BBIX 00pa30BaHUM, jJajiee B MPOIECCe OCAKICHUS OHU OOBENHHSIOTCS B (HOpPMHU-
pytor cromrHoe mokpsitue [19 (puc. 4, 6, ). Ha naHHOM 3Tare BeNUKO BIUSHUE TI0-
BEPXHOCTHBIX CHJI MOJJIOKKHU M, COOTBETCTBCHHO, HAOJIOJACTCS IPEUM Y IIIeCTBEH-
Hasi OpHEHTAIUs Ierell MaKpOMOJIEKYI MapajiielIbHO TOBEPXHOCTHU TOMJIOKKH.

um

Puc. 4. Janusie ACM-rtomnorpaduu nokpsituii [1D Tonmunoi: a — 3 um; 6 — 5; 6 — §;
2—15,0-19;e—39 um
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Kpome toro, HU3KOMONEKYIsIpHBIE (hparMEeHTHI ITPU TaKOW OPHEHTAINH UMEFOT MEHb-
IIYI0 BEPOSTHOCTH K AecopOrwn. dopMupyemble arperarsl, o-BHANMOMY, ITPEICTaB-
JSAIOT cO00W aMOp(HBIE CTPYKTYPBI, OJIM3KHE K TII00yIaM U 0aXpoMUaThIM MHIIEI-
J1laM, B KOTOPBIX TTPOXOHBIE MAaKPOMOJIEKYJIbI PACIIONIATAIOTCS KaK B yIOPSIOYCH-
HBIX, TaK U B HEYOPSJOYCHHBIX 00JIACTSX.

B xome hopMupoBaHUS MOKPBITUS PACTET CTEIEHb NMOJUMEPU3AINHU aJICOPOH-
poBaHHBIX Moyekyn 11D u, 4TO 0COOEHHO Ba)KHO, HHTEHCU(UIIUPYIOTCS MPOLIEC-
Chl MX YIOPSJIOYEHHUS, TI0-BUIMMOMY, BCIIEJCTBUE HATIPABICHHOW MHUTPAINU -
CcOpOMpOBaHHBIX (hParMEeHTOB BJIOJIb 00Pa30BABIIUXCS paHEee MaKPOMOIEKYIT U UX
MIPUCOEAMHEHUS K SApaM NOoJTUMepr3aui. MOXXHO MPEATIONIOKHATh, YTO HU3KOMO-
JIEKYIsIpHBIE (pparMeHTsl, ajicopOupyeMble U3 Ta30Boi (a3bl BHE IEHTPA MOJTUME-
pu3anuu, 1ecopOUpyIOTCS U He YUACTBYIOT B TAIbHEHIINX MpoIeccax CTPYKTYpo-
00pa3oBaHUsS TOHKHUX CJIOeB. Takoil MeXaHHW3M pOCTa MOATBEPKIAACTCS AAHHBIMH
ACM, corimacHO KOTOPBIM MOKHO HAOJIOAAaTh POCT HE CILIOIIHOTO MOKPBITHS, a OT-
JISTBHBIX HaJIMOJIEKYJISIPHBIX arperatoB (puc. 4, 2—e).

B toncterx nokpertusax 119 GopMupyioTcs BEICOKOYTOpsI0YSHHBIE HAAMOJE-
KYJISIpHBIE CTPYKTYPBI, OCHOBHOE MECTO CPEIU KOTOPBIX 3aHMMAIOT Jamenu, obpa-
30BaHHBIE U3 CKJIAYATHIX KPUCTAIIOB. MaKpOMOJIEKYJIIBI B YIIOPSIOUYEHHBIX 007a-
CTAX CKJIAABIBAIOTCS TaKUM 00pa3oM, 4TO WX OCh HaIlpaBlieHa MEPIEeHIUKYIIPHO
MMOBEPXHOCTH MOIOKKHU. Takme ckiagdareie KpuCTaliasl (popMupyIoT Habmomae-
MbIe Ha maHHBIX ACM «Teppacki». PocT Takux «Teppacy He uaeajacH, 00pa3yroTcs
BUHTOBBIC Auciokamuu (puc. 3). lllar ckmagok He mpesbimaceT 10 HM, a Hanboee
Pa3IMYNMBI TaKHE CTPYKTYPBI IIPH UCCIIEIOBAHUH UX B PEXKUME (pa30BOr0 KOHTPACTA.

3akirouenue. Metogom ACM u monspusanuoHHONW uH(ppakpacHOH Dypbe-
CHEKTPOCKONIUU yCTAHOBJIEHBI OCOOCHHOCTH MOJIEKYIISIPHOW OpraHM3aIfy TOIH-
MEpHBIX MOKPBITHH [13, ocakIEHHBIX U3 aKTUBHOM ra30Boil (ha3el, TCHEPUPYEMOU
ANIEKTPOHHO-ITYUYEBBIM JUCTIEPTHPOBAHNEM HMCXOAHOTO monumepa. [lokazaHo, 4To
B MPOIIECCE POCTa OTHOKOMITIOHEHTHBIX clioeB 110 omHOBpeMEHHO MPOTEKaIoT Mpo-
[IECChl TOIMMEPU3ai U CTPYKTypooOpa3zoBaHusA. MoseKynsipHas OpHUEHTAIUs
Makpomodekyn [1D n3mensierca B mporecce pocTa: Ha Ha4aJlbHBIX cTaausx (op-
MHpYEMbIE CJIIOM HUMEIOT MPEUMYIIECTBEHHYIO OPHEHTAINIO MapajiieIbHO TTOBEpX-
HOCTH TIOJJTOKKH; Ha PACCTOSHUU OT TIOBEPXHOCTH MOMIOKKH Oonee 100 HM mOSIBIISI-
FOTCSI YTIOPSAIOUYEHHBIE CIION C TIPEUMYIIIECTBEHHON OpUEHTAIINEN MOJIEKYJT TIepIIeH TH-
KYJISIPHO TIOBEPXHOCTH MOMJIOKKHU. Ha Mo3IHUX cTafnsgx pocTa yCTaHOBJIEHO CKJIAbI-
BaHHE MOJICKYJI U 00pa3oBaHUE JlaMelied, UMEIONX e(EeKThl B BUJIC BUHTOBBIX JHC-
nokaruii. [Tonyyennsie ganasle ACM MONHOCTBIO KOPPENHUPYIOT C JaHHBIMH T10-
TSI PU3AIMOHHON nHPpakpacHoit Dypbe-CreKTPOCKOHUH U JIOTIOTHSIOT APYT ApyTra.

Cnucok ucnoJjib30BaHHbIX HCTOUHHKOB

1. Plasma polymer films / ed. Hynek Biederman. — Imperial College Press, 2004. — 386 p.

2. Oriented Polymer Materials / ed. Stoyko Fakirov. — WILEY-VCH Verlag GmbH & Co. KGaA,
2002. - 510 p.

3. Infrared spectroscopy of high polymers / Rudolf Zbinden. — New York : Academic press, 1964. —260 p.

4. Molecular structure and optical properties of PTFE-based nanocomposite polymer—metal
coatings/ A. V. Rahachou [et al.] // Appl. Surface Science. — 2012. — N 258. — P. 1976-1980.



Cexyus 2

NPUMEHEHUWE METOJ0OB C3M
B BUOJIOTMYECKHUX UCCJIIEJOBAHUAX
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We present an analysis of the surface mechanical properties of bacteria
when exposed to antibiotics. Our results show that resistant S. aureus strains
increase their stiffness after exposure to vancomycin.

Introduction. Antibiotic resistant bacteria are a major public health concern
nowadays. Their early detection and the identification of the most effective
antimicrobial treatment to fight against these microorganisms could significantly
decrease overall morbidity and mortality.

The classical method to detect antibiotic-resistant strains requires incubating
bacterial specimens in presence of different antibiotics for days in order to reach
a detectable cellular density. This methodology leads to the classification of each
pathogen-antibiotic couple into susceptible, intermediary or resistant categories.
This information is finally employed to advice the clinician for appropriate patient
therapy [1].

Alternative methods, such as PCR-based detection are faster [2], but provide only
a genetic profile. For most resistant bacteria, antibiotic resistance genetic markers
[3], such as mecA in staphylococci have not been identified, which therefore further
limits the use of this technique.

In the present work we used the capabilities of the atomic force microscope to
study a possible correlation between the mechanical properties of bacteria and their
resistance to antibiotics.

The atomic force microscope (AFM) is a relatively new imaging technique
which has been developed in 1986 by Binnig, Quate and Gerber [4]. The microscope
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basically operates by scanning a force probe over the sample. Importantly, the
sample and the probe can be immersed in a fluid medium permitting the observation
of biological processes in nearly physiological conditions. In addition to its imaging
capabilities, the instrument permits to measure the mechanical properties of the
observed material. Since 1992, this characteristic of the microscope has been applied
to measure the mechanical properties of different types of samples such as single
proteins, viruses, bacteria or entire living cells [5]. The measurement is accomplished
by indenting the AFM tip into the soft sample and by measuring the cantilever
deflection during the process. It is assumed that the cantilever behaves accordingly
to the Hook law (i.e. the deflection of the cantilever is directly proportional to the
vertical component of the force applied onto the tip). The obtained curve, called the
force distance (FD) curve, is then subtracted from another FD curve which has been
obtained onto a hard surface. This operation results in the indentation curve, which
indicates the force needed to push the AFM tip by a certain distance into the sample
(i.e. to indent it). The shape of the indentation curve is then used to determine the
mechanical properties of the sample.

In this work we present an analysis of the surface mechanical properties of bacteria
in presence of different environmental conditions, in particular when exposed to
antibiotics.

Two different Staphylococcus aureus strains were chosen for these experiments:
ATCC43300 and MU-50, the first one being sensitive whereas the second resistant
to vancomycin. Both strains were cultivated in Lysogeny broth (LB) and exposed
to 2 pg/ml concentration of vancomycin for 24 h. Eventually, the bacteria were
centrifuged twice and diluted in phosphate buffer saline (PBS). Finally the bacteria
were fixed by incubating them for 10 minutes in a solution containing 2.5%
glutaraldehyde and 4% paraformaldehyde. They were then washed three times
in ultrapure water and deposited on a 12 mm glass substrate for AFM investigation.

To ensure a firm adhesion of the bacteria on the substrates, these were preliminarily
coated with a linker molecule, (3-aminopropyl) triethoxysilane (APTES), a highly
effective silane coupling agent used on a wide series of substrates to enhance cell
adhesion. First, the clean substrates were exposed for 1.5 minutes to 1% APTES
and rinsed thoroughly in ultrapure water. Next, the bacteria were left to incubate
on the coated substrates for 15 minutes before thorough rinsing with ultrapure water
to remove loosely adhering cells. The samples were finally placed in 0.5 ml H,O for
AFM investigation.

The mechanical properties of the bacteria were investigated using a Bioscope
I AFM (Bruker). All the images were collected using Bruker DNP-10 cantilevers,
choosing the tip with a nominal spring constant of 0.06 N/m. The images were
collected in Force Volume (FV) mode, a setup in which the AFM tip is periodically
indented into the sample and the deformation of the cantilever is recorded to reconstruct
an image formed by a large number of FD curves. All the collected images contain
32 x 32 pixels and, for every pixel, 256 points per force curve were collected. The
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cantilever speed for all the presented images was of 1 line per second. For each
curve, the tip-sample interaction was limited to a deflection maximum of 30 nm
(~ 2nN). The data analysis was performed in a fully automated fashion by using
OpenFovea, a free data processing software that uses the Hertz model to reconstruct
stiffness maps of the entire image [6]. For the calculations we assumed that the tip
is spherical with an apical radius of 20 nm and that the sample’s Poisson ratio is 0.5.
For each sample, a minimum of 80 cells were investigated by performing several
images of different dimensions.

Results and Discussion. A typical 2 x 2 micron reconstruction of the topography
of the specimen, obtained by performing force volume imaging of the ATCC 43300
sample is depicted in figure 1, panel A. Several bacteria can be seen attached
to the substrate. The corresponding stiffness information is shown in figure 1,
panel B), showing the soft (blue-to-red) bacteria attached to a much stiffer (white =
no indentation) substrate.

As one can notice the topmost part of the cells is colored in red whereas its
periphery is blue. This is due to an underestimation of the Young’s modulus on spots
on the surface of the bacteria that are not orthogonal to the AFM tip indentation path.
However as long as the shape of the bacteria remains constant this phenomenon does
not interfere noticeably on the data interpretation and on the comparison between
the histograms

To better elaborate and compare the stiffness information from all the collected
images, all the data was collected in histograms, shown in figure 2. This allowed
comparing the typical stiffness values of the two strains when incubated with and
without the antibiotic. The stiffness distributions of the S. aureus cells without the
antibiotic appear similar, both peaked around 50 kPa. On the other hand, when
incubated in the antibiotic, the two strains evidence quite different mechanical
properties: the sensitive bacteria are still peaked around 50 kPa, while the resistant
ones increase almost two-fold their stiffness.

Conclusions. These preliminary experiments clearly demonstrate that sensitive
and resistant S. aureus possess different mechanical properties. We have shown

2.0 = 2.0 1000

15

0.5

0.
9. 1 10 . 20%95 0.5 1.0 15 70 OkPa

Fig. 1. Topographic (4) and its corresponding stiffness map (B) image of S. aureus ATCC43300
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Fig. 2. Stiffness distribution of sensitive (4, C) and resistant S. aureus (B, D) before and after
vancomycin exposure

that when exposed to vancomycin the stiffness of the resistant strains increases
while the corresponding parameter in the sensitive strain remains unaffected. This
characteristic could be exploited in a near future to rapidly discriminate by AFM
resistant from sensitive strains.
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HCCJIEJOBAHUE ®YHKIIUOHAJIBHON AKTUBHOCTH
TPOMBOIIMTOB METOJIOM ATOMHO-CHAJIOBO MUKPOCKOITUH
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B oannou pabome uccnedosanuco ¢ nomowpio ACM cnonmarnnvie mpom-
boyumapHvle azpezamol (UX KOIUYECMBO U KOIUHECB0 MpPoMOOYumos 6 azpe-
eamax), a makace OnpedesiIucy, Moppomempuyeckue XapaKmepucmuKu
mpomooyumos (ux gopma u pazmepvt) y 300po6blx Uy U y auy co cmaduiv-
Hoti cmenoxapouei (OK 1I/111). Ancopummsl Ons onpedenerus Mop@hogpyHk-
YUOHATBHO2O COCMOANUSL MPOMOOYUMOE PeaIu308aHbl 6 GUde KOMNbIOmep-
Hotl modeau @ nakeme MatLab.

BBenenue. Mzydyenne MophodyHKIIMOHAIBHBIX OCOOCHHOCTEH TPOMOOITUTOB
C MOMOIIBIO ATOMHO-CHJIOBOH MHKPOCKOITUH TIO3BOJISIET BBISIBUTH PAaHHHE ATAITbl HX
BHYTPHCOCYIUCTON aKTHBALlMH, OXapaKTepHU30BaTh T'€MOCTa3HOJIOTMYECKUH CTaTyc
y Ui co crabmnsHoM cTeHokapaueit (OK II/11I) u y nui ¢ HecTaOMIBHBIM Tede-
nuem UBC, a Takke KOHTPOJIMPOBAThH IPUMEHEHHE (PapMaKoJIOTHYeCKUX CPEJICTB,
BIUSIOMMX Ha UX GyHKIUH. B mocneanne rogst ACM MIMPOKO HCHIONIB3YETCS s
n3ydeHus KpoBaHbIX I1acTuHoK. C nomoiupsio ACM uccienyroTces J0KalbHbIE BA3-
KO-YIIpyTHE CBOWCTBA IJIa3MaTUUYECKOW MeMOpaHbl TpoMOouuToB [1, 2]. JlaHHBIi
METOJ TO3BOJISIET U3MEPUTH CUJIy B3aWMOJCHCTBUS MHTEIPUHOBOIO PELENTOPA
TpomOonnToB TuKonpoTtenHa [Ibllla n pubpunorena [3]. ACM maet BO3MOXHOCTB
in situ MCcrenoBaThb U3MEHEHUE MTOBEPXHOCTHOH MOP(OIOrHH TPOMOOIMTOB B TPO-
[lecce WX aKTHBAIUU [4], a TaK)Ke MCIIONb3YEeTCs JIJIsl BU3yalln3allid MEMOPAHHOTO
peuentopa Tpomoorutor [Ibllla [S], hakTopa Bunnedpannaa [6] u pubdpunorena [7].

ACM-u300pakeHnst TPOMOOLIUTOB UMEIOT 3HAUUTEIBHO OOJIbIIIEe pa3pelleHHe,
YeM aHaJOTMYHbIe M300pa)KCHUs, M0JydaeMble C ITOMOLIBI ONTHYECKOH MHUKpPO-
CKOITMH, U TO3BOJISIOT AU PepeHInpoBaTh N3MEHEHNE MOBEPXHOCTHON Mopdoio-
UM KPOBSIHBIX IUIACTMHOK Ha Pa3HBIX 3Tanax UX BHYTPUCOCYIUCTON aKTHUBALUH.
B mannoii pabote merogom ACM BU3yaln3MpPOBAIHNCH CIIOHTaAHHBIE TPOMOOITH-
TapHBIC arperarbl, ONPeNesiIoch UX KOJIHMYECTBO M KOJIUYECTBO TPOMOOIIMTOB
B arperarax, a Takxe MOp(OMETPUUECKHE XapaKTEPUCTUKN TPOMOOLUTOB (X dopma
W pa3Mepbl) y 3JI0POBBIX JIMIL U Y JIUI O cTaduibHOM creHokapaueii (DK T1/111).

Marepuanasl 1 MeToabI UccaegoBanus. Meroqom ACM ocymecTBIsiin MOp-
(o yHKINOHATIPHYIO OLEHKY BHYTPHCOCYAMCTONW aKTHBaLMHM TPpoMOouuToB. s
TOr0 4YTOOBI HccieayeMble MOP(OIOrHYecKkne MPU3HAKH TPOMOOIIUTOB COOTBET-
CTBOBAJIM UX (PyHKLIMOHAJIBHOMY COCTOSIHHIO B KPOBOTOKE, YTO OCOOEHHO Ba)KHO
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KaK JIJIsl TUarHOCTHYECKUX IIEJIeH, TaK U JJIS ONpeneieHus] MOP(HOIOTUUECKUX U3-
MEHEHHH, TPOUCXOIANINX C TPOMOOIIMTAMH MTPH MPUMEHEHUH aHTHATPETaHTOB, 3a-
00p KpOBHU M3 JIOKTEBOH BEHBI TPOBOAMIICS MAKCUMaJIbHO ObIcTpo. [lanee 2 Mt Kpo-
Bu (pukcuposanu B 4 mi 0,125% rayrapanbaernga. PUKCUPOBAaHHYIO KPOBb Cpasy
ke neHtpudyrupoanu 15 mun npu 1000 00/MUH 1151 TIOJy4eHUsI 0OOraIIeHHOM
tpombonuTamu miasMel (OTII). [Ipuyem, sxkcniepuMeHTaNbHO OBLIO MOKAa3aHO, YTO
npu neHTpudyrupoBaHuu B teueHue 15 muH mpu 1000 06/MUH KOITHYECTBO PH-
TPOLIMTOB B OOOTaIIeHHOW TPOMOOLHWTAMH IJIa3Me€ YMEHBIIAeTCs MO CPABHEHUIO
¢ neHTpudyruposanuem, ocymectsiasiembiM 10 mun npu 1000 06/mun. CynepHa-
TaHT pa3zBonuiu pactBopom 0,125% rmyrapansaeruaa B 2 pasa. [lo omHOMY Kycod-
KY CBEKECKOJIOTOH CIIO/BI MIOMENIaId Ha THO MUKPOPOOHPOK, B KOTOPBIE J00aB-
ns 400 MKJT KJIIETOYHOM CycIrieH3nd. MUKPOIPOOUPKH EHTPUPYTHPOBAIH TIPU
3000 o6/muH B Tewenue 30 ¢ s ocaxaeHHs TpPoMOOIMTOB Ha citoxy. Yepes 20 Mun
00pa3ubsl mpombiBaiu GpochaTHeIM Oydepom, a 3aTeM JAeruIpaTupoBalu, MOCIEI0-
BaTeJIBHO MOMeNIas MoJUIOKKH ¢ TpomboruTamu B atanon (30, 50, 70, 96%), u BbI-
CyIIMBAJIN HAa BO3AYXE.

OrneHKa BHYTPHUCOCYIUCTON aKTUBALIUU TPOMOOILMTOB OCYIIECTBISIACEH C I0-
MOIIIBI0 aTOMHO-CHIIOBOr0 MUKpockorna NT-206 (OO «MukpoTecTMaIInHB», bema-
PYCh), COBMEMIAONIET0 (PYHKIIUU CKAaHUPYIOIIEH 30HIOBOM M ONTHYECKOH MHUKPO-
CKOIMH, B PEKUME MPEPHIBUCTOrO KOHTAKTa HA BO3AYXE C MCIOJIb30BAHNEM CTaH-
IapTHBEIX KpeMHueBBIX KaHTuieBepoB NSCI11 (MikroMasch). UccnenoBanus mo-
BEPXHOCTHOW MOP(OJIOTHH TPOMOOIMTOB MpPU OONBIIMX OKHAX CKAaHUPOBAHUS
npoBoaminck Ha ACM Nanoscope (R) I1la MultiMode (Digital Instruments/Veeco)
B tapping-peknMe Ha BO3JyXe C UCTIOIB30BaHUEM CTaHIAPTHBIX KPEMHHEBBIX KaH-
tunesepoB NSC15/100 ¢ pesonancHoit yactotoit 200-300 xI'u (NT-MDT, r. 3ene-
Horpas, Poccust). AnropuTmel 171 onpesniesieHnst MOp(ho(yHKITHOHATHFHOTO COCTOSTHAS
TpOMOOIIMTOB peann30BaHbl B BUJE KOMITBIOTEpHON Mozenu B makeTe MatLab [8].

PesyabraThl U ux odcyxaenune. Llupkynupyronme B KPOBOTOKE TPOMOOLIUTEI
MIPH OTCYTCTBUH MATOJIOTHYECKUX aKTUBHPYIOMHX (PaKTOPOB WHTAKTHBI, TPAKTH-
YeCKH HEe B3aMMOJIEHCTBYIOT APYT C APYTOM, C APYTHUMH KJIETKaMU KPOBU U 3HJIO-
TEIUEeM COCy/IOB. IHTaKTHBIE TPOMOOIIUTEI UMEIOT BUJI OSCIIBETHBIX TEJel] pa3Mme-
poM 2—5 MKM TUCKOBHIHOM MIIH OBaJIbHOM opMbl. Ha puc. 1 mpencraBieno ACM-
M306pakeHre TPOMOOIUTOB 30POBOTO YeIOBEKA PH OKHE CKAHHUPOBAHHS 35 X 35 MKM?.
JlnameTp WHTAKTHBIX TPOMOOIIMTOB 3I0POBBIX JIUI] B CPEIHEM COCTABIISLI 2,5-3,0 MKM,
BbIcoTa Bapbuposaia ot 300 1o 500 am.

[Tpn mmemuyeckolr OOJE3HU cepAla OJHY U3 BEAYLIUX pPOJIeH UTIpaeT THIep-
KOAryJIsIHOHHBIA CHHIPOM, TPUTTEPOM KOTOPOTO B 3HAYUTEIHHON CTETICHU SIBJIS-
©TCs TIOBBIIIEHNE aJIM€3MBHOM M arperaruoHHON aKTHBHOCTH TpoMOouuTtos. Ilpu
3TOM HaOJIIOJAETCsl BBICOKAS UyBCTBUTEIBHOCTh KPOBSHBIX MIACTUHOK K HHIYKTO-
pam aKTHBAIlMU U WX TOBBIIIEHHAS TOTOBHOCTH K CIIOHTAHHOH arperauu B Kpo-
BSIHOM pyciie. BHyTpucocyaucTas akTuBanus TpoOMOOIHUTOB JTIOOBIM HHIYKTOPOM
arperanyy MPUBOJIUT K TOCIIENOBATEIFHOMY U3MEHEHHIO ()OPMBI KPOBSIHBIX IIja-
CTHHOK, KOTOpas OTpa)kaeT OMpeAeNieHHOe (PYHKIIMOHAIFHOE COCTOSHUE KIIETKH.
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Puc. 1. ACM-u306paskenue TPOMOOIMTOB 3/I0POBOTO YeNTOBEKa, 06IACTh CKAHMPOBAHHS 35 X 35 MkM? (a);
podUITH CEYCHUS TSI OTIPEACICHUS TUaMeTpa TpoMbonuta (0)

ACM 103BOJISIET PETUCTPUPOBATH PA3INYHbIE CTAINHA BHYTPUCOCYANCTON aKTHBA-
LMW TPOMOOLIMTOB U MCCIEIOBAaTh UX CIIOHTaHHYI0 arperauuto. [log Bo3aelicTBueM
HWHJYKTOPOB aKTHBALMH U arperauy MPOUCXOAUT U3MEHEHHE (OPMBI U Pa3MEpOB
TPOMOOIIMTOB, a TaK)Xe 00pa30BaHHE HEOONBIIUX TPOMOOIMTAPHBIX arperatos.
[Ipu 5TOM TPOUCXOIUT CIEAYTOIIAs TTOCIEA0BATEIIFHOCTh N3MEHEHU I TTOBEPXHOCT-
HOW MOPQOJOTUU TPOMOOIHTA: OT WHTAKTHOTO (IMUCKOMIHOTO) TPOMOOITUTA [0
JUCKOIXMHOIUTA — TpoMOouuTa ¢ (GUIIONOAUSIMH, Janee 10 chepounTa, B 3TOM
clly4ae BbICOTa TPOMOOLIMTa PE3KO BO3pacTaeT M OH mpuodperaeT popMmy mapa, H,
HaKOHeIl, 10 Chepo3XUHOLIUTA — TPOMOOLIUTA ChepruecKoi (POPMBI ¢ OOTBIIUM KO-
nuyecTBoM (umnonoguii. Ha puc. 2 npeacrasieno ACM-u3zo0paxenue TpoMOon-
TOB MAIL[UEHTA CO CTAOMIIBLHOM CTEHOKapANEeH HAPS>KeHUS! TPH OKHE CKAHUPOBAHMUS
40 x 40 Mk™?.

Kaxk BuHO u3 nipencraBiicHHOro ACM-n300pakeHus1, yBEIMUYUBACTCS KOJIUYEC-
CTBO aKTHBUPOBAHHBIX TPOMOOIIMTOB Yy JIUII CO CTAOMIIBHON CTEHOKapIne Hampsi-
JKeHHS. AKTHBHUPOBAHHBIE TPOMOOITUTHI U3 TUCKOBUIHON (POPMBI IIPEBPAIIAOTCS
B cpepuyeckue ¢ MHOTOYMCICHHBIMU KOPOTKUMH WU JUTHHHBIMH BBIMTSTYMBAHUSMHI
MeMOpaHbl. BeicoTa KpoBsiHBIX IIacTUHOK u3MeHsercs ot 300 uM 1o 1,3 mxwm. [pu-
gem 70% TpoMOOIUTOB HMeeT BhicoTy ~ 700 HM. BuzyanusupoBano oOpazoBaHue
JUTMHHBIX Y3KUX ¢unonoanii TpomooruTos. [llnprunaa ¢umononuii coctaBiseT oT
30 o 390 uM, ux jqyuHa Bapbupyet oT 250 HM 10 3,2 MkM. OOpa3oBaHUE MICEBIOIO-
U ABISIETCS PE3YIBTATOM CEPUH CIOXKHBIX MOJEKYJISPHBIX PEaKIHii: OIMMepH-
3aIl¥ aKTHHOBBIX MUKPO(DHUIAMEHTOB U3 PACTBOPUMOTO aKTHHA U TIPHCOETHHEHU S
K HUM MHO3MHA M Apyrux Oenxo. [losBnenue guiuonoaunii yBenanduBaeT 4acToTy
CTOJIKHOBEHUH TPOMOOLIMTOB M CIOCOOCTBYET MX CIIOHTAHHOW arperauy B KpPOBsi-
HoM pyciie. Ha nannom ACM-u300paXxeHUH TakKe BU3YaJU3UPOBAHbI HEOOJIBIITHE
TpoMOonHTapHbIe arperatsl. KoaudecTBo TpoMOOIIMTOB B arperaTax M3MEHSEeTCs
oT 2 j10 7.
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Puc. 2. ACM-n300pakeHrne TpOMOOIIMTOB MalMeHTa CO CTA0MIBHONW CTEHOKapAuei HampsKeHUs,
obmacth ckarnposanus 40 x 40 Mrm?: @ — Tonorpadus; 6 — hazoBoe n3oOpaxKeHne; 6 — IPOPGHUIL
CEUCHHUSI IS ONPE/ICNICHUs THaMeTpa TpoMOOIHTa

3akJirouenue. Meromom ACM mokas3aHo, 9TO y JIUII CO CTAOMIIBHONW CTEHOKap-
el HanpspkeHHs HaOMIOZaeTcsl yBeNW4YeHHE 4Hhcia TPOMOOIUTOB B AKTHBHOM
COCTOSTHMM — JIUCKOIXHMHOIIUTOB M c(epOIXNHOIHUTOB. Bo3pactanue BHyTpHCOCY-
JUCTON aKTHBALMU TPOMOOINTOB CIIOCOOCTBYET 00Opa30BAHUIO CIIOHTAHHBIX TPOM-
OOIMTApHBIX arperaToB, NUPKYJIUPYIOMHNX B KpoBoToke. Metonq ACM mo3Boisier
nuddepeHIPoBaTh BHYTPUCOCYIUCTYIO aKTUBAIIMIO KPOBSHBIX IJIACTHHOK (MX
¢dbopMy U pa3mMepbl) B KPOBSTHOM PYCIIE, OIPEIEIATh KOJIUIECTBO CIIOHTAHHBIX arpe-
raToB, a TAKXKe KOJIMYECTBO TPOMOOIIMTOB, BOBJICYEHHBIX B HUX, U MOXKET OBITH HC-
MOJIB30BaH B KQY€CTBE TUArHOCTHYECKOTO.
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OCOBEHHOCTHY IIPUMEHEHUSI CKAHUPY IOILEN
30HI0OBOM MUKPOCKOIIUH ITPH N3YYEHUU
HEKJIETOUHBIX CTPYKTYP B TKAHSAAX BHYTPEHHEM CPEJIbI

II. A. Mepero3unkos!, O. B. Kap6ans?, 10. I. Bacuibesn?,

JI. 1. Kpacnonepos®

!BI'OY BIIO «Hacesckas 20cy0apcmeennas MeOUyuHCKas akademisy
Mumn3zopascoypaszeumus Poccuu, Hocesck, Poccus
2Dusuxo-mexuuueckuii uncmumym YpO PAH, Hocesck, Poccus
3@IBEOY BIIO «HMocescrasn 20cydapemeennas cenbekoxo3aiiCmeeHnas aKademiusy,
Mbicesck, Poccus

Memoodom ckanupyroueti 30H0080U MUKPOCKORUU YCHIAHOBIEHO, 4mo Npu
UCCNeO08AHUU BOLOKHUCMBIX CIMPYKMYP U AMOPPDHO2O Geujecmed pulxiol,
NIOMHOU COCOUHUMENLHOU U KOCIHOU MKAHel UMeIOMCsl OnpedeneHHble 0Co-
OeHHOCMU NPedsapuUmenbHol NO020MOBKU MAMEPUATO8 U 0COOEHHOCTU NOTY-
YEeHHbIX Pe3yIbMamos.

Beenenue. CTpyKTypHO-(QYHKIIHOHAILHAS OpraHU3aIMsl BOJOKHUCTOIO KOM-
MTOHEHTA MEKKJIETOYHOTO BEIIeCTBa (B MEPBYIO OYEpenb KOJJIAT€HOBBIX BOJIOKOH),
COCTOsTHHE aMOP(PHOTO KOMIIOHEHTAa COOCTBEHHO COEIMHUTENBHBIX M OMIOPHBIX TKa-
HEH UMEeT He TOJIBKO HAyYyHOE, HO M IIPAKTHYECKOEe 3HAYEHUE, TaK KaK MO3BOJISIET
OTCJICKUBATh XOJ MX Pa3BUTHS, periapaTuBHbIe, AUCTPOoYUUIECKHe U THIIOONOTHYE-
ckue mpouecchl [1]. To 3HaunMo npu nmoadope crocoO0B MOAYISLUN BOCCTAHOB-
JICHUS yKa3aHHBIX TKaHEH PY pa3HOOOpa3HBIX MOBPEXKACHUAX [2, 3].
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B otnuyme oT Ki1accHUECKHX CIOCOOOB M3YUSHUsS MEXKKIIETOUHOTO BEIIeCTBA
[4, 5] ckanupyrtomas 30Hm0Bass MUKpockonus (C3M) oTianyaeTcs CpaBHUTEILHOM
MPOCTOTOH MpeABAPUTENBHON MOATOTOBKM MaTepHalia U MO3BOJISIET paCCMOTPETh
COOCTBEHHO CTPYKTYPHYIO OPTaHH3AIHIO.

Llesnb paboOTHl — M3YyYHTHh KOJJAreHoreHe3 B (GUOpPO3HON 000JI0UKE TIIa3HOTO
sa6moka MetonoM C3M mpH CTUMYISIIUN HAaHOAWCIIEPCHBIM OHMOJOTHYECKUM MaTe-
pHaIoM TIJIAIEHTapHOTO MPOUCXOKICHUS. B CBA3M ¢ 3THM IeNb HCCIeToBaHUs —
n3yuuTh MetogoM C3M mporecc KoJijlareHOTeHe3a B IMIJIOTHOM COeNMHHUTENbHOM
TKaHU CKJICPBI, PBIXJIOW COCIUHUTEIHLHON TKAaHW KOHBIOHKTHBBI IJIa3a U KOCTHBIX
00pa3oBaHNIX KOMIIAKTHOTO BEIECTBA KOCTHOHN TKaHHU.

MatepuaJjbl U MeTOIBI HCcJIe0BaHMsA. VccienoBaHys BBITIONHEHBI HA MATH
Kkposrkax mopossl llwHmmima oboero mojia B BO3pacTe OT OJHOTO T'oja JI0 JBYX
JICT, a TaKXKE Ha TPEX MCPTBOPOXKACHHBLIX MICHKAaX IMOPOABI MOCKOBCKasi CTOPOKEBast
0e3 MpHU3HAKOB HApYyIIEHUH BHYTPUYTPOOHOTO pa3BuUTHS, corinacHo «lIpaBuiam
MIPOBEJCHUS padOT C MCIIOIB30BAHUEM DKCIIEPUMEHTATBHBIX JKHBOTHBIX).

KpOJII/IKOB 3a6I/IBaJII/I oA TUOIICHTAJIOBBIM HAapKO30M METOIOM BOS}IymHOﬁ OM-
Oonuu. g KOHTPOJIE MHKPOAHATOMHUYECKHUX OCOOCHHOCTEW SHYKJICHPOBAaHHBIC
rira3a ¢ukcupoBanu B 10%-HOM pacTBOpe HEHTpaIbHOTO (OopMalIiHA, 3aTHBAIIH
B TIapaQuH.

Jns uccnenoBanuss OEAPEHHONW KOCTH, IMOJYYCHHBIH CEKIIMOHHBIH MaTepuai
TOABEPraJid IeKaJbIIMHIPOBAHUIO B PACTBOPE a30THON KHUCIOTHI (5,5%). Ilocne ne-
KaJIBIIMHAIIMY MpernapaThl Ha 24 1 nepemerinaiu B 5%-Hblil pacTBOp cyJsibdara Ha-
Tpus. llocie 3Toro TmaTeNbHO MPOMBIBAIN B TE€UEHUE CYTOK B IPOTOYHOU BOJIO-
IIPOBOJIHOM BOJE.

JJ1 KOHTPOISl TOTYYeHHBIX 30H cpe3bl, Hapsiy ¢ C3M-MeTomoM, JOMOTHUTETHHO
MCCIIeIOBAIU TOCIIE OKPACKH MeMaTOKCHIIMH-203UHOM 1 110 BaH-['n30mny.

HccrienoBanne cTpyKTYphI TAKKE TUCTOJIOTMIECKUX CPE30B TKaHEH ria3a ObLin
MIPOBEICHBI C TIOMOIIBIO0 CKAaHUPYIOIIeH 30H10B0H naboparopun Ntegra (NT-MDT)
B IPEPBIBUCTO-KOHTAKTHOM METOAMKE Ha Bo3ayxe. CHeKTpocKomuyeckuit (iyo-
PECIIEHTHBIN aHaJIN3 TUCTOJOTHYECKUX CPE30B IO TOYKaM OBLI BBHITIOJIHEH Ha CKa-
HUpYIoMIEeH 30H10B0# nabopatopuu Ntegra Spectra (NT-MDT). B nannom cinyuae
npuOOp MCHOIB30BAIN AJII KOH(POKATBHOTO ONTHYECKOrO MCCIEeIOBAaHUS 00pasna
C BO3MOXKHOCTBIO IBYMEPHOTO CKAaHMPOBAHUS OTJENBHBIX yYaCTKOB B BHIOPAHHOM
CHEKTPaJIbHOM JUaNa30He U aHalln3a CIIeKTPaIbHOW KapTHHBI B KOHTPOJIBHBIX TOY-
KaX. Bce criekTphl moy4eHbl Ha BO3/IyXe TPH KOMHATHOW TeMIiepaType U3 o0IacTu
¢oxyca mazepa ¢ ydgactkoB okojio 400 M. Mcmonp3oBanyu TBEpAOTEIBHBIN J1a3ep
C HEMPEPHIBHBIM HCTOYHHKOM JJIEKTPOMATHUTHOTO HM3JyYCHUS Ha JUJIMHE BOJHBI
473 HM U renui-HEeOHOBBIN Ja3ep Ha JJMHE BoJHBI 632,8 HM. Pacnpenenenue xu-
MHUYECKOT0 COCTaBa Mo 00pasily MPOBOJMIH BHIOOPOM OTACITBHBIX YUYACTKOB CIICK-
TpaJIbHOM KapTHHBI, nonydeHHoi Ha [13C (mpubop c 3apsa0Boil CBS3BIO) AETEKTOpE,
Y aHAJIM3UPOBAIU IYTEM JAJBHEHIIET0 JBYyMEPHOTO0 CKaHUPOBAHUS B BHIOPAHHOM
obnacTu ob6pa3na. XapakTepHoe BpeMsl HAKOIUICHHU s CUTHAJIa CIIeKTPaJIbHON Kap-
TUHBI 71 KaXJ0U KOHTPOJIbHOM TOUKH cocTasisuio 10 c.
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PesyabraTel M ux o0cy:kaeHue. PacnpeneneHue KONJIAreHOBBIX M 3J1aCTH-
YEeCKHX BOJIOKOH B KOHBIOHKTHBE HOCHJIO CETEBUAHBINA XapakTep. BoiokHa Obuin
OTHOCHUTEJIBHO PBIXJIO paclpeaeiieHbl B 00beMe MeXKIeTouHoro BemecTBa. Oba
THIIa BOJIOKOH WMEJU PaBHOMEPHBIH JIOHTUTYJUHAIBHBIA AUAMETP MOMEPEYHOrOo
ceueHusl. KostareHoBble BOJIOKHA ObLIM 3HAYMTENIBHO TOJIIIE U npeobnaganu. Mx
JuamMeTp cocTtabisisi 10 1-2 MxM. Tlepuojibl nmonepeyHoi ucUepyYeHHOCTH KoJjljiare-
HOBBIX BOJIOKOH cocTaBisiid 69,2 £ 0,5 HM, 4TO COOTBETCTBOBAJIO 3PENIOMY KOJI-
JIar€HOBOMY BOJIOKHY. OTIMYHMTEIBHON 0COOCHHOCTBIO HE3PENBIX BOJOKOH OBLIH
HE CTOJIBKO NMEPHOABl HCUEPUEHHOCTH, CKOJIBKO Pa3HUIA B BEICOTE 30HBI MEPEKPHI-
tus. Tak, He3penble BOJOKHA MMEIH MEHEe BbIpakKeHHbIE pa3inyus B Mpesenax me-
PHOAOB, B HUX Yallle BBISBISUIM yYaCTKU Pa3pbIXJIEHUS BOJIOKHA. DIACTUYECKHE
BOJIOKHA OTJINYAJINCh MEHBIINM AMAMETPOM U OTCYTCTBHEM KAKUX-THOO peryssp-
HBIX U3MEHEHMH JKECTKOCTHBIX XapaKTEPUCTHUK BOJIOKOH. MeXly KOJJIareHOBBIMU
1 3JaCTUYECKMMH BOJIOKHAMH HEPEIKO OOHApy>KMBaJIM MHTETPUPYIOLIUE HEKHBIC
TOHKOBOJIOKHHCTBIE CTPYKTYPBl. MBI paccMaTpuBajii WX KaK MPOSIBICHUE HEXKHO-
BOJIOKHUCTOW OpraHu3anuu aMmop(HOro MaTpHKCa, COCTABICHHOTO MaKPOMOJIEKY-
JIAPHBIMU KOMIUIEKCAMU THAJTYPOHOBOW KUCIOTHI C TIMKOPOTENHAMH U CHAJIOBBIMHU
KHCJIOTaMHU.

Pesynbrarer koH(poKambHBIX 1 ACM-HcciIeoBaHUi IOMOTHEHB! JAHHBIMA CIIEK-
TPaJIbHOT'O aHaJIN3a, HO3BOJISIIOIIMMH OTCIEAUTH IPOHUKHOBEHHE HAHOAUCIIEPCHO-
ro KOJIJIATEHOBOT'O BEIIECTBA B TKAHM B COOTBETCTBUU C KOTOPHIMH OOHapy >KHBa-
etcst uddy3ust MIaeHTapHOrO OMOJOrMYECKOro MaTepraa NepelHuX YYacTKOB
CTEHKHU IJa3a. MccnenoBaHue rucTOIOrHYECKUX CPE30B Ha Pa3IndHbIX CPOKax I0-
Clle CTUMYJISILIMA HAHOJUCIICPCHBIM OMOJIOTHYECKUM MaTepUasioM MO3BOJISET OIpe-
JeJIUTh CKOPOCTh PaclpOCTPaHEHUs BBEICHHOI'O MaTepuaila U OTKJINK Ha €ro BBe-
JIeHNe TKaHel nepeaHel CTeHKH IJiasa.

CoBepiieHHO MHOW ObUIa OpraHU3alsl MEXKJIETOYHOIO BEIECTBA B CKJIEpE.
BoOKHHMCTHIN KOMIIOHEHT 3HAUYMMO TIpeobiaan Hax aMmopdHbIM BemecTBoM. Pac-
MpeaesicHHe KOJUIAareHOBBIX BOJIOKOH HOCHIJIO OoJjiee YMOpSAOUYEHHBIH XapakTep,
HaOI0aI0Ch WX TUIOTHOE pacipesesieHne B 00beMe MEXKKIETOYHOIO BEIIeCTBa,
PaBHOMEpPHBIN XapaKTep TOJIIMHBI BOJOKOH, CTPOr0 YHMOPSJOYEHHOE U SICHO MpPO-
CJIC)KMBAEMOE TIOJIOKEHHE H30TPOIHBIX U AHU30TPOIHBIX AMCKOB, BBISBIISIEMOE IO
XapakTepy KEeCTKOCTH IO XOJly KOJIJIAT€HOBBIX BOJIOKOH M XapaKTepy M3MEHEHUS
penbeda. Ileproasl nonepednoi ucuepueHHoctu (69,5 £ 0,5 um), TonmMHA BOJIO-
KoH (1-2 MKM), )K€CTKOCTHBIE XapaKTePUCTHKHU B Mpeesax NepruooB ObUTH Oyn3-
KM K aHaJIOTMYHBIM 00pa30BaHUSIM PBIXJIOH, BOJIOKHUCTONW COCAMHUTEIBHON TKaHU
KOHBIOHKTHBBI, YTO KOCBEHHO MOJTBEP)KIa€T POJACTBEHHBIN XapaKTep 3THX BOJIOK-
HUCTBIX 00pa30BaHMM. DJIacCTUYECKHE BOJOKHA B CKJIEPE HOCHUJIM BECbMa OTpaHU-
YEHHBIM M JIOKaJbHBIA XapakTep. AMOP(HBIM KOMIOHEHT ObLI MPEICTaBJIEH TOH-
KOQUOPUIUISIPHBIME BOHJIOKOOOpa3HBIMH 00pa30BaHMIMHU, 110 CBOCH OpraHU3alnun
AQHAJIOTUYHBIMU TAKOBBIM B PBIXJION COCAMHHUTEIBHON TKAHN KOHBIOHKTUBBI.
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CTpyKTypa MEXKJIETOYHOrO BEIIECTBA JEMUHEPAIN30BAHHON KOCTHOW TKaHU
nradu30B OenpeHHON KOCTH MMella HECKOJIBKO WHBIE 0COOCHHOCTH. BBLTH BBISBIIC-
HbI 30HbI TUIOTHO YIIAKOBAaHHBIX BOJOKHHUCTBIX 00pa30BaHUM, COOTBETCTBYIOIIHE Ma-
TpHUKCY KocTeil. OHM YepeoBaIHCh ¢ 30HAMHU WHBAarMHAIIMNA TIOBEPXHOCTH C PEIKH-
MH BOJIOKHUCTBIMH CTPYKTYpaMu, HE UMEIOIIUMH SICHO BBIPA’KEHHOHN MEPUOTUIHO-
CTH TIO CBOEMY XOAY. DTH yYaCTKH PacCMaTPUBAINCh HAMH KaK TpopHUIECKHe, FITH
po0o/IaroIIe, KaHaJIbl, KOCTHbBIC KAHAJIBIIBI, HJIX JJAKyHbl. KOMITAKTHOE BELIECTBO
CYHIECTBEHHO OTJIMYAJIOCh IO >KECTKOCTHBIM M CTPYKTYPHBIM XapaKTEPUCTHUKAM
OT MJIOTHOM M PBIXJION COEJMHUTENbHBIX TKaHeWd. BoloKkHa XapakTepu3oBaIUCh
HEYETKO BBIPAXKEHHON MEPUOAUYHOCTHIO MO CBOEMY XOAY, BBISBISIIUCH YYACTKHU
pa3peIXJIeHU U Bapuko3. TonmuHa BOJOKOH Kojebamack ot 0,5-0,7 mo 1,5 MKM.
Hepenko BBIABISIN 30HBI ¢ TPAHYJIUPOBAHHON MOBEPXHOCTBIO, YTO, BEPOSITHO CO-
OTBETCTBYET CKOILICHUSIM OCTAaTKOB F'UJIPOKCUANATUTA U HETIOJIHOM JeMUHEpa3u3a-
MU aMOp(HOTo BEIIecTBa KOCTH. AMOpP(HOE BEIIECTBO HOCUIIO CKOPEE T'PaHYIIH-
pPOBaHHYIO, a HE TOHKOBOJIOKHHUCTYIO OpraHu3anuio. BoiokHa pacnonaraiuch ymo-
pAN0YCHHO, (HOPMUPYS TIITACTUHKH.,

3akJrouenue. IlomyueHHbIe B X0I€ HCCIIEOBAHNS JaHHBIE YKA3BIBAIOT HA pa3-
JMUYUS B OPTaHMU3AIMN KaK BOJIOKHHCTOTO, TaK U aMOP(HOT0 KOMIIOHEHTOB MEX-
KJIETOYHOr'O BEIECTBA B COCAUHUTEIBHOW M KOCTHOM TKaHsAX. Ecnu miotHble
U PBIXJIBIE COCIMHUTEIbHbBIC TKAHU POACTBEHHBI COCTABIISIIOUIUM UX CTPYKTypam
U pa3Inuusi HOCAT CKOpee KOMUYECTBEHHBIH, a HE KAYeCTBEHHBIN XapakTep, TO KOC-
HBIC TKAHU UMECIOT CYIIECTBEHHbBIC OCOOCHHOCTH, B MEPBYIO OUEPE/b 3TO KacaeTcs
aMop(HOI cocTaBisomei. Pa3imuns Mexay KOJUIareHOBBIMHM BOJOKHAMH MOTYT
OBITh CBSI3aHBI KaK ¢ M3HAYAJIbHBIMU OCOOCHHOCTSIMH, TaK M ¢ apTeK(paKkTamu, Io-
JTy9eHHBIMU B XO/i¢ 00pabOoTKM Marepuana. [[7s moBBIIEHUS KOPPEKTHOCTH BBI-
BOJIOB IIPU MCCIIEOBAHUU PEAKTUBHBIX U3MEHEHUN B YKA3aHHBIX TKAHSX CIENYeT
YYUTHIBATh KOHCTUTYIITMOHAIBHBIE 0COOEHHOCTH MEXKJIIETOYHOT'O BEIIECTBA.

PaGora nognepikana mpoektom [Ipesunnunyma Poccuiickoii akaieMun HayK.
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®PUKIMOHHBIE CBOMCTBA MIOBEPXHOCTHOI'O CJIOS
BUOJIO'NYECKHUX KJIETOK, OHEHEHHBIE C IOMOLIbIO
MUKPOCKOIINMU JIATEPAJIBHbBIX CHJI

M. H. Crapony6uesa!, H. . Eropenxos'?, H. A. Hukutuna'

YO «omenvcruii 2ocyoapemeennwiii meduyunckuii ynusepcumemy, I'omens, berapyce
2YO «omenvckuii 2ocyoapemeennuiii mexuuyeckuti ynueepcumem um. I1. O. Cyxozon,
Tomens, benapyco

BBenenue. Atomuo-cuiioBasi Mukpockonus (ACM) mo3BonsieT u3ydarb reo-
METpPHUYECKHEe M MEXaHHYECKHE CBOWCTBA MOBEPXHOCTHOTO CJIOS OHMOJIOTHYECKUX
KJ1eTOK. IIOBepXHOCTHBIN CIOH KJIETOK IMPEICTABISICT COOOW KOMITO3UTHBIA MaTe-
pHa, COCTOSIINI UX HECKOIBKUX CIIOEB: TIIMKOKATUKCA, JINTTHTHOTO OUCIIOS U BHY-
TPUKJIETOYHOTO CJIOS, COAEPIKAILEr0 KOPTUKAJIBHBIN nUTOCKeneT. CTpyKTypa 3TO-
ro KJIETOYHOI'0 KOMITO3UTa MOKET 3HAUUTEJIbHO U3MEHAThCA KaK IpU MaToJIornye-
CKHX TIpOIleccax, MPOUCXOISIINX B OpraHU3Me, TaK U MPH BO3JCHCTBUH pa3IUYHBIX
BHEIIHUX (PaKTOPOB HA M30JUPOBAHHBIC KIETKU. MI3MEHEHUS! CTPYKTYpbl KOMIIO-
3UTa OTPAKAIOTCS B M3MEHEHHIX XapaKTEPUCTHUK KIIETOK, MTOTy4aeMBbIX TIPH UX UC-
cieoBanuH ¢ nomousio ACM, B TOM uuciie 1 GPUKITHOHHBIX XapaKTEPUCTHK.

B KOHTakTHOM pexuMe CKaHWpOBaHUs oaHOU W3 onuui ACM sBisieTcss Mu-
Kpockomnus naTepaynbHbIx cui. [Ipu B3anmoneiictBun ACM-30H/a ¢ TOBEPXHOCTHIO
KJIETKH B TPOIECCE €€ CKAaHWPOBAHHS BO3HUKAIOT HOPMAJIBHBIE W JIaTepalIbHEIC
(OOKOBBIC) OTKJIOHEHHUS 30H[IA, TPOIMOPIIHOHATBHEIC ACHCTBYIONIUM Ha 30HI HOP-
MaJIBHBIM U JIaTepajibHbIM CHJIaM. PeructprupyemMble HOpMaJIbHBIE CHIIBI HECYT UH-
(hopmaruio o penbede MOBEPXHOCTH, a JTaTePaTbHbBIE CHUIIBI — O PACTIPEIeIIEHUHN CHII
TpEeHUsI U O penbede MoBepXHOCTH. [l BIIEIEHUST TPUOOIOTHYECKON COCTaBIIS-
IOIIEH U3 PETUCTPUPYEMBIX JIATEPAJIBHBIX CHII MPOBOIST CKAHUPOBAHUE B IABYX
MIPOTHBOIIOJIOKHBIX HaIllpaBiIeHUAX. Pa3HOCTH JaTepaIbHBIX CHII TIPH MEPBOM (TIpsi-
MOM) M BTOpOM (0OpaTHOM) MPOXOAAX MPOIMOPLHOHAIBHO CUJIE TPEHUS MEKIY
octpueM ACM-30H/1a ¥ TOBEPXHOCTEIO, a CPEIHEE JIATEPATBHBIX CHJI TI0 IBYM IPO-
X0JIaM OTpaxkaeT peibed odpasia.

Lens paboThI — BBISIBUTH C TIOMOIIBI0 MUKPOCKOITAH JaTepPaTbHBIX CHII 3aKOHO-
MEPHOCTH U3MEHEHHUsI QPUKIIMOHHBIX CBOWCTB OBEPXHOCTHOTO CJIOS KJIETOK (3pH-
TPOLMTOB U THMOLIMTOB) B PE3YJIbTATE NATOJIOTHYECKUX POLIECCOB.

Martepuanabl U MeToAbl HccaenoBaHusa. ACM-nccienoBanus KIETOK MPOBO-
JUIU Ha aToMHO-cujioBoM MuKpockone «HT-206» («MukpoTectMamnnsy, bena-
PYCh) B KOHTAaKTHOM PEeXXHME CKaHHUPOBaHUS ¢ ncnoib3oBanneM CSC38 uri-30u108
(«MicroMashy): yposenb B, xoapduument xectkoctu 0,01-0,08 H/m. M3yuenue
TeMIiepaTypHbIX 3aBucuMocteii ACM-mmapaMeTpoB KIETOK MPOBOIMIIA B JTUATIA30-
He temneparyp ot 20 jo 100 °C, ucrionb3yst BXOIAIILYIO B KOMIUIEKT ripuoopa «HT-206»
tepmomiatrgopmy TT-01. Cpennsisi CKOPOCTh HarpeBa 00pa3LOB COCTABIISIIA OKOJIO
0,5 °C B MUHYTY, a CKOPOCTH (dacToTa) ckanupoBanus — 0,2—0,5 I'm. Harpy3ky Ha
ACM-xoHCOIL TIOAACp)KUBaIN Ha ypoBHe 1,2—1,6 HH. CkannpoBanue poOBOIUIIN

197



P CTaHJAPTHBIX KOMHATHBIX YCIOBUSAX TPU BIaXHOCTH 55 + 10% U Temmeparype
22 £ 5 °C. 3anuceiBanu n3o0pakeHus penbeda (Tormorpaduio) U KapThl JJaTepaib-
HBIX CHJI HA y4acTKaX IUIOMAAbio 1-9 MxMZ. DpPUTPOLHUTHI YeloBEKa BBIACISIN
n3 nepudepruveckoil KPOBH 3A0POBBIX JOHOPOB. THMOLMTHI BBIACISUIH U3 THMY-
ca Oenbix OecriopomHbIX Kpbic. CYCHEH3MIO KJIETOK 00padaThiBaii XUMUUYECKUMHU
areHTaMu W HAaHOCHJIM Ha CIIeIUAJIbHO TIOATOTOBIIEHHBIE CTEKIISTHHBIE IIACTHHKH.
[Tpu HEOOXOMMMOCTH KJIETKH (PUKCHPOBAIHU TIYTAapoOBbIM anbaerugom (1%-HbeiMm
BOJIHO-COJICBBIM pacTBOpoM). [Ipemaparsl KJIETOK BHICYIIMBAld Ha BO3AYyXe IPH
KoMHaTHOH Temrepatype. ACM-n3o0pakeHuss 00padaThIBaIM C MOMOIIBIO ITPO-
rpammbl «SurfaceXplore 1.3.11» («MukpoTectMamunby, benapycs). B ananuze
ACM-1aHHBIX HCIIONB30BANIA TTAPAMETPHI paCIpe/IeIeHNs 3HAYeHNUN JIaTePaTbHBIX
CHJI 1 BBICOT HAa Y4YaCTKaxX IMOBEPXHOCTU KIICTOK (cpe;[Hee 3HAYCHUS U OTKJIOHCHHC
OT CpEIHEero 3HA4YeHUs — CTaHJAPTHOE OTKJIOHECHHE), & TAK)KE PACUCTHBIC Iapame-
TPBI KapT JIATEPATbHBIX CHJI: CpeJHee 3HA4YeHWE BEIMWYUH JaTepajbHBIX CHJ MPH
npssIMOM M 00paTHOM IPOXOAax, Hecylee WHPOPMALHIO O penbede uccruenyeMon
MMOBEPXHOCTH, U TIOTYPa3HOCTh MEXKTy 3HAYCHHUSIMU JIATEPATBHBIX CHJI TIPH MTPSIMOM
1 00paTHOM MPOXOfaxX, XapaKTepU3YIOIIYI0 CUIbI TpeHus Mexay ACM-ocTpuem
M HCCIelyeMOl MOBEPXHOCTHIO. Pe3ynbTaThl CTaTUCTHYECKOTO aHANN3a IKCIIEePH-
MEHTAJBHBIX JAHHBIX MPEJCTABICHBI HA PHC. 1, 2 B BUJE TPaHHUIl JOBEPUTEIHHOTO
WHTEpBaja ¢ JOBEPUTEIHHON BeposTHOCTHIO 0,95 (n = 2...10).

Pesyabrarsl 1 ux o0cy:kaeHue. BBISBIECHO, UTO ¢ yBEIMUYEHUEM TeMIEpPaTypbl
UCcIBITaHuH B Auama3one ot 15 mo 90 °C ¢uxcupyeMble perucTpupyromie cucre-
Mo TprOopa 3HaYSHUS JTATEPATBHBIX CHJI ISl IOBEPXHOCTH KIIETOK MPH MPSIMOM
npoxoze (Z;) yBeINUMBAIOTCA, a IPU 00paTHOM ITPOXOJE (Z,) — yMeHbmaroTes (puc. 1).
Nx momycymma (1/2|Z] + Z,|) IpaKTUYECKH HE 3aBUCUT OT TEMIIEPAaTyphbl HCIIBITAHUH
BO BCEM HCCIICIIOBAHHOM MHTEpBase TeMIiepatyp (puc. 2, 6), a IOIypa3HOCTh, XapakK-
TEPH3YIOLIAst CHJIbI TPCHHS MCXKTY NOBEPXHOCTAMH OCTPHUS ¥ KIeTKH (F) ) = 1/2|Zl — 7)),

M3MEHSIeTCs CyIIecTBeHHO (puc. 2, a). Ilpu
OTOM BCPTHKAJIbHBIC OTKJIOHCHUSA HIJIbI-
—V—Z, 1
Ay 30H1a (‘/5lh; + h,|), xapakTepusyromue

60000 ' A=A MuKpopenbed (Tonorpaduio) moBepXHO-
i
AA/A’A CTH KJIETKH, IPAKTHYECKH HE 3aBUCAT OT

A-pn_ AT TEeMIepaTypbl UCHBITaHUN (pHC. 2, 8). DTO
30000+ V\V’V’V‘V\V\vlv\v CBHUJICTEIBCTBYET O TOM, UTO TOMOrpadus
Ww/v\ (Mukpopenbed) MOBEPXHOCTU KIETKH HE
BHOCUT 3aMETHOI'0 BKJIaJ|a B TEMIIEPATYp-
0 i ' ' HYIO 3aBUCHMOCTB JIaT€pabHBIX CHJI IIPH
30 320 340 360 y p p

T,k ACM-ckaHMpOBaHMH. DKCIIEPUMEHTAIIb-
HO OOHapy»XeHO, YTO CUJIbI TPEHUS MEXIY

Puc. 1. TunuuHas TemMnepaTypHasi 3aBUCHMOCTh
- octpueM ACM-30HJa M TOBEPXHOCTHIO

ACM-napamMeTpoB i1 TUMOLUMTOB KPBICHI:
Zl — CpEAHEC 3HAUYCHUE JIaTCPAJIbHBIX CUJI IPU KJICTOK 3HaYMTCIIBHO yBeHI/II‘II/IBaIOTCH Y pO'
psAMOM NPOXOJE, Z, — CPENHeE 3Ha4eHne Ja- CTOM TEMIEPaTypbl MOCIE NOCTUXKCHUA
TEPaJIbHBIX CHJI IPH 0OPATHOM MPoXoie KJIETKaMU HEKOTOPOH KPUTHUYECKOH TEM-
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nepaTyphl, 3HaYEHUE KOTOPOW 3aBHCUT OT THIIA
knetkn (40—45 °C — mus sputponutoB u S0—
60 °C — s Tumonutos) [1].

HccenenoBanust moka3and, YTO CHJIbI TPEHMS
Mex Iy ocTpueM ACM-30H71a M KOHTPOJIBHOM MO-
BEPXHOCTBIO CTEKJA, HE KOHTAKTHPOBaBILIEH
C CyCIIEH3Mel KJIETOK, OCTAIOTCS MOCTOSHHBIMU
MpU U3MEHEHHUH TeMIIepaTyphl B paccMaTpuBa-
€MOM HMHTepBaje Temmneparyp. B obpasuax, uc-
nosib3yeMbix it ACM-aHanu3a KJIeTOK, OBEPX-
HOCTbH CTEKJIa B IPOCTPAHCTBE MEXAY KIETKaMHU
MOKPBITA CIIOEM, COACPIKALIUM MOJIEKYJIbI, BXO-
JSAIe B cocTaB Oy(hepHO-CONEBBIX Cpel, M IPo-
TYKTBI )KU3HEIEATEIbHOCTH KJIeTOK. Cuibl Tpe-
HUsI, U3MEPEHHbIE B MEXKJIETOUHBIX 00JacTIX
MMOBEPXHOCTH CTEKJA, TaK)Xe YBEJIHYHBAIOTCS
c yBeJn4YeHHneM Temrneparypbl. OJHAaKO IpH BO3-
NEHCTBUAX, N3MEHSIOMNX BHYTPEHHIOIO CTPYK-
TypYy HOBEPXHOCTHOTO CJIOSI KJIETKHU, HAIpUMED
IIPU aKTUBALMU LIUTOCKENETa, 3aBUCUMOCTb CHUII
TPEHMs OT TeMIepaTyphl AJis MOBEPXHOCTU KJle-
TOK CYLIECTBEHHO 3aBHCHUT OT WHTEHCHUBHOCTH
aKTHBHUpYomiero (¢akrTopa (Hampumep, OT KOH-
LEHTPALUK EPOKCUHUTPUTA), & 3aBUCUMOCTb CHII
TPEHUs JJIs1 MEKKJIETOUHBIX 00JIacTel IOBEpX-
HOCTH CTE€KJIa B 3TUX YCJIOBHUAX MPAKTUYECKU HE
N3MEHSIETCA.

CormnacHo auTepaTypHBIM JTaHHBIM, CHJIBI Tpe-
HUsSI Mexay octpueM ACM-30HJa M TIOBEpPXHO-
CTBIO JIUMHUJHOTO CJIOS C yBEIMYEHUEM TeMIIe-
paTtypsl yMeHbIIAlOTCs B pe3ynbrare (pa3zoBoro
repexona (mraBieHus aumuaoB) [2, 3]. Ciemo-
BaTENBHO, JIMITUIHBIA OUCIION HE MOXET paccMa-
TpUBATbCs Kak (aKTOp, OTBETCTBEHHBIN 32 yBe-
JINYEHNE CUJI TPEHUSI MEXIY MOBEPXHOCTHBIM
CJIOEM KJIETOK M MTOBEPXHOCTHIO UTJIBI-30H/1a TIPU
YBEIUYCHUH TEMIIEPATYPHI UCTIBITAHUH.

[aronoruueckne U3MEHEHHUS CTPYKTYpPBI Kile-
TOK, BKJIOYasi 0OpabOTKYy KJIETOK XHMHMYECKH
AKTUBHBIMHM areHTamH (HampuMmep, IIyTapoBbIM
aJbACTUA0M, NIEPOKCUHUTPUTOM), IPUBOAST K CY-

121Z-Z), yen. en.

200001

0
300 320 340 360
Y T.K

12|Z +Z ], yen. en.

40000+

20000

0 : , ;
300 320 340 360
6 T,K
1/2lh +h |, am
500+ J[
it
250+ %
0 : ; .
300 320 340 360
6 e

Puc. 2. TemneparypHasi 3aBUCUMOCTb
pacuetHsix ACM-napaMeTpoB aJis 00-
Pa3LoB TUMOLIUTOB KPbICHL: 1/2|Zl -Z)| -
cuna TpeHus Mexay octpuem ACM-
30H/Ia U TIOBEPXHOCTBIO KIICTKH; 1/2|Zl +
Z,| — cpenHee Mo ABYM NPOXOJaM 3Ha-
YEeHHE JIATePaJbHBIX CHIT; 1/2|h1 + hy| —
CpeziHee 1O JIByM IIPOXOfaM 3HadeHHe
BBICOTHI (BEPTUKAJIBHBIX OTKJIOHEHUIA).
JlaHHBIE TPEACTaBJICHBI KaK CpeHee
3HAUEHHE U CPEIHEKBAJpPaTHICCKOE
OTKJIOHEHHE JJIs TJIOIAAH CKaHHPO-
Banus 3,0 x 3,0 MKM /ISl TpeX pa3HbIX
00pasIoB KIETOK

LIECTBEHHOMY M3MEHEHHMIO XapakTepa 3aBUCUMOCTH UX CHJI TPEHUS OT TeMIlepa-
Typbl ucnibiTanui. Hanpumep, 00paboTka KIETOK IIIyTapoOBBbIM aJbAETHA0M (CLIH-
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BalOIIUM OHOJOTHYECKHEe MaKPOMOJEKYJbI, BKIOYas OCIKH IMTOCKEIeTa, arcH-
TOM) NpUBOAUT K YMCHBIICHUIO U J1AKE MOJTHOM NOoTECPE 3aBUCUMOCTHU CUJT TPCHUSA
OT TeMmeparypbl. POcT cril TpeHUs ¢ TeMIepaTypoil 3HAYUTEIHHO CHIYKACTCA TPH
TepMO0OpabOTKe KIETOK (IIPU HArpeBe BBIIIE TEMIIEPATyphl JCHATYpaluu OCIKOB
nuTOCKeNeTa). DTH (PaKkThl YKa3bIBAIOT HA TO, YTO CHJIBI TPEHHS MEXKIY OCTPHEM
ACM-30H1a ¥ TTOBEPXHOCTHIO OHMOJIOTHYECKUX KJICTOK OOYCJIOBJICHBI OEITKOBBHIMH
CTPYKTYpPaMH UX TIOBEPXHOCTHOT'O CJIOSI, IPEXKJIC BCETO TOJAMEMOPaHHBIM ITUTOCKE-
JIETOM.

3akirouenue. Vcnonp30BaHue nonypa3HOCTH 3HAYEHUH JIATEPaJIbHbIX CUIT IPU
npsiMoM U 00paTHOM poxogax ACM-ckaHUPOBaHHS OMOJIOIMYECKUX KIIETOK pac-
MupsACT 683}/ OKCIICPUMCHTAJIBHO IMOJTYyYa€MbIX JAHHBIX O KJICTKax W HUCKJIKOYacT
BKJIaJl MUKpopeibeda B 3HaUeHUs cui Tperus. Onpenensiembrie ¢ momombio ACM
(pPUKIIMOHHBIEC CBOMCTBA MOBEPXHOCTH OMOJIOTMYECKHUX KJIETOK, a TAKKE XapaKTep
ux TeMHepaTypHoﬁ 3aBUCUMOCTH ITO3BOJISAFOT OLUCHHUBATHL HOPMY U ITATOJIOTHUIO KJICTOK
10 CBOMCTBaM IIOBEPXHOCTHOTO CIIOSI, OTIPEIEIIIEMbIX CBOMCTBAMH IIUTOCKEIETA.

Cnucok ucnojib30BaHHBIX HCTOYHHKOB
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22613572.

2. Luo, M. F. Dynamic behavior of a nanoscale-patterned phospholipid thin film on mica and silicon
studied by atomic force microscopy / M. F. Luo [et al.] / Thin Solid Films. — 2009. — Vol. 517, N 5. —
P. 1765-1769.

3. Oguchi, T. DSPC/DLPC mixed films supported on silica : a QCM-D and friction force study /
T. Oguchi [et al.] // J. Oleo Sci. —2011. — Vol. 60, N 4. — P. 177-183.

N3YUYEHUE ATOJIOT MM XPSIIIIEBOM TKAHU
C UCIIOJIB30BAHUEM TPEXMEPHBIX MUKPOCKOIIMYECKUX
N30BPAKEHU BBICOKOI'O PA3PEIIIEHU S

M. U. Urnaroscekuii!, B. B. Jlamkoscknii?, O. A. Cepreii’

!Hayuno-uccnedosamenvcruii yenmp npobnem pecypcocbepescenus HAH Benapycu,
I'poono, berapyce
’I'poonenckuii 2ocydapcmeennviii meduyunckuii ynusepcumem, Ipoono, Benapyce

B ooxnaode paccmampueaiomesn éonpocwl npumenenus ACM ons uzyuenus
nogepxuocmu ouono2uveckou mranu — xpsawed. Ilokasana 603modcHocmy
6bIAGICHUA NAMONIO2UU NPU NOMOWU AHATU3A MPEXMEPHBIX MUKPOCKONUYe-
CKUX U300padICEHUL 8bICOKO20 PA3PEULeHUSL.

Breagenne. CoryiacHO nuTEpaTypHBIM HCTOYHUKAM, JET€HEPATHBHO-AUCTPO-
¢uueckue mopaxxeHus: Ta300€PEHHOT0 CyCTaBa 3aHMMAIOT IEPBOE MECTO CpeIu
aHAJIOTMYHBIX 3a00JIeBaHUN OPYTHX CyCTaBOB. AHAJM3 CTaTUCTHMUYECKUX AAHHBIX
0 pacIpoCTPaHEHHOCTH KOKCAapTPO3a MOKa3bIBAET, YTO B Pa3HBIX pernoHax EBpo-
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bl €ro yacToTta Kosebaercs oT 7 1o 25% B3pocioro HaceneHus. Heykinonno npo-
TrpeCcCCHPYIONINH XapakTep mporecca npuMepHo B 60% ciaydaeB BeeT K CHIDKEHUTO
TpynocnocobrocTr u B 11,5% — x maBanmuanoctu. Ilpu stom I rpynmy nHBamnaHO-
CTH MMEIOT OKoJo 20% yTpaTHBIIKX TpypocrnocodHocTs, I rpynmy — 13,3-81,3,
a Il rpyny — 18,1-45,0%. O0BbeKTHBHOM TeHACHUUEH MOCIETHETO0 BPEMEHH SIBIISI-
€TCsl yMEHBIIEHUE CPEIHETO BO3pacTa OOJIBHBIX C JereHepaTUBHO-IUCTPOPUUECKH-
MU 3a00JICBaHUSIMH Ta300€IPEHHOTO cycTana [1].

MarepuaJbl 1 MeTObI HceJienoBaHus. [IponsBonunn oTdop obpasua xpsiie-
BOM TKaHU cycTaBa. [Io JOCTUXKEHUHU CYILIECTBEHHOW CTENEeHU JeruipaTaluu, npe-
rnapat, NpeJHa3HAYCHHbIN J1JIs1 ©3BMEPEHUM, BbIpE3aau B BUAE IPSIMOYTOJIbHOM IJ1a-
cTHHBI pazMepoM ~ 10 X 5 Mm2. JIo6UBAIHCH MIOCKOMAPAJLIENLHOCTH CTOPOH TIATH-
HBI, 3a4MIIasl ee Kpasi Tak, YTOObI OHH HE BO3BBILIAINCH HAJl €€ CPEHUM YPOBHEM.

N300paskeHus1 MOBEPXHOCTH IIpenapara Mojlydalnd IpU HOMOIIH ONTHYECKOro
Mukpockona «Micro 200T-01», ocnamenHoro nunpoBoil BUACOKaMEpPOi, B OTpa-
JKEHHOM CBETe.

N3zyyenne Mopdosoruy NOBEpXHOCTH Mperapara BhINOIHSIN C UCIIOIb30BaHHEM
aTOMHO-cmiioBoro Mukpockorna (ACM) NT-206 B cTaTudecKOM pexuMe CKaHHUPO-
BaHUS KpeMHUEBEIM KaHTuiaeBepom CSC 12/15.

Jist 00paboTKH M BU3YaIM3aLUH AKCIIEPUMEHTAIBHBIX HCIIOIB30BAIH MPOrpaMM-
Hoe obOecneuenue SurfaceXplorer (mpomsBoacTBa OO0 «MUKpOTECTMAIINHBIY)
u nanolmages ('HY «HULIIP HAH Benapycu).

Pe3yabraTsl U uX 00cy:xkaeHue. B Hopme XpsiiueBasi TKaHb COCTOUT M3 KJie-
TOK (XOHAPOLUTOB U XOHAPOOJIACTOB) M OONBLIOrO KOJIMYECTBA MEXKKJIETOUHOI'O
BellecTBa (MaTpHUKCa), OTIMYAIONIIETOCs YIMPYTrOCThIO. MEeXKIJIETOUHOE BEIIECTBO
00J1a1aeT BEICOKOW THAPO(MHUIBHOCTHIO, UTO OOYCIIOBIUBACT €€ INIOTHOCTD, TYPTrop
u cnocoOcTByeT Audy3un TUTaTEeIBHBIX BEIIECTB, BOABI U coiell. B cBexel xpsi-
meBor TKaHu coaepxkutcs okoso 70—80% Boasr, 10—-15% oprannyueckux BeIIeCTB
u 4-7% comneii. B cyxom BemectBe XpsmeBoit Tkanu ot 50 go 70% mpuxogutcs
Ha CofiepKaHMe KOoJlareHa, OpUeHTAIMsI BOJIOKOH KOTOPOT'O ONpeAesAeTcsl HalpaBs-
JICHWEM CHUJIOBBIX JIMHUH, BO3HUKAIONIMX MpH JedopManusx xpsiia B Mpolecce
(byHKIIMOHUPOBAHUS OpraHa.

Knerku okpy»KeHbl BOJOKHHUCTBIM KapKacoOM M3 KOJJIAT€HOBBIX BOJIOKOH, MPO-
NUTAHHBIX aMOPQHBIM BeniecTBOM. OHM UMEIOT OBAJIbHYIO, OKPYTIYIO WU MOJH-
rOHaJIBbHYIO (hOpMY B 3aBUCHMOCTH OT CTETleHH IUpPepeHIUPOBKU. PacronokeHs
B OCOOBIX TMOJIOCTAX (JTaKyHax), Ha3bIBa€MBIX M30T€HHBIMHU, B MEXKKJIETOUHOM BelIle-
CTBE B OIMHOYKY WU Irpynnamu [2]. JlaHHbIe H30r€HHbIE TPYIIbI BOSHUKAIOT B pe-
3yJbTaT€ MUTOTHYECKOTO JIEJIEHUSI XOHIPOLIUTA, IPU KOTOPOM JOUYEpPHHE KIETKH He
MOTYT CHHTE3UPOBATH JIOCTATOYHO OOJBIIOE KOJTWYECTBO MAaTPUKCa BOKPYT ceOsl.
Matpukc B CpeHel YacTh XpSIIEBON TKAaHM «IISITHUCTBIN», ¢ 0ojee TeMHBIMH
Y4aCTKaMH BOKPYT M30T€HHBIX I'PYIII U3-3a OOJBIIOrO COAEPKAHUS TITMKO3aMHHO-
IJINKOHOB, M HAa3bIBAETCS TEPPUTOPHAIIBHBIM MaTpUKCOM. bosee cBetible yuacTku
MeXAy IpyIIaMHU KJIETOK — UHTEPTEPPUTOPHATBbHBINA MaTpuKc [3].

CycTaBHOHW THaJIMHOBBIN XPSII COCTOMT U3 TPEX HEYETKO OUYEPUECHHBIX 30H.
B Hapy’xHOI1 30He pacrojararoTcsi MeJIKHe YIJIOUIEHHbIE MaJlOCIelMaIn3upOBaH-
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HBbIE XOHJIPOUUTHL. B cpenHeil (mpoMexyTOYHOH) 30HE KIIETKH Oojiee KpyIHBIE,
OKPYTJIBIE, PACIIOJIOKEHBI B BHJI€ KOJIOHOK, NEPIEHANKYIISIPHO MOBEPXHOCTH. [I1y-
0oKasi 30Ha CyCTaBHOT'O XPsillla COCTOUT U3 KaJbIMHUPOBAHHOTO Xpsiia [2].

Ha noBepxHocTH mpenaparta XpsALeBOi TKaHU 0e3 MMaTOJIOIMH UMEIOTCs Hepe-
TYJISIPHO PACIOJIOKCHHbIE MHOXKECTBEHHBIE YTIIYOJICHHUS SJUIMNTHYECKOH (HOPMEI
CCUYCHMsI B TNIOCKOCTHU MOBEPXHOCTH, a TAKKE HECKOJIBKO JUTMHHBIX 00po3n (puc. 1, a).
XapakTepHbIii pa3mep (quameTp) yriayOneHuil HaxoguTcs B auama3one or 30 mo
120 mxm. Hanbonburas mupuHa 60pa3oHbl — 35 MKM.

ACM-u3o00paxenue (puc. 2) IOJIy4YeHO Ha IPAHULIE OJHOTO U3 MIITUITHUYESCKUX
yriyonenuii. B cBsa3u ¢ Tem, uto nuamna3oH uaMepenus ACM 1o BBICOTE COCTaB-
JSET 2 MKM, BEPTUKAJIbHBIE CTEHKH YTIIYOJICHHSI M €r0 THO, PACTIOJIOKCHHBIC HUXKE
2 MKM OT yPOBHS IOBEPXHOCTH IpernapaTa, He 0TOOpakeHbl Ha PUCYHKE.

300 mkM

a 7]

Puc. 1. OnTuueckoe n3o0pa)keHne NOBEPXHOCTH MperapaTa XpsIeBoil TKaHu:
a — 6e3 maronoruu; 6 — ¢ naroyuoruei. x200

Puc. 2. ACM-n3o6paceHne NOBEPXHOCTH IpernapaTa 6e3 naToJoruu
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Ha uzo6paxkenun (puc. 3, g) npuBeIeH Y4YacTOK NMOBEPXHOCTH Ipenapara
(2,5 x 2,5 MkM). MUKpPOCTPYKTypa MOBEPXHOCTH Ipe/ICTaBICHa HEPEeryISpHbIMU
BEICTYIIaMH C THamMeTpaMu BepruH nopsiaka 200500 HM 1 BeIicoTamu Topsiaka SO 7M.

B nagane 3a0osieBaHus TPU OCTE0APTPO3E U3MEHEHHUS B XPSIIIIEBOM TKaHU, CBSI-
3aHHBIC C KOJUICTAHOBBIMH BOJIOKHAMHM, XapaKTEPH3YIOTCS M3MEHEHHEM B OpHEH-
TalliX KOJIJIATEHOBBIX BOJOKOH U COJIEPIKaHUs MPOTEOTITUKAHOB B MIOBEPXHOCTHOM
30HE, B TO BpEeMs KaK COCTaB KOJJIAT€HOBOTO BOJIOKHA M3MEHSETCS JIUIIb IPH TEP-
MMHAJILHOM CTaauu 3a00eBaHus [4].

XapakTepHbIM MTPU3HAKOM JIECTPYKIUHU XpsIIlla Ha PaHHEH CTaanuu 3a00IeBaHms
SIBJISIETCSL TIOTEPST TIIMKO3aMHHOTIIMKAHOB MAaTPHKCA MPEUMYIIIECTBEHHO B TOBEPX-
HOCTHOU M TIPOMEXKYTOYHOM 30HAX. 3JHAUUTEIHHOE CHUKEHHE KaK XOHIPOUTHH-
cynb(dara, Tak KeparaHcylbdara coderaercs ¢ AUCTPOPUUICSCKUMHU U HEKPOTHUYE-
CKMMU U3MEHEHUSIMU XOHJIPOIIUTOB, & TAK)KE YBEIMYCHUS KOJIMYECTBA MYCThIX Ja-
KyH. [lapamienbHo TUCTPOPUUECKOMY ¥ HEKPOTHUYECKOMY IMPOLIECCaM OTMEYaeTCs
JOCTOBEPHOE YBEIWYECHUE KOJIMWYECTBAa (PYHKIIMOHAIBHO aKTHBHBIX XOHIPOLUTOB
MIPEUMYIIECTBEHHO B IMOBEPXHOCTHOH 30He. ONHAKO NaHHAs penapaTUBHAs pere-
Hepalnus He MOXKET CUUTAThCS TTOJIHOLICHHOM, TaK KaK COJEPKAHHUE TITMKO3aMHUHO-
[TIMKAHOB B MPHJIEKAIIEM MaTPUKCE OCTAETCs CHH)KEHHBIM 110 CPAaBHEHHUIO C BO3-
PACTHBIM KOHTPOJIEM.

[Tpu II craguu OA Ha $OHE MPOTPECCUPYIONIETO CHUKEHUS TIINKO3aMIHOTIIH-
KaHOB OTMEYaeTCsl Pa3BOJIOKHEHWE MaTpukca, (GOPMHPOBAHHE MOBEPXHOCTHBIX
y3yp, MOSIBIICHUE 10 UX KPalO0 KJIOHOB, CBSI3aHHBIX C PEIUIMKAIMEH XOHIPOIMTOB.
HecMoTpst Ha yBeTHUYECHUE KOJIMUYECTBA MIMKO3aMHUHOTTIMKAHOB B MATPUKCE BOJIM3H
KJIOHOB XOHJIPOLIUTOB C BBICOKMM yYPOBHEM METa0OIHM3Ma, COACPKaHUE UX HE JI0-
CTUTaeT HOPMAaJIbHBIX TIOKa3zaresield. B marpukce, mpuiexaiieM K KJIOHaM C JUC-
TpopuUeCKMMH N3MEHEHUSIMH XOHJIPOIIUTOB, BBISBIISICTCS MHHHUMAILHOE KOJIHYE-
CTBO TJIMKO3aMUHOITIMKAHOB. TakuM 00pa3oM, KIIOHBI, MPEACTaBISIOMNE cOoOO0H
PEaKTUBHBIN OTBET TKAHU HA TIOBPEXKJCHHUE, HE BEAYT K IOJIHOLEHHOH penapanuy.

251 mkm 263! 5.0um x 5.0um x 58.6nm [256 x 256] z,nm
- e 2 -

1.89]

1.28|

053}

1 1 1 1 1
0.00 063 1.26 189  mkm2.31

Puc. 3. ACM-u306pakeHre TOBEepXHOCTH IIpenapara XpsmeBoi TKaHHU:
a — 0e3 maToJIOruu; 6 — ¢ IaTOJIOrueh
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Bripaxxennas nectpykuus cycraBHoro xpsma rnpu Il cragun OA xapaxTtepusy-
ercs (OpMUPOBAHHEM TIYOOKHX y3yp, OclabiIeHreM KJIOHOOOpa30BaHUS, PE3KUM
CHYDKEHHEM COZEPKaHUs TIIMKO3aMHUHOIVIMKAHOB B MAaTPUKCE INIyOOKOH 30HBI.

Takum 00pa3oM, BBISIBISETCS MOBBIIICHHE MUTOTHYECKON aKTUBHOCTHU XOH/IPO-
IUTOB Ha paHHUX cTagusx OA W CHH)KEHHE METa0OIMYECKONH aKTUBHOCTH XpsIia
B (hazy oOpazoBaHHs IIIyOOKUX y3yp [5].

Pacnagarommiics cycTaBHON Xpsml 3aMeliaeTcs o0pa3yromeincs o Kpasm Cy-
CTaBHBIX [IOBEPXHOCTEH 1 HAJBUTAIOLIECHCS HA IEHTPAJIbHbBIE UX YUACTKU XPALIETIO-
JIOOHOM, TaK Ha3bIBAEMOM XOHIPOUTHOM TKaHbIO, 00J1aIal0IICH CBOMCTBAMH BOJIOK-
HUCTOTO Xpsma. Ee 0CHOBHOE BeleCTBO MMEET 3HAYUTEIbHYIO (PUOPHILISIPHOCTD,
a MeJIKHe BEpeTeHOOoOpa3HbIe KJICTKH PABHOMEPHO M IUIOTHO pacipelesieHbl Mo
BCEMY IIPOCTPAHCTBY [6].

[loBepxHOCTh mpemnapaTa, KOTOPYIO Mbl MOXKEM BHAETH Ha puc. 1, 0, xapakre-
pusyercst «cMmaTusMu». [Ipu ucnonp30BaHUM MOJISPU30BAHHOIO CBETA MOYKHO Ha-
0JI0AaTh, YTO YYaCTKU TMOBEPXHOCTH UMEIOT PAa3HBIN yToJl MOJISPU3AINH, a 3HAYUT
Pa3IUYHYIO CTPYKTYPY (HallpsDKEHUS) WIIH COCTaB. Tak)ke, Mbl BUAUM CIUHUYHBIC
yIrayOIeHus IIMITHYECKON (POPMBI CEYEHHUs B TIOCKOCTH MOBEPXHOCTH C 0OJb-
muM auameTpoM — 355 Mxm. [IposiBisrorces uepHsle TOUkH (10 & 15, MKM) 1 mpsi-
MoyTonbHUK (80 x 17 mxm?). ITpn yBenuuernu B 500 pa3 BHIHO, YTO YepHbIE TOUKH
U IIPSIMOYTOJIBHUK SIBIISIFOTCS. MEXaHHYECKUMU TTOBPEKACHUSIMU TIOBEPXHOCTH Ipe-
napara.

ACM-n300paxkeHue (puc. 4) MoIydeHo Ha TPAHUIIE OAHOTO U3 ITUITHYECKUX
yrryOneHuii Ha yJacTKe OJTM3KOM K TOYKE OKOHYAHHUS OOJBIIETro auameTpa. Mak-
cuMasbHast 3aduKcupoBanHas riyonna — 0,24 Mxm. [ToBepXHOCTB Kak BHYTpH BIla-
JIMHBI, TaK U BHE Hee 00J1a/1aeT CI0KHOM Mopdooruei.

ACM-u3o0paxenue (puc. 3, 6) TOIYYSHO HA MOBEPXHOCTH B TIIYOWHE BIIAIHHBI.
MakcumanbHbIi 0OHapyXeHHBIN mepenal BbicOT cocTasiseT 30 Hm. ACM-u3o0pa-
KEHMsI, IOJIyYCHHbIE HA IIOBEPXHOCTH BHE BIAAMHBI, JAI0T MaKCUMaJIbHBIN IIEpe-
naJji BBICOT paBHBIN 10 HM.

Puc. 4. ACM-u300pakeHue IIOBEpXHOCTH IIperapaTa ¢ naTojaorueit
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3akouenue. Ha orpaHndeHHOM KoJindecTBEe 00pasLioB BBISBICHBI IPU3HAKH,
XapaKTepHU3yIOlHE MaTOJIOTHIO XPAIIEBON TKaHU cycTaBoB. [Ipu momomu ontuye-
CKOH MMKPOCKOIIMH ITOKa3aHO MCUYE3HOBEHHE C IIOBEPXHOCTH HEPErYJISIPHO PacIio-
JIO’KEHHBIX MHOXXECTBEHHBIX yIIyOIeHUH SIIIUNTHIECKONH (HOPMBI CEYEeHHUs B ILIO-
CKOCTH TOBEPXHOCTH — BBIXOJSINEI0 Ha MOBEPXHOCTh MaTpHKCa KapKaca U3 KOJ-
JIAaT€HOBBIX BOJIOKOH. ACM-m300pakeHun s, MOMyYeHHbIE Ha CKJIOHAX YIIIyOJIeHUH,
MO3BOJIAIOT OTCJIEUTD BBICTYITIBI BOJIOKOH Ha TIOBEPXHOCTH MAaTPHKCA.

C ucnonb30BaHUEM MOJISPU30BAHHOTO CBETa OOHApPY)KEHO, YTO yYACTKH IIO-
BEPXHOCTH Mpenapara ¢ MaToJIorueil UMEIOT pa3Hblid YToJl MOJspU3aliy, a, 3HAUNT,
pasIuYHbIe CTPYKTYPHI (HalIPsDKEHUST) UK cocTaB. [IpaBienue y3yp npeacTaBiIeHo
Ha M300pakeHUSAX B BUJE CMATUI MOBEPXHOCTHOTO CIIOSI XPSLIA.
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OLHEHKA ®YHKIHUOHAJIBHOI'O COCTOAHUSA TPOMBOLIUTOB
METOAOM ATOMHO-CHNJIOBOU MUKPOCKOIIUH

E. C. JIposa!, E. B. lllamosa?, O. JI. buuan?, U. B. lopyako?, K. B. Illymaes?,
A. ®@. Banun’, A. B. Cokonos?, H. B. Ipyaununa?, C. B. Bymyx>, B. A. Bymyx>,
B. Bb. Bacuawes?, O. M. Ilanacenko®, C. A. Umxuk!, C. H. Yepenkepny?

T Hucmumym menno- u maccoobmena umenu A. B. Jluikosa HAH Benapycu, Munck, Benapyco
Benopycckuii 2ocyoapcmeennuiii yuusepcumem, Munck, benapyce
SUnemumym xumuueckoii pusuxu um. H. H. Cemenosa, Mockea, Poccus
*HUU sxcnepumenmanvroti meduyunvt C30 PAMH, Canxm-Ilemep6ype, Poccus
SUncmumym gusuxu um. 5. U. Cmenanoéa HAH Benapycu, Munck, benapyco
@Iy HUH gpusuro-xumuueckoti meouyunvt ®PMBEA Poccuu, Mockea, Poccus

Beenenue. IIporpeccupoBanue 11060ro 3a001eBaHUs CONPOBOXKAACTCS (PYHK-
LUOHAIBHBIMU M CTPYKTYPHBIMH M3MEHCHHSMHU T€X WJIM MHBIX (POPMEHHBIX 3Jie-
MEHTOB KpoBU. TpoMOOIMTHI — KIETKH KPOBHU, UTPAIOIINE KIFOUEBYIO POJb B MPO-
neccax remoctasa. OCHOBHAsI MX (DyHKIMS COCTOUT B CBEPTHIBAHMM KPOBHU, 00pa3oBa-
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HUU TPOMOOB — CI'yCTKOB, 3aKPBIBAIOIINX TPOCBET Pa30PBABIIErOCsS KPOBEHOCHOTIO
coCyJla U OCTaHABIWBAIOMINX KpoBOoTeueHHe. OJHAKO IMOBBIIICHHAs aKTUBHOCTH
TPOMOOITUTOB MOXKET OBITh NMPUYUHOW MATOJOIMYECKOr0 TPOMOOOOpa30BaHUs MPHU
CEPIEYHO-COCYAUCTHIX, OHKOJOTMYECKUX U JIPYTHX 3a00JEBaHUSAX, CONPSIKEHHBIX
C pa3BUTHEM BOCIAJIHMTEIBHOTO OTBETA U OKUCIUTEIBHOTO cTpecca. BaxkHyro poib
B MOJIJICPKAHUU PEIOKC-TOMEOCTa3a U B PEIOKC-PEryJIISIII UTPAIOT THOJICOAEpKa-
[IUE MOJICKYJIbI, TAKKE, KaK TJyTaTHOH, THOPEIOKCHUHBI, TIIYTapEIOKCHHBI U TIEPOK-
cupenokcuHsl [1]. B cBsi3u ¢ 3TuM ObLIa IOCTaBIICHA 3aJ1a4a HCCIIEIOBATh CTPYKTY -
HO-()YHKIIMOHAJIbHBIE CBOWCTBA TPOMOOIIUTOB KPOBH IIPH JISHCTBUU BOCCTAHOBIICH-
Horo riyTtaTuoHa (GSH), siBistonerocss OCHOBHBIM KOMIIOHEHTOM pefiokc-0ydepa.
B pesynbrarte uccienoBanuii TpPOMOOIIMTOB € MOMOIIBE) aMOTHO-CHIIOBOT'O MHKPO-
ckora (ACM), ynanoch okKa3aTh, 4YTO JIaHHBIA METOJ MOXKET ObITh IPUMEHEH IS
W3Yy4YeHUS BIUSHUS (PapMaKoJIOTHYECKUX IpernapaToB Ha (PyHKIIMOHAIBEHOE COCTO-
STHUE KJIETOK KPOBH, 8 MMEHHO Ha UX MEXaHUYECKUE CBOICTBA.

Martepuayibl U MeTOABI UccenoBanus. B padore ucnonp3oBanmu AJID, HII,
GSNO ¢upmsr «Sigma-Aldrich»(CILIA), rayrapoBsiii anbaerun ¢upmel «Reanaly
(Benrpus), JJHKXX ¢ rmyTatHoHOBBIMY JTUTaH/IaMH, CHHTE3HUPOBAHHBIE CIIOCOOOM,
paspaboranubiM A. @. BanuneiM [2]. OcTanbHble peakTHBBI — 3aBOAOB «Peaxumy»
(Poccust) u «benmennpemnaparsn» (benapychs).

JIOHOPCKYI0 BEHO3HYIO KPOBb, CTAOMJIM3UPOBAHHYIO ITUTpatoM HaTpus (3,8%
B cooTHomeHnu 9 : 1), momyuanu u3 PecrmyOimMKaHCKOT0 HAyYHO-TIPAKTUYECKOTO
[EHTpa IreMaToJIOTuu 1 Tpanchy3nosoruu. OO00orameHHyo TpOMOOIIUTaMH TUIA3MY
(OTII) monyuanu ueHTpudyrupoBanreM kposu npu 200 g B redenue 10 Mmun npu
KOMHATHOH Temreparype, 6ectpomoonuTapuyto mrasmy (bTII) — neaTpudyrupo-
BanueMm kposu 1ipu 2000 g B Teuenne 15 mun. KommuectBo TpombouuTo B OTII
JOBOAUIIN 10 2,5-108 ki/mi pazbaBnenuem BTII u wcronb3oBany B Ka4ecTBe HC-
XOJTHOW CYCIIEH3UH IIJIsi U3yUeHHs arperanuu/nezarpeiuu TpoMOOIUTOB U UCCe-
JIOBaHM C TOMOIIBI0 ATOMHOM CHUII0BOM MHKpockonuu (ACM).

Kunetnky arperarmu/ne3arperaniii TPOMOOITUTOB PETHCTPUPOBANIN ITyTEM H3Me-
peHus cBetompomnyckaHusg npu 540 HM ¢ IpUMEHEHUEM aHajau3aTopa arperanuu
AP2110 («COJIAP», Munck, bemapycs). B xroBeTy ananmsaropa BHOcHIH 400 MK
OTIL, uaxyOuposanu npu 37 °C mpu NOCTOSHHOM TIEPEMEITUBAHUH B TCUCHUE 2 MUH,
a 3ateM no6aBisnu AJID, KoHeUHass KOHIIEHTpAIUs KOTOPOro cocrapisuia 1 MkM
MpH WHAYIUPOBAHUHU 0o0paTuMod W 5 MKM — HeoOpaTuMoOH arperamuu TpomoOo-
uuToB. Jlezarperanuio TpoMOOLMTOB BBI3bIBAIN A00aBieHreM aoHopoB NO: HII,
S-autpozormyraruonom (GSNO) u JIHKXK. Crenens ae3arperanuu pacCYuThIBAIU

max

T —
no popmyne —22—L.100 %, rae 7, — MAKCHMaIbHOE H3MCHEHHE BEIHYHHbI

max

CBETOIPOITYCKAHUS CYCIIEH3UU TPOMOOLIMTOB B ITpoLEcce arperauuu, Ty — 3Hade-
HUE CBETOIpOIyCKaHus mocie fodasneHus goHopa NO [3].

s moprotoBku TpomOoIuTOB st ACM-uccnenopanuii 200 Mkt 100 Ucxo-
HOM cycmensuu TpomGonuTos (2,5-108 xn/mi), aktuBuposannbix AJID u nesarpe-
TUPOBAHHBIX MM0J JeiicTBueM JoHOpoB NO, 1100 cycreH3uH WHTaKTHBIX TPOoMOo-

206



uutoB (2,5-10% ki1/mi1), npennky6upoBanHbIX ¢ goHOpamMu NO B TeueHHe 3 MHH,
¢dukcuposanu 1,5%-HbIM TITyTapoOBEIM alibAeruaoM B Teuenue 30 mun. TpomOomnu-
THI BBIACISUTH ITyTeM HeHTpu¢yruposanus npu 600 g B TeueHne 3 MUH C TIOCIIENY-
IOLINM JBYKpaTHBIM OTMbIBaHUEM ocajgka OCb, a 3aTeM ABa>kbl — B AUCTUILINPO-
BaHHOH Boze. [lociie BbIAEIeHNS OTMBITBIE KJICTKH HAHOCHIIM Ha TPEIMETHBIC CTEK-
na pasmepoM 10 x 10 MM? 1 BBICYIITHBAITH HA BO3IyXe TP KOMHATHOH TeMIepaType
B TCUCHHE HECKOJIBKHX YaCOB.

HccnenoBanue ynpyrux cBOMCTB MEMOpaH TPOMOOLMTOB OCYIIECTBIISUIM IIPH
[IOMOIIM CHEIUATU3UPOBAHHOIO 3KCIEPUMEHTAIBHOIO KOMIIJIEKCa, COBMEINAlo-
mero QyHKIUU cKaHupytomend 30H10Boi (ACM NT-206, OO0 «Mwukporectma-
IIUHBIY, berapyck) u onTuyeckoil MUKpOcKonuu (ontuyeckas cucrema, HIIPYII
«JIODMT» benOMO, benapycs). [Iponienypy craTudeckoi CHIOBOW CIIEKTPOCKOIINN
BBITIOJTHSITN KpeMHUEBBIM 30H10M CSC38 («MikroMasch» Co, DcToHus) 1Mociie He-
KOTOpOTO «3aTyIUIEHUs» OCTpHs. Paauyc 3aKpyTieHHs] OCTPUS COCTaBISII OKOJIO
100 HM (ompenensics MyTeM CKaHUPOBAHUSI TECTOBOTO 00pa3na), a Kod(pUIHEeHT
)kecTtkocTr kKoHconn — 0,03 H/M (cormacHo crienuuKamiuy mponu3BOIUTEIISI 30HIOB).
[ns pacdyeTta MOAyJS yIIPpyTOCTH HCIIONIB30Ban Mozienb [epua [4, 5].

JlOCTOBEPHOCTD pa3iNuuil CPeJHUX BEIUYMH PACCUUTHIBAIN C HPUMEHEHUEM
t-xputepust CThIOIEHTA, PUHUMAS Pa3JINYUsI TOCTOBEPHBIMU Ha YPOBHE 3HAYMMO-
ctu p <0,05.

Pe3yabraThl M X 00cy:xaeHue. B pesynbrare MpoBEIEHHOTO MCCIIECAOBAHMUS,
ycTaHOBIIeHO (puc. 1), 4TO mpH J00aBJICHUH K aKTUBUPOBAHHBIM TPOMOOIMTAM
[JIyTaTUOHA B MUKPOMOJISIPHBIX KOHLEHTPLUAX UMEET MECTO yMEHbIlEH e B 1,4 pasa,
a B MHJINMOJISIPHBIX yBeJIn4eHue B 3,1 paza (mpu 6 MM KOHIIEHTpAINH TITyTaTHOHA)
MOZYJISl YIIPYTOCTH KJIETOYHON MeMOpaHbl (MOAYJb YIPYTOCTH PACCUUTHIBAJICS TIO
Mojenu ['epiia Ha riryOuHE BHEApEHUS 25 HM).

CrenoBaTenpHO, INTyTATHOH OKa3bIBAET BIUSHUE HA YIIPYTHE CBOICTBA KIIETOK,
YTO MOXET OBITH CBSI3aHO JMOO C M3MEHEHHEM PaBHOBECHOI'O MOTEHLMAJa TJIa3-
MaTHu4eckoii MemOpaHbl [6], mubo
C TepecTpoiKoif ruTockenera [7, 8].
[ocnenHee BO3MOYKHO OLIEHUTSH C MO-
MOIIIbIO JIa3epHON KOH(OKaIBHON
MHUKpPOCKONHUH. Takue uccieaoBaHms
OBLTH TIPOBEJCHBI C UCTIOIB30BAHHEM
(IryopecieHTHOro 30H7a Ha [-akTHH
(BIODIPY FL-¢ponnanuann) [9]. Io-
JIYYEHO, YTO B IPUCYTCTBHH B MHUKPO-
MOJISIpHBIX KOHIeHTparusax GSH
(5 MKkM) mpoucxoauT AemoIuMepu- 1 2

3alusad KOPTHUKAJIBHOI'O F-axtuna.

9 Puc. 1. BiusiHue riiyTaTHOHA B Pa3iHYHBIX KOHILEHTpA-
TO CONMPOBOKIACTCA CHHKCHHEM OUAX Ha MOIYJb YIPYrocTH TpoMOomuToB (3ddext

MOJLYJIsi YIIPYTOCTH TPOMOOUMTOB.  rgocurenbHo koHTpous, %): I — 5 MkM; 2 — 3 MM;

B nmpucyrcreun 6 MM GSH, Hanpo- 3-6mMM

13.
350 = 313.9

300
250 T
200
150 T 69.8 92.0

100 T+

50 T

3¢ ¢ eKT OTHOCUTENbHO KOHTpPOAA, %

N \\
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THUB, HAOIIOJACTCsl YBEIUYCHHE KOHIIGHTPAIMU F-aKTHHA W TIOBBIIIEHUE MOJIYJIS
YIIPYTOCTH KIIECTOK.

TakuMm 00pa30oM, HA OCHOBAHUH MPOBEIICHHOT'O UCCIIEIOBAHUS BIUSHUS OJHOM
W3 PEIOKC-MOJIEKYJ Ha YIPyTHe CBOHCTBA TPOMOOIIMTOB MOXKHO 3aKJIFOUUTh, YTO
OLICHKA JIOKAJIBHOTO MOJAYJSl YIPYTOCTH MO3BOJSIET PACHIMPUTh NMPEICTABICHUS
0 HEKOTOPBIX KJIETOUHBIX IPOLECCaX COMPOBOXKIAIONINXCS/CBI3aHHBIX ¢ U3MCHE-
HUSIMU MEXaHUYECKUX CBOWCTB KJICTOK.

IIpoBeneHHOE MCCIEIOBaHNE BIUSHUS JIOHOPOB OKCHJIA a30Ta HA MEXaHUYECKHE
CBOMCTBa TPOMOOITMTOB BKJIIOYAJIO B ce0sl OLEHKY MOP(POMETPUYECKUX Iapame-
TPOB M MEXaHUYCCKUX CBOMCTB OTACIBHBIX KJIeTOK. [lepBoHauansuo mytem ACM-
CKaHMPOBAHUS HA MaJBIX TIOJISAX OMPENeNSTNCh OCHOBHBIE MOP(OIOTHYECKHE TIa-
pamMeTpbl TPOMOOITUTOB, TaKUe, KaK, JIMAMETP, BBICOTA, TOJIIMHA, ILIOMAdh Ceue-
HHUS, KOJTUYECTBO O0OBEKTOB HA eAMHUIIC TUIomanu, popma u ap. (puc. 2). Jlanase
M300paXKeHUST JEMOHCTPUPYIOT BO3MOXKHOCTH npuMeHeHus ACM juist u3ydeHus
Mop(hoJIorud TPOMOOITUTOB, YTO OCOOCHHO aKTyaJbHO C TOYKH 3PEHHUS OLCHKH
(YHKIIMOHAIBHOTO COCTOSIHUS JAHHBIX KJIICTOK.

6

Puc. 2. Tpexmepusie ACM-u300pakeHHs! TPOMOOIUTOB: ¢ — OJIMHOYHBIE TPOMOOIUTHI, 00JIaCTh CKa-
HupoBaHns 21 x 20 MKM%; 6 — KJIeTKH, 3a)UKCHPOBaHHbIC HA HAYAJIBHO CTAIMH aT PeraliH, 061acTh
ckaaupoBanus 20 X 20 MKM?; 8 — TPOMOOIUTAPHBIH arperat, 061acTh CKaHUPOBAHHUs 13 X 12 MiM?
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B uccnenoBanny B KayecTBE BEIECTB, OKA3BIBAIOIIUX BIMSHUAE Ha (YHKIIHO-
HaJIbHOE COCTOSIHME KJIETOK U MPEATOJIOKUTEIFHO Ha UX MEXaHUYEeCKHe CBOWMCTRA,
ObLTH BBIOpaHBI TOHOPHI OKcHia a3ota — HUTponpyccua Harpus (HIT) m guaUTpO-
3HJIBHBIC KOMIUJICKCHI JKene3a ¢ riryrtatuonom (JTHKIK).

Oxkcun azota (NO) SBIsIeTCS OMHUM U3 HanOO0JIee BAXKHBIX OMOJIOTHUSCKIX Me-
JIMATOPOB, KOTOPBI BOBJICYCH BO MHOXKECTBO (PH3UOJIOTHMYECKUX W MATO(DU3HOIIO-
rudeckux mnpoieccoB. OH npeacTaBisieT co00M yHUKaJIBHBINA 10 CBOSH MPUPOJIC
MeXaHW3MaM JEUCTBUSI M BTOPHYHBIA MECCEH/KEp B OOJBIINHCTBE KJIETOK Opra-
HH3Ma. B 4acTHOCTH, OKCHJT 230Ta BOBJIICYEH B PEaTU3allMi0 MHOTHX BaXXHBIX (U3U-
OJIOTHYECKUX (PYHKIMH, TaKUX, KaK Ba30O[UJIATAIUs, HEUPOTPAHCMHUCCHUS, CHIKE-
HUE arperanuy TPOMOOITUTOB, PEaKIIM UMMYHHOW CHCTEMBI, PEryJsius TOHyca
VAKX MBIIII, COCTOSTHHE MaMsTH U JIPyTHe, a TaKXkKe y4acTBYeT B HEKOTOPBIX
raroyorudeckux mporeccax [9, 10]. Psan 3aboneBannii (aTepockiaepo3, HHGMAPKT
MHOKap/ia, UHCYJIbT, & TAKKE CaXapHbIi JHA0ET U JIp.) COITPOBOXKAACTCS NUCHYHK-
UHel PHAOTENNS W XapaKTepPHU3yeTCs MOHWKEHHBIM cojepkanrneM NO B KpOBH
[11, 12]. TlockonbKy yMEHBIIEHUE YPOBHS 3HAOreHHOro NO mpuBOIUT K Hapylle-
HUIO pana usnonorunyeckux NO-3aBUCHMBIX MPOLECCOB, BOZHUKAET HEOOXOIH-
MOCTh B MCTIOJB30BAHUH JIEKAPCTBEHHBIX MPEMapaToB, CIIOCOOHBIX MOIIEPKUBATH
ypoBeHb NO. [lIupoko npuMeHAEMbIMH B MEIUIIMHCKON MpakTUke noHopamu NO
ABJISIOTCS HUTpOIHIEpuH U HUTponpyccun HaTpus (HII). Ognako mpu mcnois-
30BaHWM HHUTPOTIUIEPUHA PA3BUBAETCS TOJEPAHTHOCTh K HEMY, TOTNa KaK IpH
ucnoab3oBanuu HII Bo3HHKAET OMaCHOCTh TOKCUYCCKOT'O ACHCTBUS IIMAHUIA, BBI-
cBoOox maromerocs u3 HIL. B ¢Bs3u ¢ 3TUM B HacTosIIee BpeMs BENETCS ITOWCK
HOBBIX JICKAPCTBEHHBIX CPEJCTB, CIIOCOOHBIX BBICTYNATh B KauecTBe TOHOPOB NO.
OnHMM W3 TaKUX JOHOPOB PACCMATPUBAIOTCS TUHUTPO3UIHHBIE KOMILJIEKCHI JKe-
Jie3a ¢ TIIYTaTHOHOM, KOTOPble 00Ja/al0T CHIJIBHO BBIPQKEHHBIM THIIOTEH3UBHBIM
u aHTUTpoMOOLIMTapHBIM 3 dextamu [11]. U3BecTHO, uTo NO ydacTByeT B peryis-
unn (GyHKIIHOHAIBHBIX CBOHCTB TPOMOOITMTOB, OJJHAKO MEXAHHU3MBI €r0 JeUCTBUS
JETaJIbHO HE M3y4eHBl. B CBs3M ¢ 3TUM Obliia MocTaBlieHa 3aJa4a MPOBECTH OLCHKY
YIPYTHUX CBOMCTB KJIETOK, KOTOPBIE SIBJIIOTCS HE TOJBKO MOKA3aTeIeM COCTOSHUS
MeMOpaHbI U IIUTOCKENIeTa, HO ¥ (PYHKITMOHAJILHOTO COCTOSTHUS KJIIETKH B IIEJIOM.

Pesynbratrhl uccnenoBaHus BO3ICHCTBHSI JOHOPOB OKCHJIA a30Ta Ha TPOMOOLHU-
THI IPEACTABIICHBI HA puC. 3.

Oo6paborka uHTaKTHBIX TpomOonuToB HIT (1 MM) u THKXK (50 mxM) B Te-
YeHne 3 MHUH He BIUSET Ha YIpyTHe CBOICTBA, B TO BpeMs Kak IpHU Jie3arperamnmuu
TpomOonmTOoB HoHOpamu Bo3neiicTBue JJHKXK u HII paznuuno. Tak, Momyns ynpy-
TOCTH HUTPOIPYCCUI-AE3arperupoBaHHBIX TPOMOOUTOB B 2,9 pa3a MEHbIIE, YeM
y HHTakTHEIX (p < 0,05). [Ipu cpaBHEHNN JAaHHOTO IMapaMeTpa MEX Ty HHTAKTHBEIMU
u JHKK-ge3arperupoBaHHbIMU KJIETKaMHU TOCTOBEPHBIX PA3IUUUM HE yCTaHOBIIE-
HO (MOAYJIb YIPYTOCTH OIpEAENsCS Ha TTTyOWHE BHEAPEHUS MHICHTOPA PaBHOM
25 HMm).

W3menenne Momynsi yIpyrocTH TPH arperainyy CBHIIETEIhCTBYET O 3aIyCKe
MPOIIECCOB PEOPTaHM3alUN [IUTOCKETIEeTa MPH aKTUBAMU TpoMmOouuToB. [Tpuyem
MOXHO MPEANOJI0KNUTE, 4TO B pesyipTare BosaeicTus JHKXK nannbiit npo-
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Puc. 3. BausHue TOHOPOB OKCHJA a30Ta Ha MOAYJb YIPYTOCTH TpoMOoruToB (3¢(dexT oTHOCH-
TEJIBHO KOHTPOIS, %): /| — TPOMOOLUTApHBIE arperarsl; 2 — CIOHTAHHO JIe3arPErupOBaHHbIC KIETKH;
3 — HIl-ne3arperupoBanubie TpomoomuThl; 4 — JJHKXK-ne3arperuposansbie TpOMOOIIUTHI

Lecc MpeKpalaeTcs U MPOUCXOJUT oOpaTuMas peopraHu3alus IUTOCKeIeTa, 110-
CKOJIbKY 3HAYeHHsI MOJYJA YIpPYrOCTH MHTAKTHBIX, crioHTaHHo u JIHKOK-ne3arpe-
TUPOBAHHBIX TPOMOOLIMTOB MPAKTUUYECKH HE pa3inyaroTcs. FIHoe mMeeT MecTo pu
Je3arperanuu TpoMOonuToB nox aeictuem HIL

TaknuMm 00pa3oM, pe3ysIbTaThl UCCIAEIOBAHUS [I0KA3AIIH, YTO A€3arperaius TpoM-
601MTOB, MHAYIIMpOBaHHAs AoHOpaMu NO, CONpPOBOXKIAeTCS M3MEHEHUEM YIIpY-
TUX CBOMCTB KieTOK. [lonyueHHbIe TaHHbIE YKa3bIBalOT Ha BO3MOXKHOCTH UCIIOJNb-
30BaHusI ACM 1151 KOHTPOJISE M3MEHEHUH MOP(OIOrUY KISTKH Ha PAa3HBIX CTaAMIX
AKTHBALMH, A TAKXKE ISl IPOBEICHMS KOJIMUECTBEHHOH OLICHKHU JIOKAJIbHBIX MeXa-
HUYECKUX CBOWCTB TPOMOOITUTOB, YTO OTKPHIBAET HOBBIE BO3ZMOKHOCTH HCIIONIB30-
BaHUS JaHHOTO METOJa JUIsl TECTUPOBAHUS ACHCTBUS Pa3IMYHBIX (hapMaKoIoruye-
CKHX BELIECTB, B YaCTHOCTH aHTUTPOMOOLIMTAPHBIX IIPENapaToB.

3akirouenue. OLeHKa BIUSHUS JOHOPOB OKCHJAA a30Ta HAa yIpPyIrUe CBOWCTBA
TPOMOOITUTOB TT0Ka3alia, YTO Jie3arperamus TPOMOOIIMTOB, HHYIIMPOBAHHAS JIOHO-
pamu NO, conpoBOXK/1aeTcsi U3MEHEHUEM YNPYTHX CBONCTB KJIETOK, MPUYEM IPHU
ucnons3oBanuu HII n3MeHeHne naHHBIX CBOMCTB OTHOCHTEIBHO KOHTPOJIS Oosee
BbIpaXeHo, ueM B cayyae npumeHenus JHKXK. DTo cBumerenbcTByeT 0 BO3ZMOXK-
HOCTH HMCITOJIb30BaHUSI CHJIOBOM CTIEKTPOCKOTTMH B Ka4eCTBE JIOTIOTHUTEIBHOTO Me-
TOJA KOHTPOJIS ACUCTBUS Pa3IMYHBIX aHTUTPOMOOIMTAPHBIX MpenaparoB. Kpome
TOTO, Ha NIPUMEPE HCCIeI0BaHUS BO3/IEHCTBUA TIyTaTHOHA MOKa3aHO, YTO IpUMe-
HEHME TaKOr0 METOJIa CII0OCOOCTBYET JIyUIlIeMy [TOHUMaHUIO IPOTeKaromux Gpusno-
JIOTMYECKUX IIPOLECCOB, U OTKPBHIBAET LIMPOKHUE BO3MOXHOCTH ISl IPOBEICHHUS
LIEJIOTO PsiJia MOJIETBHBIX SKCIIEPIMEHTOB.
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ATOMHO-CHUJIOBASI MUKPOCKOIIU S —
COBPEMEHHBIA METO/I BU3YAJIU3ALIUA
BUOJIOT'NMYECKHUX OBBEKTOB

B. E. Annbicoaesa’, H. E. Kopo6osa?, A. II. Parysos’, P. P. Hemkaesa®

! Ta6opamopus unocenepnozo npoguna KazHY um. anv-Dapabu, Anmamet, Kazaxcman
’Kagheopa pusuxu meepoozo mena u HeauneiiHotl pu3uKy u3uKo-mexHu4eckozo
Gaxyremema KazHY um. ane-Papabu, Anmamel, Kazaxcman
SHayuonanvnas nanomexnonozuveckas 1a6opamopus. omkpulmo20 munda,
Anmamol, Kazaxcman

BBenenue. AtomHo-cunoBas Mmukpockonus (ACM) npexncrasisier co0oil yHU-
KaJIbHYI METOJUKY MOJYYCHHS U300paKCHHH ¢ OOJIBIIUM JTUHAMUYECKUM JThaTia-
30HOM paspemeHI/H‘/'I, BBIXOAAIINUM 3a IPEACIIbI BO3MOXKHOCTEH ONTHUYECKUX U DJIEK-
TPOHHBIX MHUKPOCKONOB. ACM 103BOJISIET MCCIEA0BAaTh HE TOJIBKO MOP(OJIOTHIO
TTOBEPXHOCTH, Ne(HEKTHI TTOBEPXHOCTH, HO TaK)Ke JIOKAJIbHEBIC CBOMCTBA HCCIETYe-
MO# TIOBEPXHOCTH, TaKHe, KaK MPOBOANMOCTh TIOBEPXHOCTH, PACIIPEICICHUS CTa-
THYECKOTO 3apsija, HAMAarHUYEHHOCTh OTACIIBHBIX yYaCTKOB, JOKAJIbHOE TPCHUE
u yrpyrue moaynu [1]. B 3aBUCHMOCTH OT THIIa B3aUMOJEHCTBHS 30Ha C TTOBEPX-
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A HocThlo (puc. 1) ACM moxer pa-

KoHTaETHLIA 00TaTh B Pa3IMYHBIX PEKUMAX:

PeRV B KOHTAKTHOM, O€CKOHTaKTHOM

Y TOoTyKOHTakTHOM. Kaxkmas me-

TOAMKA UMEET OIIPE/ICNICHHBIE pa3-

JINYUSI TIPU UCCIICJIOBAHUU TIO-

BEPXHOCTH, HO TaK)Ke JaHHBIE pe-

~Zvem Paccronmme, d.. JKUMBI MOTYT JIOTIOJHSATH APYT

JIpyTa, 94TO TO3BOJISET MOTYyIHTh

Oonee moapoOHyIO0 HHPOpPMa-

nuio o0 HWcciaenyeMoil MoBepX-
HoCTH [2].

ACM Ha gaHHBIA MOMEHT SIB-
JIIeTCS OAHUM M3 OCHOBHBIX Me-
TOJIOB HMCCJICJIOBAHMS CTPYKTYPbI
Y CBOMCTB MUKPO- U HAHOOObEK-
TOB, K KOTOPBIM MOXHO OTHECTH
HE TOJIBKO OOBEKTHI, TIOTyYEeHHBIE
pa3MuHbIMU (PU3HMYCSCKUMU WU
XAMWYECKIMH METOIaMH, HO TaK-
ke U Onornorudeckue o0bekThl [3]. Kak m3BecTHO, UcciieioBaHue OHOIIOTHYECKUX
00BEKTOB BBI3bIBAET HEKOTOPBIC CJIOKHOCTH U3-32 CIEIU(YUISCKUX CBOWCTB U CTPYK-
Typbl OMOJIOTHUECKUX 00BEKTOB. J{Jis1 3TOr0 HEOOXOAMMO COOJIIOAATh OMpPEICIICH-
Hble ycrmoBus. ACM T03BONSIET HCCIeoBaTh OMOOOBEKTHI U TaK)Ke BIUATH HA MX
CTPYKTYPBI U HEKOTOpBIE cBOicTBa. CyIIECTBYIOT BOBMOKHOCTH HCCIIEI0BATh OUO-
JIOTHYECKHe OOBEKTHI B JKUAKOCTH IpH rnomond ACM U Takxke MpH yCIOBUAX U3-
MEHEHHS TeMIepaTypsl OT MHHYCOBOW 1 JI0 TITIOCOBOM IIKaJbl. Takue yHUKaJIbHbIE
BO3MOKHOCTH ACM TO3BOJISIFOT JaBaTh Hauboliee MOTHY WH(POPMAIHIO O OHOIIO-
TUYECKUX O0BEKTax Win JONONHATE ACM-1aHHBIMU PE3yJIbTaThl, TIOJyYESHHBIC C T10-
MOIIBIO APYTUX METOUK UCCIICI0OBAHMS MOT00HBIX 00BEKTOB.

Pe3yabTaThl M HX 00Cy:KIeHHe. B paMkax TaHHOH UCCIIEOBATEIBCKOM PabOThI
OBLITH UCCIICIOBAHBI Pa3IMYHbIC OHMOJIOTHYECKHE OOBEKTHI C IEIbI0 OTPadOTKH Me-
TOJIUKH MCCJICIOBAHMS MMOJOOHBIX MUKPO- U HAHOOOBEKTOB U MOJTyueHue nHpOopMa-
[IUA O CTPYKTYPE U CBOMCTBAaX OMOIOTHYECKHX OOBEKTOB IS JAIBHEHIITNX HCCIe-
noBanuil. MccrnenoBanus MpOBOAMIINCH, HA aTOMHO-CHJIOBOM MHUKpockore Ntegra
Therma (mpouzBogutens: 3AO0 «HT-MT», 1. 3enenorpan, Poccus) u Ha ontuye-
ckoMm mukpockorie DM 6000M (mpomsBoauTtens: «Leicay, 1lIBernus). M3naganbho
MpeIBapUTEIbHBIE UCCIENOBAHUS OCYIIECTBIISIN Ha ONTHYECKOM MUKPOCKOIIE JIITS
TOro, 4TOOBI MO00paTh 00JIACTH HAa OMOJIOTHYECKUX O00BEKTaX, KOTOphIe Oojee
MOJIXOJIAJIN OBl JIUIsI TaJIbHEHIIIUX UCCIICOBAHUN HA aTOMHO-CHJIOBOM MUKPOCKOIIE.
Pa3pemenne ontudeckoro Mukpockomna «Leicay coctaBisieT okosro 200 HM, 9TO 110-
3BOJISIET OOJIee MOIPOOHO MCCIIE0BATh OMOJIOTHYECKHe OOBEKTHI U MOJOUPATh U3

Cuna, F

Puc. 1. 3aBUCUMOCTH CHJIBI MEKAaTOMHOTO B3aPIMOZ[eI>iCTBPIH
OT paCCTOAHUA MEIKAY OCTPUEM U 06pa3L[0M
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ux gncna o0bekThl 111 ACM. Jlanee Ha aTOMHO-CHIIOBOM MUKPOCKOITE TIOAOUpatn
METOJIMKH, MOAXOJSIINE JJIsI UCCICIOBAHMS BHIOPAHHBIX OMOJIOIMYECKUX OOBEK-
TOB, & TAK)KE OCYIIECTBIISUTH PabOTHI MO MPEIBAPUTEIHHON MOATOTOBKE Mpod 00-
pasmos [4].

W3 MHOTOUYHMCIICHHBIX OMOJIOTMYECKUX OOBEKTOB JIJISI HCCIICOBAHMS C TIOMOIIIBEO
ACM 0bLu 11o100paHbl Clenyoue 00bEKThI: KPbIIO MOTBLIbKA, KOPIYC JKYKa,
CIIMHKA OCBI, TJIa3 MyXH, KPOBb YEJIOBEKA U HEKOTOPbIC OAKTEPUH.

Jns mccnenoBaHus kKopryca ’KyKa, KpOBU YeJIOBeKa, OAKTEPHI U CITMHKH OCHI
Obl1a mpuMeHeHa KoHTakTHass ACM (puc. 2), TOCKOJIbKY MX MOBEPXHOCTH ObLiIa
OoJsiee ycToWuMBa JUIsl CKAHUPOBAHMS B KOHTAKTHOM PEXHME IMOCTOSHHOMN CHITBL.
B pexume MoCTOSTHHOM CHITBI OTKJIOHGHHE KaHTHIJIEBEpa UCIONB3YeTCs B KAauecTBE
BXOJIHBIX JIAHHBIX JIJI1 KOHTYypa OOpaTHOU CBSI3U, KOTOPBIH IepeMelnaeT oopaseil
BBEPX M BHM3 110 OCH Z, COXpaHsis MPH 3TOM OTKJIOHCHHE KaHTHUJICBEpa MOCTOSH-
HbIM. B 3TOM citydae u3o0paxenue GOpMHUPYETCs UCXOMS U3 TEPEMEIICHUsT CKaHepa.
[Ipy OCTOSITHHOM OTKIJIOHEHWW KaHTHJIEBEPa, pe3yIbTUPYIONIas CUja, JASHCTBYFOIIAs
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Ha oOpasel, ocTaeTcsi MOCTOSTHHOM. Il TaHHOW METOAMKH MPUMEHSUIMCH KaHTHJIe-
Bepol Tuna DCP u CSG11.

Ha puc. 2 npencrasnenst ACM-1300paxeHns C TUIOMAAb0 CKaHupoBaHus B 50
u 5 MKM. Ilpu ymMeHbIIeHNH IUIOMAAY CKAHUPOBAHUSI ObLIIN 3aMETHBI I10JIOCH, -
ameTpsl KoTopeix coctaisnu 200300 um. Ha puc. 3 u 4 npencraBneast ACM-
M300paKCHUS YEIOBEUECKOM KpOoBH U OakTepuid, momaas ACM ckana 50 u 10 MM
COOTBETCTBEHHO. Pa3zmep 3puTpoIUTOB TOCTUTAT 6 MKM MO IupuHe ¥ 10 MKM B JITHHY.
JlaHHbIi 00BEKT MccleqoBaHUsl ObUI MPEABAPUTENBHO BBICYIIEH HA CTEKJISTHHOM
MOJJIOKKE M TOCTe MPEJBAPUTENbHBIX U3MEPEHUH Ha ONTHYECKOM MUKPOCKOIIE
6b11 n3yueH Ha ACM. Ha puc. 4 pazmepsr 6akTepuii focturanu 1| MKM, a X pacro-
JIOKEHHUE 3aBUCEJIO OT IIPEIBAPUTEIBHBIX PA0OT IO MOATOTOBKE MPOO.

Janee B paMKax JaHHOW paOOTHI OBIIM MCCIIENOBAHBI IMIa3 MyXH M KPBIJIO MO-
TBUIBKA C TIOMOIIBIO NOITYKOHTaKTHOrO ACM, B KOTOPOM KaHTHIIEBEP COBEPIIACT
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KoJIeOaHUs C YaCTOTOM, OIM3KOM K COOCTBEHHON PE30HAHCHOW Y4acTOTE CBOOOIHO-
ro KaHTHJIEBEpa B TUIOCKOCTH, MEPIEHINKYISAPHON oOpasmy. B kaxkmom mepuose
KoJIeOaHU OCTpUe B HIDKHEH TOUKEe KacaeTcs oOpasia W MpHu MPHOIMIKCHUN KaH-
THJIEBEpa K MOBEPXHOCTH PE30HAaHCHAs KpUBas cMmellaercs. Pe3oHaHCHBIN MUK yna-
JIIeTCS OT BBHIOPAHHOW YAaCTOTHI, U aMIUIUTY1a KOJeOaHMI YMEHBIIaeTCS U TaKKe
capuraercs Qaza koneOaHWU. AMIITUTYAa KoleOaHWW KaHTHIIeBepa 3aBUCHT OT
paccTosiHUS 10 MOBEPXHOCTH, M M3MEHEHHs aMILTUTYbl PETUCTPUPYIOTCS CHUCTE-
MOW ONTHUYECKOTO KOHTpous. UeM ONnike KaHTUIIEBEP K TIOBEPXHOCTH, TeM OOJb-
e TPaJIMeHT CUJIbl B3aMMOJICHCTBUS 30H/00pasel], cleJoBaTelIbHO, TeM JaJiblie
CIIBUTAETCS PE30HAHCHAS YACTOTa M CHJIbHEEC YMEHBIIACTCS aMILIUTY/a KOJICOaHUH.
Cuctema 00OpaTHOM CBSI3M OTBOIUT KaHTHUJIEBEP OT 00pasia, NOAAEPKUBAs aMILIH-
Tyay KoJeOaHui MOCTOSHHON. [|71s1 JaHHOW METONMKH UCIIOIb30BaId KAaHTUIICBEPHI
tuna NSG10 u DCP.

Takum 00pa3zoM, OBLIH MOTYYEHBI CIIETYIONINE PE3YNIBTaTh, IPEACTABICHHBIE HA
puc. 5 u 6. U3 puc. 5 crneayer, 4To KaxIplii I71a3 MyXH ObLT pazmepoM okosio 19-20 MxM.
OnHako Mpy yMEHBLICHUH pa3Mepa CKaHHUPOBAHMSI OBLIU MOJYYEHBI PE3yJbTaThI,
13 KOTOPBIX BUAHO: KQKJIBIH I71a3 MyXH YCTPOCH TaK, YTO CYIIECTBYIOT OIPE/IeIICH-
HbIC M3BIJIMHBI, TAKXKE BUJIHBI pa3HbIe NIEPEKThl U PE3yNBTaThl PA3TUYHBIX BHEII-
HUX Bo3aelcTBuil. Ha puc. 6 mpeacrasnenst ACM-u300pakeHHst Kpblila MOTBLUTbKA,

&
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0

Puc. 5. 2D (csepxy) u 3D (cnuzy) ACM-u306pakenne riaza Myxu pazmepom: a — 70 x 100 Mkm;
6—5x5MKM
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Puc. 6. 2D (cresa) n 3D (cnpasa) ACM-u300pakeHHe Kpblida MOTBUIBKA pa3zmMepoM 15 X 15 Mxwm (@)
1 pa3Mepsl apMUPYIOMNX 020K B KOHCTPYKIIUHU KPbLIa MOTBIIBKA (0)

KOHCTPYKIIHSI KOTOPOT'O 0Ka3ajach BEChMa CIIOKHOW, M OBLIH BUTHBI apMUPYIOIIHE
Oaiku, mupuHA KOTOpbIX gocturana 450-500 aM.

3akiouenue. [Ipoananu3upoBaB MoydeHHbIE JaHHBIE MOKHO JaTh MOAPOO-
HYI0 HH()OPMALIUIO O CTPYKType OHOIOrHYeCKUX 00BEKTOB, YTO TTO3BOJIUT U3YUHUTh
ux Oonee riryooko. HekoTopble maHHBIC MOIYUYEHBI BIEPBBIE U MOTYT U3MEHHUTH
MPENCTABICHUE O CTPYKTYpE JaHHBIX 0M000BeKkTOB. [lomoOpaHHbIe METOAMKH UC-
CJIEZIOBaHMS MOTYT CTaTh OCHOBOH JJIsS MCCIEAOBaHMS OoJiee CIOKHBIX OHOJIOTH-
YECKHX OOBEKTOB, KOTOPBIC B CBS3M CO CBOCH KOHCTPYKLHMEH M ONpEACICHHBIMU
CBOMCTBaMHU MOTYT 3aTPyJIHUTH UX HccienoBanus ¢ momombio ACM. C moMorbto
ACM MOXHO HE TOJIBKO HCCIEN0BATH MOP(HOIOTHIO, HO U MPEAOCTABUTH JIONOJIHU-
TeIbHYI0 HH(OPMALIMIO O pa3Mepax, paclpeleieHul 00bEKTOB Ha TIOBEPXHOCTH,
WX JIOKQJIbHBIX CBOWCTBAX M T. J. TakyKe MOMHMO ONMUCAHHBIX B JaHHOH CTaTbe MC-
CJICOBaHUM BeAyTCs PaOOTHI MO M3YyUYEHHUIO MOAOOHBIX OMOJIOrHMYECKUX OOBEKTOB
¢ momonibio ACM B KHUAKOCTH W ONBITHI C LEJNBIO BBISIBICHHUS IMPOBOISAIINX
CBOWCTB HEKOTOPBIX OMOJIOTMUECKUX O0BEKTOB.
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ATOMIC FORCE MICROSCOPY INVESTIGATION
OF HUMAN MESENCHYMAL STEM CELLS

L. V. Kukharenko!, Th. Schimmel?, H. Fuchs?, M. Barczewski?,
T. V. Shman*, A. V. Tarasova*

!Belorussian State Medical University, Minsk, Belarus
’Institute of Applied Physics, Karlsruhe Institute of Technology, Karlsruhe, Germany
3University of Munster, Munster, Germany
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We report here about the mesenchymal stem cells investigations by combined
Sfluorescence microscopy and atomic force microscopy. The pulsed force mode
for atomic force microscope was used to determine mesenchymal stem cells
mechanical properties (local stiffness and adhesion).

Introduction. The atomic force microscopy (AFM) has a great potential for
high resolution imaging biological cells. Moreover using AFM opens up exciting
new possibilities for investigating the mechanical properties (stiffness, elasticity,
and hardness) of a wide variety of biological cells in relation with dynamic processes
and cellular functions [1]. Here the actin cytoskeleton and mechanical properties
of human mesenchymal stem cells (hMSC) were studied using fluorescence
microscopy and atomic force microscopy.

Human bone marrow stromal cells, also reffered as mesenchymal stem cells,
are able to differentiate along multiple lineage such as chondrocytes, osteoblasts,
adipocytes, myocytes and astrocytes. Mesenchymal stem cells are rare residents in the
bone marrow, can be rapidly expanded ex vivo. Because of their ability to migrate to
sites of tissue injury, mesenchymal stem cells have emerged as a promising therapeutic
modality for tissue regeneration and repair. Moreover mesenchymal stem cells
have immune suppression properties, therefore there are numerous clinical trials
using mesenchymal stem cells to prevent and treat graft-versus-host disease after
hematopoietic stem cells transplantation.
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Detailed characterization of hMSC mechanical properties such as elasticity,
adhesion and stiffness, cytoskeleton organization and cell shape is required to
realize their promising potential for development of new therapies for regenerative
medicine and stem-cell-based tissue engineering.

Experimental. To get bone marrow-derived mesenchymal stromal cells, we
obtained mononucleated cells from bone marrow aspirates. Mononuclear cells were
separated by gradient density centrifugation, washed three times in RPMI-1640.
Then isolated cells were resuspended at 1-5-10®/mL in RPMI-1640 containing 10%
FCS, L-Glutamine and antibiotics in 25 cm? flasks and placed in an incubator set at
37 °C and 5% CO, with 90% humidity. The cells were fed every 7 days by replacing
90% of the supernatant with fresh medium with additives. When a confluent layer of
stromal cells had formed, the cells were detached by treatment with trypsin-EDTA
solution, washed once in RPMI-1640 with 10% FCS, resuspended in fresh medium
containing additives, and placed in an identical flask.

For AFM mesenchymal stromal cells were detached, resuspended in full medium
and were seeded in Petri dishes with mica. After 20 hour of incubation cells were
fixed with 2% glutaraldehyde for 30 min. Then mesenchymal stromal cells were
washed five times in phosphate-buffered saline, dehydrated in a graded series of
ethanol and air dried.

All data were obtained on a Nanoscope (R) IIla MultiMode atomic force microscope
(Digital Instruments/Veeco). Force modulation mode (FMM) was used to study
mechanical properties (local stiffness and adhesion) of the hMSCs. The FMM is a
non-resonant, intermediate contact mode of AFM. When working in FMM, an additional
sinusoidal modulation to the cantilever with user-selectable frequency, which is far
below the resonance frequency of the cantilever is applied while the tip scans the
surface. The AFM capabilities can be extended by using FMM, which enables to
obtain information about relative difference in cell surface elasticity with nanometer-
scale resolution. The images were acquired by using silicon nitride cantilevers
(NSC12/50) with a nominal force constant of 0.65 N/m (NT-MDT, Zelenograd,
Russia). The measurements were performed in air at room temperature. SFM images
were processed with the Nanoscope software (Digital Instruments/Veeco).

Results and Discussion. The SFM investigations of hMSC exhibited a considerable
range of morphologies as well as spreading and the lengthened shape of cells. Fig. 1
shows spindle shaped and star shaped hMSC. As seen from Fig. 1 bright region of
the nucleus is surrounded by bright areas of fibers. Cells possess irregularly shaped
flat lamellipods. For the spindle shaped cell the height of the nuclear region varies
from 400 nm to 1 pm, whereas lamellipodia thickness varies from 150 to 340 nm.
For star shaped cell nuclear region height is about 400—800 nm with lamellipodia
thickness from 180 to 300 nm. Lamellipodia contain orthogonally arranged actin
networks at hMSC peripheries.

Zoomed area on the nucleus of star shaped cell is shown in Fig. 2, 3. The area
around nucleus looks like a smooth fiber mesh. Zooming in on the nucleus the granular
structure of elongated bundles of actin filament with granule size of from 20 to 70 nm
is visualized.
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Fig. 2. AFM images of human mesenchymal stem cell: contact mode topography (a)
and force modulation image (b)

The hMSCs were stained with Alexa Fluor 633 phalloidin to identify F-actin and
anti- o -tubulin Alexa Fluor 488-MAT to identify tubulin (Fig. 4). According to the
hMSC fluorescent images microfilaments are linear in form and mostly are localized
over the nucleus. Microtubules more often appear curved in form and span large
regions of hMSCs. Mechanical properties of hMSC most likely are regulated by the
actin cytoskeleton, its structure and dynamics [2, 3].

The topographic and adhesion images of the area over nucleus are presented
in Fig. 2, 3. AFM images demonstrate many parallel actin bundles extending throughout
the nuclear region.
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Fig. 3. AFM images of human mesenchymal stem cell: contact mode topography (a)
and force modulation image (b)

Fig. 4. Fluorescent images of the MSCs stained with Alexa Fluor 633 phalloidin to identify F-actin (a)
and anti-o-tubulin Alexa Fluor488-MAT to identify tubulin (b); combination of two images (a and b) (c)
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Darker parts in the adhesion image correspond to low adhesion value. The nucleus
appears to be distinctly softer than the flat lamellipodia.

This study demonstrates that the pulsed force mode for atomic force microscope
combined with fluorescence microscopy opens up possibilities for investigating the
mechanical properties of hMSCs in relation with cytoskeleton organization.
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IMPUMEHEHUWE METOJIOB ATOMHO-CHUJIOBOM
" PACTPOBOM DJIEKTPOHHOM MUKPOCKOIIUU
B UICCJIEJOBAHUSIX TOBEPXHOCTEM BUOJIOTMYECKUX
CTPYKTYP U XUPYPITUYECKOI'O MHCTPYMEHTA
C BHEJPEHHUEM B YYEBHbBII ITPOIIECC B BEJIOPYCCKOM
TOCYJIAPCTBEHHOM MEJUIIMHCKOM YHUBEPCUTETE

M. B. l'oabues, JI. B. Kyxapenko, B. I. Jlemenko,
M. B. lI'oabuesa, /1. B. Kynpunknii

benopycckuii 2ocydapcmeennulii meduyunckutl ynugepcumem, Munck, Bearapyce

Tpusedenvl npumepvl U3YUEHUS NPOYECCO8 A02E3UU U depeayu mpom-
boyumos, PYHKYUOHATLHLIX NePecmpoex NPpu HeKpo3e U anonmose Kiemox,
monoepaghuu nOGEPXHOCMU MUKPOXUPYPSULECKO20 UHCIPYMEHMA ¢ UCNONb-
308anuem amomHo-cuno8ol muxpockonuu (ACM), pacmpogoii 21exmponHoll
muxpockonuu (POM) 6 cosokynnocmu ¢ penmeeHocnexmpanibHulmM MUKpO-
ananuzom (PCMA).

Benenue. CocTosiHHE TIOBEPXHOCTH OUOJIOTMUECKUX 00BEKTOB OTpaXKaeT Mpo-
TEeKaHUe B HUX psiaa PU3MKO-XUMHUYECKUX MPOIECCOB, MPUBOISIIUX K H3MEHEHUIO
XUMHYECKOTO COCTaBa U COOCTBEHHO CTPYKTYpbl. DH3MKO-MEXaHHUUECKUE U IKC-
MIyaTalMOHHbIE XapaKTEPUCTUKU COBPEMEHHBIX MPOTPECCHBHBIX MaTEpHAaOB
U MHCTPYMEHTOB B MEIMIIMHE TAK)KE B OCHOBHOM OINPEJICISIFOTCSI CTPYKTYpol 1 (a-
30BBIM COCTOSIHUEM paboueil MOBepXHOCTH. B mocneqHee Bpemsl UIsl U3y4EHHsI TO-
norpaduu, Mopdoorui U MUKpopenbeda MOBEPXHOCTH Pa3IMYHBIX TIO0 IPUPOAE
CTPYKTYD, Bce yaie Hapsay ¢ POM-PCMA HaxoauT mprMeHEeHHe aTOMHO-CHIIOBas
MUKPOCKOMHS C BO3MOKHOCTBIO TPEXMEPHOI0 M300pakeHUsl, aHayin3a npoduiei
CEUYCHHS TTOBEPXHOCTH M TUCTOTpaMMaMH JJIEMEHTOB penbeda [1]. AHanu3 penbe-
(a mpu STOM MOKHO MTPOBOJUTH KaK KOHTAKTHBIM, TaK ¥ OECKOHTAKTHBIM METOJIOM
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C HCHOJB30BAHUEM Pa3IWYHBIX 30HJIOB, pu 3ToM B ACM meToaukax nMeercs
OrpoMHOE MpenMyniecTBo nepex POM mpu nmoarotroBke oopasioB OHOIOrHYECKIX
00bekTOB. COBpEMEHHbIE UCCIIEIOBAHNSI OMOIOTNYECKUX CTPYKTYP U IEPCIEKTHB-
HBIX MaTepHajioB B MEAMIHMHE C IPUMEHEHUEM HOBEHIIEro 00OPYIOBAHUS U KOM-
MBIOTEPHBIX KOMILIEKCOB OCHOBBIBAIOTCS MMEHHO Ha PE3yJBTaTax Hay4HBIX JOCTH-
JKeHUH B 007acTsIX QPU3NKH 1 OMO(DU3UKHY U JOHKHBI OBITH PUMEHEHBI B HAYYHBIX
HCCIIeIOBAaHUAX U Y4eOHOM Tpolecce B MEIUIIMHCKOM BBICIIEM y4eOHOM 3aBeie-
HUU. DKCIIepUMEHTalIbHas 0a3a OAHOr0 yHUBEPCUTETa OTPaHUYCHA HAJIMYUEM yKa-
3aHHOMW ammapaTypbl BCIEICTBUE KaK BBHICOKOW CTOMMOCTH JaHHOM TEXHUKH, TaK
Y BBICOKMX TPeOOBaHUH K OOCITYKMBAHUIO HAyYHBIX dKCIIepuMeHTOoB. Hama mpax-
THKa II0Ka3aja, YTO JaHHas MpobiemMa MOKeT ObITh pelleHa Onaronapsi akajeMuye-
CKOMY COTPYAHHYECTBY MEKJy OTCUECTBCHHBIMH H 3apyOC:KHBIMH YHUBEPCUTETA-
MU U HAyIHBIMH YIPEKICHUIMHA [2].

HuHoBanuu B cucTeme Bbicuiero oOpa3oBaHUs HAIpaBleHb Ha MpeoOpa3oBa-
HUE TPATUIIMOHHOTO yU4eOHOTO Mpolecca B IPOOIEMHO-NCCIIEIOBATENBCKHIM C TIepe-
XOIIOM OT OOBSICHUTEIIBHO-UILIIOCTPATUBHOIO CII0oco0a 00ydeHUs: K aKTUBHO-JEs-
TEJIBHOMY, P KOTOPOM CTYJCHT U3 00BEKTa MpeBpallaeTcs B CyObeKT MO3HaBa-
TEJIBHOH AesiTeNIbHOCTH. B paMkax 3Toro mporecca 3asada MpernopaBaress — nocra-
BUTH TIEpe]] CTYICHUYECKON ayJuTOpHEH MpoOiieMy, 1aTh HEOOXOAMMBIC KOHCYIIb-
Talliy ¥ HANpaBJeHUs OPraHU3allMHd CaMOCTOATEIHHOM padOTHI, HAYATh MOCTEIEH-
HBIM OTXOZ OT HAKOIUTEIbHO-KOHCEPBATHBHOW MOAEIH (POPMUPOBAHUS COAEpKa-
HUsl YUeOHBIX NUCIHIUIMH U y4eOHO-METOAMUECKUX KOMIUIEKCOB K KpEaTHBHOMY
00yUCHHIO.

Pe3yabTarsl 1 uX o0cy:xkaenune. [Ipn u3ydyeHnn OHOJIOTHUECKUX CTPYKTYp OO0B-
€KTOM HCCIIEIOBAaHUS BBICTYIAJHN MPOLECCHl aAre3UH M arperauu TpOMOOIINTOB
B HOpME. VcciienoBaHusi MPOBOIUIMCH € TIOMOILBIO ATOMHO-CHIIOBOI'O MHUKPOCKO-
na (Dimension™ 3000 u Nanoscope I1la). Pe3ysbraThl uccien0BaHuii BKIIOYEHDI
B Y4eOHO-MeToruecKoe nocooue « MeTos aTOMHO-CHIIOBOY MUKPOCKOITUH B HCCIIENIO-
BaHUU MPOLIECCOB aATe3MU U arperauy TPOMOOLMTOB B HOPME», Iie TaKKe pac-
CMOTpEHBI 00LIMe XapaKTePUCTUKU U YIbTPACTPYKTypa TPOMOOLUTOB U TpEl-
CTaBJIEHBI COBPEMEHHBIE MPEICTABICHUS O MEXaHU3MaX arperanuy TPOMOOIINTOB
u TpoMO00Opa3zoBanus. Ha mpumepe momydeHHbIX ACM-1300pakeHnl akTHBUPO-
BaHHBIX TPOMOOLMTOB MPHU MX CONPUKOCHOBEHUHU C UY>KEPOJHOH MOBEPXHOCTHIO
MOKA3bIBAETCS, YTO aAre3us TPOMOOLUTOB M UX MOCJIENYIOIIEE paciljacThIBaHUE Ha
MOBEPXHOCTH CIIIOIBI IPUBOAAT K 00Pa30BaHHIO JIBYX PA3HBIX aKTHHOBBIX CTPYKTYP,
(GUITOOUSM U JIAMEJIIOTIOAHSIM, W IPUBOISITCS HX METPUUYECKHE XaPaKTEPUCTUKN
Ha HAHOMETPOBOM ypoBHe (puc. 1). Pe3ynprarsl ucciaenoBaHuil JOCTYIHBI A T10-
Ka3a CTyJIeHTaM B MHTEPaKTUBHOM PEKHME Ha 3JIEKTPOHHOM HOCHTEJIE.

Pesynbrater ACM-uccienoBaHuii TakyKe HCIONB3YIOTCS TPH H3YUCHUH CTY-
JIEHTaMU aIonTo3a, KOorja B KaYeCTBE €ro MHAYKTOPA BBICTYHAeT OKHUCIUTENbHBII
cTpecc. B mponecce nzyueHus MOpGHOIOrHIECKUX U3MEHEHUH, COMPOBOMKIAIOIINX
(yHKIIMOHAJIbHBIE TIEPECTPOMKH IIPU HEKPO3E U AllONTO3€, MHTyIHPOBAHHBIX OKUCITH-
TEJIBHBIM CTPECCOM, CTYIEHTHI CMOTYT HEMOCPEACTBEHHO paboTaTh ¢ M300paKeHHU-
SIMH KJIETOK, MOJIy4YeHHbIMU ¢ noMoinbio ACM. HMcnons3oBanne ACM mno3BosisieT
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6.000 m

Puc. 1. Aaresus u pacryiacTbiBaHHE TPOMOOIIMTOB Ha MOBEPXHOCTHU CIIOJBI C 00pa30BaHUEM JBYX
aKTHHOBBIX CTPYKTYP: @ — aATe3Hsl U PacIIaCThIBAHUE; 6 — GUIIONOAUS; 6 — TaAMEILIONOHUS

BHU3YaJIM3UPOBATh XapaKTepHbIC MOP(OIIOTHYECKUE MPU3HAKH aIloNTOo3a; CMOPIIH-
BaHME KJICTKHU U €€ (PparMEeHTAIIHIO; JIOKATbHBIC BBIMSTYMBAHUS HAPYKHOU MeMOpa-
HBI, TIOJI KOTOPBIMHU HaXOJSATCS OCTaTKU (pparMEHTHPOBAHHOTO siJpa; 00pa3oBaHUEe
ATONITUYECKUX Telel] (puc. 2).

Hcnonb30BaHNE KOMIBIOTEPHBIX TEXHOJIOTUN B J1a0OPaTOPHOM MPAKTHKYME IO
MEIUITUTHCKON ¥ OMOJIOTUYECKOl (PH3UKE TIO3BOJISET 3HAKOMHUTH CTYIACHTOB ¢ ACM-
METOJIaMHU WCCJICOBAHUN B MHTEPAaKTUBHOM pexume. ACM-u300pakeHusl uccie-
JlyeMOro OMOOOBEKTa B DJIEKTPOHHOM BHUJIE TIEPEIAIOTCS CTYAEHTY, KOTOPBIH 00pa-
0aTpIBaeT UX B 3aBUCUMOCTH OT [TOCTABJICHHOW NIepe]] HUM B JIAaHHOU 1abopaTopHOn
pabote 3amayu 4yepe3 pabodyee OKHO KOMIBIOTEPHOH mporpaMmmbl WSXxM, momy-
CKarIlell MHOrOOKOHHBIA uHTep(eric. [I[porpamma mpenocTaBisieT Takke MUPO-
KU HAOOp pa3TUYHBIX MAaTEeMAaTHYEeCKNX (PYHKIIUN 0OpaOOTKHU M aHANIM3a JTaHHBIX
ACM-u300pakeHui, CTYJICHT MOJKET BBITIOJTHUTH YCPEIHEHUE TI0 CTPOKaM, yOparth
TOYEYHBIE BBIOPOCHI M CPEHUN HAKJIOH, OCYIIECTBUTH MOJCBETKY H300paKEHUS
Y BBIOpATh IBETOBYIO MATUTPY (puc. 3).
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Puc. 2. ACM-u3o0pakenuss MOPHOJOTHUECKUX TPU3HAKOB arloNTo3a: KJIETKA; CMOPIIMBAHUE KICTKH;
(bparMeHTaIu; JIOKAIbHBIC BBIIITYMBAHUS HAPYKHOH MEMOpPaHBbI, 1107l KOTOPBIMH HAXOSATCS OCTATKU
(hparMeHTHPOBAHHOTO 5pa; 00pa30BaAHKE ATIONTHICCKIX TEIICI]
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Puc. 3. PaGouee okHo mporpamMmmbl WSXM st MmaTematndeckoii 06pabotku ACM-u300pakeHHi.
B okne nmporpammsl mpencraBiaensl ACM-u300pakeHus TPOMOOIIUTOB YelIOBeKa
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Puc. 4. Pesyneratel PDM-PCMA uccrienoBanuii 3yonoro 6opa u3 cranu XBS5 mociie HMITIaHTAIIMH
moHamu N ¢rroercom 5-10' mor/cm?: @ — o6Immit BT 1 Tomorpad s TOBEPXHOCTH 60pa; 6 — pacTpoBast
mukpogoTtorpadus; ¢ — pactupenenenue W u C BIOIb TUHUU

[Ipu cozgaHuM COBPEMEHHOIO MEAUIIMHCKOTO XUPYpPruiecKoro HHCTPYMEHTa-
pYsl BCIEACTBUE €0 YHUKAIBHOCTH M TIO9TOMY BBICOKOM CTOMMOCTH HA INEPBBIN IJIaH
BBIXOJISIT TEXHOJIOTHH TONYYEHHUSI IPUTIOBEPXHOCTHBIX CJIOEB, 00JIaJatOINX BHICOKON
TBEPIOCTHIO, N3HOCOCTOMKOCTBIO U XUMUYECKOW WHEPTHOCTHI0. Metomnku ACM
n POM Ttakike BBICTYNAIOT 3/1eCh Ha NEPEAHUI MJIaH IPH UCCIIENOBAaHUU CTPYKTYPHO-
MOP(}OJIOTUYECKUX U3MEHEHHH B MOBEPXHOCTHOM CJIO€ Pa3HOIMJIAHOBOTO XUPYP-
FUYECKOr0 MHCTPYMEHTA, U3FOTOBJICHHOTO U3 MHCTPYMEHTAJBHOH JISTMPOBAHHON
CTaNH, IpU Pa3IUIHBIX METOAAX €ro MOAM(UKALNK M YIPOUHEHHS C LEIbI0 BO3-
MOYXHOT'O YBEJTHYEHUS pab0TOCIOCOOHOCTH.

C yyeToM Bce 0oJiee IHUPOKOTO MPUMEHEHHSI MOHHO-ITYUYEBOW 00pa0OTKHU IO-
BEPXHOCTH MHUKPOXUPYPrHUECKOI0 HHCTPYMEHTA BCIEACTBUE TaKUX MPEUMYILIECTB
METOZAa, KaK COXPaHEHHE MUKPOT€OMETPUUECKUX IIapaMETPOB HOBEPXHOCTH U3JeE-
JUU U CTEPUIIBHOCTH MOHHOW 00pa0OTKH, YIIPOYHEHUE CBS3BIBACTCS C IIEIBIM Psi-
JIOM CTPYKTYPHO-(a30BbIX NMPEBPALICHUN, TPOUCXOAAIIUX B MPUIIOBEPXHOCTHBIX
CJ0sAX, 4TO OBII0 omucaHo B pabdote [3]. B aToM ciyuae mpakTuiecknii HHTepec
MPEJCTABISIOT COOOH HE TONBKO penbed M mpodiib pacnpeaeicHUs 3JIeMEHTOB
penbeda, 9TO BKYNE C BO3MOKHOCTBIO JIEMOHCTPAIIMU TPEXMEPHOTO H300pae-
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HUSl U THCTOTPaMM 3JIEMEHTOB peibeda yIOoBICTBOPUTENHHO gocturaetcs ACM-me-
TOJIAMH, HAaIIpUMep C UCTOIb30BaHUEM aTOMHO-CHJIOBOr0 MHUKpockona Mapku N'T-206
KOHTaKTHBIM MeTo7IoM 30H10M ceprrt CSG-100, HO 1 M3yUeHHe CTPYKTYPHO-(Pa30BOTO
COCTOSTHHEM pabouell TOBEpXHOCTH, YTO IOCTUTaeTcs puMeHeHneM POM-PCMA
METOJIOB C TIOMOIIIBIO PACTPOBOTO JEKTPOHHOTO MHUKpockona «LEO 1455 VP»
C PEHTTEeHOCIIEKTPaJIbHBIM MUKpoaHann3aTopoM «Rontec» (puc. 4).

3akJrouenue. [lpuMeHeHe COBPEMEHHBIX KOMITBIOTEPHBIX TEXHOJOTHH TIpH
o00pabotke nanHblx ACM u POM mo3BosisioT co31aBaTh TpexMepHbIe U300paske-
HUS, TIPEJCTABIATh MPOGUIN CEYCHUS TIOBEPXHOCTH U THCTOTPAMMBI DIIEMEHTOB
penseda. IMpumenerne ACM m03BONSIET TMPOBOAUTH aHANN3 penbeda Kak KOH-
TaKTHBIM, TaK U OECKOHTaKTHBIM METOAOM C UCTIOJIb30BAHUEM Pa3IUYHBIX 30HJIOB.
Taxxke, B otnuuue ot POM-PCMA metonuk, npumeHenue ACM 1no3BojsieT MOJIHO-
CTBIO UCKJIIOYUTDH PHUCK MOPAKEHUS MOHU3UPYIOMHNM u3iaydeHnem. ¥ ACM-meto-
UK UMEIOTCS OTPOMHOE MpeuMyIiecTBo neper POM mpu moaroroske oOpasLoB
OMOJIOTHYECKUX 00BEKTOB — HE TpeOyeTcs co37aBaTh CrieluaibHbIA moacion. Of-
Hako uccaenoBanus MetonoM POM-PCMA B COBOKYIHOCTH C BBINICYKa3aHHBIMU
METOAAMHU U3y4EHUs MOBEPXHOCTHBIX CJIOEB ITOKA3aJI0 aKTyalbHOCTD IIPH BbISIBIIC-
HHUW 00pa30oBaHUs CIICIH(PUICCKUX BHUIOB TOmorpaduu MOBEPXHOCTH U Mpoduiieit
pacnpe/esneHus KOMIIOHEHTOB B M3y4aeMbIX CTPYKTypax. Takum oGpa3om, mpume-
Heane ACM B coBokynmHOCTH ¢ POM-PCMA, n03BOJISIET TPOBOAUTH KOMILICKCHBIC
WCCIIEZIOBAHUSI KaK OMOJIOTUYECKUX, TAK H TBEPAOTEIBHBIX CTPYKTYP.

Hcnonb3oBaHue pe3ysbTaTOB HAYYHBIX HCCIICIOBAHUI MOBEPXHOCTEW pa3ind-
HOTO THUMA cTPYKTYp ¢ mpuMmeHeHueM ACM n POM-PCMA, npumMeHeHne KOMIbIO-
TEPHBIX TEXHOJIOTHH B Ka4eCTBE CUMYJISITOPOB JJOPOTOCTOSIICH (PU3NUECKO arma-
paTypsl B TaOOPAaTOPHOM MPAKTHKYME 110 MEAUITHHCKON U OMOIOTHIeCKON (PH3UKE,
BHE/IPEHHE BO3MOXKHOCTEH MEKBY30BCKOTO COTPYIHHYECTBA ITO3BOJISIOT IIPOBO-
JIUTH IpoLecc 00y4YeHUs CTYJCHTOB Ha KAaUeCTBEHHO HOBOM YPOBHE, 3HAKOMUTD UX
C HOBBIMH COBPEMEHHBIMH METOJAMH N3YUYEHHsI MEINKO-OUOIIOrNYECKIX 0OBEKTOB [4].
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OLEHKA BJIMSAHUS HAHOYACTHULL
HA MOP®OJIOT'UIO U YIIPYT'UE XAPAKTEPUCTUKHA
BUOJIO'MYECKUX KJIETOK

M. C. Cyaacl, E. C. JIpo3a, A. D. CrankyTs?, C. A. Unkuk!,
II. A. Kpacouko?, M. C. Ctpyk?

"Huemumym menno- u maccoobmena umenu A. B. JToikosa HAH Benapycu,
Munck, benapyco

’Uncmumym sxenepumenmanvroti gemepunapuu um. C. H. Bolenecckozo,
Muncxk, berapyco

BBenenue. B nocnennee aecatuiieTne 0co00e BHUMaHUE yIENSAETCs H3yIEHUTO
B3aMMOJICHCTBHS HAHOYACTHUL] C OMOJIOrHYecKUMH KieTkamu. Haubomnee mepcriek-
TUBHOW M MaJIOM3y4eHHOH 00JacThi0 MPUMEHEHUS HAHOYACTHI] SIBISICTCS MEJH-
nnHa. biiaronapsi yHUKaIbHBIM CBOWCTBAM HaHOYACTHIIBI cepedpa, IUHKA, MEIH
W MHOTHE JpyTrHe MPUMEHSIOTCS MPOTUB HEKOTOPBIX BUPYCOB [1], mist neueHus
OKOTOB [2], YHHYTOKEHHUSI OITYyXOJIEBBIX KJICTOK [3], a Tak)kKe B KaueCTBE CPEICTB
JUTsl TOCTaBKH JIGKAPCTBEHHBIX IIpenapaToB K 60ibHOMY oprany [4].

W3BecTHO, 4TO HAHOYACTHIIBI MOTYT OKa3bIBaTh BIMSHHE Ha (PyHKIMOHAIBHOE
coctosiHue Ki1eToK. OMHUM M3 METONIOB, KOTOPBIH MOXKET ObITh TIPUMEHEH JIJIsi OIleH-
KU COCTOSIHHUSI KJIETOK, SIBJISIETCS aTOMHO-cuiioBass Mukpockonus (ACM) [5]. Ona
MTO3BOJIECT HE TOJIBKO BU3YaTM3UPOBATH, HO M OIICHUTHh M3MEHEHMUS MEXaHUIECKUX
XapaKTEPUCTUK HCCIIEAYyeMbIX 00beKTOB. B Hacrosimee Bpems B MHcTUTyTE BKC-
nepuMeHTanbHoi BerepuHapun uM. C. H. Brimenecckoro Benetcst padora 1o pas-
paboTKe KOMIUIEKCHOT'0 Tpenapara ¢ HMMYHOCTUMYIUPYIOMUM dPHEeKTOM I
MPOGHUIAKTHKY U Tepanuy HHPEKIIMOHHBIX 3a00JIeBaHUN KMBOTHBIX Ha OCHOBE Ha-
HOYACTHI] OMOAJIEMEHTOB.

W3BecTHO, 4TO BUPYCHI MPOHUKAIOT B KJIETKY 3a CUET CIEHHAJIBHBIX MOJEKY-
JISIPHBIX CTPYKTYP, HAXOJSIIUXCS HA MX TIOBEPXHOCTH, 3aTE€M TPAHCIHPYIOT B KIETKY
COOCTBEHHYIO T€HETHYECKYI0 WH(POPMAIMIO B BHE MaKpPOMOJEKYI OCIIKOB U HY-
KJIEMHOBBIX KUCIIOT M BBIXO/ST U3 HEE B MEKKIIETOYHOE TPOCTPAHCTBO, TUMQY HIIH
KpoBb. [IpoHUKHOBEHNE B KIETKY M PETPOIYKIINS BUPYCOB 3aBUCSIT OT HHTEHCHB-
HOCTHU SHEPreTHYECKOT0 MeTaboIn3Ma KIETKH U OMOXMMUYECKUX U3MEHEHHH, TPO-
HCXOSIIINX B KJIETOYHOU MeMOpaHe u nuTockenere [6].

PazpaboTunkamu mpemapara mpeasiaraeTcsi UCTIONb30BaTh JIBa THIIA HaHOYa-
CTHII: cepebpo U OKCHJ UHKA, TOCKOJBKY paHee ObLIO MOKa3aHo, YTO HAHOYACTH-
161 cepedpa crrocoOHBI HHTHONPOBATH Bee E. coli, Coliforms u Fungi, a Takke KIIeT-
ku Vibrio cholerae (xonepuoro BuOpuoHa) [1]. HaHodacTHIbl okcuia IUHKA CIIO-
COOHBI K MHTHOMPOBAHUIO MPOIECCa PEILTUKANH BUPYCOB [6]. [I[puMeneHne uHKa
B JTt000# (ha3e BUPYCHOM peruIMKaIiy npekpamnact GopMupoBaHUe HOBOIO BUpYCa.
OnHako HMHK 00JIaaeT UMMYHOCTUMYIUPYIOMHUM d((EeKToM, TpU HEOOIBIINX
KOHIICHTPALMSIX JTOrO BEMIeCTBA (DYHKIIMM UMMYHHOM CHCTEMBI BOCCTAHABIIMBA-
torest [7]. LIMHK ydacTBYeT B peryJisiiiiy IPOIeCCOB aKTUBALUU JIMM(MOUTHBIX KJIe-
TOK, mponudepaunu 1 amnomnrosa [8].
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Llesb paboThI — OLCHUTH BIMSHUE HAHOYACTHUL cepeOpa U IIMHKA Ha CTPYKTYPY
MOBEPXHOCTHU U YIPYTHE XapaKTEPUCTUKH KJIETOK, B YACTHOCTH Ha KYJIbTYpy KJle-
Tok MDBK (kyeTku mmodek ObIKa).

Marepuajbl U METOAbI Hccaea0BaHus. J{1s1 U3ydeHUs BIUSHUS HAHOYACTHII
Ha KJIETKU UCIOJb30Ball HAHOYACTHUIEl HUTpara cepedpa (AgNO;) 1 HaHOYACTH-
bl okcnga uuHka (Zn0O). Kynsrypy kinerok MDBK Ha pocToBoii moBepXHOCTH HH-
KyOupoBanu ¢ pactsopom HaHodacTHl AgNO; u pacTBopom HanodacTun ZnO mpu
KoMHaTHOH Temneparype 22 °C B Tedenue 15 muH. 3aTeM KJIETKH (PUKCHPOBAIH
1,5%-HBIM TITyTapOBBIM ajbaerujioM B Teyenne 30 MUH, MOCJE Yero ABYKpaTHO OT-
MBIBaJIM pacTBopoM Qocdarroro Oydepa (PBS), a 3aTem ABakIbl — AUCTUIUTHPO-
BaHHOU BOZOM, 1 HAHOCHIJIM Ha IIPeIMETHBIE CTEKJIA.

OLeHKY CpPEeAHMX pa3MepoB KJIETOK U JIOKAJIBHOI'O MOAYJISI yIPYTOCTH KJICTOK
IO ¥ TOCJIe X WHKYOAIlny ¢ HAHOYACTHUIIAMH TIPOBOAUIHN TIpu TemmepaTrype 37 °C
C TIOMOIIIbIO aTOMHO-CUJI0BOro Mukpockomna (ACM) «HT-206» («MukpoTectMa-
HIMHBIY, benapyce), B KOHTAKTHOM PEKHME CKAHUPOBAHUS C HCTIOJIB30BaHUEM 30H-
na CSC38 («MicroMashy), paguycom 3akpyriieHust 41 HM M ’KeCTKOCTBIO KOHCOJIH
0,03 H/m.

Pe3yabratel u ux odcyxaenue. VccmemoBanre MOpQOJIOTUH KIETOK JTHHUH
MDBK nokasaio, 94To B pe3ynbraTe B3aumonencTaus Hanodactur AgNO; ¢ kier-
kamu (puc. 1, a, 6) HabMOAAIOTCS CTPYKTYPHBIC H3MEHEHUSI MX TIOBEPXHOCTH U yBe-
JUYEHUE JTUHEHHBIX pa3MepoB Ha 30% Mo CpaBHEHHUIO C KOHTPOJIBHBIM 00pa3oM
(puc. 2, a, 6). DT0 MOXKeET OBITH CBA3aHO C MPOHUKHOBEHUEM HAHOYACTHIL B KIIETKH.

B pesynwrate B3aumoneiictBus Hanodactuil ZnO ¢ kinetkamu MDBK (pruc. 1, 6, 2)
HaOIIONAIOTCS M3MEHEHHS pa3MepoB, GOPMBI U CTPYKTYPbI MMOBEPXHOCTH KIIETOK.
[ToBepxXHOCTH KIJIETOK HEOAHOPOJHAS, C SIPKO BBIPAKEHHBIMH 00pa30BaHUSMH, UTO,
BO3MOXKHO, CBSI3aHO C UX MOBPEXACHUEM. 3HAYCHUS JUaMeTpa KJIETOK JaHHOTO 00-
pasua Ha 8% BbIIIE AMAMETPA KJIETOK KOHTPOIBHOr0 00pasma.

IlomuMo nccnenoBanus HOBEPXHOCTH KJIETOK ObLiIa IIPOBEIEHA OLICHKA UX YIIPYTHX
XapaKTEepPUCTHK. YCTAaHOBJIEHO, YTO HaHOYACTUIBI ZnO CYIIECTBEHHO HE BIUSAIOT
Ha 3HaYCHHUE JIOKAJIBHOI'O MOAYJISl YIIPYTOCTH KJIETOK (CM. TaONIMIy), a TPy BO3/CH-
crBun HaHo4acTul AgNO; MMEET MECTO CHUKEHHE 3HAYCHHUS JaHHOTO IapaMeTpa.

CpenHue 3HaYeHHs THAMETPOB U MOAYJisA ynpyroctu kjierok MDBK

Obpaser KIeTOK Cpenuuii iuameTp, MKM Monyns ynpyrocty, klla
Kontposns 34 150,17 + 14,06
AgNO, 4,5 117,53 £ 6,84
ZnO 3,7 142,10 £ 17,94

Ot HU3MEHCHHU A, BO3MOXKHO, CBA3aHbBI C OKHCIUTCIIbHO-BOCCTAHOBUTCIIbHBIMU
CBOWCTBaMH, IPUCYLIUMHU OJIarOpOIHBIM MeTaaaM. bbllo mokasaHo, 4To HaHOYa-
CTHULBI cepedpa YBEIHMUMBAIOT KOHIIEHTPALMIO aKTUBHBIX (hopM Kuciopona [6]. Ak-
THUBHBIE (JOPMBI KHUCIOPOAA, B CBOIO OUEPEb, HHULUUPYIOT IIPOLECC MEPEKUCHOTO
oxucnenust tunuaoB (ITOJT). Axtuanus npoueccos [10J1, HezaBucHMO OT akTo-
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Puc. 1. ACM-u3o6paxenus moBepxHoctu kietok MDBK mocie mHKyOanuu ¢ HaHOYACTHIIAMH

AgNO; (a, 6); nocne unkybanuu ¢ Hanodactunamu ZnO (6, 2): a, 6 — Tonorpagusi HOBEPXHOCTH;

6, 2 — M300paXKeHNs B PEKUME JaTepaibHbIX cHI. OGNacTh CKAHMPOBAHMS: a — 7,2 X 7,2 MKMZ;
6-3,1x3,1;6—6,7%6,7;2—3,1 x3,1 MKM?

POB MHIYKLHH, MOXKET BECTH K JECTPYKTUBHBIM U3MEHECHUSM B KJIETKaX, YTO CBS-
3aHO C HaKOIUICHUEM MPOJYKTOB, CIOCOOHBIX MHAKTUBUPOBATh MeMOpaHHbIE (dep-
MEHTBI, HapyIIaTh OEIOK-TUITH/IHbIE B3aUMOJICHCTBHS B MeMOpaHax, 00pa30BbIBATh
MEXXMOJICKYJISIPHBIC CHIMBKH, U3MEHSTH BA3KOCTh JUINUAHOM (paKIUH, YTO Mpe-
MATCTBYET 00pa3zoBaHHI0 GepMeHT-cyOcTpaTHOro KomIuiekca [9]. Takum oOpasom,
BO3ACHCTBHE HAHOUACTHUL] cepeOpa MOXKET HPUBOAUTH K U3MEHEHHUIO B CTPYKTYype
MeMOpaHBbl, a B ciydyae OOJBIINX KOHIEHTPALHN — AaKe K THOCTH KJICTKH.

TaxuMm 00pa3omM, yCTaHOBIIEHO, YTO HaHOYACTHUIEI ZnO B OTIWYHE OT HaHOYA-
crun; AgNO; OKa3pIBalOT 00J1€€ CUIILHOE BIUAHUE HA MOP(QOIOTHYECKUE U CTPYK-
TypHBIE 0COOCHHOCTH KJIeTOK. OJHaKO MX BIUSHUE HA YNPYTUe XapaKTePHUCTUKH
KJIETOK HE CTOJIb BEJIMKO, Kak HaHodacTur AgNO;.
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Puc. 2. ACM-u3o6paxenust nosepxHoctu kietok MDBK: @ — Tomorpadust moBepxuoctu (001acTh
CKAaHMPOBAHHSA 8,5 X 8,5 MKM?); 6 — U306paXKEHNE B PEXKIME JATEPANLHEIX CHII (06/IACTh CKAHHPOBAHMUS
4,6 x 4,6 MKM?)

3akJrouenue. [IpoBenenHble vccae0OBaHUS BIUSHUS HAHOYACTHI] Ha KIETKH
sy MDBK 1o3BosIMIM yCTaHOBUTB, UTO B PE3YJIBTATE BO3ACUCTBUS HAHOYACTH-
sl AgNO; 1 ZnO Moaynb yIpyroCTH KJIETOK yMeHblIaeTcs. M3mMenenus, BoI3Ban-
Hble B3auMozelcTBHeM HaHouacTul ZnO ¢ KJIeTKaMU, 3aTparuBaroT CTPYKTypy Io-
BEPXHOCTH MEMOpPaHbI U CpeqHUI pa3mep KieTok. [Ipu sTom HanouacTuisr AgNO,
OKa3bIBAIOT BO3/ICHCTBUE KaK HA CTPYKTYPHBIE, TaK U Ha YIIPYTHE XapaKTePUCTUKH
KJIeTOK. J[aHHbIE N3MEHEHHUSI CBSI3aHbI C YCHJIEHUEM TPOIIECCOB MEPEKUCHOTO OKHC-
JICHUS JINTIAJIOB.

Ha ocHOBaHMM MOTy4YEHHBIX PE3YIbTATOB MOKHO 3aKJIIOUYHUTh, YTO HAHOYACTHU-
bl AgNO; MOryT OBITh PEKOMEHI0BaHbI [l pa3pabOTKX IPOTUBOBUPYCHBIX IpE-
napaToB, a HaHOYacTUIBI ZnO — 1751 pa3paboTKH KOMILIEKCHOTO Tpernapara ¢ M-
MYHOCTHMYIUPYIOIMUAM PPEKTOM 15 TPODUIAKTUKN U TEPATHH WH()EKITHOHHBIX
3a00JIeBaHNU )KUBOTHBIX.
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HUCCIIEJOBAHUE BJINSIHUSA HAHOYACTHUL] CEPEBPA
HA JIUM®OLUTHI HEJIOBEKA

M. C. Cynacl, E. C. ipo3n’, C. A. Ynkux', E. B. Kopuux?,
JI. A. Bapanosa?, Hryen Xoaii Teay’

! Hnemumym menno- u maccoobmena umenu A. B. JToikosa HAH Benapycu,
Munck, benapyco
2Hucmumym 6uogusuxu u knemounoii unacenepuu HAH Benapycu, Munck, Benapyco
3 Uncmumym mexnonozuti oxpyarcaioweii cpedvl Boemuamckoii akademuu Hayx,
Xanou, Boemuam

Benenue. B cBsi3u ¢ npuMeHEeHHEM HaHOMATEPHAJIOB B Pa3IMYHBIX 00IACTIX
KU3HEESITEIPHOCTH YeJIOBEKa BO3HUKJIA HEOOXOIMMOCTb M3Y4YECHHs OHONOrndYe-
ckuX 3((PEeKTOB Pa3TMYHBIX HAHOYACTHUI] U HAHOKOMIIO3UTHBIX MATEPUAJIOB, IPEKIC
BCEro MX JEWCTBUS Ha OpPraHU3M YeJIOBeKa WU KUBOTHBIX. | 1TaBHAs 3ajjada COCTOUT
B OMpEJIeTICHUH CTENEHU TOKCHYHOCTH HAHOYACTHI JIJISl YeJIoBeKa M, COOTBETCTBEHHO,
MOTEHIIMAJIBHOTO PUCKa MCIOIb30BAaHMS HAHOYACTHI] U MPENapaToB HA UX OCHOBE.
HauGonbmmii ©HTEpEC MPEACTaBISIOT MCCICAOBAHHUS OHMOIOTMYECKOTO JEHCTBUS
METaJNINYECKIX HAHOYACTHIL, TAK KaK OHM HauboJiee 9acTo CIyKaT 00 BEKTOM IpH-
KJIaJIHBIX pa3padOTOK B Pa3IUYHBIX 00JACTSIX MPOMBIIIJICHHOCTH U MEAUIIMHEL 3a
roclieIHee AECATHIIETHE HAKOIJICHBI JaHHBIE KaK O TMOJOXKHUTEIHHOM (JIeYeOHBIH
3¢ dekT), Tak U 00 OTpUIATENBHOM (CTUMYJISIMSI BOSHUKHOBEHHS PA3JIMYHBIX 3a-
OoJeBaHMiT) BO3MCHCTBUM HAHOYACTHI[ METAJIJIOB HA KWUBBIE OpraHU3MBL. OIHHM
13 Hambosee MOMyJSAPHBIX 0OBEKTOB HCCIENOBAHUI SBIISIIOTCS HAHOYACTHUIIHI Ce-
pebpa. HccnenoBatenbckre padboThl IPOBOASITCA, TIIaBHBIM 00pa3oM, Ha OaKTEpUsX
C TIENBIO OMpPEACNICHUs] aHTUMUKPOOHOW akTHBHOCTH HaHodacTwIl [1-3]. JlanHbBIC
0 JIeHcTBUM HaHOYACTHUI] cepedpa (Ag) Ha BBICIIME OPraHW3MbI BeCbMa HEMHOTO-
yuciieHHBI. VccnenoBanus Ha TOKCMYHOCTh HaHOcepeOpa IMoKas3aid, 4TO >KH3He-
CHOCOOHOCTH KJICTOK TPY B3aUMOJICHCTBHY C HAHOYACTUIIAMH Ag 3aBUCUT OT THIIA
KJIETOK, pa3Mepa HaHOYACTHII, UX KOHIIeHTparuu [4]. U3BecTHO, 4TO MpU COBMECT-
HOM BO3/ICWCTBUH HAHOYACTHUIl MEU U cepedpa Ha MUKPOOPTaHU3MBI IPOUCXOTUT
YCUJICHUE UX aHTUMUKPOOHBIX CBOMCTB [5].
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Lesb pabOTHI — MPOBECTH OIICHKY BO3JICHCTBHS — HAHOYACTHI] cepedpa Ha KJIeT-
KH UMMYHHOH CUCTEMBI — TUM(OLUTHI.

Marepuajbl 1 MeTO/ABI HccJeA0BaHuA. J{JIs1 vccnenoBaHms B3aMMOICHCTBUS
HAHOYACTHI[ cepeOpa ¢ JUM(OIUTAMHU YeJIOBEKa ObLIM BBHIOPAHBI HAHOYACTHIIBI
KOJIOMTHOTO pacTBopa cepebpa (Ag), HanodacTuUbl HUTpaTa cepedpa (AgNO;)
¥ pacTBOp HaHOYACTHUIl Meau u cepedpa (Cu + Ag).

Brigenenasie mTUMQOIMTE HHKYOUPOBAIN C PACTBOPAMHU HAHOYACTHI] B TEUE-
HUE OJTHUX CYTOK, 3aTeM (puKCcHpoBaiu B 1,5%-HOM pacTBOpe IIyTapoOBOTO ajibie-
ruja B TeueHue 30 MuH, [0cje 4ero AByKpaTHO OTMBIBAJIM pacTBOPOM (ocdaTHoro
oydepa (PBS) (uenrpudyruposanu Ha 10 000 o6/MuH B Teuenue 10 MuH), 3aTeMm
JIBaXK/1bl — JTUCTUJLIMPOBAHHOW BOJIOM, 1 HAHOCUJIM Ha MPEIMETHBIE CTEKJIA.

OIEHKY CPEIHHX pa3MEpoOB KIJIETOK, CTPYKTYPHBIX M3MEHECHUU MOBEPXHOCTH
MeMOpaH M yIpyrux XapaKTepUCTHK KJIETOK JI0 W TOCJIe WX WHKYOaruu ¢ HaHO-
JacTHUIIaMHU NPOBOAUIHN Npu Temrneparype 37 °C ¢ MoMOIIbI0 aTOMHO-CHIIOBOTO
mukpockora (ACM) «HT-206» («MuxpoTectManab», benapycs), B KOHTAaKTHOM
pEeXMME CKaHMPOBaHMsI ¢ Ucnoiib3oBaHueM 30H1a CSC38 («MicroMashy), paamy-
coM 3akpyrieHus 41 HM u xxectrocThio kKoHconu 0,03 H/m.

Pe3yabTaThl 1 ux o0cyxkaenue. ViccnenoBanne Mopdoiaoruu TUM(OIHUTOB T10-
Ka3aJio, YTO B pe3ysbTare B3aUMOJCHCTBHsI HaHOYACTUI] Ag ¢ KJIETKaMu Hadona-
JIMCh HE3HAUNTENhHBIE N3MEHEHUSI B CTPYKTYpPE MOBEPXHOCTH KIIETOK U yBEIINUYCHNE
UX pa3mepoB Ha 6% M0 CPaBHEHHIO C KOHTPOJIBHBIM 00pa3IioM (CM. PHCYHOK, d, 0).

HMHoe neiicTBre OKa3bIBaIu HAa KIETKH HaHOYAacTHIBI AgNO; (CM. PUCYHOK, 6, 2).
[Ipu BO3AEHiCTBMM AAHHOTO THIA HAHOYACTHI] HAa TUM(OIUTH M3MEHIAch Gopma
KJIETOK U CTPYKTYpa MOBEPXHOCTU KJIETOUHOW MeMOpaHbl. Kpome TOro, KieTku
YBEINYUBAIINCH B pa3Mepe Ha 16% Mo CpaBHEHHIO C KOHTPOJIEM.

[Tpu B3aumoneiicTBUU MUMPOLUTOB ¢ HaHOYacTuilaMu Cu + Ag 0OHapyKEHO
CUJIBHOE MOBPEkKICHUE KJIETOK. MOXXHO TIPE/IIIOIIOKHUTh, 4TO OHO CBSI3aHO C BO3JICH-
CTBUEM OOJBINON KOHIIEHTpanuu HaHodacTul. OJHAKO He Bce KIIETKH IOJBEpra-
JUCH pa3pylleHuio. YacTb KJIETOK HE MMella BBIPaKEHHBIX MOP(OIOTHIECKUX H3-
MEHEHHUH TTOBEPXHOCTH (CM. PUCYHOK, 0, €). Pa3mep HEemoBpekIeHHBIX KJIETOK OBLT Ha
8% OobllIe IO CPaBHEHUIO C KJIETKaMH KOHTPOJIBHOTO 00pasna.

[lomuMmo wmccemoBaHUs MOBEPXHOCTH TPOBEJEHA OIEHKA JIOKAIBHBIX YIIPY-
IUX XapaKTepUCTHK KJETOK. Pacder mMomynst ynmpyroctd JTUMQOLUTOB MPOBOIH-
nu o mozaenu l'epua [6—8]. MccnenoBanus nokasanu, 4TO B Clydae BO3ACUCTBUA
HaHOYacTHI] cepedpa (Ag) 3HaueHue Moayns ynpyroctu (£) Beime B 1,4 paza oT-
HOCHUTEJIEHO KOHTpPOJIsL. [Ipy 3TOM HMeeT MecTo yBelIHUeHHE JIMHEHHBIX Pa3MepoB
KJIETOK (CM. TaOnuily). Bo3MOXXHO, Takne W3MEHECHHS CBS3aHBI C TOBPEKICHUEM
KJIETOK B pe3yJIbTaTe BO3JCHCTBHUS KOJUIOMIHOTO pacTBOpa HaHoYacTHil. M3BecTHO,
YTO MOHBI TSKENBIX METAJIOB (PTYTh, cepeOpo, CBHHEI) CBSA3bIBAIOT SH-Tpymnmel
OenKOB, B TOM YHCIie MEMOpaHHBIX (PEPMEHTOB U MOHHBIX KAHAJIOB, BBI3BIBASI MX
WHAKTUBAIUIO.
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3HaueHHus MOAYJIsl YIIPYrocTu kjaeTok JuHun MDBK 1o u nocse uakyéanuu
¢ HAHOYACTHIAMH

Ob6paszen E, xIla
KonTtposnb 244,67 + 27,10
Ag 174,76 + 18,14
AgNO, 155,19 + 15,56
Cu+Ag 140,87 + 18,98

YCTaHOBNIEHO TaKKe, YTO JIOKAJIBLHBIN MOy b YIPYTOCTH JIMM(OILUTOB MOCIIE HH-
KyOanuu ux ¢ Hanouactunamu AgNO, B 1,57 pasa, a nocie Boszeiicteus Cu + Ag
B 1,74 pa3a HIKe MOAYIIS YIIPYTOCTH KOHTPOJIBHOTO 00pasia (cM. Tabmiuiry).

TakuMm 00pa3oM, YCTaHOBJICH pa3iindHbIi 3)PEKT OT BO3CHCTBIS HAHOYACTHII
cepebpa U ero NPOM3BOAHBIX HA KJIETKH KIMMYHHOW CUCTEMBI YesoBeka. PacTBops
Cu + Ag u AgNO; BIUAIOT Kak Ha MOP(OJIOTHIO, TaK M Ha YHOPYI'ME XapaKTepu-
ctuku TuMdonuToB. [Ipu sToM HanouacTuisl Cu + Ag oka3bplBaloT 0ojiee CHIIBHOE
BO3JIEHCTBIE HA MOP(OJIOTrHIO, CTPYKTYPHBIE OCOOCHHOCTH KJIETOK M MOIYJIb YIpY-
roctu, 4eM Hanouactuubl AgNO;.

3akiouenue. B pesynbraTe NpoBEACHHOIO KOMIUICKCHOTO aHAlIn3a BIWSHUS
HaHOYACTHUIL] cepebpa Ha TMOBEPXHOCTHYIO CTPYKTYpPy M (PU3MKO-MEXaHUYECKHE
CBOWCTBA JTUM(OLUTOB OBLIO YCTAHOBIICHO, YTO HCCIIEAYEMble HAHOYACTULIBI OKa-
3bIBAIOT BIMSHUE Ha YNPYTHE CBOWCTBA KJIETOK. B pe3yibraTe Bo3neHCTBHS KIET-
KM CTAHOBSATCSl OoJiee 3JaCTUYHBIMM, KPOME TOTO, YBEIMYUBAIOTCS UX JTUHEHHBIC
pa3Mepbl. DTH U3MEHEHHUS MOT'YT OBITh OOYCIIOBJICHBI MTOBPEXACHUEM KIIeTOK. [Ipu
9TOM HCCIIEJOBAHUE BIMSHUS HAHOYACTHI] KOJUIOWJHOTO pacTBopa cepedpa He BbI-
SIBUJIO CYLIECTBEHHBIX U3MEHEHUU B 3HAUCHUSIX MOAys ynpyroctu. HanGonbiiee
BIUSHUE Ha KJCTKHM OKa3aJd HaHodacTULbl MeTayyioB Cu + Ag. DTo mo3Bossier
MPEIONOKNTh, YTO TOKCHUYECKHH 3(PQEKT OT BO3ACHCTBUS HAHOYACTHUL cepeOdpa
3aBHCHUT OT TOTO, B KAKOM BHJE OHHM HAaXOASTCS B PACTBOPE, KOJIOWIHBIN JIU 3TO
pacTtBop cepebpa, uiu cou cepedpa (HUTPATHI cepedpa), Uil CMECh METAJIJIOB.
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Cexyus 3

HOBBIE METOAUKHA C3M. MOAEJINPOBAHUE
MUKPO- ® HAHOMACHITABHBIX ITPOIECCOB
C UCIIOJIb3OBAHHUEM C3M-JAHHbIX

HUCIIOJIb30BAHUE ®YHKIIMOHAJIM3UPOBAHHBIX 30H10B
B MUKPOCKOIINH BJINXKHEI'O IOJIA

E.T. Bopmarm;cxuﬁl, Y. (I)muep2, T. lmua’, P. 3enoon’

THnemumym ¢usuxu nonynposoonuxos um. B. E. Jlawxapesa HAH Yipaunui,
Kues, Ykpauna
2Dusuueckuii uncmumym, Becmeanvcxuii ynueepcumem Kaiizepa Bunveenvma,
Mioncmep, I'epmanus
3 lTa6opamopus opeanuueckoii xumuu, Ilseiiyapcruii pedepanvblii
mexuono2udeckui uncmumym, Lliopux, [lleetiyapus

B npeocmasnennoii pabome paccmampusaemcsi npumenenue 30H008, hyHK-
YUOHATUZUPOBAHHBIX OONOTHUMENbHBIMU MOAEKYIaMU Kax Hoswblx Paman-
AKMUBHBIX 30HO08 OJ151 MUKPOCKONUU OUICHE20 NOJISL, d MAKHCe Pearu3ayusl
Ha UX OCHOGe BHYMPEHHe20 cmaHoapma OJis YCUIEHHO20 30HO0M KOMOUHAYuU-
OHHO20 PACCesHUL.

Beenenue. [lepBoe nmpemiokeHne NCHOIB30BaTh (DYHKIMOHATH3UPOBAHHBIC 30HIbI
B cKaHMpylonied Mukpockonuu Onmkuero nois (CMBIT) Obino caenaHo Beckope
TIOCJIe TPAKTHIECKON peaim3aniy ee Kak Metona uccienopanus [1, 2]. Llexsio mo-
MEILEHHSI MUKPOKpHCTallIa JIOMUHO(pOopa Ha ocTpue 30Haa [3] Oblia 3aMeHa arnep-
TYPBI IPKUM «TOYETHBIM» UCTOUHHKOM, TaK KaK CBETHMOCTH OTBEPCTHS CYyOBOIIHO-
BOT'0O pa3Mepa najaeT MporopIHOHATIFHO YETBEPTOM CTEeNeHu ero n1uamerpa [4, 5.

Crenytoriee npeaioskeHue o (yHKIIHOHAIH3AIUN 30H1a HMEJIO [EThI0 TIOBbI-
CHUTB pa3pelleHre 3a CUeT UCTIONIb30BaHHS PIMOro depcTepoBCKOro nepeHoca sHep-
UM OT MOJIEKYJIBI-I0HOPA, TIOMELIEHHON Ha OCTpPHUE, K MOJIEKYJIe-aKIeNToOpY, HaXo-
TSIIEICS Ha TIOBEPXHOCTH MCCIENyeMoii ciucTeMbl [6]. [Ipu TakoM miepeHoce dSHeprun
MOSIBIISIETCS] CUTHAJ HA YacTOTE JIOMHMHECLUEHIIMU aKIENTopa, a pa3pelieHue orpa-
HrueHO DepcTepOBCKUM PaTuyCcoM.

[pensioxkeHne UCTIONB30BaTh CIICU(PHUECKUE B3AUMOJICHCTBU S, BIUIOTH 10 CHSI-
THUSI 3aIIPETOB HA U3JydYaTelbHbIC IEPEXOAbl MOJIEKYJ, HAHECEHHBIX Ha 30H][, ObLIIO
BBICKa3aHO B paboTe [7], HO MPaKTUUECKOHN pean3anuy He MOTyJriIo. Peamm3amus
®epcreposckoro neperoca B CMBII B HEKOTOpPOH cTemeHn OTBEYaeT ITOW HJIee.
OnHako JI0 UCTIONIb30BaHUS pa3HOOOPa3HBIX crielMQUIeCKIX B3aUMOICHCTBHH, KaK
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3TO PeaIM3yeTCss B MUKPOCKOITMH aTOMHBIX CHJI B CHIJIOBOH CIIEKTPOCKOIIUH WM
TIpH PaCIO3HABAaHUH OTACIBHBIX MoJieky [8], B CMBII memno eme He momio.
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Puc. 1. CriexTpsl KOMOMHALIMOHHOTO paccesi-
HUs THO(EHOIA, aIcOPOMPOBAaHHOTO HA 30HIE:
@ — TpH KOHTAKTe B Pa3HbIX TOYKAX YHCTOIl
30JI0TOM MOJUIOKKH (HMKHSS YepHast KpuBas —
0e3 KOHTAKTa), HA BCTABKE Pa3HOE MOJIOKEHUE
IIHKOB; b, ¢ — MOCIEOBATEIBHEIE H3MEPCHHS
B JByX Pa3HBIX TOYKax. VIHTEHCHBHOCTbH Me-
HACTCA BCJICACTBUE JOJTIOBPEMEHHBIX d)HyK—
Tyalni HHTEHCUBHOCTH BO30YKACHUS
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Jlannas pabora mpemyiaraet JaBa IMoOJ-
XO/Ia: C WCIIOJIb30BaHUEM (DYHKIIMOHAIHU-
3upoBaHHBIX 30H10B B CMBII 1 ¢ ucrnons-
30BaHHEM YCHJIEHHOTO 30H]IOM KOMOWHa-
nuoHHOTro paccesaus (Y3KP).

Pesyabrarsl u nx odcyxnenue. Bos-
MOYKHOCTb PETrUCTpalUy YETKOrO CUTHAJIA
KOMOWHAIIMOHHOTO paccestHusi OT MoJie-
KyJl, HJHECEHHBIX Ha 30H1 [9], mo3Boauia
BEPHYTHCS K HJCC HCIIOIH30BAHUS BIIHSI-
HUS CHenn(UIeCKUX B3aWMOJICUCTBUI Ha
peructpupyembrii B8 CMBII ontudeckunii
curHai. OueBUHBIM TPeOOBAaHUEM K pea-
JIM3a0UU TaKUX U3MEPEHMH SIBIISIETCS IO-
CTOSTHCTBO aKTUBHBIX MOJIEKYJI, T. €. HE TOJb-
KO COXpPaHEHHUE UX KOJIMYECTBA, HO U OT-
cyTcTBEE UX doToaerpananyy. Havmydammm
BapUAHTOM SIBJISIFOTCS MOJIEKYJIbI XEMHUCOP-
OmpoBaHHBIE Ha 30HJE W BO30YKIaeMble
BHE TI0JIOC PE30HAHCOB. TakuM 00pasom,
JIOMUHECIICHIIUSI HE SIBIISICTCS TOJIXOMSI-
IIUM TIPOLIECCOM ISl TAaKOTO 30HJa B OT-
JUYre 0T KOMOMHAIIMOHHOTO PacCesHUs.
B pesynsrare Oblia mpesyiokeHa uzes Pa-
MaHoBckoro 3ouaa mist CMBII, peanu3y-
eMasi Ha OCHOBE THOJIOB, aJCOpOMPOBaH-
HBIX Ha 30H/ [10].

Jnst teMOHCTpaIliu 4yBCTBUTEIBHO-
CTH TaKOTo 30HJa K OKPY’KalolUM yCIIO-
BUSIM OBLI MPOBEJICH PSIJT M3MEPEHHUH CIICK-
Tpa KOMOMHAIIMOHHOTO pacCestHus THO(e-
HOJIa, HAHECCHHOTO Ha 30H]I, HAXOSIIININ-
Csi B KOHTAaKT€ C YHUCTOM MOBEPXHOCTHIO
30J0Ta. VI3MepeHust NpoBOAUIINCH B He-
CKOJIBKUX PA3HBIX TOYKAX M NJIs KOHTPOJIS
CepUM IOCIENIOBATEIbHBIX U3MEPEHUN B OfI-
HOM u TO¥ ke Touke (puc. 1).

XopoIIo BUHO, YTO CHEKTPbI, U3MEPEH-
HBIE B Pa3HbIX TOYKAX CBEKEOTOPBAHHOM
OT CJIOIbl YUCTOU 30JI0TOM MOMJIOKKH, OTIIH-
YAIOTCS KAK HAKJIOHOM, TAK U MTOBEICHUEM



MEJIKHX jeTaneil B palioHe muKa (CeKTpajibHOe paspemeHne Menbime 1,5 cm).
B To e BpeMs cHeKTpbl, U3MEPEHHBIE B OAHOM U TOH K€ TOYKE C MHTEPBAJIOM
B 5—10 MuH, XOpOIIIO BOCIIPOU3BOAAT APYT APYTa BIJIOTH /IO METKHUX JeTaJeH, mo-
TBCpKAast, YTO HCCOOTBCTCTBUC MECIKUX IIeTaJIeﬁ B pa3HbIX TOYKaX HE ABJIACTCA
apTedaKToM.

Takum 00pa3om, eciau CIEKTPhl KOMOWMHAIMOHHOT'O PACCESHHS OTIUYAIOTCS
IIPU KOHTAKTE B Pa3HBIX TOUYKaX HOMHUHAJIHHO OIMHAKOBOW TIOBEPXHOCTH 30JI0Ta,
MOYKHO OXXHJaTh Topas/o OOJNbIIel pa3HUIbI MPHU TOSBICHUU JFOOBIX IOMOJIHU-
TEJIbHBIX B3aUMOJCHCTBUM.

OnHako Jlake OTCYTCTBHUE JaHHBIX B3aUMOJICHCTBUI MOXKET MPUHECTU OOJIBIIY IO
MOJIB3y TPHU MCIOIb30BaHUM Takux 30HI0B B Y3KP. HecMoTpst Ha oTHOCHTENBEHO
JIOJITYI0 UCTOPUIO U SIPKUE PEe3yJbTaThl, TIOJy4YCHHBIC JaHHBIM MeToaoM, Y 3KP
B TaKOM BHJIE HE SIBIIIETCA aHAIUTHYECKHM METOJOM HCCIEIOBAaHUS pacipese-
JIEHWSI MaTePHAaJOB Ha MOBEPXHOCTH. DTO CBI3aHO C TEM, YTO PETUCTPUPYEMBIi
CUTHAJI TPOTIOPLHOHAJIEH HE TOJHKO KOJWYECTBY aKTHBHOTO BEIIECTBa, HO U JIO-
KaJIbHOMY YCHJIMBaolieMy (akTopy, Ube pacrpeseieHne Hem3BecTHo. s peru-
CTpPaLlMU 3TOTO paclpeeNeHus MOXKHO HCIIONIb30BaTh PENEPHBIN CUTHAJ OT JIOTOJI-
HUTEIHHOT'O MaTepuaja, MPUCYTCTBYIOMIETO B MTOCTOSHHOM KOJIMYECTBE B KaXKJIOM
TOUYKE M3MepeHus. [ peanu3anuu Takoil BOZMOKHOCTH UMEHHO (PyHKITMOHAIIH-
3UPOBAHHBIN 3THM pENepHBIM MaTepUajioM 30H] SBJISETCS JTyUIlel, eclu He euH-
CTBEHHOM BO3MO>KHOCTHIO.

EnvHCTBEHHBIM YCIIOBUEM JUIS peaju3al[ii 3TOH CXEMbI SIBJISICTCS COBIIAJICHUC
WU TIPONIOPIHUOHATBHOCTD JIOKAJIBHOTO TI0JISI Ha TIOBEPXHOCTH M HAa OCTPHE 30H]a
IIPU UX KOHTaKTe. XOTS M3-32 KPUBU3HBI 30Ha CUCTEMA HE SBIISETCS MIOCKUM KOH-
JIEHCATOPOM C TIOCTOSTHHBIM TI0JIEM BHYTPH, TPOCTHIE MOJIENIA U JTa)Ke pa3MEpHBIH
aHaJU3 TMOKA3bIBAIOT, UYTO TOJIE HA TOBEPXHOCTH M HAa 30HJE MPOIOPIIHOHATIHHO
1 3aBUCUT OT MAJIOr0 B CTaHJAPTHON CUTyallUH ITapaMeTpa — OTHOIUEHU S IIUPUHBI
3a30pa K paauycy KpuBu3HbBI 30HAa [11]. OcTanbHble YCIOBUS, KacarolIuecs cTa-
OMJIBHOCTH CUTHAaJa, Te e, UTO U JUIs pealin3anui PaMaHOBCKOTO 30Ha.

Puc. 2. M3MepeHHbIe pacipe/ielieHusi HHTEHCUBHOCTH KOMOMHAIL[MOHHOTO paccestHusi THOHadToIa
(muams 1381 em™!) — uncurens u THopeHoNa (muHus 1002 cM~!) — 3HAMeHaTEINb, @ TAKKE PE3YIBTAT
HOpMaJIM3alliy, OTBEUAIONINif 3a pacrpe/enenne THoHadToIa
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Jns neMoHcTpanuu paboTOCIIOCOOHOCTH TaKOTr'O IMOIX0/a OBLI MPOJIEIaH KC-
MEPUMEHT C TIOMOIIBI0 30H[IA, MOKPHITOr0 THO(EeHomoM. Pe3ynbprar mo Hopmaiu-
3aI¥ KapThl pacipeaelieHnss HHTEHCUBHOCTH KOMOMHAIIMOHHOTO PaCCesHUS THO-
nadrona (muHus 1381 cM ') ¢ HOMOIIBIO pachpeneeHns] HHTEHCHBHOCTH CHIHAJIA
trodenona (muuus 1002 cM~') mokazaH Ha puc. 2.

Ecnu pacnpeneneHnss MHTEHCUBHOCTH Pa3HbBIX JIMHUM THOHA(TOIA KOPPETUPY-
0T MEXIy cOOOM, pacipeleieHue CUrHana THOQeHoNa CyIIeCTBEHHO OT HUX OT-
nuJdaetcs. B pesynsrare HOpMUPOBAHHOE pachpeneicHue, KOTOPOe COOTBETCTBYET
pacrpe/e/ICHUI0 KOJIMYeCTBa THOHA(TOA, OTIIMYACTCA OT H3MEPEHHOTO pacIpe/ie-
JICHUSI KHTEHCHBHOCTH.

3akJirouenue. B pabore npuBeaeHbl IpUMEpbl TPUMEHEHUS (yHKIIMOHATIH3U-
poBanHbIX 30H70B B CMBII. [loka3aHo, 4To perucTpaius CurHaisa KOMOWHAI[UOH-
HOT'0 PACCESTHUS OT TAKOTr'0 30H]1a HECET JONOTHUTEIBHY IO HH()OPMAIIHIO O B3aUMO-
JIEHCTBUU JaHHOTO 30H/a C UCCIIEAYEMON CUCTEMOH a TaK)Ke IMO3BOJISIET PEerucTpu-
pOBaTh pacrpeneieHne J0KaIbHOTO YCUITUBAOMIETO (hakTopa, OTKPBIBAst My Th IS
npeppauieHus Y3KP B aHanuTUUECKUN METO UCCIEIOBAHUS IOBEPXHOCTH.
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YUYET TEMIIEPATYPbI
TP AHAJIM3E B3AUMOJEUCTBUS IIITAMITA
C ®YHKIIMOHAJIBHO-I'PAAUEHTHBIM IIOKPBITUEM

C. M. AiizukoBuy, JI. . Kpenen

Honckou cocyoapcmeennviii mexnuyeckuil ynueepcumem, Pocmos-na-/lony, Poccus

B pabome paccmompeno uucieHHo-aHATUMUYecKoe peuienue 3a0a4u o He-
OpeHuU 2opsiue2o Kpy208020 6 Niane Wmamna ¢ ni0CKou no0oueol 6 yHK-
YUOHATILHO-2PAOUEHMHOE NOKPbIMUe 00HOPOOHO20 MEPMOYNPY2020 NOTYNPO-
cmpancmea. Hccnedo8ano enusHue pasiuiunbix COUemanuli 3aKOH06 U3MEHeHUs
MepMOMEXAHULECKUX XAPAKMEPUCMUK NOKPbIMUs no 21youne na oeghopma-
YU NOBEPXHOCMU NOKPLIMUSL U HA PACHpedeNeHUe KOHMAKMHBIX HANPAICEHUL

1. IocTanoBKa 33124y 0 BO3AEHICTBHU ropsiuero KpPyroBoro mraMia Ha He-
NpepbIBHO-HEOHOPOAHOE MoJaynpocTpancTBo. Ha mosepxHocTs I' HeogHOpOI-
HOTO MONYPOCTPAHCTBA () BO3ACHCTBYET JKECTKHH KPYroBOM B IJIaHE IITAMII-
TEILIOU30JIATOP, KOTOPBIM BJABIMBAETCS B MONYNPOCTPAHCTBO cuioi P. Ha koH-
takTHOU Tuiomanke 0 <7 < a mnomuep)KUBaeTCs MOCTOSIHHAS TeMIlepaTypa u oopa-
3yeTCs TEIIOBOM TTOTOK, HATPABJICHHBII BHYTPb HEOJHOPOIHOTO MOy IPOCTPAHCTBRA.

Hanee Oyaem nonarath, 4o kodddunuents! Jlame M(z) u A(z), n ko3 du-
[MEHTHI TEIJIOMPOBOAHOCTH A, (Z) ¥ JHHEHHOTrO pacmmpeHus O, (Z) SBISIOTCS
HEMPEPbIBHBIMH (QYHKIHSIMUA KOOPAUHATHI Z, TAKUMH, YTO

1. M(z2)=M(-H)=M?’, A(z)=A(-H)=A®, —w<z<-H
h(2) =k (=H) =)7,0,(2) = 0 (-H) = 7.

2. M(z) =M (2), A(z) =A°(2), A, (2) =A5(2), o, (z)=0as(z) —H<z<0

3. ME(=H)=M?*, A“(=H)=A’, A (-H)=\;, oS (-H) = o,

(1.1)

rae H — TonmuHa HEOAHOPOIHOTO CIIOs, HHACKC S COOTBETCTBYET MOICTUIIAIOIIEMY
OJTHOPOJTHOMY TIOJIYTIPOCTPAHCTBY, a C — HEOITHOPOTHOMY CJIOIO.

ITox neficTBrEeM LEHTPaAJIbHO MPUIIOKEHHOM CHIIBI P 1ITamIl mepeMecTUTCs B Ha-
MIPaBJICHUH OCH z Ha BEIMUNHY O. | paHWUYHBIE YCIIOBHS IPH CACTAHHBIX MPEATIOINO-
JKEHUSIX UMEIOT BU]T

o, =0, @ =0, r>a
z=0, 1. =1, =0, : 0z . (1.2)
w=-3(r)= —(B—q/(r)), 0=0, r<a

Ha rpanune cremieHns HEOJHOPOJHOTO CJIO0S C OAHOPOAHBIM MOTYIPOCTPaH-
CTBOM NIpu z = —H B cuay HENMPEepHIBHOCTH, JTOKHBI BBITIOIHITECS YCIOBHS CO-
MPSDKEHUS TI0 CMEIICHUSIM, WX TTPOU3BOIHBIM, TEMIIEPATyPE U TEIIOBOMY TTOTOKY.
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Ha 6eckoneunoctu mipu (7,—z) —> 00 cMenieHus, 1ehopManu 1 HampsHKSHHsI
MCUe3al0T. 3HAUCHUS PA3HOCTH TEMIIEPAaTyp U TEIJIOBOTO MOTOKA IIPU 3TOM TAKXKE
CTpEeMSATCS K HYIIIO.

: !
lim (u,w,sr,s‘p,sz,srz,Gr,cw,cz,rrz,e,e )=0,
Z—>—00
(L.3)
: !
hm(u,w,sr,a(p,sz,s cr,cw,cz,rﬂ,e,e ):0.

Z—>0

rz?

2. OO1ee pelieHHe CHCTEMbI HHTErPaJbHBIX YPaBHEHHII 3a1aumM 0 Bo3/eii-
CTBHUU rOpsivyero ImTamMna Ha TePMOYIpPyroe HeOIHOPOAHOE MOJYNPOCTPAHCTBO.
[Ipu moCTpOCHUM CHUCTEMBl HHTETPANBHBIX YPaBHEHHH OCECHMMMETPHYHON CMe-
MMAHHOM 331a4M CTATUYECKON TEPMOYIIPYTOCTH BOCIIOIB3yeMCsI Tpeodpa3oBaHueM
XaHKeJsl 1 MeTOJIOM MOJICTUPYOMUX GYHKIHH [1] ¥ OTy4YrM COOTHOIICHUSI, BbI-
paxkaromne 3aBUCHMOCTh BETUYMHBI CMEIICHUS W U TeMIepaTypsl 0 depe3 Hews-
BECTHOE pacmpesieicHue KOHTAKTHOTO JaBJCHUS p(r) U TEIJIOBOIO MOTOKA Yepe3
o0(r,z)

0z

KOHTaKTHYIO 30HY B(r) =

z=0"
w(r,2) = [ p(p)pdp| L} (1,201, (1p)J, (1) dy+ [B(p)pdp [ Li(v,2)J, (vp) ], (vr) " dy

0r,2) = [ B(p)pdp | L1, 2)J, (vr) e dy

2.1)

3[[601) MBI Y4JIM TO, YTO KOHTAKT HITaMIla ¢ HCOOAHOPOAHLIM OCHOBAHWUCM TIJIald-
kuil, T.e. ¢(r)=0,0<r<a.

B paccmarpuBaeMoil HaMM 3ajjaue yIpyrue XapakKTEPUCTUKU HE 3aBUCIT OT
TEMIIePATyPhI, IOATOMY perIeHue cucteMsl (2.1) pa3odbeM Ha 1Ba dTarma.

Ha mepBoM ompeneuM BeIHUNHY TEIJIOBOIO MOTOKA M paclpe/ieiecHue TeMIie-
patypbl B HEOJHOPOJITHOM TIOJTYITPOCTPAHCTBE.

[Mocre 3TOro permm CMEeTaHHY 0 3a/1a4y O BHEJAPESHUH IIIaJIKOr0 KPYyTroBOr'O MITaM-
Ma ¢ TUIOCKOH TOONIBOW B HEOHOPOIHOE TONYIPOCTPAHCTBO, 1eOPMHUPOBAHHOE
BO3JICHCTBHEM HAWJICHHOTO HAMH TEIUIOBOTO TIOTOKA Yepe3 KOHTAKTHYIO 30HY.

BLIpa)KeHI/Ie JJI TEIIJIOBOT'O IIOTOKA UMECT BU/

-1 1 -1
b=t 51 1, o char _Ax_ljshAx tdt 2.2
T LO)VI-2 V1= P =

[Mpoananuzupyem aeGopMaIUio TOBEPXHOCTH HEOJHOPOIHOTO MOMYIPOCTPAH-
CTBa O[] JCHCTBUEM JIOKAJIBHOTO CTATHYECKOro HarpeBa. COrjacHO BBIPAKCHHUIO
(2.2), mpu OTCYTCTBUU TIOBEPXHOCTHOTO MEXaHUYECKOTO BO3JACHCTBHS MOTyYaeM:

w,(r,2) = [B(P)pdp [ Ly (v.2), (vp), (yr )" dy. 2.3)
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B cnyvae omHopoaHOro monymnpoctpanctsa gopmyina (2.3) mo3BoiseT BBIMHU-
caTh MPOCTHIC AHATUTHYCCKHUE BBIPAXKCHUS JIJIsI OMMCAHUS BEPTUKAILHOTO CMeIe-
HUS TOBEPXHOCTH TMOJNYIPOCTPAHCTBA MPH JICHCTBUU MOCTOSIHHON TEMIIEPATYPBHI.
MBI paccMaTpuBaeM yCTaHOBHBIIHICS TPOIecC TMOJBOJA TEIIa K MOJTYIPOCTpaH-
CTBY IIPH OTCYTCTBHH €r0 OTBOJA Yepe3 MOBEPXHOCTh, MOATOMY (OpMa IOBEPXHO-
CTH OINUCHIBaeTcs Jorapupmuueckoi GyHkued. [1yist onpeneneHHOCTH MBI OyaeM
(uKCHpOBaTH HEKOTOPOE 3HAYEHHUE ¥, HA OCHU 7, TIPH KOTOPOM W, (7,,0)=0.

1 0
()= .00 (00.0) =] s JoCappdp - (o (ar) o (1) =
04/1—p 0

Inrg/2+N1-r? —1n(1+\/1—r2)/2 r<l

Inrg/r r>1

24

Ha puc. 1 npencraBieHO OTHOCHTENIbHOE U3MEHEHUE (OPMBI TOBEPXHOCTHU He-
OZHOPOJHOTO HOIYIIPOCTPAHCTBA MOA ACHCTBUEM OCTOSHHONW TEMIIeparTypbl, PH-
JIO)KEHHOH B IpeJiesiax Kpyra elMHuIHOro pajnyca. O003Ha4eHus KpUBBIX GopMu-
PYIOTCS CIICAYIOIUM 00pa30oM.

[locnenoBaTenbHO OMUCHIBACTCS XapakTep u3MeHeHust Moayis FOura, koaddu-
nuenTa Ilyaccona, koadduuuenra TermonpoBogHOCTH U Ko3pduLineHTa TMHEHHO-
I'0 PaCIIMPEHMs] B HOKPBITUH, IPH 3TOM IIPEATNIONAraeTcs, 4To:

— 3HayeHne 0 XapakTEpPUCTUKU B MOKPHITHU HE OTIWYAETCS OT COOTBETCTBY-
IOIIETO 3HAYCHUS B TIO/JIOKKE;

— 3Ha4eHue 3 XapaKTEepPHUCTUKHU Ha MOBEPXHOCTH B 2 pa3a MPEBBIILIAET 3HAUEHUE
B IIOJJIOKKE U JIMHEHHO yOBIBaeT MO BCEH TONIMHE MOKPHITHS 10 3HAYCHUS B MO~
JIOXKKE;

— 3HaueHue 4 XapaKTepUCTHUKHN Ha TOBEPXHOCTH B 2 pa3a MEHbIIE 3HAYCHHS
B MOJJIOKKE M JIMHEHHO BO3PACTAET IO BCEHl TONIIMHE MOKPBITHS 10 3HAYEHUS
B MOJIJIOXKKE.

Takum obpazom, o6o3naueHue 0 0 0 0 cooTBETCTBYET OAHOPOJHOMY TE€PMO-
YHOpPYTOMY HOJyIPOCTPAHCTBY. AHaIM3 puc. 1 MOKa3bIBaCT, YTO CEPhE3HOE BIUSHUE
Ha BEJIMYMHY MAaKCHMAaJIbHOI'O BBIIIOPA IOBEPXHOCTH OKa3bIBAET Pa3HOHAIIPABIICH-
HOE M3MeHeHHe KOd((UIIMEHTOB TEeTIONPOBOAHOCTH M JIMHEHHOT0 paclIupeHus
B MTOKPBITHU.

[Ipu mocTpoeHnyn 3aMKHYTOTO MPUOIMKEHHOTO YUCICHHO-aHATUTHYECKOT O pe-
LIEHUs] CMELIAHHOW 3aJjadyd O BHEAPEHHUH KECTKOTO IITaMIla B HEOIHOPOAHOE II0-
JyIPOCTPAHCTBO, HAIPETOE NCTOYHUKOM C MOCTOSHHOW TEeMIIEpaTypoil B Ipeesiax
Kpyra pajnyca a, pacCMOTPUM MapHOE HHTETpalbHOE YpaBHEHUE BHJIa

T POLODTo(ry)dy =081+ (), r<1
0 2.5)

[ P(y)Jo(ry)ydy =0, r>1
0
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0,032 3
0,030 -
0,028
0,026 N ——0.00.0
0,024 N~ | 3

0,022 S 4433
0,020 S 3

0,018 — 4343
0,016
0,014 K
0,012
0,010 3
0,008
0,006 -]
0,004
0,002
0,000
-0,002

w(r)-w(3,6)

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0

Puc. 1. Tepmoynpyroe HCKpHBIEHHE TIOBEPXHOCTH HEOAHOPOIHOTO MOTYTIPOCTPAHCTBA IS PA3IUI-
HBIX CIyYaeB H3MEHEHHs CBOWCTB B MPUIOBEPXHOCTHOM CJIO€ MOA ASHCTBHEM PaBHOMEPHOH TemIie-
paTypsl B IpeAeaax eMHUYHOro Kpyra. ToJIIHA CII0sl paBHA pajuycy Kpyra

Oyukys f{r) onuckiBaeT nedopMaIHio MOBEPXHOCTH MO JEHCTBHEM UCTOYHUKA
TeIUIa C MIOCTOSIHHOM TeMIiepaTypoil. Ee MoxkHO npeactaBuTh B Buje psjga Oypee—
beccens:

f0)= % biouer), 2.6)

Hcnonb3ys 9uciieHHO-aHATM TUYECKUN METO/, U3JIOKEHHBIN B padore [1], moiy-
YUM BBIPAXKEHHE JJIs1 KOHTAKTHBIX HAPSYKEHUH IO/ TOPSTIMM I TAMIIOM:

2000 | ,- 1 N - ® -
S L O 2O AR+ XX IN () R)
1—-r i=1 j=

p(r)=

31ech BBeIeHBI 0003HAYEHU S

chA4 1 sh Atdt cos Lsintu drt
—Af X (rop) = B SR

b + .
\/1—1’2 r\/tz—rz \/1—r2 Hr\/tz—rz

ocrostHHbIe C; ONPENENSIOTCS U3 CUCTEMBI JIMHEHHBIX areOpandecKuX yPaBHEHUM

Y (r, 4) =

N A4 By) Bi'n = ( Bkj
Coo| 2 4 222 S pBlp =5 |=0, k=12, ... N, (2.8
z (x xj IO e A 29



Bch A+ Ash A4

Bcosp—psinp
B* - 4* BB =

Ly’ +B)

B naHHOM ciiyyae CBsi3b MEXJY NMPHUJIOKEHHOW CUJIOM M OCaJKOW ImiTamia
HMEET BU]L

o(B,4)=

N ©
P=4a%380, {L_I(O) + A7 Ash AL + 3 b, Ly (p ) sinp j} (2.9)
j=l

i=l1

Ha puc. 2 npencrasiieHbl 3Ha4eHNUSI KOHTAKTHBIX HANPSIKCHUN TOJ TIOBEPXHO-
CTBIO TOPSYETO IITaMIIa C MIIOCKON IMOJOIIBOM, BHEAPSEMOTO B HEMPEPHIBHO HEOI-
HOPOJHOE MOJTYNPOCTpaHCcTBO. O003HAYEHUS KPUBBIX COOTBETCTBYIOT 3aKOHAM H3-
MEHEHH ST TEPMOYIIPYTUX XapaKTepUCTHK, OMUCAHHBIM B MPeAbIIyIIeM naparpade.
MakcumanbHbIi ypOBEHb HANPSDKCHUH JOCTHTAeTCs B TOM CIydae, KOT/ia MOAYJb
IOnra n koaddunuent Ilyaccona Bo3pacTaroT o riryOMHE MOKPHITHSL, a KO3 PUIH-
€HT TEIUIONPOBOAHOCTU M KOI(PPUIIUESHT TMHEHHOT0 PaCIInpEeHUs yObIBAIOT.

Puc. 2. KoHTakTHBIE HANPSIKEHUS MO TOBEPXHOCTHIO FOPSUETO IITaMIIa, BHEAPSIEMOTO
B HEOJHOPOIHOE TEPMOYIIPYTO€ MOITYTPOCTPAHCTBO

PaGoTa BrImomHeHa npu noaaepxkke Poccuiickoro ponma pyHmaMeHTAIBHBIX
nccnenoBanuii (11-08-91168-I'DEH a, 12-07-00639_a) I'K Nel1.519.11.3015, 11.519.11.3028,
P1107.

Cnucok ucnoJjib30BaHHBIX HCTOUHHKOB

1. AHaTUTHYECKHE PEIICHHSI CMEIIaHHBIX OCECHMMETPUYHBIX 3a1a4 JUIsl (yHKIMOHAJIBEHO-Tpa-
nueHTtHbIX cpen / C. M. Aiisukosud [u ap.]. — M. : ®USMATIIUT, 2011. — 192 c.
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ESTIMATION OF THE VISCOSITY PARAMETERS
FOR ULTRA THIN LAYER OF LIQUID

A. Khudoleyl, S. Chizhik!, K. Wierzcholski?, A. Miszczak?,
V. Chikunov!, D. Shasholko!

A. V. Lykov Institute of Heat and Mass Transfer of the NAS of Belarus,
Minsk, Belarus
’Technical University of Koszalin, Koszalin, Poland
3Gdynia Maritime University, Gdynia, Poland

Introduction. Behavior of liquids is different for large volumes and for thin layer
[1, 2]. Generally, two types of liquids are distinguished: Newtonian and non-
Newtonian. Non-Newtonian liquids can be time independent and time dependent
(thixotropic and rheopectic) [3]. For comprehensive studies of the viscosity parameters
and for recognition of the type of liquid it is necessary to have technique that will
allow changing shear rate, time, height of fluid [2, 3]. In this case it is very promising
to use combination of atomic force microscopy (AFM) and piezoelectric tuning fork
(PTF) [4] for ultra thin layers of liquid.

The present work is focused on implementation of special technique that combines
AFM and PTF and allows measuring of the viscosity parameters for Newtonian and
non-Newtonian liquids that are presented as thin layer and ultra thin layer.

Viscosity measurements. Function «Viscosity» has been realized on commercial
AFM unit (NT-206, Belarus) using PTF (Fig. 1) fixed in special holder. An oscillation
of PTF has been done by AFM generator that is typically used for realization of
dynamic mode. Feedback control for complex technique has been organized on the
criteria of output amplitude of PTF. Laser
system of AFM was not used for measu-
rements.

- o o

- B R e L Lol Main window of viscosity control soft-
= >

] ! 2 ! . h . F 2 d t . t

o L i 5 1 ware is shown in Figure 2 and it consists

[y il il e ] i » i+ from five panels.

Tl ISk - » =>A !

! 1 1

Panel I includes the buttons Load exp.
settings..., Save exp. settings..., and textual
field fext. Button Save exp. settings... allows
; saving all settings for viscosity measure-
4 L ments in special file for follow-up using.
Button Load exp. settings... is used for
loading of the saved settings.

Set up parameters of PTF. Panel 11
Fig. 1. General s.cheme of the V%scosity measu-  (Fig 2) includes functions for adjusting the
rements by tuning fork technique: 7 = PTE  prp yofyre measurements. Parameters Wor-

2 — probe; 3 — thin layer of liquid; 4 — solid ) )
substrate king frequency, In Amplitude (4,,) and
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Out Amplitude (A4,,) are used to set
up working properties of PTF. Button | on | Load exp.settings... | Save exp settings... |
Get Frequency activates and loads a special
panel Frequency Sweep (Fig. 3) to specify
PTF frequency sweep. This graph is used
for fixing of PFT resonance frequency
in the same way as for AFM dynamic II
mode.

The slider Amplitude (Fig. 3) is used
for set up input amplitude of PTF. User
can also type the value in box below the
amplitude indicator. Input amplitude
should be in interval of Frequency Sweep.

The check-box Legend switches on/  yyp <
off descriptions of plotted parameters.
Red line is output amplitude of PTF,
green line — phase curve. Button Save
‘H| allows to save the current graph in
BMP format or the data as TXT file.

Working frequency, In Amplitude
and Out Amplitude (Fig. 2, panel II)
are automatically set up after closing of
the Frequency Sweep panel. After that [y
system is ready for automatic or manual 4
measurements.

test ]

[ Get Frequency ... ‘

Working frequency, Hz | 7887
In Amplitude, mY 619,00
Out Amplitude, m¥ 842,00

Stop Set Point (dA), % |20 dA‘;éur

e [ "Fast" time, sec 120
rit | Amplitude range, % 120

Delay, min 1 \
Withdrawal step 1, nm |1
Withdrawal step 2, nm |30
Withdrawal step 3, nm |50
Withdrawal step 4, nm |40
=] Withdrawal step 5, nm | 100
=l /| Withdraw at the end, mkm D
Elapsed time 00:00:00 > Vv
Remaining time 00:00:00

c
o
3
(=4
o
w

Number of steps 2445

Distance, nm i42?.88

Max ampl.failing, % IZO

Progress |
= v Withdraw at the end, mkm

Automatic measurements. Panel 1] @ “W )
Automatic Mode (Fig. 2) includes con- )
trols for presetting of measurements Fig. 2. Main window of viscosity conFrol software:
parameters. Parameter Stop Set point (dA) 5 - fe;uetroar;:ggti?; dr:;er}lll/; fl n:a;‘:lr;n%n ;EZ;PE{;
is the criteria of finding of set point. panel of amplitude indicator
dA . is current amplitude in percentages
of input amplitude. Parameter Fast time sets up the period of time for decreasing
and increasing of the input amplitude (In Amplitude) on the fixed value (Amplitude
Range) in percentages. Parameter Delay is the time that is used for measurements
with the constant input amplitude.

Elapsed time — shows the time of measurements. Remaining time — shows the
estimated time before ending of measurements.

Measurement starts after pressing the button ’l' and can be interupted at any
instance of time by presing the buton Stop. At the beginning of measurement the
system fixes AFM piezoscanner in the middle position for Z range. After that PTF
approaches to the sample surface by AFM stepper motor with checking of amplitude
decrease at each step. If the result of checking is

dA . > Stop Set point (dA), then step motor realizes the next step for movement

cur

of PTF;
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Fig. 3. Frequency sweep panel for tuning the PTF

dA,,, = Stop Set point (dA), then system stops the step motor and starts the
measurements;

dA,,, < Stop Set point (dA), then system stops the step motor, switches off
feedback of the piezoscanner and runs it for setting up d4,_,,. = Stop Set point (d4) by
withdrawal movement of PTF.

System shows the message for 5 seconds that PTF has reached the solid substrate.
All further withdraw movements for automatic measurements will be done very
preciously only by AFM piezoscanner. AFM step motor doesn’t involve in this stage of
the measurements. The piezoscanner starts Withdrawal step 1, and after completing
of this step the system automatically decreases and increases Input Amplitude of PTF
on value of Amplitude Range for time Fast time. Next stage of the measurements will
be done with permanent input amplitude for time Delay. After that system repeats
the same procedure for Withdrawal step 2, 3, 4 and 5.

The Results of measurements for glycerin layer are represented in visualization
window Viscosity graph (Fig. 4). Dependence includes the next parameters: Input
amplitude (A;), Output amplitude (A ), Z position of PTF (height of thin layer of
the liquid) and time with step 0.1 second.

If check box Withdraw at the end is on then step motor will withdraw the PTF
from sample on the distance in micrometers indicated in the section (Fig. 2, panel /1])
and measurements of the viscosity parameters in automatic mode will be completed.

Manual measurements. Panel /7 Manual Mode contains the controls for manual
measurements (Fig. 2, panel /V). All measurements are performed only via vertical
moving of PTF by AFM step motor in the direction of approach. Main difference
between the manual and automatic modes is that AFM piezoscanner doesn’t use for
the manual mode and all graphs and data are measured only in approach to surface

of the sample.
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Z position, nm

Amplitude, mV

Fig. 4. Visualization window of viscosity measurements results: / — 4;, = const; 2 — A, is variable;
3 — Z position of PTF above the sample; 4 — Changing of Z position of PTF; 5 — 4, under 4,, = const;
6 —A,,, under variable 4,,

out

The parameter Number of steps sets up the number of steps for step motor.
Distance, nm is automatically calculated via number of steps. User can specify
Distance or Number of steps. Parameter Max ampl. falling sets up the maximum
value for decreasing of PTF amplitude. System will stop the approach moving of
PTF after reaching of the maximum. This regime is mainly used for safety reason
to prevent possible damage to the instrument. Measurements start by pressing the
button according to specified parameters (Fig. 2, panel /I, [V). Indicator will
show the progress for one cycle (number of steps). Indicator Progress visualizes
the progress in measurements. The process of measurements can be interrupted at
any moment by pressing button Stop. Withdraw of PTF from the sample starts by
pressing the button “U°. User can set up the distance of withdraw in micrometers
(Fig. 2, panel IV).

Discussion. Shear rate depends on linear velocity of the probe that is moving
into liquid. PTF vibrates and as the result the probe executes reciprocal motion into
liquid. Increasing of the input amplitude leads to the increasing of linear velocity of
the probe at the same frequency of PTF (Fig. 4, regime 2). The frequency influences
on the value of linear velocity as well. Thus, the developed technique allows
changing the shear rate via variation of the input amplitude and frequency of PTF.

Non-Newtonian time-dependent liquids can be characterized by measurements
of the parameters over a period of time under permanent input amplitude and frequency
of PTF (constant shear rate). Changes in behavior of the liquid can be recognized by
the increasing or decreasing of output amplitude of PTF in time. In this way non-
Newtonian liquids can be separated on two types: thixotropic and rheopectic fluids.

Atomic force microscopy has the unique possibilities for precise movements of
the sample by build in piezoscanner with accuracy about 0.1 nm for Z coordinate
that opens the great possibilities for exact changing of the thickness of liquid and
investigation of layers with height even less than one nanometer.
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Conclusions. It is proposed to use combination of atomic force microscopy
and piezoelectric tuning fork for measurements of the viscosity parameters of ultra
thin layer of Newtonian and non-Newtonian liquid. Algorithm and software have
been developed and tested. Software has been incorporated in commercial AFM
control software SurfaceScan. New function is available in version 210 or higher
of SurfaceScan program and compatible with all AFM NT-206 scanning units
(Microtestmachines Ltd., Belarus) without any changes in control unit,

We believe that proposed technique has very promising application for tribology,
in the first place, for investigations of boundary and mixed lubrication regimes under
micro contact interaction. There are many options to change roughness and texture
of substrate and probe; substrate and probe materials can vary in rather broad range;
the probe geometry can be sphere, cylinder, plate or wedge bar; sample can be
studied in vacuum or under height pressure; the substrate material and liquid can be
additionally heated and/or vibrated.
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Introduction. Fluid dynamic bearings (FDB) with grooves are widely used
in hard disk drives (HDD) and ventilators since the beginning of the 2000’s, as they
have a better service performance compared with ball bearings [1, 2]. Hydrodynamic
lubrications (HDL) can produce spherical or ring-like bubbles in oil that reduces the
bearing stiffness. Radial clearance, number of grooves, and the groove geometry are
substantially influence on the rate of bubble mixture and HDL condition of sliding
bearing [2—4].

Radial clearance (RC) of bearing is formed by outer cylindrical surface of the
journal and the inner cylindrical surface of the sleeve. In areas of grooves and chillers
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RC is increased on value of the depth of the elements. RC of large-scale bearings is
usually measured by contact methods using probes, removable strips, gauges and
micrometers with maximal accuracy about 2 pm. Such resolution is not applicable
for microbearings, as according to specifications mentioned in literature, the micro-
bearings can have the following parameters:

RC 2.8 pm, radius of journal — 2 mm, 15000 RPM, groove angle 26°, groove
type — herringbone, number of grooves — 8 [5];

RC 3.15 pum, radius of journal — 1.995 mm, 5000-10000 RPM, groove angle 26°,
groove type — herringbone, number of grooves — 8 [4];

RC 5 pm and 15 pm, radius of journal — 2.5 mm, 20000 RPM, groove angle 15,
30 and 60°, groove type — herringbone, number of grooves — 8 and 16 [2].

In the present paper we utilized the methods of high-resolution control based
on the use of various types of microscopy for geometric analysis of microbearing
components.

Experimental procedure. Optical, scanning electron (SEM) and atomic force
microscopy (AFM) have been utilized for RC measuring of microbearings. All
measurements have been performed on metallographic samples that have been
represented the cross sections of components. Metallographic samples have been
prepared using standard procedure without any etching treatment of polished samples.

Two types of samples were produced for geometrical measurements: a) journal
and sleeve separately, b) journal and sleeve assembled together. The first types of
samples have been used for measurement of outer diameter of the journal and inner
diameter of the sleeve with following calculation of RC. The second types of samples
have been utilized for direct measurements of RC.

All tests have been done on optic microscope (Micro 200, Planar, Belarus) with
magnification 200X and 400X; SEM (Mira, Oxford Instruments) and AFM (NT-206,
Belarus). Commercial CSC38 silicon probes were used for AFM imaging under
static regime.

Linear dimensions of component elements have been determined by geometrical
analysis and using software «Distance Measurementy for optic microscopy and
SEM. AFM measurements has been performed on the basis of 2D and 3D AFM-
images, lateral force imaging (Torsion mode) and surface profiles of the components.

Two types of commercial sliding microbearings have been tested: a) extra long
life ventilator with «V» shaped grooves onto sleeve surface (120 000 hrs, 2900 RPM,
80 mm case fan) and b) HDD fluid dynamic bearing (7200RPM, 80Gb, 3.5").

Result and discussion. Measurement of outer diameter of the journal and inner
diameter of the sleeve with following calculation of RC have been done by SEM
(Fig. 1) and by optical microscopy under full observation of the component cross
sections. It is established that SEM technique allows to see the cross sections of
the sleeve more clearly than optical microscope in spite of the maximum difference
of the diameter registered in four measurements was 40 um even for SEM. AFM
technique cannot be used for such type of measurements at all because it has very small
scanning area (maximum 100 x 100 um) that does not allow complete observation
of the component cross section.
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Analysis of preparation procedure
for metallographic samples showed that
accuracy of cutting, press-fitting, grin-
ding and polishing of the components
result in deviation from the perpendi-
cularity of sample cross-sections. The de-
viation can very easy reach 1-3 degree
especially in consideration of small sizes
of the components. In practice the real
cross-section will be always not circle
but oval and difference in diameter value
will be occurring. For example inaccu-
racy of 2 mm diameter sample prepara-
tion can leads to 4 um difference for one
component (Fig. 2, a) and total 8§ um
difference for microbearing (journal
Fig. 1. SEM image of the cross section of ventilator ~and sleeve) that is not permissible for

sleeve with dimension data markers RC measurements.

Preparation of samples that includes
the journal and sleeve assembled together allows observing RC of microbearing
directly (Fig. 3). Optical microscopy shows two types of RC: a) RC with groove
depth (Fig. 3, a) and b) RC without groove (Fig. 3, ). SEM observation of full area
of sample cross section gives the data on the quantity of the grooves manufactured
into inner surface of sleeve (Fig. 4). Eight grooves are recognized for ventilator and
HDD microbearings. Real value of ventilator groove width — 225 pm is determined
on the basis of measurement of the groove width represented in cross-section (Fig. 4, b)
taking into account the axial angle of the groove (26°).

RC dimension procedure should include opposite to each other measurements
on diameter and subtraction of groove depth (if it is presented). The value of groove

SEM HV: 20.00 kV WD: 15.0600 mm MIRAW\ TESCAN
View field: 868 mm  Del: BSE Detector 2 mm 4
PC: 11 SEM MAG: 20

Digital Microscopy Imaging n

AaD; - Ag,

pm / nm l /(
—<—10 uym
61— ——2mm 12 +—
//3 —8—7.5um /
A

51— —a—3mm
5 UM

“F T
i DS ==

0.5 1.0 15 2.0 25 3.0 0.5 1.0 1.5 2.0 2.5 3.0
Gradient angle, degree Gradient angle, degree
a b

Fig. 2. Dependence of size deviation vs. sample surface slope:
a — deviation of the diameter; b — deviation of the RC
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a b

Fig. 3. Optic microscope image of the radial clearance between sleeve and journal, x400: a — groove
clearance; b — clearance without groove

L1=250.46 ym

SEM HV: 20.00 kV 'WD: 18.0030 mm MIRAW TESCAN  SEM HV: 20.00 kV WD: 18.1210 mm
View field: 347 mm  Det: BSE Detector [ Jiew field: 385.8 ym  Del: SE Delector
PC: 10 SEM MAG: 50 Digltal Microscopy Imaging a¢: 10 SEM MAG: 450 X Digital Microscopy Imaging

Fig. 4. SEM image of the cross section of assembled microbearing: @ — RC with marked grooves;
b — width of the groove

depth is determined according to two measurements: a) RC without groove, b) RC with
groove. The main advantage this RC measurement method consists in high accuracy
because sample preparation procedure not significantly affects the accuracy of measu-
rement. For example inaccuracy of 5 um RC measurement is only 10 nm (Fig. 2, b).

Optical microscopy measurements of the clearance and depth of groove have
been done 20 times under magnification 400X for each size (Fig. 3). Average values
of the clearance are presented in Table.

SEM measurements have been done three times for each size under magnification
5,000X-10,000X times (Fig. 5, 6). Average values of SEM data are presented in the Table.
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Results of size measurements utilizing different techniques

Long Life Ventilator 3.5 HDD
Technique
RC, pm Groove Depth, pm RC, pm Groove Depth, pm
Optic microscopy 6.90 5.40 2.60 3.10
SEM 7.23 7.62 2.55 2.90
AFM 6.70 5.90 2.70 -

D1=17.33 um

D2 =17.56 ym
D3 =17.28 ym

D1 =5.49 ym
D2 =569 um
D3 =523 um

SEMHV:20.00kV  WD: 18.1490 mm Lo v 0010 | MRAWTESCAN
View field: 34.72ym  Det: SE Detector i
PC: 10 SEM MAG: 5.00 kx

SEMHV:20.00kV  WD: 18.1210 mm Lo 101 | MRAWTESCAN
View field: 34.72 ym  Det: SE Detector 10 ym i
PC: 10 SEM MAG: 5.00 kx

Digital Microscopy Imaging n Digital Microscopy Imaging n

a b

Fig. 5. SEM image of two opposite measurements of the clearance (ventilator microbearing):
a — clearance with groove; b — clearance without groove

AFM technique has been utilized
one time for each size (Fig. 7, 8). Values
of AFM measured data are presented in
Table.

Hard materials (metal base alloys
used for journal and sleeve) are grinded
and polished more slowly than soft ma-
terial (glue) during preparation of the
metallographic samples. As the result
there occurs a step on the border of two
materials. This step is not horizontal
but has a radius of curvature that causes
Fig. 6. SEM image of extremely low value of RC an error in the measurement while using

(HDD microbearing) different types of microscopy. Also softer

D2 =151 um

D3=1.61um

SEM HV: 20.00 kV WD: 16.1370 mm
View field: 17.36 ym  Det: BSE Detector 5um
PC: 10 SEM MAG: 10.00 kx

Digital Microscopy Imaging /]
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Fig. 7. AFM measurements of the clearance (ventilator microbearing): @ — 3D AFM image of 12.6 um
clearance with groove; b — surface profile «a»; ¢ — 3D AFM image of 6.7 um clearance without groove;
d — surface profile «c»

material can be partially rub onto interface of two materials that additionaly creates
difficulties of border recognizing.

We believe that AFM technique allows determining the interface (border) between
two materials more accurately than optical and SEM microscopy. This is achieved
by co-analysis of Topography profile, Torsion image and Torsion profile (Fig. §).

According to [6, 7] RC and surface roughness are the main parameters for HDL.
Surface roughness of microbearing components has been studied by AFM. Typical
roughness profiles for microbearing component are represented in Figure 9. It is
established that value of dimension tolerance for HDD and ventilator components
is the same for all surfaces — about 320 nm (Fig. 9) and the arithmetical average of

253



Z,nm
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Fig. 8. AFM measurements of 3.1 um clearance (HDD microbearing): ¢ — 3D AFM image of the
clearance without groove; b — surface profile «a»; ¢ — 2D AFM Torsion image of the clearance «a»;
d — Torsion profile «c»

the roughness profile Ra 12—48 nm. The maximum difference in clearance caused
by the roughness of journal and sleeve surfaces can reach 640 nm. That additionally
supported the difference in measured data (Table).

Checking of lubrication regimes has been done using the film parameter A that
is calculated thought minimum film thickness and roughness of two components [7].
According to [7] A = 10 is limit for HDL and elastohydrodynamic lubrication (EHL).
EHL regimes are recognized when A parameter is between 3.5 and 10, HDL —
A is more than 10, mixed lubrication — 1.5-3.5. Lubrication regimes are analyzed
with assumption that measured value of RC (Table) is minimum film thickness and
it means that we have used larger value of parameter A than can be in real operation
condition. Analysis of lubrication shows that the ventilator microbearing has HDL type
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Fig. 9. Typical roughness profile for microbearing component: « — journal of ventilator;
b—HDD sleeve

of lubrication with low coefficient of friction (A = 14.85) and the HDD microbearing
has EHL type of lubrication with middle coefficient of friction (A = 5.98). The
lowest value of RC — 1.35 pm was measured for the HDD microbearing (Fig. 6) with
A =2.99 and mixed lubrication with high coefficient of friction.

Utilizing of optical microscopy requires statistic measurements that take a lot of
time and that are rather routine procedure. Optical microscopy is useful technique
on stage of samples preparation. SEM is very fast instrument but on the other hand
AFM allows to do metrological testing of dimensions with traceability.

Conclusions. It is shown that measurements of the radial clearance of micro-
bearings cannot be determined with the required accuracy for hydrodynamic calcula-
tions and wear analysis just through subtraction from internal diameter of sleeve
to external diameter of the journal. It is proposed to measure clearance directly by
high-resolution microscopy using metallographic sample of cross section of the
assembly of sleeve and journal with the gap filled with glue.

Precision measurements of radial clearance and grooves depth have been done
using optical, SEM and AFM technique for the ventilator and the HDD microbearings
with journal diameter 3 and 4 mm, correspondingly. Radial clearance for the
ventilator long life microbearing is 6.7...7.23 um, depth of groove is 5.40...7.62 um, for
the HDD microbearing RC is 2.5-2.7 um and groove — 2.90...3.10 um. The accuracy
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of measurement is limited to the quality of the preparation of metallographic sample
and the accuracy of alignment of the measuring markers.

Dimension tolerance of microbearing diameters is determined through analysis
of roughness profiles for different components. It is established that value of dimension
tolerance for the HDD and ventilator components is the same for all surfaces — about
320 nm and the arithmetic average of the roughness profile Ra 12—-48 nm. It is shown
that maximum difference in clearance caused by the roughness of the surface can
reach 640 nm. Analysis of lubrication shows that the ventilator microbearing has
hydrodynamic type of lubrication and HDD microbearing has elastohydrodynamic
type of lubrication.

The proposed method can also be used for quality control of adhesive, soldered
or welded joints, in which the thickness of the layer of solder or glue up to 40-70
microns, that is limited to the area of AFM scanning. Addition to the measurement
of the gap can be collected on information about the continuity of the joint, the
structural homogeneity, physic, mechanical and electrical properties of the adhesive
or solder.
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PACYHETHAS MOAEJIb JTE®@OPMUPOBAHUSA
OYHKIUOHAJBHO-TPAJUMEHTHOI'O KJIMHA

H. C. Tpyouux

Jlonckou eocyoapemeennblil mexHudeckull yrusepcumem, Pocmos-na-/ony, Poccus

B kauecmee pacuemnoii mooenu depopmuposanus KIuHO0OPA3HLIX epa-
OUEHMHBIX NOKPLIMULL, TeAHCAUUX HA HededhopMUPyemMom 0CHOBANHUL, NPeO-
Jazaemcs peulenue KOHMAaKmuou 3a0aqu Ojisi HeOOHOPOOHO20 NO MOJUUHE
KIUHA, HCECTKO 3AKPenieHno20 no HudicHel epanu. Ilonyyeno 3amxuymoe
ananumuyeckoe peulenue KOHMaKmuou 3a0a4u 01s Cayuas ynpyeux mooynell
(mooynv FOnea, xosghguyuenm Ilyaccona, mooyns coguea), npedcmasis-
HOWUX coboll Henpepvlenyio OuggepeHyupyemyo yHKYuo no yeioeot Koop-
ouname. Hnmocmpupyemcs enusinue epaoueHmHocmu KIuHa Ha pacnpeoeie-
HUE KOHMAKMHBIX HANPAACEHUL NOO wmamnom. 3a0aua nocmasiena 8 ces3u
¢ HEOOXOOUMOCBIO NPOZHOZUPOBAHUSL AGNEHUS OMCIAUBAHUSL COBPEMEHHBIX
NOKPBIMULL CLONCHOU CIPYKMYPbL O HE0ehOPMUPYEMOU NOOTIONCKU.

1. IlocTanoBka 3ana4yu. PaccMarpuBaroTCsl CTAaTUYECKHE KOHTAKTHBIC 3aa4d
JUTSL YIIPYTOW KJIMHOBUHOM obnacTtu ¢ yriioM pactBopa o (0 < ¢ < a). C obnacteio
CBsI3aHa UMJIMHAPUYECKast cUcTeMa KoopauHart (7, ¢, z). Cuutaem, 4ToO rpaHb KJIMHA
¢ = 0 5)kecTKO 3aKpeIuieHa, a Ha I'paHb @ = o JAeHCTBYeT HeaehopMUpyeMbli 110JI0CO-
BOM mrami. Ha equuuny JUIMHBI ITamna JIeHCTBYET CABHraromee ycunue P, na-
pajieNbHOE OCH Z, IO IeHiCTBUEM KOTOPOr'o IITaMII IEPEMECTUTCS B HAIIPABJICHUH
OCH z Ha BEJIUYNHY €, BEI3BAaB B KJIMHE Jle(hopMaIlI0 YUCTOTrO caBura (3amada 31);
WJIY LITaMII BAABIMBACTCS CHIION P (37ech cujla OTHECEHA K €AMHMIIE IJIMHBI LITaM-
1a), MPUJIOKEHHOW Ha pacCTOSHWM /H OT BepIIMHBI KiIuHA (3amada 32). [Ipenmomna-
racéMm, 4TO CHUJIbI TPCHUSA MEKAY LITAMIIOM M IMOBEPXHOCTHIO KJIWMHA OTCYTCTBYIOT
1 BHE IITaMIIa MOBEPXHOCTh KJIMHA (@ = 0, He HarpyskeHa. [llupruHa ob1actu KOHTaK-
Ta MITaMIIa C KJIMHOM OIpeNeNsieTcss HEpaBeHCTBOM a < 7 < b, a popma ocHOBaHUs
LITamIa B 00JacTH KOHTaKTa — QyHKIUEH V(7).

st obeux 3anau koapunuent Ilyaccona v = const, MOLyJIb CIBUTa U MOAYJIb
FOHra kn1Ha U3MEHSIOTCA 10 3aKOHY

G=Guof(9), E=Eof(9), v=Vaf(p), 0<0<a, (L.1)

rae f(¢p) — MpOU3BOIbHAS, HEIIPEPBIBHO U depeHIInpyeMas BCIOAy B 00aCTH Ompe-
JCTICHHUSI, TTIOJIOKHUTENBHO onpeneseHHast GyHKIus. [ paqueHT n3MeHeH!sT yIpyTrux
CBOWCTB KJIMHA MOXET OBITh MOJIOKHTEIBHBIM, OTPULIATEIBHBIM HIJIH MEHSTh 3HAK
B nHTepBaiue 0 < ¢ <.

I'paHUYHBIC YCIOBHSI 33/1a4U TIPU CACTAHHBIX MPEIMOIOKECHUIX HMEIOT BU/T

31): w(r,0,2)=0; (32): u(r,0)=v(r,0)=0, a<r<b, p=0. (1.2)
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31: 1. (r,0,2) =0(0<r<a, r>b), wr,a,z) =¢(a<r<b),

32: 1,,(r,a)=0, 6, (r,a)=0(0<r<a, r>b), v(r,a)=—0(r)(a<r<b). (13)

TpeOyeTcst onpenenuTh pacipeieliecHue KOHTAaKTHBIX KacaTelbHbIX (11 31) 1 Hop-
MaJIbHBIX (151 32) HAPSOKEHUH IO/ I TaMIIOM:

B): 1y (r,a,z) ==1(r); (32): cy(r,a)=—q(r) (a<r<b). (1.4)

3amaun (31) u (32) cBomsATCS K PENIEHWIO WHTETPAaIbHOTO ypaBHeHUs Dpen-
rojibMa ¢ JOrapu(pMUIECKUM SPOM

jl (p(i)k(gi—xjdé =2nC,g(x"), x'| <1, k(t)= IL(OL)OL4 cos(at)da,  (1.5)

rae k(t) = [ Li(u,00)u " cos(ut)du, t=In(p/r), &=rn(p/a)—1, x=Aln(r/a)—1,

0

k=2(ln(b/ a))fl, ©(§) — dyHKIUS pacrpesesieHns] KOHTAaKTHBIX HaIPsIKEHUIH;
0,= G /(1 —-v), G, = G(E), — Monyb ciBMra Ha BEpXHEH IpaHu KIIMHa.

3nece @(§) =pt(p), g(x)=Gohe (nus zamaun 31), ¢(€) =pq(p), g(x)=GCGqle
(nms 3amaqn 32). bezpazmepnsiii mapametp A (0 < A < o0) XxapakTepusyeT coOoi OT-
HOCHUTEJIbHOE TIOJIOKEHHE IITaMIla Ha TpaHu KiuHa. Eciu mapamerp A Benuk (Madn),
TO IITaMI PACIOJIOKEH OTHOCHTEIBHO JAajieKo (OJM3K0) OT BEpPIIMHBI YNPYTOro
KJIWHA. 3aMeTHM, 9TO MHTerpaiasHoe ypaBHeHue (1.5) mpu oo — 0 u mpu pukcu-
poBaHHOM H =ago. BBIPOXKJAETCS B HHTETPAbHOE YPaBHEHUE COOTBETCTBYOIUX
KOHTaKTHBIX 3a]1a4 JiJIsl yIpyroro cios (mosock) [1].

Jlyist 3aBepIieHus] TIOCTAHOBKH PAaCCMOTPEHHBIX KOHTAKTHBIX 3ajiad JJisl yIpy-
roro HeOJHOPOAHOTO KJIMHA K HHTErpalibHOMY ypaBHeHwuto (1.5) cnenyet 1006aBUTh
YCIIOBUE PABHOBECHS IITAMITA

(3l): P = Ijr(r)dr; (32): P= Ifq(r)dr,

KoTOpoe (TP 0L =T U O = 27 ) MO3BOJSET OMPEIETUTD CBSI3b MEXKY CIIBUTAIOITIM
ycunueM P, u nepememienueM mramna € (31) win BOaBiIMBaromuM ycunuem P
u niepemenienreM mramma 6 (32). [Ipu KoppeKkTHO#H MoCTaHOBKE JOIKHO BBITION-
HaThes yenosue ©(r) >0 wim o(r) >0 npu a<r<b.

2. [oryaHamuTHYECKHIl MeTO/ pPelieHUsl MOCTABJIEHHBIX KOHTAKTHBIX 3a/1a4.
J171s1 YuCIeHHOro NOCTPOEHUs TpaHC(HOPMAHT SIAEP UHTErPAJIbHBIX YPABHEHUH IIPU-
MEHSIETCS. METOJ MHTETpajbHBIX Mpeodpa3oBaHuil u 0000IIEeHHEe METOAa MOJCIH-
pyrouux GYHKIUH ISl CHCTEM KOOPIMHAT, OTIMYHBIX OT AEKapTOBBIX [2].

VYpaBHeHus: paBHOBecus JIsiMe B MMJIMHIPUYECKOH cHCTeME KOOpAUHAT Mpe.-
CTaBJIgeM B MEPEMEIICHMX, YUNThIBas 3akoH ['yka u ypaBHenus: Komu, cBs3biBa-
fomye fedopMalny U nepemMenieHns. Pemenne nonyyeHHoi cuctemsl TuddepeH-
[AAJbHBIX YPAaBHEHNWH B YaCTHBIX MPOU3BOIHBIX BTOPOTO MOPSAKA OTHOCHTEIHHO
nepemMelleHnii uiem B hopme nHTerpaita Meminna
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c+ioo u(r,(p) U(S,(P)
i :T [ X(s,@)rds,u=| v(r,p) |, X=| V(s,0) |
T c—io
w(r,(p) W(Sa (P)

[locTaBneHHBIE 3a7]a4¥ CBOASTCSA K PEIICHUIO OOBIKHOBEHHOTO nupepeHIu-
aJIbHOTO YPaBHEHMSI BTOPOTO MOpPsAKA (B aHTUILIOCKOHM 3amaue 31) uiim CUCTEMBI
nrddepeHTnaabHbIX YpaBHEHUH BTOPOTO TIOPsIKa (B TUIOCKOM 3amade 32) OTHOCH-
TEIBHO TPaHC()OPMAHT UHTErPAIBHOTO MpeoOpa3zoBanus MennuHa QyHKIUH niepe-
MEIICHUH C TIepEMEHHBIMH KO3 PUIIHCHTAMU

dx(u,p)
— = 2.1)

= AX(u,9), 9<[0,a].

B 3amaue 31 panr marpumsl A paBeH IBYM, a B 3amade 32 — geTeipeM. Koad-
(UIUECHTHI MATPUIIBI SIBJISIOTCS MEPEMEHHBIMU 10 z. KpaeBble ycioBHs 1Sl ypaB-
HeHus (2.1) BEINUCBHIBAIOTCS U3 YCIOBHH Ha BEPXHUX U HIIKHUX TPAaHSAX KIMHA.
B wacTHOCTH, B 33a1aue 31 MaTpuna A ©UMeeT BUJT

0 1 W) G’
= 2 > X= ' " K((P): ((p)5
57 —Kk(p) Wi(u, ) G(o)
IAe IITPUX O3HAYAET MPOU3BOAHYIO MO ¢. I'paHUUYHBIE YCIOBHSA: Z (u,oc)zO,
z, (u,a)zl.
B 3agaue 32:
0 1 0 0
20-v)/ s+1 U(u, o)
- s —1 -F s+1)F +
S () R (seD)Fe) o2 U0)
A: ) X= B
0 0 0 1 V(u,0)
s—3+4v 1-2v / , V'(u,)
F - s$—-1) -F ’
(@) v 2(l_v)( ) ~Fo
rae
E E( v vios(1+2v?)+2v(v-2)
F =——-— F =—|s -1+ R
(@) E v+l (9) E[ 1-v j 1-v 1-2v
E' 2w'(v-2
F(o)=—~- (v=2) , v=V(9), E=E(0).

E (1-v*)(1-2v)

["'paHn4HBIC YCTIOBUS AJTST TAHHOW 3a/1a4y TIoiTy4aeM u3 ycrmosuit B Buje (1.2) u (1.3).
Hanee pemrenne cuctemMbl AU QGEpEeHIINANIBHBIX YPABHEHUH MPEACTABIACTCS
B BH/IE INHEHHOW KOMOWHAIINY (DyHTaMEHTAIBHBIX PeIIeHUH
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r -
x=2¢ W)Y (1, 9), 2.2)

e ‘i’lF (u,0)= 'l"i(u,(p)‘?i(u,(p), T, (4,¢) — nuaroHabHbIE MAaTPHILIBI, HA IUATOHAJIH
KOTOPBIX — KOMIIOHCHTBI BEKTOPOB i(u,(p) = (tl.l (U, ), (U, ),....t] (u,(p)) .

Bekropsr W, (u,) sBIAIOTCS COOCTBEHHBIMH BeKTOpaMu MaTpuil A st k(@) =0
(UT OMHOPOAHOM cpesbl), € (i,() — BEKTOPHI MOJETUPYIOMIMX QyHKIHiA, CBA3AH-
HBIX C HEOJHOPOAHOCTBIO cpenbl, C,(u) — HEKOTOpbIE KOI(P(PUIUEHTHI, HE 3aBH-
CSIIME OT (p M ONpEACsieMbIC U3 PEIICHHUS! CHCTEMbl JMHEHHBIX ajare0panvdeckux
YPaBHEHUH, MOIYYArOEHCs U3 TPAHUYHBIX YCIOBHU. J[aHHBINH MPUEM MO3BOJISAET
BBIJIEIUTH B BbIpaskeHuu (2.2) cocrapustomue WV, (u, ), 3aTpyIHAIONUE IPOLECC
YUCIICHHOH pean3aliuy pelieHns. Bua KOMIIOHEHT pUBeIeH, HarrpuMep, B padote [3].

BekTopsl Mosienupyromux ¢yHkuuit € (u,¢) onpemenstorcs u3 3aaau Komw
npu GUKCHPOBAHHBIX 3HAUCHUSIX 1L:

A0 Gl Ap g T ne) (=1 0<o<a  (23)
de de

Hauanbusie yenosus t,(1,0) ONpeensioTes;, HCXOs U3 BHIA PELICHHS yPaB-
HeHus (2.1) s OHOPOIHOTO KIIMHA Ha UX HMDKHEW TPaHu.

Takum 06pa3zoMm, MOTYYSHBI CIEAYIOLINE BBIPAKEHUS ISl YUCICHHOTO TOCTPOe-
HUS TpaHchopMmaHT L, (u,0):

3D): L (u,00) = th(uAo)t, / £} ;

(32): L (u,0) =V (iu,a) = a,t, 1 + a,tk + atin+a,t,m,
= cos(iu +1)a, k =sin(iu +)a,n = cos(iv —1)a, m =sin(iu —1)a.,

rie t, =t (u,o) — pemenns 3anay Komn (2.4); a, = a,(u) — pelleHus CHCTEMBI aJire-
OpanyecKuX JIMHEHHBIX YPaBHEHHUH, TIOyYEHHOW U3 TPaHUYHBIX YCI0BUH 3a1auu (32).
HccenenoBaHel cBoiicTBa TpaHC(OPMAHT snep L, (1,00) UHTErpajabHbIX ypaBHe-
Huil. B wactHOCTH, M QYHKIMOHAJIBHO-TPAJUCHTHOI'O KJIMHA TpaHCc(OpMaHTHI

sJIep TapHOTO HHTETPAIbHOTO YPaBHEHUS 00JIAZAI0T CIIEAYIONIMMH CBOWCTBAMHU:
L(u)= A|u| +Bu’ +0@’), u—>0; A=limL(u)u";
1 u—0 (24)

Lu)=1+Clu|” +Du” +0u>), u > .

YCTaHOBIIEHO OTIMYHME CBOWCTB TpaHC(OPMAHT sifiep MHTETpajJbHBIX ypaBHeE-
HUM, MOJIYYEHHBIX JIsI MHOIOCJIOMHOIO0 U OJHOPOAHOIO OCHOBaHUA [1], OT aHano-
TUYHBIX CBOMCTB TpaHC(OPMAHT siiep WHTErPaJIbHBIX YpaBHEHUH, MOTyYEeHHBIX
TSI TPaIMeHTHOTO KIIWHA.

B paGore [4] noka3ana Teopema o ToM, 4TO GyHKUMIO L, (#,00), 00sI1agaronIyto
cBoiicTBamu (2.4), MOKHO aNMmpOKCUMHUPOBATh BBIPAKEHUSIMU BUIA

2 2
L) = Ly () = th AuT"“ 0§ =5 0ty =y 2 2.5)

2 2°
n=1U +'Y:l
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[Tpu uncnenHoi peanusanuy MeToAa IJ1s onpeaeaeHus KodpGULUEHTOB §,, ¥,
HCTIONB3yeTCsT 2PGEKTUBHBIA aITOPUTM, OTUCaHHEIH B padote [3]. MaTEeTpansHOE
ypaBHeHue (1.5) CBOIUTCS K PEIICHUIO MAPHOTO UHTErPAILHOTO YPaBHEHUS, pellie-
Hue KoToporo st pyHkuuu L, (u,0.) Buaa (2.5) HalljeHo B ciaydae, Korjaa QyHKIus
g(x) moxert GbITh IpecTaBicHa B Bue psajga ypbe, T. €. pa3mMep 30HbI KOHTAKTa
(bUKCHUpPOBaH U HE 3aBUCHUT OT HATPY3KH.

Ucnons3ys meTon paboTsI [5], moyyeH aHAaTUTHYECKUI BUJT PEIIEHUS B BU/IE,
yIIOOHOM TSI TEXHUYECKUX MPHUIIOKEHUH [3], KOTOPBIN BBIPasKaeTCs Yepe3 MPUco-
equHeHHble QyHkuuu Jlexangpa P! =PM(ch0), Q) =Q!(ch0) u mnrerpansr or
HuX, 0=mn/(4N), 4,9,, v, — KodQOUIHEHTHI anmpOKCUMalMK TPaHC(HOPMAHTBI
L, (u,0) BpaxkeHueM (2.5) npu N = 1.

o(x) = C{SE (2(ch9—ch9x)) " (0, L(0)) " +
2.6)
(FZSZK’Z sh 9(8°F, +1°F, ) )I(x)},

e
0=-0,5+8/(19), v=-0,5+7/(A8), F, =1-h(;0,5),

F,=(8"-v")0,. F,=P,G(-0,5v), F,=0,h(:-0.5),
h(a,b)=P,(ch9)0}(ch8)- P! (ch8)Q,(ch9),
G(a,b)=0, (ch9)Q! (ch9)- Q' (ch9)Q, (ch9),

I(x) =[P, (ch87)(2(ch 8 —ch 8x)) " sh 9d

YcraHoBneHO [3], UTO MOCTPOEHHBIE PEIIEHHUS! SBJISIIOTCS IBYXCTOPOHHE acHM-
NTOTUYECKH TOUHBIMU PELICHUSMH UCXOIHOI'O MHTETPAJILHOIO YPaBHEHUS KaK U
MaJlbIX, TaK W MPHU OOJBIIMX 3HAUCHUSAX Oe3pa3MEepPHOr0 reOMETPUYECKOIo mapa-
MeTpa A. CpaBHEHHE MONYUYEHHOTO aHAJIMTHYECKOTO MPUOIMKEHHOTO PEIeHUs
C M3BECTHBIMU PEIICHUSIMHU JUISI OTHOPOIHOTO KJIWHA U3 paboTH [1] mokas3ano mo-
rpemrHocTh MeHee 1% npu A < 1 u A > 2,8. Haunbonpine pacxoxaenus (0onee 10%)
HaOMOIA0TCs pu A = 2. SIBHBINM aHATMTUYSCKUN BUJI PELICHUI JTaHHOW MOJIEIH
o0ecreurBacT BOBMOXXHOCTH MX NIMPOKOTO MCIIOIB30BAHMS JJIsI OLIGHKH KaK MeXa-
HAYECKUX ((QYHKIINH KECTKOCTH), TaK M 3aIIUTHBIX CBOWCTB (TEPMOCTONKOCTH, U3-
HOCOCTOMKOCTH) (yHKIIMOHAJIBHO-TPAAUEHTHBIX MOKPHITHH CII0KHOU CTPYKTYPBI.

3. YncseHHbIe NPUMepPHI MOCTPOEHHS TPAHC(OPMAHT s/Iep HHTETrPAJIBLHOI0
ypaBHeHusi. Jlasiee npuBeACHBI YNCICHHBIC PE3YNbTAThl ISl psija KOMIIO3UTHBIX
MOKPBITHH, 711 KOTOPBIX MPH BCEX BO3MOXKHBIX THUIAX 3aKOHOB HEOJHOPOIHOCTH
3Ha4YEHHUE OTHOLICHUS MOAYJIS CABHIA Ha IMOBEPXHOCTH MOKPBITHS K MOZYJIIO CABHTA
B I1000M BHYTPEHHEH Touke (0003HAYMM €€ 71,) HAXOMUTCA B MHTepBane 1/3,5 <n, < 3,5.
Takumu cBOWCTBAMH OMMCHIBAIOT, HaNIpUMep Kommno3uTHele cpeasl Al-Fe, Cr—Al,
Ag—Au. AHanu3 NpOBOJAUTCA B clydae 3aKOHA W3MeHeHus Moxyis FOura mo yrio-
BOH KOOpIWHATE KJIMHA, MepBasi MPOU3BOIHAS KOTOPOTO HEOJHOKPATHO MEHSET
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3HaK s moboro 3Hadenus @ € [0; /4] . Jina mogyns FOnra Buna (1.1) u k03d-
¢urmenta ITyaccona —1 < v < 0.5 paccMOTpUM clenyoIIHe THIIbI HEOAHOPOIHOCTH:

E/E,=f (¢)=2.25-1.25cos(8ap) um E/E =g (¢)=1/f (9), G
0O<p<m/4. '

Ha puc. 1 coOpaHbl B OHOM KOOPIMHATHON MIIOCKOCTH KpuBbIe I, (1) = L (u)/L (1),
COOTBETCTBYIOIINE 3aKOHAM HEOJHOPOIHOCTH KJIMHA (3.1) 10 OTHOIICHHIO K TPaHC-

E/Eo

15

1.0 2.0 3.0

E/Eo
1.00 |

0.75 +
0.50 +
Puc. 1. 3naueHHs OTHOCUTEITE-
0.25 HBIX TpaHC(HOPMAHT Fa(u) s
3aKOHOB HEOJHOPOAHOCTHU
0.00 -| f.(@ u g (¢) nng a = 0,5

na=1
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Puc. 2. OTHOCUTE/IBEHBIE KOHTAKTHBIE HAPSIKEHUS Y (X) = @(x)/ @(X) 11 3aKOHA HEOAHOPOIHOCTH
Jo.5(®) AN pasTUYHBIX 3HAYEHHH

13 1004 E/E,
l.‘{7-=-=-|=-=-.-—= =-=“Tu2=&’“;_<. - 0.75
.'I/ EEEEA AR PR S ~ \“
g TR \\\., 0.50
‘ S
! 1.0 L\ -o-ooazs 0257
_____________ = --=- 025 0.00
.- 0o TTTTmEmeeaalLl, | ——0s .
...... 2
o8 | 8
0.7
. 0.6 i
-1 -0.5 0 0.5 X 1

Puc. 3. OTHOCHTENbHBIE KOHTAKTHBIE HAMPSIKEHUS ,(X) = Q(X)/ @ (x) 171 3aKOHA HEOTHOPOIHOCTH
80.5(¢) A1 pa3IUUHBIX 3HAYCHUH A

(bopmanre Ly(u) ans omHOpoaHOTO C1os ¢ moxynem fOnra E;. Ananus KpUBBIX Ha
pUCYHKE TIOKa3aJ, 9To THI (KJacc) TpaHC(POpPMaHT, a CIeIOBaTEIBLHO, M BU pellle-
HUS KOHTAKTHBIX 3aJ1a4 JJIsl HEOJHOPOTHOTO KIIMHA, ONMPENENsIeTCs, TITaBHBIM 00-
pa3oM, CBOMCTBaMU BEPXHHX CJIOCB KIIMHA.

Ha puc. 2, 3 npuBenensl rpaduku oTHocuTenbHOM BemuuuHbl W, (x) = o(x) / ¢, (x),
XapaKTepHU3YIOIeH pacrpee/icHne KOHTAaKTHBIX HOPMaJIbHBIX HANpsKeHUH @(x)
TOJ1 IITAMIIOM, B/IABJIMBACMBIM SJTHHUYHOM CHUIION B HEOITHOPOIHOE MOTYTPOCTPAHCTBO
¢ moxysem lOunra Buja (1.1) npu a = 0,5 v pa3HbIX 3HAYCHUSAX A = 2(ln (b / a))fl. Ko-
s¢dunment [lyaccona v B rannom npumepe pasen 0,333. Benmuuna ¢, (x) =rq,(r) —
0e3pa3MepHoe pacrpelielicHUe KOHTAKTHBIX HAMPSIKESHUH MO IITAMIIOM JUTSI OJTHO-
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ponHoro kiuHa npu E(¢)=E,. HoMep Ha KpUBBIX COOTBETCTBYET 3HAUECHUIO A.
3uauenus @(x) HaigeHbl o Gopmyre (2.6).

PabGoTa Beimonuena npu ¢unancoBoli nogaepsxkke Poccuiickoro donna dpynna-
MEHTaJIbHBIX HccaenoBanuil (mpoekTsl 10-08—00839—a, 11-08-91168 I'OEH-a),
a Takxxe Poccuiickoll rocygapctsenHoi 1esneBoil mporpammsel 'K PO Ne [11107 ot
02.06.2010 r.

BriBoabI

1. [lns 3HaKONEpeMEHHBIX 3aKOHOB B ciiydyae (PyHKIIMOHAJIBHO-TPAIUEHTHOTO
MOKPBITUS Hele(hOpMHUPYEMOTO OCHOBAHUS yIaJIOCh MTOCTPOUTH MPOCTeHINe aHa-
JIMTUYCCKUEC PCIICHU A KOHTaKTHOM 3aJia4yu, NOrpC€uIHOCTb KOTOPBIX COCTABJISACT MEC-
Hee 10%. [lanHble pelieHus] KaueCTBEHHO OTIUYAIOTCS OT PEUICHUMN I CIIOUCTHIX
MaTepHaJIOB.

2. IlomyueHo mpuOIMIKEHHOE aHATUTHYECKOE pEelIeHHe KOHTAKTHOM 3aJadu
B BHUJE, YJIOOHOM JUIsI TEXHHUYECKHUX MPUIIOKCHHUM (ONPENEsieTCs TPeMs mapame-
TpaMu).

3. SIBHBIN aHANUTUYCCKHUI BUIl PEIICHUN MaHHON MOIEITH 00€CIeYnBaCT BO3-
MOXXHOCTHU HUX IHUPOKOro MCIOJb30BaHUA AJISI OHCHKHU KaK MCXaHUYCCKUX (®YHK-
[N KECTKOCTH), TaK U 3AIIUTHBIX CBOWCTB (TEPMOCTOMKOCTH, U3HOCOCTOMKOCTH)
(YyHKIIMOHATBHO-TPATUSHTHBIX TTOKPBITHH CIOXKHON CTPYKTYPHI.

4. YnucneHHBIN aHATN3 MOJIEIH TTOKa3bIBAET, UTO OMPEAEIISIONINME JIJIs pacipe-
JIeJICHUSI KOHTAKTHBIX HAMPSKEHUU MOJ IITAMIIOM SIBIISIIOTCSI IPUIIOBEPXHOCTHBIC
cBoiicTBa kiuHa. OHAKO CYIECTBEHHOE BIIMSIHYE HA XapaKTep KOHTAKTHBIX HaIps-
JKEHUH OKa3bIBaeT TaK¥Ke YBCIINYCHUC KOJIMYECTBA LIepCJZ[OB.EIHI/II‘/'I MSITKOI'O U XKECT-
KOT'O CJIOEB MPU YMEHBIICHUU PACTBOPA KIUHA.
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METO/I ONIPEJEJIEHAS MEXAHUYECKUX CBOMCTB
MATI'KOI'O HEOJHOPOJHOI'O CJIOA
C UCTIOJIb30BAHUEM ATOMHO-CHUJIOBOI MUKPOCKOITUA

C. C. Boakos!, 5. U. Mutpun', H. ®egoror?, E. C. Iposx’

! oncxoti 2ocyoapcmesennviii mexuuueckuii ynusepcumem, Pocmos-na-IJony, Poccus
’Tshwane University of Technology, Ilpemopus, FOAP
SUnemumym menno- u maccoobmena umenu A. B. JToikosa HAH Benapycu,
Munck, benapyco

BBenenne. Pa3Butue METONOB JUHAMUYECKON aTOMHO-CUIIOBOM MUKPOCKOIIUU
(ACM) mpencraBisieT OOJNBIION MHTEpPEC JJIS U3YUYCHHUST MEXAaHUYCCKUX CBOWCTB
MOJIMMEPOB, OMOJIOTUYECKUX TKaHEH, pa3JIMYHOTO POJia KOMITO3UIIMOHHBIX MaTepH-
aJI0B ¥ MaTEPHAJIOB CIIOXKHOU CTPYKTYpHI. Tak, B padote [1] meTomamu ACM Obin
WCCIIEZIOBAHbBI 00pa3Ilbl MaTepuaioB, Monynu KOHra KOTOpBIX MEHSITUCH B UAIa30-
ue ot 0,001 I'TIa mo 1 I'Tla. DTOT MManMa3o0H U3MEHEHUS YIIPYTHUX CBOMCTB KaK pa3 co-
OTBETCTBYET CBOWCTBAM MOJIMMEPOB M OMOIOrHYECKUX 00beKTOB. C Ipyroil CTOPOHBI,
HCIIOJNIb3Ysl CKAaHUPYIOMIUHN 30HI0BBIN MUKpockon «HaHockany, npeaHa3HaueHHbIN
JUISl WCCIICZIOBAHUS MEXaHWYECKHX CBOMCTB TMOBEPXHOCTH M HM3MEPEHHS TBEPIOCTH
CBEPXTBEPIBIX MATEPUAJIOB M TOHKHX IIJICHOK (MIOKPBHITUH), B paboTe [2] ObLIH HC-
CJIeTOBaHBI MaTEPHUAIIBI, MOJTYJIH YIIPYTOCTH KOTOPBIX mocTuriu 3Haderus 1050 I'Tla.

ITocTpoeHne TOUHON MATEMATHYECKON MOJENIH, B3aUMOACHCTBUS MHIAEHTOPA
C peaJbHBIM MaTEPHAJIOM, TIPEICTABISACT OONBINON WHTEepec. [[Is alekBaTHOrO Omu-
CaHUs TIpollecca BHEIPEHUs MHACHTOpa B MaTephasn o0pasiia, HeoOXOIUMO y4H-
TBIBATh LEIBINA P (PaKTOPOB, BIMIONINX HA 3TOT MPOIECC, B YACTHOCTH HEOIHO-
pPOIHOCTH MaTepuala, BIUSHIE MEXaHUUECKUX CBOMCTB MOJIOKKH (0OCOOEHHO 3TO
BaXXHO JJISl MATKUX MaTepUajioB), a Takke (GopMy H pa3Mepbl HHACHTOPA [0 CPaB-
HEHHUIO C TOJIIUHON UCCIEAYEMOTO CII0sl MaTepuaa.

Panee ObLT IOCTPOCH PSJT MATEMAaTHYECKUX MOJEJICH B3aUMOJICHCTBHS WH/ICH-
Topa (IMTaMIra) ¢ IIOCKOH 1 MapadoIMIecKOoi MOIOITBON BHEAPSIOMIETOCS B OTHO-
POIHBIN YIPYTUU CIOM, HO 3TU MOJEIN HE YUYUTHIBAIHU BIUSHUS YIPYTUX CBONCTB
MOJIJIOKKH, IIPUYEM [TOCTPOCHHBIC pelieHus ObLIN 3()(PEKTUBHBI TOJIBKO JIJIs Y3KOT0
JIrana3oHa 3HAaYeHHH XapaKTepHOr0 T€OMETPHYECKOro Mmapamerpa 3ajadu (OTHO-
LIEHHUE TOJILIUHBI CJI0S K paJuycy 30HBI KOHTaKTa) [3, 4]. HekoTopsle pemenus ans
HEOJAHOPOJHOTO CJIOsi OBLITM TOCTPOCHBI ISl YACTHBIX 3aKOHOB HEOJHOPOIHOCTH
B cJI0€ (IKCTIOHSHITUATBHBIN 3aKOH U3MeHeHus1 Moyt FOHra ¢ riyouHoit [5] u mo-
Ka3aTeIbHBIN 3aKOH).

B nanHoii paboTe pa3BuBaeTcsi IBYCTOPOHHE-ACUMIITOTHYECKUI METO[| pelle-
HUS KOHTAKTHBIX 33/1a4 I HEOTHOPOIHBIX cpen, pazpadortanusrii C. M. A#3nKo-
BuueM [6, 7]. MaTemaTuueckasi MOZIeNb, OCHOBaHHAs HA JAHHOM METOE, MO3BOJIS-
€T TIONYYUTh PEIICHUEe OCECUMMETPUYHON KOHTAKTHOHN 3a7auyl JJIs CJIO0sI, BO BCEM
JIranazoHe M3MEHEHHS XapaKTepHOTO0 TeOMETPHUYECKOro TapaMeTpa 3aJladd, Y4u-
THIBaTh MIUPOKUH KJIacC 3aKOHOB, U3MeHEeHUs1 MOy st FOHTra ¢ riryOuHOM, a Takxke
BIIASTHUE TTOJIJIOKKH HA OCHOBHBIE MEXaHUYECKHUE XapaKTePUCTUKH 3aa4H.
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[Ipennaraercs MeTOA KOHTPOJIS 3aKOHOB M3MEHEHHSI HEOAHOPOJHOCTH Mare-
puasa 1o riayOuHe, OCHOBAaHHBIM Ha HOCTPOEHUH «(QYHKIUH >KECTKOCTHY. MeTox
MO3BOJISIET UCTIONB30BaTh ACM 17151 KOHTPOJISL YIIPYTHUX CBOMCTB MSATKHX OMOMaTe-
pHaJIOB.

IMocTranoBKka u penieHne KOHTAKTHON 3agaun. PaccmarpuBaeTcst ocecumme-
TpUYHAs KOHTAKTHAs 3a/1a4a O BAABIMBAHMH LITAMIIA C INIOCKOH, MapabonnyecKom
WA KOHUYECKOH MOAOIIBOM B HENMPEPBIBHO-HEOAHOPOJHBIN YIPYTUM CIIOH, JexKa-
Uil Ha ynpyrom noiymnpoctpascTse (puc. 1). Cioit cuntaercs KeCcTKO CIeTJieH-
HBIM C MOJJIOKKOM, Ha TPaHULE CIIOSl U MOAJIOKKH 3a/laH CKauyOK YIPYTHX CBOMCTB
(Momyns HOHTA TOMIOKKH MOKET OTIIMYATHCS OoJiee YeM Ha TOPSIOK OT MOIYJIS
IOnra cmos).

Henedopmupyemblit KpyTiiblil mTami BAABINBACTCS B BEPXHIOIO TPaHb yIPYTro-
IO MOJYIPOCTPAHCTBA C HEOAHOPOIHBIM MOKPBITHEM cHioi P. C TomypocTpaHCTBOM
CBsI3aHA LIJIMHIPUYECKAsi CUCTEeMa KOOPAUHAT 7, ¢, z. CHIIbI TPEHUS MEXY ILITaM-
[IOM U NIOJyIIPOCTPAHCTBOM IIPEATNOIAratoTcs OTCYTCTBYOIUMU. BHe mtamna mo-
JYTIPOCTPAHCTBO He 3arpyskeHo. Lltamm mpeacraBnser coO0H 0CeCHMMETPHUYHOE
TeJIO ¢ nonepedHsiM cederneM Q (7 < @) ¥ MOBEPXHOCTHIO OCHOBaHHs Z = (7).

Koadduumentsr Jlame A u M monynpocTpaHcTBa ¢ TIyOMHON U3MEHSIOTCS
10 3aKOHY

D) A=A)(2), M=M,(z), —H=<z<0;

1
2Q)A=A, M=M,, —o<z<-H. M

Xi A” M" 2
A A
c)

Puc. 1. IToctaHoBKa 3a1auu: @ — HHJGHTEP C IIJIOCKOI MOIOLIBOIL; b — chepuueckuii HHICHTED;
¢ — KOHUYECKUH UHIEHTEP
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HOI[ HeﬁCTBHCM LHCHTPAJBbHO HpPIJ'IO)KeHHOﬁ cuiabl P mtamn NEePEMECTUTHCA
B HAIIpaBJICHUHW OCH Z HA BCIIMYNHY 0. FpaHI/I‘lHLIC YCJIOBUA NIPpU CACTIAHHBIX IPE/I-
TIOJIOKCHUAX UMCIOT BU/J]

o, =0, r>a

z=0, 1 _=1_=0,
w=—8(r)=—(8—\|1(r)), r<a

zr zQ

@

[Ipennonaraem, 4TO Ha TPAHUIIE MOKPHITUE—TIONIIOKKA HMEIOT MECTO YCIOBUS
COTIPSIKCHUS

,C(U =1® G(l) — 0(2)

z=, | TR0 S0 &)
W()=W ), u()zu()

[Ipn (r;—z)—)oo HaNpSDKEHUsT B MOJNYIPOCTPAHCTBE HcuesaloT. Tpedyercs
OTIpEAETUTh TepeMeIlleHHe ITaMIa U pachpesieieHne KOHTAaKTHBIX HOPMaJbHBIX
HaNPsSYKeHUH MO IITaMIIOM:

o=—q(r), r<a. @)

IlocTaBiaeHHass KOHTAKTHasI 3aJla4da CBOAUTCA K PCHICHUIO CIICAYIOIICTO UHTC-
I'PAJIBHOTIO YPAaBHCHU !

1 %
[t(p)pdp [ L(u)J, (urk )J, (uph du=n10,(0)f(r), r<1. Q)
0 0

3mece ©,(0) mapamerp, cBs3aHHBIN ¢ KodbduuneHTamu Jlame Ha MOBEPXHOCTH
cost; g(p'a)=1(p); A= H/a — reomerpuueckuii mapameTp 3a1a4m.
Jlstst TpaHcOPMAaHTHI s11pa

L(u)= H”“L ©)

B paborax [0, 7] MOIy4eHO aHATMTUYECKOE BHIPAKEHHE KOHTAKTHBIX HAIPSKCHHI
JUTSl HHAGHTOPA C IUIOCKOH U cheprudecKOi OOIBONW COOTBETCTBEHHO:

() = 2®°,E°)8{ 10 i3 JJJdt} ™

\/ —r? N/
2a0 (0)

o) = 20 (OW1—7 +zc,4x j ( t) ®)

Meron onpenenenus KOHCTaHT 4;, B, Takxe onucan B padorax [6, 7]. Koncran-
Tl C; ONPENENAIOTCA U3 CHCTEMBI JMHEHHBIX anreOpandecKux ypaBHeHHH. [lns
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KOHTaKTHBIX HaHpH)KeHHfI B ClIy4a€ KOHHWYCCKOIO MHJACHTOpA yAacTCsd NOJYYHUTH
peuicHue CICAYOUICTo BUuaa:

o) =0, A2 O =)
a r

o ©)

ZAK (chh(’M ’)dt+D,.jMdt).

N

Dopmynsl (7)—(9) apdexTrBHBI BO BCeM JAHMAana3oHe 3HAUYEHUU TapamMeTrpa A.
TpancpopmanTta sapa L(u) Buma (6) MO3BOISET YIUTHIBATH HEOTHOPOIHOCTE CIIOS
Y BJIMSTHHE TIOITIOKKH.

MeTopn onpeneieHHst H KOHTPOJISI CBOHCTB HEOJHOPOIHOI0 YIPYroro cJjos
OCHOBaH Ha MOCTPOCHHUH M aHaIHM3e CBOMCTB (PyHKUIHMHU >kecTKOCTH. {1 ogHOpO-
HOTO HOJIYIPOCTPAHCTBA (DYHKIHNS JKECTKOCTH SBISCTCS KOHCTAHTOH W IPEICTAB-
JISICTCSI B BUAC

E
1-v*’

E

v = (10)
rne £ — monynb FOHra; v — koaddunment [lyaccoHa ogHOPOIHOTO MOTYyIPOCTpaH-
CTBa.

B cnyuae ecnu Mbl uMeeM CON C HEOOHOPOIHBIMHM YIPYTUMU CBOHCTBAMH,
(yHKIHS )KECTKOCTH SIBIISICTCS MHOTOTMApaMETPHICCKON (PYHKITMEH W TSI ITamIia
C IJIOCKOM TOJIOIIBOM MPEICTABIISETCSA B BUIE

E, :;d—P (11)

440,(0) dd

3,Z[GCL P BJaBJ1MBaronias Cujaa, aHaJIuTHYCCKOC BLIpa)KeHI/IC KOTOpOﬁ NMCECT BU
N
-1 -1 -1
P= 4a5®0(0)[L (0)+X C.A " AshA) } (13)
i=l1
PaCCMOTpI/IM JABa HCMOHOTOHHBIX 3aKOHA U3MCHCHU A MOZ[yJ'IH IOHl"a C FHYGHHOﬁZ

+1 1 +1 -1 z
Do (2)= %2 %2 cos(znﬁ j; 2)(p2(2)=(P2°TO+(P2°TOcos(2nEk].

Ha puc. 2 noctpoeHna QyHKIHMS KECTKOCTH Ul 3akoH0B 1 1 2 (v =0,3; @, = 3,5;
Monyis FOura ocnoBanus B 100 pa3 omnuvaetcst ot Mmoayist FOHra cinost Ha rpaHuie
cioii—ocHoBaHue). [1o A B3siTa 30Ha, Ha KOTOPOU (DYHKIIMH KECTKOCTH OTIIHYAIOTCS
JIPYT OT ApyTa, IS pa3HbIX 3HAUCHUH mapameTpa k.

MeTon onpeneeHus yIpyrux CBOHCTB CIIOS 3aKITI0YACTCs B CICIYIONIEM: IIITaM-
IbI pa3JIMYHON (POPMBI BAABJIMBAIOTCS B MaTepUal, U3MEPSsl CBSI3b MKy OCAIKOM
Y BJIABJIMBAIOIICH CHUJION; IOJly4aeM HaOOp TOUYCK, KOTOPbIA HAHOCUTCS Ha I'paduk.
3areM cTporM (YHKIIMH KECTKOCTH JUISI pa3IMYHOTO HAOOpa 3aKOHOB HEOTHOPO/I-
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3aKoH 2

T 1
A
1 5} 10 50 100 500

Puc. 2. ®yHKIHUSA )KECTKOCTH

HOCTH U TIOI0MpaeM Ty (PYHKITUIO )KeCTKOCTH, KOTOpast HanboJsee OJIM3Ka K IOITy-
YEeHHOMY Ha0Opy 3HaYEeHHH.

Omnpenenenne 3aK0Ha HEOJAHOPOIHOCTH, TAKUM 00pa3oM, HEOAHO3HAUHO. B psiae
cirydaeB QYHKIIUH KECTKOCTH, TIOTYUYEHHBIC U3 IKCIIEPUMEHTAIBHBIX JAHHBIX, OKa-
3BIBAIOTCS ONMM3KUMHU JIPYT K ApyTy. [ns 6onee mocToBepHOro ompeaeneHus 3aKoHa
HEOJHOPOJHOCTH MPH SKCIIEPUMEHTE B CJI0€ HEOOXOAMMO OXBATUTh KaK MOXKHO 00-
Jiee MUPOKUH TUAa30H napaMerpa A.

Pabora Bemonnaena mpu moxnepxkke Poccuiickoro donma (hyHIaMEHTaIBHBIX
nccnenoBanmii (11-08-91168-I'DEH_a, 12-07-0639_a), 'K Ne P1107, 'K Ne 11.519.11.3015,
11.519.11.3028.
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PABBUTUE MATEMATHYECKHX MOJIEJENA KOJIEBAHU 30H/IA
B IMHAMUNYECKOM ITOJTYKOHTAKTHOM PEXKUME PABOTbI
ATOMHO-CHJIOBOI'O MUKPOCKOITA

C. O. AberkoBckas, C. A. Unkuk

Hucmumym menno- u maccooomena umenu A. B. Jleikosa HAH Benapycu,
Munck, benapycs

XapakTep B3aMMOJCHCTBUS 30HAa C 00pa3LoM B JHHAMHUYECKOM PEKUME pa-
0OTBI aTOMHO-CUJIOBOI0 MHKpockona (ACM) ompenenser noaydaeMblii pe3ysbTarT.
st nHTepIpeTanuy 3KCIEPUMEHTANIBHBIX JaHHBIX HEOOXOIMMO BBISIBUTH MeXa-
HU3M 3TOTO B3auMojeucTBus. [lo3ToMy BakeH BBIOOpD MOJENH B3aMMOJCHCTBHUS
30HIIa ¢ 00pa3IoM, KOTopas MO3BOJSET HanOoJiee MOTHO OOBICHUTH IKCIICPUMEH-
TaJIbHBIC PE3YJIbTATHI.

B 1987 . Y. Martin, C. C. Williams u H. K. Wickramasinghe u3 xomnanuu IBM
oryOIHMKOBaIM PaboTy 0 MOIU(PULIUPOBAHHOM aTOMHO-CHUIIOBOM MHUKPOCKOIIE, B KO-
TopoM ACM-30H7 coBepIai BEIHYKJICHHbBIC KOJCOAHUS B PEXKUME aMIUIUTYIHOH
Monyisinui [1]. HoBeiit MeTox mpeaiaraicst aBTOpamMu ISl U3MEPEHHUS CHIT B3aUMO-
NeHCTBHSA 30HIa B 00pa3iia Kak (yHKITHHA PACCTOSTHHUS.

B 1993 r. komnanus Digital Instruments 3amatentoBaia ACM, paboTaromuit
B TWHAMHUYCCKOM ITOJIYKOHTAaKTHOM pekmme TappingMode™ [2]. B aToMm ke romy
apropamu Q. Zhong, D. Inniss, K. Kjoller u V. B. Elings ony0iaukoBana nepBas
u3BeCTHas paboTa O pe3ysibTaTax HCIONb30BaHUs pexuma TappingMode™ [3].
B 1994 1. J. Chen, R. K. Workman, D. Sarid u R. Hoper mpennoxunu maremaTnde-
CKYI0 Mozienb Koniebanuit 3on1a ACM a1t OJTYKOHTaKTHOTO pexkuma [4]:

d’z ®, dz

m?+maz+k[z(1)—zl—Asin(cot)]—F[z(t)]zO; (1)

F[z(1)]= foR[_(G/Z)Z +31—0(cs/z)8} 2> 2,;

g (z-2)" z<z,;

8\/5 \/E 1-v?

o= 3n(k, +x,)

> i

TE.

1

3zech f, — mapamMeTp B BHIPAKEHUU MPUTATUBAIOIINX CUJI B3aUMOJIEHCTBUS; G — Me-
’KaTOMHOE PacCTOsAHNE; R — pajuyc KPUBH3HBI OCTPUS 30HA; V; — KOOQPUITUEHTHI
ITyaccona u monynu IOura marepuanos octpus (i = 1) u obpasua (i = 2); z, — pac-
CTOSHUE, IIPU KOTOPOM CHUJIBI B3aMMOJACUCTBUSA YPABHOBCUINBAIOTCA, z — KOOpAH-
HaTa OCTpHsI; ¢ — BpeMsi; m — Macca 30H1a; O — T0OpOTHOCTH 30H/A; kK — €T0 JKEeCT-
KOCTB; Z, — PACCTOSIHUE OT TOYKH 3aKPEIJIEHHs KOHCOJIHU 30HJa J0 HOBEPXHOCTU
oOpasua; A — aMIIMTy/1a KoeOaHuii 3aKperyIeHHOTO KOHIA KOHCOJHM 30H/1a; 0y U M —
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coOCTBeHHas ¥ paboyasi 4aCTOTHI KOJIeOaHUH 30H/1a, COOTBETCTBEHHO. Moieib oc-
HOBaHA Ha YPaBHEHUU JIBUKCHU ST OCTPHSI 30H/1a KaK TapPMOHUYECKOTO OCIIUIIISITOPA
U YYUTBIBAET KaK BaH-I€P-BaabCOBO B3aMMO/IEiCTBHE 30HAa C 00pa3oM, TaK 1 UX
YIPYTUH KOHTAKT corjlacHO Mozenu epma [5].

O0630p 3HAYUMBIX PadOT MO MOAEISAM B3aMMOJICHCTBUS 30Ha U 00pa3na B Ju-
HAaMHUYECKOW IMOJYKOHTaKTHOH aTOMHO-cuiIoBod Mmukpockonuu (AITACM), BbI-
noiaHeHHbIX 10 2002 1., npuBeaeH B pabote [6]. 31nech MpelcTaBiIeHO ypaBHEHHE
JIBHKCHUS 30H1A KaK IByMEPHOTO 00bEKTa U MPUBEACHBI CCBUIKH HA TONBITKH €r0
pemenns. /lanee Ha OCHOBE aHalIM3a MHOTOYHCICHHBIX pabOT mpeasaraeTcs ypas-
HEHHE BBIHYKJIEHHOTO IBWKECHHUS TMPYXMHBI TOYEUHOHW MAacChl C y4eTOM TPEHUs
Y CHJI B3aMMOJCUCTBUS OCTpHs U 00pa3iia B 00IIeM BHJIe KaK HauOosee mepcriek-
TUBHOE ST ONMCAHUS JBWXKCHUSI OCTPHS 30HIa B nuHamudeckoit ACM. Kirode-
BbIM YJICHOM YPaBHEHHs SIBJISICTCS B3aWMOIEHCTBUE OCTpHsl U 00pasla, KOTOpoe
B 00IIeM ciIydae MOKET BKJIIOYATh IETyI0 TPYIITY B3aWMOJCHCTBHI, KaK HEKOH-
TaKTHBIX (MEXMOJIEKYJISIPHBIX, JIEKTPOCTATHYCCKUX U MAarHUTHBIX), TAK U KOH-
TaKTHBIX (YIPYTHUX, BA3KOYNPYTHX, MIACTHIECCKUX, aJIF€3NOHHBIX, KATAIIISAPHBIX).
OTH B3aUMOJICUCTBUS PA3JIMYHON MPUPOJIBI UMEIOT OJTHO 00IIee CBOMCTBO — 00part-
HYIO MPOIOPIUOHAIEHOCTh OT PACCTOSTHHSI MEXKJy OCTpHUEeM U oOpasioM. JlaHHas
HEJINHEITHAsI 3aBUCUMOCTb SIBJISICTCSI TIPEISITCTBUEM JIJISI HAXOXKICHUST aHAJIUTHYC-
CKOTO PELICHUS YpaBHEHUS, IOCKOIBKY PacCTOSIHHE OCTpUe—00pasell 3aBUCUT OT
KOOP/MHATHI OCTpPHSI, SBIIAIONIECHCS HHTErpaoM ypaBHeHus. [loaToMy paznuyanbie
aBTOPBI MpeJIaraloT YUCICHHOE MOJCITUPOBAHUE TIPU BHIOOPE OJHOTO U3 B3aWMO-
IeHcTBHI ocTprue—oOpaserr, MO0 KOMOMHUPOBAHUS IBYX M3 HUX. B mepByro oue-
pelb mpeiaraeTcs yUuThIBaTh KOHTAKTHBIC B3aMMOJICHCTBHSI KaKk Hanbosee mojl-
XOMSIIIHe JUisi OOJIBITMHCTBA MPAKTUUYSCKUX Cly4yaeB. Tak, HAMIIYYIINM IEPBBIM
MPUOTMKEHUEM SBIIIETCS MOAENb | epra KoHTakTa cepsl U MIockocTH. Moaenu-
pOBaHUE BUKEHUS 30H[a, COUETaloIIee TEOpHIo ' eplia ¢ HEKOHTAaKTHBIMU B3aUMO-
nerictBusimMu Ban-nep-Baanbca ¥ OTTamKuBaIOMIMMU B3aMMOJCHCTBUSMU OJIFKHETO
neicTBus, npekpacHo onwucan D. Sarid B padote [7].

N. A. Burnham u coaBTOpbI [8] BBIIOJHUIN MOACIUPOBAHKE MPH YUYETE KOH-
TaKTHOTO B3aWMOJACUCTBHUSA coriacHo moaenn Moxwu [9, 10] u BaH-Iep-BaarbcoBO
B3aMMOJICHCTBIE TPH BBIXOJE OCTPUS 30H/a M3 KOHTaKTa ¢ oOpasuom. Mozaens Moxu
koMOnHMpYyeT Mozenb Jxoncona—Kennemna—Po6eprca (JIKP) u monens Jlepsruna—
Mymnepa—Tonoposa (JIMT) ¢ nomoltso 6e3pa3mMepHOro napamerpa, pas3aeistoiie-
ro 00TacTH MPUMEHEHU S ATUX ABYX TEOPHI: ISl «MSATKHUX» Tel (C MaJIbIM MOIYJIEM
YIPYTOCTH, OOJBIIUM PagUyCcoOM 3aKpyTJCHHSI M 3HAYMTEIHHOW MOBEPXHOCTHOU
sHeprueit) npumensiercs teopust IKP, nis «okectkux» — teopust AMT [11].

B pabote [12] MomenupoBaHHE C YUETOM TOBEPXHOCTHOM aAre3uy MPOIOIIKEHO.
[Ipenyiokena MojieNb, MOCTPOCHHAS 0 aHAJOruK ¢ Mojeibio D. Sarid [7] u ucomnb-
sytomas Teoputo JIKP BmecTo Teopuu ['epria. Monens (1)—(2) yuuTsiBaeT rucrepe-
3MC aJIre3MH M MO3BOJIUIIA Pa3/IelIUTh BIUsSHUE Ha KOJeOaHUsI OCTPUS 30H/a YIIPY-
I'UX ¥ aJITe€3HOHHBIX CBOWCTB 00pasiia, 00BSICHUTh NPUUUHY NEPEKITIOUCHUST MEKITY
JIBYMsI YCTOWYHMBBIMH PEKUMaMU KojieOaHui 30H/1a B TuHaMudeckoii ACM, 3akitto-
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YAOIIYIOCs B MPeo0iaJJaHiK HA OMPECICHHOM COMMKEHUHU 30H1a 1 00pasiia npu-
TATUBAIOIICTO JINOO OTTAIKHUBAIONIETO B3aUMOJICHCTBUN B 3aBUCHMOCTH OT BBICO-
KO# TMO0 HU3KOH aIre3MOHHOCTH KOHTaKTa (puc. 1).

F[z(t)} _ F, [z(z‘)}, zZ>z,

Fr I:Z(t)], z<z, ’

rul(0)] - 5,

-1

@

MUz ) ale )
1/3
- l FJKR+1+1 i<3—2/3
Z(t) 9 ])c Zc
z = /3
3, [ Fom g4 1(1— Lo 1 ||, 3w <Zq
c c ZC
1 (3rp " 3 4
z=—|2—<| | P=ZnRAY, k=——.
3R\ k, 2 3nk, +X,

3neck Ay — yaenbpHasi IOBEpXHOCTHAs dHEprus, H — moctosiHHas 'amakepa oOpasia.

Jo cux mop octaeTcst akTyanbHo# padora J. P. Cleveland u coaBTopos [13], BbI-
nosHeHHas B 1998 1. ABTOpBI MPEIJIOKIIIM COOTHOIIEHNE JJIsl OTPEeNIeHUs dHEP-
TUU JMCCUTIAIMK 30HJa B IMPOIEcCe B3aUMOJCHCTBHS C MOBEPXHOCTHIO 00Opasiia

——0,001TMa A, HM

——0005MMa  gg |
T ——001MMa . |
—%—0,02Ma
60 -
—%x—0,05Ta
—e006MMa 997
—+—0.08Ma 40 -
——0.11Ta 304
—02rMa 20 1 4
——0.5TMNa 10 _
. 4 . 1TMa B .
0 50 Z1,HM 0 50 Z1,HM
a o

Puc. 1. 3aBucumoctn ammiuty sl konebannit ACM-30H1a OT pacCTOSHUS 30HA—00pa3ell: ¢ — Bapbu-
posanue FOura o6pasua (npu H = 0,2 aJlx); 6 — BapeupoBaHue moctossHHOH ['amakepa obpasna (npu
E=0,1TTIa)
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Y TO0KAa3aJH, YTO MPHU OTCYTCTBUU MOTEPh SHEPIHH OCTPUEM aMILIHTY/Ia U (pas3a ero
KoJIeOaHUH He SBIISIOTCS HE3aBHUCHMBIMH, a TAKXKe JIOKA3aTH B3aMMOCBSA3h aMIIIH-
TYIBI ¥ cABUTA (pasbl KOJIeOAHUH OCTPHUS C TUCCUTIANINEH dHepTUU. PaboThl B 3 TOM
HaIpaBJIeHUH MTPOJOIKAIKCH U 3HAUUTENBFHO To3/iHee [14].

B pa6ote [15] 2003 r. R. W. Stark, G. Schitter u A. Stemmer BBIITOJHUIN YUC-
JIEHHOE MOJICIMPOBAHUE C YUETOM BaH-/Iep-BaajabCOBOIO B3aUMOJEHCTBUSA U MOJie-
mu JIMT, noka3aB BiIMsiHHE BBIOOpa pabodeil 4acTOThI KojeOaHUi 30Ha BOIH3U
pe3oHaHca Ha U3MEHEeHHE XapaKTepa B3aUMOJCHCTBHS C IMPUTATHBAIONIETO Ha OT-
tankuBatomiee. [Ipu 3ToM 30H paccMaTpuBajcs Kak MPy>XHHA TOYECYHOH Macchl.
[lomy4yeHHble TaHHbIE COTIOCTABIICHBI C SKCIIEPUMEHTOM.

CpaBHeHMe JIByX Mojelneil: IpyKHHbI TOYEUYHOW Macchl M KOHCOJIM C pacipe-
JICIICHHOW MacCcod, — MOXHO HalTu B padote [16] 2002 1. [TokazaHo, 4To A 1O-
CIIeZTHEeH BTOpasi TapMOHMKA UMEET aMIUIHTYy Konebanuii B 1700 pa3 MeHbIIyIO,
YeM IepBasi TapMOHUKA. ABTOPBI MPEIOKUAIN alllIPOKCUMAIIUIO TS TIPYKUHBI TO-
YEYHOH Macchl, OOBACHSIONIYIO (DaKT MEHBIEro BKJIaJa HU3IIUX TAPMOHUK B KO-
nebaHus 30H1a ITPU OoJiee BRICOKMX YacToTax Koyiebanuil. B mrobom ciryuae BkItas
BBICIIMX FAPMOHHUK B aMILTUTY 1y KojieOaHUH 30H1a He npeBbiaet nopsaka 0,1 aHm.

B Tom e 2002 1. aBTopamu A. San Paulo u R. Garcia BbInoyiHeH aHaiu3 Biu-
SHHUS TPUTATHBAIONINX M OTTAJIKMBAIONINX B3aUMOACUCTBHUI M 0000IIeHnEe pe3o-
HAHCHBIX KPUBBIX JJIsl MPY>KMHBI TOYEYHONW Macchl MPH HAYaJIbHBIX aMIUIUTYaX
kosebanuii B nuanaszone 9,0-12.4 um [17]. B pabote [18] BBINIOIHEHO MOJEIUPO-
BaHME 30HJIa KaK MPYXUHBI TOYEUHOW MAacChl, UCIBITHIBAIOINICH MPUTITHBAIOIINC
BaH-JIepP-BaajbCOBBl B3aMMOJIEHCTBHUSA, OTTAJIKHBAIOINIEE KOHTAKTHOE B3aMMOJICH-
ctBue no mozaenu JAMT, a Takke NpUTATrHBaIOlIUe KalUIApHble CUlibl. Pa3BuTue
MaTeMaTUYEeCKUX MOJeNeld, YUHUTBhIBAIOIIUX B3auMojeicTBusi BaHn-nep-Baanbca
Y KalUJUISIPHBIC CUIIbI, MOXKHO HaiiTu B padore [19].

B 2003 r. R. Dianoux u coaBTops! BenoaHmIN Mofenuposanue JAITACM B npu-
cyTcTBuM cuil Ban-nep-Baanbca u sanekrpocrarnueckux cui [20].

B pa6ote [21] 2003 1. mpoBeneH aHATWTHYCCKUN aHATN3 KOJICOAHWN OCTpHs
30HJa KaK MPYXKUHBI TOYEYHOW MACChl B MPUCYTCTBUU BaH-/I€P-BaaTbCOBBIX CHJI.
[IpumeneH MeTo] BapHAIIMOHHOTO MCUHCIIEHUS C MOMOIIBIO YpaBHEHUs Dilnepa—
Jlarpamxka. B pabdore 2011 r. [22] BBIMONHEH aHaJINW3 aHAJIOTHYHOTO B3aUMOJCH-
CTBUS JIs NPY>KMHBI TOUEYHON MacChl U YUCIEHHOE MOJICIMPOBAHUE JJIsI KOHCOJIN
pacmnpe/esieHHOM MacChl.

B pab6orte 2004 1. R. W. Stark u coaBTopsI [23] paccMoTpenu (pU3NIECKYIO CH-
CTEMY «MHKPOKOHCOJIb 30H/1a U HEJTMHEWHOE B3aMMOACHUCTBIE 30HA—00pa3er Kak
JMHEHHYIO CUCTEMY C MHOTHMH CTETEHSIMH CBOOOABI (T/ie BpeMsi — MHBAPHAHT)
Y HEeJIMHEHWHOW oOpaTHOU cBs3bto. JIJIsl OMMCAaHMS KOHTAKTHOTO B3aMMOJICHCTBUS
30H11a 1 00pasua B3aTa moaens JIMT. HekonTakTHOE B3aMMOJIEHCTBHE TaKKe YUTEHO.
ABTOpaMU MOKa3aHO, YTO ISl MAJIBIX PACCTOSHMI OCTprue—o0paser (0T OXHOrO J0
HECKOJIBKUX HAHOMETPOB) IIpU OONBIINX aMITUTYydaX KojeOaHui 30H1a He0OX01-
MO NMPUHUMATh BO BHIMAaHHE BBICIINE TAPMOHUKH.
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OrnucaHHbIC BBIIIE MOJIEITH KPAaTKO PACCMOTPEHBI TAK)KE B OJTHOM U3 Pa3/ieioB
0030pHO# paboTs! [24] B 2004 1.

B pa6ote 2004 r. U. Gysin ¢ coaBTopamu [25] BBIIOIHUIN SKCIIEPUMEHTHI
Y TEOPETHYECKHUI aHaJIN3 3aBHUCHUMOCTH PE30HAHCHOW 4YacTOTHI KOJIeOaHUHU 30HIA
OT TeMIleparypbl. BBISBICHBI 3aKOHOMEPHOCTH HM3MEHEHUS JTOOPOTHOCTH 30HIA
Y MUHUMAJBHOW CHJIBI B3aUMOACHCTBUS OT TeMIlepaTypsl B quanazone ot 0 mo 300 K.
0030p MOJETUPOBAHUS TYHHEJIBHBIX TOKOB M MATHUTHBIX TYHHEIBHBIX IIEPEX0JI0B
npuBeleH B padote [26] 2003 1.

B 2006 1. Y. Song u B. Bhushan [27] BBIIIONTHUIN KOHEYHO-DJIEMEHTHOE MOJIE-
JIUpoBaHue AUHAMUKH 30H1a B pexkume IIIACM, rae koHCcomb 30H1a Oblia mpe-
CTaBIIeHA JIECSIThIO TPEXMEPHBIMU KOHEYHBIMH DJIEMEHTAMU, YUTCHBI TaKKe Mapa-
METpBI ocTpusi. B paccMoTpeHre BKITIOUEHBl HEKOHTAKTHBIE OTTAJIKMBAIOIINE B3aU-
MOJICHCTBUS OJUKHETO JIEHCTBUS U KOHTAKTHBIE Crutbl 10 MozeisiM JIMT u 'epra.

B 2007 1. O. Sahin u coaBTopamu [28] npeanoxeH npudOp U ABa HOBBIX Me-
tona st JIITACM c¢ ucronb3oBaHreM 7-00pa3HOro 30HJa M 3aIllUChI0 HE TOJBKO
€ro BEepPTUKAJIbHBIX, HO U KPYTHJIBHBIX KoJieOaHWW. HoBbIe MeTO/bI, HA3BaHHKIC
Harmonix™ u Peak Force Tapping™, ssunuce npopsiBom B JIITTACM, no3Bossro-
IIUM TIPH UCTIOJIB30BAHWN MAaTEMATHYECKOTO ammapara CTPOUTh KOJIMYECTBEHHBIC
KapThl JIOKAJbHBIX MEXaHUYECKUX CBOMCTB MAaTEpPHUAJIOB. DTO MPHUBEIO K IMOSBIIE-
HUIO psifia padoT, I/ie TOTYyYeHBI KapThl MOAYJS YIPYTOCTH M MMOBEPXHOCTHOM aj-
re3un MarepuaioB. Hampumep, B paborax [29, 30] Takue KapThl IOCTPOCHBI HAa OC-
HoBe mozenu JAMT njis nonuMepoB, YABTPATOHKUX MOJUMEPHBIX MIJICHOK, CITIOBL.

B pa6ote 2009 r. [31] aBTopamu Sh. C. Feng, Ch. B. Joung u Th. V. Vorburger
BBITIOJIHEHO KOHEYHO-3JeMeHTHoe MonenupoaHue JITACM. B mpeanoxenHoi
MOJIETTH 30H] paccMaTpuBaeTcs Kak 0ajlka ¢ KOHycOOOpa3HBIM OCTPHEM, KOTOPOE
3aKaHYUBAETCS MPSIMOYTOIBHBIM AJIEMEHTOM (MOAEIUPYET HAHOTPYOKY HA OCTpHE
30H/a). YUTEHBI MEXKMOJIEKYIApHbIE CUIIBI B3aUMOJICHCTBHS 30H1a U 00pa3La, BBO-
JIUMBIE ¢ IOMOIIBIO oTeHMaa Jlennapna—JlxoHca.

3A0 «<HT-MT», kpynueiimuii poccuiickuii npoussonurens ACM, npenna-
raeT HEKOTOPhbIC aHAJMTHYCCKHE PELICHMS JJIsS OMHMCAaHUs KoJeOaHUH 30HIa Kak
MPY>KUHBI TOYEYHOW Macchl BOMM3H MoBepXHOCTH [32]. [IpuMeHeHsI ABA MOAXOAA:
B Cllyuae JIMHeWHBIX KoJieOaHWH, KOr/la OTKJIOHCHHS 30H]1a OT IOJIOXKCHHS PaBHO-
BECHS MaJIbl, CHIIy B3aMMOACUCTBUS 30HI—00pa3el packiIaAbIBaOT B psia Teiino-
pa; JJisi HeTUHEHHBIX KOJCOAHMI 30H/1a UCIIOJIB3YeTCs TEOpUs BO3MYIIeHHMH. Jist
MIEPBOTO CIIy4asi HOMYUYCHBI, C HEKOTOPHIMU OTPAHUYCHUSIMU, TOCTATOYHO MPOCTHIC
MPUOTUKESHHBIE COOTHOIIICHHUSI, CBS3bIBAIOIINE CIBUT (ha3bl, PE30HAHCHYIO YaCTOTY
Y U3MEHEHHE aMIUIUTY bl KOJeOaHU 30HAa C TPaJUSHTOM CHIIBI B3aUMOJICHCTBUS:

27
A(p;—gﬁ;s'; Q, =0, 1—1Fm' li—l ; AA=— —“‘“Q F!.
k k V30 33k

3necb AA — MakcUMallbHOE M3MEHEHUE aMILIUTY B, TIPOUCXO/SIICE H3-3a CABUTA
4acTOTHI OJIaroAapst HEHYJIEBOMY I'DaJMEHTY CHIIBL; {2 , — PE30HAHCHAS YaCTOTa, IIPH
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KOTopoﬁ IIOCTUTAETCS PTO MAKCHUMAJIbHOE ! L : v d : ’
M3MEHEHUE aMIUTUTYbL; O — TOOPOTHOCTh
30H/1a; k — €ro JKECTKOCTh; M, — COOCTBEH-
Has 4acToTa 30HJa; F, — IPaJHCHT CHIIbI
B3aUMOJICHCTBUS 30Ha 1 00pa3ia; Zmax—
aMIUTATY1a KoJle0aHWi 30HJa TPU HOBOM
PE30HAHCHOM YacToTe 30HJAa B IPHUCYT-
CTBUHU HEHYJIEBOT'O TPAJAUEHTA CHUIIBL.

B pamkax Teopuu BO3MYIlIEHUH TIpe-
JIOKEHBI COOTHOLIEHUS AJS aMILIUTYbI
n (a3pl KoneGaHU 30HAA TPU YCIOBUU
HEOONBIINX aMIUTUTYI KOJeOaHWH 30HIa
JUISL JIF000M CHIIBI B3aUMOJEHUCTBHSA C 00-
pasuoM. OQHAKO BBIpaXKEHUsI UMEIOT He-
SBHBI BHUJ W TPUMCHHUMBI I YUCIICH-
HOro MonenupoBaHusi. Eciu ycnoBue ma-
JIBIX KOJIEOAHHWH HE BBIIIOJHSETCS U CHJIa
B3aMMOCHCTBUS 30HAa U o0pa3ma 3HauH-
TEJILHO U3MEHSIETCS B TIPOLIECCe KOJICOaHUH,
TO BO3MOYKHO CYILIECTBOBAHHME HECKOJIBKUX Puc. 2. AMIIuTyAHO-4aCTOTHBIE XapaKTepuc-
YCTOHYMBBIX KOJIEOATENbHBIX COCTOSHHUA. l”:;Mi';iTeth;;zHs;:sgf;:;’d;bé:)”;”:;:;i
CpaBHeHHe aMHHHTyI{HO_qaCTOTH}"IX Xa- YUCJICHHOT'O I/IHTCFpI/IPOBaHI/lﬂ ypaBHCHI/Iﬂ JABH-
PaKTEepUCTHK, HIOITYYCHHBIX B paMKaX T€O- JKEHUSI IPYKUHBI TOYeIHOH Macchl (6) [32]
pYUM BO3MYUIIEHUA U MyTE€M HUHTETrpUpoBa-

G o

HUsI YpaBHEHUS JIBMDKEHUS 30HIA, JUIS CiIydas BaH-AEep-BaallbCOBOI'O B3aWMOJIEH-
CTBUS 30HJa 1 00pa3lia MpUBEICHBI Ha pUC. 2.

B pycckom m3nanun «CrpaBOYHHUKA 110 MUKPOCKOIIUH JIJISI HAHOTEXHOJIOT UM
2011 r. anrnos3eruHoM Bepcuu 2005 1. OTMEUEHO, YTO 10 CUX IMOP «TEMIHHI-MOA»
OCTaeTCs CaMbIM pacrpocTpaHeHHbIM pexkxumMoM ACM, a mpoOiaeMbl JIOKaJbHBIX
M3MEPCHUH (HU3UKO-MEXaHMICCKUX CBOMCTB U CO3JaHUSI MTOAXOISIIIETO TCOPETHYC-
CKOTO OTIMCAaHMs B3aUMOJICHCTBHS 30HI—00pasell, chopMupoBaBIIecs C MOMEHTa
Bo3HUKHOBeHHSI ACM, Bce ellle akTyajbHbI, PABHO KaK u MpoljieMa BEIOOpa 30H1a:
«Ilepen HaYaIOM 3KCIEPUMEHTA ObIBACT CIIOKHO ONPEACIUTh, KAKOW MUHHMAJb-
HOW JK€CTKOCTH JIOJKE€H OBITh 30H]I JUUIS YCIEIIHBIX H3MEPEHU TaHHOTO KOHKPET-
HOro obOpasuay [33, 34].

3akJroueHue. B paboTe KpaTko o0XapakTEepH30BaHBI OCHOBHBIC MATEMATHUICCKUE
MOJIEJIH, TIPUMEHSFOIINECS JIJIs OMUCAHUS THHAMHYECKOTO B3aUMOCUCTBHS 30Ha
ACM c uccrenyeMbpIMU 00pa3iuamMu B HOITYKOHTaKTHOM pexxknme padboTsl ACM. Ile-
pedeHb 3HAYMMBIX padoT B JaHHON O0JACTH SBIAETCA NAJIEKO HE TOJHBIM, OTHAKO
JIaeT MPEACTABICHNE O HANIPABJICHUSIX Pa3BUTHS MOHUMAHUS JTUHAMUKH CHCTEMBI
30H—00pasell.
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LAYER-BY-LAYER ANALYSIS OF MULTILAYERED MATERIALS
A. Alyamani', A. Khudoley?, T. Kuznetsova?, S. Alfihed!, M. Alotaibi'

'King Abdulaziz City for Science and Technology, Riyadh, Saudi Arabia
2A. V. Lykov Institute of Heat and Mass Transfer of the NAS of Belarus,
Minsk, Belarus

Introduction. Multilayered materials (MLM) are widely used in engineering
because they allow combining different types of functional layers and creating
unique custom design. First of all MLM should has required mechanical strength and
adhesion between layers after that meet the electric, magnetic and optic properties.
Atomic force microscopy (AFM) is efficient technique for precise measurements at
micro/nanoscale. Authors [1] were announced the complex method of AFM SEM TEM
studies of wear process using a diamond tip at a normal force and one scan cycle on
Si surface. According [2] micromachining can be done using even commercial AFM
silicon tip and overload regime. Technique [2] was developed in [3] for soft thin
layers with analysis using of AFM torsion regime (lateral microscopy imaging).

The present work is focused on studies of properties inside soft and hard thin
layer(s) under overload AFM regime.

Experimental. Scheme of MLM is presented in Fig.1. This material consists of
substrate, deposited the 1 layer (under layer) and the 2"¢ layer located on the top of
MLM. Complete studies of MLM should include: a) tests for face of the substrate,
face of the 1% layer, face of the 2" layer, separately and b) measurements of the
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Fig. 1. Scheme of multilayered material
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Fig. 2. General stages of the layer-by-layer analysis (a—f)

internal structure of the substrate, the 1 layer, the 2"¢ layer and ¢) examination of
the interface of the substrate, the interface of the 1% layer, the interface of the ond
layer and d) comparison and analysis of all results. Measurements inside the material
of thin layers and studies of interfaces are the most difficult procedure especially for
MLM with the thickness of layers less than 100 nm because it requires using unique
methods and equipment with ultra-high resolution.

The main idea of the layer-by-layer (LBL) analysis consists in successive removing
of material and generation of new surface(s). This destructive procedure allows
to organize the step by step access to under layers and to investigate the internal
structure of MLM over its volume by AFM or other methods. General stages of the
LBL analysis are shown in Fig. 2. Realization of different stages of LBL analysis
provides access to:

a — face of the 2" layer, face of the 1% layer and face of the substrate;

b — face of the 2" layer, face of the 1% layer, face of the substrate and plus the
internal structure of the 2" layer;

¢ — face of the 2™ layer, face of the 1% layer, face of the substrate and plus
the interface of the 15t and 2" layers;
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d — face of the 2" layer, face of the 1% layer, face of the substrate and plus the
internal structure of the 1% layer;

e — face of the 2" layer, face of the 1% layer, face of the substrate and plus
the interface of the substrate and the 1% layer;

f— face of the 2"¢ layer, face of the 1% layer, face of the substrate and plus the
internal structure of the substrate.

Such manipulation inside the MLM using AFM requires monitoring of load
that will apply on a probe.

Proposed technique have been tested on two types of MLM: a) «soft» polyvinyl-
pyridine (PVP) film of thickness 33 nm on a silicon substrate and ) «hard» film of
WS, and ZnO on a sapphire substrate. Trilaminar PVP film was created by Langmuir—
Blodgett (LB) deposition method. Pulsed laser deposition (PLD) technique [4] was
utilized to deposit the 42 nm Indium doped ZnO layer (under layer) and 60 nm WS,
top layer on the sapphire substrate.

AFM probe with a diamond tip and steel cantilever was utilized for creating
of new surfaces in PLD film by multi scanning. Tip radius was 100 nm, stiffness of
cantilever — 2240 N/m. Areas of scanning have been placed symmetrically relative
to center of the first scan. Size of rectangle areas has been variable from 14 x 18 um
to 0.5 x 3.0 um. Micromachining has been done by single-pass scanning with «Set
point» parameter equal to 40 percent, which allows to create stable contact under
scanning and to remove material with regular thickness. AFM imaging of new created
surfaces in PLD film have been done by diamond tip with «Set point» parameter
30 percents.

Natural diamond sample was used for calibration of the load parameters of steel
cantilever with diamond tip. Calibration coefficient was determined as k = Defl/z poz
(k= 0.3187) for calculation bending value of the cantilever in nanometers. «Static
force spectroscopy in point» function was utilized for receiving of force versus
indentation depth curves. Load occurred under scanning process was specified
through real deflection of the cantilever — 3.4-3.5 N.

AFM commercial probe NSC 11 was utilized for creating and imaging of new
surfaces in PVP film by multi scanning. Silicon tip radius was 10 nm, cantilever
shape — triangular (V-type), stiffness of the short cantilever of «B» type — 48 N/m.
Micromachining and imaging have been done by single-pass scanning with «Set
point» parameter — 40 percents. Load in scanning process was 3.4:10 N. The
same probe was used for imaging of PLD film after LBL removing of material by
diamond tip. Silicon wafer was used for calibration of load parameters of the NSC 11
probe and the obtained calibration coefficient was 5.8211. «Static force spectroscopy
in point» function was utilized for receiving of force versus indentation depth curves.

Results and discussion. Realization of the LBL method is shown in Fig. 3 for
soft trilaminar PVP LB film. At first sight, AFM Topography image (Fig. 3, a) gives
a view of surface with region of fully removed thin layer and view of the silicon
substrate. But Torsion image (Fig. 3, b) — Lateral force microscopy — shows the same
color for the face of LB film and new generated surface. It means that physical,
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chemical and mechanical properties of the materials in the two regions are the same.
The conclusion of qualitative analysis is also proved by measurement of the depth
of generated surface — 20—22 nm that is less than thickness of all LB film — 33 nm.
Thus PVP thin film can be characterized by the LBL and AFM qualitative analysis.

It should be noted that process of micro/nanomachining of the material depends
on many parameters: shape and sharpness of the tip; load and speed of the probe;
cohesion, adhesion and self-organization of the material; hardness and elasticity of
the material etc., that is why precession removing of monomolecular and nanolayers
in practice requires routine finding of optimal parameters and, in some cases, cannot
be done at all. For example, it was observed that the layers with thickness less than
22 nm of PVP can’t be removed by NSC 11 probe with regularly depth because
decreasing of the load result in unstable contact and partly micromachining of LB film.

Results of the LBL analysis by diamond tip for double layered PVD thin film
are shown in Fig. 4, step / (Fig. 4, a) is not completely removed top layer and
it represents an internal material of WS, film, steps 2, 3 are ZnO material and steps
4—06 belong to sapphire substrate according to data presented in Table 1.

11 .1um x 10.6um x 95.1nm [205 x 197] Z, nm 11 Aum x 10.6um x 886.0(null) [205 x 197] Z,
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Fig. 3. 2D AFM data for trilaminar PVP LB film: a — topography; b — torsion regime; ¢ — surface
profile (Z, 2)
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Fig. 4. Results of the LBL analysis for PVD MLM: /-6 — steps

Table 1. Generalized data of the LBL analysis for Fig. 4

Material Thickness NSItIelget Depth of the step, nm | Depth in the material, nm | Total Depth, nm
WS, top layer 42 nm 1 28 28 28
Indium doped ZnO | 60 nm 2 18 4 46
under layer 3 37 41 83
Sapphire substrate I mm 4 28 9 111
5 50 59 161
6 10 69 171

Friction forces map for PVD MLM is presented in Fig. 4, b. Difference in
friction data are observed between step / and steps 2—6. This result can be explained
through comparison of friction properties of WS, and ZnO materials. Tungsten
disulphide is common dry lubricant with low friction coefficient. Darker zone on
the map indicates material with low friction coefficient — WS, material; light grey
represents ZnO and substrate materials. Torsion regime can not detect the difference
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Force, N / 1/ in ZnO and substrate materials. It can
Jo

%’ «  be explained by low sensibility of the
40805 ‘ /{’ diamond tip on steel cantilever for late-
N /‘/ /‘/ ral mapping in comparison with com-
' P mon AFM probes.
2 0E-05 A —o-2 Quantitative analysis of the gene-

—o=3 | rated steps (Fig. 4) in PVD MLM has
been done utilizing AFM force spectro-
scopy regime (mechanical properties
‘ ‘ . analysis). Force (indentation load) versus
15 20 25 indentation depth curve is shown in
Indenfition depth, am Fig. 5. The dependence was obtained by
Fig. 5. Force versus indentation depth curve diamond tip indentation (spectroscopy
(Fig. 4, steps 1-5) in point) for each step /-3, except step 6.
Significant difference in mechanical
behavior is registered for WS, and substrate materials (Fig. 5, step /, 5). Indentation
of ZnO material (Fig. 5, step 2, 3) gives the same result for all sublayers. Step 4
(9 nm depth into the substrate) belongs to substrate material but shows the same
mechanical behavior as ZnO layer that can be explained by indentation not exactly
of the substrate but of the particles from destroyed MLM which may be present onto
the surface of step 4.

Results of the LBL analysis using diamond and silicon tips for double layered
PVD thin film are shown in Fig. 6. The diamond tip was used only for micromachi-
ning and NSC 11 silicon tip — for imaging of the topography (Fig. 6, a) and friction
forces mapping (Fig. 6, b). Step / (Fig. 6, a) is top layer (WS, film) without any
removing of the material, Steps 2—5 are ZnO material and Steps 6, 7 belong sapphire
substrate according to data expressed in Table 2. Torsion regime (Fig. 6, b) detects
the particles with low friction coefficient (dark spots) for Step 2—6. Surface of Step 7
is clean and free of particles.

1.0E-05

0.0E+00

Table 2. Generalized data of the LBL analysis for Fig. 6

Material Thickness Ni:;ger Depth of the step, nm | Depth in the material, nm | Total Depth, nm

WS, top layer 42 nm 1 0 0 0
Indium doped ZnO | 60 nm 2 51 9 51
under layer 3 5 14 56

4 17 31 73

5 12 43 85
Sapphire substrate 1 mm 6 20 3 105

7 35 38 140

Mechanical properties analysis of the data represented in Fig. 5, 7 shows that using
of common silicon tip (Fig. 7) gives more accurate difference between materials of
PVD MLM in comparison with diamond tip (Fig. 5). Significant difference in mechanical
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X:24.2um Y:21.2um 2:25Z.1nm [12.5:1)
Ra: 24.9nm  Rg: 31.7nm

a

Fig. 6. The LBL analysis for double layered PVD thin film: @ — AFM image of topography;
b — torsion regime; /—7 — steps

behavior is registered for top layer and
substrate materials (Fig. 7, step I, 7).
Indentation of ZnO material (Fig. 7, step
2-5) gives the same result for all layers.
A small decrease of stiffness is also
observed for substrate material located
very nearly (3 nm) under the interface
of the substrate and ZnO layer, which
can have an effect on PVD treatment of
the substrate material under deposition
of ZnO layer.

Access to interface surfaces of MLM
can be easily organized when there is a
significant difference between the pro-

Force, N

3.0E-06 -

2.0E-06

1.0E-06 -

0.0E+00

0 5 10 156 20 25
Indentation depth, nm

Fig. 7. Force versus indentation depth curve
(Fig. 6, steps 1-7)

perties of the layers. Other way, it is not easy to reach the interface surface.

The main advantages of the proposed method against to focused ion beam
(FIB) technique [5] are that the LBL analysis by AFM can be done on air without
any contamination by spattered Ga ions and it allows to study organic MLM with

monomolecular layers and biological samples as well.

Conclusions. AFM micromachining method for layer by layer analysis is developed
for thin film and multilayered material. Main steps of layer-by-layer analysis are
described and sample preparation procedure is characterized. Soft and hard types of
MLM materials are studied by diamond and silicon AFM tips.
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It is shown that new surfaces in thin film and multilayered material can be generated
by AFM scanning under overload regime. Uncovered surfaces have been analyzed
qualitatively using AFM Torsion mode and quantitatively utilizing AFM force
spectroscopy regime.
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BJIUSHUE TOIIOI'PA®OU U HIOBEPXHOCTHU NNEPEITHEI'O KOHTAKTA
HA ITPOLECCHI PACCESIHHUSA U ITOTVIOEHUSA CBETA
B TOHKOIIJIEHOYHOM KPEMHHWEBOM COJTHEYHOM 3JIEMEHTE

O. B. Ceprees, I0. Jlakomo0e, K. Yakanra, I11. I'eiizennopdep,
K. Maiigeas, K. Arepr

Hayuno-uccredosamenvckuil yenmp mexnonozutl snepeocoepescenuss « NEXT ENERGY»,
Onvoenbype, I'epmanus

Beenenue. Bricokas 3ppeKTUBHOCTh COBPEMEHHBIX TOHKOIUJICHOYHBIX (DOTO-
BOJIFTANYECKUX JIIEMEHTOB BO MHOT'OM JIOCTHTAETCA 3a CYET IPUMEHEHU S CBETOpac-
CEUBAOIIUX CTPYKTYp JJISI ONTUMH3AIUU cBeTonoriomenus [1]. O0muii moaxosn
3aKJIFOYAETCSl B TEKCTYPHUPOBAHUM MEPEIHETO KOHTAKTa HAa OCHOBE IMPO3PAUHOTO
nposojsimiero okcuaa (I1110). [llepoxoBaTocT MOBEPXHOCTH MPUBOIAT K YBEIUYE-
HUIO PacCesHHs MAJaroliero CBeTa M MHOTOKPATHOMY TEepeoTpakeHHI0 (OTOHOB
Ha TpaHUIe KOHTAKT—TONIOMAIINN coi. D)PEeKTUBHOCTh TeHEepaIllud HOCHTE-
JIeH 3apsga Ipu 3TOM BO3pACTaeT, YTO JACT BO3MOKHOCTH YMEHBIIUTH TOJIIUHY
TMOTJIOMIAIOIIETO CJIOS. DTO MPHUBOJIUT HE TOJIBKO K OOIMIEMY CHMIKEHHIO ce0ecTo-
MMOCTH MPOIYKTa, HO TaK)Ke MO3BOJISIET 3HAYMTEIBHO CHU3HUTH BisiHUE A dekTa
JIerpajaluy SYeHKu, 0COOCHHO aKTyaJIbHOTO MPHU OOJIBIINX TOJIIHUHAX MOTJIOIIAk0-
IIUX CJIOEB.
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Jns mydinero mOHMMAHUS BIUSHHUS TONOrpaduu MOBEPXHOCTH HA paclpo-
CTpaHEHHE CBETa BHYTPHU COJHEYHOW STYEHKH HEOOXOAMMO MPUMEHHUTH 00BEMHOE
MojenupoBanue. COBpeMEHHBIE UCCIIEIOBAHUS BCIIEJCTBHE BBHICOKMX TPEeOOBaHMIA
K anmapaTHOMy OOECIe€YeHHIO B OCHOBHOM OTPAaHWYMBAIOTCS aHAIN30M HEPUOIH-
YeCKUX JABYMEPHBIX CTPYKTYp [4]. Hamra paGoTta BnepBbie MOCBSAIIEHA TPEXMEPHO-
MY MOJICIMPOBAHUIO TPOM3BOJIBHO TEKCTYPHUPOBAHHBIX CTPYKTYp. Bce pacueTs
MPOU3BECHBI 0€3 NCTONb30BaHUS KAaKUX-THOO MOATOHOYHBIX MapaMeTPOB U COOT-
HECEHBI C 3KCIIEPUMEHTAIBHBIMU PE3yIbTaTaMH.

Lenp paGoThl — MOTYyYUTh OOBEKTUBHYIO KapTUHY ycuieHus 3ddexra doro-
ANEKTPUUECKOTO TTPeoOpa3oBaHus TPH YBEIHMYECHUH PAcCesTHUS CBETa HA TEKCTYpH-
POBaHHBIX TMOMJIOKKaX. PeanbHas Tomorpadus MOBEpXHOCTH CBETOPACCEHBATOIIEH
MOJJIOKKH ObLTa mosydeHna cpeactBamMu ACM U BCIonb30BaHa B MOAETHPOBAHHUH
MPOLIECCOB PACHPOCTPAHEHUSI CBETA B TOHKOIUIEHOYHOM KPEMHUEBOW COJIHEUHOM
sTUeiiKe METOZOM KOHEUHBIX Pa3HOCTEH BO BpeMEHHOW 00JIacTH.

Okcnepument. Kommepueckue o6pasusl [0 na crekne SnO, : F (ronmuna
ciost 887 HM), TEKCTYPUPOBAHHBIC B MPOIECCE POCTA, & TAKKE XUMUYECKH [2] TEKCTY-
pupoBanHble 00pa3isl ZnO : Al Ha CTEKJISTHHOHN MOUIOKKE (ToMIKHA ciost 816 HM)
OBLITM WCTOB30BAHBI TIPH OIPENEICHUH BXOIHBIX TapaMeTPOB JUIsI MOJCIUPOBa-
HUsI COMHEYHOU sueiiku. Tomorpaduro MOBEPXHOCTH OMPEIEIISTH METOIOM aToM-
HO-CHJIOBOI MHKPOCKOITHH B TIOTYKOHTAKTHOM PeXHMe Ha 1utomanu 10 x 10 mxm?.
CpemHekBagpaTHIHasI MIEPOXOBATOCTh COocTaBmia mopsaka 40 HM I oOpas3IioB
SnO, : F, 47 um g ZnO : Al. 3HadeHusI MOKa3aTesis MPEIOMIICHUS B 3aBUCKMOCTH
OT JUIMHBI BOJIHBI M3MEPSUIM METOJOM CHIEKTpalibHOM annuncomerpun. Onrude-
ckue corictBa uHTepdeiica crekino/I1110, a umenHo nonHOE U MU dy3HOE CBETO-
MIPOITyCKaHUE U TIOIIHOE OTpa)KeHUe, U3MepsI B Auana3oHe BojH oT 300 mo 1500 am
C HUCIIOJb30BaHUEM crekTpodoromeTpa. lloromenne u Ko3pPUUUEHT MAaTOBOCTH
MTOBEPXHOCTH PACCUYUTHIBAIN Ha OCHOBE ITHUX JIAHHBIX.

MoneaupoBanue. MeTon KOHCUHBIX pa3HOCTEH BO BpeMeHHOU oOmactu (KPBO)
ObLT IPHUMEHEH JJis PelIeHusl ypaBHeHUs MakcBesuia, 4To MO3BOJISET PacCUUTaTh
AIEKTPOMArHUTHOE TI0JIE€ BO BPEMEHHOM MPOCTpaHcTBe [3, 4]. Jlns onucanus ontu-
YeCKHUX CBOWMCTB MaTepHaJIOB HCIIOIB30BAJICS KOMIIJIEKCHBIN MOKA3aTelb MpPeIoM-
nennsi. ICTOYHUKOM BO3OYXKIECHUS CITY)KHJIa MOHOXPOMAaTHYeCKas, TapMOHHUYECKAs
MJIOCKasl BOJIHA C AJMHON A M S-TIOJsIpU3alyeil, magaromas neprneHanKyaspHo o-
BEPXHOCTH MOAJIOKKH. Ha MpocTpaHCTBEHHBIX Kpasx CTPYKTYpPBI MPEAIoIaraoT-
sl IepUOINYECKHEe TPaHUYHBIE yCIOBUs. Pe3ynbTaTsl MOIETUPOBaHHUS, TAKHe, KaK
HANPSOKEHHOCTD JIEKTPOMArHUTHOTO TOJISL, MJIOTHOCTh HOTOKA U MHTEHCUBHOCTH
(doToreHepanuu, 0TOOpaKeHBI B MPEIONPEIeICHHON X)-IIJIOCKOCTH CEUYEHUs Yepes
BCIO CTPYKTYpy. bonee Toro, ceHcopbl, HHTETpUPOBAHHBIE B IJIOCKOCTH CEYCHHS,
CYMMHUPOBAJIN MHTEHCHUBHOCTh MOTOKA Ha MPOTSHKEHWH BCETO BPEMEHHU pacyeTa.
OTO MO3BOIMIIO PACCUUTATh 3HAYSHUS BEJIMUHUH MPOIYCKAHUS U OTPAXKESHHUSI.

Ha mepBom stane Oputa cozmana Moaenb rpanuilsl cTekiao/ IO mis Bcex 00-
pasuoB. [I7s mOCTpOMKH CTPYKTYpBl MOJEIH NMPUMEHSJICA pelakTop Sentaurus
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Structure Editor. OTo mporpamma crnocobHa skcropTupoBatb ACM-u300paxenne
U Ha €ro OCHOBE CO3/1aBaTh MOJEIH TPEXMEPHBIX NPUOOPHBIX CTPYKTYyp. Ciesa
Ha puc. | mokazaHa peasibHasi Tonorpadus MOBEPXHOCTH MEpeIHEr0o KOHTaKTa Ha
ocHOoBe TekcTypupoBarHoro I[II1O, nmonydennas meromom ACM-ckaHUpPOBaHUS,
CIpaBa — COOTBETCTBYIOIIAs €if KOMIBIOTEPHAs MOzieNb Tonorpadun. Pazmep cka-
Ha yMEHbIIeH A0 luMm X 1uM 11 yMEHbIIEHUs] BpeMeH! MoAenupoBanus. Tonmu-
Ha III1O cnos B Mozenu ycTaHOBJIIEHA HA OCHOBE JaHHBIX, MOJy4YEHHBIX METOAAMU
MpOGUIOMETPHH U SJTHIICOMETPHH.

Ha puc. 2 npeacraBiena cMonenupoBanHas CTpykrypa. Cucrtema cOCTOUT M3
MOJJIOKKHU TJIOCKOI'0, IVIAJKOTO CTEKJIa C HAHECEHHBIM TEKCTYpPHUPOBAHHBIM IIE-
penauM KoHTakTOM Ha ocHoBe II1O. O0a ciost OKpy>KeHBI CBEPXY U CHU3Y BO3-
JIyITHOM mpocioikoil. CTpyKTypa CMOAEINPOBAaHA C MOMOIIBIO TEH30PHON CETKHU
10 am x 10 HM X 5 HM (X)2).

Puc. 1. ITepenoc ronorpaguu nosepxuoctu 110 u3 ACM-ckana (cresa) B mporpaMmy
MOZEIHPOBAHUS (cnpasa)

1,040, W00

SE-07

Excitation

SE-07 1E-06

Puc. 2. Crpykrypa monenu «Crexno/[1I10» B TpexMEepHOM NPEACTABICHUU (C1€6a)
U IBYMEPHOM CEUeHUH (Cnpasa)
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OnHOI M3 OCHOBHBIX TPOOIJIeM sBISETCS APPEKT CTOSYUX BOJIH BHYTPHU CTe-
KJISTHHOW TOIOKKHU. J{iiss MuHUMM3auu 3¢ ¢deKTa TOJIIMHA CTeKJIa BapbUpoBaja
OJTHOPOAHO B Mpeeaax TONIIHUH, COOTBETCTBYIOIINX KOHCTPYKTUBHOU U IECTPYK-
TUBHOW MHTepdepeHunn. Pe3ynpTarel Bapuanuii 3aTeM CyMMHUPOBAIHUCH U yCpell-
HSUJTMCH. [|JTHBI BOJTH IMajaroIero u3mydeHus BEIOpanbl kKak A =450 aM u A = 700 HM.

Ha puc. 3 mpencraBieHsl pe3ynbTaThl MOACTUPOBAHUS PACTIPEACTICHUSI UHTEH-
CHUBHOCTHU CBETa MO BepxHel u HuxkHel rpanunam [1T10 Ha ocHOBE SnO2 . F nna
A =450 aM. OHO3HAYHO OTMEYAETCsl HEOJHOPOIHOCTD PACIpe/ie/ICHHs, BBI3BAHHAS
paccesinuem Ha rpanuie [1I10/Bo3nyx.

Eciv mHTEHCHBHOCTD MCTOYHHMKA CBETA M3BECTHA, TO MOXHO OIPEICITUTH 00IIee
MIPOIYCKAHUE M OTPAKEHHE — Ha PUC. 4 CPAaBHUBAIOTCS pACYCTHBIC U (PAKTUYCCKH I10-
JTydeHHbIE 3HAUCHUSI.

DddexkTuBHOE paccesHHe CBETa Ha TEKCTYPUPOBAHHOM NEPEIHEM KOHTAKTE
MPUBOJUT K 3HAYUTEIFHOMY YCUIICHHUIO (DOTOTEHEepally B TIOTJIOMIAIOIIEM CJI0e IO
CPaBHEHHIO C SUYCHKOW Ha HETEKCTYPHUPOBAaHHOM KoHTakTe. OCOOCHHO BaXKeH Ta-
KO 3 eKT Kak I JJIUH BOJIH, OJIM3KUX K 3alpelieHHON 30He, rj1e Kodphuu-
CHT MOTJIOUICHUS CPABHUTEIBHO MaJl, TaK U JJIs TOHKUX MOTJIOIIAIOIINX CJIOEB, T
BEpOSITHOCTh TOTJIONIEHUS (JOTOHA HHU3KA, HO BCIICACTBHE PACCESTHUS M3MECHSICTCS
HaIlpaBJICHHE PACIIPOCTPAHCHHUS CBETA U YBEINYUBaeTCs JIHA rpobera (GoToHa.

Ha puc. 5 npencrasnena cTpykrypa moaenu. Ciioit amophHOTO KpEMHHUS TOJI-
muHok 300 HM chOopMUpPOBAH HA MOBEPXHOCTHU NEpeiHero konrtakra SnO, : F.

Abs(PowerFoDonsiy) (W'er'-2) Abs(PowerRuxDongty) [W'mA-2)
1 50802 2.0E.3
1.2 38E.2 1.2~ 1.5€.03
25«02 1.0E+03
126402 S.0E.2
1.4+ 0.0E«00 1.4+ 0.0E+00
| P 1 | 55 (1) 1 B8 I Y 1.2 ] | 17y 1
0 0.2 04 086 08 1 0 02 04 06 08 1
X [um] X [um)

Puc. 3. PactipeneneHre HHTEHCHBHOCTH CBETA MO HIDKHEH (c1e6a) M BEPXHEH TIOCKOCTAM (cnpasa)
IITIO na ocuose SnO, : F u A = 450 um. II70THOCT HEPTUM CBETOBOTO MOTOKA: / — BHICOKAS;
2 — au3kas. s 110 Ha ZnO : Al aHanoruvaso
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Puc. 4. CpaBHEeHHE U3MEPEHHBIX M BBIYUCICHHBIX 3HAYCHHH BEJIMYHH MOJTHOTO OTPAYKESHHS
u npomyckanus 1 [T10 na ocnose SnO, : F u ZnO : Al

[

1M A O

Puc. 5. Ctpyxrypa mozenu «I1I10/amMmopdHBIi KpeMHUIT» B TPEXMEPHOM IIPEJICTABICHUN (C1e6a)
Y IBYMEPHOM CEUCHUH (cnpasa)

CucreMa OMsAThH K€ OrpaHUYeHa BO3MYIIHON MPOCIOoiKoi. OnTrdeckne KOHCTaH-
THI B34TBI U3 nUTEpaTypsl [5]. Crnektp mznydyenus Bapbuposan oT 300 no 700 HM
¢ marom 50 am. Takoke yron ocBemenus usMensuics ot 0° go 60° ¢ marom 15°. Mn-
TEHCHBHOCTBH OINTHYECKOI T€Hepaliy B HOIJIOMIAIONIEM CJI0€ aMOP(HHOI0 KPEMHHS
st A = 600 nm mokasaH Ha puc. 6. BerencTBue pa3BUTOH MOBEPXHOCTH pasfe-
na [MIO/xpemMHMI 0OTMEUAIOTCS JTOKAJIbHbIE MAKCHMYMbI 1 MUHUMYMBbI HHTCHCHB-
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"HocTU. COOTBETCTBUE UHTEHCUBHO- [

CTH ONTHYECKON TeHEpaIlid W T€O-
METPUYECKOH (OPMBI MOBEPXHOCTH
paszaena pacCMOTPEHO TTPH TIOMOIIIH
JIBYMEPHOT'0 TIONIEPEUHOI'0 CEUCHUS.
OueBHAHO, YTO MaKCHMaabHas WH- 1.0E+22
TEHCHUBHOCTH TIOTJIONIEHUST (DOTOHOB 7.5E:21
¥ TeHepaIusi HOCUTENeH 3apsiia mpo- 5.0E+21 2dicut
UCXOOUT B O0JaCTH HAIl HUKHUMH 2.5E+21
IKCTPEMyMaMH MMOBEPXHOCTH, YTO LOEL10
OOBSACHSACTCSI 3aKOHAMU T'COMETPH- ‘wssrss

éblkaﬁemialbf\ian A3*sM1)

OplicalGeneration [cmA-3"sA1]

YECKOM ONTHKH. 1.0E+22
Ha puc. 7 B 1BymMepHOM BUIIE TIpesI- 3 2-2?:‘
W0E+21
CTaBJIEHA 3aBUCUMOCTh WHTEHCHUB- ] | 4.0E21
HOCTH ONTUYECKON I'eHepaliy OT yIvia ' 4 2.0E+21
T 1.0E+19
MajJieHusl COJHEYHOTO M3IIy4eHHs. § v - <" -
& .
B ciyuyae GospnX yriioB najeHus il o
KOppeALUs MEXKY dDKCTPEMYMaMu v -
IIOBEPXHOCTU U HMHTCHCUBHOCTBIO » _F o= -5
TepseTCS W TeHepalus «pa3Masbi- T N
0 o 02 03 0L 95 08 0F 038 o# 1
BacTCA» MO 061>eMy IOIJIOLIAOIIECTO ¥ oy
CJ1041.

Puc. 6. PacnipesenieHrie HHTEHCUBHOCTH (hoTOreHepa-
CHGKTpaHI:HBIe 3aBUCUMOCTH BC-  puu B morjomaromeM ciioe kpeMuust Ha A = 600 HM

JUYMH OOIIUX MPOMYCKAHUS M OT- (s8epxy — 3d, 6nusy — 2d-cedenme)
pakeHUs OT yTJa MaAcHUs MOoKa3a-

Hbl Ha puc. 8. O0miee oTpaxxeHre Bo3pacTaeT npH oonpiunx yriaax: ¢ 15% npu 0° no
30% mpu 60° Ha mumHE BOMHBI 450 HM ¥ MPUBOIUT K YMEHBIIIEHHIO OOIIETro MOrIIo-
meHns ¢ 85 1o 75%, 9To 00BACHIETCS HEAOCTATOYHO A (EeKTUBHBIM 3aXBaTOM CBe-
Ta B TAKOW CTPYKTYPE COJTHEUHOU STUEHKHU.

Ha puc. 9 nokazaHbl CieKTpaJibHbIE 3aBUCUMOCTH OTHOCHUTEIBHBIX BEIUYHH
MIPOITYCKaHUS W TIOTJIOMICHUS OT yTJIa majeHus 0e3 ydera dpdexra oTpakeHHUs.
BenenctBre BEICOKOTO KO3 UITMEHTA TOTIOMICHUS 1JIsl JUIMH BoaH MeHee S00 HM
COJTHEYHOE M3JTy4YeHHUE MOTJIOMIAaeTCs MPH JII00BIX yriax nmajaenus. [Ipu yBennyenun
JUTMHBI BOJIHBI OTHOCHTENHHOE TOTJIONMICHUE YCHJIMBACTCS TPU OOJNBIIUX YIIIAX:
¢ 79% mpu 0° mo 90% mpu 60° (L = 650 HM), COOTBETCTBYIOIUM 0Opa3oM ¢ 21 1o
10% ymeHbIIaeTCs OTHOCUTEIBHOE MPOMYCKaHUE. DTO OOBACHSETCS YBEIMUYCHUEM
OIITHYECKOTO MyTH (POTOHA U BEPOSITHOCTH €TO0 MOTJIONICHHUS.

OTOT QakT MOATBEPKAAET, YTO MOTIIOUIAIONIAs CIOCOOHOCTh SYEHKH BBICOKA
U TIPH YTJIOBOM OCBELICHUU.

3akawuenune. TpexmepHasi onTHYecKass MOJENb TOHKOIUICHOUHONW KPEMHHEBOM
COJTHEYHOM sUelku Oblila pa3paboTaHa ¢ MCIOIB30BAHUEM PEabHON Tomorpadun
TEKCTYPUPOBAHHONW TIOBEPXHOCTH TEPEIHEr0 KOHTAKTa, MOJTYyYEHHOH METOIIOM

289



KMHOMOH00 XerrIA xigHhuIreed udin WwH (09 =y
BH BMHWOAX 0010 WoImoremoIIon g uuiredoHas
-0LO() MLOOHENOHILHH QMHAIATddIoR] */ "OMJ

lwn] &
TR . L . .
.'.\.X\\\(l.flll.lnl\\.\ =
L. = . : 9%
: ,y'rl\.»\\ [
61+30° L .M 61+30°1 .13 =
12+30°Z 3 \Z+30°Z "3
09= 12+30°r _ \Z+30°F
© 1Z2+30°9 - ¢ om.v l@ 1Z2+30°0 Lz
1zr30% \Z+30°8
gzr30' [ 42 2z+30°) - 33
[1-v8.,€-vuid] uole eus I8N0 [ v8.£-vwd] uoneseussealdd |

&l +30°
1Z2+30°C
1Z2+30°F
1Z2+30%9
1z+30'e

2z+30%
|4 -8, v W3] uol|gleus e dg)

o0€ =0

o

61 +30°)
12+30°2
12+30°F
12+309
1g+30°¢e

2z +30°)
[ 1-vS £ -vwd] volessuag)ealdg

Gl=0

@
-
lwn]

o~

TN

T
o~
o

1+30%
12+30°C
12+30°'F
12+30°9
12308
22+30°
1148 £-vwa]uol elaus ©ed11dSO

0=0




100 +——————————1————1————

01 ao n R

| 1ot -

80 A 30/ A 4

{ Asgoa—t——A 1

70 - PRV A <}

1 Asom . A/‘ ]

60 - V% -

— 4 A 4
X 50+ ' 4
<< - ]
o 404 §
30 - x

20 4

10 4

0 R O D [T S T S I T e e P S YRR 50 VO
250 300 350 400 450 500 550 600 650 700

wavelength [nm]

Puc. 8. CriekTpanbHbIe 3aBUCHMOCTH MOJHOTO OTPAXKEHUS U TOTIIOMICHUS
MIPY Pa3IUYHBIX YTIaX OCBEIICHUS

1

80 -
] —A—A30° -
70 —A— A 45° -
= 1 —A—AB0° 1
S, 60 _
£ 50 i
< 1 l
2 40 .
'_5 40, —e—T0° A
. —eo—T 15° i
20 —e—T 30° ~
1 —o—T 45° y
10—- "_.‘_T 600 -

0- : —— :

1 I
250 300 350 400 450 500 550 600 650 700 750
wavelength [nm]
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ACM-ckanupoBanus. B pesysibrate BIepBble HCCleJOBaHBI MPOLECCH (POTOreHepa-
LIUH, IPOTEKAIIue B 00beMe AUCHKU. YCTaHOBJIEHBI CIIEKTPaIbHbIE 3aBUCHMOCTH
WHTEHCHUBHOCTH OITHYECKOW TeHEparu oT (pOpMBI TOBEPXHOCTH U yIJIa MaJCHUS
CONTHEYHOTO u3ny4eHus. [lokazaHo, 9TO0 TakMe TOHKOIJICHOYHBIE COJTHEUHBIE dJe-
MEHTHI 3(pPeKTUBHO HYHKIIMOHUPYIOT IIPU PA3IUUIHBIX yIJIaX OCBELICHUS, T. €.
B pa3JIM4HOE BpeMs CYTOK M T'0/ia, YTO SIBJISIETCS CEPbE3HBIM IPEUMYIIECTBOM IIe-
pen ApyruMu TUIIAMU COITHEYHBIX JIEMEHTOB.

Cnucok ucnoJjib30BaHHbLIX HCTOYUHHKOB

1. Potential of amorphous and microcrystalline silicon solar cells / J. Meier [et al.] / Thin Solid
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in Micromorph Silicon Thin Film Solar Cells / K. Chakanga // Master thesis. — 2010.

3. Computational Electrodynamics: The Finite Difference Time-Domain Method / A. Taflove
[et al.] / Artech House. — 1995.

4. Manual for Sentaurus TCAD [Electronic resource]. — Synopsys, 2012. — Mode of access :
http://www.synopsys.com. — Date of access : 14.05.2012.

5. Amorphous and Microcrystalline Silicon Solar Cells : Modeling, Materials and Device
Technology / R. Schropp [et al.] / Springer Verlag. — 1998.



Cexyus 4

PABBUTUE AIIITAPATHBIX
N ITPOT'PAMMHBIX CPEJICTB C3M

METPOJIOTUYECKHWI CKAHUPY IOLU I
30HI0BbIA MUKPOCKOII
C JTABEPHBIM UHTEP®EPOMETPOM «HanoCxkan-3Di»

K. C. KpaBuyk!, K. B. lorosmmncknii!, A. C. Ycennos!,

A. 11 Ky3nenos?, B. H. Pemeron?, C. C. Fony6es?

IPeoepanvroe 2ocydapcmeenioe 6100cemnoe HayuHoe yupescoeHue
«Texnonoeuyeckull UHCMUMYm c8epxXmeepoblx U HOGbIX YeAePOOHbIX MAMEPUATLO8),
Tpouyx, Mockosckas 06.1., Poccus
°Hayuonansuwlii uccredosamenvckuii sdepuwiii yuusepcumem « MUDHy, Mockea, Poccust
3Dedepanvroe 2ocyoapcmeennoe ynumaprnoe npednpusmue
«Bcepoccuiickutl nayuno-ucciedo8amenbCKutl UHCIMUmMYym Mempoa0cudeckol CayiconLy,
Mocksa, Poccus

Beegenne. Onpenesnenne METPOIOrHYECKUX XapaKTEPUCTUK CKaHUPYIOMIUX
30H/IOBBIX MHKDPOCKOIIOB M O0€CIieueHre AOCTOBEPHOCTH OCYIIECTBISIEMBIX HMHU
M3MEpEeHUH JTMHEHHBIX pa3MepoB B HAHOMETPOBOM JIMAaIa30He ABIISETCS B HACTOS-
1iee BpeMs KJII0YEBBIM BOIIPOCOM MPH UCHOIb30BaHUU C3M 151 TEXHOJIOTHYECKUX
MPUMEHEHHH, a TaK)Ke CepTH(UKALNN U KOHTPOJIS IPOLYKIIHMH HAHOMHYCTPHH.

[Tpumenenne tex ninu uHBIX penbedHbIx Mep muHbl (TGZ, MUILIC u ap.) ce-
TOHS OCTAETCS €IMHCTBEHHBIM BO3MOYKHBIM CIIOCOOOM TEpeaady eTUHHUIBI JTUHBI
C3M KoHe4HbIX monb3oBareneil. s ocymecTBiIeHus! TOBEPKH U KaTUOPOBKH JIU-
HEHHBIX Mep HE0OX0quMa MPUBI3KA UX METPOJIOIMUECKUX XapaKTEPUCTUK K OIpe-
JIJIEHUIO €AVMHUIBI JUTMHBI Yepe3 JUTMHY BOJIHBI JIa3€pHOT0 U31ydeHus. Takas npu-
BsI3Ka MOXET OBITH OO€cIIedYeHa JIa3ePHBIM HHTEPPEPOMETPOM.

B ®I'bHY TUCHVYM cosmectHo ¢ HUAY MUDU co3znan usmMepuTenbHBIHN
CKaHUPYIOIINH 30H10BbII Mukpockon Ha 6aze C3M «HanoCxkan-3D» [1, 2] ¢ unre-
TPUPOBAHHBIM TPEXKOOPANHATHBIM JIA3€PHBIM FeTEPOAMHHBIM HHTEP(HEPOMETPOM.

Ipu6opsi cepun «HanoCkany». OTIHYNTENTHLHON 0OCOOCHHOCTHIO TPUOOPOB CEPUH
«HanoCkan» ot TpaguiinoHHEIX C3M sBIIsCTCS TPUMEHEHNE TTEE30PE30HAHCHOTO
JIaTYNKa-KaHTUJIeBEpa KAMEPTOHHOW KOHCTPYKIMU C BBICOKOH M3rMOHOM JKECTKOCTBHIO
koHcoH (~ 20 kH/m) [3], a Takke amMa3HBIX HAKOHEYHHKOB (30HI0B). KoHTpONH
KOHTAaKTa OCTPHUA 30H/AA C MOBEPXHOCTHIO OCYIIECTBIISAETCS MO JIBYM ITapaMeTpam:
HW3MEHEHUE aMIUIMTY/Ibl HUIM YacTOTHI KoJieOaHul 30H4a. Pe30HaHCHBIN pexuM pa-
00ThI 00eCreYnBaET BBICOKYIO UyBCTBUTEJIBHOCTD IIPH KOHTAKTE C IIOBEPXHOCTBIO,
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B TO BpEeMs KaK BBICOKas M3TMOHAsl ’KECTKOCTh KOHCOJIM 30H[a MO3BOJISET MPOHU-
KaTb CKBO3b BA3KHUHU CIION JI0 yIIPYroro KOHTAKTa ¢ TBEP/I0i MOBEPXHOCTHIO B MIPO-
necce ckaHupoBaHus penbeda (puc. 1).

[lepemerienne uccieqyeMplx 0OBEKTOB B MPOIECCe M3MEPEHH OCYIIeCTBIIS-
eTCs C TOMOIIBI0 TPEXKOOPAWHATHOTO MHE303TEKTPUUECKOT0 HAHOMAaHUITYIATOpa
(cxanepa). KonTponb nepemenieHusi MpOBOAUTCS C MOMOIIBIO €MKOCTHBIX JaT4H-
KOB, HHTETPUPOBAHHBIX B HAHOMAaHHITYJIATOp. KOHCTpYyKIIHS 30H/a MMO3BOJISIET UC-
MOJIb30BaTh HAKOHEYHUKH PA3HBIX TUIIOB, B TOM YHCJI€ TOKOTIPOBOISIIHE.

[IpumMeHsIOTCS MHACHTOPBI C Pa3HBIM YIJIOM 3a0CTpeHUs (pHc. 2): mupamMuaa
bepkoBuya ¢ yriom mipu BepmmHe 65°, yroa kyba ¢ yrioM mpu BepmuHe 35°, -
pammaa ¢ yriaoMm npu Bepunae 20°. [IppmeHeHne amMa3HbIX HHICHTOPOB ¢ MaJIbIM
YIJIOM 3aTOYKH YPE3BbIYAMHO MEPCIEKTUBHO C TOUKHU 3PEHUS HCCIIeIOBAaHUS peibe-
(ha 1 MEXaHMYECKNX CBOHCTB OOBEMHBIX MaTepPHAJIOB M TOHKUX TUICHOK Ha MaJIbIX
Macitabax JIMHEHHBIX pa3MepoB. [[pU4rH 3TOMY HECKOIBKO: TAKUE HAKOHEYHUKU
JAIOT BBICOKOE paspelleHne npu padoTe B PeKUME CKaHUPYIOIIEH 30HAOBOW MU-
KPOCKOITMH; TIPA MEXaHWYECKUX WCIBITAHHSAX OHH O0OECIeYMBalOT 00Jee paHHHM
nepexo]] K IIacTUYecKoi qeopMaiiuu, mo3BoJisisa IPOBOJUTH U3MEPEHHS TIPU 3Ha-
YUTEIBbHO MEHbIICH r1yOnHe BHeapeHus. [locneanuii GpakT mo3BonseT NpUMEHITh
TaKue WHISHTOPHI ISl N3MEPEHNSI MEXaHHUECKUX CBOWCTB OYEHb TOHKHX TIIIEHOK
¢ MUHHUMAJIBHBIM BIIMSTHUEM TIOJIJIOKKH [4].

Puc. 1. C3M-u3o6pakeHue penbedHONU MEepHI, TTOIYYSeHHOE CKAHUPOBAHUEM: d — I10 aMILITUTYIE;
6 — 10 YacToTe

Puc. 2. CHHTETHYECKHE aJIMa3HBIC HHCHTOPBI C PA3JIMYHBIM YIJIOM 320CTPEHHS HAKOHCYHUKA!
a—20°% 6 —35° (yron ky0a); ¢ — 65° (bepkoBny)
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OCHOBHBIM UCTOYHUKOM TorpemHocTH B C3M sBIISIeTCSI HETOYHOCTD OIpeiee-
HUS TIOJIOKEHUS 00bEeKTa BO BpeMsi CKaHUpOBaHUsl. CUTHAJI €eMKOCTHBIX JaTYHKOB
HeCeT KOCBEHHYI0 MH()OPMAIUIO O BEIMYWHE U3MEPSIEMOT0 MepeMenieHus 1, cie-
JIOBaTEJIbHO, TPEOYyeT KaJIuOPOBKU HE3aBUCHUMBIM CIocOOOM. Takxke i eMKOCT-
HBIX JATYMKOB XapaKTepHA CHCTEMaTH4YeCKas MOTPEIIHOCTh M3-3a HAJIMYHS Tapa-
3UTHBIX EMKOCTEH B COGAMHUTEIBHBIX IPOBOJAX U KOHCTPYKIUH JaTuuKa [S].

B oTnuume oT eMKOCTHBIX JaTYUKOB MPH U3MEPEHUSIX, OCYIIECTBIISIEMBIX Jia-
3epHBIM HHTEP(HEPOMETPOM, IMEET MECTO ITPUBSI3KA U3MEPSIEMbBIX T€OMETPUIECKUX
pa3MepoB K OIpeIeNIeHUI0 eIMHUIIBI JITTMHBI Yepe3 JUTMHY BOJIHBI JIA3€pHOI0 U3Iy-
yernsi. COBpeMEHHBIE YaCTOTHO cTa0min3npoBanable He—Ne mazepsr UMEIOT OTHO-
CUTEJIbHYIO HECTaOMJIBHOCTh ONTHYECKOW YacTOTHI (JMHBI BOJHBI B BaKyyMe) HE
xyxe uem 1 - 1078, MeTponornueckue azepsl KaanbpyoTes 110 He—Ne/l,-nasepawm,
CTAOMIIM3UPOBAHHBIM TI0 IHKaM HOAa, C OTHOCHTEIBHBIM CPEIHEKBaIpaTHIHBIM
otknonenneM 2 - 107!, Tlostomy naszepHas uHTepdepOMETpHs B HACTOSIIEE BPEMs
CTAHOBHUTCS OCHOBHBIM CPEIICTBOM T€peNavyyl AUHUIBI IJIUHBI B HAHOMETPOBOM
JMara3oHe MepeMelIeH i ¢ abCOTI0THON NPHUBSI3KOH K [lepBruuHOMY STanony merpa.

WNuTepdepomerp pa3paboTaH Kak KOMITAKTHAs BCTpaWBaeMas CHCTEMa JUIS
MIPOBEACHMSI U3MEPEHUH B PEaIbHOM BPEMEHH M COCTOMT M3 ABYX MOMYJICH: ONTHYE-
CKOro 6JI0Ka, pa3MeleHHOr0 Ha paMe MUKPOCKOIIA, U 3JIEKTPOHHOTO 0JI0Ka, BBIHE-
CEHHOTO 3a TMpeNeibl TEPMOCTATHPYIOIIETO U BUOpon3oIupyromero 6okca. Omnru-
YecKue dJIeMEHTHI HHTepdhepoMeTpa coOpaHbl Ha MACCUBHOW TUIMTE M 3alUIIECHBI
OT HBUIM M MEXaHMYECKOI'O MOBPEXKACHUS ChEMHOM KpbIIIKO. B cocTaB onTuue-
CKOTO 0JIOKa BXOASIT: OHOYACTOTHBIN cTabunu3upoBaHublli He—Ne-nazep momHo-
cteio 1 MBT (mmuHa BonmHbBI A = 632,991084 HM, oTHOCHTEIbHAS HECTAOMIBHOCTH
ONITHYECKOH 4acTOTH 3a 8 4 paboTsl He Gomee 3 - 107%), akycToonTHueckuii Mo-
nynstop (AOM), 1ocTUpyeMbIe ONTUYECKUE DJIEMEHTHI (3e€pKajia, TPHUIIETh MPH-
3MBI, OITOBOJIOKOHHBIE KOJUTUMATOPhI). FOCTHPOBKa 3epKall OCyIIEeCTBIISIETCS TIpe-
LIMU3MOHHBIMH YTJIOBBIMHU MOABM)KKAMH C TOYHOCTBIO BbIcTaBieHust yria 30 yri. c.
He—Ne-nazep 3axrodeH B aIFOMUHUEBBIA PaguaTop U yOaJleH OT HHTepdepoMeTpa s
MPEeIOTBPAILCHHS BIUSIHUS HA U3MEPEHUS BO3AYLIHBIX KOHBEKIIHOHHBIX TIOTOKOB.

B ocHoBy cuctembl 06pabOTKU CUTHAJIOB MOJIOKEHA KBaJpaTypHas cxema Ipsi-
MOT0 aHAJIOTO-II(PPOBOTro MpeodpazoBaHus (pa3oMONyIHPOBAHHOTO CUTHAJA C TI0-
cienytouiel HuppoBoi 00padoTKON HHYOPMATHBHBIX OTCUETOB B IPOrpaMMUpYe-
Moit mormaeckoi maTerpanbHoit cxeme (ITJIMC, Cyclone III dpupmsr Altera).

OCHOBHBIC TEXHHUYECKHE XaPaKTEPUCTUKH MHTEpQepoMeTpa U obecreunBaro-
IIETO ero paboTy OJI0KA IEKTPOHUKH:

Junana3on uzmepenuii no ocsaim XY, He MeHee +500 MKkM
Jnana3on u3MepeHui 1o ocu Z, He MEHee 150 Mmxm
Pazpeuienue no BceM Tpem ocaM, HE XYKe 0,01 um
YpoBeHb COOCTBEHHBIX IIIYMOB HHTEpdepomeTpa,

CKO B nmonoce yactot ot 1 I'y mo 1 xI'n, He Oosee 1 am
HeoproronansHOCTh Ocell U3MEPEHUS NIEPEMEILEHUN 0,01 pannana
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Junana3oH u3mMepsieMbIX CIBUTOB (a3 +1.10* panuan

Paspemenne cuctemMbl U3MEpEeHUS C/IBUTA (asbl 110~* pamuan
BpeMenHoe pazpenienue uamepeHui 1 mc
MakcuManpHasi CKOPOCTh CKAHMPOBAHUS 300 mxmMm/c
TennoBeienenue B paboueit oomactu, He Oojee 5 Bt

Jist M3ydeHusT METPOJIOTHYECKHUX XapaKTePUCTHUK CO3JIaHHOTO H3MEpHTEIb-
HOTO KOMIUIeKca ObIIM mccienoBansl TecToBble pemetkn TGZ1, TGZ2, TGZ3 [6].
[NonyueHHbIe pe3yJbTaThl CPABHUBAIN C aHAJIOTHMYHBIMH JIAHHBIMHU, TIOJTYUYCHHBI-
MH TIpH KanuOpoBke 3Tux ke 3kx3eMIuisipoB mep PTB (Physikalisch-Technische
Bundesanstalt, I'epmanms) Ha METpOIOrHIECKOM 30HI0BOM MUKpockore [7]. Cpas-
HEHHE JIAHHBIX, MOJTYUYCHHBIX Ha OTEYECTBEHHOM HM3MEPHUTEIHHOM 30HJIOBOM MHU-
kpockorie «HanoCkan-3Di» u pesynsratoB m3mepenuit PTB npuBeneHo B Tabmu-
rie. Jluist Bcex Tpex mep 3HaueHus, naMepennsie Ha C3M «HanoCkan-3Diy, monanu
B 95%-Hb1i1 HOBepuTENbHBIN HHTEpBal, npuBeneHHb PTB. CKO n3mepenHbIx Ha
C3M «HanoCxkan-3Di» 3HaueHH BBICOT CTYTIEHEK COCTABUIIO MeHee | HM.

CpaBHeHHe pe3yabTaTOB U3MepeHuii mep cepuu TGZ

Beicora cryneneii, Hm
Mepa
HanoCkan-3Di PTB
TGZ1 18,1 £0,2 18,4+ 1,0
TGZ2 100,0 + 0,4 10,1 + 1,6
TGZ3 488,0 £ 0,9 489,0 + 1,8

3akiouenue. Pe3ynbraTsl, IpeAcTaBICHHbBIE B JaHHON paboTe, AEMOHCTPUPY-
0T, 4YTO pa3paboTaHHBIN U3MEPUTEIIbHBIN KOoMILIeKC Ha 0a3e C3M «HanoCkaH-3D»
U TPEXKOOPIMHATHOTO FEeTEPOIUHHOrO HHTephepoMeTpa 00eCneunBacT TOYHOCTD
U CTaOMJILHOCTH U3MEPEHU, HE YCTYNAIONIY O JIYYIIIMM MHPOBBIM 00pa3iam.

PabGoTa mpoBoguiace nmpu QUHAHCOBOW NOAJIEp)KKe MUHHUCTEpCTBa 00pa3oBa-
Hus U Hayku Poccuiickoit @eaepammu, 'K Ne 16.523.12.3003.
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MATEMATHYECKOE MOJAEJINPOBAHMUE ITPOIIECCA
JE®OPMAIIMA U3MEPUTEJBHOW CUCTEMBI
ATOMHO-CHJIOBOI'O MUKPOCKOITA
N PACUET JOIIYCTUMBIX PEKUMOB EE PABOTbBI

C. A. buiokons, U. A. Pesa, M. A. bongapenko, M. II. Pynb

Yepracckuii 2ocydapcmeeHHblil mexHonocuyeckul yHueepcumem, Yepraccol, Yxkpauna

BBenenune. Kak n3BecTHO M3 paboThI [1], OCHOBHBIE IPUYMHBI HEIOJITOBEUHO-
CTH KPEMHHEBBIX 30HMIOB M1 ACM 3akirouaroTcsl B C1aboil M3YUYEHHOCTH MeXa-
HU3MOB B3aMMOJICUCTBUS STUX 30HJOB C HCCICAYEMBIMH MOBEPXHOCTSIMH, OTCYT-
CTBUU WH(POPMAIUN 00 ONTHMAIBHBIX PEKHMaX CKaHUPOBAHUS U PEKOMEHIAINN
OTHOCHUTEIIFHO YCJIOBUU MCCIICAOBAHUS TIOBEPXHOCTEH Pa3IMUHBIX MaTEPUAJIOB Ta-
KuMU 30H1aMu. [103TOMY OCHOBHOI 3ajaucii aHHOW PaOOTHI SBIISIETCS U3YUYCHHUE
MIPOIIECCOB B3aWMOJICHCTBHS 30H/IOB C MCCIIEAYEMBIMH MOBEPXHOCTAMHM, a TaKXkKe
MEXaHU3MOB Pa3pyLICHUS 30HI0B.

K ocHoBHBIM MexaHU3MaM B3auMoAeicTBUs 30H10B ACM ¢ ucciieqyeMbIMU Mo-
BEPXHOCTSIMH MOKHO OTHECTH CJICIYIONINE: JIEKTPOCTATHIECKOE B3aNMOICHCTBHE,
MarHuTHOE B3aMMOJICUCTBHE, a TAKKE€ B3aMMOJACUCTBHS MOCPEACTBOM KaIUJLISAP-
HBIX CHJI, CHJI ajre3uu, cuil Ban-nep-Baanbca u cuit ynpyrocra.

B nanHO# paboTe paccMOTPEHO MEXaHMYECKOE B3aMMOJCHCTBHE 30HJA C IIO-
BEPXHOCTBIO, UCXOAS U3 MPEIIOIOKECHUS, YTO B3aUMOICHCTBYIOIINE TOBEPXHOCTHU
CIUIONIHBIE, OfHO(Aa3HbIC, U30TPOIMHBIE U HETUrpocKkonmuveckue. [loatomy Hamu
YUYTEHBI TOJBKO cuia Ban-nep-Baanbca u cuibl ynpyrocTu.

Lenb paboThl — paccyuTaTh JOMYCTUMBIC PEXKUMBI paOOTHI W3MEPHUTEIBHOM
cucteMbl ACM myTeM MOAETHUPOBAHUS MPOIecca B3aUMOACUCTBUS KPEMHHUEBOTO
30H/Ia C HCCICAYEMbIMH MMOBEPXHOCTSIMU, UCIOIb3Ysl METOJ KOHEUHBIX 3JIEMEHTOB
U pasnenbl GU3MKU yOpyrux cpea. s aHaTUTUYECKOrO PelIeHUs 3a/layl Mexa-
HHUYECKOTO B3aWMOJCUCTBUS MPUMEHEHBI METOMABI COMPOTHUBIICHHS MaTCPHAJIOB
Y U3BECTHBIC PENICHUS 33/1a4 MEXaHMYEeCKOTO B3aMMO/ICHCTBU.

IMocTaHOBKA W pellleHHe 3aaYuM MOAeJIMPOBaHUsA. MoaenupoBaHue 3a1adu
MEXaHUUYECKOT0 B3aUMOJICHCTBUS MPOBOIUIIN B CICAYIOICH MOCIEA0BATEILHOCTHU:
AHAJINTHYECKOE PEeIIeHNE 3aJla4ll B3aWMOJACHCTBUS, YHCICHHOE MOJCINPOBAHUE
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§ 3 mporecca MEXaHW4YeCKOTO BO3JCHCTBHUS HCCIENy-
eMoi moBepxHOCTH Ha 30HA ACM, cpaBHEHUE pe-
3yJIBTaTOB YUCIICHHOTO MOJICIIMPOBAHUS C PE3YJIbTa-
TaMH SKCTIEPUMEHTA.

2 Jlyist Havaja paccyMTaeM KPUTHYECKYHO HArpy3Ky
=~ Ha 30H1. JIJIsS TPOCTOTHI pelIeHUs 3a/la4ll KOHUYe-
CKHH 30H] pa300beM Ha n gacTelt (puc. 1) u paccuu-
TaeM CHJIY, KOTOPYIO MOXKHO MPHUJIOKHUTh K OCTPUIO
30HJa MPH yCIOBUHU, YTO DKCILTyaTalus 30HIa Oy-
JIET TMPOU3BOAUTRCS JI0 TEX IOp, TIOKA 3HAUEHUS pa-

Puc. 1. PasGuroiii Ha n uacTeil Jyca OCTpHUsl 30Ha He TPeBBICUT 20 HM.
KOHHYECKHiT 30HT CornacHo pabore [2], B cirydae C:kaTus 30HIA
HAXOJISIT OMACHBIC CCUCHHU S, B KOTOPBIX HAIMPSIKCHHUE
JIOCTUTACT HAMOOJBIIHX TI0 MOJTYJTFO 3HAUCHHIA, U TSI
STUX CEYCHHH 3aITUCHIBAIOT YCIIOBHE MTPOYHOCTH

12 mrrt

10 11

o —

Oy = N—[‘f" S[G],

6,0y = 2300 MITa.

Hcxons u3 aTOr0, MojyyaeM, 4To KpUTHUECKas CUJIa, MPUBOIAIIAS K pa3pylie-
HUIO 30H/a, COCTABJISCT PKp =14-10"8 H.

anee HailieM KPUTHYECKYIO CHJIY KOHCOJIM, U3 YErO MOYKHO BBIUHCIUTH KPHU-
THYECKOE PACCTOSHUS U3rH0a KOHCOIHU (.

Jlist perieHust 9TOM 3a/1a9¥ MPECTaBIM KOHCOJb, KaK 0aJIKy TPSIMOYTOJIBHOTO Ce-
YCHHS C )KECTKUM 3aKPETUICHUEM Ha OHOM KOHIIE (CO CTOPOHBI KPEIJICHHS] KOHCOH
K IbE30YUITY) U C TPUIIOKEHHON KPUTHYECKOH CHIION P Ha IpyroM KOHIIe (puc. 2).

Hebe3omacubpiMu ToukamMu B Oanke OynyT BEpXHSS M HWKHSS TOYKH CEUCHHS
B MECTE 3aKPEIUICHHUS, YCIOBHUE MPOYHOCTH MJISI KOTOPBIX 3alUCHIBACTCS CICAYIO-
UM 00pa3oM:

M Pl
max = — = S [G]
ww
Orcroga
[s]m "
Ps[P]=T=4,7-10 H,
Ry o rae G, .. — Opeael MPOYHOCTH KPEMHHUS Ha
§ N " RS a SI B u3ru6; W — oceBoil MOMEHT CONPOTHUBIIE-
A / = HUS; [ — AauHa OalKH.
§ p 3Hasi KPUTHYECKYIO CHIIY, IEHCTBYIO-
LIYIO0 Ha KOHCOJIb, MOXKHO BBIYHCIUTH MaK-
Puc. 2. Korcons ACM CHUMaJIbHBIH TPOruod Oasiku:
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3 3 3
o(0)=0,-0+ [P _Pr :i’
EIl 6 2 3El

rae / — MOMEHT UHEPIIUH.

HOI[CTaBJBIH 3HAUEHUsI, COOTBETCTBYIOIINE KPUTHICCKON CHUJIE KOHCOJH, P
4.7 10~4 H, maxonum, uto ®, . = 4,4 MKM.

Takum 00pa3oM, MOJKHO 3aKITFOUYUTh, YTO TIPU MCCIICIOBAHIH ITOBEPXHOCTH C MaK-
CUMaJIbHON BBICOTOM MUKOB 4,4 MKM KPEMHUEBBII 30H MOXKET BbIAEPKATh BHEILI-
HEe yCUIIHE PKp =1410% H.

Jlanee paccMOTpUM CHITBI MEKMOJIEKYIISIPHOTO B3aUMOACHCTBHS, AEHCTBYIOIIUE
Ha 3001 [3]. Cuna Ban-nep-Baambca — 3TO cuiaa MEXMOJICKYIISIPHOTO B3aUMOJICH-
CTBHSI, KOTOpass UMEET TPH COCTABIISIONTHE, 00JIaalonine HECKOIBKO Pa3IndHON
(u3nuecKol MPUPOAOH, HO MO 3HAUCHHUIO 3aBUCSIIHUE OT PACCTOSHUS MEXKy MOJIe-
kynamu. COOTBETCTBEHHO, CHJIa paBHA TPOU3BOIHON TI0 PACCTOSIHUIO 7;

54

rae A; — koncranTa I'amakepa.

Hcxopst U3 3TOr0 MUKPOCKOIIMYECKOTO OMHMCaHUs, MOKHO OLIGHUTH CUITY, BO3-
HUKAIOLIYI0 MEX1y 30HIOM U 00pa3uoM B 1ejioM [4]. DTta cuna OyneT oluHaKOBa
JUTSl BCEX TOYEK, PACIIOJIOKECHHBIX MO0 OKPY>KHOCTH PainycoM p, TIO3TOMY B XOAE
JaJbHEHIINX BEIYUCICHUH MOTyYaeM:

6A3 _ ndyn,
\/P +x (Jpt+x 2%,

JlanbpHeWIne BRIYMCICHUST HEOOXOIUMO MPOBOIUTH JIIsI KOHKPETHONW MOJICITH
30H/1a.

B kauecTBe mpumepa, pacCMOTPUM MOJIE]Ib KOHMYECKOTO 30H[a C 3aKpyIJIeH-
HBIM KOHIIOM (pHcC. 3), KoTopas OblIa B3sTa C paCU€THOTO MPHJIOKEHUS KOMITAHUH
HT-M/T [4].

st 2TOrO 30HIA CHUIa, BO3HHUKAOMIASI MEXIY 30HIOM M 00pas3IlioM COOTBET-
CTBEHHO, MOXET OBITH OTpeeicHa W3 COOTHOIICHHUS

—nz_[andpjdx

F:n2n1n2A3 tg'o 1 sin® @ N 3([3—1)(1—sin(|>)3+3(1—sin(p)2
6/ 1_51_.5ﬂ cosﬁ(|)([3(1—sin(p)+l)3 (B(l—sin(p)+1)3
sing

rme B =§; R = 10 M — paguyc 3akpyriaenus; £ = 0,5 HM — pacCTOSTHUE MEXTy

30HJIOM U 00pa3LoM; #; — KOHUEHTPAlHs MOJIEKYI 30H/a; /1, — KOHLEHTPALUI MO-
JeKyn o0pasua; 45 — nocrosinHas ['amakepa; ¢ = 25° — yros KOHyca 30H/1a.
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Ynpyeue e3aumooeiicmsus. 1lpu KOHTaKTe 30HIA
1 00pasiia BCTYMAIOT B JICHCTBHE CUITbI ynpyrocT. Ha-
XOXKIeHne AeGOopManuy Mpu JOKAITEHOM COIPUKOCHO-
BEHHMH TeJl TOJ BO3ACHCTBMEM Harpy3kH F cocTaBisieT
3ajauy lepia.

[Ipu Bo3meHCTBIM HArPY3KH COMPHKACAOIIHECS Tela
neQOpMHUPYIOTCSl TaK, YTO BMECTO TOYKH KacaHus 00-
paszyeTcss HEKOTOpass KOHTaKTHas Tuiomanka (puc. 4),
KoTopas Oyner umets opmy Kpyra. Ero paguyc o6o-

3HA4Ya€EM d.
Puc. 3. Mozenb KOHHYECKOTO 1 1 1
30H/1a C 3aKPYTICHHBIM Beenem ynoOHBIe B pacueTax BEIUYUHBL — = — +—,
KOHIIOM r o

. 1,
a Takxe dpdexTuBHBI Moaynp FOHTa M 3aaHHON

Tapbl MaTepPHAIOB:

L_3(1-w’ 1=

== —— K 4 E E
@ <
a [Ipu manbix nedopMalusix BBIIOIHSIETCS CICIYIO-
IIee TEOMETPUIECKOe COOTHOIICHUE MEXAY TITyOHHOM
Puc. 4. KonTakT 308712 MPOHUKHOBEHUSI /I ¥ PaJINyCOM KOHTaKTHOTO Kpyra da.
u oOpasma a’

h=—.
R
Pemienune 3amaun I'epiia qaet cieayroiiee COOTHO-

MICHUC MCKAY CHIJION BIaBJIMBaAaHH Fu FHY6HHOﬁ IMPOHUKHOBCHU h:

3 1
Ka’ _ g

F=

Takum 00pa3oM, MOKHO BBIUHCIIUTH CYMMHUPYIOILYIO CUJIY, KOTOpas JCHCTBYET
Ha OCTPHE 30H/JIa IIPU UCCIICIOBAHUY PA3IMYHBIX MATEPHAIIOB (CM. TAOIHUILY).

OcHOBHBIE MeXaHHYECKHEe XaPAKTePHCTHKHU U Pe3yJIbTaThI pacueTa CHJ B3aHMOJeiicTBHA
30H1a CSC-12 ¢ pa3JMYHbBIMH MaTepUaIaMHu

Tun [lnotHocTs, | MonsipHas macca, | Cnia Ban-nep- Mozyib Kosdpumuent | Cnna ynpyro-
MaTepHaa Kr/m? - 107 kr/mob Baasbca, - 10712H | Onra, [Tla Tlyaccona crm, - 108 H
CrexJio 2500 60 13,870 56 0,25 7,7
CauHen 11 300 207 7,505 18 0,44 3,1
ANfOMUHHN 2700 26 14,290 70 0,34 9,8
Menb 8200 63 17,910 110 0,35 14,0
Cranb 7900 67 16,230 210 0,28 21,4
Bosbedpam 15 000 183 11,280 350 0,29 28,8

Kak BuJIHO M3 NpUBEIEHHBIX BbIIIE JaHHBIX, cuia Ban-gep-Baanbca HamHOTO
MEHBLIE CUJIbl YIPYTOCTH, IO3TOMY €€ MOYKHO HE YUUTHIBATD.

300



3akuoueHue. B pesynprare aHaIMTHYECKOTO pacdyeTa KpUTHYECKOW HarpysKH
Ha 30H]] CO CTOPOHBI TIOBEPXHOCTH OBLIO MOKA3aHO, YTO TP HCCIICJOBAaHUH ITOBEPX-
HOCTH C BBICOTOM NMUKOB 4,4 MKM KpuTHUYeCKas Harpy3Kka, IeHCTBYIOIAas Ha KpeM-
HUEBBIM 30HI, COCTaBISICT PKp =14-10% H.

[IpoBeneH aHanMTHYECKUI pacueT mpolecca B3aUMOAECHCTBUS 30HAA C pa3HbI-
MH TIOBEPXHOCTSMH, U ITOKa3aHa 3aBUCUMOCTH TaKOT'0 B3aUMOJICHCTBHS OT MEXaHH-
YEeCKHMX CBOICTB MaTepuasa 1cciaeayeMoro oopasua.

[Ipu cpaBHEHHH KPUTHUYECKUX HArpy3oK, JIEHCTBYIOIIMX HA 30HJ, U PEAIBHBIX
CHJI B3aMMOJICHCTBUA OBIJIO TIOKA3aHO, YTO KPEMHHEBbIE KOHMUYECKUE 30HABI MapKH
CSC-12 mpu sKCIuTyaTanMy UX B KOHTAKTHOM PEKHMME 3HAYUTEIHFHO OBICTPEE BbI-
XOJSIT U3 CTPOSI IIPU CKAHUPOBAHUU HUMU MaTepualioB ¢ MoayiieM FOura Beime 110 I'Tla,
YTO COOTBETCTBYET TAKOMY MaTepuaiy, Kak MeJlb.

Cnucok ucnoJjib30BaHHBIX HCTOUYHUKOB

1. denxos, I. B. Dnexrpocraruyeckue u Ban-nep-BaanbcoBbl cuiibl B BO3AYIIHOM KOHTAaKTe
30HJ[a aTOMHO-CHJIOBOI'O MUKPOCKOMA ¢ mpoBosimeii moBepxHocthio / I B. Jlenkos, A. A. Kanawme-
ToB, E. I. lenxos / Kypuan trexumaeckoit puzukn. —2009. — T. 79, Bemm. 12. — C. 79-85.

2. Jlanun, A. I {uknuueckas TPEIIMHOCTORKOCTD XPYTIKUX MaTepUasoB IIPH HATPY>KEHUH CKa-
tuem / A. T. Jlauun // TIpo6aemsr npounoctu. — 2009. — Ne 1. — C. 83-87.

3. lapumnn, O. K. MonenupoBanne KOHTAaKTHOTO peKHMa pabOThl aTOMHO-CHUJIOBOIO MUKPO-
CKOITa C yU4eTOM HeMEeXaHHUECKHX CHII B3aNMOJICHCTBHS ¢ MOBepXxHOCTHIO o6pasna / O. K. Iapumti /
BeruncnaurenpHas MexaHuka criomHbIx cpen. — 2012, — T. 5, Ne 1. — C. 61-69.

4. Ban-nep-BaanbcoBckoe MpUTSAKEHHE KOHHYECKOTO 30HAA K obOpasny. [lpunoxenus [Dnex-
TpoHHBIi pecypc] / Odunmansusiii caiit NT-MDT. — M., 1998. — Pexxum nocryna : www.nt-mdt.ru. —
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METOAUKU NU3YYEHUSA HAHOPASMEPHbIX
HOBEPXHOCTHBIX CTPYKTYP MEJIN

0. M. Komap, A. B. bonnapenko, /. A. Koros

benopycckuii 2cocyoapcmeennulii ynugepcumem uH@GOpMamuKky u paoudieKmpoHuKu,
Munck, benapyco

BBenenne. B nanHoe BpeMsi 3HaUNUTEIbHBIA HHTEPEC MPEJICTABISIET UCCIIEI0BA-
HHE IIOBEPXHOCTU HAHOPA3MEPHBIX CTPYKTYP € IIOMOILBI aTOMHO-CUIIOBOM MUKPO-
ckoruu. TOYHOCTH MPOBOAMMBIX M3MEPEHUN BO MHOTOM OIPEACISICTCS BHIOOPOM
1 TIPOpabOTaHHOCTHIO HMCIIONB3yeMbIX MEeTOAWK. [IpndyeM B Ka)JI0M KOHKPETHOM
clly4ae Ha OINpENeJICHHOM THUIIE 000pYIOBaHHUs, MPOLECC U3MEPEHHSI IMEET CBOU
O0COOCHHOCTH, TPeOYIOINe y4eTa U OTIACNIBbHON mpopadoTku. [loaToMy moaroToB-
Ka ¥ OTpabOTKa METOAUK M3MEPECHUS W 00pabOTKH PEe3yIbTaTOB HEOOXOAUMa s
MOJIYYCHH S KAYECTBEHHOTO PEe3yJIbTaTa UCCICIOBAaHU I HAHOPA3MEPHBIX CTPYKTYP.
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PesyabraThl M uX o0cy:xaenue. /l1si mccienoBaHMs HCIONB30BaIM 00pas-
1], TIOJIyYEHHbIE KOPPO3UOHHBIM OCAXKJAECHHEM MEAM Ha IOBEPXHOCTU KPEMHHU-
eBOi miacTuHbl. [T0UI0KKHM 7Sl OCaKACHUSI ObLITM OYMIIEHBI METOIOM TPABICHUS
B pacTBOpe XpOMIMKa, 3aTeM B 5%-HoM pactBope HF s cHATHS ecTecTBEeHHOro
okucia. Kopposuonnoe ocaxaenue nposoguiu B pactsope 100 ma H,O + 2mm HF
u 0,624 r CuSO, - 5H,0.

O0pasen, npeaHa3HAYCHHBIN JIJIs1 UCCIIEIOBAHUSI HA PUOOpE, pa3MeriaeTcs Ha
MPEIMETHOM CTOJIMKE aTOMHO-CUJIOBOTO MHUKpockona (ACM). IlpenmeTHsIil cTo-
muk ACM NT-206 ocHallleH MarHUTHBIM JIep>KaTeeM, TOATOMY JJIs 3aKpeIIeHHs
o0Opasia ero HeoOXOAMMO MPEABAPUTENBHO 3a(pUKCHPOBATh HA MAarHUTOIPOBOAS-
LIeM MOJJIOKKozIepkaresne. Pasmepsl oOpasua BeIOMparOTCs B IpeAeiax AuaMeTpa
30 MM 1 BBICOTHI 8 MM. [17151 mosTy4eHus BRICOKOKauecTBeHHOT0 ACM-n300pakeHus
uccrnenyeMast oBepXHOCTh 00pasia o KHa ObITh TapaiesibHa ocHOBaHu0. [Ipn
yCTaHOBKE 00pasla HeoOXOAMMO MOMHHUTB, YTO 00JacTh HAa IMOBEPXHOCTH, KOTO-
PYIO IJIAHUPYETCS CKAaHMPOBATh, JOJKHA HAXOAMUTHCS MO BO3MOXHOCTH OJMXKE
K TIEHTpPY MPEAMETHOro CTONrKa. B 3TOM ciydae nckakeHHst Ha miomydeHHOM ACM-
M300paKeHNH, BbI3bIBaeMble CHEPUUECKUM XapaKTEepPOM JIBUKECHHUS CKaHepa, OyayT
MHUHUMAaJIBHBIMH [1].

HccnenoBanus mpoBOAMIIN € MOMOIIBIO aTOMHO-CHIIOBOTO MuKpockona NT-206
B KOH(QUTYpaIMH C OTKPBITOH U3MEPUTEIBHON «TOJOBOI» B CTATHYECKOM PEXKHME
(puc. 1), cortacHO METOIMKE M3JIOKEHHOH B padoTe [2].

[Nomyuennsie ¢ momorisio ACM m300pakeHusI MepBOHAYAIBHO 00pabaThIBaIH
¢ nmomotbto nporpamMmbl SurfaceXplorer (puc. 2), KOTopasi MO3BOJISET YCTPAHUTh
WCKaXeHHsI N300pakeHHs1, CBSA3aHHbIE C HAKJIIOHOM 00pasiia, CABUTOM HYJIS, HeH/Ieallb-
HOCTBIO TbE30CKaHepa, [IyMaMH, CBSI3aHHBIMH C BHEIIHMMH BHOpaLMsIMU M LIyMaMu
arnmapaTypsl, a Tak)kKe HeCTaOMITbHOCTRIO KOHTAKTa 30HI—00pa3erl.

[epxarens

3oHna

Puc. 1. Buemnnit Bug ACM NT-206 B KOHGUTYpAIIU¥ C OTKPHITOH U3MEPUTEIBHON «T0JIOBOM»
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Puc. 2. IBymepHoe (@) 1 TpexmepHOe (0) n300paskeHre MOBEPXHOCTH 00pa3iia, HOIyIeHHOTO
KOPPO3HOHHBIM OCAXJCHUEM MEAU

o

2

[
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L e e

Puc. 3. 300paxkeHus ¢ onpenesieHueM CTPYKTYPBI 3€PEH (@) U IIBETOBBIM pacipeneneHuem (6)
C MIOMOIIBIO TIPOTrPAMMHOr0 KoMILiekca « AutoscanStudio»

Janpaelimyto 00paboTKy W aHanmu3 M300pakKeHUH TPOBOIAUIN C MOMOIIHIO
MPOrpaMMHOI0 KoMILiekca «AutoscanStudio» (puc. 3), B KOTOPOM Ha OCHOBE H3Me-
HEHUs KOHTpAcTa JIBYMEPHOTO M300pakeHUS OMPEIesUIH TeOMEeTPUIECKUe Tmapa-
MeTpHI 3epeH [3].

Hcnonp3ys noiaydeHHbIe TaHHBIe, OBLIN MOCTPOCHBI TUCTOIPAMMBI pacipee-
JICHHsI TI0 DKBUBAJICHTHOMY JUAMETPy, TUIOMIA/IH, IIEPUMETPY M MPOIICHTHOMY CO-
ctaBy (puc. 4) ¢ pa3OueHHEM O0IIETr0 KOJNYESCTBA 3ePEH Ha KJIACCHI C UX I[BETOBOU
UHIUKAIMEH.

Chvit pe3yabTaThbl 6I)I.III/I HCHOJIBb30BaHbl JJIA OIPCACTICHUA KUHETUKN POCTA 3C€PCH
B 3aBUCUMOCTHU OT BpEMCHU OCAXKICHUA MCIU.
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Puc. 4. FI/ICTOFpaMMH pacrpeacsi€Hus 3€PCH 110 XapaKTCPHBIM IapaMeTpam

3akiiouenue. [lpencraBnennsle B paboTe METOAMKU HMOATOTOBKH 0OPAa3IOB,
MpOBEIEHUST U3MEPEeHU U 00pabOTKHU MONTYUYeHHBIX pe3ynbTatoB Ha ACM NT-206
MO3BOJIMIIM HU3MEPUTH OCHOBHBIE KAayeCTBEHHBIE M KOJIMYECTBEHHbIE MapaMeTpsl
HAHOPa3MEPHOU CTPYKTYpPbl OBEPXHOCTH 00pa3LOB MeIU, OCAXKICHHON KOPPO3H-
OHHBIM METOJIOM, HauMHasl C IIEPOXOBATOCTH TMOBEPXHOCTH W 3aKaHUMBAs IOJY-
YeHHeM CTAaTUCTUYECKUX paclpeesieHuii FTeOMEeTPHIECKUX TapaMeTpoB 3epeH Mo-
KPBITUS. DTO, B CBOKO O4epellb, 00ECIEUnIIO ONPEIeIeHUsT KUHETUKU POCTa 3€pPEH
B 3aBUCHMOCTH OT BPEMEHH OCaXKJICHUS ME/IU.

Cnucok ucnojib30BaHHBIX HCTOUHHKOB

1. Cycnos, A. A. Ckanupyroiue 30H10Bble MUKpOcKoIb (0630p) / A. A. Cycinos, C. A. Hmxuk /
Marepuainsl, TEXHOJIOTUU, HHCTPYMEHTHL. — 1997. — Ne 3. — C. 78-79.

2. Characterization of Copper Nanostructures Grown on Porous Silicon by Displacement De-
position / H. Bandarenka [et al.] / 220th ECS Meeting and Electrochemical Energy Summit Boston,
MA. —2011. - 234 p.

3. AutoscanStudio. ITporpaMMHBIi KOMIIIIEKC 00paOOTKH M aHATH3a M300pakeHUH. — MHHCK :
3A0 «Cnexrpockonuueckue cuctems», 2009. — 254 c.
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STUDY OF DNA RELAXATION ON MICA WITH FURTHER
AUTOMATIC TRACING

A. Mikhaylov, J. Notz-Pekkanen, G. Dietler

Laboratoire de Physique de la Matiere Vivante, EPFL, Lausanne, Switzerland

Introduction. DNA molecules bound on the surface are broadly studied by dif-
ferent techniques including AFM [1, 2]. One of the typical sample preparation pro-
cedures is to deposit molecules in solution with divalent ions on freshly cleaved mica
and after to dry the surface with airflow [3]. For this type of sample preparation it
was shown that the molecules tend to adopt 2-dimensional conformation rather than
3D-2D projection [4]. The goal of our research was to proof the fact that under these
conditions the molecules can relax and estimate the characteristic time constant for
this process.

In such experiments it is important to obtain a high number of processed mole-
cules [5, 6]. As it is challenging to work on huge set of images, we created a software
which permits to treat images easily and quickly. Our program DNA Trace can open
raw images from the microscope and has a broad range of useful options to work
with them. This software also includes several algorithms to do a fully- or semi-
automatic tracing of polymers.

This study explores not fully understood interactions between a negatively
charged DNA chain and mica. Multivalent ions will be used to bind DNA on the
surface. As it is known, the worm-like chain (WLC) will fail to describe mid-range
interactions, where the self-avoiding walk (SAW) theory exhibits close results from
those of the experiments [7, 8]. It is proposed to observe the time relaxation of a
DNA chain out-of equilibrium deposited on a surface, from its 2 dimensional pro-
jected state towards equilibrium. For weak interaction cations, the chain still con-
serves some freedom and is not kinetically trapped on the surface [9, 10].

Sample preparation. The samples of the fragments of A-DNA molecules were
deposited on freshly cleaved mica in presence of Mg?" ions (0.5-10.0 mM concen-
tration) [11]. After some deposition time (varying from 10 seconds to 5 minutes ac-
cording to the experiment) the samples were rinsed with UHQ water and dried with
air. Images were obtained using AFM in tapping mode in air.

Image processing. After scanning the images were processed using homemade
software DNA Trace (fig. 1). This multiplatform program written in Java permit us
to trace polymer molecules semi- or fully-automatically and get their coordinates.
The ways to process the images can be described as the following.

1. Fully automatic tracing of all molecules on an image: user has to press one
button. It works well for clear images of short and separated molecules.

2. Automatic tracing of each molecule: user has to click on one point of each
molecule and the program finds the rest of it. The algorithm suits for relatively short
molecules with zero or few crossings.
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DNA trace
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Fig. 1. A screenshot of DNA Trace with traced fragment of a DNA molecule

3. Automated searching of the part of the molecule between two points: user
has to do consequent clicks along the molecule and the program traces an image be-
tween them. The algorithm is the most used and can be applied for every image. The
clearer the image is, the fewer clicks the user has to perform. For most of images the
user has to point the ends of the molecule and the crossings.

4. Semi-automatic further tracing: if the molecule is already partly traced the
program is going forward along it while the user presses the button.

5. Manual tracing: the user manually shows the direction of the molecule to the
program.

The state of the polymer molecule can be described with the dependence of the
end-to-end distance <R§e> on the contour length s. For the (infinitely) long mole-

cules one can use the formula
2\ _ 2v
<Ree> =85,

where v is the scaling exponent. To extract this parameter one can obtain the data of
<Rfe>(s) and plot it according to the following formula

din(R’,
e
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Results. The results exhibit an apparent time dependent relaxation process. In-
deed, if we observe the images, (fig. 2), it can be noticed that between 10 seconds
and 5 minutes, DNA will make a transition from a compact state towards the more
relaxed one. On fig. 3 it is shown that the original configuration (10 seconds deposi-
tion time) is related by the scaling exponent of the 3D to 2D quasi-projection state
(v = 0.58), following SAW theory. Final state will then be reached after a smooth
transition, and system is defined in the 2D relaxation state (v = 0.75). To achieve
these results, the tuning of different parameters has been done. First, the concentra-
tion of the Mg”" ions should be chosen accurately in order not to have too srtong
binding of the molecules and to leave them a possibility to relax. DNA concentra-
tion was adjusted depending the relaxation time for this experiment, because the

10 Secondes 1Minutes 30 Secondes 5 Minutes

PN

: € 1 v s v € N 5 ’

Fig. 2. Several examples of scans used for current study with relaxation time varying from 10 seconds
(left) to 5 minutes (right). All samples are A-DNA (fragments) on mica, scan size is 5 um
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Fig. 3. Plot of the scaling exponent v versus contour length s for samples with different relaxation time:
1 — 10 seconds Relaxation; 2 — 40 seconds Relaxation; 3 — 5 minutes Relaxation
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concentration deposited on the surface scales as \/t—, where ¢ is the deposition time
(a diffusion process), so the concentration used for 5 minutes is not sufficient to have
enough amount of DNA molecules on the surface after 10 seconds, and the concen-
tration used for 10 seconds relaxation samples leads to the condenced state of the
molecules with 5 minutes deposition time.

Discussion. In the current study the relaxation of the double-stranded DNA on mica
surface was investigated. The results show that first the molecules are adsorbed on the sur-
face as a 3D to 2D quasi-projection, so the scaling exponent v is equal to 0.59. If one waits
certain time before rinsing the sample and drying it (that apparently freezes the molecules
on the surface), the molecules tend to relax in the direction to the 2D-equilibrium with
v =10.75 (that could be achieved only for infinitely long molecules after infinite time).

It is difficult to determine whether the surface concentration or binding molecule
(Mg?") creates segregation of the DNA on some samples. It is overall observable that
samples never exhibit a homogenous DNA repartition. This implies that there is no
defined state for the sample as the local concentration changes. From this hypothesis
one can usually select regions where concentration is low enough to calculate sta-
tistics. That being said, as sample preparation depends of many parameters, a high
difficulty to reproduce results was encountered.

Conclusions. Finally, accurate calculation of the statistical parameters require
high number of processed molecules. The software DNA Trace, that was designed
for this purpose, helps to treat a big number of scans in reasonable time, giving the
possibility to have precise numbers.
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SCANNING NEAR-FIELD OPTICAL MICROSCOPY
OF THE LUMINESCENCE OF THE NV-CENTERS IN NANODIAMOND

D. S. Filimonenko, D. I. Pustakhod, V. N. Chizhevsky, V. M. Yasinskii

B. I Stepanov Institute of Physics of the NAS of Belarus, Minsk, Belarus

Introduction. Scanning near-field optical microscopy (SNOM) is currently used
in a large number of different disciplines, where the possibility of optical imaging
with subwavelength resolution combined with simultaneously obtained topography
is of significant importance. SNOM provides ample opportunities for imaging, emis-
sion spectroscopy, fluorescence lifetimes and fluorescence resonance energy trans-
fer measurements. One of the most interesting and promising application of SNOM
is the detection of single-photon sources. Such sources are considered as corner-
stone for experimental quantum informatics as well as one of the key elements in a
variety of rapidly developing scientific fields such as quantum optics and cryptogra-
phy, optical engineering, and plasmonics. Ideal single-photon sources should gener-
ate a train of indistinguishable photons and emit a photon with required certainty
at particular moment of time as well as operate at room temperature and provide
an exceptional photostability.

At the present time different light sources are used as the single-photon sources,
which are usually only partially satisfy these requirements. The most famous and
first implemented source of single photons was based on the individual color cen-
ters in diamond «nitrogen-vacancy» (NV-centers) [1-3]. In a variety of applications,
where single-photon sources are used, is it important not only to get the photostable
single-photon source, but also to have the possibility of nanopositioning of single-
photon source in all 3 spatial directions. In this regard, it seems promising to at-
tach single-photon source to the fiber tip of SNOM probe. This makes it possible
to simply manipulate by the single-photon source while maintaining high accuracy
of positioning, typical for scanning probe microscopy. Such functionalized probes
could be widely used, because for certain SNOM applications they possess sever-
al advantages over conventional probes, such as increase in the optical resolution
of SNOM, because the size of the minimum observable object is no longer depends
on the radius of curvature of the tip (50—100 nm), but to the size of the nanodiamond
attached to the tip. The technology allows to produce nanocrystals of diamond with
sizes up to 5 nm [4].

Another major advantage of functionalized probes — the possibility of their use
as nanoscale chemical and biological sensors and realization of Forster resonance
energy transfer (FRET) SNOM [5]. Until now, the application of FRET is limited
primarily by photochemical destruction of fluorophore. The use of fluorescent nano-
diamonds with N'V-centers attached to the tip of the probe as fluorophores will sig-
nificantly increase the resistance to photobleaching and chemical degradation for
FRET SNOM measurements.
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Experimental. Aqueous colloidal solution of chemical vapour deposition (CVD)
nanodiamonds with preliminarily formed N'V-centers was used for this work. The nano-
diamonds were spin-coated on the surface of pure silica cover glass and then air dried.

Fig. 1 is a schematic of the collection mode SNOM implementation used for ob-
servation of nanodiamonds fluorescence.

The NV-center emission was excited with continuous (for SNOM-imaging) 20 mW
Nd : YAG laser generating the second harmonic of 532 nm and pulsed (for lumines-
cence kinetics measurements) Nd : YAG laser which provides 0.5 ns 532 nm pulses
with energy of 0.2 mJ at a repetition frequency of 100 kHz. To increase the power
surface density of the laser irradiation laser beam was focused with inverted mi-
croscope lens. To control the alignment of the lens focal plane with the plane of the
sample and for real time observation of the approach of the probe to the surface the
long-focus microscope Navitar with digital camera was used.

Radiation passing through the sample was collected using a fiber probe and sent
to id100-MMF50 APD by idQuantique. A FiberBench from Thorlabs with slots for
mounting filters and fiber-optic collimators provides the filtering of the optical sig-
nal collected by the SNOM probe and efficient input of this signal in APD. The
excitation line of 532 nm was suppressed by using three successively established
dichroic mirrors, a notch-filter and a long-pass filter (>610 nm). The mirror 4 can
be moved to provide surface observation with conventional inverted microscope (for
the needs of identification of the areas of greatest interest).

The electrical signal from APD with duration of 9-15 ns was digitized and
transferred to the PC by the time measuring system B-471 by Auris, which is in-

Vo

Fig. 1. SNOM scheme for the registration of the luminescence of nanodiamonds: / — inverted micro-

scope; 2 — laser; 3 — sample; 4 — mirror; 5 — microscope lens; 6 — fiber optic probe; 7 — long-focal lens

with a digital camera; § — FiberBench with a system of filters and collimators; 9 — APD; 10 — time
measuring system B-471; /] — digital camera
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tended for measurement of time intervals between successive electrical pulses with
resolution of 2.5 ns. For the purpose of characterization of luminescence kinetics
a synchronizing pulse from the pulsed laser power supply unit was fed to the second
input of the time measuring system. Such a setup allows one to measure the delay
of luminescence pulses #; from the corresponding laser pulses. Statistical sampling
gives a probability density P(¢; ), which represents a luminescence decay curve.

Results and discussion. The results of SNOM-measurements are shown in Fig 2.
As seen from the topographical and optical images from approximately of 60 parti-
cles presented in the topography only 8 particles show luminescence, thus not every
nanodiamond crystal contains NV-centers with luminescence brightness sufficient
for registration. It should be noted that due to the probe-sample interaction simulta-
neously obtained topographic and optical SNOM-images of nanodiamond samples
reveal some interesting features.

Fig. 2 (b) and (f) presents the topography and the optical image of a particular
area of the surface of the sample with nanodiamonds. It is noticeable that in the pro-
cess of scanning an interaction occurred between the probe and large agglomerate
of nanodiamonds. As a result the probe seized a part of this cluster that in turn leads
to an increase in an optical background signal. Subsequently, there was a seizure of
another particle, which is however not visible in the topographic image.

Fig. 2 (c) and (g) shows that nanodiamond attachment to the tip of the probe was
preceded by the gradual displacement of the particles from left to right (in the direc-
tion of scanning) from position 1 to position 2, which occurred during the forward
scan over the surface. The trajectory of particles can be traced back by the trail left
on the optical image. Finally, the capture of nanodiamond occurred, which resulted
in the increase of the background signal, and then at position 3, it detached from the
probe, and the optical background signal immediately returned to the original level.
But during the next passage the particle was again attached to the probe, the final
separation occurred only at position 5.

SNOM-image shown in Fig. 2 (d) and (/) reveals the heterogeneity of the single
particle luminescence. Separate light and dark spots suggest that the luminescence
centers within the same particles are unevenly distributed. Topographical image
shows no variation of relief that could explain the granular structure of the particle
luminescence.

For the characterization of the particles luminescence, measurements of umi-
nescence kinetics were carried out. While measuring, the SNOM-probe was placed
directly above the luminescent particle. Fig. 3 displays measured luminescence de-
cay curves for luminescent nanodiamond particle in comparison with pure cover
glass luminescence and pure SNOM-probe luminescence.

Due to rather weak luminescence intensity the useful optical signal can compete
with the background Raman scattering of the fiber and cover glass. The high rate of
registered pulses with small delay from the laser pulses (¢, <25 ns) is caused by Ra-
man scattering in the fiber and cover glass. We didn’t consider these pulses during
calculation of characteristic time of luminescence. Luminescence processes on the
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Fig. 3. Luminescence decay curves of pure probe without glass (¢riangles), pure cover glass (pluses),
and nanodiamond film applied on the cover glass (dots)

25-150 ns timescale for probe and pure cover glass have characteristic time of 87 ns
and 50 ns respectively. Measurements of luminescence kinetics for nanodiamond
particle give a characteristic time of 33 ns in the same time interval which agrees
with the lifetime of N'V-center of 25 ns [3]. We can conclude, that although both
fiber probe with cover glass and N'V-centers in nanodiamond emit luminescence, in
the latter case luminescence from NV-centers in nanodiamonds could be revealed
by choosing a proper time interval and thus eliminating the luminescence contribu-
tion from impurities in cover glass and optical fiber.
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ANALYSING TOPOGRAPHY DATA FROM ATOMIC FORCE
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This paper focuses on analysis of the image data representing 2D-material
distributions and on identification of regions with different materials by their color
or gray scale by using the Finite Element simulations performed with COMSOL
Multiphysics. Topographic data from AFM images can be imported with a new
Digital Elevation Map (DEM) interpolation function feature. An imported image
is made available as a general COMSOL interpolation function that can be used for
any modeling purposes.

Since its invention in 1986 by Binnig, Quate, and Gerber [1], the atomic force
microscope (AFM) has become an indispensable tool for researchers in the physical,
material, and biological science. The AFM quickly gained acceptance in these fields
due to its ability to capture topographical maps of surfaces in either air or liquid
with sub-angstrom (in Z) and nanometer (in XY) resolution. Today, extensive imag-
ing modalities have been implemented on the AFM under the umbrella of scanning
probe microscopy (SPM). In addition to topographical imaging, SPM has been used
to measure magnetic fields, friction gradients, potentials, capacitance, current flow,
piezo response, and temperature (to name a few) across a diverse array of samples
[2-6]. Wider commercial availability of user-friendly instrumentation has put the
AFM into the hands of more researchers, not only pushing the boundaries of its applica-
tion in particular fields, but also bringing together scientists at the interfaces be-
tween disciplines.

In many applications of SPM, analysis of topography data from the SPM image is
also an interested problem. In this present study, we use the Finite Element simu-
lations performed with COMSOL Multiphysics to analyze topographic data from
AFM images. In COMSOL Multyphysics, topographic data from AFM images
(JPG, JPEG, BMP, PNG, GIF image formats are supported) can be imported with a
new Digital Elevation Map (DEM) interpolation function feature. An important ap-
plication of image import is the easy computation of equivalent volume — averaged
material properties for highly inhomogeneous or porous materials. This means that
the full power of COMSOL Multiphysics is available for DEM geometry representa-
tions and can applied to any single physics or multiphysics simulation such as sub-
surface flow, electromagnetics, acoustics, and structural mechanics. Furthermore an
important application of image import is for easy computation of equivalent volume-
averaged material properties for highly inhomogeneous or porous materials. This
includes properties such as conductivity, permittivity, elasticity, or porosity and allows
for converting spatially distributed values to a single representative averaged value.
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It also brings greatly simplified meshing, less memory usage, and shorter computa-
tion times — this can be particularly important when the same type of analysis needs
to be repeated many times for different images. Further, this paper will discuss the
comprehensive solution adopted for converting the 3D digital images directly into
the computational model. Some examples of tools for image processing and data
segmentation with a unique algorithm for multipart marching cubes supported by
a special multipart smoothing technique will be presented.

We designed the lab experiments on the development of atomic force microscope
(AFM). Based on the described quartz tuning fork [7-10], the scanning probe mi-
croscope has been developed in our laboratory. Topography image data is received
from the Fork-AFM (an applications of scanning probe microscopy that the tuning
fork as a force sensor and connect it to atomic force microscopy NT-206 (Microtest-
machines Co., Belarus) [11]). The results images of erythrocytes and amphiphilic
polymer (poly-4-vinyl pyridine) are presented in Fig. 1. They then transferred these
images to BPM files, which they finally imported into COMSOL Multiphysics.

Using COMSOL Multiphysics, image data is easily converted to represent 2D-
material distributions or to identify regions with different materials by their color or
gray scale. An imported image is made available as a general COMSOL interpola-
tion function that can be used for any modeling purposes. Certain 3D-analyses are
made possible by importing multiple images representing sections of a 3D-structure
(Fig. 2, b, d). Further, an important application of image import is for easy computa-
tion and analyzing such equivalent material properties can then be used for simula-
tions of larger structures avoiding detailed microscopic information. This modeling
approach has several advantages such as avoiding the often difficult operations of
image segmenting and image-to-geometry conversion. It also brings greatly simpli-
fied meshing, less memory usage, and shorter computation times — this can be par-

18.0um x 18.0um x 2.8um [256 x 256]

a b

Fig. 1. Intermittent contact mode topographical images of erythrocytes (@) and Shear force mode top-
ographical images of amphiphilic polymer (poly-4-vinyl pyridine, PVP) (»). The dimension of images
is noted in the figure
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Fig. 2. FEM solution in COMSOL Multiphysics of the converted topography data of erythrocytes and
amphiphilic polymer from Fig.1 (a—d)

ticularly important when the same type of analysis needs to be repeated many times
for different images.

In conclusions, the finite element method performed by COMSOL Multiphysics
is a well proved computational technique to investigate physical phenomena where
an analytical approach is not possible. It showed already lots of applications in re-
searching of the surface properties as well as the other information of materials.
Further, from the received results, we thus suggest the combination of the using the
simulation method in researching the properties of new materials to shorten time as
well as money.
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WCIOJIb30BAHUE METOJOB ®PAKTAJILHOI TEOMETPUA
JJISI AHAJIN3A U3BBITOYHOCTHU JAHHBIX,
HOJYYEHHBIX C UCIIOJIb30OBAHUEM
ATOMHO-CHJIOBOI'O MUKPOCKOIIA
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Tocyoapcmesennoe o6pazosamenviioe yupesicoenue 6bicuLe20 NPOPeCCUOHATHOZ0
0bpaszosanus «Braoumupckuil eocyoapcmeennulii ynusepcumemy, Baaoumup, Poccus
2Zakpvimoe axyuonepnoe obuecmso «HT-MJ[T», 3enenozpad, Poccus

Memoowvr amommo-cunosou mukpockonuu (ACM) nonyuaiom ece doavutee
pacnpocmpanenue 6 3a0a4ax Uccie008aHus HAHOOOBEKMO8 U HAHOCMPYK-
myp. Hcnonvsyemvie n00X00bl N0360AI0M NOAYYAMb C bICOKUM paspeliie-
HUeM Kapmy C8OLUCME NOGePXHOCMU. sl MHO2UX UMePeHUll NPUHYUNUATIeH
80NpPOC 06 U3OLIMOUHOCU NPOBOOUMBIX UBMEPEHULL U 603MOICHOCU YIPAG-
JIeHUsT Kauecmeom noaydaemou ungopmayuu. B dannoii pabome na ocroge
Memo008 PpaxmanbHol ceoMempuy npednoAHCenvl, Ha npumepe 00HOMEPHbIX
3asucumocmetl, Memoovl YNpasienus Kauecmeom U moyHOCHU NOIYyUaemMo2o
ungopmayuonnoeo maccusa Ha ochoge ACM-uzmepenuii.

BBenenune. MeToasl GpakTaibHOH TCOMETPHH, OCHOBAHHBIC HA BBEIYUCICHUHU
(pakTanbHbIX pazmepHocTel [1] 1y n300paxeHuit, MOJYUYSHHBIX C PUMEHEHHEM
PaCTPOBBIX ICKTPOHHBIX U CKAHUPYIOMINX aTOMHO-CHJIOBBIX MHKPOCKOTIOB, TIOJTY-
4aloT Bce OOJBIIee PaclpoCTpaHEHHE B 3a/1a4aX aHaM3a HAHOPa3MEepPHBIX 00BeK-
TOB. JlaHHBIC METOABI MO3BOJISIOT MOTYYaTh YHCICHHBIC XapaKTEPUCTUKN MUKPO-
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TFEOMETPUHU HCCIEAYEMOro 00bEKTa U Jal0T BO3MOXKHOCTH CPaBHEHUS Pa3IMYHBIX
00BEKTOB 10 CTENECHH YIOPSI0YSHHOCTH U Tiofo0wus [1-3].

Onnako B OOJBIIMHCTBE pabOT MpH pacyere (PpakTaabHOH pa3MEpHOCTH HC-
MOJIB3YIOTCSI CTaHAAPTHBIE METOABI, OCHOBAaHHBIE Ha METO/E MOKPBITU MHHKOB-
ckoro [4—6]. Takoit mogxon TpeOyeT JOMOTHUTEIHLHONH 00pa0OTKH aHATIN3UPYEMBIX
IaHHBIX. B nanHO# paboTe mpenosxkeH MeTox pacueTta GppakTaabHON pa3MepHOCTH,
OCHOBaHHBIH Ha ckednuHT-3(QdexTe [5]. Ha ocHOBe aHaNmM3a MOTYyYEHHBIX 3aBUCH-
MOCTEH NPeAsoKEHbl METOAbl OLEHKH H30BITOYHOCTH M3MEPEHHUH U MPEAJIOKCH
METOJ MPOrPaMMHOI0 YIy4YIIEHHUsI KadecTBa IPOBEIEHHBIX U3MEPEHUH B acleKTe
MOBBIILICHNS UX HH(POPMATUBHOCTH.

Ipouenypa usmepenusi ppaKkTaJbHON Pa3MePHOCTH U U30BITOYHOCTH/I0-
CTATOYHOCTh U3MepeHuil. I3MepeHus npoBOAUIN C UCIOIB30BaHUEM CKaHHPY-
IOIIETro 30H10BOr0 MUKpockona (C3M) MuaTerpa Aypa mpou3BoACTBAa KOMIIAHUH
HT-MIT. B xadecTBe HcCleayeMOro OOBEKTa HCIIOIB30BAM KalHOPOBOYHYIO
pemretky TGZ 02 n momynpoBOgHUKOBYIO TuIeHKY PbSe TommuHol 2 MKM ¢ chiTb-
HO Pa3BHUTHIM penibe(hoM MOBEPXHOCTH. JlaHHBIE OBLIM MONyYeHBI METOIOM KOH-
TaKTHOW CHJIOBOM MHUKDPOCKOIIHH, B KOTOPOM CHCTEMa OOpaTHOW CBSI3U 30HJIOBOTO
MHKPOCKOIIA MOAJIEPKUBAET Yepe3 U3MEHEHUE IIMHBI NTbE30IPUBOJA TOCTOSHHYO
BEJIMYUHY MPOruda KaHTHUIIEBEpa, YTO OMpPEJIeNsieT TeEM CaMbIM MOCTOSHHYIO CHITY
B3aMMOJICHCTBUS B CUCTEME 30H1—00pas3ell.

B mpouecce ckannpoBaHus moBepxHocTH obpasua popmuposanue C3M-u3obpa-
KEHUS MPOUCXOIUT CIETYIOMHUM 00pa3oM: MbEe30IPUBOJ MIEPEIBUTAETCS B IIIOCKO-
cTH XY (IIIOCKOCTH U300paXeHUsI) B paMKax MPsIMOYTOJIBHOTO TOJIsI, pa30UTOro Ha
SIYEHKU pacTpa. B ka0l TOUKe 3aJJaHHOTO pacTpa MPOUCXOAUT PETUCTpaLUs Bbl-
COTHI penbeda (KoopauHara Z), a TakKe APYTUX XapaKTePUCTUK ITOBEPXHOCTH 00-
pasua.

Juist aHanmu3a MpOBOAMIIA CKAaHUPOBAHKME pelibeda OIHOIO U TOTO JK€ ydacTKa
COOTBETCTBYIOIIET0 00pa3iia ¢ pa3IuYHbIM TUKCEIBHBIM pa3pelieHreM, Ope/Ies-
eMBIM NpOrpaMMHO. B kKadecTBe HEMOCPEACTBEHHO aHAU3UPYEMbIX JaHHBIX Opann
XapaKkTepHbIe TPOQIIN U3MEPEHHBIX IByMEPHBIX KapT penbeda.

Jns pacuera gpakTanbHON pa3sMEPHOCTH IMOJYUYCHHBIX TaKUM O0Opa3oM 3aBU-
CUMOCTEH HCIIONB3YIOTCS pa3InyHble TOAXOAbI, CPEIN KOTOPHIX HAauboIbIIee pac-
MpOCTpaHEHHUE MONYUYUI Pl METO/IOB, B YACTHOCTH TOACYET sIYEEK, ONpeeIeHHe
BBICOT-BBICOTHOM KOPPEISILIUU, HAXOKCHHE CTPYKTYPHOH (PYHKIIMH, pacueT JIuc-
nepcuu BbICOTHI [1]. JlaHHBIE METOIBI AOCTATOYHO YYBCTBUTENIbHBI K U3MEHEHUIO
CTPYKTYpPBI penbeda, MpeACTaBIsIeMOro B BUAE ONPEACICHHOI0 YUCIOBOTO psija,
Y TIO3BOJITIOT KOJIMYECTBEHHO OIEHMBATH €r0 TOMOJIOTHYECKYIO CIIOKHOCTh. OHa-
KO ITPUMEHEHHE TIOA0OHBIX METOAOB TPEOYET AOMOTHUTEIBHON 00pabOTKM aHATU3H-
pPYEMBIX JaHHBIX. JIeHCTBUTENBHO, IPU HCIOJIB30BAaHUH METOAA TMOACYETAa KOJINYe-
CTBa siueeK (HanboJee paclpoCTPaHEHHOI0 B HACTOAIIEE BpeMsl) pacueT (ppakTaib-
HOW pa3MepHOCTH D MPOU3BOIUTCS B COOTBETCTBUH C BBIpAXKEHUEM |5, 6]

D ——fim 22N ),
£—>0 logg

@D
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rne N(€) — KOJIMYECTBO SYEEK MOKPBITHS; € — PAANYC OTHOHN sueiku. DTO MpeIo-
JlaraeT, uTo 1 N(g) peaausyeTcs CAenyomas 3aBUCUMOCTD:

N(e)=e™. )

O4eBHIHO, YTO €€ BUJ 3aBHCUT OT HAYaJIbHOTO paguyca sS'YeUKH MOKPBITHS
u crocoba ero m3Mmenenus. Konkperusamus cootHomeHus (2) TpeOyeT BBEIeHUS He-
KOTOPOI HOPMUPOBOYHOM KOHCTAHTHI, TaK KaK OCYILIECTBUTH MPEACIBHBIN Mepexos
B BbIpaykeHHUH (1) KOPPEKTHBIM 00pa3oM 151 OOJNIBIIMHCTBA BEIOOPOK, JITTMHA KOTO-
PBIX HE MPEBBILIIAET HECKOJIIBKUX COTEH OTCYETOB, HE MPEICTABISIETCS BO3MOKHBIM.

OnHaKo BO3MOXKEH JPYTOH MOJXO0J, TPU KOTOPOM HCIIONIL3YETCS ONpE/eIiCHHE
¢dpakTana Kak HEKOTOPOI'0 MHOXKECTBA, OTACIbHAS YacTh KOTOPOTO HECET B cele,
B CHJTy CBOWCTBA MOAOOWS, HHPOPMAINHIO 000 BCEM MHOXECTBE [6]. DTO MO3BOJIS-
eT Ha 0a3e ckelnuHr-3¢dexTa [5S] TpOU3BOAUTH HEMOCPEACTBEHHBIN PacyeT IJIUHBI
psna, XapaKTEePU3YIOMEro penbed.

[Ipouenypa npoBeaeHUs: TAKOT0 aHAIN3a 3aKiovaeTcs B ciaexyromemM. Onpene-
JIUM TTOJ00ME AJTMHBI OTACIBHBIX YYaCTKOB pesibeda B BUJIE COOTHOLICHUS

L(8)=L,8"", 3)

rae L, — HauanpHas AnMHA psja; L(0) — AIMHA psAjia IPH €ro anlpoKCHMAlLUK C Bbl-
OpanHbIM maroM J. Jlanee st HEMOCPENCTBEHHOTO pacdeTa GpaKTaaIbHON pa3Mep-
HOCTH HCIOJIB3YEM CIIeTYIOUTUH alTrOpUTM.

W3 Bcero maccuBa naHHbIX BeIOMpaeM 10% 0oTcueTOB, BKIIIOUAIOIIKX B ce€0sl Ha-
YaJbHYI0, KOHEUHYIO M MIPOMEKYTOUYHBIE TOUYKH, KOTOPBIE, B CBOIO OYepellb, COACP-
JKaT MaKCUMaJbHOE U MUHUMAJbHOE 3HAYCHH S, PACIIONOKEHHBIE TT0 BO3MOKHOCTH
Ha PaBHOM YAAJICHUU APYT OT npyra. Jlis momydeHHON KpuBoW penbeda paccuu-
TeiBaeM juHYy L(0). Ha crmemytomem mrare B BeIOOpKy mobasisiem emie 10% ot
00IIIero KOJMWYeCcTBa 3HAYCHUW W NI TOJYYSHHOH yTOYHEHHOH KpUBOH penbeda
CHOBa paccuuThiBaeM JIMHY L(0). Takyro mocinenoBaTenbHOCTh BEIYMCICHHH TTPO-
JIOJKaeM 70 TOJIHOTO HACHIIEHUs psijga. TakuMm o0pa3oM, ¢ KaKJIbIM PacdeTHBIM
[IarOM MBI TIOATAIMHO AMMPOKCUMHUPYEM UCXOTHYIO KPUBYIO penbeda aHaIOTHIHO
METOJly pacyeTa B 3aJiaue ONpeAeIeHus JIINHBI OeperoBoii TuHuu [4, 5].

Kaxk BuHO 13 puc. 1, B 11eJI0M 3aBUCUMOCTH JUIMHBI pelibeda BeayT ceOs 0yim3-
KUM 00pa3oM (711 TByX OTMEUEHHBIX METOJIOB pacueTa), pacueT (ppakTaibHOH pas-
MEpPHOCTH JaeT JJIs ePBOTo ciyyas 3HaueHue 1,3, a nist sToporo 1,4. B ctpykrype
3aBUCHMOCTEH MOXKHO BBIJICITUTH PA3IHUHSL.

[epBoe — st 3aBucuMocTH (1) 3aMETHO U3MEHEHHE JTUHBI peibeda CTYIICHb-
KaMHU (4TO COOTBETCTBYET ITOIOOPY HEKOTOPOH A((PEKTHBHON MEphl MHOXKECTB TI0-
KPBITHSI); TIPU 3TOM HE JIOCTUTACTCS HACHIIICHHE (T. €. MPEIIoNIaraeTcs, 4To Uccle-
JTyeMOe MHOKECTBO (paKTaIHLHO BO BCEM JUAIA30HE JITUH MHOKECTB TIOKPBITHS).

Bropoe — npu mocnenoBarenbHON anmpoKCUMaIuK [BeIpakeHue (3)] SIBHO BHI-
JIeJISIeTCS y9acTOK PaBHOTO HAKJIOHA, HA KOTOPOM M BO3MOKHO KOPPEKTHOE OTpeie-
neHue (hpakTalIbHOW Pa3MEPHOCTH.
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0 1 2 In (1's)

Puc. 1. I'padmk n3mepeHns AIUHBI KPUBOIL penbeda: / — MEeTOIOM MOACYETa STUCEK;
2 — mpeaaraéMbIM METO/IOM aNMPOKCHMAIUH JJINHBI

[IpenmaraeMprit HaMu METOJ OBLT MPOTECTUPOBAH HA M3BECTHBIX (DpaKTaIbHBIX
MHOXecTBax: kpuBasg Kox, uepToBa necTHuna, msuib Kanropa u T.1.

Jns camonomoOHBIX (hpaKTalioB 3HAYEHUsI Pa3MEPHOCTEH, paCCYUTAaHHBIX pa3-
JWYHBIME CITIOCOOaMHu, OTIMYar0TCs He Oosiee yeMm Ha 0,05 oT auTepaTypHBIX AaH-
HBIX O Pa3MEpPHOCTSIX NaHHBIX 00BEKTOB [5, 6]. OnHako mpu K0OaBIEHUH CTOXa-
CTUYHOCTH B CTPYKTYpPYy (paKTaIbHOrO MHOXKECTBa BTOPOH crocod Ooiee TOYHO
OTpa)kaeT U3MEHEHUE CTPYKTYPHI 10 CPABHEHHUIO C CAMOIIOAOOHON CTPYKTYPOii.

AHanM3upys 3aBUCUMOCTh M3MEHEHUS JUTHHBI (DPaKTalIbHOTO MHOXKECTBA MPHU
M3MECHEHUH TOYHOCTH aIlMIPOKCHMAITIHU, MOYKHO TIOTYIUTh HHPOPMAITHIO 00 H30BI-
TOYHOCTHU NPOBOAUMBIX H3MepeHHI7L

s Gojyee TOYHOTO OIpeneieHHs XapakTepa U3MEHEHHS JUIMHBI U3MepsIeMOoi
KpUBOH pernbeda MCCAenyeMbIX CTPYKTYP OT TOYHOCTH AaNIMIPOKCHUMAIUHU TIPOIe-
Jypa BBIYHMCIICHUS 3aBUCHMOCTH Oblila M3MECHEHA CIEAYIOMNN 00pa3oM: 1Mo OCH Op-
JIMHAT OTKJIAJIbIBAJIOCh OTHOIIICHHE BBIYUCICHHBIX JTMH KPUBOW Ha pa3HBIX IIarax

L, .
In| —— |, a mo ocu abcuKCC — OTHOLICHUE CPEIHUX PACCTOSHUN MEKY COCEIHU-
-1 I
MM TOYKAaMH IIPH Pa3IUyYHbIX Iarax anmpokcuManuu In| —=
E.

1

[Ipu BBIXONIE BBIYMCIISIEMON 3aBUCUMOCTH HAa HACHIIICHWE W3MEHEHHWE JTUHBI
CTAHOBUTCS HE3HAYMTEIBHBIM. DTO 03HAYACT, YTO PErHMCTPUPYEMbIC H3MEHCHHS Pe-
nbeda SABISIOTCS HeMHPOpMATUBHBIMU. [Ipy TaHHOM 3HaYECHUHM OTHOIICHUS CHUT-
HaJI—ITyM, TI0 BCEH BHIMMOCTH, HEBO3MOXKHO TOBOPUTH O TOUHOCTH MPOBOIUMBIX
n3MepeHuii. TakuM 00pa3oM, MOSIBIISICTCS BO3MOXKHOCTH YIIPABJICHUS KaueCTBOM
nojry4aeMoi nHpopManuu mytemM n30aBiIeHus OT H30BITOYHOCTH U3MEPEHUH.

TectupoBanue MPEMIOKEHHOTO aJITOPUTMa OBLIO TIPOBEIECHO Ha KaJIHOPOBOY-
Holt pemierke TGZ 02 [7]. PaccMoTpuM 0coOEHHOCTH M3MEpPEHUs penbeda TMoy-
MIPOBOTHUKOBOH TIeHKH PbSe ¢ pasnuyHbIM MUKCENBHBIM pa3pemnieHneM (puc. 2).

Brixom Ha aCHMIITOTHYECKOE HACHIIMIEHHE B 3aBHCHMOCTH OT OTHOCHTEILHOIO
M3MEHEHUs JUIMHBI H3MEPSIEMOro psijia ObLT BhIsiBIICH B quana3zoHe 820—920 touek
(puc. 2, 6). Ilpu >TOM 1719 KOJWYECTBa M3MEPsEMBIX TodeK He MeHee 920 oka3bI-
BaeTCsS BO3MOXKHBIM TEpeAaTh Kak KPyTHOMACIITa0HbIC, TAK U MEJIKOMACIITa0OHbIC
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Puc. 2. Ananu3 penbseda morynpoBOJHUKOBON IUICHKH: @ — UCXOAHBINA penbed (paspemenue 1024

nuKcens); 6 — rpauk U3MEHeHHUs JUIMHBI KpuBoil (pasperienue 1024 nukcesns) npu pacueTe Gppax-

TaJIbHOI pa3MepHOCTH; 6 — M3MEpeHue penbeda (paspemenne 920 mukceneil); e — uaMepeHue penbeda
(pa3pemenne 820 mukcenei)

n3MeHeHus penbeda. [Ipu yMEHBITICHUH KOJTWYecTBa U3MepeHnit 1o 820 mukceneit
CTPYKTypa M3MEpSAEMOr0 00bEKTa CTIIaKUBACTCS: MPOUCXOAUT TOTEPs] BBICOKOYA-
CTOTHBIX IPOCTPAHCTBCHHBIX KOMIIOHCHT, HO MOXHO I'OBOPHUTH 06 06HI€M yiay4duie-
HHUM Ka4eCTBA N300pakeHHUSI.

3akurouenue. Onpeneneane (pakTaTbHBIX XapaKTePUCTHK KOMIIEKCHBIX M30-
OpakeHUI MO3BOJISET MPOBOJUTH CPABHEHUE PA3IUYHBIX OOBEKTOB IO CTPYKTYP-
HOW CJIO)KHOCTH. TakoW MOAX0A B OCOOSHHOCTH OIpaBJaH IpPHU PEIICHUHU 3a]aun
OTIPE/ICIICHIS CBOMCTB HAHOOOBEKTOB B CKAHUPYIOIIEH 30HI0BOH MUKPOCKOITHH.

s onpenenenus (GpakTalbHOW Pa3MEPHOCTH B ATOM Cllydae MPEIIOKeH HO-
BBIH MOJIXOJ1, OCHOBaHHBII HAa IPUMEHEHHH CKeHIUHT-3(h(ekTa, MO3BOJISIOIIETO Cy-
IIECTBEHHO YMEHBIINTH HEOOXOAMMOE I pacyeTa XapaKTEPUCTHUK TOTy4aeMOro
M300pakeHNsT MalIMHHOE BpeMs (CpaBHEHHWE TOoKa3ajo yBenmdeHue 3PpPeKTHBHO-
ctu 10 50%). OnpeneneHre QpakTadbHBIX CBOMCTB CTPYKTYPBI MO3BOJISET TAKXKE
YIPaBIsATh KAYECTBOM IMOJyYaeMbIX M300paKCHUU 3a cUeT M30aBICHHS OT M30bI-
TOYHOCTH M3MEpeHU. B manmpHeHIeM MIaHupyeTCs PacIIuPUTh 00IacTh MPUMe-
HEHUS MpeAIaraeMbIX METO/IOB aHAJTU3a U 00pa0OTKU MAaHHBIX IS TPOU3BOJIIBHOM
PasMEpHOCTH HCCIEAYEMBIX OO BEKTOB.
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AHAJIN3 PABMEPOB KPUCTAJIVINTOB B TOHKHUX
IIJIEHKAX ZnO HA OCHOBE HU®POBbBIX JTAHHBIX
CKAHUPYIOIEI'O 30HA0BOI'O MUKPOCKOITA

A. A. JlokTHOHOB, A. X. ApreiHoBa, K. A. Murs, /. M. MyxameamuHna

Quszuro-mexnudecxkut uncmumym, Animamoi, Kazaxcman

Off-line ananuz mampuy OAHHBIX CKAHUPYIOUE20 30HO08020 MUKPOCKONA
(C3M) memoodamu HenpepvleHo2o 8elsiem-npeoopa308anus U camoopeaHu-
3068aHHOU KAACCUDUKAYUYU NO3GONUN OYEHUMb KOPPENAYUU DASMEPOE KpU-
CMAanIUmos ¢ Mopghono2uueckuMu xapaKmepucmukami moHKUX OKCUOHbLX
naenox. Ha smoii ocnoge nanokiacmephas cmpykmypa 00pasyoe uccie-
008aHa ¢ MoOYHOCMbIO, coomeemcmeyrwel pesyromamam pabomer C3M
¢ decamuxpamuo 6onee 0OCmpbiM HAKOHEYHUKOM Kanmuaegepa. [lonyuennvle
6b1600bl XOPOULO COSAACYIOMCA C OAHHBIMU CIMAHOAPMHO20 PEHM2EHOCHPYK-
MYPHORO AHANU3A U UCCIEO08AHUAMU ONMUYECKUX CNEeKMPO8 NPONYCKAHUS
njeHoK. B pezynbmame omxpvieaemcs 603MOACHOCIb ONEPAMUBHO20 Ynpaes-
JIeHUsT MEeXHON02UYECKUMU NPOYECCamMu CUnme3a u MoOUuPuUKayuu nieHox Ha
ocHoge oannwix C3M.

BBenenue. Ananu3 pe3yiabTaToOB TEXHOJOTHYECKUX MPOIECCOB CHHTE3a U MO-
IU(UKAIAE CBOHCTB TOHKHX IUIEHOK METaJNIOOKCUIOB TPeOyeT HCCIIeJOBAHHM
ANEKTPOYUZNIECKHUX, ONTUYECKUX, MOP(OIOTHIECKUX U CTPYKTYPHO-pa3MEPHBIX
XapaKTEPUCTHUK IIJIEHOK, T. €. UCIIOJIB30BAaHUS COBOKYITHOCTH Pa3JIMYHBIX U3MEpH-
TETBHBIX TIaTQOPM, U, CIIETOBATEIHHO, 3HAUUTEIBHBIX 3aTPaT BPEMEHH U CPEICTB.
OneHka pa3MepHO-MOP(OIOTHYECKUX KOPPENSIUi OTKPBIBAET MYTh AJS pealu-
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32l MaTeMaTHUKO-KOMITBIOTEPHBIMU CPEICTBAMH IIJIOAOTBOPHON HMJIEU CO3JIaHUS
HaHOJIA0OPATOPUU Ha OJHON M3MepuTeabHOU Iuiardopme [1], B KOTOPOW MOMKHO
ObUTO OBI TIOTy4YaTh HAOOP W MOP(OIOTHIECKHUX, U Pa3MEPHO-CTPYKTYPHBIX Xapak-
TEPUCTHK TUICHOK. JIeMCTBUTENIBHO, pa3MEpHBIC MMapamMeTpbl KPUCTAJLIUTOB B TOH-
KHUX IUICHKax (B Mpeesic — IByMEPHBIX CTPYKTYpax) JAOJIKHBI IIPOSIBISATHCS B MOP-
(homornyecknx cBoiicTBax moBepxHocTH. OOHApYKEHHE OYEHb CIAOBIX MCKOMBIX
KOppelsinuid TpeOyeT Npeln3noHHbIX N3MEPEHU U aHanu3a. B Hacrosmei pabore
BBICOKOTOYHBIN Ha0Op MUPPOBBIX XYZ-MaTpHUIl KOOPAWHAT TUICHOK MOIYYeH Ha
CKaHHMpYIoIeM 30HA0BOM MuKpockone JEOL-5200, a oneHka Koppenauuil ocy-
IIECTBJICHA HAa OCHOBE 3()(DEKTUBHBIX METOMOB CICKTPaIbHOIO M Kjaccupukaiu-
OHHOTO aHallh3a JaHHBIX. Bce KOMIBIOTEpHBIE TTOAXOAB! ¥ PA3pa0OTKH BBITIOTHEHBI
Ha OCHOBE HCCJIEJOBAaHUI B OONACTH CKAaHUPYIOIIEH 30HI0BOH MUKPOCKOIHH [2,
3], meiipoceTeBOro KOMIBIOTUHTA [4], BeiiBieT-aHanmu3a [S] B cpene MexayHapOIHON
nporpammuoii minargopmer MATLAB [5].

BospaeiicTBrE BOIOPOIHOM I11a3MOit sIBJIsCTCS 3P PEKTUBHBIM CPEACTBOM MOIH-
(buKauy CTPyKTYpPHO-Pa3MEPHBIX MMapaMeTPOB OKCHJIOB U CBOWCTB CHHTE3UPOBAH-
HBIX IJICHOK. B TaHHO# paboTe pa3MepHbIe XapaKTePUCTUKY KPUCTAJIITUTOB U3yYa-
JIM B 3aBUCHMOCTH OT BPEMEHM BO3JCHCTBUS BOJAOPOIHON TJIa3MOM Ha CHHTE3UPO-
BaHHbIC 30JIb-T€JIb METOJIOM TUICHKU OKCHUJIA [IMHKA.

Hcxoanbie nannble. [lIeHKHM OKCHJAa LUHKA C XOPOLIEH XUMHUYECKOH OJIHO-
POMHOCTHIO OBLITH MOJTYYEHBI OCAXKIEHHEM M3 pacTBOpa IUTHApATa areTara [UHKA
(Zn(CH;CO0),2H,0), pactsopennoro B usonponanone (C;H,OH) ¢ nobasnenuem
KOHLIEHTPUPOBAHHOTO TUJIPOKCUJA aMMOHUS (NH4OH). OcaxJeHue Ha CTEKJIIH-
HYIO TTOJJIOKKY OCYHIECTBIISUTH HEHTPUPyTHpoBaHueM. [ nccieqoBaHus BIHS-
HUsI BpeMeHH 00pa0OTKH B TJIa3Me UCXOIHYIO IJICHKY pa3pe3aliv Ha YeThIpe YacTH.
[lepByro 9acTh OCTaBJISAIN HEM3MEHHOW B Ka4eCTBE KOHTPOJIBHOTO 00pasia, a TpH
OCTaJIbHBIE 00padaThIBaAIIN B TIJIa3Me TICIOMIEro pa3psiaa Bogopojaa B TeueHue 5, 10,
15 MmuH cooTBeTcTBeHHO. YacToTa reHeparopa coctaBisna 27,12 MI't = 0,6%,
MOIITHOCTb TJ1a3Mbl — OkoJio 12,5 BT. Temneparypa o0pasiioB IJICHOK MPH T1a3MeH-
Holi 00paboTke He mpesbimana 100 °C.

Martpurtisl m3MepeHnii Bcex oopasiioB Ha C3M uMern pa3MepHOCTH 1o X, Y Koop-
nuHatam 512 x 512.

AHaJIn3 pa3MepoB KPHUCTAJJIUTOB 1O MOP(OJIOrHIeCKUMH XapaKTepPUCTH-
KaMM TOHKHMX IJIEHOK. PazMepHbIe XapaKkTepHCTHKHU TJICHOK Ha HaHOMAaclITadax
OIICHEHBI [6] Ha OCHOBE BEHBJIET-aHANIM3a U3MEPEHHOI'O psijia BBICOT f{z) Ha 3ajaH-
HOM JIMHEHHOM WHTEpBaje M3ydaeMON MOBEPXHOCTH. AJITOPUTMbI HEIIPEPHIBHOTO
BelBIeT-IpeoOpa3oBanus [7, 8] BBIIOIHSAIOT JIEKOMIIO3UIIMIO JAHHBIX HECTallu-
OHAPHBIX MPOIECCOB C MOMOIIbI0 HA0OPa XOPOIIO JOKAJIM30BAHHBIX «MaJICHBKHX
BOJH» — BEHBJIETOB. BKitam kakaoi BeWBaeTHOW BOJMHBI W(a, b) 3aBHCHT OT Mac-
mTaba BOJHBI @ U €€ KOOPAWHATHI b. Pe3yibrar aHayn3a HaTJSIHO MPEICTaBIISCT-
Csl B BHJIC BEHBJIET-CIIEKTPa — TIOBEPXHOCTH B TPEXMEPHOM TIpocTpaHcTse: Wla, b) —
aMIUTUTY/IA, @ — MaciITad u b — Touka JoKaIu3anuu. Takol MOAX0/ TO3BOJISIET U3Y-
9aTh MEJBYANIIINE AeTadl MacITaOHOro oOpasa CUTHaJA C PAaCICTOM OTHOCHTEIh-
HOT'O BKJIaJ]a Ka)KJI0i KOMITIOHCHTBL. TOYHOCTh BBIJCIICHUS KJIACTEPHBIX CTPYKTYP HPH
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3TOM COOTBETCTBYeT pesynbraraM paborsl C3M ¢ necatukpaTHo Oojiee OCTPBIM
HaKOHEYHUKOM KaHTHJIeBepa. Cxema Mpoueaypsl OLEHKH Pa3MEepPOB KPUCTAIIIUTOB
npeAcTaBieHa B JIeBOM yacTu puc. 1. PesynbraTel ananu3za 11 mieHku ¢ 10-MunyT-
HOH 00pabOTKON Mia3Mol MMEIOT JBYXMOJAJIbHOE pacHpeesieHHe M0 pa3Mepam
C OTYETJIMBBIM Y3KUM ITMKOM B PaiioHE 5 HM M IIMPOKHUM IIATO B paiioHe HECKOIBKUX
JIECATKOB HAHOMETPOB, — MpaBas yacThb puc. 1. [loguepkHeM, 4TO BO BceX Apyrux Ba-
praHTax 00pabOTKH IIa3MON yKa3aHUs Ha MaJIOPa3MEpHBIE KJIACTEPbl OTCYTCTBYIOT.

AHAIN3 CHIIBHBIX QUIYKTyaluii Mo Z-KOOpAMHATE W3y4YaeMoil MOBEepXHOCTH.
OO6Hapy>keHue ¥ BBIJEJICHNE XapaKTEPHBIX CHIIBHBIX (PIYyKTyaluii Mo Z-KOOpInHaTe
M3y4aeMOH MOBEPXHOCTH BBIIIOJHEHO HA OCHOBE METOAOB CaMOOPraHM30BaHHOMN
HelipoceTeBoil knaccuukainuu Koxonena, — Self-Organizing Maps, — SOM [9],
00ecreYnBaroIiX BaKHOE YCJIOBUE [TONCKA €CTECTBEHHBIX I'PYNIIMPOBOK O€3 anpu-
OpPHBIX yCIOBUW. J{JIsl BBISIBICHUSA CIOXKHBIX, HEPAPXUUECKH CBI3AHHBIX MEXIY
c000i CTPYKTYp AAHHBIX pa3BUTa MOJEIb HEPAPXUUECKU PACTYIINX CAMOOpPTraHH-
sytommxcs kapt, — Growing Hierarchical Self-Organizing Maps, — GHSOM [10].
Bbicokast TOYHOCTH Kiaccu(UKAIMU ITOTO aHAIHM3a OTKPBIBAET MTUPOKUE BO3MOXK-
HOCTH B IIPOBEICHUH MCCIICIOBAHMI MO0 MOP(OIOTUU TOHKUX IIJICHOK.

CxeMa paboThI aJlTOPUTMa MPECTaBIIeHa Ha PUC. 2, JIeBasi 4aCTh KOTOPOTO I10-
ka3biBaeT kiaaccudukanuonnyro GHSOM-kapty. Ha npeacTaBieHHOM ypoBHE aHa-
mu3za GHSOM-kaprta comepkuT 4eThlpe Kiaccu(uKaluoHHbIe sTuelku (2, 3, 4, 5)
ISl BBIACTICHHBIX KJIACTEPOB MAKCHUMAJIBHBIX, MUHUMAIBHBIX U TTPOMEXKYTOUHBIX
TOJNIUH TJIeHKU. OOJacTH MakCUMaibHBIX TOJIIMH COOTBETCTBYET HYETBEpTas
s;yeiika, MUHMMAaJIBHBIX TOJIIIMH — TPeThs siueiika. [IpaBas yacTh pucyHka couep-
KUT Kapthl (Map2, Map3, Map4, Map5) pacrpesienenyst BEICOT KJIAaCTEPOB Ha TUICHKE,

Koa(puirieHTs! BEHBIET-1E€KOMITO3UIIUH:
W (macuita, kKoOpAUHAaTa) —
TPEXMEPHBII MaCCHB — CIIEKTp BEUBIET-IPEOOpa30OBAHNMS

) N
N
B

-

2

2

£
N

v,
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KoopauHaTer

Puc. 1. Cxema u pe3ynbTaTsl paboThl BeHBIIET-aHAIN3a

324



Layer 1 GHSOM
(map 2x2)

“Map:
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Puc. 2. Cxema ananu3a CUIbHBIX Z-(haykTyanuit Ha ocioe GHSOM

MOJIy4YEeHHbIE «pa3BepThIBaHHEM» cooTBeTCTBYIOMMX GHSOM-naHHBIX ¢ yueTom
X-, Y-KoopuHAaT KJ1aCTEpOB.

Pesynbrarel ananusa, mpencTaBieHHbIE B Ta0NHIIE, TOKA3BIBAIOT, 4YTO MOP(OIIO0-
rUYECKHE MapaMeTpsl IIeHOK ZnO, B 3aBUCUMOCTH OT BPEMEHH MOCIIeyoIei 00-
paboTKH TIIa3Moit, 00pa3yroT OTUYETIIMBYIO NapaboInYecKyI0 3aBHCUMOCTD C PE3KO
BBIICJISIIOIIMMCS. MUHUMAaJIBHBIM 3HaueHueM (13,7 HM) 1151 TieHkH, oOpaboTanHON
masmoii B Tedenue 10 muH. [lomydeHHBIH pe3yabTaT OTKPHIBA€T BO3MOKHOCTD
OIIEpaTUBHOIO yIIPaBJIEHUs dJIEMEHTaMM TEXHOJIOru4eckoro mpouecca [11] nus no-
CTHIKEHHUS 338JIaHHBIX XAPAKTEPUCTUK IICHOK.

MakcuMaJjbHbIE BBICOThI KJIacTepoB

ZnO AV Z
00 39,5
05 34,5
10 13,7
15 24,4

Pe3ysabTaThl aHaIM3a U pa3MepHO-CTPYKTYPHBIe a3oBblie nmepexoabl. Kom-
MBIOTEPHBIN aHaIU3 CTPYKTYPhl QUIYKTyaluil 1mo Z-KOOpAMHATE M MaclITaOHBIM
XapaKTEePUCTUKAM KPHCTAJUIMTOB IOKA3bIBACT XapaKTEPHOE OTIMYME ISl IUICHKU
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ZnO npu 10-MuHYTHOH 00paboTKe MJIa3MOM: TOJIBKO y 3TOH MIJICHKH MPOSBIISIIOTCS
MaJiopa3MepHbIe KJacTepbl U HAOIIONAeTCsl pe3Koe YMEHBIIIEHHE BBICOT MOP(OIIo-
TUYeCKUX CTPYKTYp. COBOKYMHOCTh MOJYYEHHBIX PE3yJIBTATOB MPOUHTEPIPETH-
pOBaHa C MO3MIMI pa3MEPHO-CTPYKTYPHBIX (a30BbIX mepexonoB [12]. JleticTBu-
TEJIBHO, CUIIbHBIE (DIYKTYaLUH SBISIIOTCS XapaKTEePHOH OCOOCHHOCTBIO CHCTEM MTPH
npuONIKeHNH K Touke (Ga3oBoro nepexona. B Touke ¢aszoBoro nepexona, T. €. B TOUKE
MHUHHUMYMa (QIYKTyalnid 1mo Z-KoopAuHaTe, 0OHAPYKEHBI MaJopa3MepHbIe (5 HM)
KpuctammuThl. Kak y)xe ObIT0 OTMEUeHO, Ha TUIEHKE KOHTPOJIBHOTO 00pasia u Iie-
HOK, 00paboTaHHbIX B TeueHue 10 u 15 MUH 11a3mMol, yKa3aHusl Ha Majopa3mep-
HbIE KJIacTepbl OTCYTCTBYIOT.

CpaBHeHHe AHAJNTHYECKHX Pe3yJbTATOB C NMPAMBIMH PEHTIeHOBCKUMH
U ONTHYECKUMU M3MepeHUusiMu. V3MepeHne peHTIeHOBCKUX M ONTHYECKHUX CIEK-
TPOB TIPOITYCKAaHUS CO3/IAET NCUEPIBIBAIOIINE BO3MOKHOCTH TSI BBITIOTHEHUS TTOTHO-
T0 CTPYKTYPHO-Pa3MEpPHOTO aHAJIH3a JOCTATOYHO CIIOKHON IeKCaroHaJbHOW CTPYyK-
Typbl IIeHOK ZnO Tumna BIOPHUT. Pe3ynbTaTsl TAKOro aHajiu3a OKCUIHBIX IJIEHOK
B 3aBHCHMOCTH OT BPEMEHH TOCIeNyomei 00paboTKH MiIa3Moi oKa3aly OTITHIHe
MJICHKH, 00paboTaHHOH B TeueHue 10 MUH, OT OCTaBHBIX UCCIIEyEeMbIX 00pa3IIoB.
PenTrenorpaMMa TOIBKO 3TOM IUIEHKH HA pUC. 3 UMEET BBICOKYIO HHTEHCHUBHOCTD
UKa HOBOW ¢a3wl ¢ mHAekcoM Mrmutepa (103), COOTBETCTBYIONIYIO Maiopa3Mep-
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Puc. 3. PeHTreHorpaMMbl HHTEHCHBHOCTH IUIEHOK ZnO: g — MOJIyYEHHBIX 30JIb-TeIb METOIOM;
6—2 —MOIUPHUIIPOBAaHHBIX 00pabOTKON B BOAOPOIHOM T1azme B Teuenue 5 (0), 10 (g), 15 muH ()
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HBIM KpUCTAJIUTaM. AHaloru4HsiM 00- 100 r
pa3oM HaOOp CHEKTPOB MPOIYCKAaHUS Ha
puc. 4 mokaspIBaeT, 4T0 UMEHHO 10-Mu-
HyTHasi 00paboTKa Miaa3Mol JaeT MaKcu-
MYM IPO3PavHOCTH Ha JUTHHE BOIHBI ~ 500 HM 80
W MUHUMYM Ha JiuHe BOJHBI ~ 1000 HM.
B nemoMm pe3ynbraTbl PeHTT€HOBCKUX HC-
cienoBaHui (puc. 3) BcexX IJICHOK IOKa-
3bIBAIOT HAJIMYKE JTUHUN NOJUKPUCTAIIIH-
geckoit (azer ZnO ¢ xoporno chopMupo-
BaHHBIMH KpHucTayuuTamu. llpu aTom nBe
JIMHUM OTPakK€HUs OT IUIOCKOCTEH C WH- wietiox ZnO: 1 — mocxe cutrresa: 24 - mo-
nexcamu Munnepa (100) u (101) HaGmro- JuUIMPOBaHHBIX 00pabOTKON B BOTOPOIHOM
JArTCsd Ha BCEX HMCCICAYCMBIX IJICHKAX, mia3me B Tedenue 5 (2), 10 (3), 15 mun (4); 5 —
MOKa3bIBasi CTAOMIBHOCTD ONpPEICICHHBIX CTeKIIO (MO0 Ka)
CTPYKTYPHBIX ITapaMeTPOB OKCH/JIA IIMHKA.

BobiBoabl. YCTaHOBIICHBI KOPPEISLUN Pa3MEPOB KPUCTAJUIUTOB ¢ MOP(OIOru-
YEeCKUMH XapaKTEPUCTUKAMU TOHKHUX OKCHIHBIX IIJIGHOK Ha ocHOBe off-line ananmza
MaTpHIl JAHHBIX CKAHUPYIOMIETO 30HA0BOT0 MUKPOCKOINIA METOIAMH HETIPEPBIBHO-
ro BeHBIIET-IPeoOpa30BaHMs U CaMOOPraHU30BaHHOH kiaccudukanuu. [Ipsimeie
PEHTTeHOCTPYKTYPHBIE U ONTHYECKUE U3MEPEHUS ITOATBEPAMIINA 3TOT BBIBOX. ToU-
HOCTb BBIJICJICHUS KJIACTEPHBIX CTPYKTYpP B KOPPEJSILIUOHHOM MOAXOJE COOTBET-
CTBYyeT pe3yibraraMm padotsl C3M ¢ pecaTUKpaTHO 0o0Jiee OCTPHIM HAKOHSUHUKOM
KaHTHJIEBEpa.

COBOKYITHOCTb MOJTYYEHHBIX PE3YJIBTaTOB M0 MOAM(MHUKAIIMH TTaAPAMETPOB OKCH-
JIOB 0] BO3/IEUCTBUEM BOJOPOAHOM IJIa3Mbl MPOUHTEPIPETUPOBAHA C MTO3ULIUN
pa3MepHO-CTPYKTYPHBIX (ha3oBbIx nepexonoB. [lokazaHa BO3MOXHOCTH Ha OCHOBE
naHHeIX C3M onepaTHBHO yHpaBiIsATh 3JI€MEHTaMHM TEXHOJIOTHYECKOro Ipolecca
JUTSl TIOTYY€HU s 3aJaHHBIX XapaKTePUCTHUK IIJICHOK.

T. %

60

0 500 1000 1500 2000 2500
ANYHA BOSTHbI, HM

Puc. 4. OnTudeckue CHEKTPHI MPOMYCKAHUS
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UCHOJb30BAHUE METOJ0B ®PAKTAJIBHOM TEOMETPUM
JIJIS YIYUIIEHU S KAYECTBA U30BPAKEHUN
ATOMHO-CHUJIOBOI MUKPOCKOITUA

JI. C. Hortes!, C. B. KyTposckas', A. O. Kyuepuk!, B. A. Bbikos?,
C. W Jleecment?

Tocyoapcmesennoe o6pasosamenvioe yupesicoenue 6vicuie2o npoheccuonabHoo
obpaszosanusn «Braoumupckuil cocyoapcmeentbill yHugepcumemy, Braoumup, Poccus
23akpwvimoe axyuoneprnoe obuecmeo «HT-MJ[Ty, 3enenoepad, Poccus

B oannoii pabome na ocnose memo0os pakmaivholl eeomempuu npeo-
JIOJICEHbL, HA NpuUMepe 0OHOMEPHLIX 3A6UCUMOCTEl, MemOoObl YPAGTIeHUs Kd-
4ecmeoM U MOYHOCMU NOAYHAEMO20 UHPOPMAYUOHHO20 MACCUBA HA OCHOBE
ACM-usmepenuii.

Brenenue. Metonbl (pakTaibHONH T€OMETPUM, OCHOBAHHBIC HA BBIUKCICHHH
(dbpakTanbHBIX pa3MepHocTel [1] mam ompeneneHuyM mokasareis Xepcta [2, 3] mist
M300paKCHUH, TOIYUYEHHBIX C IIPUMEHEHUEM PaCTPOBBIX DICKTPOHHBIX U CKaHU-
PYIOIINX aTOMHO-CHJIOBBIX MHKPOCKOIIOB, ITOyYaloT Bce OOJIbIIee pacipocTpaHe-
HUE B 3ajJ]adax aHaJn3a HAaHOpPa3MEpPHBIX 00BEKTOB. /laHHBIE METOIbI TO3BOISIOT
MOJTy4YaTh YUCICHHBIC XapaKTEePUCTUKU MHKPOI€OMETPHH HCCIEAYEMOTO 00bEeKTa
Y JTal0OT BO3MOYKHOCTH CPaBHEHHS PA3JIMYHBIX 0OBEKTOB TI0 CTETIEHN YTIOpPSI0UeH-
HOCTH U iofoous [4, 5].

Pacuyer moka3aresiss Xepcra M yjaydllleHHe KadecTBa n3o0paxkenuid. 13me-
PEHIS TIPOBOAMIIN C MCIIONIE30BAaHUEM CKaHHPYIOIIETO 30HA0BOro Mukpockoma (C3M)
Wnrerpa Aypa nponssoxactsa komnaanun HT-M/IT. B kadectBe nccnexyemoro o0b-
€KTa KMCIIOJIb30BAJIU MOJIYIIPOBOIHUKOBYO TUICHKY PbSe TonmuHol 2 MKM C CHITh-
HO Pa3BUTHIM pelibe)OM MOBEPXHOCTH. J|aHHBIE OBLIN MOMYYeHBI METOJIOM KOHTAKT-
HOM CHJIOBOM MHUKPOCKOITUH, B KOTOPOM CHCTEMa OOpPaTHOM CBSI3W 30HIOBOTO MU-
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KpOCKoNa MOAACPKUBACT UYepe3 U3MEHEHUE IIJIHUHBI MbE30NPUBOJIA TOCTOSIHHYIO
BEITMYUHY MPOrnda KaHTHIIEBEPA, YTO OIMpPENeIsSeT TEM CaMbIM IMIOCTOSHHYIO CHUITY
B3aMMOJICHCTBUS B CHCTEME 30H1—00pa3ell.

B mporiecce ckanmpoBanus moBepxHocTH o0pasia hopmupoBanue C3M-u300pa-
KEHHS TIPOUCXOIUT CIEAYIOIUM 00pa3oM: MbE30IPUBOJL MTEPEIBUTACTCS B IJIO-
ckocty XY (II0CKOCTh U300paXKeHUsI) B paMKaX MPSMOYTOJIBHOTO TIOJIsI, pa30uToro
Ha A4eku pacTpa. B kax0i ToUke 3aJJaHHOTO pacTpa MPOUCXOJUT PETUCTPaLIUs
BBICOTHI penbeda (KoopauHaTa Z), a TaKKe IPYTUX XapaKTCPUCTUK MOBEPXHOCTHU
oOpa3sia. B kauecTBe HEMOCPENCTBEHHO aHAU3UPYEMBIX JaHHBIX Opaiu XapakTep-
HBIE TPO(IUITH H3MEPEHHBIX IBYMEPHBIX KapT penbeda (puc. 1).

JlJ1s1 BOBMOXKHOCTH CpaBHEHUsI ()PaKTaJbHBIX MHOXECTB MEXJy co00il B Ha-
cTosilee BpeMsl LIMPOKO MPUMEHSIOT METOJ] pacueTa rnokaszareis Xepera [2, 6-8].
B obmiem ciydae, st caMorofoOHbIX MHOYKECTB Ha IIOCKOCTH, (ppaKkTasbHast pas-
MEpHOCTh D 1 nokazareib Xepcta H cBs3aHbl MEX 1y COO0M OTHOIIICHHEM

D=2-H. 1)

OnHako A7l CTOXaCTHYECKUX (PPAaKTaJIbHBIX CTPYKTYP, K KOTOPBIM ONMKe pe-
3yJbTaThl MHOTUX H3MepeHuil [1-4], nanHoe OTHOIIEHNE HE BCETAa SBISETCS BEp-
HbIM. [ToaTomy pacueT mokazaTens XepcTa, sIBIseTCsS OTAEIbHOW M aKTyalbHOW 3a-
Jadyei, 1aromiei BO3MOXHOCTh MOJyYUTh AOTIOJIHUTEIbHY IO HHPOPMAIUIO O CTPYK-
Type UCCIIEeyeMOro MHOXKECTBaA.

Jia pacueTa mokazaTensi XepcTa HaMu ObLIT MCIONb30BaH CTAHAAPTHBIA METOX
HOPMHPOBAHHOI'O Pa3Maxa, OCHOBAHHBIN Ha CIIEAYIOLIEM SMIIMPHUUCCKOM OTHOILICHUM:

S(Ax) ’ @

rrie R(Ax) — pa3Max HaAKOILIEHHOT'O Ha ydacTke Ax oTkiIoHeHus, S(Ax) — cpeHeKBa-
JIPaTHYHOC OTKJIOHEHHE BBICOT HA JIAHHOM ydYacTKe. BO3MOXKHOCTH OIpe/eeHust
rokasarenst H yka3plBaeT Ha HAJIMYNE KOPPEISIINH BRICOT B BRHIOPAaHHOH 00JIacTH.

400}
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Puc. 1. [Ipumep npoduns uccaemxyemoro penbeda moBepXHOCTH
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Hcnonb3yst mokasarenb XepeTa, pacCUMTaHHBIH M0 Gopmyie (2), MOXKHO orpe-
eauTh KO (PUITHEHT KOPPEISAIIUH BEICOT B YKa3aHHOM 00IacTH:

C(Ax)=2""" 1. 3)

1
Taxum ob6pazom, mpu H = 5 HMMeeTCs TayCCOBO paclpeieNieHue; B IPYTUX CITy-
Yasx B paclpeieleHUH BBICOT UMEETCS OTPEICTICHHBIA TPEH/I.
Ecnm 5 < H <1, TOBOPST 0 «IIEPCUCTETHOCTHY pacIpeesieHus, T. €. IMEeT Me-

CTO IOJJICPIKKA» TEHJCHIIMH; YeM OJIMIKe 3HAaYCHHE MoKa3arelis XepcTa K eauHu-
1e, TeM 00Jiee MOHOTOHHBIM OYJIET TIOBEJICHUE 3aBUCHMOCTH [7].

1
Ecaun E> H> 0, TOBOPAT 00 CAHTUIICPCUCTCHTHOCTU», T. €. HAa UCCICAYCMOM

ydacTKe MPOUCXONNUT YacTas CMEeHA TeHICHITNH; YeM OJuKe 3HAa4eHUs TI0Ka3aTes
XepcTa K HyI0, TeM 0oJiee IepUOANISCKIM CTAHOBHTCS TIOBEACHHUE HCCIIeyeMOi
3aBUCHMOCTH.

B Hacrosimee Bpemsi 00CyKIaeTcss BOBMOXXHOCTBH JIOCTHIKEHHS IOKa3aTelieM
XepcTa 3HaYCHUS OOJBIIE €IUHUIBI, B ATOM CIydae TOBOPAT O TaK Ha3bIBAEMOM
noniete JIeBu, T. €. IMeeTCss MHOXKECTBO Pa3phIBOB IMPOU3BOIHOMN, a paclpeieseHue
TAKKe SIBJISICTCS. AaHTUIIEPCUCTEHTHBIM [8].

[Tpu mpoBeAeHHBIX HAMU TECTOBBIX M3MEPEHHSIX Ha U3BECTHBIX (PpakTaIbHBIX
MHOKECTBAxX JOCTHUTAJIOCH BhIToiHeHNEe paBeHcTBa (1). [Ipu anammze pe3ynabTaToB
M3MEPEeHHI Ha PeasbHO MONYYEHHBIX CTPYKTYpax B OONBIIMHCTBE CIydaeB OBLIO
oOHapyXeHO OoTkJoHeHHe oT paBeHcTBa (1) Ha ot +0,1 mo +£0,3. OTkIOHEHHE
ObUIO TeM OOJBIIMM, YeM MEHEEe OAHOPOJHBIM U MOAOOHBIM CTaHOBMJIACH CTPYK-
Typa ¢ppakTaabHOrO MHOXKeCTBa. W 4em Oolibliie 3HAUCHUE TIOKA3aTeNs OTAAISETCS

oT E , TEM Ooiee MpeaACKA3yeMbIM CTAHOBUTCA paCpeACJICHUEC BBICOT B UCCIICAYC-

Mol obnacTu. JlaHHBINA (akT OTKphIBa€T BO3MOKHOCTH MCIIOJIB30BAHHS ITOKa3aTe-
75 XepcTa sl yAy4lIeHHs KadecTBa MoJydaeMblx u3o0paxenuid [9]. st atoro
MOJYKHO HCIIOJIb30BaTh TaK HAa3bIBAEMBIM alIrOpPUTM CIy4YalHBIX ciokeHuil docca
[8—10]. CyTh MeTOa 3aKJIFOYACTCS B TOM, UTO, UMEsI HEKOTOPYIO IMPON3BOIBHYIO 3a-
BHUCHMOCTbB, MOYKHO ITOCTPOUTD CIyUYailHBIN penbed, UCIOoIb3ys CIeayIOmni peKyp-
CUBHBIN aJITOPUTM.

Mexay UCXOMHBIMH TOYKaMU MOCIIEA0BATEIBHOCTHU (pHC. 2), TyTeM Ccly4JaiHO-
TO CIIOKEHHS AOOABISIIOT HOBBIE TOYKHM TOCIEI0BATEIFHOCTH (MTOT MPEICTABICH
B BH/IE JIOMaHOUN KPUBOW, TPOBEICHHON MEXIy KPYTIBIMA MapKepaMHu); Ha4aJlbHOE
3HAUYEHHE TOYKH COOTBETCTBYET CpeJHEApHU(PMETHUCCKOMY 3HAUCHUIO BYX COCE[I-
HUX U3MEpEHHH (TpeyroibHUKN Ha rpaduke). K aToMy 3HaYeHHIO ciydallHbIM 00-
pa3zom 100aBIISIOT HE3aBUCHUMBIE TPUPAIICHHS; IIPY 3TOM Ha Ka)kJIOM Iare reHepa-
WU TUCTIEPCHsI BEACT ceOsl 1Mo 3aKOHY

o’ (di) =rc’ (di—l ), @)
rie cz(dl.) — OUCTIEPCHS IPUPAIICHUH IS i-T'0 mara; » — KodQPUuImueHT pa3oneHuns.
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OTH. efi.

70,91

X, OTH. efI.

Puc. 2. JleMoHCTpanms npuMepa mocTpoeHus ppakTaabHONH KPHBOKH METOIOM
ciay4daitHoro cioxenus Pocca

B sTom cnyuae mokaszarenb XepcTa BIOMpaeTCsl IPOU3BOIBHBIM 00pa3oM, Kak
U miar pasouenus. J{is Halero cirydas rokaszarelib XepcTa pacCUUTaH U MOITOMY
MBI MOKEM JIOTIOJTHUTH TTOCIICIOBATEIIBHOCTD U3MEPCHUH, HE U3MEHSISI KOPPEISIIHIO

B pacCripeacjicHU BbICOT.

Ha puc. 3 nmokazan npumep Takoro yjiydiieHus kadecta. Puc. 3, a npezncras-
JISeT KPUBYIO puC. 1, U3 KOTOPOH MOCIEAOBATEIbHO yJdajeHa Kaxaas BTOpasl U3-
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Puc. 3. Vinyumenune kauecTBa H300paxeHH: ¢ — IPOPEKEHHAS TOCIEN0BATEIBHOCTD
6 — BOCCTaHOBJICHHAS TTOCIIEIOBAaTEIBHOCTD
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MepeHHas BbicoTa. [lociie uero, onpenenus HavYadbHYIO JIUCIIEPCUIO U TIOKA3aTellb
XepcTa 1Mo aaTOpUTMY CIIYUYaWHBIX CIoKeHHH docca, MpoBeeHO T00aBICHNE HO-
BBIX TOUYeK. Pe3ynbraT BOCCTaHOBJICHUS MPEICTaBiIeH Ha puc. 3, 6. [lns npencras-
JICHHOW 3aBHCUMOCTH OTHOCHUTEJbHAsI ONIMOKA BOCCTAHOBJICHUS COCTABUJIA OKOJIO
101%. D10 cBs3aHO C TeM, YTO B BHIOpAaHHOM IMPUMEpPE MMEIOTCS KaK MeJIKOMac-
mTadHble, TaKk M KPYMHOMAcCIITaOHble W3MeHeHus. [Ipu BoccTaHOBiIeHWH Ooiee
«OITHOPOAHBIX» 3aBUCHMOCTEH OmnOKa focturana He 6onee 4%.

BoiBoabl. B nanHoii paboTe Ha OCHOBE METO/Ia HOPMUPOBAHHOTO pa3Maxa pea-
JI30BaH pacdeT MmokaszaTteis Xepcera s pe3yabsratoB ACM-uccnenoBanuii. C wc-
MOJIb30BaHUEM METOAa MOIU(PHULIMPOBAHHOTO anroputMa docca IpenokeH MeTox
MPOrPaMMHOI0 YIIYUIICHHs KaueCTBa MPOBEJICHHBIX U3MEPEHUH B aCMEKTe MOBHI-
meHns X nHpopMaruBHOCTH. [lokazaHo, 9TO BOSMOXKHO yIyUIIEHHE pa3pelIeHns
Pe3yJIBTaTOB CKAHUPOBAHMUSI C OTHOCHUTEIIbHOU omuOKoii He 6osee 10%. [pemara-
€MBIi METOJI TUTAHUPYETCS MCITONb30BaTh JIJIE 00pa0OTKH PEe3yJIBTaTOB HCCIEeI0Ba-
HUW METOJIOB, TPEOYIONUX 3HAYUTEIHFHOIO0 KOJTMYECTBA BPEMEHH ISl TIOJTydeHUS
KaueCTBEHHBIX JaHHBIX, C IIEJIbI0 YCKOPEHUS pab0Thl aTOMHO-CHIIOBOI'O MUKPOCKOTIA.

Cnucok ucnojib30BaHHBIX HCTOUYHHKOB
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ATOMHO-CHUJIOBASI MUKPOCKOIIUSA JIs1 UBMEPEHUA
JIEKTPUUECKUX U TIPOYHOCTHBIX CBOMCTB
OKCUIHBIX 1 AICOPBLHIMOHHBIX CJIOEB

C. O. AGerkosckasn!, B. B. Unkynos', . B. IToronkas!, C. A. Unmkuk!,
Hryen Tpour Tunx?, Bo Txau Tynr?

"Hncmumym menno- u maccoobmena umenu A. B. Jloikosa HAH Benapycu,
Munck, benapyco
2Huemumym npuxaadnotl uusuxu u Hay4Ho20 UHCMpyMeHma
Bvemnamcrou akademuu nayx u mexnonoeuti, Xauot, Boemuam
3Vuusepcumem 2. Xys, Xya, Bemuam

BBenenue. PazButre MUKpO- M HAHOIJIEKTPOHUKH, pa3paboTKa MUKPOAJIEKTPO-
MEXaHUYECKHX CUCTEM, CEHCOPOB, OMOMMIUIAHTAHTOB IIOPa3yMeBaeT UCIIOIb30Ba-
HHE TOHKUX IIJIEHOK U CJIOEB, HAHOCTPYKTYPHUPOBAHHBIX MOKPHITUH [1].

OnTuManbHOE MPOEKTHUPOBAHKE M HCIOJIB30BaHHE HAHOCTPYKTYPHUPOBAHHBIX
MaTepHaJIOB CHEPKHUBACTCS OTCYTCTBUEM 3HAHMH O MEXaHMYECKUX M 3JIEKTpUUe-
CKMX CBOMCTBAax JJAHHBIX CTPYKTYP, KOTOPbIE KAUECTBEHHO U KOJNYECTBEHHO OTIIH-
YaI0TCs OT CBOMCTB MaTepHajioB B MaKpooObeMax. ATOMHO-CHAJIOBASI MUKPOCKOITH S
sBsieTcst 3 (HEeKTUBHBIM HHCTPYMEHTOM JJIs1 ONIPECTICHH I JTIOKAJIbHBIX AJICKTpHUUe-
CKHMX CBOWCTB HAaHOCTPYKTYPHPOBAaHHBIX MaTepHaos [2, 3].

Lenb paboThI — M3MEPUTH AMEKTPHUUECKUE U IIPOYHOCTHBIC CBOMCTBA a/1c00pIIH-
OHHBIX U OKCHUJHBIX CIIOEB, 00Pa3yIONIUXCS Ha MOBEPXHOCTH METAJUIOB, C LEJBIO
ydeTa UX BIHMSHUS MIPU MPOEKTUPOBAHUH NMPELUU3HOHHBIX Y3JI0B TPEHHUSL.

MarepuaJjibl 1 MeTOABI HccIeI0BaHus. VccaenoBaHue BBIIOJIHEHO € MOMOLIBIO
aToMHO-cmiioBoro Mukpockomna (ACM) «HT-206» (OO «MuxpoTecTMamnHb»,
Benapych) ¢ nononHUTENbHOM (DYHKIHEH, MTO3BOISIONICH TPUKIIAIBIBATh HATIPSI-
KEHHE Ha JICKTPONPOBOASIINI 30H U 3JEKTPONPOBOASIINI obpasen. Vcmonb-
30Bajid JIMHAMHMUYECKHE 30HIbI C IJIATHHOBBIM MNMOKpbITHEM («Micromash Co.»,
Octonus). [locpeacTBoM nukoaMnepMeTpa OCYIIECTBIISIMN 0a4y HAIPSKEHUS Ha
30H. B 00biyHOM auHamuuyeckoMm pexume ACM 3adukcupoBaTh MPOTEKAOMIMHA
TOK MEXAY 30HJI0M U 00pa3loM He yIajoch Jaxe MPH MPHIOKEHUH MAaKCUMAaJIbHO
BO3MOXKHOM Harpy3ku. OTO OOBSCHSETCS KPATKOBPEMEHHBIM HMPEPBIBUCTHIM KOH-
TAaKTOM 30HAa U oOpasua. J[onoJHUTeNbHOe HArpyXeHue 30H4a 00pasLoM IyTeM
COMMKEHUS C TAHHBIM 00pa3ioM PUBOUIIO K MTOJaBJICHUIO KOJIeOaHH 30H1a.

B »To0if cBA3u B koHCTpyKLHi0o ACM BHeceHbl u3MeHeHus (puc. 1). biokom
YIPAaBJICHUS BBIMOJIHSIETCS TEHEpalusi MEXaHMUYECKUX KOJIeOaHWH MpeAMETHOro
crommka ACM, KOTOPBIH, B CBOIO 0Yepeb, BO30YKIaeT MEXaHUUECKHUE KOJIeOaHUs
30H1a IPU KOHTaKTe ¢ HUM. Pabouas yacTora KonebaHuii MbE30CTONINKA COCTABUIIA
4,2-4.4 xI'n. 3naunTensHO 00JIee MACCUBHBIN MO CPABHEHUIO C MUKPO30HIOM TThe-
30CTOJIMK COBEPLIAECT HE3aTyXaloIlHe BBbIHY)KJICHHbIC BEPTHUKAJbHbIC KOJeOaHMUS,
YTO MO3BOJISICT 3aJaTh HArPy3Ky, HEOOXOAUMYIO ISl TPOAOJIKUTEIBHOIO KOHTAKTA
30HJa 1 oOpasua. Peructpanns 1BUKeHUS 30HAa TPOUCXOIUT C ITOMOIIBIO (hoTose-
TEKTOpa, U3MEHEHHE CUJIBI TOKA MPOU3BOIUTCS TUKOJIETEKTOPOM.
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®oro- | ~[Cunxponnbiit Jnst ucnplTaHUM NPOYHOCTHBIX U

ACTEKTOp ycummrens SIIEKTPUYECKUX CBOMCTB OKCHIHBIX U aJl-

Ly COPOIIMOHHBIX CIIOEB MOIOOPAHBI CIEIY-

Pesucrop | ycﬁg’gem’ = uerilg;:%;p  Brox | romue oOpasibl:

ﬁi‘;‘: — cioi ThuTaHa TommuuHoi 100 HM,

Q{HH ACM | HAHECEHHBIH Ha KPEMHHEBYIO ITOZJIOXK-

r\l Ky. C TeyeHreM BpeMEHH Ha TIOBEPXHO-

Obpasen | CTH THUTAaHA MPU KOHTAKTE C BO3ILYXOM
g‘ﬁ; Teneparop oOpa3zyeTcst aicOpOIMOHHBIN CIIOH;

— cJioi aroMuHMS TomuHON 200 HM,

—< V) HAHECEHHBI Ha KPEMHUEBYIO MOJIONK-

- Ky. [Ipn KoHTaKTe 00pasua ¢ BO3LyXOM
Puc. 1. Cxema u3MepeHnit mapaMeTpoB IIPH IJIEK- 06pa3yeTc;[ oKkHcHas mieHka. Ciaou me-
TpOMexaHH‘{eCKOM BSaHMOHGﬁCTBHH 30H4a C I10- TAJIJI0B C(bopMI/IpOBaH])I Ha erMHI/II/I
BEPXHOCTEIO 06pasita MAarHMUTPOHHBIM PACIBLICHUEM B BBICO-
KOM BaKyyMe.

Pesynbrars! u ux 06cy:xaenue. Tororpadun MOBEpXHOCTEH aTIOMUHAS U THTaHA
noJiy4eHsl B cratuiueckoM pexume ACM (puc. 2). Pa3mep 3epHa MIICHKH aliOMU-

HUS 3HAYUTEJIBHO OOJBLINI, YeM IJICHKU THTAHA.
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6 ot

Puc. 2. ACM-u300pakeHUs IOBEPXHOCTEH CIIOEB aTIOMUHUSA (d, 6) 1 TUTaHa (0, 2): a, O — Tonorpadum,
6, 2 — pouIIN ceueHuit. Pa3Mep 1moma ok moBepxHOCTH 4 X 4 MKM
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CxeMa dIIEKTPUYECKOT0 BO3JCHCTBHS CIENYIOMAs: OCYIIECTBIISUIH [TOjaqy Ha-
MPSOKEHHS] B CTAaTHYECKOM PEXKHMME, 3aTeM B JIMHAMHYECKOM M CHOBa B CTaTHdye-
CKOM. 3aTeM HampsiKEHHE TOBBIIATN U cXeMy MOBTOPsIU. C MOMOIIBIO TUKOAM-
MepMeTpa PEruCTPUPOBATH U3MEHEHHS BO BpEMEHH YCPEIHEHHOTO 3HAYCHUSI CUJIIBI
TOKa, IPOTEKAIOIIEro OT 30HMa K 00pasmy. M3Mepsnu Takke CHIIy TOKa B CTaTH-
YECKOM PEKUME JI0 U MOCe TUHAMUYECKOTO BO3ACUCTBUA. TOK perucTpupoBaics,
IOKa HE HACTYTMAJO HEKOTOPOE «HACKHIIIEHNE, TIOCTIe Yero YBelInueH!Ue HU HaIps-
JKeHUsI, HI MEXaHUYECKOM Harpy3KH YK€ He MPUBOIWIO K MPOTEKAHUIO TOKA 4Yepe3
JAHHYIO TOUKY moBepxHOCTH. [log OTCYyTCTBHEM TOKa B JAHHBIX SKCIIEPUMEHTAX
MTOHMMAETCSI HaJTMY1e HEKOETO OTPHIIATEIFHOTO TYHHEIBHOTO TOKa Topsiaka —10 HA,
B TOM YHCJIC TIPH OTCYTCTBUU HATIPSIKCHUS.

75 aTIOMUHUEBOTO MOKPHITUS UCTIOIB30BAHUE TOJIBKO CTATHYECKOTO PEKUMA
C ToJjauei HAIPSDKEHUS OKA3bIBAJIOCh HEAOCTATOYHBIM JIJISI BOSHUKHOBEHUS CHJIBI
TOKa TIPY BBICOKOM IPHIKATUU 30HJa K 00pa3ily u HampspkeHusx jo +10 B. B jquna-
MHYECKOM PEKHUME 30H] UCIBITHIBACT JOMOJHUTEIBHYIO HATPY3KY CO CTOPOHBI KO-
neOuronierocs oopasia, 4To MO3BOJIMIIO TPOOUBATH OKCHJIHBIN CIIOM MpH HaIpshKe-
HusX +5 B 1 BbIme. 3T0 NOATBEPKIACTCA HATUUUEM MOJOKUTEIHHON CHUIIBI TOKA
IOCJIe BBIKJIIOUEHUSI TUHaMH4eckoro pexuma. [Ipu momaue Hanpsokenus +10 B
B IMHAMUYECKOM PESKUME TMOJOKHUTEIbHAS CUJla TOKa 3apeructpupoana B 100%
CIydYaeB. 3HAUCHHS CUJIBI TOKA COCTABIISLITN MOPSIKA HECKOJIBKUX MTHKOaMIIeP.

JlJisi TUTAHOBOTO TMOKPBITHS 3apErMCTPUPOBAHA 3HAUUTEIBHO OOJIBIIAs CUJIa
TOKa (OT JIECATKOB HAHOAMIIED JI0 HECKOJIBKUX MHKpPOAMIIEP) MPU HATIPSKEHUSIX OT
+0,4 o +2 B. DT0 cBUAECTENBCTBYET O MEHBIICH MPOYHOCTH aJICOPOIIMOHHOTO CIIOS
Ha TIOBEPXHOCTH THTaHA 10 CPABHEHHUIO C OKCHJIHBIM CJIOEM Ha anroMuHuu. ['paduku
3aBUCUMOCTHU YCPEAHECHHOU CUJIBI TOKA, U3MEPECHHON B TMHAMUYECKOM PEKUME IS
00pa3IoB aFOMUHKS U TUTaHA, OT HANIPSDKCHUsI, TIOJAaHHOTO HA 30H/]I, IIPUBEICHBI
Ha puc. 3.

[penmonoxkuTensHO, HEOOPATIMOE «HACBIIIICHUE) CIEAYET CBA3BIBATH C (OPMHU-
pOBaHMEM Ha MOBEPXHOCTH METaJla «OCTPOB-

KOB» B MECTaX JIOKAJIBHOTO JJICKTPHUUYECKOTO Icp, mA

Boszeiictus (puc. 4). Tak, B Touke 4 nosepxno- -00ET07 1
CTH THTAHOBOIO TOKPBITHS [OJABAIIM HAMPSDKS- | (o oo | '{,‘ ,
aue ot +0,001 mo +3 B. MakcumanbHOE JOCTHT -
HYTO€ 3Hau€HHE IIEKTPUUYECKOTr0 TOKA COCTa-  1.00E+03 -
BIWIO +3,4 MKA, a 00mas mpogoIKUTEIEHOCTh ]
3JIEKTPUYECKOTr0 Bo3necTBUs — 18 MuH. [locie 1OOE+01 4 !;»::Z{, B
3TOro ObLIO 3aNKCaHO u300paxenue (puc. 4, @). | jop.o1 01 2345678091011
B Touke B nanpsixenue 3anasanu oT +0,001 go

+10 B, a Takxke —10 B. MakcuManpHOe 3HaueHHe  DHC. 3. 3aBUCHMOCTH yCPEHEHHOH CHITbI
3JIeKTPHYECKOr0 TOKA MPH TOJIOKUTETHHOM Ha- ;ZgzxzE;I{OJSHT;Ef{;;n};gigﬁe;g;gg:
npspKkeHHd cocTaBuiIo +45,9 MKA. IIpOgomKu- o oniveckom Bsamvonefictsimn ACM-
TCJIBHOCTH BO3,I[€I>'ICTBI/I$I — 9 MmuH. I[anee 6BIJ'I0 30HIa U 06pa3]_10]3 HOKprTHﬁ: 1 — amro-
3aIlICaHo eIe OHO M300paxkenue (puc. 4, 0). MHHHS; 2 — THTaHa

335



27 1um x 27.1um x 137.4nm [256 x 258]

o 5 10 15 0 25
X, um

27 1um x 27.1um x 212.7nm [256 x 258]

0 5 10 15 20 25

X, um B

27.0um x 26.2um x 210.3nm [255 x 248]

0 5 10 15 20 25
X, um

Puc. 4. N306paxenus (¢—e) HApOCTOB HA TIOBEPXHOCTH TUTaHA (A—D) mocie JIOKaIbHOTO
AIIEKTPUYECKOTO B3aUMOCHCTBHS C 30HI0M
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Puc. 5. OGpa3oBanme B MecTe IIEKTPUUIECKOTO
B3aUMOJEHCTBUS 30HJa M 00paslia Ha MOBEpX-
HOCTH aJIFOMUHHS
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B Touke C (puc. 4, 6) mogaBajau Hamps-
skerue ot +0,01 go +10 B u —10 B. Mak-
CUMaJIbHOE 3HAa4YCHUE TOKa IPH I0JO0-
KATETFHOM HANPSKEHUH COCTAaBUIIO
+34,1 MxA. B touke D (puc. 4, 2) nona-
BaJIM TOJBKO OTPHIIATEIHLHOE HAIPsIKE-
uue —10 B B Teyenne 50 c. beur 3aperu-
CTPUPOBaAH TOK JI0 —61 MKA B cTaTuue-
CKOM pEeXXHME.

W3zmenenne $hopMel 3epeH Ha u300pa-
JKCHUAX TOBCPXHOCTHU THUTaHA TOBOPUT
00 m3MeHeHH! (POPMBI OCTPHSI 30H/A B ITPO-
[iecce AEKTPUIECKOTO B3aNMO/IEHCTBHS.

Ha o0pasue amroMuHHS MOCTE JKC-
MIEpUMEHTOB IO OI[EHKE MPOYHOCTHBIX



Y DJIEKTPUYECKUX CBOWCTB OKCHIHOTO CJIOS B MECTE BO3JICHCTBUS Takke OOHapy-
JKeH HapocT (puc. 5).

3akawouenue. Takum 00pa3oM, MpeACTaBICH HOBBIN TOIXOM, PeaTn30BaHHBIN
Ha 6a3e ACM u pa3paOoTaHHBIN ST H3MEPEHHUS DIEKTPUUCCKUX U IMPOTHOCTHBIX
CBOMCTB OKCHJIHBIX W aJICOPOIIMOHHBIX CIIOEB Ha TIOBEPXHOCTSIX MPOBOJHHUKOB, B TOM
YHUCJIe TOHKHAX MPOBOASIINX MOKPHITHH. [logxon ampoOupoBaH Ha TOKPHITHU TH-
tana tommuHOW 100 HM W Ha MMOKPBITUU aTtOMHUHUS ToinmuHoW 200 HM Ha KpeMm-
HHEBBIX MOIOKKaX. [Ipn ArHAMIYEeCKOM 31eKTpOMEXaHMIECKOM B3aUMOJICHCTBHH
ACM 30872 1 00pa3noB ymaeTcs MPOOUTH OKCHIHBINA CJIOM Ha TTIOBEPXHOCTH aJTiO-
MUHUS TIPY 3HAYCHUHW TOJ]aBaeMOT0 Ha 30H] HampshKeHHUs oT +5 B. AmncopOrmon-
HBIN CJION Ha TTOBEPXHOCTH THTaHA MPOOWBAETCS MpHU Nofade HanpsukeHus +0,4 B
1 BbIIIE. 3HAUYEHHSI YCPEIHEHHON CHIIBI TOKA, H3MEPEHHBIE B THHAMHYECKOM PEKHUME
B3auMoneHcTBUs, cocTaBmin oT +0,5 10 +7,9 A mpu HanpspkeHUsAX ot +5 1o +10 B
Ha amoMUHUH, U oT +38 HA m0 +1,6 MKA mpu HanpspkeHusx ot +0,4 no +2 B Ha
tuTane. Ha moBepxHOCTH THTaHAa OOHAPY’KEHBI HAPOCTHI Pa3MEPOM OKOJO 3 MKM
B MECTax JIOKAJIbHOTO AIIEKTPUUIECKOTO B3aUMOJICHCTBHS C 30HI0M, 00pa3yIoInecs
MIPH TT0/1a4€ KaK MOJIOKUTEIHFHOTO, TAK M OTPHUIIATEIFHOTO HAIPSKEHUS K 30HTY.

PaboTa BrITIONTHEHA B paMKax MpoeKkTa bemopycckoro pecmybankanckoro GpoH-
na (GyHIaMEeHTaIbHBIX MCClenoBaHN 1 BreTHAMCKOHM akajeMnu HayK ¥ TEXHOJIO-
ruti oT 15.04.2011 1. Ne ®11B-011.
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