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IPPDEKT «3AOBEIEN AOAUHBI» )
ITPU ITEPEAAYE TOAOTPA®UYECKUX U30BPAKEHUN

C. A. HIOH/JHH", A. JI. IA30EB"

1 . . .
)Cubupcruti 20cydapcmeennbiii yHugepcumen 2e0cucmen u mexHono2utl,
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KauecTBO KOMIIBIOTEPHO-CHHTE3WPOBAHHBIX N300PKEHUI HEMTPEPHIBHO YIIYUIIAETCSI, YTO MPUBOJANUT K YBEIHMUCHHUIO
oObpeMa (paiiiioB, coepyKanIix dTH U300paxeHns. OTHAKO BOCIPHUATHE N300paKEHNH YEITOBEKOM ITPOXOJUT HECKOIBKO
sTanoB. Eciu nepBOHAYaIbHO YCIOXKHEHHE M300paXeH!UsI U MPUONMKEHNE €r0 K pealbHOMY OOJIMKY 4YesloBeKa MPOU3-
BOMAT ONaronpusaTHOE BIeYaTIeHHE, TO TOTOM HACTYyMaeT MOMEHT UCIyra U OTTOpKeHHs. Macaxupo Mopu Ha3Basl 3TO
addexrom «3noBenierd goarHb». C 1enblo n30exars 3Toro 3h¢Gexra Bce HOBbIE TEXHOIOTHH MPE/ICTABICHUS BHEIIHETO
BHJIa YEJOBEKa MOABEPraloTCs TeCTHpOoBaHuio. ClienyeT yaeasTh 0co00e BHUMaHHE d(PQEKTY «3II0BEIICH TOTUHBD) MTPH
C)KaTHHU U TIOCJIETYOIIEM BOCCTAHOBIICHUH CIIOXKHBIX M300pakeHui. B HacTosmieit paboTe mokazaHo MOIOXKEHUE OTHO-
CHUTENFHO «3JIOBEIIel MOMUHEBD 3D-m300pakeHN, BOCCTAHOBICHHBIX TOJMIOTPaMMON, CHHTE3UPOBAHHON M TIepeTaHHON
€O CKAaTHEM IO paguoKaHaIy B COOTBeTCTBUH ¢ mareHToM RU2707582C1.
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«UNCANNY VALLEY» EFFECT
IN HOLOGRAPHIC IMAGE TRANSMISSION

S. A. SHOYDIN®, A. L. PAZOEV*

Siberian State University of Geosystems and Technologies,
10 Plakhotnogo Street, Novosibirsk 630108, Russia

Corresponding author: S. A. Shoydin (shoydin@ssga.ru)

The quality of computer-synthesised images is continuously improving, increasing in the volume of files representing
them. It is noticed that passing from simple schematic images to increasingly complex ones, their perception goes through
different stages. If initially the complication of the image and its approximation to the real image of a person makes a favou-
rable impression, then there comes a moment of fright and rejection. Masahiro Mori called it the «uncanny valley» effect.
Since then, all new technologies for presenting human images have been tested in order to avoid this effect. This effect should
be treated especially carefully when compressing and then restoring complex images. This paper shows the position re-
lative to the «uncanny valley» of the reconstructed 3D images, reconstructed by a hologram synthesised and transmitted
with compression over the communication channel in accordance with patent RU2707582C1.

Keywords: holography; holographic information; 3D object; «uncanny valley» effect; information transfer; 3D aug-
mented reality; 3D image quality.

As it was shown in [1—4], in order to transmit 3D holographic video content via conventional communica-
tion channels, it is necessary to organise a significant compression of holographic information. However, as it
was shown in [5], based on the analysis of the current state of work, traditional methods of entropy coding
today are far from being able to implement the 106 times compression of holographic information required for
such transmission. Therefore, a method was proposed for transmitting 3D holographic information in the form
of two main 3D image modalities — 2D texture of the surface of the holographic object and its 2D topographic
depth map [6], which allow transmitting 3D holographic information with significant compression, similar to
the transmission of a radio signal by SSB method.

In [5-8], the results of the synthesis of such a computer hologram were shown and an experimental test of
the possibility of transmitting 3D holographic information in this way with a television frame scan frequency,
according to which a computer hologram was synthesised at the receiving end of the communication channel,
restoring a three-dimensional image of the holographic object with quasi-continuous parallax and high quality
of the restored image, not worse than the Full HD standard.

The quality of the 3D image restored by such a hologram is significantly closer than all previously known
methods to the real perception of a human image. Dynamic virtual holographic image is even closer to reality.

And here there is a danger — the so-called «uncanny valley» effect [9], when the degree of similarity of the
robot image, or 3D model, approaching the image of the living original does not yet reach one hundred percent
coincidence, but it is already close enough. It is difficult to quantify this «close», but before reaching this limit,
the 3D model emotionally suddenly begins to be perceived by a person as a danger, as a being of another, in-
comprehensible and even afterlife (fig. 1).

There are a number of studies of such an emotional reaction of people to the appearance of robots. At first,
the results were predictable: the more the robot looks like a human, the cuter it seems, but only up to a certain
limit. The most humanoid robots unexpectedly turned out to be unpleasant to people because of minor incon-
sistencies in reality, causing a feeling of discomfort and fear (fig. 1).

5
:

HUMAN LIKENESS

Fig. 1. An increase in the degree of human likeness leads,
at a certain level, to a failure of plausibility
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The unexpected decline in the «sympathy» graph (fig. 2) was called the «uncanny valley», moreover, it was
found that animation enhances both positive and negative perceptions manifested near the «uncanny valley».
Negative emotions first tell us that such details cannot exist in a living object, it is something inanimate, then,
when approaching the image of a living person, negative emotions go through the roof.

a

Uncanny
+ valley
Humanoid
cartoon

character g

Mechanised
humanoid -
robot fa

Industrial rol;V
5 =
Resemblance mmmp- 50 %
to a person

Attractiveness

100 %

Humanoid robot
- with «skin»

CREDIT: W.DISNEY/EVERETT/REX FEATURES

Fig. 2. Emotional assessment of a person:
a — with an increase in the degree of human likeness of the image
or the observed object has a sharp decline near full similarity;
b — a humanoid with «skin»

And only then, with a further increase in the degree of similarity, emotions rise quite sharply, reaching the
level of a full-fledged benevolent perception.

Of course, in our research we could not but touch on this problem, although throughout our work in
the last 10 years nothing like this has ever been found regarding the 3D images we have studied. This is
probably due to the high level of image resolution taken from the very beginning, comparable or even
exceeding the standards of today’s high-definition television, such as Full HD and 4K. The resulting tex-
ture of real 3D images processed in this paper has long been known to us from modern photo and video
materials. Figure 3 shows the assembly of images of a colour frame which has been transmitted in a series
of frames as a short TV plot. You can also see the image of a living person; you can see both vertical and
horizontal parallax.

There is also clearly no «uncanny valley» effect. There is no feeling of discomfort and fear when perceiving
these images either in static or in dynamics. This means that the virtual 3D image transmitted and restored in this
way is located significantly to the right of the so-called «uncanny valley».

It should also be noted that the depth map of the holographic object obtained in this work and the texture of
its surface (fig. 4) are also not perceived as images of hostile humanoid creatures.
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Fig. 3. Storyboard of the video image
which has been transmitted over the radio channel

Fig. 4. Storyboard of the video image transmitted over the radio channel:
depth maps (a); textures (b)
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Moreover, the assembly in fig. 4, @, which shows the parallax of only the depth map of a 3D object (mask),
is really perceived as a mask similar to the death mask that we know, for example, from the famous mask of
A. S. Pushkin, and therefore somewhat alarming, although it does not cause significant negative emotions.
This can be explained by the same «uncanny valley» effect, since the image is already close to the real one, but
still different, resembling the smooth surfaces of polygonal technology. But the assembly of texture images in
fig. 4, b, which have undergone affine transformations corresponding to the isometric projections of the previous
two image assemblies, does not cause negative emotions at all.

Comparing the above images with the images in fig. 2, b, it can be seen that the 3D polygonal representa-
tion, despite the fact that it creates a significantly greater computational load than 3D images under the patent of
the Russian Federation No. 2707582C1, that significantly inferior to the latter, which have a smaller amount
of information transmitted over the communication channel. Taking as a basis the chart developed in [9], we
can add our place on this graph.

The marks I and IT shown on the curve (fig. 5) correspond to the emotional assessment of the image (see fig. 4, b,
and fig. 3). Interestingly, both colour (see fig. 3) and black-and-white frames (see fig. 4, b) caused approxi-
mately the same sense of perception among the respondents. Marks I and II on the emotional perception curve
of a complete 3D colour image (see fig. 3) represent the range of variance of the assessments of a group of
64 surveyed students of different courses. Mark I corresponds to the worst emotional perception of the image
restored by the hologram at the receiving end of the communication channel (see fig. 3 and fig. 4, b), and mark II
corresponds to the best in both fig. 4, b, and fig. 3. The range of the spread of the estimated marks I and II on
the graph (see fig. 5) did not exceed 5.7 %.
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Fig. 5. The emotional reaction of a person with an increase in the degree of human likeness
of the image of the observed object has a sharp decline near full similarity.
Marks I and II correspond to the range of perception of images from fig. 3 and fig. 4, b

According to the survey results, it can be concluded that the presented images of 3D portrait projections of a per-
son are perceived as an image of a real, living object, emotionally closer to a living person than to a humanoid bunra-
ku doll, which itself is already evaluated without a sense of fear and is on the graph in the field of positive emotions.

Apparently, such a good result of the evaluation of the presented images is associated with the high resolution
of the standard of the photo image used, which transmits even small wrinkles on a person’s face, bringing his per-
ception closer to the real one. Together with the image of a 3D mask, this allows you to create quite adequate TV
content, closer to 3D augmented reality than 3D content with polygonal graphics, not to mention voxel graphics.

This confirms the viability of the method used in this work for representing a 3D dynamic stream of a ho-
lographic image in the form of two streams of 2D dynamic, mutually consistent content, in which each 3D
holographic frame is digitally synthesised by two corresponding frames, one of which represents a map of the
surface of the object, and the other — the texture of its surface.
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OOTOOPUEHTALIUA ) KUAKUX KPUCTAAAOB
AASL ©OPMUPOBAHUSA PA3OBLIX ITPOPUAEN
3A CUET PACITIPEAEAEHUSI TEOMETPUTYECKOU ®A3bI

B. KO. CTAHEBHY", A. A. MYPABCKHH""?

])I/IHcmumym xumuu nogvix mamepuanos HAH Benapycu,
yi. @panyucka Cropunvl, 36, 220141, . Munck, Berapyco
D Benopycckuii 2ocyoapemeennviii yrusepcumen, np. Hesasucumocmu, 4, 220030, 2. Munck, Benapyce

Jlansbl IpezicTaBIeHUsS O TeoMeTpuyecKoil (ase, mim ¢aze [lanuaparnama — beppu, ee npuposie u NPUMEHEHUHN IS
co3aanHus POTOHHBIX KUIKOKPUCTAIUINIECKUX YCTPOUCTB B BUIE (POTOOPHEHTUPOBAHHBIX TOHKHX INICHOK HEMaTHIECKUX
KHUJIKUX KpUCTAIUIOB. OTPaXCHO 3HaUE€HUE CHIIBHOW a3UMYyTaJIbHOW SHEPTUH CLEIUICHHS, a TAKXKe JBYIydeNpeTOMICHUS
B IUIEHKE ()OTOOPUEHTAHTA KHKOTO KpHCTa/LIa 11l (JOPMUPOBAHMS I'PAJMCHTOB reoMeTprueckoi (aspl. [Tokazana 3a-
BHUCHMOCTB Ha0era (ha3bl NUPKYISIPHO MOIIPU30BAHHOTO CBETA, IPOXOAAIIETO YePEe3 MOIYyBOIHOBYIO (Da30BYIO IIIIACTHHY,
OT a3MMYTaJBHOTO YIJIa OPUEHTAIMH TIJIACTHHBI, 1 OTMEYEHO YTO J[aHHAasl 3aBUCHMOCTb JISKUT B OCHOBE ()OPMHUPOBAHMS
pacIpesieNieHls TeOMETPUIECKOr (Da3bl ONTHIECKUX JKUAKOKPHCTAUINIECKAX YCTPOUCTB, pabOTAIONINX B IUPKYIISIPHO
MOJISIPU30BAHHOM cBeTe. BBeneH 3 deKkTHBHBIN MOKa3arellb MPEeIOMICHHUS sl XapaKTEPUCTUKU ONTUYECKUX CBOMCTB
JIMHEHHOW MepHOIMYECKON CTPYKTYpPBI JKHJIKOTO KpHCTailIa, (OPMHUPYIOIIEi MpoQHiIb MOBEPXHOCTH I'€OMETPHUYECKON
¢asbl. [IpuBeneHbl MpUMepsl YCIEHIHON peanu3anni (POTOHHBIX JKUJAKOKPHCTAIUINYECKUX YCTPOUCTB (TIOJISIPU3aIMOH-
Hast TU(paKIMOHHAs peIeTKa, KOJbIieBas IN(PPaKIMOHHAs PEIIeTKa, ¢-TNIACTHHA, ¢-IUIAaCTHHA C (a30BBIM SIPOM), JUIs
KOTOPBIX BBITMIOJIHEH aHAJIN3 PaclpeiesieHni TeoMeTpudeckoi (a3sl M MOCTPOSHBI NpoduiIn (pa30BbIX MOBEPXHOCTEMH,
oOecrieunBaomuX QYHKIIMOHUPOBAHUE YCTPONUCTB.

Knrouesvie cnosa: dhazosbiii npoduib; reomerpuueckast Gpasa; hasa [Tangaparaama — beppu; GporoopueHTaIMS; KUIKHE
KPHUCTAJUTBI, (POTOHMKA KHUIKAX KPUCTAILIOB.
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The significance of the strong azimuthal anchoring energy and the role of birefringence in liquid crystal photoalignment
layer for formation of geometric phase gradients are shown. The dependence of phase retardation of circular polarised
light passing through the half-wave phase plate on the azimuthal angle of the plate orientation is explained in details, as it
gives ground to formation of geometric phase distribution of optical liquid crystal devices, working in circular polarised
light. The effective refractive index is introduced for characterisation of the optical properties of linear periodic liquid
crystal’s structure that forms profile of geometric phase surface. The successful implementations of photonic liquid crystal
devices (polarisation diffraction grating, annular diffraction grating, g-plate, g-plate with a phase core) are analysed in
terms of geometric phase distributions and the corresponding equations of profile of the phase surfaces that ensure func-
tioning of the devices are presented.

Keywords: phase profile; geometric phase; Pancharatnam — Berry phase; photoalignment; liquid crystals; liquid crys-
tal photonics.

BBenenune

3a mocnmexnaue 15 et ycnexu TeXHOMOTHH kuakux kpuctamuioB (OKK) mamw uMImynbe MosSBICHHUIO TIEPEIO-
BBIX OTNITHYECKUX MaTePUAJIOB VIS CO3MAaHUS HOBBIX (DOTOHHBIX YCTPONCTB. 3HAUNTEIHHBINA yCIIeX 00yCIIOBICH
pasButuem TexHosnorui opuenrtanuu JXKK n pazpadorkoit 3¢ (eKTUBHBIX (POTOOPHEHTUPYIOMINX MaTepPHaIoB,
TOHKHE TJICHKH KOTOPBIX 00ecIieurnBaloT BO3MOKHOCTH 3ajaBarh HampasieHnue opuentanuu JKK Ha ux mo-
BEPXHOCTH COTJIACHO OPUEHTANINY JTMHEHHOW MOJISPU3AINY MTPEIIECTBYIONIEr0 CBETOBOTO BO3IEHCTBHS. DTO
TTO3BOJIMIIO PEaIN30BaTh KOJIOCCANbHBIN moreHIran KK-meHok Kak TpeXMepHO-CTPYKTYpHUPOBAHHBIX aHH30-
TPOITHBIX ONTHYECKUX MaTePHAJIOB JUIsl CO3JIaHUA TOHKOTICHOYHBIX ONITUYECKUX YCTPOMCTB, OCHOBAHHBIX Ha
MMPOCTPAHCTBEHHON MOYJISITNN TeOMETpHUIECKOM (a3bl, i ¢asel [langapatHama — beppu.

Kraccnueckne ontndeckue ycTpoiicTBa (JIMH3bI, TPU3MBI, 3epKaja 1 JIp.) OCHOBAHBI Ha MPETOMIICHUH WIIN
OTpakKEHUM CBETa Ha TpaHUIAX pasfesia Cped ¢ pa3TUYHbIM IToKa3areneM npenomieHus. [lpu atom addexr
OTITUYECKOTO TPeo0pa30BaHus 3aKIII0YAETCS B MI3MEHEHNH HAIPABICHUS PACTIPOCTPAHEHHS CBETOBOTO MydKa
Ha BXOJ/I€ B ONITHYECKYIO CHCTEMY YCTPOMCTBA M BBIXOJE M3 HEE, YTO OMPEAENAeTCS Ha0ETOM ONTHYECKON
(ha3eI 151 KOKI0W TOYKH MIOBEPXHOCTH YCTPOUCTBA, ITepecekaeMoro myakoM. Mexanndeckasi o0padboTka gpopm
MTOBEPXHOCTEH DIIEMEHTa ONTHYECKON CHCTeMBl M KOMOWHAIMS MaTepHaOB C PAa3IMYHBIM IOKa3aTeleM
TIPEIIOMIICHHS OTIPEIEISIIOT UTOTOBBIA TIPOGHITh Pa30BOM MTOBEPXHOCTH YCTPOHCTBA, 00YCIIOBIMBAIONTHI €T
(yaxmmonain. [Ipu 3TOM BO3MOXKHO YMEHBIIUTH TONIIHHY W MaT€PHaJIOEMKOCTh ONITHYECKOTO AIIEMEHTa IMy-
TEM HCKITIOUEHHUsI 00beMa Marepuaina, kparHoro Hadery (asel 271, Takume onTHYecKHe JIEMEeHTHI, N3BECTHBIC
kak auH36I Openens, npu3mel Operens u ap. [1, c. 78—85], ABIAIOTCS IIOCKUMH B UMEIOT CIIOKHYIO (popMy,
MoJy4aeMylo MyTeM pa3pbiBa mpodwuist ¢azoBoil moBepxHocTH. [Ipu co3mannu GpopMbl TOUHOE BOCITPOU3BE-
JieHre pa3pbiBa (ha3pl TpedyeT OECKOHEYHOTO IPaeHTa BEICOTHI, YTO Ha PAKTHUKE alllIPOKCUMHUPYIOT PE3KUM
TIepEeTaioM BBICOTHI, KOTOPBIH NMeeT OrpaHWYeHUs TPU JTF000M METOJe M3TOTOBICHHS (MeXaHn4deckas 00-
pabotka, potomuTorpadus u ap.). HETOYHOCTH M3rOTOBICHUS dKBUBaJICHTA MPoduis (pa3oBOH MOBEPXHOCTH
CHIDKAET KauyeCTBO TUIOCKHUX ONMTHYECKHUX YCTPOHCTB.

BBICOKOTEXHOIOTHYHOE CTPYKTYPHUPOBAHUE aHW30TPOITHBIX ONTHYECKUX MaTepruasoB, Takux kak KK, oT-
KpBIBaCeT aJbTePHATHUBHBIN crtoco0 GopMupoBanms Mpoduiist $ha3oBoit MOBEPXHOCTH 3a CUET PacIpeIeICHIS
TeoOMeTpUIecKoi (hasbl, MPUMEHUMBIN TS CO3MaHMS TOTHO(YHKIIMOHAIBHBIX ONTHYECKUX YCTPOUCTB. DTOT
Croco0 He SBISIETCS MIMPOKO W3BECTHHIM, U B HACTOAIIEE BPEMS B MUPE BETyTCS aKTUBHBIC UCCIIEOBAHUS 110
pa3paboTKe TEXHOIOTUN TeoMeTpUIecKoi (haspl 1t co3manmst (POTOHHBIX YCTPOHCTB. MI3roToBIeHNE MIOCKIX
OTNITHYECKUX YCTPOUCTB HAa OCHOBE MPOQPIINPOBAHUS TEOMETPUUISCKON (pa3sl TpeOyeT rTyOOKHUX 3HAHUH B 00-
nactu Texuonoruit KK, gpoToopreHTanmm, aHM30TPOITHON ONTHKH 1 Tostorpadun. B manHoit paboTe H3II0KEHBI
TIPEICTABICHHUS O MPUPOJIE TEOMETPHUECKOH (ha3bl, TPUBEICHBI MPUMEPHI YCIEITHON peaTn3aiui (OTOHHBIX
JKK-ycTpoifcTB, A/ KOTOPBIX BBHITIOMHEH aHATU3 paclpenesieHuit TeOMeTpUIeCKON (a3bl U TTOCTPOCHBI TIPO-
(hun (ha30BEIX MTOBEPXHOCTEH, 00SCIIEUNBAIOIIIX (DYHKITHOHUPOBAHUE YCTPOMCTR.

MaTepua.nbl U METO/AbI, TCOPETUIECCKUE OCHOBBI HCCJICTOBAHUA

braronmapst TexHonorusiM GoToopreHTanuu [2] cymiecTByeT BOZMOXHOCTh (DOpPMHUPOBATh 3aJJaHHbIC pac-
npeieieHus] a3uMyTalbHoro yriia opuenTanuu JKK moBepXHOCTBIO €i10si POTOOpPHEHTAaHTa, SKCIIOHUPOBaH-
HOT'O 33/IA0LIUM pacIpeeIeHUeEM OpUEHTAUM JIMHEHON NoJsipu3aluu cBeTa NOCTOSIHHON MHTEHCUBHOCTH.
21.1151 OTOro0 Ha CTCKIIAHHYIO ITOJIOXKKY XHUJAKOCTHBIM METOAOM HAHOCHUTCH IIJICHKA (1)OTOOpI/IeHTI/Ipy}OHIeI‘O
MaTtepuaia, TOJNIIWHA KOTOPO# Mociie CYImKH, Kak mpaBuiio, coctaBimsieT 10—80 am. OcoOEHHOCTHIO TaKOM
(hOTOUYBCTBHUTEIHHON TJICHKH SBISIETCS CBOMCTBO (POTOMHIYIIMPOBAHHOTO MOBEPXHOCTHOTO aHU30TPOITHOTO
B3anMozeiicTBus ¢ JKK-marepuanom, 6marogapsi uemy mociie SKCIIOHHPOBAaHUS MOJIIPH30BAHHBIM CBETOM €€
MOBEPXHOCTH MpHoOpeTaeT cnocoOHoCcTh opueHTHpoBath KK (puc. 1).
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Puc. 1. OcHoBHEIe dTamnsl nponecca Gporoopuenranmu XKK:
1 — HaHeceHne POTOOPUEHTUPYIOWIETO CIIOS M CYIIKa;
2 — HKCIIOHMPOBAHHE JIMHEWHO-TIOJIIPU30BAaHHBIM CBETOM;
3 — opuenranus XKK noBepxHOCTEIO (pOTOOPHEHTHPYIOMIETO CIIOS

Fig. 1. Process flow of liquid crystal’s photoalignment: / — film coating and baking;
2 — linearly polarised light exposure; 3 — surface alignment of liquid crystal

B 3aBucuMocTH OT THIA (OTOOPUEHTUPYIOMIETO MaTepraja Bo3MoxkHa opueHTtanus JKK mapamiensHo [3]
WU TIEPIICHIUKYISIPHO [4] HampaBlIeHUIO TUHEHHONW MOAPU3aNK SKCIIO3UIH. OMHAKO I TOYHOTO (Gop-
MUPOBaHUS CTPYKTYphl HoTOHHBIX JKK-ycTpoiCTB KenareabHO UMeTh (POTOOPUEHTUPYIOIIUE CIIOU, obecrie-
YMBAIOIIIEe MUHUMAJIbHbIE OTKIIOHEHHUs HamnpasieHus opueHtanuu gupexropa JKK (7i,) Ha moBepXHOCTH OT
HaIpaBJICHUS, 33/1aBaEMOTO TIOBEPXHOCTHIO (poToopueHTHpYIOMIETO ciios (puc. 2). Takas xapakreprcTuka GpoTo-
OpHMEHTaHTa HAa3bIBACTCS] KOHCTAHTON a3MMYTaJIbHOM YHEPIUH cretuieHns Marepuana W, OHa onpenenseT Be-
JMYMHY TTOBEPXHOCTHOM PHEPTHHU A ,, KOTOpas BO3HUKAET NpHU OTKIOHeHHH aupekropa JKK Ha moBepxHOCTH
OT HaIpPaBJICHUS (P, 33]]aBAEMOT0 OPUEHTAHTOM B TUIOCKOCTH TIOJIJIOKKH, Ha Yroll AQ.

A

%
S 1

Ag

/ D

DOTOOPUESHTUPYIOIIUHN CIION

Crexino

Puc. 2. Cxema opuenranun aupexropa XK (7,)
Ha TIOBEPXHOCTH ()OTOOPHUEHTHPYIOIIETO CIIOS C OTKIOHCHUSIMH
OT 3a/J]aBacMOU OPUEHTAIMU B NOJISIPHOM (AB) 1 a3uMyTaiabHOM (AQ) HarpaBJICHUSIX

Fig. 2. Orientation scheme of liquid crystal director (#)
on the photoalignment film surface with deviations
from the target orientation in the polar (A68) and azimuthal (A¢@) directions

B npubnmxennu Panmman — [amynapa [5] asuMyTtanbHas SHEprys CUEIIICHUS UIMEET BUJT
1 .2
A, = EVI{I sin“Ae@.

CTOHT OTMETHTB, YTO B OOIIIEM CITyJae [Tl XapaKTepUCTUKH opreHTaHToB KK Taxske NCTIONB3yIOT TONSPHBII
yroi 0, OTKIIOHEHHUE OT 3a]aBaeMOr0 yIJia IoJBeca Ha MOBEPXHOCTH AQ M CBS3aHHYIO C HUM BEJIMYMHY KOHCTaHThI
TIOJISIPHOM SHEpruM cuerieHns W,. OfHako BO BCEX M3BECTHBIX CIIy4asX ISl KOHCTAHT SHEPIUU CLEIUICHHS
MMEeT MECTO HEpPaBeHCTBO W, > I, MOATBEpIKAAIOIIECEe TEOPETUYECKUE NPEACTABICHUS. 00 a3sMMyTalbHOM
SHEPIrUM CIEMJICHHUs KaK YacTH MOJSPHON 3Hepruu cueruienus [6]. B To jxe Bpems mpu HOpMaJbHOM JKCIIO-
HUPOBaHUH ()OTOOPHEHTAHTOB, KaK MIPABHJIO, TTOTyYalOT HyJIeBbIE 3HAYCHNUS yIIIa TIo/iBeca, T. €. O = 0, mosTomy
CBOICTBA (POTOOPUEHTUPYIOLINX MaTePHAaJIOB OLEHHUBAIOT MOCPEICTBOM KOHCTAHTBI a3UMYTaJIbHON SHEPTUU
CLEIJICHUSL.

OpHEHTAHTBHI CO 3HAYCHHEM KOHCTAHTBI A3UMYTANbHOI SHEPIHH CLETICHNs, IpeBbIIaomm 10 Jhx/M?,
MPUHSTO CUUTATh MarepuaaMy C CHIBHBIM crieruieHueM. OcoOCHHOCTH MTPUMEHEHUs] 0TOOpakeHust HHDOp-
marn B JKK-ycrpoiicTBax Ha mpakTHKe He TPeOyroT OONBIIHNX T'PaHEeHTOB a3UMYTaJbHOTO HAIpPaBICHUS,
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IMO3TOMY HE3HAUUTCIIbHBIC OTKIIOHCHUA a3UMYTaJIbHOI'O YIJIa SMIHUPUYCCKH YUYUTBIBAIOTCA IPU MPOCKTUPO-
BaHUM ONTHYECKOM CHUCTEMBI M HE OKAa3bIBAIOT CYIIECTBCHHOI'O BJIMAHUA HA ONTHYCCKUEC XapPaKTCPUCTUKHU
JKK-nucmeer. B To xe Bpems B o01iem ciydae ¢oronnsie JKK-ycTpoiicTBa TpeOyroT ropaso 6ojiee pe3Kux

W3MEHEHUH a3UMyTalbHOTO YIJIa M 3HAYUTEIBHBIX TPAINEHTOB 3—@, 3—([) a3UMyTaJbHOTO HarpasneHus. [lpn
X oy

9ToM HeTouHocTH opueHTauud KK B a3umyTanbHOM HampaBlICHUU, CBS3AHHBIC C OTKIOHCHUSMHU TUPEKTO-
pa Ha MOBEPXHOCTHU HM3-32 HEJOCTATOUHBIX 3HAUCHUU KOHCTAHTHI a3UMYyTalbHOWU SHEPTUM CIICTUICHUS, CHU-
’Kal0T TOYHOCTh BOCIIPOU3BEICHUS CTPYKTYPBI paCIpeACICHUs JUPEKTOPa HA OPUCHTUPYIOIICH MOBEPXHOCTHU
u B 00beme JKK-marepuana, uto orpaHUYMBaeT CBOMcTBa moirydaemoro goronHoro XKK-ycrpoiictsa. Tak, s
miockoit JKK-nun3bl tuamerpom 20 MM, M3TOTOBJICHHOW 10 TEXHOJIOTHH T€OMETPUYECKOi (Da3bl Ha OCHOBE
aszokpacurens-porooprueHranta PAAD-72 u nomumepusyemoro KK RLCS-7, MUHUMAIBHBIN [TEPHOJT CTPYK-
TypbI Ha Kparo COCTaBIsLT Okosio 20 MKM [7]. YMeHbIIeHHEe IepUoia CTPYKTYPHI AJIs YBETUUCHUS TPaIueHTa
(hazbr u pazmepa JKK-TMH3BI OrpaHUYUBACTCSI BOBMOKHOCTSAMU ()OTOOPUEHTUPYIOIIETO MaTepuara.

W3 MHOTOOOpa3us porooprueHTanToB KK HaHOONBIIUMI 3HAYSHUSIMU KOHCTAHThI a3UMYTaJILHOW YHEPTUU
CLeIUICHHsT 06/1aaroT asokpacureny tuma AtA-2 (2,4 - 107 [ix/m?) [8], SD-1 (7,2 - 107 x/m?) [9] u BY
(2,2 - 107° Jx/m?) [10].

Cy1iecTBEHHOW 0COOEHHOCTRIO a30KkpacTUtTens AtA-2 sBisieTcs: CmocOOHOCTh K HABEJCHUIO JIBYTyUeIpe-
JIOMJICHUS B TUICHKE ()OTOOpUEHTAHTA TPU €€ (POTOIKCIIOHUPOBAHUH, ONarojaps 4eMy Mpu pacCMOTPEHUHU
TOHKOIIJIEHOYHOM onTryeckoil cucteMbl JKK-ycTpolicTBa BO3HUKAIOT YCIOBUSI aBTOKOMITEHCAIIMH ONTUYECKOTO
addexra orkiaoHeHus aupekropa KK Ha MOBepXHOCTH OT 33]1aBaeMOro HalpaBiicHHs 3a cueT (Pa30BOH 3a1epK-
KH O, HHAYIIMPOBaHHOM B opreHTanTe [11]. DTo Mo3BOJIsET MOMyYaTh ONTHYECKH KOPPEKTHBIE PACIIPE/ICICHHUS
(ha3br JKK-CTpyKTypbl O 3HAYUTEIBHBIMY TPAJMEHTAMHU a3UMYyTAJILHOTO YIvIa IPU KOHEYHOW a3uMyTajbHON
sHepruu cuerieHus. Takum oopazom, poToopreHTaHTHI THTIA AtA-2 SBISIFOTCS HAUOOJIEe TOAXOSIITIMHE JIJIs
coznanus potoHHbIX JKK-ycTpoiicTB Ha ocHOBe reomerprueckoit dhasbl, wim ¢assl [Tanuaparnama — beppu.

J11 TOHUMaHUs IPUPOBI TEOMETPUUECKOH (paszbl paccMOTpHUM HpeoOpa30BaHUE MMAPAMETPOB CBETA KHJIKO-
KpUCTAJUTMYECKON (ha30BOM TIIACTHHOM HYJEBOTO MOpsiaKa. [Ipy mocTosHHON TONIMHE HE3aKPYyUEHHOTO CII0s
7KK, cooTBeTCTBYIOMIEH MOMTYyBOTHOBOM (Pa30BOM IUTACTHHE, a3UMYyTAJIbHOE HAIIPABJICHNE OPHEHTAINH B TIJIOC-
KOCTH TIOJIJIOXKKH 33/1a€T BEIMUMHY (ha30BOH 3a/IepKKHU JUIsl HUPKYIISPHO TOJISpPU30BaHHOIO cBera. [l nosc-
HEHUs PACCMOTPUM HOPMAaJIbHOE IPOXOKIECHHE HUPKYISPHO MOJIAPU30BAHHOIO CBeTa k|, Yepes MoiyBOIHO-
BYIO (pa30ByI0 MIaCTHHY, MTOBEPHYTYIO MOl HEKOTOPHIM yIiIoM 0. (puc. 3).

E,

I
_fxiz___ NS

Puc. 3. HopmanpHOE NPOX0KA€HNE UPKYISPHO MONSIPU30BAHHOIO cBeTa k)
4yepe3 MOJIyBOTHOBYIO (pa30BYIO IIIACTHHY, TIOBEPHYTYIO MO HEKOTOPBIM YIJIOM Ol

Fig. 3. Normal transmission of circular polarised light
through a half-wave plate rotated at some angle o

CoracHo opmanusmy merona Matpur] [PkoHca BEKTOP BBIXOAHOU MoJsipu3anuy £, UMeeT BHJ

E = R(a) M, ,R(~0) E,, (1)
R(o) cos(o) —sin(at) v —-i 0 5
rac = — : = —
pit sin(0)  cos(a) MaTpHia oBopoTa; M, , 0 MaTpHIa MOJTYBOJIHOBON TIACTUHBI
[12, p. 376].
ITepemuoxuB MaTputlsl Gopmyas (1), momyamm [13]
P cos(20)  sin(2a) i )

sin(20) —cos(2)
13
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3anuiieM BEKTOPBI HATPSDKEHHOCTH CBETOBOTO IMOJIS JUJIsl TPABOIUPKYJISIPHOM U JICBOLIUPKYIISIPHON TTOJISI-
puzammu [12, p. 376]:

Bl ) 3)

E=,) @

HYCTI) EO — HpaBOHHpKleHpHBIfI CBE€T, T. €. EO = E Rr» TOTAA, NOACTABIISIA (l)OpMy.TIy (3) B BBIPAXKCHUC (2), nojy-
qacM
[(3m (T (T
E~'1 3 1(7— Zaj L 1 3 ZTEie_l(E + 20) L 1 _ e—l(5+ Za)EL' (5)

=e =e

2\ 2\

Ecnu E|, — neBOUMpPKYISAPHBINA CBET, T. €. E, = E;, To mocje nNoAcTaHOBKK (GopMyibl (4) B BepakeHue (2)
nMeeM

N1 =e R

A
W3 dhopmynsl (5) BUIHO, YTO TIPH MPOXOKACHUH Yepe3 (a30BYIO IUTACTHHY B MIPaBOIUPKYISIPHO TIOJISI-

El _ ei(g + ZaJ 1 (1 B z[g + 2aJE ©)

o T
PHU30BAHHBIN CBET CTAHOBUTCS JICBOIIMPKYISPHBIM U MPHOOPETAET JOMOIHUTENBHYIO ONTHYECKYIO (haszy 3

u reomeTpuueckyto ¢asy (dasy [lanuaparnama — beppu) —20L.

VYBenuuenue Habera aspl B cpeze Ha 27 paBHO3HAYHO [TOBOPOTY a3MMYTAaJIbHOTO YIJIa Ha T, 4TO HE TpeOyeT
pa3pbIBa KOHTUHYYMa a3UMYTaJIbHON OPHEHTAINH TUPEKTopa B cmty ocu cumMerprun C, Hemarmdeckoit JKK-
Cpebl. DTO SBISIETCS CYNIECTBEHHBIM IPEUMYIIIECTBOM Tepet PPEeHENeBCKIMU ONTHICCKIMHU YCTPOUCTBAMHU.

dopmyina (6) okaspiBaeT npeodpa3oBaHue (Ha3oBOM MIACTUHON JICBOLUPKYIIIPHO MOJISPU30BAHHOIO CBE-

. . o n .
Ta B IPaBOLUPKYISIPHBII ¢ IPHOOPETCHNUEM JIOTIOTHUTEILHON ONTHYECKOH (hasbl 5 Y TeOMETpHUECKOl (a3l

(¢azsr [Tanuaparaama — beppn) 2.
Dopmynsl (5) 1 (6) MOXKHO 0OBEIMHNTH, UCTIONB3YS 0003HaYCHNE G (IS MPABOIMPKYISIPHOTO CBETa G = +1,
JUISL JIEBOLIUPKYJISIPHOTO cBeTa 6 = —1):
. T
- —IG(E + 2a)
E=e E_..
Yacte (asbl, 3aBUCSAIIAS OT a3UMYTaJIHHOTO yIIa OPUEHTAIMHU TIOJTYBOIHOM IJIACTHHBI OL, Ha3bIBaeTCs (a-
301t beppu m, kak mokazaHo B padore [14], 3anmuchIBaeTCs B BHIIE

@, = 200. (7

B ciyqae xonecrepudeckux KK addext Habera (as3pl mposBisieTcsi B OTPaKEHHOM CBETe JUISl TUPKYIISIPHO
TTOJISIPU30BAaHHOTO CBETA, COOTBETCTBYIOIIETO 3HAKY XHPAINbHOCTH XonecTepuieckux KK, u 3aBucur ot azu-
MyTaiapHOU opuenTanmn JKK-marepuana, 3a1aBaeMoii TOBEpXHOCTHIO OopreHTaHTa [ 14].

Pacnpenesenue reomerpudeckoit ¢pasel B ZKK-ycrpoiicrBax

JKK-ycrpoiicTBa Ha ocHOBe reoMerpuueckoi (aspl npenctasisitor coboit cinoit KK, dazosas Tommmua
KOTOpPOTO COOTBETCTBYET IOJYBOJIHOBOMH IJIACTHHE, M OTIIMYAIOTCS pacnpenenenneM aupekropa KK B azumy-
TaTbHOM HarpaBlIeHUH, ((OpMUPYyEeMBIM METOIOM (HOTOOPHEHTAIIHH.

®a3zoBblii mpodpuib — miaockoctTb. XXK-ycrpoiictBa ¢ ogHOMepHbIM pactipeaesnenueM gupexropa KK
B a3UMYTaJILHOM HaNpaBlICHHN HA3BIBAIOTCS MOJsiprU3aliioHHbIME audpakironabiMu JKK-pemerkamu. [Ipu
JIMHEMHOM yBeJIMYeHNH a3uMyTajibHOro yriia opuentanuu JKK ¢ Bnosis HanpaBieHns X Ha pacCTOsSTHUM A, Ha-
3BIBAEMOM IIE€PUOJIOM CTPYKTYPBI, YTOJI COBEpIIAeT 000poT Ha 1. B paboTte [15] npeanoxeHsl axpoMaTHuecKue
MOJISIPU3AIIMOHHbBIE PEIISTKH, TIOJTy4YaeMble yTeM KOMOMHAIINY JBYX 3akpydeHHbIX cioeB KK ¢ pa3HbIM 3Ha-
KOM 3aKpyTKH (puc. 4). DKcriepruMeHTaIbHBIE 00pa3Ilbl TAKUX MOISAPU3ANMOHHBIX pemeTok [16] nemoHcTpH-
PYIOT mupakIuio HETOIIPH30BAHHOTO CBETA TPEUMYIIIECTBEHHO B Mopsaku m = *1 (puc. 5, a, 6). Ilpu stom
TIPOMCXOINT pa3JieIeHne CBETOBOTO IMOTOKA I10 MOJIAPU3AINH: B IOPSAAOK m = +1 MomaaeT MpaBoUpPKyYISPHO
TIOJIIPU30BAHHEIN CBET, a B MOPSIAOK 1 = —1 — JICBOLUPKYISIPHO MOJISIPU30BAHHEIN CBET (pHC. 5, 8).
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ZI CrexsiHHAs NOUIOKKA LPP z CrexIsHHas NOUI0KKA LPP
L
X

X
LPP (linear photopolymer) — nuHE#HHBINA (oTOTOIIMED

Puc. 4. ba3oBas reoMeTpHs TMOIAPU3AHOHHON PEIICTKU (@ — BUI CBEPXY; 6 — BUI COOKY).
AXxpoMarndeckasi MOJIsIpU3aluOHHAs PelIeTKa ¢ ABYMsI XupalbHbIMU cirosivmu JKK
C pa3HBIM 3HAKOM 3aKpYTKH (6 — BUA CBEPXY; & — BUI COOKY).
Ucrtounuk: [15]

Fig. 4. Basic geometry of a polarisation grating
(a — top view; ¢ — side view). Achromatic polarisation grating
with two chiral layers (opposite twist sense) (b — top view; d — side view).
Source: [15]

ala

o/b

Axpomarnyeckasi MONpU3alUOHHAS PEHIeTKa

6/c
Axpomaruueckas
MOJIIPU3ANNOHHAS PeIIeTKa Ny /RF/), —
I 9.,
0,

Puc. 5. ®otorpadun qudpakiuy HEMOIIPU30BAHHOTO CBETA
6eJIoro cBETOAMOA Ha aXPOMATHUYECKO MOIIPU3alMOHHON peleTKe
(a — B cBepXy (IpH mepecedeHny O0eoi KapThl); 6 — BUI KapTHUHBI HA DKPAHE).
Onrudeckas cxema qudpaxiuu (MOSBISIOTCS TOIBKO TOPSAKH m = x1) (6).
Uctounuk: [16]
Fig. 5. Photographs of unpolarised white LED light diffraction on an achromatic
polarisation grating (« — plan view (intersecting a white card); b — projected screen view).
Diffraction geometry (note only the m = =1 orders emerge) (c).
Source: [16]
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J1J1s IpaBOIMPKYJISIPHO TOJIIPU30BAHHOTO CBETA JIA3EPHBIX JIMH BOIH 473; 535 1 633 HM 3 PEeKTUBHOCTH
Judpakuy aXxpoMaTHueCKOd PemeTKy B nopsiiok m = +1 (1) cocraBmwia 6onee 99 % npu nepuoae cTpyk-
Typsl A = 6,5 MM [16].

PaccmoTrpum reomerpuueckyto (hasy, COOTBETCTBYIOIIYIO pactpeaeneHuo XKK-cTpyKTypbl, mpeicTaBieH-
Holi Ha puc. 4. Tonmmmua cnost XKK obecrnieunBaeT a3oBblii HaOeT, SKBUBAJICHTHBIN MOITYBOJIHOBON (ha30BOM
rtactrHe. O003HAUUM Yepe3 O a3UMYTaJIbHBIH Yol OpUeHTAIMH OCH (Ha30BOH MIACTUHBI, KOTOPBIH 3aBUCUT

OT KOOPpAWHATHI X CJICAYOIIUM 06p3.30MZ

o(x)="2.

[To popmyme (7) momyqaem 3aBucumMocThb (haszel beppu Buma

®,(x)=2n0 %

Takast 3aBUCUMOCTB OIPEJISIIAET MOBEPXHOCTh TeOMETPUUECKOM (Da3bl B B HAKIIOHHO# tutockocTu. Ee da-
30BBIH TPO(HITE TIPEICTABICH Ha pHC. O.

X, MKM

Puc. 6. TIpoduib MOBEpXHOCTH TeOMETPHUYECKOM (a3bl
VTS TIONIIpU3ainoHHOM qudpakumnonnoin XKK-pernrerku

Fig. 6. Profile of the geometric phase surface
for a polarisation diffraction liquid crystal grating

[NonsipuzanoHHON AU(PAKIMOHHON PELIETKE COOTBETCTBYIOT [Ba PA3IUUHBIX (DAa30BBIX HPOPUIIST — 1B
HAKJIOHHBIE IJIOCKOCTH, YTOJI HAKJIOHA KaXKI0H U3 KOTOPBIX (Vg ) 3aBUCUT OT G-IOJIAPU3ALMHI N1a/IAIOLIETO CBETA.

[Ipu pacnpocTpaHeHNH HEMOISIPU30BAHHOTO CBETA Yepe3 MOSPU3AIMOHHYIO PElIeTKy Ha OCHOBE TOJIH-
MepHOH 1ieHKH, Gopmupyemoit u3 mommmepusyemoro KK (puc. 7), HanpapieHne a3uMyTalbHOW OpUEHTa-
LMW KOTOPOTO 33J1aeTCs OJHON CTEKIITHHOM IMOMIJIOKKON METO0M (DOTOOPUESHTALINH, HEMOJISIPU30BAHHbBIN CBET
MOXHO NPEJCTaBUTh KaK COAEPIKAIINI 1B OPTOrOHAJIbHbIE HUPKYISIPHO MOJISIPU30BAHHBIC KOMIIOHEHTHI.

OpamkeBbIM 1IBETOM H300pakeHbl Npopuib (pa30BOi MOBEPXHOCTH M XOJ PAaCHPOCTPAHEHHUS CBETOBOM
BOJIHBI JJIS1 HCXOTHOH JICBOLIMPKYJISIPHO MOJISIPH30BaHHOIN KOMIOHEHTHI E_ (6 = —1). Yromn HakioHa (a3oBoif
IUIOCKOCTH SIBJISIETCS] OTPULATENbHBIM (V_; < 0) M HaIlpaBJIeH IO YaCOBOW CTPEJIKE.

Cunum 1BeToM n300paskeHsl mpoduib (Ha3oBoi MOBEPXHOCTH U XOJ PACIPOCTPAHEHHs CBETOBON BOJIHBI
JJIS1 ICXOTHOM MPaBOLMPKY/ISPHO MOIAPH30BAHHON KOMIIOHEHTH! £ | (6 = +1). Yron HakiioHa (a3zoBoii mioc-
KOCTH SIBIISIETCS MIOJOKUTENBHBIM (U, > 0) ¥ HanpaBlIeH IPOTUB YaCOBOM CTPEJIKU.

W3 ananu3a Touex BOIHOBOro ()poOHTA, UMEIOIIMX OJUHAKOBYIO (Dasy, CIELyeT, YTO paclpeesieHue Hadera
¢a3er beppu B monyBosiHOBOM ciioe (oTtoopueHTupoBanHoro KK npuBoAKT K MOBOPOTY HampaBieHHs pac-
MIPOCTPaHEHHS TPOLIe el MII0CKONH CBETOBOM BOJIHBI, IPUUEM MCXOAHAS G-TIOJISIPU30BaHHAs KOMIIOHEHTa TpU

= wmCCW & 5 wmCW 7 .
IPOXOKIEHMH MEHSIET 3HaK onspusanuu: £ | ———— E, u E,; ———> E, (CCW — IpoTHB 4acoBoii

ctpenku, CW — 110 4acoBO# CTpeIIKe).
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ZT DOTOOPUEHTUPYIOILHUH CII0M

Crekio

A A

Puc. 7. PactipocTpaHeH#e HEMOISPH30BAaHHOTO CBETA Yepes3 MOJSIPU3ALHOHHYO PELICTKY
Ha OCHOBE MTOJMMEPHOH TICHKH U3 GoTooprueHTrpoBanHoro XKK.
Jlnst BU3yanu3aiyn poxXoxkIeHHs IeBOLMPKYIApHOH (G = —1) 1 IpaBoLUPKYIAPHOH (G = +1) KOMIOHEHT
HEMOJISIPU30BAHHOTO CBETA MCIIOJIB30BAHbI OPAHIKEBbIN U CHHUI 1[BETA COOTBETCTBEHHO
Fig. 7. Propagation of unpolarised light through a polarisation grating
based on a polymer film of photoaligned liquid crystal. Orange and blue colours
were used to visualise transmission of the left-circular (6 =—1)
and right-circular (6 = +1) components of unpolarised light respectively

PaccMoTpum nHrHEHHBIH HAaber OnTHYEeCKOM (ha3bl O (x), COOTBETCTBYIOIIMI 110 BennunHe (aze beppu @ (x),
YTO KBUBAJIEHTHO PACIIPENIEIICHNIO ONITUYECKOH (a3bl B IPU3ME:

2n 271
6()6) = Tneffd(x):Tneff tg(Dc)x’

7€ d — BBICOTA SKBUBAJICHTHON HPU3MBL; 71, — P (HEKTHBHBIIN MOKa3aTeNb MPEITOMIICHNS SKBUBAJICHTHON MPH3MBL.
TaHreHc yriia HaKJIOHA OCHOBAaHUS SKBHBAJCHTHON MPU3MbI MOXKET OBITH OIPE/ICIICH Yepe3 YACTHYIO MPO-
M3BOHYIO OT (ha3sl 1o koopauHare x [17, c. 61] cnexyrommm oOpazom:

A 25 A 9P, Ao

2Mnge Ox  2Mng OX  ngA

tg(uc)

B xax1oit Touke (a3oBoii moBepxHOCTH P, MOKHO OCTPOUTD KACATEIBHYIO INIOCKOCTh C TOMOIIBIO YacT-
HBIX IIPOU3BOJHBIX OT P 110 KOOpAUHATAM X U ) JAJsl ONpelesICHUs HOpMaJld K OCHOBAHUIO SKBUBAJIEHTHOM
MIPU3MBI, T/I€ IIPOUCXOIUT MPENIOMIIEHHE G-IIUPKYIISIPHO MOJISIPU30BaHHOTO cBeTa (puc. 8).

Paccmotpum npenomiieHue cBeTa, NajaroLero o/ yIJIoM Vg Ha FpaHb MOJE/IbHON 3KBUBAJICHTHON IpU3-
MBI, YYUTBIBasI KCIICPUMEHTAIBHBIA (aKT, 4TO AJIsl TAHHOW MOJISIPU3AUOHHON JU(PAKIIUOHHOW PEIIeTKH
UPKYJISIPHO TIOJIIPU30BAHHBINA CBET TU(parupyer B NOPSIOK m = +1 uin m = —1 1 NOAYMHSETCS] COOTHOIIIE-

. m
HUIO siny = o e Y — yroi audpaxiuu.

D¢ eKTUBHBIN TTOKa3aTeNb MPEIOMICHIS B MOZCIIA SKBUBAJICHTHON TIPU3MBI OTIPEeIsIeTCs TI0 (hopmMyIie

Rep =

Vo=

A.

JlaHHOE COOTHOIIIEHNE NMEET CMBLI MTPH yCIOBUH A
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ala o/b

Puc. 8. Ontuueckue cxeMbl MOAEIH SKBUBAJICHTHON IPU3MBI
IUTSL JIEBOLUPKYIISIPHO TTOJISIPU30BaHHOTO (@) U TIPaBOIMPKYIISPHO MOISIPH30BAHHOTO (0) CBETa,
HOPMaJIbHO Na/IAI0IIET0 Ha MOIAPU3ALMOHHYI0 Tudpakionnyto KK-pemerky

Fig. 8. Optical schemes of the equivalent prism model
for the left-circular polarised (@) and right-circular polarised (b) light
with normal incidence on a polarisation diffraction liquid crystal grating

HpI/IMeHSISI TEXHOJIOTHIO Q)OTOOpHCHTaHI/II/I, MOXHO CO34aBaTb ONITUYCCKUEC IJIEMCHTHI C MaJIBIM IIEPHUOJI0OM
cTpykTypsl A. Tak, Ha puc. 9 npencTaBlIeHO pacHpOCTPaHEHUE HETONSIPU30BAHHOTO Ja3€pPHOTO U3ITyUeHUs
yepes NoJsipru3aiuonnyo qudpakiuonnyro XXK-pemerky ¢ nepuogom cTpykrypsl 2 MkM. Habnronaercs aud-
paxmus B opsiaku m =11, 6onee BRICOKHE MOPSAKH OTCYTCTBYIOT. JnhpaknronHas 3peKTHBHOCTh OTpaHIYH-
BaeTCs TOYHOCTHIO 3a/IaHHs TIOTyBOIHOBOTO (hazoBoro Habera ciost JKK. TexHomormaeckoe mojaydeHue axpoma-
TUYECKOTO NoyBOJIHOBOTO ciosi JKK siBisieTcst OTaenbHOM akTyaibHOM HAyYHOU 3a1auei.

Puc. 9. Ontrdeckast cxema U3MEpeHNS yIia TUPPaKIIIH:
1 — nmazep; 2 — nonsipu3annoOHHast TH(PaKIMOHHASL
JKK-pereTka (nepuo CTpyKTyphl 2 MKM); 3 — 9KpaH

Fig. 9. Optical scheme of diffraction angle measurement:
1 —laser; 2 — polarisation diffraction liquid crystal
grating (structure with period 2 um); 3 — screen

Taxum 0Opa3zom, (HazoBbIi TPOPHUIL MOKHO MPEACTABUTH KaK HEKOTOPYIO OTPAYKAIOIILYIO HITH MTPETOMIISIO-
uryro nosepxHocts. [lnockue yerpoiictsa ¢ paznuyanoii popmoii hazoBoro npoduiisi HO3BOJISIOT IPOU3BOANUTH
JIOBOJIBHO CIIOXKHBIE PEOOpa30BaHusI CBETA.

®a3zoBblii mpopuab — KoHyc. Konpresas pemerka sBiseTcsi (POTOHHBIM DJIEMEHTOM ISl AETEKTHPO-
BaHHUS MOMEHTa MMITyJhca cBeTa. B pabore [18] paccMoTpeH MeToa M3MEpPEHHs YIIIOBOTO OpOUTATILHOTO
MOMEHTA BUXPEBBIX MTyYKOB C TIOMOIILIO0 KOJBIIEBRIX pemeTok (puc. 10). B maHHOM citydae UCTIOIB3YIOTCS
aMIUTUTY/AHBIC U ()a30BbIe PEUICTKH, a B KAYeCTBE ONTUMAIBHOTO yKa3bIBaeTCsl paanyc Koibla 3 MMm. Buxpe-
BbI€ TIYYKHM C Pa3HbIMU 3HAYECHUSMHU TOTIOJIOTUYECKOTO 3apsijia, T. €. COCTOSIHUSIMH YIJIIOBOTO OpOUTAIBHOTO
MoMeHTa (cM. puc. 10, @), OCBEIAIOT KOJIbIEBbIC PEIIETKU B CMELICHHOM OT LIEHTPA PEIIETOK MOJIOKEHUI
(xpacHoe kombI0 Ha puc. 10, 6). KapTuHel HHTEHCUBHOCTH TU(PAKINNA PETUCTPUPYIOTCS B JalNbHEH 30HE
[OCJIe MIPOXOXK/IEHUS YePE3 KOJIbLEBbIE PEIIETKU. BenuunHa TOIoI0rnuecKoro 3apsiia COOTBETCTBYET YUC-
JIy TEMHBIX MOJIOC B AU(PPAKIIUOHHOM IsITHE. 3HAK TOMOJOTHYECKOTO 3apsia BUXPEBOTO IMy4Ka ONpeeIisieT
HAKJIOH TU(PPAKIMOHHON KapTHHBI, KOTOPBIM Pa3inveH JUIsl TOJIOKUTENbHBIX U OTPULATEIBbHBIX BUXPEBBIX
nyukoB (cM. puc. 10, 6). Kak cnenctue, MOXXHO U3MEPUTH MOJIHYIO BEJIMYMHY U YCTAaHOBUTH 3HAK 3apsiaa
BHUXPEBBIX IMy4KOB [18].
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dazoBas
pereTka

Puc. 10. TIpyuHIUI U3MEPEHUSI MOMEHTA UMITYJIbCa C HOMOIIBIO KOJIBLEBBIX PEIICTOK:
@ — BUXpEBbIE (BOPTEKCHBIE) ITyUKH; O — KOJIBLEBbIE PEIIETKH; 6 — MN(PPAKIIMOHHbBIE KAPTHHBL.
HcTtounuk: [18]
Fig. 10. Concept and principle of measuring
orbital angular momentum states of vortex beams with annular gratings:
a — vortex beams; b — annular gratings; ¢ — diffraction patterns.
Source: [18]

®da30BbIi MPO(UIIL KOJBICBON PEIISTKH IPEACTaBsieT co0oit Konyc (puc. 11). s nocrpoenus Gpa3oBoro
pouIIst KCITOJIb30BaIaCh KaHOHUYECKas (hopMa 3alliCH YPaBHEHHUS KOHYCa ¢ YYETOM TOTO, YTO HaIIPaBJIsO-
1iasi KpuBasi €CTh OKPYKHOCThb. KaHOHHYECKOE ypaBHEHUE KOHYCA UMEET BUJL

xZ y2 ZZ

—t53->3=0

a b c
TI€ BCpUIMHA KOHYCa pacCIloJIOKCHA B Hadalle KOOpAWHAT, a HalpaBjdiomiad KpuBasg IPEACTaBIACT CO-
00I1 yuInIIC ¢ IOJIyoCaMn a 1 b, IIJIOCKOCTH KOTOPOI'O HAXOOUTCA Ha PAaCCTOAHUU ¢ OT Hadajla KOOpAWHAT

[17, c. 157-160].

10
03
~10 3
=40,2
®a3za, pan
=40

- -0,2
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- -5 0 5 10

X, MKM
Puc. 11. ®azoBast HOBEPXHOCTb KOJIbLIEBOH PELIETKU
(A =120 MM, A = 1,55 MKM)

Fig. 11. Phase surface of the annular grating
(A =120 um, A = 1.55 um)
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B nannoM ciydae a = b = r — paanyc HampaBJIIONICH OKPYKHOCTH KOoHyca (comtacHo padote [18] ontu-

. rA
MaJIbHBIN pajinycC 7 paBeH 3 MM), ¢ = e Taxum o6pazom,

Torna SKBUBAJECHTHBIA MPOQIIL MOBEPXHOCTH TEOMETPUUECKON (a3bl KOJIBIEBON PEIIETKH, UCTIONb3Ye-
Moii B padote [18], onpenensiercs o Gopmysie

2 2
(OFE Tnneffz = anneff\/xz +y°.

AsbTepHATUBHBINA (pa3oBbIid NPoPUIbL — HUWIMHAP. {15 AeTeKTUPOBAHUS TOTIOJIOTHYECKOrO 3apsijia MOX-
HO HCTIOJIb30BaTh HE TOJBKO KOJIBIIEBBIE PEIIETKH C M3MEHSIOMUMUCS pannycaMu Koiel. OyHKINOHATHHBIM
aHaJIOTOM BBICTYIIAET JIByMepHas mojsipu3anuonnas audpakunonnas KK-pemrerka, npencrasistommas coboi
paBHOOTCTOSIIME AYyTH (pHc. 12).

R, <R,<R,

Puc. 12. Cxemarnueckue H300pakeHHs KOJIBIEBOI PELICTKH ()
U PELIETKH C PAaBHOOTCTOAIINUMHU Tyramu ()

Fig. 12. Schemes of the annular grating (a)
and the grating with equally spaced arcs (b)

VYpaBHeHue HakIoHHOrO nuiauHapa [17, c. 157-160] umeet Bug

2
(x—zéj +y2—r2:(),

A
(xi\/rz—yz)
Zfo.

Torna nuauHIpUYECKUN MPO(HIIL MOBEPXHOCTH reoMeTprudeckoit (hasbl (puc. 13) sBisieTcst GyHKIIMOHAb-
HOH aJbTePHATHBOU KOJIBIICBOM PEHICTKE ISl ACTCKTUPOBAHUS TOMOJOTUYECKOTO 3apsiga BUXPEBOTO ITydKa
U ompenensiercs mo Gopmysie

Taxoii pa3oBbIii POGHITE IEPCICKTUBEH B KauecTBE (POTOHHOTO YCTPOMCTBA U MOXKET OBITH TTOJTyUeH TOJI0-
rpaduuecKuM SKCIoHHpoBaHueM poTtooprenTanTta JXKK.
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Puc. 13. ®a3oBast TOBepXHOCTh TU(PAKIIMOHHOMN PEIIeTKN
C PaBHOOTCTOSIIIIUMU JyTaMH (HaKJIOHHBINH IUIHHAP)
(r=3 MM, A =120 MM, A = 1,55 MKM)

Fig. 13. Phase surface of the diffraction grating with equally spaced arcs
(inclined cylinder) (» =3 mm, A = 120 um, A = 1.55 um)

®a3oBblIii NPopUIb CIUPaIBLHOI (a30Boi MIaCTUHBI — ¢g-T1acTUHA. MHTepeceH i paccMoTpenus da-
30BBIY MPOQWITH CIIUPATBHON (ha30BOi TWIACTHHBI [ 19], TO3BONISONINIA CO3aBaTh BUXPEBBIC IyYKH U3 I'ayCCOBO-
ro myuka. Ero GyHKIMOHANBHBII aHAIOT Ha OCHOBE T€OMETPUIECKOH (pasbl moayydnI1 Ha3BaHHUE g-TacTHHBL [20].
g-IlnactuHa nMeeT HeHTPaNTbHYI0 CHMMETPHIO pactipeaeieHus asumyTanbHoi opuentamu XKK (puc. 14), dpop-
MYJIMPYEMOTO B MOJIIPHBIX KOOpPAUHATAX cieaytommM oopasom [13]:

o(p, @) =g + oy, (8)

rae o — pacnpeaenenue aupexropa XKK B minockoctu XKK-sueliku; p, (¢ — mosasipHble KOOPAUHATHI; ¢ — TOMOJIO-
TMYECKUI 3apsin; O, — HadaJabHbIM yron opueHranuu aupexropa XK.

q=0,5 qg=15 q=3,0

Puc. 14. Ilpumeps! kaptul XK ¢ paszHpiMu
ToronorndeckumMu 3apsigamu (a — 0,5; 6 — 1,5; 6 — 3,0)

u pororpadun COOTBETCTBYOLIMX 00pPa3LOB,
TIOMEIIEHHBIX MEX/y CKPEIIEHHBIMH MOJIIPU3ATOPAMH.
HcToununk: [20]

Fig. 14. Examples of the liquid crystal patterns
with different topological charges (¢ — 0.5; b — 1.5; ¢ — 3.0)
and photos of the corresponding samples under crossed polarisers.
Source: [20]
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B nexaptoBbIx KoopauHatax GopMy:ty (8) MOXKHO 3amicarh CIeAYIONMM 00pa3oM:

ax, y)= qarctg[%) + 0,
e o, = (2 - sign(x)—S(x))g.

[Ipu nepexoae n3 NOJIIPHBIX KOOPJAMHAT B IEKapTOBbI BOSHUKAET Pa3pbIB 1-ro poja, [UIsl CIIUBKU KOTOPOIO
B hopmyity noGasistiorest dynkumm sign (x) u 8 (x). Torna cimpasbHbIi TPO(HIB TOBEPXHOCTH FeOMETPHIECKOI
(hazbl, ABISFOIIANCS QYHKITMOHATIHHON abTEePHATUBON CIIHPATbHON (pa30BOil TTaCTHHE JUTA TIOTYYESHUS TOTIO-

JIOTHYECKOTO 3aps/1a BUXPEBOTO MydKa, OIpeeNseTcs Mo GopmyIie
@, =200(x,y)= ZG(qarctg(xX) + ocoj,

uMerolIei rpagudeckoe npejcrasicHue (puc. 15).

[Ipu ompeneneHHON FOCTUPOBKE YCTAHOBKH IS 3aIMCH LIEHTPAIBHO-CUMMETPUYHOTO pacIpe/ieNieHNs a3uMy-
TanpHOrO yria opueHTarmy JKK B 1ensx nmomydeHust g-imacTiHb! (puc. 16) B ieHTpe BMecTo (pa30BOM CHHTYIISIP-

HocTH (hopMHupyeTcst 00nmacTs ¢ omHopoaHol opuenTanme KK, HazpiBaeMast ha3oBbM siapom [21].

—1000

—1000

Puc. 15. ®azoBas noBepxHOCTh g-1acTuHbl (¢ = 0,5, 6=1)
Fig. 15. Phase surface of g-plate (¢ =0.5,6=1)

Bpamaromascs
KnunoBuHas KK-sueiika

nuadparma

Caetoauon *

Bpamaromutiics
MOJIAPU3ATOP

Puc. 16. Cxema SKCTIEpIMEHTAIBHON YCTAaHOBKH
JUISL TIOJYYEHHS! ¢-TUTACTUHBI C LICHTPAIbHBIM (a30BBIM SPOM.
Mcrounuk: [21]
Fig. 16. Scheme of the experimental setup for obtaining
of g-plate with central phase core.
Source: [21]
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B pabore [21] moka3zaHo, 4To (ha3oBoe AAPO 00SCICUNBACT HAIMYME HECHHTYIISIPHOW KOMITOHEHTHI, KOTe-
PEHTHO CKJIJIbIBAEMOil C OCHOBHBIM ITyYKOM, COJICPIKAIIMM TOTIOJIOTHYECKHUit 3apsi. MI3MeHeHHe mapaMeTpoB
(azoBoro siapa (pa3mep, Haber onTHUECKON (Qasbl U Jp.) YIPaBISET Pe3ylbTaToM HHTEPPEPEHIINU CUHTYJISIP-
HOHM ¥ HECUHTYJISIPHOM KOMIIOHEHT ITy4JKa ¢ TOIoJIoTHuecKkuMu 3apsigamu g # 0 u ¢ = 0 coorBeTcTBeHHO. [Ipo-
(briIb MOBEPXHOCTH TEOMETPHUCCKON (ha3bl ISl ¢-IJIACTHHBI ¢ (ha30BBIM SAPOM OMPEASseTCs 1Mo Gopmylie

y _s y

— |5 —_—| 7 arctg(%) +7 | X
sin[arctg[f:j) sin(arctg(y D

‘ (arctg(%) + (2 sign(x) - S(x))gj, ©)

rae 7, — panuyc ¢asosoro sapa. Dopmyna (9) umeer rpaduueckoe npencrasiaenue (puc. 17).

@, =0g|1+sign

>
1000 1000

Puc. 17. ®a3zoBast HOBEPXHOCTb ¢-TJIACTUHbI
¢ dazosem spom (¢ = 0,5, 6 =1, ry = 0,25 Mm)

Fig. 17. Phase surface of g-plate with phase core
(g=05,06=1,r,=0.25 mm)

3aKjoueHue

OTMeueHo, 4To ToTorpadueckoe SKCIOHUPOBAHUE HAHOPA3MEPHBIX IUICHOK HOBOTO (hoToOpreHTaHTa AtA-2,
061 1a0MMX (POTOMHIYLIMPOBAHHBIM IBYJTYUCIIPEIIOMICHHAEM H BBICOKOi SHeprHei cuervierws (6oree 107! [hr/m?),
obecrieurBaeT ToUHOE (POPMHUPOBAHKE 33]AHHOTO PACUETHOTO PACTIPENIENICHHS a3UMYTAIBHOTO HATIPABICHUSI OPHU-
enraruu aupexropa XKK B pyHkionanbHbIX mieHkax XKK-marepuaia mpy onTHYeCcKon TOMIIMHE, COOTBETCTBYIO-
el MOTyBOIHOBOM (a30BOI TTACTHHE.

ChopmynupoBaHbl ypaBHEHHS YKBUBAJICHTHBIX MPOQHIEH MMOBEPXHOCTA T€OMETPHUUECKOM (hasbl, ABISIO-
UXCs PyHKIUOHATBHBIMHU aHAIOTAMH ONITUYECKUX TIPH3M, KOHHIECKUX JIMH3 M CIUPAJIBHBIX (Pa30BbIX TUIACTHH.
[Toxazano, uto TuTOCKast mossipu3anonHas nudpakunonHas KK-pemrerka BoicTynaeT (yHKIMOHAIBHBIM SKBH-
BaJICHTOM OITHYECKOH IPHU3MBbI ¢ 3G(PEKTUBHBIM [I0KA3aTeNIeM MIPETOMIICHHS Ny, BEIMYMHA KOTOPOIO 3aBUCUT
OT Tieprona cTpykTypbl aupektopa JKK u 1ymuHb! BOHBI cBeTa. J{ByMepHast mossipu3aiioHHas Au(pakirnoHHas
JKK-penrerka ¢ MWIMHAPHYECKUM TIPO(HIEM ITOBEPXHOCTH FeOMETPHUECKOM (ha3bl, HCX0s 13 PYHKIIMOHAb-
HOH ponm (ha3oBOTO TPOGHIIA, SBISAETCS albTEPHATHBOM KOJBIIEBOW PEIIeTKE IS IETEKTHPOBAHHS TOIIOJIO-
THYECKOTO 3apsija BUXPEBBIX IyYKOB. LleHTpabHO-cHMMETpUYHBIE IPOGIIIN TOBEPXHOCTH TEOMETPHUIECKON
(ha3el THIIA ¢-TUTACTHHBI — 3TO (PYHKIIMOHAIBHBIC aHAJIOTH CITUPATBHBIX (DA30BBIX TIACTHUH, TIPUMEHSEMbIX JUISI

23



ZKypnaa Besopycckoro rocyiapcrseHHOro yuusepcurera. ®usuxa. 2022;3:10-25
Journal of the Belarusian State University. Physics. 2022;3:10-25

TMOJTYYESHHUS CBETOBBIX ITyYKOB C TOIIOJIOTHYECKUM 3apsiioM. Ha ocHoBe ananm3a npoduiist (pazoBoii MOBEpXHOCTH
C/IeTIaH BBIBOJ, YTO MOJU(HUKAINS pacIIpeIeieHns] a3UMyTaIbHOTO HalpaBiIeHNus oprueHTanuu qupexropa KK
THUIIA ¢-TUTACTUHBI ITyTeM BBEJCHUsI (pa30Boro sijipa (001acTh 0IHOPOAHOM (ha3bl, 00aKaroIIas KOHTPOIHUpPYye-
MBIMH H YTIPaBIIIEMBIMU TTApaMeTpaMHu ) sIBJISIETCS MEPCTIIEKTHBHBIM CIIOCOO0M MOIYIISALIMHU paclpeieleHns HH-
TEHCUBHOCTH ITPOLLEIIIETO IIyYKa.

[puBenensie GopMyItbl IPOGHICH MOBEPXHOCTH TEOMETPUIECKOM (asbl MOTYT UCIIOIB30BATHCS JJIS aHAIN32
1 pa3pabOTKH CIOXKHBIX ONTHYECKUX chucTeM (OTOHHBIX JKK-ycTpoiicTB, OCHOBaHHBIX Ha JIMHEWHBIX H (HIJIN)
HEHTPATEHO-CUMMETPHUYHBIX IEPUOANYHBIX PACTIPEICIICHISIX a3UMYTaJIbHOM opreHTarmu aupekropa XKK.
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VIIK 528.8

KAACCUDOUKALINA COCTOSAHUU YCBIXAHUA
EAN OBBIKHOBEHHOMN HA OCHOBE CITEKTPOB OTPAJKEHWS

A. 0. MAPTHHOB"

Y Uncmumym npuxnaonvix gusuveckux npoénem um. A. H. Ceguenko BI'Y,
ya. Kypuamosa, 7, 220045, 2. Munck, benapyco

[pencraBien MeTOJ KIACCU(UMKAIIMY CIIEKTPOB OTPAXKEHHUS €JIOBOW XBOM Pa3HbIX KaTeropHid 310pOBbs, U POBEICHA
OLICHKA KayecTBa KiacCu(HKalu. BbIOpaHbI TakKe KaTeropuH 3/10pOBbsI €leil, KOTOPhIE BKIIIOYAIOT B ce0sl HayaJIbHbIC
CTaJIMU YCBIXaHMUS, YTO UTPACT CYIIECTBEHHYIO POIIb JJIsl PAHHETO JIETEKTUPOBAHHS 04aroB 3a00J1eBaHusl, KOT/Ia 3aTPyAHEeHA
KJ'IaCCI/I(bI/IKaHI/IH I10 BU3YyaJIbHBIM KPUTEPUAM CPEACTBAMU JUCTAHIIMOHHOTO 30HAUPOBAHUA 3eMin. HpeﬂnonceH AJITOPUTM
Heo6yqaeM0171 KJ'IaCCI/I(bI/IKaLII/II/I 1 BU3yaJIM3allly CTICKTPAJIBbHBIX JAaHHBIX Ha OCHOBE KOPPEIAINOHHOTO U KJIaCTCPHOTO aHa-
nr3a. C IOMOIIBIO pa3paboTaHHOTO MPOTPAMMHOTO 00ECTIEYEHHSI MCCIIEI0BAHbI MOMyUYEeHHbBIE B Ja00PAaTOPHBIX YCIOBUAX
CIIEKTPbI OTPA’KEHUSI €JI0BOM XBOU M MHTEPIPETUPOBAHBI PE3y/IbTaThl. B x0le aHanu3a pa3jinyHbIX COYETaHUH IIapaMeTPOB
BHYTPU NPEAJIOKCHHOI'O aJIrOprUTMa, a TaKKE KOM6I/IH8.HI/Iﬁ OTJACIBbHBIX KOMIIOHCHT aJITOPUTMa C U3BECTHBIMHU METOAAMU
kiaccudukanuu onpeseneHa Haunbonee 3(hGekTuBHAsS KOMOUHAIMS TApaMETPOB M METONIOB KJIACCU(PHKAIMKU (TIPOSKIIHs
CIICKTPOB B MPOCTPAHCTBO ITIABHBIX KOMIIOHCHT, YCTPAHCHUC BIIUSAHUA nepBoﬁ IJIaBHOM KOMITOHEHTHI Ha CIICKTPbI, METPUKaA
CBA3BIBaAHUA KJIACTEPOB yopzla 1 CTaHAAPTU3HUPOBaHHAA CBKINI0BAa MCTPHUKA IJIsI BBIYUCIICHUS CIICKTPAJIbHOI'O paCCTOﬂHI/Iﬂ)
JUIsl ICTEKTHPOBAHMsI Pa3HbIX cTaluii 3a0oneBanus eneil. Ee ucrnonb3oBaHue M03BOJIMIO TIOBBICUTD [MOKa3arellb KauecTBa
kiaccuukamu F-score uist 2-i Kateropuu 310poBbsi (HauOoliee BayKHAS KATErOpHUs JUlsl 3a/la4i OOHAPY)KEHUsI YChIXaHHs
Ha paHHHX cTaausx) 10 70,59 %.

Knrwouesvie cnosa: CIICKTP OTPAKCHUS; €JI0BasA XBOsA; YChIXaHUE; METO/ ITIaBHBIX KOMIIOHCHT; KJ'IaCCI/I(l)I/IKaIII/IH.

bnrazooapnocms. ABTOp OnarogapuT COTPYIHUKOB OT/EA a3POKOCMHUUECKHX MCCIIEN0BaHNI HCTUTYyTa MPUKIIATHBIX
¢dmsmueckux npodem umenu A. H. Cesuenko BI'Y U. U. Bpyuxosckoro, O. O. Cunrok, I. C. JIutBuHoBH4a, A. A. Jlomako,
B. B. Cranunka, C. U. I'ynsieBy 3a co3nanue ToHHOPOTOMETpA [UIsl M3MEPEHHST OTPaKaTeIbHBIX XapaKTePUCTHK XBOH,
ataoke JI. B. KarkoBckoro 3a HayuHyro KOHCybTalmo. Pabora BeImoHeHa pH rojiaep xke BeeMupHOI (eepaliin yaeHbIX.

CLASSIFICATION OF NORWAY SPRUCE DRYING STATES
ON THE BASIS OF REFLECTION SPECTRA

A. O. MARTINOV?®

4. N. Sevchenko Institute of Applied Physical Problems, Belarusian State University,
7 Kurcatava Street, Minsk 220045, Belarus

The article is devoted to the development of a method for classifying the reflection spectra of spruce needles of diffe-
rent health categories and assessing the quality of the classification. Such health categories of spruces have been chosen
that include the initial stages of drying out, which is essential for early detection of disease foci, but makes it difficult to
classify according to visual criteria by means of remote sensing of the Earth. An algorithm for untrained classification and
visualisation of spectral data based on correlation and cluster analysis is proposed. The reflection spectra of spruce needles
obtained under laboratory conditions were studied and the results were interpreted using the developed software. The analysis
of various combinations of parameters within the proposed algorithm, as well as combinations of individual components of
the algorithm with known classification methods, made it possible to determine the most effective combination of parameters
and classification methods (projection of spectra into the space of principal components, elimination of the influence of the
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first principal component on spectra, the Ward cluster linking metric and the standardised Euclidean metric for calculating
the spectral distance) for detection of different stages of spruce disease. Its use to made it possible to increase the F-score
classification quality indicator for the 2™ health category (the most important category for the task of detecting drying in
the early stages) up to 70.59 %.

Keywords: reflection spectrum; spruce needles; drying; principal component analysis; classification.

Acknowledgements. The author thanks the employees of the department of aerospace research of the A. N. Sevchenko
Institute of Applied Physical Problems of Belarusian State University 1. I. Bruchkouski, V. A. Siliuk, H. S. Litvinovich,
A. A. Lamaka, V. V. Stanchuk, S. I. Guliaeva for the creation of a goniophotometer for measuring the reflective spectra
of needles, as well as L. V. Katkovsky for scientific advice. The work was supported by World Federation of Scientists.

BBenenue

B ronme XX B. B ctpanax CeBepHOTI0 MOyIIapus Ha4ajaoCh KPYIMHOMACIITA0OHOE YXyAIICHHE CAHUTAPHOTO
COCTOSIHMS €NTOBBIX JiecoB [ 1]. B mocneanee Bpemst Bce Oonbliiee BHUMaHUE YACISETCS €CTECTBEHHBIM CTPECCOBBIM
(axropam [2], K KOTOPBIM, HAIPHIMEP, OTHOCUTCS 3apakeHHE KyKOM-KopoeaoM. Jliist orpeneneHus Macurabos
U TUHAMHUKH U3MEHEHHUSI CAHUTAPHOTO COCTOSIHHSI JIECOB HEOOXOIMMBI MX MOHHTOPHHT U KJIacCU(PHKAIUS HA
KaTeropuu 3710poBbs. [lomoOHas Kiraccu(uKanys BHITOTHAETCS ¢ TIOMOIIBI0 BU3YAIbHOTO HA3EMHOTO OCMOTpa
nepesa [3]. OmHako /Ui MacTabHOTO MOHUTOPHUHTA COCTOSIHUS JIECOB TPEOYIOTCS WHBIE TToAX0oabl. OQHUM U3
TaKUX MOAXOAOB SIBISICTCS AUCTaHIMOHHOE 30HAupoBanue 3emin ([33). B psine pabot npumensiercst Kiaccu-
¢uxanus xkpoH eneit o RGB-n300pakeHUsIM U MyIBTHCIIEKTPATBHBIM H300paKEHHUSAM, TTOTyYSHHBIM ITOCpe-
crBoM /133 [4—8]. Ho, HecMOTpsI Ha UCTIONB30BAaHKE HECKOJIBKHX KaTerOpHUi 310pOBbsI (B OOJIBIIMHCTBE yKa3aH-
HBIX paboT B KauecTBE HUX BHIOPAHBI €ITU C 3€JICHOM KPOHOM, yCOXIHe enn 0e3 XBOU U 1—2 MPOMEeKyTOYHBIX
COCTOSTHHSI C SIPKO BBIPKEHHBIMU MTPU3HAKAMH YCBIXaHHS B BUJIE PHDKEH KPOHBI), KJIacCU(pHUKAINS eleii Ha Takne
KaTeTOPHH 3/I0POBbS KaK AKCIIEPTHBIMU METOJIAMH Ha OCHOBE M300pa)kKeHHIA, TaK M IIPOTPAMMHBIMHE CPEICTBAMHA
C MMPUMEHEHUEM PA3JIMYHBIX AJITOPUTMOB HE MPEJCTABISIET 0COO0H CIOXKHOCTH. Pa3paboTka KOMITBIOTEPHBIX
QITOPUTMOB ONpEEICHNsI HACTOJILKO Pa3HBIX KaTeropuil 30pOBbs €Jiel HampasiieHa Ha MPHOIMKEHUE TOU-
HOCTH aBTOMaTHuecKoro kinaccudukaropa k 100 % (B padore [4] yaanock npeBbicuth TO4HOCTH 90 %). C Touku
3peHHs IPAKTHYECKOTO HCIIOJIb30BAHUS MaT€PHAIOB JIECOATOIOTHIE€CKOTO MOHUTOPHUHTA HHTEPEC MPEICTABIISET
KapTHPOBAaHUE JIECHBIX YKOCHUCTEM T10 WHBIM KaTeTOPHSAM 340POBbA. B 4acTHOCTH, MIMPOKOEe MPUMEHEHHE TTOITY-
YHIIa CIIeIyomas MKajia KaTeTOpHUiA 3I0POBbhsI XBOMHBIX IEPEeBhEB: 1-51 KaTeropus — 0e3 MpU3HAKOB OCabIeHUs
(KpoHa JepeBbeB rycTasi, XBOs 3elieHas], OnecTsias); 2-s1 Kareropusi — ociallieHHble (KpOHA aKypHasi, XBOs
3eJIeHas MM CBETIIO-3€JIeHasl, yChIXaHUe OTIENbHBIX BETBEH); 3-51 KaTeropusi — CHILHO OcJiabJeHHbIe (KpoHa
CWJIBHO a)KypHasi, XBOsi OJIeJTHO-3€JICHasi WJIK MaToBasl, yChIXaHUE 710 2/3 KPOHBI); 4-s KaTeropusi — yChIXaro-
e (KpoHa CHIIBHO aXXypHasi, XBOS HKEJITOBaTas WM YKEJITO-3€JIeHast, OCBINAETCs); S-51 KAaTeTOPHs — CBEXKUN
CYXOCTOM; 6-51 KAaTETOPHS — CTaphIi CYXOCTOﬁl. Oco0bIif HHTEPEC TTPEACTABIISIOT TIEPBBIC YETHIPE KAaTCTOPHH.
Omnpenenenne yChIXaHHsl HA paHHEM dTarle MO3BOJISET MPUHATH MPEBEHTUBHBIE MEPHI TI0 TPEAOTBPAIIEHUIO
pacrpocTpaHeHUs 3apaKeHUs, HAIPUMED, KYKOM-KopoeaoM. M300pakeHusl epBhIX YEThIPEX KaTeropwi
3]I0pOBBS JIEPEBLEB, BBIACIEHHBIX 0 PE3ybTaTaM MPOBEIEHHBIX COBMECTHO C JIECONATOIOTOM IOJIEBBIX U3-
MEpeHUH, MpeACcTaBIeHb! Ha puc. 1.

ala o/b

Puc. 1. BuenHuil BUj pa3sHbIX KaTeropuil 310pOBbs €ICH:
a — 1-s xareropus; 6 — 2-51 KaTeropusi; @ — 3-s KaTeropus; & — 4-s1 KaTeropust
Fig. 1. Appearance of different health categories of spruces:
a— 1% category; b — 2™ category; ¢ — 3™ category; d — 4™ category

ICaHI/ITapHI)Ie npasuna B necax Poccuiickoit @enepannu : ytB. Pocnecxozom 18.05.1992 : B pen. ot 20.01.1995. M. : BHUMInec-
pecype, 1998. 25 c.
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Kak BugHO U3 puc. 1, nepBble TpH KaTeropuy TPyAHOPA3TUIMMBI BU3YaJIbHO (YacTO OMPEAESIOTCS 10 Jpy-
MM MpU3HAaKaM, HallpyUMep IO MOBBIIIEHHOMY BBIIEJICHUIO CMOJIBI Ha CTBOJIE JIEPEBA), TOJIILKO YETBEpTas Ka-
TEropysi OTIIMYAETCS HAIMYMEM YUYaCTKOB C PbKel XBoei. B cBi3M ¢ 3TUM B 1aHHOI padoTe ObLIO MpeIoxKe-
HO aHaJM3UPOBATh CIIEKTPHI OTPAKEHUS €JIOBOW XBOU, YTOOBI HCKITIOYUTH BO3MOXHYIO ITOTEPI0 HHPOPMAIIUN
B OT/ICIBHBIX MIHUPOKHX CIEKTPATBHBIX MTOJI0CAX MYIBTHKAHAIBHOTO H300pasKEHHS.

MarepuaJjbl 1 METOAbI UCCJIEIOBAHUS

Kraccudukanum eneli 1o JIeTHBIM JaHHBIM JIOJDKHO TPEALIECTBOBATH CCIIEI0BAHUE, BKITFOUAtOIee B ceOst TIa-
TeJbHBIH 0TOOp 00Pa3LIOB, UX CIIEKTPOMETPUPOBAHKE, Pa3padOTKy METOAOB U JITOPUTMOB KIaCCH(MKAIMK 1 aHAIN3
pe3ynsrartoB. CHadasna ImyTeM Ha3eMHBIX H3MEPEHHH C yJ9acTHEM JISCOTIaToIora OTOMPAJIHCh M KIIAaCCH(PHUITIPOBa-
JIUCH TIO CTETICHH YChIXaHUS eJTH. 3aTeM C KPOH ITHX eJie coOmpamch 0opasipl xBou. [locie 3Toro mpoBoaniocs
CIIEKTPOMETPHPOBAaHUE COOPaHHBIX 00Pa3LOB C TOMOIIBIO aBTOMATH3UPOBAHHOTO J1a00PaTOPHOTO TOHUO(OTOMETPA,
KOTOPBIH MO3BOMISET U3MEPATH KOA(D(HUIUEHT OTPaKEHHUSI HCCIIEAYEMOro o0pasLia co CEKTPaIbHBIM pa3pereHueM
1,5-2,9 am B auanazone 400—1050 HM u criektpaibHbIM pasperiendeM 10 uM B nuanazone 1000-2500 uwm [9].
B pesynbrare mabopaTopHBIX U3MEPEHUH OBLUTH TOTYYeHBI 356 CIIEKTPOB XBOM €T OOBIKHOBEHHOH B JHalla30HE
400—-870 HM, Ka)KJJOMY M3 KOTOPBIX TIPECBOSHA OIHA M3 YEThIPEX KaTeropuii 3m0poBbs. [1omy4yeHHbIi Ha0op criek-
TPOB UCIIOJIB30BAH IS pa3pabOTKH U arpoOaliy ajlropuTMa Kiaccu(uKayy B JaHHOH padore.

AJropuT™m KJIaccu(puKamuu CeKTPAJbLHBIX JaHHBIX. 711 aHaIM3a OJIM3KHUX CIEKTPOB OTPAKEHHUSI, Ka-
KHMH SBJISTIOTCSI CIIEKTPHI XBOM €JIeH, pa3padoTaH alrOpuTM KIACCH(HUKAIMA HA OCHOBE METONIOB TJIABHBIX
KOMIIOHEHT, KOPPEISIIMOHHOTO U KJIACTEPHOTO aHalln3a, MpeJiaraloini HarvIsIIHBINA cr10co0 BU3yaIH3aluu
knaccoB. CTpyKTypHasi cxeMa pa3padoTaHHOTO ajJropuTMa KiacCu(pHUKaluy NpuBeneHa Ha puc. 2. DTamnsl 4 u 7
00pabOoTKH MPECTABICHBI Ha pUC. 3.

[IpuBecTH cieKkTpajbHbIEC JaHHbIE
K equHON (hopmMe ImpecTaBIeHNs

Oman 1

[IpoBecTu HOPMHUPOBKY
JAHHBIX

Oman 2

Oman 3
Her

O06paboTarh 1aHHBIC
C TIOMOIIBIO METOIA I[a—*

[VIABHBIX KOMITOHEHT?

CKOppEeKTHPOBAThH

CIIEKTPBI C yIETOM
IIepBOI IIIaBHOM

KOMITOHCHTBI

Oman 4

Y

Paccuurare Marpuiy
Dman 5 | B3aUMHBIX KOPPEISALMH
CIIEKTPOB
VTOYHUTB,
IIpoBectu Oman 10 eciu TpedyeTes,
Jman 6| KIACTEPU3ALHUIO 110 CIIEKTPAJIBHBII HAIa30H
TIOJTyYeHHOH MaTpHe A
[TocTpouts 1uarpammy W3menurts,
Oman 7 pacrpenenacHus Oman 9 ecnu Tpelyercs,
CIICKTPOB BBIOOPKY CIIEKTPOB

A

Heobxogumer
JNanbHEHIINe
ucciaenoBauus?

Oman 8 Ha

Her

Puc. 2. CtpykTypHas cxema pa3pabOTaHHOTO aJrOPUTMa KIacCUPHUKALIIH

Fig. 2. Block diagram of the developed classification algorithm
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JUTS 00paboTKK

IToctpouts MaTpuiy
IVIaBHBIX KOMIIOHEHT

Hopmuposka

Boiaenuts nepByto
[VIaBHYIO KOMIIOHEHTY

1

Bri6pars MeTon
KOPPEKTHPOBKU

VYerpanenue
BIIMSHUS

o/b

Hauaio

OmnpenenuTs TPU CIIEKTPA,
HauboJiee pa3Inyarouxcs
0 KO3 PUIINESHTY KOPPEISIUT

{

3aHyIHUTh NEPBBIi
CTONOEI] MaTPULIbI
IJTaBHBIX KOMIIOHCHT

CdhopmMupoBaTh TpU OCH MPSMOYTOIBHON
CHCTEMbI KOOPAMHAT, 1€ BIOJIb KaXKI0M
OCH OTKJIa/IbIBACTCS 3HAYCHHUE
ko3 duIeHTa KOppesIa
C OCEBBIM CIICKTPOM

!

PaccunTarh KOOPAMHATHI CIIEKTPOB
B TIOJTyYEHHBIX OCSIX T10 BHIYHCICHHON
MaTpHIe B3aUMHbIX KOPPEIALHit

BoccranoButh
Hopmuposars criekTpsl
CHEKTPBI ¢ IOMOILBIO
Ha I[IepBYIO IIIABHYIO N
MOAH(DUITPOBAHHOM
KOMIIOHEHTY Koneny
MaTpHUIIbI
MonudunupoBaHHbIE
CIEKTPBHI

Puc. 3. CTpyKTypHBIE CXEMBI IPOIEAYP KOPPEKTHPOBKH CIIEKTPOB
C y4eTOM MEepBOil NIaBHOW KOMITOHEHTHI (@) M TIOCTPOCHUSI AUArpaMMBbI pacIipe/IeNIeHus! CIIEKTPOB (0)

Fig. 3. Structural schemes of the procedures of correction of the spectra
taking into account the first principal component (@) and spectrum distribution diagram formation (b)

PaccMoTpuM OCHOBHBIE TAlbl aMropuTMa (3Tansl 1-8 Ha puc. 2).

Oman 1. Tlepexon K SKCIEpUMEHTAITBHBIM OTCUETaM CIIEKTPOB B OOIIEH CHCTEME CIIEKTPATbHBIX KaHAIOB
MOCPEICTBOM HHTEpIOISANnU. JlaHHbIe (KO (UITUEHTHI OTPaKEHHsI) XPaHATCS B MAaTPUIIE, B CTOJIOIAX KOTO-
poil pacrmonararoTcss HOMepa CIEKTPOB, a B CTPOKaX — HOMEpa CIEKTPAJIbHBIX KAaHAJIOB.

Oman 2. TlpoBeneHue HOPMUPOBKHU CIIEKTPOB B IEJISAX YCTPAHECHUS Pa3Iuunuil B aOCONFOTHBIX 3HAYCHUSIX
CICKTPaJIbHON BBIOOPKHU. J[Jist 3TOr0 M3 KaKJ0ro CIEKTpa BBIYUTACTCS BHIOOPOUYHOE CPEJIHEE 3TOr0 CIEKTpa
Y pe3yJbTaT ACTUTCS Ha CPEHEKBAIPATHIECKOE OTKIIOHEHHE:

_ %=X
Y e(x)

rae i =1, K —HOoMep crieKTpaibHOro Kanana; j =1, N —HoMep criekTpa; K — KOIM4ecTBO AJTUH BOJIH; /N — KOJIH-

YECTBO CIIEKTPOB; X; — MaTeMaTHYeCKOE OXKH@HUE j-TO CIICKTPa; 0'( X; ) — CPEHEKBAPATHIECKOE OTKIIOHEHHE
JUTSL j-TO CTIEKTpa.

Oman 3. [lpunsatue pemeHus, TpeOyeTcs 1 MPOU3BOAUTE 00Pa0OTKY JaHHBIX C TIOMOIIBIO METO/IA TJIaB-
HBIX KOMITOHEHT. Ecii B Tekylie# BHIOOpKE CIIEKTPBI UMEIOT CXOXKYI0 GopMmy (koddduiimeHT Koppensuuu
6omee 0,9), To OymeT 11eMeco00pa3Ho ee MPOBECTH.

Oman 4. KoppeKTHPOBKA CIIEKTPOB € YIETOM ITEPBOM IIIAaBHOH KOMITOHSHTHI (OTIHCaHNE TAHHOTO 3Tara CM. HIDKE).

Oman 5. Pacuet MaTpuLibl B3AUMHBIX KOPPEALUNA CIEKTPOB. TakK KaK y CIIEKTPaIbHbIX KPUBBIX OCHOBHYO
poxb urpaet popma kpuBoii [10], To B kKadecTBe KpUTEPHS CPAaBHEHHS CIIEKTPOB ObLJIa BRIOpaHA KOPPEIISAIIHSL.
KoaddunmeHT koppensuun [ByX CIEKTpaibHbIX KPUBBIX X U Y paccuuThiBaeTcs 1o GopMyrie

K — —
I'yy = COVxy _ El(Xi _X)(Yi _ Y) , X =
O B =XV £ (0-7)

1
i=1 i=1

1 K _ 1Kk
=2 X, Y==3V,

Ki=1 K=

rie K — KOIMYeCTBO CIEKTPalbHBIX KaHaioB; X U Y — cpaBHUBaeMbie CleKTphl. [lomydeHHbIit KoddpumenTt
KOPPEIALUH ONPENENSET CXOACTBO (HOPMBI CIIEKTPOB. [l CpaBHEHHMSI CIIEKTPOB CTPOUTCS MATPUIIA B3aUM-
HBIX Koppensimii pasmepa N x N ¢ a/ieMeHTaMH 7;; — Kod(pQuiueHTaMu KOpPeNAIIH i-ro U j-Io CTIEKTPOB.
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Dman 6. [TpoBeneHne KIacTepU3aIiiuy 1o MoydeHHoU MaTpurie. Kiacteprusyrorcest 00BEKThI CO CXOKIMU CIICK-
TPaJbHBIMU KPUBBIMH, a 3HAYWT, ¥ (pU3nuecKuMu cBoicTBamMu. JIJisl KilacTepH3aliy UCTIOb3yeTCs nepapxuye-
CKHMi antomepartuBHbIN MeTox [11]. [IpenMyiiecTBo nepapXnieckux METOAOB KJIACTEPU3ALIUK 3aKIIIOUaeTCs B UX
HaISITHOCTH. BayKHBIM MapamMeTpoM KITacTepU3aIvy sIBISIETCS BEIOOP METPHKH CBSI3BbIBAHUS KiacTepoB (/inkage)
Y METPHKH OIIPEICITICHUS CTETICH! CXOJICTBA CIIEKTPOB (distance).

Aman 7. [locTpoenue auarpamMmbl (BU3yalln3alys) pacupeaeseHus: CIeKTpoB (OMMCcaHue JTaHHOTO JTamna
CM. HUXKE).

Oman 8. OueHKa pe3ynbTaToB KJIACTEPU3ALUHN U MIPUHATHE PEILIECHHUS O HEOOXOAMMOCTH JaJbHEHIINX HC-
CJIeZIOBaHUI. JTO TIO3BOJISIET MPOBECTH KIACCU(UKAIIMIO M UCTIONB30BaTh MOMYUYSHHBIE PE3YNIbTaThl IS pas-
IpaHUYCHUS] Pa3HBIX KaTeropuil 310poBbsl. [10 pacmonoKeHnIo CIIeKTPOB Ha AHarpaMMe MOXKHO C/IEaTh BbI-
BOJ] O MPUHAIJICKHOCTH HEU3BECTHOTO CIEKTPa K ONpeeICHHON KaTeropuu 310pOBbs eliei.

KoppekTnpoBKka crieKTpoB ¢ Y4eTOM TMePBOii II1aBHOWH KOMIOHEHTHI (CM. puc. 3, a). MeTos IaBHBIX KOM-
MOHEHT [ 12] mpeoOpa3oBhIBaET CHCTEMY 3aBUCHMBIX MEXKIY COOO0M 3HAYCHUH OUHA BOHbL — KOdGhDuyuenm om-
pasxcerud K CUCTEME CTaTUCTUYCCKU HE3aBUCUMBIX ITIaBHBIX KOMITOHCHT, Ha KOTOPBIC CO CBOMMU BECOBLIMH KOBq)-
(HULEeHTaMH MOKHO PA3JIOKUTh KKABIH U3 UCXOMHBIX CIIEKTPOB. MOXXHO MPENNOIOKHUTh, YTO KaKIas TJIaBHAs
KOMITOHEHTa SIBISIETCS. OTOOpa)KeHHEM HE3aBHCHMBIX CBOMCTB CHUMAaEMbIX OOBEKTOB B MCCIIEAYEMON CIIEKTPalb-
HoI1 oOnactu. [lepBast maBHAsI KOMIIOHEHTa BHOCUT MAKCUMAJIbHBIHM BKJIaJ B OOBSICHEHUE TUCIIEPCUH BHIOOPKH.

Marpuiia Ii1aBHBIX KOMITOHEHT Z CTPOUTCS HA OCHOBE MaTPHIIbI BECOBBIX KO duimeHToB A = {aij }, i=LN,

j =1, N, yIUTHIBaIOIIUX TECHOTY CBSI3U MEXJIy MCXOIHBIMH NMPU3HAKaMH X (HOPMHUPOBAHHBIMHU CIICKTPaMH )
Y TIIaBHBIMH KOMITOHEHTaMHU:

7 = XA, (N
rae Matpuia X = {xij }, i=LK, j=1, N (K-Konu4ecTBO JUIHH BOJIH; N — KOTUYECTBO CIIEKTPOB). DIIEMEHTHI
MaTPUIBI A paCCUNUTHIBAIOTCS C MCIIOJIL30BAHUEM arapara MaTpUYHOHN anreOpshl.

[lepBbIii cI0COO KOPPEKTHPOBKH CIIEKTPOB COCTOUT B TOM, YTO BCE CIIEKTPHI HOPMHUPYFOTCS HA TIEPBYIO IJ1aB-
HYIO KOMIIOHEHTY. [Ipoucxonut 310 cienyroumm oopazoM. Haxonurcest ciekTp nepBoii aBHOI KOMIIOHEHTHI Z, .
Oun Hopmupyercst ot 0 10 1 (Z,,,,)- MoIubUIMpOBaHHBIE CIIEKTPBI X' PACCUUTHIBAIOTCS 110 (OpMYyIIe

xi} :xij(l—Z

Inorm

lnormii)’

I X;; — 3HAYCHHUE B [-M KaHAJIC j-TO CNEKTPA; Z\ ., ; — 3HAYCHUSI HOPMUPOBAHHOM TIEPBOIi IIABHON KOMIIO-
HEHTHI B i-M KaHaJe.

Bropoii crioco0 KOppeKTHPOBKHU CIIEKTPOB 3aKIIIOUACTCSI B 3aHYJICHUH CTOJIONA MEPBOM ITIAaBHOM KOMIIOHEHTHI
B Marpule Z 1 BOCCTAaHOBJICHUH MO Heil MOAN(DUIIMPOBAHHBIX CIIEKTPOB!

X'=Z'A", (2
rae X’ — MonuduIrpoBaHHAs MaTpUlla CIEKTPOB; Z — MOITU(PHUIMPOBAHHAS MaTPHUIIA TIaBHBIX KOMIIOHEHT.
IocTpoenne AuarpaMmsl pacupeneaeHns cnekTpos (cM. puc. 3, 6). [1o koapdunmenram xkoppessiamu (1)
OTIPEICIISIOTCS. TP HamOojee pasnudaronuxcs crnekrpa. CHadana B BeIpakeHHH (1) HaXOMUTCS MUHUMATh-
HBIIl 2JIEMEHT MaTpHLBI 7, ,, S-H U {-} CIIEKTPBI SBJISAIOTCS ABYMS U3 TPEX UCKOMBIX CIEKTpOB. J[ys BeIOOpa
TPETHETro CHEKTPA BBOAUTCS (yHKIIHS

A = Fk’s-i- I"k’t, k: I,_N.

Homepom TpeTbero nckoMoro criekrpa OyzieT 3HaueHue HHIEKca &, PU KOTOPOM (DYHKIHS IOCTUTAEeT CBOETO
MUHHMAJIBHOTO 3Ha4eHUs. TpH HalJIEHHBIX TaKUM 00pa30M CHEKTpa MUCIOIB3YIOTCS TSl (JOPMHUPOBAHUS TPEX
0CeH TPSMOYTOILHOW CHCTEMBI KOOPAWHAT. /{7151 0TOOpayKEeHUS B ATOH TPEXMEPHOU cHCTeMe KOOPIUHAT TOUCK,
COOTBCTCTBYIOIIMX BCEM OCTAJIbHBIM CIICKTpaM BBI60pKI/I, BIOJIb Ka)KI[OfI 3 ocen OTKJIaABIBAKOTCS 3HAYCHUA KO-
s dunmeHTa KOppeIALIH TEKYILETO CIIEKTPa ¢ COOTBETCTBYIOLIMM OCEBBIM CIIEKTPOM. Takum 00pazom, Marpuia
B3aUMHBIX KOPPEJIHIA OITPEIENsieT KOOPANHATHI CIIEKTPOB B yKa3aHHOM TpeXMEpHOI cucteme koopauHart. Ha pac-
MTOJIOKEHHE CTIEKTPA BIHSIET CTETIEHB €r0 CXOJICTBA C TPEMS CIIEKTPaMH, BRIOPAHHBIMH [T JOPMUPOBAHHUS OCEH.

Pa3paboTranHoe mporpaMMHoe odecnedeHue. AJTOpUTM KiaccH(PHUKALMHU 10 CIEKTPaIbHBIM JaHHBIM
ObL1 peanu3oBaH Ha s13bIke Matlab B Buie mporpaMMHoro odecredeHus, MO3BOJISIONIETO TOJIb30BATEINI0 MPO-
BOJIMTh aHAIU3 CIEKTPaJbHBIX JAHHBIX C MOMOIIBIO yA0OHOTO Tpadudeckoro nHTepdetica (puc. 4). Kpome
pa3paboTaHHOTO AITOPUTMA KIACCU(PUKAIINN B TIPOTPAMMHOM 00€CTICUCHUN UMECTCS M IPYTol (DyHKITHOHAIT.
B uwacTHOCTH, BMECTO MPEJCTABICHUS JaHHBIX B OCAX KOA(PDHUIIMCHTOB KOPPEISIUU J00aBICHO MPEICTaB-
JICHWE CTIEKTPOB B MPOEKIIMOHHOM MPOCTPAHCTBE MEPBHIX TPEX MIABHBIX KOMIOHEHT. Takoe mpeoOpa3zoBaHue
JOCTYITHO KaK JIJIsl UICXOJHBIX HOPMHPOBAHHBIX CIIEKTPOB, TaK ¥ JIIsi MOAU(DHUIIMPOBAHHBIX C ITIOMOIIBIO yCTpa-
HEHHS BIUSHUS TIEPBOY TNIABHOW KOMITOHEHTHI CIIEKTPOB. CTOUT OTMETHTH, YTO TJIaBHBIE KOMIIOHEHTHI B pa3-
pa6OTaHHOM AJITOPUTME U TJIABHBIC KOMIIOHCHTBI B IAaHHOM IPOCKIIMOHHOM ITPOCTPAHCTBE — PA3HBIC ITOHATHUSA.
Pasznoxxenue Ha IIaBHbIE KOMIIOHEHTHI B O6OI/IX ClIy4dasX BBIIIOJIHACTCA 110 OI[HOI>'I U TOM Xe MaTpuiue CIICK-
TPOB, HO B OZTHOM U3 CIIY4a€B OHA TPAHCIOHUPOBAaHHAA, TaK KaK UMCIOTCA IIPUHIHUIINAJIBHBIC OTJINYUSA B TOM,
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Fig. 4. User interface of the developed software for spectral data analysis

YTO UMEHHO (CTPOKH WJIM CTOJOIBI) OTBEYAET 3a MPU3HAKH, a YTO OTBEYACT 32 OOBEKTHL. B 3aBUCHMOCTH OT
BBIOpPaHHBIX HACTPOEK KiIacCH(HKAIUS OyJeT BBITOIHITHCS 10 Pa3HbIM KpUTepHsiM. [Ipu BEIOOpE CHCTEMBI
KOOpAWHAT, OCHOBAaHHOH Ha KOA(h(OUIIMEHTAX KOPPEISAINH, KiIacCu(UKAHs OyIeT OCYIIEeCTBIATHCS TI0 aJro-
pUTMY, IpeICTaBIeHHOMY Ha puc. 2. [Ipu BEIOOpE crucTeMbI KOOPAWHAT, OCHOBAaHHOH Ha ITEPBBIX TPEX TIIaBHBIX
KOMIIOHEHTaX, Kiaccu(ukanys OyaeT BBIIOIHATHCA 110 MPOCKIMIM CHEKTPOB Ha TPH INIaBHbIE KOMIIOHEHTHI.
Kpome Toro, B pa3paboTaHHOM ITPOrpaMMHOM obecriedueHnn 100aBieHa BO3SMOKHOCTh MPOBEACHUS «UUCTOM»
KJIacCU(PHUKALINHU, KOTOpasi OCYIIECTBISETCS TOJIBKO 110 HOPMUPOBAHHBIM (3TaIl 2 allfOPUTMa) CIIEKTPaIbHBIM
KPUBBIM, IPOLIEAIIUM WM HE MPOIIEIIIMM YCTPAHEHUE BIMSIHUS NIEPBOM ITIaBHOM KOMIIOHEHTHI. Taxxke pea-
JIM30BaH pacuet BereranronHoro uujaexkca NDVI [13].

Pe3yabTarhl 1 NX 00CyKI1eHUe

HWcxonnas BeIOOpKa BKiItoUaia 356 CHeKTpOB OTpakeHHs eJ10BOi XBou B nuanazone 400—870 Hm, Kakaomy
13 KOTOPBIX ObLIa TIPUCBOEHA OJ{HA U3 YETHIPEX KaTeropHii 340poBbsi. Eciu npencTaBuTh BCIO CIEKTPaIbHYIO
BBIOOPKY B BUJIE ITPOEKIIHIA HA ITIABHBIE KOMITOHEHTBI, TO MOYKHO YBH/JIETH JIBA BRIPAKEHHBIX Kiactepa (puc. 5).
[Tocne ananm3a JaHHBIX OBIJIO HAWEHO 00BSICHEHNE MTOTyYeHHON KIIACTEPHOM CTPYKTYPHI: 9aCTh CEKTPOB 3a-
PErUCTPUPOBAHBI C UCIIOIB30BAaHUEM CIIEKTPOMETPA B PEKUME CKAHUPOBAHMS, & OCTAJIbHBIC CIIEKTPBI — C IIPU-
MEHEHHEM CIIEKTPOMETpa B APYroM, Oosiee ObicTpoM, pexkume. OnHaKo 3ToT 6osiee ObICTPBIM pesKuM padoThI
CIEKTPOMETpa MpearonaraeT NoJyuYeHHe JBYX CIIEKTPOB B CMEKHBIX IMANa30HaX U X MOCIEIYIONIYIO CIIUBKY.
CuMBKa CIIEKTPOB MPOUCXOAUT HEUCATbHO U OCTABIISIET OCie ce0sl MOpor B MECTe CIIMBKH. BennunHa 3Toro
1OpOTra COCTABISET MPUMEPHO 7 % OT MaKCUMaJIbHOTO 3HAYCHUS CIIeKTpa. V3-3a 3T0l 0COOCHHOCTH CIIEKTPOB
Ha puC. 5 mpou3onuia Kiaccu(rKaus CIeKTpaTbHON BRIOOPKH 110 METO/TY MTOTyYeHHS CTIEKTPOB.

C y4eToMm CKa3aHHOTO ISl JAIbHEHIIIETO aHaln3a ObLTH BBHIOpaHB! 212 CIIEKTPOB, MONYYEHHBIX CIIEKTPO-
METPOM B PEKUME CKaHUPOBaHUsA. CTOMT OTMETHUTb, YTO CPEIU CIIEKTPOB 3-i KATETOPHH 340POBbsI OKa3aJIUCh
7 CHEKTPOB, KOTOPBIE MPEANOIOKUATENBHO (KaK MOKa3ad UCCIICA0BAHUS M0 KiIacCU(pHUKALNT) TPUHAIICKAT
K TPEeM APYTUM KaTeropHsM 310pOBbs eiei. BriomHe Bo3MOKHO, 4TO JaHHBIE 00pa3ibl ObLIH OIIMO0YHO KJIACCH-
(ULMPOBaHBI JIECONATOIIOTOM BBU/IY CBOCH CHITLHOM CXOKECTH C IPYTUMH KIIACCAMU, TI03TOMY JIJIsl yMEHbBIIICHUSI
HEOIPEeIeICHHOCTH Kilaccu(UKaIuK yKa3zaHHble 7 00pa3ioB 3-i KaTeropuu 3710pOBbsl UCKIIIOYEHBI U3 pac-
cMaTpuBaeMol BEIOOPKH. Takke OBLTH UCKITIOUEHBI 2 CTIEKTPa KOPBI €10BBIX BeTBeH. Ha puc. 6 mpeacTaBiieHb
BU3YyaJIM3aLUs] CIEKTPOB XBOH B OCSIX KO (HUIIMEHTOB KOPPEISLUY NIOCIIE YCTPAHEHHUS BIMSIHUS [IEPBOM TJ1aB-
HOW KOMITOHEHTHI (CM. pHC. 0, @) U BU3yalu3alus CIIEKTPOB XBOH B OCSX IIaBHBIX KOMIIOHEHT (CM. puc. 6, 0).
OCHOBHBIE XapaKTepUCTHKH CIEKTPabHON BBIOOPKHU (cpenHekBaaparnyHoe oTkiaonenue (CKO), cpennue
CIEKTPBI 110 KJ1accaM) MpeICTaBICHbI Ha puc. 7.
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Puc. 5. IlepBuunas xnaccuukanys Bceil 1abopaTopHOil CIIEKTpaIbHON BEIOOPKH.
3zech U laiee pa3HbIe IBETa COOTBETCTBYIOT PAa3HbIM
aBTOMATHYECKH BBIJIEJIEHHBIM KJIaccaM

Fig. 5. Primary classification of the entire laboratory spectral sample.
Here and below different colours correspond
to different automatically defined classes
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Puc. 6. CieKTpBbI XBOH B 0CSIX KO()(OUINCHTOB KOPPEISIIIH
C BBITIOJTHEHHBIM yCTPaHEHHEM BIUSIHUS IEPBOH TIIaBHON
KOMITOHEHTHI (@) U B OCSIX TJIABHBIX KOMIIOHEHT (6)

Fig. 6. Spectra of needles in the axes of the correlation coefficients
with the elimination of the influence of first principal component (a)
and in the axes of principal components (b)
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Puc. 7. I'paduk cpenuero crekrpa kodGhunueHToB orpakeHust 203 THIINYHBIX 00pa3OB XBOU
(rony6ast obnacts xapakrepusyer CKO) (a), rpaduk oraourenus CKO k kosddunmentam
OTpaKEHHUSI CPETHETO CIEKTpa BCeX 00pa3nos (6) U rpaduKy CPeTHUX CIICKTPOB
OTPaXKEHUS TPEX KaTeropuil 3110pOBbs elieii (6)

Fig. 7. Graph of the average spectrum of reflectances of 203 typical samples of needles
(the blue area characterises the standard deviation) (@), graph of the ratio of the standard deviation
to the reflection coefficients of the average spectrum of all samples (b) and graphs of mean
reflectance spectra of three health categories of spruces (c)

ITo 3nayenusm CKO Ha puc. 7, a, u otHotreHuto CKO k koadduimentam orpaxkeHust Ha puc. 7, 6, MOXHO
CJIeNaTh BBIBOJI, YTO MaKCUMaJTbHas H3MEHYMBOCTh UCCIIEAYEMBIX CIIEKTPOB HaOMonaeTcs B ONKHEM HH(paKpac-
HoM (MIK) nmanasone (0,75-0,87 mxMm). B Buaumom xe nuanasone Hanbombiiee 3HaueHne CKO coorBeTcTBYeT
3eneHon oonactu, a uMeHHO 0,55 MxM. CpetHre CIIeKTPhI Pa3HbIX KaTeTOpHid 310pOBbsS (CM. pHC. 7, 6) IEMOHCTPH-
PYIOT MakcUManibHOE paznuuune B OmmkaeM MK-auamazone, omHako B 9TOM JKe IMara3oHe Kaxaas U3 KaTeropuil
310poBbst MeeT Hanbonbinee CKO (oxorno 0,10—-0,15). Camo paznuune MexIy 3HAYCHUSIMU CPEJJHUX CIIEKTPOB
B OmmxHem VK-nmranazone npuauMaet 3HadeHue ot 0,05 (st 2-i u 4-if kareropuii) mo 0,17 (s 1-if u 4-i xare-
ropuif), i 12 n 34 % cootBercTBeHHO. Ha 0OCHOBaHMHM 3TOTO MOYKHO MTPEATIONOKHTH, YTO KIIACChl CIIEKTPOB XBOH,
OIIpE/ICIIEHHBIC ITyTEM BU3YaJIbHOTO OCMOTPA, SBIISIOTCS YACTHYHO MEPECEKAIOIIUMUCS U TPYITHOPA3TAYAMBIMH.

PesynbTarsl kiaaccudukanuu. Jist olleHKH TOYHOCTH pa30UeHNs Ha KIIACChI MPETIOKEHO UCTIONB30BaTh
YHCIICHHBIE XapaKTEepPUCTUKN KayecTBa Kiaccuukauuu. /s kakaoro kimacca CTpOMTCS MaTpHuia OMHOOK,
C ITOMOTIIBIO KOTOPOI MOYKHO OTMPENENUTh YHCIIO0 Ipe/ICKa3aHnil Kitaccudukaropa true positive (TP), true nega-
tive (TN), false positive (FP) u false negative (FN) [14]. Ha ocHOBe 3THX TNoOKa3aTeliell pacCUUThIBAIOTCS
CJIEYIOIe OCHOBHBIC METPHKH OIIEHKH Ka4ecTBa KIIACCUPUKAIMH: accuracy, precision, recall u F-score.
Jannbie MeTpuku ipuHUMaroT 3HadeHus ot 0 1o 1 (nmm ot 0 1o 100 %). Hanbonee noiHo onuckiBaromiei ka-
4eCTBO KJIacCU()MKALIMK CUUTAETCSI METPHKaA F-score, KOTOpast MPEACTABISIET COO0H rapMOHHYECKOE CpeiHee
MEXIY METPUKAMU precision U recall.

[IpuBeneM KOMOMHAIIMK OTAEIBHBIX KOMIIOHEHT pa3pabOoTaHHOTO alrOpUTMa C M3BECTHBIMH METOIAMHU
xiraccudukaruy [11-13], 171 KOTOPBIX BBEIOTHSINCH CPABHCHHS:

e PCA — do nothing — ward — euclidian;

e PCA — do nothing — ward — seuclidian;

e PCA — pure — do nothing — ward — euclidian;
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e PCA — pure — do nothing — ward — seuclidian;

e PCA — pure — without 1% — ward — seuclidian — 700-869.5 nm;

e Corr — do nothing — ward — seuclidian;

e Corr — do nothing — ward — cityblock;

e Corr — do nothing — ward — correlation;

e Corr — without 1% — ward — seuclidian;

e Corr — without 1*' — ward — cityblock;

e Corr — without 1% — ward — chebyshev;

e Corr — without 1% — ward — cosine;

e Corr — without 1% — ward — correlation;

e Corr — without 1% — ward — spearman;

e Corr — pure — without 1% — ward — euclidian;

e Corr — pure — without 1™ — ward — seuclidian;

e Corr (only 3 values) — without 1% — ward — euclidian (kmaccudpuKamus TPOBOAMIACH TONBKO TI0 TPEM
Kod(PUIIHEHTaM KOPPEISIHH C OCEBBIMU CIIEKTPaAMH);

e Index NDVI — ward — euclidian.

J171s1 IPOCTOTHI BOCIIPUSATHSI HCTTOB3YEMbIe KOMITOHEHTBI, METPHKH M METOIbI BKIFOUCHBI B Ha3BaHKe. MeT-
ki «PCA» 1 «Corr» 0TBEHaroT BEIOpaHHOMY CITOCO0Y MPEACTABICHNUS CHCTEMBl KOOPAWHAT (TJIaBHBIC KOMIIO-
HEHTHI U KOPPENAINN COOTBETCTBEHHO), a MeTkH «do nothing» u «without 1¥'» mokaseIBaioT, ycTpaHeHo 1u
BIIMSIHUE TIEPBOH IIABHOI KOMIOHEHTHI (110 opmyrie (2)) y cnekTpoB BEIOOPKU. MeTka «pure» 03HayaeT, uTo
ObLa BKJTFOUEHA «UHCTas Kiaccudukanus. J[Be mocneHne METKU OTPaKAOT METPUKY CBA3BIBAHHS KJIACTEPOB
W METPHKY OIPE/ICIICHUs] CTETICHN CXOJICTBA CHEKTPOB. YKa3aHHBIN JMAIa30H JUTUH BOJIH WIIH BEreTAI[HOHHBIN
MH/ICKC 03HAYAET, YTO CIICKTPAIbHBIN IMANa30H COOTBETCTBYOIIE N3MEHEH HJIH YTO UCIIONB30BaHa KiiaccH(uKa-
IHs1 110 3HAYCHUIO COOTBETCTBYIOIIETO MHICKCA TS KaXK/IOTO CIIEKTpa.

PaccunTanHble METPUKH JJIS1 OLCHKH TOYHOCTH PE3yJIbTATOB KJIaCCU(BHUKAINYU C PA3HBIMUA BapUAHTAMH Ha-
CTPOEK MPEJICTaBICHbI B Ta0muile. Ha3BaHUS YMCICHHBIX XapaKTEPUCTHK KauecTBa KITACCH(DHUKAIIUK YKa3aHbI
Ha aHIIMACKOM SI3bIKE C IIEJIBI0 M30€kKaTh MCKAKEHUS CMbICIA TIPU MEPEBOC OOMICTIPUHSTHIX (B TOM YHCIIE
U B PYCCKOSI3BIYHOH JIUTEpaType) aHIVION3BIYHBIX TEPMUHOB.

OueHKa TOYHOCTH KJIacCH(PUKALMU
Estimation of classification accuracy

Kareropus IToxazarenu kauecTBa KiIacCH(PpUKALIIN
SAOpOBRA TP | TN | FP | FN | Accuracy, % | Precision, % Recall, % F-score, %
PCA — do nothing — ward — euclidian
42 130 21 8 85,57 66,67 84,00 74,34
2 44 105 28 24 74,13 61,11 64,71 62,86
4 62 114 4 21 87,56 93,94 74,70 83,22
PCA — do nothing — ward — seuclidian
34 143 8 16 88,06 80,95 68,00 73,91
2 52 101 32 16 76,12 61,90 76,47 68,42
4 66 109 9 17 87,06 88,00 79,52 83,54
PCA — pure — do nothing — ward — euclidian
42 133 18 8 87,06 70,00 84,00 76,36
2 48 106 27 20 76,62 64,00 70,59 67,13
4 62 114 4 21 87,56 93,94 74,70 83,22
PCA — pure — do nothing — ward — seuclidian
49 123 28 1 85,57 63,64 98,00 77,17
2 37 115 18 31 75,62 67,27 54,41 60,16
4 64 113 5 19 88,06 92,75 77,11 84,21
PCA — pure — without 1% — ward — seuclidian — 700-869.5 nm
1 47 130 21 3 88,06 69,12 94,00 79,66
2 42 124 9 26 82,59 82,35 61,76 70,59
4 67 103 15 16 84,58 81,71 80,72 81,21
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[Ipononxenue Tabauusl
Continuation of the table

Kareropus [Tokazatenu kauecTBa KiacCH(DUKAIIMN
3HOpOBbA TP TN FP | FN | Accuracy, % | Precision, % Recall, % F-score, %

Corr — do nothing — ward — seuclidian
1 40 134 17 10 86,57 70,18 80,00 74,77
48 106 27 20 76,62 64,00 70,59 67,13
64 113 5 19 88,06 92,75 77,11 84,21

Corr — do nothing — ward — cityblock
1 41 132 19 9 86,07 68,33 82,00 74,55
46 104 29 22 74,63 61,33 67,65 64,34
62 114 4 21 87,56 93,94 74,70 83,22

Corr — do nothing — ward — correlation
1 46 123 28 4 84,08 62,16 92,00 74,19
27 118 15 41 72,14 64,29 39,71 49,09
69 102 16 14 85,07 81,18 83,13 82,14

Corr — without 1¥' — ward — seuclidian
1 46 98 53 4 71,64 46,46 92,00 61,74
8 114 19 60 60,70 29,63 11,76 16,84
64 107 11 19 85,07 85,33 77,11 81,01

Corr — without 1% — ward — cityblock
1 43 114 37 7 78,11 53,75 86,00 66,15
29 105 28 39 66,67 50,88 42,65 46,40
61 115 3 22 87,56 95,31 73,49 82,99

Corr — without 1*' — ward — chebyshev
1 43 97 54 7 69,65 44,33 86,00 58,50
8 113 20 60 60,20 28,57 11,76 16,67
64 106 12 19 84,58 84,21 77,11 80,50

Corr — without 1¥' — ward — cosine

46 106 45 4 75,62 50,55 92,00 65,25
7 124 9 61 65,17 43,75 10,29 16,67
71 95 23 12 82,59 75,53 85,54 80,23

Corr — without 1¥' — ward — correlation
1 3 131 20 47 66,67 13,04 6,00 8,22
49 83 50 19 65,67 49,49 72,06 58,68
66 105 13 17 85,07 83,54 79,52 81,48

Corr — without 1% — ward — spearman
1 46 95 56 4 70,15 45,10 92,00 60,53
2 125 8 66 63,18 20,00 2,94 5,13
71 100 18 12 85,07 79,78 85,54 82,56

Corr — pure — without 1* — ward — euclidian

1 42 133 18 8 87,06 70,00 84,00 76,36
48 106 27 20 76,62 64,00 70,59 67,13
62 114 4 21 87,56 93,94 74,70 83,22
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OkKoHYaHuEe TAaOIUI B

Ending table

Kareropus IMoka3arenn kadyecTBa KiIacCHUKAIUN
3/0pOBbA TP N | FP | FN | Accuracy, % | Precision, % Recall, % F-score, %
Corr — pure — without 1% — ward — seuclidian

48 123 28 2 85,07 63,16 96,00 76,19
2 37 115 18 31 75,62 67,27 54,41 60,16
64 112 6 19 87,56 91,43 77,11 83,66

Corr (only 3 values) — without 1% — ward — euclidian
45 112 39 5 78,11 53,57 90,00 67,16
2 25 108 25 43 66,17 50,00 36,76 42,37
4 62 113 5 21 87,06 92,54 74,70 82,67

ex NDVI — ward — euclidian

24 134 17 26 78,61 58,54 48,00 52,75
2 44 103 30 24 73,13 59,46 64,71 61,97
4 74 106 12 9 89,55 86,05 89,16 87,57

ITo pe3ynbTaTam OLEHKH KauecTBa Kiaccu(HUKanuy Hanbosee yCIenHoH (110 3HaUCHUsIM ToKa3atels [-score)
apnsercs komObunamus PCA — pure — without 1% — ward — seuclidian — 700—869.5 nm. YcTpaHenue BiusHus
MePBOi ITTABHOI KOMIOHEHTHI Y CIIEKTPOB, @ TAK)KE Cy)KEHHE CIIEKTPAIbHOTO HHTEpBaja 10 00JIaCTH, B KOTOPOH
BapHATHBHOCTH CIIEKTPOB BBIOOPKH SIBISIETCS MaKCHMAJIBHOM, TIO3BOJIMIIN JIOCTHYL HAWOOJBINNX 3HAYCHUN
nokasarensi F-score, B TOM 4Hcie A7 2-H KaTerOPUU 30POBbs €JIeH, YTO UMEeT BayKHEWIee 3HaYUeHUE IS
MPaKTUYECKUX 3a]1ad ACTCKTUPOBAHHUS Jieconarojaoruii. OT TOYHOCTH ONpeesICHNs] Ha4yaJbHOTO dTana ychlXa-
HHSI 3aBUCHT CKOPOCTB PEarnpOBaHMs Ha 3apOXKIAfOIINECs OJark YChIXaHHs, a B ClIydae, HalpuMep, 3apakeHus
HKYKOM-KOPOEJIOM CKOPOCTh pPearipoBaHus YpE3BBIYANHO BaKHA JIJIsl IPEIOTBPAIICHUS €r0 PaclpoCTPaHEHNSI.

Ha puc. 8§ mokaszan pe3ynbrar KJIacCU(QHKAIIH B OCSIX IIaBHBIX KOMIIOHEHT CIIEKTPOB, Y KOTOPBIX BHITTOITHEHA
npenoopadoTKa 1Mo yCTPaHESHUIO BIMSIHUS IIEPBOH ITIABHOM KOMIIOHEHTHI.
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Puc. 8. Pesynwrar knaccudukamuu PCA — pure — without 1% — ward — seuclidian — 700—869.5 nm.

CuHUi 0BT COOTBETCTBYET 1-ii KaTeropuu 340pOBbsl, 3eJIE€HbIN — 2-i KaTeropuu, KpacHslil — 4-if KaTeropuu.
Kpectukamn oTMedeHBI CIIEKTPEI, 0003HaYEHHBIE JIECOMATOIOTOM KaK CIIEKTPHI eIei 2-if KaTeropuH 3M0POBbs

Fig. 8. Result of the classification PCA — pure — without 1% — ward — seuclidian — 700—869.5 nm.

Blue colour corresponds to the 1** health category, green — 2™ category, red — 4" category. The crosses mark
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the spectra marked by the forest pathologist as the spectra of the 2" health category of spruces
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BriOpannbie mapameTpsl Kiaccu(uKaimy, B ToM yrcie cyxenne 10 MK-auana3zona ciekrpaibHOro HHTEp-
BaJIa, TIO3BOJIMITY TIOBBICUTH TOYHOCTH MOJIEININ KJIaCCU(PHUKAIIUH B OITPEICIICHUH BCEX TPEX KaTeropuil 310pOBbsI
eneit, a 0co0eHHo 2-ii Kareropuu (mokaszareib F-score yenuuwics 10 70,59 %), 1o cpaBHEHHIO C TOYHOCTHIO,
oOecrieunBacMO IPyrMMU KOMOMHAIIUSMU MapaMeTpoB kinaccudukaiuu. [lokazarens F-score onpeneneHus
1-it 1 4-#1 KaTeropwuii 3710pOBbs MPEBBIIIACT MOKa3aTeNb [-score otnpenenenus 2-i kareropuu (79,66 u 81,21 %
npotus 70,59 % coorBeTcTBeHHO). TaKoil pe3ysasTar 00BACHIETCS IBHBIM pa3nuuneM 1-i u 4-i kaTteropuii, B To
BpeMsi Kak 2-51 KaTerOpHs 37I0POBBS eJieid onpeiersieTcs yxe Oosee mpodIeMaTHYHO, 8 TAKKe BOBMOKHOCTBIO
OIMMOKN MHTEPIIPETAIIMU COCTOSHHUS 30POBbSI JIECOMATOIOTOM.

3akaroueHmne

Pa3paboTaH OpUrHHANIbHBIN AJITOPUTM KJIACCU(PHUKAIIMKM CIICKTPAJIbHBIX JTaHHBIX, PCaIN30BaHHBIA B BUJIC
MIPOrPaMMHOTO 00€CIIEUeHHsI, KOTOPOE IOTIOIHEHO U3BECTHBIMU METOAaMH Kitaccupukauu. C moMOIIbIo 3TO-
TO TIPOTPAMMHOTO 00eCTIedeHHS ITPOBEICH aHAIN3 CIIEKTPAIBHBIX JaHHBIX 00pa3I0B XBOW, BEITIOIHEHA KJlac-
cuduKaIus ¢ pa3HbIMA KOMOMHAIIMSIMHU [TaPaMETPOB U OCYIICCTBIICHA OLIEHKA PE3YJIBTATOB KIIACCH(HUKAIIHH.
Ha ocHoBe 3T0if onleHKH omnpeiesieHa Takas KOMOMHAIINS TapaMeTpoB (MIPOEKITHs CIIEKTPOB B MPOCTPAHCTBO
[JIaBHBIX KOMIIOHEHT, YCTPAHCHHE BIUSHUS TIEPBOM INIABHOW KOMITOHEHTBI Ha CIICKTPbI, METPHKA CBSI3bIBAHUS
KJIACTEpOB YopJa M CTaHJapTU3UPOBAaHHAS CBKJIMJIOBA METPUKA IS BBIYUCICHUS CIICKTPAILHOTO PacCTOS-
HHUS), KOTOpast 00eCIIeunBaeT MaKCUMAJTbHOE KaueCTBO KITACCH(DUKAITIN CPEIN UCCICTOBAHHBIX KOMOWHAITHH.
CornacHo OIEHKEe TOYHOCTHU KJIACCU(DHUKAIIMU JTOOABICHUE NIPEJIOKEHHOTO B pab0Te METO/Ia M0 YCTPaHECHUIO
BJIMSTHHS TIEPBOM TIIABHOM KOMITOHEHTHI CIIEKTPATBHON BBIOOPKH TO3BOJIHIIO MOBBICUTH IOKA3aTeNb F-score
JUTSL IETEKTUPOBAHUS XBOU 2-11 KaTteropuw 370poBws ¢ 60,16 mo 70,59 %. Onpenencnne pazmuuus 1-it u 2-i ka-
TETOpPUH 37I0POBbSI SIBIISICTCSI OYCHD BAKHOU 3aJlauei, TaK KaK WACHTU(UKAIUS JICPEBhEB C HAYAIbHBIMHU TTPH-
3HaKaMH YTHETEHHS HeoOXomuma /sl AETEKTHPOBAHUS BO3HHUKAIOIIMX OYaroB YCHIXaHHUS €JOBBIX JIECOB Ha
CaMBbIX paHHHX CTAIUIX. AHAIU3 JTJAOOPATOPHBIX JAHHBIX C UCIOIb30BaHUEM HanOosee 3PPHEKTUBHON KOMOU-
HAI[MK TTApaMETPOB M METOIOB KiIacCU(UKAIIUU MTO3BOJISIET PEIINTh MON00HY0 3anauy. Cienyroimas 3aj1aya,
KOTOpasi U3 Hee BBITEKAET, — aHAIN3 CIIEKTPOB, MOTYyYaeMbIX B MPOIIECCE HATYPHBIX U3MEPEHUH C MIOMOIIIBIO
0ECTMIIOTHOTO JIETATEIFHOTO arapara.
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KOHAEHCHMPOBAHHOI'O COCTOAHUA
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BO3AENCTBUE BHICOKOTEMITEPATYPHOTO MOHHOTI'O OBAYUEHUS
HA HAHOCTPYKTYPUPOBAHHBIE ITIOKPBITUA TiAIN

C. B. KOHCTAHTHHOB", ®. ®. KOMAPOB",
H. B. YU)KOB?, E. )KYK?®, B. A. 3BAHKOB?
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MeTo10M peaKTHBHOIO MarHETPOHHOT'O pacibuieHHs c(hOPMUPOBAHBI HAHOCTPYKTYpHUpOBaHHbIe MOKpbITHs TiAIN
Ha MoJyuIokKax u3 Hepxkasetomiei cranu Mapku 12X18H10T. TTonyuennsie nokpeitis TIAIN nonBepruyThl 00y4eHUIO

nonamu Ar* ¢ saeprueii 200 k3B B nuanazone GIIoeHcoB oT 2,5 - 10" 1102,0 - 10" roroB Ha 1 cm? mpu Temrieparype 480 °C.
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C HCTIONB30BaHNEM YHEPTOIMCTICPCHOHHON PEHTTEHOBCKOH CIIEKTPOCKOMIH, CKAHUPYIOIIEH IEKTPOHHONH MUKPOCKOITHT
U PEHTIEHOCTPYKTYPHOro (ha30BOT0 aHajM3a MCCIIeIOBaHbI AJIEMEHTHBINH COCTaB, CTPYKTYPHO-(ha30BOE COCTOSITHUE M MOP-
(oIorust UCXOJHBIX M 00JTy4YEHHBIX TOKPbITHil. [IpoBeIeHO HAHOMHICHTHPOBAHKE TIOJYYEHHBIX CTPYKTYpP 0 METOANKE
Omusepa u Pappa, onpeneneHsl HaHOTBepAOCTh (), Moayne HOHra (E), a Taxke paccunTaHa yaapHas BSI3KOCTh HC-
clle/lyeMbIX TIOKPhITHIi Kak cooTHomenue H/E”. YcraHoBaeHO (hopMuUpoBaHHe 0HO(A3HON CTPYKTYphI TBEPIOTO pac-
tBopa (Ti, A)N nokpeituii B ncxonHom cocrosiuun. OOHapy)eH d3eKT CENeKTUBHOTO PACIbUICHHS HAMOO0JIee JIETKOTO
KOMITOHEHTA — a30Ta — U3 TMokpbIThit. Jo moenca obnyuenus 1,0 - 10!7 nonos Ha 1 CM’ HE BBISBICHO CYIIIECTBEHHbBIX
M3MEHEHHH B CTPYKTYPHO-(ha30BOM COCTOSHIH TIOKpHITHIA. IIpu (umoerce oGmyderns 2,5 - 10' roros Ha 1 cm” orMedero
yAy4IIeHHE KOMILIEKCa IPOYHOCTHBIX CBOMCTB MOKPhITHi TIAIN. ChenaH BBIBOJ, 4TO HAHOCTPYKTYPHUPOBAHHBIE TTOKPBITHS
TiAIN SIBISEOTCS PaIHAIOHHO CTOMKIMH 10 durroenca oonyuerns 2,0 - 10" oHoB Ha 1 cM%, Py KOTOPOM HAGIIOMAIOTCS
Hagaso cerperanuu TBepaoro pactsopa (Ti, AI)N xak ocHOBHOII (pa3sl moKpeITHIA U 3 deKT OnucTepuHTa.

Kntouegvie cnosa: nanoctpykrypuposanubie nmokpsitist TIAIN; cTpykrypHO-(hazoBoe cocrosHue; TprOoMexaHuue-
CKHE CBOWCTBA; HAHOMH/ICHTUPOBAHNE; paIMalldOHHAsI CTOWKOCTb.

INFLUENCE OF HIGH-TEMPERATURE ION IRRADIATION
ON NANOSTRUCTURED TiAIN COATINGS

S. V. KONSTANTINOV®, F. E. KOMAROV?,
L V. CHIZHOV®, J. ZUK*®, V. A. ZAIKOV"®

4. N. Sevchenko Institute of Applied Physical Problems, Belarusian State University,
7 Kurcatava Street, Minsk 220045, Belarus
Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus
‘Maria Curie-Sktodowska University,
5 Marii Curie-Sktodowskiej Square, Lublin 20-031, Poland

Corresponding author: S. V. Konstantinov (svkonstantinov@bsu.by)

Nanostructured TiAIN coatings were formed on AISI 304 stainless steel substrates by reactive magnetron sputte-
ring. The studied TiAIN coatings were irradiated with Ar* ions with an energy of 200 keV in the fluence range from
2.5-10"t0 2.0 - 10" jon per 1 cm? at a temperature of 480 °C. Using energy-dispersive X-ray spectroscopy, scanning
electron microscopy and X-ray diffraction phase analysis, the elemental composition, structural-phase state and mor-
phology of the initial and irradiated coatings were studied. Nanoindentation of the obtained structures was carried out
according to the method of Oliver and Pharr, the nanohardness (H) and Young’s modulus (£) were determined, and the
impact strength of the coatings under study was calculated as the H/E" ratio. The formation of a single-phase structure of
the (Ti, A)N solid solution in the coatings initial state has been detected. The effect of selective sputtering of the lightest
component — nitrogen — from the coatings was found. Up to an irradiation fluence of 1.0 - 10'7 ion per 1 cm?, no significant
changes were revealed in the structural-phase state of the coatings. When irradiated with a fluence of 2.5 - 10! ion per 1 cm?,
an improvement in the TiAIN coatings strength properties complex was observed. It has been found that nanostructured
TiAIN coatings are radiation-resistant up to an irradiation fluence of 2.0 - 10'7 ion per 1 cm?, at which the onset of segre-
gation of the (Ti, AI)N solid solution as the main phase of the coatings and blistering effect is observed.

Keywords: nanostructured TiAIN coatings; structural-phase state; tribomechanical properties; nanoindentation; radia-
tion tolerance.

BBenenue

B cBsI3M ¢ HHTEHCUBHBIM PAa3BUTHEM aTOMHON SHEPreTHUKH M KOCMUYECKONW TEXHHUKU aKTyaJIM3MPOBAIACh
MOTPeOHOCTH B CO3JaHUM PAJANALMOHHO CTOMKHX MaTepHaoB, CIIOCOOHBIX COXPAHATh CBOM AKCIUTyaTallMOHHBIE
CBOICTBA B YCIIOBHSIX BBICOKHMX TeMmIieparyp U ¢uoeHcoB ooimyuenus [1]. IlepcrieKTHBHBIMU B 3TOM OTHOILIE-
HUH ABJSIFOTCS. HAHOCTPYKTYPHPOBAHHbBIE KEPAMUUECKHE TOKPBITHA, 00Jaaloline BHICOKON paaualioHHON
CTOMKOCTBIO BBUAY OOJBIION HHTETPAILHOM MPOTSHKEHHOCTH HHTEP(ECcOB, KOTOPbIe AEHCTBYIOT Kak 3 dek-
TUBHBIE CTOKH ISl paAMAHOHHO-UHAYLIUPOBAHHBIX Ae()EKTOB CTPYKTYpPHI [2]. AHHUTHIISILUS Ae(DEKTOB KpH-
CTAJUIMYECKOTO CTPOCHUSI, BBI3BAHHBIX OOMyYeHHEM, Ha IpaHuLax pasaena (a3 B HAHOCTPYKTYPUPOBAHHBIX
Marepuanax cxoxa ¢ 3p(HeKToM CaMOBOCCTAaHOBIICHUS, MIIM caMmo3asieunBanus (self-healing effect).

Kpome Toro, 3a cyeT IpuMEHEHHs OKPBITHH MOXKHO YJIyYLIMTh MPOYHOCTHBIE CBOIMCTBA MaTepuaia 0e3
3HAUUTEIBHOTO yBelnueHus ero Macchl. Kak Obu1o mokazano B padote [3], popmupoBaHue 3alIUTHBIX Kepa-
MHUYECKUX MOKPBITUH 00€CTIeYnBAET BEICOKYIO CTOMKOCTD K a0pa3sMBHOMY M3HAIINBAHHMIO.
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B cBs3u ¢ 3TUM H3ydeHME paMAllMOHHON CTOMKOCTH HAHOCTPYKTYPUPOBAHHBIX HUTPU/HBIX IOKPBITUI HA
OCHOBC KOM6I/IHaHI/II‘/'I METAaJIJIOB, B TOM YHCJIC HpI/I ITOBBIIIICHHBIX TeMnepaTypax, SABIISACTCA BEChbMaA aKTyaHBHOfI
3aa4ueH.

MaTepHaJ'lbl U METOAbI UCCJICAOBAHUSA

OcaxeHre HAaHOCTPYKTYPUPOBaHHbIX MOKpbITUN TiAIN Tonmuuo# 2,0—-2,5 MKM HpOU3BOAMIOCH Me-
TOJIOM PEAKTHBHOTO MAarHETPOHHOTO paclbUICHUsS Ha MOJEPHU3NpOBaHHON ycTaHoBke YBH-2M. B kauectse
TIOJIOKEK MCIOIh30BasIach Hepxkaserommas craib Mapku 12X18H10T. Jlns goctmxenus TpeOyeMoro ypoBHS
YUCTOTHI MOJIOKEK BBITIOIHAIACH ONEpPaAIUs UX OYUCTKU C ITOMOIIbI0 HOHHOTO HcTouHMKa «Pannkam». Ha-
HECEHUE TIOKPBITHI OCYIECTBISUIOCh B ONITUMAIILHOM pekuMe ¢ (POpMHUPOBAHHEM HHTPHIA CTEXHOMETpHYE-
CKOM KOHIICHTPAIINH 110 COACP>KaHUI0 a3oTa [4].

[Mony4ennsie mokpsiTust TiIAIN GbutH MOABEPTHYTHI 06MydeHHIO HOHaMU A1’ ¢ sHeprueit 200 k3B duroen-
camn 2,5 - 10'%5,0 - 10'%; 1,0 - 10'7; 2,0 - 10" nonos Ha 1 cm® (mamee — I/IOHOB/CM2) mpu Temrieparype 480 °C.
[LI0OTHOCTB HOHHOTO TOKa cocTaBisuia 1,2 MKA/cM?.

MeTomoM CKaHHPYIOIIEH ATeKTPOHHON MuKpockormy (COM) ¢ ucnop3oBanreM Mukpockora Hitachi SU3400
(Snonust) u3y4yeHsl CTPyKTypa U MOP(HOJIOTHs MOKPHITUH. YCKOpsIolIee HAPsDKEHUE 3JIEKTPOHHOTO ITydKa
coctaBisio 15 kB. Mukpockon ObUT OCHAIIEH JaTYMKOM PEHTTEHOBCKOTO M3Iy4eHHUs (IHEProAMCIEPCHOH-
HBIM CHEKTPOMETPOM), TTO3BOJIIONIUM OIPENENSITh AIEMEHTHBIN COCTaB MCCIEAYEeMBIX MOKPBITHI METOA0OM
SHEPTOIUCTICPCHOHHON peHTreHOBCKoH criekTpockorwn (DJIPC). Ommbka n3mMepeHns aTOMHON KOHIICHTPAITAH
OCHOBHBIX 3JIEMEHTOB He npesblnana 1 ar. %.

AHanm3 cTpyKTypHO-(a3zoBoro coctosiuus mokpeiTuii TIAIN mpoBoaunics ¢ HCMOIB30BAaHUEM PEHTICHOB-
ckoro nopouikogoro audpaxromerpa ADANI PowDiX 600/300 komnanuu ADANI Systems (CILA). [lnuna
BosHBI m3ny4eHus CoK , cocrasmsuia 1,788 9 A.

W3mMmepenne TBepIoCTH OCyIIecTBIUIOCH o Metoauke OnmBepa u @appa [5; 6] Ha mpubope Nano Hardness
Tester (monesis NHT2) dupmsr CSM Instruments (1LBefinapust) ¢ anma3HbiM nHAEHTOpoM bepkosuya. Koag-
¢unment [lyaccona (v) npuaumaics pasasim 0,3 [7].

Pe3yabTarsl U uX 00CyKIeHUE

B Tabnuue npencrasieHa KOHUEHTpaUUs 31€MEHTOB B NOKpBITHIX TiAIN 1o u mocne obiaydeHus: noHa-
mu Ar” paznnunbiMu Quroencamu. Cortacho pesynsraram DJ[PC KOHIEHTPALUs aTOMOB KHCIIOPO/IA U YIJIEPO-
JIa B IOKPBITUSX ObllIa HA YPOBHE OIIMOKH NU3MEPEHHS, YTO CBHJICTEIHLCTBYET O BHICOKOM Ka4eCTBE MOKPBITHI
¥ YUCTOTE MpoIlecca peakTHBHOTO MarHETPOHHOTO paciibuieHus. He 0OHapykeHO 1 perucTpUpyeMoii B dKcTIe-
pPUMEHTE KOHIIGHTPAIIMY aTOMOB aproHa U3-3a ero BICOKOH mnh(y3noHHOM oaBmwKHOCTH [8]. Paccuntanubiii
C HCIIOJIB30BAHMEM MIPOrPaMMHOIO nakera SRIM [9] cpennuii mpoeMpoBaHHbIi IpoGer HOHOB Ar' ¢ SHEp-
rueit 200 k3B B nokpeiTHsix TIAIN coctaBui 285 M, cTparriuHr — 51 HM.

B rcxomHOM COCTOSTHMM KOHIIEHTPALNS AJIEMEHTOB B MOKPLITHH TiAIN mprMepHO COOTBETCTBYET CTEXHO-
METpHUYECKOMY cOOTHoIeHHuI0. C yBenuueHueM ¢uitoeHca ooaydeHus HaOnoaaercs 00eJHeHHE TOKPBITUS
CaMbIM JIETKMM KOMIIOHEHTOM (a30T) M oOoraiieHue 0osnee TsHKEIBIMA KOMIIOHEHTaMH (TUTaH U aTFOMUHUN).
Takoe M3MeHEHHE KOHIICHTPAIMH 3JIECMEHTOB CBUCTEIBCTBYET 00 d(PPEKTe CETEKTUBHOTO PACTIBUICHUS a30Ta
u3 nokpeituii TIAIN. Tox Bo3zmeiicTBueM 001ydeHHs HOHAMH Ar' a30T, SHEPrUs BBIXOA aTOMOB KOTOPOTO
MHHUMaJIbHA TI0 CPABHEHUIO C YHEPTHEN BBIXOAA aTOMOB OCTAJIBHBIX AIEMEHTOB, TOKHIAET MOBEPXHOCTH MO-
KpBITHA 3P PEeKTUBHEE, BBULY YETO KOHIICHTPALMSI TATAHA U ATIOMUHHS YBEITMYMBACTCSL.

DJieMeHTHBIH cocTaB NOKpbITUI TiAIN B HcX0xHOM cocTOSIHMN
¥ 10cIe 00/ Iydennst HOHAMH Ar’ pasIMUHBLIMH (JIIoeHcaAME

Elemental composition of the TiAIN coatings in the initial state
and after irradiation with Ar" ions with different fluences

Dr0eHC 06Ty UeH s, Konnenrpanus >71eMeHTOB, ar. %
HOHOB/cM” Ti Al N
0 (ucxoIHOE COCTOSHUE) 29,9 23,6 46,5
2,5-10'° 30,7 24,2 45,1
5,0-10' 31,4 25,8 42,8
1,0- 10" 31,6 26,3 42,1
2,0-10" 33,7 25,8 40,5
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Ha puc. 1 npencrasnensr COM-mukpodortorpadun nccnenyeMbix mokpbituii TIAIN mocie oOmyueHus.
OGHAPY EHO, YTO IPH MHHHMATBHOM (ITioeHCe 0bmydeHus, pasHoM 2,5 - 10'° 1 5,0 - 10'® nomo/cm?, otcyTer-
BYIOT KaKue-iO0 m3MeHeHus: Mopdorornn nokpeituii. [Ipu dmroence obmydenus 1,0 - 10" FOHOB/CM” Ha TIO-
BEPXHOCTH MOKPBITUH HaOMIOAAIOTCSI TEMHbBIE 00JIaCTH, HAJIMYHeE KOTOPBIX MOXKET CBHIETEILCTBOBATH O Ha-
qaje mpouecca onucrepoodpazoBanus. DPdeKT paaraoHHOTo OJUCTEPUHIA 3aKII0YacTCsl B HAKOMJICHUH
WHEPTHOTO ra3a ¢ MocleAyIoNeH ero aromMepanyei B My3bIpH, KOTOPbIE IPUBOIAT K pa3pyIICHHIO CTPYKTYPbI
marepuana. [Tpu drmoence o6myuenns 2,0 - 10" nonos/cm? Ha nosepxuocti nokpsrtuit TIAIN HaGmoga0TCS
SIPKO BBIPAYKCHHBIE OJMCTEPBI ¢ TpeurHaMu (cM. puc. 1, 2). Takum obpasom, o pesyiasratam COM B ciiydae
oGmyuernst nonamu Ar’ ¢ sHeprueii 200 k9B mpu Temmeparype 480 °C ¢umoerc 2,0 - 107 noHoB/cM® MOXHO
CUHTATH TTOPOTOM paTHAIIMOHHOMN CTOWKOCTH MOKPHITHI TiAIN 10 3hdexTy dmucTepurra.

o/b

(AR RNy
wl)(lnm

" - o
- AN

15.0 kV x60.0 k SE(U) 500 nn“l

15.0 kV x60.0 k SE(U)

Puc. 1. COM-muxpogororpadun nosepxuoct nokpeituid TiAIN,
00myueHHbIX HoHamMu Ar” ¢ sHeprueii 200 k3B npu Temneparype 480 °C.
DiroeHc 00yueHHs, HOHOB/CM
a-2,5-10"%6-50-10"%6-1,0-10";2-2,0-10".
OKpYKHOCTSIMH BBIJICIICHBI OJICTEPBI
Fig. 1. SEM microphotographs of the TiAIN coatings surfaces irradiated
with Ar" ions with an energy of 200 keV at a temperature of 480 °C.
Irradiation fluence, ions/cm? @ —2.5 - 10'%; 5 -5.0 - 10'%; ¢~ 1.0 - 10'7; d - 2.0 - 10"".
Blisters are highlighted with white circles

Kax BugHO M3 momydeHHBIX mudpakrorpamm oT Hokpeituit TIAIN (puc. 2), oOHApYKEHBI UK AUPpPAK-
rmu ot ¢aszel aycrenura (y-Fe 111, y-Fe 200, y-Fe 220, y-Fe 311) noanmoxku U3 HepKaBeromen ctann. Taxoke
obHapyxensl Tuku mudpaxmuu ot daszer (Ti, AI)N. Jlarras ¢asa nmpeactasiseT coboi HEYMOPSIOUCHHBII
TBEPIBIA pacTBOp 3amernieHus HuTpuaa Tutana (TiN) Ha 0aze rpaHeNeHTPUPOBAHHON KyOHMUECKOH peIeTKH
trma NaCl. YcranoBieHo, 9T0 TUKH AUGPAKITUN OT TOKPBITHH TiAIN cMereHs! B 061aCTh OOIBITIX 3HAYSHUH
yria 26 OTHOCHTETBHO MMKOB AU(PAKIMHU OT YUCTOTO HUTPHA TUTaHa. JlaHHbIH (aKT CBUIETENBCTBYET O 3a-
MEUIEHWH aTOMOB TUTaHa aTOMaMH aJIOMUHHUS, O0JIaIA0IMMH MEHBIIMM aTOMHBIM paanycom (Ry; = 1,47 A,
Ry,=143 A) [10]. Paccunrannsrtii mo hopmyite Censkora — [lleppepa cpeaamii pazmep KPUCTATUTUTOB IMTOKPHI-
tus TiAIN BappupyeTcs B Tuana3oHe 10 50 aM. M3 mudpakTorpamMm ciemyerT, 9To Ipu 3aJaHHONH TeMIIepaType
o6myuenmst proerc 2,0 - 10" moHOB/CcM SIBIISIETCS TOPOrOBBIM. BEILIIE 9TOr0 3HAYCHHS HAYNHACT TIPOSIBIISITHCS
WU3MEHEHHE CTPYKTYPHI TIOKPBITHSI, & UMEHHO HAOJTIONACTCS HAYaJIo CIIMHOAIBHON (ha30BOM cerperaruy TBepaoro
pactBopa. Huke nanHoro ¢uoeHca oOydeHus CyniecTBEHHBIX U3MEHEHU ()a30BOro cocraBa u CTPYKTYPBI,
a TakKe TpU3HAKOB aMopdu3anun MoKpeITs TiAIN He BBIIBICHO.
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Fig. 2. X-ray diffraction patterns from TiAIN coatings
in the initial state and after irradiation with Ar" ions
with an energy of 200 keV at a temperature of 480 °C with different fluences

Ha puc. 3 mpencraBneHs! pe3yasTaThl HIHOMHISHTHPOBAHMS 110 Metonuke Onmusepa u Pappa [5; 6] 1 MUKpo-
(hororpadum orrevarkoB WHAEHTOpA HAa MOKPHITHSAX TiAIN B MCXOMHOM COCTOSHHMHW U TIOCIE OONYYeHHUs paz-
nnyHbIME QrroeHcamu. [pu m3mepennsix koagduuuent [lyaccona B COOTBETCTBUH C TUTEPaTypPHBIMHU JaHHBIMU
npuHuMaicsa pasaeM 0,3 [7].

[To pe3ynbraTtaM n3MepeHuss HAHOTBEPIOCTH YCTaHOBIIEHO, 4TO MOKphITHs TiAIN o0nasaror BEICOKOH TBEp-
nmocteio (Oomee 26 I'Tla) ' MOTYT MCTIONB30BATHCS B YCIOBUSAX BBHICOKOTEMIIEPATYPHOTO PATUAIIIOHHOTO 00-
nyaenns droencamu 10 2,0 - 10" momos/cm?.

[mapkuii XapakTep KpUBBIX HATrpy3KHU-Pa3rpy3KH CBUACTEIBCTBYET 00 OAHOPOJHOCTH MOKPBITHH 1O TITy-
OWHE M WX BBICOKOW TpemmHocTolKocTH. KpoMe Toro, nmeer mecto 3h(dexT pajnanioHHOTO YIPOYHEHHSI
IIOKPBITUH, 00y CIIOBICHHBIH BINSHUEM paJIdalliOHHBIX 1€()EKTOB U X CKOIUICHUH Ha ABMKCHUE AUCIIOKALUH.

Ha mukpodororpadusx He HabIOgaeTCs TPEIIMHOOOPa3oBaHusl U oTcinoeHus NoKpbITHid TiAIN BOmU3M
OTIIeYaTKa HAaHOWHJEHTOPA, YTO YKa3bIBa€T Ha XOPOUIYIO0 yAapHYIO BSI3KOCTh M BBICOKYIO CTENEHb aJre3uu
HOKPBITHSI € MOUTOKKOH. OTCyTCTBUE OTCIIOCHHUHN, TPEUIMH M KalleIbHOH (DpaKIMu MO3BOJISIET CIENIATh BBIBO/,
4YTO c(POPMUPOBAHHOE MOKPHITHE UMEET OAHOPOIHYIO MOBEPXHOCTh M SIBISIETCS. OAHOPOIHBIM I10 ITyOMHE,
T. €. OTJIMYAETCS BBICOKMM KaueCTBOM.

Ha puc. 4 npencrasiieHbl KpUBBIE 3aBUCUMOCTH HaHOTBepAOCTH (H ) u moxyins FOura () uccienyeMbix
nokpbituii TIAIN ot drroenca oomydenus. OOHapyKeHO, YTO HanOONBITMMHU HaHOTBeprocThio (H = 36,30 I'Tla)
u momyneM lOwra (£ =367,9 I'lla) obnmanaer mokpeitne TiAIN, o6myuennoe ¢uroeHcom 5.0 - 10" moros/cM?.
Haumensmme manorBepaocts (H = 21,48 I'Tla) u moayns FOnra (£ = 161,2 I'lla) nporeMoHCTpUpOBaIo
nokpeitie TiAIN, o6nyuennoe ¢mroercom 2,0 - 10" nonos/cm®. Cpeanuit pe3y/IbTar MO BeIHYHHE HAHO-
TBeproctH (H = 29,62 FHaZ) u monyns HOnra (£ =313,1 I'Tla) nokaszano mokpeiTe mocie oomydeHus (iro-
ercom 1,0 - 10" monos/cm’. ICXOIst U3 9TOTO MOYKHO CENATh BBIBOJ, 9TO rokpeiTe TiAIN coxpaHseT BbI-
COKYIO TBEPIOCTh U yIPYTOCTh B YCJIOBUAX BBICOKOTEMIIEPATYPHOTO 0OIydeHHs HoHaMHu Ar’ 10 ¢uioeHca
2,0 - 10" nonos/cm?.
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Puc. 3. KpuBsle Harpy3Kku-pasrpysku (a, 6, 0)

u Mukpodororpaduu otnedaTkoB nHICHTOPA (6, 2, €) st moKpbIThit TIAIN
B MICXOJTHOM COCTOSHMH (g, 6) ¥ Tociie o6ydeHns HoHaMu Ar’
(iroencom 2,5 - 10'® nonos/cm’ (8,2), 5,0 - 10" nonos/cm’ (0, e) (Hauayo).
OKpy>KHOCTSIMU BBIJICJICHBI OTIICYaTKU WHICHTOPA; H — HAHOTBEP/IOCTh;
E —monyne IOnra; S — xectkocTs; F,,,, — MaKCHMallbHAs HArpy3Ka;
Nypax — MAKCHMaIbHAS [IyOHHA IPOHUKHOBEHUS HHICHTOPA

Fig. 3. Load-unload curves (a, c, e)
and microphotographs of indenter prints (b, d, f) from TiAIN coatings
in the initial state (@, b) and after irradiation with Ar" ions
with a fluence 2.5 - 10'® ions/cm? (¢, d), 5.0 - 10'® ions/cm? (e, f) (beggining).
Indenter prints are highlighted with white circles; H — nanohardness; £ — Young’s modulus; S — stiffness;

F, . — the maximum load on the indenter; /., — the maximal indenter penetration depth

m max
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Puc. 3. KpuBble Harpy3Ku-pasrpysku (o, u)
u Mukpodororpaduu OTIe4aTKOB HHIACHTOPA (3, k) At moKpbITHi TIAIN nocne oGmydeHus
nonamu Ar’ dmoenicom 1,0 - 107 monos/em? (orc, 3), 2,0 - 10" monos/em?® (u, ) (oxonuanme).
OKpYXHOCTSIMH BBIJICJICHBI OTIIEYATKH MHICHTOPa; H — HAHOTBEPJI0CTh; E — MoayJib FOHra;
S —xecTKOCTD; F,  — MAaKCUMAIIbHAsL HATPY3Ka; /1., — MAKCHMaJbHas INIyOHHA IPOHUKHOBEHHUS HH/ICHTOpA

Fig. 3. Load-unload curves (g, i) and microphotographs of indenter prints (4, )
from TiAIN coatings after irradiation with Ar" ions with a fluence 1.0 - 10'7 ions/cm? (g, /),
2.0 - 10" jons/cm? (i, j) (ending). Indenter prints are highlighted with white circles;
H — nanohardness; E — Young’s modulus; S — stiffness; F,,, — the maximum load on the indenter;
hx — the maximal indenter penetration depth
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Fig. 4. Dependence of nanohardness and Young’s modulus of the TiAIN coatings
on the fluence of irradiation with Ar" ions with an energy of 200 keV at a temperature of 480 °C
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s chopmupoBaHHbIX MTOKPBITHIA TIAIN B HCXOTHOM COCTOSTHUM U TIOCJIC O0IYUYCHHS Pa3IHUHBIMU (DITFOCH-

caMu OBITH paccynTaHbl cooTHomenns H/E™ (E* = — mpuBeieHHBIH Moaynb FOHTa). CoracHo nuTepa-

2

TyPHBIM JaHHBIM, €CJIU cooTHOIeHue H/E™ npeBbimaet 0,1, HOKPBITHS MOYKHO CUMTATh TBEP/LIMH U OJHOBDE-
MEHHO JJOCTaTOYHO IUTACTUYHBIMH, T. €. 00JIa1al0IINMH BEICOKOW yAapHO! BA3KOCTHIO paspyuienus [11; 12]. s
UCX0HOTO (HeoOmyaeHHoro) nokphiTus TiAIN paccuntannoe cootHomenne H/E™ cocrasuno Bennuuny 0,092,
Kak rokasaHo Ha puc. 5, IpH yBeamaeHnn drroerca oomyderus 10 2,5 - 10'® monos/cm® HabmromaeTcst moBbIire-
HUE yJIapHO! BA3KOCTH C MOCIETYIONIM HEKPUTUYHBIM YMEHBIIIEHHEM 3TOT0 ITOKa3aTess Ha J0CTaTOYHO MaTylo
BesIanHy (0KoIo 5 %) npu duroercax 5,0 - 10'°-1,0 - 10" nonos/cm?. JlaHHbIiT HaKT CBUIETEIBCTBYET O CIIO-
COOHOCTH NIOKPBITHSI COXPAHATh CBOM IMPOYHOCTHBIE CBOMCTBA B YCIOBHUSX BHICOKO(IIOCHCHOTO OOTyYeHHUSI.
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Fig. 5. Dependence of the impact strength (H/E™) of the TiAIN coatings
on the fluence of irradiation with Ar" ions with an energy of 200 keV at a temperature of 480 °C

Ha6urofaeMoe CyIeCTBEHHOE TIOBBIICHHE 3HAYEHMS yIapHOI BA3KOCTH 10 Benuuunbl H/E™ = 0,121 npu
CBEPXBBICOKOM (hiroeHce o6nyuenus, paBaoM 2,0 - 10" HOHOB/CM?, He MOKET CUHTATHCS JOCTOBEPHBIM BBHTY
BITUSTHUS 00HAPYKEHHOTO 3 dekTa OIMCTepUHTa, a TAKKE YCTAHOBJICHHOTO IO pe3yJibTaTaM PEHTTEHOCTPYK-
TypHOTO (ha30BOTO aHayM3a (CM. puc. 2) Havyana cerperanuu Teepaoro pacrsopa (Ti, AI)N.

3akJrouenue

N

[To pe3ynbraraMm HcciaeaOBaHUS 3JIEMEHTHOTO COCTaBa MCXOAHBIX M OOJYyYEHHBIX MOHAMHU AT TOKpPBI-
Tt TIAIN o0HapyxeH 23 PeKT CeleKTUBHOTO paCTIbUICHHSI HANOOJIee JIETKOTO KOMITOHEHTA (230T) U3 TOKPBITHIA.
OtmedeHo hopMupoBanue oHO(pa3HOU CTPYKTYpbI TBepaoro pactBopa (Ti, Al)N MOKpBITHIA B UCXOTHOM COCTOSI-

. TTpu o6myuennn noHamu Ar ¢ sHeprueit 200 k9B mpu Temmeparype 480 °C 1o dmoerca 1,0 - 10" roros/cm?
HE BBISIBIICHO CYIIIECTBEHHBIX H3MEHEHUH B CTPYKTYPHO-(a30BOM COCTOSIHUU TOKPHITHH, a TAKKe MTPU3HAKOB
amopduzarun nokpeITHii. [To pe3ynsraTaM peHTTeHOCTPYKTYPHOTO (ha30BOTO aHAJH3a YCTAHOBJICHO, YTO MPH
drroence o6myuenns 2,0 - 10'7 nonos/cm” HaGIIOIACTCS HAYATIO CIIMHOAANBHOI ()a30BOI CErperamuu TBEpIOro
pactBopa Ha HUTpU THTaHa (TiN) 1 HuTpHuR amromuans (AIN). Taxoke pu ykazaHHOM (DIFOeHCE 00TydeHHS
oOHapyxeH 3 dekt omuctepunra mokpeiTuii TIAIN.

[IpoBeneHO HAHOMHIEHTHPOBAHUE TTOYIEHHBIX CTPYKTYp 1Mo Metoauke OnmBepa u dappa, onpeaencHs
HaHOTBEPIIOCTh, MOYJIb FOHTa, a TakkKe paccurTaHa yaapHas BI3KOCTh UCCIIEyEMBIX MOKPBITHI KaK COOTHO-
wenue H/E”. Tpu o6nyuennn dmoercom 2,5 - 10'® nosos/cM” 0TMEUEHO yiTydllIeHHE KOMILIEKCA IPOYHOCT-
HBIX cBOMCTB MOKpEITHA TiAIN. Ilpu mampHelmeM yBenmndeHHH QIIFOeHCa OOYICHIS BBISIBICHO TTOBBIIIICHNE
TBEPOCTH TTOKPHITHIA, OJHAKO TIPH STOM 0OHAPYKEHO CHIKEHHUE yaapHOl Bsiskoctu (H/E™).

Takum 06pa3om, B ycIoBHAX 00mydenus nonamu Ar' ¢ aueprueii 200 k9B npu Temneparype 480 °C nano-
cTpyKTyprpoBaHHbIe MOKpbITHs TIAIN SBISFOTCS pagHaioHHO cToiiknmu 10 ¢moerca 2,0 - 10" moros/cm?,
MpY KOTOPOM HaOMIOAAI0TCs Hayajo cerperauu tBepaoro pactopa (Ti, AI)N kak ocHOBHOH (ha3bl MOKPBITUI
n 3¢ dexr ommctepunara. CHopMHUPOBAHHBIE METOIOM PEAKTHBHOTO MAIrHETPOHHOTO PacIIbIeHHS MOKPLITHS TiAIN
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TIEPCTIEKTUBHBI JIUISI MCTIONIb30BAaHUS B A/IEPHOI SHEpPTeTHKe (B KaueCTBE 3alUTHBIX MOKPHITHH Ha 0007I0YKax
TETUTOBBIJICNIAIONINX 2JIEMEHTOB ), KOCMHUUECKOM TEXHHKE, a TAK)KE MAIIMHOCTPOCHHH (B Ka4ECTBE U3HOCOCTOM-
KHX TIOKPBITHH).
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®OPMUWPOBAHUE CTPYKTYPBI BECCBMHIIOBBIX CITAABOB
OAOBO - IIUHK, ITOAYYEHHBIX METOAOM BBICOKOCKOPOCTHOIO
3ATBEPAEBAHUNSA, 1 OCOBEHHOCTHU UX KPUCTAAANBAIINAN

. A. 3EPHHIIA", B. I LIENTEJTEBHY?

YMoswviperuii 2ocydapemeennviii nedacoeuueckuii ynusepcumem um. M. I1. llavaxuna,
yi. Cmyoenueckasi, 28, 247760, 2. Mozvips, benapycey
2)Ee/zopyccmzl 2ocyoapemeennslil yusepcumem, np. Hezasucumocmu, 4, 220030, 2. Munck, Berapyce

[IpuBeneHbI pe3yapTaThl UCCIACIOBAHUSI MUKPOCTPYKTYPhI OCCCBUHIIOBBIX CIJIABOB OJIOBO — ITUHK, TOJTy9YEHHBIX BBI-
COKOCKOPOCTHOMN KPHCTAILTH3AIIEIl PH CKOPOCTH oXIaxaeHus He Menee 10° K/c. B cruaBax 010Ba  IIMHKA C KOHICH-
tpamsivu 1,2—-2,0 mac. % Zn u 1,5 mac. % Sn COOTBETCTBEHHO NMPH BHICOKOCKOPOCTHOM OXJIAXKICHUH PACIIiiaBa IPOUCXO-
JTUT 3aXBarT JISTHPYIOIETo deMenTa. OOpa3oBaHHbBIC TBEPBIC PACTBOPHI SBIISIOTCS MEPECHIIICHHBIMHU U TPH KOMHATHOM
TeMIIepaType pacragaroTcs Mo MeXaHH3My 00pa30oBaHM M POCTa 3apofsllieil HOBoH (a3pl. CpeqHuil pasMep BBIC-
JICHUH IIMHKA W OJIOBA ITOCIJIC BBIACPKKHU (DOJNBIH B TEUCHHE ABYX CYTOK He mpeBwimaeT 0,5 MkM. PacmiaBel cocTaBoB
Sn — 4,4-15,0 mac. % Zn mocie BBICOKOCKOPOCTHOTO OXJIAXKICHUS SBIAIOTCS MEPEOXJIaKICHHBIMH U TTEPECHIIICHHBIMI
JBYMSI KOMIIOHEHTAMH{ ¥ UCTIBITHIBAIOT CIIMHOJAIBHBIN pacmaj (pacciioeHne) ¢ MOCIeAYIOMNUM 00pa30BaHUEeM MEePeChI-
IICHHBIX TBEP/IBIX PACTBOPOB HA OCHOBE 0JI0BA M ITMHKA, KOTOPBIE PACIaAaloTCs MPH KOMHATHOW Temmeparype. Cpeaauit
pa3mep BBIIEICHUI IMHKA B HEPAaBHOBECHOM 3BTEKTHKE HE MPEBBIIIAaeT 2 MKM. B OpicTpo3arBepaeBmux (oaprax cra-
BOB, comepxanmx 50—80 mac. % Zn, popmupyercs AByxdas3Has CTPyKTypa U3 TBEpPAbIX PACTBOPOB Ha OCHOBE OJIOBA
u nuHKa. Cpeqanii pa3mep BBIICICHUH 0J10Ba HE mpeBbImaeT | MkM. [1o Mepe nepemenienns ppoHTa KPUCTAIUIN3ALNH OT
MTOBEPXHOCTH KOHTAKTA (POJBTH C IOBEPXHOCTHIO KPUCTAIIIM3ATOPA MIPOUCXOIAT YKPYITHEHNE YACTHUI] OJIOBA M YMEHBIIIE-
HHUE yAeTbHON TTOBEPXHOCTH MEX(a3HOH TPaHUIIBL.

Kniouegvie cnoga: Ob1CTpO3aTBEPIEBILINE CIUIABBL, OJIOBO; LIUHK; EPECHILEHHBIH PACTBOP; MUKPOCTPYKTYPa; IBTEKTHKA.
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ALLOYS OBTAINED BY RAPID SOLIDIFICATION

D. A. ZERNITSA', V. G. SHEPELEVICH"

*Mozyr State Pedagogical University named after I. P. Shamiakin,
28 Studenckaja Street, Mazyr 247760, Belarus
®Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus

Corresponding author: D. A. Zernitsa (dzernitsa@mail.ru)

The results of the study of the microstructure of lead-free alloys of the tin — zinc system obtained by rapid solidifica-
tion at a cooling rate of at least 10° K/s are presented. In tin and zinc alloys with concentrations of 1.2-2.0 wt. % Zn and
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1.5 wt. % Sn, respectively, during rapidly cooling of the melt, the alloying element is captured. The formed solid solutions
are supersaturated and at room temperature disintegrate according to the mechanism of formation and growth of nuclei of
anew phase. The average size of zinc and tin precipitates after holding the foil for two days does not exceed 0.5 um. Melts
of compositions Sn —4.4—15.0 wt. % Zn after rapidly cooling are supercooled and supersaturated by two components and
experience spinodal decomposition (stratification) followed by the formation of supersaturated solid solutions based on tin
and zinc, which disintegrate at room temperature. The average size of zinc precipitates in non-equilibrium eutectic does not
exceed 2 um. In rapid solidificated foils of alloys containing 50—80 wt. % Zn, a two-phase structure is formed from solid
solutions based on tin and zinc. The average size of tin precipitates does not exceed 1 um. As the crystallisation front moves
away from the contact surface of the foil with the surface of the mold, the tin particles become larger and the specific surface
of the interphase boundary decreases.

Keywords: rapid solidified alloys; tin; zinc; supersaturated solution; microstructure; eutectic.

Introduction

Lead-free tin — zinc alloys are used in various industries. They have found application as protective coatings
with a thickness of several tens of micrometers. Numerous solders have been developed based on the alloys of
the tin — zinc system (for example, alloys of the tin — zinc brand, in which the concentration of components varies
from 10 to 90 %). Tin- and zinc-based alloys are also widely used in foundry, mechanical engineering, etc. [1].

In recent decades, increased attention has been paid to the crystallisation of materials under non-equilib-
rium conditions. The problem of zinc crystallisation was described in the works [2—6]. Methods of obtaining
materials under non-equilibrium conditions include laser and plasma treatment, ion implantation, as well as rapid
solidification, at which the liquid cooling rate reaches 10° K/s [7; 8]. The structure of materials, as well as proper-
ties, can differ significantly compared to materials obtained under equilibrium conditions, which is noted in
the works [8; 9], etc.

In this regard, the manufacture of solders based on this system in the form of rapidly solidified foils is of
undoubted interest. The quality of the products depends on the chemical composition and structure formed
during crystallisation [7]. The solidification of alloys at rapidly cooling rates from the melt in the form of foils
makes it possible to create a structure significantly different from the structure of massive alloys manufactured
using traditional technologies [10].

Unfortunately, there are very few works devoted to the study of crystallisation of zinc with tin under non-equi-
librium conditions, and work is mainly carried out in areas of low concentrations of components, including
eutectic compositions, which is reflected in the experiments described in the works [11-14]. Nevertheless, the
study of phase formation during high-speed solidification of tin — zinc alloys at concentrations of zinc and tin
in wide ranges has scientific and practical significance, which determines the relevance of the work.

Experimental procedures

Alloys of the tin — zinc system are obtained by fusing components having a purity of at least 99.99 %.
To obtain rapidly solidified foils, a piece of alloy weighing ~0.2 g was melted, and then a drop of melt was
injected onto the inner polished surface of a rapidly rotating copper cylinder (rotation speed 25 rpm), spread on
the surface of the mold and solidified in the form of a thin foil. Foils with a thickness from 30 to 80 um were
used for the study. The melt cooling rate was 10°~10° K/s [15].

The study of the microstructure of rapidly solidified foils was carried out using a LEO-1455VP scanning
electron microscope (Carl Zeiss, Germany), which has an attachment for X-ray spectral microanalysis, and
a Ultima IV X-ray diffractometer (Rigaku, Japan) with a copper anode. The diffractograms of the studied sam-
ples were recorded at speeds of 0.5-2.0 deg/min. The Akl diffraction reflection indices of the studied alloys
were determined from the International Centre of Diffraction Data databases (PDF-2, PDF-4).

Measurements of the parameters of the elementary cells of the crystal lattice were carried out in accordance
with the positions of the diffraction lines belonging to tin and zinc. The relative error in determining the dif-
fraction lines was no more than 0.01 %:

‘A—d‘ = |ctg6A0 ,
d
where d is the interplane distance, pm.

Microhardness measurements were carried out on the PMT-3 device (JSC «kLOMO», Russia) with an error
of up to 4 %. In order to study the effect of exposure at room temperature with the establishment of various
processes, the rapidly solidified foils were subjected to natural aging. A series of experiments were conducted
to measure the parameters of the unit cell over time after receiving the foil (after 15 min).
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Results and discussion

When studying the process of structure formation during rapid solidification of tin — zinc alloys, it is advisable
to divide them into three groups: 1) tin and zinc alloys with a low concentration of alloying elements; 2) eutectic
alloy, and alloys whose compositions are close to eutectic; 3) other alloys in which the concentrations of tin and
zinc are comparable [16].

Rapidly solidified foils of double alloys with a small concentration of alloying elements Sn — 1.2-2.0 wt. % Zn
and Zn — 1.5 wt. % Sn after manufacture and exposure at room temperature have a two-phase structure (fig. 1).
In foils of the Sn — 1.2-2.0 wt. % Zn alloy, dark zinc precipitates are formed, and in foils of the Zn — 1.5 wt. % Sn
alloy, light tin precipitates are formed. The average size of the precipitates of the second phase after exposure
for 2 days after their manufacture does not exceed 0.5 um. There is no formation of dendrites and lamellar zinc
precipitates in the foils.

Fig. 1. Microstructure of rapidly solidified foils
of Sn — 1.2 wt. % Zn (a) and Zn — 1.5 wt. % Sn (b)

The formation of the observed microstructure is due to the fact that when cooling at a high rate of the main
phase, the capture of alloying elements occurs. As a result, solid solutions based on tin and zinc are formed.
Since the maximum solubility of zinc in tin and tin in zinc in the solid state does not exceed ~0.36 at. % [16],
then solid crystalline solutions are supersaturated and have an increased value of free energy F. The room
temperature for tin and zinc is high. Therefore, diffusion processes are actively occurring in supersaturated
solid solutions [17]. Due to energy and concentration fluctuations, the decomposition of supersaturated solid
solutions occurs through the formation and growth of nuclei [18]. The formation of the nuclei of a new phase
is heterogeneous and occurs mainly in places (dislocations, grain boundaries, crystalliser surface) with an ex-
cess of free energy. The decay of supersaturated solid solutions is confirmed by a change in their crystal lattice
parameters (table 1).

Table 1

Parameters of the crystal lattice of tin alloys Sn — 1.2-2.0 wt. % Zn
and the crystal lattice of zinc alloy Zn — 1.5 wt. % Sn

Crystal lattice parameter, nm

State of the rapidly solidified alloy
Sn—1.2wt. % Zn Sn—2.0wt. % Zn Zn—1.5wt. % Sn
Alloy foil cured
0.5827 0.5824 0.4952 for 3 h after fabrication
Alloy foil cured
0.5828 0.5827 0.4945 for 50 h after fabrication
0.5828 0.5828 0.4944 Unalloyed tin and zinc foils

The radius of the tin atom is greater than the radius of the zinc atom [19]. Therefore, the parameters of the
crystal lattice of a solid solution of tin decrease, and zinc increase with rapid crystallisation. Exposure of foils
for 50 h at room temperature leads to an increase in the parameters of the crystal lattice of tin, and to a decrease
in the parameter of the crystal lattice of zinc. Thus, rapidly solidified tin and zinc alloys containing a small
amount of alloying elements, after manufacture and exposure at room temperature, consist of solid solutions
of tin and zinc, and dispersed particles of alloying elements.

Consider the crystallisation of tin — zinc alloys with a concentration of components close to eutectic (the se-
cond group of alloys). Image of the microstructure of rapidly hardened foils of hypoeutectic Sn —4.4 wt. % Zn,
eutectic Sn — 8.8 wt. % Zn and hypereutectic Sn — 15 wt. % Zn of alloys after exposure for 3 days is shown
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in fig. 2. On a light background corresponding to a solid solution of tin, dark dispersed zinc particles are ob-
served. They have an equiaxial shape. The distribution of the chords of random secant zinc particles in the
cross-sections in the rapidly solidified foils of these alloys are the same [20], which indicates the same nature
of the crystallisation process in them. A non-equilibrium eutectic with a globular structure is formed [21].
Zinc particles precipitated near the surface A of the foil in contact with the crystalliser are more dispersed
than in the volume adjacent to the opposite surface B of the foil, which is associated with a decrease in super-
cooling of alloys as they move away from the surface 4. The average length of the chords d,, does not exceed
1 wm. The volume fraction of zinc V7, increases, and the specific surface of Sy;p; decreases with increasing

distance from the surface 4 of the foil (fig. 3).

Fig. 2. Microstructure of rapidly solidified foils of hypoeutectic (Sn — 4.4 wt. % Zn) (a),
eutectic (Sn — 8.8 wt. % Zn) (b) and hypereutectic (Sn — 15 wt. % Zn) (c) alloys

V, Ad, pm A Sypg, pm™!

0.20 1
413

0.6 2
_— 412

- A 1 1
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Fig. 3. Dependence of the volume fraction
of zinc V,, (1), the average length of chords d,, (2)
and the specific surface of Sypg (3)
of the Sn — 15 wt. % Zn alloy foil
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The supercooling of the melt during rapidly cooling is at least 100 °C. Therefore, supercooled melts have

a temperature below the eutectic. In this case, the liquid is not only supercooled, but also supersaturated with

both components [22]. The dependence of free energy on the concentration of F (c) has a W-shaped form, and
2

its second derivative is e < 0. The supersaturated liquid solution disintegrates by the spinodal mechanism
c
as a result of numerous small fluctuations [23], in which two supersaturated solutions based on tin and zinc are

formed. The formation of a supersaturated solid solution based on tin is confirmed by a change in the parame-
ters of the crystal lattice of tin (table 2) depending on the exposure time at room temperature.

Table 2
Tin lattice parameters (2 and c) for Sn — 8.8 wt. % Zn depending on holding time
Tin lattice Holding time, h
parameters, pm 2 3.5 5 6 26 29 31
a 0.5823 0.5823 0.5824 0.5825 0.5825 0.5826 0.5826
c 0.3178 0.3179 0.3179 0.3180 0.3181 0.3182 0.3182

Alloys Sn — 60 wt. % Zn and Sn — 80 wt. % Zn belong to the third group. The microstructure of the foil
layers adjacent to the surface 4 of the specified alloys, kept at room temperature for 3 days, is shown in
fig. 4. There are light highlights having an equiaxed shape on a dark background. X-ray spectral microanalysis
showed that the dark areas are enriched with zinc, and the light ones are enriched with tin. The average length
of the chords of random secant tin particles in the studied alloys is fractions of a micrometer.

Only diffraction reflections of tin and zinc are observed on the X-ray of the foil of the alloy Sn — 60 wt. % Zn
(fig. 5). Diffraction reflections of other phases were not detected.

Fig. 4. Microstructure of foil layers adjacent to surface 4
for Sn — 60 wt. % Zn (a) and Sn — 80 wt. % Zn (b)
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Fig. 5. X-ray pattern of Sn — 60 wt. % Zn foil
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The distribution of phase precipitation on the cross-section of the alloy foil Sn — 80 wt. % Zn, shown in
fig. 6, is inhomogeneous. In the foil layer adjacent to the surface 4 with a thickness of 15-20 um, more dis-
persed tin precipitates are formed than in the rest of it. The dependence of the average length of the chords
of random secant tin particles on the sections dg, monotonically increases (fig. 7), and the dependence of the
specific surface of the interfacial boundaries S,;p; monotonically decreases with distance from the surface 4.

Fig. 6. Microstructure of the cross section
of the Sn — 80 wt. % Zn alloy foil
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Fig. 7. Dependence of the microstructure parameters on the distance
to the surface A4 in the rapidly solidified foil of the Sn — 80 wt. % Zn:
the average chord of random secants on the sections of tin dg, (1)
and the specific surface of the interfacial boundaries Sy;pg (2)

This character of change in dg, and Sy is due to the fact that during crystallisation, the layer adjacent to
the surface 4 has a supercooling of more than 100 °C, and releases heat, which reduces the supercooling of
more distant layers to several degrees [15], which contributes to the formation of larger precipitates.

During annealing of the fast-hardened foil of the Sn — 80 wt. % Zn alloy, the change in the interplane distances
for tin and zinc (table 3) is within the measurement error.
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Table 3
The effect of annealing on the interplane distances d (A)
of tin and zinc crystal lattices in the alloy Sn — 50 wt. % Zn
Diffraction lines Sn Diffraction lines Zn
Annealing conditions —

420 411 0004 2020
The initial state 1.304 7 1.293 5 1.237 8 1.1551
Within 60 min at 50 °C 1.305 1 1.293 6 1.2377 1.1551
Within 120 min at 50 °C 1.305 3 1.293 7 1.2377 1.1552
Within 60 min at 150 °C 1.305 3 1.293 7 1.2377 1.1551

The absence of changes in the parameters of the crystal lattices of tin and zinc is explained by the fact that
after supercooling of the melt, its temperature is higher than the eutectic temperature. The subsequent solidi-
fication of the alloy occurs at a lower cooling rate in the region of higher temperatures than alloys of the first
and second groups.

Conclusions

Thus, according to the results of the study of the microstructure of lead-free tin — zinc alloys obtained by
rapid crystallisation, the following conclusions can be drawn.

1. During the rapid crystallisation of alloys with a small concentration of alloying elements (Sn— 1.2—2.0 wt. % Zn
and Zn — 1.5 wt. % Sn) the capture of alloying elements and the subsequent decomposition of supersaturated solid
solutions occurs; the average length of the chords of random secants on zinc sections does not exceed 0.5 wm.

2. Rapid crystallisation of alloys whose composition is close to eutectic occurs as a result of spinodal de-
composition of supercooled and supersaturated liquid solution, and subsequent decomposition of supersaturated
solid solutions; the average length of random secant chords on zinc sections does not exceed 1 um.

3. In alloys containing 60—80 wt. % Zn, tin precipitates are formed, having an equiaxed shape, the average
chord of which does not exceed 1 pum.
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TEITAOBBIE 1 TEPMOJAEKTPUYECKHUE CBOfICTB_A KEPAMUKHN
HA OCHOBE OKCUAA IINMHKA, AETUPOBAHHOMU XEAE30OM
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HW3yueno BausHue nobapieHus okcunos xenesa FeO u Fe,O; B cooTHomenuu 1: 9 Ha TEmIoBble U TEPMOIIEKTPU-
YECKUE XapaKTePUCTUKNA KepaMHUKH Ha OCHOBe okcuaa nuHka ZnO. MccnemyeMbie 00pa3nbl ObLTH W3TOTOBIICHBI B JIBa
JTara ¢ MCIOIb30BaHUEM KePaMUIeCKOW TEXHOJIOTHH CIIEKaHUS ITOPOIIKOBEIX CMECeH B OTKpPHITOH atMocdepe. B xome
aHaIM3a TeIUIONPOBOIHOCTH BBIABIICH MPE0OIaqaroniil BKIAJ PEIICTOYHOMN TeIUIOIPOBOIHOCTH TIPH KOMHATHOM TeMITe-
parype. YCTaHOBJICHO, YTO YMEHBIIICHUE TEIIONMPOBOAHOCTH B PE3YJIBTATE JICTUPOBAHUSI O0YCIIOBICHO YBEIHUCHHEM Pac-
cesiHus (JOHOHOB Ha BBEICHHBIX B pereTKy ZnO ToueuHbIX nedekTax (3a cYeT 3aMEeICHUS HOHOB IIUHKA HOHAMH JKeJIe3a)
Y Ha TPAHMIAX 3epPEH (32 CYCT U3MEITBUCHHS MUKPOCTPYKTYPBI), 8 TAKKE POCTOM ITOPUCTOCTH (CHIDKCHHEM TUIOTHOCTH)
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1 (OpMUPOBAHUEM YACTHUIL AOMOIHUTENBHON (a3bl pepputa ZnFe,O,. OTMEUEHO, YTO JETHPOBAHHE JKETIE30M U COITYT-
CTBYIOIIIEE €EMY U3MEHEHHUE CTPYKTYPhl KEpAMHUKH (YMEHBIIICHHUE Pa3MEPOB 3€PEH, BO3PACTAHNUE TOPUCTOCTH, BbIJICTICHHUE
(heppuTHOIt (ha3bl) MPUBOIAT K YBEITHUYCHHUIO TEPMOIIEKTPHUECKOM 100poTHOCTH ZT B 2 pa3a (BCIACICTBHE YMEHBIICHUS
VICIBHOTO YIIEKTPOCOMPOTHBIICHUS W TEIIOMPOBOIHOCTH MIPH OTHOCHTEIHHO HEOOBIIIOM CHIYKCHUU KO3 HIIHCeHTa
tepMoDJIC). [TomydeHHbIe pe3yabTaThl MOTYT OBITH UCIIONB30BAHEI ISl H3TOTOBJICHUS KEpaMUKH Ha ocHOBe ZnO, 0b6ma-
JTAroIIeil ONTHMAaIbHBIMH TEPMOIEKTPHUCCKUMHE XapaKTEPHUCTUKAMI.

Knrwouegvie cnoea: xepamuka; OKCHJ] IUHKA; IUIOTHOCTH; TEIIONPOBOAHOCTE; paccesiuie (POHOHOB; TEPMOIJIEKTpUYC-
CKasi TOOPOTHOCTb.
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In this work, we study the effect of adding iron oxides FeO and Fe,O; in a ratio of 1: 9 on the thermal and thermo-
electric characteristics of ceramics based on zinc oxide ZnO. The samples themselves were made in two stages based
on the ceramic technology of sintering powder mixtures in an open atmosphere. Thermal conductivity studies point to
the dominant contribution of lattice thermal conductivity at room temperature. The decrease in thermal conductivity as
a result of alloying is due to an increase in phonon scattering at point defects introduced into the ZnO lattice (due to the
replacement of zinc ions by iron ions) and at grain boundaries (due to microstructure refinement), as well as an increase
in porosity (a decrease in density) and the formation of particles of an additional ZnFe,O, ferrite phase. Alloying with
iron and the accompanying change in the structure of ceramics (decrease in grain size, increase in porosity, precipitation
of the ferrite phase) leads to an increase in the thermoelectric figure of merit Z7 by 2 times (due to a decrease in electrical
resistivity and thermal conductivity with a relatively small decrease in the thermoelectric coefficient). The results obtained
can be used to fabricate ZnO-based ceramics with optimal thermoelectric characteristics.

Keywords: ceramics; zinc oxide; density; thermal conductivity; phonon scattering; thermoelectric figure of merit.
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BBenenue

Oxcup nMHKa, OTIANYAIOIINICS YHUKAIbHBIM COYeTaHueM (PU3MIEeCKUX CBOMCTB U pa3HO0OpazneM crocodoB
MOJy4EHHsI, Ha MIPOTSKEHUH MHOTUX JECSATUIIETHH OCTAaeTCsi 00BEKTOM NPUCTAIBLHOIO BHUMAHUS MCCIIEeI0Ba-
teneil. Kepamuueckue QyHKUnOHaNbHBIE MaTepualibl Ha 0cHOBE ZnO HaxXomsT Bce OoJiee MMPOKoe IpUMeHe-
HHE B ONTORJIEKTPOHHUKE, AaTUUKaX U MPeo0pa30oBaTelsiX pa3IMyHbIX BUIOB SHEPTUH B AIIEKTpUUecKyo [1; 2],
ra30BBIX CeHCOpax [3], CHIIOBOM AIIEKTPOHUKE, T/IE€ OTBOJ TEIUIa UMEET OOJbIIOe 3HaUeHue [4], 1 qpyTuX MpH-
noxeHusx. s yaydieHns: CBOMCTB M paclIMpeHus: o0nacTeil NpUMEHEHHs KepaMHUECKUX MaTepHaioB Ha
ocHoBe ZnO B Hacrosiee BpeMsi 0c000e BHUMAaHUE YACISIETCS MOUCKY Pa3IMYHBIX KOMOWHALMM 3JIEMEHTOB
(B 4aCTHOCTH, C IEPEXOAHBIMHU METAJUIAMH) IJIs1 UX JIETHPOBAHHS. DTO TpeOyeT HaXOKACHHS KOPPEIISILMN MEKILY
CTpyKTypo# ((pa3oBbIii 1 XUMHUYECKHI cOCTaB), MOpdoiorueii (pa3mepsl U GpopMa 3epeH, TOPUCTOCTh U Jp.),
SNIEKTPOHHBIMHU U TEIUIOBBIMHM CBOHCTBaMHU KOMIIO3WIIMOHHON KEpaMHUKH Ha ocHOBE ZnO U pa3pabOTKH KO-
HOMMYHBIX TEXHOJOTUH ee nonyueHus [5—9]. Kepamuka umeer psi OpeuMyLIecTB Nepel MOHOKPUCTAIITIAMU,
MNOJIUKPUCTAIITNYECKUMH CIIUTKAMH U TOHKMMHU IIJICHKaMH, a TAK)Ke IPYTUMH BUIaMU MaTepHajioB Ha OCHOBE
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ZnO, NoIy4YeHHBIMH 110 6oJiee JOPOTHM TeXHoIorusM. Kepamuueckre TeXHOIOTHHU TO3BOJISIIOT W3TOTaBIIH-
BaTh U3/ICNHUS Pa3IMIHbBIX (OPM U pasMepoB, ¢ pa3HBIMU MOP(OIOTHEH, CTPYKTYPHBIM U ()a30BBIM COCTOSTHHEM.
370 aeT BO3MOKHOCTh AP(PEKTUBHO YIPaBISATh PYHKIIMOHATHHBIMH CBOMCTBAMH KEPAMUKHU MTyTEM M3MEHeE-
HUS TEMIIepaTypbl, arMocdepbl U JMTEILHOCTH CHHTE3a U MOCIENYIONNX TepMooOpadoTOK, a TaKkKe THUTIa
JIETUPYIONINX areHTOB, J00ABISICMBIX B ICXOAHBIC TOPOIIKOBEIE cMecH [6—8; 10—12]. B mocnennue roasl Bce
Oobllice BHUMAHHUE MTPUBIICKAET €IIe OIHO OYEHb MEPCIIEKTUBHOE MPUMEHEHHE KepaMHUKH Ha ocHoBe ZnO: oHa
MOXKET MCIIONIb30BAThCA KaK TEPMOIIEKTPUUECKUI MaTepuai n-TUla, 00Ja1aloniil BEICOKOH MOABHYKHOCTHIO
JJIEKTPOHOB, TEPMUYECKON CTAOMIIBHOCTHIO M KOPPO3HMOHHON CTOMKOCTBIO, a TAaK)Ke HU3KOH TOKCHYHOCTBIO.
OnHaKo TETIONPOBOIHOCTD HEJETHPOBaHHOTO ZnO HACTOIBKO BEITMKA, YTO TIOKa3aTeNb Oe3pa3MepHOi TepMo-
IIEKTPUYECKON JOOPOTHOCTH
2
zr=—3T (1)
(Kp + K, )p

OKa3bIBAETCS CYIIECTBEHHO HIDKE, YeM TpeOyeTcs U MPaKTHYeCKOTO WCIMOIb30BaHUA. 31ech Z — A00pOoT-
HOCTB; I'— abcontoTHas Temieparypa; S — koapuuuent tepMoI/IC; K, — Kod3pPULMEHT PeIeTOIHO TerIo-
IPOBOJHOCTH; K, — KO3()(MHULUEHT 3IEKTPOHHON TEMJIONPOBOAHOCTH; p — yAeldbHOE conpotusieHue. Ciueno-
BaTeNbHO, B KOHTEKCTE TEPMODIIEKTPHUECKUX MPUIIOKEHIH BYKHO CYIIIECTBEHHO CHU3UTH BHICOKHE 3HAYCHUS
k03¢ unreHTa TETTONMPOBOAHOCTH K U yAETHHOTO COTMPOTUBIICHUS P, HE CHUXKASI TIPY ATOM 3HaUeHUs Kod(h-
uupenra TepmoIJIC S. KoodduupeHT TemmonpoBoAHOCTH K COCTOUT U3 ABYX BKIAJ0B — PEIIETOYHOIO K
1 JIEKTPOHHOIO K,

K:Kp+K3:XCV (2)

pYos
rae A — koo duureHT TemieparyponposonHocth; C, — yaernbHas u300apHas TEMIOEMKOCTb; V, — IVIOTHOCTb
00paszoB. B aToM cMbIciie TerupoBaHne CTAHOBUTCSI OMHUM U3 OCHOBHBIX HHCTPYMEHTOB COTTIACOBAHMS 3Ha-
YeHUH K, S ¥ p AN YBENUYCHUS TEPMOAJICKTpHUecKoil 1oopoTHocTH ZT B cootHottenu (1). [Tockonbky He-
MOCPENICTBEHHOE U3MepeHne Kod(pQuIeHTa TeruionpoBOJHOCTH K SIBISETCS OYSHb TPYIOEMKHM MPOLIECCOM,
JUISL €TO OLIEHKH YaCTO UCTIONIB3YIOT 00JIee MPOCTYIO METOIUKY — H3MepeHHe Kod(hhuIeHTa TeMIepaTyponpo-
BOJHOCTH A METOOM JIa3epHOM BCIIBILIKH.

B nuTeparype onucaH mMpOKHii HAOOP BApUAHTOB JIETHPOBAHUSI MaTepHajoB Ha ocHoBe ZnO i u3Me-
HEHHS UX MHUKPOCTPYKTYPBI B LIEJISIX COITIACOBAHUS TEPMOIICKTPHUECKUX M TPAHCHIOPTHBIX CBOUCTB. B pado-
Tax [13—19] npuBeaeHbI JaHHBIE O BIUSHUU Ha TEPMOIEKTPUUECKHE U TPAHCIIOPTHBIE CBOMCTBA TaKUX JIETH-
pyromux semMeHToB, kak Al, Bi, Co, Fe, Ni, Ga, Mn, Sb, Sn, a Takxe ux qBoiiHbIX koMOuHaiuii. Kpome Toro,
yKa3aHHbIe Pa0dOThl COAEPIKAT MOJIE3HYI0 HH(OPMAIIMIO O KOPPEISILIUU MEXKIY CTPYKTYpOH U pa3HOOOpa3HbIMU
CBOICTBaMU B pe3ysbrare JiernpoBaHusa. OHAKO B HUX OTCYTCTBYET CUCTEMATHYECKOE UCCIIEI0BAaHUE TaKoi
B3aMMOCBSI3H MEXKY TEPMODJIEKTPUUECKUMH U TETJIOBBIMU CBOHCTBAMH, a TAK)KE MUKPOCTPYKTYPOii U (a3o-
BBIM COCTaBOM, Mop(osiorueil (MopucTocTh, pasMep 3epeH) Kak B IJICHKaX, Tak U B kepamuke [20]. Bonbnioe
KOJIMYECTBO HKCIIEPUMEHTAJILHBIX U TEOPETHUCCKUX MCCIIEIOBaHUI MOKa3ajo0, YTO CYIIECTBYIOT ABa d(hdek-
TUBHBIX METO/Ia CHIDKCHHUS TEIJIONPOBOAHOCTH — (pOpMHUpOBaHUE CIUIABOB 3aMEILICHUSI U UX HAHOCTPYKTY-
pupoBaHue (HampUMep, MyTEM YMEHBIICHUS pa3MepOB 3epeH, BBEACHUS TMOp U HaHOpasMepHBIX ¢az) [21].
B cBsi3u ¢ 3THM B TaHHOMW pabOTE UCCIIEAYETCS BIUSHUE J00ABICHHS OKCHJIOB XKelle3a FexOy x=1,2;y=1,3)
Ha COYETaHUE TEIJIOBBIX, MMEKTPUUECKUX U TEPMOIIIEKTPUUECKIX CBOICTB B KepaMuke Ha ocHoBe ZnO.

MarepuaJbl 1 METOAbI UCCJIEIOBAHUS

O6pasuel Ha ocHOBe ZnO U3roTaBIMBAIUCH C HCTIOJIE30BAHUEM KEPAMUUECKOM TEXHOIOTUU CIIEKaHHSI T10-
POIIKOBBIX CMeceH B OTKPBITOM aTMocdepe. B kauecTBe KOMIOHEHTOB IS IPUTOTOBICHUS IUXTHI IPHUME-
HsUCh nopowku ZnO u okenzos xenesa Fe O, tuna Broctuta FeO (50 % kucnopona) u remaruta o-Fe, 0,
(60 % xucopona) mapku «oc. 4.». [Ipu pacuere MCXOAHON WKUXThI HcnONb30Banack popmyna Fe, 0,13, Zn0 ),
T7le Macca MOPOIIKOB OKCHIIOB JKeJie3a B MCCIECMyeMBIX oOpasmax cooTBercTBoBaia 10 mac. %. O6pa3mbl
Zn0 9)FeO (-2 u ZnO 49 Fe,05p)-2 n3roraBinBaancy B BuJe TabICTOK C NPUMEHEHHEM JBYXITAITHOIO
rporiecca, ONMCaHHoTO B paboTtax [6; 22].

@a30BbIi COCTAaB CUHTE3UPOBAHHBIX OOPA3L0B YCTAHABIMBAJICS C MOMOILBIO PEHTTCHOIUPPAKLIIHOHHOTO
anammza (PJ1A), komOunanmonHnoro paccessaust ceera (KPC) u simeproro ramma-pesonanca (S1I'P). PIIA BwI-
HOJIHSJICS TIPH KOMHATHOM Temmneparype Ha qudpakromerpe IPOH-3 M ¢ ncnons3oBanuem uznydenus Cuk,,.
O0paboTka JaHHBIX OCYIIECTBISUIACH B IIporpamme FullProf yTem pas3ioyKeHHsl peHTT@HOTPaMM Ha CyMMY
MHTETpajbHBIX MHTEHCUBHOCTEH. JlaHHAs mporpaMma HCIOJb3yeT aHaIn3, OCHOBAHHBIM Ha MeTtone Pursens-
na (moaHONpo(MITBHBIN aHaAIN3), KOTOPBIA IPUMEHSETCS B HEUTPOHO- U peHTreHorpaduu [23]. MccnenoBanus
CTPYKTYPBI M XUMHUECKOTO COCTaBa CHHTE3UPOBAHHON KePAMUKH BBINOIHSINCH HA CKAHUPYIOIUX 3JIEKTPOHHBIX
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mukpockonax (COM) Tescan VEGA3 LMU (Tescan, Yexus) u LEO 1455VP (Zeiss, Tepmannst), CHaOKEHHBIX
NPUCTaBKAMU ISl MUKPOPEHTTeHO(IyopecieHTHOro ananui3a. OcCoOEHHOCTH MCTIOJIL30BAHUS M PE3YJIbTaThI
MIPUMEHEHHs YKa3aHHBIX METOIUK MPUBEICHBI B IMyOuKanuu [24].

Jiist u3MepeHust 2IeKTPOCONPOTHBIICHUS P, Kodddunmenta TepmMoIJIC S u mIoTHOCTH d IPU KOMHATHON
TEMIIepaType U3 TAOIETOK TOTOBOI KepaMHKH BBIPE3aIHCh MPSIMOYTOJIbHbIC 00pa3Ilbl HIMPUHOW 2—3 MM H JUTH-
HOi 7—10 MM. Ha uX TOpIBI yNBTPa3BYKOBBIM MAasUIbHUKOM HAHOCHIICS MHJIHI, YTO CIIOCOOCTBOBAIO Oolee
PaBHOMEPHOMY PACHPEICICHUIO TOKA U TEMIIEPATyphI 110 00pa3ily U CHIKEHHIO TEIIOBOTO COTIPOTHBIICHHS.
Koadpunment tepmodJIC S u yaenbHOE 37IEKTPOCONPOTHBICHNE P U3MEPSUTUCH MPY KOMHATHOW TeMIiepa-
Type € MCIOJB30BAaHUEM M3MEPUTEILHON SUSHKH U MePeMeIaeMoro rpaJiMeHTHOr0 HarpeBarelis ¢ MeTHbIM
HakOHeUHUKOM, MyTbTUMeTpoB Agilent 34410A u Agilent 34411A (Agilent Technologies, CIIIA). KouTpois
TEMITepaTypbl Ha KOHIIaX 00pa3ia, TOMEIIEHHOTO B STYCHKY, OCYIECTBIISIICS C TIOMOIIBIO TIATHHOBBIX TEPMO-
metpoB PT-100M. M3mepeHue TeMIiepaTypornpoBOIHOCTH A IIPOBOIMIIOCH Ha 00pasiax KepaMUKH pa3MepoM
8 x 8 x 1,5 MM B qmamazone temmeparyp 300—573 K meTooM a3epHON BCIBIIIKH ¢ UCIIOIB30BAaHUEM aHAIH-
3aropoB LFA 467 (Netzsch, I'epmanus) u TC-1000 (Ulvac-Riko, SInonus).

Pe3y.]'[bTaTbI U UX 06cy)w]elme

Kak cnentyet 3 npencraBieHHbIX Ha puC. 1 peHTreHorpamMM, Ipu 1I00aBIeHUH B OKCHJT IIMHKA OKCHIOB XKeJle-
3a B COOTHOIIEHHH 9 : 1, TOMHMO BIOPIIMTHOM (TeKcaroHabHoi) ¢a3el ZnO, B kKepaMUKe PUCYTCTBYIOT BKITFOUE-
Hus eppura ZnFe,0, ¢ KyOU4ecKkol CTPyKTYpoOii, UTO COOTBETCTBYET MPUBEICHHBIM B JINTEpPAType pe3yibraram
PIA, AI'P u KPC [14; 20; 25]. Hanmuune BTopu4HbIX (a3 criocoOCTBYET AOMOIHUTESIBHOMY PACCESIHUIO (DOHOHOB
Ha HHX, YTO CHIKaeT ()OHOHHBIA BKIIAJl B TEIJIONPOBOAHOCTh. Lludpbl Han nmukamu Ha puc. 1, @, cOOTBETCT-
BYIOT UHIeKcaM Musuiepa tutockoctet (7kl) muis coorBercTByromux ¢as. [pu ananuze PIIA-mudpakrorpamMm Ha
puc. 1 (xpusbie 2, 3) MOXKHO YBHAETb, 4TO MHEKCH Mumiepa juist (asbl ZnFe,0, B o6pasuax ZnO g FeO (-2
1 Zn0O g9 Fe, 0412 conianaror. [Ipu 5T0M HHTEHCUBHOCTB TTMKOB JUTst TaHHO# (asbl y 06pasua ZnO g Fe,05 -2
HECKOJIBKO TIPEBBILIACT AHAIOTMYHYI0 HHTEHCHBHOCTB Y 00pasia ZnO g, FeO;()-2. D10 MOKET yKasbBaTh Ha
TO, 4TO KOHLEHTpauus dassl Gpeppura ZnFe,O, B MaccoBbIX npoueHTax B 00pasie ZnO 49 Fe,05)-2 HemHOrO
BbILIE, 4eM B 00pasie ZnO 4y FeO;()-2. CornacHo JaHHbIM SHEPrOAUCIIEPCHOHHOTO PEHTICHOBCKOIO aHAJIN3a,
MOJIYYSHHBIM B TpebIayIeM uccienoBanuu [20], cpemHss KOHIICHTpAIUS Kele3a, 3aUKCUPOBaHHAs B 00-
pasue ZnO gp Fe,0519)-2, ASHCTBUTENIBHO MPEBOCXOANUT TAKOBYIO B 00pasie ZnO g, FeO ;)2

ala o/b
a9 (100)~(110) - thasa propuura ZnO I 0\ PeHTreHOBCKast IIOTHOCT
[220]-[422] — da3a deppura ZnFe,O, 5500 v, e
(100) L vy Vs
3 (002) (110) "y 5000
= (102) g
°, >
~ 311 4500
220] [400] [422]
I W R Y
4000
V——’r—A-v—M’A l. ——-*A-P

45 50 55

26, rpag Coneprxanne Fe B Fe O, at. %

Puc. 1. PeatreHorpaMmsl kepaMuku Ha ocHoBe ZnO (a)

(1 — menreruposanublit ZnO; 2 — ZnO 49 FeO (25 3 — ZnO g5 Fe,05(10)-2)
Y 3aBUCHMOCTH IJIOTHOCTEH OT COZIepIKaHUs XKelle3a B 100aBiIsieMbIX okcuaax ()

Fig. 1. Radiographs of ceramics based on ZnO (a)
({ — unalloyed ZnO; 2 — ZnO g, FeOy-2; 3 — ZnO g9, Fe,0510)-2)
and density dependences on the iron content in the added oxides (b)

OKCIEepUMEHTAILHO ONpelie/IeHHbIE 3HAYeHUs TapaMeTPOB pelIeTKH (a3 mpeacTaBieHsl B Ta0. 1, U3 ko-
TOPOH BU/HO, 4TO B Kepamuke Ha ocHoBe ZnO ¢ nobasnennem okennos Fe, O, (06pasupt Ne 2 u 3) mapameTpsl
pemeTky a u ¢ A ¢Ga3bl BIOPIUTA MEHBIIIE TapaMeTpoB perieTku B unctoM ZnO (obpazer Ne 1). Do cxartue
pemietku B padote [20] 0OBSICHSIOCH TEM, YTO HOHBI Fe**, 0bnaaorye MCHBIIAM HOHHBIM paauycom [26], 3a-
MmemaroT 70 ~1 at. % aroMoB nMHKa B penietke ¢asbl BlopuuTa ZnO.

VI3MepeHHBIE TapaMeTphl PEIICTKH MO3BOJHIN OLEHHTh PEHTTCHOBCKYIO MIOTHOCTh BEIIECTRA (B KI/M")
C TIOMOIIBIO0 COOTHOIICHHUH
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N A 2 2N A4
Vi = 1 1:N1A1/ ba \/gc = 121, 3)
4 4 3J34°4
Nyd, N4,

v, = =—, 4
2 V2 b3 ( )

N 4, Ny 4, 2N 4, Ny 4,
v; =0,9v, + 0,1v, =0,9 +0,1 =0,9 —+0,1——, 5)

4 v, 33d%¢ b

Izie V,, V, U V; — peHTTeHOBCKas IIOTHOCTH (ha3bl ZnO, dassl ZnFe,0, u cymmsl a3z 90 % ZnO + 10 % ZnFe,0,
6a*\/3
4

B FeKCaroHaJIbHOU JJIEMEHTAPHOU Auelke; V, = b* — oGvem KyOHuecKol 37eMeHTapHoH siueiiku; N, = 4 — Ko-
JIMYECTBO aTOMOB B KyOU4eCKOM 311eMeHTapHoi stuelike; A, = 81 a. e. M. (a1 ¢a3el ZnO), 4, =241 a. e. M. (11
¢a3el ZnFe,O,) — Bec ogHoro aroma (1 a. e. M. = 1,66 - 102* 1); a, ¢ — mapamerps! peruerkn wist dassr ZnO
TUIa BIOpUMTA; b — mapamerp pemerku a1t ¢asel ZnFe,O, Tuna peppura-mnuHeny.

[lomyueHHsbIe ¢ McTONb30BaHNEM COOTHOIICHUH (3)—(5) 3HaUeHUS PEHTI€HOBCKON IJIOTHOCTH TIPE/ICTaB-
JIieHbsl Ha puc. 1, 6, 1 B Tabm. 1. Kak BUAHO W3 3THX MAaHHBIX, PEHTTEHOBCKAS IIOTHOCTH caMoil ¢a3bl ZnO
(T. e. 6e3 Hanmmuus ZnFe,0,) B obpasuax Ne 2 u 3 yBenuuuBaeTcs 10 CPaBHEHHIO C TaKOBOM B oOpaszue Ne 1,
9TO 00YCJIOBJICHO YMEHBIIIEHHEM IapaMeTPOB PEIIETKA ¢ U ¢ BCIEACTBHE YIOMSHYTOTO COKATHsSI PEIIETKH.
B T0 e Bpemst ipu mo6aBieHnn B ZnO OKCHIOB JKelle3a INIOTHOCTh KOHEUHOM KepaMUKH, HA000POT, CHIYKAETCSI.
DTO MOXXHO OOBSCHUTEH TEM, UTO ITOIABIISIONICE OOJBITMHCTBO OKCHIOB B MaccoBoM 3kBuBaneHTe FeO (o0Opa-
3e Ne 2) win Fe,O, (o6pasen Ne 3) yxonut Ha oOpaszoBanue epputa-mnunenu ZnFe,O, kyondeckoil cuHro-
HUU, PEHTTEHOBCKAS TNIOTHOCTh KOTOPOIO HMXKE PEHTIEHOBCKOM II0THOCTH ZnO rekcaroHajabHOW CUHIOHUU.

Paznuuusa na puc. 1 u B Tabn. 1 Mexny peHTIeHOBCKOH MIOTHOCTHIO V, ((paza ZnO), v, (cymma ¢a3s
90 % ZnO + 10 % ZnFe,0,) 1 IIOTHOCTHIO KOHEUHBIX 00PA3II0OB V,, ONPEAEICHHON METOOM B3BEIINBAHUS,
00yCIJIOBJIEHBI HAJTMYMEM TIOP B KEPaMHKe. JTO MO3BOJMIIO PACCUUTATH TOPUCTOCTH 00pasnoB (B %):

COOTBETCTBEHHO; V] = ¢ — 00bEM reKCaroHaabHOM JJIEMEHTAPHON A4YEelKH; N; = 6 — KOJTMYECTBO aTOMOB

H:u.l()(), (6)

Vi

V=V,
Im=—-—2.100. (7
V3

dopmyna (6) ucmonb3yeTes I pacueTra mopuctocT odpasna ZnO, a popmyna (7) — mist pacdeTa mopu-
Kak Bunuo u3 tabu. 1, npu no6asnenun 10 % Fe O, B kepamuky Ha ocHOBe ZnO HOPHCTOCTH BO3pacTaeT
B 2 pasa, 4To, BEpOsITHO, 0OYCIIOBJICHO HAIMUMEM JOTOIHUTEIbHON (asel ¢peppura nuHka ZnFe,O, u oTmunem

napaMeTpoOB OTKUT'a HEJIETHPOBAHHOTO M JIETUPOBAHHOTO OKCHA [IUHKA.

Ta6anna 1

PaccunTanHble 3HaYeHHs] NAPaMeTPOB PellleTKH d, b, ¢, pEHTTeHOBCKOI IJIOTHOCTH Vy, V,, V3 (a3,
TJIOTHOCTH 00pa3noB v, u nopucrocTy Il B kepamuke Ha ocHoBe ZnO

Table 1
The calculated values of the lattice parameters a, b, c, the X-ray density v,, v,, v; of the phases,
the density of samples v, and porosity II in ceramics based on ZnO
Ne [Tapametpsl ITapamerp
- Ob6pasen pemieTku ¢as3sl pemetkn hasel | v, K/M® | Vo, ki/M® | vy, koM | v, ko | TTL %
o/ 1 2 3 o
Zn0O, 1M ZnFe,0,, aM
a=0,32501
1 ZnO c=052021 — 5650,9 — — 5036,0 11
a=0,32418 _
2 ZnO(90)FeO(10)-2 ¢=0.51900 b=0,83892 5693,2 | 2710,3 | 5394,9 | 4000,0 26
a=0,32367
3 ZnO(go)Fe203(10)-2 ¢=0.51809 b=0,84074 5721,1 | 2692,8 | 5418,3 | 4277,0 21
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Hanusie COM, mpefcTaBICHHBIC HA PUC. 2, CBUACTEIBCTBYIOT, UTO B JICTHPOBAHHBIX 00pa3Iax, MoIydcH-
HBIX I10 JIByXCTYIICHUATON TEXHOJIOTHH, HAOJONACTCSl HEKOTOPOES YMCHBIIICHUE Pa3MEpOB 3€peH 10 CpaBHE-
HUIO C TAKOBBIMH B HEJICTMPOBAHHOM OKCHIE IIMHKA. Panee aBropamu OBLIO MOKA3aHO, YTO Pa3MEPHI 3epeH
B KEpaMUKe ¢ 100aBJIeHIEM OKCH/IOB JKeJie3a, U3TOTOBJICHHOH € MCIIOIb30BaHUEM OTHOCTYTIEHYaTOH TEXHOJIO-
TUHU OT)KHTA, TAKOKE TPEBBIIIAIOT Pa3Mephl 3¢PeH B aHAIOTHYHON KepaMUKe, MMOTYICHHOU 110 IBYXCTYTICHIATON
texnosioruu [20]. Mcxons U3 3TOro, yMeHbIIICHHE pa3MEpPOB 3epeH B 00pasiiax, M3rOTOBJICHHBIX Ha OCHOBE
JIByXATAITHOTO OTKUTA, MOYKHO CBSI3aTh C YBEITUUICHUEM YUCIIA IIEHTPOB PEKPUCTATUTU3AIINH, BOSHUKIIINX B Pe-
3yJbTaTe BTOPOTO IMOMOJIa Ha TPAHUIIAX TPaHyIl TablleTHPOBAHHBIX 00Pa3IOB.

ala o/b

Signal A=0OBSD  Date: 13 Apr. 2017
Mag=10.00KX WD=14mm PhotoNo.=6743  Time: 11:54:31
EHT = 20.00 kV

2 um

Signal A = Sel Date: 13 Apr. 2017

— Mag=10.00KX WD=14mm PhotoNo.=6730  Time: 11:22:28
S EHT =20.00 kV

2 um

Signal A= OBSD Date: 13 Apr. 2017
Mag = 10.00 KX WD =12 mm Photo No. = 6752 Time: 12:12:42
EHT = 20.00 kV

2 um

Puc. 2. COM-uzo6paxenns 00pasuos ZnO (a), ZnO gy FeO()-2 (6) 1 ZnO g Fe,0519)-2 (6)
Fig. 2. SEM images of ZnO (a), ZnO g, FeOy(-2 (b) and ZnO 4 Fe,051¢)-2 (¢) samples

HUccnenyembie 00pa3iibl ObUTH TOIBEPTHY Tl H3MepeHUsIM KodpduitenTa TepMoIJ]C S 1 yenbHOTo 2J1eKTpo-
COTIPOTHBIIEHUS P npu KoMHaTHOH Temneparype (300 K), a Taxoke TeMrieparypHOi 3aBUCHMOCTH TEMIIEpaTrypo-

nposoxroctn A(T) B ananasone Temneparyp 300—600 K. Usmepennsie 3apucumoctu A (T') mpesicTaBieHsl Ha
puc. 3, a. OHU OIUCHIBAIOTCS TUIIEPOOTUISCKUM 3aKOHOM THIIA

MT)~T75 (8)
T7Ie 3HAYCHUS TTOKA3aTeN sl CTENeH! B mpeacTaBieHsbl B Ta0n. 2 (B = 1,40—1,51). 3nauenus napametpa B ObUTH ompe-
JIeNIeHbI U3 HAKJIOHOB NPsiMbIX IgA — 1g 7' Ha BeTaBke K puc. 3, a. Kak BuHO U3 puc. 3, @, pyu KOMHATHO# TeMIiepa-
Type TeMITepaTypopOBOAHOCTh KEPAMUKH CHIDKAJIACh B PE3yJIbTare JETHPOBAHUS HECKOJIBKO CHIIbHEE, YeM TIPU
BBICOKHX TEMIIepaTypax. ITO MOKHO CBSI3aTh C YMEHBILICHUEM POJIH PEIICTOYHOTO BKJIaja B TEIIONPOBOAHOCTD
TIpY YBEJIMYEHUH Temrepatypsl [14; 27; 28].

JUnist OTIpe/ieNIeHNs TEMITEPaTyPHBIX 3aBUCHMOCTEi Terutonposoxoctd K(7') 00pasios HEOGXOAMMO 3HATH
3HAYCHUSI MX YACIBbHOM H300apHOi TeroeMKoCTd C, U INIOTHOCTH V,, YTO CJICAYET U3 NPUBEACHHOTO BbILIE
coorHoweHus (2). TemneparypHas 3aBUCHMOCT ye/IbHON n300apHO Teroemkoctu C, (T) B auanasone Tem-
neparyp 300—600 K st uccnemyembix 00pasios orieHuBaiack o merony Helimana — Konmna [29]. 3aBucumoc-
™ C, (T ) (a3, 3anmMcTBOBaHHBIE U3 IuTeparypsl [30], mpencTasnensl Ha puc. 3, 6. B metone Helimana — Korma
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TCIIJIIOEMKOCTH J]eI‘PIpOBaHHOﬁ KEpaMUKHU HpI/I6J'H/I)KeHHO BBIYHCIIAACTCA KaK CyMMa TCIIOEMKOCTEH (1)33, BXOIs-
KX B €€ COCTaB, C yueToM Macc 3Tux ¢a3 B kepamuke: 90 % ZnO + 10 % ZnFe,0,. Kax Bugno u3 puc. 3, 6,
OLICHEHHAs! yesbHas n300apHas TemnoeMkocTs C, Gpas n 06pasioB U3MEHSETCS 110 3aKOHY

A
C,(T)~17, 9)

p
rie A = 0,23—0,25. [Ipu pacderax moyiaraixoch, 9TO MPAKTUICCKU BCe TOOABICHHOE JKEIIe30 YXOIMIO Ha Gop-
MHUpOBaHUE (QeppuTa, A0ISI KOTOPOro He Moria ObITh Oombire 10 % ot obmieit macchl kepamuku. Hammane
(heppura cnabo yBeIMUNBaeT 3HAYCHHE TEIDIOEMKOCTH, YTO ¥ BUIAHO U3 PHUC. 3, 0.

o/b
16 700 - ZHF€204
14 1+ —_ -
© 43 % ) 650
S 127 ; i 90 % ZnO + 10 % ZnFe,0,
) . . = 600 [ A=0,25
— 10 ! 400 500 %
x I K = L
3 -
8 _- O 550k
6 L
41 . I . 1 . 500 EL \ | \ I . I
300 400 500 300 400 500 600
T, K T,K

Puc. 3. TemneparypHble 3aBUCUMOCTH TEMIIEPaTypOIIPOBOAHOCTH A.(T) KepaMMKHU B IMHEHHOM MaciiTade (a)
({ = ZnO; 2 — ZnO g FeO1y-2; 3 — ZnO 90 Fe,051()-2) 1 ynenbHoit n300aproit
TEIUIOEMKOCTH Cp(T) okcuia IuHKa (o6pasen Ne 1), peppura 1 0TOKKEHHOMN KepaMUKH
90 % ZnO + 10 % ZnFe,O, (06pa3ust Ne 2 u 3) B qBOMHOM JTorapudMuIeckoM MacmTade (0).

Ha BeTaBKe IIpuBeIeHBI COOTBETCTBYoMIHE 3aBucuMocTi A(T') B ABOHHOM JorapudmMudeckoM Maciurabe

Fig. 3. Temperature dependences of the thermal diffusivity A(7) of ceramics on a linear scale (a)
({ = ZnO; 2 = ZnO g, FeO14)-2; 3 — ZnO gy, Fe,051,-2) and the specific isobaric
heat capacity C, (T ) of zinc oxide (sample No. 1), ferrite and annealed ceramics
90 % ZnO + 10 % ZnFe,O, (samples No. 2 and 3) on a double logarithmic scale ().
The box shows the corresponding dependencies X(T ) on a double logarithmic scale
I/I3MepeHHBIe BCIIMYHUHBI IINIOTHOCTH Vo " 3aBUCUMOCTH QL(T) HCCIICAYEMBIX 06p33HOB, a TaKKC OLICHCHHBIC
3HA4YCHUA UX y,[[eJ'IBHOﬁ I/I306apH0ﬁ TCIIIOCMKOCTHU Cp IMMO3BOJIMJIN paCCUHUTATh TEMIICPATYPHBIC 3aBUCUMOCTHU
TEIIONPOBOJHOCTH K(T ) M3yYEHHBIX 00pa3IoB ¢ MoMolIbio cootHoreHus (2). Kak Bugno u3 puc. 4, a, oHn
OIIMCBIBAXOTCS COOTHOIICHUEM

x(T)~T7C, (10)
rae 3HadeHus nokasarenst C npuseneHsl B 1a0m. 2 (C = 1,16—1,27).
o/b
44 44 F
40 sl
36 r
< 32 236
5« 28 2 32r
= = -
) 24 B el
%20 LA
16 24 -
12 20 -
Il L Il L Il L L Il L Il
300 400 500 4000 4500 , 5000
T, K d, xr/m

Puc. 4. 3aBUCUMOCTH TETIIONPOBOTHOCTH K KEPaMHUKH OT TeMIEpaTypsl (a)
H IUIOTHOCTH V,, (6) B mHeiiHoM Macwtabe: [ —Zn0; 2 — ZnO g, FeO(j)-2; 3 — ZnO 49 Fe,051)-2.

Ha BeTaBKe puBeeHbI COOTBETCTBYouIHe 3aBucnMocTh K (7') B ABoiiHOM norapudMudeckoM Macirade
Fig. 4. Dependences of thermal conductivity K of the ceramics on the temperature () and the density v, (b)
on a linear scale: 7 —Zn0O; 2 — ZnO g FeO1)-2; 3 — ZnO 49 Fe,051)-2.

The box shows the corresponding dependencies K(T ) on a double logarithmic scale
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JU7st oripesiesieHyst poiu ANIEKTPOHHOTO BKJIA/a K, B MOJIHYIO TEITIONPOBOAHOCTH K OBLI UCTIOIb30BAH 3aKOH
Bunemana — ®panmna [27; 31]

(11)

rine L —yucno Jlopenua. B mogenu Bunemana — @panna uncio JlopeHua it BIPOAKIEHHOTO MIpeeia paBHO
2,44 .10 Br- OM/K? [31].

[TockonbKy B TEmIonpoBoAHOCTh ZnO CyIIeCTBEHHBIH BKIIaJ BHOCSIT ONTHYECKUE (POHOHBI, B JAHHOU pa-
0ote uncio JlopeHia pacCyMTHIBaIOCh C TOMOIIBIO COOTHOIICHHS, TOTYYCHHOTO ITyTeM peIlleHHs ypaBHEHUH
neperoca boneiimana [31]:

ISLY). 1078,

L=|1,5+exp| —— 12
Pl 116 (12)

HaiizerHoe 1o dopmyite (12) urcio Jloperia st Beex 06pasio cocrasmio 1,50 - 107°-1,58 - 10° Br - OWK?,
YTO COOTBETCTBYCT 40 % OTKJIOHEHHUIO OT BBIPOKICHHOTO IIPE/iciia, KOTOPOC UMECT MCCTO IJII HCBBIPOKACH-
HBIX MTOJYTIPOBOAHUKOB C pAaCCEHUEM TOJBKO aKycTHdeckux GpoHoHOB [31]. 13 npuBeneHHbIx B Ta0I. 2 3Ha-
YUCHHU BKJIAJ0B B MOJHYI TCIJIONPOBOAHOCTH BUAHO, YTO OCHOBHYIO POJIb B HCU UTPACT PCHICTOUYHAS KOM-
TIOHEHTA K, TOra KaK JNIEKTPOHHBIN BKJIAJ, K,, OLICHEHHBII ¢ MOMOILBIO 3aKkoHa Bunemana — @panna (11),
HecpaBHUMO Mail. [ToaToMy najieHre MoJIHOM TEIIONPOBOIHOCTH C POCTOM TEMIIEPATYPHI, a TAKXKE PazIndus
B PAaCXOXXJACHHUU KPUBBIX K(T) IIPpU BBICOKUX WM HU3KHUX TEMIICpaTypax MOKHO O0OBSCHUTH BIIMSIHUEM (I)OHOH-
HOT'O CIICKTpaA.

Tabnuma 2
DKcnepuMeHTAIbHbIE 3HAYEHHS TEMIIEPATYPONPOBOIHOCTH A
U BBIYUCJIEHHOH MOJIHOH TeIIONMPOBOHOCTH K, OKa3aTeJ/ieil creneHu B 3apucumoctsix (8)—(10),

3JIEKTPOHHOTO K, M PEMIETOYHOT0 K, BKII/I0B B TEIUIONPOBOAHOCTE K
1J15 00pa3uoB KepaMukHu npu temmneparype 300 K

Table 2

Experimental values of thermal diffusivity A and calculated
total thermal conductivity K, exponents in dependences (8)—(10), electron x,
and lattice k, contributions to thermal conductivity k for ceramic samples at a temperature of 300 K

r][\fn O6paser A, mc A B C | %Br(u-K) |, Br/(m-K) |, Br/(m - K)
1 ZnO 1,68-107° | 023 | 1,51 | 1,27 43,05 1,19 107 43,05

2 | ZnOgyFeO ;-2 9,64-10° | 023 | 1,40 | 1,16 19,89 2,12-10° 19,89

3 | ZnOyyFe,0502 | 1,15-10° [ 023 | 1,44 | 1,20 | 2536 2,15-10° 25,36

CpaBHeHHe IIpeCTaBIEHHbIX Ha puUcC. 3, a, U pHC.

4, a, TemMriepaTypHBIX 3aBUCUMOCTEN (DOHOHHOW TeruIo-

MIPOBOJHOCTH B BHJIe cooTHOIIeHUs (10) 1 TeMIepaTyporpoBOIHOCTH B BHI€ COOTHOIIEHHS (8) IMOKa3bIBAET,
YTO Pa3HULIA II0Ka3aTesell CTENEeHN Y HUX KaK Pa3 COOTBETCTBYET I10Ka3aTelt0 CTEIIEHU B COOTHOLIEHUH (9),
T. €. B— C = A. Xon TeMinepaTtypHOi 3aBUCHMOCTH TEIUIONPOBOAHOCTH COOTBETCTBYET U3BECTHBIM JINTEPATYP-

HBbIM JaHHbIM [4; 27; 32]: nageHue K(T ) 00ycioBieHo poctoM (POHOH-(OHOHHOTO PACCESTHUS MPH TIOBHIIIIe-

HUHU TEMIIEPATypPhl. B 3TOM CMBICIIE MOKHO OTMETHUTD, YTO TEIUIONPOBOIHOCTh U TEMIIEPATYPOIPOBOTHOCTE
BE/IyT ceOs BIOJIHE COTIACOBAHHO.

OTnrume 3HAYCHUIH TETUTOMPOBOAHOCTH UCXOTHOTO OKCH/IA IIMHKA OT 3HAYCHUH TEIIOMPOBOTHOCTH JICTH-
POBaHHON KepaMHUKH (@ TaKK€ MHOTHX APYTHX MOJYMPOBOAHUKOB) OOBIYHO CBSI3BIBAIOT C OOJBINEH MIETBIO
MEK/Ty OTNITHYECKON M aKyCTHUECKON BETBIMH B 3aKOHE JMCIepCHu is (OHOHOB. [TocimenHee MOXKET CHIBHO
MPEMATCTBOBATE BBIMTOJHEHUIO 3aKOHOB COXPAHECHUS SHEPTHH M KBa3HUMITYJIbCa PH TPEX(POHOHHOM pacces-
HUH, BBI3bIBAaS POCT BPEMEHH JKU3HU (DOHOHA, KOTOPOE COUETAECTCS C MEHBIIIMM aHTaPMOHHU3MOM (MapameTp
I'proHaiizena) 1 OONBIIMMHU TPYMITOBBIME CKOPOCTIMH (OHOHOB (BCICACTBHE 00JICe CHITBHBIX MEKATOMHBIX
cBsizeid) [4].

B nenom HabmroqaeMoe Ha puc. 4, a, YMEHBIICHUE TEIUTOMPOBOIHOCTH MPHU BBEJACHUH OKCHJIOB JKelie3a
B KepaMHUKy Ha oCHOBE ZnO MOXHO OOBSICHUTH CIIETYIONUMH YETHIPHMS (haKTOpaMHU: YBEINICHUEM pacces-
HUs1 POHOHOB HA TOUCUHBIX JC(PEKTaX, BO3HUKAIONIMX BCICACTBHE 3aMEIICHISI HOHOB IIMHKA HOHAMH XKeJle3a
B perretke ZnO [33]; ycunenuem paccesHust GOHOHOB Ha MPaHMIIAX 3€PEH 3a CYET U3METBUCHHS MUKPOCTPYK-
Typbl (YBENHUEHUSI TUIONIAIH TPAaHUIl 3epeH) [14]; pocTOM MOPUCTOCTH KEPaMUKH B Pe3yJIbTaTe JErHpOBa-
nus [32]; popmupoBanueM BoiaeneHuid ¢aspl ZnFe,O, co CIOMCTOI CTPYKTYpOil THIIA IIUHEIH, KOTOPHIC
MPUBOJIAT K JIOTIOTHUTEILHOMY PacCcessHuio (OHOHOB.
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st pacuera paxTopa MoutHOCTH [27]
s?
P

u Oe3pa3MepHOI TepMOAJICKTpUIecKoi 100poTHOCTH ZT 13 cootHouieHus (1) [31] ObLIM AOMOIHUTEIBHO U3-
MepeHbl 3HaueHsI Kodddumuenta TepmoI|C S u yaenpHoTo conpotuieHus p mpu Temireparype 300 K (tadm. 3).

PF

Tabnuna 3
TepmonsieKTpHUecKHe, YIeKTPHIeCKHe 1 TelIOBbIe
XapaKTepPUCTHKHU KepaMHKH Ha ocHoBe ZnO npu temneparype 300 K
Table 3
Thermoelectric, electrical and thermal characteristics
of ceramics based on ZnO at a temperature of 300 K
H}fn O6pasel p,OM-M | =S, MkB/K | PF,Br/(m-K?) | x, Br/(m - K) ZT
1 ZnO 37,96 435+3 4,99 - 10°? 43,05 3,47 - 10°®
2 ZnO g5, FeO ;-2 2,23 295+3 3,90-10°" 19,89 573-107
3 ZnO(go)FeZO3(10)-2 2,18 32121 4,72 - 10°® 25,36 5,58 - 107

W3 tabn. 3 cnemyert, uTo mobaBieHne kelle3a B kKepaMuKy Ha ocHOBe ZnO MPUBOIUT K YBEIHMUEHUTO (TIpaK-
TUYECKH B 2 pa3a) TepMOAIIEKTPUIECKON JOOPOTHOCTH (CM. Takxke [14]). DTO MpONCXOauUT BCIAEACTBHE yMEHbIIIE-
HUSL yICJIBHOTO BJIEKTPOCONPOTHUBICHHS Ha OJMH MOPSIOK (UTO MOXKHO CBSI3aTh C PUMECHOH MPOBOIUMOCTEIO,
00YCIJIOBJICHHOH IMOSIBIICHUEM MEJKUX JOHOPHBIX IIEHTPOB ¢ HU3KOW »Hepruel monmzauuu [20]), a Takxe
BCJICZICTBUE OIMCAHHOTO B HACTOSIIEH paboTe yMEHBIICHUS TerIonpoBogHocTH. CHIDKeHHE Kod(hduimeHTa
Tepmo3/IC B nernpoBaHHON KepaMHKe 110 CPaBHEHUIO C JaHHBIMH paboT [14; 34], Mo MHEHHIO aBTOPOB, CBSI-
3aHO C YMCHBIIICHHEM XOJIJIOBCKOH KOHIICHTpAIMK HoCcuTeNel 3apsiaa [20], KoTopoe Mponu301IIo H3-3a Harpena
(paxTHUeckn TOMOTHUTEIBHOTO OTXKHTa) 00Pa3L0B B IPOLIECCE BEICOKOTEMIIEPATYPHBIX H3MEPEHHI TeMIepa-
TypOTIPOBOAHOCTH.

3aKjoueHune

B nacrosimieit pabote ObLT0 U3yYEeHO BIHMSHHE JICTHPOBAHUS )KEJIE30M Ha TETUIOBBIC, DIICKTPUUECKUE U TEPMO-
AIIEKTPUYECKHE XapaKTEPUCTUKN KEPAMHUKH Ha OCHOBE OKcra KA. M3 manusix PIIA cremyert, uto moOaBieHne
10 % FeO mm Fe,O4 B kepaMuky Ha ocHOBe ZnO €O CTPYKTypOil BIOPLIUTA IPUBOJUT K BBIICICHUIO BTOPHYHON
¢asbl pepputa nunka ZnFe,O, B mpouecce ABYX3TAaHOIO OTKUra. PacueTsl mapaMeTpoB PeLIeTKH @ U ¢ yKa-
3BIBAIOT HA C)KaTUE PELICTKH BIOPLUUTHOM (a3l B 00pa3lax KepaMUKH BCIEACTBUE TOTO, YTO HOHBI JKele3a,
o0Ja/ialore MEHbBIIMM HOHHBIM PaJInyCcoM, 3aMelatoT 10 1 aT. % aToMOB IIMHKa B pelIeTke (as3bl BIOPLUTA
Zn0. B xepamuke Ha ocHOBe ZnO ¢ 100aBIIeHIEM OKCHJIOB JKeJe3a, U3TOTOBJICHHOH ¢ TOMOIIBIO IBYXATAITHO-
IO OT)KUTA, TIOPUCTOCTH YBEIIMYMBAETCS B 2 pa3a. YMEHbIIIEHHE pa3MepoB 3epeH 00YCIOBICHO yBEIIMICHUEM
YHCIia [IEHTPOB PeKPUCTAIITH3AINH, BOSHUKIIIUX B PE3YIbTaTe IOTIOIHUTEIIEHOTO TIOMOJIa TTepe]] peann3annei
BTOPOTO dTana oTxura. [Ipm KoMHaTHON TeMIepaType OCHOBHOW BKJIAJ] B IOJHYIO TEMJIONPOBOJHOCTH Ke-
paMHUK BHOCHUT pelIeTOYHasl TeIJIONPOBOJHOCTb. YMEHBIIEHUE TETJIONPOBOITHOCTH BCIIEICTBUE JIETHPOBAHUS
00YCIIOBJICHO YBEJIMUYCHHUEM paccesiHusl (JOHOHOB Ha BBEJICHHBIX B pemieTKy ZnO ToYeyHbIX JedeKTax (3a cueT
3aMelIeHNs MOHOB IIMHKAa MOHAMHU JKelle3a) M Ha TPaHUIaX 3€peH (3a CYeT U3MENTbUEHHS] MUKPOCTPYKTYPHI),
a TakKe POCTOM ITOPHUCTOCTH (CHIKCHHEM IUIOTHOCTH) U (DOPMHpPOBAHHUEM YAaCTHI JOMOJTHUTEIHHOW (ha3bl
¢deppura ZnFe,0,. B ntore nokazaHo, 4To JErHpOBaHHUE KEJIE30M U COIyTCTBYIOLIEE €My U3MEHEHHE CTPYK-
Typbl KepaMUKH (YMEHBIIIEHHE pa3MepOB 3€PEH, POCT MIOPUCTOCTH, BhIAeNeHHE GeppUTHON (has3bl) IPUBOIAT
K YBEJIMYCHHUIO TEPMOAJIEKTPHIECKOH 100poTHOCTH Z7 B 2 pa3a (3a c4eT YMEHBILIEHHUS YIETBHOTO JIEKTPOCOIPO-
TUBJICHUSI U TEIUIONPOBOIHOCTH MPU OTHOCUTEIBHO HEOOJBIIOM CHIXEHUH K03 durmenTa TepMoI/IC).
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AHAAUM3 OBPATHOM PEIITETKY KPUCTAAAOB
C HETTPUMUTHUBHBIMU AYEUMKAMMW BPABE

B. A. JIHOIIO", H. A. TABIIYK?

YHesasucumpiii uccneoosamens, 2. I pooHo, Benapyco
I poonencruii 2ocydapemeennwiii ynusepcumem um. Auxu Kynanot,
yi. Oxcewxo, 22, 230023, 2. [ poono, berapyco

Ienpb uccnenoBaHus — 10Ka3aTEIbCTBO HE3aBUCUMOCTH O0PaTHOM peleTKH KpHucTasia OT BEIOopa ss4eiKky B ero mpsi-
Mol perreTke. OObEKTOM aHaK3a SBJIsIaCh B3aUMOCBSI3b ITOJIOKEHHUS Y3JI0B STYEHKH 00paTHOM peleTkn U mapaMmeTpoB
MIPSIMOM PENIETKN Ha OCHOBE KBaJPAaTHYHBIX (POPMYII, a TAKXKe CTPYKTypHBIC aMIUTUTYIBI («Beca» y3JI0B 00paTHOH pe-
LIETKH) JUIsl KPUCTAJUIOB ¢ HEMPUMUTHBHBIMHE stuetikamu. [Ipn aToM permanuch Takne 3a1a4du, Kak BeIOOp periepa bpase
¢ sigeiikoi P-Tuma B KpucTaiuie ¢ sueiikamu /-, F- u C-THITOB; TOCTPOCHNE TIPSMBIX U OOPATHBIX METPHUYECKUX TCH30POB
JUIA HEHTPUPOBAHHBIX AYECK l'IpSIMOﬁ PCIICTKN U IJI AYECK P-tuma KPUCTATNIUMYCCKUX PCIICTOK; YCTAHOBJICHUC IIpaBUJIa
nepexonia oT UHAekcoB HKL y3110B 00paTHOM peIIeTKH MpU BHIOPAHHOH P-suelike K MHAEKcaM /ikl Tex ke y3ioB Juis
HENPUMUTHBHBIX SYEEK Ha OCHOBE KBaJApaTHUHBIX (OPMYI; ONpeAeIeHue CBsI3U Mexay uHiaekcamu HKL w hkl ¢ uc-
TIOJTb30BAaHUEM METPUYECKUX TEH30POB; aHAJIN3 PE3YJbTATOB, IMOMYYEHHBIX JIBYMsI Pa3IMYHBIMU METOJaMHu (Ha OCHOBE
KBaJpaTHYHBIX (POPMYII U C MCIOJIB30BAHHEM METPHYECKHUX TEH30pPOB); JOKA3aTEIBCTBO TOro (hakTa, 4To B OOpAaTHON
pelIeTKe KPUCTAIIIOB C HENPUMUTHBHBIMHU STYEHKAMH y3JIbl, KOTOPBIE COOTBETCTBYIOT «IIOTAcaromMM» peduiekcam, Ha
CaMOM JieJie OTCYTCTBYIOT. Pe3ynbTaThl HCCIEI0BAHUS aIPECOBAHBI CIICIIMAINCTAM B 00JaCTH KPUCTAIUIO(U3UKH U ITpea-
CTaBJIAIOT CO0O0M CTPOroe 10Ka3aTeIbCTBO, 3aIOIHAOIIee TPOOe B MATEMaTHUECKOM aapaTe KHHEMaTHYeCKOH Teopun
paccesiHusl Ha KpUCTaJulaX C HENPUMHUTUBHBIME siuelikamMu bpaBe 1 103BoJIsIIOIIee HCKITIOUUTh M3 HAaydHOro obopora
N30BITOYHBIC YTBEPKACHHS O «ITOTACAaHUM) YacTH pe(IIeKCOB, HE PETUCTPUPYEMBIX HAa PEHTICHOTPAMMaXx, 110 TPHYHHE
UX PeaJbHOTO OTCYTCTBUSL.

Knrouegnle cnosa: npsivasi peietka; oopaTHast perieTka; Cynepbsauciika; KpucTamiorpahdeckas CHCTEMa KOOP/NHAT;
KPUCTAIUIO(PHU3NIECKAs CUCTEMA KOOPIUHAT; METPUUYECKUIN TEH30D; CTPYKTYpHAsl aMILIUTY/IA.

ANALYSIS OF THE RECIPROCAL LATTICE OF CRYSTALS
WITH NON-PRIMITIVE BRAVAIS CELLS
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The aim of the work was proof the independence of the reciprocal lattice of a crystal from the choice of a cell in its
direct lattice. The object of analysis was the dependence of the position of reciprocal lattice cell sites and direct lattice
parameters based on quadratic formulas, as well as the structural amplitudes («weights» of reciprocal lattice sites) for
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crystals with non-primitive cells. The following tasks were solved: choice of a Bravais rapper with a P-type cell in a crys-
tal with /-, F- and C-type cells; construction of direct and reciprocal metric tensors for centered cells of a direct lattice and
for P-type cells of crystal lattices; establishment of the transition rule from the HKL indices of the nodes of the reciprocal
lattice with the selected P-cell to the 4kl indices of the same nodes for non-primitive cells based on quadratic formulas;
determining a connection between HKL and /kl indices using metric tensors; analysis of the results obtained by two
different methods (based on quadratic formulas and using metric tensors); proof, that in the reciprocal lattice of crystals
with non-primitive cells, the nodes that correspond to «fading» reflections are actually absent in the reciprocal lattice.
The research results are addressed to specialists in the field of crystal physics and represent a rigorous proof that fills a gap
in the mathematical apparatus of the kinetic theory of scattering by crystals with non-primitive Bravais cells. It allows
eliminating redundant statements about the «extinction» of part of the reflexes that are not recorded on X-rays due to their
real absence from scientific circulation.

Keywords: direct lattice; reciprocal lattice; supercell; crystallographic coordinate system; crystallophysical coordinate
system; metric tensor; structural amplitude.

BBenenune

[lonaTne 00paTHON pelIeTKN UrpaeT BaXKHYIO POJIb B KpUCTALIOrpadUH, CTPYKTYPHOU KPUCTAILIOPHU3UKE,
KBaHTOBOW TEOPHH KOHAEHCHPOBAaHHBIX cpefl. bes mcmonp3oBaHms 0OpaTHOM peIieTkd U 00paTHOTO MIPOCTPaH-
CTBa B IIEJIOM CJIOXKHO TIOHATH PsiJi OKCIIEPUMEHTAIBHBIX (DAKTOB M UX TeopeTndeckoe oObsicHenue. Harpumep,
MOXKHO BCTPETHTBH YTBEPIKACHHE, YTO PEHTTCHOBCKHI pe(ieKc BOSHUKACT MPU «OTPAKECHUN» PEHTTEHOBCKHX
Jaydel oT aroMHbIX miockocteil [1]. Ho, Bo-mepBbIX, U3 aTOMOB, pa3Mepbl KOTOPBIX COM3MEPUMBI C JUTHHON
BOJIHBI PEHTI'€HOBCKOTO H3JTyYCHHUS, HEBO3MOXHO CO3/1aTh 3epKaJIbHYIO IOBEPXHOCTD (CiIydaii, KOraa yroi ma-
JICHUSI PaBeH YIUTy OTPaKeHHS), IPEAIoaraeMyro IpH BbIBOJIe 3akoHa bparra — Bynbga, BO-BTOpBIX, HESICHO,
ToYeMy MIOCKOCTH C aTOMaMH Pa3MepoM OKojio 1 A MMEIoT MeXIIIOCKOCTHBIE PACCTOSHHS Ha HOPSIOK MEHb-
e (d = 0,1 A). B paMmkax KuHEMaTHUeCKOH TEOPHH PACCESHUs HA KPUCTAJUIaX C HEMPUMUTUBHOM sueiKoii He-
KOTOpBIE peIIeKChl He MPOSIBISIIOTCS. [ OBOPHUTCS O TOM, UTO OHH «1oracaror. [lepexon oT npsiMoii perieTky K 00-
paTtHO# MO3BOJISIET ONpe/IeNuTh perep bpase oOparHol peretku. iMeHHO pediiekehl ¢ MHACKCAMU (POPMbI {100}
OTCYTCTBYIOT B 3KCIiepuMeHTe. [lenaeTcst BhIBO, YTO BBHIOOD siUCHKH BIUSECT Ha 00paTHyto perietky [2]. Ho pa-
JIyC-BEKTOP y3J1a 7™ OlpeiesIsieTcsl U3 DKCIIEPUMEHTA, T. €. He MOXKET 3aBHUCETh OT BbIOOpa siueiiku. Bmecte ¢ Tem
HM3MEHEHHUE MTapaMeTPOB SUSHKH, HAITpUMeEp, TP BBIOOPE sTUeeK F-TUMa U sMeHKN P-TUma JUIs TOro e KpUcTal-
JIa IPUBOJTUT K TOMY, YTO HMHICKCHI Y3JIOB [UIsl OIMHAKOBBIX 7'* pa3niyarorcs. B psje ciydaes, B YaCTHOCTH ISt
TeKcaroHaJ bHBIX TUTOTHOYTIaKOBaHHEIX (['TIY) crcTem, MOCTPONTS STUSHKY P-THITa Ha KpaTIaiTIIX MEKaTOMHBIX
(HeKOMTUTaHAPHBIX) BEKTOpaxX HEBO3MOXKHO, TaK Kak 3Ta sSueiika He Oy/lIeT COOTBETCTBOBATh TPEOOBAHUAM TpPEX-
MEpHOW TpaHCIALMHU. BO3HMKAIOT BOIIPOCH! ITPHU CPABHEHUH OOPATHBIX PEIIETOK /ISl OMHUX M TEX )K€ MPAMBIX
PELIEeTOK, HO MPH Pa3HOM BHIOOpE MX siueeK. DTH U APYTrue MpoOIeMbl MPUBOAAT K HEOOXOAUMOCTH JOTOIHH-
TENBHOTO aHaIM3a BIMSHUS BEIOOPA sIUEHKH KpUCTaljIa Ha 0COOEHHOCTH €r0 00paTHOM SYEHKH.

JJieMeHTbI TEOPUHU CBSA3M O0PATHOI U NMPAMOIl peleTOK KPUCTAJJIOB
€ X PEHTIeHOBCKUMHU TU(GPAKIMOHHBIMH KAPTUHAMU

OCHOBHOH OTIIHYUTENHFHON 0COOEHHOCTHIO KPUCTAITHIECKOTO 00BEKTa SABISETCS HATWYHNE PACIIpeeIeHuUs
TOMOJIOTHYHBIX TOYEK B COOTBETCTBHH C YCIIOBUEM TPAHCIISIIHH

f(p(xyz)z(p(x+m,y+n,z+p), (1)

IJIe ONepaTop TPAHCIISIMH 1@ (Xyz) ecTb COBOKYITHOCTB CBOMCTB 06BEKTa B TOUKE (Xyz); m, 71, p — LCIbIE YHC-
na; (xyz) — KOOpIMHATHI B 6azuce d, b, ¢ (kpucrannorpaduueckas (KI') cucrema koopaunar). Ha sTux BekTo-
pax B 00IIeM ClTydae CTPOMTCs KOCOYTOJIBHBIN MapauieNenuie]] ¢ mapaMeTpamu a, b, ¢ (TuHeiHbie) u o, 3, Y
(yrmoBeble).

Ecnm Ha KpucTamt HampaBUTh PEHTTCHOBCKUH (DIEKTPOHHBIN, HEHTPOHHBIN) JIyd Tak, 9TO OymeT BBITOJ-
HATHCS YCIIOBUE

2dsin® = nA, ()

U3BECTHOE Kak ycioBue bparra — Bynbda, riae d — MeKIII0CKOCTHOE pacCTOSIHUE JUTS Y3JIOBBIX KpHCTAILUIOTpa-
(bHUYECKHX TIOCKOCTEH; 72 — IeJI0e YHCII0; A — JUTHHA BOJHBI H3JIYYEHHs, TO TOrAa hkl ecTh Kpuctamiorpadu-
YeCKHMe MHAEKCHI IIIOCKOCTH [3; 4], a HopMaJlb U3 Hayasa KOOPAMHAT Ha IIOCKOCTE (Akl) — BEKTOp MEKILIOC-
KOCTHOTO PacCTOSTHUSI.
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Koopaunarst (xyz) B ycnoBuu (1) 3amansl B KI'-cucteme, B KOTOpO# X, y, z 110 HAITPABICHUIO COBIAAIOT
c d, b, ¢ COOTBETCTBEHHO, a €IMHUI[AMU UX U3MEPEHNUS ABJIAIOTCA MOLYIIN apaMeTpoB a; (i = 1, 2, 3). Caeno-
BarenbHo, 0 <x; < 1 ¢ yuerom ycnoBus (1). Kaxkgomy BekTopy d CONOCTaBIA€TCS BEKTOP 7 TaKOii, 4TO

(Fe-d)=(d-7)=1. 3)
Bekrop 7* u3mepsiercs B eAMHUIIAX OOPAaTHOM AJMHBI U HA3bIBAETCSI BEKTOPOM y3Jla 00paTHOM pelIeTKH,
TaK KaK COBOKYITHOCTb 3THUX Y3JIOB IJISI pa3JIMYHbIX IJIOCKOCTEN XapaKTCpU3zyeTCs TpaHCJlHI_[HOHHOI)'I CUMMCT-

pueii. B 1aHHON COBOKYIIHOCTH BBIIENSAETCS sueiika 0OpaTHOM pelmeTky ¢ 6asucom d*, b*, ¢*, npuuem &;, a,
CBSI3aHBI YCIIOBUEM

(&;- Ak):(ak : a;)zajk’ “)
yi (§ 5;k (menpra-pyHKIMsA) 00J1a1aeT CBOMCTBOM Sjk =1 (mpuk=))n Sjk =0 (mmpu k =). B obpaTHoii pereTke

onpenensiercs sueiika ¢ napamerpamu a”, b, ¢* (nmaneitnbie) u o, B, y* (ymiossie). [lapameTpsl npsamoii
1 00paTHOW PelIeTOK B3aUMOCBSI3aHbI YCIOBHUSIMH [ 5]

(+) _ ©OS aj@l - cos ocjf(g)z - cos (xj(o)
cosal; ' = 0 0 ,
sinoL; )y - sind,, 5)
#(0 #(0 . #(0
o aj(+)1 . aj(+)2 _ smocj( )
J V*(O) i

rre nudpa 0 1 3HAK * OMPEnesIOT KpUCTAIUTHYECKoe (TIPsSMoe) U 00paTHOE MPOCTPAHCTBA COOTBETCTBEHHO;
V ecTh 00beM pemIeTKH (MPpsSMOoi i oOpaTHoR); j = j + 3. Y3erm 00paTHON PEeIeTKH OIPEISIsIeTCS BEKTOPOM

- # : ~
7* C KOOPJMHATAMH B €MHHULIAX TTAPAMETPOB @', b, €, T. €. KOOPAMHATHI Y3II0B 7* — 3TO BCETIA LIEbIE YUCIIa,

- d
COBIIAJIAIOIINE C UHICKCAaMU Akl TIIIOCKOCTH, KOTOpasi 0TOOpaXkeHa BEKTOPOM 7 = ? W3 ycnosus (5) cnenyer,

YTO peleTka, ooparHasi K 00paTHOH perieTke, — 3To npsamast pemerka. Hapsay ¢ KI'-cucremoii koopanHaT B Kpuc-
TauTO(U3HUKE UCTIONB3YETCs CcTaHmapTHas AekapToBa (kpucramiopusndeckas (KD)) cucrema xoopaunar. Crie-
JIOBaTeNbHO, JTI00as TOUKa B siUCHKe KpUCTaiia OMUCHIBACTCS IBYMsI HA0OpaMHU KOOPJIUHAT — (X )Kr u (X )}< -
[lepexon Mex Ty STUMH KOOPIUHATAMH BBIITOJIHAETCS 110 MPABUITY

‘)(}‘K®:|M||Xk|

K
e |X k| — MaTpHIa-CTOJIOCI] KOOPJMHAT B COOTBETCTBYIOIIEH CUCTEME; |M | — METPUYECKHUN TEH30p, UMEIO-
AN BU

ax b)C cx
\M|=|a, b, ¢ (6)
aZ bZ CZ

-1
OGbeM siueek cocTapisier Benmuuuny V= a b c., V= (VO) . Ilepexon ot (X )

wbye., K (X), . ocymecTBisercs
TI0 MPaBHITY

Ko

-1
X ‘)(;‘KF=|M| |Xk|1<cp’
e |M |_ — 00paTHBIN METPUUCCKUH TCH30D.
-1 -1
|| = | | M| = |1
311eCh |I | — CIMHUYHAs MATPULA C DIICMEHTAMH M1; = Sij. {
Ecinu y3en oOpatHoli penieTku BRIXOAUT Ha cepy orpaxenus (chepa DBaiibia), paauyc KOTOpOi paBeH I’ TO

2

Mo paguycy cdepbl MOWAET OTPaKEHHBIH PEHTICHOBCKHM JIy4, TaK KaK B JAHHOM Cllydae OyJeT BBITOTHATHCS
yciosue (2).

Slueiika penieTky, IOCTPOSHHAs Ha TPEX HEKOMILIAHAPHBIX BEKTOPAX, CBSI3BIBAIOIIUX OJIIMKaHIIINEe TOMOJIO-
THYHBIE TOYKH, MOKET UMETH Pa3IM4HbIe OTHOIICHUS MEX 1Y MOIYIISIMU STHX BEKTOPOB M MPOU3BOJIBHBIE YIJIO-
Bble TapameTpbl. OTHAKO BO BCEX CIIydasx TOMOJIOTHUYHBIE TOYKH HAXOSATCS TOJNBKO B BEPIIMHAX, a B CAaMOM
sryetiKke MOJOOHBIX ToYeK HeT. Takas sueiika Ha3bIBaeTCsl MPUMHUTHBHON (P). OfHAKO 4acTo BHIOMPAIOT AYEHKY
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C HECKOJIbKUMH TOMOJIOTHYHBIMH TOYKAMH 10 OTHOIICHHUIO K BEPIIMHAM. B 3TOM ciiy4ae yriioBbIe mapaMeTphl
CTaparoTcs BEIOMPATh TaK, YTOOBI B sT9eiike ObIIIO KaK MOXKHO OOJIbIIe MPSIMBIX yritoB. ClienoBaTenbHo, siueiika
MOXKET OBITh U HEMIPUMHUTHBHOM, T. €. OTHOCUTHLCS K OTHOMY M3 TUIOB stueek bpase. KoopauHatel Touek, romo-
JIOTHYHBIX HadaJIbHOH TOUuKe, 00pa3yroT perniep bpase. CymiecTBYIOT YeThIpe THIIA STYEEK, KOTOPIE BCTPEYAIOTCSI
TOJIBKO Y PEIICTOK C mapameTpami a, b, ¢; o= 3 =y=90° (pemeTku poMOoudecKkoii (OpTopoMOHUIECKOit) CHH-

TOHUM): P — MpUMUTHBHAS [(OOO):I; I — 00beMHOLICHTPUPOBAHHAS (000)(%%%} ; I/ — rpaHenieHTpupOBaHHAs

11 1.1 11 11
000) ==0 || =0— || 0—— | |; C — 6azomeuTpuposaunas | (000)| ——0 | |. B kBagparHbIX ckoOKax yKa3aH pe-
( )(22 j(z 2)( 22) PP ( )(22 ) v YRR
nep bpase R. Eciu B siuelike ¢ penepoM bpase R nmeercs Touka ¢ KOOpAuHATaMU ‘XJ ‘ (j=1,2,3), T0 K00OpIH-
HATbI BCEX TOMOJIOTHYHBIX TOYEK |X |g ONPEIEISIOTCS 10 MPABUITY |X |g = |R| B nayuHo#i nuTeparype MOXKHO

BCTPETUTH YTBEPKIACHHUE, UTO BEIOOD SIMEHKH B pEIIETKE KPUCTAIIA BIMAET Ha €ro 00paTHYyIo pemerTky [2; 6].
- d

9T0 YTBEPKACHUC HEBEPHO, TaK KaK Fr= ?, T. €. OIPCACIIACTCA TOJIBKO SKCIICPUMEHTAJIbHBIM 3HAYCHUEM d,

KOTOpOE HE 3aBUCHT OT BbIOOpa siueliku. Habop MeKIUIOCKOCTHBIX PACCTOSIHUH SIBIISIETCSI UMMaHEHTHBIM CBOM-

cTBOM KpucTtasuia. OfHako BBIOOp sUEHKH KpUCTasia BIUSET Ha 0a3uc s4ueiiku ero ooparHoi pemeTtku. Ciemno-

BaTeJIbHO, IIPU Pa3JIUYHBIX (a s ocj) MEHSIOTCS KaK (aj, Ocj ), TaK M UX WHJIEKChI, HO a0COTIOTHBIC 3HAYCHHS 1,

T. €. B3aUMOKOH(HUTYpaIlMU y3JI0B 00paTHOW PEHIeTKH, HE MEHSIIOTCSI B 3aBUCHMOCTH OT BHIOPAHHOW MOJIEITH

stuelku. OJIMH U TOT K€ y3€JI IPU PA3THYHbIX (a 5 O j) OyZeT UMeTh pa3Hble KOOPAMHATHI (hkl), KOTOpBIE W3-

MEpSIOTCS B eMHHIIAX Oa3uca (Zz;‘ )

«Iloracanue» pegiekcoB 1Js1 KPUCTAIIOB
¢ pasJIMYHbIMU A4eiikamu bpase

Kaxplii peHTreHOBCKHN pedIIeKec OMUCHIBACTCS ONPEICICHHBIM OPATTOBCKUM YIJIOM, MEXKITJIOCKOCTHBIM
PacCTOsTHUEM U BEKTOPOM 00paTHOM perieTku. Bee 3To — reomerpuueckue xapakrepuctuku. Ho xaxkaprit ped-
JIEKC UMEET CBOI0 MHTEHCHBHOCTb, KOTOPAsi TOKE HE 3aBUCHT OT BBHIOOpA STYCHKH, a SBISCTCS MMMaHEHTHBIM

. 2
CBOWCTBOM KpHcTaiia. IHTEHCUBHOCTh PEHTIEHOBCKOTO peduiekca / (hkl) = |F | -PLG - K 3aBUCHT OT MHO-

ruX (aKTOpoOB, CPelr KOTOPHIX MIIABHYIO POJIb UTPAET CTPYKTYPHBIH (hakTtop F' 2(hkl ) Benuunna F (hkl ) Ha-

3BIBACTCS CTPYKTYPHOU aMItTuTyou. PLG-hakTop, 3aBUCAIINH OT yria 6, BKiIro4aeT GpakTop noispusanuu P,
(dhakrop Jlopenna L u reomerpudeckuii paktop G. DTOT GaKTOp BBIPAKACTCS aHATUTUYCCKU Kak (PyHKIUS
Opoarroeckoro yrma. @axtop K, BKIFOUAONIHA (aKTOPbl 3KCTUHKIINH, TIOTJIONICHHUS, & TaKXKe TeMIIepaTypPHBIH
U psiji Apyrux (pakTopoB, cliabo 3aBUCHT OT yriia AU(PPAKIIUU U MOKET PACCMATPUBATHCS KaK KBa3UIIOCTOSH-

HbIi MHOKUTEND. Pacuer F(hkl) npu u3BecTHOM CTPYKTYpE BBIOHSETCS MO GopMyIte

N
F(hkl)= f; (xyz)j exp 2ni(hxj +ky, + 1z ), (7)
j=1
rae (xyz)j — KpUCTAUIOrpaduuecKre KOOPAMHATBI j-I0 aroMa; N — YUCII0 aTOMOB B si4eiike; f; = fj(e) — aToM-
Has aMIUTUTYy/a (TaOyTupoBaHHAs (QYHKIINS).

IlpumuTHBHAA s14YeliKa

B npuMuTHBHO# sidelike Bce TOYKH pa3IMIHBIC, T. €. TOMOJIOTHYHBIX Todek HeT. 1o dopmye (7) MoxHO
paccuuTarh 3HaYCHUE CTPYKTYPHOM aMILUTUTY/bI U, CJIEA0BATEIILHO, CTPYKTYPHOTO (hakTopa:

F?(hkl) = F(hkl)- F*(hkl).
CrpyKTypHasi aMIUIMTYy/1a B OOLIEM citydae ecTh (DYHKIMsI KOMIUIEKCHAs, CTPYKTYPHBIN (akTop — QyHKIUS
JEHCTBHTEIbHAS M BCET/IA TIONOKUTEIBHAS, F — 3T0 «BECH y371a 00paTHO# penreTky. YeM OorbIme «Becy» F' 2 Tem
GoJIbIIIe HHTEHCHBHOCTB pedieKca OT IIOCKoCTH ( ikl ) pu ycroBuH Beixoa y3ma 7*( hkl) Ha cdepy orpakeHii

(cdhepa DBanbaa). Takum 06pa3om, OIMIKANIIMMU K HaYary KOOPIAHHAT OOPATHOM PEIISTKH SIBIISIFOTCS Y3JIbI C HH-
nexcamu 100, 010, 001 mo ocsim x™, y*, z* cooTBEeTCTBEHHO. BHYTpH 3TOT0 Napasienenureaa Apyrux y3aoB ObITh

HE MOXET, [IOTOMY YTO UM COOTBETCTBOBAJIH ObI TNIOCKOCTH C d > {100}.
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O0beMHOLEHTPHPOBAHHAA SIYeiiKa

[Ipeamonoxum, 910 B 00HEMHOIICHTPUPOBAHHON SYEHKE UMEETCS TOUKa (HapuMep, IEHTP aToMa) ¢ Koop-
1 1 1
nuHaTaMu (xyz) u | x + SVt CrenosarensHo, popmyina (7) IpuMeT BHJL

N2
F(hkl)=" ];.(xyz)j {exp2m‘(hxj + ky, + lzj)+

Jj=1

+ exp2m’[h(xj + %) + k(yj + %) + l(zj + %ﬂ}:

N/2

= [1 + expm'(h +k+ l):l z jj.(xyz)j (hxj +hky +1z; )

Jj=1

CyMMupoBaHuE TIPOBOAMTCA IO aToMaM, KOTOpble He CBsA3aHbl penepoM bpase. 3nauenus /4, k, [ Bcernma
LieJbIe, TO3TOMY U cyMMa /i + k + [ — 11eoe 4ucio, T. e.

) 2upu h+k+1=2n,
l+expmi(h+k+1)= 0 mprh+k+1=2n—1 ®)

Ortcrona cnenyeT BBIBOJ, YTO MONY4UTh peduieke, Hanpumep, 100 it KpUCTauioB ¢ siueiikoit /-Tuma He-
BO3MOJKHO, 9TO MOATBEPKAAETCS SKCIIEPUMEHTOM. B To ke Bpems, ncxoas u3 popmynsi (3), mepuon odpaTHoi
PELIETKH paBeH a* U ero BeJIMYMHA COOTBETCTBYET PACCTOSHUIO OT Hayasla KOOpAUHAT 0OpaTHOW PEeIeTKH 10
y3na 7" = a*. CoriacHO yTBEpIUBIIEMYCSl MHEHHUIO pedriekc, 00yciaoBieHHbIN BeixogoM y3iaa (100) Ha chepy
OBajbaa, «rmoracaeT». To ecTh ycioBue (8) — 3TO MPaBUIIO «ITOTaCaHMS Pe(IEKCOB IS KPUCTAIUIOB C STUCHKOM
Bpage /-Tuna. OiHako BOIPOC O TOM, €CTh TaM y3ell HIIM HET, OCTACTCsl OTKPBITHIM. B psizie cirydaeB 3To umeer
NPUHIMIHAIGHOE 3HaueHne. Hanpumep, B KBAHTOBOM KpUCTALIOPHU3NKE TP ONMMCAHUH BOJTHOBBIX MPOLIECCOB

B BEIIECTBE aHAIM3HUPYETCS BOJHA eXpTikd, TAe d — TEPUOM PEIIETKH; k — BOJHOBOM BEKTOpP, C TOYHOCTHIO
10 2T paBHBbIi Iepuoay o0paTHO# pemeTku ¢ [IpUHATO CYNUTATh, YTO @ ONPEACISICTCS] B COOTBETCTBUH C yC-
noBueM (4).

I'panenenTpupoBaHHas g4yeika

CrpyKTypHast aMIITUTyAa pe(IeKkcoB il KPUCTAIUIOB C STYEHKON F-THIIa UMEeT BUA

N/4
F(hk)=Y, £ (xy2), {epom’(hxj +hy,+ 1z;) + exp27t{h(xj + %) + k(yj - %j - lz:| -

j=1

+ exp2n{h(xj + %) +ky + l(zj + %H + eXp27t{hx+ k(yj + %) - l(zf ’ %H}:

N/4
= [1+ expmi(h + k) + expmi(h + ) + expmi (k + 1) | Y. f; (xvz), exp2mi(hx, + ky; + Iz, ).

j=1

Bce xoopauHaThl MMEIOT j-MHJEKC. BHUAHO, 4YTO CyMMa JIBYX WHJICKCOB MOXET OBITh YETHOW JINOO HEYET-
Hoii. [Ipy Bcex YeTHBIX WIIM HEYETHBIX A1kl cyMMa JIByX MHJICKCOB Bceria OyneT yeTHOH. Eciin HHIIEKChl HMEIOT
CMEIIIaHHYIO YeTHOCTb, TO JIJISl OJTHOU Maphl MHACKCOB CyMMa OyJIET YETHOM, a JIUIsl OCTAIbHBIX TIap — HEUYETHOM.
CnenoBarenbHO, IPABUIIO IIOTAaCaHUS ISl KPUCTAIUIOB C SIYEUKON F-THIa UMeeT BUJ

. . . 1 ipu hkl oguHAKOBOW YETHOCTH,
1+ exp nz(h + k) + exp m(h + l) + exp Jtl(k + l) = 0 1ipit 7kl cxemanioi weTHocTH

Pedrnexch Takux KpuCTaIIOB ¢ MHAEKcaMu, HanpuMmep, 100, 110 He HaOMOIArOTCS, T. €. KIIOTACA0TY, IN00
OHH HE CYIIECTBYIOT B 00pPAaTHOW pelIeTKe.
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ba3zouentpupoBannas siueiika

B cootBeTcTBUM ¢ hopMyioii (7) CTPYKTYpHAS] aMIUTATyAa 0a301IEHTPUPOBAHHOM SIMEHKH HMEET BHUT
NI2
. . 1 1
F(hkl)= zlj;.(xyz)j {epom(hxj +ky; + lzj) + exp2m[h(xj + 5) + k(yj + 5) +1z; }} =
=

= [1+ expm h+k ]Nzi xyz epoTtl(hx +hky +1z; )

Taxk xak
2 upu h+ k=2n,

1+exp1ti(h+k):{0 o+ k= 201

rjie 7 — 1enoe uncio, To F(hkl)# 0 Tonbko npu yeTHOl cymme  + k, Ha [ orpannuenuii Her.

IIpuuuna «moracanus» pegiekcos
HAa PEHTreHOrpaMMax KPHCTAJJIOB ¢ HEIPUMHUTUBHBIMHU sYeiiKaMu
Br16op s9eiikn KpucTamia OCyIIecTBIseTCS IKCIIEPUMEHTATOPOM, U dTa A4Yeiika HUKaK He BIMSET Ha 00-
pPaTHYIO PELIETKY, T. €. HE MEHSET 7 *(hkl ), HO 3HAYEHMsI MHJIEKCOB Y3JIOB 3aBUCAT OT sUelku Kpucrasuia. Ha-

npuMep, B KyOU4eCKol IrpaHEIICHTPUPOBAHHON PELIETKE MPHU MEePexXoie K APYyromy 0a3ucy MOXKHO MOJTyUUTh
TETParoHaJIbHYI 00bEMHOIICHTPUPOBAHHYO sTUehKy (puc. 1).

ala 6/b

‘

[ ]

[ ]
@ f )
P

1
1
1
L
[
_-r ~
1
1
1
1

Puc. 1. KyOuueckas pemerka ¢ sueiikoit F-tuna (a)
Y TIOCTPOCHHASI Ha e¢ OCHOBE suciika /-Tura (0)

Fig. 1. Cubic lattice with an F-type cell (a) and /I-type cell built on its basis (b)

PaccmoTpum 0coOEHHOCTH paciipeiefieHns y3JI0B 00paTHOM peleTKH /-T4eiikiu KyOn4eckoro KpucTaia.
Ha puc. 2 npuBenena npoexuus KyOHMuecKoil peleTky Ha IIOCKOCTb (xy).

1
Ilyctba=1,AC=CB=1, AB = \/E,A =B=C= % ITo TeopeMe KOCHHYCOB COS O, = COsf3 = %, cosYy = ~3

S

X

Puc. 2. Tlepexon ot stueiiku /-THMa K siaeiike P-Tura.

ABC — 6a3uc sueiiku P-Tuna

Fig. 2. Transition from /-type cell to P-type cell.
ABC is the basis of the P-type cell
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Ksanparuunast popmysia, cesi3biBatomias d, r* u o, B, v, a, b, ¢, hkl, umeet Bun

g cosy cosP 1 g cosf 1 cosy g

AL 1 cosoL +§cosy k cos QL +lcosy 1 k

alb b b ¢ b

! coso. 1 cosf ! 1 cosf coso !
1 c c c 0
P 1 cosy cosP ' ©)

cosY 1 cosal

cosfp coso 1

Jnst paccMaTpuBaeMBbIX ssueek hopmyna (9) B ciaydae KyOMYeCKOro KpucTaiia IpuMeT BUJL

1 N2, 12, 2
?=(r )th +E2+ A
JUJtst IPUMHUTHBHOM SYEHKHU € yUeTOM 3Ha4eHu# napamerpos A4, B, C, o, B, Y u uanexcoB HKL
H Ll 1 H 1 1 1 H
3 3 3 3
iHK 1 l+iK—l K l+iL—l 1 K
3 31 3 3 31 3 3
L 1 1 1 L 1 1 L
1 A2 3 3 3 3
—2 = ‘]/' ‘P =
d2 LN
3
o1
3 3
1
3 3
2
[Tocie npeoOpazoBaHuil OTYyUUM dl_2 =|r* p= 2(H 2+ K*+ I+ HK — HL - KL) CrnemoBaTenbHO, IS
P
OJTHOTO | TOTO K€ y3J1a 00paTHOW PENIETKH COOTHOIIIEHUE MEX Ty HHJIEKCAMH sTueeK P- U [-THITIOB UMEET BUJT
W+ +1=2(H*+K*+ [’ + HK - HL - KL). (10)

Ha nnnexcel HKL HUKaKnX OrpaHMYEHHMI HE HAKJIaJbIBAETCS, HO CyMMa |/ W + I + [? 06s3aTenbHO YeTHas
(mdpa 2 B ipaBoit gacTu hopmymnsi (10)); H u K BxoaaT cummerpuuHo, T. e. HKL = HKL, omnaxo HKL # HKL.
CDI/I3I/II{eCKa$[ MO,Z[CJ'II: CBSI3BIBAIONIAS SIUCHKH P- ¥ [-THIOB OJHOM PEHIeTKH, MPUBOIUT K BBHIBOJY, YTO BbIpa-
xenme a’+ b’ + ¢+ ab — ac — be TIPH TENBIX d, b, ¢ BCeraa MOXKHO MPEJICTAaBUTh B BHJIE CYMMBI KBaJIpaToB
Tpex LeNbIX yucen. Ha OCHOBaHMM M3JI0KEHHOTO CIEAYET CHIENaTh BBIBOJ, YTO PE(ICKChl CO CMEIIaHHBIMU
WHJICKCAMH JIJIs1 STYeeK /-THIa He «TIOTracaroT», OHH OTCYTCTBYIOT B pemieTke. [ Takux ciiydaeB B 00OpaTHOM

IPOCTPaHCTBE HEOOXOAUMO PAcCMATPUBATh He SUElKy, a CylepbaueiiKy ¢ napamerpamu a* =b"=c* = 7 [7].

Wnest o cyniecTBOBaHMU Cynepbhsideek B 00paTHOM pelieTke KpucTaiioB B 1972 I BbICKazaHa aKaJeMHUKOM
b. K. Baitnmrreitnom. [epexon or HKL k hkl MOXXHO BBIITOTHUTH HA OCHOBE METPUYECKHUX TCH30POB SUCHKU
¢ mapameTpamu a, b, ¢; o= =v7=90°:

a _a _a Iy 1
2 2 2 a a
b b b -1 1 1
Ml =12 2 2l M[l=|-= = o,
c ¢ ¢ o -1 1
2 2 2 c ¢
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%00

a 0 0
IM|,=|0 b o], |M[,'=|0 % 0,
0 0 ¢ |
0 0 -
C

rae P — vHeKC MPUMHUTHUBHOM sueiiku; [ — MHIEKC 00beMHOLIEHTpUpoBaHHoOM stueiiku. [lepexon or HKL x hkl
BBITIOJIHSACTCS 110 (hopMmyIie

h Hl |1 0 1]|H
k|=|Mm[ M| |K|=[T 1 0|K|
! Ll |0 1 1||L

Jlerko yOenuthes, uto 00a Merona nepexoaa ot HKL k hkl To)XIeCTBEHHBI, HO METO]l, OCHOBAHHBII Ha HC-
MOJIb30BAHUH METPUUYECKHUX TEH30POB, MO3BOJISIET ONPEACIUTh HE TOJIBKO P+ik2+1 2, HO U h, k, [ 1O OoTIEID-
HOCTH.

B xauecTBe perepHbIX JIMHUH IJIs1 TIOCTPOSHUS STYCHKH P-TUTa BO3bMEM BEKTOPBI, CBS3BIBAIOIINE HAYAJI0
KOOPJIMHAT C Y3JIaMH B IIEHTPE TPaHei, COBMAIAIONINX C KOOPAWHATHBIMHE IDIOCKOCTSIMH (puC. 3).

e LLEET EEEEEE S8
[N}

»

Puc. 3. IlocTpoeHue sueiiku P-tuna
B KyOMUYECKOM IpaHELCHTPUPOBAHHON SUCHKe
Fig. 3. Construction of a P-type cell in an face-centered cubic cell
Kak u B cimyuae ¢ /-s9eiikoil, Bo3bMeM F-s4eiiky Kyonueckoid pemtetku. [lycts pedpo sueliku a = 1, Torna

. . 2 1
rapamMeTpsl IPUMUTHUBHON siuelikn A =B =C = - cosoL=cosf=cosy = > Ksagparnunas gopmyna s

SYeiiKku P-TUMa ¢ yKa3aHHBIMH ITapaMeTpamiu (B eIMHUIAX apaMeTpa @ = 1) mpuMeT BUj

I N T
2 2 2 2
2HK1l+2KlKl+2L11K
2 2 2 2
Lll lLl llL
1 .p 2 2 2 2
— =y | =
& L1
2 2
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2 2
[
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r*

N 2 1
ITocne pacuera ompenenuTesiel 3TO ypaBHEHHE NPUBOAUTCS K BUIY = ? = 3(H 2L K+ P ) -

— 2(HK + HL + KL) = (h2 +iE+ )% [IPY YCJIOBUH, YTO AaHAJIM3UPYETCS OAMH M TOT XKe pedieKkc B MOAEISX

sigeeK P- v F-THIOB KpHCcTaia Kyondeckoil ciHronnn. CpaBHUM JIBE TPYIITIBI HHACKCOB — HHACKCHI Y3JI0B 00-
paTHOM peleTK: B MOACTH P-4eiiKi U MHACKCHI TEX JKE y3JI0B B MOJIeTH F-stueiiku (Tadm. 1).
Tabnuna 1
HNnpexesl HKL y310B 00paTHON pelieTKH B MojAeJIsiX siueek P- u F-TUIoB
Table 1

HKL indices of reciprocal lattice sites in P- and F-type cell models

Slueiika P-Tumna Slueiika F-Tumna
HKL P+ir+ hkl HKL P+ir+ hkl
100 3 111 201 11 311
110 4 200 210 11 311
110 8 220 210 19 331
101 4 200 211 8 220
101 8 220 211 16 400
111 4 200 211 19 331
200 12 222 211 24 422

Paccmorpum nepexon ot HKL k hkl nns pomOuuecko siueliku F-THIa Ha OCHOBE aHAJIM3a METPUUECKHUX
TEH30POB

LI
a
a 0 0
(M|,=|0 b of |M['=]0 % 0,
0 0 ¢ 1
00 —
C
a a 1 1 1
2 90 £ - - 2
2 2 a p c
b b N S |
M, =5 7 O IMl=1-2 2}
c c 1 1 1
0o £ £ - =
2 2 a p c

Kak u B cityuae /-sueiiku, nepexon ot HKL k hkl BBITIOTHSIETCS 110 YCIOBHIO

h H 1 1 1||#
k|=|Mm[|M|,|K[=]T 1 1]|K]|
! Ll |1 1 1)L

B omnume ot MeTona, 0OCHOBaHHOTO Ha KBaAPaTUUHON (OopMyJie, METOJ C UCTIOJIb30BAHUEM METPUUECKUX
TEH30POB T03BOJISIET ONPEACTUTD Akl AJIsl pa3IMYHOrO BBIOOpA mapameTpoB 4, b, c.

CooTHonIeHUe Mexay nHAeKkcamu B peniepe bpase
1 OPTOTOHAJILHOI cCTeMe KOOPIHHAT

Paccmorpum C-siueiiky pomOuueckoit pemerku Ha puc. 4. [IpuBenena npoekuust 3ToH sUEHKH Ha mIoc-
xocth (xp). KI'-cuctema 3anana Bexkropamu penepa Bpase: @y = A= O0A, by = B = OB, Cyp = Cyo.-
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> e
n e

X

Puc. 4. KI'-cucrema (O4, OB, C) u K®-cucrema (xyz)
Fig. 4. Crystallographic system (04, OB, C)
and crystallophysical system (xyz)

Mertpuueckne TeH30pbl KI'-crctemsl umerotr Bup (cM. hopmyiry (6))

a a 1,
2 2 a
b b a1
MKF 5 —5 O 5 MKF - E —Z O .
0 0 1
0 0 1
C

-1
CootBeTcTBEHHO, MeTpryeckue TeH30pbl Kd-cucremsl (mnu M, M) onpenenstorcs no Gopmyie

%00

a 0 0
Me=My=|0 b 0|, Mgy =[0 % 0.
0 0 ¢ 1
0 0 =
C

[Tycts B KO-cucreme (P-sueiika) nmeercst Touka B 00paTHOM MPOCTPAHCTBE C KOOPAWHATAMH (HKL). Hns
nepexona kK unaexkcaM B Kd-cucreme ciieayeT BOCMOIb30BATHCS YCIOBUEM

x H |1 1 0|H| |[H+K
y =M M |K|=|0 1 0|K|=|H-K|
L 10 0o 1f|L L
Ko

W3 aToro ycnoBus BUAHO, UTO [ = L. 3HaueHUs Akl nyis pa3audHbIX 3HaueHuH HKL puBeacHBI B Ta0I. 2.

Tabnuma 2
3HayeHus MHAEKCOB Akl s 3a1aHHBIX 3HaYeHuii nuaexkcoB HKL B caydae C-gueiiku
Table 2
Values of ikl indices for given values of HKL indices in case of C-cell

HKL hkl HKL hkl HKL hkl
10/ 117 211 317 23/ 511
017 111 12/ 311 411 531
117 02/ 32/ 511 431 711
11 021 221 40/ 431 711
20! 221 231 511 411 531
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Kak u crnieoBano oxxuarh, cymma WHACKCOB /1 + k juist C-sI9eHKHU SIBISICTCS. YeTHOW HE3aBUCUMO OT MHJICK-
coB HKL, KOTOpbIE MOTYT UMETH PAa3JIMYHYI0 YETHOCTh, TAK KaK OTHOCATCS K P-sueike.

OO0cyxkaeHue pe3yjbTaToB

Cy11ecTBYIOT NPEJCTABIEHU O TOM, YTO Ha PEHTreHorpaMMax (2JIeKTpoHOrpaMMax M HEHTPOHOTpaMMax)
KPHCTAJUIOB C stuelikamu /-, F- u C-TunoB (4-, B-moarunoB) psia pediekcoB He ONpenesstoTces: IKCIIepUMEHTab-
HO. OHH «1I0TacarT», Kak 3TOro «rpedyem» Gopmysa CTpPYKTYpHOH aMILUTUTYIBI 17151 BRIOpaHHOH sueiiku. Eciu
periep sMeHKY 3a/1aH BEKTOPAMH d, b, €, IPHYEM STH TapaMeTPhI PEBBIIIAIT KPATUAHIINE MEKATOMHBIE PAC-
CTOSTHUS R, TO pedb HJIET O CTPYKTYPHO-TOKJECTBEHHBIX aTOMax. B 3TOM ciy4yae mapamMeTpsl S4eHKu éj > R.

Hapannenem/me;[, MOCTPOCHHBIM HA TPEX Rj’ UrpacTt poJjib IpUMUTHUBHOU STYCUKU C MapaMCTpaMu Aj < Clj

.1 1 2sin® .
r ‘ =— =———, HC 3aBUCHUT OT AYCHUKHU, TaK KaK onpe):[enﬂeTcsl

d A

OKCIICPUMEHTAJIBHO 0e3 KaKux-au00 HavyalbHBIX YCHOBHﬁ. Hpe,Z[HOJ'IO)KI/IM, YTO napamMeTphl HpHMHTHBHOﬁ

(j=1,2,3). OOparnas permierka, 3aaBaemas

STYCHKH ‘Aj‘. Onu He MOryT OBITH Gonbie @; s staeek bpase /-, F- n C-tunos. Ho (5}“ -d; ) =1, (;1; . Z]) =1.

Tak kaxk 4; < a; (j =1, 2, 3), 10 Beerna Aj 2 a;. Jlpyrumu cioBamu, B 00paTHO# pelieTke ¢ siaeikoii P-ruma

6azucuble y31s1 (100), (010), (001) pacmonoxeHsl HA MUHIMAJIEHO BO3MOXKHBIX PACCTOSTHUSX OT Hadasa Ko-
— TS

opmunar. Eciu a; 2 4, To a; < A;, uto npotusopeynt ycnosuio 4;. OTciona clieyer, 4to, Hanpumep, pediex-

cel 100, 010, 001 Ha peHTreHOrpaMMax KPUCTAJUIOB € sTYEUKaMHU /- U F-TUINOB HE «II0racaroTy», a OTCYTCTBYIOT,

TaK Kak B 00paTHOM siueiike He CyILECTBYIOT COOTBETCTBYIOLIME UM Y3Jbl. B 3TOM ciydae cieqyeT roBOpuTh

HE O siueiike B 00OpaTHOM pemieTke, a 0 cynepbsayeiike. OUueBUIHO, YTO UIS TOATBEPKIACHUS TAHHOTO BBIBO/IA
B KpHCTaJIaX yYKa3aHHBIX THIIOB HEOOXOIMMO MOCTPOUTH P-4eiiKy (ee mapaMeTphl ONPEeNsOTCS ¢ YIeTOM

KBaJPaTUIHON (OPMYITBI #(HKL), rae HKL — MHIEKCH y3JI0B TIPU BBIOOpE P-I4eiiku) U 3amncaTh KBaapa-

THUYHYI0 (OpMyIy AJsl LEHTPUPOBAHHBIX sueek. B3sB oquHaKoBble d; ;. - U dp, MOXKHO ONPEAEIUTH CBA3U
Mexay uaaexcamu HKL v hkl. lanee HeoOXonumo 3a1aTh OCIEA0BATEIBHO YUCIOBbIE 3HAUECHHUS HHIEKCAM
HKL, a 3areM onpeZienuTh 3Ha4eHUs1 HHAEKCOB Ahkl. ITokazaHo, uro npu HKL = {1 00} HEBO3MOKHO IIOIIyYUTh

WHJEKCHI Akl TOTO K¢ Tuma. MeTon, OCHOBAaHHBIN Ha WCIIOJIb30BAHUH KBaIPAaTUIHOW (hOPMYIIBI, TIO3BOJSIET

2
MOTYYUTh MHAEKCHI KPUCTAIUIOrPapUIECKOTo KIIacTepa, T. €. Y3JI0B ¢ OTUHAKOBBIMH ‘r*‘ .

Croco0, 0OCHOBaHHBIN Ha MPUMEHEHUH METPUICCKIX TCH30POB, MIO3BOJISCT HAUTH aHAIOTH WHICKCOB HKL
B pELIETKE C y4eTOM Tula siueiiku bpase. OgHAaKO MOKET OKa3aThCsl, YTO MIPU TAKOM IEPEXOIE Y3l (HKL) HE

TOMOJIOTHYEH Y31y (hkl ), HWMEHHO M03TOMY OBUTH pacCMOTPEHBI 00a METoza.
[Ipu BBIOOpPE stueek /-, F- u C-TUIIOB B 0OpaTHOW pelIeTKe BO3SHHKAET CyNepbsueiika ¢ mapameTpaMmu

a'= 2—?, b= 2—12), ¢*= i—s (nns C-sueiiku @ = z—?, b*= Z—I;, ¢*=¢). B cynepspsueiike oOpaTHOH penieTku
MOTYT HaXOAMTHCS Apyrue y3ibl. Hanmpumep, B cynepbsueiike aus F-s4eiiku IpsSMON pereTku OyneT Haxo-
autkest y3en (111), ans [-saeiikn — y3ust (110), (101), (011), s C-sueiiku — y3en (110). Ionoxkenne stTux
y3510B (hOPMaIbHO COOTBETCTBYET YCJIOBHIO (4). HOo (pakTHyecku roBopuTh O TOM, YTO OHU €CTh, TOJIBKO MX
«BECH (F (hkl )) paBeH HYIIO, Heb3s. [Ipr KBaHTOBO-MEXaHUYECKHX pacdeTax, HaIpuMep C yIeTOM Oreparopa

TPAHCISILIUH, BOIPOC O TOM, KaKOH BOTHOBOHM BEKTOP HaJ0 Opath IJIsl HOCTPOCHHS BOTHOBOH (DYHKIIUH €Xp nika,
TpeOyeT JOMOIHUTENBHOrO aHanusa. Eciam B syeiike KpHcTalia HaXoOsTcs ABa U Oojiee atoMa B OIUHAKO-
BBIX CTPYKTYPHO-XUMHUYECKHX MO3ULMUSAX (TOMOJIOTHYHBIX), TO OTACIbHBIE pedIieKchl OyIyT «IOracarby», TaKk
KaK COOTBETCTBYIOLIME MM Y3JIbl B 00paTHOM pemeTke OTCyTCTBYIOT. HeoOxomum nepexon K cynepbsdenke.
Jnst onpeneneHusl HAIMYKS TOTO WIIM MHOTO y3j1a B 00paTHOW peIleTKe BBIOIHIETCS Mepexol K P-sdeike.
Opnaxo 310 He Beeraa Bo3moxHo. Hampumep, B I'TIY-siueiike, co3nanHoil Ha OCHOBE IBYXCIOWHOM IIOTHEH-
IIei yMakoBKH, MPUMUTHBHAS siYeiiKa ¢ TIEPUOIOM, PaBHBIM AUAMETPY aToMma, U O = 3 =y = 60° TakoBoii He
apisiercst [8]. Ecnu aBa pedpa sexar B MIOCKOCTH IUIOTHEHILCH YIIAKOBKU, TO JUIS HUX BBITOJMHSIETCS JBYX-
MepHasl TPaHCISAIMOHHAs CUMMeTpHst. it TpeTbeit ocu TpaHcsus orcyrcTByer. B I'TIY-cucreme ¢* = o
a'=b"= é. [MapameTpsl a = b = d (qnameTp miapa), mapameTp ¢ paBeH yABOCHHO# BbicoTe TeTpasupa. Cie-

nmoBarensHO, Y3761 (00/) mpu HeYeTHOM / B OOpaTHOM pelieTKe OTCYTCTBYIOT.
B anmaze u loHCAEHINTE KpaTyaiillee pacCTOSHUE COOTBETCTBYET PACCTOSHUIO OT LIEHTpa TeTpaspa 110
ero BepliMHbl. [IoCTpOuTh Ha TaKUX BEKTOpaxX PELIETKY HE MpeACTaBiIseTcsl BO3MOXHBIM. [l I'TIY-cuctem

78



Du3NKa KOHAEHCHPOBAHHOTO COCTOSTHUS
Condensed State Physics

HEBO3MOYKHO MOCTPOUTH P-gueiiky. B cTanapTHoO# siuelike Haxondrcs JBa aroma. MHAMIMpoBaHue 1o MpuH-

LIAITY (E*- ¢ ) =1 mpusezer x y31y (001). Ho Takoro y3na B oOparHoii perierke HeT. Cynepbsadeiika UMeeT ma-

. . e 2 .
pamerp c¢;, KOTOPBI COOTBETCTBYET YCIOBHIO (cs*- c) =2.BITIVY-cucreme ¢; = = [epuon oOparHoii cynepsb-

. .1 .
A4eiikn anmasa B 4 pasa Oolblle, 4eM a; = i [9]. [TocTpouTs P-siueiiky anmasa ¢ OHUM aTOMOM yIviepoja
i
TaKXke HeBO3MOKHO. OTcioza cieyeT, 4To BBIOOp SYEHKH MOKET MOBIMATH HA MHACKCHI Y3714, TaK Kak OHU

3aBHCST OT IAPAMETPOB d;, ONPEIEISICMbIX 3HAYCHUEM d;, HO HE BIMACT HA 7', T. €. HA OOPATHYIO PELICTKY,
KOTOpAasi SIBJISICTCSI UMMaHEHTHBIM CBOMCTBOM PELIETKU KPUCTAILIA.

3akJiaroueHune

B HayuHOI1 TuTEpaType MOKHO BCTPETUTDH YTBEPIKICHUS, YTO SYeliKa KPUCTAIlIa BIUSET Ha ee 00paTHYyIo
pemretky. Kpome Toro, M3 ypaBHEHHs pacyeTa CTPyKTYpPHOH aMIUTUTYIbI CIEAYET, YTO [UIS SUSeK KPHCTAILIOB
C HENPUMUTHBHBIMHE sTueiikaMu bpaBe otenpHble pediekchl Ha peHTIeHOBCKHX TU(paKkTorpaMMax He oOHa-
pykuBatotcs. Tak, 1 [-4eek He 0OHapyKHUBAIOTCS pedIIeKChl C HEYeTHOH CyMMOM MHIEKCOB, [UIs F-s4eeK —
pediekchl co cMeIaHHbIMUA HHAeKcaMu, i C-stueek — peduiekcsl 7 + k = 2n — 1. TlockonbKy nmapamerpbl
00paTHOM! 1 NPSIMOM PELICTOK (d; U dj COOTBETCTBEHHO) CBSI3aHbI YCIOBUEM (4), TO IIPH BHIOOPE SUCHKH 11O
KBaJ[paTUYHON (popMyIie JIeTKo paccuuThiBaeTcs noioxenue y3nos (100), (010), (001) B obparHoii pemieTke,
HO B 3KCIIEPUMEHTE JaHHbIE Y3JIbI He OOHAPYKUBAIOTCS. [ OBOPSIT, YTO OHU «II0TACAIOT», IIOTOMY YTO MX «BEC)
(cTpyKTypHas aMIUIHTYa) paBeH Hy/r0. Ha caMoM ke Jiesie 3Th y3i1bl OTCYTCTBYIOT B 0OpaTHOM HMPOCTPAHCT-
BE, YTO BHUJHO M3 HCIIOJB30BAHUS AYEeeK P-THma Ui HEHTPUPOBAHHBIX OOpaTHBIX pemeTok. B maHHOM mHc-
CIICIOBAHMH JJISl PEIIETOK C HEMPHMHUTHBHBIMY sTUeiikamMy bpaBe ObUTH B3STHI HAUMEHBIINE HEKOMIUIAaHAPHBIC
BEKTOPBI, HA KOTOPBIX CTPOMIIUCEH P-seiiku.

Tak kak dKCIIEPUMEHTAIBHOE 3HAYCHUE MEXKIIOCKOCTHOTO PACCTOSHUS 3aBHCUT OT JUIMHBI BOJHBI U3-
Jy4YeHUs W yriia AUQpaKiuy, SBISSCh UMMMAHCHTHOW XapaKTEePHCTHKOM KpUCTallla, TO OHO OJAWHAKOBO HPH
71r000M BBIOOpE SYEHKM KOHKPETHOro Kpucrayuia. OTcioma OZHO3HAYHO CIIEIYeT BBIBOA, YTO BBIOOP SUYCHKH
HE BIIMSCT HA B3aMMOKOH(DHIYPAIMIO y3JI0B OOPAaTHOW PEIIETKH, T. €. Ha MOIYJIH 7', HO KpUcTaiuorpadude-
CKHe MHIEKCHI Y3JI0B 00paTHOM pEIIeTKN 3aBHCAT OT BbIOOpa stueliki. Ha ocHoBe kBagpatHaHbIX (opMyIT st

P-sueifky 1 HePUMHUTHBHEIX SY€eK YCTaHOBIEHA CBsA3b MEXIy HHIeKcaMu y3nos. Jns [-sueek b + k2 + 1% =

2 P ~ (111y -~ _( 111y _ _( 1 11 .
=2(H +K°+L +HK—HL—KL),eana:r ———|,b=F|—-——===|, ¢ =¥| —— — —— |. dnsa F-saueiiku
222 222 2 22
2, .2, 72 2 2, 72 . (11 -~ (. 11) - _(1_1
R4k +P=3(H+ K+ [*)=2(HK + HL+KL), ecnn a=7| —=0|, b=7F0-=| ¢=F|-0-| Ox-
22 22 2 ¢

HAKO 3TOT METOJI TIO3BOJISET HAMTH TONbKO 7. JI7ist mepexoaa oT uHAeKcoB HKL HEmoCpeICTBEHHO K OT/ICITh-
HBIM HHACKCaM hkl pa3zpaboTaH METOJ] C HCITOJIb30BAHINEM METPHUIECKUX TEH30POB |M |:

|| = Mz" - M|H, | = |M,|(H).

Rl 10 1|H 11 1||H hl |1 1 0|H
Jlnst [-sueitkn |k|=|1 1 O||K|, wna F-sweitku |k|=|1 1 1||K|, ans C-sueitkn |k[=]0 1 O[|K]|.
I 10 1 0L Il 11 1L Il 10 0 1L

OpmHako 3TOT METOA TpeOyeT T0Ka3aTeILCTBA, UTO HHACKCH skl 1 HKL NeWCTBUTEIIEHO COOTBETCTBYIOT OHO-
My 1 ToMy ke 7. [1o 3TOl mpuyrHe He0OXOIMMO COYeTaHHe JIBYX Pa3paboTaHHBIX METOA0B. V3 BHITIONHEHHO-
TO aHaJM3a CJeIyeT, YTO HUKAKUX «Ioracanuin» Het. [Ipu BeIOOpe s4eiiki HEeMPUMUTHBHOTO THTIA TTOSBIAETCS
MEXaTOMHBIA BEKTOP, TI0 MOIYJIIO0 MEHBIINN 0a3WCHOTO BEKTOpa sueiiku. B 0OpaTHOM MPOCTPAHCTBE Y3IIBI
(100), (010), (001) ucueszaroT. Pe3ynpTaThl HCCICAOBAHUA MOTYT IPEACTABIATh HHTEPEC TSI CIICIIHAINCTOB
B 0071aCTH KPUCTAIIIO(PU3UKH.
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HccnenoBanbl 31eKTpopU3UIECKIe XapakTepUCTUKN CHIIOBBIX MOII-TpaH3ncTOpoB, JOMOIHUTEIFHO HMILTIAHTHPO-
BaHHBIX MOHAMHM a30Ta. MIOHHAsI UMILTAHTAIMs a30Ta IPOU3BOAMIIACH YEPE3 3AIUTHBINA OKCH/]] TOJIIUHON 23 HM C 3HEp-
rusive 20 1 40 kB 1 gosamu 1 - 10°-5 - 10 em 2. BricTphIil TEpMUYECKUI OTKUT OCYILECTBIISUICS [IPU TEMIIEPATYpe
900 mu 1000 °C B Teuenue 15 c. YcTaHOBIEHO, YTO a30TUPOBAHUE MOA3ATBOPHOTO AUAIEKTPUKA ITO3BOJISAET YMEHBIINUTh
LIyMBI TOKOB YTEUKH 3aTBOPA 1 UX Auctepcuto. IIpu npsmMom nopsiake TepMoo0padboTky (CHavaa npoBejeHue ObICTPOro
TEPMHYECKOTO OT)KUTA, a 3aT€M CHSATHE 3alIUTHOTO OKCH[A) /ISl 00pa3I0B, U3TOTOBJICHHBIX C JAOMOIHHUTEIBHOM onepa-
uel MOHHOM MMITIaHTalWH| a30Ta, OTMEUCHBI YBEIMUYECHUE ITOPOTOBOTO HAIPSIKEHHS W YMEHBIIEHHE €MKOCTH I073a-
TBOPHOTO JN3JIEKTPHKA 110 CPABHEHHUIO C aHAJIOTMYHBIMH ITapaMETPaMH KOHTPOJIBHBIX 00pa3oB. YCTaHOBIIEHO, YTO MPH
IpAMOM HTOPAAKE 6BICTpOFO TEPMHUYECKOTO OTKUT'A UCIIOJIB30BAHHBIC TO3bI WOHHOM UMILIAHTAIMMU a30Ta HE BbI3bIBAKOT
CYIIECTBEHHBIX U3MEHEHNH MAaKCHMaJIbHOTO 3HAUY€HHsI KPYTH3HBI BOJIBT-aMIIEPHON XapakTrepucTuky. [Ipu aTom Bo Bcex
HCCJIEIOBAHHBIX CITy4asiX MPOUCXOANUT CMEIIEHHE MaKCUMAIbHOTO 3HAYCHHSI KPYTU3HBI BOJIT-aMIICPHON XapaKTEePUCTHKA
B CTOPOHY OOJBINNX 3HAYESHUH HAIPsDKEHUS Ha 3aTBOpeE. [Ipn 0OpaTHOM mopsiake TepMooOpadoTKy (CHavasa CHATHE 3alnT-
HOTO OKCHZA, a 3aTeM IPOBEACHHE OBICTPOrO TEPMHUYECKOTO OTXKHIA) CYIIECTBEHHBIX PA3INYUi B BEIMIMHE TTOPOTOBOTO
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HanpsHKEHUS 1 MAaKCUMAJIbHOM 3HAYCHUU KPYTU3HBL BOHBT-aMHepHOﬁ XapaKTECPUCTUKU IJIA O6p33HOB, CO3aHHBIX C J10-
TIOJIHUTEJIBHOW UMIUIAHTAIMEH a30Ta, U KOHTPOJIBHBIX 00pa3oB He 0OHapyxkeHo. [Toka3aHo, 4To B inana3oHe HarpsbKe-
Huii ot —0,15 10 0 B TOK cTOKa MMIIAHTHPOBAHHBIX a30TOM 00PAa31I0B, U3TOTOBICHHBIX C MPUMEHEHNEM TPSIMOTO I10-
psizika TepMOOOPaOOTKH, MPEBBINIACT TOK CTOKAa KOHTPOJIBHBIX 00pa3IoB, TOT/a KakK TOK CTOKa MMIUIAHTHPOBAHHBIX a30TOM
00pa31oB pu 0OPaTHOM HOPSIIKE TEPMOOOPAOOTKH HIKE TOKA CTOKA KOHTPOJBHBIX 00pa3uoB. [loimydeHHbIe pe3yibTaThl
OOBSICHSIFOTCSI CHIDKEHHEM IUIOTHOCTH MOBEPXHOCTHBIX COCTOSHHMN Ha rpanmue paszaena Si— SiO, B MOII-cTpykrypax,
CO3JaHHBIX C MCIIOJIB30BAHUECM IIO]'IO.]'IHI/ITGJ'IBHOf/i ornepanuu HOHHOM HUMIUIAaHTaIUK a30Ta IpHu OpsAMOM MOPAIAKE TCPMO-
00paboTKH.

Knroueswie cnosa: HOHBaTBOpHBIfI JAUDJICKTPUK; MOHHASA UMIUJIAHTAIW; NOHBI a30Ta; CUJIOBBIC MOH—TpaHSI/ICTOpH.

ELECTROPHYSICAL CHARACTERISTICS OF POWER MOSFETs
ADDITIONALLY IMPLANTED WITH NITROGEN IONS

V. B. ODZAEV? A. N. PYATLITSKI®, U. S. PRASALOVICH?, N. S. KOVALCHUK?",
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The electrical characteristics of power MOSFETs additionally implanted with nitrogen ions have been studied. lon
implantation of nitrogen was carried out through a protective oxide of 23 nm thickness with energies of 20 and 40 keV
and doses of 1 - 10°~5 - 10" ¢cm ™. Rapid thermal annealing was carried out at temperature of 900 or 1000 °C for 15 s.
It has been established that nitridisation of the gate dielectric makes it possible to reduce the noise of the gate leakage
currents and their dispersion. In the direct order of heat treatment (first rapid thermal annealing, and then the removal of
the protective oxide), for samples prepared with an additional operation of nitrogen ion implantation, there is an increase
in the threshold voltage compared to control samples. The capacitance of the gate dielectric in the case of implantation of
nitrogen ions in the direct order of heat treatment is less than for control samples. It has been established that in the direct
order of rapid thermal annealing, the doses of nitrogen ion implantation do not cause significant changes in the maximum
value of the current-voltage slope. At the same time, in all studied cases, there is a shift in the maximum value of the
current-voltage slope towards higher gate voltages. In the reverse order of heat treatment (first the removal of the protec-
tive oxide, and then rapid thermal annealing), there are no significant differences in the value of the threshold voltage for
the samples created with additional nitrogen implantation and the control ones. The maximum value of the current-vol-
tage slope also does not experience significant changes. It is shown that in the voltage range from —0.15 to 0 V, the drain
current of nitrogen-implanted samples manufactured using the direct order of heat treatment is higher than for control
samples, and the drain current of nitrogen-implanted samples obtained with the reverse order of heat treatment it is lower
compared to control samples. Results are explained by a decrease in the density of surface states at the Si — SiO, interface
in MOS-structures created using an additional operation of nitrogen ion implantation in the direct order of heat treatment.

Keywords: gate dielectric; ion implantation; nitrogen ions; power MOSFETs.

BBenenue

Onexrpodusnueckue xapakrepuctuku MOII-Tpanzucropos (MOSFET) cymecTBeHHO 3aBUCAT OT Kaue-
CTBA TO/3aTBOPHOTO AudneKkTpuka [1]. OcHOBHOI Tipo0i1eMoit mpu (GOpMUPOBAHUH JUIIEKTPUIESCKUX TUIEHOK
JUTS TI0/13aTBOpHOTO udiiekTpuka MOII-TpaH3ucTopoB sBiIsIeTCs co3Manne TpeOyeMol ONTHMAaIbHON CTPYK-
TypBI TPAHUIIBI Pa3iena JUIEKTPUIECKON TIIEHKN C KpeMHHUEM, obecrieunBaronieii 3 (heKTUBHEIN 3aXBaT HO-
CUTEeNeH 3apsjia Ha JIOBYIIKH U 00JIaaroNiell BBICOKOH WH)KEKIIMOHHON CITOCOOHOCTHIO M HU3KOW 3apsoBOM
nedekTHOCThI0. Hanmnyre JomoTHUTeThHOTO BCTPOSHHOTO 3apsijia B JUIJIEKTPUKE, a TaKKe OBICTPHIX TOBEPX-
HOCTHBIX COCTOSIHMI Ha rpaHuLe pazaena Si— SiO, MOXKET NIPUBECTH KaK K yBEIHMUCHHUIO TIOPOTOBOT0 HAIPsIKE-
HUS, TaK U K CHIDKEHHUIO TOKA M HAITPsDKEHUS HACBIIICHHU S, KDY TU3HBI BOJIBT-aMIIepHoU xapakrepuctuku (BAX)
MOII-Tpan3ucTopa B JIMHEHHON 0OJACTH W OOJNACTH HACHIIICHHUS, YMEHBIIEHUIO MIPOBOAUMOCTH CTPYKTYPHI
B JIMHEWHOW 00mactu. [ToMrMO 3TOTO, BO3paCcTalOT TOKM YTEUKH 3aTBOpA.

VYkazaHHbIe (DaKTOPBI 00YCIOBIMBAIOT HEOOXOMMOCTh KOMIUIEKCHOTO U BCECTOPOHHETO MCCIIEIOBAHNS TIPO-
recca (POpMHUPOBAHUS TUIIEKTPUIESCKON TUICHKH B IENISIX ONTUMH3AIINH €€ TTapaMeTpOB, 00eCTIeYNBAIOIINX T0-
BBINIIEHHE CTAOMIIBHOCTH U HAJISKHOCTH MTPUOOPOB. OKCHI KPEMHHUSI, XapaKTePH3YIOIINHCS] HU3KOH ITIOTHOCTHIO
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IIOBEPXHOCTHBIX COCTOSIHUI Ha rpanune pasnena Si— Si0O,, IMeeT HU3KyI0 (10" e %) koHIEHTpAIHIO 1e)EKTOB
(moBymIek) B o0beMe. 3axBaT 3ICKTPOHOB U ABIPOK B CII0€ OKCHJIA IPUBOIUT K HAKOTUICHHUIO 3apsia U Jerpaia-
uH mpudopoB. Hutpu kpemuus, o6aaaroniuil CymecTBeHHO 0oJiee BBICOKOHM TUAIEKTPUYECKON IPOHHIIae-
MOCTBIO, Ha060pOT, nMeeT BICOKYHO (10'°—10?° cM %) KOHIEHTPALMIO MNEKTPOHHBIX H JBIPOYHBIX JOBYIICK.
[Ipumenerne okcuauTpraa kpemuns SiO, N, 03BoJIsIeT coueTaTh IPEHMMYIIECTBA OKCH/IA KPEMHHS U HUTPUJIA
kpemHUs. B padorax [2; 3] mpeatoxKeHbl CIoCO0B! YayUIIeHUs SKCIUTYaTAIMOHHBIX XapaKTePUCTHK (BEINIHHA
3apsia mpo0osi, TOK HACKIIIIEHHUS, TOK YTEUKH 3aTBOpa | T. 1.) ynpasisronux MOII-rparsucropoB CBUC mytem
A30THPOBAHUS MOA3ATBOPHOTO AUAIEKTPHUKA MITH €r0 TPaHHUII pasziesia ¢ MOHOKPHCTAJUIMIECKUM KPEMHHEM Me-
TOJIAMH HUTPOBaHMs, HOHHOU umIutanTanmu (M) mnbo mocpencTBoM M1a3MoCTUMYITHPOBAHHBIX MTPOIECCOB.
B nmyOnukarusix [4—6] ycTaHOBIIEHO BIMSHHAE KOIWYECTBA MOHHO-UMIUTAHTHPOBAHHOTO a30Ta Ha IMOPOTOBOE
HanpspkeHue, KpyTu3Hy BAX u BenuuuHy 3apsiza Ha rpanune pasznena Si— SiO, ansg cyomukponasix MOII-
TPAH3UCTOPOB C TONIIMHOM MOA3aTBOPHOTO AUAIEKTPUKA 2—7 HM. OJJTHAKO TOJIIIINHA [TOA3aTBOPHOTO JUAIIEKT-
pHUKa MOXKET OKa3bIBaTh CYIIECTBEHHOE BIMSHUE Ha MPOIECCHI, MPOUCXOAIINE B IPUITOBEPXHOCTHBIX CIIOSX
WJIM Ha TPaHUIIAX pasJielia, M, COOTBETCTBEHHO, HA XapaKTePUCTUKH (POPMUPYEMBIX YCTPOICTB. B HacTosmen
paboTe ucciIe0BaIoCh BIMSHAE a30THPOBAHUS TI0/13aTBOPHOTO OKcwia MetooM MU Ha anekrpodusmyaeckne
napameTpsl cunoBbIX MOII-TpaH3uCTOPOB € TONIIMHON NOA3aTBOPHOTO AUANEKTPUKA 44 HM B LIEIISIX OIpee-
JIEHUS] ONTUMAaJIbHBIX pexxumoB MU a30Ta, OKuciaeHus U oTkura 11 noinydeHus cunosbix MOII-Tpan3ucTopoB
C YITy4IIICHHBIMH XapaKTEePUCTUKAMH.

MeTonuka 3KcrepuMeHTa

Hccnenoranuck cuoBbie MOII-TpaH3uCTOPBI ¢ BEPTUKATBHON CTPYKTYPOH, IIOTYICHHBIC HA OCHOBE METOIa
nBoitHo# muddy3un (PMOSFET). [Ipubops! co3naBamichk Ha KpeMHUEBBIX MTacTuHax opueHTanmu (100) p-tuma
npoBoauMOcCTH (ynenbHoe conporusnerne P = 0,005 Om - cM) ¢ anuTakcHaabHBIM ciioeM p-tuma (P =2 OM - cm).
O6mactr 6a3s1 TpansncTopos hopmuposamcs MU docdopa ¢ sueprueii (E) 80 k3B 1 1030ii (D) 5 - 10" em .
A30T UMIIJIAaHTUPOBAJICS B aKTUBHYIO 00JIACTb CTPYKTYpBI IPHUOOpa Yepes 3aIlUTHBII OKCH TONIHMHOHN 23 HM
¢ E=20 B u E = 40 B B muanazone 103 D, = 1-107-5 - 10 CM B OJIHY MOJIOBUHY KPEMHHEBOII II1ac-
tuHbL [Ipn 3ToM MU 0601x BHIOB puMeceii mpon3Boauiack Ha ycraHoBke «J{Henp». [InacTuabl nogBepranucey
osicTpomy Tepmudeckomy oTxkury (bTO) cuctemoit YBTO Ne 1 B armocdepe Bo3myxa npu temmneparype 900
nu 1000 °C B Tewenue 15 ¢, ckopocTh HarpeBa miacTuH cocTapisuia 50 °C/c. Xumudeckoe yaaneHue 3aiuT-
HOTO OKCH/JIa KPEMHUS OCYIIECTBINOCE B 72 % pacTBope MIaBUKOBOM KUCIOTHI. J{J1 OHON rpynIibl INIACTUH
cHauana nposoawics bTO, 3a HUM cremoBao CHATHE OKCHIA (MPSMOI MOPSIOK, Wi F), At APYTO# TPyTIIbI
IUTACTHH CHavyasla MPOM3BOAMIIOCH CHATHE OKCHAA, a TIOTOM MiacTuHbl noasepraiuck bTO (oOpaTHbIi mopsi-
JOK, Win B). Jlanee BHIMOTHSUIMCH BBIPALIMBaHUE MTOJ3aTBOPHOTO OKCHA TOIIIUHON 44 HM M MOCJIEAYIOIne
omnepanuu no GopmMupoBanuto npudopa. [lapannensHo nccneqo0BaIMCch KOHTPOIbHBIE 00pa3iibl, U3TOTOBICHHbIE
Ha BTOPOM MOJIOBUHE TOM K€ KPEMHHMEBOM MIACTUHBI M MPOLICAIINE Bce dTarbl (popMUpoBaHus Ipudbopa, HO
oe3 U azora (W/0).

Wzmepenne BAX u BonbT-(hapagabix xapakrepuctuk (BOX) npoBoaunock Ha U3MEpHUTENE TapaMeTpoB
MOTYNIPOBOAHUKOBBIX NpubopoB Agilent B1500A (Agilent Technologies, CLLIA) ¢ 30u10Bo# cTanuueii Cas-
cade Summit 11000B-AP (Cascade Microtech, CILIA). ITpu atom BAX peructpupoBanuch B pe;KUMe OrpaHu-
yeHus Toka /., = 1 A, a BOX — B nuanasone Hanpsokenuit ot —20 no +20 B na wactore 1 MI'n. Ilpodunu
pacnpeneneHus KOHUEHTPALUH a30Ta 10 MIyOHHE CTPYKTYP IUIJIEKTPHK — KPEMHHUH ONpeleNsiiiCch METO0M
BpEMSIPONIETHON Macc-criekTpoMeTpuu BTopuuHbIX HOHOB (TOF-SIMS) cuctemoii TOF.SIMS 5 (/ONTOF,
TepMaH¥st) ¢ 4yBCTBHTENBHOCTEIO He Xyke 5 - 101°—1 - 10'® atomos Ha 1 cm’. Tpasienne o6pasios B mporecce
VICCIIEZIOBAHMIA TIPOM3BOIMIOCH MydKoM HOHOB Cs' ¢ BenmuuHO# Toka 100 HA, yCKOPSEMBIX HATpPSKEHHEM
2 ¥9B. N3mepenne 00beMHON KOHIICHTPAIMH MPUMECEH OCYIIECTBISUIOCH B UMITYITbCHOM PEKHME CO BpEeMe-
HeM 1ukina 50—100 Mkc. B kauecTBe HepBHYHBIX HOHOB IPHMEHSIINCH HOHBI Bi', yckopsieMble HanmpsKeHHeM
30 k»B. Ipoemupopankrii pober noHoB N (R,) npn umiutantanuu ¢ sueprusimu 20 u 40 k9B onpenensuics
C TIOMOTIBI0 TIporpaMmbl SRIM u cocTtaisut okoio 60 u 110 HM COOTBETCTBEHHO.

Pe3ynbrarhl 1 uX 00CyK/IeHHE

Panee Obu10 mokazaHo [7], uto st TpuOOPOB, CHOPMUPOBAHHBIX C UCIOIB30BAHUEM IOMOIHUTEIBLHON
onepaunu MU azora, HaOmonaeTcst CHUKEHHE pa3dpoca TOKOB YTEUKH 3aTBOPa OT TUIACTHUHBI K IJIACTHHE 110
CPaBHEHMIO C KOHTPOJIBHBIMU MPUOOpaMu. DTO yKa3bIBaeT Ha yIyULICHUE U CTA0MIIN3ALHIO AUAIEKTPUICCKUX
CBOICTB OKCcHJa U ero rpanuiisl paszaena ¢ Si B MOII-cTpykrypax. B Xxoxe npoBeaeHHBIX B HAcTOsIILEH paboTe
UCCJIEZIOBAaHUH YCTAaHOBJIEHO, YTO JOMOJHUTENbHAs HMIIJIAaHTALM HOHOB a30Ta IPUBOJUT HE TOJIBKO K CHIKE-
HUIO pa3dpoca TOKOB YTEUKH 3aTBOpA OT IUIACTHHBI K TIACTHHE, HO U K YMEHBIICHHUIO IIIyMOB TOKOB YTEUKH
npu u3mepernnu BAX (puc. 1, 2).

83



Kypnaa Besopycckoro rocyrapcrBeHHOro ynusepcurera. ®usuxa. 2022;3:81-92
Journal of the Belarusian State University. Physics. 2022;3:81-92

I, A
TrTTTTTT T T T

—e— [ (W/0)
—v—2(W/0)
—— 3 (W/0)
—o0—] (N*)
—v—2 (N
——3(N")

-10

10

Puc. 1. 3aBucuMOCTH TOKa YTEUKHU 3aTBOpA ({,) ot Hanpsixenust Ha 3atBope (V) At KoHTponbHbIX (W/0)

u ummnanTapoBanHbex (N ') 06pasios mpu npsamom nopsake BTO (DN
Homepa KpHBBIX COOTBETCTBYIOT TPEM Pa3HbIM IPUOOPaM, U3TOTOBJICHHBIM Ha OAHOM IIaCTHHE

=2-10" cm 2, E = 40 B).

Fig. 1. Dependences of gate leakage current (/) on gate voltage (V) for control (///0) and implanted (N")

samples at forward order of rapid thermal annealing (D_,

=2-10" cm™, E = 40 keV).

Curve numbers correspond to three different devices made on the same wafere
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Puc. 2. 3aBUCUMOCTb BEIMYMHBI IUCTIEPCUH YPOBHSA IIyMa (G)
rpansucropa (¥, =—10...+10 B) ot 1031 ummianranuy asora (D, .)

ipu psiMoM (F) u oOpatHOM (B) mopsiake TepMooOpaboTKH sl KOHTPOIBHEIX (W/0)
1 ummnanTapoBanubix (N ) 06pasios. Jlosa uMmnanTammu 2 - 10" cm

-2

COOTBETCTBYET dHEeprun umruiantanuu 40 k3B, JUIst OCTaIbHBIX /103
SHEeprusi UMIIaHTauuu cocranpiser 20 k3B

Fig. 2. Dependence of the dispersion of the noise level (o)
of the transistor (¥, =-10...+10 V) on the dose of nitrogen implantation (DN+)

with the direct (F) and reverse (B) order of heat treatment for control (//0)

and implanted (N") samples. Implantation dose of 2 - 10 cm

corresponds to an implantation energy of 40 keV,
for other doses the implantation energy is 20 keV

-2

Kak Bunmo u3 puc. 2, npu npsivom nopsiake bTO must D . =2 - 10"-5 - 10'* cM? HaGmionaercs cHIKeHIe
TUCTIEPCUH YPOBHS IIyMa, Haubosee BI)Ipa)KeHHOC Bciayqae D, =2 - 1013 cM 2 i E = 40 x3B. ITpn o6parHom

MOPSIJIKE TEPMOOOPAOOTKH ISt D.= =1-10"cvm?m D.= =2-10" cm™ 3HaqHTeHLHLIX W3MCHECHUM HE 3aperu-
cTpupoBaHo. J{is oOpasios, MMHnaHTHpOBaHHHx a30T0M cD.=5" 10" eM? u E=20 B pu 00paTHOM

nopsinke BTO, nucniepcust myma, Ha000pOT, BBIIIE, YeM IS KOHTpOHLHLIX 00pa3uoB. OCHOBHOH LIYMOBOM
cocrapisiromieii MOII-Tpan3ucropa, cka3biBarolieiicss Ha 0oee BBICOKHX YacTOTax, SIBISICTCS HaBEICHHBIN
urym 3arBopa. [Ipexe Bcero 9To 00yCcloBICHO BIMSIHUEM IPOLIECCOB TeHEePAlMU-PEKOMOMHAIIMHN B Ie()EKTHBIX
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IIEHTpax KaHayia 1 B 00eTHEHHOM obnacTu 3aTBopa [8]. J{poOoBoii rym TOka 3aTBOpa B HU3KOYACTOTHOM 00J1aCTH
npeHeOpexrMo Maji. Ha caMbIX HU3KMX 4acTOTaX OCHOBHYIO IIIYMOBYIO COCTABIISIIOIIYIO 00pa3yeT (QIiIuKKep-
IIyM, KOTOPBIN MOSIBIISIETCS B pE3yJIbTaTe CIy4YaiiHOTo 3aXBaTa CBOOOTHBIX HOCUTENEH 3apsa/1a TOBEPXHOCTHBIMHU
JIOBYIIKaMU (JieeKTaMu ), HAXOSIIUMICS Ha TPaHMIIE TTONYTTPOBOAHNKA M U30JIUPYIONIETo cJIos KaHana [9].

Camxkenue ypoBHs imryMma B MOII-cTpykTypax, CO3MaHHBIX ¢ TPAMEHEHUEM OTIOTHATEIRHON onepamuu NI
azora npu npssmMoM nopsiike bTO, MoxeT ObITH CBSI3aHO C YMEHBIIICHHEM IIIOTHOCTH COCTOSTHHIA Ha TPaHUIIE
paszaena Si— SiO,. Bénblnas yacTh 0CTaTOUHBIX paJUallMOHHBIX HapylleHuil omxuraercs B npouecce bTO,
a OCTaBLIMECS HAPYIIECHHUS B HECTEXMOMETPHYECKOM ciioe Si, O, MacCuBUPYIOTCs aTOMaMy a3ota. JTo corna-
cyeres ¢ pe3ynsratamu padot [2; 3], tme MU a3oTa, M0 MHEHHIO aBTOPOB, OKA3bIBACT BIIMSHUE Ha TIOTHOCTH
MOBEPXHOCTHBIX COCTOSIHUM Ha rpanuue pazaena Si— SiO,. Hanbonpias BEIpa)KeHHOCTh CHU)KEHHS YPOBHS
uryma npu npsimom nopsike BTO nocine MU azota ¢ E = 40 k3B MoxkeT ObITh 00ycioBieHa Oojee r1yOoKuM
NPOHUKHOBCHUEM UMILIAHTUPYEMOTO a30Ta B KPEMHHH U JIOKAIHU3aluel OOJBIIEro KOJTMYeCcTBa aTOMOB a30Ta
B 00J1aCTH HECTEXUOMETPHIECKOro ci1ost Si, 0.

Ha npenmyniecTBeHHY O JTOKaTH3aMI0 MMIUIAHTUPOBAHHBIX aTOMOB a30Ta BOJIM3K rpaHuLibl paszzaena Si— Si0,
nocye nposeneHus bTO yka3pIBaloT 1aHHbBIE, OTYYEHHBIE METOAOM BPEMSIIPOJIETHON MacC-CIIEKTPOMETPUH
BTOpHYHBIX HOHOB (puc. 3). [Tpu Beimonuenun BTO ocHOBHAs YyacTh aTOMOB a30Ta AUPPYHAUPYET K TPAHULIEC
pasnena Si— SiO, 1 HaKaIUIMBAETCs B IPUTPAHUIHON 001acTH OKCHa. BOJIBIIMHCTBO aTOMOB a30Ta yAAJISIFOTCS
B IIPOIIECCE XUMUYECKOTO TPABJICHUS BMECTE C 3aIUTHBIM JIUAIIEKTPUKOM TIpH ripsimoM mopsike BTO. CHumke-

HHE YPOBHS IIyMa TOKOB YTEUKH IPH UMIUIaHTamuy 1o3amu D =2 - 102 - 10" cm 2 taxxe nabmonanock

B riccrezoBannu [10], a B pabore [11] st D =5 - 10" cM 2 1 E = 20 k9B GbII0 OTMEUEHO MOBBIIICHHE YPOB-

st uryma. Jinst A asora ¢ nosoit D=5 - 10" em? pu 00PaTHOM TMOPSIKE TEPMOOOPAOOTKHU TOBBIMIEHHE
YPOBHS IIIyMa MOXKET OBITh CBSI3aHO C HETIOJHBIM OTXKHIOM PaJIMAIMOHHBIX HAPYIICHUN M, KaK CIIEJICTBHE,
MOBBILIEHHON MJIOTHOCTHIO MMOBEPXHOCTHBIX COCTOSIHUM M UX MEpe3apsAiKoid MpHU NPOBEACHUU U3MEPEHUH.
IIpu menpmnx nozax MU azora (DN+ =2-10"=2-10" CM’z) OCTATOYHbIE HAPYLICHUS MOCIE UMILIaHTAL[UU
¥ TIOCTUMIUIAHTALMOHHOTO OT)KUIA, @ TAKKe YaCTh HAPYIUCHUH B HeCTeXHMOMeTpHyeckoM cioe Si, O, maccu-
BUPYIOTCSl aTOMaMH a30Ta.
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Puc. 3. Ilpodunn pacnpeneneHus aTOMOB a30Ta IOCIIe NMIUTAHTAIIN (DN_ =5-10"cem? E=40 KIB):
1 — 110 yaneHus 3alUTHOTO OKCHAA; 2 — MOCIIe yAAIeHHs 3alIUTHOTO OKCHIa
U MIOCTIEIYIOMIET0 HapallliBaHHs TTO3aTBOPHOTO ANAIEKTPHKA.
IpoenupoBanHsbIii poder nouos N (R,) npu umIuTaHTanuy ¢ sueprueit 40 xoB
CONIACHO TIPOBEIEHHBIM PacuyeTaM ¢ HCIOIb30BaHueM rporpaMmMsl SRIM coctasnsiet ~110 HM

Fig. 3. Distribution profiles of nitrogen atoms after implantation (DN+ =5-10" em™, E =40 keV):

1 — before the removal of the protective oxide; 2 — removal of the protective oxide
and subsequent growth of the gate dielectric.
The projected range of N ions (R,) during implantation with an energy of 40 keV
according to the calculations performed using the SRIM program is ~110 nm
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Ha puc. 4 npuBesieHa 3aBUCIMOCTD BEITMYMHBI IOPOTOBOTO HANPSKEHUS TPAH3UCTOPOB OT 103l UMIUIAH-
Talu a3oTa. B ciryuae npsiMoro nopsiika TepMooOpadoTKH st 00pa3iioB, H3TOTOBICHHBIX C JIOTIOIHUTEb-
Hoit UM a3ora, mMpoMCXOIUT POCT MOPOTOBOTO HAIPSKEHUS. DTO MOXKET OBITh CBS3aHO C yBEITMYEHHEM Kak
KOHIIEHTPALUK 3apsHKEHHBIX IIEHTPOB Ha rpanune paszgena Si— Si0,, Tak 1 KOJINYecTBa BCTPOCHHOTO 3apsiaa
B JIMDJICKTPUKE BCIIEACTBUE (DOPMHUPOBAHUS PaIHAIlIOHHBIX HAPYIICHUH TIPU TOTTOTHUTEILHOW UMIUIAaHTAIINT
azora. Takxke clelyeT yYUThIBaTh, YTO MPH MPSIMOM TOPSIIKE TePMOOOPaOOTKH, KaK BUIHO U3 pHC. 3, O0Ib-
IIMHCTBO aTOMOB a30Ta YAAJSIOTCS MPHU CHATHH oKcuja. Hanbombinye pa3inyusi BETUYUHBI TTOPOTOBOTO Ha-
IpsDKEHNs HAOMOatoTCst ipu psiMmoM nopsiake BTO st D . =5 - 10" cM 2, 40 06YCIOBICHO BO3pACTAHHEM
YHCIia TIOCTUMIUIAHTAIIMOHHBIX fehekToB [2]. [Ipu 3ToM B KpeMHHEBOH MOTOKKE B TIpOIlecce TepMooOpado-
TOK MOTYT (hOpMHUpPOBaThCs 1€(hEKTHI THIA TUCIOKAMOHHBIX neTens [S]. s 00pa3ioB, UMINIAHTHPOBAH-
HBIX a30ToM ¢ £ =40 k3B, yBennueHne noporoBoro HapsHKEHUS 110 CPABHEHUIO € IIOPOTOBBIM HAIIPSKEHUEM
KOHTPOJIBHBIX 00Pa3L0B MOXKET OBITh TOIIOJHUTEIIBHO CBSI3aHO ¢ 00pa30BaHUEM PAJUALUOHHBIX Ae(EeKTOB Ha
Ooupieit yOonHe oT TpaHuIbl Si. YacTh paananinoHHbIX AedexToB npu nposenerann bTO He aHHUTHITUPYIOT
Ha MOBEPXHOCTH, a OCTAIOTCSI B 00bEME KPEMHUs U BIOCIEICTBUHU JIOKAJIU3YIOTCSI BOJIM3U TPaHULIBI pas3ie-
na Si— SiO,. B ciayuae D=5 10" cm 2 na MOPOTOBOE HANPSIKEHUE TAKXKE OKA3bIBACT BIMSHUE 00pa3oBaHKe
OOJIBIIOTO KOJMYECTBA PAAHAOHHBIX Ie()EKTOB U, BO3MOKHO, (HOPMHUPOBAHHE KOMILUIEKCOB 1¢(DEKTOB U IUC-
nokauii [4]. [Ipu obparHom nopsinke BTO cymiecTBeHHBIX pa3iuyMii B BEJIMYMHE TIOPOTOBOTO HANPSIKEHUS
1151 00pasIoB, CO3JaHHBIX C JOMIOJHUTEILHON UMIUIAHTALMEH a30Ta, 1 KOHTPOJIBbHBIX 00Pa31I0B HE BHISBICHO.
B nannowm ciyuae B nponecce bTO Ha moBepXHOCTH Si MPOMCXOIUT aHHUTHIISILHSI YACTH PaJAUAllMOHHBIX JIe-
(EeKTOB BBHULy OTCYTCTBHSI 3aLIUTHOTO OKCHJIA, (YOPMHUPOBAHHS KPYIHBIX Ae(PEKTHO-IPHUMECHBIX KOMILIEKCOB
He HaOmrogaercs. [Ipy HanMuMM 3alIMTHOTO OKCHIA Takas aHHUTHJLIIMS CYILIECTBEHHO 3aTpynHeHa. Benen-
cTBHE 3TOrO0 Npu npsimoM nopsiake bTO kak Ha rpanune pazaena Si— SiO,, Tak U B OITY4YEHHOM CJI0€ OKCHIA
MIPOMCXOJUT HAKOIIJICHUE MOCTPAANALIMOHHBIX 1e()EKTOB.
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Puc. 4. 3aBucuMOoCTb BEIUYHHBI HOPOrOBOT0 HanpsikeHus (V)
TPaH3UCTOPA OT AO3bI UMIDIAHTAIMHU a30Ta (D_ ) pu mpssMoM (F')
u obparHoMm (B) nopsiike BTO st kouTponsHbIx (W/0)

u ummnianTuposannbix (N ) 06pasios

Fig. 4. Dependence of the threshold voltage value (V)
of transistor on the dose of nitrogen implantation (DN+)
with the direct (/') and reverse (B) order of rapid thermal annealing
for control (/0) and implanted (N*) samples

Kax n3Bectno [12], noporosoe Hanpsokenue (Vy,) MOII-Tpan3ucTopa onpenensercs CleayrouyM Bblpa-
HKEHHEM:
2e59N,(2v5)

C.

1

Vin =2Wg + )
I1e Yy — PasHOCTb MEXK 1y ypoBHeM Depmu B Marepuaie 1 noJIokeHreM ypoBHst DepMu B COGCTBEHHOM MOy~
IIPOBOJIHUKE; €5 — A0COMIOTHAS IMAIEKTPUIECKAst IPOHAULIAEMOCTb KPEeMHHS; N, — KOHLICHTPALKs JIETHPYFOLICH
npuMecH B p-ofnokke; C; — yAenbHas EMKOCTb OKCHIA.

VI3 IpeICTABNEHHOTO BBIPAKEHHs CIIE/yeT, YTO IPH MPOYMX PaBHBIX napamerpax (Yg, N;) moporosoe Ha-
NIPSUKEHUE OTPEENSETCS IPEKIE BCErO EMKOCTBIO MO3aTBOPHOTO AMAIIEKTPHKA.
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B pe3synsrarte npoBeeHHBIX H3MEPEHUH YCTaHOBIIEHO, YTO €MKOCTh TIOA3aTBOPHOTO JTUAJIEKTPUKA JUTST 00-
pa3LoB, noaydeHHbIX ¢ npuMeHeHueM MU a3zora kak ¢ £ = 20 k3B, Tak u ¢ E = 40 k3B npu npsaMom nopsiake
BTO, Huxe, yeM U1 KOHTPOJIBHBIX 00pa3uoB (puc. 5). C yBenudeHHueM J03bl MMIUIAHTALUU 9Ta pa3HUIa
yMeHbInaercs. Cxoxue pazauyusi BEIMYUH eMKOCTH Ipu oOpartHoM nopsagke BTO orMeueHs! kak B ciydae
E=20xB (D,.=5-10" cm?), Tax u B ciyuae £ =40 0B (D =2 - 10° em®). Ja D =1 - 10" em?

uD .=5- 10'* em? HaGimromaeTcst 06paTHOE COOTHOIICHHE, T. €. EMKOCTb TTOA3aTBOPHOTO OKCHJIA BBILIIE TIPH
JIOTIOJTHUTEIILHOM UMIUTAHTAIMH a30Ta.

800 TTTTT T T T T T 17177 T T T T T 17T
° = B (WO)
o F(W/0)
e B(N")
N o F(N)
%ﬁ
; O
V) L = ! | 1
g e B
760—0; ————— & T
Lol 1 o1l 1 [ ]
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Puc. 5. 3aBucuMocTh BEIUYMHBI EMKOCTH Hoa3aTBopHoro okcuna (C,,)
TPaH3UCTOPA OT JO3bI UMILIAHTAMHU a30Ta (D_ ) npu npsMoM (F')
n obparHoMm (B) nopsiake BTO juist korTpONsHEIX (W/0)
u umrranTupoBanHEX (N ) 06pasios

Fig. 5. Dependence of the capacitance value of the gate oxide (C,,)
of transistor on the dose of nitrogen implantation (DN )
with the direct (£) and reverse (B) order of rapid thermal annealing
for control (W/0) and implanted (N) samples

CpaBHEHHE OTHOILICHUS Y/IETbHBIX €eMKOCTEH MO3aTBOPHOTO INAJICKTPUKA, OTPEICIICHHBIX U3 TAHHBIX MPO-
BOJMMOCTH B JIMHEWHO# oOactn Hackimenus (C/ C;;\;‘f), MOKA3aJ10, YTO HAMOOJBIIINE Pa3INIUsI KMEIOT MECTO
IIPU IPSIMOM HOpsizike 00paboTKH (cM. Tabmuiy). B aToM ciydae BenmnuuHa yelbHONH eMKOCTH AJ1s1 TPUOOPOB,
CO3/IaHHBIX C IPUMEHEHUEM JIONOJIHUTENbHOM onepauuu MW azora, mpakTHYECKH BE3/IE MEHbIIIE aHAJTIOTUYHON
BEJIMYMHBI JJ151 KOHTPOJIBHBIX 00pa3IoB. DTO MOKET OBITH O0YCIIOBIIEHO HAJTMYUEM B CIIO€ OKCHIA M Ha TPAHUIIE
pasznena Si— SiO, B KOHTPOJBHBIX 00pa3lax YeThIpeX Pa3lINYHBIX 110 CBOEH MPHPO/Ie UCTOYHUKOB 3apsaa —
3apsaa OBICTPHIX MOBEPXHOCTHBIX COCTOSIHAW B TIOIYIIPOBOTHHKE, TIOCTOSHHOTO 3apsja B OKCHIIE, 3apsijia Ha
JIOBYIIKAX B CJIOC OKCHJIA U 3apsifa MOABMKHBIX HOHOB [12; 13].

OTHolIeHHe YAeTbHbIX eMKOCTeil M0A3aTBOPHOI0 AM3JIeKTPHKA,
MOJIy4YeHHBIX M3 JaHHBIX KpyTH3HbI BAX B /InHeiiHOIi 001acTH

The ratio of the specific capacitances of the gate dielectric,
obtained from the data on the current-voltage slope in the linear region

C(J'WIH/ C‘J'H/I:l
DN+? CM—Z 1 iN
F B
1-10" 2,02 1,01
210" 1,83 1,73
5.108 2,32 1,21
5.10" 2,12 1,39

Bennunnaa mocTossHHOTO 3apsjia B OKCUAC 3aBUCUT OT pEKUMaA OKHUCJICHU A, BUAA TPEAOKUCIIUTECIIbHBIX 06pa-
OOTOK KPEMHHUEBBIX INIACTUH U 3arpsizHeHHs cucteMsl Si— SiO, nonaMmu npumeceil. 3apsa Ha JIOBYIIKax B CTe-
XHUOMETPUYECKOM YACTH CII0ST OKCHJIA ITPEJICTABIISICT COO0H 00BEMHBII 3apsi/], 3aXBauCHHBIN HA YHEPTCTHUCCKHE
ypoBHH J1e¢peKkToB B Si0,. DTOT THII 3apsia aCCOLUUPYETCS ¢ MEJICHHBIMU COCTOSIHUSMH. 3apsil TOJABM>KHBIX
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VIOHOB CBS3aH C TIPHCYTCTBHEM B OKcH e HoHOB menodnbix (Na', K, Li") 1 TKeIbIX MeTanos, monaiaommx
B OKCHJI U3 OKPY’Kalolleil Cpeabl 1 MaTepUalIoB, UCIIOIb3YEMbIX B TEXHOJIOTHYECKOM IIpouecce. BiusHue a3zo-
TUPOBAHUsI OOBIYHO CBA3BIBAIOT C HAKOIUICHUEM a30Ta BOJIN3uU rpanul paszaena Si— Si0, 1 BKIIFOUYEeHHEM aTOMOB
a30Ta B CTPYKTYpy 3THX TpaHull [2; 3]. CBsa3u Si— N 3aMeHSI0T HaNpsHKEHHBIE WA HECKOMITEHCUPOBaHHBIE
CBSI3U B HECTEXHOMETpHYeCcKOM cioe Si O, yMeHblIas sHepruto Aepopmanuy rpauusl pasaena Si — SiO,.
B pesynprare B mporecce TepMUUeCKIX 00pabOTOK YMEHBIIIAeTCsl BEPOSITHOCTD afcoOpONpOBaHuUs Ha 000-
PBaHHBIX CBA3SX IPaHUIl pazjieia UOHOB MpuMecel meTaliioB. Menbiiee BiusiHue MM azora Ha mapameTpsl
cunoBbIx MOII-Tpan3ucTopoB npu 00paTHOM HOpPsIKe 00paOdOTKH, BEPOSITHO, OOYCIOBICHO TEM, YTO HOCTE
CHSTHS 3AIUTHOTO OKCH/1a 3HAUYUTEIbHAS YaCTh BHEIPCHHBIX aTOMOB a30Ta HCIapseTCs U3 IPUIIOBEPXHOCTHOM
obnactu mactul rpu nposenaeHnu bTO u He yuacTtByeT B hopmupoBanuu cBsizeit Si— N.

PesynbraTel N3MepeHHH 3aBUCUMOCTU TOKa cToKa (/) u kpytusHsl BAX (Ag,,) MOJIEBBIX TPaH3UCTOPOB
B TPHOZIHOM PeXKUME (HAIpPsDKEHHE CTOK — UCTOK V; =—0,1 B) ot Hanpspkenust Ha 3atBope (V) /U1s KOHTPOJIBHBIX
00pasioB 1 00pa3IoB, UMIIAHTUPOBAHHBIX HOHAMH a30Ta, MPEJCTaBIeHbI Ha puc. 6. [IpakTuueckn Ha BceM
MHTEPBAJIC IPUIIOKCHHBIX HANPSDKEHUH BEJIMUMHA [, [UI KOHTPOJIBHBIX 00Pa31i0B IIPEBBIIIAET COOTBETCTBYIO-
LIYI0 BEJTMUUHY 7151 00pa31oB, HMIIAHTUPOBAHHBIX a30TOM.

ala

100 100

2,5
7@) B 7@'" B

——WIO ----N"(D_, =1-10" eM?, E=20x3B) ----- N (D =2-10" cm2, E =40 x3B)
—N'(D.=5" 10° eM2, E=2010B) ---- N (D=5 10" em2, E = 20 oB)

Puc. 6. 3aBucumocTn Toka ctoka (/) u kpytusael BAX (Ag,,) MOII-Tpan3ucropos
B TproaoM pexume (¥, =—0,1 B) or nanpsokenus na sarsope (V,) B quanasone 0-2,5 B
A KOHTpOIbHBIX (W/0) n nmmuiarTEpoBadHEIX (N ) 06pasmos:
a — npsimoii mopsaaok bTO; 6 — obparusrit mopsgox BTO

Fig. 6. Dependences of the drain current (/,) and the current-voltage slope (Ag,,) of MOSFETs
in the triode mode (¥, =—0.1 V) on the gate voltage () in the range 0-2.5V
for control (W/0) and implanted (N ") samples:
a — direct order of rapid thermal annealing; b — reverse order of rapid thermal annealing

OnnHako B quamna3zoHe HaNpsDKeHUN Vg ot —0,15 no 0 B BesmunHa /; U1 UMIUIAHTUPOBAHHBIX a30TOM 00-
PasIoB, U3rOTOBJIEHHBIX MU IpaMoM nopsiike bTO, BrIte, uem 1 KOHTPOJIBHBIX 00pa3ioB (puc. 7, a). Hau-
OOJIBIIHE PA3INYNS B JAHHON 00JIacTH HAOIIOMAIOTCS TIPH D,.=1- 108 e u D,.=5- 10" eM 2. Dro moxer
OBITH CBSI3aHO C MOBBILICHHON KOHIIEHTpanuel (ObICTPBIX) JIOBYILIEK BOJIN3M IpaHullbl U Ha rpanuue Si— Si0O,
M0 CPaBHEHUIO C UX KOHLEHTpPalueil B KOHTPOJIBHBIX 0o0pa3uax mnpu npsmom mopsiake bTO. Hocurenu 3a-
psila 3aXBaThIBAIOTCS HA ATH JIOBYIIKHU BCIEACTBUE HAMWYHs MU ()y3nOHHOTO TOKA Yepe3 CTOK U UCTOK. [lpu
00paTHOM MOPSIKE TEPMOOOPAOOTKH OOIBIIAsT YaCTh OCTATOUYHBIX PagHAIlMOHHBIX HAPYIICHUH OT)KUTACTCS,
a OCTaBIIMECs] HapyIICHHUs] MMACCUBUPYIOTCS aTOMaMHU a3oTa Ha moBepxHocTH Si B mpouecce bTO BBy
OTCyTCTBHUSA 3aiiuTHOrO okcuaa. [Ipu nmpssmom mopsnke BTO Takoli aHHUTHISIUH HEe OyAeT W3-3a HAJTUUHS
3alUTHOTO OKCHU/IA, B JAHHOM clly4yae Kak Ha rpanuue pasgena Si— Si0O,, Tak ¥ B HOTYYEHHOM CJI0€ OKCUa
OyIyT HaKaIIMBaThCA MOCTpaguaIMoHHble AedekTol. OTcyTcTBHE 3 dekTa s 00pas3oB, UMILUIAHTHPO-
BaHHBIX a30TOM ¢ D . =5 - 10" cm %, 06yCIOBNEHO AHHUTHIISIHCH PAaTHALIMOHHEIX 1e(eKTOB B MPOIECCe

BTO, a Ttaxxe Manoil KOHIEHTpAIIMEH aTOMOB a30Ta BCIIEACTBHE MX YIAJICHHUS M3 00pa3llOB MPH CHSATHH 3a-
IIUTHOTO OKCHU/IA.
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Puc. 7. 3aBucumoct Toka croka (/) u kpyrusHsl BAX (Ag,,) MOII-Tpan3ucropos
B TproanoM pexume (¥, =—0,1 B) or nanpsikenust na sarsope (V,)
B anamnazone 0—0,8 B mst koHTponbubIX (W/0)
u nmriaaTapoBasHbx (N ) 06pasios:
a — npsimoii mopsinok bTO; 6 — obparusIit mopsimox BTO

Fig. 7. Dependences of the drain current (/,;) and the current-voltage slope (Ag,,)
of MOSFETs in the triode mode (¥, =-0.1 V) on the gate voltage (V)
in the range 0—0.8 V for control (W/0) and implanted (N*) samples:
a — direct order of rapid thermal annealing; b — reverse order of rapid thermal annealing

B nopmoporosoit o6nacty (V, = Veyyrhexp — Vin) BAX siBiIsieTCS TMHEHHON NPU MOCTPOCHUH B KCIIOHEH-
[[UAJILHOM MacIiTade (CM. puc. 6), ee CMEIICHHE BIOJIb OCH HAITPSDKEHUH JJIsl 00pa3IloB, TOTMOJHUTEIIEHO UM-
TUIAHTHPOBAHHBIX HOHAMH a30Ta, CBI3aHO C HATMYUEM TTOJIOKUTEIBHOTO 3apsiia, KOTOPBIH MOXKET HaXOAUTHCS
Kak B OKCHJIE, TaK 1 Ha rpanuie pasnena Si— Si0O,. O0pa3oBaHue MOJI0KHUTEIBHOTO 3apsiia 00YCIOBICHO HE TOIBKO
MOBPEKICHUSIMU TIOJUIOKKH (pasnannoHHbie JedekTsl B Si), Ha KOTOPOH BIOCIEICTBUH HapaIMBACTCsl OKCH/,
HO ¥ HAJIMYHMEM HalpsDKEHUH PacTATMBAIOILETO XapakTepa BBUIY IPUCYTCTBHUSI aTOMOB a30Ta Ha TPaHULE pasze-
na Si—SiO, [2]. s o6paTHOro nopsiaxa TepMoo0padboTku 3ToT 3(h(EKT MEHEee BBIPaKEH, IIOCKOJIbKY B IIpoLiecce
BTO npoucxosIT aHHUTWIISTIHS PAIUAIIMOHHBIX Je(DEKTOB M HCTIaPEHHE aTOMOB a30Ta C IOBEPXHOCTH ITACTHHEI
kpemuus. Ilpu V,=-3 B B TpuonHOM pexxume JaHHbIH 3()(EKT He Tak SPKO BIPaXKeH, 4TO 00yCIOBIEHO 60IIb-
LIMMH BETMYMHAMH TOKa CTOK — ICTOK B PEKMUME OTCEUKH BCIIEACTBHE OoJiee OBICTPOi mepe3apsAKH JIOBYICK.

Ha puc. 8 npencrasneno cpaBaeHne BAX KOHTPOIBHBIX 00pa3LOB MOJIEBBIX TPAH3UCTOPOB B TPHOTHOM PEKUME
TIPH CMELLEHHH CTOK —HeToK V= —0,1 B u V; = -3 B. B mopnoporosoii suneiinoi oonactit (V, = Vyyrhexy — Vin)»
rae BAX npu noctpoenuu B orapudMuiaeckoM mMaciitade 1o ocu [, IMeeT NpakTHUeCKU JTMHEHHYIO 3aBUCH-

MOCTb (I, ~ e 2), ciBuT BAX B/10ITH OCH HaNpsHKEHUH OTCYTCTBYET, U HAOIFOIAETCS COBIAICHUE 3aBUCHMOCTEH.
Orto yka3beiBaeT Ha oTcyTcTBHe DIBL-3¢pdexra koporkokanamsuabix MOII-Tpan3ncTopos.

Ocnosroe nposiBiienne DIBL-addexTa — cunbHas 3aBUCHIMOCTE TOKA CTOK — UCTOK depe3 3akphIThiit MOII-
TPaAH3UCTOP OT HAIPSDKECHUS HA CTOKE B TIOAMOPOTrOBOM 00JIaCTH, T/IE B PSKUME CJIa00H MHBEPCHHU CYIIIECTBYET
MIOTEHI[UAIBHBIN Oaphep MEK/y HCTOKOM U 00J1aCcThI0 KaHaia. Bricora Oapbepa sBIseTCsl pe3ysibTaToM OajiaH-
ca npetipoBoro u A Py3MOHHOTO TOKOB MKy dTHMHU oONacTaMu. [Ipu mojgaye BEICOKOTO HAIPSDKEHUS HA
CTOK BBICOTa Oapbepa MOXKET YMEHBIIIUTHCS, YTO MPUBEIET K YBEITUYEHHUIO TOKa CTOKa. TakuM 00pazoMm, mpu
Hajmauu DIBL-3(hdekra TOK cTOK — HCTOK KOHTPOJIHPYETCSl HE TOIBKO HANpsDKEHUEM 3aTBOpa, HO W Haps-
JKEHHEM CTOK — UCTOK. Hamuane sToro adexra Taxke CHIBHO BIUSET HA CHIDKEHUE TOPOTOBOTO HAMPSIKEHHUS
B 3aBUCUMOCTH OT HampsDKEHUS Ha CToke [14].

di
Kpyrusna BAX (Ag,, = #) HAaxXOJIUTCS B MPSIMOM 3aBUCUMOCTH OT INIOTHOCTH IIOBEPXHOCTHBIX COCTOSI-

HUH, KOTOpBIe 00yCIOBIeHbI porieccamu MM 1 mocTuMImaHTalmoOHHOTO oTXKUTa. M3 aHanm3a 3aBUCUMOCTH
Ag,, OT HaIIPSKEHUS HA 3aTBOpPE (CM. puc. 6) BUIHO, YTO Ul BceX 00pa3LoB, UMIUIAHTUPOBAHHBIX a30TOM IIPU
pssmom nopsiake bTO, HabromaeTcst cMeneHre MakcuMyMa KpuBoii Brpaso. [Ipuatom st D . =1 - 10" em?
u E = 20 k3B uMmeeT MecTo yBenmnUeHHE MAaKCUMAIBHOTO 3HAYCHHS KpyTH3HBI BAX. 3T0 MOXeT OBITH 00y-
CIIOBJIEHO OoJiee MONHON aHHUTHISIIMeH paauamoHHbix Jaedektor npu BTO. [{ns oOparHOTO MOpsiKa OTKHTa
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Puc. 8. 3aBucumocts ToKa croka (I;) MOII-Tpan3ucTopoB
B TproaHoM pexume (V;=-0,1 Bu V,=-3 B) or HANpsUKCHHA Ha 3aTBOPE 7y
U1 KOHTPOJIBHBIX (W/O) v uMIuIanTHpoBanHbIX (N ') 06pasion
ipu obparHoM nopsiike BTO (D =5.108em?, E=20 K3B)

Fig. 8. Dependence of the dram current (/,) of MOSFETs
in the triode mode (¥, =-0.1 V and Vd =-3 V) on the gate voltage (V)
for control (J#/0) and implanted (N™) samples W1th the reverse order
of rapid thermal annealing (DN+ =5-108cm>% E=20 keV)

CYIIECTBEHHOE CMEIIeHNE BnpaBo MaKchyMa KpHUBOIl 3aBUCUMOCTU Ag,, OT HaIpsDKEHUs Ha 3aTBOpE 3ape-
TUCTPUPOBAHO TOHI)KO anst D, 10" eMm? u E = 40 ©B. [ D=5 10" e E = 20 ©3B, a Taxxe

D,.=2- 107 em 2 u E=40 K3B IIPU IaHHOM peXUME TepMOO6pa60TKI/I HaOII0AAeTCsI CHIKEHNE MAaKCHMaJlb-
Horo 3HaueHus kpyTuszHel BAX. Jlerpamanus xpyTtuznel BAX amns p-kaHaqbHBIX TPAH3HUCTOPOB MOXKET OBITh
00yCIIOBJICHa BOBHUKHOBEHHEM BHYTPEHHUX HANPSHKCHUH PACTITUBAIOIIETO XapaKkTepa B TUICKTPHUKE BCIC -
cTBHEe (POPMHUPOBAHUSI a30TUPOBAaHHOTO ci10s Si0,, umeromero 6onee BeICOKOe 3HaueHue Moxnyns FOHra, uem
y Hea3oTUpOBaHHOro okcuza [2]. Eie ogHuM BaXHBIM (PaKTOPOM, OKa3bIBAIOIINM CYILIIECTBEHHOE BIMSHUE Ha
merpaganuio KpyTusabl BAX, sBIsieTcsl IPOHMKHOBEHHE aTOMOB 60pa M3 KapMaHOB p-TUIA M p’ -TUIA B OK-
cun [2]. HakanimBaemas B OKCH/Ie IOBBIIICHHAS! KOHIEHTPALUs 00pa CIIoCOOCTBYET ACTpadallii XapaKTepuc-
THK ITOJI3aTBOPHOTO AUIIEKTPUKA BCIEACTBHUE YBETMUEHUS TEMIIa IIPOIIECCOB 3aXBaTa 3apsii0B.

3aKjaoueHune

YcTraHOBIIEHO, YTO MIPOBEICHNE a30THPOBAHUS TIOA3ATBOPHOTO IuAeKTpuka MetogoM MU mpu m3rotos-
neHnn cuaoBeIX MOII-TpaH3uCTOPOB MO3BOJSIET YMEHBIIUTD IIyMbl TOKOB YTEUKH 3aTBOPA U UX JUCIIEPCHIO.
310 00YCIIOBIICHO CHIPKEHHEM TUIOTHOCTH MTOBEPXHOCTHBIX COCTOSIHUE Ha rpanule paszaena Si— SiO, B MOII-
CTPYKTYpPax, CO3IlaHHBIX C TPUMEHEHUEM JONIOIHUTENbHON onepaunn MU a3ora npu npsaMom nopsiake TepMo-
00paboTKH.

TokasaHo, 4To mpu npsiMoM Topsake BTO s 06pasioB, MMITAHTHPOBAHHBIX HOHAMH N ', IPOHCXOIHUT
YBEITUYEHHE TTOPOTOBOTO HAIPSKEHHS TTO CPABHEHHIO C €T0 3HAUYE€HHEM JIJIs1 KOHTPOJIBHBIX 00pa3ioB. Hau-

GonpIIKe pasINYHs BETHIUHBI IOPOrOBOIO HaNpsyKeHMs HaOmonaroTes wist D =5 - 10" em 2. D10 MOKET
OBITH CBSI3aHO C YBEJIMUCHHEM KOJIMYECTBAa BCTPOCHHOTO 3apsiia B )maneKTpHKe BeieAcTBUE (hOPMHUPOBAHHUS
panuaoHHbIX HApYIIEHUH MPH TOMOIHUTEIFHON UMITIAHTAI[MA HOHOB a30Ta, KOTOPbIE HE MOJTHOCTHIO OTKH-
TaroTCst IPY UCTIOIL30BAHHOM PEXMME TTOCTUMILTAHTAIMOHHOTO OT>kura. [Ipn odparHoM mopsiike TepmMooopa-
OOTKHM CyILECTBEHHBIX PA3JINUUIl B BEIMUMHE IOPOTOBOI0O HANPSHKEHUS 7151 00pa3LioB, CO3AaHHbBIX C JOTIOJIHU-
TEJbHOW UMITAaHTALMeN a30Ta, 1 KOHTPOJIBbHBIX 00pa3LoB He BbIsiBIeHO. [Ipy TakoM nopsiake TepMooOpadoTKH
B npouecce bTO Ha moBepxHOCTH Si MPOMCXOAUT AaHHUTHIISLUS YaCTH PaJAUAMOHHBIX Je(EeKTOB BBUAY OT-
CYTCTBHSI 3aLIUTHOTO OKCUAA, U (POPMHUPOBAHUS KPYIHBIX 1€(DEKTHO-IPUMECHBIX KOMITJIEKCOB HE IIPOUCXOIUT.

YcTaHOBIIEHO, UTO €MKOCTh MTOJ[3aTBOPHOTO TUAJIEKTPUKA /7151 00pa310B, HMIJIAHTUPOBAHHBIX HOHAMH a30-
Tta ¢ E =20 x3B u E = 40 k3B mipu npsMoM TopsIIke OT)KATA, HIDKE, 9eM JIJIsT KOHTPOJIBHBIX 00pa31os. C yBe-
JUYEHAEM JI03b1 HMIUTAHTAINH JIAHHBIE PA3IHYHS yMEHBIIAIOTCS.

OtMmeueHo, 4To B Auanasoxe Hanpsokenui V, or —0,15 10 0 B TOK cTOKa MMILIAHTHPOBAHHBIX a30TOM 00pa3-
LI0B, U3TOTOBJIEHHBIX C MPUMEHEHHUEM MPSIMOTO nopﬁzu(a TepMOOOpaOOTKH, BBIILIE, YEM aHAJIOTMYHBIN apamMmeTp
KOHTPOJBHBIX 00PAa3IOB, a TOK CTOKa WMIUTAHTUPOBAHHBIX a30TOM 00Pa3IoB, MOTYyYEHHBIX MPHU 00paTHOM
nopsiike TepMooOpabOTKH, HIKE TOKA CTOKA KOHTPONIBHBIX 00pasios. [ns oboux BugoB bTO nHaunbonsime
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pasnuuns Habmronarores npu D =5 - 10" e 2. TIpu mpsiMoM TIOpsIKe TePMOOOPAGOTKH MOTyYEHHbIE PE3yITh-
TaTbl 00yCIOBICHBI yBeJ'II/I‘-IeHI/IeM KOJINYEeCTBA BCTPOCHHOTO 3apsja B AUMICKTPUKE BCIEICTBHE (YOPMHUPOBa-
HUSI paJIMallMOHHBIX HApYIICHUH MPH JTOTMOJHUTEIbHOW UMILIAHTAlMA HOHOB a30Ta. [Ipu oOpaTHOM mopsake
TepMOOOPaOOTKH Ha TIOBEPXHOCTH Si MPOUCXOANUT aHHUTHIISIINS YacTH PAJHallMOHHBIX 1e()EKTOB BBUIY OT-
CYTCTBHS 3aILIUTHOTO OKCH/1A, (POPMUPOBAHUS KPYIHBIX JAe(PEKTHO-IPUMECHBIX KOMIUIEKCOB HE HaOII0qaeTcsl.

YcTaHOBJIEHO, UTO UCHONb30BaHHbIE 036l W a30Ta He BBI3BIBAIOT CYIIECTBEHHBIX N3MEHEHUI MaKCUMaJlb-
HOTO 3Ha4eHMs KpyTH3HbI BAX npu npsimom nopsizike BTO, 3a nekmouennem Dy, = 1 - 10" em % i E =20 x3B.
IIpu 3 TOM BO BCEX MCCIIEAOBAHHBIX CIy4asx MPOUCXOJUT CMEIEHNE MaKCHMATBHOTO 3HAUEHHs! KpyTu3Hsl BAX
B CTOPOHY OOJNBIINX 3HAYEHUH HaNpsDKEHUH Ha 3aTBope. [Ipu oOpaTtHOM mopsiake TepMooOpabOTKH B cilydyae
E =20 k3B 3HaueHus Ag, He UCIBITHIBAIOT CYLIECTBEHHBIX U3MEHEHUIl. DTO MOXKET ObITh 00YCIIOBIEHO TEM,
YTO OONIBIIAS YAaCTh OCTATOYHBIX PAAHAMOHHBIX HAPYIIECHHH OT)KUTAETCS, a OCTAaBIIMECsS HApyIICHHUs B He-
CTGXI/IOMeTpI/I‘-IeCKOM cnoe Si,0, naccuupyrorcs aromamu asora. s 06pa3u013 HMMIUTaHTUPOBAHHBIX a30-
ToM ¢ D . = 10% eM?nE = 20 k9B, HaOmomaeTcs 3Ha4UTENTHHOE CHIKEHHE KpyTu3HbI BAX 10 cpaBHEHHIO

C TaKOBOM IJIsT KOHTPOJIBHBIX 00pa3ioB. I1pu nposeaernn bTO mocie cHITHS 3anuTHOTO OKcra (0OpaTHbIi
MOPSIJIOK) aTOMBI a30Ta JIETKO MCHAPSIOTCS ¢ MOBEPXHOCTH IJIACTUHBI, a Ae(eKThl, 00pa3oBaBIIMecs MOCIe
1Y, He NOIHOCTBIO OTHKUTAIOTCSL B HECTEXHOMETprIeckoM ciioe Si,0,.
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YAYUIIEHUE METPOAOI'MYECKUX XAPAKTEPUCTHUK
BE39XOBbIX KAMEP 3A CHET AIIOCTEPUOPHOI'O AHAAN3A
HA OCHOBE NMCKYCCTBEHHBIX HEMPOHHBIX CETEN
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PaccMoTpena BO3MOKHOCTD YITyUIIEHHST METPOJIOTHYECKUX XapaKTEPUCTUK O€39X0BOIT KaMephl 3a CUET aroCcTeprop-
HOW 00pabOTKM pe3yabTaToB M3MEPEHNUH Ha OCHOBE T'€HEPATHBHO-COCTSI3aTENIbHON MOJIENN HCKYCCTBEHHON HEHPOHHON
CETH B LIEJISIX CHIKEHMS BIMSTHUS Ha pacipesieNIeHe JIEKTPOMarHUTHOTO TOJISt B U3MEPUTEIBHOM 30HE BOJIH, OTPayKEHHBIX
OT BHEUIHMX I'PAaHHI] KaMEphl U PACHOIOKEHHOTO B Hell ob6opynoBanusa. OOydeHne HEMPOHHOW CETH OCYIIECTBICHO Ha
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Ha6ope JaHHBIX, KOTOPBIC ObLITH IMOJIYYCHBI B paMKaX BbIYHUCIIUTCIBHOIO SKCIICPUMECHTA U BKIIIOYAJIN B Ce65l pacopene-
JICHHSI 3JICKTPOMArHUTHOTO TIOJISE B 00JIacTH 0€33X0BOCTH ISl MOZIECIH 0€33X0BOM KaMephl U CBOOOIHOTO MIPOCTPAHCTBA
IIPY 3aJIJaHHBIX CXeMaX pa3MelLIeHUs] HCTOYHUKOB. Pacripenesnenust 1eHCTBUTEIbHON 1 MHUMOW YacTeil 3JIeKTpUYECKON
KOMITOHEHTHI 3JIEKTPOMAarHUTHOTO TI0JIS1 3aKOJIMPOBAHbI B BHJIE IIBETHBIX M300paskeHnii. Ha mpuMepe nByMepHBIX Moje-
Jiei 6e33XOBBIX KaMep MOKa3aHa IMPaKTUIecKasl Pean3yeMOCThb MPEATIOKEHHOTO MOIX0/a K aloCTepHOpHONA 00paboTke
pe3ynbTaTtoB n3Mepenuil. [IprBeeHbI METOANKH OIIEHKH TOYHOCTH alloCTEPHOPHOI 00pabOTKH pe3yIbTaTOB H3MEPEHHIA
Ha OCHOBE MCTPUK, UCIIOJB3YECMBIX JIA OLICHKHN Ka4uC€CTBa rpa(bnqecm/lx I/1306pa)KCHI/II71, W BBIYUCJICHUS l'IOFpeIHHOCTeI\/’I
AMILTUTY]] JIEKTPUYECKON KOMIOHEHTBI 3JIEKTPOMArHUTHOTO 11oJist. OlieHeHa BOBMOKHOCTh peaii3aliy MPeIoKeHHON
METO/IMKH alloCTEPUOPHOTO aHAJIM3a B PaMKax HaTypHBIX MUKPOBOJIHOBBIX U3MEPEHUH B O€39X0OBBIX KaMepax.

Kniouegwie cnosa: 6e33x0Bast KaMepa; HEHPOHHBIE CETH; TEHEPAaTHBHO-COCTSI3ATEIIbHBIC MOZIEIH; PACTIPEICIICHUE JIIEKTPO-
MarHUTHOTO MOJIS; METPOJIOTMYECKHUE XapaKTEPUCTUKU.

INCREASING THE METROLOGICAL CHARACTERISTICS
OF ANECHOIC CHAMBERS DUE TO A POSTERIORI ANALYSIS
BASED ON ARTIFICIAL NEURAL NETWORKS
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This article considers the possibility of improving the metrological characteristics of an anechoic chamber due to
a posteriori processing of measurement results based on a generative adversarial model of an artificial neural network
in order to reduce the influence on the distribution of the electromagnetic field in the measuring zone of waves reflected
from the outer boundaries of the chamber and the equipment located in it. The training of the neural network was carried
out on a data set obtained as part of a computational experiment and including the distribution of the electromagnetic field
in the anechoic region for the model of an anechoic chamber and free space for given source layouts. The distributions
of the real and imaginary parts of the electric component of the electromagnetic field were encoded with colour images.
On the example of two-dimensional models of anechoic chambers, the practical feasibility of the proposed approach to
a posteriori processing of measurement results is shown. Methods for estimating the accuracy of a posteriori processing
of measurement results based on the metrics used to assess the quality of graphic images and calculating the errors in the
amplitudes of the electric component of the electromagnetic field are given. The possibility of implementing the proposed
method of a posteriori analysis in the framework of natural microwave measurements in anechoic chambers is assessed.

Keywords: anechoic chamber; neural networks; generative adversarial models; electromagnetic field distribution; metro-
logical characteristics.

BBenenue

Bbezaxosrie kamepsl (BOK) sABIsAIOTCS BaXKHEUIINM AIIEMEHTOM METPOJIOTHYECKUX KOMIUIEKCOB MHKPO-
BOJIHOBOTO JIMAIia30Ha U HIMPOKO MCIONB3YIOTCS ISl pa3pabOTKU aHTEHHBIX CHCTEM, PEIICHHUs 3ajad pa-
JMOJIOKAIHHY, SJIEKTPOMArHUTHON COBMECTUMOCTH, 3aIUThl HH(OPMAIINHU, PAJUOIKOIOTHH, CepTH(GUKALINT
pamuo3IeKTPOHHOTO 000opymoBanws [1]. OHu mpegHa3HAYCHBI AT CO3MAHUS YCIOBUN HU3MEPECHUS, OIIM3KUX
K CBOOOIHOMY MPOCTPAHCTBY, a TaKXKe 00eCTIedeHNs IKPAHUPOBAHMS BHYTPEHHUX W BHEIIHWX MCTOYHHKOB
AJIEKTpOMArHuTHOroO 1nosst. KimodeBbiMu (pakTopaMu, BIUSIONIMMHA Ha METPOJIOTHUECKHE XapaKTePUCTHKU
BOK, aBnsrorcst (popma, BOITHOBBIE pa3Mephl, yPOBEHb SKPAaHUPOBAHUS U Ka4€CTBO PaJUONOITIONIAIOIINX
MOKPBITUH (4acTOTHAsA, YIIIOBasl U MOJSIPU3AMOHHAs 3aBUCUMOCTh Kod(uuenTa orpaxenns). OCHOBHBIE
cnoco0s! ynmydmeHus xapakrepuctuk bOK — yBennuenune ux pasMepoB 1 IpUMEHEHHE BEICOKOKaYeCTBEHHBIX
PaMOTIONIOIIAIONINX TOKPBITHH, 4TO TpeOyeT OONbIIMX (UHAHCOBBIX 3aTPaT M HEBO3MOXKHO JUISI YXKE TMO-
CTPOEHHBIX M HCTIOJIb3YEMBIX KaMep.

TexHonoruu TIIyOOKOro 0Oy4YeHHUs] HCKYCCTBEHHBIX HEHPOHHBIX CETEH MPUMEHSIOTCS Ui 00paboTKu pe-
3yIBTAaTOB HATYPHBIX U3MEPCHUH B Pa3IMYHBIX TTPUKIATHBIX 00JIACTsIX HAYKH M TEXHUKH [2].

CraThs MOCBSIIIICHA OIEHKE MMOTEHITHATBHBIX BOZMOXKHOCTEH MOBBIMICHNUS TOYHOCTH m3Mepennii B BOK 3a
CUET aloCTEPHOPHOM 00pabOTKH HHPOPMAIIMY Ha OCHOBE TIPE/IBAPUTEIIFHO O0YUYSHHBIX HCKYCCTBEHHBIX HEH-
POHHBIX CETEM.
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ITocTanoBKa 3aga4un

PaccmoTpum aByMepHYTO Moaeb SKpaHupoBaHHOW bOK mpsaMoyTonpHO# hopMBEL, SCKH3 KOTOPOI TIPEICTaBICH
Ha puc. 1. BHyTpeHHsII MOBEpXHOCTh KaMephl TIOKPhITA PaJHOIONIIONIAIONINM MaTepraioM. BHyTpr kamepb! BbI-
JIETIEHBI 00J1aCTh, B KOTOPOI MOXKET pa3MeIaThCcsl UCTOUHHK (cM. puc. 1, ), 1 061acTh n3MepeHni (cM. puc. 1, 2).

Puc. 1. Monenb sxpanupoBanHoit bOK:
1 — obnacTth pa3MeleH st HCTOYHUKA; 2 — 00J1acTh H3MEPEHHH;
3 — MCTOYHHUK JIEKTPOMATHUTHOTO TI0JIsT; 4 — PaIMOIIONIOIIAIOIIEE TOKPHITHE

Fig. 1. The model of the shielded anechoic camera:
1 — the source placement area; 2 — measuring area;
3 —source; 4 — radio-absorbing coating

AMIUIATYIHO-()a30BOE pacIpeieleHre AIeKTPOMarHuTHOTO ToJIsl B 001acTh n3MepeHnid (popmupyercs 3a
cueT uHTep(EepEeHINH MPSIMOI 3JEKTPOMAarHUTHON BOJTHBI, U3Jy4aeMON HCTOYHUKOM, M BOJIH, IEPEOTPaKEH-
HBIX 0T creHOK bOK. MHTepec mpencrapnser pa3paboTka METOIMK M aITOPUTMOB, MTO3BOJISIFOIINX HA JTare
arnocTepropHOil 00pabOTKH MHPOPMALIMM MUHUMHU3NPOBATh BIHUSHUE OTPAKEHHBIX OT Tpanui bOK BomH Ha
pacrnpeneneHue 3J1eKTPOMAarHUTHOTO TOJISl HICTOYHUKA B 00JIaCTH U3MEPEHUH.

Ilens anmocTepuopHOl 00pabOTKH HHPOPMAITHH — ITPe0oOpa3oBaHNe Pe3yIbTaTOB U3MEPECHUH TSI MUHHU-
MU3AUM WM YCTPAHEHUS BIMSHUS HepeoTpakeHHbIX oT rpanull bOK anekrpomarauTHeIX BosH. J{i1st aToro
TIpeJuIaraeTcs UCIoib30BaTh TEXHOIOTUU IITyOOKOT0 00y4eHNsI HCKYCCTBEHHBIX HEHPOHHBIX ceTeil. OCHOBHBI-
MH 3aJa4aMi pean3aliy TaKoTo MOAX0/a SBIISIIOTCS:

1) BBIOOpP opMara npeacTaBiIeHUs] HHPOPMAIMK O PACTIPEACTICHUH DIIEKTPOMArHUTHOTO IOJISl B 00IaCTH
HU3MEPEHUH;

2) BBIOOP apXUTEKTYPbl HEHPOHHOM CETH;

3) popmupoBaHUe MAaCCUBOB JAHHBIX JIJIST OOYUEHUS U TECTUPOBAHUS HEHPOHHOH CETH;

4) oOyueHue ceTu;

5) ajmanTanus TEXHOJIOTHH JIJIs POBEACHHS N3MEpeHHii B pealbHbIX BOK.

I'padnueckoe onucanue pacnpeaejeHus mojs B 00J1aCTH U3MepeHu it
u popMUpOBaHNE JAHHBIX VIS 00yUeHUs] U BepupUKAINH
HEHPOHHOI ceTH HA 0CHOBE BHIYMCJINTEIBLHOI0 IKCIIEPUMEHTA

s nBymepHoii monenu BOK B 00macTv u3MepeHuit leKTprudecKasi KOMIIOHEHTA T0JIsl OTIMChIBACTCS IBY-
MEpPHBIM MAaCCHBOM KOMIUIEKCHBIX YHCell. Pa3mepsl MaccuBa OnpeneNstoTcsl KOMMIECTBOM JTUCKPETHBIX OTCYe-
TOB B MpeJieiaX MPSMOYTOJIBLHOMN 00IacTH. DIEMEHThI MACCHBA KOMILJICKCHBIX YHCEI MOTYT OBITh ITPECTABICHBI
B IByX (popmarax:

® JICHICTBUTEIbHBIC 1 MHUMBIC YaCTH;

® AMIUTUTYABI U (asbl.

[lepBsiit hopmar sBiIsieTcs OoJIee MPEANOYTHTENBHBIM, TaK KaK HE COACPIKHUT Pa3phIBOB B pacIpe/IeIICHHN.
MaccuBbl A€HCTBUTENIBHBIX 1 MHUMbBIX 3HAUEHUI 3JIEKTPUUECKOW KOMITIOHEHTHI 110JIs1, B CBOIO OU€PEb, MOTYT
OBITH TIPEIICTABICHBI B BUE rpaduiIeCKux m300pakeHnid. BEIOOP MBETOBOM MaTUTPHI TTO3BOJISET alIpPOKCH-
MUPOBaTh 3HAUYCHUS JICHCTBUTEIHPHON 1 MHUMOM YacTel AIEKTPHUUSCKOM KOMIIOHEHTHI ITOJISl B 3a]JAHHOM JIHA-
MHUYECKOM Jinana3one. Bo3aMoxkHO 1 00paTHOE 0/iHO3HAYHOE ITpeoOpasoBanue. [ paduueckoe npeacrapieHue
pacnpeneneHus moyiei odecreynBaeT BU3yallbHbIA KOHTPOJIb PE3YIIETATOB allOCTEPUOPHON 00PaOOTKH.

Takum o0Opa3zom, ipu GOPMHUPOBAHUN HAOOPA JAHHBIX JUUIsl OOYUYCHHS M TCCTHUPOBAHUS HEHPOHHBIX ceTeH
JIOJDKHBI OBITH CTEHEPHUPOBAHBI MTaphl H300paxeHui (oqHO n3oopaxenune it bOK, a npyroe — s cBoboHOTO
MIPOCTPAHCTBA WIN KaMEPHI € JTYYIIUMHU METPOJIOTHUECKUMU XapaKTSPUCTHKAMH).
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Jis hpopMupoBaHUS YKa3aHHOTO HabOpa JaHHBIX BMECTO MPOBEJCHUS HATYPHBIX MU3MEPCHHI OyJeM HC-
MOJIb30BATh ABE BhIUKCIUTENbHBIE Mogenu BOK, paznuuaromuecs: TUIIOM paguoNOIOMIAIOIIETO TOKPBITHUSI.
Mogenu OCHOBaHbBI Ha METOJI€ KOHEUHBIX 3JIEMEHTOB U OPUEHTHUPOBAHBI HA PELICHUE HJIEKTPOJUHAMUYECKUX
3aja4 B yactoTHo obmactu [3]. [eomerpuueckas monens bOK npusenena na puc. 1. Kamepa nmeer pasmepsl
200 x 50 cm. Ee BHemIHuE TpaHuLbl SBISIOTCS UACAIBHO TPOoBOAAIIMMU. CTEHKH KaMepbl MOKPBITHI IIIOCKUM
CJI0EM PaHOIIOTIONIAIONIETO MaTepraia TOMMUHOW 10 ¢M CO ClenyonMu mapaMeTpaMu: OTHOCUTEIbHAS
JIUANIEKTpUYECKasi MpoHULaeMocTh — 1,0, OTHOCUTENbHAsT MarHUTHAsI IPOHUIIAEMOCTh — 1,0, yaenbHast 3Jek-
Tpudeckas mpoBoauMocTh — 0,25 Cm/M. PacueTsr mpoBonmiuck Ha gactote 3 ['T'm. J{is mmockoro ciost paauo-
MOTJIOMIAIOIIETO MOKPBITUS C YKA3aHHBIMU BBIIIE MapaMeTPaMU, PACIIONIOKEHHOTO Ha IIOCKOM MPOBOJISIIEM
JKpaHe, MPH NePIEHINKYIIPHOHN HOISIPU3AIIUIH TUIOCKON AIIEKTPOMAarHUTHOW BOJTHBI KOO (PHUITHEHT OTPaKEeHUS
Ha gactote 3 [Ty Bappupyetcs ot —12 mo —5 nb npu usmenenun yria nagerus ot 0 mo 60°. nsa peanuzanuu
MOJIETU UCATbHONU KaMEphl B KAUECTBE MOIVIOLIAIOLIETO MOKPBITUS HCIOIb30BAIC UACAIBHO COITIACOBAH-
Heli cinoit (PML-croif), obecrieunBarommii BO3SMOKHOCTh PEIICHUS] BHEIIHUX AIEKTPOAMHAMUYESCKUX 3a]1ad
B KOHEYHBIX MPOCTPAHCTBEHHBIX 00NacTsax. [Ipu mpoBeqeHNH BBIYUCIUTEIHLHOTO 3KCIIEPUMEHTA UCTOUHUKU
pacronaraivck B MPOCTPAHCTBEHHOU 00JIACTH, OTpaHMYEHHON MPSIMOYTOJIbHUKOM pasmepoM 20 x 30 cm, ko-
TOPBIN pa3Meacs CHMMETPUYHO OCH KaMEphl Ha PacCTOSHUU 15 ¢M OT JIeBOW CTeHKHU. B kauecTBe UCTOU-
HUKOB PacCMaTpUBAaJIHCh AIEKTPHUUECKHIE TOKH (OJMHOYHBIC, TPYIIIOBBIE, THHEHHBIE ), TEKYIIIE BJOIb JTUHHUIA,
MIePIEHANKYISIPHBIX TUIOCKOCTH IByMepHO# Monenn BOK. DnexkTpoMarauTHOE 1Mojie pacCIuTHIBAIOCH BO BCEH
kamepe. Ha puc. 2 mokazansl pacipeaeiacHus IeMCTBUTEIbHON 1 MHUMOM YacTel 3JEKTPUUECKON KOMIIOHEH-
TBI TIOJISI TOYEYHOTO MCTOYHHUKA JUTSI ABYX Mozeneit bOK, pasnudaromuxcss TUTIOM pagroNOTTIONIAIOIIEro Mo-
KpbITUs. PacnipeneneHusi TeHCTBUTEILHOW U MHUMOW 4acTei B OOJIACTH M3MEPEHHI KOJUPOBAIKCH B BHUJIC
[BETHBIX M300paKCHUN.

Puc. 2. PactipesienieHue 3IEKTPHUYESCKOTO IO TOYSYHOTO UcToYHMKa B BOK:
1 u 2 — neiicTBUTENbHAs 1 MHUMAs YaCTH JIEKTPHUYECKOTO TTOJIS
JUISL ieasibHOM KaMepsl (¢ PML-cosmn);
3 n 4 — neficTBUTENbHAS U MHUMAsI 9aCTH NIEKTPUIECKOTO OIS
JUISL KaMEPhI C PaMOTNONIOMIAOIIUM TTOKPBITHEM

Fig. 2. Electric field distribution of a point source in the anechoic chamber:
1 and 2 — real and imaginary parts of the electric field for a camera with perfectly matched layer;
3 and 4 — real and imaginary parts of the electric field for a camera with a radio-absorbing coating

Pe3ynbraTsl MOEIMpOBaHUS TIOKA3bIBAIOT, UTO pacipeiesIeHne IeKTPOMArHUTHBIX TTOJIeH B Kamepax ¢ pas-
HBIM THUIIOM THOKPBITUH CYHIECTBEHHO OTIMYAETCSA. DTO OOYCIOBICHO MHTEp(EpEeHINEe OCHOBHON BOJIHBI
1 IepeoTPaKEHHBIX OT IPAaHUIL KaMepbl BOJIH. Ilepemertienne HCTOUHMKA B KaMepe IPUBOAUT K 3HAUUTEIbHOMY
W3MEHEHUIO pacrpeesieHHs YIEKTPOMarHUTHOTO TIOJIsl B 007aCTH U3MEPEHHIA.

s anocrepropHOt 00paboTKH OyzIeM paccMaTpHUBaTh paclpeie]ieHre Mo B 001acTH H3MepeHHil, KOTO-
past umena pazMepsl 35 x 25 ¢M U pacronaraiach CHMMETPUIHO OCH KaMephl Ha pacctossHuu 120 cM oT JieBoit
TOpLEeBOi cTeHku. Januble st 0Oy4eHUs! U TECTUPOBAHMS HEHPOHHBIX ceTel BKIIo4Yain B ceds 1264 mapbl
M300pakeHUH, KaKJ0€ U3 KOTOPBIX COCTOSIIO M3 M300paykeHUH IEHCTBUTETFHON 1 MHUMOMN YacTel AIeKTpH-
YEeCKOTo MoJIsl, HOTy4YeHHBIX Ju1st Moaenei BOK ¢ qByms Tunamu HOKpBITUH TPU OAMHAKOBBIX HICTOUHUKAX U X
MPOCTPAHCTBEHHOM Pa3MEILIEHUH B KaMepe.
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APXHMTEKTYPbI HEliPpOHHBIX CeTei
JJIS aTIOCTEPUOPHOIi 00padOTKHU pe3yJIbTATOB
MO/IeJTUPOBAHMS 3JIEKTPOMATHUTHBIX noJieii B BOK

[TockonpKy 0ObeKTaMu 0OPaAOOTKH SBISIOTCS H300paKEeHHUsI, TO OBUTH BEIOPAHEI JIBAa THUIIA aPXUTEKTYD HEw-
POHHBIX CEeTeH, OPUEHTUPOBAHHBIX Ha 00padOTKY N300paKeHMHt, — CBEPTOUHBIN aBTORHKOEP [4] M reHepaTHBHO-
cocTs3aTenbHas ceTh Pix2Pix [5].

ABTO3HKOJIEPHI — 9TO HEHPOHHBIE CETH MPSIMOTO PACIIPOCTPAHEHMUS, KOTOPbIE BOCCTAHABINBAIOT BXOIHON
curHan Ha Beixoze. OHM BHOCST HEJIMHEHHOCTD B CETh C MOMOIIBIO (PYHKIMH aKTHBALKH, YTO MO3BOJISET HA
Ka)KJIOM U3 CJIOCB BBIJICISATH HanOoJIee BaXKHbIC IPU3HAKN U HTHOPHPOBATH LTyMbI. ABTOHKOAEPHI KOHCTPYH-
PYIOTCSL TaKMM 00pa3oM, 4TOObI HE MMETh BO3MOXKHOCTH TOYHO BOCIPOM3BOIMTH BXOJ Ha BbIXoze. BxomHo#
CHI'HaJI BOCCTaHABIIMBACTCS C OIIMOKaMHU M3-3 TIOTEPh PH KOXUPOBAaHHUU. [{JIsl TOTO YTOOBI KX MUHUMH3HPO-
BaTb, CETh YUUTCS OTOMpaTh HanboJee BayKHbIE TPU3HAKH. ABTOHKOJEPHI COCTOST U3 IBYX YacTel — HHKOJEpa
u aexojepa (puc. 3).
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Puc. 3. Monenb cBEpTOYHOTO aBTOIHKOIEpA:
1 — 6110k 3HKOzIEPa; 2 — OJIOK JeKonepa; 3 — BXOI HEHPOHHOU CeTH;
4 — CKpBITBIHN CIIOM; 5 — BBIXOJ HEHPOHHOW CETH

Fig. 3. The convolutional autoencoder model:
1 — encoder block; 2 — decoder block; 3 — neural network input;
4 — hidden layer; 5 — neural network output

PazpaboTaH cBepTOUHBIN aBTOYHKOEP, UMEIOIINH CIETYIONIYI0 apXUTEKTYPY: YHKO/IEP BKITFOYaeT TpH OJI0Ka,
KKIBIA U3 KOTOPBIX COCTOHT M3 ABYX CBEPTOUHBIX CIIOEB U CIIOSI CyOMCKPETH3ALNH; IEKOJEP TAKKE BKIFOYAET
TpH OJIOKA, KaKJbIH M3 KOTOPBIX COCTOUT M3 JABYX CBEPTOUHBIX CJIOEB U CJIOSl allCeMIUIMHTA. ABTOIHKOAEP
Ha3bIBACTCS CBEPTOUHBIM, MOCKOJIBKY B KaueCTBE ONEpaunii KOOUPOBAHUS U JIEKOIUPOBAHUS MCIIOIb3YIOTCS
CBEPTOUHbIE CIIOH .

PaccMoTpenbl apXUTeKTypbl TeHEPAaTHBHO-COCTI3aTE/IbHBIX HEHPOHHBIX CETEH U X BO3MOXKHOCTH VISl IPO-
BEJICHUSI all0OCTEPHOPHOI 00pabOTKH pe3yNbTaToB H3MepeHuil. B o01em ciryuae reHepaTiBHO-COCTSI3aTEIbHbBIC
CEeTH yuarcsl TPaHCIMPOBATh CIyYallHBIM IIIyM Ha BXOJE B W300paKeHHUS HAa BBIXOZE. YCIOBHBIC T€HEPAaTHBHO-
COCTS3aTENbHBIC CETH TPAHCIUPYIOT M300pakeHHE Ha BXOJE B HEKOE BBIXOIHOE M300paxeHue. K takomy Ty
¥ OTHOCHTCS apXUTEeKTypa HelpoHHOM cetn Pix2Pix, koTopas cnocoOHa reHeprpoBaTh HOBBIC JaHHbIE HA OCHOBE
BXOIIHBIX MTpHU3HaKoB. Heliponnas cetb Pix2Pix cocTonT U3 ABYX 4acTeil — reHepaTopa 1 JUCKpUMHUHATOpa. Ap-
XUTEKTypa reHeparopa moaenu Pix2Pix mpencrasisieT OO0 MOCIeI0BATEIEHYI0 KOMOWHAITHIO U3 CEMU OJIOKOB
9HKOZICPOB U CEMH OJIOKOB JIEKOJIEPOB, CICAYIOIINX YT 3a IpyroM. O0mas apxutektypa Moaenu Pix2Pix mpu-
BeZICHA Ha puc. 4.

['eneparop monenu Pix2Pix uMeeT TaHreHIHanbHy o (GYHKLIUIO aKTHBALUK 17151 60Jiee ObICTPOro 00yUeHHS.
JMcKpUMHUHATOP MpPEACTaBIsET cO00H KnacCu(UKaTOp Ha OCHOBE CBEPTOYHOH CETH, KOTOpasi IPUHUMAET Ha
BXOJl 1Ba M300pakKeHHsI — peaJIbHOE U CTeHEPUPOBaHHOE. 3ajaya JUCKPUMHUHATOpa — BEPHO KilacCU(UIMPO-
Barh n300paxenusi. OH COCTOUT U3 NIECTH CBEPTOYHBIX CIIOCB C CUTMOUION B Ka4ecTBE (DYHKIMH aKTHBAITUH
Ha BBIXO/e HelpoHHOH ceTH. /laHHasg (QyHKIMS BO3BpallaeT BEpOATHOCTh MPHHAIEKHOCTH K Kiaccy oT 0
no 1 (3HaueHus, OJMIU3KKME K SIMHUIE, YKA3bIBAIOT HA TO, YTO M300pakKEHUE peasibHOE, & 3HAYCHUSI, OJU3KUE
K HYJIIO, COOTBETCTBYIOT CT€HEPUPOBAHHOMY U300PaKEHHIO).

! Autoencoder: downsampling and upsampling [Electronic resource]. URL: https://kharshit.github.io/blog/2019/02/15/autoencoder-
downsampling-and-upsampling (date of access: 09.11.2021).

97



ZKypnana Besopycckoro rocyiapcrseHHOro ynusepcurera. ®usuxa. 2022;3:93-103
Journal of the Belarusian State University. Physics. 2022;3:93-103

Convolution transpose + LeakyRelu activation

(7 6nokoB) 7
Convolution + LeakyRelu activati

on
(7 G1okoB)
/ Convolution + Relu activation, + Sigmoid activation
/ 6 croeB
I (']} I — | 6

8
9 @
Puc. 4. Mogens Pix2Pix: I — geificTBUTENbHAS YaCTh I10JIsL, 2 — MHMMasl YaCTh I10JIs,

3 — sHKOzEep; 4 — IeKoep; 5 — CTeHEPUPOBAHHOE U300pakeHHe; 6 — TUCKPUMHHATOP;
7 — pealibHOE H300paXkeHue; 8 — reneparop; 9 — ommbdka

256 x 256 x 3

Fig. 4. The Pix2Pix model: / —real part; 2 — imaginary part;
3 —encoder; 4 — decoder; 5 — generated image; 6 — discriminator;
7 — real image; 8 — generator; 9 — error

Ommbka HEHPOHHON CETH B KOHIIE TPSMOTO TPOX0/ia BEIYUCIISIETCS 10 (GopMysie OMHAPHON KPOCC-IHTPO-
an’ (py 0Oy YEHNH HCKPUMUHATOP CTAPACTCS MUHHMH3HPOBATH BETHUHHY 3TOM OMIHOKH):

Zm_zbwg((»+ﬁ—nﬂ%U—PW»)

1 =1
rje y — OMHapHOE 3HaueHUe METKH 3k3emIuisipa (1 — peanbHOe n300paxenue; ) — creHepupoBaHHOE U300pa-
KEHHe); p( yl.) — BEPOSATHOCTB TOTO, YTO CIPOTHO3UPOBAHHOE H300paKeH e peaabHoe; 1 — p( yl.) — BEPOSATHOCTH
TOT0, YTO CIIPOTHO3UPOBAHHOE H300paKEeHHE CreHEPUPOBAHHOE.
Omnbdka OOHOBIIAETCS TAKUM 00Pa3oM, YTOOBI MUHHUMHU3UPOBAThH MOTEPH, MPEICKA3BIBACMbIC IUCKPHMU-
HATOPOM JUJIsl CTEHEPUPOBAHHBIX M300payKeHNH, MOMEUEHHBIX KaK peanbHble. [ eHeparop Takke 0OHOBIISIETCS,

9T00BI MUHUMH3HPOBATh CPEIHIOI0 a0CONIOTHYIO OIIMOKY MEXKAY CreHEpHUPOBaHHBIM U IICTIEBBIM U300paxKe-
HUSIMH, KOTOpasi pacCUUTBIBACTCS MO clenyouei hopmyie:

2|yi—xi|

&

MAE =

IpI(§ yi — [MPEACKA3aHHOC 3HAYCHUC, xi — pC€aJIbHOC 3HAYCHUC, 71 — KOJIMYECTBO BCEX DK3CMILIAPOB.
Takum 00pa3zom, GYHKIHS OIINOKH JUCKPUMHHATOPA UMEET BU]T

Loss(generator) = H, + A - MAE,

r7ie A — HEKOTOPOE YHCIIO, SBIISIOLICECs TUIIepIapaMeTpoM MojieliH (B paccmarpuBaeMoit 3aqaue A = 100).

Ha Bxox Hetiponnoii cetn momaercst RGB-n300pakenne, a Ha BEIXOJIE MOJICITb BO3BPAIIAET CTEHEPHPOBAH-
HOE M300paKeHHUE.

B paccmarpuBaemom citydae n3o0pakeHHe UMEET pa3sMEepHOCTh 256 X 256 MK M COCTOMT U3 JIBYX COEAU-
HEHHBIX U300pakeHui pazmepoM 128 x 256 1k, Tae neHCTBUTENbHAS YaCTh aMIUTATYABI IO PaCIOIoKEHa
CBEpXyY, a MHUMast — cHU3y. MI300pakeHust ObUIH MPECTABICHBI B BUAE MAaTPHUIIBI IPKOCTH MUKCEIIOB, 3HAYCHUS
KOTOPOI OBLIH MPHUBEIEHBI K AWana3oHy oT —1 110 +1 ays ydinei CXoquMOCTH TIpU OOYYEeHUH CETH.

CpaBHuTenbHbIH aHAIU3 3¢ PeKTHBHOCTH
HEePOHHBIX ceTel HA 321a4aX all0OCTEPHOPHOr0 aHAJIN3A
pacnpeaesenus dJjekTpuieckoro nojas B BOK

VYka3aHHbIC BbIIIC HEHPOHHBIE CETH ObUIN O0yUEHBI HA OCHOBE JJAaHHBIX, TOJyYEHHBIX B PAMKaX BBIYHCIIU-
TEeJNBHOTO dKcnepuMenTa. st 00yueHus: aBTodHKoIepa IoTpedoBanock 25 snox. HelipoHHast ceTh ¢ apXUTeK-
Typoit Pix2Pix o0yuanach npu pa3auyHbIX THIIEpIIapaMeTpax, PeACTaBICHHbIX B TAOIHUIIE.

Godoy D. Understanding binary cross-entropy / log loss: a visual explanation [Electronic resource]. URL: https://towardsdatascience.
com/understanding-binary-cross-entropy-log-loss-a-visual-explanation-a3ac6025181a (date of access: 01.12.2021).
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I'nnepnapameTtpsl 00yueHust
HelipoHHOIi ceTH ¢ apxuTeKTypoii Pix2Pix

Learning hyperparameters
of neural network with Pix2Pix architecture

KomnuecTBo smox 50 100 200 1000

[ar obyuenns 0,001 0,0025 0,0005 0,00025

OOyueHne ceTu MPOBOIMIIOCH TPH PA3HBIX THUIMAxX (DYHKIIMU aKTHBAIlMK TeHepaTtopa, a MMeHHO Relu
u LeakyRelu. ®yukuus Relu Bo3Bpaiaer 3HaYCHUS] HEOTPHUIIATEIBHBIX YUCE, IPU 3TOM 3aHYJIsAsS BCE OT-
punarenbHble 3HaUueHust, a pyHkms LeakyRelu nuneiiHo nmpubnmkaer oTpuiiatebHble YUcia K OCH adcImce
cHu3y. Jlydime pe3ynbTarsl ObUIM MOMYYEeHbI IPU KoMW4ecTBe 310X, paBHoM 100, u mare o6yuenus 0,002 5
¢ gynkuuelt akruBauuu reaeparopa LeakyRelu.

Ha puc. 5 mokazaHbI pe3yabTaThl alloCTEPHOPHON 0OPAOOTKH paclpeeIeHni IMEKTPUIECKON KOMIOHEHTHI
JIEKTPOMArHUTHOTO IIOJI HA OCHOBE CBEPTOYHOIO aBTORHKoZEpa. JIeBblil cTolen n300paxeHuil conepxuT
BapHaHThl BXOIHBIX paCIpeICICHUH 0SB 00J1acTh n3MepeHuit. [{eHTpaibHbIi ¢To0CI] BKIHOUYACT Pe3yJIbTaThl
00paboTKu ceThio. B mpaBoM cTonb1ie npeacTaBieHb esieBbie H300paxkeHus1, coorBeTcTBytomue bOK ¢ npeans-
HBIM pajuonoriomamuM nokpeitueM (PML-cnoem). BusyanbHblil aHann3 npeackazaHHbIX N300paKeHUH
IIOKa3bIBAET, YTO CETh, PEaIN30BaHHAS HA ADXUTEKType aBTOIHKOJIEpa, He 00eCIIeunBaeT ylI0BIETBOPUTEILHOTO
peoOpa3oBaHuUs UCXOTHOTO H300paKEHUS, COIEPIKUT IITYMBI U Pa3MBITOCTh. TOUHOCTH 00pabOTKH yXy/aIaeTcs
JUTSL CHITPHO MCKaKEHHBIX WHTep(hepeHIMOHHBIME d(h(heKTaMu BXOJHBIX N300pakeHnH.

Ha puc. 6 nmokasaHbl pe3yJibTaThl alIOCTEPUOPHON 00paOOTKHU paclpeeICHUN IMEKTPUISCKON KOMIIOHEHThI
ANIEKTPOMArHUTHOTO TI0JIsl HA OCHOBE HEMPOHHOM CeTH ¢ apXuTeKTypoit Pix2Pix.

6/c

uli

Puc. 5. TIpumepbl aniocTepUOPHOiT 00pabOTKH Ha OCHOBE CBEPTOYHOTO aBTOIHKOAEPA:
a, 2, 4 — UCXOHOE U300paXeHue 101,
0, 0, 3 — M300pakeHNe, CrTeHEPUPOBAHHOE HEHPOHHON CETHIO;
8, e, u — 11eneBoe n3zodpaxenue st bOK ¢ naeanbHbIM MOKPHITHEM

Fig. 5. Examples of a posteriori processing based on the convolution autoencoder:
a, d, g — original field image;
b, e, h — image generated by a neural network;
¢, f, i —target image for an anechoic chamber with perfectly matched layer coverage
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onclg 3/h uli
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Puc. 6. Tlpumeps! anocTepropHOit 00pabOTKH HAa OCHOBE HEHPOHHOM ceTH ¢ apXUTeKkTypoit Pix2Pix:
a, 2, Jic — UCXOIHOE M300paXkeHue mois; 0, 0, 3 — N300pakKeHKe, CreHePUPOBAHHOE HEUPOHHOM CEThIO;
6, e, u — 1eneBoe nzobpaxenue st BOK ¢ naeanbHbIM MOKPHITHEM

Fig. 6. Examples of a posteriori processing based on a neural network with Pix2Pix architecture:
a, d, g — original field image; b, e, i — image generated by a neural network;
¢, f, i — target image for an anechoic chamber with perfectly matched layer coverage

CpaBHHUTENbHAS BU3yalibHAsl OIICHKA BXOJHBIX, CTEHEPUPOBAHHBIX M IIE€JIEBBIX M300paXKeHU pacmpeere-
HUS QJIEKTPOMATHUTHBIX TIOJIEH IMOKa3bIBACT, YTO HEMPOHHAS CeTh ¢ apxuTekTypo Pix2Pix ycneniHo cripaBu-
Jach ¢ 3aJ1a4ei aroCcTepHOPHO 00padOTKH PE3yIBTaTOB MOJIEIIUPOBAHUSI.

OrieHKa KayecTBa M300paKCHHUS SIBIISCTCS OAHUM M3 OCHOBHBIX ATAllOB 00Pa0OTKH M300pPaKEHUH U UMEET
IIUPOKHUH CcrIeKTp nmpuMeHeHns1. CyIecTBYIOIINE METOIbI OIIEHKH MOXKHO pa3feNuTh Ha JABE KaTETOPUH:

® CyObEKTHBHYIO OIIEHKY KaueCTBa — BBITIOHAETCS C y4aCTHEM JIFOAEH, KOTOPHIE OLIEHUBAIOT JTAHHBIE HCXOIS
W3 MX OMBITA POCMOTPA, U SIBIIAETCS HanOOIee TOUHBIM M COOTBETCTBYIOIINM YEJIOBEUECKOMY BOCTIPHUSATHIO
METO/IOM OIIEHKH, OJTHAKO IIPH ATOM OHA 3aTPyIHUTEIbHA U HedPPEKTHBHA;

® 00BEKTUBHYIO OIICHKY KaueCTBa — OCHOBBIBAETCS HA CTAaTHCTUYECKON MH(opMaIuu 06 n300pakeHnu.

Jlnst onleHKM KauecTBa Mepeadu, CxKaThus M300paXKeHUH JINOO0 BUIEOCUTHAJIOB HA OCHOBE CPEIHEKBaIpa-
THYHOW OIMNOKH TIOTYUYEHHOTO WK 00pab0TaHHOTO N300paXCHUS 110 CPABHEHHUIO C UCXOIHBIM N300paKEHUEM
00b1aH0 ucnonsiyercs Merpuka PSNR [6]. Uem Brimie 3nauenne PSNR, Tem menbine ommoka. @opmyra me-
Tpuku kKadectBa PSNR nmeer Bua

PSNR = 20log,, MAX,

JMSE /)

rne MAX, — MakcMMaJIbHOE 3Ha4eHHe, IPUHUMAaEeMOe MUKCEIOM H300pakeHus! (KOoraa MUKCeIbl HMEIOT pas-
psinHocTh 8 6uT, MAX, = 255); MSE — cpennexBanparnusas omuoka.

Ji1st n3MepeHust CTPyKTYPHOTO CXO/ICTBA MY AByMS H300payKeHUAMU UcTIoNb3yeTcs naaeke SSIM. OH saB-
JISIETCS. METOJIOM TIPOTHO3UPOBAHUS BOCIIPUHUMAEMOT0 KauecTBa M300paKECHHI M MIpe/onaracT n3MepeHne
100 MPOTHO3 KauecTBa N300paKEHUS HA OCHOBE HCXOJIHOTO HECIKATOTO HITH CBOOOHOTO OT HCKAKEHHUH U30-
OpakeHus1, MPUHSTOTO B KadecTBe dTasioHa. OTIIH4Yue OT APYTHX MEeTO0B, Takux kKak MSE mnu PSNR, 3akiio-
YaeTcs B TOM, YTO OTH MOXObI OI[EHUBAIOT a0COMIOTHBIE OMMOKH. CTpyKTypHas HHGOpMAIHs OCHOBBIBACTCS
Ha TOM, YTO IMTUKCEIbI HIMEIOT CHIIBHYIO B3aMMO3aBHCUMOCTh, 0COOCHHO KOTJIa OHH MPOCTPAHCTBECHHO OJTM3KH.
DT 3aBUCUMOCTH HECYT BAXXHYIO HHPOPMAIIHIO O CTPYKType 00bEKTOB BU3yallbHOH crieHbl. DopMyna JaHHON
METPHUKH 3aMHCHIBACTCS B CICIYIONIEM BUJIE:
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(2.1, + C)(20, + C,)
(ui + 10+ Cl)(cﬁ +0) + Cz)’

SSIM (x, y) =

rae |, — CpeaHee 3HaYCHHE JUIsl IEPBOTO M300paKeHus; L, — CPEIHEE 3HAYEHUE [Tl BTOPOTO H300paKeHNs;
G, — CPEJAHCKBA/IPATUIHOE OTKIIOHEHHE JUIS TIEPBOTO M300PaKEeHNS; O, — CPE/IHEKBAAPATHIHOE OTKIOHCHHS IS
BTOPOT0 H300paXeHHUST; G, — KOBaPHALHSL.

Pesynerupyromuii nungexe SSIM npencrasisier coboil aecsiTnuHoe 3HaueHue ot —1 10 +1 (3HadeHue +1
JOCTYITHO TOJBKO B Cy4ae JByX WACHTHUYHBIX HAOOPOB JaHHBIX U, CJIEIOBATEIbHO, YKA3bIBAET HA IMOJHOE
CTPYKTYPHOE CXOJICTBO).

PaccMoTpuM METPUKY CpaBHEHUS CPEJJHEr0 3HAueHHs OLTMOKW MEXKIy IeJIEBBIM U MPEJICKa3aHHbIM H30-
OpakeHUSIMHU TSI OTOOpaskeHUs 00JIacTelt ¢ HamOONIbIIe U HaWMEHbINEH OIMMOKOW 10 BCeM MaHHBIM. [l
Kax10i obmactu 8 X § MK MCXOIHOI0 M300pa’keHUsl PacCUMTHIBAJIACh CPEIHEKBaApaTHUHAas OMIMOKa, MOJy-
YEeHHBIN pe3ynbTar yepeansuicsa. Ha puc. 7 mokasan npumep UCHONIb30BaHUs 3TOH METPHUKH.

B xone TectupoBaHus ¢ MOMOILBIO METPHK OLICHKH CXOZCTBA N300paskeHni uuiekce SSIM BepHyn pe3yibrar
0,627 nnst mopenu Pix2Pix u pesynbrar 0,566 st aBTOHKOAEpa. JTO yKa3blBaeT Ha TO, YTO M300pa)KeHUs,
CTeHEepUPOBaHHBIC HEHPOHHOM CETHIO C apXUTEKTYpol Pix2Pix, UMEIoT cX0kKyto CTpYKTypy. 3HadeHue 15,785
ronrydeHo MeTpukoit PSNR 17151 reHepaTnBHO-COCTA3aTeNIbHOM MojienH, a 3HaueHne 13,397 — s aBTodHKOIEpA.

[IpuBeneHHBIE BbIIIE METOAMKN OLIEHKH TOUHOCTH allOCTEPHOPHOM 00pabOTKH OPUEHTUPOBAHBI Ha PabOTy
¢ M300pakeHUsAMH. B peallbHbIX MUKPOBOJIHOBBIX U3MEPEHUSIX HHTEPEC MPEICTABISET OLIEHKAa TOUHOCTH HU3Me-
PEHHMS HATPSHKEHHOCTH 3JIEKTPHUECKON KOMIIOHEHTBI AJIEKTPOMArHUTHOTO MOJIst. J{JIst ToJTyueHHs 5TOH OLIEHKU
BBIITOJTHEHO 00paTHOE NpeoOpazoBaHue OT KOAMPOBAHHS PACTIPE/ICIICHHS TI0JISl B BUJIC IIBETHOTO N300paKEeHHSI
K MacCHBY JICHCTBHUTEIILHBIX Yrce. J{ist GUKCHPOBAHHOTO MOJIOKEHHST UCTOYHHKA TIPOBEICH CPABHUTEIILHBIN
aHaJIN3 PE3y/IbTaToB B 001aCTH U3MEPEHUH Ul TPEX MAaCCUBOB JIaHHBIX, COOTBETCTBYIOLINX PACIPEICIICHHUIO
B Kamepe ¢ PML-cnosimu, pacipeneieHuio B KaMepe C MOMIOTUTENIEM U paciipeeiieHNI0, CTeHEPUPOBAaHHOMY
HEHPOHHOH CETBIO.

YepennenHoe 3Hauenne MSE
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Puc. 7. Pacnpenenenue cperHeKBaIpaTUIHON OITHOKH MPEICKa3aHus M0 00IacTsIM H300paKeHUs
Fig. 7. The distribution of MSE prediction by image regions
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OTHOCHTENBHBIC TIOTPEITHOCTH (B %) OLIEHUBAIHMCH B KAXKIOH JUCKPETHOM TOUKe 10 popmynam

“EPML| - ‘Epredict

6predict - |E | - 100,
PML
S _ ||EPML| - |Eabs0rber| 100
absorber — | E | ’ >
PML
rie Epy — 9MEKTpHYECKask KOMIIOHEHTA 3JIEKTPOMATHUTHOTO 1ofis B uaeanbuoit BOK; £,y 4. — snekrpude-
CKasi KOMIIOHEHTa 3JIEKTPOMArHUTHOTO 1ojist B BOK, cTenky KOTOpOi MOKPBITHI MOMIOTUTENEM; E i — DTEK-

TpUYecKas KOMIIOHEHTA JIEKTPOMArHUTHOTO TIOJIs, MPeACKa3aHHass HEUPOHHON CETHIO.

AHanm3 pe3ylbTaToB PacyeToB MOKa3all, YTO CPETHSS BETNYMHA OTHOCHUTEIBHOM OTPEITHOCTH IS CITydas
KaMepbl C HEU/IeaIbHbIM PaIMOTIOTIIOIIAIONINM TOKphITHEM cocTaBmia 41 %, mocne o0paboTKH PE3yIbTaTOB
HEHPOHHOH CEThIO CPEIHSISI OTHOCUTEIbHAs OIMOKa PaBHsIIACH 9 %. DTH OIICHKH OATBEPIKIAIOT paboToCIO-
COOHOCTB MPEATIOKEHHOH METOANKHU arlOCTEPHOPHOTO aHAIN3A.

Peanm3zauusa MeTOAMKH aNIOCTEPUOPHOr0 aHAJIM3A
B YCJIOBHSIX MUKPOBOJIHOBBIX H3Mepennii B BOK

PaccMoTpuM BO3MOYKHOCTD MPAKTUYECKOTO HCIIOIb30BaHMUS IIPUBEACHHON BBIIIE METOAUKU B YCIOBHSX Ha-
TYPHBIX U3MEPEHHUI XapaKTEePUCTHK M3JIydeHHs aHTEHH B JJaJIbHEH 30He. [y 3TOro B kadecTBe IPHEMHOMN U3Me-
PHUTENBHOM CHCTEMBI IPUMEHSIETCS TNIOCKUI CKaHep, 00eCIeUnBAIOLIIH ONpeeNIeHne aMIUTUTYIHO-(Pa30BOro
pacnpesneneHust 3JIeKTPOMarHUTHOTO T0JIS B TMCKPETHBIX TOYKaX MPOCTPAHCTBA, PACMOIOKEHHBIX B H3MEPH-
TENbHOW 30He. B ponu TecToBOI aHTEHHBI MCIONIB3YETCSl KOMITAKTHAS cJIa0OHaIpaBieHHAsi aHTeHHA, XapaKTe-
PHUCTHKH U3JIy4€HHsI KOTOPOI M3BECTHBI (IIPEIICTABICHbI B aHAJIMTHYECKOM BUJE, U3MEPEHBI B BHICOKOKAUECT-
BeHHOH BOK, paccunTanbl ¢ HCTIOIb30BaHMEM a/ICKBATHBIX BBIYNCIUTEIIBLHBIX MOJEIIEH).

Hnst o0yueHus HEWpOHHOH ceTn GopmupyeTcs HaOOp MaHHBIX B BHJIE 3HAUYCHHUH 3JIEKTPHUYECKOH KOMIIO-
HEHTHI 1OJIs1 B (PUKCHPOBAaHHOM Habope TOUEK, pacloioKeHHBIX B oOnacTn u3Mepenuit. [Ipounecc coopa gan-
HBIX MOYKET ObITh aBTOMaTH3MPOBAH, BKIIIOYas TepeMellleHre ITAIOHHOH aHTeHHBl. Ha TOYHOCTh M3MepeHuit
OKa3bIBAET BIMSHWE HE TOIBKO OTpakeHHe OT cTeHOK bOK, HO u xommiekc npyrux ¢akTopoB (OTpaskeHHs
Ha CTHIKAaX BOJIHOBOJHBIX TPAKTOB U3MEPUTEIIbHBIX CUCTEM, BO3JCHCTBHE IEMEHTOB CKaHepa U T. A.). [locne
00y4eHMsI HEHPOHHOHN CETH ISl ONPEACICHUS 3HAYCHHSI HIICKTPUUECKON KOMITOHEHTBHI ITOJIsl B 33JaHHON TOUKE
HU3MEPUTEIHHOM 30HBI TPOBOAUTCS U3MEPEHHE DIICKTPHUUECKOTO MO B HA0OpE AUCKPETHBIX TOUEK MPOCTPaH-
CTBa C MCIOJb30BAaHUEM CKaHepa. DTU 3HAYCHUS MOAAIOTCS Ha BXOJ HEHpoHHOH ceTu. Pe3ynsraroMm amocre-
puopHOK 00pabOTKH SBIIAETCSA CKOPPEKTUPOBAHHOE paclpe/ie]IeHne AEKTPHIECKON KOMIIOHEHTHI OISl B Ha-
0ope IUCKPETHBIX TOUEK, BKJIIOUAS 3alaHHYIO.

BriBoanl

Ha ocHoBe BBIYMCIHMTEIBLHOTO SKCIIEPUMEHTA MO MOAEIHpoBaHUIO AByMepHbIX BOK ycranoBneno, uro
MPeABaPUTENbHO 00yYeHHBIE HCKYCCTBEHHBIE HEMPOHHBIE CETH MOTYT OBITh MCIIOIB30BaHbI AJIsl TPOBEACHUS
aroCTEPUOPHOI 00pabOTKH pacpeIe/ICHUS MIEKTPOMArHUTHOTO 1oJisi B BOK B 1essix ycTpaHeHus Wik MUHH-
MHU3aluu BJIWAHUSA BOJIH, OTPAXXCHHBIX OT I'paHUIl KaMEp.

[IpuBeneHBI apXUTEKTYpa U 0COOCHHOCTH 00yYCHUS MCCIICIOBAHHBIX HEHPOHHBIX CETCH, CPaBHUTEIHLHBIN
aHaJIM3 KOTOPBIX IMOKa3aj, 4TO CeTh ¢ apxuTekTypol Pix2Pix obecreunBaeT OOIBIIYI0 TOYHOCTH peoOpa3o-
BaHUS UCXOIHOTO PACIpeIeNeHNs] K TECTOBOMY.

Ha npumMepax mpoaeMOHCTpUPOBAHO, YTO allOCTEPUOPHAs 00pabOTKa MO3BOJSIET YMEHBIINTD CPEAHIOID OT-
HOCHUTEJBHYIO OIIMOKY B BEJIMYMHE aMIUIMTYABI TONIA B o0nactu usmepenuii ¢ 41 1o 9 %.

PaccmoTpens! 0c00eHHOCTH peann3aliy MpeI0KeHHOW METOINKH allOCTEPHOPHOTO aHAIN3a B YCIIOBHSIX
HaTYPHOTO MUKPOBOJHOBOTO IKCTIEPUMEHTA.
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9KBUBAAEHTHBIE CXEMbI 3AMEIIEHUS HAHOTPAHYANPOBAHHBIX
KOMITO3NILINMOHHBIX ITAEHOK N3 HAHOYACTUIL] CITIAABA FeCoZr,
OCAXAEHHBIX B AUDAEKTPUYECKUE MATPHUIIbBI Al,O; 1 PZT
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[pencraBneHb! pe3yabTaThl H3yUSHUs XapaKTEPUCTUK SKBUBAJICHTHBIX CXEM 3aMEICHUs] HAHOTPaHYJIMPOBaHHBIX KOM-
NO3UUMOHHBIX TIEHOK (Fe) 45C0q 4571 1) (ALO3), 1 (Fe45C00 45210 10)(PZT), _, ¢ KOHUEHTpauuel MeTamiocoaep-
xamelt ¢azer B quanazone 0,3 < x < 0,8. [IneHkn TONIMHON 2—7 MKM IOJTy4€HbI METOJIOM HOHHO-Ty4€BOTO PACIIBUICHUS
COCTaBHBIX MHIIECHEH B cpejie YUCTOTO aproHa u B cMecu Ar — O, ¢ mocieayromum crynendarsv (¢ marom 25 K) uzo-
XpoHHBIM (15 MUH) OTKHTOM Ha BO3IyXe B Anuamnazone temmeparyp 398—873 K. Ocaxnenrne HaHOKOMIIO3UTOB B KHCIIOPOIIO-
cozepKaliei cpeze MMb0 MOCIERY oMM OTXKNT Ha BO3LyXe NPUBOAMIN K (POPMUPOBAHUIO HAHOYACTHUI] CO CTPYKTYpOH
«spo — 000II0uKaY, TIPEICTABISIONEH COO0H MeTalMueckue HaHoYacTUIb! Fe, 45Coy 4571 1o, TIOKPBITBIE 060TOYKAMH
u3 cOOCTBEHHBIX OKCHUIOB jxene3a u kobansra (FeO, Fe,O,4, Fe,0;, CoO). YcranoBieHo, 4To B ciyyae (pOPMUPOBAHUS
BOKPYI' METAJUIMYECKUX HAHOYACTUL] 000JIOUEK U3 BKIIOUEHUH COOCTBEHHBIX OKCHJOB JKelle3a IIOIYIPOBOIHUKOBOIO
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tuna (FeO, Fe;O,), yacTOTHBIE 3aBMCUMOCTH IOJIHOTO MMIIE/IaHCA HAHOKOMIIO3UTOB MOTYT OBbITh ONMCAHBI HA OCHOBE
SKBUBAJICHTHBIX CXEM 3aMEILEHHUs, COAepKalMX JBa pe3oHaHCHbIX RCL-KOHTYpa, YTO CONMpPOBOKAAETCS MOJNOKUTEIb-
HBIM (pa30BbIM CABUIOM TOKA OTHOCHUTENBHO HMPHIOKEHHOIO HAIPSDKEHUS CMELEHUs (Tak Ha3blBaeMbIM (B QeKToM oT-
punarenbHol eMkocTH). Eci B 00010uKax BOKpYT METAJUIMYECKUX HAHOYACTHI] YBEJIMUMBACTCS COAEPKAHNUE OKCHIA
Fe,0;, sABsIoIErocs AUAIEKTPUKOM, TO ITO IPUBOAUT K SIKBUBAJICHTHBIM CXEMaM 3aMEILeHus TM00 ¢ OHUM PEe30HAHC-
HbIM RCL-koHTYpOM, 111100 BoOOIIe 6e3 RCL-KkOHTYpa, B pesynbrare 4ero 3(p(exT OTpUIaTeIbHO’ eMKOCTH OTCYTCTBYET.
IToka3aHo, YTO C MOMOIIBIO MTOCTPOCHHS YKBUBAJICHTHBIX CXEM 3aMEIIEHHUs] HAHOKOMIIO3UTOB C Pa3HBIM COOTHOIICHUEM
meraunueckoit (FeCoZr) u nuanexrpudeckoii (Al,05, PZT) KOMIOHEHT yfaeTcst OMUCaTh YaCTOTHO-TEMIIEpaTypHBIC 3a-
BHCUMOCTH UMIIeJaHca i aeMeHToB cxeM (R, C, L), CoOTBEeTCTBYIOMIMX KaK OTJEIbHBIM KOMIIOHEHTaM, TaK U (popMu-
pyroLMMCs COOCTBEHHBIM HOJIYIIPOBOAHUKOBBIM U JUNIEKTPUUECKIM OKCHAAM JKelle3a U koOaIbTa B 000104KaX BOKPYT
METAJUTMYECKHX Sep.

Knrouesvle cnosa: HaHOTPAHYJIUPOBAHHBIC KOMITIO3UTHI; HAHOYACTULBI; CTPYKTYpa «AAp0 — o6on0q1<a»; OKBUBAJICHT-
HBIC CXCMbI 3aMCIICHUS 3(1)(1)8KT OTpI/IHaTeHLHOﬁ CMKOCTH.

EQUIVALENT CIRCUITS OF FeCoZr-ALLOY NANOPARTICLES
DEPOSITED INTO Al,O; AND PZT DIELECTRIC MATRICES
NANOGRANULAR COMPOSITE FILMS

A. V. LARKIN®, A. K. FEDOTOV"

*Belarusian State University, 4 Niezalieznasci Avenue, Minsk 220030, Belarus
®Institute for Nuclear Problems, Belarusian State University,
11 Babrujskaja Street, Minsk 2200006, Belarus

Corresponding author: A. V. Larkin (larkinav@bsu.by)

The paper presents equivalent substitution circuits (ESCs) describing nanogranular composite films (Fe 45C0 4521 10),
(AL, 03), _, and (Fe, 45Coy 4521, 1), (PZT), _, with a concentration of metal-containing granules in the range 0.3 <x < 0.8.
Films of 2—7 pum thick were obtained by ion-beam sputtering of composite targets in pure argon or in Ar — O, mixture,
followed by stepwise (with a step of 25 K) isochronous (15 min) annealing in air in the temperature range of 398—873 K.
Deposition of nanocomposites in an oxygen-containing atmosphere or subsequent annealing in air led to the formation of
nanoparticles with a core — shell structure consisting of Fe, ,5Coy 4521 ;, metallic alloy cores coated with shells of native
iron and cobalt oxides (FeO, Fe;0,, Fe,05, CoO). It has been established that when such shells contain semiconductor-
type iron oxides (like FeO and Fe;0,) the frequency dependences of the total impedance Z(f, T) of nanocomposites
can be described using ESCs containing two resonant RCL-circuits, that is accompanied by a positive phase shift of the
current relative to the applied bias voltage (the so-called negative capacitance effect). The prevailing of dielectric-like
oxides (Fe,0O5;) in shells around metallic cores leads to ESCs either with one resonant RCL-circuit or without it at all. This
results in disappearing of the negative capacitance effect when usual capacitive-like behaviour of nanocomposite beha-
viour is observed. It is shown that if we construct ESCs for nanocomposites with different ratios of the metallic (FeCoZr)
and dielectric (ALO,, PZT) components, it is possible to describe the Z( f, T) dependences for every circuit elements
(R, C, L) corresponding both to individual phase components in nanocomposites including intrinsic semiconductor- or
dielectric-like iron and cobalt oxides in shells around metallic cores.

Keywords: nanogranular composites; core — shell nanoparticles; equivalent substitution circuits; negative capacitance
effect.

Introduction

Nanogranular composites are a highly demanded area of modern materials science. Among the wide range
of their special properties, the possibility of varying the real and imaginary parts of their admittance in a wide
range of values is distinguished, which makes it possible to use them as electrical engineering elements (capa-
citors, resistors, including wireless pseudo-inductive elements [1]) for a wide range of frequencies and tempe-
ratures. The latter area of application is based on the so-called negative capacitance effect, which consists in
a positive phase shift between applied voltage and current at a certain phase state of nanogranular composite
films. This effect is due to the violation of the electrical neutrality of two neighbouring metallic nanoparticles
as a result of tunneling (hopping) of electrons between them (under the influence of both an alternating electric
field and temperature). Note that recharging of nanoparticles due to jumps of electrons between them also leads
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to polarisation of the dielectric matrix surrounding the metal nanoparticles, i. e. the dipoles formation. As was
shown in [2], the existence of such an effect in a wide range of temperatures and frequencies depends both on
the morphology of composite structures (nanometer-sized conducting and weakly conducting phases, as well as
the shape and volume ratio between the latters), and, in particular, on the formation of additional phases (semi-
conducting and (or) insulating) arising during synthesis and (or) subsequent annealing procedures. This paper is
devoted to establishing the relationship between the morphology of nanogranular (Fe;, 45Coy 4521 10)(ALO5), _,
and (Fe; 45Coq 45214 10)(PZT), _, composite films and the basic characteristics of equivalent substitution cir-
cuits (ESCs), which lead to the effect of negative capacitance in a wide range of frequencies and temperatures.

Experimental part

The objects of the study were nanogranular metal-dielectric composite films deposited by ion-beam sput-
tering of composite targets and then subjected to isochronous stepwise annealing in air with a step of 25 K for
15 min in the temperature range of 398—873 K [3]. For deposition, composite targets were used, which were
a cast metal base 270 x 70 x 14 mm in size prepared from Fe,, ,sCo, 4521, ,, alloy with Al,O; or PZT dielectric
srips of the same size. These insulating strips were located along metallic plate surface with different distances
between them monotonically changing from 3 to 24 mm. This made it possible to obtain composite films on
a glass-ceramic substrate in one technological cycle with a gradient of the metal phase x content from 0.3 on
one side of the substrate to 0.8 on its other side [4]. In the case of the Al,O; as matrix deposition of the film
was carried out either in Ar gas (with P,, = 6.0 - 107 Pa) or in Ar — O, mixture (at F, =4.3 - 107 Pa); for PZT
matrix we used only Ar — O, mixture (at £, =2.0 - 107 Pa or Fo,=3.0- 10 Pa) as deposition atmosphere.

Scanning and high-resolution transmission electron microscopies with attachments for energy dispersive
analysis was used for analysis of the film nanocomposites morphology, as well as determination of their thick-
ness and chemical composition. Analysis of the phase composition of the samples before and after annealing
was carried out using the methods of Mdssbauer spectroscopy, electron and X-ray diffraction, and also the
X-ray absorption edge methods [5; 6].

To study electric properties, we used the method of impedance spectroscopy in the temperature range of
77-350 K and alternating current frequencies of 100 Hz — 5 MHz. The admittance was measured by the 4-probe
method using a 3532 LCR HiTESTER (Hioki, Japan) meter with an error of no more than 4 %. In the mea-
surements, we used film samples 10 x 2 mm in size, on which electrical contacts were deposited using silver
paste [7]. The temperature was measured with a thermocouple using an Agilent 34970A multimeter (4gilent
Technologies, CIIA).

Results and discussion

This article analyses the amplitude and frequency dependences of the total impedance Z ( LT ) of the films
(Fe 45C0q 4521 19)(AL,05), _, and (Fe( 4sCoy 4571, ;7). (PZT), _ that allowed us to construct further their ESCs.

As was shown earlier [8—10], the ESCs of composite films under study contain resonant RCL-circuit for
certain types of film morphologies. However, these works did not establish a clear relationship between the
type of ESC and the morphological features of the films, which determine the manifestation of the negative
capacitance effect in the samples. This work is devoted to the solution of this problem.

An analysis of the integral amplitude and frequency characteristics of the Z ( /5 T) curves have shown that in
unannealed (FeCoZr), (Al,0,), _, nanocomposites deposited in argon gas, there are two types of Z ( f ) depen-
dences in samples up to the percolation threshold (x < x,): the decrease in Z ( f ) with increasing frequency ac-
cording to the hyperbolic law, which corresponds to the presence of a parallel RC-circuit in the ESC, or Z(f)

curves with one maximum, which corresponds to the ESC with one resonant RCL-circuit. Both of these types
of ESCs indicate the predominance of the contribution of the dielectric layers of the matrix to the conductivity

of the samples. After annealing in air for nanocomposites with small x values, Z ( /) dependences exhibit two

maxima, which correspond to the presence of two resonant RCL-circuits in ESC. We attribute this effect to the
formation of shells with FeO oxides around metallic nanoparticles during annealing.
As can be seen from fig. 1, a and b, in the case of adding oxygen to the deposition chamber during the syn-

thesis of (FeCoZr) (AL, O;), _ . nanocomposite films, the Z ( f ) dependences are characterised by one (at x > x,,),

which is called by the touching threshold, or two (at x < x_,) maxima. Note that the x_, concentration conforms to
the x value when the nanoparticles begin to touched each other by oxide shells covering the metallic cores. This

such behaviour of the Z ( f ) curves corresponds to equivalent circuits that include one (fig. 1, ¢) or two (fig. 1, d)
resonant RCL-circuits. So, in the case of the 2-circuit ESC, the effect of negative capacitance is observed (see the
inset to fig. 1, b). For the case of the 1-circuit ESC, the character of Z ( f ) is capacitive-like.
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As shown in [5; 11], as a result of annealing in air up to 7,, = 873 K, additional contributions from FeO
and Fe;O, oxide phases of the semiconductor type are formed around the FeCoZr metal cores in the course
of the FeO — Fe,0, — Fe,0, transformation chain. In this case (fig. 2, ), Z( /) with one resonant maximum
before annealing turns into a curve with two resonant maxima after annealing with a corresponding transition
of the ESC from the 1-curcuit (see fig. 1, ¢) to the 2-curcuit (see fig. 1, d).
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Fig. 1. Amplitude-frequency dependences of the impedance
of (FeCoZr),(Al,O5), _, nanogranular composite films, deposited in an Ar — O, mixture,
and the corresponding ESC after («) and before (b) the touching threshold:
a— Z( f) dependence with one maximum for the (Fe 45C0 4521y 10).5o(ALO3)g 50 film (at 7= 223 K);

b-Z7 ( /') dependence with two maxima for the (Fe 45C0y 4571y 10)0.31(AL,03) 60 film (at T'= 123 K);
¢ — ESC with one resonant RCL-circuit, corresponding to the Z ( f ) dependence of type (a);
d — ESC with two resonant RCL-circuits, corresponding to the Z( /') dependence of type ().
The inset shows the frequency dependences of the phase shift angle 6( f ) in the 80-303 K temperature range
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Fig. 2. Transition of the dependence Z( ') with one maximum to Z( 1)
with two maxima for the (Fe| 4,5C0 45210 19)0 50(ALL,03), 50 film (7= 80 K)
after annealing (/ — unannealed, 2 — T, = 623 K)
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Experiments have shown that for nanogranular (FeCoZr) (PZT), _, films, the Z ( f ) behaviour depends not
only on annealing, but also on the partial pressure of oxygen £, in the Ar — O, deposition mixture. An increase
in F, in the range 2.0 < £, < 3.0 mPa causes a redistribution of oxide phases of the semiconductor (FeO and
Fe;0,) and dielectric (Fe,0;) types around metal cores contributions [12]. This, as it is turned out (fig. 3),
changes the Z ( f ) dependences of the hyperbolic type (before and in the vicinity of the touching thre-
shold x,,) or the dependences with one maximum (beyond the percolation threshold x_, when a continuous
conducting cluster is form dur to direct contacting of metallic cores of nanoparticles) to the Z ( f ) depen-

dences with one or two maxima (before and in the vicinity of x_,) or again to the hyperbolic form beyond
the touching threshold x_,).
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Fig. 3. The influence of the partial pressure of oxygen F, in the Ar— O,
deposition mixture on the amplitude-frequency dependences of the impedance
of (FeCoZr),(PZT), _, nanogranular composite films at different temperatures

(1-80K,2-123K,3-173K,4-223K,5-273K, 6-303 K)
on the example of the (Fe( 45C0y 4521 19)g.52(PZT); 45 film:
a —hyperbolic Z (f ) dependences at Fp,=2.0 mPa;
b~ Z(f) dependences with one or two maxima at £, = 3.0 mPa

For nanogranular (FeCoZr) (PZT), _, films, as for nanocomposites with an aluminum oxide matrix, we ob-
serve the hyperbolic-type curves which correspond to the presence of a parallel RC-circuit in the ESCs, charac-
terised by a joint contribution to the admittance of the PZT matrix interlayers and dielectric native oxide Fe,O5.

Impedance frequency dependences Z ( f ) curves with one maximum correspond to equivalent circuits with one
resonant RCL-circuit. We attribute them with decrease in the contribution of perforated dielectric intrinsic
oxides. Impedance frequency dependences Z ( f ) curves with two maxima correspond to equivalent circuits

with two resonant RCL-circuits, characterised by the contributions to the admittance of both the PZT matrix
interlayers and the dielectric intrinsic oxide Fe,O;, as well as the semiconducting oxides FeO and Fe;O,. Note
that in the case when equivalent circuits contain two RCL-circuits, the effect of negative capacitance is also
observed, as in the case of composites with an Al,O; matrix.

Additional annealing in air does not lead to a qualitative change in the nature of the amplitude and frequency
dependences for (FeCoZr) (PZT), _, films, since the morphology of the samples practically does not change.
However, in the region of high x values (fig. 4), the Z( /) dependences with one maximum turn into curves
of the hyperbolic type (even for samples deposited at F, = 2.0 mPa) or 2-step hyperbolic type curves, cor-

responding to two parallel RC-circuits (contributions of the PZT matrix and Fe,O; phase), can be observed
(deposition at i, = 3.0 mPa). It’s caused by the increasing contribution of dielectric oxides to the admittance.

Analysis of contributions of ESC elements to the impedance amplitude and frequency dependences have shown
(fig. 5) that in (FeCoZr),(AL,O5), _, nanocomposites, deposited in argon gas, if the equivalent circuit includes
one resonant RCL-circuit, its active (R,) and reactive (R, and R| ;) components are characterised by dependen-
ces decreasing with increasing temperature with two different activation energies at low (AE,) and high (AE,)
temperatures, respectively. In this case, the reactive contributions are always greater than the active ones (for
example, R, = 0.889 GQ, R, = 11.8 G for x = 0.31 at 7= 173 K), which makes it possible to attribute this
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circuit element to the Al,O; dielectric matrix. After annealing in air, the nature of the temperature dependen-
ces of the ESC elements are not changed, but the value of R, decreases (R, = 762 MQ and R, = 11.6 MQ for
x=0.31 at T'= 173 K without annealing and in the case of 7,, = 623 K, respectively), which is associated with
an additional contribution to the admittance of the formed semiconducting oxide shells of the FeO type.
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Fig. 4. Hyperbolic Z( 1) dependences of impedance of the (Fe, 45C00 452 10)0.52(PZT)g 45
nanogranular composite film (/ — 7= 80 K, 2 — T'= 123 K), deposited at Fo, = 3.0 mPa
after annealing at 7, = 573 K (a) and the corresponding EC with one parallel RC-circuit (b).
The inset shows the frequency dependences of the phase shift angle 6( f ) in the 80-303 K temperature range
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Fig. 5. Temperature dependences of the elements of the 1% () and 2nd (b) resonant RCL-circuits
(I —R;, 2= Ry, 3— Ry, i=1,2) of the (Fey 45C0 45214 10)0.31(A1,03)0 60
nanogranular composite film, deposited in Ar — O, mixture, ESC.

I — low temperature region, II — high temperature region
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In (FeCoZr)(Al,0O5), _, nanocomposites deposited in an Ar — O, gas mixture, in the case of the presence
of two RCL-circuits in the equivalent circuits, the elements of both of them are characterised by dependences
decreasing with increasing temperature (see fig. 5) with two different activation energies AE, and AE,, respec-
tively, with AE, > AE| (see fig. 5, a). The reactive components R, and R, ; of the first RCL-circuit are larger
than the active component R, (see fig. 5, @), which makes it possible to attribute this component with the admit-
tance of the dielectric matrix Al,O; and the dielectric intrinsic oxide Fe,O;. The reactive components R, and
R, , of the second RCL-circuit are smaller than the active R, circuit (see fig. 5, b), which makes it possible to
compare this circuit with the contribution of the semiconductor native oxides FeO and Fe;0, to the admittance.
If there is only one RCL-circuit in the equivalent circuits, its reactive components R, and R| , are greater than
the active R,, which makes it possible to compare the circuit with the contribution of the dielectric matrix and
dielectric oxide Fe,0; to the impedance.

After annealing these nanocomposites in air up to 7, = 623 K, the active resistances of the equivalent circuit
(R,, R,, R;) increase in comparison with unannealed samples (fig. 6, a and b), which, naturally, can be associated
with the formation of additional oxide phases of Fe and Co around nanoparticles. The reactances (R, Ry 1, R¢»,
R, ,) synchronously demonstrate different behaviour with respect to annealing (fig. 6, ¢ and d) depending on
the temperature range of measurements (they increase in the low temperature region and decrease in the high
temperature region compared to nanocomposites not subjected to annealing procedure). The latter makes it
possible to ascribe this to the redistribution of the contributions from various Fe oxide phases formed during
annealing.
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Fig. 6. Dependences of the resonant RCL-circuits active resistances (/ — R, 2 - R,)
on the annealing temperature (@) and the temperature dependences (/ — unannealed, 2 — T,, = 623 K)
of the additional resistance R; (b), as well as the reactive elements (/ — R, unannealed; 2 — R, |, unannealed;
3-Rcy, T,,=023K;4—R,,, T,, = 623 K) of the first (¢) and the second (/ — R, unannealed,
2—Ry,, unannealed; 3 — R¢,, T,, = 623 K; 4 — R ,, T, = 623 K) (d) resonant RCL-circuits of ESC
in the (Fey 45C0y 4521 10)0 31(AL,O03), 6o Nanogranular composite film, deposited in Ar — O, mixture
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An increase in the annealing temperature up to 7, = 873 K leads to an additional increase in active re-
sistances (see fig. 6, a), which can be associated with the formation of the Fe,O; dielectric oxide phase.
In this situation, in the case of the appearance of the negative capacitance effect, the largest increase is no-
ticeable in the active component R, of the second RCL-circuit, which is most likely due to the contribution
of semiconducting phases (especially narrow-gap Fe;O,) that appear during the above-mentioned chain of
FeO — Fe;0, — Fe,0; transformations.

In (FeCoZr),(PZT), _ nanocomposites deposited in Ar — O, mixture at a partial oxygen pressure of ;) = 2.0 mPa,
in the case of the presence of one RC-circuit in the ESC, its elements are characterised by decreasing depen-
dences with two different activation energies at low and high temperatures, respectively (as in the case of ESC
with one RCL-circuit for samples with an Al,O; matrix, when the contributions of the dielectric alumina mat-
rix and Fe,O; oxide predominate, as well as a negative phase shift).

With an increase in £, in the deposition atmosphere to 3.0 mPa, in the case of the presence of two RCL-cir-
cuits in the ESC, their elements are also characterised by Rl.(T ) dependences decreasing with increasing tem-

perature with two different activation energies in the region of low and high temperatures, respectively (as in
the case of equivalent circuits for samples with an Al,O; matrix, when the effect of negative capacitance is
observed due to the predominance of the contributions of semiconductor oxides FeO and Fe;0,).

After annealing in air up to 7, = 598 K, the (FeCoZr) (PZT), _, samples show an increase in the values of
the active and redistribution of the reactive components of the equivalent circuits, associated with the forma-
tion of additional oxide phases.

Based on the selected temperature dependences of active R, and reactive R;, R;; ESC elements for unan-
nealed nanogranular film composites (FeCoZr) (Al,05), _, and (FeCoZr) (PZT), _, (in the case of the presence
of two RCL-circuits in ESC), we have used the improved model of hopping conduction [12] in a weak electric
field (E < kT), to extract the average characteristic hopping activation energies AE,, affecting various elements
of the equivalent circuit. The procedure for such an assessment takes into account the fact that the value of
AE, characterises the potential energy of a pair of charges (which, according to [13], form a dipole) located in

adjacent potential wells. Then, based on the relation

2
e

r=——m—,
4me eAE

it is possible to estimate the average hopping lengths 7, (for these estimations we used the permittivity of the
matrix substance as € = 10 and € = 34 for Al,O; and PZT, respectively).

Estimates made for (FeCoZr),(Al,O5), _, nanocomposites, deposited in Ar — O, mixture at x = 0.31 (up to
the touching threshold), gave the following results. The average characteristic hopping activation energies AE;
turned out to be such that the barrier is permeable in the case of hopping through phases corresponding to both
RCL-circuits (AE, = 3.5 meV in the high temperature region and AE, = 7.3 meV in the low temperature region).

; b At the same time, the corresponding average elec-

tron hopping length 7, for the elements of the second
/ ’ \
—e)

RCL-circuit, the presence of which accompanies the
appearance of the negative capacitance effect, is always
less (#; = 162.9 nm in the high temperature region and
r, = 78.5 nm in the low temperature region). The esti-
mates made indicate that in (FeCoZr),(Al,O5), _, nano-
composites, tunneling (jumping) in the low tempe-
rature region occurs between metallic cores through
the nearest native oxide shells surrounding them and
the thinnest interlayers of the Al,O; dielectric matrix
(fig. 7, a).

For (FeCoZr) (PZT), _, nanocomposites deposi-
ted in Ar — O, mixture at a partial oxygen pressure

@

./

Fig. 7. Schematic representation of the morphology
of the (Fe( 45sC0 4521 10)0 31(A1,05) 6o Nanogranular
composite films, deposited in Ar — O, mixture (@)
and (Feg 45C0 4521 10)0.52(PZT), 45 films, deposited
in Ar — O, mixture at i, = 3.0 mPa (b):
1 —metal cores from FeCoZr alloy;
2 — AL O; or PZT dielectric matrix;
3 — various oxide phases formed during the chain
of transformations FeO — Fe;O, — Fe, 0, around metal cores;
4 — direction of electron tunneling (jumping) (red arrows)

of P, =3.0 mPa, at x = 0.52 (in the vicinity of the tou-
ching threshold), the average electron hopping length
r; calculated according to (1) has a value of ~4 nm
(ry=4.33 nm and r, = 3.58 nm when calculated relative
to R, and R,, R, , respectively in the low temperature
region). This estimation indicates that, at low tempera-
tures, tunneling (jumping) is most likely carried out
between metallic cores through the nearest surrounding
shells of native semiconducting oxides (fig. 7, b).
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Conclusion

The finding of nanogranular (FeCoZr) (Al,O5), _, and (FeCoZr) (PZT), _, composite films equivalent cir-
cuits in the region of different relative concentrations of metallic (FeCoZr) and dielectric (Al,O5, PZT) pha-
ses has been carried out. The found ESCs made it possible to relate the types of frequency and temperature
dependences of the impedance for the circuit elements corresponding both to the initial components (metal,
dielectric) and those formed in the sequence FeO — Fe;O, — Fe,O, around the metallic cores from the FeCoZr
alloy their native oxides of iron (either semiconducting or dielectric). It has been found that if inclusions of
intrinsic semiconductor-type iron oxides (FeO, Fe;O,) dominate in the shells around the metallic cores, the
equivalent circuits of the nanocomposites studied contain two resonant RCL-circuits. In this case, the sam-
ples exhibit a positive phase shift of the current relative to the bias voltage (the negative capacitance effect).
The predominance of dielectric-like native oxide of iron (Fe,0;) in the shells around the metal cores leads to
equivalent circuits either with one resonant RCL-circuit or without it, so that in this case the negative capa-
citance effect is absent. It is shown that the separation of the temperature dependences of active and reactive
elements in equivalent circuits makes it possible to estimate the hopping characteristics (average energies and
lengths), which, taking into account the phase composition of nanoparticles, makes it possible to establish
between which phases tunneling (hopping) took place.
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MN3MEPEHUE INTAOTHOCTHU JXUAKOCTHU _
B CUCTEME OBECITEYEHUNA EAVMHCTBA U3MEPEHVN

H. B. BAKOBEI[", E. H. KOHHYEBA”

YBenopyceruii 2ocydapemeennuiii uncmumym memponozuu,
ya. Cmaposunenckuii Tpaxkm, 93, 220053, . Munck, berapyco
Z)Hpad/w&wmex, yi. Kapna Jlubknexma, 66, nom. 62a, 220036, 2. Munck, berapyce

[IpuBeneHs! pe3ynbTaThl UCCIEA0BAHNS, HAPABICHHOTO HA CO3JAHUE HAIIMOHAJIBHOTO ATAJOHA IUIOTHOCTH JKUAKOC-
TH. DTaJIoH obecreynBaeT BOCIIPOM3BE/ICHNE, XPAHEHUE 1 TIepe/iady eIMHHIIBI TUIOTHOCTH JKHKOCTH B JIanazoHe ot 650
10 2000 kr/m’. Ha 0CHOBE METOJa IMAPOCTATHYECKOTO B3BEIIMBAHMS PEATH30BAHO M3MEPEHHE IUIOTHOCTH JKHAKOCTH
B cootBercTBUU ¢ [OCT OIML R 111-1-2009 «T'ocymapcTBeHHas cucteMa oOecniedeHnsT eANHCTBA n3MepeHuil. ['mpn
knaccoB E, E,, F,, F,, M, M| ,, M,, M, ; u M;. Hacts 1. MeTponorudeckue u TexHudeckue TpedoBanus». [lokasa-
HO, 9TO NPHUMEHEHHE MacC-KOMIapaTopa BBICOKON TOYHOCTH MO3BOJIET 3HAYMTEIBHO CHHU3UTh CHCTEMATHYECKYIO IO-
TPEIIHOCTh U3MEPEHUI U CpeHEKBaJpaTUYHOE OTKJIOHEHHE MPU BOCIPOU3BEACHUHM €AMHUIIBI MJIOTHOCTH KUAKOCTU
U ee mepeade ATaJTOHHBIM CPEJICTBAM M3MepeHuit 1-ro u 2-1o paspsiioB U pabounM cpercTBaM u3Mepenuil. PeannsoBan
METO/I IIepeIauyl €MHHUIIBI INIOTHOCTHU XKHUAKOCTH ITOCPEACTBOM ITATOHHOIN MephI INIOTHOCTH — KPEMHHEBOH c(hepbl 1 KK
KOCTH-KOMITapaTopa, 4To MMO3BOJIMIIO UCKITIOUUTH NIEPEJATOYHOE 3BEHO B BU/IE ATAJIOHHOTO PACTBOPA IFIOTHOCTHU JKHU/IKOCTH.
B nnamazone BOCIpOM3BEICHNUS, XPAHEHHS U TIEPEavn €ANHHUIIBI TNIOTHOCTH JKUIKOCTH TOJIydeHa CHCTEMaTHYeCKas 110-
rpemHocTs 2,1 - 107 ko/v?, CpeAHEKBaIpaTUYHOE OTKJIOHEHHE MTPU BOCIPOU3BEACHUU €IMHULIBI INIOTHOCTH KUJKOCTH
coctaBuio 4,0 - 10°* kr/m’, cpeiHeKBaapaTHIHOE OTKIOHEHHE CYyMMAPHOiT TOTPEIIHOCTH MPH TIepeIade ¢HHHIIB ILI0T-
HOCTH KMJKOCTH paBHsUIOCH 3,14 - 107 kr/n’,

Knroueevie cnosa: >Tanon eqUHUIBI TIIOTHOCTH KUAKOCTU; METO T'MAPOCTAaTHICCKOTO B3BCIINBAHU A, DTaJIOHHAA
MEpa INIOTHOCTHU; BOCIIPOMU3BEACHUEC, XPAHCHHUE, TE€pEeaava €ANHNUIBI TNIOTHOCTH KUIKOCTH.

O0pa3en UUTHPOBAHUS:

Bbaxoseny HB, Konnuesa EH. M3mepenue mioTHOCTH KUAKOCTH
B cHUCTeMe o0eclieueHHs eMHCTBA u3MepeHuid. JKypuan beno-
pycckoeo 2ocyoapemeenno2o yHugepcumema. @uzuxa. 2022;3:
113-119 (na aHDIL.).
https://doi.org/10.33581/2520-2243-2022-3-113-119

For citation:

Bakovets NV, Konicheva EN. Measuring liquid density in a sys-
tem for ensuring uniformity of measurements. Journal of the
Belarusian State University. Physics. 2022;3:113—-119.
https://doi.org/10.33581/2520-2243-2022-3-113-119

ABTOpBI:

Huxkonaii Bnaoumuposeuu bBakogey — 3aMeCTUTEIIb TUPEKTOpPa
10 HayKe.

Examepuna Hukonaesna Konuueea — eyl HHXEHED 110
METPOJIOTHH.

Authors:

Nickolay V. Bakovets, deputy director of science.
bakavets@belgim.by, bakovets n@mail.ru

Ekaterina N. Konicheva, leading engineer of metrology.
katya.konicheva@mail.ru

113



ZKypnaa Besopycckoro rocyiapcrseHHOro yuusepcurera. ®usuxa. 2022;3:113-119
Journal of the Belarusian State University. Physics. 2022;3:113-119

MEASURING LIQUID DENSITY IN A SYSTEM
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The article presents the results of a study aimed at creating the national standard for liquid density. The standard
provides reproduction, storage and transmission of the liquid density unit in the range from 650 to 2000 kg/m’. Based
on the method of hydrostatic weighing, the measurement of liquid density was implemented in accordance with the
GOST OIML R 111-1-2009 «State system for ensuring the uniformity of measurements. Weights of classes E|, E,, F|, F,,
M,, M, ,, M,, M, ; and M,. Part 1. Metrological and technical requirements». It is shown that the use of a high-precision
mass comparator can significantly reduce the systematic measurement error and the standard deviation when reproducing
and transferring the unit of liquid density to reference measuring instruments of the 1% and 2" category and working
measuring instruments. A method for transferring a unit of liquid density by means of a standard density measure — a sili-
con sphere and a comparator liquid — has been implemented, which made it possible to exclude the transfer link in the
form of a standard liquid density solution. In the range of reproduction, storage and transmission of the liquid density unit,
a systematic error of 2.1 - 10~ kg/m’ was obtained, the standard deviation in the reproduction of the liquid density unit was
4.0 - 10* kg/m’, the standard deviation of the total error in the transmission of the liquid density unit 3.14 - 10~ kg/m”.

Keywords: liquid density unit standard; hydrostatic weighing method; density standard measure; reproduction; storage;
transfer of liquid density unit.

Introduction

Since 13 January 2020, Belarus is a full-fledged member of the Metre Convention — an agreement to ensure
uniformity of metrological standards, the signatories to which are currently 62 states all around the world.

Signing the Metre Convention imposes certain requirements on signatory states. One of the requirements
is to establish and develop a country-wide system for ensuring uniformity of measurements. The origins of the
national system for ensuring uniformity of measurements in the Republic of Belarus date back to the 1990s,
the time of the early creation of the national system of measurement standards for physical quantities. The cru-
cial role in these activities has been played by the Belarusian State Institute of Metrology, which, in accordance
with the Law of the Republic of Belarus «On ensuring uniformity of measurements», has the mandate by the
State Committee for Standardisation of the Republic of Belarus to act as the country’s National Metrological
Institute. When working on establishing measurement standards, BelGIM cooperates closely with the National
Academy of Sciences of Belarus and leading domestic universities. Now, there are a total of 65 national mea-
surement standards representing units of physical quantities.

Development of new cutting-edge technologies drives a need for using measuring instruments that have a sub-
stantially better resolution, for reducing measurement errors of methods and instruments, as well as for stronger
automation and higher operation rates of the latter. The metrological characteristics of measuring instruments im-
prove continuously, so the accuracy of measurements. This, however, poses a general question regarding highest
available accuracy of determination of values of various physical quantities when using high-precision instru-
ments and urges for verification and demonstration of their proper metrological characteristics.

Liquid density measurements are widely applied across industries, since density represents not only a quan-
titative, but also a qualitative characteristic of a raw material. Density data are fundamental for investigation
of properties of liquids, their identification, and determination of their purity grade. These are also required
for indirect evaluation, with a certain degree of accuracy, of some other liquid properties, like specific weight,
thermal expansion or contraction, mass of a known volume of liquid, etc.

A unit of density is a physical indicator of a characteristic determined for substances of a homogeneous na-
ture (liquid, solid, gaseous) using their mass per unit volume. According to the International System of Units,
a unit expressed in kilogram per cubic meter is used to determine density indicators. Density values for various
materials are in fairly wide measurement ranges. The ability to determine the density of substances in liquid
and solid states is called densimetry.

The density characteristic of any substance depends on the mass of atoms that are part of this substance and
on the density of the arrangement of compounds of atoms, as well as molecules in this substance.
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For liquids, the determination of density is important for two reasons. The first is to assess the liquid from
the qualitative side, when checking its density, they look at the compliance of the liquid with the standards of
quality indicators. Such changes are made in the laboratory. The second reason for determining the density is
to calculate the mass of the liquid. Since when the temperature changes, there is no change in the mass of the
liquid, it is customary to take into account the amount of liquid not by volume, but by mass.

Various methods exist for characterising the densities of liquids. A large group consists of float-weight
methods based on determining the buoyancy force acting on a body or an auxiliary element — a float and,
according to the Archimedes’ principle, having a directly proportional dependence on the density of the me-
dium. This group includes measurements with a hydrometer, by means of hydrostatic weighing, float, flotation
methods for determining density.

The next group includes hydrostatic methods for determining the density characteristic, which determines
the dependence of the static pressure of a liquid or gas column of constant height on their density.

The following measurement methods are typical for determining the density of liquid substances:

e buoyancy method (areometric)'. To implement these methods, the body, which is pressed by a force equal
to the weight of the fluid displaced by the body, is partially or completely immersed in the fluid. This method
is implemented using float density meters (hydrometers):

— having a floating float and measuring the depth of its immersion;
— equipped with a submerged float and measuring the force acting on the float.
The basis of the hydrometer is Archimedes’ principle.

There are hydrometers with constant volume and hydrometers with constant mass. Density is determined
by the mass of the load (weights) and based on the volume of liquid displaced.

The above method is widely used in practice in order to determine the relative density of ethyl alcohol and
acids (sulfuric, nitric and hydrochloric). Analyses using this method are performed quickly, which refers to its
positive aspects. It can also be used to analyse liquids with a fairly high viscosity. However, the measurement
accuracy of this method leaves much to be desired, which refers to its disadvantages, and a relatively large
amount of liquid is also required for measurements;

e hydrostatic weighing method”. This method is used for mass determination of density in cases where
simplicity of the process and speed of its implementation are preferred, or in the case when work is carried out
at high pressures. Hydrostatic balances are widely used to determine the density of liquids. The advantage of
these devices is the fact that a rather small amount of liquid or substance is required to determine the density
characteristic with their help;

e flotation method for determining the density®. This method is characterised by the fact that a float
immersed in a liquid is brought to a state of equilibrium, the so-called flotation equilibrium. He won’t be able
to float and he won’t be able to sink. Flotation equilibrium is characterised by the equality of the densities of
the float and liquid. When determining the density of the float and the corresponding temperature of flotation
equilibrium, the density of the liquid at a given measurement temperature is also determined. The magnetic
float flotation method is currently being developed and mastered as part of the use of electronic tracking
systems that automatically maintain the float at the desired height. Keeping the float stationary relative to the
cuvette prevents the viscosity of the liquid and the walls of the cuvette from being affected. A fairly small
volume of liquid is needed for the density determination process;

e pycnometric method*. In laboratories of chemical industries and pharmaceutical plants, when conducting
technical analyses, pycnometers (volume-weight density meters) are usually used along with hydrometers.
The principle of operation of these meters is that the mass of a substance is directly proportional to the density
at a constant volume of this substance. To determine the density, it will be sufficient to continuously weigh
a certain volume of liquid flowing through the pipeline. The advantages of these devices are that they can
determine the density of pulps, suspensions, liquids (high degree of contamination, viscous and volatile);
readings do not depend on the flow time of the liquid and its properties; they can determine the density at
high pressures (maximum 2.5 MPa); the measuring cavity of the device has a constant cross section, which

'GOST 3900-85. Petroleum and petroleum products. Methods for determination of density. Interstate standard. Introd. 01.01.1987.
Mosc. : Stand. Publ. House, 2000. 140 p. ; GOST 8.428-81. State system for ensuring the uniformity of measurements. Areometers.
The values of coefficients of surface tension of liquids (amendment 1). Introd. 01.07.1982. Mosc. : Stand. Publ. House, 1986. 10 p. ;
GOST ISO 3675-2014. Crude petroleum and liquid petroleum products. Laboratory method for determination of density by hydrome-
ter. Introd. 01.01.2017. Mosc. : Standartinform, 2019. 12 p.

>0IML G 14. Guide. Edition 2011 (E). Density measurement. Introd. 01.09.2011. Paris : OIML, 2011. 29 p.

3GOST 15139-69. Plastics. Methods for the determination of density (mass density). Introd. 01.07.1970. Mosc. : Stand. Publ.
House, 1988. 17 p.

*ISO 2811-1:1997. Paints and varnishes. Determination of density. Part 1. Pyknometer method (MOD). Introd. 01.07.2014. Geneva :
International Organization for Standardisation, 1997. 9 p.
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prevents the deposition of solids from the flow, they have high sensitivity parameters and high measurement
accuracy; the measurement range of these devices is adjustable over a wide range (100-2000 kg/m?);

e method based on the determination of pressure’. The pressure difference between two liquid levels is
determined. When maintaining a constant liquid level, the pressure below the surface of the liquid indicates
its density. It is possible to measure the pressure difference between two different liquid levels. This
difference is directly proportional to the density of the liquid. This method is called the «wet-pipe» method,
which contains a separating fluid whose density is higher than that of the working fluid being measured. If it
is not possible to use a separation fluid, a pressure repeater is used to reproduce the pressure in the upper level
and allow the instrument to monitor the pressure difference between the liquid levels;

e vibrating methods®. A mechanical vibrator in the shape of a U-tube oscillates at its resonant frequency,
which depends on its mass. When the device is introduced into the sample of the investigated liquid, the
resonant frequency of oscillations changes. The instrument should be calibrated using two standard liquids of
known density. Standard fluids are selected so that their densities cover the range within which the expected
density of the test fluid falls;

e ultrasonic methods’. Ultrasound is used to determine the density of a substance. An ultrasonic vibration
in a medium can be created by any oscillating body that is in contact with this medium. To determine the
density index in this medium, it will be necessary to determine the speed of propagation of ultrasound in it.
This is a highly sensitive method, almost completely inertialess and eliminates contact with the controlled
environment, which means it can work in aggressive environments.

Newly mastered measurement methods are gaining great popularity, associated with the use of certain physi-
cal phenomena and the use of quantities that uniquely depend on density, for example, the attenuation of radio-
active radiation, the speed of sound propagation in a substance, the frequency and amplitude of oscillations
of a vibrating auxiliary body, parameters occurring in a fluid flow or vortex gas.

The accuracy of parameters in determining the density characteristic is of great importance in the develop-
ment and production of measuring instruments in various industrial fields, such as instrumentation and metro-
logy, which are closely related to the analysis of the properties of certain substances and materials.

A wide variety of methods for measuring the density of a liquid raises the question of creating a stan-
dard for the density of a liquid, which can reproduce, store and transmit a unit of liquid density to measu-
ring instruments and standard samples, ensuring the uniformity of liquid density measurements with high
accuracy.

Materials and methods

To ensure uniformity of measurements in the field of densitometry pursuant to task 2.14 «Establishing
a new national measurement standard for liquid density» within the scope of the sub-programme «Measure-
ment standards of Belarus» of the state scientific and technical programme «Development and manufacture
of Belarusian measurement standards, proprietary instruments and facilities for scientific research (national
measurement standards and scientific instrumentation)», BelGIM in the years from 2018 to 2020 established
a new National measurement standard of liquid density (NE 61-21). The standard is designed for realisation
and maintenance of the liquid density unit (kg/m?), and its further dissemination to appropriate 1* grade wor-
king standards. There is a large variety of methods to determine liquid density nowadays. Basically, these can
be divided into two main groups, i. e. indirect and direct ones. The most known indirect methods are the pyc-
nometric and the hydrostatic weighing method. The difference is that when applying the pycnometric method
the liquid density is being determined by using a container of a constant capacity, while for the hydrostatic
weighing a constant mass reference measure shall be used.

We have chosen the hydrostatic weighing as the preferred method for liquid density determination.
The essence of the method is that the density of a liquid is being measured based on the Archimedes’
principle. When measuring the liquid density, a body of known mass and volume is being weighed while
immersed in the liquid.

The measure we use to realise and maintain the liquid density unit by means of the hydrostatic weighing me-
thod is a Si-sphere (hereafter called the «spherew) (Hdfner, Germany). The sphere is made of 1 kg of high-purity
silicon.

>ISO 2811-4:2011. Paints and varnishes. Determination of density. Part 4. Pressure cup method. Introd. 01.03.2011. Geneva : Inter-
national Organization for Standardisation, 2011. 16 p.

®GOST 33453-2015. Testing of chemicals of environmental hazard. Determination of the density of liquids and solids. Introd.
01.09.2016. Mosc. : Stand. Publ. House, 2016. 6 p.

"Shaverin N. V. Development of an ultrasonic method and means of automated control of the density of petroleum products : abstr.
of a dissertation ... candidate of technical sciences : 05.11.13. Tomsk : Natl. Res. Tomsk Polytech. Univ., 2003. 20 p.
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The algorithm applied for the realisation of the liquid density unit is implemented in accordance with the
conventional scheme by using an AVG-1000 high-precision hydrostatic weighing mass-comparator (hereafter
called the «comparator») (Radwag Wagi Elektroniczne, Poland)®. The sphere is first weighed in the air on the
comparator pan. For temperature conditioning, a CCK-0/7702m test chamber (Dycometal Equipos de Control
de Calidad, Spain) is used, namely in conjunction with a THB-Box communicator with THB P sensors (Rad-
wag Wagi Elektroniczne), which allows very accurate measurements of the environmental parameters.

After that, the sphere is placed on the lower weight holder of the comparator; then a TV7000DC thermostatic
bath (hereafter called the «bath») (Tamson Instruments B. V., Netherlands) is lifted up towards the comparator
by means of a lifting gear. The coaxial measuring basin of the bath contains the liquid under investigation.
Once temperature stabilised, the sphere is weighted in the liquid. The temperature of the liquid under investi-
gation is monitored by E20 Thermometer temperature meters (Radwag Wagi Elektroniczne).

A diagram depicting the set-up for the realisation of the liquid density unit is shown in figure.

AVG-1000 Climatic chamber
comparator
Granite
base plate

‘ | |

T

Poles

=P
Sphere =)
support

i

Temperature
= P
Sensors

C: TV7000DC
thermostatic bath

I si-

sphere Coaxigl
Lsphere | v+ measuring
basin

Laboratory lift

Implementation scheme of the standard

¥GOST 8.428-81. State system for ensuring the uniformity of measurements. Areometers. The values of coefficients of surface
tension of liquids (amendment 1). Introd. 01.07.1982. Mosc. : Stand. Publ. House, 1986. 10 p.
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The density of the liquid under investigation is calculated by the formula

(Ca mg, + An/lwa —Camy — Am )pt + pa(Ca my + AWlwl)
(Ca mg, + AWlwa)(l + Bsphere( vl tcl)) ’

where C, is the correction for the effect of buoyancy in air (air density) at the time of weighing the sphere in the
air; m,, is the mass of the sphere, kg; Am,, is the mass difference when weighing the sphere in the air, kg; C,; is
the correction for the effect of buoyancy in air (air density) at the time of weighing the sphere in the 11qu1d

My is the mass of the technical welght kg; Am, is the mass dlfference when weighing the sphere in the liquid, kg;
p, is the dens1ty of the sphere, kg/m’; p, is the air density, kg/m?; Bphere 18 the volume expansion coefficient of
the sphere, K'; t, is the actual temperature of the liquid the density of which is being determined, °C; ¢, is the
certification temperature of the liquid the density of which is being determined, equal to 20 °C.

The liquid density value resulting from the measurements and calculations above is compared with a standard
set of reference values to allow for identification of the liquid under investigation.

When disseminating the density unit to 1* grade working standards, a XA210/Y laboratory hydrostatic
weighing balance with a lower weigh holder (hereafter called the «balance») (Radwag Wagi Elektroniczne) is
used.

A 1% class working standard is secured at lower weigh holder of the balance and weighed in the air. Then,
further weighing is carried out in the liquid, the density of which is given by formula (1). By means of a lift
gear, the container is raised gradually until the liquid level is aligned with the lower mark of the hydrometer
scale. When the set-up has been thermally stabilised, weighing in the liquid is conducted sequentially at all
numbered scale points of the 1% grade Worklng standard.

The actual density value p ,.r (in kg/m’) at a given scale point is calculated by the following formula:

(MHA +m )(pvl - el)
((MHA - MHL) + m)(l + Bhe(tcal -y ))

where M,;, is the mass of the hygrometer in the air, kg; m” is the mass of the meniscus around the hydrometer
rod at the given scale point in the liquid for which the hygrometer is routinely used, kg; p,, is the liquid den-
sity, kg/m’; e is the air density when weighing the hygrometer in the liquid, kg/m’; My, is the mass of the
hygrometer in the 11qu1d kg; m is the mass of the meniscus around the hydrometer rod at the glven scale point
in the liquid, kg; PB,. is the volume expansion coefficient of the hydrometer glass, K™'; 7., is the calibration
temperature of the hydrometer, equal to 20 °C; ¢ i is the actual temperature of the liquid, °C; e is the air density
when weighing the hygrometer in the air, kg/m’.

The mass of the meniscus around the hydrometer rod at the given scale point in the liquid m (in kg) is cal-
culated by the formula

pi= )

Pact = +e,

Tdo

g
where d is the diameter of the hydrometer rod at the glven scale point, m; ¢ is the surface tension coefficient
of the liquid, mN/m; g is the gravitational acceleration, m/s”.
Also the mass of the meniscus around the hydrometer rod at the given scale point in the liquid for which the
hydrometer is routinely used m” (in kg) is calculated by the formula

ndc’
g b

where 6’ is the surface tension coefficient of the liquid for which the hydrometer is routinely used, mN/m.

The approprlate surface tension coefficient values are thoroughly established and well known for various
liquid types

The liquid density standard is operated by custom software that has been developed as a part of the task
activities.

When determining the residual systematic error of the measurement standard for liquid density, the following
components are considered:

— expanded uncertainty of mass measurements of the sphere;

— expanded uncertainty of volume measurements of the sphere;

— expanded uncertainty of temperature measurements of the liquid.

’

m =

*GOST 8.024-2002. State system for ensuring the uniformity of measurements. State verification schedule for means of measuring
density. Introd. 01.03.2003. Mosc. : Stand. Publ. House, 2003. 9 p.
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The residual systematic error © (in kg/m®) of the liquid density standard is calculated by the formula

where ©,; is the limit of the i residual error component, 10 kg/m®; m is the number of residual systematic
errors added together.
The root-mean-square deviation of the measurement results is calculated by the formula

where p; is the i observation of the j input quantity, 107 kg/m’; p_ is the result of the measurement of the j
input quantity (arithmetic mean of corrected observations) determined by formula (in 10~ kg/m’)
2 Pi
_i=l

i )
/ n

where 7 is the number of observations of the j input quantity, n = 10.

Results and discussion

The outcomes of the investigation of the metrological characteristics of the liquid density standard are
given in table.

Metrological characteristics of the standard

Characteristic Value, kg/m’
Liquid density measurement range 650 to 2000
Residual systematic error of the realisation 21107
of the liquid density unit :
Root-mean-square deviation of the realisation 4010
of the liquid density unit :
Root-mean-square deviation of the total error 314107

of the dissemination of the liquid density unit

The results obtained prove that the metrological characteristics of the recently developed liquid density
standard fulfill the requirements prescribed in the design specification and are also in line with the similar
metrological characteristics of the liquid density standards used in other countries.

Conclusion

The present extension of the measuring capabilities of the standard is due to ongoing investigation of its
characteristics, enlargement of the list of liquids to be examined, participation in international comparisons,
and imprl(o)vement of the method of how the liquid density unit can be disseminated to a 1% grade working
standard .

Received 17.07.2022 / revised 02.09.2022 / accepted 19.09.2022.

GOST OIML R 111-1:2009. State system for ensuring the uniformity of measurements. Weights of classes E,, E,, F,, F,, M,
M, ,, M,, M,_; and M. Part 1. Metrological and technical requirements. Introd. 01.07.2012. Mosc. : Standartinform, 2019. 97 p.
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