In leads to an increase
in coercive force, which is interpreted as the result of
increasing the critical single domain size and magnetic
anisotropy field. In the case of other specified substitutions
coercive force is decreased due to the decrease of the
anisotropy field. In [2] studied the effect of the introduction

of a number of additives in the form of oxides, in the initial
and intermediate stages of sintering, on the coercive force
and residual magnetization pre-prepared barium ferrite
powder of stoichiometric composition. It is shown that the
addition of SiO, and Al O, increased coercive force and
maximum magnetic energy (BH)_ ., unlike TiO,, MgO,
NiO and SnO,, which have a negative impact. In [3] were
used oxides of iron obtained from the iron pyrite and is
initially containing impurities. The presence of impurities
affect the rate of synthesis and magnetic properties of the
final product: the additive CuO, ZnO and CaCO, increases
the rate of synthesis, but has little effect on the value
(BH), . while the impurities MnO, SiO,, AL,O, slowed
synthesis and lowered (BH)__ .

Impact additive Na,0O presented in the literature
insufficient [4, 5]. In [4] it shows that the addition of Na,O
after firing in amounts up to 0.15% resulted in a significant
increase in the coercive force and maximum magnetic
energy. In [5] during the growth of crystals BaFe ,0 , from
solution in the system Fe,O,-BaCO,-Na,CO, were received
large crystals (up to 6 mm) of high quality.

The aim of this work was to obtain barium ferrite

©Borisova N.M., Sizova Z.1., Shurinova E.V., Mozul’ K.A., 2015
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powder within the ceramic technology using Na,O as one
of the components of the flux and the investigation of final
product properties.

Preparation of the barium ferrite powder
For barium ferrite powder preparation used method of
precipitation from a melt in accordance with which to a
mixture of ferrite-forming components a flux is added. As
ferrite forming-components used BaCO, and y-Fe,O,. The
reaction was held at relatively high temperature (1100°C)
in accordance with the equation
BaCO,+6Fe,0,= BaFe ,0 ,+CO,1 (1)
in the presence of a flux, the main component of which
was water-soluble BaCl, - 2H,O. As a modifying addition
unused carbide sodium
Na,CO,—Na 0+ CO,1.
Na,O content in the flux is ~ 1%.
In studying the specific effects of small particles and
thus superfine powders, of paramount importance is the
size factor.

2

i

Fig.1. An electron micrograph of the powder particles
and their size distribution.

Fig. 1 is an electron micrograph of the powder
particles and their size distribution. The particles have a
characteristic hexagonal shape. The average value of the
diameter <d> = 1,2 pum, that is the condition for single-
domain particles of barium ferrite d<I1,4 pm [6]. Thus 85%
of the particles have a size in the range of (0.5-1.5) um,
which gives rise to an homogeneity of the resulting powder.

Magnetic properties
Magnetic measurements were performed at T =300 K
in the induction type magnetometer. Functional magnetic
parameters of fine ferrite materials have been identified
as a result of the research processes of magnetization and
demagnetization. The studies were conducted on a pre-
demagnetized non-oriented powder samples with packing
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factor of 0.4. Figure 2 shows the principal magnetization
curve and the limit hysteresis loop of the sample. In
the magnetization curve is observed characteristic of
powder samples unsaturation of magnetization in fields
exceeding the field of magnetocrystalline anisotropy of
makroanalogue (17.8 kOe). The value ofhigh-field magnetic
susceptibility y =7 - 10* - G - cm® g' - E! is in the range
given in the literature for high-distersive ferrite systems
(1-10-G-cm? g!- E') [ 7,8]. The value of the magnetization
in the anisotropy field makroanalogue is 18% lower
for makroanalogue that explains the “canted” magnetic
structure of the structurally defective near-surface region of
small particles [9]. Measurement of principal magnetization
curve and limit hysteresis loop allowed to determine such
fundamental parameters as coercive force H, constant
K<™ and field H " of effective magnetic anisotropy, the
maximum magnetic energy (BH) . Experimental value
H, = 4 kOe is approximately two times smaller for this of
maroanalogue but is correlated with the data of reference
[10] for magnetically powder materials.

T T T
-1,5 -1,0 -0,5 0,0 0,5 1,0

H*107, Oe BH*10°, G*Oe
Fig.2. Principle magnetization curve and the limit
hysteresis loop of the sample.

To determine the magnetic anisotropy constant and
the field of used the “area method” [11], according to which
the area bounded by the demagnetization curve in the first
quadrant and straight, extrapolating high-field port of the
magnetization curve of I(H) to the field H = 0 (Fig. 2,

2 .
shaded area ) equals EK 4" The resulting value K¢ = 1,4

- 10° - erg cm?. Effective magnetic anisotropy field of the
test powder as a system of randomly oriented single-
g 2K7
domain one-axis particles Haﬂ == =8.8-10° Oe.
N

If there is no interaction between the particles [12] the

coercive force for such a system

HC = 0.48H§ﬂ =4.2 KkOe - a value close to the

experimentally obtained.

BicHuk XHY, cepis «®isukay, sun. 23, 2015



N.M. Borisova, Z.1. Sizova, E.V. Shurinova, K.A. Mozul’

-20 -10

c,G cm® g'1

-60 -
H, kOe

Fig.3. Demagnetization curve and magnetic energy is

calculated according to her.

The maximum magnetic energy (BH), - parameter
characterizing the density of magnetic energy stored in
the magnetic material during magnetization is determined
from the dependence of BH=f(B) in the second quadrant,
Fig. 3. For the test powder (BH) _=0,79-10° G - E 10°,
which corresponds to the upper limit of the range of values
of this characteristic for the untextured powder of barium
ferrite without additives [10].

Conclusions

1. The proposed technology has provided high quality
of the resulting powder in terms of morphology and particle
size distribution in the micrometer range.

2. This constant effective magnetic
anisotropy KT in order of magnitude equal to the value for
macroanalogue.

3. The value of the coercive force H, determined
directly from the limit of the hysteresis loop, close to that
calculated from the relation between H_and the anisotropy
field HeT is valid for non-interacting particle systems.

4. The value of the maximum magnetic energy (BH)__
to the powder under study corresponds to the top value of
this characteristic for the barium ferrite powders modified
without fluxing agents.
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The galvanomagnetic properties of two-dimensional conducting
systems formed by nanocrystallites CrSi, in the plane (111) of Si
single crystals with a different type of conductivity
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The temperature dependences (in a range of 20 — 300 K) of the resistance, magnetoresistance (up to 5 T) and Hall electromotive
force of silicon samples in which the chromium disilicide CrSi, nanocrystallites were arranged in plane (111) have been studied. Two
samples which were prepared on silicon substrates with hole and electron conductivities were investigated. The transport properties
of these systems are explained within the interhollow hopping band conductivity model. At T >50 K conductivity at the systems
substantially depends on the characteristics of silicon.

Keywords: chromium disilicide, epitaxial silicon, the temperature dependence of the resistance.

BuBuena noseninka omnopy, mMaraitooropy (mo 5 Tm) ta 3.p.c. Xonma mnpu 3MmiHi Temneparypu (B iHtepsani 20 — 300 K)
3pa3KiB KpeMHit0, B AKMX B miomuHi (111) po3TamoByBanucs HaHOKPUCTATITH jucwiinuay xpomy CrSi,. Bupuamucs nsa 3pasku,
10 BUTOTOBJICHI HA KPeMHIi 3 AIPKOBOIO Ta €JIEKTPOHHOIO HpOBinHIicTIO. IIpW HU3BKHUX TeMmIIepaTypax TPAaHCIOPTHI BIACTHBOCTI
JOCTI/PKEHUX CHCTEM IIOSICHEHI 3a JIOIOMOIOK 3alpONOHOBAHOI MOJENTI «MDKIYHKOBOD» CTPHOKOBOI 30HHOI MpoBigHOCTI. IIpn
temmeparypax T >50 K npoBizHICTE cHCTEM JOJATKOBO 3aJE€KHTh Bl XapaKTEPUCTUK KPEMHIIO.

KurouoBi ciioBa: qucuiminma Xpomy, emitakciiHuil KpeMHil, TeMIepaTypHa 3aJeXHICTh OTopy.

V3ydeHo noBeneHne CONMPOTHBICHHsS, MarHuToconpoTusieHus (1o 5 Ti) u ».a.c. Xomna nmpu U3MEHEHUM TeMIeparypsl (B
nurepsane 20 — 300 K) o6pasnoB kpemMHUsI, B KOTOPBIX B IutockocTH (111) pacmonaranick HAHOKPUCTAIUIUTHI AUCHIHIHIA XpOMa
CrSi,. M3yyanuce 1Ba 06pasia, U3roTOBJIEHHBIX Ha KPEMHHHU C IBIPOYHOMN 1 OJIEKTPOHHOH IIPOBOAMMOCTBIO. [Tpy HU3KUX TeMITepaTypax
TPAHCIIOPTHBIE CBOKCTBA MCCICAOBAHHBIX CHUCTEM OOBSICHEHBI C TMOMOIIBIO MPEIOKEHHONH MOJENH “MEKITyHOUHON MPBDKKOBON
30HHOM npoBoxumocTH. [Ipu Temneparypax T >50 K npoBoauMocTb cCTEM JONOIHUTEIBHO 3aBUCHT OT XapaKTEPUCTHK KPEMHUSL.

KuroueBbie cjioBa: JUCHUIMIUI XpoMma, SMUTAKCHATBHBIN erMHHﬁ, TeMIieparypHas 3aBUCUMOCTb COITPOTHUBJICHU .

Introduction other electric instruments [9, 10]. Quantum points are the

Transition metal silicides possess properties that in
many respect attractive for applications in present-day
microelectronics, optoelectronics and spintronics in
particular [1, 2]. This is first of all due to their high
compatibility with traditional silicon technologies [3].
Chrome disilicide (CrSi,) is alow energy gap semiconductor

(Eg =0.32 eV) grown epitaxially on silicon of (111)

orientation [4, 5].
CrSi,/Si based heterostructures [6,7] are promising
for development of thermoelectric transducers [8] and

basic material of nanoelectonics, a rapidly progressing
trend in microelectronics. Introduction of ultrasmall
ordered quantum points, or nanocrystallites (NC), can lead
(depending on the nature of clusters) to development of
high-resolution LED screens and fast detectors. The optical
and electrical properties of such nanostructures depend first
of all on the density and the size of the introduced NCs,
as well as the spacing between them in the nanocomposite
layer. When investigating the transport properties of such
systems, it is important to solve the problem of short-
circuiting the NC layer by the substrate. In particular, it was
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shown [11] that after forming an atomic pure Si (111) 7x7
surface, the high-temperature annealing at T = 1250°C leads
to appearance of a p-n junction on the Si n-type surface
and the sign of the Hall voltage changes. Besides, a hole-
enriched layer develops on the Si surface with the p-type
conduction. The change in the dopant type at lowering
temperature is also important [12]. The goal of the study
was to investigate the influence of the type of conduction
in the substrate on the transport properties of the CrSi, NC
layer formed in the (111) plane of silicon.

Samples preparing

The technology of sample preparation was as follows
[13]. A small quantity of Cr (~1 A in terms of monolayer
thickness) was short-time deposited on the (111) plane
of silicon. The Cr-deposited face was then covered with
an epitaxial Si layer. The crystal was annealed at 750
°C to conduct a solid-state reaction and to obtain a two-
dimensional CrSi, layer of NCs in the Si matrix. The
structure, the morphology and the optical properties of
the NCs were investigated using transmission electron
microscopy (TEM), atomic-force microscopy (AFM),
ultraviolet photoelectron spectroscopy (UPS) and optical
reflection spectroscopy (ORS). The formation of the CrSi,
phase was controlled via UPS, ORS and TEM observations.
The Cr distribution was investigated using the Rutherford
backscattering (RBS) effect [14]. According to the electron
microscopy data, the samples contained two types of
CrSi, nanocrystallites: small (~ 3 nm) and large (20 — 40
nm). The height of the NCs was 2 — 4 nm. The average
distance between the small crystallites was ~ 20 nm and
their surface density was =~ 2.5-10" cm?. The surface
density of the large NCs was =~ 3-10° cm™. The conduction
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in such a heterosystem proceeds in the plane containing
crystallites and can be considered as the conduction of a
two-dimensional system.

For a matrix crystal we used single crystal
(111)-oriented Si plates. The boron doped Si plate with the
resistivity 1 Ohmxcm (type SHB-1) was used to created
sample with p-type substrate (sample A) and plates P-doped
plate with resistivity 0.3 Ohmxcm (type SEP-0.3) used to
created sample with n-type substrate (sample B).

Galvanomagnetic measurements were performed on
samples of a Hall-bar configuration in the form of a narrow
strip ~ 1.5 mm wide and ~ 9 mm long. The magnetic field
up to 5 T was created with a superconducting solenoid with
an automatic field scan. For these samples the temperature
dependences of resistance, magnetoresistance and Hall emf
taken at T = 20 — 300 K in magnetic fields up to 5 T have
been investigated.

Results and discussion
The temperature dependences of samples resistance
P, areillustrated in Fig. 1. They exhibit a semiconductive

type of behavior.
The dependences of ln( pxx) on 1/T shown in

Fig. 2 allows to estimate the fulfillment of the Arrhenius
law [15]:

E
pi(T)=pyexp| —= |, (1)

k,T
which describes the temperature variations of resistance
in different temperature intervals. The temperature
dependences in Fig. 2 are nonmonotonic and can be
subdivided into three temperature intervals in which
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O 10t S,
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Fig. 1. The temperature dependences of resistance of samples A (a) and (B).
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Fig. 2. The dependence of resistance of samples A (a) and (B) on inverse temperature. The straight lines are the

calculation by Eq. (1) for the corresponding temperature interval.

resistance, magnetoresistance and Hall emf are distinctive
in their behavior. In T-interval I (20 — 30 K) the energies £,
estimated from Eq. (1) are identical for both the samples: £,
=15.5 meV. In this interval the conductivity is independent
of the properties of the Si matrix and is realized only in
the NC plane. The features of the temperature variations
of resistance are interpreted within a proposed model of
“interhollow” hopping conductivity [16].

Because of electric field and temperature influence,
the electrons (holes) escape from the CrSi, nanocristallites
located in one crystallographic Si plane, which deforms
the energy spectrum of the semiconductive system in
this plane. If the NCs are positively charged, hollows
(cavities) are formed in the band conduction bottom. They
are occupied by the electrons that escaped from the NCs
or were activated from the valence band. If the NCs are
negatively charged, they produce “antihollows” (bulges)
in the valence band top where holes accumulate. The
“hollows” and “antihollows” can be considered as quantum
wells for electrons or holes in which carriers occupy the
quantum dimensional states. In the electric field the charge
carriers hop between the “hollows” and “antihollows”. It
is particularly important that the hopping transition occurs
in the conduction band for electrons or the valence band
for holes. This transport can be concurrent with activation
from the quantum level in a “hollow” or “antihollow”.
The charges on NCs lead to reducing the distance from the
valence band to the conduction band bottom, which, among
other factors, may be responsible for the low activation
energy, as compared to the order-of-magnitude higher
activation energy in Si doped with impurities [15].

In T-interval I the magnetoresistance of the investigated
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samples varies practically linearly with the magnetic field
(Fig. 3). The linear magnetoresistance can be explained in
terms of the proposed hopping band mechanism as follows.
In the perpendicular magnetic field the paths of the hopping
holes are bent as a consequence of the cyclotron motion.
The straight-line distance between the start and finish of a
hop can be taken as an effective mean free path. The straight
line is a chord of the cyclotron orbit and its length depends
linearly on the cyclotron orbit radius. As the strength of
the magnetic field grows, more and more holes hop to the
nearest start region. As a result, the effective mean free
path decreases linearly with the growing magnetic field
strength, the temperature-dependent length of the cyclotron
orbit are being unaltered. This cause a linear growth of the
correction to the starting resistance, i.c., to a linear field-
induced variation of magnetoresistance [16].

It is surprising that at the lowest temperatures
(T-interval 1) the samples exhibited very high values
of magnetoresistance, which decreased rapidly the
temperature rising.

The Hall component of magnetoresistance is linear
in T-intervals 1 for both samples, which suggests a
negligible contribution of the matrix crystal resistance to
magnetoresistance in this temperature interval. The density
n and the mobility u of the charge carriers in T-interval I
can be calculated using the following equations:

u=0oR, @)
n=t R =z ?3)
Re " IB’

where [ is the current and B is the magnetic field strength.
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Fig. 3. The dependences of the reduced resistance of samples A (a) and (B) on the magnetic field.

It is found by Eq. (2) that in T-interval I carrier
mobilities are very high both in samples A and B, which
rather uncommon to inhomogeneous samples. The
typical hopping mechanism is a process of charge carrier
transitions between neighboring impurities and such hops
proceed in the forbidden band of a semiconductor. As a
result, the carrier mobility in the region of normal hopping
conduction is rather low. In this case the hopping transport
of electrons (holes) proceeds in the conduction band (or in
the region near the top of valence band for holes), which

BicHuk XHY, cepia «®isunkay, sun. 23, 2015

affords a high carrier mobility.

At higher temperatures, in temperature diapasons T =
30 - 50 K (Il) and T = 50 — 250 K (III), the temperature
dependences of both samples are similar qualitatively but
vary much quantitatively. For example, in T-interval II the
activation energy £, = 9.4 meV for sample A and 11 meV
for sample B, in T-interval I1l £, =41.8 and 37.5 for sample
A and B, respectively. Hence, in T-interval II the activation
energy decreases as temperature rises. This is contrary to
the normal activation process which should enhance and
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Fig. 4. The description of the longitudinal (a) and Hall (b) components of magnetoresistance of sample B (theory [17])
at T=69.5K.
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activation energy should grow as temperature rises. In the
hopping conduction mechanism the energy £ characterizes
the average energy difference between the starting and final
positions of the hopping electron and therefore sensitive to
the topological features of the object.

The magnetic field dependences of resistance also
vary significantly in these T-intervals (see Fig. 3). The
character of the changes in the magnetoresistance of
sample B (Figs. 3b, 4a) and the nonlinearity of the Hall
component of magnetoresistance (Fig. 4b) suggest that the
conduction properties of the matrix crystal are essential
under these conditions and its mobile carriers create an
additional channel bypassing conduction along the CrSi,
NC layer. In this case the densities 7, n,and the mobilities
i, u,of the carriers in both conduction channels can be
calculated using the theoretical model [17] which gives
the magnetoresistance components in the semiclassical
approximation:

ity (14— 11,)" B?

Pu(B)=p,| 1+ (4
' GRS )2 + (Pt )2 B’
2 2
P (B)=_<,U >+(rﬂ1ﬂzB) B )
N (1) +(russB) e
where p, =—————— is the resistance in a zero
(mp +nyp, ) e

> _mA +mi,

magnetic field, < MU
n, + n,

is the averaged
mobility, » is dimensionless parameter characterizing the
scattering between the conduction channels. If » = 1 Egs.
(4) and (5) turn to the expressions commonly used for
noninteracting conducting channels. This model describes
positive magnetoresistance which saturates as both the
carrier groups progress to the condition of semiclassical

strong magnetic field 4,8 > 1. The description of the
experimental dependences of magnetoresistance of sample
B according to Eqgs. (4) and (5) are illustrated in Fig. 4
(solid lines). We could thus calculate n,, n,, u,, 4, and the
parameter 7. The obtained characteristics of sample B are
shown in Fig. 5 for the carriers of group 1 (solid triangles)
and group 2 (empty triangles), » = 1. It may be concluded
that the contributions of both channels to conduction are
independent and additive.

The resistance of sample A responds to the magnetic
field in a more complex way at the temperatures
studied, including above all the regions with negative
magnetoresistance in the range of T =75 — 90 K. Negative
magnetoresistance in the circumstances of variable-range
hopping conduction was predicted in [18, 19] and observed
in [20, 21]. Negative magnetoresistance can also be caused
by localization of electrons in the impurity band near the
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hydrogen-like center. Hypothetically [22], a part of solitary
impurity atoms can trap an extra electron and thus acquire
a magnetic moment, the so-called localized spin. Localized
spins and conduction electrons can develop an exchange
interaction. It is possible that the spins of the interacting
electrons are nonparallel and scattering can cause spin
reorientation, an additional inelastic scattering
mechanism can operate alongside the common mechanisms
of scattering. In the external magnetic field spins line up
with the field and the portion of the field-oriented spins
increases as the field grows and the temperature lowers.
Therefore, the inelastic mechanism of scattering operates
as if it is partially switched off by the magnetic field, which
suppresses the crystal resistance. A rise of the temperature
causes spin disordering and the negative magnetoresistance
effect changes to the positive one. Unfortunately, it is
impossible to separate the contributions to conduction
made by carriers located in the CrSi, NC plane and in the
matrix crystal.

ie.,

Conclusion

The transport properties of two samples in which the
chromium disilicide CrSi, nanocrystallites were arranged
in silicon plane (111) with hole and electron conductivities
were investigated. For this the temperature dependence (in
the range 0f20—300 K) of the resistance, magnetoresistance
(up to 5 T) and Hall electromotive force was experimental
get and study.

It was found, that studied samples conductivity
has complicated character, this is shown in singularity
of experimental temperature dependencies of samples
resistance.

It was discovered, that studied samples exhibit very
high mobility of the carriers at low temperatures (~ 10°
cm?Vist),

Another feature of this object is the giant linear
magnetoresistance appearing at low temperatures.

At low temperatures the unusual properties are
interpreted within a proposed model of “interhollow”
hopping band conduction implemented in 2D systems
created by chromium disilicide CrSi, nanocrystallites
arranged in plane (111) of silicon matrix. At T > 50
K systems conductivity substantially depends on the
characteristics of silicon.
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Electric conductivity of LiNaGe,O,:Cu crystals

O.A. Bibikova, M.D. Volnianskii, M.P. Trubitsyn

Oles’ Gonchar Dnipropetrovsk National University,
prosp. Gagarina 72, 49010, Dnipropetrovsk, Ukraine

Crystals of Li,0 — Na,O — GeO, system belong to the germane-germanates family, in which charge transfer is determined by
lithium ionic conduction. Conductivity ¢ of LiNaGe,O, crystals doped with Cu ions is studied in the paper. Measurements were
performed in AC field (f=1 kHz) in the temperature interval 300 — 800 K. It is shown that in contrast to the nominally pure crystals,
anisotropy of ¢ in LiNaGe O,:Cu is practically absent and conductivity has near the same values along three main directions. Activation
energy of conductivity in LiNaGe,O,:Cu crystals are higher, approximately, one and a half times in comparison with nominally pure
samples. Influence of Cu doping on temperature behavior o(T) is discussed with the help of EPR spectroscopy data. According to the
results of EPR studying, in LiNaGe,O, lattice lithium ions are substituted for bivalent copper centers Cu**—Li". Lithium or sodium
vacancies can compensate excess charge introduced by impurity. It is assumed that doping with Cu ions changes mechanism of charge
transfer from interstitial to vacancy.

Keywords: lithium-sodium germane-germanates crystals, impurity ions, ionic conduction.

Kpucramner cuctempl Li)O — Na,O — GeO, npuHajiekar CeMeHCTBY IepMaHO-TePMAHATOB, TEPEHOC 3apsia B KOTOPBIX
OTpPE/IENSIETCl MOHHON TPOBOMMOCTBIO MO JMTHIO. B paboTe uccmenyercst 3MeKTpOnpoBOMHOCTE G KpucTamios LiNaGe,O,,
nerupoBanubIx Cu. M3mepenust nposeneHs! B nepemeHHoM noie (f=1 kHz) B untepsane temneparyp 300 — 800 K. [Toka3zano, uto B
OTIIMYHE OT HOMHHAILHO YHCTBIX KpUCTamnos, 1yt LiNaGe,O,:Cu aHM30TPONHS G MPAKTUIECKH OTCYTCTBYET, H SNEKTPOMPOBOTHOCTh
nMeeT OIM3KKME 3HAYEHUS BI0JIb TPEX IIABHBIX HANPABJIEHUH. DHEPrUs aKTUBALH DJIEKTPONIPOBOAHOCTH B kKpucTamiax LiNaGe,O,:Cu,
MIPUMEPHO, B MOJITOPA pa3a BBIIIE 110 CPAaBHEHHIO C HOMMHAJIBLHO YUCTHIMHU oOpasnamu. Bnusuue mpumecu Cu Ha TeMIiepaTypHOe
nosezienne 6(T) obcyxaaeTcs Ha ocHose nanHbx DIIP cnekrpockonuu. CormacHo pesyssraram usydenus JI1P, B pemetke LiNaGe,O,
JIByXBAJICHTHBIC LEHTPbI MEIH TETEPOBAICHTHO 3amelatoT uoHbl jnuths Cu**—Li". B kauecTBe KOMIIEHCATOPOB 3apsiia MOTYT
BBICTYTIATh BAaKaHCHU JINTHS nO0 HaTpws. [Ipenmonaraercs, 9To BBeJeHIE IPUMECHBIX HOHOB Cu IPUBOAUT K U3MEHEHHIO MEXaHM3Ma
TIepeHoca 3apsija OT MEKI0Y3€IbHOTO K BAKAHCHOHHOMY.

KnroueBble ci10Ba: KpUCTAIIIBI INTHEBO-HATPHUEBBIX T€PMAHO-TEPMAHATOB, IPUMECHBIE HOHBI, HOHHAS TIPOBOJHMOCTb.

Kpucranu cuctemn Li,0O — Na,O — GeO, Hajexars JIo ciMelicTBa TepMaHO-TePMaHATiB, IEPEHOC 3aps/y B AKHX BU3HAYACTHCS
IOHHOIO TIPOBIHICTIO TIO JIiTiFO. Y POOOTi JOCIIIKY€EThCS eeKTponpoBianicTh ¢ kpuctanis LiNaGe,O,, nerosanux Cu. Bumipn
nposezieHi B 3minHoMy moni (f=1 kHz) B intepsaini Temneparyp 300 — 800 K. ITokxaszano, mo Ha BigMiHy BiJ HOMIHAJIbHO YHCTHX
kpucraiis, 1 LiNaGe,O,:Cu ani30Tponis G MPaKTHYHO BiJCYTHS, Ta €IEKTPONPOBIJHICTE Mac ONM3bKI 3HAYEHHS B3IOBXK TPHOX
TOJIOBHUX HanpsAMKiB. Enepris axtusanii enextponposignocti y kpucranax LiNaGe,O,:Cu, nmpubmusHo, y MiBTOpa pasu BHILA
MOPIBHSIHO 3 HOMIHAIBHO YHCTHMHU 3pa3kaMu. Brume nomimku Cu Ha TemneparypHy noBeiHky o(T) 06roBopro€eThCs Ha OCHOBI JAHMX
EIIP cniekrpockorii. 3rifHo pesynbratam BusdenHs EITP, y rparui LiNaGe,O, 1BoXBaIeHTHI LEHTPH MiJli FETEPOBAJICHTHO 3aMilllyiOTh
ionn sitis Cu>*—Li". B sKOCTi KOMIIEHCATOPIB 3apsiay MOXKYTh BUCTYNaTH BakaHCii JiTis abo Harpis. [IpuIrycKaeThesl, 1110 BBEICHHS
JOMIMIKOBUX 10HIB Cu IPU3BOAUTE 10 3MIHU MEXaHI3My HEpPEeHOCY 3apsiLy BiJl MiXKBY30JI5HOTO 10 BAaKaHCIHHOTO.

Kiro4oBi cj10Ba: KprcTau JiTi€BO-HATPIEBUX TEPMAHO-TEPMAHATIB, JOMIIITKOBI 10HH, 10HHA TIPOBITHICTb.

Introduction
In recent years an interest to the crystals of germane-
germanates family is growing due to the need for new

transition, are actively investigated [2]. Electrical properties
of nominally pure LiNaGe O, crystals were studied earlier
in AC field [3]. Significant anisotropy of o was observed

dielectrics with high ionic conductivity. In particular,among
the superionics there is a large group of solid solutions
based on lithium orthogermanate Li,GeO,. The best known
compound of this group is lisicon Li,,, Zn, GeO, (x=0.75),
electrical ~ conductivity = of  which is  about
6 ~0.13 Ohm'cm™ at T=573 K [1]. Among the family
representatives, the crystals of lithium-sodium germane-

germanates Li, Na Ge,O,, undergoing ferroelectric phase

for T>500 K. It was shown, that highest conductivity c was
detected for measuring field directed parallel to [001] axis,
along which there were structural channels containing Li
ions [4]. Conductivity of LiNaGe,O, crystals doped with
Mn and Cr was studied in [5]. It was shown that doping
with Mn didn’t practically change typical values and
character of ¢ anisotropy. On the contrary, doping with Cr
increased o approximately in one order, anisotropy of ©
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remained as in undoped crystals and highest conductivity
was detected along [001] direction. Available data showed
that in LiNaGe,O, structure Ge*" host ions located within
oxygen octahedra were substituted for Mn*" and Cr** doping
ions [6, 7]. These data allow to suppose that conductivity of
LiNaGe,O, crystals is determined by motion of interstitial
lithium ions (A,)).

Conductivity of LiNaGe,O, crystals doped with Cu is
studied in the paper. The data obtained are discussed on
the basis of the first results of EPR spectra measuring in
LiNaGe,O,:Cu crystals.

Experimental results

LiNaGe O, single crystals, doped with Cu ions (0.07
wt.%), were gown from the melt by Czochralski method.
Conductivity ¢ was measured in AC field (f=1kHz) by
bridge method along main crystallographic directions in the
temperature intervals 300-800 K. Samples for ¢ measuring
were prepared as the plates with dimensions 5x5x1 mm®
and main faces parallel to (100), (010) and (001). Silver
electrodes were deposited by vacuum evaporation method.
EPR spectra were recorded in X-range frequency by using
the serial radiospectrometer.

It is well known, that thermally activated growth
of electric conductivity can be described by exponential

function
O'(T):%-exp(—p%T) , ()

where proportionality coefficient A depends on carrier’s
charge, concentration and jump length, W — activation
energy of charge transport, k — Boltzmann constant, T —
absolute temperature [8]. According to (1), temperature
dependences of conductivity in LiNaGe,O,:Cu crystals
are plotted in fig.1 in Arrhenius scale for measuring
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Fig. 1. Dependences o(1/T) for LiNaGe,O,:Cu crystals,
measured in AC field (f=1 kHz) along axes: 1 — [100];
2 —[010]; 3 - [001].
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field directed along [100], [010] and [001]. One can see
that along main crystallographic directions ¢ has similar
temperature behavior and values. Activation energy of
conductivity is about 1.2—1.3 eV at T>500 K.

Discussion

It should be noted that for LiNaGe,O,:Cu crystals
anisotropy of ¢ is practically absent in contrast to strong
anisotropy observed in undoped crystals [3]. Besides the
data in fig.1 show that activation energy of conductivity
for Cu doped crystals (1.2—1.3 eV) is higher one and a half
times, than for nominally pure crystals (0.8-0.9 eV) [3].

Dependencies o(1/T) for nominally pure and Cu
doped LiNaGe O, crystals are compared in fig.2 (E||[001]).
It can be seen that in the studied temperature interval
for LiNaGe,O,:Cu crystals ¢ is noticeably lower than
for undoped crystals. Moreover, greater slope of o(1/T)
dependence indicates that comparing with pure crystals,
in Cu doped samples charge carriers should overcome
higher potential barriers moving between quasi equilibrium
positions. Obviously, that small concentration of Cu
dopant (0.07 wt.%) cannot change so strongly the potential
relief of the structure. One can assume that Cu doping is
accompanied by appearance of additional charged defects
and causes changing type of the major charge carriers.

The data on Cu ions state and localization in the
structure could clarify the mechanism of copper impurity
influence on conductivity in LiNaGe,O, crystals. Such
information can be obtained by EPR spectroscopy. EPR
spectra, shown in fig.3, evidence that in LiNaGe,O, lattice
copper ions are in bivalent state Cu®*. Accounting the ratio
between radiuses and charges of the impurity and host
cations in LiNaGe,O, formula unit (r_ ,, =0.72 A, =0.68

Cu2+ Li+

A r, =097 A,r,, =0.53 A), one can assume substitution
10° A 1
A2
_ 10°
IS
o 7
‘TE 10 A
0 Y
o 10 A
) . % AAA
) A
10 %BA A
-10 y v ANAAA A
10 AAAAAAA
| T I T T
1 2 3
10°T, K

Fig. 2. Dependences o(1/T) for LiNaGe,O, (1) and
LiNaGe,0,:Cu (2) crystals, measured along [001] axis.
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Fig. 3. EPR spectrum of LiNaGe,O,:Cu crystals,
BJ|[001], T=300K.

of lithium or sodium for copper ions as the most probable.
This assumption was verified by studying the angular
dependences of EPR spectra. It was shown that four
conjugated Cu®" spectra from structurally equivalent centers
were registered for the arbitrary orientations of magnetic
field B with respect to the crystal axes. According to [9],
magnetic multiplicity k =4 indicates that paramagnetic
centers occupy positions of triclinic point symmetry group
C, in LiNaGe,O, lattice (space symmetry group D, *). As
shown in [4], in LiNaGe,O, unit cell Li" ions are located
in the sites with point symmetry C,, whereas sodium ions
occupy positions of monoclinic symmetry C,. Comparing
the positional symmetry of the impurity and the host ions,
one can suppose substitution of lithium ion for copper
one Cu>*>Li". In that case, an excess charge introduced
by impurity can be compensated by remote vacancies of
lithium V; or sodium V.

Thus, heterovalent substitution Cu**—Li" increases
concentration of vacancies V , or V. The last ones can
act as the traps for interstitials A , mobility of which
determines conductivity in undoped LiNaGe,O, crystals
[5]. Obviously, concentration of copper dopant significantly
exceeds equilibrium content of A ; for studied temperature
interval. Therefore in LiNaGe,O,:Cu crystals lithium
interstitials are captured effectively and concentration
of A, significantly decreases. Oppositely, content of
vacancies V ; or V| is significantly higher than equilibrium
one, it is determined by dopant concentration and weakly
depends on temperature. It seems obvious, that V ; hopping
from the regular position to the neighboring free site should
overcome more high potential barriers in comparison with
motion of A . through quasi-equilibrium interstitial sites.
Considering noticeable difference in activation energies
(fig.2) and all mentioned above, one can assume that charge
transfer in doped LiNaGe,O,:Cu crystals is determined
by mobile vacancies V , or/and V| in contrast with A .
interstitials conduction regime in undoped crystals.

BicHuk XHY, cepia «®isunkay, sun. 23, 2015

Conclusions

The results obtained show that Cu doping significantly
affects conductivity of LiNaGe,O, crystals. Unlike
nominally pure crystals, conductivity of LiNaGe,O,:Cu
is almost independent of the measuring field direction.
Activation energy of conductivity in the doped crystals is
higher one and a half times than in the undoped samples.

Study of EPR spectra allow to suppose that in
LiNaGe,O, lattice lithium host ions are substituted for
bivalent copper Cu*" ones. The excess charge introduced
by heterovalent substitution Cu**—Li" can be compensated
by vacancies V  ; or/and V, which are surplus with respect
to equilibrium vacancy content. Based on the EPR data it
is supposed that doping LiNaGe,O, crystals with copper
changes charge transfer mechanism from the interstitial to
the vacancy.
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Mechanisms of electroconductivity in Na  Bi, TiO, single crystals

T.V. Kruzina', V.M. Sidak', M.P. Trubitsyn', S.A. Popov', J. Suchanicz?

'Oles Honchar Dnipropetrovsk National University, pr. Gagarina 72,
49010 Dnipropetrovsk, Ukraine
’Institute of Physics, Pedagogical University, ul. Podchorazych 2,
30-84 Krakow, Poland

The complex impedance spectra Z*(w) of Na  Bi ,TiO, single crystals were studied in the temperature interval 600-900 K and in
the frequency range 5-5-10° Hz. Experimental data are presented as diagrams in the complex (Z'-Z") plane and discussed on the basis of
the of equivalent circuits approach. In the studied temperature-frequency diapason the hodographs consist of two arcs and are described
by using an equivalent circuit, containing two serially connected parallel RC circuits. Shift of the arcs centers downward from Z' axis,
caused by distribution of the impedance relaxation times t, is accounted by substitution of usual capacities for generalized ones. The
high-frequency arc on the hodographs is associated with conductivity in the bulk of the sample. The low-frequency arc reflects the
charge transfer in the near electrode regions.

Keywords: sodium bismuth titanate Na, Bi,  TiO,, impedance spectroscopy, electroconductivity.

B remnieparypuoii o6mact 600-900 K u B uacrorroM auarnaszone S - 5-10° 'y u3yueHbI CrIEKTPbI KOMIUIEKCHOTO uMIienanca Z*(w)
Monokpuctamios Na Bi [ TiO,. DkcriepuMeHTaIbHbIC JAHHBIE MPEJICTABIEHB! B BHJIC MATPaMM Ha KOMIUIEKCHOH miockocTu (Z'-Z'")
1 00CY’)KHal0TCsl Ha OCHOBAaHWM METOJA SKBHBAJIICHTHBIX CXEM 3aMeIleHus. I M3ydeHHOTo TeMIepaTypHO-9aCTOTHOTO JHAala30Ha
roforpadsl copepkKar ABE AyTH U OMHUCHIBAIOTCS C UCTIONB30BaHNEM SKBHBAJICHTHONW CXEMBI, COCTOSIIEH M3 IBYX MOCIENI0BATENHHO
coefimHeHHbIX mapamienbHeix RC menouek. CmelieHne LEHTPOB AYr BHU3 OT OocH Z', 00yCIOBIEHHOE PACIpeieleHneM BpeMEH
penakcanuy T UIMIeaHca, y9TeHO 3aMEeHOIT 0OBIYHBIX eMKOCTeH 00001eHHBIMU. BbIcokouacToTHAs Jyra Ha roforpadax ConocTaBieHa
MIPOBOJIMMOCTH B 00beMe oOpasia. HuskoyacToTHas yra oTpaskaeT MepeHoc 3apsijia B IPUAIEKTPOIHBIX 00IacTsIX.

Karouesbie ciioBa: Hatpuii-BucMyToBbIH TuTanat Na Bi [ TiO,, nMIielaHCHAS CTIEKTPOCKOTIHS, SIIEKTPOIPOBOHOCTb.

B Temmneparypuiit obmacti 600-900 K i B wactorHomy miamasoni 5 - 5:10° Ty BUBYEHI CHEKTPU KOMILUIEKCHOTO iMIEIaHCy
Z*(o) monokpuctanis Na, Bi TiO,. ExcniepuMenTanbHi JaHi IpeiCTaBieHi y BUMIAAL AiarpaM Ha KOMIUIEKCHiH mommHi (Z'-Z'")
Ta 0OTOBOPIOIOTHCS HA MiACTaBi METOAY SKBIBaJICHTHHX CXEM 3aMilleHHs. J[s BUBYEHOro TeMIlepaTypHO- YaCTOTHOTO Jiala3oHy
roforpau MiCTITh Bl IyTH Ta OMUCYIOTHCS 3 BUKOPHCTAHHSIM €KBIBAJICHTHOT CXEMH, 10 CKJIAAA€THCS 3 IBOX ITOCIIIOBHO 3’€THAHUX
napanensHux RC naHIioxkKiB. 3cyB HEHTPIB AyT BHU3 Bif oci Z', 00yMOBIICHII PO3IIOALTIOM YaciB peakcamnii T iMIeaHCy, BpaXOBAHO
3aMiHOI0 3BHYATHUX €MHOCTEH y3araJsHeHMMH. BucokoyacTOTHa Jyra Ha rofgorpadax 3icTaBlieHa MPOBITHOCTI B 00’€Mi 3paska.
HuspkouactoTHa ayra BimoOpaxae mepeHeCeHHs 3apsAay B IPUEIEKTPOIHUX 00IacTsIX.

Karouosi ciioBa: Harpiii-sicmyTosuii Tutanar Na Bi [ TiO,, imnenancHa ClIeKTPOCKOIIs, €IEKTPOIPOBIIHICTb.

Introduction atmospheres made it possible to reveal the contribution of

Sodium bismuth titanate Na Bi TiO, (NBT) and
NBT - based solid solutions are inténsi\;ely investigated as
lead-free piezoelectric materials with high Curie
temperature [1]. NBT belongs to the family of ferroelectric
relaxors with A’, A” BO,-type perovskite structure. On
cooling, NBT crystal undergoes the sequence of structural
phase transitions: at T.= 810K from cubic paraphase to the
ferroelastic tetragonal phase; below T, = 490K to
rhombohedral ferroelectric phase [2, 3]. Probable statistical
disordering of Na* and Bi** ions in the A-position of the
crystal lattice and structural defects formed by oxygen
vacancies strongly influence physical properties of NBT.
Heat treating NBT single crystals in the different

the structural defects, created by oxygen vacancies VO" , to

the permittivity and conductivity temperature behavior [4].
Thus, the low-frequency relaxation maximum of & near
670 K is associated with the presence of associated dipole
complexes. Increase of conductivity at T> 700 K is
attributed to the formation of mobile defects [4, 5].

Experimental results and discussion
It is known that the important information on
charge transfer processes can be obtained by impedance
spectroscopy [6, 7]. In this paper we study the spectra of
complex impedance Z*(w)=Z’ — ixZ” in order to elucidate
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the mechanisms of charge transport in NBT single crystals.

The NBT single crystals were grown by Czochralskii
method. Before the measurements the samples were
annealed in air at 870K for 1h in order to destroy associated
dipole complexes responsible for low-frequency dispersion
of € near 670 K [5]. Samples were prepared as the plane-
parallel plates with main faces parallel to the (001). Platinum
electrodes were deposited by magnetron sputtering in an
argon atmosphere. Studies of Z*(w) spectra were carried
out in the temperature interval 600-900 K and in the
frequency range 5-5-10° Hz by Tesla BM-507 impedance
meter. Experimental data were obtained in the regime of
thermal stabilization.

Impedance spectra Z*(w) are presented as diagrams
in the complex plane (Z'-Z") on Fig. 1. For all temperatures
studied the experimental hodographs consist of arcs of
two semicircles. It is known [6, 7] that single arc in (Z'-Z")
plane can be described by the impedance of the parallel

RC circuit Z*(a))zZ(w:O)‘[l+ia)r]_l , where

o — cyclic frequency of the measuring field; =RC —
relaxation time associated with the charge transfer rate. The
hodographs consisting of two arcs are described by using

the equivalent circuit composed of two parallel RC circuits
which are connected in series.

The centers of the arcs, plotted in Fig. 1, are shifted
downward from Z’ axis. Such shifts are usually explained
as consequence of the relaxation time t=RC distribution
in the sample volume and described by replacing ordinary
capacities by frequency-dependent generalized ones
C*=Ax(io)*! (0<n<1) [7]. Considering the above, the
experimental plots were described by using the equivalent
circuit, which is shown in the inset to Figure 1 and has an
impedance

Z*(a)):[(RlleCl*) 1+(R2’l +iaC;) 1} 1)

The hodographs, computed with the help of relation
(1), are plotted in Figure 1 by solid lines.

According to [4] the charge transfer in NBT crystals
combines the electronic and ionic components. Combination
of electronic and ionic conductivity corresponds to a model
of “parallel layers” [7, 8] and can be described by parallel
connection of RC circuits, corresponding to the considered
transfer mechanisms. It is clear, that parallel connection
of several parallel RC-circuits is equivalent to single
parallel RC-circuit with parameters averaged over existing

648 K
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O m O e
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Fig. 1. Impedance spectra of NBT single crystals. Symbols represent experimental data. Solid lines are calculated by

using impedance of equivalent circuit, shown in the inset.
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conduction mechanisms.

Considering the above, presence of the two arcs on
experimental hodographs (Fig. 1) requires to use the “series
layers” model [8]. Therefore, the arcs on the hodographs
in Fig. 1 can be compared with charge transfer in the
sample volume and in the regions near of semitransparent
electrodes. According to [8], to describe this situation the
“series layers” model is applicable that corresponds to
the serial connection of volume (Z, ) and near-electrode
(Z,,) impedances. Thus, the high -frequency semicircle
on the hodograph in Figure 1 may be compared with the
conductivity of the sample volume, which includes both
electronic and ionic components. The low-frequency arc
corresponds to the charge transfer in the near-electrode
layer. The presence of the arc indicates that the electrodes
are semitransparent for charge carriers. In the case of
blocking electrodes accumulation of charge carriers in the
near-electrode region leads to appearance of the vertical or
inclined rays in the low -frequency part of the hodographs.
Therefore, one can assume that the low-frequency arcs
(Fig. 1) are contributed by electronic (or hole) conductivity.

It is known that the impedance (or conductivity) of
the corresponding process in DC field may be determined
by the intersection of the arc with the Z’-axis. Conductivity
in zero frequency field, determined within this approach
for high- and low-frequency arcs (Fig. 1), are presented
in Arrhenius scale in Fig.2. The inset in Fig. 2 shows the
values of the index n in the expressions for generalized
capacities used in (1). It is seen that the charge transfer
processes corresponding to high-frequency and low-

15 .
~10] a2
" 1.0 AnR22oa3!
- 10"+ = 051
g _
o 600 700 800
S 10° - TK
c” E,=0.98 eV
S «
b‘_,lo-e E,=0.95 eV
T T T T 1
1,2 1.4 1,6
10°/T, K

Fig. 2. Electrical conductivity in a DC field 6(®w=0) vs
1/T, determined from the hodographs in Fig. 1 for high-
frequency (1) and low frequency (2) arcs. Inset shows
the values of the generalized capacities index n used in
the relation (1).
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frequency arcs are characterized by similar values of the
activation energy. The values of index n indicate that the
distribution of the relaxation times t of charge transfer in
near-electrode region (low- frequency arcs in Fig. 1) is
significantly higher than in the bulk of the sample.

In [4] increase of the conductivity at T>700 K is
explained by the formation of mobile defects associated

with oxygen vacancies. Formation of vacancies V)", the

charge of which is compensated by electrons localized in
neighboring cations, is possible in the process of crystal
growth. Quasi-chemical reactions of this process in the
notation of Kroger-Wienke can be written as follows

O; +2Ti,, > V" +2Tiy, +%02 ,

where O, Ti;, —filled neutral lattice sites; ;" —oxygen

vacancy 711 i;i — Ti*" ion capturing an extra electron. In the

external electric field electrons can hop over the sites,
contributing to the electronic conductivity. The oxygen

ions can hop through vacant sites (¥,") that determines
ionic component of conductivity.

Conclusions
Study of the complex impedance spectra showed
that the experimental hodographs consist of arcs of two
semicircles. The high-frequency arc is attributed to charge
transfer in the sample volume. It is supposed that charge
transfer in the bulk includes contributions from electronic
and ionic hopping conductivity. lonic conductivity can be

result of oxygen vacancies ;" motion. Electrons can

hop via traps such as F* centers. The low-frequency arc of
experimental hodographs reflects electron conductivity in
the near-electrode regions.
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Features of the formation of the vortex system and cavitation in
superfluid solutions 3He - “He
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The work examines the features of the formation a system of vortices, turbulent fluid flow and cavitation that arises at the
oscillation of the quartz tuning fork placed in superfluid “He and solutions *He in *He. With an increasing of excitation a shift of the
resonance frequency of tuning fork and the increase of resonance width arises, which indicates the transition to the vortex state of
fluid and turbulent flow regime. It is shown that in superfluid solutions the increase of the impurity concentration of *He leads to the
increasing of the stability the liquid with respect to the formation of vortices and the transition to the turbulent state. The formation
of gas bubbles in superfluid solution (cavitation) was fixed at the biggest exciting force, more than 10* N, in the “open” tuning fork.
Cavitation was not registered in the tuning fork with constrained geometry.

Keywords: superfluid solutions, turbulence, quartz tuning fork

VY poGoTi po3mIAAaloTECS 0COOIMBOCTI (OPMYBAaHHS CHCTEMH BHXOPIB, TypOYJIeHTHHI TOTIK i KaBiTalis, 10 BHHHUKAIOTh
[P KOJIMBAaHHI KBAapLOBOTO pe3oHaropa B HaxmwimHHOMY ‘He i posunHax *He B “He. Y Mipy 3pocTaHHs 30y/UKCHHS BHHHKA€E 3CYB
PE30HAHCHOI YacTOTH KaMepTOHA 1 30iJbIICHHS MIMPHHH PE30HAHCY, 10 BKAa3y€ Ha MEpexii A0 TypOYICHTHOTO PEXHMY Tedil.
TToka3aHo, 110 B HAAIMUIMHHUX PO3YMHAX 301IbIIEHHS KOHI[CHTpaLii JoMiiok *He mpu3BoAUTE 10 301IbIIEHHS CTIHKOCTI piuHA MO
BIJIHOIIICHHIO JI0 YTBOPEHHS BUXOPIB i mepexoy A0 TypOyleHTHOro crany. [Ipu HaiOibwii 30ymKyouiil cui, Oinbie vk 10 H,
y «BIIKPHTOMY» KaMEpTOHI B HAJIUIMHHOMY pO3uuHi Oyio 3adikcOBaHO yTBOpeHHs OyapOallok rasy (kapitaiis). Y KamMepTOHi 3
00MeKEeHOI0 TeOMEeTpI€r0 KaBiTalys He Oyna 3apeecTpoBaHa.

Kuro4oBi ci10Ba: Ha(IMHHI pO34KHH, TypOYICHTHICTh, KBaPLIOBUIl KAMEPTOH.

B pabote paccmarpuBaroTcs 0COOCHHOCTH (POPMHUPOBAHUS CHCTEMBI BUXpEH, TypOyNeHTHBIH IMOTOK M KaBUTALMS, KOTODbIC
BO3HHKAIOT MPH KOJEOAHMH KBAapLIEBOrO PE30HATOpPA, MOMENIEHHOro B cBepxrekyunii “He u pactBopsl *He B “He. ITo mepe pocta
BO30Y’K/ICHHSI BO3HHKAET CIBHI PE30HAHCHOI 4acTOThl KaMEPTOHA M yBEJIMUYCHUE HIMPUHBI PE30HAHCA, YTO YKA3bIBACT HA MEPEXO]
K BHXPEBOMY COCTOSTHHIO JKHUJIKOCTH M TypOYJIEHTHOMY peKMMY TedeHHs. [lokazaHo, YTO B CBEPXTEKyYMX PAacTBOPAX yBEINYCHHE
KOHLICHTpalMK npumeceid *He NMPUBOAMT K YBEIMYCHHIO YCTOWYHMBOCTH JKMAKOCTH 110 OTHOIICHHIO K OOpa3oOBaHUIO BHUXpEH U
nepexoy K TypOyaeHTHOMY coctosiHuo. [Tpu HanGomnbiieil Bo30yxaaromeii cuie, 6ompiueid uem 10 H, B «OTKPBITOM» KaMEPTOHE B
CBEPXTEKY4eM pacTBOpe ObLIO 3ahUKCHPOBAHO 00pa30BaHMeE ITy3bIPHKOB ra3a (KaBuTanus). B kamepToHe ¢ orpaHn4eHHOI reoMeTpreit
KaBHUTaIMs He OblIa 3aPEeTUCTPUPOBAHA.

KuroueBble ciioBa: CBepXTEKyuHe pacTBOPBI, TYpPOYIEHTHOCTb, KBapIEBbIH KAMEPTOH.

Introduction nucleation easier (it acquires the heterogeneous nature)

When an oscillating body is immersed in the liquid, in
the beginning, at low velocities of the oscillation, a laminar
flow occurs in the fluid, which velocity v is proportional to
the exciting force F. If the exciting force, which acting on
the body, is increased further, initially the solitary vortices
appear in the fluid, which can then develop into a vortex
tangle and then the turbulent state will be formed in the
liquid. Maximum excitation force and thus the liquid flow
velocity results in a local breakage and formation of vapor
bubbles, namely cavitation. In simple liquids the formation
of the gas phase depends on the impurities, dissolved gases,
defects, roughness of the walls, the effect of background
radiation and cosmic particles. All these factors make

and lead to a decrease in the critical breaking pressure.
Obtaining of the homogeneous cavitation, which acts as an
intrinsic property of a clean system and can occur very far
from thermodynamic equilibrium at high negative pressure,
is an important physical problems. Liquid helium is a clean
system, which is free from impurities and perfectly wets
almost every solid surface. It is convenient to use to study
the characteristics and conditions of the transition from
laminar to turbulent flow of the liquid and the emergence
of a homogeneous cavitation. Virtually the only factor
affecting these processes are the impurity particles of
3He. *He atoms are deposited on the core of the vortices,
which there are always in a small amount in the helium,
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and the number of which increases with the transition to
turbulent flow regime, thereby increasing its size and
weight. Previous studies of the transient characteristics
were performed in a pure “He and 5% solution of *He in
“He [1, 2]. In the present work, the solution of 15% 3He
in “He was studied for a more complete understanding of
the effect of impurity particles *He on the conditions of the
transition from laminar to turbulent flow of a liquid. For the
first time the conditions of cavitation in superfluid mixtures
of helium isotopes were installed.

Experimental technique

Method of oscillating quartz tuning fork, which is
placed in the liquid, was used for studies of transients in the
fluid flow. The amplitude - frequency characteristics of the
tuning forks of the industrial production of the fundamental
frequency of about 32 kHz, oscillating in a 15% solution
of He in “He was measured. Data, which was obtained
in pure “He and 5% solution of *He in *He, was used for
comparison [1, 2]. Tuning forks have identical geometrical
dimensions: height feet L = 3.79 mm, thickness H = 0.59
mm, width W = 0.3 mm and the distance between the legs
of D = 0.3 mm. Tuning forks with a hole in the factory-
made cap to fill it with the fluid were used to study the effect
constrained geometry. The tuning forks with cap - “closed”
and without cap - “open” were investigated. The inner
diameter of cap was 2.8 mm. Tuning forks were placed in
two copper cylindrical cell filled with the test liquid. The
cells were attached to the cold plate of the evaporation *He
refrigerator. The amplitude-frequency characteristics of the
tuning forks were measured by scanning the frequency of
using a continuous sine wave generator MCP SP F80 in the
voltage range from 0.001 to 20 V. A special amplifier voltage
up to 500 V (peak-to-peak) was made for higher amplitude
voltage required for the measurement of cavitation. The
output signal from the tuning fork with a reference signals

1.2x10°

80107

o0

Fig. 1. The amplitude-frequency characteristics of the
“open” tuning fork at various driving voltage from 1 to
100 V at the temperature T = 1.7 K.
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were fed to the synchronous amplifier (5208 Two Phase
Lock-in Analyzer). More information can be found in [3].

In the experiment the RMS amplitude of the output
signal / as a function of frequency and the resonance curves
width at half-maximum Af of the resonance were measured
at constant driving voltage U and constant stabilized
temperature of the cell. Initially we measured the frequency
response in vacuum which allowed, in accordance with [4],
to find out a piezoelectric constant of the tuning fork a. This
constant allows us to move from electrical parameters —
1, signal amplitude at resonance and the drive voltage U,,
to the physical parameters of the system — the vibration
velocity of the fork tines v (v = 1,/ a) and the exciting
force F (F=aU/2).

The transition from laminar to turbulent flow in the
liquid helium. Influence of impurity *He and confined
geometry

Fig. 1 shows a typical primary data of the amplitude-
frequency dependencies (the resonance curves) of a tuning
fork, that is immersed in a 15% solution of *He in *He
at a constant temperature, pressure and at change of the
driving voltage. In the analysis of the curves, there are three
area of the excitation voltage: 1 - at low voltages a linear
dependence of the amplitude of the resonance against
exciting force and constancy of the resonance frequency is
observed; 2 - with a further increase of the voltage there are
a shift of the resonance frequency and an increase its width;
3 - at high voltages applied to the tuning fork deformation
in the shapes of the resonance curve and the failures are
observed.

For each of the forks the dependence of the velocity
of the oscillations of the fork tines against the applied force
at a constant temperature has been built. It was found
that the first area of the excitation voltage corresponds to

W, s

107 10 107 107
F.N

Fig. 2. The dependencies of the vibration velocity of the
fork tines at various driving forces at T=1.15K. 1 - pure
“He; 2 - 5% solution of *He - “He; 3 - 15% solution of
He - “He. The solid lines correspond to the dependence
of v ~ F, dotted - dependence v*> ~ F.
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Features of the formation of the vortex system and cavitation in superfluid solutions *He - *He

the laminar flow of the liquid , the second - the nonlinear
nature of the flow, which can be explained by the transition
from laminar to turbulent flow, and which is accompanied
by the appearance of vortices, and the third - corresponds to
the onset the process of cavitation in the liquid.

Figure 2 shows the dependencies v (F) for the
temperature T = 1.15 K for the “closed” forks in pure 4He,
5% and 15% solutions of *He in *He. For a qualitative
comparison, the figure has the line, which is corresponding
to the linear dependence of v ~ F (laminar flow), and the
dependence v* ~ F (turbulent flow), in accordance with [5].
As you can see, the growth of the impurity *He leads to an
increase in the excitation power required for the transition
to a turbulent state. Simultaneously, one can see the growth
the critical velocity of the transition to this state, which
indicates an increase of stability of liquid helium versus
the number of impurities. The same behavior in the pure
4He occurs when the temperature rises, it corresponds
to increasing the density of the normal component of the
superfluid helium [1]. The increasing of the concentration
of *He from 5% to 15% leads to increases the stability
of the solution relatively to the formation of vortices. In
fact, in the 15% solution of *He in “He experimentally
observed only beginning of the transition (curve 3 in Fig.
2) at the maximum applied excitation force. However,
dependencies shown in Fig. 2, do not answer the question,
resulting in increased stability due to the addition of liquid
3He — increasing the density of the normal component in the
superfluid solution or an increase in the number of impurity
’He quasiparticles [1, 2], because both magnitudes have
changed. The density of the normal component of “He is =
0.0036 g/cm’, in a 5% solution of *He in “He p is = 0.016
g/cm’, and in a 15% solution of *He in *He p_ is = 0.046 g/
cm’.

To elucidate the role of impurity quasiparticles
*He and the confined geometry (the can of the tuning
fork ) at the transition from laminar to turbulent flow
in a superfluid helium were measured the amplitude-
frequency dependences of the “open” and “closed” forks at
temperatures 1.1 K and 1.7 K in 15% solution of *He in “He.
The results of the measurements as dependencies v(F) are
shown in Fig. 3. In this figure, the open points correspond
to a tuning fork with unlimited geometry and closed points
are the tuning fork with can. The measurement results show
that the dependencies of v(F), corresponding to the solution
of the same concentration but at two different temperatures,
is close to the case of “open” unlimited tuning fork, and
as in the case of “closed” limited tuning fork. Thus, the
impact of changes in the density of the normal component
in this case is not noticeable. From this we can conclude
that in the case of measurements at constant temperature
and varying concentrations of *He (Fig. 2) the stability of
the liquid *He-*He solution with respect to the appearance
of vortices and the establishing turbulent state is associated
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with an increase in the number of *He impurities and their
interaction with the vortices.

Note that dependencies on the Figure 3 show a
significant effect of the geometry on conditions vibrations
of the tuning fork in superfluid solution *He and “He. The
difference between the curves v (F) of “open” and “closed”
tuning forks is because the resonant value of v (F) ~ 1/Af
[6]. As was established in [7], at temperatures above 1 K in
the “He resonance width Af is determined only by viscous
dissipation, which in this temperature range is the same for
the “open” and “closed” tuning forks. Therefore, in “He
dependencies of v(F) for “open” and “closed” tuning forks
are virtually identical at temperatures above 1 K. Only
at temperatures below 1 K in the “He begins to dominate
the dissipation of vibrations of a tuning fork associated
with the emission of the first sound. The first sound wave
does not develop and the contribution of radiation to the
damping of the tuning fork is close to zero in the vibrations
of the tuning fork in the presence of the can due to the
proximity of the walls. Therefore, there is a contrast, which
associated with the surrounding geometry. In solutions
of *He in *He situation is much more complex — after the
superfluid transition the second sound waves occurs, the
same occurs the contribution to the dissipation due to
radiation of the tuning fork [3], because the wavelength of
the second sound is less than the first and the cover is no
longer limiting its spread. Accordingly, the dissipation of
the tuning forks in solutions of *He - *He becomes sensitive
to the surrounding geometry because of engagement with
the standing waves of the acoustic waves. Therefore, for a
15% solution of *He - “He difference between “open” and
“closed” forks evident even at temperatures higher than 1
K, as we can see in Fig. 3.

The occurrence of cavitation

The amplitude-frequency characteristics of the “open”
fork on Figure 1 shows that at the driving voltage ~ 50 V
resonance curves start to deform and broaden. As follows
from [8], such change in the shape of the resonance curves
corresponds to the appearance of bubbles gas phase in
the liquid, namely cavitation. The v(F) dependence of the
“open” fork in Fig. 3 shows that transition to cavitation
mode occurs at excitation more than 10* N and it is
accompanied by a sharp decrease in the flow velocity of
fluid. By comparing the results of [8] in pure “He with our
results for the solution of 15% of *He in “He obtained at
the same temperature in the superfluid phase of helium,
we can note a strong difference in the value of the critical
velocity of onset of cavitation — in the case of pure “He it
is & 2 m/s, in solution is = 0.4 m/s. Thus, we can assume
that the quasiparticles of *He by interacting with the core
of vortices facilitate the conditions of occurrence of the
gaseous phase in the solution.

Note one more result, which follows from the
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L% I

Fig. 3. The dependencies of the vibration velocity of
the fork tines at various driving forces at T = 1.1 K
and 1.7 K in a 15% solution of *He - “He. The solid
lines correspond to the dependence of v ~ F, dotted -
dependence v* ~ F. The filled symbols correspond to a
tuning fork with limited geometries and transparent -
with unlimited.

dependencies v(F) in Fig. 3. By comparing the dependence
of the “open” and “closed” forks at high excitation forces,
it is clear that cavitation occurs only in the “open” tuning
fork, and there are no cavitation in the restriction. We can
assume that for the occurrence of cavitation in the “closed”
tuning fork requires large excitation force, but the using of
such force leads to the risk of destruction of the fork. Note
that in [8] the measurement of cavitation in the “closed”
tuning fork were not carried out.

Conclusion

We have measured the properties of a vibrating quartz
tuning fork immersed in superfluid *He -
The vortex formation that occurs during the transition from
laminar to turbulent flow in the superfluid solution was
found. It was found that at low excitation voltage applied
to the tuning fork, there is laminar flow of liquid. With
increasing of excitation a shift of the resonance frequency
of tuning fork and the increase of its resonance width
arises, which indicates the transition to the vortex state of
fluid and turbulent flow regime. With further increase of the
excited forces to a tuning fork the beginning of cavitation
is observed, which manifests itself in the form of distortion
and broadening of the resonance curves of the amplitude-
frequency characteristics.

It is shown that in superfluid solutions the increase the
impurity concentration of *He leads to increased stability of
the liquid with respect to the formation of vortices and the
transition to the turbulent state.

It was found that in 15% solution of *He - *He the
dependencies the vibrations velocity of the tuning fork
against exciting force at different temperatures are close
under identical conditions of space limitations fork. The

“He solutions.
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absence of the confining cap increases the stability of the
liquid with the later transition to the turbulent state at the
high excitation forces. When the exciting force more than
10* N in the “open” tuning fork, the formation of gas
bubbles in superfluid solution, namely cavitation, in liquid
was fixed. In the tuning fork with constrained geometry
cavitation was not registered. To clarify the causes of this
phenomenon requires further study.
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