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Separate detection of ionizing radiation with different specific energy

losses by organic heterostructured scintillators

N. Galunov* 2, I. Khromiuk?
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Molecular organic scintillation materials are the most effective objects for creating systems that detect the kinds of radiation,
that the most harmful to humans (alpha particles, fast neutrons, etc.). In addition, organic crystals and liquids are capable to separate
these types of radiation from photons of background gamma radiation. In these scintillators, ionizing radiation generates two types of
luminescent response— prompt and delayed radioluminescence lonizing radiation with a high specific energy loss dE/dx, i.e. energy
loss E per unit path length x, generate a scintillation pulse in these media with a high proportion of the slow component. Recently,
new types of scintillators have been developed, namely, heterogeneous organic scintillators containing single-crystal scintillation
grains that can be combined by hot pressing sintering (polycrystals or Van der Waals ceramics) or can be incorporated into a
transparent gel composition (composite scintillators). the ability of heterogeneous organic scintillators to separate signals from
radiation with different dE/dx and the physical basis of this process in heterogeneous scintillation materials remain one of the urgent,
unexplored problems.

This work presents the results of the study of the form of scintillation pulse shapes for the samples of organic single crystals,
polycrystals and compositional scintillators based on stilbene in comparison with the same results obtained for p-terphenyl and
anthracene for various types of ionizing radiation excitations. The peculiarities of the influence of the triplet-triplet annihilation
process on the formation of a slow component of the radioluminescence pulse in these systems have being studied. We found that the
ability of new types of organic heterogeneous materials (polycrystals and composite scintillators) to the separate registration of
ionizing radiation in the shape of the scintillation pulse is close to the corresponding values that characterize this ability of
structurally perfect single crystals.

Keywords: form of scintillation pulse, anthracene, stilbene, p-terphenyl, single crystal, polycrystal, composite scintillator.

PozninpHa peecTpaliis 10HI3yIOUOTO BUITPOMIHIOBAHHS 3 PI3HUMU
MUTOMHMU BTpAaTaMU €HEPrii OpraHiYHUMU FeTePOCTPYKTYPOBAHUMU

COUHTUWIIATOPpAMHU
M.3. FanyHOBl’ 2 1.0. XpOMIOK2

1 Xapxiscvruii nayionanvnui ynisepcumem imeni B.H. Kapasina, m. Ceoboou 4, 61022, Xapxis, Yxpaina

2 Inemumym cyurnmunsyiunux mamepianie Hayionanwnoi akademii nayk Ykpainu, np-m Hayxi, 60, Xapkie 61072, Yrpaina

MonekysipHi OpraHidHi CUMHTHIIALIIHI MaTepiany - 1e HaiedeKTHBHINI 00’€KTH AJIsS CTBOPEHHS CHCTEM, II0 BHUSBISIIOTH
Taki BUJY BUIPOMIHIOBaHHS, L0 € HAMOUIBII IIKIATUBUMYU IS JIIOMUHU (anbha-4acTUHKH, MIBUAKI HEUTpoHH Toio). OpraHivHi
KPUCTaJIM Ta PiAMHM 37aTHI BIZOKPEMIIOBATH Il BUAW BUIPOMIHIOBAHHS BiZ (OTOHIB ()OHOBOTO raMma-BHIPOMIHIOBaHHS. Y IHX
CIMHTWIIITOpAX 10Hi3ylIoue BHUIIPOMIHIOBAaHHS TE€HEpye [Ba THIH JIFOMIHECIIGHTHOTO BIATYKY - MHTTEBY Ta 3aTpPUMaHy
pamiomominecieH 0. [oHI3yi04Ye BUIIPOMIHIOBAHHS 3 BHCOKOIO MHUTOMOIO BTpatoro eHeprii dE/IX (Brpatu eneprii E Ha oguHuI0
JIOBXXUHHU TIPOOITy X YaCTHHKH), TEHEPYIOTh IMIIYJIbC COMHTHIIAMIT B IIUX CEPEeOBHUINAX i3 BHCOKAM BHECKOM ITOBIJIBHOI CKIIAIOBOI.
OcranHiM dacoM Oynau po3poOieHi HOBI THIIM CHMHTHISATOPIB, a caMe TETepPOTeHHI OpraHidHi CIUHTWISATOPH, IO MICTATH
MOHOKPHUCTAJIIYHI CHUHTHIIALIIHI IpaHyiH, sIKi MOXKYTb OyTH 00'€THAHI CIIIKaHHSIM IIPU Taps9oMy IIpecyBaHHI (HONIKpUCTaIH), abo
MOXYTh OyTH BKJIIOYEHI B MPO30pYy TIENi€BY KOMIIO3UI0 (KOMIIO3UTHI CUMHTHISITOPH). 3MATHICTh I'€TEPOreHHUX OpPraHiuHHX
CIMHTHIISAITOPIB BiJOKPEMIIFOBATH CHTHAJM Bifl BUMpoMiHIOBaHb i3 pisuumu OE/dX Ta ¢isuyna ocHOBa LBOrO MpoLECY B
HEOJHOPIAHUX CUMHTWIILIHHIX MaTepiagax 3aluIIaloThCsl OAHIEI0 3 HaralIbHUX, HE JOCTIPKSHUX POOIIeM.

VYV wiit pobotri mpeacTaBieHi pe3yJbTaTH IOCTIHKEHHS (GOpMHM CUMHTHIALIMHUX IMITYJbCIB Ui 3pasKiB OpraHid4HUX
MOHOKPHUCTAJIIB, MOJIKPHCTATIB T4 KOMIIO3ULIHHNX CHUHTIIATOPIB Ha OCHOBI CTWILOEHY B IOPIBHSHHI 3 THMH XX pe3ylIbTaTaMH,
OTPUMaHHMH I A-TepQEHUTy Ta aHTpaleHy IS pI3HUX BHIIB 30y/DKEHHS IOHI3yIOUOro BHUIIPOMIHIOBAaHHS. JlOCTiIKEHO
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0COOJNMBOCTI BIUIMBY IPOLECY TPHUIUICT-TPUILICTHOT aHIriiamii Ha (opMyBaHHS y IIMX CHCTEMaX IOBUIFHOTO KOMIIOHEHTA
PaznioMIOMIHECIIEHTHOTO IMITyJbcy. BusBIEHO, IO 34aTHICTP HOBHX THUIIB OpPraHiYHMX TeTEPOCTPYKTYPOBAaHMX MaTepiajiiB
(TMOMKpHCTANIB 1 KOMIO3MLIHUX CUUHTHILSITOPIB) [0 PO3IIIBHOI peecTpauii i0HI3yrouoro BHOPOMIHIOBaHHS 3a (HOPMOIO
CIMHTWISIIHHOTO IMIyJIbCY OJM3BKa O BIIOBIJHUX 3HAUCHb, IO XapaKTePH3YIOTh IO 3IaTHICTH JIS CTPYKTYPHO JTOCKOHAINX
MOHOKPHCTAJIIB.

KonrouoBi cioBa: dopma immynscy pamioiroMiHecneHNii, cTHIBOEH, n-TepeHi, aHTpaIleH, MOHOKPUCTAJI, MOTIKPHCTA,
KOMITO3UIIIHHUHA CIIMHTHIISITOP.

Pa3I[CJ'H)HaH perucTpanusa HOHU3HUPYIOIICTO U3JTYUCHUA C pa3JIMYHbIMUA
YACIBbHBIMU ITOTCPAMU SHCPI'MHU OPraHU4YCCKUMHU

reTePOCTPYKTYPUPOBAHHBIMU CLIUHTUILIATOPAMU
H.3. FanyHOBl’ 2 N.O. XpOMIOKz

1 Xapwsrosckuil Hayuonanvrulii ynusepcumem umenu B.H. Kapasuna, m. Ceob00wi 4, 61022, Xapvkos, Yrpauna

2 Hncemumym cyunmunisyuoruulx mamepuanos Hayuonanwrou akademuu Hayk Ykpaunsl, np. Hayku, 60, Xapvkoe 61072, Yrpauna

MounekynspHble OpPraHMYecKHe CLUUHTWULILHOHHBIE MarepHaibl SBISIOTCS Haubonee 3(PQEeKTUBHBIMU OOBEKTAMH JUIS
CO3/IaHMs CHCTEM, KOTOpBIE CIIOCOOHBI OOHApY)KMBaTh HawOoiee BpEAHBIC AJs 4YelOoBEeKa HOHHM3HPYIOIIWE H3TydeHus (ambga-
YaCTHILBI, OBICTPbIC HEHTPOHBI U T. A.). OpraHUYecKHE KPUCTAUIBI U JKMAKOCTH CIIOCOOHBI OTAENATH 5TH BHABI U3IYYCHUS OT
(GOTOHOB  (HOHOBOrO raMMa-M3JIy4eHHs. B 3THUX CHMHTHULATOpPAX HOHU3MpYIOIIEe H3JIyYCHHE TICHEpHpyeT [Ba THIIA
JIFOMMHECLIEHTHOTO OTKJIMKA - MTHOBGHHYIO M 3a€pKaHHYIO DPaJHOJIOMHMHECLEHIMI0. MoHu3Mpymomee H3IIydeHHEe C BBICOKOIL
ynenpHo# motepeit sHeprum JE/dX (motepst sHepruu E Ha eamHuuy [UtMHBI mpo6era 4YacTHIBI X) TEHEPHUPYET B ATHUX Cpelax
CIMHTWUBILMOHHBIA UMITYJIbC C BBICOKOW JOJIed MEIJICHHOTO KOMIIOHEHTa. B mocienHee BpeMst ObIIM pa3paOOTaHBI HOBBIE THIIBI
CIMHTWUIATOPOB, a HMMEHHO TIETepOreHHBIE OpPraHWYeCKHe CHMHTWUIITOPBL,  COJEpXKAllue  MOHOKPHCTAJUTHYECKHUE
CUMHTHUILIMOHHBIE 3¢pHA, KOTOPBIE MOTYT OBITh OOBEIMHEHBI IIyTeM CIICKaHHS IIPH TOPsYeM MPECCOBAHUHU (MOJIMKPHCTAILIBI) WU
MOTYT OBITH BKIIOYCHBI B MPO3PAYHYI0 TEIUEBYI0 KOMIIO3UIHMIO (KOMIIO3UTHBIE CHUHTHILIATOPHI). CIOCOOHOCTH TeTepOreHHBIX
OpraHUYeCcKUX CLHHTHUIULITOPOB OTAENATh CHTHANIBI OT H3MydeHHs ¢ pasHbiMu OE/DX u ¢u3nueckas ocHOBa 5TOro mporecca B
reTePOreHHBIX CIUHTHIIALMOHHBIX MaTepHallax OCTAIOTCS OHOH M3 HEOTIOKHBIX, HEU3YUECHHBIX MPOGIIeM.

B nmanHO# paboTe mpencTaBiieHbl pPe3yNbTaThl HCCIEAOBaHHMS (OPMBI CHUHTHUILMOHHBIX HMITYJIbCOB Ui 00pa3oB
OpPTraHWYECKUX MOHOKPHCTAJUIOB, IOJMKPHCTAUIOB M KOMIIO3UIMOHHBIX CHUHTHJULITOPOB HAa OCHOBE CTHJIBOEHA B CPaBHEHHH C
AQHAJIOTHYHBIMH Pe3yJbTaTaMH, MTOJIYYSHHBIMHU JUTS n-TepdeHmna 1 auTpaleHa A1 pa3InyHbIX TUIIOB BO30YXKICHUH HOHH3UPYIOIINM
n3nydeHneM. V3ydeHbl OCOOCHHOCTH BIIMSIHUSI TpOIecca TPHUILICT-TPUIUIETHOW AaHHUTWIIIMK Ha (OPMHUPOBAHHE MEUICHHOM
COCTaBJISIIONICH MMITyJIbCa PaIHOTIOMUHECLCHIINK B 3THX cucTeMax. OGHapyXeHO, YTO CIIOCOOHOCTh OPraHUYECKHX TeTepOreHHBIX
MaTtepuajoB (MOJMKPUCTAIUIOB W KOMIIO3UTHBIX CIHMHTHJUIATOPOB) K Pa3leNIbHON PErHCTpaliy HOHU3HPYIOIIEr0 HM3JIydeHHS 110
bopMe CUMHTHIALMOHHOTO HMITyJbca OJNU3Ka K COOTBETCTBYIOLIMM 3HAYCHHSM, XapaKTepU3YIOUIUM 3Ty CIIOCOOHOCTb IS
CTPYKTYPHO COBEPLICHHBIX MOHOKPHCTAJIIOB.

KumoueBble cioBa: (opma HMIyIbca paJUOTIOMHHECLECHINH,
MOJIMKPUCTAILT, KOMIIO3UIIMOHHBIH CIMHTHILIITOP.

cTuib0eH, n-Tep(EeHnI, aHTpaleH, MOHOKPUCTAILI,

component. In organic crystals, the slow component of

Introduction

Molecular organic scintillation materials are the most
effective objects for creating systems that detect the kinds
of radiation, that the most harmful to humans (alpha
particles, fast neutrons, etc.). In addition, organic crystals
and liquids are capable to separate these types of radiation
from photons of background gamma radiation. In these
scintillators, ionizing radiation generates two types of
luminescent  response—  prompt and  delayed
radioluminescence lonizing radiation with a high specific
energy loss dE/dx, i.e. energy loss E per unit path length
X, generate a scintillation pulse in these media with a high
proportion of the slow component. As an example of such
ionizing radiation, one can cite recoil nuclei, alpha
particles, low energy electrons, neutrons (as an example
of indirectly ionizing radiation). lonizing radiation with
low dE/dx values (such as medium and high-energy
electrons and photons of gamma radiation), in turn,
generate scintillation pulses with a small portion of a slow

the radioluminescence pulse occurs during triplet-triplet
(hereinafter abbreviated T-T) annihilation of localized
triplet molecular excitons (hereinafter T-states). If there is
an effective diffusion transport of these triplet states, then
they are able to localize on neighbouring molecules and,
therefore, approach each other to such a distance when the
exchange-resonance mechanism of their interaction
becomes possible. In the case of a long-range inductive-
resonance mechanism of energy transfer of electronic
excitation, the guantum mechanical spin forbidding for
transitions between energy states with different spins
requires that the spins of each of the interacting molecules
remain unchanged before and after T-T annihilation.
These selection rules for the conditions of the exchange-
resonance mechanism of electronic excitation energy
transfer require only the conservation of the total value of
the spins for both interacting molecules before and after
T-T— annihilation. The exchange-resonance mechanism of
electronic excitation energy transfer becomes effective
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only when the molecular orbitals of interacting molecules
overlap, i.e. at extremely short distances between adjacent
molecules. Such effects have been proven for organic
single crystals and liquids [1 - 3].

Recently, new types of scintillators have been
developed - heterogeneous organic scintillators containing
single-crystal scintillation grains that can be combined by
hot pressing sintering (polycrystals or Van der Waals
ceramics) or can be incorporated into a transparent gel
composition (composite scintillators) [4]. Previously, the
features of the formation of the slow component of the
scintillation pulse and its presence for these
heterogeneous organic scintillators were not studied, but
were given only as an experimental fact [5 - 8]. Therefore,
the ability of heterogeneous organic scintillators to
separate signals from radiation with different dE/dx and
the physical basis of this process in heterogeneous
scintillation materials remain one of the urgent,
unexplored problems.

Theory

The appearance of electronically excited states can
precede molecular luminescence not only as a result of
optical excitation (photoluminescence), but, e.g., in the
case of radioluminescence, i.e., as a result of excitation by
ionizing radiation. In the latter case, under the action of
ionizing radiation, charge pairs arise, the recombination
of which precedes the formation of the luminescent signal
[2, 3]. Eq. (1) describes the recombination process for
such the pairs (both homogeneous and heterogeneous):

h+e—>{si_’sl, )
T —-T,

where S¢*, or T,*, and S, or Ty are highly excited energy
states, and the lower excited states (singlet or triplet), and
h and e are molecules with an uncompensated negative
charge and with an excess electron, respectively.

The generation of singlet states leads to the
appearance of prompt radioluminescence arising because
of the allowed (according to the spin selection rules)
optical transition:

S, —>S,+hv, )

In equation (2), v is the frequency of the prompt
radioluminescence photon and h is Planck constant. The
appearance of the prompt radioluminescence leads to the
formation of the fast component of the scintillation pulse.
Its decay time 7 for effective organic scintillators is in the
range from 0.4 to 30 ns [1, 4].

The formation of the slow component occurs by
another mechanism for the exchange of excitation energy.
At small distances between triplet-excited molecules,
when molecular orbitals overlap, an exchange interaction
between two T-states (3) becomes possible. As it
mentioned above, it is the case when the sum of the spins
of both molecules before and after the interaction
unchanging. As a result, the following reactions become
possible [1 - 4]:

S, +S, =hv+2S,
T,+T,—2—><T,+S,
Q+S,

: @)

Reactions that result in formation of quintet states (Q),
as well as states with higher multiplicities, require the
simultaneous change in the wave functions of more than
two electrons. In such a situation, ionization becomes
energetically more likely. For this reason, the appearance
of quintet states, as well as states with higher multiplicity,
for the above systems is not energetically favorable [3].

In the process (3), the emission of scintillation
photons is delayed by the time required for two T-states to
meet each other. Therefore, this type of luminescence is
called "delayed luminescence." A slow component of the
radioluminescence pulse is forming, lasting from
hundreds of nanoseconds to microseconds. From the
above estimates, it becomes obvious that at the initial
moments of time t after excitation, the intensity of fast
component determines the shape of the scintillation pulse
and masks the luminescence that forms it the slow
component. For large times t after excitation (t >> 7), the
contribution of fast luminescence to the total
luminescence should be negligible.

According to expression (3), the following system of
kinetic equations describes the change in the
concentration of T and S states [4, 5]:

9D s
dt
_ﬁTCT (r,t) - FTT (r-t);
: (4)
dCy(r,t) B
T = DSACS (r,t)

—BsCs(r,) +(f /2)F: (r,1)

where Cr(r,t) and Cs(r,t) are the concentrations of T, and
S, states, respectively, which arise at a distance r from the
trajectory of the particle at time t after its passage. In
system of equations (4) St and S5 are the probabilities of
the monomolecular decay of T, and S; states, D and Dg
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are the diffusion coefficients of these states, respectively.
The third term in the first equation of system (4) is the
collision integral:

Frr (r,1) = [WR)N (DR, (5)

where w(R) is the probability of bimolecular quenching of
T, states Eq. (3) that are at a distance R from each other;
Ng(t) is the number of such pairs per unit of volume. The
concentration of T, states determines the average distance
between them and the type of their interaction. For large
values of the concentration Ct (r, t) Eq. (5) describes its
rapid decrease in time. Such type of T-T annihilation is
the concentration-controlled non-radiative process. Due to
such intense primary blanking, a further change in CT (r,
t) as a result of the T-T annihilation process is
significantly slowing down. From some time t; after
excitation, the process (3) of quenching of T, states
becomes slow, and from t > t;, we have:

Frr (1) o~ 7CT2 (r.1) (6)

where y is the time-independent effective Kinetic
coefficient that determines the disappearance of T, states
after their collision. In the situation when (6) holds, then
the change in the concentration of 77 states determines the
first term of the first equation in (4). It determines the rate
of diffusion expansion of the region where the T states
are concentrated. T-T annihilation becomes a diffusion-
controlled process. The solution (4) if (6) in the
approximation of the so-called “given” diffusion is
described in detail in [2].

If we denote the characteristic time of the process of
diffusion displacement by the distance ry as:

t, =17 /4D, . ()
then according to [2] for the time range t; < t < t,, (where

7pn 1S the time of phosphorescence, i.e. direct transition 7;
— Sg + hvp), we obtain that for the time t after excitation

the number of emitting photons of delayed
radioluminescence is equal to [1 - 3]:
N(t) = Noexp(—24t)(1+t/t,) " (®)

where Ny is the initial number of Tj-states (in real
approximation plays the role of the normalizing factor), S+
is the same value as in the first equation of system (4), | is
dimension of Ty-states diffusion. Eqg. (7) describes tp.
When the value of g; for a given sample is fixed in time,
instead of (8) we obtain [1, 3, 4]:

N(t)~ (L+4tD, /t2) ™. 9)

According to (9), the shape and intensity of the slow
component of the scintillation pulse should depend
significantly on the specific energy losses of the dE/dx
ionizing particle. Indeed, the quantities I, Dy, and r,
determine the shape of the slow component according to
(9). The T-state diffusion coefficient of Dy and the
dimension of this diffusion | depend on the characteristics
of the object. At the same time, both the parameter ry and
the above-mentioned dimension of this diffusion | will be
determined not only by the properties of the object, but
also by the conditions of excitation, i.e. dE / dx of the
ionizing particle. Comparing (8) and (9), we can conclude
that the factor No, which is not taken into account in (9), is
proportional to the number of initial T-states (for small St
will determine the intensity of the slow component. It also
depends on the values of dE / dx.

Experimental

The samples of single crystals and polycrystals had a
cylindrical (diameter D and height h) or cubic form. We
also investigated composite scintillators of size
30x30x20 mm®. We used the optimal fraction of grain
sizes (from 1.7 to 2.2 mm) to obtain heterogeneous
organic scintillators with high light output (for more
information, see [9])
Fig. 1 shows a block diagram of a simple installation for
measuring the kinetics of radioluminescence by a single-
photon method. It can be used, e.g., to the study of the
slow component of the scintillation flare, when high
temporal resolution is not required. An ionizing particle
of a radionuclide source of ionizing radiation (SIR),
entering the test sample (S), ionizes and excites its
molecules, causing the appearance of a pulse of
radioluminescence. The sample is in optical contact with
a photoelectron multiplier, which we will call “start”
photomultiplier tube (PEM 1). The signal at the output of
the starting photomultiplier tube gives the information
about the time of arrival of the particle. Photons of
radioluminescence through the diaphragm D get to the
photocathode of another photomultiplier tube. It is so-
called “stop” photomultiplier tube (PEM 2). The time-to-
amplitude converter (T-A) generates signals of constant
duration, the amplitude of which is proportional to the
time interval between the arrival of signals in the "start"
and "stop" channels. The multichannel amplitude analyser
(MAA) analyses the amplitude spectrum of the signals at
the output of the T-A converter. The single photon
method allows determining the time parameters of a
radioluminescence pulse. According to this method, the
time intervals between the excitation of the scintillator
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(“start” signal) and the moment of detection of a random
single photon by the “stop” photomultiplier tube [10].

IRS
I )
PMT 2 I S| PMTI1
D
\ 4 A
Sh DL ™ T-A [*] Sh
MAA |4
» CS

Fig. 1. The block diagram of the set up for measuring the
parameters of the kinetics of radioluminescence by single-
photon method: D is diaphragm, S is sample that is in
optical contact with the “start” photomultiplier tube
(PMT 1), PMT is the “stop” photomultiplier tube, IRS -
ionizing radiation source, CF is constant fraction
discriminator that analyzes the signal from an anode of a
photomultiplier tube , T-A is time-amplitude converter,
MAA is multi-channel amplitude analyzer, CU is
coincidence unit, DL is delay line, which compensates for
the start pulse delay time and allows us to shift the
radioluminescence kinetics curve on the screen of MAA.

To separate a signal from one type of excitation, e.g.,
neutrons in the presence of background gamma radiation,
it is necessary to use special electronic units, which
separate the signals from different types of ionizing
radiation. Fig.2 shows a block diagram of the set-up that
we used to separate radioluminescence signals excited by
radiation with different specific energy losses dE/dx. The
separation of signals that are excited by ionizing radiation
with large and small dE/dx is based on a comparison of
the relative contributions of the slow and fast components
of the radioluminescence pulse, i.e., the value that
increases with increasing dE/dx. The spectrometric signal
was accumulated in the memory of the analyzing device
depending on what determined the formation of the
digitized signal at the control outputs. If a signal from
radiation with small values of dE/dx is recorded (for
gamma-ray photons dE/dx ~ 10 - 10? MeV / cm), then
the contribution of the slow component of the pulse is
small, and the control signal was formed at the control
output "y" If radiation with large dE/dx values is recorded
(for recoil protons generated by fast neutrons dE/dx ~ 10"
- 10> MeV / cm, and for alpha particles dE/dx ~
10° MeV/cm), a control signal was generated at the

control output "n". Details of the operation of the set-up
see in [11].

IRS Control
* Sepa- ?
S | PEM | rating
Scheme j:> MAA
Y
Spectrum

Fig. 2. The block diagram of the experimental set up for
separate detection of the signals from radiations with
different dE/dx

As a MAA (Fig. 1), can be also used a personal
computer that analyzes and memorizes the signal from the
amplitude-to-digit converter. A delay line is required to
select the most convenient location of the recorded curve
on the analyzer screen. Changing its length by joining
additional calibrated delay lines allows you to shift the
signal on the abscissa scale and thereby calibrate this
scale as a timeline.

The experimental points of the curves of the kinetics
of radioluminescence were approximated by the following
method. It was initially taken into account that the value
of the curve rise time constant is practically determined
by the increase in the momentum of instantaneous
radioluminescence (the fast component of the scintillation
pulse), as well as the fact that the decay of the fast
component is much less than the characteristic decay
duration of the slow component. Therefore, the fast
component was described as a convolution of the
exponent describing the growth of the fast component
with a constant time z;, and the exponent describing the
attenuation of the fast component with a constant time z,.
For this, the experimental points of increasing the
experimental curve and its initial part of the attenuation,
which satisfy the exponential approximation (10), were
performed. That is, the fast component was approximated
by the formula:

N(t) |, ~ No {exp(-t/z,) —exp(-t/z,)} (10)

The value of t = t, we determined by the linear
approximation of the initial damping plot of the
experimental curve by the least-squares method, as a
boundary value satisfying the equation of the line:

INN(t) =a+bt. (11)
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The time distribution of the experimental points of the
slow component we obtained because of subtracting the
values of the fast component from the experimental
values. Fig. 3 illustrates the above procedure.

T T T T T T T T

Number of pulses
800

gt '
500

1000 1500 2000

Time t (ns)
Fig. 3. The result of the approximation of the experimental
points of the radioluminescence kinetics curves on the
example of experimental points for stilbene polycrystalline
(25 x 25 x 25 mm°) upon excitation of alpha particles from
the >*Pu source. 1 - experimental points, 2 - points of
approximation of the fast component, 3 - points of the slow
component.

Results and discussion

Fig. 4 - Fig. 6 demonstrate the results of studies of the
radioluminescence pulse shape of some samples of
organic scintillators. Each of the figures shows the results
obtained for the above three types of radiation excitation.
For a clear demonstration of the ratio of components to
the overall pulse shape, each curve we normalized to its
maximum.

10°——— : . ‘
¢ Stilbene single crystal
F 1 * Py (a)
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Fig. 4. Normalized curves of kinetics of stilbene single
crystal (D = 25 mm, h = 20 mm) when excited by ionizing
radiation of different types: photons of gamma radiation of
source ®%Eu - circles, fast neutrons and photons of gamma
radiation of source 2°Pu-Be — squares, >**Pu alpha particles
source - stars.
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Fig. 5. Normalized curves of the radioluminescence kinetics

of stilbene polycrystalline scintillator (25%25%25mm?). The
designations are the same as in Fig. 4.

100§§I“"I""I""I"
s Stilbene composite scintillator
a4 *  “Pu ()

10 3 239

o Pu-Be (n + )

Number of pulses
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Time ¢ (ns)
Fig. 6. Normalized curves of the Kkinetics of

radioluminescence of a composite stilbene scintillator (30 x
30 x 20 mm®). The designations are the same as in Fig. 4.

The calculation of the areas under the curve for
various components of the scintillation pulse led to the
ratio of the contributions of the slow Ng and fast Ng
components (12) of the scintillation pulse:

pP=Ng/Ng. (12)
Table 1 presents the calculation data of p - values (12).
The Table 2 shows the f; values. These values are

equal to the ratio p; to p,, where p, are the p values
obtained for excitation by gamma-excitation photons.
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Table 1.
p value depending on the type of
sample excitation
239Pu 239Pu_Be 152Eu
Stilbene single 0,46 0,29 0.14
crystal
Stilbene 0,36 0,22 0,11
polycrystal
Stilbene
composite 0,47 0,23 0,19
scintillator
p-Terphenyl | 5 56 0,17 0,13
single crystal
p-Terphenyl
composite 0,34 0,12 0,09
scintillator
Anthracene
composite 0,36 0,1 0,16
scintillator
Table 2.
p value depending on the type of
Sample excitation
239Pu 239Pu_Be 152Eu
Stilbene single 33 21 1
crystal
Stilbene 35 5 1
polycrystal
Stilbene
composite 2,5 1,2 1
scintillator
p—TerphenyI 27 13 1
single crystal
p-Terphenyl
composite 3,7 1,3 1
scintillator
Anthracene
composite 2,3 0,6 1
scintillator
Conclusions.

The main results of the work are the following.

1. Heterogeneous scintillators have significant
potential in terms of their use for the separation of
ionizing radiation. The data obtained for these systems are
close to those obtained for single-crystal samples.

2. Stilbene-based scintillators have the highest
separation capability.

3. p-Terphenyl based scintillators are promising for
separation problems.

4. Anthracene-based scintillators, given their high
light output [1, 2], are perhaps best to use for detecting
alpha particles.
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Effect of annealing on dislocation structure parameters of ultrafine-grained
copper: comparative study by acoustic and x-ray methods
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The acoustic spectroscopy method and X-ray diffraction analysis were used to study the effect of severe plastic deformation
(SPD) and subsequent annealing on the parameters of the dislocation structure of ultrafine-grained (UFG) FRTP (Fire Refining
Tough Pitch) copper. To this end, the effect of SPD and subsequent annealing on the main parameters of the low-temperature
Bordoni acoustic relaxation was studied in detail. Annealing was performed in the temperature range 90 — 430 °C, including the
primary crystallization temperature of highly deformed copper T, ~ 135 °C. For all states of the samples, the estimates of the
density of mobile dislocations p,,, which contribute to the low-temperature dynamic relaxation, are obtained. Annealing leads to the
decrease in the dislocation density from pm ~ 1.7-10% m™ to py ~ 1.5-10'* m™. In addition to the dislocation density, an estimate of

the 1st order Peierls’ stress 7, =19 MPa ~ 2.5107*G (G - shear modulus) was also obtained from the acoustic measurements. In

parallel with the acoustic measurements, the parameters of the dislocation structure of the samples were studied by X-ray diffraction.
The values of the lattice parameter, the values of microdeformation, the average size of the coherent scattering region (CSR), and
also the average density of dislocations were obtained. It turned out that the X-ray density of dislocations is two orders of magnitude
higher than the values obtained from acoustic measurements. At the same time, the data on the effect of annealing obtained by both
methods are in qualitative agreement with each other; in particular, a decrease in the dislocation density of the same order of
magnitude is observed.

Keywords: severe plastic deformation, ultrafine-grained metals, acoustic spectroscopy, X-ray diffraction, low temperatures.

BruuB Bignany Ha mapaMeTpu AUCIOKAIIHOT CTPYKTYpH
yJIBTPA3EpPHUCTOT MiJI1: TOPIBHSUIBHE JOCHIIKEHHS aKYCTUUYHHUM Ta

pCHTFeHiBCLKI/IM METOoAaMU
ILIL ITans-Bans, [.C. bpayne, JI.H. Ilans-Bans, B.I'. I'eiinapos

Disuxo mexuiunul incmumym Husbkux memnepamyp im. b.1. Bepxina HAH Yxpainu, np-m Hayxu 47, 61103 Xapkis, Ykpaina

Merogamn aKyCTHYHOI CHEKTPOCKOMII Ta PEHTTCHOCTPYKTYPHOTO aHaji3y BHBYEHO BIUIMB IHTEHCHUBHOI ILIACTHYHOI
nedopmanii (IITJI) i moxankiioro Bigmany Ha mapaMmeTpH AWCIOKauiidHOI cTpykTypH ynbTpanpionozepuucroi (Y/3) FRTP (Fire
Refining Tough Pitch) wmimi. 3 wmieto meroro aeranbHo BuB4YeHo BruB II1J] i HacTymHOro Bimmany Ha OCHOBHI HapaMeTpu
HHM3bKOTEMIIepaTypHOi akycTH4YHOI penakcanii boproni. Bigman mpoBoauBes B intepBaii temmnepatyp 90 - 430 °C, mio BkIroyae B
cebe TeMmneparypy NepBUHHOI KpUCTaNi3allil CHIbHOIEPOPMOBAHOT Mii Tqny = 135 °C. [Ins Bcix cTaHiB 3pa3KiB OTPHMaHi OLIHKA
IIITBHOCTI PYXJIMBUX JHUCIIOKALlii, 10 JAlOTh BHECOK B HHM3bKOTEMIICpATypHY NMHAMIYHYy pejakcauiro. Bigman mpu3BoauTh 10
3MEHIICHHS IIIbHOCTI MCIIOKAIIN BiJ] 3HAUCHb Py ~ 1.7+ 102 m? 0 pm=~ 1.5- 10 M2 OKpiM MITBHOCTI TUCIIOKALLiH, 3 aKyCTHYHHX

BUMIpIOBaHb OTpUMaHa OliHKa Hanpyru Ilaidiepnca I pomy 7p =19 MPa~2510*G (G - Moayab 3cyBy). IlapanensHo 3

AaKyCTHYHHMH BHMipaMM, HNPOBOAMJIOCS OCITI/DKEHHS MapaMeTpiB JHCIOKALifHOT CTPYKTYpH 3pa3KiB METOJOM PEHTIeHiBCHKOT
nmudpaknii. Bynu oTpumaHi 3HaYeHHsS MapaMeTpa peIliTKH, 3HaYeHHs MikpoaedopMarii, cepeaHiii po3Mip 00JacTi KOTePEeHTHOTO
po3sciroBanHs (OKP), a Takox cepermHs MIJIBHICTh AWCIOKANiid. BUSBHIOCS, IO PEeHTTeHIBChKA NIUIBHICTH IHCIOKAIA Ha IBa
HOPS/IKK TIEPEBUIIYE 3HAYCHHS, OTPUMaHi 3 aKyCTHYHHX BUMIpIOBaHb. Y TOM e 4ac JaHi 1010 BIUIMBY BiAmaiy, OTpUMaHi oboma
METOJaMH, SIKiCHO Y3TOJDKYIOTHCSI MiXK 0000, 30KpeMa, CIIOCTepiraeThesi Take K MO MOPSIAKY BEIHYHMHH 3MEHIICHHS LIIIBHOCTI
JIUICTIOKALTIH.

KuirouoBi cioBa: cuipbHa ruiacTHuHa AedopMaliisi, yIbTPa3epHUCTI METald, aKyCTHYHAa CHEKTPOCKOIS, PEHTreHiBChbKa
nudpakiis, HU3bKi TeMIIepaTypu.
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Effect of annealing on dislocation structure parameters of ultrafine-grained copper: comparative study
by acoustic and x-ray methods

BrnusiHne oTxura Ha mapameTpbl JUCIOKAIMOHHOW CTPYKTYPhI
YABTPA3EPHUCTON MEAU: CPABHUTEIILHOE UCCIIETOBAHUE AaKyCTUUECKUM U

pCHTFCHOBCKI/IM METOJaMHU
[LIL. IMans-Bans, U.C. bpayne, JI.H. Ilans-Bans, B.I'. I'elinapos

Duzuro mexuuyeckuti uncmuniym nuskux memnepamyp um. b. Bepxuna HAH Yxpaunwr, np-m Hayxu 47, 61103 Xapvkos, Yrpauna

Meronamu aKyCTHYECKOH CIIEKTPOCKOIIMHI U PEHTTEHOCTPYKTYPHOTO aHAIN3a N3y4eHO BIMSHHE HHTEHCUBHOM IIACTHYECKO
nedopmaruu (MI1/]) u mocnenyroniero oTKura Ha rmapaMeTpsl IUCIOKAIIMOHHOM CTPYKTYpHI yibTpaMmenkoseprucroit (YM3) FRTP
(Fire Refining Tough Pitch) mequ. C sToii menpto aeranbHO H3ydeHO BimsHue UIIJ] M HOCIEAYIOIIEro OTXKWUra Ha OCHOBHbBIC
rapaMeTpbl HU3KOTEMIIepaTypHOH aKycTideckol penakcanuu bopmonn. Omxur npousBomuics B nHTepBaie Temreparyp 90 — 430
°C, BKIIOYANONIEM B ce0sl TeMIIEpaTypy MEPBUYHOW KPHCTAJUTU3AIMU CHIBHOJICPOPMUPOBAHHONW MeIH Tqnn = 135 °C. Jlng Bcex
COCTOSIHMHM 0Opa3lOB TMONy4YEeHBl OLCHKM IUIOTHOCTH IIOJBIDKHBIX JUCIOKAlWH, IAlOIUX BKIaZ B HH3KOTEMIICPATypHYIO
JIUHAMHUUYECKYI0 penakcanuio. OTKUT NPUBOAUT K YMEHBUICHUIO IUNIOTHOCTH JUCIOKAalMHi OT 3HayeHuil py, ~ 1.7 102 M2 1o Pm ~
1.5-10" w2 KpoMe IIOTHOCTH IWMCIOKAIMiA, W3 aKyCTHYECKHX M3MEPEHMIl IMOJydeHa OLCHKa HampsukeHus Ilaiiepica | pona
75 =19 MPa ~2.510G (G — Moxmyns capura). IlapaenbHO ¢ aKyCTHYECKHMH H3MEPEHHAMH, NPOBOAMIOCH HCCICLOBAHUE
MapaMeTpoB JHUCIOKAMOHHON CTPYKTYpHI 00pa3loB METOIOM PEHTTEHOBCKOH audpakiuu. Beumm momydeHs! 3HaUEHHS Iapamerpa
peIeTKH, 3HaUYeHNUsT MUKpoIepopMaIuy, cpeaqHuid pasMep obnactu KorepeHTHOro paccesaus (OKP), a Taxke cpemHss MIOTHOCTD

nucnokanuii. OKazanoch, YTO PEHTTEHOBCKAs IUIOTHOCTh AWCIOKALMA Ha J1Ba MOPSAKA MPEBBHINIACT 3HAYCHHSA, MOJTYYECHHBIE H3
aKyCTHUCCKMX H3MEpeHuil. B To ke BpeMs NaHHbIC MO BJIHMSHUIO OTKUTa, TONTy4CHHbIC OOOMMH METOIAaMH, KadeCTBEHHO

COTJIaCYIOTCs MEXKAY CO60ﬁ, B 4aCTHOCTH, Ha6m0)1aeTc;{ TaKO€ K€ 110 IMOPAAKY BEJIMYHMHBI YMEHBIICHUE IJIOTHOCTHU Z[I/ICJ'[OKaLII/Iﬁ.
KuroueBrble c10Ba: CHiIbHAS TUIACTHYECKAS I[e(i)OpMaL[I/IH, YJIBTPAMEIKO3CPHUCTHIE METAJJIbI, aKyCTHYCCKAsl CIICKTPOCKOIIU,

JdpakIysg peHTIeHOBCKUX JIydel, HU3KHE TeMIIepaTypebl.

Introduction

It is well known that highly fragmented metals and
alloys obtained by the methods of severe plastic
deformation (SPD) have thermodynamically non-
equilibrium defect structures, the transition of which to
the equilibrium state determines the instability of their
most important functional and operational properties
(strength, ductility, elastic properties, etc.). This
circumstance confines the wide use of ultrafine-grained
(UFG) and nanostructured (NS) metals and alloys
obtained by SPD method as structural materials for
industry, in particular, as structural elements in aerospace
engineering and nuclear power engineering intended for
operation under extreme operating conditions with
frequent heat exchanges and/or wunder significant
mechanical loads [1, 2].

These factors determine the importance of studying
the stability of the microstructure of NS and UFG
materials obtained by SPD methods, caused by both
external factors (temperature, applied mechanical
stresses) and those resulting from incompleteness of
processes that occur during SPD. In the SPD process,
practically all modes of plastic flow are activated: slip and
multiplication of dislocations in all available dislocation
systems, twinning (including multiple), grain-boundary
slippage, competition between the processes of strain
hardening and dynamic recovery is also observed. As a
result, a huge number of deformation defects are created
in the material — dislocations, twins, high-angle grain
boundaries, vacancies, and pores that all are in the fields

of significant internal stresses created during SPD. The
defect subsystem of UFG and NS metals is metastable,
and in some cases non-equilibrium. External influences
(temperature, applied alternating stresses, etc.) lead to a
decrease in the density of dislocations, grain growth
(recrystallization), vacancy annihilation, and, finally,
contribute to relaxation of internal stresses.

Studying the influence of external factors on the
stability of the properties of UFG metals provides
valuable information on the evolution of their structure. In
this work, the methods of acoustic spectroscopy and X-
ray structural analysis were used to study the effect of
annealing on the parameters of the dislocation structure of
ultrafine-grained FRTP (Fire Refining Tough Pitch)
copper, obtained using the SPD methods including
hydroextrusion (HE) and drawing (D). The parameters of
the dislocation structure of the UFG copper were
determined from the data on the low-temperature Bordoni
dynamic relaxation caused by the thermally activated
generation of kink pairs in dislocations. Parameters of the
dislocation structure were also obtained by determining
the coherent scattering regions (CSR) and micro-
distortions using X-ray diffraction. From these data,
estimates of the average dislocation density in samples
were obtained.

It should be noted that when studying the dislocation
subsystems of crystals, the acoustic and X-ray methods
provide information on the characteristics of substantially
different parts of the entire dislocation ensemble. In
acoustic experiments, the vibrations of the longest and
most favorably located relative to the external alternating
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stress mobile dislocations belonging to slip systems with
a nonzero Schmid factor are excited. Accordingly, the
parameters of a relatively small part of the moving
dislocation segments are determined. In the X-ray
measurements, on the contrary, the parameters of the
dislocation subsystem are determined over the entire
dislocation ensemble in the crystal. As a result, in the first
case we get underestimated, and in the second case,
overestimated data on the density of dislocations.

A comparative study of the change in the density of
dislocations by X-ray and acoustic methods makes it
possible to obtain information on changes in both the total
density of the dislocation ensemble and the density of its
most mobile part as a result of external impact. As the
latter, in this work, isothermal annealing of samples at
elevated temperatures was used.

2. Experimental details
2.1. Preparation and characteristics of samples. We
studied samples of ultrafine-grained (UFG) technically
pure fire-refined (FRTP) copper with a purity of 99.95%
obtained as a result of combined severe plastic
deformation (SPD) that includes multiple hot and cold
hydrostatic extrusion (HE) and drawing (D) (for more
details see [3]). The technological sequence of operations
during the sample preparation is presented in Table 1. The
total reduction of the starting material was 96.6%, and the
total deformation was ey = 6.77. The average grain size

was decreased down to d ~ 200-300 nm.

Table 2.
Sample preparation.
Ne .
/ Procedure D, mm RedL;/CtIOﬂ, er
0
No
1 Start of processing | 59 0 0
2 43 27.1 0.633
3. Hot extrusion 28 52.5 1.491
4, 22.5 61.9 1.928
5, | AGEINGat20°C,10 1 555 | 519 | 1028
months
6 Hot extrusion 18.8 68.1 2.287
7 Cold extrusion 13 78.0 3.025
Annealing at 150

8. °C. 30 min. 13 78.0 3.025
9. 10 83.1 3.550
10. Cold 8 86.4 3.996
11. hydroextrusion 6 89.8 4572
12. 4 93.2 5.382
13. Drawing 2 96.6 6.769

D is the diameter of the copper billet.

2.2. Acoustic measurements. Information on the
dynamic characteristics of moving dislocations has been

obtained by a detailed analysis of the parameters of the
low-temperature Bordoni dislocation acoustic relaxation
in copper [4-8]. Acoustic measurements were carried out
by the two-component composite vibrator method [9]. In
samples with a length of about 25 mm and a diameter of 2
mm, longitudinal standing waves at frequencies f ~ 73
kHz were excited using a piezoelectric quartz transducer;
in this case, the wave vector of ultrasound coincided with
the direction of hydroextrusion and drawing. The
temperature dependences of the logarithmic decrement &
(T) and the dynamic Young's modulus E(T) were
measured in the temperature range 5 — 310 K in the
amplitude-independent region with a constant amplitude
of ultrasonic deformation &= 1-107. The rate of
temperature changes was ~ 1 K/min.

2.3. X-ray measurements. To study the structure of
polycrystalline materials, in particular, the sizes of
coherent scattering  regions and microstrains, there
several X-ray techniques based on the analysis of the
nature of the broadening of X-ray diffraction lines were
developed. In this work, we used a method of an
approximation of the shape of the X-ray line profile by
standard broadening functions. The study was carried out
using DRON-2.0 diffractometer in copper radiation with a
Ka nickel filter. First, the parameters of the dislocation
structure of the initial samples were studied immediately
after the SPD procedure. Then the samples were annealed,
and after each annealing, the measurement cycle was
repeated. Processing of the obtained diffraction patterns
was carried out according to the standard procedures [10-
12]. The broadening effects were separated graphically by
plotting the Williamson-Hall graph. From the intercept
on the ordinate axis, the average CSR size <D> was
determined and from the slope of the graph the
microstrain ¢ was determined. Based on these data, the
average values of the dislocation densities p,, were
calculated.

2.4. Annealing procedure. After carrying out
acoustic and X-ray measurements on the as-prepared
samples, they were subjected to isothermal annealing with
at elevated annealing temperatures in the temperature
range 90 ° C < Ty, <430 °C. Samples were annealed for
30 min in vacuum. The annealing temperature range was
chosen in such a manner that the primary recrystallization
temperature in highly deformed copper 7 ~ 135 °C fell
into this interval. Because of the fact that the behavior of
the dynamic Young's modulus E in annealed samples
prepared by hydroextrusion and drawing drastically
differed from the behavior of E in ECAP-treated copper
[3, 13, 14], the annealing temperature range was extended
towards higher temperatures . The annealing temperature
step was 20 — 50 K and depended on changes in the
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measured values as a result of annealing. After each
annealing, the cycle of acoustic and X-ray measurements
was repeated.

3. Results and discussion

Peak Bordoni. When studying the temperature
dependences of the logarithmic decrement &T) in the
samples of UFG copper, a pronounced peak of internal
friction was found, localized at a temperature of Tp; ~ 82
K at an ultrasound frequency of f = 73 kHz (curve 1 in
Fig.1a).

On the low-temperature side of this peak, a small
satellite of the main peak was also observed at Tp, ~ 35 K.
It was found that the temperatures of the peaks Tp; and
Tp, increase with increasing the vibration frequency. This
indicates that these peaks are due to thermally activated
dynamic relaxation processes. For a simple Debye-type
relaxation process with a single relaxation time, we can
write

ot
1+ (w7)? '

5I‘ 25( max

1)

where & is the relaxation component of the logarithmic
decrement, w = 2xf is the angular frequency.

--------- AL SR LR R LT L
Cu (e, =6.77)
1.5 P N 1 - as deformed 7
* . 2-T, =90°C
.'°°°°°. 2 3-110°C
10 F KA 4-130°C !
<< S o3 5-150°C
mo P, & N, 6-170°C
— L) 7-190°C
%0 o [ 5
0.5 o . 8-210°C E
oill
0.0 ...... - - o Al e
0 100 200 300
T: K
Fig. 1. Temperature dependences of the logarithmi

decrement XT) in the FRTP copper sample immediatel
after SPD with the total true strain ey = 6.77 (curve 1) an
after a series of anneals at successively elevate
temperatures (curves 2-8).

The relaxation contribution to the measured decrement &
reaches its maximum value & max = 7y /2 at wr (Tp) = 1,

Ay is the relaxation strength, Tp is the peak temperature.
Since in this experiment the measurement frequency f
with temperature varies insignificantly, the temperature
dependence o (T) is mainly determined by the

temperature dependence of the relaxation time 7 (T),
which for thermally activated relaxation with activation
enthalpy H and an attempt period 7, is described by the
well-known Arrhenius’ expression

7(T) = rpexp(H /KT), 2

here k is the Boltzmann constant. Thus, the temperature

dependence of the relaxation component of the
logarithmic decrement may be represented as
Hfl1 1
8, (T) = O max SECh {?(? - ﬁ\J} . 3)

It should be noted that expression (3) is valid only for
the relaxation processes with a single relaxation time and
in the assumption f = const). The activation enthalpy H
and the attempt period 7, can be determined from
measurements at several frequencies and then plotting
In(w) as a function of the inverse peak temperature 1 /Tp:

Ino=i(m!) -7, @) @

By measuring at the 1st, 3rd, and 5th harmonics of the
quartz transducer fundamental frequency, the average
values of the activation enthalpy H and the attempt period
7 were determined for the P, and P, peaks: H;= 0.09 eV,
wm = 6:10% s and H, = 0.017 eV, m, = 1:10° s,
respectively. These values are close to the activation
parameters of the Bordoni and Niblett-Wilks peaks earlier
observed in single crystals and coarse-grained
polycrystals of copper [7].

According to the well-established theoretical concepts
of A. Seeger [5, 6], it can be argued that the peaks P, and
P, are caused by the thermally activated motion of
dislocations in the Peierls’ potential reliefs of the first and
second order. The microscopic mechanism responsible for
the appearance of the P; peak is the thermally activated
nucleation of kink pairs in dislocation lines (overcoming
Peierls’ potential barriers of the first order). The low-
temperature peak P, may be the resulted by thermally
activated diffusion of geometric kinks in dislocations in
the secondary Peierls’ relief.

Annealing of samples of the UFG copper at
temperatures lower and higher than the primary
recrystallization temperature led to substantial changes in
the parameters of the dynamic Bordoni relaxation (see
Figs. 1, 2 a,b).
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Fig. 2. The effect of annealing on (a) the height &, max Of
the Bordoni peak, (b) the parameter of the distribution g of
the relaxation time (peak width, see text) and (c) the
mobile dislocations density p,. Tr is the primary
recrystallization temperature of highly deformed copper.

First of all, a significant and systematic decrease in the
height of the relaxation component of the P; peak with
increasing annealing temperature T,,, should be noted
(Fig. 2a). It is known that the height of the dynamic
relaxation peaks is determined by the product of the
number of acting elementary relaxation entities and their
individual contribution to the relaxation. For the Bordoni
peak, it was shown [4] that the upper limit of its height &
max 1S determined by the expression

5 _”szm
I max 24

, ®)

here L is the average length of the dislocation segments
and pn, is the density of mobile dislocations contributing
to the dynamic relaxation. This allows one to obtain with
certain omissions an estimate of the dislocation density:

249,
pm = = ©)

It should be noted that the use of the experimentally
observed & ; max In the expression (6) leads to a very
underestimated value of the dislocation density. This is

due to the fact that the observed peaks of dynamic
relaxation often turn out to be much wider than
expression (1) predicts for Debye-type relaxation with a
single 7 [8]. The broadening of the relaxation peak is
accompanied by a decrease in its height and may have
various reasons, among which one of the main ones is the
presence of a spectrum of relaxation timesz, due to the
existence of nonequivalent conditions for the motion of
elementary relaxators in a real crystal. The mechanism of
broadening of peaks and a decrease in their height due to
a spread in relaxation times was considered in detail by
Nowick and Berry [8], who used the Gaussian distribution
of the variable z = In (#/z,), where 7, is the average
relaxation time at a given temperature. The probability
density of this distribution is

exp{—(z/ﬂ)z}
O(2)=——, (1
Bz

here g is a parameter characterizing the width of the
distribution of the relaxation time (for z = g the value 24
is equal to the width of the distribution at a relative height
I/e). Taking into account the distribution of 7, expression
(3) takes the form:

_ 5r max T 2
S = Ir :Lexp[—u J sech(x+ 4u) du, (8)
where u = /4, x = In(wty,) (if in the experiment the
oscillation frequency varies at a constant temperature) or

Hf(1 1
(7 ®

in the case when in the experiment changes the
temperature but the oscillation frequency remains almost
constant.

For g > 0, the width of the experimentally observed
peak increases and the height decreases. This should be
taken into account when treating the results of the
experiment in order to obtain quantitative information on
parameters of the elementary relaxators (in particular, the
parameters of the dislocation subsystem). Empirical
expressions were obtained in [15] for dynamic relaxations
of the Debye and Koiwa-Hasiguti types which allow one
to determine from the experiment the values of g and a
corresponding decrease in the height of the relaxation
peak. By numerical methods, a relationship was
established between g and the ratio r

B = (r-1)"* +1.493(r-1), (10)
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- AWTLB) )
AQUITE)O)

Here A(L/T;)(0)and A@Q/TS)(B) are the peak widths
when g = 0 and g > 0, respectively. The width of the
Debye peak can be determined from the expression [7]:
A@L/TS)(0) =2.725k/H . (12)
The decrease in the height of the Debye peak with an
increase in S is described by the expression

Snoe (B) =5, (0) (0.05+ (13)

0.45 j
1+0.2338%
and should be taken into account when determining the
dislocation density by the height of the Bordoni peak. In
Fig. 2b, the dependence of S on the annealing temperature
Tann IS shown, and in Fig. 2c the density of mobile
dislocations is presented which was obtained taking into
account expression (13). It is appropriate to note here that
the height of the Bordoni peak in UFG copper obtained by
equal channel angular pressing (ECAP) [14] turned out to
be several times higher than in the present work. This
may indicate that, when using ECAP, the dynamic
recovery processes are less intensive than during
hydroextrusion and drawing and a higher dislocation
density is created in the samples.

In addition to the dislocation density, the study of the
Bordoni relaxation can provide important experimental
information on other parameters of the dislocation
structure of the metal under study, in particular, on the
characteristics of the interaction of dislocations with the
crystal lattice and overcoming by moving dislocations the
Peierls’ potential relief.

According to Seeger’s theory and its subsequent
modifications [4, 6, 7], the activation enthalpy H of the
Bordoni peak is approximately equal to the energy
required for the formation of a pair of kinks of opposite
signs at the dislocation

H = 2w, (14)

where W, is the energy of a single kink formation equal to

4a, ( Capbrp /2
Wk = .
v 27

(15)
Here C = Gb2/2 is the linear energy of the dislocation, ap

is the period of the Peierls’ potential relief, b is the
module of the Burgers vector, G is the shear modulus, and
7p IS the Peierls stress calculated in terms of a simple

model (Peierls’ sinusoidal potential) without taking into
account thermal activation and quantum effects. Using
(14) and (15), an estimate of the Peierls’ stress for the
UFG copper was obtained:

72'3H2

=—— =19 MIla ~ 2.5107*G .
16a; b°G

Tp (16)

When calculating with (16), the following values were
used: H=0.09 eV, a ~ b =2.56-10""m, G = 75.5 GPa.

3.2. X-ray diffraction analysis. The results of X-ray
diffraction measurements are shown in Fig. 3.

Fig. 3a shows the changes in the lattice parameter a of
UFG copper during annealing. Annealing leads to an
increase in the lattice parameter by 1.2% in the range of
annealing temperatures near 150 °C with a subsequent
exit to the plateau starting from T,,, ~ 200 °C. It should
be noted that the value of a in the SPD treated samples is
noticeably lower, and in the annealed samples it is
noticeably higher than in the samples of coarse-grained
well-annealed copper. The reason may be the presence of
internal stress fields created during SPD processing and
their evolution during annealing (see Fig. 3 b).

T T ) T T

0.366 - | s o

E 0.364 .
= 0.362 ]

0.360 |
61 | (b) -

Fig. 3. The effect of annealing on: (a) the lattice parameter
a, (b) microdistortion ¢ in the lattice, (c) the mean CSR
diameter <D>. The horizontal dashed line shows the value
of a in coarse-grained fully annealed copper and the
vertical one shows the temperature of primary
crystallization of highly deformed copper.

Calculated X-ray parameters, the microstrains & (Fig.
3b) and the mean size of CSR <D> (Fig. 3c), show that
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the SPD technology used for wire producing leads to high
microstrains (¢ ~ 6-10°) and small values of the CSR
(domain size is about 100 nm at the average grain size of
~ 200 nm.). As a result of sample annealing, the
microstrains decrease and the mean size of CSR
increases. First may be due to both lowering dislocation
density as well as to recrystallization processes at
annealing temperatures T,,, > Tg. The latter is caused
mainly by recrystallization. As it was established in [3],
copper wires prepared by hydroextrusion and drawing
have strong crystallographic texture that significantly
changes during annealing at T,,, > Tr.

The integrated average dislocation density pay
obtained from the X-ray diffraction experiments appears
to be almost 2 orders of magnitude higher than the density
of mobile dislocations p, given by the acoustic
spectroscopy method (Fig. 4).

T.=135°C
o
£ 2f -
b
(@)
T
of 1 i
0 L 1 1 1 1
0 100 200 300 400
TG

ann’

Fig. 4. Change in the average dislocation density in the
samples of UFG copper obtained by X-ray diffraction. The
dashed line shows the primary crystallization temperature
of highly deformed copper.

In addition, the temperature range, in which the most
intensive changes in the dislocation density occurs, in the
X-ray experiment is shifted by 30—40 °C towards higher
temperatures. However, it can be argued that the data on
the effect of annealing on the dislocation density obtained
by both methods are in qualitative agreement with each
other; in particular, a decrease in the dislocation density
of the same order of magnitude is observed.

Conclusions

1. Acoustic spectroscopy and X-ray diffraction
methods have been used to study the effect of annealing
on the parameters of the dislocation structure of the UFG
copper obtained by hydroextrusion and drawing.
Annealing was carried out in the temperature range 90—
430 °C, including the primary recrystallization
temperature of highly deformed copper T ~ 135 °C.

2. From acoustic measurements, an estimate of the

density of mobile dislocations py, which contribute to the
low-temperature dynamic relaxation of Bordoni was
obtained. It turned out to be 5 times lower than in the
UFG samples of copper obtained using equal channel
angular pressing (ECAP).

3. As a result of annealing, the density of mobile
dislocations decreases by almost an order of magnitude.
The most intense decrease in p, occurs at annealing
temperatures near the primary recrystallization
temperature of highly deformed copper.

4. From acoustic measurements, an estimate of the
Ist order Peierls’ stress in copper was also obtained:
7p =19 MPa ~ 2.510G..

5. In parallel with the acoustic measurements, the
average integral dislocation density p,, of the annealed
samples was investigated by X-ray diffraction, which
turned out to be two orders of magnitude larger than the
value pr, obtained from acoustic measurements.

6. Despite the quantitative difference, the data on
the effect of annealing on the dislocation density obtained
by both methods are in qualitative agreement with each
other, in particular, with an increase in the annealing
temperature, a decrease in the dislocation density of the
same order of magnitude is observed.
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In this work the samples of ZnSe zinc selenide crystal grown from the melt by Bridgman method from high-purity (chemical
and radio) raw materials were studied for further use in experiments on the search for neutrinoless double beta decay. The
microstructure of the test samples was studied. Chemical selective etching, first of all, has allowed to determine the nature of
distribution and sizes of area twinning, as well as the etch pits along twins boundaries. It is shown the figures found by chemical
etching are the dislocation exits to the studied crystal surface. The dislocation density was estimated by counting the dislocation etch
pits on the plane perpendicular to the growth direction and was 10* cm™. As a rule, thermophysical conditions of ZnSe crystal
growth, as well as high concentration of foreign inclusions and impurities in the crystal significantly affect the formation of twins and
growth dislocations and are the cause of the optical, electrical, and mechanical heterogeneity of the material. The optical and
electrical characteristics of the samples were measured. The absorption bands observed in the optical transmission spectra of the
visible and IR ranges gave important information about the presence of local defects and impurities in the crystal, namely in 470+550
nm and 580650 nm regions — absorption by point defects and in 3+15 pm region — Fe?*, CSe and CSe, absorption. The total
transmission level in the visible range reached 60 %, which is lower than the theoretical one and due to scattering by defects. The
phonon thermal conductivity of ZnSe sample was measured in the temperature range 5+298 K. Based on the approximation of
obtained temperature dependences of the thermal conductivity, it was shown that the phonon mean free path at low temperatures is
comparable with the distance between twins’ boundaries in the sample.

Keywords: ZnSe crystal, twins, dislocations, optical transmission, thermal conductivity.

MOKJIUBICTh OTPUMAaHHS KPUCTaJIIB ZnSe 3 BUCOKOIO CTPYKTYPHOIO

JOCKOHAJTICTIO JIJIsi KPIOT€HHOT O0JIOMETPUYHOT TEXHIKU
LA. PI/I6aHKa1’2, LA. TyHiIII/IHal’z, b.B. FpI/IHBOBl’Z, P.B. BOBKl, M.B. KI/ICJ’II/IIISII,
I.s. Xaszaﬁl, 10.1. Boiiko'

1 Xapxiscoruil nayionanvhui ynisepcumem imeni B.H. Kapaszina, m. Ceéo600u 4, 61022, Xapxkis, Yxpaina
2 Incmumym cyunmunayiunux mamepianie Hayionanvnoi akademii nayx Yxpainu, np-m Hayxi, 60, Xapxie 61072, Vkpaina

B poboti mocmijkeHO 3pa3KdM KPHUCTaly CeNleHiqy IUHKY ZnSe, IO BHUPOIIEHO 3 pO3IUIaBy MeTonoM bpimkmena 3
BHCOKOYHNCTOI (XIMIYHO Ta pamialiifHO) CHPOBUHH, JUIS ITOJAIBIIOT0 BUKOPUCTAHHS B €KCIIEPUMEHTaX 3 MOIIYKy Oe3HeHTPHHHOTO
MoJBiifHOTO OeTa-po3many. BUBYEHO MIKPOCTPYKTYPY JAOCHIKYBAaHHX 3pa3kiB. XiMidyHe BHOIPKOBE TpaBICHHS, B IEPIIY YEpry,
JIO3BOJIMJIO BHSIBUTH XapakTep pO3MOJTY Ta PO3MipH ABIHHMKOBHMX oOjacTedf, a Takok (irypum TpaBieHHS B3JIOBXK TI'DaHUIb
nBiitukiB. [loka3aHo, 110 BHABJICHI 3a JOTMOMOTO XiMIYHOTO TpaBieHHS (GIrypH € BHUXOJaMHU IHCIOKAIi Ha JOCTIKYyBaHY
noBepxHio Kkpuctany. OIiHEeHa NIUIBHICTh AWCIOKALifd HUIIXOM MipaXyHKy AWCIOKAlidHAX SMOK TpPAaBJICHHS Ha IUIOLIMHI,
TepIeHANKYIAPHill HAPAMKY pocTy, sika ckmama 10* cm™. Sk mpaBmio, TemmodisuuHi yMOBH BHpOIIyBaHHA KpucTany ZnSe, a
TAKOXK BHCOKA KOHIIGHTpAIliss CTOPOHHIX BKJIIOYEHb Ta JOMIIIOK Yy KPUCTalli CYTTEBO BIUIMBAIOTH Ha (hopMyBaHHs IBIMHHKIB i
POCTOBHX AWCIIOKAIiil Ta € MPUINHOIO ONTHYHOI, eIeKTPHIHOI, MeXaHIYHOI HEOJHOPIAHOCTI MaTepiany. IIpoBeeHO BUMipIOBaHHS
ONTHYHUX Ta €IEKTPUIHHUX XapaKTePUCTHK 3pa3KiB. CMyTH MOTIIMHAHHS, IO CIIOCTEPIraIrcs B CIEKTPaxX ONTHYHOTO MPOIMYCKAHHS y
puauMoMy Ta [Y miama3oHax, Jaid BaXIUBY iH(GOPMALIO MPO HASBHICTH JOKAIBHUX Ae(EKTIB i JOMIIIOK B KPHCTAli, a came, B
obmactsx 470+550 am it 580+650 HM — MOTJIMHAHHS TOYKOBUMH Jedekramu, Ta B o0yacTi 3+15 MKM — MOTJIMHAHHS Fcz+, CSe u
CSe,. 3aranpHuil piBeHb MPOIYCKaHHS Yy BHIMMOMY jiama3oHi jgocsraB 60 %, 110 HIDKYE TEOPETHYHOro, W Iie MOB’S3aHO 3
po3scitoBanHsIM Ha Aedekrax. [IpoBeneHo BUMiproBaHHS (POHOHHOT TEIUIONPOBIAHOCTI 3pa3ka ZnSe B iHTepBaii Temmeparyp 5+298 K.
3a pesynbTaTaM anpoKCUMALil OTPUMAaHUX TEMIIEPATYpPHUX 3aJEKHOCTEH TEMIOMPOBITHOCTI MOKAa3aHO, L0 JAOBXKHMHA BUIBHOTO
npoOiry GOHOHIB IIPU HU3bKUX TEMIIEpaTypax € MOPIBHAHOIO 3 BIACTAHHIO MK I'PaHUIISIMU ABIHHUKIB B 3pa3Ky.

Kawuosi cioBa: kpucran ZnSe, ABIMHUKY, AUCIOKAILli, ONTHYHE MPOITYCKAHHS, TCIUIONPOBIIHICTb.
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B03M0XHOCTh OTy4YE€HUSI KPUCTAIIIOB ZnSe ¢ BBICOKUM CTPYKTYPHBIM

COBEPIIICHCTBOM JIJISI KPUOT€HHON 00JI0METPUYECKON TEXHUKH
h.A. PBI6aJ'IKal’2, N.A. TyrII/IHI/IHal’Z, b.B. FpI/IHéBl’z, P.B. BOBKI, M.B. KchHual,
.. Xazmcaﬁl, [O.U. Boiiko'

1 Xapvrosckuii nayuonanvuwlil ynusepcumem umenu B.H. Kapasuna, m. Céoboou 4, 61022, Xapvkos, Yrpauna
2 Uncmumym cyunmunisyuonnvix mamepuanoé Hayuonanvhoti akaoemuu nayx Yxpaunel, np. Hayxu, 60, Xapvros 61072, Yxpauna

B pabote uccnenoBansl 00pa3nbl KpUCTAINIa CeleHHua IMHKa ZnSe, BRIPAIIEHHOTO M3 paciiaBa METoxoM bpumkmena u3
BBICOKOYHCTOTO (XHMHYECKH M paJHallMOHHO) CHIPbs, Ul JAIBHEHIIEro WCIONb30BAaHMS B JKCIEPHUMEHTaX II0 IIOHCKY
Oe3HEUTPUHHOTO JBOHHOro Oera-pacmanga. l3ydyeHa MHKpPOCTPYKTypa HCCIEAYyEeMBIX 0O0pas3loB. XHMHUYECKoe H30MpaTenbHOe
TpaBJICHUE, B IIEPBYIO OUEpPe]Ib, IIO3BOJIMIO BEIIBUTH XapaKTep paclpeeleHus 1 pa3Mephl IBOHHUKOBBIX 00IacTell, a Takoke (QUryphl
TpaBJCHHS HA TPaHULAX JBOWHHMKOB. [I0Ka3aHO, YTO BBIABICHHBIC C IOMOLIBIO XHMMHYECKOTO TPaBICHHS (HUIYpHI SBISIOTCS
BBIXOZIAMU JIUCIIOKAIMil Ha MCCIEAyeMyl IOBEPXHOCTh Kpucramia. OLeHeHa IUIOTHOCTh AMCIOKAIMiI IyTeM Mojacyera
JHCTOKAIIMOHHEIX IMOK TPABJICHMS HA IUIOCKOCTH, MEPICHIMKYIAPHOM HAMPABICHHMIO POCTa, KoTopas cocrasmma 10% cm? Kax
MPaBUIIO, TEINIOGU3MYECKHE YCIOBHS BBIpALMBaHUSA KpUCTaIa ZNSE, a TakKe BBICOKas KOHIEHTPALUS HHOPOJHBIX BKIIOUECHHH U
IpUMecell B KPHCTaUIe CYIIECTBEHHO BIMSIOT Ha (popMHpOBaHHME IBOHHHUKOB M POCTOBBIX THUCIOKAIMH W SIBISTIOTCS NPUYHUHOM
ONITHYECKOH, INEKTPUIECKOH, MEXaHHIECKOH HEOJAHOPOJHOCTH Marepuaia. [IpoBeneHsl H3MepeHUs] ONTHYECKUX H IJIEKTPUISCKHUX
XapakTepucTUK o0pa3noB. Habmromaemple B CIIEKTpax ONTHYECKOrO Ipomyckanus B BuauMoM u MK nuamasoHax mHoJocCh!
TIOTJIOIICHNUS Tl BOKHYIO MH(OPMAIMIO O HAJIMYMH JIOKAJIBHEIX Ne()eKTOB M IpHMeceil B KpHUCTajUle, a HMEHHO, B O0JaCTIX
470+550 am 1 580+650 HM — MOTJIOIICHHE TOYEYHBIMHU JeeKTaMH, U B 00JacTd 3+15 MKM — IMOTJIOIICHHE Fe?*, CSe u CSe,.
OOmwuii ypoBeHb MPOITyCKaHUS B BUIUMOM AnanasoHe gocturan 60 %, 4To HmKe TEOPETHIECKOTO, M 9TO CBA3aHO C PACCESTHUSIM Ha
nedexrax. IIpoBemeHBl M3MepeHUS (OHOHHON TEMIONMPOBOAHOCTH oOpasma ZnSe B wuHTepBasie Temmeparyp 5+298 K. Ilo
pe3ysbTaTaM alnpOKCHMAIUH ITOJYYSHHBIX TEMIICPAaTYPHBIX 3aBUCHMOCTEll TEIUIONPOBOIHOCTH MOKA3aHO, YTO JUIMHA CBOOOIHOTO

Hpo6era (bOHOHOB IIpHU HU3KUX TEMIIEpATypax CONOCTaBUMa C paCCTOSIHUEM MEXKIY I'PaHULIaMU JIBOWHHUKOB B 06pa3L[e.
KiroueBsble ciioBa: KpUucTaul ZnSe, HBOﬁHHKH, JUCIIOKauu, ONTUYECKOC MPOITYCKaHUE, TEIUIONPOBOAHOCTD.

Introduction

One of fundamental problems of high-energy physics
today is study of rare events processes (double beta decay
and other rare nuclear decay events). Whatever of the
nature of such processes, the general conditions for their
experimental proof are: development of the conditions for
obtaining detectors which guarantee an extremely low
(ideally zero) radiation background; creation of detectors
with extremely high sensitivity. For the construction of
new highly sensitive detectors, very often crystals are
used as for the cryogenic bolometric technique. The
cryogenic bolometric technique is one of the promising
experimental approaches in neutrinoless double beta
decay (OvDBD) experiments because of the achievable
excellent energy resolution and high detection efficiency
[1]. The crystals what used in this case, in addition to low
concentration of radioactive impurities must have a
perfect crystal structure to provide high sensitivity of the
detector.

In recent years, zinc selenide ZnSe has been
considered as the most promising material for use in
scintillation bolometers in double beta decay experiments
[2]. Today, the first part of the obtained ZnSe enriched
crystals with %2Se selenium isotope is successfully
undergoing bolometric tests in the underground
Laboratori Nazionali del Gran Sasso (Italy) [3] as part of
LUCIFER project [4], that opens up prospects for the
further widespread use of this material as scintillation
detector in OvDBD experiments. However, the questions
of influence of defect various types in these crystals on
phonon and scintillation signals at low temperatures

remain unexplored. The solution of these problems will
optimize the technology for producing crystals and
increase the cryogenic detectors sensitivity.

This article reports on the possibility to obtain high
purity ZnSe crystals with high degree of structural
perfection for use in scintillation bolometers and study of
neutrinoless double beta decay.

Experimental methodology

ZnSe crystals were grown from the melt using the
vertical Bridgman technique in the graphite crucibles with
a diameter of 50 mm under inert gas of argon at a pressure
up to 15-10° Pa; the crystallization speed was 1 mm/h; the
temperature in the melt zone — up to 1850 K; the melt
overheating value AT was varied in 30200 K range. The
crystals were grown from stoichiometric ZnSe powder,
which we synthesized in [3] by gas-phase synthesis from
elemental Zn and Se with high chemical and radio purity.
Chemical purity and radio-purity analysis of Zn and Se
elements and ZnSe crystal were performed by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) and High-
resolution gamma-ray spectrometry with  cooled
hyperpure germanium (HPGe) at Istituto Nazionale di
Fisica Nucleare (ltaly) and at Laboratori Nazionali del
Gran Sasso (ltaly) and were shown in the work [3].
Chemical purity of ZnSe crystal was 9,5 ppm, radio purity
was 14,56 mBg/kg.

Microstructure defects were studied with an optical
microscope. The fine structure of the crystal was
investigated using chemical selective etching method. The
effect of various etchants on the test ZnSe crystals was
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studied. The composition solution: HNO; (1 part), CrOs
(2 parts) and H,O (3 parts) under the etching mode
T=368K and t=10min, was optimal for chemical
polishing; and the composition solution: HCI (2 parts) and
CrO;z (1 part) under the etching mode T =293 K and
t=10 min — the most effective etchant for dislocation
detecting.

The transmission spectrum in the visible region was
measured using Shimadzu uv mini-1240
spectrophotometer operating in the range 200+1100 nm
with 1 nm resolution. The transmission spectrum in the IR
region was measured using Shimadzu Fourier Transform
Infrared spectrophotometer IR Affinity-1 operating in the
range  7800+350 cm™  (1,3+28,5 um) with 2cm™
resolution. ZnSe sample with size 10x10x2 mm was
optically polished on parallel planes 10x10 mm.

The electric resistivity of ZnSe sample with
10x10x2 mm dimensions were measured by classic 4
probes method. The current and the voltage were
measured with a VV7-35 electronic voltmeter at the room
temperature. The electric resistivity value was calculated
by the formula: p 7 200sU/I, where s is the distance
between sensitive contacts. ZnSe electric resistivity was
measured in the range from 10 Q-cm to 10'? Q-cm at the
supply voltage of the current circuit from 5V to 300 V
and at the sensitivity of the VV7-35 voltmeter of the current
1 nA and the voltage 1 pV.

The thermal conductivity of a sample 60x3x3 mm in
size was measured by the stationary uniaxial heat flow
method in the temperature range 5+298 K. The heat flow
was directed along the crystallographic direction [100].

Results and discussion

In this work we have studied samples cut from a ZnSe
undoped crystal 50 mm and 1=2100 mm in size,
obtained by the technology described in [3]. The crystal
structure was a single crystal ingot with the presence of
large twin regions oriented at 45° angle to the growth
axis.

It is known [5] that ZnSe is a compound with
tetrahedral atomic coordination, which may have the
structure of sphalerite (S) or/and wurtzite (W). The type
of structure for ZnSe is determined by many factors:
crystallometric stability criterion [5] and degree of
ionicity [6], deviations from stoichiometry [7] and
equilibrium crystallization conditions [8], and the doping
of controlled impurities [9, 10]. It is known [11] that
during the growth of undoped ZnSe crystals from the melt
a wurtzite-sphalerite (W—S) phase transition proceeds,
which temperature is 1693 K at heating and 1683 K at
cooling. Due to the incompleteness of the W—S phase
transition one-dimensional disordering of the crystal
lattice S occurs, which leads to the formation of the twins
and packing defects of twinning type.

Obvious evidence of the presence of twins in the
studied crystals associated with the polymorphic
transformation in the solid phase, first of all, is the
presence of characteristic inclined bands on the side
surface of the grown ingots [12]. This is explained by the
different orientations of the reflective surfaces (110) and
microcavities due to thermal etching. Such bands, which
we have observed by an optical microscope at low
magnification, are shown in Fig. la during thermal
etching of the side surface and in Fig. 1b during chemical
etching of the cross section crystal. The width of a single
band can be from 1 um to several millimeters.

Chemical selective etching, first of all, has allowed to
determine the nature of distribution and sizes of area
twinning. In Fig. 1b and Fig. 2a the microstructure of
sections perpendicular to the growth direction of ZnSe
crystal are shown, on which a clear block twin structure is
visible. The bands of the twins are characterized by
change in the contrast of the image, since the reorientation
of the crystal lattice in the twin (and the possible change
in the density of atoms on its surfaces) causes the deviate
of the light beam reflected from the crystal surface in
microscope. The boundaries of twins are areas of
segregation of chemical impurities, which in turn lead to
generator of new structural defects. So, we have observed
the formation of etching figures along the boundaries of
twins, as shown in Fig. 2b.

(a) (b)
Fig. 1. Twinning bands — boundaries of twin blocks in ZnSe:
a — during thermal etching on the side surface of the crystal
( T 1 mm); b — during chemical etching on the cross
section crystal (I 50 pm).

(b)

Fig. 2. Structural defects on the cross section ZnSe crystal,

detected by chemical selective etching method
( D50 pm): a — during chemical polishing; b — during
chemical etching of dislocations.
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The figures found by chemical etching are the
dislocation exits to the studied crystal surface [13].
Dislocation etching is based on change in the local
chemical potential near structural inhomogeneities caused
by crystal lattice deformation. Significant internal stresses
appearing in the crystal bulk near the inclusions of excess
phases can be a source of generation of such dislocations.

In Fig. 2b it is seen that the dislocation etch pits have
a triangular shape. The dislocation density, estimated by
counting the dislocation etch pits on the plane
perpendicular to the growth direction, is 10* cm™? and
substantially depends on the concentration of foreign
inclusions and impurities in the crystal, as well as on
thermophysical growth conditions. In the places of the
greatest accumulation of dislocations their density reaches
~2:10°cm™ As a rule, defects of this type in ZnSe
crystals are the cause of the optical, electrical and
mechanical heterogeneity of the material.

For each scintillation crystal, the optical transmission

is fundamental to minimize the reabsorption of
scintillation light and, as a result, increase the overall light
output. In the case of ZnSe scintillation bolometer the
transmission in combination with the luminescence
spectrum [14] can be used as an indicator for bolometric
and scintillation characteristics. Also, the study of optical
characteristics will help to optimize the growth conditions
and obtain crystals with higher structural perfection. The
possible absorption bands observed in the transmission
spectra can give important information about the presence
of local defects and impurities in the crystal.
In Fig. 3a it is shown the transmission spectrum of ZnSe
crystal in the visible region, measured along the twinning
plane. In the region of fundamental absorption band edge
of 470+550 nm as well as in the range of 580+650 nm the
absorption bands due to point defects are observed. In the
range of 650+800 nm there are no obvious absorption
bands associated with defects that form local trapping
centers in the band gap. The total transmission level in
this range reaches 60 %, which is lower than the
theoretical one and due to scattering by defects.

Study of optical characteristics of the test sample in
the IR spectral region has showed the presence of an
absorption band of uncontrolled iron impurity in the range
2,5+5 pm (Fig. 3b). This is due to the contamination of
the crystal with furnace construction materials when
grown from the melt. The iron impurity is easily included
in Zn sublattice (Fe** and Zn®* have close radiuses) and,
as shown in [3], degrades ZnSe bolometric signal due to
strong resonance phonon scattering by Fe?* ions [15]. The
maximum Fe concentration in the crystal should not
exceed 1 ppm to provide satisfactory bolometric
characteristics. Also, impurity defects, such as carbon and
oxygen compounds, can affect ZnSe bolometric
characteristics and their presence in the crystal can be

determined from the oscillatory absorption bands in the
IR spectra. In Fig. 3b (insert), they are given harmonic
atomic bond frequencies, characteristic of ZnSe crystal
[16], for the main impurity defects: C-O — 2138 cm™
(4,68 um), C-C — 1641 cm™ (6,09 um), O-O — 1580 cm™
(6,33 um), C-Se — 1036 cm™ (9,65 pm).
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Fig. 3. Optical transmission spectra of ZnSe crystal in the
visible (a) and IR (b) spectral ranges.

The presence of impurities in the crystal can be a
source of free charge carriers, which, in turn, can degrade
the bolometric signal. Based on the IR transmission
spectrum of the test sample the absorption by free
electrons was not observed. An indirect estimate of the
free charge carriers concentration in ZnSe sample was
carried out by the value of the measured electrical
resistivity, which was about 10 Q-cm. Note that
optimum bolometric characteristics were obtained for
crystals with electrical resistivity of the order of 10® Q-cm

3.
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In order to obtain a more complete understanding of
the mechanisms of phonon scattering in ZnSe the phonon
thermal conductivity of ZnSe crystal was measured in the
temperature range 5+298 K. The temperature dependence
of the thermal conductivity (1) of ZnSe test sample is
shown in Fig. 4. The temperature dependence of 1 was
measured along the twinning plane (110) and is consistent
with the data of [17].

The experimental data were approximated using an
equation, which describe low- and high-temperature
mechanisms of phonon scattering [18]

A7NT) = %T‘?’ + AT 2e AT 1)

1000 1 .

00

*, Wm K"

100

T
10 100
T, K

Fig. 4. The temperature dependence of the thermal
conductivity of ZnSe crystal measured along the twinning
plane (110). Points — experiment, line — approximation by
formula (1)..

When fitting the coefficients A;-A; were varied. The
first term describes phonon scattering at the boundaries,
and parameter A; has the physical meaning of the mean
free path of the phonons at the lowest temperatures, where
phonons with long wavelengths predominate [19]. The
second term describes phonon-phonon scattering in the
high temperature region [20]. According to the results of
approximation of the obtained temperature dependences
of A, the mean free path of the phonons at the low
temperatures is about 20 um, which is comparable with
the distance between twins’ boundaries in the crystal.

Conclusion
1.  The paper shows the possibility to obtain a large-
block ZnSe crystal from the melt from high-purity
(chemical and radio) raw materials synthesized by the
gas-phase method. It is shown that the crystal structure is
a single crystal ingot with the presence of large twin
regions oriented at 45° angle to the growth axis. The

width of a single band can be from 1 um to several
millimeters.

2. It is determined that the dislocation density,
estimated by counting the dislocation etch pits on the
plane perpendicular to the growth direction, is 10* cm™
and substantially depends on the content of foreign
inclusions and impurities in the crystal, as well as on the
thermophysical growth conditions.

3. Optical and electrical characteristics of the
samples were studied. It is shown that in the region of
fundamental absorption band edge of 470+550 nm as well
as in the range of 580+650 nm the absorption bands due
to point defects are observed. While, in the range of
650+800 nm the transmission level reaches 60 %, which
is lower than the theoretical one and due to scattering by
defects. It is shown that in the IR spectrum of optical
transmission there are absorption bands of uncontrolled
impurities (Fe?*, CSe, and CSe,) in the range of 3+15 pm,
which impair the bolometric characteristics of ZnSe.

4.  Phonon thermal conductivity of ZnSe sample
was measured in the temperature range 5+298 K. Based
on the approximation of obtained temperature
dependences of the thermal conductivity, it was shown
that the phonon mean free path at low temperatures is
comparable with the distance between twins’ boundaries
in the crystal.

References
1. C.Enss, D.McCammon. J. Low Temp. Phys., 151, 5
(2008).
2. S.Pirro, C. Arnaboldi, S.Capelli, et al. Astroparticle

Physics, 34, 344 (2011).

3. 1. Dafinei, S. Nagorny, S. Pirro, et al. Journal of Crystal
Growth, 475, 158 (2017).

4. F. Ferroni. IL NUOVO CIMENTO C, 33, 5, 27 (2010) DOI
10.1393/ncc/i2011-10696-1.

5. L.V. Atroshchenko, L.A. Sysoev. Kristallographiya, 5-6, 16,
1026 (1971) [in Russian].

6. V.M. Koshkin, L.A. Sysoev. Shornik trudov “Monokristally
i tekhnika”, VNII monokristallov, Kharkov v. 2, s. 57
(1970).

7. M.G. Mil’vidskii, B.V. Osvenskii. Strukturnye gefekty
monokristallov poluprovodnikov, Metallurgiya, M. (1984),
256 s.

8. M.P. Kulakov, V.D. Kulakovskii, A.V. Fadeev.
Neorganicheskie Materialy, 12, 10, 1867 (1976).

9. R. Triboulet. Semiconductor Science and Technology, 6, 9,
A18 (1991).

10. M. Shone, B. Greenberg, M. Kaczenski. Journal of Crystal
Growth, 86, 1-4, 132 (1990).

11. E.E. Lakin, 1.V. Krasnopol’skii, V.P. Kuznetsov. Sbornik
nauchnyh trudov “Scintillyatsionnye materialy”, VNII
monokristallov, Kharkov v. 20, s. 16 (1987).

12. L.V. Atroshchenko, L.P. Gal’chinetskii, I.A. Rybalka, et al.
Functional Materials, 12, 4, 610 (2005).

28 BicHuk XHY imeHi B.H. KapasiHa, cepia «®isuka», sun. 30, 2019



I.A. Rybalka, I.A. Tupitsyna, B.V. Grynyov, R.V. Vovk, M.V. Kislitsa, G.Ya. Khadzhai, Yu.l. Boyko

13.

14.
15.

16.

17.
18.

19.

20.

BicHuk XHY imeHi B.H. KapasiHa, cepia «®isukar, sun. 30, 2019

A.A. Chernov, E.l. Givargizov, Kh.S. Bagdasarov.
Sovremennaya kristallographiya (Tom 3. Obrazovanie
kristallov), Nauka, M. (1980), 407 s.

loan Dafinei, Mauro Fasoli, Fernando Ferroni, et al. IEEE
Trans. Nucl. Sci., 57(3), 1470 (2010).

A.T. Lonchakov, V.l. Sokolov, N.B. Gruzdev. FTT, 47, 8,
1504 (2005).

Kazuo Nakamoto. Infrared and Raman Spectra of Inorganic
and Coordination Compounds, Part B: Applications in
Coordination, Organometallic, and Bioinorganic Chemistry,
6! Edition, John Wiley & Sons, New York. (2009), 424 p.
Glen A. Slack. Phys. Rev. B, 6, 10, 3791 (1972).

R. Berman. Teploprovodnost’ tverdyh tel, per. s angl.
L.G. Aslamazova, pod red. V.Z. Kresina, Mir, M. (1979),
286 s.

G. Zahn, B.A. Merisov, G. Kloss, et al. Cryst. Res. Technol.,
23, 6,509 (1988).

M.V. Kislitsa, G.Ya. Khadzhai, E.S. Gevorkyan, and
R.V. Vovk. Low Temp. Phys., 45, 419 (2019).

29



BicHuk XHY imeHi B.H. KapasiHa, cepia «®isukay, sun. 30, 2019. c. 30-39

PACS: 42.25.Fx, 42.30.Kq, 42.30.Lr.
UDC: 537.86, 535.42, 535.4

Reflected energy flux anomaly under grazing incidence: the Brewster
angle analogy
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The paper presents thorough theoretical and numerical analysis of the anomalies accompanying light diffraction on periodical
structures (gratings). We have developed appropriate theoretical approach allowing to consider strong anomalous effects. Obtained
results are presented in the form of analytical expressions for the quntities of interest, both diffracted field amplitudes and the
outgoing waves energy fluxes. It is proved existence of the fluxes extrema at the specific grazing angle of incidence6 or wavelength.
Namely, the specular reflection can be suppressed even for rather shallow gratings up to approximately total suppression.This effect
is accompanied by essential energy redistribution between all outgoing waves depending on the grating profile. It is of essence that
the energy maxima exist in all nonspecular diffraction orders at the same point (angle, wavelength) as the minimal specular
reflectivity. For small period gratings, such that there do not exist other outgoing waves except the specular one, the reflectance
minimum is attended by approximately total absorption of the incident radiation. Thus, we show that the grazing anomaly (GA) can
be accompanied by redirection of the incident wave energy into nonspecular diffraction channels and into absorption. The results are
applicable in the wide spectral region, from visible and near-infrared to terahertz and high-frequency regions for metals and
semiconductors with high permittivity.

The anomaly considered is well expressed for high electromagnetic contrast of the adjacent media, say, air and metal or
semiconductor. Then the high contrast is due to the high value of the metal/semiconductor dielectric permittivity &, g\ >1, and the

anomaly corresponds to incidence of TM polarized wave. It is shown that the grazing anomaly (GA) is of rather general type and can
take place if other than the specular diffraction order experiencies grazing propagation also. This property follows from the results
obtained by strict application of the optical reciprocity theorem to the geometry under consideration.

The specific case of harmonic relief grating is discussed in detail. It is demomstrated existence of the characteristic

inclination, a, , of the relief inclinatuion for the grating period comparable with the incident radiation wavelength, a, = \/@«1,

cr !

where & stays for the surface impedance, & :]/J? The condition a ~ a,,, or greater, corresponds to highly expressed GA. The

theoretical results are illustrated by numerical applications to gratings on Cu\vacuum (air) interface in THz region.
The results obtained can be simply transferred to the TE polarized waves. For this we have to consider the adjacent media

with high contrast magnetic properties, i.e., high value of the magnetic permeability u, ,u‘ >1. This case is of high interest for

nowaday applications in nanophotonics and metamaterials development.

As compared with other anomalies GA is attributed to the resonance-type behaviour of the energy flux, not wave amplitudes,
the latter change monotonically within this anomaly contrary to the well known Rayleigh and resonance anomalies, where the wave
amplitude experiences fast nonmonotonous dependence on the angle of incidence and wavelength.

Keywords: diffraction grating, energy flux anomaly, resonance.

AHOMaisl B OTOII1 BIIOUTOI €HEPTil MPU KOB3HOMY MaJ1HHI: aHAJIOT1s 3

KyTOM bprocrepa
T.M. Poxmanosa, O.B. Kaig

Incmumym paoioghizuxu ma enexmponixu im. O.A. Ycuxosa HAH Vkpainu, eyn. Ilpockypa 12, 61085 Xapxis, Yrpaina

V crarTi HaBeleHUH TOKIaIHUN TEOPETHYHHI Ta YHCENIbHUI aHaNi3 aHOMAJIH, SKi CYIPOBOUKYIOTh AU(PAKIMIO CBITIA Ha
MepioANYHHX CTPYKTypax (Ipatkax). Po3BHHYTO HEOOXIMHHHI ISl pO3IIIIAHHS CYTTEBUX aHOMAIIiil TeopeTHuyHuit minxin. OtpuMani
pe3yiIbTaTH HaBeAeHi y pOpMi aHATIITUYHUX BUPa3iB I TTapaMeTpiB, 0 YSABISAIOTH (i3HUHMIT IHTEpeC, TaKuX, K aMILTITYAN XBUIb
Ta TIOTOKH €Heprii XBHIIb, SIKI BIITAISIOTHECS Bl MeXi MoJiTy. JloBeIeHO HasBHICTh EKCTPEMYMIB 32 KyTOM KOB3aHHS Ta JOBXKHHOIO
XBWJI y MOTOKIB eHeprii. 30Kkpema, HaBiTh U BEIbMM IOJOTMX I'PAaTOK MOJMIIMBHM BHUSBISETHCS 3aINyILICHHS I3€PKAIbHOIO
BiZIOMBAHHA JI0 Maiixe MOBHOTrO 3artyieHHs. Lleil eekT cynpoBOIKYy€ETbCS CYTTEBUM MEPEPO3NOUIOM eHeprii HOMDK XBUIIAMH, 1110
BIAJAJISIOTHCS, SIKUH BUSIBISIETBCS BENIbMU 4yTIHUBHM 10 npodins rpatku (71 Dypbe cnektpy). MakcuMymu eHepril HeA3epKalbHUX
KOMIIOHEHT PO3TAIlIOBaHi B Tii ’&e TOYlli (32 KyTOM MaJiHHs Ta JOBXHHOIO XBHJII), IO i MiHIMYM J3epKajbHOTO BiIOMBaHHSI.

© Rokhmanova T., Kats A.V., 2019
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Huobpakiuis Ha rpaTkax 3 MaJdM IepioJoM, TaKUX LI0 KPiM A3epKanbHO BiAOMTOI XBHJI HE ICHYE IHIIMX XBHIIb, IO
PO3MOBCIO[KYIOTbCS, MIHIMYM J3€pKajbHOTO BiIOMBaHHA CYNPOBOIKYETHCS Maike TOBHMM IIOTVIMHAHHAM I1aJaI04oro
BUMPOMiHIOBaHHS. TakuM YHHOM, JOBEICHO, 110 KOB3HA aHoMauis (GA) CyMpoBOIKYETHCS MEPEPO3MOALTOM EHEpril XBHUIL,IIO
najgae, B HeA3epKanbHI MUQpaKIiiffHI KaHANIM, a TakoXX y IOMIMHAHHA. Pe3ynpraTd € MIHCHEMH y IIMPOKOMYCIIEKTPaJIbHOIY
niarmaszoHi, B BumauMoro Ta OikHbOTO IK 1m0 TeparepmoBoro ta HBY niama3oHiB Ui METaiB Ta HAMiBIPOBIIHUKIB 3 BUCOKOIO
JIieTIeKTPUIHOIO IPOHUKHICTIO.

GA no0pe BUpakeHa IIPH BUCOKOMY €JISKTPOMArHITHOMY KOHTPACTi CyMDXKHUX CEpPEIOBHIL, HAIIPUKIAJ, IOBITPS 3 METAIOM
Yy HamiBOpoBiZHUKOM. [Ipy 1IbOMY BHCOKHI KOHTpAcT 3a0e3MeuyeThcsl BENMKUM 3HAUCHHSAM AieJICKTPUYHOI MPOHUKHOCTI MeTana
(HamiBIIPOBIHUKA) & ,

g‘ >1, a aHOMaJIis BUHHKAaE TpH naaiHai 1M nonspusoBaHoi xBwii. [IpogemMoHcTpoBaHo, mo GA € moBoii

3MTaITFHOI0 aHOMAIIEO 1 MOXKE CHOCTEPIraTHCs TaKOX 32 YMOB, KOJM OAWH 3 U PaKIiHHAX HOPSAKIB BiANOBiKae KOB3HIH xBuii. s
BJIACTUBICTh BHXOAWTH 3 HABEJCHUX pE3yIbTAaTiB IUIIXOM 3aCTOCYBAaHHS OINTHYHOI TEOpEeMH B3a€MHOCTI K TeoMeTpii, IIo
JOCTIIKEHa.

JleTabHO PO3IIIIHYTUH BUNAJOK IPATOK 3 FapMOHIHHUM npodineM. BusBiieHa HasBHICTb XapaKTEPHOHO HAaXWIy &, JULL

IPATOK, NPOCTOPOBMH MEPioJ AKMX € 3iCTABHMM 3 JOBXMHOKO I1aJarodoro BUIPOMIHIOBAaHHSA, a, = M <1, ne ¢ o3Hauae

MOBepXHEBUH iMmenaHc, & ::I/ Je . Ymopa a~ a, (a -- Haxwu IpaTKy, IO PO3IJILNAEThCs) abo Olmblue BIAIOBINAE SCKPABO

BUpaXCEHI aHoMamii. Pe3ynpTaT TEOPETMYHOrO PO3IIAAHHSA UIIOCTPYIOTBCS TPHUKIAJAaMH  YHCETbHHUX PO3PAaxyHKIB Yy
TeparepIoBOMY Jiana30Hi JOBXKHH XBUJIb JJISI IPaTOK Ha MOBEPXHI Miji, sIKa MEXYE 3 BAKYYMOM(TIOBITPSIM) .

OTpuMaHi pe3ynbTaTd AO3BOJSAIOTH NMPOCTHH MEPEeHIC Ha BHMAAOK |E MOMIpU30BaHMX XBHJb. i1 LBOrO HEOOXIAHO
PO3IIITHYTH MEXYIOUi CepelloBHINA 3 aMCOKMM KOHTPACTOM MAarHiTHHUX BJIACTHBOCTEH, KOJNM OJHE 3 HMX Ma€ BHCOKY MAarHiTHY

MIPOHUKHICTD 4 , ‘ y‘ > 1. lle#l BUIIQAOK € BEIbMU I[IKaBUM JUISI Cy4aCHHX 3aCTOCYBaHb B HAHO(OTOHII, a TAKOX IIPH CTBOPEHHL

HaHOMaTepialiB.

Ha Bigminy Bix iHmmx anomaniii GA o0yMOBIIeHa PE30HAHCHUX XapaKTepPOM MOBEMIHKHM MOTOKY €Heprii, a He aMILTITyIu
BiAmoBinHOi XxBuii. B okoni GA aMIUliTyan XBHIIb 3MIHIOIOTBCS MOHOTOHHO, Y TPOTHJIEKHOCTI 0 TOTO, IO MaE€ Micle B OKOJaxX
PeneiBcpkoi Ta pe30HaHCHOT aHOMAJIii, e aMIUTITYAa BiAMOBITHOI XBHJII 3MIHIOEThCS INBUAKO Ta HEMOHOTOHHO i3 3MiHOKO KyTa
magiHHsg a00 JOBXHHHU XBHIIL.

KorouoBi ciioBa: nudpaxuiiina rpaTka, aHOMaisl IIOTOKY €Heprii, pe3oHaHC.

AHOMaIHs B MOTOKE OTPAXKEHHOW YHEPTUHU IPU CKOJIB3SIIEM NaJCHUU:

aHaJIoTus C yriiomMm Bp}OCTepa
T.H. PoxmanoBa, A.B. Kan

Hnemumym paouoguzuxu u snexkmponuxu um. O.A. Yeuxoea HAH Vkpaunwi, ya. Ilpockypa 12, 61085 Xapwros, Ykpauna

B craTthe mpencraBieH moapoOHBI TEOPETHUSCKUI W YUCICHHBINA aHAN3 aHOMAJIMA, COMPOBOKAAIOMINX AUPPAKIHIO CBETA
Ha TIEPHOIUYECKUX CTPYKTypax (pemieTkax). Pa3sBUT HE0OXOAMMBIA U ONMUCAHUS CHUIBHBIX aHOMAIMHA TEOPETHYECKHH MOIXOI.
[lonmy4eHHble pe3ymbTaTHl NPEACTABICHB B (OpPME AHATUTHYECKUX BBIPAKEHUH I TPEICTABILIOMMNX (DU3NYECKU HHTEpec
MapaMeTpoB, TAKUX KaK aMIUTUTYIbl BOJH ¥ MOTOKU SHEPTHM YXOMASIIMX OT TPAHHUIBI BOJH. J[0Ka3aHO HalMuhe IKCTPEMYMOB Y
MOTOKOB HEPTUH MO YIIIy CKOJILKEHUS U JUIMHE BOJHBI. B 4acTHOCTH, JaXke A BeCbMa MOJIOTHX PENIeTOK BOZMOXKHO I10JIaBJICHHE
3epKaTbHOTO OTpaKEHHWE BIUIOTH JO MOYTH TMOJHOTO TIOAABIEHHsA. OTOT J(deKT conpoBoXKIaeTcs CyIECTBEHHBIM
niepepacnpeaeneHieM SHepT Ul MeXy YXOSIMMH OT TPaHHUIIbI BOJHAMH, BECbMa 4yBCTBUTEIBHBIM K TpoGmo pemerk (ee Dypobe
CHeKTpy). MakCHUMyMbI SHEPTHH He3epKaTbHBIX KOMIOHEHT PACIOJI0KEHBI B TOH JKe TOYKe (TI0 YTy MajJeHus U JJIMHE BOIHBI), YTO
¥ MHHUMYM 3€PKaJIbHOTO OTPaKEHHSI.

VY pemerok ¢ MajbIM MEepUOAOM, TAKHX, YTO HE CYIIECTBYET APYIHX YXOJSIINX BOJH, KPOME 3EPKAIbHOH, MHHUMYM
3EPKAIbHOTO OTPAKEHHS COMPOBOXKAACTCS MOYTH MOJHBIM MOTJIONIEHUEM MaJaroIero m3mydeHus. TakiuM oOpa3oM MOKa3aHo, YTO
"ckomp3smias anomanusa" (GA) MOXeT COMpOBOXIATHCSA IMepepachpefeiiCHHeM SHEPruM MaJarolieil BOJHBI B HE3epKaJIbHBIC
ﬂMq)(bpaKLll/IOHHble KaHaJIbl U B IIOTJIOLICHHUEC. Pe3yanaT1>1 NPUMCHHUMBI B HIMPOKOM CIICKTPAJIbHOM AHANa3oHE, OT BHAMMOIO U
ommxaero VK nmo teparepuoBoro m CBY nuana3oHOB Ui METAUIOB M IOJYNPOBOAHMKOB C BBICOKOW JAWIICKTPUYECKOI
IPOHHUIIAEMOCTBIO.

GA xopolIo BbIpaKeHa MPH BEICOKOM AJICKTPOMAarHUTHOM KOHTPACTEe MPUMBIKAIOLIMX CPEl, HalIpUMep, BO3ayXa U MeTaia
WA TIONYNPOBOAHUKA. [IpH 3TOM BBICOKHIT KOHTpAacT OOYCIOBIMBACTCS BBHICOKUM 3HAUCHHEM IUAICKTPHUYECKON MPOHHUIIAEMOCTH

MeTaa (MOJIyHNPOBOAHUKA) & , ‘g‘ >1, a aHOMaJusl BO3HHKAaeT Mpu najgeHun M mosspu3oBaHHOM BonHbL [lokasano, uto GA

SIBIIICTCS] aHOMaNMel BecbMa O0IIero THIA M MOKET Takke HaOII0AaThCsl, KOT/Ia OTUH U3 U(PaKIIMOHHBIX MOPSIIKOB COOTBETCTBYET
CKOJIB3SILEH BOJIHE. DTO CBOWCTBO CIEAyeT U3 MOJyYEHHBIX PE3yJbTaTOB MyTeM NPUMEHEHUS ONTHYECKOH TeOpeMbl B3aMMHOCTH K
HCCIIEIOBAHHON F€OMETPHU.

JleTaJiIbHO pacCMOTPEH Cllydal peIIeTOK TapMOHMYECKOro Hpoduis. BBIABICHO HaIM4YHME XapaKTepPHOrO HAKIOHA &, UL

PEIIETOK, NEPHO KOTOPLIX CPaBHUM C JUIMHOH Najaromieil BOJNHBL, @, =, j\g\ <1, roe ¢ obo3HAaYaeT MOBEPXHOCTHBIM MMIIEAAHC,

é :1/ Je . Yenosue a~ a, (a — HaKIOH paccMaTPHBACMOIl PEIIETKU) MM OOJBIIE COOTBETCBYET APKO BBIPAKEHHOOH aHOMAIIHHL.

Pe3yJ'H)TaTI>I TCOPETHUCCKOI'0 paCCMOTPCHUSA HJUIIOCTPUPYIOTCS MPUMEpPAMU YHCJICHHBIX PACUCTOB JId PCIICTOK Ha IMOBEPXHOCTH
MCIu, I‘paHPI‘{aHIeﬁ C BaKyyMmoM (BO3IIyXOM) B T€parepuoBoOM Juaria3oHe MJIMH BOJIH. HO.Hy‘{eHHLIe PEe3ybTaThl AOITYCKAOT HpOCTOﬁ
TNIEPEHOC Ha cnyqaﬁ TE TMOJISIPU30BAHHBIX BOJIH. ,Z[J'ISI 9TOTro HeO6XOZ[I/IMO PacCMOTPETh NpUIICTrarone CPEaAbl C BBICOKUM KOHTPACTOM
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MarHuTHBIX CBOfICTB, KOorJa oiHa U3 Cpe€a MMCCT BBICOKYIO MAarHUTHYIO IIPOHUIAEMOCTb, (U,

,u‘ >1. DT0T cily4yail mpeacTaBisieT

3HAYUTENILHBIN HHTEpEC IS COBPEMEHHBIX IIPHIIOKEHNIT B HAHO(OTOHHUKE, a TaKKe [P CO3IaHIN METaMaTepPHAJIOB.

B ommmune ot npyrux anomanmii, GA 00ycioBieHa pe30HaHCHBIM XapaKTepoM IOBEICHNS IIOTOKa YHEPTHH, a He aMILTHTY bl
COOTBETCTBYIIEH BONHBL B okpecTHocTH GA aMIUIMTYIbl BOJH W3MEHSACTCS MOHOTOHHO, B HPOTHUBOIIOJOKHOCTH TOMY, YTO B
OKpPECTHOCTSIX PaneeBckoil W pe30HaHCHON aHOMAalNWi aMIUIMTyJa COOTBETCTBYIOIIEH BOJHBI MEHSETCS OBICTPO MU HEMOHOTOHHO C

HU3MEHCHUEM YIJla MMaACHUs WU JJIUHBI BOJHBI.

KiroueBble ciioBa: qupakiOHHAs PEIIETKa, aHOMAJIUS TIOTOKA SHEPIHH, PE30HAHC.

Introduction. Classification of anomalies.

The pioneering work on anomalies in light diffraction
on metal gratings was performed by R. Wood in 1902 [1],
while the first physical interpretation of some of the
observed peculiarities was presented in1907 by Lord
Rayleigh [2]. The latter associated them with the
transition from the outgoing wave to the evanescent
(decaying) one and vice versa in different diffracted
orders. However, such explanation was insufficient and
other possibility was proposed by U. Fano [3] who
attributed some of Wood anomalies to the resonance
excitation of the surface electromagnetic waves (surface
plasmon polaritons, SPP, [4].) at the metal-air interface.
Also, Wood discovered one more anomaly related to the
unexpectedly high intensity of the grazing outgoing wave
[5]. Below the anomalies attributed to the grazing
propagating waves are referred to as GA (Grazing
Anomaly), see [6-8]. Up to now, Wood anomalies are
widely discussed due to their perspective role in
nanophysics and, particularly, nanophotonics.

Existing for an arbitrary interface and light
polarization, the Rayleigh anomaly is much more
pronounced for the high-dielectric contrast interface, for
TM (transverse magnetic) polarization and nonmagnetic
media. Below, we restrict the consideration to the
nonmagnetic case only. The results for the magnetic case
can be obtained by replacing the dielectric permittivity,
&, with the magnetic permeability, x, and the TM

polarization by the TE one and vice versa. It worth
mentioning that the resonance anomaly can exist only for
such interfaces that support surface electromagnetic
waves (SEW) and that GA anomaly is rather universal
and is well expressed for high contrast interfaces for TM
polarization [6].

Consider briefly the main properties of these
anomalies. The branch (Rayleigh) point anomaly is of
general type, its position can be easily obtained from the
Bragg diffraction conditions and it exists for arbitrary
polarization and interfaces. However, it is more
pronounced for metals under TM polarization. At the
Rayleigh point the derivative of the diffracted wave
intensity with respect to the wavelength or angle of
incidence turns infinity. The resonance anomaly is less
general because it is caused by existence of well-defined
eigenmodes of the interface. For isotropic and
nonmagnetic  dissipation-free  media such surface-
localized electromagnetic waves do exist under the

conditions £<0, & >0, g +&<0, where ¢ and ¢,

denote dielectric permittivity of the metal and the adjacent
dielectric, respectively. The SPP in-plane wavenumber,

w .
=2 0, wh th |
Q - ey [(e+e,)>0, where o is the (angular)

frequency of the incident wave, exceeds the wavenumber
of the adjacent dielectric volume wave with the same

frequency, k= [, /c, Q> k. The square root symbol
stays for the main branch, so that ﬁz\/]ﬂexp(wﬂ)

for Z=|Z|exp(i¢) with ¢e[0,27). The SPP is
orthogonally H polarized, i.e., if it propagates along the
interface z=0 in Ox direction then its magnetic field,
H, is directed along Oy direction, H=(0,H,0), and
the electric field, E, lies in the xOz plane,
E=(E,,0,E,). The space dependence of the SPP fields
in the dielectric halfspace, z<0, is given by the ansatz
exp[iQx —ip(Q)z], where the function p(q) is defined

for arbitrary two-dimensional vector ¢ =(g,,q, ) so that,

p(q):«sz—qz, k:\Ew/c, Re, Imp(q)>0. (1)

In the specific case of SPP, the quantity p(Q) is z-

component of the wavevector in the dielectric and for
dissipation-free media it is pure imaginary under the

condition £+, <0, p(Q)=i|p(Q)|, so that the field

amplitude decays exponentially with increasing distance
from the interface z=0.

Recall, if the plane monochromatic electromagnetic
wave with space dependence,

E.Hocexp[i(g-r)+ip(a)z], a=(g,.q,), (2

(here and further the time dependence is supposed to be of
the form exp(—iwt) and is omitted) is incident on the
interface from the dielectric medium located at negative
z values, —0<z<¢(x), where the surface profile,
z=¢(x), presents periodic function with period d,

¢(x+d)=¢(x), then the electromagnetic field within

the dielectric medium is the sum of spatial harmonics of
the form,

32 BicHuk XHY imeHi B.H. KapasiHa, cepia «®isuka», sun. 30, 2019



T. Rokhmanova, A.V. Kats

E,. H, «exp[i(q, r)-ip(d,)z], 3)
q,=q+ng, g=e, 2z/d, n=0+1+2,...

where e, is the unit vector directed along the Ox axis. In

other words, the diffracted field is given by the Floquet-
Fourier expansion, [9, 11]. In (3) the sign minus before

p(a,) stays to satisfy the radiation boundary conditions

at z=-oo. Restriction of the outgoing waves (and
evanescent decaying ones) within the whole halfspace

2<{(x) corresponds to use of the Rayleigh hypothesis,

[2], and is not restrictive even for rather deep gratings, see
recent discussion in [9, 11, 12].

If for some specific integer n the condition |q,|=Q

holds true, then for the appropriate polarization of this
diffracted wave the resonance excitation of SPP takes
place. SPP is an evanescent wave so the magnitude of the
corresponding diffracted order can exceed that of the
incident wave. Specifically, in the simplest geometry,
when q is orthogonal to the grating grooves, only TM

component of the incident wave can excite the SPP.

We would like to underline that the Rayleigh and the
resonance anomalies are related to the specific and rather
sharp dependence of the field amplitudes on the
wavelength and angle of incidence. They can be
considered on the basis of simple qualitative treatment.
The treatment of the third mentioned Wood anomaly
cannot be accomplished without a thorough theoretical
investigation. This obstacle is caused by the fact that the
field amplitude changes monotonically within the
anomaly. It can be shown that the corresponding
quasiresonance behavior is characteristic for the intensity,
not for the field amplitude. The method for considering
this and other diffraction anomalies analytically was
presented in [8], see also a more detailed consideration in
[13-15].

2. Grazing incidence anomaly.
Consider the case of the simplest geometry for TM
polarized waves with magnetic field orthogonal to the

plane of incidence, so that for the incident wave, H', and
for the Fourier-Floquet expansion of the diffracted field,

HP , we have,

H' =e H exp[igx+ip(q)z],

o 4
H® =e, > H, exp[ig,x—ip(a,)z], z<<(x), @
where g, =q+ng . Note, the diffracted field in (4) and

below in (5) includes only outgoing (and evanescent)
waves, i.e., here we use the Rayleigh hypothesis, [2],
restricting the expansion to the terms with z -dependence

of the form exp[ —ip(q, )z | only, and omitting those with

z -dependence of the alternative form, exp[ip(qn)z].

This guarantees fulfillment of the boundary (radiation)
conditionsat z=—o.

The electric field, E=(E,,0,E,), and can be easily

obtained from (3) and Maxwell equation. Specifically, the
electric component of the diffracted field can be presented

in the series of the form coinciding with that of H®,

ED — i E, exp[iqnx—ip(qn)z], z2<4(x). (5)

n=-o

At the interface the total fields, H=H'+H",
E=E +EP, are to satisfy the impedance boundary
conditions, [16],

E, =&[nxH] for z=¢(x), (6)

where the subindex t denotes tangential to the interface
component of the corresponding vector, ¢ denotes the

surface impedance, and n stays for the unit vector normal
to the interface directed into the dielectric. We use Gauss
units so that the surface impedance ¢ is dimensionless,

and for nonmagnetic media & = a/gd /€.
The profile Fourier series expansion is

£(x)= Z ¢, exp(ingx), g=27/d >0,

é/—n:é’:’ §0:0

()

The condition ¢, =0 corresponds to the specific
choice of Oz axis origin. The Fourier series coefficients
of the interface normal, n=n(x), can be expressed in
terms of ¢, .

Substituting into Eq. (6) the fields representations
given in Eqgs. (4), (5), expressing the electric field Fourier
amplitudes, E,, in terms of the magnetic ones, H, and

equating terms with equal space dependence, we arrive at
the infinite system of linear algebraic equations for the
transformation coefficients (TCs), h, =H,/H,

3 D, h, =V, n=02142,..., ®)

where the matrix of the system, D =D, ,|, and the right-

hand side column vector, V =col{V,}, represent

functionals depending on the problem parameters,
specifically, the interface profile ¢'(x). The coefficients
of the system allow infinite series expansions with respect
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to ¢, . Itis essential that strong diffraction anomalies take
place for rather shallow gratings such that
k||, [d¢/dx| <1, see [11-13] and below, so the
expansions are very useful. For shallow gratings under

discussion, we can restrict the series expansions of the
coefficients to the main (linear) terms only, so that

Dnm =(ﬁn +§)5nm _i(l_anam)/un—m’

, 9

nm=0,£1+2,... B

Vn :(ﬂn _5)5n0 +i(1_ana0):un’ (10)
n=0,+1+2,...

Here &, ,, stays for the Kronecker delta-symbol, and

u,=ké,, a,=a+nk, k=g/k,

B, =\1-a?, Re,Imp, >0, ,

n=0,+1,+2,..., neZ

(11)

where a =sin@, 6 denotes the incidence angle, Z stays
for the set of integers.

Consider here the simplest (but of high interest) case
of the grazing incidence, 0 < S <«1 (0<1l-a <«1). That

is the specular reflected wave with necessity is the
grazing one. The simplest geometry of the problem is
such, when only one of the diffracted waves except the
specular wave is outgoing from the interface, all other
diffraction orders correspond to evanescent waves. This
geometry is presented in Fig. 1.

Fig. 1. Grazing incidence diffraction. The grating spacing,
d, is supposed to be such that except the specular wave only
the minus first diffraction order presents propagating wave,
other diffraction orders correspond to evanescent ones, i.e.,
at q=k, q,=q+9g>k, |q,/=|g—g|<k, and |q,|>k

forall n=-1,0.

It should be emphasized, that among diffracted waves
only the specular reflected one is close to the
corresponding Rayleigh point, g =/, <1, and all other

waves are far enough from their branch points. That is,

the only one diagonal element of the matrix D =|

Dnm | '
where N and M are nonzero iterger numbers (N,M =0

).The submatrix D is diagonally dominat due to the fact
that all nondiagonal elements are small as compared with
unity and all diagonal ones are of order unity or greater.
Thus, it can be easily inversed by means of the regular
series expansion. So, one can obtain the solution in the
form

ﬂ_geff
_ , 12
ho ﬂ+§eff ( )
w= 2Py, M=t (13)
ﬂ—"_é:eff
where
Ey=E4T, 14)

= 20[5711\/”_ (l_aoaM )(l_aLao)/”LILAM ., (15)

M, L=
Uy =3B (-aa)u, M=+1:2... (16)

It is essential that the coefficients U,, experience only

slow dependence on the parameters of interest in the
vicinity of the point g =0, as well as the functions T

and & .

In what follows we are dealing with rather smooth and
shallow gratings. Under this condition we can restrict the
U,, series expansion by the two first terms only,

Uy =by[(1-aya,) uy +

+iZ:b[1 (I-a o) (1- e ),uL,uML}, .

L=0

(17

M=+142,...

Noteworthy, here the second-order terms are essential
if the corresponding Fourier amplitude of the grating, z,,
, vanishes or is anomalously small. Under this condition,
the anomalous effects in M-th diffraction order are small
and thus of low interest. Therefore, below we restrict our
consideration to the linear term of U,, expansion.

The main term of the quantity T" expansion is the
square one,

r=> by, (1-aa, ) |t -

M =0

(18)

Emphasize here that the results obtained are actually
valid for the arbitrary angle of incidence for which all
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nonspecular reflected waves are far from their Rayleigh
and resonance points, i.e., the inequality |3, —&|>>|¢]
holds for the integers n=+1,+2,43,.... Only the specular

reflected wave can be arbitrary close to the grazing
propagation.

3. Energy flux extremes. Brewster angle analogy.

Expressions (14), (18) describe the fast dependence of
the TCs on the angle of incidence through the quantity
p=cosd for p<1. Other functions entering the

solution, U, , &, , etc., under the condition g <1 are
slow ones and thereby can be approximated by constant
values related to the point g =0. This fact allows
performing a thorough analytical investigation of the
problem. Starting with the specular reflectivity, p(/),

; _(B-&h) +éx (19)

,0(,3) = |h0 VP

(ﬁ+ ‘feﬁ ) +§eff

one can see that it possesses specific minimal value at the
point, g = p.,, . such that,

ﬁextr = ) (20)

Se

Here and below the prime (double prime) denotes the
real (imaginary) part of the corresponding quantity. In
Fig. 2 the specular reflectivity dependence on f is

presented for harmonic gratings in the vicinity of the
point S =0.

At the extreme point, =4, , p exceeds its
minimal value,

ge - ge'ff
min = ﬂextr =1, 1 . (21)
p p( ) geff + ge,ﬁ

The specular TC field at this point is as follows,

hO (ﬂextr ) = ﬁ ' (22)

geff + eff

The p dependence on the angle of incidence in terms
of the variable g is illustrated in Fig. 2. As it strictly

follows from Egs. (18), (20), (14), and is easy to see from
Fig. 2 and Fig. 3, the point of the p minimum shifts

toward greater S values with the grating depth increase,
while the minimum widens and deepens.

0.02 0.04 0.06
B

Fig. 2. The specular intensity p dependence on the
B =cosd is presented for three Cu harmonic gratings of
equal period d =200 mkm and different depths a
indicated near the curves, and for the plane interface (dash-
and-dot curve). The calculations were performed for the
wavelength 2 =300 mkm (<& =0.0009-0.001i, [17]) so
that the characteristic grating dimensionless parameters are
x=15 and a, =0.037. The points D,, correspond to the
p minimal values for gratings of height a=a,=n-a,,
n=12,3, where a, =0.037 is the characteristic value of
the dimensionless grating height, and are as follows:
D, =(0.005, 0.063), D, =(0.016, 0.041),

D, =(0.035, 0.037).

0.02 0.04 0.06

Fig. 3. The p dependence on the grating depth and £ for
Cu grating at A=300 mkm, &=(0.0009-0.001i),
a, =0.037. The dotted line corresponds to p minimal
values; p contour curves are shown by solid lines. The
points D,, n=1,2,3, are indicated the-same-as in Fig. 2
caption.
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Note that reflectivity minimum is of rather general
character and exists even for TM polarized wave
incidence on unmodulated interfaces, T'=0, &, =&

(when h; coincides with the corresponding Fresnel
reflection coefficient R=(8-¢)/(8+¢&)), cf. [16].

These properties present strict analogy to the reflectivity
minimum from dielectric media existing under Brewster

angle incidence [16]. In view of the fact that for || >>1

(which is typical for good metals up to the frequencies of
the visible range), the normal to the interface component
of the wavevector in the metal half-space prevails
essentially the tangential one, so the wave in the metal
region can be formally considered as orthogonal to the
interface. Consequently, under grazing incidence the
reflected from the metal wave is approximately
orthogonal to the “transmitted” one as it holds under
Brewster angle incidence.

The specular reflectivity minimum, Eq. (21), becomes
deep for relatively high effective losses, i.e., for &

el

comparable to | &, | (see Fig. 2). On the contrary, it
e —0.

€l

approaches unity for vanishing losses,

Therefore, the effect of the specular reflection suppression
under consideration is attributed to the cumulative (both
active and radiative) losses maximum, cf. [8, 18].
However, as it is shown below, the point f=p4,,

corresponds not only to the specular reflection minimum
but results in well expressed maximal nonspecular
efficiencies along with the active losses maximum.
Evidently, if the only propagating diffracted wave is the
specular one, then the grazing minimum is with necessity
accompanied by maximal absorption.

It is of interest that normalized intensities of the
propagating diffraction orders,

2 Re(By)

Py =] T:4W|UN|2 Re(Ay), (23)

present strongly nonmonotonic B functions in

accordance with the fast dependence of the subsidiary
function, W =W (),

B
W(IB): 2 2" (24)
(B+&) +(&h)

It is easy to see that W (/) achieves its maximal

value, W

max !

strictly at the point =4, .

W, :W(,Bm):—»l. (25)

2(|&.

Respectively, intensities of all propagating waves
(except the specular one) simultaneously achieve their
maximal values at the point g = 4,,,

2uf
,0 ,max:p ﬂexr = B Re ﬂ ’
" N( t) geff—i_eff ( N). (26)
N=1142,...

This property is illustrated in Fig. 4, where the
incident angle dependence of the minus first diffraction
order intensity, p,, is shown for the geometry of Fig. 1.

0.02 0.04 0.06

B

Fig. 4. The p, plot versus g for three harmonic gratings

differing by depth with parameters indicated in Fig. 2. The

points U, correspond to the maxima related to gratings
with a=n-a,,

U, =(0.005, 0.749), U, =(0.016, 0.902),
U, =(0.035, 0.937).

n=1,2,3, respectively, and are as follows:

In Fig.5 the p_, dependence on S and the grating

height is demonstrated for the conditions coinciding with
those of Fig. 3. It illustrates not only the anomaly shift to
greater £ and widening with the grating height increase,

but also the p, value in a wide range of the crucial
parameters.
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0.06

Fig. 5. The p_, dependence on the grating depth and g for
A=300 mkm,  &=(0.0009-0.001i),

a, =0.037. The dotted line corresponds to maximal values,

Cu gratings at
solid lines depict p_, contour curves with levels attached.

One can see from Fig. 6 as well as from Fig. 2 and Fig. 4
that the positions of the p, maxima coincide with high

accuracy with those of p minima. In addition, this point
corresponds to the maximum of the absorption A
discussed in detail below.

The total energy flux outgoing with the propagating
waves does not exceed that of the incident wave, i.e.,

DI IS
N

(27)

where p, stays for p. The difference between the sum

and unity, A=l—ZpN , is the active losses per unit area.
N

The inequality for the solution presented is to be true
under rather general conditions, specifically for such g

and « values that are far from anomalies related to all
diffraction orders except the specular one. If the active
losses are absent, then the inequality transforms into the
equality. In the specific case of short-period gratings, such
that x> 2, all diffracted orders except zeroth one with
necessity correspond to evanescent waves. Under such
conditions the strong specular reflectivity suppression is
accompanied by maximal absorption. The energy
redistribution between outgoing waves and the dissipation
strongly depends on the parameters of the problem, as one
can see from the explicit solution.

Here abovementioned is illustrated for the simplest
case when, in addition to the specular wave, only one
diffracted order corresponds to the propagating (outgoing)
wave. It can be realized if 1+« >« >1, when the minus
first order presents propagating wave, £, >0, and g,
with n=-1,0 are pure imaginary. Specifically, under
such condition, illustraterd in Fig. 1, the absorption,
A=1—(p+p.,) for harmonic grating can be presented

explicitly as

A28 (28)
(ﬂ+§e,ﬂ) + &t

It can be easily checked that A possesses single
maximum. Neglecting slow &, dependence on S one

el

can make sure that the maximum is at the point =4, ,
and is

2&
=T (29)
A" é:eff +§e'ff

cf. point L in Fig. 6. Evidently, the absorption vanishes if
the medium is dissipation free, &'=0. Under rather

specific conditions A__ can be of order unity, that does
not describe general case contrary to the statement in [18].

1
0.8
_ 0.6}
ST
<L
0.4F
0.2
0
0.1 0.2
B
Fig. 6. The dependencies of the absorption,

A=1-(p+p,), and the intensities p, p_, on g for Cu
grating at A=300 mkm, £ =0.0009-0.001i, and the grating
depth a=3a,, a,=0037, «-15. The D; and U,
values are the same as indicated in Fig. 2 and Fig. 4. The
absorption maximum, L, is very low, L=(0.04,0.02),
approximately all energy of the incident wave is outgoimg
with the minus first diffraction order.
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4. Harmonic grating
For the case shown in Fig.1 only two diffraction
orders correspond to the propagating waves — the specular
and the minus first ones. Consider this specific subcase in
more detail. Suppose additionally that the grating is
harmonic one, i.e.,

u(x)=2acos(gx); 44 =p,=a>0,

30
#, =0 for |n|>2 (30)

Then, approximating b,, by f, , and taking into

account that 8 = —«” 2« at the point B =0, we find

L 1
F:Kabx(z_K)_'JK(zm)]' (3D

Since specular reflectivity possesses rather expressed
minimum, for relatively low active losses the incoming
energy is redirected into other propagating waves. The
most interesting case that allows obtaining rather strong
grazing anomalies presents such one that,

[T >4, (32)

but || <1, i.e., the case when the effective impedance is

mostly caused by the diffraction rather than by the
medium properties. It is of the essence that the
supposition presented in Eq. (32) does not contradict the
shallow character of the grating, |I'| ~a* <1, in view of

|&|<1.  The
characteristic value of the dimensionless grating height,
a,, defined so that for a=a, |I|~|&, is small,
a, :\/H«l. Under Eg. (32) condition (equivalent to

1>a>a,) p,m. and p,, can be rewritten as

the surface impedance smallness,

cr?

2r' Ir|-T"
=—, L= y 33
p—l,max ﬂi (|1_,|+l_,,) pmln |F|+I-,, ( )
or, in view of Eqg. (33),
_ 22+ x _
p—l,max 2 N m - p—l,“m ' (34)
2—-2+x

min = 7~ —— = P_1lim" _1iim T im:]'
P 2+ﬁ P Paim T P

So, for rather deep gratings, such that a>a_ (but
still a <1), the energy redistribution does not depend on

the grating height, the quantities p_, . and p achieve
their asymptotic values depending on the geometrical
parameters and the wavelength through the dimensionless
combination « = A4/d only.

5.Anomalous diffraction points.

We illustrate position of other points corresponding to
diffraction anomalies related to the interface of metal and
isotropic lossless dielectric (vacuum, for simplicity). It is
convenient to consider them in terms of the dimensionless
normal component £ of the corresponding diffraction
order. The point g =-&, inthe B plane, Fig. 2, shows
corresponding diffraction order pole caused by the surface
plasmon polariton (SPP) mode. Note, the specific value of
£y for a given grating depends on the “resonance”
diffraction order, see Egs. (14), (15). In Fig. 7, only the
vicinity of the corresponding Rayleigh point (that is of
main interest in view of the diffraction anomalies),
| B <1, is shown. With the change of the parameters of
the problem, the g value for each diffraction order can

be either pure real positive (propagating wave) or pure
imaginary (evanescent wave). The exception here
presents the case when S corresponds to the incident

wave, so that g is pure real, 0< #<1. These cases are
separated by the Rayleigh (branch) point, R, g =0. Other

Ceff
related to the SPP resonance and to the grazing anomaly
(GA), respectively, are shown by circles. If f
corresponds to the incident wave, then it is pure real and
only GA point is actually of interest.

characteristic points, Sy, =—-ilm(&,) and g, =

A
complex 3 plane

SPP pole

aff

.

Fig. 7. Beta plane for some diffraction order.

GA point
|

&l Il

Conclusion
1. The detailed analytical approach to the
theoretical analysis of the diffraction anomalies is
presented.
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2. It is shown that the diffraction of TM polarized
wave at the high reflecting gratings under grazing
incidence can result in deep suppression of the specular
reflection accompanied by considerable redirection of the
incoming energy to other propagating diffracted waves.

3. It is proved that the suppression of the specular
reflection for TM polarization at grazing incidence is
analogous to that at the Brewster angle.

4. In the case of arbitrary polarized incident wave,
only TM component can experience the anomalous
properties discussed. Due to the grating shallownes the
TE radiation is not affected by the grating and thereby is
nearly totally reflected. Thus, strong polarization
transformation of specular reflection can occur.

5. Itis worth noticing that essential enhancement of
the grazing wave for nongrazing incidence is related to
the problem under consideration by the reciprocity
theorem, [19, 20]. For instance, reversing the propagation
direction of the minus first order diffracted wave in Fig. 1
we arrive at the reciprocal diffraction problem. In the
latter the corresponding minus first order is related to the
grazing wave propagating in the opposite direction to the
incident wave in the primordial problem.
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The unique mechanical properties of ceramics based on MAX phases (high hardness, thermal and crack resistance combined
with the possibility of plastic deformation) make it a widely used multifunctional material. Therefore, the study of its elastic
properties, i.e., obtaining information about the value of elastic constants: Young's modulus and Poisson's ratio, is very actual. The
values of these constants in a ceramic material substantially depend on the stoichiometry and chemical composition of its phases, as
well as on the structure of the material. In particular, in the process of its synthesis by isostatic pressing, crystalline grains of the main
phase are formed, inclusions of the initial or secondary phases appear, and a certain number of different voids are formed: isolated
pores, their clusters (capillaries), microcracks, etc. These structural elements cause a significant heterogeneity of ceramics, which
leads to a change in many physical properties of this material, including elasticity. As a result, the numerical values of the elastic
constants of the ceramic material differ distinctly from the values of similar constants characterizing the initial components from
which the MAX phase is formed.

The paper presents the results of the effective elastic constants characterizing ceramics based on the TizAlIC, MAX phase
study. It is shown that the elastic modulus of the ceramic material is characterized by the value exceeding =2,5 times the elastic
modulus value of the studied phase material itself and reaches the value of = 320 GPa. The observed change in the elastic modulus is
due to the heterogeneity of the ceramic material structure and is caused by the presence of hard TiC phase inclusions in it. This
conclusion is confirmed by varying the content of TiC phase inclusions in the composition of the MAX phase TisAIC,.

Keywords: ceramics, MAX phases, mechanical properties, elastic modulus.

[Tpy>xHi BmacTuBOCTI Kepamiku Ha ocHOBI MAX-da3u TisAlC,
10.1. Boiiko', B.B. Boraauos', P.B. Bosk'?, €.C. reBopK}IHZ, B.®. Kopmafc1

1 Xapxiscoxuii nayionanvhuii ynisepcumem imeni B.H. Kapaszina, m. Ceéo600u 4, 61022, Xapxis, Yxpaina
2 Vkpainucokuil deporcasnuil ynigepcumem 3aniznuuno2o mpancnopmy, ni. ®Qetiepbaxa, 7, Xaprie 61050, Yrpaina

VYHIKaTbHI MEXaHIYHI BIACTHUBOCTI KepaMmiku Ha ocHOBI MAX-¢a3 (BHCOKa TBEPHICTh, TEPMO- i TPINIMHOCTIHKICTH B
MOETHAHHI 3 MOXKJIMBICTIO TIACTUYHOI AedopMaril) poOusaTh il IMPOKO BUKOPUCTOBYBAHUM Oarato()yHKIIIOHAIBHUM MaTepiaJioM.
Tomy nociipkeHHs ii IPYKHUX BIACTHBOCTEH, TOOTO oTpuMaHHs iH(opMalii PO BETUUMHY NPYKHUX KOHCTAHT: Moxyns FOHra i
koeoirienta [TyaccoHa, € Tye akTyalbHUM. 3HAUSHHS X KOHCTAHT B KEPaMiyHOMY Matepialli iCTOTHO 3aleXaThb Bijl cTexioMerpii
Ta XiMIYHOTO cKiany (a3, 110 YTBOPIOIOTBCS, @ TAKOXK BiJl CTPYKTYpH MaTepiany. 30Kpema, B Mpoleci HOro CHHTE3y METOJ0M
130CTATHYHOTO TPECYBaHHS IMiJ TUCKOM (POPMYIOTHCS KPHCTANliYHI 3e€pHa OCHOBHOI (ha3u, BUHHKAIOTh BKIIOUYEHHS BUXITHUX a0o
IpyropsimHUX (a3, a TakoX YTBOPIOETHCS IEBHA KUTBKICTh PI3HUX IOPOKHEY: 130JIbOBAHUX IIOp, iX CKyMYeHb (Kamiisapis),
MiKpOTpimuH Ta iH. L{i cTpyKkTypHi eneMeHTH 00yYMOBIIOIOT ICTOTHY HEOJHOPIJHICTh KEPaMiKH, 1[0 MIPU3BOAUTH IO 3MiHH 0aratbox
(I3UMYHUX BIACTUBOCTEW NBOTO MaTrepialy, B TOMY YHCII MNPYXHOCTI. SIK HACTiJOK, YUCIOBI 3HAYCHHS MPYKHUX KOHCTaHT
KepaMi4HOTO MaTepialy MOMITHO BiJpi3HSIOTHCS BiJl 3HAYCHb QHANOTIYHMX KOHCTAHT, 1[0 XapaKTePH3yIOTh BUXIIHI KOMIIOHEHTH, 3
skux popmyerbess MAX-dasa.

B poGoti mpencraBneHi pe3yabTaTd JOCITIHKEHHS €(QEKTHBHUX MPYXHUX KOHCTAHT, LIO XapaKTePU3yIOTh KepaMiKy Ha
ocHoBi MAX-¢pasu TisAlIC,. TlokazaHo, W0 MPYXKHHH MOMAYJTb KEPaMidHOrO MaTepially XapaKTEePH3YeThCsl 3HAYEHHSM, IO
MepeBuIye y ~2,5 pa3u 3HaAUCHHS MOJIYINsS NPYKHOCTI BIacHE PEYOBHHH AOCITIIKyBaHOI (aszm i mocsirae BenmmuuHN ~ 320 GPa.
BusiBneny 3MiHy MOIyJs IPY>KHOCTI MOB’S3aHO 3 HEOJHOPIAHICTIO CTPYKTYPH KEPaMIdHOTO MaTepiay i 00yMOBICHO HasBHICTIO B
HBOMY >KOpcTKHX BKmodeHb (azu TiC. Llelt BHCHOBOK MiITBEPPKYETHCS TPH BapiloBaHHI BMicTy BKmodeHb ¢azn TiC B ckmani
MAX-tasu TizAlIC,.

KurouoBi ciioBa: kepamika, MAX-da3u, MexaHiuHi BIaCTHBOCTI, NPYXHUH MOJTYJIb.

Yupyrue cBoiicTBa kepamuku Ha ocHOBe MAX-dassr TizAlC,
10.1. EoﬁKol, B.B. BOF,Z[aHOBl, P.B. BOBK1’2, 2.C. FeBOpKﬂHZ, B.®. KopmaK1

1 Xapvrosckuii nayuonanvuwlil ynusepcumem umenu B.H. Kapasuna, m. Céobo0ul 4, 61022, Xapvkos, Yrpauna
2 Vkpaunckuil 2ocydapcmeennviil yHugepcumen jceae3Hooopodicio2o mpancnopma, Peiiepbaxa na., 7, Xapvkos 61050, Ykpauna

VYHuKanbpHbIe MEXaHHYECKHE CBOMCTBA KepaMHKH Ha ocHOBe MAX-(a3 (BbICOKast TBEpIOCTh, TEPMO- U TPEIIHHOCTOHKOCTD B
COYETaHHHM C BO3MOXKHOCTBIO IUIACTHUECKOH JAedopManiy) JeialoT €€ IMHPOKO HCIONB3yeMbIM MHOTO(QYHKIMOHAIEHBIM
MarepuaioM. [loaToMy nccienoBaHue ee yIpyrux CBOHCTB, T. €. TIOJydeHHe NH()OPMAIMHU O BEIUYUHE YIPYIHX KOHCTaHT: MOIyJIe
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Yu.l. Boyko, V.V. Bogdanov, R.V. Vovk, E.S. Gevorkyan, V.F.Korshak

IOnra u xos¢duumenre Ilyaccona, sBuseTcs BecbMa aKTyalbHBIM. 3HAUEHHs STHX KOHCTAaHT B KEPaMHUUYECKOM MaTepuaie
CYIIECTBEHHO 3aBHCAT OT CTEXHOMETPUHM M XMMUYECKOTO COCTaBa o0pasyromuxcs ero ¢as, a Takke OT CTPYKTyphl Marepuaia. B
YaCTHOCTH, B IIPOLIECCE €r0 CHHTE3a METOJOM H30CTATHYECKOTO MPECCOBAHMSA IMOA JAABICHHEM (OPMHPYIOTCS KpPHUCTaJUIMYECKUE
3epHa OCHOBHOH (ha3bl, BOZHHMKAIOT BKIIOYEHHS HCXOJHBIX HIJIM BTOPOCTENICHHBIX (a3, a Takke o0paszyeTrcs OmpelereHHOe
KOJIMYECTBO PA3IMYHBIX ITyCTOT: M3O0JMPOBAHHBIX IOp, WX CKOIUIEHWH (KalMUIIPOB), MHUKPOTPENIMH M Jp. DTH CTPYKTypHEIE
3JIEMEHTH! 00YCIIOBIMBAIOT CYNIECTBEHHYIO HEOAHOPOAHOCTh KEPAMHUKH, YTO MPUBOAUT K M3MEHEHUIO MHOTHX (PU3MUECKUX CBOMCTB
3TOTO MaTepuaja, B TOM 4HCIe U ynpyroct. Kak ciencTBue, 4ucieHHbIE 3HAYSHHUS YIPYTUX KOHCTAaHT KepaMHYECKOro MaTepHaia
3aMETHO OTJIMYAIOTCS OT 3HAYCHMIT aHAJIOTUYHBIX KOHCTAHT, XapaKTEPU3YIOIINX UCXOAHBIE KOMIIOHEHTHI, U3 KOTOPBIX (hopMHUpyeTcs
MAX-pda3a.

B pabote mpeacTaBieHbl pe3yabTaThl McCIeA0BaHUS d((OEKTUBHBIX YIPYIHX KOHCTAaHT, XapaKTePHU3YIOIIUX KepPaMHUKY Ha
ocHoBe MAX-¢assr TiAIC,. Tloka3aHo, 4YTO yOpPYrHii MOIYJIb KEPAMHUECKOTO MaTepHalla XapaKTepH3yeTCsl 3HAYCHHEM,
MIPEBBIMIAIOMNM B ~2,5 pa3a 3Ha4eHHE MOJYJIS YIPYTOCTH COOCTBEHHO BEUIeCTBa M3ydaeMoil (a3l M JOCTHraeT BEIMYHHBI ~ 320
GPa. OOHapyxeHHOE W3MEHEHHE MOXYJS YIPYIOCTH CBA3aHO C HEOJHOPOJHOCTBIO CTPYKTYPHl KEpPaMHUYECKOrO MaTepuaia u
00yCIIOBIIEHO HaIW4YMeM B HeM jKecTKHX BKirodeHHH ¢aspl TiC. DTOT BBIBOJI HOATBEPKAAETCS IPH BapbHPOBAHHU COJIEPIKAHUS

BimroueHui dassl TiC B coctaBe MAX-dassr TizAlC,.

Kiwuessle cioBa: kepamrka, MAX-¢a3sl, MeXaHHUECKHE CBOMCTBA, YIIPYTHH MOJTYJb.

1. Introduction

MAX-based ceramics is a widely used multifunctional
material [1] — [4]. This material belongs to the class of
ternary refractory compounds with variable stoichiometry,
which are described by the general chemical formula:
M;+1AX,. Here M is the 3d transition metal (for example,
Ti, Zr, etc.), A is the p-element of the 3A or 4A subgroup
of the periodic system (for example, Al, Si, etc.), X is
carbon (C) or nitrogen (N). Intensive studies of properties,
as well as study of practical use possibility of ceramic
materials based on these phases, began in the early 2000s
and are very relevant to the present (see [5] — [7], etc.).
Interest in these materials, in particular, in the Ti,AlC;
compound, is due to the specific physical properties of
this class of matter: on the one hand, they are
characterized by high hardness, by increased thermal and
crack resistance, and on the other hand, under certain
conditions, they are easily amenable to plastic
deformation. The latter fact greatly simplifies the process
of machining this material in the making of products of
complex geometric shape. In addition, these materials
have significant thermal and electrical conductivity,
which is not characteristic of traditional ceramic materials
[8].

An important aspect of these materials properties
studying is the study of their elastic properties, that is,
information obtaining about the magnitude of elastic
constants: Young's modulus and Poisson’s ratio. The
values of these constants in the considered compounds
substantially depend on the stoichiometry and chemical
composition of the resulting phases, as well as on the
structure of the material. In particular, in the process of
ceramic materials synthesis, crystalline grains of the main
phase are formed, in certain conditions there are
inclusions of initial or secondary phases, and some voids
are formed (isolated pores, their aggregations
(capillaries), microcracks, etc.). These structural elements
cause a significant heterogeneity of ceramics, which leads
to a change in many physical properties of this material,

including its elasticity. As a result, the values of the
elastic constants of the ceramic material are distinctly
different from the values of the analogous constants
characterizing the initial components of which the MAX
phase is formed. The elastic properties of ceramics are
described by the effective values of the corresponding
constants. [9] — [11].

This paper presents the results of the effective elastic
constants study characterizing ceramics based on the
TizAIC, MAX phase. In recent years, this material, as an
alternative to metals (Ti), (Ni) and their alloys, has been
used for medical and biological purposes for the various
types of endoprostheses and bone implants production. In
this regard, the study of the elastic properties of this
material is an actual problem not only from a scientific,
but also from a practical point of view.

2. Experiment and Results

Investigated TisAIC, MAX phase samples were
obtained by isostatic pressing under 30 MPa at the
temperature of 1350°C of titanium carbide (TiC) and
aluminum (Al) powders mixture with the corresponding
molar ratio of the components. The size of the powders in
the initial state was characterized by a range of values ~ 2
+ 10 mkm. The exposure time under pressure in the
process of the samples pressing was 30 minutes. The
samples prepared for the study had the shape of
parallelepipeds with the sizes of 6x4x4 mm. The phase
composition of the samples was controlled using x-ray
analysis, and their structural state was studied by optical
and electron microscopy (see Fig. 1 and Fig. 2). To
measure the values characterizing the elastic properties of
the studied material, we used the method of measuring the
longitudinal and  transverse elastic  (reversible)
deformation of the sample (&) under conditions of uniaxial
compressive stress (o). The load was controlled using a
pre-calibrated dial gauge, and the deformation was
measured using a special electronic device that allows you
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to record the change in the relative sample size with an
accuracy of = 5-107° [12].

The quantitative values of the effective elastic
constants of the material under study, measured at room
temperature, were as follows: the elastic modulus E = 200
GPa (with uniaxial load of 250 mN), and the Poisson’s
ratio v = 0,2. The X-ray analysis of studied samples
chemical composition showed that they consist of the
following phases (weight %): 89TizAIC, + 11TiC. The
density of the ceramic material under study (p), measured
by weighing the sample and then normalizing its mass to
a unit volume, turned out to be ~ 3,98 g/cm®.

Note that according to the literature data, the x-ray density
(density of the substance itself) of the MAX phase
(Ti3AIC,) and titanium carbide (TiC) are characterized
respectively by the values: ~ 4,2 glcm?, ~ 4,92 g/cm?, and
the elastic constants of the same substances are
characterized by the following values: MAX-phase: E; =
140 GPa , v = 0,2; titanium carbide: Ey = 450 GPa, v =

c) ,

0,18 [13].

Let us discuss the results obtained and try to find out
the reasons for the effective values of the elastic constants
of the material under study observed in the experiment.

3. The calculated values of the effective elastic
constants of the material under study and their
comparison with experimental data

In the general case, the real structure of
polycomponent ceramics, including ceramics based on
MAX phases, is characterized by the presence of
microcrystals (grains) of the main phase, as well as by
formation of a certain number of inclusions of
accompanying (minor) phases. In addition, the presence
of free volume in the form of individual pores or their
aggregations (hollow channels), microcracks, etc. is
characteristic of a ceramic material. The theoretical
analysis and calculation of the effective elastic constants
of the medium containing various kinds of

10pm

20kV " X1,000 0103 286 fract

(d)

Fig. 1. The typical structures of the studied ceramic TizAIC, MAX-phase material a) and 6) — SEM snapshots, c) and d) — optical

images.
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inhomogeneities was carried out in the works [9] — [11].
So, for a porous medium in the case of a uniaxial load,
according to the calculations made in [9], the value of the
effective modulus of elasticity E is described by the
following relation:
E=E;(1-9). 1)
Here E, is the elastic modulus of matter without voids,
¢ is the porosity, i.e. a parameter characterizing the
fraction of the volume of the medium occupied by voids:

¢=(VV\)/ Ve @)
V, is the ceramics volume (medium containing voids), V,,
is the actual material volume without voids. Easy to make
sure that ¢=(1—p/po), were p and p, are respectively, the
real and x-ray density of the substance of the ceramic
material.

Thus, from (1) and (2) it follows that the effective
modulus of elasticity of the medium containing voids
should be described by the following relation: E=Eq(p/po).
At the same time, according to the calculations, the
change in Poisson’s ratio in the interval of vy = (0,1+0,3)
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Fig. 2. X-ray diffractograms of the material under study: a) — TizAIC, 89 mass%, TiC 11 mass%; b) — TizAlIC, 69 mass%,

TiC 31 mass%.
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practically does not affect the value of E [9]. In addition,
the Poisson’s ratio of the porous medium practically does
not change with increasing porosity of the medium up to
¢=0,5.

In the case when the ceramic material is characterized
by the presence of hard inclusions, i.e., inclusions that
have a significantly larger elastic modulus compared to
the main phase, the effective elastic modulus is described
by the ratio:

E = Eq exp (2,5Q). 3)

Here Q = (4n/3)- N- *, were r is average radius of hard
spherical inclusions, N is number of inclusions per unit
volume of medium. The Q parameter characterizes the
fraction of the volume occupied by hard inclusions in an
inhomogeneous medium. [11].

Thus, from the above relations (1) and (3), it follows
that the elastic modulus of the medium containing voids
and hard inclusions should decrease with increasing
porosity and increase with increasing volume of hard
inclusions. The presence of these structural elements
(voids and hard inclusions), practically does not lead to a
change in the Poisson’s ratio [9] — [11].

In our studies, the experimentally measured quantity
plpp=0,94 and, therefore, the calculated value of the
effective elastic modulus E, taking into account the
presence of voids in the material under study, in
accordance with (1), should be characterized by = 130
GPa. In reality, the experiment observed the value: E =
200 GPa. This result indicates that in the material under
study, the change in the value of E is primarily due to the
presence of a certain number of hard inclusions. To
confirm the correctness of the conclusion we made the
following control experiment. By slightly changing the
molar ratio of the initial components and the sintering
regime, we prepared a ceramic sample based on the
TisAlIC, MAX phase with the same porosity as the
original samples (¢ ~ 0,16), however, it contained a
significantly larger amount of titanium carbide
inclusions.: 69 mass % TizAIC, + 31 mass % TiC ( see.
Fig. 2b). Measurements have shown that for this ceramic
material the Poisson's ratio has not changed much (v =
0,2) , and the magnitude of the elastic modulus increased
to E = 320 GPa. If we now take into account the
correction related to the effect of porosity on the elastic
modulus of the sample under study (ratio 1), then the
effective value of E should be characterized by the value
~ 340 GPa , i.e. E/Ey = 2,4. Accordingly, if only the
presence of hard inclusions is taken into account, then
from the relation (2) it follows that the parameter (27 Q) =
1, i.e. the fraction of the hard inclusions volume Q in the
sample under study is ~0,15. The values obtained in our

control experiment E/Ey and Q correspond to the values
of these parameters, observed in special model
experiments, in which the elastic properties of an
inhomogeneous medium containing hard inclusions were
studied [11]. Thus, the results of our control experiment
indicate that in the material under study the change in the
elastic modulus is mainly due to the presence of hard
inclusions.

Conclusions

Our studies suggest that the elastic modulus of a
ceramic material based on the TizAIC, MAX phase
characterized by a value exceeding in =2,5 times the value
of the elastic modulus of the studied phase substance and
reaches = 320 GPa.

This change in the modulus of elasticity is due to the
heterogeneity of the ceramic material structure, which is
caused by the presence of hard inclusions of the TiC
phase.

The presence of voids and hard inclusions has almost
no effect on the value of the Poisson’s ratio of the
material under study. v = 0,2.
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Kpucranoximiyna cTpykTypa i enekrpuuna nposinnicts BTHII —
KyIpaTiB B yMOBaX BapilOBaHHS Je(PEKTHOTO CKJIaay 1 BIUIUBY
BUCOKOEHEPIeTUYHOI0 OMPOMIHEHHS (JIITEpaTypHUI OTJISAT)
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B ormsaai po3risHyTi ocobmuBocTi KpucTanoxiMiunoi ctpykrypu BTHII — xympatiB i1 cydacHi ysBICHHS MpO MPUPOAY iX
eJIeKTpU4HOI npoBinHOCTi. [IpoBeneHo anani3 (akTopis, 10 BILIMBAIOTH Ha elekTpuuHi BiactuBocti BTHII-kynpariB. O0roBopeHo
NpUYUHN (HOPMYBAHHS CHEHU(MIYHUX XIMIYHMX 3B’S3KIB MK pIi3HUMH iOHaMH, IO TNpPHU3BOIATH 1O YTBOPEHHS KJAacTepiB 3
HeratuBHUX U — meHTpiB y Wil cromymi, a TakoX CKCICPHMEHTaNbHI (hakTH, IO CBiA4aTh HPO TICHUH B3a€EMO3B 30K
KPHUCTAIOXIMIYHOI CTPYKTYpH MeTaJl — OKCHIHHMX CIHOJIyK i iX aHOManbHOI eJEeKTPUYHOI IPOBiTHOCTI. 3 OCOOIMBOCTAMH
KHACTAJIOXIMIYHOI CTPYKTYpH MOHOKpHcTamiuHux 3paskiB BTHII — kynpatiB, y cBOIO 4epry, HOB’si3aHa aHI30TPOMis iX (i3HUHUX
BJIACTHBOCTEH, 30KpeMa i aHI30TpOmis eIeKTPONpoBiTHOCTI. JOCHiKeHHS BIUIMBY NOe(EKTiB Pi3HOI MPUPOIN HA EICKTPUUYHY
MPOBIAHICTE B PI3HUX KpHUCTaJOrpadiuHUX HampsIMKaX, B YMOBax BapilOBaHHA TEMIEPATypH € BAXKIUBUM JDKEPEIOM
EKCTIEPIMEHTATBHUX JaHUX U1 MOOYHOBH TeopeTWyHuX Mozeneid mapyBatux BTHII. IlokazaHo, mo mopsa 31 cTymeHeM
BIIXWJICHHS BiJl KHCHEBOI CTEXiOMETpii, i30BaJCHTHUM 1 HEI30BAJCHTHUM 3aMill[CHHSAM, BaXXJUBHM METOIOM Moaudikarii
CJISKTPUYHUX BIIACTHBOCTEH KYIPaTiB € X ONMPOMIHEHHs eJIEKTPOHaMM BHCOKHMX €Hepriil. 3 ypaxyBaHHSM CYYacCHHUX YSBIICHB PO
B33€EMOJIII0 BHCOKOCHEPIeTHYHOTO BHIIPOMIHIOBAaHHS 3 TBEPAUMH TiIaMH, DO3IJISTHYTO HMOBIpHI MEXaHI3MH BIUIMBY
BHCOKOCHEPI€THYHOTO OIPOMIHEHHS Ha iX eJNEKTPOTPAHCIIOPTHI XapakTepUCTHKH. Ha OCHOBI eKCHEepHMEHTAJIbHHX [aHUX,
HaBEJCHHUX B JITEPAaTypHUX JDKepesiaX, OLIHEHO CTYIiHb BIUIMBY pi3HMX MeroxiB oOpoOku BTHII-xympariB Ha iX enexkTpuyHy
mpoBigHicTe. Ha migcTaBi mpoBemeHOro aHamizy cQOpMYyIbOBaHI YMOBH BHOOPY €JEMEHTIB [UIi CHHTE3Y CIIONYK, IO
XapaKTEePHU3YIOThCS OUIBII BHCOKOIO TEMIIEPATYpOIO MEPEXOAy B HAANPOBITHHUN CTaH 1 BHIUICHI MHUTaHHS, SKi HE OTPUMAIN CBOTO
EKCTIEPIMEHTAIBHOTO 1 TEOPETUIHOTO BUPIIICHHS.

Kiawuosi caoBa: BTHII-xynpatn, nedexkTtd KpHUCTaTidyHOI PEUITKH, €NEKTPUYHA IIPOBIIHICTh, BHCOKOCHEPTETHYIHE
OTPOMIHCHHS.

Crystal-chemical structure and electrical conductivity of HTSC — cuprates
under conditions of variation of defective composition and exposure to

high-energy irradiation (literature review)
G.Ya Khadzhai, Yu.V. Litvinov, R.V.Vovk, N.M. Zavgorodnaja, V.Yu. Grec,
K.A. Kotvitskaya, I.M. Chursina, O.V. Botsula, K.I. Prikhod’ko, S.N. Kamchatna

V. N. Karazin Kharkiv National University, Faculty of Physics, 4 Svobody Sq., Kharkiv 61022, Ukraine

The review considers the features of the crystal chemical structure of HTSC cuprates and modern ideas about the nature of
their electrical conductivity. The analysis of factors affecting the electrical properties of HTSC cuprates is carried out. The reasons
for the formation of specific chemical bonds between various ions, leading to the formation of clusters of negative U centers in this
compound, as well as experimental facts indicating a close relationship between the crystal chemical structure of metal oxide
compounds and their anomalous electrical conductivity are discussed. The anisotropy of their physical properties, in particular, the
anisotropy of their electrical conductivity, is associated with the peculiarities of the crystallochemical structure of single-crystal
HTSC cuprates. The study of the influence of defects of various nature on the electrical conductivity in various crystallographic
directions, under conditions of temperature variation is an important source of experimental data for constructing theoretical models
of layered HTSCs. It is shown that, along with the degree of deviation from oxygen stoichiometry, isovalent and non-isovalent
substitution, an important method for modifying the electrical properties of cuprates is their irradiation with high-energy electrons.
Taking into account modern ideas about the interaction of high-energy radiation with solids, the possible mechanisms of the
influence of high-energy radiation on their electrical characteristics are considered. Based on the experimental data presented in the
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literature, the degree of influence of various processing methods of HTSC cuprates on their electrical conductivity is estimated.
Based on the analysis, the conditions for the selection of elements for the synthesis of compounds characterized by a higher
temperature of transition to the superconducting state are formulated and issues that have not received their experimental and
theoretical solutions are highlighted.

Keywords: HTSC - cuprates, defects of the cystic lattice, electrical conductivity, high-energy irradiation.

Kpucraiutoxummyeckasi CTpyKTypa U SJIEKTPUYECKAs TPOBOIAUMOCTD
BTCII — kympaToB B yCJIOBUSIX BapbUpOBaHUA Je(PEKTHOTO cOCTaBa U

BIIMSTHUSI BBICOKOAHEPI€THYECKOT0 00JIyueHHs (JTUTepaTypHBbIii 0030p)

I'.4. Xamxkait, FO.B. JlutBunos, P.B. Bok, H.H. 3aBropoanss, B.1O. I'pecs,
K.A. KorBuukas, U.M. Uypcuna, O.B. boryna, K.I'. [Tpuxonsko, C.H. KamuatHas

Xapvkosckuil HayuoHaneHwill yHusepcumem umenu B.H. Kapasuna, m. Ce0600ul 4, 61022, Xapvkos, Ykpauna

B 0030pe paccMOTpeHBI 0COOEHHOCTH KpucTautoxumudeckol ctpykrypbl BTCII- kynpaTtoB U cOBpeMeHHBIE MIPEICTABICHUS
0 TPUPOJC HX DIICKTPUUCCKOW mpoBomuMocTu. [IpoBeneH aHanmu3 (akTOpOB, BIUSIOMIMX Ha 3NekTpuueckue cpoiictBa BTCII-
kynpatoB. OOCyXIeHbI TPUIUHBI (HOPMHUPOBAHUS CIICHH(PUISCKUX XUMAIECKUX CBSI3eH MEXKAY Pa3IMYHBIMA HOHAMH, PUBOISIIINE
K OOpa3oBaHUIO KIAcTEpPOB HeraTuBHBIX U — LEHTPOB B 3TOM COEAWHECHHH, a TAaKKe OKCIEPUMEHTANbHBIE (DaKTHI,
CBUJICTETIHCTBYIONINE O TECHOW B3aUMOCBS3U KPUCTATIOXUMHYECKON CTPYKTYPHI METAJUI - OKCHIHBIX COCMHEHUN M UX aHOMAJIbHON
JNeKTpruIecKoi mpoBoauMOCcTH. C OCOOCHHOCTSMH KHCTATIOXUMHUYECKOH CTPYKTYPhI MOHOKpHUCTammmdeckux ooOpasnoB BTCII -
KyIpaToB, B CBOIO OYEpPE/lb, CBA3aHA AaHU3OTPOIHS UX (PU3NUECKUX CBOWCTB, B YACTHOCTH U aHU30TPOITUS UX BJICKTPONPOBOTHOCTH.
HccnenoBanue BAUSHUS NE(PEKTOB Pa3IMIHON MPHUPOIBI HA 3JCKTPHUCCKYIO MPOBOJUMOCTh B Pa3IMUYHBIX KPHCTAIUIOTPadUUCCKIX
HampapleHUsIX, B YCJIOBUSX BapbUPOBaHHS TEMIEpaTyphl SBISETCS BaXKHBIM HMCTOUYHUKOM SKCIIEPUMEHTAIBHBIX JaHHBIX IS
noctpoeHust teoperuueckux mozeneit cioucteix BTCIIL. TlokasaHo, 4uTo Hapsay €O CTENEHBIO OTKJIOHEHUS OT KHCIOPOJHOH
CTEXHOMETPHUH, W30BAJCHTHHIM W HEU30BAICHTHHIM 3aMEIICHHEM, BaKHBIM METOAOM MOIM(DUKAIMH >ICKTPHUECKHX CBOWCTB
KYIpaToB SBISICTCA WX OONYYECHHUS DIICKTPOHAMH BBICOKMX dHepruil. C y4eToM COBPEMEHHBIX MPEICTABICHHHA O B3aUMOACHCTBUU
BBICOKORHEPTETHIECKOTO U3TYIEHHS C TBEPABIMHU TEIaMH, PACCMOTPEHBI BO3MOYKHBIE MEXaHU3MBI BIIMSHHUS BHICOKOIHEPTETHYECKOTO
W3TyYeHHS Ha WX DJEKTPHUYECKHE XapaKTepHCTHKH. Ha OCHOBe SKCIEpHUMEHTANbHBIX JTAHHBIX, NMPUBEICHHBIX B JIATEPATYPHBIX
HUCTOYHHUKAX, OLICHEHA CTEINEHb BIMSHUSA pa3IHMuHbIX MeToZ0B 00paboTku BTCII-kynpaToB Ha X 3JEKTPUYECKYIO MPOBOAUMOCTD.
Ha ocHOBaHMM TPOBENECHHOTO aHaiM3a COOPMYJIHPOBAHBI YCIOBUS BBIOOpPAa JJIEMEHTOB U CHHTE3a COCAMHCHHH,
XapaKTEePU3YIOIUXCS O0Jiee BBICOKOM TeMIIepaTypoil mepexoia B CBEPXIPOBOIAIICE COCTOSHUE W BBIICICHBI BOMPOCHI, KOTOPHIC HE
MOJIYYHIJIH CBOETO SKCIEPUMEHTAILHOTO U TEOPETUYECKOTO PEIICHHUS.

KiawueBbie caoa: BTCII — kympatsl, aepeKThl KUCTAUIMYECKOH  pEIIeTKH, JJIEKTPUYeCKas IPOBOAUMOCTb,
BBICOKOPHEPTETHYHOE OOTyUeHHE.

Beryn 3HaYHy (pyHIAMEHTAJbHY Ta MPAaKTUYHY MPHUBaOIUBICTb.

BcranoBnenHss BIumBY — medekTiB  KpuctanmivHoi  BHacmimox ckmamHocti Oymosm BHTII Bu3HaueHHsS

PEeNIITKA HAa  MAarHITOPE3WCTHBHI  XapaKTEePUCTHKH  PO3MOALTY JedeKTiB Mo 00’eMy 3pa3ka, cTabiIbHOCTI

BHUCOKOTEMIIEpaTYpPHUX HaanpoBiaHux kymparis (BTHIT)
€ BAXJIMBUM CKCIICPUMEHTAJIbHUM MaTepiajioM st
BU3HAYCHHS

MeXaHi3My BUCOKOTEMIIEPATypPHOL

HaJMNpPOBIAHOCTI Ta  TOJIMIEeHHS  (QyHKIIOHATBHUX
xapaktepucTuk icHytounx BTHII — cronyk. HagnpoBsigHi
BHCOKOTEMIIEPATypHI MOHOKPHUCTAIH € TEXHOJIOTIYHOIO
OCHOBOIO Ui ()yHIAMEHTAJIBHUX JOCIIIKEHb B3a€MOJIIi
BTHII 3 BUIIPOMIHIOBAHHSIM. OnpoMiHIOBaHHS
€JIEKTPOHAMH Ja€ MOXIIUBICTH, 0€3 3MIHH CKJIay 3pa3KiB,
CTBOPIOBATHM B HUX Ae(eKTH pi3HOI KOHIEHTpauii Ta
Mopdororii. CtBopeHHs aHcamOir0 nedeKTiB 3amaHol
MO>KITUBOCTI

KOHIIEHTpalii Ta TPUPOIU

30KpE€Ma, TPaHCIIOPTHUMH BJIACTUBOCTAMU

BiZIKpHBa€
KepyBaHHS,
3pa3ka SK y HOPMalbHOMY, TaK i B HaIIpPOBITHOMY
CTaHaX. BpaxoBylounm TMEPCHEKTUBY BHKOPHUCTaHHS
BUCOKOTEMIIEPAaTYPHUX  HAANPOBIJHHMKIB B  SIKOCTI
HAIYYTJIMBUX NATYUKIB Ta JIHIN mepenadi eIeKTPUIHOrO
CTpyMy 3 MallUMU BTpaTaMd €Heprii, 110 NpauioloTh B
obnacTi TemrepaTyp KHIiHHS PiIKOTO a30Ty, CTBOPEHHS
KepoBaHOi JePeKTHOI CTPYKTYpH Yy HAANpPOBIIHUKY Mae

nedexkTHOro aHcamOIII0 Ta 3aJEKHOCTI TPAHCIOPTHUX
rapaMeTpiB Bif CIIEKTPY Ae(eKTiB y IMUPOKOMY Jiana30Hi
TEMIIEpaTyp MoTpedye y Imepuly uepry

CKCIICPUMEHTAJIbHUX, 3yCUJIb.

BEJIUKUX,

HesBaxarounm Ha JOCHTh BENHKY KiJBKICTh pOOIT,
TIPUCBSTYEHUX BHBYEHHIO pi3HOTO pony
eKCIIEPUMEHTAJIbHAX BIUIMBIB Ha E€JIEKTPOTPAHCIIOPT B
cucreMi YBa,Cu3O; s y HaykoBiii miteparypi Maibke
BIACYTHI po0OOTH 3 eKCIIEpUMEHTAJIbHUX JIOCTIIKECHb
BIUIMBY ONPOMIHEHHS Ha  aHI30TPOIIO  IPOILECIB
PO3CilOBaHHS HOCIIB 3apsy sIK Y HOpMaJIbHOMY CTaHi, TakK
1 moONKM3y HAANPOBITHOTO TMEPEXOAY, MCEBIOMIUIMHHY 1
¢urykTyaniitny TaKOX HEKOTEePEeHTHUH
SJICKTPOTpAHCIIOPT. Y TOH JKe 4Yac, BIANOBIAHO 1O

aHomaii, a

CydJacHHUX YsBIIEHb, caMe Ili He3BUYAMHI (Qi3W4HI sSBHIIA,
o croctepirarotbest y BTHII—-cnonykax y HopMabHOMY
(He HaAMPOBIAHOMY), CTaHi € KIIIOYeM JUIsl JOCATHEHHS
pO3yMiHHA  Mikpockomiunoi mnpupomu BTHII, sxa
3aJIMIIAE€THCS. HE3 ICOBAHOI0 HE3BAKAIOUM Ha OiNBII HIXK
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30 — piyHy icTOpil0  IHTCHCHBHHX

CKCIICPUMCHTAJIbHUX Z[OCJ'IiZ[)KeHL.

TCOPCTUYHHX 1

1. KpucranoxiMiuHa cTpyKTypa i OCHOBHI
xapaktepuruku BTHII — cnoayku — YBa,Cu3O07_5

Binkpurts B 1986 — 1987 pokax
«BUCOKOTEMIIEPATYPHOI» HaJIIPOBITHOCTI (BTHII)
MOJIKOMITOHEHTHUX MeTall — OKCUJJHUX CIOIYK
(aHOManBPHA  €JEKTPUYHA MPOBIAHICTH B oOmacTi

TeMIepaTyp, IO NEPEBUINYIOTH TEMIIEPATypy KHIIHHS
pinkoro azory 77 K) BHKIIMKaNO BeNMUEe3HUH iHTEpeC 10
JIOCTIKCHHS BIIACTHBOCTEH LBOTO KJIacy pedoBuH [1, 2].
Jlo mMX pedoBWH BiTHOCUTHCA IIiJla HU3KA CIIONYK, IO
MOXYTh OyTH OMHCaHI 3arajibHO XIMIYHOK (POpPMYIIOL0,
ReBa,Cuz07 5, ne Re = Y, Nd, Sm, Eu, Gd, Dy, Ho, Tm,
Yb, Lu.

Haii0inpm BuBYeHOIO € crmonyka YBa,CuzO;s, 110
TEMIEePaTypoIo nepexoay B
Haamnposigaui ctad Tc =~ 90 K. Lle Ha mopsAaok BeTHIuHHA
BHIIE 32  TEMIepaTypu
CIOCTEpIraloThCsl y MeETaJeBUX HaINpoBigHUKIB. Kpim

XapaKTepPU3y€EThCS
nepexony Tc, 110

3a3HAYCHUX BHULIC CIIOJIYK, JO Ipylnu METall — OKCUAHUX

BHCOKOTEMIICPATYPHUX  HAJNPOBIIHUKIB  BiJHOCATBCA
TaKOXK CIIOTYKH Bi,Cr,Ca,Cu;0,, i
Tl,Ba,Ca,Cu;0,( , 110 XapaKTepHU3yIOThCS

MaKCHMAJIbHUMHU Ha ChOTOJHINIHIN JeHb TeMIepaTypaMu
nepexoxy Tc = 1101 125 K BixnosigHo.

HaiiBaxnusinmmm JIOCHIKEHb, 110
npoBoasthes micns Binkputrs BTHII, € momyk HOBHX

3aBJIaHHAM

CHOJIYK, IO XapaKTepU3yIOThCS HaJINPOBITHICTIO 3a IIe
OLIBLI «BUCOKOI» Temreparypu. OHaK /10 TenepilHbporo
Yyacy 3a3HauyeHe 3aBJIaHHsS HE BUpIlIEHE, 1 OCHOBHOIO
NPUYMHOI0 HEBJad YHCIEHHWX CIpo0 OTPUMAaTH Taki
CIONYKH, € BIJACYTHICTH PO3YMIiHHS MIKPOCKOIIYHOTO
MeXaHi3My yHiKaJbHOI elexTpuaHoi nposignocti BTHII
okcuziB. Crnpoba MOSCHUTH I SBHINE 32 JOIOMOTOIO
teopii BCS ( «(poHOHHE» crapioBaHHS E€JIEKTPOHIB, IO
00yMoBIIOE HaJAMPOBITHICTH
(3D,

HENPUHHATHOI. J[0 Takoro BHCHOBKY NPHHIIIM MICISA

«HU3BKOTEMIIEPATypHY»

MPOCTHX MeTaliB Ta IX CIUIaBiB BUSIBIIIACA
OmyOJIiKyBaHHSI PE3YJIbTATIB JOCHTIIPKEHHS TaK 3BaHOIO
«i3otomiuaoro» edekry [4]. ¥ miii poboTi B 3’€qHaHHI

YBa,Cuz0;7 5 75% iomis kucuo %0 Gymo 3amimeno

ioHamMu «Baxkoro» i3oTomy kucHio 'O . Taka 3amiHa

CyTTEBO BIUIMHYJTa Ha (OHOHHHWH CIEKTp KpHCTaia,
IpoTe, HE MpHBENa 10 MOMITHOI 3MiHM TeMIlepaTypu
nepexony Tc. [lpu npomy AeTasibHE BUBYEHHS MPUPOIU
eJIEMEHTapHHUX CJIEKTPUYHOrO  3apsity B
YBa,Cuz0O,_s mokaszago, 0 HAAMPOBIAHICTE B I
CIIOJIYIII peali3yeThCsl CIIAPEHUMU €JICKTPOHAMHU, K 1 B
pa3i «HU3bKOTEMIIEPaTYPHOI» HaAPOBITHOCTI METAIIB.

HOCI1B

Takum umHOM, (i3WYHA TpHpOJA MEXaHi3My, SKUH
3YMOBIIIOE CHAPIOBAHHS EJIEKTPOHIB, @ TaKOX NPHYMHA
criikocTi 1MX map ax 1o Temmeparypu =~ 100K
3aNUIIAIOTECA 0 TEHEPIITHROTO Yacy He 3’ sSCOBaHUMU.
Byno 3amponanoBaHO BeNWKY KUTBKICTh PI3HHX Mojeien
JUIs OTPUMAaHHS BINMOBiAI Ha 3a3HAa4yeHi BHIIE HMHUTaHHS.
30kpema, 00roBoproBajacs MOKIIMBA POJIb €IEKTPOHHUX
30yKEeHb: TUIa3MOHIB, €KCHTOHIB, CIIHOBUX (IIyKTyamii
i iH. B mporeci GopmyBaHHs capeHux HOCIiB 3apsny [5,
6]. KpiM 11bOro, MOIJIMBICTH CIapIOBaHHs EJEKTPOHIB
TaKOXX TIOB’sI3yBajiocs 3 (OPMYBaHHSAM CHEIHUDITHHX
CTPYKTYp — TaKk 3BaHHX  «HAQJIPEIITOK»,  WIO0
XapaKTepU3YIOThCS napaMeTpamy, 110
MIEPEBHULIYIOTh MapaMeTPH PEIIiTKH OCHOBHOI PEYOBHHHU
[7, 8]. OmHak xo/HA 3 MepepaxOBaHUX BUILE MOJIEIEH He
Oyna MmiATBEpPIKCHA AJCKBATHUM CEKCICPUMEHTOM, IO
OJTHO3HAYHO CBiTYmiI0 O Ha ii KOPUCTB.

Y mpoMy TIaHi HaHOUTBII OOTPYHTOBAHOIO i TaKOIO,
10 Y3TOJIKYETHCS 3 KUTBKICTIO
eKCIIepUMEHTANbHUX ¢axTiB €
3alpornoHOBaHa aBTopamu poOiT [9, 10]. 3rigHo 3 imeero
IO 3alpollOHOBaHA B

3HA4YHO

BEJIUKOIO
KOHIIETIIis,
uX poboTax, CHaplOBaHHS
EJIEKTPOHIB B «BHCOKOTEMIIEPATYPHUX» HAANPOBITHUKAX
00YMOBJIEHO YTBOPEHHSIM B HHX OCOOJMBHX EJIEMEHTIB
CTPYKTYPH — KJIACTEpiB, L0 CKIAJAlOThCS 3 CYKYITHOCTI
«neratuBHUX U-nentpiB». Ilpu gocArHEHHI TNEBHOTO
po3mipy KimactepiB 1 iX  KUIBKOCTi, (OpMYeEThCS
O0COOJIMBHI €HEPreTUYHHWH CIIEKTp ENEeKTPOHIB, IO
JIOMTyCKA€ JBOXEJICKTPOHHI MEPEXOIH 3 10HIB KHUCHIO Ha
CycCimHI mapu ioHIB MiJi, 110 i 00YMOBIIOE B KiHIIEBOMY
MiACYMKY HaAIIPOBITHICT METaT—OKCHTHUX CIIOJTYK.

B nganomy orisiai Ha npukiaai croayku Y Ba,CuzO7_s
MIPOBEICHO aHaJi3 KPUCTAIIYHOI CTPYKTYPH 1 OOTOBOpPEHI
npuuuHA (HopMyBaHHS crieqU(IYHUX XIMIYHHMX 3B’SI3KIiB
MDK pI3HMMH 10HaMH, 110 HPHU3BOJSTH JIO YTBOPEHH:
KjacTepiB 3 HeratMBHMX U-IIeHTpiB B I pEYOBHHI.
OOroBOpeHO TaKOX EKCIepUMEHTaJbHI (akTH, 110
CBiT4aTh TPO TICHUH B3aEMO3B’S30K KPHUCTATOXIMIYHOT
CTPYKTYPH MeTall — OKCHJIHUX CHOJYK 1 iX aHoMaJbHOI
SJIEKTPUYHOT ITPOBITHOCTI.

3 TOYKH 30py KpPHUCTANIOXiMii, MOJIKOMIOHEHTHUN
MeraneBut  okcun  YBa,CuzO;5  BigHOCHUTBCS 710
CKJTaJHHX 130/IECMIYHUX PEYOBHH 3 10HHO — KOBAJIEHTHUM
turoM 3B’s13Ky [11]. Came B naniii cnonyni ioH kucHio O
(anioH) ¢opmye XiMiuHI 3B’SI3KM 3 TpbOMa pi3HHUMH
ionamu metaiiB — Y, Ba, Cu (karioHamu). Oco0nuBicTIO
CTPYKTYp 3a3Ha4Y€HOTO THUILY € Te, 110 B TOW Yac, sIK I0HU
METaJiB 3a MOTPeOOIO MOB’s3aH1 TIJIBKH 3 KUCHEM, KOXEH
10H KUCHIO TIOB'SI3aHUM 3 TphOMa Pi3HUMHU KaTioHamH. J1Jis
JOCSTHEHHST  CTiHKO1 (TepMOJMHAMIYHO PiBHOBAXHOI)
CTPYKTYPH LIbOTO 3’€HAHHS, SNCKTPUYHUHN 3apsi] aHiOHA

NOBUHEH OyTH JIOKaIbHO  HeWTpamizoBaHuil. s
BUKOHAaHHS IIi€i yMOBHM HeoOXimHO, 100 cyma
CJICKTPOCTATUYHUX BAJCHTHOCTEH OKpEeMHX 3B’S3KIB
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aHioHa 3 YyciMa KaTiOHaMH, NOBHHHA JOPIBHIOBaTH
BEJIMYMHI HWOro HEraTUBHOTO 3apsimy. Y CBOIO 4epry,
@JIEKTPOCTaTUYHA  BAJICHTHICTb KaTioHa
BU3HAYA€THCA HOTO 3apsiioM, 3MEHIIIEHUM B N pasis, 1€ N

KOXXHOI'o

— KOOpIWHAIIfHE dYWCIO (YHCIIO i0HIB, IO OTOYYIOTH
OesnocepeHbO JaHWK KaTioH). BigmoBizHO 1o 1boro,
mpu GopMyBaHHI 130€CMIYHOI CTPYKTYpH, YUCIIO iOHIB
HAaBKOJIO KOJKHOTO KaTiOHa Ma€ 3aBXKIW MEpPEBHIIYBaTH
Horo IiHAMBIAyaJbHY BaJICHTHICTh. HasBHICTE TpPHOX
pi3HHUX KaTioHiB i oxHOTO aHioHa B YBa,Cu3z0; 5 i BUMora
CTIMKOCTI IIbOTO 3’€HAHHS OOYMOBIIOIOTH (POpMyBaHHS
cnennigHOi Ae(eKTHOI MO KHCHIO «IEPOBCKITO —
monioHo1» kpuctamigHoi crpykrypu [11]. IIpm mpomy,
BJacHE BENWYMHA 3apsliB BCiX IOHIB 1 iX TOYHe
po3TtairyBaHHs M0 (GOPMYEThCS y KPUCTAIIYHIN peIiTii
€ IpyropsgHuM (akTopoM. Bumora BHKOHaHHS YMOBH
CNeKTPUYHOI HEHTPaIbHOCTI 3’€IHAHHS MPHU3BOIUTH [0
TOro, M0 YacTWHA 1OHIB MOXKE 3MIHIOBAaTH CBOIO
BaJICHTHICT, a JeAKi 3 HHX MOXYTh B3aram OyTH
MOPYIIYIOYH 3’€/IHaHH,
OJIHAaK, IPH I[bOMY, 30epiraroun HeoOXi HY BiIMNOBIIHICTH
MDK eNeKTPHYHUMHU 3apsiIaMu.

3a3HaucHi

BiJICYTHIMH, CTEXIOMETpito

ocobmuBocTi  mpomecy  (opMyBaHHS
KPHUCTAIOXiMIgHOT
NPU3BOJIATE A0 TOTO, II0 HOro KPHUCTali4HA pElliTKa Y
BiZicyTHOCTI JediuTy KHCHIO, TOOTO IpH 3HAYECHHI
5=0,
B3a€EMHHMM pO3TAalllyBaHHSM IOHIB, sIK€ 3 TOYKH 30pY
kpuctanorpadii,
€JIEMEHTapHOIO

cTpykTypu cmoimyku Y Ba,CuzO7 5

mapameTpa XapaKTepU3yeTbesi  crenudiyHuM

OIHUCYETHCSI OpPTOPOMOIUHOIO

(puc.la).
OCOOJHMBICTIO Ii€T KOMIPKH € T€, IO BOHA € IMAapyBaTolo i

KOMIPKOIO BigminHOIO
MICTHTh IBI KOHQIrypamii KHCHEBOTO OTOYEHHS iOHIB
Miji: yoTupurpanHa mipamiza B mionHax CuO; i pom0
y Burisiai jnanmoxkkie CuO B 6asucHiil miomuni (ab)
[12]. IIpu upomy ioru CU B Ga3uCHIN TUTONIMHI CYCiIATh 3
ionamu O Tinpku y3moBx oci (b), a B3moBxk oci (a) B i
wiomuHi ionn O B3arami BifCYTHI, 10 1 00YMOBIIIOE B
KIHIIEBOMY  MiJICYMKy  OpPTOpPOMOIYHY  CHMETpito
(opMyBaHHS eleMEHTapHOI KpUCTaigHOi KOMipku. loHn
Cu, posramoBaHi y340BX oci (C) B HpPOCTOPI Mix
mionMHaMu ioHiB Ba 1 Y, orodeni m’sthbMma ionamu O,
yrBoprotoun 1momuHy CuO,. 3i 3MeHIIEHHSM BMICTY
KHCHIO, TOOTO Tipy 30ibIIeHH] MapameTrpa 6 > 0, KHCHEBI
BaKaHCil BUHHMKAIOTH IEPEBaXHO B OAa3WCHIN ILTONIWHI,
ToMy 10 came JaHIIoKKH CuO XapakTepH3ylOThCs
MiHIMQJBFHOIO ~ CHEepri€ro  XiMigyHOro 3B’sa3Ky. [lpwm
nocsarHeHHl 3HaueHHs & =~ 0,5 ionu O i KUCHEBI BakaHCil
npuOJIM3HO B OJHAKOBIH IMPONOPLIT PO3MOIUISIOTHCS
y310Bx oceii (a) i (b) B wiomuwi (ab), a npu 8 =1 GazucHa
IUIOLIIMHA  B3araii ionie O, 110
NIPU3BOJNUTH JI0 NEPETBOPEHHS OPTOPOMOIYHOT PEIiTKH B

3aJMIIAETEC  0€3

TETparoHallbHy.
dopmyBaHHSA came Takoi crierugiaHOT
KpICTAJUIOXUMIYHOI ~ CTPYKTYpH, HAasBHICTb  pI3HHX

KoHpirypamiii iomiB Cu i O, a TakoX 3a3HAYEHOTO
¢azoBoro meperBopeHHS B 3’emHaHHI Y Ba,CuzO7;
eKCIIEpPUMEHTAIBHO MiATBEPKEHO B 0araTthox podoTax i,
30KpeMa, B poborax [13, 14]. IIpu ubomy, ciia 3BepHYTH
yBary Ha Te, L0 KPUCTAJIOXIMIYHMH CTaH 1 eJeKTpUYHA
MPOBIAHICTE  Ii€l PEYOBHHH  BHSABIAIOTHCA
B3a€EMONOB'SI3aHUMH 1  CYTTEBO  3ajleXaThb  BII
KOHIICHTpAIIil I0HIB KHCHIO B HbOMY, TOOTO BiJl BETMIHHU
mapameTtpa . [Ipu BenmkoMy nedinuti i0HIB KHcHIO (6 >
0,5), komm peami3yeThCsl TETparoHajdbHa KpUCTAJIYHA
CTPYKTYpa, HaJIIpOBIJHICTH HE BUSBISIETHCA. Y Mipy
30UTBIICHHA KOHIEHTpALii KHCHIO 1 TIPH JOCSATHEHHI
BenmuMHH mapameTpa O~ 0,4 crmocrepiraeTscs (a3oBe
KpHCTaliuHa

TiCHO

NEPETBOPCHHA:  TCTparoHaJlbHa

OpPTOPOMOIYHY.

rparka
OpHoyacHo 3
cnonyii  YBa,CuzO7_;
3’SIBJISIETHCS] HAAMPOBiAHICTE Npu Temneparypi Tc =~ 50 K,
a mpu & = (0 HAANPOBIOHUN CTaH peali3yeThCs NpHU
MaKCHMaJIbHOMY 3HAa4Y€HHI TeMIIepaTypu IMepexomy IJist
uiei pewoBunu — Tc =~ 92 K (nuB. puc.2 i puc.3).

MEPETBOPIOETHCS B
(a3oBUM TEPETBOPEHHSIM B

Fig. 1. Kpucraniyai CTpyKTYpH €IEMEHTapHHX OCEpEIKiB
BTHII wmeran — okcumHmx cnoiyk: a) YBa,CuzO; 0)
Bi,Cr,Ca,Cu30;(
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Fig. 2. 3ajexHicTh MOMEPEYHOrO ENEKTPUUHOTO OIOPY
YBa,Cu30; 5 Bix TemmepaTypu mpu Bapialii mapamerpa o
[16].

Te (K
100

50 |- [ 1

o 01 02 03 04 05
o

Fig. 3. 3anexuicts Temmeparypu nepexoay Tc 3’eqHaHHS
YBa,Cuz0;_5 Bin mapamerpa d [16].

Takum YHHOM, Ha HiIlCTaBi MMPOBCACHOI'O0 BHIIEC

aHai3y, MOJKHa 3pOOMTH BHCHOBOK, IO camMe

CTPYKTYypa €
BH3HAYAJBHUM (AKTOPOM, SKHH OOYMOBIIOE aHOMAIBHY

cnenugivaa KpHCTaIOXiMiqHA

ENEKTPUYHY TIPOBITHICTD TOJTIKOMITOHEHTHUX
METAJIOKCHIHHX CITONYK.

Sk Bxke 3a3HAYaNOCHd, 3TiTHO 3  KOHIECHINELO,
3alpOMOHOBaHOK B poborax [8, 9], ocHOBHUMH
eJeMEeHTaMHU CTPYKTYpH, BJIIIOBIJATbHUMH 3a
TCHEPYBaHHS TIap CJIEKTPOHIB, IO OOYMOBIIIOIOTH

aHOMAJIBHY MPOBIAHICTE METAN — OKCUIHUX 3’€IHAHb, €
CKYITYeHHS (KJIaCTepH), 0 (HOPMYIOTECS 3 HeraTuBHUX U
— IEHTPIB.

Cu

4 rd

Fig. 4. Cxema HeratuBHoro U — 1eHTpy B 3'€JHaHHI
YBach307,5 [10]

Koxen okpemuit U —1eHTp CKIaga€Tbecsi 3 JBOX
cycimHix karioniB Cu, BOynoBanux B miomuHy CuO; i
orouytounx ix ioHiB O (puc.4). IcHyBanHs TaKoi
koHpirypamii ioHiB Cu i O B comymni Y Ba,CuzO7_s5 Oyimo
miaTBepKeHo B poborax [13, 14]. ¥V mux podorax
MeTOoJaMu PEHTreHIBChKOT CIEKTPOCKOITi{ i
BHYTPIIIHBOTO TEPTS BUABWIM, IO IOHH Milli 1 KHCHIO
OepyTh yd4acTb B TIPOIECi YTBOPEHHSA crHelmdigHIX
XIMIYHUX 3B’S3KiB, IO XapaKTEPU3YIOThCA PI3HUMH
BaJICHTHOCTSIMU 10HIB. Lle# pe3ynbrar € nOAAaTKOBHM
JIOKa30M YTBOpEHHA HeraTHBHUX U — IIEHTpIB B cHOMTyIi
YBa,Cuz07_s.

®opmyBanHs ckymueHb U —meHTpiB  (KJIAacTepiB)
3YMOBIIIOE TIOSIBY B €HEPTeTHYHOMY CIEKTpPi €JICKTPOHIB
piBHS, IO JOITyCKae JIOKATbHUN MapHUU Tepexia 3 ioHa
KMCHIO Ha JiBa CycinHix ioHa mini (puc.5) [9]. Ilpu upomy
NOB'si3aHI B

JESIKY

eJIEKTPUYHY MpOBiAHICTH TpU Temmneparypi T* >> Tc

okpemi  (He knacrepr) U — ueHTpu

00YMOBIIIOIOTb «HAJUIMIIKOBY»  HE3HA4HYy

(BuHMKae Tak 3BaHa (QuyKTyaliiiHa TPOBIJIHICTB).

BinxuneHHs BiI «HOpPMaJbHOI» MPOBIIHOCTI
mepexoay B

HaJNPOBITHUHN cTaH, a cama Temmneparypa T* orpumana

npu
temneparypi T* € «mepenBiCHUKOM»

Ha3BYy TeMIeparypu Bi,Z[KpI/ITTH «HCGBIIOIIIiJ'II/IHI/I».

dakTiyHO, npu Wil TeMmmeparypi 3 SBISIOTbCS MepIIi
TapHi HOCil 3apsy.
MinimMansHUH po3Mip KiacTepa, MO OOYMOBIIOE

MOJKJIMBICTh [IapHOI'0 nepexony €JIeKTPOHIB,

BH3HAYAETHCS JOBKWHOK KOTEPEHTHOCTI B IJIOUIUHI

CuO2 i 10A. vV wipy
KOHIICHTpAIii 10HIB KUCHIO B METaJl — OKCHJI, TOOTO MpH

CTaHOBUTHh =~ 301TbIICHHAS
0 — 0, cepemHiil po3mip KiacTepiB 30UIBLIYETHCS, a
temrepatypa T* mpu LbOMY MOCTYIMOBO HAONMKA€ETHCS
1o Temreparypu Tc (puc.6) [9].

BaxMBHM eKCIIEpUMEHTATbHUM (PAKTOM, L0 TaKOX
CBIMYATh HAa KOPHUCTb HABENEHOI BHILIE CXEMH, €

pesynpraT pobotu [15], B sKili mporec 30UIBIICHHS
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po3mipiB kiactepiB 3 U —meHTpiB OyB aKTUBOBaHUI

(IpUCKOpEHUiT) WIISIXOM 3aCTOCYBaHHS 30BHIIIHBOTO

ripocraTnyHoro TucKy p =~ 7GPa.

Er

E].‘

Fig. 5. Cxema 30HHOI CTPYKTYpH €HEPIeTHYHOTO CIICKTpa a)
3BuyaiiHoro Mertamy, 0) BTHII wmeram — okcumHOro
3’eqHanns [10].

Sk mokazano B wiif poOOTI B 3pa3Kax CIIONYKH
YBa,Cu307_s 3 HenoBHOWO cTexiomerpiero (6 =~ 0,4) THUCK
iHTeHcH(iKye Tpolec 3pOCTaHHS PO3MIpIB KJIacTepiB 3a
paxyHOK ix mudysiitHol koanecueHiii. BracHe mporec
KOQJICCIICHIIIT peai3yeThCsi B PE3yJIbTaTi MEPEPO3MOILTY
iOHIB KHCHIO 1 3MEHIICHHS KOHIIEHTpauii BakaHCid B
aHIOHHIN MiArparii, Mo CYNPOBOXKYETHCS 3MEHIICHHIM

mapameTpa & — 0. BigmoBigHO 10 OIMMCaHOI BHUIE CXEMH,

3a3HAUEHMH  TPOIeC  TOBHUHEH  CYNPOBOKYBATHCS
30UTPIICHHAM Temriepatypu Tc, HaOmmkaroum ii 10
MaKCcUMajbHOro 3HaueHHs Tc = 90K, mo 1

CIOCTEPIrajocs B eKCIIEPHMEHTI.

T*
700 —
600 -
500~
400 -
300~
200~
100~

0 | | | |

02 04 06 08 10 9
Fig. 6. 3anexHicTh TeMIIepaTypu BiJIKPUTTS
«rceppontiiman»y  T* B 3’emnanni  YBa,CuzO;5 Bix
napamerpa & [10].

Kpim nHaBemeHoi Bumie indopmanii, ciif 3BEpHYTH
yBary Ha Takui BaxumBmid (akT. Sk yxke 3a3Hadanocs,
Tl,Ba,Ca,Cu;0,,
TaKOX BIZTHOCATBHCS /IO METAIOKCUAHUX HAANPOBLIHUX
I[lpy  ubOMy BOHM  XapaKTEPU3YIOTHCS
TeMIepaTypaMu

cnonyku  Bi,Cr,Ca,Cu;0,,, i

PEUOBHH.

MaKCHMaJIbHUMH Ha,Z[HpOBiI[HOI‘O

Nepexo/ly 3apeecTpOBaHIMHU JI0 TeNepilIHboro yacy: Tc =
110 i = 125 K, BigmoBiano. Sk i cnonyka YBa,CuzO7_s mi
OKCUN TEX XapaKTepPHU3YIOTHCS POMOIYHOIO
KPHUCTAJIIYHOIO KOMIPKOIO 1 HasBHICTIO JIEKIIBKOX
«TEPOBCKITONMOAIOHUXY» CTPYKTYPHHUX OJIOKIB, III0 MICTSThH
rwromuHu CuO; (puc.16). [Ipu upomy, 3a3Ha4eHi CIIOIYKH
He MaroTh JaHIokKiB CUO B GasucHux mionuHax (ab),
MpoTe, B IX CTPYKTYpi € BiTOKpEeMIJICHI Milb — KHCHEBI
mwromuHan CuO, posmineni mrommHamu ioHiB Ca. Llei
¢dakT, 1me pa3 CBIAYUTH TPO BAXKINUBY  pOIb
KPHUCTAJOXIMIYHOI CTPYKTypH B Tporeci (opmyBaHHS
TTapHUX 3apiaay B OKCH/THUX
HaanpoBigaukax: MmiommHd CuO, 1m0 3a0e3neuyroTh

HOCIiB MeTam  —
yTBOpeHHsI HeratuBHUX U — IIEHTPIB BiINOBiZaNbHUX 32
MOsIBY TapHUX HOCIIB 3apsny. HasBHICT ke IUIOLIMH
CuO 3abe3neuye aHOMaNbHY IPOBIJHICTD CIAPEHUMH
eJIEKTPOHAMU B YCIX OOrOBOpIOBaHUX croiykax. llpu
ObOMY CaMe «IIApyBaTICTb» BITOKPEMJICHUX IUIOLIMH
CuO mrommuHaMH, YTBOPEHHUMH IOAATKOBO BBEICHUMH
ioHamu, 30imBIIyE 1O
TEeMIepaTypu Nepexony B HaaupoBimHuil craH. OTxe,
30UIBIIEHHS YKciaa caMoTHIX romuH CuO 3 MeTaaeBoro

MEBHOI MeXKI 3HA4YCHHA

MPOBIZHICTIO € s MOJIKOMIIOHCHTHUX MeETal —

OKCHJIHUX  «BHCOKOTEMIIEpATYpHHUX»  HAJINPOBIIHHUKIB
BOXJIMBUM (aKTOpOM, 110 cripusie migsumenHio Tc. Ponb
IHIIUX 10HIB ()AKTHYHO 3BOAMTHCS [0 30epEKEHHS

HEOOXIIHOT KPUCTAIIYHOT CTPYKTYPH.

2. ledeKTH KpUCTATIYHOI CTPYKTYPH i iX BIJIUB HA
ejqexkrporpancnopt y BTHII — ciosrykax cucremu 1 —
2-3

3MiHa CTYNeHs BIAXUJICHHS BiJl KHICHEBOI cTeXioMeTpil
[17, 18] i mpoBeneHHsI 130BaJCHTHUX 1 HEI30BATIEHTHUX
3aminieHb [19, 20] mpogoBXYIOTh 3aUIIATHCS OJHIMH 3
OCHOBHHX METOMAIB MoAudikarmii erekTpoTpaHCTIOPTHHX
xapaktepuctuk BTHII — cnonyk, Tak 3BaHoi cuctemu 1 —
2-3 — ReBa,Cu;0,5 (Re = Y i manranoinu). Taxi
METOJMKH JI03BOJISIOTh HE TUIBKH OKPECIHUTH €MITIPUYHI
LUISIXH TTOIIYKY TOJIIIIEHHS KPUTHYHUX XapaKTepUCTHK
BTHIT — cmomyk [21, 22], a # nepeBipuTH aJeKBaTHICTH
YUCJIEHHUX TeopeTuyHux mojenei [23, 24]. OcraHHE €
0co0JIMBO 3BaXKAIOYM Ha  BIJICYTHICTb
MiKpOCKOTIYHOT Teopii BHUCOKOTEMIIEPATYPHOL

Ba’XJIMBUM,

HAAMPOBITHOCTI, HE3BaXKar0un Ha Oimbm Hix 30 — piuHy
icropito IHTEHCHBHUX TEOPETUIHHUX i
€KCIIEPUMEHTAIbHUX  JIOCHIJKEHb.
Cy4JacCHHUX YSBJICHb [25], KIIOUeM 10 PO3YMIHHS MPUPOIH
BTHII € He3Bu4aiiHi siBUILA, SIKi CIIOCTEPIralOThCS B LIUX
3’€IHAHHAX B HOPMaJbHOMY (HEHAINPOBIAHOMY) CTaHi.
Jlo umcma Takux SBWIN, 30KpEMa, MOXKHAa BiIHECTH
BUHMKHEHHS  LIMPOKOi  TemmeparypHoi  obuacti
¢uykryauniitnoi napanposignocti (®II) [26, 27], Tax
3BaHy IceBhomiMHHy anomamiro (TIII) [28 —30],

Bigmosigao 1o
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HEKOTepeHTHE TIepeHeceHHs 3apsany [31, 32], mepexomm
Buay meran — izoxarop [33, 34] i t.n. HaiiBaxnusime
3HAYCHHS JUUISl PO3YMIHHS IPUPOJM ITUX SIBUI Ma€ TOYHE
BU3HAUCHHS MEXaHi3MiB po3citoBaHHs HOCIiB [35, 36].

Ax mobpe Bimomo [37 —39], 3amina iTpifo Ha iHIII
PIAKO3EMENBHI CIEMCHTH HAJa€ JOCHTh CIAOKHiA BILIHB
Ha EJIEKTPOTPAHCIIOPTHI napameTpu CHOJIYKH
YBa,Cu30O; 5. BHUHATOK CTaHOBUTH MOBHA ab0 4acTKOBa
3aMiHa ITpif0 Ha Tpa3eoliM — Tak 3BaHAa «AHOMAIid
npaszeomima» [40, 41].

Bimomo [42], mo mpu BBEICHHI Ipa3eoiiMa B CUCTEMY
Y —Ba—-Cu- O, Pr 3amimae ne Tiaeku Y, ane i Ba, a
TAaKOX MOPO/Kye BakaHcil Ha mosumisx Cu. Y mux
Marepianax HaIlpoBiHICTE MOXe OyTH 3pyiHOBaHa: 1)
BeymkrM (= 0,5) piBHeM 3amimenHs Ba npazeonumom, 2)
HaUIMIIKOM JnedektiB Ha mnosuuisix Cu (1), 3), sx
3a3BHYail, 3 J0NOMOrow nedinuty KucHiO 1 4) 3a
JIOTIOMOTOI0 3allOBHEHHS TiOpHIN30BaHUX 30H Milb —
kuceHb 4f — enexrponamu Pr.

B [43] 6yno Bcranomneno, mo B Pr,Y; ,Ba,Cu;O;_;
BIUIMB 3aMIIICHHS iTPi0 Ha MPa3eoauM 1 3MiHa KHCHEBOTO
eIty € aTuTHBHUMH, IPHHANMHI, 32 MaJIUX y 1 J.

B mpoMy orisai MU HABOOUMO JaHi ISl OIOPY
YBa,Cuz0; 5 y3n0BX MHIapiB B LIMPOKOMY 1HTepBalli
TEMIIEpaTyp NpH Pi3HUX 3HAYEHHSX NeilUTy KHCHIO, 0, 1
MOPIBHIOEMO Ii JaHI 3 JaHWMU mpo BB Pr [42]. B
OCTaHHBOMY BHIIQJIKy MU [O3HAYAEMO CKJIAJ] CHCTEMHU SIK
Perl,yBaQCU;;OLg
0 3MIHIOETBCS TUTBKH 3MICT MIPa3eoiiMa, Y, B TOH Jac sK

, OaxarouM MiJAKPECIUTH TOW (aKT,

BMICT KHCHIO B @il cuctemi, 7 — 0, 3alUIIA€THCS
HE3MIHHHM.
Ha puc. 7 HaBeneHi TeMIieparypHi 3aJeXHOCTI

nuromoro omnopy, p(T) B IuomMHI mapiB s Pi3HUX
3HaYeHb KHUCHEBOTO Ae(hiIUTy B 3pa3Ky — O (3pOCTaHHA
HOMeEpa KPUBOI BiAIIOBITa€ 3pOCTAHHIO J).

10"+ m————

10°+
107 4

107+

p MOMm'cm

MOM « ew/K)

150 200 250 300

Fig. 7. Temneparypsi 3anexsocti muromoro onopy, p(T) B
IUIOIIMHI MIApiB JUTS pi3HUX 3HAYCHb KUCHEBOTO Jedinury, &
(3pocTaHHS HOMepa KpuBOI BixmoBimae 3pocranHio §). Ha
BCTaBI[i: TeMIepaTypHi 3anexHocti moxiaaux, dp(T)/dT, B
o0JacTi HaIIPOBITHOTO MEPEXOLY.

Ha BcraBui 1o puc. 7 300pakeHi TeMIepaTypHi
sanexxHocti moxigaux, dp(T)/dT, B obnacti mepexoxy B
Ha/INPOBITHUIN

HAATPOBITHUN

craH. Temmeparypu TmiepexoiiB B
cran, Tc, MH OTOTOXHIOBaIM 3
temmeparypamu makcumymis dp(7)/dT.

BuHo, o mo6usy Tc xapaktep 3anexuoctedt p(7) i
dp(7)/dT Bkasye Ha HasBHICTH B 3pa3Ky NPHHAWMHI IBOX
HannpoBiguux ¢a3. s 3paskiB 1-5 3Hauenns Tc mux
a3 myxe 6musbki (dp(7)/dT Mae omuH acuMeTpUYHUIT
MakcuMyM), a omip ¢asu 3 Hu3bkoto Tc B 100 + 10 pazis
MeHIe onopy asu 3 Bucokoro Tc. [l 3paskiB 6 — 7 Tc
mux ¢a3 BIIpi3HAIOTECA Ha JACKUTbKA TpamxyciB (IUB.
BCTaBKY 10 puc. 1), a omip ¢as3u 3 Hu3bKOIO Tc MeHIe
omopy ¢azu 3 Bucokoro Tc nmpubau3Ho B 2 pasu.

TakuM 4uHOM, 1O Mipi 30iIbIICHHS AS(INUTY KUCHIO
30UIBINYIOTECS K BigMiHHOCTI MK Tc pizHux a3, Tak i
BHECOK B 3araibHHUIl omip 3paska ¢asu 3 Hu3bkow Tc.
BimzHaunMo, 1m0 Ui BCiX MOCTIMKCHUX O MEPKOJIALIS
BimOyBaeTbcss 1O a3i 3 HH3BKOW Tc. 30LTBIICHHS
LIMPUHU CXOJHMHKH 31 3pOCTaHHAM TEMIIEpaTypH Bixmary
TaKOXX BKasye Ha TOW (aKT, MO PI3HHI B KPUTHYHUX
TeMIieparypax HHU3bKOTEMIIEpaTypHOI i
BHCOKOTEMIIEPATypHOi HAIMNpoOBimHUX (a3 3pocrae 3
HOHMKESHHSIM BMICTY KHCHIO.

OnHi€l0 3 MOXJIMBUX TPUYMH BiAMIHHOCTI (opmu
HAJIITPOBIIHUX epexoIiB

pu BHMIPIOBaHHI

HO3ZIOBXKHBOTO 1 TIOMEPEYHOro ENIEKTPOOIIOPY MOXKeE
CIY)XUTH 3apOJDKEHHS HHU3bKOTeMIeparypHoi ¢Ga3u Ha
rpaHumngx  aidHWKiB.  Miicno, I’ — mwiomuHN
OpIEHTOBaHI Y3OBXK OCi C MOHOKpHUCTaNA 1 miJ KyToM 45°
10 BITHOIIEHHIO 10 ocel a i b [44], ToOTo mig KyTom 45°
0 BIJHOIICHHIO IO BEKTOPA TPAHCIIOPTHOTO CTPYMY HpH
BUMIDIOBaHHI €IEKTPOOIOpy B3MOBX ab — mrommuw.

Tomy, SKIIO NPUIYCTUTH, WO HHU3BKOTEMIIEPATYpHA
HaJnpoBigHa ¢aza 3apopkyeThes Ha 17, To pu BUMipax
ENIEKTPOOIIOPY Y3M0BXK ab — IUIONIMHH, MEPKOJAMINHI
[OUIAXW TIPOTiKaHHS CTPyMy IO BHCOKOTEMIEpaTypHiH
¢asi,
CJIEKTPOOIIOPY Y3IOBXK ¢ — OCI MEPKOJAMIAHI NIISXA
NPOTIKaHHA CTPyMy TII0 BHCOKOTeMIeparypHii asi,

HMOBIpHO, iCHYIOTb, OCKiJIbKH TutonMHU [II" opieHTOBaHI

Ha/INPOBITHIN BigcytHi. [lpm  BuMipi X

Y3I0BX OCi C.
IIpunymenns mnpo Te, 11O

3apOJKEHHS]  HU3BKOTEMIIEPATYPHOI

A e
hazm,
eKCIICPUMCHTH 3

[EHTPaMH
BHUIAETHCS
miTKoM TpaBaonoAionmm. JlilicHo,
JIEKOPYBaHHS BUXPOBOi CTPYKTYypH [45] 1 pe3UCTUBHUM
JOCITIDKEHHSIM TIHHIHra MAarHiTHOTO TIOTOKY ITOKa3alikd
[46], mo mieHiCTE BuXOpiB Ha JI' migBuineHa B
TIOPIBHSHHI 3 iX IMUIBHICTIO B 00’ €Mi HAaANpPOBIIHUKA, L0
CBIIUUTH Tpo mpurHiueHHs Ha J[I' mapameTpa mopsaky.
Ie, B cBOIO uepry, MOxe OyTH OOYMOBJICHO 3HHKCHHM
BMICTOM KHCHIO B IuiomuHi [, 110 MOXYTh CIYXHTU
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e(eKTUBHUMH LIEHTPaMH CTOKY KUCHEBUX BakaHCIiit [47].
[MpunymenHss Npo NPUTHIYEHHS Mapamerpa MOpsAKY Ha
Ar TaKOXK HIATBEPIKYETHCS pe3yibTaramMmu
MIKPOKOHTAKTHO{ crieKTpockomii [48] B MOHOKpHCTamax
YBaQCU3O775.

HeoOXigHO BiI3HAYUTH, MO OCTATOYHHA BHCHOBOK
PO XapakTep pPO3NOAULY BHCOKOTEMIIEpaTypHOI i
HU3BKOTEMIIEpaTypHOi (a3, a Takox BBy JI' Ha
aHI30TPOIIiI0 HaATIPOBITHIX BIIACTUBOCTEH B
MoHOKpucTamax YBa,Cu;0; s BHMarae nonaTKOBHX
EKCIIePUMEHTAIBHUX JOCIiKeHb. BUaaeTbess IOrivHIM
NIPOBEJCHHS JOJATKOBUX BHMIPIOBAaHb HAINPOBIIHUX
MEpeXodiB B HE3IBIHHMKOBAHWX 1 3IBIHHUKOBAHUX
MOHOKpHCcTaIUIax 3i crerudiuaum posmoxitom I —
IUIOIIMH: B  OJHIA 3 KpHCTalla  BEKTOP

TPAaHCIIOPTHOTO CTPYMy TIIOBHHEH OyTH Opi€HTOBaHHH

HaCTHH

napasenbHo, a B iHIIIH — nmeprneH uKyspHo mionuHi [T
B octaHHbOMY BHNAJKy TPaHCHOPTHHH CTPYM HEMHUHYyUE
neperurae wiomuH JI' B OomHiIA 3  YacTHH
monokpuctauia (koiu I L JIT') 1 Moxe mpoTikatu B 00'eMi
HAAMPOBIIHUKA, MUHAOUH TwTomuHY J([' B 1HIII# yacTHHI
IAr).
HE3IBITHUKOBAHNX KpHCTANax AanyTh iHPOPMALiO IIPO
icHyBaHHS (YH BIOCYTHICTB) CTYIIHYACTOi (opMH
nepexony y TUIACKUX

nedeKTiB y 3pas3ky.

MOHOKpHCTaNla  (KOJH BumiproBaHHs K Ha

HAJIMPOBITHOTO BiJICYTHOCTI

Ha puc. 8 300pakeno 3ajnexHicth Tc(8) — kpuBa 1,
moOymoBaHa 3a naHWMH [23], 1 3aJleXHICT ¢ BiA
KOHLIEHTpalil Tmpaseoauma, Yy, MOHOKpHCTAIIIB
Yl,yPryBaz(:U307,x [41] — KpUBa 2.

JII

00
ol 3
0] \

T. K
3

50 - \ o
40 - LN P

[ ]
30 ]

0.0 0.1 0.2 0.3 0.4 05 0.6
y. 8

Fig. 8. 3amexnocti Tc Big medinurty KucHIO, O, s
YBa,Cu307 5— (1) i Bix koHUeHTpawii mpaseoguma, y, LI
Yl,yPry83.2CU3o7,5 [1] - (2)

Bunno, mo 11i 3anexHocTi moaiOHi, MpUHAWMHI, TIPU
y, 6 <0,2. 3anexnicts Tc(y) MOke OyTH apOKCHMOBaHa
yHIBepCcaJIbHUM PiBHSHHSIM AOpukocoBa — ['opbkoBa, 1o
ONHCYE TPUTHIYCHHS TC HEMarHiTHUMHU AcpeKTaMu B
pasi d — ciaproBanns [4, 49 — 51]. s 3anexHocti Tc(8)

onmHa 3 Monenelt [52] mepenbavae BUTIATKOBHHA PO3MOILT
BakaHcil mo nanimroxkkax Cu (1) — O (1).

Bume Tc Bci 3amexsocti p(T) meMOHCTpPYIOTH
MeTajeBy  NOBeNiHKYy. Mu  omucaiu  OTpUMaHi
TeMIlepaTypHi 3ajexxHoCTi onopy B iHTepBam Tc — 300 K
BHpa30M, IO BPAXOBYE pO3CIIOBaHHS CEJEKTPOHIB Ha
¢dononax [53], nedekrax, a Takok QIYKTyaUiiiHy
NIPOBIIHICTh, NPUYOMY  HalMeHIIy TOXHOKYy Jae
BHKOPHUCTAHHSA s ocTaHHboi 3D — Momeni AcrnamasoBa —
Jlapkina [54, 55]. 3aranpHuil BUpa3 A IPOBITHOCTI Mae
BUTJISA;

o = pt+ Ao ; Pr=(Potppn)-(1+bo TY);

30T
T x"e*
pn=Ca 5| |~z (1)
b
Tyr po — 3aauImIKOBUIl OIp, IO XapaKTepu3ye
po3ciroBaHHA Ha aedekTax; pz — BHECOK B Omip 3a

paxyHok po3citoBanHsi Ha (ononax; CzocN(eg) (N(ep)—
U[IBHICTh €JICKTPOHHUX CcTaHiB Ha piBHI Depwmi); 0 —

Temnepatypa Jle6as; by o< 3NZ =N, + p,
——1 d—N N, = 1 _¢°N ; JiHilHa
YU N(g) de’ 7 N(e) de? P

¢bynkuist N; 3 koediumieHTamMu, MO0 MICTATh e(pEeKTHUBHI
Macu HOCIiB 3apsiay 1 eHeprii piBHsi ®epwmi, BigpaxoBaHi
Bil mHAa a0 cTemi 30HM UIS EIEeKTPOHIB abo MipoK,
BimnoBinHo [56, 57] (to6ro by 3amexuts Bix Gopmu
KpHBOI IUILHOCTI €JIEKTPOHHUX CTaHiB, €EKTHBHUX Mac
HOCIiB cTpyMy i eHeprii Depmi).

Taknit s aykryaniiHoi
BUOpaHo g oOMexeHHs obmacti ii
e=In[(T-Tc)/Tc] -
KPUTHYHA

MPOBITHOCTI
[58],
nmpuBelieHa TeMmreparypa, lc —
T >Te, & -
KOTePCHTHOCTI, € BU3HAYA€ TEMIICPATypHHH IHTEpPBAI

BHpa3
BILUIUBY
TeMIIepaTypa, JIOBXHHA
HaampoBigHuUX (uykryariin — g = In(T*~T¢ /Te), T* —
XapakTepUCTHYHA TEMIIepaTypa, SKa BHU3HAYAE€ KOJAIc
¢yKTyarii. Habip
MATIHHAX [apaMeTpiB, o 3a0e3ledye CepefHio IIo

HaJIPOBITHIX OnTuManbHIR
iaTepBasty Tc — 300 K moxubky 6mu3eko 1%, HaBeneHO B
tabmuni 1 pasom 3 nanumu npo T 1 aedinuri KUCHIO, J,
BEIMYHMHA SKOTO BU3HAUEHa 3a Janumu [13].

3aneXHOCTI  MapaMeTpiB, IO  XapaKTepH3YyIOTh
poscitoBaHHsT HOCIiB 3apsiny — po, Cs, 0 m by — mis
YBa,CuzO;s Bim & HaBemeHi Ha puc. 9 pasom 3
AHAJIOTIYHUMH 3aJIEXKHOCTSIMHU Bil y JULst
Pri,YBa,Cu;07 5 [41].

eZ

2
16h&,(0) /250 sinh(z% 0)

AO.AL =
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Bumno (puc. 9, a, c¢), mo 3anexHocti py, C3 Ta 0
MoiOHI — TIpU ManuX y, & 3MIHH IIUX ITapaMeTpiB JOCHTH
Mauti, 1 Tuteku ipH y, & > 0,2 s C31 0,1 y,6 > 0,3, ms pg
CIIOCTEpITaeThCSI ~ MOMITHE  3pPOCTaHHSA  3a3HAYCHUX
mapaMeTpiB mpH 30UTBIICHHI KHCHEBOro Aedimuty abo
KOHIIeHTpalii mpaszeoxuma, npudomy mrt Y Ba,CuzO; s
nel edexr BiguyTHO Oinbie, Hix 11 PriyYBa,CuzOy._s.

Takuii Xapakrep 3MiHM 3a3Ha4e€HHX IapaMeTpiB
CBIIYMTH TPO T€, IO NPU Maiux y abo O BaxkiMBa, B
TepIIy 4epry, HasBHICTH Ae(eKTiB, a He iX crenudika. B
[41] BusBmin, o Pr B YBa,Cuz07_s 3amimae He TUTbKH
Y, a it Ba, a Takox BUKIHKae BakaHcil Ha mo3umisx Cu.
Tomy Mu BBaxaeMo, IO MNpPU Malmux y, O 3MIiHH
mapameTpiB pg, C3 m 6 00yMOBIeHi, B Iepmry 4epry,
nedexkramu B mapax CuO,. OpHak npu MOJATIBLIOMY
301IBIICHHI Y, & TO3HAYAETHCS Ta 0OCTaBUHA, [0 YaCTHHA
npaseofiMa 3amimae Y 1 Ba — y xapakrepu3sye 3aranbHy
KOHIIeHTpaIito Pr, B Toil wac sx O XapaKTepHu3ye TLIbKH
KHCHEBUH JedinuT, ToOTO Ha mapaMeTpl PO3CIIOBaHHS B

nepury depry BiumBae crad mapis CuO..

300

Tabnuys 1.
OnrumanbHuii HaOip mapamerpiB anpokcumarii mo (1) —
).
3p.Ne | 1] 2 3] 4 5 6 7
Tc(K) |91,73|90,75 | 88,66| 87,94 | 78,60 | 59,74 | 47,23
Scac  |0,02110,063 | 0,186 0,190|0,217 | 0,351 | 0,569
5
Pox1071 5 | 1 | 3 |006 | 14 | 646 |2048
(Om cm)
C3x10*
3,315(4,285 | 2,725|4,715 | 8,1 |24,75 | 123
(Om cm)

©(K) | 350 | 316 246 | 268 | 398 | 613 784

bo xlOG
5 0 | -1 011]-1,8 | 21| 04 | 7,05
(<)
&(0)
[2‘3 0,37 |051 | 023|061 | 054 | 0,28 | 0,47
ATK
8 7 19 | 13 | 16 1 1

Fig. 9. 3anexHocri napamerpis poscistaus Bix 6 s YBa,CuzO7.5 (1) 1 Bix y mus Pry_yYBa,CuzOy 5 [1] (2): a— po, b — C5, € — 6,

d - be.
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3HaueHHs Ttemmeparypu Jlebas, 0, BianoBizaroTh
JiTepaTypHUM HNaHUM (AuB., Hamp., [59]). 3amexHiCTH
0(8) mpoxoauTh yepe3 HEraMOOKUi MiHIMyM B 00JacTi &
~ 0,20. Ockimsku AO(8)/0 ~ —aAV/IV + BAT/f (AV — 3mina
ob'emy enemeHTapHOi KoMipku, Af — 3MiHa cHIOBHX
KOHCTaHT NPH 3MiHi §), TO OYEBHIHO, IO NPH MAIHX O
TOJIOBHY pOJIb Bijirpae 3MmiHa 00'eMy eJeMeHTapHOI
KoMipku (momaHok —oAV/V), ame nmpu 6 > 0,2 Bxe
[I03HA4Ya€ThCcsl  30UIBIIEHHS  MDKATOMHOI  B3aeMOZil
(momanok PBAf/f). Minimym 6(8) o6yMOBICHHIA, TakuM
YHHOM, KOHKYPCHIII€IO X JOJAHKIB.

IMoBeninka mapametpa by (puc. 9 d) ams YBa,CuzO7 5
NpoTUIIEXkHa ¥oro noseaiHkui mmsa Pri,YBa,CuzO75 ¥V
MEepIIOMY BUIAAKy Lel MapaMeTp MPOXOIUTh MIHIMYM B
HeraTHUBHIH 001acTi CBOIX 3HAYEHb 1 LIBHJKO 3POCTAE MPU
6 > 0,2, mepexomsau ipu & > 0,3 B 00MaCTh MO3UTHBHUX
3HA4YeHb. Y NOPYroMy BHUIAAKy mapameTp Dy mpoxomuts
MakCUMyM B HEraTHUBHIH 001acTi CBOiX 3HAYeHb |
obnactb

JIEMOHCTPY€E  TEHJACHIIIO [0

HETaTUBHUX 3HA4YeHb. Taka HOBe,I[iHKa napameTpa bo

nepexoay B

MoOJke OyTH TOB'sI3aHA 3 Ti€I0 0OCTABUHOIO, IO TIPH 3MiHi
y abo & piBep @DepMi NPOXOAUTH dYepe3 MiHIMYM
IITEHOCTI €TICKTPOHHUX CTaHIB.

Kopemsmist Mixk T¢ 1 © y BUIAOKy CHIIBHOTO 3B’SI3KY

OTIHCYETHCS (bopmymoro Maxwminnana,
2] —1.04(1+)
T, =——exp| ———————|, A — KOHCTaHTa eNeKTPOH
145 7| -4 (1+0.62)
— ¢dononHoi  B3aemomii, p* - KYJIOHIBCHKHH

ncepponotenmian (A, u > 0) [60]. ® —na Makmiuiana

a 54
4

< ;)

S

a5 2 ¢ 2
1 1 \\ 1

U’D\(;b\o/n
0 T r v
0,0 0,2 0,4 0,6
y 0

LITKOM KOpekTHa Tutbku mpu A < 1,5 [60]. 3HaueHHs A <
1,5 mMoxHa oTpumaTH, skio Bemmauaa In(1,45*T/0) Gyne
3HaXoquThCsA B Mexkax Big —10 mo —2. g YBa,Cus0;_5 1
Pri_,YBa,Cu30;_s 1e peanizyerscs B obmacTi ,0 > 0,3. B
[60] maBomsAThcs maHi mpo kopessmio Mk Tc i A (A
obumcriena 3a ¢popmynoro Makmimrana mist p* = 0,13)
Ui 12 mepexiiHuX METaiB.

251 [
204
2/ e
10 - ©
<

1
80 1

Fig. 10. Kopenstuist mixk Tc i A, obunciena 3a (GpopmyIior
Maxkminnana: 1 — YBa,CuzO75; 2 — PryyYBa,Cuz07. 5 A —
12 mepexigaux Metamis [9].

00

Ha puc. 10 naBemeHi ui JaHi pa3oM 3 aHAJIOTITYHHUMH
YBa,Cus0;_s (mauB. Ttabmuimo 1) i
Pri,YBa,CuzO7_5 [41]. Buano, mo Tineku a4 Te < 65 K
JIaHl Ul TEPeXiJHUX METANliB Y3rOJUKYIOThCS 3 JaHHUMU

JaHUMU 111

ang YBa,CuzOrs 1 PriyYBa,CuzOr5 i cBimuate mnpo

CHIIbHY CIIEKTPOH — (OHOHHY B3AEMOMII0 B IUX

50 4

0

40 -

30 -

20 4

o
\®)

10 4

; o

0,0 0,2 0,4 0,6

y o

Fig. 11. 3anexuocti napamerpis duiykryuiiinoi nposizsocti Bix 8 mns YBa,CuzO75 (1) i Bim y mua PryyYBa,CuzO7 5 (2):

a- F:c(o)v b- ATquct'

54 BicHuk XHY imeHi B.H. KapasiHa, cepisa «®isuka», sun. 30, 2019



I'A. Xaoocau, FO.B. Jlumsunos, P.B. Bosx, H.M. 3asézopoous, B.FO. I'pecv, K.A. Komsuyvka, I.M. Yypcina,
O.B. boyyaa, K.I'. Ilpuxoovro, C.M. Kamuamna

peuoBunax. s Tc > 65 K (1,8 < 0,3), A pi3ko 3pocrae
(B [60] A >
MOTIM MEPEXOUTh B HEraTHBHY 00iacTh. Takum YHHOM,
BTHII YBa,Cuz0751 PriyYBa,CuzO7_5 MoxkHa Ha3BaTh
HA/MPOBITHUKAMY 3 CHUIILHUM 3B’S3KOM TIIBKH MICIs V, O

10 Ha3WBarOTh HAACWIHLHHUM 3B’S3KOM), a

> 0,3, mpu MeHmHUX 3HaYeHHIX » abo o dQopmyna
MakwmiiuiaHa O4eBHIHO HENIPHIATHA.

Ha puc. 11 HaBenmeHO 3aJIeXKHOCTI MapaMeTpiB, IIO
XapakTepu3yTh (DIYKTyaliiHy MPOBIAHICTB, Bix O It
YBa,Cuz0;5 1 Bin y anda Prl,yYBaQCU;),Opg. Ta
00CTaBMHA, IO £.(0),
BiacTaHi, BigmoBimae

JIOBKMHA  KOTE€PEHTHOCTI,
BUSIBIJIACS MEHIIOI MIXIIapoBOl

[61, 62].
3HAYCHHS TC, SAKE MU BPIKOpI/ICTOByBaJ'II/I JJIsL O6‘II/ICHGHH$[

JITEpaTypHUM  JTaHUM Bigznaunmo, 1o

BEJIAYNH I3 1 €0, BiIIIOBIIa€ epuoMy
(Bucokotemmneparypaomy) Mmakcumymy dp(T)/dT, tomy
YHCIO CKCIEPUMEHTAIBHUX TOYOK, BHKOPHUCTAHHX IS
BU3HAYCHHS (IIYKTyalifHUX MapamerpiB, IOPIBHSIHO
HEBEJMKa 1, OTXKe, MOXHOKa BU3HAUCHHS IIUX HapaMeTpiB
Oinblia, HiXK 1HIIHX.

Ipote, 3 puc. 11 BugHo, mo B YBa,CuzO;_s Bennunnu
E(0) 1 ATgyt MeHIm i iX TemmepaTypHa 3aJICXkKHICTh
BUpakeHa ciabue, Hixk B PriyYBa,CusO7_s. Ockinbku y
XapaKTepu3ye 3arajbHy KOHIIEHTpalito Pr, skuii 3aMimiae
Y i Ba i BUKJIMKae BUHMKHEHHsI BakaHCii Ha mo3uiisax Cu
[41], a & — Timpkum KucCHeBHWH AedinurT,
MPUITYCTUTH, MO (QIIYKTYyalliifHi mapaMmeTpu OiIbIn
YyTJIMBI A0 3arajbHOI KOHIEHTpamii JedeKTiB, HDK 10

MOXXHa

KHCHEBOTO JiedinuTy, T00TO 110 AedekTiB B mapax CuO,.

[TpoBeneHHsT BUMIpIOBaHb MONEPEK MPOBITHUX ILIAPiB
JI03BOJISIE MIHIMI3yBaTH PO3CIIOBaHHS HOCITB 3apsay Ha
rpanuisx aBiiaukis (). Ocranwi, sk Bigomo [44, 63],
BuHMKaloTh B BTHII B pe3ynbrari cerHeToesiacTHuHOro
TeTpa — OPTO MEpexXoIy B MpoILeCci HACHUCHHS 3pa3KiB
kucHeM. [II' po3ramoByroTecs B Kpucraii nomnepek Cu —
O IIOIMH, IO MPOBOJSTE ENEKTPHYHUI CTPYM (y3II0BXK
oci ¢) [63], mo cnpuse mepKoyALii HOCIIB 3apsay Hpu
BHMIPIOBaHHI IONEPEYHOTO eleKTpoTpaHcnopty. lle, B
CBOIO uepry,
PO3CitOBaHHS B HAHOUIBII «IUCTOMY» BUTJISII.

B [41, 64] 10 TeMIepaTypHa
3aJISKHICTD €JIEKTPHYHOTO OIOpY SK B IUIOIIMHI IIapiB,

JO3BOJISIE  TIPOAHATI3yBaTH MEXaHI3MH
Oyno TmoKa3aHo,

TaK i B3I0BXK OCi ¢, MOHOKpHCTaTiB Y1 ,Pr,Ba,CusO;_; B
intepBami T¢ — 300 K € pesynbraroM po3citOBaHHS
enekTpoHiB (QoHoHamm 1 nedekramu, QIyKTyaniiHol
TaKOXK Hepexony bi (o]
«HAMIBIIPOBIIHUKOBOTO» THUITy ONOpPY NpW 30iJbLICHHI
BMicTy mpaszeonima, y. lleli mnepexin mnoB’s3aHuid 3

MIPOBIIHOCTI, a

MIEPEXO0JIOM BiJl peXKHUMY, JI€ OIip 3MIHIOETHCS Yepe3 3MiHy
CepeNHbOl JOBXKHUHU BUIBHOTO MPOOITY, 0 PEeXUMY, e
OTIip 3MIHIOETHCS 3aBISKH 3MiHI €JIEKTPOHHOI CTPYKTYPH
Marepiainy.

SlcHO, MmO mNPH TakKiii CKIAAHIA TOBEMIHIN CIiJ
aHaNi3yBaTW B IIEPIIy YEpPry aHIi30TPOIII0 MEXaHi3MiB
MIPOBITHOCTI 1 po3citoBaHHA HOCIiB 3apsiny. Came Taka
aHI30TpOMisA 1 MPHU3BOIAWTH A0 AaHI3OTPOIIi 3arabHOTO
omopy, mo 1 Oyno mokazano B [64, 65] mmt Yi.
yPryBa;CusOy_5 . B [66, 67] mokaszaHo, o BCi 3a3Ha4YeHi
MEXaHi3MH TIPOBITHOCTI 1 pO3CifOBaHHA HOCIIB 3apsAny
BH3HAYAIOTh TAaKOX 1 omip MoHOKpHucTamliB YBa,CuzO; 5 B
IUTOIIMHI MapiB MPH 3MiHi 0.

Ha puc.12 maBeneHo omip y370BX OCi ¢ B iHTepBai
temnepatyp Tc — 300 K ceMr MOHOKpUCTAIIIHUX 3pa3KiB
YBa,Cuz0;_5 3 pisammu 3HaueHasmu o (0,02 < 6 < 0,57
[67]), mo 3abe3neuyrots 3miny Tc Big 93 K mo 33 K.
OcCkinbKu TeMmepaTypHi 3anexxHocti omopy, p (T), mis
BCiX 3pa3kiB siKicHO mofi6Hi, To Ha puc 12 HaBeneni p (T)
TIJBKH TS YaCTHHU 3Pa3KiB.

Amnanis 3aJIEKHOCTEN

p(T)
ITOKAa3aB, IO IIi 3aJIeKHOCTI MOXKYTh OYTH arpOKCHMOBaHI

CKCIICPUMECHTAJIbHUX

eMIIIPUYHUM CIIBBiJHOILICHHSIM, 10 OIIHCYE
omopy i
¢bnykryaniitHoi npoBigHOCTI pu HabmmkeHHI 10 Tc [32]:

oo(T) = pn +Ac™

«HATIBOPOBITHUKOBUIY  Xij BUHUKHEHHS

po(1+BT?)
Pn =
1—n[1—exp(—(AE/kT)m)]
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Fig. 12. Tlomepeunuii omip MoHokpucTanis YBa,Cu;O0;_s.
ToukH — eKCIIepUMEHT; JTiHiT — TiATOHKA BimoBigHO 10 (1) —
(2). Hymepauis 3pa3kiB BiamoBimae TaOmuii. 3aeXHOCTI
JUTSL YaCTHHH 3pa3KiB OMYIICHI ISl CPOIICHHSI.
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[MocriiiHuii BKJIaa B omip, pg = const., MU MOB’SI3yEMO
3 nmedekTaMu; N — «JIacTKa HaIliBIIPOBITHUKOBOI» (a3w;
HasIBHICTh IOKa3HMKa M MOB'S3aHO 3 Ti€I0 00CTaBHHOIO,
mo B [32] s wi€el cuctemu Oysia BHSBJIEHA MPOBITHICTH
31 3MIHHOIO JTOBKMHOIO CTpHOKa — 3akoH «1/2»; AE —

eHepris axtmBamii. Ilpy n = 1 — icHye TiNbKH
«HamiBnpoBinHukoBa» (aza = l/o=1lenon [68]. no—
KOHIICHTpAITis €IIEKTPOHIB MIPOBIAHOCTI,
1 . AV
—pyxsmmBictb. s QurykryanifiHoi

. po(1+BT?)

Pa = po(L+BT?)exp(—(AE/KT)™)
BukopuctyBaimn 3D — momens AcmamaszoBa — JlapkiHa
[54]:

MOPOBIAHOCTI MU

AL se?

© T 3202 (0){25 sin(2¢) 2)

(4)

lNmepOomniunnit cuayc B (4) BBeIEHO I 0OMEKESHHS
obmacti BBy (ayKTyamiifHOi mposimHoOcTi [58]; € =
In(T/Tc) — npuBemena Ttemmeparypa;, TC — KpHUTHYHA
temmnepatypa (T >Tc); Ex(0) — HOBKHHA KOTEPEHTHOCTI B
ab — mronmui npu T— 0; S — Mikmiapoa BiacTaHb (S =
11.7 A [39]), eo=In(Taue/Tc), Thue XapakTepucTudHA

TeMIepaTypa, sSKa BH3HAYa€ IOSIBY HAIMPOBITHUX
¢rykTyariit.
Bimnaunmo, mio, 3rimHo 3 [69], BUHUKHEHHS

GIIyKTyarifHIX KYTepiBCKUX Tap BHIIe TC BUKIHKAE
3MEHIIEHHS IIIJILHOCTI OJJHOCJICKTPOHHUX CTaHIB Ha PiBHI
®depmMi, TOOTO BUHUKHEHHS TICeBIOUIUTHHE TPpU T = Tyt
OnHak BpaxyBaTH
OTOpY BaXKKO, TaK SK TapalieIbHO Ji€ Habarato OuTbII

BiINIOBITHY 3MiHY HOPMAJIBEHOTO

CUHTYIISIpHA (MIyKTyaliliHa MPOBIAHICTD, sSIKa 1 BU3HAYAE
p(T) mo6muzy Te.

VY rtabmuui 1 HaBeneHi 3HA4YEHHsS IapaMmeTpiB, sIKi
3a0e3neuyroTh  MiHIMaJIbHY IOXHOKY — arpoKcHMaIlii.
IMopisusiaHs 3 [66, 67] MOKa3ye, MO OMip B MUIOMKHI ab
00OMeXeHHUI B IIepIIy Yepry po3CiloBaHHAM HOCIiB 3apsay
Ha (OHOHAX 1 JedeKTax PEeIIiTKH, B TOH Yac SK y3IOBXK
OoCi ¢ omip JAEMOHCTPYE TITBKH «HAIiBIIPOBITHUKOBY»
TeMIIepaTypHY 3aJIeKHICTh

Ha puc. 13 300pakeHi TemmepaTypHi 3aJI€XKHOCTI
noxiaHux, dp/dT, y3moBxk oci ¢ B 06nacTi HaAMPOBIAHOTO
nepexo/y, BiJIMoBiHi 70 puc. 12.

BunHo, mo i3 3pocTaHHAM KHUCHEBOTO NediluTy, O,
makcumymu dp/dT y3m0Bxk oOci ¢ 3MiLIyOTBCS B 001aCTh
HU3BKUX TEMIIEPATyp 1 PO3MIMPIOIOTHCI. MakcumMyMu 6 i
7 pO3LICIUTIOIOTHCS, IO CBIYMTH MPO PO3MAJ 3pa3ka Ha
JIBi HAATIPOBiAHI ¢da3u npu BiAmoBimauX BeamunHax o (T,
< 60 K).
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Fig. 13. Tloxigui dp/dT y3momxk oci ¢ B o6macri
HaJIMpPOBITHOTO Tepexoxy. Hymepalliss KpuBHX BiAroBigae
puc. 12 i rtabmumil. KpuBy 2 He BimoOpaxeHo mis
CIIPOILICHHSI.

VY mromuHi mapiB [67] Tinpku 3pa3ok Ne 1 € mocuth
OIHOPIAHUM, a BCi iHMN 3pa3ku, mouuHarouu 3 & ~ 0,06,
JIEMOHCTPYIOTh MpUHARMHI JIBOX
HaampoBigaux Ga3. [ms Oararodasamx 3paskiB Tc
32 TMOJOXEHHSM OUIBLIOr0 MaKCUMyMY

HasIBHICTH

BU3HAYAIIH
TeMIepaTypHOi MOXiTHOI.

Ta oOctaBmHa, 1O B 00NACTi HAAMPOBITHOTO
nepexony moximHi, dp/dT, y3H0BX oci ¢ HOKa3yrOTh
po3naj Ha (a3u npu OUIBMIKX 3HAYCHHAX O (MeHIIHX Tg),
HIK B IUIOIIMHI ab, CBiTYMTH MMPO HASBHICTH MEPEBAKHOT
opieHTaIii 3apomkeHHA ob6macteii HoBOi (asm. Taxka
TepeBaXkHa Opi€HTallisl MOXKe OyTH BUKJIMKaHa THM, IO
HOBa (a3a 3apoHKYEThCS Ha IBIHHUKAX, IO OPiEHTOBAHI
B3JI0BX OCi C MOHOKpHCTana i mig kytom 45 ©

BITHOIICHHIO 110 a 1 b ocer [39]. Ilpu BuMiproBaHHI

10

SJICKTPOOTIOPY  Y3ZOBX OCi € ICHYIOTh, HMOBIpHO,
MIEPKOIIALIHHI HUISIXU MPOTIKaHHA CTpyMy
BHCOKOTEMIIEpaTypHOIO (a3oro.

OCKiNbKM ~ eNeKTpUYHHMH  omip  OaraTogasHoro

MPOBiTHMKA OOYMOBJICHHI TOJIOBHUM YHMHOM 00’ €MHUMU
gacTKaMu a3z 1 iX omopamMH, a TaKOX SBHUIIAMHU
MIEPKOJIALIi, TO BUKOPUCTAHUI HAMH CIIOCIO BH3HAYCHHS
Tc nae 3HaveHHs, WO 3aJeXaTh Bix (a3oBOro ckiany i
OynoBHW 3pa3Kka, aje IOCHTb OJNHM3bKI JO pealbHHX.
HeopHopimHicTs  3pa3ka  MOXe  HPU3BOAMTH 10
anizotpormii Tc [64, 70]. Ha puc. 14 us auizorpomis TC
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300paxkena B koopauHatax TS — T2 . IlpupoaHo, wmwo

aHi3oTporisi TC 30IIBLIYETBCS 3 POCTOM KHCHEBOTO
nediuTy, ToOTO 3 pOCTOM HEOTHOPITHOCTI 3pa3Ka.

[MapameTpun anmpoxcuMaIiii TeMIepaTypHoOi 3aJeKHOCTI
moriepeyHoro  omopy  MouokpuctaniB  YBa,CuzO7 s
BignosigHo mo (1) — (2) maBemeHni Tabn. 1. Ha puc. 14
TOKa3aHO 3B’SI30K MK 3amexHoctamu TS i TP Jlns
MOPIBHSHHSA Ha pHC. 15 NpUBENeH] 3aIeXKHOCTI Py B3KOBK
oceii ¢ i ab 3a nannmu [67]

3HavHe 3pOCTaHHS Po MpU 30UIbIIEHHI O (3HMXKEHHI
Tc) sx y370BK Oci ¢, Tak i B womuHi ab (puc. 15) moxe
OyTH TIOB'SI3aHO 3 HEOTHOPIMHICTIO 3pa3KiB. AHI30TPOMis
po Benmka — po° / poab oc 10%:10° ane nemomcTpye
TEH/ICHITIIO 10 3MCHIICHHS MpH 30UTBIICHH] O (3HIDKEHHI
Tc).

TemnepaTypHa 3ajJexHICTH omopy 3pa3ka 1 He
MicTUTh ekcnoHeHTH (N = 0, muB. Tabm.1l), ToOTO IIA
3aJICKHICTh € TEPeXiJHOK  BiA  «METaieBol» 10
«HAIBIPOBITHUKOBOI». B mpomy Bumaaky Bume T, p(T)
~ T2 BianmoBigHo 10 (1). 3 pocrom 6 (3pazku 2 —7) N — 1,
T0OTO omip HaOyBae IMOBHICTIO «HAITiBIPOBITHIUKOBHI
Xapakrep.
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Fig. 14. Amnizorpomisi T, IlTpuxoBa JiHis — BHIATOK
BincyTHOCTI aHi3oTpomii — T = T2,
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Fig. 15. TemmeparypHi 3alexHOCTI — po. 1 — ommip y310BK
oci ¢; 2 — omip B ruiomuHi ab [67].

Ipu Bemukux & (aumB. Tabm. 1) mokasHUK M
HaOmmKaeTbest 10 3HaYeHHS M =~ 1/2. B [71] nokasaHo,
L0 «3aKOH Y2» € HACJiJIKOM TYHEJIOBaHHS HOCIB 3apsy
MK (a30BUMHU 00JIACTSIMHU Pi3HUX PO3MIpIB, 110 ICHYIOTh
B pealpHMX cHucTeMax. MOo)KHa TPHUIYCTUTH, 3a
aHanoriero 3 [64], 0 NPHYKUHOI 3MEHIICHHS M €

MMOCHJICHHS HEOHOPIHOCTI 3pa3Ka.
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Fig. 16. 3miHa «HamiBIPOBIAHMKOBUX» MapameTpiB B i
eneprii aktusanii, AE, B 3anexuocri Bix T (5).
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[ToBeninka napametpiB B i AE mpu 3MiHI KUCHEBOTO
nedimuTy mokazaHo Ha puc. 16. B xapakrepmsye
TEMIIEpaTypHY 3aJIeKHICTh PYXJIHMBOCTI, L, 00YMOBJIEHY
PI3HUMH TIpoIlecaMH pO3CIIOBaHHS HOCIiB 3apsmy [68],
Sxmo | 30UIBITyeTBCS 31 3POCTaHHAM TEMIIEPaTypH
(B<0), To mepeBaxkac pO3CifOBaHHS Ha 10HI30BaHHX
noMimkax [68], B HaIoOMy BHITAAKy — Ha i0HaX KHCHIO;
SKIIO |l 3MEHIIYEThCA i3 3POCTaHHAM
(B > 0), To mepeBaxkae po3citoBaHHs Ha HoHOHAX [68].

TeMIepaTypu

Takum yrHOM 3MiHa mapamerpa B mokasye, mo npu
BenukuX O (HM3bKI Tc), HOCIT 3apsimy pO3CIIOIOTBCSA Ha
nedpexTax, a mpu Mamux o (BHcoki Tc) mepeBaxkae
po3ciroBaHHs Ha ()OHOHAX. 3MiHa eHeprii akruBalii, AE,
OB’ s13aHa, IMOBIPHO, 3 HEOAHOPITHICTIO 3pa3KiB.

3anexHOCTi JOBKHHH KOrepeHTHOCTi Bim Tc(d) i
TeMIepaTypHoi 00JacTi icHyBaHHS (IyKTyalliiHHX map,
AT fyet,, IOKa3aHi Ha puc 17 a, b.

3a manumu puc. 17 a i Tabn. BugHo, mo &.(0) 3poctae
npu 36inbimeHni & (3mmxkenHi T¢). &(0) <<s (s -
MikmapoBa Bimctanp) a Eup(0) Bim O HpakTHYHO HE

3ajexuth. LI pe3ynpraTM CBiIYaTh MpO  3HAYHY
aHI30TPOIIiI0 JIOBXKUHU KOTePEHTHOCTI
(Ea(0)/Ec(0) ~10%), a Takox mpo Te, WO pyx
GuyKTyaliitHuX nap € TpUBUMIpHHM.
] @)
3 1
i 0o
10° [
o< L
< I =
o /:
> F
10° F
: o ©
_ o ?
2
©)
I ©)
L | L 1 L | L | i 1 L 1
30 40 50 60 70 80 90
T., K

Bim3HaunMo, mo, sk Oyio moka3aHo B [66], mus
YBa,Cu30_s kopemsist Mk T¢ 1 Temmeparyporo Jlebas,
0, onrcyeTbest hopMyinor Makmisiana

) ~1.04(1+)

T, = ——exp| —— L ©)
—u (1+0.62)

¢ 145

(A — xOHCTaHTa eNEKTPOH — (POHOHHOI B3aEMOIIT, p* —
KYJIOHIBCBKMI  IICEBJIONOTEHIIAN), MLIJIKOM KOPEKTHA
TIIBKA TS TCab <65 K (8 >0,3). V wiit o6nacti BeauyrHa
A mas YBa,CuzO; 5 Onm3bka 10 Takol A 3BHYAWHOTO
HaJIPOBITHHUKA 3 CUJILHUM 3B’ SI3KOM.

Iapametp ATy, Xapakrepu3sye, 3rifgHo [58], 001acTh
icHyBaHHS (QUIYKTyaliiiHuX map i, oTke [69], obmacTth
icuyBanHs niceBaoutinan. Kpusi ATgq,e = f(T((3)) marots
MaKCHUMYM, IIOXOJKEHHS SIKOTO ITOB’S3aHe 3 THM, IO MPU
BHCOKHX 1C (HH3BKi 0) YTBOpEeHHIO (IyKTyamiiHUX map
MEePEIIKOKAE BHCOKA TeMIIepaTypa, a BHCOKI 3HAUCHHS
KHCHEBOTO aedimuTy, O, MO 3MEHIIYIOTH 1o ax [0
pyHHYBaHHS HaJIPOBITHOTO TaKOXK
MIePEIIKO/PKAIOTh YTBOPECHHIO (MIIyKTyauiiHuX nap.

Sk Bimomo, pamiamiiiHi Ae)EeKTH BHHHUKAIOTH MPU

CTaHy,

OIIPOMIHEHHI KPHCTAJIIB HIBUAKAMH  SJEPHUMH

YaCTUHKaMU: HEUTpOHaMHU, IEUTPOHAMHU, O— YACTUHKaMHU,

(6)

T..K

Fig. 17. AnizoTpomnis napamerpis duykryariiitoi nposinsocti MoHokpucTtaiiB YBa,CuzO7 5. a — noBkuHa KorepeHTHocTi, £(0);
b — ATqyet,, MpuHa GuykTyauiitnoi obnacri 3rigHo [58]; 1 — y310Bk oci C; 2 — B onuHi ab [66].
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€JIEKTPOHAMHM, 10 BHMHHUKAIOTh NPH  ONPOMIHEHHI
KpUCTaliB Yy KBaHTamu. Jlo TemepiliHbOro dacy
HaKOIMHMYEHO 0araTto eKCIepUMEHTAIbHUX JaHUX 3 BIUIMBY
XKopcTkux BunpomintoBanb Ha BTHII — marepiamm [72—
90].

[IpyxHE po3CisHHA MIBUAKUX YaCTHHOK B KPHCTaNax,
IO MPUBOAUTH IO YTBOPEHHS CTPYKTYPHHX Ne(eKTiB,
3aJISKUTPH BiJl €HEeprii YaCTHHOK, 3MEHITYIOYHCh 10 Mipi 1i
30utpieHHs.  KiHeTWYHy  eHepriro  4acTHHOK, IO
MPUAHATO JUIS  3pYYHOCTI PO3paxyHKiB
BHUCJIOBJIIOBATH €HEPreTHYHUM MapameTpoM [77]:

pyxaroTbcs,

EZM—E,, (6)

e M; — maca gactuHKH, E — 11 KiHeTHYHA eHepris, M —
Maca eJIeKTpoHa. TakuM 4WHOM, Mapamerp € — EHepris
@JIEKTPOHA, IO Ma€ TaKy X IIBUAKICTh, IO 1 BaKKa
YacTHHKA. Y TOMY BHUIAJKy, KOJM MapaMeTp € NOCHUTh
BEJIMKWI, BeUKAa YacTHHA CHEprii pyxoMoi YacTHHKHU
BUTPAYa€ThCsI HA MpoIecy 30y HKEHHS 1 10HI3allii aTOMIB 1
JIMIIEe He3HAYHa YacTHHA — Ha MPYXKHI 3iTKHeHHs. OaHaK
LIe CIPaBeUIMBO JIMIIE A0 TUX Hip, MOKH € 3HAYHO Olnblie
€l — eHeprii 30yMKCHHS EJCKTPOHIB B HEMETATIYHUX
(mieMeKTpHYHUX 1 HANIBOPOBIIHUKOBHX) KpHCTaJaX.
Komn & 3MeHmIyerscs, mporecu ioHi3amii i 30yIKeHHS
MIPUITUHSIOTHCS, 1 MAIOTh MICIE JIMINE MPYKHI 3ITKHEHHS,
10 TPU3BOIATH [0 BHHUKHEHHS IPYXXHUX XBHWIb 1
pamiaiiiHux ned)eKTiB.

IMpn npyXHUX 3ITKHEHHSX CIIBBIAHOUICHHS MIiX
€HEepri€lo, W0 BTPAYa€ThCs YACTUHKOIO HAa YTBOPEHHS
CTPYKTYpHUX  Ae(deKTiB Ta
KOJIMBaHb KPUCTAJIIYHOI I'PAaTKH, 3aJIeKHUTh BiJ| €HEpTii

CTBOPCHHA TCIIJIOBUX

miei a TakoX Bim (i3MKO — XIMIYHUX
BIIACTUBOCTEH KpucTana. Tak, MOBHA BTpaTa CHEPrii mpu
MPY)KHUX 3ITKHEHHSAX PYXOMOI YAaCTHHKA Ha OJUHHII

YaCTHUHKHU,

UIAXY B KpUCTaIi MOXKe oyt oIxcana
CIIIBBIJHOIIIEHHSIM:
2524
_[d_Ej _ 2nZ{ ZZZ\ No InE* %
dX Jynp Mav E

Tyr Z; 1 Z, — aTOMHI HOMEpH YacTHHOK, MIX SIKUMHU
BiOyBa€eThCcsl 3iTKHEHHA. Ng — KOHIIGHTpAIlisi aTOMiB B
KpHCTall, V — MIBHAKICTh pyxomoi yacTuHkH, E — ii
eHeprisi, e — 3apsn elekTpoHa, M, Maca HepyxoMmoi
YaCTHHKHY,

. 2 2/\2
E =0.618(zﬁ +zf] T—'\Ale (®)
1

ne R — crama Pigbepra (R = 13,54 eB), 1 — npuBeneHa
Maca pyxoMoi i HepyxXxoMoi YacTHHOK. Y TOH ke dac
BiJIHECEHA JI0 OJMHHMII LUISAXY SHEPris, 0 BUTPAYAETHCS
LIBUJIKOI0 YAacTUHKOIO Ha YTBOPEHHS Ae(eKTiB Ipu
MPYKHUX 3ITKHEHHSX 3 aTOMaMHU KPHUCTaja, BUPAXKAEThCS
B Takuii crocid [77]:

2524 2
_[d_Ej _2rZi 222 No | E _4x )
AX ) pegs M,v Uy, MM,
HoOytok
2
(%) o E 4
dX Joegs U, MM
(dEj |n£*
dX Jnp E
SIBIISIE COOOI0 YacTKy €Heprii, M0 BHUTPAYaEThCs Ha
YTBOPEHHSI CTPYKTYpHUX JeeKTiB TpH  MPYKHUX
3ITKHEHHSIX YaCTHHKH 3 aroMamu pedoBuHH. Jlims

OUTBIIIOCTI BUMAJKIB [ MOKA3HKUK JIOPIBHIOE MPHUOIU3HO
0,5.

Bumie Bke 3a3Hadanocs, L0 TpaHUYHE 3HAYCHHS
€Hepril IBUIKAX YaCTHHOK, HEOOXiZHEe IJIsi yTBOPEHH:
nedexris, ¢izuko  —
XIMIYHUMH BIIACTHBOCTSIMH KpHCTalla, B TOMY YHCHI 1

pamiariiHux BHU3HAYAETHCS
ATOMHOIO Barol0 aTOMiB, [0 YTBOPIOIOTh KPHUCTAJ.

Y tabn. 2 [78] HaBOAATBCSA TIOPOTOBI 3HAYCHHS
eHeprii, HeoOXimHOI UIS YTBOPEHHS pamialifHIX
IeQeKTiB  pi3HUMH YacTHHKAMH B KpHUCTajax, Mo
CKJIaJIaf0ThCS 3 aTOMIB 3 Pi3HOI0 aTOMHOIO Barorw. 3 Iriei
Tabnuul BUHO, SIKY €HEPrito MOBUHHI MaTH Pi3HI MIBHIKI
YaCTHHKH, JUISl JUI CTBOPEHHS pajialliiHuX Ie(eKTiB B
KpHUCTajax.

Jns ominku uwncina atomiB N, 3MIIICHUX OXHUM
MIEPBHHHUM aTOMOM Bimnadi 3 eHeprieto E 1 mMacoro Mj,

MOXKHA  CKOPHCTATHCS  HACTYIHOK  HaOJIMKCHOO
¢dopmynoro:
2 V2
N :i%Et inl B 44" In—  (10)
Uy m Uy MM, E

VY dopmyrni (10) &
30yKeHHs BAJICHTHUX €JICKTPOHIB [79].

Cuijp 3a3Ha4YMTH, 110 pajtialiiHi feeKTH B KpUCTAIax
MOXYTh BHHUKHYTH TaKOXX B pE3yJbTaTi MiCLEBOTO
(;mokanpHOrO) HarpiBy abo mmasnenHs [80 — 84]. YV
MICISIX JIOKQJIBHOTO IIJIaBJIEHHS BHHHUKAIOTH CKYIMUYECHHS

— TOpOTOBE 3HAYEHHS EHepril

nedexrie 3 10°— 10* atomi. [Ipu 0KaIbHOMY MUIABICHHI
1 TIOJIaNBIIIOMY OXOJIO/PKEHHI, KpIM TOYKOBUX Ne(EKTiB,
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MOXYTh TaKOX BUHMKHYTH JiHiMHI, IIOCKI abo 00’eMHi
JMe(eKTH BIAMOBIMHO Yy BUTJISAI JUCIOKAIi, MEX 3EepeH
ab0 Mikporop.

Tabnuys 2.
I'parnasni eHeprii IIBHUAKUX YacCTHHOK,
HEOOXimHOT A1 YTBOPEHHS padiallifiHuX neeKTiB B
KpHUCTaJax B 3aJeKHOCTI Bil aTOMHOI Barm aTOMiB
kpucrana (Uy =25 eB) [78]

3HAYCHHA

ATtomHa maca

Hacriin 10 | 50 | 100 | 200
Helitponu, npotonu 75 | 325 | 638 | 1263
(eB)
Enextponu, y —
BHIIPOMIHIOBaHHS 0,10| 0,41 | 0,68 | 1,10
(MeB)
o — yacTuHKH (eB) 31| 91 | 169 | 325
YacTku — IpOAYKTH 85 | 30 o5 97
pO3maay aTOMHHUX sIIep

Y mopiBHAHHI 31 3BHYAWHUMH HaANPOBITHUKAMH,
pamianiitanii BromB Ha BTHIT — MaTepianu npu3BOANTS,
SIK MPaBUIIO, 10 aHOMAJTEHOTO MPUTHIYCHHS
HannposigHocti [72—76]. [1pu pomy, BCi BUIU KOPCTKUX
BUIIPOMIHIOBAaHb 33 XapakTepoM iX B3a€MOJil 3 pi3HUMHU
KOMITOHEHTAMH KPHCTAJIIYHOI I'pPaTKH MOYKHa PO3AUIUTH
Ha TPH IPYIIH:

1. Omnpominenns BTHIT —
JMOCTIMHUIBKUX KaHaNaXx SACPHUX peakTopiB abo B
MyYKax MPUCKOPEHHX 10HIB MPHU3BOAUTH JO 3MIIICHHS 3
BY3JIiB PEIITKH BCiX KOMIOHeHT cronyku [85, 86]. Lle
CUIIbHO 3aIIyTy€ KapTUHY JAe(hEKTOYTBOPEHHS 1 He Jae

MOXKJIMBOCTI BUSBUTH pOJIb KHCHEBO1 HiZ[CI/ICTeMI/I.

Mmarepiaiie B

2. BunpomiHiOBaHHS, SKi 3MILIYIOTh JIMIIE aTOMH

KACHIO  (HampuKiIaj, B  pO3YMHAX). MOXKIHBICTH

BUKOPHUCTAHHS Y — abo PEHTTeHIBCHKOTO
BHIIPOMIHIOBAHHS [UIS CTBOPEHHS Ne(EeKTiB B KHUCHEBIH
miarparii YBa,CuzO; 3a paxyHok ioHi3arii mokasaHa y
[87].

3. BunpomiHIOBaHHS, sIKi HAJAIOTh 3MIIIAHUA BIUIHB
Ha KPUCTATIYHY PELIITKY, 3 OIJISly Ha BHIIECKa3aHe CIIiJ
3a3HAYUTH TEOPETHYHI Ta EKCHEepPUMEHTaNbHI poOOTH, B
SKAX c(pOpPMYyJbOBAaHA MOJEIb EBOJIONIi TOYKOBHX
nedeKTiB B KUCHEBIH MiACHCTEMI MPH Y — ONPOMiHEHHI
ToHKMX TWIiBOK YBa,CuzO7. Byno nokaszano, 1o npu y —
OTPOMiHEHHI BiOyBa€ThCA PO3OUTTS MIKPOKPHUCTATITIB
Ha (a3u 3 pi3HUM BMICTOM KHCHIO. Taki (a3m MaroTh,
BINMOBIAHO Pi3HI KpUTWYHI TemmepaTypu Tc, 3a
BiZICYyTHOCTI In(yY31HHOTO BUXOAY KHUCHIO Ha HOBEPXHIO.
IMpn 1pOoMy cHIM CTOKY MDKKPUCTIIYHUX TpaHHULb
(Sg= 2,5*109(:M’2) 1 MeX ABIMHHMKIB (S, = 5*10110M’2) TUIS

KHCHIO, @ TakoX eHeprii 3B’SI3Ky KHCHIO 3

MDKKpHCTAITHUMH Mexamu (g,=1,6 5B) BusBIsitoThCS
JIOCUTh BEJIMKHMH, 1100 yTpUMYBaTH KUCEHb B IpOIECi
Bignamy mpu T = 250 °C [88 — 90].

ExcniepumenTn 3 HHU3BKOTEMIIEPAaTYPHOT'O
eNIEKTPOHHOTO OINPOMIHEHHS MOKa3yIoTh 3CyB
TeMIepaTypu HAATPOBITHOTO TMEpexoay B OOJACTh

HU3BKAX TeMIepaTyp 1 30iNbIIeHHI OmMOpy B3IOBXK

manpsmkiB (ab) i (¢) [91, 92]. Ilpu 1boMy MeTaneBHit

XapakTep mpoBimHocTi B3momk (ab) — mmommHM
3aMIIAETHCSI HE3MIHHHM, a B3IOBX HampsMKy (c)
CIIOCTEPIraeThCs MOCUJICHHS HaITiBIIPOBITHUKOBOT

sanexHocti P(T). Biaman onpoMiHeHUX MOHOKpICTaNliTiB

mpu Temmepatypi Bim 100 mo 410 K mpusBomuth m0

BimHOBNeHHs HII — mapamerpiB. Ilpm  mpomy
HAMIBIPOBIMHUKOBUI  XapakTep  mposigHocti  (¢)
30epiraerncs.

IIpu onpominenni wiiBok YBa,Cuz07.s ionamu He™ 3
eneprieto 6,7 MeB npu duoencax Ginbure 2*10 em 2 T,
crae menme 4,2 K. npu onpominensi 1o dmoency 4*10™
cM 2 criocTepiraeThest 361IbIICHHS 06’ €My eTeMEHTapHOI
KOMIipkH 1 3MeHImeHHS KimbkocTi (asu YBa,CuzOy s
OuThIN HiXK B aBa paszu [93].

Biaman npu T = 900 °C npotarom 120 xB B atmochepi
NPU3BOMUTE 1O  BiHOBJEHHS  KPUTHYHOI
TeMmeparypu i 00’eMy eJeMEeHTapHOiI KOMIpKH [0
BEJIMYUH BiIOBITHUX BUXITHOMY cTaHy [94].

Takum

KHUCHIO

YHHOM, 3HAYHAM  YHCIIOM  aBTOPIB
NPOBOJUTHCSL AHAJOTIsl MK MOTIPIIEHHSM IPOBIIHUX
BJIACTHBOCTEH B PE3YJIbTATI PaialliiiHOro BIUIMBY 1 3MiHU
CKJIa/ly, IO CYNPOBOJKYIOTHCS PO3IIAPYBaHHSIM CUCTEMH
HAa 00’emu 3 pisHUM BMmicToM kucHIO. OnHak
EKCIICPUMEHTH MO OmpoMiHeHHIO 3pa3kiB YBa,CuzO7;
OIBUIKAMH HEHTpOHAMH HE BHSBWIN BHHUKHCHHS
BKITFOYCHb TETParoHaIbHOI HEHAANPOBITHOI CTPYKTYpH
IIPHU YaCTKOBOMY IEPEPO3MOALi KUCHIO 3 mo3utiit O (4) B
mo3umiro O (5) [95].

3 1i€i TOYKM 30py NPENCTABIAIOTh iHTEpec poOOTH 3
HU3BKOTEMIIEpAaTypHOTO omnpoMiHeHHs [96, 97] 3’enHaHb
YBa,CuzO7 3 pi3HHM BMICTOM KHCHIO MPH BiACYTIHOCTI
MPOIIECIB TEPMOYTOPSAKYBAHHS, 3 STKUX OOTOBOPIOIOTHCS
Mozeni

B aTbTEPHATHBHI PO3YHOPSIIKYBaHHS, SIKi

BIANOBINAIOTh  PI3HMM  peKoMOiHAIiMHUM  00’emMaM
BaKaHCIH 1 MDKBY3JIOBHX aTOMIB KHUCHIO:

1. Ilpn manux pexombOiHaniitHux o6’emax (B = 1, B —
YHUCIIO KHCHEBHX BY3JIB €JIEMEHTapHOI KOMIpKH, SKi
MOTpanuixn B 00'€M  BIUIMBY MIDKBY3EJIBHOTO aroma
KHCHIO) BHOUTI aTroOMM KHCHIO PEKOMOIHYIOTbH B
OCHOBHOMY y BY3IH, III0 OTOYYIOTH atomu Y (By3mm 06),
MIPaKTUIHO TIOPOXKHi O6€3 orpoMineHHs. OTHOYACHO 3 ITUM
Wae 3poCTaHHS KOHIIGHTpAIlii MiXKBY3JIOBUX aTOMIB

KHCHIO 1 BakaHCiit B By3nax 01 — 05. V mpomy BUManky

60 BicHuk XHY imeHi B.H. KapasiHa, cepia «®isuka», sun. 30, 2019



I'A. Xaoocau, FO.B. Jlumsunos, P.B. Bosx, H.M. 3asézopoous, B.FO. I'pecv, K.A. Komsuyvka, I.M. Yypcina,
O.B. boyyaa, K.I'. Ilpuxoovro, C.M. Kamuamna

Ha Jierpajaliro KputuaHoi Temneparypu BTHII BriBae
3pOCTaHHS 3arajibHOI He)eKTHOCTI 3pa3ka [98].

2.V pasi Benukux pekomOiHaiiitaux 06’ emiB (f = 50)
aTOMHU KHCHIO, BHOWTI 3 YyCiX KHCHEBHX BY3JIB TpPaTKH,
MepeMiMyoThcs B OCHOBHOMY B tmiommay Cu — 0
JIAHITIOJKKIB, OCKIJIBKM ITOYATKOBE YHCJIO aTOMIB KHCHIO
Ha KOMipKy Benuke — (7), a 9iciIo CTPYKTYPHHAX BakaHCIH
HapOUTbIIe B TIUIOIIMHI JIAHIIOKKIB (mig 6 = 0 —
pUHaiMHI OJHa). BinOyBaetncs "MmBHUIKE
nepexadyyBaHHs" aTOMIB KHCHIO B IUIOLIMHY JIAHIIOXKKIB,
NPUYOMY JUISl 3alOBHEHHS Li€l IUIONIMHU TOTPiOHO
MEepeMIiCTUTH HE3HauHYy 4acTHHY KUCHIO 3 By3miB 01, 02,
03 B HeszaitHaTi naHmokkoBi Byzau 04 1 05. Byzmm 06
3aIMIIATHCS TOPOKHIMH JIe HEMa€e MIXKBY3CIbHbX aTOMIB
kucHiO [99, 100]. B mpoMy BHIaaKy Aerpamainito
kputnyHoi Temneparypu BTHII YBa,Cu3;07_5 3 poctom
(roeHca onpoMiHeHHs: MOXHA TIOB SI3aTHU i3 3pOCTaHHAM
KOHIIGHTpalii aroMmiB KucHio B trommai Cu — 0
naHIokKiB. Coij 3a3HaYMTH, LIO ONPOMIHEHHS IO
pizanomy nie Ha BTHII YBa,CuzO;_s 3 pi3HuUM BMicTOM
kucHiO 8. ToOTo sikimio y Bumaaky o =0 BinOyBaeThes
MOHOTOHHE 3MCEHIICHHS KpHUTHYHOI Temmepatypu Tc
BTHII 3 poctom ¢utoeHca ompoMiHEHHs (YHCIa 3CYBIiB
Ha atom Cu), To mis 6 > 0 npu Mamux mgo3ax
ONPOMIHEHHSI MOXE CIIOCTEpIraTucs Jesike 3pocTanHs 1C,
NOB'I3aHE 3 MPUXOJOM arOMIB KHCHIO B IUIOIIUHY
yIOpsIIKyBaHHsI (TYT NPUKHATO, 110 Ha 3MiHy Tc BruinBae
TIJIBKK 3MiHA KOHIICHTpAIlli aTOMIB KHUCHIO B IUTOIIHMHI
yoopsinkyBaHHA. 3paskd 3 O > 0 MarwoTh OurbIry
pamiamiiiHy CTifKicTb, HiX 3pasku 3 & = 0, Xoda i MarTh
Menmi Tc. 30impmenas Tc Oymo BHABICHO B HHU3III
€KCIIEPUMEHTIB 3 HHU3bKOTEMIIEPATYPHOTO OMPOMIHEHHS
BTHII YBa,Cuz0- [96, 97], Xo4a BOHO i HE MaJI0 TAKOrO
SICKPaBO BHUPAXKEHOTO XapaKTepy, IO MOKIJIUBO MOB'3aHO
3 IESIKMM PO3YIMOPSIKYBAHHIM aTOMIB KHCHIO B TUIOMIMHI
Cu — 0 JTaHIFOXKKIB.

"Kpurnana" koHIeHTpawis Ae(eKTiB JoCATaEThCA IPH

MeHImmX (aroeHcax B apyrid moxemi. OpHak, IS
BU3HAYEHHsS 3aCTOCOBHOCTI Tiel YW iHmoOI Mozjenl
HEOOXITHO  EKCIIEPUMCHTANbHE  BU3HAYCHHS  3MIiHU
HACeJEHOCTI KHCHEBUX BY3JIiB i i€

HU3BKOTEMIIEPATYPHOTO OHpOMiHCHHH.

BucnoBku

[TigBoasiuM MiACYMOK BHIKJIAJICHUX BUIIE MIpKYyBaHb,
MOJKHA 3pOOUTH HACTYIHI BUCHOBKH.

1. Hemae nmpuHIMIIOBUX OOMEXKEHb HA MiJBUIICHHS
TeMIlepatypu rnepexony Tc B HaANPOBIAHWKA CTaH TpH
BHKOPHCTAHHI MeTall — OKCHTHIX
«BHCOKOTEMIICPATYPHUX» HAIPOBITHUKIB.

2. Ilpm BubGopi eneMeHTIB
XapaKTepU3y€eTbCsl  OLIBII  BHCOKOIO

IMOJIIKOMITOHEHTHUX

pCYOBHHH,  WIO
TEeMIIEPATYPOIO

Mepexoay B HAANMPOBITHHWNA CTaH, HEOOXiTHO MaTHh Ha
yBa3i BUKOHaHHS HaCTYITHUX YMOB:

— pEYOBMHA IOBMHHA MaTH CKJIQJHY 130J€CMiuHY
KPUCTAJIOXIMIYHY CTPYKTYDPY,
POMOIYHOIO €leMEHTapHOI0  KOMIPKOIO, i MICTHTh B
SIKOCTI  CKIIQJIOBHX  €JIEMEHTIB IIePOBCKITO — MOAiOHI
ONOKH, PO3IUICHI IUIOMMHAMM, IO HE MICTATh 10HIB
KHUCHIO;

— B SKOCTI 1OHIB, IO (OPMYIOTH IEPOBCKITO —
NOAIOHMH  CTPYKTYpHHUH OJIOK, KpiM iOHa KHCHIO
HEOoOXiTHO BUKOPHCTOBYBATH 10H METaJLy, SIKUH 3 OJHOTO

IO XapaKTepU3yETHCH

00Ky,
(MeTaneBor0) EIeKTPHUYHOK MPOBIAHICTIO, a 3 IHIIOTrO

MOBUHECH XapaKTCpPU3yBaTHUCA «HOPMAJIbHOIO»

00Ky, aKTHBHO pearyBaTH 3 KHCHEM i
(dopMmyBaTH XiMiuHI 3B’S3KH pi3HOI KOH(]irypamii, To0TO
3[JaTHAM 3MIHIOBAaTH CBiif BaJICHTHUH CTaH;

—3a3HaveHi B MyHKTI 2 10HM MeTaly, pa3oM 3 i0HaMHU
KHCHIO, KpiM y4JacTi B pOpMyBaHHI OJIOKIB 3 IEPOBCKITO —
CTPYKTYPOIO, dbopmyBati  abo
6asucHi miomuan (ab) abo BiMOKpPEeMIICHI «IIpOBiqHI»

IIOBUHCH

moAi6HOO [MOBUHHI
IUTIOIIKHI, MapajeabHi 0a3UCHUM IUTONUHAM;

—30IIbLICHHS  YWCiIa IUIOMMH 3  METAJIEBOIO

MIPOBITHICTIO NIPY BBEACHHI J0OJAaTKOBUX 10HIB (KaTIOHIB),
pO3TalIOBaHUX Y3IOBXK OCi (C) eIeMEHTapHOI KOMIpKH,

CIpHUsA€ MiJBUIIECHHIO TEMIIEPAaTypH HAAMPOBITHOTO
nepexony Tc;
—MeTall — OKCHJTHA CTIOJTyKa, 110 Mae

«BHUCOKOTEMIICPATYPHY» HaZ[HpOBi,HHiCTL 3 MaKCHUMAaJIbHO

MOXUIMBOIO ~ TEeMIlepaTyporo  mepexomy  Tc, Mae

XapaKTepU3yBaTHCs TIOBHOIO CTEXIOMETPIEIO 110 KUCHIO.
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An important problem of the theory of gravitational lensing is the problem of studying images of a given source in a given
lens. A special case of this problem is the problem of the number of images of a point source in a planar N-point gravitational lens.
On this issue, several papers have been published. Most of the works are devoted to the upper bound on the number of images.
However, there is no work on the lower bound on the number of images. The present work is devoted to this question.

The article calculates what the minimum number of images of a point source in an N-point gravitational lens is equal to.
Proven the theorem about infimum of a number of point source images in the N-point gravitational lens. Is proved that this limit is
being reached. In particular, it is established that a point source has a minimum number of images in the lens if all point masses are
equal and located on the abscissa axis. Besides, the source is also on the abscissa axis. Regular and non-regular cases are considered.
Using the theorem that was proved in the paper and the previously known results, a classification theorem about the number of
images of a point source in an N-point gravitational lens is formulated.

The theorem proved in this paper is illustrated by an example of point source images in a binary lens. The point masses in
this lens are the same and are located on the abscissa axis symmetrically with regard to the origin of the coordinates. The minimum
number of point source images, in this case, is three, and the maximum is five. A point source has a minimum number of images if it
is located on the abscissa axis.

The paper used methods of mathematical analysis, theory of functions of real variables and algebraic geometry.

Keywords: gravitational lens, point source, number of images, caustic.

KinbkicTh 300pakeHb TOUKOBOTO Jxepena B N-ToukoBil rpaBiTalliiHii
JH31
K.A. KOTBI/ILIBKal, €.C. Bp0H3a2, JLLA. KOTBI/IHLKa3

1 Vkpainucokuii deparcasnuil ynigepcumem 3aniznuuno2o mpancnopmy, ni. ®Qeiiepbaxa, 7, Xapxie 61050, Yrpaina
2 Xapriecokuil nayionanvshutl ynieepcumem paoioeiekmponixu, npocnekm Hayku 14, 61166 Xapxie, Ykpaina
3 Xapriecokuil nayionanvnuii ynieepcumem imeni B.H. Kapaszina, m. Ceo600u 4, 61022, Xapxis, Yrpaina

BaxBUM 3aBIaHHAM Teopii rpaBiTamliifHOro JTiH3yBaHHS € 3aBJaHHS BHUBUYCHHs 300pa)KeHb 33aHOTO JDKepena B 3aiaHii
nia3i. OKpeMHM BHITAJKOM I[LOTO 3aBIAHHS € 3aBIAHHS MPO KiTBKICTh 300pakeHb TOYKOBOTO JDKepena B MIOCKiH N - TOYKoBOT
rpasitaniifHoi JiH3M. 3 FOTO MUTAHHS OITyOJIIKOBAHO KiJIbKa poOiT. BimbmIicTh poOiT MPUCBSIIEHO BEPXHiH MeXi YHCIIa 300paKeHb.
OpnHak, cepel HUX, BiZICyTHI pOOOTH PO HIKHIIO MeXy dHcia 300pakeHs. L[poMy muTaHHIO IpHCBAYeHa I poboTa.

VY poboTi BcTaHOBIIEHO, YOMY JOPIBHIOE MiHIMaJIbHE YHCIIO 300pa’KeHb TOYKOBOTO pKepena B N - TOUKOBIil rpaBiTamiiiHiit
nin3i. JloBeieHo TeopeMy Ipo HIDKHIO TPAHUINIO KUTBKOCTI TOUYKOBHX 300pakeHb, TOUKOBOTO Kepena, B N-TOUKOBIH rpaBiTamiiHii
nin3i. JloBeneHo, 1m0 I TPAHHUIl JO0CSITAEThCs. 30KpeMa BCTAHOBIICHO, 110 TOYKOBE JKEPEIO Ma€ MiHIMaabHE YHUCIIO 300paKeHb B
JIiH31, SKII0 BCe TOYKOBI MacH PiBHI 1 3HAXOMAThCS Ha oci abcrmc. I, KpiM TOro, JKepenao TaKoK 3HAXOIUTHCS Ha OCi aOCIuc.
Po3ristHyTO perynsipHuil i He peryJspHuil BUMaaKu. BHKOpHCTOBYIOUM 10BeieHy B poOOTI TeopeMy, i paHille BioMi pe3ynbTary,
copMynboBaHa KiacudikaliiiHa Teopema, Ipo KiTbKicTh 300pakeHb TOYKOBOTO Jukepena B N - TOUKOBIil rpaBiTaliiHil JIiH31.

JHoBeneHy B po0OTi TeopeMy LIIOCTpY€e MPHKIA] PO 300pa)KeHHsI TOUKOBOTO jJykepena B GiHapHii iH3i. ToukoBi Macu B wLiit
JiH31 OJHAKOBI 1 pO3TamIOBaHi Ha oci aOCIHC CHMETPUYHO BIHOCHO MOYATKy KOOpIUHAT. MiHIManbHa KUIBKICTh 300paXKeHb
TOYKOBOTO JDKepela, B IIbOMY BHIIAJKy, JOPIBHIOE TPhOM, a MaKCHMaibHa I'STH. TOYKOBE JKEpeao Mae MiHIMallbHE YHCIIO
300pakeHb, SKIIO BOHO PO3TAIIOBAHO Ha OCI abCIuC.

VY po6oTi BUKOPHCTaHI METOM MaTEMaTHYHOTO aHAJI3y Ta anreOpy reoMerpii.

KurouoBi ciioBa: rpasitauiiina j1iH3a, TOYKOBE JXKEPENO, YUCIIO 300paKeHb, KayCTHKA.

KosnmdecTBo n300pakeHU TOUEYHOT'0 UICTOYHHUKA B N-TOUEUHOM

IPAaBUTALMOHHOM JINH3E
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1 Vkpaunckuii 2ocydapcmeeHHblll yHUsepcumem diceie3Ho0opodicHo2o mparcnopma, Qetiepbaxa ni., 7, 2. Xaporkos 61050, Ykpauna
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BaxxHoit 3amauelil Teopuy TpaBUTAIIMOHHOTO JTMH3UPOBAHUS SBJIAETCS 33/1a4a U3y4eHUs H300paKeHUH 3aJaHHOTO NCTOYHUKA
B 3amaHHOW JHH3e. YacTHBIM CiTydaeM 1TOH 3aJauyl ecTh 3ajada O 4ucie N300pakeHUH TOYEYHOr0 MCTOYHWKA B IUIockoil N -
TOYEYHOW TpaBUTAIMOHHOM JIMH3e. [0 3TOMy BOIpoCy OIMyOIMKOBaHO HECKOJIBKO padoT. BombIMHCTBO paboT IOCBSIIEHBI BepXHEit
rpaHmLe yucia u3o0paxennii. OHAaKO OTCYTCTBYIOT paOOThl O HIDKHEW IpaHHLE YHCiIa U300pakeHUil. DToMy BOIPOCY MOCBAIIEHA
HacTosmas padoTa.

B paboTe ycTaHOBIEHO, YeMy pPaBHO MHMHHMMAJbHOE YHCIO H300paKCHHH TodedyHOro wucTouHnka B N - TodedHoi
TpaBUTALMOHHOM JnHH3e. Jloka3zaHa TeopeMa O HIDKHEH I'paHHMIle YHCIa TOYEYHBIX H300paKCHUI, TOYEYHOT0 MCTOYHHKA, B N-
TOYEYHOW TPaBUTAIIMOHHOM JHH3e. J[0Ka3aHO, 4TO 3Ta TpaHUNA JOCTHTaeTcsl. B 4aCTHOCTH yCTaHOBIICHO, YTO TOYEUHBIH MCTOYHUK
HMeeT MUHAMAaJIbHOE YHCIIO H300paKeHUH B JIMH3E, €CIHM BCE TOUYESYHBIC MACCHI PAaBHBI M HAaXOJATCS Ha ocu abcuuce . 1, kpome
TOTO, HCTOYHHK TaKKe HaXOIMTCS Ha ocH abcuuce. PaccMoTpeH perymsipHBIH M He perysspHEIN ciydan. Mcrmons3ys qoka3aHHYIO B
paboTe TeopeMy, M paHee H3BECTHBIC PE3yNbTaThl, COHOPMYIHUpPOBaHAa KIACCH(HKAIMOHHAS TeopeMa, O YHCle H300pakeHmit
TOYEYHOTO UCTOUHMKA B N - TOUeUHOH IpaBUTAIIMOHHOM IHH3E.

JokazaHHy0 B paboTe TeopeMy WLIIOCTPUPYET MpuMep 00 M300paKeHUSX TOYEYHOTO HCTOYHHKA B OWHAPHON JHH3E.
TodeuHsle Macchl B TOH JIMH3€ OJMHAKOBBI M PACIONOKEHBI HAa OCH a0CIMCC CHMMETPHYHO OTHOCHTENBHO Hadana KOOpPIWHAT.
MuHHMaNbHOE YHCIO H300paKEHHH TOYEYHOTO HCTOYHHKA, B ITOM CiIydae, PaBHO TPEM, a MaKCHMaJbHOE MATH. TouedHBIH
HCTOYHMK HMEET MUHHUMAJILHOE YHCIIO H300pakeHHH, €CIIH OH PacIoJIOKEH Ha OCH abcIucc.

B pabote ncroap30BaHbI METOIBI MATEMAaTHIECKOT0 aHAIN3a U alreOpandecKoil TeOMEeTpUHL.

KroueBble c10Ba: rpaBUTAIMOHHAS JINH3A, TOYEYHBIH HCTOYHUK, KOJINIECTBO H300paXKeHHH, KayCTHKA.

1. Statement of the problem
The equation of a flat, N - point gravitational lens in
vector formis [1,2]:

V2 N
y:f('—zmnx—%, Zmn :17 (1)

where m_, are the dimensionless point masses that enter

the lens, and I are their normalized radius vectors.

Vector equation (1) defines a unique mapping
L:(RZ\A) > R?, (2)

from the vector space R; to the vector space R’ .

From the algebraic point of view, the problem of the
number of images of a point source in an N-point
gravitational lens is the problem of the number of
solutions of equation (1).

For further discussion, we consider equation (1) in
coordinate form:

N
X~

Yo =%-—2xm, T
n=1 (%=35)" +(x2~by) ’ (3)
y2 :XZ—Zm L 7

n=1 n (Xl_an )2 +(% _bn)

where (a,,b,) is the coordinate of the point A is the end

of the radius vector I . The set of solutions of system

(2.3) can be studied by methods of algebraic geometry;
see, for example, [3,4].

2. Basic research results on the number of images of a
point source in a Schwarzschild lens and in other N-
point gravitational lenses.

The set of solutions to the system of equations (2) can
have  the  dimension dimV°(F,F,)=0  or

dimV*(F,F,)=1. There are a number of theorems that
allow us to determine whether the set V*(F,,F,) is empty.

Theorem 1. The only image of dimension 1 (a point
source) is an infinitely thin Einstein ring. This image
appears only in the Schwarzschild lens when the source,
lens and observer are on the same line, see [4].

If the source, lens and observer are not on the same
line, then the point source in the Schwarzschild lens has
an image consisting of two points, see [2].

For the N-point gravitational lens there are theorems.

Theorem 2. The number of point images of a point
source in an N-point gravitational lens is bounded above:

card (V°(f,, f,)) < N” +1. (4)

Estimate (4) is achievable, see [5,6].

Theorem 3. In a general situation, the number of point
images in an N-point gravitational lens has parity opposite
to the parity of N, see [5].

Inequality (4) limits the number of point images of an
exact source from above.

The number of point images of a point source, in a
general situation, cannot be less than N +1.

3. The main theorem
The following theorem holds.
Theorem 4. The number of point images, a point
source, in an N-point gravitational lens is bounded below:
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N +1< card (V°(f,, ,)). (5)

Estimate (5) is achievable.

Proof. Let in the N-point gravitational lens all point
masses are equal and are on the abscissa axis, which is.
Suppose, in addition, the source is also located on the
abscissa axis.

The following system of equations is valid:

1 N

= ‘ﬁ;
1
N

N .
Z Xl 81 +X2

i=1

(6)

2

The second equation of system (6) splits into two
equations, indeed:

1 .

L : ()
oo fi- )
System (7) splits into two subsystems:
l N
a _W;(Xl a) +X2 s (8)

0=x,

and

18 .
i=% _Wz (% —;-)ZIHZ
i=1 RO
o . ©
= _W; (x— a) +x2

The set of solutions to system (6) is the union of
solutions to system (8) and solutions to system (9).

From the system (9) follows the equation (all point
masses are equal and are on the abscissa axis):

18 1
=X, -—— ) —, 10
. N iz X ( )

We denote the variable x, by t,i.e, t=x.
Equation (10) can be converted to the form:

_{ P'®
y, =t P(O) (11)

N
where P(t)=]](t-a) is a polynomial of degree N
i=1

with real multiple roots of a . The roots of the

polynomial are not multiple

Without loss of generality, we have that the inequality
holds for numbers:

g <a,<..<q <a, <..<a.

If this is not so, renumber the roots of the polynomial
P(t) inascending order.

The polynomial P’(t) has N —1 roots. Each segment
(a.a,,) (Role's theorem) has at least one root of the
polynom P’(t) . The number of segments and the number
of roots of the polynomial P’(t) are equal. From here,
only one root belongs to each segment.In addition, all the

roots of the P’(t) polynomial are real.
Let c, be the root of the polynomial P'(t) that

belongs to the segment (a,,a,,,) . We have the inequality:

a <C <a,<C,<..<a <C <@, <C, <..<Cy, <.
. . P'(t) .

Let the rational function Q(t):p_t)' The function
has:

- breaks in points a,, i1 =1,2, ... ,N ;

- vertical asymptotes  with  the equation
t=a,i=12..,N

- zerosatpoints ¢, i=12,...,N-1;

- limits on the left IimOQ(t):—oo at points
t—>a—

a i=12..,N
- limits to the right tLiarnOQ(t):w at points
a i=12..,N;
- continuity intervals (-,a,),(a,a,), ..., (&,3.,),
s (@y,0);
- intervals of monotonous decrease (—,8,),(a,,a,),
»(@,a,), .., (ay,0) .

To calculate the number of real roots of equation (11),
we apply geometric reasoning.
The roots of equation (11) will be the abscissas of the
intersection points of the graphs of two functions:

q= P(()) and g=t-y,.

The coordinates of the intersection points of the
graphs of these functions are set of solutions to the system
of equations:
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Pty
CORN (12)
t- Y1=1q

Let us prove that the system of equations (12) has
exactly N +1 solutions. Consider the plane R® with the
coordinate systemtOq . In this plane, the graph of the PP
function is a straight line. This line crosses the graph of
the rational function qu:iT(tt))' just N +1 times. On
each continuity interval, the function graphs intersect
exactly once.

Therefore, equations (11) and (10) and system (9)
have just N +1 solutions.

Obviously, system (6) has at least N +1 solutions.

The number of solutions to system (6) is exactly
N +1 if system (9) does not have real solutions.

The case when system (9) does not have real solutions
is obviously realized.

Really, from the second equation of system (9) it
follows:

ii L _=1= ! =1l=
N o1 (x-a)"+x3 iZN:

N ) (X1‘a1)2+X§ ’ (13)
= H{jx-af [x=a[ . [x-ay,[",) =1

where H(|x—a1|2,|x—a2|2,...,|x—aN|2,) is the harmonic

mean of the squares of the distances from the origin to the
point masses.

From equation (13) it follows that the harmonic mean
is equal to unity.

Note that the harmonic mean is the "mean" in the
sense that:

mix (¢;,C,,...,Cy ) SH (€, Gy Gy ) < 14)
<man(c,,C,,...,Cy )
It follows from equation (14) that equation (13) and
system (9) obviously have no solutions if the distances
between any two point masses in the lens are greater than
two.
Thus, the lower limit of the number of images is
achieved. The theorem is proved.

4. The Classification Theorem
There is the classification (systematizing) theorem.
Theorem 5. The number of point images of a point
source in an N-point gravitational lens:
- can take all values from N +1to N®+1;

- in a general situation, the number of images is even
if N isodd, and odd if N iseven;

- number of images has the same parity as the number
N if the source belongs to a non-singular point in the
caustic;

- in a general situation, the number of images changes
by two if the source path crosses the caustic.

Comment. Using computer simulation methods, it was
proved that for and the smallest number of images is 3
and 4, respectively.

5. The Example
1

and m, =—,

. 1
Let a binary lens have masses m, =5 5

which are located at points A (—b,0) and A, (b,0).
In this case, the system of lens equations has the form:

h= | P
' 2 (x1+b)2+x§

X ~b J
“p) +x2
(x=b) +x; )

1 X, X,
Y, =X -7 2 2 + 2 2
2{ (% +b) +x; (% —b) +x
Consider a special case. Let the source be a point and

be on the ordinate axis.
In this case (16) splits into two subsystems.

1 X, +b X, —b
=X —= +
h=h 2[(x1+b)2+x§ (xl—b)2+xzz]

1 1 1
0=x,[{1-= 5 + 5
2{ (x +b) +x2  (x -b) +x

The first of the subsystems has no solutions if b>1.
For the second subsystem we have:

. @7

y—xl—l X, +b . X, —b
' 2\ (x +b) +x2 (x —b) +x2 )=
0=x,
v = x 1( 1 1 J
P2 +b  x —b
0=x,
ymx - (bR )%,
= { X b7 = 0 X —b? =
0=x, 0=x,
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The Equation (18) for any real values of y, has three
real roots, and all the roots are different. Really:

X =yt —(0° +1)x, +b%y, =0=y, = x

Function graph

X —(0” +1)x,

Y, = Xf—bz

crosses the abscissa axis three times and has two vertical
asymptotes, see Fig. 1.

Fig. 1.

It follows from the example that for any value of the
ordinate Y; there are three values of the abscissa of X,

and they are different. Therefore, the minimum number of
images for a binary lens is 3.

References

1. A.F. Zakharov. Gravitacionnye linzy | mikrolinzy, Janus-K,
M. (1997). 328 c.

2. P. Schneider, J. Ehlers, E.E. Falco. Gravitational lenses,
Springer-Verlag, Berlin Heidelberg (1999), p. 560.

3. S.D. Bronza, A.T. Kotvytskiy. Bulletin of V.N. Karazin
Kharkiv National University (Physics), 26, 1120, 6 (2017).

4. A.T. Kotvytskiy, S.D. Bronza, K.Ju. Nerushenko, V.V.
Shablenko. Zbirnyk naukovyh prac VI Migregionalnoj
naukovo-praktychnoj konferencii «Astronomija |
sogodenna» Vinnyca (2017), s.198.

5.

A.T. Kotvytskiy, S.D. Bronza, S.R. Vovk. Bulletin of
V.N. Karazin Kharkiv Karazin National University
(Physics), 24, 55 (2016). (arXiv:1809.05392)

0.A. Osmaev, K.V. Matvienko. Tezy 80 CNTK UkrDUZT,
Kharkiv (2018), s. 216

68 BicHuk XHY imeHi B.H. KapasiHa, cepia «®isuka», sun. 30, 2019



BicHuk XHY imeHi B.H. KapasiHa, cepia «®isukay, sun. 30, 2019. c. 69-76

PACS: 42.65.—k; 78.67.—n
UDC: 537.874; 538.915; 538.958

Nonlinear electromagnetic response of few-layer graphene:
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Nonperturbative approach based on exact solution of Boltzmann kinetic equation in the relaxation time approximation is
developed for the study of nonlinear response of electron-doped few-layer graphene to a high-frequency electromagnetic field. It is
shown that nonperturbative approach can be applied to a two-dimensional conductor with an arbitrary isotropic spectrum of carries.
The cases of ABC stacked three-layer and ABC staked four-layer graphene are considered. The low-energy electron spectrum of
such graphenes is characterized by the third and the fourth power in the momentum dependence, correspondingly. The transmission,
reflection and absorption coefficients are calculated. It is shown that the transmission coefficient T of three- and four-layer graphene

decreases under increase in the intensity of the incident wave | by the asymptotic law T oc I ™2 and T oc I ', respectively. It is

found that three-layer and four-layer graphenes demonstrate power-induced reflectance, in contrast to power-induced transparency in
monolayer graphene. It is found that in the four-layer graphene irradiated by a monochromatic wave the induced electrical current
contains only the first and the third harmonics. The analytical expression for the efficiency of the third-harmonic generation Grgn
(the ratio of the intensity of third-harmonic radiation to the intensity of the incident wave) of the four-layer graphene is obtained. It is
shown that only at rather small incident wave intensity the efficiency Grgy is proportional to the second power of | and at large
incident wave intensity the efficiency Grgy approaches the constant quantity. Saturation of the efficiency of the third-order harmonic
generation is caused by the increase of the reflection. In contrast, the efficiency of the third-order harmonic generation of monolayer
graphene depends nonmonotonically on the intensity of the incident wave. The maximum is reached at rather small intensity | and
the efficiency in the maximum is of order of 10 that is two orders of magnitude smaller than of four-layer graphene.
Keywords: graphene, power-induced reflectance, third-order generation

Hemninilinuii e1eKTpoMarHiTHUM BIATYK KUIbKamapoBoro rpadeny: Omnuc

HE 32 Teopiero 30ypeHb
J1.B.®inb

Incmumym monoxkpucmanie HAH Yxpainu, npocnexm Hayku 60, Xapkis 61072, Vkpaina
Xapxiscokuti nayionanvHutl yHisepcumem imeni B.H. Kapasina, m. Ceéo600u 4, 61022, Xapxkie, Yrpaina

Po3BuHyTO HemepTypOaTMBHMI minxinm, mo Oa3yeTbCs Ha TOYHOMY pPO3B'SI3KYy KIHETHYHOTO piBHSHHS bBonbiMana B
HaOMKEeHHI 4Yacy penakcamii, /s BHBYEHHS HENiHIHHOTO BIATYKY IOMNOBAHOTO EIEKTPOHAMH KiNbKaliapoBoro rpadeHy Ha
BHCOKOYACTOTHE eJIeKTpoMarHitHe moine. ITokazaHo, IO MiAXix Moxke OyTH 3aCTOCOBaHMH 10 JBOBHMIPHOTO MPOBIJHUKA 3
JIOBUTBHMM 130TPOIHUM CIEKTPOM HOCiiB. Po3misHyTo Bumankm TpumapoBoro rpadery 3 ABC makyBaHHSIM i YOTHPHIIApPOBOTO
rpapeny 3 ABC mnakyBaHHAM. Hmu3pKOeHepreTHYHHII ENEKTPOHHUH CHEKTp TAaKUX TIpaeHOB XapaKTepH3YeThCs KyOIidHOIO
3aJIOKHICTIO 1 3aJISKHICTIO YETBEPTOI CTEIEHi B IMITyJbCy, BiAMOBiAHO. Po3paxoBaHi Koedimi€HTH MPOXOHKEHHS, BiTOWUTTS 1
noriuHaHHs. [loka3aHo, M0 KOeQIUieHT MPOXOKEHHS T Ul TPUIIAPOBOTO 1 YOTHPHIIAPOBOTO TpadeHy 3MEHIIYETHCS IPH
30LTBIIEHH] 1HTEHCUBHOCTI | XBWII, IO TMajgae, MO aCUMITOTHYHOMY 3aKOHY T oc 17Y2 § Tocl™ 3, BIAMOBIAHO. 3HAWIEHO, IO

TPHUIIAPOBUI 1 YOTHPHUIIAPOBUIT TpadeH TEeMOHCTPYE 3pOCTaHHS BiAOMBAHOCTI B MOTYKHOMY IIOJIi, Ha BiAMIHY BiJ iHZYKOBaHOTO
MOTYXXHHM MOJIEM 3POCTaHHS MPO30POCTi B MOHOIIApOBOMY rpadeHi. 3HailIeHO, 110 y BHIAAKY YOTHpHUIIapoBoro rpadeny 3 ABC
MaKyBaHHSM IIapiB, SKUH ONPOMIHIOETHCS MOHOXPOMATHYHOIO XBUJICIO, IHAYKOBaHHMIl €JIEKTPUYHHUI CTPYM MICTHTB JIMIIE TepIy i
Tperio rapMoHikd. OTpUMaHO aHANTHYHHH Bupa3 s edeKTHBHOCTI TeHepamii Tperboi TrapMoHikH Grgy (BigHOUIEHHS
iHTEHCUBHOCTI BUIIPOMIHIOBaHHS TPETHhOI FTAPMOHIKH JI0 iIHTEHCHBHOCTI XBHJI, 110 HaJa€) [l 4oTHpHIIapoBoro rpadeny. [Tokasano,
mo edexruBHicTh Grgy NponopuiiiHa Apyroi cremneHi iHTEHCHBHOCTI XBWJI, IO Najae, TUIbKU NPH AOCTaTHbO Manux |, a mpu
OinbLIil IHTEHCHBHOCTI XBHJI, 110 manae, eekTuBHiCTh Grgy HAOMMKyeThest 10 KoHCTaHTH. HacnuenHst edexTuBHOCTI reHepartii
TPeThOl TapMOHIKK 3yMOBJICHO 30ibIIeHHSIM KoedimienTi BinoutTs. EQexruBHicTh reHepaliii TpeTbol rapMOHIKH B MOHOLIAPOBOMY
rpadeHi, Ha BiMIHY BiJl TMOIEPEAHHOTO BUMAIKy, HEMOHOTOHHO 3aJICKUTHh BiJl IHTEHCHBHOCTI XBHJI, IO mamae. Makcumym
JOCSTAETHCS TIPH TOCTATHBO Maliil iHTeHcHBHOCTI |, 1 edekTHBHICTS B MakcHMyMi mopsiaky 10™, mo Ha IBa MOPSAKH MEHIIE, HK y
YOTHPHUIIAPOBOMY IpadeHi.
KunrouoBi cioBa: rpaden, 3pocTaHHs BiIOMBAHOCTI B IOTY>KHOMY II0JIi, T€HEPAIlis TPEThOI rapMOHIKH

© Fil D.V., 2019
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Nonlinear electromagnetic response of few-layer graphene: A nonperturbative description

HenuneitHbIi 271€KTPOMarHuTHUM OTKJIMK MHOTOCIIOWHOTO TpadeHa:

OIMCAHUE HE II0 TEOPUU BO3MYILECHUN
J1.B.®unb

Hnemumym monoxpucmannos HAH Yipaunwr, npocnexm Hayxu, 60, Xapvkos 61072, Yrpauna
Xapvrosckuii hayuonanvhwiil ynueepcumem umenu B.H. Kapasuna, m. Ce60600w1 4, 61022, Xapvros, Ykpauna

Pa3Bur HemepTypOaTUBHBIN IMOAXOA, OCHOBAaHHBI HAa TOYHOM pEIICHMH KHHETHYECKOro ypaBHeHUs bonpliMana B
MPUONIKEHUH BPEMEHH PeaKCalliy, AT U3yYeHUs] HENMHEHHOTO OTKIMKA JOMUPOBAHHOTO 3JIEKTPOHAMU Ipad)eHa ¢ HECKOIbKUMHU
CJIOSIMH Ha BBICOKOYACTOTHOE 3JIEKTPOMAarHUTHOe moJte. [IokazaHo, 9To MOAX0X MOXKET OBITh IIPHMEHEH K JBYMEPHOMY IIPOBOJHUKY
C TIPOM3BOJIHBEIM HM30TPOIHBIM CIIEKTPOM HOCHTeNeH. PaccMoTpeHsl ciydam TtpexcioiHoro rpagena ¢ ABC ymakoBkoit u
geThIpexcioiHoro rpagena ¢ ABC ymakoBkod. Hu3kosHepreTndeckuil 3JI€KTPOHHBIH CHEKTP TaKMX rpadeHOB XapaKTepH3YeTCs
KyOM4YecKol 3aBHCHMOCTBIO M 3aBHCHMOCTBIO YETBEPTOH CTENEHHM OT MMILYJIbCA, COOTBETCTBEHHO. PaccumTaHbl KO3(QUIMEHTH!
MIPOXOXKAEHHSI, OTpakeHHs U moriomenus. [lokasano, 4To K03 PUIMEHT MPOXOKIACHHA 1 I TPEXCIOHHOTO M YETHIPEXCIOHHOTO

rpadeHa YMeHbIIACTCS Y yBETHIESHAN HHTEHCHBHOCTH TIAfaomIeil BOMHSI | Mo acummToTHYeckoMy 3akoHy T oc | V2 u T oc |73

COOTBETCTBEHHO. HaiifieHo, 4TO TPeXCIOWHBIH M YCETHIPEXCIOHHBII TrpadeH AEeMOHCTPHPYET BO3pACTaHHUE OTPaXKaTEeIbHOMN
CIOCOOHOCTH B MOIIHOM HOJIE, B OTJIMYHME OT MHIYIHUPOBAHHOTO MOIIHBIM IIOJEM BO3pAacTaHUs HMPO3PAYHOCTH B MOHOCIIOHHOM
rpadeHe.

Haiineno, uto B ciaydae yetbipexcioiiHoro rpadena ¢ ABC ynakoBKO# €10OeB, KOTOPBIH 00IydaeTcss MOHOXPOMATHYECKOM
BOJIHOM, MHAYLIUPOBAHHBIA IEKTPHIECKHH TOK COAEPKUT TOJNBKO MEPBYIO M TPEThIO rapMOHUKH. IlomydeHO aHaIUTHUECKOe
BBIpa)KeHHE 111 3QQEKTHBHOCTU FeHEepaluy TpeTbel rapMOHUKH Grgy (OTHOIICHHS HHTEHCHBHOCTH M3ITy4CHUS TPEThEil TapMOHUKI
K MHTCHCHBHOCTH MAJaloIIedl BOJHBI) ISl YeThIpeXCIoiHOro rpadena. ITokazaHo, uto 3¢ ¢exruBHOCTh Grgy MPOMOPIMOHATBHA
BTOPO# CTETICHN MHTEHCUBHOCTH ITaJIAfOMIEil BOJHBI TOJBKO IPH JOCTATOYHO MaBIX |, a py GONBINOI MHTEHCHBHOCTH HaIaloIlei
BOJHEI 3 exTuBHOCTh Grgy CTpeMHTCS K KoHcTaHTe. Hackimienne 3¢ (peKTHBHOCTH TeHepaliy TpeThell TapMOHUKH 00YCIIOBICHO
yBeIH4YeHHEeM Kod(huIreHTa oTpakeHust. DPPEKTHBHOCTH T'eHepaluy TPETheil FTapMOHUKH B MOHOCJIOHHOM rpadeHe, B OTIHIHE OT
MPeABIAYIIEro ciIydas, HEMOHOTOHHO 3aBHCHT OT WHTEHCHBHOCTH IaJalolleid BOJHBI. MaKCHMyM JOCTHIAeTcsl NMPH JOCTaTOYHO
MayIoif HHTEHCHBHOCTH |, i 3((eKxTHBHOCTS B Makcumyme mopsiaka 107, uro Ha [Ba mOpsaKa MEHbIIE, HUeM B UETHIPEXCIIOMHOM
rpagese.

KnroueBble coBa: rpadeH, BO3pacTaHue OTpaXKaTeIbHOI CIIOCOOHOCTH B MOIITHOM I10JI, TeHepanus TPEeTheH TapMOHUKI

Introduction Strong enhancement of THG in a system of two

Linear dependence of electron spectrum on the
momentum causes many unusual properties of graphene.
One of them is a strong nonlinear electromagnetic
response. Nonlinearity of the response can be seen from
the dependence of the velocity on the momentum of
charged quasiparticles with the spectrum &(p)=vp. The

velocity is equal to v(p)=de(p)/dp=vp/p. In a very
strong electric field E(t)=E;sinwt the momentum
oscillates with the frequency @: p=eE,rsinwt, where
7 is the relaxation time (@z <«1). Then the electrical

current contains all odd Fourier harmonics and it is
independent of E;:

jt) =(4/ m)env[sin wt +sin(3wt) /3 +..],

where n is the density of carriers.

In [1, 2] nonlinear electromagnetic properties of
graphene were studied within the quasiclassical approach
based on the Boltzmann kinetic equation. The density
matrix approach was developed in [3-6]. It was predicted
in [3-6] that the third-harmonic generation (THG)
intensity in electron-doped graphene has the main peak at
ho=2s. 13, where & is the Fermi energy, and two

minor peaks at riw=¢; and hw=2¢.. Similar results
were obtained within the diagrammatic approach [7].

graphenes, one of which is the electron-doped, and the
other, the hole-doped, was predicted in [8]. The
approaches used in [1-8] are perturbative ones. In [9] a
nonperturbative theory of nonlinear electromagnetic
response of graphene was developed. The theory is based
on the exact solution of the kinetic Boltzmann equation
within the relaxation-time approximation. One of
interesting results of [9] is the absence of optical
bistability in graphene predicted in [10] but not confirmed
in [9]. Note that in [10] the exact solution of the kinetic
Boltzmann equation was also used but the answer was
expanded in series in the amplitude of the electric field.
The difference between the semiclassical [1,2,9,10] and
quantum [3-8] approaches is that the former ones take
into account only the electron band. The graphene
spectrum near Dirac points contains the electron and hole
bands that touch each other in Dirac points. A
nonperturbative approach that takes into account two
bands was developed in [11, 12]. The results of [12] are
based on a heuristic solution of the time-dependent Dirac
equation for the two-component wave function (graphene
Bloch equation). It was found in [12] that the contribution
of the hole band into the nonlinear response of electron-
doped graphene is essential only at 7o > & . While the

approach [9] is not valid at high frequencies (for instance,
it cannot reproduce peaks in THG intensity [3-8]), at low
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frequencies it gives adequate description. In particular, in
[9] the power-induced transparency in graphene and third-
, fifth- and seventh-harmonic generation at large input
power were described quantitatively.

The electron spectrum of bilayer graphene differs
from one of monolayer graphene. The bilayer graphene
has AB stacking of layers and the spectrum of the electron
band can be approximated by free electron spectrum

&(p) = p®/2m, where m is the effective mass. Therefore

at hw<g. and low temperature the electron-doped

bilayer graphene should not demonstrate any nonlinear
electromagnetic response. In the general case nonlinear
response of bilayer graphene can be comparable with one
of monolayer graphene [8,13]. The spectrum of few-layer
graphene depends on stacking of layers. Quite interesting
situation is realized in ABC stacked N-layer graphenes.
Their low-energy electron spectrum can be approximated
as [14,15]

ev(p)=vy p" /L], €

where v, =10° cm/s is the Fermi velocity in the
monolayer graphene, and t ~0.4 eV is the nearest-

neighbor interlayer hopping energy. Note that Eq. (1)
gives the spectrum of the monolayer and bilayer graphene
as well. One can expect that the spectrum (1) with N >2
reveals itself in an unusual nonlinear electromagnetic
response. In this paper we study nonlinear response of
graphene with the spectrum (1) using the semiclassical
nonperpurbative approach. The main attention is given to
the four-layer graphene ( N =4) for which an analytical
expression for the nonlinear part of the electrical current
can be obtained. For N =4 we calculate the dependence
of the transmission, reflection and adsorption coefficients
and the efficiency of the third-harmonic generation on the
intensity of the incident wave. The results are compared
with ones for monolayer graphene.

2. Nonperturbative expression for the electrical
current
We start from the Boltzmann kinetic equation in the
relaxation time approximation

of of f—f
—+eE(t)—=—"2, 2
ot ()ap T @

X

where  f; = f,(p,,p,) is the equilibrium distribution

function. The electric field is directed along the X -axis.
The exact solution of Eq. (2) with the initial condition
f(p,s Py, t) o= f, has the form [16]

_t
f(p,t)=e “f,(p, — Pe(t,0), p,)
lt -t (3)
+=[dt'e ~ f,(p, - pe (1), p),
TO

where
t
pe (t,t) =e[ dUE(t"). @)
4

At t> 7 the terms proportional to exp(-t/z) can be
neglected and Eq. (3) reduces to

f(p.t) = [dée f(p, — pe (t,t—£7), p)). (5)

The electrical current induced by the field E(t) is
calculated as

g,9.6
(27h)?

faze fan %P 1,(p, - (i £6)p,)

M=

(6)

where g, and g, are the spin and valley degeneracy (for
graphene g, =9, =2). We specify the case of low
temperature T (kT < &., where kg - is the Boltzmann
constant) and take f, in the form of a step function. Then
the integration over p,
analytically and we obtain

in Egq. (6) can be done

H gsgvepF T — b
i) :W!dfe 'f!dy[e(m [t.£.y])

—£(p_[t.& Y],

()

where

P.(t.SY) = Pe \/1+wa§ + 201, 1= 2,

I, = pe(t,t=S7)/ pe and p is the Fermi momentum.
Equation (7) gives the current for an arbitrary field E(t)
and for an arbitrary isotropic spectrum &(p) .

For a monochromatic field E(t) = E,sinwt and small
E, Eqg. (7) reduces to the Drude formula

) e’nev. _ sinwt — wr cos wt
t) = FE 8
J( ) pF 0 1+ (Q)T)Z ( )
where  v. =v(pg)=(de(p)/dp)|,.,. is the Fermi

velocity, and n is a two-dimensional density of carriers
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( n=9,9,p%/4xh*). The condition of smallness of E,
in the pure limit wzr>1is given by the inequality
eE, / wp; <1, and in the dirty limit oz <1, by the
inequality eE;z/ p. <1. At large E, the main term in
the current (7) in the system with the spectrum (1) is
proportional to E)'™*. In the dirty limit it is equal to

ek,

j(®) =env (N —1)!( ] 7 sinotfsinet| *. (9)

F
Up to the factor (N -1)! Eq. (9) coincides with the
estimate j(t) =env[p(t)] with p(t) =eE(t)r.

3. Transmission, reflection and absorption of high-
intensity incident wave in a four-layer graphene
At even N one can obtain from Eq. (7) the explicit
dependence of the current on the electric field. In
particular, for N=4

j(t) =env, Idge’f (1, +1T; ). (10)
0
The current (10) can be presented as a sum of a linear
and a cubic in E, terms: j=j® + j®. The linear term is
equal to

i () =env. E,[A (o7)sin ot

(11)
+B, (wr)cos wt],

where A(X)=x/1+x*) and
B,(X)=—x*/(+x?). Note that for N =4the exact

expression (11) coincides with the approximate one (8).
The nonlinear part of the current reads

Ew = eEO /pr !

9 =env, (E, ) [Auy (@7)sin et

+Bgy) (@7) COS 0t + Ay 5 (@7) SIN(30t) + (12)
Bs5 (@7) COS(30t)]
with

9 X

Foo 02 A )
ox*
T e (19
(x) = 3 X} (1-11x%)

Aoa¥) =7 @+ X2)(1+4x3)A+9x2)’
B(3,3) (x) = 2 i (1_2X ) 2y "

1+ x7)A+4x7)(2+9x%)

The obtained dependences (11) and (12) allows to
calculate the transmission, reflection and absorption
coefficients for a monochromatic wave as a function of
the incident intensity. We consider the normal incidence.
We are interested in a frequency range in which the
wavelength is much larger than the thickness of four-layer
graphene. In this case the graphene can be treated as a
zero-thickness boundary between the upper and the lower
half-spaces. We take the electric field of the transmitted
wave in the form

E, (t) = E, sin(wt +kz),
the field of the incident wave, in the form
E,.(t) = E2_sin(at +kz) + E>. cos(at +kz)

and the field of the reflected, in the form

E,, (t) = E2, sin(wt —kz)+ E®

ref ref

cos(awt —kz) .

The dielectric constant of the environment is assumed
to be equal to unity. The boundary conditions yield the
following relations between the amplitudes

2
a eEl’
Einc = Etr [l+ Aiﬂm + A.’S,l)ﬂa) [?‘a)] :lv

2
eE,
Ei?]c = ﬂw Etr I:Bl + B(3,1)ﬂw [_tj },

pe@
a _ a b _ b
Eref - Etr - Eincl Eref - _Einc’

(14)

where the coefficients A, B, A;,, B, are given by Egs.
(13) at X=wr and

27e’nv,
B,=——
wcp;

(c is the light velocity). From Egs. (14) we obtain the
system of equations for the intensities of the incident ( I,

), transmitted (1,,) and reflected (I, ) waves:

ref

T = T [A+AB, + Ay BT, )
+B2(B,+ By I )1,

T = [ BI(A + Asy T, )
+(B, + By, )*1,

(15)
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where the intensities are normalized to the quantity

I @ P jz
N 87r e

(Tnegeet vy = Vineqeer ary ! 1,)- I the pure limit (w7 1) Egs.
(15) reduce to

(16)

In the dirty limit ( @z < 1) we introduce the variables
IT

inc(ref tr)

/1. ,where

=)

and reduce Egs. (15) to the form

|nc(ref Jtr)

- 9 .V
e = |§(1+ﬂ,+§ﬂf|éjv

X (17)
ref _Ilrﬁ (l—i__l )
where
_ 2ze’nver
‘ o
Solving Egs. (15) (or, Egs.(16), (17) in the

corresponding limiting cases) we find the coefficients of
transmission T =1,/1,,, /1, and
adsorption A=1-R-T . We emphasize that Egs. (15) do
not take into account losses of energy caused by
generation of third harmonic. We will see below that
these losses are small.

At low intensities the transmission and reflection are
determined by g, or g : In the pure limit

T=1/1+p) and R=p5%/(1+/%).
T=1/+B), R=411+B) and A=281(1+B.)
. At high input intensity the transmission decreases by the

reflection R=1

ref

In the dirty limit

law T oc1/12® and it goes to zero at infinite intensity.

inc
Using Eg. (9) one can show that in three-layer graphene
the transmission coefficient decreases by the law

T 1/ 1% at large intensity of the incident wave.

inc

4. Third-harmonic generation in four-layer graphene
Nonlinear response causes generation of harmonics. In
systems with inversion symmetry only odd harmonics are
generated. The harmonics are generated by the component
the electrical current that oscillates with the
corresponding frequency. Usually the intensity of the
third harmonic is the largest one. To calculate the
efficiency of THG (the ratio of the intensity of the third

harmonic 1® to the input intensity I. ) we should obtain

the equation for the electric field of the wave emitted at
the frequency 3w . This field is taken in the form

inc

E.® =+[E] sin(3mt + 3kz)
+E, cos(3wt +3kz)],

where the upper/lower sign corresponds to the field in the
upper(lower) half-space. The boundary conditions yield

(1+Ap,)E; -BS,E; =
E,
AY33)ﬂ(u tr[[e)': j '

(18)
B.S,Es +(L+ApB,)E] =

ek,
- (33)ﬁw Ir(ppa)j’

where A;jand B, are given by Egs. (13) at X=wr .
In Egs. (18) we neglect the terms of higher orders in E,
and E}". Using Egs. (18) we find Ejand E;and
calculate the efficiency of THG:

1@ )
G=I—=T3 —ine

Note that in Eq. (19) the transmission coefficient T

depends on the input intensity I, . In the pure limit Eq.
(19) reduces to

{U(A(33) (33)) .
@+AB,) + BB

(19)

() £
_16(ij 1+ (20)

[

It the dirty limit we obtain

2 2

9T [ inc j ﬂ
4 1+8)
At small input intensity the efficiency G is
proportional to the second power of the intensity of the

(21)
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incident wave. At high input intensity T oc1/ 12 and G

approaches the constant value. In the pure limit this value
is equal to

1
_— 22
81(1+2) @2)
and in the dirty limit, to
G - — (23)
91+4,)

One can see that even at very large intensity of the
incident wave relative losses caused by THG do not
exceed 0.02 in the pure limit and 0.2 in the dirty limit (we
take into account the emission into the upper and the
lower half-spaces).

It is instructive to compare the efficiency of THG in
monolayer and four-layer graphene. Let us do it in the
dirty limit. In this limit the current (7) in the monolayer
graphene is given by the following Fourier series

i) = envo[fl[eE”T]sin ot
p:

(24)

+f, [EE“Tjsin(Sa)t) w1

F

2z
where the functions f, (X) = E f dysin(ny)g[xsin(y)] are
7%

Fourier coefficients. The function g is defined as

g(z) = %Tdéeijfdy[\lh 22E 4 228 \[1-y?
N PO |

Using the relations (14) we obtain the equation for the
intensities of the incident and transmitted waves

)

from which we calculate the dependence of i on I’

inc

(25)

Then using the boundary conditions for the third

harmonic we obtain the equation for 1®:

744 (7)1, (),

(26)

where T® =19 /19 Finally we find the dependence

1@ (i) and calculate G =1® /1__ asa function of I’

inc inc *

5. Numerical estimates and discussion
To estimate the values of the effects described we
consider a four-layer graphene with the density of carries
n=4.102 cm® It corresponds to &. ~46 meV. For

such ¢ the spectrum (1) is a good approximation.

Taking the frequency w=27-102 c¢* we obtain

B, ~0.65 and |, ~0.28 MW/cm? Considering the dirty
limit we take z=0.1 ps. For such 7 we get S ~0.41
and 1. ~0.72 MW/cm?. To compare the results for four-
layer and monolayer graphene we specify the density of
carries in the monolayer graphene n=10% cm? (the
same density per layer). It corresponds to & =~0.12 eV.
Taking 7=0.1 ps we obtain S ~0.26 and | ~0.18

MW/cm?.

In Fig.1 we present the dependence of the
transmission and reflection coefficients on the intensity of
the incident wave for four-layer graphene in the pure limit
calculated for the parameters given above.

1.0
0 R

0.81
x 0.6
|_

0.4

0.2 T

0.0 . ' . L
0 5 10 15

IinC /lm

Fig. 1. Transmission and reflection coefficients in four-layer
graphene in the pure limit versus the intensity of the incident
wave.

In Fig.2 the transmission, reflection and absorption
coefficients in a dirty four-layer graphene as functions of
the intensity of the incident waves are shown. Note that in
physical units (MW/cm?) the ranges of input intensities in
Fig. 1 and Fig. 2 are almost the same. One can see that the
main difference between the pure and dirty limits is
nonzero absorption in the latter case. The absorption
coefficient depends non-monotonically on the intensity of
the incident wave and decreases at large input power. The
transmission decreases and the reflection increases at
large input power in the pure and in the dirty limits.
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Fig. 2. Transmission, reflection and absorption coefficients

in four-layer graphene in the dirty limit versus the intensity
of the incident wave.

In Fig. 3 the efficiency of THG in pure and dirty four-
layer graphenes is presented. One can see that quadratic
dependence of the efficiency on the intensity of the
incident wave survives only at very small intensities. For
the parameters considered the maximum efficiency does
not exceed few percents. At the same input power the
efficiency of THG in a dirty graphene is larger than in a
pure one. The efficiency of THG is the increase function
of the intensity of the incident wave.

05}
N 04}
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~ 03}
O o2t
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0.0
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|inc /Ir

0.0

0 2 4 6
Fig. 3. The efficiency of third-harmonic generation in the

pure (a) and the dirty (b) limit in four-layer graphene versus
the intensity of the incident wave.

To compare the behavior of four-layer and monolayer
graphene we calculate the transmission, reflection, and
absorption coefficients in a dirty monolayer graphene for
the same 7 and for the same density of carries per layer.
The result is displayed in Fig. 4. Note that for the
parameters specified the reference intensity | for

monolayer graphene is in four times smaller than for four-

layer graphene. In physical units the range of intensities in
Fig. 4 is in two times smaller than in Figs. 1-3. Figs. 2 and
4 illustrate the difference in the nonlinear response of
few-layer and monolayer graphene. The former one
demonstrates the power-induced reflectance while the
latter one, the power-induced transparency. We
emphasize that this difference emerges if the frequency of
the incident wave satisfies the condition @ <e&. /7 that

corresponds to the frequency range up to several
terahertz.

0.8 %’f
< 06/
n'd

04!

02—

LA
0.0 0 5 1
0 Iinc / Ir
Fig. 4. Transmission, reflection and absorption coefficients

in monolayer graphene in the dirty limit versus the intensity
of the incident wave.

The efficiency of THG of monolayer graphene is
shown in Fig. 5. One can see that it is in two orders
smaller than one for the four-layer graphene (Fig. 3b).
Another difference is that the efficiency Fig. 5 is a
nonmonotonic function of the intensity of the incident
wave with the maximum at rather small intensities. The
differences are connected with that the amplitude of the
third harmonic of the electrical current (24) saturates at
large electric field, while the amplitude of the third
harmonic of the current (12) is proportional to the third
power of the electric field. The saturation of THG
efficiency in Fig. 3 is solely due to decrease of the
transmission T.

0.02
o
o

@“0.01

0.00 - . .
Fig. 5. The efficiency of third-harmonic generation in the
dirty limit in monolayer graphene versus the intensity of the
incident wave.
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One should note that in this study we neglect mixing
of the first harmonic with generated third harmonic. This
effect results in fifth-harmonic generation, a reduction of
reflection and lowering of the efficiency of third-
harmonic generation at very large input intensities. In the
range of I;,. considered two latter effects are small, less
than one percent, and an error in dependences presented
in Figs. 1-5 does not exceed 0.01.

6. Conclusion

In conclusion, we have shown that nonperturbative
theory of nonlinear electromagnetic response developed
for monolayer graphene can be generalized to the system
with an arbitraty isotropic spectrum of carriers. The
nonperturbative approach is applied to the study of
nonlinear electromagnetic  properties of few-layer
graphenes with ABC stacking of layers. It is established
that nonlinear behavior of electron-doped N-layer
graphenes with N>2 differs significantly from one of
monolayer graphene. We predict that the transmission
coefficient T of three- and four-layer graphene decreases
under increase in the intensity of the incident wave I, by

the asymptotic law T oc1/ 12" ™MD We show that the

efficiency of third-harmonic generation in four-layer
graphene approaches the constant value at high I. , in

inc !
contrast to the case of monolayer graphene where this
quantity reaches its maximum at certainl, and then

decreases under further increase of 1, . The difference is

connected with saturation of the amplitude of third
harmonic of an electrical current induced in monolayer
graphene by a monochromatic field and the absence of
such saturation in few-layer graphene. The efficiency of
third-harmonic generation in a four-layer graphene can
reach several percents which is two orders in magnitude
larger than the maximum efficiency in monolayer
graphene.
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IHOOPMALIIA JIIST ABTOPIB CTATEN
xypHaiy «Bicank XHY imeni B.H. Kapazinay. Cepis «®Pizuka»

VY xyprani «Bichuk XHY imeni B.H. Kapasina». Cepis «®Di3uka» IpyKyIOTbCS CTaTTi Ta CTHCII 32 3MIiCTOM
MTOBITOMJICHHS, B SKWX HaBEJICHI OpUTIHAIBHI PE3yNbTaTH TCOPETHYHUX Ta CKCIIEPHUMEHTATBFHIX TOCITIKCHD, a TAKOXK
AQHATITHYHI OTJISAN JTITEPaTypHUX JDKEPENT 3 Pi3sHOMAaHITHUX aKTyalbHUX MPoOsieM (i3uKH 32 TEMaTHKOIO BHIAHHS.

Mosga crareii — ykpaiHCbKa, aHIUIiHiCbKa Ta pOCiiChKa.

TEMATUKA XXYPHAJTY

1. Teopetnuna ¢izuka.

2. ®i3uKa TBEpIOTO TiNa.

3. di3uKa HU3BKHUX TEMIICPaTypP.

4, ®i3uKa MardiTHUX SIBHILI.

5. OnTHKa Ta CIIEKTPOCKOIIIsI.

6. 3arampHi mUTaHHSA (DI3UKH 1 cepel HUX: METONOJIOTIS Ta icTopis (i3UKH, MaTeMaTHYHI METOIN (i3MIHHX

JIOCTIKEHBb, METOIMKA BUKJIaIaHH (Di3UKH Y BHIIIH KO, TEXHIKA Ta METOANKA (Pi3MIHOTO EKCTICPUMEHTY TOIIIO.

BUMOT'U JIO O®OPMJIEHHS PYKOITMCIB CTATTEM

3araibHuUi 00CAT TEKCTY PYKOMHUCY CTATTI MOBUHCH 3aliMaTH HE OuIbIIe, HXK 15 CTOPIHOK.

Pykommc cTarTi CKIama€eThes 3 TUTYIBHOI CTOPIHKM, Ha SKiH BKa3aHHO: Ha3Ba CTATTi; iHIIIaNW, MpPIi3BUIIA Ta
ORCID =Bcix aBToOpiB, momTOBa ajpeca YCTaHOBH, B SKii Oyia BHKOHaHa poOoTta; kimacudikamiiHUN iHIEKC 3a
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1 Ha3BOIO CTaTTi, BUKJIAACHI YKPaiHCHKOIO, POCIIICHKOIO Ta aHIIIHCHKOIO MOBAMH; OCHOBHHMH TEKCT CTaTTi; CIHCOK
JITEpaTypy; MiAIHUCH i/l pUCYHKaMu; TabJIML; pucyHKHU: rpadiku, GoTo3HIMKH.

AHoTAIlis1 YKpaiHCHKOIO MOBOKO TMOBHUHHA OyTH 3a 00'eMoM He MeHbIn HiK 1800 cimBomniB. CtaTTst moBuHHA OyTH
CTpyKTOpOBaHa. BUCHOBKM NOTPIOHO MPOHYMEPOBATH Ta B HUX MOBUHHI OyTH BUCHOBKH, a HE TIeperucaHa aHOTallisl.

EnexTpoHHMI BapiaHT pyKOIMCY CTATTi MOBUHEH BIAINOBIZATH TAKUM BHMOTAaM: TEKCT PYKOIHCY CTaTTi MOBUHEH
Oytu nHabpanwuii y popmari MicrosoftWord sepcii 2013, BupiBHIOBaHHS TEKCTY NOBUHHE OYyTH 3/1IHCHEHE 3a JIIBUM KPAEM,
rapHitypa TimesNewRoman, 6e3 mponucHux OykB y Ha3BaX, OyKBH 3BHYAIHI PSAIKOBI, 3 TIOJSIMH JIiBOPYY, IIPABOPYH,
3Bepxy 1 3HU3Y 10 2,5 cM, popmyiu nmoBuHHI OyTH HaOpani B MathType (He Huwkde Bepcii 6,5), y GopMyIax KUPHITHIS
HE JIOMYCKAEThCs, CHMBOJIM 3 HIDKHIMU 1 BEPXHIMU iHAEKcaMu ciiij HabupaTtu B MicrosoftWord, mmpuna Gpopmysu He
o6inbuie 70 MM, rpadiku ta dpororpadii HeoOXiaHO NogaBaTH B rpadiuHoMy dopmari, pospizHeHHs He Meniie 300 dpi,
nommpeHHs (GaiiiB moBUHHO OyTH *.jpg, IIMPHHOO B OJIHY UM JIBI KOJIOHKH, JIJIsl OJIHIET KOJIOHKH PO3MIPH: 3aBILIUPIIKA
8 cM, a1 1BoX KOJOHOK — 16 cM. Macmrad Ha mMikpodoTorpadisx HEOOXiJHO MPEACTaBISATH y BUIISI MacITaOHOT
JHHIAKH.

BUMOTI' 1O O®POPMJIEHH I'PA®IKIB
TopuuHa niHii He 6inmbmre 0,5 MM, ane He meHtre 0,18 MM. BennanHa niTep Ha mianucax 10 pUCYHKIB He Outbmn 14
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MH®OPMAILMA JIII ABTOPOB CTATEN
xKypHana «Bectank XHY umenn B.H. Kapasuna». Cepust «Duszuxar
B xypnane «Bectouk XHY umenun B.H. Kapasuna». Cepus «®Dusuka» nedataroTcs CTaTbU U KOPOTKHE IO
COJICP’KaHMIO COOOIICHUS, B KOTOPBIX NPHUBEICHBI OPUTHHAIBHBIC PE3YJIbTaThl TEOPETHIECKUX M IKCIIEPUMEHTAIBHBIX
HCCIIEJOBAaHNH, a TAK)Ke aHATMTHYCCKHE 0030PbI JINTEPATYPHBIX NCTOUYHUKOB IO PA3IMYHBIM aKTyaJlbHBIM MpoOsieMaM
(U3UKH IO TEMATHKE U3IAHUSL.

SI3bIK cTaTel - YKpauHCKUN, aHTJIMIUCKUI U PYyCCKUIA.

TEMATHUKA XYPHAJTIA
Teopernyeckas Gpusnka.

®du3zuka TBEpAOTo Teja.
®u3nKa HU3KUX TeMIEpaTyp.
du3nKa MAarHUTHBIX SIBJICHUH.

OnTrKa U CIIeKTPOCKOIIHSI.

o0k wbdE

OOmme Bompochl (U3MKKM W Cpeau HHUX: METOJOJOIWS M HCTOpHs (HU3MKH, MaTeMaTH4ecKHe METOIbI
(du3MYecKnX HCCIEOBaHMN, METOAMKA IpenoiaBaHus (U3MKH B BBICIICH IIKOJIE, TEXHMKa M METOAMKA
(U3MUECKOTO HKCIIEPUMEHTA.

TPEBOBAHNS K O®OPMJIEHUIO PYKOITMCH CTATbU

OOmmnit 00beM TEKCTa PYKOIMCH CTaThU JOJDKEH 3aHUMAaTh He Ooree 15 cTpanu.

Pykonuch ctaTbu COCTOUT U3 THTYJIBHOTO JINCTA, HA KOTOPOM YKa3aHHO: Ha3BaHHE CTAaThbH; MHUIMAJbI, (PaMUINU U
ORCID Bcex aBTOpOB, MOYTOBBINA aapec YUPCSIKICHHS, B KOTOPOM ObLIa BBIMOJHCHA padoTa; KJIACCH(PUKAIMOHHBIN
nanekc mo cuctemamM PACS wm V]/IK; aHHOTamum ¢ KITIOYEBBIMH CIOBAaMHU Ha OTICIBHOM JIHCTE C (aMuUiIned u
WHHIMAJIaMU aBTOPOB M HA3BAHUEM CTaThH, M3JI0KECHHBIC Ha YKPAHMHCKOM, PYCCKOM M aHTIMHCKOM SI3bIKax; OCHOBHON
TEKCT CTaTbH; CIIUCOK JINTEPATYPBL; MOANMCH MO PUCYHKAMH; TAOJIHUIBL; PUCYHKH: TpaduKn, HOTOCHUMKH.
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CTPYKTYpHpOBaHa. BBIBOIBI HY)KHO MPOHYMEPOBATHI M B HUX JIOJDKHBI OBITh BHIBOJIbI, @ HE TIEPENcaHasi aHHOTAIHS.

DJIEKTPOHHBIN BapUAHT PYKONMCHU CTaThHU JIOJDKEH COOTBETCTBOBATH CJICAYIOIIMM TPEOOBAHUSIM: TEKCT PYKOIUCH
cratbu OOoJDKeH ObiTh HaOpan B dopmate MicrosoftWord Bepcum 2013, BeIpaBHHBaHHE TEKCTa MOIDKHO OBITh
OCYIIECTBIICHO TI0 JIEBOMY Kpato, rapauTypa TimesNewRoman, 0e3 mponucHBIX OyKB B Ha3BaHUSX, OYKBBI OOBIYHBIC
CTPOYHBIE, C IMOJSIMU CJIEBA, CIIPaBa, CBEPXY M CHHU3Y 1O 2,5 cM, (GopMyiibl HODKHBI ObITh HaOpansl B MathType (He
HIDKE Bepcuu 6,5), B GopMyax KHPHIUIMIA HE JIOMYCKACTCsl, CHMBOJIBI C HIDKHUMH M BEPXHUMHU MHJEKCAMH CIIETyeT
Habupate B MicrosoftWord, mmupuna dopmyrnsl He 6onee 70 mwm, rpadukn u poTorpadum HEOOXOIUMO MOIABATH B
rpaduueckom opmarte, pasperienue He meHee 300 dpi, pacimpenue GailyioB TOKHO OBITh *.jpg, MIHPUHON B OJTHY
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