XVI INTERNATIONAL CONFERENCE

MOSSBAUER SPECTROSCOPY
AND ITS APPLICATIONS

XVI ICMSA

5—9 September 2022
Ekaterinburg, Russia

Book of Abstracts and Program




NHCTUTYT dmnsnkmn metannos YpO PAH
Ypanbckoe oTaeneHne PoCCMMCKON akaAeMun Hayk
Ypanbckun denepanbHbii YHUBEPCUTET
MOCKOBCKUIN rOCYAapPCTBEHHbIN YHUBEPCUTET
000 «Curnupuka»

XVI MexxayHapoaHasi KOHdepeHUUN

MECCBAY2POBCKAS CMEKTPOCKONMMUS
U EE NPUMEHEHNSA

4-9 ceHTa6ps 2022 r.

TE3SUCHI AOKJTAAOB

EkaTepuHbypr
2022



YK 538.9+53.043+543.429.3
BbK 22.344

MéccOayspoBckasi CIEKTPOCKONMUS U €€ MPUMEHEeHUs: Te3UChI JOoKIaaoB X VI
Mexnynapoanoit konpepenunu (Exatepun0Oypr, 4 — 9 cenrtsiops, 2022 r.)
Exarepunbypr: Uzn-so UOM YpO PAH, 2022. — 208 c.

ISBN 978-5-6045774-5-5

COopHUK BKITIOUAET B ce0s MporpaMmy KOH(GEPEHITMH 1 Te3UCHI TOKIAI0B
yaacTHuKOB X VI Mexnynapoanoit konpepenmu «MéccobayrpoBckas
CIEKTPOCKOMHS U €€ MPUMEHEeHHUs», TpoBoauBIIekcs B T. ExatepunOypre 4 — 9

ceHTsi0psa 2022 r.

© ABTOpBHI, coJiepKaHue T€3UCOB, 2022

© UDOM YpO PAH, opopminenue, 2022



XVI MexnyvaapoaHasi KoHbepeHIs

«MeccOayI3poBcKasi CIIEKTPOCKOINMS U €€ PUMEHEHU I»

4 — 9 cenmaobpsa, 2022, r. Exatepunoypr, Poccus

Ural Federal ™
University hotas N
RUSSIAN ACADEMY OF SCIENCES named after the first President Lomonosov Moscow N

of Russia B.N.Yeltsin . !
IMP UB RAS URAL BRANCH State University

YBaxaeMmble KoJLjIeru!

B mepuon ¢ 4 mo 9 cenrsabps 2022 r. B EkarepunOypre mnpoBomutTcs 16 mexmayHapoaHas
koHbepenims «MéccbayspoBckas criekTpockomnus u ee mpumenenus» (XVI ICMSA).

[lenpt0o TpoBeACHUS HACTOAIIEH KOH(PEPEHIMH SBISIETCS MPEIOCTABIICHHE CIEIUaIICTaM,
pabotaromuM B obOmacTh  MEcCcOAYIPOBCKOM  CIEKTPOCKOMHH, BO3MOXXHOCTH TPEACTaBUTh
pe3ynbTaThl CBOUX HCCIEAOBAHUN, OOCYIUTh C KOJUIETaMU HOBBIC WJIEW M HAWTH TAPTHEPOB IS
MPOBEICHUS JATbHEUIIINX UCCIIEIOBAaHU.

Opraaun3zatopsl KOH(DEPEHIINHN:

HNucturyr ¢usuku meramwioB um. M.H. Muxeesa YpO PAH (M®M YpO PAH)

VYpanbckoe otnenenue Poccuiickoit akanemun Hayk (YpO PAH)

VYpanbckuii ¢enepanbHblii yHUBEepcUTeT MMeHH nepBoro IIpesmpenta Poccum b.H. Enpnmna
(Yp@V)

MocKOBCKHI TOCyIapCTBeHHBIN yHUBEepcuTeT uMeHu M.B. Jlomonocoa (MI'Y)

00O «Curnudukar»

Tematuka KOH(I)CPCHI_II/II/I BKJIFOYACT Pa3aCJIbl:

CBepXTOHKHE B3aUMOJEHCTBUS B (M3UKE TBEPOIo Tejla U MarHeTu3Me
IToBepXHOCTb, TOHKHE IJICHKH U HAHOCTPYKTYpPBI

[lepcnekTHBHBIE MaTepHUAJIbl U COBPEMEHHbBIE TEXHOJIOTUH UX MOJTyYSHUS
buosiornyeckue U MEJUIIMHCKUE IPUMEHEHUS

CuHXpOTpPOHHOE U3JIy4yeHHE U TaMMa-ONTHKa

Munepanorus, Hayku o 3emiie, KOJIOTHS U KyJbTYpPHOE Haclle[ue
Xumus, HepTeXUMHUs, KaTallu3, CTPYKTypa U CBSI3b

TexHuka sKcriepuMeHTa U METOI0JIOTUS

ONoGaRrwWNE

Oprkomurer XVI ICMSA BrIpakaeT 6;1aroJapHOCTh CIIOHCOPaM KOH(EpeHIUH:

Wucturyr ¢pusuku meramios YpO PAH (ExarepunOypr)
3A0 «PUTBEPI» (Canxkr-IlerepOypr)
HUU ®uzuxu FOxHoro denepansuoro yausepcurera (Pocros-na-/lony)

III



OprrkomuTrer KOH(pepeHIHH

IIpencenarens Oprrkomurera KoOH(pepeHINH

H.B. MymnukoB, ExatepunOypr

Conpencenarennb
A.C. CuroB, Mocksa

Yaensl Oprkomurera

M.A. AnnpeeBa, MockBa

@.I'. Baruzos, Kazann

E.B. Boponuna, Kazanb

B.I'. I'aBpuimrok, Kues, Ykpauna
I'.A. Jopodees, Mxerck

B.IO. UBanos, ExaTepunOypr
K.K. Kanpipkanos, Hyp-Cynran, Kazaxcran
A.C. Kam3un, Cankr-IlerepOypr
A.A. Kamnes, CapaToB

T.YO. Kucenesa, Mocksa

K.A. Koznos, EkarepunOypr

C.I1. Ky6puHn, PoctoB-Ha-/lony
N.C. JIrobytH, MockBa

M. Maslan, Olomouc, Czech Republic
M. Miglierini, Bratislava, Slovakia
D.L. Nagy, Budapest, Hungary
B.B. OBunnnukoB, ExatepunOypr
M.U. Omrrpax, ExarepunOypr
10./1. ITepdunseB, Mockpa

B.C. Ilokatmnos, MockBa

B.B. Ilonog, ExatepunOypr

N.A. IlpecnsikoB, MockBa

Bb.U. Poro3ses, C.-IletepOypr

B.C. PycakoB, MockBa

B.B. Carapanze, Exarepunoypr
9.K. CagpixoB, Kazans

J.A. Capsiues, PocroB-Ha-/lony
B.A. Ceménkun, ExatepunOypr
B.I'. Cemenos, Cankr-IlerepOypr
C.C. CrapuukoB, MockBa

JI.P. Tarupos, Kazanp

K.B. ®ponos, MockBa

B.M. Yepenanos, Mocksa

H.N. Yuctakosa, MockBa

M.A. YyeB, Mockaa

A.N. Yymakos, Grenoble, France
B.A. IlIabamos, ExatepunOypr

1Y%

IIporpaMMHBIii KOMUTET

Ipencenarens [IporpaMMHOro KOMUTETA
B.C. Pycakos, Mockaa

YieHbl MpOrpaMMHOIro KOMUTETA

E.B. Boponuna, Kazans

M.U. Omrrpax, ExarepunOypr
N.A. TlpecHsikoB, MockBa

B.T". Cemenos, Cankr-IlerepOypr
I".B. CmupHOB, MockBa

A.B. Co0OoieB, MockBa

K.B. ®ponos, Mocksa

M.A. Uyes, MockBa

IIpenceaarennb JOKAILHOI0 KOMUTETA
B.A. [IlaGamros

OTBeTcTBEHHBIN ceKpeTapb
K.A. Ko3nos

YieHbl JOKAJbHOT0 KOMUTETA

N.B. AnenpkuHa
C.B. Adanaceen
M.B. I'oproHoB
A.E. 3amaToBckuit
H.B. Karaesa
K.A. JIsmkos
A.A. MakcumoBa
C.I1. Haymos
H.A. IlepmunoB
A.B. IIpoTtacos
M.B. Ymakon

IIpeacenarenb MOJI0JEKHOM HIKOJIbI
N.A. TlpecnsikoB, MockBa



IMPOT'PAMMA KOH®EPEHIIUN

IHoneodeavnuk, 5 cenmaopa 2022 2.
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Cexyusn 1. Ceepxmonkue 63aumooeiicmeus 6 (puzuke meepooco meia u MazHemu3me

OTKPBITHUE

Inenapnuiii doknrao
OPBUTAJIBHA S ®U3UKA: MECCBAYOPOBCKAS IMATHOCTUKA
N.A. Tlpecuskos, A.B. Cobounes, B.C. Pycakos

Inenapnuiii doknrao

IMOBEJAEHUE JIBYX MATHUTHBIX COCTOSIHUU C TEMITEPATYPOM B
“YMHBIX” AHTUKOPPO3MOHHBIX ITOKPBITUSX

®.®. Yaycos, A.JI. Yaesauos, U.C. Kazannesa, JI.B. /loOsiiieBa

MATHUTHBIE ®A30BBIE ITEPEXO/IbI B 4f-3d UTHTEPMETAJUIMIAX C
KYBUYECKOU CTPYKTYPOU: MECCEAY3POBCKOE UCCJIEJOBAHUE
H.B. Mymnukos, H.M. Kneitnepman, C.I1. Haymos

KO®E-BPENK

®A30BBIE [TEPEXO/IbI B MYJIbTU®EPPOUKE Gd°'Fe3(BOs), [TPU HU3KUX
TEMIIEPATYPAX 10 2.6 K 1 BBICOKUX JABJIEHUAX OO 72 I'Tla

K.B. ®ponos, C.C. Crapunkos, E.C. CmupnoBa, O.A. Anekceena, 1.C. JIroOyTuH,
B.A. 3asxanos, A. Uymakos, I'. ['apbapuno, C.A. Xapnamona, N.A. I'ynum,

B.JI. Temepos, B.P. KyuemieBa-Turosa

30HJOBAS MECCBAYOPOBCKASA IMATHOCTUKA CTPYKTYPHBIX U
MATHUTHBIX ®A30BBIX ITEPEXOJ0B B MAHI'"AHUTE BiMn;0;,
B.U. Hunenko, A.B. Co6ones, S.C. I'nmazkora, M.A. [IpecHsakoB

B3AMMOCBS3b BAJJEHTHOCTU ATOMOB Fe 1 KUCJIOPOJIHBIX BAKAHCHIA
B BAMEIIEHHOM OPTO®EPPUTE Lag 67Sro.33F€03-, B IIPOUECCE
TEPMOOBPABOTKHU

B.J1. Cennix, B.C. Pycaxos, T.B. I'ybaiinynuna, O.I'. PeiGuenko, B.1. Kynakos

CBEPXTOHKAS CTPYKTYPA B MECCBEAY2POBCKUMX CITIEKTPAX TBEPJIbIX
PACTBOPOB Fe; xGayBO3

H.U. Cuerupés, 1.C. JIro6ytun, M.A. Uyes, C.C. Crapuukos, C.B. frynos,

I0.A. Morunenen, M.b. Ctpyranknii

OBE]]

MECCBAYAPOBCKOE UCCJIEJJOBAHUE CTPYKTYPHBIX ITPEBPAILIEHUI B
CIINTABAX Fe-Ni C HU3KMM COAEPXXAHMEM HUKEJIA
H.M. Kneiinepman, A.B. IIpoTacos, C.I1. Haymog, B.C. ['aBuko

CBEPXTOHKME B3AUMOJIEUCTBUS B HECTEXUOMETPUYECKUX
COEJMHEHUAX ErFe,Mny
C.I1. Haymos, H.B. Mymnukos, H.M. Kneiinepman, B.I'. CeménoB
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15:10

15:30
15:50

16:10

16:30

BJIMAHUE TEPMOOBPABOTKU HA CTPYKTYPY 1 MATHUTHOE
COCTOSHME TPOMHBIX MEXAHOCHUHTE3UPOBAHHBIX CITJIABOB
F855A|35.XBX (X =35, 10 art. %)

A.I'. BanoBa, E.B. Boponuna, A.®. A6nynnuH, A.K. ApxHUKOB

KO®E-BPEUK

PEJIAKCALIMOHHBIE ITPOLIECCHI, BBISIBJIEHHBIE B Ca- U Sr-
JJETUPOBAHHBIX MAHI'AHUTAX JJAHTAHA METOJIAMI
MECCBAYAPOBCKOM CITEKTPOCKOIINU 1 MATHUTHBIMU U3MEPEHUSIMI

M. Myenuna, B.JI. Cenprx, H.U. Ynuctskona, I0.A. Anexuna, A.H. LleneOpoBckuii,
B.C. Pycakos

JIOKAJIBHOE OKPY)XEHUE KATUOHOB EJIE3A B Ni**, Cu** 1 Mg**
®EPPUTAX: UCCJIEJIOBAHUE METOJIOM MECCBAY3POBCKOM
CITEKTPOCKOITUU

M.B. Vmakos, P. Kanaii CensBan, M.J. Omrpax

30HJIOBASI MECCBAVYAPOBCKAS JUATHOCTUKA HA SIIPAX *'Fe
MATHUTHBIX ®A30BbBIX I[IPEBPAILEHII B BUHAPHBIX ®OCOUIAX
[IEPEXOJIHBIX METAJIJIOB

W.I'. Cunxun, . A. IIpecHskos, 1.B. Moposos

17:00-19:00 CTEHJAOBASI CECCHUs1. CEKLIUM 1 -8

19:30 MIPUBETCTBEHHBIN YKWH

VI



Bmopnuxk, 6 cenmaopsa 2022 2.
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Cekyusn 2. Ilosepxnocms, monkue nieHKu u HAHOCMPYKMYPbl

Inenapnuiii dokrao

HETPUBUAJIbHBIE ®OPMbI MECCBAYSPOBCKUX CITEKTPOB
MATHUTHBIX HAHOYACTUIL] C PASHBIMU ®OPMAMU
MATHHUTHOM AHU3OTPOITMU

M.A. Yyes

MECCBAY3POBCKUE UCCIIEJOBAHUSA Fe;04 U Fe3sOs@Au HAHOYACTULL,
INOJBEPIHYThIX TEPMUYECKOMY OTXUT'Y
B.C. PycakoB, M.C. ®anees, A.JI. Ko3noBckuit

30HAOBASI MECCBAYBPOBCKASA IMATHOCTUKA ITMHAMNYECKUX
CBOWVCTB 2D-PABMEPHBIX CJIOEB BOJIbI HA TTO/JJIOXKKE
MOHTMOPUJIJIOHUTA

A.A. 3anyixuii, B.B. Mopo3os, A.}O. Cokoios, E.H. IIIkonsH1KOB

OMUCCHUOHHAA AT'P CIIEKTPOCKOIIN A I'PAHULL 3EPEH
KPYITHOKPUCTAJIIMYECKOI'O U YVJIBTPAMEJIKO3EPHUCTOI'O HUOBU A
B.B. Ilomnos, E.B. Ocunankos

KO®E-BPENK

AHAJIM3 MATHUTHOM AHU3OTPOITNHN B CITJIABAX FINEMET
METO/IOM MECCEAY3POBCKOMI CITEKTPOCKOITNHA

2. Kysmann, III. lTuxneyruep, JI. Maxana, W. [Teuycek, P. Bounpacek, JI. CMmpuka,
JI. Koypu, 3. Xomonnaii, M.1. Omtpax, A. Mo3zonau, B.A. Ckyparos, M. Kynop,
b. Xepuer, JL.LK. Bapra

NCCIIEAOBAHUA CI}OPICTB MATHUTHBIX TOHKUX ITTJIEHOK J1JIA
TEPMOMAI'HUTHOU 3AITNCU UHOOPMALINN
A.A. Banuymius, A.C. Kam3un, JI.P. Tarupos, JI.JI. 3apunosa

CHHTE3, CTPYKTYPA U MATHUTHBIE CBOMICTBA HAHOKOMIIO3UTOB
TUITA AAPO@OBOJIOYKA HA OCHOBE KAPBMJIOB 11 OKCHUAOB XEJIE3A
C.C. Crapuukos, B.A. 3asxanos, A.JI. Bacunwes, 1.C. JIroOytun, K.O. ®yHTOB,
M.B. JIrobyruna, H.K. Uymakos, JI.®. Kynukosa, B.H. Aradonos, B.A. JlaBbi10B

MAT'HUTHBIE 1 MECCBAY3POBCKUE UCCJIIENOBAHM A HAHOITPOBOJIOK
n3 Fe, FexCoi.x 1 FexNil_x

W.B. Ilepynos, K.B. ®ponos, M.A. Uyes, 1.M. [Jonynenxo, JI.JI. 3aropckuii,

H.K. YUymaxos, U.C. JIro6ytun

OBE]]

VI



Cel('l(ll}l 3. Hepcnekmu(mbw mamepuaiibl U CO6PEMEHHbBIE MEXHOI02UHU UX ROTTYUCHUA

14:30 [IInenapmwiii ooxnao
COBPEMEHHBIE I[TPOBJIEMbI BBICOKOTEMIIEPATYPHOI
CBEPXITPOBOANMOCTHU U POJIb MECCBAY3POBCKON CIIEKTPOCKOIINU B
EE UCCJIEJJOBAHUU
N.C. JIrobyrun, U.A. Tposia, A.I'. ['aBprttok

15:00 [IInenapmwiii doxnao 5 5
HCITOJIb3OBAHUWE HEMPOHHBIX CETEU B PEHIEHVU 3AJJAY ®U3UKU
KOHJAEHCHMPOBAHHOI'O COCTOAHUA

A.K. Ap)KHUKOB

15:30 KPUTUYECKOE I;IEPEPACHPEI[EH]%HI/IE ATOMOB B CITNTABAX JXEJIE3A ITPU
CBEPXBBICOKOMU ITJTACTUYECKOU JEPOPMAILINN
B.A. [IlabaroB

15:50 KO®E-BPEMK

16:10 MECCBAYAPOBCKOE UCCJIEJOBAHUE ®A30BbIX [TPEBPAII[EHUI B
BOI'ATBIX XXEJIE30OM CIINIABAX CUCTEMBI Fe-Mn B AHAJIOT' MTYHBIX
VCIJIOBUSIX HATPEBA ITYUYKOM YCKOPEHHBIX MOHOB Ar* DHEPTUEN
15 k3B U BECKOHTAKTHBIMHAI' PEBATEJIEM
B.B. OBunnHukoB, E.B. Makapos, B.A. Cemenkun, H.B. I'ymuna

16:30 HEKOTOPBIE ACITIEKTbHI CMHTE3A MHTEPMETAJIJIMYECKOI'O
COEIMHEHUMA Fe-Al-Sn U3 MATEPUAJIOB, TIOJIYVUHEHHBIX METOI0OM
MEXAHHUYECKOI'O CIUTIABJIEHU A
E.B. Boponuna, A.I'. UBanoBa, A.®. A6xymnuH, A.E. Jleancos, A.K. Ap)xHUKOB

16:50 BJIMSIHUE BBICOKOJO3HOI'O HEUTPOHHOI'O OBJIVUEHU S HAU
CTPYKTYPHO-®A30BBIE ITPEBPAIIIEHM S B UHIYCTPUAJIBHOU CTAJIA
OI1823
K.A. Kosnog, B.A. lllabamos, B.B. Carapamze, A.E. 3amaToBckuii, B.A. CeMeHKuH,
A.B. Koznos, B.JI. ITanuenko

17:10 MECCBAY3POBCKUE UCCJIEJJOBAHUS ®A30BOI'O U MATHUTHOI'O
COCTOSHUA HAHOKOMITO3UTA COCTABA (Feo85Mng 10Nip.05)s3C17 TIOCJIE
MEXAHOXUMHNYECKOI'O CMHTE3A U ITOCJIEAYIOINUX OTXUI' OB
A.A. Yynkuna, A.U. Yisuaos, A.JI. YinbsHos, B.E. Ilopces

17:30 MECCBAY3POBCKOE UCCIIEJOBAHUE NJAJIBHEI'O ATOMHOI'O ITIOPAKA
B CIIIABE Fe-6,25 AT.% Si
E.B. Makapos, B.B. OBunnnukoB, B.A. CeMeHkuH

18:00 Y’>KNH

VIII



Cpeoa, 7 cenmsaopsa 2022 2.

Cexkyus 4. Buonozuueckue u meOuyuUHcKue RPUMEHEHUs

09:30 [lnenapmwiii 0oknao
MOJIEKYJISIPHO-CIIEKTPOCKOITMYECKUWE UCCJIEJJOBAHUA CTPYKTYPHBIX
1 OKUCJIMTEJIbHO-BOCCTAHOBUTEJIbHBIX ITPEBPAILIEHUI B KJIETKAX
BAKTEPUH ITPY BBICYIIIMBAHUNA
A.A. Kamnes, A.B. Tyraposa, K. KoBay, O. Kysmanu

10:00 HAHOPA3MEPHBIE «XEJIESHBIE SAJIPA» ®EPPUTUHA U ET'O
OAPMAILEBTUYECKNX AHAJIOI'OB: BBISIBJIEHUE AHOMAJIBHBIX
TEMITIEAPTYPHBIX 3ABUCUMOCTEN MECCBAYAPOBCKUX ITAPAMETPOB
W.B. Anenbkuna, J. Kysmann, 1. ®ennep, B.K. Kum, /I.B. benses, M.W. Omrpax

10:20 OILIEHKA COCTOSHHNA NOHOB XEJIE3A B DAPMAIEBTUYECKUX
ITPEITAPATAX C UCTEKIIMM CPOKOM I'OAHOCTH I10 JAHHBIM
MECCBAY3POBCKON CITEKTPOCKOITUN
/I.B. benses, N.B. Anenskuna, M.U. Omrpax

CeKl{u}l 5. Cuuxpompouuoe usjiyuenue u camma-onmuKka

10:40 MECCBAYDPOBCKUE CIIEKTPLI OTPAXXEHHS B UCCJIEJJOBAHUU
VYIIbTPATOHKUX ITJIEHOK YFeO3; HA ESRF
M.A. Auapeesa, P.A. baynun, A.I1. Hocos, B.B. U3topos, 1.B. ['pu6os,
O.A. Kongparses, . A. Cyo6oTtun, .M. Ilamaes

11:00 KO®E-BPEUK

13:00 OBE]]

14:00 OB3OPHAS DKCKYPCHUSI 110 EKATEPUHBYPI'Y

IX
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Cekyusn 6. Munepanozus, nayku o 3emne, IK0J102UA U Ky1bmypHoe Hacieoue

Inenapnuiii dokrao

PEHTTEHOBCKAS JU®PAKLMA, MATHUTHBIE USMEPEHUA U
MECCBAY3POBCKAA CITEKTPOCKOITNA XXKEJIE3OCOJEPXAIINX ©A3
HEKOTOPBIX TU®DEPEHIIMNPOBAHHBIX 1 HEAU®DPEPEHLIMPOBAHHBIX
METEOPUTOB

A.A. Makcumosa, E.B. Ilerposa, M.B. I'optonos, 1. ®ennep, A.B. Uykun, O. Ky3manh,
3. XomonHaii, M.U. Ommrpax

O BKJIAJIE MECCBAY3POBCKON CIIEKTPOCKOITMY B UICCJIEJJOBAHUAX
METEOPUTA YEJIAABMHCK
B.1. I'poxosckuit, M.H. Omrpax

N3YUEHUE MOP®OJIOT'NN U ®A30BOI'O COCTABA KEJIEBOMAPI'AHEBBIX
KOPOK
A.A. Hosakosa, C.1. [1an¢unos, B.B. ABnonun, E.A. XKeramio

CPABHUTEJIBHBIE NCCIIEJOBAHUA CUJEPUTOB 'MAPOTEPMAJIBHOI'O,
OCAJIOYHOTI'O U MUKPOBUOJIOTMYECKOI'O ITPOUCXOXJIEHUA

H.A. Yucrtakosa, A.B. AutoHoBa, J[.I'. 3aBap3una, T. Kmeu, 4. Koxoyr, T.1O. Kucenesa,
M.C. Yepnos, E.H. JlykpsinoBa, B.Jl. Cenpix, B.C. Pycakos

KO®E-BPENK

PEHTIT'EHOBCKAS JIU®PAKILNA, MATHUTHBIE U3SMEPEHUS 1
MECCBAYOPOBCKAS CITEKTPOCKOIIVA 1JIA BEHIECTBA OBBIKHOBEHHOI'O
XOHIPUTA KEMER L4 1 KOPBI ITJIABJIEHUM A

E.B. IletpoBa, A.A. MakcumoBa, 1. @enuep, A.B. Uykun, M.1. Omrpax

PEHTI'EHOBCKAS JUOOPAKINA 1 MECCBAY3POBCKAS CITEKTPOCKOIIUA
XKEJIE3OCOAEPXAIIMX MUHEPAJIOB B UMITAKTUTE SAHUCHAPBU
A.A. Makcumona, A.B. Uykun, M.U. Omrpax

Cexuyusa 7. Xumus, Hepmexumus, Kamaaus, CmMpyKmypa u césa3b

HOBBIN MOAXO/] K MUHTEPIIPETAIIT MECCBAY3POBCKUX N30MEPHBIX
CABUI'OB XEJIE3A
C.K. lenymenko, 10./1. [lepdunnen

MECCBAYSPOBCKOE UCCIIEJOBAHWUE HAHOKATAJIM3ATOPOB HA OCHOBE
XKEJIE3A JIJIA CUHTE3A ®UIIEPA-TPOIIIIA
K.B. ®posnos, M.B. lBanuos, M.B. Kynukosa

OBE]]

14:30 TYP ITIPOI'PAMMA

20:00 BAHKET
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Cexuyusn 8. TexnHuka skcnepumenma u Memooonous

HOBAS MOJIEJIb MECCBAY2POBCKOI'O CIIEKTPOMETPA MS-2020
J.A. Caprpiues, JI.H. Cuokons, M.IO. 3exuep, C.B. Xpuctuu, B.B. Kuraes

MECCBAY3POBCKUN CHEKTPOMETP C IIOABVXXHbIM PE3OHAHCHBIM
JETEKTOPOM U CUHXPOHHOU CUCTEMOUWJIOITVIEPOBCKOU MOAYJIALINN
JI.A. Capeiues, /I.H. CuBokons, M.IO. 3exuep, C.B. Xpuctuu

JIOIIJIEPOBCKHWIM MOYJISATOP: TIPUHLIMIIBI TIOCTPOEHNMS U IIEPCIIEKTHBbI
PA3BUTUA
B.I'. Cemenos, B.B. [Tanuyk, H.A. Makapos

T'AMMA-PE3OHAHCHBII METOJ] OJHOBPEMEHHOI'O U3MEPEHH S
AMIUINTY]Ibl KOJJEBAHUI SIJEP HA TIOBEPXHOCTU 11 B OFbEME OBPA3IIA
I[TP1 AKYCTUYECKOM BO3BYXJIEHUU

A.JL. 3unnarymnun, @.I'. Baruzos

KO®E-BPENK

OLIEHKA JIU®OEPEHIIMAJIBHON HEJIMHEMHOCTH CUCTEMBI IBUKEHNS B
MECCBAY3POBCKHUX CIIEKTPOMETPAX C UCIIOJIb3AOBAHUEM

OTAJIOHHOT O ITOI'JIOTUTEJIA ®OJIbI'U a-Fe
B.A. CemenkuH, 2. Ky3manH, 3. Xomonnai, M.U. Omrpax

O 3EPHOI'PAHMYHBIX CEI'PETALIMAX 1 COITYTCTBYIOIIMX SABJIEHUSX B
MECCBAY3POBCKON CITEKTPOCKOIIMU HAHOKPUCTAJUIMYECKUX
CIIJTABOB

I'.A. lopodees, B.E. Tlopces, A.JI. Yaesauaos, O.M. Hemiiosa

MOJIEPHU3ALINA KPUOCTATA 3AMKHYTOI'O HUKJIA J1J151
MECCBAY3POBCKOU CITEKTPOCKOITUU

B.A. 3asxanos, C.C. CtapuukoB, K.O. ®yntoB, M. Knénos, U. bounapenko, K.B. ®posios,
N.C. JIrobytun

CO3JAHME CJIOXHBIX MHOI'OKOMITOHEHTHBIX MOJIEJIEN
MECCBAY3POBCKUX CIIEKTPOB B ITPOI'PAMME SpectrRelax
M.E. Mannes, B.C. Pycakos

3AKPBITHUE

OBE]]

XI



CTEH/IOBBIE JIOKJIAJIbI

Cexyusn 1. Ceepxmonkue 63aumooeiicmeus é puzuke meepooco meaa u MazHemusme

CBEPXTOHKUE MATHUTHBIE B3AUMO/IEVICTBUS B KBASMOJHOMEPHOM
AHTUDOEPPOMATHETUKE Fe,0(Se03);
A.B. CoGones, A.A. Acnanaykosa, 51.C. I'maskoBa, 1. A. IIpecHsikoB

OCOBEHHOCTU ITPOCTPAHCTBEHHOM CITMH-MOJIYJIUPOBAHHOI CTPYKTYPhI B
MVJIbTUDEPPOUKAX Bi;.xSrxFeOs.y (x = 0+0.1)
B.C. Tlokatunos, B.C. Pycakos, A.M. I'anouka, A.O. MakapoBa

NCCJIEOOBAHUE KYBMKOB MATHETUTA CO CITMH-BOPTEKCHBLIM ITOBEJIEHUEM
METOJIAMU MECCBAYAPOBCKOI CITEKTPOCKOITUU U FORC

T.1O. Kucenesa, C. Kob6asmm, B.C. Pycakos, K.B. ®ponos, [I. Manssina, H. XKapranan,

J1. Canraa

SOHEPTTIS1 OBPASOBAHM U ITAPAMETPBI CBEPXTOHKOI'O B3AVMO/JIEMCTBUS
TPOMHBIX CUCTEM HA OCHOBE Fe-Al. PACYETHBI U3 ITEPBBIX ITPUHIIUIIOB
A.®. Abnymnun, E.B. Boponuna

AHAJIN3 CBEPXTOHKUX ITOJIE MATHUTHBIX HAHOYACTUL] HA OCHOBE
BMHAPHBIX CIIJTABOB FeNi

A.1O. T'epmog, b.1O. T'onmo6opoackwuii, A.C. Kones, JI.A. IIpoxonses, N.A. Kypmaués,
E.B. CyBopkoBa, A.C. Munun, M.A. YViimun

OKCITEPUMEHTAJIBHOE U TEOPETUYECKOE NCCJIEJJOBAHUE
HAHOCTPYKTYPUPOBAHHBIX JIEHT CITJTABA SmgsZro2(F€o0.92Tip.08)10 B ITIPOILIECCE
TEMIIEPATYPHOM OBPABOTKU

A.B. Ilpotacos, O.A. I'onoBnus, A.I'. Ilonos, JI.A. Cramkosa, B.C. I"'aBuko

MATHUTHAS CTYPKTYPA U CBEPXTOHKUE B3AMMOJIEVMCTBUS B
MVJIbTU®EPPOUKAX BiFe;.xC0,03 (x = 0.05, 0.10, 0.15)

A.M. I'anouka, B.C. Pycakos, S.C. I'nmazkoBa, T.B. I'y0aiinynuna, M.E. Marues,
N.A. TlpecHsikoB

Cekmm 2. Hosepxuocmb, MOHKUE NJ1eHKU U HAHOCMPYKmYypbl

NCCIIEAOBAHME BJIMAHMA SJIEKTPOHHOI'O OBJIVUEHNM A HA HAHOYACTHIIBI
a-Fe,03
M.C. Panees, A.JI. Koznosckuii, B.C. Pycakos, K.K. Kagsip>xanos

NCCIJIEJOBAHUME BJIVSTHAA JOIIMPOBAHUMS Au, Gd, Nd HA MATHUTHBIE U
T'MITEPTEPMUUYECKHNE CBOUCTBA Fe;04, HAHOKOMITIO3UTOB
A.JI. Kosnosckuit, K. Eruz6ek, M.C. ®anees, B.C. Pycakos, K.K. Kagsip>xanos

3ABUCHUMOCTD TEMIIEPATYPHI HEEJISI OT TOJIIIMHBI AJI51 CBEPXTOHKHMX
IINIEHOK YFeOs3

B.B. UstopoB, M.A. Auapeesa, P.A. baynun, A.I1. Hocos, U.B. I'pu6os, O.A. Konapartses,
N.A. Cy660otuH, 3.M. [Tamaes

XII



Cel('l(ll}l 3. Hepcnekmu(mbw mamepuaiibl U CO6PEMEHHbBIE MEXHOI02UHU UX ROTTYUCHUA

KOHIEHTPAILIMOHHA S HEOJJHOPOJIHOCTDb 1 KOOODOUIIMEHT TEPMHUYECKOI'O
PACIHIMPEHNA B METACTABUJIBHBIX Fe-Ni MTHBAPAX
B.A. llla6amog, B.B. Carapanze, A.E. 3amatosckuii, K.A. Kosnos, H.B. Karaesa, C.E. [lanunos

TEIUIOTA OBPABOBAHNS HUTPHIOB U MEXAHUYECKU CUHTE3 CTAJIEN,
YITPOUHAEMBIX JTUCIIEPCHBIMU HUTPUJJAMU TUTAHA
B.A. IlTabamos, K. A. JIsmkos, A.E. 3amarosckuii, K.A. Ko3nos, H.B. Karaesa, E.I'. HoBukos

MECCBAYSPOBCKOE UCCJIEJOBAHMUE ®OPMUPOBAHUS MATHUTHOM
CTPYKTYPBI HACTULL UTTPUEBOI'O ®EPPUTA TPAHATA B PEXXUMAX TOPEHU A
T.1O. Kucenesa, B.C. Pycakos, P. A66ac, E.B. Jlazapesa, I1.1O. Tsankun, K.JI. MapTtuacos,
J1. Canraa, B.. IlonkoB

BJIMSIHUE MEXAHUYECKUX HATIPSDKEHU HA CTPYKTYPHO-®A30BBIE
ITEPEXO/JIbl B UHAYCTPUAJIBHBIX CTAJIAX 311823 1 O11823-/1YO I1P1
BbICOKO/IO3HOM HEUTPOHHOM OBJIVUEHUU

K.A. Kosnog, B.A. [llabamos, B.B. Carapamze, A.E. 3amatosckuii, A.B. Ko3nos, B.JI. [lanuenko

MECCBAYSPOBCKOE UCCJIEJOBAHUME PbSnO3
C.I1. Ky6pun, W.I1. Paesckuii, JI.A. Caperues, H.M. Onexnosud, A.B. Ilymkapes, 10.B. Psmaym

TBEPZIO®A3HBIN MEXAHUYECKUI CUHTE3 BBICOKOA3OTHUCTOT'O
XPOMOMAPI"'AHIHEBOI'O AYCTEHUTA
K.A. JIamkos, B.A. Illa6amos, A.E. 3amatosckuii, K.A. Ko3mos, H.B. Karaepa, E.I'. HoBukos

UCCJIEJOBAHUE METOJJOM MECCBAY3POBCKON 1 PAMAHOBCKOM
CIIEKTPOCKOIINUA BJIMAHKWA AJIIOMUHW S HA MATHUTHBIE 1
MATHUTOKAJIOPUYECKUE CBOMICTBA CYBMHMKPOHHBIX YACTHII MgFe,.xAlxO4
K.E. Xynskos, E.B. Jlazapesa, . Kumuraem6epen, [1.YO. Tankun, T.®. I'puropnesa,

W.I1. IBanenko, T.}O. Kucenera, E. Ysnra, J[. Canraa

Cexyusa 4. Buonozuueckue u MeOUWUHCKUe NPUMEHEHUA

BUOMEJIMIIMHCKHUE ITPUMEHEHM S HAHOKOMIIO3UTOB GrO-®EPPUT U
HAHOCTPYKTYP THUIIA SAJPO/OBOJIOUYKA: CUHTE3 1 XAPAKTEPUCTUKU
A.C. Kam3un

HOBBIN METOJI MATHUTHOM T'MITIEPTEPMUU HA OCHOBE ®EPPOMATHUTHOI'O
PE3OHAHCA

C.B. Crousp, O.A. JIu, E.JI. HukomnaeBa, A.M. Bopoteinos, [{.A. Benukanos, FO.B. Kus3es,
O.A. bawxkos, P.C. UcxakoB

CTATUYECKUE U JUHAMUYECKUE MATHUTHBIE CBOMCTBA HAHOYACTUIL]
CoFe,0q4

C.B. Crossp, O.A. JIu, E.I. Hukonaea, A.M. BopoTsinoB, /I.A. Benukanos, FO.B. Kus3es,
O.A. bawkos, P.C. Ucxakos, B.®. ITesiHKOB

MECCBAYAPOBCKUE NCCIEJOBAHMA HEKOTOPBIX BUOJIOTMYECKM AKTUBHBIX
JOBABOK HA OCHOBE BUCTJIMIIMHATA XEJIE3A
A.JL. Bunnaryiuing, @.I'. Baruszos
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Cexyusa 5. Cunxpomponnoe u3iyyeHue u 2amma-onmuKa

MECCBAYSPOBCKAS PE®JIEKTOMETPHS C IPUMEHEHUEM
[MOJIAPU3ALIMOHHOI'O AHAJIM3A JJISI UHTEPITPETALIMA TTJIOXOPA3PEIIEHHBIX
CIIEKTPOB

P.A. baynun, M.A. Aunpeesa, M.A. Muisie, JI.A. [Tonomapes, JI.H. Pomamies, B.B. Ycrunos

Cekuyusn 6. Munepanozus, nayku o 3emie, IK0a102usn U KyibmypHoe Hacieoue

MECCBAYO3POBCKAS CITEKTPOCKOIINA TEPMOOBPABOTAHHOI'O TYPMAJIMHA
N3 KOIIM MUHUCTEPCKAS (CPEAHUU YPAJI)
M.B. Bopouun, JI.B. Cunasuna

CBEPXTOHKME I[TAPAMETPHI °’Fe B CIUIABE Fe-Ni PA3JIMUHBIX METEOPUTOB
M.B. I'opronos, M.H1. Omrrpax

IF'AMMA-PE30OHAHCHBIE NCCJIEJJOBAHMA I'OPHBIX ITOPO/] BJIMXKHET'O BOCTOKA
(KoponesctBo CaynoBckas Apasus, Typuus)
M.M. I'yceitHoB

Cexuusn 8. Texnuxka IKcnepumenma u Memooo0102us

[TPEOBPA3OBAHUE ®OPMBbI JIMHUU MECCBAY3POBCKOI'O CITEKTPA
E.H. ynos, M.T.P. 3autoB

YHUKAJIbHBIE BOBMO}KHOCTH METOJA PETYJISAPU3ALIMU B ITPUJIOXKEHNUU K
MECCBAYAPOBCKOU CITEKTPOCKOIINU
O.M. Hemnona, I'.H. Kousiruu

MHOI'OMEPHOE PA3PEIIIEHUE KPHBBIX 1JIS1 ObBPABOTKI
MECCBAYOPOBCKUX CIIEKTPOB
B.B. Ilanuyk, b. JIeoyc, /1.0. Kupcanos, B.I'. Cemenos

X1V



\6’ RITVE RC Mdossbauer Sources & Reference Absorbers

Isotopenprodukte
D
-~
/ . .
Méssbauer Sources: 5’Co E— serylum window
= Active spot
Mossbauer resonance on *Fe Thanium alloy
Méssbauer source active part is prepared by electrodepositing H M4 or #10-32 UNF
high purity carrier-free ’Co onto a thin metal backing (matrix) -
followed by controlled annealing process. Standard matrix Welded
is rhodium. Other matrices are available on request. ! ~ =
Nominal . .
mCi MBq
5 185 MCo7.111 nn
10 370 MCo7.112 D
1 11.2x13 8 25 925 0.11-0.13 MCo7.113 — 4
50 1850 MCo7.114
100 3700 MCo7.115 Beryllium window
5 185 MCo7.121 Active spot
10 370 MCo7.122
2 14x14 8 25 925 0.11-0.13 MCo7.123 Titanium alloy
50 1850 MCo7.124 H
100 3700 MCo7.125 4 or #1032 UNF
5 185 MCo7.161
10 370 MC07.162 E
6 6x13 4 25 925 0.11-0.15 MCo7.163
50 1850 MCo7.164
100 3700 MCo7.165
9 4x14 1 © 1 gagors MO Beryllium
10 370 MCo7.192 .
10 6x17 1 > 18 0.13-0.15 MCor 1101 e
10 370 MCo07.1102
|

H S Titanium alloy

* — tolerance -5...+10 %
Recoilless fraction: 0.75
14.41 keV photon emission efficiency: =2 75 %

ISO classification: 1
Capsule 1, 2, 6: C54243 n
Capsule 9, 10: C34243

Temperature range:

Capsule 1, 2, 6: 4.2-700 K**

Capsule 9, 10: 220 - 450 K

Recommended working life: 10 years

All sources are carefully tested on certified equipment. Each source is supported
by a Test Report with measured values of MGssbauer spectra parameters.

** — additional notification is required for liquid helium temperature application

Beryllium

Active spot

H ™~ Titanium alloy

- M4 or #10-32 UNF

ritverc.com
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\6’ RITVE RC Mdssbauer Sources & Reference Absorbers

Isotopenprodukte
25mm
Polyimid
Reference Absorbers . g i
Alumini
Thickness, Reference absorbers uminium

Description Code * contain chemical

mg *Fe/cm?

. . substances 3 ,‘nm
Enriched iron reference absorbers Synthesized with Absorber
KzMgFe(CN)s 0.25-1.00 MRA.1.1.X either enriched material
FeC204x2H20 0.50-1.00 MRA.1.2.X 5Fe (> 95 %) or Poliide
Fe20s 1.00-2.00 MRA.1.3.X natural iron. The substances fim
a-Fe foil 3 um MRA.1.6 are uniformly dispersed in polyethylene

and shaped in discs: 1 mm thickness and 20 mm in diameter, placed
between two polyimide films with total thickness of 100 £ 10 ym in

Natural iron reference absorbers

FeC204x2H20 0.13-0.25 MRA.2.2.X . . . .

aluminium holders. Potassium and potassium-magnesium
Fez0. 013-025  MRA.23X  ferrocyanide [KsFe(CN)sx3H20; K2MgFe(CN)e] exhibit unsplit narrow
KsFe(CN)ex3H-0 0.13-1.00 MRA.2.4.X line in M&ssbauer absorption spectra. Ferrous oxalate dihydrate
a-Fe foil 30 pym MRA.2.6 [FeC204%2H20] exhibits quadrupole splitting, leading
| to two narrow lines in Mdssbauer absorption spectrum. Metallic iron
* —"X" is the thickness of the reference absorber and iron oxide [a-Fe; Fe20s3] exhibit magnetic hyperfine splitting,
inmg (*Fe/cm?): X =1, 2,3, 4 and 5 for 0.13, 0.25, leading to six narrow lines in M&ssbauer absorption spectra.

0.50, 1.00 and 2.00 respectively. All reference absorbers are carefully tested on certified equipment.

Each absorber is supported by a Test Report with measured values
of Mossbauer spectra parameters.

Méssbauer Sources Grippers

Grippers are designed for mounting and dismounting

of Méssbauer sources (MCo7 and MSn9) manufactured

by RITVERC on an NGR-spectrometer. Significant decrease
of gamma radiation dose provided by using of tungsten shield.

Code Capsule type d, mm
GrMS 1 1 1.2
GrMs.2 2 14
GrMS.6 6 6

Screw on

. and pull back

ritverc.com
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HHCTUTYT ®PUSUKU

IOKHOI'O ®EJEPAJIBHOI'O
YHUBEPCUTETA

MC-1104Em

DKCIIPECCHBIH MECCBEAYPOBCKHHU
CIIEKTPOMETP

OKCIPECCHBIN MeccOayIPOBCKHIA CIIEKTPOMETP
MC1104Em npenHa3zHaueH a1 TPaHCMHUCCHUOH-
HBIX ¥ SMUCCHOHHBIX MECCOay?POBCKUX M3MEPEHHI
¢ (PMKCHUPOBAHHOM T'€OMETPHUEH MPU TeMIlepaTypax
oT KomMHaTtHoH 10 85 K.

KoHcTpykiust ciekrpoMeTpa o3BOJISIET MPO-
M3BOANTH MOJIYJISILIMIO SHEPTUU PE30HAHCHBIX
ramMma-KBaHTOB IIyT€M NIEPEMEILEHUS KaK
MeccOayIpOBCKOrO HCTOYHHKA, TaK U UCCIIENY-
emoro obpasra.

Konu4ecTBO 0JHOBPEMEHHO H3MEPSEMBIX CIICKTPOB
MakcuManbHbIe pabodyre 3HAYSHUS CKOPOCTH

(mmst 255 monaMana3oHoB)

3akoH JABHUKCHUSA ITOIJIOTUTEIIA UJIN NCTOYHUKA

(TI0 BBIOOPY) NP H3MEPEHUSIX MeCcCOAYyIPOBCKUX
CIIEKTPOB

MaxkcrumalibHasi HeIMHEMHOCTh CKOPOCTHOM
XapaKTEPUCTUKU IPU MAKCUMAJIbHBIX CKOPOCTSIX:
0.5 —20 mm/c.
20—100 mm/c.
Hpetid HyIs1 CKOPOCTH TPU JITUTEINBHON paboTe
Jpeiid 1eHs! kaHaIa CKOPOCTH MPH JUTUTENFHON paboTe
MpH JJTUTENFHON paboTe B TUanazoHe
penIaMEeHTUPOBAHHBIX TEMIIEPATYp SKCILTyaTalluu
AMIIIUTY/a IyMa CKOPOCTH MPHU BEIUYUHE
MaKCUMaJIbHOU cKopocTu A0 20 Mm/C
[IpuMeHsiembie TUIIBI I€TEKTOPOB
CucTeMbl cTabuIu3aiy paboThl JETEKTOPOB
Huco kaHaJIOB IIPU pErucTpanun
MeccOayIpOBCKOTO CIIEKTpa
Jnana3oH BO3MOXKHBIX TEMIIEPATYP U3MEPEHUI
MeccOayIpOBCKUX CIIEKTPOB
Hanuune KoMIIBbIOTEPHOTO YIIpaBJICHUs AJIs
aBTOMAaTU3UPOBAHHOIO U3MEPEHUS CIIEKTPOB, 3aIIUCU
pE3yABTaTOB U UX 00pa0dOTKH
JormycTtrmasi akTHBHOCTH ncTogHmKa (110 Co-57) 6e3
MIPUMEHEHHUS JOTIOJIHUTENBHOMN 3aIUThI

1 wm 2 (1o BBIOODY)
0.5 - 100 mm/c.

C IIOCTOSIHHBIM YCKOPEHHUEM B PEXKUMAX:
TPEYTOJIBHOM; TIHJIO00PAa3HOM;

Ha 33JJaHHOM MHTEpBaJIe CKOPOCTEH;

Ha JIBYX 3a/IaHHBIX MHTEPBAJIAX CKOPOCTEN
MOTIEPEMEHHO C pa3/IeIbHBIM HAKOTICHHEM
CIIEKTPOB B HHTEpBaIax

<0.05% ot Vmax
<0.2% ot Vmax
<0.003 mM/c.

<0.2% oT 11eHbI KaHaa

<0.01 mMm/c

CH, PCI, KbM/T*
Nwmerorcs

128, 256, 512, 1024
(1o BBIOODY)
85-310K
cradbunpHOCTh £0.2 K
AMEETC

<50 mKn

* Hpumuyanue: CIl — cumaTmimsiuonssi nerektop Nal(Tl) tonmmuoit 0.1mm, PCII-Fe,Sn,Eu — pe3oHancHbIe
CHUHTWJUBSIITUOHHBIC JETEKTOPHI JJIs 3TUX 37eMeHToB, KOM/JI — ra3oBbiii MpONoOpIuOHAIBHBINA JETEKTOP

KOHBCPCHOHHBIX 3JICKTPOHOB.

344090, r. PoctoB-na-/lony,
np. Crauku 194, HUU ®uzuku FOOY
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HMHCTUTYT ®PU3BUKU INEYDb J1JIA
FO’KHOT'O ®EJEPAJTLHOIO MECCBAY3POBCKUX

YHUBEPCUTETA N3MEPEHUM
TS

[leus qy1st MeccOay IpOBCKUX U3MEPEHUH 00agaeT eIy oMU apaMeTpaMu:

MaxkcumanbHas pabodas temneparypa - 10 750 K

I"azoBast cpena — okuciauTeNnbHas (BO3IyX)

Ternonzonsauus: MUHEpasbHas BaTa

BakyymHas oTkauka — He TpeOyercs

Oxutax<ieHne Teur — BO3]] YIIHOE

YIIpaBJIeHHE TEMIIEPATYPO NIEYN - MUKPOIIPOLIECCOPHBIN KOHTPOJLIED
IlorpeniHocTh yCTaHOBKHU U yAepKaHUs TeMieparypsl He 6onee £1 K
[TorpeGisiema MoIHOCTH Ieun — He 6osee 40 BT

Temnepatypa koxxyxa 1 (pranues neun (6e3 o6ayBa) - He 6onee 180°C.

LIQUID - NITROGEN
CRYOSTAT

| MS-1104EM N 30-10

Ileur npeanazHayeHa A TPAHCMUCCHOHHBIX M3MEPEHHUN MeccOayIpOBCKHX CIIEKTPOB B COCTaBe
criekrpomerpoB psaga MC1104Em. Bricota ontudeckoil ocu neyu Haj MOBEPXHOCTHIO CTOJIa CIEKTpoMeTpa 55
MM, AuaMeTp o0pas3ioB — 10 21 MM, IJMHA €YU B HAIIPaBJIEHUU ONTHYECKOH ocu - He 6oree 70 mm. OOpa3zery
YCTaHABJIMBAETCS B CBUHUYMBAIOIICHCS KACCETe U TEIIOM30JIMPYETCS  OT BHELIHEH Cpelbl ABYMs 3KpaHaMu C
Ka)KJ10i CTOPOHBI M3 Mailjlapa U TOHKOW allfoMMHHEBON (onbru i rpaduexkca. CymmapHoe MOTJONIEHUE
nsnyudenus 14.4 kaB skpanamu He mpesbimaet 10-15%.

[leus kpenutcs k winte cnekrpomerpa MC1104EM HeBbInaaloMMMy BUHTAMH U TP HEOOXOJUMOCTH
(HampuMep, MpH MWCHOJIb30BAHMM KaMepbl ISl PErucTpallii KOHBEPCHOHHBIX AJIEKTPOHOB MJIM HHOM
OCHAaCTKHM) JIeTKO CHHMMAaeTcs M YycTaHaBiuBaeTcss oOpaTHO. OTKMIHOE KpeljieHHE Ie4d MO3BOJIseT
IIPOU3BO/IUTE OIEPATUBHYIO 3aMEHy OOpa3loB, HE OXHUJAas €€ OCThIBaHUS , NPOBOAMUTH ONEPATHBHYIO
IPaJAyUpOBKY CIEKTPOMETpa, HE CHHUMAs ME4YH, U M3MEpATh MeccOay>pOBCKHE CIEKTpa MOIJIOTUTENeH Mpu
KOMHATHOM TeMIepaType BHE €€ B FTEOMETPUH C JABMXKYIIUMCS HICTOUHUKOM JIMOO MOTJI0TUTEIEM, B TOM YHCIIe
B «CKaTOW» T€OMETPUN U C IPUMEHEHUEM PE30HAHCHBIX JETEKTOPOB.

344090, . PoctoB-Ha-/lony, ten./dakc: (863) 243-28-16
mp. Crauku 194, HUU ®usuku FOOY XVIII e-mail: 1110@ip.rsu.ru



Cexuyusa 1

CBEPXTOHKHUE B3AUMOJIEMCTBUS B
OU3SUKE TBEPAOI'O TEJIA U MATHETU3ME

Section 1

HYPERFINE INTERACTIONS IN SOLID
STATE PHYSICS AND MAGNETISM



Section 1 «Hyperfine interactions in solid state physics and magnetism»

ORBITAL PHYSICS: MOSSBAUER DIAGNOSTIC

. Presniakov!”, A. Sobolev!, V. Rusakov?

! Chemistry Department, Lomonosov University MSU, Moscow, Russia
2 Physics Department, Lomonosov University MSU, Moscow, Russia
*e-mail: ipresniakov1969@mail.ru

Orbital physics is one of the actively developing in the last decade branch of solid state
physics, which combines very big class of materials with a strong electron correlation. Their very
rich properties are largely determined by the strong interplay of different degrees of freedom:
charge, spin and orbital. Orbital effects play a very important role in these systems.

Using real examples of materials (multiferroics, iron-containing superconductors, metal-ion
conductors, mixed-valence systems, frustrated spin-modulated magnets, etc.), we report an
overview analysis of the possibilities of Mdssbauer spectroscopy for studying phenomena, which
can be attributed to orbital physics. Mdssbauer spectroscopy is considered both in its "traditional
version” (resonant nuclide is the main component of the compound) and in the “probe version™
(sources of information are probe Mdssbauer atoms).
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OpOurtanbHas (U3MKa - aKTHBHO pPa3BHUBAIOIIEECs B TOCIEIHEE ACCATHIICTHE HAIpaBICHHUE
(GU3MKKN KOHAEHCHPOBAHHOTO COCTOSIHHS, KOTOpO€ OOBEAMHMIO B ce0e pa3iInuHbIe KIIacChl
COCIMHEHUH C CHUJIBHOHN SJIEKTPOHHON KOppEJsiueil, B OCHOBE HEOOBIYHBIX (DU3MKO-XHMHUYECKHX
CBOWCTB KOTOPBIX JISKAT SIBJICHUS 3apsI0BOTO, OPOUTAIIEHOTO U CITMHOBOTO YHOPSAOYCHUH.

B gokmazme Ha  KOHKPETHBIX —INpuMepax  (MyJAbTH()EPPOMKH, IKEIe30COoIepIKalIne
CBEPXIIPOBOIHUKH, METaJUI-HOHHBIC MIPOBOJTHUKH, CMeIIaHHO-BaJICHTHEIE CHCTEMBI,
(bpycTpupoBaHHBIE CIMUH-MOAYJIUPOBAHHBIC MArHETUKH, W Jp.) TPEACTABICH O030pHBIA aHAIN3
BO3MOJKHOCTEH MeccOaydIpOBCKOW CHEKTPOCKOMUU JIJIsi HMCCIICIOBAHUS SIBJICHUM, KOTOpPHIE B
MociieJHee BpeMsl OTHOCAT K opOurtanbHON ¢usuke. MeccOayspoBckasi CHEKTPOCKOIHS
paccMaTpuBaeTCsT KaKk B CBOEM TPAJWIIMOHHOM BapwaHTe (Pe30HAHCHBIC HYKIUABI SBISIOTCS
OCHOBHBIMH KOMITOHEHTAMH COCIMHEHHs), TaK U 30HIOBOM BapHaHTE (MCTOYHWKH WH(MOpMAIHHA -
30HJI0BbIE MeCCOAyIPOBCKUE aTOMBI).
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THERMAL BEHAVIOR OF TWO MAGNETIC STATES
IN SMART ANTI-CORROSION COATINGS

F.F. Chausov’, A.L. Ul’yanov, I.S. Kazantseva, L.V. Dobysheva

Udmurt Federal Research Center, Ural Br. of Rus.Ac.Sci., Izhevsk, Russia
*e-mail: chaus@udman.ru

The compounds of nitrilotris(methylenephosphonic acid) (NTP) with transition metals are
often used as steel corrosion inhibitors. As improvement of their effectiveness and efficiency is
important, the protective coatings need to be fundamentally studied. An anti-corrosion FeNTP
coating [Fe(H20)3 NH(CH; PO3; H)3], forms on steel surface. Addition of some metals (for example
Zn?* or Cd**) improves the anti-corrosive properties. The most efficient inhibitor contains one Cd
atom per NTP molecule, and the forming protective coating has Cd atoms replacing 1/8 of Fe [1].
The optimal concentration of Zn is approximately 4 times higher [2,3]. Despite the full
isostructurality of FeNTP and FeCdNTP, the Cd doping leads to changes in the electronic structure
and properties [4]: 1) Fe atoms in FeNTP are in a high-spin (HS) state, while FeCANTP contains Fe
in a low-spin (LS) state (X-ray photoelectron spectra); 2) difference in the quadru-pole splitting
(Mossbauer spectra) also resembles relationship between HS and LS; 3) Fe—O bond in FeNTP has a
predominantly ionic character, and Me-O bond in | S .
FeCdNTP is covalent (XRD).

In [5], a DFT calculation (FP-LAPW method,
WIENZ2K) was conducted to study the electronic structure
of FeNTP. Two solutions with different magnetization;|
(Mre=4 and 0 pg) were found for FeNTP, and the Fei[™ ~
magnetic moments, quadrupole splitting, and electron™
density around Fe atoms well coincided with
experimentally found in [4] for FeNTP and FeCdNTP,
correspondingly. The following hypothesis was put
forward: inserting Cd in place of 1/8 of Fe atoms changes '
the energy relationship between the HS and LS states, and Velocity, mm/s

; : Fig.1. Mosshauer spectra of FeNTP at 77K
makes the other spin state energetically preferable. (up) and 373K (down)

100 e Qe :.2. - Here we check the hypothesis on coexistence of the

®._ |two states. Mossbauer spectra of FeNTP (Fig.l),

“a |FeZnNTP, and FeCdNTP are obtained at different

l . |temperatures (77, 300, and 373 K), in order to study

. |possible thermal redistribution between the two states. The

“|data (Fig.2) evidence that during the temperature increase,

FeNTP « <= o+ - highspinstate > there appears a second component in FeNTP (the ground

FazNTP - - - low spin state () state is HS, and LS component appears at room

temperature, already), the ground state of FeZnNTP is LS,

/land the HS component appears at 373 K. FeCANTP has
only one component (LS) at all the temperatures studied.

@
o

Content, %
8

| ." The study was carried out within State Task of the
-|Ministry of Science and Higher Education of Russia

!_A Federation (#121030100002-0 and #121030100003-7),

0 & — A with equipment of "Center of physical and physical-

o » w w m = w wm w chemical methods of analysis and research of properties
Fig.2. Contribution of HS and LS states to ~ and characteristics of surfaces, nanostructures, materials,
the Mossbauer spectra of FeNTP, and samples” of the UdmFRC UrB RAS. Calculations
FeZnNTP and FeCdNTP. have been performed using "Uran" supercomputer of

IMM UB RAS.
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MOBEJIEHUE JIBYX MATHUTHBIX COCTOSSHUM C
TEMIIEPATYPOMU B “YMHbBIX” AHTUKOPPO3NOHHBIX ITOKPBITUAX

®.®. Yaycos*, A.JI. Yabsnos, W.C. Kazanuesa, JI.B. /lo6Obiiea

Yomypmcxuii gpedepanvusiii uccneoosamenvckuil yeump, ¥YpO PAH, Uxcesck, Poccus
*e-mail: chaus@udman.ru

Coenunenus HuTpuioTpuMmeruiaeHpochonosoit kucnotel (NTP) ¢ mepexoansiMu MeTaniaMu
9acTO WCIOJB3YIOT B KayeCTBE HWHTHOUTOPOB KOPPO3WH CTamH. [IOCKOJBKY IOBBINMICHHUE WX
3G(GEKTUBHOCTH H  JIKOHOMHUYHOCTH  SIBJIICTCS  BaXHBIM, HEOOXOJUMO TMPOBOJWTH  UX
dbyHIaMeHTanbHOE HccieqoBaHne. Ha moBepXHOCTH CTamu 0o0pa3yercss aHTHKOPPO3HOHHOE
nokpeitue FENTP, cocrosimee u3 [Fe(H,0)sNH(CH,PO3H)3], . JloGaBiienne HEKOTOPHIX METAILJIOB
(Hampumep, Zn®* wm Cd2+) HaMHOTO yJydlllaeT aHTUKOPPO3HOHHBIE CBoMcTBa. Hamboiee
s GeKTHBHBIA HHTHOMTOP coaep:kuT omuH atom Cd Ha momekyny NTP, a dopmupyromieecs
3alIUTHOC TMOKPBITHE coaep:kuT arombl Cd, 3amemaromme 1/8 wacte Fe [1]. OnrtumanbHas
KOHIIeHTpamus ZN mpuMmepHo B 4 pasa Beime [2,3]. HecMoTpsi Ha MOJHYIO HM30CTPYKTYPHOCTH
FENTP u FeCdNTP, mommpoBaHume KaaMHEM TMPHUBOIUT K CYIIECTBEHHBIM H3MEHEHHIM
ANIEKTPOHHOM CTPYKTYphl W cBOHMCTB [4]: 1) atomsl Fe B cocraBe FeNTP Haxomsrcs B
BoicokocnHOBOM (HS) cocrostnuu, Torma kak FECANTP comepskut atoMbl Fe ¢ HyJaeBBIM CIIMHOM
(LS) (peHTreHOSIEKTPOHHBIE CIEKTPhI); 2) pa3indke B KBaAPYIOJbHOM paCHICIUICHUH
(MeccOayIpOBCKasi CIIEKTPOCKOMHS) TakKe crenu@UuuHo g cooTHomeHus mexay HS- m LS-
coctossHusMU; 3) cBs3u Fe—O B FENTP HocsaT mpeumyliecTBEHHO HOHHBIA XapaKTep, a CBS3H
Fe(Cd)-O B FeCANTP — xoBaneuthsrii (PCA).

B pa6ore [5] 6butn mpoBenensl pacuetsl DFT (merom FP-LAPW WIEN2K) snekrponHOiM
ctpykTypbl FENTP. Bbu10o HalifieHO [Ba PEIIeHHs ¢ pa3InIHON HaMarHH4eHHOCThIO (Mpe=4 1 0 Ug),
W MarHuTHble MOMEHTHl Fe, KBaJpymoyibHOE paclIelIeHHEe W IUIOTHOCTh 3JEKTPOHOB BOKPYT
aToMOB Fe coBmamamu ¢ skcrnepuMeHTanbHO HakacHHbIMH B [4] mis FENTP u FeCdNTP
COOTBETCTBEHHO. bblila BBIIBHMHYTa clieayroiias rumnote3a: BeeaeHune Cd Bmecto 1/8 aromos Fe
MEHSIET dHepreTudyeckoe cooTHouenue Mexay HS u LS cocrosnusiMu u nenaet apyroe COMHOBOE
COCTOSTHUE DHEPTeTUYECKHU BBITOJIHBIM.

3mece MBI TpOBEpsSieM THUIOTE3Y O COCYIIECTBOBAaHWU JBYX cocTossHUH. [lomydeHsr
MmeccbayspoBckue crektpel FENTP (puc.1), FeZNNTP u FeCANTP mpu paznudHsIX TemrepaTypax
(77, 300 u 373 K) s u3ydeHuss BO3MOXKHOTO TEIUIOBOIO MepepactperesieHus MEXIYy JByMs
cocrossHussMU. JlanHble (Puc.2) cBuaeTenbCcTBYIOT, 4TO NpU MOBBIIIEHUH TemiepaTypbl B FENTP
MOSIBJISIETCST BTOpasi KOMIIOHEHTa (OCHOBHOe coctosiHue — HS, LS mposBasercs yxe mpu
KOMHaTHOM,), B FEZNNTP (ocHoBHOe coctosinue LS, HS mpu 373 K). FeCANTP umeer Toabko
onHy LS KoMIOHEHTY mpu BceX UCCIeI0BAaHHBIX TeMIIepaTypax.

PaGora BeImONTHEHA TIO TOC 3a/aHKi0 MUHHCTEPCTBA HAYKHU U BhIcIIero oOpasoBanus PO (Ne
121030100002-0 u 121030100003-7), Ha oGopymoBanuu «lleHTpa ¢usznyeckux u QUIUKO-
XUMHYECKUX METOJIOB aHalli3a M HCCIECIOBAHMS CBOWCTB M XapaKTePUCTUK IMOBEPXHOCTEH,
HaHOCTPYKTYp, MaTepuanoB 1 oopazuosy YaMOULl YpO PAH. PacueTsl YacTUYHO BBINOJIHEHB! HA
cynepkominbtotepe «Ypan» UMM YpO PAH.
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MAGNETIC PHASE TRANSITIONS IN 4f-3d INTERMETALLIC
COMPOUNDS WITH CUBIC STRUCTURE: MOSSBAUER STUDY

N.V. Mushnikov*, N.M. Kleinerman, S.P. Naumov

Institute of Metal Physics UB RAS, Ekaterinburg, Russia
*e-mail: mushnikov@imp.uran.ru

For the rare earth - iron intermetallic compounds, the ferromagnetic (FM) and antiferromag-
netic (AF) ground states in Fe sublattice can have virtually the same free energy. For such com-
pounds, the magnetic state appears to be very sensitive to the external parameters (magnetic field,
temperature, pressure), which enables their use in magnetocaloric and magnetoresistive
applications. In this work, in order to elucidate the mechanism of change in the type of magnetic
ordering, we studied magnetic properties and Massbauer spectra of two cubic structure systems in
which the FM-AF transition is initiated by alloying.

For the La(Fe;xMy)13 alloys, the cubic NaZn;s-type structure is stabilized by M = Al or Si ad-
ditives. For x =0.12 the compound with M = Si exhibits FM ordering, while the Al-substituted
compound orders antiferromagnetically. The La(FessSixAlo12x)13 compounds are ferromagnetic at
a silicon concentration x > 0.05 and antiferromagnetic at x < 0.01. In the concentration range
0.01 <x <0.05, the compounds undergo the AF-FM phase transition during cooling, and the mag-
netic phase transition temperature increases with increasing x.

Maossbauer spectra of the La(FeossSixAlo12 x)13 measured at 100 K were analyzed via a two-
core distribution of quadrupole shifts. It was found that local surrounding of resonant Fe atom is
different in the FM and AF state. For the FM state, the volume fractions of the regions with the pos-
itive and negative quadrupole shifts are close to each other. Upon the transition to the AF state, the
volume fraction of local regions with the negative quadrupole shift sharply decreases [1]. Using the
obtained data, we suggest a model of the formation of a magnetic structure, according to which the
local distortions of iron icosahedra provide the formation of a long-range AF ordering in the
La(Fe,M);3 compounds.

Ferromagnetic compound CeFe; crystallizes into a cubic MgCu,-type Laves phase. The com-
pound undergoes the FM-AF magnetic phase transition upon low substitution of different atoms,
Al, Si, Co, Ga, etc., for Fe. The transition is accompanied by rhombohedral lattice distortions. X-ray
and neutron diffraction studies do not reveal any signs of ordering of substitutional atoms in the Fe
sublattice. We studied the Ce(Fe1xSix)2 (x = 0 — 0.075) system that undergo the FM-AF transition
with increasing x. It was shown that features of the Mdssbauer spectrum measured on the antiferro-
magnetically ordered compound Ce(Fep.93Sio07)2 With the rhombohedral structure are retained upon
its temperature-induced transition to the FM state with the cubic lattice. This testifies to the exist-
ence in the cubic structure of local rhombohedral distortions, which can trigger the ferro- to antifer-
romagnetic phase transition.

The analysis of Mossbauer data and simulation results showed that the distribution of Si at-
oms over the iron 3b and 9e sites is nonrandom [2]. The substitutional Si atoms occupy preferably
such sites in the Fe sublattice that, on going from the cubic lattice to the rhombohedral one, become
3b sites. The detected ordering of Si atoms can cause with lowering temperature the transformation
from the cubic to rhombohedral structure and the related ferro- to antiferromagnetic transition.

Support by Ministry of Science and Higher Education of the Russian Federation (theme
“Magnet”) is acknowledged.
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162198 (2022).
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MATHUTHBIE ®A30BBIE NIEPEXO/IBI B 4f-3d HHTEPMETAJUINJIAX
C KYBUUECKOM CTPYKTYPOM: MECCBAYJPOBCKOE
NCCJIEJOBAHUE

H.B. Myuisnkos , H.M. Kneiinepman, C.I1. Haymos

Hnemumym ¢puzuxu memannos YpO PAH, Examepunbype, Poccus
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B penko3emenbHbIX ~HMHTEpMETaUIUgax ¢  keine3oM  (eppomaruutHoe (PM) u
anTudeppomarauTHOE (AD) OCHOBHOE COCTOSIHHE B TIoIpenieTke Fe MoryT MeTh Mo4TH O uHAKO-
BYIO CBOOOJHYIO JHEpruto. [ TakMxX COSJAMHEHWN MAarHUTHOE COCTOSHUE OKAa3bIBACTCS OYCHB
JyBCTBUTEIHHBIM K BHEIIHUM IapamMeTpaM (MarHHTHOMY IIOJII0, TEMIIEpPAaType, TABJICHHIO), YTO
MO3BOJISICT MCIOJIB30BaTh WX B MAarHMUTOKAJOPHUYECKUX W MArHUTOPE3UCTUBHBIX MPUIIOKEHUAX. B
HacTosmeld paboTe IS BBISICHCHHS MEXaHW3Ma CMEHBI THUIAa MArHUTHOTO YIOPSIOYEHUS OBUIH
M3YYCHBl MarHUTHBIE CBOWCTBA W MECCOAYIPOBCKHE CIIEKTPBI JIBYX CHCTEM C KyOWYECKOM
CTPYKTYpoii, B KoTopbix ®M-AD nepexo1 BOZHUKAET B pe3yiIbTaTe JETUPOBAHUSL.

B crmaBax La(Fe;xMy)13 kyOuueckas ctpykrypa tuna NaZniz crabuinu3upyercsi BBeICHHEM
M = Al wm Si. IIpu x =0.12 coemunenus ¢ M = Si umetor ®M yropsiioueHne, a COSTUHEHUS C
3amerienneM Al — ymopsimounBatorcst antudeppomarautHo. Coeaunenust La(FeossSixAlo 12 x)13
beppomarauTHbl ipu kKoHneHTparuu Si X > 0.05 u antudeppomaruuthsl npu X < 0.01. B unTepsa-
ne coctaBoB 0.01 < x <0.05 nabmomaercst MarHuTHBINA (Da3oBbeIi niepexon AD-OM npu oxiax/ie-
HUH, ¥ TEMITepaTypa Mepexo/ia yBeITNIHBACTCS C POCTOM X.

Nsmepennsie npu 100 K Fe méccbayspoBckue criekTpbl La(FeossSixAlo12 x)13 ObLIH TIpO-
aHAJIM3UPOBAHBI B MOJIEIH JBYXbSIEPHOTO paclpeiesieHus: KBaIpyHoJbHbIX cABUTOB. bbuto oOHa-
PY)KEHO, YTO JIOKAJbHBIE OKPYXEHHUS PE30HAHCHBIX aTOMOB F&€ B ®M 1 A® COCTOSHUAX OTINYAIOT-
csi. B ®M cocTtostHuM 00BbEMHBIE J0JM 00JACTeH C MOJIOKHUTEIBHBIM M OTPHUIIATEIILHBIM KBaJp Y-
nosibHbIMM caBuramu Onusku. [Ipu nepexone B AD coctosiHue oObeMHas 1011 JOKaJIbHBIX 00Ja-
CTEl C OTPHUIATEILHBIM KBAJPYIOJbHBIM CIBUTOM pe3ko ymeHbinaercst [1]. Ha ocHoBe mosyueH-
HBIX JJAHHBIX ObLIA MpeJUIokKeHa MOJIENIb (OPMUPOBAHUS MATHUTHOU CTPYKTYPbI, B COOTBETCTBHH C
KOTOPOil JIOKaJIbHbIE MCKaKEHUs MKOCa’ApoB F& obecrneunBaoT (GopMHUpPOBaHHE JAIbHOACHUCTBY-
forero A® yrnopsimoueHust B coequaenusnx La(Fe,M)s.

®deppomarnetuk CeFe, kpucrammsyercs B kyouueckyro (asy JlaBeca turma MgCu,. B co-
eAMHEHUU HaOo1aeTcss MarHuTHBIN (ha3oBbiid nepexoq PM-AD nox nericTBreM HEOOBIIOTO 3a-
memenus Fe atomamu Al, Si, Co, Ga u ap. Ilepexoa conpoBoKaaeTCs pOMOOIAPUIECKUMHU HCKa-
KEHUSIMU pelIeTKH. PEeHTreHOBCKUEe U HEHTPOHHBIE HCCIIEI0BaHUs HE OOHAPYKHUIIU CIIEJOB YIOPS-
JIOYEHHsI JICTHPYIONUX aTroMOB B mojpermieTke Fe. Mpr usyunnu cucremy Ce(FeiSix)2 (X = 0 —
0.075), B koTOpOIii ¢ pocTom X mpoucxoaut ®M-AD nepexoa. [Tokazano, 4ro yepThl MEcCOAYIPOB-
CKOTO CIIEKTpa, K3MEPEHHOT0 B aHTU(QEPPOMArHUTHO yropsigoueHHOM coenunennn Ce(Fepo3Sipo7)2
C poMOO>APUYECKON CTPYKTYpOil, coxpaHsitorcs mpu nepexoae B @M cocrosiHMe ¢ KyOudeckoit
CTPYKTYpPOU TMpH YBEIWYEHHH TEMIIEpaTypbl. DTO CBHJETEIBCTBYET O HAJIMYMU B KyOHMYeCKOU
CTPYKTYpE JIOKaTbHBIX POMOOSAPUIECKIX UCKAXKEHUH, KOTOpble HHUIMUPYIOT DM-AD nepexo.

Ananusz MEccOayIpoBCKUX JAHHBIX U PE3ylbTaThl PacyeTOB MOKa3ajiH, YTO paclpelieleHne
aromoB Si o mo3unusam xene3a 3b u 9e ornnvaercst ot cratucTudeckoro [2]. Atomsl Si npenmy-
IIECTBEHHO 3aMOJHSIIOT T€ MECTa B MojApenieTke Fe, koTopsle mpu nepexoje u3 KyOHuecKkoi CTpyK-
TYpbl B pOMOO3pHUECKYIO cTaHOBATCS 3D mosurmsmu. OOHapy)KEHHOE YIOpsA0UYeHHEe aTOMOB Si
MOXXET BBI3BAaTh MPHU TMOHWKEHHH TEMIIEpaTyphl MEPeXo] OT KyOHueckod K pomOo3apHuecKoit
CTPYKTYpPE U CBSI3aHHBIN C ATHM Tepexo1 (heppoMarHeTuk - aHTUGEpPPOMarHETHK.

Pabota BeImONTHEHA B paMKax rOCYAapCTBEHHOTO 3aaHusd MuHoOpHayku (Tema «MarHurty).

[1] A.V. Vershinin, V.V. Serikov, N.M. Kleinerman, V.S. Gaviko, N.V. Mushnikov, J. Alloys Compds, 621,
274 (2015).

[2] S.P. Naumov, N.V. Mushnikov, P.B. Terentev, M.l. Oshtrakh, N.M. Kleinerman, J. Alloys Compds, 893,
162198 (2022).
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PHASE TRANSITIONS IN A Gd°'Fe(BO3); MULTIFFERROIC AT LOW
TEMPERATURES DOWN TO 2.6 K AND HIGH PRESSURES UP TO 72 GPa

K.V. Frolov*", S.S. Starchikov?, E.S. Smirnova', O.A. Alekseeva’, 1.S. Lyubutin®,
V.A. Zayakhanov', A. Chumakov?, G. Garbarino? S.A. Kharlamova®, I.A. Gudim?,
V.L. Temerov®, V.R. Kuchesheva-Titova®

LShubnikov Institute of Crystallography of FSRC “Crystallography and Photonics” RAS,
Moscow, Russia

European Synchrotron Radiation Facility, Grenoble, France

3Kirensky Institute of Physics SB RAS, Krasnoyarsk, Russia

*e-mail: green@crys.ras.ru

Multiferroic materials have attracted a lot of attention in the last 15 years due to the
coexistence and interrelation of ferroelectric and magnetic ordering in these compounds. One of the
actively studied multiferroics are the rare-earth ferroborates RFe3(BOs)s (R =Y, La-Lu) as a model
object with two magnetic subsystems of iron and rare-earth ions, magnetic and structural phase
transitions, and a variety of properties depending on the R element in the chemical composition [1].
One of the most interesting compounds in the family is GdFe;(BOs)4 because it shows the cascade
of phase transitions at wide range of temperatures (4 — 500 K) and high pressure up to 43 GPa [2-4].

We present the results of the X-ray diffraction and °’Fe synchrotron Mdssbauer spectroscopy
measurements of the Gd°'Fes(BOs)s single crystal performed in the Shubnikov Institute of
Crystallography RAS, and on the ESRF ID18 nuclear resonance beamline in the diamond anvil cell
under high pressure up to 72 GPa in the temperature range 2.6 — 295 K. The temperature dynamics
of structural phase transition at P = 25 GPa and high spin — low spin crossover at P = 45 GPa were
studied and discussed.

This work was supported by the Russian Ministry of Science and Higher Education within the
State assignment of the FSRC “Crystallography and Photonics” of RAS and performed using the
equipment of the Shared Research Center of the Shubnikov Institute of Crystallography of FSRC
“Crystallography and Photonics” RAS.

[1] AM. Kadomtseva, Yu.F. Popov, G.P. Vorob’ev, A.P. Pyatakov, S.S. Krotov, K.l. Kamilov, V.Yu.
Ivanov, A.A. Mukhin, A.K. Zvezdin, A.M. Kuz’menko, L.N. Bezmaternykh, I.A. Gudim, V.L. Temerov,
Low Temp. Physic 36, 511 (2010).

[2] R.Z. Levitin, E.A. Popova, R.M. Chtsherbov, A.N. Vasiliev, M.N. Popova, E.P. Chukalina, S.A. Klimin,
P.H.M. van Loosdrecht, D. Fausti, L.N. Bezmaternykh, JETP Lett. 79, 423 (2004).

[3] A.G. Gavriliuk, S.A. Kharlamova, I.S. Lyubutin, I.A. Troyan, S.G. Ovchinnikov, A.M. Potseluiko, M.I.
Eremets, R. Boehler, JETP Lett. 80, 426 (2004).

[4] A.G. Gavriliuk, S.A. Kharlamova, I.S. Lyubutin, S.G. Ovchinnikov, A.M. Potseluyko, I.A. Trojan, V.N.
Zabluda, J. Phys. Condens. Matter 17, 7599 (2005).
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DA3OBBIE ITIEPEXO/IbI B MYJIbTU®EPPOUKE Gd57Fe3(BO3)4 1P
HU3KUX TEMIIEPATYPAX J10 2.6 K U BBICOKUX JABJIEHUSX J10 72
I'lla

K.B. (DQOJIOBl*, C.C.Cra ‘{I/IKOBl, E.C. CMI/IpHOBal, O.A. AJ‘ICKCCCBal, nu.C. J'II06yTI/IH1,
B.A. BasixaHoB, A. Uywmakos®, I Fap6ap1/IH02, C.A. XapnaMOBa3, N.A. Fy)mM3, B.JL. TeMepOB3,
B.P. quemeBa-TI/ITOBa3

1HHcmumym kpucmannoepaguu umenu A.B. Illyonuxosa ®HUL] « Kpucmannocpagus u
omonuxa» PAH, Mockea, Poccus

Eeponeiickuti yenmp cunxpomponuoco uznyuenus, I penoons, @panyus

3Hﬁcmumym duzuxu umenu JI.B. Kupenckoeo CO PAH, Kpacnosipck, Poccus

*e-mail: green@crys.ras.ru

MynbTEpporKH MNpHUBIEKAIOT OOJbIIOE BHHMaHuWe B MmocienHue 15 njer wu3-3a
HaOJIIOaeMBbIX COCYIIECTBOBAHUS W B3aMMOJCUCTBHUS CETHETODJIEKTPUYECKOTO W MarHUTHOTO
YOOPSIIOYEHUW B OTUX coeauHeHUsX. OTHUMHU M3 aKTUBHO H3Yy4aeMbBIX MYIbTH(HEPPOUKOB
SIBISIFOTCSL pefiko3eMenbHbie peppobopatsl RFe3(BO3)s (R = Y, La-Lu) kak MoaenbHbI 00BEKT C
JBYMSI MarHUTHBIMH TIOJCICTEMaMU HOHOB Keje3a W PEAKO3eMETbHBIX MOHOB, MarHUTHBIMH U
CTPYKTYPHBIMH (Da30BBIMU MEpEX0aMy M pa3HOOOpa3ueM CBOMCTB, KOTOPHIC 3aBHCST OT JIEMEHTa
R B xumuueckom cocrtaBe [1]. OgauM u3 HanbOojiee HMHTEPECHBIX COCAMHEHUNW B CEMEUCTBE
spisietcss GdFes3(BOs3)s, Tak Kak OH JEMOHCTPUpPYET Kackaj (a30BBIX IMEPEXOJ0B B MIHPOKOM
nuamnasone temmeparyp (4 — 500 K) u Beicokux maienuii 1o 43 I'Tla [2-4].

Mpl mpencTaBisieM pe3ylbTaThl HU3MEPEHHUH METOJaMH PEHTTeHOBCKOM mudpakiuu u
CHHXPOTPOHHOI MEccOay3pOBCKON CIIEKTPOCKOIHH Ha sipax ° Fe Monokpucramia Gd> Fes(BOs)s,
BBITIOJTHEHHBIX B MHCTHTYTE KprcTtamorpadun uMm. [llyonukoa PAH u Ha simepHO-pe30HaHCHOU
ctanuu ESRF ID18 B guelike ¢ aaMa3HBIMHA HaKOBAJILHIMH MO BEICOKOrO naBieHus no 72 I'Tla B
nuanazone temmepatyp 2.6 — 295 K. M3ydena m oOcyxmaeTcss TemmepaTypHas IMHaAMUKa
cTpykTypHOTO (hazoBoro nepexoaa npu P = 25 I'Tla u cnuHOBOTO KpoccoBepa nipu P = 45 I'Tla.

PaGora BrimosiHeHa mpu (UHAHCOBOW MOAJEp>)Kke MuHHCTEpCTBA 00pa3oBaHUs U HAYKU
Poccuiickoit ®@enepannu B pamkax rocygapcrBeHHoro 3amanus OHUL[ «Kpucramnorpadus u
dotonuka» PAH c¢ wucnonszoBanuem oOopynoBanuu lLleHTpa KOJUIEKTMBHOTO MOJB30BaHUS
HNucturyra xpuctamtorpadguu umenu Lllyornkosa ®HUL] «Kpucramnorpadus u poronunka» PAH.
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PROBE MOSSBAUER STUDY OF STRUCTURAL AND MAGNETIC PHASE
TRANSITIONS IN BiMn;0O;; MANGANITE

V.I. Nitsenko, A.V. Sobolev, L.S. Glazkova*, I.A. Presniakov

Lomonosov Moscow State University, Moscow, Russia
*e-mail: janglaz@bk.ru

In recent years, due to the development of high pressure — high temperature (HP—HT)
synthetic methods, the AMn;O;, family of double manganites has been significantly expanded:
perovskite-like phases containing A cations, “unusual” in terms of both geometric dimensions and
electronic structure, have been obtained. Stabilization of Bi®*" cations in the structure, which are
characterized by a streochemically active lone electron pair, in combination with the Jahn-Teller
character of Mn®* cations, leads to a significant structural distortion and the appearance of a whole
cascade of thermally induced structural phase transitions. In this case, the lattice symmetry

successively changes from triclinic to cubic (P1 — 12/m — 12/m(0) — Im3) with increasing
temperature (T3 =290 K, T, = 460 K, T, = 608 K, respectively) [1].

In this paper, we present the results of a probe Mdssbauer study of the double manganite
BiMn;O1, on *'Fe nuclei in a wide temperature range. Previously, this approach was successfully
applied to study the features of structural and magnetic phase transitions in AMn;O;, (A = Ca, Cd,
Sr, Pb) manganites, which also have a double perovskite structure [2].

As a result of the studies, the influence of impurity probe iron cations on the macroscopic
properties of bismuth manganite (critical points — temperatures T; of structural phase transitions,
Neel temperatures Ty) was studied in comparison with an undoped sample. The Mossbauer
measurements of BiMns s>’ Feo.04012 were carried out in a wide temperature range above and below
Tani = 53 K. It was shown that the >'Fe probe atoms isovalently substitute the Jahn-Teller Mn®*
cations in the octahedral sublattice, and each temperature range is characterized by the specific type
of Mdssbauer spectrum. The number of partial spectra Fe(i) and their hyperfine parameters (first of
all, the quadrupole splittings ;) are highly sensitive to the type of crystallographic structure of
bismuth manganite, the nature of the splitting of the octahedral sites of manganese (Mni) and their
local environment at a given temperature.

A physical and mathematical approach to the theoretical analysis of the parameters of the
electric field gradient (EFG) has been developed, taking into account the behavior of bismuth and
manganese cations in the structure, which made it possible to explain the nature and driving force of
phase transitions at T1-Ts. It has been established that in the range of temperatures of existence of
the monoclinic phase 12/m, the anomalous behavior of the quadrupole splitting of °’Fe impurity
nuclei is associated with the dynamic Jahn-Teller effect in the manganese sublattice.

In the temperature range of magnetic ordering (T < Tni1), the spectra exhibit a complex
hyperfine structure of a relaxation nature. This is presumably due to the dynamic behavior of
hyperfine magnetic fields at the *’Fe** impurity centers in the BiMn;O:, complex magnetic
structure with competing exchange interactions. The region of coexistence of paramagnetic and
magnetically ordered phases found near Ty; can indicate the formation of a complex domain
magnetic structure in BiMn;O,.

The work was carried out with the financial support of the Russian Science Foundation (grant
No. 19-73-10034).

[1] A.A. Belik, Y. Matsushita, Y. Kumagai et al., Inorg. Chem. 56, 12272 (2017).
[2] A.A. Belik, Y.S. Glazkova, Y. Katsuya et al., J. Phys. Chem. C 120, 8278 (2016).
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3OHAOBASA MECCBAYJPOBCKASA TUATHOCTHUKA CTPYKTYPHBIX 1
MAT'HUTHBIX ®A30BbIX IEPEXO/J10B B MAHI'AHUTE BiMn;O;;

B.U. Hunenko, A.B. Co6oies, J.C. FJIEBKOBa*, N.A. IIpecHsikoB

Mockosckuii eocyoapcmeennwiii ynusepcumem umenu M.B. Jlomonocoesa, Mockea, Poccus
*e-mail: janglaz@bk.ru

B nocnennue roapl, Onarojgaps pa3BUTHIO METOJIOB BBICOKOTEMIIEPATYPHOI'O CHHTE3a C
MPUMEHEHHEM BBICOKOTO JIaBJICHHS, CEMEHCTBO JBOMHBIX MaHranutoB AMN;Oi12 ymamock
CYIIIECTBEHHO PACHIUPHUTH: OBLIU MOJIYUYE€HBI IEPOBCKUTOINON00HBIE (ha3bl, COAEpPKAIINE KATUOHBI A,
“He0OBIYHBIE” C TOYKHU 3PEHUSI KaK F€OMETPUYECKUX Pa3MEPOB, TaK U AEKTPOHHOM CTPYKTYpHI.
Crabunmsanust B CTPYKType KaTHOHOB Bi**, XapakTepH3ylOIIMXCS CTPEOXHMMHYECKH AKTHBHOM
HEIOJENEHHON JJIEKTPOHHOW IMapoil B COBOKYITHOCTH C SIH-TEJUIEPOBCKMM XapaKT€pOM KaTHOHOB
Mn** IpHBOAMT K 3HAYMTENHHOMY CTPYKTYPHOMY HCK@KCHHIO WM TMOSBICHHIO IEJIOTO KACKa/a
TEPMHUUECKH MHAYLIMPYEMBIX CTPYKTYPHBIX (ha30BbIX mepexoqoB. Ilpu aTom cummeTpusi pemérku

MOCIIEI0BATENLHO MEHSETCS OT TPUKIMHHOM J10 Kyonueckoii (P1 — 12/m — 12/m(0) — Im 3) npu
noBbIeHnd temmeparypsl (Tz ~ 290 K, T, = 460 K, T; =608 K cootBercTBeHHO) [1].

B mHacrosmelr paboTe TpeNCTaBICHBI Pe3yJbTaThl  30HAOBOTO  MeccOaydpOBCKOTO
VICCIe/IOBAHMS ABOIHOTO MaHrannTta BiMn;O1, Ha sapax °'Fe B MMpOKOM AHAMa30He TeMIIepaTyp.
Panee maHHBIN TOMXOH OBUT YCIIEUTHO NMPHMEHEH ISl U3Y4eHHS OCOOCHHOCTEW CTPYKTYPHBIX U
MarHuTHBIX (Pa30BbIX mepexooB B Manranutax AMn;O, (A = Ca, Cd, Sr, Pb), Taxke umeromumx
CTPYKTYpPY JBOMHOTO MEPOBCKHUTA [2].

B pesynabTare mpoBeNeHHBIX HCCIENOBAaHUI OBLIO M3Yy4EHO BIMSHUE MPHUMECHBIX KaTHOHOB
Kele3a Ha MaKpOCKOIHMYECKHE CBOMCTBA MaHTaHUTa BUCMYTA (TOYKH CTPYKTYPHBIX U MarHUTHBIX
(ha30BBIX MEPEX0JI0B) B CPABHEHHH C HEJAOMMPOBAHHBIM 00Opa3ioM. MeccOayIpoBCKHE U3MEpPEHUS
BiMn6,9657Feo,o4012 MMPOBE/ICHBI B IIIMPOKOM JIMAIIa30HE TEMIIEPATYP, BKIIOUAIOIIEM BCE MAarHUTHBIC
v (asoBble mepexombl. I1IOKA3aHO, YTO 30HAOBBIC ATOMBI ° F€ H30BATCHTHO 3aMEIAlOT
SIHTEIUICPOBCKHE KatroHbl Mn®* Tolbko B OKTasapuueckoil MOApemsTKe, MpH STOM KakIOMY
TEeMIIepaTypHOMY IUana3oHy COOTBETCTBYET CBOMl BuJ MeccOayspoBckoro crekrpa. KommdectBo
napIuaibHbIX CrekTpoB Fe(i) u WX CBEPXTOHKHE MapamMeTpbl (B MEPBYIO OdYepe/b, BETMYMHA
KBaJIPYIOJIBHOTO paciieruieHust 4j) OKa3aarch B BBICOKOH CTEIEHH YYBCTBUTEIbHBI K U3MCHEHHIO
CUMMETPUU  DJIEMEHTApHOW silueiku U ObUTM  MpOaHAIM3UPOBAHBI M KOJMYECTBEHHO
0XapaKTepU30BaHBI 715 KaXk101 (a3bl U U3ydeHa X TeMIepaTypHas 3BOJIOLHS.

Pa3paboran ¢usnko-maTeMaTHUeCKUid MOAXOA K TEOPETHUECKOMY aHalu3y IMapaMmeTpoB
rpaguenTta anektpudyeckoro moiis (I'DII), yduThIBarOmUA OCOOCHHOCTH MOBEIACHUS KAaTHOHOB
BUCMyTa M MapraHiia B CTPYKTYpE€, IO3BOJUBIIMI OOBSICHUTH MPUPOAY M JABIDKYIIYIO CHILY
($a30BbIX TEpPexoJ0B MpU T1-T3. YCTaHOBJIEHO, YTO B OOJIACTH TEMIEPATyp CYIIECTBOBAHUS
MOHOKJIUHHOW (a3bl 12/M aHOMaibHOE MOBEICHHUE KBAAPYIOJHHOTO PACIHICIUICHHS MPUMECHBIX
sinep °'Fe cBsi3aHo ¢ auHaMEdecKuM dbdexrom SHa-Teutepa B M0ApemeTKe MapraHIia.

B oOmactu temneparyp marauTHOrO yropsimodeHus (T < Tyi) CIEKTpbI AEMOHCTPUPYIOT
CIIO)KHYIO CBEPXTOHKYIO CTPYKTYpa pelaKCallMOHHOTO XapakTepa, YTO MPEANOJIOKUTEIEHO
00yCJIOBJICHO IMHAMHUYECKUM IMOBE/IEHUEM CBEPXTOHKHX MAarHMTHBIX MOJIEH Ha spax MPUMECHBIX
nentpoB °'Fe®" B croxkHOi MarHHTHOH cTpykType BiMn;O1y, xapakTepusyiolieiicss KOHKYpEHIHeit
oOMeHHbIX B3aumojelcTBuil. OOHapyxeHHas BOiu3M Tni  00JacTh  COCYIIECTBOBAHHUS
napaMarHUTHOM M MarHUTOYNOPSAZOYEHHOM (a3 MOXKeT yka3blBaTh Ha (POPMHPOBAHUE CIIOKHOU
JOMEHHOW MarHUTHOU CTPYKTYphl B BiMN;015.

PabGota BeImosmHeHa npu (pMHAHCOBOW o yIepxKe Poccuiickoro HayyHoro ¢ouna (rpant Ne
19-73-10034).

[1] A.A. Belik, Y. Matsushita, Y. Kumagai et al., Inorg. Chem. 56, 12272 (2017).
[2] A.A. Belik, Y.S. Glazkova, Y. Katsuya et al., J. Phys. Chem. C 120, 8278 (2016).
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CORRELATION BETWEEN Fe ATOM VALENCE AND OXYGEN
VACANCIES IN SUBSTITUTED Lage:Sro33Fe03-, ORTHOFERRITE UNDER
HEAT TREATMENT

V.D. Sedykh'", V.S. Rusakov?, T.V. Gubaidulina, O.G. Rybchenko®, V.I. Kulakov*

Osipyan Institute of Solid State Physics RAS, Chernogolovka, Russia
2omonosov Moscow State University, Moscow, Russia
*e-mail: sedykh@issp.ac.ru

The substituted Laoe7Sro.33FeO;-, orthoferrite was studied by X-ray diffraction analysis and
Maossbauer spectroscopy. A series of vacuum heat treatment in the temperature range of
200°C + 650°C was performed resulting in negligible changes in the samples crystal structure.

It follows from the room-temperature Mdssbauer measurements that Fe ions are in the
averaged valence state. It is caused by fast electron transfer between Fe ions. The average hyperfine
magnetic field at °’Fe nuclei and isomer shift increase with the increasing temperature ta,, under
vacuum annealing which is associated with an increase of vacancy quantity and correspondingly
with a decrease of Fe** amount. The 85 K Mdassbauer measurements showed that the averaged
valence Fe state was not detected with a decreasing measurement temperature, i.e. electron transfer
between Fe ions is frozen. The hyperfine parameters of low-temperature partial Mdssbauer spectra
obtained as a result of their model fitting [1] allow us to conclude that one of them with the smallest
isomer shift and hyperfine magnetic field belongs to Fe** ions and the others, to Fe** ones. The
presence of several Zeeman sextets in the spectra associated to Fe®" ions is caused by the
appearance of oxygen vacancies (breaking of exchange couplings Fe**~0*—Fe) and Fe** ions
(weakening of exchange couplings Fe**~O*—Fe) in the nearest ionic environment of Fe atoms. Both
these factors decrease the hyperfine magnetic field and change the isomer shift. A total probability
of either breaking or weakening of exchange couplings decreases with increasing tan, a number of
Fe** atoms decreases, and an amount of oxygen vacancies increases, Fig. 1.
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Fig.1. The t.,, dependence of relative intensities of partial spectra: of all Fe** ions and Fe** ions (a), and an
amount of oxygen vacancies (y) and oxygen ions (3—y) (b) per formula unit of Lag 6;Sr¢33F€05-,.

Weakening of exchange couplings caused by the presence of Fe** ions plays the main role in
the change of Fe®* partial spectra at low annealing temperatures, and their breaking caused by the
presence of oxygen vacancies, at high annealing temperatures.

As a result of model fitting the numbers of oxygen vacancies and Fe** ions per a formula unit
were determined for all samples depending on the annealing temperature tan,, Fig. 1. It is shown that
the oxygen leaving the lattice practically finishes at the vacuum annealing temperatures higher than
450°C, and only Fe** ions are detected.

The obtained data on the relative intensities of partial spectra of different Fe ions indicate a
random distribution of oxygen vacancies and Fe** ions over their crystallographic positions in the
structure of substituted Lag 67Sro.33Fe0Os-, orthoferrite.
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This work was performed in the framework of the State task of the Ministry of Education and
Science of the Russian federation.

[1] M.E. Matsnev, V.S. Rusakov. AIP Conf. Proceed. 1489, 178 (2012).

B3AUMOCBA3b BAJIEHTHOCTHU ATOMOB Fe U KUHCJIOPOAHBIX
BAKAHCHUH B 3AMEIIIEHHOM OPTO®EPPUTE Lag67Sro33FeOs—, B
HNPOLHECCE TEPMOOBPABOTKHA

B.JI. Censix’’, B.C. PycaKOBZ, T.B. Fy6a17mym/1Ha2, O.I'. PriGuenko’, B.J. KynaKOB1

Y Unemumym ¢usuxu meepoozo mena um. FO.A. Ocunvana PAH, Yeprozonoska, Poccus
Mockoeckuii eocyoapcmeennwiii ynusepcumem um. M.B. Jlomonocosa, Mockea, Poccus
*e-mail: sedykh@issp.ac.ru

MeTtoaaMu peHTI€HOCTPYKTYPHOTO aHaliu3a M MeccOayIpOBCKOM CIIEKTPOCKOIIMU MCCIIeIOBaH
3aMemeHHbIH opTodeppuT Lage7Sro 33Fe0;-,. BeimonHena cepust BAKYYyMHBIX OTXKHIOB B HHTEpBaJe
temmeparyp tan 200°C - 650°C, B X0le KOTOPHIX HE OOHAPYKEHO KAKMX-TMOO 3HAUUTENHLHBIX
W3MEHEHU B CTPYKType 00pa3ioB.

N3 meccOay’poBCKHMX H3MEpPEHUN MpU KOMHATHOW TeMreparype clieayeT, 4To HOHBI Fe
HaXOJATCS B YCPEIHEHHO-BAJCHTHOM COCTOSHHH, YTO OOYCIOBIEHO OBICTPHIM 3JIEKTPOHHBIM
nepeHocoM Mexay uoHamu Fe. Ilpu BakyyMHOM OTKure C yBelW4deHHEM fann pacTeT cpeaHee
CBEPXTOHKOE MArHUTHOE TOJIE Ha s/pax - Fe ¥ M30MEpHBIH CIBUT CIIEKTPA, YTO CBSA3AHO C POCTOM
qhCIa BaKaHCHII M, COOTBETCTBEHHO, YMEHbIIGHHWEM KommuecTBa Fe'’. MeccGayspoBckne
m3Mepennss npu 85 K mokaszanu, 4To ¢ MOHWKEHHUEM TEMIIEpAaTypbl U3MEPEHHS YCPEIHEHHO-
BAJICHTHOE COCTOSIHME jKelie3a He NpOSBISETCs, T.€. DJIEKTPOHHBIN MEpeHoc Mexay noHamu Fe
3aMOpaKUBAETCA. CBepxToHKHE napaMmeTpsl napluuaIbHBIX HU3KOTEMIIEpaTYPHBIX
MeccOayIpOBCKUX CIIEKTPOB, MOJYYCHHBIC B pE3ysbTaTe MX MOJEIbHOUN pactmdpoBku [1], maror
OCHOBaHHUE 3aKJIIOYUTh, YTO OJMH M3 HUX, C HAUMEHBIINM H30MEPHBIM CIBUTOM U CBEPXTOHKHUM
MATHUTHEIM TIOJIEM, MPHHAUIOKAT HoHam Fe'', a ocrameusie — Fe®*. Hammume B crekrpax
HECKOJIBKUX 3€EMAHOBCKHX CEKCTETOB, OTHOCSIIMXCS K HOHaM Fe®', oGycioBieHo mosBieHHEM
KUCIOPOIHBIX BakaHcuil (oOpbiB oOMeHHOW cBs3u Fe**—O%—Fe) u momoB Fe*" (ocmabienue
obMeHHOIT cBs3u Fe*'—O?—Fe) B GumskaiiiieM HOHHOM OKpYXeHHH aToMoB Fe. O6a dakropa
BBI3BIBAIOT YMEHBIIIEHUE CBEPXTOHKOTO MAarHUTHOTO TOJS UM H3MEHEHHE M30MEpPHOIr0 CIBUTa
cnektpa. C mnoBbleHneM tan, 00I1Iast BEpOSITHOCTH WM 0OpBIBa, WK OcaabiaeHusi OOMEHHOM CBSI3U
najaet, 9ucio aToMoB Fe'’ yMeHbImaeTces, a 9uciio KMCIOPOIHBIX BAKAHCHIT pacTerT, prc. 1.

[Ipu Manbix TeMIiieparypax OTXHIa OCHOBHYIO POJIb B M3MEHEHHH MaplHaIbHBIX CIEKTPOB
Fe®* urpaer ocnaGienne oGMEHHBIX CBsI3cii, BBI3BaHHOE HanuuneM HOHOB Fe'', a mpm BBICOKHX
TeMIIepaTypax — UX OOpbIB U3-3a HAIWYMS KUCIOPOJHBIX BAaKAaHCHIA.

B pesynbTare mopenbHOU pacmin@poBKU MeccOaydpOBCKUX CHEKTPOB OMpEIeNieHbl YHCIia
KICTOPOAHBIX BaKaHCHI M HOHOB Fe'' Ha (OpPMyIbHYI €IMHHIy IS BCEX OOpAa3loB B
3aBUCHUMOCTH OT TeMIIEpaTypbl BaKyyMHOTO OTKHUTaA tann, pHc. 1. [TokazaHno, 4To mpu TemmepaTypax
BaKyyMHOro omkura Bbime 450°C mporiecc BBIXOJa KHCIOPOJA W3 PEIETKH 3aKaHYMBAETCS, M
IeTeKTHpPYIOTCs TonbKo noHbl Fe®*. TlonydeHHbIe JaHHBIC 06 OTHOCHTEIBHBIX HHTEHCHBHOCTSX
MapliuanbHbIX CHEKTPOB Pa3IUYHBIX HMOHOB jKelie3a YKa3blBAIOT HA CIydyailHOE paclpeleieHHe
KICITOPOIHBIX BakaHcwii n noHoB Fe'* mo cBomM KkprcTamiorpaduyeckuM MO3HIMSM B CTPYKTYPE
3ameleHHoro oprodepputa Lag s7Sr0.33Fe0;3-.

PaboTa BbIMONIHEHAa B paMKax rocyJapCTBEHHOTro 3ajaHus MuHMCcTEpcTBa 00pa3oBaHUS U
Hayku PO.
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HYPERFINE STRUCTURE OF MOSSBAUER SPECTRA
IN SOLID SOLUTIONS Fe; xGaxBOs

N. Snegirev'”, I. Lyubutln M. Chuev?, S. Starchikov?,
S. Yagupov , Yu. Mogilenec®, M. Strugatsky®

'FSRC “Crystallography and Photonics” of RAS, Moscow, Russia
2Valiev Institute of Physics and Technology of RAS, Moscow, Russia
*Crimean Federal University, Simferopol, Russia

*e-mail: niksnegir@yandex.ru

Iron borate based solid solutions Fe;xGaxBOs are of great interest both for fundamental
science and for practical applications [1,2]. In this work, the values of the hyperfine interaction
parameters of single crystals of Fe;xGaxBOs in a wide temperature range, including the region of
magnetic phase transitions (Ty), are determined by Mdssbauer spectroscopy.

The Mossbauer spectra for Fe;.«GaxBO3 single crystals were obtained in a wide temperature

range of 10-400 K. The spectra were corrected taking into account the effective thickness of the
absorber using the technique described in Ref. [3]. As
an example, room temperature spectra of -FeBO3 and .
Feo_g4GaoF_)oeB()3 are shoevn in ther::ig. 1. It can be seen fey, a, B0, sing’e crystals, 300.K
that even a small content of diamagnetic gallium
essentially changes the shape of the spectrum of Fe;.
«GaxBO3 in comparison with the spectrum of FeBO:s.

: o S | .

A theoretical model for describing nuclear -8 : '
resonance transitions in iron atoms in the & 4 =000
approximation of combined magnetic dipole and & [l | '

= =

electric quadrupole hyperfine interaction has been
developed. The distribution of the hyperfine magnetic
field H centered around the characteristic maxima of
the binomial distribution was taken into account for
different surroundings of Fe atoms by neighboring Fe
and Ga atoms. The results of theoretical modeling are -8 -4 0 4 8
in good agreement with experimental data (Fig. 1). . Velocify, mm/s

It has been found that the spectra of Fe,GaB0O; 1% - Room temperature Mbssbauer spectra of

L ” ) FeBO; (top) and Fep94GaggsBO3 (bottom) single

are a superposition of hyperfine components with  ¢rystals. The dots are  experimental data, the
different areas, which corresponds to non-equivalent colored areas are the result of theoretical
environment of iron atoms by Fe and/or Ga neighbors. ~ modelling.
The relative width of the hyperfine magnetic field distribution dH/H increases with increasing
temperature due to thermal fluctuations. For the Feg94GagosBO3 crystal, the value of the dH/H
parameter is equal to 0.008 at 10 K and 0.351 at 330 K (near the Ty). This means that at low
temperatures the contribution of the additional hyperfine component is negligibly small, and the
spectrum is a sextet with narrow resonant lines. At high temperatures, a well-resolved additional
hyperfine component appears in the spectra.

Additionally, magnetic phase transition temperatures Ty for Fe;.«GaxBOs single crystals with
0 < x < 0.83 were determined. The results obtained will be useful for elucidating the nature of the
effects of gallium doping on the properties FeBOj3 single crystals.

This work is funded by the Russian Foundation for Basic Research, project number 19-29-12016-mx.

[1] Smirnova E. S. et al. Acta Crystallographica Section B 76, 1100-1108 (2020).
[2] Snegirev N. et al. Journal of Alloys and Compounds 889, 161702 (2021)
[3] Lyubutin I. S. et al. Journal of Alloys and Compounds 906, 164348 (2022).
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CBEPXTOHKAS CTPYKTYPA B MECCBAY3POBCKHX CIIEKTPAX
TBEPAbIX PACTBOPOB Fe;.,Ga,BO;

H.H. CHGI‘I/I‘péBl*, n.C. .HIO6yTI/IH1, M.A. LIyeBZ, C.C. CTaquKOBl,
C.B. Srynos®, FO.A. Morunerer’’, M.B. Crpyraukuii®

1CDHHLI «Kpucmannoepaghus u pomonuxa» PAH, Mocksa, Poccust
2Dusuko-mexronozuyeckutl uncmumym um. K.A Banuwesa PAH, Mockea, Poccus
S®Ir40Y BO «K®Y um. B.U. Bepnaockozoy, Cumgheponons, Poccus

e-mail: niksnegir@yandex.ru

Teepueie pactBopel Fe;.xGaxBOs;, monyueHHbie Ha OCHOBE OopaTa »Kene3a, MOTYT OBITh
WCIIOJIb30BaHbI KaK B ()yHJAMEHTAIBHBIX HAyYHBIX HMCCICIOBAHUAX, TaK W I MPAKTHYIECKOTO
npumMenenus [1,2]. B nacrosieii pabore METo10M MECCOAYIPOBCKOM CIEKTPOCKOITUH OIPEICICHBI
rmapaMeTpsl CBEPXTOHKOTO B3aUMOJCHCTBUS B MOHOKpuctawiax Fe;xGayBOs3 B mupokom
JMana30He TeMIIepaTyp, BKI0Yas 001acTh MarHUTHOTO (a3oBoro nepexoxaa (Ty).

M¢éccbOay3poBCKHl CIIEKTPhl MOHOKPUCTAJIOB ObUTM mMONydeHbl B auamnazone 10—400 K.
CrieKTpsI OBITH CKOPPEKTUPOBAHBI ¢ Y4eTOM 3(PPEKTUBHOM TOJMIUHBI UCIIOJIB3YEMOTO ITOTJIOTHTENS
o Metojuke, pa3Buroii B padore [3]. Ha Puc. 1, B kauectBe mpumepa, MPUBEICHBI CIIEKTPHI
kpuctaioB FeBO3; u FepgsGap0sBO3. Kak BumHO W3 pucyHKa, Jake HEOOJBIIOE COaCpIKaHUC
JMAMarHATHOW «IPUMECH» TaJUlds CYIIECTBEHHO BIMsSET Ha ¢opmy crnektpa Fe;GayBOs; mo
cpaBHeHHIO co criekTpoM FeBO:s.

beuta paspabortaHa TeopeTHuecKas MOJIEIb, KOTOPas OIMMCHIBAET PE30HAHCHBIC ITEPEXOJIbI
sqep JKele3a B MPUOIMKEHUH KOMOWHHPOBAHHOTO MAarHUTHOTO JWTIOJNBHOTO W AJIEKTPHUYECKOTO
KBaJ[PYIOJIBHOTO B3aMMOJICHCTBYS.. DBUHOMUHAIBHBIA XapakTep paclpelesieHusi MarHHUTHOTO
CBEPXTOHKOTO moJyisi H BOJNM3M XapaKTepUCTUYCCKHMX MAKCHMYMOB YUUTBHIBAJICS ISl Pa3IHYHOTO
TUNIA OKpY)XeHusi aromoB Fe aromamu Fe um Ga. Pe3ynbTarhl MOAeNMpOBAaHUS HAXOIATCS B
XOPOIIEM COTJIACHH C IKCIIEPUMEHTAILHBIMU JaHHBIMU (cM. Puc. 1).

YcranosneHo, uto cnektpsl Fe;xGayBO3 mpeacrarisior co0oil Cymepro3uio CBEPXTOHKUX
KOMIIOHEHT C Pa3JIMYHBIMHU TUIOIIASIMH, KOTOPBIE COOTBETCTBYIOT HEOKBHBAJICHTHBIM OKPYXCHHUSIM
aToMOB Jkene3a atoMamu Fe w/mmm Ga. OTHOCHTENbHAs IIUPHHA PACHPEICICHHS CBEPXTOHKOTO
marautHoro mojsi dH/H BospactaeTr ¢ yBenndyeHHeM TeMIepaTypbl BCIEACTBHE TEIUIOBBIX
Bo3MmymeHuid. Tak, mis kpuctamuia FepgsGagosBO3s 3Hauenne mapamerpa dH/H cocrasmser 0.008
mpu 10 K u 0.351 npu 330 K (BOmm3u Ty). DT0 03HAYaeT, YTO MPH HU3KHUX TeMIIepaTypax BKIaj
JOTIOJTHUTEIIHHBIX CBEPXTOHKUX KOMIIOHEHT MPEHEOPESIKUMO Mall, U CIIEKTPhI MPEICTABIISIOT co00M
CeKCTET C Y3KUMH pPE30HAHCHBIMH JIMHUSAMHU. [IpM BBICOKMX TeMmIepaTypax B CIEKTpax
HAOJTF0IaeTCsl XOPOIIO pa3pelIeHHas! IOTIOJIHUTEbHAsE KOMIIOHEHTA.

Kpome Toro, Temmeparypbl MarHuTHOTO (ha3oBOro mepexoja Iy ObUIM OTPEACICHBI JUIs
kpuctaioB Fe1,GayBOs ¢ 0 < X < 0.83. [lomyyeHHbie pe3yabTaThl OyIyT Ba>KHBI AJISl OTIMCAHUS
pupoibl 3P PeKToB, HAOTIOAACMBIX IIPH JIONMMPOBAHUY TaJUTMEM MOHOKpHCTAIOB FEBO3.

Pab6ota BbinosHeHa npu ¢puHaHcoBoi noanepxke POOU, nmpoext Ne 19-29-12016-mxk.
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MAGNETIC HYPERFINE INTERACTIONS IN THE QUASI-1D
ANTIFERROMAGNET Fe,0O(Se03);

A.V. Sobolev!”, A.A. Aslandukoval?, I.S. Glazkoval, I.A. Presniakov*

' omonosov Moscow State University, Moscow, Russia

2University of Bayreuth, Bavarian Research Institute of Experimental Geochemistry and
Geophysics, Bayreuth, Germany

*e-mail: alex@radio.chem.msu.ru

The present work is devoted to the Massbauer study of iron oxoselenite Fe,O(SeOs), which
magnetic structure is driven by rather unusual saw-tooth chains of of vertex-sharing iron ions triangles.
Below the magnetic ordering temperature this compound is characterized by a sharp dichotomy of
the behavior of the dependence of magnetic susceptibility in zero-field and field cooling. The
observed spin-flop transition at low temperatures suggests the predominance of antiferromagnetic
interactions (Ty = 105 K).

The >'Fe Mossbauer spectra at T >> Ty confirm the presence of three nonequivalent
crystallographic sites of high-spin Fe®" ions. At the same time, below Ty all the spectra demonstrate
a well-resolved Zeeman structure for each type of ferric ions. Abnormally low values of magnetic
hyperfine saturation fields for all subspectra of *>’Fe nuclei are discussed in terms of the spin
reduction model (<AS> ~ 0.31), which is associated with a reduced dimension of the magnetic
subsystem. Combined analysis of the values of the hyperfine parameters obtained by interpreting
the spectra below the magnetic ordering point in a full Hamiltonian of combined hiperfine
interactions approach, the theoretical calculations of the parameters of the electric field gradient
tensor (EFG), the analysis of the temperature dependence of the hyperfine magnetic fields, and the
theoretical calculations of the energies of intra- and inter-chain exchange interactions within the
framework of density functional theory (DFT) allowed us to propose Fe,O(SeO3), spin structure
[1]. The obtained ratios of magnitudes of magnetic exchanges are in agreement with the values
estimated by us in the framework of the spin reduction model. It is shown that the magnetic
structure is noncollinear with a high degree of frustration of magnetic moments. The observed
phenomenon of spin relaxation in the system in the temperature range T* < T < Ty (T* ~ 90 K) is
also consistent with the feature of the magnetic structure. The magnetic structure of Fe,O(SeO3s),
oxoselenite proposed in this work by Massbauer spectroscopy was confirmed recently by neutron
powder diffraction (NPD) [2].

The work was carried out with the financial support of the Russian Science Foundation (grant
No. 19-73-10034).

[1] A.V. Sobolev, A.A. Aslandukova, E.S. Kozlyakova et al., J. Alloys Compd., 822, 153549 (2020)
[2] K. Nawa, M. Avdeev, P. Berdonosov et al., Sci. Rep. 11, 24049 (2021).
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CBEPXTOHKHUE MATHUTHBIE B3AUMO/JEVCTBUSA B
KBA3BUOJHOMEPHOM AHTU®EPPOMATHETHUKE Fe,0(Se03),

A.B. Co6ones’’, A.A. ACJIaHI[yKOBal'Z, S1.C. I'maskosa’, HLA. HpeCH;IKOB1

"Mockosckuii 2ocyoapcmeennwlil ynueepcumem umenu M.B. Jlomonocosa, Mockea, Poccus
2Yﬁueepcumem baupouma, bBasapckuii hayuno-ucciedo8amenbCKuil UHCIMUMym
IKCNEePUMEHMANbHOU ceoxumuu u eeousuxu, batipoum, I'epmanus

*e-mail: alex@radio.chem.msu.ru

Hacrosimas paboTta mocBsmieHa MeccOayd poBCKOMY HCCIIEOBAHUIO OKCOCEICHUTA jKese3a
Fe,O(SeOs);, MarHWTHas CTPYKTypa KOTOPOTO OINPEAENsIeTCs JAOCTAaTOYHO HEOOBIYHBIMH
MUI000pa3HBIMU  I[ENMOYKAMH W3 3aKpYy4EHHBIX TI0 CHHpaIW TPEYroJbHBIX (PparMeHToB,
COJIepKalIuX KATHOHBI jKelle3a. Huke TOYKM MarHUTHOTO YIOPSIOYCHHS 3TO COCIUHEHUE
XapaKkTepU3yeTCs PE3KOM TUXOTOMHUEN MOBEACHUS 3aBUCHUMOCTH MAarHUTHOW BOCIHPUUMYHMBOCTH
MPU OXJIAKJEHWM B MAarHUTHOM moJie U 0e3 Hero. HaOmronmaromwmiicst criuH-¢uIon mepexoi MpHu
HU3KUX TeMIlepaTypax IpeJrnoJaraeT npeobdiaasanue aHTUu(eppoMarHuTHeIX B3aumoeicTBuil (Ty
~ 105 K).

MeccOayapoBCKHE  CIIEKTPHI >Fe npu T >> Ty TOATBEPKIAIOT HAIMYHAE TPEX
HEOKBUBAJIICHTHBIX KPUCTAIIOrpaMUecKiX MO3HIHl BBICOKOCTIMHOBBIX HoHOB Fe*'. Ilpu srom
HIKe Ty B CIIEKTpaxX MPHUCYTCTBYET XOPOIIO pa3pellieHHas 36eMaHOBCKasl CTPYKTypa JUIS KaKI0TO
copTa MOHOB XeJjle3a. AHOMAJIbHO HHU3KHE 3HAUCHUS CBEPXTOHKHUX IMOJICW HACBIMICHHUS I BCEX
TIOJICTIEKTPOB sitep ° Fe 0OCYKIAIOTCS B PaMKax MOJETH CIIMHOBOM pexykmmm (<AS> ~ 0.31),
KOTOpas CBsi3aHa C TMOHWKEHHOW pPa3MEPHOCTHIO MAarHUTHOW mojcucTeMbl. KoMOWHUPOBaHHBIN
aHaJIM3 3HAYCHUH CBEPXTOHKUX MapaMEeTpOB, MOJYYEHHBIX MPU HUHTEPHIPETAINN CIEKTPOB HUKE
TOYKH MArHUTHOTO VIOPSAOYEHHs] B paMKax I[IOJHOTO TaMHUJIbTOHHAaHa KOMOWHHPOBAHHBIX
CBEPXTOHKMX B3aWMOJIEMCTBUN, TEOPETUYECKUE pacyeThl MapaMeTpoOB TEH30pa TIpaaueHTa
anektpudeckoro moss (I'DI1), anmanm3 TemriepaTypHOW 3aBUCUMOCTH CBEPXTOHKHX TIOJIEH H
TEOPETUYECKUE pacueThl PHEPIHil OOMEHHBIX BHYTPHU- W MEXKIIEIIOYEUHBIX B3aHMOJICHCTBUI B
pamkax Teopud ¢pyHkironana mwiotHocty (DFT) mo3Bosnian B COBOKYITHOCTH MPEIJIOKUTH MOJIEIb
crimHOBOM CTpYKTYphl Fe,0(Se03); [1]. TloaydeHHble OTHOIIEHUS BEJIMYHUH MArHUTHBIX OOMEHOB
HAXOJATCS B COTJIACUU CO 3HAUEHUSMHU, OLICHEHHBIMU HaMU B paMKax MOJIEJIM CIUHOBOW PEIyKIUH.
[lokazaHo, 4YTO MarHuTHas CTPYKTypa SBJISETCS HEKOJUIMHEApHOW C BBICOKOM CTENEHBIO
(bpycTpauyd MarHUTHBIX MOMEHTOB. HalOntonaemoe siBieHHE CIMHOBOM pellakcallid B CUCTEME B
nuanaszone temmeparyp 1* < T < Ty (T* ~ 90 K) tak e corimacyercs ¢ XapakTepoM MarHUTHOU
cTpykTyphl. [IpennokenHas B 3Toil paboTe Ha OCHOBaHMHM MeccOAyIpPOBCKOTO HCCIETOBAHUS
MarHuTHas CTPYKTypa okcocenenutra Fe,O(SeOs3), mnosaHee Obula MOATBEPIKICHA METOIOM
nrdpaxkuy HeHTPoHOB [2].

PabGoTta BbImosHeHA npu (DUHAHCOBOMW Mo yIepxKke Poccuiickoro HayuHoro ¢ouma (rpant Ne
19-73-10034).

[1] A.V. Sobolev, A.A. Aslandukova, E.S. Kozlyakova et al., J. Alloys Compd., 822, 153549 (2020)
[2] K. Nawa, M. Avdeev, P. Berdonosov et al., Sci. Rep. 11, 24049 (2021).
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MAGNETITE CUBES WITH SPIN VORTEX BEHAVIOR INVESTIGATION
BY MOSSBAUER SPECTROSCOPY AND FORC
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$Shubnikov Institute of Crystallography of FSRC “Crystallography and photonics”, RAS,
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Unceasing attention to iron-oxide magnetic nanoparticles is due to their high potential in the
field of biomedicine such as targeted drug delivery, magnetic hyperthermia, magneto-mechanical
stimulation, components of bioimplants etc. It was shown yet that depending on the morphology,
magnetic nanoparticles exhibit various magnetic states. The very interesting from fundamental and
practical point of view is spin vortex state of the oxide’s particles.

In recent work - magnetic behavior of the nanosized magnetite Fe3O,4 particles synthesized in
the form of cubes and bubbles were investigated below and above Verwey transition temperature
Tv~110 K [1-2]. Formation and annihilation of spin vortexes in specimens were shown applying
magnetization measurements in the form of magnetic first-order reversal curves (FORC).

We apply Mossbauer spectroscopy measurements from 300 to 90 K to study of cubic
nanosized particles behavior through magnetic transition. The sophisticated spectra fitting with
SpectrRelax software in the approach including magnetite known structure model representation
so as revelation of the size and stoichiometry effects allowed us to obtain additional information
about cube’s specimens magnetic behavior peculiarity.

Authors acknowledge RFBR 19-52-44003 Joint project for support
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Fig.1 SEM image (a), Mossbauer spectrum of magnetite cubes with enlargement of spectrum fine structure in inclusion
(b) and FORC magnetization behavior diagram at different temperature through transition at 300K(c), 90K(d).

[1] S. M. Chiba, S. Kobayashi et al J.Magnetism and magnetic materials. 512 (2020)
[2] T. Sato, K. Nagaoka, S.Kobayashi et al. AIP Adv. 7 (2017)
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HpI/ICTaJ'II)HOC BHUMAHHUEC K MArHuTHBIM HAHOYACTUIIAM OKCHIA XKCEJIC3a 06}’CJ'IOBJ'I€HO ux
BBICOKAM IOTEHI[HAJIOM B 00JacTH OHOMEIUIMHBI (aJpecHOM IOCTaBKU JICKApCTB, MAarHUTHOM
TUIICPTCPMUH, MAarduTOMEXaHN4YECKOU CTUMYJISIIUK, HWCIIOJB30BaHUA B Ka4€CTBEC KOMIIOHCHT
6I/IOI/IMHJ'I3HTOB). Bbruto IIOKa3aHO, 4YTO B 3aBUCHUMOCTH OT MOp(bOJ'IOFI/II/I, MAarHuTHBIC HAHOYACTUIIBI
IPOABJIAIOT Pa3InYHBIC MAarHuTHBIC COCTOSHUAA. I/IHTepeCHBIM C (i)YH)IaMeHTaJ'IBHOI\/'I n
MPAKTUIECKON TOUKH 3PEHUS SIBJISICTCS CITMH-BOPTEKCHOE COCTOSTHHE YaCTHIT OKCHJIA JKee3a.

B paGotax [1-2] wuccrnemoBaioch MarHWTHOE TOBEICHHE HUXKE M BBIIIC TEMIEPaTyphl
nepexona Bepses Tv~110 K nanopasmepHbix yactumax maraetuta Fe3O,, CHHTE3MpPOBaHHBIX B
BUJC KyOMKOB u cdep. AHanu3 auarpamm KpuBbIx nepemarauunBanus (FORC) mpu pasubix
TeMIleparypax nokasan (popMUpOBaHUE U aHHUTWISIIUIO CIIMHOBOTO BUXPSI B 00pa3iax.

Mpbl mpoBenu HCClIEAOBAaHME HAHOPA3MEPHBIX 4YacTHUIl MarHeTuTa KyOudeckoil ¢GopMbl
METOJIOM MeccOay3pOBCKOM CIIEKTPOCKOUH MpH pasHbix Temiepatypax ( 90-300K). KommiekcHast
anmnpoKCUMAaIUs CIIEKTPOB C IOMOIIbIO TporpaMMHOro obdecnedenus SpectrRelax B metoauueckom
MOAX0JIe, BKIIIOYAIOIIEM INPEJICTABICHUE MOJIEIU KPUCTAIUIMUYECKOH U MArHUTHOM CTPYKTYpBI
MarHeTuTa C BBISIBJICHHEM pa3MepHBIX 3(P(PEKTOB, CTEXHOMETPHUH YacTUIl U MX MOBEPXHOCTHBIX
COCTOSIHUI, TIO3BOJIMJIA HAM TOJIYYUTh TOTIOJHUTENbHYIO HHGOPMaLIKIO 0 (pakTopax, BIUSIOUIUX Ha
0COOEHHOCTH MarHUTHOTO MOBeIeHUsI 00pa31OB.
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STRUCTURAL TRANSFORMATIONS IN LOW-NICKEL Fe-Ni ALLOYS
PROBED BY MOSSBAUER SPECTROSCOPY

N.M. Kleinerman!”, A.V. Protasov'?, S.P. Naumov'?, V.S. Gaviko'?.

'M.N. Mikheev Institute of Metal Physics UB RAS, Ekaterinburg, Russia
2Ural Federal University, Ekaterinburg, Russia
*e-mail: kleinerman@imp.uran.ru

The current century’s development of experimental and computational tools opens up a
possibility of investigating many well-known binary systems at a novel level. One of the examples
is Fe-Ni system. Alloys of this system take significant place in applications of modern engineering.
Yet, among the numerous studies, far scarcer are those devoted to Fe-Ni alloys of the low-nickel
end of the phase diagram, though these alloys are of special interest for the researchers who study
both fundamental problems of martensitic transformations and properties of the Fe-Ni binary and
quasibinary alloys for particular applications. By composition, FeigoxNix alloys (x = 3 — 20) fall in
the region of conventional phase diagram where martensitic transformation takes place and
boundaries are drawn between the regions of

existence of oz-phase formed by the diffusion NAMASNAT AR
mechanism and o phase attributed to I VIR G I
martensitic  y—a  transformation,  the I I L A 0
specificity of the latter being broadened X- T 11 o ]t
ray reflections. Several works reported on wf 17 3%Ni PN

anomalies in the behavior of Ilattice
parameters of BCC phase and average
magnetic moment, which are still paid poor
attention. With this, particulars of structural
state of the alloys under discussion remain
unclear. Minding the scale-related limitations
of integral morphological techniques,
application of local investigation methods PN
such as Mossbauer spectroscopy seems IR U ERE R
demandable. Hence, the task set in this work
is to describe fine peculiarities of the
martensitic structure and phase composition
of Fe-Ni alloys with the Ni content ranging

1'.:'_f. :":..._.‘!
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from 3 to 20 at% using Mdossbauer 7%Ni b § s+ 20%Nit i

spectroscopy .‘ ' ol : .
Two series of samples were P e . T T T

investigated: water-quenched after V, mm/s ¥V, mm/s

homogenization at 1100°C for 50 h and Fig. 1. Mossbauer spectra of alloys subjected to
annealed further at 500°C for 72 h and water-  quenching and their fitting.
quenched.

Mossbauer — spectra were treated using both restoration of distributions of probability
densities of hyperfine fields and fitting with a number of subspectra. As an example, in Fig. 1,
spectra measured after quenching and treated with 6 subspectra are shown. Analysis of spectral
parameters makes it possible to conclude on the fine structural peculiarities of the alloys undergone
martensitic transformations.

The research was carried out within the state assignment of Ministry of Science and Higher
Education of the Russian Federation (theme “Magnet”).
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MECCBAYA3POBCKOE UCCJIEJOBAHUE
CTPYKTYPHBIX IPEBPAIIEHUN B CIIJTABAX Fe-Ni C HU3KUM
COJEP)KAHUEM HUKEJIS

H.M. KneﬁHeDMaﬂl*, A.B. HpOTaCOBl'Z, C.II1. HaYMOBl'Z, B.C. 'asuko™?.

! HUnemumym ¢uzuxu memannos um. M.H. Muxeesa YpO PAH, Examepunbype, Poccus
2 Vpanvckuii pedepanvrulii ynusepcumem, Examepunoype, Poccus
*e-mail: kleinerman@imp.uran.ru

CoBpeMEeHHOE pa3BUTHE OJKCIHEPUMEHTAIBHBIX U  PACYCTHBIX METOAMK  OTKPBIBAET
BO3MOKHOCTH HCCJIEIOBaHMS HAa HOBOM YPOBHE MHOTHUX XOPOIIO M3BECTHBIX cucTeM. OTHUM U3
npumepoB siBisiercst cuctema Fe-Ni. CruiaBel 3TOH CHCTEMBI 3aHUMAIOT 3HAYMTEIBHOE MECTO B
COBPEMEHHBIX TEXHHUYECKUX TPUMEHEHMUsIX. TeM He MeHee, CpeAud MHOTOYHCICHHBIX
WCCTIeIOBaHUM, TIOCBSIIEHHBIE CIUIaBaM C HU3KUM COJIEpPKAaHHEM HHKEIs paboThl BCTPEUAIOTCS
3HAQUUTENILHO PEXe, XOTs OSTU CIUIaBbl TMPEJCTABISIOT OCOOBIM HMHTEpEC, Kak Mg perieHus
dbyHIaMEHTANBHBIX TMPOOJIEM MApPTEHCUTHBIX NPEBPAIICHUM, Tak W JUIsl TOHUMaHHUS CBOWCTB
OWHAPHBIX M KBa3UOMHAPHBIX CTUIABOB JIJIS CIICIIUATBHBIX TPUMEHEHHUH.

Crutael FejgoxNix (X = 3 — 20) Haxomsatcs B oOmacté (a3oBOM JuarpaMMbl, B KOTOPOii
MPOUCXOAAT MApPTECHCUTHBIE TPEBPAIICHHS, M TOKa3aHbl TPAHUIIBI CYIIECTBOBAHHS 0-(a3bl,
chopmupoBaHHO MO MUDHPY3HOHHOMY MEXaHH3MY, U O (a3bl, KOTOpas SBIAETCS PE3yIbTaTOM
MapTEHCUTHOTO TpeBpamenus. OcoOeHHOCThIO 0 a3l CUYUTAOTCS YIIUPEHHBIE TIMKWA Ha
peHTreHOBCKUX naudpaktorpamMmmax. B psame pabot cooOmianock 00 aHOMaMUSIX TIOBEACHHS
cpennero mapametrpa pemerkd OLIK ¢a3pl uw cpemHero MarHUTHOTO MOMEHTa B OTOM
KOHLIEHTPALIMOHHOM JIMaria3oHe, HO OOBSCHEHUIO 3TUX aHOMAJIUN U CTPYKTYPHBIX OCOOCHHOCTEM
TaKUX CIUIaBOB ObUIO ynaeJdeHO Majo BHHUMaHusA. C y4eToM OrpaHMYEeHHUH HWHTETrpabHbIX
MOP(OJOrMYeCKUX METOJ0B B OTHOUICHHH Pa3MEPHOCTH CTPYKTYpPHBIX KOMIIOHEHTOB BO3pacTaeT
POJTb JIOKAJIBHBIX METOJIOB UCCIICIOBAaHMs. 3aaueii TaHHOW paboThl OBLIO OTIMCaHUE 0COOCHHOCTEH
MapTEHCUTHOM CTPYKTYphI U (ha3oBOro cocrasa criiaBoB Fe-Ni ¢ KOHIIEHTpanueil HUKeIst OT 3 110
20 at.%, ucnonb3ys MeTo1 MEccOAyIPOBCKOM CIEKTPOCKOIHH.

boutn uccnenoBanbl qBe cepun 00Opas3loOB: CILIABbI, 3aKaJIEHHbIE B BOY MOCIIE TOMOTEHU3AIUU
npu 1100°C B Teuenue 50 4acoB, W 3TH K€ CIUIABBI, MPOUIEAIINE JOTIOJHUTEIBHBIA OTXKHUT TPH
500°C B TedyeHue 72 4acoB U BHOBB 3aKaJICHHbBIEC B BOY.

MeccOayspoBckue CHEKTpbl ObuIM 00paboTaHbl € HCIOJB30BAHHMEM JIBYX IOJXOJOB:
nocTpoeHne (GYHKIHM pacrpefeseHUs] CBEPXTOHKUX IOJIeM U OMHCAHHE CHEKTPOB C IMOMOIUIBIO
Habopa mojcnekTpoB. Ha puc. 1 moka3zaHbl CHEKTphI CIUIAaBOB, MPOIICIIIMX 3aKallKy, U UX
OTHCAHHE C TMOMOUIbI0 6 TOJCHEKTPOB. AHANU3 CIEKTPAIbHBIX MapaMeTpPOB IMO3BOJISIET AENaTh
BBIBOJIBI O TOHKUX CTPYKTYPHBIX OCOOEHHOCTSIX CILJIaBOB, NPETEPIEBIINX MapTEHCUTHBIE
MIpeBpaICHUSI.

PaGoTta BbINOJIHEHA B paMKax TOCYJapCTBEHHOro 3anaHus MwuHoOpHayku Poccum (Tema
«Marsury)
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HYPERFINE INTERACTIONS IN THE NONSTOICHIOMETRIC ErFe,Mny
COMPOUNDS

S.P. Naumov*?*, N.V. Mushnikov*?, N.M. Kleinerman®, V.G. Semenov®

! M.N. Mikheev Institute of Metal Physics UB RAS, Ekaterinburg, Russia
2 Ural Federal University, Ekaterinburg, Russia

% Saint Petershurg University, Saint Petersburg, Russia

*e-mail: naumov_sp@imp.uran.ru

Compounds RFe,, which crystallize into a
cubic Laves phase, are actively investigated in view
of their giant magnetostriction and magnetocaloric
effect. It was supposed that such compounds cannot
exist off the stoichiometry; yet, in recent years, a
series of nonstoichiometric RFe,Mn, compounds with b2 2 0 12 5
the Laves-type crystal structure were synthesized,
their magnetic properties being unusual.

In the work presented, >'Fe Mossbauer spectra ~ * FrFe,Mn,
(Fig. 1) of new nonstoichiometric compounds
ErFeaMny (x = 0 - 0.4) with the cubic structure, were
measured and treated in the frame of tensor model for
the description of anisotropy of hyperfine interactions

[1].

It is shown that increasing Mn concentration in
the samples results in a decrease in both anisotropic
part of hyperfine field (HFF), which turned out
virtually equal for all possible configurations of a Fe-
atom neighborhood in each sample, and isotropic part
as well. However, the isotropic part of HFF differs for
various local coordinations of the >’Fe neighborhood
(0, 1, 2, 3 Mn atoms). Each additional Mn atom in the
nearest neighborhood lowers the isotropic part of HFF
by 23-24 kOe. The data obtained served to estimate
the corresponding change in the magnetic moment Fe
atom as Apge = 0.16 pg/at.Mn. . «

It is shown that the direction of HFF in all Ec',?,']péhn'\élso Szzzue:h:ﬁecftirt?in%f mhﬁ]”:fgmgﬁ
samples lies in the plane (110) off the [111] axis of  approach to the description of the anisotropy
the unit cell, and, with increasing Mn content, of hyperfine interactions.
declines toward the [110] axis. This can indicate a
spin reorientation of magnetic moments of Fe atoms brought by Mn atoms.

Analysis of isomer shifts (IS) of subspectra characterizing different atomic configurations
showed that, for all samples, IS of the subspectrum related to the Fe-atom neighborhood free of Mn
atoms is unchanged, which testifies to the invariance of electronic structure of Fe atoms. On
appearing of Mn atoms in the nearest neighborhood of Fe atoms, IS of the corresponding subspectra
decreases; the decrease being stronger, the higher the content of Mn atoms. This evidences
increasing effective density of s-electrons at >'Fe nuclei in such configurations.

It is found that the ratio of intensities of susbspectra describing different local atomic
configurations obtained for each particular spectrum differs from that expected for the cases of both
Mn substitution for Fe solely and equiprobable Mn occupation of both types of positions - Er and
Fe. A conclusion can be made that Mn atoms are distributed over both sublattices; yet, this
distribution is more complicated than an ordinary statistical substitution without formation of
vacancies.

99
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The research was carried out within the state assignment of Ministry of Science and Higher
Education of the Russian Federation (theme “Magnet”), supported in part by RFBR and
Government of Sverdlovsk Region (project No. 20-42-660008).

[1] V. S. Rusakov, V. S. Pokatilov, T. V. Gubaidulina, M. E. Matsnev, Phys. Met. Metalogr.
120, 339-344 (2019).

CBEPXTOHKHME B3AMMOJENCTBHUA B HECTEXUOMETPUUYECKHUX
COEAMHEHMSAX ErFe,Mny

C.IL. HayMOBl’Z*, H.B. MYH_IHI/IKOBl'Z, H.M. KneﬁHepMaﬂl, B.I'. Ceménos®

! HUncmumym uzuxu memannos um. M.H. Muxeesa YpO PAH, Examepunoype, Poccus
2 Ypanvckuii peoepanvruiii ynusepcumem, Examepunoype, Poccus

3 Canxm-Ilemepoypeckuii 2cocyoapcmeennuiii ynusepcumem, Caukm-Ilemepoype, Poccus
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Coenunenus RFe;, kpuctammsyroomuecs B KyOudeckyio a3y JlaBeca, axTHUBHO
WCCAeAyloTCsl  Ojaromapss ~ THUTAaHTCKOM ~ MArHUTOCTPUKIIMM W OOJIBIIONW  BEJTMYHMHE
MarHuTokanopudeckoro s¢pdekra. [Ipeamonaranoch, 4To Takue COECTUHEHHUS HE HCIBITHIBAIOT
OTKJIOHCHHUSI OT CTEXHOMETPHH, HO B TOCJEAHHE TOJbI ObUIH IMOJYYeHBI HECTEXHOMETPHUUECKHE
coenuHeHuil RFe;Mny, kotopble Takke Kpuctauusyrorcs B (a3y JlaBeca M JeMOHCTPUPYIOT
HEOOBIUYHBIC MATHUTHBIE CBOMCTBA.

B macrosmeii paGote momydeHsl - Fe wméccbayspockue cmextpsl  (Fig. 1)  HOBBIX
HecTexuoMeTpuueckux coeaunenuii ErFe;Mny (X = 0 - 0.4) ¢ kyOM4YecKo# CTPYKTYpO#, KOTOpPbIC
OblTu  00paboTaHbl B paMKax TEH30PHOW MOJENH OIMHMCAHHWS aHU30TPONUU CBEPXTOHKHUX
B3auMoiercTBuii [1].

B pesynbrare mokazaHo, 4TO yBeJIWYEHHE cojiep:kaHus MN BbI3bIBaCT yMEHBIIEHHE Kak
aHn30TpomHOM yactu cBepxTtoHkoro mois (CTII), koTopas okazamach MPAaKTHYECKH OJWHAKOBOM
JUTSI BCEX BO3MOXKHBIX OKpPY)KeHHI aToma Fe B kaxiaom obOpasie, Tak u uzoTpornHoi vactu CTII.
OHako M30TPOIHAS YacCTh OTIWYAETCS YISl PA3HBIX JOKAJIBHBIX OKPYXKECHUN "Fe (6e3 Mn,c 1,2,3
aromamu Mn). Kaxapiii nonoaHuTenbHbI atoM Mn B OmmkaiiiiieM OKpy)XeHHH Fe BbI3bIBacT
yMenblieHue u3otponHod yactu CTII Ha 23-24 k3, 4TO MO3BOJMIO OLEHUTH COOTBETCTBYIOIIEE
M3MEHEHHEe MarHUTHOro MoMeHTa Ha Fe — Apge = 0.16 pg/at.Mn.

Iokasano, uto Hanpasiaenne CTII Ha sapax ° Fe st BCeX 0OpasioB JEKHT B IUIOCKOCTH
(110) u me coBmamaer ¢ ocbio [111] snemeHTapHOW SYEHKH, a C yBEIHYECHHEM COICPIKAHUS
Mapraiia Bce Ooubllle OTKIOHSeTcss B cTopoHy [110], 4To MOXXET TOBOPUTH O CIHMHOBOM
MePEOPUEHTALIMYM MAarHUTHBIX MOMEHTOB aTOMOB F€ mpu 00aBiIeHUH MapraHia.

AHanu3 W30MEpHBIX CIBHUIOB TMOJCIEKTPOB, XapaKTEPU3YIOIIUX pPA3TMYHbIE aTOMHBIE
OKpY’KeHHs1 °' Fe, MOKa3aJI, 94To JUIsl BCeX 0OpPasIoB CABHT MOACIEKTPA, OMUCHIBAIONIEr0 OKPYKCHHS
6e3 Mn, octaeTrcsi 0IMHAKOBBIM, YTO TOBOPUT O HEU3MEHHOCTH SJIEKTPOHHOU CTPYKTYphl aTOMOB F€
B TakuX OKpyxkeHusx. Ilpu mosBrnenun atomoB Mn B OmmkaiiiieM OKpyXeHUH Fe M30MepHBIi
CIABHUT COOTBETCTBYIOIIMX IOJCIIEKTPOB YMEHbBINAETCS, MpPUYEeM, TeM CHIIbHee, yeM Oombine Mn
COJIEPKUT 00pazell. DTO CBUIIETENBCTBYET 00 yBennueHUU 3()(PEKTUBHON MIOTHOCTH S-3IIEKTPOHOB
Ha sIpax °'Fe B TAKHX OKPYKCHHSX.

CooTHolIeHHe UHTEHCUBHOCTEHN MOJCIEKTPOB, ONMUCHIBAIONINX PAa3IMYHbIe THIBI JTOKATbHBIX
OKpYKEHUU aTOMOB F€, B paMKax KaXkJIoTO OTAEIbHOT0 MECCOAYIPOBCKOTO CIIEKTPA OTIUYAETCS OT
TOT0, YTO CJIEIOBAJIO OBl 0KMIATh KaK MPHU 3aMEIICHHH MapraHileM TOJbKO Mo3uiuii Fe, Tak u mpu
PaBHOBEPOSATHOM 3aMelleHnu atomamu Mn oboux TumoB mo3uruii - Er u Fe. Moxno caenath
BBIBOJI, UTO aToMbl MN pacmpenenstorcs mo o0erM MOJIpenieTkaM, HO 3TO pacrlpeesieHue HOCHT
0oJiee CIOXKHBIN XapakTep, 4eM MPOCTOe CTATUCTUIECKOE 3aMelieHne 0e3 00pa3oBaHus BaKaHCHH.

PaGota BhIMONTHEHAa B pamMKax TOCYJapCTBEHHOTO 3amanus MuHoOpHayku Poccum (Tema

«MaruuT») npu yactuyHoit nojuepxkke POOU u IlpaButensctBa CBEpIOBCKOM 001acTH (IPOEKT
Ne 20-42-660008).
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FEATURES OF SPATIAL SPIN-MODULATED STRUCTURE IN
MULTIFERROICS Bi1xSryFeOs., (X = 0-0.1)

V.S. Pokatilov'”, V.S. Rusakov?, A.M. Gapochka?, A.O. Makarova®

'MIREA- Russian Technological University, Moscow, Russian Federation
2M.V. Lomonosov Moscow State University, Moscow, Russia
*e-mail: pokatilov@mail.ru

The report presents the results of a study of the nature and mechanisms of the formation of a
spatial spin-modulated structure (SSMS) of cycloid type, local atomic, valence and magnetic states
of iron atoms in multiferroics based on BiFeOs — in substituted ferrites Bi;.xSryxFeOs., (x = 0+0.1).
Single-phase samples were obtained by solid-state synthesis. X-ray diffraction studies performed on
a MiniFlex 600 diffractometer showed that the samples had a rhombohedral structure.

Model fitting of the Mossbauer spectra of samples of the Bi;SrxFeOs., (x = 0+0.1) system,
obtained at room temperature, was carried out within the framework of the anharmonic spin
modulation (ASM) model realised in the SpectrRelax program [1]. For an adequate description of
the Mossbauer spectra, the existence of various states and positions of trivalent iron cations with
six, five and four oxygen atoms in the nearest atomic environment (octahedral, pyramidal and
tetrahedral oxygen environments) were taken into account. These iron cations corresponded to three
partial spectra in the model of a single anharmonic spin wave, in which the spins of all iron atoms
take part.

It was found that in the studied multiferroics Biy.xSrxFeOs., (x = 0+0.1) there is a cycloid-type
SSMS. The spin wave anharmonicity parameter m is determined, which increases with increasing
Sr concentration from m = 0.115 at x = 0 to m = 0.46 at x = 0.1. In BiFeOs ferrite, there is a
magnetic anisotropy with a positive effective magnetic anisotropy constant Keg > 0. It is found that
the substitution of trivalent Bi atoms with divalent Sr atoms increases the magnetic anisotropy
constant Ker from 0.57 erg/cm® (at x = 0) to 2.14 erg/cm® (at x = 0.10). As the estimates of the
contributions to Kes have shown, the growth of K¢ with an increase in x is due to an increase of the
contribution of uniaxial magnetic anisotropy K,, which is typical for an antiferromagnetic system in
which there is no skew of magnetic sublattices.

The concentration dependences of the isotropic His and anisotropic Ha, of hyperfine magnetic
fields, the isomer shift 8, and the lattice contribution g5 to the quadrupole shift of the Mdssbauer
spectrum components for °’Fe nuclei in multiferroics Bi1xSrxFeOs., (x =0+0.1) at room
temperature are obtained. There are three groups of parameters His, &, and g corresponding to
trivalent iron atoms in octahedral, pyramidal, and tetrahedral oxygen environments.

The work was supported by RFBR grant No. 20-02-00795. The authors thank M.V.
Lomonosov Moscow State University for updating the equipment for scientific research used in the
performance of the work.

[1] M.E. Matsnev and V.S. Rusakov, AIP Conference Proceedings 1622, 4049 (2014).
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OCOBEHHOCTM ITPOCTPAHCTBEHHOW
CIIAH-MOJYJIMPOBAHHOWM CTPYKTYPBI B MYJIbTU®EPPOUKAX
Bi1,SrFeOs, (X = 0+0.1)
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B pokmage nmpencTaBieHbl  pe3yNbTaThl  MCCIENOBAHUS NPUPOABI U MEXaHU3MOB
(dbopMHUpOBaHMSI MPOCTPAHCTBEHHOW cnuH-MoAynupoBaHHON cTpykTypsl (IICMC) nukimouaHoro
TWTA, JIOKAJTHHBIX AaTOMHBIX, BAJCHTHBIX W MAarHUTHBIX COCTOSIHUHA aTOMOB IKelie3a B
MmynbTH(Eepporkax Ha ocHoBe BiFeOs; — B 3amemennbix ¢eppurax BiixSrkFeOs., (x = 0+0.1).
OpHodasHble 00paslbl MOJYyYEHbl METOJOM TBEPAOTEIBHOIO CHHTE3a. PEHTreHOCTpYKTypHBIE
UCCIIeI0OBaHus, BbINOJHEHHbIE Ha nudpakromerpe MiniFlex 600, nmokazanu, 4ro 0Opasibl UMeEIH
POMOOIIPUUECKYIO CTPYKTYPY.

MonenbHass 00paboTka MeccOaydpOBCKHX CHEKTpOB 00pasnoB cucteMsl BiySryFeOs.,
(x =0+0.1), mnodydYeHHBIX TpPH KOMHATHOW TeMIeparype, IpOBeACHA B paMKax MOJIEIH
aHrapMOHHUYECKON crHOBO#M Moayssinuu (ASM), peanu3oBanHO# B mporpamme SpectrRelax [1].
Jj1g afieKBaTHOTO OMHUCAaHUSI MeccOayIPOBCKUX CIIEKTPOB YUUTHIBAIOCH CYIIECTBOBAHUE PA3IUUHBIX
COCTOSIHUHM W TIO3HMITUH TPEXBAJICHTHBIX KaTHOHOB JK€JIe3a C MIECTHIO, MSTHI0 U YETHIPEMSI aTOMaMHU
KUCIIOpOJa B ONmkailieM aTOMHOM OKpYXeHHH (OKTadqpUYECKOM, MHPAMHUJAILHOM |
TETPAdAPHUCCKOM KHUCIOPOIHOM OKPYKEHHSIX). DTHM KaTHOHAM JKelie3a COOTBETCTBOBAIHM TPH
MapUHAIbHBIX CIEKTpa B MOJCIHM €IMHON aHrapMOHUYECKOW CIHWHOBOW BOJIHBI, B KOTOpPOH
MPUHUMAIOT YYaCTHE CIIMHBI BCEX aTOMOB XKele3a.

VCTaHOBJICHO, 4YTO B HCCIIEAOBAaHHBIX MynbTHepponkax BiixSrFeOs, (x = 0+0.1)
cymectByeT [ICMC nuknougHoro tumna. OnpeaesieH napaMeTp aHrapMOHU3Ma CIIMHOBOM BOJIHBI M,
KOTOPBIH C YBEIMUYCHHUEM KOHIEHTpamuu Sr yBenuduBaercs oT M = 0.115 npu x = 0 mo m = 0.46
mpu x = 0.1. B deppure BiFeOs3 cymectByeT MarHuTHas aHM30TPOIUU C TOJOKUTEIHLHOMN
3¢ exkTUBHONW KOHCTAaHTOW MarHuTHOW aHu3zoTponuu Ke > 0. YcTaHOBIEHO, YTO 3aMeIIcHUE
TPEXBaJICHTHBIX aTOMOB Bi IByXBaJe€HTHHIMU aTOMaMH St KOHCTAHTa MAarHUTHON aHU30TpOIUH Keft
yBenuunBaercst ot 0.57 spr/em® (pu x = 0) o 2.14 spr/em® (pu x = 0.10). Kak nokasanm oueHKH
BKJIAJIOB B Kiff, pOCT Keff IPU YBEIMYEHUHM X OOYCJIOBJIEH POCTOM BKJIaJa OJHOOCHOM MarHUTHOU
anuzoTponuu K, kotopas TUIHWYHA A aHTHU(PEPPOMArHUTHOW cucTeMbl 0€3 CKOca MarHUTHBIX
MOIPEIIETOK.

[TomyueHsl KOHIEHTPALMOHHBIE 3aBHUCUMOCTH H30TpomHOoro His u anuzorpomHoro Hap
CBEPXTOHKHX MArHUTHBIX IOJIEH, CABUTa MeccOay pOBCKOTO CHEKTPa & M PEUICTOYHOTO BKIAJA Ejat
B KBaJPYIOIBHOE CMCIICHHE KOMIIOHEHT MeccOaydpOBCKOTO CIEKTpa i sgep - Fe B
mynbTudepponkax BiiSrFeOs., (x =0+0.1) npu xoMHaTHOW Temmeparype. HaGmonarorcs Tpu
TPYIIBI 3HaYeHU mapamMeTpoB His, O U €jar, COOTBETCTBYIOIIUX TPEXBAJCHTHBHIM aTOMaM JKeje3a B
OKTadIpUUECKOM, MUPAMUAATHEHOM U TETPAIIPUUECKOM KUCIOPOIHBIX OKPYKEHHUSIX.

Pabora BeimosHeHa npu noanepxke PODU, rpant No. 20-02-00795a. ABTops! Gimarogapst
MoOCKOBCKHH TOCYAapCTBEHHBIH yHHMBepcutreT uM. M.B. JlomoHocoBa 3a OOHOBIEHHE
000pyJ0BaHUs AJIs1 HAYYHBIX UCCIIEI0BAHUI, CTIOIB30BAHHOTO MIPU BBIOJHEHUH PAOOTHI.
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EFFECT OF HEAT TREATMENT ON THE STRUCTURE AND MAGNETIC
STATE OF TERNARY MECHANICALLY SYNTHESIZED
FegsAlss«Bx (X = 5, 10 at.%) ALLOYS

A.G. Ivanova®”, E.V. Voronina®, A.F. Abdullin®, A.K. Arzhnikov?

'Kazan Federal University, Kazan, Russia
2Udmurt Federal Research Center, Izhevsk, Russia
*e-mail: 19ivanova91@gmail.com

The inherent magnetic inhomogeneities is one of the leading motivations for a detailed study
of a whole group of materials actual for magnetoelectronic technologies. One of these groups are
Fe-Al alloys [1, 2]. Most of studies are devoted to the magnetic behavior of Fejg.xAlx — based
alloys, x = 30+50 at.% AL It was shown in [3] that the addition of a small amount of boron (<1
at.%) to the FessAlys binary alloy and subsequent heat treatment significantly improve its
mechanical properties.

The purpose of present work is to study the effect of the boron addition into the binary alloy
FegsAlss and to find the influence of the heat treatment on structure and magnetic properties of the
ternary mechanically alloyed from the elemental constituents powders FegsAlssxBx (X = 5, 10 at.%).
The synthesized disordered nanocrystalline and ordered alloys were studied by X-ray diffraction,
Mossbauer spectroscopy and magnetic measurements. Theoretical calculations of local magnetic
characteristics were performed within the the density functional theory [4].

Figures 1 and 2 show X-ray diffraction patterns and Mossbauer spectra of the FegsAlzoBs
alloy after mechanical alloying and subsequent annealing of different durations at different
temperatures. Annealing at 400°C for 2, 4, and 32 h made it possible to obtain ternary ordered
alloys FegsAlss<Bx (X = 5, 10 at.%) in a single-phase state. An analysis of the Mdssbauer spectra
measured at different temperatures (4.2-300 K), together with the data of magnetic measurements,
indicates that the dominant magnetic phase of the ternary alloys under study is ferromagnetic.
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Fig. 1. X-ray diffraction patterns of the FegsAl3Bs alloy Fig. 2. Room temperature Mossbauer spectra for
after mechanical alloying and subsequent annealing of the FegsAlgBs alloy after mechanical alloying
different durations at different temperatures. and subsequent annealing.

In order to interpret the Mdssbauer spectroscopy results, ab initio calculations were
performed. It was found that when B atoms are added to the D03 Fe-Al supercell, the local
symmetry inside the cell reduces. This results in an increase in the distances between Fe atoms and
in growth of local magnetic characteristics, as a consequence. The *'Fe HFF calculated under the
assumption that boron atoms occupy, as lattice sites as interstices, made it possible to explain and
approximate the Mossbauer spectra of the Fe-Al-B system.
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BJIUSHUE TEPMOOBPABOTKHN HA CTPYKTYPY U MATHUTHOE
COCTOSIHUE TPOMHBIX MEXAHOCHHTE3UPOBAHHBIX CIIJIABOB
Fee5A|35_XBX (X =35, 10 ar. %)

A.T. Upanosa® , E.B. Boponnna', A.®. A6aymmn’, AK. Ap)KHI/IKOBZ

'Kazanckuii gedepanvuviii ynueepcumem, Kazanw, Poccus
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EcTecTBeHHOE TPHCYTCTBHE MAarHUTHBIX HEOJHOPOTHOCTEH SBISCTCS OTHOW W3 BEIYIIUX
MOTHBAIIMM  JICTAIGHOTO  W3y4YCHWS  IIEJIOM  TPYNIBl  MaTepUaloB  aKTyaJdbHBIX IS
MarHUTORIEKTPOHHBIX TexHosoruid. OmHy M3 TaKMX Tpymn npejactaBissor cruasel Fe-Al [1, 2].
BonbIIMHCTBO PabOT MOCBSAIIEHO MArHUTHOMY ITOBEJCHHUIO CIUIAaBOB Ha OCHOBe FeigoxAlx B
nuana3zoHe koureHtpanuid X = 30 +50 at.% Al B pa6ote [3] Obl10 mokazaHo, 4TO A00aBIICHHE
HeOobIIoro KosmdyectBa 6opa (< 1 at.%) B 1BoiiHO#M crutaB FessAlys 1 mocieayroras TepMudeckas
00paboTKa 3HAYNTEIHHO YIIYUIIAIOT €r0 MEXaHUYECKHUEe CBOMCTBA.

enpto maHHOW paboOTHI sBISIETCS W3ydeHHE d(dQexTa BBeACHUS Oopa B JBOWHOM CILIaB
FeesAlss v BIMSHUSA YCIIOBHH TepMHUYECKOH 0OpabOTKM TpPOMHBIX MEXaHOCIUIABJICHHBIX M3
AIIEMEHTAPHBIX KOMIIOHEHTOB MOPOMKOB FegsAlssByx (X =5, 10 ar.%) Ha WX MarHUTHOE H
CTpyKTypHOE cocTosiHUs. CHHTE3MpOBaHHBIE PA3yMOPSIOUYEHHbIE HAHOKPUCTAJUIMYECKUE U
YOOpSAJOYEHHBIE  CIUIaBbl  HCCJIENOBAIMCH  METOJAaMU  PEHTICHOCTPYKTYPHOTO  aHaju3a,
MeccOay?pOBCKON CIIEKTPOCKONUY U MAarHUTHBIX U3MepeHui. TeopeTndeckne pacueTsl JIOKaIbHBIX
MarHUTHBIX XapaKTEPUCTUK ObLIH BBITIOJIHCHBI B paMKaX TEOPUHU QYHKIIMOHANA TUIOTHOCTH [4].

Ha pucynkax 1 u 2 npuBeneHbl PEHTTEHOBCKUE IUGPAKTOrpaMMbl M MeccOayIpoBCKUE
ciektpbl  criaBa  FegsAloBs, coOTBeTcTBeHHO, MOCHE MEXaHHYECKOro — CIUIABJICHUS W
MOCJIEAYIONIEr0 OTKUIa Pa3HOW JJIUTEILHOCTH MPU PAa3IMYHbIX Temreparypax. Omxkur mpu 400°C
B TeyeHue 2, 4, 32 4 MO3BOJIMII MOJYYUTh TPOMHBIC ymopsaodeHHble cutaBbl FegsAlssxBy (X = 5,
10 at.%) B omHOoda3zHOM cocTOsiHMU. AHalU3 MeccOaydpPOBCKHX CIIEKTPOB, H3MEPEHHBIX IpHU
paznuunbix Temmnepatypax (4.2-300 K), B COBOKYMHOCTH C JaHHBIMH MAarHMTHBIX H3MEPEHHI
CBUJECTEIBCTBYET O TOM, YTO JOMHUHHPYIOIIas MarHuTHas (aza UCCIEeTyeMbIX TPOWHBIX CIIJIABOB —
(beppomMarHuTHasl.

C menpi0 HMHTEpPHpETAUH MeccOayIpoBCKUX CIeKTpoB FegsAlss.xBx ObUIM  BBITOJTHEHBI
pacueTsl M3 TEPBBIX MPUHIIUIIOB, KOTOpPbIE TOKa3alu, 4To mpu nobaBineHun atromoB B B D03
cBepxsueiiky Fe-Al nokangpHas CHMMETpUS BHYTPU SYCHKM TOHIDKAETCS. IJTO MPUBOJUT K
YBEIIMYEHHUIO PACCTOSTHUI MEXIy aToMaMH Fe u, Kak CIeACTBHE, K POCTY JIOKAIbHBIX MAarHUTHBIX
xapakrepructuk. CTMII Ha siape °'Fe, paccdyMTaHHbIE B TMPEANOIOKEHHH, YTO aTOMBI 0Opa
3aHMMAIOT, W Y37bl PEIIETKH W MEXKJIOY3JTHs, MO3BOJIMIA OOBSCHUTH M aNIpPOKCHMHPOBATH
MeccOayIpoBCKHe CIEKTPhI cucteMbl Fe-Al-B.
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RELAXATION PROCESSES OBSERVED IN Ca- AND Sr-DOPED
LANTHANUM MANGANITES REVEALED BY *’Fe MOSSBAUER
SPECTROSCOPY AND MAGNETIC MEASUREMENTS

D.I. Pchelina'”, V.D. Sedykh? N.I. Chistyakova®, Yu.A. Alekhina’,
A.N. Tselebrovskiy®, V.S. Rusakov’

' omonosov Moscow State University, Moscow, Russia
?Institute of Solid State Physics, RAS, Chernogolovka, Russia
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Doped lanthanum manganites La;.xAxMnO, where A is a divalent alkali-earth metal ion Ca*",
Sr* or Ba®", are of great interest due to the wide diversity of physical properties exhibited [1-3].
Varying over a wide concentration range and the type of doping element A significantly changes the
properties of these materials, which leads to the formulation attractive problems in the physics of
strongly correlated systems, including the mechanisms elucidation of the relationship between their
crystal structure and magnetic properties. There are still questions about appearance of the
spontaneous magnetization in doped lanthanum manganites, mechanisms of the onset of magnetic
phase transitions, and the nature of relaxation processes.

In this work, investigations of the aliovalent-doped lanthanum manganites La;.xAxMnQOs.;
(A =Ca, Sr; x = 0.05, 0.10, 0.20) prepared by sol-gel method followed with heat treatment (non-
stoichiometric and stoichiometric composition) in the temperature range with the magnetic phase
transitions temperatures were carried out, including magnetic measurements and >’Fe Mdssbauer
spectroscopy (Fig. 1).

All studied lanthanum manganites of non-stoichiometric composition are single-phase with a
rhombohedral structure (sp. gr. R-3c), which undergo a transition from the ferromagnetic to the
paramagnetic state at temperatures from 186 to 274 K for the Sr-doped system, and from 214 to
225 K — for Ca-doped system. Vacuum annealing at 650°C of nonstoichiometric doped lanthanum
manganites leads to the formation of phase-separated systems, which are complex of orthorhombic
phases (sp. gr. Pnma) with different ferromagnetic and antiferromagnetic positions of the spin
moments of Mn. The Curie and Neel temperatures for such systems are in the range from 146 to
188 K and from 119 to 134 K, respectively.

In all studied systems, nanosized ferromagnetic clusters with fluctuations of their magnetic
moment were observed. The formation of clusters occurs due to the presence of competing ferro-
and antiferromagnetic interactions, leading to the frustration of the magnetic moment of the cluster,
which causes its relaxation behavior. The size of ferromagnetic clusters in the superparamagnetic
state calculated, the size varies within 3-6 nm. The size of the clusters for ferromagnetic phases
does not depend on the A content. Phases with antiferromagnetic ordering are characterized by a
smaller cluster size.

The young scientist is a scholarship holder of the Foundation for the Development of
Theoretical Physics and Mathematics "BASIS" Ne21-2-2-37-1.
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Fig. 1. "Fe Mdssbauer spectra of Lag g5CagosMnOs.; measured at 300 K, 80 K and 5 K.
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PEJIAKCAIIMOHHBIE ITPOIIECCHI, BBISIBJIEHHBIE B Ca- U Sr-
JET'MPOBAHHBIX MAHT'AHUTAX JIAHTAHA METOJAMM
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WNuTepec k Manranutam JaHTaHa La;xAxMnOs, nermpoBaHHBIX MIEIOYHO3EMETbHBIMH
SJICMCHTAMHA Ca2+, Sr** Ba2+, CBsA3aH C OOJBIIMM pa3HOOOpazueM MpPOSBISEMbIX HMHU
¢u3mueckux cpoictB [1-3]. BappupoBaHuMe B MIMPOKHX MpeAeiaX KOHICHTPAIMid H THUIA
JIETUPYIOMIETO dJIeMeHTa A CyIeCTBEHHO MEHSIET CBOMCTBA JIAaHHBIX MATEPHUAJIOB, YTO MPUBOJIUT K
MMOCTAHOBKE Psi/la MHTEPECHBIX 3a/1ad B (PU3MKE CHIIBHOKOPPEITMPOBAHHBIX CHCTEM, B TOM YHCIIC
BBISICHCHHE MEXaHHU3MOB B3aMMOCBSI3H MEXKy MX KPUCTAUTMYECKOW CTPYKTYpOW W MarHUTHBIMHU
cBoiicTBaMM. Jl0 CHUX mTOp OCTalTCA BOMNPOCHl O MPUYMHAX TMOSBJICHUS CHOHTAaHHOMN
HAaMarHM4E€HHOCTU B CHUCTEME JICTUPOBAHHBIX MAHTAHUTOB JIAHTAHA, MEXaHW3MaX BO3HHUKHOBEHMUS
MarHuTHBIX (Da30BbBIX MIEPEXOJA0B U MIPUPOJIE PETAKCATUOHHBIX MTPOLIECCOB.

B nanHolt paboTe mpoBeNeHBI MCCIENOBaHHWSA, BKIIIOYAIONIME MAarHUTHBIE W3MEpPEHUs Hu
30HIOBYIO MeccOaydIPOBCKYIO CIIEKTPOCKOIIHIO Ha siipax ° Fe atomos Fe (Puc. 1), retepoBaleHTHO
JICTUPOBAHHBIX MaHTaHWTOB JaHTaHa La;AxMnOss (A = Ca, Sr; x = 0.05, 0.10, 0.20),
CUHTE3UPOBAHHBIX 30Jb-T€b METOJIOM C TOCHeAYIOIle BaKyyMHOW TepMOOOpaboTKOH
(HECTEeXMOMETPUYECKOTO0 M CTEXMOMETPUYECKOTO COCTAaBOB), B JMala3oHE TeMIleparyp,
BKJIIOYAIOLIEM TeMIIepaTypbl MarHUTHBIX ()a30BbIX IEPEXOJIOB.

Bce wuccnenoBaHHble MaHTaHUTHI JIaHTaHa HECTEXHOMETPUUYECKOTO COCTaBa  SIBIISIFOTCS
0HO(Da3HBIMH ¢ POMOOSAPUUECKON CTPYKTYypoi (mp. rp. R-3C), KoTophlie MpeTepneBaroT Mepexo
13 (GEeppOMarHUTHOrO B TapaMarHUTHOE COCTOSHUE TpH Temmeparypax oT 186 mo 274 K s
COCJIMHEHMS, JISTUPOBAHHOTO aroMaMu CTpoHuMs, U oT 214 no 225 K — aromamu KajbIus.
Bakyymubsiii oTxkur npu 650°C nerupoBaHHBIX MAaHTAHUTOB JIaHTaHAa HECTEXHOMETPHUYECKOTO
cocTaBa MPUBOTUT K (opMupoBaHHIO (PA30BO-PACCIOCHHBIX CUCTEM, MPEICTABISIIOIIMX COOOMU
COBOKYITHOCTH opTopoMOudeckux ¢a3 (mp.rp. Pnma) ¢ pasabiM  (eppoOMarHUTHBIM U
aHTU(EPPOMArHUTHBIM PACIOJIOKEHUEM CIUHOBBIX MOMEHTOB aTOMOB Maprasua. TemmepaTypbl
Kropu u Heenst nnst Takux coequHeHnid Haxoastcst B uHTepBane ot 146 o 188 Ku ot 119 go 134 K
COOTBETCTBEHHO.

Bo Bcex wuccnemoBaHHBIX oOpa3nax oOHapyXeHbl HaHOpa3MepHble (GeppoMarHUTHBIE
KJacTepsl ¢ (payKkTyalmel ux MarHuTHOro MoMeHTa. O6pa3zoBaHue KIACTEPOB MPOUCXOIUT 33 CUET
HaIW4Yusl KOHKYpHUPYIOMIHNX (eppo- U aHTU(EePPOMArHUTHBIX B3aUMOJICHCTBUM, MPUBOIAIIUX K
(bpycTpaluu MarHUTHOTO MOMEHTA KJIacTepa, YTO 00yCIaBIMBAET €r0 pelaKCallHOHHOE MTOBECHHE.
[IpoBenen pacuer pa3mepoB (EppPOMATHUTHBIX KJIACTEPOB B CyNEpriapaMarHUTHOM COCTOSIHHH,
BEITMYMHA KOTOPBIX BapbuUpyeTcs B mpeaenax 3+6 HM. Pa3smep kmactepoB mis GpeppOMarHUTHBIX
da3 He 3aBUCUT OT COJEpXKaHUsS Jerupyromero sneMmeHta. ®a3pl ¢ aHTHHEPPOMATHUTHBIM
YHOPSAJI0YEHUEM XapaKTEPU3YIOTCSI MEHBLIUM Pa3MepOM KJIacCTEPOB.

JA.UN. Tuenuna sBusercs crtuneHguaroM @oHna pa3BUTHS TEOPETUUYECKOH (GU3MKH U
maTematuku «bA3UCy» Ne21-2-2-37-1.
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Various nanosized spinel ferrites demonstrate interesting magnetic and electrochemical
properties and these ferrites are widely used in different industrial and research applications. Their
magnetic properties depend on various factors including preparation due to effect on the iron local
microenvironments in spinels. Therefore, some nanosized spinel ferrites, namely, NiFe;Oy,
CuFe,04 and MgFe,0,4 were studied using Mdssbauer spectroscopy with a high velocity resolution
and binomial calculations for analysis of the iron local microenvironments.

All these ferrites nanoparticles samples were synthesized using one of a known combustion
method with differences in synthesis conditions (fuel, temperature) [1-3]. The room temperature
Mossbauer spectra of these spinel ferrites are shown in Fig. 1. These spectra were decomposed
using larger number of magnetic sextets than in the case of the spectra measurement with a low
velocity resolution. Basing on the values of isomer shift 6 and magnetic hyperfine field Hes,
magnetic sextets were assigned to the °’Fe in the tetrahedral (A) and octahedral [B] sites,
respectively. The presence of several magnetic sextets attributed to the (A) and [B] sites in each
spinel were considered as a result of different iron local microenvironments in these sites in
NiFe;04, CuFe,0O4 and MgFe,0, spinels.
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Fig. 1. Room temperature Mdssbauer spectra of NiFe,0,, CuFe,O4 and MgFe,O,4 nanoparticles. Indicated
components are the results of the best fits. The differential spectra are shown on the bottom.
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To check this suggestion the binomial calculations of the Fe** local microenvironments in
both (A) and [B] sites in the ideal crystals of NiFe,0,4, CuFe,O4 and MgFe,O,4 were carried out. All
these crystals have inverse spinel structure with 8 (A) and 16 [B] positions for metal cations. In
NiFe,O, samples Fe** cations occupy both [B] and (A) sites while Ni?* cations occupy the [B] sites
only. CuFe,0, and MgFe,0, has the inverse spinel structure also where Cu®*, Mg?* and Fe** cations
occupy both the (A) and [B] sites. Inversion parameter for CuFe,O, is 0.125 whereas for MgFe,O,
—0.9. Calculations showed that the minimal radius of coordination sphere when [B] sites are around
both (A) and [B] sites is 3.5 A for NiFe,O4 and 3.7 A for CuFe,0, and MgFe,0,. The variations of
metal cations in local microenvironment of the Fe**a and Fe*'s resulting in different values of Hes
on the *'Fe nuclei in both sites. Comparison of the histograms of the relative areas of magnetic
sextets in the order of Hes decrease and reliable probabilities of different numbers of Ni?* cations in
the Fe** local microenvironments demonstrates some correlations [1]. Similar correlations were
observed in the calculations for CuFe,O,4 and MgFe,O,.

Thus, the Mdssbauer spectra of NiFe;Os, CuFe;O, and MgFe;O, nanoparticles were
decomposed with a larger number of magnetic sextets related with a presence of distribution of
metal cations in tetrahedral (A) and octahedral [B] sites in spinel ferrites.

Acknowledgement. This work was supported by the Ministry of Science and Higher
Education of the Russian Federation (Project Ne FEUZ-2020-0060).
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®EPPUTAX: HCCJEJOBAHUE METOJIOM MECCBAY3POBCKOM
CIIEKTPOCKOIIUH

M.B. yHIaKOBl*, P. Kamai CeJ'II)BaHZ, M.N. OHJTpax1

1Kaqbedpa aKCnepumenmanbro usuxu, DuzuUKo-mexHoI02udecKull uHcmumym, Ypanocxuti
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Hanopa3smepHbie (eppuThl 00J1a7af0T WHTEPECHBIMU MATrHUTHBIMU ¥ AJICKTPOXUMHUYECKUMU
CBOWCTBAMHM M TIOOTOMY INHPOKO HCIIOJB3YIOTCS B PA3JIMYHBIX OONACTAX HAYKA W TEXHHKH.
MarHuTHBIE CBOMCTBA ()EPPUTOB 3aBHCST OT Pa3IMIHBIX (DAKTOPOB, BKITFOYAS YCIOBUS CUHTE3a, KaK
pe3ynbTaT Bce 3TH (aKTOpPhl OKa3bIBAIOT BIUSHHE Ha JIOKAJTHHOE OKPY)KEHHE HOHOB JKelie3a B
¢depputax. [ns m3yueHus BIMSHUS YCIOBUH CHHTE3a Ha JIOKAJbHOE OKPYXEHHE HMOHOB JKeje3a
Obutn TpoBedeHbl ucchaenoBanus HanouacTuir NiFe;Os CuFe;Os um MgFe04 metomom
MeccOayIpOBCKON CIIEKTPOCKOIIMHM C BBICOKMM CKOPOCTHBIM DPa3pelicHHEM, a TakKe MOCTPOCHO
pacrpeiesieHie HOHOB MeTaJuIoB 1o no3uiusMm A u B B deppurax.

PaccmarpuBaembie B paboTe oOpasibl HaHodacTHI] (eppuToB [1-3] ObUIH MOTydEeHBI METOI0OM
C)KUTAHUSI HHUTPAT-OPTaHUYECKUX TPEKYPCOPOB, OTIMYUS OBUIM B YCIOBHUSIX CHHTE3a (TOILIHBO,
Temmepatypa). MeccbayspoBckue criekTpbl 00pasmnoB Hanouactuil NiFe,04, CuFe,O4 u MgFe, 0y,
W3MEpPEHHbIE MPM KOMHATHOM TeMmmepaType mpuBeacHsl Ha Fig.l. DTu cHekTpsl ObLIH
aNMpPOKCHMUPOBaHbl OOJIBIIMM YHCIOM MarHUTHBIX CEKCTETOB IO CPABHEHUIO CO CIEKTPaMH,
U3MCPCHHBIMH € HH3KHM CKOPOCTHBIM ~DaspCICHHEM. [TonydeHHbIE TIpU  aNIpPOKCUMAIIAN
MarHUTHBIE CEKCTEThI ObLIIM CBA3aHbI C sapamu ~ Fe B TeTpasapuueckux (A) u okrasapudeckux [B]
MO3UIIMSAX HAa OCHOBE 3HAUCHHH HM30MEPHOTO CIBUTA O M MAarHUTHOTO CBEPXTOHKOTO TOJS Hefr.
Hanuune HECKOJIBKAX MAarHUTHBIX CEKCTETOB, CBs3aHHBIX ¢ mosuimsiMu (A) u [B] sBistercs
PE3y/IBTATOM ~ HEOTHOPOAHOCTH JIOKAIBHOTO OKDPYKEHHS ' Fe, CBS3aHHOM C  HAIHYHEM
pacrpeeieHieM KaTHOHOB METaJlIoB 1Mo mo3uiiusM (A) u [B].

Jlisi TpOBEpKH 3TOTO  MPEIIOI0KCHUs ObUIN PacCUNTanbl BEPOSTHOCTH H TOCTPOCHO
OMHOMHUAIBHOE pacnpeeNieHue s JOKATbHOTO OKPY>KEHUs Fe** B mosummsx (A) u [B] B NiFe,0s,
CuFe;04 u MgFe;04. Kpucramn NiFe;O4 00651a1a50T CTPYKTYpO# MOJHOCTHIO HHBEPCHOM H_Il'II/IHeJ'II/I
¢ 8 (A) u 16 [B] mo3unmsimu st KAaTHOHOB MeTajlIa B 3JIeMeHTapHoOl sueiike. Katnous: Fe** MOTYT
sanuMath nosuuun (A) u [B], a Ni** — tonsko mosuuuu [B]. KpI/ICTaJ'IJ'ILI CuFe;0,4 I/I MgFezO4
SBISIIOTCS HE MOMHOCTBIO MHBEPCHOM IIMHHENbIO, B HHUX KaTHoHsl Cu®*, Mg® u MOTYT
3aHMMaTh Kak no3unuu (A), Tak u [B]. Bennunna kosddunmenta nHBepcun A CuFezo4 —0.125,
s MgFe;O4 — 0.9. MoaenupoBaHue KpHCTaUIOB, MOKa3aao, YTO ONTHMAIBHBIM IS aHalu3a
JIOKAJIbHOTO OKPY)KEHHUs SIBJISETCSl BBIOOP C(pep ¢ pamycom 3 5 A nna NiFe,Os u 3.7 A nna
CuFe,O4 u MgFe,O4. Pactipenenene noHoB Ni?* Cu Hu Mg o no3unmsaM A u B B nokaasHOM
OKpY)KEHUM S1Ep >"Fe okasbIBaeT BIIHMSHIE HA BeJ‘II/I‘II/IHy MarHUTHOTO CBEPXTOHKOTO MOJIs Hefr simep

Fe B o6enmx mnosumusx. CpaBHEHHE THCTOrPAMM OTHOCHTEIBHBIX IUIOIIANCH MATHUTHBIX
CEKCTETOB, PACMONOKEHHBIX B MOPSJIKE YMEHBIICHHA BEMMIMHbI MATHUTHOTO CBEPXTOHKOrO MOIA
Heft ¥ BeposSITHOCTEH pasmiaHoro umcia katnosoB Ni°* B oKalbHOM OKpykeHHH KaTHOHOB Fe**
MOKAa3bIBAIOT CXOXKUH XapakTep I/I3MeHeHI/II/I [1]. Ananoruunsie cBsi3u MEXAY Heff 1 BEpOSTHOCTSIMU
pasmuaHOro unca katonoB Cu”* u Mg?* Gbimn obHapyxens! i s CuFe,O4 n MgFe;O,.

Takum oOpa3om, meccOayspoBckue crekTpbl oOpasioB Hanouactul] NiFe;O4, CuFe;Os u
MgFe;O4 ObLTM anMmPOKCUMUPOBAHBI OOJILIITUM YHCIOM MAarHUTHBIX CEKCTETOB, YTO CBSI3aHO C
HaJIMHEM PACTIPEAENEHHA KATHOHOB METAJLIOB IO TETPAsAPHIECKUMH (A) u oktasapuueckumiu [B]
B OKPYKCHHH S7EP *"Fe,
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°’Fe PROBE MOSSBAUER STUDY OF MAGNETIC PHASE TRANSITIONS
IN BINARY PHOSPHIDES OF TRANSITION METALS

. Silkin", I. Presnyakov, |. Morozov

Department of Chemistry, Moscow State University, Russia
*e-mail: ilia.silkin@chemistry.msu.ru

Binary phosphides of transition metals (CrAs, MnP, FeP, WP) are of great interest due to their
complex magnetic and crystallographic phase transitions, particularly concerning an unusual
double-helix type of magnetic ordering. CrAs, MnP, WP were also reported to become
superconducting via the application of external pressure in close proximity to magnetic order [1].
Application of hydrostatic pressure, external field, or temperature can induce or suppress magnetic
phase transitions in these compounds. This suggests a delicate balance of competing magnetic
interactions.

For a detailed description of the complex behavior of MnP we use Mdssbauer spectroscopy
on a °"Fe probe nuclei introduced in trace amounts (Mng.ggs>' Feo.005P) to the MnP structure to study
the hyperfine interactions in a wide temperature range including the temperatures of phase
transitions Ty, T*, and Tc. A synthetic approach, based on the fact that monophospides have a
much higher thermal stability than diphosphides, was applied for the first time. Mdssbauer spectra
measured at T < Ty are analyzed with a model proposed in our previous work [2] and tested on FeP.

Our study indicates that >’Fe probes can be used as “local” sources of information about the
magnetic structure of MnP. The hyperfine interaction parameters of *>'Fe probe atoms are very
sensitive to changes in the magnetic ordering of the manganese sub-lattice and reflect parameters of
magnetic phase transitions. Mdssbauer spectra on °’Fe probe nuclei in Mng.ggs>' Feg.00sP demonstrate
an evolution of the magnetic structure in this temperature range that is more complex than what was
expected previously.

We find anharmonicity (& =~ 0.044) of the magnetic moments of iron at T < Ty associated with
the magnetocrystalline anisotropy in the (bc) helical plane of the LT phase. The hyperfine magnetic
field Hye on a °’Fe nuclei exhibits a significant spatial anisotropy AHanis = Ha(|| b) — HB(]| ¢) = 27
kOe. s: Analysis of HpT) within the Bean—Rodbell model has shown that LT «<» IT magnetic phase
transition is a first-order phase transition in a wide temperature range (To — Ty = 60 K), where both
LT and IT magnetic phases coexist and undergo mutual transformations. On the contrary, transition
from ferromagnetic (IT) to paramagnetic phase is a second-order phase transition. A weak spectral
component, which can be attributed to iron cations in Bloch-type interdomain regions, has been
revealed in Mossbauer spectra in the temperature range To < T < T*. A paramagnetic component
appears and grows rapidly in the spectra in the temperature range T* < T < Ty (Ty — T* = 90 K),
which indicates that iron cations are involved in fast magnetic fluctuations.

[1] Chen RY, Wang NL. Progress in Cr- and Mn-based superconductors: a key issues review. //Rep Prog
Phys. 2019. V. 82, N. 1, P. 012503.
[2] A.V. Sobolev, I.A. Presniakov, A.A. Gippius et al., J. Alloys Compd. 675, 277 (2016)
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30HOBASI MECCBAYJ3POBCKAS IMATHOCTHUKA HA SIJIPAX °'Fe
MATHUTHBIX ®A30BBIX [IPEBPAILIIEHA B BUHAPHBIX
®OCOPUJIAX IEPEXOJIHBIX METAJIJIOB

WU.I. Cunkun’, MLA. IIpecnskos, N.B. Mopo3os

Mockoeckuii 2ocyoapcmeennbiil ynusepcumem umenu M.B. Jlomonocosa, xumuueckuii
gaxynemem, Mockea, Poccus
*e-mail: ilia.silkin@chemistry.msu.ru

Hayunslii nHTEpec K OMHAPHBIM IMHUKTUAAM MEPEXOIHBIX METAIIOB, TakuM Kak CrAs, MnP,
FeP, WP, o0ycioBieH HaJIM4heM CIOXHBIX (PA30BBIX MAarHUTHBIX TMEPEXOJIOB M TMOSBICHUEM
HEOObIYHON TeNMKOUAAIBLHOM MAarHUTHOM CTPYKTYpbI, MEXaHHU3MBbI O0Opa3oBaHMs KOTOPOW HE [0
KOHIIa W3y4eHbl, HampuMmep, 3aTpyJHEHAa OJHO3HA4YHAs HMHTEPIpeTanus  OOJBIINHCTBA
AKCTIEPUMEHTAIBHBIX PE3YJIbTaTOB HCCIIEAOBAHUS (U3UUYECKUX CBOWCTB IMOJOOHBIX COCAMHEHUIL.
[ToBBIIIEHHOE BHUMaHHE K HUM TaKXKe CBSI3aHO ¢ OOHapyXeHuem cepxmpoBoaumoctu misi CrAs,
MnP u WP npu HM3KHMX TeMmmeparypax U MOBBIIIEHHOM JABJIEHWHU, a TakKe HAJU4YUHU B ATHUX
YCIOBUSAX CJIOXHOTO MarHuTHOro mnoseaeHust [1]. Hamwuwme crnoxHbIX (Ha30BbIX MarHUTHBIX
MepexoJ0B OOYCIOBICHO XPYINKHM PAaBHOBECHEM MEXKIy CBEPXTOHKHMH B3aUMOJICHCTBUSIMH,
KOTOpPO€ MOJKET OBITh JIETKO HApYIICHO BHEIIHUMH CHJIAMH: IaBIICHHEM, MarHUTHBIM IIOJIEM,
XAMUYECKAM 3aMEIICHUEM.

Jlnst GoJsiee MOTHOTO OMHUCAHUsA clIokHOro ToBeaeHus MNP Obuto mpoBeneHO AeTabHOE
VICCIIC/IOBAHNE CBEPXTOHKHMX B3aMMOJCHCTBUH sep ° F€ B MONHKpHCTAaIHdeckoM (hochue
Mno,gg557Feo,005P, MPOBEJCHHOTO B MIUPOKOM JIMANa30HE TEMIIEPaTyp, BKIFOYAIOIIEM TEMIIEPaTypPhl
(hazoBeIX epexos1oB Ty, T* u Tc. BriepBbie ObUT MPUMEHEH CUHTETUYESCKUIN TTOIX01, OCHOBAHHBII
Ha TOM, 4To, MoHO(ochumer MP oO6mamaroT 3HAYUTETHLHO OOJIee BBICOKOH TEPMUUYECKON
YCTOMYMBOCTBIO, TIO CpaBHEHHIO ¢ gudochumamu. Anamm3 MEccOaydIPOBCKUX CHEKTPOB,
u3MepeHHbIX Tpu | < Ty , OCYIIECTBISUICS C HCIOJIB30BAaHWEM ampoOMpPOBAHHOW paHee Ha
uzocTpykrypaom dochune FeP momenu [2], yuuThiBaromieii 0COOEHHOCTH MPOCTPAHCTBEHHOM
MOYJISALUN reJINKOUIANIbHOM CTPYKTYPBI MnP, B YaCTHOCTH, MPOSIBIICHUS
MarHUTOKPUCTAIIINYECKON aHU30TPONUM, a TAKXKE€ aHM30TPONHUU CBEPXTOHKOTO MAarHUTHOTO IOJIS
Hns HA siapax e,

I[IpoBeIEHHOE HCCIENOBAHNE TOKa3ano A(pQEKTHBHOCTh HCIIONB30BAHMS 30HIOB  Fe B
KadecTBe “JIOKAIBbHBIX HCTOYHMKOB MH(POpPMAIMU O MarHUTHOU cTpykType MnP. B Toke Bpems,
MC Ha snmpax 30HIOBBIX aTOMOB Fe Mno,99557Feo,005P JEMOHCTPHPYIOT 00Jiee CIIOXKHYIO0, YeM
MIPEIIOoIaraioch paHee, 3BOJIIOIUI0 MATHUTHOM CTPYKTYphI B JAHHOM 001acTH TeMIepaTyp.

YCTaHOBIIEHO, YTO TENUKOUAAIBHOE YIOPSAIOUYECHHE MAaTHUTHBIX MOMEHTOB >keje3a mpu 1 <
Tn xapakTepu3yeTcs aHrapMOHUYHOCTBIO, CBSI3aHHON ¢ MArHUTOKPUCTAIITNYECKON aHU30TPOTIHEH B
wiockoctu renukouapl (OC) HuskoremmneparypHoit daser (LT) Mno 995 Fe€o.005P. CBEpXTOHKOE
MarHuTHoe noje Hyr Ha sapax 57Fe mposiBisieT 3HaYNTENbHYI0 MPOCTPAHCTBEHHYIO aHU30TPOIUIO
AHaniz = 27 xD., Ha ocHoBanuu anammsa 3aBucumoctd Hpf(T) B pamkax mozxenu buna-Ponberna
MOKa3aHO, YTO MarHUTHBIM (a3oBbiii mepexon LT - IT sBnsercss ¢a3oBbIM mepexosoM HepBOro
poaa ¢ mupokoii oonactero Temmneparyp (To - Ty~ 60 K), B koTopoii 00e marautHbie ¢dassl (LT, IT)
COCYIIECTBYIOT M  IpeTeprneBaloT B3aMMHOE MpeBpauieHue. Hampotu, mnepexox U3
deppomaruutHoii (IT) B mapamarautHyro ¢asy siBisiercs: (Ha30BbIM MEPEX00M BTOporo poaa. Jis
uHTepBana To < T < T* B MC oOHapyxeHa MaJIOUHTEHCHBHAsI CIIEKTPajbHas KOMIIOHEHTA, KOTOpas
MOJKET OBITh OTHECEHa K KaTHOHAM Xelle3a B MEXJIOMEHHBIX o0nacTsax “0noxoBckoro” tuma. B
obmactu T*<T <Ty (Tn - T* = 90 K) B ciekrpax mosiBIsieTcsi ¥ OBICTPO PacTeT ¢ TeMIIepaTypoi
napaMarHuTHasE KOMIIOHEHTa, CBHJIETENBLCTBYIOIIAs 00 y4acTHMM KaTHOHOB jKele3a B OBICTPBIX
MarHUTHBIX (DIyKTyaIusx.

[1] Chen RY, Wang NL. Progress in Cr- and Mn-based superconductors: a key issues review. //Rep Prog
Phys. 2019. V. 82, N. 1, P. 012503.
[2] A.V. Sobolev, I.A. Presniakov, A.A. Gippius et al., J. Alloys Compd. 675, 277 (2016)
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FIRST PRINCIPLE CALCULATIONS OF THE FORMATION ENERGY
AND PARAMETERS OF HYPERFINE INTERACTION OF TERNARY
SYSTEMS BASED ON Fe-Al

A.F. Abdullin'®, E.V. Voronina®

'Kazan Federal University, Kazan, Russia
*e-mail: ayazik@bk.ru

Today there is a large amount of experimental information about electronic, magnetic,
mechanical, etc. properties of binary alloys Fe-Al [1]. The small addition of the third element to
binary compound significantly improves their functional characteristics [2- 4] and understanding
the role of such admixture is critical.

The ordered B2 and DOjs ternary alloys were synthesized using nanocrystalline metastable
substances as the starting materials. The study of structural phase transition in the process of
synthesis of ternary intermetallics from mechanically alloyed powders showed that Fe-Al-V, Fe-Al-
Ga, Fe-Al-Mn systems are easily transformed from a single-phase state of a disordered solid
solution into a single-phase ordered state. At the same time, the Fe-Al-B and Fe-Al-Sn systems
showed a pronounced tendency to separation into several phases. The results of magnetic and
Mossbauer measurements of Fe-Al-M (M=V, Mn, B, Ga) ternary systems required studying the
effect of the third element addition on the characteristics of the systems in terms of first-principle
calculations. To evaluate the phase stability of alloys of a certain elemental composition for the
listed systems, the energy of formation was calculated (Table 1). Calculations were performed using
the full-potential linearized augmented plane wave (FP LAPW) technique contained in the WIEN2k
software package [5, 6].

Table 1. Calculated energy of formation, average hyperfine field (HFF), average magnetic moment
(MM) and the equilibrium lattice parameter of some binary and ternary systems

Unit cell Ener_gy of Average HFF, T Average magnetic Lattice
formation, eV moment, g parameter, nm
FesB; -0.438 21.2 1.97 0.4161
Fe,Sn, -0.035 13.1 1.81 0.5356
Fey;Als -0.210 24.3 1.87 0.2879
Fey;Al,B -0.142 24.3 1.92 0.2844
Fey Al,Ga -0.176 24.7 1.91 0.2883
Fey;Al,Sn -0.139 24.2 1.83 0.2921
FenAlsV -0.251 18.7 1.46 0.2871

It was found that ternary Fe-Al-V system has the minimum energy. Ternary compounds Fe-
Al-B and Fe-Al-Sn are the least stable and their formation is energetically unfavorable. The
formation of the Fe,B phase is energetically favorable and reduces the total energy of the Fe-Al-B
system. The analysis showed the mixture of Fe-Al and FeSn, phases has a lower energy for the Fe-
Al-Sn system. The analysis describes qualitatively the main, experimentally observed features of
the synthesis of ternary intermetallics from mechanically alloyed solid solutions. The substitution of
gallium for aluminum in most of the considered structures causes an enlargement in the distances
between iron atoms, leading to the growth in the local magnetic moment. The latter, in turn, leads to
increase in the core electrons contribution to the HFF due to the spin polarization of the inner s-
levels by d-electrons. An increase in the local magnetic characteristics with the addition of B atoms
to Fe-Al occurs due to an increase in the distances between the Fe atoms from symmetry reduction
inside the cell. The °’Fe HFF values calculated under the assumption that the boron atoms occupy
the interstitials as well made it possible to explain and to fit the Fe-Al-B Mdossbauer spectra. A
decrease in the °’Fe HFF for the Fe-Al-V system is explained by the antiferromagnetic orientation
of the V atoms magnetic moments.
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IHEPIT'US OBPA3ZOBAHUS U IIAPAMETPHI CBEPXTOHKOI'O
B3AUMOJIEVICTBUS TPOMHBIX CUCTEM HA OCHOBE Fe-Al.
PACYETHI U3 TEPBLIX IPUHITUIIOB

A.®. A6aymumn’ , E.B. BopOHHHa1

'Kazanckuii gedepanvuviil ynusepcumem, Kazanw, Poccus
*e-mail: ayazik@bk.ru

Ha ceromusmanii geHb MMeeTcst OOJBIIOE KOJMYECTBO JKCIIEPUMEHTAIBHBIX JTAHHBIX 00
AIIEKTPOHHBIX, MAarHUTHBIX, MEXaHWYECKHX W JIPYIMX CBOMCTBax OumHapHbIX cruiaBoB Fe-Al [1].
He6onpimoe nobaBieHne TpeThero 3JeMeHTa B OMHApHbIE COSMHEHMS 3HAUUTEIbHO YIydIlaeT X
GbyHKIIMOHATbHBIC XapakTepucTHkH [2-4]. TloHumMaHuWe poNM TaKoW MPUMECH HMEET OO0JIBIIOE
3HaYCHUE.

Yrnopsaouennsie TpodHble criaBbl B2 m D03 ObLIM CHHTE3MPOBAHBI C HMCIOJb30BAaHUEM
HAaHOKPHUCTAJUIMYECKUX METACTaOMIIbHBIX BEIIECTB B Ka4eCTBE MCXOJHBIX MaTepuanoB. M3yueHue
CTPYKTYpHO-(a30BOro rnepexoja B Mpolecce CUHTE3a TPOMHBIX HHTEPMETAITUAOB U3 MEXaHUYECKH
JICTHPOBAaHHBIX MaTepuanoB Mokazamo, 4yto cucreMsl Fe-Al-V, Fe-Al-Ga, Fe-Al-Mn nerko
MEepexoaT U3 OJHO(A3HOTO COCTOSHHS HEYNOPSAOYEHHOIO TBEPAOTO pacTBOpa B OAHOGA3HOE
yrmopsiioueHHoe cocrostuue. B 1o ke Bpemsi cucremsl Fe-Al-B u Fe-Al-Sn mposiBisuin  sipko
BBIPDOKEHHYIO TEHICHIIMIO K pa3feleHUI0 Ha HECKoJbko (a3. Pe3ynbTaThl MarHUTHBIX H
MeccOayIpOBCKUX HM3MepeHHi TpouHbIx cucreM Fe-Al-M (M=V, Mn, B, Ga) norpeboBaiu
JOTIOTHUTEIBHOTO HCCIIEIOBAHUS BIIMSHUSA J00aBKM TPETHEro 3JIEMEHTa Ha XapaKTePUCTHKHU
OMHApHBIX CHCTEM METOJaMH BBIUMCICHUNA W3 MEpPBbIX MNPUHIMUNOB. J[1s oueHku ¢a3oBoii
YCTOMYHMBOCTHU CIUIABOB C OIpPE/IEICHHONW KOHIIEHTpAIKeH JIeMEHTOB B MEPEUMCIEHHBIX CUCTEMax
Obl1a paccuutaHa odHeprus oOpaszoBanums (Tabmuma 1). PacueTsl ObUIM  BBITIOJHEHBI C
MCIOJIb30BAHMEM TOJHOMOTEHIIMATLHOTO METOAa JMHEapU30BAHHBIX MPUCOEAWHEHHBIX IUIOCKUX
BosiH (FP LAPW), conepskammumcs B mporpammaom makere WIEN2k [5,6].

YcTaHOBJIEHO, YTO MUHUMAIILHON 3Heprueit obmagaer tpoiiHas cucrema Fe-Al-V. Tpoiinbie
coenunenus Fe-Al-B u Fe-Al-Sn HauMmeHee yCTOWYMBBI M HX OOpa3oBaHHE SHEPreTUYECCKH
HeBbirogHO. OOpaszoBanue ¢a3pl FeyB sHeprernuecku BBITOJAHO U CHIIKAET OOIIYIO SHEPTHUIO
cuctembl Fe-Al-B. Ananu3 nokasai, uto cmech (a3 Fe-Al u FeSn, umeer 6osiee HU3KYIO SHEPTHIO
st cucteMmbl Fe-Al-Sn. TIpuBeneHHOE BbIlIe PACCMOTPEHHE KAYE€CTBEHHO OTMCBHIBACT OCHOBHEIE,
HaOro1aeMble  HKCHEPUMEHTAIbHO, OCOOEHHOCTH CHHTE3a TpPOMHBIX HWHTEPMETAUIUAOB U3
MEXaHOCIUTABJIICHHBIX TBEPJBIX pPACTBOPOB. 3aMeHa AalllOMMHHS TaulieM B OOJBIIMHCTBE
PacCMOTPEHHBIX CTPYKTYP BBI3BIBAECT YBEIWYCHHE PACCTOSHUNM MEXAY aTOMaMM Kele3a, 4TO
IPUBOANUT K POCTY JIOKAJIbHOIO MarHUTHOro MomMeHTa. [locnennee, B cBOIO ouepesb, MPUBOIAUT K
YBEIIMYCHHIO BKIIaJa OCTOBHBIX 371eKTpoHOB B CTMII 3a cueT cnimHOBO MOJISIpU3allii BHYTPEHHUX
S-ypoBHel d-31eKTpoHaMHU. YBEIHUYCHHE JIOKAIbHBIX MAarHUTHBIX XapaKTEPUCTUK MPHU T00aBICHUU
atoMoB Oopa k Fe-Al mpoucxoauT 3a cueT yBeIWUEHHsI PacCTOSHHI Mexay aromamu Fe m3-3a
MOHWKCHHS. CHMMETPHH BHYTpH staciikn. 3Hauennms CTMII Ha sgpax °'Fe, paccudTaHHBIC B
MPEANOJNIOKEHUH, YTO aroMbl 0Oopa 3aHUMAIOT MEXKAOY3NUs, TMO3BOJHIN OOBSCHUTH U
anmpoKCUMUpPOBaTh MeccOayspoBckue crekTpsl Fe-Al-B. YMenbmenne CTMII nanst cucremsr Fe-
Al-V o0bscHsieTcs: aHTH(PEPPOMArHUTHOW OPHEHTAIeld MArHUTHBIX MOMEHTOB aTOMOB V.
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ANALYSIS OF HYPERFINE FIELDS OF MAGNETIC NANOPARTICLES
BASED ON BINARY FeNi ALLOYS

A.Yu. Germov'", B.Yu. Goloborodskiy*, A.S. Konev', D.A. Prokopyev?,
I.LA. KurmacheV', E.V. Suvorkova?, A.S. Minin'?, M.A. Uimin*?

'M.N. Mikheev Institute of Metal Physics of Ural Branch of Russian Academy of Sciences,
Yekaterinburg, Russian Federation

2Ural Federal University, Yekaterinburg, Russian Federation

*e-mail: germov@imp.uran.ru

Magnetic nanoparticles are now widely used due to their specific properties [1]. Nanoparticles
of the core-shell type, which contain a metal or an alloy are of particular interest [2,3]. The carbon
coating of metal nanoparticles reliably protects them from oxidation, but change the magnetic
properties due to the penetration of carbon atoms into the particles [3]. Gamma-alpha phase
transitions of FeNi alloys in these nanoparticles is drasticaly change magnetic properties and
complicated by superparamagnetic behavior of small particle size. This study is devoted to complex
analysis of hyperfine fields obtainted with NMR and Mossbauer spectroscopy. Different nuclei
*Ni, °’Fe probed by these methods reveal local environment of each element.

The main methods for investigating nanoparticles are magnetization measurements and
electron microscopy. Other conventional methods are found to be inefficient or expensive due to
very small particle sizes. Local nuclear resonance methods allow solving several problems at once
including phase analysis, analysis of the atomic environment, tracking transitions to a single-
domain or superparamagnetic state [4,5].

Magnetic FeNi@C nanoparticles were prepared by gas-phase synthesis [2,3]. Parent materials
were Fe and Ni wires. The material was put into the induction levitation melting chamber (P = 150
torr), forming a molten droplet which was in a gas mixture of argon and isobutane.

In this work, FexNi;x@C (x=0.25; 0.5; 0.75) nanoparticles in a carbon shell were studied
using ®*Ni and °'Fe NMR at T = 4 K and *>'Fe Massbauer spectroscopy at T = 295 K. The samples
were powders with an average particle size of about 9 nm. Magnetization measurements reveal
superparamagnetic behavior of the particles with blocking temperature about Tg = 200 K.
According to XRD, the samples mostly contain FCC phase. A complex analysis of the induced
hyperfine fields has shown that particles contain solid solution FexNi;xCy and local configurations
NiC, and FeC,. Signals of >’Fe NMR at 4 K (Hns = 295 kOe) are in consistent with °’Fe Mossbauer
spectroscopy (Hns = 275 kOe) at 295 K, taking into account temperature dependence of induced
hyperfine field behavior. This allows us to separate signals of ®*Ni NMR of FeNi alloys (Hns = 90
kOe), which is absent in literature. Nanosize effect of line shift on the value of demagnetizing field
was not observed for this particles, most likely, due to a large line width.

This study was supported by the Russian Science Foundation, project No. 21-72-00007.
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AHAJIN3 CBEPXTOHKHUX MOJIEH MATHUTHBIX HAHOYACTHI]
HA OCHOBE BUHAPHBIX CIIJIABOB FeNi
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HN.A. KpraqéBl, E.B. CyBOpKOBaZ, A.C. Munua™, M.A. Viimun'?
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ZVpaﬂbCKuL? Deoepanvrviii Ynusepcumem, e. Examepunoype, Poccus
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MarHuTHbIE HAHOYACTHIIBI B HACTOSIIEE BPEMs MIUPOKO HCIOJB3YIOTCS Oiaromaps WX
cnenuduueckum cBoiictBam [1]. OcoOblii MHTEpEeC NPENCTaBIAIT HAHOYACTHIBI THIA SIPO-
000J109Ka, KOTOpBIE COJAEpX AT MEeTal Wi ciuiaB [2,3]. YriaepoaHoe MOKPHITHE METAUTMYECKUX
HAHOYACTHUI[ HAJIS)KHO 3alUINACT UX OT OKUCJICHHS, HO W3MCHSICT MarHUTHBIC CBOWCTBA 3a CUET
IIPOHUKHOBEHHUS aTOMOB yriiepoja BHYTpb yacTull [3]. ['amma-anbda ¢da3zoBbie nepexo/ibl CIIJIaBOB
FeNi B »Tux HaHOYacTHIIaX PE3KO M3MEHSAIOT MAarHUTHBIE CBOWCTBA M OCIIOXKHSIOTCA
CyleprmapaMarHUTHBIM TIOBEJICHUEM YaCTHI[ MallbiX pa3mepoB. JlanHas paboTa TOCBSIIEHA
KOMIIJIEKCHOMY aHAJIN3y CBEPXTOHKHUX IOJIeH, MOJy4eHHbIX ¢ momoiibio AMP u meccOayspoBckoit
criektpockonuy. Pasimunsie sgpa-30uas0 ONi, °'Fe, HCHONB3yeMble B STHX METOAAX, AT
MIPEJICTaBJICHHUE O JIOKAJTHHOM OKPY)KCHHH KaXKJIOTO JIEMEHTA.

OCHOBHBIMM METOJIaMH KOHTPOJISI HAHOYACTHII HAa CETOJHS SIBJSIFOTCS HW3MEpPEHUS
HAaMarHMYEeHHOCTH W DJIEKTPOHHAS MHUKpPOCKOMHs. Jlpyrue TpaauIlMOHHBIE METOJBI OKa3bIBAIOTCS
Ma03(hGEeKTHBHBIMU WIIM JIOPOTHMH HM3-32 OYEHBb MaJBIX pa3MepoB YacTull. JIOKabHBIC sSIEpHO-
PE30HAHCHBIE METOBbI MO3BOJISIOT PEHIMTh CPa3y HECKOJBKO 3a/1ay, CpeAr KOTOPBIX: aTTecTalus U
(a30BbIil aHATN3, aHAJIW3 AaTOMHOTO OKPY)KEHHUS, OTCIICKHUBAHUE MEPEXOJ0B B OJHOJOMEHHOE WJIH
cymnernapamMarHuTHoOe coctosHus [4,5].

Hanouactuier FeNi@C Obtd  mpHUTOTOBIIEHBI METOIOM rasodasHoro cuHte3a [2,3].
Hcxonusie matepuansl it FENI@C nonydensl u3 mpoBosiok Fe m Ni. Marepuan momaBajics B
KaMepy HHIYKIMOHHOW JeBuTanuoHHo# miaBku (P = 150 Mm.pr.cT), 00pasyst paciiaBIeHHYIO
KaIlIo, KOTopasi 001yBaiach MOTOKOM ra30BOi CMeCH aproHa U u300yTaHa.

B nannoit pabore nanouactuipl FexNipx@C (x=0.25; 0.5; 0.75) B yriepoaHoii 000104Ke
6bun uccaenoBanbl ¢ nomombro SIMP ®Ni and >'Fe mpu T = 4 K u °'Fe méccGayspoBckoit
cnektpockonuu npu T = 295 K. O6pa3ipl mpeacTaBisuii co00i MOPOIIKY, CPEAHUI pa3Mep YaCTHI
B KOTOpPBIX COCTaBisieT OKoJo 9 HM. V3MepeHHs HaMarHMYEHHOCTU CBUJIETEIHCTBYIOT O
cylneprnapaMarHUTHOM TOBEIEHUHU YacTHUI] ¢ TemmepaTypoil GmokupoBku okono Tg = 200 K. Ilo
nanabIM POA, oOpasusl B ocHoBHOM cozepxkat I'IIK ¢a3zy. KommekcHplii aHanu3 HaBeAEHHBIX
CBEPXTOHKHX II0JIEH IOKa3all, YTO YacTHIbI coaepxar TBepablid pactBop FexNiixCy u nokanbHbIe
koH(purypaunu NiCp u FeC,. Curnanst SIMP ke npu 4 K (Hy = 295 kD) cormacyrores ¢
MEccOayIpOBCKON CIEKTPOCKOIHUEH *"Fe (Hn = 275 ¥9) npu 295 K ¢ YU4ETOM TeMIepaTypHOu
3aBUCHMOCTH TIOBEIEHUS HABEIEHHOTO CBEPXTOHKOIO MMOJIS. DTO MO3BOJIAET BBIJACIUTH CHUTHAIBI
SIMP ®'Ni ot crmaBoB FeNi (Hnt = 90 kD), KOTOpbIe B IHTEPATYPHBIX IAHHBIX OTCYTCTBYIOT.
Hanopa3smephsiii 3pdext cmemeHrns TUHUU Ha BENWYMHY pPa3MarHUYMBAOIIETO MOJS IS ITHX
YacTHUIl He HAOII0JalICs, CKOPEe BCEro, U3-3a OOMBIION IMUPUHBI TUHUH.

JlanHas paboTa BbINOJHEHA pH noanepxke rpanta PH®, npoext Ne 21-72-00007.
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EXPERIMENTAL AND THEORETICAL STUDY OF THE
SMosZro2(Feog2Tioos)10 NANOSTRUCTURE RIBBONS IN THE PROCESS OF
HEAT TREATMENT

A.V. Protasov'?*, O.A. Golovnya'?, A.G. Popov *?, L.A. Stashkova', V.S. Gaviko?

'IMP UB RAS, Ekaterinburg, Russia
2UrFU, Ekaterinburg, Russia
*e-mail: protasov@imp.uran.ru

The increase in prices of rare-earth metals (Nd, Dy) prompts investigation of new advanced
magnetic materials with low- or free-of RM compositions. Alloys with the ThMn12-type structure
are one of the main candidates for obtaining magnets with high magnetic propertles comparmg
with properties of NdFeB magnets[1-4]. T T

In view of the difficulty in obtaining monophasic
ThMn12-type structure in bulk alloy and metastable behavior of
the main phase in the process of heat treatment, the aim of this
work is to study in detail the sequence of phase transformations
in the melt-spun Sm0.8Zr0.2(Fe0.92Ti0.08)10 alloy in the
course of annealing using XRD, DSC, TMA, Mbossbauer
spectroscopy, as well as micromagnetic modelling.

The nanocrystalline state was obtained by melt-spinning
on a copper wheel rotating at a speed of 30 m/s. The obtained
ribbons are x-ray amorphous, which is evidenced by the broad
halo in the pattern. Their Curie temperature T = 58°C is low.

Annealings at temperatures lower than 700°C hardly
change the x-ray amorphous structure observed.

Relative transmission / (%)

a4 1 L
-8 6 41 2 0 2 4 6 8

Upon annealing at 700°C, the ThCu-type phase develops, _ ~ velooty / nvs)
which results in the appearance of distinct peaks in the  Fig- 1. Mdssbauer spectra of cast

alloy, as-spun ribbons and ribbons

susceptibility curves and x-ray pattern. We also observe typical =, W 00 9s00C

set of sextets in the Mdéssbauer spectra. The Curie temperature
of the ThCuy-type phase is T¢ = 200°C, which agrees with the known data [5]. The value of H. does
not exceed 1.6 kOe, which is caused by the easy-plane anisotropy of the main ThCu; phase.

After annealing at a higher temperature of 800°C, T¢ grows up to 260°C, and the ratios of the
partial spectral intensities change, which evidences the gradual transformation of the ThCu;-type
phase into the ordered ThMny,-type phase. Since the ThMnj,-type structure has an easy-axis
anisotropy, the coercivity grows up to H. = 2.9 kOe.

The ordering completes upon the annealing at 850°C, which corresponds to the maximum
value of coercivity H. = 4.7 kOe.

Further increase in the temperature of annealing up to 950°C leads to the formation of
additional phases, i.e., SmFe, (10%), Fe,Ti (15%), and a-Fe (less than 10%), as well as the growth
of the grains, which decreases H. and magnetization o35 down to 3 kOe and 87 emu/g, respectively.
The Curie temperature of the ThMn;,-type phase reaches 300°C, which corresponds to that of the
as-cast alloy.

Therefore, it has been established that the phase transformation process can be written as
follows: amorphous — amorphous + TbCu; — ThCu; + ThMny; + Fe— ThMny, + Fe + SmFe; +
Fe,Ti. The optimum temperature of annealing for the melt-spun SmggZro 2(Feo.92Tio.08)10 ribbons is
850°C, which provides H, = 4.7 kOe.

The research was supported by the state assignment of Ministry of Science and Higher
Education of the Russian Federation (theme “Magnet” No. 122021000034-9).
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IKCIIEPUMEHTAJIBHOE U TEOPETUYECKOE UCCJIIEAOBAHHUE
HAHOCTPYKTYPUPOBAHHBIX JIEHT CIIJTABA Smolgzrolz(Feolngiolog)lo B
IMPOLECCE TEMIIEPATYPHOI OBPABOTKH
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[MoBbimenne 1eHa Ha pbiHKax peakux metawioB (Nd, Dy) cnocoOGcTBOBaIO MOUCKY HOBBIX
MEPCIEKTUBHBIX MarHUTHBIX MAaTepHajoB C MalbiM cojepkanneM P3M wmnm BoBce 0e3 HHX.
CruiaBel co cTpykTypoit ThMni, sBISIFOTCS OMHUM W3 OCHOBHBIX KaHIMIATOB Ha TOJy4CHUE
MAarHUTOB C BHICOKHMH MArHUTHBIMHU CBOMCTBAaMH, CPaBHUMBIMH CO cBoiicTBamu MarautoB NdFeB
[1-4].

B cBsI3M €O CIOXHOCTBIO MOJy4eHHSI MOHO(MA3HOTO COCTOSHHS CO CTPyKTypoit ThMni; B
JIUTOM COCTOSHUM W C METacTaOMJIbHOM IOBEACHHEM OCHOBHOM (ha3bl MpU TEpMOOOpabOTKax B
HacTosIIeH paboTe MBI TPOBOAMIIH M3y4deHHE (Ha30BBIX MPEBPANICHUN OBICTPO 3aKAIIEHHOTO CIUTaBa
SmggZro2(Fep92Tioes)10 B Mporiecce OTKHUIoB B auamazoHe Temmeparyp 550 — 950 °C meromgamu
XRD, DSC, TMA, Meccb6ay3poBCKOW CIIEKTPOCKOITMH ¥ MEKPOMAarHUTHOTO MOJICTTUPOBAHUSI.

JUJ1st TOJTydeHHs HCXOTHOTO aMOP(HOTO COCTOSHUSI MBI pa3IMBAIM CIUIaB Ha MEHOE KOJIECO,
Bpamatomeecss co ckopocteto 30 wm/c. JleHTa wumMeer peHTreHoamMOop(HOE COCTOSIHHE, YTO
MPOSIBJISIETCS. HAa PEHTTCHOTpPaMME IIMPOKUM Tajo M Manyto temneparypy Kropu Te = 58°C,
XapaKTEePHYIO VISl CUIIBHO Pa3ylnopsI0YEHHOTO COCTOSIHUSL.

Orxur mpu temmneparype A0 700°C mnpakTHUYECKH HE H3MEHSAET PEHTTeHOaMop(HYIO
CTPYKTYpY.

ITpu temmeparype 700°C mosBisiercs daza ThCuz, 0 4eM MOXHO CYIAWTH IO BBIACICHUIO
OTJIENbHBIX IHUKOB HA KpPHUBBIX BOCIHPUMMYUBOCTH U JAU]pakTorpamme, TakkKe MOSBISETCS
XapaKTepHas TpyIIa CEKCTETOB Ha MeccOayIpoBckux crnekrpax. Temmeparypa Kropu T = 200°C
st dasel ThCU7 coBmagaet ¢ aureparypHubiMu qaHHbIME [4]. 3Hauenne H, He mpesbimraet 1.6 KOe,
TaK Kak OCHOBHas (ha3a tuna ThCu; uMeeT aHM30TPOIIHIO THIIA JIETKast IIOCKOCTb.

C yBennuenueM temmneparypbl oTxura g0 800°C yBennuuaercs T¢ 10 260°C 1 U3MEHSAIOTCS
COOTHOIIEHUS! MHTEHCUBHOCTEH CEKCTETOB, YTO CBUJIECTEIHCTBYET O MOCTEIEHHOM IMpEeBpallleHuu
dazer ThCu; B ynopsimouennuyio ¢aszy ThMng,. Tak kak crpykrypa Tuma ThMnp, oGmamaer
AQHU30TPOITUECH THIIA JICTKAs OCh, KOIPLUUTHBHAS CUJIa YBeTUUnBaeTcs 10 3HaueHus H, = 2.9 kOe.

[TonHoe ymopsigoueHHE MNPOUCXOTUT TMocie TemmepaTypsl 850°C, YTO COOTBETCTBYET
MaKCHMAJIbHOMY 3HAUCHHIO KOIPIUTHUBHOM CHJIbI HAa KPUBBIX pasmMarunuuBanus H, = 4.7 kKOe.

JanbHeiinee yBenuueHue Temmnepatypsl 10 950°C npuBOAUT K MOSBICHUIO TOTOJHUTEIBHBIX
daz SmFe, (10%), Fe,Ti (15%) u o-Fe (mo 10%), a Takke K YKPYIHEHHIO 3€pHA. ITO
conpoBokaaercst camxkennem H, no 3 kOe u mamarHuueHHoct 615 10 87 emu/g. Temmepatypa
Kropu ¢azer Tuna ThMny, mocturaer 300°C, 4to coBmagaer co 3Ha4eHHEM T ¢ B HCXOJIHOM CIUIABE.

B pesynprare ycTaHOBIE€HO, 4YTO mpouecc (a30BBIX IEPEXOJ0B MOXKHO MPEICTaBUTh
crneayronM oopasom: amorphous — amorphous + ThCu; — TbhCuz + ThMny; + Fe— ThMng, +
Fe + SmFe; + Fe,Ti. OnTumanbHOe 3HAUCHHE TeMIleparypbl oTxura cootBerctyet 850°C s b3C
SmosZro2(Feo.92Tlp.0s)10, uTO 0OecmeurBaeT moctmwkenue H, = 4.7 kOe.

Pabora BrimosHeHa B paMkax rocyaapctBeHHoro 3aganugs MUHOBPHAYKU Poccun (Tema
«Maruut», Ne 122021000034-9).
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MAGNETIC STRUCTURE AND HYPERFINE INTERACTIONS
IN MULTIFERROICS BiFe;«Co,03 (x = 0.05, 0.10, 0.15)
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M.E. Matsnev, I.A. Presniakov

M.V. Lomonosov Moscow State University, Moscow, Russia
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Bismuth ferrite BiFeOs is of interest as a type | multiferroic, in which ferroelectric and mag-
netic transitions are realized at high temperatures. However, despite the high degree of spontaneous
polarization, the values of magnetization and magnetoelectric coupling in it are significantly less
than that would be useful for application. In this ferrite, a spatial spin-modulated structure (SSMS)
of a cycloid type is realized. The presence of spin modulation prevents the manifestation of magne-
toelectric effects, however, according to literature data, partial substitution of iron atoms by transi-
tion 3d metal atoms leads to the destruction of the cycloid magnetic structure without significantly
changing the high Curie and Neel temperatures. The present work is devoted to Mossbauer studies
on °"Fe nuclei of substituted BiFe; xCoxO3 ferrites (x = 0.05, 0.10, 0.15) in temperature ranges in-
cluding temperatures of magnetic phase transitions.

The Mossbauer spectra obtained in the magnetically ordered temperature range consist of six
inhomogeneously broadened asymmetric resonance lines. Fitting of the spectra in terms of the spin
wave model (ASM) [1] showed the presence of several subspectra corresponding to Fe(n) iron at-
oms with n =0, 1, 2 ... impurity Co atoms in the first cationic coordination sphere. All these sub-
spectra correspond to the ASM model, while the spins of all Fe atoms participate in spin modula-
tion. For fitting in term of the ASM model, all the Mossbauer parameters, with the exception of iso-
tropic fields, were assumed to be the same for all subspectra [2].

Analysis of the dependences of the relative intensities of the subspectra of °’Fe nuclei in sub-
stituted ferrites BiFe;«CoxO3z on the number of n Co atoms in the nearest cationic environment of
the Fe atom showed that impurity Co atoms are included in the structure of bismuth ferrite BiFeO3
and their distribution over the positions of Fe atoms is close to random. As a result of the fitting of
the spectra, it was also possible to show that the substitution of a Fe atom for a Co atom in the near-
est cationic environment of the Fe atom leads to a decrease in the isotropic hyperfine magnetic
field, which indicates a low- or medium-spin state of impurity Co®" ions. The shape of the anhar-
monic spin wave and the character of the distribution p(Hns) of the hyperfine magnetic field Hps
show that at low temperatures in the studied multiferroics, an incommensurate anharmonic cycloid-
type SSMS with a magnetic anisotropy of the "easy plane™ type is formed.

The analysis of the temperature dependence of the anhar-
monicity parameter (m) (Fig. 1) showed that the parameter m "
increases highly with increasing temperature, while tend to the
maximum possible value equal to 1. At the same time, it is pos- |
sible to attempt a good fitting of low-temperature spectra within ~ o¢-
the ASM model with a sufficiently large value of the parameter .,
m. For compositions with x = 0.1 and 0.15, the parameter m(T) 1

0.8 -4

0.2+

reaches the limit value and practically does not depend on tem- | v-x=ous w0 e o
perature, and for compositions with x = 0.05, the anharmonicity ¢~ =m0
parameter tent to the limit value, but does not reach it (see the T(K)

insert in Fig. 1). Consequently, with an increase in temperature ~ F9- 1. Temperature dependencies of
for compositions with x = 0.10 and 0.15, there is a transition ¢ harmonicity parameter m.
from anharmonic SSMS to a collinear antiferromagnetic ordering of the G-type, and for a composi-
tion with x = 0.05, the cycloid structure is preserved, but with a high degree of anharmonicity.

The authors greatly acknowledge to Dr. A.A. Belik (National Institute for Materials Science,
Tsukuba, Japan) for the synthesis and certification of samples.
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MATHUTHASI CTYPKTYPA U CBEPXTOHKHUE B3AUMO/JEVCTBUS
B MYJbTU®EPPOUKAX BiFe; Co,03 (x = 0.05, 0.10, 0.15)

A.M. Fanqua*, B.C. Pycaxos, 4.C. I'na3zkona, T.B. I'y0aiinynuna,
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®epput Bucmyta BiFeOs Boi3biBacT nHTEpeC Kak MyabTH(Geppouk | poma, B KOTOPOM peaiiu-
3yeTCsl CErHETORIEKTPUUECKUIM 1 MarHUTHBINA Iepexobl IPU BICOKUX TeMmeparypax. OnHako, He-
CMOTpSl Ha BBICOKYIO CTEI€Hb CIIOHTAHHOM MOJISIPU3yEMOCTH, 3HaYEHHs] HAMarHM4eHHOCTH U Mar-
HUTORJIEKTPUUECKOUW CBSI3M B HEM 3HAUUTEILHO MEHBINE, YeM 3HAUCHHUs, JOMYyCTUMBIC JIJIsl TIPAKTH-
4ecKoro nmpuMeHeHus. B nanHoOM ¢eppute peanusyeTcsi IpOCTPAaHCTBEHHAs CIIMH-MOAYJIUPOBaHHAS
crpykrypa (IICMC) uuxnongHoro tuna. Hanuune cnmHOBON MOIyJISIIUU NPENSATCTBYET MpPOsBIIE-
HUIO MarHUTO3JIEKTPUYECKUX 3(PPEKTOB, OJIHAKO, COIJIACHO JINTEPATYPHBIM JAaHHBIM, YAaCTHYHOE
3aMeIleHHe aTOMOB JKelle3a aTOMaMH MepexoTHbIX 3d-MeTalIoB MPUBOAUT K Pa3pylICHUIO [TUKIIO-
HUJIHOM MAarHUTHOM CTPYKTYpBI, HE U3MEHSA B CYIIECTBEHHOM CTEIEHU BBICOKME TeMmneparypbl Kro-
pu 1 Heens. Hacrosimast paGoTa mocBsiiieHa MeccOaydpOBCKIM HCCICIOBAHMM Ha sapax ° Fe 3a-
MenieHHbIX GepputoB BiFe; vC0xO3 (x = 0.05, 0.10, 0.15) B muana3zoHax TemIepaTryp, BKIIFOYAFO-
ITUX TEMIEPATyphl MAarHUTHBIX (Da30BBIX ITEPEX0JI0B.

MeccOay3poBCKU€ CIIEKTPhI, MOJYyYEeHHbIE B MarHUTOYIOPSIOYEHHON 00JacTH TemrepaTyp,
MIPEJICTABISIOT COOON IIECTh HEOJAHOPOIHO YIIMPEHHBIX ACUMMETPUYHBIX PE30OHAHCHBIX JHUHUIL.
PacmmdpoBka CHeKTpoB B paMKax Mojeia cruHOBo# BosHbl (ASM) [1] moka3zana Hanuuue He-
CKOJIbKHX TMapIHaIbHBIX CIIEKTPOB, COOTBETCTBYIOIIMX aToMaMm kene3a Fe(n) c n=0, 1, 2 ... npu-
MecHbIMH atoMamMu CO B mMepBOM KAaTHOHHOM KOOpAWMHAIMOHHOW cdepe. Bce 3tm maprumanbHbie
CHEKTpPBI COOTBETCTBYIOT Mojiein ASM, pu 3TOM B CHMHOBON MOJYJSLIUN YYaCTBYIOT CIIMHBI BCEX
atomoB Fe. Ilpu pacmudpoBke B pamkax monenun ASM, mapameTpbl CBEpXTOHKHX B3aUMOJICH-
CTBUH, 32 UCKIIIOYCHHEM H30TPOMHBIX MOJIeH, MPUHUMAINCH OJMHAKOBBIMU IS BCEX MaplHalbHBIX
CIIEKTpPOB [2].

AHaJTH3 3aBHCHMOCTE} OTHOCHTE/IBHBIX HHTCHCHBHOCTEH MapIHaibHBIX CIIEKTPOB siziep ° Fe B
3amenieHHbIX Geppurax BiFe; xC0xO3 ot uncna n aromoB Co B OnmkailiieM KaTHOHHOM OKpYKe-
Huu atoma Fe mokasan, uyto npumecHbie aToMbl Co BXOIAT B CTPYKTYpY ¢epputa Bucmyta BiFeOs
U WX pacmpeesieHne 1o no3unusm atomoB Fe Onu3ko k cimydaitHomy. B pesynpraTte pacumndpoBku
CIEKTPOB YJAJIOCh TAK)Ke MOKa3aTh, YTO 3ameleHue aroma Fe Ha atom Co B OGnmxkaiiiieM KaTHOH-
HOM OKpYKE€HUHU aroma Fe mpUBOIUT K YMEHBIIEHUIO U30TPOITHOTO CBEPXTOHKOTO MarHUTHOTO I10-
JIsI, 9TO YKasbIBAET HA HHU3KO- WIH CPEIHECIHHOBOE COCTOSIHHE MpUMecHBIX noHoB Co®'. dopma
AHrapMOHHUYECKON CIIMHOBOW BOJIHBI U XapakTep pacnpeneincuus P(Hns) CBEpXTOHKOTO MAarHUTHOTO
noJist Hys MOKa3bIBaIOT, UTO MPU HU3KUX TEMIIEpaTypax B UCCIIEI0OBAaHHBIX MYIbTU(EppOUKax oOpa-
3yeTcsi Hecopa3MmepHasi anrapmonndeckas [ICMC nMKIOMAHOTO THIIAa C MAarHUTHON aHU30TPOIUEi
THUIIA «JIETKasl TIOCKOCTh.

AHanu3 TeMrepaTypHO# 3aBUCUMOCTH TapameTpa anrapmonusma (m) (Puc. 1) mokasain, uto
napaMmeTp M pe3Ko YBEIMUYMBAETCS C POCTOM TEMIIEPATyphl, CTPEMACH MPU STOM K MAaKCHMAallbHO
BO3MOXHOMY 3HaueHuto, paBHOMY 1. [Ipu 3TOM, TOCTHYb aeKBaTHOTO OMHCAHHUE HU3KOTEMIIepa-
TYPHBIX CIIEKTPOB B paMkax Moaenu ASM ynaeTcs mpH JOCTaTOYHO OOJBIIOM 3HAYSHHUH MapamMeT-
pa m. Jlist coctaBoB ¢ x = 0.10 u 0.15 mapamerp m(T) mocTuraet mpeaeabHOrO 3HAUYCHHS U MPAKTH-
YeCcKH HE 3aBHCHUT OT TeMIepaTyphl, a uig coctaBa ¢ X = 0.05 mapameTp aHrapMoOHH3Ma MPUOIIHKa-
eTcs K IpeebHOMY 3HAUEeHUI0, HO He JocTUraer ero (cM. BctaBky Ha Puc. 1). CnenoBarensHo, ¢
MOBBIIIEHUEM Temneparypsl s coctaBoB ¢ X = 0.10 u 0.15 npoucxoaut nepexoa OT aHrapMOHHU-
geckoit [ICMC k kosumnHeapHOMY aHTH(eppoMarHuHOMY yropsinoueHuto G-Tuma, a Ijs CocTaBa ¢
x = 0.05 quknongHas CTPYKTypa COXpPaHIETCsl, HO C BBICOKOM CTENEHbIO0 aHrapMOHHU3Ma.

ABTOpBI BBIpQXKAIOT TIIYOOKYIO MpHu3HATEeIbHOCTh A.A. benuky (HanmoHaibHBI MHCTHTYT
Hayk 0 marepuanax, [{ykyOa, SImoHwus) 3a CHHTE3 ¥ MacOPTU3aLUI0 00Pa3IoB.
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Section 2 «Surface, thin films and nanostructures»

NON-TRIVIAL SHAPES OF MOSSBAUER SPECTRA
OF MAGNETIC NANOPARTICLES WITH DIFFERENT TYPES
OF MAGNETIC ANISOTROPY

M.A. Chuev”

Valiev Institute of Physics and Technology of RAS, Moscow, Russia
*e-mail: m_a_chuev@mail.ru

Maossbauer spectroscopy is one of the main methods for studying various systems of magnetic
nanoparticles, which are widely used in modern nanotechnology due to a number of specific
structural, magnetic and thermodynamic properties of these materials found in the process of many-
years fundamental research. At the same time, the high sensitivity of the method itself is determined
by the fact that the small particle size is usually a decisive factor in the implementation of very
different shapes of absorption spectra of such materials [1]. The basis of methodological
achievements in solving applied problems is the specific evolution of nanoparticle spectra from a
well-resolved magnetic hyperfine structure (sextet of lines for >’Fe nuclei) at low temperatures to a
single line (or quadrupole doublet of lines) observed at high ones. This behavior was observed 50
years ago and was interpreted within the framework of the theory of ferromagnetic single-domain
particles, which was laid by Neel in the late 40s of the last century [2]. Almost immediately to
describe the temperature evolution of the Mdossbauer spectra, the simplest two-level relaxation
model was proposed for single-domain particles with the energy of axial magnetic anisotropy [3]:

E=-KVcos?0. (1)

Here, K is the magnetic anisotropy constant, V is the particle volume, 0 is the angle between the
homogeneous magnetization vector of the particle and the anisotropy axis.

Subsequently, a number of models of varying degree of complexity were proposed to describe
specific forms of Mossbauer spectra of ferromagnetic [4-6], antiferromagnetic [7] and ferrimagnetic
nanoparticles [8] as a function of temperature, as well as of magnetic field [9]. However, in all these
models, the simplest form of magnetic anisotropy (1) was considered, so the question of the
influence of various forms of magnetic anisotropy, widely used in magnetism, has so far actually
remained behind the scenes.

In this contribution, I will consider continual and quantum-mechanical models of magnetic
dynamics of the ferromagnetic nanoparticle system for two types of magnetic anisotropy:

E =—KV cos? e(1+ k, cos? e) (2)
and
E =—KV(COSZG+OLSin2 0sin? (p) 3)

(here, ko, and a are constants, ¢ is the azimuth angle), as well as the corresponding theory for
describing the Maossbauer spectra of such materials. These models significantly expand the
methodological base for diagnostics of magnetic nanomaterials.

[1] M.A. Chuev and J. Hesse, in K.B. Tamayo (ed.), Magnetic properties of solids. Nova Science Publishers,
New York, p. 1 (2009).

[2] L. Néel. Ann. Geophys. 5, 99-118 (1949).

[3] H.H. Wickman, in 1.J. Gruverman (ed.), Mossbauer effect methodology, v.2, Plenum Press, New York,
p. 1 (1966).

[4] D.H. Jones and K.K.P. Srivastava. Phys. Rev. B 34, 7542-7548 (1986).

[5] M.A. Chuev, M.A. Polikarpov and V.M. Cherepanov. JETP Lett. 92, 21-27 (2010).

[6] M.A. Chuev. J. Phys.: Condens. Matter 23, 426003, 1-11 (2011).

[7]1 M.A. Chuev. JETP Lett. 95, 295-301 (2012); 103, 175-180 (2016).

[8] M.A. Chuev. Advances in Condensed Matter Physics 2017, 6209206. 1-15 (2017).

[9] M.A. Chuev. JETP 114, 609-630 (2012).
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HETPUBUAJIBHBIE ®OPMbI MECCBAYJ3POBCKHUX CIIEKTPOB
MAI'HUTHBIX HAHOYACTHUL C PASBHBIMU ®OPMAMMU
MATHUTHOM AHU3OTPOIIUU

M.A. Yyes”

Quzuxo-mexnonoeuueckui uncmumym PAH um. K.A. Banuesa, Mockea, Poccus
*e-mail: m_a_chuev@mail.ru

MeccOay3poBcKasi CIEKTPOCKOMMS SBJISETCS OJHUM M3 OCHOBHBIX METOJIOB MCCIIEAOBAHUS
pa3IMYHbIX CHUCTEM MAarHUTHBIX HAHOYACTHIl, KOTOPbIE IIMPOKO HUCHOJb3YIOTCS B COBPEMEHHON
HAaHOTEXHOJIOTUU Onarojapst LeIoMy psay CcHequpUYecKUX CTPYKTYpHBIX, MarHUTHBIX U
TEPMOJIMHAMUYECKUX CBOICTB 3THX MaTepUalioB, OOHAPYKEHHBIX B IPOILIECCE MHOTOJIETHUX
(¢byHaMeHTalIbHBIX uccienoBaHui. I[Ipm 3TOM BbICOKas YYyBCTBUTEIBHOCTH CaMOIo METOJa
OTIpEe/IeNIAeTCS TeM OOCTOSITENIbCTBOM, YTO Majblid pa3Mep YacTUIl KaK IPaBUJIO OKa3bIBAeTCS
pemaomuM (pakTopoM B peaau3allii BeCbMa pa3HOOOpPa3HbIX (OPM CHEKTPOB MOTJIONMIEHUS TaKUX
marepuayioB [1]. OcHOBOW METOIMYECKUX MOCTIKCHHI B PEIICHUU MPUKIAIHBIX 3a/1a4 SIBISCTCS
crienuprIecKuii XxapakTep BOJIONNHA CIIEKTPOB HAHOYACTHUIL OT XOPOIIO Pa3peIIeHHOW MarHUTHOU
CBEPXTOHKOM CTPYKTYpBI (CEKCTET JTUHUM UId siAep 57Fe) IIPY HU3KUX TEMIIEPATYPAaX K OJMHOYHOU
JUHUM (WM KBaAPYIMOJIbHOMY NyOJeTy JMHUN) — IpU BBICOKUX. Takoe moBefeHne HaOIr0Aaa0Ch
emte 50 et Ha3aq U OBLJIO UHTEPIPETUPOBAHO B paMKax TEOPUH (GEeppOMAarHUTHBIX OJTHOJIOMEHHBIX
YJaCTHII, OCHOBBI KOTOPOH ObLTH 3a0keHbl Heenem B korIre 40-x mpormioro Beka [2]. [Ipaktudeckn
Cpa3y AJisl ONMHMCAaHUS TEMIEPATypHOU 3BOIOIMH MeccOayIpOBCKHX CIIEKTPOB Obljia MpeasioKeHa
MpoCTeHIlIas JBYXYPOBHEBAas MOJENb pelakcalid OJHOJOMEHHOW YacTHIbl C SHEprueu
aKCHAJIbHOW MarHUTHOMN anu3otpomnuu [3]:

E=-KVcos?0. (1)

rae K — KOHCTaHTa MarHUTHOM aHW30Tponuu, V — 00bEM YacTUIbl, § — yroa Mexay BEKTOPOM
OJIHOPOJHON HAMArHUYEHHOCTH YaCTHIIBI U OChI0 aHU30TPOTIHH.

B nanpHeimemM ObUT IPEAIOKEH ENBIA PSJI MOJIEICH Pa3IMYHON CTEMEHU CIIOKHOCTH IS
OmHcaHus pa3zHOoOOpa3HBIX (opM MeccOay’pOBCKUX CHEKTPOB HAHOYACTHI[ PAa3HOW MAarHUTHOU
npupoasl, (eppoMarHuTHeIx [4-6], aHTHGeppoMarHuTHBIX [7] u deppumarnuTHbX [8] B
3aBUCHMOCTH OT TEeMIIepaTypbl, a Takke MarHuTHOro nojst [9]. OmHako, BO BCeX 3THX MOJCIAX
ObLIa pacCMOTpPEHBI MpocTeiias GopMa MarHUTHOW aHu30Tponuu (1), Tak YTO BONPOC O BIUSHUU
pa3IuYHbIX (OPM MArHUTHOW aHM3O0TPOIMH, IIMPOKO HCIOJB3YEMBIX B MarHeTusMe, 0 CHUX IOp
(bakTUYeCcKH ocTajcs 3a KaapoM.

B Hacrosmeit pabore OyayT paccCMOTpeHbl KOHTHHYaldbHbIE M KBAHTOBO-MEXaHHYECKUE
MOJEN MAarHUTHOM JMHAMUKH CHCTEMBbl (EpPOMArHUTHBIX HAHOYACTHI[ JJS JBYX THIIOB
MarHUTHON aHU30TPOIHUU:

E =KV cos? e(1+ k, cos? e) (2)

E :—KV(00826+0cSin2 0sin? (p) 3)

(k2 U o — KOHCTAHThI, (¢ — aSI/IMYTaJ'ILHHﬁ YFOH), a TAKIKC€ COOTBCTCTBYIOLIAA TCOPUA JISA OTITMCAHUA
MeCC6ay3pOBCKI/IX CIICKTPOB TaKHUX MaTCpHaAJIOB. Ot MOACIN CYHICCTBCHHO pPaCllupArOT
MCTOANYCCKYIO 6a3y JAUArHOCTUKU MAarHuTHbIX HAHOMATCPHUAJIOB.
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MOSSBAUER STUDIES OF Fe;0, AND Fe;0,@Au NANOPARTICLES
SUBJECTED TO THERMAL ANNEALING

V.S. Rusakov'”, M.S. Fadeev', A.L. Kozlovskiy?

' _omonosov Moscow State University, Moscow (Russia)
2L.N. Gumilyov Eurasian National University, Nur-Sultan (Kazakhstan)
*e-mail: rusakov@moss.phys.msu.ru

The interest in oxide nanostructures based on transition metals is due not only to their unique
physicochemical properties, large specific surface area, resistance to external influences, but also to
the potential possibilities of their use in biomedicine, photocatalysis, microelectronics, information
storage, etc. One of the most promising materials for various practical applications are iron oxide
nanoparticles in its various modifications, which are characterized by a variety of structural,
magnetic and conductive properties. In order for the properties of magnetic nanoparticles not to
degrade when interacting with the environment, their surface must be stabilized. Such stabilization
can be provided by coating their surface with various metals or organosilicon compounds, i.e. by
creating nanostructures of the "core-shell” type. In addition, such a coating can increase the
dispersibility and biocompatibility of nanostructures.

The report presents the results of a study by methods of Méssbauer spectroscopy, powder X—
ray diffractometry and scanning electron microscopy of iron oxide Fe;O4 nanoparticles uncoated
and coated with gold — FesO4@Au, subjected to thermal annealing at temperatures up to 800°C and
subsequent ultrasonic dispersion. For processing and analyzing the Mossbauer spectra using the
SpectRelax program, a model was proposed and implemented that takes into account the features of
the crystal and magnetic structure of magnetic nanoparticles of Fe;O4 oxide, taking into account its
nonstoichiometry, the fast electron exchange between neighboring ions in {Fe?**Fe**} pairs and the
relaxation behavior of the magnetic moment within the framework of a multilevel
superparamagnetic relaxation model. As a result of the model fitting of the Mdssbauer spectra of the
studied nanoparticles, the values of the relative intensities | (Fig. 1) and the hyperfine parameters of
the subspectra corresponding to different states of Fe atoms were obtained: isomer shift, quadrupole
shift of the hyperfine structure components and the hvperfine maanetic field on *'Fe nuclei.
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Fig. 1. The dependences of the relative intensities | of the Mdssbauer subspectra corresponding to
different states of Fe atoms on the annealing temperature t,,, of FesO,4 iron oxide nanoparticles uncoated
(a) and with gold coated (b).

For nonstoichiometric magnetite Fes,O4, the number of vacancies y per formula unit and the
parameter of superparamagnetic relaxation were also obtained, which made it possible to estimate
the average size of the magnetic ordering region of iron atoms.

A comparative analysis of the obtained data of Mdssbauer spectroscopy, powder X-ray
diffractometry and scanning electron microscopy is provided in the report.
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MECCBAY2POBCKHUE UCCJIEJOBAHMUS Fe;04 U Fe;O,@AU
HAHOYACTHUL, TOABEPI'HYTBIX TEPMAYECKOMY OTXUI'Y

B.C. PycaKOBl*, M.C. CDa;[eeBl, AJL. Kosnosckwuit?

"Mockosckuii 2ocyoapcmeennwiii ynueepcumem um. M.B. Jlomonocosa, Mocksa (Poccus)
2E6pa3uﬁc1<uﬁ HayuouanvHolll yHugepcumem um. JL.H. I'vmunesa, Hyp-Cynman (Kazaxcman)
*e-mail: rusakov@moss.phys.msu.ru

WHTepec K OKCHIHBIM HAaHOCTPYKTYypaM Ha OCHOBE IEPEXOJHBIX METAJUIOB OOYCIOBJICH HE
TOJIBKO WX YHUKQJIbHBIMU (DU3UKO-XUMUYECKHMH CBOMCTBAMH, OOJIBIION YIEIBHON TOBEPXHOCTHIO,
YCTOWYMBOCTHIO K BHCITHUM BO3JCHCTBHSM, HO W TOTCHIUAIBHBIMA BO3MOXHOCTSMH HX
WCIOJIb30BaHUsl B OMOMeAMIIMHE, (DOTOKaTaln3e, MUKPOIJIEKTPOHUKE, XpaHEHUU WHGOpMaluu U
T.1. OmaumMu w3 Hawboyiee TEPCIEKTUBHBIX MAaTEPHANIOB Ul  Pa3iIMYHBIX MPAKTHYECKHX
MPUMEHEHHUH SBJSIFOTCS HAaHOYACTHUIIBI OKCH/IA JKele3a B PA3IMYHBIX €0 MOTU(PHUKAIMIX, KOTOPHIE
XapaKTePU3YIOTCS Pa3HOOOpa3ueM CTPYKTYPHBIX, MATHUTHBIX W MPOBOSIINX CBOMCTB. st Toro
9TOOBI CBOMCTBA MAarHUTHBIX HAHOYACTHIL HE JIETPATUPOBAIH TP B3aUMOJICHCTBHHU C OKPYKAOIIEH
Cpenoi, WX TMOBEPXHOCTh HEOOXOIUMO CTAaOWIM3UPOBaTh. Takas cTaOMIM3AIUs MOXKET OBIThH
o0ecrieyeHa MOKPHITHEM WX TOBEPXHOCTH Pa3IMYHBIMUA METAJUIAMU WIIH KPEMHHHOPTaHUYECKHUMHU
COCIIMHEHUSIMH, T.€. CO3JaHWEM HAHOCTPYKTYp THIA «siapo-o0oiouka». Kpome Toro, Takoe
MOKPBITHE MOXET TIOBBICHTh JUCIIEPTUPYEMOCTh U OMOCOBMECTUMOCTh HAHOCTPYKTYP.

B nmoxmame mpencraBieHBl pe3yabTaThl  MCCIENOBAHUS METOJaMU  MeccOaydpOBCKOM
CHEKTPOCKONUH, MOPOIIKOBON PEHTT€HOBCKON MU(PPAaKTOMETPUH U CKAaHHUPYIOLIEH 3JIeKTPOHHOM
MHUKPOCKOTIMM HAHOYACTHIl OKcHaa >ene3a 0e3 mokpeituss (FesOs) u ¢ MOKpHITHEM 30J0TOM
(Fes04@AU), mNOABEPrHYTHIX TEPMHMYECKOMY OTKUIY npH Temmeparypax g0 800°C u
MOCIIEAYIOIEMY  YIbTPa3ByKOBOMY  AucreprupoBanuto. Jlngs  oOpaboTku W aHanmu3a
MeccOayIpOBCKUX CIIEKTPOB C MOMOINBIO mporpammbl SpectrRelax mpemtokena u peannzoBaHa
MOJIeNIb, YYUTHIBAIOIIAss OCOOEHHOCTH KPUCTAJUIMYECKONW M MAarHUTHOW CTPYKTYpbl MarHMTHBIX
HaHo4acTHIl okcuaa Fe30,4 ¢ yueToM ero HeCTEXHOMETPUH, OBICTPOTO OOMEHA AIMEKTPOHAMH MEXTY
cocenHuMu HoHamu B mapax {Fe’'Fe®*} u penakcalmoHHOrO MOBEIEHHS MAHHTHOTO MOMEHTA B
pamMKax MOJIelM MHOTOYPOBHEBOH cymeprapamMarHuTHOW penakcauuu. B pesynbraTe mMonenbHOM
paciiupoBKH MeccOAyIPOBCKUX CIHEKTPOB HCCIEIOBAHHBIX HAHOYACTUIl OBLIM TOJYYECHBI
3HAYEHHSI OTHOCHUTEIIbHBIX MHTEHCHBHOCTEH (Puc.1l) M CBEpXTOHKMX MapamMeTpoB HapIHATbHBIX
CIEKTPOB, COOTBETCTBYIOIIMX Pa3IUYHBIM COCTOSIHMSIM aTOMOB Fe€: ciaBura mecc6ay’poBCKOIO
CHEKTpa, KBaJIPYMOJBHOTO CMELIEHUS KOMIIOHEHT CBEPXTOHKON CTPYKTYpbl U CBEPXTOHKOTO
MATHHTHOTO TOJIS Ha sipax > Fe. J[Is HeCTeXHMOMETPHYHOIO MAarHeTHTA Fes,O4 6buIn mOITYYEHBI
TaKKe YHCIO BaKaHCHM » Ha (QOPMYIBHYIO €IUHUIy M MapaMeTp cylneprapamMarHuTHOM
penakcanuy, KOTOPbIA MO3BOJWI OIEHUTHh CPEeIHUN pa3Mep O0JacTH MAarHUTHOTO YIOPSAOYCHHUS
aTOMOB keje3a. B jJokmazge mpoBedeH CpaBHUTENbHBIM aHAIW3 MOJYyYEHHBIX JaHHBIX
MeccOay’pOBCKOH  CHEKTPOCKONHUH,  MOPOIIKOBOH  PEHTTCHOBCKON  IU(MPAKTOMETpUH U
CKaHUPYIOIIEH 2JIEKTPOHHON MUKPOCKOTIUH.
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PROBE MESSBAUER DIAGNOSTICS
DYNAMIC PROPERTIES OF 2D-DIMENSIONAL WATER LAYERS
ON THE MONTMORILLONITE SUBSTRATE

A.A. Zalutskii*, V.V. Morozov, A.Y. Sokolov, E.N. Shkolnikov

Yaroslavl State Technical University, Yaroslavl, Russia
*e-mail: zalutskii@mail.ru

The purpose of this report is to demonstrate a specially created approach based on probe
Massbauer spectroscopy (MS), potentially capable of diagnosing the physics of two measurements
in thin monofilms of water adsorbed in montmorillonite at a qualitative level using experimental
data.

We obtained the following main results:

1. The report presents a set of elastic parameters (shear modulus, Poisson coefficient, Gruneisen
parameter) for two-dimensional hexagonal ice and discusses the quantitative assessment of
thickness, density, viscosity for a quasi-liquid layer of water. It is confirmed according to [1] that
there is no difference between the Messbaur parameters of the spectra for systems in two and three
dimensions.

2. The most suitable for solving our problems was the approach of modular design [2] and the
model classical-historical (CS) structures built of tetraedral atoms [3] satisfactorily correspond to
the system of "surface ice-clay substrate” in their metric and topology. Due to its intense nature, the
CS is able [3] (1) to introduce a limited energy, and (2) the transformation of the course itself can be
accompanied by its elongation and transformation. Experimental confirmation of (1) and (2) using
the MS method can be the temperature nature of the behavior of the Mossbauer parameters
(f'~S(T), A = 2¢) for probes in the form of Fe?* and Fe** compounds. The behavior of 2 D-ice is

similar to the auxetics, which we first recorded by the probe MS method when analyzing the elastic
characteristics of surface ice [4].

3. The Messbauer experiment confirms that melting in a system occurs using two phase
transitions with the presence of an intermediate hexatic phase (GF) in it. At the same time, the crystal
passes into GF through a continuous Berezinsky-Kosterlitz-Taules transition (BKT) [5], and GF turns
into an isotropic liquid using a transition of the first kind. The report provides a probe MS technique
to reliably diagnose these mechanisms (or types of phase transitions) and thereby propose an
adequate melting scenario in two-dimensional systems.

4. For the study of stochastic processes or dynamic chaos, an MS technique was developed, with
the help of which the boundary for various noise regions implemented in the studied system was
diagnosed. Along with fixing the quantum dots of water behavior h$2,; = kzT,, (see footnotes in
[4]), possible scenarios for the path of establishing chaos in a deterministic system were analyzed at
a qualitative level.

5. The approaches presented in the report open up new opportunities for studying, along with the
classical types of "volumetric" ice (I, In, etc.), its special type, which is a metastable form of low-
density ice (ferroelectric ice "0" and ice "i""). The dependence of the fractal dimension (dg) of the
surface ice on the external pressure (P/Po) according to [6] can be considered "as a ladder leading to
the physics of two dimensions."

[1] Y. Imry and L. Gunther. Physical Review B, 3, 3939-3945 (1971).

[2] N.A. Bulienkov, Biophysics, 50, 811-831 (2005).

[3] E.A. Zheligovskaya and N.A. Bulienkov, Biophysics, 62, 683-690 (2017).

[4] A.A. Zalutskii, Crystallography Reports, 65, 371-375 (2020).

[5] V.N. Ryzhov, E. E. Tareyeva, Yu. D. Fomin and E. N. Tsiok, Phys. Usp., 60, 857-885 (2017)
[6] J.G. Dash, Physics Today, 38, 26-32 (1985).

48


mailto:zalutskii@mail.ru
mailto:zalutskii@mail.ru
mailto:zalutskii@mail.ru
mailto:zalutskii@mail.ru
mailto:zalutskii@mail.ru
https://elibrary.ru/contents.asp?id=33407846
https://www.elibrary.ru/contents.asp?id=35478592

Cexyusa 2 «Ilosepxnocmb, moHKUe NAEHKU U HAHOCMPYKIMYPbl»

30HAOBASA MECCBAYJPOBCKASA IUAT'HOCTHUKA
JIMHAMMYECKHX CBOUCTB 2D-PASMEPHbBIX CJIOEB BO/IbI
HA NOAJTOKKE MOHTMOPUJ/IVIOHUTA

A.A. 3anv111<1/11“4*, B.B. Mopo3os, A.}O. Cokosos, E.H. IlIkonsHUKOB

Apocnasckutl 2ocyoapemeentulii mexnuieckuil yuuseepcumem, HApociasiv, Poccus
*e-mail: zalutskii@mail.ru

B peansnom tpexmepHom (3D) mupe Bcerna umerorcs noepxHoctu (2D), 1 B 3aBUCUMOCTH
OT BHEUIHHUX YCJIOBUI MOTryT (pukcupoBarhcsi B3amMHbIe mnepexoiabl (2D«3D). Ilens mokmaga —
MPOJIEMOHCTPUPOBATh  CHEIHMAIBHO  CO3JaHHBIA Ha 0a3e  30HJOBOM  MeccOay’IpOBCKOM
cnekrpockonuu  (MC) T0AX0J, TOTSHIMATBHO CHOCOOHBI Ha KAa4eCTBEHHOM YPOBHE C
HCIOJIb30BAHUEM JKCIEPUMEHTANIbHBIX JaHHBIX JUArHOCTUPOBATh (U3MKY JBYX H3MEpPEHUN B
TOHKHUX MOHOIIJIEHKAX BO/JIbl, aICOPOUPOBAHHBIX B MOHTMOPHJIJIOHUTE.

Hamu 66111 1osTydeHs! cleayIoniie OCHOBHBIE PE3YIbTaThl:

1. B poxiane mpencrtaBieH HaOOp ynpyrux napaMmeTrpoB (MOIydb CIBUTra, KOAPPUIMEHT
Ilyaccona, mapametp ['proHaif3eHa) sl JBYMEPHOTO TE€KCAarOHAJBLHOTO JIbJla U OOCYXKIaeTcs
KOJIMYECTBEHHAsl OLEHKAa TOJILIMHBI, IUIOTHOCTH, BS3KOCTH MJIsi KBa3WKUIKOTO CJOSI BOJBI.
[ToarBepxaeHo cormacHo [l] OTCyTcTBHME pa3HHIBI MEXIy MeccOaypOBCKHUMH IapameTpaMu
CIIEKTPOB Ul CUCTEM, HAXOAALIUXCS B IBYX U TPEX U3MEPEHUSX.

2. Haubonee mpurogHbsIM JIJsl pEIICHUs HAIUX 3a7ad OKa3aJicsi MOJXOJ MOJYJIBHOTO Ju3aiiHa
[2] ¥ mocTpoeHHBIE W3 TETPAdAPHUECKUX aTOMOB MOjeabHbIe KiaacTepHO-cTepskHeBbie (KC)
CTPYKTYpbI [3] 1O CBOEM METPUKE W TOMOJOTHHU YIOBIECTBOPUTEIHLHO COOTBETCTBYIOT CHUCTEME
«MOBEPXHOCTHBIN JIEA-TJIIMHUCTAsA Noa0xKa». [lo mpuurHe cBoero HampsbkeHHOTo Xapakrtepa KC
CTpYKTYphl crocoOHbl [3] (1) BBICBOOOXKHATh 3amaceHHYIO YIPYrylo SHepruio, a (2) cama
TpaHcopMausi CTEPKHS MOXKET COMPOBOXKIATHCS €ro YIIMHEHHMEM U PAacKpydyHMBaHUEM.
DKcnepuMeHTATbHBIM TIoATBepkaeHueM (1) u (2) ¢ momompio mMetoma MC MOXKET CIyKUTh
TEMITepPaTyPHBIH XapakTep NoBeAcHHS MeccOayspoBckux mapamerpoB ( f'~S(T), A = 2g) mis

30HJI0OB B (hopMe COEITMHEHUM Fe?* u Fe®". [Ipu sTom moBenenue 2D-npna mog00HO ayKCETHKY,
3aperucCTpUPOBAHHOTO HAMM BIEpBble MeTOJOM 30HJI0BoM MC 1mpu aHanmuse ynpyrux
XapaKTePUCTUK MMOBEPXHOCTHOTO Jibja [4].

3. Meccbay3poBCKUN AKCIEPUMEHT MOJATBEP)KJIAET, UTO IUIABJICHHUE B CHUCTEME MPOUCXOJUT C
MOMOIIBI0 JBYX (ha30BBIX NEPEXOJ0B C HATUYMEM B HEW MPOMEKYTOUHOM TeKcaTH4ecKoul (hazbl
(I'®). ITpu stom Kpuctait nepexoaut B ['D mocpeacTBOM HEMPEPHIBHOTO Mepexoaa bepe3nHckoro —
Kocrepimuua — Tayneca (BKT) [5], a I'® mpeBpaijaercs B HU30TPOINHYIO KHIKOCTH C TOMOIIBIO
nepexo/ia MepBoro poja.

4. Jlns uccienoBaHUs CTOXaCTHMUECKUX IMPOIIECCOB WM JUHAMHYECKOTO Xaoca paszpaboTraHa
Metoauka MC, ¢ moOMOIIbI0 KOTOPOi ObliIa AMATHOCTHPOBAHA TPaHMIIA ISl pa3IMYHBIX OOnacTei
IymMa, peaqu3yembiX B u3ydaemoil cucteme. Hapsny c¢ dukcanueil KBaHTOBBIX TOUEK TMOBEICHHS
Boabl (h&2,; = kgT,) (cM. cHOcku B [4]) ObUIM MpOaHAIM3UPOBAHBI HA KAYECTBEHHOM YpPOBHE
BO3MOXHBIE CIICHAPUU MMYTH YCTAHOBJICHHUS Xa0ca B IETEPMUHUPOBAHHOHN CHCTEME.

5. O6cyxaemMble B JTOKJIa/e MOAXOJbI OTKPHIBAIOT HOBBIE BO3MOXKHOCTH H3y4YEHHS HapsIy C
KIIACCHYECKUMHU BHIaMU «00beMHOTO» Nbaa (l¢, In, 1 T.11.) €ro 0coObIii TUTI, KOTOPHIN IPEACTABISIET
co0oif MeTacTaOmibHbIe (OPMBI JibJla HU3KOW MIOTHOCTH (CEerHeTodNeKTpruueckuil nén «0» u nmexq
«i»). 3aBUCUMOCTD (ppakTaibHON pazMepHOCTH (Ur) MOBEPXHOCTHOTO Jiba OT BHEIIHETO TaBJICHHUS
(P/Pg) cormacHo [6] MOXKHO pacCMaTpUBaTh «KaK JIECTHUILY, BEAYIIYIO B PU3UKY IBYX U3MEPEHUI.
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ANALYSIS OF MAGNETIC ANISOTROPY IN FINEMET ALLOY BY
MOSSBAUER SPECTROSCOPY

E. Kuzmann'’, S. Stichleutner'?, L. Machala®, J. Pechousek®, R. Vondrasek®, D. Smrcka®,
L. Kouril®, Z. Homonnay', M.1. Oshtrakh®, A. Mozzolai', V.A. Skuratov®>®’, M. Kudor,
B. Herczeg', L.K. Varga®

YUnstitute of Chemistry, Eotvos Lorand University, 1117, Budapest, Hungary

2Centre for Energy Research, 1121 Budapest, Hungary

Department of Experimental Physics, Faculty of Science, Palacky University 771 46 Olomouc,
Czech Republic

*Department of Experimental Physics, Institute of Physics and Technology, Ural Federal
University, Ekaterinburg, 620002, Russian Federation

>Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research, JINR, 141980,
Dubna, Moscow region, Russian Federation

®National Research Nuclear University MEPhI, 115409, Moscow, Russian Federation
"Dubna State University, 141980, Dubna, Moscow Region, Russian Federation

®\Wigner Research Centre for Physics, 1121 Budapest, Hungary

*e-mail: erno.kuzmann@ttk.elte.hu

Maossbauer spectroscopic measurements can be advantageously used to follow the formation
and change of induced anisotropy in FINEMET alloys. The magnetic anisotropy can be
characterized by measuring the relative areas of the 2" and the 5" lines of the Mdssbauer sextets
(A2s5), compared to those of the 1% and the 6™ lines (Aig). The ratio of these relative areas is
determined by the angle 0 included by the directions of magnetic moment and y-rays according to
the formula [1]:

AzslAr 6 = 4 sin“0/(3(1 + cos?0)) (1)

In the case of stress field annealed FINEMET ribbons, the change in the relative areas of the
2" and the 5" lines in the Mdssbauer spectra indicated significant variation in the magnetic
anisotropy due to the different annealing procedures. A correlation has been established between the
permeability and the magnetic anisotropy of the annealed FINEMET samples [2]. We have also
found earlier that the irradiation by swift heavy ions [3] is another excellent method to alter the
magnetic anisotropy in amorphous and nanocrystalline ribbons in FINEMET alloys.

In the present work °’Fe transmission and conversion electron Mossbauer spectroscopy as
well as XRD were used to study the effect of swift heavy ion irradiation on stress annealed
FINEMET samples with composition of Fe;35Si135NbsBgCu; [4]. XRD of the samples indicated
changes neither in the crystal structure nor in the texture of irradiated ribbons as compared to those
of non-irradiated ones. However, changes in the magnetic anisotropy both in the bulk as well as at
the surface of the FINEMET alloy ribbons irradiated by 160 MeV **?Xe ions with a fluence of 10*3
ion cm2 were revealed via the decrease in the relative areas of the 2" and the 5™ lines of the
magnetic sextets in the corresponding Mdssbauer spectra. The irradiation induced change in the
magnetic anisotropy in the bulk was found to be similar or somewhat higher than that at the surface.
The results are discussed in terms of the defects produced by irradiation and corresponding changes
in the orientation of spins depending on the direction of the stress generated around these defects.

This work was supported by grants of the Hungarian OTKA projects No K43687, K68135,
K100424, K115913, K115784 and by the Czech-Hungarian Intergovernmental Fund, Grant No.
CZ-11/2007 (MEBO040806). by the project “Swift heavy ions in research of iron-bearing
nanomaterials”, No. of theme 04-5-1131-2017/2021, solved in cooperation of the Czech Republic
with the JINR (3+3 projects), furthermore by internal IGA grant of Palacky University
(IGA_PrF_2022_003). The authors from Palacky University Olomouc want to thank the project
CZ.02.1.01/0.0/0.0/17_049/0008408 of the Ministry of Education, Youth & Sports of the Czech
Republic. M.1.0O. was supported by the Ministry of Science and Higher Education of the Russian
Federation, project Ne FEUZ-2020-0060 and in part by the Ural Federal University project within
the Priority-2030 Program.
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AHAJIN3 MATHUTHOM AHU3OTPOIINU B CIIJIABAX FINEMET
METOJOM MECCBAY3POBCKOM COHEKTPOCKOIINA
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MeccOaysapoBcKasi CIIEKTPOCKOTHS MOXKET ObITh YCIIEUTHO MCIIOJIb30BaHA JUISl UCCIEAOBAHUS
dhopMupoOBaHUS U W3MEHEHUS MHAYHHpPOBaHHOW aHm3oTponuu B ciiaBax FINEMET. MarautHas
AHU3OTPOTMHS MOKET XapaKTEpU30BaThCsI U3MEPEHUEM OTHOCUTEIbHBIX TUIOIIAACH 2-i U S5-I TUHMI
B MarHUTHOM cekcTeTe (A 5) B CpaBHEHHH ¢ OTHOCHTEIBHBIMHU IIOMIAAAMH 1-i U 6-if muHuii (Agg).
OTHoOlIEHHE ATHX OTHOCHUTENIbHBIX IUIONIAJIEH Ompenensercs yrioM 6 Mexay HampaBlIeHUSMU
MarHUTHOTO MOMEHTA U HaIpaBJIeHUEM Y-lyueil cornacHo gopmyre [1]:

AzslArs = 4 sin“0l(3(1 + cos’6)) 1)

B cnywyae mnpunoxkeHHs MO Harpy3kd BO Bpemsl oTxkura JeHThl cruiaBa FINEMET
W3MEHEHHE B OTHOCHUTENBbHBIX IUIOMIaAax 2-i u 5-il nuHuil B MeccOaydpOBCKUX CIEKTpax
yKa3bIBaeT Ha 3HAYUTENHbHOE M3MEHEHHWE MArHUTHON aHM30TPONHMM H3-3a OTJIMYHMM B Ipolieccax
oTKura. belia ycTaHOBIIEHA KOPPENALUs MEX/Ty BOCIPUMMYUBOCTBIO U MAarHUTHOW aHU30TPOMHEH
o0pasuoB otoxokeHHbIX ciutaBoB FINEMET [2]. Panee Mbl Takke OOHApYKHIIH, YTO OOJIyYeHHUE
OBICTPBIMU TSDKEBIMH HOHaMu [3] sBIsieTCs OpYrUM 3aMevaTeNbHBIM CIIOCOOOM BJIHATH Ha
MarHUTHYIO aHM30TPOIHIO B aMOP(HBIX U HAHOKPUCTAIIMUECKHX JieHTax ciiaBoB FINEMET.

B HacTosiell paGoTe MecchaydpOBCKas CIIEKTPOCKOIHS Ha SApaxX ° Fe (TpaHCMHCCHOHHAs U
Ha KOHBEPCHOHHBIX AJIEKTPOHAX), a TaKkKe PEHTTeHOBCKas AU(pakius ObLIM HUCIIOJb30BAHBI IS
W3YYEHUS BIMSIHUS 0OTydeHHs! OBICTPBIMU TSDKEIBIMU MOHAMH Ha OTOXOKEHHBbIE 00paslibl CIaBa
FINEMET c¢ cocraBom Fe735Sii3sNbsBgCu; [4]. O6nydeHne BBI3BIBACT W3MEHEHHS MArHUTHOM
aHM30TPOIMHM B MAaCCHBHOM O0pa3slie CXOXKHE€ WM 4yTh OOJIbIIME, YeM Ha MOBEPXHOCTU JICHTHI.
Pe3ynbpTaThl 00CYX1at0TCS Ha OCHOBE 00pa30BaHMs PAJHALMOHHBIX 1€()EKTOB M COOTBETCTBYIOIIUX
M3MEHEHHWI OpUEHTAlH CIIMHOB, 3aBUCAIIMX OT HAINPaBJICHUsS HAINPSDKEHHs, CO31aBaeMOr0 OKOJIO
9TUX JE(PEKTOB.
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EMISSION NGR SPECTROSCOPY OF GRAIN BOUNDARIES IN COARSE-
GRAINED AND ULTRAFINE-GRAINED NIOBIUM

V.V. Popov'’, E.V. Osinnikov*

M.N. Miheev Institute of Metal Physics, Ural Branch of RAS, Ekaterinburg, Russia
*e-mail: vpopov@imp.uran.ru

The mechanism of grain-boundary diffusion and the state of grain boundaries (GBs) in
coarse-grained and ultrafine-grained (UFG) niobium have been studied by the method of emission
Méssbauer spectroscopy on > Co(°'Fe) nuclei. Samples of UFG niobium were obtained by severe
plastic deformation (SPD) of single-crystal niobium by high-pressure torsion (HPT).

To obtain Mdssbauer sample-sources, the Mossbauer radionuclide >’Co in amount of 30-40
MBq was deposited on one of the sample surfaces with an area of ~1 cm? by electrolytic deposition.
To introduce the Mdssbauer isotope atoms into the grain boundaries, the sample was annealed at
400°C for 10 h. The Mossbauer (nuclear gamma-resonance - NGR) spectra were measured on the
MS-1101E Madssbauer spectrometer with a BDGRS-2A-Fe resonant detector. After measuring the
spectra of the Nb samples annealed at 400°C, annealings were performed at higher temperatures up
to 600°C with an interval of 25°C for 2 h, and the NGR spectrum was recorded after each anneal-
ing.

The studies have shown that at all the annealing temperatures studied, the Mdssbauer spectra
of both coarse-grained and UFG niobium contain two lines, one of which (component 1) is formed
by atoms of the Mossbauer isotope localized in grain boundaries and the other one (component 2) is
formed by atoms located in the near-boundary regions of crystallites. In both cases the isomer shift
of component 1 is higher than that of component 2. This indicates that both in coarse-grained and
UFG Nb, the grain-boundary diffusion of cobalt proceeds by the interstitial mechanism.

The isomer shifts of spectral lines taken from samples of coarse-grained and UFG Nb have
been compared. In case of coarse-grained Nb the isomer shifts of both lines slightly increase with
increasing temperature. In this case, the isomer shift of bulk line (component 2) is very close to its
tabular value for >’Co(°'Fe) atoms in the ideal Nb lattice, which means that the state of atoms in the
near-boundary areas of coarse-grained Nb is close to their state in the regular lattice. The most
probable reason for the reduced values of spectral line isomer shifts at low annealing temperatures
is the formation of interstitial segregations. An increase in isomer shifts with an increase in the an-
nealing temperature is probably due to the escape of interstitial atoms from grain boundaries and
near-boundary areas of crystallites.

In case of UFG Nb, the isomer shifts of both lines are significantly lower than for the coarse-
grained Nb, especially at relatively low temperatures (400—450°C). This difference, apparently, is
explained by the special deformation-modified (“non-equilibrium”) state of GBs resulting from
SPD. One of the main features of the deformation-modified state of grain boundaries is an excess
free volume, which results in the reduced isomer shifts. At annealing temperatures of 400-450°C,
the isomer shifts of both lines remain almost unchanged. Apparently, this is explained by the fact
that at these temperatures there are no noticeable changes in the state of grain boundaries and near-
boundary areas of crystallites. With an increase in the annealing temperature above 450°C, the iso-
mer shifts of both lines sharply increase, and after annealing at 600°C the isomer shift of the bulk
line in UFG Nb approaches its value for the coarse-grained sample. An increase in the isomer shifts
with an increase in the annealing temperature is explained by the recovery processes in grain
boundaries and near-boundary areas of crystallites.

The study is supported by Russian Science Foundation, grant No. 21-13-00063,
https://rscf.ru/project/21-13-00063.
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IMUCCHOHHAA AT'P CIIEKTPOCKOIIUA I'PAHUL 3BEPEH KPYITHO-
KPUCTAJIVIMYECKOI'O A YJIIBTPAMEJIKO3EPHUCTOI'O HUOBUA

B.B. HOHOBl*, E.B. Ocunuukos®

1HHcmumym Gusurxu memannos um. M.H. Muxeesa YpO PAH, Examepunbdype, Poccust
*e-mail: vpopov@imp.uran.ru

MeTtoaoM 3MUCCHOHHOM MeccOay?pOBCKOM CIIEKTPOCKOIHMH Ha sIpax 57Co(57Fe) HCCIIEIOBaH
MEXaHU3M 3epHOTPaHUYHON Muddy3un u cocrosiHue rpanui 3epeH (I'3) B kpymHOKpHCTaIIHYe-
CKOM U ynbTpamernkozepauuctoM (YM3) uunobuu. Ob6pasusl YM3 HHOOUS ObUIH MOJTYy4eHBI UHTEH-
cUBHOM mactuyeckoil nedopmarmeit (MI1/]) MOHOKpHCTAITNIECKOTO HUOOUS METOJIOM KPy4eHUS
oA BeicokuM naBieHuem (KBJI).

JUia monydeHuss MeccOay’pOBCKMX OOpa3lOB-UCTOYHMKOB Ha OJIHY W3 TIOBEPXHOCTEH
06pasioB oM@l ~1 oM’ SMEKTPOTHTHIECKHM OCAK/ICHHEM HAHOCHICS MeccOayspoBCKHil
pammonyknz ° Co B kommdectBe 30-40 MBk. [[Jis BHEAPEHMS aTOMOB MeccOayd pOBCKOTO H30TOIA
B TpaHuIlbl 3epeH obpaszen omxuranu npu 400°C B teuenue 10 u. M3mepenne meccOayIpoOBCKUX
(smepHBIX TaMMa-pe3oHaHCHBIX — SI'P) cekTpoB ocyliecTBIsI0Ch Ha MeccOay3pOBCKOM CIIEKTPO-
meTpe MS-1101E ¢ pesonancubim nerekropom BJAI'PC-2A-Fe. Tlocie n3mepenus criekTpoB oOpas-
11oB Nb, otoxckeHHbIX pu 400°C, mpoBOAUIN OTKUTH NP O0Jiee BBICOKUX TEMIIEpaTypax BILIOThH
10 600°C ¢ uaTepBanom 25°C B TeueHHe 2 4, ¥ Mocie Kaxaoro omxura cauManu AP criektp.

[IpoBeneHHble MccaeAOBaHUA MOKA3alld, YTO MPU BCEX M3YUEHHBIX TeMIlepaTypax OTKHra B
MeccOaydpOBCKUX CIEKTpaX U KPYMHOKPUCTAUINYECKOTO, 1 YM3 HHOOUS MMEIOTCS JBE JIMHUH,
OJIHa U3 KOTOPBIX chopMHUpoBaHA aToMaMH MeccOayIpOBCKOTO HM30TOMA, JOKaIu30BaHHOTO B '3
(xommoHeHTa 1), a Apyras — aroMaMu, pacloJIO)KEHHBIMH B MPUTPAHUYHBIX 007aCcTIX KpPUCTAIIH-
TOB (KoMItoHeHTa 2). MI30MepHBIi CIIBUT KOMIIOHEHTHI 1 OOJIbIIEe, YeM KOMIOHEHTHI 2, YTO CBHJIE-
TEIBCTBYET O TOM, YTO B 000ux ciaydasx Co qupdynaupyet no '3 mo Mexy3eaTbHOMY MEXaHU3MY.

[IpoBeneHo cpaBHEHHE H30MEPHBIX CIIBUTOB CIIEKTPAIbHBIX JIMHUW, CHSATHIX C 00pa3loB
kpymHo3epuucroro u YM3 Nb. B ciyuae kpymHosepuucroro Nb nsoMepHbie caBuru 00eux JTHHAN
HE3HAYUTENIbHO YBEJIIMYMBAIOTCS C MOBBILIEHUEM TeMIieparypbl. [Ipu 3ToM n3omepHsblil caBUr 00b-
€MHOM JMHUU (KOMIIOHEHTa 2) O4eHb OJIM30K K TaOJIMYHOMY 3HAUEHUIO M30MEPHOTO CIIBUTA IS
atomoB ° Co(°'Fe) B mmeansroii peurerke ND. DTo MOKa3bIBAET, YTO COCTOSHUE aTOMOB B IPHIPa-
HUYHBIX 00JacTsaX KpymHo3epHUCTOro ND OH3K0 K COCTOSHHIO aTOMOB B PErYJISIPHOM peEIETKeE.
Haubonee BeposATHON NMpUYMHON MOHMKEHHBIX 3HAYEHUI M30MEPHOTO CIBUTA CIIEKTPAIbHBIX JIH-
HUH NPU HU3KUX TeMIlepaTypax OTXKHra siBisieTcss 00pa3oBaHME cerperaiuii mpuMeceil BHEIPEHHUS.
YBenuueHne n30MEpHbBIX CIBUTOB MIPH MOBBIIICHUN TEMIIEPATYPHI OTXKUTA, BEPOATHO, OOBICHIETCS
yX0JIOM aTOMOB IipuMeceit BHeApeHus u3 ['3 u npurpaHudHbiX o0nacTel KPUCTAIIUTOB.

B cnyqae YM3 Nb usomepHsie caBuru o0eux JMHHUI 3HAYUTEIBHO HIDKE, YeM JJIsi 00pasia
kpymHokpucTaunueckoro Nb, ocobeHHo mpu oTHOCHTEIBHO HU3KUX TeMmieparypax (400-450°C).
OT0 paziauuyue, MO-BHAUMOMY, OOBSACHSAETCS O0COOBIM JeOopMaIlMOHHO-MOIUMUIIUPOBAHHBIM
(«aepaBHOBECHBIMY) cocTosiHreM 13, chopmuposasimumes B pedyabtate UIT/]. OnuH 13 0CHOBHBIX
MPU3HAKOB J1e(POPMAIMOHHO-MOAU(PULIUPOBAHHOTO cOCTOSHUSA ['3 - 3TO M30BITOUHBINA CBOOOAHBIH
00beM, CIeICTBUEM KOTOPOTO SIBJISIOTCS MOHMKEHHbIE 3HAaYEeHUsI H30MepHOro ciasura. [Ipu temme-
parypax orxkura 400-450°C uzomepHbIii caIBUT 00euX JMHUHM nmoutu He MeHsercs. [lo-Buaumomy,
9TO 0OBACHSETCS TE€M, UTO IIPU 3TUX TEMIepaTypax He MPOUCXOIUT 3aMETHBIX U3MEHEHUI coCTOs-
Hus ['3 u npurpannuHbIx obnactei kpuctauuToB. C MOBBIIEHUEM TEMIIEPAaTypbl OT)KUIA BBIIIE
450°C u3oMepHble CABUTM 00enX JMHUN pe3Ko yBeIW4YMBaroTcs, U nocie orxura npu 600°C uzo-
MEpHBIA CIBUT 0OBEMHOM JIMHUM NPHUOIMKACTCA K 3HAUYCHUIO U30MEPHOTO C/IBUTa 0OBEMHOH JIH-
HUM JUI KPYIHO3EPHUCTOTO oOpasia. PocT m3omMepHOro caBura npH MOBBIIIEHUH TEMIEPATYphI
OTXKHra OOBACHSAETCS MPOTEKaHHEM IpolieccoB Bo3BpaTa B ['3 M mpUrpaHuyHbIX OONACTAX KpHU-
CTaJUIUTOB.

HccnenoBanue BBIOJTHEHO 3a cdeT rpaHTa Poccuiickoro HayuHoro ¢onga Ne 21-13-00063,
https://rscf.ru/project/21-13-00063.
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RESEARCHING OF PROPERTIES OF MAGNETIC THIN FILMS FOR
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A.A. Valiullin*", A.S. Kamzin?, L.R. Tagirov'?, L.D. Zaripova

'Kazan Federal University, Kazan, Russia

?|offe Physical-Technical Institute of RAS, St. Petersburg, Russia

$Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center, RAS, Kazan, Russia
*e-mail: albert.om@yandex.ru

A great many studies of thin film magnetic materials focus on increasing their magnetic data
density. The data density is often raised by minimizing the size of grains (data storage items in a
magnetic film) and by switching from longitudinal to transverse recording. However, the minimum
possible size of granules is limited by the emergence of the superparamagnetic effect, which
prevents the magnetic data density from increasing. The exchange interaction between granules is
another limiting factor.

In this report different methods of synthesis of L1, FePt thin films are used to overcome these
limitations:

1. Further study indicates that the perpendicular anisotropy in [Fe/Pt], multilayer films has an
intimate correlation with the periodicity n, and, with the increasing of periodicity n, the out-of-plane
remanence ratio significantly increases and then decreases slowly. This result suggests that the
enhanced perpendicular anisotropy may be caused by the interface anisotropy at the Fe/Pt interfaces
in the [Fe/Pt], multilayers.

It has been established that, in multilayer structures based on L1, FePt films obtained by RF
magnetron sputtering, the evolution of texture from (111) to (001) can be effectively induced by
using multilayer structure. This might be a new method to obtain perpendicular anisotropy and, at
same time, to effectively reduce the exchange coupling interaction among grains in FePt films.

2. Bit-patterned media (BPM), which consist of ferromagnetic (FM) nanodots regularly
arranged in a nonmagnetic matrix, are a promising candidate to replace continuous film media for
ultrahigh density magnetic recording.

It is known that the magnetic properties of FePt films can be tailored by introducing
additional elements into them. Adding rhodium (Rh) to the FePt alloy allows us to optimize the
magnetic properties of thin films without sacrificing their magnetocrystalline anisotropy energy.
FePty xRhy films with different Rh concentrations (0 < x < 0.4) and a thickness of 20 nm were
fabricated by magnetron sputtering. It was found that the film was paramagnetic at room
temperature when x = 0, and the easy axis of magnetocrystalline anisotropy was perpendicular to
the film surface. At rhodium concentrations of x < 0.32, the ferromagnetic order was preserved at
room temperature in FePt; \Rhy, and the high magnetocrystalline anisotropy energy that established
the perpendicular magnetization orientation was retained.

3. At the present time, two-layer magnetic films prepared from two materials with different
properties extensively studied in connection of their possible applications as magnetic springs or
composites that are carriers of superhigh-dense magnetic recording.

Magnetic L1o—FePt(10 nm)/Fe(t, nm)/Ta(2 nm) (t is the Fe film thickness that is varied from 0
to 15 nm) multilayer structures have been prepared by magnetron codeposition. It was stated that
the exchange interaction between the FePt and Fe layers was stronger as the soft-magnetic Fe layer
thickness was less than 3 nm.
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UCCJIEJJOBAHUSA CBOMCTB MATHUTHBIX TOHKUX IIJIEHOK JJIs1
TEPMOMATHUTHOM 3AIIMCHU UH®OPMAIIUU

A.A. BaJII/IVHHI/IHl*, A.C. KaM3I/IH2, JL.P. TaerOBl'B, JLA. 3apI/IHOBa1

'Kasancruii (IIpusonsicckuii) pedepanvruiii ynusepcumem, Kazano, Poccust

2 DusUKO-MeXHUUCKUT uncmumym um. A.@. Hogpgpe PAH, Canxm-Ilemepbype, Poccus
*Kazancruii Guzuxo-mexnuueckuii uncmumym um. E.K. 3asoiickoco @UI] Kazanckuii nayyHulil
yenmp PAH, Kazanw, Poccus

*e-mail: albert.om@yandex.ru

MHorue uccieoBaHus MarHUTHBIX MAaTEPHAJIOB, CBS3aHHBIE C CO3JAaHHMEM TOHKHX IUJICHOK,
HaIpaBJIeHbl Ha TOBBIIICHUE TNIOTHOCTH MarHUTHOM 3anucu uHdopmaruu. [loBeilieHne mIoTHOCTH
3aMuCH JOCTUTAETCS 3a CUeT MUHUMU3AIUU pa3MepoB 3epeH. OHAKO, TaTbHEHIIIEMY YMEHBIIEHUIO
pa3MepoB TpaHyNl MPENATCTBYIOT BO3HUKHOBEHHUE CyIeprapamMarHuTHoro 3@dexkra u oOMEHHOE
B3aMMOJICMCTBHE MeXay rpanyiaamu. [l1]. Josg mpeomoneHus STHX OTpaHWYEHHH W3YYSHBI
pa3IUYHBIE CIIOCOOBI CO3/JaHUs CIICIIUATIBHBIX CTPYKTYP U MOJTYYCHBI CIEAYIOMINE PE3yIbTaThl:

1. Inenku FePt Llg-da3er 6pun momydensl B Buae [Fe/Pt]n MHOTOCHIONWHOW CTPYKTYpHI C
MOMOIIBI0 CHCTEMbl MAarHeTPOHHOTO PACMBUICHUS OCAXJEHHWEM Ha IpEeABapUTENIbHO HArpeTyro
CTEKJISIHHYIO TOJJIOXKKY 0€3 Kakoro Jn0O0 MPOMEXYTOYHOTO CJIOSI IMYTEM IOCJIeI0BaTEIbHOTO
HanbuieHuss Fe m Pt cnos. C yBenumyeHuem N, SHEPrus NEPIEHAUKYJISIPHONM MAarHUTHOMN
AQHU30TPOITUK BO3pacTaeT. YcCTaHOBJeHO, 4ro 1wieHkd [Fe/Ptln mpu n=16 o6nagatoor
MIPEUMYILECTBEHHO NEPIIEHINKYISIPHON INIOCKOCTH TUIEHOK MATHUTHOM aHU30TPOIIHEH.

2. OgauM 13 HanboJIee TIEPCIIEKTUBHBIX METOI0B YBEIHUEHHSI TNIOTHOCTH MarHUTHOH 3amucu
SIBIISICTCSI MCTIOJIB30BAHUE CTPYKTYPHPOBAHHOTO HOCHTENsI HHpopManuu. B 3ToM citydae B TuieHKe
co3naroTcs (peppoMarHUTHBIC TPAaHYJIbl (HAHOTOUYKH) OJMHAKOBBIX pa3MepoB. [[oOaBienue poaws
(Rh) B cmaB FePt mosBosiseT ONMTHMHU3UPOBATH MarHUTHBIE CBOWCTBA TOHKHMX IUIEHOK 0€3
CYIIECTBEHHOTO YMEHBIICHUS SHEPTHH MarHHUTOKPUCTAJUIMYECKOW aHU30TPOIUH, YTO ITO3BOJISIET
WCIIOJIb30BAaTh JIAHHBI COCTAaB B KAYECTBE CTPYKTYPUPOBAHHOTO HOCUTENST HH(DOpMAITHH.

3. B tpexcnoitnbix mienkax L1lg FePt / Fe / Ta, B koTopbix cioii Ta ToimuHoN 2 HM HaHECEH
JUISl TIPEIOTBpAIICHUS KOPPO3WHM, H3y4EHbl MAarHUTHBIC CBOWMCTBA, CTPYKTypa W IPOIIECCHI
nepeMarHuyuBaHus. Ha  OCHOBaHMM  JKCIEPUMEHTAJIBHBIX  JIAHHBIX, aHAJM3a  KPHUBBIX
pa3MarHMYMBaHUS ¥ OCTAaTOYHOM HAaMAarHWYEHHOCTH YCTAaHOBJIEHO, YTO TIPH TOJIIMHAX
MaraHutomsrkoro cioss Fe menee 3 HM oOMeHHOoe B3aumojelcTBue Mexay ciosmu FePt m Fe
CHJIbHEe, YeM Korja ToiuHa cios Fe Gonbine 3 HM. MeccOayspoBCcKue HcCaeI0BaHUs TTOKa3alH,
YTO MHHHMMQJIbHOE OTKJIOHEHHWE MAarHUTHBIX MOMEHTOB (0) OT HOpMaJM K IOBEPXHOCTH
MHOTOCJIOWHOU CTPYKTYphI Habto1aeTcsi, Kkoraa tomuHa cios Fe coctasnser 1 HM.
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SYNTHESIS, STRUCTURE AND MAGNETIC PROPERTIES OF
CORE@SHELL NANOCOMPOSITES BASED ON
IRON CARBIDES AND OXIDES

S.S. Starchikov'”, V.A. Zayakhanov', A.L. Vasiliev, 1.S. Lyubutin', K.O. Funtov?,
M.V. Lyubutina®, N.K. Chumakov?, L.F. Kulikova®, V.N. Agafonov*, V.A. Davydov®

Shubnikov Institute of Crystallography of FSRC “Crystallography and Photonics” RAS,

Moscow, Russia

°National Research Center “Kurchatov Institute”, Moscow, Russia
3L.F. Vereshchagin Institute for High Pressure Physics of RAS, Troitsk, Moscow, Russia
*GREMAN, UMR CNRS 7347, Francois Rabelais University, 37200, Tours, France

*e-mail: sergey.s.starchikov@gmail.com

Iron carbide nanocomposites in carbon shells currently have a lot of opportunities for practical
use in such areas as catalysis, Fischer-Tropsch reactions, data storage devices, ecology, protective
coatings, biomedicine, etc. The simplicity of chemical modification of the carbon surface enable to
chemically attach various functional groups to nanoparticles. Together with high values of
magnetization, absence of cytotoxicity, it provides a wider potential for innovative applications of
nanoparticle-encapsulated iron carbides compared to iron oxides, which are currently the main type
of base platforms for nanoscale biomedical nanocomplexes [1,2].

This work presents the results of the synthesis and study of the phase composition, crystal
structure and magnetic properties of core-shell nanocomposites based on iron carbides, iron oxides
and carbon (Fig. 1) [3]. For the synthesis of nanocomposites, polycrystalline ferrocene powder

Fe(CsHs), was used.

Ferrocene was placed in a high
pressure cell. After that, the pressure was
increased to 8 GPa, heated to high
temperatures  (High  Pressure-High
Temperature synthesis, HP-HT) and kept
for various times

The  ferrocene  decomposition
products obtained after cooling to room
temperature were studied by various
methods, including X-ray phase analysis,
electron  microscopy, Raman and
Mossbauer spectroscopy (including at
cryogenic temperatures).

Two main types of ferrocene
transformations have been identified: in-
situ during HP-HT and ex-situ after the
pressure is released and the samples are
removed from the high pressure cell,
resulting in the formation of new products.

20 115

S

Fig. 1. Core@shell nanocomposites of Fe;Cs/Fe,O,/C

Support by Russian Science Foundation (#22-72-00060) is acknowledged.

[1] Davydov V., Rakhmanina A., Kireev I. et al. J. Mater. Chem. B. 2, 4250 (2014).
[2] Yu J., Chen F., Gao W. et al. Nanoscale Horiz. 2, 81, (2017).
[3] S.S. Starchikov, V.A. Zayakhanov, A.L. Vasiliev et.al. Carbon 178, 708-717, (2021)
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CHUHTE3, CTPYKTYPA U MATHUTHBIE CBOMCTBA
HAHOKOMITO3UTOB THUIIA SIIPO@OBOJOYKA HA OCHOBE
KAPBHJI0B U1 OKCUJOB KEJIE3A

C.C. CTaDqHKOBl*, B.A. 3215[X21HOB1, AL BaCHnLeBl, n.C. HI06yTHH1, K.O. CDYHTOBl,
M.B. JIIO6yTI/IHa1, H.K. quaKOBZ, JLO. KyJH/IKOBa3, B.H. Ara(1)0H0134, B.A. I[aBI,mOB3
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¢pomonuxa» PAH, Mockea, Poccus
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HanokxoMmno3uTsl kapOHIOB Keje3a B YIIIEPOJHBIX 000J0YKax B HACTOSIIEE BPEMsI UMEIOT
IIMPOKHE BO3MOKHOCTH HCIOJB30BaHUS B TaKMX OONACTAX, KakK KaTanus, peakuun Puniepa-
Tponmia, ycTpoilcTBa XpaHEHHsS JaHHBIX, HKOJIOTHsS, 3alIUTHBIE MOKPHITHS, OMOMEAMIIMHA.
[IpocroTa XuMHUECKOH MOIU(PHUKAIUU YIIEPOAHOW TIOBEPXHOCTH TIO3BOJISIET OCYIIECTBUTH
XMMHYECKOE MPUCOETNHEHNE K HAHOYACTULIaM Pa3IMYHbIX PYHKIMOHAIBHBIX TpyIIl. B couetanuu
C BBICOKMMU 3HAUEHUSMU HaMarHUYE€HHOCTH, OTCYTCTBHEM LIMTOTOKCHYHOCTH, 3TO 00eCrednBaeT
MHKAICYJMPOBaHHBIM HaHOYAaCTUIAM KapOWJOB JKeje3a HHHOBAI[MOHHBIM MOTEHHUan 1o
CPaBHEHMIO C OKCHJaMHU JKeje3a, KOTOpble B HACTOSILIEe BpeMsl SBIISIIOTCS OCHOBHBIM THUIIOM
0a30BBIX IIATPOPM HAHOPA3MEPHBIX OMOMETUIIMHCKUX HAaHOKOMIUIEKcoB [1,2].

B nanHo#t paboTe mpezacTaBieHbl pe3ylbTaThl CUHTE3a U HccieloBaHus (a30BOro COCTaBa,
KPUCTAJIMYECKONH CTPYKTYpbl M MarHUTHBIX CBOMCTB HAHOKOMIIO3UTOB THMA sIPO(@000J0UKa,
MOJIy4EHHBIX HA OCHOBE KapOWI0B, OKCHIOB kene3a u yriepoma (Puc. 1) [3]. s cunHTesa
HAHOKOMIIO3MTOB  HCIOJIB30BAJICS IMOJMKPUCTAUTHYECKUN mopoinok ¢epporera Fe(CsHs),.
@DeppolleH MOMEIANICS B KaMepy BBICOKOTO JIaBJICHMS, 3aTEM JlaBjieHUE MoBblmanock 10 8 ['Tla u
IPOM3BOAMJICS HarpeB 10 Beicokux Temmeparyp (High Pressure-High Temperature synthesis, HP-
HT) npu pasnuuHbiXx BpeMeHax BBIACPKKU. [lociae OXJaKICHHS 1O KOMHATHOW TeMIIepaTyphl,
MOJIy4YEHHBIE MPOAYKTHI pa3jokeHus (eppolieHa Hccae0BaTUCh KOMIUIEKCOM METOJIOB, BKJIIOYAS
MOPOIIKOBYIO PEHTT€HOBCKYIO JIU(MPaKIUI0, D3JICKTPOHHYI0 MHUKPOCKOIHIO, PAMAaHOBCKYIO U
MeccOayIpOBCKYIO CIIEKTPOCKOIHIO (B TOM YKCIIE IIPH KPUOTCHHBIX TEMIIEpaTypax).

VYcraHOBJIGHBI [1BA OCHOBHBIX BHJA IpeBpalieHuil ¢epporeHa: IN-SitU mpu  BBICOKOM
JIaBJICHUU W TemIiiepaType U €eX-Situ ¢ oOpa3oBaHHEM HOBBIX MPOJIYKTOB, KOTOPBIC MPOUCXOIST
nociie copoca JaBJieHUs U yaaleHus: 00pa3lioB U3 KaMepbl BEICOKOTO JaBJICHUS.

PaGora Beimonnena mpu mnoaaepxkke Poccuiickoro Hayunoro ®onpa (mpoekt Ne 22-72-
00060).

[1] Davydov V., Rakhmanina A., Kireev . et al. J. Mater. Chem. B. 2, 4250 (2014).
[2] Yu J., Chen F., Gao W. et al. Nanoscale Horiz. 2, 81, (2017).
[3] S.S. Starchikov, V.A. Zayakhanov, A.L. Vasiliev et.al. Carbon 178, 708-717, (2021)
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.S. Lyubutin®
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Magnetic nanowires can be used in magnetic sensors, spintronics devices, hydrogen fuel cell
electrodes and in biomedical technologies, including antitumor therapy because of their promising
properties [1].

Series of Fe (grown under different deposition potentials), FexCo,— (x = 6.7; 15.7; 29.7; 38.6;
38.2; 46.5; 52.15; 54.8; 59; 64.4) and FexNi;—x (x = 16.3; 24.6; 43.5; 48.5; 71.4) nanowires were
obtained by electrochemical deposition in the pores of polymer track membranes with a pore diame-
ter of 100 nm and studied by electron microscopy, X-ray diffraction, Mossbauer spectroscopy on
*"Fe nuclei and vibrational magnetometry. We used the generalized theoretical Stoner-Wolfart
model to describe the magnetic properties and calculate the basic physical parameters of nanowires
[2,3]. Magnetometry data and Mossbauer spectroscopic measurements show that our series of nan-
owires have pronounced ferromagnetic properties. It is shown that arrays of Fe magnetic nanowires
exhibit more pronounced magnetic properties than electrodeposited continuous layers of similar
composition. In FeCo and FeNi nanowires, with an increase in the concentration of iron, both the
saturation magnetization and the magnitude of the hyperfine magnetic field at the iron nuclei in-
crease.

The energy of magnetic anisotropy of FeCo and FeNi NWs has high values and does not depend
on the concentration of iron in the composition of the NW material. These results suggest a high
resistance of the NW to remagnetization. Also we found that the dependencies of the hyperfine
magnetic field on the iron concentration for FeCo nanowires and FeCo bulk alloys [4] are very dif-
ferent.

The work was supported by the Ministry of Science and Higher Education within the
framework of the state tasks of the Federal Research Institute "Crystallography and Photonics™ of
the Russian Academy of Sciences and the K.A. Valiev Institute of Physics and Technology of the
Russian Academy of Sciences. The equipment of the Center for Collective Usage of the A.V. Shub-
nikov Institute of Crystallography of the Federal Research Institute "Crystallography and Photon-
ics" of the Russian Academy of Sciences and the equipment of the resource Center for Electrophys-
ical Methods of the National Research Center "Kurchatov Institute™ were used.

[1] Vazquez M. (ed.). Magnetic nano-and microwires: design, synthesis, properties and applications. —
Woodhead Publishing, 2020, 997 p. 2nd Edition - March 31, 2020

[2] Afanas’ev A. M., Chuev M. A., Hesse J. Mdssbauer spectra of Stoner-Wohlfarth particles in rf fields in a
modified relaxation model //Journal of Experimental and Theoretical Physics. — 1999. — T. 89. — Ne. 3. —
C. 533-546.

[3] Chuev M. A., Hesse J. Nanomagnetism: extension of the Stoner—Wohlfarth model within Néel’s ideas
and useful plots //Journal of Physics: Condensed Matter. — 2007. —T. 19. — Ne. 50. — C. 506201.

[4] Johnson C. E., Ridout M. S., Cranshaw T. E. The Mdssbauer effect in iron alloys //Proceedings of the
Physical Society (1958-1967). — 1963. — T. 81. — Ne. 6. — C. 1079.
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MarnuTHble HaHOTMIPOBOJIOKA MOTYT OBITh HCIIOJB30BaHBl B MArHUTHBIX JaT4YMKaX,
YCTPOWCTBaX CHOUHTPOHHMKH, DJIEKTPOJaX  BOJOPOJHBIX  TOIUIMBHBIX  DJIEMEHTOB M B
OMOMEIUIIMHCKMX TEXHOJIOTHSAX, BKIIOYas MPOTHUBOOIYXOJIEBYIO Tepaluio, Onaromaps HX
MHOT000eIIaomuM cBoiicTBam [1].

Cepun HaHompoBoJIOK u3 Fe (BapprpoBanuch noTeHImManbl ocaxacHus), FexCo; (X = 6.7;
15.7; 29.7; 38.6; 38.2; 46.5; 52.15; 54.8; 59; 64.4) u FeyNi (x = 16.3; 24.6; 43.5; 48.5; 71.4)
OBLTH TIOJTYYEHBI METOJOM DJJIEKTPOXHUMHUYECKOTO OCAXKIACHHS B TOpax MOJHMMEPHBIX TPEKOBBIX
MeMOpan c¢ auamerpoM nop 100 HM W WH3y4eHBI METOAAMM DJIEKTPOHHON MHKPOCKOIHH,
PEHTIeHOBCKOM audpakinu, MECCOaydIPOBCKON CHEKTPOCKONMUU Ha sIpax 'Fe u BHOpaIMOHHOM
MarHuToMeTpuu. MBI MCHIOJIb30BaIM 000OIIEHHYIO TeopeTHdecKyro mMonaens Cronepa-Bomabsdapra
JUTSI OTIMCAHMSI MAarHUTHBIX CBOWCTB M pacyeTa OCHOBHBIX (PM3UYECKUX MapaMeTPOB HAHOIIPOBOJIOK
[2,3]. JaHHbIE MarHUTOMETPUU U MECCOAYIPOBCKOM CIEKTPOCKOIUHU TMOKA3bIBAIOT, YTO BCE CEPHH
HAHOIMPOBOJIOK 00JIaZJal0T BbIPAXKEHHBIMH (eppOMArHUTHBIMU cBoiicTBamMu. [lokazaHo, uTO
MacCUBbl MarHUTHBIX HaHOMPOBOJOK u3 Fe oOnanaior Oosiee BBIPAXKEHHBIMH MarHUTHBIMH
CBOMCTBaMH, YEM 3JIEKTPOOCAXKICHHBIE CJIOW aHAJIOTMYHOro cocraBa. B HanompoBosokax FeCo u
FeNi ¢ yBenuueHneM KOHIIEHTpAILlUU Keje3a yBeTUYMBAEeTCS KaK HaMarHMYEHHOCTb HACHIIICHMUS,
TaK ¥ BEJIMYMHA CBEPXTOHKOTO MAarHUTHOTO TOJIS Ha SApPaX >KeJe3a.

DHeprusi MarHuTHOM aHu3oTponuu kak y FeCo, Tak n y FeNi HaHONIPOBOJIOK UMEET BHICOKHE
3HAQUYEHHUS M HE 3aBHCUT OT KOHLEHTpAUUHU >Kejle3a B COCTaBE€ MaTepuala HAHOIMPOBOJOK. OJTH
pe3ynbTaThl CBUJIETENBCTBYIOT O BBICOKOM CTOMKOCTH HAHONPOBOJOK K IE€PEMarHUYMBAHHUIO.
OO6HapyX eHO, YTO 3aBUCUMOCTH CBEPXTOHKOI'O MAarHMTHOTO IOJSI OT KOHIUEHTpAlUU >Keje3a Uit
HanonpoBoJiok FeCo n 06bemHbIX crutaBoB FeCo [4] pa3audHBL.

PaGora BeimonHeHa mpu mojaepkke MHUHUCTEpCTBa HAyKH W BBICIIETO OOpa3OBaHUS B
pamkax rocyaapcrBeHHbix 3amanuii @HULL "Kpucramnorpadpus u doronuxka" PAH u Pusuko-
texunueckoro unHctutyra uMm. K.A. Bammea PAH. Hcnonb3oBasocs obopymoBanue LleHTpa
KOJUIEKTMBHOTO TOJb30BaHusi Muctutyra kpuctamiorpaduu um. A.B. IllyOnukoBa OHUIL
"Kpucramnorpadus u poronnxa" PAH u o6opynoBanue pecypcHOro LEHTpa 3IEKTPOHU3HUECKUX
MeTo10B HanmoHnanbHOTO HecnenoBaTenbcKoro neHTpa "KypuaroBckuii MHCTUTYT'.

[1] Vazquez M. (ed.). Magnetic nano-and microwires: design, synthesis, properties and applications. —
Woodhead Publishing, 2020, 997 p. 2nd Edition - March 31, 2020

[2] Afanas’ev A. M., Chuev M. A., Hesse J. Mdssbauer spectra of Stoner-Wohlfarth particles in rf fields in a
modified relaxation model //Journal of Experimental and Theoretical Physics. — 1999. — T. 89. — Ne. 3. —
C. 533-546.
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STUDY OF THE ELECTRON IRRADIATION EFFECT ON
a-Fe,O3; NANOPARTICLES
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' _omonosov Moscow State University, Moscow (Russia)
2L.N. Gumilyov Eurasian National University, Nur-Sultan (Kazakhstan)
e-mail: superxerox@yandex.ru

During the chemical synthesis of iron-containing oxide nanoparticles and subsequent thermal
annealing, in most cases, a large number of vacancy and dislocation defects occur, negatively
affecting the degree of perfection of the crystal structure. Additional thermal heating leads to a
significant increase in the size of nanoparticles due to their sintering and agglomeration. Therefore,
to reduce deformations in the structure, it is necessary to use other methods of annealing defects,
such as ionizing radiation. In turn, the interest in a-Fe,O3; hematite nanoparticles is due to their
potential applicability as catalysts, as well as cathode materials for lithium-ion batteries, for which a
decrease in the concentration of defects in the starting material and an increase in the degree of
crystallinity can significantly increase the time of operation.

The report presents the results of a study by the methods of Mossbauer spectroscopy using
powder X-ray diffractometry and scanning electron microscopy of the effect of electron irradiation
(with an energy of 5 MeV and doses up to 250 kGy) on the properties of a-Fe,O3; nanoparticles
obtained as a result of chemical synthesis (co-deposition of a mixture of iron (I1) chloride FeCl, and
iron (I11) chloride FeCl; with the addition of ammonium hydroxide NH3;-H,0) and subsequent
thermal annealing (in an air atmosphere at a temperature of 600°C for 1 hour). Using the method of
Mossbauer spectroscopy, it was found that with an increase in the radiation dose, the relative
proportion of locally inhomogeneous regions decreases (the relative intensity | of the corresponding
subspectrum decreases from 9.7 +0.8% to 0.6+ 0.6 %) (Fig. 1), while locally homogeneous
regions of the studied a-Fe,O3; nanoparticles improve their crystal and magnetic structure — stresses
are removed, and hence lattice deformations, exchange interactions are enhanced (the hyperfine
magnetic field of the hematite spectrum increases from 514 kOe to 516 kOe, and the width of the
external resonance lines decreases by ~0.02 mm/s). Using X-ray diffraction analysis, it was found
that an increase in the radiation dose leads to a decrease in the density of oxygen vacancies and an
ordering of the crystal structure, which is accompanied by a decrease in the parameters (a and c)
and, accordingly, the volume of the unit cell, as well as the ratio of the parameters c/a and an
increase in the average size of the crystallites d (Fig. 1).
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Fig. 1. Changes in the relative intensities | of the subspectra of locally inhomogeneous (open circles) and
locally homogeneous (filled circles) regions of nanoparticles, as well as the average crystallite size d as a result
of electron irradiation.

The report also presents the results of charge/discharge resource tests, which demonstrate that
irradiation with a dose of 150 kGy and above leads not only to a decrease in the value of the
specific capacity during the casting process, but also to less capacity losses in the case of an
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increase in the charge/discharge rate, which indicates an increase in the resistance of nanoparticles
to degradation that occurs in the process of resource testing, as well as an increase in their
conductive characteristics [1].

[1] M.V. Zdorovets, A.L. Kozlovskiy, M.S. Fadeev, K.B. Egizbek, V.S. Rusakov, T.V. Gubaidulina, K.K.
Kadyrzhanov // Ceramics International vol. 46, Issue 9, Pages 13580-13587 (2020).

NCCIIEJOBAHHME BJIMAHUA JIEKTPOHHOI'O OBJIYHEHUS HA
HAHOYACTHIHI a-Fe,03

M.C. @ageeBl*, A.JL KO3HOBCKHﬁ2, B.C. PycaKOBl, K.K. KaI[pr)KaHOB2

"Mocroscrui 2ocyoapcmeennwiii ynueepcumem um. M.B. Jlomonocosa, Mockea (Poccus)
2E6pa3uda<ud HayuouanvHolll yHugepcumem um. JL.H. I'vmunesa, Hyp-Cynman (Kazaxcman)
e-mail: superxerox@yandex.ru

[Ipy XUMUYECKOM CHHTE3€ KEJIe30COJICPIKAIINX OKCHJIHBIX HAHOYACTHI[ M ITOCIICIYIOIIEM
TEPMHUYECKOM OTXKUTE B OOJIBITUHCTBE CIIYy9aeB BO3HHKACT OOJIBIIOE KOJUISCTBO BAKAHCHOHHBIX H
JMCITOKAITMOHHBIX Je(EKTOB, HETATUBHO BIIMSIONINX HA CTCIICHh COBEPIICHCTBA KPUCTAILTHYCCKOMN
CTPYKTYpBI. JOTIOJHUTEILHBIN TEIUIOBOW HAarpeB NPHBOIUT K 3HAYHTEIHLHOMY YBEIUYCHHIO
pa3MepoB HAHOYACTHI[ 3a CYET HMX CICKaHWUs M arjoMepanud. [loaToMy Ui yMEHBIICHHS
nedopmaruii B CTPYKType HEOOXOAMMO HCIIOJh30BaTh APYTHE€ METOJbI OT)KHUTa Je(PEKTOB, TaKue
KaK MOHM3HpYOIee U3ydeHue. B cBOIO ouepenh, MHTEpEC K HaHOYacTHIaM Tremaruta o-Fe;Os
00yCIIOBJIEH MX MOTEHLUAIOM MPUMEHHMOCTH B KauyeCcTBE KaTajJu3aToOpOB, a TaKKe KaTOIHBIX
MaTepUaIoB Ui JIMTUH-MOHHBIX aKKyMYJISATOPOB, AJS KOTOPBIX YMEHbIIEHHE KOHILIEHTpaluu
neeKTOB B MCXOJHOM MaTepualie U yBEJIUYEHHE CTENEHU KPUCTAIUTMYHOCTH MOTYT 3HAYUTEIBHO
YBEJIMYUTH BPEMSI SKCILTyaTalliu.

B noxmane mpencTaBieHbl pe3yabTaThl  MCCIENOBAaHUS METOAAMHM  MeccOay’pOBCKOM
CHEKTPOCKONUHU C MPHUBJICYCHHEM JaHHBIX IOPOIIKOBONW PEHTICHOBCKOW au(pakToOMeTpun u
CKaHMPYIOMICH JIEKTPOHHON MUKPOCKOIIMH BIMSHUS 3JIEKTPOHHOr0 00aydenus (¢ sueprucii 5 MoB
u go3zamu 0 250 kI'p) Ha cBolicTBa HaHo4YacTHIl 0-Fe;O3, MOIydEHHBIX B pE3yabTaTe XUMUYECKOTO
cunreza (coocaxxaenus cmecu xmopuaa skenesa (1) FeCl, u xmopuma sxenesa (111) FeCls ¢
nobasnennem ruapokcuga ammonuss NH3z-H,O) m mocneayromero TepMHYECKOro OTKura (B
BO3IyIIHON armochepe mpu Temmeparype 600°C B Teuenume 1 yaca). C mOMOIIBIO METOAA
MeccOay’pOBCKON CHEKTPOCKONUK YCTAHOBJEHO, YTO NPHU YBEJIUYEHUH JI03bl OOIydeHHS
OTHOCHUTENbHAsL JOJs JIOKATbHO HEOJHOPOJHBIX oOjacteil yMmeHbIaeTcsi (OTHOCHUTEIbHAs
MHTEHCUBHOCTh | COOTBETCTBYIOIIEr0 MapHHMaIbHOTO crekTpa ymenblmaercsa ¢ 9.7+ 0.8 % o
0.6 £ 0.6 %) (Puc. 1), mpu 3TOM JIOKAJbHO OJHOPOJHBIC OOJACTH HCCICAYCMbIX HAHOYACTHI[ O.-
Fe,O3 ynydinaroT cBOIO KPUCTAJUTMUECKYIO U MATHUTHYIO CTPYKTYPY — CHUMAIOTCSI HallPsDKEHUS, a
3HAYUT U JedopMali pelIeTKH, YCHUJIMBAIOTCS OOMEHHBbIE B3aUMOJCHCTBHUS (CBEPXTOHKOE
MAarHuTHOE IMOJI€ CHEeKTpa reMarura yBenuuuBaerca ¢ 514 kD go 516 kD, a mMpUHBI BHEIIHUX
pE30HAHCHBIX JTUHUI yMmeHbInaercs Ha ~(0.02 mm/c). MeToiaMu pPeHTTEHOCTPYKTYPHOTO aHalIn3a
YCTaHOBJICHO, 4YTO YBEJIMYEHHE J03bl OOTydeHUS NPHUBOJUT K YMEHBIICHUIO IJIOTHOCTH
KUCTIOPOJHBIX  BaKaHCUH W YHNOPSJOYEHUIO  KPUCTAJUIMYECKOW  CTPYKTYpPBI,  KOTOpOE
COIPOBOXKIAETCSI YMEHBIIIEHHEM TapaMeTpoB (& W C) ¥ COOTBETCTBEHHO OObeMa 3JIEeMEHTapHOM
SYEHKH, a TaKKe BEIUYUHBI OTHOIIEHHS TMapaMeTpoB c/a W YBETHUCHHEM CpEIHEro pasMepa
kpuctauutos d (Puc. 1).

B noxmame mpuBOAATCS TakKe pPe3ylabTaThl 3apsij/pa3psaHBIX PECYPCHBIX HCHBITAHUH,
KOTOpBIE JAEMOHCTPUPYIOT, 4yTo ob0mydeHue mo3oii or 150 k['p u BbIIIe MPUBOAUT HE TOIBKO K
COXPAaHEHHUIO BETUYHMHBI YACTHbHON €MKOCTH B MPOIECCE TUTUPOBAHUS, HO M K MEHBIIIUM MOTEPSIM
€MKOCTH B CJydae YBEIMUEHHUS CKOPOCTU 3apsna/pas3psna, 4TO CBUICTEIHCTBYET O MOBBIIICHUU
YCTOMYMBOCTH HAHOYACTHUII K JETpaJallii, BOHUKAIOIIEH B MPOIECCe PECYPCHBIX HMCIBITAHHM, a
TaKKe 00 YBEIIMYCHUN UX TIPOBOIAIINX XapaKTEPUCTHK [ 1].
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STUDY OF THE EFFECT OF DOPING Au, Gd, Nd ON THE MAGNETIC
AND HYPERTHERMAL PROPERTIES OF Fe;0,NANOCOMPOSITES

A.L. Kozlovskiy"", K. Egizbek', M.S. Fadeev?, V.S. Rusakov?, K.K. Kadyrzhanov*

! LN Gumilyov Eurasian National University, Nur-Sultan (Kazakhstan)
2 Lomonosov Moscow State University, Moscow (Russia)
e-mail: artem88sddt@mail.ru

One of the important areas of research in the field of application of magnetic nanoparticles in
modern materials science is hyperthermal research, the main purpose of which is to create unique
materials with a high heating rate and release of a large amount of heat. In this case, one of the ways
to increase the heating rate is the doping of magnetic oxide nanoparticles with elements such as
gold, gadolinium, and neodymium.

The samples under study were synthesized by chemical precipitation from a mixture of iron
chlorides FeCl, and FeCls, followed by mechanical mixing of the obtained Fe;O, nanoparticles with
AuCl, Gd(NOg3)3 or Nd,03 and thermal annealing in a muffle furnace at a temperature of 600°C for
5 hours. Five types of nanoparticles were chosen as objects of study: 1) initial Fe3O4 nanoparticles;
2) Fe304 nanoparticles annealed at 600°C; 3) Fe3O4 nanoparticles coated with gold and annealed at
a temperature of 600°C; 4) Fe3O4 nanoparticles coated with Gd and annealed at a temperature of
600°C; 5) Fe304 nanoparticles coated with Nd and annealed at a temperature of 600°C.

The following research methods were used: scanning electron microscopy for characterization
and visualization of the obtained samples of nanocomposites; energy-dispersive and X-ray phase
analysis to determine the elemental and phase composition; Mdssbauer spectroscopy for
determining magnetic properties. The study of the effectiveness of the effect of modification of
FesO, nanoparticles by various methods on the heating rate and the change in the specific
absorption rate was carried out using a variable frequency induction heating unit.

In the course of the study, it was found that the doping of Fe;O4 nanoparticles with gold,
gadolinium, and neodymium, followed by thermal annealing at a temperature of 600°C, leads to the
formation of composite structures of various phase compositions. Moreover, in the case of Fe304
doped with Au, structures of the a-Fe,O3 type are formed, covered with a shell of gold; in the case
of Gd doping, a two-phase structure y-Fe,Os@GdFeOs is formed; in the case of doping Fe3O4
nanoparticles with neodymium, the a-Fe,O3;@NdFeOs structure is formed.

As a result of measuring the hyperthermal properties of the studied nanocomposites, the
following was established: in the case of the initial Fe304 nanoparticles, the threshold value of the
heating temperature of 42°C is reached in 200 s, which is a rather low indicator and indicates a low
heat release. In the case of Fe;O,4 nanoparticles annealed at a temperature of 600°C, which are
characterized by a highly ordered hematite phase, the heating time is more than 155 s, which is
somewhat better than the analogous indicators for the initial Fe304 nanoparticles. This behavior of
decreasing the heating time to a temperature of 42°C may be due to a change in the phase
composition and magnetic properties of the nanoparticles. In the case of nanocomposites, the
heating time compared to the initial nanoparticles changes significantly. For o-Fe,Oz;@Au
nanocomposites, the heating time was 100 sec, for y-Fe,O;@Gd,O3 nanocomposites it was 60 sec,
for a-Fe,O3;@Nd,03 nanocomposites it was 80 sec.
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HUCCJIEJOBAHUE BJIUSIHUSA JOIIUPOBAHUS Au, Gd, Nd HA
MATHUTHBIE U TUIEPTEPMUYECKUE CBOMCTBA
Fe;0, HAHOKOMIIO3UTOB

AJL KO3JIOBCKI/II711*, K. EFI/I36GK1, M.C. CDazLeeBz, B.C. PycaKOBZ, K.K. KaI[pr)I(aHOBl

1E6pa3uﬁc1<uﬁ HayuouanvHulll yHueepcumem um. JL.H. I'vmunesa, Hyp-Cynman (Kazaxcman)
2Mockosckuii 2ocyoapcmeennwiii ynueepcumem um. M.B. Jlomonocosa, Mocksa (Poccus)
e-mail: artem88sddt@mail.ru

OnHMM W3 BaXHBIX HAMPaBICHUH HCCICIOBAHUN B OOJIACTH NPUMEHEHHUS MarHUTHBIX
HAaHOYACTHUI[ B COBPEMEHHOM MAaTCPUAJIOBEIICHUH SIBJIICTCS THIICPTCPMHUUYCCKUE HCCIICIOBAHUS,
OCHOBHOU TEJIbI0 KOTOPBIX SBJISETCS CO3/IaHWE YHHKAJIBHBIX MAaTePHAIIOB, 00JIaIalONIUX BBICOKOM
CKOPOCTBIO HarpeBa M BBIJICJICHHEM OOJIBIIOr0 KOJWYECTBa Teria. [Ipu 3ToM oHUM U3 CrIOCOO0B
YBEJIMUEHUSI CKOPOCTH HArpPeBa SBJISICTCS JIOMMMPOBAHIE MATHUTHBIX OKCHTHBIX HAHOYACTHI] TAKUMHU
3JIEMEHTaMH KaK 30JI0TO, Ta/IOJTMHUNA U HEOTUM.

CuHTe3 HcclieTyeMbIX 00pa3iioB MPOBOIUIICS METOJOM XHMHUYECKOTO OCAXKIACHHUS M3 CMECH
xmopuoB kene3a FeCl, u FeCls ¢ mocienyronmm MeXxaHHUECKUM MTEPEMEITMBAHUEM MTOJYIEHHBIX
nanouactuil Fe3O4 ¢ AUCI, Gd(NO3); min Nd,O3 1 TepMudeckuM OTKUTOM B My(eTbHOM TIeUd TIpu
temmneparype 600°C B Teuenue 5 yacoB. B kauecTBe 00bEKTOB MCCIICTOBAHMS OBIITN BHIOPAHBI AT
TUIOB HaHOYACTHIL: 1) vcxoaHble HaHOYacTUIBI Fe304; 2) HanogacTuipl Fe30s, 0TOKKEHHBIE TIPU
temrieparype 600°C; 3) wnanowactunbl Fe3O4, TOKPBITBIE 30JI0TOM U OTOXOKCHHBIC IIPH
temnepatype 600°C; 4) nanouactuisl FesOs, mokpeiteie GA W OTOXKCHHBIC TPH TEMIIEPAType
600°C; 5) nanouactuiel Fe3Oy4, mokpeiteie Nd u oToXOKeHHBIE TIpU TeMmepaType 600°C.

bouin  Wcmonb30BaHBl  CIEAYIOIIME METOJBl  HCCIIENOBAaHUS: pacTpoBas DJIEKTPOHHAs
MUKPOCKOTHS JUIsl XapaKTepH3aluu U BHU3yalH3alU{ MOJYyYEHHBIX OOpa3l0OB HAaHOKOMIIO3UTOB;
SHEProJUCIIEPCUOHHBIA U PEeHTreHO(a30BbIil aHAINU3 AJIS OMpEeNeIeHUs SIEMEHTHOro U (ha30BOTro
cocTaBa; meccOayIpoOBCKasi CIEKTPOCKOMHS i ONpeAeseHUs] MarHUTHBIX CBOWCTB. M3yueHue
addexTuBHOCTH BAUSHUSA Moaudukanuu HaHodacTull Fe3O4 pa3snuuHbIMU criocob0aMu Ha CKOPOCTh
HarpeBa M M3MEHEHHE BEJIMYUHBI YAETbHOW CKOPOCTH TMOTJIOIIEHUS IPOBOJHIOCH C
HCIO0JIb30BAHMEM YCTAaHOBKU MHAYKIIMOHHOTO HarpeBa MepeMEeHHOMN YacTOTHI.

B xone uccnenoBanusi ObLIO YCTaHOBJIEHO, YTO JAONUpoBaHue HaHouacTull Fe30, 3010TOM,
raJoJIMHUEM M HEOAMMOM C MOCIEIYIOIUM TEPMHUUYECKUM OTKHUroM mnpu Ttemieparype 600°C,
MPUBOJUT K (POPMHUPOBAHUIO KOMIIO3UTHBIX CTPYKTYpP pa3iudHoro (asosoro cocrasa. lIpuuyem B
cydae Fe3Qq4, momupoBanHbIx AU, GopMHUpYETCs CTPYKTYphI TUTA O-Fe203, MOKPHITHIX 000JI0YKOM
U3 30J10Ta; B citydae gonuposanus Gd ¢opmupyercst aByxdasHas crpykrypa y-Fe,0;@GdFeOs; B
ciydae ponupoBaHus Hanouactuil Fe3O4 Heomumom hopmupyercs crpykrypa o-Fe,O3@NdFeOs.

B pesynbrare u3MepeHus THIEPTEPMUUECKUX CBOMCTB UCCIIEyeMbIX HAHOKOMIIO3UTOB OBLIO
YCTAHOBJICHO CJEAylolllee: B Cilydae HCXOMHBIX HaHouacTul Fe30s mocTukeHue mHOporoBOTro
3Ha4YeHMs TeMIiepatypsl HarpeBa B 42°C npoucxoaut 3a Bpems 200 cek, 4To ABISIETCS JOCTATOYHO
HU3KUM TIOKa3aTeJeM W CBUJCTENLCTBYET O MaloOW BeJIMYMHE TeIUloBblAeieHus. B cimyuae
OTOXOKeHHbIX npu Temneparype 600°C nHanouactur FezOs, 1 KOTOpBIX XapakTepHa (asza
BBICOKOYTIOPSIZIOUEHHOTO TeMaTuTa, BpeMsi HarpeBa cocTaBisieT Oonee 155 cek, 4TO HECKOIBKO
Ty4llle aHATOTUYHBIX MTOKa3aTenell 11 ucXoAHbIX HaHovacTull FesO,4. Takoe moBeaeHne CHUKEHUS
BpeMeHU HarpeBa 10 TemmepaTypbl 42°C MoxeT ObITh OOYCIOBIEHO HM3MEHEHHEeM (PazoBOTo
COCTaBa W MArHUTHBIX CBOWCTB HaHOYACTHIl. B cilyuae HaHOKOMIIO3UTOB BpeMs HarpeBa Io
CPaBHEHHMIO C UCXOTHBIMH HAHOYACTHIIAMH CYIIECTBEHHO W3MEHseTCs. JlJii HaHOKOMIIO3UTOB OL-
Fe,Os@AU Bpems HarpeBa coctaBuiio 100 cek, s HaHOKOMIIO3UTOB y-Fe,03@Gd,03 — 60 cek,
U1 HaHOKOMITO3UTOB o-Fe;Os@Nd,03 — 80 cexk.
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THICKNESS DEPENDENCE OF NEEL TEMPERATURE FOR
ULTRATHIN YFeO3 FILMS

V.V. Izyurov'”, M.A. Andreeva?, R.A. Baulin?, A.P. Nosov?, 1.V. Gribov*, O.A. Kondratev?,
I.A. Subbotin®, E.M. Pashaev®

'M.N. Mikheev Institute of Metal Physics RAS, Ekaterinburg, Russia

2 omonosov Moscow State University, Faculty of Physics, Moscow, Russia
*National Research Center “Kurchatov Institute”’, Moscow, Russia
*e-mail: iziurov.1994@imp.uran.ru

Rare-earth orthoferrites of general formula RFeO; where R = Y, Sm, Tb, were the first
transparent antiferromagnets in which dynamics of domain walls was studied in details [1]. The
RFeO; compounds are noncollinear antiferromagnets with weak ferromagnetism. The yttrium
orthoferrite YFeOs is of particular interest since exceptionally high velocities of domain walls,
reaching =~ 20 km/s [1], were recorded for this bulk single crystal.

Ultrathin Y°’FeO; films were deposited on the r-Al,O; (01-12) substrates by rf magnetron
sputtering. The films were postannealed in air at 800°C for 2 h. The thickness and roughness of the
films were recorded using the ZYGO optical profilometer. A set of samples with the thicknesses in
the range from 4 to 40 nm was obtained. Typical values of the surface roughness were below 0.5
nm. Mossbauer spectra were obtained by Mdssbauer reflectivity method using Synchrotron
Mossbauer Source (SMS) at the ESRF ID18 beamline in the temperatures range from 3.5 K to
700 K. Mgssbauer spectra were treated using the sort [2].

Figure 1 shows the temperature
10 ‘ ‘ ‘ ‘ ‘ dependences of hyperfine fields H(T) normalized
81 1 to the corresponding values at the temperature of
T=3.5 K. The data are shown for the temperature
range 300-600 K. These dependences can be
modeled using the formula (1)

0,6

0,44

H(T)/H(3,5K)

0,2

0,0 T T T T T
300 350 400 450 500 550 600

R 7 S H(T)/H(3.5K) = D x(I-T/Tyy’ (1)

J008 single crystal” | the validity of which was confirmed in [3] for

< 600 ] 1 bulk single crystals. For YFeOs; bulk single
0 R * ] crystal D = 1,16, Ty =640 K, and = 0,354.

%07 \/ )] From Fig.1(b) one can see that the values of

U T w b m s @ % e Ty for thin films are substantially lower than for

Thickness, nm

single crystal. These discrepancies decrease with
Fig. 1. (a) Temperature dependences of normalized jncreasing film thickness. The thickness ranges
val_ued of hyperf_lne field near th_e Neel temperat_ure. below and above 15 nm can be separated.
Points — experimental data, lines — calculations .
according to formula (1). (b) Thickness dependence ACCOW'”G] to the resu'_ts _Of StrUCtur_al
of Neel temperature. Dotted line - Ty value for bulk  investigations growth of thin films occurs in
single crystal. different ways in these thickness ranges. Below
15 nm the mechanism of layer-by-layer plus
island Stransky-Krastanov mode dominates, while above 15 nm growth occurs according to the

layer-by-layer Frank-van der Merve mode.

The authors are grateful to the ESRF administration and personally A.l. Chumakov for
performing the firsthand measurements at ID18 (HC4300 proposal) during COVID restrictions. The
research was supported in part by the Ministry of Science and Higher Education of RF (No. 075-15-
2021-1350 and No. 075-15-2021-1353). The research was carried out within the state assignment of
Ministry of Science and Higher Education of the Russian Federation (theme “Function” No.
122021000035-6).
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[1] V. G. Baryakhtar, B. A. lvanov, and M. V. Chetkin, UFN 1985. V.146. P.417.
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3ABUCUMOCTD TEMIIEPATYPBI HEEJISA OT TOJIHIWHBI 115
CBEPXTOHKUX IIVIEHOK YFeOs

B.B. I/I3IOQOB1*, M.A. AHﬂpeeBaZ, P.A. Bay.IH/IHZ, AL Hocos', 1.B. Fpn60131, O.A. KOHapaTLeB3,
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Penkozemensubie oprodepputsl RFeO3 rae R =Y, Sm, Tb, Obutn nepBeiME TPO3pavyHBIMHU
aHTH(EpPOMarHETUKAMHU, B KOTOPBIX JOCTATOYHO IMOAPOOHO HWCCIICIOBAIA TUHAMHKY JIOMEHHBIX
rpaaul] [1]. Coemunenuii RFeOj3; sBISIOTCS HEKOJUTMHEAPHBIMH aHTH(EPpPOMAarHeTUKaMHU CO
cnabeM  (peppomarHeTnsmoMm. OcoOblii MHTEpec mpencraBisier oprodepput uttpus YFeOs, B
00BEMHBIX MOHOKPHUCTANIaX KOTOPOTO 3a(UKCHUPOBAHBI PEKOPIHO OOJIBIIHNE CKOPOCTH JBMKCHUS
JTOMEHHBIX Tpanuil [ 1], nocturarommue ~ 20 kM/c.

Ceepxtonkue mieHKd YFeOs na momroxkax r-Al,Oz; (01-12) ObLiu MOJyYEHBI METOJIOM
MarHeTpOHHOTO pacHblIEHHs Ha IepeMeHHOM Toke. [lociaepocToByro TepMO0OpaOOTKY BHIOIHSIIH
Ha BO3JAyXe MpH 800°C B TeueHnn 2 4acos. TonmKHy MJIEHOK U MIEPOXOBATOCTh MOBEPXHOCTH
OTIPENIETISUTN C MOMOIIBI0 onTH4eckoro npodunomerpa ZY GO. bruta mosydena cepus 00pasIoB C
TomuuHamMu B jauarnas3oHe oT 4 10 40 M. TunmyHas BenMYMHA LIEPOXOBATOCTH MOBEPXHOCTHU
coctaBmsia 0,5 HM. MeccOayspoBCKUE CIIEKTPBl HM3MEPSUIMCh METOJOM PEQIICKTOMETPUH C
HCIIOJb30BAHUEM CHHXPOTPOHHOTO BO30Y:kacHus Ha craniuu 1D18 ESRF (r. I'peno6:ib, ®paniius)
npu Temmeparypax oT 3.5 K mo 650 K. O6paboTky MeccOay’IpOBCKHUX CIEKTPOB IPOBOJUIN C
MCIIOJIb30BAHUEM [TPOrPaMMHOTO makera [2]

Ha Puc.1(a) npencraBiieHbl TemmepaTypHbIE 3aBHCHUMOCTH 3HAYEHHH CBEPXTOHKOTO MOJIS
H(T), HopMHpOBaHHBEIX Ha COOTBETCTBYIOIIYIO BenuunHy npu 1=3.5 K, B muamazone 300-600 K.
X0/ 3THX 3aBUCUMOCTEH MOXKET OBITh OnucaH (hopMyiou

H(T)/H(3.5K) = Dx(I-T/Ty)’ 1)
CIPaBeUTMBOCTh KOTOPOM Ui MOHOKPUCTAJIIOB UTTPUEBOrO opTodeppuTa ObliIa OATBEPXKICHA B
[3]. st monokpucramioB YFeO3 D = 1,16, Ty =640 K, = 0,354.
W3 nonydenHbix ganHbix Puc.1(B) BUIHO, YTO 3HaUYeHUs [y IS IJICHOK CYIIECTBEHHO HIKE, YeM
JUIE MOHOKpHUCTAIIA. DTH OTJIMYUS YMEHBIIAIOTCS M0 Mepe pOocTa TOMIUHBL. MOXHO BBIIECITUTH
obnactu TomuuH MeHee u 6oiniee 15 Hm. CorjacHo pe3ynbTataM CTPYKTYPHBIX UCCIIEI0OBaHUMN, POCT
IUICHOK B 9TUX JMana3oHaX TOJIIUH MPOUCXOAUT IO pa3HbIM MeXaHu3MaMm: 10 15 HM — 1o
MEXaHHU3MY MOCIOHMHOTO-TUTIOC-0CTPOBKOBOr0 pocta CtpaHckoro—Kpacranosa u 6onee 15 HM — 1o
MeXaHU3MY MocioiHoro pocta ®panka—BaH aep Mepse.

ABTOphl Tpu3HaTeNbHbl agmuHMcTpauun ESRF u nepconansno AWM. YymakoBy 3a
HEMOCPEeICTBEHHOE MTpoBeieHNe dKenepuMenTa Ha craniuu 1D18 B neprog COVID orpannueHuii.

PaboTta BbINOJHEHA B paMKax TIOCYIapCTBEHHOro 3ajaHus MwuHoOpHaykn PO (Tema
«Dynkuus», Ne122021000035-6) u yactuuHo noajepxana rpantraMu Munoopaayku P® (Ne 075-
15-2021-1350 u Ne 075-15-2021-1353).
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ACTUAL PROBLEMS OF HIGH-TEMPERATURE SUPERCONDUCTIVITY
AND THE ROLE OF MOSSBAUER SPECTROSCOPY IN ITS STUDY

.S. Lyubutin®”, I.A. Troyan®, A.G. Gavrilyuk'?

Shubnikov Institute of Crystallography, FSRC “Crystallography and Photonics”,
Russian Academy of Sciences, Moscow, Russia

?Institute of nuclear physics, Russian Academy of Sciences, Russia

*e-mail: lyubutinig@mail.ru

The discovery of liquid helium by Kamerling-Onnes in 1908 marked the beginning of the
history of superconductivity. In 1911, he discovered that the resistance of a mercury wire immersed
in liquid helium completely disappeared at 4.2 K. This is how the phenomenon of superconductivity
was discovered, and in 1913 the Nobel Prize in Physics was awarded for this. It was later found that
many metals can have superconducting (SC) properties, but the transition temperatures to the SC
state are very low, requiring expensive liquid helium to cool the metals.

Therefore, the long-standing dream of physicists and technologists is the creation of materials
with a critical superconducting transition temperature 7c¢ near room temperature. Now high-
temperature superconductivity (HTSC) is one of the main challenges to the physics and chemistry
of the condensed state in modern science and technology.

After the discovery of HTSC materials, such as cuprate-based oxides and later iron-based
compounds, Mdssbauer spectroscopy has been actively used to investigate correlations between
magnetism and superconductivity in these compounds. Recently, great interest has been generated
by the discovery of superconductivity in hydrogen sulfide H,S, compressed to high pressures of =
150 GPa, which has a record transition temperature of about 203 K. Initially, this was established
from the results of measurements of electrical resistance [1], and then confirmed by Mdssbauer
measurements in a magnetic field with the isotope Sn-119 [2]. Then, at a pressure of 175 GPa,
polyhydride LaH;o was synthesized [3], in which superconductivity with a record Tc = 250 K was
found [4]. This greatly increased interest in metal polyhydrides.

In the works of our group, for the first time superconductors of hydrides ThH; (Tc = 159-161
K) and ThHg (7c = 146 K) [5], YHs (Tc = 224 K) [6], LaYHo (Tc = 253 K ') [7] were synthesized
and researched. We were the first to propose the use of the Mdssbauer isotope Sn-119 as a magnetic
field sensor in the H3S superconductor [2]. We then found that metallic iron becomes diamagnetic
at high pressures, and the Fe-57 Mdssbauer isotope can be used to test the effects of the interaction
of a superconductor with a magnetic field.

The report will present several examples of the use of Mdssbauer spectroscopy for the study
of superconductivity under conditions of high and ultrahigh pressures.

The work is carried out with the financial support of the Russian Science Foundation (grant
no. 22-12-00163).

[1] A.P. Drozdov et al. Nature 525, 73-76 (2015).

[2] I.LA. Troyan, et al. Science 351, 1303 (2016).

[3] Z.M. Geballe et al. Angew. Chem. Int. Ed. 57, 688 —692 (2018).
[4] A.P. Drozdov et al. Nature 569, 528-531 (2019).

[5] D.V. Semenok et al. Materials Today 33, 36-43 (2020).

[6] I.LA. Troyan, et al. Advanced Materials, 2006832 (1-10) (2021).
[7] D.V. Semenok, et al. Materials Today 48, 18-28 (2021).
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COBPEMEHHBIE ITPOBJEMbBI BBICOKOTEMIIEPATYPHOM
CBEPXITPOBOJUMOCTH U POJIb MECCBAYJPOBCKOMH
CIEKTPOCKOIIUM B EE UCCJIEJJOBAHUU

W.C. Tro6yrun’, M.A. Tposu®, A.I'. TaBpumok 2

1HHcmumym kpucmannoepaguu um. A.B. Illybnuxosa
OHUI] «Kpucmannoepagpus u pomonuxa» PAH

2 Hnemumym soepuoii pusuxu PAH

*e-mail: lyubutinig@mail.ru

WcTopus cBepxnpoBoauMocTy Havanach ¢ oTKpbITHs B 1908 rony Kamepnuarom-OnHecom
xuakoro remus. B 1911 roay oH oOGHapykui, 4YTO CONpPOTUBJIEHHE B PTYTHOM IPOBOJIOKE,
MOTPYKEHHOW B JKUJKUM TeIHii, MOJHOCThIO Hcyesno npu temieparype 4.2 K. Tak Obuio OTKpBITO
SIBJICHUE CBEPXIIPOBOAMMOCTH, 3a 4To B 1913 romy Obuia mpucyxkaena HoOeneBckas mpeMus 1o
¢uzuke. [lozaHee ObLIO YCTAaHOBJIEHO, YTO MHOTHE METAJLIbl MOTYT 00JIaaTh CBEPXIIPOBOIAIINMU
(CIT) croiictBamu, oaHako TemriiepaTypsl nepexoaa B CII cocTosiHue ouyeHb HU3KH, YTO TpeOyer
JOPOTOCTOSIIIETO KUJKOTO TeHsl ISl OXJIaXKIEHUSI METaIJIOB.

[TosTomMy naBHel MeuTOW (DU3UKOB M TEXHOJIOTOB SIBJISIETCS CO3JaHUE MaTEpPHANOB C
KpUTHYECKOW TeMIepaTypoil cBepxmoBojsuiero nepexona 7c¢ BOam3u komHaTHOM. Celiuac
BBICOKOTeMITepaTypHasi cBepxmpoBogumMocTs (BTCII) sBnsercs ogHMM H3 TJIaBHBIX BBI30BOB
(bMBUKH U XUMUW KOHJIEHCHPOBAHHOTO COCTOSIHUS B COBPEMEHHON HAYKE M TEXHHUKE.

ITocne otkperTus BTCII MaTepraioB OKCHAOB HAa OCHOBE KyNpaToB, a 3aTe€M M COSAWHEHUM
Ha OCHOBE J’KeJe3a, MeccOay’IpoBCKasl CHEKTPOCKOMHUS CTajla AaKTHBHO MCIIOJIb30BAThCS IS
UCCIIEIOBAHUSI KOPPENSUN MEXIYy MarHETU3MOM U CBEPXIPOBOAUMOCTBIO B 3THUX COCAMHEHMSIX.
HenaBHO rpoMamHblii MHTEpEC BBI3BAJIIO OTKPHITHE CBEPXIPOBOAMMOCTH B cepoBogopone HaS,
cxaToM 10 Beicokux masiennit ~ 150 I'Tla, ¢ pekopano# Temneparypoit nmepexona oxoJsio 203 K. B
Havalie, 3T0 ObLIO YCTAHOBJICHO MO pe3ysibTaTaM M3MEPEHHi 3IeKTpo-conpoTuBieHus [1], a 3atem
MTOATBEPIKJICHO C TIOMOIIBI0 MeccOay3pOBCKUX M3MEPEHUI B MAarHUTHOM I0Jie Ha u30Tore Sn-119
[2]. 3arem, ymamock cunTe3upoBath moaupruapu LaHio npu naBiaenunn 175 I'Tla [3], B koTOpom
ObUTa OOHapy)KE€HA CBEPXIIPOBOAUMOCTh ¢ pekopaHbiM 3HaucHueM Tc¢ = 250 K [4], u unTepec k
MOJIMTUAPUAAM METAJIOB PE3KO BO3POC.

B paborax Hamield rpynmnbl BHOEpBbIE CHHTE3UPOBAHBI U HCCIEIOBAHBI CBEPXIPOBOJHUKH
ruapuaoB ThHio (Tc = 159-161 K) u ThHg (7c = 146 K) [5], YHe (Tc = 224 K [6]), LaYHo (Tc =
253 K [7]). Hamu BrepBbie OBLIO MPEIOKEHO HCIOIB30BaTh MeccOayIpOBCKHiA n30oTomn Sn-119 B
Ka4yeCcTBe CEHCOpa MAarHUTHOTO MMoJisi B cBepxmpoBoanuke HsS [2]. 3arem Mbl OOHApyXKHIIH, YTO
METAJTUYECKOE 3Kelle30 MPU BBICOKUX MABICHHUAX IEPEXOAUT B JAMAMATHUTHOE COCTOSIHHE, U
MeccOay’poBckuii u3zoTon Fe-57 wmoxkeT ObIThb HMCHONB30BaH il TecTupoBaHus 3(G(HEeKToB
B3aMMO/ICHCTBUS CBEPXIPOBOJIHMUKA C MATHUTHBIM TOJIEM.

B noknane OynmeT mpeAcTaBlIeHO HECKOJIBKO MPUMEPOB HCIOJB30BAHHS MeccOay’pOBCKOM
CHEKTPOCKOMUU JJISl UCCIICIOBAHUS CBEPXIPOBOJUMOCTH B YCIOBHUSAX BBICOKUX M CBEPXBBICOKUX
JTaBJICHUH.

Pabora mpoBoautcst mpu punaHcoBoit noaaep:kke PH® (rpant Ne 22-12-00163).

[1] A.P. Drozdov et al. Nature 525, 73-76 (2015).

[2] I.LA. Troyan, et al. Science 351, 1303 (2016).

[3] Z.M. Geballe et al. Angew. Chem. Int. Ed. 57, 688 —692 (2018).
[4] A.P. Drozdov et al. Nature 569, 528-531 (2019).

[5] D.V. Semenok et al. Materials Today 33, 36-43 (2020).

[6] I.A. Troyan, et al. Advanced Materials, 2006832 (1-10) (2021).
[7] D.V. Semenok, et al. Materials Today 48, 18-28 (2021).
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THE NEURAL NETWORK IN SOLVING PROBLEMS OF CONDENSED
MATTER PHYSICS

A.K. Arzhnikov "

Institute Physical-Technical Institute, UdmFRC UB RAS, Izhevsk, Russia
*e-mail: Arzhnikof@bk.ru

The intention that machine to make an independent decision, or to solve the simplest tasks,
arose a long time ago, perhaps with the advent of mechanical machines. The beginning of the
intensive development of this direction should be attributed to 1956, when several people gathered
at Dartmouth College to discuss the possibility and ways of creating artificial intelligence.
Subsequently, the field of science associated with machine learning (ML) has undergone several
ups and downs. To date, we are witnessing a rise, which is characterized by an exponential growth
in the use of ML in various fields of human activity, including in solving physical problems. So, in
2019, a review [1] appeared, in which a simple listing of works and areas of application of MO in
physics contains 39 pages of formal text and more than 500 references to articles. This report
discusses the principles of operation of neural networks and methods for their use in solving
problems of condensed matter physics. Some examples show how to use artificial neural networks
(ANN) in quantum mechanics, in correlated systems, in systems with phase transitions. Difficulties
in solving quantum many-particle problems are associated with the exponentially large dimension
of the Hilbert space of representation of wave functions. In numerical methods, two methods are
usually used - reducing the number of wave function configurations to the most significant ones or
reducing space due to the procedure for compressing the number of degrees of freedom. The first
includes quantum Monte Carlo methods, the second is the representation of the wave function in the
form of a matrix product or a tensor product. The failures of these approaches are due to the lack of
understanding of the strategy of ways to reduce the "complexity” of systems and highlight their
features. Just in these areas, ANN have significant advantages and successes. So in 2017, using
ANN, a many-particle problem of quantum mechanics was solved for the first time with an
accuracy that significantly exceeded the accuracy of the previously obtained solutions [2]. No less
impressive examples can be given in other areas of physics (in correlated systems, in systems with
phase transitions, in the search for new materials). In our work, we investigated the opportunity of
ANN prediction of the behavior of short-range ordering in binary alloys and phase transition in
magnetic systems depending on concentration and temperature [3-4]. At the end of the report, the
fundamental properties of the ANN will be illustrated, with the help of which it is possible to obtain
analogues of the Schrodinger wave equation and the equation of general relativity without resorting
to quantum mechanics and the theory of gravitation [5-6].

Acknowledges support from Russian Science Foundation Project No. 22-22-00674.

[1] G. Carleo, I. Cirac, K. Cranmer, L. Daudet, M. Schuld, N. Tishby, L. Vogt-Maranto, and L. Zdeborova,
Rev. Mod. Phys. 91, 045002 (2019).

[2] Giuseppe Carleo and Matthias Troyer, Science 355, 602-606 (2017).

[3] M. A. Timirgazin and A. K. Arzhnikov, AIP Advances 11, 015027 (2021).

[4] M. A. Timirgazin and A. K. Arzhnikov, Xiv.org _cond-mat _arXiv:2101.08089 (2021).

[5] V. Vanchurin, Xiv.org _cond-mat _arXiv:2004.09280v4 (2021).

[6] V. Vanchurin, Entropy 22, 1210 (2020).

70



Cem;wl 3 «Hepcnekmuenbze mamepuaibl U COBPEMEHHbIE MEXHOI02UU UX NOIYUEHUA)

WCIOJIb30BAHUE HEMPOHHBIX CETEM B PEIIEHUUA 3AJTAY
OU3UKUN KOHAEHCHUPOBAHHOI'O COCTOSAHUA

AK. AD)KHI/IKOB*

Quzuxo-mexuuyeckuul uncmumym YomOUL] YpO PAH, Hicesck, Poccus
*e-mail: Arzhnikof@bk.ru

Wnes oOyueHHs MaIIWHBI IS CAaMOCTOSITETILHOTO TPHUHSTHS PEIICHUs, MO0 ISl PEeIICHHS
MPOCTEHIINX 33/1a4 BO3HHUKJIA JOCTaTOYHO JaBHO, BO3MO>KHO, C BOSHUKHOBEHHEM MEXaHHUUECKUX
MamuH. Hagaio MHTEHCHMBHOTO pa3BUTHS 3TOTO HAIpaBJICHHUS cleAyeT oTHecTu K 1956 rony,
Korja B JlapTMyTCKOM KOJUTEHKE COOpAIMCh HECKOIBKO YEJIOBEK, YTOOBI 0OCYIUTH BO3MOKHOCTh U
MyTH CO3/1aHUsl MCKYCCTBEHHOTO MHTeJUIeKTa. BrocnencTtBuum o07acTb HaykW, CBsI3aHHaAs C
MamuHHBIM oOyuyeHuem (MO), mpereprena HECKOJIbKO cmagoB M noAbéMoB. K HacTosmemy
BpEMEHH, Mbl HAOJIIOJaeM TOJIbEM, KOTOPHI XapaKTepU3yeTcsl AKCHOHEHIMATbHBIM pPOCTOM
ucnosib3oBaHuss MO B caMmbIX pa3iUYHBIX OOJACTSIX AESATEIbHOCTH YEJIOBEKa, B TOM YHUCIE, U B
pemiennn ¢usnyeckux 3amgad. Tax, B 2019 romy mosiBuics 063op [1], B koTopom mpoctoe
nepevucienye paboT W HampaBieHui ucnonb3oBaHus MO B ¢usmke comepxut 39 crpanul
¢dopmanpHOro Tekcra u Oosnee 500 cchulok Ha cTaThbu. B nmaHHOM JoKiazne paccMaTpHUBArOTCS
MPUHIIUTIEI PAa0OTHI HEHPOHHBIX CETEe W METOJbl MX WCIOJB30BAHMS B PEIICHUH 3a7a4 (PU3UKH
KOHJICHCUPOBAaHHOTO COCTOsIHMS. Ha KOHKpeTHBIX mpHuMepax JAEeMOHCTPUPYIOTCS CIOCOObI
MPUMEHEHHUs] UCKycCTBeHHbIX HelpoHHbix cered (MHC) B kBaHTOBOW MexaHuke, B
KOPpPEIUPOBAaHHBIX CHCTEMax, B cHCTeMax C (ha30BBIMH IiepexoJamMHu. TpyaHOCTH pellleHne
KBaHTOBBIX MHOTOYACTUYHBIX 3aJad CBS3aHbl C SKCIIOHEHIMAIBHO OO0JBIION pPa3MEPHOCTHIO
rmIb0EepTOBa MPOCTPAHCTBA MPECTABICHHS BOJHOBBIX (PyHKIMH. B ynciIeHHBIX MEeTOAaX OOBIYHO
WCIIOJIB3YIOT JIBa TIPHiEMa - COKPAICHUs YKCJIa KOH(PHUrypanuii BOJTHOBOW (YHKIIMU 10 Haubosee
3HAYUMBIX WJIM COKpAIlleHHWE MPOCTPAHCTBA 3a CUET MPOIETyphl CXKATHUSI YKCIIa CTEeNeHEe CBOOOIbI.
K nepBoMy oTHOCSTCA MeTOIbI KBaHTOBOr0o MoHTe-Kapio, ko BTopomMy Mpe/icTaBiIe€HNE BOJIHOBOM
(GyHKIIMM B BHJAE MaTPUYHOTO IMPOW3BEACHUs JIHOO TEH30pHOro mpousBeneHus. Heymaum stux
MOAXOJIOB CBSI3aHBl C OTCYTCTBHEM IIOHMMAaHUSI CTpPATeTUU IyTeH YMEHBIIECHUS «CJIOKHOCTH»
cUCTeM U BblAeieHust ux ocobeHHocted. Kak pa3 B stux Hampasienuss MHC umeroT cepbesHbie
npeumymectea u ycnexu. Tak B 2017 romy ¢ momomsto MHC Obima BmepBbIe pelieHa
MHOTOYAaCTUYHAas 3a/ladya KBAHTOBOM MEXaHUKHU C TOUHOCTHIO, KOTOpasi CYIIECTBEHHO IpeBbILIANA
TOYHOCTb MOJIYYCHHBIX paHee penieHuil [2]. He MeHee BneyaT/Istomue npuMepbl MOKHO MPUBECTH
U B JApyrux obmnactsax ¢(u3uKu (B KOPPETUPOBAHHBIX CHCTEMax, B cCHUCTeMaX C (a3oBbIMU
nepexo/iaMu, B MOMCKE HOBBIX MarepualioB). B Hammx paboTax Mbl HCCIEIOBAIM BO3MOXKHOCTH
npenckazanuss MHC moBenenust OmmKHEro ymopsiaoueHUss B OWMHApHBIX CIUIaBax U (ha30BOTO
nepexo/ia B MarHUTHBIX CHUCTEMax B 3aBUCHMOCTH OT KOHIIGHTpallUd M Temmneparypsl [3-4]. B
KOHIIE JOKIaga OyayT MNpOWLIIOCTpUpoBaHbl (pyHmaMmeHTanbHble cBoiictBa MHC, ¢ momorisio
KOTOPBIX MOYKHO MOJYyYUTh aHAJOTH BOJHOBOro ypaBHeHus lllpeaunrepa u ypaBHeHHs oOmein
TEOPHUH OTHOCHUTEIBHOCTH, He Mprberas K KBAHTOBOW MEXaHHUKE M TEOPUH IpaBUTaIiHU [5-6].

Pa6ora moaneprxkana rpantom PH® Ne 22-22-00674.
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A narrow temperature range of changes in the direction of atomic redistribution in the form of
a change in the sign of short-range ordering, dissolution and precipitation of the second phases in
steels and iron alloys under conditions of severe plastic deformation (SPD) was found, Fig 1. The
critical range in the mechanism and kinetics of phase transitions is also manifested in the abnormal
behavior of mechanical properties [1-4].

A high pressure torsion in Bridgman anvils was used as the main method of SPD, along with
practically important grinding in ball mills and friction action. High pressure torsion allows
controlling the degree, speed and temperature of the deformation effect. At the local level of the
nearest atomic neighbors (one or two coordination shells of *’Fe atoms), atomic mass transfer
caused by the generation of a large number of point defects of deformation origin was investigated
and compared with irradiation with high-energy particles. The change in the direction of phase
transformations and the anomalous acceleration of the ordering and precipitation of dispersed
phases with a change in temperature (T < 0.3 Tmelt) and the deformation rate (from 2.10 to 8-107
s™) are established. The possibility of an ultrafine structure regulating with solid-solution hardening
and dispersion hardening is shown.

Ordering degree
&
Ny
§
Q

Tinversion SPD Temperature
Fig. 1. The scheme of changing in the type of atomic ordering depending on SPD temperature.

The research was carried out within the state assignment of Ministry of Science and Higher
Education of the Russian Federation (theme “Structure” No. 122021000033-2).
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B cransx u cruiaBax jkesnes3a B YCIOBHUSIX CBEPXBBICOKOH mactudeckoit nedopmarn (CBIT/)
oOHapyXeHa y3Kas TeMIlepaTypHasi 001acTh CMEHBI HAIPaBJICHUs aTOMHOTO TIepepaclpe/ieiCHus B
BHJIC CMEHBI 3HaKa OJIMKHETO YIOPSJIOYEHUS, paCTBOPCHUS W BBIIEJIEHUS BTOpHIX (a3, puc. 1.
Kputnueckass obnactb B MeXaHM3M€ M KHUHETHKE (DAa30BBIX IMEPEXOJ0B MPOSBISETCS TakkKe B
AHOMAJILHOM TMOBEJICHUM MEXaHUYEeCKUX CBOMCTB [1-4].

B kauecTBe 0CHOBHOTO MeTOAa OOBIION MIIACTUYECKON JeopMallui Hapsily ¢ MPAaKTUYECKU
BAKHBIMM TIOMOJIOM B IIAPOBBIX MEJIBbHHUIAX U (PPUKIMOHHBIM BO3JEMCTBHEM MCIIOJIb30BaH CIIBUT
10/ IaBJICHUEM B HaKOBaJbHAX bpukMeHa, mo3BoJsSIONINI KOHTPOJIUPOBATh CTENIEHb, CKOPOCTh U
TeMrneparypy AehOopMaIlMOHHOTO BO3JAeUCTBUA. Ha jokanbHOM ypoBHE ONMKAWIIMX aTOMHBIX
COCENCTB (OJHOM — NBYX KOOPAMHALMOHHBIX Cep OTHOCUTEIBHO JKeJie3a) UCCIIeI0OBaH aTOMHBIN
MacCOIepeHoC, OOYCIOBICHHBIA TEHEpaluei OOJBIIOr0 KOJWYECTBA TOYEUYHBIX JAEPEKTOB
ne(OpMalMOHHOTO  TPOMCXOXKJIEHUS M MPOBEIEHO  COMOCTaBJeHHE ¢  OOJIydeHueM
BBICOKOZHEPTreTHYECKUMH YacTHIIaMH. Y CTAHOBJIEHO M3MEHEHHE HalpaBlieHus (ha30BbIX EPEX0I0B
U aHOMAaJIbHOE€ YCKOpPEHHUE YIOPSIOYEHHUS W BBIAEICHHUS AUCIEPCHBIX (a3 NpU H3MEHEHUU
temneparypst (T < 0.3 Ty,) u ckopoctn aedopmammn (ot 2-102 no 8107 ¢*) u mokasana
BO3MOJKHOCTb ~ PETYJIMPOBAHUS  YJIbTPAMEIIKO3EPEHHON CTPYKTYphl C  TBEPAOPACTBOPHBIM
YIPOUHEHUEM U TUCIIEPCHOHHBIM TBEPACHUEM.

PaboTta BeImosiHEHa B pamkax rocyaapctBeHHoro 3amanuss MUHOBPHAYKU Poccun (Tema
«Crpykrypa» Ne 122021000033-2).
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MOSSBAUER STUDY OF PHASE TRANSFORMATIONS IN THE IRON-
BASED Fe-Mn ALLOYS UNDER SIMILAR CONDITIONS OF HEATING
WITH A 15-keV ACCELERATED Ar" ION BEAM AND AN IR HEATER

V.V. Ovchinnikov!”, E.V. Makarov*, V.A. Semionkin!, N.V. Gushchina®

YInstitute of Electrophysics, Ural Branch of Russian Academy of Sciences, Yekaterinburg, Russia
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The aim of the work is to study the effect of ion bombardment on the structure and phase state
of metastable binary iron-based alloys. The objects of the investigation were a Fe—6.35 at % Mn
alloy deformed by cold working and a Fe-7.25 at % Mn alloy deformed by severe plastic
deformation (SPD), namely, high pressure torsion (at P = 8 GPa, 3 revolutions).

Ar* ion irradiation at ion energies of 15 keV was performed using an ILM-1 ion beam
implanter equipped with a PULSAR-1M ion source based on a low-pressure glow discharge with a
hollow cold cathode [1]. The Md&ssbauer study of the initial, irradiated, and IR-heated samples was
performed using an SM-2201 automated Mdssbauer spectrometer under constant acceleration
conditions. Isotope *’Co in Ro served as the source of y quanta.

Analysis of the Mdssbauer spectrum of the initial cold-worked-disordered Fe—6.35 at % Mn
sample indicates that the alloy is single-phase and contains 100% o ferrite. Mdssbauer spectra taken
for the samples irradiated with argon ions at £ = 15 keV and fluences of 2.5-10" cm?, 3.1-10"
cmfz, and 4.4-10"° cm? (irradiation time of 4, 5, 7 s, and heating temperature of 311, 379, 449°C,
respectively) show a singlet with a small area in their central part. Its isomeric shift with respect to
pure iron for all tree spectra is about —0.08 mm/s, which is in a good agreement with austenitic shift.
Evaluation of the Mn concentration values in a-solid solution and in the y-phase showed that during
irradiation, the formation of a manganese-depleted a-phase and a repeatedly manganese-enriched vy-
phase occurs (from 23.8 to 38.0 at. %). Heating of samples using models that accurately reproduce
the temperature change of samples during their ion irradiation, does not lead to the formation of
austenite.

Similar results were obtained in a Mdssbauer study of the effect of accelerated Ar* ion beams
(E = 15 keV, F = of 3.75:10" cm™, T < 280°C) on a Fe-7.25 at % Mn alloy after SPD. Data
obtained show that irradiation of the above alloy at an abnormally low temperature of 280°C results
in the transformation of a supersaturated o solid solution into a two-phase a + y state and the
precipitation of highly-enriched y phase (austenite) with 38.4 at % Mn) and the formation of
depleted a solid solution with 5.73 at % Mn.

The Mn concentrations obtained in the o and y phases for the Fe—6.35 at % Mn and Fe—7.25 at
% Mn alloys are in good agreement with the extrapolation of the limit solubility lines of the
equilibrium phase diagram [2] of this alloy in the low temperature region (below 400°C). This
indicates a complete "instantaneous™ radiation annealing of the alloys. As an explanation for the
multiple increase in the low-temperature mobility of atoms, we put forward the phenomenon of
cascade radiative shaking of the medium by post-cascade waves [3, 4].

The research was carried out with the financial support of the Russian Science Foundation
(project No. 19-79-20173). The authors express their deep gratitude to V.A. Shabashov for
measuring the Mossbauer spectra and calculating the distributions of hyperfine magnetic fields of
the materials under study, as well as V.P. Pilyugin for ensuring the processing of samples by SPD.

[1] N.V. Gavrilov, G.A. Mesyats, S.P. Nikulin, G.V. Radkovskii, A. Elkind, A.J. Perry, J.R. Treglio, J. Vac.
Sci. Technol., A 14 1050-1055 (1996).

[2] O.A. Bannykh, P.B. Budberg, S.P. Alisova, Phase diagrams of the state of binary and multicomponent
systems based on iron, Metallurgy, Moscow (1986) [in Russian].

[3] V.V. Ovchinnikov, Surface and Coating Technology, 355, 65-83 (2018).

[4] V.V. Ovchinnikov, Journal of Physics: Conference Series, 1115, 032046 (2018).
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MECCBAY2POBCKOE UCCJIIEJOBAHHUE ®A30BbIX
MNPEBPAIIIEHUI B BOI'ATBIX JKEJIE30M CILJIABAX CUCTEMBI Fe-Mn
B AHAJIOTUYHBIX YCJIOBUAX HAI'PEBA ITYYKOM YCKOPEHHBIX
WOHOB Ar’ SJHEPTHEM 15 k3B 1 BECKOHTAKTHbBIM
HAI'PEBATEJIEM

B.B. Opunnnnkos®’, E.B. MaKapOBl, B.A. Cemenxun’, H.B. FymHHal

1HHcmumym anekmpogpusuxu YpO PAH, Examepun6ype, Poccus
*e-mail: viaeO5@rambler.ru

enbto Hacrosimield pabOTHI SBIAJIOCH HM3YyYEHHE BIMSHUS HOHHOM OOMOapIMpOBKH Ha
CTPYKTYpHO-(Da30BO€ COCTOSIHUE MeETacTa0WIbHBIX OMHApHBIX CIUIABOB Ha OCHOBE JKeJe3a.
OObeKTaMH HCCIIEAOBaHMA SBISUIMChL JABa ciuiaBa: Fe—6,35 ar. % Mn mnocie xojoaHO
mactTuyeckoit nedpopmanum m cria Fe—7,25 ar. % Mn mocie WHTEHCUBHOW TJIACTUYECKOM
nedopmaruu (UIT) xpyaennem noxa nasnenuem (P = 8 I'lla, 3 o6opoTa).

O6nydenne oOpa3moB moHamu Ar’ C smeprueii 15 k3B OCYIIECTBIANOCH HA HOHHOM
nmrutantepe MJIM-1, ocramerHoM noHHbIM UCTOUYHUKOM «I1YJIBCAP-1M» Ha ocHOBE TierOMmIEero
paspsijia HU3KOTO JAaBJICHHS C XOJIOHBIM MOJIbIM KaTtoioM [1]. CheMka MeccOayIpOBCKHX CIIEKTPOB
Obuta mpoBeneHa Ha aBromatudeckoM SI'P cnextpomerpe CM-2201 B pexnMe MNOCTOSTHHOTO
yckopeHus1. ICTOUHMKOM y-KBAHTOB CITY>KHJI H30TOII >'Co 8 Ro.

Ananu3 MeccOayIpOBCKOTO CIEKTpa MCXOJHOTO Pa3ylnopsA0YeHHOTO XOJIOAHOM MPOKATKOM
obOpasma crutaBa Fe—6,35 at. % Mn cBumeTenBCTBYET O TOM, YTO CIUIAB SIBISETCS OJHO(MA3HBIM U
coaepxut 100 % a-peppura. MeccOay’poBCKHE CIIEKTPHI, CHATHIE ¢ 00pa3IoOB MOCie OOTydeHUs
WOHaMU aproHa ¢ sHepruet £ = 15 k9B dmroencamu 2,5-1015 CM'Z, 3,1~IO15 eM? u 4,4-1015 e
(cooTBeTcTBYIOIIEE BpeMs 0oOMydeHHs 4, 5 U 7 ¢) mpu HarpeBe 0oOpa3OB MOHHBIM IyYKOM JI0
temmneparyp 311, 379 u 449°C, neMOHCTPUPYIOT HAJIMYME B WX IHEHTPAIHHOW YacTH CHHTJIETa
Maioi miuom@aad. Ero u3oMepHbI CABUT MO OTHOIICHHIO K YHUCTOMY JKeJe3y MJsl BCeX Tpex
CHEKTPOB cocTaBiseT nopsaaka —0,08 MM/c, 4TO XOPOIIO COOTBETCTBYET CABUTY aycTeHuTa. OneHka
3HaYeHUI KOHLEeHTpauuu MN B a-TBepIOM pacTBope W B y-¢a3e mokaszaja, yTo IpHU OOITydeHUU
MIPOUCXOUT o0Opa3oBaHue OOEAHEHHON MapraHiueM o-(a3sl ¥ MHOTOKpaTHO 0OOrameHHON
MapranueM y-¢asbl (ot 23,8 1o 38,0 ar. %). Harpe 06pa31ioB ¢ UCHOIB30BAaHUEM PEKUMOB, TOUYHO
BOCITPOM3BOJISIINX H3MEHEHHE TeMIlepaTypbl 00pa3lloB B XOJ€ HX HOHHOTO OOJydyeHHs, HE
MIPUBOJIUT K 0OpPa30BaHUIO AyCTEHHUTA.

AHaOTHUYHBIE PE3yabTaThl MOJYYEHBI MPU MeccOayIpOBCKOM HCCIEIOBAHUU BO3ACHCTBUA
nonoB Ar" (E=15 3B, F = 3,75-1015 CM'Z, T <280°C) na crutaB Fe—7,25 ar. % Mn nocie UIT/I.
OO6nyueHue yka3aHHOTO CIJIaBa NPUBOJUT MPU aHOMAaIbHO HHU3KOW Temmeparype 280°C k
peoOpa3oBaHMUIO TEPECHIIICHHOTO (-TBEPJOro pacTBopa B JByXxdazHOe o + Y-COCTOSHUE C
BBIZIETICHUEM BBICOKOOOOTaIIEeHHOH Y-(hazoii ¢ 38,4 ar. % Mn u GpopmupoBaHueM 0OETHEHHOTO O.-
TBEpPJIOTO pacTBopa ¢ 5,73 ar. % Mn.

[Tomy4yeHnHble 3HaueHUs KOHIEHTpauii Mn B a- u y-¢a3zax g cinaBos Fe—6,35 at. % Mn u
Fe—7,25 at. % Mn HaxoniaTcs B XOpPOIIEM COIJIACHU C SKCTPAIOJIALMeNd JIMHHUHA NpenenbHOM
pacTBOPUMOCTH paBHOBECHOW (pa30BOM juarpaMMbl [2] 3TOro crutaBa B 0OJIACTH HU3KHUX
temneparyp (amwke 400°C). 3T0 TOBOPUT O MOTHOIIEHHOM «MTHOBEHHOMY PATUAIIIOHHOM OTKHIe
paccMaTpuBaeMblX  CIUIaBOB. B KauecTBe  MNPUYMHBI ~ MHOTOKPAaTHOTO  YBEJIMYEHUS
HU3KOTEMIIEPaTYpHO! INOJBM)KHOCTH aTOMOB MBI BBIJIBUTA€M SIBJICHHE KaCKaJIHOW paguallMOHHON
TPSICKH CPe/Ibl TIOCTKACKAHBIMU BOJIHAMH [ 3, 4].

HccnenoBanne mnpoBeneHo mpu (uHaHCOBOM moiepxke Poccuiickoro HaywyHoro Qonnaa
(mpoekt Ne 19-79-20173). ABtopsl BBIpakarT riryOokyro OmaromapHocts B.A. IllaGamoBy 3a
U3MepeHne MeccOay’IpOBCKUX CIIEKTPOB U pacueT pachpeieieHuil CBepXTOHKMX MAarHUTHBIX MOJeH
uccieayeMbIx MarepuaioB, a Tawke Ilumorumny B.II. 3a obGecneuenue o0paboTku 00pa3loB
MHTEHCUBHOMW TIACTHYECKON Jieopmariuei.
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SOME ASPECTS OF THE SYNTHESIS OF THE Fe-Al-Sn
INTERMETALLIC COMPOUND FROM MATERIALS PRODUCED BY
MECHANICAL ALLOYING

E.V. Voronina®", A.G. Ivanova', A.F.Abdullin®, A.E. Denisov?, A.K. Arzhnikov®

YInstitute of Physics, Kazan Federal University, Kazan, Russia
2Kazan National Research Technological University, Kazan, Russia
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Fe-Al — based alloys fall into the category of technically important materials due to a set of
good operational characteristics. Fe-Al—-based intermetallics are promising as engineered materials
to be used in high-temperature and hostile environments [1,2]. Improvement in mechanical
properties can be achieved by controlling the composition and formed microstructure. Many
experiments show that the introduction of some additives into these alloys improves their physical
properties [4,5]. Although Sn belongs to nonstandard alloying elements, additional alloying with tin
noticeably improves machining when cutting with a steel tool [6], and the strength and ductility of a
certain compounds [7]. It is important to understand the effect of the admixtures on structure
formation and functional properties of these materials.

The FegsAl3pSns composition sample was synthesized from elemental constituents using
mechanical alloying and then annealed at 400 °C, 500 °C, and 800 °C. The structure and phase
composition of the as-milled sample and the samples after heat treatment were investigated using
X-ray diffraction (XRD), scanning electron microscopy (SEM), Auger spectroscopy (AES), >’Fe
and M°™Sn Mgssbauer spectroscopy.

X-ray diffraction showed that the mechanically alloyed sample is nanocrystalline A2
Fe(Al,Sn) solid solution. SEM and AES research indicated uniform constituent distribution
throughout the powder particles. *’Fe Mossbauer measurements determined the chemical
composition of the dominant phase of a mechanically alloyed sample. *"Sn Massbauer study and
differential scanning calorimetry measurements confirmed that a ternary bcc solid solution was
formed by mechanical alloying.

XRD, SEM, °’Fe and °"Sn Méssbauer studies of the annealed samples revealed the
heterogeneous structure and chemical composition of the materials. The predominant phase (up to
80 pct) in all samples was the B2 ordered FegsAl3pSny phase, in which Xs, content was no higher
0.6-0.7 at. pct. The annealed samples contained the binary phases FeSn, and FeSn as well.

We calculated the formation energy to evaluate the phase stability for ternary Fe-Al-Sn
system of a certain composition. Calculations were performed using the full-potential linearized
augmented plane wave (FP LAPW) technigue contained in the WIEN2k software package [8].
Compared to other Fe-Al based compounds, the Fe-Al-Sn are the least stable and their formation is
energetically unfavorable. The mixture of Fe-Al and FeSn, phases reduces the total energy of the
Fe-Al-Sn system. The results of theoretical study describe adequately the main experimental
features of the synthesis of ternary compound from solid solution preliminary prepared by
mechanical alloying.

[1] D.G. Morris (ed.), Intermetallics, Special Iss. 13, 1255-1342 (2005).

[2]. M. Krasnowski, A. Grabias, and T. Kulik, J. Alloys Compd. 424, 119-127 (2006).

[3] M.M. Rico, J.M. Greneche, and G.A. Perrez Alcarzar, J. Alloys Compd. 398, 26-32 (2005).

[4] C. Bormio-Nunes and O. Hubert, IMMM 393, 404-418 (2015).

[5] J.B. Restorff, M. Wun-Fogle, A.E. Clark et al, J. Appl. Phys. 91, 8225-8227 (2002).

[6] L. Liu, L.J. He, J.G. Qi et al, J. Alloys Compd. 654, 327-332 (2016).

[7] M.S. Nikitin and A.V. Ryabov, Bull. South Ural State Univ. 15, 102-104 (2012).

[8] P. Blaha, K. Schwarz, G. K. H. Madsen, D. Kvasnicka, J. Luitz, R. Laskowski, F. Tran and L. D. Marks,
WIEN2k, An Augmented Plane Wave + Local Orbitals Program for Calculating Crystal Properties,
Karlheinz Schwarz, Techn. Universitdt Wien, Austria, (2018).
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HEKOTOPBIE ACIIEKTbBI CUHTE3A UHTEPMETAJIVIMYECKOI'O
COEJAMHEHUSA Fe-Al-Sn U3 MATEPHAJIOB, IIOJIYYEHHBIX
METOAOM MEXAHUYECKOI'O CIIVIABJIEHUSA
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CnnaBel Ha ocHoBe Fe-Al oTHOcATCS K KaTeropuu TEXHUYECKH BaXKHBIX MaTepHalloB
Onarojapsi KOMIUIEKCY BBICOKMX 3KCIUTyaTallUOHHBIX XapaKTepUCcTUK. HTepMeTauinapl Ha OCHOBE
Fe-Al mepcrnekTHBHBI KaKk  KOHCTPYKLIMOHHbIE  MaTepuaibl  JJIs  MCIOJIb30BaHUS B
BBICOKOTEMIIEPATYPHBIX U arpecCUBHBIX cpenax [1,2]. Yiyumnienne MexaHn4ecKux CBONCTB MOXKET
OBITh JIOCTUTHYTO IIYTEM pEryJIHpOBaHHUS cocTaBa U (OPMUPYEMON MUKpPOCTPYKTYpbl. MHOTHE
AKCHEPUMEHTHI TOKa3bIBalOT, YTO BBEAECHHWE B ITH CIUIaBbl HEKOTOPHIX JO0ABOK YIydlIaeT HX
¢usnueckue cBoiictBa [4,5]. X0Ts 0J0BO OTHOCHTCS] K HECTAHIAPTHBIM JICTHPYIOIIUM JJIEMEHTaM,
JIOTIOJTHUTENBHOE JIETMPOBAaHHE OJIOBOM 3aMETHO YiyylllaeT MEXaHMUYeCKylo o00paboTKy mpu
pe3aHuu CTaJbHBIM HMHCTPYMEHTOM [6], a Takke MPOYHOCTh M IUIACTUYHOCTh HEKOTOPBIX
coenuHeHuil [7]. Becbma BakHO MOHUMAaTh BIMSHHE J00aBOK Ha CTPYKTypooOpa3zoBaHHE U
(yHKIIMOHATIBHBIE CBOICTBA 3TUX MAaTEPHAJIOB.

Oo6pa3zen cocraBa FegsAl3pSNs ObLT CHHTE3UPOBAH M3 AJIEMEHTAPHBIX KOMIIOHEHTOB METOIOM
MeXaHU4ecKoTo crutaBieHus u otoxoked mpu 400, 500 u 800 °C. CtpykTypy U ($a30BBIid COCTaB
HCXOJIHOTO o0pa3iia u 00pas3IoB Mociae TePMOOOPaOOTKH UCCIEAOBAIM METOIaMH PEHTTEHOBCKOM
muppakuun (PDA), ckanupyromel 37eKTpoHHONW MuKpockonmuu (COM), oke-CreKTpOCKOTHN
(ODC), MeccOayd pOBCKOil CIIEKTPOCKOIINH Ha sipax ° Fe u 1omgn,

PeHTreHOCTpYKTYpHBIM aHaau3 TMOKa3all, YTO MEXaHOCIUIABJICHHBIH oOpa3ell MpecTaBiseT
coboii Hanokpuctammueckuit A2 Fe(Al,Sn) teepapiit pactBop. COM u ODC wmccnenoBaHus
CBUJICTEILCTBOBAIM O PAaBHOMEPHOM paclpelesieHHd KOMIIOHEHTOB MO yacTHIllaMm mopoika. M3
MeccOayIPOBCKUX CIIEKTPOB HA spe ° Fe GbLI ONpeIeicH XUMHYECKHIl COCTaB MPeoOiafaomei
a3kl MeXaHOCHHTE3HPOBAHHOTO 06pasina. MeccOaydpOBCKHE HCCICIOBAHMS HA sApE ~'Sn u
u3MepeHuss MetogoM  JauddepeHIaNbHON  CKaHHPYIOMIeH  KaJIOPUMETPUH  HOATBEPIUIH
obpazoBanue Tpoiinoro OLIK TBepmoro pactBopa B pe3yibTaTe MEXaHUYECKOTO CIUIaBICHHUS.

Pentrenoctpykrypasie, COM u meccOayIpOBCKHE HCCIICIOBAHHUS Ha SApax >Fe u "3
OTOXCKEHHBIX OOPAa3IOB BBISBUIM TE€TEPOTEHHYIO CTPYKTYPY U XMMHUYECKHI COCTaB MaTepUANIOB.
[peoGnanaromeit ¢asoit (10 80%) Bo Bcex oOpasiax Obuia yrnopsgoueHHas B2 dasza FegsAlsoSny, B
KOTOpO#l conepxaHue Xsp He mpesbimano 0.6-0.7 ar. %. OO6pasupl mocie OTKUTOB COJEpKaIH
TaKke nBoiHbIe (a3l FeSny, FeSn.

Jlnst otlenku (pa3oBOM ycTOWYMBOCTH TpoitHOM cucteMbl Fe-Al-Sn ompeneneHHoro cocrasa
Obuta paccuuMTaHa OdSHeprus oOpa3oBaHusa. PacdeTbl NpPOBOAMINCH C  HCIOJIB30BAHUEM
MOJIHOTIOTEHITHAILHOTO METO0/1a TMHEapU30BaHHBIX MPUCOCTUHEHHBIX TIOCKuX BoiH (FP LAPW),
peanuzoBanHoro B nakere nporpamm WIEN2k [8]. ITo cpaBHeHuUIO ¢ IpyrMMu COEJUHEHUSMH Ha
ocHoBe Fe-Al coemunenus Fe-Al-Sn HaumeHee ctaOuibHBI, U UX O0Opa30BaHUE dHEPrETHYCCKH
HeBbIroiHo. CMmech (a3 Fe-Al u FeSny camkaer o0uryro sHepruto cuctemsl Fe-Al-Sn. PesynbraTsr
TEOPETUYECKOIO  UCCIEJOBAHMs  aJEKBAaTHO  OIMCHIBAIOT OCHOBHBIE  DKCIEPHMEHTAJIbHbBIE
OCOOEHHOCTH  CHHTE€3a TPOWHOTO COEIUHEHUS U3  NPEABApUTENBbHO  IPUTOTOBICHHOTO
MEXaHWUYECKUM CIUIABJIEHUEM TBEPJOTO pacTBOpA.
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IN YTTRIUM FERRITE GARNET PARTICLES IN DIFFERENT REGIMES
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The currently increased interest in the study of submicron and nanosized ferrite particles is
associated with their applications in the field of biotechnology, both independently and as
components of composite functional systems. In [1-2], submicron particles of yttrium iron ferrite
were analyzed as a material for magnetothermy and ablation of pathogenic cells. Despite
controversal data on toxicity and biocompatibility, the particles showed a high potential for heat
generation ability in an alternating magnetic field of clinically available parameters. The
mechanisms of heating of submicron particles of the Y3FesO1, composition can be caused by
various factors, among which are the features of the crystal and magnetic structures, size effects,
and the purity of the phase composition. To reveal the factors influencing the functional properties
of the particles, the synthesis of ferrite particles with a garnet structure of different sizes, pure in
composition, was carried out in combustion modes on organic fuel according to the procedure [3].

In this work, the formation of the crystal
and magnetic structure of Y3FesOi, particles
was studied by Maossbauer spectroscopy. The 100 &
analysis of hyperfine interactions in the

synthesized particles was carried out within the 987
framework of the full Hamiltonian model in the 1
presence of large quadrupole interaction 961
constants for all crystallographically and 1

magnetically nonequivalent positions of Fe 944
atoms both in the volume and on the surface of ]
the particles (Fig. 1). The model interpretation 100 78
of the spectra made it possible to reveal that the |
nonequilibrium conditions for the synthesis of ]
particles lead to features in the formation of 96 -
their structure. It has been established that, in
the synthesis regimes used, the structure of |
garnet particles is improved through the 92
predominant ordering of the sublattice with an ———————
octahedral environment, culminating in the 121008 6 4 2 0 2 4.6 8 10 12
. . Velocity, mm\s

structural ordering of the tetrahedral sublattice.

The growth of particles with an increase in the
combustion temperature is accompanied by a
decrease in structurally and magnetically disordered surface regions, as well as a decrease in the
lattice distortions of the volume of the particle. An analysis of changes in the hyperfine interaction
parameters made it possible to reveal the effects of the formation of structural defects, the
concentration and type of which, according to the calculations performed by the electron density
functional theory (DFT) methods, affects the total magnetic moment of particles.

Fig. 1 Mossbauer spectra of YIG particles synthesized at
different temperature of combustion
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Bo3pocminit B Hacrosiiee BpeMsi HHTEpeCc K HCCIEIOBAaHUIO CYOMHUKPOHHBIX U
HAaHOPA3MEPHBIX YacTHUI] (PEpPUTOB CBsI3aH C UX MPUMEHEHHUSIMH B cdepe OHMOTEXHOJOTHH Kak
CaMOCTOSITENIbHO, TaK U B KaueCTBE KOMIIOHEHTOB KOMIIO3UTHBIX (PYHKIMOHAIbHBIX cucTeM. B
paborax [1-2] mpoBeneH aHAMN3 CYOMHKPOHHBIX YaCTHII JKEJIE30-UTTPUEBOTO (heppHuTa B Ka4ECTBE
MaTepuaia Il MarHUTOTEPMHUH U absUU MAaTOreHHBIX KJIeTOK. HecMOTpst Ha MpOTHBOpEUYUBHIE
CBEICHHUS O TOKCHYHOCTH U OHOCOBMECTHMMOCTH, YAaCTHIbl IOKa3ajld BBICOKUNA TMOTEHIHA
paszorpeBa B MEPEMEHHOM MAarHUTHOM II0JI€ KIMHMYECKU JTOCTYIMHBIX MapaMeTpoB. MexXaHH3MBI
pazorpeBa CYOMHUKpPOHHBIX dYacThil cocTaBa Ys3FesOi; Moryr ObITh 0OOYCIOBJIEHBI pa3HBIMU
(bakTopaMu, cpend KOTOPhIX 0COOEHHOCTH KPUCTAIIMYECKOW U MAarHUTHON CTPYKTYpPhI, pa3MepHbIe
s¢dekThl, unctora (haszoBoro cocrasa. /i BoIsBICHUS (PAKTOPOB, BIUSIONIUX HA (YHKIIMOHAJIbLHBIE
CBOMCTBa 4YacTHUI[ ObLJI MPOBEACH CHHTE3 YHUCTBIX MO COCTaBY YacTHIl (eppUTOB CO CTPYKTYpOUH
rpaHaTta pa3Horo pa3Mepa B peKMMax FOPEHHUs Ha OPraHUueCKOM TOILIMBE 1O MeToauke [3].

B nacrosmeit padote MeTo10M MeccOay’IpOBCKON CIIEKTPOCKONHMU MPOBEACHO HCCIIEI0BaHUE
dbopMHUpOBaHMST KPHUCTAUIMYECKOM M MArHUTHOW CTPYKTypel Y3FesOi12 wactum. Amnamus
CBEPXTOHKUX B3aUMOJICHCTBUI B CHHTE3MPOBAHHBIX YACTHUIAX ObUI MPOBEAEH B paMKax MOJAEIH
MIOJIHOTO TaMIJIbTOHHAHA TIPU HATMYUK OOJBIINX KOHCTAHT KBAJAPYIMOJILHOTO B3aUMOJACHCTBHS IS
BCEX KpUcTaorpaduyecki 1 MarHUTHO-HEIKBUBAJICHTHBIX MMO3ULIUNA aTOMOB F€ Kak B 00beMe, Tak
1 Ha noBepxHoctu vactuil (Puc. 1). MonensHas pacuidpoBka ClIEeKTPOB MO3BOJIHIIA BBISBUTH, YTO
HEPABHOBECHBIC YCJIOBHSI CHHTE3a YACTHUI] NPUBOAAT K OCOOCHHOCTSIM (OPMHUPOBAHUA UX
CTPYKTYpBl. YCTaHOBJICHO, UYTO B HCIOJB3YeMbIX pEKHMaX CHHTE3a COBEPIICHCTBOBAHHE
CTPYKTYpPBI YaCTHUIl TpaHaTa MPOUCXOIUT Yepe3 MPEUMYIIECTBEHHOE YIOPSI0UEHUE MOAPEIIETKH C
OKTadIpUUECKUM OKPYKEHHEM, 3aBEPILAIOIIEeCs] CTPYKTYPHBIM YHOPSAI0UYEHUEM TETPadIpUIeCcKOit
nojapenieTku. PocT yacTuil ¢ yBenudeHHeM TeMIiepaTypbl TOPEHUSI CONIPOBOKIAETCSI YMEHBIIIEHHEM
CTPYKTYPHO M MarHUTHO- HEYMOPSATOUYEHHBIX MOBEPXHOCTHBIX OONacTel, a TaKkKe YMEHbIIICHUEM
UCKXEHUN pemieTku o0beMa YacTUIlbl. AHaIM3 M3MEHEHHUS MapaMeTpoOB CBEPXTOHKOTO
B3aUMO/ICHCTBUS TMO3BOJIII BRISIBUTH d(h(HeKThl 00pazoBaHus Ae()EeKTOB CTPYKTYPhI, KOHIICHTpAIUS
U TUI KOTOPBIX, COTJACHO MPOBEACHHBIM pacueTaM MeToJaMu (YHKIHMOHAIa SJICKTPOHHOU
mwiotHoctr (DFT), BauseT Ha 00Ul MATHUTHBI MOMEHT YacCTHII.
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THE EFFECT OF A HIGH-DOSE NEUTRON IRRADIATION ON THE
STRUCTURAL-PHASE TRANSFORMATIONS IN THE INDUSTRIAL
STEEL EP823

K.A. Kozlov'", V.A. Shabashov?, V.V. Sagaradze®, A.E. Zamatovsky®, V.A. Semenkin?,
A.V. Kozlov?, V.L. Panchenko?®,

'M.N. Mikheev Institute of Metal Physics of Ural Branch of Russian Academy of Sciences,
Ekaterinburg, Russia

2Federal State Autonomous Educational Institution of Higher Education «Ural Federal
University named after the first President of Russia B.N.Yeltsiny, Ekaterinbur, Russia
%Research Institute of Nuclear Materials, Joint-Stock Company, Sverdlovsk region, Zarechny,
Russia

*e-mail: kozlov@imp.uran.ru

Currently, stainless ferritic-martensitic steels are considered promising structural materials for
the fast neutron nuclear reactors. This is due to the fact that steels of this class are resistant to
radiation swelling. However, in the course of high-dose irradiation, steels of this composition tend
to become brittle due to grain growth and precipitation of intermetallic phases as well as o' phase
precipitates.

The study of radiation-induced structural-phase transformation in industrial ferritic-
martensitic steel EP823 under high-dose irradiation in the BN-600 fast neutron reactor was carried
out using the methods of transmission Mossbauer spectroscopy with resonance detection and
electron microscopy. Fig. 1 shows the Mossbauer spectra of EP823 steel after irradiation. It has
been observed that in ferritic-martensitic steel, under the neutron irradiation with doses above 50
dpa at temperatures of 570-660 °C, the decomposition of a BCC solid solution together with the
release of the alloying elements chromium, molybdenum, and carbon from the metal matrix occurs.
This leads to a decrease in the effective chromium concentration in the ferritic matrix and the
formation of an intermetallic y-phase and carbides of the Me,3Cs type, see Fig. 1 and Table 1. The
formation of the y -phase is confirmed by electron microscopy data.

Fig. 1. The Mossbauer spectra and p(V) distribution of the central singlet, for the steel EP823 after neutron irradiation to
a dose of D ~ 75 dpa at Tj. ~ 600 °C. Individual sextets S(N;,N,) and the central singlet M as well as simulation and
calculation of the central part of the Mdssbauer spectrum and p(V) distribution for the steel are indicated.

It is shown that the degree of chromium escape from steel metal matrix and the volume
(fraction) of formed intermetallic y phase are determined by the dose of irradiation. A comparison
of results of an irradiation in a fast-neutron reactor and those of long-term thermal annealing of the
EP823 steel testifies to the realization of considerably more intense radiation-induced processes of
solid solution decomposition.
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Table 1. Effective chromium concentration in the o-phase and the number of x and Mj3Cs phases in
EP823 steel.

Chromium concentration in the Fraction of phases y and
Treatment a-phase, at.% M33Cs, VOI.%
As-received 14.3 0.9
Dose of D ~ 75 dpa, T, = 600 °C 11.8 6.7

The research was carried out within the state assignment of Ministry of Science and Higher
Education of the Russian Federation (theme “Structure” No. 122021000033-2).

BJIUSTHUE BBICOKO/J0O3HOI'O HEUTPOHHOI'O OBJIYUEHUS HA
CTPYKTYPHO ®A30BBIE IPEBPAIIIEHUA B UHAYCTPUAJBHOM
CTAJIA J11823

K.A. K03J10131*, B.A. IHa6amOBl, B.B. Carapamel, AE. 3aMaTOBCKI/H711, B.A. CeMeHKI/IHZ,
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B nacrosmiee Bpemsi HepkaBeromue (eppUTHO-MAapPTEHCUTHBIE CTalld pacCMaTpUBAIOTCA B
KauecTBE MEPCHEKTUBHBIX KOHCTPYKLIHMOHHBIX MAaTE€pPHAJIOB SAEPHBIX PEAKTOPOB Ha OBICTPBIX
HEUTpOHAX. ODTO CBSI3aHO C TEM, YTO CTaJd ATOro Kjacca YCTOWYMBBI K pPaIHAIMOHHOMY
pacnyxanuo. OIHaKO B mpolecce OOIyuyeHusl CTalId 3TOTO COCTaBa MOABEPKEHBI OXPYMTUHBAHHUIO
BCJIE/ICTBHE POCTA 3€PEH, BbIACICHUS HHTPEMETAIUIUIHBIX (a3 U o' BbIICICHHI.

B pabote meToamMu TpaHCMHCCHOHHOM MeccOay’pOBCKOI CIIEKTPOCKOIUU C PE30HAHCHBIM
JNETEeKTUPOBAHUEM M D3JEKTPOHHOM MHKPOCKOTHMH BBIIOJHEHO HCCIEIOBAHUE PaJIUallMOHHO-
WHIYIIUPOBAHHBIX CTPYKTYPHO-(a30BbIX IEPEX0JI0OB B HUHAYCTpHaTIbHOW cTamu OII823 mpu
BBICOKOJIO3HOM OOJIY4eHHH B peakTope Ha ObIcTphix HedTpoHax BH-600. Ha puc. 1 mpuBeneHsl
MeccOayspoBckue crekTtpel cranu JII823 mocne ob6mydenus. I[lokazaHo, yTto B QeppuTHO-
MapTeHCUTHOM cTanu mocie oOnydeHus ¢ go3amu Bbime 50 cHa mpu Ttemneparypax 570-660 °C
MIPOUCXOUT pacnaj TBepaoro pactsopa ¢ OLIK cTpykTypoii U BEIXOJ0M 3JIEMEHTOB JIETUPOBAHUS —
Xpoma, MOJHOJIeHa W Yriepoja M3 METAIMYEeCKOW MaTpUIlbl. DTO MPHUBOIUT K yMEHBIICHUIO
3¢ deKTUBHON KOHIIEHTpaluu XpoMa B (heppuUTHOM MaTpuile U 00pa30BaHUIO WHTEPMETALTUIHON
y-¢a3el u kapOugos tuna Mex3Ces, cM. puc. 1 u tabn. 1. ®opmupoBanue y-¢hasbl MOATBEPKAACTCS
JAHHBIMU AJIEKTPOHHON MUKPOCKOTIUHU.

VYCcTaHOBIEHO, YTO CTENEHb BBIXOJA DJIEMEHTOB JIETMPOBAHUA XpOMa M3 METATTUMYECKOM
MaTpHIIBI CTA U 00BbeM (POPMUPYIOIIEHCS HHTEPMETATUTUTHON Y -(a3bl ONPEICIIIOTCS BETUIMHOM
J030BOM Harpy3ku mnpu oOmyueHuu. ComocTaBieHHE pe3ylbTaTOB OOJNydeHHUss B peakTope Ha
OBICTPBIX HEUTpOHAX M JUIUTEIHHOTO TEepPMHUYECKOro oTxkura cramu JII823 cBumerenbcTByeT o
CYIIECTBEHHO 00Jiee MHTEHCHUBHBIX PaJMallMOHHO-WHAYIIUPOBAHHBIX MPOIECCAX pacmaaa TBEPIOTO
pacTtBopa.

Pabora BrimosHeHa B paMkax rocyaapctBeHHoro 3aganuds MUHOBPHAYKU Poccun (Tema
«Crpykrypa» Ne 122021000033-2).
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MOSSBAUER STUDIES OF PHASE AND MAGNETIC STATE OF
(Feo.ssMnNg 10N 05)s3C17 NANOCOMPOSITE AFTER MECHANOCHEMICAL
SYNTHESIS AND SUBSEQUENT ANNEALING

A.A. Chulkina, A.l. Ulyanov, A.L. Ulyanov, V.E. Porsev"

Udmurt Federal Research Center UrB RAS, Izhevsk, Russia
*e-mail: porsev@udman.ru

The Fe-C system based alloys are widely used in various industries. The traditional
possibilities for creating new, stronger materials based on such alloys have already been largely
exhausted. At present, the interest of researchers is mainly directed to the study of nanoscale
structural-phase states of steels and alloys, which, according to modern concepts, determine the
increase in their strength characteristics [1]. The nanostructural state of iron-based alloys can be
easily achieved by mechanical alloying (MA) of initial powders in a planetary ball mill [2]. For
research purposes, this method is attractive in that nanocomposites with a given phase composition
can be obtained on the basis of MA-alloys by doping and subsequent heat treatment of the samples.
In this work, for structural and magnetic studies, a mechanically synthesized
(Feo.ssMno 10Nip.05)83C17 model alloy with a composition of carbide steel was chosen. The choice of
manganese as a carbide-forming element is due to the fact that, firstly, it contributes to the
hardening of the hard phase - cementite. Secondly, Mn is an element that expands the y-region of
carbon alloys and, therefore, along with Ni, will contribute to the formation of a stronger binder
phase of the composite - austenite. In addition, doping with Mn effectively lowers the Curie
temperature of cementite [3]. In this regard, it becomes possible to study the regularities of the
redistribution of Mn atoms between cementite and austenite during annealing of the nanocomposite
under study.

In this work, the structural-phase and magnetic state of (Fep.ssMng10Nioos5)s3Ci7
nanocomposites, obtained by mechanosynthesis (mechanical alloying) and subsequent annealing,
have been studied by Mdssbauer spectroscopy using magnetic measurements data and X-ray
diffraction. Mathematical processing of the spectra, measured at room temperature and liquid
nitrogen temperature in order to determine the parameters of hyperfine interactions, as well as the
Maossbauer phase analysis, was carried out using both discrete decomposition and reconstruction the
distribution functions of hyperfine magnetic fields P(H) from the spectra. It has been established
that after MA the alloy consists of an amorphous phase, cementite, an insignificant amount of y-
carbide, and ferrite. Annealing at T=500°C leads to the transformation of the amorphous phase and
x-carbide into paramagnetic cementite and ferrite, with the weakly magnetic austenite being formed.
At Tan > 500°C, Mn atoms released from paramagnetic cementite Start to participate in the
formation of paramagnetic austenite. It is concluded that, after Tann > 700°C, cementite is observed
in composites with variuos values of the Curie temperature and, consequently, with various Mn
content (paramagnetic and ferromagnetic cementite). After annealing at T > 800°C, the
nanocomposite contains paramagnetic austenite, which is a binding phase of nanosized cementite
precipitates.

[1] A.l. Gusev Nanomaterials, Nanostructures, and Nanotechnologies, Fizmatlit, Moscow. (2007)

[2] E.P. Elsukov, G.A. Dorofeev, V.M. Fomin [et al.] // Phys. Met. Metallogr. 94, No 4, 356-366 (2002).

[3] E. Brueck, in K.H.J. Buschow (ed.), Handbook of Magnetic Materials, vol. 17, Elsevier Science B.V.,
Amsterdam, p. 235-293, (2007).
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MECCBAYIPOBCKHUE UCCJAEJOBAHUSA ®A30BOTO 1
MATHHUTHOT'O COCTOSSTHUSI HAHOKOMIIO3UTA COCTABA
(Feo.8sMnNo.10Nig.05)83C17 MOCJAE MEXAHOXUMHWYECKOTO CUHTE3A U
MOCJEJIYIOIMNX OTKUT OB

A.A. Yynkuna, A.W. Ynsaaos, A.JI. Yassnos, B.E. HopceB*

Yomypmcexuii pedepanvhwiti uccieoosamenvckui yeump YpO PAH, Hocescxk, Poccus
*e-mail: porsev@udman.ru

CmaBel Ha ocHOBEe cuctembl Fe-C IIHPOKO HCMONB3YIOTCA B Pa3IMYHBIX OTPACIAX
MPOMBIIIIIEHHOCTH. TpaJulIMOHHBIE BO3MOXKHOCTH CO3J]aHUsI HOBBIX 00JIE€ MPOUYHBIX MaTEPHAIIOB
Ha WX OCHOBE YyX€ B 3HAUUTEIbHOW CTENEeHM ucYeprnaHbl. B Hacrosiee BpeMsi HHTEpEC
WcceoBaTeNie B 3HAYMTENIBHOW Mepe HamnpaBJieH Ha WM3y4eHHE HAHOPa3MEPHBIX CTPYKTYpPHO-
(ha30BBIX COCTOSTHUU CTaJel M CIUIABOB, JIEXKAIIHMX, IO COBPEMEHHBIM MPEICTABICHUSIM, B OCHOBE
MOBBIIICHUSI WX MPOYHOCTHBIX Xapaktepuctuk [1]. HaHocTpykTypHOE cOCTOSIHHME CIUJIaBOB Ha
OCHOBE jKejie3a JIETKO JOCTUTaeTcs MeETOJIOM MexaHudyeckoro cruiaBiieHuss (MC) ucxogHbIx
MOPOIIKOB B IIAPOBOW TUIaHETapHOH MenbHHIE [2]. s MCClenoBaTebCKUX HeNed 3TOT METOJ
MIpUBJIEKAaTeNIeH TeM, YTO MyTeM JIETMPOBaHUS U MOCIEAYIONIei TepMuueckoif o00paboTkoil Ha Oaze
MC-cm1aBoB MOKHO TIOJIYYUTh HAaHOKOMITO3UTHI C 3aJaHHBIM (Pa30BbIM cocTaBoM. B pabote st
CTPYKTYPHBIX MU MAarHUTHBIX HCCJICIOBAaHMM OBLIT BHIOpAaH MEXaHOCHHTE3UPOBAHHBIN MOJEITHHBIN
craB  coctaBa  Kapowmmoctamu  (FepgsMng1oNioes)ssCi7.  Beibop Mapranma B KauecTBe
KapOu000pa3yIoIero »JIeMEeHTa OOYCIIOBIEH TeM OOCTOSTEIBCTBOM, 4TO, BO-TIEPBBIX, OH
CIOCOOCTBYET YIMPOYHEHHUIO TBEpAOW (ha3bl — IeMeHTUTa. Bo-BTOpBIX, Mn SBISETCS 3JEMEHTOM,
KOTOPBIM pacmupser y-001acTh yriepoAMCThIX CIJIaBOB U, ClIeOBaTeNbHO, Hapsay ¢ Ni Oyner
crocoOcTBOBaTh (POpMHUPOBaHUIO OOJiee MPOYHOW CBA3YIOIICH (pa3bl KOMIO3UTa — ayCTCHHTA.
Kpome Toro, nmermpoBanne Mn sddextuBHO moHMkaeT temmneparypy Kropu nementura [3]. B
CBSI3M C 3TUM THOSIBISIETCS BO3MOKHOCTH MCCIIEIOBAHUS 3aKOHOMEPHOCTEH mepepacipeneneHus
aToMOB Mn MeXJIy LEMEHTUTOM U ayCTeHUTOM B IMIpollecce OTKUTOB HCCIEAYyEeMOTO
HAaHOKOMIIO3HTA.

B Hacrosei pabote MeToioM MEccOayIpOBCKOM CHEKTPOCKOIUU C MPUBJICUECHUEM JTaHHBIX
MarHUTHBIX U3MEPEHUI U PEHTI€HOBCKOW NU(PaKIUU U3YYeHO CTPYKTYPHO-(a30BOe U MarHuTHOE
COCTOSIHME  HAHOKOMIIO3MTOB  coctaBa  (FepgsMno10Nipos)s3Ci7,  MOMYYEHHBIX — METOJIOM
MexaHocuHTeza (MC) u mnocienyromux OTXUroB. Maremaruyeckass 00pabOTKa CHEKTPOB,
M3MEpPEHHBIX MPU KOMHATHOM TeMIlepaType U TEMIIepaType >KUJIKOr0 a30Ta C IeJIbl0 OTpeesIeHuUs
MapaMeTpoB CBEPXTOHKUX B3aHMMOJICHCTBUH, a Takke MEccOayIpoBCKOTO (Pa30BOr0 aHAIN3A,
MPOBOJMIIACH KAaK METOJIOM JHUCKPETHOTO pa3lioKEHHUs, TaK U BOCCTAHOBIEHUS U3 CIIEKTPOB
GbyHKIMI pacnpeneneHus] CBEpXTOHKMX MarHUTHbIX mojeit P(H). Ycranosneno, uro mocne MC
CIUIaB COCTOMT M3 amopdHOU (a3pl, IEMEHTUTa, HE3HAUYUTEIHHOIO KOJIMYECTBA Y-KapOuaa u
depputa. Orxur npu T=500°C npuBoauT k Tpancpopmanuu amopHON (a3el U y-KapOuaa B
MapaMarHUTHBIA IEMEHTUT U (heppuT, HaurHaeT POpPMHUPOBATHCS Cc1a0OMArHUTHBIN aycTeHuT. [Ipu
Torx = 500°C atombr Mn, BbigenuBIIMECS W3 TapaMarHUTHOTO IIEMEHTUTA, Yy4YacTBYIOT B
o0pa3oBaHUM MapaMarHUTHOTO aycTeHuTa. CaenaH BBIBOJ, YTO Mocie Tom > 700°C B KOMIIO3UTaX
HaOMOaeTCsl IEMEHTUT C Pa3IMYHbIMH 3HAYeHUSMH TemmepaTypsl Kiopu u, ciemoBaTelbHO, C
pas3nuuHbIM coepxkaHueM Mn (mapaMarHUTHBIN U deppoMarHUTHBIA 1eMeHTHT). [locne oTxura
mpu Tome > 800°C B cocTaBe HAHOKOMIIO3UTA MPUCYTCTBYET MapaMarHUTHBIN ayCTEHUT, KOTOPBIH
SIBJISIETCSL CBA3YIONIEH (pa30ii HAHOPA3MEPHBIX BHIICICHHUH [IEMEHTHUTA.

[1] A.W. T'yceB, Hanomartepuasbl, HAHOCTPYKTYpbI, HaHOTexHOIoruH, M.: ®usmariut (2007).

[2] E.II. Encykos, I'.A. [dopodee, B.M. ®omun, I'.H. Konsirun, A.B. 3araitnoB, A.H. MaparkaHoBa,
®MM. 94, No.4, 43-54 (2002).

[3] E. Brueck, in K.H.J. Buschow (ed.), Handbook of Magnetic Materials, vol. 17, Elsevier Science B.V.,
Amsterdam, p. 235-293, (2007).
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MOSSBAUER STUDY OF LONG-RANGE ATOMIC ORDER IN
Fe-6.25 AT. % Si ALLOY

E.V. Makarov'", V.V. Ovchinnikov', V.A. Semionkin!

YInstitute of Electrophysics, Ural Branch of Russian Academy of Sciences, Yekaterinburg, Russia
*e-mail: efre-m@yandex.ru

The processes of long-range atomic order formation in samples of alloy Fe-6,25 at. % Si have
been studied using the Mossbauer effect (in initially cold-deformed (1) and subjected to severe
plastic deformation (SPD) (2) states) during short-term t = 4-12 s irradiation (with concomitant
heating) by continuous beams of Ar* ions with energy E = 15-20 keV and during similar modes of
rapid heating T(t) using a non-contact heater.

The samples were irradiated on an ILM-1 ion implanter [1]. The Mdssbauer spectra were
recorded on an SM-2201 spectrometer. The source of y-quanta is the °’Co isotope in Rh.

It is known [2] that in alloys of the Fe-Si system in purely thermal processes in the
concentration range ¢ < 25 at. %, the formation of superstructures of the 2nd and 3rd ranks of the
A3B, Ai3B3, A/B (A14B;) and AisB (AisB1) types is possible. [2], described by the generalized
formula Fe1e4Sik, k=1, 2, 3 and 4.

Processing of the Mdssbauer spectra of the alloy under study showed that alloy has a strong
tendency to atomic ordering of the Fe;sSi type (k = 1). In samples disordered by torsion SPD, i.e.
pressure shift (SD), the Gorsky-Bragg-Williams long-range atomic order parameter n differs
significantly from zero (n = 0.21). After ordinary cold rolling, its value is even higher (n = 0.42).

Analysis of the Mdssbauer spectra of the alloy Fe-6.25 at. % Si, regardless of the types of
processing used by us (including in the initial state), showed that of all admissible types of
superstructures of the 2nd and 3rd ranks (Feis«Sik, k = 1, 2, 3, and 4), they are adequately described
only by the model corresponding to k =1 (3rd rank Fe;sSi superstructure [3]) with different degrees
of order. As a result of rapid heating both by a non-contact heater and by an ion beam to
temperatures of the order of 300—500 °C, the order parameter 1 increases (to slightly higher values:
n = 0.5 and higher during heating with an ion beam).

In the case of irradiation of the alloy in the state after SPD at T = 200°C using a rotating
diaphragm with a sector cut out in it (27/16 radians) to avoid heating to higher temperatures by the
ion beam (total irradiation time ~6 s, F = 9-10" cm®) the long-range order parameter of the FeysSi
type reaches a very high value (n = 0.70). The value of the long-range order parameter after a much
longer holding of a similar sample in an oven (at T = 200 °C, for 100 s) is significantly lower
(m = 0.54).

This result means that, under irradiation conditions, a state close to equilibrium is reached in a
very short time. The observed effect is due to the fact that due to the “cascade radiation shaking” by
post-cascade powerful elastic and shock waves, the low-temperature mobility of atoms increases
sharply [4].

Note that the state of thermodynamic equilibrium at T = 0 K corresponds to the value n = 1.

The decrease in the value of the long-range order parameter m as a result of the thermal
motion of atoms with increasing temperature agrees with the conclusions of thermodynamics.

In the case of a thermal process, atomic ordering takes much longer due to the extremely slow
diffusion rate.

The study was carried out with the financial support of the Russian Science Foundation
(project No. 19-79-20173).

[1] N.V. Gavrilov, G.A. Mesyats, S.P. Nikulin, G.V. Radkovskii, A. Elkind, A.J. Perry, J.R. Treglio, J. Vac.
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MECCBAY2POBCKOE UCCIIEAOBAHHUE JAJIBHEI'O ATOMHOI'O
HOPAIAKA B CIIVIABE Fe-6,25 AT.% Si

E.B. MaKap_msl*, B.B. OB‘-II/IHHI/IKOBl, B.A. Cemenkun®

1HHcmumym anepmpoguzuxu YpO PAH, Examepunbype, Poccus
*e-mail: efre-m@yandex.ru

C nmomomisio ddekxra Meccbayspa u3ydeHbI MPoecchl GOPMUPOBAHUS JATBHETO aTOMHOTO
nopsiaka B oOpasmax crmuaBa Fe-6,25 at. % Si (ucxomno xonomnoaedopmupoBanabix (1) u
MOABEPrHYTHIX WHTCHCHBHOM ruiacTuaeckoi nedopmarmu (MUITM) (2)) B Xxoe KpaTKOBPEMEHHOTO
t=4-12 ¢ obmydenus (c COMYTCTBYIOIIMM HArPEBOM) HENpEpPHIBHBIMU ITydKaMH HOHOB Ar’ ¢
sHeprueit E = 15-20 k3B u B mpoliecce aHATOTHYHBIX PEKHUMOB ObICTporo Harpesa T(t) ¢ MOMOIIBIO
OECKOHTAKTHOTO HarpeBaTells.

OOnyueHne 00pa3lOB  OCYIIECTBISUIOCH Ha HWOHHOM  uMminiantepe WMJIM-1  [1].
MeccOayspoBckue cnekTpsl cHuManuch Ha cnekrpomerpe CM-2201. McTo4yHMK Y-KBaHTOB —
usoromn > Co B Rh.

W3BectHO [2], uTO B CrutaBax cucTeMbl Fe-Si B 4MCTO TEPMHUECKUX MpOIleccax B HHTEPBAE
KOHLIeHTpauui C < 25 ar. % BO3MOXKHO 00pa30BaHHE CBEPXCTPYKTYp 2-r0 U 3-To paHra tumna AzB,
A13B3, A7B (A14B2) u AisB (A1sB1) [2], onrcsiBaeMbix 00001eHHOM hopmysoi FeiexSik, k=1, 2, 3
u 4.

O6paboTka MeccOaydIpOBCKUX CHEKTPOB MCCIAEAYEMOTro CIUIaBa MOKaszasia, YTo CIIJIaB UMEET
CHJIbHYIO TEHICHIIMIO K aTOMHOMY ymopsjioueHuto mo tuny FeisSi (k=1). B obpa3smax,
pazynopsiioueHHbIX ¢ momombio UIIJl kpydenuem, T.e. cnpurom noj nasienuem (CJI), mapametp
JaTbHEr0 aToMHOro mnopsiaka I'opckoro-bperra-BuibsiMca 1 CyIIECTBEHHO OTJIMYAETCS OT HYJA
(n =0,21). [Tocne 0OBIYHO XOJIOTHOM MPOKATKH ero 3HaueHue emié Boie (1 = 0,42).

Ananuz MéccOayIpoBCKHX CHEKTpoB cmuaBa Fe-6,25 ar. % Si, BHe 3aBUCUMOCTH OT
WCIIOJIb30BAHHBIX HAMH BUIOB 00paOOTKH (B TOM YHCIIC B UCXOJHOM COCTOSIHHH) MOKa3aj, 4To U3
BCEX JOMYCTUMBIX THIIOB CBEPXCTPYKTYp 2-T0 u 3-ro panroB (FeiexSik, K = 1, 2, 3 u 4) onwu
aJICKBaTHO OIMHUCHIBACTCS JIMIIL MOJENbI0, oTBevaromeit K = 1 (cBepxcTpykrypa 3-ro panra FejsSi
[3]) ¢ pasHoit cremenbio mopsaka. B pesynbrare OBICTPOr0 HarpeBa Kak OCCKOHTAKTHBIM
HarpeBaTeseM, TaK M Iy4KOM HOHOB J0 TemriepaTyp mnopsaka 300-500 °C mapametp mopsaka m
BO3pacTaeT (0 HECKOJbKO Oosiee BHICOKMX 3HaueHui: n = 0,5 u BbIlIE, B X0J€ HarpeBa MOHHBIM
ITYYKOM).

B ciyqae o6nyuenus cmiaBa B coctostHuu nociie UIJ] mpu T = 200 °C ¢ ucnosib30BaHuEM
Bpamaromielics auadparMbl ¢ BBIpE3aHHBIM B Hel cekTopoM (2m/16 paguaH) Bo u30exaHue
pasorpeBa 10 0ojee BBICOKHMX TEMIEpaTyp IMy4YKOM HMOHOB (CyMMapHOe Bpems oOiydeHus ~6 c,
F =9-10" cM®) napamerp ganpHero mopsika mo iy FeisSi [ocTiraeT 04eHb BBICOKOTO 3HAYCHHS
(m = 0,70). 3HaueHue mapameTpa JAIBHETO TMOPsAKA IOCIE 3HAYUTENHHO OoJee UIUTEIbHON
BBIJICP)KKH aHAIOTHYHOro obpasia B neun (mpu T = 200 °C, B Teuenue 100 ¢) CyIIeCTBEHHO HHXKE
(m=0,54).

DTOT pe3yabTaT O3HA4YaeT, 4YTO B YCIOBUAX OOJyueHHUS 3a OYEHb KOPOTKOE BpeMs
JOCTUTAETCS COCTOsIHUE, Onm3koe paBHOBecHoMY. Habmromaemblit 2QQeKT CBs3aH ¢ TeM, YTO MO
MPUYMHE «KACKaJHOW paguaIlMOHHON TPSACKW» TOCTKACKaTHBIMM MOIIHBIMU YOPYTUMH U
yIapHBIMH BOJHAMHU PE3KO BO3PACTAaET HU3KOTEMIIEpATypHasi MOOMIBHOCTH aTOMOB [4].

Cocrosnuio TepmoauHamudeckoro papHoBecus mipu T = 0 K oTBeuaer 3Hauenue 1 = 1.

CHmxeHHe mapamMeTpa JalbHEro MOpsaKa 1) B pe3y/ibTaTe TEIUIOBOTO ABMKEHUS aTOMOB C
YBEIIMYCHUEM TEMIIepPaTyphl COTIAcyeTCs ¢ BBIBOJAMH TEPMOTUHAMUKH.

B cinydae Tepmuueckoro mpouecca i 3TOro TpeOyeTcsi ropaszao OoJblle BpEMEHH,
BCIIE/ICTBHE KpaitHE HU3KOUM CKOpOCTU TU(Dy3HH.

HccnenoBanue BBINIOJHEHO Npu (UHAHCOBON mojuiepkke Poccuiickoro HayyHoro Qoszaa
(mpoekt Ne 19-79-20173).
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CONCENTRATION HETEROGENEITY AND THERMAL EXPANSION
COEFFICIENT IN THE METASTABLE Fe-Ni INVARS

V.A. Shabashov’, V.V. Sagaradze, A.E. Zamatovsky, K.A. Kozlov, N.V. Kataeva, S.E. Danilov
M.N. Mikheev Institute of Metal Physics of Ural Branch of Russian Academy of Sciences,

Ekaterinburg, Russia
*e-mail: shabashov@imp.uran.ru

The atomic distribution variation with a further formation of long- and short-range ordering in
FCC structure of Fe—Ni alloys from the Invar range results in the Invar relevant properties

distortion. Atomic distribution in alloys can be
controlled in terms of deformation, thermal,
and radiation induced structure-phase
transformations. The slow heating (0.2 — 0.4
grad/min) of a-martensite in the FeNis; alloy
leads to the transformation in terms of
disperse (nanosized) austenite formation with
multiple orientations of vy-crystals. The
formation of dispersed crystals with extended
surface of interface a/y borders is a condition
for a noticeable redistribution of nickel.

Transmission of y-quanta, %

During the final stage of the
transformation in the temperature range from
490 to 520 °C a partial leveling of alloy
concentration heterogeneity occurs due to the
mechanism of formation and growth of
globules. To reduce the time needed for the
mechanism of globular borders’ moving the
fast heating up to 600 °C was performed in the
range of a—y transformation for samples with
the concentration heterogeneity.

It is shown that the slow heating of quenched
martensite with the following completion of a—y
transformation under the fast heating provides the
development of up to 40 % of austenite with the non-
Invar composition (13 % with Ni content ~ 48 at.%
and 27 % with Ni content < 29 at.%). Nanoscale
inhomogeneity regions are formed in place of the
plates of the dispersed nickel-enriched y-phase and the
adjacent structure of nickel-depleted o-martensite.
Volume variation of the non-Invar austenite part
provides the ability to regulate the value of the
coefficient of thermal expansion for the austenite with
the concentration heterogeneity from 2.5-10° to
10.5-10° grad™ in the temperature range from —50 to
50 °C. The Mossbauer spectra shape and the degree of
concentration heterogeneity for the Fe—Ni austenite as
well as change in the coefficient of thermal expansion
value were found to be similar to that of the FeNiss
Invar after the high-energy electron irradiation.
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Fig. 1 Mossbauer spectra and reconstituted using p(H)
spectral components yi, v», ys. Treatment:

(a) — quenched martensite after the fast heating up to
600 °C in the salt bath;

(b) — quenched martensite after the slow heating (0.2
grad/min) up to 430 °C, and further fast heating up to
600 °C in the salt bath.
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Fig. 2. The thermal expansion coefficient
values for the FeNis s austenite with the
concentration heterogeneity. Treatment:

(a) — tempering from 1050 °C in water;

(b), (c), (d) — quenched martensite after the
slow heating (0.2 grad/min) up to 430, 470 and
490 °C, respectively, and further fast heating
up to 600 °C during 10 min;

() — quenched martensite after the slow
heating (0.2 grad/min) up to 800.
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The research was carried out within the state assignment of Ministry of Science and Higher
Education of the Russian Federation (theme “Structure” No. 122021000033-2).

KOHUOEHTPAIIMOHHASA HEOAHOPOJIHOCTBb U KOO®PPUIIUEHT
TEPMUYECKOI'O PACHIUPEHUS B METACTABUJIBHBIX Fe—Ni
NHBAPAX

B.A. I_Ha6aIHOB*, B.B. Carapamze, A.E. 3amaroBckuii, K.A. Koznos, H.B. Karaesa, C.E. /lanusos

Hnemumym ¢uzuxu memannos umenu M.H. Muxeesa YpO PAH, Examepunbype, Poccust
*e-mail: shabashov@imp.uran.ru

N3menenne aToMHOTO pacrpesesieHuss ¢ 00pa3oBaHHEM OIMKHET0 W JAIBHETO TMOPSIKa B
ctpyktype I'LIK Fe-Ni criaBoB MHBapHOTO Juarnia3oHa HPUBOJUT K HapyLIEHUIO WHBapHBIX
CBOMCTB. ATOMHO€ pAacIipe/ieJIeHHE B CIIJIaBaX MOYKET PETyIUpPOBATHCA B YCIOBHUSX CTPYKTYpPHO-
($a30BBIX TIpeBpaIleHuN MPU JePOPMAIUOHHBIX, TEPMHUUYCCKAX U PAJUAIMOHHBIX BO3JCHCTBUSIX.
[Ipu menenHOM HarpeBe co ckopocThio 0.2—0.4 Tpaa./MuH. —>Y TIpeBpaIIeHUE OCYIIECTBISETCS B
YCIIOBUSAX JUCIEPCHOIO (HaHOPAa3MEPHOI0) ayCTEHUTA C PA3IMYHOM OpHEeHTalueld KPUCTAJUIOB 10
OeHHUTHOMY MexaHu3My TpeBpaiieHus. OOpa3oBaHHEe TUCIIEPCHBIX Oy KPHCTAUIOB C OOJIBIIONHN
MOBEPXHOCTHIO MEK(a3HBIX IPAHUIL SABJISIOTCA YCIOBUEM 3aMETHOTO IEpepacipeiesieHns HUKETIS.
Ha 3aBepmratomieii craguu o—y npeBpamnierns B uaTepBaie temmeparyp 490-520 °C nmpoucxoaut
YaCTUYHOE BBIPABHUBAHHE KOHIIEHTPAIIMOHHOW HEOJHOPOIHOCTH CTPYKTYPHI 332 CUET MEXaHHW3Ma
oOpaszoBaHusl U pocTa Yy TI0Oynei. s meneil CHUKEHUsT BpEeMEHH JACHCTBUS MEXaHHW3Ma pocTa Y
ro0ynelt ObuT ocymiecTBieH ObICTphId HarpeB A0 600 °C KOHIIEHTPAallMOHHO HEOIHOPOTHBIX
00pa310B U3 UHTEpBaIa 0—>Y Mepexoa.

[TokazaHo, 4TO MeEJIEHHBIM HarpeB MapTEHCHUTa OXJIAXKICHHUS B HHTEpBAJI Iepexoia C
MOCJIEYIOIIUM 3aBEpIICHUEM IpeBpalieHUs] ObICTPhIM HArpeBOM IM03BOJIAET CHOPMHUPOBATH A0
40 % cTpykTyphsl aycTeHnTa HenHBapHoro coctana (13 % c conepxkanuem Ni~ 48 at.% u 27 % ¢
conepxkanueM Ni ~ 29 at.%). OGnactu HEOJHOPOJHOCTH HAHOMACIITAOHOTO pazMepa o0pa3yroTcs
Ha MeECTe IUIACTUH JUCIEepPCHOW oOorameHHOW HHUKeneM Y-(a3bl U NPUMBIKAIOIMIMM K HHUM
CTPYKType 00€JHEHHOTO HUKeJIeM o-MapTeHcuTa. Mi3mMeHeHne o0bemMa HEMHBAPHOW COCTaBJISIONICH
ayCTEHUTa JaeT BO3MOXHOCTh PEryIupoBaTh KOA(D(UIKMEHT TEePMHUYECKOro pacIIMpeHHs
KOHIEHTPAIIMOHHO HEOJHOPOJHOTO ayCTEHHWTAa B Mpenesaax oOT 2.5-10° o 10.5-10° rpaz['l B
uHtepBaie Temmeparyp or —50 mo 50 °C. Bua cmekTpoB M CTENEHb KOHIICHTPAIIMOHHOM
HeogHopoaHoctn Fe—Ni aycreHuTa, a Takke H3MEHEHHE KO3(DQHUIIMEHTa TEPMUUYECKOTO
pacIIMPEeHUs] COMOCTABMMO C aHAJOTMYHBIMU mapamerpamMu uHBapa FeNizs mocie oOmydeHwus
BBICOKOJHEPT€TUYECKUMH 3JICKTPOHAMHU.

PaGora BeimonHeHa B pamkax rocynapcrsernHoro 3ananuss MUHOBPHAVYKU Poccun (tema
«Ctpykrypa» Ne 122021000033-2).
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HEAT OF NITRIDE FORMATION AND MECHANICAL SYNTHESIS OF
STEELS STRENGTHENED BY DISPERSED TITANIUM NITRIDES

V.A. Shabashov’, K.A. Lyashkov, A.E. Zamatovsky, K.A. Kozlov, N.V. Kataeva, E.G. Novikov

M.N. Mikheev Institute of Metal Physics of Ural Branch of Russian Academy of Sciences,
Ekaterinburg, Russia
*e-mail: shabashov@imp.uran.ru

In connection with the development of technologies using mechanical alloying, a more
economical method of solid-phase mechanical nitrogen alloying of iron alloys was proposed. The
peculiarity of the proposed method of solid-phase mechanical nitriding is the use of nitrides
unstable during plastic deformation for their mechanical introduction into a metal matrix — i.e., the
process of mechanical alloying (MA) of the latter
by nitrogen.

o Fe

S(N)

A special task of solid-phase mechanical mmT;((}im
synthesis was the creation of high-nitrogen _ TI("I“II)".) 1
austenite. The goal was to replace expensive g woilfﬁif 1
nickel with nitrogen, which stabilizes the high- & tal Y ‘L
temperature y-phase. «g waAl =

Powders of the Fe-yTi binary alloys (y, g s |
wt.% = 2; 5) with a BCC crystal lattice were % MO}
employed in the capacity of metal matrices for § (b) Mm"(ul,f ) ﬁ
the MS high-nitrogen steels. The nitrogen donor & Mn("YU)\ v
was CrN (CrzN) together with Mn,N, which were . s ;LS’“:'J‘ ‘L |
nitrides both poorly resistant to deformation; they 3 0 3 oft - 050 &0 550
were taken in the proportion of 20 wt.% of the V, mm/s H,kOe | 0.1
mixture. The mixtures Fe—xNi (x, wt.% = 0; 6) + TR
CrN (Cr2N) were used in the capacity of model Fig. 1. Mossbauer spectra of the mixture

systems.

(Fe-5Ti + MnN) and the distributions p(H) for the a-

The following mixtures were analyzed:
Fe-2Ti + CrN; Fe + CrN; Fe-6Ni + CrN; Fe-5Ti +
MnyN, fig. 1, 2. The heat of formation of transition
element nitrides characterizes the stability of the
position of nitrogen atoms in nitrides. Moreover,
this characteristic decreases sequentially from
titanium to chromium, iron, and nickel.

It is established that the use of titanium, which has the greatest heat of nitride formation, as an
alloying additive of the metal component of the mixture accelerates the processes of dissolution of

primary nitrides and stabilization
/ \ \ TiN
(110) o

of chromium and manganese in
; )
'4— +
\ : ¢ (]l])},
/

the state of solid solution of

substitution of MS samples.
N

(a)

Titanium alloying of iron in a
mixture with  CrN  (CrzN)

Fig. 2. TEM data for the mixture (Fe-5Ti + MnN) after PBM for 10 h and
annealing at 650°C, 4 h.

nitrides makes it possible to
obtain a high-nitrogen ferrite-

() — SAED pattern; (b) — dark-field image taken in the combined
reflection (111)7iy + (110), + (111),.

phase. Treatment: (a) — initial mixture;

(b) — PBM, 10 h + anneal 650°C, 4 h. The arrows at
the distribution p(H) mark the peaks corresponding to
occupations by the impurity atoms Ti and Mn in the
first two CSs of iron.further fast heating up to 600 °C
in the salt bath.

martensitic composite, and in a
mixture with Mn,N — a high-
nitrogen austenitic composite
stable during thermal
annealing.
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According to thetransmission electron microscopy data, as a result of the MS and subsequent
annealing of the composition (Fe-5Ti) + Mn;N, the particles of low-stability manganese nitride
dissolved and secondary nanoparticles of more stable titanium nitride formed. The size of these
particles amounted to ~ 2 nm, fig. 2.

The research was carried out within the state assignment of Ministry of Science and Higher
Education of the Russian Federation (theme “Structure” No. 122021000033-2) with the support of
Russian Foundation for Basic Research (project No. 19-33-60006).

TEILJIOTA OBPA3OBAHUA HUTPUJIOB U MEXAHUYECKHN CUHTE3
CTAJIEH, YITPOUHSIEMBIX JIUCIIEPCHBIMUA HUTPUIAMU TUTAHA

B.A. llla6amos , K.A. JIamkoB, A.E. 3amaroBckuii, K.A. Ko3nos, H.B. Karaesa, E.I'. HoBukos

Uncmumym uzuxu memannog umenu M.H. Muxeesa YpO PAH, Examepunobype, Poccus
*e-mail: shabashov@imp.uran.ru

B cBsI3M ¢ pa3sBUTHEM TEXHOJIOTHHA, HWCIOJB3YIOMIMX MEXaHWYeCKOE CIUIABJICHHUE, OBLI
MPEJI0KEH SKOHOMHYHBIA METOJT TBepA0(Pa3HOr0 MEXaHWIECKOTO JICTUPOBAHUS a30TOM CILIABOB
xkene3a. OCoOEHHOCTh TMPETOKEHHOTO METOoJa TBEpJA0(a3HOT0 MEXaHWYSCKOTO a30THPOBAHUS
3aKJIFOYAETCS B HMCIOJH30BAHUM HEYCTOWYMBBIX TPH IUIACTHYCCKOH JehOopMaluid HUTPHJIOB IS
MexaHnyeckoro cruiaieHus (MC) ¢ metauimueckoi MaTpuriei.

CriernanibHOM  3ajaveld  TBepAO(a3HOTO MEXaHWYeCKOTro CHHTE3a OBLIO  CO3JaHHe
BBICOKOA30TUCTOTO aycTeHHTa. Llenp 3akirodanach B 3aMEHE JTOPOTOCTOAIIEr0 HUKENs Ha a3oT,
CTAOMJIM3UPYIOIIUHA BRICOKOTEMITEpaTypHYIO Y-(ha3sy.

B kauectBe Metayumueckod Matpuipl Ajii MC BBICOKOA30THUCTBIX CTaJIE HMCIOJIB30BaIU
nopoiiku OuHapHbix crutaBoB Fe-yTi (y, mace. % = 2, 5) ¢ OLIK KpUCTaUTHUECKON PEHISTKOiA.
JoHopom azota O MasoycroiuuBbie npu nedopmanum HUTpuAbl CrN (CrpN) m MmN B
nponopruu 20 MaccoBbIX % cMmecu. B kadecTBe MOJEIBHBIX CHCTEM HCIOb30Banmu cmecu Fe-XNi
(x, macc. % =0, 6) + CrN (CrzN).

AmnamusupoBaiu cmecu: Fe-2Ti + CrN; Fe + CrN; Fe-6Ni + CrN; Fe-5Ti + Mn2N, puc. 1, 2.
Temora o00Opa3oBaHHUs HUTPUAOB IEPEXOJHBIX D3JEMEHTOB XapaKTepU3YeT YCTONYHMBOCTh
MOJIOKEHUS aTOMOB a30Ta B HUTpHAax. [IpudeM 3Ta XapakTepuCTHKA CHUXKAETCS MOCIeI0BaTEIbHO
OT TUTaHA K XpOMY, JKeJe3y U HUKEIIO.

YCcTaHOBIIEHO, YTO UCHOJb30BAaHME THUTaHA, OOJAJAONIEro HauOONIbIIeH TEIIoTo’
0o0pa3oBaHUsl HUTPHUJIOB, B Ka4eCTBE JICTUPYIOIICH HO0aBKH METAJUIMUECKON KOMIIOHEHTHI CMECH,
YCKOPSIET MPOIECChl PACTBOPEHHS MEPBUYHBIX HUTPUAOB U CTAOWIIM3alMU XpOMa W MapraHia B
COCTOSTHUM TBepAOTo pactBopa 3amemnieHuss MC oOpasios. JlerupoBanue TUTAHOM JKeJie3a B CMECH
¢ uutpumamu CrN (CrN) mosBosisieT mosydaTh BBICOKOA30THCTBIA (hEeppHUTO-MaPTEHCUTHBIH
KOMITO3UT, @ B cMecu ¢ MmN — cTaOmibHBI TpU TEPMHUYECKHX OTKUTaX BBICOKOA30THUCTHIN
ayCTEHUTHBIA KOMIIO3UTIO

[To naHHBIM 2MEKTPOHHOM MUKpockonuu B ciutaBe cocraBa ((Fe-5Ti) + Mn,N) B pesysbrare
MC u mocleayomero OTKUTa MPOUCXOAUT PACTBOPEHHUE YACTHI] MaJOYCTOWYMBOTO HHUTPHUIA
Maprasia 1 o0pa3oBaHHE BTOPUYHBIX HaHOYACTHIl Oojiee YCTOWYMBOTO HUTpHIA TUTaHA. Pasmep
ATUX YACTHUI[ COCTABISET ~ 2 HM, puC. 2.

HccnenoBanue BBIMOJNHEHO Tpu (uHaHCOBOM mnojaepkke PODU B pamkax HaydyHOTro
npoekta Ne 19-33-60006. PaGora BbIIONHEHA B pPaMKax TOCYIAapCTBEHHOIO 3aaHus
MUMUHOBPHAYKU Poccun (Tema «Ctpykrypa» Ne 122021000033-2).
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THE EFFECT OF MECHANICAL STRESSES ON THE STRUCTURAL-
PHASE TRANSFORMATIONS IN THE INDUSTRIAL EP823 AND EP823-
ODS STEELS UNDER HIGH-DOSE NEUTRON IRRADIATION

K.A. Kozlov'", V.A. Shabashov', V.V. Sagaradze®, A.E. Zamatovsky®, A.V. KozloV?,
V.L. Panchenko?®

! M.N. Mikheev Institute of Metal Physics of Ural Branch of Russian Academy of Sciences,
Ekaterinburg, Russia

2 Research Institute of Nuclear Materials, Joint-Stock Company, Sverdlovsk region, Zarechny,
Russia

*e-mail: kozlov@imp.uran.ru

The effect of mechanical stresses on the structure of EP823 and EP823-ODS steels under
high-dose irradiation in the fast neutron reactor BN-600 has been studied by the methods of
Maossbauer spectroscopy with resonance detection and electron microscopy. To create mechanical
stresses in the samples of fuel element cladding, special fillers were used that lead to mechanical
stresses and plastic deformation of the studied samples under irradiation conditions, table 1.
Austenitic steels with varying degrees of radiation-induced swelling were used as fillers. To carry
out the Mdssbauer measurements, a sample manufacturing procedure was developed, see Fig. 1.

Table 1. Designation of processing Compiled sample
mOdes_dEp?nqing on the type of filler Lumng out Longitudinal N
under irradiation 01 a segment cuttmg I Thinning IT\
Processin .
g Type of filler
No l HOD
1 Before irradiation 20
2 Irradiation without filler Lk i H{ﬂ \\=
3 Little swelling filler ¥ uel — i
4 Medium swelling filler cladding Measurement of the Mossbauer sample
S Highly swelling filler Fig. 1. The scheme of preparation of Mdssbauer samples.

In [1], it was shown by the methods of

Mossbauer spectroscopy and electron microscopy & °] @) ’ | ®
that neutron irradiation of EP823 steel with a :; 4 ! “ B
dose of ~50-80 dpa at temperatures of 570-660 C Sl 21 | | 2] | |
causes the decay of the a-phase structure and the N | I olm

A(2,5):4(1,6)
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formation of up to 7% paramagnetic mixture of 0.68 0.68
phases: (i) yx-phase and (ii) carbides of Me,3Cs < - _
type. It is established that the creation of quasi- 0641 ) 0.6
hydrostatic stresses at irradiation temperature of ‘ / ‘
505 C with a dose of ~ 80 dpa of EP823 and “€M1 11 | I 060‘
EP823-0ODS steels leads to an increase in the
decay processes of alpha solid solution with an
escape of about 3 at. % of chromium from the ‘ _
ferritic matrix accompanied with the formation of S| I - 1 . I
x-phase and carbides. It is shown that under ol l I I l 'l
neutron irradiation, the growth of the vertical _ ,

. Processing Processing
component of the_ magngtlc texmre of the o- Fig. 2. The effect of processing mode on EP823 (a)
phase correlates with an increase in the amount  3nd EP823-0DS (b) steels:
of x-phase, Fig 2. It is assumed that the y-phase - the singlet area of the paramagnetic phase Sgng;
creates mechanical stresses perpendicular to the - indicator of magnetic texture A(2,5):A(1,6);
surface of the fuel element cladding. The greatest ~ — the effective chromium concentration ¢,
acceleration of the decay processes and the
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amount of y-phase in both EP823 and EP823-ODS steels are observed with an increase in the
anisotropy of relative deformation along and across the fuel element cladding.

The research was carried out within the state assignment of Ministry of Science and Higher
Education of the Russian Federation (theme “Structure” No. 122021000033-2).

[1] Kozlov K., Shabashov V., Kozlov A., Sagaradze V., Semyonkin V., Panchenko V., Zamatovsky A.,
Kataeva N., and Nikitina A., JNM 558, 153384 (2022).

BJIUSAHUE MEXAHUYECKUX HAINIPSI)KEHUM HA CTPYKTYPHO-
®A30BBIE IIEPEXO/IbI B UHAYCTPUAJIBHBIX CTAJIAX 211823 U
3I1823-1YO IMPU BELICOKOJJO3HOM HEUTPOHHOM OBJIYYEHUU

K.A. KO3J‘IOB1*, B.A. H_Ia6am0131, B.B. Carapane.el, A.E. 3aMaTOBCKH1711, A.B. K03J10132,
B.JI. Tlanuenko?

Y Unemumym @usuxu memannos umenu M.H. Muxeesa YpO PAH, Examepun6ype, Poccus
240 Hncmumym peaxmopuwix mamepuanos, Ceeponosckas 0o.., 3apeunsiii, Poccus
*e-mail: kozlov@imp.uran.ru

Metogamu MeccOay’pOBCKOM CIEKTPOCKOIIUKA C PE30HAHCHBIM JIeTeKTHUpoBaHueM [1] wu
ANIEKTPOHHOW MHKPOCKOTIMM HCCJIEIOBAHO BIMSHUE MEXaHWYECKHX HAMPSHKCHUH Ha CTPYKTYPY
craneit D11823 u D11823-J1YO npu BEICOKOIO3HOM OOIY4EHHH B PEaKTOPE Ha OBICTPBIX HEHTPOHAX
BH-600. [Ins co3ganust MEXaHMYECKHX HAIPSHKEHUH B 00pa3iiax TBEJBHBIX TPYOOK HMCIIOJIb30BAIH
HAIMOJIHUTENH, MPHUBOJANINE K MEXaHWYECKUM HaIpsDKeHUSM M IUIACTHYECKOW JedopManuu
HCCIeTyeMbIX 00pa3lioB B yCIOBUAX 00mydeHus, Taba. 1. B kauecTBe HamogHUTENEH HCTIOIB30BAIN
ayCTEHUTHIE CTAJId C Pa3IMYHOM CTENEHbI0 PaJAMallMOHHO-WHIYIUPOBAHHOTO pacmyxaHus. s
MPOBEACHUS MeccOayIpOBCKHX U3MEPEHHH OblIa pa3paboTaHa MpoIieIypa U3TOTOBICHUS 00pa3IloB,
MpUBEJECHHAs Ha pucC. 1.

B pabote [1] meTomamu meccOayIpOBCKON CIEKTPOCKONUHM M AJIEKTPOHHOW MUKPOCKOIIHH
OBLIIO TIOKA3aHo, 4To 0OaydeHnue HeTpoHamu cranu DI1823 ¢ mo3zoBoii Harpyzkoi ~50—80 cHa npu
temreparypax 570—-660 C BbI3bIBaeT pacnaa CTPYKTypbl o-(das3sl u oOpazoBanuem mo0 7 %
napamarHutTHo cmecu ¢az: y-hasel u kapoOumoB Tuna Mey3Cs. YCTaHOBIIEHO, YTO CO3JaHUE
KBa3UTHJIPOCTATUUECKUX HAIPsDKEHUU mpu Temriepatype oomydeHus 505 C ¢ 1030Boit Harpy3kou
~80 cHa craneit O11823 u DI1823-AYO npuBOIAT K YCHUICHHIO ITPOIIECCOB paciajia ainb(ha TBEPIAOTo
pacTBopa ¢ BbIX0J0M mopsiaka 3 ar. % xpoma u3 heppuTHON MaTpHIlbl ¢ oOpa3oBaHueM y-(a3bl U
KapOHuI0B.

[TokazaHo, 4To B YCHOBHUSAX OOJNydeHUS HEHUTpPOHAMH POCT BEPTHKAIBHOW COCTaBISIOLICH
MarHUTHON TEKCTYpbl o-(a3bl CKOPpEIHpOBaH C YyBEIMYEHHWEM KoludecTBa y-(as3pl, puc. 2.
[Ipenmomnaraercs, uto Y-(asa co3maeT MEXaHWYECKHUX HaIpsDKCHUs, MEePHEHAUKYISIPHBIE K
MOBEPXHOCTU TBEIbHOW TpyOKu. Hambombiliee yckopeHHe MpOLEecCOB pachaja U KOJIMYecTBa -
¢a3pl kak B cranu DOII823, tak m DII823-AAYO nabmomaercs Npu yBETUUYEHUH AHU30TPONHHU
OTHOCHUTENbHOU NedopMaliiu BOJb U MOMEPEK TBEILHON TPYOKH.

Pabora BeimosHeHa B paMkax rocyaapctseHHoro 3aganuds MUHOBPHAYKU Poccun (Tema
«Ctpykrypa» Ne 122021000033-2).
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MOSSBAUER STUDY OF PbSnO;

S.P. Kubrin'", I.P. Raevskii®, D.A. Sarychev*, N.M. Olekhnovich®, A.V. Pushkarev?,
Yu.V. Radyush®

'Research Institute of Physics, Southern Federal University, Rostov-on-Don, Russia.

2Faculty of Physics, Southern Federal University, Rostov-on-Don, Russia.

3Scientific and Practical Materials Research Centre, National Academy of Sciences of Belarus,
Minsk, Belarus.

*stasskp@gmail.com

The PbSnO; ceramic samples were prepared by high-pressure (5GPa) solid-phase synthesis.
At room temperature the sample possesses monoclinic perovskite structure.

Figurel shows the temperature dependencies of dielectric permittivity &(T) for PbSnO;
sample in the range of 15 — 450K. The &(T) dependencies have two anomalies near 200K and 370K.
The anomaly of &(T) at 370K corresponds to cubic into monoclinic phase transition. This transition
result in appearing of ferroelectric ordering. Near 200K the &(T) have frequency dependent maxima.
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Fig. 1. Temperature dependencies of real part Fig. 2. Temperature dependence of quadrupole
dielectric permittivity of PbSnO3; ceramic sample. splitting values for Mossbauer spectra of PbSnOs.

119 Sn Mssbauer spectra taken in cubic phase (T> 370) are single line with isomer shift value
corresponds to Sn**. Below 370K the quadrupole splitting appears on Mssbauer spectra (Fig. 2).
The quadrupole splitting value does not change significantly in the temperature range of 300 —
350K. Near 200 K the quadrupole splitting increases abruptly and slowly increases with a further
decrease in temperature. The appearing of quadrupole splitting at 370K associated with lowering of
Sn** local symmetry due to the offsets of oxygen ions. The increase in quadrupole splitting value at
200K indicates additional lowering of Sn** local environment symmetry. These changes are caused
by structural order-disorder phase transition due to displacements of oxygen and lead ions.
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MECCBAY2POBCKOE UCCJIEJOBAHHUE PbSnO;

C.IL KyGQHHl*, N.IL PaeBCKHﬁZ, LA Capblqul, H.M. OJIGXHOBI/I‘-IB, A.B. HyLHKapeBS,
10.B. P;mym3

Y HUW pusuxu, FODY, Pocmos-na-Jlony, Poccus.

2 Dusuueckuii gaxynomem, FO@Y, Pocmos-na-/{ony, Poccus.

3 HIIl] HAH Benapycu no mamepuanogedenuio, Munck, beropyccus.
*stasskp@gmail.com

Oopazen kepamuku PbSNO; monyden TBepa0(da3HbIM CHHTE30M oA AaBicHueM 5 ['ma. [pu
KOMHATHOH Temrieparype o0pasell o0agaeT CTpyKTypOil MepoBCKUTa MOHOKIIMHHOW CHHTOHHU.

Ha puc.1 npeacraBieHbl U3MEpeHHs HAIIEKTPUIECKONW BOCIIpUUMYHBOCTH oOpasia PhSnO3
B TemmeparypaoM muana3zoHe 15K — 450K. TIpencraBieHHBIC 3aBUCUMOCTH 00JaJalOT JBYMS
anomaiuu B okpectHocTsx Temmeparyp 200K u 370K. Anomanus €(T) mpu 370K o6yciosieHa
($a30BBIM  MEpexojoM M3 KyOM4YecKOW B MOHOKIMHHYIO a3y, IpH OSTOM BO3HHKAET
cerHerodniekrpuyeckoe ynopsimouenue. I[lpm 200K wa 3aBucumoctu €(T) wHabmomaercs
4aCTOTO3aBUCUMBIN MaKCUMYM.

119g Meccbay3poBckre CIIEKTPBI, H3MEpeHHbIe B Kyondeckoit ¢aze (T>370K) npeacrapistor
coGOHf CHHITIET C H30MEPHBIM CABHTOM COOTBETCTBYIommM moHam Sn'*. TIpu moHmKeHnn
Temmnepatrypbl B okpecTHocTn 370K, Ha cmekTpax BO3HHMKAeT KBAJAPYMOJbHOE pacuierieHue. B
nuarazone temmepatyp 200 — 350K BenmurHa KBaIpyIOJBLHOTO paclIeIicHUe U3MEHSETCs cliado.
B okpectHOoCcTH 200K KBagpyImobHOTO paclIeIUICHUE YBETHYMBACTCS W MEUIEHHO BO3pACcTaeT MpH
JalbHENIIeM TOHWXEHUU TeMmIepaTypbl. BO3HHMKHOBEHHE KBaJpYHOJBHOTO pAaCHICIUICHUS B
okpectHOCTH 370K 00yCIOBIEHO MOHUKEHUEM JIOKAIbHOW CUMMETPHUH OJIIKAWUIIEro OKPYKEHUS
noroB Sn*', B pe3ynbTare cMerieHui noHOB KuciopooB. [Tpu 200K yBennvyeHne KBaapymnoJbHOTO
PACIIEIIICHNS YKa3bIBACT Ha elle OOJIbIIee MOHIDKCHHE CHMMETPHH JIOKAIbHOTO OKpyKkeHms Sn’™.
VYka3aHHOE€ M3MEHEHHUE BEpOSITHO BBHI3BAHO CTPYKTYPHBIM (a30BBIM MEPEXOJIOM THIIA HOPSIOK-
OecTopsIOK B pe3ysIbTaTe CMEIICHUI KUCIOPOJI0B U HOHOB Pb*".
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SOLID-PHASE MECHANICAL SYNTHESIS OF HIGH-NITROGEN
CHROMIUM-MANGANESE AUSTENITE

K.A. Lyashkov'", V.A. Shabashov?, A.E. Zamatovsky?, K.A. Kozlov?, N.V. Kataeva?,
E.G. Novikov?

YInstitute of Engineering Science, UB RAS, Ekaterinburg, Russia
Mikheev Institute of Metal Physics, UB RAS, Ekaterinburg, Russia
*e-mail: lyashkov@imp.uran.ru

For the purpose of nitriding iron-based alloys, solid-phase mechanical synthesis (MS) was
used instead of the costly technology of nitrogen saturation of melts. The approach [1-4] was based
on cyclic deformation-induced phase transitions "dissolution — separation™ of dispersed particles of
primary low-stability nitrides (such as CrN and Mn;N) in metal matrices.

The objective of this work was to investigate the possibility of solid-phase MS of nitrogenous
austenite using as a material initial mixtures of binary alloys and nitrides with alloying elements
included in stainless steels of the austenitic class Fe-Cr-Mn-N.

We analyzed the mixtures in the series A and B, each of which had several compositions of
constituents with the varying contents of the metallic matrix and 10 or 20 wt. % proportion of the
nitrogen-containing addition:

A: Fe-XMn + 20CrN (Cr2N); (1)
B: Fe-YCr + 10...20Mn,N.

o+
= a
< /
o s D(0)
?I- I)(I)}"{
G L | p@
o
=
Q
g7
K%
=
w
=]
[
St
=
15 10 -05 00 05 10 15 15 10 05 00 05 10 15

V, mm/s V, mm/s

Fig. 1. Mossbauer spectra and the distribution p(V) for MS samples of Series B. Treatment, composition: (a) ball
milling (BM), composition 2 (Fe-14.2Cr + 20% Mn,N); (b) BM, composition 1 (Fe + 20% Mn,N). In the
distributions p(V) a “deciphering” of the model of nitrogen-containing austenite is given.

It is shown that the ball milling (BM) of mixtures of series A and B leads to the fusion of the
components of the mixtures and the formation of solid solutions of Fe-Cr-Mn-N with HCC and
BCC crystal lattices. An increase in the concentration of Cr and Mn elements in the initial BCC
alloys, as well as the proportion of nitrides in the compositions under BM and subsequent annealing
conditions is accompanied by an increase in the volume of the resulting austenite with a nitrogen
concentration of up to 3.7 wt. (13.1 at.) %. The result of mechanical fusion in the B series is the
formation of a HCC phase, part of which has an AFM ordering with manganese content > 20 wt. %.

The higher stability of MS austenite in the B series is explained by the formation of
concentration inhomogeneous, austenite-forming manganese-rich matrix regions, the low thermal
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stability of Mn;N nitrides compared to CrN (CrzN), and the low diffusion mobility of manganese
during BM and subsequent annealing.

The reported study was funded by the Russian Foundation for Basic Research (project no. 19-
33-60006). The research was carried out within the state assignment of Ministry of Science and
Higher Education of the Russian Federation (theme “structure” no. AAAA-A18-118020190116-6).

[1] V.A. Shabashov, S.V. Borisov, A.E. Zamatovsky, N.F. Vildanova, A.G. Mukoseev, A.V. Litvinov,
O.P. Shepatkovsky, Mater. Sci. Eng. A 452-453, 575-583 (2007).

[2] V.A. Shabashov, L.G. Korshunov, V.V. Sagaradze, N.V. Kataeva, A.E. Zamatovsky, A.V. Litvinov,
K.A. Lyashkov, Phil. Mag. 94, 668-682 (2014).

[3] V.A. Shabashov, K.A. Kozlov, K.A. Lyashkov, A.V. Litvinov, G.A. Dorofeev, S.G. Titova, Defect Diff.
Forum. 330, 25-37 (2012).

[4] V.A. Shabashov, K.A. Kozlov, K.A. Lyashkov, N.V. Kataeva, A.V. Litvinov, V.V. Sagaradze,
A.E. Zamatovskii, The Physics of Metals and Metallography. 115, 392402 (2014).

TBEPJO®A3HBIN MEXAHUUYECKH CUHTE3 BEBICOKOA3OTUCTOI'O
XPOMOMAPI'AHIHEBOI'O AYCTEHHUTA

K.A. HﬂHIKOBl*, B.A. IHa6am032, A.E. 3aMaTOBCKI/II712, K.A. K03n032, H.B. Karaesa?,
E.I'. HoBukos®

‘umanr YpO PAH, Examepun6ype, Poccus
2UDM YpO PAH, Examepunbype, Poccus
*e-mail: lyashkov@imp.uran.ru

C uenblo a30TUPOBaHUS CIUIABOB Ha OCHOBE Keje3a BMECTO 3aTpaTHOW TEXHOJIOTHH
HACBIIICHUST a30TOM PaCIlJIaBOB OBbLT MUCIOJIB30BaH TBepaAO(a3Hbiii mexannueckuii cuate3 (MC). B
OCHOBY moaxona [1-4] ObuM TOJOKEHBI IMKIWYECKUE JehOopMaIlMOHHO-UHIYITUPOBAHHBIC
(da3zoBble  MEpPEXoIbl  «PACTBOPEHHE —  BBIJCJIICHHE» JAMCIEPCHBIX YacTUIl MEPBUYHBIX
MasioyctoiuuBbiX HUTpUAOB (TUra CrN 1 Mn;N) B MeTammndeckux MaTpuax. 3a1adeii HacTosei
paboTel OBLIO HCCENOBAaHME BO3MOXKHOCTU TBepaodazHoro MC a30THCTOrO aycTeHHuTa C
HCIIOJIb30BAHMEM B KauyecTBE MaTepuana UCXOAHBIX CMeceil OMHApHBIX CIUIABOB U HUTPHUJIOB C
AJIEMEHTaMU JIETUPOBaHMsI, BXOISIIIMMH B COCTaB HEP>KABEIOIUX CTaliell ayCTeHUTHOTro Kiacca Fe-
Cr-Mn-N.

AnanuszupoBanu cMecH B cepusax A u B, kaxaas u3 KOTOpPBIX UMeNa HECKOJIBKO KOMITO3ULIUN
C BapbUpPyeMbIM COCTAaBOM MeETAJUIMYECKOM wmaTpuibl W npomnopuuei 10...20 wmacc. %
a30TcoJeprKaIIei J00aBKHU:

A: Fe-XMn + 20CrN (Cr;N); (1)
B: Fe-YCr + 10...20Mn,N.

[Tokaszano, uto momoi cmeceit cepuiit A U B mpuUBOIUT K CIIJIaBICHUIO KOMIIOHEHT cMeced U
dbopmupoBanuio TBepabix pacTBopoB Fe-Cr-Mn-N ¢ I'IK u OLK kpucTaninyecKuMu peleTkaMmu.
VYBenuuenue KoHueHTpauuu smeMeHToB Cr u Mn B ucxoansix OIIK cruaBax, a Tak ke MpOTMOPINH
HUTPUJIOB B KOMIIO3MIIMAX B YCIOBUAX TOMOJA M TMOCIEAYIOMIETO OTKUTA COMPOBOXKIAETCS
yBeIMueHneM o0bemMa o0pasyrolierocs aycTeHuTa ¢ KOHLeHTpaluen azora o 3.7 macc. (13.1 art.)
%. Pe3ynbraToM MexaHW4ecKoro cruiaBieHus B cepuu B cranoButcs dopmuposanue I'LIK dassl,
gacTb KoTopoil mmeer ADM ymopspodeHune ¢ conep:kanueM Mmapranma > 20 macc. %. boinee
BbICOKas cTabmibHOCT, MC aycteHuTa B cepun B oObsicHseTcss 00pa3oBaHHuEM KOHIIEHTPAIIHOHHO
HEOJHOPOJHBIX, OOraThIX AayCTEHHTOOOPa3yIOIIMM MapraHiieM OO0NacTel MaTpHIlbl, Malloil To
cpaBuennro ¢ CrN (CrN) Tepmuueckoit craOuiabHOCTBIO HUTpuA0oB MmN  u  Hu3KOU
¢ dy3nOHHON TOIBMKHOCTHIO MapraHiia B MpoIiecce MoMoJa U MOCIEAYIOMIeT0 OTKUTA.

HccnenoBanue BBIMONHEHO Tpu (uHaHCOBOM mojuepkke PODU B paMkax HaydHOTO

npoekta Ne 19-33-60006. PaGora BbIOJIHEHa B paMKax IOCYJapCTBEHHOTO 3aJaHMs IO TeMe
«Crpykrypa» NeAAAA-A18-118020190116-6
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MOSSBAUER AND RAMAN SPECTROSCOPY STUDY OF ALUMINIUM
INFLUENCE ON THE MAGNETOCALORICS OF
SUBMICRON MgFe,;.xAlxO, PARTICLES

K.E. Khudyakov'", E.V. Lazareva', I. Khishigdemberel®, P.Yu. Tyapkin®, T.F. Grigoreva®,
I.P. Ivanenko®, T.Yu. Kiseleva!, E. Uyanga?, D. Sangaa

! Faculty of Physics, Lomonosov Moscow State University, Moscow, Russia
?Institute of Physics and Technology, Ulaanbaatar, Mongolia

%Institute of Solid-State Chemistry and Mechanochemistry SB RAS, Novosibirsk
*e-mail: Khudyakov@yandex.ru

The magnesium ferrite (MgFe,0,) is one of the most important ferrites, which finds several
applications in heterogeneous catalysis, ecology, sensors, and in magnetic technologies. A modern
attractive application of Mg-ferrites is their use in nanosized forms in biomedical fields as
components of systems for magnetically mediated hyperthermia or ablation [1]. Specific important
magnetic properties of ferrites particles before surface functionalization for magneto-thermia
applications may be modulated by different ways including particles shape, size distributions and
directed substitution [2-3].

In our work, we investigate the influence of the crystal and magnetic structure of ferrite
particles with composition of MgAlFe,xO4 (where x = 0.0, 0.2, 0.3, 0.7, 2) on the heat generation
ability in AC magnetic field. Submicron ferrite particles were obtained by sol-gel synthesis and
showed clear influence of Al-substitution on their heat generation allowing to suppress too much
heating. We performed Mossbauer and Raman spectroscopy supported by X-ray diffractometry and
microscopy to find cation distribution effect and magnetic structure on the modulation of exchange
interaction resulting in suppressing the particle’s magnetic and magnetocaloric behavior.

Supporting of Joint RFBR project 19-52-44003 and MSU Program of Development project
are acknowledged.

[1] T.Maehara, E.Konishi et al. J. of Material science 40 (2005)
[2] I. Khishigdemberel, E. Uyanga et al. Solid State Sciences, 109 (2020)
[3] H. Hirazawa, Y.Ito, D.Sangaa et.al AIP Conference Proceed. 1763, (2016).
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UCCJIEJJOBAHUE METOJ0OM MECCBAY3POBCKOM U
PAMAHOBCKON CHEKTPOCKOIINU BJIUSTHUS AJJTIOMUHUSA HA
MATHUTHBIE U MATHUTOKAJIOPUYECKUE CBOMCTBA
CYBMUKPOHHBIX YACTHUI MgFe,.xAlxO,

K.E. XygﬂKOBl, E.B. Ha3apeBal, Hn. KHerneM6e]i)en2, ILYO. Tsrkun®, T.®. T pUropbesa,
N.IL I/IBaHeHKol, T.IO. Kucenena™, E. y}IHFaZ, J1. Canraa’
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@DeppuT MarHuws yKe JaBHO SBISICTCS OJHUM M3 BeChbMa BOCTPEOOBAHHBIX COCTaBOB,
KOTOPBIM HaImIe]d MPUMEHEHHS B TETEPOreHHOM KaTalli3e, JKOJOTHH, CEHCOPUKE, MAarHWTHBIX
TEXHOJIOTUSAX. B Hacrosimee BpeMs HHTEpPEC K 3TOMY COCTABY ITOSBHIICS B CBSI3U C MEPCIICKTUBAMU
MPUMEHECHHsI er0 B (popMe HAHOYACTHI[ B KA4eCTBE OCHOBBI MATEPHAIIOB JUII OMOMEIUIIMHCKUAX
MPUMEHCHHH, HAPUMEpP IS MarHUTHOM TUneprepMuu u abisiuu. Creruduueckne MarHUTHBIC
cBoiicTBa vactull dhepputa 10 GYHKIMOHATU3AMUHA €r0 TOBEPXHOCTH IS MATHUTOTEPMHUH MOTYT
OBITH ONITHMH3UPOBAHBI PA3IUYHBIMU CIIOcO0aMH, BKIItoUas (Gpopmy, pasMepHOe pacrpeaeicHiue U
HaTpaBJICHHOE JITUPOBAHME.

B Hamie#l paboTe MBI HCCIIEIOBAU BIIMSHUAC KPHCTAUIMYECKOWM W MArHUTHOW CTPYKTYPHI
vactuil Gpepputa coctaBa MgALFe,xO4 (X=0.0,0.2, 0.3, 0.7,2) Ha uX CIOCOOHOCTH K pa30TPEBY
B IIEpEMEHHOM MarHuTHOM noJje. CyOMUKpPOHHBIE YAaCTULIBI OBbLIM MOJYyYEHBI METOJOM 30J1b-Telb U
MIPOJIEMOHCTPUPOBAIM SIBHOE BIIMSHUE ATIOMUHUS Ha yMEHbLIEHHE MX pa3orpeBa. Mbl mpoBenu
ucciaeaoBaHue MerogamMu  MeccOayspoBckoii W PamMaHOBCKOW  CIIEKTPOCKOTIMH, a TakKkKe
PEHTT€HOBCKON audpakToMeTpun U DIEKTPOHHONW MHMKPOCKOMUU JJIsi BBISBJICHHS BIIHUSHUA
KaTHOHHOTO pachpenesieHuss U (GopMUpPOBAaHUS MarHUTHOM CTPYKTYphI HA MOAYJSALMIO OOMEHHBIX
B3aUMO/ICHCTBUI, IPUBOAAIINX K [TOIaBJICHUIO MarHUTOKanopuieckoro s dekra.
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Section 4 «Biological and medical applications»

MOLECULAR SPECTROSCOPIC MONITORING OF STRUCTURAL AND
REDOX TRANSFORMATIONS IN BACTERIAL CELLS UPON DRYING

A.A. Kamnev', A.V. Tugarova', K. Kovacs?, E. Kuzmann?

YInstitute of Biochemistry and Physiology of Plants and Microorganisms, Saratov Federal
Scientific Centre of the Russian Academy of Sciences, Saratov, Russia

2Laboratory of Nuclear Chemistry, Institute of Chemistry, Eotvos University, Budapest, Hungary

*e-mail: aakamnev@ibppm.ru; a.a.kamnev@mail.ru

In microbial biotechnology, preparations of dried living bacteria (most often, lyophilised
biomass) are widely applicable in a range of industrial fields. As has been documented using
Mbssbauer spectroscopy, in many bacteria assimilation of Fe'"' from the medium proceeds via its
reduction to Fe" which is accumulated in metabolically active cells (in coordinated forms) reaching
a noticeable percentage of the total cellular Fe pool. In our work, for agriculturally important soil
bacteria of the genus Azospirillum, Mdssbauer measurements showed that already by the end of the
logarithmic growth phase (~18 h), cells of different Azospirillum strains (grown with *'Fe'"'-
nitrilotriacetate complex as a sole source of Fe) accumulated 22% Fe' (Fig. 1, spectrum A, where
(A) and (B) represent two forms of Fe') to 33% Fe' of the whole cellular iron (for reviews, see
[1,2] and references therein). However, upon desiccation, it was found that in both strains the
relative content of Fe'"' diminished to ca. 3% (see, e.g. Fig. 1, spectrum B).
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Fig. 1. °"Fe Mossbauer spectra of live biomass of Azospirillum brasilense Sp7 (A: rapidly frozen aqueous
suspension; B, C: lyophilised biomass) measured at T=80 K (A,B)andat T=5K (C).

Low-temparature Mossbauer measurements showed that the major part of Fe", that had been
oxidised to Fe'"' upon drying, remained paramagnetic at T = 5 K (Fig. 1, spectrum C) and thus was
easily distinguishable from the Fe'' in ferritin-like proteins (which gave the magnetically split
subspectrum in Fig. 1, C). In metabolically active cells, any potential damage resulting from
reactive oxygen species (due to Fenton-like reactions of H,O, with Fe'') is controlled and can be
prevented, while in dormant cells (dry living bacteria), the presence of high Fe' concentrations can
be harmful [3]. Thus, the observed possibility for cellular Fe" to get largely oxidised to Fe""' upon
drying, as has for the first time been observed in our work [3], may represent a natural strategy to
avoid oxidative damage for desiccated cells. This novel finding can have important implications for
understanding Fe speciation and redox transformations in widely used dried bacterial preparations.

Concomitant structural transformations in dried bacterial cells, including the accumulation of

reserve biopolyester (poly-3-hydroxybutyrate), under various conditions (biofilms, planktonic cells)
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in wild-type and genetically modified strains of azospirilla were controlled using Fourier transform
infrared (FTIR) spectroscopy (for methodological details of FTIR spectroscopic analyses, see [4,5]).
This study was supported in part by the Russian Science Foundation (grant 22-26-00142).

[1] A.A. Kamnev and A.V. Tugarova, Talanta 174, 819-837 (2017).

[2] A.A. Kamnev and A.V. Tugarova, Russ. Chem. Rev. 90 (11), 1415-1453 (2021).

[3] A.A. Kamnev, A.V. Tugarova, A.G. Shchelochkov, K. Kovacs and E. Kuzmann, Spectrochim. Acta Part
A: Mol. Biomol. Spectrosc. 229, 117970 (2020).

[4] A.A. Kamnev, Yu.A. Dyatlova, O.A. Kenzhegulov, A.A. Vladimirova, P.V. Mamchenkova and A.V.
Tugarova, Molecules 26, 1146 (2021).

[5] A.V. Tugarova, Yu.A. Dyatlova, O.A. Kenzhegulov and A.A. Kamnev, Spectrochim. Acta Part A: Mol.
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MOJIEKYJIAPHO-CIIEKTPOCKOIIMYECKUE NCCIEIOBAHUA
CTPYKTYPHBIX U OKUCJ/IMTEJBbHO-BOCCTAHOBUTEJBHBIX
INPEBPAIIIEHUH B KJIETKAX BAKTEPHUI ITPU BHICYIIIUBAHUN

A.A. Kamues', A.B. TyrapOBal, K. Kosau?, ?. KySMaHHZ
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[Tonmyuaemble MeToJaMl MUKPOOHOM OMOTEXHOJIOTHH MpenapaThl, COAEPIKaIINe BbICYILICHHbIE
KUBBIE KYIbTYpbl OaKkTepHil IIMPOKO MPUMEHSIOTCS BO MHOTHUX OTpPACISAX HPOMBIIIJIEHHOCTH.
Metoaom méccbayspoBckoit crmekrpockonuu (MC) ObUTO TOKa3aHO, YTO y MHOTHX OakTepuid
accummsinms Fe'!' 13 cpe/ibl IPOMCXOINT 3a cdeT ero BoccTaHoBinerus 10 Fe'', HakammmBaromerocs
B MeTabO0IMYECKH aKTUBHBIX KJIETKaX (B BHJIE Pa3IMYHBIX KOMILJIEKCOB), JOCTUTasl 3aMETHOM 10U
oT oOmiero kierouHoro Fe. B Hammx ucienoBaHusX arpoOMOTEXHOJOTHUUECKH BaXKHBIX OaKTepuid
pona Azospirillum meromom MC mnoka3aHO, YTO KJIETKH PA3IMYHBIX [ITAMMOB a30CIUPUILI
(BBIAIICHHBIC C HUTPHIOTPHALCTATHBIM KOMIUIGKCOM ° Fe'! B KA4yecTBE EIMHCTBEHHOTO
rcTounnKa Fe) K KoHILy Jorapudmmdeckoii hassr pocra (~18 1) Hakarmsanu ot 22% > Fe' (puc.1,
ciextp A) 10 33% Fe'' or Bcero kimerounoro skemesa (cM. 0630psI [1,2] U HUTHpYeMble B HHX
pa6oter). OHAKO ISl BBICYLICHHOH GHOMAcCh GbUIO 0GHAPYKEHO, UTO COCpXKAHNE Fe' B KIeTKax
1151 000HX IMITAMMOB YMEHBIIMIOCH 10 ~3% (cM. puc. 1, ciektp B).

M¢éccbayapoBckue usmepenus npu 1 = 5 K nokazanu, 4To 4acTh Fe“, okucnuBmasica a0 Fe
B MPOIIECCE BHICYIIMBAHUS, OCTaBajlach nmapamMarHuTHOU (cM. puc. 1, cnektp C) u, Takum o0pazom,
oramuanack ot Fe'"' B GeppuTHHONOI06HBIX GenKax (CM. MATHHTHO PACIICIUICHHYIO KOMIIOHEHTY
Ha puc. 1, cnekrp C). B wmeraGonuueckd aKTHBHBIX KJIETKaX BO3MOXKHBIE MOBPEKICHHUS,
BBI3BIBAEMBIE AKTHBHBIMU (DOpMaMH KHUCIOPOAa, 0Opa3yroIIMMUCS B MpolleccaXx TUIA PEaKIHH
®enrona (B3anmozeiictaue HyO; ¢ Fe''), KoHTpoimpyroTest i MOTyT GBIT MPEIOTBPAIIECHBL; OJHAKO
B MOKOSIINXCS KIETKaxX (Cyxoi 6Gruomacce )XKMBBIX OaKTepHil) MPUCYTCTBUE BHICOKUX KOHIIEHTPALIUN
Fe'' moxer Gbith omacHbiM [3]. Taxmm 0o0pa3oM, BO3MOXHOCTh AJisi kietouHoro xene3a(ll) B
3HAYNTEIBHOM CTEMEHH OKUCIATHCS A0 Fe''' MpH BBICYMIMBAHMH, BIEPBBIC OTMCUYCHHAs B HAIICH
pabote [3], MOXKET MpencTaBlIsATh OO0 €CTECTBEHHYIO CTPATErHio MPeJOTBpAIleHHs 1M0J100HOT0
OKHUCJIUTEIPHOTO TOBPEXKIEHUS JUIsI KJIETOK, KOTOpBIE TOJBEPraloTcs O00€3BOKHMBAHUIO. ITOT
HOBBIN 2(PPeKT BaxkeH A7 MOHUMaHHSI COCTOSTHHSI COSIMHEHH JKeTie3a U UX PeJoKC-TIPeBpaIleHHA
MIPH MOTYYEHUHU [IMPOKO MCIIONIB3YEMBIX MIPETapaToB CyXuX OaKTepHil.

CoOTBETCTBYIOIINE CTPYKTYpPHBIE MPEBpALICHUS B CYXUX KJIETKaX, BKIIOYas HAKOIUJICHHE
noyu-3-ruApokcuOyTupaTa (pe3epBHOrO OMOMONUMEpPA) B Pa3IUYHBIX YCIOBHSIX (OMOTUICHKH,
TUTAHKTOHHBIE KYJIBTYPBI) KOHTpoJupoBanu MetonoM uH(ppakpacHoit (UK) dypbe-cniekrpockonuu
(merononoruueckue netanu MK-¢ypbe-cieKTpoCcKOMMYECKUX aHAIM30B 00CyKJanuch panee [4,5]).

Pabota BeInmosHEHA Npu moaepskke Poccuiickoro HaydHoro ¢onaa (rpant 22-26-00142).
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BIOMEDICAL APPLICATIONS OF GrO-FERRITE NANOCOMPOSITES
AND CORE/SHELL NANOSTRUCTURES:
SYNTHESIS AND CHARACTERIZATIONS

A.S. Kamzin”

loffe institute RAS, 194021, 26 Politekhnicheskaya, St-Petersburg 194021, Russian Federation
*e-mail: ASKam@mail.ioffe.ru

All The work is devoted to the study of the magnetic structure, phase composition of
Graphene-Ferrite (G-F) nanocomposites (NC) and the Core/Shell (C/S) type nanostructures (NS).
Interest in these materials is determined by the prospects of their use in biomedicine (see [1-4] and
references therein). The main method used for research was Mdssbauer spectroscopy (MS), because
MS is a highly sensitive and effective means of studying the phase states and magnetic structure of
both complex composites and individual components that make up complex magnetic structures as
C/S. MS gives possibility to obtain information that is inaccessible to other methods.

The C/S type NS consist of a core, which can have high magnetic moment (for example, iron
or others). The core is covered with a magnetic sheath with good biocompatibility. G-F NC consist
of graphene and spinel ferrites (for ex. Fe;04, CoFe,O,4). Main advantage of such materials is their
versatility, as well as the ability to optimize the physical and chemical properties of the material.
Advances in nanotechnology make it possible to manufacture these multifunctional nanomaterials.

In this report describes the results of studies of graphene - various ferrites NC synthesized by
the method of ball milling. As shown by Mdossbauer studies the magnetic G-F NC synthesized by
the ball milled method contain phases identified as spinels and as iron carbides and iron-depleted
carbon clusters that were not detected by X-ray diffraction. Those G-F NC were able to retain the
functional groups of graphene oxide. The efficacy of the magnetic nanocomposites for killing of
cancerous cells is studied in vitro using HelLa cells in the presence of an Alternating Current
magnetic field.

In the case of Fe3O4 / a-Fe,O3 NS of the C/S type, it was established that they consist of a
magnetite (Fe3O4) core and a maghemite (y-Fe,O3) shell. On the surface of the shell is formed a
layer, in which the spin magnetic moments are canted relative to the moments in-side the shell.
Between the core and the shell is formed an intermediate layer in the spin-glass state.

As a result of this research, the dependence of the properties of G-F NC and C/S NS on the
synthesis technology and particle size was shown, the interaction of the components and their
influence on each other, as well as the phase state and magnetic structure, which significantly affect
the properties of G-F NC and C/S NS.

[1] A. S. Kamzin a.o., Phys. Sol. State 62, 2167 (2020)
[2] A. S. Kamzin a.0., Phys. Sol. State 63, 807 (2021)
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BUOMEJUIIUHCKHUE IPUMEHEHUSA HAHOKOMIIO3UTOB GrO-
®EPPUT U HAHOCTPYKTYP THUIIA AAPO/OBOJIOYKA:
CHUHTE3 U XAPAKTEPUCTHUKHA

A.C. Kamsun

Quzurxo-mexnuueckut uncmumym um.A.@.Uoggpe PAH, Canxm-Ilemepbype, Poccus
*e-mail: ASKam@mail.ioffe.ru

PaboTa mocBsiieHa U3y4eHNI0O MarHUTHOW CTPYKTYPHI, (pa30BOro cocraBa HAHOKOMITO3HTOB
(HK) tuma rpaden-peppur (I'-®) u nanoctpykryp (HC) tuna sapo/obomnouxa (C/S). UaTEpec
STUM MaTepHajiaM OIpeAeaeTCs MepCneKTUBaMU UX UCIOJIb30BaHus B Onomeauiuue (cm. [1-4] u
CChUIKH B HUX). OCHOBHBIM METOJIOM HCCIIeIOBaHU Obl1a MeccOayapoBckas cniekrpockomnus (MC),
nockoJibky MC siBisieTcsl BBICOKOUYBCTBUTENBHBIM U 3PPEKTUBHBIM CPEACTBOM H3ydeHUs (ha30BbIX
COCTOSTHUI M MarHUTHOW CTPYKTYPBHI KaK CJIOKHBIX KOMIIO3UTOB, TaK M OTACIHHBIX KOMIIOHCHTOB,
COCTaBJIAIOLIUX CJIOKHbIE MarHUTHbIE CTpyKTypbl Tuna C/S. MC naetr BO3MOXHOCTh MOJYYHUTh
nH(pOpMaLIHIO, HEAOCTYIHYIO IPYTUM METOJIaM.

HC Ttuna C/S cocrosimue u3 sapa, KOTOPOE MOXKET UMETh OOJIBIIION MarHUTHBI MOMEHT
(HampuMep, JKenae30 WK Jip.). SIpo MOKPHITO MarHUTHOM 0O0OJOUKOW oOnajaromel Xoporieu
onocoBmecTumocthio. [-® HK coctost u3 rpadena n deppuros-mmunened (Hampumep, FezOa,
CoFe;04). OCHOBHBIM TPEHMYNIECTBOM TaKUX MaTEpPHAJIOB SIBISIETCS WX YHHBEPCAJIBHOCTH, a
TaKkkK€ BO3MOXXHOCTh OINTHMHU3HMPOBAaTh (PU3MYECKHE W XHMHUYECKHE CBONCTBAa MaTepuaa.
JoctrkeHus: B 00JaCTH HAHOTEXHOJIOTMH TMO3BOJISIOT CO3/1aBaTh Takhe MHOTO(YHKIIMOHAJBHBIE
HaHOMAaTepHaJIbl JJIs pa3InYHbIX IPUMEHEHHH B 0071aCTH OMOMETUIUHBI.

B manmHOM cooOmennn omnmcanbl pe3ynabTarthl uccienoBanuiit HK  rpaden-pazmmunbix
depputsl (I'-D), cuHTE3MPOBAHHBIX METOJOM TIEpeMoJia B MIapoBOM MenbHuIle. Kak mokazamm
MeccOayspoBckue uccnenoBanus, MarautHeie HK I'-®, cuATe3npoBaHHbIC MMEpeMOsIoM B MIAPOBOM
MeJbHUIE, cofepxaT (asbl, WACHTU(DUIMPOBAHHBIE KaK INMHUHENH, a Takke (as3bl, KOTOphIE HE
ObLTH OOHApY)KEHBI peHTreHorpaduueckol maudpaximen, 3To KapOuAbl Kejae3a W 00eTHEHHBIS
xene3oM yriaepoanbie kiactepbl. Ilomydennsie ['-® HK cmornmm coxpanuTh (yHKIIMOHATLHBIE
rpynnbsl  okcuaa rpadeHa. IP(GEeKTHBHOCT, MarHUTHBIX HAHOKOMIIO3UTOB Ui YHUYTOXKEHUS
PaKOBBIX KJIETOK M3ydaeTcs in Vitro ¢ ucrosb3oBaHueM kietok Hela B nmpucyrcTBuu nepeMeHHOro
MarHuTHOTO TMOJIS.

B cnyusae HC Fe3O4/a-Fe;03 tuma C/S  ycTaHOBIEHO, YTO OHHM COCTOSAT H3  Sjpa,
spistorierocss maraetutom (FesO4) u obonmouku u3 marremura (y-Fe;03). Ha moBepxHOCTH
000J10ukM  OOpa3yercsi CJIOH, B KOTOPOM CIIHHOBBIE MAarHUTHbIE MOMEHTHl HAKJIOHEHBI
OTHOCHUTEIILHO MOMEHTOB BHYTPH O0OO0JIOUKH (CKOILIEHHAs CIIMHOBAs CTPYKTypa). Mexay sapoM u
000J104K0#1 00pa3yeTcs MPOMEXYTOUHBII CIION B COCTOSIHUU CIIMHOBOTO CTEKJIA.

B pesynbrare nmpoBeAeHHBIX HCCIeI0BaHUN Oblila TOKa3aHa 3aBUCUMOCTh cBOMCTB ['-@ HK u
C/S HC ot TexHOJIOTUM CHHTE3a M pa3Mepa YacTHll, B3aUMOICHCTBUSI KOMIIOHEHTOB U UX BIUSHUS
Ipyr Ha Apyra, a Takke (a30BOTO COCTOSHHUS. CTPYKTYPBI, KOTOPbIE CYIIECTBEHHO BIUSIOT Ha
coiictBa ['-® HK u C/S HC.

[1] A. C. Kam3uH u jp., @TT 62, 1715 (2020)
[2] A. C. Kam3un u ap., @TT 63, 900 (2021)
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NANOSIZED IRON CORES IN FERRITIN AND ITS PHARMACEUTICAL
ANALOGUES: OBSERVATION OF THE UNUSUAL TEMPERATURE
DEPENDENCIES OF MOSSBAUER PARAMETERS

l.V. Alenkina®”, E. Kuzmann?, I. Felner®, V.K. Kis*, D.V. Belyaev*, M.1. Oshtrakh'

'Department of Experimental Physics, Institute of Physics and Technology, Ural Federal
University, Ekaterinburg, Russian Federation

2Laboratory of Nuclear Chemistry, Institute of Chemistry, Eétvés University, Budapest, Hungary
*Racah Institute of Physics, The Hebrew University, Jerusalem, Israel

*Centre for Energy Research, Budapest, Hungary

*e-mail: alenkina-ira@mail.ru

Ferritin, an iron-storage protein, consists of a hollow spherical multi-subunit protein shell
with an internal cavity of ~8 nm which contains a nanosized ferrihydrite core (approximate
formulae are 5Fe;,03x9H,0 or (FEOOH)g(FeO:0OPOsHy)) (see, e.g., [1] and references therein). Iron
in ferritin is accumulated in non-toxic bioavailable form and its deficiency requires a treatment with
iron-containing pharmaceuticals. Some of them can be considered as ferritin analogues. Studied
materials have similar macromolecular structure with nanosized akaganéite (B-FeOOH) or
ferrihydrite-like cores with the size of up to 10 nm coated with polymaltose. However, no exact
information exists about the iron core structure in both ferritin and its analogues.

Therefore, the study of lyophilized human liver ferritin and its pharmaceutical iron-
polymaltose analogues, namely, Ferrum Lek, Maltofer® and Ferrifol® were performed using: (1)
Mossbauer spectroscopy with a high velocity resolution (4096 channels) at 295-90 K, (ii)
Maossbauer spectroscopy with a low velocity resolution (256 channels after folding) at 83-20 K, (iii)
magnetization M(T) measurements and (iv) HRTEM analysis. All Mdssbauer spectra at 295-90 K
were similar and better fitted within the heterogeneous iron core model [2, 3], using 5 quadrupole
doublets with equal line widths (Fig. 1 a) with a good consistency for all temperatures in the range.
At low temperature range, the Mossbauer spectra of these samples were different: the spectrum of
ferritin remained almost paramagnetic down to 20 K, whereas in the spectra of ferritin analogues
magnetic hyperfine splittings appeared around 60-40 K, as shown in Fig. 1 b, c.
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Fig. 1. Selected Mossbauer spectra of ferritin and Maltofer®. Indicated components are the results of the best fits. The
differential spectra are shown on the bottom

Obtained components (1-5) in the Mossbauer spectra measured at 295-90 K were associated
with *’Fe in various layers/regions in the nanosized iron cores, which have different sizes and
FeOOH packing, in both ferritin and its analogues. This was confirmed by HRTEM images which
indicate variations of the lattice periodicity.

The unusual temperature dependencies of some Mdssbauer parameters were revealed and
analyzed within the fitting model. Both the low temperature Mdssbauer spectra and magnetization
(ZFC/FC) measurements indicated that relaxation effects cannot be the main reason of observed
anomalies. Therefore, these anomalous temperature dependences were related to the low
temperature structural rearrangements in different layers/regions of the iron cores in ferritin and its
analogues. Variations in the °’Fe hyperfine parameters of spectral components were attributed to
different *>'Fe microenvironments in various layers/regions of the iron cores in each sample.
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Moreover, small differences in the *’Fe hyperfine parameters were observed between the same
components in the Mdssbauer spectra of ferritin and its analogues showing small variations in the
iron local microenvironments among the iron cores in the studied samples.

Acknowledgement. This work was supported by the Ministry of Science and Higher
Education of the Russian Federation (Project Ne FEUZ-2020-0060).
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DeppuTUH — KeJNe30COoJepKanUi OCJIOK, COCTOSIINN W3 OEIKOBOW O0O00JOYKH, BHYTPH
KOTOPOM COJIEPKUTCS HAHOPA3MEPHOE <OKEIE3HOE siIpo» (BapuaHThl kommno3unun SFe;03x9H,0 u
(FeOOH)s(FeO:0OPO3H>) [1]. XKene3o HakamauBaeTcsi B GeppUTHHE B HETOKCHYHOM OHOJOTHUYCCKH
noctynHoit Qopme, a ero gedunuT TpeOyeT MEAUKAMEHTO3HOW KOPPEKIHMA C TOMOIIBIO
(dapMareBTHUECKIX TMpernaparoB. HekoTopble W3 HHUX MOTYT pPacCMaTpuBaThCcs B KAueCTBE
CHHTETHYECKUX aHajoroB ¢QepputuHa. MccnemoBaHHble B JaHHOW padoOTe mpemaparbl MMEKOT
CXOXKYI0 ¢ (DEPPUTHHOM MAaKPOCTPYKTYPY M COCTOST M3 <OKEIIE3HBIX SIICP» B BUJIC aKareHUTA HIIH
beppuruapura pazmepoM 10 10 HM, TOKPBITBIX 000JIOYKOH M3 MOJUMaNbTO3bl. OIHAKO, TOYHAS
CTPYKTYpa <OKEIIE3HBIX SIIEPY» JI0 CHX MOP HE U3BECTHA.

[TosTOoOMy OBLTO MPOBEEHO HCCIIEOBAHUE BBIICICHHOTO (EePPUTHHA MTEYCHU YEIIOBEKA U €T0
anaiorop — mpemnapatoB ®Deppym Jlek, Manbtohep® u Deppudon® wmeromamu (i)
MeccOay?pOBCKO# CIIEKTPOCKOIIUU C BRICOKUM CKOPOCTHBIM paspereHueM (B 4096 kaHaioB) npu
295-90 K; (ii) MeccOayspOBCKO CIEKTPOCKOIMKA C HU3KAM CKOPOCTHBIM pasperieHueM (B 256
kananoB) npu 83-20 K; (iii) marautHeix nsmepennii u (iv) HRTEM. Bce criekTpsbl, mosydeHHbIC
mpu 295-90 K, ObLIM WIACHTUYHBI M aNIpPOKCHMHUPOBAHBI B pPaMKaxX MOJICIH T€TEPOTCHHOTO
«KeJe3Horo sapa» [2, 3] cymeprno3unueil 5 KBaJAPYMOIbHBIX AyOI€TOB C PABHOW HIMPHHOW JTUHUN
(Puc. 1). ITpu 83—20 K Obu1u mosrydeHbl OTINYUS: CIIEKTP (EeppUTHHA OCTABAJICS MapaMarHUTHBIM
1o 20 K, a B ciekTpax npenaparoB ObUIM BBISBJICHbI MArHUTHBIE CEKCTETHI ke npu 60—40 K.

KoMmoHeHThl Hammydlneil anmpoKcHManud OBbLTH CBSI3aHBl C Pa3NUYHBIMU  00JacTIMH
(OKEJNIE3HBIX sI/Iep», OTIIMYAIOIIUMHUCS [0 pa3MepaM U IUIOTHOCTH ynmakoBKHU. IlosydeHHBIe qaHHBIE
XopoIo cornacytores ¢ pesyibratamu HRTEM, nokazaBminMu oTauyus B pacroioKEHUH CIIOEB
«OKENe3HBIX s1ep». BbIsABIEHHBIE aHOMAaJbHBIE TEMIEpAaTypHbIE 3aBHCHMOCTH MeccOay3pOBCKHX
napaMeTpoB ObUIM MPOAHATM3UPOBAHBI B paMKaX MOJIENH I'€TEPOr€HHOTrO <wKene3Horo sapa». C
NoMOIIbI0 MarHUTHBIX m3Mepenuit ZFC/FC Obl1o moka3aHo, 4TO BIMSHUE MarHUTHOW pellaKcaliuu
HE SBIIETCS ONPEACISAIOIMM NpPU BO3HUKHOBEHHMH AaHOMAJBHOTO IOBEACHHUS MeccOay’pOBCKHX
napameTpoB. [lo3ToMy ObIJIO cAETaHO MPEAINOJIOKEHHE O BOSHUKHOBEHMHM HU3KOTEMIIEPATYPHBIX
CTPYKTYPHBIX EPECTPOCK B OOJIACTSX CGKEJE3HBIX sSJIpax», a 0OHApYKEHHbIE OTIIMYHS apaMeTpOB
CBEPXTOHKOH CTPYKTYpI ° Fe ObLIM CBS3aHBI C PA3IHUMSIMH MHKPOCTPYKTYPHI JIOKAIBHOTO
OKpYXKEHUs *"Fe.
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TESTING OF THE IRON STATE IN OUTDATED PHARMACEUTICALS
USING MOSSBAUER SPECTROSCOPY

D.V. Belyaev'’, 1.V. Alenkina', M.1. Oshtrakh!

'Department of Experimental Physics, Institute of Physics and Technology, Ural Federal
University, Ekaterinburg, 620002, Russian Federation
*e-mail: danil.belyaevO8@gmail.com

There are different types of iron-containing pharmaceutical products by now. For example,
pharmaceuticals, which are used for treatment of iron deficiency anemia, vitamins and dietary
supplements, which are used for supporting the iron status in the body, etc. These pharmaceuticals
contain ferrous and ferric compounds such as ferrous sulfate FeSO,, ferrous fumarate FeC4H20y4,
iron glycinate, iron citrate, akaganéite p-FeOOH, ferrihydrite 5Fe,03-9H,0 and other compounds.
Different iron containing pharmaceuticals were successfully studied by °Fe Mdssbauer
spectroscopy for analysis of the iron state (see, e.g., [1-5]). Mdssbauer spectroscopy appeared to be
a useful tool to study iron-containing pharmaceuticals as well as to reveal additional minor ferrous
and ferric compounds in medicaments. There is a question concerning pharmaceuticals ageing:
would iron compounds have any differences after expire date in comparison with the fresh samples?
This information may be useful for the analysis of quality and stability of the iron-containing
compounds in pharmaceutical products. It is also interesting to know the possibility of further use
the iron compounds in pharmaceuticals after expire date for additional studies. Therefore, in the
presenet work we compare results of some previously measured fresh and new measured outdated
samples of pharmaceutical products.

The room temperature Mdossbauer spectrum of outdated Ferrum Lek containing nanosized
iron cores in the form of B-FeOOH is shown in Fig. 1. That spectrum was better fitted using the
heterogeneous iron core model developed in [5]. Spectrum was decomposed using five quadrupole
doublets with the same line widths which were varied during the fits. The °’Fe hyperfine parameters
for all components 1-5 correspond to ferric iron with similar isomer shifts and different quadrupole
splitting. These results are almost the same as data obtained for the fresh Ferrum Lek in [5]. The
room temperature Mdssbauer spectrum of outdated vitamins Feosol® containing FeSO4 (Fig. 1)
was better fitted using 3 quadrupole doublets with different °’Fe hyperfine parameters. Components
revealed in the spectrum of Feosol® correspond to ferrous sulfate 1 (~65.5%) and two ferrous
compounds 2 (~29.9%) and 3 (~4.6%). However Mdssbauer spectrum of fresh sample was better
fitted using 2 quarupole doublets [2]. One doublet associated with ferric compound and other
doublet is assigned to ferrous compound. So, it is possible that longer ageing of this pharmaceutical
might lead to significant modifications of FeSO4. On the other hand, the spectrum of Centrum®
(Fig. 1) containing ferrous fumarate appeared to be the same as the first one for the fresh sample in
[2]. Thus, there are some stable and unstable ferric and ferrous compounds in iron-containing
pharmaceutical products.I
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Fig. 1. Mossbauer spectrum of outdated Ferrum Lek, Feosol® and Centrum® measured in 4096 channels.
Indicated components are the results of the best fits. Insets demonstrate misfits for the Feosol® spectrum
decomposition with two quadrupole doublets. The differential spectra are shown on the bottom.

This work was supported by the Ministry of Science and Higher Education of the Russian
Federation, project # FEUZ-2020-0060.
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OLEHKA COCTOAHHUA NOHOB KEJIE3A B PAPMAINEBTHUYECKHUX
IPEITAPATAX C UCTEKIINUM CPOKOM I'OJHOCTH 11O JAHHBIM
MECCBAYJ3POBCKOH CIIEKTPOCKOIIUH

J1.B. BGJ'ISIGBl*, n.B. AJIGHI)KI/IHaZ, M. OHJTpaxl

1Kaqbedpa aKcnepumenmanbrou usuxu, PU3UKO-MexHOI02ULeCKUll UHCmumym, Ypanscxkuti
Deoepanvrviil Yuusepcumem, Examepunodype, 620002, Poccutickas @edepayus
*e-mail: danil.belyaevO8@gmail.com

B HacTosmee Bpemsl CyIecTBYIOT Pa3IMYHbIE BUJIBI JKEJIE30COAePIKANINX (hapMaIleBTHUECKIX
npenapatoB.  Hampumep,  JiekapcTBeHHBIE — TpenapaThl, TMPUMEHsSEMbIe IS JICYCHUS
xKene301e(pUIUTHON aHeMuH, BUTaMHUHBI W BAJ[pI, mpuMeHsieMble [UIS TOJIICPKaHUS YPOBHS
KeJe3a B OpraHusMe W Jp. DTH TpernapaThl COAepXKar JBYX- M TPEXBAJCHTHOE XKele30 B Gopme
cynbdara xeneza FeSO4, ¢dymapara xemeza FeCysH,04, axaranewra B-FeOOH, deppurnapura
5Fe,039H,0 1 mp. MecchayspoBCKasi CIEKTPOCKOIHS ° Fe MOXeT ObITh HCIOJIB30BaHA ISt
aHAJIN3a COCTOSHHS W CTPYKTYPBI JKeNIe30COJepIKalINX JICKapCcTBeHHbBIX mpenaparoB [1-5]. Ona
MIO3BOJISICT BBIABIATH JIBYX- U TPEXBAJCHTHbBIE IPUMECH JKejle3a B JICKApCTBEHHBIX Ipernaparax.
OnHako, BO3HMKAET BOINPOC, CBSA3AHHBIH CO CTapEHUEM JIEKAPCTBEHHBIM CPEIACTB: OyAyT JH
COEJIMHEHUS KeJle3a UMETh Kakhe-I11M00 OTINYMS TOCIIEe UCTEUSHHsI CpOKa FOJTHOCTH IO CPABHEHUIO
co cBexuMu oOpaznamu? JlanHas wHbOpMAIUs MOXET OBITh MOJIE3HA /I aHAIM3a KadyecTBa M
CTaOMJIBHOCTHU KEJIe30COAepKAIlUX COeAMHEHUI B (hapMarieBTHUeCKuX mpenaparax. Ilostomy B
HacTosel paboTe Mbl CPaBHUIIM PE3YJIbTaThl HEKOTOPHIX paHee U3MEPEHHBIX CBEXUX 00pa3lioB U
o0pa3uoB (apMaleBTUYECKUX IpenapaToB ¢ MCTEKIIMM CpPOKOM TOJHOCTH, COJEpIKalUX
COeMHEHUs ABYX- (cynbdar xkene3a, ymapar xeiesa, Xenarsl Kejne3a) U TPEXBAJIEHTHOIO XkKelle3a
(axaranewur).

MeccbayspoBckuii crektp mnpenapara Ferrum Lek ¢ HCTeKIIMM CpPOKOM T'OJHOCTH,
coJiepKaluil HaHOpa3MepHbIe «Kene3Hble saapa» B popme B-FeOOH, nokaszan Ha puc. 1. JlaHHbIH
CHEeKTp OblI aNIpPOKCMMHMPOBAH HA OCHOBAaHMM TETEPOTreHHON MOJIENIN <«OKEJIE3HOIO sIpay,
pazpaboTtanHoii B [5]. Ammpokcumanys OCYIIECTBISUIACH CYIEPIO3HLIUEeH 5 KBagpPYIOJIbHBIX
OyOJIe€TOB C OJJMHAKOBBIMU IIMPUHAMU JIMHUH, KOTOpbIe BapbupoBaInch. CBEPXTOHKUE IapaMeTphbl
sep °'Fe i Bcex KOMMOHEHT 1—5 cooTBerctByioT Fe** ¢ GIM3KMMHU BETHUHHAME H30MEPHOTO
C/IBUr'a U pa3HbIM KBaJPYIOJbHBIM pacCIICIUIEHHEM. DTU pe3yJabTaTbl MPAKTUYECKU COBIAAAIOT C
JaHHBIMH, TIOJIyYCHHBIMHU IUIsl cBexero oOpasua Ferrum Lek B [5]. MeccbayspoBckuil criekTp
BUTaMHHOB Feosol® ¢ mcTekmuM cpokoM rogHoctu, conepxamux FeSO4 (puc. 1), myuiie Bcero
ObUT anMpOKCUMHUPOBAH C UCHOJB30BaHUEM 3 KBAJPYIMOJBHBIX 1y0sieTOB. BhIsBIEHHBIE B CIIEKTpe
Feosol® KOMIIOHEHTBI COOTBETCTBYIOT cyibdary xene3a 1 (~65,5%) u AByM coeIuHEHUSIM
JBYXBaJeHTHOTO >kene3a 2 (~29,9%) u 3 (~4,6%). OgHako meccOayd pOBCKHIl CHEKTP CBEKETO
oOpa3ua Jydie BCero ObUT anmpoOKCUMHUPOBAH C MCIIOJIb30BAaHUEM 2-X KBAJPYNOJbHBIX TyOJIETOB
[2]. Omuu u3 ayGeros otHOcHTCs K Fe**, a mpyroit mybmer — k Fe?*. Taknum 06pasoM, BO3MOKHO,
yro OoJjiee ATUTEIbHOE XpaHEHHE J3TOro IpermapaTa MOKET MPHUBECTH K 3HAYUTEIbHBIM
moau¢pukarusam B FeSO4. C npyroil cTOpoHBI, NPH aNMpPOKCHMALMU MeccCOayIpOBCKOTO CIEKTpa
npenapara Centrum® He ObUIO BBISBICHO HOBBIX CIEKTPAJIBHBIX KOMIIOHEHT IO CPaBHEHUIO CO
cBeXXUM oOpasuoMm [2]. Takum o0Opa3om, B jkene30coepkKaumx (papMalneBTHYECKUX MPOIAYKTAX
MPUCYTCTBYIOT CTAOMIIbHBIE U HECTAOMIIbHbBIE COSTMHEHUS IBYX- U TPEXBAJICHTHOI'O JKeJe3a.

107



Section 4 «Biological and medical applications»

A NEW METHOD OF MAGNETIC HYPERTHERMIA BASED ON
FERROMAGNETIC RESONANCE
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Currently, searches are underway for safe and effective components for hyperthermia, one of
the auxiliary methods of cancer treatment due to a general or local increase in temperature to 41-
45 °C. In our work, we propose a new method for the implementation of magnetic hyperthermia: the
heating of nickel ferrite particles is carried out as a result of ferromagnetic resonance - the selective
absorption of the energy of an alternating electromagnetic field by ferromagnetic particles in an

applied constant magnetic field.

Nickel ferrite NiFe,O4 nanoparticles 4 nm in size were synthesized by chemical deposition.
After annealing, the average particle size became 63 nm. The particle magnetization curves are
characterized by hysteresis with a coercivity of 140 Oe at 295 K.

The Mossbauer spectra of the studied samples were obtained by MS-1104Em spectrometer in
transmission geometry with a Co>’(Rh) radioactive source at a temperature of 300 K. The spectra
are sextets (Fig. 1, Table 1) corresponding to the structure of an inverse spinel.
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Fig. 1. Mossbauer spectrum of nickel
ferrite

For practical applications, heating in a narrow
temperature range is necessary. The degree of heating
depends on the power absorbed and the duration of
exposure. We have studied the time dependence of
temperature increment AT of particles in an alternating
magnetic field with a frequency of 8.9 GHz and amplitude h
~ 1 Oe at various values of a direct magnetic field A applied
perpendicular to the alternating one. The fig. 2 shows the
results of these studies. In all cases, we observe a sharp
increase in temperature at the initial moment of time,
followed by a decrease in the rate of temperature increment
with reaching saturation ATmax. With an increase in the
strength of the applied constant field, the heating of the
particles increases to the maximum value AT = 8.2 Kat a
field strength H=2.29 kOe, with a further increase in the
field strength, the heating of the particles decreases. In a
field with a strength of 2.29 kOe, resonant absorption of the
electromagnetic field is observed at a frequency of 8.9 GHz,
as can be seen from the results of measuring the
ferromagnetic resonance (FMR) (Fig. 3).

Thus, we have shown the possibility of a more efficient heating of nanoparticles due to the
resonant absorption of the electromagnetic field energy, which may be promising for applications in

magnetic hyperthermia.

Table 1. Mdssbauer parameters of NiFe,O, nanoparticles

IS, mm/s Hps, kOe QS, mm/s W, mm/s A, Position
+0.005 +2 +0.02 +0.02 +0.03
0.37 524 -0.01 0.26-0.46 0.39 Fe**(B)
0.38 518 -0.46 0.27 0.14 Fe**(B)
0.26 490 0 0.48 0.47 Fe3+(A)
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HOBBI METOJ MATHUTHOM TMIIEPTEPMUWU HA OCHOBE
OEPPOMATHUTHOI'O PE3OHAHCA

C.B. CTonstl’Z’?’, 0O.A. Hnl’z*, E.JL. HI/IKOJ‘IaeBal, AM. BOpOTI)IHOBl, JLA. BeJ'II/IKaHOBl,
10.B. KH5[3€B1, O.A. Ba}OKOBl, P.C. Ucxaxos*

Y U] KHI] CO PAH, Kpacnosapck, Poccus
2coy, Kpacnospck, Poccus

Suo co PAH, Kpacnospck, Poccus
*e-mail: oali@sfu-kras.ru

B Hactosimee Bpemsi BenyTcs MOUCKHM O€30MacHbIX U A()(PEKTUBHBIX KOMIIOHEHTOB JUIS
TUIEPTEPMHUU - OJHOTO M3 BCIIOMOTATENIbHBIX CIIOCOOOB JICUEHHS paka 3a C4eT OOIIero WiH
JIOKAJILHOTO TOBBIIICHUS Temneparypsl 10 41-45 °C. B nameli paboTte npejyiaraeTcsi HOBbIN Crioco0
OCYILIECTBJICHUSI MarHUTHOM TUIIEPTEPMHH: HarPeB YaCTHI] HUKEJIEBOTO (hepprTa OCYILECTBISIETCS B
pe3ynbrate (heppOMarHUTHOTO PE30HAHCA - W30MPATENHHOIO MOIJIOMICHUS YHEPIHH NEPEMEHHOTO
AJIEKTPOMArHUTHOTO MOJs  (EepPpOMArHUTHBIMU YAaCTULIAMU B MPUIIOKEHHOM TOCTOSHHOM
MarHuTHOM TIOJI€.

Hanouactuier ¢pepputa Hukens: NiFe,04 pasmepom 4 HM MOTy4SHBI METOJOM XHUMHUYECKOTO
ocaxxaenus. [locne omkura cpenHuil pazmep yactuil cocraBisieT 63 HM. KpuBble HaMarHMuMBaHus
YaCTHUIl XapaKTEPU3YIOTCSI TUCTEPE3UCOM € KodpuuThuBHOU cuitor 140 O mpu 295K.

M¢éccbOayspoBcKkre CIEKTphl HCCIeAyeMbIX OOpa3loB MOJMy4eHbl Ha crekrpomerpe MC-
1104EMm B reomeTpuu MpoOIyCKaHHS C PAAMOAKTUBHBIM HMCTOYHHUKOM C057(Rh) IIpU TEMIIEPATYype
300 K. Crektpsl mpeacTaBisitoT coboil cexcTeTsl (puc. 1, Tabn. 1), COOTBETCTBYIOIIHME CTPYKTYpE
00OpalleHHOM IITUHENH.

Jlis mpakTUYeCKUX MPUIOKEHHH, HEOOXOAMMO OCYILECTBISATh HArpeB YacTHIl B Y3KOM
obnmactu TemmepaTyp. BenuumHa ~HarpeBa 3aBUCHUT OT MOTJIONIAEMOM  MOIIHOCTH U
MPOJAOJKUTENIBHOCTH BO3ACHCTBUS, KaK 3TO MOKAa3aHO Ha PUCYHKE. MBI HcClie1oBalli 3aBUCUMOCTH
W3MEHEeHUs TeMmreparypbl AT dYacTuil OT BpEMEHHM B MEPEMEHHOM MAarHUTHOM IIOJIeé YacTOTOU
8,9ITu ammmutymoit ~15 mnpu pa3nuyYHBIX 3HAYEHHUSX [MOCTOSHHOTO MArHUTHOTO IO,
MPUJIOKEHHOTO TEpPIEeHIUKYISIpHO mnepeMeHHoMy. Ha puc. 2 mnpuBeneHbl pe3yiabTaThl 3THX
uccrnenoBanuil. Bo Bcex ciydasx Mbl HaOIIOAaeM pe3KUil pOCT TeMIIepaTyphl B HAYaIbHBII MOMEHT
BPEMEHHU C MOCIEAYIOIUM CHUKEHHEM CKOPOCTU POCTa TEMIIEPATYpPhl C BBIXOJOM Ha HACHILLIEHUE
ATmax. C pocTOM HaIpsHKEHHOCTH TMPUIIOKEHHOTO TOCTOSIHHOTO TIOJNSL YBEIHUYMBAETCS HarpeB
YacTUIl O MaKCHUMalbHOTO 3HaueHUS ATmax= 8,2 K mpu HampsbkenHoctu nons H=2,29 kD, npu
JanbHEHIIeM  YBEIMYEHUM  HANpsDKEHHOCTHM  HarpeB  4YacTWUll  yMeHblnaercsi. B mone
HaMpPsKEHHOCTHIO 2,29 kD Halmro1aeTcsl pe30HaHCHOE MOTJIONIEHUE AIEKTPOMArHUTHOTO TOJIS TIPH

gactote 8,9 [T, kak 3TO BHIHO M3 pE3yIbTAaTOB HM3MEPEHUS CIEKTPOB (eppoOMarHUTHOTO
pe3zonanca (ODMP) (puc. 3).
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The work is devoted to the synthesis and study of the magnetic properties of cobalt ferrite
CoFe;04 nanoparticles. These particles are considered as candidates for magnetic hyperthermia
based on the phenomenon of ferromagnetic resonance (FMR).

Nanoparticles ~5 nm in size were synthesized by chemical deposition; after annealing, the
particle size became 25-40 nm. The magnetization curves of annealed particles are characterized by
hysteresis with a coercive force of 720 Oe at 297K and 11.3 kOe at 78K (Fig. 1). Mdssbauer spectra
of the studied samples were recorded on an MS-1104Em spectrometer in transmission geometry
with a radioactive source Co®’(Rh) at a temperature of 300 K. The table 1 shows the spectrum
parameters that are characteristic of cobalt ferrite.

Table 1. Mdssbauer parameters of cobalt ferrite

IS, mm/s Hii, kOe QS, mm/s W, mm/s A, Position

+0.005 ) +0.02 +0.02 +0.03
0.40 505 0.12 0.29-0.50 0.12 Fe**(B)
0.37 474 0.02 0.52 0.20 Fe’*(B)
0.36 450 0 0.44-0.79 0.16 Fe’*(B)
0.35 420 -0.12 0.62-1.63 0.20 Fe¥ (B)
0.28 485 0 0.43 0.18 Fe*(A)
0.22 472 -0.10 0.27-0.52 0.14 Fe*(A)

Fig. 3 shows the curves of
ferromagnetic  resonance  (SE/X-2544
spectrometer, f=8.9 GHz) of the studied
CoFe,0, powders at different temperatures.
These curves indicate no absorption of

0,4
0,3
0,2
0,14

g . ;

o 0,01 | —— microwave energy by powders in the FMR

& 01 P 180 R regime up to room temperature. Fig. 4
0.2+ T=180K shows the dependences of particle

T=230K temperature AT on time for various values
——7=297K of the constant magnetic field H in the
P ———————— microwave energy pumping mode on the
20000 -l0g06 O 10000 20600 SE/X-2544 spectrometer, f=8.9 GHz. (The
H, Oe temperature of the nanoparticles was
measured using a T-type thermocouple: the
positive electrode was made of copper
(Cu), the negative electrode was made of
constantan alloy (55% Cu + 45% Ni, Mn, Fe)). The highest value ATma= 10 K was achieved in the
absence of a constant magnetic field (H=0). As the field strength H increases, the heating of
particles ATnax decreases. The largest increase in temperature in the absence of an external field can
be explained by resonant microwave absorption in the internal field of nanoparticles due to the
magnetic anisotropy field or natural ferromagnetic resonance.

-0,3
-0,4-

—T T

Fig.1 Hysteresis loops of CoFe,O, powders recorded at
different temperatures
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CTATUYECKUME U AIMHAMUWYECKUE MATHUTHBIE CBOWCTBA
HAHOYACTHII CoFe,0,

C.B. CTOJ‘IS[pl'Z'g*, O.A. Hnl’z, E.J. HHKonaeBal, AM. BOpOTBIHOBl, J.A. Benukanos”,
10.B. Kusizes?, O.A. BaIOKOBl, P.C. HCX&KOBl, B.®. [TbsHKOB™

Y @uI] KHI] CO PAH, Kpacnosapck, Poccus
ZCCDY, Kpacnosapck, Poccus

Suo co PAH, Kpacnospck, Poccus
*e-mail: stol@iph.krasn.ru

PaGora mocpsiieHa M3rOTOBICHUIO M HCCIEJOBAHHIO MArHUTHBIX CBOMCTB HaHOYACTHI]
dbeppura kobanpTa COFe,O4. JlaHHBIE YacTHIBI pacCMaTPUBAIOTCS B KauyeCTBE KAHIUIATOB IS
MAarHUTHOM THIIEPTEPMUH, OCHOBAHHON Ha siBJieHUH (peppoMarHuTHOrO pe3onanca (PMP).

Hanouactunel pasmepoM ~5 HM HOJY4YeHbl METOJAOM XHUMHUYECKOTO OCAaXKIACHUS, IOCIE
oTXKUTa pasmep yacTul] coctaBun 25-40 M. KpuBble HaMarHHMYMBaHUS OTOXJKEHHBIX YaCTHUIL
XapaKTepPU3YIOTCSl TUCTEPEe3UCOM ¢ KodpuuTuBHOU cuinoi 720 O mpu 297K u 11,3 kD npu 78K
(puc.1). MéccbayspoBCcKue CHEKTPbl HUCCIEIyeMbIX OOpa3IoB MONMy4deHbl Ha crekTpomerpe MC-
1104Em B reoMeTpuH MPOIMYCKaHHS C PATUOAKTUBHBIM HMCTOYHHKOM Co°’(Rh) mpu TeMIlepaType
300 K. B Tabn. 1 npuBeneHsl napaMeTpbl CIEKTPa, KOTOPbIE XapaKTepHbI AJs ¢peppuTa KoOanbTa.

Ha puc.3 npuBenenst kpubie ®MP (cmexrpomerp SE/X-2544, f=8,9I'T1) mnopourkoB
CoFe,O4 mpu pasnuuHblx TeMmieparypax. JlaHHbIe KpUBBIE CBHUJIECTEIBCTBYIOT O TOM, 4YTO
nornomenne CBY sHeprun nopomkos B pexxume @MP oTcyTcTBYeT NpakTHYECKH O KOMHATHBIX
temnepatyp. Ha puc. 4 nmpuBeneHsl KpUBble U3MEHEHUs TemnepaTypbl AT 4acTUIl OT BpEMEHHU NpH
Pa3NIUYHBIX 3HAYEHUSX MOCTOSIHHOTO MarHuTHoro mnois H B pexume Hakauku CBY sHeprum Ha
criektpomerpe SE/X-2544, f=8,9 I'Tu. (M3mepeHne Temmneparypbl HAHOYACTHUI] MPOHU3BOIUIOCH C
MOMOINbI0  TepMmomapel T-Tuma: MaTepuan MOJIOKUTENbHOro anekrpoga — wmeap (Cu),
OTPHIATENBHOTO JJIEKTposa — ciiaB KoHcTanTaH (55% Cu + 45% Ni, Mn, Fe)). Haubomnbiee
3HaueHne ATmax= 10 K momydeno B orcyrctBue mocrostHHoro marnutHoro nons (H=0). Ilpu
YBEIMUEHUHN HANpsHKEHHOCTH Tojst H HarpeB vacTull ATmax ymeHbinaercs. HambGombiimii poct
TeMIepaTypbl B OTCYTCTBHE BHEUIHETO MOJIsI MOXKHO OOBSICHUTH pe30HaHCHBIM noriomenuem CBY
BO BHYTPEHHEM II0JIe HAHOYACTHIl, OOYCIOBJICHHOM IIOJIEM MAarHUTHOM aHU30TPOINUHU WM
€CTECTBEHHBIM (PeppOMarHUTHBIM PE30HAHCOM.
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MOSSBAUER SPECTROSCOPY STUDIES OF SOME DIETARY
SUPPLEMENTS CONTAINING FERROUS BIS-GLYCINATE

A.L. Zinnatullin*, F.G. Vagizov'

YInstitute of Physics, Kazan Federal University, Kazan, Russia
*e-mail: AlLZinnatullin@kpfu.ru

Iron plays an important role in the human body. It is known that a significant part of the
population suffers from a lack of this microelement [1]. To cover its deficiency, naturally,
increasing the intake of iron-rich foods, as well as taking various drugs and dietary supplements, are
needed. Generally, these drugs and dietary supplements are organic or inorganic salts. They can be
divided according to the valence state of the active elements. Drugs containing ferric ions are less
effective. At the same time, medicaments based on ferrous ions more often exhibit various side
effects [2, 3]. An important role in biological efficiency is played not only by the valence state of
iron ions, but also by their stability, binding energy with ligands, etc. [4]

Maossbauer spectroscopy is very useful in such studies. This is because this method makes it
possible to determine the valence state of resonant atoms and to study their local environment. In
addition, temperature-dependent studies allow to estimate the Debye temperature, which is a
characteristic of the vibrational properties of resonant atoms. The resonant Mdssbauer absorption is
proportional to the iron content, thus the concentration of iron atoms in the materials under study
may be determined also [5]. Mdssbauer investigations have been carried out to study various iron-
containing drugs based on ferrous sulfate, ferrous fumarate, etc. [6-10].

Here, we present the results of Mossbauer studies of some dietary supplements based on iron
bisglycinate. As is known, medicaments based on this compound have a very high efficiency with
low side effects [11-13]. The following commercially available dietary supplements were
purchased, where, according to the manufacturers, the main active ingredient is iron bisglycinate:
Iron Chelate (Evalar), Gentle Iron (Solgar), Gentle Iron (Nature’s Bounty).

The results of Mossbauer spectroscopy show that, in addition to ferrous ions, the composition
of the drugs includes various fractions of ferric ones. Moreover, the component corresponding to
metallic iron is found in the spectrum of Gentle Iron (Solgar). The main components in the spectra
of Iron Chelate (Evalar) and Gentle Iron (Solgar) have close hyperfine parameters, which suggest
the similarity of these two phases. However, the components of the spectrum of Gentle Iron
(Nature’s Bounty) differ markedly from the components of the spectra of the two other dietary
supplements both in terms of parameters and linewidth.

Unfortunately, there is no reliable information in the literature about Mdssbauer studies of
iron bisglycinate. Therefore, at the moment, it is impossible to show the correspondence of the
components observed in the experimental spectra to iron bisglycinate itself, which increases interest
in further studies of this compound and drugs based on it.

The work was supported by the subsidy allocated to Kazan Federal University for the state
assignment in the sphere of scientific activities (no. 0671-2020-0051).
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MECCBAYJ3POBCKHUE UCCJIEJOBAHUS HEKOTOPBIX
BUOJIOI'MYECKHU AKTUBHbBIX IOBABOK HA OCHOBE
BUCTJIMIIUHATA KEJIE3A

A.JL 3I/IHHaTVJIJII/IH1*, ®.I. Baruzos®

1HHcmumym duzuku, Kazanckuii pedepanvusiii ynusepcumem, Kazanv, Poccus
*e-mail: AlLZinnatullin@kpfu.ru

XKenezo urpaer BaxxHyr0 poiib B OpraHu3Me deioBeka. IIpu 3ToM M3BECTHO, YTO OIIyTUMAast
JI0JISI HACEJICHUsI B TOW WJIM MHOW Mepe CTpajlaeT HEJOCTaTKOM 3TOro MukposieMeHta [1]. UToOs
MTOKPBITH €r0 HEJJOCTATOK, ECTECTBEHHO HY)KHO YBEIIMYHUTH NOTpEOIeHHEe O0raToH yKene30M MHIIH, a
TaKkKe TPUHUMATh pa3HbIe JICKAPCTBEHHBIE Ipernapathl M OWOJIOTUYECKA aKTUBHBIC T00aBKU
(BAlp1). OTH nexkapctBa 1 bAJIpI, npeacrasinsionme co0oi, Kak MpaBUIIO, COJIM OPraHUYECKUX UITU
HEOPraHUYECKUX KHCJIOT, MOXKHO Pa3leiHTh IO BAJICHTHOMY COCTOSHHIO aKTHBHBIX DIIEMEHTOB.
[IpenapaTsl, copeprkalue TpEXBaJIEHTHOE kKene30, 001anaoT MeHblIel 3ppexTuBHOCTHIO. B TO Xe
BpeMsl IIperapaThl Ha OCHOBE JBYXBAJCHTHOTO JKelie3a 00Jiee 4acTo MPOSBISIOT Pa3IMyHOTO poja
no6ounbie 3dekTol [2, 3]. Baxnyro poib B 6uonorundeckoi 3h(HEKTUBHOCTH UTPAIOT, TTOMUMO
BAJICHTHOTO COCTOSIHUSI HOHOB KeJe3a, UX CTaOUIIbHOCTb, JHEPTUs CBSI3U C JTUTaHIaMH U T.1. [4]

MeéccbayapoBckast CIEeKTPOCKOIHUS SIBIISIETCA BeCbMa HH(OpMATUBHA B TAKUX UCCIIETOBAHUSIX.
DTO0 CBS3aHO C TEM, UTO JTAHHBIA METO/I O3BOJISIET OMPENESITh BAJIEGHTHOE COCTOSIHUE PE30HAHCHBIX
aTOMOB, HMCCJIEIOBAaTh MX JIOKaJIbHOE OKpykeHue. [loMuMo 3Toro temmeparypHble MCCIIEOBaHUS
MO3BOJISIIOT OLIEHUBATh TemrepaTypy /JlebGas, uTo sBisieTcss Mepoil KoseOaTeNbHBIX CBOMCTB
pEe30HAaHCHBIX aTOMOB. Pe3oHancHoe MEccOayIpoOBCKOE TMOIJIOMICHHE  MPONOPIUOHAIBHO
KOJIMYECTBY KeJe3a, YTO MO3BOJISIET ONPEAeNsTh KOHIICHTPAIIO0 aTOMOB >Kejle3a B MeIUKaMeHTaxX
[5]. Panee ObutM mpoBeaeHBI MECCOAYIPOBCKHUE HCCIACIOBAHUS PA3ITHMUHBIX JKEIE30COACPKAIINX
JIEKapCTBEHHBIX MPENapaToB Ha OCHOBE Cylbdara jkene3a, pymapara xenes3a u T.1.. [6-10].

B nanHO# paboTe MBI MPUBOJAUM pe3yiabTaThl MECCOAYIPOBCKUX HCCIEIOBAHUI HEKOTOPBIX
BAJl na ocHoBe OucrnunuHaTa sxeneza. Kak m3BectHo, mpenaparbl Ha OCHOBE TOTO COEAMHEHUS
001a1af0T BechMa BBICOKOH 3()()eKTHBHOCTBIO MPH HU3KOM YacToTe mobouHbIX 3¢ dexron [11-13].
boun  mpuoOpeTeHsl cheayronye KoMMepueckd naocTynmHble bBAJIpI, e, Kak yKas3bIBaloT
MIPOU3BOIMTENN, OCHOBHBIM JCHCTBYIONIMM BEIIECTBOM SIBISETCS OMCIIIMIIMHAT *kenesa: «XKenezo
Xenar» (Jsanap), «Gentle Iron» (Solgar), «Gentle Iron» (Nature’s Bounty).

M¢éccbOayspoBckre pe3yiabTaThl MOKAa3bIBAIOT, YTO B Iperaparax MOMUMO JBYXBAJICHTHBIX
HMOHOB jKelle3a cojepkarcs B TOH WM WHOM Mepe TpPEeXBaJeHTHbIE HOHBI 3TOTO JJIEMEHTa, a B
cinektpe «Gentle Iron»  (Solgar) oOHapyKuBaeTcsi  KOMIIOHEHTa,  COOTBETCTBYIOIIAS
METaJNTNYeCKOMY jKene3y. [ TaBHble KOMIOHEHTHI B CHEKTpax mpemapaToB <«Kenmezo Xemar»
(Dsanap) n «Gentle Iron» (Solgar) mmeroT OMU3KHE CBEPXTOHKHE MapaMETPhl, YTO IMO3BOJISET
MPENOJI0KUTh O CXOXKECTH 3THX ABYX ¢a3. OnHako KOMIOHEHTHI cHekTpa mpemnapara «Gentle
Iron» (Nature’s Bounty) 3aMeTHO OTJIMYAIOTCS OT KOMIIOHEHT CIEKTPOB ABYX apyrux BAJloB kak
rapaMeTpamu, TaK U IUPUHON JIMHUM.

K coxanenuto, B JuTepaType HET JOCTOBEpPHOM uHpopMmamuu o MEccOayIPOBCKUX
WCCIIEIOBAHUSAX OWCIIMIIMHATA >Kene3a. [losToMy Ha JaHHBII MOMEHT HEBO3MOXKHO YyKa3aTh
COOTBETCTBUE HAOIIONAEMBIX B OSKCHEPUMEHTAJBHBIX CIEKTPaX KOMIIOHEHT K COOCTBEHHO
OMCTIMIIMHATY >KeJie3a, YTO MOBBIIIACT HHTEPEC K JAIBHEUIITUM UCCIICTOBAHMSIM 3TOTO COSAMHECHHUS
U TIpenapaToB Ha €ro OCHOBE.

Pabota BeIMOTHEHA B paMKaxX TOCYJIapCTBEHHOTO 3aJaHusl MUHHUCTEPCTBA HAYKH M BBICIIETO
oOpasoBanus Poccuiickoit @enepanuu (Tema Ne 0671-2020-0051).
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Section 5 «Synchrotron radiation and gamma optics»

MOSSBAUER REFLECTIVITY SPECTRA IN INVESTIGATION OF
ULTRATHIN YFeO; FILMS AT ESRF

M.A. Andreeva'”, R.A. Baulin!, A.P. NosoV?, I.V. Gribov?, V.V. Izyurov?, O.A. Kondratev?,
I.A. Subbotin®, E.M. Pashaev®

' omonosov Moscow State University, Faculty of Physics, Moscow, Russia
2M.N. Mikheev Institute of Metal Physics RAS, Ekaterinburg, Russia
*National Research Center “Kurchatov Institute”’, Moscow, Russia
*e-mail: Mandreeval@yandex.ru

Yttrium orthoferrite YFeO3; possesses simultaneously weak ferromagnetic and ferroelectric
properties and along other potential technological applications is considered as one of the most
promising materials for antiferromagnetic (AF) spintronics. A wide variety of magnetic phenomena
in YFeOs like spin reorientations provokes much interest [1]. Most of the up-to-date studies of
YFeOs, compounds were carried out for bulk samples, while modern technologies require thin films
in which the evolution of magnetic properties with thickness may not be straightforward.

We investigated ultrathin Y°’FeOs; films prepared by magnetron sputtering on r-AlOs
substrates at IMP RAS (Ekaterinburg). The wedge-shaped samples had gradually varying
thicknesses in the ranges of 2.5-4.1 nm, 06-11 nm, 08-23 nm and 23-40 nm. Mdssbauer spectra
were obtained by Mdossbauer reflectivity method using Synchrotron Mossbauer Source (SMS) at the
ESRF 1D18 beamline in the temperatures ranges from 3.5 K to 273 K and from 273 K to 700 K.

Reflected intensity (r.u.)

Spectrum contributions (a.u.)

EARNM- 5 5 i I e
Velocity (mm/s) (a) Velocity (mm/s) (b)
Fig. 1. (a) Reflectivity spectra measured at grazing angle 6=2.1 mrad for ~40 nm Y°’FeO; film at 3.6 K without an
external magnetic field (top spectrum) and with the 3.5 T field applied along the synchrotron beam (bottom
spectrum). The spectra are vertically shifted for clarity. Symbols are the experimental data, lines represent the fit. (b)
Fit results: the multiplets contributed to the calculated reflectivity spectra. Dashed subspectra correspond to YIG.
Spectra treatment was done using our REFSPC program pack [2].

In addition to the sextet belonging to YFeO3; Maossbauer reflectivity spectra show some
unexpected additional sextet corresponding to a smaller magnetic hyperfine field (Fig. 1).
Variations of the spectra with a temperature and under the application of an external field permitted
to ascertain that at least 3 sextets characterize all spectra in different proportion subject to the
YFeO; film thickness. Mdssbauer parameters for the two additional sextets correspond to the
ferrimagnetic YsFesO12 garnet (Y1G) [3], having two sites for Fe atoms (ortho- and tetrahedral ones)
with occupation 2:3.

Under the action of the external field of 3.5 T, applied along the beam, the YFeOj3 sextet
practically does not change the splitting. It can be concluded that the AF axis in YFeOjs orients
perpendicular to the external field. The two other sextets change the splitting in opposite ways: the
effective fields on nuclei change from ~46.4 T to ~43T and from ~53.4T to ~57 T, i.e. the
ferrimagnetic axis of YIG microcrystals is almost completely aligned along the external field.

Additional X-ray diffraction studies performed in the Kurchatov Institute for the YFeO; films
with the similar thickness range reveal their Pnma crystalline structure with the largest c-axis
(0.76032 nm) perpendicular to the film surface for the most of samples (but not for all ones).
Additional reflections corresponding to YsFesOs, inclusions have been as well detected.
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MECCBAYJ3POBCKHUE CHHEKTPbI OTPAXKEHUSA B UCCJIEJOBAHUU
YJIBTPATOHKUX IVIEHOK YFeO3; HA ESRF

M.A. Arnpeesa’’, P.A. Baymun’, A.IL. Hocos?, B.B. I/I310p032, N.B. FpI/I6OB2, O.A. KOHI[paTI)GBs,
N.A. Cy66otun’, .M. Tlanraes

*MIY umenu M.B. JTomonocosa, Gusuueckuti paxyromem, Mocksa, Poccus

2HHcmumym duzuxu memannos umenu M.H. Muxeesa YpO PAH, Examepunbype, Poccus
Hayuonanvnoiii Uccneoosamenvckuii L{enmp "Kypuamoeckuti Hnemumym'", Mockea, Poccus
*e-mail: Mandreeval@yandex.ru

Oprodeppur utrpust YFeOz; obnamaer cnabo ¢eppoMarHUTHBIMH U (QEeppOdIEKTPUICCKUMU
CBOWCTBAMH ¥  CpPeIM TOTCHIHMAITBHBIX TEXHOJOTWYECKHX TPHIOKEHUH  BaXeH  JUIA
aHTH()EePPOMATHUTHOW CIIMHTPOHHUKH BOJBIION WHTEpeC BBHI3BIBAIOT pa3HOOOpa3HbIE MarHWTHBIE
spdpexkter B YFeOs, Hampumep, CIOUH peopUEHTAIMOHHBIE Tmepexoanl [1]. BombmimHCTBO
WCCTeOBAaHUN BBITIOJHEHO i1 00beMHBIX 00pa3ioB YFeOs;, B TO Bpemsi Kak COBPEMCHHBIC
TEXHOJIOTUHU HMCMOJb3YIOT TOHKHE IUIEHKH, HO B 3TUX 00bEKTaX M3MEHEHUE MarHUTHBIX CBOMCTB C
TOJNIIUHON HETPUBHUAIBHO.

MBI HCCIEIOBAIM  YIBTPATOHKHE IUICHKH Y- FeOs, [ONyY4CHHBIE MAarHETPOHHBIM
HaneuteHueM Ha momnoxkke r-Al,O; B UOM PAH. KinHoBuIHBIE IUICHKA MMEIH TI'DaJUEHTHO-
BapbHUpyeMbI€ TOJIIUHBI B nipeaenax 2.5-4.1 am, 06-11 um, 08-23 M, 23-40 um. MeccbayspoBckue
CHEKTPbl M3MEPSUIUCh  METOAOM pedIECKTOMETPUU C HCIOJIH30BAaHUEM CHHXPOTPOHHOTO
MeccbayspoBckoro ncrounrnka Ha ESRF (crannums 1D18) mpu temneparypax ot 3.5 K no 273 K u
ot 273 K o 700 K.

Kpome cexcrera, mpencrasmstomero YFeOs;, Ha crnekTpax OTpakeHUs MPHUCYTCTBYET
JOTIOTHUTEIbHBIA CEKCTET, COOTBETCTBYIOIIUNA MEHBIIEMY MAarHUTHOMY CBEPXTOHKOMY IIOJIIO
(Puc. 1). V3MeHeHHsT CIIGKTPOB C TEMIIEPATypOd M MOJ JACHCTBHEM BHEIIHETO IMOJIS MO3BOJIMAIH
BBISICHUTB, YTO [0 MEHbIIEH Mepe 3 CeKcTeTa XapaKTepH3YIOT BCE CIEKTPbl B Pa3lIWYHOM
MIPOIOPLIHUU B 3aBUCUMOCTH OT TouHbl YFeO3 mnenku. MeccbayspoBckre mapaMeTpsl s IByX
JIOTIOJTHUTEIIBHBIX CEKCTETOB COOTBETCTBYIOT (eppumarnetuky YsFesOin (YIG) [3], umeromiemy
JIBa TIOJIOXKEHUS JIsl aTOMOB Fe (opTo- M TeTpa’apuuecKuii) ¢ 3aCeIeHHOCThIO 2:3.

[Tox neiicTBHeM BHENIHEr0 MarHUTHOTrO moiisg 3.5 T, MpUIIOKEHHOTO BIOJIb IMyYKa, CEKCTET
YFeO; mpakThyeckd He U3MEHsAET paciieruienne. MoxHo 3akimiounth, 4yTo AD ock B YFeO;
OpUEHTHpYETCS TEepNeHANKYIIpHO BHEIIHeMY TMoiro. JlBa Jpyrux CekcTeTa HU3MEHSIOT
paciienyieHlue MpoOTHUBOMOJIOKHBIM 00pa3oM, F3PpPEeKTUBHbIE MOJSA Ha sApax U3MeHswoTcs ¢ ~46.4 T
Ha~43 T uc ~53.4 T na ~57 T, 10 ectb peppumarauTHas ock Y |G BeIcTpanBaeTcs BJIOJb MOJIS.

JlononauTenbHbIe AU(paKIMOHHBIE U3MEPEeHHUs, MpoBeAeHHbIe B KypuaTOBCKOM HHCTUTYTE
s YFeOs; mnneHok aHalOTMYHBIX TOJIIMH, MOATBEPAWIM Haiauuue Pnma cTpyKTypsl, c
HanOombmiel ockto ¢ (0.76032 NnmM) nmepneHIMKYISIpHOH MOBEPXHOCTU IUICHKU JUIS OOJIBIIMHCTBA
oOpa3noB (HO He g Bcex). bpumm  Takke OOHApPYKEHBI JOMOJHUTEIbHBIE pedIIeKcHl,
cooTBeTcTBYMOMUE Y3Fe5012 BKIIFOUCHUSIM.

ABTopbl Tpu3HaTeNnbHB anmMuHucTpauun ESRF u mepconampHOo A.M. YymakoBy 3a
HEMOCPEeICTBEHHOE MpoBeieHHe 3KkcrepuMenTa Ha ctanuuu 1D18 B nepuog COVID orpannyenuii.

PaboTta yacTW4HO MOJIepKaHa TrpaHTaMd MUHHCTEpPCTBA HAayKd M oOpasoBaHus Poccuiickoit
®deneparun (Ne 075-15-2021-1350 u Ne 075-15-2021-1353).
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APPLICATION OF MOSSBAUER SPECTROSCOPY TO STUDY
ULTRASOUND VIBRATION OF WET GRANULAR MATERIALS

R.N. Shakhmuratov*”, A.L. Zinnatullin?, F.G. Vagizov?

'Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2Kazan Federal University, Kazan, Russia
*e-mail: Shakhmuratov@mail.ru

Wet granular materials have wide applications in geology, chemistry, pharmaceuticals, and
many other industrial branches. Liquid between the grains in wet granular materials produces inter-
grain cohesion, which has strong effect on the mechanical properties of these materials [1]. Rain-
induced landslides, which are important in geology, mining, and construction industry, preparation
of appropriate grain mixture from grains of different mechanical properties and chemical content
playing role in food processing and pharmaceuticals are just a few examples where study of the
mechanical response of granular matter with various degrees of wetness or liquid content on the
external ecitation is very important.

We apply Mdssbauer spectroscopy to study ultrasound vibration of wet granular material,
whose pores are partially filled by resin. In our experiments we study small grains of the potassium
ferrocyanide enriched by °’Fe isotope. Mean size of the grains is 1.25 micron. We prepared a flat
pile of the grains on the surface of a piezo polymer film, which is polyvinyl fluoride (PVDF, 28 pm
thickness, model LDT0-28K, Measurement Specialties, Inc.). Pores between grains are partially
filled by epoxy resin without hardener. The amount of resin was small enough to avoid the change
of the shape of the grain pile. Thus, the sample is not overwet and voids are not completely filled in.
Therefore, the epoxy resin is soaked in forming only bridges between the grains, which can be
considered as a capillary bridge network. Meanwhile, the amount of resin was enough to reach the
pile bed creating good mechanical contact between the grains and piezotransducer.

Mossbauer spectrum of the potassium ferrocyanide consists of a single line. Ultrasound
vibration of grains transforms this line into a comb structure with frequency spacing between
neighboring lines equal to the vibration frequency. We use vibration frequency of the
piezotransducer equal to 12.72 MHz, which exceeds well the width of the parent line. We
developed a model, which allows estimating the vibration amplitude of particles and decay of the
ultrasound in the wet granular medium from Mdssbauer spectrum. The proposed method is unique
since it allows measuring subangstrom vibration amplitudes of particles [2,3]. The measured
vibration amplitude of the powder bed changes from 17.6+0.4 pm to 29348 pm with increase of the
radiofrequency voltage applied to the piezotransducer.

It is known that the network of capillary bridges in wet granular materials has quite
complicated form [4]. Therefore, ultrasound vibrations of grains connected by these bridges may
have different paths. They fluctuate with elevated vibration power forming tortuous fastest acoustic
paths and may cause force dependent local velocity fluctuations of grains [5]. Thus, the grains in the
irregular network, linked by capillary bridges, vibrate along individual directions, which can be
different from vertical axis of piezotransducer vibration. Therefore, Mdssbauer spectra for gamma
radiation traveling also along the vertical axis contain the information about the angle distribution
between the vertical axis and individual vibration axis of the grain. Our method provides
information about changes in the acoustical paths when vibration power increases showing
nonmonotonous dependence of the vibration amplitude on radio- frequency voltage applied to the
piezotransducer.

R.N.S. acknowledges the financial support from the government assignment for FRC Kazan
Scientific Center of RAS.
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NPUMEHEHUE D®PEKTA MECCBAYJPA JJIs1 HCCJIEJIOBAHUS
VJABTPA3BYKOBBIX KOJIJEBAHUI BJIAXKHBIX TPAHYJISIPHBIX CPE]]

P.H. LHaXMVDaTOBl*, AJL 3I/IHHaTYJ'IJ'II/IH2, ®.I. Baruszos?

! Kasanckui Gusurxo-mexnuueckuui uncmumym um. E. K. 3asotickoeo, ®UIL] KazHI] PAH
2 Kasanckuii ¢edepanvubiil ynusepcumem
*e-mail: Shakhmuratov@mail.ru

BrnaxHsle rpaHynaspHble MaTepuanbl MMEIOT HIMPOKOE NPUMEHEHHE B TI'€0JIOTUH, XHUMUH,
(dapmalleBTUKE M MHOTHX JAPYrUX OTpacisfX MNPOMBIIIIEHHOCTH. JKUAKOCTh MEXAy IpaHyjJaMu
CO3/AaeT CLEIJICHHE MEeX/1y HUMHU, KOTOPO€ CHIJIBHO BIIMSET Ha MEXaHMYECKHUE CBOMCTBa MaTepuaia
[1]. Onomn3HM, BBI3BaHHBIE J0XKIEM, KOTOPBIE HY)KHO YUUTHIBATh B I'€0JIOTUH, TOPHOJ0OBIBaIOIIEH
OTPOCII U CTPOUTEIHCTBE, IPUTOTOBJICHHE HYXHBIX CMECEe! U3 3€peH C Pa3HbIMH MEXaHUYECKUMU
U XMMHYECKUMH CBOMCTBAMM B MUILEBONW MHIYCTPUM M (hapMalleBTHKE — 3TO JAJEKO HE MOJIHBIN
nepeyeHb MPUMEPOB, I'/ie He00X0AUMO 3HATh BIIMSHUE BHEIIHETO MEXaHUYECKOTO BO3/JEHUCTBUS Ha
IpaHyJsipHbIE CPEbl Pa3IMYHOMN CTENEHU BIaKHOCTH.

B nmanHOlt paboTe MNPUMEHSIOTCS MeToAbl MEccOay’pOBCKOM  CIEKTPOCKONUU IS
WCCTIEIOBaHUSl YIBTPA3BYKOBBIX KOJICOAHWH TMOPOIIMHOK, YaCTHYHO CMOYCHHBIX CMOJIOH. MBI
HMICCIIEOBAIH TIOPOIIOK (hepPOLMAHNIA KaIHs, 00OTaleHHOro * Fe. CpenHuii pasMep MOPOLIHHOK
1,25 mxMm. Tlopomok ObIT HAachIIaH TOHKUM POBHBIM CJIOEM Ha TIOBEPXHOCTH IH30TOJIUMEPHOMN
IUICHKH TMOJMBUHUI(TOpUAA. 3aTeM MOpPbl MEXIy MOPOIIMHKAMH ObUIM YaCTUYHO 3aIOJHEHbI
AMOKCUIHON cMOoJIoi 0e3 oTBepauTens. KommdaecTBo cMoJIbl ObLTO MOJ00paHO TakK, YTOOBI TyCTOTHI
MEXAy IpaHyliaMy ObUIM 3aIlOJIHEHBI HE MOJHOCTBIO, M MOPOIIOK HE pacibiBaics. B aToMm ciyuae
SMOKCHJIHAsA CMOJIa CO3/1a€T MOCTHKHU CBS3M MEX]y 3€pHAMH, KOTOPbIE MOKHO pacCMaTpHUBaTh Kak
KalMWUISIPHYIO CE€Th MOCTUKOB. [Ipu 3TOM KOJIMYECTBO CMOJIbI OBLIO JOCTaTOYHBIM, YTOOBI OHA
JOCTUTAlIa MECTa CONPUKOCHOBEHHS TMOPOIIMHOK C IIhe30IpeoOpa3zoBaTesieM Ui CO3JaHUS
AKyCTUYECKOI'O KOHTAKTA.

MgéccbOayspoBckoit  criekTp  (QeppoLMOHHMAA  Kalldig  UMEET  OJMHOYHYIO  JIMHHIO.
VYnbTpa3BykoBble KoseOaHUs 3epeH TpaHchopMmupyeT e€ B rpeOeHKY JIMHUHA C TepUOJIOM PaBHBIM
yacToTe KojeOanuii. Mpbl BO30ykmaeMm Ibe3ompeoOpazoBarenb Ha yactore 12,72 MI,
CYIIECTBEHHO MPEBBIIIAIONIYI0 IMUPUHY MUCXOAHOW juHMHU. Hamu pa3pabotana Mopenb, KOTOpas
MO3BOJISIET OLEHUTh aMIUTUTYAYy KOoJeOaHUN YacTHIl U 3aTyXaHUE YIbTpa3ByKa BO BIAXXHOU cpele
u3 aHanmuza MéccOay’poBckoro crnekrtpa. llpemnaraemplii METON YHUKajieH TeM, YTO JaeT
BO3MOXHOCTh HM3MEpsTh CYOaHTCTpEMHBIE aMIUIUTYyAbl KoseOaHus dactul [2,3]. Haiinennas
aMIUIUTya KoJieOaHWi MOPOIIMHOK, HAXOMALIMXCS B KOHTAKTe C Mbe3omnpeoOpasoBaTeneM,
n3mensiercd ot 17,6+0,4 M 10 293+8 M ¢ pocTOM HamnpsHKEHUS paJuo4acTOTHOIO FeHEPATopa.

W3BecTHO, 4YTO KamwjuIIpHash CeTh MOCTUKOB BO BIAXHBIX TPaHYJISPHBIX Cpelax HMEET
JOCTaTO4YHO CJOXHYI (opmy [4]. brnaromaps sToMy ynbTpa3BYKOBblE KOJI€OAaHUS 3€pEH,
COCIMHEHHBIX 3TUMU MOCTHKAMM, PACIPOCTPAHSIOTCS 10 W3BWIMCTBIM IIYTSAM, KOTOPBIE MOTYT
GIyKTyupoBaTh C yBEIMUEHHEM MHTEHCUBHOCTH [5]. 3epHa B TakOi CE€TH MOTYT KoJieOaThCsl BAOJb
pa3NUYHBIX HaNpaBiCHUHM, OTIMYAIOIIMXCS OT BEPTUKAJIBHOIO HampaBlieHHs KoseOaHuil
MbE301peoOpazoBaTes. [ToaTomy MéccOayIapoBcKUe CIIEKTPbI raMMma-u3iay4eHus,
PacrpoCTPaHSIONUIEToCs TOXE BJOJb BEPTUKAIBHOTO HANpAaBJICHUS, COJAEp’KaT WHQPOPMALHUIO O
pacripesieIeHU yIiIoB MEXIY BEPTUKAJIBHONW OCBIO M OCSAMH KOJEOAaHUH OTAEIbHBIX MOPOIINHOK.
Ham meron naet uHpopmanuio 06 U3MEHEHUH aKyCTUYECKHX MyTed NP yBETMUEHUH aMIUTUTY/IbI
Kosie0aHUH M HEMOHOTOHHYIO 3aBHCHUMOCTb BEpPTHKAJIbHOW KOMIIOHEHTHI KojeOaHHi ¢ pocToM
HanpsbkeHnus PY reneparopa.

Pa6ora ILI.P.H. mpoBoannacek B pamkax BeinosHeHus roc3aganus OUL KasHI[ PAH.
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MOSSBAUER REFLECTIVITY WITH POLARIZATION ANALYSIS FOR
INTERPRETATION OF POORLY RESOLVED SPECTRA

R.A. Baulin'", M.A. Andreeva’, M.A. Milyaev?, D.A. Ponomarev?, L.N. Romashev?, V.V. Ustinov?

'Faculty of Physics, Lomonosov Moscow State University, Moscow, Russia
2M.N. Mikheev Institute of Metal Physics UB RAS, 620990 Ekaterinburg, Russia
*e-mail: baulin.roman@physics.msu.ru

Polarization analysis plays dominant role in the X-ray spectroscopies intended for magnetic
studies (XMCD, XMLD, XRMR etc.). In Mossbauer spectroscopy the splitting of resonant spec-
trum is accompanied by the polarization selection of absorbed or scattered y —rays. That’s why the
ratio of line intensities in common Mdssbauer spectrum characterizes the magnetization direction.
However, the situation becomes more complicated when we work with nanostructures for which the
broad distribution of hyperfine magnetic fields and Mdssbauer spectra are poorly resolved [1].

To improve the resolution of poorly resolved Mdssbauer spectra we propose to use polariza-
tion analysis of the reflected beam. The selection of n—c" polarization component could reduce
number of lines in Mdssbauer reflectivity spectra [2] and allows to select the contributions from fer-
romagnetic phases excluding the contributions from phases with zero net magnetization (antiferro-
magnetic, paramagnetic, spin glass, etc...).

a) n—n+c' 3000 a) n—n'+c’
-1

13000

12000

11000

10000 2000

Intencity (counts)
Intencity (counts)

- Experiment
—Fit
20 . . . - - 80 :
b) n—c' | + Experiment b) n—c' | + Experiment

__Fit 704 : —Fit
i 60 :

= Experiment|

90001 7
—Fit

30+ ~

50

20

Intencity (counts)
Intencity (counts)

104 ¢

0

5 10

4 2 0 2 4 -10 5 0
Velocity (mm/s) Velocity (mm/s)
Fig. 1. Mossbauer n—n+c" and n—a" reflectivity Fig. 2. Mossbauer n—nt+o™ and n—o" reflectivity
spectra from [*’Fe(0.8 A)/Cr(10.5 A)]s cluster spectra from [’Fe(4 A)/Cr(8.5 A)]y, multilayer

layered sample measured at 4K, 1 T sample measured at 4K, 1 T.

To demonstrate the advantages of polarization analysis we chose [°’Fe(0.8 A)/Cr(10.5 A)Jso
cluster layerd sample and [>’Fe(4 A)/Cr(8.5 A)]s multilayer sample with very smoothed Mossbauer
reflectivity spectra even at 4 K (Fig 1.a and Fig 2.a). The experiment was performed at 1D18 of
ESRF with w-polarized incident radiation from Synchrotron Méssbauer Source (SMS). For polari-
zation analysis of the reflected beam LiF (622) analyzer [3] was used. The samples were magnet-
ized in the field of 1 T along the beam direction. Mossbauer spectra were measured at the angle
0=0.21°. We observed that practically indistinguishable resonant lines at spectrum without polariza-
tion selection (Fig 1.a and Fig 2.a), are clearly seen in =—c" spectrum (Fig 1.b and Fig 2.b). The
contribution to 1—ac" spectrum goes only from phases with phases with non-zero net magnetization
aligned along external magnetic field.

The joint fit of two Mossbauer reflectivity spectra reveals that only 16% of iron atoms in
[°"Fe(0.8 A)/Cr(10.5 A)]so are in ferromagnetically ordered state, the rest of the iron atoms are in
the spin glass state [4].

The [*'Fe(4 A)/Cr(8.5 A)]s has antiferromagnetic interlayer (AF) couEIing between iron
(revealed by nuclear resonance reflectivity). At 1T magnetic field the 2" and 5" lines are dominant
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in T—7n'+c" Mdssbauer spectrum due to spin flop effect: magnetization in AF coupled layers tends
to align perpendicular to the external field. At n— ¢’ spectrum contrariwise these lines are sup-
pressed [2] and contributions to the spectrum goes only from small amount of nuclei with hyperfine
fields having nonzero projection on the beam direction.

Authors are grateful to A.l. Chumakov and D. Bessas (ESRF) for helping with experiment.
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MECCBAYJ3POBCKAS PE®JIEKTOMETPHUSI C IPUMEHEHUEM
HOJAPU3ALINOHHOI'O AHAJIM3A JIUISI THTEPIIPETALIMHN
IVIOXOPA3PEHIEHHBIX CIIEKTPOB

P.A. Baymun', M.A. Anapeesa’, M.A. Munsies?, JI.A. TToromapes?, JI.H. Pomamies?, B.B. Ycrunos?
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2HHcmumym duzuxu memannos umenu M.H. Muxeesa YpO PAH, Examepunbype, Poccus

[Monspu3anus M3TydeHHs] UTPAET JOMUHHPYIONIYIO POJb B PEHTTEHOBCKUX MArHUTHBIX HC-
cnenoBanusix (XMCD, XMLD, XRMR u ap.). B MéccOay3poBcKkoii CIIEKTPOCKOIMH pacIICIICHUE
PE30HAHCHOTO CIIEKTPa COTPOBOXKIAETCS TOJSAPU3AIMOHHBIM OTOOPOM IOTJIONIAEMBIX WIJIH pacce-
SIHHBIX Y-KBaHTOB. [103TOMy COOTHOIIIEHNE NHTEHCUBHOCTEN JIMHUN B OOBIYHOM MECCOay3pOBCKOM
CTIEKTpE XapaKTepH3yeT HalpaBlieHue HaMarHHUeHHOCTH. OIHAKO CUTYallHsl YCIIOKHSETCS, KOT/Ia
MbI pab0TaeM C HaHOCTPYKTYpaMH JUIsl KOTOPBIX XapaKTEpHO LIMPOKOE pacIpe/ieieHue CBEPXTOH-
KHAX MarHUTHBIX MOJIeH 1 MECCOAYIPOBCKUE CIIEKTPHI TIOXO paspelieHs [ 1].

Jlnig ynydieHust pa3peieHus mIoxXo pa3penieHHbIX MEccOayIpOBCKUX CIEKTPOB MpesiaraeT-
Csl MCTIOJIb30BaTh MOJISPU3AIIMOHHBIN aHATIM3 OTPAKEHHOTO M3nydeHust. CeleKuus T—0 MoJspu3a-
IIUOHHOW KOMIIOHEHTHI MOYKET YMEHBIIUTh KOJIMYECTBO JIMHUI B MECCOAYIPOBCKHUX CHIEKTpax [2] u
MO3BOJISIET BBIEIUTH BKJIAAbl PeppOMAarHUTHBIX (a3, UCKITIoYas BKIaJbl (a3 ¢ HyJIEeBON pe3ylbTH-
pyroleil HaMarHM4YeHHOCThIO (aHTU(EpPPOMAarHUTHEIE, TapaMarHUTHBIE, CIIMHOBBIE CTEKJIA U T.1I.)

Jlis neMOHCTpaluy MPEeUMYIIECTB IMOJIAPU3ALMOHHOIO aHalIM3a Mbl BBIOpAIU KJIaCTEPHO-
ciouctslii o6paser [ Fe(0.8 A)/Cr(10.5 A)]s u MuOrocnoiissii o6pazer [° Fe(4 A)/Cr(8.5 A)]so ¢
OYCHb ‘‘CMazaHHBIMH MEccOay’poBCKUMH criekTpamu faxe npu 4 K (puc. 1.a u puc. 2.a). Dkcne-
pumenT npooawicsa Ha ID18 ESRF ¢ ucnons3oBaHueM m-MosipU30BaHHOTO H3JIYYEHHUE OT CHH-
XpOTPOHHOTO MEccOayIpoBckoro uctoyHuka (SMS). [[is nonspu3aliioHHOro aHalnu3a OTPaKEHHO-
ro U3JIy4eHus ucrnoibp3oBajcs aHanmuzatop LiF (622) [3]. O6pa3usl HaMarHuumMBanuch B noie 1 Tu
BJIOJIb HAIpaBlieHUs My4ka. MéccOayIpoBCKHE CIIEKTPhI OTPAKEHUS U3MEPSUTUCH MPU YIIie CKOJb-
xeHus 6=0.21°. MbI BUuM, 4TO MPAKTUYECKH HEPA3IUYNMble PE30HAHCHBIC IMHUY Ha CIEKTpe 0e3
CeJIeKIUU 1o noJsipu3anuu (puc. l.a u puc. 2.a) OTYSTIMBO BHIHBI B ClieKTpe n—6 (puc. 1.b u
puc. 2.b). Bkiag B m—6" CIeKTp BHOCAT TOJBKO (ha3bl ¢ HEHYJIEBOH CyMMapHOW HaMarHUYEHHO-
CTbI0, OPUEHTHPOBAHHBIE BJOJIb BHEIIHEIO MATHUTHOTO MOJIS.

CoBmecTHas 006paboTka MeccOay’pOBCKMX CHEKTPOB OTPAKEHUS IMOKA3bIBAET, YTO TOJIBKO
16% atomoB xenesa B oopasite [ Fe(0.8 A)/Cr(10.5 A)]zp Haxomarcs B heppOMATHHTHO YIOPAIO-
YEHHOM COCTOSIHHHM, OCTAJIbHBIC aTOMBI JKeJie3a HaXOATCsl B CIMHOBOM COCTOsTHHE cTekna [4].

Obpa3zernn [°"Fe(4 A)/Cr(8.5 A)Js moxaspiBaer Hanmunme anTu(eppoMarHuTHOTO (AD) Mex-
CIIOITHOTO YNOPSIIOUEHHUs] B CIOSIX jKeie3a (BBISBICHO SAEPHO-PE30HAHCHOM pediexTomeTrpueit)
[Tpu marautHom nosie 1 Ti B MéccOay?pOBCKOM CIIEKTpe T—T +G TOMUHUPYIOT 2-51 U 5-51 JINHUH
u3-3a cnuH-(aon 3pdexra: HamarHMueHHOCTh B AD-CBA3aHHBIX CIOAX CTPEMUTCS] OPUEHTUPOBATh-
Csl IEPIIEHAMKYIISIPHO BHELIHEMY NoJito. B m—ac" crekTpe, Ha000poT, 3TH JUHUU MOJABJICHHI [2] U
BKJIa/l B CIIEKTP HJET TOJIBKO OT HEOOJIBIIIOT0 KOJIWYECTBA SIJIEP CO CBEPXTOHKHUMHM MOJISIMU, UMEIO-
IIMMH HEHYJIEBYIO MMPOEKIIMIO Ha HAIIPaBJICHHUE MyYKa.

ABTopbI BeIpaxatoT Onarogapaocts A.M. UymakoBy u J1. beccacy (ESRF) 3a momomip B mpo-
BEJICHUU HKCIIEPHMEHTA.
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X-RAY DIFFRACTION, MAGNETIZATION MEASUREMENTS AND
MOSSBAUER SPECTROSCOPY OF IRON-BEARING PHASES IN SOME
UNDIFFERENTIATED AND DIFFERENTIATED METEORITES
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Modern classification of meteorites considers undifferentiated and differentiated meteorites
and three major divisions (chondrites, primitive achondrites and achondrites) [1]. Undifferentiated
meteorites, named chondrites (stony meteorites), are the most primitive meteorites, which were
formed with the Solar System from nebula. Chondrites are divided into three classes: carbonaceous
chondrites, ordinary chondrites and enstatite chondrites. Differentiated meteorites were formed in
their parent bodies, asteroids and protoplanets, resulting from the thermal metamorphism of the
material with further differentiation. As the result, various groups of stony meteorites, stony-iron
meteorites and iron meteorites were formed. This group includes (i) stony meteorites with the
howardites-eucrites-diogenites or HED clan, the parent body of which is considered asteroid (4)
Vesta, (ii) stony-iron meteorites including pallasites and (iii) thirteen groups of iron meteorites: IC,
IIAB, IIC, IID, etc., as well as some ungrouped and anomalous iron meteorites, with structural
classes such as octahedrites, hexahedrites and ataxites. The main iron-bearing phases/compounds in
meteorites are: Fe-Ni-Co alloy, olivine (Fe, MQ),SiO4, orthopyroxene (Fe, Mg)SiOs, Ca-poor and
Ca-rich clinopyroxene (Ca, Fe, Mg)SiOs3, stoichiometric troilite FeS and pyrrhotite Fe; S, chromite
FeCr,04, hercynite FeAl,O4, ilmenite FeTiOs, schreibersite (Fe, Ni)sP, daubréelite FeCr,S,, etc.
Therefore, selected undifferentiated and differentiated meteorites were studied by X-ray diffraction
(XRD), magnetic measurements and °'Fe Mdssbauer spectroscopy with a high velocity resolution
(for review see [2, 3]).

X-ray diffraction. Examples of XRD patterns of the bulk interiors from Bjurbole L/LL4
ordinary chondrite, stony part of Seymchan main group pallasite (PMG) and Sari¢igek howardite
demonstrate different phase compositions in these meteorites.

Magnetization measurements. Zero-field-cooled (ZFC) and field cooled (FC) curves of the
bulk interiors from Bjurbéle L/LL4 ordinary chondrite, stony part of Seymchan PMG and Sarigigcek
howardite demonstrate pronounced peak(s) at T ~ 40-65 K and sometimes small peak at T ~ 18-25
K in the ZFC branch. These features can be explained as a result of the ferrimagnetic-paramagnetic
phase transitions in chromite in the temperature range 40-80 K and in hercynite which Curie
temperature is around 15 K (see [4]). The isothermal magnetization curves measured at 5 and 295 K
showed different saturation magnetization moments for different meteorites.

Maéssbauer spectroscopy. The room temperature Mossbauer spectra of the bulk interiors
from Bjurbole L/LL4 ordinary chondrite, stony part of Seymchan PMG and Sari¢igek howardite
showed the presence of various iron-bearing minerals. The °’Fe hyperfine parameters for revealed
components as well as rough estimations of the iron contents in these minerals were deduced for the
studied meteorites. The Fe®* occupations of the M1 and M2 sites in olivine and orthopyroxene in
stony and stony-iron meteorites and the temperatures of cation equilibrium distributions were
deduced from both XRD and Mdssbauer spectroscopy data and demonstrated a good agreement.
Using the relative areas of some spectral components in the Mdssbauer spectra of ordinary
chondrites, an approach for classification of these group of undifferentiated meteorites was
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developed.
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B nmanHOl paboTe paccMOTpeHa CyHIecTBYIOMIAs KiacCUpUKAIUsa MeTeopuToB [1] u
MpeIoKeH MOJIX0J K KiaccHu(UKAIMM Ha OCHOBE JaHHBIX MeccOay3pOBCKOM CIEKTPOCKOMHUH C
BBICOKMM CKOPOCTHBIM pazpelieHueM [2, 3].

JlaHHbIE PEHTTCHOBCKO#M au(paKiuy BemecTBa 0OBIKHOBEHHOTO XoHapuTa Bjurbole L/LL4,
KaMeHHOU cocrasisomieii mautacuta Ceiimuan PMG u rosapamra Sarigicek mokasanu pasHbliii
(a30BbIil COCTaB 3TUX METEOPUTOB. MarHUTHBIE U3MEPEHUS MPH OXJIAXKIEHUU B OTCYTCTBUU MOJIS
(ZFC) BemiecTBa 3THX METEOPUTOB IMOKa3ajiM BBIPAXCHHBIA MUk (muku) mpu 1T ~ 40-65 K u B
HEKOTOPBIX CliydasX MaJeHbKuid nuk mpu T ~ 18-25 K. DTu 0coGEHHOCTH MOXHO OOBSICHHUTH
MarHuTHBIM (Da30BBIM MEPEXOJOM B XPOMHUTE, KOTOpbIA Bo3MoxkeH B auamnazoHe 40-80 K u B
repuuMHuTe, g Kotoporo Temmepartypa Kropu cocraBuser 15 K (cm. [4]). M3otepmuueckue
kpuBbie (5 u 295 K) mokasanu pasjiuyHble 3HAYCHHS MArHUTHOTO MOMEHTA HACBIIICHUS IS
Pa3HbIX METEOPUTOB.

MeccbayspoBckue criekTpbl xoHaputa Bjurbole L/LL4, kamenHoli cocrasstomniein CeiiMyan
PMG wu roeapmuta Sarigicek, m3MepeHHbIe MPH KOMHATHON TeMIeparype, MoKa3aad Haaudue
PA3ITHYHBIX JKETE30COACPKAIINX MUHEpaoB. CBEDPXTOHKHE apaMeTpsl - Fe 1 IpUMEepHBIE OLCHKH
COJIEp’KaHUs JKejle3a B JTUX KOMIIOHEHTaX ObLIM BBIYMCICHBI W3 alMpPOKCHMAIMUA CIEKTPOB.
Bacenennoctr mosummii M1 M2 womamm Fe?* B onMBHHE M MHPOKCEHE W TeMIIEpaTyphl
PaBHOBECHOTO KATHOHHOTO YMOPSIOYEHHUs OBLTM pPAcCYUTAHBI MO JaHHBIM MeccOayIpoBCKOi
cnekTpockonuu U PentreHoBckoit mudpakmuu. Ilpu 3ToM, pesynbraTel coriacyworcs. [lo
COOTHOIIIEHUIO OTHOCHUTEIBHBIX IUIOMAACH HEKOTOPHIX KOMIIOHEHT CHEKTPOB OOBIKHOBEHHBIX
XOHJIPUTOB OBLIT MPEATIOKEH MOIXO] K KIacCU(UKAIIMH STOU TPYIIIBI METEOPUTOB.

PaGora BeIONHEHA Mpu MOANEp:)Kke MHHHCTEPCTBAa HAyKH M BbICIIero oOpa3oBaHus PO,
IIpoext # FEUZ-2020-0060. MucTuTyT I'eonorun u I'eoxumun um. A.H. 3aBapuukoro YpO PAH
nojjep>)kaH MHUHUCTEPCTBOM Hayku U Bbiciiero obOpazoBanust P®, IIpoekt Ne AAAA-AL9-
119071090011-6 (A. A. M.).
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STUDY OF FERROMANGANESE CRUSTS MORPHOLOGY AND PHASE
COMPOSITION

A.A. Novakova®", S.1. Panfilov?, V.V. Avdonin®, E.A. Zhegallo?

'Moscow M.V. Lomonosov State University, Moscow
?Borrisiak Paleontology Institute RAS , Moscow
*e-mail: novakova.alla@gmail.com

Deep Ocean Ferromanganese Crusts are among the most mysterious geological objects.
Usually they occur on clastic volcanic rods in the depth range of 400-7000 m. Their average age
reaches several tens of millions years. Thickness of the crusts can reach 26-40 sm. It was found out
that ferromanganese crusts consist of up to 20%Mn, 15% Fe, 0.3-2 % Co. In addition, they can
contain complexes of noble, rare and rare earth metals (up to 70 elements). A characteristic feature
of ferromanganese crusts is their layered structure. It is possible to consistently trace the processes
of metals accumulation and global changes in the external conditions for the formation of Fe-Mn
crusts by study the composition and structure of these layers.

Our work is devoted to such layer-by-layer research. A complex morphology and phase
analysis was carried out using digital optical and scanning electron microscopy, X-ray fluorescence
and diffraction analysis and Mossbauer Spectroscopy. This analysis was performed on 2 crusts
containing different concentrations of Fe and Mn, but collected in the same region of Pacific Ocean.
Performed analysis showed that the crusts are practically composites consisting of clastic and
volcanogenic micron-sized minerals and stromatolites, consisting of fossilized biophilms filled with
nanoparticles of iron and manganese oxide compounds, which are bacteria wast products. The
Mossbauer spectroscopy at first applied to these objects, made it possible to obtain a quantative
phase analysis of iron ore components in different layers of the crusts. Based on the reviled results,
it was possible to trace how the composition of iron oxides changes in different layers of the crust
depending on changes in external conditions.
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N3YYEHUE MOP®OJIOT'N U ®PA30BOI'O COCTABA
AKEJE3OMAPI'AHIIEBBIX KOPOK

A.A. HOBaKOBal*, C.H. HaH(bI/IJIOBl, B.B. ABI[OHI/IHl, E.A. Xeramio?

"Mockeckuii I' ocyoapcmeeHublil yHugepcumem um. M.B. Jlomonocosa,
2 Unemumym naneonmonozuu um. AA. bopucaxa PAH, Mockea
*e-mail: novakova.alla@gmail.com

['mybokoBoHBIE >KENe30MapraHIleBble KOPKA OKeaHa SIBJISIOTCS OJHUMH M3 CaMbIX
3araZloyHbIX IeoJIornYeckux oObekTOB. OOBIUHO OHHM 3aJeral0T Ha OOJOMOYHBIX IOpOJax
MOJBOAHBIX BYJIKaHOB B auamna3zoHe riyoun 400-7000 m. Wx cpeaHuii Bo3pacT AOCTUTAET
HECKOJIbKUX JIECATKOB MWIJIMOHOB JeT. X TommHa MokeT gocturath 26-40 cMm. YcraHoBleHO,
YTO JKeJle30MapraHiieBele KOpKH MoryT coaepkatb 10 20 % Mn, 15 % Fe, 0.3-2 % Co. Kpome
TOTO, OHU MOTYT COJIEPkKaTh KOMILJIEKCHI OJIAarOPOJIHBIX, PEAKUX U PEAKO3EMENIbHBIX METaUIOB (10
70 »smemeHTOB). XapaKTepHOM OCOOCHHOCTBIO JKEJIC30MApPTaHICBBIX KOPOK SBISAETCS HX
cinouctocth. [locienoBaTenbHO MPOCIEIUTh TMPOIECCHl HAKOIUJICHUS METAJUIOB W TJIO0aNbHBIC
W3MEHEHHUs BHEITHUX YCJIOBHHM oOpa3oBanus Fe-Mn KOpPOK MO’KHO, IMOCJIENOBATEIBHO H3ydas
COCTaB M CTPOCHHE ITHX CJI0eB. IMEHHO TaKMM TOCIOWHBIM HMCCIIEIOBAHUSM U TOCBSIIEHA HAllla
pabota. IlpoBeaeH KomILIeKCHBIM MopdojaoTHuecKkuii W (Ga30BBIM aHAIM3 C HCIOJIb30BaHUEM
1M (POBON ONTUYECKON M CKAaHUPYIOIIEH AIEKTPOHHONW MUKPOCKOIUHU, PEHTT€HO(IIYyOPECIIEHTHOTO
1 TU(PaKIMOHHOTO aHaKM3a U MeCCOayIPOBCKOM CIIEKTPOCKONMUU. DTOT aHaIu3 ObLI BHITIOJIHEH Ha
JBYX KOPKax, COJIep KallnX pa3IunyHbie KoHIeHTpanuu Fe u Mn, HO cOOpaHHBIX B OJJHOM M TOM K€
paiione Tuxoro okeana. IIpoBeAcHHBIM aHAIM3 MOKa3ajl, YTO KOPKU MPAKTHYECKH IIPEJICTABIISIIOT
co00il KOMIMO3UTHI, COCTOSIIME W3 OOJOMOYHBIX M BYJIKAHOTEHHBIX MHHEPAIOB MHUKPOHHOIO
pa3Mepa M CTPOMATOJIUTOB, COCTOALIMX U3 (HOCCHIM3UPOBAHHBIX OMOIUIEHOK, HAMOJIHEHHBIX
HAaHOYACTULAMU OKCHUIHBIX COEJIMHEHMH jKelle3a M MapraHia, KOTOpbIE SIBISIOTCS NPOIYyKTaMHU
KU3HEJEATeNIbHOCTH OakTepuil. BrnepBble NpuMeHeHHas K 3TUM O0OBeKTaM MeccOayIpoBCKas
CHEKTPOCKOMUSI TIO3BOJIMJIA TMOJYYUTh KOJWYECTBEHHbIH (Da30BBIH aHAINU3  KEJIE30PYTHBIX
KOMIIOHEHTOB B PAa3JIMYHBIX CIOAX KOpOK. C MOMOIIBIO MOJYYEHHBIX PE3YIbTAaTOB YAAJIOCH
MIPOCIIE/INTh, KaK U3MEHSAETCS COCTAB OKCHUJIOB JKEJI€3a B Pa3HbIX CIOSIX KEJIE30MapraHUEBON KOPKH
B 3aBUCUMOCTH OT U3MEHEHHUSI BHEIIIHUX YCIOBU.
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COMPARATIVE INVESTIGATIONS OF SIDERITES
ASSOCIATED WITH HYDROTHERMAL, SEDIMENTARY
AND BACTERIAL PROCESSES

N.l. Chistyakova®”, A.V. Antonoval, D.G. Zavarzina?, T.Yu. Kiseleva', M.S. Chernov?,
E.N. Lukyanova®, V.D. Sedykh®, V.S. Rusakov'

'Department of Physics, Lomonosov Moscow State University, Moscow, Russian Federation

Winogradsky Institute of Microbiology, Federal Research Center of Biotechnology, Moscow,
Russia

*Department of Geology, Lomonosov Moscow State University, Moscow, Russia

*Institute of Solid State Physics, Chernogolovka, Moscow District, Russia

*e-mail: nchistyakovr@yandex.ru

Siderite FeCOg3 is a Fe-bearing carbonate, which is widespread in the Earth [1]. It is a
common component of sedimentary iron ores, metamorphic iron formations and hydrothermal
metallic veins. Siderite is also a common mineral formed as the result of the microbial activity of
iron-reducing bacteria [2]. However, the problem of bacterial participation in the formation of
sedimentary iron deposits is still not resolved. The aim of the study was to find a characteristic
feature that makes it possible to distinguish metabolically induced siderite by comparing siderites of
different origins.

Maossbauer spectroscopy, XRD and scanning electron microscopy were applied to study
natural siderites FeCO;3 (hydrothermal siderite from Bakal deposit and sedimentary siderite from
Starooskolian marine deposits) and metabolically induced siderites (formed during the growth of
bacteria Thermincola ferriacetica [3], Fuchsiella ferrireducens [4] and Geoalkalibacter
ferrihydriticus in co-culture with Anaerobacillus alkalilacustris [5]).

20 um

5 um 5 um

Fig. 1. SEM images of abiogenic a-b) hydrothermal and c-d) sediment siderite.

It was found that all studied siderites revealed rather differences in crystals morphology
(Fig. 1). Metabolically induced siderites characterized by less crystal size in comparison with
natural ones. Mossbauer spectra analysis showed that the width of the distribution of quadrupole
splitting p(A) for the spectra of metabolically induced siderites was twice as wide broader than
those for natural one. It could be explained by heterogeneity in the nearest environment of iron
atoms in the structure of metabolically induced siderite and its defectivity in compare with siderite
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of abiogenic origin. Such a feature proposed a possible way to distinguish the metabolically induced
siderite from the natural one. It was also detected that metabolically induced siderites in contrast to
natural were rather unstable and susceptible to oxidation during air storage. Based on the studied
samples it is possible to propose a way to distinguish the metabolically induced siderite.

The authors would like to extend their sincere thanks to T. Kmje¢, J. Kohout from Faculty of
Mathematics and Physics, Charles University for Mossbauer measurements at low temperatures.

[1] V. Cerantola, C. McCammon, et.al., American Mineralogist, 100, 26702681 (2015).
[2] D. Zavarzina, S. Gavrilov, N. Chistyakova, et.al, The ISME journal 14, 425-436 (2020).
[3] N. Chistyakova, V. Rusakov, D. Zavarzina, et.al., Czech. J. Phys. 55, 781-790 (2005).
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Cunepur FeCOjz mpencraBiser coOoi jKene30coaepkaliuii kKapOoHAT, KOTOPBIHA IHPOKO
pactipoctpaneH Ha 3emie [1]. DTo OOBIYHBI KOMIIOHEHT OCAJOYHBIX IKEJIE3HBIX PV,
MeTaMOp(UYECKUX KETE3HbIX 00pa30BaHUil M TUAPOTEPMANbHBIX METAJUIMYECKUX *uil. Cuaeput
TaKKe SBJSETCS PACIpPOCTPAHEHHBIM MHMHEpAIOM, O0pa3ymloIlUMCcS B pe3ylbTaTe MHKPOOHOM
AKTUBHOCTH >KEJIe30BOCCTaHABNIMBarOmux Oaktepuii [2]. Llenmpro wuccnemoBaHusi OBLIIO HAWTH
XapaKTEepHBIH MPU3HAK, MO3BOJIAIOIIUN OTIWYUTH METAa0OIMYECKH HHIYyIUPOBAHHBIA CHUIEPUT
MyTeM CpPaBHEHUS CHJICPUTOB PA3IHMUHOTO MPOUCXOKICHHUS.

MeccbOayspoBckass  CHEKTPOCKONUSI, PEHTTEHOBCKAash U CKaHUPYIOMIas  AJIEKTPOHHAas
MUKPOCKOTHS ObUTH MPUMEHEHBI [Tl U3y4eHUs: MpUpOoAHbIX cuaeputoB FECO3 (ruaporepManbHbIii
cUepUT U3 bakanbCKOro MECTOPOXKICHHUS U OCAJAOYHBIA CHIIEPUT M3 CTAPOOCKOIBCKUX MOPCKHX
OTJIOKEHHIA) U OMOTEHHBIX CHICPUTOB (0Opasyromuxcs npu pocre 6akrepuit T. ferriacetica [3], F.
ferrireducens [4] u G. ferrihydriticus B coBmecTHoi#t kynbType ¢ A. alkalilacustris [5]).

Bce u3ydeHHBIE CHIEPUTHI UMEIOT 3HAUUTENbHBIE PA3MUuus B MOP(OJIOTUU KPUCTAIIOB
(Puc. 1). BroreHHbIe CHAECPUTHI XapaKTEPU3YIOTCSI MEHBIIIUM Pa3MepPOM KPUCTAIIOB MO CPABHEHHIO
c aOuoreHHbIMH. AHanMM3 MeccOaydpOBCKUX CHEKTPOB IMOKa3all, YTO IIMPHHA paclpeienecHus
KBaJIPYIOJBHOTO paciierieHus: P(A) 1 CeKTpoB OMOTeHHBIX CHAECPUTOB Oblja B JIBa pasa Iupe,
4eM JJisi a0MOTEHHBIX, YTO MOXKET ObITh 00BSICHEHO HEOTHOPOTHOCTHIO ONMMKAMIIEro OKPYKEHHS
aTOMOB jkKelle3a B CTPYKType OHMOTEHHOTO CHJIEpUTa M €ro JePeKTHOCTHhIO IO CPaBHEHHUIO C
CUJIEPUTOM a0MOTE€HHOTO MPOUCX0XKICHUS. BHOTeHHbIE CHIEPUTHI, B OTIUYHE OT MIPUPOIHBIX, ObLIH
JIOBOJIBHO HECTAOWJIBHBI M TOJBEPKEHBI OKHUCICHHWIO MPU XPaHEHWHW Ha Bo3ayxe. Ha ocHoBe
M3YYEHHBIX 00pa3lloB MOKHO MPEIOKUTH CIIOCOO BBISBIICHUSI OMOT€HHBIX CUACPUTOB.
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X-RAY DIFFRACTION, MAGNETIZATION MEASUREMENTS AND
MOSSBAUER SPECTROSCOPY OF BULK INTERIOR AND FUSION
CRUST IN KEMER L4 ORDINARY CHONDRITE
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'Department of Experimental Physics, Institute of Physics and Technology, Ural Federal
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%Racah Institute of Physics, The Hebrew University, Jerusalem, 91904 Israel

*e-mail: evgeniya.petrova@urfu.ru

The Kemer meteorite fell around noon on March 3, 2008, in Turkey, near Kemer town. This
meteorite was classified as an ordinary chondrite from group L and petrological type 4, with shock
stage S4/5 and weathering grade WO (Meteoritical Bulletin, No 99, 2012). Ordinary chondrites
contain various iron-bearing phases, namely: olivine (Fe, MQ@),SiOa, orthopyroxene (Fe, Mg)SiOs,
clinopyroxene (Fe, Mg, Ca)SiOs, troilite FeS, chromite FeCr,04, hercynite FeAl,QO4, ilmenite
FeTiOs, grains of Fe-Ni-Co alloy in the form of a-Fe(Ni, Co), a,-Fe(Ni, Co), y-Fe(Ni, Co) and y-
FeNi phases, as well as some ferric compounds, resulting from terrestrial weathering. Average
values of fayalite Fa (a molar fraction of Fe,SiO, in olivine solid solution of Fe;SiO4 — M@,SiO4)
and ferrosilite Fs (a molar fraction of FeSiO3 in orthopyroxene solid solution of FeSiO3 — MgSiOs)
are 24 and 19 mol.%, respectively. One Kemer L4 fragment was used for the study of powdered (i)
bulk interior and (ii) fusion crust using X-ray diffraction (XRD), magnetization measurements and
room temperature *>'Fe Mosshauer spectroscopy with a high velocity resolution (see [1]).

X-ray diffraction. The XRD patterns for both: the bulk interior and the fusion crust of Kemer
L4 fitted by the Rietveld analysis showed the presence of the following phases in the bulk interior
and in the fusion crust: 53.2 and 59.8 wt.% of olivine, 22.6 and 13.2 wt.% of orthopyroxene, 7.3
and 4.6 wt.% of anorthite, 6.7 and 4.9 wt.% of Ca-rich clinopyroxene, 4.4 and 2.8 wt.% of a-Fe(Ni,
Co) phase, 3.8 and 1.3 wt.% of troilite, 0.7 and 0 wt.% of y-Fe(Ni, Co) phase, 0.6 and 0.4 wt.% of
chromite, 0.2 and 0.2 wt.% of hercynite and 0.5 and 0.4 wt.% of ferrihydrite 5Fe,O3x9H,0,
respectively. Additionally, 12.3 wt.% of magnesioferrite MgFe,O,4 was found in the fusion crust.

Magnetization measurements. Zero-field-cooled (ZFC) and field cooled (FC) curves of the
bulk interior and the fusion crust of Kemer L4 demonstrate the following. The ZFC branch for the
bulk interior shows a pronounced peak at T ~ 62 K and a small bulge at T ~ 52 K and a peculiarity
at T ~ 41 K can be seen in the ZFC branch for the fusion crust. These features can be explained as a
result of the ferrimagnetic-paramagnetic phase transition in chromite which may occur in the
temperature range 40-80 K [2]. The isothermal magnetization curves measured on the bulk interior
at 5 and 295 K showed similar saturation magnetization moments Ms = 33.9 and Ms = 31.1 emu/g,
respectively, and lower values for the fusion crust (Ms = 21.5 and Ms = 16.2 emu/g, respectively),
indicating a lower content of the magnetic phase fraction in the fusion crust.

Maéssbauer spectroscopy. The best fits of the room temperature Mossbauer spectra of the
bulk interior and the fusion crust of Kemer L4 show the presence of various minerals which can be
found in the bulk interior and some new components which appeared in the fusion crust. The >'Fe
hyperfine parameters as well as rough estimations of the iron contents in these components were
deduced from the fits for the bulk interior and for the fusion crust. The Fe?* occupations of the M1
and M2 sites in olivine and orthopyroxene and the temperatures of cation equilibrium distributions
were deduced from both: XRD and Mgssbauer spectroscopy data which agree well for each other.

This work was supported by the Ministry of Science and Higher Education of the Russian Federation,
project # FEUZ-2020-0060.
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[Tanenune mereopura Kemer cioyumnock 3 mapra 2008 r. Hemanmeko oT ropoaa Kemep B
Typuuu. MeteopuT kiaccupUIUpoBaH Kak OObIKHOBeHHBIH XoHApuT L4 S4/5 WO (Meteoritical
Bulletin, No 99, 2012). OGbIKHOBEHHBIE XOHAPUTHI COJIEPIKAT TaKHe KeJre30coaepkanire (as3pl Kak
omuuH (Fe, MQ),SiO4, opromupokcen (Fe, Mg)SiOs, kmunonmpokcen (Fe, Mg, Ca)SiOs, Tpouut
FeS, xpomut FeCr,04, repumnut FeAl,O4, nnsmenut FeTiOs, Fe-Ni-Co, cruraBer a-Fe(Ni, Co), op-
Fe(Ni, Co), y-Fe(Ni, Co) u y-FeNi ¢a3, a Taxke coeMHEHUS OKHCICHHOTO Kejie3a, 00pa3oBaHHbIE
B 3eMHOI1 atMocepe. Onpenenensl 3HaueHus: gasiuta Fa B onusune 24 moin. %, dpeppocunuta FS
B opronupokceHe 19 mon.%. I[lopomku u3 BHyTpeHHeW yactu Mereoputa Kemer L4 u kopsl
MJIABJICHUS WM3Y4YeHBI METOoJaMH peHTreHoBckod audpakiuu (XRD), MarHUTHBIX U3MEPEHHH H
MecchayspoBCKO#M CIICKTPOCKOITHH ¢ BEICOKUM CKOPOCTHBIM pasperinenuem (cM. [1]).

PeHTreHoBCcKHE CIIEKTPHl BHYTPEHHETO BEIIECTBAa M KOPHI IIaBieHUss xoHaputa Kemer L4,
anMmpOKCMMHUPOBaHHBIC M0 PUTBENbAy BBIABMIM ciaeaymone (aspl: onmuBuH 53,2 (BHyTp.) M 59,8
wt.% (xopa), opromupokcer 22,6 u 13,2 wt.%, anoprur 7,3 u 4,6 Wt.%, BBICOKOKAIBIIHECBBII
KauHOnUpokceHn 6,7 u 4,9 wt.%, daza o-Fe(Ni, Co) 4,4 u 2,8 wt.%, tpouaur 3,8 u 1,3 wt.%, -
Fe(Ni, Co) 0,7 u 0 wt.%, xpomur 0,6 and 0,4 wt.%, repuuaur 0,2 u 0,2 Wt.%, a Ttakke
dbeppurunput 5SFe,03x9H,0 0,5 u 0,4 wt.%, cooTBeTCTBEHHO. J[0TIOJHUTEIBHO, B KOPE TUIABJICHHS
ObL1 BeIsIBIIEH MarHesnodepputr MgFe;O4 12,3 wt.%.

MarautHble U3MEPEHUS NPU OXJIaKIACHUH B OTCyTcTBUH Touisi (ZFC) u B MarHuTHOM TOJe
(FC) BemiectBa BHyTpeHHeH yacT Mmeteoputa Kemer L4 u Kopbl IUIaBJICHHS TOKA3aIH CIIEAYIOIIEe.
KpuBas namarunuuBanus ZFC [isi BHYTpeHHEM 4acTH MMEET BhIpaKEHHBINH NUK mpu 1 = 62 K u
HebombIon BeicTyn nipu T ~ 52 K. B kpuoit ZFC st KOpbl IJ1aBI€HUS UMEETCS XapaKTepHBIN
muk pu T =~ 41 K. DT 0COOEHHOCTH MOXXHO OOBSCHUTH MAarHUTHBIM (Pa30BBIM IEPEXOJIOM B
XpOMHTE, KOTOPBIH Bo3MoxkeH B auanazone 40-80 K [2]. M3orepmuueckue KpuBbie pu 5 u 295 K
JUIs BHYTPEHHEH 4acTy Moka3anu OMU3KHe 3Ha4YeHUs MarHUTHOTO MOMEHTa HackimeHnuss Ms 33,9 u
31,1 smelr, coorBeTcTBeHHO. M GoJice HU3KME 3HAYCHUS AT M KOpbI TuiaBieHus Ms 21,5 u 16,2
aMe/T, COOTBETCTBEHHO, YTO TOBOPHUT O MEHBIIIEM COJIEPKAHUU MAarHUTHBIX (Da3 B KOPE TUIaBJICHHS.

Haunyumas anmpokcumariisi MeccOay’pOBCKUX CHEKTPOB BHYTPEHHEM YacTH U KOPBI
raBneHust xouaputa Kemer L4 mokasana HaiW4ue pPa3UYHBIX MHHEPAJIOB, THITMYHBIX IS
BHYTpPEHHEH 4acTH, a TaKkKe HOBbIE KOMIIOHEHTHI, TIOSIBUBIIMECS B KOpe TuiaBlieHus. CBEpXTOHKHE
napaMeTpsl ° Fe Takke, KaK i IPHMEPHbIC OLICHKH COICP/KAHMS JKelIe3a B 3THX KOMIIOHEHTAX OBLIH
BBIYHCIICHBI M3 aMMPOKCHUMAIIMK CIIEKTPOB BHYTPEHHEH YacTH W KOPBI TUIABIEHUS. 3aceleHHOCTH
nosuuuit M1 M2 nonamu Fe”* B onMBHHE M IMPOKCEHE U TEMIIEPAaTyphl PABHOBECHOTO KATHOHHOTO
yrmopsiioueHus: ObUIM  paccuMTaHbl MO JaHHBIM ~ MeccOaydpOBCKOW  CIIEKTPOCKONHH U
PentrenoBckoii audpakiuuu. Pe3ynbTaThl COTIACYIOTCS MEXAY COOOIA.

Paborta BeIONHEHA Mpu MOAJEp)Kke MHHHCTEPCTBAa HAyKH M BbIcIIero oOpasoBaHus PO,
[IpoekT # FEUZ-2020-0060.
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X-RAY DIFFRACTION AND MOSSBAUER SPECTROSCOPY OF IRON-
BEARING MINERALS IN JANISJARVI IMPACTITE

A.A. Maksimova'?®, A.V. Chukin?, M.I. Oshtrakh?

The Zavaritsky Institute of Geology and Geochemistry of the Ural Branch of the Russian
Academy of Sciences, Ekaterinburg, 620016, Russian Federation

Department of Experimental Physics, Institute of Physics and Technology, Ural Federal
University, Ekaterinburg, 620002, Russian Federation

*e-mail: alia55@bk.ru

Impact craters are formed on the surface of planets as a result of their collisions with small
cosmic bodies such as large meteorites and small asteroids [1]. Impactites are the results of shock-
explosive impact metamorphism of target rocks after collision of meteorites with planetary surface.
In this work, we studied impactite sample that was found at the Janisjarvi impact crater located 25
km North from Lake Ladoga (Karelia, Russian Federation). The Jénisjarvi impactite sample was
excavated at the Cape Leppiniemi. The impact rock has a dark greenish-gray color, a massive
texture and cryptocrystalline structure in a molten matrix. The Jénisjérvi impactite in the powdered
form was studied by X-ray diffraction (XRD) and Mdssbauer spectroscopy with a high velocity
resolution (see [2] for details).

X-ray diffraction. X-ray diffraction (XRD) pattern of the Jénisjarvi impact melt rock is
shown in Fig. 1. XRD pattern showed the presence of some iron-bearing minerals, e.g., cordierite
(Fe, MQg),Al,SisO15 and chamosite (the Fe®* end member of the chlorite group) (Fe,
Mg)sAl(SizAl)O10(OH, O)s, ilmenite FeTiO3 and ferrihydrite 5Fe,O3 x 9H,0 as well as some iron-
free minerals such as orthoclase (sanidine) K(AISi3)Os, cristobalite SiO,, tridymite SiO,, quartz
SiO,, albite Na(AlSi3Og), titanite CaTiO(SiO,).

Maossbauer spectroscopy. The Mossbauer spectrum of Janisjarvi impactite powdered sample
measured with a high velocity resolution (in 4096 channels) at room temperature is shown in Fig. 2.
This spectrum was well decomposed using seven quadrupole doublets (see [2] and references
therein). The *'Fe hyperfine parameters of quadrupole doublet with the largest relative area (A ~
50%) was related to cordierite. The *>'Fe hyperfine parameters for three quadrupole doublets with:
(i) 6 =1.203 mm/s and AEq = 2.560 mm/s, (ii) & = 1.004 mm/s and AEq = 2.417 mm/s and (iii) 6 =
0.785 mm/s and AEq = 2.250 mm/s were assigned to Fe** occupying the M1, M2 and M3 sites in
chamosite, respectively. Quadrupole doublet with & = 0.392 mm/s and AEq = 1.157 mm/s was
related to Fe** in the M4 sites of chamosite. Remained quadrupole doublets were assigned to Fe?* in
ilmenite and ferrihydrite resulting from iron oxidation.

20000 Ch anf(::::lgu!;i }c '
& 17500 gg:'ai'.:‘(f’s?'g?n“«'s'
S 12500 i

('% 10000 = 20
E 4.0
E 7500 =5l
z 5000 = 8.0
2500 =10.0/
12.0 e BT i
0 40 30 20 -1.0 00 1.0 20 30 40
VELOCITY, mm/s
20,°
Fig. 1. X-ray diffraction pattern of Jénisjirvi impact melt Fig. 2. Méssbauer spectrum of Jénisjdrvi impact
rock with selected phases: chamosite (Chm), cordierite melt rock measured at room temperature.
(Co), ilmenite (11), ferrihydrite (Fh), tridymite (Td), quartz Indicated components are the results of the best
(Q), orthoclase (Oc), albite (Ab), titanite (Ti) and fit. The differential spectrum is shown on the
cristobalite (Cb). bottom.
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PEHTTEHOBCKASA IU®PAKIIUA U MECCBAYJPOBCKAA
CHEKTPOCKOIIUA KEJE3OCOAEP/KALLINX MUHEPAJIOB B
NMITAKTUTE AHUCBHAPBU

A.A. Makcumosa®?", A.B. quI/IHZ, M.N. OHJTpax2

Ynemumym eeonoeuu u eeoxumuu um. akademuxa A.H. 3asapuyro2o

Vpanvcroeo omoenenus Poccutickoii akademuu nayk, Examepunoype, 620016, Poccust
ZKaqbe()pa aKCnepumeHmanvrol uzuxu, QU3UKO-MexHOI02ULeCKUll uHcmumym, Ypanocxkuii
@edepanvubiii ynusepcumem umenu nepsozo Ilpesuoenma Poccuu b.H. Envyuna,
Examepunbype, 620002, Poccus
*e-mail: aliab5@bk.ru

Y aapHbIe KpaTepbl 00pa3yIOTCsl Ha MMOBEPXHOCTH IUTAHET B PE3YJIbTATe UX CTOJIKHOBEHUH C
MaJIbIMH KOCMHYCCKUMHU TEJIaMH, TaKMMH KaK KpYIHbIE METCOPUTHl M Majblie actepouanbl [1].
MMIakTuThl SBJISIOTCS PE3yAbTATOM YAAPHO-B3PBIBHOIO MeTamopdus3ma MOopoJ-MUIIEHEH Mocie
CTOJIKHOBEHHUSI METEOPUTOB C MOBEPXHOCTHIO IJIaHEThl. B Hacrosmieil pabore m3ydeH oOpasers
HMMITAaKTUTa, OOHAPYKEHHBIN B YIapHOM Kpatepe SIHUCHIPBH, PACTIOIOKEHHOM B 25 KM K CEBEPY OT
Jlanoxckoro ozepa (Kapemus, Poccuiickas ®enepanmsi). Ob6paszenr uMmmaktuta SHUCHSIPBH ObLT
n3BJe4YeH Ha MbIce JlennuHuemu. MIMIakTUT MMeeT TEMHBIN 3€JIEHOBATO-CEPBIN LIBET, MACCUBHYIO
TEKCTYpPY M CKPBITOKPUCTAIUIMYECKYIO CTPYKTYpy B pacIulaBlieHHON warpuie. WMmakTut
SIHUCBHAPBU B MOPOIIKOOOpPA3HOM BHUAE ObLI MCCIEAOBAH METOJAAMH PEHTTEHOBCKOM nudpakuuu u
MeccOay’pOBCKON CIIEKTPOCKOIINH C BEICOKMM CKOPOCTHBIM pazpelieHreM (moapodunee cum. B [2]).

PentrenoBckas nudpakuus. PeHtreHorpaMma uMmnakTura SIHUChApPBU MOKa3aHa Ha PHC.
1. AHanu3 peHTreHOrpaMMbl MOKa3all MPUCYTCTBHE HEKOTOPBIX >KEIe30COoJepkKalluX MUHEPAJIOB,
HanpumMep, kopaueputa (Fe, Mg),ALSisO1s 1 mamosuta (koHeunslit wien Fe?* rpymmbl xmopura)
(Fe, Mg)sAl(SisAl)O10(OH, O)s, unemennta FeTIO3 u deppurnapura 5Fe,03 x 9H,0, a Takke
HEKOTOPBIX HE COAEPIKAaIlMX jKejle3a MHUHEpajaoB, Takux Kak oprokmas (cammmud) K(AISi3)Os,
kpucrobamut SiO; , TpuauMut SiO,, kBapir SiO,, ansout Na(AlSizOg), Turanur CaTiO(SiO,).

MeccoayspoBckasi cnekTpockonusi. MeccOayspoBckuil cnekTp oOpas3la HMIIAKTUTa
SHUCBAPBU, HU3MEPEHHBIH C BBICOKMM CKOPOCTHBIM paspemieHueM (B 4096 kaHaioB) Ipu
KOMHATHOW TeMIiepaType, MOKa3aH Ha puc. 2. DTOT CHEKTp ObI HaWiIydliuM o0pazom
anmnpOKCHUMHUPOBAH C MCIOJIb30BAaHHUEM CEMHU KBAJPYMOIbHBIX Ay01eToB (CM. [2] U CCBHUIKH B HEM).
KBaapymosbHblid 1y0oner ¢ HauboJbInell OTHOCHUTENbHOM miomanpio (A~50%) ObuT CBsI3aH C
KopauepuToM. Tpu KBajpynosbHbIX Ay6neTa ¢ nmapamerpamu (a) & = 1.203 mm/c u AEq = 2.560
mm/c, (6) 6 = 1.004 mm/c u AEq = 2.417 mm/c u (B) 6 = 0.785 mm/c u AEq = 2.250 MM/C OTHECEHBI K
ronam Fe®*, sanmmaronim mosumms M1, M2 1 M3 B maMo3uTe, COOTBETCTBEHHO. KBampymoIbHbIiA
ny6ner ¢ & = 0.392 mm/c u AEq = 1.157 mm/c cman ¢ Fe** B mosummsx M4 mamosura.
OctaBmviecss JBa KBaJPYNOJBHBIX MJyOjeTa CBsS3aHbl C WIBMEHUTOM | (QEppPUTUIPUTOM,
00pa30BaBIINMCS B pe3yabTaTe OKHCICHUS JKele3a.

PaGora BmImoNHEHa Tmpu ToAAepkKe MUHUCTEPCTBA HAYKH W BBICHIETO 00pa3oBaHUS
Poccuiickoit @eneparuu, npoekt Ne No FEUZ-2020-0060. HCTUTYT T€0JIOTHH U TEOXUMHUU HM.
akagemuka A.H. 3aBapuinkoro YpO PAH npu mommepkke MuHHCTEpCTBA HAyKH M BBICIIETO
obpaszoBanus Poccuiickoit denepanuu, mpoekt Ne AAAA-A19-119071090011-6 (A.A.M.)
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MOSSBAUER SPECTROSCOPY OF HEAT-TREATED TOURMALINE
FROM MINISTERSKAYA PIT (MIDDLE URAL)

M.V. Voronin'", L.V. Sipavina®

1 D.S. Korzhinskii Institute of Experimental Mineralogy, Chernogolovka, Russia
*e-mail: voronin@iem.ac.ru

Heat treatment of minerals is used both for applied purposes (for example, gemstone
refinement) and for a fundamental understanding of the thermal behavior of minerals, including
studying the conditions of formation and artificial production. In this case, the process can be
carried out under various redox conditions, but, as a rule, oxidative annealing is used, and among
recent publications [1, 2] studying the behavior of tourmaline during heating, the Mdssbauer
spectroscopy method was not used to analyze the change in the valence state of iron.

Among previously studied [3] tourmalines from various pegmatite fields of the Murzinsky
massif (Middle Urals), according to the nature of the Mdssbauer spectrum, in order to study the
behavior of iron during annealing, tourmaline of the Ministerskaya pit of intermediate schorl-
dravite composition was selected. The powder sample was annealed under vacuum in quartz glass
ampoules at temperatures of 300-750°C for various durations without a kinetic series. The method
for obtaining Mdssbauer spectra is described in [4].

The resulting spectra were decomposed into components with the selection of five doublets
according to the model [5]. The decomposition of the spectra into components shows that the
parameters of the doublets do not change during annealing, but the areas of some components vary
markedly relative to the initial sample, especially at temperatures above 550°C. In this case, the
total content of Fe** in samples annealed at temperatures below 600°C becomes slightly lower (by
1-1.5%) of the original sample. At the same time, the sample annealed at 750°C became more
oxidized Fe** ~ 49% versus 39% in the original sample, which indicates that at this temperature
tourmaline is transformed, namely, the loss of hydrogen and/or hydroxyl group (water) with the
formation of oxy-tourmaline, which agrees with the data of [1].

[1] X. Liu et al., Eur. J. of Miner. 31(5-6), 919-928 (2019).

[2] F. Wang et al., JOM. 71(8), 2468-2474 (2019).

[3] T.A. Gvozdenko, I.A. Baksheev, M.V. Voronin, Proceedings of the XII1 Congress of the Russian
Mineralogical Society and the Fedorov session. 2, 184-185 (2021) [in Russian].

[4] V.B. Polyakov et al., Geochem. Inter. 57(4), 369-383 (2019).

[5] M.D. Dyar et al., Amer. Miner. 83(7-8), 848-864 (1998).
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MECCBAY2POBCKAS CIIEKTPOCKOIIMA TEPMOOBPABOTAHHOI'O
TYPMAJIMHA U3 KOIIU MUHUCTEPCKAS (CPEJHUI YPAJI)

M.B. BODOHI/IHl*, JL.B. Cunasuna’

! HUncmumym sxcnepumenmanvuou munepanrocuu um. axao. /1.C. Kopoacunckoeo PAH,
Yepnoeonoexa, Poccus
*e-mail: voronin@iem.ac.ru

TepmMooOpaboTka MUHEpPAIOB MPUMEHSETCS, KaK C NPUKIATHBIMHA [EJIsIMU  (Hampumep,
o0JaropaxMBaHue IOBEIMPHBIX KAMHEH), TaK U U1 PYHIAMEHTAIHHOTO IIOHUMAaHUSI TEPMUYECKOTO
MOBEJICHUsT MUHEPAJIOB, B TOM YHCIE I M3y4YEHHUS YCIOBHH 00pa3oBaHUsS M HCKYCCTBEHHOTO
nosnyueHus. [lpm 3TOoM mpolecc MOXKET OCYHUIECTBISATHCS B PA3JIMYHBIX OKHUCIUTEIbHO-
BOCTAHOBUTEIBHBIX YCIIOBHSX, HO, KaK MPaBUJIO, IPUMEHSAETCS OKUCIUTEIbHBIA OTXKHI, a Cpeau
nociegHux nyonukamuii [1, 2] wu3ydarommx MOBEAEHHWE TypMaJWHAa IIpH HArpeBaHUU He
HCIIOJIb30BAJICS METOJ] MeccOaydpOBCKOM CIEKTPOCKONMM [yl aHajdu3a W3MEHEHUs BaJEHTHOIO
COCTOSIHUS JKele3a.

Cpenn paHee Wu3y4YeHHBIX [3] TypMalWHOB U3 PAa3IMYHBIX TETMATHTOBBIX TIOJICH
Myp3sunckoro maccuBa (CpenmHuii Ypan) Mo XapakTepy MeccOaydpOBCKOTO CIHEKTpa, C IEJbI0
M3y4YeHUs TIOBEACHHUS >Kelie3a TpH OTXKHre, ObUT OTOOpaH TypMaliwH Komu MuHHCTEepCKas
MIPOMEXYTOYHOTO HIEPJ-IPaBUTOBOrO cocTaBa. OTXKHUI MOPOIIKOBONW MPOOBI MPOBOJMICA MO
BaKyyMOM B amIlyJlaXx W3 KBapleBoro crtekia npu temneparypax 300-750°C € paznandHOit
MPOJIOJKUTENFHOCThIO 0€3 KHWHETHYeCcKOW cepuu. Meroauka TOJydeHHs MeccOaydpOBCKUX
CIIEKTPOB omnucaHa B [4].

[TomyueHHbIE CIIEKTPHI PACKIIAbIBAIUCH HA KOMIIOHEHTHI C BBIJICIICHUEM MATU TyOJIETOB IO
Mojienu [5]. PasnokeHue CreKTpoB Ha KOMIIOHEHTHI MMOKA3bIBAET, YTO IMapaMeTphl IyOJETOB HE
MEHSIOTCA TMpPH OTXKHUTE, a BOT IUIOIIAAM HEKOTOPHIX KOMIIOHEHT 3aMETHO BapbUPYIOT,
OTHOCHTEIILHO MCXOJTHOTO 00pasiia, ocobeHHo npu Temmeparypax Beime 550°C. [Ipu stom obmee
cozep>KaHue Fe’* s oOpasmax OTOXOKEHHBIX mpu Temmeparypax Hmwke 600°C craHOBUTCS
He3HauuTenbHo Huxe (Ha 1-1,5%) ucxoanoro o6pasua. B Toxke Bpemsi 00pazels OTOXOKEHHBIN TpU
750°C cran 6osee okucIeHHBIM Fe® ~ 49% npoTuB 39 B HCXOHOM 00paslie, 4TO YKa3bIBaeT Ha TO,
YTO MpHU STOU TeMIiepaType NPOUCXOAUT MpeoOpa3zoBaHUE TypMalliHA, & UMEHHO MOTepsl BOJOPOIa
W/WIM TUAPOKCOTPYIIBI (BOABI) ¢ 00pa30BaHUEM OKCUTYPMAJIMHA, YTO COTJIACYETCs C JaHHBIMHU [1].

[1] X. Liu et al., Eur. J. of Miner. 31(5-6), 919-928 (2019).

[2] F. Wang et al., JOM. 71(8), 2468-2474 (2019).

[3] T.A. I'Bo3nenko, N.A. Bakmees, M.B. Boponun, Matepuaisr XIII Cbe3na Poccuiickoro
MHHEepaornyeckoro obirecrsa u demxoposckoit ceccuu. 2, 184-185 (2021).

[4] B.B. TomnsikoB u ap., ['eoxumus. 64(4), 372-386 (2019).

[5] M.D. Dyar et al., Amer. Miner. 83(7-8), 848-864 (1998).
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°’Fe HYPERFINE PARAMETERS IN Fe-Ni ALLOY FROM VARIOUS
METEORITES
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University, Ekaterinburg, 620002, Russian Federation
*e-mail: goryunov_asd@mail.ru

Meteorites are the space messengers reaching the Earth every day, which carry an important
information about formation and evolution of the Solar System, metamorphism of the matter in
space and the effect of extreme space factors [1]. The majority of meteorites contains Fe-Ni alloy:
iron meteorites have the main part of alloy, stony-iron meteorites have around a half content of
metallic alloy while stony meteorites usually have much smaller amount of metal then other iron-
bearing phases. Fe-Ni alloy in meteorites demonstrates the presence of the a-Fe(Ni), a,-Fe(Ni), y-
Fe(Ni) and y-FeNi phases. Mdssbauer spectroscopy was applied for the study of Fe-Ni alloy in
some meteorites to analyze their phase compositions and the °’Fe hyperfine parameters (for review
see [2, 3] and references therein).

Iron meteorites. Room temperature Mossbauer spectra of Chinga iron ungrouped and
Sikhote-Alin 11AB are shown in Fig. 1 to demonstrate differences in these spectra decompositions
which are related to the different phase compositions. Magnetic sextets revealed in the Chinga
spectrum were assigned to the following phases: a,-Fe(Ni) (sextets 1-5), a-Fe(Ni) (sextets 6, 7)
and y-Fe(Ni) (sextets 8, 9). Three magnetic sextets found in the Sikhote-Alin spectrum were

associated with a-Fe(Ni) phase.
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Fig. 1. Room temperature Mdossbauer spectra of Fe-Ni-Co alloy from Chinga iron-ung and Sikhote-Alin 11AB iron
meteorites. Indicated components are the results of the best fits. The differential spectra are shown on the bottom.
Stony-iron meteorites. Room temperature Mdssbauer spectrum of Fe-Ni alloy extracted from
Seymchan main group pallasite (PMG) is shown in Fig. 2. Basing on the He values, magnetic
sextets 1 and 2 were assigned to the a,-Fe(Ni) phase, sextets 3—6 were associated with the a-Fe(Ni)
phase while sextets 7 and 8 were related to the y-Fe(Ni) phase.
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Fig. 2. Mossbauer spectra of Fe-Ni alloy extracted from Seymchan PMG, grains extracted from Tsarev L5 and
internal part of Isheyevo CH/CBb. Indicated components are the results of the best fits. The differential spectra are

shown on the bottom.

Stony meteorites. Room temperature Mdssbauer spectra of Fe-Ni grains extracted from
Tsarev L5 ordinary chondrite and internal part of Isheyevo CH/CBb carboneceous chondrite are
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shown in Fig. 2. Magnetic sextets revealed in the spectrum of metal grains extracted from Tsarev
L5 were attributed to the a-Fe(Ni), a-Fe(Ni) and y-Fe(Ni) phases. Basing on the Hes values, the
revealed magnetic sextets in the Isheyevo spectrum can be related to the following metal phases: the
oo-Fe(Ni) phase (1 and 2), the a-Fe(Ni) phase (3-6), the y-Fe(Ni) phase (7 and 8). The presence of
several magnetic sextets for one phase was also explained as a result of variations in Ni content in
the iron local microenvironments within one phase.

Maossbauer study of Fe-Ni alloy in various meteorites suggested the following relations of the
*"Fe hyperfine parameters and Fe-Ni phases: Hett > ~345 kOe for the o,,-Fe(Ni) phase, ~327 kOe <
Hesr < ~345 kOe for the a-Fe(Ni) phase, ~283 kOe < Hes < ~327 kOe for the y-Fe(Ni) phase (the
values of Her < ~290 kOe may also be associated with the y-FeNi phase) and ~—0.20 mm/s < 6 <
~0.15 mm/s for the paramagnetic y-Fe(Ni) phase.

This work was supported by the Ministry of Science RF, project # FEUZ-2020-0060.

[1] J.T. Wasson, Meteorites. Classification and Properties, Springer-Verlag: Berlin, Heidelberg, New York,
1974, pp. 1-320.

[2] A.A. Maksimova, M.I. Oshtrakh, Minerals, 11, 612 (2021).

[3] A.A. Maksimova, M.V. Goryunov, M.I. Oshtrakh, Minerals, 11, 614 (2021).

CBEPXTOHKHUE ITAPAMETPBI °’Fe B CIIVIABE Fe-Ni PA3JIMYHBIX
METEOPUTOB

M.B. FODIOHOBl*, M. OHJTan1
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MeteopuTsl OCTUTAIOT MOBEPXHOCTH 3E€MJIM KaXKIbId JIEHb W HECYT YHHUKAJbHYIO
nHpopManHoo 0 Tporeccax ¢opmupoBaHus BeniecTBa COJHEYHOW CHCTEMBI, TMOCIEAYIOINX €ro
TpaHcopMaIMsIX U JCHCTBUAX O3KCTPEMAIbHBIX KocMuueckuX (akropoB [1]. BombmimHCTBO
METEOPHUTOB COJEPXKHUT ciutaB Fe-Ni: B JKele3HbIX METEOpUTaX OH COCTABJIICT OCHOBHYIO 4acCTb, B
Kele30-KaMEeHHBIX, TIPUMEPHO, TI0JIOBUHY, 8 B KAMEHHBIX — rOpa3/i0 MEHBIIYIO YacTbh, YeM JIPYTUe
xenezoconepkane (asel. B crutaBe Fe-Ni B mereopurax moryr comepskarbest o-Fe(Ni), op-
Fe(Ni), vy-Fe(Ni) u vy-FeNi ¢a3pl. MeccbayspoBckas CIEKTPOCKOIMS MPUMEHSIACH  JUIs
uccienoBanus cruiaBa Fe-Ni B HEKOTOphIX MeTeopuTax [yl aHaiu3a UX (a3oBOro COCTaBa W
CBEPXTOHKHX IIapaMeTpoB ° Fe (Hanpumep, [2, 3] # CChUIKH B HHX).

7Kene3nble MeTeOpUTHI. V3MepeHHbIe TPH KOMHATHOH TEMIIEpaType MeccOaydIpOBCKUE CIIEKTPBI
(MC) crutaBa Fe-Ni mereopuro Yunre (Iron-ung) u Cuxors-Amuns |IAB, npusenenst Ha Puc.l. Ipu ux
anmpoKCUMalMi ObUIM BBISBJICHBI pa3ivdusi, BbI3BaHHBIC pa3HbIM (Pa3oBOM cocTaBOM. MarHuTHbIE
CEKCTEThI, BBIABJICHHBbIC B CcrekTpe YUWHre ObUTM OTHECEHBI K cieayromum ¢aszam: op-Fe(Ni)
(cexcretnt 1-5), a-Fe(Ni) (cexcretst 6,7) u y-Fe(Ni) (cexcrerst 8,9). Bece Tpu MarHMTHBIX CEKCTETA,
MOJIyYEHHBIE TP anmpokcuMaiuu crektpa Cuxord-Anunb, Obutn oTHeceHbI K oi-Fe(Ni) dase.

Kese3o-kaMeHHbIe MeTeOpHTHI. [3MepeHHbI npu komMHaTHOM Temneparype MC cruiaBa
Fe-Ni, nomyuennoro u3 mereopurta Ceiimuan (PMG) mpuBenen Ha Puc.2. OcHOBBIBasCh Ha
3HaueHUH Hefr, MarHuTHBIC cekcTeThl 1 U 2 ObutH oTHeceHb! K a-Fe(Ni) dase, cexcrerst 3-6 k -
Fe(Ni) dase, a cexcreret 7 u 8 k y-Fe(Ni) cdase. KBanpynosbHsiii ayoner 9 Obul OTHECEH K
coeuHeHnaM Fe**, SBISIOMEMIUCS Pe3y/TbTaTOM 3eMHOTO BHIBETPHBAHHS.

Kamennsbie meteoputnl. M3mepennsie npu komHaTHOW Temmneparype MC 3epen Fe-Ni u3
oObIkHOBeHHOTO XOHApHTa [lapeB L5 u BHyTpenHeii yactu yrimucroro xoHputa Mmeeso CH/CBb
nmokazanel Ha Puc.2. MarHuTHbIe CEKCTETHI, BBISBICHHBIE B ciydae Mereoputa llapeB L5 Obuin
otHecenbl K ap-Fe(Ni), a-Fe(Ni) u y-Fe(Ni) da3zam, a Mmeeso k dazam: az-Fe(Ni) (1 u 2), a-Fe(Ni)
(3-6) u y-Fe(Ni) (7 u 8). Hanuume HECKOJBKUX MArHUTHBIX CEKCTETOB Ui OJHON (a3l
00BsICHAETCS UI3MEHEHUEM coJiepkaHust Ni B JIOKaJIbHOM OKPY>KEHHH siiep F€ BHyTpu o/1HOM (ha3bl.

Pabota BrImosHEeHa npu noiepxkKke Munuctepersa Hayku PO, npoext # FEUZ-2020-0060.

137


mailto:goryunov_asd@mail.ru

Section 6 «Mineralogy, Earth sciences, ecology and cultural heritage»

GAMMA-RESONANCE STUDIES OF ROCKS OF THE MIDDLE EAST
(Kingdom of Saudi Arabia, Turkey)

M.M. Huseynov"

Kh.l. Amirkhanov Institute of Physics of the Russian Academy of Sciences, Makhachkala, Russia
*e-mail: gusmagm@yandex.ru

Rock research is of scientific and practical value. According to modern geological science, the
mass of the Earth increases annually by a billion tons due to space objects falling on it - meteorites,
asteroids, space dust [1]. The discoveries of modern astrophysics show that iron and many other
elements in the form of meteorites, asteroids and cosmic dust came to the Sun and its planets from
outer space billions of years ago [2, 3]. According to the "cosmic” hypothesis, iron should be dis-
persed over the entire surface of the Earth and contained in rocks, sea and river sediments. To this
end, we have studied more than 100 rocks and river sediments of different morphology, collected
from different territories (Russia, Europe, Asia, the Middle East, the USA), in which iron was found
both in free and in the composition of different oxides and in different physico-chemical states. 20
rock samples from the territories of Saudi Arabia and Turkey were studied in the work. The samples
were crushed rock powder in an agate mortar. An example of decoding the °’Fe spectrum in the
S.Arabia (Hira-2) sample is shown in the Fig.1. The main parameters of the spectra, the phase
composition of rocks, which consist mainly of FeOOH+FeOnH (goethite), Fe,O3; (hematite), and
FesO4 (magnetite) are determined. In free form, iron is not represented in any of the samples.
According to isomeric shifts, the Fe valence in the samples corresponds to all possible valence
states of iron in oxides.

1.00 [smike
0.96 |4

0.92 H

Adsorption rel. unit

0.88

V, mm/s
Fig. 1. The Mossbauer spectrum of °’Fe in the sample of S.Arabia (Hira-2)

[1] A.M. Ieuepckuii, 3emus u Beenennas 6, 68—77 (2010).
[2] H.A. MesenuH, 3anumamensro o sceneze. Mocksa: Metamtyprusi, 1977.
[3] P. Tarakeshwar, P.R. Buseck, and F.X. Timmes, The Astrophysical Journal 879, 2 (2019).
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I'AMMA-PE3OHAHCHBIE UCCJIEJOBAHMUS I'OPHBIX ITOPO/{
BJINKHEI'O BOCTOKA (KopoaescTrBo Caynosckasi Apaus, Typuus)

M.M. I'yceiinos.

Hnemumym ¢uzuxu um. X U. Amupxanosa JJOUIL] PAH, Maxaukana, Poccus
*e-mail: gusmagm@yandex.ru

HccnenoBanuss TOpHBIX NOpPOJ MPEACTaBISET HAYYHYIO U IPAKTUYECKYIO II€HHOCTb.
CoryiacHO COBPEMEHHOH TI€OJIOTUYECKOM Hayke, Macca 3eMJIM €KEroJHO YBEJIWYMBACTCS Ha
MUJUIMAp/A TOHH M3-3a MAJAIOUIMX Ha Hee KOCMUYECKUX OOBEKTOB — METEOPHUTOB, acTEPOU[IOB,
kocMmudeckor mbutd [1]. OTKpBITHS COBpPEMEHHOW acTpO(U3UKH IMOKA3bIBAIOT, YTO IKEJIe30 M
MHOTHE JIpYTHE€ 3JIEMEHTHI B BUJIE METEOPUTOB, ACTEPOUJIOB U KOCMUYECKON MbUIM MUJUTMAPABI JIET
Hazan nomaiu Ha CoJHIE U ero TuiaHeTsl 3 kocMoca [2, 3]. CorylacHO «KOCMHYECKOi» THIoTese,
KeJe30 JOJDKHO OBITh paccestHo MO BCel MOBEPXHOCTH 3€MIIM U COJEPKAThCsl B TOPHBIX MOPOJAX,
MOPCKHX M peuHbIX oTiokeHusx. C atoi nenbio Hamu metogoMm SATPC uccrnenosansr 6ose 100
pa3HbIX M0 MOP(}OJIOTHH TOPHBIX MOPOJ U PEUHBIX OTIIOKEHUN, COOpaHHBIE C Pa3HbIX TEPPUTOPUI
(Poccus, EBpona, Aszus, bmwkuuii Boctok, CIIA), B KOTOpbIX OOHapyKeHbI KeIe30 Kak B
CBOOOJHOM BHJE, TaK M B COCTaBE pA3JIUYHBIX OKCHUAOB M B pPa3HBIX (PU3MKO-XUMUYECKUX
cocrosiHusX. B pabGote uccienoBansl 20 oOpas3loB ropHbeIX Mopoj ¢ Tepputopuit CaynoBckoit
Apasun u Typruu. OOpa3ibl npeAcTaBisiiin coO0W M3MENbYEHHBIN B araToBOi CTyIE MOPOIIOK
ropubix mopox. ITpumep pacmudpoBkr criektpa ° Fe B obpasue S.Arabia (Hira-2) mpuBenes Ha
Fig.1. OnpeneneHbl OCHOBHBIC TTApaMETPhI CIIEKTPOB, (Ha30BbIi COCTAB MOPOJI, KOTOPbIE COCTOST B
ocHoBHOM n3 FeOOH+FeOnH (retut), Fe,O3 (remarut) u FesO4 (Marnerut). B cBoOOHOM BHjIE
AKeJe30 He MPEJICTABICHO HU B OJTHOM M3 00pa3uoB. 1o JaHHBIM M30MEPHBIX CABUIOB BaJICHTHOCTh
Fe B 0Opa3iax coOTBETCTBYET BCEM BO3MOXKHBIM BaJIEHTHBIM COCTOSIHUSIM JK€JI€3a B OKCHJIaX.
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A NEW APPROACH TO THE INTERPRETATION OF
THE *"Fe MOSSBAUER ISOMER SHIFTS

S.K. Dedushenko®”, Yu.D. Perfiliev?

'Lyalin Pereulok 24/26-43, Moscow 101000, Russia
Department of Chemistry, Moscow State University, Lenin Hills 1-3, Moscow 119992, Russia
*e-mail: dedushenko@mail.ru

Analysis of the available experimental data on iron compounds has shown the following [1]:

The °"Fe Mossbauer isomer shift (IS) depends on the average interatomic distance between
the iron ion and the ions of its first coordination sphere (alD), on the chemical nature of these ions,
and also on the iron coordination number. An increase in alD and a decrease in the coordination
number lead to an increase in IS.

For a given polyhedron, the correlation between IS and alD is close to linear with a slope of
about 0.04 mm-s™-pm™. A change in the oxidation state of iron (OSg.) affects 1S, since a change in
OSke causes a change in alD due to a change in the number of electrons on the valence shell of iron;
the more OSg, the less IS. If the alD of differently charged ions are close (e.g., for the pair
H4[Fe(CN)e] and Hs[Fe(CN)g]), then the IS values do not differ significantly.

A change in the spin state of an iron ion affects IS insofar as this change causes a change in
alD. In particular, the transition from the high-spin to the low-spin state in iron(ll) spin-crossover
compounds leads to a decrease in alD and, accordingly, to a decrease in IS.

A change in the spatial structure of the iron coordination polyhedron may affect IS. This was
observed when comparing tetrahedral and square-planar iron(ll) oxygen polyhedra. The tetrahedral
and square-planar oxygen polyhedra of high-spin iron(Il) show increased IS values.

The replacement of ions surrounding iron with ones of larger radius leads to an increase in
alD. In this case, if the electronic structures of the substituted and substituting ions are similar, the
increase in alD corresponds to the difference in the radii of these ions, while IS changes
insignificantly. This was observed when comparing the pairs of compounds with [FeS,]-[FeSeq],
[FeFs]-[FeClg], and [FeCl,]-[FeBr,] polyhedra.

In terms of the orbital model of the electron shell of the atom, the above data can be explained
by the interactions of the 4s-orbital of iron with its other valence orbitals (undergoing
hybridization), as well as with the orbitals of the ions surrounding iron (establishing directional
chemical bonds). These interactions affect the electron density at the iron nucleus:

1+n+m . 2
WP =) |yl (@
where n = 0...3 and m = 0...5 are the numbers of the 4p- and 3d-orbitals involved into sp"d™-
hybridization. The corresponding contributions depend on the distances between the iron ion and
the ions surrounding it, but do not depend on the number of orbitals involved into hybridization or
on the number of directional chemical bonds. The electron shell of each ion of the iron polyhedron
also makes an additional (non-bonding) contribution to the electron density at the iron nucleus.

In some specific cases (e.g., for iron in noble gas matrices), the observed unusually low IS can
be explained by the filling of the 4s-orbital of iron with its valence non-bonding electron(s).

[1] S.K. Dedushenko and Yu.D. Perfiliev, Hyperfine Interactions 243, 15 (2022).
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HOBBIi OJIXO0/1 K UHTEPIIPETALIUUA
MECCBEAYDPOBCKUX U30MEPHBIX CJIBUTOB 'KEJIE3A

C.K. Jlexymenko®’, 10.]1. epdumbes?

Y Mocxea, JTanun nepeynox 24/26-43
2 Xumuueckuil @d-m MI'Y um. M.B.Jlomonocosa
*e-mail: dedushenko@mail.ru

AHanu3 HMEIUXCS HKCIEPUMEHTAJIbHBIX JaHHBIX I10 COEIUHEHMSIM Keje3a IoKazaj
cleaymolee:

MeccbayapoBckuii m3oMepHBbIid caBur (IS) 3aBHCHUT OT CpeTHETO MEXKATOMHOTO PACCTOSTHHS
MEXJYy HMOHOM jKejle3a U MOHAaMU €ro nepBoi kKoopAuHanMoHHOU cdepsl (alD), or xumuueckoin
NpUPOABl ATUX HOHOB, a TAKXKE OT KOOPJAWHAIMOHHOTO YHCIAa Xejeza. YBenudeHnue alD u
YMEHbIIIEHNE KOOPIAUHAIIMOHHOTO YUCIIa IPUBOAT K yBeIrueHuto IS.

JUis AaHHOTO KOOPAMHALMOHHOTO Modudapa Koppemsiuus Mexay [S u alD Onmska k
nuHeiiHoH ¢ HakioHoM okono 0,04 mM-clmv™. M3menenne cremenu oxucieHus xenesa (OSge)
BiusieT Ha IS, mockonbky m3Menenue OSpe BbI3bIBaeT u3MeHeHue alD 3a cuer m3MeHeHus yucia
AJIEKTPOHOB Ha BAJICHTHOW 000JI0UKe kKeme3a; yeMm Ooubiie OSge, Tem Menbie [S. Ecim alD nonos
¢ pa3HbIM 3apsigoMm Onusku (Hampumep, kak y napbl Ha[Fe(CN)s] u H3[Fe(CN)g]), To 3nauenus IS
CYIIECTBEHHO HE Pa3InyaroTCsl.

W3MmeHeHne CIMHOBOTO COCTOSIHMSI MOHA »Keje3a BiuseT Ha IS, MocKoJibKy 3TO M3MEHEHUe
BbI3bIBaeT u3MeHeHue alD. B uyacTtHOoCTHM, mepexoa M3 BBICOKOCIIMHOBOTO B HHU3KOCIHMHOBOE
coctossHue B coeauHenusx skene3a(ll) cnuHOBBIM mepexomom (SPIN CroSSOVer) MPHBOIWT K
yMeHbIIeHuIo0 alD 1, COOTBETCTBEHHO, K YMEHBIIICHUIO [S.

V3MmeHeHHne MPOCTPAaHCTBEHHON CTPYKTYPbl KOOPAMHAIIMOHHOTO TOJM3pa JKejle3a MOXKET
noBiuATh Ha |S. Dro HabmiomaeTcs mpu CpaBHEHUU TETPASAPUUYECKUX M IIOCKO-KBaJPaTHBIX
KHUCJIOPOJHBIX TOJURIPOB Kene3a. TeTpa’Apuueckre U IUIOCKO-KBaJpaTHBIE KUCIOPOJHBIE
MOJIMAIPBI BEICOKOCTTMHOBOTO JKese3a(ll) moka3siBaroT moBKIICHHBIC 3HaUeHUS [S.

3amelieHue HOHOB, OKPYXKAIOUINX KeJIe30, Ha MOHBI OOJIbILEro pajuyca NpuBoauT K pocty alD.
[Ipu »TOM, eciau 3JIEeKTPOHHBIE CTPYKTYPhI 3aMEIIaeMOro M 3aMEIIaloNIero MOHOB aHAJOTHUYHBI,
poct alD cooTBeTcTBYET pasHHIE PaAUyCOB 3THUX HMOHOB, a |S M3MeHsieTcs He3HAYUTEIbHO. JTO
HAOJII0IaI0Ch MPH CPaBHEHUU MAp COeAMHEHHi ¢ mosmdapamu [FeS,]-[FeSes], [FeFes]-[FeCls], u
[FeCl4]-[FeBr4].

B pamkax opburtanabHOM MOJENU 3JIEKTPOHHOM 000JI0UKH aTOMa IMPUBEICHHBIE BHIIIE BHIBOIBI
MOXXHO OOBACHUTH B3aUMOJEUCTBUEM 4s-OopOMTalu >Keie3a € JPYTMMH €ro BaJICHTHBIMH
opOuTanaMu (ImyTeM TuOpHUIN3alNN), a TAKXKE C OPOUTAISIMU HOHOB, OKPYXAIOIIHNX jKele30 (3a cyer
00pa3oBaHUs HAIMPABJICHHBIX XMMHUYECKUX CBs3el). DTO B3aMMOICHCTBUE BIMSIET HA AIIEKTPOHHYIO

INIOTHOCTD Ha AJpPeC Keiesa.
2 1+n+m 0 2
|lp5 (0)| = ZI_=1 V{Epn dm(0)| !

rme N =0...3 um = 0...5 — gucno 4p- u 3d-opOurasneii, BOBICUCHHbIX B Spndm-FI/I6pI/I,I[I/I3aI_II/II-O.
CooTBeTCTBYIOMINE BKJIA/bl 3aBUCAT OT PACCTOSHUM MEXKIy MOHOM >Keje3a U OKPYKAIOIIUMHU €ro
MOHAMH, HO HE 3aBUCAT OT YHUCIa OpOMTajell, yJacTBYIOIIUX B THOPUAM3AINH, WIM OT 4YHCTa
HAMpPaBJICHHBIX XUMHUYECKHX CBSI3€H. DJEKTpOHHAas 000JOUKa Ka)XJAOro HMOHA TOJHUDJpa XKenes3a
Tak)Ke€ BHOCHUT JIOTIOTHUTENBHBIN BKIIAJ] B JIEKTPOHHYIO TNIOTHOCTH Ha sIJIpe JKesesa.

B HekoTophIX cnenuduueckux ciaydasx (Hampumep, Ui jkelie3a B MaTpullax OJaropoIHbIX
ra3oB) HaOI0JaeMble HEOOBIUHO HU3KHE [S MOXKHO OOBSCHUTH 3amoTHEHHEM 4s-0pOUTaIH Kene3a
€ro BaJICHTHBIMH HECBS3bIBAIOIIMMHU JIEKTPOHAMHU.
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MOSSBAUER STUDY OF THE IRON-BASED NANOCATALYSTS FOR THE
FISCHER-TROPSCH SYNTHESIS

K.V. Frolov!”, M.1. Ivantsov?, M.V. Kulikova®

'Shubnikov Institute of Crystallography of FSRC “Crystallography and Photonics” RAS, Moscow, Russia
Topchiev Institute of Petrochemical Synthesis RAS, Moscow, Russia
*e-mail: green@crys.ras.ru

Fischer-Tropsch synthesis is an important part of most processes for converting alternative
raw materials (associated gas, coal, peat and various types of biomass) to the components of
different fuels and chemicals (olefins, alcohol, n-alkanes). In recent years, nanoscale metal-carbon
materials as catalysts for the Fischer-Tropsch synthesis have increasingly garnered the interest of
the researchers. Iron- and Cobalt- based catalysts have higher catalytic activity, lower cost, and high
selectivity for hydrocarbons formation compared to the other catalysts [1-4]. The introduction and
regular distribution of the catalytic active metal particles into carbon matrix is carried out by the
different methods during the heat treatment of mixtures of different organic precursors and metal
salts when the ordered carbon structures are formed and simultaneously the metal reduction occurs
with the participation of the organic destruction products. Precise quantitative information on the
phase composition and electronic states of metal ions in the catalyst are required to control the
structure of a nanocomposites and their properties.

The results of the °’Fe Mdssbauer spectroscopy measurements at room temperature of the
iron-based nanocomposites, which are prepared by different methods from the mixtures of metal
salts with the polymers, organic precursors (glucose, starch, polyvinyl alcohol), and carbon fiber are
presented. Phase transformations of iron oxides and carbides during catalysis, structural and
electronic states of Fe ions are determined and discussed.

In part of the Mossbauer spectroscopy measurements this work was supported by the Russian
Ministry of Science and Higher Education within the State assignment of the FSRC
“Crystallography and Photonics” of RAS.

[1]. C. Zhu, G.M.Bollas, Appl. Catal. B: Environ. 235, 92 (2018).

[2] A.A. Vasilev, M.N. Efimov, G.N. Bondarenko et al, Chem. Phys. Lett. 730, 8 (2019).
[3] J.-S. Bae, S.Y. Hong, J.Ch. Park et al, Appl. Catal. B: Environ. 244, 576 (2019).

[4] F. Lu, X. Chen, Z. Lei, L. Wen, Y. Zhang, Appl. Catal. B: Environ. 281, 119521, (2021).
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MECCBAYJPOBCKOE NUCCJIEAOBAHUE HAHOKATAJIMN3ATOPOB HA
OCHOBE KEJIE3A IS CUHTE3A ®UHIEPA-TPOIIIIA

K.B. CDQOHOBl*, M.B. I/IBaHI_IOBZ, M.B. Kan/IKOBa2

1HHcmumym kpucmannoepaguu umenu A.B. , [llyonuxosa O@HUI] «Kpucmannoepgus u
@pomonuka» PAH, Mocksa, Poccus

2HHcmumym Hegmexumuuecrxoeo cunmesa umenu A.B. Tonuesa, Mockea, Poccus
*e-mail: green@crys.ras.ru

Cunre3 @uuepa-Tpomma  sBISETCS  BaXHOW  4YacThlO  OOJBILIMHCTBA  IPOLIECCOB
npeoOpa3oBaHusl AIBTEPHATHUBHOTO CHIPBS (IIOIYTHOTO ra3a, yriis, Topda W pa3IUYHBIX BHJIOB
OuoMaccel) B KOMIIOHEHTHI Pa3jIUYHbIX TOIUIMB U XMMHUKATOB (OJ€QUHBI, CIUPT, H-ajlKaHbl). B
MOCJIETHUE TOJbl HAaHOpPAa3MEpPHbIE METaUI-yIJIepOJHblE MaTepuaibl B KAaueCTBE KaTalIU3aTOPOB
cuHTe3a Pumiepa-Tpomniia BbI3BIBAIOT BCE 00NN MHTEpeC HcchaenoBareneil. Katanuzaropsl Ha
OCHOBE jKeJie3a U KoOajabTa 001a1aroT 0oJiee BHLICOKOM KaTaJUTHUYECKONH aKTMBHOCTBLIO, MEHBIIEH
CTOMMOCTBIO U BBICOKOM CEJIEKTHUBHOCTHIO 00pa30BaHuUsl YII€BOJAOPOJOB M0 CPAaBHEHUIO C JPYTUMU
karanu3atopamu [1-4]. BBenenue u paBHOMEpPHOE pacHpelieieHHe 4YacTHIl KaTaJTuTHYEeCKU
aKTUBHOTO MeTajyla B YIJIEPOAHYIO MAaTPHIy OCYIIECTBIISETCS Pa3IUYHBIMU CIIOCO0aMHU IpH
TEpMOOOpabOTKe cMecel pa3IMYHbIX OPraHWYEeCKUX MPEKYpPCOPOB M COJIEH METaIOB B Ipoliecce
(dbopMHUpOBaHMS YIOPSAOYEHHBIX YIJIEPOJIHBIX CTPYKTYP U OJIHOBPEMEHHOI'O BOCCTAHOBJICHUS
MeTaljla C y4aCTHeM TMPOJAYKTOB OPraHMYECKOro pasziokeHus. TouyHas KOJIWYECTBEHHAs
nHpopmanug o (pa3oBoOM cocTaBe M INEKTPOHHBIX COCTOSHUAX MOHOB METANIOB B KaTajlu3aTope
HeoOxoIuMa JJIsl yIpaBJIeHUs CTPYKTYpOi HAHOKOMIIO3UTOB M UX CBOMCTBAMHU.

B paborte mpencraBieHbl pe3ynbTaThl M3MEPEHHM MPU KOMHATHOW TeMIlepaType METOJI0M
MECcOayIPOBCKOIl  CIIEKTPOCKONTMM Ha spax ° Fe HAHOKOMIIO3HTOB Ha OCHOBE JKeNesa,
MOJTYYEHHBIX Pa3JIMYHBIMUA METOJAMH U3 CMECEH COJEel METaIOB C MOJIUMEpPaMHu, OPraHUYECKUMHU
npeKypcopamu (TJII0K030#, KpaxmalioM, MOJMBHUHUIOBBIM CHHUPTOM) U YIJIEPOJHBIM BOJIOKHOM.
Omnpenenenbl U 00CykeHbI (ha30BbIE MPEBPAILLEHUS MPU KaTallu3e OKCHAOB U KapOWIOB kelnesa,
CTPYKTYPHOE U 3JIEKTPOHHOE COCTOSIHUS MOHOB Fe.

B wactu MéccOay’poBCcKHX H3MEpeHMI paboTa BBINOJHEHA MpU (PUHAHCOBOM MOIACPIKKE
MuHnuctepcTBa oOpa3oBaHus W Hayku Poccuiickoii ®denepanuu B pamMKax TOCYAapCTBEHHOTO
3amanust OHULL «Kpuctammorpadus u poronuka» PAH.
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NEW MODEL OF MOSSBAUER SPECTROMETER MS-2020

D.A. Sarychev’, D.N. Sivokon, M.Yu. Zekhtser, S.V. Khristich,

Research Institute of Physics of the Southern Federal University, Rostov-on-Don, Russia
*e-mail: dasarychev@sfedu.ru

A new model of the MS-2020 Mossbhauer spectrometer with significantly improved Doppler
modulation parameters and adaptive tuning has been developed.

The digital part of the MS-2020 electronic unit is made on a high-performance
STM32F765VGT6 microcontroller, in which the software and hardware implements an algorithm
for adaptive adjustment of the modulator's operating mode with variable load values on its movable
part, Mossbauer and amplitude spectrum drives, and a synchronization system of two MS-2020
electronic units with each other, which makes it possible to implement a synchronous operation
mode two modulators. Interaction with a personal computer is carried out by means of the FT232H
chip, which acts as a converter of the USB interface to SPI.

The key components of the analog part are the following chips: The AD5762R DAC, which is
a 16-bit converter with a low level of intrinsic noise and an extremely low value of nonlinear
distortion, the AD7685 16-bit ADC, which digitizes the modulator control error signal for further
use by the automatic tuning algorithm, and for displaying the error signal to the user. It is possible
to compensate for temperature drifts.

The MS-2020 spectrometer is controlled by a special program of a personal computer (PC)
with Windows OS (version 7 or newer) via the USB port of the computer corresponding to the
standard version 1.1 or higher. The control program allows you to automatically set up and start the
modulator of the Mossbauer spectrometer in the mode of constant acceleration, constant speed, and
intervals with the desired speed ranges, configure one or two spectrometric channels and enable the
accumulation of spectra. The built-in microcontroller software allows you to maintain the operation
of the spectrometer modulator in the selected mode and accumulate Mossbauer spectra in two
spectrometric channels in offline mode, without constant connection to a PC.

The new model of the Mossbauer spectrometer is compatible with the analytical unit of the
previous model - the MS1104E spectrometer. The appearance of the control program is deliberately
made as similar as possible to the control program of the old model. As before, the management of
the various components of the spectrometer is focused on the corresponding tabs of the main
program window: storage, discriminator, modulator, and cryostat. Due to internal calibration, the
desired speed of movement can be set with an accuracy of up to hundredths of mm/s. At the same
time, the characteristics of the movement are demonstrated:

- high-speed noise is better than 0.002% of the maximum speed of movement;

- the nonlinearity of the modulator speed does not exceed 0.01%;

- the error of setting the modulator speed is less than 0.1 mm/s;

- the maximum speed range of the modulator is not less than 100 mm/s.
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HOBASA MOJIEJIb MECCBAYA3POBCKOTI'O CHEKTPOMETPA MS-2020
JI.A. Capsrues’, JI.H. Cusoxons, M.IO. 3exuep, C.B. Xpucruy,

HUU uzuku FOxncroeo ghedepanvrozo ynusepcumema, Pocmoes-nua-/{ony, Poccus
*e-mail: dasarychev@sfedu.ru

Pa3paborana HOBas Mojenb MéccOay’poBckoro crekrpomerpa MS-2020 ¢ cymiecTBeHHO
YIIYYIIEHHBIMH IIaPAMETPAMHU JOIUIEPOBCKON MOAYJIALIMHU U aAANITUBHON HACTPOUKOM.

udposas yacTs 31eKTpoHHOTO O10Ka MS-2020 BBINIOTHEHA HA BBICOKOIIPOU3BOAUTEIIEHOM
MukpokoHTpoiiepe STM32F765VGT6, B KOTOpOM MNpOrpaMMHO-aIapaTHBIMU CPEACTBAMU
peain30BaH aJrOpPUTM aJallTUBHOM HACTPOMKH pexuma paboThl MOAYIATOPA C H3MEHSEMBIMU
3HAYEHUSIMU HArpy3KHd Ha €ro MOJABMKHYIO YacTh, HAKOMUTENN MeccOaydpOBCKUX U aMILTUTYIHBIX
CIEKTPOB, U CHUCTEMa CHHXPOHHU3AIMHU JIBYX 3JIEKTPOHHBIX O10k0B MS-2020 Mexnay coboii, uyTo
ofOecrieunBaeT BO3MOXKHOCTh pealM3all peXHMa CHHXPOHHON paboThl JBYX MOIYJISTOPOB.
B3aumoneiicTBue ¢ NEpCOHANBHBIM KOMIIBIOTEPOM MPOU3BOAMTCS MOCPEACTBOM MHKPOCXEMBbI
FT232H, xotopas BbICTyHaeT B KauecTBe IpeodpaszoBarens unrepdeiica USB B SPI.

KiroueBbIMM KOMIIOHEHTaMU aHAJIOTOBOM YacTH SIBJSIIOTCS cliefyrone Mukpocxemsl: LTATL
ADS5762R, mnpencraBnstomnii coboir 16-u OuTHBIM npeoOpazoBaTesb C HU3KUM YPOBHEM
COOCTBEHHBIX IIIYMOB W KpallHEe HU3KWM 3HAUYCHHEM HEIWHEWHBIX MCKakeHuH, 16-u outabiid AL
AD7685, xoTopblil o1u(ppOBHIBAET CUTHAJ OLIMOKH PErylIMpoBaHUs MOAYISTOpA A JaIbHEUIIEro
WCIOJIb30BAHUS aJITOPUTMOM aBTOMATHUYECKUN HACTPOWKH, U JIJIs1 OTOOpa)KeHUs CUTHaJIa OMIMOKU
nosib3oBarento. [IpegycMoTpeHa BO3MOKHOCTh KOMITEHCAIIMHN TEMITEpaTypHBIX Apen(doB.

VYmupaBnenue crnektpomerpoM MS-2020 ocymecTBiaseTcss CHENHATbHOW MPOTPaMMOM
nepcoHanpHoro kommpiotepa (I1K) ¢ OC Windows (Bepcum 7 wim 6osiee HOoBoi) yepe3 USB-niopt
KOMITIBIOTEPA, COOTBETCTBYIOLIUM CTaHAAPTY Bepcuu 1.1 wmm Beimie. Ympapisioimias nporpamma
MI03BOJISICT aBTOMATUYECKU HACTPOUTH U 3aIlyCTUTh MOIYJIATOP MECCOAYIPOBCKOIO CIIEKTPOMETpPA B
PEKHMME IOCTOSTHHOTO YCKOPEHUs, IIOCTOSIHHOM CKOPOCTH M MHTEPBAJIOB € HY)KHBIMH JUANa30HAMHU
CKOPOCTEH, HACTPOUTH OJWH WM JBa CHEKTPOMETPHYECKHX KaHaJla M BKJIIOYUTH HAKOIUICHUE
cnektpoB. Berpoennoe 110 MuKpokoHTposuiepa MO3BOJISET MOAJEPKHUBATH PabOTy MOAYISATOpa
CIEKTpOMETpa B BBIOPAaHHOM pEXHMME U HaKaliiuBaTh MéEccOay’pOBCKHE CIEKTPbl B JABYX
CIIEKTPOMETPUUYECKUX KaHallaX B aBTOHOMHOM pexume, 0e3 noctosiHHoro noaxitouenus k [K.

HoBass Mozenbs Mé&ccOayIpOBCKOro CHEKTPOMETpPA COBMECTUMA C AHAIMTUYECKUM OJIOKOM
npeapiaymed Monenu - crnekrpomerpa MS1104E. BHemnwmii Buj ynpapisiomield MporpaMMbl
IIPEIHAMEPEHHO CIIENaH MaKCUMAaJIbHO ITOX0XKMM Ha YIPABIAIOLLYIO IIPOrpaMMy CTapod MOJEINH.
Kak u panbiie, ynpasieHHE pPA3IMYHBIMM KOMIIOHEHTAaMHU CIEKTPOMETPAa COCPENOTOYEHO Ha
COOTBETCTBYIOIIMX BKJIAaJKaX IJIABHOIO OKHA IIPOrpPaMMBbl: HAKOMIMTENS, JAUCKPUMHUHATOPA,
MOJYJATOpPa M KpHOCTara. 3a CYE€T BHYTPEHHEH KaJMOPOBKHU JKEJIAEMYK CKOPOCTb JBHKCHHS
MOJKHO 33/1aTh C TOYHOCTBIO J0 COTHIX Aojel MMm/c. IIpu 3TOM JeMOHCTPUPYIOTCS XapaKTEepUCTUKH
JBYOKCHMUSL:

- ckopocTHOM 1myM ay4dire 0,002% oT MakcUMalIbHON CKOPOCTH ABWKEHNUS;

- HEJIMHEMHOCTh CKOPOCTH Moy isATopa He npesbimaer 0,01%;

- ommmMOKa 3a/laHusl CKOPOCTH MOTyJsITopa coctaniser meree 0,1 Mm/c;

- MaKCHMAJbHBIN AMana3oH CKOPOCTU MoaynsaTopa He MeHee 100 Mm/c.
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DOPPLER MODULATOR: PRINCIPLES OF CONSTRUCTION AND
PROSPECTS OF DEVELOPMENT

V.G. Semenov*”, V.V. Panchuk?, N.A. Makarov!

'Saint Petersburg University, Saint Petersburg, Russia
*e-mail: val_sem@mail.ru

In Mossbauer spectroscopy, Doppler modulators of the electrodynamic type, which in
principle are simple in design and must have linear characteristics over a wide range of
displacement amplitudes, are usually used to obtain the Doppler shift of gamma-quantum energy.
Motion control of the Doppler electrodynamic modulator is performed by a special device - the
modulator driver. It should be noted that the performance of the Mdssbauer spectrometer as a whole
is significantly affected by the characteristics of both the Doppler modulator and the control system.
The paper will review the history of Doppler modulators and their evolution. An analysis of the
capabilities of Doppler modulator systems from various manufacturers will be presented and their
characteristics will be presented. The purpose of this paper is to investigate the principles of
Doppler modulation systems, ensuring maximum accuracy of the specified motion law, and to
develop an "intelligent™ Doppler modulation system. The definition highlighted in quotation marks
was first introduced by S. M. Irkaev. In the final part we will consider the Doppler modulation
system developed at the Institute of Analytical Instrumentation of the Russian Academy of Sciences
together with the staff of St. Petersburg State University. A distinctive feature of this system is its
very flexible and user-friendly setup, for different types of reference signals, with which different
techniques in Mdssbauer spectroscopy can be implemented.
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JOILUIEPOBCKHHN MOJIYJATOP: IPUHIUIIBI IOCTPOEHUS U
HEPCIIEKTHUBBI PA3BUTHUSA

B.I. Cemenos'’, B.B. HquyKl, H.A. MaKapOB1

1CaHKm-Hemep6ypecKuL7 yuueepcumem, Canxm-Ilemepoype, Poccus
*e-mail: val_sem@mail.ru

B MeccOay’poBCKOM CHEKTPOCKONMM MAJIsl IOJIYYEHHUs JOIUIEPOBCKOTO CJBHIra SHEPIUU
ramMma-KBaHTOB MCIIOJIb3YIOTCA, KaK MIPaBUIIO, JOIJIEPOBCKUE MOIYIISTOPBI 2JEKTPOJMHAMUUYECKOTO
TUIA, KOTOpPblE€ B TPUHIMIIE MPOCTHI MO KOHCTPYKUHMHM M JOJDKHBI OONafaTh JUHEHHBIMU
XapaKTEPUCTHKaMHM B HIMPOKOM [MaNa30HE aMIUIMTYJ IEpEeMELICHUI. YIpaBlIEHUE BHKEHUEM
JOIUIEPOBCKOTO  MOZYJIATOPA  2JIEKTPOJUHAMUYECKOIO THUIA  OCYIIECTBIISIET — CIIELHUAIbHOE
yCTpOHCTBO — JpaiiBep MoayasTopa. Crenyer OTMETHTb, UYTO Ha KadyecTBO PabOThI
MeccOayIpOBCKOTO CIIEKTPOMETpaA B LIE€JIOM CYLIECTBEHHBIM 00pa30M BIUSIOT XapaKTEPUCTUKU Kak
JOIJIEPOBCKOTO MOAYJIATOpA, TaK M CUCTEMBI ylpasieHus. B pabore Oyaer paccMoTpeHa UCTOpUS
CO3JAHMS JOIUIEPOBCKUX MOJIYISATOPOB U HX DBOJIIOLHA. byner mnpencraBneH aHaius
BO3MOYHOCTEHN CHCTEM JOIIJIEPOBCKUX MOAYJIATOPOB Pa3IMUHBIX IIPOU3BOAUTEIECH U IPEACTABICHBI
UX XapakTepucTuku. Llenpro HacTosmeld paboThl SBISIETCS UCCIIEA0BaHUE TPUHIUIIOB OCTPOCHUS
CHCTEM JOIUIEPOBCKON MOIYNSALUHU, OOECIEeUMBAIOUIMX MaKCUMaJIbHYI0O TOYHOCTb OTPAaOOTKH
3aJJaHHOTO 3aKOHA [BW)KCHUS, M pa3pabOTKa «UHTEIEKTYalbHON» CHUCTEMbI JOIUICPOBCKON
MOy SIIMU. BbienenHoe B KaBblUKax omnpejeneHue Obuto Brepsble BBeaeHo C.M. HpkaeBbim. B
3aKIIIOYUTENIBHON 4acTH OyleT pacCMOTpEHa CUCTeMa JOIUIEPOBCKOM MOIYNALMH, pa3paboTaHHas
Ha 0a3e MHcTuTyTa ananutuyeckoro npudopocrpoenuss PAH cosmectHo ¢ cotpynnukamu CIIOIY.
OTnuuuTeNIbHOM 0COOEHHOCTBIO JAHHOM CHCTEMBbI SBIISCTCSI OYEHb T'MOKas W ynoOHas ¢ TOYKH
3peHHs IOJIb30BaTeNs €€ HACTpPOMKa, 0] pa3avyYHbIe BHUABI ONOPHBIX CUTHAJIOB, C IOMOLIBIO
KOTOPBIX MOYKHO PEaJIM30BaTh pa3IMyHble METOIMKU B MECCOAYIPOBCKOM CLIEKTPOCKOIHUH.
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GAMMA RESONANCE METHOD FOR SIMULTANEOUS MEASUREMENT
OF THE AMPLITUDE OF NUCLEI OSCILLATIONS ON THE SURFACE
AND IN THE VOLUME OF A SAMPLE UNDER ACOUSTIC EXCITATION

A.L. Zinnatullin, F.G. Vagizov"

Institute of Physics, Kazan Federal University, Kazan, Russia
*e-mail: vagizovf@gmail.com

Various micro-electro-mechanical systems (MEMS) are important and actively developing
devices today. MEMS devices are widely used as ultrasonic transducers, filters, actuators, various
sensors such as gyroscopes, magnetometric and barometric sensors, accelerometers, environmental
analyzers, etc. The requirements for their functional properties, energy efficiency and linear
dimensions are constantly growing. The effectiveness of these devices mostly depends on the
quality factor and sensitivity of the active elements, which are determined by the execution quality
of the technological processes, the elastic properties of the materials they are made from. The latter
depends on the features of the propagation of surface (SAW) and bulk acoustic waves (BAW), their
mutual transformation in the active element material. In this regard, the important role is played by
methods that allow one to simultaneously obtain information about the vibrations of atoms involved
in the propagation process of surface and bulk acoustic waves separately. The informative
parameters in this case are the phase and amplitude of ultrasonic vibrations of atoms. Moreover, the
oscillation amplitude can vary from picometers to nanometers.

To date, to study the elastic high-frequency vibrations of MEMS active elements, various
optical interference schemes are used, where visible lasers are commonly implemented [1-3].
Despite some advantages of these schemes, they are limited to studying only surface vibrations.
Therefore, important information about the vibrations in the resonator volume remains inaccessible.
Compared with optical radiation, gamma-resonance spectroscopy has a number of useful features.
These are a high penetrating length, a short wavelength (86 pm for >’Fe), a high accuracy in
measuring the amplitude of ultrasonic vibrations of atoms (on the order of several picometers [4]),
and the possibility of simultaneously recording the Mdssbauer spectra of nuclei located on the
surface and in the volume of a sample [5].

In this work, we report on the development of a special Mdssbauer detector for the
simultaneous registration of nuclei oscillations on the surface and in the volume of a sample. The
first results of simultaneous observation of vibrations on the surface and in the volume of film
materials under acoustic excitation are presented. It was found that in the case of a homogeneous
sample (stainless steel foil), the amplitude of oscillations in the volume of the sample exceeds the
amplitude on its surface. However, in the case of a heterogeneous sample (stainless steel foil
implanted with iron ions), an inverse relationship is observed. The proposed method opens up new
possibilities for studying the bulk and surface acoustic waves in elastic materials and the
mechanisms of their mutual transformation.

The reported research was funded by RFBR, project number 18-02-00845 A.
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T'AMMA-PE3OHAHCHBII METO/JI OJTHOBPEMEHHOI'O U3MEPEHUS
AMILIUTYJIbl KOJEBAHUM SIJEP HA IOBEPXHOCTHU U B OFbEME
OBPA3IA ITPU AKYCTHYECKOM BO3BbYKAEHUU

A.JL. Bunnarymius, O.I. Baru3os”

Hnemumym ¢uzuru, Kazanckuii ghedepanvuviii ynusepcumem, Kazanv, Poccus
*e-mail: vagizovf@gmail.com

Paznuunbie mMukpoanekrpomexanudeckne cuctembl (MEMS - micro-electro-mechanical
systems) Ha CEerOAHSIIHUN JIEHb ABJSAIOTCA BaKHBIMU M aKTHBHO Pa3BUBAIOILKMMHUCS YCTPONUCTBAMM.
VYerpoiictBa MEMS  HaxomdT mmpokoe  IPUMEHEHHE B KAyecTBE  YABTPA3BYKOBBIX
npeoOpaszoBareneil, QUIbTPOB, aKTyaTOpPOB, Pa3HOOOpA3HBIX AATYMKOB, TAKUX KaK THUPOCKOIIBI,
MarHUTOMEeTpUYECKHEe U OapoMeTpUYEeCKUE JATYUKU, aKCEIEPOMETPHhI, aHAIU3aTOPbl CPeAbl U T.1.
TpeboBanus K UX (PyHKIMOHAIBHBIM CBOICTBaM, SHEProdPPEKTUBHOCTU U JMHEHHBIM pazMepam
MOCTOSTHHO pPacTyT. D(PGHEKTUBHOCTh ITUX YCTPOWCTB BO MHOTOM 3aBHUCUT OT JTOOPOTHOCTH M
YYBCTBUTEIBHOCTU AKTUBHBIX 3JIEMEHTOB, UYTO OMNPEAEISETCS COBEPILIEHCTBOM TEXHOJOIMYECKOIO
WCIIOJIHEHUS, YIPYTUMH CBOMCTBAMM MaTepHalioB M3 KOTOPBIX OHU cenaHbl. [locnenHee 3aBUcHT
OT OCOOEHHOCTEH pacHpoCTpaHeHUs NOBEPXHOCTHBIX (SAW) M 00BEMHBIX aKyCTHUECKHX BOJIH
(BAW), ux B3auMHO#l TpaHc(hopMmalMi B MaTepuajie aKTHBHOTO 3JEMEHTa. B CBA3M ¢ 3THM
MpHOOpeTaeT BaXXKHYIO pOJIb pa3padoTKa HOBBIX METOJOB HCCIEAOBAHMS YIbTPa3BYKOBBIX
KoJieOaHui aTOMOB, MMO3BOJISIONIMX MOJy4aTh OJJHOBPEMEHHO MH(OPMAIIHIO O KOJIeOaHUSX aTOMOB,
YYacCTBYIOIIMX B MPOLIECCE PACIPOCTPAHEHUS MOBEPXHOCTHBIX U O0OBEMHBIX aKyCTHYECKHX BOJIH B
oTnenbHOCTH.  VHpOpMaTUBHBIMU MapaMeTpaMu B 3TOM ciiydae SIBISIOTCS (a3a M aMIuIMTyaa
yIIbTPa3BYKOBBIX KosieOaHuil atomoB. [Ipumuem amrumrtyna KoneGaHMIl MOXKET H3MEHSTBhCS OT
MMUKOMETPOB JI0 HAHOMETPOB.

Ha cerogusimnuii eHs U1 CCaeA0BaHMs YIPYTHX BBICOKOYACTOTHBIX KOJIeOaHUN aKTHBHBIX
anemMeHTOB MEMS HCHONB3yI0T pa3iauvHble ONTHYECKHE HMHTEP()EPEHIIMOHHBIE CXEMBI, T7Ie
WCIIOJIB3YIOTCS JTa3ephl BUAUMOTO auamnaszoHa [1-3]. HecMoTpst Ha HEKOTOpBIE MPEUMYIIECTBA ITUX
CXEM, OHU OrpaHHYEHBl MCCIEJOBAHHUEM JIHIIb MOBEPXHOCTHBIX Kosiebanuil. [loaToMy BakHas
undopmanuga o Xapakrepe KosiebaHuii B oObeme pe3oHaTopa octaércs HenmocTynHoul. [lo
CPaBHEHHMIO C OINTHYECKUM H3JIyYEHHEM TraMMa-pe30HaHCHAs CHEKTPOCKOMUs 00JafaeT psaoM
MOJIE3HBIX 0COOCHHOCTEH. DTO — OoJiplIasi MPOHHUKAIOIIAsl CIOCOOHOCTh, KOPOTKAasl JUTMHA BOJIHBI
(86 M st °'Fe), BBICOKast TOYHOCTh H3MEPEHMIT aMILIATY/IBI YIbTPa3BYKOBBIX KOJICOAHHi aTOMOB
(mopsiaika HECKOJBKUX NHKOMETPOB [4]) M BO3MOXHOCTh OJHOBPEMEHHOW pPETUCTpaLUU
MeccOayIpOBCKUX CIIEKTPOB sep, HAXOAAIIMXCS Ha TOBEPXHOCTU U B 00beme obOpasua [5].

B nannoii pabote MbI cooOmaeM o pa3paboTke crenuanibHOro méccbay’spoBcKOro Oioka
OJIHOBPEMEHHOTO [ICTEKTUPOBAaHUsl KONeOaHUU sSAep Ha IOBEPXHOCTH U B 00beMe oOpasia.
[IpuBonsaTcs mepBble pe3yabTaTbl OJHOBPEMEHHOTO HaONMIOJEHUS KoJeOaHuii aToMOB Ha
MOBEPXHOCTH U B O00bEME IJICHOYHBIX MAaTEepHalloOB MPU aKYCTHYECKOM BO30YKIECHUHU.
OO6HapyxeHo, 4TO B CiIy4ae OJHOPOAHOro oOpasima (doinera SS), ammintyna konedanuii B 00bEme
oOpa3la MpeBbIIIaeT aMIUIUTYy Ha MOoBepXHOCTH. OJHAKO B ciydae TIeTepOreHHOTo oOpasia
(pomera SS, wuMMIaHTHpOBaHHAs HMOHAMH >Kejie3a) HaOmronaercs oOpaTHas 3aBUCHMOCTb.
[IpeioskeHHBI  METOJ] OTKPBIBA€T HOBBIE BO3MOYKHOCTH  MCCJIEIOBaHHUS OOBEMHBIX U
MOBEPXHOCTHBIX aKyCTHUYECKMX BOJH B YIPYTHX MaTepHaiax, a TAKKE MEXaHH3MOB UX B3aUMHOM
TpaHchOpMaIHH.

HccnenoBanue BbINONMHEHO MpH (puHaHcoBor noiepkke PODU, npoext Ne 18-02-00845 A.
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MOSSBAUER SPECTROMETER WITH A MOVABLE RESONANCE
DETECTOR AND SYNCHRONOUS DOPPLER MODULATION SYSTEM

D.A. Sarychev*, D.N. Sivokon, M.Yu. Zekhtser, S.V. Khristich

Research Institute of Physics of the Southern Federal University, Rostov-on-Don, Russia
*e-mail: dasarychev@sfedu.ru

A new Mossbauer spectrometer with a synchronously moving resonant scintillation detector
and a radionuclide source has been developed based on two Doppler modulators, two control
electronic units of the spectrometer and special software that allows setting the required amount of
motion desynchronization in the modulation modes used, such as constant acceleration, constant
velocity, and "interval™ mode.

The analytical unit of the spectrometer consists of two modulators like those used in the
MS1104 spectrometer, mounted on a massive base weighing at least 60 kg. One modulator moves a
standard radionuclide source, and the other moves a specially designed resonant scintillation
detector. A stationary test sample is located between the moving source and the detector. The large
mass of the base is due to the need to reduce the magnitude of the relative parasitic oscillations of
the source and the resonant detector that are phased with the starting pulses. If necessary, a cryostat
or heater with the test sample can be placed between the moving source and the detector.

Each modulator is controlled by its own electronics unit. To synchronize the movement of the
two modulators, two interchangeable electronic units of the MS-2020 Mgssbauer spectrometer are
switched via the available connectors and programmatically switched to a special mode of
collaboration. One of them, the master controls the entire spectrometer: the movement of the
modulator, the setting of the detector and the accumulation of the spectrum, generates sync pulses
for the slave electronics unit, which controls the movement of the second slave modulator.
Monitoring of the equipment is carried out through two copies of the MS-2020 spectrometer control
program running on the same computer.

Synchro pulses are transmitted to the slave modulator with a certain delay set by the user of
the spectrometer, determined by the difference in isomeric shifts of the resonant emission lines of
the source and the absorption line of the detector converter. This makes it possible to maintain the
source and detector exactly in resonance throughout the entire working section of the oscillation
period of the modulator when the spectrum is accumulating. When working in the "saw" mode, the
modulators are given the same speed range and the required speed shift is set directly in mm/s in a
separate program window.

Comparative measurements using a detector based on a thin (0.15 mm) Nal crystal and the
described method with a modulation velocity shift of 0.215 mm/s, a °’Co source in Rh and a thin (7
microns) alpha-Fe foil demonstrated the following results: the effect values of the inner lines are
3.7% and 7.36% with their widths of 0.25 mm/s and 0.175 mm/s, respectively.

The use of the described modulation scheme makes it possible to expand the search area for
more efficient materials for resonant detector converters, and to use sources in any matrix for
existing detectors. An interesting application of such a modulation scheme would be the use of a
moving resonant detector to register synchrotron radiation.
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MECCBAYAPOBCKHHN CIEKTPOMETP C NIOJABUKHBIM
PE30OHAHCHBIM JETEKTOPOM M CUHXPOHHOM CUCTEMOM
NOMJIEPOBCKOM MOIYJISINUU

JILA. Capsrues , JI.H. Cusoxons, M.IO. 3exuep, C.B. Xpucrud

HUU uzuxu FOxncroeo gpedepanvroco ynusepcumema, Pocmoe-na-/{ony, Poccus
*e-mail: dasarychev@sfedu.ru

Pazpaboran HOBBI MEccOayIpOBCKHH CHEKTPOMETP C CHHXPOHHO JABIDKYIIMMHCS
PE30HAHCHBIM CUUHTHWIISIIUOHHBIM JETEKTOPOM U PaJUOHYKJIUIHBIM UCTOYHUKOM Ha OCHOBE JIBYX
JOTJIEPOBCKUX MOJYJATOPOB, JABYX YIPABISIIOIIMX AJIEKTPOHHBIX OJOKOB CIEKTpPOMETpa U
CHEIHATILHOTO MPOTPAMMHOI0 00€CIeUeH s], MO3BOJISIIOIIETO 33a/laHue HEOOXOIMMOM BEIIMYUHBI
PacCUHXPOHHU3ALMKU ABUKEHUS B HCIOJb3YEMbIX PEKHMMax MOAYISIHMM, TaKUX KaK IOCTOSHHOE
YCKOpEHUE, OCTOSIHHAsI CKOPOCTh U PEXKUM «UHTEPBAID).

AHanuTuyeckuil OJIOK CIEKTpOMETpa COCTOMT U3 JBYX MOJIYJISTOPOB, aHAJIOTHYHBIX
npuMeHsieMbIM B cocTtaBe crnekrpomerpa MC1104, 3akperieHHbIX Ha MAacCHBHOM OCHOBaHHMH
Maccoi He MeHee 60 kr. OMH MOTyIsATOP NepEeMEIaeT CTaHJapTHBIA PaJUOHYKINHBIN UCTOYHUK,
a JIpyro — CHenualbHOW KOHCTPYKIMHU PE3OHAHCHBIN CHUHTWUISIUUOHHBIA OETeKTOp. Mexmy
JBUKYIIMMUCS UICTOYHUKOM U JIETEKTOPOM pacIoJiaraeTcsi HEMoABMKHBIN HccieryeMblit oOpasell.
bonpmias Macca ocHoBaHuSL OOyCJOBJIEHa HEOOXOIUMOCTBIO  YMEHBIICHHUS  BEJIMYMHBI
c¢ha3zupoBaHHBIX CO CTAPTOBBIMU MMITYJIbCAMU OTHOCHUTENBHBIX MMapa3uTHBIX KOJIeOaHUI UCTOYHHKA
U pe30HaHCHOro Jerektopa. Ilpu HEoOXoIMMOCTH MEXIy ABMXKYIIMMHCA HCTOYHUKOM H
JETEKTOPOM MO’KHO Pa3MECTUTh KPUOCTAT WJIK HarpeBaTellb ¢ UCCIIEyeMbIM 00pa31ioM.

Kaxaplii MomynaTtop ympaBiseTcsi CBOUM OJOKOM DSJEKTPOHUKH. [Insi cUHXpOHHU3auu
JBUKEHUS BYX MOJYJSATOPOB JIBa B3aMMO3aMEHSIEMbBIX JJIEKTPOHHBIX OJ0Ka MEccOay’pOBCKOTO
cnektpomerpa MS-2020 KOMMYTHpPYIOTCS 4Yepe3 HMEIONIMecs pa3beMbl W MPOrPAMMHO
MEPEKITIOYAIOTCS B OCOOBIM PEXUM COBMECTHOM paboThl. OQUH M3 HUX, BEAYIIHH YIpaBisSeT BCEM
CHEKTPOMETPOM: JIBIXKEHHEM MOJIYJSATOpa, HACTPOMKOM JETeKTOpa W HAKOIUIEHHEM CIIEKTpa,
TeHepUPYET CHUHXPOUMIYJIbCHl JJiI BEJOMOIrO OJOKa 3JEKTPOHUKH, KOTOPBIA YHpaBIseT
JBUKEHHEM BTOPOTrO BEIOMOTo Monyisitopa. KoHTpousb 3a ammaparypoil OCylecTBIsIeTCs 4epes
JIBa SK3EMIUIsIpa YHpaBJISIONIEH mporpaMMmbl criekrpomerpa MS-2020, 3amylmieHHBIX Ha OJHOM
KOMIIBIOTEpE.

CHHXpOUMIYIbCHl HA BEAOMBIA MOIYISTOP MEPEIAIOTCS ¢ ONPEIeIIEHHON ycTaHaBIUBaeMOi
M0JIb30BATENIEM CIIEKTPOMETpa 3aJepXKKOM, OompelensseMoll pa3HHMIIEH B H30MEPHBIX CABHUIax
PE30HAHCHBIX JIMHHUI UCIyCKaHMsI UCTOYHMKA U JIMHUEH TOIJIONICHHsS KOHBEpPTOpa JIeTeKTopa. ITO
MO3BOJISIET MOJAJCPKUBATH TOYHO B PE30HAHCE HCTOYHMK M JETEKTOP Ha MPOTSIKEHUH BCETO
paboyero ydactka rnepuojia konedaHuil MOIyIsITOpa, Koraa UAET HakomieHue crekrpa. [lpu padote
B peXKHUME «IWIbD» MOIYISITOpPaM 3aJaeTcs OJUHAKOBBIM CKOPOCTHOM Mama3oH U B OTIEIBHOM
OKHE MPOoTpamMmBbl 331aETcs HEOOXOAUMBIH CIBUT CKOPOCTH HEMOCPEACTBEHHO B MM/C.

[IpoBeneHHbIe CpaBHUTENbHBIE U3MEPEHUS C UCTIOJIB30BAHUEM JETEKTOpPa HA OCHOBE TOHKOTO
(0.15 mm) xpucranna Nal u onucaHHOTO METO/a CO CABUTOM CKOpocTH Moaynsauuu Ha 0.215 mm/c,
pcTounnka °'Co B Rh u ToHko# (7 MKM) doneru anbda-Fe mpoaeMoHCTPUPOBATIHN CIIETYIOLTUE
pe3yabTaThl: BeauuuHbl 3 dexra BHyTpeHHUX TuHUM 3.7% 1u 7.36% npu ux mupune 0.25 mm/c u
0.175 Mm/c COOTBETCTBEHHO.

[IpuMeHeHre ONMMCaHHONW CXeMbl MOIYJISLIMU MO3BOJISET paclIUpUTh 00JIaCTh MOUCKa Oosee
3QPEeKTUBHBIX MaTepHUaioB KOHBEPTOPOB PE30OHAHCHBIX JIETEKTOPOB, a JUISI HMMEIOLIUXCS
JIETEKTOPOB HCII0JIb30BaTh UCTOUHUKH B JII000H MaTpuie. MIHTepecHbIM MpUMEHEHHEM MOJ00HOM
CXeMBl MOAYISIUH OblI0O OBl MCIIOJB30BAHME JBMDKYILEIOCS PE30HAHCHOTO JIETEKTOpa JUls
perucTpany CHHXpOTPOHHOTO U3ITyYEHHUS.
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THE DIFFERENTIAL NONLINEARITY TESTING FOR THE VELOCITY
DRIVING SYSTEMS IN MOSSBAUER SPECTROMETERS USING
REFERENCE ABSORBER a-Fe FOIL

V.A. Semionkin®", E. Kuzmann?, Z. Homonnay? M.I. Oshtrakh*

'Department of Experimental Physics, Institute of Physics and Technology, Ural Federal
University, Ekaterinburg, 620002, Russian Federation

2Laboratory of Nuclear Chemistry, Institute of Chemistry, Eétvés Lordnd University, Budapest,
Hungary

*e-mail: sval946@mail.ru

The application of various reference absorbers for testing the quality of the velocity driving
system in various Mdssbauer spectrometers has recently been suggested in [1]. In the present work,
we pay attention to the estimation of the differential nonlinearity (DNL) in several different
Mossbauer spectrometers using the same thin a-Fe foil of 7 um. The principle of the differential
nonlinearity estimation is based on the fitting of the a-Fe foil spectrum using: (i) one magnetic
sextet and (ii) six singlets. Then the distances between the 1% and the 2™ peaks (A1, and Bi, for
both fits, respectively), the 2™ and the 3 peaks (A3 and B, for both fits, respectively), etc., are
determined. Calculation of the differential nonlinearities for corresponding velocity ranges
(between two neighboring peaks) can be done using the formula:

DNLmn = |Amn— Bmal/Amn. (1)

The room temperature Mossbauer spectra of a-Fe foil were measured at E6tvos Lorand
University (Budapest) using Ranger Electronics and Wissel spectrometers and at the Ural Federal
University (Ekaterinburg) using SM-2201 spectrometers. The triangular velocity reference signal
was used in both Ranger Electronics and Wissel spectrometers with measurements in transmission
geometry with moving source. Therefore, for analysis, only the direct parts of the two mirror
spectra measured in 256 channels were used. Saw-tooth velocity reference signal was used in the
case of SM-2201 spectrometers with the spectra measured in 4096 channels in transmission
geometry with moving absorber. Some of these spectra were converted into 2048-, 1024- and 256-
channel spectra for comparison of these spectra from the point of view of nonlinearity. The results
obtained for the 10 measured Mossbauer spectra demonstrate that the number of channels slightly
affects the values of DNL. The most significant effect on the nonlinearity can be seen for the out-of-
tune velocity driving system. In this case, the values of DNL can be as high as 10-100 times of
those of the adjusted velocity driving systems the DNL values of which are in the range 0.0001-
0.0030 arbitrary units for different velocity ranges and for different spectrometers. Therefore, this
method can be used for testing the differential nonlinearity in various spectrometers used triangular
or saw-tooth velocity reference signals.

This work was supported by the Ministry of Science and Higher Education of the Russian
Federation, project # FEUZ-2020-0060. M.I.O. was supported in part by the Ural Federal
University project within the Priority-2030 Program.

[1] M.I. Oshtrakh and V.A. Semionkin, Hyperfine Interact., 242, 28 (2021).
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OLIEHKA JIU®PEPEHLUAJLHON HEJUHENHOCTU CUCTEMBI
JIBU)KEHUS B MECCBAYDYPOBCKUX CHEKTPOMETPAX C
UCMOJB30BAHUEM DTAJIOHHOI'O MOTJIOTUTEJS ®OJbI'! a-Fe

B.A. CeMeHKI/IHl*, 9. Ky3MaHH2, 3. XOMOHHaﬁZ, M.H. OHITan1
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[IpumeHeHre pa3iaMyYHBIX S3TAJTOHHBIX MOIVIOTUTENEH JUIsl NMPOBEPKH KauyecTBa CHCTEMBbI
JIBIDKCHUSI B PA3JIMYHBIX MECCOAyIPOBCKHX CIIEKTPOMETpax ObLIO HEIaBHO TpeiokeHo B [1]. B
Hacrosiield paboTe MbI yiessieM BHUMaHue olieHke muddepenimanpaoit Henmuueitnoctu (DNL) B
HECKOJIbKUX PAa3JIMUHBIX MeccOaydpOBCKHX CHEKTPOMETPAaX C HUCIOJIb30BAHHEM OJHOW TOHKOMU
¢donbru o-Fe Tomuunoit 7 Mxm. Ilpuniun ouenku tuddepeHnnanbHoi HEMTMHEHHOCTH OCHOBAH Ha
anmpoKCUMaIiK criekTpa ¢poabru o-Fe ¢ ncnonb3oBanuem: (i) 0HOTO MarHuTHOTO cekcrera u (ii)
IIECTH CHHIJICTOB. 3aTeM OIMPEICISFOTCS PacCTOsSHUS Mexay 1-M u 2-m nukamu (Ag and B, s
0o0eHx ammpoKCHMAIMi, COOTBETCTBEHHO), 2-M H 3-m mnukamu (Azs and B,z mis obeux
amnmpOKCUMAIlU, COOTBETCTBEHHO) W T. 1. Pacuer muddepeHnnanbHON HETUHEWHOCTH IS
COOTBETCTBYIOIIMX JMANAa30HOB CKOPOCTH (MEXAYy IBYMsI COCEIHUMHU IHKaMH) MOXET ObITh
BBITIOJTHEH TI0 (hopmyIie:

DNLmn = |Amn— Bmal/Amn. (1)

MeccbhayspoBckue criekTpbl (Goasru o-Fe Oblmn u3MepeHsl Tpu KOMHATHOW TeMIlepaType B
Eotvos Lorand University (Bymanemt) ma cnektpomerpax Ranger Electronics u Wissel u B
VYpanbckom denepansHoM yHuHBepcuTeTe (ExatepunOypr) Ha cnekrpomerpax CM-2201. B
cnekrpomerpax Ranger Electronics u Wissel wucmons30Bancs OMOPHBIA CHUTHAI CKOPOCTH
TPEYroJpHON (OPMBI, M3MEpPEHHs] NPOBOAMUIUCH B TE€OMETPUHU MPOIYCKAHUS C JIBUKYLIIHUMCS
uctounukoMm. [loaToMy ansi aHanm3a HCHOIB30BAIUCH TOJBKO «IPSAMBIE» CHEKTPhl U3 JIBYX
3epKAJIBHBIX CIIEKTPOB, U3MEPEHHBIC B 256 kaHamoB. [1n1000pa3Hblil OMOPHBIN CUTHAT CKOPOCTH
KcnoJib30oBajics B criektpoMmeTpe CM-2201 ¢ uzmepenneM criektpoB B 4096 kaHajioB B reOMETpUU
MPOIMyCKaHWsl C JABIKYIIUMCA TorjoTuTesneM. HekoTopble U3 3TUX CHEKTPOB  ObLIM
KOHBEPTHUPOBaHBI B cieKTphl Ha 2048, 1024 u 256 kaHanoB JJi1 CPAaBHEHUS ATUX CIIEKTPOB C TOUKU
3peHusi HeMMHEWHOCTH. Pe3ynbTarsl, nomydeHusie 1 10 MeccOayIpoOBCKUX CHEKTPOB, MOKA3allH,
YTO YHCIIO KAHAJIOB B CIIEKTpeE clierka BiuseT Ha 3HaueHuss DNL. Haunbonee 3HaunTensHoe BIHUSHIE
Ha HEJIMHEHHOCTh MOXHO YBHJETh JUIS PACCTPOSHHOW CHCTeMbl ABMXKEHUA. B sTom ciydae
BenuunHbl DNL MoryT 661Th OT 10 10 100 pa3 Oosnblire, yem Ui HACTPOCHHBIX CHCTEM JIBHKEHUS,
i kotopbix 3HadeHuss DNL naxomstcs B nmamazoHe 0.0001-0.0030 ycloOBHBIX €IWHUI] IS
Pa3IMYHBIX IUANA30HOB CKOPOCTH U JUIsl Pa3IUYHBIX CIIEKTPOMETPOB. [103TOMY 3TOT MEeTOA MOXKET
ObITh WCMONB30BAaH M MpoBepkd OudGEepeHINaTbHOM  HEIMHEWHOCTH B Pa3iMYHBIX
CHEKTPOMETPAX, UCTIOIB3YIOIUX TPEYTOIbHBIN WM MUI000PA3HbII OMOPHBIE CUTHAIIBI CKOPOCTH.

[1] M.I. Oshtrakh and V.A. Semionkin, Hyperfine Interact., 242, 28 (2021).
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ON GRAIN BOUNDARY SEGREGATIONS AND RELATED PHENOMENA
IN NANOCRYSTALLINE ALLOYS BY MOSSBAUER SPECTROSCOPY

G.A. Dorofeev*”, V.E. Porsev', A.L. Ulyanov!, O.M. Nemtsova®

ludmurt Federal Research Center UB RAS, Izhevsk, Russia
*e-mail: gadorofeev@mail.ru

Nanocrystalline (NC) materials have properties often superior to those of their
macrocrystalline counterparts. However, the high density of high-energy grain boundaries in NC
materials makes them unstable relative to grain growth, which constrains the use of these materials
at elevated temperatures. There are two approaches to solving this problem: thermodynamic and
kinetic stabilization of grain size [1]. Segregations of impurity atoms in grain boundaries can
provide a synergistic combination of these two approaches. Grain boundary segregations (GBS)
reduce the energy of the boundaries and thus reduce the thermodynamic driving force of grain
coarsening. GBS pin boundaries and thereby restrain their migration. The number of methods for
studying GBS, especially in NC alloys, is very limited. Mossbauer spectrometry, due to its high
locality, belongs to these methods.

The report presents the methodical principles of the Maossbauer analysis of segregation
phenomena in the NC iron-based solid solutions. Segregation can provoke the precipitation of
second phases at the boundaries. The redistribution of elements during the GBS formation in Fe-
based magnetic alloys is accompanied by a change in the distribution function of hyperfine fields
P(H). A semi-quantitative estimate of the redistribution of impurity atoms is given by the P(H)
parameters: the average effective magnetic field at the resonant core <H> and the width of the
hyperfine fields distribution W, which can be calculated from the function P(H) on the interval

(Hmin — Hmax) as (H) = [ " HP(H)dH and W = f;::ix P(H)dH/P,,.(H). The phenomena of
short-range atomic ordering, clustering or phase separation lead to a change in the parameters <H>
and W. An important quantitative characteristic of segregation is the Cowley parameter of the short-
range order a;, where i is the number of the coordination sphere of Fe atoms: a; = 1 — x/x, where
x and x; are the average (or nominal) impurity concentration in a solid solution and the apparent
(local) impurity concentration in the i-th coordination sphere of iron atoms, respectively. A positive
value of the short-range order parameter (¢; > 0) indicates segregation or clustering. The values of
ai can be found by fitting the Md6ssbauer spectrum taking into account the binomial probability
distribution of  the atomic environment configurations of iron atoms
Pi(n,xi) = (il;] (x)™(1—x)% ™ and the model spectrum I(v :E§:1Ei‘[=ﬁPi(ni,x§‘}Li(ni,v}.
Here n; is the number of impurity atoms in the i-th coordination sphere of the Fe atom, Z; is the
coordination number of the i-th sphere, | is the maximum number of coordination spheres taken into
account, L; is Lorentzian sextet for individual configurations of the atomic environment. The
clustering stage may end with the stage of a new phase formation or phase separation. For the case
of iron-containing phases, the phase composition can be estimated from the Mdssbauer spectrum.
Accounting for the material balance equations gives the amount of the j-th phase in the alloy

X; = _f,;,i,f"g 7L where C; is the atomic fraction of the i-th component in the alloy, Cj; is the
Tidj Sg=a "R/

atomic fraction of the i-th component in the j-th phase, S and f' are the relative area of the
subspectrum and the probability of y-quanta absorption for the corresponding phase, the index r
refers to the resonance isotope.

The study was supported by the Ministry of Science and Higher Education of the Russian
Federation (theme no. 121030100003-7).

[1] H. Peng, Z. Jian, and F. Liu, Int. J. Ceramic Eng. Sci. 2, 49-65 (2020).
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O 3EPHOI'PAHUYHBIX CET'PETALIMSIX U CONYTCTBYIOIIUX
SIBJIEHUSIX B MECCBAYDPOBCKOM CIIEKTPOCKOIIUU
HAHOKPUCTAJJIMUECKHUX CIIJIABOB

I'.A. I[opodaeeBl*, B.E. HopceBl, AL VHLﬂHOBl, O.M. Hemrosa®

1V0ﬂ4ypmcmtﬁ gedepanvuviii uccredosamenvcruti yenmp YpO PAH, Hocesck, Poccus
*e-mail: gadorofeev@mail.ru

Hanokpucramnumueckue (HK) martepuansr obmagaroT cBOCTBaMHU, 4acTO MPEBOCXOISIIUMHU
CBOMCTBA  MX  KPYNHOKPUCTAJUIMUEKHUX  aHanmoroB.  OnHako ~ Oosibliasi — IUIOTHOCTh
BBICOKO3HEepreruueckux rpanuly 3epeH B HK wMarepuanmax Jnemaer uX HecTaOWIbHBIMU
OTHOCHUTENILHO pOCTa 3€pHA, YTO CACPKMBAET IMPUMEHEHHUE 3TUX MAaTepHalOB MPH MOBBIIIEHHBIX
teMmreparypax. CyliecTByeT JBa MOJAX0Jla B PEIIEHUU AAHHON MpoOJIeMbl: TEPMOJUHAMUYECKAS U
KMHeTHYecKas crabunusanus pasmepa 3epHa [1]. Cerperauuu NpuMECHBIX aTOMOB B T'paHMIIAX
3epeH MOT'YT 00€CNeYUTh CHHEPreTM4YEeCKOe COYEeTaHHE 3TUX JABYX IMOAXO0J0B. 3€pHOIPaHUYHbIE
cerperaitun  (3I'C)  yMEHBIIAIOT HHEPTUIO TPaHUIl H TaKUM 00pa3oM  yMEHBIIAIOT
TEPMOJIMHAMHUYECKYIO JBUXKYIIYI0O CUIy yKpynHeHus: 3epHa. 3I'C 3akpemisiioT T'paHUIbl U TeM
caMbIM caepkuBaroT ux wmurpanuio. KommdectBo mertomoB m3yueHuss 3I'C, ocobenno B HK
CIUIaBaX, BecbMa OrpaHu4eHo. MéccOayspoBckas CHEKTPOMETpHs, Oyaronapsi cBoed BBICOKOI
JIOKAJNbHOCTH, MIPUHAJIEKUT K STUM METOJaM.

B npokmage mpencrtaBieHbl  METOAMYECKHE  OCHOBBI  MEcCCOay’pOBCKOTO  aHaIM3a
cerperaimonHbix siBneHud B HK TBepmpix pacTBopoB Ha ocHOBe xeie3a. Cerperanvd MOTyT
MIPOBOLIMPOBATh BbIJeNIeHHE BTOpbIX (a3 Ha rpanunax. [lepepacmpeneneHue 3JI€MEHTOB IpHU
¢dopmupoBanuu 3I'C B MarHWTHBIX CIUIaBaX Ha OCHOBE FE€ compoBojkaeTcsi n3MeHeHueM (pyHKIUu
pacrpenenenust cBepxroHkux moisieii P(H). IomykonndecTBEHHYIO OIIEHKY IepepacrpeieeHus
aToMOB mpuMecHu farot napametpsl P(H): cpentee adpdexkTnBHOE MarHUTHOE IMOJIE HA PE30HAHCHOM

sape <H> w mumpuHa pacnpeaeneHus CBEpXTOHKUX moned W, KoTopble MOTyT OBITh
Hmuazx

Bbunciensl u3 Qyukuuu P(H) Ha wmuTepBane (Hmin — Hmax) Kak {H}:fﬂmm HP(H)dH u
W = meEx P(H)dH/E,,.(H). SIBneHus OIMKHErO AaTOMHOIO YIOPSIOYEHHMS, KIACTEPU3ALUM

Hmin
WIM pachaja MNpUBOJAT K H3MeHeHHto mnapamerpoB <H> um W. Baxnoll KoJInM4ecTBEHHOM
XapaKTEePUCTUKOM CerperupoBaHus SIBJIACTCS KayJEBCKHI mapaMmeTp OJMKHEro mopsaka o, rie i -
HOMEp KOOpJMHALMOHHOW cdepbl atomoB Fe: @, =1 —x]/x, tne X u x; — cpenusst (wiu
HOMHUHAJIbHAs) KOHIEHTpalus TMPUMECH B TBEPAOM pAcTBOpE U Kaxymiascs (JIOKajabHas)
KOHIIEHTpAIUsl TPUMECH B I-TOH KOOPAMHAIMOHHOW c(epe aToMOB jKejie3a COOTBETCTBEHHO.
[TonoxurensHOE 3HAUCHUE MMapameTpa OnrxKHero nopsaka (ai > 0) CBUAETEIbCTBYET O Cerperamusix
WIM  KilacTepu3anuu. BenuuuHbl @i MOTYT ObITh HaWJEHBI TOCPEACTBOM  JOJITOHKH
MEccOayIpOBCKOTO  CIIEKTpa € Y4eToM OMHOMHUAJIBHOTO  paclpeliesieHus BeposSTHOCTEH

KOH(UTrypanuii aTOMHOTO OKPYXEHHs aTOMOB kene3a P; (ni-,x:‘} = (i‘L:] (x?}”i(i - x?}zi‘”i Hu

Y- s
MOJIeNbHOTO criekTpa I{v) = EE=1EHLL-=[:.P=' (n,x7)L;(n;,v). 3m€ch Nj — YUCIIO AaTOMOB MPUMECH B i-TO
KOOPIUHAIMOHHOM c(epe aroma Fe, Z; — KoopAMHAIIMOHHOE YKCIIO I-TO# cepsl, | — MakcumanbHOE
YHCIIO YYUTHIBAEMBIX KOOPAWHAIMOHHBIX cdep, Li — cekcreT JOpPEeHIEBCKUX IJWHUN Ui
WHIUBUAYAIbHBIX KOH(pUTrypanuii aroMHOro okpyxkeHus. Cragusi KiIacTepu3allud MOXKET

3aBepIuaThCcs craaueil HoBoro (azooOpazoBanHus wiM (a3oBoro pazaeneHus. s ciaydas

)KCJ'IC3OCOI[ep)KaH_II/IX (1)3.3 (I)aSOBBIﬁ COCTaB MOKHO OILICHUTH U3 MéCC6ay3pOBCK01"O CHCKTpa. yqu
Ly
Ty

"-_r_ffjrz?:'_-r"k-'f S
rae Cj — aroMmHast ons I-ro KOMIOHEHTa B ciuiaBe, Cjj — aTOMHas 107 i-r0 KOMIIOHEHTa B J-TOH
dasze, S u f' - oTHOCHTENBHAS TJIONIA/b MOJICIICKTPA U BEPOSITHOCTH TMOTJIONICHUS Y-KBAHTOB IS
COOTBETCTBYIOMIEH (ha3bl, HHIEKC I ISt aTOMOB PE30HAHCHOTO U30TOMA.

Pa6ora moanepxana Munoopaayku P® (tema Ne 121030100003-7).

ypaBHEHHMI MaTepHalbHOro OajaHca JaeT KOJMYeCTBO |-TOH (asbl B crulaBe X; =
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UPGRADE OF THE CLOSED-CYCLE CRYOSTAT FOR
MOSSBAUER SPECTROSCOPY
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Shubnikov Institute of crystallography of FSRC “Crystallography and Photonics” RAS,
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Currently, closed-cycle cryostats are increasingly used for fundumental and applied scientific
research instead of bath type and continuous flow cryostats. Their main advantage is the absence of
the need to use an expensive refrigerant — liquid helium (cryogen-free). This is especially important
for Mossbauer studies, which usually carried out for a long time (days, weeks, sometimes months).
Typically, sample is cooled by exchange gas (helium of technical purity) which provides the heat
exchange between the sample and the cold head.

There are two main types of cryocoolers: based on the Gifford-McMahon cycle and based on
"pulsating” tubes. A common disadvantages of these cryocoolers are the mechanical vibrations and
noise caused by the periodic pumping of cooling gas at high pressure and (for Gifford-McMahon
cycle) cycling movements of dispacer of certain mass. This issues are negatively affects the results
of experiments, since even a small level of vibration (at the micron level) causes a noticeable
broadening of the y-resonance absorption spectra.

At present, Mossbauer cryostats for scientific research are produced by commercial
manufacturers, such as LakeShore (Janis), Cryolndustries of America Inc, ICEoxford, Advanced
Research Systems Inc, Montana Instruments, OOO Cryogennye Pribory, and are also developed by
individual scientific groups. In 2010, at the Institute of Crystallography of the Russian Academy of
Sciences, members of the scientific group led by I.S. Lyubutin developed, created and put into
operation a closed-cycle Mdossbauer cryostat on the Gifford-McMahon cycle [1].The cooling
capacity of the cold head at 4.2 K was 1 W. The capabilities of cryostat allowed for Mossbauer
studies in the temperature range of 4.2 - 300 K with a minimum broadening of the spectra of about
15% at 5K, which was superior to similar cryostats in the world. However, over 10 years of
operation, the resource of the cold head was exhauste. Along with the need to replace the cold head,
additional upgrades were made to various cryostat units to minimize broadening and the LabView
program was developed to control the temperature of the sample.

This work describes the upgraded cryostat
units, the cryostat characteristics, and the results ' " FeBO, single crystal
of line broadening measurements on a-Fe foil and
a FeBOj single crystal (Fig.1) before and after
upgrade. It was shown that in the new design at
5K the line broadening is about 4% and it does
not increase with increasing temperature; at 4.2 K
the broadening is about 28%, which is
significantly less than in [1]. An analysis of the il
spectra showed a significant improvement in the

Transmission (rel.un)

== .U |

line width parameter at half-maximum, as well as . \

in the intensity. In particular, the 2™ line widths ' " Velocity (mmis)
are 0.3710(54) mm/s and 0.2972(18) mm/s for the ~ Fig. 1. Mossbauer spectra of the same FeBO; single
previous and new cryostat designs, respectively. crystal at T=10K before and after cryostat upgrade.

Authors acknowledge Dr. P.G. Naumov for
his help and fruitfull discussions. The work on Mossbauer measurements of FeBOs; at low
temperatures was supported by RFBR grant 19-29-12016-mk.

[1] P.G. Naumov, I.S. Lyubutin, et.al., Instruments Exp. Tech. 53 (5), 770-776. (2010)
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MOAEPHU3ALIUA KPUOCTATA 3AMKHYTOI'O IUKJIA IJIA
MECCBAYYPOBCKOM CIIEKTPOCKONIUU

B.A. 3a$IX3HOBl*, C.C. CTap‘-II/IKOBl, K.O. CDYHTOBl, M. KJIéHOBZ, %8 EOHIIapeHKOZ,
K.B. ®ponos’, N.C. Jlrobyrun"

1HHcmumym kpucmannoepagpuu um. A.B. [llyonuxosa ®HUL] « Kpucmannoepagus u
¢pomonuxa» PAH, Mockea, Poccus

2000 Kpuozennvie npubopei, Mockea, Poccusi http:/lcryopribor.ru/

*e-mail: zaiahanov@gmail.com

B nacrosee Bpems A pyHAaMEHTaIbHBIX U MIPUKIIAJHBIX HAYYHBIX UCCIIEJOBAaHUI BMECTO
3aJIUBHBIX U NMPOTOYHBIX KPUOCTATOB BCE Yallle MCIOJIBL3YIOTCS KpuopedprkepaTopbl 3aMKHYTOTO
1ukia. OCHOBHOE MX MPEUMYILECTBO — OTCYTCTBUE JIOPOTOCTOSILEr0 XJIaJareHTa, KUAKOTO Iesus
(cryogen-free). OcoOeHHO 3TO MPEUMYIIECTBO aKTyadbHO Ui MECCOAyIPOBCKHUX HMCCIICIOBAHUM,
KOTOpBbIE, KaK MPaBUJIO, 3aHUMAIOT JUIUTEIbHOE BpeMs (IHU, HEAETH, HHOTAAa Mecsibl). B TunoBbIx
KpUOCTaTax 3aMKHYTOTO IHMKJIa OXJaXJIeHHE 00pasiia MPOUCXOUT 3a CYET OOMEHHOTO ra3a (renauit
TEXHUYECKOHN YHCTOTHI), KOTOPBIA 00ECTICUNBAET TETLIOOOMEH MEK Ty 00pa3IioM M KPHOTOJIOBKOM.

[To mpuHIMIY paObOTBI MOXHO BBIICIHTH JIBa OCHOBHBIX THIIA Kpuopedrrkeparopon: 1.
Kpuokymnepsr pabotatomue Ha mukie [uddopna-MakMarona u 2. Kpuokymiepsl Ha OCHOBE
«IyJIbCUPYIOIHUX» TpyO. OOLIUM HEIOCTATKOM JTHX KPUOKYIJIEPOB SIBIISIFOTCS MEXaHUYECKUE
BUOpallMM M HIyM, BBI3BaHHbBIE MEPHOJUYECKON MPOKAUYKOW OXJIaXAAIOIIEro ra3a MpU BBICOKOM
naBiaeHud u (B ciaydae mmkna ['mddopma-MakMarona) muKINYecKoe IBMIKEHHE BBITECHUTEIS,
MMEIOIIETO 3HauMMyro Maccy. Jlake HeOoJsblIoi ypoBeHb BHOpainuii (Ha ypOoBHE MHUKPOHOB)
BBI3BIBAET 3aMETHOE YIIMPEHUE IKCIIEPUMEHTAIBHBIX CIEKTPOB Y-PE30HAHCHOTO TOTJIOMICHHUS.

B Hacrosimmee Bpemst MeccOaydpoBCKHE KpUOCTAaThl Il HAYYHBIX HCCIIEIOBAaHUMN
BBIMIYCKAIOTCS ~ KaK  KOMMEpPYECKMMH  MPOM3BOAMTENsIMH, Hampumep, LakeShore(Janis),
Cryolndustries of America Inc, ICEoxford, Advanced Research Systems Inc, Montana Instruments,
OOO Kpuorennsie mpuOOpHI, TaK U pa3padaTHIBAIOTCS OTIACIHHBIMHA HaydyHbIMU rpynmnamu. B 2010
roay corpyaaukamu HaydHou rpynnsl M.C. JlroOytuna B MHcTUTYyTE KpucTamwiorpaduun PAH Obin
paspaboTaH, ceJaH U BBEJIEH B AKCIUTyaTallui0 MEccOayIpOBCKHIM KPHOCTAT 3aMKHYTOTO LIMKJIA Ha
mukie [uddopma-MakMarona [1]. Xomoaonpou3BOAUTEIBHOCTh KpuorojoBku mpu 4.2 K
cocraBisiia 1 Br. Kpuocrar nmo3Bosisiin npoBoauTh MEccOay’poBCKUE HCCIEAOBAHUS B JUaa3oHe
temreparyp 4.2 — 300 K ¢ MmunumanbHbM ymupenueM okoio 15% mnpu SK, uto mpeBocxoauso
YpOBEHb MHUPOBBIX aHaJIOroB kpuocrara. Oxnako 3a 10 yer paboTel pecypc Kpuopeppuxuparopa
ObLT MCYEpIIaH, YTO MPUBEJIO K YBEIMYCHHIO YIIUPEHUIO TUHUHN. bblia mpoBeneHa A0MOJHUTENbHAS
MOJEpHU3AIMS PA3IUYHBIX Y3J0B KpHUOCTaTa JUii MUHUMH3AIUHM YIIMPEHHS JHUHUA U HamucaHa
nporpamma B cpene LabView mist ynpasnenus Temmneparypoii oopasiia.

B nanHo#i paboTe MNPUBOAUTCS ONMCAaHUE MOJECPHU3UPOBAHHBIX Y3JIOB KpPHOCTATa,
XapaKTePUCTUKH KPHOCTaTa, a TaKKe pe3ydbTaThl TECTOBBIX M3MEPEHHI YIIUpEHUs ITUHUN Ha
npuMepe crekTpoB ¢oiibru a-Fe u monokpucramioB FeBO3 1o u mociie monepauzanuu. [lokaszano,
YTO B HOBOW KOHCTpYKIMM Ipu SK ymmpeHust cocTaBisoT okojo 4% W JaHHbIE YIIUPEHUS He
YBEIMUUBAIOTCS ¢ pocToM Temmeparypsl. Ilpu 4.2 K ymmpenus coctaBisioT okoio 28%, 4rto
3aMeTHO HIKe, yeM B pabote [1]. MéccOayspoBckre CHEKTPhl OJHOTO M TOTO K€ MOHOKpHUCTaIIa
FeBO3, u3amepennsie nmpu 10K 10 u mocne MoxaepHM3auuu mpeactasieHsl Ha Puc.l. Ananu3
CIIEKTPOB TMOKa3aJl CYIIECTBEHHOE YIy4YlIeHHs MapaMeTpa IIMPHUHBI JIMHUM Ha TOJYBBICOTE H
uHTeHcuBHOCTH. [Ipu anmpoxcumanus gynkuueit Ilcesno-Boiita 2-if TMHUU B CEKTpe MOIydeHbI
3HadeHus: mupuHel 0.3710(54) mm/c u 0.2972(18) Mm/c g cTapoil M HOBOM KOHCTPYKIMH
KpHOCTaTa COOTBETCTBEHHO.

ABTOpBI BBIpaXxaroT O1aronapHocth K.¢.-M.H. [1.I. HaymoBY 3a momolis, 1ieHHbIE 3aMeYaHHs
u oOcyxaeHue pe3ynbTaToB paboThl. PaboTel mo méccOayspoBckuM u3Mmepenusm FeBOjz mpu
HU3KHUX TeMIIepaTypax BBIIIOJIHEHbI pH noaepxkke rpanta PODU Ne 19-29-12016-Mxk.
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EXCLUSIVE CAPABILITIES OF THE REGULARIZATION METHOD IN
APPLICATION TO MOSSBAUER SPECTROSCOPY

O.M. Nemtsova’, G.N. Konygin

Udmurt Federal Research Center, UB of the RAS, Izhevsk, Russia

*e-mail: olganemtsova@udman.ru
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Fig. 1. The distribution function of the hyperfine
magnetic field P(H) obtained by processing the
Mossbauer spectrum of the FezsSisAly  solid
solution using the Tikhonov regularization method
with an integral kernel in the form of (a) the Lorentz

The paper demonstrates the capabilities of the
Tikhonov regularization method in processing
Mossbauer spectra, the analysis of which using
fitting methods is problematic.

To process the Mossbauer spectra of
disordered supersaturated binary and
multicomponent systems, a mathematical model is
proposed using double convolution of the Lorentz
function and two Gaussians, as well as a scaling
factor for projecting a hyperfine magnetic field
onto the wvelocity scale of the experimental
spectrum [1]. It is shown that in the case of using a
simple convolution of the Lorentz and Gauss
functions to describe the spectra, the solution may
also be incorrect: an excessive number of local
maxima and the problem of their identification in

function; b) a simple convolution of the Lorentz and

Gaussian functions of width TI'g;; c) double the distribution function of the HFMF (Fig. 1a,b).

convolution with widths I'; and I'g, (depending on
the field H).

When using double convolution, the number of local
maxima on the distribution function of the HFMF and their
relative intensities fully correspond to the probabilities of
local atomic configurations calculated from the binomial
distribution with K impurity atoms in the nearest atomic
environment for a bcc-lattice with a coordination number
Z=8. In addition, the dependence of the width of the
Gaussian function I'c, on the hyperfine magnetic field was
found for both binary Fe;sGes and  3-component
FezsSiisAly disordered supersaturated solid solutions. This
may be a consequence of the manifestation of local
distortions of the bcc-structure and symmetry of the
environment of the Fe atom (Fig. 1c).

For the processing of Mdssbauer spectra, in which the
effects of broadening of the resonance line are not observed
and for the description of which only the elementary Lorentz
function is wused, the wuse of Tikhonov's weighted
regularization method makes it possible to isolate close
spectral components [2]. The model example shows that at
a=0.002 the resolution of spectral components is not
performed, when o=0.00003 spectral lines are resolved in
full accordance with the model (Fig. 2a,b). A further
decrease in the regularization parameter does not worsen the
value of %7, but leads to a solution that is fundamentally
inconsistent with the model distribution P(H) (Fig. 2¢). In a
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Fig. 2. Influence of the regularization
parameter and statistical error on the
solution (model - points, simple solution
- dashed line, weighted regularization -
solid line): a) components 3 and 4 are not
resolved, statistics 6=0.18%; b) all lines
are resolved, the model is completely
restored, 6=0.18%; c) the solution is
incorrect, ©=0.18%; d) all lines are
resolved, the model is completely

restored, 6=0.06%
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real experiment, this can lead to an unreliable physical interpretation of the results. For a spectrum
with a smaller statistical error (N=3000000, 6=0.06%), the iterative procedure leads to the correct
result with the same «=0.000003 (Fig. 2d). The use of the weighted regularization method
fundamentally improves the quality of spectrum processing and increases the information content of
the spectroscopic method.

The work was carried out within the framework of the state task of the Ministry of Science
and Higher Education of the Russian Federation 121030100003-7.

[1] G.N. Konygin, O.M. Nemtsova, J. Appl. Spectrosc. 88 (6), 1176-1182 (2022).
[2] V.E. Porsev, O.M. Nemtsova, G.N. Konygin, Khimicheskaya fizika i mezoskopiya. 21 (4), 514-524
(2019) [in Russia].

YHUKAJIBHBIE BOSGMOKHOCTU METOJA PEI'YJISAPU3ALIUUA B
NPUJIOKEHUU K MECCBAY3POBCKOM CIIEKTPOCKOIINA

O.M. HeMHOBa*, I".H. Konpirua

Yomypmcxuii ghedepanvuwiii uccieoosamenvckuil yenmp YpO PAH, Hicesck, Poccus
*e-mail: olganemtsova@udman.ru

B paborte mpomeMOHCTpHUPOBaHBI BO3MOXXHOCTH METO/a peryispu3alud THXOHOBa TpH
00paboTke MEccOAyIPOBCKHUX CIEKTPOB, aHAIU3 KOTOPBHIX C HCIIOJIB30BAHUEM METOJIOB TOJATOHKH
SIBIIICTCS TTPOOJIEMATHYHBIM.

st 06paboTku MEccOAyIPOBCKUX CTIIEKTPOB PA3YMOPSAIOUYCHHBIX MEPECHIIICHHBIX OMHAPHBIX
Y MHOTOKOMITOHEHTHBIX CHCTEM IpEIIokKEeHa MaTeMaTuyecKasi MoJIeNlb C UCIIOJIb30BaHUEM JIBOMHOM
ceeptku pyHkuuu Jlopenma u nByx [ayccmaHoB, a Takke macmradupyromero koddduimeHTa
MIPOEKTUPOBAHUS CBEPXTOHKOIO MAarHUTHOTO TOJISI Ha KAy CKOPOCTEM 3KCIEepUMEHTAIbHOTO
crekrpa [1]. [Tokazano, 4T0 B Cciiydae MpUMEHEHHS MPOCTOM cBepTKU (yHkumii Jlopenia u ["aycca
JUI OTIMCAHUS CHEKTPOB PELIEHUE TAKXKE MOXKET ObITh HEKOPPEKTHBIM: H30BITOYHOE KOJIMYECTBO
JIOKAJIbHBIX MAaKCUMyMOB U mpoOnema ux uiaeHTuukanuu B ¢yHkuuu pacrpenenerus CTMII
(Puc. 1a,6). Ilpu ucmonpb30BaHWM JBOMHOW CBEPTKHM KOJMYECTBO JIOKAJTHHBIX MAKCHMYMOB Ha
¢byukuun  pacnpenenenus CTMII v uUX  OTHOCUTENbHBIE HMHTEHCUBHOCTH  IOJIHOCTBIO
COOTBETCTBYIOT PACCUMTAHHBIM IO OMHOMHUAIBLHOMY PACIpPENEICHUIO BEPOSTHOCTSAM JIOKAIbHBIX
aTOMHBIX KOH(purypanuii ¢ K aromaMyd IpuUMecH B Oiwkaiiiem atoMHOM okpyxkenuu st OLIK
pElIeTKH ¢ KOOPAWHAMOHHBIM yucioM Z=8. [lomumo 3T0r0 0OHapyxeHa 3aBUCUMOCThH IITUPUHBI
¢bynkuuu ["aycca ['gy OT CBEpXTOHKOTO MAarHUTHOTO MOJIs Kak Juid OuHapHoro FezsGezs, Tak u 3x-
KOMITOHEHTHOTO F€75Si15Al10 pa3ymnopsaaoueHHbIX MEPECHIIEeHHBIX TBEPABIX PACTBOPOB. DTO MOXKET
OBITh CIIEJCTBUEM MPOSIBICHUS JIOKAIBbHBIX UcKakeHUH OLIK cTpyKTypbl U cCUMMETPUU OKPY:KEHUS
atoma Fe (Puc. 1B).

Jis oOpaboTku MEccOaydpOBCKUX CIEKTPOB, B KOTOPbIX He Habmromarorcss 3(hdexTs
YIIUPEHUS PE30HAHCHOM JTMHUU U U1 OMUCAHUS KOTOPBIX MCIOJB3YeTCs TOJBKO 3JIeMEHTapHas
¢byukuus JlopeHna, HUCIONb30BAHME METOJAa B3BELIEHHOW perynspu3anuu THXOHOBa IMO3BOJISIET
BBIJICIIATH OJIM3KKE CIIEKTpaibHbIe cocTaBistrone [2]. Ha MoaenbHOM mpuMepe mokas3aHo, 4To MpH
0=0.002 paspemieHue crnekTpajgbHBIX COCTaBIAOMMX He BbimosnHsercs, npu a=0.00003 nuHun
paspemialoTcs B TOJHOM COOTBETCTBHHM C Mofenbio (Puc. 2a,0). JlanmpHeiinee yMmeHbIIEHHE
napaMeTpa peryspU3alii He YXYAMAeT 3HaYeHHUe 2, HO IIPUBOIUT K PELICHHIO, KapANHATBHO He
COOTBETCTBYIOIIEMY MoienbHOMY pacnpeaenenuto P(H) (Puc. 2B). B peanbHOM 3KcniepuMeHTe 3TO
MOXKET TPHUBECTH K HEIOCTOBEpPHOW (DM3MUECKON WHTEpIpeTaluu pe3ynbTaToB. J[s crekrpa c
MeHblInel craructrueckoi ommokoi (N=3000000, 6=0.06%) utepamnnroHHas npoieaypa mpuBOIUT
K MpaBWIbHOMY pe3yibTary ¢ Tem ke o=0.000003 (Puc. 2r). [Ipumenenue mMeToaa B3BEILICHHOU
peryispusaluyd TPUHIUIIHATBHO YIydIlaeT KadyecTBO OOpabOTKM CIEKTPOB U  YBEIMYHUBACT
MH(OPMATUBHOCTH CIIEKTPOCKOIMMYECKOTO METO1a.
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CREATING COMPLEX MODELS OF MOSSBAUER SPECTRA WITH
MULTIPLE COMPONENTS IN SpectrRelax

M.E. Matsnev’, V.S. Rusakov

Lomonosov Moscow State University, Moscow (Russia)
*e-mail: mike@haali.su

Mossbauer spectra of samples where Fe atoms are in multiple different magnetic and
structural positions have complex hyperfine structure resulting in a lot of separate components.
Some parameters of these subspectra may have identical values or may have dependencies defined
by sample’s crystallographic or magnetic structure. Adequate modelling of such spectra requires
adding many subspectra to the model with dependent parameters.

In SpectrRelax we can define arbitrary dependencies between parameters by adding analytical
expressions and free variables to the model [1,2]. Unfortunately working with such models becomes
rather difficult when the number of subspectra and expressions reaches a couple of dozens, the
probability of various mistakes rises with the size of the model. To simplify such models, we have
added an option to define custom components using the embedded Lua language interpreter without
modifying SpectrRelax software itself, with the possibility to reuse existing models.

The extension of the capabilities of the SpectrRelax program is demonstrated in the report on
the example of a model interpretation of the spectra of alloys of the Tbh(FeixAlx), [3] and
Ho(Fe1-xMny), systems with the Laves phase structure C15 (Fig.1-2). The creation and use of a
model that simultaneously takes into account the structural and magnetic non-equivalence of the
positions of Fe atoms in these alloys made it possible to obtain new information about:

e magnetic easy axis direction,

e hyperfine magnetic field anisotropy at the *'Fe nuclei locations,

e substitution of Fe atoms by Al and Mn influence on the hyperfine parameters of *’Fe
nuclei’s Mossbauer spectra.
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Fig. 1. The result of model fitting of the Mdssbauer spectrum of alloy Th(FepgAlg2)2.

[1] M.E. Matsnev, V.S. Rusakov. SpectrRelax: An Application for Mdssbauer Spectra Modeling and Fitting.
/I AIP Conf. Proc., 1489, pp. 178-185 (2012).

[2] M.E. Matsnev, V.S. Rusakov. Study of spatial spin-modulated structures by Mossbauer spectroscopy
using SpectrRelax. // AIP Conf. Proc., 1622, pp. 40-49 (2014).

[3] A.S. llyushin, A.A. Opalenko, A.l. Firov, E.V. Solodov, Z.S. Umkhaeva. Hyperfine Magnetic
Interactions in Th(Fe; «Aly), Alloys. // Physics of the Solid State, vol. 56, no. 3, pp. 501-504 (2014).
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CO3JJAHUE CJO0KHBIX MHOI'OKOMIIOHEHTHBIX MOJEJIEA
MECCBAYJ2POBCKHUX CIIEKTPOB B ITIPOI'PAMME SpectrRelax

M.E. Mauses, B.C. Pycakos

Mockoeckuii ecocyoapcmeennuiti ynusepcumem um. M.B. Jlomonocosa, Mockea (Poccus)
*e-mail: mike@haali.su

MeccOay?poBCKHE CIIEKTPBI 00pa3lioB, B KOTOPBIX aTOMBI JKeJie3a PacIoyO’KEHbl BO MHOTHX
CTPYKTYpHO- ¥ MAarHMTHO-HEIKBUBAJICHTHBIX TO3ULUAX, OOJAJAIOT CJIOKHOW CBEPXTOHKON
CTPYKTYpO#, cocTosimeil U3 OOJBIIOr0 YHCiIa MapUUAIbHBIX CIIEKTPOB. YacTh mapaMeTpoB ATHX
MapUUAITBHBIX CIEKTPOB MOXET UMETh OJTMHAKOBBIC 3HAUCHUS MM OBITh CBSI3aHA COOTHOILICHHSIMU,
O0OyCIIOBJIEHHBIMU  KPUCTAJLIMYECKOM W MAarHMUTHOM CTpyKTypamu oOpasua. MojenbHas
pacmu@poBKa TaKUX CHEKTPOB MPEAIOJIaraeT CO3/JaHHEe MOJCIH W3 OTICIbHBIX IMapIUaTbHBIX
CTIEKTPOB ¢ (PU3NIECKH OOYCIIOBICHHBIMH CBS3SIMUA MEXK/Y HX BapbUPYEMBIMH ITapaMeTpaMHu.

B mporpamme SpectrRelax peann3zoBaHa BO3MOKHOCTB 3371aBaTh MPAKTUIECKHA MTPOU3BOJIEHBIC
CBSI3U MEXIY MapaMeTpaMu, CO3/1aBaeMble C TIOMOIIBIO BBEICHUS JOTOJHUTEIHHBIX BapbUPYEMbIX
rapaMeTpoB M CO3JaHMsl aHaIUTU4YeCKuX BbIpaxkeHud [1,2]. OnpnHako, mpu OONBLIIOM 4YHUCIE
MapIUATBHBIX CIIEKTPOB U CBSI3€H MEXIy HX MapaMeTpaMu, KOTOPOE MOXKET TOCTUTATh HECKOJIBKO
TIECATKOB, padOTaTh C TAKUMHU MOJIEIISIMU CTAHOBUTCS CIIOXKHO, BO3PACTAET BEPOSTHOCTH JIOITYCTUTh
omMOKM B 3afjaHuM ycloBuM M cBsizel. B SpectrRelax mpemycMmoTpen crnoco6 co3aBaTh HOBBIE
MOJICH TAPIUAITBEHBIX CIIEKTPOB HA OCHOBE YK€ CYIIECTBYIOIIMX, BCTPOCHHBIX B IPOTPaMMY,
Mojienel 0e3 M3MEHEHHUsT caMO TIPOTpaMMBl, ITyTeM HalMCaHHus (PParMEeHTOB KOJa Ha BCTPOSHHOM
sI3pIKE MporpaMmupoBanus Lua.

Pacmmpenne Bo3MOKHOCTE#H mporpamMmbl SpectrRelax nmemoncTpupyercss B J0Kiane Ha
pUMepe MOJIEIBbHOM pacimdpoBku crekTpoB cruiaBoB cucteM Tb(FeixAly), [3] u Ho(FeixMny),
co crpykrypoit a3 Jlaeca C15 (Puc. 1-2). Co3gaHune W HCIHOJIB30BAHHUE MOJEIH, KOTOpas
YUUTBHIBAET OJTHOBPEMEHHO CTPYKTYPHYIO M1 MarHUTHYIO HEAKBUBAJIIEHTHOCTh MMO3ULIMN aToMOB Fe B
ATHUX CIUIaBaX, MO3BOJIMIIO TIOJYYUTh HOBYIO HH(POPMAIIHUIO 00:

® OpHEHTAlMU OCH JIer4yaiiliero HaMmarHn4uBaHus,

AHM30TPOIHH CBEPXTOHKOIO MATHUTHOTO TOJIS Ha SIpax ° Fe,

e BIMAHUU 3amelieHus atomMoB Fe atomamu Al u Mn Ha CBEpXTOHKHE MapameTphbl
MeccOaydPOBCKUX CIIEKTPOB siep - Fe.
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Fig. 2. The result of model fitting of the Mdssbauer spectrum of alloy Ho(Fe;.xMny),.
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TRANSFORMING THE LORENTZ LINESHAPE INTO ANOTHER ONE

E.N. Dulov’, M.T.R. Zaitov

Institute of Physics, Kazan Federal University, Kazan, Russian Federation
*e-mail: Evgeny.Dulov@kpfu.ru

Representing Mossbauer spectra in a basis of Lorentz functions or their combinations is an ill-
posed problem. Such a deconvolution requires apriory information about solution. For example,
apriory smoothness of solution leads to the family of regularization methods which often based on
the Tikhonov’s algorithm. This work presents pre-treatment technique taking into account only the
apriory information about natural lineshape of resonant isotope. The technique offered is a kind of
finite impulse response filter which allows to replace Lorentz lineshape to required another
lineshape.

The idea underliyng this work unexplicitly used in digital pulse processing algorithms,
developed by Jordanov [1]. Here the pulse shape transforms to a convenient form by deconvolution
of primary signal to delta-function, and then by convolution it with some other pulse shape
function. In such a manner triangular and trapezoidal pulse shapers based on infinite impulse
response filters can be constructed. Note that in practice the intermediate delta-function signal of
this filter is not informative and looks like noise because it represents a solution of ill-posed
problem. However, total linear transform of the digital shaper may provide output pulse with signal
to noise ratio much better than the ratio for input signal. Such a behavior caused by spectral
composition of the input and output signals. Generally, the linear transform supresses high-
frequency components, whereas deconvolution does not, and such a behaviour may be effectively
managed by output pulse shape selection.

Applied to Mossbauer spectroscopy the linear transformation which replaces the Lorentz
lineshape to another one looks like composition of two linear operators. First of them describes
deconvolution some composition of Lorentz functions to delta-functions, and the second convolutes
delta-functions to desired lineshape.

1.00
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0.98 -

14
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[+
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Transmission

o
0
o

0.94

-10 =5; 0 5 10 -10 =5 0 5 10
v, mm/s v, mm/s

Fig. 1. Mossbauer spectra (>’Fe) of nanocrystalline alloy 5BDSR (Russian analog of FINEMET) before
(left) and after (right) filtration with Lorentz lineshape replacement by Gauss lineshape.

An example of lineshape replacement is shown on Fig. 1. FWHM for Gauss function was
selected twicely greater than the observed natural Lorentz linewidth and equal to 0.388 mml/s.
Diffuse character of original experimental spectrum caused by local inhomogenities, that allows to
use Voigt’s function for the spectrum treatment [2]. Note, that filtered spectrum must consists only
of Gauss lineshapes which may be calculated much faster or/and accurately than the Voigt
lineshapes.

[1] V. T. Jordanov, NIMA 805, 63-71 (2016).
[2] K. Lagarec and D.G. Rancourt, NIMB 129, 266280 (1997).
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MECCBAYDPOBCKOI'O CIIEKTPA
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Hnemumym ¢usuru, Kazanckuii @edepanvhuiii Yuusepcumem, Kazans, Poccus
*e-mail: Evgeny.Dulov@kpfu.ru

[IpencraBierne MeccOayIpPOBCKUX CIEKTPOB B Oasuce GpyHkuuii JIopeHIa wim ux KoMOMHa-
UK SABJISIETCS. HEKOPPEKTHOW 3amaueil. Takas aekoHBosonus (oOpamieHue CBEPTKU) TpeOyeT
anpuopHoi umH(popMauuu o pemeHud. Hampumep, anpuopHas I1aJKOCTh PELIEHUs MPUBOJUT K
CEMEICTBY METO/IOB pErysipu3allui, MHOTHE U3 KOTOPBIX OCHOBaHbI Ha aaropurMme TuxoHosa. B
JaHHOW paloTe MpejacTaBiieHa METOJMKA MpeABapUTEIbHOW 0OpabOTKH, YUUTHIBAIOLIAS TOJBKO
anpUOpHYI0 MH(POPMALIUIO O €CTECTBEHHOW (popMe JTMHUU pe30HaHCHOro u3orona. Ilpemnaraemas
METO/IMKa SBJSETCS PAa3HOBUIHOCTHIO (UIBTpa € KOHEUYHOM MMITYyJbCHOM XapaKTepUCTHKOM,
KOTOPBIH 1MO3BOJISIET 3aMEHUTh (hopMy TuHUM JlopeHla Ha J1r00yto Apyryio GopMy JTUHUH.

Wnes stoit paboTsl HEABHBIM 00pa3oM HCIob30oBaHa JKOpIaHOBBIM B aJITOpUTMax HU(POBO
00pabOTKM HMMIYJILCHBIX CHUTHAJIIOB C JETEKTOPOB HOHM3MpYomero uamydenus [1]. B pabote
KopnanoBa dopma umiynbca mpeoOpasyercs B yIoOHY0 (HopMy JAEKOHBOIIONMEH MEPBUYHOTO
CUTHaja B JleNbTa-(QyHKIUIO, a 3aTeM €ro CBEPTKH C KaKoW-mubo apyrod QyHkimeil ¢hopmbl
uMmiyasca. Takum o0Opa3oM MOTryT OBITh TIOCTPOEHBI TPEYroJibHble M TpamneluealbHble
(dhopmupoBaTe UMITYJILCOB Ha OCHOBE (PUIBTPOB ¢ OECKOHEYHON MMITYJILCHON XapaKTEPUCTUKOM.
OTMmeTHM, 4YTO Ha MpakTUKE CHUTHAJI MPOMEXKYTOUHOM JHenbTa-QpyHKIUU Takoro QuibTpa
HenH(OPMAaTUBEH U BBHIMJISAUT KaK LIyM, TOCKOJIBKY MPEACTaBiIseT co00i peleHne HeKOPPEKTHOM
3amaun. OjHAKO TIOJHOE JIMHEWHOe TmpeoOpa3zoBanne MUGPOBOT0 GOPMHUPOBATEIST MOXKET
o0ecnevynTh BBIXOJAHON MMITYJIEC C OTHOILIEHUEM CHUTHAJI/IIyM HAMHOTO Jy4Ille, YeM COOTHOUICHHE
JUI BXOJHOTO cUTHasa. Takoe MoBefeHHE OOYCIOBJICHO CIEKTPAIbHBIM COCTAaBOM BXOJHOTO U
BBIXOJHOTO cHrHajoB. Kak mpaBmio, WTOroBoe JMHEWHOE MpeoOpa3oBaHUE TMOJABIISIET
BBICOKOYACTOTHBIE KOMIIOHEHTBI, B TO BpEeMsI Kak JEKOHBOJIOIUS O3TOr0 He JAenaeT. Takum
MOBEJCHUEM MOKHO 3(P(PEeKTHUBHO yMpaBIsATh MyTeM BbIOOPA (hOPMBI BBIXOIHOTO UMITYJIBCA.

[IpumenutensHo K MEccOay’pOBCKOM  CHEKTPOCKONUHU JIMHEWHOE IpeoOpa3oBaHue,
3aMmenstomiee popmy nuHuM JlopeHla Ha JIPYryro, BBIMISIAUT KaK KOMIO3HUIMS JBYX JIMHEHHBIX
onepatopoB. [lepBblii W3 HUX OMHUCHIBAET JIEKOHBOJIIOIMIO HEKOTOPONW KOMMO3ZMIMU (YHKIIHMA
Jlopenna B nienbra-(QyHKIUHU, @ BTOPOH CBOpAYMBAET JefibTa-(QyHKIUH C jKkeaaeMoi (opMoil JIMHUY.

[Tpumep 3amensl dopMbl JMHUU TokKa3zaH Ha puc. 1. Ilomymmpuna ans ¢yaxunuu ['aycca
ObLTa BeIOpaHa B JiBa pasa Oouiblile HaOM0JaeMOM eCTeCTBEHHOM MIMPHUHBI TMHUM JlopeHna u paBHa
0,388 mm/c. uddy3ubiii xapakrep HCXOJHOTO 3KCIEPUMEHTAIBHOTO CHEKTpa, OO0YCIOBICHHBII
JIOKANbHBIMU HEOJHOPOJHOCTAMHU, TO3BOJIAET HUCMOJb30BaTh (yHKuUI0 Doiirra s obpaboTku
cnektpa [2]. 3ameTuM, 4TO OTQHUIBTPOBAHHBIN CHEKTP JOKEH COCTOSITH TOJBKO U3 TayCCHAHOB,
KOTOpbIE MOTYT ObITh pacCUUTaHbl HAMHOTO ObICTpee W/uin TouHee, yeM (yHkuus Dourra.
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Traditional processing of Moessbauer spectra assumes decomposition of spectral data into
separate multiplets (hypotheses) corresponding to various environments of the resonant nucleus.
Typically these multiplets are the sets of Lorentzians with certain parameters of hyperfine
interactions. The experimentally obtained spectra is represented as a superposition of these
multiplets that are fitted to the data using standard techniques, such as e.g. Levenberg-Marquardt
algorithm. As an outcome of this fitting one can obtain the parameters of the spectral lines and
hyperfine interactions. In many real life examples the chemical states of resonant atom are
numerous and Moessbauer spectra can have contributions from a large number of overlapping
multiplets, thus leading to the difficulties in processing and uncertainties in the results. In this
respect the development of automated instruments for spectral processing that would allow the
determination of the number of spectral components and would not require the knowledge on initial
multiplet parameters is an important task.

Multivariate Curve Resolution — Alternating Least Squares (MCR-ALS) is a well-developed
method for separation of multicomponent spectral contributions which yields individual
concentration profiles in a series of samples and individual spectra of contributing components in
the mixtures. MCR-ALS is widely applied in analytical chemistry for processing the data derived
from chromatographic, spectral and electrochemical instruments. There are several reports in the
literature on the application of MCR-ALS to Moessbauer experimental data. In [1,2] this approach
was applied for the processing of synchrotron Moessbauer spectra obtained during the study of
battery charge/discharge processes on FeSb, electrode. It must be note, however, that the addressed
system was quite simple and the spectra contained only two doublets. The purpose of the present
study is to explore the potential and limitations of MCR-ALS in processing of complex
multicomponent Moessbauer spectra. We will present the results of this approach applied to model
three component kinetic system; real spectra from the experiments on YFeO3 formation in glycine-
nitrate synthesis and real spectra form corrosion study in steam generator pipes.

[1] M. Fehse, M.T. Sougrati, A. Darwiche, V. Gabaudan, C. La Fontaine, L. Monconduit, L. Stievano,
Journal of Materials Chemistry A, 6 (2018) 8724-8734

[2] M. Fehse, D. Bessas, A. Darwiche, A. Mahmoud, G. Rahamim, C. La Fontaine, R.P. Hermann, D.
Zitoun, L. Monconduit, L. Stievano, M.T. Sougrati, Batteries & Supercaps, 2 (2019) 66-73
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! Canxm-Ilemep6ypeckuil 2ocyoapcmeennviii ynusepcumem, Mucmumym xumuu, Cankm-
Ilemepbype, Poccus
HUncmumym ananumuuecxkoeo npubopocmpoenusi PAH, Canxkm-Ilemepbype, Poccus

3 Yuueepcumem Kanugopnuu, /[36uc, CLLIA

*e-mail: vitpan@mail.ru

Tpanuunonnass o0paboTka MeccOay’pOBCKHUX CIIEKTPOB TMPEANOJaraeT pas3jioKeHHE
CHEKTPAIbHBIX JaHHBIX HA OTJEIbHBIE MYJIbTHIUIETHI (TUIIOTE3HI), COOTBETCTBYIOIINE OTACIBLHBIM
HEIKBHUBAJIEHTHBIM COCTOSIHUSIM pPE30HAaHCHOro aroMa. Kak mpaBmio, Takue MYJIbTUILUIETHI
MPEACTABISIIOT co0oit Habop ¢yHkiuit JlopeHla CBsA3aHHBIX MEXJIy Cco00OW mapaMeTpaMu
CBEPXTOHKHX B3aUMOJICHCTBUN. DKCIIEPUMEHTAIBHBINA CIIEKTP MPEJCTABIAETCS KaK CYNEPIO3UIIMS
TakKUX MYJbTHIUIETOB, KOTOpbIE TOJTOHSIOTCS K HEMY C MCIOJb30BaHUEM CTaHJAPTHBIX
QITOPUTMOB, TaKUX Kak, Hampumep, anropuTt™ Jlesenbepra-MapkBapara. B pe3ynbrate moAaroHKu
MYJIbTUIUIETOB K 3KCIIEPUMEHTAIIBHOMY CIIEKTPY ONPEAEISIOTCS MapaMeTphl IMHUN U CBEPXTOHKUX
B3auMoJielicTBUil. Bo MHOrMX peanbHBIX 00pasliax XMMHYECKHE COCTOSHUS PE30HAHCHOTO aToMa
MHOTOYMCIIEHHBI, a MeccOay3pOBCKUE CIEKTPhl TaKUX 0Opa30B UMEIOT BKJIAJbl OOJIBIIOrO YUCIA
MEPEeKPHIBAIOLIUXCA MEXAY COO0H MYyJIbTHUIUIETOB, YTO MOET CYLIECTBEHHO 3aTPyIHUTh
00paboTKy M IMPUBECTU K HEOJHO3HAYHBIM pe3ynbTaraM. [lo 3Toil npuunHe Ans 0OpabOTKU TaKUX
CIIEKTPOB TpeOyeTcsl MpUBJICUEHHUE TOTIOJHUTENbHBIX METOI0B aHalu3a. B 3TOM OTHOIIEHUH MTOUCK
aBTOMATU3UPOBAHHBIX HMHCTPYMEHTOB OOpabOTKH MeccOayIpOBCKHX CHEKTPOB, MO3BOJISIIOIINX
OTIPENeNIATh YHUCIO KOMIIOHEHT CIHEeKTpa M He TpeOYIOUIMX 3a/aHusl HadalbHBIX MapaMeTpoB
MYJIbTUIUIETOB, SIBJIAETCS aKTyaJIbHOW 3aa4yeH.

MHoromepHoe pa3pelieHre KpUBbIX C aJTOPUTMOM YEPEaYyIOIIUXCsS HAUMEHBIINX KBAJApaTOB
(Multivariate Curve Resolution — Alternating Least Squares, MCR-ALS) sBisieTcs XOpOIIO
W3BECTHBIM METOJOM JJIsi pa3/eieHHs] MHOTOKOMIIOHEHTHBIX CMeced, B pe3ylbTaTe KOTOPOTo
u3Biekaerca MHpopManus o HpoduiIsX M3MEHEHHUS KOHILEHTpauuid oT olpa3na kK obpasly u
WHIUBUAYAIbHBIX CIEKTPAaX OTIENbHBIX KOMIOHEHT. MeToJ MIMpPOKO MpUMEHSeTCs B
AQHAJIMTUYECKOM  XUMUU Uit 00pabOTKH  XpoMaTorpapuuecKux,  JIEKTPOXUMHUYECKHX,
CHEKTPAJbHBIX JaHHBIX. B JIUTEpaTypHBIX HCTOYHUKAX €CTh HECKOJIbKO MPHUMEPOB MPUMEHEHUS
MHOTOMEPHOTO Pa3pelIeHus] KPUBBIX JJIs1 00paboTKH MeccOayIpoBCKHX crieKTpoB. B paborax [1,2]
3TOT MeTOoJ ObLT MNPUMEHEH s O0O0pabOTKH CHHXPOTPOHHBIX MeCCOayIpOBCKUX CHEKTPOB,
MOJIYYEHHBIX [IPU M3YYECHHH XMMUYECKUX MPOIECCOB, MPOTEKAIONIMX Ha 3ekTpoae FeSh, 6atapen
BO BpeMs ero 3apsijaa u paspsaa. Crieayer OTMETHTb, YTO UCCIIeyeMble ccTeMa Oblila I0CTaTOYHO
MIPOCTOM M CHEKTPHI COAEpPX AU TOJIbKO JBa AyoOsiera. OCHOBHAs IeNIb JAHHOTO MCCIEI0BaHUSA -
M3Y4YUTh BO3MOXHOCTU U orpanndeHuss MCR-ALS npu o6paboTke meccOay pOBCKUX CHEKTPOB,
coJiepKaliux OOJbIIOEe YHCIO KOMIOHEHT. byayr mpencraBiieHbl pe3ynbTaThl anmpoOanuTu
MOAX0JIa Ha MOJETBHBIX CIEKTpaX TPEXKOMOHEHTHON KHHETHYECKON CHUCTEMBI M Ha pealbHBIX
CIEKTpax, MOMYyYEHHBIX MpU HU3ydeHuH mporecca popmupoBanust YFeO3 mpu cuHTe3e TIUIMH-
HUTPATHOTO CTOPAHHUS U TPU UCCIECTOBAHUH MPOILIECCOB KOPPO3HUH, MPOTEKAIOIIUX HA BHYTPEHHEH
MIOBEPXHOCTHU TPYOBI IPSIMOTOYHOTO Maporeneparopa Y.

[1] M. Fehse, M.T. Sougrati, A. Darwiche, V. Gabaudan, C. La Fontaine, L. Monconduit, L. Stievano,
Journal of Materials Chemistry A, 6 (2018) 8724-8734

[2] M. Fehse, D. Bessas, A. Darwiche, A. Mahmoud, G. Rahamim, C. La Fontaine, R.P. Hermann, D.
Zitoun, L. Monconduit, L. Stievano, M.T. Sougrati, Batteries & Supercaps, 2 (2019) 66-73
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OrJaBjienue

Cexyus 1
«Ceepxmonkue 83aumooeicmaus 8 puzuxe meepooco meia u MacHemu3me

OPBUTAJIBHASI ®U3UKA: MECCBAYJPOBCKASA ITUATHOCTUKA
W.A. TlpecuskoB, A.B. Coboies, B.C. Pycakos

MOBEJEHME JIBYX MATHUTHBIX COCTOSIHUM C TEMIIEPATYPOM B
“YMHBbBIX” AHTUKOPPO3UOHHBIX NIOKPBITUAX
®.®. Yaycos, A.JI. Yassanos, U.C. Kazanuesa, JI.B. /{oObiiieBa

MATHUTHBIE ®A30BBIE IEPEXO/IbI B 4f-3d UHTEPMETAJUIMJIAX C
KYBUYECKOHU CTPYKTYPOU: MECCBAYJPOBCKOE UCCJIEJOBAHUE
H.B. Mymnukos, H.M. Kneitnepman, C.I1. Haymos

®A30BBIE IEPEXO/IBI B MYJIbTU®EPPOUKE Gd°'Fe;(BOs), TP HU3KUX
TEMIIEPATYPAX 10 2.6 K U BBICOKUX JABJIEHUSAX 10O 72 I'lla

K.B. ®ponos, C.C. Crapuukos, E.C. CmupnoBa, O.A. Anekceesa, 1.C. JIroOyTuH,

B.A. 3asxanos, A. Uymakos, I'. I'ap6apuno, C.A. Xapnamona, U.A. I'ynum, B.JI. Temepos,
B.P. Kyuemesa-Turosa

30HAOBAS MECCBAYJ3POBCKAS IMATHOCTUKA CTPYKTYPHBIX U
MATHUTHBIX ®A30BbIX IEPEXO/I0B B MAHI'AHUTE BiMn;O;
B.U. Hunenko, A.B. Co6ones, A.C. I'nazkosa, M. A. TlpecHsikoB

B3AMMOCBSI3b BAJJEHTHOCTH ATOMOB Fe 1 KUCJIOPOJHBIX BAKAHCHM
B 3BAMEIIEHHOM OPTO®EPPUTE Lag67Sro33Fe03-, B IIPOIIECCE
TEPMOOBPABOTKHA

B.J1. Cenpix, B.C. Pycakos, T.B. I'yoaitnynuna, O.I". Peiouenko, B.1. Kynakos

CBEPXTOHKAS CTPYKTYPA B MECCBAY3POBCKHX CIIEKTPAX TBEPJbBIX
PACTBOPOB Fe;.,Ga,BO;

H.U. Cuerupés, U.C. JIroOyrun, M.A. Uyes, C.C. Crapuukos, C.B. frymnos,

IO0.A. Morunenen, M.b. Crpyranxkuii

CBEPXTOHKHE MAIHUTHBIE B3AUMOJIENCTBHUS B KBASHOJHOMEPHOM
AHTU®EPPOMATHETHUKE Fe,O(Se03);
A.B. Co6ones, A.A. Acnanaykosa, S1.C. ['naskoBa, U.A. IlpecHsikoB

HCCJIEJOBAHUE KYBUKOB MAI'HETUTA CO CIIMH-BOPTEKCHBIM
IMOBEJAEHUEM METOJAMMU MECCBAY3POBCKOHU CIIEKTPOCKOIIUUA 1
FORC

T.}O. Kucenesa, C. Kob6asmu, B.C. Pycakos, K.B. ®ponos, JI. Manssna, H. XKapranan,
J.Canraa

MECCBAY2POBCKOE UCCJIEJOBAHUE CTPYKTYPHBIX IIPEBPAIIIEHUI B
CIUVTABAX Fe-Ni C HU3KUM COAEP)KAHUEM HUKEJIA
H.M. Kneiinepman, A.B. IIporacos, C.I1. Haymos, B.C. I'aBuko

CBEPXTOHKHE B3AUMOJIEVNCTBHUS B HECTEXUOMETPHYECKHUX
COEJUHEHMUMAX ErFe,Mny
C.I1. Haymosg, H.B. MymnukoB, H.M. Kneitnepman, B.I'. Ceménon

OCOBEHHOCTH MPOCTPAHCTBEHHON CIIUH-MOJIYJINPOBAHHOM
CTPYKTYPBI B MYJIIbTU®EPPOUKAX

Bi1xSryFeOs.y (x = 0+0.1)

B.C. Tlokarunos, B.C. Pycakos, A.M. 'anouka, A.O. MakapoBa
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BJIUAHUE TEPMOOBPABOTKHN HA CTPYKTYPY U MAT'HUTHOE
COCTOSIHUE TPOMHBIX MEXAHOCHUHTE3UPOBAHHBIX CILIABOB
F855A|35-XBX (X = 5, 10 aT. %)

A.I'. BanoBa, E.B. Boponuna, A.®. AonymnuH, A.K. Ap>)xHUKOB

PEJAKCAIIMOHHBIE MPOIIECCHI, BBISIBJIEHHBIE B Ca- U Sr-
JEIT'HPOBAHHBIX MAHI'AHUTAX JTAHTAHA METOJIAMHA
MECCBAYA3POBCKOM CHEKTPOCKOIIUU U MATHUTHBIMHU
N3MEPEHUSIMU

M. TTyenuna, B.JI. Cenprx, H.W. Unuctskona, I0.A. Anexuna, A.H. LleneOpoBckuii,
B.C. Pycakos

JOKAJBHOE OKPYKEHUE KATHOHOB KEJIE3A B Ni**, Cu** M Mg?*
®EPPUTAX: HCCJIEJOBAHUE METOJ0OM MECCBAY3POBCKOM
CIIEKTPOCKOIIUH

M.B. Vmakos, P. Kanaii CensBan, M.J. Omrpax

30HJIOBASI MECCEAYJPOBCKASI TMATHOCTHUKA HA SIJIPAX *'Fe
MATHUTHBIX ®A30BbIX IPEBPAIIIEHU B BUHAPHBIX ®OCOHUJIAX
HNEPEXOJHbIX METAJIVIOB

WN.I'. Cunxun, U.A. IIpecnskos, 1.B. Mopo3os

9HEPI'USI OBPA3BOBAHUS U ITAPAMETPBI CBEPXTOHKOTI' O
B3AUMOJIENCTBUSI TPOMHBIX CUCTEM HA OCHOBE Fe-Al. PACYETHI 13
IEPBbIX IPUHIIUIIOB

A.®. AonymnuH, E.B. Boponuna

AHAJIM3 CBEPXTOHKHX MOJIEM MATHATHBIX HAHOYACTHI]L HA OCHOBE
BUHAPHBIX CIIJTABOB FeNi

A.1O. T'epmog, b.1O. T'omo6opoackwmii, A.C. Kones, JI.A. IIpoxonses, . A. Kypmaués,

E.B. CyBopkoBa, A.C. Munun, M.A. YViimuu

9KCHEPUMEHTAJIBHOE U TEOPETHUYECKOE UCCJIEJOBAHUE
HAHOCTPYKTYPUPOBAHHBIX JIEHT CIIJIABA SmggZrj2(Feog2Tioos)10 B
IPOLIECCE TEMIIEPATYPHOI OBPABOTKHU

A.B. Ilpotacos, O.A. I'onoBus, A.I'. Ilonos, JI.A. Cramkosa, B.C. I"'aBuko

MATHHUTHAS CTYPKTYPA U CBEPXTOHKHE B3AUMO/JENCTBUS B
MYJIbTU®EPPOUKAX BiFe;.,CoO3 (x =0.05, 0.10, 0.15)

A.M. l'anouka, B.C. Pycakos, f.C. I'naskoBa, T.B. I'y0aiinynuna, M.E. Maunes,
N.A. TlpecHsikoB

Cexyus 2
«llosepxnocmob, monKue NieHKU U HAHOCMPYKNYPbl»
HETPUBUAJIBHBIE ®OPMbI MECCBAYJ2POBCKHUX CIIEKTPOB

MATHUTHBIX HAHOYACTHIL C PABHBIMHA ®OPMAMU MATHUTHOM
AHM3O0TPOIINHU

M.A. YyeB

MECCBAY2POBCKHUE UCCJIEAOBAHUSA Fe;04 U Fe;0s@Au HAHOYACTUII,
HNOABEPTHYTBIX TEPMUYECKOMY OT/XKUI'Y
B.C. PycakoB, M.C. ®anees, A.JI. Ko3nosckuit

30HAOBAS MECCBAYJ3POBCKASA IMATHOCTUKA TUHAMHNYECKHUX
CBOMHCTB 2D-PASMEPHBIX CJIOEB BOJIbI HA TOJJIOKKE
MOHTMOPWJIJIOHUTA

A.A. 3anyukuii, B.B. Mopo3zos, A.1O. Cokonos, E.H. [lIxonbHIKOB
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AHAJIN3 MATHATHOM AHU30OTPOIINH B CIIJTABAX FINEMET METOJ0OM
MECCBAYYPOBCKOM CIIEKTPOCKOITUA

9. Ky3mann, 1. IlItuxneyruep, JI. Maxana, 1. Ileuycek, P. Bouapacek, 1. Cmpuxka,

JI. Koypuun, 3. XomonHnaii, M.J1. Omrpax, A. Mo3onau, B.A. Ckyparos, M. Kynop,

b. Xepuer, JL.K. Bapra

IMUCCHUOHHAIJ AAT'P CIIEKTPOCKOIIUS 'PAHUIL SEPEH
KPYIHHOKPUCTAJIVIMYECKOI'O U YIIBTPAMEJIKO3EPHUCTOI'O HUOBUA
B.B. Ilonos, E.B. Ocunaukos

HCCJIEJJOBAHUS CBOMCTB MATHUTHBIX TOHKWX IIJIEHOK JJIS
TEPMOMAT'HUTHOM 3AITMCHA UHO®OPMAIIUN
A.A. Bamuynnun, A.C. Kamsun, JI.P. Tarupos, JI.[1. 3apumnosa

CHUHTE3, CTPYKTYPA U MATHUTHBIE CBOMCTBA HAHOKOMITIO3UTOB
THUIA AAPO@OBOJOUYKA HA OCHOBE KAPEUJOB U OKCHU /OB KEJIE3A
C.C. Crapuukos, B.A. 3asxanos, A.JI. Bacunwes, U.C. JIroOyrun, K.O. ®yHTOB,

M.B. JIro0yruna, H.K. Uymaxkos, JI.®. Kynukosa, B.H. Aradonos, B.A. JlaBsii0B

MATHUTHBIE U MECCBAYJ3POBCKHUE UCCJIIEAOBAHUSA HAHOITPOBOJIOK
n3 Fe, FexC01_x nu FexNil.x

N.B. Ilepynos, K.B. ®ponos, M.A. Uyes, U.M. lonynenxo, J1.JI. 3aropckuii, H.K. Hymakos,
N.C. JIrobytun

NCCIEAOBAHMUE BJIUAHUSA DJIEKTPOHHOI'O OBJIYUYEHUSA HA
HAHOYACTHULBHI a-Fe;03
M.C. ®anees, A.JI. Koznosckuid, B.C. Pycakos, K.K. Kagpip>kanos

HNCCIIEJOBAHUE BJII/ISIHI/IHQI[OHI/IPOBAHI/ISI Au, Gd, Nd HA MATHUTHBIE 1
T'NINEPTEPMHUYECKHUE CBOUCTBA Fe;sO, HAHOKOMITIO3UTOB
A.JI. Koznosckuii, K. Eruzoex, M.C. ®anees, B.C. Pycakos, K.K. Kageip:kanos

3ABUCUMOCTD TEMIIEPATYPbBI HEEJISI OT TOJIIWHBI J1JIS
CBEPXTOHKMUX IIJIEHOK YFeO3

B.B. Usiopos, M.A. Auapeesa, P.A. baynun, A.Il. Hocos, 1.B. I'put6os, O.A. Konnpatses,
N.A. Cy660oTtun, 2.M. I[1amaes

Cexyus 3
«llepcnexmuesnvie mamepuavl U COBPEMEHHbIE MEXHON02UU UX NOTYUEHUSD

COBPEMEHHBIE IPOBJIEMbI BLICOKOTEMIIEPATYPHOM
CBEPXIIPOBOJUMOCTHU U POJIb MECCBAY3POBCKOM CIEKTPOCKOIIUU
B EE UICCJIEJJOBAHUH

N.C. JIrobytun, U.A. Tposn, A.T'. ['aBpumrok

HUCHOJIb30BAHUE HEMPOHHBIX CETEM B PEILIEHUHA 3AJIAY ®U3UKUA
KOHAEHCHPOBAHHOI'O COCTOSsIHUA
A.K. Ap)KHUKOB

KPUTUYECKOE NNEPEPACIHPEJEJIEHUE ATOMOB B CILJTABAX KEJIE3A
TP CBEPXBBICOKOM IMVIACTUYECKOM JJE®OPMAIIUN
B.A. I1labamos

MECCBAYJ3POBCKOE MCCJIEJOBAHUE ®A30BbIX IPEBPAIIIEHUI B
BOTI'ATBIX )KEJIE30M CIIVIABAX CUCTEMBI Fe-Mn B AHAJTOT'HYHBIX
YCJOBUSIX HATPEBA TYYKOM YCKOPEHHBIX NOHOB Ar' DHEPTUEHN
15 x3B U BECKOHTAKTHBIMHAI'PEBATEJIEM

B.B. OBunnnukoB, E.B. Makapos, B.A. Cemenkun, H.B. I'ymuna
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HEKOTOPBIE ACIIEKTbI CUHTE3A HHTEPMETAJIVIMYECKOI'O
COEJUHEHMUS Fe-Al-Sn U3 MATEPUAJIOB, TIOJIYYEHHBIX METOAOM
MEXAHHUYECKOI'O CIIVIABJIEHUA

E.B. Boponuna, A.I'. UBanoBa, A.®. A6nymun, A.E. lenucos, A.K. Ap>)xHUKOB

MECCBAYJ3POBCKOE UCCJIEJJOBAHUE ®OPMUPOBAHUS MAT'HUTHON
CTPYKTYPbI HACTUIl UTTPUEBOI'O ®EPPUTA T'PAHATA B PEXKUMAX
I'OPEHUSA

T.1O. Kucenesa, B.C. Pycakos, P. A66ac, E.B. Jlazapesa, I1.}O. Tsankun, K.JI. Maptuncos,
J1. Canraa, B.. IlonkoB

BJIMSTHUE BBICOKOJIO3HOT'O HEUTPOHHOI'O OBJIYYEHHUSI HA
CTPYKTYPHO-®A3OBBIE TIPEBPAIIIEHUSI B UHAYCTPUAJIBHOM CTAJIN
OI1823

K.A. Kosnog, B.A. lllabamos, B.B. Carapamze, A.E. 3amatoBckuii, B.A. CemenkuH,

A.B. Kosnos, B.JI. ITanuenko

MECCBAYJ3POBCKHUE UCCJIEJJOBAHUA ®A30BOIO U MATHUTHOI'O
COCTOSIHUSI HAHOKOMITO3UTA COCTABA (Fegg5Mng 10Nig.05)s3C17 IOCJIE
MEXAHOXUMHNYECKOTI'O CUHTE3A U HIOCJIEAYIOLUX OTKUT'OB

A.A. Yynkuna, A.W. Yiesanos, A.JI. YnesaHos, B.E. Ilopces

MECCBAYI3POBCKOE UCCIIEJJOBAHHUE JAJIBHEI'O ATOMHOI'O ITIOPSJIKA
B CILIJIABE Fe-6,25 AT.% Si
E.B. Makapos, B.B. OBunnaukoB, B.A. CemeHKuH

KOHIEHTPAIIMOHHAS HEOJHOPOJIHOCTDb U KOO®OUIIUEHT
TEPMHUYECKOI'O PACHIMPEHUS B METACTABUJIBHBIX Fe-Ni HTHBAPAX
B.A. llla6amos, B.B. Carapamze, A.E. 3amatosckuii, K.A. Ko3nos, H.B. Karaesa,

C.E. laaunos

TEIIVIOTA OBPA3OBAHUSI HUTPUJIOB U MEXAHUYECKHUIN CUHTE3
CTAJIEA, YIPOUHSIEMBIX JUCHEPCHBIMU HUTPUJAMU TUTAHA
B.A. ITIladamos, K.A. JIsmkos, A.E. 3amarosckuii, K.A. Ko3mos, H.B. KaTaesa,
E.I". HoBukos

BJIUSIHUE MEXAHUYECKHUX HAIIPSI)KEHUT HA CTPYKTYPHO-®A30BBIE
INEPEXO/IbI B UHAYCTPUAJIBHBIX CTAJISIX 211823 U 311823-1YO IIPHU
BbICOKO/IO3HOM HEMTPOHHOM OBJIYYEHUU

K.A. Kosnog, B.A. [llabamos, B.B. Carapamze, A.E. 3amaToBckuii, A.B. Ko3os,

B.JI. Ilanuenko

MECCBAY3POBCKOE UCCIIEAJOBAHMUME PbSnO;
C.I1. Ky6pun, WN.I1. PaeBckuii, J[.A. Capsrue, H.M. OnexnoBuu, A.B. [lymkapes,
10.B. Panym

TBEPJTO®A3HBIA MEXAHUYECKHNH CUHTE3 BBICOKOA3OTHUCTOI'O
XPOMOMAPI'AHIIEBOI'O AYCTEHUTA

K.A. JIsmkos, B.A. [llabamos, A.E. 3amarosckuii, K.A. Ko3nos, H.B. Karaesa,

E.I'. HoBukoB

UCCJEJTOBAHUE METOJ0M MECCBAY3POBCKOM U PAMAHOBCKOM
CIIEKTPOCKOIINHA BJIUSIHUSI AIIOMUHNUS HA MATHUTHBIE U
MATHUTOKAJIOPUYECKHE CBOMCTBA CYBMUKPOHHBIX YACTHI]
MgFez_xAle4

K.E. Xynakos, E.B. JlazapeBa, . Kumurnem6epen, I1.YO. Tsankun, T.®. I'puropsesa,
W.I1. sanenko, T.1O. Kucenena, E. Ysaura, /|. Canraa
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Cexyus 4
«buonoeuyeckue u meOuyuHcKue npuUMeHeHus1»

MOJIEKYJIAPHO-CHHEKTPOCKOIIMYECKHUE UCCJIIENJOBAHUA
CTPYKTYPHBIX U OKUCJ/IMTEJIBHO-BOCCTAHOBUTEJIbBHbIX
NPEBPAIIIEHUH B KJIETKAX BAKTEPUI TP BBICYILIUBAHUU
A.A. Kamnes, A.B. Tyraposa, K. KoBay, O. Kysmanu

BUOME/JUIIMHCKHUE IPUMEHEHNUS HAHOKOMITIO3UTOB GrO-®EPPUT N
HAHOCTPYKTYP THIIA SAIPO/OBOJOYKA: CUHTE3 U XAPAKTEPUCTHUKHA
A.C. Kam3un

HAHOPA3MEPHBIE «’KEJIE3HBIE S1J]IPA» ®EPPUTUHA U ET'O
OAPMAILEBTUUYECKUX AHAJIOI'OB: BBISIBJIEHUE AHOMAJIbBHBIX
TEMIEAPTYPHBIX 3ABUCUMOCTEN MECCBAYJ3POBCKHUX IAPAMETPOB
W.B. Anenbkuna, J. Kysmann, U. ®ennep, B.K. Kum, /I.B. benses, M.W. Omrpax

O EHKA COCTOSHUA NOHOB KEJIE3A B ®PAPMAIIEBTHYECKHUX
IMPEINAPATAX C UHICTEKIIUM CPOKOM I'OJJHOCTH ITO JTAHHBIM
MECCBAYAPOBCKOM CHEKTPOCKOITUU

/I.B. benses, N.B. Anensknna, M.1. Omtpax

HOBBIV METOJI MAT'HUTHOM THIEPTEPMHUU HA OCHOBE
OEPPOMATHUTHOI'O PESOHAHCA

C.B. Crousp, O.A. JIu, E.JI. Hukonaera, A.M. Bopoteinos, /I.A. Benukanos, FO.B. Kus3es,
O.A. Barokos, P.C. HcxakosB

CTATHYECKHUE U ITMHAMHNYECKUE MATHUTHBIE CBOVCTBA
HAHOYACTHIX CoFe, 0Oy

C.B. Crouisip, O.A. JIn, E./[. Hukomnaea, A.M. Bopoteinos, JI.A. Benukanos, 10.B. Kusizes,
O.A. barokos, P.C. Ucxakos, B.®. IIssguaK0B

MECCBAYJ3POBCKHUE HNCCIIEJOBAHUS HEKOTOPBIX BUOJIOT'MYECKHA
AKTUBHBIX JTOBABOK HA OCHOBE BUCI'JIMIIMHATA KEJIE3A
A.JlL. Bugnaryiuing, @.I'. Baruszos

Cexyus 5
«CunxpompoHtoe uzyuenue u 2amMma-onmuKka»

MECCBAYA3POBCKHUE CHHEKTPBI OTPAKEHHUSI B UCCJIEJOBAHUU
VIbBTPATOHKHUX IIVIEHOK YFeO3; HA ESRF

M.A. Aunpeesa, P.A. baynun, A.I1. Hocos, B.B. U3topos, WU.B. I'pubos, O.A. Konapartses,
N.A. Cy660tuH, 2.M. [Tamaes

INPUMEHEHUE D®PEKTA MECC?AYBPA JJISI UCCIIEAJOBAHUA
YJbTPA3BYKOBBIX KOJIEBAHHUH BJIA’KHBIX I'PAHYJISAPHBIX CPEJ]
P.H. ITaxmyparos, A.JI. 3unnarymnun, @.I". Baruzos

MECCBAYAPOBCKAS PE®JEKTOMETPHUS C IPUMEHEHUEM
MNOJSIPUZAIIMOHHOI'O AHAJIN3A IJISI HHTEPIIPETALIA
INJIOXOPA3SPEIIEHHBIX CIIEKTPOB

P.A. baynun, M.A. Aunpeea, M.A. Muiisie, JI.A. [Tonomapes, JI.H. Pomares,
B.B. YctunoB
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Cexyus 6
«Munepanozus, Hayku o 3emie, 3K0J102Usl U KYIbMYPHOE HACAeOUe»

PEHTTEHOBCKAS IU®PAKILIUS, MATHUTHBIE U3SMEPEHUS U
MECCBAYI3POBCKAS CHEKTPOCKOIIUSA KEJIE30COAEPKAIIUX ®A3
HEKOTOPBIX TU®P®EPEHIIMUUPOBAHHBIX U HEIU®P®EPEHIIMPOBAHHBIX
METEOPUTOB

A.A. Makcumoga, E.B. Ilerposa, M.B. I'optonos, 1. ®ennep, A.B. Uykun, O. Ky3mans,

3. Xomonnaii, M.U. Omrpax

N3YYEHUE MOP®OJIOI'MHU U ®PA30OBOI'O COCTABA
KEJE3OMAPI'AHIIEBBIX KOPOK
A.A. HoBakosa, C.U. ITandunos, B.B. Apnonun, E.A. Xeramio

CPABHUTEJIBHBIE UCCJIEJOBAHUS CUJAEPUTOB I'MJIPOTEPMAJIBHOTI'O,
OCAJOYHOTI'O U MUKPOBHUOJIOI'NMYECKOI'O ITPOUCXOXKJIEHUSA

H.U. Yuctskora, A.B. Autonona, JI.I'. 3aBap3una, T.}O. Kucenesa, M.C. UepHos,

E.H. JlykssinoBa, B.Jl. Censix, B.C. PycakoB

PEHTTEHOBCKASA IN®PAKLUSA, MATHUTHBIE USMEPEHUS U
MECCBAYJPOBCKAS CIIEKTPOCKOIIUA AJis1 BEHLIECTBA
OBBIKHOBEHHOI'O XOHAPUTA KEMER L4 1 KOPbI IIJIABJIEHUSA
E.B. IletpoBa, A.A. MakcumoBa, U. @enuep, A.B. Uykun, M.1. Omrpax

PEHTTEHOBCKASA IU®PAKIUS U MECCBAYJPOBCKASA
CIHEKTPOCKOIIUSA KEJE3OCOIAEPKALIIUX MUHEPAJIOB B UMITAKTUTE
AHUCDHSAPBU

A.A. Makcumona, A.B. Uykun, M.U. Omrpax

MECCBAYDPOBCKAS CIIEKTPOCKOIIUA TEPMOOEUPAEOTAHHOFO
TYPMAJIMHA U3 KOIIM MUHUCTEPCKAS (CPEJHHUU YPAJI)
M.B. Boponuns, JI.B. CunaBuna

CBEPXTOHKME ITAPAMETPBI °'Fe B CILIABE Fe-Ni PA3JIMUHBIX
METEOPUTOB
M.B. I'opronos, M.H. Omrpax

I'AMMA-PE3OHAHCHBIE HUCCJUIEJOBAHUSA I'OPHBIX ITIOPO/I BJIMKHEI'O
BOCTOKA (KopoaesctBo CaynoBckas ApaBusi, Typuus)
M.M. I'yceliHOB

Cexyus 7
«Xumus, Hegpmexumus, Kamaaus, CmMpyKmypa u C6s13b»

HOBBIN MMOAXO0/I K UHTEPIIPETAIIUU MECCBAYJ3POBCKHUX U30MEPHBIX
CABUI'OB KEJIE3A
C.K. lenymenko, 10./1. [lepdunnes

MECCBAY3POBCKOE UCCIIEAJOBAHUE HAHOKATAJIU3ATOPOB HA
OCHOBE XEJIE3A 1JIs1 CUHTE3A ®UUIEPA-TPOITIIA
K.B. ®posos, M.B. lBaunuos, M.B. Kynukosa

Cexyus 8
«Texnuka sxcnepumenma u Memooon02UsL»

HOBASI MOJEJb MECCBAY?POBCKOI'O CHEKTPOMETPA MS-2020
JL.A. Capsiues, /I.H. CuBokonb, M.IO. 3exuep, C.B. Xpuctuu, B.B. Kutaes

188

123

125

127

129

131

133

135

137

139

141

143

145

147

149



JOIIJIEPOBCKHUHN MOAYJISITOP: IPUHIIUIIBI HIOCTPOEHUS
INEPCIIEKTHUBbBI PA3BUTHUS
B.I". Cemenos, B.B. [1anuyk, H.A. Makapos

TAMMA-PE3OHAHCHBIYM METO/I OJHOBPEMEHHOTI'O U3MEPEHU S
AMILIATY Il KOJIEBAHUH SJIEP HA IOBEPXHOCTH U B OFbEME
OBPA3LA TP AKYCTUYECKOM BO3BYXXJIEHUU

A.JL. 3unnarymnius, @.I'. Baruzos

MECCBAYAPOBCKHM CHEKTPOMETP C NOJABUKHBIM PE3OHAHCHBIM
JETEKTOPOM U CHHXPOHHOM CUCTEMOM JOIIJIEPOBCKOMN
MOIYJSIIUA

JI.A. Capsrues, JI.H. CuBokons, M.IO. 3exuep, C.B. Xpuctuu

OIIEHKA TU®PEPEHIIUAJIBHOW HEJTUHEHMHOCTHA CUCTEMBI
JABU/KEHUSA B MECCBAYJ3POBCKUX CIIEKTPOMETPAX C
NCITOJIb30BAHUEM 2TAJIOHHOTI'O HOTJIOTUTEJA ®OJIBI'A o-Fe
B.A. Cemenkus, 3. Ky3mann, 3. XomonHnaii, M.1. Omrpax

O BEPHOT'PAHUYHBIX CEI'PEI'ALIMAX U COITYTCTBYIOUIUX ABJIEHUSAX B
MECCBAYAPOBCKOM CIHEKTPOCKOIMIUU HAHOKPUCTAJLJIMUECKUX
CIIJIABOB

I'.A. lopodees, B.E. Tlopces, A.JI. Yaesauaos, O.M. Hemiiosa

MOJAEPHU3ALIUA KPUOCTATA 3AMKHYTOTI'O HUKJIA J1JIsA
MECCBAY3POBCKOM CIIEKTPOCKOITUA

B.A. 3asxanos, C.C. CrapuukoB, K.O. ®yntoB, M. Knénos, 1. bonagapenko, K.B. ®poJios,
N.C. JIroObyTun

YHUKAJIBHBIE BOSMOXHOCTHA METQI[A PET'YJISIPU3AIIUU B
NPUJIOXKEHUU K MECCBAYAPOBCKOM CIIEKTPOCKOIINHA
O.M. Hemnona, I'.H. Kousiruu

CO3JIAHUE CJIOKHBIX MHOI'OKOMITIOHEHTHBIX MOJIEJIEN
MECCBAYJPOBCKUX CIIEKTPOB B ITPOI'PAMME SpectrRelax
M.E. Mannes, B.C. Pycakos

IMPEOBPA30BAHUE ®OPMbI JIUHUU MECCBAYYPOBCKOI'O CIIEKTPA
E.H. lynos, M.T.P. 3autoB
MHOI'OMEPHOE PA3PEIHIEHHUE KPUBBIX JJIS1 OBPABOTKH

MECCBAY3POBCKUX CIIEKTPOB
B.B. ITanuyk, b. [lebyc, [1.0. Kupcanos, B.I'. Cemenos

ABTOPCKHUI MHJIEKC
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