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000 "KpMOFEHHbIe ﬂpM50pr" — BeAyLWMIA POCCUMCKUIN NPOM3BOAMUTENb KPMOCTATOB U KPUOreHHOro o6opya0BaHUA.
3a 17 net paboTbl Hamu noctasneHo 6onee 200 KPMOCTATOB U MHOMKECTBO COMYTCTBYIOLLEro 060pyA0BaHMA (reNiMeBbIX NepesmBHbIX
JIMHUI, CUCTEeM Bblfaum a3oTa, cucTem cbopa reams, reHepaTopoBs KUAKOMo a3oTa U T.M.).

MpoTo4Hble rennesble KPUOCTaTbI

MpoTouHble TenneBble KPUOCTaTbl NMpeAHa3HauYeHbl A4/ NPOBEAEHUA UCCneA0BaHMIn 06pasLos B
AunanasoHe Temnepatyp ot <1.6 ao 325 K.

ObpaseL, B TaKOM KpuoOCTaTe MONKET ObiTb pPacnosiokeH B Bakyyme Anbo B napax reava (s
AMHAMMYECKOM NOTOKe). B nepBom cayyae KpuoctaT moxKeT paboTaTtb B 060 opueHTaumu, Bo
BTOPOM — BEPTUKA/IbHO (C OTKNOHEHWeM He 6onee +302 OT BepTUKanM), Tak Kak cam obpasel,
KPenuTca Ha CrnewumanbHOM 3arpyyKaemoi CBepxy BCTaBKe, KOTOPYH MOXHO 13Baedb Ans 6bicTpoi
CcMeHbl o6pasLa 6e3 HeobXx0AMMOCTH OTOrPEBa BCEro KpMocTaTa.

CyuiecTByeT cneLanbHasn Bepcua Ana MUKpockonuu. OHa umeet .*
N/I0CKYIO OMTUYECKYIO FO/I0BKY Manol BbiCOTbl (OKoMO 3-4 cm) S

ANA pasmeLLeHna Ha NPpeaMEeTHOM CTOIMKE MUKPOCKONa, Mmanoe s

paboyee paccTosHMe OT MOBEPXHOCTM OKHA A0 obpasua u 5”' v
cneuuanbHylo CUCTEMY YCTpaHeHUA Tepmuyeckoro apeida - ;
obpasua BAONb ocet XMY. BaxkHbIM NpeuMmyLecTsyem 7 /

NPOTOYHBIX KPUOCTAaTOB ABNSAETCA HU3KWIA ypoBeHb BWBpaumit. MOMMMO 3TOrO, OHU WMMEOT o
Hanbonee HU3KyIO LEHy cCpeau Bcex cuctem, paboTalowmx Mpu resvesble Temnepartypax, v ( )
KOMMaKTHble pa3mepbl, 4YTO [JaeT BO3MOMHOCTb JIErKO Mepemeliartb KpUoCTaT —Mexay —
nabopatopuamu.

A30THbIE KpUocCTtaTtbl

MpenmyLLecTBOM a30THbIX KPUOCTAaTOB ABAAETCA NPOCTOTA KOHCTPYKUMM (Mo 4
CPaBHEHWIO C resMeBbIMM), HU3KaA LeHa, LMpoYailime BO3MONKHOCTM MO
KacTOMM3aLMKu, BO3MOXHOCTb NPUMEHEHWS HEeAOopPOrux, B T.4. OTEYECTBEHHbIX, i
TemnepaTypHbIX KOHTPOANepoB. Takue KpuocTaTbl NPoCTbl B paboTe v He TpebytoT
CEepBUCHOro 06C/yKMBaHUA.

O6bIYHO a30THble KPWOCTaTbl WM3rOTABAMBAIOTCA B 3a/MBHOM WCMONHEHUM, YTO
obecneymBaeT HU3KUI PaCcXos, KMAKOro a30Ta, a TaKxKe yCTpaHAeT Heo6XxoAMMOCTb B
nepenvBHom yctpoictee. OfHaKo BO3MOXKHA paboTa TONbKO B BEpPTUKA/SIbHOM
NOIOKEHWU (C OTKIOHEeHMeM He 6onee +302 OT BEpTUKaK).

BasoBas Temnepatypa coctasnseT 78K, ogHaKo B pase cnyyae (Npu oTKayke napos
a30Ta) BO3MOXHO ee CHWKeHue A0 ~65K. CywlecTByloT MOAMPUKALUKM 3aNUBHbIX
KPWOCTATOB A/ CMeuuanbHbiX NPUMEHEHUI, KoTopble MoryT paboTtaTb B nto6om
NoNIOXKeHUN (Ha pUCyHKe cnesa).

B 6onblIMHCTBE CyyaeB obpasel, B TaKMX KPUOCTaTax Pa3MeLLaeTcsa B BaKyyme, pexe
— B Mapax a3oTa WM B KUAKOM a30Te. BO3MOXKHbI KaK ONTUYECKUe, TaK U HEONTUYECKUE UCMONHEHUS, B TOM Yucae nog 6osbluve
pasmepbl 06Pa3sLOB UM C Y3KUM HAKOHEYHUKOM A1 UCNO/Ib30BAHUA COBMECTHO C MarHUTamu.

'i;;{

Kpuocrtat oTKpbITOro notoka
KprocTaT OTKpbITOrO MOTOKA MpegHasHadeH Ana OXNaxAeHua o6pasuoB, HaxoAAWMXcs B
atmocdepHom Bo3ayxe. KpuoctatuposaHue obpasiia NnpomM3BoauTCA B Auana3oHe Temnepatyp 4,5
— 120 K npw paboTe ¢ Kuakum reavem, n ot 80 fo 150K npu paboTe ¢ KUAKMM a30TOM. BO3MOXKHO
UCMONIHEHWE C OX/IaAMTENEeM 3aMKHYTOro TWMa, KOTOpoe MNo3BonseT
ucnonb3oBatb Ana  paboTtbl ra3  uM3  6ansoHa, Oxnaxaatb  ero
KpuopedpurkepaTopom 1 fanee nopasatb Ha obpasel,.

KOHCTpyKUMA KpuocTaTa MNO3BONSAET BCTPOWUTb €r0 B PEHTrEHOBCKUIA
andpaktomeTtp, obecneunTb paBHOMEpPHOe 3axonaxKmeaHue obpasLos u
NpesfocTaBuTb KPyroBol JocTyn K o06pasuy (BO BCEX MNONOXKEHUAX
roHMomeTpa) Ha 61M3KOM AUCTaHLUN.

Mexay 06pasiLom, UCTOYHUKOM U AETEKTOPOM AUPPAKTOMETPA HET HUKAKMX Mperpajg, Yto CylecTBEHHO
YNPOLLAET NPOLLECC UCCNEA0BAHUN.

3anunsHble reamesble KpUocCTaTtbl

3anMBHble renneBble KPMOCTaTbl MpeAHasHaYeHbl A1 NPOBEAEHUA UCCaefoBaHuii 06pasLoB B AManasoHe
Temnepatyp oT <2 A0 325 K 1 Bbiwe. MpermyLLecTsa: BO3MOXKHOCTb paboTbl NpM 04YeHb HU3KUX TeMMNepaTypax
(80 1.3 K), manblit pacxos sKMAKOro renns, HaMMeHbLMe BUBpaLLMmn cpeam Bcex CTaHAaPTHbIX KPUMOCTATOoB.
HesocTaTku: BO3MOMKHOCTb paboTbl TONIbKO B BEPTUKANbHOM MONOXKEHUM M OTHOCUTE/IbHO BbICOKAs LieHa.
ObpaseL, B 32/1IMBHOM re/IM€BOM KPUOCTaTe MOXKET BbiTb PacMo/OXKeH B BaKyyme, B Napax Anbo B XUAKOM
reaun. Bo BTOpom M TpeTbem ciyyae O6bIMHO AOCTYNHA BO3MOMHOCTb 6bICTPOI cmeHbl o06pasua 6es
HeobxoAMMOCTH oTorpeBa KpuocTaTa. Kpuoctat MoxKeT 6bITb BbINOHEH KaK C a30THOM py6allKoii, Tak 1 6e3
Hee, HO NepBblit BapUaHT obecneymBaeT MeHbLMWI Pacxos reaus. L
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KpuocTtaTbl 3aMKHYTOro LMKAA (CTaHAAPTHOE UCNONHEHUE)

3T0 Haubonee npocTble U OGlOAKETHble «cyxue» KpuocTaTbl. OHM obecneynBaloT Mosb30BaTENIO
BO3MOMHOCTb TEPMOCTaTUPOBaHUA obpasLa B AnanasoHe Temnepatyp ot 3...20 K ao 325 K (onuuoHanbHo
— [0 500 K). ObpaseL, HaxoAMTCA B BaKyyme. 3aMKHYTbI LKA NO3BONAET MOJHOCTbIO OTKa3aTbCA OT
KUAKMX XNaAareHToB (a3oTa M renus), us-3a Yero KPMOCTaTbl M Ha3bIBAKOT «Cyxumu». KpuocTaTbl Ha
KpuopedpukepaTopax ¢ umkaom Moodopaa-MakMaroHa, moryT paboTaTtb B 11060M NONOKEHUN.

Takue KpuocTaTbl He MMET nojasneHus Bubpaumii, oHW
nepepatoTca Ha obpasel, Hanpamyo oT
Kpuopedpuskepatopa. B cnyyae M KpuopedpukepaTopos,
BMbpauumn Ha obpasue coctasnaoT ~20..800 MKm, a npwu
MCMNONb30BaHWUM NYNbCALMOHHOM TPYyBbI — 1...5 MKM.
Cyl,ecTByloT KaK ONTMYECKME, TaK W HeoNnTU4eckue
ucnonHenusa.  ONTUYECKMM  AOCTYyN B CTAHAAPTHOM
WUCMNONHEHUN K 0bpaslly BO3MOMEH MO ABYM B3aUMHO-
nepneHAMKyNApHbIM — ocam.  JlocTynHa  BO3MOXKHOCTb
YCTaHOBKM [OMOIHUTE/IbHOTO OKHa B TOpeL, KpuocTaTa, 1mbo
pa3paboTka OKOHHOTro 6/10Ka NoA, 3aja4mn NONb30BATENA.

«Cyxoi» KpuocTaT c 06pasL,om B rase, WM KpMocTaTbl C BepXHeii 3arpy3Kkoii o6pasua («top-loading cryostat»)
Takue KpuocTaTbl MPUMEHAIOTCA B ABYX C/yYasx: NPW 4acTol cmeHe 06pasuoB v MpU TemnepaTypHbIX
nccnenoBaHUAX 06pa3u,oa C HU3KOM TennonposoAHOCTbIO (Hanpwmep, NOPOLWKOB, TEN/IOU30NATOPOB NN
AYEMKM C KUAKMMM 06pasLamm).

B KOHCTPYKLMM TaKOro KpuocTaTa KPUOTeHHbI pedpukepaTop TePMUYECKU CBA3AH C HUMKHEN YacTbio
waxtbl. B LWaxTy yCTaHaB/IMBAETCA WTOK (BCTaBKa) C Agepxartenem 06pa3u,a W HanyckaeTtca renvesbln ras,
KOTOPbIN BbINOMHAET QYHKUMIO TENIOBOrO NPOBOAHMKA. ITO N03BOAAET 3GPEKTUBHO TEPMOCTaTUPOBATL
06pasupbl C NIOXOW TEnJoNPOBOAHOCTLIO M/UAn 06pasubl CNOXKHON GOPMbI, Hampumep, MOPOLIKK
Pa3NNYHbIX MaTepunasos. BbICTpaﬂ CMeHa o6pa3u,oa BO3MOXHa 3a CYeT TOoro, 4Yto AnAa He TpeﬁyeTCﬂ
OTOrpeBaTb BECb KPMOCTAT. MMEETCA BO3MOKHOCTb MCMONHEHUS C HU3KUM (< 100 HM) ypoBHem BUEpauumii,
KOraa WTOK YCTaHaB/IMBAETCA Ha 0T,ﬂ,eanbIl7I cynnopT, paCrIOIlO)'KEHHbIVI, Hanpumep, Ha ONTUYECKOM CTO/1€e.
OTAEeNbHO CTOUT OTMETUTb KpuocTaT ans MeccbayapoBCKOIM CNEKTPOCKonNuu, rae Kpuopedbpuskepatop
PacnoNoXeH CHWU3Y, U HaZ HUM Pacno/IoXKeHa WaxTa nog obpased.

KpuocTtaTt 3aMKHYTOro LuKaa ¢ 06pasuom B BaKyyme ¢ HU3KMM ypOBHEM BUbGpaLumii
Ona cHwKeHus Bubpauuii Ha obpasue B KpuocTaTax Ha 6ase KpuopedpuiKepaTopoB Ha UMKe
rmodopa-MakMaroHa paspaboTaHbl cneyuanbHble HTepdenchbl 48 ycTpaHeHUs NPAMOro KOHTaKTa
MeKAy Camum pedpuskepaTopom u ageprkatenem obpasua. Mpu aTom 610K 06pasLa MOHTUPYETCA Ha
oAHOI 6ase (Hanpuvmep, Ha OMTUYECKOM CTONE), @ KpuopedpuKepaTop — Ha APYroi (06blYHO Ha
HanosibHOM cynnopTe). TUNUYHbBIN YpOBeHb BUBPALMIA B TaKMX KprocTaTax — meHee 100 Hm (cornacHo
maTepuanam 3apybexxHbIX NponssoauTesien n CO6CTBEHHbIM TecTam).

M3 He40CTaTKOB TaKMX KPUOCTATOB C/ieflyeT BblAE/IMTb A0CTaTOYHO 6O/bLLION pa3mep, HeobXoAMMOCTb
YCTAHOBKM [BYX CYMMOPTOB, @ TaK¥Ke CHUMKEHUE MOLLHOCTM OX/aXAeHWs U nosbiweHne 6a3oBoi
TEMMEepPaTypbl U3-3a3 HANNYKA TenaonepesatoLLero MHTepdeica.

EcTb cneunanbHas Bepcus ANA ONTUYECKOM MUKPOCKONUK, Korga obpasel, pacnonoxeH 8 L-o6pasHo
BblHECEHHOM 610Ke. OnTudeckas OCb NPWM 3TOM MOXeT 6biTb Kak napasnenbHa, Tak W
nepneHAMKyAapHa ONTUHECKOMY CTOAY (M MOKET BbITb M3MEHEeHa B NpoLLecce KCnayaTaumum).

Kpuocratbl gna pabotbi ¢ Temnepatypamm Huxke 1K

B 3TOM AManasoHe TemnepaTyp MOMKHO BblAEIUTb 3 OCHOBHbIX TUMNA KPUOCTATOB:

—  KpwuocTaTbl Ha oTKauKe napos “He (g0 ~0.9K) nn6o 3He (a0 ~0.3K). Takue cuctembl OCHOBaHbI
Ha NpUHUMNe KOHAeHcaumu skuakoro 3He nmbo “He ¢ nocreaytoweit ero oTKauKoi
Typ6OMONEKYNAPHBIM HACOCOM. MIMetoT Tpu CTyneHun oxnaskaeHus (50K, 4K, 1/0.3 K);

—  KpuocTaTbl pacTBoperus He-*He pabotatoT o Temnepatyp <20 mK. MmetoT yeTbipe cTyneHu
oxnaxkaeHus (50K, 4K, 1K, <50 mK);

—  KpuoCTaTbl C MOAyNnem AAEepPHOro pa3mMarHMYMBaHWA, KOTOpble No3BOAAIOT paboTaTb C
TemnepaTtypamm Huke 1 mK. UmetoT naTb cTyneHein oxnaxaenus (50K, 4K, 1K, 20 mK, NDR).

OCHOBHble  MPUMEHeHUA: (U3NKA CBEPXHU3KMX TemnepaTtyp, WUCCNefOoBaHUA KybWTOB,

NOCTPOEHWE KBAHTOBbIX KomMbtoTepos. Obpasel, HaxoAWTCA B BaKyyme, Mpu 3TOM MeaHas

nnactMHa Ana pasmelieHus obpasuos ob6blyHO MmeeT auametp oT 200 go >500 mm. B |

npeanaraembiXx Hamu cUCTEMax K 3TOM NNacTMHE MOXHO noasectu Ao 200 KOaKCManbHbIX ‘ ‘

npoBoOAOB. u 1

Momumo 3Toro, Hawwa KOMMNaHMA roToBa U3roTOBUTb HECTAHAAPTHbIE KPUOCTATbl MPAKTUYECKM Nnog, tobble
3afauu nonb3oBartens. Mbl OTKPbITbI K COTPYAHMYECTBY C HAYYHbIMU rPYNMNamm no co3AaHuIo HOBbIX NPU6G0POB.
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The ELEMENT company is the official representative in Russia of the
manufacturer of high-tech equipment — the ZHONGTAI company
(China). The main business includes Nuclear Magnetic Resonance
(NMR), Electron Paramagnetic Resonance (EPR), Magnetometry.

X-Band* X-Band* W-Band High-

Benchtop EPR CW-EPR Pulse-EPR frequency EPR

Spectrometer Spectrometer Spectrometer Spectrometer
ZT6500 ZT15C ZT15P ZTe0OW
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Modernize your old EPR spectroscopy for the cutting-edge EPR researct

CW Microwave Bridge (X-band, Q-band), Pulsed Microwave Amplifier
(X-band, Q-band), EPR Spectrometer Console & Magnetic Power
Supply, Resonators (High-Q, Dual Mode, Pulsed, ENDOR Pulsed),
Cryogenic Systems.
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NMR Spectrometer Modernization & Upgrade Compatible with
300-600 MHZ Magnet
The solutions involve retaining the magnet while upgrading other
modules to the latest designs, aiming to enhance instrument
performance, extend service life, improve automation efficiency,
and obtain professional services in a more cost-effective manner.
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Applied Magnetic Resonance

Applied Magnetic Resonance provides an international
Applied forum for the application of magnetic resonance

. Magnetic methodology in physics, chemistry, biology, medicine,

| Resonance geochemistry, ecology, engineering, and related fields.

The contents include articles with a strong emphasis on
new applications, and on new experimental methods.

- |s dedicated to the application of all magnetic resonance
methodologies (ESR, NMR, MRI), their derivatives and
combinations.

- Emphasizes new applications and new experimental
methods

« Publishes regular and review articles, as well as topical
issues

« Journal impact Factor 1.3 (2025)

« 5-year Journal impact Factor 1.2 (2025)

Call for papers: Special Issue - MDMR2026

This special issue welcomes papers » Low-dimensional systems,
demonstrating applications of nano-systems and molecular
magnetic resonance spectroscopy. magnets

Topics covered include, but are not - Spin-based information processing
limited to: and optical quantum technologies

« Chemical and biological systems
« Defects and spin qubits

» Magnetic resonance imaging and
applications in medical physics

« Advances in magnetic resonance

« Modern methods of magnetic
resonance

« Strongly correlated electron systems

The submission deadline is 30 November 2026.
Please make sure to choose the special issue article tab “MDMR2026".

Guest Editors:

Violeta Voronkova,

Zavoisky Physical-Technical Institute, e-mail: vor18@yandex.ru
Valery Tarasov,

Zavoisky Physical-Technical Institute, e-mail: tarasovaleri@yandex.ru
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ESR spectroscopy of quantum-disordered states
in spin chains

A.l. Smirnov

P.L. Kapitza Institute for Physical Problems RAS, Moscow, Russia
E-mail: smirnov(@kapitza.ras.ru

S = 1/2 spin chains with antiferromagnetic exchange have a peculiar quantum-disordered
ground state, featured by the absence of a classic magnetic order. By classic order
we mean the spin structure with an ordered spin component, as, e.g., in a ferro- or
antiferromagnet. The quantum-disordered (or quantum spin-liquid) ground state is
strongly correlated and may be described as an ensemble of delocalized quasiparticles
with spin S = 1/2. The spins at the lattice sites are strongly fluctuating which destroys
the anticipated classic order. The quasiparticles are not like magnons in systems with
a long-range spin order. They have spin S = 1/2, they are fermions and are called
spinons see, e.g., [1-3]. In experiments on inelastic neutron scattering or electron spin
resonance the quasiparticle-hole pairs are created by a spinon transfer from a position
inside the Fermi-surface to a position outside. Thus the spectrum of the transmitted
energy at a fixed transmitted pulse is a continuum, radically different from the sharp
magnon peaks in a conventional antiferromagnet.

To search for the details of spinon physics we study, in particular, the low-temper-
ature absorption spectra of microwaves in crystals K,CuSO,Br, [4], Cs,CuCl, [5] and
others, hosting chains of Cu*"-ions (S = 1/2). We obtain experimental evidence for the
concept of spinons and their chirality. Besides, we detect the Fermi-liquid interaction
between the spinons. The temperature of experiments should be much lower than the
intra-chain exchange energy J/k; to get the intra-chain correlations as in a hypothetical
single chain studied in theory. On the other side, the temperature should be higher than
the temperature of 3D ordering which appears under the action of a weak interchain
exchange J’/k,. Practically, for the above crystals the temperature range of experiments
should cover the interval between 0.1 and 10 K. The interaction of spinons with the
chiral crystal surrounding results in the fine structure of the spinon continuum. The
fine structure has a form of a doublet of ESR absorption which is due to a difference
of energies of spinons moving to the right and to the left in the same chain [5]. We
observe a doublet split for about 10 GHz which is about 1% of the typical spinon
energy. The interaction of spinons of the “backscattering” type, provides an additional
shift of the boundaries of the spinon continuum in presence of a magnetic field. This
shift reveals the Fermi-liquid interaction of spinons. From the experimental position
of the continuum boundaries and their dependence on the magnetic field, we deduce
the probability of scattering of spinons and the change of the spinon spectrum due to
interaction of the Fermi-liquid type [6]. The Fermi-liquid interaction was detected to
give a shift of the spectrum of about 10% of the Larmor energy.
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The results indicate the specific kind of a Fermi-liquid ( not a Fermi-gas) of spinons.
In contrast to the known fermionic systems like Fermi-liquid of electrons in metals or
liquid 3He, where fermions are microparticles of matter, the fermions in S = 1/2 spin
chains are collective dynamic structures of localized spins.

The work was supported by the Russian Science Foundation grant No. 22-12-
00259-I1.
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Optically detected cross-relaxation in dielectric
and semiconductor crystals

R.A. Babunts, N.G. Romanov, P.G. Baranov

Ioffe Institute, Saint Petersburg, Russia
E-mail: nikolai.romanov@mail.ioffe.ru

Cross-relaxation occurs due to energy-conserving spin flips between two distant para-
magnetic defects tuned to resonance by the magnetic field. Since the early work of
Bloembergen et al. [1], in which the theory of cross-relaxation was formulated, cross-
relaxation has been extensively studied. Optically detected magnetic resonance (ODMR)

has

proven to be very effective in studying such processes. Of particular interest at

present are cross-relaxation resonances in diamond (first described in [2]) and silicon
carbide. The report summarizes the results of observations of cross-relaxation resonances
discovered during our studies of ODMR in dielectric and semiconductor crystals at the
lIoffe Institute. The following phenomena are considered:

1.

Cross-relaxation between optically pumped F-centers and impurity defects in ir-

radiated crystals of alkali halides doped with thallium and indium, detected by

monitoring magnetic circular dichroism in the absorption of F-centers;

. Manifestation cross-relaxation Ce**-Gd** in the luminescence of Ce*" in garnet
crystals co-doped with cerium and gadolinium;

. Cross-relaxation resonances in the photoluminescence of localized heavy-hole
excitons in GaAs/AlAs superlattices;

. Cross-relaxation between NV centers and loosely coupled pairs of substitutional
nitrogen atoms in diamond;

. Cross-relaxation between optically active S = 3/2 vacancy centers and other
defects in silicon carbide.

This work was supported by the Russian Science Foundation (project Ne 23-12-

00152-I1, https://rscf.ru/project/23-12-00152-IT).

1. Bloembergen N., Shapiro S., Pershan P.S., Artman J.O.: Phys. Rev. 114, 445 (1959)
2. Veeman W.S., Van der Waals J.H.: Chem. Phys. Lett. 7, 65 (1970)



6 Modern Development of Magnetic Resonance Plenary Lectures

Application of new spin labels to the study of biomolecular
structure

E.G. Bagryanskaya

N.N. Vorozhtsov Novosibirsk Institute of Organic Chemistry,
Siberian Branch of the Russian Academy of Sciences, Novosibirsk, 630090, Russia
E-mail: egbagryanskayav@nioch.nsc.ru

The method of pulsed dipole EPR spectroscopy is widely used to study the structure
and functions of biological molecules — proteins and nucleic acids [1]. The method
is based on the use of special pulse sequences PELDOR, DEER, SIFTER, which al-
low measuring nanometer distances between spin labels selectively introduced into
biomolecules. Nitroxyl and triarylmethyl radicals, as well as gadolinium and copper
complexes, are used as spin labels. The report provides an overview of work with
the participation of the Institute of Organic Chemistry SB RAS in the field of using
spin labels based on triarylmethyl [2, 3] and stereosubstituted nitroxyl radicals [4] for
studying the complex of enzyme, DNA and inhibitor [5-8]. The first application of
a triply orthogonal PELDOR/DEER approach to investigate the TDP1-DNA-inhibitor
system [8]. By measuring the dipolar couplings between the three distinct labels, we
not only confirm the formation of the ternary complex in solution but also reveal its
conformational dynamics. To robustly interpret the experimental distance distributions,
we complemented our EPR data with extensive molecular dynamics (MD) simulations.
As a result of molecular modeling, a stable model of the complex of the labeled Tdpl
enzyme with the labeled oligonucleotide was successfully constructed, reproducing the
experimentally measured distance between the spin labels. This integrated approach
provides unprecedented structural insights into the inhibition mechanism of TDPI by
usnic acid derivatives and establishes a powerful methodological framework for study-
ing similar multi-component enzymatic systems.

This work was supported by grant No. 25-13-00327 from the Russian Science
Foundation.
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The Landau-Lifshitz equation, the Gilbert equation, and the
description of EPR using semiclassical magnetization dynamics:
breaking stereotypes and new effects

S.V. Demishev

Vereshchagin High Pressure Physics Institute of Russian Academy of Sciences,
Troitsk, Moscow, Russia

This paper examines the semiclassical description of magnetization dynamics by the
Landau-Lifshitz (LL) and Gilbert (G) equations. Our studies [1-5] have revealed a
number of aspects of the application of this approach to the calculation of electron
paramagnetic resonance (EPR) that go beyond the stereotypes established in the lit-
erature [6]. The paper will show that:

» The difference in the form of the relaxation term makes the LL and G equations

fundamentally different, and therefore the standard formal reduction to a unified
Landau-Lifshitz-Gilbert equation has no physical meaning [1]. Simultaneously,
a new form of semiclassical master equation for the description of dynamical
magnetic properties may be suggested [1].

The LL and G equations predict different types of magnetization dynamics
when taking into account classical and quantum magnetic fluctuations [1,2].
In the case of semiclassical magnetization dynamics described by the Landau-
Lifshitz equation, more interesting and rich physical behavior arises than in
the case of the Gilbert equation. For example, anisotropic spin fluctuations in
the LL equation lead to an anisotropic relaxation time, resulting in a strong
dependence of the EPR amplitude on the direction of the microwave field
vector causing the magnetic oscillations (polarization effect [1,3]).

The LL equation in the regime of strong magnetic fluctuations predicts a
universal relationship between the line width and the g-factor [1,2].

The LL equation with an anisotropic relaxation time and g-factor predicts
"negative EPR absorption," in which energy is transferred from the magnetic
oscillator to the electromagnetic field [3].

If Landau-Lifshitz relaxation and Gilbert relaxation act simultaneously, a number
of new effects arise in the EPR spectra, emulating magnetic transitions and the
fictitious appearance of several magnetic oscillators [4].

In the case of EPR, the structure of the mode of magnetic oscillation is complex
[3] and, in general, differs significantly from the circular or elliptical precession
of the magnetization vector, which may be found in textbooks typically.
These results are primarily of interest to the physics of strongly correlated electron

systems (in which a rigorous quantum-mechanical description of dynamic susceptibility
is difficult) and can be used to study spin-nematic effects, polarization effects, relation-
ships between spectroscopic parameters, and a new group of magnetic phenomena, the
spin-fluctuation transitions [5]. Given the widespread use of semiclassical spin dynamics
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to model various spintronic devices, it is important to keep in mind that the choice of
one equation or another can lead to radically different calculation results.

AN AW N =

This work was supported by the Russian Science Foundation grant 22-12-00008-I1.

. Demishev S.V.: Applied Magnetic Resonance 55, 1091-1114 (2024)

. Demishev S.V.: Doklady Physics 66 (7), 187-190 (2021)

. Demishev S.V., Semeno A.V.: Applied Magnetic Resonance 53, 15051516 (2022)
. Popov A.V., Demishev S.V.: Applied Magnetic Resonance 57, 21 (2026)

. Demishev S.V.: Physics-Uspekhi 67 (1), 2243 (2024)

. Skrotskii G.V.: Sov. Phys. Usp. 27, 977-979 (1984)
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Nano-scale clustering of mono-spin-labeled molecules from double
electron-electron resonance data

S.A. Dzuba

Institute of Chemical Kinetics and Combustion, Russian Academy of Sciences, Novosibirsk, Russia

Guest molecules in soft media of different kind may assemble in nanometer-size clusters.
The important example is clustering of antimicrobial peptides in bacterial membranes,
which is crucial for the antibacterial action of these peptides. Double electron—elec-
tron resonance (DEER, also known as PELDOR) is a pulsed electron paramagnetic
resonance (EPR) technique with the unique ability to study the distances between spin
labels in the nanometer range.

DEER has been successfully applied to the study of the conformations of doubly
spin-labeled biomolecules. However, when applied to clusters with a number of spin
labels N > 2, DEER encounters certain difficulties both in the proper implementation
of measurements and in the interpretation of the data. The most important issue here
is the emerging dependence on the time interval between echo-forming pulses, an
effect that is usually not considered when analyzing experimental DEER data. The
report analyzes this and other existing problems and gives recommendations on the
proper use of the DEER method and interpretation of its data when studying clusters
of spin-label molecules [1, 2].

The research was supported by the Russian Science Foundation, grant # 25-23-00061.

1. Dzuba S.A.: Russ. Chem. Rev. 94, RCR5198 (2025)
2. Dzuba S.A.: J. Pept. Sci. 32, ¢70103 (2026)
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Inversion recovery EPR characterizes the impact of Heisenberg
exchange on nitroxide 7, in low viscosity solutions

S.S. Eaton, G.R. Eaton

Department of Chemistry and Biochemistry, University of Denver, Denver, USA

The impact of Heisenberg exchange on nitroxide relaxation times is key to optimizing
conditions for dynamic nuclear polarization (DNP). Although the impact on T,, has been
studied extensively, less data are available for 7). For low viscosity solutions Freed
pointed out that nitroxide-nitroxide collisions have two potential outcomes. Collision
with a nitroxide with a different nuclear spin (m,) relieves saturation by moving the spin
off resonance (Heisenberg exchange). Collision with a nitroxide with the same nuclear
spin state has no impact on 7, [1]. The effective spin lattice time constant observed
in a CW power saturation experiment was shown to be the weighted average of the
possible outcomes [1]. Three-pulse inversion recovery experiments have now been per-
formed to distinguish the contributions from these two outcomes [2]. For deoxygenated
toluene solutions of tempol with concentrations between 0.015 and 5.9 mM, inversion
recovery curves were fitted with a stretched exponential, the sum of two exponentials,
and with a distribution of exponentials. These analysis methods show that there are two
distinct contributions to the recovery curves. The concentration-dependent contribution
is attributed to Heisenberg exchange, and the concentration-independent contribution
is the ‘true’ 7. The ratios of the contributions to the recovery curves are 2:1 for N
nitroxide and 1:1 for N nitroxide, consistent with the statistical probabilities of col-
lisions between radicals with the same or different nitrogen 7.

1. Eastman M. P., Kooser R.G., Das M.R., Freed J.H.: J. Chem. Phys. 51, 2690-2709 (1969)
2. Biller J.R., McPeak J.E., Eaton S.S., Eaton G.R.: Appl. Magn. Reson. 49, 123-1251 (2018)
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Multi-extreme THz ESR: Developments and future directions

H. Ohta'?, S. Okubo'?, T. Sakurai‘, E. Ohmichi, M. Fujiwara®

! Kobe University, Center for Life Photonic Innovation, Kobe, 657-8501 Japan
2 University of Fukui, Research Center for Development of Far-Infrared Region, Fukui, 910-0017, Japan
3 Kobe University, Graduate School of Science, Kobe, 657-8501, Japan
4 Cryogenics Support Division, Core Facility Center, The University of Osaka, Osaka 560-0043, Japan
5 Okayama University, Faculty of Environmental, Life, Natural Science and Technology, Okayama,

700-8530, Japan

THz ESR systems under multi-extreme conditions, such as high magnetic fields, high
pressures, and low temperatures, have been developed in Kobe. It covers a frequency
range of 0.03 to 7 THz [1] and a temperature range of 1.8 to 300 K [1], and it gener-
ates magnetic fields up to 55 T [1]. Furthermore, the pressure range can be extended
from 1.5 GPa [2] to 2.5 GPa using a hybrid-type piston-cylinder pressure cell [3]. It
also includes mechanically detected ESR measurements using a commercially avail-
able membrane-type surface stress sensor [4], which is an extension of our micro-
cantilever-based ESR [5]. In addition, the development of high-pressure THz ESR up
to 25 T [6] has facilitated its application to the triangular antiferromagnets Cs2CuCla
[7] and CsCuCls [8]. Finally, we report the successful observation of ODMR from the
NV-centers of nanodiamonds in the pressure medium of a diamond anvil cell (DAC).
This is a crucial first step toward observing THz ESR under extreme high pressures
using a DAC.

1. Ohta H. et al.: J. Low Temp. Phys. 170, 511 (2013)

2. Sakurai T. et al.: Rev. Sci. Inst. 78, 065107 (2007)

3. Fujimoto K. et al.: Appl. Mag. Res. 44, 893 (2013); Ohta H. et al.: J. Phys. Chem. B 2015, 119, 13755;
Sakurai T. et al.: J. Mag. Res. 259, 108 (2015)

4. Takahashi H. et al.: Rev. Sci. Intrum. 89, 036108 (2018)

5. Ohta H. et al.: AIP Conf. Proceedings 850, 1643 (2006); Ohmichi E. et al., Rev. Sci. Instrum. 79, 103903
(2008); Takahashi H., Ohmichi E., Ohta H.: Appl. Phys. Lett. 107, 182405 (2015)

6. Sakurai T. et al., J. Mag. Res. 296, 1-4 (2018)

7. Zvyagin S.A. et al.: Nature Communications 10, 1064 (2019)

8. Yamamoto D. et al.: Nature Communications 12,4263 (2021)
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On the narrowing effect of EPR spectra due to particle motion
and its potential implications for other scientific disciplines

K.M. Salikhov

Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia

In dilute solutions, the shape of the EPR spectra of paramagnetic particles can exhibit
significant changes with increasing rate of random bimolecular collisions of these
particles. During these collisions, the Heisenberg exchange interaction is switched
on, changing the spin state of unpaired electrons during the collision. This process is
called spin exchange.

What is phenomenologically this exchange spectrum narrowing effect? Imagine an
EPR spectrum, which, under slow spin exchange, consists of a set of hyperfine com-
ponents associated with the interaction of unpaired electrons with the magnetic nuclei
of colliding paramagnetic particles. As the spin exchange rate increases, the spectrum’s
resonance lines broaden, and the resonance frequencies shift. However, as the spin
exchange rate increases further, a phase transition occurs: the entire original spectrum
visually transforms into a single resonance line, the resonance frequency equals the
statistical average frequency of all spins in the system, and the contribution of spin
exchange to the resonance broadening decreases (tends to zero!) with increasing spin
exchange rate. This is called the exchange narrowing effect of the spectrum.

At first glance, one might think that under conditions of exchange narrowing, the
spectrum becomes uninteresting and uninformative. Therefore, for many years, the
exchange narrowing effect remained unanalyzed in detail. This effect was explained
using the Krylov-Bogolyubov mean value theorem.

But it turns out that the exchange narrowing effect reveals interesting physics in
the nature of the spin motion of paramagnetic particles undergoing random bimolecular
collisions. In recent years, K.M. Salikhov formulated a new paradigm for spin exchange
and its manifestations in EPR spectroscopy, which presented a completely different
interpretation of the exchange narrowing effect [1-4].

According to the new paradigm, due to the transfer of quantum coherence from
the partner during random bimolecular collisions of paramagnetic particles, the mo-
tion of an ensemble of spins with different resonant frequencies exhibits well-defined
organized modes, collective degrees of freedom. These collective modes are the normal
coordinates of the system of linear kinetic equations for the magnetizations of electron
spin subensembles, which replace the quantum mechanics equations of spin dynam-
ics, given that in dilute solutions, the exchange interaction is switched on at random
moments in time.

The exchange narrowing effect of the spectrum does not mean that only one reso-
nant frequency remains in the system. The number of possible resonances does not
change with the spin exchange rate.

However, the “oscillator strength” for excitation of a given collective degree of
freedom depends on the spin exchange rate. At high spin exchange rates, only one
collective degree of freedom contributes essentially to the observed spectrum, namely,
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the collective degree of freedom which asymptotically tends to the sum of the spin
magnetizations of all subensembles. This asymptotic behavior corresponds to the
Krylov-Bogolyubov mean value theorem. However, if the spin exchange rate does not
tend to infinity, the new spin exchange paradigm predicts that other resonances with
different frequencies should exist. Moreover, some lines can contribute negatively to
the absorption spectrum. These predictions have been experimentally confirmed in
recent years [4-7].

However, I would like to emphasize that different collective modes have completely
different homogeneous broadening at high spin exchange rates. It has already been
said that in the region of fast spin exchange there is a line whose width decreases
with increasing spin exchange rate, while the excitation lines of other collective modes
broaden, and in different ways.

The excited state of the collective mode that produces the exchange-narrowed line
in the spectrum has the longest lifetime. In magnetometry, this is even called a special
effect (SERF, spin exchange relaxation free). How can it be that there are random
collisions, due to which relaxation and broadening of resonance is expected, but this
does not happen!?

This raises the question of whether the theory of the exchange-narrowing effect,
when the relaxation mechanism, contrary to expectations, ceases to contribute to ir-
reversible relaxation, has any common ground with the theory of superfluidity and
superconductivity.

In superfluidity, we lower the temperature and expect an increase in viscosity, but
suddenly it turns out that superfluidity effect can arise. If relaxation-free relaxation is
possible, why shouldn’t viscosity-free, friction-free relaxation also occur?

In the new spin exchange paradigm, the elementary excitations of collective modes
of motion are all bosons. Therefore, quasiparticles of excitation of collective modes
of motion of spin sub-ensembles under conditions of exchange narrowing in principle
open the way to the realization of a Bose condensate at room temperatures.

Acknowledgements. The work was carried out within the framework of the state
assignment of the Federal Research Center “Kazan Scientific center of the Russian
Academy of Sciences”.
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Study of the photophysics of the compact electron donor-
acceptor compounds using time-resolved electron spin resonance
spectroscopy

Jianzhang Zhao', A.A. Sukhanov?, V.K. Voronkova?

! State Key Laboratory of Fine Chemicals, School of Chemical Engineering, Dalian University of
Technology, Dalian 116024, P. R. China. E-mail: zhaojzh@dlut.edu.cn
2 Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia

Electron donor-acceptor compounds contain two weakly coupled units in the molecu-
lar structure (the donor and acceptor are separated using long and rigid linker). The
electron transfer in these molecules has been studied for decades, to mimic the natural
photosynthesis center, and for study of fundamental electron transfer. Long-lived charge
separated (CS) states were obtained in these compounds. The electron spin dynamics
of these compounds, such as the chemically induced dynamic electron spin polarization
(CIDEP) or the chemically induced nuclear spin polarization (CIDNP) were studied [1].
In recent year, the compact electron donor-acceptor compounds were developed, short
linkers were used in the molecular structure to separate the donor and acceptor. These
compounds show complicated photophysics, including the strong electron exchange
interaction and strong spin-spin dipolar interaction. Moreover, some of these compounds
show the property of thermally-activated delayed fluorescence (TADF) property, in
which both the singlet excited state and the triplet excited state can be harvested for
light emitting (through the emissive singlet state of S;). Thus these compounds are
promising for application in efficient organic light emitting diodes (OLED). However,
one challenge in study of these compounds is the difficulty to detect the transient
species formed in the molecules upon photoexcitation, some species are difficult to be
discriminated using the normal optical spectroscopy.

During the long-term collaboration with the EPR spectroscopy group at Kazan,
we studied a series of TADF compact electro donor-acceptor dyads, and we detected
the triplet charge separated states, and from the electron spin polarization pattern of
the T, state time-resolved EPR spectra, we propose there are two intersystem crossing
(ISC) mechanisms [2, 3].

1. Verhoeven J.W.: J. Photochem. Photobio. C: Photochem. Rev. 7, 40-60 (2006)
2. Tang, G., Sukhanov A., Zhao J., Voronkova V.K. et al.: J. Phys. Chem. C, 123, 30171-30186 (2019)
3. Ye K., Sukhanov A., Pang Yu, Mambetov A., Zhao J., Voronkova V. et al.: PCCP 27(2), 813 (2025)
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Fig. 1. The molecular structure of a representative TADF electron donor-acceptor dyad (carbon: green;
hydrogen: white; sulfur: yellow; oxygen: red; nitrogen: blue), the luminescence property and the time-resolved
EPR spectra.
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Emerging ODMR techniques for spin dynamics in solids

V.V. Belykh

TU Dortmund University, Dortmund, Germany

Optically detected magnetic resonance (ODMR) combines the spin selectivity of electron
paramagnetic resonance (EPR) with the exceptional sensitivity of optical techniques,
reaching the ultimate limit of single-spin detection. A broad family of ODMR techniques
has been developed, employing photoluminescence, optical absorption, and Faraday/
Kerr rotation as spin-sensitive observables. Their sensitivity can be further enhanced
through optical spin orientation. Some experiments use specially designed structures to
facilitate spin initialization and detection using a gate voltage. Combined with arbitrary
control of microwave excitation, optical detection, and external parameters such as gate
voltage, ODMR provides access to virtually the complete set of spin characteristics,
including the g factor, spin relaxation time 77, spin coherence time 7, and inhomoge-
neous dephasing time 7, (see [1] and references therein).

There is no universal technique that can reveal the spin properties of every system,
and different variations of ODMR techniques can be applied to different solid-state
systems depending on their electronic level structure, optical selection rules, interlevel
transition probabilities, and other factors.

In this talk, I will review recent developments in ODMR methodologies aimed
specifically at measuring spin dynamics characteristics, with an emphasis on longitudinal
spin relaxation and spin coherence. Particular attention will be devoted to the recently
developed resonant spin inertia [2] and stimulated spin amplification [3] techniques.
These methods take an advantage of experimental simplicity and are applicable to a
broad range of materials possessing direct optical transitions and long-lived resident
carriers, whether free, localized, or exciton-bound. Their application to rare-earth ions,
conventional III-V semiconductor nanostructures, and emerging metal-halide perovskite
systems [4] will be discussed.

1. Stano P., Loss D.: Review of performance metrics of spin qubits in gated semiconducting nanostructures //
Nat. Rev. Phys. 4, 672-688 (2022)

2. Belykh V.V., Melyakov S.R.: Selective measurement of the longitudinal electron spin relaxation time 7, of
Ce*" ions in a YAG lattice: Resonant spin inertia // Phys. Rev. B 105, 205129 (2022)

3. Belykh V.V,, Korotneva A.R., Yakovlev D.R.: Stimulated resonant spin amplification reveals millisecond
electron spin coherence time of rare-earth ions in solids / Phys. Rev. Lett. 127, 157401 (2021)

4. Belykh V.V.: ODMR-Based Resonant Spin Inertia: A Sensitive Technique for Studying Spin Relaxation //
Appl. Magn. Reson. DOI: 10.1007/s00723-026-01858-4 (2026)
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Short-lived cation radicals visualized by CIDNP

0.B. Morozova, N.N. Fishman, 1.V. Zhukov, M.P. Geniman, A.V. Yurkovskaya

International Tomography Center, Novosibirsk, Russia

A histidine-containing dipeptide anserine (B-alanyl-1-methyl-histidine) is widely distributed
in vertebrate animal tissues, especially skeletal muscles, underscoring its physiological
relevance. The talk presents significant findings on the application of selectively hyperpo-
larized NMR spectroscopy for the indirect detection of optically silent anserine radicals,
using chemically induced dynamic nuclear polarization in its time-resolved version (TR
CIDNP) and in the version with the variable magnetic field (FD CIDNP). Our investiga-
tions revealed fundamentally different properties of anserine cation radicals depending on
the protonation state of its amino group. In particular, an anserine radical with neutral
amino group is not involved in the reaction of degenerate electron exchange with parent
molecules, and is not reduced by aromatic amino acids on the submillisecond time scale,
while an anserine radical with positively charged amino group participates in both reac-
tions [1, 2]. We found that the pKa of the amino group of electron-deficient anserine is
6.4, which is much lower than 9.5 of the parent molecules, and thus a significant change
in the reactivity of anserine radicals occurs at physiological pH [1]. We suggest that the
anserine radical with a neutral amino group is stabilized by non-covalent interaction of
its functional groups, which breaks the degeneracy of electron exchange and makes the
radical stable against the reduction reaction. Aiming to correlate the properties of radicals
with structural features, we determined the hyperfine coupling constants (HFCCs) of an-
serine radicals based on the proportionality between HFCC and the amplitude of CIDNP
of the corresponding nucleus in the geminate CIDNP spectrum [3]. The g-factors of the
radicals were found from modeling the CIDNP field dependences. Experimental results
were supported by quantum chemical calculations, which confirmed the proposed ‘closed’
geometry of the anserine radical with a neutral amino group, in which the nitrogen atom
is located close to the C2 imidazolyl atom. Our findings highlight the utility of TR CIDNP
in studying the structures of short-lived radicals, contributing to a deeper understanding
of the role of anserine in redox processes in biochemical systems, including its potential
antioxidant properties and impact on managing oxidative stress.
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Anserine cation radicals
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Nuclear hyperpolarization in electron transfer in chiral systems

N.E. Polyakov!, .M. Magin!, T.V. Leshina!, K.M. Salikhov’

! Institute of Chemical Kinetics and Combustion, Siberian Branch of RAS, Novosibirsk, Russia
2 Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia

In the 21st century, a new aspect has been added to the already known manifestations
of the role of chirality in various fields of chemistry, physics and biology: spin effects
in chiral systems. The first topic is chiral-induced electron spin selectivity (CISS): it
was found that when electrons pass through chiral media, the electron current becomes
spin-polarized [1-3]. In particular, it has been shown that the polarization of the electron
spin is formed when an electron passes through a chain of chiral amino acid residues
(chiral bridge). This phenomenon is currently widely discussed in the world literature
keeping in mind perspective of using electron spin in the chiral systems as a qubit in
quantum technologies [4].

The second topic is chiral-induced nuclear spin selectivity (NSS), which is the
difference in the magnitude of hyperpolarization (CIDNP) of optical isomers during
photoinduced electron transfer in chiral donor-acceptor systems in solutions [5—7].

To date, neither CISS nor NSS have proven mechanisms, but a hypothesis was
formulated that nuclear spin selectivity can depend on the electron spin selectivity in
systems where electron passes through a chiral bridge [7]. According to this hypothesis,
in a photoexcited chiral system, a partial change in the multiplicity of the reacting
excited state occurs during charge separation between the donor and acceptor (before
formation of radical pair). Thus, the polarization of electrons arising in the framework
of the CISS mechanism will affects the polarization of nuclear spins formed in the
radical pair.

In this regard, it seems useful to consider the features of stereo- and spin selectiv-
ity of photoinduced electron transfer in chiral systems to compare the contributions of
direct and back electron transfer to the formation of NSS. Maybe this will allow us
to build a bridge between CISS and NSS phenomena.

1. Chiesa A., Privitera A., Garlatti E., Allodi G., Bittl R., Wasielewski M.R., Sessoli R., Carretta S.: Chirality-
induced spin selectivity at the molecular level: a different perspective to understand and exploit the
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2. Bloom B.P., Paltiel Y., Naaman R., Waldeck D.H.: Chiral induced spin selectivity // Chem. Rev. 124,
1950-1991 (2024)
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Wasielewski M.R.: Direct observation of chirality-induced spin selectivity in electron donor—acceptor
molecules // Science 382, 197-201 (2023)
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in chiral linked systems. In: Chirality from Molecular Electronic States, ed. T. Akitsu, IntechOpen, 2019.

7. Leshina T., Polyakov N., Magin I., Salikhov K.: Nuclear hyperpolarization in electron transfer in chiral
systems // Physical Chemistry Chemical Physics 28, 5043 (2026)
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A quantitative EPR method based on electron relaxation time
distribution tested on the dual NMR/EPR spectrometer

Wenyu Li, Yang Chen, Yong Li, Haijun Yang*

Department of Chemistry, Tsinghua University, Beijing, China
*E-mail: cyhj@tsinghua.edu.cn.

The Magnetic Resonance Laboratory of Tsinghua University, in collaboration with
CIQTEK (Hefei) and NIUMAG (Suzhou), has developed the first dual NMR/EPR
spectrometer in China that successfully operated at 6 K. Recently, based on this all-
in-one device, we have explored a new strategy for quantitative EPR.

Conventional quantitative EPR method is mainly based on the continuous wave
(cw) EPR measurements. The ratio of double integrals of different signals from cw-
EPR spectrum is often related to the ratio of signal components. However, for samples
with highly overlapping signals (Fig. 1a), this method is not applicable or suffers from
large errors. In such cases, pulsed EPR technique could provide a new method that
majorly based on the difference in relaxation times. This quantification method starts
from the signal decay curves in time domain and by inverse Laplace transform (ILT),
T, relaxation profile could be obtained and the contributions from different components
with overlapping signals in cw-EPR could be quantitatively determined. In this paper,
the frequently used ILT algorithm in time-domain NMR was applied in EPR and this
quantitative EPR method was first validated on sample series of TEMPOL with different
concentrations (Fig. 1). This new method is potentially useful for polymers, cis-trans
structural metal-organic complexes, macrocyclic compounds and other samples with
intrinsic relaxation time distributions.

Y.-Q. Song: Magnetic Resonance Imaging 25, 445-448 (2007)
Y.-Q. Song: Magnetic Resonance in Food Science 2013, 25-31.
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Fig. 1. (a) cw-EPR spectra of capillary tubes of TEMPOL solution, one 1 mM (black), one 10 mM (blue)
and two capillary tubes with equal volumes of 1 and 10 mM TEMPOL solution (red) (b) the pulsed EPR
signal decay curves (c) the corresponding 7, relaxation profiles. The intensity ratio of two components (red)
in the relaxation profile is in consistency with the ratio of their concentrations.
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Using nuclear hyperpolarization in photoinduced electron transfer
to study chiral induced electron spin selectivity

K.M. Salikhov

Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia

A method has been proposed for extracting information about the initial spin state of
a radical pair that arises during photoinduced electron transfer through a chiral bridge,
from data on chemically induced nuclear polarization (CINP) observed using NMR.
The dynamics of the system are divided into two stages: the formation of a pair of
separated charges and the subsequent spin dynamics of the electrons and nuclei in
the radical pair. As the main phenomenological assumption, it is assumed that after
an electron passes through a chiral bridge, a radical pair can be generated in a coher-
ent superposition of the singlet state and the triplet state TO, and not only in a pure
S (TO) state or in their incoherent mixture. For the simplest S-TO model, it has been
shown that the nuclear polarization contains two contributions: the usual contribution,
determined by the difference between the initial populations of the singlet and triplet
states, and an additional contribution proportional to the imaginary part of the singlet-
triplet coherence.

This makes it possible to formulate the inverse problem: to reconstruct the parameters
of the initial state of a radical pair based on the polarizations of several nuclei. NMR
provides the imaginary part of coherence, whereas timeresolved EPR can provide its
real part. Therefore, the quantitative characterization of chirally induced spin selectivity
requires a joint analysis of NMR and EPR data.

1. Naaman R., Waldeck D.H.: Chiral-induced spin selectivity Effect //J. Phys. Chem. Lett. 3,2178-2187 (2012)

2. Leshina T.V., Polyakov N.E., Magin I.M., Salikhov K.M.: Nuclear Hyperpolarization in Electron Transfer
in Chiral Systems // Phys. Chem. Chem. Phys. 28, 50435054 (2026)

3. Salikhov K.M.: Creation of Spin Coherent States in the Course of Chemical Reactions // Chem. Phys. Letters,
201, 261-264 (1993)
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Spin 3/2 paramagnet, spin 1/2 quantum chains and a weakly
ordered antiferromagnet in Cs,CoCl,

A.L. Smirnov, T.A. Soldatov

P.L. Kapitza Institute for Physical Problems RAS, Moscow, Russia

Quantum models of 1D antiferromagnetic chains exhibit remarkable ground states
and excitations. The well known S = 1/2 Heisenberg antiferromagnetic chain has a
quantum-disordered ground state with algebraically decaying spin correlations [1-3].
The feature of excitations above this ground state is the field-dependent continuum [4,
5] instead of the resonance magnon branch of a conventional 3D antiferromagnet. In
this presentation we shall discuss properties of another important model of quantum
magnetism, the model of S = 1/2 antiferromagnetic spin chain with XXZ (uniaxial)
anisotropy and its experimental realization. This model is of importance since it shows
phases intermediate between fluctuating and ordered ground states. In particular, we
may expect here a quantum-disordered ground state in zero magnetic field and a long-
range but strongly reduced order in a magnetic field, followed by a restored spin-liquid
regime before saturation [6]. At the first glance the coexistence of spin S = 1/2 ions
and a strong anisotropy seems to be not realistic because spin S = 1/2 has no single-
ion anisotropy in a crystal field. Nevertheless, in crystals of Cs,CoCl, it appears to be
possible due to the following reasons.

Cs,CoCl, is a quasi-1D antiferromagnet with a high degree of one-dimensionality:
the ratio of intra- to interchain exchange J/J” is about of 10> ./ = 0.74 K The interaction
of magnetic ions Co " (S = 3/2) with the crystal field (so called single-ion anisotropy)
dominates over the exchange interaction and has a characteristic energy of 7 K [7,8,9].
Due to this large anisotropy the upper Kramers doublet of a magnetic ion demonstrates
a freezing-out of the population at cooling below the temperature of about 10 K, which
was detected in thermodynamic experiments (see, e.g., [9]). This should cause a smooth
transition from spin S = 3/2 to an effective spin ¢ = 1/2 (pseudospin 1/2). This transi-
tion is accompanied by a natural renormalization of g-factor and exchange interaction
with arising of an anisotropic part of effective exchange (see, e.g. [9]). This makes
the S =1/2 XXZ-chain model relevant for Cs,CoCl,. We confirm this transformation
by means of ESR technique. In a multi-frequency experiment covering the range 25-
224 GHz we observe above the temperature of 15 K the clear “fingerprints” of S =
3/2 ions in an axial crystal field in form of a two-branch spectrum corresponding to
transitions between sublevels with S, = +/-1/2 and +/-3/2 . The value of the anisotropy
parameter D= 7 K supporting the easy plane type of the anisotropy is obtained from
the splitting of energy levels.

At lowering the temperature down to 3 K we observe a smooth but clear transfor-
mation to a single-branch spectrum which corresponds well to uncorrelated pseudospins
o = 1/2 coupled via an effectively anisotropic exchange.

At the temperatures below 0.5 K we observe another modification of the frequency-
field ESR diagram which differs from the previous one by a negative frequency shift
of about 14 GHz [10]. This modification of spin oscillations points to a formation
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of a spin system in a state which is close to the ground state of anisotropic S = 1/2
antiferromagnetic chain (S = 1/2 XXZ-chain model) [6]. As mentioned above, the re-
markable feature of this quantum model is a quantum-disordered ground state in zero
magnetic field, 1D long-range antiferromagnetic order in a moderate field transverse to
the anisotropy axis and a restored spin-liquid phase before saturation [6]. The collec-
tive excitations of XXZ-chain model are spinon-like excitations forming a continuum
of excitation energies for transitions with AS = +/- 1.

Finally, in ultralow temperature range below 7,~0.2 K, the spin system of Cs,CoCl,
becomes 3D-ordered due to a tiny interchain coupling. The ordered spin component is
strongly reduced by zero-point fluctuations. This is fixed in [7] by the magnetic Bragg
reflections appearing below T. There is a fundamental question on the spectrum of
excitations in this strongly fluctuating system with a small ordered component. The
result of our experiment [11] shows, that the spectrum of excitations evolves at Ty in
two different ways. First, for frequencies about and above the exchange frequency J/k
the main part of the spectral weight remains at the frequency of the XXZ-chain excita-
tions. Only about 10 percent of the spectral weight shift to very weak satellite modes.
The second way shows the transformation of resonance frequencies at low frequencies
J<<J/h, where the spectra of XXZ chain and of a 3D order differ essentially and are
not similar to each other. This kind of the transformation of the magnetic resonance
spectrum is in a qualitative agreement with the expected dynamics of a weakly ordered
spin system in which quantum fluctuations of the 1D-chains persist.

Thus, in the whole perspective, we have observed two crossovers and a phase
transition. Crossovers belong to a paramagnetic state — the first is between the states
of separate magnetic ion and the second - between the system of uncorrelated magnetic
ions and the system of intra-chain correlated but mutually decoupled spin chains. The
phase transition is a 3D antiferromagnetic long range ordering evolving from 1D-
correlated ground state.

The work is supported by Russian Science Foundation Grant Ne 22-12-00259-I1.

. Bethe H.: Z. Phys. 71, 205 (1931)
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. Mourigal M. et al.: Nat. Phys. 9, 435 (2013)
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. Yoshizawa H. et al.: Phys Rev. B 28, 3904 (1983)
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Features of ESEEM in the study of photosystem I
in trehalose matrix

A.A. Sukhanov!, M.D. Mamedov?, G.E. Milanovsky?, A.Y. Semenov?,
K.M Salikhov'

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2 AN. Belozersky Institute of Physical-Chemical Biology, Lomonosov Moscow State University,
Moscow, Russia

For the first time we observed a shift in the frequency of dipole—dipole interaction
due to random electron spin flips [1]. This shift termed as the red shift. The red shift
was observed in the photosynthetic reaction center of photosystem I (PS I) in a tre-
halose matrix. It was theoretically shown [2, 3] that, the spin echo signal modulation
frequency in the ESEEM experiment can be lower than the dipole—dipole frequency.
This is due to random spin flips during spin—lattice relaxation. This effect is analogous
to the well-known decrease in the oscillation frequency of a pendulum due to friction.

In PS I the dipole—dipole interaction between the P, cation-radical and the 4,
anion-radical can be observed in an ESEEM signal. We observed that the ESEEM
frequency was temperature-dependent. This dependence was explained by the red shift
caused by the different relaxation times of the P,,," and 4,  radicals. The difference
in relaxation times is due to the different environment of the radicals. The environ-
ment of the radical includes paramagnetic iron ions, which can decrease the relaxation
time. We performed ESEEM studies on intact and modified PS I complexes lacking
iron-sulfur clusters [4, 5], The influence of iron-sulfur clusters on relaxation times and
charge recombination processes in the reaction centers of PS I is of particular interest,
and we continue research in this area.

This work was supported by the Russian Science Foundation (Project no. 23-74-
00025)
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n-Topology, spin alignment, DEP generation
and ESPT of photogenerated organic multi-spin n-systems

Y. Teki'?

! Grad. Sch. of Sci. Osaka Metropolitan Univ.
2 Grad. Sch. of Sci. Osaka City Univ., 3-3-138, Sugimoto, Sumiyoshi-ku, Osaka 558-8585, Japan

Understanding multispin photoexcited systems and their excited-state dynamics is
crucial for modern technological applications of organic radicals and related spin
systems. We have systematically studied the multispin photoexcited states and
excited-state dynamics of anthracene—radical-linked m-conjugated spin systems since
2000 [1-3]. After a short review of our systematic studies for the spin alignment and
excited-state dynamics of photoexcited multi-spin nt-radical systems [3], we will
present the most recent results of anthracene—radical-linked z-conjugated spin
systems (OV2 and IN2) with an extended n-conjugated spin coupler [4]. Their multi-
spin photoexcited states and ESPT were investigated using time-resolved electron
spin resonance (TRESR), pulse ESR, and transient absorption measurements.
Effective electron spin polarization transfer (ESPT) from the photoexcited state to the
ground state was directly observed in OV2 and IN2. Pulse ESR experiments showed
that the decay time of dynamic electron spin polarization (DEP) and the
characteristic time of DEP generation strongly depended on the spin-coupler between
the triplet-state chromophore and the radical substituent [3]. This finding supports
that DEP generation in the examined n-radical systems proceeds predominantly by a
radical spin—orbit borrowing-enhanced intersystem crossing mechanism via a charge-
transfer state [2,4].

1. Teki Y., Miyamoto S., limura K., Nakatsuji M., Miura Y.: J. Am. Chem. Soc. 122, 984-985 (2000).
2. Teki Y., Miyamoto S., Nakatsuji M., Miura Y.: J. Am. Chem. Soc. 123, 294-305 (2001).

3. Teki Y.: Chem. Eur. J. 26, 980-996 (2020).

4. Teki Y., Shimizu A., Kimura N., Kato K., Ito A.: J. Am. Chem. Soc. 147, 43358-43370 (2025).
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Fig. 1. Typical TRESR spectra (a) and DEP generation behaviors (b) of OV1 (blue), OV2 (red), and IN2
(black) after the laser pulse excitation (DEP generation behaviors were measured by pulse ESR)
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Dimerization of NO molecules as the initial stage of iron dinitrosyl
complexes formation in animals and humans

A.F. Vanin

N.N. Semenov Federal Research Center of Chemical Physics, Russian Academy of Sciences, Moscow

The main points of my report are as follows:

1. At micromolar concentrations, nitric oxide begins to dimerize, which ensures
its rapid oxidation in animal and human tissues by the oxygen present therein, which
is incorporated into NO dimers.

2. This oxidation can be competitively suppressed by weakly bound (“free”) iron,
which is incorporated into NO dimers in place of oxygen, forming iron-dinitrosyl
complexes.

3. Disproportionation of NO molecules in these complexes leads to their transfor-
mation into the nitrosonium cation (NO+) and the nitroxide anion (NO-), respectively.
In an aqueous medium, the latter, after binding with a proton to form a nitroxide
molecule, leaves the complex with the subsequent inclusion of a NO molecule in its
place. As for NO+, its interaction with the hydroxyl anion is blocked by the transfer
of electron density to it from the thiol sulfur atoms of thiol-containing ligands included
in the iron-dinitrosyl complex with the formation of paramagnetic mononuclear dini-
trosyl iron complexes (M-DNICs) with thiol-containing ligands, characterized by the
d7 electron configuration of iron.

4. M-DNICs, characterized by the resonance structure [(RS-),Fe*’(NO)(NO+)]+,
are capable of acting in the body of animals and humans as donors of NO and NO+,
characterized, respectively, by positive, regulatory and, conversely, - negative, cytotoxic
action.

5. Numerous examples of this activity of DNICs will be given, including their
ability to suppress the replication of the SARS-CoV-2 virus in Syrian hamsters and
the proliferation of transplanted human Lewis sarcoma in mice.

The work was supported by the Russian Science Foundation (grant no. 23-74-00009)
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Multi-pulse protocols in EPR: From spectral diffusion suppression
to quantum zeno analogy

R.B. Zaripov, K.M. Salikhov

Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia

Multi-pulse protocols such as Carr—Purcell-Meiboom—Gill (CPMG) effectively suppress
spectral diffusion arising from stochastic hyperfine modulation, thereby extending the
electron spin echo decay. This prolongation is phenomenologically analogous to the
quantum Zeno effect (QZE), wherein frequent unitary m-pulses interrupt coherent phase
accumulation and suppress decoherence, even though they do not constitute projective
measurements — an analogy justified within dynamical decoupling theory [1, 2].

A critical distinction must be made between two mechanisms that can extend
echo signals: suppression of reversible T> dephasing via dynamical decoupling, which
preserves coherence, and contamination by irreversible T: relaxation due to imperfect
pulses, which artificially prolongs the signal while destroying true coherence. Only the
former is relevant for quantum memory applications.

Consequently, multi-pulse experiments require distinguishing the apparent slowing
of the echo envelope — which may arise from either Zeno-like suppression or Ti
contamination — from genuine phase coherence preservation. The CPMG protocol is a
powerful tool for extending coherence times, but its interpretation demands careful con-
sideration of pulse repetition rates, environmental correlation times, and the unavoidable
mixing of relaxation channels. The QZE serves as a useful phenomenological analogy,
provided its limits and distinction from projective measurements are clearly articulated.

The work was supported by the ongoing funding of the FRC Kazan Scientific
Center, Russian Academy of Sciences.

1. Hahn A., Burgarth D., Yuas K.: New J. Phys 24, 063027 (2022)
2. Zaripov R. et al.: Phys. Rev. B 88, 094418 (2013)
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Broadband ESR spectrometer based on VNA and
its application for FM materials

LI. Gimazov', I.N. Khamidullin!, M.N. Markelova?, L.LE. Graboi?, A.R. Kaul®

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2 Lomonosov Moscow State University, Faculty of Chemistry, Moscow, Russia

The Ferromagnetic resonance (FMR) has been a traditional tool for studying the dynamic
properties of magnetic materials [1]. This method allows one to determine the funda-
mental characteristics of a substance: the type of magnetic anisotropy, the anisotropy
field, the effective magnetization, and the Gilbert damping parameter. However, clas-
sical spectrometers with cavity resonator have limitations in their operating frequency
range and do not allow one to effectively study the local properties of samples under
conditions as close as possible to the actual topology of integrated circuits. In recent
years, significant advances in measurement technique and the development of vector
network analyzers (VNA) have made it possible to perform FMR studies in a broadband
format using planar transmission lines [2].

Three methods for recording the FMR spectrum are presented in this study: with
a magnetic field sweep, a frequency sweep, and a modulated field sweep. The setup
includes a VNA, coaxial cables, and a measuring cell based on a coplanar waveguide.
A magnetic field of up to 8 kOe is generated by an electromagnet.

Obtaining a series of frequency spectra or a series of field spectra allows one
to construct two-dimensional dispersion curves. To test the developed technique, ex-
perimental studies of thin epitaxial chromium dioxide (CrO:) films grown on titanium
dioxide (TiO-) substrates were carried out. FMR spectra with both field and frequency
sweep were successfully recorded for the samples. Dispersion curves were constructed
based on the collected data set. Approximation of the obtained dependences using
Kittel's formulas made it possible to unambiguously identify the magnetic anisotropy
type of the CrO: films and confirm the presence of an easy axis of magnetization in
the film plane [1]. The developed approach demonstrates the high efficiency of using
a vector network analyzer for non-destructive testing of the parameters of magnetic
materials intended for use in embedded electronic systems and in the design of modern
integrated microwave circuits.

1. Kittel C.: On the theory of ferromagnetic resonance absorption / Phys. Rev. 73, 2 (1948)
2. Kalarickal S.S., Krivosik P., Wu M., Patton C.E.: Ferromagnetic resonance linewidth in metallic thin films:
Comparison of measurement methods // J. Appl. Phys. 99, 093909 (2006)
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Photoinduced spin dynamics
in rigid chromophore-radical compounds

Yu.E. Kandrashkin

Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia

Photoexcitation of rigid chromophore-radical compounds leads to spin dynamics governed
by the interplay of initial intersystem crossing, subsequent doublet—quartet evolution,
and spin relaxation. These processes determine the formation of non-equilibrium spin
populations and their redistribution between spin sublevels of the metastable states
observable by time-resolved EPR (TREPR) spectroscopy.

In these systems, the spectral properties are determined by the triplet zero-field
splitting, exchange interaction, and Zeeman energy. Depending on the relationship
between these terms, the TREPR spectra of rigid chromophore—radical compounds can
be classified in-to weakly coupled, strongly coupled, and intermediate triplet—doublet
regimes, includ-ing the D/J-dominant regime and the regime of anticrossings of doublet
and quartet sublevels.

The presentation will discuss the systematics of spin-dynamic regimes in rigid
chromophore-radical compounds based on their TREPR spectra and kinetic behavior.
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Low-field NMR of 'Xe at low temperatures: frequency and
temperature dependences of spin-lattice relaxation in liquid and
solid phases near triple point

K.O. Sannikov, A.V. Klochkov

Institute of Physics, Kazan Federal University, Kazan, Russia

Nuclear magnetic resonance (NMR) of 'Xe has proven to be an exceptional method
for characterizing the structure of materials. Owing to its nuclear spin of / = 1/2,
relatively high natural abundance (26.4%), and large electron cloud, '*’Xe serves as a
versatile probe for investigating porous media and the diverse physical properties of
nanostructures [1]. The ongoing relevance of '®Xe research is further highlighted by its
application in advanced fundamental physics; notably, within the Cosmic Axion Spin
Precession Experiment (CASPEr), 1¥Xe is proposed as a highly sensitive medium for
the detection of axion-like dark matter [2].

A large number of works are devoted to the study of hyperpolarized xenon in vari-
ous media. However, there are few works that study xenon with a natural abundance
composition and natural polarization in a liquid state.

To overcome the low signal magnitude caused by the small gyromagnetic ratio of
12Xe and the use of a resistive magnet, a custom low-temperature high-Q NMR probe
with tunable frequency was developed. Additionally, controlling the complex xenon
phase diagram required integrating heaters and thermometers into the probe to ensure
precise gas condensation and maintain a stable phase [3].

The frequency and temperature dependences of the spin-lattice relaxation time (7))
of Xe in both the liquid and solid phases were successfully measured using this
optimized setup and a specialized pulse sequence combining saturation-recovery and
Carr-Purcell-Meiboom-Gill (CPMG) methods. Notably, a distinct minimum in the 7,
relaxation time was observed in the frequency dependence for the liquid phase near
7.6 MHz.

This work was financially supported by the subsidy of Ministry of Science and Higher
Education of the Russian Federation to Kazan Federal University (FZSM-2026-0030).
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Infrared spectroscopy with the advantages of synchrotron
radiation sources: global experience and prospects
for the “IR-diagnostics” beamline at the skif facility
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Large-scale research infrastructures — often called “megascience” facilities — define
the forefront of experimental capabilities in modern science. The fourth-generation
synchrotron radiation facility “Siberian Circular Photon Source” (SKIF) [1], currently
being developed within the Russian national project “Science and Universities”, will
enable fundamentally new, high-level basic and applied research using synchrotron
radiation beams in the Russian Federation.

While it is widely known that synchrotron radiation sources provide exceptionally
high brightness in the X-ray range [2], this advantage is also retained in the infrared
(IR) region [3]. For this reason, many synchrotron centres worldwide operate dedicated
IR beamlines alongside their X-ray endstations [4]. A key feature of such beamlines is
a specialized extraction and beamline optics system within the storage ring perimeter,
optimized for efficient collection and transport of IR radiation, as well as the specific
end-user equipment: Fourier-transform IR spectrometers, IR microscopes, and nano-IR
setups.

This report presents the international experience in designing, building, and operat-
ing infrared beamlines at third- and fourth-generation synchrotron sources. A specific
focus is placed on synchrotron-based frequency-domain THz-EPR spectroscopy, where
the high brightness of synchrotron radiation in the far-IR (terahertz) range makes it
possible to perform experiments on magnetically active compounds, including single-
molecule magnets, that are hardly feasible with conventional thermal sources [5]. Based
on this experience, we developed the concept of the “IR-diagnostics” beamline at the
SKIF synchrotron radiation facility. Special attention is paid to the design of the IR-
optimized extraction structure. Finally, the key fundamental and applied research tasks
that will be addressed efficiently at the “IR-diagnostics” beamline are outlined, and the
magnetic resonance community is invited to propose experiments and contribute to the
research program of the beamline.

This research was supported by the Ministry of Science and Innovation Policy of
the Novosibirsk Region, Agreement No. 30-2025-000858, RSF project No. 25-13-20039.
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Transferred hyperfine interactions in CaF,:Pu**
according to ENDOR

R.R. Ziatdinov, M.V. Eremin

Institute of Physics of Kazan (Volga Region) Federal University, Kazan, Russia,
E-mail: razik.ziat@gmail.com

Experimental data obtained by ENDOR method [1] revealed that the interaction of Pu®*
Sf-electrons with fluorine nuclei in CaF, crystal differs significantly from the classical
dipole-dipole interaction. There is a large isotropic electron-nucleus interaction with
the A, parameter, which was found to be negative. The reason for this anomalous
phenomenon has not yet been explained.

In this work, we consider the effect of mixing the 5f- and 5d-electron wave
functions of the Pu®* ion with the 2s- and 2p-wave functions of fluorine on
the values of the electron-nuclear double resonance (ENDOR) parameters A4,
and 4. Using the technique of irreducible tensor operators, we derive expres-
sions for the spin Hamiltonian parameters of 4, and 4 via the hybridization
parameters Ay, = Si; + Vi Ay = S T Vi and A = Si + Vi In addition to this
generally accepted covalent approach, the virtual transfer processes of 2s- and
2p-electrons of fluorine into the empty 6d-shell of plutonium have been taken
into account.

All overlap integrals were calculated on the Hartree-Fock wave functions of
plutonium taken from [2], which were previously approximated by Gaussian-type
orbital expansions. In the numerical evaluations of 4  and 4, the covalency
parameters Yse, Vsro Yoaor Yoar WEre assumed to be proportional to the overlap
integrals s, S;, Si. interaction with the As parameter, which was found to be
negative. As it could be expected on the basis of transferred hyperfine interac-
tion analysis, for rare-earth compounds (see, for example, [3]), the magnitude
and sign of As for the Pu®" ion in CaF, can be explained by virtual processes
of transfer of 2s- and 2p-electrons of fluorine to the empty 6d-shell of pluto-
nium. Moreover, using the experimental data of [1] we obtained the covalence
parameters of 5f- and 6d-electrons of Pu** in CaF,.

1. Kolbe W., Edelstain N.: Electron-nuclear double resonance of Pu®" in CaF, // Phys. Rev. B. 4. no. 9. 2869-2875
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2. Schreckenbach G., Hay P.J., Martin R.L.: Density functional calculations on actinide compounds: survey of
recent progress and application to [UO,]*" // J. Comput. Chem. 20, 70-90 (1999)

3. Falin M.L., Eremin M.V,, Bill H., Lovy D.: ENDOR and transferred hyperfine interaction of impurity rare-
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Quantum dynamics in Krylov space and operator growth:
a study using multiple-quantum NMR

V.E. Zobov!, A. A. Lundin?

! Kirensky Institute of Physics, Federal Research Center KSC SB RAS, Krasnoyarsk, Russia
2 Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, Moscow, Russia

Despite the enormous success of statistical mechanics in describing macroscopic behav-
ior of the physical systems, the question of its relation to the underlying microscopic
dynamics, have been the subject of debate since its foundations were laid. One of the
most controversial issues is the reconciliation of the reversibility in time of most mi-
croscopic laws of nature and the apparent irreversibility of the laws of thermodynamics.

The emergence of statistical mechanics for isolated classical systems is due to
chaotic dynamics and ergodicity. In quantum systems, however, the manifestation of
ergodic behavior is an old mystery. Quantum mechanical evolution in time is local and
unitary. Nevertheless, many quantum systems are effectively described by irreversible
hydrodynamics. Understanding the ergodic (“thermolysis”) behavior that arises in this
case, both at the conceptual and computational levels, is the central goal of theoretical
research on quantum dynamics, the cornerstone of which is the “eigenstate thermaliza-
tion hypothesis” [1].

However, in recent works, the focus has shifted from the study of eigenstates to the
study of “operator growth” [2, 3]. The term introduced means that when considering
the evolution over time in the Heisenberg representation, simple operators generically
decay into an infinite “bath” of increasingly nonlocal operators. It is believed that the
emergence of this dissipative behavior from unitary dynamics underlies thermalization,
the decay of dynamic correlation functions, and the accuracy of hydrodynamics on a
large scale. At the same time, as it turns out to be convenient to consider evolution
not in the exponentially growing full Hilbert space, but in its subspace formed from
the operators necessary to solve a specific problem.

Such a subspace is called the Krylov space, and its basis, formed from orthogo-
nal operators, is the Krylov basis [2, 3]. Krylov subspace methods offer a powerful
approach that makes it possible to identify the minimal subspace in which dynamics
unfolds without having to fully diagonalize the Hamiltonian and explicitly store the
quantum state. The method is named after A. N. Krylov, who made a deep and long-
term contribution to applied mathematics, including innovative computational methods
in linear algebra, which today bear his name and which inspired the creation of the
concept of Krylov complexity [2], which is actively studied today.

Similar approaches, but under different names [4—6]: the recursive method, the
method of continued fractions, the method of decomposition by orthogonal operators,
etc. have been applied to calculations of spin time correlation functions in magnetic
resonance. In particular, we applied them to explain the multiple-quantum (MQ) NMR
spectra and the growth of clusters of dynamically correlated spins [7, 8].

In this report, based on the results of the theory we are developing [7, 8], we will
show what contribution MQ NMR can make to solving global problems of irreversible
quantum dynamics. We have determined:
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. The “Krylov complexity” introduced in [2] is equal to the second moment of the

MQ spectrum or the average size of a cluster of dynamically correlated spins.

. The type of dependence (linear, root, etc.) of the Lanczos coefficients on the number

determines the type of dependence of the average cluster size on time, the shape of
the MQ spectrum, and the dependence of the relaxation rates of the MQ spectrum
components on their order [7, 8].

. The dependence of the relaxation rates of the MQ spectrum components on their

order allows us to judge the density of growing clusters of dynamically correlated
spins [8].

. “A universal operator growth hypothesis” proposed in work [2] finds support in

NMR and MQ NMR experiments. The linear growth of the Lanczos coefficients
from the number, the universality of which is asserted in the hypothesis, leads
to an exponential growth of the second moment of the MQ spectrum with time,
observed in experiments [7]. Such an increase in the coefficients corresponds to
a rapid increase in the moments of the time spin correlation functions, leading to
a divergence of the series in powers of time (moments) of these functions. The
divergences of the series indicate the presence of singularities on the imaginary
time axis, which lead to exponential wings of the spectra of correlation functions
observed in NMR experiments [9].

Consequently, the MQ NMR method can be used to study quantum dynamics in

Krylov space, measure Krylov complexity, study operator growth, measure the growth
rate and shape (density) of growing clusters of dynamically correlated spins.

The work was carried out within the framework of the scientific topics of the State

Assignment of the Kirensky Institute of Physics of the Siberian Branch of the Russian
Academy of Sciences and the State Assignment for the Semenov Institute of Chemical
Physics of the Russian Academy of Sciences.
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Pulsed and steady-state thermal annealing of sapphire single
crystal implanted with chromium ions: Optical and EPR studies

R.I. Batalov, V.F. Valeev, H.A. Novikov, N.V. Kurbatova,
K.I. Gerasimov, R.B. Zaripov

Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia

Ruby crystal (an AlO, sapphire matrix doped with Cr** ions) has been used as an ac-
tive medium for pulsed lasers operating at A = 0.694 pum since the 1960s. A pressing
scientific and practical challenge is the creation of compact and integrated lasers based
on ALO,:Cr** crystals and thin films, as well as various sensors sensitive to mechani-
cal deformation, radiation dose, or temperature changes. These factors influence the
position and intensity of the R-line of Cr** luminescence.

In this study, we investigated the doping of the near-surface region of a 0.5 mm-
thick AL,O, sapphire single crystal with Cr' ions using ion implantation with an ion
energy of E = 40 keV and doses of @ = 5x10"3-5x10'® cm™. After implantation, the
use of pulsed ion-beam treatment (PIBT) in melt mode (7 > 2000 °C) was tested as
an alternative to steady-state thermal annealing (TA) at 7= 1000 °C to obtain R-line
luminescence at 300 K. This PIBT was carried out at the TEMP-4 pulsed accelerator
with a powerful beam of C*/H" ions with an energy of £ ~ 300 keV, an energy density
of W= 0.9 J/cm? and a pulse duration of T ~ 100 ns. Modeling of the depth profile of
Cr' ions in Al,O,was carried out, which made it possible to estimate the concentration
of chromium in the crystal (up to 2 at.% in a 50 nm layer) before annealing.

Comparative measurements of ALO,:Cr" samples after PIBT and TA were con-
ducted using optical transmission, Raman scattering, photoluminescence, and EPR.
Despite the absence of characteristic Cr** absorption bands at 410 and 560 nm in the
transmission spectra, the implanted samples exhibit similar luminescence intensities of
the R, and R, lines (0.69 pm), which increases with implantation dose. The presence
of red PL indicates the substitution of chromium ions for aluminum atoms in the sap-
phire crystal lattice.

The implanted samples were studied by EPR at 300 K on an Elexsys E580
spectrometer (Bruker) in the X- and Q-bands. A signal from chromium ions in the
substitution position was detected in both bands for the samples with the implantation
dose higher than 1x10'® cm™2. The spectroscopic parameters correspond to those of the
chromium impurity ion in ruby.
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Simulation of a specialized dual-frequency sensor for MRI 0.4 T

A.A. Bayazitov, A.R. Fakhrutdinov, Ya.V. Fattakhov,
V.L. Odivanov, V.A. Shagalov

Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
E-mail: alfisgdiSsSd@yandex.ru

The work is devoted to modeling the receiving and transmitting circuits of a small-
sized specialized traumatological MRI with a magnetic field induction of 0.4 T. The
receiving and transmitting system is designed to perform MRI scans sequentially at
two frequencies in one session of the study facility.

The boundary conditions for the calculation: the working area for placing the
receiving and transmitting circuits in the magnet along the Y and Z axes is 200 mm,
along the X axis is 220 mm, selected for reasons of maximum filling factor and the
size of the gap between the poles of the magnet.

For compactness of the entire structure, the receiving and transmitting system for
each operating frequency is made in the form of a receiving and transmitting unit. An
decoupling circuit is included in each circuit of this system [1] for efficient transmis-
sion of the excitation pulse energy and protection of the input elements of the preamp.
The operating frequencies for the 129Xe and 1H cores in the 0.4 T field are 4.84 MHz
and 17.5 MHz, respectively.

The outer circuit is based on a solenoid, and a saddle-shaped coil is used in the
inner circuit. The axis of the receiving-transmitting circuit based on the solenoid is
directed horizontally along the X-axis, and the axis of the saddle-shaped circuit is
directed vertically along the Y-axis of the magnetic system.

It was carried out according to the state assignment of the Zavoisky Physical-
Technical Institute, FRC Kazan Scientific Center, Russian Academy of Sciences.

1. Odivanov V.L., Bayazitov A.A., Fakhrutdinov A.R., Fattakhov Ya.V., Shagalov V.A.: J. Instruments and
Experimental Techniques 69, no. 1, 153-159 (2026)



36 Modern Development of Magnetic Resonance Section 1

Features of the search for an analytical solution of Bloch
equations with nonlinear coefficients for describing the modulation
technique for recording a nuclear magnetic resonance signal

R.V. Davydov', D.S. Provodin', V.V. Davydov'?
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2 Saint-Petersburg Electrotechnical University “LETI”, Saint-Petersburg, Russia

In the modern world, nuclear magnetic resonance (NMR) has found a wide range of
applications in various fields of both scientific and industrial human activity [1]. A
large number of NMR recording methods have been developed and implemented in
various devices, ranging from stationary (high-resolution NMR) to mobile (portable
NMR relaxometers) [1, 2]. The greatest challenges arise when recording NMR magnetic
resonance signals from fluid flows with variable flow regimes over a wide range. One
of the challenges when using such devices is characterizing the NMR signals recorded
using modulation techniques. Recording NMR signals using modulation techniques offers
undeniable advantages for applications involving weak fields or flowing liquids, both in
NMR flowmeters and NMR magnetometers. Currently, only approximate solutions to the
Bloch equations for describing NMR signals recorded using modulation techniques or
numerical solutions exist. This creates difficulties in a number of research situations or
when solving technical problems, such as those related to determining the longitudinal
T, relaxation time [3]. This is important when using small-sized NMR relaxometers
for rapid monitoring of condensed matter and flow state [1]. This paper proposes one
solution to the Bloch equations to obtain an analytical solution without approximations.

Let us consider the system of Bloch equations in a rotating coordinate system [3],
into which dispersion and absorption signals are introduced through the magnetization
components M, and M:

+W+vH sin(w ))v(t)=0
& T W +yH,, sin(w,))v(t)

D20 4y, sin(en, ) + 7 HM.(0) =0

dM(0) M) M,
T

—-yHy()=0
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Let’s rewrite the system in a different form:

V(1)

2

u(t)+—=+W+yH, sin(w,t)v(t)=0
v(t)-(W+yH, sin(w,t))u(t)+ ; ) +yHM_(1)=0
(t) M,

T

1

M _(t)-yHy(t)+—==

1

Let’s introduce the following notations:

_TL W —-yH, sin(w,t) 0
u(t) 2 X 0
XO)=| v(t) |, A@)=| W+yH, sin(@,1) — —yH, |, f)=| 0
M.(0) : 1 M,
0 7H1 _Fl Tl

Then the system will take the following form, taking into account the initial condition:

0
() + AWD)x(t) = £(£), x(0)=x,=| 0

M,

General solution of the system:

(1) = exp(— L’A(s)ds)xo + jo exp(f A(k)dk) £(s)ds
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Let’s calculate the integrals:

H
L 7—'”(cos(a)mt) -)-wt 0
T, @,
r yH t
B(t)=— j A(s)ds =| L= (cos(w, 1)~ 1) + Wt - —yH
0 , T,
0 Hi L
yaes T
s—t
—_— ——"(cos(w,s)) —cos(w,t) 0
7’; m
Cls.t)= [ Atkdk =| - 28y (cos(@, 5))— cos(@, 1) 0 st
! @, T
0 0 vH (s—1)

To calculate matrix exponents, the matrices under study can be written in the fol-
lowing form:

a b 0
D=|-b a -c
0 ¢ d

The final solution to the system is obtained by finding the Jordan form of the matrix
above, then the initial functions under study are calculated using the following formulas:

u(t)=(4;),M, +%10J.0t (4;)ds
v(t) = (4g) ;M +MTIOJ.; (A6)Cds

M0 = (4, M, + 22 [ (4)cds

The coefficients (4,),, (4,). are calculated in accordance with the considered
cases depending on the values of the parameters.

The proposed new approach, unlike previously considered approaches, opens up
the possibility of obtaining an analytical solution for dispersion, absorption, and mag-
netization components M. Analysis of the resulting relationships shows that u(¢), v(?),
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and M, (t) will be expressed solely in terms of H|, H,, H,, and w,, as well as using 7|
and 7, values. This will expand the potential for NMR applications in various fields
using the above-mentioned instruments.

1. Eremina R., Gippius A., Gafurov M.: Applied Magnetic Resonance 54(4-5), 435 (2023)

2. Davydov V. V., Davydov R. V., Dudkin V. L., Gol’dberg A.A., Provodin D.S., Klimova S.A.: Bulletin of the
Russian Academy of Sciences: Physics 89(10), 1817-1828 (2025)

3. Leshe A.: Nuclear induction. Veb Deustscher Verlag Der Wissenschaften, Berlin, 1963.
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EPR spectroscopy of rare earth ions in a CsCaF, crystal

M.L. Falin', V.A. Latypov', S.L. Korableva’

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2 Kazan (Volga Region) Federal University, Kazan, Russia

Rare-carth (RE) ions as impurity ions in dielectric crystals have been mainly studied in
six-and eightfold coordinated positions. There are practically no studies of crystals in
which both positions are present and possible for the localization. Therefore, it is certainly
interesting to study RE ions in perovskite-type ABF, (A = Me’, B = Me*") crystals.

Crystals of this structural type are convenient model systems. In such structures, it is
possible to introduce an impurity ion into both a sixfold position and an unusual 12-fold
position (Fig. 1). There are a number of works [1-5] where the probable localization
of impurity RE ions in the 12-fold position was reported but the evidence was indirect.
The study of Yb** ions in a cubic CsCaF, crystal using electron paramagnetic resonance
(EPR) and optical spectroscopy demonstrated the observation of the Yb*" ion in fluorite
CaF, crystallites (the eightfold coordination) that are spontaneously organized in the
CsCaF; crystal during the crystal synthesis [6]. However, previously [5] it was assumed
that the impurity Yb** ion replaces the Cs* ion (the 12-fold position).

This work presents the results of a further experimental EPR study of RE ions in
the cubic CsCaF; crystal confirming the existence of self-organizing CaF, crystallites.

X
&

S -cs* -F O-ca® @®-E* Yo

CsCaF; CaF,

Fig. 1. Fragments of CsCaF, and CaF, crystal structures.
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Orientational motions of nitroxe molecules in glassy ethanol and
dibutyl phtalate studied by CW and pulsed EPR

S.V. Komlina'?, A.N. Atnyukova'?, S.A. Dzuba'?
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Disordered molecular solids is a fairly wide class of substances of various origin —
amorphous polymers, simple molecular glass-formers, technological materials for
photonics and optoelectronics, pharmaceutics, coating for the cells of quantum computers
and others. Biological media in many respects also can be attributed to this kind of
substances. However, there is still no generally accepted theoretical description of the
structure and dynamics of these substances at the molecular level.

Among other experimental approaches, electron paramagnetic resonance (EPR)
spectroscopy of spin probes and labels can be useful for studying the orientational
motions of molecules in different environments. EPR can be applied in the traditional
stationary continuous wave (CW) and pulsed (electron spin echo, ESE) versions. CW
EPR EPR spectra are sensitive to dynamic librations of molecules, ESE time kinetics
allow detection of stochastic molecular reorientations.

Two systems were studied in this work: ethanol (with the addition of 5% v/v
methanol for better glass formation upon cooling) and dibutyl phthalate. Stable nitroxide
TEMPONE spin probe was dissolved in these substances at concentrations between 1
and 5 mol%. The measurements were performed in a wide temperature range around
the glass transition temperature of these substances (~100 K for ethanol and ~180 K
for dibutyl phthalate).

An analysis of the temperature dependences of the splitting of stationary EPR
spectra allowed to reveal different temperature regimes for dynamic librations including
their freezing due to quantum effects. ESE time kinetics showed the presence of two
coexisting types of orientational molecular motions: small-amplitude stochastic librations
and large-amplitude rotations.

This research was supported by the Russian Science Foundation, grant # 25-23-00061.
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Magnetic properties of ludwigite Mn, .;Mg, ,,BO,
in the temperature range 300-570 K
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Ludwigites have a complex crystal structure with quasi-low-dimensional elements
formed by metal-oxygen octahedra. Ludwigite unit cell contains four formula units,
including divalent and trivalent (or divalent and tetravalent) cations distributed over four
nonequivalent positions [1, 2]. Ludwigites with the structural formula Mno.s3Mg2.47BOs
were studied by EPR measurements in the temperature range from 300 K to 570 K.
Two lines were observed in the magnetic resonance spectrum: a broad line with a
linewidth of about 6000—7000 Oe, and a second, intense exchange-narrowed line
observed throughout the entire temperature range, confirming the presence of strong
exchange interactions between the manganese magnetic ions. When approximating the
spectrum shape, the broad line was assumed to have a resonant field of 3400 Oe that
does not change with temperature. The linewidth AH of the narrow line was found
to decrease monotonically with increasing temperature, from about 510 Oe at 300 K
to approximately 260 Oe at 570 K (Fig. 1), which is typical behavior for exchange-
coupled spin systems. The temperature dependence of the resonance field Hres shows
non-monotonic behavior, with a pronounced minimum around 400—430 K, followed by
a gradual increase up to 570 K (Fig. 2). Such behavior of Hres may indicate additional
contributions to the magnetic anisotropy from magnetic clusters. The obtained results
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Fig. 1. Temperature dependence of the linewidth for Mn, ;;Mg, ,,BO;.
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Fig. 2. Temperature dependence of the resonance field Hres for Mn, ;Mg, ,,BO..

provide insight into the evolution of the local magnetic environment of Mn ions in the
ludwigite structure upon heating from room temperature to 570 K. The temperature
dependence of the magnetic susceptibility is also discussed.

This research was supported by the Russian Science Foundation (project no. 23-72-
00047).
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Exchange and dipolar interactions in some photoexcited systems
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Chromophore-radical systems are promising platforms for molecular spintronics and
quantum information science (QIS), where the nature of the spin-spin interaction gov-
erns their magnetic and photophysical properties. Understanding multispin photoexcited
systems and their excited-state dynamics is crucial for modern technological applications
of organic radicals and related spin systems. Upon photoexcitation of the chromophore,
a molecular unit containing two spin centers is creating: the photogenerated chromo-
phore triplet and the radical. The interplay between these spins is governed by their
magnetic interactions, i.e. the isotropic exchange interaction (J) and the anisotropic
dipole-dipole interaction (D), electronic Zeeman interactions and the ZFS interaction
of the triplet state. These are primarily chromophores with covalently bound radicals;
such systems have been intensively studied. They exhibit diverse properties depending
on the strength of the exchange and dipole interactions between the unpaired electron
of the radical and the photoexcited triplet states. Here, we also present an examples of
a change in the sign of an exchange interaction in the systems with TEMPO radical at-
tached to different positions of the perylene derivative [1]. One of these systems, which
we have studied, is shown in the Fig. 1a. A significantly different situation is expected
for systems in which the molecules of perylene and radical are linked by a sufficiently

Fig. 1. Two types of molecular structures of perylene derivatives with TEMPO radical.
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long U-shaped bridging fragment, which provides a three-dimensional spatially bound
configuration. An example of such a system is shown in Fig. 1b.

While through bond exchange coupling is well studied in linear chromophore-radical
systems, the role of direct through space coupling in controlling excited state dynamics
remains less explored. Herein, we present the design, synthesis, and EPR investigation
of two U-shaped perylene-bridge-nitroxide compounds using X-, Q-, and W-bands
time-resolved EPR and pulse EPR at X-band. The values of the exchange interactions
were determined on the basis of previously published theoretical considerations [2].

1. Li Zh., Sukhanov A., Ito T., Sambucari G., Chen X., Bussotti L., Zhao J., Voronkova V., Di Donato
M., Kurashige Yu.: Pure and Applied Chemistry 98(1) (2025)
2. Kandrashkin Yu.: J. Chem. Phys. 160, 044306 (2024)
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Effect of quantum interference under simultaneous excitation
of magnetic dipole and electric quadrupole resonance transitions
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Quantum interference of probability amplitudes of resonance transitions excited by
electromagnetic waves between electron levels of ions and atoms can be caused by
several physical effects. We observed for the first time new effect of quantum inter-
ference for magnetic dipole resonance transitions and electric quadrupole resonance
transitions simultaneously excited between electron-nuclear levels of Cu?*" impurity
ions in BaF, single crystal. [1].

In the crystal lattice of BaF,Cu®" ions substitute Ba®* ions as single ions (SI) and
dimer associates (DA). Earlier these paramagnetic centers have been studied by EPR
in details in [2]. Schematically, the magnetic field dependencies of the electron levels
of the Cu*" centers as shown in Fig. la. A significant difference between hyperfine and
superhyperfine structures of the SI and DA EPR spectra allows one to determine the
type of a paramagnetic center. Examples of the spectra recorded at different orientation
of magnetic field are presented in Fig. 1b. It is clearly seen that low-field (DA-LF) and
high-field (DA-HF) spectra of the DA differ in amplitude, and this difference depends
dramatically on the magnetic field orientation. We believe that this phenomenon is
due to the quantum interference of probability amplitudes of the magnetic dipole and
electric quadrupole resonance transitions.

1. Zaripov R.B, Tarasov V.F., Ulanov V.A.: JETP Letters 123, 251-256 (2026)
2. Hoffmann S.K., Goslar J., Lijewski S., Ulanov V.A.: J. Chem. Phys. 127, 124705 (2007)
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Fig. 1. a Electron level diagram of the SI Cu*" with an effective spin of S = 1/2 and the DI (S = 1). The
arrows indicate the resonance transitions observed in EPR spectroscopy; b EPR spectra of “Cu?" impurity
centers in BaF2 recorded at different orientation of magnetic field.
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Seemiconductors: parameters and possible nature or CIDNP
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It is well known that the evolution of the spin density matrix should be described in
terms of spin dynamics, diffusion, and recombination operators. Half a century ago,
attention was drawn to the fact that the additivity-based approach for calculating singlet-
triplet evolution — which implies additivity of the contributions of sequential radical
pairs to chemically induced dynamic nuclear polarization (CIDNP) — is incorrect [1].

The present work describes a general approach for CIDNP calculations that is valid
for arbitrary spin dynamics, diffusion, and (phenomenological) recombination operators.
Here, the rates of chemical transformations of radical pairs are assumed to be constant.
Using this approach we have obtained an explicit expression for the case of two radi-
cal pairs with reversible transformation. In particular, we have derived operator-free
expressions for the case of irreversible transformation within two radical pairs that obey
either Fickian diffusion or a two-site model of motion. Containing term proportional
to the product of the singlet-triplet oscillation frequencies, these expressions clearly
show the non-additivity of singlet-triplet evolution.

We have shown that our theory can incorporate one of the recently published [2]
models of chirality-induced spin selectivity (CISS): taking this effect into account leads
to the same problem with different spin-Hamiltonian. Whereas spin-spin interaction
terms preserve their structure (changing effective parameters), effective magnetic fields
in Zeeman terms have different orientations that are dependent on CISS. Therefore, it
can be used to describe, for instance, charge transfer in deoxyribonucleic acid (DNA).
A simple example demonstrates that the CISS effect leads to a decrease in the am-
plitude of the conventional singlet-triplet oscillations and to the emergence of much
higher-frequency (higher by about three orders of magnitude than the conventional
ones) singlet-triplet oscillations.

1. Den Hollander J.A.: J. Chem. Soc., Chem. Commun. 352-353 (1975)
2. Fay T.P.: J. Phys. Chem. Lett. 12, 1407-1412 (2021)
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Weighted least-squares approach to the weak-signal problem
in orientational studies of graphene oxide membranes

G.E. Slivin!, N.A. Chumakova'?

'N.N. Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences,
Moscow, Russia
2 Lomonosov Moscow State University, Faculty of Physics, Moscow, Russia

Electron paramagnetic resonance (EPR) spin probe spectroscopy is an effective technique
for studying the orientational ordering of graphene oxide (GO) membranes. Quantita-
tive interpretation of experimental spectra is based on numerical simulation, where
spin-Hamiltonian parameters and orientational distribution functions are determined
by minimizing the difference between experimental and simulated spectra. However,
conventional least-squares fitting becomes inefficient when spectra contain components
with significantly different intensities. In this case, the optimization process is dominated
by the most intense spectral features, while weak signals carrying structural information
are fitted with considerably lower accuracy.

In this work, a weighted least-squares approach for numerical analysis of EPR
spectra has been developed and implemented. The method allows local weighting of
selected spectral regions, increasing the contribution of weak signals to the objective
function without modifying the underlying physical model. Both semi-automatic weight
assignment, based on user-selected spectral regions, and an automatic procedure em-
ploying peak detection have been implemented. The latter enables efficient processing
of large sets of experimental spectra.

The proposed approach was applied to the analysis of angular-dependent EPR spectra
of nitroxide spin probes confined within graphene oxide membranes. The weighted fitting
procedure significantly improved the agreement between experimental and simulated
weak spectral features and enabled reliable modeling of room-temperature angular
dependencies, which could not be accurately analyzed using the conventional least-
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Fig 1. Modeling with conventional and weighted least squares approach.
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squares approach. Furthermore, the noise floor of the fitting procedure was estimated
using both baseline noise analysis and comparison of spectra recorded at equivalent
sample orientations. The developed methodology provides a more reliable reconstruction
of orientational distribution functions and extends the applicability of spin-probe EPR
for structural characterization of graphene oxide membranes under ambient conditions.

This work was supported by the Russian Science Foundation (RSF), Grant No.
26-13-00023.
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Dispersion shape of the EPR spectra lines of the impurity Gd**
ions in the narrow-gap Pb, Ag S semiconductors: parameters and
possible nature of the effect

V.A. Ulanov'?, R.R. Zainullin?, LV. Yatzyk!, LI. Fazlihzanov!

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2 Kazan State Power Engineering University, Kazan, Russia

The studied mixed crystals of Pb, Ag S with gadolinium as a probe impurity were
synthesized by the vertical Bridgman method. The main component of these crystals
was galena, which belongs to the lead chalcogenide group of semiconductors (PbS,
PbTe, and PbSe). While the other two semiconductors in this group have long been the
focus of attention of many research groups, galena has remained virtually unnoticed.
This position of galena was obviously associated with the high volatility of sulfur vapor
at elevated temperatures. As a result, a large number of sulfur vacancies and defects
associated with these vacancies arose in the volumes of grown galena crystals. Since
each sulfur vacancy resulted in the appearance of two free electrons in the conduction
band of the grown crystal, the typical conductivity type of this crystal turned out to
be n-type. However, the physical properties of the grown PbS crystals turned out to
be poorly reproducible.

It is known that a change in the conductivity type of galena can be achieved by
introducing an acceptor impurity into its crystal lattice. Some of the acceptor ions will
compensate for the influence of the donor ions. But if there are more acceptors than
donors, an inversion of the conductivity type will occur in galena. This gives hope of
achieving better reproduction of the results of the synthesis of alloyed galena.

As shown in work [1], silver can act as an acceptor impurity in galena. It is obvious
that galena with two mutually compensating defects can demonstrate the realization
of new, as yet unexplored phenomena. These expectations are based on the fact that
galena and other crystals of the lead chalcogenide group are characterized by a num-
ber of features: ionic-covalent interatomic bonds with a small proportion of metallic
component; narrow band gap (0.2+0.4 eV, increases with temperature); small effective
masses of free charge carriers (~0.1m,) and the associated high mobility of charge car-
riers; a pronounced dependence of the band structure parameters on impurities: high
values of dielectric constant; large spin-orbit interactions of free charge carriers; dipole
instability of crystal lattices.

The aim of this work was to study changes in the crystal structure and dynamic
properties of galena by doping it with an acceptor impurity of silver. EPR was chosen
as the primary experimental method. Gadolinium was selected as the magnetic probe
impurity. Three samples with the various concentrations of gadolinium were synthesized
(v, = 0.003; y, = 0.001; y, = 0.0002).

The EPR spectra of the sample 1 showed seven broad fine structure lines of Gd**
centers, indicating the presence of exchange interaction between these centers.

The EPR spectra of the sample 2 were more informative. Here, each of the seven
lines of the fine structure of the Gd** centers had a rather complex shape. These lines
could be imagined as the superposition of two completely different lines. One of the
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Fig. 1. Power and temperature dependencies in the intensities and shapes of EPR spectra lines of Gd** centers
in the Pb, Ag S:Gd*" arrow-band semiconductor (x = 0.005; H [[<001>; £, = = 9.424 GHz).

mw

two components had a Dysonian shape. Another component of the line was shaped like
an inverted bell. Here we will name such shapes as dispersion one. In the sample 2,
the amplitudes of the line components were approximately the same. A saturation effect
of each line component was observed. It was found the parameters of the saturation
effect for each component were different.

In the EPR spectra of sample 3, the “inverted bell” component was predominant at
high powers and low temperatures. The Dysonian-shaped component appeared only at
very low electromagnetic wave powers in the resonator and at temperatures above 50
K. The power and temperature changes in the shape of the lines of the EPR spectra
of Gd** centers in the sample 3 are shown in Figure 1.

The experimental facts obtained in the study will be discussed.

1. Golenishchev-Kutuzov V.A., Sinicin A.M., Ulanov V.A.: Bulletin of the Russian Academy of Sciences.
Physics 82, 761-764 (2018)
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Simulation of chirp pulse inversion performance
in an inhomogeneous RF field

I.T. Khairutdinov

Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
E-mail: semak-olic@mail.ru

In EPR experiment usually one has to cope up with challenge of increased spectral
width with limited RF power. A simple hard pulse provides excitation or inversion
over a limited range of resonance offsets that cannot be increased due to pulse power
constraints. One solution to cope with this problem of bandwidth is use of adiabatic
pulses. Adiabatic pulses are known to have increased bandwidths and high tolerance
to spatial variations in RF field intensity [1-5].
Magnetization vector M of isolated spins can be described in the rotating

frame by solution of Bloch equations without relaxation

am do i

E = ((ul,O,E + A(l)) XM
The simplest and most commonly used frequency sweep is a linear sweep

defined by

%0 —C + at,
ot

where Adw = wy — w, w, is spins frequency distribution, w; — adiabatic
pulse amplitude, w — pulse carrier frequency, a — constant sweep rate.

Simulations show that the maximum value of a for which populations are
inverted adiabatically with Aw = 0 is given approximately by a = 0.2w?. Simulation
of spin inversion curves of resonance spin with
Aw = 0 was carried out depending on of the microwave pulse amplitude w,. Devia-
tions of w, from its nominal value of w, arise experimentally form RF inhomogene-
ity and from miscalibration of the RF field. Calculations of the spin inversion curves
from the parameter Aw with averaging over the normal distribution of the parameter
w, were also carried out. The amplitude of the microwave pulses w; was calculated
by the following normal distribution

w1 = wyoExp[—Aw?/(2na?)]

The Figure 1 shows the results of calculations for different values of o the micro-
wave pulse amplitude spread. Calculations performed for rectangle spectrum wg. The
carrier frequency w of the microwave pulses corresponded to the center of the rectan-
gle spectrum. Width of spectrum is 10 w;,. The calculations were carried out for sev-
eral values of the inverting pulse duration t,.

It is evident that near resonance (Adw = 0) at short durations (®io*t, < 8m) of the
inverting pulse, a good homogeneity of the field w; is required (o = 0.01 w;,). For
sufficiently long durations (®io t, > 327) is sufficient to have the RF amplitude spread
o no more than 0.2 w4,.
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Fig. 1. Inversion curves for linear sweep pulses depending on . The calculations were carried out for several
pulse durations £, and for different values of spatial spread o of the microwave pulse amplitude.

1. Baum J., Tycko R., Pines A.: Broadband and adiabatic inversion of a two level system by phase modulated
pulses // Phys. Rev. A. 32, 3435-3447 (1985)

2. Bohlen J.-M., Rey M., Bodenhausen G.: Refocusing with chirped pulses for broadband excitation without
phase dispersion // J. Magn. Reson. 84, 191-197 (1989)

3. Power J.E., Foroozandeh M., Adams R.W., Nilsson M., Coombes S.R., Phillips A.R., Morris G.A. // Chem.
Commun. 52, 2916-2919 (2016)

4. Hwang T.L., van Zijl P.C.M., Garwood M.: Broadband adiabatic refocusing without phase distortion // J.
Magn. Reson. 124, 250-254 (1997)

5. Sarkar S., Purusottam R.N., Kumar A., Khaneja N.: Chirp pulse sequences for broadband = rotation // J.
Magn. Reson. 328, 107002 (2021)
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High-field EPR spectroscopy for measuring magnetic resonance
parameters of heterospin complexes of Cu(Il)

A.A. Samsonenko!, S.E. Tolstikov', S. Wu?, Z. Wang %, S.L. Veber!

! International Tomography Center of the Siberian Branch of the Russian Academy of Sciences,
Novosibirsk, Russia
*Wuhan National High Magnetic Field Center & School of Physics,
Huazhong University of Science and Technology, Wuhan 430074, P. R. China

The application of high magnetic fields (>10 T) is a promising approach in EPR spec-
troscopy, enabling the limitations inherent to conventional X- and Q-band techniques
to be overcome [1]. One of them concerns spectral resolution, which is often insuf-
ficient to reveal the fine structure of the spectra of paramagnetic centers. For example,
in heterospin complexes, where paramagnetic centers of different nature are coupled
by exchange interaction, averaging of the individual g-tensors occurs, making their
anisotropy weakly pronounced and difficult to distinguish in the spectrum. Increasing
the operating frequency of EPR measurements leads to a proportional increase in the
separation between resonance lines and, consequently, allows this anisotropy to be
resolved.

At the same time, X- and Q-band EPR spectroscopy has several practical advan-
tages. These methods are widely available, making the techniques accessible to many
researchers. Additionally, within X- and Q-band EPR, spectra are commonly recorded as
the first derivative of the absorption signal, making spectral features more pronounced.
How much resolution is actually gained on going from X- and Q-band to the terahertz
range is therefore worth establishing experimentally for a given class of compounds.

In this work, the EPR spectra of a series of heterospin complexes with the general
formula [Cu(hfac).L}]. were characterized in the X-, Q-, and terahertz (100-576 GHz)
frequency ranges. The compounds under study are exchange-coupled systems consisting
of two types of paramagnetic centers: a nitroxide radical L® with an isotropic g-tensor,
and a Cu(Il) ion with an anisotropic g-tensor. Such compounds exhibit spin-crossover-
like magnetostructural transitions, which makes them promising for molecular electronics
and data storage [2].

The dependence of spectral resolution on the measurement frequency was analyzed,
and X- and Q-band EPR were compared with high-field EPR spectroscopy. The results
show that a combination of several EPR frequency ranges gives a more complete
characterization of exchange-coupled systems than any single frequency range alone.

This research was supported by the Ministry of Science and Innovation Policy of
the Novosibirsk Region, Agreement No. 30-2025-000858, RSF project No. 25-13-20039.

1. Ohta, H., Okubo, S., Ohmichi, E. et al.: What is Multi-extreme THz ESR? Developments and its Applications.
Appl. Magn. Reson, 56, 3355 (2025)

2. Ovcharenko V., Bagryanskaya, E. (2013). Breathing Crystals from Copper Nitroxyl Complexes. In Spin-
Crossover Materials, M.A. HALCROW (Ed.).
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Low-lying electronic energy levels
correlate with faster electron spin lattice relaxation rates
for lanthanide complexes in diverse coordination environments

G.R. Eaton, S.S. Eaton

Department of Chemistry and Biochemistry, University of Denver, Denver, USA

EPR spin-lattice relaxation rates were measured at about 4 to 10 K for seven
lanthanide(IIT) ions bound to a phosphine oxide ligand (tris-(3,5-dimethoxyphenyl)
phosphine oxide, OPR;) that forms meridional pseudo-octahedral 6-coordinate com-
plexes [1]. Samples were 10 mM in glassy solvents or 2% doped in diamagnetic hosts.
These rates were compared with those for lanthanides in aqueous solution, bound to
the protein lanmodulin which creates a 9-coordinate environment, and bound to the
bio-inspired small-molecule chelator 3,4,3-LI-(1,2-HOPO) with 9-coordination [2].
Domination of relaxation by low-lying excited states with energies less than about 50
cm’! is proposed. For this wide range of geometries and ligands there are systematic
patterns in the relaxation rates. The slowest rates were observed for Gd*" and attrib-
uted to its very small zero field splittings. Of the other EPR active lanthanides, Tm*
consistently has the slowest relaxation rates. For HOPO and lanmodulin complexes
relaxation rates for Tb*" and Er’* are the fastest. At 4 K no echoes were observed for
the complexes of Tb*" and Er*" complexes of OPR, which is attributed to very fast
electron spin relaxation. Tb** and Er** have multiple low-lying excited states. Complexes
of Yb*, Nd*", Ce**, and Sm*" have intermediate relaxation rates.

1. These complexes were provided by Prof. Thomas Albrecht and Jacob Brannon, Colorado School of Mines,
Golden, Colorado, USA.

2. Larringa W.B., Cotruvo J.A., Worrell B.T., Eaton S.S., Eaton G.R.: Chemistry — A European Journal 29
(2023) €202303215
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ODMR based mapping of diamond and silicon carbide
with nanometer resolution

V.V. Yakovleva, M.V. Uchaev, A.M. Skomorokhov, K.V. Likhacheyv,
A.V. Nikitina, I.P. Veyshtort, A.S. Gurin, P.G. Baranov, R.A. Babunts

Ioffe Institute, St. Petersburg, Russia
E-mail: roman.babunts@mail.ioffe.ru

Optically addressable paramagnetic point defects or “spin centers” in diamond and
silicon carbide are widely studied for applications in quantum information processing,
quantum sensing, biological and medical imaging, telecommunications and spintronics.
For their practical application, it is important to know their parameters and local envi-
ronment, which can be determined by analyzing optically detected magnetic resonance
(ODMR) spectra.
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Fig. 1. (a) and (b) Maps of stress distribution in
diamond, (c¢) 4H/6H polytype distribution in silicon
carbide.
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The photoluminescence and ODMR allow one to determine a wide range of diamond
parameters, such as: nitrogen concentration (based on the intensity ratio of the satellite
lines to the main line in the ODMR spectrum of NV centers), NV center concentra-
tion (based on the line intensity in the ODMR spectrum), the ratio of NV- and NV
centers (based on the intensity ratio of the corresponding lines in the PL spectrum),
internal stresses (based on the splitting of the central line in the zero field ODMR
spectrum), temperature (based on the zero-field splitting parameter D), and magnetic
field (based on the line positions). For silicon carbide, the method also allows visually
distinguishing between different polytypes (based on the spectra of photoluminescence
and level anticrossings). Using a scanning confocal ODMR spectrometer developed in
the Ioffe Institute based on a microscope from NT-MDT we could measure ODMR
in every point on the sample surface and construct maps of different parameters. The
construction of such maps requires the processing of a large volume of data - ODMR
spectra, and a special program was created for this purpose.

An example is given in the Fig. 1, which shows map of stress distribution in two
samples of diamond (a) and (b), and a map of 4H/6H polytype composition in a SiC
single crystal irradiated with 2 MeV electrons. The value of stresses in diamond was
determined from the slitting of the ODMR lines of NV defects in zero magnetic field,
the polytype composition in SiC was determined based on photoluminescence spectra.

This work was supported by the Russian Science Foundation (project Ne
23-12-00152-11, https://rscf.ru/project/23-12-00152-IT).

1. babynu P.A., I'ypun A.C., bynnaxosa A.I1., My3adaposa M.B., Auncumos A.H., bapanos ILI: [Tucema B
JKTD 49, Ne 2 (2023)

2. Babunts R.A., Soltamova A.A., Tolmachev D.O., Soltamov V.A., Gurin A.S., Anisimov A.N., Preobrazhenskii
V.L., Baranov P.G.: JETP letters 95, 429432 (2012)
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Magnetic properties of PrF, nanoparticles

E.M. Alakshin, A.M. Garaeva, B.M. Mukhamadullin, E.I. Boltenkova

Institute of Physics, Kazan Federal University, Kazan, Russia

PrF, is a dielectric Van Vleck paramagnet. The Pr** ion has a 4f'? electron structure.
The ground state multiplet *H, splits into nine singlets. The nucleus of this rare earth
element has a nonzero nuclear spin of 5/2, and compounds of this element exhibit nuclear
magnetism. PrF, can be used to dynamically polarize the nuclear spins of *He [1].

PrF; nanoparticles measuring 20-50 nm were obtained by hydrothermal synthesis
with coprecipitation from a colloidal solution. Structure, size, and morphology were
monitored by X-ray diffraction analysis (Bruker D8 Advance Cu Ka, A = 1.5418 A) and
transmission electron microscopy (Hitachi HT Exalens).

Helium-3, due to its nonzero nuclear spin of 1/2 and its ability to remain liquid at low
temperatures, is of great interest. *He has several advantages when used as a probe for
studying porous media. The longitudinal relaxation times 7, of liquid *He in bulk liquid
are 1000 seconds, but can be shorter in a porous structure. Relaxation is also influenced
by paramagnetic centers, which create local magnetic fields. In the case of paramagnetic
particles, 3He relaxation will also depend on the proximity of the paramagnetic particles
to each other and their size. Studying these processes is crucial for understanding the
relaxation mechanisms in such a system.

In this work, we investigated the NMR of "“!'Pr and "°F in PrFs nanoparticles and
the NMR of He in contact with these particles. The measurements were performed on a
laboratory-made NMR spectrometer [2]. The spectra and times of spin-lattice and spin-spin
relaxation of "*'Pr in contact with liquid “He and *He were measured at frequencies of 6.63
MHz and 19.5 MHz. Magnetic coupling between the *'Pr and *He nuclei was observed.
The effect of PrFs powder on the longitudinal and transverse relaxation of *He nuclei in
the adsorbed layer, in gas, liquid, and in a system with adsorbed “He (measurements at 1.5
K, fields up to 800 mT) was also studied. The relaxation mechanisms were analyzed, and
a model describing them was proposed.

This work was financially supported by the Russian Science Foundation (Project No.
26-22-20044).

1. Tagirov M.S., Tayurskii D.: JETP Lett 61, 672 (1995)
2. Dolgorukov G.A. et al.: Magnetic Resonance in Solids. Electronic Journal 20, 18206 (2018)
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‘He NMR based measurement of the paramagnetic layer depth
in LaF, Gd*" delta doped nanoparticles

G.A. Dolgorukov, A.S. Makarchenko, A.M. Garaeva,
E.L. Boltenkova, V.V. Kuzmin

Institute of Physics, Kazan Federal University, Kazan, Russia
E-mail: Sasha_chayan@mail.ru; slava625@yandex.ru

The properties of core-shell nanoparticles depend on the concentration and location of
paramagnetic impurities [1]. In this work low-temperature nuclear magnetic resonance
(NMR) of adsorbed *He was used to determine the location depth of a Gd**-containing
layer in LaF;-based delta-doped nanoparticles.

Core-shell-shell nanoparticles were synthesized from pill-shaped LaF, cores coated
with a 0.3 nm La, ,Gd F, paramagnetic layer and an outer diamagnetic LaF, shell using
colloidal precipitation method. The designed diamagnetic outer-shell thickness is 1.0
nm for the samples which have 5% and 30% Gd*" containing in a paramagnetic shell
and 0.5 nm for the 0.3% case.

Pulsed *He (1.5-7 K) and "F (1.5-70 K) NMR measurements were performed at
15-18 MHz. The *He spin-lattice relaxation time was measured on the raw surface
and after precoating with zero to three solid N, monolayers. Each layer increases the
probe-to-surface distance by approximately 0.33 nm.

A finite-layer model of Gd**-induced *He spin-lattice relaxation was developed from
the previous delta-layer model [2]. Fits of the relaxation-rate maxima (obtained from
the temperature dependences) versus the number of N, layers by this relaxation model
yielded location depths d, = 0.7 + 0.2 nm for the 5% Gd** sample with a designed
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Fig. 1. Maximum *He longitudinal relaxation rate versus the number of N, layers for the 5% Gd** LaF;-
La, ,,Gd, (sF;-LaF, sample. The solid line is the model fit.
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1.0 nm outer shell and d, = 0.28 £ 0.03 nm for the 0.3% sample with a designed 0.5
nm shell (Fig. 1).

The difference between designed and measured depths reveals shell-growth imper-
fections and demonstrates sensitivity to synthesis deviations. The 30% Gd** sample
can’t be measured because of very fast relaxation of *He. The '°F relaxation is weakly
sensitive to shell thickness and Gd** concentration because of the spin-diffusion bar-
rier, whereas adsorbed *He is a sensitive probe for characterizing nonuniform magnetic
nanoparticles and controlling their synthesis.

1. Ghosh Chaudhuri R., Paria S.: Chem. Rev. 112, 2373-2433 (2012).
2. Kuzmin V. et al.: Phys. Chem. Chem. Phys. 20, 1476-1484 (2018).
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Polarized neutron reflectometry in oscillating magnetic fields:
resonant phenomena in low-dimensional magnetic systems

E.D. Kolupaev!, V.D. Zhaketov'**, A.N. Chernikov', Yu.V. Nikitenko'

! Joint Institute for Nuclear Research, Dubna, Russia
2 Moscow Institute of Physics and Technology, Dolgoprudny, Russia
3 National Research University Higher School of Economics, Moscow, Russia
4 Lomonosov Moscow State University, Moscow, Russia

Polarized neutron reflectometry (PNR) is a powerful method for studying magnetic
and superconducting multilayer thin films and superlattices [1]. By measuring the four
spin-dependent reflection channels, one can separate nuclear and magnetic contributions
to the scattering-length density and reconstruct the magnetization depth profile with
nanometer resolution [2, 3]. This technique has been successfully applied to investigate
proximity effects in ferromagnet/superconductor systems, nontrivial magnetic ordering,
and quasiperiodic Fibonacci structures [1-4].

The resonance method associated with spin neutron resonance is described in [5-7].
It involves the application of an oscillating magnetic field perpendicular to the static
quantizing field. Evidence for neutron spin resonance in thin films has been found,
and a spatial beam-splitting due to the exchange of an energy quantum hm between
the oscillating field and the neutron has been observed [5]. This approach is also
promising for studying other resonance phenomena using reflectometry with polarized
neutrons: Josephson resonance, ferromagnetic resonance, inverse Faraday effect, nuclear
magnetic resonance, etc.

At present, a working prototype for neutron reflectometric studies in an oscillating
magnetic field has been developed at the REMUR spectrometer (IBR-2 reactor, Dubna).
The field frequency is 10-30 MHz, the amplitude is 1-10 Oe. First measurements on
an iron film show clear modulation of the polarized neutron reflection, confirming
the feasibility of the method. A low-temperature system with 4He pumping is being
developed for operation in a highly uniform magnetic field created by a polar magnet
with warm coils. This will enable time-resolved studies of domain-wall motion and
vortex dynamics at cryogenic temperatures.

The combination of static-field PNR and RF-PNR is particularly valuable for
investigating ferromagnetic-superconducting layered heterostructures and Fibonacci
quasicrystals, where the interplay between magnetism and superconductivity leads
to exotic phenomena such as triplet superconductivity, fractal superconductivity, and
the paramagnetic Meissner effect [8—10]. Neutron-optical simulations for Fibonacci
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sequences (orders Fe—F12) predict stable "quasi-Bragg" peaks and enhanced absorption,
indicating that quasiperiodicity may stabilize long-range magnetic order even without
translational invariance [11]. Our ongoing work focuses on experimental realization
of these systems and on extending RF-PNR to study dynamic magnetic processes in
low-dimensional structures.

1. Nikitenko Yu.V. et al.: Physics of Particles and Nuclei 53, 6, 1089—-1125 (2022)
2. Khaydukov Yu.N. et al.: Phys. Rev. B 99, 140503(R) (2019)
3. Zhaketov V.D. et al.: Physics of the Solid State 65, 7 (2023)
4. Devyaterikov D.I. et al.: Journal of Surface Investigation 16, 5, 839-842 (2022)
5. Kozhevnikov S.V.: Journal of Physics: Conference Series 340, 01284 (2012)
6. Ignatovich V.K. et al.: NIM A 620, 410—413 (2010)
7. Kozhevnikov S.V.: Journal of Surface Investigation 6, 5, 784—795 (2012)
8. Nikitenko Yu.V., Zhaketov V.D.: Phys. Part. Nucl. 53, 1089 (2022)
9. Zhaketov V.D. et al.: JETP 151, 132 (2017)
10. Kamiya K. et al.: Nature Communications 9, 154 (2018)
11. Zhaketov V.D. et al.: Abstract CMR2026_Zhaketov (2026)
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Modeling of the magnetic response of low-scaled spin structures

E.I. Kovycheva!, K.B. Tsiberkin', V.K. Henner'?
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Different modifications of carbon, such as fullerene arrays, have electrical, optical and
mechanical properties that are valuable for practical applications [1]. The properties
of these materials can be controlled by introducing metal cores into the shells or by
depositing magnetic ions on the carbon surface. In addition, the described materials
can find applications in the development of new systems for storing, processing and
transmitting information using spin magnetic moments [2].

In our work we made direct calculations of Schrodinger equation with dipole-dipole
interactions in magnetic field to see graphs of free induction decay of low-scaled spin
systems. At our spectra graphs for random spherical spin structure we observed additional
peaks (Fig. 1) which are close to zero and appear only in the rotating coordinate system
(RCS) spectra for disordered structures (in the spectrum of a rectangular ordered structure
we cannot see the same thing). Also there is no strong division of the main peak into
several, as was the case with the ordered rectangular structure.

In this work we are conducting a theoretical analysis to understand the nature of
additional peaks. In our work [3] we observed different random spin structures in rotating
frame with dipole interaction and obtained additional peaks in their spectra. Also in
[3] we made the analytical estimate of two interacting spins free conduction decay. In
described analytical calculations [3] we did not find any low-frequency terms. Now we
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Fig. 1. Magnetization spectrum for a random spherical shell in RCS. Number of spins is 9, number of
realizations is 100.
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Fig. 2. Magnetization spectra for low-scaled spin chains in RCS. a — chain of 3 spins with two close spins and
one distant spin; b - chain of 4 spins with three close spins and one distant spin.

assume that low-frequency dynamics can be found in higher dimensions and in this work
we are considering other low-scaled theoretical models with higher number of spins and
different arrangements in space.

Calculations of systems of three spin chains in RCS with different distances between
particles showed us several clear peaks without the rise in zero on the spectra graph (Fig
2 a). A chain of four spins with three close spins and one distant spin in RCS shows a
complicated structure of its spectra graph and also without the rise in zero (Fig 2 b).

In the work we want to study the fine structure of the spectra of our low-scaled spin
models and understand the conditions for the appearance of low-frequency signals in
some spectra.
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The influence of graphene oxide membranes architecture
on their functional properties

M.V. Matveev, N.A. Chumakova

N.N. Semenov Federal Research Center for Chemical Physics of RAS, Moscow, Russia

The selective permeability of graphene oxide membranes (GOM) makes them promis-
ing for the separation of various liquids and gases. The magnitude and selectivity of
the GOM permeability are influenced by a variety of factors, among them there is in-
ner membrane architecture, which includes alignment of individual oxidized graphene
layers and ordering of layer-packages (lamellae). It has been demonstrated that more
ordered membranes exhibit higher selective permeability for water and better separation
properties toward low-molecular-weight organic impurities [1].

In the present work, the methods have been developed to quantitatively character-
ize the membrane structure at different length scales (Fig. 1). The spin probe method
proves to be more sensitive to the nanoscale features of the layers ordering, whereas
the numerical analysis of SEM images is more sensitive to the microscopic features
of lamellae packing. The first correlations were also obtained between the architecture
of graphene oxide membranes and their functional properties, including sorption and
permeability for polar substances.

The work was supported by Russian Science Foundation Ne 26-13-00023
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of graphene oxide fabricated through different self-assembly techniques on 1-butanol dehydration // J. Memb.
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lamella

= —
Sese

~— = - — N
>§~—|—/— ; V‘E'V
T— Searching for lamella boundaries Distribution orientation
in SEM micrographs function of lamella in GOM
laye
- I iy
m =
50° ) |
P - \

H2 3280 3300 3320 3340 3360 3IIB0 3400 3420 3440
Spin probe structure

Registration and modeling of the angular Distribution orientation
dependence of the EPR spectrum function of layers in GOM

Fig. 1. Scheme for analyzing the architecture of graphene oxide membranes using numerical analysis of
SEM micrographs (top) and the spin probe method (bottom).
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'"H NMR monitoring of DyF, nanoparticle agglomeration
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Time-resolved 'H NMR is a non-destructive method for probing the state of nanoparticle
dispersions through the relaxation of the surrounding liquid. In colloidal systems
containing paramagnetic DyFs nanoparticles, transverse relaxation is governed by water-
surface interactions, molecular diffusion, and local magnetic-field inhomogeneities.
Changes in particle organization therefore modify the effective interfacial area and the
distribution of water environments. The aim of this work is to monitor the agglomeration
of DyFs nanoparticles in aqueous dispersions using time-resolved 'H transverse relaxation
measurements.

After ultrasonic redispersion, the samples are studied as a function of time by the
Carr-Purcell-Meiboom-Gill pulse sequence at a room temperature. The transverse
magnetization decays are analyzed using regularized inverse Laplace transformation to
obtain relaxation times distributions.

The measurements show non-monoexponential transverse magnetization decays
and systematic time-dependent changes in the relaxation times distributions. The
positions, widths, and relative amplitudes of the relaxation modes provide markers of
the redistribution of water between environments associated with dispersed nanoparticles
and agglomerates. In the investigated concentration and size range, the evolution of a
longer relaxation times contribution is treated as an empirical marker of cluster formation,
whereas the shorter relaxation times contribution is associated with the remaining
dispersed fraction.

The study indicates that time-resolved "H NMR combined with relaxation-distribution
analysis can provide non-destructive, time-resolved monitoring of DyFs nanoparticle
agglomeration. The approach yields kinetic descriptors of cluster formation and can
be applied to compare synthesis, post-treatment, and stabilization for dysprosium-
based nanoparticles. This methodology is relevant to the characterization of magnetic
nanomaterials and to the optimization of materials considered for high-field MRI
applications [1, 2].

This work was financially supported by the Russian Science Foundation (Project No.
26-22-20043).
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Modeling of structural and magnetic properties
of Gd,_ R,MO; compounds

LV. Romanova, V. A. Achintseva, O.V. Nedopekin

Kazan Federal University, Institute of Physics, Kazan, Russia

In this work, models of Gd, R, TiO, and Gd, R FeO, compounds with different degrees of
rare earth ion substitution were constructed and optimized. Calculations were performed
in the MedeA environment using the VASP package. Lattice parameters and unit cell
volumes were determined for ferrites and titanates. It has been established that a change
in the nature of the R*" ion leads to a regular change in the cell volume. The partial
substitution of Gd** by R*" also led to a decrease in the symmetry of the computational
models.

Local spin and orbital magnetic moments were estimated for a number of rare-earth
titanates, taking into account the spin-orbit interaction. It has been established that the
main contribution to the magnetic moment is formed by the rare-earth sublattice, whereas
the Ti sublattice in most cases partially compensates for this contribution. For heavy
rare earth ions, the orbital component plays an essential role, therefore, consideration
of the spin-orbit interaction is necessary to analyze the magnetic characteristics of such
compounds.

This work is supported by Russian Science Foundation project # 25-22-00324

Fig. 1. Optimized structures of Tb-containing titanates with different degrees of substitution: a TbTiO5, x = 1,
Pnma symmetry; b GdTbTi,Oy, x = 0.5, Pmc2: symmetry; ¢ Gd;TbTi,O,,, x = 0.25, Pm symmetry
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Dependence of the ferromagnetic—paramagnetic
transition temperature on microwire size
in CogFe,C,Si,B, and Fe Co,,Si, B,
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Thin ferromagnetic glass-coated metallic microwires of compositions Cog,Fe,C,Si,B,
(s1) and Fe,;Co,,51,,B,5 (s2—s4) with different sizes were prepared by the Taylor—Uli-
tovsky method. They exhibit various magnetization reversal modes, including bistable,
stepwise, and S-shaped behavior with enhanced coercivity [1]. Co-based microwires with
near-zero magnetostriction show step-like hysteresis loops [2], whereas magnetostric-
tive microwires are highly sensitive to the d/D ratio [3]. The effects of post-processing
on the magnetic properties of amorphous and nanocrystalline microwires, including
the roles of magnetoelastic, induced, and magnetocrystalline anisotropies, have been
extensively studied [4]. The influence of sample geometry (p-ratio) on the magnetic
anisotropy field has also been demonstrated [5]. Using an EPR spectrometer (Varian-12,
9.48 GHz), first-derivative microwave absorption spectra were recorded up to ~770 K in
magnetic fields up to 10 kOe. The microwire was positioned vertically in the center of
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Fig. 1. EPR spectra of samples at different temperatures. Insert: Phase transition temperatures for micro-wires
with different ratios of internal and external diameters.
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a TE,,, cavity, parallel to the microwave magnetic field. The spectra resemble those of
powders and contain several lines associated with the g-tensor components (g,, g, &,)
of ferromagnetic resonance. Above 510 K, the three resonance lines of Cog,Fe,C,Si,B,
(p = 0.927) merge into a single line, indicating a ferromagnetic—paramagnetic transi-
tion (Fig. 1). Using a similar power-law extrapolation, the transition temperatures of
Fe,;Co,,S1,,B,s microwires with different p values (0.729, 0.724, and 0.655) were
estimated (inset to Fig. 1). The microwire size likely affects the dimensions of fer-
romagnetic regions and, consequently, the phase-transition temperature.

1. Rodionova V.V., Baraban I.A., Panina L.V. et al.: IEEE Trans.of Magn. 99, 1-6 (2018)
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Transition between transverse relaxation and
regular spin dynamics in dipole chain

K.B. Tsiberkin

Institute of Physics and Mathematics, Perm State University, Perm, Russia

The magnetization dynamics of classical linear dipole chains under constant external field
is simulated numerically. The effect of initial longitudinal magnetization is considered
for varying chain length. Total magnetization with its Fourier spectrum and local
magnetization with spatial spectrum are analyzed.

If the average initial longitudinal magnetization y, is large, the signal exhibits
regular behavior. Moreover, when u; ~ 0.9, the travelling wave pattern is observed in
magnetization map. There is a stable picture of independent waves propagating and
reflecting from the chain ends with energy exchange between different spatial modes. So,
here is a dynamics regime with synchronized phases of particle oscillations.

When £ is less than 0.30, the transverse relaxation becomes significant. In this case,
the wave picture is broken, and dipole evolution seems to be independent. In continuum
limit, this transition can be explained qualitatively by blocking of the travelling waves.
Nevertheless, it is an open question whether the phases of individual particles are
absolutely desynchronized or they just have zero mean with stable differences but remains
in synchronization.

1. Tsiberkin K.B.: Bull. Perm Univ. Phys. 1, 43-51 (2026)
2. Pikovsky A., Rosenblum M., Kurths J.: Synchronization. A universal concept in nonlinear sciences.
Cambridge: Cambridge University Press (2001)
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Fig. 1. Evolution of total and local transverse magnetization of linear spin chain with different initial lon-
gitudinal value: x;° = 0.99 (top), ;" = 0.01 (bottom).
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Control of temperature dependence of coercive force
in multilayer epitaxial films Pd,, Fe,Co,

D.K. Davlyatshina, I.V. Yanilkin, A.I. Gumarov

Institute of Physics, Kazan Federal University, Kazan, Russia

Ferromagnetic thin films, including gradient structures and systems with variable com-
positions, are being actively investigated in connection with the possibility of control-
ling their magnetic properties, in particular, the coercive force H. and its temperature
dependence H.(T) [1].

In the classical case of homogeneous ferromagnets, the coercive force typically
decreases with increasing temperature. However, in gradient and compositionally in-
homogeneous films, the behavior of H.(T) can deviate significantly from the classical
one [1].

For example, in epitaxial Co—Ru films with a given Ru concentration profile, the
temperature dependence of the coercive force can change substantially [2, 3]. In a
specific temperature range, the coercive force may remain nearly constant, enabling
the design of magnetic structures with tailored temperature stability of their properties.

In this paper, we study a series of single—layer and multilayer epitaxial ferro-
magnetic thin films based on a Pd-Fe alloy with a fixed iron content (4 at. %) and a
variable concentration of cobalt. The Co concentration varies in the range x = 0—4 at.
%, while the palladium content decreases from 96 to 92 at.%, which corresponds to
the composition of Pd,, Fe,Co, .

The samples were grown by molecular beam epitaxy in an ultrahigh vacuum
“SPECS” system on crystalline magnesium oxide (MgO) substrates. The growth process
and surface quality were monitored in real time using low-energy electron diffraction
(LEED). The final film thickness was controlled using a Bruker DektakXT stylus
profilometer. The composition and its distribution were analyzed using an ultrahigh
vacuum analytical module equipped with X-ray photoelectron spectroscopy. Magnetic
and magnetotransport properties were measured using a Quantum Design PPMS-9
system in the temperature range of 5—400 K. This allows us to determine the nature
of the magnetization reversal process and to assess the contributions of domain wall
nucleation and pinning mechanisms to the formation of the coercive force.

The results obtained can be used in the development of multilayer and composite
magnetic structures with a given temperature dependence of the coercive force. Varying
the alloy composition and forming complex profiles make it possible to stabilize the
coercive force over a wide temperature range or to realize its non-monotonic behavior,
including growth in a given temperature range.

This work was supported by the RFBR Grant No. 25-22-00705.
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Melting of the surface layer of the implanted GaAs and Si
by the halogen incandescent lamps

B.E. Farrakhov, Ya.V. Fattakhov
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The aim of the work was to determine the effect of ion implantation (II) with Se”,
In*, As” and B" ions and pulsed light heating (PLH) on the mechanism of formation
of recrystallized relief periodic microstructures from the molten phase on the surface
of a GaAs and Si plates [1].

GaAs and Si plates of the KEF brand with a crystallographic surface orientation
of (001), (110)+7° and (111) as samples for the study were used. II by Se* ions with
energy E = 400 keV and doses D = 3.74x10" cm?, In* ions with energy E = 40 keV
and doses D = 5x10' ¢cm™, As”™ ions with energy E = 30 keV and dose D = 2x10'¢
cm?, B” ions with energy £= 40 keV and a dose of D = 6.25x10" cm* were performed.

Fig. 1. Micrographs of the surface of Il a GaAs(001) by Se' ions with energy £ = 400 keV and doses D =
3.74x10" ¢cm™, b GaAs(110)+7° by In* ions with energy £= 40 keV and doses D = 5x10' cm™2, ¢~ Si(111)
by B" ions with energy £ = 40 keV and a dose of D = 6.25x10"° cm™, and d Si(111) by In" and As" ions
with every energy E = 30 keV and dose D = 2x10'® cm™ after PLH duration of 7 = 6 s.

The samples were PLH with pulses of second durations from halogen incandes-
cent lamps on a Pulse-6 installation with a radiation power density of one lamp W =
10 W-cm™ with a pulse duration of 6 s (there are 22 lamps). The modified surfaces
of the Si samples were analyzed using an MBS-9 optical microscope. The formed
structures were recorded on a digital camera.

1. Farrakhov B.F., Fattakhov Ya.V., Stepanov A.L.: Bulletin of the Russian Academy of Sciences: Physics. 88,
1122-1125 (2024)
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Influence of anions on the magnetic properties of mixed-valence
heptanuclear iron complexes
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Polynuclear complexes hold promise for the creation of multifunctional materials whose
magnetic properties are sensitive to light and heat. This work continues our investiga-
tion of the properties of the mixed-valence heptanuclear Fe(Il)-Fe(III) cation [Fe(II)
(CN),{Fe(TI1)(L)},]*" (L = N,N’-bis[(2-hydroxyphenyl)methylene]-4-azaheptane-1,7-
diamine dianion) with various anions. As was previously established by magnetometry
and CW-EPR methods, the replacement of the Cl- anion with NCS™ leads to the mani-
festation of spin transition properties [1]. It has also been shown that the observation
of the TR-EPR signal is due to a photoinduced transition from the high-spin to the
low-spin state of Fe(IlI) [2]. This study focuses on newly synthesized complexes of
the heptanuclear cation with the BF,, PF,", and NO;™ anions.

The resulting compounds were characterized by UV-vis spectroscopy and powder
XRD. Using the DFT method, probable geometric configurations of the complexes were
calculated for two multiplicity (M) variants: M = 31, for which all six Fe(IIl) atoms
have spin § = 5/2, and M = 7 (S = 1/2), for a low-spin state of the central Fe(II) atom.

The magnetic properties of the samples were studied using SQUID magnetometry,
CW-, and TR- EPR. It was found that the nature of the anion not only influences
the presence of a spin transition in the system but also determines the nature of the
exchange interactions in the compounds.

1. Batueva E.E., Sharipova A.R., Frolova E.N. et al.: Bull. RAS: Physics. 88, no. 7, 135-140 (2024)
2. Batueva E., Sukhanov A., Kandrashkin Yu. et al.: J. Chem. Phys. 164, 164703 (2026)
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Observation of an unusual double quantum transition
in the EPR spectrum

R.T. Galeev, R.B. Zaripov

Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia

The growing interest in molecular spin systems for quantum information processing
and dynamic nuclear polarization demands a detailed understanding of multi-quantum
coherence effects in coupled electron—nuclear ensembles. Here we report a previously
unobserved spectral feature in the quantum dynamics of an S = 1 system, revealed by
continuous-wave EPR. Along with the canonical triplet signal, an extra line appears
at the spectrum center [1, 2]. Increasing the microwave power induces satellite lines
not only near the main triplet transitions but also around this central component—a
behavior not captured by standard spin-Hamiltonian models. We show that these satel-
lites arise from hyperfine coupling to solvent protons. The central feature, however,
is most intriguing: it corresponds to an unconventional double-quantum transition in
which the two microwave quanta are absorbed with markedly different probabilities.
This asymmetry originates from the fact that one quantum can only be absorbed if
accompanied by a solvent proton spin flip. The observed effect offers a way to detect
formally forbidden transitions and to probe local nuclear environments in related systems.

The work was supported by the ongoing funding of the FRC Kazan Scientific
Center, Russian Academy of Sciences.

1. Uvarov M.N., Kulik L.V., Pichugina T.I., Dzuba S.A.: Spectrochimica Acta Part A 78, 1548-1552 (2011)
2. Uvarov M.N., Behrends J., Maryasov A.G., Kulik L.V.: Appl Magn Reson 47, 781-791 (2016)
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Study of the magnetic properties of micro and nanosized
DyF, powder

A.M. Garaeva, I.V. Romanova, E.I. Boltenkova, E.M. Alakshin

Kazan Federal University, Kazan, Russia

Dysprosium fluoride DyF; is a dipolar ferromagnet with an easy axis of magnetiza-
tion along the [010] axis of the crystal lattice [1]. The compound possesses unique
properties, making it suitable for use as a high-field MRI contrast agent [2] and as an
additive to Nd-Fe-B magnets to increase their coercivity [2].

DyF; powders with characteristic dimensions of 30 nm X 16 nm, 50 nm x 30
nm, 70 nm x 40 nm, and 220 nm x 150 nm were synthesized hydrothermally via a
chloride route. The 20 nm powder was prepared via a nitrate route, while the 7 um x
5 um powder was obtained by crushing a single crystal. Control of the chemical com-
position and confirmation of crystallinity were carried out using X-ray phase analysis.
Micrographs obtained using scanning and transmission electron microscopy were used
to determine the shape and characteristic size of particles in the resulting powders.

In this work, the magnetization curves of the samples were measured in magnetic
fields from 0 to 7 T at temperatures of 5, 10, 20, and 50 K. The energy spectrum
was simulated using the exchange charge model. The saturation value of the magnetic
moment in high magnetic fields varies with decreasing particle size. It is shown that
the change in magnetization is caused by surface effects and clustering.

The temperature dependences of the heat capacity were measured in magnetic fields
up to 9 T. The magnetic entropy change, heat capacity, relative cooling capacity, and
adiabatic temperature change were calculated. It is shown that DyF, particles can be
effective for magnetocaloric cooling at liquid hydrogen and liquid helium temperatures.
The effect of particle size on the magnetocaloric properties of the DyF, powder was
investigated, and the optimal size for practical application was identified.

We measured the rates of longitudinal and transverse relaxation of helium-3 nuclei
in contact with DyF; (99.67%) and LaF, (0.33%) powder in the adsorbed layer, in the
liquid bulk, and in the case of coating particles with a helium-4 layer depending on
the temperature in the range 1.5-3 K in the fields of 173 and 505 mT. In the case
of liquid helium-3, in the absence of helium-4 coating of particles, a two-component
relaxation of the longitudinal and transverse magnetization is observed. A possible
explanation for this phenomenon is proposed.

This work was supported by the Russian Science Foundation (Project No. 23-72-
10039).
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Resonance response of finite two-dimensional ising-like
ferromagnets
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Low-dimensional ferromagnets constitute a convenient model class for analysing the
relation between microscopic exchange interactions and magnetic-resonance spectra.
In contrast to infinite crystals, finite two-dimensional magnetic flakes have a discrete
spectrum of spin excitations; their resonant response depends not only on exchange
and anisotropy, but also on sample geometry, boundary coordination and size. This
work considers a concrete finite-size problem: the calculation of magnon resonance
modes in square and honeycomb Ising-like ferromagnetic flakes with open boundaries.
The emphasis is placed on the finite-lattice splitting of resonance lines and on the shift
of the lowest magnon gap caused by the Ising anisotropy.
The model Hamiltonian is taken in the form

H = _]Z (8787 + 7S +AS7Sf) - hZSiZ, J>0, A>1
(L) i
Here J is the ferromagnetic exchange constant, A is the easy-axis anisotropy
parameter and h is the external static field. The finite systems are represented by a

20 x 20 square flake and by a honeycomb flake with the same number of spins, N =
400. The linear spin-wave approximation is obtained from the Holstein-Primakoff

representation, S = S — a;r a;, Si =~ \2S a;. Keeping only quadratic terms gives the
finite-dimensional magnon problem

H, =Ey + ZAi a;ral- —]SZ (a;raj + a]TaL-), A; =h+ ]S4z,
i (L.
where z; is the local coordination number. Therefore, the resonance frequencies
are the eigenvalues of the matrix M;; = A;6;; — JSA;j, M, = waq,
where A;; is the adjacency matrix of the chosen finite lattice. The imaginary part

of the model magnetic susceptibility is reconstructed as a set of broadened resonance

lines,
2

7 _ r _ -
X (w)_gla(w_wa)z_i_l—-z' Ia—‘zllpa(l)

The numerical data below were obtained for S = 1/2, ] =1, h = 0.05/ and I" =
0.02]. For the square flake the calculated lowest frequencies are 0.050, 0.144, 0.414,
0.883, 1.550 at 4 = 1.00, 1.05, 1.20, 1.50, 2.00, respectively. For the honeycomb
flake the corresponding values are 0.050, 0.120, 0.301, 0.566, 0.899. Thus,
increasing A opens a rapidly growing finite-size gap, while the honeycomb geometry
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produces lower edge-influenced modes because of the reduced boundary coordination.
The strongest resonance line is not always the lowest eigenmode; at large anisotropy
the lowest mode becomes predominantly boundary-localized, whereas the main
response is shifted to a more extended collective mode.

The finite-mode calculation was also checked against standard two-dimensional
Ising finite-size scaling exponents f = 1/8, y = 7/4 and v = 1. These values were
used as a normalization benchmark for the size dependence of the computed
susceptibility. The full size-dependent spectral data, together with the corresponding
resonance-line intensity tables, will be reported in the full-length article; the
representative gap and resonance curves are shown in Fig. 1.
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Fig. 1. Calculated finite-size magnon gap and model resonance response for square and honeycomb Ising-
like ferromagnetic flakes with open boundaries. Parameters: S = 1/2,] = 1, h = 0.05/, I' = 0.02).

The proposed formulation separates the universal spin-wave part from the finite-
geometry contribution encoded in the adjacency matrix. It provides a single operator
framework for comparing different two-dimensional lattices and shows that the low-
frequency resonance response is governed by local coordination, boundary geometry
and Ising anisotropy. Thus these effects must be taken into account when interpreting
magnetic-resonance spectra of nanoscale two-dimensional ferromagnets; the same
framework can be compared with laboratory spectra by fitting J, A, h and I.

1. Holstein T., Primakoff H.: Phys. Rev. 58, 1098—1113 (1940)
2. Onsager L.: Phys. Rev. 65, 117-149 (1944)
3. Cenker J. et al.: Nat. Phys. 17, 20-25 (2021)
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Engineering electronic and magnetic behavior in functionalized
MXene nanoclusters via first-principles calculations

H. Mohammadi, I.V. Romanova, I.G.S. Acosta, O.V. Nedopekin

! Kazan Federal University, Institute of Physics, Kazan, Russia

This study investigates the electronic and magnetic properties of edge-functionalized
MXene clusters using first-principles calculations. Atomistic models of Cr.C, Mo:C,
and W2C MXene clusters functionalized with hydroxyl (-OH) and oxygen (-O) groups
were constructed and systematically analyzed using density functional theory (DFT).
The calculations reveal that both the transition-metal composition and surface func-
tionalization strongly influence the structural stability, electronic band structure, density
of states, bond energy, and spin polarization of the clusters. Furthermore, increasing
cluster size and modifying the surface termination induce significant changes in the
magnetic and electronic transport properties, highlighting the tunability of these materials
for advanced spintronic, nanoelectronic, and catalytic applications. Comparison of the
computational results with available experimental data demonstrates good agreement,
supporting the reliability and practical relevance of the proposed models. Overall, this
work provides valuable insight into the size- and functionalization-dependent behavior
of MXene-based clusters and establishes a theoretical framework for the rational design
of MXene nanostructures with tailored electronic and magnetic functionalities.

Fig. 1. The original structure of the Mo7CsO-H.2 cluster. Mo is gray, C black, O is red, and H is pink.
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Conditions of 180° switching of the quasiuniform magnetization
in planar Ni particles by thermally induced magnetoelastic effect

N.I. Nurgazizov', D.A. Bizyaev', A.A. Bukharaev'?, A.P. Chuklanov'

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2 Academy of Sciences of the Republic of Tatarstan, Kazan, Russia

One of the tasks in straintronics [ 1] that currently being studied is to provide a 180° switch
of the particles magnetization direction by inducing only uniaxial stresses in them. Since
such the stress make an anisotropy axis, the desired switch cannot be achieved directly
due to symmetry considerations. However, it can be achieved through serial rotations of
the magnetization direction. Uniaxial stress can be created by varying the size of substrate.
This can be done in controllable manner by varying the temperature of a single-crystal
substrate, which has different thermal expansion coefficients along different crystal axes.
Heating or cooling the sample relative to the particle formation temperature allow to
compress or stretch them, i.e., allow to make an axis of magnetoelastic anisotropy in two
mutually perpendicular directions. Certain single crystals, such as LiB;O; (LBO), allow
for significant particle deformation even with a small change in temperature [2].

In this study, the conditions for magnetization switch in planar square-shaped with
concave sides particles of Ni deposited on LBO was investigated. Such particles can
maintain a quasiuniform magnetization direction at large enough lateral sizes. The lateral
size of a particle was defined as the side of the square into which the particle was inscribed.
Concaveness of the sides (CS) was defined as the inverse ratio (taken as a percentage) of
the particle's width at its narrowest point to the whole side. The simulation was performed
for particles with CS of 24%, 32%, and 40%, and a height of 30 nm. A possibility of 180°
magnetization switch was tested using the following algorithm: the initial equilibrium
state of the particle without mechanical stress was calculated; the particle was compressed
along a specific axis; stress was removed; the particle was stretched along the same axis;
stress was removed. The magnitude of uniaxial stress was taken to be 320 MPa, which
corresponded to a temperature variation of +20°C. The lateral sizes, CS, and the angle
(a) between the initial magnetization direction and the uniaxial stress axis were found
at which magnetization rotates by 180° (Table 1). The calculations shows that particles
with CS 40% and with the lateral size range of 0.95-3.19 um looks promising for further
experimental studies.

Table 1. The range of lateral sizes of Ni particles at which 180° switch of the magnetization direction is
observed, depending on the concavity degree and the a.

CS| a=60°| a=65° | a=70°| 0=75°| 0=80° | a=85° | a=86° | a=87° | a=88° | a=89°
24%/0.27-0.35(0.24-0.35(0.24-0.35|0.24-0.35(0.29-0.35(0.32-0.35|  0.34
32% 0.38-0.75|0.33-0.94|0.35-1.29|0.55-1.29|0.54-1.29{0.58-1.29|0.48-1.29
40% 1.4 |1.31-2.28]|0.95-3.19]|0.83-5.53| 0.63-8 | 0.73-9 | 0.68-9 | 0.79-9

1. Bukharaev A.A. et al.: Physics — Uspekhi 61, 1175-1221 (2018)
2. Bukharaev A.A. et al.: Technical Physics Letters 51, 35 (2025)
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Compositional structure influence on FMR properties
of epitaxial Pd, Fe /Pt thin film bilayers

Zh.Kh. Pulotov!, B.F. Gabbasov!, LV. Yanilkin!, A.I. Gumarov', A.G. Kiiamov',
L.R. Tagirov"?, R.V. Yusupov'

' Kazan Federal University, Kazan, Russian Federation
2 Zavoisky Physical-Technical Institute, Kazan, Russian Federation

A progress in microelectronics calls for novel approaches to the development of infor-
mation storage devices characterized by low energy consumption and high switching
rates. In this context, particular attention has been drawn to spintronics — a field that
exploits not only the charge but also an intrinsic magnetic moment (spin) of the electron
for information transmission and processing [1]. One of the actively developing fields
is superconducting spintronics, which utilizes mutual influence of superconductors and
ferromagnets in hybrid heterostructures. The implementation of superconducting spin
valves requires ferromagnetic materials with a specific set of properties: a low Curie
temperature, a small saturation magnetization, and a moderate coercive field. These
requirements are satisfied by weak ferromagnets based on the Pd, Fe_solid solution
with an iron content of x < 12 at. % [2].

In the present work, single Pd, Fe films (20 nm) with x = 10 and 12 at. %, as
well as their bilayers with platinum (12 nm) on top of these films, were synthesized
by molecular beam epitaxy on MgO(001) substrates [3]. The choice of platinum as the
normal-metal layer is driven by its strong spin-orbit coupling and close lattice match-
ing with Pd, Fe_ [4]. Both types of heterostructures were subjected to post-growth
annealing: the Pd, Fe, /Pt-800 sample at 800 °C and the Pd, . Fe,,,/Pt-600 sample at
600 °C, each for one hour.

X-ray diffraction study of the crystal structure revealed that, prior to annealing,
both the Pd, Fe, /Pt (Figure 1) and Pd,(Fe,,,/Pt heterostructures exhibited two angle-
resolved (002)-type reflections originating from the Pt and Pd-Fe layers. The emergence
of a single reflection at an intermediate angle between those of Pt and Pd-Fe after an-
nealing at 800°C indicates a complete mutual dissolution of the two layers. In contrast,
the characteristic shifts of the peak positions preserving two distinct reflections after
annealing at 600°C can be naturally attributed to partial intermixing of layers at their
interface. Evidently, this produces a composition gradient across that region. Phi-angle
scans, together with the observation of sharp low-energy electron diffraction patterns,
confirm that all samples are single-crystalline and exhibit «cube-on-cube» epitaxial re-
lationships: Pd, Fe (001)[100] || MgO(001)[100] and Pt(001)[100] || Pd, Fe (001)[100].

Ferromagnetic resonance (FMR) measurements were performed at a temperature
of 20 K using the Bruker ESP300 spectrometer operating in the X microwave band
(~10 GHz). In the in-plane magnetic field configuration, a ~20 % broadening of the
resonance line is observed for the heterostructure (Figure 2) compared to the single-layer
thin film [5]. This broadening is attributed to an additional damping of the magnetiza-
tion precession arising from the spin pumping effect. The shift of the heterostructure’s
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resonance line toward higher fields relative to that of the single film in the out-of-plane
configuration is caused by an interfacial contribution to the magnetic anisotropy.

Annealing at 800°C resulted in a strong, 10 times, broadening of the resonance line
and a reduction in the span between the resonance fields in the in-plane and out-of-
plane configurations. The broadening stems from local inhomogeneities in the distribu-
tion of Pd and Pt atoms surrounding the Fe atoms, induced by the layer mixing. The
reduction of the span is associated with a decrease in the saturation magnetization of
the sample due to the dilution of the overall iron concentration. The line broadening
induced by the annealing at 600°C was less pronounced (a factor of 5), and shifts of
the resonance field were likewise smaller, which corroborates the conclusion that only
partial intermixing of the two layers has occurred, accompanied by the formation of
a gradient region.

1. WolfS.A., Awschalom D.D., Buhrman R.A. et al.: Spintronics: A spin-based electronics vision for the future //
Science 294, P. 1488—-1495 (2001)

2. Yanilkin I.V., Yusupov R.V. et al. Epitaxial growth of Pd, Fe, films on MgO single-crystal substrate / Thin
Solid Films 669, P. 338-344 (2019)

3. Zh.Kh. Pulotov, A.Kh. Kadikova, Gabbasov B.F., Yanilkin I.V., Gumarov A.I., Kiiamov A.G., Tagirov L.R.,
Yusupov R.V. Magnetoresonant properties and spin-Hall effects in epitaxial Pd, Fe, and Pd, Fe /Pt structures
// Magnetis Resonance — Current State and Future Perspective (EPR-80). Book of abstracts. — Kazan 2024.
P. 142-143.

4. Sinoval., Valenzuela S.O., Wunderlich J. et al.: Spin Hall effects // Reviews of Modern Physics 87, 1213-1260
(2015)

5. Zh.Kh. Pulotov, A.Kh. Kadikova, Gabbasov B.F., Yanilkin I.V., Gumarov A.I., Kiiamov A.G., Tagirov L.R.,
Yusupov R.V.: Spin-Hall effects in epitaxial Pd, Fe /Pt and Pd, Fe /W thin film structures // Modern
Development of Magnetic Resonance 2025. Book of abstracts. — Kazan 2025. — P. 36-37.
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Synthesis and magnetic properties of dysprosium-doped lutetium
titanates and lanthanum zirconates with pyrochlore structure

ML.A. Severina, T.Z. Sharifullin, P.E. Kazin, A.V. Vasiliev

Lomonosov Moscow State University, Moscow, Russia

Single-ion magnets (SIMs) are a type of compounds whose magnetic properties are
determined by the presence of individual magnetic centres in an anisotropic local en-
vironment, rather than their interaction. At low temperatures SIMs can retain residual
magnetization after the removal of an external magnetic field. At higher ones they
demonstrate slow relaxation of magnetization. Such materials may find an applica-
tion in spintronics and may be used as qubits in quantum computers. Inorganic SIMs
are of particular interest because of their chemical, thermal, mechanical stability and
practical convenience. The realisation of single-ion magnets with superior functional
characteristics requires a high crystal field anisotropy of the magnetic ion [1]. For in-
stance, in compounds with a pyrochlore structure with the general formula A,"B,"VO,
the coordination environment of the trivalent ion at the A site is close to hexagonal-
bipyramidal, corresponding to strong axial anisotropy. In particular, incorporation of
Dy?* ions into this site provides pronounced uniaxial magnetic anisotropy, as a result
these compounds exhibit slow magnetization relaxation [2, 3]. In this work, dysprosium-
substituted lutetium titanates and lanthanum zirconates with the pyrochlore structure
and the general formulae Lu, Dy Ti:O- and La> Dy Zr.O", where x = 0, 0.02, 0.1
and y = 0, 0.002, 0.02, 0.1, were prepared by solid-state synthesis. Powder X-ray dif-
fraction analysis confirmed that the pyrochlore phase is the predominant phase in all
samples, with impurity fractions remaining minimal. A systematic increase in unit cell
parameters for lutetium titanates and decrease for lanthanum zirconates with increas-
ing dysprosium percentage was observed, indicating successful incorporation of Dy?**
ions into the crystal structure. The magnetic properties of the compounds were inves-
tigated via DC and AC magnetometry. A narrow-waist magnetic hysteresis loop was
identified in both series for the first time, characterized by a zero-field pinched shape
typical of single-ion magnets. DC magnetometry data indicate that all samples possess
high values of magnetic anisotropy. AC magnetometry revealed the presence of slow
magnetization relaxation. Two peaks are observed in the imaginary component of the
frequency-dependent susceptibility at certain temperatures. The effective energy barriers
for the Orbach process are approximately 200 and 500 cm™! for lutetium titanates and
lanthanum zirconates, respectively.

This work is financially supported by the Russian Science Foundation project No.
25-23-00892.

1. Zykin M.A., Kazin P.E., Jansen M.: Chem. - A Eur. J. 26, 88348844 (2020)

2. John E. Greedan.: J. of Alloys and Compounds 444455 (2006)

3. Snyder J., Ueland B.G., Mizel A., Slusky J.S., Karunadasa H., Cava R.J., Schiffer P.: Phys. Rev. B. 70,
184431 (2004).
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The shape change of Neel's skyrmion as a result
of an electric field

T.S. Shaposhnikova, R.F. Mamin

Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia

The influence of an external electric field on the change in shape and on the magnetic
properties of Néel skyrmions [1-3] in a thick film has been studied. The emergence of
the Néel skyrmion in ferromagnetic insulators with Dzyaloshinskii-Moriya interaction
[4, 5] has been considered within the framework of the phenomenological approach.
The change in skyrmion properties under the influence of a homogeneous external
electric field applied to the surface of a ferromagnet has been studied. The electric
field was applied perpendicular to the surface of the ferromagnetic film. The Euler-
Lagrange equation was written for the free energy of the ferromagnet. The solution
of the equation has been found that corresponds to the minimum of the free energy.

An analytical solution of the Euler-Lagrange equation has been found for the ansatz
proposed in [3]. This solution has the form of a three-dimensional skyrmion “tube”
with a variable radius, whose shape depends on the direction of the electric field and
the parameters of the ferromagnet. It was shown that the shape of the Néel skyrmion
can be controlled by an external electric field.

The work was carried out at financial support from the government assignment of
the FRC Kazan Scientific Center of RAS.

. Nagaosa N., Tokura Y.: Nat. Nano. 8, 899-911 (2013)

. Bogdanov A.N., Yablonskii D.A.: Sov. Phys. JETP 68, 101-103 (1989)
. Bogdanov A.N., Panagopoulos C.: Nat. Rev. Phys. 2, 492-498 (2020)

. Dzyaloshinskii L.E.: Sov. Phys. JETP 10, 628-629 (1960)

. Moriya T.: Phys. Rev. 120, 91-98 (1960)
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'"H NMR study of acetonitrile fractions and relaxation
in graphite oxide

Yu.V. Slesareva!, M.Yu. Volkov!, D.A. Astvatsaturov', N.A. Chumakova?3,
E.L. Vavilova'

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2N.N. Semenov Federal Research Center for Chemical Physics, RAS, Moscow, Russia
3M.V. Lomonosov Moscow State University, Chemistry Department, Moscow, Russia

Graphite oxide (GO) is a promising material for membrane-based separation of polar
liquids, but its development is limited by insufficient knowledge of molecular transport
in the interlayer space. Using 'H NMR spectroscopy, we have studied the molecular
dynamics of acetonitrile intercalated in GO powder. Spectral analysis as a function
of temperature and saturation level reveals two coexisting fractions of intercalated
acetonitrile: a low-mobility fraction and a more mobile one. This two-phase behavior
agrees well with independent EPR studies [1].

Relaxation measurements performed via various methods have provided estimates
of correlation times for molecular motions, which vary with the degree of sample
saturation and offer insight into the underlying relaxation mechanisms. The combina-
tion of NMR spectral and relaxation data demonstrates a complementary approach for
probing molecular mobility in GO-based materials.

The work is supported by Russian Science Foundation via grant Ne 25-22-00931.

1. Astvatsaturov D.A, Yankova T.S., Kokorin A.I., Melnikov M.Y., Chumakova N.A.: J. Phys. Chem. C 128,
2571-2577 (2024)
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Spin 1/2-3/2 crossover in a chain antiferromagnet Cs,CoCl,

T.A. Soldatov, A.I. Smirnov

P.L. Kapitza Institute for Physical Problems RAS, Moscow, Russia

Cs,CoCl, is a quasi-1D antiferromagnet with magnetic Co*" ions carrying spin S =
3/2. The main exchange J = 0.74 K acts along the chains directed parallel to b-axis.
The interchain exchange integral J’ is an order of magnitude weaker [1, 2]. Remark-
able feature of this material is strong single-ion anisotropy D = 7 K of the easy-plane
type. This anisotropy results in separation of the upper spin doublet of Co?* ion from
the lower one and makes possible the use of a pseudospin S = 1/2 representation at
low temperatures. As a result, strong easy-plane anisotropy of the effective exchange
interaction and the renormalization of the g-factor should arise [3]. Thus spin system
of Cs,CoCl, should be equivalent to the set of weakly interacting strongly anisotropic
chains of pseudospins S = 1/2 (the so-called XXZ chains). The quantum model of s =
1/2 XXZ antiferromagnetic chain is known to demonstrate remarkable collective ground
states and excitations. There is a quantum critical spin liquid in zero field, long-range
1D-antiferromagnetic order in transverse field and restored spin liquid state before
saturation. Collective excitations are of spinon-type [4]. Some of these features were
detected experimentally [1, 3, 5].

The aim of this work is to check whether the crossover between spin-3/2 and
pseudospin-1/2 really occurs. We observed the characteristic spectrum of spin-3/2 at the
easy-plane crystal field anisotropy and followed the transformation of this spectrum into
the spectrum of spin § = 1/2 with renormalized g-factor. We studied the spin dynamics
at temperatures from 3 to 250 K in the wide frequency range 25-250 GHz and in the
magnetic field applied along the a- and b-axes. H || b is the only direction at which
magnetic field lies within easy planes for all Co** ions. Local anisotropy axes of Co*
ions have the same direction within each spin chain but alternates from one spin chain to
another. Temperature evolution of 102 GHz ESR for H || 4 is shown in Fig. 1a. It exhibits
two modes A and B. The mode B is obviously thermally activated. This confirms the
population of the upper spin doublet with heating. Energy levels calculated for single spin
S = 3/2 with easy-plane anisotropy and corresponding frequency-field dependencies are
shown by solid and dashed lines in Fig. 1¢ and Fig. 1b [6]. We notice good accordance of
theory with experiment at 7= 15 K with fitting parameters D = 7.9 K and g = 2.15. This
correspondence and thermally activated intensity of B approve that at high-temperatures
(T = D) we deal with the system of paramagnetic spins S = 3/2 in a crystal field. At
temperatures 7 < 3 K we observe g-factor of A mode g, = 3.3. This value is in a good
accordance with the theoretical expectation of pseudospin S = 1/2 g-factor g, = 4(I—
3J/2D) [3]. We also observe a small temperature shift of the resonance field of mode
B towards lower fields (see Fig. la at heating presumably associated with an abrupt
population growth of the upper Kramers doublet.
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Fig. 1. a f'= 101.79 GHz ESR records at different temperatures. b Frequency-field diagram taken for 7 =
15 K compared to the theory (solid and dashed lines) with g = 2.15 and D = 7.9 K. ¢ Energy levels of
single spin-3/2 with g = 2.15 and D = 7.9 K.

Thus we conclude that at lowering the temperature below 15 K a crossover from spin-3/2
to pseudospin-1/2 occurs in Cs,CoCl,.
The work is supported by Russian Science Foundation Grant Ne 22-12-00259-I1.
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Low temperature magnetism and g-factor anisotropy
in the compound CaCuSiO,,

R. Tagirov'!, A. Azarevich!, A. Samarin', S. Kozyukhin?, S. Bezzubov?,
A. Semeno', V. Glushkov!

! Prokhorov General Physics Institute of the RAS, Moscow, Russia
2N.S. Kurnakov Institute of General and Inorganic Chemistry, RAS, Moscow, Russia
E-mail: robert.tagirov.2013@mail.ru

Cuprorivaite CaCuSi,O,, is a synthesized quasi-two-dimensional layered copper silicate,
which is the primary component of the ancient Egyptian Blue pigment and may serve
as a model object for low-dimensional magnetism [1-3]. The compound crystallizes
in a tetragonal symmetry (space group P4/ncc, No. 130). The local symmetry of the
copper site is described by the D,h point group, where the magnetic Cu** (S = 1/2)
cations reside in a square planar oxygen environment.

In this work, the magnetic characteristics of the CaCuSi«Oio single crystal were
investigated using ESR spectroscopy and static magnetometry. The ESR experiments
were carried out with the help of spectrometer based on an Agilent network analyzer
(GPI RAS) [4]. The sample was placed in a cylindrical cavity (TEein mode) and tested
at the microwave frequency of 60 GHz at 7' < 40 K (Fig.1). Static magnetization mea-

17,5 18,0 18,5 19,0 19,5 20,0 20,5 21,0 21,5
CaCuSi4010| Hjc |

ESR signal, arb.un.

L 1 1 1 %U LS 1 ‘A_-
20,4 20,6 20,8 21,0 21,2 214

H.Oex10°

Fig. 1. Temperature evolution of the CaCuSisO10 ESR spectrum for two directions of magnetic field. HLc
corresponds to the geometry when the applied magnetic field is parallel to lattice layers, H|c is the per-
pendicular geometry.
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Fig. 3. Temperature dependence of the static magnetization at # = 0.1 T. Inset: black dots represent the
inverse molar static magnetic susceptibility of the sample as a function of temperature; green dots show the
data after subtracting the y, contribution.
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surements were performed in magnetic fields ranging from 0 to 5 T and within a tem-
perature range of 2—10 K using a Quantum Design SQUID MPMS XL5 magnetometer.

ESR spectrum of the CaCuSi4O10 single crystal depends on the direction of applied
magnetic field that allows to study separately parallel (or longitudinal) and perpendicular
(or transversal) ESR components (Fig. 1). The observed picture is in agreement with the
presence of a unique Cu®" paramagnetic centers with one unpaired 3d-electron and in
the B,g ground state of an apparent D,h axial ligand field geometry [1]. Analysis of the
angular dependencies of the ESR spectra revealed a pronounced axial anisotropy of the
g-factor (Fig. 2), which is in good agreement with the literature data 2.32 < g < 2.34
and 2.055 < g, <2.08 [1-3].

Interestingly, lowering of temperature results in substantial variation of perpen-
dicular g, parameter, the parallel one staying almost constant (lower panel in Fig.2).
The observed increase in the effective g -factor may indicate the development of strong
spin correlations due to the tiny changes in the ligand field geometry.

As the temperature decreases, a pronounced widening of the ESR linewidth was
also observed (Fig. 2). This divergency, which can be fitted by the relation a + b/T"
with the exponents o, ~ 1.55 and o, = 1.18 (Fig. 2), seems to be induced by enhancing
spin relaxation processes to be more effective for parallel magnetic field.

The temperature dependence of the magnetic susceptibility y(7) in the high-temper-
ature region obeys strictly the Curie-Weiss law, taking into account the temperature-
independent contribution y, (Fig. 3). Paramagnetic Curie temperature 6 ~—-1.01 £ 0.07 K
was estimated from the linear fit of the 1/(y(7) — y,) dependence. Low @ value indicate
rather weak antiferromagnetic character of the intra-layer exchange interaction. The
effective magnetic moment was found to be u =~ 1.84 u,. The obtained macroscopic
value of u . demonstrates an excellent agreement with the average value calculated
from the g-tensor components of the ESR data u, ., ~1.86 u;. At the same time, the
different temperature evolution for the parallel and perpendicular components of g-factor
as well as the enhancement of spin relaxation at low temperatures require detailed
analysis of the origin of anomalous magnetic properties of this intriguing compound.

This work was supported by the Russian Science Foundation (RSF) (grant Ne 25-
23-00489).
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2. Kozyukhin S.A. et al.: Mendeleev Commun. 36, 209-210 (2026)

3. Binet L. et al.: Journal of Physical Chemistry C 125(45), 25189-25196 (2021)
4. Samarin A.N. et al.: Phys. Proc. 71, 337-342 (2015)
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Anisotropic magnetoresistance in magnetic tunnel junctions

N.Kh. Useinov

Institute of Physics, Kazan Federal University, Kazan, Russia

We study the influence of spin-orbit interaction (SOI) effects, induced by spin-polarized
currents, on the tunneling anisotropic magnetoresistance (TAMR) in magnetic tunnel
junctions (MTJs) of the type ferromagnetic metal/d-barrier/ferromagnetic metal (FM/8/
FM). Analytical expressions for the currents and TAMR are derived within an ap-
proximation in which the dependence of the magnetoresistance on the magnetization
orientation in the ferromagnets arises from interference between Rashba and Dressel-
haus SOIs at the interfaces of the ferromagnetic metal and the 6-barrier. Additionally,
we investigate the influence of SOI effects and magnetization orientation on TAMR
in FM/SC/FM junctions, where SC is a semiconductor.

The conventional tunnel magnetoresistance (TMR) effect measures the difference
between the conductivities of an MTJ in parallel and antiparallel configurations of the
electrode magnetizations [1]. Here, we demonstrate that in FM/3/FM and FM/SC/FM
heterostructures, conventional TMR becomes anisotropic due to SOI effects.

1. Useinov N., Zaitsev N., Tagirov L.: Magn. Reson. Solids EJ. 26, 241127 (2024)
2. Matos-Abiague A., Fabian J.: Phys. Rev. B 79, 15530319 (2009)
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Fig. 1. Dependences of the TAMR on the applied voltage 7 and the angle @ between the magnetizations
orientations of the ferromagnetic contacts. The magnetic orientation of the left (/) ferromagnet is speciﬁed
relative to the crystallographic direction [110]. The graph panels show the heterostructure parameters: k Fs

are the absolute values of the Fermi wave vectors of the left (/) and right (r) ferromagnets (s =11 is the
spin index of the conduction electron), a is the radius of the contact (barrier), d is the thickness of the
S-barrier, V{y is the height of the d-barrier (in energy units of eV), y and agp are the phenomenological
parameters of the Dresselhaus and Rashba SOIs, respectively [2].
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A selective pulse sequence for implementing associative memory
on two qutrites via quantum annealing

L.S. Pichkovskiy, V.E. Zobov

Kirensky Institute of Physics, Federal Research Center KSC SB RAS

Quantum computing has evolved from a research topic [1] to a proposed approach for
business applications [2]. Quantum artificial neural networks are not excluded either.
One of the tasks for them is associative memory problem (the ability of a machine to
remember and reproduce patterns). Previously, we proposed an algorithm for implement-
ing the associative memory problem [3] using quantum annealing on qutrits (quantum
system with three energy levels), and also considered alignment of the amplitudes of
stored states mechanisms for improving pattern recognition [4]. In the proposed work,
a simple example on two qutrits is considered, the experimental implementation of
which is possible, for example, on NV centers in diamond [5], as well as on other
physical systems. In the selected system [5], one of the qutrits is the nuclear spin '*N
I =1 and the another is the electronic state with S =1. This system is described by
the following Hamiltonian:

H:D(SZ)2+a)eSZ+Q(IZ)2 +w, I+ AS°T, (1)

where D =2.87 GHz is the zero-field splitting. O =—-4.95 MHz is the quadrupole
interaction constant. @, (a)n) is the Zeiman frequency. 4 =-2.16 MHz is the hyper-
fine interaction constant.

Let's return to our algorithm. It is described by the following annealing Hamiltonian:

H(s)=sH,,, +sTH, +s(1-s)H,, +(1-s)H,, 2)

prob help

where s=¢/T is the annealing schedule. H,,, is memory Hamiltonian that cre-

ates a superposition of memorized states corresponding to stored patterns. H prob 18
a recognition Hamiltonian that reduces the energy of the recognized level. H,,, is a
alignment Hamiltonian. At initial moment of time, system is prepared in the ground
state of initial Hamiltonian /, — Hamiltonian of interaction with a transverse mag-
netic field. Then the Hamiltonian adiabatically changed in time (in the discrete-time
approximation) to the final Hamiltonian, in the ground state of which we encode the
solution of the problem [3, 4]. To implement the algorithm on a physical system, the
interaction (2) in the evolution operator exp[—iAtH (s)] should be expressed with
interactions (1) (where At is the time discretization value). Effective Hamiltonian
is implemented with rotation operators selective for transitions between the 9 levels
of the system (1). Each such rotation operator is associated with a rectangular pulse
described by the following Hamiltonian:
2 2
=ASZIZ+D(SZ) +Q([z) +(a)e—a)z)SZ+(wn—a)Z)Iz— 3)

H pulse

~YeMpuise (Sx cosp+S” sin go) ~Vulpuise (Ix cos@+ 17 sin (p),
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where @, is frequency of attached RF (or MV) pulse, which determines the selectivity
of the attached impulse: @, = o' =E . — E, for the transition between levels k and /,
Ve ( ;/n) are the gyromagnetic ratios of the electron and nucleus, respectively, 4, is
the amplitude of the rotating field, and ¢ is the phase of the pulse. This Hamiltonian
is substituted into the evolution operator exp[h— H ﬁ of selective rotation,
where ¢

) pulset™ pulse

is the pulse duration. To mitigate the phase shift error, ¢ should be

pulse ulse
multiple 27/, , 27/ @, 27/Q, 27/ D . Therefore ¢, =(271)/ @, , where [ is an
integer. The rotation angle is determined by the ratio: & = \/Eyhpulsetpulse , from which

the pulse amplitude is determined. We find the amplitudes and durations of rectangular
RF and MV pulses in the control pulse sequence, and performed numerical simulation.
Also we studied the dependence of the implementation fidelity on the parameters. We
took NV center as two qutrits, but the results obtained will be useful for controlling
quantum processors based on qutrits represented by other systems.

The study was supported by a grant from the Russian Science Foundation No.
25-22-00750, https://rscf.ru/en/project/25-22-00750/.
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Control of the states of quadrupole nuclei through hyperfine
interaction with electrons

V. E. Zobov, V. P. Shauro

! Kirensky Institute of Physics, Federal Research Center KSC SB RAS, Krasnoyarsk, Russia

Paramagnetic impurities (color centers) in a solid matrix, together with the nuclear spins
surrounding them, are proposed as systems for processing quantum information [1]. For
example, NV centers in diamond and '*C, N nuclei [1-4]. In this case, the hyperfine
interaction with the electron spin, which is greater in magnitude than the dipole-dipole
interaction, can be used to control nuclear spins [2, 4, 5]. This is especially important
for quadrupole nuclei, which have small magnetic moments. Direct control of them
would require large radiofrequency fields or long pulses.

The control through electrons of qutrits represented by quadrupole nuclei has not
been studied and is performed in the presented work using two examples [6]: the SUM
operator and the quantum Fourier transform (QFT) operator. The SUM operator is ex-
ecuted on two nuclei: a qutrit and a qubit. The QFT operator is executed on selected
three states of the nine-level two-qutrit electron-nitrogen system of the NV center.
Control is achieved through electrons. Two options are considered. 1) The hyperfine
interaction contains only a longitudinal part, and two microwave magnetic fields trans-
verse to hyperfine interaction are applied to the system — one on the electron and one
on the nucleus. 2) The hyperfine interaction contains both longitudinal and transverse
parts, and the microwave transverse magnetic field is applied only to the electron. To
numerically find the parameters of the control fields implementing the selected logical
operators, we used the GRAPE (gradient ascent pulse engineering) algorithm [6, 7]. A
comparison of the efficiency of two control options with each other and with control
by means of sequences of selective control pulses was performed. The obtained results
will allow us to select the optimal parameters for the experimental implementation of
the considered logical operators.

The study was supported by a grant from the Russian Science Foundation No.
25-22-00750, https://rscf.ru/en/project/25-22-00750/.

. Bin Cheng, Xiu-Hao Deng, Xiu Gu, Yu He et al.: Front. Phys. 18, 21308 (2023)

Bermudez A., Jelezko F., Plenio M.B., Retzker A.: Phys. Rev. Lett. 107, 150503 (2011)

. FuY, LiuW, Ye X., Wang Y., Zhang C., Duan C.K., Rong X., Du J.: Phys. Rev. Lett. 129, 100501 (2022)
. Tsunaki L., Singh A., Trofimov S., Naydenov B.: Adv. Quantum Technol. 9, no. 3, €00691 (2026)

. Zhang Y., Ryan C.A., Laflamme R, Baugh J.: Phys. Rev. Lett. 107, 170503 (2011)

. Zobov V.E., Shauro V.P.: JETP 113, 181-191 (2011)

. Khaneja N., Reiss T., Kehlet C., Schulte-Herbriiggen T., Glaser S.J.: J. Magn. Reson. 172, 296 (2005)
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Magnetic order in nabokoite family compounds

V.N. Glazkov"’, M.A. Dubovitskii'?, Ya.V. Rebrov'?, M.M. Markina?,
A.F. Murtazoev3, P.S. Berdonosov?, A.N. Vasiliev?

! Kapitza Institute for Physical Problems RAS, Moscow, Russia
“E-mail: glazkov(@kapitza.ras.ru
2 Faculty of Physics, HSE University, Moscow, Russia
3 Lomonosov Moscow State University, Moscow, Russia

Nabokoite family compounds ACu,(TeO,)(SO,)sX (here alkali ion A =K, Na, Rb, Cs and
halogen ion X = Cl, Br) give shelter to the 2D copper ions’ spin structure considered
as a possible realization of a highly frustrated decorated square kagomé lattice [1, 2].
Frustration of exchange bonds in nabokoites causes drastic difference in Curie-Weiss
temperature ® ~ 150 K and antiferromagnetic ordering temperature 7, = 3...5 K [2].

Antiferromagnetic order type in nabokoites depends on alkali ion. Antiferromag-
netic resonance experiments reveal that light-alkali-ions nabokoites (A = Na, K) order
non-collinearly, while magnetic ordering in heavy-alkali-ion nabokoites (A = Cs, Rb)
follows convenient easy-axis collinear pattern. Temperature dependent studies of high-
frequency dirlectric [3] and magnetic properties demonstrate that non-trivial magnetic
ordering in light-alkali-ion nabokoites is chosen as a result of several consequentive
phase transitions: firstly, a dielectric (ferro-clectric) transition takes place at much higher
temperature (25-100 K) which presumably partially lifts magnetic frustration and thus
pre-cooks oncoming magnetic ordering; and, secondly, magnetic order is formed in a
two-step phase transition with 7, = 5.5 K and T}, = 4 K.

Antiferromagnetic resonance frequency-field dependence (which is the field depen-
dence of ¢ = 0 magnons’ energy) in light-alkali-ion nabokoites features three zero-field
gaps: two of them opens at the first transition temperature 7, while the third (the
smallest one) develops at the second transition at 7,.

The sensitivity of the magnetic ordering type to the change of none-magnetic alkali
ions can be qualitatively explained by a toy-model calculations of the magnetic proper-
ties of a pyramidal building block of the decorated square kagomé lattice. Depending
on the ratio of the coupling constants the ground state of this toy model is either the
direct product of the pyramid base singlet state and “free” apical spin or the “collective’
S = 1/2 state of all five spins in pyramid vertices. Exchange coupling parameters values
suggested by DFT calculations [4] are close to the crossover between these ground
states. Thus fine-tuning of these exchange parameters by alkali ion substitution can
trigger sharp change in the magnetic properties of the structural building block and
hence to the change of the chosen collective ground state.

The work was supported by RSF Grant 22-12-00259-I1.
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High field ESR measurements of the interacting spin dimer
systems

S. Kimura‘, M. Matsumotoz, M. Akaki3, Y. Narumi", M. Ha iwara",
o A e g
K. KilldOé, H. Tanaka®

! Institute for Materials Research, Tohoku University, Sendai, Japan
2 Department of Physics, Shizuoka University, Shizuoka, Japan
3 Core Facility Center, ARC, Kobe University, Kobe, Japan
4 Center for Advanced High Magnetic Field Science, The University of Osaka, Toyonaka, Japan
S Institute for Solid State Physics, The University of Tokyo, Kashiwa, Japan
¢ Innovator and Inventor Development Platform, Science Tokyo, Yokohama, Japan

In the interacting spin dimer systems KCuCl, and TICuCl,, spin dimers, composed of
two Cu®" spins S = 1/2 form three-dimensional network. Reflecting the dimer structure,
an energy gap between the spin singlet ground state and excited triplet states exists.
In high magnetic fields, the energy gap is closed, and then the triplet excitation on a
dimer, so-called magnon, is induced to the ground state, leading to the Bose-Einstein
condensation of magnon which causes the magnetic order [1]. These compounds exhibit
various magnetoelectric phenomena because of the coupling between spin and electric
dipole. The high field ESR measurements revealed that the electric dipole transitions
between the spin singlet and triplet states are observed in KCuCl,. The fluctuation of
the electric dipole caused by the single-triplet transition leads to the observed electric
dipole transition. In the magnetic-field-induced magnon BEC phase, the static electric
polarization appears in the ground state and the magnetic excitation becomes both elec-
tric and magnetic dipole active, leading to the nonreciprocal response in ESR spectra
in microwave and terahertz region. It was reported that the magnetic order in TICuCl,
occurs as the weak first order phase transition [2]. The high field ESR also provides
useful insight into this phenomenon.

1. Nikuni T., Oshikawa, M., Osawa A., Tanaka H.: Phys. Rev. Lett. 84, 5868 (2000)
2. Vyaselev O., Takigawa M., Vasuliev A., Oosawa A., Tanaka: Phys. Rev. Lett. 92, 207202 (2004)
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Fig. 1. Frequency-field diagram of the ESR signals in KCuCl;, observed in the magnetic field applied along
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Topological foundations of the scaling behavior of superconductors

V.R. Shaginyan

Petersburg Nuclear Physics Institute, NRC “Kurchatov Institute”

We consider the general universal scaling properties of superconductors. Scaling relation-
ships lead to the identification of fundamental laws of nature and reveal the essence of
superconductor physics. We analyze the scaling of the condensation energy. We show
that the universal scaling is equally applicable to both conventional and uncommon
superconductors. We also analyze experimental data demonstrating unique behavior
of uncommon superconductors, which radically distinguishes them from conventional
superconductors. We consider the differential resistance (or conductivity) collected
under the application of magnetic field on the archetypical HF metal CeColn5 that
represents uncommon HF superconductor. We show that the observed scattering rate
is explained by the occurrence of flat bands. We analyze experimental facts that reveal
the same universal properties of both uncommon and conventional superconductors and
theoretically explain these facts. We analyze the Homes’ law and provide a theoretical
explanation of its general scaling applicable to superconductors. Our theoretical results
agree well with a body of diverse and seemingly unrelated experimental facts. They
show that the topological fermion condensation quantum phase transition, generating
flat bands, is an intrinsic property of strongly correlated Fermi systems and can be
considered as a universal agent explaining the basic physics of strongly correlated
Fermi systems. We demonstrate that these systems represent a new state of matter [1].

1. Shaginyan V.R., Msezane A.Z., Artamonov S.A.: General scaling behavior of superconductors // JETP Lett.
122, 158-164 (2025)
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A new permanent macroscopic coherent quantum state
at room temperature

Yu. Bunkov

Russian Quantum Center, Skolkovo, Moscow

Macroscopic quantum states such as superfluidity, superconductivity, and Bose-Einstein
condensates (BECs) exist at low and ultra-low temperatures. We have successfully
achieved a permanent coherent quantum state of magnons at room temperature. This
is possible because magnons have very low mass and remain a gas at very high con-
centrations. Consequently, the conditions for the formation of BECs are met even at
room temperature. However, BECs of quasiparticles typically arise under nonequilibrium
conditions, with pulsed or continuous pumping of the quasiparticles. Therefore, their use
in quantum devices remains problematic, since their quantum state—phase, frequency,
and concentration—are determined by external excitations. Magnons decay into phonons
and radio-frequency photons. Naturally, the quantum state of the condensate changes
during this process. It leads to a broadening of the emission line due to spin-lattice
relaxation of about 200 kHz under our experimental conditions.

We have developed a methodology for the formation of a permanent magnon BEC
using the principle of boson amplification described earlier by R. Feynman [1]. We
applied the principle of a self-oscillator. Using an antenna, we captured the BEC radio
frequency signal, amplified it by three orders of magnitude, and fed it back to the
sample. According to R. Feynman's theory, in the presence of a Bose condensate, new
quasiparticles can only be excited in the quantum state of an existing Bose condensate.
Therefore, under equilibrium conditions, the density and coherent state of magnons are
permanently maintained. We were, apparently, the first to experimentally demonstrate
the validity of Feynman's theory. We measured the BEC emission linewidth under
self-oscillation conditions. It turned out that the RF emission line collapses by at least
two orders of magnitude [2]. This means that the spin-lattice relaxation of magnons
does not affect the BEC quantum state. In other words, the coherent quantum state of
the BEC is permanently maintained. This opens the possibility of using this state in
various quantum devices.

Moreover, we have obtained the conditions for switching between two BEC states
with different frequencies under the same external magnetic field. The condition for
quantizing these states is related to the change in phase shift in the feedback line. In
other words, we have essentially obtained a prototype magnon qubit [3].

This work is supported by Russian science foundation. Grant No. 22-12-00322-P
https://rscf.ru/project/22-12-00322/.
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Properties of ludwigite Cu,MnBO;

R.M. Eremina!, LI. Fazlizhanov!, LV. Yatsyk', A.V. Khusanzyanov?,
E.M. Moshkina®

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2 Kazan (Volga Region) Federal University, Kazan, Russia
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The recovery of waste heat is becoming increasingly important for improving energy ef-
ficiency and reducing environmental impact. A promising approach is the direct conversion
of heat into electricity via the Seebeck effect, which enables the use of thermoelectric
generators in various applications, from industrial processes to automotive exhaust systems.
Ludwigites, with their low carrier concentrations and polaron conductivity (featuring large
effective masses) are ideal systems for investigating resonant thermopower contributions
due to charge carrier interactions with optical and acoustic phonons.

We presented a combined analysis of magnetic resonance spectra for visualizing po-
larons, magnetization, and thermopower in Cu,MnBO; ludwigite. Cu,MnBO, compounds
were grown by the flux technique [1]. According X-ray complex ludwigite Cu,MnBO;
has P21/c space group with a = 3.146(5) A, b = 9.376(2) A, ¢ = 12.02(3) A, and B =
92.238(6) at room temperature [2]. Ludwigites were studied via EPR measurements in
the temperature range from 300 K to 570 K. Three lines were observed in the magnetic
resonance spectrum in Cu,MnBO;. The temperature dependencies of Seebeck coefficient
demonstrates two peaks at two temperatures 522 and 558 K. Additionally, the EPR line from
magnetic polarons was observed in magnetic resonance spectra near these temperatures.

This research was supported by the Russian Science Foundation (project no. 23-
72-00047).

1. Popov D.V. et al.: Journal of Alloys and Compounds 976, 173143 (2024)
2. Moshkina E., Ritter C. et al.: J. Phys.: Condens. Matter. 29, 245801 (2017)
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Fig. 1. The temperature dependence of EPR spectra in Cu,MnBO;
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Electron paramagnetic resonance and magnetic oscillation modes
described by semiclassical spin dynamics
with combined relaxation term

A.V. Popov'?, S.V. Demishev'?,

! Vereshchagin Institute for High Pressure Physics of the Russian Academy of Sciences,
Troitsk, Moscow, Russia
% National Research University Higher School of Economics, Moscow, Russia

A semiclassical model of magnetization dynamics with a combined relaxation term,
including Landau-Lifshitz and Gilbert contributions, is considered in a recent paper [1]
and applied for the computation of the electron paramagnetic resonance (EPR) spectra.
In the previous work [2] it was shown that in spite of the widely accepted similarity
of the Landau-Lfishitz and Gilbert equations, they are based on essentially different
relaxation mechanisms, which, in the real system, may appear simultaneously. It is
shown that when both contributions have comparable amplitudes, varying the relax-
ation parameter o leads to a restructuring of the EPR spectrum (Fig. 1), emulating a
magnetic transition with an abrupt change in the reduced resonance field o, /0 = yH/®
and splitting of the absorption line into several spectral components [1]. Here o is
microwave frequency, y is hyromagnetic ratio and H stands for magnetic field. These
effects occur in a system describing a single magnetic oscillator with a constant gyro-
magnetic ratio y and are caused exclusively by the peculiarities of magnetic relaxation
in systems with significant damping, i.e., with y = const road EPR absorption lines.
Such lines are characteristic of various strongly correlated electron systems, where
magnetic fluctuations additionally contribute to line broadening. The suggested model
is characterized by complicated magnetic oscillations that demonstrate the limited
character of the classical interpretation of EPR as an eigen mode with the circular or

Fig. 1. Reduced EPR absorption power p as a function of reduced magnetic field ,/o = yH/® and relaxation
parameter a for equal mixing of relaxations in 3D graphics (panel a) and contour map (panel b). The dotted
line in panel b shows the position of the EPR maximum.
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§=0.50, ¢ = 45.0°

Fig. 2. The components of the oscillating magnetization at the EPR line maximum (dashed line in Fig. 1,
panel b), depending on the relaxation parameter a.

elliptical polarization of dynamic magnetization [3]. When a steady magnetic field H
is aligned along the z axis and Faraday geometry for EPR excitation is considered, the
polarization of the oscillating magnetization vector m = {m_, m,} behaves in a non-
trivial way, varying from elliptical to linear with an increase in the relaxation parameter
a controlling the EPR line width (Fig. 2). This is a consequence of the fact that EPR
is a case of a magnetic system with forced oscillations. Our simulation results show
that the complex structure of EPR spectra in strongly correlated electron systems may
be due to magnetic relaxation processes and, in general, may not be associated with
the presence of several types of oscillating magnetic dipoles.

This work was supported by the Russian Science Foundation under grant no. 22-12-
00008-IT.
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Impact of manganese ions on magnetic and structural properties
of cobalt containing ludwigites

D.V. Popov!, R.G. Batulin?, M.A. Cherosov?, L.V. Yatsyk!,
V.A. Shustov!, E.M. Moshkina’, R.M. Eremina!

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
> Kazan (Volga Region) Federal University, Kazan, Russia
3 Kirensky Institute of Physics, Federal Research Center KSC SB RAS, Krasnoyarsk, Russia

Oxyborates with formula M2M’BOS5, where M is a divalent and M’ is a trivalent metal
ion, are classified as ludwigites. These compounds have four non-equivalent crystal-
lographic positions per unit cell for aforementioned metal ions to occupy, resulting
in the random distribution of magnetic ions, mixed valence of ions, strong electron
correlations and unusual charge ordering. This feature leads to observation of uncon-
ventional magnetic properties in ludwigites [1, 2].

Ludwigites with structural formula of Mn Co, BO; (x = 0[3.,4], 0.75, 1.2, 1.4, 1.8)
were studied via the magnetization, XRD and EPR measurements. Clear evolution
in magnetic properties was observed for the compounds with different magnetic ions
concentration. The compounds with low amount of manganese ions per unit cell (below
1.4) order at lower temperatures around 42 K into a spin-glass state, while compounds
with high amount of Mn have a ferrimagnetic transition at 61K (Fig. 1). The analysis
of the obtained effective magnetic moment suggests presence of Co*" and Co*" ions in
both high- and low-spin states for all the compounds. Additionally, a correlation between
manganese ion concertation and lattice volume was revealed (Fig. 2).

This work was supported by the Russian Science Foundation (project no. 23-72-00047).
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Electron spin resonance probing of antiferromagnetic state
in CeB,

A. Semeno

Prokhorov General Physics Institute of Russian Academy of Sciences, Moscow, Russia

Cerium hexaboride (CeBy) is a unique system among cerium intermetallics in exhib-
iting electron spin resonance [1-3]. This provides a valuable scientific tool for both
investigating exotic magnetic states in CeB, itself and for studying the nature of
metamagnetic transitions characteristic of many rare-earth intermetallics. In this study,
ESR measurements were performed for the first time in CeB, in the frequency range
of 27-43 GHz for the [100] and [110] field directions. While the resonant behavior
for H||[110] at all frequencies corresponds to the paramagnetic phase (Fig. 1), for
H||[110], frequencies of 27 GHz and 33 GHz allow us to study the evolution of the
resonance upon crossing the antiferromagnetic (AFM) phase boundary (Fig. 1). In the
paramagnetic phase, the resonance line does not shift for both directions with decreasing
temperature (the g-factor is in the range of g = 1.4 + 1.6), while its intensity increases
significantly. Upon transition to the AFM phase, the line intensity decreases, it broad-
ens and becomes unobservable at 7 < 2 K. This behavior confirms the previously put
forward assumption about the inhomogeneous nature of the magnetic structure in the
antiferroquadrupole (AFQ) and AFM phases, caused by the effects of localization of
the magnetic moments of Ce*" [2]. The magnetization of CeB, in the AFQ and AFM
phases was measured. The magnetic contribution of AFM ordered localized magnetic
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Fig. 1. Magnetic phase diagram of CeB,. PM — paramagnetic phase, AFQ — antiferroquadrupolar phase, AFM —
antiferromagnetic phase.
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moments was separated. Good agreement was demonstrated between the temperature
dependence of this contribution and the dynamic magnetization obtained from the
analysis of the ESR spectra constructed in units of magnetic permeability [2].

The study was supported by the Russian Science Foundation grant No. 25-22-00503.
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Electron-polaron transition and high-temperature phonon drag
in Ca,,Sr,.Ti,;Mn,,0, ; perovskite

LV. Yatsyk'!, A.V. Khusanzyanov'?, R.F. Likerov', A.V. Shestakov?,
R.M. Eremina’

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2 Institute of Physics, Kazan Federal University, Kazan, Russia
3 Prokhorov General Physics Institute of the RAS, Moscow, Russia

Complex perovskite oxides with the general formula ABO, remain a focus of intensive
research due to their diverse physical properties, including magnetism, ferroelectricity,
and thermoelectricity, as well as the intricate interplay between them [1-3]. The ability
to tailor these properties through targeted ionic substitution at the A- and B-sites of
the structure offers promising avenues for designing materials with specific functional
characteristics. Particular relevance lies in the co-doping of magnetic and non-magnetic
ions at the B-site, which can significantly alter the magnetic order and enhance ther-
moelectric efficiency. In this context, compounds containing both magnetic manganese
(Mn) and titanium (Ti) ions are of special interest, as their mixed valence states and
complex electron interactions are key to understanding the mechanisms governing
magnetic and electronic behavior.

The aim of the study is to establish the relationship between microscopic electron-
magnetic changes and macroscopic anomalies of thermoelectric transport in highly
substituted perovskite Ca, ,Sr,,Ti,;Mn,,0,; over a wide temperature range.

The synthesis of polycrystalline powder of Ca,,Sr,,Ti,;Mn,;0,; has been car-
ried out via the solid-state route using precursor materials including CaCO, (=99%),
SrCO; (299%), TiO, (299%), and Mn,0O; (>99%). Xray diffraction analysis revealed
that the synthesized sample is singlephase and crystallizes in the orthorhombic space
group Pnma with unitcell parameters @ = 5.40308 A, b =7.63460 A, and ¢ = 5.39910 A.

In this work, the high-temperature thermoelectric properties and electronic transport
mechanisms of the heavily substituted perovskite Ca, ;Sr, ,Ti, ;Mn, ,0; ; were investigated
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Fig. 1. a Temperature dependence of the Seebeck coefficient S(7): circles denote the experimental data,
and the solid line shows the fit using the phonondrag formula. b Temperature dependence of the electrical
conductivity o(7), plotted in Arrhenius coordinates
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using electron paramagnetic resonance spectroscopy, along with measurements of the
Seebeck coefficient (S) and electrical conductivity (o).

ESR measurements were performed using a Varian E12 spectrometer equipped
with a Bruker EP 4114 XT high-temperature resonator with a TEO11 resonant mode.
Temperature dependence measurements in range of 290-786 K were performed in the
X-band with a frequency of 9.4 GHz and a magnetic field range of 0-1 T.

A prominent anomalous “inverted” peak in S(7) is observed at 7, = 760 K (Fig. 1a).
Approximation of the temperature dependence by the Weibull function

S(T) = So + aT + Sy,(T),

where the phonondrag contribution is given by the expression proposed in [5]:

s = (2)" e (-2 - 1))

reveals that this anomaly originates from the hightemperature phonondrag effect. The
modelling yields highfrequency phonon wavenumbers in the range 1100-1700 cm™, which
correspond to twophonon optical overtones activated by severe structural disorder [6].

To elucidate the microscopic origin of this transport anomaly, a systematic analysis
of the temperature dependences of o(7) (Fig. 1b) and EPR parameters was performed.
Up to the critical crossover temperature 7 = 728 K, the macroscopic electrical conduc-
tivity is perfectly described by the smallpolaron hopping model:

with an activation energy AE =298 + 2 meV. Above this temperature, the Arrhenius
plot exhibits a distinct plateau, indicating polaron delocalisation.

The hightemperature EPR parameters provide direct thermodynamic evidence for
the underlying electronic reconstruction. Above 7' = 651 K, the inverse integral inten-
sity 1/Iint abruptly deviates from the linear Curie—Weiss behaviour, reflecting changes
in the effective magnetic moment of the manganese ions. Concurrently, the lineshape
asymmetry parameter o begins to increase monotonically, signalling the transforma-
tion of the signal into a Dysonian line due to the appearance of mobile carriers. This
selfconsistent sequence of events demonstrates that the thermal destruction of localised
small polarons at 7> 651 K generates a dense flux of conduction electrons (ntype),
which subsequently drag highfrequency optical phonons, ultimately leading to the
macroscopic Seebeck peak at 760 K.
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The effect of a superconducting spin valve in a Py/Pb/Py
heterostructure with oxidized interfaces
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In work presents the results of a comprehensive study of the properties of a super-
conducting spin valve based on a three-layer Py/Pb/Py heterostructure with artificially
oxidized superconductor/ferromagnetic interfaces. The effect of a superconducting spin
valve is investigated, which consists in the dependence of the critical temperature of
the transition of a heterostructure to a superconducting state on the mutual orientation
of the magnetization of ferromagnetic permafrost layers at different thicknesses of
the superconducting layer. It is found that with a Pb layer thickness of 100 nm, the
maximum change in transition temperature when switching the mutual orientation of
the magnetizations from antiparallel to perpendicular in an external magnetic field of
1 kOe is on the order of 0.1 K. At the same time, the classical effect of a supercon-
ducting spin valve was not observed in the studied structures, however, contrary to
theoretical expectations for symmetrical systems, a triplet effect was recorded in the
experiment, which indicates the imperfection of the interface and the specifics of Py
oxidation due to its increased resistance to oxidation. It is shown that modification of
the transparency of the superconductor/ferromagnetic interfaces by creating oxidized
interfaces contributes to a significant increase in the critical temperature compared with
samples without such interlayers.

The results obtained confirm the prospects of the method proposed by the authors
for preparing structures of superconducting spin valves with oxidized interfaces [1]
and demonstrate that the introduction of additional thin insulating layers between
superconducting and ferromagnetic elements of the heterostructure opens up new
opportunities for purposefully improving the characteristics of superconducting spin
valves and increasing their functioning efficiency. It is worth noting that, according
to classical concepts, the maximum spin valve effect is expected for structures with
perfectly transparent metal interfaces, however, our data, consistent with the results of
recent studies [1], indicate that significant values of the SSV effect can be achieved
in systems with controllably variable boundary transparency, which expands the tech-
nological horizons of design such devices.

The work was funded by the Russian Scientific Foundation according to research
project No. 25-72-10025.
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ESR investigation of magnetic inhomogeneities in the pentaborate
GdMnB.O,,
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Pentaborates constitute a large class of borate compounds characterized by unique
physicochemical properties, including nonlinear optical effects, ionic conductivity, and
catalytic activity. Although significant progress has been made in studying the optical
properties of pentaborates, their magnetic characteristics remain insufficiently explored.
Previous studies reported a novel pentaborate compound GdMnB,O,, containing two
magnetic cations (Mn?" and Ce*"). The present work investigates the magnetic proper-
ties of the GdMnB.O,, compound.

Electron spin resonance (ESR) spectra of the GdMnB.O, , samples were measured using
an ER 200 SRC (EMX/plus) spectrometer (Bruker, Germany) at a frequency of 9.4 GHz
(X-band) in the temperature range from 115 K to room temperature in steps of 5 K, and on
an Elexsys E580 spectrometer (Bruker, Germany) at a frequency of 33.6 GHz (Q-band) in
the temperature range from 100 K to room temperature in steps of 30 K. A polycrystalline
sample of GdMnB,O,, was thoroughly ground into powder before the experiments to
exclude orientation dependences of the ESR spectra. Fig. 1 shows representative well-
resolved ESR spectra obtained at 115 K (X-band) and 120 K (Q-band). The absorption
spectra exhibit a complex multicomponent structure that is well described by the sum of
three asymmetric Lorentzian lines (solid curves in Fig. 1). The fitting results and spectral
decomposition into individual components are presented in the same figure.

The ESR spectrum is dominated by Line 1, which arises from the presence of
paramagnetic Mn** (S = 5/2) and Gd*" (S = 7/2) ions in the crystal lattice. The Mn*
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Fig. 1. Typical electron spin resonance spectra in GAMnB,O,, polycrystalline sample at two different tem-
peratures: (a) X-band, (b) Q-band; details of the spectra decomposition are given in the text. Solid fit curve
corresponds to the sum of three field derivatives represented by Eq. (1).
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contribution exhibits a resonance field H,, = 330-340 mT with a g-factor of ~2.0,
while Gd** produces a signal in a similar field range (H , = 330-340 mT), but with a
slightly lower g-factor (g = 1.97-2.00).

The lack of fine structure in the ESR spectra suggests strong exchange interactions
between spins, which collapse hyperfine splittings into a single line — a hallmark of
magnetically concentrated systems. Notably, the Gd*" spectral lines exhibit significantly
broader linewidths than those of Mn?* at room temperature. This difference persists
despite both ions having nominally quenched orbital angular momentum (L = 0, 3*Gd:
4f7, **Mn: 3d%). The enhanced broadening in Gd*" arises from its high spin (S = 7/2),
which generates pronounced zero-field splitting (ZFS). Even small local symmetry
distortions create distributed ZFS parameters across crystallographic sites, leading to
severe inhomogeneous broadening of the Gd*" resonance.

The ESR spectrum reveals two additional low-intensity signals (Lines 2 and 3)
alongside the dominant resonance. Line 2 exhibits g = 2, whereas line 3 displays g-
values in the range of 3.7-3.8. These features may suggest the existence of crystalline
defects or magnetically correlated domains arising from mixed-valence magnetic centers
or other forms of magnetic disorder.

€S
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Spin nematicity in the Eu ternary pnictides: the ESR viewpoint
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In the past decade, compounds possessing subtle features of their crystal structure,
which imply specific magnetic order and spatiotemporal structure of the electronic
state, have attracted increasing attention. These features do not always give rise to local
spectacular phenomena, but collective effects distinguish certain classes of materials of
fundamental interest and the potential for new, previously unknown applications. Well-
known examples of such materials include superconductors and topological materials.
The latter illustrates how the discovered features of the electronic structure of graphene
(Dirac spectrum, topological protection of electronic states) have given to discovery
of a broad class of 3-D topological layered materials, in particular, Dirac and Weyl
semimetals. More recently, magnetic layered systems have attracted attention as spin
nematics [1], which exist in a specific region of the T-H diagram [2—6]. We are talk-
ing about intermetallic 1-2-2 pnictides. The intermetalic pnictides AMe,Pn, (A = rare
earth; Me = transition metal; Pn = P, As, Sb, Bi) (1-2-2 compounds) crystallize in the
trigonal CaAl,Si,-type structure (space group P3 ml) or the tetragonal ThCr,Si,-type
structure (space group I4/mmm) and exhibit a rich variety of magnetic and transport
phenomena. The AMe,Pn, family with the trigonal CaALSi, structure is similar to the
better known tetragonal ThCr,Si, structure in which the cations on the A-site form
layers interspersed with Me,Pn,-layers, where the Me*'-ions sit in the center of an Pn,
tetrahedron. The way of packing this layers distinguishes between the ThCr,Si, - and
CaAlSi, - type structures. In such structures, on the one hand, the intimate relationship
between the cation's valence and magnetic states determines the compound's diverse of
magnetic properties. On the other hand, the network of valence bonds, which ensures
the stability of the crystal lattice and determines its symmetry, is a network of orbitals
on which valence electrons are localized, is find on the stability edge beyond which
another type of crystal lattice is realized. Low electron density, ambiguity of the crystal
structure, and the overlap of the valence band with the conduction band underlie the
extremely wide variety of magnetic and electronic properties associated with localized
distortions of the crystal structure of these compounds.

We have studied the magnetic properties of compounds EuMe,Pn, (Me = Zn, Cd,
Fe; Pn = P, As, Sb) by ESR. At the temperature decreasing well before the antifer-
romagnetic order we have observed an increasing of lineswidth and a decreasing of
the resonance fields, which in our case is very good described by the Landau theory
of magnetic fluctuations. However, the paramagnetic temperature 0_, obtained from
the temperature dependence of the ESR signal intensity, has the positive sign. We
believe that such behaviour of 0_, is connected with the proximity to quantum critical
point and with the relevant instability of magnetic and crystal structures (instability
Me,Pn,-layers, competition between nonmagnetic 4f° and magnetic 4f” states of Eu).
We also consider that the magnetic properties of studied compounds are due to the
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instability of the CaAl,Si,-type structures (similar compounds with bismuth and ni-
trogen are unknown), the interplay of spin and valence fluctuations (nonmagnetic 4f°
and magnetic 417 states of Eu), and the differences of interactions in comparison with
pnictides with the ThCr,Si, — type structure. Also Eu -ions have nonintegral valence,
g-factor substantially not equal 2.0 and spins are stacked in layers by various means.
We conclude that the valence instability can lead to a new type of magnetic behavior
and, consequently, to the possible existence of new magnetic (nematic) A-phases and
quantum phase transitions in a specific class of compounds.

Comparison of the behavior of the Curie temperature and the Neel temperature
with changing of the composition of these compounds indicates on the presence of
quantum critical point in these ternary systems. With the increase in lattice constant
and change of the concentration of free electrons, the transition temperature into the
nematic A-phase became less than the Neel temperature (7, ~ 0., < 7\) and the situ-
ation returns to the normal case. Thus, a quantum phase transition takes place in the
EuMe,Pn, ternary systems.
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Critical temperature of thin superconducting films
within the proximity-effect theory in the dirty limit

B.R. Mukhamatnurov, T.D. Kremlev, V.A. Tumanov, Yu.N. Proshin

Institute of Physics, Kazan Federal University, Kazan, Russia

For a thin metallic film, the superconducting transition temperature 7, can be signifi-
cantly different from the bulk value 7, while the way T, scales with film thickness
d, depends qualitatively on the material. For most superconductors (Mo, Bi, TiN, Nb,
NbN) 7. decreases as the film becomes thinner, whereas for aluminium 7, increases
with decreasing d, [1-4]. We propose a single framework that reproduces both trends.
Following Cooper’s approach [5], films are modeled as three-layer S,/S/S, structures.
The central layer S of thickness d, has the bulk parameters, while two symmetric near-
boundary layers S, of thickness d, possess their own superconducting coupling constant.

The film is treated as a proximity superconducting system described by the qua-
siclassical (Usadel) equations of superconductivity in the dirty limit [6], with Kupri-
yanov—Lukichev boundary conditions at the internal S,/S interfaces [7] and absence
of pair flux at the outer surfaces. Averaging the Usadel functions over each layer and
substituting them into the self-consistency equation yields a homogeneous linear system
for the order parameters A, and A,. The condition for a non-trivial solution leads to
an algebraic equation for the film 7, which we solve numerically. Rather than using
the coupling constant of the boundary layers, we employ the corresponding critical
temperature 7, . The two classes of behaviour correspond to different boundary-layer
parameters: 7. = 0, where the boundary region acts as a normal metal and suppresses
T, and T,® > T., which causes the critical temperature of the film to increase.

cs?
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Fig. 1. Critical temperature 7, as a function of film thickness d,: experimental data (symbols) and the pres-
ent model (lines). (a) NbN (e, solid line, d, = 0.8 A) [1], (o, dashed line, d, = 0.8 A) [2], (O, dotted line,
d, = 1.2 A) [3]; (b) aluminium films on GaAs and Al,O, substrates [4] (T, = 1.2 K, .® =39 K, & =
100 nm, d, = 0.7-1.3 nm).
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Fig. 2. Theoretical estimations for the spin-valve effect AT, = T** — T.F versus the thickness of the second
ferromagnetic layer d,., without (solid line) and with (dashed line) normal-metal boundary layers: a F/F/S —
F/F/N/S/N; b F/S/F — F/N/S/N/F.

With the bulk critical temperature and coherence length & taken from the litera-
ture, the only fitting parameter is the boundary-layer thickness d,. The model provides
a theoretical description of measured 7(d,) for three NbN series grown on different
substrates, with d, on the angstrom scale. (see Fig. 1a) [1,2,3]. For aluminium we take
7. = 3.9 K, the critical temperature reported for Al/Al,O; core-shell metamaterials
[8]. We used it to describe the anomalous increase of 7, observed experimentally [4]
(Fig. 1b). Boundary-layer thickness d, = 0.7-1.3 nm is comparable to the native AL,O,
thickness.

The same boundary-layer construction extends to multilayer heterostructures. Applied
to superconducting spin valves, the F/S/F [9,10] and F/F/S [11, 12] structures become
F/N/S/N/F and F/F/N/S/N once normal-metal (N) boundary layers are introduced at the
S/F interfaces. The near-boundary layers reduce the magnitude of the spin-valve effect
AT, = T " = TF by about 10-15 %, while preserving its qualitative form (Fig. 2). The
two structures behave differently: in the F/F/S valve the effect changes sign: direct
(AT, > 0) for a thin second ferromagnetic layer and inverse (A7, < 0) for a thick one,
whereas in F/S/F it stays positive throughout. Adding the N layers lowers the theoretical
estimations for the extrema (for F/F/S the maximum drops from 1.21 to 1.05 K and
the minimum from —0.55 to —0.47 K).

Note that the experimental values of AT, remain significantly lower than the theo-
retical predictions [12], but the boundary effects should be taken into account when
quantitatively comparing theory with experiment for real superconducting heterostructures.
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Magnetisation and magnetic resonance in relaxor ferroelectrics
with double perovskite structure PbNii/3Nb2/30s and
PbCo1/3Nb2/303
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*Joffe Physical-Technical Institute, Russian Academy of Sciences, St. Petersburg, Russia

Multiferroics are a class of solids in which polar and magnetic ordering can coexist
and interact with each other. The electrical and magnetic properties of these materials
arise from their composition and crystal structure. The strong magneto-optical effect,
manifested as a significant rotation of the plane of polarization with changes in mag-
netization, is of great interest for both fundamental and applied research.

Our research objects were relaxor ferroelectrics with a double perovskite structure -
PbNiisNb2s0s and PbCoi3Nb230s.[1,2] This report presents the results of experimental
studies of temperature-dependent magnetic resonance spectra of PbNii/sNb2/30s (PNN)
and PbCo1/sNb2/s0s (PCN) crystals in the X-band microwave range (9.5 GHz) over
a temperature range of 10-110 K. Several features of the temperature evolution are
shown. Temperature dependences of magnetization were measured for PbNii/sNb2/303
and PbCo1/3Nb2/30s crystals during heating in zero magnetic field (ZFC), with an applied
magnetic field of 1000 Oe (FCW), and during cooling in an applied magnetic field (FCC).

The PCN crystal exhibits a set of observations indicating the presence of fer-
romagnetic fractions. The inverse magnetic susceptibility shows a “downturn,” and a
signal appears/disappears in the low-field magnetic resonance region at temperatures of
60-70 K. Furthermore, a divergence is observed in the magnetization curves measured
after field cooling (FC) and zero-field cooling (ZFC) at temperatures below 22 K. This
phenomenon indicates magnetic irreversibilities (manifestation of open hysteresis loops
in magnetization reversal curves). In the double perovskite PNN, the “downturn” in
the inverse susceptibility begins at 210 K, also indicating the growth of ferromagnetic
correlations in the system. In the magnetic resonance spectra, two temperature ranges
can be distinguished: 10-110 K and 170-200 K, with a smooth transformation from
one form to the other in the range of 110-170 K.

We detected a ferromagnetic component in the PCN crystal, which appears in
a magnetic field region separate from the paramagnetic component. Identifying the
ferromagnetic component in the PNN crystal is more difficult. In both cases, the inverse
magnetization shows a downturn, indicating a transition of the double perovskite from the
paramagnetic phase to increasing ferromagnetic correlations. However, while the transition
in PCN is clearly manifested at 7~ 60—70 K, in PNN the linear dependence first changes
slope and only later bends. Most likely, Ni?" ions are more sensitive to polarization than
Co?" ions, and the relaxor ferroelectric nature is more clearly manifested in PNN.

1. Khannanov B.Kh., Zalessky V.G., Golovencits E.I. et al: Separation of Phases and Charge States in Relaxor
Ferroelectric PbCo1/3Nb2/303//Journal of Exp.and ther. Phys. 130, no. 3. P.439-445 (2020)

2. Honymuua A./l., O6o30Ba E.JI., 3anecckuii B.I. u ap.: HccnenoBanue TU3IEKTPUIESCKOIO OTKIIHKA,
HPOBOANMOCTH M TOKA TEPMOCTUMYIMPOBAHHON JENOIAPU3ALUK B PEIAKCOPHOM CEIHETONICKTPUKE
PbNi1/3Nb2/30s// ®TT 63, B.9 1382-1386 (2021)
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Processing and analysis of the electron paramagnetic resonance
line shape in the noncentrosymmetric magnet Mn, Rh Si

A.E. Os’kin'?, S.V. Demishev'?

! Vereshchagin High Pressure Physics Institute of RAS, Troitsk, Moscow, Russia
2 HSE University, Moscow, Russia

Mn, Rh Si is a noncentrosymmetric B20 magnet in which Rh substitution leads to a
strong increase of the Curie temperature and to a nonuniform magnetic response [1].
For the polycrystalline samples stu died here (x = 0.10 and 0.15), the EPR spectra are
broad, asymmetric and strongly temperature dependent. Such a line shape cannot be
reliably interpreted by a single Lorentzian-type resonance.

A natural but problematic approach is to approximate the spectrum by several
independent isotropic components. In the present system this approach may not be
physically justified unless each line is assigned to a separate magnetic subsystem. Trial
fits with two isotropic lines reduced the numerical error, but the resulting component
parameters were effective averages rather than physically reliable characteristics of
separate magnetic subsystems. Therefore, the processing procedure requires a different
approach, in which the complicated EPR line shape is treated primarily as a powder-
averaged anisotropic response of a metallic polycrystalline sample.

The experimental EPR signal was recorded in the X band in derivative mode,
dy"/dH. Before fitting, the dy"/dH was numerically integrated over magnetic field to
reconstruct the dynamic magnetic susceptibility. The model was then compared with

the absorption spectrum x"(H). For a fixed temperature the fitted EPR response may
be written as:

Amodel(I{; D =C(D +S(DH+Apawder(H T) +AiSD(H D (1 )

© @

= experiment
model line = experiment

model line

ug (arb. units)
ug (arb. units)

0 o
0.0 0.2 0.4 0.6 0.0 02 0.4 06

Fig. 1. Reconstructed EPR absorption spectra and fits: (¢) Mn, o \Rh,,(Si, 220 K; (d) Mn, 4Rh, ,Si, 234 K.
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Fig. 2. Anisotropic effective g-tensor components for Mn,Rh, Si.

In Equation (1) the linear term describes the residual baseline. The main contribution,
A owder TEPrEsents an anisotropic powder line [2]. For a crystallite orientation defined by
direction cosines /,, [, I, the effective g factor and line width AH are written as:

g2 zglexz +gyzly2 +gzzlzz: 2)
AH?=AH, lex2+AI{y21y2+AH 212

In further calculations we used the Landau-Lifshitz (LL) equation for magnetization
dynamics. The local gyromagnetic ratio and damping constant were calculated as
v(0,0) = v.2(0,0) and a(0,0) = AH(0,0)y(0,9)/(2nf). The local magnetic response of a
crystallite was obtained from the linearized LL equation. The resulting powder line was
derived by averaging over random crystallite orientations [2]:

A=l 1(6,0) A..[H,7(6,0),0(6,0)] sinf dOdp. 3)

The isotropic term in Equation (1) may model the case of several magnetic phases,
as may occur in Mn, Fe Si samples [1]. The isotropic contribution was included in the
model only when it improved the information criteria [3, 4]:

AIC=n In(RSS/n)+2k, BIC=n In(RSS/n)+k In n. “4)

For Mn,¢Rh,,sSi the two-component model was favored at all 69 temperatures
(median AAIC = —2845, ABIC = —2832). For Mn,4Rh,,,Si, the additional isotropic
term was selected only for a minority of temperature points..

Local identifiability was analyzed using the scaled sensitivity matrix [5]:

J,=0f(H.6)/06,- 6+, J=UZV" 5)

With C, = X _ 06/Z,06.2 three SVD modes account for about 99% of the sensitivity
and six for 99.99%, indicating sloppy multiparameter geometry [6].
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The effective g-tensor and anisotropic linewidths are locally identifiable; several
intensity parameters are auxiliary. Perturbed reoptimization gave a median absorption-
maximum shift of 0 mT and FWHM/area changes below 0.2%. Thus, the Mn, Rh Si
case demonstrates that the proposed approach provides a mathematically justified method
for multiparameter fitting of powder EPR spectra.

This work was supported by the Russian Science Foundation under grant no. 22-

12-00008-I1.

. Demishev S.V. et al.: JETP Letters 121, 111-118 (2025)

. Zhidomirov G.M. et al.: Interpretation of Complex EPR Spectra, Moscow: Nauka. (1975)
. Akaike H.: IEEE Transactions on Automatic Control 19, no. 6, 716-723 (1974)

. SchwarzG.: The Annals of Statistics 6, no. 2, 461-464 (1978)

. Bates D.M., Watts D.G.: John Wiley & Sons, New York (1988)

. Sethna J.P.: Cornell University, lecture notes/manuscript (2024)
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Fabrication of photomasks using combined photo- and scanning
probe lithography techniques

A.A. Validov!, D.A. Bizyaev!, D.A. Arbuzov'?, N.N. Garyf’yanov',
A.A. Kamashev!, I.A. Garifullin'

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2Kazan Federal University, Kazan, Russia

Measuring the critical current in “normal metal/superconductor” heterostructures requires
achieving high current density and ensuring current uniformity (vortex suppression).
This is feasible when such heterostructures are of micron scale.

One common method for producing such structures is photolithography, which
enables the formation of micro- and nanometer-sized features with high precision.
However, the fabrication of a high-quality photomask entails substantial financial costs.
Consequently, we opted to independently develop and fabricate test photomasks — both
for lift-off photolithography and etch-based patterning techniques.

Quartz glass, transparent in the UV range (suitable for mercury lamps), was chosen
as the base for the photomasks. Copper, 100 nm thick, served as the opaque material.
The entire photomask was coated with a 10 nm thick layer of silicon nitride (Si;N,)
to protect the copper layer from oxidation by atmospheric oxygen. A 10 um-wide
stripe connecting the contact pads was formed in one of two ways: by shading using
a 10 um-diameter wire or by exposure through a photo slit. Subsequent refinement of
the stripe geometry was performed using scanning probe lithography.

Two masks were fabricated, inverted relative to each other. The first type of mask
is used for the etching method: the desired structure is deposited on the substrate and
then covered with a layer of PMMA; the sample is subsequently exposed through the
mask and developed (the exposed PMMA is removed), after which the unprotected
areas of the structure are etched in acid, and the remaining PMMA is stripped. The
second type of mask is used for lift-off photolithography: a layer of PMMA is deposited
on the substrate, the sample is exposed through the mask and developed, after which
the desired structure is deposited onto the surface; the resulting sample is placed in a
solvent (chlorobenzene), which dissolves away the unexposed PMMA along with the
structure deposited on these areas (the lift-off process).

In the upcoming phase of the research, we intend to fabricate multiple series of
samples employing various methods. Upon successful fabrication of the target metal/
superconductor heterostructures, the next steps will include either manufacturing custom
masks or commissioning an industrial-grade photomask.
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Water molecules and biologically active substances
in RBC on NMR data

L.A. Avilova!, D.L. Melnikova?, V.D. Skirda?, V.I. Volkov!?

! Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry
of the Russian Academy of Sciences, Chernogolovka, Russia
2 Kazan (Volga region) Federal University, Kazan, Russia
3 Lomonosov Moscow State University, Moscow, Russia

Molecular and ion exchange in cell membranes plays a crucial role in metabolic
processes in living systems. One of the key characteristics of biological membranes
is their selective permeability, the nature of which can be understood by studying the
mechanisms of biomembrane function.

Currently, active research is underway on the permeability of biological membranes
for water molecules and biologically active substances using a range of physicochemical
methods, including luminescence, osmotic, indicator, chemical, and others. However,
these methods are indirect and do not directly measure the parameters characterizing
molecular diffusion.

Erythrocytes are of interest for studying molecular exchange processes, therefore
RBCs are the main component of blood and play a key role in shaping its rheologi-
cal parameters. Erythrocyte membranes also share the general principles of biological
membrane organization.

To solve the problems described above, it is necessary to employ physical methods
for studying structure and dynamics at the molecular level. In this regard, the pulsed
field gradient NMR (PFG NMR) method deserves special attention, as it allows for
direct quantitative assessment of molecular diffusion without damaging biological sys-
tems. The uniqueness of this method lies in its ability to measure partial self-diffusion
coefficients and the populations of diffusant molecules in heterogeneous systems,
including biological cells.

The PFG NMR method provided information on the self-diffusion of water mol-
ecules and pentasubstituted derivatives of fullerene C,, with attached residues of
3-mercaptopropanesulfonic acid Cg[S(CH,),SO,Na];H (1), mercaptopropionic acid
C[S(CH,),COOK]H (2), proline C[N(CH,);CHCOOK];CI (3) in a suspension of
erythrocytes [1-5].

It was shown that with an increase in temperature from 5 to 35°C, the permeability
P of the erythrocyte membrane for water molecules changes from 0.3-1075 to 0.5:10°°
m/s. The activation energy of self-diffusion was calculated, the value of which was
E, = 24.1£1.9 kJ/mol. The lifetime t of a water molecule inside the cell was also
estimated, which was 20+2 ms.

For Cq, fullerene derivatives, data characterizing their interaction with the eryth-
rocyte membrane were obtained using the PFG NMR method (Table 1). The partial
self-diffusion coefficients D, of Cy, fullerene derivative molecules in erythrocytes were
determined. It was established that in erythrocyte suspensions, C, fullerene derivative
molecules exist as isolated and associated molecules in the aqueous phase or bound to
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Table 1. Self-diffusion coefficients D,, populations p and lifetimes t of molecules of
fullerene Cg, derivatives in erythrocytes.

Substance D, 102 m?%/s p 7, ms
1 5.540.8 0.33 440+70
2 5.0£1.0 0.13 470+70
3 6.0£1.0 0.06 1200+£300

the cell membrane. The exchange time of C, fullerene derivatives molecules between
the erythrocyte membrane and the aqueous solution was estimated.

Suspensions of isolated erythrocytes and erythrocytes aggregated into structures
of the “coin columns” type were studiedIt has been suggested that there is an uneven
distribution of membrane permeability characteristics over the surface of a human
erythrocyte cell, which is in principle consistent with recent work by Hoffman (2016,
2018), which demonstrates the effects of an inhomogeneous density distribution over
the cytoskeleton of the membrane. According to our data, the permeability of the
erythrocyte cell is mainly controlled by the permeability of the membrane along the
perimeter of the biconcave disc, which probably enables red blood cells to perform
metabolic functions, both in isolated and aggregated states.

Acknowledgments: NMR measurements were performed using equipment of the
Multi-User Analytical Center of the Federal Research Center of Problems of Chemical
Physics and Medicinal Chemistry RAS and Science Center in Chernogolovka RAS
with the support of State Assignment of the Federal Research Center of Problems of
Chemical Physics and Medicinal Chemistry RAS (state registration No NeFFSG-2024-
0008124013000743-3).
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Comprehensive use of NMR methods in studying microstructure
and molecular mobility in ionic liquid systems

V.1I. Chizhik

! Saint Petersburg State University, Saint Petersburg, Russia

One of the main directions of the scientific activity in the laboratory of quantum mag-
netic phenomena at the Saint Petersburg State University is a study of peculiarities
of the microstructure and molecular mobility in electrolyte/ionic solutions which are
very interesting objects due to their important role in physical, chemical, biological and
technological processes. The main experimental method is nuclear magnetic resonance
(NMR): spectra, relaxation, diffusometry. The computer simulation methods (modelling
of molecular dynamics and quantum chemistry) were applied to interpret NMR data.
A brief overview of these studies is offered in the presentation (here a few references
are given as examples).

The unique capabilities of NMR spectroscopy are based on the facts that (i) the
theory of the NMR phenomenon has been developed to the highest level; (ii) each
chemical element has at least one nuclear isotope with a magnetic moment, that de-
termines the universality of the method.

It should be underlined that there are no direct analogues of NMR-relaxation
processes among the physical phenomena which define spectra in infrared, visible
and higher frequency spectroscopies. The NMR-relaxation processes are governed by
the interaction of nuclei with fluctuating internal magnetic or inhomogeneous electric
fields in the media, and their investigation gives unique information associated with
the understanding of character and velocity of the molecular thermal motion.

NMR method for the investigation of diffusion processes should be considered as
the best one among modern experimental techniques, since this method is non-contact
and non-destructive, does not require the insertion of any material marker, and allows
selective measurements of diffusion coefficients of components.

In the 1960s-1980s, the author with colleagues carried out a large series of
studies of aqueous solutions of strong electrolytes, the results of which were pub-
lished during this period in Russian-language journals, but later they were reflected in
the article Ref. [1]. In this article a method, developed for determining microstructural
parameters of diamagnetic aqueous solutions from NMR relaxation data, is presented.
Based on measurements of the concentration and temperature dependences of the spin-
lattice relaxation rates of the 'H and 2H nuclei in aqueous solutions, the coordination
numbers (7) of more than 20 ions and the reorientation times (z,) of water molecules
in different substructures of the solutions were determined. As a result, some rules of
the hydration-shell forming have been defined:

1) The monatomic ions are surrounded by highly symmetrical shells: for the first
layers n, is equal to 4, 6, 8 (but not 3, 5 or 7). The symmetry of hydration shells of
monatomic ions is also discussed in the work Ref. [2] in which the NMR-relaxation
of quadrupole nuclei of monatomic ions was studied. The polyatomic ions form their
hydration shells in accordance with the number of possible intermolecular bonds (this
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was not included a priori in the model). The developed approach was also applied in
the study of the hydration shell of the CH, group in solutions of w-amino acids [3].

2) An analysis of the parameter 7z, for different substructures makes it possible
to quantify the molecular mobility in different substructures of a solution. It should
be emphasized that the coordination numbers of ions and the reorientation times of
water molecules were obtained in one experiment, but from independent data (see the
details in Ref. [1]).

3) Investigations of the temperature dependence of the relaxation rates show that
the nearest vicinity of the ions keeps its geometry over a wide temperature range.
However, it has been found that the ClI" and Br anions change the microstructure of
their hydration shells in the narrow temperature range near 35°C [4]. The hypothesis
was formulated that this effect for the Cl™ anion, which is noticeably present in living
organisms, could be responsible for the thermoregulation of warm-blooded animals.

Investigations of concentrated salt solutions of interest for electrochemistry.
Electrolyte solution is a key component of energy storage devices, including Li-ion
batteries (LIBs). Currently, the electrolyte of devices usually consist of salt solutions
in non-aqueous organic solvents. During the last decade the ultra-concentrated, so-
called “water-in-salt” systems have been proposed as new electrolytes for water-based
LIBs. The bulk physico-chemical characteristics of these solutions (viscosity, electrical
conductivity) are, generally, well studied, but there are insufficient data on the local
mobility of ions and solvent molecules. The NMR allows one to measure diffusion
coefficients for each component in a solution using a single method. The example of
such studies is the work [4] in which the main experimental method is NMR diffu-
sometry. The additional important information on the local mobility can be obtained
from the NMR relaxation measurements.

Ionic liquids (ILs) are compounds consisting entirely of ions, but in contrast to
”classical” salts they are liquids at the room temperature or close to it. The first ILs
were synthesized more than 100 years ago, but they have become the object of intensive
research only in the last 2-3 decades. ILs have unique properties such as low vapor
pressure, high boiling point, high thermal stability, and, besides, possess the ability
to dissolve a wide range of chemical species. They have also been suggested as non-
aqueous electrolytes for electrochemical applications, energy storage and conversion,
super- or ultra-capacitors. Various aspects of the molecular “architecture” and molecular
mobility in topical ionic liquids have been studied by laboratory scientists using various
NMR techniques (spectroscopy, relaxometry, and diffusometry). The problem of the
state of water at low content in some ILs has been widely discussed in the literature.
In particular, the concept of “water pockets” was introduced by Japanese researchers
in 2014-2015. We gave a critical review of existing models of the microstructure of
the “IL — water” mixtures and proved a new model of the structure for systems such
as “[bmim]"A- — H,0” [5].

. Chizhik V. L.: Mol. Phys. 90, 653-659 (1997)
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Applications of EPR spectroscopy to heterojunction photocatalysts

M.V. Fedin

International Tomography Center SB RAS, Novosibirsk, Russia

The search for stable and efficient photocatalysts capable of converting solar energy
into useful chemicals such as H, and others is a topical area in the development of
new renewable energy sources. Developing optimal photocatalysts for each specific case
requires a thorough understanding of the nature and properties of the active catalytic
sites and reaction mechanisms. Electron paramagnetic resonance (EPR) spectroscopy
has become an important tool in such studies over the past decades.

Various heterojunction photocatalysts are currently being actively studied. In a
recent study, using modern EPR techniques, we conducted a detailed study of charge
transfer in heterojunction photocatalysts consisting of TAPA (tris(4-aminophenyl)amine)-
PDA (terephthaldicarboxaldehyde) and Znln,S, (TP/ZIS) [1]. The use of continuous
wave (CW) and pulse EPR allowed us to identify stable radical defects localized near
the surface and accessible to water molecules. Furthermore, time-resolved EPR (TR
EPR) allowed us to study the processes of photoinduced electron transfer from TP to
ZIS, leading to the formation of spin-correlated radical pairs under the influence of
light, indicating efficient separation of charge carriers and spatial transport within the
S-scheme heterojunction. Another example of the application of EPR to heterojunction
photocatalysts was the study of composites based on tungsten oxides and the ZnTCPP
(meso-tetra(4-carboxyphenyl)porphyrin) chromophore [2]. The combination of CW
and TR EPR allowed us to identify intermediate excited states and draw conclusions
about electron transfer and side reactions in a series of ZnTCPP/WO, photocatalysts.
In general, although TR EPR is not currently a universal tool for studying heterojunc-
tion photocatalysts, it often provides useful additional information and contributes to
a deeper understanding of the electron transfer reactions taking place.

The work was supported by the Russian Science Foundation, project No. 24-43-00045.

1. Gu M., Zhang J., Kurganskii I.V., Poryvaev A.S., Fedin M.V., Cheng B., Yu J., Zhang L.: Adv. Mater. 37,
2414803 (2025)

2. Kurganskii I.V., Syrtsov D., Poryvaev A.S., Sagdeev R.Z., Du M., Zhang L., Fedin M.V.: Int. J. Hydrogen
Energy 185, 151965 (2025)
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Structural reorganization of VO** complexes
on the surface of TiO,

A.l Kokorin'?, S.0. Travin', A.I. Kulak®

'N.N. Semenov FRC for Chemical Physics RAS, Moscow, Russia
2 Plekhanov Russian University of Economics, Moscow, Russia
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Studies of the structure, catalytic activity and mechanisms of titanium dioxide, TiO,,
doped with metal ions action are described in thousands of articles and many books (see,
e.g. in [1, 2]). At the same time, a question what is happening with metal complexes
on the surface of modified TiO, was investigated much less. By this reason, this work
presents our results for the samples of TiO, Hombicat UV 100 and Degussa P25, being
modified with VO?*" ions, clarifying structural peculiarities and spatial organizationof
paramagnetic centers (PCs) on the surface of nanoparticles of corresponding VO-TiO,
oxides. Modification of TiO, nanoparticles by VO*' ions (aqueous solution of VOSO,)
led to formation several isolated and aggregated PCs VO-TiO, of various composi-
tion and structure identified using EPR spectroscopy. Isolated PCs are schematically
shown in Fig. 1.

Analysis of concentration and kinetic changes in EPR spectra has demonstrated
existence of dynamic transformations and transitions such as PCs,,,cped = PCSiiatea
and A — B — C characterizing different parameters of spin-Hamiltonian A, A, g,
g,. Sufficient differences in behavior of VO** complexes on the surface of Hombicat
UV 100 and Degussa P25 particles has been observed. Details of the original software
package for the computer simulation of complex superimposed EPR spectra and kinetic
transformations of metal complexes are described in detail in Refs. [2, 3].

A B C
TiO, Surface Tio, Surface
\ \\/_\ \\/—\ Tio, Surface
T Ti T Ti ™~ Ti

Fig. 1. Schematic structures of VO*" complexes on the TiO, surface
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Fig. 2. Kinetic dependences Rhodomine RhB dye photodecomposition under UV or Vis light irradiation in
the presence of photocatalysts Hombikat UV100 (bare, A, or VO-TiO,, A) TiO,, and Degussa P25 (ebare) or
VO-TiO,, (o) TiO,.

Photocatalytic peculiarities of VO-TiO, systems were studied on the example of
models of the rhodamine dyes oxidation by air oxygen (Fig. 2). Heterogeneity of the
metal complexes structure formed on the surface of the oxide catalysts and their possible
transformations should be taken into account analyzing results of catalytic experiments.

This study was carried out as part of the state assignment on the topic ““Interdisci-
plinary approaches to the creation and study of micro-/nanostructured systems” (Reg.
No. 125012200595-8).
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Photoelectronic properties of optical sensor platforms
based on anodic aluminum oxide

E.A. Konstantinova', E.V. Kytina!, O.A. Shalygina', V.B. Zaitsev',
Yu.V. Nazarkina?>', P.P. Shcherbakov*!
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Anodic aluminum oxide (AAO) is an ordered array of nanometer-sized pores and ex-
hibits a number of unique properties, including controlled geometric parameters of the
structure, large specific surface area, high thermal and chemical stability, mechanical
strength and hardness, high adsorption capacity and, as a consequence, high sensitiv-
ity and selectivity with respect to biomolecules introduced into the AAO pores [1, 2].
Therefore, AAO is a promising material for the creation of optical sensor platforms for
the detection of biomarkers [3]. The aim of this work was to develop optical biosensor
platforms based on AAO and to study their photoelectronic properties depending on
the synthesis conditions. The use of photoluminescence (PL) and electron paramagnetic
resonance (EPR) methods makes it possible to establish PL mechanisms and obtain
samples with a controlled concentration of spin centers (SC) and PL intensity.

To form optical biosensor platforms based on aluminum oxide, a two-stage anodiza-
tion of aluminum substrates was used [4]. This method allows one to obtain a regular
self-organized pore structure [4]. Aqueous solutions of organic etidronic (OEDP) and
inorganic (sulfuric and selenic) acids were used as electrolytes for the synthesis of AAO.
The obtained samples are designated as follows: AAO-Et, AAO-S, AAO-Se, respec-
tively. Parameters such as electrolyte concentration and temperature, current density,
and anodization voltage were varied during the synthesis. Rhodamine B was used as
a test biomarker for testing the obtained sensor platforms; the application method for
it is described in [6]. The PL spectra of the samples were measured under excitation
with a helium-cadmium laser at a wavelength of 325 nm (photon energy of 3.8 eV).
The radiation power was 10 mW, and the spot diameter was 1 mm. The PL signal was
recorded using an MS750 grating monochromator (SOLAR TII) equipped with a CCD
matrix. Analysis of defects with unpaired electrons (spin centers) was performed on a
Bruker ELEXSYS-E500 electron paramagnetic resonance (EPR) spectrometer in the
range of 10-300 K. A standard (CuCl,*2H,0 single crystal) with a known number of
spin centers was used to estimate their concentration.

The pore diameter of all synthesized samples was in the range of tens of nanometers
according to electron microscopy data. All samples exhibited an EPR signal, which
was a single symmetrical line with a g-factor of 2.0024+0.0003, which is consistent
with their amorphous structure according to X-ray diffraction data. According to the
literature, such a signal is due to oxygen vacancies in the oxide structure (F* centers)
[5]. In addition, O,-Al-Se-O* SC with orthorhombic symmetry were found in AAO-
Se (g, = 2.022+0.0003, g, = 2.015+0.0003, g, = 2.0075+0.0003). The observation of
an anisotropic EPR signal in amorphous alumina can be explained by the location of
0,-Al-Se-O* SC in the near-surface region of the samples along the entire length of
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ordered (parallel to each other) nanopores. This hypothesis is confirmed by etching the
near-surface layer: the longer the etching time, the lower the concentration of these SC.
At elevated synthesis temperatures (approximately 25 °C and above), Se-O, and S-O,
SC (g = 2.0735 £ 0.0003) were detected in AAO-Se and AAO-S, respectively. The
concentrations of F* SC varied in the range from 8-10' to 2-10'7 g”! depending on the
electrolyte composition and synthesis parameters, the concentrations of Se-O x and S-Ox
SC varied in the range from 10'¢ to 6*10'% ¢!, for O,-Al-Se-O* SC: 10'°-10'7 ¢! (at
synthesis temperatures in the range of 5-25 °C). Anodization at temperatures of 40 °C
or annealing of AAO in air at 200-500 °C led to a sharp decrease in the concentrations
of all SC. This indicates their localization in the near-surface region of the pores. EPR
measurements were performed over a wide temperature range of 10-300 K. No new
SC were detected at low temperatures. When applying the rhodamine B dye to the
AAO surface, no change in the SC concentration was detected, indicating the absence
of interaction between the SC and rhodamine molecules. The intrinsic PL of AAO-Se
and AAO-S was at the background level; therefore, only the PL of the dye itself was
recorded on these samples with rthodamine. The AAO-Se and AAO-S samples had
high sensitivity: at a rhodamine concentration of 107 M, a sufficiently intense PL was
observed. The AAO-Et samples were characterized by intrinsic intense PL, consisting
of two PL bands with maxima at A, = 450 nm and A, = 600 nm. Changes in the in-
tensity of the first PL band (with variations in the synthesis conditions) correlate with
changes in the F* SC concentrations. Thus, PL at A, occurs on F'. PL intensity at A,
does not correlate with F* concentration, it is probably due to radiative recombination
of electrons at non-paramagnetic centers. The PL of rhodamine (A;=580 nm) overlaps
with the intrinsic PL of AAO, complicating the analysis of the PL spectra and requiring
computer modeling. The AAO-Et optical platforms also demonstrated high sensitivity:
PL was observed at a rhodamine concentration of 10* M.

These results have important practical implications, demonstrating the potential of
using sensor platforms based on non-luminescent AAO, formed in electrolytes based
on selenic and sulfuric acids, for studying the photoluminescence of biomarkers in
nanopores. The study was supported by the Russian Science Foundation (RSF), grant
No.24-19-00402, https://rscf.ru/project/24-19-00402/.
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Structural characterization of conformationally heterogeneous
biomolecular complexes with photoactive ligands by pulsed dipolar
EPR spectroscopy

0.A. Krumkacheva, N.E. Sannikova, M.I. Kolokolov, S.A. Dementey,
R.A. Podarov, M.V. Fedin

International Tomography Center SB RAS, Novosibirsk, Russia

Photoactive ligands, including porphyrin photosensitizers, are relevant to photodynamic
therapy and often form heterogeneous complexes with nucleic acids and proteins. Such
complexes may include several binding sites and undergo ligand- or light-induced
structural rearrangements, which complicates their characterization.

We used pulsed dipolar EPR to describe these systems through nanometer-scale
distance distributions. The approach combines site-directed spin labeling, nitroxide—ni-
troxide DEER/PELDOR, and ReLaserIMD/LaserIMD, where the photoexcited triplet
state of a bound porphyrin serves as one of the paramagnetic centers. The experimental
distributions were analyzed together with spin-label conformer modeling, docking, and
molecular dynamics simulations.

In human telomeric HTel-22 G-quadruplex complexes with cationic porphyrins
[1], DEER revealed bimodal nitroxide—nitroxide distance distributions, consistent with
coexisting G4 conformations. ReLaserIMD provided direct nitroxide—porphyrin distances
and helped localize the photoligand on the DNA scaffold. After photoirradiation, longer
distances appeared in both DEER and ReLaserIMD, indicating light-induced G-quadru-
plex unfolding, while singly labeled samples showed formation of dimeric species [1].

For the AS1411 aptamer bound to C3Py, ligand binding enhanced long-wavelength
absorption. EPR showed that DNA-bound C3Py acquires features of a partially J-ag-
gregate-like state. Dipolar EPR further indicated that C3Py shifts the AS1411 ensemble
from monomeric G-quadruplex forms toward dimeric DNA structures.

The same concept was applied to human serum albumin complexes with porphy-
rin photosensitizers [2]. LaserIMD distances between a nitroxide label at Cys34 and
photoexcited porphyrins were used to filter blind docking results. This EPR-guided
analysis revealed multisite photosensitizer binding, including sites outside the com-
monly assumed albumin pockets [2].

Thus, pulsed dipolar EPR provides experimental distance restraints for localizing
photoactive ligands and describing structural rearrangements in heterogeneous biomo-
lecular complexes.

The work was supported by the Russian Science Foundation (26-13-00627).

1. Sannikova N.E., Kolokolov M.1., Khlynova T.A., Chubarov A.S., Polienko Y.F., Fedin M.V., Krumkacheva
O.A.: Revealing light-induced structural shifts in G-quadruplex—porphyrin complexes: a pulsed dipolar EPR
study // Phys. Chem. Chem. Phys. 25 (33), 22455-22466 (2023)

2. Kolokolov M., Sannikova N., Dementev S., Podarov R., Zhdanova K., Bragina N., Chubarov A., Fedin M.,
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EPR study of graphite oxides with different oxidation levels

D.A. Astvatsaturov!, E.L. Vavilova', M.Yu. Volkov', Yu.V. Slesareva'
N.A. Chumakova??

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2N.N. Semenov Federal Research Center for Chemical Physics, Russian Academy of Science,
Moscow, Russia
3M.V. Lomonosov Moscow State University, Chemistry Department, Moscow, Russia

Graphite oxide (GO) is a promising material for membrane technologies due to its ability
to intercalate polar liquids. However, the mechanism of a substance transport through the
material, which is mainly determined by the mobility of the substance within nanoscale
interlayer galleries, remains unclear. NMR spectroscopy has been successfully employed
to characterize the molecular dynamics of liquids intercalated into the inter-plane space
of GO [1]. Interpretation of NMR data in such systems requires accounting for the
contribution of the GO matrix itself, including its intrinsic paramagnetic centers, which can
affect the relaxation parameters and spectral line shapes of intercalated liquids. This work
presents a comparative EPR study of four powdered GO samples differing in synthesis
history and oxidational level (C/O ratio). For each sample, saturation of the intrinsic EPR
signal was estimated in order to make correlations with the C/O ratio via the amount
of oxidized and non-oxidized galleries in the materials. The temperature dependence of
the EPR signal integral intensity was analyzed to determine the dominant type of spin
centers (localized spins vs. conduction electrons). The obtained data correlated with the
synthesis conditions of the samples will be subsequently used for correct separation of the
contributions from the GO matrix and intercalated liquids in 'H NMR spectra.

The work is supported by Russian Science Foundation via grant Ne 25-22-00931.

1. Vavilova E.L. et al.: Diamond and Related Materials 156, 112371 (2025)
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MRI investigation of the development of bird embryos

Ya.V. Fattakhov', A.R. Fakhrutdinov', V.L. Odivanov'!, A.A. Bayazitov',
V.A. Shagalov', V.O. Ezhkov?, A.M. Ezhkova?

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2Kazan State Agrarian University, Kazan Academy of Veterinary Medicine, Kazan, Russia
E-mail: yfattakhov@yandex.ru

The conducted exploratory MRI studies have shown the possibility of noninvasive
visualization of avian embryogenesis, with differentiation of incubation egg structures
at an early stage, and systems and organs comparable to anatomical studies at a later
stage. The MRI method makes it possible to determine the boundaries and sizes of
embryo structures by contrasting TIW and T2W images.

The measurements were performed on an MRI with a field of 0.4 T, using a conformal
sensor with a maximum fill factor [1].

A paper devoted to determining the viability of farm bird embryos at the early stages
The work is devoted to determining the viability of farm bird embryos at the early stages of
ontogenesis. This is an important economic task, since up to 20% of incubated eggs do not
develop and must be rejected. Currently, this problem is solved by ovoscopy or acoustics,
but such methods provide information at a rather late stage. There are studies that show
that NMR studies of eggs make it possible to determine the viability of embryos at earlier
stages, and there is even a connection with the sex of the embryo, the determination of
which is also important when breeding meat or egg-bearing breeds of birds.

We conducted an experiment with daily acquisition of MRI images of chicken
eggs and their NMR relaxation parameters during incubation for 21 days. During the
measurements, tomograms of sections with contrast in T1 weighted (T1W) images and
T2 weighted (T2W) images, as well as relaxation drops in T1 and T2, were obtained.
The measurement results were processed by decomposing the declines into two or three
exponents using the regression method. MRI studies of the development of chicken
embryos were performed in comparison with the method of anatomical hatching of eggs.

It was carried out according to the state assignment of the Zavoisky Physical-
Technical Institute, FRC Kazan Scientific Center, Russian Academy of Sciences.

1. Fattakhov Ya.V., Odivanov V.L., Ezhkov V.O., Bayazitov A.A., Todoroski K., Motina T.Yu.: J. «Ucheny'e
zapiski Kazanskoj gosudarstvennoj akademii veterinarnoj mediciny' im. N.E'. Baumanax 252, Ne 4, 245-250
(2022). (in Russian)
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EPR study of nitric monoxide content in the brain of rats
after combined brain and spinal cord injury
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Nitric oxide (NO) is an inorganic gas, which acts as a signaling molecule in most
animal and plant tissues [1]. This small mobile reactive molecule is soluble in water
and lipid membranes, so after synthesis it immediately diffuses into the surrounding
space. Despite the fact that its lifetime in biological tissues is short, its mobility al-
lows it to spread over significant distances between cells without difficulty. It is known
that NO regulates cell metabolism and physiological functions of the body [2, 3]. It is
widely distributed in the nervous [4, 5] and cardiovascular [6, 7] systems. Since NO
is a chemically highly reactive free radical capable of acting as both an oxidizer and
a reducer [8], an assumption arises about its diverse effects in biological tissues. Of
great interest is the participation of NO in the mechanisms of development of various
pathological conditions of the body [9]. The functional role of endogenous NO in the
processes occurring during damage to the nervous system is controversial and remains
insufficiently studied [2, 3]. It is fundamentally important to consider that the coordi-
nated functioning of the NO system is disrupted during the development of hypoxia,
cerebral ischemia, and other pathological processes [10, 11].

Traumatic brain injury is a major public health and social problem in every country.
In nearly 60% of cases, death is caused by brain damage [12]. There is evidence that
NO plays a key role in the cascade of secondary injuries [10, 13]. Therefore, we con-
ducted a study of NO content in rat brain tissue 24 hours and 7 days after combined
brain and spinal cord injury.

EPR spectroscopy was used to study the dynamics of NO content in the brain
of rats after modeling combined brain and spinal cord injuries. The intensity of NO
production by EPR spectroscopy was measured using the spin trap method [2, 14],
which is based on the reaction of NO with a spin trap. The complex of Fe*" with
diethyldithiocarbamate (DETC) was used for capture NO with generating a stable ter-
nary complex (DETC),-Fe**-NO in animal tissue. These complexes are characterized
by an easily recognizable EPR spectra with a g-factor value of g = 2.035-2.040 and
a triplet hyperfine structure [2, 14, 15]. The measurements of spectra of complex of
biological samples (DETC),-Fe?**-NO and Cu**-(DETC), were made using a Bruker
X-band (9.5320 GHz) EMX/plus spectrometer.
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It was shown that NO levels in the injured area (frontal lobes) significantly de-
creased after 24 hours. In the contralateral region of the brain, the decrease in NO
levels relative to the control group was not significant. Seven days after the injury, a
significant decrease in NO production in the injured area of the brain persisted, and
a significant, but non-significant, decrease in NO production was also observed in the
uninjured region of the brain.

The work was supported by the framework of a state assignment to Zavoisky
Physical-Technical Institute of RAS.
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Comparative analysis of paramagnetic centers in nanosized anodic
aluminum oxide synthesized in organic and inorganic acids and
subjected to additional etching and annealing

E.V. Kytina', Yu.V. Nazarkina>!, P.P. Shcherbakov*!, E.A. Konstantinova'

! Physics Department, M.V. Lomonosov Moscow State University, Moscow, Russia
% National Research University of Electronic Technology, Zelenograd, Moscow, Russia

Currently, one of the promising areas in the field of nanotechnology is the development
of optical biosensors characterized by high sensitivity and selectivity [1]. One of the
materials actively used to create such biosensors is nanostructured anodic aluminum
oxide (nano-AlLO,) [2, 3]. Its main advantages are the simplicity and low cost of syn-
thesis, the absence of contacts, and fast response. It is known that paramagnetic centers
(defects) in nanosized metal oxides play an important role in the physicochemical
processes occurring in these materials [4]. The nature of spin centers in nano-AlLO,,
depending on the synthesis conditions, remains controversial. Therefore, the main goal
of this work was to conduct a systematic comparative analysis of the type, concentra-
tion of paramagnetic centers (PCs), and their properties depending on the synthesis
conditions and post-processing of nano-Al0,.

Synthesis of nano-Al,O, was carried out by anodic oxidation in dilute solutions of
various acids for comparison: oxalic, OEDP, sulfuric and selenic acids. As our studies
have shown, the following acid concentration in the electrolyte is optimal: 0.45 M
(COOH),, 0.3 M OEDP, 1.5 M H,SeO,, 1.5 M H,SO,. The temperature varied in the
range of 540 °C. We will designate the samples in accordance with the acids used for
synthesis: nano-Al,0,-H,SeO,, nano-Al,0;-H,S0,, nano-Al,0,-(COOH),, nano-Al,O;-
OEDP. Analysis of paramagnetic centers was performed on a Bruker ELEXSYS-E500
electron paramagnetic resonance (EPR) spectrometer in the range of 10-300 K.

Oxygen vacancies (F' centers) were detected in nano-Al,0;-(COOH), and nano-
Al,O,-OEDP. When the synthesis temperature varied from 5 to 40 °C, the concentration
(Ns) of F* centers varied non-monotonically (Ns™"= 2-10'7, Ns™* = 3.4-10"7 g} for
nano-Al,0,-(COOH), and (Ns™" = 3-10'°, Ns™* = 1.6-10'" g™!) for nano-ALQO,-OEDP.
In the samples synthesized in selenic acid, oxygen radicals were detected in addition
to F*. The Ns(F") value was approximately 10'® g™ in nano-Al,0,-H,SeO, and nano-
ALO,;-H,SO,; Ns(oxygen radicals) = 10'7 g™ in nano-Al,0,-H,SeO,. With the increase
of synthesis temperature to 25 °C in nano-Al,0,-H,SeO,, nano-Al,0,-H,SO, new PCs
were found, which are fragments of selenic and sulfuric acids: SeOx (3.2°10'¢ g!) and
SOx (4.8:10'¢ g!), respectively. With the increase of synthesis temperature to 40 °C
the concentration of all PCs sharply decreased by more than an order of magnitude,
which is caused by etching of the surface layer at elevated synthesis temperatures in
nano-Al,0;-H,SeO,, nano-Al,0,-H,SO,. The effect of post-treatments (etching in an acid
used for the synthesis and annealing in air at temperatures ranging from 200-500°C) on
the type and concentration of PCs in nano-Al,O, was studied. It was found that, during
etching, as well as during synthesis at elevated temperatures, SeOx and SOx-type PCs
appear in nano-Al,0,-H,SeO, and nano-Al,0,-H,SO,, the concentration of which depends
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non-monotonically on the etching time. During annealing, with increasing annealing
temperature, the PC concentration in all the samples studied decreases, likely due to
interaction with oxygen molecules. During etching and annealing of nano-Al,0,-OEDP
samples, a non-monotonic dependence of the F* center concentration on the etching
time and annealing temperature was observed, which can be explained by multi-stage
interactions with electrolyte molecules during etching and oxygen molecules during
annealing in air.

The obtained data allows us to resolve the discrepancies existing in the literature
and can be used to create optical biosensors based on nano-Al,O; with controlled type
and concentration of PC. The study was supported by the Russian Science Foundation
(RSF), grant No.24-19-00402, https://rsctf.ru/project/24-19-00402/.
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Disentanglement of intra- and inter-molecular pathways
of photoinduced electron transfer in biomimetic Trp-Pro, -F dyads
by time-resolved and field-cycling CIDNP

0.B. Morozova, A.S. Kiryutin, L.V. Zhukov, A.V. Yurkovskaya

International Tomography Center SB RAS, Novosibirsk, Russia

Blue-light photoreception in living species is frequently conducted via flavoproteins —
a non-covalent assembly of a protein and a flavin mononucleotide (FMN) or flavin
adenine dinucleotide (FAD). Upon photoexcitation, the electron transfer from a suitable
amino acid residue to flavin generates short-lived spin-correlated radical pairs (SCRPs)
that participate in spin-correlated phenomena such as photochemically induced dynamic
nuclear polarization (photo-CIDNP) [1, 2]. The photochemical transformations in such
systems control biological signaling, subsequent electron transfer, and the secondary
structure of proteins. A fundamental question for understanding the underlying photo-
chemical transformations in such systems is whether intramolecular or intermolecular
electron transfer dominates. These processes result in the predominant creation of either
covalently linked radical pairs or free radicals. In recent work [3] we addressed this
question via studying rigid and chemically tunable artificial constructs: the electron donor
was a tryptophan residue (Trp), the electron acceptor was N10-(4-carboxyphenyl)-flavin
(F), and the linker was made of n = 3—12 proline residues that were reported to adopt
the polyproline II (PPII) helix in methanol, with well-characterized geometrical char-
acteristics, making it a kind of “molecular ruler”.

In photo-CIDNP, the electron spin correlation is transferred partially to nuclei through
electron—nuclear spin dynamics dictated by hyperfine interactions and the difference
in g-factors of radicals. The classical radical pair mechanism (RPM) [4] is thought to
operate effectively if dye and quencher radicals (formed as a result of intermolecular
electron transfer) can separate in space, but if the relative mobility of SCRP partners
is restricted as in a molecular donor-acceptor compound studied here, then RPM is
predicted to be ineffective. However, in biradicals generated via the intramolecular
electron transfer the so-called J-mechanism of CIDNP could be very effective, for
instance, see [5]. In this mechanism, the level-avoided crossing of the singlet |S> and
|t+>or t_> triplet terms occurs at a magnetic field such that the Zeeman splitting
matches the zero-field singlet-triplet gap 2J, caused by the exchange interaction, the
hyperfine coupling enables singlet-triplet transitions with the conservation of electron
and nuclear spin projections, e.g., |S,m> —> |t_,m +1>.

However, contrary to the a priori assumption of polyproline helix being a “mo-
lecular ruler”, experimental data showed the vast diversity of linker conformations
for all studied dyads, with a tendency towards increased PPII helix population with
increasing number of proline residues. In 'H NMR spectra the conformational diversity
manifests as satellite lines with distinct chemical shifts near the intense NMR signal
of the main conformer. Time-resolved CIDNP data (Fig. 1, left) were measured on the
NMR signals of the major conformer and then fitted within Fischer’s model [6] with
the same electron transfer rate of 103 s™! for all n = 3—12 polyproline dyads, while the
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Fig. 1. Dots — experimental 'H CIDNP data obtained with 0.2 mM of Trp-Pro,-F in MeOD: Left column —
time-resolved CIDNP data for W6/W2 (top) and F8’ (bottom) protons for a series of n = 3,6,9,12 dyads;
Only three time points were measured due to the limited amount of available samples. Lines are showing
simulation with Fischer’s cyclic photoreaction model [6]. Right column — "H CIDNP field dependences of
Trp-Pro,-F (top) and Trp-Pro,-F (bottom). The sizable 'H CIDNP effect observed with Trp-Pro,-F at the mag-
netic field 10-50 mT indicate the presence of photoinduced biradicals with the exchange coupling ca. 18 mT.

nuclear relaxation time T decreased with increasing linker length. Both observations
are typical of bimolecular reaction, thus revealing the predominance of intermolecular
electron transfer as the source of CIDNP effect at high (> 1 T) magnetic field. Inter-
estingly, at low field of 5-50 mT the satellite signals of minor conformers of n = 3,
4 polyproline dyads show much larger CIDNP enhancement than those of the major
conformer, but only little or no CIDNP at high magnetic field. These are the charac-
teristic features of the very effective J-mechanism of CIDNP generation in biradicals
formed following intramolecular electron transfer. These data in combination with the
magnetic field relaxation dispersion of dyad’s protons allowed us to disentangle the
dominant intramolecular electron transfer pathway in short » = 3, 4 dyads and inter-
molecular electron transfer pathway in longer n = 6—12 polyproline dyads. This work
was supported by Russian Science Foundation, grant No 26-73-00264.
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NMR study of supramolecular drug delivery systems and drugs
interaction with lipid membranes
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NMR spectroscopy is a powerful method sensitive to weak non-covalent intermolecular
interactions. In our work we use various NMR techniques (7, relaxation and selective
gradient NOESY) and molecular dynamics (MD) simulation to study drug-drug and
drug-membrane interactions, as well as to prove the inclusion of drug molecules into
supramolecular delivery systems. In particular, 7, relaxation time is sensitive to the
diffusional mobility of molecules and intermolecular interactions, so the changes in
T, relaxation time are often considered as evidence of inclusion complex formation
as well as self-association processes occurring in aqueous solutions. The intensities of
cross-peaks in the NOESY spectrum are extremely sensitive to the distance between
interacting protons. We can observe the appearance of cross-peaks in the NOESY
spectrum if the distance between nuclei is less than 0.5 nm, thereby the arrangement
of drug molecule in the lipid membrane or some delivery system could be determined.

Last years, these NMR techniques were applied to study inclusion complexes of some
vitamins (A, E and D3) and carotenoids with cyclodextrins, micelles of glycyrrhizin,
and model lipid membranes [1-4]. All these vitamins and carotenoids are known to be
vital for human health. However, dietary sources alone cannot provide recommended
level of these compounds due to their low solubility, stability and bioavailability. Recent
advances in nanotechnology provide promising solutions of these problems through
various encapsulation platforms. As an example, we have demonstrated the ability of
glycyrrhizin to increase solubility and membrane permeability of various lipophilic
drugs, and it was considered as the main physicochemical mechanisms for enhancing
drug activity in complexes with glycyrrhizin.

This study was funded by the RSF/NSFC grant Ne 25-43-02055/W2512071.

1. Selyutina O.Yu., Meteleva E.S., Evseenko V.I., Polyakov N.E., Dushkin A.V.: Inclusion complexes of
cholecalciferol (vitamin d3) with hydroxypropyl-beta-cyclodextrin // J. Struct. Chem. 67(6) 168604 (20264)

2. Su W., Mastova A.V., Ul’yanova M.A., Kononova P.A., Selyutina O.Y., Evseenko V.I., Meteleva E.S.,
Dushkin A.V., W. Su, Polyakov N.E.: NMR study of water-soluble carotenoid crocin: formation of mixed
micelles, interaction with lipid membrane and antioxidant activity // Int. J. Mol. Sci. 25, 3194 (2024)

3. Selyutina O.Yu., Polyakov N.E.: Glycyrrhizic acid as a multifunctional drug carrier — from physicochemical
properties to biomedical applications: a modern insight on the ancient drug // Int. J. Pharm. 559, 271-279
(2024)

4. Zhang Q., Xu W., Evseenko V.I., Meteleva E.S., Tolstikova T.G., Khvostov M.V., Selyutina O.Yu.,
Polyakov N.E., Dushkin A.V., Lyakhov N.Z., Su W.: Mechanochemically synthesized supramolecular drug
delivery systems // Chemistry for sustainable development 32, 718-740 (2024)
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Analysis and simulation of EPR spectra of iron-doped bioactive
glasses using the Czjzek distribution

D.A. Saritsky, D.N. Grishchenko, M.A. Medkov, A.M. Ziatdinov

Institute of Chemistry, Far Eastern Branch of the RAS, Vladivostok, Russia.
E-mail: denissaricki@mail.ru

This report discusses the results of EPR studies of powders of 45S5 bioactive glasses
doped with iron ions. The aim was to determine the magnetically inequivalent states of
the iron ions, obtain data on the symmetry and strength of the crystal fields acting on
them, and reveal signs of magnetic-nanoparticle formation as the iron precursor content
increases. The EPR spectra were recorded on a JES-X330 spectrometer (JEOL, Japan)
equipped with a DVTS5 variable temperature unit. Spectral analysis was performed us-
ing a software package developed by the authors for simulating powder EPR spectra
of paramagnetic ions.

For the quantitative description of the EPR spectrum of Fe*" in a powder particle,
the following spin Hamiltonian was chosen:

_ - v S(S+1 4
H= gB(B,S)JrD(SZz —%m(sg —S)%)j,

where A=E/D, the remaining parameters have their conventional meanings.

In the glass phase there is no long-range order, so the EPR spectra of the iron-
doped powder were calculated assuming distributions of the fine-structure parameters D
and A. The weight w of each individual spectrum f{B, D, A) was given by the Czjzek
distribution [1]:

5 D2(1432%)
w(D, 1)=— (‘3—))‘] "))

V()

where ¢ is the parameter that determines the width of the distribution of D and A,
d is the number of independent components of the fine-structure tensor. The value
d = 5 corresponds to the case of fully independent components, whereas smaller
values may indicate the presence of correlations between the tensor components.
Note that in this formula the range of A, unlike in [1], corresponds to the inequality:
0<A<1/3.

The experimental EPR spectrum was fitted taking into account the distribution of
the parameters D and A, using the expression

F(B)= j j £(B,D,\)- w(D,\.)dDd). -
AD

Computer simulation of the EPR spectra of the powder doped with 1 wt.% iron ions
showed that they are well described by the Czjzek distribution [1] for the parameters
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Fig. 1. Experimental (solid lines) and calculated (dashed lines) EPR spectra of powders of 45S5 bioactive
glass doped with iron. (¢) Sample doped with 1 wt.% iron ions; the fit was performed using the Czjzek
distribution for the fine-structure parameters D and A; (b) Sample doped with 5 wt.% iron ions; the fit was
performed using the sum of the contributions of the resonances of Fe** in the glass phase and in super-
paramagnetic particles.

D and A in the glass phase (Fig. 1a). The value d = 3 obtained from this fit indicates
short-range ordering associated with correlation of the fine-structure tensor components.

In the EPR spectrum of the powder doped with 5 wt.% iron ions (Fig. 1b), in
addition to the signal characteristic of Fe*" ions in the glass phase, there is a broad
signal whose parameters are sensitive to temperature. As the temperature decreases, it
broadens and shifts towards low fields, which is characteristic of the superparamagnetic
resonance of an ensemble of magnetic nanoparticles. To describe its contribution to the
spectrum, a model was used that takes into account the magnetocrystalline anisotropy,
the particle shape anisotropy, the lognormal particle size distribution, and the Landau—
Lifshitz lineshape [2]. Simulation of the spectra at various temperatures showed that
they are well described by the sum of the contribution of Fe** ions in the glass phase
and the varying contribution of superparamagnetic resonance.

Thus, the EPR data show that at low concentrations of the iron-containing precursor,
the Fe’* ions in the synthesis products are located predominantly in heterogeneous local
crystal fields of the glass phase, as a result of which their spectra are described by a
distribution of the fine-structure parameters D and A. As the iron content increases, an
additional broad temperature-dependent signal appears in the spectra, associated with
resonance on superparamagnetic nanoparticles.

This work was carried out within the framework of the state assignments of the
Institute of Chemistry, Far Eastern Branch of the RAS (projects FWFN-2025-0004
and FWFN-2025-0005).

1. Legein C., Buzare J.Y., Emery J., Jacoboni C.: J. Phys. Condens. Matter 7, 3853—-3862 (1995)
2. Berger R., Kliava J., Bissey J.-C., Baietto V.: J. Appl. Phys. 87, 7389-7396 (2000)
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Automated prediction of natural carbohydrate structure
from 2D NMR data

Ph.V. Toukach

N.D. Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, Moscow, Russia

In carbohydrate chemistry and biology, NMR spectroscopy is a principal method for
bioglycan research, but its applicability is hampered by the huge structural diversity
and complexity of spectra. Semi-automatic primary structure elucidation approaches
exist to generate all possible structural hypotheses and rank them according to the
similarity between the simulated 1D spectra and the experimental data.

Within the framework of the Carbohydrate Structure Database glycoinformatic
platform [1] and the GRASS NMR analyzer [2], we developed a structure predictor
based on the simulation of 2D 'H,*C HSQC NMR spectra and their comparison with
unassigned experimental NMR data (Fig.1). A key achievement is the design of a simi-
larity metric for two-dimensional spectra. To obtain this metric, the signals in the two
spectra must be uniquely matched, which is a non-trivial challenge for 2D data. Our
solution relies on the Sinkhorn optimal transport algorithm [3] adapted to the specific
features of complex natural carbohydrates.

In contrast to neural-network approaches, the proposed tool provides not only
predictive but also evidential power, enabling the user to trace each simulation down
to referenceable literature data in the database. Its output is a list of the most probable
primary structures ranked by simulation-to-experiment similarity.

The designed GRASS/HSQC service is freely available online at http://csdb.gly-
coscience.ru/grass.html. This work was funded by Russian Science Foundation grant
25-13-00008.

1. Toukach Ph.V.: Analyt. Bioanalyt. Chem. 417, 1025-1034 (2025)
2. Kapaev R.R., Toukach Ph.V.: Bioinformatics. 34, 957-963 (2018)
3. Altschuler J., Weed J., Rigollet P.: Adv. Neural Inf. Process. Syst. 30, 1964—-1974 (2017)
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Fig. 1. The flowchart of HSQC-based glycan structure predictor.
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2D noesy NMR spectroscopy study of mechanoactivated
Ca and Mg gluconates

M.M. Akhmetov', M.Yu. Volkov', G.G. Gumarov', D.S. Rybin?
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Gluconates has found wide practical application in many fields. Its most important
property is its use as a biologically active substance and medicinal product. It is known
that the effectiveness of application of any drug depends on its solubility in aqueous
media (in saliva, gastric juice). Many different methods are used to increase drug
solubility, one of which is mechanochemical activation of substances [1].

One of the most important and frequently used methods for studying the structure
of organic compounds in solutions is nuclear magnetic resonance. In this study, 2D
NOESY NMR spectroscopy [2] was used to study the structural changes in calcium
gluconate and magnesium gluconate molecules that occur after their mechanochemical
activation. Both gluconates were dissolved at a concentration of 30 mmol/L in deu-
terated water. The resulting solutions were studied at room temperature by a Bruker
Avance 400 NMR spectrometer. This study showed that 2D NOESY NMR spectra
of both gluconates after mechanochemical activation differ from the spectra before
mechanochemical activation.

NMR spectroscopy has already been used to study usual and mechanically acti-
vated calcium gluconate. However, in scientific researches involving the study of the
spatial structure of molecules, 2D NOESY NMR spectroscopy is most often used.
The intensity of cross-peaks in 2D NOESY NMR spectra depends strongly on the
distances between hydrogen atoms in the molecules of the studied compounds (as 1/
). If, after mechanochemical activation of calcium gluconate, small rotations of indi-
vidual -HCOH- or H,COH- groups relative to each other in the gluconate ions of its
molecules occur, this will lead to noticeable changes in the distances between hydrogen
atoms and, consequently, to a significant change in the intensity of cross-peaks in 2D
NOESY NMR spectra.

One of the reasons for the increased therapeutic efficacy of calcium gluconate
after mechanochemical activation may be the conformational changes occurring in
its molecular structure. Mechanochemical activation of calcium gluconate can lead to
a bending of the chain structure of gluconate ions and a slight rotation of individual
chemical groups relative to each other within the molecule. Associates formed in
solutions of gluconic acid salts [3] may have different structures in their original and
mechanoactivated states. This may be indicated by different degrees of line broadening
from different proton groups.

1. Dong L., Li L., Chen H., Cao Y., Lei H.: Adv. Sci. 12, 2403949 (2025)

2. Jeener J., Meier B.H., Bachmann P., Ernst R.R.: J. Chem. Phys. 71, 4546 (1979)

3. Akhmetov M.M., Konygin G.N., Rybin D.S., V.Yu. Petukhov, Gumarov G.G., Konov A.B.: Appl. Magn.
Res. 48,971 (2017)
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Multinuclear '"H and *'P NMR characterization of hydrogen-
bonded complexes of phosphine oxide

O. Alkhuder, M.A. Kostin, P.M. Tolstoy

Institute of Chemistry, St. Petersburg State University, St. Petersburg, Russia

Hydrogen bonding to the phosphoryl oxygen atom produces highly structured multi-
nuclear NMR responses, offering a unique opportunity to dissect the interplay between
individual and collective non-covalent interactions [1]. The pronounced sensitivity of the
phosphoryl group to its surrounding environment arises from the high responsiveness
of the 3'P nucleus [2], whose chemical shift undergoes substantial variations upon the
formation of non-covalent interactions [3, 4]. Over the years, phosphine oxides have
emerged as versatile >'P NMR probes, enabling the characterization of Lewis acid-
ity [5] as well as the assessment of Brensted acidity [3]. Furthermore, computed *'P
chemical shifts have been widely employed as theoretical indicators of non-covalent
interaction strength, providing a predictive framework that complements experimental
observations [6, 7]. In this work, we present an extensive 'H/*'P NMR investigation
of hydrogen-bonded complexes formed between triphenylphosphine oxide (Ph,PO) and
twenty-four substituted phenols [1]. Low-temperature liquid-state NMR spectroscopy in
a polar aprotic freonic medium (CDF,/CDF,Cl, 100 K) enables the resolution of distinct
signals corresponding to both 1:1 and 1:2 complexes, allowing direct spectroscopic
access to systems featuring one or two simultaneous O—H:--O=P hydrogen bonds.

The 'H NMR chemical shifts of the bridging OH protons span a broad range,
reflecting systematic variations in hydrogen-bond strength across the phenol series. In
contrast, the >'P NMR chemical shift exhibits a cumulative downfield displacement that
scales with the total hydrogen-bonding load on the phosphoryl oxygen. This dual-nucleus
approach reveals a clear separation between local descriptors of individual hydrogen
bonds ('H shifts) and global descriptors of the entire hydrogen-bonding environment
C'P shifts).

A key outcome of this study is the direct experimental observation of anticoopera-
tivity in 1:2 complexes. When two phenol molecules simultaneously donate hydrogen
bonds to the same P=0 acceptor, the strength of each individual O—H:--O=P interaction
decreases, as evidenced by the systematic upfield shift of the OH protons in 1:2 com-
plexes relative to their 1:1 counterparts. This weakening is mirrored in the 3'P NMR
data: although AJP increases upon formation of the second hydrogen bond, the incre-
ment is smaller than expected for two independent interactions, demonstrating that the
two hydrogen bonds compete for the same electron density at the phosphoryl oxygen.
Quantitatively, the anticooperative reduction in total binding strength is approximately
15-20%, consistent across both experimental NMR data and DFT calculations.

Complementary quantum-chemical calculations (PCM and explicit solvent molecules)
reproduce the experimental geometries and NMR trends, and highlight the crucial role
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of solvation. The computations show that Ph,PO typically forms three hydrogen bonds
in solution, with solvent molecules occupying the remaining coordination sites around
the P=O group, further modulating the observed NMR parameters.

Overall, this work demonstrates that multinuclear NMR spectroscopy provides
a powerful framework for quantifying both individual hydrogen-bond strengths and
collective effects such as anticooperativity, establishing *'P NMR chemical shifts as a
sensitive probe of total hydrogen-bonding load in phosphine oxide systems.

. Alkhuder O., Kostin M.A., Tolstoy P.M.: Phys. Chem. Chem. Phys. 28, 538 (2026)

. Kostin M.A., Alkhuder O. et al.: Phys. Chem. Chem. Phys. 26, 10234 (2024)

. Pires E., Fraile J.M.: Phys. Chem. Chem. Phys. 22, 24351 (2020)

. Ostras’ A.S., Ivanov D.M., Novikov A.S., Tolstoy P.M.: Molecules 25, 1406 (2020)

. McCune J.A., et al.: Phys. Chem. Chem. Phys. 16, 23233 (2014)

. Kostin M.A., Pylaeva S.A., Tolstoy P.M.: Phys. Chem. Chem. Phys. 24, 7121 (2022)
. Kostin M.A., Alkhuder O. et al.: Phys. Chem. Chem. Phys. 27, 1143 (2025)
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Differences in the hydrodynamic radius of block and gradient
copolymers in dilute solution
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! Tver State University, Tver, Russia
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3 St. Petersburg State University, St. Petersburg, Russia

Gradient copolymers emerged much later than classical copolymers and have been less
studied [1-4]. Using Brownian dynamics [5] and a large-scale model, we conducted
computer simulations of comparable block copolymers and gradient copolymers. Each
chain contained the same number of hydrophobic and hydrophilic units. We studied
block copolymers with 2, 4, and 8 blocks. In gradient copolymers, the comparable block
contained 25% units with different chemical structures. Two homopolymers consisting
of either completely hydrophobic (globule) or completely hydrophilic (helix) units were
chosen as reference points.

We calculated the hydrodynamic radius in three ways: a) via translational diffusion,
b) via rotational diffusion, and c) via the Kirkwood approximation. Since hydrodynamic
interactions were not taken into account in the simulations, the first method cannot be
quantitatively compared with the second. Therefore, in this study, we limited ourselves to
a qualitative comparison.

For block copolymers, the hydrodynamic radius increases as the number of blocks
in the copolymer decreases, while the total number of units remains constant. Gradient
copolymers with 2, 4, and 8 blocks exhibited similar hydrodynamic radii, comparable
to the 8-block block copolymer and significantly smaller than the 2- and 4-block
block copolymers. In gradient copolymers, the interface between the hydrophilic and
hydrophobic regions becomes more diffuse. The distribution of hydrophilic units shifts
closer to the hydrophobic core and penetrates deeper into it. These structural changes
explain the differences in relaxation properties between block and gradient copolymers.
The obtained results are of interest for experimental studies of the relaxation properties of
gradient copolymers and their practical applications.

1. Hamley I.: Neutral Block Copolymers in Dilute Solution. In Block Copolymers in Solution: Fundamentals
and Applications. Join Wiley&Sons, Ltd, 2005. — P. 7-91.

2. Fang, X., Murphy E.A., Kohl P.A., Li Y, Hawker C.J., Bates C.M., Gu M.: Universal phase identification of
block copolymers from physics-informed machine learning // Journal of Polymer Science 63 (6) (2025)

3. Alam, M.M., Jack K.S.: Gradient copolymers. Preparation, properties and practice.

. Hill D.J.T., Whittaker A.K., Peng H.: Eur. Polym. J. 2019. 116. p. 394-414.

5. Shavykin O.V., Mikhailov 1.V., Darinskii A.A., Neelov .M., Leermakers F.A.M.: Effect of an asymmetry of
branching on structural characteristics of dendrimers revealed by Brownian dynamics simulations // Polymer
146, 256-266 (2018)
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Features of the EPR spectra of serum ceruloplasmin in patients
with undifferentiated connective tissue dysplasia

M.L Ibragimoval, A.I. Chushnikov', L.V. Yatsyk!, D.Kh. Khaibullina?,
G.G. Gumarov!

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2Kazan State Medical Academy — Branch Campus of the FSBEIFPE RMACPE MOH, Russia

Ceruloplasmin (CP) is a complex copper-containing protein, a ferroxidase, which con-
tains 6 copper ions. The spatial organization of copper ions in CP is a complex system
consisting of three types of centers. Three mononuclear “blue” copper centers (type I)
accept electrons from substrates and transfer them to a trinuclear cluster (type II and III
centers), the main catalytic center for oxygen reduction. Three type I copper ions and
one type II Cu®" ion are paramagnetic, while the type III center is a diamagnetic pair of
two Cu?' ions with a strong magnetic interaction between the two copper ions (S = 0).

One fairly common pathology is undifferentiated connective tissue dysplasia
(UCTD), which is particularly associated with back pain. Laboratory tests for UCTD
primarily include assessment of collagen metabolite levels in the blood or urine, as
well as a blood chemistry panel to determine calcium, magnesium, and phosphorus
levels. However, no studies have been conducted on CP levels in the blood of patients
with this pathology. CP is not simply a transport protein; it is a critically important
enzyme that maintains not only iron and copper balance but also provides antioxidant
protection and is an important marker for a number of diseases.

In this study, serum samples from patients with UCTD associated with back pain
were analyzed using the X-band EPR method at 80K. EPR spectra were recorded on
a “Bruker EMX Plus” spectrometer at a frequency of ~9.38 GHz with a modulation
frequency of 100 kHz, a modulation amplitude of 5 G, and a microwave power of 20
mW from samples of equal volume (0.15 ml).

Figure 1 shows the EPR spectra of blood serum recorded at 80 K for a control
sample and two samples taken from patients with undifferentiated connective tissue
disease. As can be seen from Figure 1, the spectrum represents the absorption lines of
transferrin (Tf), an iron transporter, with g, ~ 4.28 and ceruloplasmin with g ~ 2.05.
The signal with g ~ 2.05 represents the absorption lines of Cu?®"ions in type I and II
centers. According to the literature, there are two types of type I centers with hyperfine
splitting constants /, ~ 7.2 mT and /, ~ 9 mT and one type 1I center with A~ 170 mT.
The obtained data showed that a number of patients with moderate severity of UCTD
do not experience an increase in ceruloplasmin concentration compared to the control
samples. At the same time, most patients show a significant increase in the signal
intensity from Cu?*~CP with a well-resolved hyperfine structure with Ay =74 mT.
According to the study [1], for pairs of data compared using linear regression analysis
of serum copper content, EPR versus atomic absorption spectroscopy, there is a high
correlation: the correlation coefficient 72 of 0.96 for human normal control (blood bank),
and in the presence of pathology (in cancer patients with different tumor locations),
the #? value varies from 0.55 to 0.87 (on average r* ~ 0.80).
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Fig. 1. X-band EPR spectra of blood serum, recorded and 80 K.

At this stage of the study, it can be stated that the observed increase in the concen-
tration of CP in patients with undifferentiated connective tissue disease is associated,
at least, with type I, copper centers. The reasons for the increase in CP levels may be
different, but it is very likely that it may be associated with the antioxidant defense
system of the body, namely, the compensatory response to increased oxidative stress.
The data obtained will certainly be interesting and will require further research.

1. Kleinhans F.W. et al.: Cancer Research 43, 2943447 (1983)
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NMR spectroscopy of the interaction between
4,6-dinitro-7-chlorobenzofuroxan and an oligonucleotide
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The synthesis of new biologically active substances and the development of medicinal
products based on them is one of the most important tasks of modern organic chemistry.
Dinitro- and nitrobenzofuroxanes provide a convenient platform for the synthesis of a
variety of organic compounds with potential biological activity. They have found ap-
plication as antibacterial, antifungal and antiparasitic medicinal products in veterinary
medicine and agriculture.

Currently, the development of therapies for cancer is a promising and highly sought-
after area of research. To synthesize antitumor agents involved in the destruction of
tumor cells, it is necessary to understand the mechanisms of intermolecular interactions
between new (hetero)aromatic compounds and DNA. High-resolution NMR spectroscopy
will enable the identification of structural features of the model molecule — a DNA
fragment and benzofuroxane derivatives — as well as an assessment of their interactions.

To achieve this objective, control one-dimensional spectra of aqueous-organic solu-
tions of the test sample, the model DNA molecule (an oligonucleotide) and a mixture
of the test sample with the oligonucleotide were recorded using high- resolution NMR
methods. A comparative analysis of the experimental data obtained suggests that an
interaction exists between the benzofuroxanes and the oligonucleotide. For further
qualitative analysis, homo- and hetero-nuclear two- dimensional spectra of the solu-
tions were recorded, and a partial correlation of the NMR spectra was carried out for
the subsequent construction of a computer-generated three-dimensional spatial model
of the complex of 4,6-dinitro-7-chlorobenzofuroxan and the oligonucleotide.
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Analysis of the anticancer potential of novel (hetero)aromatic
derivatives using NMR spectroscopy and molecular modeling
methods
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Cancer therapy is one of the priority challenges of modern science and medicine,
including in the Russian Federation. The development of agents for the controlled
destruction of cancer cells represents a pressing scientific task. A promising direc-
tion is the design of drugs whose mechanism of action is based on interaction with
cancer cell proteins involved in key metabolic cellular processes. Intracellular redox
homeostasis plays an important role in tumor initiation and progression and is closely
associated with reactive oxygen species (ROS). This, in turn, triggers the conversion
of ROS into reactive quinone methides, which damage DNA, lipids, and proteins and
can ultimately result in tumor cell death. As part of the development of this field, a
strategy has been proposed for creating anti-cancer agents based on the properties of
phosphorus-containing sterically hindered phenols (SHPs). Experimental data obtained
from studies of novel hybrid molecules combining SHPs with an activating phosphonate
group at the benzylic position have demonstrated the ability to exhibit selective toxicity
toward the tumor microenvironment. Accordingly, functionally substituted SHP deriva-
tives may serve as a basis for the creation of therapeutic agents capable of switching
from a protective action to targeted destruction.

This work presents the results of the assessment of the ability of the studied
compounds to form complexes with a model DNA fragment, obtained using mo-
lecular modeling and NMR spectroscopy. Oligonucleotides 5'-GCG-TAG-CAT-GCG-3'
and 5'-GCG-TTA- ACG-C-3' were used as research objects, along with the ligand’s
dimethyl (3,5- di-tert-butyl-4-oxocyclohexa-2,5-dienylidenemethyl)phosphonate and
4,6-dinitro-7-chlorobenzofuroxan.

Molecular dynamics simulations of the oligonucleotide 5'-GCG-TAG-CAT-GCG-3'
in aqueous solvent were performed using the GROMACS software package. Binding
energy parameters for the studied systems were determined by molecular docking
based on the Lamarckian genetic algorithm (LGA), as implemented in AutoDock 4.3.

Analysis of the time dependence of the radius of gyration indicated a successful
attainment of a thermodynamic equilibrium plateau for the 5'-GCG-TAG-CAT-GCG-3'
oligonucleotide system. According to molecular docking data, the binding energy of
dimethyl (3,5-di-tert-butyl-4-oxocyclohexa-2,5-dienylidenemethyl) phosphonate with
the aforementioned oligonucleotide was —3.33 kcal/mol, whereas for the complex of
4,6-dinitro-7-chlorobenzofuroxan with the sequence 5'-GCG-TTA-ACG-C-3', this value
reached —4.87 kcal/mol. The obtained values indicate a weak thermodynamic stability
of the target complexes.
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Is local mobility in lysine-based dendrigrafts simular
to that in dendrimers or chains?
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To date, only a limited number of experimental and computational studies have inves-
tigated dendrigrafts [1]. Nevertheless, a theoretical framework for understanding NMR
relaxation in these macromolecules remains absent. Proper interpretation of NMR
relaxation data for dendritic macromolecules yields valuable insights into their key
properties. We performed molecular dynamics simulations of first- and second-generation
lysine-based dendrigrafts in water between 280 and 340 K. The orientational dynamics
of CH, groups in both constructs were analyzed using the second-order orientational
autocorrelation function and spin—lattice NMR relaxation times. The mobility patterns of
terminal and side groups in both dendrigrafts are in qualitative agreement with earlier
NMR measurements for the lysine-based dendrimer [2]. However, the inner segments of
the second-generation dendrigraft behave differently from the inner segments observed
in the dendrimer (by NMR) and from chains built from e-lysine [3].

The average backbone end-to-end distance is comparable for the two dendrigrafts,
but the second-generation species exhibits reduced fluctuations in this parameter. We also
find that the dendrigrafts are essentially spherical. Their overall size, shape, and radial
density distributions show no significant temperature dependence within the examined
range. Compared with the lysine dendrimer, the dendrigrafts are more compact and
possess a higher density, which leads to partial exclusion of solvent and counterions.
Consequently, the macromolecules carry a higher effective charge and form more hy-
drogen bonds per amino-acid residue.

In relative coordinates, the density profile of the second-generation dendrigraft
falls between those of the first-generation dendrigraft and the lysine-based dendrimer.
Nevertheless, this rise in density alone cannot account for the observed differences
in spin—lattice relaxation rates. The local mobility of second-generation lysine-based
dendrigraft cannot be captured by a single-dominant-process approximation, which is
usually applicable to linear polymer chains. Thus, the local mobility within the second-
generation dendrigraft diverges from that of both dendrimers and linear polymers. These
findings can serve to experimentally verify successful synthesis.

1. Fatullaev E.I, Shavykin O.V., Neelov .M.: Molecular dynamics of lysine dendrigrafts in methanol-water
mixtures // Int. J. Mol. Sci. 24, 3063 (2023)

2. Sheveleva N.N., Markelov D.A., Vovk M. A., Mikhailova M.E., Tarasenko I.I., Neelov .M., Lahderanta E.:
NMR studies of excluded volume interactions in peptide dendrimers // Sci. Reports 8, 8916-8922 (2018)

3. Bezrodnyi V.V., Shavykin O.V., Mikhtaniuk S.E., Neelov .M., Markelov D.A.: Molecular dynamics and
spin-lattice nmr relaxation in a- and e-polylysine // Applied Magnetic Resonance 51, 1669-1679 (2020)
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Features of T, behavior of water in aqueous sugar solutions

D.A. Tsukhlova!, D.L. Melnikova!, E.A. Shchitova!, V.D. Skirda'

!'Institute of Physics, Kazan Federal University, Kazan, Russia

The determination of intermolecular interactions and the dynamics of hydration is one
of the important tasks of biomolecular physics. An example of the simplest and most
common biomolecule systems where hydration processes are carried out are aqueous
solutions of saccharides. Currently, the mechanisms of hydration and intermolecular
interactions in these systems are still being studied and supplemented [1, 2]. Important
information about the patterns of molecular interaction can be obtained from studies
of molecular mobility using the nuclear magnetic resonance method [3].

The purpose of the study is to determine the mechanisms of hydration of water
molecules in systems of aqueous saccharide solutions based on NMR data. The study
of the dynamics of molecules was carried out by determining the spin-lattice and spin-
spin relaxation times at two 'H resonance frequencies — 20 MHz and 400 MHz. The
main objects of the study were aqueous solutions of D-xylose of different saccharide
concentrations.

It has been shown that the presence of saccharide molecules leads to a significant
decrease in the observed spin-spin relaxation time related to water molecules and
hydroxyl groups of saccharide. It has been suggested that the effect of a significant
reduction in the spin-spin relaxation time may be due to the chemical exchange of
protons (water and -OH) between magnetically nonequivalent states in accordance
with [4, 5]. It was further shown that an increase in the resonance frequency of an
external magnetic field leads to an increase in the effect of proton exchange between
water molecules and hydroxyl groups of saccharide. Using an example of an aqueous
xylose solution of 15% (wt.), the characteristic exchange times were determined, which
were 1.7 ms and 0.3 ms at 20 MHz and 400 MHz, respectively.—

The work was carried out on the equipment of the Federal Center of Shared Fa-
cilities for physical and chemical research of substances and materials (FCSF) KFU
Bruker AVANCE 400 MHz spectrometer optimized for microtomography, solid state
and self-diffusion.

. Banipal P.X., Singh V., Aggarwal N., Banipal T.S.: Food Chem. 168, 142-150 (2015)
. Rhys N.H., Bruni F., Imberti S.: J. Phys. Chem. 121(33), 7771-7776 (2017)

. Palmer III A.G.: Chem. Rev. 104(8), 3623-3640 (2004)

. Woessner D.E.: J. Chem. Phys. 34(6), 2057-2061 (1961)

. Woessner D.E.: Concepts Magn. Reson. 8(6), 397421 (1996)
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2D NMR study of phthalazole

M.Yu. Volkov

Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia

In medicine, doctors treat bacterial infections by means of many different antibiotics
[1]. Sulfonamides, which are sulfanilic acid amide derivatives, form extensive class of
antibiotics [2]. The mechanism of action of sulfanilamide antibiotics is well known:
they interfere with the biosynthesis of folic acid in bacterial cells by preventing the
incorporation of para-aminobenzoic acid into the folic acid molecule [3]. Sulfonamides
are used in the treatment of gastrointestinal infections, skin and soft tissue infections,
genitourinary infections, respiratory tract infections, ENT infections, ophthalmic infec-
tions, etc. [1,3]. In combination with other antibiotics they are applied as adjunctive
therapy in the treatment of brucellosis and malaria.

Phthalazole (also called phthalylsulfathiazole or sulfalidine) is a broad-spectrum
sulfonamide antibiotic. Despite the fact that it was discovered in 1941, it is still used
in medicine because it has proven useful in the treatment of intestinal infections [4].
It remains in the gastrointestinal tract, when it is taken orally, barely penetrating the
intestinal wall. Due to this fact a very low concentrations of phthalazole are observed
in the blood and other tissues of patients, resulting in very rare side effects [5, 6].

In order to study the various properties of sulfonamides, scientists use such methods
as IR, UV and rotational spectroscopy, liquid chromatography, quantum chemical cal-
culations. Phthalazole was also studied by IR [7, 8], UV [9] and Raman spectroscopy
[8], X-ray diffraction [7]. One of the most important methods for studying the structure
of organic substances in solutions is NMR. Many antibiotics, including sulfonamides,
have been studied by NMR spectroscopy.

Phthalasole has been studied by 1D NMR [7, 10], but it has not been studied by
2D NMR. In this work, phthalazole was characterized by 2D COSY, NOESY, HSQC
and HMBC NMR spectroscopy. For this purpose, phthalazole was dissolved at a
maximum concentration in a mixture of deuterated acetone and deuterated dimethyl
sulfoxide. All NMR spectra of this solution were recorded by a Bruker Avance 400
NMR spectrometer at room temperature.

1. Dowling P.M., Prescott J.F., Baptiste K.E.: Antimicrobial Therapy in Veterinary Medicine. H.: John Wiley
& Sons (2025), 855 p.

2. Azevedo-Barbosa H., Dias D.F., Franco L.L., Hawkes J.A., Carvalho D.T.: Mini Rev. Med. Chem. 20,
2052-2066 (2020)

3. Holmes N.E., Grayson M.L.: Sulfonamides, Chapter in Kucers' The Use of Antibiotics. BR.: CRC Press
(2017), 5390 p.

4. Blatt M.L., Plattner E.B., Levine M., Melzer F.: J. Pediatr. 31, 548-555 (1947)

. Mattis P.A., Benson W.M., Koelle E.S., Williams E., McKinney S.E.: J. Pharmacol. Exper. Therap. 81,

116-132 (1944)

. Streicher M.H.: J. Am. Med. Assoc. 129, 1080—1083 (1945)

. Chuev V.P,, Lyagina L.A., Ivanov E.Yu., Boldyrev V.V.: Sib. Khim. Zh. 1, 133-139 (1991)

. Monti L., Pontoriero A., Mosconi N., et al.: Biometals 23, 1015-1028 (2010)

. Lebedeva O.E., Solovyeva A.A., Ustinova M.N., Buchelnikov A.S.: Chem. Sust. Develop. 29, 52-60 (2021)

. Kartashov V.S., Shorshnev S.V., Arzamastsev A.P.: Pharm. Chem. J. 26, 921-923 (1993)
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Observation of noise-like magnetic resonance fine structure
in spectra of biological tissues

S.V. Yurtaeva!, LV. Yatsyk', A.A. Rodionov’

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2 Institute of Physics, Kazan Federal University, Kazan, Russia

Our long-term study of various biological tissues (both intact and pathological) by EPR
spectroscopy allowed to accumulate some experimental facts of observation of the new
type of spectra known as fine-structure (FS) spectra of ferromagnetic resonance (FMR).

This type of signals was discovered rather recently [1-3]. Before our studies, it had
been observed only in synthetic samples in particular polycrystalline powders such as
iron oxides (Fe,0,, y-Fe,O;) and other finely dispersed magnetic materials [1-4]. This
type of signals consists of a set of multiple narrow lines called as "noise-like" lines in
the electron magnetic resonance spectrum. It is observed over a wide range of magnetic
fields H,,, (from near-zero up to several thousand Oe) and is often accompanied by
additional broad FMR line. Despite the noise-like appearance of the spectrum, narrow
lines are reproducible upon repeated recording in the same orientation. A key feature
of these signals is their strong orientation dependence. As is known from literature,
fine-structure FMR signals are observed in dispersed ferromagnetics. The origin of these
fine-structure signals is due to magnetic inter particle interactions within the dispersed
magnetic material, which determine the spectral characteristics of the spectrum.

This study represents the first attempt to systematize and draw attention to the
existence of this newly discovered type of signal in tissue samples obtained from
living organisms. It should be noted that this type of signal may be characterized as
rarely observed in biological systems and it still requires its physical and biological
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Fig. 1. The examples of angular dependences of noise like lines in electron magnetic resonance spectra of

biological samples: a Rat muscle tissue after simulated microgravity model [5], b Non morphogenic callus
cells of Fagopirum tataricum in the phase of intensive division [6].
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interpretation. To date, we have observed such spectra in various types of biological
samples: in pathological rat tissues (in model simulating microgravity consequences —
antiorthostatic hypokinesia) [5], in snail tissues following long-term sensitization, in
biopsy material of cervical tumor after radiotherapy and chemotherapy, and in samples
of plant callus cells of Fagopirum tataricum in the phase of intensive division [6]. The
lines we observed exhibited all the characteristics listed above, particularly a strong
orientation dependence; the examples are shown in Fig. 1. In this study we obtained
the new data about angular dependences and temperature dependences of FS FMR
spectra in some tissues and their characteristics were determined. The difference be-
tween the maximum and minimum resonance field values in the angular dependence
exceeds 1000 Oe. All EPR studies were performed using X-band Bruker-EMX and
Bruker-ESR-300 spectrometers at a temperature of 150 K. Tissues or cell culture
samples that we studied by EPR technique were either frozen in liquid nitrogen (77
K) or lyophilized (freeze-dried).

We have never observed such signals in the tissues of control animals, not sub-
jected to any experimental influences, they are also unknown in any other studies of
control tissues.

It can be hypothesized that in biological tissues and cells, this type of spectrum may
arise from dipole-dipole interactions between naturally occurring iron oxide magnetic
nanocrystals or nanoparticles, such as ferritins and magnetites/maghemites (which are
well-documented in the scientific literature and formed naturally within living cells)
when these particles are located close to each other.

It should be noted that biological tissues and cells are generally considered as
diamagnetic materials. However, it is known that biomineralization processes occur in
living systems, resulting in the formation of nanoscale crystalline particles. Iron oxide
crystalline nanoparticles within these systems may correspond to a model of interacting
magnetic nanoparticles embedded in a diamagnetic matrix; this can lead to interparticle
interactions and, consequently, the appearance of noise like fine structure FMR signals
in electron magnetic resonance spectra.

The obtained results support the development of methodology in EPR study of
biological tissues and expand the application of electron magnetic resonance in inves-
tigation of biological and medical problems.

The study was carried out within the framework of the implementation of the
topic of the state assignment for the Kazan Physical-Technical Institute of the Kazan
Scientific Center of RAS.

. Yudanov V.F, Martyanov O.N., Molin Yu.N.: Chem. Phys. Lett. 284, 435—439 (1998)

. Yulikov M.M., Martyanov O.N., Yudanov V.F.: Appl. Magn. Res. 23, 105-112 (2002)

. Martyanov O.N., Yudanov V.F.: J. Struct. Chem. 49, 421426 (2008)

. Petukhov V.Yu., Panarina N.Yu., Khabibullina N.R. et al.: Appl. Magn. Res. 30, 233-242 (2006)
. Yurtaeva S.V,, Efimov V.N. et al.: Appl. Magn. Res. 47, 555-565 (2016)

. Yurtaeva S.V,, Yatsyk 1.V., Fakhrutdinov A.R. et al. Bull. R.A.S. Phys.: 89, 1760-1768 (2025)
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Electron-nuclear interactions of V,~ centers and "B shells
in hexagonal boron nitride

E.V. Dmitrieva!, G.V. Mamin!, F.F. Murzakhanov', I.N. Gracheva!,
M.R. Gafurov!, V.A. Soltamov?

! Institute of Physics, Kazan Federal University, Kazan, Russia
2 The loffe Physical-Technical Institute of the Russian Academy of Sciences, St. Petersburg, Russia

Boron vacancies (V") in hexagonal boron nitride (hBN) are promising solid-state spin
defects for quantum technologies owing to their addressable triplet ground state. The
nuclear environment of V5~ is a potential resource for hybrid electron-nuclear quantum
systems. [1, 2].

In the present study, the interaction of the V™ electron spin (S = 1) with surround-
ing !'B nuclei (I = 3/2) was investigated by pulsed electron-nuclear double resonance
(ENDOR) spectroscopy in the W-band. Analysis of the ENDOR spectra allowed several
boron coordination shells (Fig.1), to be resolved and hyperfine (4,,) and quadrupole (C,)
interaction parameters to be determined. Rabi oscillations were observed for selected !'B
nuclear transitions corresponding to a certain boron coordination shell, demonstrating
coherent and selective manipulation of boron nuclear spin states.

These results indicate that ''B nuclear spins coupled to the ¥~ center can serve as
additional qubits for electron-nuclear registers.

Financial support of the Russian Science Foundation (Grant No. RSF 24-12-00151)
is acknowledged.

1. Gottscholl A. et al: Nat. Mater. 19, 540-545 (2020)
2. Bradley C.E. et al.: Phys. Rev. X. 9, 031045 (2019)
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Fig. 1. a Energy-level diagram of the ¥, — ''B system, showing the sequential lifting of degeneracy owing to
the nuclear Zeeman (v,), hyperfine (4,,), and quadrupole (C,) interactions. b hBN crystal lattice with the boron
vacancy located at the center; three coordination shells of ''B nuclei, B(1), B(2), and B(3), are highlighted by
color.
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Spin properties and electron-nuclear interactions of axial NV
centers in 6H-SiC: spectroscopic and theoretical study

Yu.E. Ermakova', E.V. Dmitrieva'!, D.V. Shurtakova!, F.F. Murzakhanov',
LN. Gracheva!, M.A. Sadovnikova', G.V. Mamin', M.R. Gafurov"?

! Institute of Physics, Kazan Federal University, Kazan, Russia
2 Plekhanov Russian University of Economics, Moscow, Russia

Optically active spin defects in wide-bandgap semiconductors represent fundamental
building blocks for scalable quantum technologies, including quantum communication
networks, computing devices, and high-spatial-resolution sensors. Silicon carbide (SiC)
has emerged as a highly promising, quantum-ready platform due to its well-established
bulk growth techniques and the capacity to host a rich variety of spin-active defects
with near-infrared emission, which is compatible with standard fiber-optic networks.
The 6H-SiC polytype is particularly unique due to its complex stacking sequence,
which provides three structurally inequivalent lattice sites for the formation of axially
symmetric nitrogen-vacancy (NV~) centers: one hexagonal (44) and two quasicubic
(kk, and k,k,) (Fig. l1a). While individual configurations have been partially studied,
a unified, comparative analysis of all axial NV defects in 6H-SiC is essential for the
rational design of hybrid spin—photon quantum architectures.

In this work, we present a comprehensive investigation of the spin, coherent, and
microscopic properties of all three axial NV~ centers (S = 1) in isotopically purified
6H->%SiC crystals (**Si enrichment suppresses the nuclear spin bath, minimizing spin
diffusion). The study synergistically combines high-frequency (94 GHz, W-band) and
conventional X-band (9.6 GHz) pulsed electron paramagnetic resonance (EPR) and elec-
tron—nuclear double resonance (ENDOR) spectroscopy with advanced density functional
theory (DFT) calculations (Quantum ESPRESSO, PBE functional, GIPAW module).

The pulsed EPR spectra clearly resolve the three distinct axially symmetric con-
figurations via their characteristic zero-field splitting (ZFS) parameters: D = 1331 MHz
for the hh site, D =~ 1358 MHz for the kik2 site, and D = 1282 MHz for the kz2k: site
(Fig. 1b). High-resolution Mims ENDOR spectroscopy in the weak-coupling regime
(W-band, B, = 3.4 T) allowed for the precise determination of the “N hyperfine (4)
and quadrupole (Q) interaction tensors (Fig. 1c). A striking result is the dramatic en-
hancement of the quadrupole coupling constant for the NV~ centers (C, = 2.43-2.53
MHz for all three axial sites) compared to an isolated substitutional nitrogen donor
(C, = 10 kHz). This two-orders-of-magnitude increase unambiguously demonstrates
that the neighboring silicon vacancy (V) completely dominates the principal electric
field gradient (V,,) at the N nucleus, inducing a strong axial symmetry (asymmetry
parameter 7 = 0). Furthermore, the isotropic hyperfine coupling is small and negative
(4, = —1.1 to —1.2 MHz for all sites), indicating a highly delocalized electron spin
density (<0.2% at the "N nucleus) and a core polarization mechanism mediated by
the surrounding carbon sublattice.

Crucially, DFT calculations reveal a direct, quantitative correlation between the local
crystal symmetry, spin density distribution, and the macroscopic phase coherence time



poster

162 Modern Development of Magnetic Resonance Section 7

(O) hh Kok, __ my=+
i
Dk, @& =0
—| kik; t
k, 3 s e
9 k €| LlowField
@ 2O | owre High Field
by ) ok
O "
:) k, h (b) koki Yhh
33‘00 33‘05 33‘] 0 33‘90 33‘95 34‘00 34‘05
VS- k2 B (mT)
kz ) hh LF:mg=0&+1
T |
.‘Nkl 5| W@ v-Q+A
h O B kok, v +Q v + QA
€
i AN i —
O Alkik, ) .
zZ
o O v L (R
ka (c) - =

Fig. 1. a Crystal structure of 6H-SiC highlighting three axial NV~ center configurations: hexagonal hh, and
quasicubic k;k, and k)k,. b W-band (94 GHz) EPR spectrum showing low-field and high-field fine-structure
components. The inset shows the spin level scheme with ZFS and optical spin polarization into the mq =
0. ¢ W-band ENDOR spectra (7 = 150 K) recorded at the low-field fine-structure transition (mg = 0 <> +1)
for hh, kk, and k,k, NV centers.

(T,). The spin density is predominantly localized in the vacancy plane, perpendicular
to the crystallographic c-axis. However, the 44 configuration exhibits a more local-
ized electron wave function and a significantly lower total magnetization per unit cell
(1.03 ug) compared to the k,k, configuration (1.49 u;). This ~45% reduction in spatial
overlap with the surrounding nuclear spin bath weakens the magnetic dipole-dipole
interactions, which are the primary source of decoherence. Consequently, this results
in a ~13% increase in 7, for the hh site (7, = 22.3 £ 0.1 ps) relative to the k,k, site
(T, = 19.8 £ 0.1 ps) at room temperature (297 K).

In conclusion, the combined spectroscopic and theoretical approach provides a
complete microscopic picture of all axial NV centers in 6H-SiC. The established
structure-property correlations enable the informed selection of specific NV configura-
tions for targeted quantum applications: the 4/ site is optimal for applications requiring
maximized coherence times (e.g., robust quantum memory), while the k-sites, with
their distinct and well-resolved hyperfine parameters, are highly suitable for protocols
requiring strong electron-nuclear spin coupling for the implementation of multi-level
nuclear spin registers.

The study was funded by the subsidy allocated to Kazan Federal University for the
state assignment in the sphere of scientific activities (Project No. FZSM-2024-0010).
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Comprehensive studies of magnetic and optical spectroscopic
properties of PbGa,S, crystals doped by Ho** and Na* ions

V.I. Kolesnikova!, G.S. Shakurov', V.V. Semashko!, D.V. Badikov?

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2 Kuban State University, Krasnodar, Russia

Lead thiogallate crystals (PbGa,S,) doped by trivalent lanthanides exhibit a narrow
phonon spectrum and look are promising for design mid-IR lasers [1,2]. Trivalent
lanthanides in these crystals substitute for the Pb*" cation, resulting in the formation of
several types of impurity centers. Co-doping of PbGa,S, crystals with Na" ions allows
partially overcome this problem. Of particular interest are crystals activated by Ho*"
ions, which exhibit a branched energy level structure with more than 10 laser chan-
nels from the visible to the IR range, realized through transitions between them [3].

PbGa,S,:Ho(1.4%), Na(1.4%) single crystals were grown from a stoichiometric
composition in evacuated quartz ampoules by the Bridgman-Stockbarger technique.
Samples with characteristic dimensions of 3x4x6 mm® with known directions of the
crystallographic axes were cleaved from the grown crystals and oriented. EPR spectra
were measured on a broadband EPR spectrometer (1.2-28 c¢cm™) [4] at liquid helium
temperature in magnetic fields up to 0.9 T. Spectral-kinetic properties of samples in the
visible and near IR ranges were carried out in the temperature range of 6-320 K on a
Fluorolog-QM-75-22-C (Horiba) spectrofluorimeter. Fluorescence excitation was carried
out by radiation from a Hamamatsu [L.2174-01 UXL75XE high-pressure xenon lamp.

EPR spectra are caused by resonant transitions between two singlet electron states
in collinear polarizations of constant and alternating magnetic fields. Three intense EPR
spectra were recorded, belonging to Ho** ions in three nonequivalent positions (Hol,
Ho2, and Ho3). Models for these impurity centers are discussed.

The fluorescence spectra of the samples excited in the *I,-°G, and *I-°F, transition
areas consist of multiple spectral lines due to transitions between the Stark components
of the °F,, °F,, 5F5—51j, and 5SZ—SIj manifolds, respectively, as well as transitions between
components of the 5Ij ones. A detailed interpretation of the observed spectra and Ho*"
ions energy structure is provided, which does not reveal the formation of optically
nonequivalent types of Ho®" centers.

The opportunity of using these crystals as active media for visible and IR lasers
and for luminescence ratiometry tasks are discussed.

1. Orlovskii Yu.V., Basiev T.T., Pukhov K.K. et al.: Mid IR transition of trivalent neodymium in low phonon
laser crystals // Optical Materials 29, 451-466 (2006)

2. Doroshenko M., Basiev T., Osiko V. et al.: Oscillation properties of dysprosium-doped lead thiogallate crystal
// Optics Letters 34 (5) (2009)

3. Semashko VYV, Korableva SL, Fedorov PP.: Lithium rare-earth fluorides as photonic materials: 2. Some
physical, spectroscopic, and lasing characteristics // Inorg. Mater. 58, no. 5, 447-492 (2022)

4. Tarasov V.F., Shakurov G.S.: Submillimetre EPR spectrometer //Appl. Magn. Reson. 2, 571-576 (1991)
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Research of oxygen vacancies in two types of a-SiO:
(G2 fused silica and G3 natural silica)
using EPR under y-radiation

L.V. Nikiforov!, D.V. Dmitrieva!, D.S. Dmitrieva', V.V. Davydov* ?

!'St. Petersburg State University of Telecommunications named after Prof. M.A. Bonch-Bruevich,
Saint-Petersburg, Russia
2 Peter the Great St.Petersburg Polytechnic University, Saint-Petersburg, Russia
3 Saint-Petersburg Electrotechnical University “LETI”, Saint-Petersburg, Russia

Today, there are a large number of facilities in Russia and around the world where,
in one way or another, there is interaction with radioactive elements: these may in-
clude nuclear power plants, radioactive waste disposal facilities, research facilities, or
other large industrial sites. In other words, the factors that can lead to an increase in
background radiation are on the rise [1]. For the normal operation of both specialized
facilities and ordinary enterprises, reliable communication is required, based on fiber-
optic lines. Ionizing radiation negatively affects the performance of the fiber, causing
defects to form in its structure, which lead to a loss of the ability to transmit informa-
tion. These defects are called radiation-induced color centers.

One of the most significant color centers that arises in the fiber, due to its structure
as well as relaxation-related processes, is the E’ center. This type of defect forms dark
(opaque to radiation) spots in the fiber structure, ranging in size from 200 to 230 nm
depending on the type of optical fiber material structure [2]. Currently available methods
for cleaning fibers of radiation defects are limited in their application. The method we
previously developed for cleaning optical fibers of color centers using ultraviolet laser
radiation has a significant limitation related to distance (the length of the optical fiber)
in its application; at distances exceeding several kilometers, it loses its effectiveness.
There are currently no other methods for cleaning fibers of color centers. Hence, there is
a need to develop other technologies that can reduce the negative effects of y-radiation.

An important question that remains unanswered concerns the mechanisms underlying
the formation of E’ centers under irradiation. Various hypotheses have been proposed,
such as the activation of one or more precursors simultaneously, leading to exponential
defect growth [3]; activation of the undisturbed matrix, which correlates with defect
growth without saturation [4, 5]; and, finally, the generation of E’ centers followed by
their transformation into other defects simultaneously with a reverse transformation to
restore the initial structure. These processes are associated with a sublinear dependence
of concentration on irradiation dose [6].

In this paper, we report the results of experimental studies on the generation and
bleaching of E’-centers and weak satellite peaks induced by either coaxial irradiation
or thermal treatment in selected a-SiO. variants. The generation of E’-centers was
monitored using EPR measurements in each variant over a dose range from 1 to 500
kGy. Furthermore, Fourier spectroscopy (FITR) was employed in this work to inves-
tigate the influence of both water molecules and hydroxyl groups on the behavior of
the EPR signal intensity. In conclusion, attempts were made to identify the potential



poster

165 Modern Development of Magnetic Resonance Section 7

of one of the studied materials as a candidate for use as a radiation indicator or a
means of radiation protection.

Two samples of pure silicon oxide were taken. Synthetic fused silicon oxide (G2),
which contains 1 ppm of total cationic impurities, excluding hydrogen. This grade
consists of ingots of pure material with Z-growth, from which 100 g was sampled
and ground for use in EPR studies. The second sample, G3, consists of commercial
natural sand from a deposit. The sample was washed with water, sieved to obtain grain
fractions of 0.1-0.25 mm in size, and treated with deionized water to remove organic
matter. After purification, the separated grains were soaked in a 6 mol/L hydrochloric
acid solution for approximately 1 hour to remove any traces of contamination from the
feldspar as well as from the outer layers of the grains. The samples were thoroughly
washed with water and dried at 100 °C. Finally, any magnetic minerals in this sample
were removed using a magnetic separator.

Following irradiation and subsequent heat treatment, measurements reveal an in-
crease in the concentration of E’ centers with increasing irradiation dose (1-500 kGy)
for the sol-gel sample (no saturation effect is observed), i.e., it exhibits some radiation
resistance. The precursors of the studied materials may possess a particular resistance
to the formation of E’ centers as a result of ionization, as in G2 and G3. It has been
established that isothermal treatment of the samples can cause differences in EPR
characteristics. The FITR study clarifies the bonding system of constituent atoms and
groups, such as Si, O, and OH, which sheds light on the expected intensity structure.
These results indicate that the studied G2 and G3 samples are promising materials
(reflective layer) for addressing radiation protection challenges in optical fibers.

1. Girard S., Kuhnhenn J., Gusarov A., Brichard B., Van Uffelen M., Ouerdane Y.: IEEE Transactions on nuclear
science. 60(3), 2015-2036 (2013)

2. Dmitrieva D.S., Pilipova V.M., Dudkin V.I., Davydov R.V., Davydov V.V.: Lecture Notes in Computer
Science (including subseries Lecture Notes in Artificial Intelligence and Lecture Notes in Bioinformatics).
n13158 LNCS, 230-239 (2022)

3. Griscom D.L., Gingerish M.E., Friebele E.J. Radiation induced defects in glasses: origin of power-law
dependence of concentration on dose // Phys. Rev. Lett. 71,1019-1022 (1993)

4. Imai H., Hirashima H.: Intrinsic- and extrinsic-defect for mation in silica glasses by radiation // J. Non. Cryst.
Solids 179, 202-213 (1994)

5. Galeener F.L., Kerwin D.B., Miller A.J., Mikkelsen J.C., Jr: X-ray creation and activation of electron spin
resonance in vit reous silica. Phys Rev B 47, 7607779 (1993)
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Spin dynamics and local structure in Pb, Cu S:Mn/Gd
probed by pulsed EPR

R.B. Zaripov', V.A. Ulanov'?, R.R. Zainullin?

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2Kazan State Power Engineering University, Kazan, Russia

Magnetic semiconductors based on lead sulfide (PbS) doped with transition and rare-
earth ions attract growing interest due to their potential in infrared optoelectronics,
spintronics, and quantum sensing. PbS is a narrow-gap semiconductor (Eg =~ 0.4 eV
at 300 K) with high dielectric constant and strong exciton confinement, making it an
excellent matrix for impurity engineering. Doping with Cu?* (d°, S = 1/2), Mn?* (d?,
S =5/2), and Gd*" (41", § = 7/2) allows introducing local magnetic moments, tuning
charge carrier concentration, and creating hyperfine-coupled spin ensembles. However,
the complexity of multi-center systems leads to inhomogeneous broadening, overlap-
ping EPR lines, and weak hyperfine interactions that remain unresolved in conventional
continuous-wave EPR.

To overcome these limitations, we performed a comprehensive pulsed EPR study
of a PbS single crystal co-doped with Mn, Cu, and Gd. Measurements were carried out
using Elexsys E580 operating at X/Q-bands in the temperature range 5—60 K. Echo-
detected EPR spectra reveal multiple resonances corresponding to Mn?" and Gd** centers.
Transverse relaxation kinetics are single exponential in all fields. Below 20 K, T2 for Mn
is longer than for Gd; above 20 K the trend reverses, suggesting temperature-dependent
exchange coupling. Longitudinal relaxation exhibits a biexponential recovery with two
distinct time scales (fast: ~1—10 ps, slow: ~15-500 ps), indicating two parallel spin-lattice
relaxation channels, likely direct and Raman/Orbach processes. Three-pulse ESEEM
unambiguously detects nuclear modulation frequencies at 1.6, 5, 7 MHz for Mn line and
2, 6-7 MHz for Gd line. These frequencies match the Larmor frequencies of **Mn, %Cu,
and 2°’Pb calculated for the experimental magnetic fields, proving the existence of weak
hyperfine coupling between the electron spins and the ligand nuclei (sulfur, lead) as well
as other dopant nuclei.

The combination of relaxation and ESEEM data demonstrates that pulsed EPR is
essential for characterizing multi-ion paramagnetic systems in PbS. The measured 71 and
7> times (microsecond range at low temperature) and the identified nuclear frequencies
provide a foundation for future quantum technology applications, such as spin qubits in
semiconductor matrices and magnetic field sensors.

The work was supported by the ongoing funding of the FRC Kazan Scientific
Center, Russian Academy of Sciences.
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Mixed-valence heptanuclear iron complex as a potential MRI
contrast agent

E.E. Batueva'?, L.I. Savostina'?, O.A. Turanova!, A.N. Turanov'

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2KFU Kazan (Volga region) Federal University, Kazan, Russia

Magnetic resonance imaging (MRI) is one of the most informative medical imaging
techniques due to its high spatial resolution, absence of ionizing radiation, and excellent
soft tissue contrast. However, in many clinical applications, the intrinsic contrast of
biological tissues is insufficient, necessitating the use of contrast agents. Gadolinium-
based compounds are currently the most widely used MRI contrast agents because of
their large magnetic moments arising from multiple unpaired electrons. Nevertheless,
recent studies have demonstrated that gadolinium-containing agents may accumulate in
bone tissue and the brain and may increase the risk of nephrogenic systemic fibrosis.
Consequently, considerable efforts are being devoted to the development of alternative
contrast agents based on biocompatible transition metals, particularly iron and copper.

The subject of the present study is the mixed-valence heptanuclear iron complex
[Fe(I)(CN)6{Fe(I1II)L}](Cl),, where L = dianion N,N'-bis(1-hydroxy-2-benzyliden)-1,7-
diamino-4-azaheptane. The presence of six high-spin Fe(Ill) centers (S = 5/2) gives
rise to a large total spin and magnetic moment, making this compound a promising
candidate for MRI applications. Such magnetic properties suggest a significant effect
of the complex on water proton relaxation processes. The structure of the complex
was optimized using by density functional theory with the TPSS functional, def2-SVP
basis set, and ZORA relativistic correction.

To evaluate the potential of the complex as an MRI contrast agent, colloidal
solutions of the complex with dodecylphosphocholine were prepared at five different
concentrations of the paramagnetic compound. The longitudinal (7)) and transverse
(T) relaxation times of water protons were measured by 'H NMR spectroscopy using
a Bruker Avance 500 spectrometer at 305 K. Based on the concentration dependence
of the relaxation rates, the longitudinal (r,) and transverse (r,) relaxivities were deter-
mined, characterizing the effect of the complex on water proton relaxation processes.
The obtained results indicate a pronounced effect of the investigated compound on
transverse relaxation, suggesting that this heptanuclear iron complex may serve as a
promising platform for the development of new iron-based negative MRI contrast agents.
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Improving the structural correspondence of MRI studies
using a modified TransMorph neural network

N.A. Nefediev!, N.E. Staroverov?, R.V. Davydov?

! Department of Bioinformatics and Mathematical Biology, Alferov University, St. Petersburg, Russia
2 Department of Electronic Instruments and Devices, Saint Petersburg Electrotechnical University “LETI”,
Saint Petersburg, Russia
3 Institute of Cybersecurity and Computer Science, Peter the Great St. Petersburg Polytechnic University,
St. Petersburg, Russia

Prostate cancer is one of the leading causes of death among the male population from
oncological diseases. One of the reasons for high mortality is the difficulty of diagnos-
ing the disease in the early stages of tumor development. The classic method of cancer
detection is monitoring prostate-specific antigen (PSA). One of the options for helping
in the analysis of MRI studies is the development of technological solutions based on
Artificial Intelligence (Al) algorithms [1, 2].

When working with diagnostic radiology studies, especially with MRI and CT
studies, a situation often arises when a specialist receives a deformed series of images.
Deformations of CT and MRI studies often occur due to shifts in the patient’s posi-
tion relative to the positioning of the specialist or the urgency of the study, when it is
not possible to perform the correct positioning. Such cases contribute to the fact that
the output series contains rotations of the patient relative to the standard placement or
unclear boundaries of internal structures due to random movements.

One solution to the problem of image deformation is the use of classical image
registration algorithms. The main advantage of solutions of this kind is that they work
based on clear and easily interpreted rules. The main disadvantage of this approach is
the high cost of calculations and, therefore, the speed of their operation. An alternative
solution to this problem is to use neural networks, which, after training, are capable of
solving the DIR problem with good results, while gaining in image processing speed
compared to classical algorithms.

In our study, we used the TransMorph architecture to solve the registration prob-
lem, but used the T2 and ADC series of each patient as the reference and bias series.
The registration solution showed good results when testing the two series using the
structural similarity metric (SSIM). To achieve better results, we decided to modify
the original TransMorph architecture with a convolutional preprocessing unit for the
transmitted data.

The study calculated the SSIM metric for the ADC and T2 series before processing
by the TransMorph network, and between the resulting tensor after TransMorph and
the T2 series for both the original and modified structures. The obtained data demon-
strate an improvement in the SSIM metric when using the original and modified neural
networks to solve the problem of registering two series.

Figures 1 and 2 show modified architectures of the TransMorph neural network,
and result of SSIM (Structural Similarity Index Measure) metrics.
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1. Sung H., Ferlay J., Siegel RL.: Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries / CA Cancer J Clin. 2021 May, 71(3):209-249

2. Turkbey B., Rosenkrantz AB., Haider MA.: Prostate Imaging Reporting and Data System Version 2.1: 2019
Update of Prostate Imaging Reporting and Data System Version 2. Eur Urol. 2019 Sep, 76(3):340-351
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Gradient pulse shaper for NMR or MRI installation

V.L. Odivanov, A.R. Fakhrutdinov, Ya.V. Fattakhov, V.A. Shagalov,
A.A. Bayazitov

Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
E-mail: odivanov@mail.ru

NMR relaxometry devices use pulses of magnetic field gradients to measure self-
diffusion, flow velocity, or spatial encoding when obtaining MRI images. They are
formed when preset currents are passed through coils of a certain shape. Since the
coils have a finite inductance, the current through them cannot change instantly with
an instantaneous change in the control action, the rate of its change will be determined
by the current stabilization device. In addition, the shape of the current pulse front may
significantly depend on the amplitude of the change, since the control elements are in
the key mode, outside the control range. This non-linearity creates indeterminacy in
the integral pulse power and leads to a deterioration in the clarity of MRI images and
errors in measuring diffusion and flow velocity. This makes it relevant to use control
action shapers for gradient pulses.

We have developed a pulse generator with a preset rate of change of the control
action signal, which allows the current stabilizer to remain in the control range for
any signal change. The device diagram includes:

— An inverter for generating an initial signal of the opposite polarity,

— An integrator for forming linear shape edges,

— An analog multiplexer for switching the modes of forming edges and transmitting
the levels of the original signal,

— Two comparators for detecting input signal changes and controlling the
multiplexer.

In addition, the device includes a protection circuit that disables the output when a
long-term input signal with an amplitude exceeding a set threshold is detected, which
prevents emergencies in the event of malfunctions of the digital part of the NMR
installation.

The development was carried out according to the state assignment of the Zavoisky
Physical-Technical Institute, FRC Kazan Scientific Center, Russian Academy of Sciences.
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CTCF as a backbone-agnostic cascade plug-in
for deformable 3D brain MRI registration

D.V. Pasenko!, R.V. Davydov'

"'Higher School of Cyber-Physical Systems & Control, Peter the Great St. Petersburg Polytechnic
University, St. Petersburg, Russia

Deformable registration aligns 3D medical images for atlas-based segmentation,
longitudinal analysis, and label transfer, often through cascades that refine a displacement
field from coarse to fine [1, 2]. Most cascades, however, are tied to one backbone: when
refinement uses the backbone's internal features, resolution, or channels, changing
the network forces a redesign. We study the Cascade Transformer for Coarse-to-Fine
registration (CTCF) [3] as a backbone-agnostic plug-in whose levels exchange only
images and displacement fields with the main module, so any backbone can be substituted
directly. We address three questions: integrating heterogeneous backbones through one
fixed interface, comparing the configurations on OASIS [4] and IXI [5], and deriving
backbone-selection guidance under resource limits.

CTCF comprises a coarse quarter-resolution U-Net, the replaceable backbone, and a
residual refiner driven by a normalized-cross-correlation error map between the warped
moving and fixed images (Fig. 1); because the two cascade levels use no backbone-
internal features, integrating a new network only means wrapping it behind a uniform
forward interface.

We evaluate five backbones from three families spanning over two orders of
magnitude in parameters: the CNN VoxelMorph [6], the large-kernel LKU-Net at two
widths [7], and the state-space models MambaMorph [8] and VMambaMorph [9]. All are
trained unsupervised for 100 epochs, the headline runs to 500, under the standard CTCF
loss [3]. Accuracy is the mean Dice over anatomical labels; regularity uses each dataset's
standard metric — SDlogJ on OASIS, fold fraction on IXI [10] — and is compared only
within a dataset.

CTCF with SVF-integrated MambaMorph (11.9 M parameters) reaches Dice
0.831 on OASIS and 0.763 on IXI with near-zero folding (Table 1). Since the original
CTCEF [3] spans configurations differing from ours in backbone, operating resolution,
and Level-3 settings, we read this not as a head-to-head Dice gain but as matching
its accuracy at 25% fewer parameters and an order-of-magnitude lower fold rate.
Across the five-backbone sweep the cascade helps most where the backbone is weak —
about +0.07 Dice to VoxelMorph but little to the 38 M LKU-Net-32, VMambaMorph
tracking MambaMorph; Table 1 reports the three strongest, each extended to 500 epochs,
alongside the heavyweight reference methods of [3]. The SVF refiner suppresses folding
at negligible Dice cost.

CTCF thus acts as a genuine plug-in across CNN, large-kernel, and state-space
backbones with no per-backbone engineering. The SVF MambaMorph configuration
gives the best accuracy—regularity—efficiency balance; under tight resources a lightweight
LKU-8 or VoxelMorph recovers most of the accuracy, while heavy backbones gain little
from the cascade.
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Table 1. Heavyweight reference methods [3] vs. compact CTCF cascades; all 500 epochs, unsupervised. The
reference methods run their own non-full-resolution protocols [3]; UTSRMorph params are the OASIS-Large
/ IXI-Large variants. Best per column in bold.

Method Params, M OASIS Dice SDlogJ IXI Dice Fold, %
Reference methods
TransMorph-DCA 283.9 0.8145+0.022 | 0.0805 | 0.7456 +0.028 1.153
UTSRMorph 421.5/152.2 | 0.8172+0.023 | 0.1015 | 0.7602 +0.024 0.677
Original CTCF (Swin-DCA) 295.96 0.8208 +0.020 | 0.0797 | 0.7624 +0.023 0.561
CTCEF cascades
CTCF + LKU-8 SVF 6.69 0.8296 +0.022 | 0.0769 | 0.7629 +0.023 0.034
CTCF + VoxelMorph SVF 9.24 0.8279+£0.022 | 0.0774 | 0.7635+0.023 0.016
CTCF + MambaMorph SVF 11.91 0.8314 £0.023 | 0.0775 | 0.7628 +£0.023 0.036
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Fig. 1. CTCF cascade architecture. The replaceable Level-2 backbone — the plug-in point — is wrapped
by a coarse Level-1 initializer and an NCC-error-driven Level-3 refiner.

1. Zhao S., Dong Y., Chang E.I.-C., Xu Y.: Recursive cascaded networks for unsupervised medical image
registration / ICCV, 10600-10610 (2019)

2. Mok T.C.W., Chung A.C.S.: Large deformation diffeomorphic image registration with Laplacian pyramid
networks // MICCAL, LNCS 12263, 211-221 (2020)
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Imaging Studies (OASIS): cross-sectional MRI data in young, middle-aged, nondemented, and demented
older adults // J. Cogn. Neurosci. 19, 1498-1507 (2007)

5. Brain Development Organization: Information eXtraction from Images (IXI) Dataset.
https://brain-development.org/ixi-dataset/ (accessed 14 June 2026)
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Computer simulation of hydroxyapatite doping with vanadium:
search for thermodynamically stable configurations

A.A. Petrova, L.I. Savostina, M.R. Gafurov

Institute of Physics, Kazan Federal University, Kazan, Russia
E-mail: Petrovaalinakfu@gmail.com

The development of biomaterials and bone implants is largely based on the use of hy-
droxyapatite (HA, Caio(PO4)s(OH)2), which is highly relevant for regenerative medicine.
HA does not cause inflammatory reactions and successfully integrates with bone tissue.
A promising area of modification of HAproperties is the introduction of transition metal
impurities. Vanadium (V) doping increases the thermal stability of HAceramics, gives
it antibacterial properties, and also increases catalytic efficiency [1].

Despite its practical significance, the mechanisms of V-incorporation into the crystal
lattice of HA have not been sufficiently studied [2]. Modeling of various variants of
substitution of Ca atoms with vanadium was carried out within the framework of density
functional theory (DFT). In this cell, four calcium atoms are located at the Ca(I) posi-
tions, where they are surrounded by nine oxygen atoms belonging to PO4 tetrahedra.
The remaining six calcium atoms Ca5—CalOare located in Ca(Il) centers coordinated
with seven oxygen atoms, one of which belongs to the hydroxyl group (OH™) [3]. Cal-
culations of the total energy of the system and the relative energies of defect formation
(AE) were performed using the QuantumESPRESSO software package. The calcula-
tions employed the PBE (Perdew—Burke—Ernzerhof) exchange-correlation functional.
The calculations revealedthat the incorporation of vanadium in the form of vanadyl
ion V=0 into the hexagonalhydroxyapatite lattice (a = b =0.943 nm, ¢ = 0.688 nm) is
most thermodynamically favorable at the Ca7 and Ca8 crystallographic positions.These
results providea theoretical foundation for the targeted synthesis of vanadium-containing
bioceramic materials with tailored functional properties and for the correct interpretation
of the EPR/NMR ir structural and phase analysis data. The identified preferential sites
are also crucial for interpreting EPR and NMR spectra of V-doped HA.

The work is supported by the grant FZSM-2026-0030 for Kazan federal University.

1. Patel N. et al.: Journal of Materials Science: Materials in Medicine 13, 1199-1206 (2002)
2. Al Jahdaly B.A.: Journal of Molecular Structure 1242,120713 (2021)
3. Slepko A.: Physical Review B. 84,134108 (2011).\
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Increasing the efficiency of a special wireless communication
system based on the stochastic gamma-ray flow

E.G. Vagizov', A.L. Zinnatullin'?, R.N. Shakhmuratov?

! Institute of Physics, Kazan Federal University, Kazan, Russia
2FRC Kazan Scientific Center of RAS, Kazan, Russia Laboratory
3 Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia

Further development of wireless communications technology inevitably faces fundamental
challenges related to the energy range (frequency) of photons used as information car-
riers. To further increase information recording density, transmission range, and noise
immunity, it is necessary to move to increasingly higher frequency ranges, including
X-ray and gamma-ray photon ranges [1]. The scientific problem of transmitting infor-
mation using photons in these ranges, as well as the technical means for implementing
nodes in such systems, is currently being actively developed [2, 3].

Most of these researches focuses on the use of X-ray photons. Gamma-ray photons,
which are generated by radionuclides, on the one hand, have absolutely same proper-
ties. On the other hand, they also offer several advantages, including energy efficiency
[4] and the possibility of coherent control of photons [5]. Indeed, advances in gamma
optics in recent decades have enabled the development and experimental implementa-
tion of a method for wireless information transmission using gamma photon beams
[6]. Moreover, ways to further improve the quality of information transmission using
this method were shown [7, 8].

The main goal of the current study is to further improve the efficiency of the pro-
posed method for transmitting information using the stochastic gamma-photon flow.
We will demonstrate how the shape and magnitude of signals applied to a piezoelectric
modulator which modulate the gamma-ray flow influence the temporal and frequency
Mossbauer spectra. The data obtained will enable optimization of the shape of infor-
mation signals whose application to the piezoelectric modulator will generate bursts in
the gamma-photon beam of the highest intensity and shortest duration.

The work was carried out using a grant provided in 2026 by the Science and
Technology Fund of the Republic of Tatarstan for the implementation of fundamental
and applied scientific work in scientific and educational organizations, enterprises and
organizations of the real sector of the economy of the Republic of Tatarstan.
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. Chi H., Liu Y., Mu J. et al.: Optics Communications 569, 130847 (2024)

. Li F., WuJ., Jiang Q. et al.: NIM A 1039, 166920 (2022)

. Vagizov F., Antonov V., Radeonychev Y.V. et al.: Nature, 508, 80-83 (2014)

. Shakhmuratov R., Zinnatullin A., Vagizov F.: Europhysics Letters 147, 38001 (2024)

. Zinnatullin A., Shakhmuratov R., Vagizov F.: Laser Physics Letters 22, 015207 (2024)

. Shakhmuratov R.N., Zinnatullin A.L., Vagizov F.G.: Pisma v Zhurnal Tekhnicheskoi Fiziki 51, 54-57 (2025)
(In Russian)
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Nanoscale magnetic inhomogeneities in Fe—Al alloys
with Ga and B additions: structure, stability,
and temperature evolution

E.V. Voronina', A.F. Abdullin!, A.V. Korolev?, A.K. Arzhnikov?

' Kazan Federal University, Kazan, Russia
2M.N. Mikheev Institute of Metal Physics of UrB of RAS, Ekaterinburg, Russia
3 Physicotechnical Institute of the UdmFRC of UrB of RAS, Izhevsk, Russia

Magnetic properties of iron aluminides underpin their growing relevance for spintronic,
mechatronic and sensing applications. Polarized-neutron scattering studies of off-
stoichiometric B2-type Fe—Al single crystals (34-43 at.% Al) have revealed nanoscale
correlations of magnetic moments, indicative of incommensurate spin structures such as
incommensurate spin-density waves or spiral spin waves [1]. The microscopic origin of
these configurations remains controversial, and their unambiguous identification poses a
substantial experimental challenge. A clear understanding of the mechanisms governing
the formation and stability of magnetic inhomogeneities — particularly incommensurate
spin-density and spiral spin waves — is essential for their prospective exploitation in
functional devices.

This talk presents a comprehensive investigation of the complex magnetic structure
of the binary alloy Fe Al and related multi-component alloys alloyed with gallium or
boron. To characterize the samples thoroughly we combined *’Fe Mdssbauer spectroscopy
over a wide temperature range (3—624 K) and in external magnetic fields up to 5 T
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Fig. 1. a Mossbauer spectra of ordered FegAlys, FegAly,Gas, and FegAly B alloys; the shaded partial
component of the spectra corresponds to *’Fe nuclei associated with SSW-type magnetic ordering, with the
distribution of the HMF shown in b.
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with magnetometry, X-ray diffraction and elemental analysis. These experiments were
complemented by rigorous ab-initio calculations of hyperfine parameters and magnetic
moments using the WIEN2k package [2].

Our integrated experimental—theoretical approach has enabled us to determine how
B and Ga additions influence the stability of the spin structure; refine the limits of its
stability and chart their temperature evolution; estimate the characteristic length scales
of the magnetic inhomogeneities.

1. Noakes D.R. et al: PRL 91, 217201-1 —217201-4 (2003)
2. Blaha P. et al: J. Chem. Phys. 152, 074101-1 — 074101-30 (2020)
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Combined Mossbauer effect and DFT studies of the hyperfine
intercations and lattice dynamics in phosphaferrocenes

A.L. Zinnatullin'*?, A.A. Zagidullin®, I.A. Bezkishko®, V.A. Milyukov?,
F.G. Vagizov'

! Institute of Physics, Kazan Federal University, Kazan, Russia
2 FRC Kazan Scientific Center of RAS, Kazan, Russia
3 Arbuzov Institute of Organic and Physical Chemistry, FRC Kazan Scientific Center of RAS,
Kazan, Russia

The discovery of ferrocene in the middle of past century was a milestone in organo-
metallic chemistry due to its unique sandwich structure as well as chemical stability
and reactivity [1]. This discovery became the starting point for the synthesis of a
large number of sandwich compounds known today [2]. The isolobal substitution of
CH- fragments in cyclopentadienyl rings, for instance, by nitrogen (azaferrocenes) or
phosphorus (phosphaferrocenes) atoms allows to obtain new supramolecular complexes
and coordination polymers with multidimensional topologies and mixed o/n coordina-
tions, which are not characteristic of classical ferrocene derivatives [3-5].

This work presents the results of Mossbauer effect studies of hyperfine interactions
in the 80-295 K temperature range in the series of phosphaferrocenes differing in the
number of phosphorus atoms. The obtained hyperfine parameters were compared with
the values calculated using Orca software in the different levels of theory. Quantum
chemical calculations were performed using pure DFT and the Hartree—Fock exchange
functionals as well as hybrid ones with the different level of Hartree—Fock exchange
fraction. Combined Mossbauer effect and DFT studies of hyperfine interactions allow
us to determine the effect of phosphorus substitution in ferrocene on the molecular
orbitals (MOs), especially, on the character, energy, and population of frontier MOs.

The lattice dynamics of these phosphaferrocenes were studied accounting both in-
tra- and intermolecular vibrations. The intramolecular vibrations were calculated within
the quantum chemical calculations. The intermolecular vibrations were approximated
by the Debye model, and the effective Debye temperature were estimated by fitting
of temperature dependence of the Lamb-Mossbauer factor. The obtained Fe weighted
vibrational density of states was also used for the fitting of the temperature dependence
of center shift values of doublet in Mdssbauer spectrum. Small linear contribution in the
center shift was found that was related with the charge delocalization due to thermal
expansion of molecules.

This research was funded by the grant of the Russian Science Foundation, grant
number 26-13-20031.

1. Stépnicka P.: Dalton Transactions 51, 8085-8102 (2022)

2. Werner H.: Angew. Chem., Int. Ed., 51, 6052-6058 (2012)

3. Petrov A.V., Zagidullin A.A., Bezkishko I.A. et al.: Dalton Transactions 49, 17252-17262 (2020)
4. Zinnatullin A.L., Zagidullin A.A., Savostina L.I. et al.: Organometallics 42, 1538-1549 (2023)
5. Bezkishko I.A., Zagidullin A.A., Fayzullin R.R. et al.: Russ. Chem. Bull. 73, 2099-2104 (2024)
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Magnetic hysteresis of paramagnetic LiDyF,:
a magnetocaloric model

G.Iu. Andreev, E.I. Baibekov, I.V. Romanova

Institute of Physics, Kazan Federal University, Kazan, Russia

Lithium tetrafluorides of heavy rare-earth elements, LiREF, (RE = Gd-YD) attract interest
as model objects in physics of dipolar magnets. Among them, LiDyF, is an antifer-
romagnet, magnetic moments of Dy*" ions align in the (001) plane, 73, = 610(15) mK;
crystal structure belongs to the 14,/a symmetry of CaWO, scheelite mineral [1, 2].

Previously, we have observed a magnetic hysteresis effect in crystalline samples
(a micro-sized polycrystalline powder and a single crystal) in the temperature range
of 2-10 K [3]. Present work develops a magnetocaloric approach [4] to describe this
exotic phenomenon, involving the exchange-charge framework for calculations of mag-
netic properties [1, 3] and ab initio simulations of lattice thermodynamics within the
density functional theory framework [5], achieving both qualitative and quantitative
agreement for the LiDyF, single-crystal magnetization data collected in the magnetic
field applied along its [100] axis as well as for the magnetometry of the powder
polycrystalline sample.

The financial support of the Russian Science Foundation (grant No. 22-12-00259-
IT) is gratefully acknowledged.
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Entropy: a perspective based on NMR relaxation times

L. Grunin', M. Ivanova!

! Resonance Systems GmbH, Kirchheim/Teck, Germany

Thermodynamic properties (mostly activation energy) have long been evaluated using
NMR relaxation times [1, 2] due to their sensitivity simplifies to 1/7, = M,t.. Contrary
to the expected behavior, an increase in t¢c does not cause a continuous to molecular
dynamics. In addition to the motional contribution, relaxation times are also influenced
by structural factors, typically quantified by the second moment (M,) of the spectral
line. Within the classical Bloembergen-Purcell-Pound (BPP) theory [3], which is actually
valid for isotropic liquids but yet extensively used even for the constrained molecular
systems, with internal dynamics characterized by a single correlation time t,, both M,
(mostly structural component, that describes the inhomogeneous line broadening) and
T, (dynamics, responsible for the homogeneous line broadening/narrowing) contribute
to the expression for the spin-spin relaxation rate. For solids (w0Ot, >> 1), the formula
shortening of 7, — indeed, the T, curve reaches a plateau, often denoted as the “bottom
line” of the relaxation time 7, [3]. This value inversely reflects the static Van-Vleck
dipolar coupling that is no longer averaged out by molecular motion. In this rigid limit
the NMR line generally is not characterized by a Lorentzian shape but rather with the
Gaussian or more complex patterns (combination of Pake, Abragam, etc.) and in com-
mon case can be described by only a relaxation time only approximately.

TZstat

1
The proportionality of T, =~ T = Tostat , with @ = 2 for the Gaussian
2T¢

c

spectral line, leads to the following expression:

T. T.
w= 2stat +1 = 2 , (1)
Tc TZStat

and finally reassembles the equation for transverse relaxation rate with the terms for
slow and fast motions:

1

p—
=~

T;

-1
N 1 [ 51, 21, 2

+
3Tostar’ |1 + w312 1+ 4wit?

TZ tat
TZStat[ ;a +1]
c

The introduced value w = [T, /T, + 1] can approximately be considered as a num-
ber of changes/positions which a single molecule occupies within the period of 7,
(a few tens of microseconds) that can be referred as an NMR observation window:

stat

T. T
w= 25tat+1_ 2

Tc TZStat

3)
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For the T, of liquids on the order of seconds and short 7, this number of such
microstates can reach huge values, while in rigid solids with the correlation time of
the same order as T, ,, w tends to 1.

Adopting the classical definition of entropy via the Boltzmann formula to w, it’s

easy to come to the proportionality between the dynamic entropy and logarithm of the .

“4)

Sayn nmr & In(w) = lnT
2stat

Notably, similar conclusions can be derived from several other approaches, including
the average thermodynamic molecular velocity, diffusion or free volumes in solids; the
last links 7> to the configurational entropy. Furthermore, this trend is experimentally
demonstrated by examples of 7, dependences on elastic deformation of rubbers, tem-
perature change in liquids, and variation of nanoparticles concentration in suspensions.

1. Trebbi B., Pierigé M., Garcia R.H.S., Martini F., Geppi M., E.R. deAzevedo: J. Magn. Reson. (2026) https://
doi.org/10.1016/j.jmr.2025.108008

2. Grunin Yu.B., Ivanova M.S., Masas D.S., Grunin, Russ L.Yu.. J. Phys. Chem. A (2020). https://doi.
org/10.1134/S0036024420040056

3. Bloembergen N., Purcell E.M., Pound R.V.: Phys. Rev. (1948). https://doi.org/10.1103/PhysRev.73.679.
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Conducting and superconducting films with local electric field
on interphases

R.F. Mamin!, V.V. Kabanov?, A.S. Sigov!?

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2 Josef Stefan Institute, Ljubljana, Slovenia
3RTU MIREA, Moscow, Russia

Study of interface states of heterostructures and proximity effects has attracted continued
interest in condensed matter physics [1-4]. We investigate the features of conductivity
and superconducting properties of the heterostructures consisting of metallic or super-
conducting films deposited on a ferroelectric substrate or deposited on substrate which
can possibility to change a charge on the interface between the film and substrate. In
the first case the local electric field comes from bound charge of ferroelectric, and in
the second case the local electric field comes from charged interface boundary. These
problems have in common that in both cases the influence of the local electric fields
on the conducting and superconducting properties of the heterostructures. And in both
cases the main effects are associated with the screening of these fields by the free car-
riers, and the change of the carrier concentration due to this screening. In these cases
of conducting or superconducting heterostructures, the change in the behavior of the
order parameter is associated with the sign of the bound charge on the interface with
the ferroelectric, and therefore similar behavior can be obtained by applying a field or
creating charged layers in the interface region with the superconductor. Both problems
are solved within the framework of simple, phenomenological approach in the theory
of phase transitions.

The work was performed with the financial support from the government assign-
ment for the FRC of the Kazan Scientific Center of RAS.
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Electron spin resonance and magnetic properties of ZnO and
Cu-doped ZnO: Effect As*>*/A** treatment

T.P. Gavrilova!, A.R. Gafarova!, D.V. Mamedov', I.V. Yatsyk!, O.I. Gyrdasova?

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
% Institute of Solid State Chemistry of the Ural Branch of RAS, Ekaterinburg, Russia

Arsenic contamination of water is a serious environmental problem caused by anthro-
pogenic and natural activities. Arsenic enters waterways and soils through the use of
pesticides, mine drainage, and geothermal discharges. Adsorption is often used to remove
arsenic, and mixed metal oxide composites such as ZnO, CuO, and TiO, are particularly
effective, capable of removing both forms of arsenic (As** and As>). Pre-oxidation of
As* to As™* followed by adsorption is a key step in removing arsenic from water. In
our previous work [1], we proposed a possible mechanism of arsenic adsorption on
ZnO and Zn,4Cu, O samples, in which oxygen vacancies play a key role. In this
work, we look deeper into the adsorption process using the electron spin resonance
(ESR) method, since the mechanism may not be limited to oxygen vacancies alone.

We investigated the ESR spectra of ZnO and copper-doped Zn, Cu O (x = 0.025,
0.05) samples in their initial form and after sorption in As**/As>* solutions. All spectra,
including those of pure ZnO, consist of two components: a single narrow absorption
line of Lorentzian shape (line 1) and a low-field broad absorption line of complex shape
(line 2). Line 1 was observed in all samples, including pure ZnO, except for the copper-
doped sample after sorption in As** solution, Zn, 4Cu, ,sO/As*". As shown earlier, this
signal is associated with singly charged oxygen vacancies. For the other samples, its
linewidth (AH = 0.3 mT) and position (g = 2.002) do not depend on the method of
subsequent treatment.

The main focus of our previous work [1] was the investigation of the possible impact
of As**/As>* sorption on the physical properties of Zn, Cu, O samples. According to [1],
sorption from all solutions (As*/As>") significantly affects the ESR spectra. However,
regarding the oxygen vacancy, only the sorption of As*" leads to the disappearance of line
1. This suggests that in the case of photosorption, the oxidation of As** involves vacancies
directly associated with Cu, since in other cases line 1 remains unchanged. Based on the
obtained experimental results, we conclude that the following reaction scheme occurs on
the surface of the Zn, ysCu, ,sO sample in an As** solution [1]:

As* + V', /Cu?t — As'V', /Cu’.

In addition to vacancies (line 1), the low-field ESR signal (line 2) is also attributed
to intrinsic defects (located in the ZnO lattice both in the bulk and on the surface).
In copper-doped samples the intensity of the low-field ESR signal increases with
increasing copper concentration. Given the presence of defects in the initial sample, it
is most likely that the ESR signal in the Zn, ,Cu, O samples arises from Cu*~V', and
Cu*'—V? centers (or other pair defects), or from two coexisting magnetic sublattices
Cu*" and Vi, (or V*, etc.) whose magnetic centers interact with each other. As
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Fig. 1. Electron spin resonance spectra of: (a) Zn,sCu, ,sO0; (b) Zn,4Cu, ,sO/As*

shown in Fig. 1, line 2 exhibits a pronounced temperature dependence and a complex
shape composed of several components, which requires detailed interpretation. To
clarify the nature of line 2, detailed temperature-dependent ESR studies were carried
out. In addition, magnetic properties are planned to be studied by vibrating sample
magnetometry (VSM).

1. Gyrdasova O.I., Pasechnik L.A., Krasil'nikov V.N., Gavrilova T.P., Yatsyk L.V., Kuznetsova Yu.V., Kalinkin
M.O., Kuznetsov M.V.: Water environment research. 95, e10956 1-15 (2023).
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High-entropy perovskite-like oxide (BaCaSrLaNa),FeO;:
Synthesis, EPR and magnetometry measurements

R.F. Likerov', I.V. Yatsyk!, R.M. Eremina!, R.G. Batulin?, M.A. Cherosov>

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia
2Kazan Federal University, Kazan, Russia

High-entropy oxides (HEO) with perovskite structure ABO, are oxides, where an atomic
site (A or B) is occupied by more than 5 elements in equimolar ratios. Such modifi-
cations of the structure results in an unusual magnetic properties and spin states [1].

In this work, we report the synthesis and EPR study of Ba,,Ca,,Sr,,La,,Na,,FeO,
(BSCLNF) HEO with perovskite-like structure. This compound was synthesized by
solid-state reaction method. We used analytical grade reagents such as BaCO,, CaCO,,
SrCO,, Na,CO,, La,O, and Fe,O, (all are >99% purity), which was mixed in planetary
ball mill at 350 rpm for 6 hours. Then we calcined mixed powders in air for 3 hours
at 7= 1050°C and pressed calcined powders with P = 470 MPa into pellet with 14mm
in diameter for sintering at 7= 1100°C for 12 hours.

Temperature dependence of CW EPR measurements at X-band for
Ba,,Ca,,Sr,,La,,Na,,FeO, powder from sintered pellet is shown in figure 1. The
model fit parameters such as linewidth, g-factor and their temperature dependencies
are discussed within the context of ferromagnetic cluster formation.

Field cooling and zero field cooling magnetization measurements at H = 1 kOe
has showed the existence of ferromagnetic phase transition at approximately 7= 73 K
(Fig. 2). Paramagnetic region of the magnetization curve is fitted by Curie-Weiss law

340 K
300 K
240K
i 180 K
\‘_ 120 K
L :

0 200 400 600 800 1000 1200 1400
B (mT)

Fig. 1. Temperature dependence of EPR spectra of sintered BSCLNF sample. Black dots are experimental
points; red line is the model fit.
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Fig. 3. Temperature dependence of the real part of magnetization M’, measured at different magnetic field
oscillation frequencies.

M = C/AT + B.y), where 6., = 150 K. Positive value of 0, suggest the ferromagnetic
exchange behavior.

From the AC magnetization measurements (Fig. 3), the Mydosh parameter was ob-
tained Q = (T, — T,)/T,(1g(f,)-g(f,) = 0.0244 K~'. This value suggests that the sample’s
magnetic structure is between canonical and cluster spin-glass.

1. Mazza A.R., Skoropata E., Sharma Y. et al.: Advanced Science. 22, 9, 2200391 (2022)
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Prospects for the use of LiHoF, microparticles in LIR?
thermometry

A.D. Shishkin, V.V. Semashko, V.I. Kolesnikova, G.S. Shakurov

! Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia

Today, thermometry based on the temperature-dependent luminescence of micro- and
nanoparticles of various substances is a well-established field of research. However, the
vast majority of methods and materials allow for the detection of temperature changes
of at least 10 K. In this paper, we investigate a relatively new method which, in theory,
enables much greater thermal sensitivity to be achieved [1].

LIR thermometry involves observing the luminescence of a material at two wave-
lengths, A,"™ and A,"™, corresponding to transitions from two thermalised excited states,
2 and 3 (see Fig. la), as the temperature changes.

In this paper, we investigate LIR? Boltzmann thermometry, which was proposed
recently [4]. The methodology remains the same, but the system is excited at different
wavelengths corresponding to transitions between two thermalised states, 1 and 2. In
theory, this allows for the convolution of two exponential functions simultaneously.

In the case of LiHoF, microparticles, one corresponds to LIR for the excitation
of the system at wavelengths A,** = 447 nm and A, = 457 nm, and the other to its
luminescence at wavelengths A, = 658 nm and A, = 640 nm (Fig. 1b).

Our work demonstrates the potential of the promising LIR? technique, which en-
ables an increase in the sensitivity of any existing LIR sensors. Furthermore, we show

that LiHoF, nanoparticles exhibit high thermal sensitivity and are suitable for use in
luminescent Boltzmann thermometry.

1. Jaque D., Vetrone F.: Nanoscale 4, 4301-4326 (2012)

2. Walsh B.M., Grew G.W., Barnes N.P.: J. Phys.: Condens. Matter., 17, 7651 (2005)
3. Christensen, H.P.: Phys. Rev. B., 19, 6564-6572 (1979)

4. Ciri¢ A., Marciniak £., Drami¢anin M.: J. Appl. Phys. 131, 114501 (2022)
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Fig. 1. Interpretation of the observed radiative transitions in LiHoF4 nanoparticles (based on [2, 3]), which
were used to implement the Boltzmann LIR and LIR2 thermometry methods
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