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Humanity is facing the same challenges over
and over again throughout its entire existence, whe-
ther in the early beginnings, medieval, or modern
times. The success of survival always required secur-
ing a food supply, accessibility of energy, and solv-
ing health issues. The revolutionary progress is
closely linked to the advancement of materials. At
first, it was knowledge on the properties of various
natural materials that could be turned into tools for
crop harvesting, fuel mining, or transporting. Later,
we have learned to fabricate novel materials for al-
lowing the produced energy to be stored, or for in-
creasing the quality of our lives by artificial re-
placements of body parts. From catalysts to cancer
treatments, energy storage to quantum computing,
advanced materials are key to addressing global
challenges in every aspect of human activity and
driving sustainable economic development.

IBR-2 spectrometer

CARS microscope

Ha npoTakeHun Bcero cBoero CyLecTBoOBaHUA
YyenoBeyecTBO CHOBA W CHOBA CTaJIKMBaeTCA C 0f-
HUMK 1 TeMU XKe npobnemamu, byab To B JPeBHO-
CTW, B CpejHEBEKOBbE W B Hallie BpemsA. BbiknBa-
Hue Bcerga TpeboBano obecneyeHna NPOAOBOSIb-
CTBMEM 1 JOCTYMHOW SHEPrueN, a TakKe peLleHns
npo6nem, CBA3aHHbIX CO 310POBbEM YenoBeKa. Ha-
YUYHO-TEXHUYECKMI NPOrpecc Hepa3pbiBHO CBA3aH
C pa3paboTKoW 1 yCOBepLIEHCTBOBaHEM MaTepma-
no.. CHayana 3HaHUA 0 CBOMNCTBaX Pa3fIMYHbIX Npu-
POAHbIX MaTepPUaNoB NCMOJIb30BaNNCh HAMK NpU
CO3AaHMN NHCTPYMEHTOB AnA cbopa yporkas, Ao0bI-
ym TOMNBA U B PA3BUTUMN TPAHCMOPTHbLIX CPEACTB.
CeropHsa Mbl HayuMnMCb CO3[aBaTb HOBble MaTepU-
arnbl, MO3BOJIAOLLMNE, HANPVIMEP, HAKanIMBaTb Bbipa-
6aTbIBaEMyI0 SHEPI IO UM MOBbILATH KAYeCTBO Ha-
Le >KM3HW C MOMOLLbI0 UCKYCCTBEHHOTO NpoTe3n-
poBaHMA OpraHoB M TKaHen. OT KaTann3aTopoB JO
CPencTB NeYeHns paka, OT HaKONUTENen SHepPrnn
[0 KBaHTOBOW BbIUNCIIUTENIbHOMN TEXHWKM — COBpE-
MEHHble MaTepuasbl ABMATCA KNOYEeBbIM acnek-
TOM B peLleHun rnobanbHbIX NPobem Bo BCEX 06-
NacTAx YenoBeyeckom AeATeNlbHOCTY 1 obecneyve-
HMM YCTOMYMBOIO SKOHOMUYECKOTO Pa3BUTHA.

Considering the legacy of the Frank Laboratory
of Neutron Physics (FLNP) of the International Inter-
governmental Organization — Joint Institute for
Nuclear Research (JINR) in applying neutrons for
condensed matter research, one of its missions is fo-
cused on the studies of structure and internal dy-
namics of functional materials at atomic and nano-
scale levels. The question of how the scientists can
contribute to resolving the challenges of humanity
becomes in the case of FLNP the question of how
we use neutrons. We use neutron scattering and
complementary methods for aiding a design of new
materials and advancing existing materials to fulfil
the needs of state-of-the-art applications. This book-
let presents examples of notable materials research
that assemble a base for further advancements of
our society and perhaps become a nucleation core
in the forthcoming technological revolution.

X-ray diffractometer

L, AFM
'$ microscope

- @

TpaAVLUMOHHO M3yYeHne CTPYKTYpPbl U BHYT-
pPeHHel ANHAMUKKN GYHKLMOHAbHBIX MaTepranoB
Ha aTOMHOM U HaJaTOMHOM YPOBHSAX ABMANOCH 0f-
HOW 13 rMaBHbIX 3agay JlabopaTtopnn HENTPOHHOM
our3mkn um. . M.Opanka (JTHO) mexgyHapogHom
MEXMPaBUTENIbCTBEHHOW opraHuzaunn Ob6beau-
HEHHbIN UHCTUTYT AdepHbIX nccnegoaHuin (OUNAN)
B 06/11aCTV NCCNEAOBaHNI KOHOEHCUPOBAHHbIX CPes.
Bonpoc o Tom, Kakon BKnafg yyeHble MOryT BHECTH
B pelleHue rnobanbHbix npobnem, B ciydae JIHO
npeBpaLlaeTcsa B BOMPOC O TOM, KaK A1 3TOM Lenu
MOHO 1CMOJIb30BaTb HENTPOHbI. Mbl NprYMeHAeM
HENTPOHHOE paccesiHne U AOMNOMHUTENIbHblE METO-
Ibl B pa3paboTKe HOBbIX 1 COBEPLUEHCTBOBAHUN CY-
LLEeCTBYIOLLMX MaTepmanoB AN1A Pa3BUTUA CaMblX COB-
PEMEHHbIX MPUNOXKeHUN. B HacToAwem OykneTe
NnpeAcTaBieHbl ApKMe NPUMepPbl BbIMOIHEHHbIX C
yuactmem JIHO nccnegoBaHuii B 0611act HayK o
MaTepuanax, KoTopble 3aKnagblBaloT OCHOBY A
JanbHenwero pa3B1TyA Hawero obLiecTsa 1, BO3-
MOXHO, CTaHYT AAPOM HOBOW TEXHONIOrNYeCKou pe-
BOIIOLUMN.

Norbert Kucerka
FLNP Deputy Director for Science



Nanomaterials for energy storage

Neutron scattering helps to increase the effi-
ciency of using nanomaterials in electrochemical
power sources. Today, lithium power supplies re-
main among the promising electrochemical energy
storage devices, so there is a constant search for
new materials or ways to improve the materials
used for electrodes and solid electrolytes in order
to increase their ionic conductivity and achieve
higher energy storage capacity.

In particular, it is of great importance to study
the effect of nanoscale characteristics of these com-
ponents on their efficiency. For this purpose, the
methods of neutron diffraction (HRFD instrument)

and small-angle neutron scattering (YuMO instru-
ment) are actively used in FLNP at the IBR-2 reactor.
So, for example, in collaboration with the Depart-
ment of Chemistry of Moscow State University, the
structure of conducting ceramic membranes LAGP
used as a solid electrolyte in lithium sources was
studied [1, 2]. The growth of the yttrium oxide phase
was initiated to homogenize the material and en-
hance ionic conductivity. The observed increase in
conductivity was explained by the growth of the
contact points of crystal grains. Based on the exper-
imental data, the procedure for the synthesis of
membranes was optimized.
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HEeYHYI0 MUKPOCTPYKTYpPY Kepa-
Mukn LAGP v usmeHeHne
NPOBOANMOCTM B 3aBUCUMOCTN OT
BPEeMeHU BTOPOro OTXura npu
750°C.

Crystallization time, h

HaHOMaTepVIaJ'IbI a4 nepcreKTmBHbIX

HaKoMNMMUTEesien 3Heprum

PacceaHve HeTPOHOB MOMOraeT NOBbICUTb 3¢-
beKTMBHOCTb NCMONb30BaHNA HAHOMAaTepranos B
XUMUNYECKUX UCTOYHUKAX ToKa. CerogHA nuTrneBble
WUCTOYHUKM NMUTAHMA OCTAlOTCA B YMCIe Nepcnek-
TMBHbIX 3NIEKTPOXMMUYECKUX HAKONUTENEN SHep-
rMv, NO3TOMY MOCTOAHHO BeAETCA MOUCK HOBbIX
MaTepuasnioB Uav NyTen ycoBepLIEeHCTBOBaHMWA UC-
nonb3yeMbIX MaTePMAIOB ANA SNeKTPOJOB 1 TBep-
AbIX SNIEKTPOJIUTOB C LiefIblo YyYLUeHNA NX NOHHOM
NPOBOAVUMOCTY U BOCTUXEHMNA 6ONbLUEro SHepro-
3anaca.

B yacTHOCTW, akTyanbHbIM ABNAETCA U3yUeHne
BAVAHNA HAaHOPA3MEPHbIX XapPaKTEPUCTUK JaHHbIX
KOMMOHEHT Ha nx 3pPpeKkTnBHOCTb. B JIHO Ha peak-

Tope NBP-2 gnAa 3Tom uenn akTMBHO NPUMEHAIOTCA
METOAbI HEUTPOHHOM andpakumm (yctaHoska OLBP)
1 MasioyrfioBOro pacceaHna HEMTPOHOB (YCTaHOBKa
IOMO). Tak, B COTPYAHMNYECTBE C XUMUYECKUM ¢a-
Kynbtetom MI'Y (MockBa) nccnegoBaHa CTPyKTypa
NpoBoAALWMX KepaMmnyecknx membpaH LAGP, nc-
Nnosnb3yeMblX B KauecTBe TBEPAOro 3/1eKTponuTa B
NINTUEBbIX UCTOYHMKAX, B KOTOPbIX A4J1 FOMOreHun3a-
UMM matepuana u ycuneHmsa NMOHHOW NPOBOANMO-
CTU UHULMMPYETCA POCT Ppasbl okcnga uttpua [1,2].
Moka3aHo, UTo yBeNMYeHne NPOBOANMOCTM 0ObSIC-
HAETCA POCTOM TOYEK KOHTaKTa KPUCTaNINYeCKnX
3epeH. VlcxopAa n3 nonyyeHHbIX AaHHbIX, MpoBeAeHa
ONTVMM3aLUA NpoLeaypbl CUHTE3a MEMOpPaH.

[1]Vizgalov V. A,, et al. CrystEngComm 20 (2018). DOI: 10.1039/C7CE01910F
[2] Vizgalov V. A,, et al. CrystEngComm 21 (2019). DOI: 10.1039/C9CE00386J


https://doi.org/10.1039/C7CE01910F
https://doi.org/10.1039/C9CE00386J

Also, the filling of nanopores of a carbon cath-
ode with the end product (lithium peroxide) of the
electrochemical reaction during the operation of
promising lithium-oxygen cells was investigated [3].
This phenomenon leads to the blocking of oxygen
diffusion in liquid electrolytes and significantly re-
duces the capacity of such cells in practice as com-
pared to the record theoretically possible values.
The use of neutron scattering made it possible to
relate changes in the cathode at the nanoscale to
the electrochemical characteristics of the cells,
which helped to gain a better insight into the mech-
anisms that lead to the limitation of cell capacity. In
cooperation with Dubna State University, the influ-

ence of conductive carbon additives (soot,
graphene, carbon nanotubes (CNTs)) on the porous
structure of cathode materials (LFP) for lithium-ion
sources was studied [4]. The carbon additives were
shown to change the porosity of electrodes in dif-
ferent ways and affect the wettability of the material
by liquid electrolyte, both due to different efficiency
of penetration into the pores of the initial material,
and due to a change in the morphology of crystal
grains. Of the considered additives, CNTs exhibit the
strongest effect; they are best integrated into the
LFP matrix and increase the penetration of the elec-
trolyte into the electrode.

Fig. 2. SANS reveals the mechanism of filling nanopores in a carbon grain with the final product (lithium peroxide) dur-
ing cathode discharge, depending on the liquid base of the electrolyte used (DMSO or MeCN).
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Puc. 2. MYPH packpbliBaeT MexaH13M 3amnofHeHA HAHOMOP B YINepOAHOM 3€pHE KOHEUYHbIM NPOAYKTOM —
NepoKCcMAOM INTHA — NPU pa3psAfe KaToAa B 3aBMCUMOCTM OT MCMOSb3yeMOW XINAKOW OCHOBbI 3/1IEKTPONTa

(DMSO nnn MeCN).

Take nccnepoBaHo [3] 3anoniHeHWe HaHOMNopP
yrnepoaHOro Katofa KOHeUHbIM MPOAYKTOM 3neK-
TPOXMMNYECKON peakuum (MepoKcnaom nutus) npu
paboTe NepcneKkTUBHbIX TUTUN-KNCIIOPOLHbIX AYe-
ek. [laHHOe ABNeHVe NPUBOANT K 6JIOKMPOBaHMIO
Anddy3nm Kucnopopaa B >KULKOM 3eKTPOSINTE U Cy-
LLeCTBEHHO CHUXKAET SHEeProemMKoCTb TakuX AYeeK
Ha NpaKTUKe Mo CPaBHEHWIO C PeKOPAHbIMU Teope-
TUYECKN BO3MOXHbIMY 3HauyeHuamu. lNpumeHeHne
HEeNTPOHHOrO paccesHWA NO3BONUIIO CBA3ATb N3Me-
HeHUsA B KaTofe Ha HAHOYPOBHE C 3NIeKTPOXMMYe-
CKUMU XapaKTepUCTUKaMM AYeeK, YTo MOMOrsIo Npo-
ACHUTb MeXaHMW3Mbl, MPUBOAALLME K OrPaHNYEHMIO
eMKOCTU AYeek. B cotpygHuuectse c flocygapcTeeH-
HbIM yHUBepcuTeToM «[ybOHa» nccnepoBaHo [4]

BAIVAHME NPOBOAALLMX YINIepoAHbIX J06aBOK (caxu,
rpadeHa, yrnepofHbix HaHOTpPY60K (YHT)) Ha nopu-
CTYI0 CTPYKTYpPY KaToaHbIX maTepuanos (LFP) ana
NIUTUN-NOHHBIX NCTOYHMNKOB. YCTaHOB/IEHO, UTO Yyr-
nepofHble f06aBKU NO-pa3HOMY U3MEHAIOT Nopu-
CTOCTb N1E€KTPOAA M BMAKT HAa CMaYBaeMOCTb Ma-
Tepvana XMAKUM 3/1EKTPONIMTOM KaK 3a CUeT pa3HoM
3bbEKTUBHOCTY BHEPEeHNA B NOPbl UCXO[HOTO Ma-
Tepuana, Tak 1 3a cyeT uameHeHUs mopdonormm
KprCTanimyeckoro 3epHa. /13 paccMoTpeHHbIX J0-
6aBOK Havnbonee cunbHOe AeNCTBME NPOABAAIT
YHT: oHU Hannyywum o6pa3om BCTpamBaloTCA B
matpuuy JIOMN 1 yBenuumBaloT NPOHMKHOBEHME
SNEeKTPOSINTa B SNEKTPOL.

[3] Zakharchenko T. K., et al. Nanoscale 11 (2019). DOI: 10.1039/C9NR00190E
[4] Napolskiy P, et al. Energy Technology 8 (2020). DOI: 10.1002/ente.202000146
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Neutron diagnostics

of nuclear reactor surveillance specimens

Control of the condition of the metal of the re-
actor pressure vessel (RPV) during its service life and
ensuring the RPV integrity under normal operating
conditions, as well as in any design accidents, is one
of the vital problems of modern nuclear power en-
gineering. This is a prerequisite for the safe opera-
tion of shell-type nuclear reactors. During operation
of the reactor, RPVs are exposed to intense neutron
irradiation, which results in the deterioration of re-
actor vessel steel and severe changes in its physical
and mechanical properties manifested mainly in in-
creased brittleness (Fig. 1). Therefore, to control the
condition of the RPV metal, reference surveillance

specimens are used, which are installed in a special
container next to RPV and are made of the same
material. At certain intervals, surveillance speci-
mens are removed from the reactor shaft and sub-
jected to mechanical Charpy impact tests to assess
the actual state (brittle or ductile) of the RPV metal.

However, containers usually contain a limited
number of surveillance specimens. Therefore, in-
stead of disposing of the tested material, the sur-
veillance specimens are recovered using various
welding techniques and returned to the reactor for
further irradiation. This makes it possible to increase
the number of irradiated RPV steel samples to ob-

Fig. 1. a) Fuel loading at power unit N23 of the Rostov NPP. Source: https://sdelanounas.ru/blogs/55098/. b) Surveillance
specimens installed in the reactor of power unit N24 of the Rostov NPP. Source: http://www.atominfo.ru/newsp/
w0801.htm. ¢) Opened container with surveillance specimens for VVER-1000 reactor (NPP Temelin, Czech Repub-
lic). Source: https://repository.lib.ncsu.edu/bitstream/handle/1840.20/27086/D02-5.pdf?sequence=1&isAllowed=y

,,,,,

Puc. 1. a)3arpy3ka Tonnusa Ha aHeprobnoke N°3 Poctosckoi AIC. UctouHuk: https://sdelanounas.ru/blogs/55098/.
b) O6pasLbl-cBMAETENN, yCTaHOBIIEHHbIE B PEaKTOP MYCKOBOro 3Heprobnoka N°4 Poctosckon ASC. cTouHuk:
http://www.atominfo.ru/newsp/w0801.htm. c) OTKpbITbIN KOHTENHep ¢ obpa3uaMu-cBUAETENAMM ANA peakTopa
BB3P-1000 (A3C TemenuH, Yexus). VictouHuk: https://repository.lib.ncsu.edu/bitstream/handle/1840.20/27086/

D02-5.pdf?sequence=1&isAllowed=y

HenTpoHHaa AnarHoCcTuUKa

obpasLoB-cBUaeTeNen aaepHbIX peaKkTopoB

OnHOW 13 aKTyaNibHbIX NPobrem CoBpemMeH-
HOWM aTOMHOW SHEPreTUKN ABNAETCA KOHTPOJIb CO-
CTOAHMA MeTajyla Koprnyca A0epHOro peakropa B
TeUeHVe BCEro CPoKa CNy»Obl 1 obecrneyeHne ero
LEe/IOCTHOCTM B HOPMaJibHbIX YCIIOBUAX SKCMsyaTa-
LKL, a TakkKe Npu NobbIX MPOEKTHBIX aBapusAX. ITO
HeobxofyMoe ycrioBue 6e30mnacHol 3KCnyaTaLmm
A0epPHON SHepreTUYeCcKom yCTaHOBKM C peakTopoMm
KopnycHoro Tuna. Bo Bpema paboTbl kopnyc peak-
TOpa NoABepraeTcs UHTEHCMBHOMY HENTPOHHOMY
065yUYeHM0, UTO MPVBOAUT K Aerpajauun Kopnyc-
HOW CTanun N cepbe3HbiM U3MEHEHUAM ee GU3UKO-
MeXaHNUYeCKNX CBONCTB, MPOSIBNAIOWMNMCS, FaBHbIM
06pa3oM, B NOBbIWEHHOW XpynKocTu (puc. 1). MNo-
3TOMY AN MOHUTOPUHIa COCTOAHMA MeTasia Kop-
nyca peaktopa UCrnofib3yTcA KOHTPOJbHblE 06-

Pa3ubl-CBUAETENIN, KOTOPbIE YCTaHaB/IMBAOTCA B
cneumanbHOM KOHTENHepe pAaoM C KOPMycoM pe-
aKTOpa 1 N3rotoBieHbl U3 TOIO »Ke MaTepunana, YTo
1 Kopnyc peakTtopa. C onpefeneHHon nepnogmny-
HOCTbI0 06Pa3LbI-CBUAETENM N3BNIEKAIOTCA U3 LAX-
Tbl peaKTopa 1 noasepraloTcAa MexaHn4eCcknm ncnbl-
TaHWAM Ha yOapHYI0 BA3KOCTb NO MeToay LUapI'II/I
onAa oueHKn peaJibHOro COCToAHUA (Xpyl‘IKOFO mnnn
NIacTUYHOro) MeTasna Kopnyca peakTopa.
OnHaKo KOHTeNHepbl 06bIYHO COaepP»KaT orpa-
HUYEHHOE KONnYecTBo 06pa3LoB-ceuaeTenei. No-
3TOMY, BMeCTO TOro, YTOObI YyTUNN3npoBaTb NCNbl-
TaHHble MaTepuarnbl, 06pa3Lbl-CBUAETENN BOCCTa-
HaBNMBakT C MOMOLWbIO pPa3INyHbIX MeEeTOOOB
CBapKM 1 BO3BpaALLaloT B peakTop AnA AasbHen-
wero obnyyeHnA. ITo NO3BONAET yBENNYNTb KOMU-

[1] Bokuchava G. D., et al. J. Surf. Invest. 10 (2016). DOI: 10.1134/51027451016050463
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tain representative and reliable data that are used
to assess the radiation embrittlement of the RPV
material to confirm or extend its service life.

In order to maintain the representativeness of
the data, the reconstitution procedure by welding
should not significantly modify the structure and
mechanical properties of the material of the surveil-
lance specimens. Nevertheless, each thermal cycle
of the welding process leads to the formation of
residual stresses due to the fact that almost all weld-
ing methods are based on the use of highly local-
ized energy sources to melt the material in the weld.
As a result, significant residual stresses arise in the
material, the level of which is determined by the pa-
rameters of the welding process and which can sig-
nificantly affect the results of mechanical tests.

Therefore, it is necessary to control the level of resid-
ual stresses after welding in the reconstituted sur-
veillance specimens.

A team of researchers from the Institute of
Electronics of the BAN (Sofia, Bulgaria) and FLNP
JINR performed experiments on the study of resid-
ual stresses and microstrains using neutron diffrac-
tion in non-irradiated surveillance specimens recon-
stituted using various welding methods (electron
beam, laser and arc welding) (Fig. 2) [1]. Due to the
high penetrating power of neutrons, estimates of
residual stresses, microstrains, dislocation density,
and crystallite sizes were obtained, which change
greatly in the region of welds compared to the orig-
inal material, which has a significant effect on the
change in the yield strength of the material [2].

Fig. 2. a) Layout of the experiment on the study of residual stresses in a bulk object using neutron diffraction.
b) Investigated surveillance specimens reconstituted using various welding techniques. c) Dislocation density
distributions in the investigated surveillance specimens when scanning across the welds.

Indicent
beam

Q: Q
Radial Radial
collimator collimator

-

—
—

Detector 2

A

Sample

Gauge
| volume

©»
!

N
n

Dislocation density p-10', m?

a Beam stop b

X, mm
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CKaHUPOBaHUM Nonepek CBapHbIX LWBOB.

yecTBO 06JTyYEHHbIX 06Pa3LOB CTanu Kopnyca pe-
aKTopa AnA nonyyeHnsa penpeseHTaTUBHbIX N Ha-
OEXHbIX JaHHbIX, KOTOPbIE NCNOSb3YIOTCA A1 OLEeH-
K1 pagnaLroOHHOIo OXpynuyuBaHUA MmaTepuana Kop-
nyca peaktopa Ana NoATBEepPXAeHUA unmn npoane-
HUA CPOKa ero 3KCrnayaTauun.

Y106bI COXPAHUTb PENPE3EHTAaTUBHOCTb [aH-
HblX, NpoLeypa BOCCTaHOBMIEHNA METOAOM CBapPKM
He [OKHA CYLLeCTBEHHO U3MEHATb CTPYKTYPY 1 Me-
XaHNYeCKre CBONCTBa MaTepuara obpasLoB-cBMae-
Tenen. Tem He MeHee, KaXX bl TENA0BOW LKA NPO-
Liecca CBapKku nNpuBoanT K 06pa3oBaHMI0 OCTaTou-
HbIX HAMPAMKEHWI 13-3a TOFO, YTO NPAKTMNYECKN BCe
MeTOLbl CBAaPKW OCHOBAaHbl Ha WCMOJIb30BaHUN
CUJTbHO JTOKANIM30BaHHbIX UCTOYHUKOB SHEPrn ana
pacnnaBfeHnsa Matepuana B CBapHoOMm wee. Bcnep-
CTBME 3TOrO B MaTepurane BO3HMKAIOT 3HAUYUTENb-
Hble OCTaTOYHble HaMNPAXKEHWA, YPOBEHb KOTOPbIX
onpegensaeTca napameTpaMm CBapOYHOro npoLec-
Ca 1 KOTOpble MOTyT CyLeCTBEHHO BAMATb Ha pe-

3yNbTaTbl MeXaHMYecKux TecToB. [o3ToMy Heobxo-
ONMO KOHTPONMPOBATb YPOBEHb OCTAaTOYHbIX Ha-
NPAXeHW Noce CBapKU B PEKOHCTPYMPOBAHHbIX
06pa3uax-cBUaeTensaAXx.

lpynna nccnepgosatenein ns IHCTUTYTa anek-
TpoHukn bAH (Codusa, bonrapua) n JIHO OUNAU
npoBesia SKCNEePUMEHTbI MO U3YUYEHMIO OCTaTOYHbIX
HanpsXeHUn n mukpogedopmMaLii C NOMOLLbIO AN-
bpakunm HeMTPOHOB B HEOOYUYEHHbIX 06pa3Lax-
CBUAETeNAX, BOCCTAHOBNEHHbIX C MOMOLLbIO pas-
JINYHBIX METOA0B CBAPKMU (3NEKTPOHHO-TyYEBOW, Na-
3epHou 1 gyrosou) (Puc. 2) [1]. Bnarogaps BbiCOKOM
NPOHMKaoLLeNn CNOCOOHOCTN HENTPOHOB MOyYEeHbI
OLEHKU BENNYMHbBI OCTaTOYHbIX HAMPAXKEHNIA, MUK-
poaedbopmaumii, NAIOTHOCTU UCNOKaLMIA U pa3me-
POB KPUCTANNIUTOB, KOTOPbIE CUIbHO M3MEHAITCA
B 0651aCTV CBapHbIX LUBOB MO CPaBHEHMIO C UCXOA-
HbIM MaTepuranoM, YTO OKa3blBaeT 3HaUNTEIbHOE
B/MAHME Ha U3MEHEeHVe npejena TekyyecT maTe-
pwvana [2].

[2] Bokuchava G. D., et al. Metals 10 (2020). DOI: 10.3390/met10050632
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Looking inside nanoporous

silica composites using neutrons

It has just been two decades since the synthe-
sis of a revolutionary periodic nanoporous material
on the basis of amorphous silica. The extraordinary
properties inherent in this material (large active sur-
face area, regular and perfectly ordered pores along
with chemical stability, heat resistance and biocom-
patibility) immediately interested the scientific
community with their enormous application poten-
tial. The applications taking advantage of longitu-
dinal and mutually isolated pores for creating na-
nocomposite materials witnessed particularly high
interest in catalysis, cryomagnetic refrigeration, en-
gineering, and environmental industry. Successful
applications, however, inevitably require profound

Fig. 1

Illustration of the SBA-15 (upper panel)
and SBA-16 (lower panel) nanocompos-
ite preparation and structure organiza-
tion functionalized by the introduction
of Fe,0; or Gd,0; nanoparticles (right-
hand schemes).

Puc. 1

Mnnioctpauna npuroToBneHna 1 CTPYK-
TYPHOW OpraHmn3aumny HAHOKOMMNO3UTOB
SBA-15 (BepxHuii pag) n SBA-16 (Hux-
HUI pAA), GYHKLMOHANN3MPOBAHHbIX
BBe/[leHVEM B CTPYKTYpPY HaHOYaCTuL|
Fe,03 unu Gd,0; (cxembl cnpasa).

3arnsaabieas BHYTPDb

knowledge of both external and internal structural
characteristics of such nanocomposite materials.
Fortunately, neutrons come to the rescue with their
high penetration depth for silicon, and hence their
ability to characterize nanoparticles that fill the
pores of silica.

A team of researchers from Pavol Jozef Safarik
University in KoSice (Slovakia) and FLNP, using
small-angle neutron scattering (SANS), investigated
nanocomposite systems designed primarily for bio-
medical applications. The systems were based on
mesoporous amorphous silica matrices SBA-15 and
SBA-16, which are characterized by hexagonal
(elongated parallel nanopores) and cubic (spherical

»®
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HaHOMOPUCTDbIX KpeéMHUNneEBbIX KOMIMO3NTOB

Mpowno Bcero ABa AeCATUNETUA C MOMEHTA
CUHTE3a PEBOJIIOLNOHHOIO HAaHOMOPUCTOrO MaTe-
puana c NnepuoamnYecKkon CTPYKTYpOl Ha OCHOBe
amop¢dHoro KpemHesema. HeobbluHble CBONCTBA,
npucyLwmne 3ToMy matepuany — 6osbluasn akTUBHanA
NMOBEPXHOCTb, PerynAapHble N ngeanbHO ynopsao-
YEHHbIe Mopbl, a TaKKe XMMMYECKasa CTONKOCTb, Tep-
MOCTONKOCTb 1 BUOCOBMECTMMOCTb — CPa3y e 3a-
NHTepecoBasiv Hay4yHoe coobLLEeCTBO CBOVIM OFPOM-
HbIM NPUKNaAHbIM NoTeHumanom. MprnoxeHus, nc-
nonb3yioLwre NpenmmyLLecTBa NPOAOSIbHbIX U B3a-
MMHO M30/IMPOBAHHbIX MOP ANA CO3AaHUA HaHO-
KOMMO3UTHbIX MaTepuanoB, Bbi3Baln OCOOGEHHO
60nbLON UHTEPEC ANA NPUMEHEHNA B KaTanuse,
KPYOMarH1THOM OXNa)AeHNM, MaLLMHOCTPOEHNM 1
akomHAyCTpuKn. OfHaKO yCrneLwHoe NpUMeHeHe He-
n36exXHo TpebyeT rnyboKMX 3HAHWU KaK BHELIHUX,

TakK U BHYTPEHHUX CTPYKTYPHbIX XapaKTepucTuk
TaKMX HAHOKOMMO3UTHbIX MaTepuranos. K cyacTblo,
HeNTPOHbI MPUXOAAT Ha NOMOLLb 61larogapa cBoen
60nbLwon rnybrHe NPOHNKHOBEHUA B KPEMHUI 1,
CnlefoBaTenbHO, CBOEN CMOCOBHOCTUN XapaKTepu3o-
BaTb HaHOYACTWLbI, 3aMOJHALLME NOPbl KpeMHe-
3emMa.

[pynna wccneposatenein m3 YHuBepcuTeTa
Masna Moseda Ladapuka B Kowwuue (Cnosakus) u
JIH® nccnepoBana c MOMOLLbIO ManoyriioBoro pac-
ceAHnA HenTpoHoB (MYPH) HaHOKOMMNO3UTHbIE CU-
CTeMbl, NpefHa3HayeHHbIe B MepByto ouepeb And
6rioMeMLNHCKMX NpuMeHeHnA. OCHOBY c1UCTeM CO-
CTaBNANM Me30MopucTbie MaTpuubl aMopdHOro
KpemHeszema SBA-15 n SBA-16, onA KOTOpbIX Xapak-
TepHbl COOTBETCTBEHHO rekcaroHasnbHble (13 BbITA-
HYTbIX NapasnenbHbIX HAHOMOP) 1 Kybuyeckne (13

[1] Zelenakova A., et al. Sci Rep 9 (2019). DOI: 10.1038/541598-019-52417-w
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separated nanopores) superlattices, respectively
(see Fig. 1). Iron-oxide or gadolinium-oxide nano-
particles (NPs) were introduced into the pores of the
matrix by chemical wet impregnation. A thorough
study of the systems by standard experimental
methods (TEM, XRD, sorption and magnetic meas-
urements) provided the evidence of successful in-
corporation of nanoparticles into the matrix pores.
However, crucial characteristics of their size distri-
bution, concentration, and real shape were ob-
tained primarily by using SANS.

By virtue of the unique properties of neutrons,
insight into the inner structure and matter organi-
zation of this kind of systems was facilitated for the
first time. Based on rigorous experimental support,
a fundamental model describing the neutron scat-
tering intensity distribution was proposed by as-

Fig. 2

suming a general additivity of structural features.
The neutron scattering of the nanocomposite under
study was decomposed into the sum of contribu-
tions originating from the hollow matrix and a sys-
tem of randomly distributed polydisperse NPs (Fig. 2).

In the result of the conducted studies, informa-
tion on the sizes of nanoparticles and their polydis-
persity was obtained, which demonstrated a direct
impact of these characteristics on the nanocompos-
ite magnetocaloric effect (MCE). MCE is related to a
magneto-thermodynamic phenomenon, i. e.a chan-
ge in temperature in a material in response to a
change in the applied magnetic field. Even though
the phenomenon has been known for more than a
century now, it is the current progress in modern
materials science that facilitates its practical appli-
cation up to room temperature.

The SANS data were decomposed to the
contribution of various components

represented for the most part by the 10} |
ordered cylindrical pores (green curve) =
. . £
and polydisperse systems of spherical S1
NPs (blue curve). 2
80.1
o

Puc. 2

[aHHble MYPH 6b1511 pa3noeHbl Ha
BKJ1abl OT Pa3/IMYHbIX KOMMOHEHTOB:
ynopAfoYEeHHbIX LUIVHAPUYECKNX NOP
(3eneHas KpuBas) U cMCTeMbl NONMANC-
NepCcHbIX Chepryeckmx HaHoUacTUL
(cuHAA KpuBas).

chepuryecknx pasgeneHHbIX HaHOMOpP) CBepXxpe-
weTkKM (cm. puc. 1). HaHouacTmubl okcrnaa xenesa
W OKCKA rafonviHuA Oblnv BBEZEHbI B MOPbI MaT-
puLbl XUMWYECKUM NMYTEM C UCMOJSIb30OBaHMEM Me-
TOAa BNaXKHOM NponuTku. TwaTenbHoOe nccnenoBa-
HVe CUCTEM C UCMONb30BaHNEM CTaHAAPTHbIX IKC-
nepuMeHTanbHbIx MeTogoB (M3M, peHTreHoBCKas
andpakuus, COpObLNOHHBIE U MAarHUTHbIE U3Mepe-
HUA) NOATBEPAWIO YCMELHOe BHELPEHME HAHOYa-
CTuL B nopbl MaTpuubl. OoHAKO BaXHble XapaKTe-
PUCTUKN UX pacnpepeneHnsa no pasMmepam, KOH-
LieHTpaLun 1 pakTryeckum Gopmam Obiiv NMosyyeHsbl
npenmyLecTBeHHo ¢ nomotuibto MYPH.

bnarogapsa yHuKanbHbIM CBONCTBAM HENTPO-
HOB, CBA3aHHbIM C 60bLLION FMYOUHON MPOHNKHO-
BEHUA B BELLECTBO, BNEPBbIE YAANOCh ONpeaennTb
BHYTPEHHIOI0 CTPYKTYPHYIO OPraHn3aLmio Taknx Cu-
ctem. B xope petanbHOro akcnepuMeHTasIbHOro
aHanu3a 6bina npeasioXkeHa 6a3oBas Moaesb, Onu-

experiment - L X0}

model ——
Ip(a)
In(q)

S
<
s

° Int;nslty (em1)

2

1(q) = KcS(@IFe(@)1? + Ks|Fs(@)1* + 1a(q) + 1

CbiBaloWan pacnpeneneHne MHTEHCMBHOCTM pac-
cesiHMA HENTPOHOB, B NPeAnonoxeHny obLien aa-
AUTVMBHOCTM CTPYKTYPHbIX 0cobeHHocTeln. Pacces-
Hue HeNTPOHOB KccnefyemMbiM HAHOKOMMO3MTOM
6b1110 Pa3NoKeHo Ha CyMMy BKIaAoB OT MyCTOM MaT-
puvLbl U CMCTEMbI CIIyYaiHO pacnpeneneHHbIX Nno-
NMANCNEPCHbIX HAHOYacTUL, (puc. 2).

B pe3ynbraTe mpoBefdeHHbIX UCCIe[0BaHUN
6bina nonyyeHa nHGopmaLma o pasmepax HaHoYa-
CTVL 1 UX NONNFMNCNEPCHOCTY 1 MOKa3aHo NpsAmMoe
BNNAHNE JaHHbIX XapaKTePUCTK Ha MarHMToKano-
puyecknii 3GPeKT B HAHOKOMMO3UTE — N3MEHEHME
TemrnepaTypbl MaTepuana Npu N3MeHeHU BHeL-
Hero MarHWTHOro nons. HecMoTpA Ha To, UTO MarHu-
ToKanopuyecknii 3pdeKT n3BecteH yxe bonee Beka,
MMEHHO Nporpecc B COBPeMeHHOM MaTepuranoBe-
OEeHUN 1 Pa3BUTWY NepedoBbiX SKCNeprMeHTasb-
HbIX MOAXOAOB NMO3BOJIV MPUMEHATb €ro Ha Npak-
TUKe, B TOM YKCe NPy KOMHaTHbIX TemnepaTypax.

[2] Zelendkovd A., et al. Sci Rep 12 (2022). DOI: 10.1038/541598-022-06132-8
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Structure of high-temperature

shape memory alloys

The shape memory effect (SME) — the ability
of a material to return to its original shape under ex-
ternal influence (e. g., heating) — has been known
since the first half of the 20t century. At present,
SME alloys are widely used in the aerospace and au-
tomotive industries, medicine, etc. The most wide-
spread alloy is nitinol (NiTi with a nickel content of
50-51 at.%), which has high strength, corrosion re-
sistance, shape recovery coefficient, good biocom-
patibility. The temperatures of the reversible ther-
moelastic martensitic transformation, which is the
physical cause of SME, in nitinol are below 100°C.
For a number of applications, it is important to de-

velop high-temperature SME alloys that operate at
temperatures up to 400°C; and among the most
promising candidates are NiTi(Hf,Zr) alloys.

The functional properties of SME alloys are
structure-sensitive, therefore it is necessary to study
the crystal structure of these alloys, including dur-
ing the course of martensitic transformation (Fig. 1).
At FLNP JINR, such studies are performed using the
HRFD diffractometer, which can operate both in the
high-resolution mode for precision study of the
structural features of the material, and in the high-
intensity mode for in situ studies of transformation
processes.

Fig. 1. a) SME alloy (adapted from Ma J,, et al. Int. Mater. Rev. 55 (2010)). b) Scheme of the one-way SME.
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Puc. 1. a) Cnnas c 3pdpextom M (apantrposaHo us Ma J., et al. Int. Mater. Rev. 55 (2010)).

b) Cxema ogHocTopoHHero addekTa MO.

CTpyKTypa BblICOKOTEMMEPATYPHbIX CMNJIaBOB
C 23(ppeKTOM NnamMaTm opmbl

Sdbdekt namatn opmbl (MNO) — cnocobHoOCTb
MaTepuana BO3BpaLlaTbCA B epBOHavasbHyo Gpop-
My MpPW BHELIHEM BO3[eNCTBUM (Hanpumep, Ha-
rpese) — B CrjlaBax U3BeCTeH C NepBOW MONOBUHbI
XX Beka. B HacToAwee Bpems crnabbl C 3pPekTom
MN® WnpoKo NCNonb3yTCA B a3POKOCMUYECKON 1
ABTOMOOMWNBbHONM NPOMBILUAIEHHOCTH, MeaULUHe U
Aap. Hanbonee pacnpocTpaHéHHbIM CMTaBOM AB-
naetca HuTuHon (NiTi ¢ cogepxaHnem Hukensa 50-
51 at1.%), KOTOpPbI 06/1aAAET BbICOKOW MPOYHOCTbIO,
KOPPO3MOHHOW CTONKOCTbI0, KO3 ULIEHTOM BOC-
CcTaHoBfeHNss GOPMbl, Xopollen GUoCcoBmMecTU-
MoOCTbt0. TemnepaTtypbl 06paTUMOro TepMoynpyroro

MapTEHCUTHOTO NPeBpaLLeHus, Nexallero B OCHOBE
BOCCTaHOBNEeHUsA ¢opmbl chnaea, B HUTMHONE
nex<at Huxke 100°C. [inA psaga 3ajay akTyanbHa pas-
paboTKa BblcOKOTEMMepaTypHbIX crnasos c MO,
bYyHKLMOHMPYOWIMX Npu TemnepaTypax ao 400°C;
1 OQHUMUN 13 Hanbosee NepcrekTUBHbIX ABMAIOTCA
cnnasbl NiTi(Hf,Zr).

MockonbKy GpyHKLUMOHanbHble CBOMCTBA Crla-
BOB ¢ [1D ABNAIOTCA CTPYKTYPHO-YyBCTBUTENIbHBIMUA,
Heob6XxoAUMbl UCCNIefOBAHUA  KPUCTANINYeCKom
CTPYKTYpPbl 3TUX CM/1aBOB, B TOM Uuncie B npoLecce
MapTeHCcMTHOro npespatleHns (Puc. 1). BJIHO OUAN
Takne MCCefoBaHUA NPOBOAATCA Ha audpakTo-

[1] Shuitcev A, et al. Scripta Materialia 178 (2020). DOI: 10.1016/j.scriptamat.2019.11.004
[2] Shuitcev A, et al. Intermetallics 125 (2020). DOI: 10.1016/j.intermet.2020.106889
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Neutron diffraction studies of the Tiyg;NisosHf
alloy made it possible to determine the structural
parameters of low-temperature B19" martensite
and high-temperature B2 austenite, as well as the
temperatures of forward and reverse martensitic
transformations [1] (Fig. 2). The linear thermal ex-
pansion tensor of martensite has a negative coeffi-
cient [2]. The volume effect of the forward B2—B19°
transformation in this alloy is 0.75%, more than 6
times larger than in Tisg;Nigeo. It was found that
=13.0 vol.% austenite does not participate in the
martensitic transformation. The residual austenite
and the large volume effect may be responsible for

a significant inconsistency between the experimen-
tal and theoretical recovery strain values in this alloy
[11.

Similar studies were carried out for the quater-
nary Tiye;NisesHfo Zr alloy. The effect of austenite
transition from a partially ordered state to a fully or-
dered B2 phase was observed simultaneously with
the occurrence of the reverse martensitic transfor-
mation [3]. Since the scattering length of thermal
neutrons by titanium is negative, neutron diffrac-
tion may be considered the preferred method for
studying the effects of ordering in such alloys.

Fig. 2. a) Evolution of neutron diffraction patterns of Tiy;Niso3Hf2 alloy with temperature.
b) Temperature dependences of unit cell volumes of B19” martensite and B2 austenite.
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Puc. 2. a) OBonouus HENTPOHHbIX ANGPAKLMOHHbBIX CMEKTPOB CraBa Tiyg;NisesHf2 Npy n3meHeHnmn Temnepatypeol. b)
TemnepaTypHble 3aBUCMOCTU OOBEMOB 31eMEHTAPHON siueiikn MapTeHcuTa B19” n aycteHnTa B2.

meTpe OLBP, KoTopbli MoXeT GYHKLNOHUPOBATb
KaK B peXkrMe BbICOKOrO paspelueHnsa ana npeum-
3MOHHOTIO M3YyYeHNA CTPYKTYPHbIX 0COOeHHOCTEN
maTepuana, Tak U B pekKruMe BbICOKOW CBETOCUIIbI
ANA in situ nccnegoBaHU NePEXOAHbIX NPOLECCOoB.

HeliTpoHorpadurueckne nccnegoBaHma cnna-
Ba Tiyo;Niso3Hf2 MO3BONMAN yCTaHOBUTD CTPYKTYP-
Hble MapameTpbl HU3KoTemMnepaTypHoro B19” map-
TEHCWTa 1 BbiCOKOTeMnepaTypHoro B2 aycteHnTa n
TemnepaTypbl NPAMOro 1 o6paTHOro MapTeEHCUT-
Horo npeBpatleHna [1] (Puc. 2). TeH30p NUHENHOrO
TEnJ0BOro pacMpeHna MapTeHCUTa COAEPXKIT OT-
puuaTenbHbin KoadduumneHT [2]. O6BbEMHbBIN -
bekT npaAmoro B2—B19" npeBpalieHna B 3Tom
cnnaBe cocTtaBnseT 0.75%, 6onee yem B 6 pa3 BbILLE,
yeM B Tisg1Nise0. BblNIO 06HapPYkeHO, uTo =13.0 06.%
ayCTeHMTa He y4YacCTBYIOT B MapTEHCUTHOM NpeBpa-

LeHMK. 3HaUUTENbHOE PACcXoXAeHNe SKCrepuMeH-
TaNibHO M3MEpPEHHbIX M TeOpeTMYeCcKn paccumTaH-
HblX BeIMYMH BOCCTaHaBNMBaeMbix gedopmanmii
MO>KeT ObITb CBA3AHO C MPUCYTCTBMEM OCTAaTOYHOIO
aycTeHuTa u 6onblumm 06 bEMHBIM 3ddeKkToM npe-
BpalieHua [1].

AHanorvyHble nccnefoBaHua 6N nposege-
Hbl 41 YeTBEPHOIO CrnaBa Tisg;NisesHf1o Zrhe. B HEM
OOHOBPEMEHHO C NpoTeKaHueM 0b6paTHOro map-
TEHCUTHOrO NpeBpaLleHuns 6bin o6HapyxeH addekT
nepexopa ayCcTeHuTa 13 YaCTUYHO YNOPSAAOYEHHOTO
COCTOSIHMA B NOJIHOCTbIO YNopsAaoYeHHyto B2 dasy
[3]. MockonbKy ANMHa pacceAHnA TENOBbIX Hel-
TPOHOB TUTAHOM OTpUUaTenbHa, Andpakunsa Hen-
TPOHOB OKa3blBaeTCA NPEANOUYTUTENbHBIM METOLOM
nccnegoBaHua 3$pdeKToB ynopsagoueHna B nofo6-
HbIX CrJiaBax.

[3] Shuitcev A, et al. Journal of Alloys and Compounds 899 (2022). DOI: 10.1016/j.jallcom.2021.163322
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Novel electrode materials for sodium-ion batteries

The development of lithium-ion technologies
and the active use of lithium-ion batteries in various
devices lead to a sharp increase in the consumption
of lithium, whose natural reserves are limited.
Chemical current sources based on sodium ions are
considered as alternative current sources. Sodium
is one of the most abundant elements in the earth's
crust and is close to lithium in its properties. The
study of compounds promising for use as cathode
materials for sodium-ion batteries is highly relevant
today.

One of such materials is sodium hexacyanofer-
rate, Prussian White, with the general formula
Naz-xFe[Fe(CN)e]i-y-o-y-mH20 (o - Fe(CN)s vacan-
cies, y - their number), which has high values of en-

ergy capacity and charge/discharge rate. Its open
frame structure can easily accommodate sodium
ions and ensure their rapid transport (Fig. 1). How-
ever, standard eco-friendly methods for their syn-
thesis suggest the presence of a number of Fe(CN)e
vacancies and structured water in the initial struc-
ture of the compound, which affect the stability of
the crystal lattice during electrochemical cycling
and lead to a drop in capacity after long-term oper-
ation. To study the structural phase transitions in
the cathode material during the charge-discharge
process, as well as the structural aspects of the ca-
pacity drop, the in situ/operando X-ray diffraction
and neutron diffraction on an electrochemical cell
during its cycling is used. In in situ measurements,

discharge

Fig. 1 = <

& | Y/
Schematic representation \\ o
of the operating principle \ /(/\ \
of a sodium-ion battery. D —— /L/
Puc. 1 \ < e

A

CxemaTunyeckoe 13o6paeHuie s\ %
npviHUKMnNa paboTbl HaTPUIA- / % H
VIOHHOrO NCTOYHMKA TOKa. > L0

cathode

HoBble a3neKTpogHble MaTepumarbl
A4 HanMl\/’I-MOHHbIX AKKYMYJ1ATOPOB

Pa3BuTrE NMUTNN-NOHHDBIX TEXHOJIOTUI U aKTUB-
HOE MCMONb30BaHUE NNTUA-NOHHbBIX aKKYMYNATO-
OB B CaMbIX Pa3HOOOPa3HbIX YCTPONCTBaX BEAYT K
pe3KoMy poCTy NoTpebrieHus NUTKA, NPUPOLHbIE
3anacbl KOTOPOro orpaHuNYeHbl. B kauecTBe anbTep-
HATMBHbIX PAacCMATPUBAOTCA XUMMYECKNE UCTOY-
HMKW TOKa Ha OCHOBE MIOHOB HATPWA, OAHOIo ”3
CaMbIX PaCNpPOCTPAHEHHbIX N1IEMEHTOB B 3€MHOW
KOpe 1 Mo CBOMM CBONCTBAM ABNAIOLLErOCA CamMbIM
ONN3KUM K NUTUIO Sn1eMeHTOM. Monck n nccnegosa-
HVe coeAUHEHW, NepPCneKTUBHbIX AS1A UCMOJb30-
BaHMWA B KauyecTBe KaTOAHbIX MaTepuanoB Os
HaTpMEBbIX NCTOYHNKOB TOKa, CErofHA BeCbMa aK-
TyasnbHbl.

OOHUM 13 TaKMX MaTepPUanoB ABNAETCA rekca-
LunaHodeppat HaTpusA Prussian White c o6wwein pop-
mynoi Naz—xFe[Fe(CN)e]i—y-0:y-mH20 (o — BakaHcum

Fe(CN)g, y — 1x KonnuecTBo), 0651agatoLwmnin BbiCo-
KUMW 3HAaUYEeHNAMYM SHEPrOeMKOCTU N CKOPOCTU 3a-
paga/paspaga. Ero oTkpbiTad KapkacHas CTPyKTypa
MOXET NIerko BMeLLaTb UOHbI HAaTpKA 1 obecrneyn-
BaTb MX ObICTPYIO TpaHcnopTnpoBKy (Puc. 1). OgHa-
KO CTaHOAaPTHbIE 3KONOrMYHblE METOAbI MX CMHTE3a
npeanonaratoT Hanuune psaga BakaHcmin Fe(CN)s u
CTPYKTYPUPOBaHHOW BOAbl B UICXOAHOWN CTPYKType
COeUHEeHUsA, KOTOpble BINAIT Ha YCTONUYMBOCTb
KPUCTaNNMUYeCckom peLLeTKy Npu 31eKTpoxmmMmnye-
CKOM LMKNMPOBaHWM 1 NPUBOAAT K NaJeHNI0 eMKO-
CTV Nocne AnuTenbHOM paboTbl. A nccnegoBaHus
CTPYKTYPHbIX $a30BbIX MEPEXOAOB B KaTOJHOM Ma-
Tepuane B npouecce 3apAafa-pa3paga, a Takxke
CTPYKTYPHbIX aCNeKTOB NafeHnsa eMKOCTU NUCMOJb-
3yeTca MeTog in situ/operando pndpakumnm HeNTpo-
HOB WJIN PEHTFEHOBCKUX NTyUYel Ha NEKTPOXMMU-

[1] Samoylova N. Yu., et al. Journal of Power Sources (2023), submitted.



an array of diffraction patterns for the cathode ma-
terial is obtained, the analysis of which makes it pos-
sible to determine the structural phases of the
material at different stages of sodium intercala-
tion/deintercalation, their transformation during
charge/discharge, and the change in the unit cell
parameters of these phases (Fig. 2).

In situ studies of an electrochemical cell with
commercial Prussian White as an active material
performed at FLNP using X-ray diffractometer
Empyrean PANalytical have revealed that in a com-
pletely discharged state (the cathode material is in-
tercalated with sodium) the material has a
rhombohedral structure (phase “R’, sp. gr. R-3, see
Fig. 2) [1]. A small fraction of the dehydrated rhom-

Fig. 2

Evolution of X-ray diffraction patterns measured
during charge and subsequent discharge of the
electrochemical cell with sodium hexacyanoferrate
Prussian White as an active cathode material. The
corresponding voltage curve and changes in the
unit cell parameters of the cubic and
rhombohedral phases are presented.
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DBONOLMA PEHTTEHOBCKUX ANPPAKLIMOHHBIX
KapTWH, M3MepeHHbIX B XOAe 3apsAaa 1 nocneayio-
Lero paspaga aNekTPUYeCcKon AYeinky C rekcalma-
HodeppaTom HaTpua Prussian White B KauecTBe
aKTVMBHOrO KaTOAHOro MaTepuana. Tak»ke nokasaHbl
COOTBETCTBYOLUME U3MEHEHNA HaNPAXKEHNA

1 MapamMeTpoB AYeeK Kybuueckom

1 pomb60o3apryecKoit das.

yeckom Avyerike B Npouecce ee UMKNMpoBaHuA. B
xope in situ n3mepeHun NosyyaroT Maccus andpakx-
LIMOHHbIX KapTUH OT KaTOAHOro MaTeprana, U3 aHa-
nn3a KOTOPbIX OnpefensailT CTPYKTYpHble ¢asbl
MaTepuasna Ha pa3HblX dTanax MHTepKanALnn/genH-
TepKanAunm HaTpuem, nx TpaHchopmaumio B xoge
3apapa/pa3paga M M3MeHeHne napameTpoB Kpu-
CTannnyeckom pelueTtkm atux ¢pas (Puc. 2).

In situ nccnepgoBaHua, npoeefeHHble B JIHO Ha
peHTreHoBCKOM andpaktometpe Empyrean PANa-
lytical c anekTpoOXMMUYECKON AYENKOI C KOMMEPYe-
ckum Prussian White, BbIsBMAK, YTO B NOSIHOCTbIO
pa3pAXeHHOM COCTOAHUU (MHTepPKannpPOBaHHOM
HaTpueM) maTepuran HaxoamTca B pombosgpuye-
ckon dase (np. rp. R-3, dpasza «R», cm. Puc. 2) [1].
Kpome 3Toro, npucyTcTBYyeT AernapatupoBaHHas

16 18 20 22 24 26 28 30 32 34 362 3 4

bohedral phase (dR-phase, sp. gr. R-3) is also pres-
ent. Deintercalation of sodium from the structure of
hexacyanoferrate during cell charging leads to the
transition of the R-phase into a sodium-deficient
cubic phase (“Cub’, sp. gr. Fm-3m) and the disap-
pearance of the dR-phase. Upon discharge, a sym-
metrical transition of the cubic phase into the
rhombohedral R phase and the emergence of the
dR phase occur. After long-term cycling of the cell,
an incomplete transition from the cubic phase to
the rhombohedral R-phase is observed. The meas-
ured large volume changes in the cubic phase dur-
ing the charge/discharge process can lead to
structural degradation of a part of the material,
which, as a consequence, causes a drop in capacity.
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pomboaapurueckan dasa (pasa «dR», np. rp. R-3),
[ONA KOTOPOW 3aBMCUT OT TEPMMUYECKOWN nopro-
TOBKM 3neKkTpoda. [enHTepKanauma Hatpusa u13
CTPYKTYpbI rekcauvaHodeppata npu 3apage co-
NPoBOXKAaeTcA nepexofaom R-pasbl B HaTpuin-gedu-
UUTHYIO Kybuyeckyto dpasy («Cuby», np. rp. Fm-3m) n
ncyesHoseHviem dR-dasbl. Mpu paspsage nponcxo-
ANT CUMMETPUYHbBIN Nepexoq Kyouueckon pasbl B
pomb6o3apuryeckyio R-pasy n noasneHne dR-dasbl.
Mocne MHOrOKPaTHOrO LMKIMPOBAHUA AYENKY Ha-
6nt0aeTcA HeNosHbIN Nepexop Kyorndyeckonm ¢asbl
B pombosgpuryeckyto R-pasy. Bo3MOXHO, MIMEHHO
60/bLUME OOBEMHbIE N3MEHEHMA KyOuyeckon dasbl
B Npouecce 3apaga/paspaga NpuBoJAT K CTPYKTYp-
HbIM Aerpagaumam yacTi Matepuana, obycnasnu-
BalOLWVM MageHne eMKOCTU.



Magnetic thin films for spintronics

In FLNP, reflectometry of polarized neutrons
are applied to study the properties of magnetic thin
films with a complex layered structure.

The present-day technological level of mag-
netron sputtering and molecular beam epitaxy ma-
ke it possible to produce layered heterostructures
with extremely small (up to one nanometer) layer
thicknesses. Due to the commensurability of layer
thicknesses with different correlation lengths, such
structures exhibit a number of new and unusual (in
comparison with macroscopic systems) effects,
which opens up new opportunities for the develop-
ment of nanotechnologies. Of particular interest
today are low-dimensional combined structures
with superconducting and ferromagnetic proper-

ties, in which the antagonism of these properties,
on the one hand, and the closeness in the magni-
tude of the exchange interaction length and coher-
ent superconductivity length in a ferromagnet, on
the other hand, leads to the realization of funda-
mentally new temperature phenomena related to
magnetic and superconducting states in layered
structures. Interest in such systems is due to the
need for alternative (to classical semiconductor)
technologies, for example, in the framework of the
development of spintronics and the creation of a
guantum computer.

A group of researchers from FLNP and the In-
stitute of Metal Physics, Ural Branch of the Russian
Academy of Sciences (Yekaterinburg) carried out a

Fig. 1. Periodic heterostructures with superconducting/ferromagnetic layers and their characterization by magnetome-
try and reflectometry of polarized neutrons for determining magnetization distribution in the layers.
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Puc. 1. MNepriognyeckne reTepoCTpyKTypbl CO CBEPXNPOBOAALMMU/PEPPOMATHATHBIMU CTOAMU 1 UX XapaKTepu3aums
MeToAamu MarHUTOMETPUM 1 pebneKTOMETPUY NONAPU30BaHHbIX HENTPOHOB A1 ONpefeneHns pacnpegene-

HUA HaAMarHM4YeHHOCTN B CNOAX.

MarHuTHble TOHKME MEHKN ONda CMMHTPOHUKNA

B JIHO c nomolbto pednekTomeTpum nonsapu-
30BaHHbIX HENTPOHOB N3YYatoT CBOMCTBA MAarHUTHbIX
TOHKMX NAIEHOK CO C/TOXHOW C/IONCTON CTPYKTYPOIA.

CoBpeMeHHbI TEXHONOMMYeCKNin ypoBeHb Me-
TOZOB MarHeTPOHHOTO HarblfIeHVA Y MONEKYAPHO-
NyYeBOW SNMUTAKCUK JeNaeT BO3MOXKHbIM U3rOTOBE-
HUe CITIOUCTbIX FETEPOCTPYKTYP C SKCTPEMAJIbHO Ma-
nbiMK (O OAHOrO HAaHOMETpPA) TOMLMHAM CIOEB.
M3-3a copa3mepHOCTM TOAWMWH CNOEeB C pas3fny-
HbIMU KOPPENALNOHHBIMU AAVHAMY B TaKMX CTPYK-
Typax HabnogaeTca MHOXECTBO HOBbIX 11 HEOObIY-
HbIX (B CPaBHEHUM C MAaKPOCKOMUYECKNMU CUCTE-
MaMK) 3$HEKTOB, KOTOPbIE OTKPbIBAKOT HOBbIE BO3-
MOXHOCTV 1A Pa3BUTUA HaHOTexHoNormin. Ocobblii
WHTepEeC CeroHA NPeacTaBAAOT HU3KOPa3MepHble
KOMOVHVPOBaHHble CTPYKTYPbl CO CBEPXMNPOBOAA-

wmmm 1 GeppoMarHUTHbIMA CBOWCTBAMMU, B KOTO-
PbIX aHTaroHM3Mm 3TUX CBOWCTB, C O[HON CTOPOHbI, U
651130CTb NO BeNMYMHe AfIviHbl 0OMEHHOro B3anMo-
[EeNCTBMA 1 KOrepeHTHOM ANVHbI CBEPXMPOBOANMO-
CTn B peppomarHeTuKe, C pYro CTOPOHbI, NPUBO-
AT K peanu3auuy NPUHUMMNMANbHO HOBbIX Temre-
pPaTypHbIX ABMEHWN, CBA3aHHbIX C MarHUTHLIMA U
CBEPXNPOBOAAWMMN COCTOAHUAMWN B CIIOUCTbIX
CTPyKTypax. MIHTepec K Takmm cuctemam obycnos-
neH NOTPeOHOCTbIO B anbTepHaTMBHbIX (K Knaccmye-
CKMM NOJTyNPOBOAHMNKOBbIM) TEXHOMOMUAX, HAaMpPW -
Mep, B paMKax pa3BUTUA CMUHTPOHWKN U CO30aHUA
KBaHTOBOIO KOMMbloTepa.

lpynna nccneposatenent n3 JIH® n NHctutyTa
¢dusmkn metannos YpO PAH (r. EkaTepuH6ypr) npo-
BOAMSIA KOMMNEKCHbIN aHann3 MarHUTHbIX reTepo-

[11Yu. N. Khaydukov et al. Phys. Rev. B 99 (2019). DOI: 10.1103/PhysRevB.99.140503
[2] V. D. Zhaketov et al. ZhETF 129 (2019). DOI: 10.1134/51063776119070136
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comprehensive analysis of magnetic heterostruc-
tures with superconducting properties, where ex-
periments on polarized neutron reflectometry with
the REMUR instrument of the IBR-2 reactor were de-
cisive (Fig. 1). The magnetic and superconducting
properties of inhomogeneous multilayer structures
with alternating superconducting and ferromag-
netic layers (e.g., niobium/gadolinium) were studied
in detail. New, previously unpredicted effects were
observed. It was found that the superconducting
and magnetic properties of the studied heterostruc-
tures are due to the presence of superparamagnetic
clusters. At present, research is underway on rare-
earth films based on dysprosium and holmium with
non-trivial magnetic ordering. For a better analysis

of layered structures, a new mode was made on the
REMUR reflectometer: detection of the accompany-
ing secondary radiation in the form of charged par-
ticles and gamma-rays emitted after the capture of
neutrons by matter nuclei and in the form of neu-
trons with spin flip upon reflection from a magnet-
ically non-collinear medium (Fig. 2). As a result, the
spatial resolution in determining the position of the
emitting layer from the reflection curves was im-
proved to 1 nm.

The results of the study can be used in the de-
velopment of systems with specific electronic prop-
erties, such as superconducting spin valves,
magnetic memory devices, and polarized electron
injectors.

Fig. 2. lonization chamber (1 — neutron beam; 2 — input and output windows; 3 — cathode; 4 — grid;
5 — mesh frame; 6 — anode) for measuring intensity of reflected neutrons (1) and charged particles (2) from
Cu(10nm)/V(55nm)/ CoFe(5nm)/sLiF(5nm)/V(15nm)//glass. Neutron reflection coefficient (1,2) and the coefficient

of secondary radiation (gamma-rays) (3,4).
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Puc. 2. VoHnsaumnoHHasa kamepa (1 — ny4yoK HeMTPOHOB; 2 — BXOAHOE 1 BbIXOAHOE OKHa; 3 — KaTog; 4 — CeTKa;
5 — pamKa ceTku; 6 — aHopA). NHTEeHCMBHOCTb OTPaXeHHbIX HEMTPOHOB (1) 1 3apsAXKeHHbIX YacTuy, (2) ana
Cu(10HM)/V(55HM)/CoFe(5HM)/6LiF(5HM)/V(15HM)//cTekno. KoadbduumneHT oTparkeHna HEMTPOHOB (1,2) 1 kKoaddu-

LMEeHT BTOPMYHOTO M3NyYeHunA (ramma-KBaHTbl) (3,4).

CTPYKTYP CO CBEPXMPOBOAALLMMY CBONCTBAMY, rae
peLuaLWnMm ABAAKOTCA SKCNEePUMEHTbI No pedrek-
TOMETPUM NONAPU3OBAHHBIX HENTPOHOB Ha yCTa-
HoBke PEMYP peaktopa WBP-2 (Puc. 1). JeTtanbHo
M3y4anuncb MarHUTHbIE 1 CBEPXMPOBOAALLME CBON-
CTBa HEOZHOPOLHbIX MHOFOC/IOMHbIX CTPYKTYP C Ye-
penyowumMmmnca cBepxnpoBoaaLMy 1 deppomar-
HUTHBIMM CNOSAIMM (HanprMep, HNOOWIA/TafONNHNIA).
Habntopanucb HoBble, He NpefAcKa3aHHble paHee,
3¢ deKTbl. YCTaHOBMIEHO, YTO CBEpPXMNpOBOAsLINE U
MarHuTHble CBOWCTBA WCC/Ie[OBaHHbIX reTepo-
CTPYKTYp 06yCNOBneHbl HaNMYnem cyneprnapamar-
HUTHbIX K/lacTepoB. Ha gaHHbIN MOMEHT BefyTCA
nccnefoBaHNA pegKo3emesibHbIX MIEHOK Ha OCHO-
BE ANCMPO3KA U FOSIbMUA C HETPMBUASIbHBIM Mar-
HUTHbIM ynopsagoyeHvem. [ina 6onee KayecTseH-

HOro aHanm3a CNoUCTbIX CTPYKTYpP CO3[aHa 1 npu-
MeHeHa HoBasa Mmofa Ha pednektometpe PEMYP: pe-
rMcTpauusa conyTCTBYOLWEro BTOPMYHOIO n3nyye-
HUA B BUAE 3aPAMXKEHHbIX YaCTUL M raMMa-KBaHTOB,
BblIETAOLWMX MOC/e 3axBaTa HENTPOHOB AApPamMu
BellecTBa U B BuAe HENTPOHOB C MepPeBOPOTOM
CNWHa NPV OTPAXKEHNN OT MarHUTHO-HEKOSIMHeap-
Hon cpefbl (Pnc. 2). B pe3ynbrate NpoCTpaHCTBEH-
HOe pa3speLlleHme Npu onpeaeneHnmn n3 pedpnexkTo-
METPUYECKNX KPUBBIX MONOXKEHUA U3NyYatoLero
cnos ynyyweHo fo 1 Hm.

Pe3ynbTaTbl paboT MOryT UCNONb30BaTbCA B
pa3paboTKe CUCTEM C 3ajaHHbIMU 3NIEKTPOHHbIMM
CBOVICTBaMMU, HanprmMep, CBEPXMNPOBOAALLMX CMINHO-
BbIX BEHTUNEN, YCTPONCTB MarHUTHOMN NaMATHU, UH-
XEKTOPOB NOMAPU30BAHHbIX SNIEKTPOHOB.

[3]1 D.l. Devyaterikov et al. J. Surf. Investigation 16 (2022). DOI: 10.1134/51027451022050299
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Magnetite at high pressure:
anomalous physical properties

Magnetite is one of the first magnetic solids,
which has become known to mankind. The word
“magnetism” comes from the name of the ancient
Greek region of Magnesia, where deposits of mag-
netite in mineral form were discovered. Investiga-
tions of magnetite have played a significant role in
the development of a number of important con-
cepts in condensed matter physics related to the in-
sulator-metal transition and charge ordering phen-
omena. Magnetite has also been widely applied in
technological developments for thousands of years,
starting with the use in ancient compasses for nav-

Fig. 1
Neutron diffraction patterns of mag-

igation about three thousand years ago and ending
with advanced nanotechnologies in the field of
medical diagnostics and therapy, imaging, and the
production of magnetic nanocomposite materials
and electronic devices.

Recently, an anomalous behavior of the mag-
netic and electronic properties of magnetite has
been revealed, associated with a pressure-induced
structural phase transition occurring at 20-25 GPa.
To elucidate the nature of this phenomenon, its
magnetic and electronic properties were studied
using neutron diffraction (ND) and synchrotron 57Fe

netite, measured at pressures up to 33 5000 F
GPa and processed by the Rietveld !
method (a). Magnetic structure of the

orthorhombic pressure-induced phase 4000 A4

7
of magnetite (b). 5
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HUsAX go 33 Ma 1 o6paboTaHHble MO
meTtogy Puteenbga (a). MarHuTtHaa

CTPYKTYpa opTopombuyeckon pasbl
BbICOKOTO AAaB/ieHNs MarHeTuta (b).
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MarHeTuUT NP BbICOKUX AaB/EeHUAX:
aHOMaJlbHble hU3nYecKme CBONCTBA

MarHeTuT — OfiHO U3 NepBbIX MarHUTHbIX Be-
LLEeCTB, C KOTOPbIM MO3HAKOMUIIOCh Y€/IOBEYECTBO.
CnoBo “marHeTnsm” 6epeT cBOe Hauano OT Ha3Ba-
HUA OpeBHerpeyeckoro pervoHa “MarHesusa’, roe
ObINN HalAEeHbl 3aNeXn MarHeTuTa B MUHEpPasibHOM
dopme. ViccnepoBaHUs MarHeTHTa Cbirpany 3Hauu-
TeNbHYIO POJb B CTAHOBMIEHNN PAfa Ba>KHbIX KOH-
uenuun B obnactm GusnNKM KOHAEHCUPOBAHHOIO
COCTOAHMA, CBA3AHHbIX C ABIEHUAMY Nepexoa au-
SNEeKTPUK-MeTal U 3apAf0BOro ynopagouyeHus.
Takke y»Ke Ha NPOTAXXEHUUN HECKOJbKIUX ThicAYese-
TUN MAarHeTUT OCTaeTCA LWMPOKO BOCTPebOBaHHbIM
B Pa3BUTUM Pa3/IMUYHbIX TEXHONIOTUN, HAUYMHaA OT
NCNONb30BaHNA B PEBHMX KOMMacax s HaBura-

umm okono 3000 net Ha3aj 1 3aKaHuMBaA nepeno-
BbIMV HAHOTEXHOJIOMMSAMUN B 00NaCTN MEANLIMHCKOM
OVArHOCTUKN 1 Tepanun, UMUEXKWHra, Npon3Bosa-
CTBA MAarHMUTHbIX HAHOKOMMO3MWTOB, S/IEKTPOHHbIX
YCTPOWCTB.

HepaBHO 6bIn0 06HapykeHO aHOMarnbHOe Mo-
BefeHMe MarHUTHbIX U SN1EKTPOHHbIX CBOMCTB Mar-
HeTUTa, CBA3aHHbIX CO CTPYKTYPHbIM ¢(a3oBbiM
nepexoaoMm, BO3HMKAOLWMM Npu BO34EeNCTBMN Bbl-
COKMX gaBneHun okono 20-25 Mla. Insa BbiaBneHUs
NPUPOAbl 3TUX ABMEHUN NPOBEAEHO UCCIefOoBaHne
MarHUTHbIX M NE€KTPOHHbIX CBONCTB MarHeTuTa
MOMOLLbIO METOAOB HENTPOHHOW Andpakuun u
CUHXPOTPOHHOI MeccOay3pOBCKOWN CMEeKTPOCKO-

[1] D. P. Kozlenko et al., Scientific Reports 9, 4464 (2019). DOI: 10.1038/s41598-019-41184-3
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Méossbauer spectroscopy (SMS) in the range of pres-
sures (0-40 GPa) and temperatures (10-300 K) [1].
A structural phase transition from the initial cubic
spinel phase to the orthorhombic post-spinel high-
pressure phase, occurring at P = 28 GPa, leads to a
peculiar behavior of hyperfine interaction parame-
ters.

The magnetic order symmetry in the pressure-
induced phase of magnetite was determined from
the ND data (Fig. 1). It was found that for this weakly
ferrimagnetic phase, the Néel temperature de-
creases more than twice down to Tne ~ 420 K com-
pared to the initial ambient-pressure phase, which
has a more pronounced magnetization. At higher

Fig. 2
Structural, magnetic and electronic
phase diagram of magnetite.

Puc. 2

CprKTypHaﬂ, MarHuUTHaaA n
JJIEKTPOHHaA ¢a3osaﬂ AnarpaMmma
MarHeTuTa.

Temperature (K)

nuun Ha agpax >’Fe B grnanasoHe gasneHun 0-40 Ma
n temnepatyp 10-300 K[1]. CTpyKTypHbIli ha3oBbIN
nepexon M3 nepBoHavyanbHoW Kybuueckon dasbl
WNMHenn B opTopomMbuyeckyto dhasy nocTwnmHenm
Habntopanca npu P = 28 Mla, 4To NpoABNANOCH B
0Co6eHHOCTAX NoBefeHNA NapamMeTPOB CBEPXTOH-
KX B3aMOJENCTBUN.

Ha ocHoBe faHHbIX HeNTPOHHOW andpakuun
onpegeneHa CUMMETPUA MarHUTHOro nopagka B
¢dase BbICOKOro AaBneHns MmarHetuTa (puc. 1). Oka-
3a10Cb, YTO 3Ta pasa asnsetca cnabo deppumar-
HUTHOM N ee TemnepaTtypa Heena, Tne ~ 420 K,
6onee yem B Ba pasa MeHblLLEe MO CPABHEHMIO C Be-
NNYMHOM ANnA Kybuyeckow ¢pasbl WNUHENW, MarHnT-
Hbll NOPAJOK B KOTOPOW UMEET JPYryo CUMMeT-
puio 1 XapakTtepusyeTca 60MblUMM 3HayeHnem
CMOHTAaHHOW HamarHmnyeHHocTu. [Mpu 6onee Bbico-

200

pressures of 33 GPa and ambient temperature, a
high-spin (HS, S = 5/2) to low-spin (LS, S = 1/2) state
crossover of Fe3* ions was also revealed by SMS
measurements. The structural, magnetic and elec-
tronic phase diagram of magnetite in the studied
range of thermodynamic parameters was deter-
mined (Fig. 2).

The obtained information is essential for un-
derstanding the structure-properties relationship in
magnetite, a material equally important both for
the development of modern concepts in funda-
mental science and for technological applications,
as well as related systems.
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Knx paBnenusx okono 33 [Mla u KoMHaTHOW Temne-
paType, B Mecc6ay3pOBCKMX SKCMEPUMEHTaX TaKKe
Habt0AaNCA CNNHOBbIN KPOCCOBEP 13 BbICOKOCMN-
HoBoro (HS, S = 5/2) B Hu3kocnmHoBoe (LS, S=1/2)
CcoCToAHVE NOHOB Fe3*. PesynbTaThl NpOBEAEHHbIX
nccnefoBaHUM MO3BOAUAN NONYUNTb AeTasbHYIO
CTPYKTYPHYIO, MarHUTHYIO 1 SNEKTPOHHY10 Gpa3oByto
ArarpamMmmy MarHeTuTa B LUIMPOKOM [arna3oHe Tep-
MOAMHaMMYECKMX NapaMeTpoB (puc. 2).

MNonyuyeHHan skcnepumeHTanbHasa nHGopma-
LMA MMeeT CyLeCTBEHHOEe 3HaYeHne ana noHnma-
HUA CTPYKTYPHbIX MeXaHn3MoB GOpPMMUPOBaHUA
d13nYeCKX CBOMCTB MarHeTUTA, ABNAIOLLEroca Ma-
Tepuanom 60MbLLO 3HAUNMOCTY KaK AJ1s Pa3BUTKA
COBpPEMEHHbIX NpefcTaBieHUn B dyHOAaMeHTanb-
HOW HayKe, TaK 1 ANA TEXHONOrMYeCKUX NpuMeHe-
HWI, @ TaKXe POACTBEHHbIX COANHEHWI.



Origin of band magnetism in mixed-valence materials

The question of the origin of magnetism is per-
haps the oldest scientific problem in the world, dat-
ing back to ~2000 BC. During this time, the science
of magnetic phenomena has evolved into a vast
area of condensed matter physics, where the pres-
ence of magnetically active 3d, 4f or 5f electronic
states leads to a large number of new physical phe-
nomena.

The method of inelastic neutron scattering
(INS) is a direct spectroscopic probe, which allows
studying and analysing magnetic dynamics at the
microscopic level. Here, the results of INS measure-
ments and analysis for the mixed valence (MV) sys-
tem CePd3 [1] are presented. The experiments were
carried out on the MERLIN spectrometer at the
Rutherford Appleton Laboratory, UK.

Fig. 1
Electronic spectral function of CePd;
calculated by the DFT+DMFT method.

Puc. 1

Energy (eV)

DneKTPOHHanA cnekTpanbHasa GpyHKLUA
CePd;, BbluMcneHHasA METOOM
DFT+DMFT.

A development of the dynamic mean field the-
ory (DMFT) in the early 90s of the last century allows
taking into account strong electron correlations
when calculating the electronic structure and dy-
namic susceptibility x"(Q,w) that is related to the
scattering law measured in INS experiments as
S(Qw) ~ X" (Quw)/(1 — exp(—w/kgT)). Figure 1 shows
the electronic spectral function of CePd; calculated
by the DFT+DMFT method for two temperatures (A)
100K and (B) 400K. There are two interesting fea-
tures of the electronic structure of CePds: presence
of two electron pockets at the Fermi level at I and
R points and unfilled flat bands at ~50 meV at X and
M points. An increase in temperature also leads to
a substantial loss of coherence of the 4f bands near
the Fermi level. Figure 2 shows the results of INS
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30HHbI MAarHeTU3M B MaTepmanax
C NepeMeHHOU BaJZIEHTHOCTbIO

Bonpoc o nponcxoxgeHnn marHeTrM3ma, BO3-
MO>KHO, ABJISIETCA CAaMOV CTapoWi HayuyHoI nNpobne-
Mo, e€ nosiBneHne gatnpyetca ~2000 rogom Ao H. 3.
3a 3T0 BpeMs HayKa O MarHUTHbIX ABEHNAX 3BOJIIO-
LMOHNPOBANa B OOLWIMpPHYIO 0651acTb GU3UKN KOH-
[EHCMPOBAHHbIX Cpef, Fae Hannume MarHUTOaKTMB-
HbiX 3d, 4f N 5f SNEKTPOHHbIX COCTOAHWIA NPUBO-
JWT K 60/bLLIOMY YMCITY HOBbIX GU3NYECKUX ABIEHNIA.

Heynpyroe pacceaHue HenTpoHoB (HPH) aB-
nAeTCA NPAMbIM CNEKTPOCKONMNYECKMM METOAOM W3-
YUYEHMA 1 aHann3a MarHUTHOM AUHAMUKN Ha MUKPO-
CKOMUYECKOM YPOBHe. B HacTosAwwel paboTe npea-
CTaB/ieHbl pe3ynbTaTbl NCCNEeA0BaHUN CUCTEMbBI C
nepemeHHol BaneHTHocTbto (MB) CePd; [1]. Ikcne-
puMeHTbl o HPH 6binv npoBefeHbl Ha CNeKTPo-
meTpe MERLIN B Jlabopatopun Pe3epdopaa Annne-
TOHa, BenukobputaHua.

B Hauane 90-x rofoB NpoLLIoro Beka Obina co3-

JaHa Teopusa AMHammn4yeckoro cpepHero nons (dy-
namical mean field theory — DMFT), no3sonstoLas
YUUTbIBaTb CUJIbHbIE SNIEKTPOHHbIE KOpPenAummy npu
BbIUMNC/IEHUMN 3NEKTPOHHONM CTPYKTYPbl U AUHAMU-
yeckon Bocnpummumnoct X”(Q,w), KoTopas cBA3a-
Ha C 3aKOHOM paccesaHNA, N3MepAeMOro B 3KCnepu-
meHTax HPH, kak S(Q,w) ~ X"(Q,w)/(1 — exp(—w/kgT)).
Ha puc. 1 nokasaHbl BbluncieHHble metogom DFT+
DMFT sneKkTpoHHble cnekTpanbHble GyHKumun CePd;
ana aByx temnepatyp (A) 100K n (B) 400K. Kak Bug-
HO, IMEIOTCA AiBE MHTepecHble 0COBEHHOCTUN SNeKT-
poHHOM cTpyKTypbl CePds: Hannume AByX 3NeKTPOH-
HbIX KapMaHOB Ha ypoBHe Oepmu B [ 1 R Toukax u
He3arno/IHEHHbIX NAOCKNX 30H Npu ~50 M3B B X u M
TOUKax, a TakKe — 3HauMTeNIbHasA NoTepsa KOrepeHT-
HocTu 4f 30H B panioHe ypoBHA Pepmy Npu NoBbI-
WweHnn Temnepatypbl. Ha pyc. 2 nokasaHbl pesynb-
TaTbl U3MepeHuin HPH Ha CePd; B abcontoTHbIX ean-

[1] E.A. Goremychkin et al.,, Science 359, 186-191 (2018). DOI: 10.1126/science.aan0593
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measurements for CePd; in absolute units at a tem-
perature of 5K in the form of a two-dimensional
slice X"(Q, w) (K, L) and a fixed value of H=1.5, at en-
ergies of 35 meV (A) and 60 meV (B). As it can be
seen from these two figures, there is a very radical
change in the intensity distribution for different en-
ergies. Panels (C) and (D) show the results of the
DFT+DMFT calculations, which are in very good
agreement with the experimental results without
any adjustable parameters.

A detailed comparison [1] of 4D S(Q, w) from
INS experimental data and ab initio DFT+DMFT cal-
culations showed excellent agreement over a wide
range of (Q — w). This is the first successful observa-
tion and quantitative analysis based on DFT+DMFT
calculations of intraband excitations as a function
of (Q - w). The physical result of this part of the work
is that the inelastic features observed in the exper-

Fig. 2

Dynamic magnetic susceptibility of CePd; (A-D).
Temperature dependence of dynamic magnetic sus-
ceptibility of CePds (E). Open (grey) circles are INS
measurements at 6 K (300 K) and at energy transfer of
60 meV. Solid lines are the results of DFT+DMFT cal-
culations.

(501 (rlu)

Puc. 2

LdnHammyeckana sBocnpumnmumsoctb CePd; (A-D).
TemnepaTypHasn 3aBUCMOCTb ANHAMUYECKOW Mar-
HUTHON BocnpuumumsocTn CePd; (E). Benble (cepble)
Kpy»Kkn — HPH nsmepenusa npu 6 K (300 K) n nepe-
fayve sHeprum 60 maB. CnnoLwHble MMHUN —
DFT+DMFT BbluncneHus.

HUUax npu Temnepatype 5 K B BUae AByXMepHOro
ceueHna X"(Q, w) (K, L) n dnkcrmpoBaHHOM 3HaUYeH
H = 1.5 npwn sHepruax 35 maB (A) n 60 m3B (B). Kak
BMIHO U3 3TUX BYX PUCYHKOB, MMEET MeCTO paau-
KanbHOE U3MeHeHMe pacnpeneneHnsa MHTEHCUBHO-
CTW AnA pasHbix sHepruii. B naHenax (C) v (D) noka-
3aHbl pe3ynbTtaTbl DFT+DMFT BbluncneHui, Koto-
pble 4EMOHCTPUPYIOT OYEHb XOpoLlee cornacme ¢
pe3ynbTaTamMu 3KcneprmMeHTa 6e3 Kaknx-nmbo nog-
FOHOYHbIX MAapPaMeTPOB.

HeTtanbHoe cpaBHeHue [1] 4D S(Q, w) u3 gaH-
HbIX 3KcnepumeHTa HPH n ab initio DFT+DMFT BblI-
UYNCNEHNN NMOKa3ano OT/IMYHOE Cornacme B LMpPOo-
Ko ob6nactu (Q — w). 3To NepBoe ycneLHoe Habso-
JeHne N KonnyecTBeHHbIN aHann3 Ha ocHoBe DFT+
DMFT BbluMCieHUI BHYTPU3OHHbIX BO30YXAEHWI
(intraband excitations) kak ¢yHKumK (Q — w). Grn-
YeCcKMI pesynbTaT 3TOM YacTy PaboTbl COCTOUT B TOM,
yTO Heynpyrue ocobeHHOCTU, Habngaemble B SKC-

iment are due to the creation of electron-hole pairs.
As noted above, an increase in temperature leads
to blurring of well-defined (at low temperatures) 4f
zones (see Fig. 1). The INS measurements performed
for CePd; at 6 K and 300 K showed a radical change
in the magnetic dynamics with increasing temper-
ature. As shown in Figure 2E, the entire structure of
dynamic susceptibility at 60 meV disappears com-
pletely at 300 K and the DFT+DMFT calculations
perfectly describe the observed effect. This means
that at high temperatures, the magnetic moments
of 4f electrons are in a paramagnetic state, and as
the temperature decreases, the hybridization of
cerium f electrons and palladium d electrons leads
to appearance of coherent f bands and, accordingly,
to appearance of a rich structure in 4D x"(Q,w) dis-
cussed above.
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neprMeHTe, 00YCNIOBIEHbI POXKAEHVEM SNEKTPOHHO-
ObIpOYUHbIX Nap. Kak y»e oTMeyanocb, NoBbILLEeHME
TemrnepaTypbl NPUBOANT K Pa3MbITUIO XOPOLLO onpe-
LeneHHbIX, NPy HU3KON Temnepatype, 4f30H (puc.1).
MpoBeaeHHble n3mepeHnss HPH Ha CePd; npn 6 Kn
300 K nokasanu pagukanabHOe U3MeHeHne MarHunT-
HOW AVHaMWKIM NPV NOBbIWEHWY TeMnepaTypbl. Kak
nokasaHo Ha puc. 2(E), Bca cTpyKTypa AnHammye-
CKOW BOCMPUMMYNBOCTU NpY SHeprn 60 maB non-
HocTbto ncyesaet npu 300 K n DFT+DMFT Bblunc-
NeHNA OTAIMYHO OMKMCbIBAOT HabMOAaEeMbIN S DEKT.
DTO 03HauaeT, YTo MpPY BbICOKMX TemrepaTypax mMar-
HUTHbIe MOMEHTbI 4f 3N1IeKTPOHOB HaxoAATCA B Na-
paMarHUTHOM HeCBA3aHHOM COCTOAHUM 1 MO Mepe
MOHWXeHMA TemnepaTypbl rMbpuamsaums f sneKkt-
POHOB Liepua 1 d 31eKTPOHOB Nannagua NpuBoanT
K BO3HUKHOBEHWIO KOFepeHTHbIX f 30H 1, COOTBET-
CTBEHHO, K NosiBNeHno ocobeHHocTen x"(Q,w), Ko-
Topble 06CyXAannch BbiLLe.



Dynamics of materials for photocatalysis

Photocatalysts are substances that accelerate
chemical reactions when exposed to light. Such ma-
terials are of topic research interest, in particular, for
solving the problems of ecology and energy saving.
Well-known photocatalysts based on TiO, exhibit
photocatalytic activity only under ultraviolet radia-
tion due to a large band gap. In recent years, pho-
tocatalysts containing bismuth in its rare oxidation
state Bi*t, capable of operating under visible light,
have been considered as an attractive alternative.
These include compounds based on NaBiO3, name-
ly, the hydrated phase containing water in the crys-
tal structure — NaBiO; - nH,O (hereinafter NBH),

Fig. 1. Scheme of the phase transformation from the
hydrated NaBiOs - nH,0 phase (NBH) to the
dehydrated NaBiO; phase (NBO).
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Puc. 1. Cxema $a3oBoro npespalyeHus 13
rugpaTtupoBaHHoli NaBiOs - nH,O ¢asbl (NBH)
B AermapatuposaHHyio NaBiOs; ¢a3zy (NBO).

which, upon heating, transforms into the dehy-
drated NaBiO; phase (hereinafter NBO) (Fig. 1).

Since the effect of water on photocatalytic ac-
tivity is debated, and some authors propose to com-
bine both phases within a single heterostructure,
the phase transformation of NBH-NBO was studied
both in terms of the structure and dynamics of
water molecules. The initial samples were polycrys-
tals characterized by the morphology of aggre-
gated nanosheets (Fig. 2).

X-ray diffraction studies, as well as inelastic
neutron scattering (INS) studies using the NERA fa-
cility of the IBR-2 reactor, showed that the phase

Fig. 2. SEM images of a NBH sample.

Puc. 2. COM-un3obpaxeHnsa obpasua NBH.

OVHaMnKa MaTtepuasoB Ons q)OTOKaTaJ'IM3a

B HacToAlee BpemMA aKTMBHO MCCNeayloTcA
doToKaTanmnsaTopbl — BeLLEeCTBa, KOTOPbIE YCKO-
PAIOT XMMNYECKMe peakumn nog AencTBnem CBETa,
B YaCTHOCTW, AN1A peLleHna 3afa4 SKONOrnn 1 SHep-
rocbepexxeHus. M3BecTHble poToKaTanm3saTopbl Ha
ocHoge TiO, B cuny 60nbLION WNPUHBI 3anpeLyéH-
HOW 30HbI NPOABAAIT GOTOKATANINTUUECKYHO aKTMB-
HOCTb TONbKO NoJ AeNCTBMEM YNbTPapuoneToBoro
nsnyyeHus. B nocnegHme rogbl B KauecTse npusne-
KaTeNbHOW anbTepHaTMBbI paccMaTpuBatoTca GpoTo-
KaTanv3aTopbl, COAepKaLyme BUCMYT B HEOObIYHON
[N HEero cTeneHu okmcneHns Bis+, cnocobHble pa-
60TaTb B BMAVMOW YacTu cnekTpa. K Takum coegu-
HEHUAM OTHOCATCA coenHeHMA Ha ocHoBe NaBiOs,
a VIMeHHO rmapatnpoBaHHaA ¢dasza, cogep<alian

BOAY B Kpuctannmyeckom ctpyktype — NaBiOs -
nH,O (nanee NBH), koTopas npeBpallaeTca npu Ha-
rpeBaHun B pervppatupoBaHHylo a3y NaBiOs;
(nanee NBO) (puc. 1).

MNMockonbKy BNuAHME BOAbl Ha doTOoKaTaNUTU-
YecKylo akTUBHOCTb ANCKYTUPYeTCA, @ HEKOTopble
aBTOpbI NpeanaraloT KOMOMHUPOBaTL 06e ¢da3bl B
pamKax ofHON reTepoCTpyKTypbl, 6bl10 NpoBeeHO
nccneposaHue ¢asoBoro npespatleHma NBH-NBO
KaK C TOYKM 3pEHNA CTPYKTYpPbl, Tak U AUHAMUKM
mMoneky”n Bofbl. icxogHble o6pasLbl npeacTaBnanm
coboli NoNMKPKCTaNbl, XapakTepuaytoLwmnecs nna-
CTUHYaTON Mmopdornoruen (puc. 2).

PeHTreHoandpaKUMOHHbIE MCCNefoBaHuA, a
TaKXe nccnefoBaHnA METOLOM Heynpyroro pacces-

[1] Valkovskiy G. A., et al. Materials Chemistry and Physics 286 (2022). DOI: 10.1016/j.matchemphys.2022.126156
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transformation is discrete — the phase with the NBH
structure is directly transformed into the phase with
the NBO structure without the formation of inter-
mediate polymorphic modifications that differ in
stoichiometry (water content) (Fig. 3). During the
phase transformation, a physical mixture of NBH
and NBO phases is observed, while the mass frac-
tion of one phase increases due to the decrease in
the other, in addition, the similarity of the INS spec-
tra for samples with different water content indi-
cates that the conformation of water molecules in
the NBH phase does not change significantly upon
sample dehydration (Fig. 4).

Fig. 3. Temperature evolution of XRD pattern.
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Puc. 3. TemnepatypHas 3BofOLMNA PEHTreHOrpaMmbl.

HUA HENTPOHOB Ha ycTaHoBKe HEPA peaktopa VIBP-
2 nokasanu, yto $ha3oBoe npeBpaLleHne ABIAeTCA
AncKpeTHbIM — ¢dasza co cTpykTypor NBH Heno-
CcpefcTBeHHO TpaHcpopmupyeTcs B dpasy co CTPyK-
Typoit NBO 6e3 popmmpoBaHMA NPOMEKYTOUHbIX
NoIMMOP@HbIX MOANUPUKALIIA, OTAINYAIOLLIMXCA CTe-
xnometpuen (cogepxaHunem sogpl) (puc. 3). B npo-
Lecce $da3oBoro npeBpaLleHns Habnogaetca dpusn-
yeckas cmecb NBH 1 NBO ¢a3, npu 3Tom MaccoBas
[onsa ogHol dpa3bl yBeNMUYMBAETCA 33 CUET YMEeHbLLe-
HWUA [pYron, Toraa Kak nogobrie CnekTpoB Heynpy-
roro paccesHusa HeMTPOHOB AnsA 06pa3LoB C pas-
HbIM Cofiep»KaHMeM BOLbl CBULETENbCTBYET O TOM,
yTo KOHpopmMauma monekyn Boabl B dase NBH npwm
06e3B0OXMBaHNM 06pasLia CyLLEeCTBEHHO He MeHsAeT-
ca (puc. 4).

Combined infrared spectroscopy (IR) and Ra-
man analysis revealed the resonance dipole-dipole
interaction of water molecules, which is also mani-
fested in INS spectra as Davydov splitting (Fig. 4).
This dynamic interaction occurs between structu-
rally equivalent neighbouring water molecules
that vibrate as coupled oscillators [1].

The studies performed provide a more de-
tailed insight into the real temperature evolution of
hydrated NaBiO; and, therefore, represent a step
forward towards understanding and controlling its
photocatalytic properties.

Fig. 4. Generalized density of states (GDOS) obtained
from INS spectra.
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Puc. 4. MnotHocTb coctoaHmm (GDOS), nonyyeHHan 13
CMEeKTPOB HEYMNPYroro pacceaHVA HENTPOHOB.

CoBMecCTHbI aHanum3 VIK-cneKkTpoB 1 CNekTpoB
KOMOWHaLMOHHOIO pacCeAHNs CBETa BbIABMW Pe30-
HaHCHOe AVMNoNnb-AUNoNbHOe B3auMOAeNCTBME MO-
NeKkyn BOAbl B rmgpaTupoBaHHoON dase, KoTopoe
TaKXXe NPoABAAETCA B CNEKTPax Heynpyroro pac-
CeAHnA HENTPOHOB B BMAe [1aBblJOBCKOro pacLien-
nenua (puc. 4). 3To AUHaAMMYeCKoe B3aUMOLen CT-
BME MPOUCXOAUT MeXAY CTPYKTYPHO dKBUBANEHT-
HbIMW COCEAHVMM MOJSIEKYIaMU BOfbl, KOTOPbIe KO-
nebnoTCcA Kak AMHaMMUYeCcKn CBA3aHHble ocLunns-
Topobl [1].

MNpoBeféHHble UCCNefoBaHNA AatoT Nogpob-
HOe npepacTaBileHne O peasibHOM TeMnepaTypHON
apontouun rmpgpatuposaHHoro NaBiO; un, cnepgosa-
TeSIbHO, SIBAAIOTCA LWAroM K NMOHUMAHWUIO U KOHT-
posto ero GpoToKaTaNIUTMUECKNX CBOWCTB.



Elemental analysis of impurities

in composite materials

Protective coatings based on the system of ti-
tanium (Ti) and aluminum (Al) are used in the man-
ufacturing industry for processing cutting parts of
tools (Fig. 1). Composite material Tit-xAlxN, which is
applied both in the form of a monolayer and multi-
layer coating, improves thermal stability and resist-
ance to oxidation. Also, due to the combination of
unique electrophysical and optical characteristics,
structural modifications of AIN find wide applica-
tion as various functional environments in modern
micro-, nano- and optoelectronics.

The production of composite materials for
tool-making purposes faces significant technical
and economic difficulties (pressure 8-10 GPa and

Fig. 1
Composite materials protect the cut-

ting tools. Source:
https://pxhere.com/ru/photo/937445

Puc. 1

Komno3uTHble MaTepuansl 3alyyiyaioT
pexyLume NHCTPYMEHTbI. ICTOUHMK:
https://pxhere.com/ru/photo/937445

temperature up to 1700-2200 K). To reduce the
pressure and temperature of their synthesis, various
reaction mixtures consisting of cubic boron nitride
and a binder are used. In the process of thermobaric
sintering, composite materials for various tool-mak-
ing purposes are formed from these mixtures. At
present, the world scientific community takes a
comprehensive approach to the choice of compos-
ite materials. There are studies on the use of tita-
nium- and aluminum-containing binders, and
recently investigations have begun on the com-
bined use of titanium- and aluminum-containing
components of binders. However, no investigations
have been conducted to study the elemental and

D/1eMEHTHDbIV aHa/In3 NpPpUMecen
B KOMMO3UTHbIX MaTepuanax

3aWnTHOE NOKPLITUE HAa OCHOBE CUCTEMbI TU-
TaHa (Ti) n antommHuA (Al) ncnonbsyetca B obpaba-
TbIBatOLLEN NPOMBIWAEHHOCTN Ans 06paboTkm pe-
XKyLLEen YacTn MHCTpYMeHTa (puc. 1). Komno3snumoH-
HbI MaTepuan TitxAlxN, KOTOpbI NCNONb3yeTca Kak
B BMAE MOHOCJIONHOrO, Tak 1 MyfbTUC/IOMHOIO No-
KpbITUA, ynydyllaeT TepMoCTabunbHOCTb U CTON-
KOCTb K OKMcneHuto. Takxxe 6narofaps coyetaHuio
YHUKaNbHbIX 3NEKTPOPU3NYECKMX U ONTUYECKUX Xa-
paKTepuUCTUK CTPYKTypHble Moaudukaumm AIN Ha-
XOAAT WNPOKOE MPUIMEHEHME B KauecTBe pasnuny-
HbIX PYHKLIMOHAMbHbIX Cpef COBPEMEHHON MUKPO-,
HaHO- 11 OMTO3NEKTPOHUKM.

MonyyeHne KOMMO3ULMOHHbIX MaTepuanos
WHCTPYMEHTasIbHOro Ha3HaYeHnA CBA3aHO CO 3Ha-
YNTENbHBIMU TEXHNKO-IKOHOMUYECKUMMN TPYAHO-
ctamu (paBneHue 8-10 Mla n TemnepaTypa o

1700-2200 K). [1na cHU»KeHnA gaBieHna 1 Temne-
paTypbl CMHTE3a UCMOJb3YITCA pPa3finyHble peak-
LMOHHbIE CMecK, cocToAwme u3 Kybumyeckoro
HUTpuaa 6opa 1 ceA3KK. B npouecce Tepmobapurye-
CKOrO CrieKaHus U3 AaHHbIX cMecel popmMmupyoTca
KOMMO3MLIMIOHHbIE MaTepuasbl Pa3fINYHOrO HCTPY-
MEHTaNbHOro Ha3HauyeHwus. B HacTosLee Bpema Mu-
poBas HayyHas oO6LleCTBEHHOCTb BCECTOPOHHE
NoAXoAuT K BbIOOPY KOMMO3ULMOHHBIX MaTepua-
nos. CywecTBytoT paboTbl MO MCMOSIb30BAHUIO TU-
TaHCOAEPXKALUUX U aMIOMUHMNCOAEPXKALLUX CBA3OK,
a B nocnefHee BpeMs Hayanucb UCcefoBaHns no
COBMECTHOMY VCMOJb30BaHNIO TUTAH- 11 aIIOMUHNIA-
cofepallx KOMNOHEHTOB CBA30K. ViccnenoBaHuA
MO N3YYEHUIO SIEMEHTHOMO U MPUMECHOTFO COCTaBa
CUHTE3MPYEMbIX KOMMO3UTOB HEe MPOBOAWINC.
CMHTE3 KOMMO3ULMOHHbIX MaTepuranos npo-

[1] Aleksiayenak Yu., et al. AIP Conf Proc 2163 (2019). DOI: 10.1063/1.5130080
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impurity composition of synthesized composites.
The synthesis of composite materials was per-
formed at the Scientific and Practical Materials Re-
search Centre of the NAS of Belarus (Minsk). Samp-
les of the B-N-Al-Ti system were synthesized from
elemental Al, Ti and hexagonal modification of BN
(in the ratio Al:Ti:-BN=0.25:0.25:0.50 by weight)
under high pressure from 2.0 to 5.0 GPa and at dif-
ferent temperatures from 500°C to 2000°C. X-ray dif-
fraction data for B-N-Al samples showed that start-
ing from a temperature of 1500°C and 2000°C and
at a pressure of 5.0 GPa, the formation of AlxNy,
TixNy phase, and the phase transition of hexagonal
BN into cubic BN modification (Fig. 2) are observed.
Using neutron activation analysis (NAA), we
determined the elemental composition of the syn-
thesis equipment components (heater, container,
plug), burden materials, and synthesized composite

Fig. 2 . PP

Forms of boron nitride (a) hexagonal,
(b) cubic.

Puc. 2 T
®opmbl HATpUAa 6opa (a) rekcaro-

HaJlbHas, (6) Kybuueckas.

T

BoamncA B HayuHo-npaktnyeckom LeHTpe Hauwmo-
HasIbHOV akagemun Hayk benapycu no matepuano-
BefeHuto (r. MmnHck). MNonyyeHmne ob6pa3Los cucTe-
Mbl B-N-Al-Ti npoBoannocb 13 anemeHTapHbix Al, Ti
1 rekcaroHasnbHov moavdukauuv BN (B cooTHowe-
Hum Al:Ti:BN=0.25:0.25:0.50 no macce) nog pasHbim
3HayeHmeM BbICOKOro gasneHua ot 2.0 go 5.0 [Mla,
npw pa3HbiX 3HaYeHMAX Temnepatypbl ot 500°C go
2000°C. [aHHble peHTreHoBCKONM andpakumm ob-
pa3uoB cuctemMbl B-N-Al nokasanu, uto B o6pasuax
HauuHaa ¢ Temnepatypbl 1500°C n 2000°C 1 npwm
nasneHun 5.0 [Ma npet obpasosaHue dasbl AlxNy,
TixNy n npucyTcTByeT pa3oBbIl Nepexon rekcaro-
HanbHoro BN B Kybuueckyio mogundukauuio BN
(punc. 2).

C nomoLbio HENTPOHHOIO aKTUBALNMOHHOIO
aHanu3a (HAA) aneMeHTHbI cocTaB 6bln onpege-
NeH B 351IeMeHTax OCHaCTKM (HarpeBaTtesib, KOHTel-
Hep, 3arnyLKa), KOMNOHeHTaX MCXOAHON LUKWXTbI,
CMHTE3UPOBaHHbIX KOMMO3MLMOHHbIX MaTepuanax.

materials. The study of the elemental composition
of composite materials revealed that out of 40 ele-
ments found in the synthesis equipment compo-
nents, only 8 migrate to composites (Mn, Br, Sr, Zr,
Sb, La, Sm, Hf). Out of 34 elements determined in
the burden materials, 27 were identified in the syn-
thesized composites. It was found that the elements
accumulate in the samples in different ways. For ex-
ample, Sr, Sm, Hf, Th and U migrate into the depth
of the sample.V, Cr, Fe, Co, Ni, Zn, Sb, Ta, U accumu-
late in the upper layers along the width (diameter).
The study revealed that the optimal conditions
for the synthesis of B-N-Al-Ti-based composite ma-
terials are a temperature of 2000°C and a pressure
of 5.0 GPa. The obtained results can be used in mod-
eling diffusion processes, as well as in describing
solid-phase doping in the sintering process.

WNccnepoBaHue 31eMeHTHOro cocTaBa KOMMO3UT-
HbIX MaTepunasnoB Nokasasno, Yto u3 40 371eMeHTOoB,
06HapYKeHHbIX B OCHACTKe, TOJIbKO 8 MUTPUPYIOT B
komno3uTbl (Mn, Br, Sr, Zr, Sb, La, Sm, Hf). 13 34 sne-
MEHTOB, CofleprKalLnXca B LUNXTe, 27 Obln HangeHbI
B NMOJTyYeHHbIX KOMMNO3MTax. bbino o6Hapy»keHo, uTo
3NeMeHTbl NMO-Pa3HOMY aKKyMynupyTca B obpas-
uax; Tak, Hanpumep, Sr, Sm, Hf, Th n U murpupytot B
rnybuHy obpasua. B BepxHUX cnosax no wupuHe
(onametpy) akkymynupytotca V, Cr, Fe, Co, Ni, Zn, Sb,
Ta, U.

B pe3synbTtaTe paboTbl O6bIN0 YCTaHOBMEHO, UTO
ONTMManbHbIMW YCNOBUAMUY A1 CUHTE3a KOMMO3UT-
HbIX MaTepuanoB Ha ocHose B-N-Al-Ti aBnseTtcs Tem-
nepartypa 2000°C n gaBneHwue 5.0 [Ma. lNonyyeHHble
pe3ynbTaTbl MOryT 6biTb NCMOMIb30BaHbl B MOAENU-
poBaHUN anddYy3MOHHBIX NPOLECCOB, a TakXe B
onucaHun TeepaodasHoOro nermpoBaHusa B Npo-
Lecce cnekaHus.



In search of a metastable phase of Fe-Ga alloy

Interest in Fe-Ga alloys arose in the early 2000s
after the discovery of the giant magnetostriction ef-
fect in them. It is now well known that the Fe-Ga
system is characterized by the presence of two
peaks of magnetostriction corresponding to the
content of 19-20 at.% and 27-29 at.% Ga. A mini-
mum is observed between these regions, and at a
gallium content of >30 at.% magnetostriction de-
creases quite sharply. From the point of view of the
practical use of Fe-Ga alloys, the region with a rela-
tively low content of gallium (<30 at.%) is of great-
est interest. Accordingly, the main efforts were
directed to its study, while alloys with a high Ga con-
tent fell out of sight. Nevertheless, there is a need
to study them, since at high concentrations of gal-

lium the precipitation of the metastable Fe;;Ga,
phase is possible. According to theoretical esti-
mates [1], this phase can be observed in Fe-Ga al-
loys with a decrease in the concentration of Ga
down to 25 at.%. Its formation can affect the behav-
ior of the magnetostriction constant (rapid decrease
ata gallium content of >30 at.%). A series of diffrac-
tion experiments were carried out at the IBR-2 reac-
tor at FLNP JINR, the purpose of which was to de-
termine the concentration ranges and conditions
under which Fe;;Ga, phases can be observed.

For a long time there was no information
about the crystal structure of the Fe;;Ga, intermetal-
lic compound, which was designated as the M-
phase in early works devoted to the study of the

Fig. 1

Temperature ranges for the existence
of phases during heating to 850°C (a)

and subsequent cooling (b).
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NHTepec K Fe-Ga cnnaBam BO3HMK B Havane
2000-X T. nocsie OTKPbITUS B HUX 3bdeKTa FrUraHT-
CKOW MarHutocTpuKkumn. Ceryac xopoLlo N3BeCTHO,
yTo AnA cuctembl Fe-Ga xapakTepHO Hannume AByX
MUKOBbIX 3HAYEHUI MArHUTOCTPUKLINK, COOTBET-
cTByOWNX cogepkaHunto 19-20 at.% un 27-29 at.%
Ga ¢ rny6oKMM NpoBaniom Mexagy 3Tumu obnactamm
1 [OBOJIbHO PE3KMM CNAgoM MY COAepKaHUA rasn-
nna >30 at.%. C TOUKM 3peHnAa NepCrneKTrBbI MpakK-
TMUYeCKoro ncnonb3oBaHnA Fe-Ga cnnaBoB Hau-
60NblUMI NHTEPEC NpeAcTaBnsieT 06nacTb C OTHO-
CUTENbHO MasnbiM coepxaHuem rannusa (<30 at.%),
COOTBETCTBEHHO, OCHOBHbIe ycunus 6biniv Hanpas-
NEeHbl Ha ee 13yyeHune, B TO BPeMsA KaK CrnnaBbl C
6onbwKM copepxaHnem Ga HECKOMbKO BbiNanu u3
nons 3peHua. Tem He MeHee, B X N3yYeHNM eCTb He-
06X0ANMOCTb, TaK KaK NMpPuW BbICOKUX KOHLEHTpa-

LMAX rannms BO3MOXKHO BblaeneHne Metactabusb-
Hol ¢a3bl Fe;sGay, KOTOpasa cornacHo TeopeTnye-
CKUM oLleHKaM [1], MoXkeT HabnogaTbca B STUX Cra-
Bax MpW MOHMXEeHMW KOHLUeHTpauumn Ga BnioTb A0
25 a1.%. Ee dopmupoBaHrie MOXKeT BNUATL Ha NoBse-
[LeHne KOHCTaHTbl MarHMToCTpuKuum (bbicTpoe
yMeHbLUeHre nNpu cogepxaHum rannua >30 at.%). B
JIHO® OUAN Ha peakTope NBP-2 6bina BbinoiHeHa
cepus ANPPaAKLMOHHbIX SKCMEPVMEHTOB, LIENbIO KO-
TOpbIX ObINO OnpefeneHre Toro, B KaK1X Agnanaso-
Hax KOHLEHTPaLMA 1 NPU KakNX YCIIOBUAX B MPUH-
uune BO3MOXXHO BblaenieHne ¢asbl Fe;sGa,.

CTonT OTMeTUTb, YTO AOJITOe BpeMs He 6blo
BOOOLLE HMKAKON MHPOpMaLMM O KpucTanamye-
CKOW CTPYKTYpe nHTepmetannnga Fe;3Gag, Kotopbin
B paHHUX paboTax, MOCBALEHHbIX U3YyUYeHNIO Ana-
rpammbl coctoaHus Fe-Ga, o6o3Hauvancs Kak M-

[1] Leineweber A, et al. Intermetallics 131 (2020). DOI: 10.1016/j.intermet.2020.107059
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Fe-Ga state diagram. The necessary structural data
were obtained recently in joint studies in coopera-
tion with the group of Prof. Leineweber [1].

Comparative studies of the evolution of the
phase composition of Fe-(31-38)Ga alloys in the as-
cast state were carried out using the HRFD diffrac-
tometer during continuous heating to 850°C and
subsequent cooling. The results obtained for the
temperature ranges of the existence of various
structural phases are shown in Fig. 1. Phase trans-
formations in these metastable alloys proceed in a
similar way and consist of several stages character-
ized by a certain set of features.

It was found that the Fe,;;Ga, phase is present
in the initial as-cast state of alloys with high gallium
concentrations of 32.9-38.4 at.%, and the region of

Heating

its existence is limited to a maximum temperature
of ~570°C. An interesting fact is that a preliminary
decrease in the iron content in Fe;3Gag is necessary
for the Fe;3Gag = a-FegGas transition to occur. The-
refore, this phase transformation occurs after pre-
liminary precipitation of the iron-rich L1, phase
(Fig. 2). FeisGay is not detected during further cool-
ing. Fe;3Gag is absent in the as-cast state when the
gallium content decreases to 31.1 at.%, but it pre-
cipitates during heating at ~425°C and is present up
to 570°C, as in other alloys. In contrast to alloys with
a higher Ga concentration, intermetallic Fe;sGag pre-
Cipitates in the Fe-31.1 at.% Ga alloy during cooling
at ~510°C, thus preventing the emergence of an-
other monoclinic phase, a-FesGas. These results are
presented in [2, 3].

Cooling

Fig. 2
The evolution of the phase composi-

tion of Fe-31Ga alloys during heating
and subsequent cooling.
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SBontouna $a3oBoro coctasa cnna-
BoB Fe-31Ga B npouecce Harpesa 1 04
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¢$a3za. JInwb HeJlaBHO B COBMECTHOW paboTe ¢ rpyn-
nowv npodo. JsiiHeBebepa yaanocb Nosy4nTb Heob-
XOAVMbIe CTPYKTYpPHble AaHHble [1].

Ha andpaktometpe HRFD 6binn npoBeaeHbl
CpaBHUTENbHbIE UCCefoBaHMA 3BonoLMn $aso-
BOro coctaBa cnnaBoB Fe-(31-38)Ga B as cast co-
CTOAHUN NMPY HenpepbiBHOM Harpese o 850°C u
nocnegyouiem oxnakaeHuu. NonyyeHHble pesynb-
TaTbl MO TeMnepaTypHbIM MHTepBanaMm CyLLeCcTBOBa-
HUA Pas3INYHbIX CTPYKTYPHbIX $a3 noKasaHbl Ha
puc. 1. M3 Hux cnepyert, uto ¢pa3oBble NpeBpaLleHna
B 3TUX METACTabUNIbHbIX CMNJIaBax MPOTEKAOT MOXO-
KM 06Pa3OM 1 COCTOSIT U3 HECKOJIbKUX CTaAnN, Xa-
paKTepuU3syoLWNXCa onpeeneHHbIM HAboPOM Npu3-
HaKOB.

Bbino obHapy»keHO, UTo B cnnaBax ¢ 6onbLUM-
MU KOHUeHTpauuamm rannma 32.9-38.4 at.% ¢a3za
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obnacTb ee CyLecTBOBaHNA OrpaHMUYNBAETCA MakK-
cMManbHon Temnepatypon ~570°C. UHTepeceH TOT
daKT, uTo AnA TOro, Ytobbl Mpou3oLwen nepexon
Fe;sGas 2 a-FegGas, Heob6xoaMmo npeaBapuTenb-
Hoe yMeHblleHne cofepKaHna xenesa B Fe;sGag.
MmeHHO no 3To NprumnHe 3To Ppa3oBoe npeBpaLle-
HMe NPOUCXOAUT NOCie NpeaBapuTeNbHOro Bblge-
neHua 6oraTom xenesom ¢asbl L1, (puc. 2). Mpn ox-
naxgeHun cnnaeoB ¢ 32.9-38.4 a1.%Ga ¢a3a Fe;;Gay
He obpa3syeTca. [py yMeHbLIEHWN cofepKaHnA ran-
nma go 31.1 aT. % B as cast coctoaHumn Fe;zGag oTcyT-
CTBYeT, HO BblJefnifaeTca B npoLlecce Harpesa npu
~425°C n cywecTByeT, Kak 1 B ApPYrux crnia.ax,
BnoTb Ao 570°C. B otnnume ot cnnaBoB ¢ 6onbLuein
KOHUeHTpaumen B cnnase Fe-31.1Ga uHtepmetan-
nng Fe;sGay BblaendeTcA B npouecce oxnakaeHusa
npn ~510°C, npepoTBpalLas BbiaeneHue a-FesGas.
3Tu pe3ynbTaTbl NpeAcTaBieHbl B CTaTbAX [2, 3].

[2] Vershinina T. N., et.al. J. Alloy. Compd. 889 (2021). DOI: 10.1016/j.jallcom.2021.161782
[3] VershininaT. N., et.al. J. Alloy. Compd. 934 (2023). DOI: 10.1016/j.jallcom.2022.167967
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Texture of zirconium alloys for nuclear industry

Due to excellent mechanical properties, corro-
sion resistance and low neutron absorption, Zr-Nb
alloys are widely used in nuclear reactor designs.
However, a crystallographic preferred orientation —
a crystallographic texture — is formed in these alloys
during the processes of thermomechanical treat-
ment. It determines the anisotropy of the physical
properties (elastic, plastic, thermal, etc.) of products,
and also affects the mechanisms of their degrada-
tion: for example, the preferred orientation of hy-
dride precipitates, radiation creep, or swelling.

Fig. 1

a) Scheme of the Zr-2.5%Nb alloy
pressure tube and the
macroscopic coordinate system.
b) Alloy microstructure, TEM [2].
c) 684 experimental (lower half)
and 684 model refined (upper
half) diffraction patterns for the
sample. d) Several Zr-2.5%Nb
pole figures in the sample.

Puc. 1

a) CxemaTunuHbI BU TPYObI 13 Zr-
2.5%Nb cnnaea 1 Makpockonuyeckas
cuctema KoopauHar. b) MukpocTpyk-
Typa cnnasa, M3M [2]. ¢) 684 n3me-
PEHHbIX (HUXHAA NOMOBUHA) 1 684
YTOUHEHHDBIX MOZENbHbIX Andpak-
LIMOHHBbIX CrieKkTpa obpasua (BepxHAA
nonosurHa). d) HekoTopble NontocHbIe
odurypol Zr-2.5%Nb B obpasue.

Thermal neutron diffraction is a unique non-
destructive method that makes it possible to study
the crystallographic texture of bulk samples with
linear dimensions of ~ several cm. At FLNP JINR, this
method is implemented on a specialized time-of-
flight diffractometer SKAT.

Investigation of samples from several batches
of pressure tubes (diameter 100 mm, wall thickness
4 mm) made of Zr-2.5%Nb alloy using a multi-stage
process (extrusion at 800°C, air cooling down to
room temperature, cold-pilger rolling and final ther-
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Bnaropaps OTANYHBIM MeXaHWYeCKUM CBOW-
CTBaM, KOPPO3MOHHOWN CTONKOCTU Y HU3KOMY MO-
rMOLLeHNI0 HENTPOHOB, crnasbl Zr-Nb wrpoko npu-
MEHSAIOTCA B KOHCTPYKLMAX AAEPHbIX PEAKTOPOB.
OfHaKo B xofe NpoLeccoB TepMOMeXaHNYeCKom
06paboTKM B 3TUX crfaBax GpopmmpyeTca npenmy-
LLleCTBEHHAA OpueHTaLna 3épeH — Kpuctannorpa-
¢dunueckana Tekctypa. OHa obycnaBnmBaeT aHU30-
Tponuio GpU3nMYeCcKnx CBOMCTB (ynpyrux, nnactuye-
CKUX, TENMOBbIX 1 AP.) U3LENUNA, a TaKXKe BAUAeT Ha
MeXaHM3Mbl UX Aerpagaunmn: Hanpumep, npenmy-
LeCTBEHHYIO OpPUEHTaUMIO NpeuennuTaToB rmapu-
[0B, PaaLMOHHYI0 NMON3YYecTb UK pacnyxaHue.

Andpakuyma TennoBbIX HENTPOHOB ABNAETCA
YHUKaNbHbIM Hepa3pyLlalowmm MeTogoM, NO3Bo-
NALWMM NCCefoBaTb KpucTannorpadpuueckyro
TEKCTYpY 06bEMHbBIX 06Pa3LIOB C IMHENHbIMU pa3-
Mepamu NoOpPAAKa HECKOTbKUX CaHTMMeTpoB. B JIHD
OWAN sTOT MeTop, peann3oBaH Ha creynanmnsnpo-
BaHHOM BpeMAnponéTHoMm audpaxkTometpe CKAT.

N3yueHne o6pa3LoB 13 HECKONbKUX Cepun
Tpy6 BbicOKOro gasneHua (guametp 100 mm, Ton-
LWMHa CTEHOK 4 MM), U3roTOBMIEHHbIX 13 cnnaBa Zr-
2.5%Nb ¢ nomolbio MHOro3TanHoro npotecca
(a3kcTpy3ua npu 800°C, oxnaxkaeHne Ha BO3gyxe A0
KOMHaTHOW TemMnepaTtypbl, X0NoAHaA NMUANTPUMO-

[1] Malamud F,, et al. Journal of Nuclear Materials 510 (2018). DOI: 10.1016/j.jnucmat.2018.08.003
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mal treatment at 400°C for 24 hours) showed that a
strong one-component texture is formed in the
tubes with the preferred orientation of {10 1 0} crys-
tallographic planes along the axial direction of the
tube, and (0001) planes tangential to the tube sur-
face [1] (Fig. 1). The texture component is very nar-
row relative to the angles ¢1 (half-width of the
distribution is, on average, = 8.8°) and ¢2 (= 7.7°);
relative to the angle @, the distribution of orienta-
tion intensity is much broader (= 35.2°) (Fig. 2). In
general, the texture characteristics in tubes from
different batches do not change much. However,
the samples from the front part of the tubes show
a less sharp texture than the samples from the back

Fig. 2
a) Scheme of the preferred orienta- a
tion of crystallites in the Zr-2.5%Nb

alloy. b) Distribution of the orienta-

tion intensity in the orientation space.

¢) Sections of the distribution of the
orientation intensity along ¢1 and ® AD
angles in different samples from the
front and back parts of tubes.
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a) CxemaTunyHbIV BUA NpenmyLie-
CTBEHHOW OpVEHTALMN KPUCTANNTOB
B Zr-2.5%Nb cnnage. b) Pacnpepene-
HVie OPUEHTALMOHHON UHTEHCBHO-
CTU B OPVEHTALNOHHOM
npoctpaHcTBe. ¢) CeyeHun pacnpege-
NeHVsA OPNEHTaLNOHHON NHTEHCHB-
HocTu BRosnb yrnos @1 n® s
pa3nnyHbIX 0b6pasLax 13 HauyanbHOW
1 KOHeYHoW vactei Tpyo6.

BaA NpokKaTKa 1 Bblaepkka npu 400°C B TeueHue 24
YyacoB) MoOKa3asno, YTo B HUX popMupyeTca ocTpas
OfHOKOMMOHEHTHasA TEKCTypa C NPeNMYLLECTBEH-
HOWM OpUeHTaUMeN KprucTannorpadpmnyeckmnx nioc-
kocTenn {10 1 0} Boonb akcnanbHOro HanpasneHus
Tpy6bl, a nnockocTen (0001) — KacaTenbHO K No-
BepxHOCTM TpY6bI [1] (Puc. 1). TekcTypHaa Kommno-
HEHTAa OYeHb Yy3KasA OTHOCUTENbHO Yyrnos @1
(nonywwupuHa pacnpegeneHna B cpefHem = 8.8°) n
@2 (= 7.7°), oTHocuTenbHo yrna O pacnpepeneHune
OPUEHTALMIOHHOWN NHTEHCUBHOCTM HAMHOTO LWIKpe
(= 35.2°) (Puc. 2). B uenom, xapakTepucTnkm Tekc-
TYpbl B TPy6ax U3 pasfnNyHbIX CEPUIA MPAKTUUYECKM
He n3mMeHsitotTcA. OfgHako 06pasLbl U3 HauyasbHOM
yacTu TPy6 AEMOHCTPUPYIOT MEHEE OCTPYIO TEKC-

part of the tubes: the texture indices are 6.5 and 7.8,
respectively.

Comparison of these results with data ob-
tained with neutron diffractometers at other re-
search centers shows the high precision of texture
measurements by the neutron diffraction method.
For example, the typical uncertainty in texture index
values is about 5%, the uncertainty in the angular
position of the texture component is about 1%, and
about 2% in its angular width. Features of the neu-
tron diffraction texture analysis on the SKAT diffrac-
tometer and examples of typical problems being
solved are given in a recent review [2].
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Typy, YeM 06pasLibl U3 KOHEYHOW YacTu TpyO: TeKc-
TYPHbIN UHAEKC paBeH 6.5 1 7.8 COOTBETCTBEHHO.

CpaBHeHMe 3TUX pe3ynbTaToB C AaHHbIMY, MO-
NYYEHHBbIMU Ha HENTPOHHbIX AUdpaKToOMeTpax B
APYrx UccnegoBaTenbCKMX LIEeHTPaX, MoKasblBaeT
BbICOKYIO TOUHOCTb M3MEePEeHUN TEKCTYPbl HENTPO-
Horpadpuyeckum metogom. Tak, TMNMYHasA Heomnpe-
LEeNéHHOCTb U3MEepPEeHUsa TEeKCTYPHOro MHAeKca
COCTaBnAeT oKoso 5%, yrnosomn No3nuymum TekcTyp-
HOM KOMMOHEHTbl — OKONo 1%, €€ WwnpuHbl —
oKkono 2%. OcobeHHOCTV HeNTpoHOorpaduyeckoro
TEKCTYPHOro aHanusa Ha gudpaktomeTpe CKAT u
NpUMepbl peLlaeMbIX HayYHbIX 3a4ay NpVBefEeHbl B
cBexkeM o63ope [2].

[2] Vasin R.N. Crystallography Reports, 67(1) (2022). DOI: 10.31857/50023476122010106
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Van der Waals magnets for
spintronics and nanoelectronics

Two-dimensional (2D) van der Waals (vdW) lay-
ered magnetic materials demonstrate novel chal-
lenging physical phenomena and are considered as
promising building blocks for creating advanced
spintronics and nanoelectronics devices. These ma-
terials possess a graphene-like magnetic lattice
symmetry and demonstrate the existence of mag-
netic ordering down to the monolayer limit at suffi-
ciently high temperatures. The occurrence of new
topological spin excitations, insulator-metal transi-
tion, spin crossover, and superconductivity has re-
cently been discovered in vdW magnets.

Fig. 1
a) Neutron diffraction patterns of

CrBr; measured at different tempera-
tures and calculated profiles obtained

Structural, magnetic and vibrational properties
of a model representative of 2D vdW materials - fer-
romagnet CrBr;, were studied by X-ray, neutron dif-
fraction and Raman spectroscopy in a wide
temperature range of 5-300 K, Fig. 1 [1]. The mag-
netic moments of Cr ions forming a graphene-like
magnetic lattice in Br-Cr-Br layers were found to
order ferromagnetically below the Curie tempera-
ture Tc = 36 K. An anomalous behavior of the struc-
tural parameters in the temperature range of
ferromagnetic ordering, and a negative thermal ex-
pansion of the unit cell volume and quasi two-di-

using the Rietveld method. b) The
schematic view of rhombohedral
crystal structure of CrBr; with symme-
try R3. On the right van der Waals
atomic layers are shown, top and side
view.
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a) HelTpoHHble AndpaKkLMOHHbIE
cnektpbl CrBrs, M3mepeHHble Npu pas-
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b) Pomb6o3gpuryeckan Kpuctanamye-
ckan ctpyktypa CrBr; cummeTtpum R3.
CnpaBa noka3saHbl BaH-Aep-BaaJsib-
COBbl aTOMHbIe CJIOU, BUA CBEPXY U
C6HOKy.
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BaH-Oep-BaajibCOBbl MArHEeTUKMU
ONAa CrMIMHTPOHUKN N HAHOJ3JTIEKTPOHUKU

KBasunaBymepHble (2D) BaH-gep-BaanbCoBbl
CNOUCTbIE MArHWUTHbIE MaTepuasbl LEMOHCTPUPYIOT
pAg HOBbIX GU3MUYECKUX ABMEHUI U paccmaTpu-
BAlOTCA B KauyecTBe MepCrneKTUBHbIX CUCTEM AJis
CO3[aHunA NepefoBbIX YCTPONCTB CIUHTPOHUKA U
HaHO3NEKTPOHUKU. MarHuTHaa pelueTka AaHHbIX
MaTepuranos nogobHa rpadeHy n B HMX Habnoaa-
€TCA MarHUTHOE YNopsAOYEeHME BMOTh A0 Npeaena
MOJIEKYIAPHOIO MOHOC/IOA NPU AOCTAaTOYHO BbICO-
Kux TemnepaTtypax. HefgaBHo B BaH-gep-BaanbCo-
BbIX MaTepuasnax 6o 06Hapy»KeHbl HOBbIE TUMbI
CMUHOBBIX BO30YKAEHUI, Nepexos AN3NEKTPUK-Me-
Tasf, CNVHOBbBIV KPOCCOBEP, CBEPXMPOBOANMOCTb.

CTpyKTypHble, MarHUTHble 1 KonebaTtenbHble
CBOWCTBA MOJENbHOro NpeacTaBuUTeNsa CeMencTaa
BaH-Aep-BaanbCoBbiXx MarHeTnkoB CrX; — CrBr; uc-
cnefoBaHbl C NMOMOLLbIO METO40B PEHTIEHOBCKOM,
HEeNTPOHHON ANdPAKLUN 1 PAMAHOBCKOW CMEKTPO-
cKonuu B grana3oHe Temnepatyp 5-300 K, puc. 1
[1]. MarH1THbIE MOMeHTbI MoHOB Cr, popmMupytoLne
rpadeHonofo6HYI0 MarHUTHYIO peLleTKy B C10AX
Br-Cr-Br, ynopsagouvBatotca GeppoMarHUTHO Npu
Temnepatype Kiopu Tc = 36 K. B obnactu T¢c 06Ha-
py>eHO aHOMasibHOe NoBeAeHNE CTPYKTYPHbIX Ma-
pameTpoB (puc. 2). Huxe 31O TemnepaTypbl Xapak-
Tep TENMOBOro paclinpeHns obbema snemMeHTap-

[1] D.P. Kozlenko et al., npj Quantum materials 6: 19 (2021). DOI: 10.1038/s41535-021-00318-5


https://doi.org/10.1038/s41535-021-00318-5

mensional van der Waals layers in the temperature
range T < Tc were revealed (Fig. 2). In addition, an
anomalous thermal variation of interatomic dis-
tances and angles was also observed. In the Raman
spectra, these structural effects provoke an addi-
tional increase in the frequencies of most of the ob-
served vibrational modes caused by pronounced
spin-phonon coupling.

It should be noted that negative thermal ex-
pansion is a relatively rare physical effect found only
in a few classes of materials. The coefficient of linear

thermal expansion of atomic layers in CrBr; in the
region T < Tc, aj=—-1.6-10> K", is close to the corre-
sponding value for graphene at low temperatures.

The obtained results demonstrated good com-
patibility of materials such as CrX; (X - halide) and
graphene for the possible fabrication of hetero-
structures based on them. Its practical use can be-
come an important step towards the development
of an advanced generation of spintronics, nanoelec-
tronics, information recording and storage devices.

Fig. 2. a) Temperature dependences of the lattice parameters and unit cell volume of CrBr;, normalized to the correspon-
ding values at room temperature. b) Temperature dependences of distances between Cr magnetic ions inside van
der Waals layers (intra-layer) and between layers (inter-layer).
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Puc. 2. a) TemnepatypHble 3aBUCMMOCTY NApaMeTPOB 11 06bemMa 31eMEHTAPHOW AYEKN KPUCTaNINYeCKO peLeTkn
CrBrs, oTHOPMKMpPOBaHHbIe Ha COOTBETCTBYIOLLME 3HAUEHUA NPY KOMHATHOW TemnepaType. b) TemnepatypHble 3a-
BUCMMOCTI PACCTOAHWI MeXAY MarHUTHbIMU MoHamu Cr BHYTPY BaH-Aep-BaanibCoBbIx crioes (intra-layer) n

mexay cnosmu (inter-layer).

HOW peLleTKN 1 BaH-Aep-BaasibCoOBbIX C/I0EB N3Me-
HANCA C MOJIOXXUTENBbHOIO Ha OTpuuaTenbHbIn. B
0ob6nacT TeMnepaTypbl MAarHUTHOIO YNOPSAA0YEHNA
TaK»Ke HabMo4anncb 3HaunTeNbHble SPPEeKTbl CNUH-
GOHOHHOrO B3aUMOAeNCTBUSA, NPOsABAAOLWMecs B
aHOMasIbHOM yBenMyeHNy 60SbLIMHCTBA YaCTOT KO-
nebaTenbHbIX MO[.

Cnenyet OTMETUTb, YTO OTpULATENIbHOE TeMJIOo-
BO€ pacluMpeHMne ABNSETCA CPAaBHUTENIbHO peaKnM
durzmyecknm 3¢pdeKToM, 0OHAPYKEHHDBIM NNLLb B
HECKOJNIbKUX Knaccax MatepuanoB. KoapopuumeHT
TEN0BOro pacwumpeHnsa atomubix cnoes CrBrs B
obnactm T < Tc, aj=—1.6-105 K1, 651M30K K COOTBET-

CTBylOLLEN BeNUYMHe s rpadeHa B 06nacTu Hu3-
KMX Temneparyp.

MNonyuyeHHble pe3ynbTaTbl CBUAETENbCTBYIOT O
XOpoLLe COBMeCTUMOCTU MaTepuanos Tina CrX; (X
— ranoreH) n rpadeHa C TOUKM 3peHNa NepCcnekTus
CO3[aHunA reTepoCTPyKTYP Ha UX OCHOBE, NPAKTU-
yecKkoe NCMonb30BaHNE KOTOPbIX MOXKET CTaTb BaX-
HbIM LIArom Ha NyTW K pa3paboTke nepenoBOro
NMOKONEHUA YCTPONCTB CMUHTPOHUKU, HAHOIMEK-
TPOHKWKMU, 3aMNCU U XPaHEHNA NHPOpMaLK.



Ferroelectric properties of M-type hexaferrites

Hexaferrites and their solid solutions attract a
lot of attention due to their outstanding physical
properties. Relatively high values of the Curie tem-
perature and resistivity characterize barium hexa-
ferrite as an N-type semiconductor with stability
over a wide temperature range. As a rule, the hexag-
onal crystal structure of BaFe;;,0, is described with
a nonpolar centrosymmetric space group (SG)
P6s;/mmc. Its complex unit cell contains two formula
units (Z=2) and is characterized by significant crys-
talline and magnetic anisotropy (Fig. 1).

The discovery of ferroelectric properties (see
Fig. 2a) coexisting with ferrimagnetic ordering in M-
type hexaferrites contradicts the presence of an in-
version center in their structure and allows these

Fig. 1
Representation of the crystal struc-
ture of BaFe;;O, in the framework of

materials to be characterized as promising multifer-
roics that can be used for nonvolatile memory at
room temperature based on nonlinear magneto-
electric effects. Attempts to revise the symmetry of
both barium and strontium hexaferrites have been
carried out in Ref. [1, 2], where M-type hexaferrite
structure was investigated using X-ray and neutron
diffraction (see Fig. 2b) and described in the frame-
work of polar non-centrosymmetric SG P6smc (see
Fig. 2b). It should be noted that the lattice parame-
ters have similar values for both SG unit cells.
This means that the main difference between
them should be associated with the local
displacement of the ions that form the unit cell.
The displacement of Fe ions from the local cen-
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(No. 186)

SG P6;/mmce
(No. 194)

Fe2(4c) Fe2(2b) Fe2(de) 4o Fe2 (2a)
centrosymmetric P6;/mmc and non- o1 o1 o1 011
centrosymmetric P6;mc space l| 03 ? - I ‘
groups. l S ) T < y O3
o1 o1 ‘o1 N ¥01
Puc. 1 7

CxemaTtunyeckoe npeacTaBneHne Kpu-
CTannmnuyeckom cTpykTypbl BaFe;;0q9

B paMKax LIeHTPOCUMMETPUYHO
P63/mmc 1 HEeLLEHTPOCMMMETPUYHON
P6smc NpOoCTPaHCTBEHHbIX rPymn.

7.
4

CerHeToafleKTpuyeckme CBOUCTBA

B rekcadgpepputax M-tuna

lekcadeppuTbl 1 UX TBEpPAbIE PAacTBOPbI NpU-
BJIEKaIOT 60JblLIOe BHUMaHUe 6narofaps CBOVIM Bbl-
Jatownmca dpusmndyecknum ceorcteam. OTHOCUTENBHO
BbICOKME 3HayeHuA Temnepatypbl Kiopu 1 yaenb-
HOTO COMPOTUBIIEHUA XapaKTepu3ytoT rekcadpeppuT
6apuA Kak CTabunbHbIN B LUIMPOKOM [ManasoHe
TeMnepaTtyp nonynpoBogHuK N-Tuna. Kak npasuno,
KpucTannuyeckyto cTpykTypy BaFe;;0;5 onncbiBatot
B paMKaXx HEMosNAPHOM LLEHTPOCMMMETPUYHO NPOo-
CTPaHCTBEHHOW rpynnbl Ap. rp. P6s/mmc. Ero cnox-
Has 3N1eMeHTapHas AYelika COQepPXnT ABe Gopmysb-
Hble eauHuUbIl (Z = 2) 1 XapaKTepur3lyeTca 3Hauu-
TENbHOW KPUCTANIMYECKOW U MarHUTHOM aHW30-
Tponuen (puc. 1a).

OpfHako, OGHapy)KeHMe CerHeToaneKkTpuye-
CKMX CBOWCTB (CM. pu1C. 2), cocyLecTByoWwmnx ¢ pep-
PVIMarHUTHbIM ynopagoyeHnemM B rekcadpepputax

M-Trna, NPOTUBOPEUYNT HANTMUMIO LIEHTPA MHBEPCUN
B X CTPYKTYpE 1 NO3BOMIAET OXapaKTEPU30BaThb 3TN
MaTepuanbl Kak NePCnekTUBHbIE MyNbTUPEPPONKH,
KOTopble MOTyT ObITb MCMOSIb30BaHbl B KayecTBe
SHEepProHe3aBNCMMON NAMATY NPV KOMHATHOW TeM-
nepaTtype Ha OCHOBE HENIMHEWMHbIX MAarHUTO3JEeK-
Tprueckux 3¢p¢dpekToB. MonbITKN NepecMmoTpa CUM-
METPUN KaK GapureBbIX, Tak U CTPOHLMEBDIX rekca-
bepputos 6bINKn NpeanpuHATLI B [1, 2], roe cTpyk-
Typa rekcapepputa M-Trna uccnegoBanacb MeTo-
[OM PEHTreHOBCKOW U HEWTPOHHON Andpakuumm
(cM. puc. 2a) n onucaHa B paMKax NOAAPHON He-
LEHTPOCMMMETPUYHON Np. TPp. P6;smc (cm. puc. 26).
CnepfyeT OTMETUTD, YTO NapPaAMETPbI PELLETKN UMEIOT
6/113KME 3HAUEHWA 15 INTEMEHTAPHbIX AUeek obe-
UX Np. rp. 9TO 03HayaeT, YTO OCHOBHOE pa3nuune
MeXZy HMMU OOJIKHO 3aK/04aTbhCA B JIOKaIbHOM

[1]1 Turchenko V., et al. Journal of Alloys and Compounds, V.931. (2023). DOI: 10.1016/j.jallcom.2022.167433
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ters of their oxygen environment should lead to the
appearance of distortions of oxygen polyhedra [2].
The main difference between a non-centrosymmet-
ric unit cell and a centrosymmetric one may be due
to the unequal distortion of neighboring oxygen
polyhedra and the possibility of displacement of
iron ions localized in trigonal bipyramidal polyhedra
in one direction.

The polarization difference AP between the
polar and nonpolar phases was calculated using the
continuous adiabatic transformation assumption,
which involves scaling the internal strain with the
order parameter n (0 < n < 1). Since the polarization
of the centrosymmetric structure P6/mmc vanishes
due to symmetry, AP coincides with the remnant
polarization of the nonpolar phase. We get the in-

crement AP = 0.9 uCcm? for each step An, which is
very close to 1/4 of the full value. It is necessary to
note that the transition path has no effect on the
final result. The evolution of the electric polarization
obtained by us is shown in Fig. 2c. Figure 2d allows
us to estimate the value of the energy barrier of the
system during the transition from the polar SG
P6smc configuration to the nonpolar SG P6;/mmc
configuration. The total energy of the unit cell of SG
P6;mc is less = 0.04 eV/f.u. compared to that of the
nonpolar SG P6s/mmc cell. It should be noted that
for simpler multiferroic systems, PbTiO; and PbZrQO;,
in which all atoms shift along the polarization direc-
tion, the energy barrier achieves values of 0.05 and
0.2 eV/f.u., respectively.

Fig. 2. Ferroelectric hysteresis loops (a); neutron powder diffraction pattern (b) measured in experiment for BaFe;,0;;
electric polarization (c) and energy difference (d) calculated for transition from polar SG P6;mc to nonpolar SG

P6s/mmc structure of BaFe;;,05,.
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Puc. 2. CerHetoanekTpuiecKkme nNeTm ructepesnca (a) u nopoLukoBas HelTpoHorpamma (b) n3mepeHHble SKCNepuUMeH-
TanbHo Ana BaFe;,0:4; an€eKTpryeckan nonspusaums (c) n pasHoCTb sHeprui (d), paccuntaHHas ans nepexona ot
NONAPHON CTPYKTYpbl P6smc K HenonAapHon P6s/mmc ana BaFe;,0;,.

CMeLleHn MOHOB, 06pasyoWmnX SneMeHTapHYH0
AYENKY.

BbITecHeHMWe NOHOB Fe 13 ToKanbHbIX LEHTPOB
NX KNCNOPOAHOIO OKPY>KEHUA [OSIKHO NPUBOANUTL
K BO3HVIKHOBEHWIO UCKaXKEHUI KUCTOPOAHbIX NOSN-
34poB [2]. OCHOBHOE OTNMYMEe HELLEHTPOCUMMET-
PVYHONM 3N1eMeHTapHON AYEKIN OT LLEHTPOCUMMET-
PUYHOI MOXeET ObITb CBA3aHO C HE3KBMBAIEHTHbIM
NCKaXeHneM CoOCegHUX KUCIIOPOAHbIX MOAN34POB
1 BO3MOXHOCTbIO CMEeLLEHNA NOHOB »ene3a, JIoKa-
NN30BaHHbIX B TPUTrOHanbHO-6UNMpaMuganbHbIX
nonusgpax, B OGHOM HamnpasneHuu.

PasHocTb nonapusaunin AP mexay nonsapHon
1 HenonaApHon $basamm paccunTany C NCNoNb30Ba-
HYeM NPeanosioKeHNA 0 HenpepbIBHOM agnabaTtu-
yeckom npeobpaszoBaHUK, KOTOPOE BKIOYAET Mac-
wrabuposaHme BHyTpeHHel gedbopmaLmm ¢ napa-
meTpom nopsagka n (0 < n < 1). MockonbKy nonsapu-
3aUmA LEeHTPOCMMMETPUYHONM CTPYKTYpbl P6s/mmc

no cummeTpun obpalyaetcs B Hynb, AP coBnagaet
C OCTaTOYHOW nonapu3saumen HenonsapHom ¢asbl.
MonyueHHoe npupaueHre AP = 0.9 mkKn/cm? gns
Kaxgoro wara An oka3biBaetca 65nM3Ko K 1/4 ot
MOSIHOrO 3HayeHuA. HeobxoaMmo OTMETUTb, UYTO
nyTb Nepexoaa He BANAET Ha KOHEYHbIN pe3ynbTarT.
SBOMIOUMA MOYYEHHOW HaMW 3NEKTPUYECKon Mno-
nApv3aLmMmM NoKasaHa Ha puc. 2¢. PucyHok 2d nos-
BONAET OLEHUTb BENMUYMHY SHEPreTnyeckoro
6apbepa cMCTeMbl Ha NyTW Nepexofa OT MOASPHON
KoHbUrypaumm np. rp. P6smc K HEMONAPHOM KOH-
durypaumm np. rp. P6s/mmc. MNonHasa sHeprua ane-
MEHTapHoOW Aavelnkn (P6smc) meHblue = 0.04 3B/d.e.
MO CPaBHEHUIO C HEMONAPHOW AYelrikon (P6s/mmc).
CnepyeT OTMETUTD, YTO Ans 6onee NPOCTbIX CUCTEM
mynbTrndepporkos PbTiO; n PbZrOs, B KOTOpbIX BCE
aTOMbl CMeLLAloTCA BAOMNb HanpasieHua nonsapusa-
LuK, SHepreTMyecknin bapbep AOCTUraeT 3HaUeHUN
0.05 1 0.2 3B/¢.e. cOOTBETCTBEHHO.

[2] Turchenko V., et al. Materials Research Bulletin.V.138. (2021). DOI: 10.1016/j.materresbull.2021.111236
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Neutron tomography for development

of novel cement materials

At present, new methods of synthesis and
chemical compositions of cement materials are
being actively developed in order to improve their
anticorrosive and mechanical properties. Stringent
requirements for technical parameters, durability
and service life of cement materials that are used as
components for storage of radioactive waste and in
civil engineering lead to the necessity of detailed
structural tests of new cement materials or existing
products. The neutron tomography method is suc-
cessfully used to identify and analyze the structural

Fig. 1
Slice of a cement sample with
graphite inclusions.

Puc. 1

Cpe3 uemeHTHOro obpasua c rpadu-
TOBbIMW BKJTIOYEHUNAMN.

HentpoHHaa ToMorpaduda

features of cement materials, such as the presence
and geometry of internal cracks and cavities, poros-
ity, local structural inhomogeneities, spatial distri-
bution of phase components. Nondestructive
structural studies of a wide range of cement com-
posit- ions for the construction of radioactive waste
storage repositories and civil buildings are per-
formed using the neutron radiography and tomog-
raphy facility at the IBR-2 high-flux pulsed reactor
of the Frank Laboratory of Neutron Physics at the
Joint Institute for Nuclear Research.

Graphite inclusions

B pa3pa60TKe HOBbIX LEMEHTHbIX MaTepunasioB

B HacToALlee Bpems akTUBHO pa3pabaTbiBaioT-
CA HOBble MeTOAbl CUHTE3a U XMMUNYeCKme COCTaBbl
LeMEeHTHbIX MaTepuranos C Lefbio yAyylleHNAa 1X
AHTUKOPPO3UOHHbBIX U MeXaHUYeCKUX CBOWCTB.
KécTkne TpeboOBaHUA K TEXHONOMMYECKMM Mnapa-
MeTpaMm, JOArOBEYHOCTM U CPOKY CIY»KObl LIeMEHT-
HbIX MaTeprnanos, NCMOJIb3yeMbIX B KaueCTBe KOM-
NMOHEHTOB A/1A XpaHeHA PagMOaKTMBHbIX OTXOL0B
N B rpa)kAaHCKOM CTPOUTENbCTBE, MPUBOAAT K He-
06X0ANMOCTY NpoBefeHUs AeTallbHOW CTPYKTYp-
HOW ANArHOCTMKN HOBbIX COCTABOB WJ/N yXKe roTo-
BbIX LLeMEHTHbIX n3genun. Ana ngeHtudukaumm un
aHanM3a CTPYKTYPHbIX OCOBEHHOCTEN LIEMEHTHbIX
MaTepuanoB: Hannune n reomeTpun BHYTPEHHMX
TPELLVH 1 NOSIOCTEN, NOPUCTOCTU, TOKASIbHbIX CTPYK-

TYPHbIX HEOAHOPOAHOCTEN, NPOCTPAHCTBEHHOIO
pacnpeneneHusa ¢Ga3oBbiX KOMMOHEHTOB, — yCreLl-
HO NpPUBNEKAETCA METO HENTPOHHOM ToMorpadun.
Hepa3spyLwatowme CTpyKTYpHble UCCNefoBaHuA WK-
POKOro Kpyra HOBbIX COCTaBOB LIeMeHTHbIX MaTe-
pranoB Ana CTPOUTENbCTBA XPaHUML, pagnoak-
TUBHbIX OTXOZOB U rPaXKAaHCKNUX OObEKTOB MPOBO-
JOATCA Ha CTaHLUW HENTPOHHOW paguorpadpum u To-
Morpadun Ha UMMNYNbCHOM BbICOKOMOTOYHOM pe-
akTope VBP-2 B JTabopaTopuu HENTPOHHOW GU3NKN
um. N. M. OpaHka B O6beIMHEHHOM UHCTUTYTE
AQEPHbIX CCNefoBaHUN.

HenTpoHHble nccnegoBaHmMA NO3BOAWAN NMOY-
UNTb flaHHble O BHYTPEHHEN CTPYKType 1 reomeT-
pun TpeLrH 1 $pa3oBbiX KOMMOHEHTOB B 06beme Mo-

[1]1 Kichanov S.E., et al., Romanian Journal of Physics, 64, 803 (2019) https://rjp.nipne.ro/2019_64_1-2/RomJPhys.64.803.pdf
[2] Zel I. Yu., et al., Cement and Concrete Composites, 119, 103993 (2021) DOI:10.1016/j.cemconcomp.2021.103993
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Neutron studies provide data on the internal
structure of objects: spatial distribution and geom-
etry of cracks and phase components in the volume
of model cement materials for storing aluminum [1]
and graphite radioactive waste (Fig. 1), cavities and
cracks in magnesium-potassium phosphate ce-
ments [2]. New approaches to the analysis of 3D
neutron tomography data for microstructural non-
destructive testing of cement materials have been
developed and applied [2]; structural aspects affect-
ing the mechanical properties of cement materials
have been identified. Using the obtained structural
data, itis possible to calculate the mechanical prop-
erties of composite cement matrices and determine
the strength limits of these materials [3].

Fig. 2

The spatial arrangement of graphite inclu-
sions in cement materials reconstructed from
neutron tomography data and their calcu-
lated preferential orientation.

Puc. 2

BoccTtaHoBNeHHOE 13 faHHbIX HENTPOHHOM
ToMorpadun NPoCTPaHCTBEHHOE PAChoso-
eHre 1 paccurMTaHHasA NpenmyLiecTBeHHan
opuvieHTauus rpadpuToBbIX BKOYEHNI B Lie-
MEHTHBIX MaTepuanax.

LeNbHbIX LeMEHTHbIX MaTepunanoB AfA XpaHeHus
anioMnHMeBbIX [1] 1 rpadunTOBbIX PagnNOaKTUBHbBIX
otxopfoB (Puc. 1), nonocten n TpewwmH B MarH1in-Ka-
nuesblx GochaTHbIN LemeHTax [2]. PazpaboTaHbl 1
NPVMEHEeHbI HOBble NMOAXObl aHaNM3a TPEXMEPHbIX
LOAHHbIX HENTPOHHOWN Tomorpadun ana Hepaspy-
LIAKOLLEro MUKPOCTPYKTYPHOrO KOHTPOMA LIeMEHT-
HbIX MaTepranos [2], BbiABNEHbl CTPYKTYPHbIE ac-
NeKTbl, BIMALLNE Ha MEXaHUYECKe CBONCTBA Lie-
MEHTHbIX MaTpuL,. 10 NONyUYEeHHbIM CTPYKTYPHbIM
JaHHbIM MOXHO PacCyMTbiBaTb MeXaHUYecKne na-
paMeTpbl KOMMO3MLNOHHbIX LIeMEHTHbIX MaTPUL, Bbl-
ABNATb Npefesibl NPOYHOCTY STUX MaTepuanos [3].
MNonyyeHHble pe3ynbTaTbl UMEKOT Ba)KHOe
3HauyeHVe Ans pPa3paboTKy HOBbIX U COBEPLLIEHCTBO-

The obtained results are of great importance
for the development of new and improvement of
existing technologies for the synthesis of promising
cement materials for the construction of radioactive
waste storage repositories and civil facilities, as well
as for predicting the influence of external condi-
tions (climate humidity, atmospheric precipitation,
etc.) on the mechanical and physical properties of
these building materials. The research was carried
out in cooperation with the colleagues from the
Horia Hulubei National Institute for R&D in Physics
and Nuclear Engineering (Romania) and the Nuclear
Research Center of the Egyptian Atomic Energy Au-
thority (Arab Republic of Egypt).

BaHMA CYLLECTBYIOLWMNX TEXHOMNOIMI CUHTE3a nep-
CNEKTUBHbIX LIeMEHTHbIX MaTepuanos ans cTpou-
TENbCTBA XPaHUNWLL PafVOaKTUBHBIX OTXOLOB U
rpaxAaHCcKnx o6beKTOB, NPOrHO3NPOBaHWA BANA-
HUA BHELUHWNX YCIOBUIA: BNAXXHOCTb KNUMaTa, aTMO-
chepHble ocagKky 1 Ap. Ha MexaHndyeckue n eusmn-
yeckue CBOMCTBA STUX CTPOUTENbHbIX MAaTePMaNoB.
WccnenoBaHusa npoBOAUANCbL COBMECTHO C Korsle-
ramv n3 HaumoHanbHOro MHCTUTYTa NCC/Ie[OBaHNI
1 pa3paboTok B 06nacTy GU3NKK 1 A0EPHON Tex-
HUKM um. Xopun Xynybesa (PymbiHua) u LeHTpa
AQEPHbIX NCCIefoBaHn YNpaBieHnsa no aTOMHOW
sHeprum ErnnTa (Apabckas Pecny6nuka Eruner).

[3] Zel I.Yu,, et al., J. Imaging, 8, 242 (2022) DOI:10.3390/jimaging8090242
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SERS-active substrates

based on plasmonic nanomaterials

Surface Enhanced Raman Scattering (SERS)
spectroscopy is a powerful analytic tool that com-
bines molecular specific information provided by
Raman scattering with the signal-enhancing power
of plasmonic nanostructures — SERS-active sub-
strates. The SERS effect relies mainly on an en-
hanced electromagnetic field arising from the
collective oscillation of conduction-band electrons
or plasmons excited on the surface of nanoparticles
of noble metals under laser irradiation. It provides
express analysis of various materials, solving the
problem of detection, identification, and structural
study of target substances at concentrations down

to a single molecule in many areas of human life,
such as medicine, biology, forensics, ecology and
pharmaceutics, etc. Of special interest is the detec-
tion and study of bioorganic macromolecules using
SERS spectroscopy, in particular, proteins with anti-
septic properties, since they are promising in the
development of nanomaterials for the prevention
and therapy of bacterial and viral diseases.

Two types of reliable and spectra-reproducible
plasmonic nanostructures demonstrating an out-
standing activity in SERS-spectroscopy were devel-
oped in the course of joint research conducted by
JINR (Dubna, Russia) and BSUIR (Minsk, Belarus). The

Fig. 1. SEM images of SERS-active nanostructures based on (a, b) Ag particles and (c, d) Ag dendrites on porous silicon.

Puc. 1. COM-unsobpaxeHuns NKP-akTMBHbIX NOASIOXKEK Ha OCHOBE (a, 6) YacTuy cepebpa u (B, I) AeHAPUTOB cepebpa Ha

NOPNCTOM KpEMHUWN.

KP-aKTuBHbIe MOOJTOXKU

Ha OCHOBE€ NnJjia3aMOHHbIX HaHOMaTepnasioB

CneKkTpoCKONMA MraHTCKOro KOMOMHaLnoH-
Horo pacceaHua ceeTa (TKP-cnekTpockonuaA) — 3T1o
MOLUHbIN aHANUTUYECKMA WHCTPYMEHT, KOTOpPbIN
nossonaeT nonyuntb cneunduyeckyto nHdopma-
LMo 0 CTPYKTYpe mMmoneKyn bnarogapsa perucrpaumm
cMrHana KomoOrHaLMOHHOro paccesHna cBeTa OT
HUX, YCUNEHHOTO MNa3MOHHbIMM HAHOCTPYKTYpamMm
— I'KP-akTBHbIMM nognoxkkamu. FKP-addeKT B oc-
HOBHOM obecrneunBaeTcsa 3a CYeT aHOMaNIbHO CUJb-
HOrO 3N1eKTPOMarHUTHOrO NonA, BO3HMKalLero B
pe3ynbraTe KONNeKTUBHbIX KonebaHWni 3/1eKTPOHOB
30HbI NPOBOAVMOCTM UK Na3MOHOB, BO30yxaae-
MbIX Ha MOBEPXHOCTU HaHOYaCTUL, BnaropofHbIX
MeTaslsIoB Nof AeNCTBMEM NIa3ePHOro M3NyYeHus.
OH obecneurBaeT aKcnpecc-aHann3 pasnyHbIX Be-
LeCTB, NO3BONAA AeTEKTUPOBATb, nAeHTUdULMPO-
BaTb M UCC/IeA0BaTb CTPYKTYPY LiefieBbIX XUMunye-
CKMX COAUHEHMNIN B CBEPXHU3KNX KOHLIEHTpaLMAX

BM/IOTb A0 €AUHUYHBIX MONEKYS ANA peLleHuns 3a-
[ay MHOTMX obnacTei Xn3HepeATeNbHOCTY Yeno-
BeKa, TaKuX Kak MeauumHa, brionorunsa, KpuMmnHanu-
CTuKa, akonorusa n ¢apmauestuka un 1. 4. Ocobbii
WHTepec Bbi3blBaeT 06HapyxeHne 1 nsyyeHve bmo-
OpraHnyecknx MakpomorsneKkyn ¢ nomouybto KP-
CNeKTpoCKoNnuu, B YacTHocTu, 6enkos, obnagato-
WMX aHTUCENTUYECKNMIN CBOMCTBAMM, MOCKONbKY
OHW NepCrneKTMBHbI ANA pa3paboTKy HaHOMaTepura-
NoB C uesnbio NpodunakTnku n Tepanum bakrepum-
anbHbIX N BUPYCHbIX 3a6oneBaHui.

B xopge coBmecTHbIX uccnegoBaHum B ONAN
(Qy6Ha, Poccna) n BIrYUP (MuHck, benapycb) 6binn
pa3paboTaHbl ABa TUMa HaZEXHbIX 1 BOCMPOU3BO-
AVMbIX MNIa3MOHHbIX HAHOCTPYKTYP, AEMOHCTPU-
pyoLMX BbICOKYIO akTMBHOCTb B [KP-cneKkTpocko-
nun. lNepBasa HAHOCTPYKTypa NpefcTaBeHa YacTu-
uamu Ag c bBumoganbHbIM pacrpegeneHnem no pas-

[1] Zavatski, S., et al. Biosensors 9 (2019). DOI: 10.3390/bios9010034
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first nanostructure is represented by Ag particles
with bimodal size distribution in nano- and mi-
croscale ranges (Fig. 1). It was designed to provide
reliable detection of both low-molecular and high-
molecular compounds due to the combined contri-
bution of surface plasmons in nanoparticles and
multiple reflection of light between microscale par-
ticles. The second nanostructure is a coating of sil-
ver dendrites designed for imaging of individual
molecules of analytes on their surface due to abnor-
mally strong surface plasmon resonance in tiny
gaps between dendritic branches. SERS-active
nanostructures are formed by immersion deposi-
tion and have a uniquely long shelf life of up to
three years, because the underlying template made
of porous silicon gives them a negative surface po-

tential. Furthermore, the porous silicon template
enables accurate control of morphology of the
SERS-active nanostructure if the proper combina-
tion of its doping level and formation regimes are
selected. The details of designing and producing
SERS-active substrates can be found elsewhere [1,
2]. All stages of production of SERS-active substrates
based on Ag nanostructures and porous silicon are
cost-effective and fully compatible with conven-
tional silicon technology.

The successful combination of the highly sen-
sitive Raman microspectrometer CARS at FLNP with
these SERS-active substrates made it possible to ob-
tain SERS spectra of bioorganic molecules from
10-6-107"® M solutions (Fig. 2).

Fig. 2 8000

SERS-spectra of
lactoferrin
molecules

SERS-spectra of lactoferrin
molecules on Ag particles and
DTNB molecules on Ag den-
drites.
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MepaMm, NMpUHagnexkawmm HaHO- 1 MUKPOMETPO-
BOMY Anana3oHam (cm. puc. 1). OHa 6bina paspabo-
TaHa Ana obecneyeHNs HafeXHOro AeTeKTUpoBa-
HUA KaK HN3KOMOJIEKYNAPHbIX, TaK 1 BbICOKOMOe-
KYNAPHbIX COeVHEHUI 3a cYeT KOMOUHUPOBaH-
HOro BKNaga NOBEPXHOCTHbIX M1a3MOHOB B HaHOYa-
CTULAX 1 MHOTOKPATHOIO OTPaXKeHUA CBETa MeXAY
MUKpoyacTmuamun. Bropasa HaHOCTpYKTypa npea-
CTaBnAeT cobol NOKpbITUE N3 AEHAPUTOB cepebpa,
pa3paboTaHHOe A5 BU3yanm3aunm oTaenbHbIX MO-
NeKyn aHanMToB Ha MX MOBepPXHOCTW Gnaropaps
AHOMaIIbHO CUSIbHOMY MOBEPXHOCTHOMY M1a3MOH-
HOMY Pe30HaHCY B MasblxX 3a30pax MeXay BeTBAMMU
aeHapuToB. [KP-akTrBHbIE HAHOCTPYKTYpbl bopmu-
pylTCA METOLOM MMMEPCUOHHOIO OCaXKAeHUA ©
06M1afaloT YHMKANbHO AANTENbHBIM CPOKOM XpaHe-
HUA [0 TPeX NeT, MOCKONbKY UCMONb3yeMbl B Kaye-
CTBE VX OCHOBbI WAGMIOH U3 NOPUCTOr0 KPeMHUsA
npugaeT Nm OTpuLaTesbHbIV MOBEPXHOCTHbIN MO-
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TeHuwman. Kpome TOro, MOPUCTbIA KPeMHUIA NO3BO-
NAeT TOYHO KOHTponunpoBsaTb Mopdonoruto MNKP-ak-
TUBHOW HAHOCTPYKTYpPbI NPU NpaBuibHOM Bblibope
TVNa N YPOBHA NEermpoBaHNA NCXOAHOIO KPeMHUS,
a TakxKe pexrnmos dopmupoBaHua nop. letanbHoe
onuvcaHne npouenyp dopmuposaHua IKP-akTus-
HblX HAHOMAaTepPManoB MOXKHO HaNTK B CliedyoLWwmnx
paboTtax [1, 2]. Bce aTanbl n3rotoBneHua NKP-aktme-
HbIX MOANOXEK Ha OCHOBE HAHOCTPYKTYp M3 ce-
pebpa 1 NOPUCTOro KPeMHUA SKOHOMUYECKN Bbl -
rOAHbI 1 MOMHOCTbIO COBMECTUMbI C TPAANLMOHHOMN
KPeMHNEeBOW TEXHONOTNeN.

YcnewHaa KOMOMHaLMA BblICOKOUYBCTBUTENb-
HOro0 PamMaHOBCKOrO MUKPOCKOMa-CneKkTpomeTpa
«CARS» B JIHO c yka3zaHHbIMU [KP-akTMBHbIMK Nnog-
NOXKamu no3sonuna 3aperncrpmposatb IKP-cnek-
TPbl OPraHMyecKknx 1 6UoopPraHNYeCcKX MONeKyn B
pacTBopax c KoHueHTpauven 10-5-10"' M (puc. 2).

[2] Bandarenka, H. V., et al. ChemNanoMat 7 (2020). DOI: 10.1002/cnma.202000521


https://doi.org/10.1002/cnma.202000521

Promising materials for artificial cornea of the eye

Tissue engineering is one of the latest achieve-
ments in the field of molecular and cell biology,
which is aimed at designing and growing living,
functional tissues or organs outside the human
body for subsequent transplantation to a patientin
order to replace or stimulate the regeneration of
damaged organs or tissues. Thus, the tissues are re-
generated, and not simply replaced with synthetic
materials, as in the case of using implants made of
inert materials, which eliminate only physical and
mechanical defects of damaged tissues. The prob-
lem of creating an artificial retina in medicine is of
crucial importance, since there are pathologies (in-
juries, tumors, hemorrhages, degenerative process-

Fig. 1
Scattering curves of stromal corneal
grafts prepared at different tempera-

SAXS

es) that cause irreversible changes in the retina, as
a result of which a person goes blind.

The mammalian corneal stroma has a pro-
nounced tendency to passive hydration. In distilled
water, the moisture content of the corneal stroma
can reach 96% by weight. Under physiological con-
ditions, however, the moisture content of the
cornea is within 75-78%, which is due to the action
of the endothelial layer of corneal cells, whose main
function is to regulate the flow of fluid into the
corneal stroma from the anterior chamber. It is
known that the basis of the corneal stroma is type |
collagen. Crosslinking of collagen (formation of
cross-links between polypeptide chains) reduces

WAXS

tures (left) and a schematic represen-
tation of structural changes in
collagen (right).

Puc. 1

Intensity, a.u.
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MepcneKTuBHble MaTepuabl
OJ19 NICKYCCTBEHHOM pOoroBuLbl rnasa

TkaHeBaa MHXeHepua — OfHO 13 NOoCegHNX
[BOCTMKEHWI B 06NacT MONIEKYNIAPHOM 1 KNeTou-
HOWM 6uonorMn, Lenblo KOTOPOW ABNAETCH KOH-
CTPyMpOBaHMe 1 BblpalyMBaHWe BHE OpraHu3ma
yenoBeKa XUMBbIX, PYHKLMNOHANbHbIX TKAaHEN WK
OpraHoB AnA nocnegytouler TpaHcnNaaHTaumy na-
LUUEHTY C LieNIbio 3aMeHbl U CTUMYNALNK pereHe-
pauun NoBpeXaeHHbIX OPraHoB UAn TKaHen. Mpu
3TOM NMPOUCXOAUT pereHepaLuma TKaHu, a He Mpo-
CTOe 3aMelleHne ee CMHTETUYECKMM MaTepuanom,
KaK 3TO MPOnCXOANT B CJyYae NCMNOJb30BaHNA NM-
MIaHTaTOB M3 WHEPTHbIX MaTepuanos, KOTopbie
YCTPAHAIOT TONIbKO PpU3NYECKUE U MeXaHNYecKne
HelOCTaTKM NOBPeEXAEHHbIX TKaHel. [pobnema cos-
JaHNA UCKYCCTBEHHOW CETYATKU B MeANLMHE uMeeT
KPUTUYECKYIO BaXXHOCTb, MOCKOJIbKY CYLLECTBYIOT

[1] Anisimov S.I. et al. The Eye (2023, in press).

natonoruu (TpaBmbl, ONYXONn, KPOBOU3NNAHWA, Ae-
reHepaTuBHbIE MPOLIECChI), Bbi3blBatoLne Heobpa-
THMblE N3MEHEHNA CeTUATKK, B pe3ysibTaTe KOTOPbIX
yenoBeK CnerHer.

CTpoma porosuLibl MIEKONUTAIOLWMNX UMEET Bbl-
ParKeHHYI0 TEHAEHUMIO K NacCUBHONW rmapataunn. B
ANCTUINIMPOBAHHON BOAE BRarocofepaHume CTpo-
Mbl POroOBULbl MOXKET gocTuratb 96% no macce. Op-
Hako B OM3MONOrNYecKnx YCNoBUAX BRarocodep-
»KaHVMe poroBuubl YyAepXuBaeTca B npegenax
75-78%, 4TO 0OYCNIOBNEHO AECTBUEM SHAOTENU-
aNbHOrO C/1I0A KEeTOK POroBuLbl, OCHOBHaA QYHK-
LA KOTOPOro COCTOUT B PErynmpoBaHnm nocTyn-
NIeHNA XNJKOCTN B CTPOMY POroBuLbl U3 BRaru re-
penHel Kamepsbl. VI3BeCTHO, YUTO OCHOBY CTPOMbI PO-
roBuLbl cOCTaBNAeT KonnareH | Tmna. KpoCcCnnmHKNHP



the ability of the latter to hydrate. Dehydrothermal
crosslinking (DTC) is the formation of cross-links in
biomaterials when they are heated under vacuum.
Despite the fact that the DTC method is widely used
in tissue engineering, its effect on the properties of
the corneal stroma is practically unexplored, and so
far no attempt is known to evaluate the prospects
of using such materials in keratoplasty.

The possibility of controlling physical, struc-
tural and biological properties in the process of de-
hydrothermal crosslinking of stromal corneal grafts
based on the Corneoplast material was studied [1].
Structural studies were carried out using small-
angle X-ray scattering on the USAXS/SAXS/WAXS
XEUSS 3.0 station (Fig. 1). The obtained results allow-
ed us to draw the following conclusions: 1) short-

ening of fibrils along the axis by 3 nm in the inter-
section zone, which occurs at 140°C, should be rec-
ognized as already critical, leading to a loss of
strength; 2) a decrease in the average distance be-
tween triple helices in the quaternary structure may
be due to the thermal degradation of polysaccha-
rides. All this results in a decrease in elasticity,
strength of the graft, an increase in hydrophobicity,
a decrease in biocompatibility and water perme-
ability. As a consequence, collagen samples treated
at 140°C are unsuitable for use in ophthalmic sur-
gery. In addition, Corneoplast grafts failed the ep-
ithelialization test after treatment at 140°C. Corneo-
plast treated at a temperature of 100°C and below
retains biointegration properties (Fig. 2).

Fig. 2. Dynamics of reparative processes in the cornea of rabbits after anterior lamellar keratoplasty with DTC-treated

Corneoplast at different temperatures.
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Puc. 2. JuHamriKa penapaTriBHbIX MPOLIECCOB B POrOBMLIAX KPOJIMKOB MOC/IE NepefHeil MOCIONHON KepaToniacTukm
KopHeonnactom, o6pabotaHHbiM [TK, Mpu pasnnyHbix TemrnepaTypax.

KonnareHa (o6pa3oBaHve MonepeyHbIX CLINBOK
MeXay NonannenTUAHbIMU LenAammM) CHUXKaeT Cro-
cobHOCTb NocnedHero K rmgpataunu. Jerngpotep-
MUYECKNI KPOCCAMHKUHT (ATK) — 3T0 0bpa3zoBa-
HVe nonepeyHbIX CLUIMBOK B G1omaTtepmranax npu nx
HarpeBaHUN Noj BakyyMoM. HecmoTps Ha To, 4To
meToabl ATK WwnpoKo pacnpocTpaHeHbl B TKAHEBOW
WHXXeHepuW, ero BANAHKE Ha CBONCTBA CTPOMbI PO-
rOBULbl MPaKTUYECKN He U3yYeHbl, N K HacToALLeMy
BPEeMeHW He N3BECTHO HY OAHOW MOMbITKM OLLEeHUTb
nepcrneKkTBbI NCMONb30BaHNA TaKUX MaTepuranos B
KepaTonnacTuke.

M3yueHa BO3MOXKHOCTb ynpaBneHusa dusnye-
CKMMW, CTPYKTYPHbIMK 1 BUONOrMYecKMy CBOM-
CTBaMU NpU AerngapoTepMmnyYeckom CLUMBAHNN CTPO-
ManbHbIX POrOBUYHbIX TPAHCMNIAHTaTOB HAa OCHOBE
maTepurana KopHeonnact [1]. CTpyKTypHble nccne-
JOBaHWA NPOBOAUINCL METOAOM MasnoyrfioBOro
PEHTreHOBCKOro pacceAaHna Ha ctaHuum USAXS/

SAXS/WAXS XEUSS 3.0 (Puc. 1). MNonyyeHHble pe3ynb-
TaTbl MO3BONMAW CAenaTb cnefyoline BblBOAbI:
1) ykopoueHue ¢bnbpunn Boonb ocx Ha 3 HM B 30He
nepeceuyeHus, nponcxopsauee npu 140°C, cnepyet
NPU3HaTb YXXe KPUTUYECKNM, NMPUBOSALUM K NO-
Tepe MPOYHOCTU; 2) YMeHbLUeHne cpefHero pac-
CTOAHMA MeXAy TPOMHbIMK CNMPaNAMK B YeTBep-
TUYHOW CTPYKTYpE, BOSMOXHO, CBA3AHO C TepMuye-
CKOW gerpagauuen nonncaxapugos. Bce sto npu-
BOZMT K CHUMKEHWIO 3M1aCTUYHOCTU, MPOYHOCTY TPaHC-
nnaHTaTa, MOBbILEHWIO FTNAPOPOOHOCTH, CHUMKEHWIO
610COBMECTUMOCTM 1 BOAOMPOHMLaemMocTu. Kak
cnepcTeue, obpasubl KonnareHa, o6paboTaHHble
npu 140°C, HenpurogHbl AnA NCNonb3oBaHKA B 0d-
TafibMonormyeckom xmpypruu. Kpome toro, rpadoi
KopHeonnacT He npoLwwnm TecT Ha anNuTenn3aunio
nocne o6pabotkn npu 140°C. KopHeonnact, obpa-
60TaHHbIV Npu TemnepaTtype 100°C 1 HUXe, coxpa-
HseT OMOMHTErpaUMoHHble cBONCTBA (Puc. 2).



Micellar solutions of promising surfactants

In FLNP, small-angle neutron scattering is ac-
tively used to study the structure and behavior of
micelles (stable aggregates) in various solutions of
promising surfactants.

In recent years, solutions of the so-called
worm-like (giant) surfactant micelles have attracted
considerable attention, which is due to the specific
rheological properties of these systems. Extended
micellar chains can entangle and form spatial net-
works, imparting high viscoelasticity to aqueous so-
lutions. These viscoelastic surfactants are used in a
wide variety of applications ranging from biomed-
ical lubricants to hydraulic fracturing fluids for oil
production.

Fig. 1

Diagram of the state of a surfactant
solution with a transition to worm-
like micelles, which is induced by the
monomer and addition of salt (KCl)
obtained by SANS and other meth-
ods, as well as results of MD modeling
of self-assembly of surfactant mole-
cules for different monomer/surfac-
tant ratios.

VISCOSITY
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[inarpamma cocTosaHNA pacTBopa
MAB ¢ nepexoaom K uepBeobpasHbiM
MULennam, MHAYLMPOBaHHbIM MOHO-
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location of monomer inside WLMs
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A group of researchers from the Faculty of
Physics of MSU in cooperation with FLNP studied
the effect of a water-soluble monomer (acrylamide)
at different salt content on the structure and rheo-
logical properties of micellar solutions of an anionic
surfactant (potassium oleate), which show a transi-
tion to worm-like micelles (Fig. 1). Measurements of
small-angle neutron scattering (SANS) curves at the
YuMO instrument in the framework of a complex
approach made it possible to trace the nature of
changes in the structure of micelles under different
conditions. It was found that at low salt levels, when
the worm-like micelles are linear, acrylamide causes
them to shorten and become spherical micelles as

9% KCI
monomer

o S,
side view cross-section

LINEAR
WLMs

BRANCHED
WLMs

[

Mepom u fobasnexvem conu (KCl),
nosyyYeHHas 13 SKCNepuMeHTOB
MYPH v gp. meToZ0B, a TakXe pe-
3ynbTatbhl MA-mogenmpoBaHua camo-
c6opkn Monekyn MNAB ans pasHbIx
cooTHoLeHn MoHomep/MAB.

MOLECULAR PACKING PARAMETER

MuuenndapHbie pacTBOpPbl NepcneKTuMBHbIX NMAB

B JIHO c nomoLblo ManoyrnoBoro paccesHus
HeTPOHOB aKTUBHO N3Yy4aloT CTPYKTYPY 1 NOBefe-
Hue muuenn (yCTONYMBbIX arperatoB) B pa3HO006-
pa3HbIX pacTBOpPax MOBEPXHOCTHO-aKTUBHbIX Be-
wects ([MAB).

B nocnepHue rogpl 6onbLioe BHMMaHVeE Npu-
BJIeKaloT PacTBOPbI Tak Ha3blBaeMbIx YepBeobpas-
HbIX (rMraHTckux) muuenn MAB, uto obycnoBneHo
cneunduyeckMMm peonormyeckuMn CBOMCTBaMM
JaHHbIX cucTeMm. NpoTAXKeHHble MULenIApHble Lenu
MOryT nepenseTaTbca 1 06pa3oBbIBaTb NPOCTPaH-
CTBEHHbIe CeTKN, NpuaaBas BOAHbIM PacTBOPaM Bbl-
COKYI0 BA3KOynpyrocTtb. Takme Baskoynpyrue MAB
LUIMPOKO NPUMEHAIOTCA B CaMbIX pPa3HOOOpa3HbIxX
NPUNOXEHNAX, HAUNHAA OT CMa30YHbIX MaTEPUANOB

MeLVKO-OMONOrMyeckoro HasHayeHus 1 3akaHuu-
BafA »KMOKOCTAMU AN1A rmapopaspbiBa nnacta npu
fo6blue HedTw.

lpynna nccneposatenelt ¢ pusnyeckoro da-
Kynbteta MI'Y um. M.B. JlomoHOCOBa COBMECTHO €
JIH® nccnepoBana BNMAHME BOJOPACTBOPUMOrO
MOHOMepa (akprnamuga) Npu pasHoOM CoOfepKaHnm
conen Ha CTPYKTYpY U peoniormyeckme CBOMCTBa
MULEeNNAPHbBIX PacTBOPOB aHNOHHOro [MAB (onearta
Kanua), o6Hapy»KMBatoLL X Nepexoq K yepseobpas-
HbIM MuLennam (Puc. 1). iamepeHunsa KprBbIX Mano-
yrnoBoro pacceaHma HentpoHoB (MYPH) Ha yc-
TaHoBKe IOMO B pamkax KOMMIEKCHOrO Noaxoaa
NO3BOINAN OTCNIeAUTb XapaKTep N3MEHEHNA CTPYK-
TYpbl MULENN B pa3HblX yC10BUAX. Bbino obHapyxe-

[1] Ospennikov A.S., et al. J. Col. Interface Sci. 602 (2021). DOI: 10.1016/j.jcis.2021.05.062
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a result of its incorporation into the micellar crown.
This leads to a drop in the viscosity of the solution.
At a high salt content, which ensures the existence
of branched worm-like micelles, the monomer first
triggers their transition into long linear chains,
which increases viscoelasticity, and then the transi-
tion into rods. Thus, the influence of the monomer
on the rheological properties differs significantly for
linear and branched micelles. Experimental ap-
proaches are supported by model calculations, in-
cluding molecular dynamics (MD) simulations.
Further steps are related to the study of prom-
ising binary hydrogels consisting of networks of
poly(vinyl alcohol) (PVA) and worm-like micelles of
potassium oleate and n-octyltrimethylammonium
bromide (Fig. 2). Interpenetrating dynamic net-
works (polymer network with dynamic cross-links
and micellar network) make it possible to obtain hy-

Fig. 2

drogels with significantly improved mechanical
properties. Using small-angle neutron scattering, in
addition to other methods, it was shown that the
observed increase (by a factor of 3400!) in viscosity
compared to individual components is due to mi-
crophase separation — local rise in concentration
of the polymer and micelles, providing, on the one
hand, the emergence of more polymer-polymer
contacts for cross-linking and, on the other hand,
the formation of longer worm-like micelles with a
large number of entanglements. Binary hydrogels
based on networks with different properties allow
combining sensitivity to external triggers and the
ability to self-heal in a controlled way. The study of
the applicability of the double dynamic network
concept to a wider class of polymer/surfactant sys-
tems continues.

Analysis using small-angle neutron
scattering and cryo-electron mi- 104
croscopy of PVA/potassium
oleate/C8TAB hydrogel and its com-
ponents in water.
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N KPNOSNEKTPOHHOW MUKPOCKONNN T
rupporena MNBC/oneat kanua/C8TAB
1 ero KOMMOHEHTOB B BOJE.

HO, YTO MPY HN3KOM COEPXKaHWUN CONEN, KOrfa vep-
Beobpa3zHble MULEeNIbl ABNAIOTCA NMHENHBIMY, aK-
punammg Bbi3blBaET UX YKOPOUEHUE U NPeBpaLLeHe
B cpepuyeckre M1Lensibl B pesynbTaTe ero BKoye-
HUA B MULIENNIAAPHYIO KOPOHY. DTO MPUBOANT K Nage-
HMIO BA3KOCTM pacTBopa. [1pr BbICOKOM copepa-
HWUW conwn, obecneunBatoLem CyLeCcTBOBaHMe pas-
BETBJIEHHbIX YepBeoOpa3HbIX MULEN, MOHOMEpP
CHavana 3anyckaeTt ux nepexos B AJINHHbIE IMHEN-
Hble Lienu, 4To yBeNn4ymBaeT BA3KOYNPYrocTb, a 3a-
TEM — Mepexoq B CTEPKHU. Takum obpasom, BNus-
H1e MOHOMepPa Ha peosiornmyecKne CBONCTBA CylLle-
CTBEHHO Pa3NNYaETCA ANA IMHENHbIX U Pa3BETBIIEH-
HbIX MULIeNT. DKCNepUMeHTasNbHble NoAXoAbl Noa-
KpennawTca MOAENbHbIMU pacyeTamu, B TOM YnCTe
MOAEeNNpoBaHNeM MONEKYNAPHON AuHamukn (MJ).

JanbHenwwne Wwarmn cBA3aHbl C NCCeOBaHEM
nepcrnekTUBHbIX OMHAPHbIX rmaporenen, cocTon-
Wmx n3 cetok nonusuHmunosoro cnupta (MNBC) n
yepBeobpa3zHbIx MULIeNN oneaTta Kanua n bpommaa
H-OKTUNTpUMeTUIaMMoHuA (Puc. 2). BsanmonpoHu-
Katolme grHaMmnyeckme ceTkm (MonMmepHas ceTka

C AMHAMUNYECKUMU MONepPEeYHbIMU CLUMBKAMU 1 M-
LennsapHana ceTka) Mo3BONAT NoyYaTb rmaporenu
CO 3HAUUTENIbHO YNYYLIEHHbIMM MeXaHWNYeCKUMM
csonctBamu. C MOMOLLbIO ManoyrnoBoro pacces-
HUA HENTPOHOB B AOMOJIHEHWE K APYrMM MeToAam
nokasaHo, YTo Habnogaemoe yBenmyeHue (B 3400
pas!) BA3KOCTM NO CpaBHEHNIO C OTAENbHbIMU KOM-
NMOHEHTaMM MPOUCXOANT U3-3a MUKPOha3HOro pac-
CNIOEHWA — NOKaNbHOI0 KOHLEHTPUPOBaHWA MOn-
Mepa 1 muuens, obecneymsatoLLero, C OAHON CTOPO-
Hbl, NOABMIEHME BONbLUEro KoMYecTBa KOHTAKTOB
«nonnumep-noanmep» AnA CLMBAHUA U, C APYTON
CTOPOHbI, 06pa3oBaHMe bonee ANMHHbIX YepBe0b-
pa3sHbIX MyLenn ¢ 60MblUM KONNYEeCTBOM Mnepe-
nneTeHnin. buHapHble rmaporenn Ha OCHOBE CETOK
C pa3HbIMX CBOWCTBaMU MO3BONAIOT 00beaVHATb
KOHTPONMpPYeMbIM 06pa3om YyBCTBUTENbHOCTb K
BHELIHNM BO34ENCTBMAM 1 CMOCOBHOCTb K CaMo-
BOCCTaHOBMEHUIO. /I3yyeHre NPYMEHMMOCTM KOH-
uenuum OBOWHbIX AMHAMUYECKMX CETOK K bonee
lWnMpoKomy Knaccy cuctem nonumep/MNMAB npopon-
XaeTca.



Neutrons and X-rays in the development

of novel ferrofluids

Ferrofluids — stable colloidal suspensions of
ferromagnetic or ferrimagnetic nanoparticles in a
liquid — are widely investigated for many technical
and biomedical applications, including water treat-
ment, energy harvesting and transfer, vibration con-
trol, magnetic electromagnetic wave absorption,
energy storage applications, hyperthermia, mag-
netic drug delivery, biocatalysis, enzyme immobi-
lization, DNA separation and purification, non-in-
vasive magnetic resonance imaging, etc.

In the last decade, extensive research has been
going on to develop various approaches to the syn-
thesis of magnetic nanoparticles (MNPs). Various

10000

Fig. 1 1000

SANS and SAXS experimental and fit-
ted curves of water-based ferrofluid
with BaFe;,0;5 nanoparticles. The in-
serts represent schematically the
shape of detected particles.
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synthetic methods are used or under development
to obtain MNPs of desired size, morphology, stabil-
ity and biocompatibility, as this determines many of
chemical and physical properties associated with
nanoparticles. Recently, the production of con-
trolled-shape ferrite nanoparticles has become an-
other requirement for researchers, and it has al-
ready been found that the size and shape of MNPs
are highly dependent on the type of surfactants
and solvents used in different reaction conditions.
Small-angle scattering comes handy in the
studies of the structural properties of ferrofluids.
Using small-angle neutron and X-ray scattering in

B SANS experimental curve
B SAXS experimental curve
=S ANS model fitting curve
(lamellar + ellipsoid)
—SAXS model fitting curve
(lamellar + ellipsoid)
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MeToAabl paccedaHus

B pa3paboTKe HOBbIX (peppoXXUOKOCTEM

DeppoXKMAKOCTU LUNPOKO NCCNeayTca ans
TEXHUYECKUX U OMOMEANLNHCKUX MPUMEHEHUN,
BK/IOYaA OUNCTKY BOAbI, COOp 1 nepeavy sHepruu,
KOHTPO/Ib BUOpALUK, MOrMOWEHNE MarHUTHbIX
3N1eKTPOMArHUTHbIX BOJSTH, MPUIIOXKEHWNA ANA XPaHe-
HUA SHEPruK, rMNepTEPMUIO, MarHUTHYIO JOCTaBKY
neKkapcTB, brokaTanus, Mmobunmsaumio bepmeH-
TOB, pasgeneHue n ounctky [IHK, a Takke HenHBa-
3MBHYK MarHUTHO-PE30HAHCHYK ToOMorpaduio 1
ap.

B nocnenHee gecatuneTvie nponoKaloTcs 06-
LWUMpPHbIE MCCNefoBaHMA B 06MacTu pas3paboTku
pa3NnYHbIX MOAXOA0B K CUHTE3Y MAarHUTHbIX HAHO-
yactuy (MHY). PaznnuHble cuHTeTUYECKNE MeTobl
NCMOsb3YTCA U pa3pabdaTbiBaloTCA A5 NONyYeHUs

MHY >xenaemoro pa3mepa, mopdonornu, ctabusb-
HOCTU 1 BriocoBMecTMMOCTU. MHOre XuMmmyeckune
1 pusnyeckme CBONCTBA, CBA3aHHbIE C HAHOYACTU-
Luamu, CUbHO 3aBUCAT OT pa3mepa HaHo4acTuL,
Mopdonornu, CTabrunbHOCT 1 6B1IOCOBMECTMOCTH.
B nocnegHee BpemA Npon3BOACTBO HaHOYaCTML
bepputa KOHTponupyemon ¢opmbl CTano eule
oOHUM TpeboBaHUEM ANA UcCrefoBaTeNen, u yxe
OblS1I0 YCTaHOBMIEHO, YTO pa3smep u ¢dopma MHY
KOHTPONMPYIOT 1 CUSIbHO 3aBUCAT OT TUMa NoBepx-
HOCTHO-aKTMBHOrO BeLLeCcTBa 1 pacTBOpUTENeNn, Nc-
NoJib3yeMbIX B Pa3fINYHbIX YCIIOBUAX PeAKLUMN.
XOpOoLLOo n3BeCTHa BaXKHasA POSib HENTPOHOB B
N3YUYEHUN CTPYKTYPHbIX CBONCTB GeppPOXKULKOCTEN.
C ncnonb3oBaHMeM ManoyrioBOro pacceAHns Hen-

[1] Lysenko S. N., et al. Phys. Scr. 95(4), 044007 (2020). DOI: 10.1088/1402-4896/ab6797
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experiments performed on the YuMO instrument at
the IBR-2 reactor, RIGAKU (MPhTI) and XEUSS 3.0
stations (FLNP), respectively, XRD on the Empyrean
X-ray diffractometer (PANalytical), studies of fer-
rofluids with anisometric nanoparticles BaFe;,049
and CuFe;0,, which are important for the develop-
ment of magneto-optical applications, were carried
out. Joint investigations using SANS and SAXS, as
well as the application of various solvents (H,O and
D,0), made it possible to obtain new information
about the analyzed systems both in terms of the
shape and size of nanoparticles, and from the point
of view of the distribution of surfactants on their
surfaces [1, 2]. This is all very important for chemists
to develop various preparation techniques.

Figure 1 shows the experimental and fitted
SANS and SAXS curves for a water-based ferrofluid
with BaFe12019 nanoparticles. The graphic inserts
show schematically how the particles of the system
look like. Figure 2 presents the resulting distribution
of surfactant molecules on the particle surface. It
has been established that the system consists of
large lamellar and small ellipsoidal nanoparticles,
and the surfactant molecules of sodium dodecyl
sulfate form a second shell around the ellipsoidal
particles, mainly from the flat sides, while the mol-
ecules of lauric acid are distributed on the elon-
gated sides of the particles. This is likely the main
cause of the good stability of the explored system.

Fig. 2. Schematic representation of the coating of a nanoparticle with surfactant molecules: (a) description of surfactant
molecules; (b) uniform distribution as assumed; (c) distribution derived from SANS experiments.

O Oleic Acid (OA)
CH3(CH,),CH=CH(CH,),COOH

‘ Sodium dodecyl sulphate (SDS)
CH3(CH,)0S0:Na

SDS: LA (1:1)

‘ Lauric acid (LA)
CyH3COOH

a

Puc. 2. Cxematuyeckoe npeacrasfieHrie NOKPbITUA HAHOYACTHLIbI C MONEKY/TaMi MOBEPXHOCTHO-aKTVBHOIO BeLecTBa:
(a) OnucaHve monekyn NOBepPXHOCTHO-aKTMBHOTO BelLecTBa; (b) npeanonaraemoe eguHoe pacnpefeneHue;
(c) pacnpepeneHve, nonyyeHHoe 13 skcneprmeHTos MYPH.

TPOHOB 1 PEHTIEHOBCKMX Nlyyel B SKCMeprMeHTaXx,
BbIMOJIHEHHbIX Ha Npubope KOMO peaktopa VBP-2,
ctaHumax PUTAKY (MOTU) n XEUSS 3.0 (JIHO)
COOTBETCTBEHHO, peHTreHoda3zoBoro aHanmsa (POA)
Ha pPeHTreHOBCKOM Audpaktometrpe Empyrean
(PANalytical), uccnegytotca ¢peppoxXnaKocT ¢ aHu-
30MeTpuYeckMmMu  HaHodactmuamm BaFe; ;00 1
CuFe;0,4, BaxHble gnAa pa3BUTUA MarHUTOOMNTUYEC-
Knx npunoxeHnn. CoBMeCTHble WnCCegoBaHuA
MYPH n MYPP, a Takxke ncnonb3oBaHume pasfnyHbix
pactBoputenen (H,O n D,O) no3sonunu nonyumtb
HOBYI0 UHOPMALMIO 06 aHANM3MpPYyeMbIX CUCTEMAX
KaK C TOUYKM 3peHna Gbopmbl 1 pa3mepa HaHoYaC-
TUU, TaK N pacnpepeneHna noBepxXHOCTHOAKTMB-
HbIX BELECTB Ha UX NOBEPXHOCTK [1, 2], uTO OuYeHb
BaXKHO /71 MOHVMAHUS MPOLECCOB 1 Pa3paboTKu
MEeTOLOB MPUroTOBAEHNS XUMUKAMMU.

[2] Balasoiu M., et al. J. Surf. Investig. (to be published).

Ha puc. 1 nprBeaeHbl sKkcneprMeHTanbHble U1
annpokcumupytowmne Kpusble MYPH n MYPP gna
beppoKnaKOCTU Ha BOJHOW OCHOBE C HAaHOYaCTu-
uamm BaFe ,019. Ha rpaduueckmx BctaBkax cxe-
MaTMYHO MOKa3aHo, KaK B UTOTe BbIMMALAT YaCTULbl
cucTembl. Ha puc. 2 nokasaHo nonyyeHHoe pacnpe-
neneHve monekyn MAB Ha NoBepxHOCTM YacTuLbI.
YCTaHOBJIEHO, UYTO CUCTEMA COCTOUT U3 KPYMHbIX
NAacTUHYATBIX Y MENKMX SNUNCOUAANbHbIX HAaHO-
yactuuy, npuyem monekynbl MAB gogeunncynbdarta
HaTpuA 06pa3sytoT BTOPY 06010UKY BOKPYT S11MN-
conpanbHbIX YaCcTUL, MPENMYLLECTBEHHO C MIIOCKNX
CTOPOH, @ MONEKYJbl TAaYPUHOBOW KUCSIOTbI pacnpe-
ZeneHbl Mo BbITAHYTbIM CTOPOHAM YacTuL, YTo Npu-
[laeT crcTeme XopoLUy CTabnnbHOCTb.



Ferrofluids at interfaces in external fields

In FLNP, neutron reflectometry is used to study
the behavior of ferrofluids at hidden interfaces in
external magnetic and electric fields.

Ordered assembling of magnetic nanoparti-
cles at planar interfaces is of current interest for var-
ious potential applications in catalysis, optics, and
data storage. In this regard, an important step is the
study of ferrofluids — suspensions of colloidal mag-
netic nanoparticles coated with various stabilizing
agents (surfactants, polymers), whose properties
can be controlled by external magnetic fields. The
properties of dielectric ferrofluids can also be influ-

enced by an external electric field. The study of such
an effect is relevant for the direct present-day ap-
plication of ferrofluids as additives to electrolytes of
high-voltage transformers for regulating thermal
properties, where nanoparticles of magnetic mate-
rials interact with electrodes in the presence of a
strong electric field, which, in turn, affects the di-
electric breakdown voltage.

A group of researchers from the Institute of Ex-
perimental Physics of the Slovak Academy of Sci-
ences in Kosice (Slovakia) in cooperation with FLNP
studied the adsorption of magnetite nanoparticles

Fig. 1. Formation of an adsorption layer of magnetic nanoparticles at the ferrofluid-crystal interface in an external
magnetic field according to neutron reflectometry data.
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Puc. 1. O6pa3zoBaHune aacopbUVOHHOIO C/T0A MarHUTHBIX HAHOYACTYL Ha rpaHULEe pasgena «heppoXKMAKOCTb-Kpu-
CTan1» BO BHELHEM MarHUTHOM MoJie No AaHHbIM HENTPOHHOW pednekTomeTpuu.

DeppoXKNOKOCTU Ha FpaHuLaX pasaena

BO BHELLUHUNX MONAX

B JIHO ¢ nomoLlblo HENTPOHHONM pednekTo-
METPUM aKTUBHO M3YyyYaloT NoBefeHne hbeppoxna-
KOCTel Ha CKPbITbIX FPaHULax pa3fena Bo BHELIHNX
MarHUTHbIX U SNIEKTPUYECKUX MONSAX.

YnopagoyeHHble MaCCMBbl MAarHUTHbIX HaHO-
YacTuL Ha MJIOCKMX FpaHuLax pa3fena akTyasbHbl
ANA Pa3NNYHbIX MOTEHUMANbHbIX MPUIOXKEHWI B Ka-
Tanu3e, ONTUKE U XPaHeHUN JaHHbIX. B cBA3M € 3TnM
AKTMBHO M3yvatoTca GeppoXnaKoCcT — CyCneH3nm
KOMIOUAHBIX MAarHUTHbIX HAaHOYACTML, MOKPbITbIX
Pa3NNYHbIMU CTAOUAN3NPYIOW MMM areHTamu (no-
BEPXHOCTHO-aKTUBHbIMM BeLLEeCTBaMu, MONMMepa-
MM), CBOWCTBA KOTOPbIX MOTYT pPeryampoBaTbCA
BHELUHVUMM MarHUTHbIMY NonAMW. Ha cBoncTBa au-

NeKTpUYeCKmX GeppoXnaKoCTeN MOXKET BIUATL U
BHELLHee 3M1eKTpryecKoe none. VisyyeHre faHHoro
addeKTa akTyasbHO 419 NPAMOro npuMmeHeHusa dep-
pPOXKMAKOCTEN B KauecTBe f06aBOK B NEKTPONNTDI
BbICOKOBOJIbTHbIX TPaHCHOPMaATOPOB AnA peryns-
UMM TEPMUYECKNX CBOWCTB, rae HaHoYacTULbl 13
MarHUTHbIX MaTePUaNoB B3aMMOAENCTBYIOT C SNeK-
TpoAamu B MPUCYTCTBUN CUNTbHOTO 3/1EKTPUYECKOTO
MoJsif, UTo, B CBOIO OUepefb, BINAET Ha HAaMpPs>KeHne
LAVI3NeKTpUuYeckoro npobos.

lpynna nccnepgosatenein n3 MHCTUTYTa aKcne-
puMeHTanbHoM Gpusnkmn CNoBaLKoM akageMnm HayK
B Kowwuue (Cnosakuna) coBmecTtHo ¢ JIHO nccnepo-
Basia aacopOLmo HaHOYaCTVL, MarHeTuTa, gucnep-

[1]1 Nagornyi A.V., et al., App. Surf. Sci. 473 (2019). DOI: 10.1016/j.apsusc.2018.12.197
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that are dispersed into transformer oil and coated
with oleic acid for stabilization, on the planar sur-
face of crystalline substrates. The adsorption was in-
duced by applying non-uniform magnetic or elect-
ric fields perpendicular to the surface and was ana-
lyzed by neutron reflectometry (GRAINS reflec-
tometer). In the case of magnetic fields, adsorption
is enhanced due to the Zeeman interaction of mag-
netic dipoles of particles with an external magnetic
field. In the case of electric fields, nanoparticles are
first polarized due to the presence of a dielectric
carrier, and, as a result, an interaction arises be-
tween the electric dipole moments of particles with
an external electric field, similar to the effect of a

magnetic field. At a sufficiently high field gradient,
the formation of several adsorption layers with dif-
ferent filling densities of nanoparticles is observed.
Relaxation measurements after turning off the field
show that the local field generated by strongly in-
teracting dipoles in concentrated adsorption layers
is an important feature that also determines the en-
hanced adsorption of nanoparticles.

The discovered sensitivity of ferrofluids based
on dielectric carriers not only to magnetic but also
to electric fields expands the possibilities of control-
ling the behavior of such systems under the com-
bined action of magnetic and electric fields.

Fig. 2. Evolution of the near-boundary region at the contact between a dielectric ferrofluid and a planar metal het-
erostructure on a crystalline (Si) substrate in an electric field.

Puc. 2. 3sontouma npurpaHMYHOM 061acT KOHTAKTa AN3NEKTPUYECKON GeppOXNAKOCTY C MaHapPHON MeTaNINYeCcKomn
reTepoCTPyKTypOI Ha KpucTanamnyeckon (Si) nognoxke

r’MpOBaHHbIX B TpaHchoOpmaTopHoe mMacsio 1 ans
CTabunm3aLmm NOKPbITbIX ONIEMHOBOW KNCNOTOW, Ha
nnaHapHOM NOBEPXHOCTN KPUCTANIMYECKMX NOA-
noxek. Agcopbuma nHAyLunpoBanachb NPUIoXeHu-
€M HeOAHOPOAHOro MarHUTHOIO UK 3NeKTprYe-
CKOro nonsa neprneHAUKYNAPHO MOBEPXHOCTM U
pervucTprpoBanacb MeTojoM HEMTPOHHON pedrek-
TomeTpuu (pednektometp NPIVHC). B cnyyae mar-
HUTHOrO NONA ycuneHve agcopobuumn NPoncxoaunT
3a CYeT 3eeMaHOBCKOro B3aMMOLEeNCTBUA MarHumT-
HbIX AUMNOJIeN YacTuL C BHELWHUM MarHUTHbIM No-
nem. B cnyuae anekTprnyeckoro nonsa cHayana npo-
NCXOAMT NonApm3aLmMa HaHOYaCTUL, 13-3a HaNMunA
OVSNEeKTPUYECKOn cpefbl W, Kak pe3ynbrat, no-
ABNAETCA B3aMMOLENCTBME MeXAy AUMOSbHbIM
SNEKTPUYECKMMN MOMEHTaMIM YaCTUL, C BHELUHUM
SNeKTPUYECKUM NoneM aHanornyHo sedekty mar-

HUTHOro nons. MNpu goctaToyHo 60MbLLIOM Frpagu-
eHTe nonel Habnogaetcs GoOpPMUPOBaAHME HECKOTTb-
KUX afCcopOUMOHHBIX COEB C Pa3HOW MNOTHOCTbIO
3anosIHeHUA HaHoYacTULaMK. PenakcaLoHHble 13-
MepEeHUA Nocsie BbIK/IOYEHMA NMOA NOKa3blBaloT,
UTO NIOKasibHOE MoJie, CO3aBaeMoe CUSIbHO B3au-
MOAENCTBYOLNMUN AUNONAMMN B KOHLIEHTPUPOBAH-
HbIX aACOPOUMOHHBIX CNOAX, ABMAETCA BaXHOW
0COBEHHOCTBIO, KOTOPas TakXKe onpeaenseT yCueH-
HYt0 aicopOL M0 HaHOYACTUL,.

O6Hapy»eHHasa YyBCTBUTENIbLHOCTb Gpeppoxuna-
KOCTel Ha OCHOBE AN3MIEKTPUYECKNX HOCUTENEN He
TOJIbKO K MarHUTHOMY, HO 1 K 3JIeKTPUYECKOMY MNo-
N0 pacliMpsAeT BO3MOXHOCTY yrnpaBieHus nosege-
H/EM TaK/X CUCTEM MPU KOMOUHPOBaHHOM BO3AeN-
CTBUW Ha HUX MarHUTHbIX 1 NIEKTPUYECKMX NOMeN.

[2] Karpets M., at al., J. Mol. Lig. 362 (2022). DOI: 10.1016/j.molliq.2022.119773
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High-strength ‘airy’ polymer aerogels

Aerogels — unique materials with a record low
density and large surface area — ranked among the
top ten emerging technologies in chemistry and
materials science, selected by the International
Union of Pure and Applied Chemistry in 2022
[https://iupac.org/iupac-2022-top-ten/]. Despite the
diverse nature of aerogels, they are all characterized
by an extraordinary light weight and, at the same
time, high mechanical strength (Fig. 1).

The first polymer aerogels, synthesized more
than 30 years ago, were highly porous phenol-alde-
hyde resins, in particular, resorcinol-formaldehyde
resins. Phenol-aldehyde resins are familiar to any-
one who has stood on the steps of a subway esca-

Fig. 1

a) Graphene aerogel. Source: https://dailytech-
info.org/news/4656-grafenovyy-aerogel-
stanovitsya-samym-legkim-materialom-
na-segodnyashniy-den.html

b) A 2.5 kg brick standing on an aerogel based
on graphene and carbon nanotubes with a
mass of 2 g. Source:
https://ru.wikipedia.org/wiki/Asporenb

Puc. 1

a) MpadeHoBbI asporenb. IcTouHUK:
https://dailytechinfo.org/news/4656-grafen-
ovyy-aerogel-stanovitsya-samym-legkim-ma-
terialom-na-segodnyashniy-den.html

6) Knpnny maccoii 2,5 Kr Ha asporene Ha oc-
HoBe rpadeHa 1 yrnepofHbIX HaHOTPY6OK
maccon 2 r. ctouHuk: https://ru.wikipedia.org/
wiki/Asporenb

lator or held an electric plug in one’s hands. Phe-
nol-aldehyde resins exhibit high strength, corrosion
resistance, and excellent electrical insulation prop-
erties. Highly porous phenol-aldehyde resins are
not only durable sound and heat insulating materi-
als, but also promising sorbents, inexpensive carri-
ers for catalysts, and elements of gas sensors. The
most important feature of phenol-aldehyde aero-
gels is the possibility of their transformation into
highly porous carbon materials for using in high-ca-
pacity electric batteries.

The properties of phenol-aldehyde aerogels
are determined by their structure (pore size and di-
ameter, density, etc.), which, in turn, depends on the

MpouHble «BO3AYLUHbIE» MOJIMMEPHbIE a3porenm

Asporenn — yHUMKanbHble MaTepuanbl C pe-
KOPAHO HM3KOWM MIOTHOCTbIO U BONbLION NoLWwa-
Ablo noBepxHocTn — sownm B 2022 rogy B8 Ton 10
TEXHOMOMMI B XUMUN 1 MaTepuranoBeeHnn, aHoH-
CMpPOBaHHbIX MeXxayHapoaHbIM CO30M TeopeTu-
yeckom 1 npuknagHon xumun [https://iupac.org/
iupac-2022-top-ten/]. HecmoTps Ha pa3Hoobpas-
HYI0 NpUpoay asporenei, BCe OHN OT/INYALOTCA He-
00blUaiHOM NErkocTbio N BMECTe C TEM BbICOKOWN
MeXaHN4yeCcKom npoyHocTbio (Puc. 1).

MepBbIMM NONVMMEPHbIMI a3pOorenAaMu, Nony-
yeHHbIMK 6onee 30 et Ha3ag, H6bin BblICOKOMOPU-
cTble deHon-anbaernaHble, B YaCTHOCTU, PE30PLMH-
dopmanbaerngHble cmorsbl. C deHon-anbaernaHbl-
MW CMOJIaMV BCTPEYanca KaXKabl, KTO CTOAN Ha CTY-
NneHAX 3CKanatopa B METPO WKW Aepkan B pyKe
aneKTpuyeckyo Bunky. eHon-anbaerngHble CMorbl

061aaatoT BbICOKOW MPOYHOCTbIO, KOPPO3MOHHO
CTOMNKOCTbIO, MPEKPACHBIMW 3M1eKTPOUN30NALMOH-
HbIMK CBOMCTBaMW. Bbicokonopuctble dpeHon-anb-
JervHblie CMOJIbl ABMAIOTCA HE TONIbKO MPOYHbIMU
3BYKO- 1 TEMNOU30/IALNOHHBIMY MaTepranamu, HO
1 NepcneKkTMBHbIMY cCOpbeHTaMU, HeLOPOTrIMM HO-
CMTeNnAMN ONA KaTaan3aTopoB, S1eMeHTamMu ra3o-
BbIX CEHCOPOB. BaxkHelwen 0cobeHHOCTbo PpeHos-
anbAerngHbixX asporenen ABNAETCA BO3MOXHOCTb
UX MpeBpaLLeHNA B BbICOKOMOPUCTbIE yriepoaHble
MaTepuanbl 418 UCNOJIb30BaHUA B COCTaBE BbICOKO-
€MKUX SNEKTPUYECKIMX aKKYMYNATOPOB.
OueBngHO, YTO CBOICTBA PpeHoN-anbaernaHbIX
asporenen onpeaenanTca NX CTPYKTYPOn (pasme-
pPOM 1 AMaMeTpOM NOp, NAOTHOCTbIO U T.4.), KOTO-
pas, B CBOK ouepefb, 3aBUCKT OT YCNOBUIM MNONy-
yeHuA refen, CKOPOCTM NONMMepU3aLnm opraHn-

[1] Lermontov S.A., et al. Journal of Porous Materials (2022). DOI: 10.1007/s10934-022-01365-4
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conditions of their synthesis, the rate of polymeriza-
tion of organic molecules, and the crosslinking of
polymer chains. Usually resorcinol-formaldehyde
gels are produced by polycondensation of resorci-
nol and formaldehyde in the presence of catalysts —
acids or bases — and water or acetonitrile is used as
a solvent. However, the role of the solvent in the
synthesis of resorcinol-formaldehyde gels and aero-
gels is practically unexplored.

Aerogels based on resorcinol-formaldehyde
resins with controlled porosity and high mechanical
strength were studied using small-angle neutron
scattering on the YuMO spectrometer of the IBR-2
reactor [1]. The effect of organic solvents acetoni-
trile and dimethyl sulfoxide on the porosity of the
material was revealed (Fig. 2). In particular, it was
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Fig. 2
Pore sizes of resorcinol-formaldehyde aero-
gels at various concentrations of solvents:

acetonitrile (left) and dimethyl sulfoxide
(right) obtained from SANS data.
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Pa3mepbl nop pe3opumH-bopmanbaerna-
HbIX a3porenen NPy PasnyHbIX KOHLEHT-
pauusx pacTBopuUTeneil: aLeToHUTpUIa
(cneBa) n gumetuncynbdokcuaa (cnpasa),
NosyYeHHbIE MO JaHHbIM MaioyrioBOro

Scattering cross section, d3(g)/d<2, cm™
3

found that a specified porosity of polymer aerogels
can be produced using various solvents, as well as
varying their concentration at the stage of synthesis
of resorcinol-formaldehyde gels. The results showed
that the new aerogels are promising for the creation
of highly efficient sound and heat insulating mate-
rials and sorbents.

The study was carried out by a team of Russian
scientists from the Institute of Physiologically Active
Compounds of RAS, N.S. Kurnakov Institute of Gen-
eral and Inorganic Chemistry of RAS, A. A. Baykov
Institute of Metallurgy and Materials Science of RAS,
Petersburg Nuclear Physics Institute of NRC“Kurcha-
tov Institute” and Joint Institute for Nuclear Re-
search with the financial support of the RSF
research grant N219-73-20125.
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HENTPOHHOTO paccesHUs.

YecKMX MONEeKyn U CLUMBKM MOAVMEPHbIX Lenen.
O6bIYHO pe3opLUUH-GOpManbaervigHble refiv nony-
YaloT NONIMKOHAEHCaLMeln pe3opunHa n popmanb-
Jernga B NpuUCYTCTBUM KaTanm3aToOpoB — KMCAOT
WA OCHOBaHWUI, @ B KayecTBe pacTBOpUTENA UC-
Nonb3ylT BoAy unun auetoHntpun. OgHako ponb
pacTBopuTens B CMHTe3e pe3opuunH-bopmanbae-
rMAHbIX refiel U asporenen 4o CUX Nop nNpakTuye-
CKW He n3yyeHa.

MeTogom ManoyrnoBoro HeMTPOHHOro pac-
ceAaHnA Ha cnekTpomeTpe FOMO peaktopa MNBP-2
nccreloBaHbl a3Porenn Ha OCHOBe pe3opLH-Gop-
ManbAerngHbiX CMON C KOHTPOAMPyemMon nopwu-
CTOCTbIO U BbICOKOW MEXaHNYeCKOWM MPOYHOCTbIO
[1]. BbiABNEHO BNMAHME PO OpraHNYeCcKnx pac-
TBOpUTENEN aueTOHUTPUIIA U AUMETUICYNIbOOKCH-
[a Ha NopuUCTOCTb MaTepurana (Puc. 2). B yactHocTn,
YCTaHOBJIEHO, UTO MOJlyYeHne 3afaHHON NOPUCTo-

10"
q, A’

10"
q, A’

CTV NOMIMMEPHbIX asporenen BO3MOKHO NpU UC-
NONb30BaHNN PA3INYHbIX PaCTBOPUTENEN, a TaKXKe
Npv BapuaLmnmn X KOHLeHTpaLMii Ha 3Tane cMHTe3a
pe3opunH-bopmanbernaHbix renen. lonyyeHHble
pe3ynbTaTbl MOKa3anu, YTO HOBblE asporenn nep-
CNEeKTUBHbI 1A CO34aHNA BbICOKOIPPEKTUBHDIX
3BYKO- 1 TEMION30/IALMOHHbBIX MaTepuranoBs 1 Cop-
6eHTOB.

PaboTa BbINOfHEHa KONNEKTUBOM POCCUACKMX
yuyeHblX 13 MIHCTUTYTa pU3nonornyeckn akTuBHbIX
BewectB PAH, NHcTTyTa 06Wen n HeopraHuye-
ckon xummnm mm. H.C. KypHakosa PAH, NHcTuTyTa
MeTannyprum n matepuanosegeHunsa nm. A.A. ban-
koBa PAH, [MeTepbyprckoro UHCTUTYTa AagepHon ¢u-
3uKKn 1 O6beANHEHHOTO NHCTUTYTA AAEPHbIX UCCTe-
JOBaHUNM Npu noaaepxKe rpaHta PHO N° 19-73-
20125.



Magnetic textiles for biocatalysis

In FLNP, small-angle neutron scattering is used
to study the structure of magnetic cotton fabrics
obtained by a new environmentally friendly tech-
nique.

In recent years, great interest has been shown
in magnetic nanoparticles due to their potential ap-
plications in biotechnology and medicine. In partic-
ular, by incorporating such nanoparticles into
different substances, including the use of external
magnetic fields, materials with desired properties
are obtained. The recently discovered biocatalytic
activity of iron oxide nanoparticles has led to a new
round of research into their possible applications as

artificial enzymes or nanozymes. Such nanoparti-
cles mimic the behavior of enzymes (special pro-
teins that speed up biochemical reactions by
several orders of magnitude) and can replace them
in various applications. Due to the so-called perox-
idase activity, iron oxide nanoparticles can be used,
for example, in the creation of cheap chemical
biosensors forimmunoanalysis, which requires their
incorporation into various artificial and cotton fab-
rics. For this purpose, deposition is used on prod-
ucts made of various textiles that are in contact with
liquid suspensions of magnetic nanoparticles (fer-
rofluids), controlling the process using an external

Fig. 1. Structural characterization of cotton textiles embedded with iron oxide nanoparticles: SEM/SANS data and struc-
tural models of magnetic textiles synthesized by various methods.
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Puc. 1. CrpykTypHasa xapakTepusaLua Xnonyato6yMakHOro TeKCTUNA C BHEAPEHHbIMU B HErO HaHOYaCTULIAMU OKCUAOB
xene3sa: gaHHble SEM/SANS n cTpyKTYpHble MOAENN MarHUTHOTO TEKCTUNA, CUHTE3POBAHHOIO Pa3HbIMM CMOCO-

6amu.

MarHmMTHbIN TEKCTUIb a4 6buokaTasimsa

B JIHO ¢ nomowiblo ManoyrinoBoro HeMTPOH-
HOrO PacCesHUA U3yYaloT CTPYKTYPY MarHUTHbIX
XN10MNYaTo6yMaXkKHbIX TKaHel, NonyYeHHbIX HOBbIM
3KOMOrMYHbIM CMOCO6OM.

B nocnegHue rogbl 60nblIOKA MHTEPEC MpPO-
ABNAETCS K MarHUTHbIM HAHOYACTMLLAM B CBSI3U C UX
NOTEHLMANbHBIMY NPUMEHEHUAMY B BMOTEXHONO-
TMAX Y MEANLMHE. B uacTHOCTY, BHepAA Takne Ha-
HOYACTMLbI B Pa3/iMyHble BELLECTBA, B TOM YKCse C
MCNONb30BAaHNEM BHELIHMX MarHUTHbIX Nosewn, no-
NyJyatoT maTepmasbl C HYXXHbIMU cBocTBamu. He-
[ABHO OOHapyKeHHas OGuoKaTanuMyeckas aKTUB-
HOCTb HAHOYACTHL, OKCMAOB XeJle3a NprBena K Ho-
BOMY BUTKY WX MCCNeAOBaHMA N5l BO3MOXHOIO
NPUMEHeHVs B KaueCTBe NCKYCCTBEHHbIX pepMmeH-
TOB AN HAaHO3MMOB. Tak1e HaHOYaCTULbI UMUTK-

pytoT noBeaeHne GpepmeHTOB (cneymanbHbix 6en-
KOB, YCKOPSAIOLLMX MPOTEKaHME BUOXMMNYECKINX pe-
aKLMiA Ha HECKOMbKO MOPALKOB) M MOTYT 3aMEHUTD
NX B Pa3NIMUYHbIX NPUNOXeHNsAX. bnarogaps Tak Ha-
3bIBAEMOW MEepPOKCMAA3HON aKTUBHOCTU HaHOYa-
CTMLbl OKCMAA Kefle3a MOXKHO MCMoNb30BaThb, K
npuMepy, NPy CO3AaHUN AELLEBBIX XMMUYECKNX
6V10CEHCOPOB ANt UMMYHOAHaNMN3a, uTo TPpebyeT KX
BHeAPEHVA B Pa3fiMuHble UCKYCCTBEHHbIE U XOMN-
yaToOyMakHble TKaHW. [1Na 3ToW uenm ncnonb3y-
eTCA OCaKAEHNE Ha U3Aenna 13 PasfInyHoOro Tek-
CTUNA, HAXOAALMXCA B KOHTAKTE C XKUAKNUMMN CYC-
NeH3NAMM MAarHUTHbIX HaHoOYaCTUL (beppoxKmaKo-
CTAMM), yNPaBsAs NpoLeccoM C MOMOLLbIO BHELLHEe-
ro MarHUTHOTO MOMA U PErynmpyst HEOOXOANMYIO
KOHLEHTpauuto 1 MopdOoNiormio 0CaxxkgeHHOro ma-

[1] Safarik I., et al. ACS Appl Mater Interfaces 13 (2021). DOI: 10.1021/acsami.1c02154
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magnetic field and adjusting the required concen-
tration and morphology of the deposited material.
The production of magnetic nanocomposites im-
plies their careful study, since any structural
changes in nanoparticles affect the properties of
new materials. As a result, the selection and opti-
mization of the procedure for the synthesis of the
most effective materials is carried out, taking into
account the environmental friendliness of the syn-
thesis.

A team of researchers from the Biology Center
in Ceske Budejovice (Czech Republic) and FLNP per-
formed a complex analysis of a new type of mag-
netic textiles, which included small-angle neutron
scattering experiments with the YuMO spectrome-
ter of the IBR-2 reactor (Fig. 1). Special capabilities

of neutrons for contrasting various components of
complex multicomponent materials were used. The
obtained structural data explained the observed
magnetic properties of textiles, as well as changes
in their catalytic (peroxidase) activity, depending on
the method of deposition of magnetic nanoparti-
cles. Peroxidase activity was determined by using
textiles for decolorization of a standard solution of
crystal violet with the substrate (N-sulfate salt) in
the presence of hydrogen peroxide (Fig. 2).

The ease of incorporating iron oxide nanopar-
ticles into textiles and the low cost of the materials
used open up wide opportunities for their applica-
tion, for example, as magnetic filters, as well as for
decolorization and decomposition of organic dyes
and pollutants.

Fig. 2. Cotton textile modified with magnetic iron oxide nanoparticles. Demonstration of the peroxidase-like activity of
magnetic textiles in the presence of hidrogen peroxide using N,N-diethyl-p-phenylenediamine as a substrate.
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Puc. 2. XnonyatobyMakHbl TEKCTUIb, MOAUOULIMPOBAHHBIN HAHOYACTHLLAMM MarHUTHbIX OKCMZIOB Xefe3a pasnny-
HbIMU cnocobamut. [leMoHCTpaLms NepoKcraa3onofo6HO akTUBHOCTU MarHUTHOMO TEKCTUMA B NPUCYTCTBAN
nepeKncy BOROPOLa C UCNofb3oBaHMeM B KauecTBe cybcTpaTta N,N-gnatun-n-peHnneHgnammHa.

Tepuana. [MMpon3BoaCcTBO MarHUTHbIX HAHOKOMMO3K-
TOB NoApa3ymeBaeT UX TLaTeNbHOe UccejoBaHue,
TaK KakK Jltobble CTPYKTYPHbIE N3MEHEHMA HaHOYa-
CTUL, BAMAIOT Ha CBONCTBA HOBbIX MaTepurano.. Kak
pe3ynbTaT, ocyLecTBNAeTCA BbIOOp 1 ONTUMM3aLuA
npoueaypbl cMHTe3a Hanbonee 3GGeKTUBHbBIX Ma-
Tepuanos, B TOM Ync/e C y4eTOM SKONOTMYHOCTM
CUHTe3a.

lpynna nccnepgosatenen ns buonornyeckoro
ueHTpa B Yecke-bypeésuue n JIHO nposoguna Kom-
NAEKCHbIN aHaNM3 HOBOIO TUMA MarHUTHOIO TeKC-
TUNA, B TOM YNCJIE SKCMEPUMEHTbI MO ManoyriioBo-
My pacceAHno HENTPOHOB Ha cnekTpomeTpe OMO
peaktopa VIBP-2 (Puc. 1). Ucnonb3oBanucb cneyu-
aNbHble BO3MOXKHOCTM HENTPOHOB MO KOHTPaCTu-
POBaHUIO PA3INYHbBIX KOMMOHEHT CJIOMHbIX MHOTO-
KOMIMOHEHTHbIX MaTepuranoB.. [onyyeHHble CTPYK-

TYpPHbIe AaHHble 0OBACHUAN HabloAaeMble MarHUT-
Hble CBOICTBA TKaHeMW, a TakKe U3MeHeHUs VX KaTa-
NINTUYECKON (NepoKCcnAa3HoON) akTMBHOCTU B 3aBW-
CUMOCTM OT cnocoba ocakaeHNA MarHUTHbIX HaHO-
yactuy. NepoKcmaasHyo akTUBHOCTb onpeaensanm
no obecuBeunBaHNIO TKAHAMN CTaHJAPTHOIO pac-
TBOpa Kpuctannnyeckoro ¢p1noneToBoro ¢ cyocrpa-
ToM (N-cynbdaTHaa conb) B NPUCYTCTBMY NEPEKNCHA
Bogopoaa (Puc. 2).

lNpocToTa BHeApeHUA HaHOYacTuL, OKCUAOB
»eres3a B TKaHb 1 HEBbICOKAaA CTOMMOCTb NCMOb-
3yeMbIX MaTepunasioB OTKPbIBAIOT LIVPOKME BO3MOX-
HOCTU AN1A NX NMPUMEHEHMSA, HanpuMep, B KayecTse
MarHuUTHbIX GUIBTPOB, a Takxe AnA obecLBeunBa-
HMA 1 Pa3NOXKEHNA OPraHNYeCKUX KpacuTenen u 3a-
rpAsHUTENEN.



Functional transition

for homogeneous electronic technologies

For the first time, a rectifying contact in the
form of chemically homogeneous hydrated nano-
particles of the YSZ-system (ZrO,-x%molY,0;, where
x =0, 3, 4, 8) has been practically implemented and
investigated (Fig. 1.) [1]. It is based on the dimen-
sional effects of the zone structure distortion by the
surface of low-dimensional objects. Compacts (pre-
pared at high hydrostatic pressure of 300 MPa) of
monodisperse nanopowders with nanoparticle
sizes of 7.5 nm, 9 nm and 14 nm were used in com-
binations of 7.5 nm -9 nm, 7.5 nm - 14 nm as con-
tacting objects. The hydrate shell of nanoparticles
was used to ensure the electrical continuity of the
medium in the space between the particles.

Fig. 1

Volt-ampere characteristics of the contact
of nanoparticles with identical (7.5 nm,
curve 1) and different (7.5 nm and 9 nm,
curve 2) nanoparticle diameters.

Puc. 1

BonbT-amnepHble XapaKTepUCTUKY KOHTaKTa
HaHOYaCTUL, C OAMHAKOBbIMU (7,5 HM,
KpwrBas 1) n pasHbiMu (7,5 HM 1 9 HM,
KpKrBas 2) guameTpamy HaHOYaCTuL,.

PYHKLMOHasIbHbIN Nepexon,

A general pattern has been established for the
studied YSZ-systems, consisting in the extreme na-
ture of changes in the limit electrical parameters of
contacts depending on the dispersion of particle
sizes and the concentration of impurities in the ma-
terial of contacting nanoparticles. It was shown that
an increase in the dispersion of particle sizes over
more than 1.5 nm leads to a proportional increase
in the value of the limiting reverse voltage (V,ey),
and a decrease in the value of the limiting forward
current (lgo;). The achieved values of the limit param-
eters are 2.99 V for V,., (at I, = 0.83 mA) and
0.276 mA (at Ve, = 2.62 V).
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ANA TEXHOIONMUA FOMOIreHHOW 3/1EKTPOHUKU

Bnepsble NpakTUYeCcKkn peann3oBaH U nccne-
[OBaH BbINPAMAAIOLWMNA KOHTAKT B BUAE XMMUYECKU
OLHOPOAHbIX M’MAPATUPOBaHHbIX HAaHoYacTUL, YSZ-
cnctembl (ZrO,-x%molY,0;, rae x=0, 3, 4, 8), B ocHO-
BE KOTOPOro nexaT pa3mepHble 3GdeKTbl CKarke-
HUA CTPYKTYPbl SHEPreTUYecKmx 30H TBepablX Tes
nosepxHocTbto (puc. 1) [1]. B KayecTBe KOHTAKTU-
pytoLMX 06bEKTOB ObIIN MCMOIb30BaHbI KOMMAKTI
(BbICOKOE rmapocTaTnyeckoe aasnenue, 300 Mrla)
13 MOHOAMCMEPCHbIX HAHOMOPOLLKOB C pa3mepamu
HaHo4yacTuy 7,5 HM, 9 HM 1 14 HM B CcouyeTaHumn
7,5HM = 9 HMm, 7,5 HM — 14 HM. TngpaTHas obonouka
HaHoYacTuL, KUCnofib3oBanacb AnA obecnevyeHus
SNEeKTPUYECKON HEMPEPbLIBHOCTU Cpeabl B MPOCT-
paHCTBe MeXay YacTuLamu.

IOna nccnepyemblx YSZ-cucTtem yCcTaHOB/EHA
o6Lan 3aKOHOMEepPHOCTb, 3aK/oYalLWaaca B 3KC-
TpemMasnbHOM XapaKTepe M3MeHeHUA npefenbHbIX
3NEeKTPUYECKNX CBONCTB KOHTAKTOB B 3aBUCMMOCTH
OT AUCNepCcUn pPa3MepoB YacTUL U KOHLEeHTpauum
nprumMecn B MaTepurasne KOHTaKTUPYIOLWMX HaHOYa-
ctuu. NMoKasaHo, UTo yBennyeHne gucnepcmmn pas-
MepoB YacTuL cabiwe 1,5 HM NpMBOANT K MPOMNop-
LiIMOHaNIbHOMY YBEIMYEHUIO 3HaUeHNA npeesibHO-
ro obpatHoro HanpsxeHus (Vyey), HO YMEHbLUEHWNIO
3HauveHunA npegenbHoro Toka (lgy,). JocTurHyTble
3HayeHMA npegesibHbIX NapameTpoB COCTaBAAIOT
2.99 B pna Ve, (Npu lgo, = 0,83 MA) 1 0,276 MA (npwu
V(ev=2,62 B).

[1] Doroshkevich A., et al., Nanomaterials 2022, 12, 4493. DOI: 10.3390/nano12244493
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Within the framework of the Tamm theory of
surface states and the generalized Seitz-Madelung
model, the electronic structure of the near-surface
states of nanoscale ion crystals was modeled with
regard to ionic crystals, taking into account the
Coulomb range and dispersion of electronic prop-
erties depending on the curvature of their surface
(Fig. 2) [2]. The earlier predicted possibility of realiz-
ing the band gap variance of the electronic struc-
ture in chemically homogeneous ionic crystals was
shown. The possibility of using the obtained struc-
ture to convert the moisture adsorption energy into
an electrical form was also demonstrated.

The use of new physical principles to obtain a
rectifying contact on the specified model object

Fig. 2

Schematic interpretation of the rectifying
contact effect, where m and e are the mass
and charge of the electron, € is the dielec-
tric constant [2].

Puc. 2

CxemaTunyeckasa UHTepnpeTtaums apdekTa
BbINPAMIAIOLLEro KOHTaKTa, rae m n

e — Macca ¥ 3apAg dNeKTpoHa, § —
AVaneKTpuyeckan npoHnLaemocTb [2].

B pamkax Teopuv NOBEPXHOCTHbIX COCTOAHUN
Tamma 1 0606wWweHHON mogenu 3enTua-MagenyHra
NPUMEHNTENBHO K MOHHbIM KpuUCTaniam npose-
[LEeHO mMofennpoBaHMe 3NeKTPOHHOW CTPYKTYpbl
NPUNOBEPXHOCTHbIX COCTOAHUIN HaHOPa3MepHbIX
WNOHHbIX KPUCTaINIOB C Y4ETOM KYJIOHOBCKOIO Aiasb-
HOLENCTBMA U AUCNEePCUN SNEKTPOHHbIX CBONCTB B
3aBNCMOCTU OT KPUBU3HbI X MOBEPXHOCTHU (pucC.
2) [2]. NMoka3aHa BO3MO>KHOCTb peanu3auunmn Bapu-
30HHOCTW 3NIEKTPOHHOW CTPYKTYPbl B XUMUYECKN
OAHOPOAHbIX IOHHbIX KpMCTannax, npefckasaHHas
paHee. [Toka3zaHa BO3MOXHOCTb NPYMEHeHNA Nony-
UeHHOW CTPYKTYpPbl AnA Npeobpa3oBaHunsA SHeprm
apgcopbumm Bnarv B aneKTpuYecknii BUA.

Mcnonb3oBaHve HOBbIX GU3NYECKUX MPUHLIN-
MoB ANA NOJlyYeHMA BbINPAMIAOLLEro KOHTaKTa Ha

opens up prospects for solving the problem of dif-
fusion instability of chemically inhomogeneous het-
erostructures, which significantly limits the
applicability of classical semiconductor devices
under conditions of high temperatures and ionizing
radiation. The prospects for creating homogeneous
electronic devices that are capable of operating
under harsh physical conditions and possess optical
transparency, mechanical strength, biocompatibil-
ity (in the case of using YSZ systems), as well as the
ability to scale into a submicroscopic size range,
were shown. Homogeneous electronic devices are
of significant interest for critical technologies.

Vi=—1/2(Es—E»)#0

1 252712
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yKa3aHHOM MofeNlbHOM 06beKTe OTKpbIBaeT nep-
CNEeKTMBbI pelleHna npobnembl Anddy3MoHHON He-
YCTONYMBOCTU XMMUYECKN HEOAHOPOAHbBIX reTepo-
CTPYKTYp, CyLLeCTBEHHO OrpaHnyMBaloLLel NpUme-
HUMOCTb KNacCMYecKrx NonyrnpoBOAHNKOBBIX NPpU-
60poB B YCNOBMAX MOBLIWEHHbIX TeMMepaTyp U
NOHM3MPYIOLWNX M3NyYeHniA. MoKa3aHbl nepcnek-
TUBbI CO34aHNA NPUOOPOB rOMOreHHOW 3NEeKTPO-
HVKW, NPeACTaBAAIOLWMX UHTEPEC AN KPUTNYECKMX
TEXHOMNOI WA, KoTopble CNocobHbl paboTaTb B KecT-
Knx GM3nYecKnx ycnoBuax, a Takxke obnagatoT on-
TUYECKOW NPO3PaYHOCTbIO, MEXaHMYEeCKON Npou-
HOCTbI0, GIOCOBMECTUMOCTbIO (B CJTyYae UCMOSb30-
BaHWA YSZ-cuctem), BO3MOXKHOCTbIO MacluTabupo-
BaHMA B CYOMUKPOCKOMMYECKNIA pa3MepHbIi Ana-
Ma3oH.

[2] B.R. Kutlimurotov, et al., Uzbek Journal of Physics, Vol. 24, No. 4, pp. 254-262, 2022. DOI: 10.52304/.v24i4.378
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Liquid dispersions as a way
to store and modify nanodiamonds

Neutron scattering is used in the development
of stable liquid dispersions of nanodiamonds for
various nanotechnologies.

Detonation nanodiamonds (DNDs) are dia-
mond crystallites with a characteristic size of less
than 10 nm. They are produced in special reactors
by detonating organic explosives with a carbon-
oxygen imbalance towards carbon. Today, of partic-
ular interest is the combination of a high specific
surface area of DNDs with their biocompatibility, an
important factor in the creation of nanocomposite
materials for medical applications, which use spe-

cial spectral properties of these nanoparticles and
their chemical derivatives. One of the main areas of
physicochemical studies of DNDs is the synthesis of
their liquid dispersions in various solvents as a basis
for storage and subsequent chemical modifications
of nanoparticles. The presence of stable liquid dis-
persions of DNDs in a wide range of concentrations
(up to 10 wt %) makes it possible to use extremely
effectively the method of small-angle neutron scat-
tering (SANS) in structural studies using a contrast
variation based on hydrogen-deuterium isotopic
substitution in solvents. At FLNP, corresponding ex-

Fig. 1. SANS from liquid dispersions of detonation nanodiamonds reveals fractal clusters of nanoparticles and
adsorption of clusters on sheets of graphene oxide in mixed solutions.
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Puc. 1. MYPH Ha xngKkux gncnepcrsax 4eTOHaUMOHHbIX HAHOAIMa30B O6HapYXMBaeT dpaKTasibHble KnacTepbl HAHOUa-
CTVL 1 aacopbLmio KNacTepoB Ha IMCTax oKcmaa rpadeHa B CMeLlaHHbIX pacTBOpax.

Xunpgkue gucnepcmm Kak cnocob
XpaHeHna n moandukaumm HaHoasiIMa3oB

PacceAHne HeMTPOHOB MCMONb3YyeTCA B pa3pa-
60TKe CTaBUNbHbIX XUAKUX ANCNEPCMIA HaHOANIMa-
30B 1A Pa3fINYyHbIX HAHOTEXHOIOTUA.

[eToHaunoHHble HaHoanMasbl (OHA) npea-
CTaBAT COO0M KPUCTANNTbI a/IMa3a C XapaKkTep-
HbIM pa3mepom meHee 10 HM. OHM NPON3BOJATCA B
crneumanbHbIX peakTopax NocpeacTBOM NoApbiBa
OpraHM4YecKknx B3pbiBYaTbIX BelecTB C yrnepop-
KMCNOpOoAHbIM AncbanaHCOM B CTOPOHY yrinepoaa.
CerofHAa 0cobblll NHTepeC NpeacTaBAsAeT coyeTa-
Hue BbICOKOW yaenbHon nosepxHocTn [HA ¢ mnx
61MOCOBMECTMMOCTbIO — BaXKHbIN GpaKTOp Mpu Co3-

JaHUV HAHOKOMMO3ULMOHHbIX MaTepranoB s Me-
ANUNHCKMX MPUNOXKEHWI, NCMOJb3YIOLWNX 0Cobble
CrneKTpanbHble CBOMCTBA AaHHbIX HAHOYACTML, U NX
XUMUYECKUX NPoun3BOoAHbIX. OAHUM 13 rMaBHbIX Ha-
npaBneHUn PU3NKO-XUMUYECKUX WUCCIef0BaHNI
OHA aBnaeTca CMHTE3 NX XKUAKUX QUCMEPCUIA B pas-
JINYHBIX PACTBOPUTENAX KaK OCHOBbI A1 XPaHeHA
1 NOCeayoLMX XMMNYECKX MoandrKaL i HaHO-
yacTuu. Hannume ycTtonumBbIX »KUAKMX AUCNEPCUin
JHA B Wwmpokom granasoHe KoHueHTpaumi (o 10
Bec. %) No3BoNseT KpaHe 3GHEKTUBHO NPUMEHSATb
B CTPYKTYPHbIX UCCIe[OBaHMAX METOA Masioyrio-

[11Vul A.Ya,, et al. Carbon 114 (2017). DOI: 10.1016/j.carbon.2016.12.007
[2] Tomchuk O.V,, et al. J. Phys. Chem. C 123 (2019). DOI: 10.1021/acs.jpcc.9b03175
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periments are actively carried out using the YuMO
facility of the IBR-2 reactor. Diamond has a signifi-
cantly higher scattering length density for neutrons
than for X-rays, which, in comparison with the latter,
makes neutron experiments more informative. The
main emphasis of today's research is on studying
the formation of clusters (a characteristic level up
to 100 nm and higher) during the synthesis and dis-
persion of DND particles into liquid carriers, as well
as the cluster-cluster interaction and interaction
with other additional components in liquid disper-
sions. Thus, on the basis of measurements of the
scattering structure-factor, model potentials for the

cluster-cluster interaction in solution are proposed.
In cooperation with the loffe Institute (St. Peters-
burg) the adsorption of DND clusters on graphene
sheets in mixed aqueous solutions of nanodia-
monds and graphene oxide (sheet diameter > 1 um)
was revealed. The structural aspects of the transi-
tion of nanodiamond dispersions into gels in con-
centrated solutions were studied in detail as well.

All structural information obtained in the
course of neutron experiments is actively used in
the development of methods for controlled cluster
formation in liquid dispersions of nanodiamonds
during their long-term storage.

Fig. 2. Interaction of clusters in aqueous dispersions of detonation nanodiamonds: scattering structure-factor
for clusters; network of clusters in concentrated solutions; growth of viscosity upon sol-gel transition.
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Puc. 2. B3anmopelicTBre KNnacTepoB B BOAHbIX ANCMEPCUAX AETOHALMOHHbIX HAHOANMa30B: CTPYKTYPHbIN hakTop
pacceaHVA ANA KNacTepoB; CETb KNACTepPOB B KOHLIEHTPVPOBAHHbIX PacTBOPaXx; POCT BA3KOCTY NpW 30/b-refb

nepexoge.

BOro pacceaHuna HenTpoHoB (MYPH) c ncnonb3osa-
HUeM BapuaLMy KOHTPacTa Ha OCHOBE N30TOMHOIO
3aMeLLeHNA BOLOPOL-AeNTepuil B pacTBOPUTENAX.
B JIH® cooTBeTCTBYIOLME SKCMEPUMEHTbBI aKTUBHO
npoBoaATca Ha ycTtaHoBKe OMO peaktopa NBP-2.
Anmas obnapaet cyulecTBeHHO 6osbluei nnoT-
HOCTbIO AJINHbI PaCcCeAHNA B OTHOLUEHUN HENTPO-
HOB, YEM PEHTFEHOBCKUX JTyYeil, YTo, B CPAaBHEHUN
C nocnegHumu, obycnasnusaet 66nbluyio nHGOP-
MaTUBHOCTb HENTPOHHbIX SKCnepnumeHToB. OCHOB-
HOW aKLIEHT CEerogHALLIHNX NCCNeoBaHnI aenaeTca
Ha u3yuyeHrie ob6pa3oBaHMA KNacTepoB (xapakTep-
Hblli ypoBeHb A0 100 HM 1 Bbilwe) NpY CUHTE3€e U
ancneprupoBaHum Yactuy JHA B XXugkue Hocu-
Tenu, a TakXe X B3auMOZENCTBNA APYT C APYrOM 1
ApyrMy 4O6aBOYHBIMU KOMIOHEHTAMU B »KUAKNX

ancnepcunsax. Tak, Ha OCHOBaHUU U3MEPEeHUI CTPYK-
TYpHOro ¢akrtopa paccesHUA NpensioxXeHbl Mo-
JenbHble NoTeHUManbl B3aMMOLENCTBMA KNacTepoB
B pacTBope. B cotpyaHuyectse ¢ usnko-texHnye-
ckuM MHCTUTyToM UM. A.O.Nodde (CaHkT-MNeTep-
O6ypr) BbiABfeHa agcopbums KnactepoB Ha
rpacdeHoBble NUCTbI B CMELLAHHbIX BOAHbIX PAcTBO-
pax HaHoasMa3oB M oKkcupa rpadeHa (guametp
nncta > 1 MKM), a TakXKe NoApobHO nccnefoBaHbl
CTPYKTYpPHble acnekTbl nepexofa HaHOANMa3HbIX
AVCNEePCUI B renu Npu NX KOHLEHTPUPOBaHU.
Bca ctpykTypHasa nHdopmaLms, nonyyeHHan B
XO[e HENTPOHHbIX 3KCMEPVMEHTOB, aKTUBHO WC-
nonb3yeTca B pa3paboTke cnocoboB KOHTponupye-
MOFO KNacTepoobpa3oBaHnA B KUAKNX ANCIEPCUAX
HaHOAasIMa30B NPU UX ASINTENIBHOM XPaHEHUN.

[31 Tomchuk O.V., et al. Diamond Rel. Mater. 103 (2020). DOI: 10.1016/j.diamond.2019.107670
[4] Tomchuk O.V., et al. J. Mol. Lig. 354 (2022). DOI: 10.1016/j.molliq.2022.118816
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Nanodiamonds open up new prospects

in slow neutron optics

Nanodiamonds have been studied for more
than 60 years as a promising material for a wide
range of applications: fine abrasives, modifiers of
polymers and other materials, agents for targeted
drug delivery, etc. Detonation nanodiamond (DND)
powders have also proved to be extremely useful
for increasing the fluxes of cold and very cold neu-
trons (CN and VCN) on the beamlines of neutron
sources. Most research facilities use thermal neu-
trons or CN, while scientists are interested in using
the entire spectrum of CN and VCN with wave-
lengths in the range of 0.5-20 nm. Until recently,

there were no effective VCN reflectors, which is why
the number of neutrons in the beam is small. At
FLNP, scientists are developing unique CN and VCN
reflectors based on nanodiamonds that have no
analogues in the world [1]. These studies allow us
to look at nanodiamonds from a new perspective.
The principle of CN and VCN reflectors is based
on the multiple scattering of neutrons inside a
medium consisting of individual particles. The most
efficient neutron reflection is achieved when the
particle sizes are comparable to the neutron wave-
length. We found that detonation nanodiamonds

Fig. 1. SEM and TEM images of DND agglomeration at different scale levels, and the distribution of DND diameters.
The black solid line corresponds to the lognormal distribution.
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Puc. 1. W3o6paxeHua arnomepauuv JHA Ha pa3nnyHbIX ypoBHAX MacLiTaba, MonyyeHHble C MOMOLLbIO CKaHMpYioLLel
1 NpoCBeUmnBatoLLel SNeKTPOHHOM MrKpockonuun. CooTBeTCTBYyOLWee pacnpegeneHve gnameTtpos HA. YepHana
CNoWHasA NMMHUA COOTBETCTBYET JIOTHOPMabHOMY pacrpefeneHuto.

HaHoa/iMa3bl OTKPbIBAOT NepCneKTUBbI
B ONTUKe MeaJieHHbIX HepITpOHOB

HaHoanmasbl uccnenytotca 6onee 60 net Kak
nepcneKkTUBHbIN MaTepuarn 4nsa WNPOKOro CrekTpa
NPUMEHEeHNN: TOHKKe abpa3unebl, MoaNbUKaTOPDI
NoNMMEepPOB N APYrMX MaTepuanos, areHTbl 4N aj-
pecHon [ocTaBku nekapcts 1 ap. OKasbiBaeTcs, UTo
NMOPOLLKK AEeTOHALUWOHHbIX HaHoanmaszoB (OHA)
MOTYT 6bITb TaK>Ke Ype3BbIYalHO NOJE3HbI A1 yBe-
NTNYEHMA NOTOKOB XONOAHbIX U OYEHb XOJOAHbIX
HeliTpoHoB (XH n OXH) Ha BbiBeAeHHbIX MyyKax
HENTPOHHbIX UCTOYHMKOB. bONbLWNHCTBO nccneno-
BaTeNIbCKMX YCTAaHOBOK MCMOMb3YIOT TEMN0Bble Hel-
TPOHbI 1 XH, Korga yyeHble 3anHTepecoBaHbl B TOM,
yTo6bI NCNONb30BaTb Becb cnekTp XH n OXH ¢ gnu-
Hamn BOAH 0,5-20 HM. [lo HegaBHMX MOP He cylue-
cTBOBasno 3¢ PpeKTUBHbIX oTpaxkaTenen OXH n3-3a

yero KONmMyecTBO HENTPOHOB B NMyUkax maso. Yue-
Hble JIHO pa3pabaTbiBaloT YHUKaNbHbIE OTParka-
Tenu XH n OXH, Ha 0CHOBe HaHOa/IMa30B, He NME}o-
Wme aHanoros B Mupe [1]. 9Tn nccnegoBaHua nos-
BOJIAIOT MOCMOTPETb Ha HaHOasIMa3bl C HOBOW CTO-
[POHbI.

Pa6ota oTpaxatena XH n OXH ocHoBaHa Ha
MHOFOKPaTHOM pPacCeAHNN HENTPOHOB BHYTPU
cpenbl, cocTosAWEN U3 oTaAeNbHbIX YacTul. Hanbo-
nee 3ppeKTNBHOE OTPaXKeHEe HENTPOHOB AOCTUIa-
eTcs, Korga pa3smMepbl 4YacTuL, COMOCTaBUMbI C
LANVNHOW BOJHbI HENTPOHOB. Mbl 06HapPYXKK, UTO
pekopaHbiM Ko3pduumeHToM oTpaxeHua OXH
obnagaloT HaHoaNMa3bl AeTOHALUMOHHOIO CKMHTE3a
(OHA). Anmas nmeeT MaKCMManbHy O0ObeMHYI0

[1] Aleksenskii A. et al. Nanomaterials. 11 (2021). DOI: 10.3390/nano11113067
[2] Bosak A. et al. Materials. 16 (2023). DOI: 10.3390/ma16020703
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have a record VCN reflection coefficient. Diamond
has the highest bulk density compared to other
forms of carbon. At the same time, the absorption
of neutrons by carbon atoms is low, and the scatter-
ing intensity is high. The average DND size is ~5 nm
(Fig. 1). It is optimal for diffuse reflection of VCN at
any angles of incidence on the reflector (Fig. 2) and
close to the optimum for CN reflection at small graz-
ing angles of incidence.

DNDs are almost ideal for the reflector mate-
rial, but there are a number of problems, the solu-
tion of which will improve the properties of the
reflector. Real DND powders contain nanoparticles
and clusters of different sizes (Fig. 1), which affects
their reflection properties, as was shown in small-
angle neutron scattering studies [2]. In addition,

DND powders contain a large amount of impurities.
Unlike carbon, these impurities capture neutrons
more readily and are activated in intense radiation
fields, which has a negative impact on the proper-
ties of the reflector. Using neutron activation analy-
sis (NAA) methods, we conducted an elemental
analysis of DND powders and studied the effective-
ness of powder purification technologies [3].

DND powders with optimized properties have
recently been used as a reflector material in the con-
struction of the prototype of the VCN source [4]. We
have demonstrated that due to the reflector, the in-
tensity of VCN delivered from the source to the in-
strument can be increased by a factor of ~10 (Fig.
2). This is equivalent to a multiple increase in the
power of a research nuclear reactor.

Fig. 2. Left: optimal DND diameters and the corresponding probability of VCN reflection (albedo) from a semi-infinite
monodisperse DND layer as a function of VCN wavelength. Right: radial dependence of the specific probability of
VCN detection with (left axis and dots) and without (right axis and solid line) a DND reflector.
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CneBa: onTMasnbHble ArameTpbl JHA 1 cooTBeTCTBYIOLIas BepoATHOCTb oTpaxeHus OXH (anbbeno) ot nonybec-

KOHEYHOro moHoaucnepcHoro cnoA JHA B 3aBUCMMOCTM OT CKOpocCTh/annHbl BonHbl OXH. CnpaBa: pagnanbHas
3aBMCUMOCTb YAENIbHOWN BEPOATHOCTM 06Hapy»keHus OXH c (neBasi ocb 1 TOuKm) 1 6e3 (NpaBas OCb 1 CM/IOLWHas

NnHWA) oTpaxaTena n3 [JHA.

MAOTHOCTb MO CPaBHEHMIO C ApyruMu Gopmamu yr-
nepoga. Npun 3ToM NOrnoweHne HeMTPOHOB aTo-
MaMu yrnepoga masno, a MHTEHCUBHOCTb paccesaHns
Bblcokas. CpepgHue pasmepbl JHA ~5 Hm (puc. 1),
yTO ONTMManbHO AnA anddysHoro otpaxeHna OXH
npwu No6bIX yrnax nafeHns Ha oTpaxatenb (puc. 2)
n 6nM3KO K onTUMyMmy ana otpakeHua XH npw
MarnbIX CKONb3ALMX Yriax.

OHA noutn ngeanbHO NOAXO[AT HA POSb Ma-
Tepuvana oTpa)aTens, HO eCTb pAf npobnem, pelue-
HUe KOTOPbIX MO3BOJUT €ro ynyuylmnTb. PeanbHbie
nopowwkn JHA cogepaTt HaHOYaCTULbl U KnacTepbl
pa3HbIX pa3mepos (purc.1), uTo BAMAET Ha UX OTpa-
aTenbHY CNOCOBHOCTb, Kak OblNo NoKasaHo Uc-
cnefoBaHMAMU ManoyrnoBoro pacceaHusa [2]. Kpo-
Me 3Toro, B nopouwkax JHA cogepxutca bonblioe
KONNYecTBO Npumecen. B otnnumve ot yrnepoga, 3tm

NprMecKn akTMBHee 3aXBaTbIBaOT HENTPOHbDI U aK-
TUBMPYIOTCA B MHTEHCUBHbIX PaAraLYMOHHbIX MONSAX,
YTO HeraTMBHO BNUAET Ha CBOMCTBa oTpaxaTtena. C
NMOMOLLbIO METOAOB HEMTPOHHOIO aKTNBALMIOHHOIO
aHanm3a (HAA) Mbl NpoBenyn 31eMeHTHbIV aHanm3
nopowkos JHA v n3yunnm spdeKTBHOCTb TEXHO-
NIOTUIM OYNCTKN MNOPOLLKOB [3].

Mopowkn JHA ¢ onTMMNU3MPOBaHHBIMU CBOW-
CcTBaMy 6bININ HeJaBHO MCMNOMb30BaHbl Kak MaTe-
pvian oTpaxarensa B KOHCTPYKLUMY NPOTOTHMNA UCTOY-
Huka OXH [4]. Mbl npoaeMOoHCTPUPOBanu, 4to 6a-
rogaps oTpa)aTtento MHTeHcMBHOCTb OXH, gocTtas-
nAeMbIX OT UCTOYHMKA K YCTaHOBKE, MOXET YBenu-
unTbcA B ~10 pa3 (puc. 2), UTO SKBUBASIEHTHO MHO-
rOKpaTHOMY YBENMYEHUIO MOLHOCTM UCCnefoBa-
TENbCKOro AAEepPHOro peakTopa.

[3] Hramco C. et al. Nucl. Eng. Technol. 54 (2022). DOI: 10.1016/j.net.2022.02.022
[4] Chernyavsky S.M. et al. Rev. Sci. Instrum. 93 (2022). DOI: 10.1063/5.0124833
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