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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
complex

Ha npoTtakeHnn BCero cBOEro CyLecTBOBaHUA
yesloBeYeCTBO CHOBA M CHOBA CTaNKMBaeTCA C Of-
HUMKW 1 Temn e npobnemamu, 6yab TO B peBHO-
CTW, B CpeJHEBEKOBbE NN B Halle BpeMsA. BbixKimBa-
Hue Bcerga Tpebosano obecneyeHnsa NPOAOBOSIb-
CTBMEM 1 [OCTYMHOWN SHepruen, a TakxKe pelueHuns
npobnem, CBA3aHHbIX CO 30POBbeM YenioBeka. Ha-
YUYHO-TEXHNYECKNI NPOrpecc HepaspbiBHO CBA3aH
C pa3paboTKON 1 ycoBepLUEHCTBOBaHEM MaTepua-
nos. CHauyana 3HaHMA 0 CBOMCTBAX Pa3fIMUHbIX Npu-
POAHbIX MaTePUANOB UCMONb30BaICb HAMU MPHK
CO34aHNM IHCTPYMEHTOB AsiA cbopa ypoxas, fo6bl-
Yy TOMNMBA N B Pa3BUTUN TPAHCMOPTHbIX CPEACTB.
CerofHA Mbl HAyYMNNCb CO3aBaTb HOBble MaTepU-
anbl, NO3BONIALLME, HANPUMEP, HaKanIMBaTb Bblpa-
6aTblBaeMyt0 SHEPI IO UMM NOBbILIATH KaUeCTBO Ha-
LUER XU3HWU C MOMOLLbIO UCKYCCTBEHHOIO NpoTe3u-
poBaHNA opraHoB 1 TKaHen. OT KaTanM3aTopoB A0
CPeAcCTB JIeYeHna paKa, OT HakonuTenem sHeprnm
[0 KBaHTOBOW BblYNC/IUTENIbHOW TEXHMKM — COBpe-
MEeHHble MaTepuanbl ABAAIOTCA KNIOYEBbIM acrnek-
TOM B peLleHu rnobasbHbIX Npobsiem Bo BCeX 06-
NacTAX YenoBeyecKom feATenbHOCT 1 obecneye-
HUWN YCTONYMBOIO SKOHOMUYECKOTO Pa3BUTUA.

CARS microscope

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

TpaAVLUMOHHO M3yyeHne CTPYKTYPbl U BHYT-
peHHel AUHaMNKN GYHKLMOHaNbHbIX MaTepuanos
Ha aTOMHOM ¥ HafATOMHOM YPOBHSAX ABAANOCH Of-
HOW 13 rMaBHbIX 3aday JTabopaTopuy HENTPOHHOM
dun3nkm nm. . M.Opanka (JTHO) mexayHapogHow
MeXMpPaBUTENIbCTBEHHON opraHu3auun O6beaun-
HEHHbIN NHCTUTYT AAepHbIX nccnegosaHn (OUAN)
B 0651aCTV MCCIe[OBaHN KOHAEHCUPOBAHHbBIX Cpep.
Bonpoc o Tom, Kakoli BKnag yyeHble MOryT BHeCTH
B pelueHue rnobanbHbix Npobnem, B cnyyae JIHO
npeBpaLlaeTcs B BONPOC O TOM, KakK [71A 3TO Lenu
MO>XHO MCMONb30BaTb HEMTPOHbI. Mbl NprMeHAem
HeTPOHHOE paccesaHne n AONOHNTENbHbIE METO-
Zbl B pa3paboTKe HOBbIX M COBEPLLEHCTBOBAHUN CY-
LLEeCTBYIOLLMX MaTepurasioB 41A Pa3BUTUSA CaMblX COB-
PEMEHHbIX MPUOXeHWn. B HacToAwem bykneTe
npeacTaBneHbl ApKUEe NPUMepPbl BbINOMHEHHbIX C
yyactmem JIHO nccnepgoBaHnin B 06nacTu Hayk o
MaTepuanax, Kotopble 3aknagblBaloT OCHOBY AnA
JanbHelLero pa3BUTUA Hallero obLlecTsa 1, BO3-
MOXHO, CTaHYT A4POM HOBOW TEXHOJIOMMYECKOM pe-
BOMIOLIAN.

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)

Fig. 1

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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HaHoMaTepumanbl 4ng nepcneKkTUBHbIX

HaKoMMUTesIen 3Heprmm

PaccesHrie HENTPOHOB NOMOraeT NOBbICUTb 3¢-
bEeKTUBHOCTb UCMOb30BaHNA HAHOMATeEPUanoB B
XVIMMYECKUX NCTOUYHMKaX ToKa. CerogHs nuTreBble
NCTOYHMKWN MUTAHUS OCTAlOTCA B YMC/Ie nepcrek-
TUBHbIX 3JIEKTPOXUMUNYECKMX HAaKOMUTENEN SHEp-
rMun, NO3TOMY MOCTOSIHHO BEAEeTCA MOUCK HOBbIX
MaTepuanoB UK NyTel YCOBEPLUIEHCTBOBaHMUSA UC-
Mosb3yeMblX MaTepUanoB AJjis 3/1EKTPOOB U TBEp-
[bIX 311EKTPOIUTOB C LieSbio YyYLLIEHNA UX IOHHOM
NPOBOANMOCTY U JOCTUXKEHUA BonbLIero sHepro-
3anaca.

B uacTHOCTWY, aKTyaNbHbIM ABNAETCA N3yUeHue
BIVAHUS HAHOPA3MEPHbIX XapaKTEPUCTUK AaHHbIX
KOMMOHEHT Ha nx 3¢pdekTnBHOCTb. B JIHD Ha peak-

Tope VMIBP-2 gnA 3To uenu akTUBHO MPUMEHAIOTCA
MeTofibl HENTPOHHON Andpakumm (yctaHoBka OL1BP)
1 MasioyriioBOro pacceaHna HENTPOHOB (YCTaHOBKa
IOMO). Tak, B COTpyAHMYECTBE C XUMUYECKNM da-
Kynbtetom MI'Y (MockBa) nccnefoBaHa CTpyKTypa
NnpoBoAAWNX Kepammuyecknx membépaH LAGP, nc-
Nnonb3yeMbIX B KauecTBe TBEPAOro 3NeKTponnTa B
NUTUEBbBIX NCTOYHUKAX, B KOTOPbIX /1A TOMOreHn3a-
Unm matepuana u ycuneHna NOHHON NMPOBOANMO-
CTV HMLMUpYeTCA pocT dasbl okcnga nttpua [1,2].
MokaszaHo, uTo yBenMyeHne NPoBOAMMOCTN 06 bAC-
HAETCA POCTOM TOUYEK KOHTaKTa KPUCTaNINYeCKmX
3epeH. Mlcxopa n3 nonyyeHHbIX AaHHbIX, NPOBeAeHa
ONTMMU3aLNA NPOLEeAYPbI CMHTE3a 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

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 packpbiBaeT MexaHU3M 3anofIHeHNA HAHOMOP B YrNePOAHOM 3epHe KOHEUYHbIM MPOAYKTOM —
NepoKCcMAOM NNTUA — NPY paspAae KaToda B 3aBUCMOCTY OT UCMOSb3yeMO XKUAKON OCHOBbI 311IeKTPONUTa

(DMSO nnu MeCN).

Takke nccnefoBaHo [3] 3anofHeHne HaHoMNop
yrnepogHoOro KaToga KOHeUYHbIM MPOAYKTOM SMekK-
TPOXUMUYECKOW peakumn (MepoKCnaoM NUTUA) MPY
paboTe nepcneKTUBHbIX MUTUN-KACIIOPOLHbIX AYe-
eKk. [laHHoe ABneHne NpMBOAUT K 6BIOKMPOBaHNIO
andodys3unm KUCnopoaa B XKUAKOM SNEKTPONINTE U Cy-
LEeCTBEHHO CHUXKAET SHEPrOeMKOCTb TaKMX Aveek
Ha NpaKTMKe NO CPaBHEHWIO C PEKOPAHbIMU Teope-
TUYECKM BO3MOXHbIMU 3HauyeHuamu. NMpumeHeHne
HEeNTPOHHOrO pacceAaHNsA NO3BONUIIO CBA3aTb M3Me-
HeHVA B KaTofe Ha HAHOYPOBHE C 3IEKTPOXMMMYe-
CKUMMU XapaKTepucTMKamm A4Yeek, YTo NoMOrsio npo-
ACHWUTb MeXaHWU3Mbl, MPUBOAALLME K OFPaHNYEHMIO
emMKOCTU Aveek. B coTpyaHmuecTse ¢ locygapcTeen-
HbIM yHUBepcuTeTom «[lybHa» mnccnegoBaHo [4]

BIVAHVE NPOBOAALLMX YINePOHbIX 406aBOK (CaXku,
rpadeHa, yrnepofHbix HaHOTPY60K (YHT)) Ha nopu-
CTYIO CTPYKTYPY KaTofHbIX MaTepuanos (LFP) ana
NINTUN-UOHHBIX NCTOYHUKOB. YCTaHOBNEHO, YTO yr-
nepofHble o06aBKM NO-pa3HOMY U3MEHAIOT NOpK-
CTOCTb 31eKTPOa U BAUAIOT HA CMAaYMBAaEeMOCTb Ma-
Tepuana >XUAKAM 3NEKTPONNTOM KaK 3a CYET pa3HOi
3P PeKTUBHOCTU BHEAPEHUS B MOPbI UCXOAHOIO Ma-
Tepuana, Tak 1 3a cYeT U3MeHeHUs mopdonorum
KpuCTanimyeckoro 3epHa. 13 paccMoTpeHHbIX fo-
6aBOK Haunbonee cubHoe OeNCcTBUE NPOABAIT
YHT: oHM Haunyuywrm obpa3om BCTpaMBaloOTCA B
maTpuuy JIOM n yBenmunBaT NPOHUKHOBEHUE
SNEKTPONMTa B 3NeKTpo[.

[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 N3 of the Rostov NPP. Source: https://sdelanounas.ru/blogs/55098/. b) Surveillance
specimens installed in the reactor of power unit N°4 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) 3arpyska Tonnuea Ha sHepro6noke Ne3 Poctosckon ASC. MctouHuk: https://sdelanounas.ru/blogs/55098/.
b) O6pasLbl-cBMAETENN, YCTAHOBNIEHHbIE B PeakTop NycKOBOro sHeprobnoka N4 Poctosckoi ASC. UICTOUHMK:
http://www.atominfo.ru/newsp/w0801.htm. c) OTKpbITbIN KOHTeHep C 06pa3Lamu-CBUAETENAMY ANA peakTopa
BB3P-1000 (A3C TemenuH, Yexua). MictouHuk: https://repository.lib.ncsu.edu/bitstream/handle/1840.20/27086/

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

HenTpoHHaa anarHocTuKa

obpasuoB-cBUaeTENIeN AAEePHbIX PeaKTOpPOB

OpHoOIM U3 akTyasbHbIX NPo6iem CoOBpeMeH-
HOWM aTOMHOW SHEPreTUKN ABAAETCA KOHTPOJIb CO-
CTOAHUA MeTala Koprnyca AAePHOro peakTopa B
TeueHe BCEro CpoKa cny»0bl 1 obecneyeHre ero
LIefIOCTHOCTU B HOPMaJibHbIX YCNOBUAX IKCMIyaTa-
LM, a TakxKe npu nobbIX NPOEKTHbIX aBapuaX. ITo
Heobxoaumoe ycnoBue 6e30MacHoON sKcnyaTaumm
AlepPHO SHEPreTUUYECKON YCTaHOBKM C PEaKTOPOM
KopnycHoro Tuna. Bo Bpema paboTbl Kopnyc peak-
TOopa nofBepraeTca UHTEHCUBHOMY HEUTPOHHOMY
ob6nyyeHuto, YTO NPUBOANT K Aerpagaunm Kopnyc-
HOW CTann 1 Cepbe3HbIM N3MEHEHNAM ee GU3NKO-
MeXaHNYeCKNX CBONCTB, NPOABNALUMCS, FNIaBHbIM
06pasom, B NoBblleHHON xpynkoctu (Puc 1). Mo-
3TOMY AJ19 MOHUTOPUWHIa COCTOAHMA MeTaa Kop-
nyca peakTopa UCMNONb3YyTCA KOHTPOMbHble 06-

pasubl-CBUAETENN, KOTOpble YCTaHaBIMBAKOTCA B
cneuranbHOM KOHTelHepe pAagom C KOprycom pe-
aKTOpa 1 U3roToBJIEHbI N3 TOTFO e MaTepuana, u4To
n Kopnyc peaktopa. C onpegeneHHON Nepuoamny-
HOCTbI0 06pa3Lbl-CBUAETENN N3BMIEKAIOTCA U3 LLaX-
Tbl peakTopa 1 NOABEPraTCcA MEXaHNYECKUM UCTbl-
TaHWAM Ha YOapHYIo BA3KOCTb no metody Lapnu
[NA OLeHKM peanbHOro COCTOAHUA (XPYNKOro uiu
NAacTUYHOIrO) MeTaslsla Kopryca peakTopa.
OfHaKo KOoHTeliHepbl 06bIYHO CoaepP»KaT orpa-
HUYEeHHOe KoNnyecTBo obpasLoB-ceuaeteneii. Mo-
3TOMY, BMECTO TOr0, YTOObl YTUIM3UPOBATb MCMbl-
TaHHble MaTepuarnbl, 06pa3LUbl-CBUAETENN BOCCTa-
HaBMMBAKOT C MOMOLLbIO PA3/INYHbIX METOAOB
CBapKM 1 BO3BPALLAIOT B peakTop AnA fafbHen-
Wwero 065yyYeHns. 3T0 NO3BONAET YBENNYNTb KOMN-

[1] Bokuchava G. D., et al. J. Surf. Invest. 10 (2016). DOI: 10.1134/51027451016050463

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.
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CKaHMpoBaHMK nonepek CBapHbIX WBOB.

yecTBO 06MyUYeHHbIX 06Pa3LOB CTanu Kopryca pe-
aKTopa A4nA NoslyyeHnA penpeseHTaTUBHbIX U Ha-
JEXHbIX JaHHbIX, KOTOPbIe UCMOMNb3YTCA 415 OLEeH-
KW paivaLlOHHOIo OXPYNUYMBaHWA MaTeprana Kop-
nyca peaktopa AnA NOATBEPXKAEHUA AW NpoAsie-
HUA CPOKa ero sKcnyaTaymm.

Y106bl COXpaHWTb penpe3eHTaTUBHOCTb AaH-
HbIX, NpoLeaypa BOCCTAHOBIEHNA METOAOM CBAPKN
He JO/MKHa CyLLeCTBEHHO U3MEHATb CTPYKTYPY 1 Me-
XaHMyecKne CBOMCTBA MaTepuasa obpa3sLoB-cBuae-
Tenen. TeM He MeHee, KaXkabli TEMAOBOM LUK Npo-
Liecca CBapKu NpmMBOANUT K 06pa3oBaHmMIo OCTaTou-
HbIX HaMPSXEHU 13-3a TOrO, UTO NPaAKTUYECKM BCe
MeToAbl CBapKM OCHOBAHbl Ha WCMNONb30BaHUN
CUJIbHO NOKANN30BaHHbIX UCTOYHVKOB HEPrv ana
pacnnaBneHna MaTepurana B CBapHoOM LiBe. Bcnep-
CTBME 3TOr0 B MaTepurasne BO3HUKAOT 3HAUYnUTENb-
Hble OCTAaTOYHblEe HaNpPAXKEHWUSA, YPOBEHb KOTOPbIX
onpepenaeTca napameTpamm CBapoYHOro npotec-
Ca 1 KOTopble MOTyT CyLeCTBEHHO BAUATb Ha pe-

3yNbTaThl MEXaHUYeCKKX TecToB. [o3ToMy Heobxo-
AVIMO KOHTPONMPOBAaTb YPOBEHb OCTaTOYHbIX Ha-
NPAXeHWI Nocne CBapKy B PEKOHCTPYMPOBAHHbIX
obpasLax-cugerensx.

lpynna nccnegosatenen us IHctntyTa snek-
TpoHukn BAH (Codusa, bonrapusa) n JIHO OUNAU
npoBena 3KCNepUMEHTbI MO U3YUYEHMI0 OCTAaTOYHbIX
HanpAKeHNn N MUKpoaebopMaLnii C MOMOLLbIO AM-
bpakuM HeNTPOHOB B HEObYUYeHHbIX 0bpa3Lax-
CBUAETENAX, BOCCTAaHOBJIEHHbIX C MOMOLLbIO pa3-
JINYHBIX METOA0B CBapKM (3NEKTPOHHOYY€EBOWN, Na-
3epHow 1 gyrosoi) (Puc. 2) [1]. Bharogaps BbICOKOM
NPOHMKatoLLeln CNOCOOHOCTU HENTPOHOB MOyYeHbI
OL€HKW BeNINYMHbI OCTAaTOYHbIX HAMPAXKEHN, MUK-
ponedopmaumii, NIOTHOCTY ANCNOKaLMIA U pa3me-
POB KPUCTANINTOB, KOTOPbIE CUIbHO M3MEHAITCA
B 0611aCTV CBapHbIX LLIBOB MO CPAaBHEHMIO C UCXOA-
HbIM MaTepranoM, YTO OKa3blBaeT 3HAUUTENIbHOE
BNAUAHME Ha U3MEHEHMe npefena TekyyecT MaTe-
puvana [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,05 or Gd,05 nanoparticles (right-
hand schemes).

Puc. 1

MnniocTpauys NpUroToBReHns 1 CTPYK-
TYPHOW OpraH13aLumy HaHOKOMMO3MTOB
SBA-15 (BepxHuUn psag) n SBA-16 (H1x-
HUI pAL), QYHKUMOHANN3MPOBaHHbIX
BBEAleHMEM B CTPYKTYpPY HaHouYacTuL,
Fe,0s unun Gd,0; (cxembl cnpasa).

3arngaabiBad BHYTpPb

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

e
® %

HaHOMOPUCTbIX KpeMHUEBbIX KOMIMO3UNTOB

Mpolwwno Bcero ABa AeCATUNETUA C MOMEHTA
CUHTE3a PeBONIOLMOHHOIO HAaHOMOPUCTOro MaTe-
puana c nepuoamnyvecKkon CTPYKTYpo Ha OCHOBe
amopdHOro KpemHesema. HeobbluHble CBONCTBA,
npucyLie sToMy MaTeprany — 6osbluas akTUBHasA
NMOBEPXHOCTb, PerynsapHbie 1 ngeanbHO ynopapo-
YeHHble NOopbl, a TAKXe XMMMYeCcKas CTONKOCTb, Tep-
MOCTOMKOCTb 1 OMIOCOBMECTMMOCTb — Cpa3y e 3a-
NHTepeCcoBav Hay4yHoe COOBOLLECTBO CBOUM OrPOM-
HbIM NPUKNagHbIM NoTeHumanom. lNpunoxeHus, nc-
nosb3yloLlre NnpermMyLLecTsa NPOAOsbHbIX U B3a-
WMHO M30MIMPOBaHHbIX NMOP AN1A CO3AaHMA HaHO-
KOMMO3UTHbIX MaTepuranos, Bbi3Baiv OCOOEHHO
60/1bLWION NHTEpPeC ANA NPUMEHEHUA B KaTanuse,
KPVMOMarHUTHOM OX/aXXAeHUN, MaLLMHOCTPOEHUN 1
3KouHZycTpun. OgHaKo ycrneLHoe NprMeHeHe He-
n36eXHO TpebyeT rnyboKMX 3HAHWI KaK BHELLUHUX,

TakK U BHYTPEHHUX CTPYKTYPHbIX XapakTepucTnk
TaKMX HAHOKOMMO3UTHbIX MaTepuranos. K cuacTbio,
HeNTPOHbI MPUXOAAT Ha MOMOLLb 6narofapa cBoen
60/1bLIOW FyOUHE NPOHNKHOBEHUSA B KPEMHWI 1,
crnefloBaTesibHO, CBOE CMOCOBHOCTUN XapakTepuso-
BaTb HAHOYACTULbl, 3aMONHAKLIME NOPbl KpEMHe-
3ema.

lpynna wccnepoBaTenen u3 YHuBepcuteTa
Masna Moseda Lladpapuka B Kownue (Cnosakus) u
JIHO® nccnepoBana c NOMOLLbIO MasiOyrnoBOro pac-
ceAaHnA HelTpoHoB (MYPH) HaHOKOMNO3UTHbIE CK-
CTeMmbl, NpeAHa3HayeHHble B NepByto oyepeab A
6rioMeaNLMHCKUX NpUMeHeHUn. OCHOBY CUCTEM CO-
CTaBNANN Me30MopuUcTble MaTpuubl aMopdHOro
KpemHe3ema SBA-15 1 SBA-16, ana KoTopbIx Xapak-
TepHbl COOTBETCTBEHHO reKcaroHasnbHble (M3 BbITA-
HYTbIX NapasieNbHbIX HAHOMOP) 1 Kybuueckne (13

[1] Zelendkova A., et al. Sci Rep 9 (2019). DOI: 10.1038/541598-019-52417-w

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 100 s i
contribution of various components i €1
represented for the most part by the 10 E"‘Il
ordered cylindrical pores (green curve) = oo
and polydisperse systems of spherical ..8, B {1\ 36 i
NPs (blue curve). = - A

= [ e
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0.01 Tt
JaHHble MYPH 6b111 pa3noeHbl Ha
BKJ1aAbl OT PasNNUHbIX KOMMOHEHTOB: ST i :
YNOPAAOUYEHHbIX LWINHAPUYECKKX NOpP : g
(3eneHan KpuBasn) N CMCTEMbI MOANANC- .Q.q;? . g e
nepcHbIx cheprueckrx HaHoYacTuL, i qf/”/ Ry
(cvHAA KpUBas). I(q) = KcS(@)|Fe(@)* + KslFs (@)1 + Ia(q) + Iy

chepuryeckux pasgeneHHbIX HaHOMOP) CBepxpe-
weTtky (cm. puc. 1). HaHoyacTuLbl oKcnaa xenesa
WS OKCKAA rafloNNHNS Obliv BBEAEHbI B MOPbI MaT-
pULbl XMMUYECKUM NyTeM C UCNOJSIb30BaHMEM Me-
TOAa BNaXHOW NponuTKu. TuatenbHoe nccnefoBa-
HMe CUCTEM C NCMOJIb30BaHNEM CTaHAAPTHbIX IKC-
nepumeHTanbHbix MmeTooB (M2M, peHTreHOBCKanA
andpakums, COpOLMOHHbIE 1 MAarHUTHbIE U3Mepe-
HUA) NOATBEPAUIIO YCNeEeLHOe BHeAPeHe HaHOYa-
CcTUY B Nopbl MaTpuubl. OgHaKO Ba)KHble XapaKTte-
PUCTUKM UX pacnpeneneHns rno pasmepam, KOH-
LeHTpaumm n pakTnyecknx Gopm 6binn NosyUeHbl
npenmyLecTBeHHO ¢ nomoLybio MYPH.

bnarogapsa yHnKanbHbIM CBOMCTBAM HENTPO-
HOB, CBAA3aHHbIM C 60JbLLON MYyOUHON NPOHUKHO-
BEHUA B BELLECTBO, BNepBble yAanocb onpeaenuntb
BHYTPEHHIOK CTPYKTYPHYIO OpraHm3aLmio Taknx cu-
ctem. B xode peTanbHOro sKcnepuMeHTanbHOro
aHanu3a 6bina npennoxeHa 6a3oBaa Mofesb, onu-

CblBaloLana pacnpefeneHme NHTEHCUBHOCTM pac-
CesiHUA HeMTPOHOB, B NMPeAnoNoXKeHUn obLien aa-
ONTUBHOCTU CTPYKTYPHbIX 0cobeHHocTel. Paccen-
HYe HEMTPOHOB KCCiefyeMblM HAHOKOMMO3UTOM
6b1710 Pa3NoXKeHO Ha CyMMY BK/1afoB OT MyCTol MaT-
pULbI 1 CUCTEMbI CTyYalHO pacnpefeneHHbIX no-
NNIANCNEePCHbIX HaHoYacTumL (puc. 2).

B pe3synbrate npoBefeHHbIX UCCNefoBaHUN
6bl1a nonyyeHa MHGopmMaLMa 0 pa3mepax HaHoYa-
CTVL M MX NONUANCNEPCHOCTMN 1 MOKa3aHo NpsMoe
B/IVAHME [AaHHbIX XapaKTePUCTUK Ha MarHUTOKaso-
puyecknii 3G EKT B HAHOKOMMO3UTE — U3MEHEHNE
TemnepaTypbl MaTepuana npuv U3MeHeHUy BHelL-
Hero MarHMTHoro nond. HecmoTpsA Ha To, UTO MarHu-
ToKanopuyeckun apPeKT n3BecTeH yxe bonee Beka,
MMeHHO Nporpecc B COBPEMEHHOM MaTepranose-
OEHVV 1 Pa3BUTUY NEPeSOBbIX SKCNepPUMEHTasb-
HbIX NMOAXOA0B MO3BON MPUMEHATb €ro Ha npak-
TUKe, B TOM YMC/e MPU KOMHATHbIX TemnepaTypax.

[2] Zelendkovad 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 20" 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 apdektom N (agantuposaHo 13 Ma J,, et al. Int. Mater. Rev. 55 (2010)).

b) Cxema ogHocTopoHHero addekTa M.

CTpyKTypa BblICOKOTEMMEpPATYPHbIX CMNJIaBOB
C 2(pPeKTOM namMaTn opmbl

dddekT namatn dopmbl (NMP) — cnocobHOCTbL
MaTepuana Bo3BpaLLaTbCA B NepBOHaYanbHyo pop-
My MpW BHEWHeM BO34eNCTBUM (Hanmpumep, Ha-
rpeee) — B CrjlaBax N3BeCTEH C NEPBOW NMOMOBMHbI
XX BeKa. B HacTosillee Bpema craBbl ¢ 3bpdekToM
MO WrpPOKo NCNOoNb3yIOTCA B a3POKOCMUYECKON 1
aBTOMOOWbHON MPOMbILIAEHHOCTA, MEeAULVHE, U
Aap. Hanbonee pacnpocTpaHEHHbIM CMIaBoOM AB-
naetca HuTnHon (NiTi ¢ copgepxaHrem Hukensa 50-
51 a1.%), KoTopbIl 06nafaeT BbICOKOWN MPOYHOCTbIO,
KOPPO3MOHHOW CTOMKOCTbI0, KO3 dULNEHTOM BOC-
CTaHoBNeHUA $OpMbl, XopoLueil GrocoBmecTu-
MOCTbI0. TemnepaTypbl 06paTMMOro TEPMOYNPYroro

MapPTEHCUTHOrO NMPeBpPaLLEHNSA, TEXKALLErO B OCHOBE
BOCCTaHOB/MIEHMA GOPMbl CrjlaBa, B HUTUHONE
nexat Huke 100°C. Ina paga 3agay akTyanbHa pas-
paboTka BblcOKOTeMMNepaTypHbIX crinaBos ¢ MO,
byHKUMOHMpPYOLWMX Npy TemnepaTypax go 400°C;
1 OOHUMM U3 Hanbonee NepCcrneKkTUBHbIX ABMATCA
cnnasbl NiTi(Hf,Zr).

MockonbKy GyHKLMOHaNbHble CBOMCTBA CrJla-
BOB ¢ [1D ABNATCA CTPYKTYPHO-YYyBCTBUTENbBHBIMUY,
HeobXo4MMbl MCCNefoBaHUA KPUCTaNYeCKon
CTPYKTYpbl 3TUX CMNaBOB, B TOM YMC/ie B npoLecce
MapTeHCUTHOro npespatleHns (Puc. 1). BJIHO OUAN
Takue NccnefoBaHMA 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

Neutron diffraction studies of the Ti,g;Nise3Hf>0
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 Tiso;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
[1].

Similar studies were carried out for the quater-
nary Tiye;Niso3Hf1 Z1yo 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;Niso3Hfy alloy with temperature.
b) Temperature dependences of unit cell volumes of B19” martensite and B2 austenite.
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Puc. 2. a) 3Boniounsa HENTPOHHbIX ANDPAKLMOHHBIX CNEKTPOB cnnaBa TiygsNisesHf2o Mpu n3ameHeHnn Temnepatypsl. b)
TemnepaTypHble 3aBUCMMOCTY 06 bEMOB 3N1eMeHTapHON Auelky MapTeHcuTa B19” n aycteHnTa B2.

meTpe O[IBP, KoTopbit MOXKeT GYHKLMOHNPOBaTb
KaK B peXuMe BbICOKOro pa3spelueHunsa ana npeyu-
3MIOHHOTO U3YYeHUs1 CTPYKTYPHbIX OCOOEHHOCTEN
MaTepuana, Tak U B pexnume BbICOKOW CBETOCUJIbI
ana in situ nccnefoBaHM NEPexXoHbIX MPOLEeCCOoB.

HewnTpoHorpaduyeckre nccnegoBaHma cnna-
Ba TiyesNiso3Hf,0 NO3BONUAM yCTaHOBUTL CTPYKTYpP-
Hble MapameTpbl HU3KoTemnepaTypHoro B19” map-
TEHCKTa 1 BblCOKOTeMMepaTypHoro B2 aycteHnTa n
TemnepaTypbl NPAMOro n o6paTHOro MapTEHCUT-
Horo npeBpaLyeHua [1] (Puc. 2). TeH30p NMHENHOro
TEMSIOBOrO PacCLUMpPEHMA MAaPTEHCUTA COLEPXKUNT OT-
puuaTtenbHbil KoaddpuumeHT [2]. O6bEMHBIN 3¢-
dekT npamoro B2—B19" npeBpalyeHns B 3ToMm
cnnaBe cocTaBnsaeT 0.75%, 6onee uem B 6 pas Bbille,
yeM B Tisg1Nizee. BbINO 06HApYxKeHo, uTo =13.0 06.%
ayCTeHMTa He y4YaCTBYIOT B MAPTEHCMTHOM NpeBpa-

LeHnK. 3HauNTeNIbHOE pacxoXAeHne SKCNepuMeH-
TaNbHO NU3MEPEHHbIX N TEOPETMUYECKN pPacCUMTaH-
HbIX BENMYMH BOCCTaHaBNMBaeMbix gedopmaunii
MO>KeT ObITb CBA3aHO C MPUCYTCTBMEM OCTAaTOYHOrO
aycTeHuTa 1 6onbwM 06BEMHbBIM 3ddeKkTOM npe-
BpalieHua [1].

AHanornyHble nccnenoBaHna 6oy nposepe-
Hbl 4191 YETBEPHOTO CMaBa Tizg;Nise3Hf1o Zrho. B HEM
OOHOBPEMEHHO C MPOTEKaHMEM 06pPATHOro Map-
TEHCUTHOTO NpeBpaLLeHnA Obin 0bHapykeH 3 deKT
nepexopa ayCTeHnTa U3 YaCTUYHO YNOPALOYEHHOTO
COCTOAIHUA B MOMHOCTBIO YNopAZoUYeHHYto B2 a3y
[3]. NockonbKy AnnHa pacceAHnA TEMIOBbIX Hew-
TPOHOB TUTAHOM OTpULATENbHA, AU pPAKLNA HEl-
TPOHOB OKa3blBaeTCA NPeAnoUYTUTENIbHbIM METOLOM
nccnepnoBaHna 3GPeKToB ynopsaoueHus B nogoo-
HbIX CrjlaBax.

[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]1-y-0-y-mH20 (o — Fe(CN)es 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)s
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,

charge

Fig. 1
Schematic representation

of the operating principle
of a sodium-ion battery.

Puc. 1

Cxematryeckoe n3obpaxeHue
NpUHLMNa paboTbl HAaTPUI-
VNOHHOTO NCTOYHMKA TOKa.

cathode

HoBble aneKTpogHbie MaTepuarsbl
019 HATPUM-NOHHbIX aKKYMYJIATOPOB

Pa3Butme NnUTUIN-NOHHBIX TEXHONOM N aKTUB-
HOe UCNONb30BaHNE NUTUN-NOHHbBIX aKKyMYJATO-
OB B CaMbIX pa3HOOOPa3HbIX yCTPONCTBAX BEAYT K
pe3KoMy pocTy NoTpebneHna NMTHA, NPUPOLHbIe
3anacbl KOTOPOroO OrpaHunyeHbl. B kauecTse anbTep-
HATMBHbIX PAaCcCMaTPUBAKOTCA XUMUYECKNE NCTOY-
HMKN TOKa Ha OCHOBE MOHOB HaTpuA, OGHOro ”3
CaMbIX PacnpPOCTPAHEHHbIX 3/1IEMEHTOB B 3€MHOW
KOpe 1 Mo CBOUM CBOMCTBaM SIBMIAOLLErOCA CaMbIM
6NM3KNUM K TIUTUIO drieMeHToM. MNMonck n nccneposa-
HVe CoeUHEHWI, NePCNEKTUBHbIX AN1A UCMOJb30-
BaHMA B KauecTBe KaTOAHbIX MaTepuanoB p[ns
HaTPVEBbIX MCTOYHUKOB TOKa, CerogHA BeCbMa aK-
TyasbHbl.

OnHUM 13 TaKUX MaTepranoB ABNAETCA rekca-
umaHodeppat HaTpusa Prussian White c o6wen dpop-
mynon Naz—xFe[Fe(CN)s]i—y-0-y-mH20 (o — BakaHcun

Fe(CN)g, y — nx Konnyectso), 0651afatoLwuin BblCco-
KMMM 3HAaYEHUSAMM SHEPrOEMKOCTU 1 CKOPOCTH 3a-
pAaga/pa3spaga. Ero otkpbiTaa KapkacHasA CTpyKTypa
MO>KET NIErKO BMeLLATb MOHbI HaTprA 1 obecneyu-
BaTb MX ObICTPYIO TpaHCNopTUPOBKY (Pnc. 1). OpgHa-
KO CTaHAapTHblE 3KOMOrMYHbIe MeTOoAbl NX CUHTE3a
npegnonaratT Hannume paga BakaHcuin Fe(CN)s n
CTPYKTYPVPOBaHHOM BOAbl B ICXOOHOW CTPYKType
CcoelMHEHNsA, KOTOpble BAUAIOT Ha YCTOMYMBOCTb
KPUCTaNINYeCcKon peLleTKn Npu 3neKTpoXummye-
CKOM LIMKIMPOBaHUMN U NPUBOAAT K NafeHNI0 EMKO-
CTV Nocne annTenbHOM paboTbl. [Ina nccnefosaHma
CTPYKTYpPHbIX $pa30BbIX NepexooB B KATOLHOM Ma-
Tepuane B npouecce 3apaga-paspaga, a Takxe
CTPYKTYPHbIX aCNeKTOB NafeHnsa eMKOCTU UCMOSb-
3yeTca MeTof in situ/operando puopakunm HerlTpo-
HOB WM PEHTIEHOBCKMX NIyYel Ha SNEKTPOXUMU-

[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.

Puc. 2

BoNOLMA PEHTTEHOBCKUX ANGPAKLIMOHHbIX
KapTWH, N3MePEeHHbIX B XOfe 3apaja 1 nocnenyto-
Lero paspana 3NeKTPUYeCcKon AYenkm C rekcaluma-
HodeppaTom HaTpua Prussian White B kauecTtBe
aKTMBHOrO KaTofHOro MaTepurana. Takxke nokasaHbl
COOTBETCTBYIOLUME N3MEHEHMWA HAaNPAXKeHUA

1 NapameTpoB AYeeK Kyouueckom

1 pombo3apuyeckor das.

yecKkon Avyernke B npolecce ee UNKNMPOBaHMA. B
XOAE in situ N3MepeHnin NoslyyaoT Mmaccus grudpak-
LMOHHbIX KaPTWH OT KaTOAHOro MaTepuana, U3 aHa-
NM3a KOTOPbIX OMpefensAlT CTPYKTYpHble ¢asbl
MaTeprana Ha pa3HbIX 3Tanax UHTepKanAuun/gevH-
TepKanauum HaTpuem, Nx TpaHchopmaLmio B xome
3apA- Aa/paspaga u U3MeHeHve nNapaMmeTpoB Kpu-
CcTannunyeckomn peluetkn atux ¢pas (Puc. 2).

In situ nccnepgoBaHuA, NpoBefeHHble B JIHO Ha
peHTreHoBCcKkOM andpakTomeTpe Empyrean PANa-
lytical c anekTpoXMMMYECKO AYENKON C KOMMepYe-
ckum Prussian White, BbISsBUAY, UTO B NMOSIHOCTbIO
pa3pAKeHHOM COCTOAHUU (MHTepPKanMpoOBaHHOM
HaTpuem) maTepuan HaxoauTca B pombosapuye-
ckon dase (np. rp. R-3, daza «R», cm. Puc. 2) [1].
Kpome 3T1Oro, npucyTcTByeT gerngpaTtnpoBaHHas

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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cell parameters, A

pombosapuueckasa ¢dasza (pasa «dR», np. rp. R-3),
[lOoNsi KOTOPOW 3aBWCUT OT TepMMYECKOl MoAro-
TOBKM 3neKTpoga. [deuHTepKanaumsa HaTpus u3
CTPYKTYpbI rekcaumaHodpeppata npu 3apsge co-
npoBoXaaeTcs nepexofom R-dpasbl B HaTpuii-gedu-
LUUTHYI0 Kybuueckyto ¢asy («Cuby, np. rp. Fm-3m) un
ncuesHoeHnem dR-dasbl. [Mpu paspsage npomcxo-
OUT CUMMETPUYHbBIA Nepexol Kybuyeckon ¢asbl B
pomboagpuueckyto R-pasy n noasneHue dR-¢pasbl.
Mocne MHOrOKpPaTHOMO LMKINPOBAHMWA AUYEKM Ha-
65110aeTcsA HEMOJHBIN Nepexol Kybuyeckon ¢asbl
B pombo3apuueckyto R-¢pasy. Bo3aMOXKHO, UMEHHO
60/blUNEe 06bEMHbIE U3MEHEHUA KyOuyeckom dasbl
B Npovecce 3apsaa/pa3paga NPUBOAAT K CTPYKTYp-
HbIM ierpafaumsamM yactu matepuana, obycnasnu-
BAIOLMM MafieHne eMKOCTHU.




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. Mepuroanyeckre reTepocTpyKTypbl CO CBEPXMPOBOAALLVMMN/PEPPOMArHUTHBIMU CIOAMM 1 UX XapaKTepr3aLma
MeTofamn MarHUTOMeTPUU 1 pedreKTOMETPYMN NONAPVN30BaHHbIX HENTPOHOB A ONpPeAeneHnsa pacnpeaene-

HUA HaMarHM4eHHOCTW B CN1OAX.

MarHMTHble TOHKUE MNNEHKU OANf CMMHTPOHUKU

B JIHO c nomoLubio pedpnekTomeTprv nonapu-
30BaHHbIX HENTPOHOB M3Yy4atoT CBOMCTBA MAarHUTHbIX
TOHKMX NAIEHOK CO CJZIOKHOW CIIONCTON CTPYKTYPON.

CoBpeMeHHbIV TEXHONOMMYECKNIA YPOBEHb Me-
TOZOB MarHETPOHHOIO HaMbINIEHVA Y MOSIEKYSAPHO-
Ny4YeBOW 3NNTaKCUM fieNnaeT BO3MOXKHbIM U3roToBJIe-
HMe CNTOUCTbIX FeTEPOCTPYKTYP C IKCTPEMANIbHO Ma-
nbiMu (0O OAHOro HaHOMeTpa) ToJLWMHAM C/I0€eB.
M3-3a copa3smepHOCTU TOMWMH CIOEB C pa3nuny-
HbIMW KOPPENALMOHHBIMU ANIVIHAMU B TaKUX CTPYK-
Typax HabMoAAEeTCA MHOXECTBO HOBbIX 1 HEOObIY-
HbIX (B CpaBHEHUWN C MAaKPOCKOMUYECKNMN CUCTe-
Mamu) 3pPeKToB, KOTOpPbIe OTKPbIBaOT HOBblE BO3-
MOXHOCTW AJ1A Pa3BUTKA HaHOTexHonornin. Ocobbli
NHTepeC CErofHA NPeACTaBAAIOT HM3KOPAa3MepPHble
KOMOVIHMPOBAHHbIE CTPYKTYPbl CO CBEPXMPOBOAA-

W1Mn 1 GeppoOMarHUTHbIMY CBOMNCTBAMU, B KOTO-
pblX @HTaroHN3M 3TVX CBOWCTB, C OQHOW CTOPOHbI, U
61130CTb NO BefIMYMHE AAnHbI 0OMEHHOro B3aMo-
LEeiCTBNA 1 KOTePEHTHOW ANMHbI CBEPXNPOBOAUMO-
CTV B peppomarHeTuke, C [pyrom CTOPOHbI, NP1BO
AT K peanusauumn NnpUHLMNManbHO HOBbIX TeMe-
paTypHbIX ABNEHUN, CBA3AHHbIX C MarHUTHbIMA 1
CBEPXNPOBOAAWMMMN COCTOAHUAMM B CJIOUCTbIX
CTPyKTypax. MIHTepec K Taknm cnuctemam obycnos-
NeH NoTPebHOCTbIO B anbTepHaTUBHBIX (K Knaccuye-
CKUM MONYNpPOBOAHWKOBbIM) TEXHONOMUAX, Hanpu-
Mep, B paMKax pa3BUTKA CMMHTPOHMKM U CO34aH1A
KBaHTOBOrO KOMMbioTepa.

lpynna uccneposatenen u3 JIHO n NHctutyTa
¢dur3unkm metannos YpO PAH (r. EkKaTepuH6ypr) npo-
BOAMIIA KOMMJIEKCHbIM aHaNIM3 MarHUTHbIX reTepo-

[1] Yu. 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

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. MoHusaunoHHasA Kamepa (1 — ny4oK HENTPOHOB; 2 — BXOAHOE N BbIXOAHOE OKHa; 3 — KaTof; 4 — CeTKa;
5 — paMKa ceTku; 6 — aHopA). IHTEHCMBHOCTb OTpaXKeHHbIX HEMTPOHOB (1) 1 3apaAXKeHHbIX YacTuy, (2) Ana
Cu(10HM)/V(55HM)/CoFe(5HM)/SLiF(5HM)/V(15HM)//cTekno. KoadduumeHT oTpaxxeHuna HeMTPoHOB (1,2) n Koaddu-

LIMeHT BTOPUYHOTO M3yyeHUs (ramma-KBaHTbl) (3,4).

CTPYKTYP CO CBEPXMPOBOAALLMMN CBONCTBAMU, rAe
peLalLWnMn ABASIOTCA SKCMePUMEHTbI Mo pedrek-
TOMETPUUN NONAPU30BaAHHbBIX HENTPOHOB Ha yCTa-
HoBke PEMYP peaktopa MIBP-2 (Puc. 1). leTanbHo
M3yvanncb MarHUTHbIE U CBEPXMNPOBOAALLNE CBON-
CTBa HEOHOPOAHbIX MHOTOCIOMHbBIX CTPYKTYP C Ye-
peaywmnmMmnca CBepxnpoBoaaLMY 1 peppomar-
HUTHBIMK CI0AMU (HanpuUmMep, HNOOWIA/TafoNNHIIA).
Habnopanucb HoBble, He NpeAcKasaHHble paHee,
3¢ deKTbl. YCTAaHOBNEHO, UTO CBEPXMNPOBOAALLME U
MarHUTHble CBOWCTBA WCC/IeAOBaHHbIX reTepo-
CTPYKTYp 0OyC/IOBNIEHbI HaMunem cyrneprapamar-
HUTHbIX KNnacTepoB. Ha AaHHbI MOMEHT BeayTCA
nccnefoBaHNA pefKko3eMesibHbIX MIEHOK Ha OCHO-
BE OUCNPO3MA U rofibMUsA C HETPUBMAJIbHBIM Mar-
HUTHbIM yriopsagoyeHuem. [ina 6onee KauecTBeH-

HOrO aHanu3a C/IOUCTbIX CTPYKTYP CO34aHa 1 nNpu-
MeHeHa HoBasa Mmopa Ha pednektomeTpe PEMYP: pe-
rMcTpauma ConyTCTBYIOLWEro BTOPMYHOIO 13yye-
HWA B BUAE 3apAXKEHHbIX YacTUL, 1 raMMa-KBaHTOB,
BblJleTaloLWMX nocse 3axBaTa HEMTPOHOB AAPaMK
BellecTBa 1M B BUAE HENTPOHOB C MEepeBOpPOTOM
CMYHa NPV OTPaXKeHMX OT MarHUTHO-HEKOInHeap-
Hon cpepbl (Puc. 2). B pesynbraTe NpoCcTpaHCTBEH-
HOe pa3peLleHure Npu onpegeneHnn ns pednekto-
MeTPMYECKNX KPUBbIX NMONOXEHNA N3MTyYatoLlero
cnos ynyudweHo Ao 1 HM.

Pesynbratbl paboT MOryT ncnonb3oBaTbCA B
pa3paboTke cnCTeM C 3alaHHbIMW S1EKTPOHHbIMM
CBOWCTBaMWU, HAaNpuUmep, CBEPXNPOBOAALLMX CMIMHO-
BbIX BEHTUMIEN, YCTPOWNCTB MarHUTHOWM NaMATN, UH-
»KEKTOPOB MNONAPU30BAHHbIX 3/1IEKTPOHOB.

[3]1 D.I. 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-

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 5’Fe

Fig. 1

Neutron diffraction patterns of mag-

netite, measured at pressures up to 33 5000 F7 7 Faam
wmwmn

GPa and processed by the Rietveld
method (a). Magnetic structure of the
orthorhombic pressure-induced phase
of magnetite (b).

Puc. 1

HelnTpoHHble AndpPaKLMOHHbIE CNEKTPbI
MarHeTuTa, 3MepeHHble NP AaBrne-
HUAX Jo 33 ITla n o6paboTaHHble No
meTogy Putsenbga (a). MarHutHas

Intensity (arb. units)

CTPYKTypa opTopombuyeckoin gpasbl
BbICOKOrO flaBfieHnA marHeTumTa (b).

d-spacing (A)

MarHeTUT Npu BbICOKUX OaB/I€HUSAX:
aHOMaJibHble dU3NUYEeCcKne CBOMCTBa

MarHeTuT — OfHO M3 NepPBbIX MarHUTHbIX Be-
LLEeCTB, C KOTOPbIM MNO3HAKOMMIOCh YeSI0BEYECTBO.
CnoBo “marHeTn3m” 6epeT CBOe Hauasno OT Ha3Ba-
HMA LpeBHerpeyeckoro pervoHa “MarHesusa’, rge
ObINM HaMAEeHbl 3a51eXKM MarHeTnTa B MUHepanbHoOM
dopme. ViccnepoBaHmA MarHeTrTa Cbirpany 3Haum-
TENbHYI0 POJib B CTAHOBNEHUN pPAfa BaXKHbIX KOH-
uenuuin B 06Mactv GpU3NKM KOHAEHCMPOBAHHOIO
COCTOAHUS, CBA3AHHDIX C SIBNIeHUSMY Nepexoda au-
SNeKTPUK-MeTaNN 1 3apsafoBOro ynopagoyeHus.
Takke y»ke Ha NPOTAXKEHMW HECKONbKIKX ThicAYene-
TUIA MarHeTUT OCTAeTCs LWWMPOKO BOCTPebOBaHHbIM
B Pa3BUTUMN Pa3fINYHbIX TEXHOMOMMIA, HauYMHasA OT
NCMOMb30BaHUA B APEBHMX KOMMNacax AnsA HaBura-

umn okono 3000 neT Ha3aj v 3akaHUMBaA nepeno-
BbIMW HAHOTEXHOOTMAMM B 06/1aCTV MeAULIMHCKON
OVNArHOCTUKM U Tepanuu, UMUAKNHIa, Npon3Boa-
CTBa MarHUTHbIX HAHOKOMMO3UTOB, NEKTPOHHbIX
YCTPONCTB.

HepnaBHO 6bif10 0OHapYXeHO aHOMaJsIbHOE Mo-
BeAeHMe MarHUTHbIX M 3/IEKTPOHHbIX CBOMCTB Mar-
HeTUTa, CBA3aHHbIX CO CTPYKTYPHbIM $a3oBbIM
nepexofoMm, BO3HUKAIOLWMM Npv BO34EeNCTBUM Bbl-
COKMX paBneHun okono 20-25 Ma. [Ans BbiABneHUA
NPUPOAbI STUX ABMEHWIN NPOBEAEHO UCCefoBaHMe
MArHUTHbIX N 3NE€KTPOHHbIX CBONCTB MarHeTuTa C
NMOMOLLbIO METOLOB HEWTPOHHOW andpakuumn n
CUHXPOTPOHHOWN MeccHay3pOBCKON CMEeKTPOCKO-

[1]1D. P. Kozlenko et al., Scientific Reports 9, 4464 (2019). DOI: 10.1038/s41598-019-41184-3

Mossbauer 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, MarHUTHaA n
3JIEKTPOHHaA ¢a3osaﬂ AnarpaMmma
MarHeTuTa.

Temperature (K)

nuu Ha agpax >’Fe B gnana3oHe gasnexHun 0-40 ITla
n temnepatyp 10-300 K[1]. CTpyKTypHbIli $pa30Bblii
nepexop 13 nepBoHayaNbHON Kybuyeckomn ¢asbl
LWINMHENN B opTopomMbryeckyto Gpasy NoCTLLNNHENM
Habntogancs npu P = 28 Mla, uTo NpoABNANOCh B
0COOEHHOCTAX NOBeeHNA NapamMeTPOB CBEPXTOH-
KX B3aMOJENCTBUIA.

Ha ocHoBe faHHbIX HENTPOHHON Andpakymm
onpegeneHa CUMMETPUA MarHUTHOrO nopAgka B
¢dazse BbICOKOro AaBneHna marHetuTa (puc. 1). Oka-
3a0Cb, YTo 3Ta pasa AsnAeTCca cnabo Gpeppumar-
HUTHOM 1 ee Temnepatypa Heena, Tne ~ 420 K,
6onee yem B [1Ba pa3a MeHbLLE MO CPAaBHEHUIO C Be-
NNYMHON ANA Kybrnueckon dasbl WNUHENW, MarHuT-
HbI MOPAJOK B KOTOPOW UMeeT APYrylo CMMMeT-
puilo 1N XapakTepusyetca 6GONbWNM 3HaUYeHUEM
CNMOHTAHHOW HamarHuyeHHocTu. Mpu 6onee BbiCo-

600

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 aaBneHmnax okono 33 IMla n KomHaTHOW Temne-
paType, B MeccbayapoBCKMX SKCMEPUMEHTAX TaKKe
HabloAaNCcs CNMHOBBIN KPOCCOBEP U3 BbICOKOCMM-
HoBoro (HS, S = 5/2) B Hu3kocnuHosoe (LS, S=1/2)
cocToAHne NoHOB Fe3t. Pe3ynbTaTbl MPOBEAEHHbIX
nccnefoBaHNn NO3BOMMAN NONYUYUTb AEeTalbHYIO
CTPYKTYPHYIO, MAarHUTHYIO 11 SN1EKTPOHHYI0 $a30BYyLo
AvarpaMMy MarHeTuTa B LUMPOKOM Jiarna3oHe Tep-
MOLVHaMMYeCKUX MapameTpoB (puc. 2).

MonyyeHHan skcneprMeHTanbHaa HopMa-
UMA MeeT CyLLeCTBEHHOe 3HayeHe ana NoHuma-
HUA CTPYKTYPHbIX MexaHW3MOB GOpPMUPOBaHMUA
dr3MUYECKNX CBONCTB MarHETUTa, ABASIOLLEroca Ma-
Tepranom 60s1bLLON 3HAUYMMOCTU KaK st Pa3BUTKSA
COBpPEMeHHbIX NpeacTaBieHnn B GyHOaMeHTab-
HOW HayKe, TaK 1 ANA TEXHONIOrMYeCKUX NpruMeHe-
HWI, @ TaKXXe POACTBEHHbIX COEANHEHWIA.
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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

neKTPOHHasA cnekTpanbHasa QyHKUMA
CePds;, BbluncneHHas MeTogom
DFT+DMFT.

Energy (eV)

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"(Qw)/(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 CePd;: 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

30HHbIM MArHeTU3M B MaTepuanax
C NepeMeHHOU BaJIEHTHOCTbIO

Bonpoc o nponcxoxaeHny MarHeTm3ma, Bo3-
MO>KHO, ABAETCA CaMOW CTapoi HayuyHou npobie-
Mo, e€ noasneHne gatupyetca ~2000 rogom 4o H. 3.
3a 3T0 Bpems HayKa O MarHUTHbIX ABMEHUAX 3BOJIIO-
LMOHMpOBana B obWwnpHyto o6aactb GPU3NKN KOH-
LEHCMPOBAHHBIX Cpef, rae Hannune MarHUTOaKTyB-
HbiX 3d, 4f unn 5f SNEeKTPOHHbIX COCTOAHUI NPUBO-
JNT K OObLLOMY UMCITY HOBbIX GpU3NUECKIMX ABJIEHUIA.

Heynpyroe paccesHue HenTpoHoB (HPH) aB-
NAETCA NPAMbIM CMEKTPOCKONNYECKNUM METOAOM 13-
YyUYEHUA 1 aHaNN3a MarHUTHOW AUHAMUKM Ha MUKPO-
CKOMMYECKOM YpOBHe. B HacToALelt paboTe npep-
CTaBneHbl pe3ynbTaTbl UCCNe[OBaHUN CUCTEMbI C
nepemeHHowm BaneHTHocTbto ([1B) CePd; [1]. Okcne-
pvMeHTbl o HPH 6binn npoBefeHbl Ha CNeKkTpo-
meTpe MERLIN B JlTabopaTtopuu Pe3epdoppa Annne-
TOHa, BenukobpuTaHus.

B Hauane 90-x rogoB NpoLuioro Beka bbina cos-

[laHa Teopua fMHaMMyeckoro cpegHero nona (dy-
namical mean field theory — DMFT), no3ssonstowas
YUUTbIBaTb CUJIbHbIE 3IEKTPOHHbIE Koppenaumm npu
BbIUMCNEHNN IEKTPOHHOW CTPYKTYPbl 1 AUHAMU-
yeckon Bocrnpumnmumsoctu X’(Q,w), KoTopas cBA3a-
Ha C 3aKOHOM paccenaHus, U3MepPAeMOro B 3KCnepu-
MeHTax HPH, kak S(Q,w) ~ X"(Q,w)/(1 — exp(—w/kgT)).
Ha puc. 1 nokasaHbl BbluncieHHble metogom DFT+
DMFT anekTpoHHble crnekTpanbHble GyHKumn CePds
ana aByx temnepatyp (A) 100K v (B) 400K. Kak Bna-
HO, IMEIOTCA ABE UHTEPECHbIE 0COOEHHOCTU SNeKT-
pOHHOW cTPYKTYpbl CePds: Hannune ABYX 3N1E€KTPOH-
HbIX KapMaHOB Ha ypoBHe Mepmu B [ 1 R TouKax u
He3anosIHeHHbIX MIOCKKX 30H Npu ~50 M3B B X 1 M
TOUKaX, @ TakKe — 3HauuTeNlbHasA NoTepsa KOrepeHT-
HocTu 4f 30H B palioHe ypoBHsa Oepmuy Npu NoBbl-
WweHnn TemnepaTypbl. Ha puc. 2 nokasaHbl pe3ysb-
TaTbl n3mepeHuii HPH Ha CePd; B abcontoTHbIX equ-

[1] E.A. Goremychkin et al., Science 359, 186-191 (2018). DOI: 10.1126/science.aan0593

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 CePd; (E). Open (grey) circles are INS
measurements at 6K (300K) and at energy transfer of
60 meV. Solid lines are the results of DFT+DMFT cal-
culations.

Puc. 2

[uHamunyeckas BocnpummymsocTtb CePds (A-D).
TemnepaTtypHasa 3aBUCUMOCTb fNHAMUYECKON Mar-
HUTHON Bocnpumumunsocty CePd; (E). Benbie (cepbie)
Kpykn — HPH n3mepenuna npu 6K (300K) n nepe-
[nave sHeprum 60m3B. CnnowHble AHUKM —
DFT+DMFT Bbluncnenus.

Huuax npu Temnepatype 5 K B Buae AByXMepHOro
cevenma X'(Q, w) (K, L) n dpnKcmpoBaHHOM 3HaUYeHUN
H = 1.5 npu s3Hepruax 35 m3aB (A) n 60 maB (B). Kak
BMAHO M3 3TUX ABYX PUCYHKOB, MMeeT MeCTo paau-
KanbHOe N3MeHeHre pacnpeneneHnsa MHTEHCUBHO-
CTV gnA pasHbix sHeprun. B nanenax (C) u (D) noka-
3aHbl pe3ynbratbl DFT+DMFT BbluncneHmin, Koto-
pble 4EMOHCTPUPYIOT OYEHb XOpoLlee coriacume C
pe3ynbTaTamm 3KCnepumeHTa 6e3 Kaknx-nmbo nog-
FOHOYHbIX NMapPaMeTpPOB.

HetanbHoe cpaBHeHue [1] 4D S(Q, w) u3 pgaH-
HbIx 3KcnepumeHTa HPH w ab initio DFT+DMFT Bbli-
YNCNIEHUI, NOKa3aNo OT/IMYHOE Cornacue B WUpPo-
Kow obnactn (Q — w). 3To NepBoe ycneLwHoe Habsto-
JeHVe 1 KONIMYeCTBEHHbIN aHann3 Ha ocHoBe DFT+
DMFT BbluMcneHUNn BHYTPU3OHHbIX BO30YKAEHWI
(intraband excitations) kak ¢yHkumK (Q - w). Orsn-
UeCcKMi pe3ynbTaT STOM YacTy paboTbl COCTOUT B TOM,
UTO Heynpyrre oCoO6eHHOCTY, HabnogaemMble B 3KC-

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 Kand 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 fbands and, accordingly,
to appearance of a rich structure in 4D x"(Q,w) dis-
cussed above.

40 05 00 05 10
{HL), 0.5. L) (r.Lu)

a0 =
40 05 Q0 05 10
(5K 0 irlu)

neprMeHTe, 06yCNOBNEHbI POXKAEHVEM SNEKTPOHHO-
AblpoYHbIX Nnap. Kak y>ke 0TMeyanocb, NoBbiLIeHne
TemnepaTypbl MPUBOAUT K Pa3MbITUIO XOPOLLO onpe-
[eneHHbIX, Py HU3KoW TemnepaType, 4f 30H (puc.1).
MpoBeneHHble nameperHnsa HPH Ha CePd; npn 6 Kn
300 K nokasanu pagukanbHoe n3MeHeHne MarHuT-
HOW AVHAMWKW NPU NOBbILIEHUN TeMMepaTypbl. Kak
nokasaHo Ha puc. 2(E), BcA cTpyKTypa AnHammnye-
CKOW BOCNPUMMYMNBOCTI Npu dHeprm 60 maB non-
HocTbto ncyesaet npu 300 K u DFT+DMFT Bblunc-
NEHNA OTIIMYHO ONUCHIBaOT Habnoagaembln 3pdeKT.
DTO O3HaAyYaeT, UTo NP BbICOKMX TemmnepaTypax mar-
HUTHblE MOMEHTbI 4f 3NIEKTPOHOB HaxoAATCA B Ma-
paMarHUTHOM HeCBA3aHHOM COCTOAHUM 1 NO Mepe
MOHVIXKEeHUs1 TemnepaTypbl rmbpugnsauus f anekT-
POHOB Lepua 1 d SNeKTPOHOB Nannagua NpUBoOanUT
K BO3HUKHOBEHWIO KOrepeHTHbIX f 30H 1, COOTBET-
CTBEHHO, K MosABieHnio ocobeHHocTen X" (Q,w), Ko-
Topble 06CYXJanuch BbllLe.
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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°+, capable of operating under visible light,
have been considered as an attractive alternative.
These include compounds based on NaBiOs, name-
ly, the hydrated phase containing water in the crys-
tal structure — NaBiOs - nH,O (hereinafter NBH),

Fig. 1. Scheme of the phase transformation from the
hydrated NaBiOs - nH,O phase (NBH) to the
dehydrated NaBiO; phase (NBO).
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Puc. 1. Cxema da3oBoro npespalyeHus 13
rnapatmposaHHoi NaBiO; - nH,0 ¢da3bl (NBH)
B permapatnpoBaHHyto NaBiO; dpasy (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-u3obpaxeHunsa obpasua NBH.

O HaMnKa MaTepuanoB g4 CbOTOKaTaJ'IM3a

B HacToAlee BpemMA aKTMBHO MCCNeayTCA
doToKaTanmsaTopbl — BeLLeCTBa, KOTOPble YCKO-
PAIT XMMUYeCK/e peakunn nog AencTBuemM CBera,
B YaCTHOCTW, ANA peLleHns 3a4ay SKONornm n sHep-
rocbepexeHus. 3BecTHble GoTOKaTanM3aTopbl Ha
ocHoBe TiO, B cnny 60MbLLON WNPVIHBI 3anpeLyéH-
HOW 30HbI NPOABAAT GOTOKATANINTNYECKYIO aKTUB-
HOCTb TONbKO Nop AeNcTBrEM YNbTpadroneToBoro
nsnyyeHuns. B nocnegHmne rogpl B Kauectse npusne-
KaTesIbHOW anbTepHaTUBbI paccmaTpurBatoTca GpoTo-
KaTanmsaTopbl, cofepkaLine BUCMYT B HEOObIYHON
[N HEro CTeneHn okncneHus Bis+, cnocobHble pa-
60TaTb B BUAMMOW YacTu cnekTpa. K Takum coepu-
HEHVAM OTHOCATCA coefnHeHNnA Ha ocHoBe NaBiOs,
a UMEeHHO ruapaTnpoBaHHaa ¢dasa, cogepallan

BOAY B KpucTaninyeckonm ctpyktype — NaBiO; -
nH,O (ganee NBH), koTopas npeBpaliaeTca npu Ha-
rpeBaHuu B JervppatvpoBaHHyt ¢asy NaBiO;
(nanee NBO) (puc. 1).

MockonbKy BnvAHKeE BoAbl Ha GOTOKaTaNnnTU-
YeCcKy akTUBHOCTb AUCKYTUPYETCA, a HEKOTopble
aBTopbl NpeanaraoT KOMOMHMPoBaTb 06e dasbl B
pamMKax OfHOW reTepoCTPYKTYpbl, OblI0 NPoBefeHO
nccneposaHuve dasosoro npespatieHna NBH-NBO
KaK C TOUKM 3peHUA CTPYKTYPbl, TaK U ANHAMUKN
MoneKyn Bofbl. lcxoaHble 06pasLbl npeAcTaBnanm
coboli NoNNKPUCTaNIbl, XapakTepu3ytoLwmecsa nna-
CTUHYaTOM Mopdonoruen (puc. 2).

PeHTreHoandpaKkLOHHbIe UCCIeoBaHNWA, a
TaKXe uccrnefoBaHna METOAOM Heynpyroro pacces-

[1] Valkovskiy G. A., et al. Materials Chemistry and Physics 286 (2022). DOI: 10.1016/j.matchemphys.2022.126156

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 3BonioLnA peHTreHorpammbl.

HWA HENTPOHOB Ha ycTaHoBKe HEPA peaktopa VBP-
2 nokasanu, 4to $pa3oBoe NpeBpalleHne ABNAETCA
OVCKPeTHbIM — ¢a3a co cTpyKkTypoirr NBH Heno-
CpeaCcTBeHHO TpaHchopmumpyeTca B dasy co CTPyK-
Typoii NBO 6e3 dopmrpoBaHMA NPOMEKYTOUHbIX
nonumop®HbIX MoANdUKaLMIA, OTAINYAIOLLNXCA CTe-
XnomeTpuen (copeprkaHnem Bofpl) (puc. 3). B npo-
Lecce ¢pa3oBoro npeBpaLleHna Habnogaetca pusu-
yeckan cmecb NBH 1 NBO ¢as, npu aTom maccoBas
ZJona ofHoOM Gpa3bl yBENMUMBAETCA 3a CYET yMEHbLUe-
HWA ApYroi, Toraa Kak nofobue CNnekTpoB Heynpy-
roro paccefaHnsa HeMTPOHOB ANA 06pa3LoB C pas-
HbIM COAepPXKaHNEeM BOAbl CBMAETENIbCTBYET O TOM,
uTo KOHdpopMaLma monekyn soabl B paze NBH npwm
06e3BOX1BaHMM 00pa3La CYLLeCTBEHHO 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. This dy-
namic interaction occurs between structurally equi-
valent 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 coctoaHmn (GDOS), nonyyeHHas 13
CMEeKTPOB HeYNpyroro pacceaHnA HeNTPOHOB.

CoBMecTHbI aHanm3 NK-cnekTpoB 1 cnekTpoBs
KOMOWHaLMOHHOTO paccesHs CBETa BbIsIBUJ Pe30-
HaHCHOEe AMNosb-AMNOSIbHOE B3auMoaencTeme Mmo-
nekyn BoAbl B r’MApaTMpoBaHHON ¢dase, KOTopoe
TaKXKe NMPoABNAETCA B CNEKTPaX Heynpyroro pac-
CeAHNst HEMTPOHOB B BUe [aBblAOBCKOMO pacluyen-
nenwus (puc. 1d). 9To0 ANHaMMNYECKoe B3aMOLEeNnCT-
BV€ MPOUCXOAUT MEXAY CTPYKTYPHO SKBUBANEHT-
HbIMW COCEeAHMMYM MOJIeKYlaMu BOAbI, KOTOpble KO-
nebnoTcA Kak AUHAMUYECKN CBA3AHHblE OCLMIA-
Topbl [1].

MpoBeféHHble nccnefoBaHMA AatoT Nogpob-
Hoe npeacTaBieHne O peanbHON TeMnepaTypHON
3Bostoumu rupgpatuposaHHoro NaBiOs 1, cnegoBa-
TENbHO, ABMAIOTCA WAroM K NMOHMMAHUIO U KOHT-
posnto ero poToKaTaNUTUYECKMX CBONCTB.
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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

Komno3uTtHble MaTepuanbl 3alumiaot
pexyLime MHCTPYMEHTbI. ICTOUHUK:
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

DNeMEeHTHbIVM aHaIn3 NpuMeceun
B KOMMO3UTHbIX MaTepuanax

3aWmnTHOE NOKPbITME Ha OCHOBE CUCTEMbI TU-
TaHa (Ti) n antomnHma (Al) ncnonb3yetcs B obpaba-
TbIBalOLLEN MPOMBILLNIEHHOCTU AnA 06paboTkuy pe-
XKyLLEer YacTn MHCTpyMeHTa (puc. 1). Komnosunuymor-
HbI MaTepuran TixAlxN, KOTOpbIA nCnonb3yeTcs Kak
B BMJE MOHOC/IONHOTO, TaK 1 MYSIbTUCIIONHOrO Mo-
KpbITUA, yiydllaeT TepMOCTabunbHOCTb U CTON-
KOCTb K OKMcreHunto. Takxke 6rarofapsa couyeTaHuto
YHVIKaJIbHbIX N1EKTPODU3INYECKMX M ONTUYECKUX Xa-
paKTepuUCTUK CTPYKTYpHble moandukaumm AIN Ha-
XO[AT WMPOKOE MPUMEHEHNE B KauecTBe pasnmny-
HbIX GYHKLMOHANbHbIX Cpef, COBPEMEHHOWN MUKPO-,
HaHO- 1 ONTO3NEKTPOHUKN.

MonyyeHre KOMMO3MUMOHHbIX MaTepuanoB
WHCTPYMEHTaNIbHOro Ha3HayeHWA CBA3aHO CO 3Ha-
YNTENbHBIMWN TEXHUKO-3KOHOMUNYECKMMU TPYAHO-
ctamn (gasneHne 8-10 [Tla u Temnepatyp Ao

1700-2200 K). InAa cHMWKeHUs aaBneHus 1 tTemne-
paTypbl CMHTE3a UCMONb3YITCA Pa3fMyHble peak-
LMOHHbIE CMECU, COCToAWME K3 KyOUYeckoro
HUTprAaa 6opa 1 cBA3KN. B npouecce Tepmobapuye-
CKOTrO CMeKaHUs 13 JaHHbIX cMecel dopmMmpytoTca
KOMMO3ULMOHHbIE MaTepurarsibl Pa3fiNyHOro NHCTPY-
MEeHTaJIbHOro Ha3HauyeHuA. B HacToALwee Bpema mu-
poBaA HayuyHaA O6LEeCTBEHHOCTb BCECTOPOHHE
NOAXOAMNT K BbIGOPY KOMMO3ULUMOHHBIX MaTepura-
nos. CyuwiectBytoT paboTbl MO MCMONb30BAHUIO TU-
TaHcoAepPKaLLMX M aNIOMUHNNCOAEPXKALLNX CBA3OK,
a B nocniegHee BpeMs Havyanucb nccnegoBaHmsA rno
COBMECTHOMY MCMOJIb30BaHWIO TUTaH- 1 altlOMUHWN-
CofepaLyx KOMMNOHEHTOB CBA30K. iccnegoBaHmsA
MO U3YYeHUIO /TIEMEHTHOIO 1 NPUMECHOrO COCTaBa
CMHTE3MPyeMbIX KOMMO3UTOB He MPOBOAUIINCD.
CuHTe3 KOMNO3ULMOHHbIX MaTepuranos Npo-

[1] Aleksiayenak Yu., et al. AIP Conf Proc 2163 (2019). DOI: 10.1063/1.5130080

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

Puc. 2

®opmbl HUTpUAa 6opa (a) rekcaro-
HanbHas, (6) Kybnueckas.

Boaunca B HayuyHo-npakTmnyeckom LeHTpe Haumo-
HanbHOW akageMun Hayk benapycu no martepuano-
BefeHuto (r. MrHck). NMonyueHre obpa3LoB cucTe-
Mbl B-N-Al-Ti npoBoaunocb u3 anemeHtapHbix Al, Ti
W rekcaroHasibHou moandukaumm BN (B cooTHoLwe-
Hum Al:Ti:BN=0.25:0.25:0.50 no macce) nog pa3HbiM
3HaYeHmem BbICOKOro aaBnenus ot 2.0 go 5.0 Mg,
Npwv pa3HbiX 3HaYeHUAX Temnepatypbl ot 500°C go
2000°C. JaHHble peHTreHoBCKOW andpakumnm ob-
pa3uoB cuctembl B-N-Al nokasanu, uto B ob6pasuax
HaumHaAa ¢ Temnepatypbl 1500°C 1 2000°C n npwn
fasneHun 5.0 IMa npet obpasoBaHme dasbl AlxNy,
TixNy n npucytcTByeT $a30BbIli Nepexos rekcaro-
HanbHoro BN B Ky6uuyeckyi mogudukauuo BN
(punc. 2).

C nomMoLbto HEMTPOHHOTO aKTUBALMOHHOIO
aHanu3a (HAA) anemeHTHbI cocTaB 6bin onpege-
NeH B 3/IeMEeHTax OCHACTKM (HarpeBaTesb, KOHTEN-
Hep, 3arnyLKa), KOMMNOHEeHTaxX MCXOAHOW LUNXTb,
CMHTE3MPOBaHHbIX KOMMO3MLMOHHbIX MaTepranax.

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.

WccnepoBaHue s3nemMeHTHOro coctaBa KOMMO3MUT-
HblX MaTeprasaoB Nokasano, Yto 13 40 3nemMeHTOB,
06HapPY>KEHHbIX B OCHACTKE, TOSIbKO 8 MUTPUPYIOT B
komno3utbl (Mn, Br, Sr, Zr, Sb, La, Sm, Hf). 3 34 ane-
MEHTOB, COAEPXKaLLUUXCA B LIMXTe, 27 6blI HaNLEHbI
B NMOJyYeHHbIX KOMMO3uTax. bblno o6Hapy»KeHo, UTo
3M1eMeHTbI MO-Pa3HOMY akKyMynupytoTca B obpas-
uax; Tak, Hanpumep, Sr, Sm, Hf, Th n U murpupytoT B
rnybnHy obpasua. B BepxHMX Cnosx no wupuHe
(onameTtpy) akkymynupytotca V, Cr, Fe, Co, Ni, Zn, Sb,
Ta, U.

B pe3synbrate paboTbl 6bI10 YCTAHOBIEHO, YTO
ONTMMasnbHbIMU YCIOBUAMM ANA CUHTE3a KOMMO3UT-
HbIX MaTepranos Ha ocHose B-N-Al-Ti aBnsaeTca Tem-
nepatypa 2000°C n gaBneHue 5.0 [Ma. MNonyyeHHble
pe3ynbTaTtbl MOTYT ObITb UCMOMb30BaHbl B MOAENN-
poBaHUN ANPPY3NOHHBIX NMPOLECCOB, a TaKKe B
onucaHmn TBepaodasHOro nermpoBaHUA B Npo-
Lecce cnekaHus.
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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;;sGa,
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
at a 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;3Gag phases can be observed.

For a long time there was no information
about the crystal structure of the Fe;3Gag 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).

Puc. 1

TemnepaTypHble MHTepBasbl
cywecTBoBaHuA das B npouecce
HarpeBa go 850°C (a) n nocnepyio-
wero oxnaxaeHus (b).
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B nouckax MeTtactabunbHon dasbl Fe-Ga cnnaea

WNHTepec K Fe-Ga cnnaBam BO3HUK B Hayane
2000-x rr. nocne oTKpbITUA B HUX 3bdeKTa rMraHT-
CKOW MarHMUToCcTpuKymmn. Cenyac XopoLuo U3BECTHO,
yTo ANnA cuctembl Fe-Ga xapakTepHo Hanuume AByx
MUKOBbIX 3HAYEHUIN MarHUTOCTPUKLMN, COOTBET-
cTByowmx cogepkaHnio 19-20 at.% n 27-29 at.%
Ga c rny6oKuM NPoBanom Mexay 3TUMn obnactamm
1 AOBOMNbHO Pe3KMM CrajoM Npu CoAep>KaHnA ran-
nna >30 at.%. C TOUKM 3peHnsa nepcneKkTrBbI Npak-
TMYecKoro ucnonb3oBaHua Fe-Ga cnnaBoB Hawu-
60NbLUNIA MHTEpeC NpeacTaBnAeT 06/1acTb C OTHO-
CUTeNIbHO ManblM cogepxaHuem rannmsa (<30 aT.%),
COOTBETCTBEHHO, OCHOBHblE yCUnusA Obinn Hanpas-
NIeHbl Ha ee n3yyeHune, B TO BPeMA Kak Ccniasbl C
6onbLrM copepaHriem Ga HeCKONbKO Bblnanu 13
nons 3peHua. Tem He MeHee, B X N3yYeHnm eCTb He-
06X04MMOCTb, TakK KaK Npu BbICOKUX KOHLIEHTpa-

LMAX raninsa BO3MOXHO BbleneHne MeTacTabusb-
Hon da3bl Fe;3Gag, KOTOpas cornacHo TeopeTnye-
CKUM oLeHKam [1], moxeT HabnogaTbca B 3TUX Crina-
Bax NPy NOHWXeHNN KOHUeHTpauumn Ga BnNioTb Ao
25 aT1.%. Ee popmmpoBaHme MOXKeT BNUATb Ha NMoBe-
[LeHNe KOHCTaHTbl MarHUTOCTpuKuumM (bbicTpoe
yMeHblUeHne Npu cofgepxaHumy ranama >30 at.%). B
JIHO OUNAU Ha peakTope NBP-2 6bina BbiNnofHeHa
cepus AndPaKLMOHHBIX SIKCNEPUMEHTOB, LIEMbIO KO-
TOpbIX 6bINIO ONpefesneHne Toro, B Kaknx ananaso-
HaxX KOHLeHTpaLuMi 1 Npu Kaknx yCroBuAX B NPWIH-
Lune BO3MOXHO BblaeneHmne dpasbl Fe;sGa,.

CTonT OTMETUTb, YTO JONroe BpemMs He Obl1o
BOOOLLE HUKAKON MHbOPMAUMM O KpUcTanmue-
CKOW CTPYKTYype nHTepmeTannuga Fe;sGag, KoTopbii
B paHHMX paboTax, NOCBALEHHbIX N3yYeHuto ana-
rpammbl coctoaHna Fe-Ga, o6o3Havanca Kak M-

[1] Leineweber A., et al. Intermetallics 131 (2020). DOI: 10.1016/j.intermet.2020.107059

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;3Gag 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

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;3Ga, is necessary
for the Fe,5Gas = a-FesGas transition to occur. The-
refore, this phase transformation occurs after pre-
liminary precipitation of the iron-rich L12 phase
(Fig. 2). Fe;3Gag is not detected during further cool-
ing. Fe;3Gay 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,sGa, 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].

Heating Cooling
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dasa. JInwb HegaBHO B COBMECTHOW paboTe ¢ rpyn-
nov npod. JlanHesebepa yaanocb Nofy4nTb HeOb-
XOAUMble CTPYKTYpPHble faHHble [1].

Ha audpaxktomeTtpe HRFD 6binv npoBeaeHsl
CpaBHUTENbHbIE NCCIefoBaHuA 3Bonoumn dpaso-
BOro cocrasa cnnasos Fe-(31-38)Ga B as cast co-
CTOAHUM NPU HenpepbiBHOM Harpese o 850°C n
nocnegytowem oxnaxgeHuu. lonyyeHHble pesynb-
TaTbl MO TemnepaTypPHbIM MHTepBanam CyLLeCTBOBa-
HUA Pa3fINYHbIX CTPYKTYPHbIX a3 nokasaHbl Ha
puc. 1. U3 H1x cnepyeT, uTo da3oBble NpeBpaLLeHUs
B 3TUX MeTacTabubHbIX CMylaBax NpPOTEKatOT MOXO-
XKVM 06Pa30M U COCTOAT U3 HECKOJIbKUX CTaZInN, Xa-
paKkTepu3yoLMXca onpeaeneHHbIM HAboPOM Npu3-
HaKOB.

BbI1o 06Hapy»KeHo, UTo B CnlaBax ¢ 6onbLn-
MU KOHUeHTpaumamm rannma 32.9-38.4 at.% ¢dasa
Fe;3sGag MmeeTcAa B MCXOOHOM as cast COCTOAHUMN 1

T0 100 200 300 400 S00 600 700 80
Temperature, °C Temperature, °C

T T v T T T T T
B00 700 600 500 400 300 200 100 O

ob6nacTb ee CylecTBOBaHNA OrPaHNYNBAETCA MaK-
cMManbHom Temnepatypown ~570°C. UIHTepeceH TOT
baKT, uYTo AnA Toro, YTo6bl NPOKN3OLLEN Nepexon
Fei3Gag = a-FesGas, Heobxoanmo npenBapuTesb-
HOe yMeHblUeHne cofepxaHua xenesa B FesGa,.
MIMmeHHO no 3Tol npuimnHe 310 Ppa3oBoe npespalle-
HMe NPOVCXOAUT NOC/e NpeaBaPUTENBHOrO Bblge-
neHus 6oratoi xenezom ¢asbl L12 (puc. 2). MNpu ox-
naxgaeHun cnnaeoB ¢ 32.9-38.4 at.%Ga daza Fe;3Gag
He obpa3yeTcs. [pu ymeHbLIeHUM CogepKaHuA ran-
nva o 31.1 at. % B as cast coctoaHumn FesGag OTCy T-
CTBYET, HO BbleNnAeTcA B Npouecce Harpesa npu
~425°C n cywecTByeT, Kak U B APYrMx crniaBax,
BM10Tb A0 570°C. B oTnnume ot cnnaBoB ¢ bonbluen
KOHUeHTpauunen B cnnase Fe-31.1Ga nHtepmetan-
nng FesGag BblgenaeTca B npouecce oxlaxXaeHus
npu ~510°C, npegoTBpalyas BbigeneHme a-FesGas.
OTn pe3ynbTaTbl NpefAcTaBeHbl B cTaTbaAx [2, 3].

[2] Vershinina T. N., et.al. J. Alloy. Compd. 889 (2021). DOI: 10.1016/j.jallcom.2021.161782
[3]Vershinina T. 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) CxemaTnuHbIii BUA TPyObI 13 Zr-
2.5%Nb cnnaBa 1 Mmakpockonmuyeckas
cncTema KoopauHat. b) MukpocTpyk-
Typa cnnasa, MN3M [2]. c) 684 n3me-
PeHHbIX (HUKHAA NONOBUHA) 1 684
YTOUHEHHbBIX MOAENbHbIX ANPpPaK-
LIMOHHBIX crneKTpa obpasua (BepxHAnA
nonosuHa). d) HekoTopble NosntocHble
odurypol Zr-2.5%Nb B obpasue.

Puc. 1

a) Scheme of the Zr-2.5%Nb alloy
pressure tube and the macroscopic
coordinate system. b) Alloy mi-
crostructure, TEM [2]. ¢) 684 experi-
mental (lower half) and 684 model
refined (upper half) diffraction pat-
terns for the sample. d) Several Zr-
2.5%Nb pole figures in the sample.

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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TeKkCcTypa UMPKOHUEBDLIX CMJ/1aBOB
A8 aTOMHOW MPOMbILWIEHHOCTU

bnarogapsa OTANYHBIM MeXaHNYeCKM CBOWN-
CTBaM, KOPPO3MOHHOIN CTONKOCTU YU HU3KOMY MNO-
rMOLLEeHNIO HEUTPOHOB, criasbl Zr-Nb wnpoko npu-
MEHAIOTCA B KOHCTPYKLUUAX ALEPHbIX PEAaKTOPOB.
OpHaKko B xofe NpoLeccoB TEPMOMEXaHNYECKON
06paboTKM B 3TVX CMlaBax GOPMUPYETCA NPenmy-
LLeCTBEHHasA opreHTaLua 3épeH — Kpuctansorpa-
¢dunyeckan Tekctypa. OHa obycnaBnMBaeT aHU30-
Tponuto Gr3nYecKknx CBONCTB (ynpyrux, nnactuye-
CKMX, TEMSIOBbIX U AP.) U3[ENWIA, a TaKXKe BAUSET Ha
MeXaHM3Mbl X Aerpagaunn: Hanpumep, Npenmy-
LECTBEHHYI0 OPUEHTALMIO NPELIENUTATOB rMapu-
[lOB, panaLMOHHYI0 MON3YYecTb UK paciyxaHue.

Ondpakuma TennoBbiX HENTPOHOB ABNAETCA
YHUKaNIbHbIM Hepa3spyLlalnmMm MeToa0oM, NO3Bo-
NALWKM 1CcCnefoBaTb KpucTtannorpadpuueckyto
TeKCTypy 06bEMHbIX 06pa3sLLOB C MIMHENHbIMU Pa3-
Mepamm nopaaKa HeECKONbKMX CaHTMeTpoB. B JIHD
OWAN sToT MeToa peanr3oBaH Ha Cneynannsnpo-
BaHHOM BpeMsAnponéTHom andpaktomeTpe CKAT.

MN3yueHne o6pa3uoB U3 HECKONbKUX Cepui
Tpy6 BblCOKOro AaBneHus (guametp 100 mm, Ton-
LMHA CTEHOK 4 MM), N3rOTOBMIEHHbIX U3 crnaBa Zr-
2.5%Nb c nomoublo MHOrosTanHoro npouecca
(akcTpy3usa npm 800°C, oxnaxxaeHue Ha BO3ayxe A0
KOMHaTHOM TeMnepaTypbl, XoNnogHasa NUANrpumMo-

[1]1 Malamud F, et al. Journal of Nuclear Materials 510 (2018). DOI: 10.1016/j.jnucmat.2018.08.003

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) CxeMaTWYHbIN BUA NperMyLle- a
CTBEHHOW OpUEHTaLMN KPUCTANINTOB

B Zr-2.5%Nb cnnase. b) Pacnpegene-

HVi€ OPUEHTALNOHHOWN NHTEHCUBHO-

CTV B OPVIEHTALMOHHOM

gl

npocTtpaHcTge. ¢) CeyeHus pacnpepe- AD 11070}

NEeHNA OPUEHTALVOHHON NHTEHCKB-
HocTv BRonb yrnos @1 n® s
pasnnyHbIX 06pa3sLax 13 HauyanbHOM
1 KOHeYHom yacten Tpyo6.

Puc. 2

a) Scheme of the preferred orienta-
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 ®
angles in different samples from the
front and back parts of tubes.

BadA NpoKaTKa 1 BbigepxkKa npu 400°C B TeyeHune 24
YyacoB) NoKasaso, YTo B HMX GopmMUpyeTCcsa ocTpas
OA4HOKOMIMOHEHTHaA TeKCTypa C NpenmMyLLeCTBeH-
HOW opueHTauueln Kpuctannorpadbmyeckmx nnoc-
kocTeit {10 1 0} Baonb akcranbHoOro HanpasneHus
TpyO6bI, @ nnockocTtert (0001) — KacaTenbHO K Mo-
BepxHoCTK TpyObl [1] (Puc. 1). TekcTypHas Kommo-
HEHTAa OYeHb Y3Kafa OTHOCUTENIbHO YrnoB @1
(nonywmnpuHa pacnpegeneHns B cpegHem = 8.8°) u
@2 (= 7.7°), otTHocutenbHo yrna O pacnpepeneHne
OpPVEHTALNOHHOM MHTEHCMBHOCTM HAaMHOTO LIMpe
(= 35.2°) (Puc. 2). B uenom, xapaktepncTnkuy Tekc-
TYpbl B TPy6ax 13 pa3fiMyHbIX CEPUA MPAKTUYECKU
He n3meHatoTcA. OgHako obpasubl U3 HayaNbHOM
yactu Tpy6 OeMOHCTPUPYIOT MeHee OCTPYHO 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].

[0002]

ODF intensity, m.r.d.

ODF intensity, m.r.d.
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TYpy, YeM 06pa3Lbl M3 KOHEYHOW YacTu TpyO: TeKc-
TYPHbIA MHAEKC paBeH 6.5 1 7.8, COOTBETCTBEHHO.

CpaBHeHMe 3TUX pe3yNnbTaToB C AaHHbIMY, NO-
NYYEHHbIMU Ha HEWTPOHHbIX AudpakToMeTpax B
ApYrux NccnenoBaTenbCKUX LeHTPax, NokasbiBaeTt
BbICOKYI0 TOYHOCTb M3MEPEHUIN TeKCTYpbl HENTPO-
Horpaduuecknm metogom. Tak, TUMMUYHaA Heornpe-
OenéHHOCTb M3MepeHUsa TeKCTYPHOro uHAeKca
CoCTaBnAeT 0Koo 5%, yrnoBowr No3nLUmnmn TeKCTYp-
HOW KOMMOHEHTbl — oKoNno 1%, eé WwupuHbl —
oKono 2%. OcobeHHOCTUN HeNTPOHOTrpaduUeckoro
TEKCTYPHOro aHanu3a Ha gudpaktometpe CKAT un
NpuMepbl pellaeMblix HayUHbIX 3a4a4 NpUBeeHbI B
cBexxem 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.

Intensity (arb. units)

Puc. 1

a) HenTpoHHble AndpakumoHHble
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COBbI aTOMHbIE CJI0U, BUJ, CBEPXY 1
cHOKYy.

BaH-Ooep-BaajibCOBbl MarHeTUKU
A9 CNUMHTPOHUKUN N HAHO3NTEeKTPOHUKU

KBa3sngBsymepHble (2D) BaH-fep-BaanbCOBbI
CJIOVCTblE MarHUTHbIE MaTepuasbl JEMOHCTPUPYIOT
pAL HOBbIX GU3NYECKUX ABNEHUA U paccmaTpu-
BalOTCA B KauyecTBe MepCrneKTMBHbIX CMCTeM ANA
CO3[aHNA NepeaoBbIX YCTPONCTB CIUHTPOHWKN U
HaHO3MEKTPOHMKN. MarHUTHaA pelueTka AaHHbIX
MaTepuranoB nofobHa rpadeHy 1 B HMX Habnoga-
€TCA MarHUTHOeE yropAgoYeHe BNOTb 10 Npeaena
MOJIEKYNIAPHOrO MOHOCII0A NP JOCTaTOYHO BbICO-
KMX TemnepaTtypax. HegaBHo B BaH-Aep-BaanbCo-
BbIX MaTepuranax 6bui11 o6HapyeHbl HOBbIE TUMbI
CMHOBbIX BO30OYXXAEHWI, Nepexos AN3NEKTPUK-Me-
Tasin, CNMHOBbIV KPOCCOBEP, CBEPXMPOBOANMOCTb.

CTpyKTypHble, MarHUTHble 1 KonebaTenbHble
CBOWMCTBAa MOAEJIbHOrO NpeacTaBuUTena CeMencTBa
BaH-Aep-BaasibCoBbIX MarHeTnKoB CrXs; — CrBrs, nc-
CflefoBaHbl C MOMOLLbIO METOOB PEHTFEHOBCKON,
HeNTPOHHON AndpaKLMM 1 PaMaHOBCKOM CNEKTPO-
cKonuu B granasoHe Temnepatyp 5-300 K, puc. 1
[1]. MarHWTHble MOMeHTbI MoHoB Cr, bopmupytone
rpadeHoNnofo6HYI0 MarHUTHYIO peLleTKy B CIoAX
Br-Cr-Br, ynopagouvBatotca ¢eppomarHutTHo npu
Temnepatype Kiopu Tc = 36 K. B o6nactu T¢ obHa-
pY>K€HO aHOManbHOe NoBefleHNe CTPYKTYPHbIX MNa-
pameTpoB (puc. 2). Hnxke 3Ton TemnepaTypbl Xapak-
Tep TENJIOBOro paclmpeHmnsa obbema snemeHTap-

[1] D.P. Kozlenko et al., npj Quantum materials 6: 19 (2021). DOI: 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% K7, 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 3aBUCUMOCTM NapaMeTPOB 1 06beMA SNIEMEHTAPHON AYEKM KPUCTANNIMYECKO PeLleTKn
CrBrs, OTHOPMIMPOBaHHbIE Ha COOTBETCTBYIOLLME 3HAUYEHNA MPU KOMHATHON TemnepaType. b) TemnepatypHble 3a-
BUCUMOCTU PaCCTOAHUI MeXAy MarHUTHbIMK noHamm Cr BHYTPU BaH-Aep-BaanbCoBbIX cioes (intra-layer)

mexay cnosmu (inter-layer).

HOW peLIeTKN 1 BaH-Aep-BaanibCoOBbIX C/IOEB M3Me-
HANCA C NOJIOKUTENIbHOTO Ha OTpuLaTesnbHbIN. B
obnacTv TemnepaTtypbl MarHUTHOFO YNOPAA0YEHA
TakXe Habnoganncb 3HaunTenbHble 3pdeKTbl CrvH-
$GOHOHHOro B3aMoaencTBnsA, NposBAAlWMeCca B
AHOMaJIbHOM yBENNYEHMM GOMNbLINHCTBA YacTOT KO-
neb6aTenbHbIX MO/,

CnepyeT OTMETUTD, YTO OTpULIATE/IbHOE TEenso-
BOE paclUpeHme ABNAETCA CPAaBHUTENbHO PELKM
dursnueckum 3¢pdpekTom, 0OHAPYKEHHDBIM NULLb B
HECKONIbKNX KNlaccax matepunanoB. KoapounumeHT
TEMJIOBOroO paclimMpeHns atoMHbix cnoes CrBr; B
obnactm T < Tc, aj=—1.6-105 K1, 61130K K COOTBET-

CTBYIOLLEW BenunHe ans rpadeHa B 061actn HX3-
KUX TemnepaTtyp.

MonyyeHHble pe3ynbTaTbl CBUAETENbCTBYIOT O
XOpOoLLen COBMECTMMOCTU MaTepuranos Tina CrX; (X
— ranoreH) n rpadeHa C TOUKN 3peHUs NepcrnekTus
CO3[aHuA reTepoCTPYKTYP Ha UX OCHOBE, NPaKTU-
yeckoe M1CnoJsib30BaHMe KOTOPbIX MOXKET CTaTb BaX-
HbIM LIArom Ha NyTu K pa3paboTke nepepoBoro
MOKOJNIeHUA YCTPOWCTB CMUHTPOHMWKN, HAaHO3NEK-
TPOHUKMU, 3aNUCKU U XPaHEHNA MHPOPMaLN.
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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 Fe2(de) Fez(2b)
centrosymmetric P6;/mmc and non-

centrosymmetric P6smc space
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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. 1b). 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-

SG P6;/mme
(No. 194)

CerHeToafieKTpuyeckme CBoOMCTBa

B rekcadgpepputax M-tuna

lekcadeppuTbl 1 UX TBEpAblE PAaCTBOPLI NPU-
BrieKatoT 00sbLIOE BHMMaHMe 6iarofaps CBOUM Bbl-
Jaowmmcs ¢prsndyeckm ceoncTeam. OTHOCUTENbHO
BbICOKME 3HauYeHns Temnepatypbl Kiopu v yaenb-
HOrO COMPOTMBNEHUA XapaKTepu3ytoT rekcadpepput
6apusa Kak CTabWbHbIN B LUMPOKOM AMana3oHe
Temnepatyp nonynposogHuK N-tuna. Kak npasuno,
KpucTannuyeckyto cTpyktypy BaFe;;0,5 onucbiBatoT
B paMKax HEMOMAPHOWM LIEHTPOCUMMETPUYHON NPOo-
CTPaHCTBEHHOW rpynnbl Np. rp. P6s/mmc. Ero cnox-
Has 3fIeMeHTapHanA AYeliKa COREPXKUT ABe GopMyIib-
Hble eauHMLbl (Z = 2) N XapaKTepu3lyeTca 3Hauu-
TENbHOW KPUCTAN/INYECKON Y MarHUTHOW aHU30-
Tponwuen (puc. 1a).

OfHako, ObHapyXeHMe cerHeToaNeKTpuye-
CKUX CBOMCTB (CM. pUC. 2), cocyLecTByoWwmx ¢ dep-
PVYMarHUTHbIM ynopsagovyeHnem B rekcadpepputax

M-Tuna, NPOTMBOPEUNT HANTNYUMIO LIEHTPA NHBEPCUM
B UX CTPYKTYPE 1 MO3BOJIAET OXapPaAKTEPM30BaTh 3TM
MaTepuranbl Kak NepcnekTnBHble MynbTUdeppPorKY,
KOTOpble MOryT 6bITb NCMONb30BaHbl B KauecTBe
SHEeproHe3aBUCMMON NAMATU MPY KOMHATHOW TeM-
nepaTtype Ha OCHOBE HeNIMHENHbIX MarHUTO3neK-
Tpuuecknx adpdeKkToB. [MonNbITKM NepecmoTpa CUM-
MeTPUN Kak GapuesbIx, Tak U CTPOHLMEBDIX rekca-
beppurToB 6bINN NPeanpUHATLI B [1, 2], rae CTpyK-
Typa rekcadpepputa M-Tuna nccnegosanacb MeTo-
[IOM PEHTreHOBCKOW 1 HENTPOHHON AndpakLmn
(cMm. purc. 2a) 1 onuncaHa B paMKax NMonspHON He-
LeHTPOCUMMETPUYHON Np. rp. P6:mc (cm. puc. 16).
CnepyeT OTMETUTb, UTO MapaMeTPbl PeLleTKM UMEeIoT
6/11M3KMe 3HAYEHUSA ANA AeMeHTapPHbIX AYeeK obe-
UX Np. rp. OTO 03HaYaeT, YTO OCHOBHOE pasnuyve
MeXAY HUMMN JOJIKHO 3aKoYaTbCA B JTIOKaNbHOM

[1] Turchenko V., et al. Journal of Alloys and Compounds, V.931. (2023). DOI: 10.1016/j.jallcom.2022.167433

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 P6s/mmc
configuration. The total energy of the unit cell of SG
P6smc 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 PbZrO;,
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;,Oso;
electric polarization (c) and energy difference (d) calculated for transition from polar SG P6;mc to nonpolar SG

P6s/mmc structure of BaFe;;05e.
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Puc. 2. CerHetoanekTpuuyeckune neTnuv ructepesunca (a) u nopoLlKoBas HelnTpoHorpamma (b) nsmepeHHble SKCnepuMeH-
TanbHo Ans BaFe;,0;o; 2neKTpuueckas nonapusaumsa (c) 1 pasHoCTb sHepruii (d), paccumTaHHas ans nepexona ot
NoNAPHON CTPYKTYPbl P63mMc K HenonAapHon P6s/mmc ana BaFe,04q.

CMeLleHNN VMOHOB, 06pasyloLWmnX dneMeHTapHYIo
AYENKY.

BbiTecHeHMne nOHOB Fe 13 noKanbHbIX LLEHTPOB
NX KNCITOPOAHOIO OKPY>KEHUA AOMKHO MPUBOANTD
K BO3HUKHOBEHWIO NCKaXEeHWU KNCNIOPOAHbIX NONK-
38poB [2]. OCHOBHOE OTINYME HEeLEeHTPOCMMET-
PVYHON 3NIeMeHTapHOM AYENKM OT LLeHTPOCUMMET-
PUYHOM MOXET 6bITb CBA3AHO C HEIKBUBANEHTHbIM
NCKaKeHneM COCefHMX KMCIIOPOAHbIX NOAN3APOB
1 BO3MOXKHOCTbIO CMELLEHMA MOHOB XeJle3a, JIoKa-
NN30BaHHbIX B TPUrOHaNIbHO-OUNUPaMULanbHbIX
nonusgpax, B OAHOM HanpasaeHnN.

Pa3sHocTb nonAapmsaumin AP mexkgy nonAapHom
1 HenonApHoW Gpazamm paccumTanu C NCNosib30Ba-
HVeM NPeANOoNoXeHWA O HenpepbiBHOM agnabaTu-
yeckoMm npeobpazoBaHUM, KOTOPOE BKIOYAET Mac-
wrabrpoBaHue BHyTpeHHel aepopmauun ¢ napa-
meTpoM nopagka n (0 < n < 1). MNockonbKy nonsapu-
3aUuMA LEHTPOCMMMETPUYHON CTPYKTYpPbI P6s/mmc

no CMMMeTpUK obpallaeTcsa B Hynb, AP coBnagaet
C OCTaTOYHOW NonsApm3aunein HenonApHon dassbl.
MonyyeHHoe npupaweHne AP = 0.9 mkKn/cm2 gna
KaXkgoro wara An okasbiBaeTcs 6nm3ko K 1/4 ot
MOSIHOro 3HayeHua. HeobxoauMMo OTMETUTb, YTO
NyTb NepexoAa He BAAET Ha KOHEYHbIN pe3ysbTart.
DBOMIOLMA NONYYEHHON HaMU SNEKTPMUYECKOM Mo-
nApr3aLmnmn nokasaHa Ha puc. 2c. PucyHok 2d nos-
BONAET OLEHWUTb BENUYMHY SHEPreTM4yeckoro
6apbepa CMCTeMbI Ha MYTU Nepexofa OT NoNAPHON
KOHOUrypauum np. rp. P63smc K HenosApHOMN KOH-
burypaumm np. rp. P6s/mmc. NonHas aHeprus sne-
MeHTapHoOW AYenkn (P6:mc) meHblue = 0.04 3B/d.e.
Mo CPaBHEHWIO C HeNoAApPHOW AaYernkon (P6s/mmc).
CnepyeT OTMETUTb, UTO A 6osiee NPOCTbIX CUCTEM
mynbTudepporkos PbTiOs 1 PbZrO;, B kKoTopbix BCe
aTOMbl CMELLAIOTCA BAONb HanpaBneHna nonapusa-
Lun, SHepreTnyeckmin bapbep LOCTUraeT 3HaUEHUI
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

Cpe3s uemeHTHOro obpasua ¢ rpadu-
TOBbBIMYU BK/TOYEHUAMU.

HentpoHHaa ToMorpaduda

X P
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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 LLleMeHTHbIX MaTepmnasioB

B HacTosLee BpemMs akTVBHO pa3pabaTbiBatoT-
CAl HOBble METOAbI CMHTE3a N XMMUYECKIMEe COCTaBbI
LeMeHTHbIX MaTepnanoB C Lenbio YIyUlleHnA X
AHTMKOPPO3VOHHbBIX U MEXaHUYEeCKUX CBOWMCTB.
KEcTKme TpeboBaHUA K TEXHONOMMYECKUM Mnapa-
MeTpaMm, [ONTOBEYHOCTU U CPOKY CYXObl LIeMeHT-
HbIX MaTepranoB, UCMONb3yeMbIX B KaueCTBe KOM-
MOHEHTOB [/1A XPaHEHUA PaAN0aKTUBHbIX OTXOLO0B
M B rpaX4aHCKOM CTPOUTENbCTBE, MPUBOAZAT K He-
06X04MMOCTU NPOBeAeHNA feTallbHOWN CTPYKTYp-
HOW ANarHOCTUKN HOBbIX COCTaBOB WJIN yXe roTo-
BbIX LLeMEHTHbIX u3genuin. Ana ngeHtnoukaunm n
aHanM3a CTPYKTYPHbIX 0COOEHHOCTEN LIeMEHTHbIX
MaTepuanoB: Han4me 1 reoMeTpum BHYTPEHHMUX
TPELLVH 1 NONOCTEN, MOPUCTOCTM, NOKaNbHbIX CTPYK-

TYPHbIX HEOAHOPOAHOCTEN, NPOCTPAHCTBEHHOIO
pacnpegeneHua ¢Ga3oBbix KOMMIOHEHTOB, — ycreL-
HO MpPUBNEKaeTCA MeTof HEMTPOHHOM ToMorpaduun.
Hepa3pywwatoLme CTpyKTypHble ncCnefoBaHuA WK-
POKOro Kpyra HOBbIX COCTaBOB LIEMEHTHbIX MaTe-
pranoB AnA CTPOUTENbCTBA XPaHUANLL, PajMoaK-
TUBHbIX OTXOA0B U FPaXkAaHCKMX 0ObEKTOB MPOBO-
[ATCA Ha CTaHLMW HENTPOHHO pagunorpadum u To-
Morpadum Ha MMMNYTbCHOM BbICOKOMOTOUYHOM pe-
akTope VBP-2 B JTabopatopuu HEUTPOHHOW GU3NKIK
um. . M. OpaHka B O6beguHEHHOM WHCTUTYTe
AQEPHbIX UCCIe[oBaHNUN.

HelTpoHHble nccnefgoBaHnA NO3BOAVIN NOMY-
UYNTb JaHHbIe O BHYTPEHHEN CTPYKType 1 reomeT-
pu TpeLLrH 1 $a3oBbIX 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

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

BoccTtaHoBNEeHHOE 13 faHHbIX HENTPOHHOM
ToMOrpadun NPoCTpPaHCTBEHHOE PAcnoso-
KeHre 1 paccumTaHHaa NpenmyLLecTBeHHas
opueHTauusa rpadprTOBbIX BKIIOUYEHNI B Lie-
MEHTHbIX MaTepranax.

JenbHbIX LLEMEHTHbIX MaTepuanoB Al XpaHeHus
anomuHneBbIX [1] n rpadpuUToBbIX PaaNoaKTUBHbIX
oTtxofos (Puc. 1), nonocTten n TpewmnH B MarHnn-Ka-
nueBblx docdaTHbIN LemeHTax [2]. PaspaboTaHbl 1
NPUMeHEeHbI HOBble NMOAXOAbI aHaNM3a TPEXMEPHbIX
JaHHbIX HENTPOHHOW TomMorpadun ansa Hepaspy-
LIaOLWEro MUKPOCTPYKTYPHOIO KOHTPOMA LeMEHT-
HbIX MaTepuranos [2], BbIABNEHbI CTPYKTYPHbIE ac-
NeKTbl, BAVAIOLWME HAa MEXAaHMYECKME CBOICTBA Lie-
MEHTHbIX MaTpuL,. [0 NoNyYeHHbIM CTPYKTYPHbIM
JaHHbIM MOXXHO PacCcYMTbIBaTb MeXaHUYecKme na-
pameTpbl KOMMO3ULIMOHHBIX LIEMEHTHbIX MaTPWLL, Bbl-
ABNATb NpUAeNbl NPOYHOCTM 3TUX MaTepuanos [3].

MonyyeHHble pe3ynbTaTbl WMEKT Ba)KHOE
3HaueHue A1 pa3paboTKM HOBbIX 1 COBEPLLEHCTBO-

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).

BaHUA CYLECTBYIOWMX TEXHONOTNA CUHTE3a nep-
CNEeKTUBHbIX LIeMEHTHbIX MaTepuanos Ana CTpou-
TeNbCTBa XPaHWIULL, PaANOaKTUBHbBIX OTXOAOB U
rPaXZaHCKNX 0ObEKTOB, MPOrHO3MPOBAHUA BIUA-
HMA BHELUHWX YCNOBMIA: BAXHOCTb KNUMaTa, aTMO-
chepHble ocagKkn 1 ap. Ha MexaHuyeckune n pusn-
yeckme CBONCTBA STUX CTPOUTENbHbIX MaTepUanos.
WccnenoBaHma NnpoBoananCcb COBMECTHO C Komle-
ramu 13 HauMoHanbHOro MHCTUTYTa NCCNe[OBaHNI
1 pa3paboTok B 0651acT GU3NKK 1 ALEPHON Tex-
HUKK uM. Xopua Xyny6ein (PymbiHua) u LieHTpa
AQEPHbIX NccnegoBaHNn YnpasneHnsa No aTOMHON
sHeprum ErvnTta (Apabckana Pecnybnuka Ervner).

[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-usobpaxeHnsa NKP-akTUBHbIX MOANOXeK Ha OCHOBE (a, 6) YacTuL cepebpa u (B, ) AeHAPUTOB cepebpa Ha

NOPUCTOM KPEMHUN.

[TKP-aKTumBHbIE MOONOXXKU

Ha OCHOBe€ NMNJia3MOHHbIX HaAHOMaTepunasioB

CneKkTPOCKOMNUA MMraHTCKOro KOMOGMHaLNOH-
Horo pacceaHus ceeTa (TKP-cnekTpockonua) — 3T1o
MOLUHbIN aHANMUTUYECKNI NHCTPYMEHT, KOTOPbI
no3sonaeT NofyunTb cneynduyeckyto nHbopma-
LMIIO O CTPYKTYpe MoseKyn bnarofaps pernctpaumm
CUrHana KOMOGMHALMOHHOIO paccesHUA CBeTa OT
HUX, YCUIEHHOTO N/Ta3MOHHbIMU HAHOCTPYKTYpamu
— ['KP-akTmBHbIMU noanoxkamu. FlKP-a¢pdekT B oc-
HOBHOM ObecneyrBaeTcA 3a CYET aHOMAJIbHO CUJIb-
HOrO 3/1IeKTPOMArHMTHOMO NOJIA, BO3HMKAIOLEro B
pe3ynbTaTe KONnekTBHbIX KonebaHni 3n1eKTPOHOB
30HbI NPOBOAUMOCTU UMY NNa3MOHOB, BO30y»Kaae-
MbIX Ha MOBEPXHOCTMN HaHOYaCTUL, 611aropofHbIX
MeTasnnoB Nof AeNCTBMEM Ta3€PHOr0 U3NTyYeHU .
OH obecneurBaeT sKCNpecc-aHaam3 pasnnyHbIX Be-
LLecTB, MO3BONAA AeTEKTUPOBATb, MAEHTUDULMPO-
BaTb 1 UCCIe[0BaTb CTPYKTYPY LieneBbIX Xummuye-
CKMX COeANHEHNI B CBEPXHU3KNX KOHLEHTPaLAX

BM/OTb 0 €AUHNYHbBIX MOMIEKY ANA pelueHns 3a-
[lauy MHOrMx obnacten XunsHeneaTenbHOCTY Yesno-
BeKa, TaKNX Kak MeauLnHa, bronorus, KpMMuHanm-
CTUKa, 3Konorna n papmauestrka u 1. 4. Ocobblin
WHTEepeC Bbi3blBaeT OOHAPYKeHUe 1 UyvyeHune 6uo-
OpraHnyeckKnx Makpomorsekyn ¢ rnomoluubto [KP-
CNeKTPOCKOMUK, B YacTHOCTK, 6enkos, obnagato-
WMX aHTUCENTMYECKMMM CBOMCTBaMU, MOCKONbKY
OHW NepCneKTMBHbI A5 Pa3paboTKn HaHOMaTepura-
NOB C Uenbto NpodunakTukn n Tepanun baktepu-
ANbHbIX Y BUPYCHbIX 3a60neBaHU.

B xope coBmecTHbIX nccnegosaHun 8 OVAN
(Oy6Ha, Poccus) n BI'YUP (MuHck, benapycb) 6binm
pa3paboTaHbl ABa TUMA HAAEXHbIX 1 BOCNPON3BO-
ONMbIX MIA3MOHHbIX HAHOCTPYKTYP, AEMOHCTPU-
pyOLNX BbICOKYIO akTMBHOCTb B KP-cnekTpocko-
nun. NepBas HAHOCTPYKTYpa NpefcTaBieHa YacTu-
uamu Ag c bumoganbHbIM pacnpegeneHem no pas-

[1] Zavatski, S., et al. Biosensors 9 (2019). DOI: 10.3390/bios9010034

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

SERS-spectra of lactoferrin
molecules on Ag particles and
DTNB molecules on Ag den-
drites.

Puc. 2

[KP-cneKkTpbl MmoneKyn nakto-
deppriHa Ha YacTuLax ce-

Intensity, a.u.

w0 M A

peb6pa n ATHB Ha geHppuTax

cepebpa. Raman shift, cm’”

MepaMm, NpUHaanexalmm HaHO- N MUKPOMETPO-
BOMY AmnanasoHam (cM. puc. 1). OHa 6bina paspabo-
TaHa ana obecneyeHnsa HaleXKHOTO 1eTeKTUPOBa-
HUA KaK HN3KOMONEKYNAPHbIX, Tak 1 BbICOKOMOe-
KYNSIPHbIX COEAMHEHUI 3@ CYET KOMOUHUPOBAH-
HOro BK/aia MOBEPXHOCTHbIX M1a3MOHOB B HaHOYa-
CTNLLAX Y MHOTOKPATHOTO OTPaXKeHNA CBETa MeXAY
MUKpoyacTuuamu. BTopasa HaHOCTpyKTypa npea-
CTaBnAeT cobo NOKPbITUE 13 eHAPUTOB cepebpa,
pa3paboTaHHOe A BM3yanu3aLumn OTAeNbHbIX MO-
NEeKyN aHanUTOB Ha WX MOBepXHOCTW GnaropapsA
AHOMasIbHO CUIbHOMY MOBEPXHOCTHOMY M1a3MOH-
HOMY Pe30HaHCy B MaJiblX 3a30pax Mexay BeTBAMU
feHapuTtoB. [KP-aKkT/BHble HAHOCTPYKTYpbl dopmu-
pylTCA METOAOM MMMEPCMOHHOIO OCaXKAEHMA 1
06nagatoT yHUKanbHO ANUTENbHBIM CPOKOM XpaHe-
HWUA [0 TPeX J1eT, MOCKOSIbKY MCMNOJb3yeMblli B Kaue-
CTBE UX OCHOBbI LWABMOH M3 MOPUCTOrO KPeMHUSA
npuaaeT nM oTpuLaTesbHbI NOBEPXHOCTHbIV MO-
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TeHuwan. Kpome TOro, NOPUCTbIN KPEMHUN MO3BO-
NAeT TOYHO KOHTpoNnpoBaTb Mopdonoruto MKP-ak-
TUBHOW HAHOCTPYKTYpPbI NMPU NpaBuibHOM Bblibope
THMa 1 YPOBHA NIErMPOBaHNA NCXOAHOIO KPeMHKA,
a Take pexxrnmoB GopmrpoBaHus nop. [letanbHoe
onucaHue npouenyp dopmuposanHuna KP-akTuB-
HbIX HAHOMaTepPManoB MOXHO HaTW B CriedyoLnX
pabotax [1, 2]. Bce aTanbl usrotosneHus NKP-aktus-
HbIX MOAJIOKEK HAa OCHOBE HAHOCTPYKTYp W3 ce-
pebpa 1 NOPUCTOro KPeMHMA SKOHOMUYECKU Bbl-
rofHbl Y MOJTHOCTbIO COBMECTUMbI C TRAANLNOHHOM
KPeMHMEBOW TEXHONIOTUEN.

YcnewHaa KOMOMHaLMsA BbICOKOUYBCTBUTESb-
HOro PaMaHOBCKOTO MUKPOCKOMa-CrNeKTpoMeTpa
«CARS» B FLNP c yka3zaHHbIMu KP-akTMBHbIMK NOA-
NOKKaMy No3BoNunu 3apeructpuposatb [KP-cnek-
TPbl OpraHMyecKnx n GroopraHNyYeCcKnX MoeKys B
pacTBopax C KoHUeHTpauuen 10761078 M (puc. 2).

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

SAXS
grafts prepared at different tempera-

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

tures (left) and a schematic represen- A e winm
. . w'c
tation of structural changes in \ o0 —
\ 9 —=  140°C —
collagen (right). = Y L nm am
5 : \\_/"/\
2 el 4 : - L,
{ s, sEEEeE=E=E=E==
Puc. 1 i e, SR R T E———
T V- e H 1 L-]
KpviBble paccesHns CTPOMasnbHbIX L‘w‘lﬁ : A, A\ 0°c 26nm 39 nm
: - . in. I, ——
POrOBUYHBIX TPAHCM/IAHTATOB, W : ———
: Y : e ——
MPUroTOBNEHHBIX NPW PA3ANYHbBIX j \,_/\/\“\ - —
%: : i 286 nm
1

TemnepaTypHbIX pexnmax (cnesa)

U CXeMaTnyecKoe npeacTaBneHme Sl a it

CTPYKTYPHbIX U3MEHEHUII KOJareHa
(cnpaBa).

MepcneKTuBHble MaTepuaslbl
0191 UCKYCCTBEHHOW pOroBuLbl rnasa

TkaHeBasA NHXeHepus — OAHO 13 NOCegHUX
LOCTVXKEHWI B 06/1ACTU MOMNEKYNIAPHOW 1 KNleTou-
HOWM 6Guonornu, Lenbio KOTOPOW ABNAETCS KOH-
CTPyMpOBaHMe 1 BblpalyMBaHWe BHe OpraHu3ma
yenoBeKa XMBbIX, GYHKLNOHANbHbIX TKaHEN unn
OpraHoB An4 nocnefytllen TpaHcnaaHTauum na-
LUMWEHTY C LieNbio 3aMeHbI U CTUMYNALUK pereHe-
pauuy NoOBpPeXAEeHHbIX OPraHOB UK TKaHewn. [Npu
3TOM NPOUCXOAUT pPereHepauns TKaHK, a He Npo-
CTOE 3aMeLleHNE ee CUHTETUYECKM MaTePUasnom,
KaK 3TO NPOMCXOAUT B CJlyyae UCMOJIb30BaHMWA UM-
MMaHTaTOB M3 WMHEPTHbIX MATepPUanoB, KOTOpble
YCTPAHAIT TONIbKO PpU3MYeCcKne 1 MexaHuyeckmne
He[oCTaTKM NOBPEXAEHHbIX TKaHel. [pobnema cos-
JaHWA UCKYCCTBEHHOW CETYaTKN B MegULUHe meeT
KPUTMYECKYIO Ba>KHOCTb, MOCKOJIbKY CYLLEeCTBYIOT

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

naTonornm (TpaBmbl, ONyXonu, KPOBOU3NVAHUA, Ae-
reHepaTuBHbIE NMPOLIECChI), Bbi3biBaloLne Heobpa-
TUMble N3MEHEHNA CeTYATKMN, B pe3y/ibTaTe KOTOPbIX
yesioBeK ClemnHerT.

CTpoma poroBuLibl MIEKOMUTAOLLMX IMEET Bbl-
pa<eHHyI0 TeHAEHLUNMIO K MAacCMBHOW rmapataunn. B
ANCTUININPOBAHHOW BOAE Blarocofep kaHme CTpo-
Mbl POroBULIbl MOXKET AocTuratb 96% no macce. Op-
Hako, B G13MONOrnMYecKnx yCnoBurAX BNarocogep-
XaHve poroBuUbl YAep)KMBaeTcA B npenenax
75-78%, uTO 06YCNIOBNIEHO feNCTBUEM SHAOTENU-
aNbHOTO CJ1I0A KNETOK POroBuLbl, OCHOBHas QyHK-
UMA KOTOPOW COCTOUT B pPerynnpoBaHun nocTyn-
NeHVA XNOKOCTU B CTPOMY POroBULbl 13 BRaru rne-
penHen Kamepbl. I3BeCTHO, UTO OCHOBY CTPOMbI PO-
roBuLibl COCTABNAET KonnareH | Tna. KpoCCnnHKMHT

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. [lnHamuka penapaTrBHbIX NPOLLECCOB B POroBrLiaxX KPOJIMKOB Nocie nepeaHen NoCIONHON KepaTonnacTuku
KopHeonnactom, o6paboTaHHbiM [TK, Npu pasnnyHbix TemnepaTypax.

KonnareHa (o6pasoBaHMe MoOMepeyHbIX CLIMBOK
MeXZy NoNMNenTUAHbIMA LenAaMn) CHUXKAEeT Cro-
COBHOCTb NocnefHero K rmapataunn. Jernapotep-
MUYECKUI KPOCCANHKUHT (OTK) — 3To o6pa3oBa-
HVe nornepeYHbIX CLUIMBOK B O1MoMaTepuranax npu nx
HarpeBaHWMW NOJ BakyymoM. HecmoTpsa Ha To, uTo
MeToabl [ATK WnpoKo pacnpocTpaHeHbl B TKAHEBOW
VHXXEHepWW, ero BIMAHME Ha CBOWCTBA CTPOMbI PO-
roBMLbl MPAKTMUYECKU HE U3yYeHbl, U K HacToALLeMY
BPeMeH He N3BECTHO HU OJHOW MOMbITKM OLIEeHUTb
nepcneKkTyBbl NCMOIb30BaHNA TaKNX MaTepranoB B
KepaTonnacTuke.

M3yueHa BO3MOXHOCTb ynpasneHusa dursnye-
CKUMW, CTPYKTYPHBIMU 1 BUONOrMYeCcKUMmM CBOM-
CTBaMV NPY JErMAPOTEPMUYECKOM CLUMBAHNN CTPO-
MaJIbHbIX POrOBUYHbIX TPAHCMIAHTAaTOB HAa OCHOBE
mMaTepuana KopHeonnact [1]. CTpyKTypHble nccne-
JOBaHMA MPOBOAWINCH METOLOM MasnoyrfioBOro
PEeHTreHOBCKOro pacceAHna Ha ctaHuum USAXS/

SAXS/WAXS XEUSS 3.0 (Pnic. 1). [MonyyeHHble pe3ynb-
TaTbl NO3BOAUNW cAenaTb Chefyole BblBOAbI:
1) ykopoueHune ¢nbpunn Baosb 0CM Ha 3 HM B 30He
nepeceyeHuns, nponcxogdawee npu 140°C, cnepyet
NPU3HaTb YXXe KPUTUUYECKM, NPUBOAALLMM K MO-
Tepe NPOYHOCTY; 2) YMeHbLUeHNe CpefHero pac-
CTOAHUA MeXAY TPOMHbIMY CNUPANSAMK B YETBEP-
TUYHOW CTPYKTYype BO3MOXHO CBA3aHO C TepMuye-
CKOW Jerpagauvien nonvcaxapugos. Bce 1o npu-
BOZUT K CHVIXKEHMIO 31aCTUUYHOCTM, MPOUYHOCTM TPaHC-
nnaHTaTa, NOBbILWEHUIO TMAPOPOOHOCTI, CHUMKEHWIO
6MOCOBMECTMMOCTU 1 BofonpoHuuaemoctu. Kak
cnepcteue, obpasubl KonnareHa, obpaboTaHHble
npu 140°C, HenpuUroaHbl 4719 UCNOJIb30BaHMA B OG-
TanbMOJIOrnyeckom xupypruu. Kpome Toro, rpadbl
KopHeonnacT He npownu TecT Ha SNUTeNM3aLnio
nocne o6paboTku npu 140°C. KopHeonnacT, obpa-
60TaHHbIN Npu TemnepaTtype 100°C 1 HKXe, coxpa-
HseT BMoMHTerpaunoHHble cBolicTga (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

Puc. 1

[narpamma coctoaHna pactsopa @
MAB ¢ nepexofjom K YepBeobpa3sHbIM s SHOHY
mMuLennam, HAYLMPOBaHHbIM MOHO- i RODS

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

cross-aection

LINEAR BRANCHED
WLMs WLMs

mepom u fobasneHmem conu (KCl),
nonyyYeHHasn 13 s3KCrepruMeHToB
MYPH u gp. meTo0B, a TakXe pe-
3ynbTathl MA-mMoaennpoBaHma camo-
c6opkm monekyn MAB g pasHbix
cooTHoLeHn moHomep/MAB.

MOLECULAR PACKING PARAMETER

MuuennapHbie pacTBOpPbl NepcnekTueHbiX NAB

B JIHO ¢ nomoLLblo ManoyrnoBoro pacceaHus
HENTPOHOB aKTMBHO M3Yy4aloT CTPYKTYpY 1 nosege-
Hue MuLenn (yCTOMUYMBbIX arperaToB) B pa3HO06-
pa3HbIX pacTBOpax MOBEPXHOCTHO-aKTUBHbIX Be-
wects ([MAB).

B nocnepgHue rogbl 60onblioe BHUMaHUe npu-
B/I€KAIOT PACTBOPbI TaK Ha3blBaeMbIxX yepBeobpas-
HbIX (rvraHTckmx) muuenn MAB, 4To 06ycnoBneHO
cneundryeckumMm peosiormyecknMmmn CBONCTBaAMM
AaHHbIX CUCTEM. npOTﬂ)KeHHble MuuennAapHble uenu
MOTYT NnepennieTaTbcA 1 06pa3oBbIBaTb NPOCTPaH-
CTBEHHble CeTKN, NpuaaBasd BOGHbIM pacTBOpPaM Bbl-
COKYI0 BA3KOYNpyrocTb. Takme Baskoynpyrue NAB
LWUMPOKO MPUMEHSAIOTCS B CaMblX pa3HOObpa3HbIX
NPUIOMEHNSAX, HAUMHAA OT CMa30YHbIX MaTeprasnioB

Me[MKO-OMOoNornyeckoro Ha3HayeHma 1 3akaHuu-
BaA XMNAKOCTAMYU ONA rmapopaspbiBa nnacTta npu
fo6blye HedTw.

lpynna nccnegosatenen ¢ dpusmyeckoro da-
Kynbteta MI'Y nm. M.B. JlTomoHoCOBa COBMECTHO ¢
JIH® nccnepoBana BAusAHME BOAOPACTBOPUMOTO
MOHOMepa (akpunammaa) npu pasHOM COAEPXaHNN
CONen Ha CTPYKTYypy M peoniornyeckmne CBOMCTBA
MULeNNAPHbIX PacTBOPOB aHnoHHoro NAB (oneata
Kanus), o6HapyXMBaloLLKX NePexoq K uepBeobpas-
HbiM MuLennam (Puc. 1). ismepeHunsa KprBbix Masno-
YyrnoBoro pacceaHua HenTpoHoB (MYPH) Ha yc-
TaHoBKe IOMO B paMKax KOMMNIEKCHOro nogxoaa
Mo3BOSINAN OTCNEANUTb XapaKTep U3MEHEHNA CTPYK-
Typbl MULEN B Pa3HbIX ycioBuax. bbino obHapy:xe-

[1] Ospennikov A.S,, et al. J. Col. Interface Sci. 602 (2021). DOI: 10.1016/j.jcis.2021.05.062

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 1 ~

scattering and cryo-electron mi- 104
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HO, UTO NPV HU3KOM COAEPXKaHUW CONel, KOoraa uep-
Beobpa3sHble MULENsbl ABASAOTCA TMHENHBIMY, aK-
punammg Bbi3biBaeT VX yKOPOUEeHMe 1 NpeBpaLleHne
B chepuueckme MuLLensibl B pesysbTaTe ero BKoye-
HUA B MULIENTIAPHYI0 KOPOHY. DTO NPUBOANT K Nage-
HU1IO BA3KOCTW pacTBopa. [pun BbICOKOM copepa-
HUK conu, obecneyrBaloLLEM CyLLEeCTBOBaHWE pas3-
BETBJIEHHbIX YepBeobpasHbIX MULEN, MOHOMEpP
CHauana 3anyckaeT X nepexop B ANNHHbIE INHEN-
Hble Lenu, YTo YBENMUNBAET BA3KOYMNPYrocTb, a 3a-
TeM — nepexop B CTepPxHW. Takum o6pa3om, BNus-
HYe MOHOMepa Ha PeoIornyecKre CBOMCTBA CylLlle-
CTBEHHO pa3nnyaeTcs 41A IMHENHbIX U pa3BeTBMEH-
HbIX MULIeN. DKCrepMeHTaNnbHble NoaxoAbl Noj-
KpennawTca MmoaeNbHbIMU pacyeTamMmu, B TOM Yncre
MoAennpoBaHMeM MONIEKYNAPHON AuHaMUKKn (M),

[anbHenwmne warv cBA3aHbl C UCCNeoBaHEM
nepcneKkTUBHbIX BUHAPHbLIX rMaporenen, cocTos-
WMx U3 cetok nonmeuHunosoro cnupta (MNBC) un
yepBeobpa3HbIX MULENST ONleaTa Kanua 1 bpomunaa
H-OKTUATPUMETUNaMMOHKA (Puc. 2). B3anmonpoHu-
Kalolme ArHaMnYeckmne ceTkn (nonmmepHas ceTka

q, A"

C AVHAMMYECKMIN NOMNepPeYHbIMI CLUMBKaMM Y MU-
LennAapHasa ceTka) NO3BOMAIOT NOyYaTb rMaporenm
CO 3HAUYMTENbHO YNyYLEHHbIMM MEeXaHUYeCKNMMN
csonctBamu. C MOMOLLbIO MasioyrfioBOro pacces-
HUA HENTPOHOB B AOMOJIHEHNME K APYrMM MeTo4am
NnokasaHo, UTo Habnogaemoe ysenuuyeHuve (8 3400
pa3!) BA3KOCTN MO CPaBHEHWIO C OTAENbHbIMU KOM-
NMOHEeHTaMU NPONCXOANT 13-3a MUKPOpa3HOro pac-
CJI0€HUA — JIOKaJIbHOMO KOHLIEHTPUPOBaHUA Non-
Mepa 1 M1Lens, obecneynBatoLLero, C Of4HOM CTOPo-
Hbl, NOsIBJIEHNE 6OJbLIEro KONMMYeCcTBa KOHTAaKTOB
«NoNUMep-NonnMep» ANA CLUMBAHUA WU, C 4PYron
CTOPOHbI, 06pa3oBaHue Honee ANNHHbIX YepBe0b-
pa3HbiX Muuens ¢ 60NbWNM KONMYECTBOM nepe-
nneteHnin. BUHapHble rMaporeny Ha OCHOBE CETOK
C pa3HbIMU CBOWCTBAaMW MO3BONAIT 00beanHATb
KOHTpONMpyemblM 06pa3om YyBCTBUTENBHOCTb K
BHELIHVM BO3LeNCTBUAM N CMNOCOBHOCTb K CaMo-
BOCCTaHOBJIEHMIO. VI3yueHne NpuMeHMOCTU KOH-
uenuun OBOWMHbIX AUHAMUUECKMX CETOK K Gonee
WwrpokoMy Knaccy cuctem nonumep/INMAB npogon-
XaeTtca.
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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 Ll
SANS and SAXS experimental and fit-
ted curves of water-based ferrofluid
with BaFe;,0, nanoparticles. The in-
serts represent schematically the
shape of detected particles.
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JKCneprIMeHTaNbHble 1 annpoKCMMU-
pytowme Kpreble MYPH n MYPP gna
beppoXKngKoCTN Ha BOLHOW OCHOBE C
HaHouacTuuamm BaFe;,0,4. BcTaBKNM 1E-4
CXemaTnuyecKn n3o6paxkaloT obHapy-
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Intensity, arb.units (SAXS)

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
SANS model fitting curve
(lamellar + ellipsoid)
SAXS model fitting curve
(lamellar + ellipsoid)

MeToObl paccesaHud

B pa3paboTKe HOBbIX (heppoXKUOKOCTEN

DeppoXKnAKOCTM WMPOKO nccneyoTca ans
TEXHUYECKUX N OMOMEANLUHCKUX MPUMEHEHUIA,
BKJIOYAA OUMCTKY BOAbl, COOP 1 Nepedavy sHepruu,
KOHTpOMb BMOpaLuK, MOMIOWEHNE MarHUTHbIX
3NEKTPOMArHUTHbBIX BOJTH, MPUNOXEHWNS 418 XpaHe-
HUA SHEPTUN, TUNEPTEPMULID, MAarHUTHYIO [OCTaBKY
NneKapcTB, 61MoKaTanms, UMMobunmsauuio pepmeH-
TOB, pa3feneHuve n ounctky [HK, a Takxe HenHBa-
3MBHYI0 MarHUTHO-PEe30HaHCHY ToMorpaduio u
ap.

B nocnepHee pecatunetre npoaonxKaoTca ob-
LWUMpPHbIE UccnefoBaHUs B obnacty pa3paboTku
pasfiMyHbIX NOAXOA0B K CUHTE3Y MAarHUTHbIX HaHO-
yactuy (MHY). PasnuuHblie cMHTETUYECKME MeToAbI
NCMOJb3YOTCA U pa3pabaTblBAOTCA ANA NONyYeHUs

MHY »xenaemoro pasmepa, Mmopdonoruu, ctabunb-
HOCTW 1 6MOCOBMECTUMOCTU. MHOrne Xumunyeckme
1 usnyeckmne CBOMNCTBA, CBA3AHHbIE C HAHOYACTU-
LaMu, CMNbHO 3aBUCAT OT pa3Mepa HaHoYacCTuL,
Mopdonornm, CtabunbHOCTY U GUOCOBMECTUMOCTH.
B nocnepHee Bpems NMpou3BOACTBO HAHOYACTUL
bepputa KoHTpONupyemoln ¢Gopmbl CTano elle
OfHVM TpeboBaHVEM ANA UCC/ieloBaTeNew, N yxe
6bIN0 yCTaHOBNEHO, YTO pa3smep n ¢opma MHY
KOHTPONMPYIOT 1 CUSIbHO 3aBUCAT OT TUMa NOBEPX-
HOCTHO-aKTMBHOIO BeLLEeCTBa 1 PacTBOPUTENEN, UC-
MoJb3yeMbiX B PA3fINUYHbIX YCIIOBUAX pPeakLun.
XopoLlo n3BeCTHa BaXKHasA posib HENTPOHOB B
N3YyYeHNM CTPYKTYPHbIX CBONCTB GpeppoXKMaKOCTEN.
C MCnonb3oBaHMEM MasIOyr0BOIO PacCeAHUsA Hell-

[1] Lysenko S. N., et al. Phys. Scr. 95(4), 044007 (2020). DOI: 10.1088/1402-4896/ab6797

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;;0;4
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.

Oleic Acid (OA)
CH5(CH,),CH=CH(CH,),COOH

Sodium dodecyl sulphate (SDS)
CH3(CH,)nOSO0:Na

SDS:LA(1:1)

‘ Lauric acid (LA)
CHxCOOH

@ O

a

Puc. 2. CxemaTnueckoe npefcTaBieHne NoKpbITAA HAHOUACTULIbI C MOSIEKY/IaMU MOBEPXHOCTHO-aKTUBHOTO BELLeCTBa:
(a) OnuncaHne MoneKyn NOBePXHOCTHO-aKTUBHOIO BellecTsa; (b) Nnpegnonaraemoe egrHoe pacnpeneneHue;
(c) pacnpepeneHmne, nonyyeHHoe 13 skcnepumeHTos MYPH.

TPOHOB 1 PEHTTEHOBCKUX NyUel, BbIMOIHEHHbIX Ha
npubope OMO peakTtopa UBP-2, ctaHunin PUTAKY
(MODOTW) n XEUSS 3.0 (JTHD) cOOTBETCTBEHHO, PEHT-
reHodazoBoro aHanusa (POA) Ha peHTreHOBCKOM
andpaktomeTpe Empyrean (PANalytical), nccnepy-
toTCA GeppPOXKNAKOCTA C AHN3OMETPUUYECKUMU Ha-
HoyacTuuamm BaFe;;0;9 n CuFe;0,, BakHble anA
Pa3BUTUA MAarHUTOONTUYECKUX NpunoxeHuin. Co-
BMeCTHble nccnegosaHua MYPH n MYPP, a takxe
Ncnosb3oBaHKe pa3nunyHbix pacteopuTtenein (H,O n
D,0) no3sonunv nonyunTb HOBYO MHPOPMALMIO 06
aHaNM3MpyeMblX CUCTEMAx KakK C TOUYKU 3peHuA
bopMbl 1 pa3mepa HaHOYACTUL, TaK U pacnpepene-
HMA NOBEPXHOCTHO-aKTUBHbIX BELLECTB Ha MX No-
BEPXHOCTU [1, 2], UTO OYEHb BaXKHO A7A MOHVMMAHUA
NpoLIeCccoB 1 pa3paboTKy METOAO0B NPUFOTOBNEHUS
XUMUKaMMU.

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

Ha puc. 1 nprBefeHbl SKCNepuMeHTasbHble 1
annpokcmmupytowme kpmsble MYPH 1 MYPP gna
beppoXnaKOCTU Ha BOAHOM OCHOBE C HaHOYaCTU-
uamu BaFe;;049. Ha rpadumuecknx BcTaBKax cxe-
MaTUYHO MOKa3aHo, KaK B UTOre BbIrMAAAT YacTULbI
cucTembl. Ha puc. 2 nokasaHo nonyyeHHoe pacnpe-
geneHve monekyn MNAB Ha NnoOBepXHOCTM YacTuMLbI.
YCTaHOBNEHO, YTO CMCTEMA COCTOUT U3 KPYMHbIX
MNacTUHYATbIX Y MENKUX SUTUNCOUAANbHbIX HAHO-
yacTuu, npuyem monekynol MAB gogeuuncynbdarta
HaTpusa 06pasyroT BTOPYIO 0600UKY BOKPYT S1MM-
conpaanbHbIX YacTUL, MPEeUMYLLECTBEHHO C MIOCKUX
CTOPOH, @ MOMEKYJIbl TayPUHOBOW KMCNOTbI pacrpe-
ZleneHbl No BbITAHYTbIM CTOPOHAM YacTuL, YTo Npu-
JaeT cucTeme XopoLyto CTabunbHOCTD.
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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. O6pasoBaHue agcopbLMOHHOTO CI0St MarHUTHBIX HAHOUACTUL, Ha FPaHULE Pa3aena «beppoXKMAKOCTb-KpU-
CTan/» BO BHELHEM MarHUTHOM MoJIe Mo JaHHbIM HENTPOHHO pedieKToMeTpuN.

DeppoXKNOKOCTU Ha rpaHuLax pasgena

BO BHEWHMX NMOJI4AX

B JIH® ¢ nomouwbio HENTPOHHON pedneKkTo-
METPUM aKTVBHO U3yyYaloT NnoeefeHne Geppoxna-
KOCTel Ha CKPbITbIX FPaHMLax pasgena BO BHELWHMX
MarHUTHbIX 1 3NIEKTPUYECKUX NOSIAX.

YnopsagoyeHHble MacCUBbI MarHUTHbIX HAHO-
YacTUL Ha MAIOCKMX FPaHNLAX pa3gena akTyasbHbl
[NA Pa3NINYHbIX NOTEHLMANbHbIX MPUIIOXKEHWI B Ka-
Tanv3e, ONTUKe 1 XPaHEeHUN JaHHbIX. B CBA3M € 3TUM
AKTMBHO M3yYatoTca GeppoXMAKOCTM — CYCNeH3NN
KONMOWAHbBIX MarHUTHbIX HAHOUYACTUL, MOKPbITbIX
pPa3nNYHbIMK CTAaOUNN3VPYIOLWMMY areHTamu (no-
BEPXHOCTHO-aKT/BHbIE BeLleCTBaMu, Nosinmepa-
MM), CBOMCTBA KOTOPbIX MOTYT PeryaMpoBaTbCs
BHELUHUMW MAarHUTHbIMK MonamMn. Ha cBoncTBa an-

SNEKTPUYECKNX GEPPOXKMAKOCTEN MOXKET BANATL 1
BHELUHee 3N1eKTpuYeckoe nose. MisyyeHve faHHOro
3¢ddeKTa akTyanbHO Ans NPAMOro NpUMeHeHus dpep-
POXMAKOCTEN B KauecTBe 400ABOK B SNEKTPONNTbI
BbICOKOBOJIbTHbIX TPaHCHOPMaATOPOB ANA peryns-
LM TEPMUYECKUX CBOWCTB, rAe HaHOo4YacTULbl 13
MarHUTHbIX MaTepunasioB B3aMMOLENCTBYIOT C dfeK-
TpoAamu B NPUCYTCTBMN CUSTBHOTO 311eKTPUYECKOrOo
noss, 4To, B CBOIO ouepe/b, BIINAET Ha HanpsXKeHne
AN3NEKTPUYECKOTO NPo6os.

lpynna nccnegosateneit us VIHCTUTYTa aKcne-
pumeHTanbHol ¢usrkm CnoBaLKom akalemMun Hayk
B Kownue (Cnoakusa) coBmectHo ¢ JIHO nccnepo-
Basia afcopObLMIo HaHOYACTML, MarHeTuTa, gucnep-

[1] Nagornyi A.V,, et al., App. Surf. Sci. 473 (2019). DOI: 10.1016/j.apsusc.2018.12.197

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.
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Puc. 2. DBontouns NnpurpaHUYHoOM 061acT KOHTaKTa ANSNEKTPUYECKON GeppOoXXMAKOCTY C MIaHAaPHOM METaIMYeCcKon
reTepoCTPyKTYpPOW Ha KpucTananyeckon (Si) noanoxke

rMPOBAHHbIX B TPaHCHOPMATOPHOE Macsio 1 Ana
CTabunmM3aunm NOKPbITbIX ONTIENHOBOW KMUCIOTOW, Ha
naaHapHOWM MOBEPXHOCTU KPUCTANIMYECKMX NOA-
noxkek. Agcopbuua nHayLmpoBanacb NPUIOXeH -
€M HeOAHOPOAHOIro MarHUTHOIoO UNKN sneKkTpnye-
CKOro nosneun neprneHAnKynApPHO NOBEPXHOCTU ”
perncTprpoBanacb METOLOM HEMTPOHHOW pedek-
TomeTpum (pednektometp NPIVHC). B cnyyae mar-
HUTHOTO NoNA yCuneHne agcopouUmn NPONCXoanT
3a CYEeT 3eeMaHOBCKOro B3aMOAENCTBUA MArHUT-
HbIX AUNOJIEN YacTUL, C BHEWWHUM MarHUTHbIM MO-
nem. B cnyyae anekTpryeckoro noas cHavana npo-
NCXOAMWT NoNApr3aLmsa HaHOUYACTUL, U3-3a HaNNUns
ON2NeKTPUYECKOW cpefbl 1, Kak pe3ynbrart, no-
ABNAETCA B3aUMMOJENCTBUE MeXAY AWMOJbHbIM
NEeKTPpnYeCKMMM MOMeHTamMn 4aCctuy C BHEWWHUM
3NeKTPUYECKMM NOJNIEM aHaNorMyHo 3bdeKkTy mar-

HUTHOro nons. MNpu gocTaTouHo 60MbLWOM rpagn-
eHTe nonen HabnogaeTca GopMrpoBaHMe HeCKOSb-
KMX afCoOPOLMNOHHbIX C/I0EB C Pa3HOW MIIOTHOCTbIO
3aMoIHeHUA HaHoYacTULLAMI. PenakcaluyioHHble 13-
MepeHUsA Nnocse BbIKOYEHUs NOos NMoKasbiBaloT,
yTO JIOKaNbHOE Mone, co3aBaeMoe CUIbHO B3au-
MOZENCTBYIOWUMI ANMONSIMU B KOHLEHTPUPOBAH-
HbIX aACOPOLMOHHBIX CNOAX, ABMNAETCA BaXXHOWN
0COBEHHOCTbIO, KOTOPas TaKXKe ONpPeReNsieT yCUNeH-
HyI0 aicopOLMI0 HaHOYaCTIL,

O6Hapy»*eHHas YyBCTBUTENbHOCTb GEPPOXKUL-
KOCTell Ha OCHOBE AN3NEKTPUYECKNX HOCUTENEN He
TONbKO K MarHUTHOMY, HO U K 3NIEKTPNYECKOMY NO-
o, pacLuMpsieT BO3MOXHOCTU YNpaBieHWs NoBee-
HVEeM TaKUX CUCTEM NPY KOMOUHNPOBAHHOM BO3AeN-
CTB/N Ha HUX MAarHUTHbIX U 3JTEKTPUYECKNX rnosnen.

[2] Karpets M., at al., J. Mol. Liq. 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/Aaporenb

Puc. 1

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

6) Kupnuuy maccon 2,5 Kr Ha asporene Ha oc-
HoBe rpadeHa 1 yrnepoaHbix HAaHOTPY6OK
maccon 2 r. UctouHumk: 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

Flpquble «BO34YyLWIHbIE» MOJIMMEPHbIE a3poresyin

Asporenn — yHuKanbHble MaTepuanbl C pe-
KOPAHO HM3KOW MIOTHOCTbIO U 6OMbLION MJowa-
[blo noBepxHocTn — Bownu B 2022 rogy 8 Ton 10
TEXHONOMMI B XMUW U MaTepranoBeaeHnm, aHoH-
CMPOBaHHbIX MeXxayHapoaHbIM CO30M TeopeTu-
yeckon n npuknagHon xumum [https://iupac.org/
iupac-2022-top-ten/]. HecmoTpAa Ha pa3Hoobpas-
HYI0 NPUPOAY asporenen, BCe OHU OT/INYAIOTCA He-
006blualiHOM NEerkocTbio U BMECTe C TeM BbICOKOW
MeXaHNYeCKkom NpoYHoCTbIo (Puc. 1).

MepBbIMY NONMMEPHBIMK a3porenamm, Nosny-
yeHHbIMK 6onee 30 neT Ha3af, 6binn BbICOKONOPK-
CTble peHoN-anbaernaHble, B YaCTHOCTK, PE30PLMH-
dopmanbaermaHblie cmonbl. C deHon-anbaernaHbl-
MU CMOJIaMM BCTPeYasca Kaxabli, KTO CTOAN Ha CTY-
NneHAX 3CKanatopa B METPO Wnn feprkan B pyke
aneKTpuYeckyto Bunky. OeHon-anbaernaHble CMosbl

0651ajaloT BbICOKOW MPOYHOCTbIO, KOPPO3NOHHOW
CTONKOCTbIO, MPEKPACHbIMM 3N1EKTPOU30NALMOH-
HbIMW CBOMCTBaMU. BbicokonopucTtblie dpeHon-anb-
JervaHble CMOoJbl ABAAITCA HE TONbKO MPOYHbIMU
3BYKO- U TEMNOU3ONALNOHHBIMY MaTepuanamMmu, HO
N NepcneKkTUBHbIMU COpOEHTaMU, HELOPOTMMU HO-
cMTensaAMU AnA KaTanm3aTopoB, S1eMeHTamMu ra3o-
BbIX CEHCOPOB. BaxkHellwen 0cobeHHOCTbIo deHon-
anbAerngHblx asporenen ABAAETCA BO3MOXHOCTb
UX NpeBpaLLeHnA B BbICOKONMOPUCTbIE YrepoaHble
MaTepuanbl 419 UCNONb30BaHNA B COCTaBe BbICOKO-
€MKUX SNEKTPUYECKNX aKKYMYNATOPOB.

OueBnaHO, UTO CBONCTBA PeHON-anbAerMaHbIX
asporenen onpegenaTca Ux CTPYKTypomn (pasme-
pPOM 1 fiaMeTPOM MOp, MNAIOTHOCTbIO U T.A.), KOTO-
pas, B CBOIO oyepefb, 3aBMUCUT OT YCNOBUI Nony-
YyeHuA renen, CKOPOCTN NOAMMEpPU3aLUN OpPraHu-

[1] Lermontov S.A., et al. Journal of Porous Materials (2022). DOI: 10.1007/s10934-022-01365-4

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.

Puc. 2

Pasmepbl nop pesopurHo-popmanbaerna-
HbIX asporenei NPy PasnnNYHbIX KOHLEHT-
paumax pacTBopuTenen: aLeToHUTpunIa
(cneBa) n gumetuncynbdokcnaa (cnpasa),
NosyyYeHHble Mo JaHHbIM MasnioyrioBOro

Scattering cross section, d(q)/d, cm™’

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.

HeIZTpOHHOFO pacceAaHnA.

YeCKMX MOJSIEKYN U CLUMBKMK MOAMMEPHbIX Lenen.
O6bluyHO pe3opLrH-bopManbaerMaHble rean nomny-
YaloT NONMKOHAEHCaLUNel pe3opunHa n popmanb-
Jervfa B NpUCYTCTBMW KaTanm3aTopoB — KUCIOT
NNV OCHOBAHWI, a B KaYecTBe pacTBOpUTENA UC-
Nonb3yloT BOAY Win aueToHuTpun. OgHako ponb
pacTBopuTena B CMHTE3e pe3opunH-dopmanbie-
rMAHbIX refien v asporenen o CMx Nop npakTuye-
CKM He n3yyeHa.

MeToOM ManoyrioBoro HeMTPOHHOIO pac-
ceAHunA Ha cnekTpomeTpe OMO peaktopa VBP-2
nccnefoBaHbl a3poresniv Ha OCHoBe pe3opLunH-dop-
ManbAernaHblX CMOM C KOHTPONMPYyeMOWN nopu-
CTOCTbIO 1 BbICOKOW MEXaHNYeCKOM MPOYHOCTbIO
[1]. BbiasBNneHO BAUAHME PO OpraHNYeCcKnx pac-
TBOPUTENEN aLETOHUTPUIA N BUMETUICYbGOKCU-
[a Ha NopucTocTb matepurana (Puc. 2). B uactHocTn,
YCTaHOBJIEHO, YTO NOJIyYeHue 3afaHHOM NOPUCTO-

il e \ ARAL § —rr n
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CTV MOJIMMEPHbIX asporesiell BO3MOXKHO Npu UC-
NOJSIb30BaHMM Pa3/IMYHbIX PAaCcTBOPUTENEN, a TaKXKe
npuv BapuaLmmy X KOHLEHTPaLUUIN Ha STane CUHTe3a
pe3opunH-popmanbaerngHbix renen. lonyyeHHble
pe3ynbTaTbl NOKa3anu, YTO HOBble asporenu nep-
CNEeKTMBHbI AnA CO3AaHuA BblCOKOIOOEKTUBHbBIX
3BYKO- 1 TEMNOU30NALNOHHbIX MaTePUANoB 1 COp-
6eHTOB.

PaboTa BbINONMHEHa KOMNEKTUBOM POCCUNCKNX
yueHbix 13 NHCTUTYTa GM3M0Nornyeckn akTMBHbIX
BewecTtB PAH, NHcTuTyTa 06WeENn 1 HeopraHuye-
ckom xumnm um. H.C. KypHakosa PAH, NHcTutyTa
MeTannyprum n matepunanosegeHusa um. A.A. ban-
koBa PAH, MNMeTepbyprckoro MHCTUTYTa AaepHon du-
3UKK 1 O6beAMHEHHOTO MHCTUTYTA AJEPHbBIX UCCTle-
JOBaHWUN Npu nopaepxke rpaHta PHO N2 19-73-
20125.
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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.

I(g). cm’

Puc. 1. CrpyKkTypHasa xapakTepu3aums X1on4ato6yMaxxHOro TeKCTUA C BHEAPEHHBIMU B HEFO HaHOYACTULAMUN OKCMAOB
Xenesa: gaHHble SEM/SANS v cTpyKTypHble MOAENN MarHUTHOMO TEKCTUNA, CUHTE3MPOBAHHOTO Pa3HbIMK CMOCO-

6amu.

MarHUTHbIN TEKCTWUJb ON14 6uoKaTansa

B JIH® c nomoLbio ManoyrnoBoro HeMTPOH-
HOrO PacCesHUs M3y4yaloT CTPYKTYPY MarHUTHbIX
X710NYaToOYMaXKHbIX TKaHeN, NoyYeHHbIX HOBbIM
3KOJIOMMYHbIM CMOCOOOM.

B nocnenHue rogpl 60NbLLUON MHTepeC Npo-
ABNAETCA K MAarHUTHbIM HAHOUYACTMLIAM B CBA3MU C UX
noTeHuwmasbHbIM NPUMEHEHNAMWN B 6VIOT€XHOJ'IO-
rMsx  MeauuvHe. B yacTHoCTu, BHeapAsA Takume Ha-
HOYACTMLbl B Pa3/IMYHbIe BELECTBA, B TOM YMCIe C
NCMNOJIb30BaHVEM BHELLHMX MarHUTHbIX Nonei, no-
NyyvyatoT MaTepurasbl C HY>KHbIMU CBOCTBaMu. He-
JaBHO OOHapyXeHHaa GuokaTanuMuyeckaa akTuB-
HOCTb HAHOYACTML, OKCUIOB »Kefe3a NpuBesa K Ho-
BOMY BUWTKY UX MCCIIeAOBAHUA LS BO3MOXKHOIO
NPYIMEHEHUS B KaUeCTBE UCKYCCTBEHHbIX pepmeH-
TOB WM HAaHO3MMOB. TaKMe HaHOYaCTULbl UMUTU-

pytoT noBefeHne GepMeHTOB (cneunanbHbix 6en-
KOB, YCKOPAIOLLMX NPOTEKaHVE BUOXMMUNYECKNX pe-
aKUWMIA Ha HECKOJIbKO MOPAAKOB) 1 MOTYT 3aMEHUTb
X B Pa3JZINYHbIX MPUNOXKEHNAX. 5naro,u,apﬂ TaK Ha-
3bIBaEMOW MEPOKCUAA3HOM aKTUBHOCTM HaHOYa-
CTUUbI OKCMAA >Kefie3a MOXHO WUCMoNb30BaTb, K
npmMmepy, npn co3gaHnn peleBbiX XUMNYeCKUX
61OCEHCOPOB AJ1A UMMYHOaHasnu3a, uto TpebyeT nx
BHEPEHUs B Pa3/IMYHble UCKYCCTBEHHbIE 1 X/10M-
yaTtobymakHble TKaHuW. [1na 3Tol uenun ncnonb3y-
€TCsl OCaXKAeHVe Ha U3gennsa U3 pasfiniyHoro Tek-
CTnNA, HaXo4AWNMXCA B KOHTAKTE C XUOKNMU CyC-
NeH3MAMN MarHUTHbIX HaHOYacTUL (GpeppoXKmaKo-
CTAMM), yNpaBsiss NpoLecCcoM C MOMOLLbI BHeLIHe0
ro MarHWTHOrO MOJA U PErynnpys Heobxoanmyto
KOHLIEHTPaLNo 1 MOPQOSOrto OCaXKAeHHOro Ma-

[1] Safarik I., et al. ACS Appl Mater Interfaces 13 (2021). DOI: 10.1021/acsami.1c02154

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. Xnonuyatob6yMaKHbI TeKCTWIb, MOANPULIMPOBAHHbI HAHOUYACTMLIAMU MAarHUTHbIX OKCVAOB Xere3a pasnny-
HbIMK cnocobamu. leMoHCTpaLua NnepoKcmaasonogo6HOM aKTMBHOCTY MarHUTHOTO TEKCTUIIA B NMPUCYTCTBUN
nepeKkncy BOAOPOAa C NCMoJib30BaHMeM B KayecTtse cybctpata N,N-auatun-n-peHunneHgnammH.

Tepuana. [pon3BoACTBO MarHUTHbIX HAHOKOMMO3W-
TOB NoJpasyMeBaeT VX TLaTeNbHOe UCCefoBaHNe,
TaK Kak Ntobble CTPYKTYpPHble M3MEHEHNA HaHOoua-
CTWL, BIMAIOT Ha CBOVCTBA HOBbIX MaTepuranos. Kak
pe3ynbTaT, OCyLLeCTBAAETCA BbIOOP U ONTUMIM3aLMA
npouenypbl cHTe3a Hanbonee 3¢ GeKTUBHbIX Ma-
TEpUanoB, B TOM Uncsie C yYeTOM SKONTOMMYHOCTHU
CUHTe3a.

lpynna nccnepgosatenen 13 bnonormnyeckoro
ueHTpa B Yecke-byaeésuue n JIHO nposoguna Kom-
MNEKCHbIN aHanmM3 HOBOrO TMMa MarHUTHOTO TeKC-
TUIA, B TOM YMCIIe SKCNEPUMEHTbI MO ManoyrfioBo-
My paccesiH/O HEMTPOHOB Ha cnekTpomeTpe KOMO
peaktopa VIBP-2 (Puc. 1). icmonb3oBanuch cneyu-
aNibHble BO3MOMXHOCTU HENTPOHOB MO KOHTPACTU-
POBaHMIO Pa3fIMUYHbIX KOMMOHEHT CJIOXKHbIX MHOMO-
KOMMOHEHTHbIX MaTeprasnoB. MNonyyeHHble CTPYK-

TYpPHble fAaHHble 06 bACHUM HabNoAaeMble MarHNUT-
Hble CBONCTBA TKaHEN, a TakXKe M3MeHEeHUs NX KaTa-
NTUYECKON (NepOKCMAA3HON) aKTUBHOCTU B 3aBU-
CMMOCTM OT CNocoba OCaXkAeHNA MarHUTHbIX HAaHO-
yacTuu. [epoKkcraasHyo akTUBHOCTb onpeaenanu
no obecLBeUNBaHNIO TKAHAMM CTaHAAPTHOMO pac-
TBOpPA KpUCTaimyeckoro GproneToBoro ¢ cyocrpa-
ToM (N-cynbdaTHasa conb) B NpUCyTCTBUN NepPeKnCU
Bogopoaa (Puc. 2).

lMpocToTa BHEApPEHMA HaHOYaCTUL, OKCUOOB
»Kenesa B TKaHb 1 HEBbICOKAA CTOMIMOCTb MCMOJb-
3yeMbIX MaTepuasioB OTKPbIBAIOT LUNPOKNE BO3MOMK-
HOCTW ANA UX MPUMEHEHMA, HaNpuMep, B KauecTee
MarHUTHbIX GUNBTPOB, a Takxe Ana obecLBeunBa-
HUA N pa3foKeHNA OPraHNYeCcKnX KpacuTenen v 3a-
rpAsHUTENen.
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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

BonbT-amnepHble xapakTepnCTUK/ KOHTaKTa
HaHOYaCTUL, C OANHAKOBbIMU (7,5 HM,
KpmBas 1) u pasHbiMu (7,5 HM 1 9 HM,
KpurBas 2) anameTpamy HaHo4acTumL,.

Puc. 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.

dYHKLUMOHasIbHbIV 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 ),
and a decrease in the value of the limiting forward
current (lg,). The achieved values of the limit param-
eters are 2.99 V for V,o, (at lfo; = 0.83 mA) and
0.276 MA (at V,ey = 2.62 V).
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ANs TEXHONOMMMA MTOMOIMreHHOM 3JIEKTPOHUKHA

BnepBble NpakTUyeckn peannsoBaH 1 ncce-
[JOBaH BbINPAMIAOLWNN KOHTAKT B BUAE XMMNYECKU
OLHOPOAHbIX M’MAPATUPOBAHHbIX HaHoYacTuL YSZ-
cuctembl (ZrO,-x%molY,0;, rae x =0, 3, 4, 8), B oCcHO-
Be KOTOPOro NeXkaT pasmepHble 3bdeKTbl CKaxe-
HUA CTPYKTYPbl SHEPreTnyecknx 30H TBepAbIX Ten
nosepxHocTblo (puc. 1) [1]. B KauecTBe KOHTaKTU-
pYyioLLMX 06 bEKTOB ObI/IN UCMOSIb30BaHbl KOMMAKTDI
(BbICOKOE rnapocTaTnyeckoe gasneHue, 300 Mrla)
13 MOHOAUCMEPCHbIX HAHOMOPOLLIKOB C pa3mMepamu
HaHoyactTuy 7,5 HM, 9 HM 1 14 HM B COYeTaHumn
7,5 HM = 9 HM, 7,5 HM — 14 Hm. TnapaTHas obosouka
HaHoYacTuL MCMoJib3oBanacb Ansd obecrneyeHus
SMEKTPUYECKON HENPEPBIBHOCTY Cpefbl B MPOCT-
paHCTBE MeXIy YacTULaMN.

OnAa nccnepyembix YSZ-cuctem ycTaHOBEHa
obLaa 3aKOHOMEPHOCTb, 3aK/ioYaloLWanca B IKC-
TPeMasibHOM XapaKkTepe N3MeHeHUA npefesibHbIX
3M1eKTPUYECKMX CBONCTB KOHTAKTOB B 3aBUCUMMOCTH
OT AnCnepcumn Pa3MepoB YacTUL, U KOHLEHTpauum
npumecn B maTepurane KOHTaKTUPYIOLWUX HaHOYa-
cTny. NokasaHo, YTo yBennyeHne gucnepcmm pas-
MepPOB yacTuL cBbilwe 1,5 HM NPMBOANT K Mponop-
LiMOHaIbHOMY YBeNIMYEHMIO 3HaYeHNA npefesibHo-
ro obpaTHoro HanpsxeHua (Vq,), HO yMEHbLUEHWIO
3HayeHuA npepenbHoro Toka (lf,). JocTurHyTbie
3HayeHWA npepesibHbIX NapaMeTpoB COCTaBAAOT
2.99 B ana Ve, (Npu lgor) = 0,83 MA) 11 0,276 MA (npu
Viev=2,62 B).

[1] Doroshkevich A., et al., Nanomaterials 2022, 12, 4493. DOI: 10.3390/nano12244493

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

CxemaTtmyeckas nHTepnpeTaunsa spdpekTa
BbINPAMIIAOLLErO KOHTAKTa, rae m u

e — Macca v 3apAaf 3NeKTpoHa, § —
OvanekTpuyeckas NpoHnLaeMocTb [2].

Puc. 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].

B paMKkax Teopu1n NOBEPXHOCTHbIX COCTOAHWIA
Tamma v 06061weHHO mogenn 3enTua-MagenyHra
NPUMEHUTENTIbHO K MOHHbIM KpuUCTaniam npose-
[eHO MOJEeNMpPOBaHMe 3MEKTPOHHOWM CTPYKTYpbl
NPWMNOBEPXHOCTHbIX COCTOAHUI HAHOPa3MepPHbIX
WNOHHBbIX KPUCTaSIOB C y4eTOM KYJTOHOBCKOIO Aiafb-
HOQENCTBMA 1 ANCNEPCUN SNTEKTPOHHbIX CBOCTB B
3aBUCUMMOCTU OT KPUBK3HbI X MOBEPXHOCTYU (pUC.
2) [2]. NMoka3aHa BO3MOXHOCTb peannsaLmm Bapu-
30HHOCTW /1IEKTPOHHOWN CTPYKTYpPbl B XUMUYECKNU
OAHOPOAHbIX MOHHbIX KpUCTannax, npeackasaHHasa
paHee. [lokasaHa BO3MOXHOCTb NPUMEHEHNA NOJy-
YEeHHOW CTPYKTYpPbl 4151 Npeobpa3oBaHNsA SHePrnm
afcopOuny Bnarv B sNeKTpuUYecKuin Bug.

Mcnonb3oBaHme HOBbIX PU3NYECKUX MPUHLIN-
NoB A5 NOJNyYeHNA BbINPAMIIAIOLLEr0 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.

V=—1/12(Es—En)#0

E, =%Eg [1-2me*/ Egn*]"

yKa3aHHOM MofefIbHOM 00beKTe OTKpbIBaeT nep-
CMNeKTVBbI pelleHna npobnembl ANdGPY3MOHHON He-
YCTONYMBOCTU XUMMNYECKM HEOQHOPOAHbIX reTepo-
CTPYKTYP, CYLLECTBEHHO OrpaHnumnBatoLLel Npume-
HUMOCTb KJlaCCUYECKUX MONYNPOBOAHUKOBbIX Mpu-
60pOB B YCNOBUAX MOBbILWEHHbIX TeMMepaTyp u
VNOHU3MPYIOLWNX M3NyyeHnin. MokasaHbl nepcnek-
TVBbl CO3[aHNA NPUOOPOB rOMOreHHOW 31EKTPO-
HUKW, NpeaCcTaBAsIOWNX UHTEPEC ANA KPUTUYECKIX
TEXHONOTNIA, KOTOPble CNOCO6GHbI PaboTaTb B KECT-
Knx G13nYecKmx yCnoBusx, a Takxke obnagatot on-
TUYECKON NPO3PaAYHOCTbIO, MEXaHNYECKON NpPoy-
HOCTbO, 6IOCOBMECTMMOCTbIO (B CJlyYae UCMoSb30-
BaHUs YSZ-cnctem), BO3MOXXHOCTbIO MacLITabupo-
BaHVA B CyOMMKPOCKOMUYECKNIA Pa3MepHbIN ana-
NnasoH.

[2] B.R. Kutlimurotoyv, 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 XungKkux gncnepcursax 4eTOHALMOHHbIX HAHOA/IMAa30B 06HAPYKMBAET PppaKTasibHble KacTePbl HAHOYa-
CTVL 1 afcopbLmio KNacTepoB Ha NNCTax oKcuaa rpadeHa B CMELLaHHbIX PacTBOpax.

XXuaokune gucnepcumm Kak cnoco6
XpaHeHUa u MogmdukaLmmm HaHoasIMa3oB

PacceaHune HeMTPOHOB NcNonb3yeTcA B paspa-
60TKe CTabUNbHbIX XXUAKUX AUCNEPCUA HaHOaNIMa-
30B A1 Pa3INYHbIX HAHOTEXHONOM U,

[leToHaunoHHble HaHoanmasbl (OHA) npega-
CTaBNAIOT COOON KPUCTaNNNTbI aiMasa C XapaKkTep-
HbIM pa3mepom meHee 10 HM. OHM NPON3BOZATCA B
crieymanbHbIX peakTopax MOCpeaCcTBOM MoApbIBa
OpraHnYyecKnx B3pbIBUYATbIX BeELWECTB C YrNepoa-
KUCNIOPOAHbIM AncHanaHCoOM B CTOPOHY yriepopaa.
CerofHA ocobblll MHTEpeC NpeacTaBiAeT coyeTa-
Hue BbICOKOW yaenbHoWn nosepxHoctn AHA ¢ ux
6MOCOBMECTUMOCTbIO — BaXkHbI GaKTOp Npu Co3-

JaHUN HAHOKOMMO3ULMOHHbIX MaTepPUanoBs s Me-
AVILMHCKUX MPUTOXKEHWIA, NCMOSb3YIOLWMX 0Cobble
CneKkTpasnbHble CBOMCTBA AAHHbBIX HAHOUYACTML, U UX
XUMUNYECKNX MPON3BOAHbIX. OQHUM M3 IMaBHbIX Ha-
NpaBfeHNn PU3NKO-XUMNYECKUX UCCNIef0BaHWIA
IOHA aBnaeTca cMHTe3 NX XULKUX QUCNepCcun B pas-
JINYHbIX PAaCTBOPUTENAX KaK OCHOBbI A/1A XPaHeHNA
1 nocnefyoLWwmnx XMMmiyecknx mogmdrkayumum HaHo-
YyacTuu. Hannume ycTonumBbIX XXUAKUX AMCNEePCUin
[OHA B lWunpokom AnanasoHe KoHueHTpauui (go 10
BeC. %) N03BoNAET KpalHe 3PpPeKTUBHO NPUMEHATb
B CTPYKTYPHbIX NCCIe[0BaHNAX METOA Manoyrio-

[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

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. B3aumopelicTBMe KNacTepoB B BOAHbIX ANCNEPCUAX AETOHALMOHHbBIX HAHOANIMA30B: CTPYKTYPHbIN GpakTop
paccesaHVs A1 KNacTePOB; CeTb KNAacTePOB B KOHLIEHTPVPOBAHHbIX PACTBOPAX; POCT BA3KOCTY MPU 30/b-TeSb

nepexoge.

BOro pacceAHus HenTpoHoB (MYPH) c ncnonb3osa-
HVeM BapuaLmm KOHTpacTa Ha OCHOBE N30TOMHOrO
3aMelLeHnA BOOoOpOoa-AeTepuin B paCTBOPUTENAX.
B JIH® cooTBeTCTBYIOWME SKCMNEPMMEHTbI aKTUBHO
npoBoAaATcA Ha yctaHoBke OMO peaktopa VBP-2.
Anmas obnagaeTt cywecTBeHHO 6osbluei naoT-
HOCTbIO AJINHbI PacCeAHNA B OTHOLLIEHNN HENTPO-
HOB, YEM PEHTIeHOBCKIMX NIyYel, UTo, B CPaBHEHNN
C nocnenHumMmu, obycnaenmeaeT 66nbLIy0 UHOOP-
MaTUBHOCTb HEMTPOHHbIX 3KCNeprMeHTOB. OCHOB-
HOW aKLeHT CeroaHALIHMX NCCNefoBaHN fenaeTca
Ha M3y4JeHune obpa3oBaHUA KNacTepoB (xapakTep-
Hbll ypoBeHb Ao 100 HM 1 BbILE) NPU CUHTE3E U
ancneprupoBaHun vactuy, IHA B Xupgkue Hocu-
Tenu, a TaKXe VX B3anMOZencTBUA ApYr C [PYrom v
ApyrMn o6aBOYHbIMU KOMMOHEHTaMU B »KUOKUX

ancnepcusix. Tak, Ha OCHOBAHUU N3MEPEHNI CTPYK-
TYpHOro ¢aktopa paccesHuns npensioxKeHbl Mo-
JenbHble NoTeHUMas bl B3aUMOAENCTBUA KnacTepoB
B pacTBope. B cotpygHunyectse ¢ Dr3nko-TexHuye-
CcKUM nHCTUTYTOM M. A.O.Modde (CaHkT-TNeTep-
O6ypr) BbifiBNeHa apcopbumsa  KnacTepoB  Ha
rpadeHoBbIe NMNCTbI B CMeLUaHHbIX BOAHbIX PacTBO-
pax HaHOanMa3oB M oKcupaa rpadeHa (ouametp
nmcTa > 1 MKM), a TakKe Noapo6bHO 1ccneaoBaHbl
CTPYKTYpPHbIE acmneKTbl Nepexofa HaHOAIMa3HbIX
AVUCMepCUn B renv NpU X KOHLEHTPUPOBAHUM.
Bca cTpyKTypHas Hpopmauums, nonyyeHHas B
X0[le HENTPOHHbIX SKCMEPUMEHTOB, aKTUBHO WUC-
nosb3yeTcs B pa3paboTke crnocoboB KOHTponupye-
MOTO KNacTepoobpa3oBaHUs B XKUAKUX AUCIEPCUAX
HaHOaNIMa30B MNPW VX ANTUTENIbHOM XPaHEHWN.

[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. V3o6paxeHus arnomepauuu JHA Ha pasnnyHbIX YPOBHAX MacluTaba, MonyyeHHble C MOMOLLbIO CKaHUpPYIoLLeit
1 NpoCBeUmnBatoLLel SNeKTPOHHOI MKpockonun. CooTBeTCTBYoOLLee pacnpefeneHve anametpos [IHA. YepHas
CMNNOLWHasA IMHUA COOTBETCTBYET JIOTHOPMasibHOMY pacrnpefeneHuto.

HaHoa/iMa3bl OTKpbIBAIOT NepCcneKTUBbI
B ONTUKEe MeaOJieHHbIX HeP’ITpOHOB

HaHoanmasbl uccnepytotrca 6onee 60 net Kak
NepCcneKkTUBHbLIN MaTepuran onsa WUpPoKoro CnekTpa
NPVYMeHEHUI: TOHKNE abpasnebl, MoguduUKaTopbl
NoNIMMEPOB 1 APYIMX MaTepuanos, areHTbl AA aj-
pecHom AocTaBKM nekapcTts 1 gp. OkasbiBaeTca, UTo
MOPOLLKN AETOHALUMOHHbIX HaHoanmaszoB (OHA)
MOTYT ObITb TaKXKe Ype3BblYaliHO NOMIE3HbI AN1A yBe-
NINYEHNA MOTOKOB XOJIOAHbIX M OYEHb XONOAHbIX
HenTpoHoB (XH n OXH) Ha BbiBeAEHHbIX MyuKax
HENTPOHHbIX MCTOYHNKOB. bonbluMHCTBO nccnepo-
BaTe/IbCKMX YCTAaHOBOK MCMOJb3YIOT TEMOBbIE Hell-
TPpOHbI 1 XH, KOorga yueHble 3auHTepecoBaHbl B TOM,
yTo6bI NCNONIb30BaTb Becb cnekTp XH 1 OXH c anu-
Hamu BONH 0,5-20 Hm. [lo HeflaBHMX NOP He cyLue-
cTBOBano 3pdeKTMBHbIX oTpaxxaTenen OXH ns-3a

yero KONMYeCTBO HEMTPOHOB B NMyyKax mMasno. Yue-
Hble JIHO pa3pabaTbiBaloT YHUKaNbHble OTpaXka-
Tenu XH n OXH, Ha 0oCHOBe HaHOa/IMA30B, He MMEto-
e aHanoros B Mupe [1]. 3T1 nccnegoBaHuA nos-
BOJIAIOT MOCMOTPETb Ha HaHOanIMa3bl C HOBOW CTO-
POHbI.

Pa6ota oTtpaxaTtenss XH n OXH ocHoBaHa Ha
MHOTFOKPaTHOM pacCceAHNN HEWTPOHOB BHYTPU
cpepnbl, COCTOsAILLEN M3 OTAENbHbIX YacTul. Hanbo-
nee 3pPpeKTNBHOE OTParKeHNE HENTPOHOB AOCTUIa-
eTcA, Korga pasmepbl YacTul COMOCTaBUMbI C
ONVIHOW BOJTHbI HEMTPOHOB. Mbl OGHAPYXKAK, YTO
pekopaHbiM Ko3ddpuumeHTom oTpakeHna OXH
0o651afaloT HaHOA/IMa3bl AETOHALMOHHOIO CUHTE3a
(OHA). Anma3 rmeeT MaKCUManbHY OObEMHYIO

[1] Aleksenskii A. et al. Nanomaterials. 11 (2021). DOI: 10.3390/nano11113067
[2] Bosak A. et al. Materials. 16 (2023). DOI: 10.3390/ma16020703

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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Puc. 2. CneBa: onTumanbHble arameTpbl IHA 1 cooTBeTcTBYOLWan BepoATHOCTb oTpakeHns OXH (anbbepo) ot nonybec-
KOHeYHoro moHogmcnepcHoro cnos [IHA B 3aBMCMOCTU OT CKOPOCTU/AnHbI BonHbl OXH. CnpaBsa: pagnanbHas
3aBUCUMOCTb YAENbHOWN BEPOATHOCTU 06HapyxeHna OXH ¢ (neBas ocb 1 TOUKM) 1 6e3 (NpaBas OCb 1 CNOLWHas

NMHKNA) oTpaxkatena us [IHA.

NIOTHOCTb MO CPABHEHMIO C APYTUMU pOpMamMK yr-
nepopga. Npu 3TOM nornoweHne HeNTPOHOB aTo-
MaMu yrnepoga Masno, a UHTEHCMBHOCTb paccesHnA
Bbicokas. CpegHue pasmepbl IHA ~5 Hm (puc. 1),
YTO ONTUMANbHO ANa auddysHoro otpaxkeHuns OXH
npwu NooObIX Yriax NageHna Ha oTpakaTesb (puc. 2)
n 6nM3Ko K onTuMymy Ansa oTpaxeHusa XH npu
ManbIX CKOMIb3ALLMX YrIax.

OHA noutn ngeanbHO NOOXOAAT Ha POJib Ma-
Tepurana oTpaxarens, Ho eCTb paj npobnem, pelue-
HMe KOTOPbIX MO3BONNUT €ro ynyylmnTb. PeanbHble
nopowwkn [IHA cogep»aT HaHOYACTULbI U KnacTepbl
pa3HbIX pa3mepoB (puc.1), 4To BAUSET Ha UX OTpa-
aTenbHY CNOCOOHOCTL, Kak OblIo NoKasaHo uc-
cnefoBaHUAMM ManoyrioBoro pacceaHms [2]. Kpo-
Me 3Toro, B nopoukax HA copgepxutca 6onblioe
KonnuecTBo npumecei. B otnnune ot yrnepopa, atn

NprMecK akTMBHee 3aXBaTblBalOT HENTPOHbI U aK-
TVBUPYIOTCA B MHTEHCMBHbIX PagunaLMIOHHbIX NONAX,
YTO HEraTMBHO BNMAET Ha CBOMCTBa oTpaxaTens. C
NMOMOLLbIO METOOB HENTPOHHOIO aKTMBaLMIOHHOIO
aHanu3a (HAA) mbl npoBenn 3neMeHTHbI aHann3
nopowwkos JHA v nsyumnu s¢peKTMBHOCTb TEXHO-
NIOTUIN OYMCTKM MOPOLLKOB [3].

Mopowkun JHA ¢ onTMN3NpPOBaHHbIMK CBOM-
cTBaMu 6GbIIM HEJABHO MCMONb30BaHbl Kak MaTe-
pvian oTpakaTtens B KOHCTPYKLMM NPOTOTMMNa NCTOY-
Huka OXH [4]. Mbl npogeMoHCTpupoBanu, 4YTo bna-
rogapsa oTpaxaTesto nHTeHcnsHocTb OXH, goctas-
nAeMbIX OT UCTOYHMKA K YCTaHOBKE, MOXET yBenn-
untbcA B ~10 pas (puc. 2), UTo 3KBUBASIEHTHO MHO-
rOKPaTHOMY YyBEIMYEHMIO MOLLHOCTM NCCeoBa-
TeNbCKOro AAEPHOro peakTopa.

[31 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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