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SPINTRONIC MATERIALS FOR BIOTECHNOLOGY APPLICATIONS 

R.P.COWBURN*,a  

a
 CavОnНish δaboratory, UnivОrsity oП CambriНgО, JJ Thomson AvОnuО, CambriНgО CBγ 0HE, UK 

*rpМ1β@Мam.aМ.uФ 
 

εany ОxpОrimОnts in biotОМhnoХogy usО magnОtiМ nanopartiМХОs Пor tagging, aМtuating or 
sОparating.  A ФОy rОquirОmОnt oП suМh partiМХОs is that thОy shouХН havО zОro rОmanОnМО (to avoiН 
aggХomОration whОn ПrОО in soХution), shouХН Мarry a high inНuМОН momОnt unНОr moНОratО appХiОН 
ПiОХН anН shouХН havО wОХХ-НОПinОН anН strong anisotropy.  WО prОsОnt a nОw approaМh to this 
probХОm basОН on uХtrathin ХayОrs oП pОrpОnНiМuХarХy magnОtizОН matОriaХ [1] rОМОntХy НОvОХopОН Пor 
usО in spintroniМ mОmory НОviМОs. WО usО thО synthОtiМ antiПОrromagnОt Pt/CoFОB/Pt/Ru/Pt/CoFОB 
matОriaХ systОm struМturОН into sub-miМron НisФs using nanosphОrО Хithography.  ThО partiМХОs arО 
thОn rОХОasОН Пrom thО waПОr into soХution to Пorm a МoХХoiНaХ suspОnsion (sОО Fig. 1), whiМh, 
bОМausО oП thО antiПОrromagnОtiМ RKKВ МoupХing aМross thО Ru intОrХayОr, prОsОnt zОro rОmanОnМО.  
WО show how thО spin-ПХop transition usuaХХy assoМiatОН with synthОtiМ antiПОrromagnОts is 
moНiПiОН whОn thО partiМХОs thОmsОХvОs arО ПrОО to rotatО [β].  WО show how this Мan bО usОН to 
МontroХ intОr-partiМХО intОraМtions anН show mОМhaniМaХ Нisruption to human gХioma МОХХs whОn thО 
partiМХОs arО usОН in a МanМОr thОrapy appХiМation [γ]. 

 

 

Fig. 1μ PОrpОnНiМuХar synthОtiМ antiПОrromagnОts ХiПtОН oПП Пrom a waПОr into soХution. 
 

 
 

[1] T.VОmuХФar, R.εansОХХ, D.C.ε.C.PОtit, R.P.Cowburn, ε.S.δОsniaФ, Appl. Phys. Lett. 107, 
01β40γ (β015). 
[β] T.VОmuХФar, E.N.WОХbournО, R.εansОХХ, D.C.ε.C.PОtit, R.P.Cowburn, Appl. Phys. Lett 110, 
04β40β (β017). 
[γ] εurosФi, Cowburn Оt aХ., PLoS One 11 (1), О01451βλ (β016). 
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MICRO-FLUX SOURCES FOR MEMS AND BIO-MEDICAL 
APPLICATIONS 

N.ε. DEεPSEВ* 
CNRS anН Univ. GrОnobХО AХpОs, Institut NéОХ, γ804β GrОnobХО, FranМО 

*nora.НОmpsОy@nООХ.Мnrs.Пr 
 
εagnОtiМ ПХux sourМОs arО usОН to manipuХatО bioХogiМaХ ОntitiОs (МОХХs, Оmbryos, DNA, 

protОins…). ThО magnОtiМ ПiОХН graНiОnts proНuМОН by a ПХux sourМО sМaХОs up as its sizО is 
НОМrОasОН, rОsuХting in inМrОasОН ПorМО pОr unit voХumО. HarН magnОtiМ ПХux sourМОs arО partiМuХarХy 
intОrОsting Пor МompaМt anН / or portabХО appХiМations whiХО thО ПorМО proНuМОН by soПt magnОtiМ 
ПХux sourМОs on a targОt obУОМt arО ОasiХy variОН.  ThОrО is thus grОat potОntiaХ Пor using both harН 
anН soПt miМro-magnОts as ПХux sourМОs in bioХogy anН mОНiМinО.  

In this taХФ I wiХХ briОПХy rОviОw our worФ on thО НОvОХopmОnt anН miМro-pattОrning oП 
magnОtiМ ПiХms, in partiМuХar RarО Earth - Transition εОtaХ harН magnОtiМ ПiХms [1,β], anН thО Хow-
Мost ПabriМation oП miМro-magnОt arrays basОН on magnОtiМ powНОrs [γ]. I wiХХ thОn НОsМribО rОМОnt 
aНvanМОs maНО in thО quantitativО МharaМtОrisation oП stray ПiОХНs anН ПorМОs proНuМОН by miМro-
magnОts using εagnОto-OptiМ Imaging, SМanning HaХХ ProbО εiМrosМopy anН εagnОtiМ ForМО 
εiМrosМopy [4-6]. I wiХХ givО ОxampХОs oП bio-mОНiМaХ appХiМations oП thО miМro-magnОts wО havО 
НОvОХopОН [7-14]. FinaХХy, I wiХХ НisМuss potОntiaХ usОs oП high intОnsity puХsОН magnОtiМ ПiОХН 
sourМОs in bio-mОНiМaХ appХiМations [15]. 

 
 

[1] O. AФНogan, H. SОpОhri-Amin, Оt aХ., Adv. Electron. Mater. 1, 150000λ (β015). 
[β] D. δО Roy, GorФy Shaw, R.HaОttОХ, Оt aХ., Mat. Today Comm. 6, 50 (β016). 
[γ] N. ε. DОmpsОy, D. δО Roy Оt aХ., Appl. Phys. Lett. 104, β6β401 (β014). 
[4] R. GrОМhishФin, ε. Kustov, S. IХyashОnФo, Оt aХ., J. Appl. Phys. 120, 17450β (β016). 
[5] GorФy Shaw, R. B. G KramОr, N. ε. DОmpsОy Оt aХ., Rev Sci Inst. 87, 11γ70β (β016). 
[6] G. Ciuta, F. Dumas-BouМhiat, N. ε. DОmpsОy Оt aХ., IEEE Trans Mag 52, 6500408 (β016). 
[7] O. Osman, δ. F. Гanini, ε.Frénéa-Robin, Оt aХ., Biomed Microdevices 14, λ47 (β01β). 
[8] V. ГabХotsФii, A. DОУnОФa, S. Kubinova, Оt aХ., PLoS ONE 8, О70416 (β01γ). 
[λ] O. Osman, S. Toru, F. Dumas-BouМhiat, Оt aХ., Biomicrofluidics 7, 054115 (β01γ). 
[10] T. BrunОt, A. BouМХОt, P. AhmaНi, Оt aХ., Nat. Comm. 4, β8β1 (β01γ). 
[11] J. PivОtaХ, S. Toru, ε. FrОnОa-Robin, Оt aХ., Chemical Sensors Actuators B 195, 581 (β014). 
[1β] J. PivОtaХ, D. RoyОt, G. Ciuta, Оt aХ., J. Magn. Magn. Mat. 380, 7β (β015). 
[1γ] D. εitrossiХis, J.-C. RöpОr, D. δО Roy Оt aХ., Nat. Comm. 8, 1γ88γ (β017). 
[14] S. DОХshaНi, G.BХairО, P. KauППmann, Оt aХ., Bioanalysis 9, 517 (β017). 
[15] D. RoyОt, В. HérivОaux, J. εarМhaХot Оt aХ., JMMM 427, γ06 (β017). 
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MAGNETS AS ENABLERS FOR RENEWABLE ENERGY AND RESOURCE 
EFFICIENCY 

O. GUTFδEISCH  
TОМhnisМhО UnivОrsitтt DarmstaНt, GОrmany 

 
εagnОtiМ matОriaХs arО ФОy МomponОnts in ОnОrgy rОХatОН tОМhnoХogiОs, sОnsors anН 

inПormation tОМhnoХogy. εagnОts arО insОparabХО Пrom our ОvОryНay ХiПО. “GrООn” ОnОrgy 
tОМhnoХogiОs suМh as winН turbinОs, ОХОМtro-mobiХity anН soХiН statО МooХing, hОaviХy rОХy on high 
pОrПormanМО magnОtiМ matОriaХs whiМh havО to bО avaiХabХО in buХФ quantitiОs, at Хow-Мost anН with 
taiХorОН magnОtiМ hystОrОsis propОrtiОs [1].  

ThО rОaХisation oП thОsО tОМhnoХogiОs is МХosОХy ХinФОН to thО sustainabХО avaiХabiХity oП thО 
stratОgiМ mОtaХs Пor magnОtism suМh as thО group oП rarО Оarth ОХОmОnts (REE) namОХy NН, GН, Tb, 
Dy, transition mОtaХs suМh as Co, Ga, GО, In, anН thО pХatinum group mОtaХs. RОsourМО МritiМaХity is 
unНОrstooН hОrО as a МonМОpt to assОss potОntiaХs anН risФs in using raw matОriaХs Пor МОrtain 
tОМhnoХogiОs, anН thОir ПunМtionaХity in ОmОrging tОМhnoХogiОs. ThО МonМОpt oП МritiМaХity oП stratОgiМ 
mОtaХs is ОxpХainОН by ХooФing at НОmanН, sustainabiХity anН thО rОaХity oП aХtОrnativОs oП rarО Оarth 
ОХОmОnts [β]. 

ThОrО is an ОvОr-growing НОmanН Пor thО bОnМhmarФ high pОrПormanМО NН-FО-B magnОts, 
most importantХy Пor usО in О-motor appХiМations, Пor ОxampХО, in aХХ ФinНs oП maМhinОry, 
automatization anН robotiМs in inНustry (InНustry 4.0). ThО ФОy quОstion wiХХ bО whОthОr NН-FО-B 
nООНs to bО anН МouХН bО substitutОН substantiaХХy in somО oП thО Оxisting anН upМoming МompОting 
tОМhnoХogiОs. ThО arrivaХ oП a morО wiНОsprОaН usО oП О-mobiХity anН winН ОnОrgy anН othОr smart 
magnОt usagОs has yОt to havО its impaМt on this appХiМation ПiОХН in tОrms oП NН НОmanН. No 
substitutО is at hanН Пor thО massivО amounts oП high-ОnОrgy НОnsity magnОt matОriaХs nООНОН to run 
Пast moving automatОН inНustriaХ maМhinОry, anН thО НОmanН is ОxpОМtОН to risО Пor thОsО ФinНs oП 
appХiМations. ThО samО appХiОs to О-motors in hybriН ОХОМtriМ Мars, whОrО motor НОsignОrs ПinН 
highХy ХimitОН МonstruМtion spaМО [β, γ]. ThОrО arО НiППОrОnt МonМОpts Пor winН turbinОs, inМХuНing 
thosО that rОquirО ХОss or no pОrmanОnt magnОt matОriaХs. HowОvОr, pОrmanОnt magnОt - so-МaХХОН 
pОrmanОnt magnОt НirОМt НrivО winН turbinОs - arО Пar supОrior in tОrms oП ОnОrgy ОППiМiОnМy anН 
maintОnanМО Мost anН sООm to bО bОМoming thО Нominating typО oП maМhinОry in EuropО anН 
worХНwiНО [4].  

Gas-vapour МomprОssion tОМhnoХogy Пor rОПrigОration, hОating, vОntiХation, anН air-
МonНitioning has rОmainОН unМhaХХОngОН Пor morО than 150 yОars. ThОrО is a hugО НОmanН Пor a 
smartОr, morО ПХОxibХО anН morО ОППiМiОnt МooХing tОМhnoХogy. εagnОtiМ rОПrigОration МouХН bО that 
aХtОrnativО worФing without gas-basОН rОПrigОrants. EnОrgy spОnt Пor НomОstiМ МooХing is ОxpОМtОН 
to outrОaМh that Пor hОating worХНwiНО ovОr thО МoursО oП thО twОnty-Пirst МОntury.  

ThО taХФ wiХХ aННrОss thОsО НiППОrОnt gХobaХ trОnНs anН wiХХ attОmpt to sМaХО briНgО thОsО 
МhaХХОngОs by НisМussing thО moНОХХing, synthОsis, МharaМtОrization, anН propОrty ОvaХuation oП 
novОХ magnОtiМ matОriaХs МonsiНОring thОir miМromagnОtiМ ХОngth sМaХОs anН phasО transition 
МharaМtОristiМs [5,6]. 
 
[1] O. GutПХОisМh, J.P. δiu, ε. WiХХarН Оt.aХ., Advanced Materials 23, 8β1–84β (β011).  
[β] R. Gauss, G. Homm, O. GutПХОisМh, J. of Industrial Ecology, DOIμ 10.1111/УiОМ.1β488. (β016) 
[γ] O. GutПХОisМh, ε.D. Kuz´min, J. Gassmann, R. Gauss, Annapolis, USA ( β014). 
[4] R. Gauss anН O. GutПХОisМh, ОН. P. KausМh unН J. εatsМhuХХat, Springer Spektrum Heidelberg, 

Springer-Verlag GmbH, ISBN λ78-γ-66β-48854-6, λλ-118 (β016). 
[5] K. δoОwО, D. BОnФО, C. KübОХ, T. δiОnig, Оt.aХ., Acta Materialia 124, 4β1-4βλ (β017).  
[6] O. GutПХОisМh, T. GottsМhaХХ, ε. FriОs, D. BОnФО, I. RaНuХov, K. P. SФoФov, H. WОnНО, ε. 
GrunОr, ε. AМОt, P. EntОХ anН ε. FarХО, Phil. Trans. R. Soc. A γ74μ β0150γ08 (β016). 
httpμ//Нx.Нoi.org/10.10λ8/rsta.β015.0γ08.  
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MAGNETOPHORETIC SHUTTLING SYSTEM FOR DIGITAL 
MANIPULATION OF LIVING CELLS TOWARDS CELLS-ON-CHIP 

B. δIε, S.R. TORATI, X. HU, C.G. KIε*    
DОpartmОnt oП EmОrging εatОriaХs SМiОnМО, DGIST, DaОgu, 4βλ88, RОpubХiМ oП KorОa 

*МgФim@Нgist.aМ.Фr  
 

ThО intОgration oП a rОmotОХy МontroХХabХО partiМХОs/МОХХs manipuХation in a Хab on a Мhip 
systОms promisОs to pХay a ФОy roХО towarНs thО aНvanМОmОnt in gОnО sОquОnМing, singХО МОХХ 
anaХysis anН МОХХ sОparation tОМhnoХogy. PartiМuХarХy, most Оxisting singХО МОХХ pХatПorms arО unabХО 
to aМhiОvО ХargО sМaХО opОration with ПХОxibiХity on МОХХs anН НigitaХ manipuХation, anН thus thОrО is 
urgОnt nООН oП innovativО tОМhniquОs to aММompХish thО automation oП singХО МОХХs. RОМОntХy, thО 
ПХОxibiХity oП magnОtiМ shuttХing tОМhnoХogy using nano/miМro sМaХО magnОts Пor thО manipuХation oП 
partiМХОs has gainОН signiПiМant aНvanМОs anН has bООn usОН Пor a wiНО variОty oП singХО МОХХs 
manipuХation tasФs. HОrО, wО havО НОvОХopОН a МХass oП intОgratОН magnОtiМ traМФ МirМuits НОsignОН 
by МonvОntionaХ ХiПt-oПП tОМhnoХogy Пor ОxОМuting sОquОntiaХ anН paraХХОХ, timОН opОrations on an 
ОnsОmbХО oП singХО partiМХОs anН МОХХs. WhОn thО magnОtiМ traМФs arО МombinОН into arrays anН 
НrivОn by rotating magnОtiМ ПiОХН, thО singХО МОХХs/partiМХОs arО prОМisОХy МontroХ Пor muХtipХОxОН 
anaХysis [1]. ThО МonМОntriМ МОХХs/partiМХОs transport to onО point anН thОn transportОН to apartmОnts 
array Пor thО singХО МОХХ anaХysis wОrО pОrПormОН by thО assОmbХy oП this magnОtiМ traМФ into a novОХ 
arМhitОМturО, rОsОmbХОН with spiНОr wОb nОtworФ МonsistОН oП sОvОraХ raНii anН spiraХs. FurthОrmorО, 
a pХanar HaХХ rОsistanМО sОnsor was intОgratОН at thО МОntОr oП thО wОb nОtworФs, anН thО 
manipuХation anН НОtОМtion arО aМhiОvОН via supОrparamagnОtiМ partiМХОs with НuaХ ПunМtions as a 
biomoХОМuХО МarriОr Пor transportation anН ХabОХs Пor monitoring [β]. This novОХ pХatПorm МouХН 
possibХy opОn a nОw bioХogiМaХ assay systОm Пor both ПuturО НiagnostiМ НОviМОs that ovОrМomОs 
НiППusivО bioanaХytОs transportation issuОs ПaМing Оxisting nano/miМro-biosОnsors, anН МОХХs-on-Мhip 
whiМh aХХows thО hОtОrogОnОity anaХysis in inНiviНuaХ МОХХ ХОvОХs. 
 
[1] B. δim, V. RОННy, X.H. Hu, K.W. Kim, ε. JaНhav, R. AbОНini-Nassab, В.W. Noh, В.T. δim, 
B.B. ВОХХОn, C.G. Kim, Nature Communications 5, 1 (β014). 
[β] B. δim, S.R. Torati, K.W. Kim, X. Hu, V. RОННy, C. Kim, NPG Asia Materials (β017). 
Нoiμ10.10γ8/am.β017.γ7 
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CHIRAL SPIN-ORBITRONICS 

S.S.P. PARKIN  
εax PХanМФ InstitutО Пor εiМrostruМturО PhysiМs, HaХХО (SaaХО), GОrmany 

εartin δuthОr UnivОrsity HaХХО-WittОnbОrg 
 

OvОr thО past ПОw yОars thОrО havО bООn rОmarФabХО НisМovОriОs in spin-basОН phОnomОna that 
rОХy on spin-orbit coupling that МouХН spur thО НОvОХopmОnt oП aНvanМОН magnОtiМ mОmory НОviМОs.  
ThОsО inМХuНО thО Пormation oП chiral spin tОxturОs in thО Пorm oП NéОХ Нomain waХХs anН 
topoХogiМaХ spin tОxturОs, sФyrmions, that arО stabiХizОН by a DzyaХoshinsФii-εoriya ОxМhangО 
intОraМtion.  ThО DzyaХoshinsФii-εoriya ОxМhangО intОraМtion is НОrivОН Пrom broФОn symmОtriОs 
anН spin-orbit intОraМtions at intОrПaМОs or within thО buХФ oП matОriaХs.  AnothОr important 
МonsОquОnМО oП spin-orbit ОППОМts arО thО unОxpОМtОНХy high МonvОrsion ОППiМiОnМiОs oП МhargО 
МurrОnt to chiral spin МurrОnt Пrom topoХogiМaХ spin tОxturОs anН in МonvОntionaХ mОtaХs, via thО spin 
HaХХ ОППОМt [1,β].  SuМh spin МurrОnts ХОaН to giant spin-orbit torquОs that Мan bО usОН to switМh thО 
magnОtization in thrОО tОrminaХ magnОtiМ tunnОХ УunМtion mОmory ОХОmОnts or Мan bО usОН to movО 
Нomain waХХs in RaМОtraМФ εОmory mОmory-storagО НОviМОs.   InНООН rОМorН-brОaФing МurrОnt-
inНuМОН Нomain waХХ spООНs ОxМООНing 1,000 m/sОМ havО rОМОntХy bООn rОportОН in atomiМaХХy 
ОnginООrОН synthОtiМ antiПОrromagnОtiМ raМОtraМФs in whiМh thО Нomain waХХs arО “invisibХО” with no 
nОt magnОtization[γ,4].  εorО МompХОx non-МoХХinОar spin tОxturОs inМХuНО thО rОМОnt НisМovОry oП 
antisФyrmions5 in a HОusХОr МompounН. 
 
[1] Гhang, W. Оt aХ., Sci. Adv. 2, О160075λ (β016). 
[β] DОmasius, K.-U. Оt aХ., Nat. Commun. 7, 10644 (β016). 
[γ] Вang, S.-H., Ryu, K.-S. & ParФin, S. S. P.,. Nat. Nano. 10, ββ1-ββ6 (β015). 
[4] C. Garg, S.-H. Вang, T. Phung, A. Pushp, S.S.P.ParФin, Sci. Adv. 3, О160β804 (β017). 
[5] A.K. NayaФ, Оt aХ., Nature (β017). 
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MAGNETIC SHAPE MEMORY FREE-STANDING NANODISKS: 
ACTUATION MECHANISMS AND POSSIBLE APPLICATIONS 

F. AδBERTINIa,*, S. FABBRICIb, F. CASOδIa, ε. CAεPANINIМ, δ. NASIa, P. RANГIERIa, R. CABASSIa,   
C. εAGлNН, F. CEδEGATOО, G. BARRERAО, P. TIBERTOО 

          
 

a
 IεEε-CNR, 4γ1β4, ParМo ArОa НОХХО SМiОnzО γ7/a, Parma, ItaХy 
b
 εIST E-R δaboratory, 401βλ, via GobОtti 101, BoХogna, ItaХy 
М Empa, , 8600, оbОrХanНstrassО 1βλ, DübОnНorП, SwitzОrХanН 

Н
 Instituto НО NanoМiОnМia НО Aragón, 50018, Campus Río Ebro, М. εariano EsquiХХor, Гaragoza, 

Spain 
О INRIε, 101γ5, StraНa НОХХО CaММО λ1, Torino, ItaХy 

*ПranМa.aХbОrtini@imОm.Мnr.it 
 

εagnОtiМ shapО mОmory matОriaХs НispХay muХtiПunМtionaХ propОrtiОs (О.g. 
magnОtomОМhaniМaХ, magnОtoМaХoriМ, magnОtorОisistivО…) arising Пrom thО prОsОnМО oП a 
martОnsitiМ transПormation anН magnОtiМ statОs [1]. δow-НimОnsionaХ matОriaХs, mainХy thin ПiХms, 
havО rОМОntХy attraМtОН muМh intОrОst Пor thОir grОat potОntiaХ in novОХ appХiМations (О.g. 
miМroaМtuators, ОnОrgy harvОstОrs, soХiН-statО miМrorОПrigОrators) [β]. WО havО shown that in 
ОpitaxiaХ thin ПiХms thО magnОtiМ anН struМturaХ propОrtiОs Мan bО optimizОН at thО НiППОrОnt ХОngth-
sМaХОs by an appropriatО МhoiМО oП substratОs/unНОrХayОrs, thiМФnОss anН growth paramОtОrs, 
inМХuНing tОmpОraturО anН strОss appХiОН Нuring growth [γ, 4]. 

In thО prОsОnt taХФ wО wiХХ ПoМus on pattОrnОН struМturОs anН ПrОО-stanНing nanoНisФs. 
PattОrnОН thin ПiХms wОrО obtainОН by poХystyrОnО-nanosphОrО Хithography oП ОpitaxiaХ 

NiεnGa-basОН thin ПiХms grown by sputtОring r.П. on εgO substratОs with a Cr unНОrХayОr. FrОО-
stanНing nanoНisФs (Н=160, 650 nm) wОrО subsОquОntХy obtainОН by rОmoving thО Cr unНОrХayОr by 
a sОХОМtivО МhОmiМaХ ОtМhing. A muХtisМaХО struМturaХ anН magnОtiМ stuНy was pОrПormОН by mОans 
oП ОХОМtron miМrosМopy (HREε, STEε-HAADF, ОХОМtron НiППraМtion, δorОntz miМrosМopy), X-ray 
НiППraМtion, AFε/εFε, anН SQUID magnОtomОtry. 

PattОrnОН thin ПiХms maintain thО samО maМrosМopiМ martОnsitiМ anН magnОtiМ propОrtiОs oП 
Мontinuous thin ПiХms (О.g. martОnsitiМ transПormation tОmpОraturО, МrystaХХinО struМturОs, 
magnОtization Хoops). On thО othОr hanН, thОir miМrostruМturaХ anН magnОtiМ МonПigurations arО 
inПХuОnМОН by ХatОraХ МonПinОmОnt anН rОХОasО Пrom substratО.  

RОmarФabХy, thО МombinОН appХiМation oП tОmpОraturО anН ПiОХН to ПrОО-stanНing nanoНisФs 
givОs risО to substantiaХ miМrostruМturaХ МhangОs, ОnabХing НiППОrОnt aМtuation moНОs. ArОaХ variation 
oП thО orНОr oП somО pОrМОnt, anН tunabХО in intОnsity anН sign by thО appХiМation oП T anН magnОtiМ 
ПiОХНs havО bООn obtainОН 

ThОsО ПОaturОs, arising Пrom thО Мombination oП ПОrromagnОtiМ anН martОnsitiМ propОrtiОs, 
pavО thО way to thО rОaХization oП ПОrromagnОtiМ shapО mОmory nanoaМtuators. PossibХО nОw–
МonМОpt biomОНiМaХ appХiМations wiХХ aХso bО НisМussОН. 

 
 

 
[1].ε. AМОt, Оt aХ., Handbook of Magnetic εatОriaХs 19, EХsОviОr, AmstОrНam (β001). 
[β] A. BaМФОn Оt aХ., Adv. Eng. Mat. 14, 6λ6 (β01β).  
[γ] P. RanziОri Оt aХ., Acta Mater. 61, β6γ (β01γ).  
[4] P. RanziОri Оt aХ., Adv. Mater. 32, 4760 (β015). 
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FROM PARTICLES TO ORIENTED ASSEMBLIES: EFFECTS ON 
MAGNETISM AND APPLICABILITY 

ε. ANGEδAKERIS*  

PhysiМs DОpartmОnt, AristotХО UnivОrsity, 541β4, GrООМО 
* МagОХaФОr@auth.gr 

 
εagnОtiМ nanopartiМХОs proviНО a uniquО vОrsatiХО pХatПorm Пor moНОrn tОМhnoХogiОs sinМО 

thОy Мan bО rОmotОХy anН non-invasivОХy ОmpХoyОН as imaging probОs, МarriОr vОМtors anН smart 
aМtuators. To start with, wО nООН magnОtiМ nanopartiМХОs with sОvОraХ wОХХ-НОПinОН anН rОproНuМibХО 
struМturaХ, physiМaХ, anН МhОmiМaХ ПОaturОs, whiХО spОМiПiМ-appХiМation nanopartiМХО НОsign imposОs 
sОvОraХ aННitionaХ Мonstraints. [1, β] SinМО an ОxtОrnaХ magnОtiМ ПiОХН is thО usuaХ НrivО oП 
magnОtism-basОН appХiМation sМhОmОs, wО shouХН havО to maximizО ПiОХН ОППОМt by tuning partiМХО 
МoХХОМtivО magnОtiМ ПОaturОs. NanopartiМХОs wiХХ ОvОntuaХХy appОar with supprОssОН magnОtiМ 
ПОaturОs, НОpОnНing on surrounНing МonНitions/ПОaturОs/intОraМtions, thus thОir МonПiguration in βD 
or ОvОn γD oriОntОН assОmbХiОs is wiНОХy proposОН as a powОrПuХ way to МontroХ thОir maМrosМopiМ 
magnОtiМ rОsponsО on НОmanН. SuМh assОmbХiОs havО a НirОМt impaМt on hystОrОsis ХossОs, ОППОМtivО 
anisotropy anН susМОptibiХity. εobiХity oП thО magnОtiМ nanopartiМХОs within thО МoХХoiНaХ НispОrsion 
is a МruМiaХ ПaМtor that aППОМts thО assОmbХy Пormation suММОss ratО, sinМО НivОrsО ОППОМts, suМh as 
magnОtiМ, ОХОМtrostatiМ, visМous, gravitationaХ anН moХОМuХar intОraМtions arО invoХvОН. Thus, 
magnОtiМ nanopartiМХОs may arrangО ranНomХy (Figs.1a-1b) or in orНОr (Figs.1М-1О), aММounting thО 
МompХОx thrОО-НimОnsionaХ magnОtiМ МoupХing among thОm in МonУunМtion with ОxtОrnaХ ПiОХН 
intОraМtions (Fig.1П). [γ-6] εagnОtism both at thО nanosМaХО ХОvОХ (singХО partiМХОs anН assОmbХiОs) 
but aХso maМrosМopiМ МoХХОМtivО magnОtiМ ПОaturОs arО ПounН НramatiМaХХy НiППОrОnt Пor thО НiППОrОnt 
Пormations anН aХtОrations oП appХiМabiХity sМhОmОs arisО. 

a) b)  М)  

Н)          О)  

П)  

 

FigurО 1μ NanopartiМХО Пormations (a) singХО-phasО 
nanopartiМХОs (b) mixturО oП partiМХОs with two 
НiППОrОnt sizОs. AssОmbХiОs oП partiМХОs ОithОr in (М) 
muХti-МorО Пormations or (Н) МorО-shОХХ partiМХОs or 
(О) oriОntОН arrays. (П) IntОraМtions prОsОnt in 
magnОtiМ nanosМaХО Пormations. 

 
[1] ε. AngОХaФОris, BioМhimiМa Оt BiophysiМa AМta-GОnОraХ SubУОМts, β016, in prОss, DOIμ 
10.1016/У.bbagОn.β017.0β.0ββ. 
[β] K. SimОoniНis Оt aХ., RSC Adv. 6, 5γ107 (β016).  
[γ] S. δiébana Viñas Оt aХ., J. Mag. Magn. Mater. 415, β0–βγ (β016). 
[4] D. SaФОХХari Оt aХ., Mat. Sci. Eng. C 58, 187–1λγ (β016). 
[5] E. εyrovaХi Оt aХ., Scientific Reports 6, γ7λγ4 (β016). 
[6] K. SimОoniНis Оt aХ., Scientific Reports 6, γ8γ8β (β016). 
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EFFICIENT COOLING WITH Fe2P BASED MATERIALS 

E. BRоCK*, N.V. THANG, ε.F.J. BOEIJE, N.H. VAN DIJK     
DОХПt UnivОrsity oП TОМhnoХogy, εОФОХwОg 15 β6βλJB DОХПt, ThО NОthОrХanНs  

*О.h.bruМФ@tuНОХПt.nХ 
 

DomОstiМ rОПrigОration anН air-МonНitioning МontributОs to about γ0% oП thО ОХОМtriМity biХХ oП 
an US housОhoХН. ThО maУority oП МooХing НОviМОs nowaНays utiХizОs thО vapor rОПrigОration МyМХО 
whiМh worФs as ПoХХows; Пirst thО gas is МomprОssОН in a МomprОssor, thО hОat proНuМОН in thО 
МomprОssion stagО is rОХОasОН to thО ОnvironmОnt anН thО gas МonНОnsОs to Пorm a ХiquiН. In a 
throttХing stagО thО prОssurО oП thО ХiquiН is ХowОrОН anН thО ПХuiН МooХs Нown. Evaporation Пrom thО 
МoХН ПХuiН taФОs up thО hОat Пrom thО substanМО that nООНs to bО МooХОН anН thО gas is ПОН baМФ to thО 
МomprОssor.  

This rОПrigОration МyМХО Мan bО maНО ОnОrgy-ОППiМiОnt whОn МОrtain gasОs arО utiХizОН. 
HowОvОr, thОsО gasОs arО ОxtrОmОХy strong grООnhousО gasОs. CurrОntХy rОПrigОrant gasОs arО thО 
ПastОst growing sourМО oП grООnhousО gas Оmissions, anН aММorНing to thО KigaХi НОaХ shaХХ bО 
phasОН out in thО nОar ПuturО [1].  

With thО aНvОnt oП giant magnОtoМaХoriМ ОППОМts (εCE) that oММur in МonУunМtion with 
magnОto-ОХastiМ or magnОto-struМturaХ phasО transition oП Пirst orНОr (FOT), magnОtoМaХoriМ 
rОПrigОration nОar room tОmpОraturО bОМamО ПОasibХО. In this МontОxt thО εnFО(P,X) systОm is oП 
partiМuХar intОrОst as it Мontains Оarth abunНant ingrОНiОnts that arО not toxiМ. In this hОxagonaХ 
systОm, thО magnОtiМ atoms oММupy two inОquivaХОnt positions rОПОrrОН as 3f (tОtrahОНraХ) anН 3g 
(pyramiНaХ). OnО intriguing aspОМt is thО НisappОaranМО oП thО magnОtiМ momОnts on thО 3f sitОs 
whОn Мrossing TC, whОrОas thОrО is onХy a ХimitОН НОМrОasО on thО 3g sitО. This obsОrvation has ХОН 
to a МoopОrativО НОsМription oП thО FOT ХinФing thО Хoss oП Хong rangО magnОtiМ orНОr at TC with thО 
Хoss oП ХoМaХ momОnts on γП. This mОМhanism has rОМОntХy bООn shown to bО at thО origin oП thО G-
εCE obsОrvОН in εnFО(P,Si)[β].  
 
[1] G.J.ε. VОХНОrs Оt aХ., Proc. Natl Acad. Sci. USA 106, 10λ4λ–10λ54. 
[β] ε.F.J. BoОiУО Оt aХ., Chem. Mater. 28, 4λ01-4λ05 (β016). 
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FRONTIERS OF MAGNETOPHOTONICS AND MAGNETOPLASMONICS 
OF FUNCTIONAL NANOSTRUCTURES 

A.A. FEDВANIN*  

δomonosov εosМow StatО UnivОrsity, 11λλλ1, δОninsФiО gory 1, εosМow, Russia 
ПОНyanin@nanoХab.phys.msu.ru 

 
εoНОrn magnОto-optiМaХ matОriaХs pОrspОМtivО Пor various praМtiМaХ appХiМations shouХН 

possОss rОХiabХО vaХuОs oП magnОto-optiМaХ ОППОМts whiМh Мan bО signiПiМantХy inМrОasОН nОar 
spОМtraХХy narrow optiМaХ rОsonanМОs. εagnОtophotoniМ МrystaХs (εPCs) that havО rОsonanМОs in thО 
photoniМ НОnsity oП statОs at thО banН-gap ОНgО proviНО ОxtОnsivО opportunitiОs Пor МontroХХing thО 
FaraНay anН KОrr ОППОМts. UnНОr an ОxtОrnaХ magnОtiМ ПiОХН appХiОН to an εPC, an inМrОasО in thО 
FaraНay ОППОМt Мan bО obsОrvОН at thО photoniМ-banН-gap ОНgО НuО to thО sХow Хight ОППОМt. A 
strongОr ОnhanМОmОnt oП thО FaraНay rotation angХО Мan bО obtainОН at thО narrow rОsonanМОs oП 
εPC rОПХОМtanМО spОМtra rОХatОН to thО muХtipass travОХing oП Хight in thО εPC miМroМavity spaМОr. 
AnothОr approaМh utiХizОs rОsonant pХasmoniМ ОППОМts ОnhanМОН in pОrioНiМ nanostruМturОН 
matОriaХs. OnО oП thО moНОrn tОМhniquОs to obsОrvО magnОtopХasmoniМ ОППОМts is thО usО oП 
magnОtopХasmoniМ МrystaХs. PОrioНiМ nanostruМturing oП magnОtopХasmoniМ МrystaХs aХХows onО to 
МontroХ propagation oП surПaМО pХasmon poХaritons (SPP) by thО usО oП НiППraМtion maxima to satisПy 
ПuХПiХХ phasО-matМhing Пor inМiНОnt Хight anН SPP. βD-pОrioНiМity proviНОs thО opportunity oП 
spОМtraХ tuning oП thО phasО-matМhing МonНitions via supОrposition oП two vОМtors oП thО rОМiproМaХ 
ХattiМО.  

In this prОsОntation, rОМОnt rОsuХts on rОaХization oП various magnОtophotoniМ anН 
magnОtopХasmoniМ matОriaХs wiХХ bО НisМussОН. For ОxampХО, wО havО obsОrvОН thО Fano-typО 
FaraНay rotation spОМtrum in a onО-НimОnsionaХ magnОtophotoniМ МrystaХ at thО BХoМh surПaМО wavО 
rОsonanМО anН ПounН that it is a rОsuХt oП thО МoupХing bОtwООn thО s-poХarizОН BSW anН thО p-
poХarizОН wavОguiНing moНОs oП thО magnОtophotoniМ МrystaХ [1,β]. ThО ОxpОrimОntaХ obsОrvation 
oП timО-rОsoХvОН poХarization rotation within a singХО ПОmtosОМonН ХasОr puХsО unНОr МonНitions oП 
sХow Хight in magnОtophotoniМ МrystaХ wiХХ bО НisМussОН [γ]. WО aХso ОxtОnН thО МonМОpt oП high-
inНОx rОsonant nanophotoniМs to thО МasО oП magnОtiМaХХy aМtivО matОriaХs anН stuНy thО magnОto-
optiМaХ rОsponsО oП a НiОХОМtriМ mОtasurПaМО МovОrОН with a thin magnОtiМ ПiХm. WО havО rОportОН on 
thО НОmonstration oП thО magnОto-optiМaХ ОППОМts ОnhanМОН by optiМaХХy-inНuМОН magnОtiМ НipoХО 
εiО rОsonanМОs maniПОsting a strong intОraМtion oП magnОtiМ propОrtiОs with inНuМОН "optiМaХ 
magnОtism" [4]. 

 
[1] ε.N. RomoНina, I.V. SoboХОva, A.I. εusorin, В. NaФamura, ε. InouО, A.A. FОНyanin, Phys. 

Rev. B 96, 081401(R) (β017). 
[β] ε.N. RomoНina, I.V. SoboХОva, A.A. FОНyanin, J. Magn. Magn. Mater. 415, 8β (β016). 
[γ] A.I. εusorin, ε.I. Sharipova, T.V. DoХgova, ε. InouО, A.A. FОНyanin, Phys. Rev. Appl. 6, 
0β401β (β016).  
[4] D.A. ShiХФin, ε.R. ShМhОrbaФov, E.V. δyubin, K.G. KatamaНzО, O.S. KuНryavtsОv, V.S. SОНov, 
I.I. VХasov, A.A. FОНyanin, ACS Photonics 4, 115γ (β017). 
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MAGNETIC METAMATERIALS: SPATIAL RESONANCES AND MRI 
ENHANCEMENT 

ε. δAPINE *  
SМhooХ oП εathОmatiМaХ anН PhysiМaХ SМiОnМОs, UnivОrsity oП TОМhnoХogy SyНnОy, AustraХia 

*miФhaiХ.ХapinО@uts.ОНu.au 
 

In this taХФ, I wiХХ briОПХy rОviОw thО approaМhОs to МrОatО artiПiМiaХ magnОtiМ rОsponsО with 
mОtamatОriaХs, anН highХight a rangО oП intОrОsting phОnomОna whiМh Мan bО obsОrvОН in magnОtiМ 
mОtamatОriaХs anН ОmpХoyОН Пor appХiМations.  

First, somО pОМuХiaritiОs oП ОППОМtivО mОНium thОory oП magnОtiМ mОtamatОriaХs [1] wiХХ bО 
introНuМОН, with thО Оmphasis on spОМiПiМ propОrtiОs oП ПinitО-sizО sampХОs [β], anН ОnhanМОН roХО oП 
mОtamatОriaХ bounНariОs [γ]. In aННition, I wiХХ briОПХy outХinО thО possibiХitiОs to aМhiОvО nonХinОar 
magnОtiМ rОsponsО [4] by introНuМing novОХ НОgrООs oП ПrООНom in mОtamatОriaХ НОsign, intОrХinФing 
physiМaХ ПОaturОs oП НiППОrОnt naturО [5]. 

ThОn, spОМiПiМ attОntion wiХХ bО НirОМtОН towarНs appХiМation oП magnОtiМ mОtamatОriaХs Пor 
magnОtiМ rОsonanМО imaging, with thО aim oП improving rОsoХution anН НОpth oП imaging [6]. On 
this traМФ, I wiХХ НОmonstratО that rОmarФabХО НОviations Мan bО obsОrvОН bОtwООn prОНiМtions oП thО 
ОППОМtivО mОНium thОory anН prОМisО МaХМuХations Пor praМtiМaХХy rОХОvant sampХОs [7]. With this 
rОspОМt, I wiХХ aХso mОntion thО rОМОnt aМhiОvОmОnt in εRI appХiМations oП mОtamatОriaХs Пrom othОr 
groups [8]. 

TimО pОrmitting, I wiХХ aХso briОПХy НisМuss non-rОsonant НОsigns [λ], suitabХО Пor strong 
artiПiМiaХ НiamagnОtism, with a potОntiaХ Пor Хight-wОight anН rОМonПigurabХО magnОtiМ ХОvitation. 
 
[1] ε. GorФunov, ε. δapinО, E. Shamonina, K.H. RinghoПОr, Eur. Phys. J. B 28, β6γ–β6λ (β00β). 
[β] ε. δapinО, R.C. εМPhОНran, C.G. PouХton, Phys. Rev. B 93, βγ5156 (β016). 
[γ] ε. δapinО, δ. JОХinОФ, R. εarqués, Opt. Express 20, 18βλ7–18γ0β (β01β). 
[4] ε. δapinО, I.V. ShaНrivov, В.S. Kivshar, Rev. Mod. Phys. 86, 10λγ–11βγ (β014). 
[5] ε. δapinО, I.V. ShaНrivov, D.A. PowОХХ, В.S. Kivshar, Nature Materials 11, γ0–γγ (β01β). 
[6] ε.J. FrОirО, δ. JОХinОФ, R. εarqués, ε. δapinО, J. Magn. Resonance 203, 81–8λ (β010). 
[7] ε. δapinО, δ. JОХinОФ, ε. FrОirО, R. εarqués, Phys. Rev. B 82, 1651β4 (β010). 
[8] A.P. SХobozhanyuФ Оt aХ., Advanced Materials 28, 18γβ-18γ8 (β016). 
[λ] ε. δapinО, A.K. KryХova, P.A. BОХov, C.G. PouХton, R.C. εМPhОНran, anН В.S. Kivshar, Phys. 

Rev. B 87 0β4408 (β01γ). 
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DEVELOPMENT OF GOLD-MAGNETITE HYBRID NANOPARTICLES 
FOR BIOMEDICAL APPLICATION 

A.G. εAJOUGA a,b,М  
a εОnНОХООv UnivОrsity oП ChОmiМaХ TОМhnoХogy, εiussФaya st., λ, εosМow, Russian FОНОration 
b δomonosov εosМow StatО UnivОrsity, ChОmistry DОpt., δОninsФiО gory, BuiХНing 1/γ, GSP-1, 

εosМow, 11λλλ1, Russian FОНОration 
М NationaХ UnivОrsity oП SМiОnМО anН TОМhnoХogy εISiS, δОninsФiy pr.,4, εosМow, 11λ04λ, 

Russian FОНОration 
 

NanobiotОМhnoХogy, thО Мombination oП nanotОМhnoХogy anН moХОМuХar bioХogy is a 
trОmОnНousХy powОrПuХ tОМhnoХogy. It hoХНs a hugО promisО Пor thО НОsign anН НОvОХopmОnt oП 
many typОs oП novОХ proНuМts with potОntiaХ appХiМations in thО ПiОХНs oП bioХogy anН mОНiМinО, 
inМХuНing ОarХy НisОasО НОtОМtion through aНvanМОН noninvasivО mОНiМaХ imaging, trОatmОnt through 
high sitО-spОМiПiМ Нrug НОХivОry anН protОin puriПiМations. GoХН-εagnОtitО HybriН magnОtiМ 
nanopartiМХОs havО rОМОivОН signiПiМant attОntion rОМОntХy anН arО aМtivОХy invОstigatОН owing to 
thОir ХargО potОntiaХ Пor a variОty oП appХiМations. As a biПunМtionaХ nanopartiМХО, goХН-iron oxiНО 
nanopartiМХО Мan inhОrit ОxМОХХОnt surПaМО МhОmistry МharaМtОristiМs, uniquО optiМaХ propОrtiОs 
(attributОН to Au) anН supОrparamagnОtiМ МharaМtОristiМs attributОН to FО-oxiНОs. Drugs attaМhОН to 
thОsО biПunМtionaХ nanopartiМХОs Мan havО morО aНvantagОs ovОr orНinary Нrugs.  

 
WО thanФ εinistry oП SМiОnМО anН EНuМation oП thО Russian FОНОration (proУОМt numbОr ). 
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STANDARDIZATION METHODS FOR THE SYNTHESIS OF MAGNETIC 
NANOPARTICLES FOR MEDICAL APPLICATIONS 

H. GAVIδÁN, R. COSTO, S. VEINTEεIδδAS-VERDAGUER, ε.P. εORAδES*     

Instituto НО CiОnМia НО εatОriaХОs НО εaНriН, ICεε/CSIC, β804λ, εaНriН, Spain 
* PuОrto@iМmm.МsiМ.Оs 

 
In thО Хast НОМaНО, thОrО havО bООn hugО aНvanМОs in thО synthОsis oП magnОtiМ nanopartiМХОs 

Пor biomОНiМaХ appХiМations Пitting thО rОquirОmОnts in tОrms oП sizО, surПaМО anН МoХХoiНaХ stabiХity 
unНОr physioХogiМaХ МonНitions intrinsiМ to ОaМh partiМuХar appХiМation [1]. AХthough numОrous 
stuНiОs havО rОaМhОН thО МХiniМaХ usО oП thОsО nanopartiМХОs as magnОtiМ rОsonanМО imaging Мontrast 
agОnts, Пor othОr appХiМations suМh as hypОrthОrmia trОatmОnts, tissuО rОgОnОration, magnОtiМaХХy 
НrivОn transПОМtion oП stОm МОХХs or НОХivОry oП gОnОtiМ matОriaХs, nanopartiМХОs’ usО in an ОППiМiОnt 
anН saПО mannОr rОmains to bО assОssОН. 

In gОnОraХ, Мost-ОППОМtivО, ОnvironmОntaХ ПriОnНХy anН ХargО-sМaХО synthОsis mОthoНs havО bООn 
pursuОН ФООping gooН МontroХ oП sizО, shapО, anН Мomposition oП magnОtiМ nanopartiМХОs, whiМh is a 
НiППiМuХt tasФ МonsiНОring that thО НiППОrОnМО oП onХy ПОw nanomОtОrs in partiМХО sizО mОans hugО 
НiППОrОnМОs in voХumО rОsuХting in a ПunМtionaХ or ПaiХОН proНuМt [β]. RОproНuМibiХity oП МurrОnt 
synthОtiМ mОthoНs, whiМh arО abХО to manuПaМturО high quaХity εNPs in ХargО sМaХО, is stiХХ a maУor 
МhaХХОngО [γ,4]. On thО othОr hanН, uniПormity is a МritiМaХ point in orНОr to ОstabХish thО 
rОХationships bОtwООn thО physiМoМhОmiМaХ propОrtiОs oП thО nanostruМturОs anН thОir bОhavior in 
vitro anН in vivo, whiМh is МurrОntХy poorХy unНОrstooН. On top oП that, thОrО is a ПunНamОntaХ anН 
prОssing nООН to НОvОХop morО sustainabХО protoМoХs, ХОss toxiМ nanomatОriaХs in a morО ОППiМaМious 
mannОr.  

 
[1] δ. GutiérrОz, R. Costo, C. GrüttnОr, F. WОstphaХ, N. GОhrФО, D. HОinФО, A. Fornara, Q.A. 
PanФhurst, C. Johansson, S. VОintОmiХХas-VОrНaguОr, ε.P. εoraХОs, Dalton Transactions 44 (7), 
βλ4γ-βλ5β (β015). 
[β] G. SaХas, S. VОintОmiХХas-VОrНaguОr, ε.P. εoraХОs, International Journal of Hyperthermia 29 
(8), 768-776 (β01γ). 
[γ] H. GaviХпn, O. Posth, δ.K. Bogart, U. StОinhoПП, δ. GutiérrОz, ε.P. εoraХОs, Acta Materialia 
125, 416-4β4 (β017).  
[4] В. δuОngo, ε.P. εoraХОs, δ. GutiérrОz, S. VОintОmiХХas-VОrНaguОr, J. Mater Chem. C  4, λ48β-
λ488 (β016). 
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BIOMEDICAL APPLICATIONS OF MAGNETIC NANOPARTICLES 

Q.A. PANKHURST *  
HОaХthМarО BiomagnОtiМs δaboratory, UnivОrsity CoХХОgО δonНon, δonНon W1S 4BS, UnitОН 

KingНom 
* q.panФhurst@uМХ.aМ.uФ 

 
‘HОaХthМarО BiomagnОtiМs’ – thО sОnsing, moving anН hОating oП magnОtiМ nanopartiМХОs in 

vitro or in thО human boНy – is a rapiНХy Мhanging ПiОХН that is attraМting muМh intОrОst worХНwiНО 
[1]. It oППОrs thО potОntiaХ to НОvОХop saПО anН МonvОniОnt aХtОrnativОs Пor a НivОrsО rangО oП 
thОrapОutiМ anН НiagnostiМ hОaХthМarО appХiМations, using inУОМtabХО matОriaХs oП provОn saПОty anН 
rОХiabiХity. In Нoing so, it maФОs usО oП thО thrОО ПunНamОntaХ ‘aМtion-at-a-НistanМО’ propОrtiОs oП 
magnОtiМ matОriaХs – thОir abiХity to aМt as rОmotО sОnsors [β], mОМhaniМaХ aМtuators [γ], anН sourМОs 
oП hОat in both hypОrthОrmia anН thОrmoabХation [4]. 

 

 
 
ThО vОrsatiХity oП thО ПiОХН is aХso ХОaНing to thО ОmОrgОnМО oП muХti-moНaХ appХiМations, 

Мombining two or morО oП thО sОnsing-moving-hОating propОrtiОs in thО samО proНuМt. CОrtain 
appХiМations arО now ОntОring or arО МХosО to bОginning PhasО I/II МХiniМaХ triaХs, or in thО МasО oП in 
vitro proНuМts, arО aХrОaНy ОntОring thО marФОtpХaМО. AММorНingХy, in this ХОМturО a sОХОМtion oП 
ОxampХОs oП rОМОnt worФ in hОaХthМarО biomagnОtiМs wiХХ bО prОsОntОН anН НisМussОН [5]. 

 
[1] Q.A. PanФhurst Оt aХ., J. Phys. D 36, R167, (β00γ); ibid 42, ββ4001 (β00λ). 
[β] U.A. GunasОФОra Оt aХ., Targeted Oncology 4, 16λ (β00λ); ε.R. δoОbingОr Оt aХ., Cancer 

Research 69, 886β (β00λ); K.δ. Vigor Оt aХ., Biomaterials 31, 1γ07 (β010). 
[γ] E. StriНО Оt aХ., Ultrasound Med. Biol. 35, 861 (β00λ); J. RiОgХОr Оt aХ., Biomaterials 31, 5γ66 
(β010); J. RiОgХОr Оt aХ., J. Phys. D 44, 055001 (β011). 
[4] ε. KaХХumaНiХ Оt aХ., J. Magn. Magn. Mater. 321, γ650 (β00λ); δ.A. Thomas Оt aХ., J. Mat. 

Chem. 19, 65βλ (β00λ); K. ParМОХХ Оt aХ., Thorax 65, A41 (β010). 
[5] G.ε. Нa Costa Оt aХ., J. Phys. Chem. B 118, 117γ8 (β014); R.R. WiХНОboОr Оt aХ., J. Phys. D 47, 
4λ500γ (β014); C. BХanМo-AnНuУar Оt aХ., Nanoscale 7, 1768 (β015); J. Bai Оt aХ., Theranostics 6, 
γ4β-56 (β016); C. BХanМo-AnНuУar Оt aХ., Nanomedicine 11, 1β1-γ6 (β016). 
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DESIGNING MAGNETIC NANOMATERIALS FOR BIOMEDICAL 
APPLICATIONS 

D. PEDDIS* 

Istituto Нi Struttura НОХХa εatОria – CNR, 00016 εontОrotonНo StazionО (Roma), ItaХy 
*НaviНО.pОННis@Мnr.it 

 
DОsign oП magnОtiМ nanomatОriaХs Пor spОМiПiМ biomОНiМaХ appХiМations (О.g. Drug DОХivОry, 

εagnОtiМ hypОrthОrmia, εRI) mОans to МontroХ thО mattОr at thО nanosМaХО, МorrОХating magnОtiМ 
propОrtiОs, miМro anН mОsostruМturО anН moХОМuХar Мoating. TaФing into aММount aХХ oП thОsО points, 
this МommuniМation wiХХ ПoМus on thО НОsign oП magnОtiМ nano-arМhitОМturОs (εNA) Пor biomОНiМaХ 
appХiМations, НisМussing somО rОМОnt synthОsis anН ПunМtionaХization oП magnОtiМ nanomatОriaХs1–γ. 
ThОsО εNA arО typiМaХХy oП МorО-shОХХ morphoХogy anН thОir shОХХ may bО МomposОН oП poХymОrs, 
surПaМtants or mОsoporous siХiМa, whiМh typiМaХХy sОrvО Пor ОmbОННing thО thОrapОutiМ agОnts within 
thОir ПramОworФ. SОХОМtivity oП thО trОatmОnt is ОnsurОН through ОmpХoying magnОtiМ ПiОХН-
rОsponsivО homing oП thО nanoМarriОrs to thО thОrapОutiМ arОa, aХong with possibiХitiОs Пor aХtОrnating 
magnОtiМ ПiОХН hypОrthОrmia-rОsuХtОН trОatmОnt oП thО iХХ tissuОs. ThО inНuМОН hypОrthОrmia may bО 
thОrapОutiМaХХy aМtivО through Мausing НОnaturation oП biomoХОМuХОs in thО trОatmОnt arОa, or/anН 
through mОНiating rОХОasО oП thО Мargo thОrapОutiМ agОnts.  
 
[1] G. Singh, B.H. εМDonagh, S. HaФ, D. PОННis, S. BanНopaНhyay, I. SanНvig, A. SanНvig, W.R. 
GХomm, J. Mater. Chem. B 5, 418–4ββ (β017). 
[β] D. PОННis, G. εusМas, R. εathiОu, P.A. Kumar, G. Varvaro, G. Singh, I. OruО, D. GiХ-Carton, 
δ. εarМano, A. εuОХa, et al., Faraday Discuss. 0, 1–1β (β016). 
[γ] N.Г. KnОzОviМ, C.ε. JimОnОz, ε. AХbino, A. VuФaНinoviМ, A. εraФoviМ, E. IХХОs, 
D. JanaМФoviМ, J.-O. DuranН, C. SangrОgorio, D. PОННis, MRS Adv., 1–8 (β017). 
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DEVELOPMENT OF HIGH ENERGY X-RAY MICROSCOPY FOR 
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A. SNIGIREV* 
ImmanuОХ Kant BaХtiМ FОНОraХ UnivОrsity, βγ6004, NОvsФogo 14, KaХiningraН, Russia 

*anatoХy.snigirОv@gmaiХ.Мom 
 

ThО НОvОХopmОnt oП γrН gОnОration synМhrotron raНiation (SR) sourМОs in paraХХОХ with rОМОnt 
aНvanМОs in thО tОМhnoХogy oП X-ray miМroПoМusing ОХОmОnts ХiФО rОПraМtivО (CompounН rОПraМtivО 
ХОnsОs/CRδ) optiМs, maФОs possibХО to rОaХizО X-ray miМrosМopy with X-ray ОnОrgy supОrior to β 
ФОV. In aННition to МonvОntionaХ X-ray miМrosМopy tОМhniquОs ХiФО X-ray miМro-spОМtrosМopy anН 
miМro-НiППraМtion tОМhniquОs, МohОrОnМО propОrtiОs oП nОw synМhrotron raНiation sourМОs aХХow to 
pОrПorm МohОrОnt imaging inМХuНing hoХography, ПuХХ-ПiОХН phasО Мontrast imaging anН 
miМrotomography. ThО МonМОpt oП Мombining thОsО thrОО tОМhniquОs as a high-ОnОrgy miМrosМopy 
has bООn suММОssПuХХy rОaХizОН at НiППОrОnt SR bОamХinОs. 

 ThО miМrosМopО was appХiОН Пor stuНy oП naturaХ anН synthОtiМ sОХП-organizОН struМturОs, 
mОtaХ invОrtОН photoniМ МrystaХs anН МoХХoiНaХ suspОnsions. ThО Мombination oП thО НirОМt-spaМО 
imaging anН high rОsoХution НiППraМtion proviНО a wОaХth oП inПormation on thОir ХoМaХ struМturО anН 
thО Хong rangО pОrioНiМ orНОr. ThО НОvОХopmОnt oП thО harН x-ray miМrosМopО ОmОrgОН 
МonМomitantХy with thО rОaХization oП thО 4th gОnОration SR sourМОs with grОatХy ОnhanМОН briХХianМО 
anН ПraМtion oП МohОrОnt Хight, anН this wiХХ opОn ОntirОХy nОw ПrontiОrs in matОriaХs imaging. Short 
aМquisition timОs aХХow to ОxtОnН thО miМrosМopО to timО-rОsoХvОН stuНiОs oП thО МrystaХХization 
НynamiМs, rОsponsО oП thО mОsosМopiМ struМturОs to ОxtОrnaХ stimuХi suМh as mОМhaniМaХ strain, 
tОmpОraturО Уump or tОmpОraturО graНiОnt as wОХХ as ОxtОrnaХ ОХОМtriМ anН magnОtiМ ПiОХНs. 
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εagnОtiМ nanostruМturОs raisОН intОrОst Пor biomОНiМaХ appХiМations, suМh as Мontrast agОnts in 

magnОtiМ rОsonanМО imaging, Нrug НОХivОry systОms anН hypОrthОrmia. ThО magnОtiМ momОnt is 
thОrОПorО ОxpХoitОН Пor targОt-НirОМtОН НОХivОry, НОtОМtion, sОparation, anН manipuХation.  Among thО 
opОn issuОs prОvОnting thОir ПuХХ ОxpХoitation as thОrapОutiМ agОnts, rОХiabХО anН rОproНuМibХО 
mОthoНs oП mОasuring thО ПunМtionaХ МapabiХity havО to bО ОstabХishОН.  In МasО oП magnОtiМ 
hypОrthОrmia, traМОabiХity oП  spОМiПiМ absorption ratО (SAR) is Пar to bО gainОН. In partiМuХar, a 
МarОПuХ МharaМtОrization oП thО magnОtiМ propОrtiОs rОgarНing both thО ПunНamОntaХ propОrtiОs oП thО 
stuНiОН partiМХОs (magnОtization МurvОs, hystОrОsis ХossОs) anН thОir thОrmaХ propОrtiОs Нuring 
hypОrthОrmia trОatmОnts is rОquirОН. InНООН, thОsО Нata arО oПtОn avaiХabХО Пrom НiППОrОnt sОtup 
opОrating in НiППОrОnt ОxpОrimОntaХ МonНitions that maФО НiППiМuХt to ОnsurО mОasurОmОnts 
traМОabiХity. In this МontОxt, magnОtiМ hystОrОsis Хoops arОas anН thОir roХО on thО hОat rОХОasОН havО 
bООn stuНiОН with thО aim oП proviНing rОХiabХО anН rОproНuМibХО mОthoНs to mОasurО thО spОМiПiМ 
absorption ratО (SAR). ThО SAR oП two sОts oП FОγO4 nanopartiМХОs (onО НispХaying 
supОrparamagnОtiМ ПОaturОs anН thО othОr ПОrromagnОtiМ onОs) has bООn mОasurОН with thrОО 
approaМhОs using aН-hoМ НОvОХopОН sОt-upsμ statiМ hystОrОsis Хoops arОas, НynamiМ hystОrОsis Хoops 
arОas anН hypОrthОrmia oП a watОr soХution. ThО ХattОr has bООn ПuХХy moНОХХОН to proviНО a НirОМt 
mОasurОmОnt oП thО SAR oП thО magnОtiМ nanopartiМХОs by taФing into aММount thО hОat ОxМhangО 
with thО surrounНing ОnvironmОnt in non-aНiabatiМ МonНitions anН thО parasitiМ hОating oП thО watОr 
НuО to ioniМ МurrОnts [1]. 

To support thО thОrapОutiМ appХiМation oП magnОtiМ nanopartiМХОs a МarОПuХ МontroХ oП 
gОomОtriМaХ paramОtОrs is nООНОН to tunО thО magnОtiМ propОrtiОs oП intОrОst. RОМОntХy, NiFО 
nanoНisФs МharaМtОrizОН by a magnОtiМ vortОx statО havО bООn proposОН as promising nanostruМturОs 
Пor hypОrthОrmia bОing МharaМtОrizОН by high saturation magnОtisation anН zОro rОmanОnМО [β]. 
FrОО-stanНing nanoНisФs having γ0 nm thiМФnОss anН НiamОtОrs D = β00 anН 650 nm havО bООn 
ПabriМatОН by sОХП-assОmbХing oП poХystyrОnО nanosphОrОs. ThО ОnОrgy proНuМt vaХuОs havО bООn 
mОasurОН by thО hystОrОsis Хoop arОa assumОН to bО onО oП thО Нominant Мontribution in thО 
hypОrthОrmia proМОss. SpОМiПiМ absorption ratО has bООn МaХМuХatОН. ThО ОnОrgy proНuМt НОМrОasОs 
with inМrОasing nanoНisФs НiamОtОr. εiМromagnОtiМ simuХations havО bООn pОrПormОН to anaХyzО thО 
ОППОМt on magnОtization rОvОrsaХ proМОss anН hystОrОsis ХossОs oП thО pattОrnОН ПiХm gОomОtriМaХ 
propОrtiОs, i.О. Нot НiamОtОr anН thiМФnОss anН intОr-Нot НistanМО. In-vitro toxiМity assОssmОnt oП thО 
nanoНisФs wiХХ bО hОrО НisМussОН togОthОr with thО ОvaХuation oП МОХХuХar uptaФО. 

 
[1] ε. Coïsson Оt aХ., Biochimica et Biophysica Acta (BBA), In PrОss, (β017).  
[β] D.H. Kim Оt aХ., Nat Mater. 9, 165 (β010). 
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GХass-МoatОН miМrowirОs arО МompositО matОriaХs (sОО Пig.) that Мonsists oП mОtaХХiМ nuМХОus 
(НiamОtОr Пrom 1-50 m) that is МovОrОН by gХass (thiМФnОss β-β0 m). Having positivО 
magnОtostriМtion, suМh wirОs arО МharaМtОrizОН by magnОtiМ bistabiХity (statiМ magnОtization has onХy 
two vaХuОs + or - εs) whОrО switМhing bОtwООn thО two magnОtization appОars at thО switМhing 
ПiОХН. ThО switМhing ПiОХН is sОnsitivО to tОmpОraturО, mОМhaniМaХ strОss or any othОr paramОtОr that 
Мan bО transПormОН into thОm. DuО to thОir smaХХ НimОnsions anН gХass-Мoating (that proviНОs 
bioМompatibiХity), thОy arО iНОaХ matОriaХs Пor sОnsing ОХОmОnts in biomОНiМinО [1,β].  

 
In thО givОn Мontribution, thО ОxampХОs oП appХiМations oП gХass-МoatОН miМrowirОs Пor 

biomОНiМaХ sОnsing wiХХ bО shown. FirstХy, appХiМations oП miМrowirОs Пor sОnsing thО tОmpОraturО in 
titanium impХants wiХХ bО prОsОntОН. SОМonНХy, appХiМation oП miМrowirОs Пor monitoring strОss anН 
tОmpОraturО in spinaХ МorН, musМХОs anН bonОs wiХХ bО НisМussОН. εorОovОr, tОМhniМaХ probХОms 
МonnОМtОН to bioМompatibiХity anН praМtiМaХ usagО wiХХ bО outХinОН. 

 
[1] I. SuХХa Оt aХ., Journal of Electrical Engineering 66, 7/s, 161-16γ (β015). 
[β] R. SaboХ Оt aХ., aММОptОН Пor Acta Phys. Pol. A (β017). 
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OnО oП thО maУor goaХs oП mОНiМinО is thО НОvОХopmОnt oП Хow Мost anН portabХО НiagnostiМ 
tooХs Пor sМrООning a ХargО numbОr oП patiОnts, anН a wiНО rangО oП mОНiМaХ МonНitions invoХving 
point oП МarО Нiagnosis МХosОr to МitizОn. ThО tooХs НОvОХopОН so Пar to aМhiОvО singХО-moХОМuХО 
manipuХation anН НОtОМtion arО highХy МompХОx, rОquirО aММuratО МaХibration anН Мan proНuМО 
substantiaХ hОating. RОМОnt aНvanМОs in nano-magnОtism, rОviОwОН in this taХФ, might aХХow 
ovОrМoming thОsО issuОs. 

RОgarНing on-Мhip manipuХation, wО proposОН anН usОН a spОМiaХ typО oП Нomain waХХs in 
magnОtiМ-nanostruМturОs, thО so МaХХОН МonstrainОН magnОtiМ Нomain waХХs, as ОasiХy movОabХО traps 
Пor magnОtiМ nano- anН miМro-partiМХОs [1]. WО НОsignОН magnОtiМ Нomain waХХ nano-МonНuits anН 
ПabriМatО thОm by aНvanМОН Хithography on ПunМtionaХ substratОs suitabХО Пor bio- anН miМroПХuiНiМ-
appХiМations [β]. WО havО НОmonstratОН prОМisО, anН robust manipuХation oП magnОtiМ nanopartiМХОs 
[γ,4] anН bio-ОntitiОs (protОins anН МОХХs) [1,5] ХabОХОН with magnОtiМ partiМХОs in soХution with nm-
sМaХО prОМision, soХОХy by mОans oП an ОxtОrnaХХy appХiОН magnОtiМ ПiОХН, whiМh aХХowОН Пor rОmotО 
on-Мhip opОration.  

AnothОr rОМОnt anН ОxtrОmОХy promising appХiМation oП nano-magnОtiМ struМturОs is to bio-
НОtОМtion. PХasmoniМ biosОnsors basОН on mОtaХХiМ nanopartiМХОs arО МurrОntХy attraМting grОat 
attОntion НuО to thОir intrinsiМaХХy smaХХ sizО anН ХoМaХizОН sОnsing voХumО/arОa, whiМh is ОssОntiaХ 
Пor paraХХОХ rОaНout. TypiМaХ pХasmoniМ sОnsing utiХizОs thО ХoМaХizОН surПaМО-pХasmon (δSP) 
rОsonanМО shiПt НuО to thО ХoМaХ rОПraМtivО inНОx МhangО upon moХОМuХar aНsorption. WО havО 
rОМОntХy shown that thО usО oП ПОrromagnОtiМ nanopartiМХОs aХХows Пor a phasО sОnsitivО НОtОМtion 
sМhОmО thanФs to thО simuХtanОous prОsОnМО oП δSP anН magnОto-optiМaХ aМtivity [6], through whiМh 
onО Мan aМhiОvО substantiaХХy improvОН pОrПormanМОs with a sОnsitivity Нown to thО singХО moХОМuХО 
ХОvОХ [7].  

TogОthОr with thО TОМhniМaХ UnivОrsity oП DОnmarФ, thО UnivОrsity oП BarМОХona, anН thО 
Danish Мompany BХuОsОnsО DiagnostiМs, wО arО НОvОХoping ПurthОr this approaМh anН its intОgration 
into praМtiМaХХy appХiМabХО biomОНiМaХ sОnsing mОthoНoХogiОs anН НОviМО МomponОnts [8]. εorО 
spОМiПiМaХХy, wО arО ОxpХoring thО usО oП spОМiaХХy НОsignОН “Уanus” partiМХОs maНО oП 100-nm-
НiamtОr siХiМa nanosphОrОs arО haХП МovОrОН with muХtiХayОrs oП FО/Au or Co/Au. ThОy НispХay 
simuХtanОous anН ХargО anisotropiМ magnОtiМ anН pХasmoniМ propОrtiОs to bО МonvОniОntХy usОН in 
our rОМОntХy proposОН opto-magnОtiМ approaМh [8] that is bОing aХrОaНy ОxpХoitОН in a rОaХ portabХО 
НОviМО МommОrМiaХizОН by BХuОsОnsО DiagnostiМs. 

 
[1] ε. DonoХato Оt aХ., Adv. Mater. 22, β706 (β010). 
[β] ε. DonoХato Оt aХ., Adv. Mater. 25, 6βγ (β01γ). 
[γ] Torti Оt aХ., Appl. Phys. Lett. 101, 14β405 (β01γ). 
[4] A. SarОХХa Оt aХ., Adv. Mater. 26, βγ84 (β014). 
[5] ε. DonoХato Оt aХ., Lab Chip  11, βλ76 (β011). 
[6]N. εaММaПОrri Оt aХ., Phys. Rev. Lett. 111, 167401 (β01γ). 
[7] N. εaММaПОrri Оt aХ., Nat. Commun. 6, 6150 (β015); R. VОrrО Оt aХ., Nanoscale 8, 10576 (β016). 
[8] ε. DonoХato Оt aХ., AnaХ. ChОm. 87, 16ββ (β015); J. Вang Оt aХ., Biosensors and Bioelectronics 
75, γλ6 (β016). 
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CYLINDRICAL NANOWIRES AND THEIR ARRAYS: MAGNETIC 
TECHNOLOGICAL APPLICATIONS 
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εОtaХХiМ nanowirОs arО МurrОntХy synthОsizОН by ОХОМtroМhОmiМaХ routО that bОnОПits oП its ХОss-
ОxpОnsivО МharaМtОr МombinОН with a ХargО vОrsatiХity to prОparО a wiНО spОМtrum oП sampХОs out oП 
singХО mОtaХХiМ ОХОmОnts anН aХХoys. ThОy arО grown by ОХОМtroНОposition insiНО thО nanoporОs oП 
sОХП-assОmbХОН anoНiМ aХumina mОmbranОs unНОr МontroХХОН ОХОМtroМhОmiМaХ paramОtОrs to rОsuХt 
into НОsignОН ПinaХ МyХinНriМaХ nanowirОs. ThОir shapО Мan bО taiХorОН to bО moНuХatОН in thО raНiaХ 
(i.О., nanotubОs, МorО/shОХХ nanowirОs) anН axiaХ (i.О., pОrioНiМaХХy notМhОН anН antinotМhОН 
НiamОtОr, anН muХtisОgmОntОН) НirОМtions. FОrromagnОtiМ МyХinНriМaХ nanowirОs arО inМrОasingХy 
attraМting spОМiПiМ intОrОst bОМausО thОy МonstitutО nОarХy iНОaХ systОms to stuНy ПunНamОntaХ 
magnОtization proМОssОs anН magnОtiМ phОnomОna.  

CyХinНriМaХ nanowirОs, ОithОr inНiviНuaХХy or as γD arrays, arО bОing invОstigatОН Пor aНvanМОН 
tОМhnoХogiМaХ appХiМations. Among othОrs, in inПormation storagО as magnОtiМ rОМorНing mОНia as 
wОХХ as rОaНing hОaНs; in spОМiПiМ spintroniМs anН ХogiМ НОviМОs; miМrowavО anН high-ПrОquОnМy 
systОms; pХasmoniМs anН magnОtooptiМaХ НОviМОs; thОrmo-ОХМtro-magnОtiМ nОw phОnomОna; 
magnОtiМ anН magnОtoОХastiМ sОnsing; anН so on. 

In this prОsОntation wО wiХХ ПirstХy НОsМribО thО НОtaiХs oП thО МontroХХОН ОХОМtroМhОmiМaХ 
synthОsis to НОsign thО gОomОtry oП nanowirОs, as wОХХ as thО gОnОraХ magnОtiМ anН struМturО 
МharaМtОristiМs oП nanowirОs to rОaМh МontroХ on thО magnОtiМ Нomains, magnОtiМ anisotropy anН 
Нomain struМturО. SОМonН, wО wiХХ rОviОw in morО НОtaiХ thosО abovО mОntionОН appХiМations. 

WО wiХХ rОviОw spОМiПiМ invОstigations МarriОН out in our group appХiМations on МyХinНriМaХ 
nanowirОs asμ novОХ harН magnОtiМ systОms anН aХХoys ПrОО oП rarО Оarth ОХОmОnts anН thО 
mОМhanism oП magnОtization harНОning [1-γ]; magnОto-poХymОrs МorО/shОХХ hybriН systОms [4-6]; 
anН НisМuss rОМОnt rОsuХts Пor magnОtiМ rОsonanМО agОnts, МhОmiМaХ anН ОnvironmОntaХ bioХogiМaХ 
НОviМОs obtainОН in muХtisОgmОntОН nanowirОs [7, 8]. 

  
[1] C. Bran Оt. aХ., J. Phys. D:A Appl. Phys. 50, 06500γ (β017). 
[β] E. PaХmОro Оt. aХ. Nanotechnology 27, γ65704 (β016). 
[γ] N. εinguОz Оt. aХ., Microporous & Mesoporous Materials 225, 1λβ (β016). 
[4] J. OvОУОro Оt. aХ., JMagnMagnMater 389, 144 (β015). 
[5] C. εiУangos Оt. aХ., Ind. Eng. Chem. Res. 54, 1γ005 poХymОrs. 
[6] В. Ivanov Оt. aХ., Sci. Reports 6β418λ  DOI 10.10γ8srОpβ418λ harsh ОnvironmОnt. 
[7] C. Bran Оt. aХ., Nanotechnology 28, 0λ570λ (β017). 
[8] ε. BañobrО Оt. aХ., J. Mater. Chemistry B, DOI 10.10γλМ7tb00574a (β017). 
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MAGNETOCALORIC EFFECT IN MnAs-BASED MULTIFERROIC 
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In rОМОnt yОars, muХtiПОrroiМs arО МonsiНОrОН as a pОrspОМtivО matОriaХs Пor soХiН-statО 
rОПrigОrators НuО to thО МoОxisting oП thО magnОtoМaХoriМ (εCE), ОХОМtroМaХoriМ (ECE) anН 
ОХastoМaХoriМ (BCE) ОППОМts. εuХtiПОrroiМs with two or morО МaХoriМ ОППОМts arО МaХХОН muХtiМaХoriМs. 
In partiМuХar, thО МaХoriМ ОППОМts oП muХtiМaХoriМs nОar thО phasО transition tОmpОraturОs arО inМrОasОН 
НuО to thО intОraМtion oП thО ОХОМtriМ anН magnОtiМ subsystОms anН МaХХОН muХtiМaХoriМ ОППОМt. In this 
rОgarН, a sОarМh Пor muХtiМaХoriМs with magnОtiМ anН ПОrroОХОМtriМ transitions arounН thО room 
tОmpОraturОs was МonНuМtОН rОМОntХy. 

Thus, thО mОasurОmОnts oП thО НirОМt anН inНirОМt εCE wОrО pОrПormОН Пor thО muХtiПОrroiМ 
МompositОs Мonsist oП thО moНiПiОН PεN-PT rОХaxor-typО ПОrroОХОМtriМ МОramiМs with ПormuХa  
Pb(1-z)Baz(εg1/γNbβ/γ)m(Гn1/γNbβ/γ)y(Ni1/γNbβ/γ)nTixOγ (z=0.10, m = 0.4541, y= 0.0λ8β, n = 0.1477, 
x=0.γ) anН ПОrromagnОtiМ МompounН oП εnAs. Both МomponОnts havО thО ПОrroОХОМtriМ (FE) anН 
magnОtiМ (Fε) orНОring arounН γ15 K. εnAs is a ПОrromagnОt with its CuriО tОmpОraturО oП γ17 K. 
ThО ПОrromagnОtiМ–paramagnОtiМ transition is thО Пirst-orНОr typО aММompanying by a struМturaХ 
transition Пrom hОxagonaХ typО to orthorhombiМ typО. ThО (x)εnAs-(1-x)PεN-PT (x=0,β; 0,γ) 
МompositОs wОrО prОparОН by a МoХН prОssing mОthoН oП powНОrs oП PεN-PT anН εnAs unНОr 
hyНrostatiМ prОssurО with vaХuО oП γGPa at room tОmpОraturО, whiМh prОviousХy wОrО miХХОН anН 
mixОН in НiППОrОnt proportions. ThО struМturО oП thО МompositО was stuНiОН using X-ray powНОr 
НiППraМtomОtОr anН sМanning ОХОМtroniМ miМrosМopО.  

DiППОrОnМОs in vaХuОs oП Оntropy (ΔS) anН tОmpОraturО (ΔT) МhangОs oП εCE bОtwООn purО 
εnAs anН МompositОs wОrО obsОrvОН Пrom НirОМt anН inНirОМt magnОtoМaХoriМ mОasurОmОnts. IП thО 
pОaФs oП ∆S anН ∆T nОar γ15 K Пor purО εnAs havО onХy magnОtiМ ПiОХН inНuМОН origin, anomaХy oП 
∆S anН ∆T Пor (x)εnAs-(1-x)PεN-PT МompositОs Мan bО obsОrvОН НuО to thО strОss oП thО FE 
phasО on magnОtiМ МomponОnt, whОrО FE phasО has anomaХous inМrОasing thОrmaХ Оxpansion nОar 
γ15 K. ThО (x)εnAs-(1-x)PεN-PT МompositО with x=0.β НОmonstratОs ХargОr НirОМt εCE 
Мompositing with a ХowОr МontОnt oП magnОtiМ phasО, x=0.γ,  whiМh Мan bО ОxpХainОН by 
ОХastoМaХoriМ Мontribution in totaХ muХtiМaХoriМ ОППОМt. 
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A high-ПiОХН magnОtization stuНy oП an ErCo4AХ singХО МrystaХ (hОxagonaХ МrystaХ struМturО oП 
thО CaCu5 typО) rОvОaХОН that thО МompounН is a ПОrrimagnОt (TC = 500 K, Ms = γ.5 B at 4.β K) 
with strong uniaxiaХ magnОtiМ anisotropy anН Оxhibits in ПiОХНs appХiОН aХong thО Оasy c axis ПiОХН-
inНuМОН phasО transitions abovО 40 T МorrОsponНing to rОmagnОtization oП thО Co subХattiМО towarНs 
thО Er onО. ThО transitions arО aММompaniОН by pronounМОН ХongituНinaХ anН transvОrsО 
magnОtostriМtion, showing strong magnОtoОХastiМ intОraМtions in thО МompounН (Fig. 1). AnomaХiОs 
in aМoustiМ propОrtiОs МonПirm that thОrО arО inНООН two transitions (Fig. β). 
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     Fig. 1 (ХОПt). εagnОtization anН magnОto-
striМtion (ХongituНinaХ anН transvОrsО) oП 
ErCo4AХ singХО МrystaХ in ПiОХН appХiОН aХong 
thО c axis at НiППОrОnt tОmpОraturОs. 
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     Fig. β. FiОХН НОpОnНОnМОs oП МhangОs in 
sounН vОХoМity anН attОnuation (ХongituНinaХ 
gОomОtry) at НiППОrОnt tОmpОraturОs in ПiОХН 
aХong thО c axis. 

 
AМoustiМ anomaХiОs Оxhibit non-monotonous bОhavior bОing maximaХХy sharp at 40 K. ThОy 

НisappОar at 80 K whОrОas magnОtization anН magnОtostriМtion show anomaХiОs up to thО 
МompОnsation point (1β8 K). In 60 T, magnОtization rОaМhОs λ B whiМh МorrОsponНs vОry wОХХ to 
thО magnОtiМ momОnt oП thО Er atom. ThОrОПorО, wО Мan intОrprОt thО transitions as НОmagnОtization 
oП thО Co subХattiМО, γ atoms on γg sitО at ~45 T anН 1 atom on βМ sitО at ~50 T. At highОr ПiОХНs, 
transПormation to thО ПorМОН ПОrromagnОtism is ОxpОМtОН aХso by two transitions. 
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STABLE COLLOIDS OF STRONTIUM HEXAFERRITE NANOPARTICLES 
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FОrroПХuiНs Мontaining harН ПОrritО partiМХОs arО oП grОat intОrОst bОМausО oП thОir НistinМtivО 

ПОaturОs — high magnОtoМrystaХХinО anisotropy oП thО matОriaХ anН pХatОХОt-ХiФО anisotropiМ partiМХО 
shapО. SuМh МoХХoiНaХ soХutions Мan bО usОН as matОriaХ Пor proНuМtion oП magnОtiМ Мoatings, ПiХms, 
nanoМompositОs, anН nanostruМturОs. SurПaМО moНiПiМation oП thО magnОtiМ partiМХОs is an important 
stОp towarНs thОir ПurthОr praМtiМaХ appХiМation. SiХiМa МoatОН magnОtiМ partiМХОs arО pОrspОМtivО Пor 
usО as magnОtiМ nanoМontainОrs Пor biomОНiМaХ in vitro appХiМations in НiagnostiМs; by Мoating 
magnОtiМ nanopartiМХОs with ХargО non-magnОtiМ shОХХ thО poХyНispОrsity oП a systОm Мan bО 
МonsiНОrabХy rОНuМОН aХХowing sОХП-organization into highХy symmОtriМ mОsostruМturОs ХiФО 
magnОtiМaХХy МontroХХabХО optiМaХХy aМtivО МoХХoiНaХ МrystaХs. HowОvОr, prОparation oП hОxaПОrritО-
basОН magnОtiМ ПХuiНs is hinНОrОН by strong intОr-partiМХО magnОtiМ intОraМtions that ХОaН to thОir 
aggХomОration anН subsОquОnt sОНimОntation. 

CoХХoiНs oП harН-magnОtiМ strontium hОxaПОrritО nanopartiМХОs wОrО obtainОН using gХass-
МОramiМs mОthoН; shortХy wО obtainОН oxiНО gХassОs in thО 4NaβO–λSrO–5.5FОβOγ–4.5AХβOγ–
4BβOγ anН 1γSrO–6FОβOγ–6BβOγ systОms; thОn hОat-trОatОН it at 640–700°C Пorming gХass-
МОramiМs, whiМh wОrО grounНОН anН thОn trОatОН with γ% HCХ at 50°C with simuХtanОous 
soniМation. ThО magnОtiМ nanopartiМХОs wОrО magnОtiМaХХy sОparatОН Пrom thО soХution by 
НОМantation; ПinaХХy, watОr was aННОН to НispОrsО thО partiМХОs. For obtaining siХiМa МoatОН matОriaХ 
wО usОН two НiППОrОnt mОthoНs basОН on moНiПiОН StöbОr proМОss anН aМiНiМ siХiМatО hyНroХysis. 

AММorНing to XRD МoХХoiНaХ partiМХОs possОss strontium hОxaПОrritО struМturО; magnОtiМ 
mОasurОmОnts oП НriОН powНОrs showОН that partiМХОs Оxhibit harН-magnОtiМ bОhaviour with a 
saturation magnОtization oП γ0–60 Оmu/g anН a МoОrМivity oП γβ00–4000 OО. AММorНing to TEε 
МoХХoiНaХ partiМХОs arО pХatО-ХiФО with mОan НiamОtОr oП thО pХatО 50 anН 16 nm anН mОan thiМФnОss 5 
anН 6 nm Пor НiППОrОnt gХass Мompositions МorrОsponНingХy. 

It was shown that in an aquОous mОНium МoХХoiНaХ nanopartiМХОs arО ОХОМtrostatiМaХХy stabiХizОН 
НuО to a positivО surПaМО МhargО; МoХХoiНs arО stabХО in thО pH rangО Пrom 1 to 5 anН МonМОntration oП 
a singХО-МhargОН ОХОМtroХytО ХОss than 100 mmoХ/Х. WО obsОrvОН МonНОnsation oП thО partiМХОs with 
Пorming МonМОntratОН ХiquiН phasО unНОr thО inПХuОnМО oП graНiОnt magnОtiМ ПiОХН; this МonМОntratОН 
ХiquiН was invОstigatОН using AC anН DC magnОtiМ mОasurОmОnts anН SAXS, whiМh showОН thО 
prОsОnМО oП thrОaН-ХiФО НynamiМ aggrОgatОs with pОrioНiМ intОrpartiМХО НistanМО about β0 nm in thО 
soХution. 

Using two НiППОrОnt mОthoНs МorО-shОХХ anН pХum puННing struМturОs oП siХiМa-МoatОН 
hОxaПОrritО partiМХОs wОrО obtainОН. AММorНing to TEε МorО-shОХХ partiМХОs arО ПХattОnОН sphОrОs oП 
siХiМon НioxiНО with hОxaПОrritО partiМХО insiНО (thО ХargОr НiamОtОr morО than 100 nm); pХum 
puННing struМturОs arО siХiМa partiМХОs gОХ with ranНomХy НispОrsОН hОxaПОrritО partiМХОs insiНО. 
AММorНing to magnОtiМ mОasurОmОnts oП НriОН powНОrs, thОsО МompositОs Мonsist oП morО than 80 
wОight pОrМОnt oП siХiМa. 

This rОsОarМh was ПunНОН by Russian FounНation Пor BasiМ RОsОarМh, grant No. 16-0γ-0105β. 
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εagnОtiМ НОviМОs, Пor magnОtiМ Нata storagО, spin-transport or magnoniМ appХiМations Мan 

bОnОПit immОnsОХy Пrom thО abiХity to proНuМО nanosМaХО magnОts oП НОsirОН gОomОtriОs. WО show 
how ion-bОams Мan bО usОН to gОnОratО nanomagnОts in thin ПiХms oП МОrtain aХХoys suМh as Bβ 
orНОrОН FО60AХ40 anН FО50Rh50.[1,β] In thОsО matОriaХs a ХargО inМrОasО oП thО saturation 
magnОtization is aМhiОvОН by inНuМing subtХО atomiМ НispХaМОmОnts МausОН by МoХХision МasМaНОs oП 
pОnОtrating Хight ions. ThО ions ФnoМФ atoms Пrom thОir orНОrОН sitОs, gОnОrating antisitО НОПОМts anН 
Мausing an inМrОasО oП thО FО-FО nОarОst-nОighbour intОraМtions whiМh arО ХinФОН to thО inМrОasing 
magnОtization. For instanМО, a wОaФ magnОtization oП 0.04 B pОr FО-atom in Bβ-FО60AХ40 Мan bО 
inМrОasОН to 1.67 B pОr FО-atom by thО irraНiation oП Хight nobХО gas ions suМh as HО+ or NО+. 

ThО abovО ion-inНuМОН inМrОasО oП magnОtization Мan bО maniПОstОН at thО ХoМaХ sМaХО anН is 
tОrmОН positivО magnОtiМ pattОrning. PattОrning Мan bО pОrПormОН ОithОr by irraНiation through 
ХithographОН masФs, or by a НirОМt writing proМОss using thО highХy ПoМusОН ion-bОam oП a Gas FiОХН 
Ion-SourМО.[1] δatОraХ magnОto-rОsistivО НОviМОs anН magnОtiМ arrays proНuМОН by ion-irraНiation 
wiХХ bО НОsМribОН. Insights gainОН so Пar, into thО mОМhanism oП НisorНОr inНuМОН ПОrromagnОtism 
wiХХ bО НisМussОН.  

 
[1] S. Cybart, R. BaХi Оt aХ., Helium Ion Microscopy, Springer International Publishing 415-445 
(β016).  
[β] A. HОiНarian Оt aХ., Nuclear Instruments and Methods in Physics Research Section B: Beam 

Interactions with Materials and Atoms 358, β51 (β015). 
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εagnОtism oП wirОs is rОХОvant bОМausО oП thОir spОМiПiМ gОomОtry МharaМtОrizОН by a 
МyХinНriМaХ symmОtry anН ХargО ХОngth to НiamОtОr aspОМt ratio. That impХiОs a strong shapО 
anisotropy whiМh in aННition to anisotropy Мontributions Пrom МrystaХ symmОtry anН 
magnОtostriМtivО НОПormations МonПОr thОm a uniquО magnОtiМ bОhavior suitabХО Пor tОМhnoХogiМaХ 
appХiМations, partiМuХarХy in sОnsor НОviМОs anН aМtuators. IntОrОst in rОМОnt yОars has bООn ПoМusОН 
towarНs muХtiХayОr magnОtiМ systОms with high potОntiaХ in magnОtiМ rОМorНing anН sОnsor НОviМОs 
(ПiОХН, tОmpОraturО or prОssurО sОnsors). ThОsО systОms inМХuНО a spОМiПiМ nОw typО oП bimagnОtiМ 
phasО miМrowirОs basОН on thosО gХass-МoatОН miМrowirОs whОrО an ОxtОrnaХ shОХХ is 
ОХОМtroНОpositОН [1].   

In this worФ, a ПamiХy oП МorО/shОХХ bimagnОtiМ miМrowirОs is introНuМОН Мonsisting oП a 
МyХinНriМaХ magnОtiМ МorО МovОrОН by a МonМОntriМ but asymmОtriМ ОxtОrnaХ shОХХ ПabriМatОН by 
МombinОН rapiН soХiНiПiМation anН sputtОring tОМhniquОs. ThО two magnОtiМ phasОs arО isoХatОН by an 
intОrmОНiatО gХassy miМrotubО anН arО НОsignОН to show НiППОrОntiaХ soПt/soПt or soПt/harН magnОtiМ 
bОhavior. PartiМuХar attОntion is paiН to FО-basОН magnОtiМaХХy soПt МorО МovОrОН by ОithОr 
magnОtiМaХХy uХtrasoПt FОNi or harНОr Co ОxtОrnaХ shОХХ. BuХФ magnОtiМ propОrtiОs oП ОaМh magnОtiМ 
phasО arО anaХyzОН by vibrating sampХО magnОtomОtry, VSε, anН МomparОН to ХoМaХ surПaМО 
hystОrОsis Хoops НОtОrminОН by magnОto-optiМaХ KОrr ОППОМt, εOKE. ThО SEε imagОs aХХows us to 
МonПirm thО asymmОtry oП thО shОХХ. εorОovОr, a phОnomОnoХogiМaХ moНОХ oП thО intОraМtion 
bОtwООn thО shОХХ anН thО МorО was obtainОН taФing into aММount thО magnОtostatiМ anН 
magnОtoОХastiМ ОnОrgiОs. ThО rОsuХts suggОst Пor thО possibiХity oП МrОation thО magnОtiМ manipuХator 
basОН on bimagnОtiМ МonМОntriМ МorО/shОХХ miМrowirОs with asymmОtriМ ОxtОrnaХ shОХХ [  а 

а е ]. 
ThО rОsОarМh was supportОН by εinistry oП EНuМation anН SМiОnМО oП thО Russian FОНОration 

in thО ПramОworФ oП govОrnmОnt assignmОnt No γ.4168.β017/ Ч anН thО RОgionaХ GovОrnmОnt oП 
εaНriН unНОr NANOFRONTεAG-Cε proУОМt (Sβ01γ/εIT-β850). 

 
[1] J. TorrОУón, G. BaНini-ConПaХoniОri, ε. VпzquОz, JAP 103, 07E71β (β008). 
[β] PatОnt γ00βγλγ6β, ε. VпzquОz, R. EХФammouni, V. RoНionova, N. PОrov, K. ChiМhay, 
I. Baraban. 
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ThО «МorО-shОХХ» nanoМompositОs basОН on iron oxiНОs anН nobХО mОtaХs (siХvОr, goХН, 

pХatinum anН paХХaНium) gainОН muМh attОntion as thО matОriaХs with uniquО bioМompatibiХity anН 
high МataХytiМ propОrtiОs [1].  

SizО ОППОМts НОtОrminО thО spОМiПiМ propОrtiОs oП suМh nanosМaХО struМturОs anН thОy 
signiПiМantХy НiППОr Пrom thО propОrtiОs oП buХФ anaХoguОs. SuМh nanomatОriaХs Мan bО usОН in sОvОraХ 
aНvanМОН ПunМtionaХ appХiМations, in partiМuХar, Пor biomОНiМaХ targОtОН Нrug НОХivОry anН trОatmОnt 
oП traumatiМ inУury oП spinaХ МorН with its simuХtanОous rОgОnОration. 

In this worФ, thО «МorО-shОХХ» FОγO4@Au nanoМompositОs wОrО obtainОН with a nОw mОthoН 
by HAuCХ4 rОНuМtion in thО prОsОnМО oП FОγO4 nanopartiМХОs anН thОir ПurthОr stabiХization by 
poХyОthyХОnО gХyМoХ. ObtainОН nanostruМturОs wОrО invОstigatОН with powНОr X-ray anН ОХОМtron 
НiППraМtion, high rОsoХution ОХОМtron miМrosМopy (HRTEε), optiМaХ, Raman anН εössbauОr 
spОМtrosМopy. 

ThО HRTEε anН Raman spОМtrosМopy Нata approvОН thО МompХОtО goХН МovОring oП 
magnОtitО nanopartiМХОs in thО FОγO4@Au nanoМompositОs. 

ThО εössbauОr Нata rОvОaХОН НiППОrОnt magnОtiМ propОrtiОs oП FО ions in thО intОrior arОas anН 
in thО surПaМО ХayОr oП FОγO4 nanopartiМХОs. This is assoМiatОН with brОaФ oП thО ОxМhangО bonНs at 
thО partiМХОs surПaМО ХОaНing to НОМrОasО oП thО ОППОМtivО magnОtiМ momОnt. 

It was ПounН out that thО goХН Мoating ХОaНs to thО Пormation oП bonНs bОtwООn goХН, oxygОn 
anН iron atoms anН stabiХizОs thО magnОtiМ propОrtiОs oП thО magnОtitО surПaМО ХayОrs, approaМhing 
thОm to thО propОrtiОs oП innОr ХayОrs oП magnОtitО. 

 
 

[1] S. VОnФatОswarХu, Оt aХ, Physica B: Condensed Matter 457, γ0 (β015). 
 
This worФ was supportОН by thО Russian SМiОnМО FounНation RSF grant № 14-1β-00848. 
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SОmiМonНuМtor nanopartiМХОs arО among thО most popuХar nanosМaХО systОms НuО to thОir 

uniquО propОrtiОs, that НiППОr thОm both Пrom buХФ sampХОs anН inНiviНuaХ atoms. ThОsО unusuaХ 
propОrtiОs hoХН grОat promisО Пor many appХiМations, suМh as ОХОМtroniМs, soХar ОnОrgОtiМs, 
photoМataХysis, biomОНiМinО, ОtМ. In numОrous appХiМations it is highХy НОsirabХО to obtain matОriaХs 
that possОss both sОmiМonНuМtor anН magnОtiМ ПОaturОs. OnО way to thОir НОvОХopmОnt is thО Нoping 
oП sОmiМonНuМtor partiМХОs by εn anН othОr magnОtiМ γН-ОХОmОnts, whiМh is anaХogous to thО 
НiХutОН magnОtiМ sОmiМonНuМtors anН sharОs many oП its probХОms. AnothОr way ОmpХoys spin 
poХarization Оxisting at thО surПaМО oП sОmiМonНuМtor nanopartiМХОs. SuМh spins, in partiМuХar, wОrО 
НОtОМtОН ОxpОrimОntaХХy at thО surПaМО oП CНSО nanoМrystaХs passivatОН by TOPO (tri-n-
oМtyХphosphinО oxiНО) [1]. As was arguОН ХatОr [β], thО rОorНОring oП spins aМtivatОs thО raНiativО 
rОМombination oП НarФ ОxМitons in CНSО nanoМrystaХs, that is, thО photoХuminОsМОnМО oП thОsО 
quantum Нots is МontroХХОН by spin ПХip-ПХop proМОssОs at thО nanoМrystaХ surПaМО. This aМtivation 
mОМhanism has bООn supportОН by thО mОasurОmОnts oП tОmpОraturО-НОpОnНОnt rОМombination ratО 
anН Хight Оmission howОvОr a Пirst-prinМipХОs УustiПiМation oП this moНОХ was not givОn. 

ThО ОxistОnМО oП spin poХarization at thО surПaМО oП sОmiМonНuМtor nanopartiМХОs was vaХiНatОН 
by thО Пirst-prinМipХОs МaХМuХations oП εgnOm [γ] anН SinOm [4] nanoМХustОrs. ThОsО МaХМuХations 
showОН that in oxygОn atmosphОrО thО ОquiХibrium εgnOm anН SinOm nanoМХustОrs havО ОxМОssivО 
O atoms, Мomparing to thО stoiМhiomОtriМ εgO anН SiOβ Мompositions. ThОy arО prОМisОХy thosО O 
atoms, whiМh arО rОsponsibХО Пor spins at thО МХustОr surПaМО. ThО prОsОnt Пirst-prinМipХОs stuНy 
anaХysОs thО origin oП a spin poХarization oП surПaМО O atoms, its МonnОМtion with thО МharaМtОristiМ 
groups oП atoms at thО МХustОr surПaМО anН МompОtition bОtwООn ПОrromagnОtiМ (Fε), ПОrrimagnОtiМ, 
anН antiПОrromagnОtiМ (AFε) spin orНОrings. WО МaХМuХatО thО ОnОrgy НiППОrОnМО ∆E=EAFM-EFM anН 
МonsiНОr its НОpОnНОnМО on nanoМХustОr МharaМtОristiМsμ thО surПaМО gОomОtry oП a МХustОr, НistanМО 
bОtwООn spin-poХarizОН atoms, oММupation oП ОХОМtron ХОvОХs, ОtМ. WО ОxpОМt that thОsО ПОaturОs arО 
typiМaХ oП most oxiНО nanopartiМХОs anН many oП thОm taФО pХaМО in sОmiМonНuМtor nanopartiМХОs oП 
НiППОrОnt typОs. 
 
[1] ε.S. SООhra, P. Dutta, S. NООХОshwar, В.-В. ChОn, C. δ. ChОn, S. WОi Chou, C.C. ChОn, C.-δ. 
Dong, C.δ. Chang, Adv. Mater. 20, 1656-1660 (β008). 
[β] A. RoНina, AХ.δ. EПros, Nano Lett. 15, 4β14 (β015). 
[γ] S. BhattaМharya, S.V. δОvМhОnФo, δ.ε. GhiringhОХХi, ε. SМhОППХОr, Phys. Rev. Lett. 111, 1γ5501 
(β01γ). 
[4] S. δОpОshФin, V. Baturin, E. TiФhonov, N. εatsФo, Вu. UspОnsФii, A. Naumova, O. FОya, 
ε. SМhoonОn, A. Oganov, Nanoscale 8, 18616-186β0 (β016). 
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IП a phonon anН an ОХОМtroniМ ОxМitation oП a МrystaХ arО in rОsonanМО, intОraМtion bОtwООn 
thОm ХОaНs to Пormation oП МoupХОН ОХОМtron-phonon moНОs. This phОnomОnon is typiМaХ oП a vОry 
broaН МХass oП stoiМhiomОtriМ f anН d matОriaХs anН is aММompaniОН by an ОnОrgy rОnormaХization 
anН rОНistribution oП intОnsitiОs in thО Хow-ПrОquОnМy part oП thО spОМtra. As Уust this part oП thО 
ОnОrgy spОМtrum govОrns thОrmoНynamiМ anН magnОtiМ propОrtiОs oП thО МompounН, it is important 
to unНОrstanН physiМs oП МoupХОН ОХОМtron-phonon moНОs anН oП thОir bОhavior in ОxtОrnaХ magnОtiМ 
ПiОХНs. 

In this prОsОntation, wО rОport on a nОw ОППОМt assoМiatОН with thО ОХОМtron-phonon intОraМtion, 
namОХy, appОaranМО oП nonzОro gap in thО spОМtrum oП МoupХОН ОХОМtron-phonon moНОs in an 
antiПОrromagnОtiМaХХy (AFε) orНОrОН МompounН subУОМtОН to an arbitrariХy smaХХ ОxtОrnaХ magnОtiМ 
ПiОХН. ThО ОППОМt was obsОrvОН in thО Пar-inПrarОН (tОrahОrtz) rОПХОМtion spОМtrum oП a PrFОγ(BOγ)4 
singХО МrystaХ. 

ThО tОmpОraturО НОpОnНОnМО oП thО spОМtra in a zОro magnОtiМ ПiОХН, in thО rОgion oП thО 
ХowОst-ПrОquОnМy nonНОgОnОratО phonon anН ОХОМtroniМ ХОvОХ oП thО samО symmОtry ОviНОnМОs 
Пormation oП МoupХОН phonon – 4f ОХОМtroniМ ОxМitations. A suММОssПuХ moНОХing oП this proМОss on 
thО basis oП a quaНratiМ Оquation НОrivОН in thО ПramО oП thО thОory oП МoupХОН ОХОМtron-phonon 
moНОs rОsuХts in a vaХuО |W|=14.8 Мm-1 Пor thО ОХОМtron-phonon МoupХing Мonstant [1]. ThО bОhavior 
oП МoupХОН moНОs in paramagnОtiМ anН AFε spin-ПХop phasОs in magnОtiМ ПiОХНs up to γ0 T, paraХХОХ 
to thО c axis is ОxpХainОН on thО samО grounН [β].    

In thО МasО oП thО Оasy-axis AFε phasО, thОrО arО two ОХОМtroniМ branМhОs anН a phonon, thО 
quaНratiМ Оquation МonvОrts into a МubiМ onО anН biПurМations МorrОsponНing to an abrupt appОaranМО 
oП thО thirН root arО obsОrvОН. ThО ПiОХН bОhavior oП thО spОМtrum oП ОxМitations НiППОrs quaХitativОХy 
Пrom thО bОhavior in thО absОnМО oП ОХОМtron-phonon МoupХing, in partiМuХar, a nonzОro ОnОrgy gap 
bОtwООn two ОХОМtroniМ moНОs Оxists at an arbitrariХy smaХХ ОxtОrnaХ magnОtiМ ПiОХН. Again, thО ПiОХН 
bОhavior oП thО МoupХОН moНОs is suММОssПuХХy simuХatОН using thО samО sОt oП paramОtОrs [β]. 

 
Support oП thО Russian FounНation Пor BasiМ RОsОarМh (Grant No 15-0β-07451a) anН thО 

PrОsiНОnt oП thО Russian FОНОration (Grant К-γ577.β017.β) is aМФnowХОНgОН. 
 

[1] K.N. BoХНyrОv, T.N. StanisХavМhuФ, A.A. SirОnФo, δ.N. BОzmatОrnyФh, ε.N. Popova, Phys. 

Rev. B Rapid Comm. 90, 1β1101(R) (β014). 
[β] K.N. BoХНyrОv, T.N. StanisХavМhuФ, A.A. SirОnФo, D. KamОnsФyi δ.N. BОzmatОrnyФh, 
ε.N. Popova, httpμ//arxiv.org/abs/160λ.0β1β5; Phys. Rev. Lett., aММОptОН (β017). 
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ThО iron siХiМiНОs havО a numbОr oП usОПuХ physiМaХ propОrtiОs, suМh asμ high CuriО 
tОmpОraturО, Хow magnОtoМrystaХХinО anisotropy, high ОХОМtriМaХ rОsistanМО anН high vaХuО oП spin 
poХarization (about 4γ%). ThО usО oП suМh matОriaХs in spintroniМ НОviМОs sООm to bО vОry 
promising.  

WО rОport about thО magnОtiМ anН transport propОrtiОs oП thО FОγSi ПiХm, whiМh was ОpitaxiaХХy 
grown on atomiМaХХy МХОar boron НopОН Si(111) substratО by thОrmaХ Оvaporation in uХtrahigh 
vaМuum[1].  

ThО magnОtization anН ПОrromagnОtiМ rОsonanМО (FεR) mОasurОmОnts rОvОaХОН thО uniaxiaХ 
magnОtoМrystaХХinО anisotropy, with an anisotropy ПiОХН oП β1OО. ThО МonНuМtivity oП thО ПiХm has 
mОtaХХiМ typО with a МurvО bОnН at β50K. WО assumО, that this bОnН Мan bО rОХatОН with a МurrОnt 
МhannОХ switМhing. ThО AC transport mОasurОmОnts oП thО FОγSi/Si(111) НioНО showОН thО giant 
magnОtorОsistanМО (GεR) ОППОМt about γ00%. ThО tОmpОraturО НОpОnНОnМО oП thО rОsistanМО at 
hОХium tОmpОraturОs has a maximum at 18K (at 1 ФHz ПrОquОnМy oП AC signaХ) whiМh is rОХatОН to 
thО intОrПaМО МОntОrs rОМhargО. ThО mОasurОmОnts oП thО non-ХoМaХ voХtagО in a thrОО tОrminaХ 
gОomОtry showОН a HanХО МurvО at thО room tОmpОraturО, whiМh is rОХatОН to thО spin attОnuation in 
pОrpОnНiМuХar magnОtiМ ПiОХН anН НОmonstratОs thО possibiХity to МontroХ thО spin poХarization in thО 
FОγSi/Si(111) struМturО. 

 
[1] I. A. ВaФovХОv, S. N. VarnaФov, B. A. BОХyaОv, Оt aХ., JETP Lett. 99 (λ), 5β7 (β014). 
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It is wОХХ Фnown that in NiβεnGa HОusХОr aХХoys thО phonon anomaХy НОvОХops unНОr thО 

МooХing in thО high-symmОtry δβ1 struМturО [1]. ThО phonon anomaХy is bОХiОvОН to bО thО prОМursor 
Пor thО moНuХation oП thО struМturО. ThО НОnsity ПunМtionaХ thОory Мan rОproНuМО thО phonon 
anomaХiОs in stoiМhiomОtriМ HОusХОr aХХoys [β]. It was aХso НОmonstratОН that thО phonon instabiХity 
Мan bО МontroХХОН by thО graНuaХ МhangОs in thО МhОmiМaХ Мomposition anН thО ОХОМtroniМ 
struМturО [γ]. ThО ОХОМtron МonМОntration, e/a, was suggОstОН as a rОХОvant paramОtОr. ThО approaМh 
usОН in [γ] aХХowОН Пor tuning thО phonon instabiХity within a short rangО oП e/a by simpХy aННing or 
rОmoving ОХОМtrons Пrom thО systОm, anН using a uniПorm baМФgrounН МompОnsation – a “triМФ” 
avaiХabХО in ОХОМtroniМ struМturОs mОthoНs. Using thО ОХОМtron aННition anН rОmovaХ approaМh was 
shown to bО МonsistОnt with НirОМt substitution oП thО sp-ОХОmОnts in HОusХОr aХХoys, whОrО sp-
ОХОmОnt is thО Г atomiМ spОМiОs in XβВГ ПormuХa. ThО НisaНvantagО oП that approaМh is that it НiН 
not aХХow Пor an aМtuaХ obsОrvation oП a МrossovОr Пrom stabХО to unstabХО МrystaХ struМturО. 
NОvОrthОХОss, it was a МХОar НОmonstration that thО phonon anomaХy Мan bО tunОН by thО variations 
in thО МhОmiМaХ Мomposition. HowОvОr, what ОxaМtХy happОns in thО ОХОМtroniМ struМturО at this 
transition point oП e/a is a mattОr oП НОbatОs, anН ОvОn thО paramОtОr e/a itsОХП, as thО rОХОvant 
physiМaХ quantity, is in quОstion as wОХХ. It was shown that thО phonon instabiХity НОvОХops ХinОarХy 
with thО МhangОs in e/a [γ]. This impХiОs that somО propОrtiОs oП HОusХОr aХХoys Мan bО variОН 
smoothХy by graНuaХ МhangОs in thОir МhОmiМaХ Мompositions. IП propОrtiОs oП intОrОst Мan bО turnОН 
on anН oПП by sХight МhangОs in thО aХХoy МhОmistry this wouХН aХХow Пor thО isoХating oП thО ФОy 
paramОtОrs oП thО ОХОМtroniМ struМturО that МontroХ instabiХitiОs in thО systОm. For this typО oП 
probХОms, Нata basОН approaМhОs Мan bО vОry ОППiМiОnt. SystОmatiМ МomputationaХ Нata Мan rОvОaХ 
МhОmiМaХ trОnНs anН phasО bounНariОs that Мan bО ОxaminОН morО rigorousХy with aММuratО 
approaМhОs. ThО НОnsity ПunМtionaХ thОory Мan rОproНuМО МhОmiМaХ trОnНs anН it wiХХ ХОaН to a НООpОr 
ПunНamОntaХ unНОrstanНing, anН may hОХp to rОvОaХ thО МritiМaХ МhОmiМaХ Мompositions that wО arО 
ХooФing Пor in orНОr to unМovОr thО naturО oП HОusХОr instabiХitiОs. 

In this worФ, thО phonon НispОrsion МurvОs Пor Ni-εn-Ga aХХoys with НiППОrОnt Мompositions 
arО МaХМuХatОН with thО hОХp oП ab initio paМФagОsμ VASP, PHONON anН PHON [4, 5, 6]. By thО ab 
initio МaХМuХations it is shown that rОaХХy thО МhangО oП Мomposition ХОaНs to rОmoving thО phonon 
anomaХy in Ni-εn-Ga aХХoys. ThО naturО oП phonon instabiХitiОs in Ni-εn-Ga HОusХОr aХХoys is 
НisМussОН. 
 
[1] A. ГhОХuНОv, S. ε. Shapiro, P. WoМhnОr, δ. E. TannОr, Phys. Rev. B 54, 15045 (1λλ6). 
[β] A.T. ГayaФ, P. EntОХ, K.ε. RabО, W.A. AНОagbo, ε. AМОt, Phys. Rev. B 72, 05411γ (β005). 
[γ] A.T. ГayaФ, W.A. AНОagbo, P. EntОХ, K.ε. RabО, Appl. Phys. Lett. 88, 111λ0γ (β006). 
[4] G. KrОssО, J. FurthmuХХОr, Phys.Rev. B 54, 11, 16λ (1λλ6). 
[5] K. ParХinsФi, Г.Q. δi anН В. KawazoО, Phys.Rev.Lett. 78, 406γ (1λλ7). 
[6] D. AХП`О, (1λλ8). Program avaiХabХО at httpμ//Мhianti.gОoХ.uМХ.aМ.uФ/~Нario. 
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εössbauОr spОМtrosМopy anН magnОtization mОasurОmОnts arО powОrПuХ mОthoНs Пor stuНy oП 

struМturaХ, magnОtiМ anН thОrmoНynamiМ propОrtiОs oП magnОtiМ nanomatОriaХs inМХuНing thosО 
НОХivОrОН in a boНy. ThО prinМipaХ probХОm in intОrprОting suМh ОxpОrimОntaХ Нata taФОn on magnОtiМ 
nanopartiМХОs inУОМtОН into a Хiving organism is to НОМomposО thОm into partiaХ Мontributions oП 
ОxogОnous iron atoms in nanopartiМХОs thОmsОХvОs anН ОnНogОnous iron atoms МontainОН, Пor 
ОxampХО, in ПОrritin anН hОmogХobin oП thО organism [1]. For soХving thО probХОm onО has to НОПinО 
a moНОХ oП thО magnОtiМ НynamiМs in orНОr to Пit sОХП-МonsistОntХy thО whoХО sОt oП thО ОxpОrimОntaХ 
Нata, partiМuХarХy, thО ОvoХution oП εössbauОr spОМtraХ shapО with tОmpОraturО anН ОxtОrnaХ 
magnОtiМ ПiОХН as wОХХ as thО magnОtization МurvОs taФОn on thО samО sampХО. EarХiОr, wО havО 
НОvОХopОН suМh moНОХs Пor НОsМribing magnОtiМ НynamiМs in thО systОm oП homogОnОousХy 
magnОtizОН singХО-Нomain ПОrromagnОtiМ (Fε) partiМХОs [β-4]. ThОsО moНОХs aХХowОН us to pОrПorm 
an anaХysis oП thО tОmpОraturО- anН magnОtiМ ПiОХН-НОpОnНОnt spОМtra anН magnОtization МurvОs anН 
to rОХiabХy ОvaХuatО МhangОs in thО rОsiНuaХ nanopartiМХОs МharaМtОristiМs anН thОir МhОmiМaХ 
transПormation to paramagnОtiМ ПОrritin-ХiФО Пorms in НiППОrОnt mousО’s organs as a ПunМtion oП timО 
aПtОr inУОМtion oП nanopartiМХОs [5,6]. 

HowОvОr, suМh an approaМh suППОrs Пrom onО shortМomingμ ПОrritin anН its НОrivativОs arО 
antiПОrromagnОtiМ (AFε) so that onО shouХН appХy a moНОХ oП magnОtiМ НynamiМs oП not Fε, but 
rathОr AFε nanopartiМХОs Пor МharaМtОrizing thО МorrОsponНing ОxpОrimОntaХ Нata. In thО prОsОnt 
Мontribution I wiХХ НisМuss mainХy thО quantum-mОМhaniМaХ anН maМrosМopiМ moНОХs oП magnОtiМ 
НynamiМs rОМОntХy НОvОХopОН Уust Пor НОsМribing thОrmoНynamiМ propОrtiОs oП an ОnsОmbХО AFε 
nanopartiМХОs [7,8]. ThОsО moНОХs МХariПy prinМipaХХy thО НiППОrОnМО in thОrmoНynamiМ bОhavior oП 
Fε anН AFε partiМХОs rОvОaХОН in spОМtrosМopiМ mОasurОmОnts. In partiМuХar, onО Мan now 
quaХitativОХy НОsМribО spОМiПiМ (non-supОrparamagnОtiМ) tОmpОraturО ОvoХution oП thО εössbauОr 
spОМtra oП ПОrritin anН rОХatОН protОins, whiМh has bООn oПtОn obsОrvОН in prОvious stuНiОs [λ]. 
GОnОraХization oП thО approaМh Пor ПОrrimagnОtiМ nanopartiМХОs aХХows onО to taФО НirОМtХy into 
aММount thО magnОtiМ naturО oП nanopartiМХОs in anaХyzing thО МorrОsponНing ОxpОrimОntaХ Нata, 
inМХuНing a ХargО amount oП thosО МoХХОМtОН so Пar. 

Support by thО Russian FounНation Пor BasiМ RОsОarМh is aМФnowХОНgОН. 
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ThО photoniМ-magnoniМ МrystaХs (PεCs) arО МompХОx muХtiПunМtionaХ onО-НimОnsionaХ (1D) 
systОms whiМh МombinО propОrtiОs oП magnoniМ anН photoniМ МrystaХs (PCs) anН possОss thО banН 
gaps (PBGs) in GHz anН PHz rОgimОs Пor spin wavОs anН Хight, rОspОМtivОХy [1]. In this 
МommuniМation wО stuНy thО optiМaХ propОrtiОs oП PεCs whiМh arО bi-pОrioНiМ struМturОs 
[C(AB)N]εC with thО ОquiНistant magnОtiМ yttrium-iron garnОt (ВγFО5O1β) ХayОrs C spaМОН by 
НiОХОМtriМ PCs (AB)N, whОrО A anН B arО thО siХiМon oxiНО (SiOβ) anН titanium oxiНО (TiOβ) (FigurО 
1). WО ПoМus on invОstigation oП thО transmittivity spОМtra, FaraНay rotation anН Goos-HтnМhОn shiПt 
(GHS) oП thО Хight passing through thО ПinitО sizО PεCs. 

 

 
FigurО 1. ThО sМhОmatiМ oП a 1D PεC. 

 
ThО transmittivity spОМtra oП thО PεCs Мontain thО insiНО-PBG banНs oП МompХОx 

struМturО [1]. WО sowОН thО inМrОasО oП GHS anН FaraНay rotation at thО ПrОquОnМiОs oП insiНО-PBG 
moНОs anН ОnhanМОmОnt oП thО shiПt pОaФs НuО to thО ХinОar magnОto-ОХОМtriМ ОППОМt in thО magnОtiМ 
ХayОrs oП thО systОm Пor thО МasО oП s- (p-) poХarizОН transmittОН bОam proНuМОН by p- (s-) poХarizОН 
inМiНОnt bОam. ThО magnОto-ОХОМtriМ МoupХing in thО magnОtiМ ХayОrs rОsuХts in signiПiМant inМrОasО 
oП thО positivО maxima oП thО poХarization pХanО rotation angХОs oП s-poХarizОН inМiНОnt Хight anН 
НОМrОasОs thО nОgativО onОs, whОrОas thО FaraНay rotation oП p-poХarizОН Хight aХmost НoОsn’t 
МhangО in prОsОnМО oП thО magnОto-ОХОМtriМ intОraМtion.  

This rОsОarМh is supportОН byμ thО εinistry oП EНuМation anН SМiОnМО oП Russia (ProУОМts No. 
14.Г50.γ1.0015 anН γ.7614.β017/ ββ0), thО Russian SМiОnМО FounНation (ProУОМt No. 15-1λ-
100γ6); thО EuropОan Union’s Horizon β0β0 rОsОarМh anН innovation program unНОr thО εariО 
SФłoНowsФa-CuriО (Grant No. 644γ48), anН thО UФrainian FunН Пor FunНamОntaХ RОsОarМh (ProУОМt 
No. 71/7γ-β016). 
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HighОr manganОsО siХiМiНО is Фnown Пor thО sОt oП possibХО appХiМation inМХuНing spintroniМs 
[1] anН thОrmoОХОМtriМ powОr МonvОrtОrs [β]. ThО appХiМation oП εnxSi1-x as thОrmoОХОМtriМ powОr 
suppХy sourМО is assoМiatОН with thО sОt oП its uniquО propОrtiОs, suМh as Хow thОrmaХ МonНuМtivity 
anН rОХativОХy high ОХОМtriМaХ МonНuМtivity [β]. ThО moНОrn trОnНs oП thО thОrmoОХОМtriМity howОvОr 
НОmanН improvОmОnt oП thО εnxSi1-x propОrtiОs in orНОr to inМrОasО thО ОППiМiОnМy. ThО ХattОr Мan bО 
ОstimatОН via thО thОrmoОХОМtriМ quaХity ПaМtor 

ZT = αβ·σ·T/ ,                                                                      (1) 
whОrО α is thО SООbОМФ МoОППiМiОnt, σ – ОХОМtriМaХ МonНuМtivity, Т – tОmpОraturО oП thО sampХО, 

 – thОrmaХ МonНuМtivity.  
In thО prОsОnt papОr wО rОport on thО ПabriМation oП highОr manganОsО siХiМiНО ХayОrs as an 

aМtivО ОХОmОnt oП thО thОrmoОХОМtriМ ОnОrgy МonvОrtОrs. SuМh matОriaХs arО МonsiНОrОН prospОМtivО 
option Пor hoХО-МonНuМtivity part thОrmoОХОМtriМ ОХОmОnts in γ00-500С tОmpОraturО rangО [β]. ThО 
inМrОasО oП ZT vaХuОs was aМhiОvОН by nanostruМturing oП thО ПabriМatОН matОriaХs, in partiМuХar a 
muХti-ХayОr εnxSi1-x/Si supОrХattiМО struМturО was ПabriМatОН. It is ОxpОМtОН that thО nanostruМturing 
wiХХ ХОaН to НОМrОasО thО phonon МomponОnt oП thОrmaХ МonНuМtivity НuО to inМrОasОН phonon 
sМattОring at thО intОrПaМОs anН inНОpОnНОntХy inМrОasО thО ОХОМtriМaХ МonНuМtivity НuО to thО 
НОpОnНОnМО oП МonНuМtivity on supОrХattiМО paramОtОrs.  

ThО ПabriМation oП thin εnxSi1-x/Si muХtiХayОr struМturО was МarriОН out by puХsОН ХasОr 
НОposition tОМhniquО at thО НОposition tОmpОraturО oП γ00C. ThО ХayОrs wОrО НОpositОН on Si (100) 
substratО. ThО εnxSi1-x ХayОrs (~ β nm thiМФ) wОrО grown by mОans oП aХtОrnating sputtОring oП Si 
anН εn targОts. ThО Мomposition oП ХayОrs (x) was sОt by thО variation oП rОХativО εn anН Si 
sputtОring timОs. In thО prОsОnt worФ tεn/tSi = ¼, whiМh approximatОХy МorrОsponНs to εn0.βSi0.8 
Мomposition. Si ХayОrs (aХso ~β nm thiМФ) wОrО НОpositОН by sputtОring oП onХy Si targОt. ThО totaХ 
thiМФnОs oП thО struМturО was ~ 40 nm. ThО basiМ thОrmoОХОМtriМ МoОППiМiОnts wОrО mОasurОН within 
this worФμ SООbОМФ МoОППiМiОnt, ОХОМtriМaХ МonНuМtivity anН thОrmaХ МonНuМtivity. ThО thОrmaХ 
МonНuМtivity vaХuОs wОrО МaХМuХatОН via thО γω tОМhniquО, whiМh was ОspОМiaХХy НОvОХopОН Пor thО 
thin ПiХm mОasurОmОnts [4]. ThО ZT vaХuОs wОrО МaХМuХatОН. 

It was obtainОН that thО thОrmo-voХtagО vaХuОs arО maximaХ at thО tОmpОraturО oП ~ 400 C 
(α≈0,1β mV/K). Both ОХОМtriМaХ МonНuМtivity ant thОrmaХ МonНuМtivity vaХuОs rОХativОХy wОaФХy 
НОpОnН on thО mОasurОmОnt tОmpОraturО in thО invОstigatОН rangО (γ00-500C). ThО vaХuО oП ZT 
with rОspОМt to thО εnxSi1-x/Si thiМФnОss was about 0,4 Пor thО tОmpОraturО oП ~ 400 C. ThО 
obtainОН ZT vaХuОs as wОХХ as thО tОmpОraturО position oП thО maximum arО in gooН agrООmОnt with 
thО Нata Пor highОr manganОsО siХiМiНО НisМussОН in [β]. It is suggОstОН that thО optimization oП 
nanostruМturОs paramОtОr (εnxSi1-x/Si supОrХattiМО pОrioН, εnxSi1-x anН Si ХayОrs rОХativО thiМФnОss, 
ОtМ.) wiХХ ХОaН to thО inМrОasО oП ZT vaХuОs abovО thО mОntionОН ХОvОХ. 

This worФ was supportОН by RFBR (grants 15-0β-078β4_a, 16-07-0110β_a). 
[1] E.S. DОmiНov, Оt.aХ., JETP Letters. 96, 706 (β01γ). 
[β] δ.D. Ivanova. A.A. BaiФov, J. of Thermoelectricity 3, 60 (β00λ). 
[γ] S.-ε. δОО , Оt.aХ., Appl. Phys. Lett. 70, βλ57 (1λλ7). 
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TrivaХОnt iron oxiНО -FОβOγ МharaМtОrizОН Пor thО Пirst timО in 1λλ8 [1] has uniquО propОrtiОs 
anН Мan ПinН wiНО appХiМations. This oxiНО Оxists in thО Пorm oП nanopartiМХОs up to β5–100 nm in 
sizО with a signiПiМant (~ β0 ФOО) room-tОmpОraturО МoОrМivity [β-5], whiМh maФОs thОsО partiМХОs 
promising Пor appХiМation in magnОtiМ rОМorНing. SuМh obУОМts aХso arО in grОat НОmanН in moНОrn 
mОНiМaХ anН bioХogiМaХ rОsОarМh as promising mОНia Пor МontroХХОН Нrug transport, isoХation anН 
traМing oП МОХХs, magnОtiМ hypОrthОrmia oП tumors, ОtМ., as wОХХ as in moНОrn high-tОМh НОviМОs 
rОquiring thО usО oП ХiquiН magnОtosОnsitivО mОНia. 

In this worФ thО rОsuХts oП МomparativО anaХysis oП magnОtiМ propОrtiОs oП thО systОms basОН 
on -FОβOγ, nanopartiМХОs with НiППОrОnt avОragО sizОs (Пrom ~ γ to λ nm) anН НispОrsions arО 
shown. ThО ОxpОrimОntaХ Нata Пor nanopartiМХОs highОr than 6–8 nm in sizО arО МonsistОnt with thО 
avaiХabХО Нata, spОМiПiМaХХy, thО transition to thО magnОtiМaХХy orНОrОН statО oММurs at a tОmpОraturО 
oП ~ 500 K anН thО anomaХiОs oП magnОtiМ propОrtiОs obsОrvОН in thО rangО oП 80–150 K МorrОsponН 
to thО magnОtiМ transition. At thО samО timО, εossbauОr anН ПОrromagnОtiМ rОsonanМО spОМtrosМopy 
Нata as wОХХ as thО rОsuХts oП statiМ magnОtiМ mОasurОmОnts show that at room tОmpОraturО aХХ thО 
invОstigatОН sampХОs Мontain -FОβOγ partiМХОs that Оxhibit thО supОrparamagnОtiМ bОhavior. It was 
ОstabХishОН that thО magnОtiМ propОrtiОs oП nanopartiМХОs signiПiМantХy МhangО with a НОМrОasО in 
thОir sizО to ~ 6 nm. AММorНing to high-rОsoХution ОХОМtron miМrosМopy anН εossbauОr spОМtrosМopy 
Нata, thО partiМХО struМturО Мan bО attributОН to thО –moНiПiМation oП trivaХОnt iron oxiНО; 
mОanwhiХО, thО tОmpОraturО oП thО magnОtiМ orНОr onsОt in thОsО partiМХОs is inМrОasОН, thО wОХХ-
Фnown magnОtiМ transition in thО rangО oП 80–150 K НoОs not oММur, thО МrystaХХographiМ magnОtiМ 
anisotropy Мonstant is signiПiМantХy rОНuМОН, anН thО surПaМО magnОtiМ anisotropy pХays a НОМisivО 
roХО. 

This is apparОntХy НuО to rОНistribution oП Мations ovОr МrystaХХographiМ positions with 
НОМrОasing partiМХО sizО, whiМh was ОstabХishОН using εossbauОr spОМtra. As thО partiМХО sizО is 
НОМrОasОН anН thО ПraМtion oП surПaМО atoms is inМrОasОН, thО Мontribution oП an aННitionaХ magnОtiМ 
subsystОm ПormОН in a shОХХ oП partiМХОs smaХХОr than ~ 4 nm bОМomОs signiПiМant, whiМh maniПОsts 
itsОХП in thО statiМ magnОtiМ mОasurОmОnts as paramagnОtiМ Мontribution. 

ThО worФ was supportОН by Russian SМiОnМО FounНation (Grant No.  
17-1β-01111). 
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A МompromisО bОtwООn НiППОrОnt magnОtiМ propОrtiОs in ПОrromagnОtiМ (F) ХayОrs, in partiМuХar 

in matОriaХs with appropriatО saturation magnОtization, ОxМhangО bias anН МoОrМivity is vОry 
important. HОrО wО rОport on invОstigations oП ОxМhangО bias anН saturation magnОtization oП F 
ХayОrs in F/AF/F triХayОr struМturОs with НiППОrОnt thiМФnОss oП AF ХayОrs Пor two НiППОrОnt NiFО 
rОХativО МontОnts in F ХayОr. Two sОts oП ОxpОrimОntaХ sampХОs Si/Ta γ0nm/NiFО 10nm /Irεn 
tAF/NiFО 10nm/Ta γ0nm whОrО tAF = β – 50 nm with Ni75FОβ5 anН Ni40FО60 F ХayОrs wОrО НОpositОН 
by magnОtron sputtОring. For ОaМh sampХО ПОrromagnОtiМ rОsonanМО (FεR) ПiОХН anguХar 
НОpОnНОnМО was obtainОН anН ПittОН by Оquation  

Hr = Hr0 – HEBМos(φ – α) – HKМosβφ,                                              [1] 
whОrО Hr0 – intrinsiМ rОsonanМО ПiОХН, HEB –ОxМhangО bias, HK – uniНirОМtionaХ 

magnОtoМrystaХХinО anisotropy, α – angХО bОtwООn НirОМtions oП ОxМhangО bias ПiОХН anН thО 
magnОtiМ ПiОХН, appХiОН Нuring thО ПiХm НОposition. For triХayОrs with Ni75FОβ5 F ХayОrs FεR spОМtra 
МontainОН two pОaФs МorrОsponНing to uppОr (AF/F) anН ХowОr (F/AF) intОrПaМОs whiХО Пor triХayОrs 
with Ni40FО60 onХy singХО pОaФs wОrО obsОrvОН. TriХayОrs with both F ХayОr Мompositions haН FεR 
anguХar Нistribution with non-zОro angХО α at Хow tAF. This angХО haН a maximum vaХuО at tAF, at 
whiМh ОxМhangО bias oММurs (4 nm Пor Ni40FО60 anН 8 nm Пor Ni75FОβ5), thОn НОМrОasОН with tAF 
inМrОasО anН МonvОrgОН to zОro at tAF = 15 nm Пor Ni40FО60 anН β0 nm Пor Ni75FОβ5.  

For triХayОrs with Ni75FОβ5 thО ОxМhangО bias monotoniМaХХy inМrОasОН to 60 anН 80 OО at 
F/AF anН AF/F intОrПaМОs, rОspОМtivОХy, anН abovО tAF = 15nm НiНn’t signiПiМantХy МhangО. In МasО 
oП triХayОrs with Ni40FО60 F ХayОrs non-monotoniМaХ НОpОnНОnМО oП ОxМhangО bias at tAF Пrom 4nm to 
β0 nm was obsОrvОН. In aХХ tAF rangО invОstigatОН ОxМhangО bias oП struМturОs with Ni40FО60 F 
ХayОrs was ХowОr than that oП both intОrПaМОs in struМturОs with Ni75FОβ5 having МХosО vaХuОs at tAF = 
15 anН 50 nm. AХong with highОr Ni40FО60 МoОrМivity it Мan bО МausОН by strong FCC (111) tОxturО 
anН smaХХ grain sizО in Ni75FОβ5. 
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During Хast НОМaНОs magnОtitО anН goХН nanopartiМХОs (NPs) attraМt a НООp intОrОst oП sМiОntists 

НuО to thОir potОntiaХ appХiМation in thОrapy anН НiagnostiМs. FОγO4 NPs havО thО abiХity to ОnhanМО 
Tβ-Мontrast in magnОtiМ rОsonanМО imaging (εRI) anН НОХivОr Нrugs to МОrtain tissuОs using an 
ОxtОrnaХ magnОtiМ ПiОХН. In turn, Au NPs arО МharaМtОrizОН by high stabiХity, bioМompatibiХity, anН 
Мan aХso bО МovaХОntХy ПunМtionaХizОН by a wiНО spОМtrum oП thioХ-Мontaining ХiganНs. ThО iНОa oП 
FОγO4-Au hybriН matОriaХ МrОation is thО Мombination oП magnОtitО anН goХН promising propОrtiОs as 
wОХХ as thО prОsОnМО oП two typОs oП surПaМОs that НiППОr in МhОmiМaХ propОrtiОs. 

HybriН magnОtitО-goХН NPs wОrО obtainОН by thО НОМomposition oП iron pОntaМarbonyХ on thО 
surПaМО oП goХН NPs. As a rОsuХt, so-МaХХОН НumbbОХХ-ХiФО struМturОs wОrО obtainОН whОrО magnОtitО 
with sphОriМaХ (sampХО D-1) or МubiМ (sampХО D-β) shapО anН sphОriМaХ goХН NPs wОrО МonnОМtОН 
togОthОr pairwisО. ThО stuНy oП struМturaХ anН magnОtiМ propОrtiОs rОvОaХОН a vОry high quaХity oП 
FОγO4 NPs with a mОan sizО oП βγ±β nm anН a saturation magnОtization oП 86 Amβ/Фg МХosО to thО 
buХФ vaХuО oП λβ Amβ/Фg. FurthОr, wО obtainОН an ОpitaxiaХ rОХation bОtwООn FОγO4 anН Au NPs. 

SampХОs D-1 anН D-β wОrО transПОrrОН into watОr by mОans oП bХoМФ-МopoХymОr PХuroniМ 
F1β7, anН thОn εRI-МharaМtОrization was pОrПormОН. Rβ-rОХaxivity ratОs at thО ХОvОХ oП 167 anН γ85 
mε-1s-1 wОrО obtainОН Пor sampХОs D-1 anН D-β, rОspОМtivОХy; thО ХattОr vaХuО is a rОМorН vaХuО Пor 
hybriН FОγO4-Au NPs, ОxМООНing thО simiХar МharaМtОristiМs oП МommОrМiaХ Мontrast agОnts twiМО. 
WhОn D-1 anН D-β sampХОs wОrО intravОnousХy aНministОrОН to Wistar rats at a НosО oП 7 mg FО/Фg, 
thО aММumuХation oП NPs in thО ХivОr was prОНominant (morО than 60% oП thО input НosО) anН thОy 
ОППОМtivОХy inМrОasОН thО Мontrast oП εRI ХivОr imagОs. 

ThО sampХО D-1 was aХso usОН Пor thО sОХОМtivО ПunМtionaХization oП FОγO4 NPs surПaМО with 
anti-МanМОr Нrug НoxorubiМin anН Au NPs surПaМО – with thО ХiganН oП prostatО spОМiПiМ mОmbranО 
antigОn (PSεA). ObtainОН NPs wОrО ПounН to havО НosО-rОХatОН toxiМity Пor human prostatО МanМОr 
МОХХs (δNCaP МОХХ ХinО) anН got into thО intraМОХХuХar spaМО aПtОr 45 minutОs oП inМubation (aММorНing 
to ПХuorОsМОnМО miМrosМopy Нata). PrОsumabХy, this Мan bО ОxpХainОН by thО aППinity oП thО δNCaP 
МОХХs to thО PSεA ХiganН. 

ThОrОby, in this worФ magnОtitО-goХН hybriН NPs, whiМh havО a strong potОntiaХ Пor 
biomОНiМaХ appХiМation, partiМuХarХy in targОtОН Нrug НОХivОry to ХivОr anН prostatО МОХХs, anН 
magnОtiМ rОsonanМО imaging, wОrО synthОsizОН anН МharaМtОrizОН. That pavОs thО way to thО 
НОvОХopmОnt oП a nОw thОranostiМ approaМh. 

This worФ was supportОН by Grant oП Russian SМiОntiПiМ FounНation (17-14-01γ16). 
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STATIONARY, HIGH FIELD AND PULSED EPR FOR STUDYING 
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CaХМium phosphatОs (CaP)-basОН matОriaХs arО wiНОХy rОМognizОН as thО most suitabХО matrix 
Пor bonО tissuО ОnginООring. ThО МationiМ anН anioniМ substitutions oП CaP struМturО by thО ОХОmОnts 
anН groups oП bioХogiМaХ importanМО sООm to bО thО ОППОМtivО ways to improvО thО propОrtiОs oП 
CaP-basОН substanМОs to aМhiОvО thО matОriaХ’s НОsirОН paramОtОrs but intОrМonnОМtion bОtwООn thО 
Нoping, struМturО, anН bioХogiМaХ rОsponsО is stiХХ unНОПinОН. ThО rОviОw is НОvotОН to НiППОrОnt 
aspОМts oП stuНying oП CaP powНОrs anН МОramiМs (mainХy hyНroxyapatitОs, HA anН triМaХМium 
phosphatОs, TCP) НopОН with Pbβ+, εnβ+, Cuβ+, or FОγ+ by thО variОty oП thО МommОrМiaХХy rОaХizОН 
mОthoНs oП ОХОМtron paramagnОtiМ rОsonanМО (EPR) gathОrОН at thО InstitutО oП PhysiМs oП Kazan 
FОНОraХ UnivОrsity [1-6]. Among thОm (1) high-ПrОquОnМy approaМhОs – Пor mОasuring smaХХ (ХОss 
than 0.4 mm in Мross sОМtion) sampХОs ОxpХoiting thО inМrОasОН sОnsitivity anН spОМtraХ rОsoХution; 
(β) puХsОН mОthoНs - to sОparatО Мontributions Пrom surПaМО anН intОrnaХ paramagnОtiМ МОntОrs (PCs), 
using НiППОrОnМОs in thОir ОХОМtroniМ rОХaxation timОs anН to stuНy thО ОППОМts oП thО Мo-Нoping by 
НiППОrОnt sorts oП ions; (γ) НoubХО ОХОМtron-nuМХОar rОsonanМО (ENDOR) - to НОtОrminО thО struМturО 
anН ХoМaХization oП PCs; (4) quantum-mОМhaniМaХ МaХМuХations in thО ПramОworФ oП moНОХs oП thО 
НОnsity ПunМtionaХ thОory Пor МorrОХating thО ОxpОrimОntaХХy obtainОН EPR paramОtОrs with thО 
struМturО oП thО matОriaХs stuНiОН. 

 
[1] B.V. ВavФin Оt aХ., Phys Chem Chem Phys 14, ββ46 (β01β). 
[β] T.B. BiФtagirov Оt aХ., J. Phys. Chem. A 118, 151λ (β014). 
[γ] ε. GaПurov Оt aХ., JETP Lett 99, 1λ6 (β014). 
[4] ε.GaПurov Оt aХ., Phys Chem Chem Phys 17, β0γγ1 (β015). 
[5] ε.GaПurov Оt aХ., Phys. Solid State 58, 46λ (β016). 
[6] I. FaНООva Оt aХ., BioNanoSci. Нoiμ10.1007/s1β668-016-0γ86-7 (β017). 
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In this papОr wО prОsОnt thО rОsuХts oП НirОМt mОasurОmОnt oП thО εCE in Ni-εn-In-Cu 
HОusХОr aХХoys in a МyМХiМ magnОtiМ ПiОХН oП 1.8 T in hОating anН МooХing runs. 

Fig. 1 НОpiМts thО tОmpОraturО НОpОnНОnМО oП εCE in Ni-εn-In-(Cuμ0.5) in thО magnОtiМ ПiОХН 
oП 1.8 T in hОating anН МooХing runs. ThО maximum vaХuО oП НirОМt ОППОМt in thО ПiОХН oП 1.8 T is 
1.β4 K anН rОvОaХОН at T=γ14 K. ThО invОrsО εCE aММompanying with a wiНО hystОrОsis (14-β0 K) 
is obsОrvОН nОar thО magnОtiМ struМturaХ transition. ThО vaХuО oП thО invОrsО ОППОМt НОpОnНs on thО 
ratО oП a sampХО tОmpОraturО МhangО (hОating or МooХing), thО highОr thО ratО is, thО highОr thО 
invОrsО ОППОМt vaХuО.  

Fig.1. a) TОmpОraturО НОpОnНОnМОs oП εCE Пor Cu0.5 sampХО in magnОtiМ ПiОХН oП 1.8 T.  
b) TimО НОpОnНОnМО oП εCE nОar magnОtostruМturaХ phasО transition. 

 
SuМh bОhavior is ОxpХainabХО iП to ПoХХow a НОtaiХ МhangО in thО εCE unНОr thО МyМХiМ 

magnОtiМ ПiОХН. ThО timО НОpОnНОnМО oП εCE was mОasurОН at two tОmpОraturОs (T=β75 anН β77 
K) in thО rОgion oП thО tОmpОraturО hystОrОsis (Fig.1. b). As is ОviНОnt Пrom thО ПigurО, unНОr МyМХiМ 
magnОtiМ ПiОХНs appХiМation a graНuaХ invОrsО εCE - НirОМt εCE МrossovОr taФОs pХaМО. ThО 
obsОrvОН ОППОМt Мan bО ОxpХainОН in tОrms oП an ОxampХО oП T(t) НОpОnНОnМО at T=β75 K. WhОn 
appХying thО magnОtiМ ПiОХН, thО invОrsО εCE МausОН by a transition Пrom Хow-tОmpОraturО 
antiПОrromagnОtiМ martОnsitО to high-tОmpОraturО ПОrromagnОtiМ austОnitО (A-B arОa) is rОvОaХОН in 
thО Пirst МyМХО. HowОvОr, thО transition into thО ПОrromagnОtiМ phasО oММurs not in thО whoХО sampХО, 
onХy a part oП martОnsitО transПorms into austОnitО. In ПurthОr МyМХОs oП magnОtiМ ПiОХН appХying, a 
graНuaХ НОМrОasО in thО invОrsО εCE is rОvОaХОН owing to НОМrОasing thО martОnsitО phasО. 

This worФ was partiaХХy supportОН by RFBR, rОsОarМh proУОМt № 17-0β-011λ5. 
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STRUCTURAL, MAGNETIC AND ELECTRONIC PROPERTIES OF 
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ThО aНvantagОs oП magnОtiМ rОsonanМО imaging (εRI) in mОНiМaХ Нiagnosis arО wОХХ Фnownμ 
highХy inПormativО, noninvasivОnОss, ОxМОХХОnt spatiaХ rОsoХution, rОaХ-timО monitoring abiХity anН 
so on. SpОМiПiМ Мontrast agОnts aХХow improving thО visibiХity oП intОrnaХ boНy struМturОs in magnОtiМ 
rОsonanМО imaging.  

CommonХy thО gaНoХinium-basОН МompounНs arО usОН Пor Мontrast ОnhanМОmОnt. Iron oxiНОs, 
НuО to thОir high magnОtization anН bioМompatibiХity arО wiНОХy stuНiОН as promising matОriaХs Пor 
εRI agОnts. 

As shown rОМОntХy [1], thО FОGaβO4 nanopartiМХОs rОvОaХ a high-pОrПormanМО in ХowОring oП 
thО transvОrsО rОХaxation timО T2, thus improving thО Мontrast on thО εRI imagО. This abiХity 
togОthОr with gooН bioМompatibiХity maФОs thОsО nanopartiМХОs an ОППОМtivО nano-εRI Мontrast 
agОnt.   

DuО to thО ХaМФ oП inПormation about struМturaХ, magnОtiМ anН ОХОМtroniМ propОrtiОs oП 
nanosizОН FОGaβO4 wО synthОsizОН anН stuНiОН sОvОraХ sampХОs with thО mОan partiМХО sizО in thО 
rangО oП β – γ0 nm. XRD, TEε, EDX, Raman anН εössbauОr spОМtrosМopy, anН magnОtization 
mОasurОmОnts Пrom 4 – 400 K wОrО usОН to stuНy physiМaХ propОrtiОs oП thО nanopartiМХОs. WО 
ПounН that nanopartiМХОs havО МubiМ spinОХ-typО МrystaХ struМturО. Basing on XRD, Raman anН 
εössbauОr spОМtrosМopy Нata wО МonМХuНОН that not onХy FОGaβO4 phasО but a nОw phasО -FОGaOγ 
simiХar to МubiМ spinОХ -FОβOγ anН -GaβOγ is prОsОntОН in thО sampХОs. δow-tОmpОraturО 
εössbauОr spОМtra inНiМatО a non-homogОnОous magnОtiМ systОm with ПrustratОН intОraМtions 
spОМiПiМ oП spin-gХassОs with orНОring tОmpОraturО at about β6 K. UnusuaХ transПormation oП thО 
εössbauОr spОМtra was obsОrvОН in paramagnОtiМ tОmpОraturО rОgion γ0 – γ00 K, whiМh is 
assoМiatОН with МhargО rОНistribution bОtwООn oМtahОНraХ anН tОtrahОНraХ sitОs oП thО spinОХ struМturО 
[β]. It was ОstabХishОН that this ОППОМt was initiatОН by thО Jahn-TОХХОr Нistortion oП thО tОtrahОНraХ 
МoorНination oП thО FОβ+ ions. SuМh an ОППОМt, howОvОr, was not obsОrvОН in buХФ FОGaβO4 matОriaХ. 

 
Support by thО Russian SМiОntiПiМ FounНation (ProУОМt #14-1β-00848) is aМФnowХОНgОН. 

 
[1]C.-C.Huang,C.-H. Su,ε.-В. δiao, C.-S.ВОh, Phys. Chem. Chem. Phys. 11, 6γγ1 (β00λ). 
[β] I.S. δyubutin, S.S. StarМhiФov, N.E.GОrvits, Chun-Rong δin, Вaw-TОng TsОng, Kun-Вauh Shih, 
Jiann-Shing δОО, Вu.δ. OgarФova, A.O.BasФaФov, K.V. FroХov, J. Phys. Chem. C 120 (44),  β55λ6–
β560γ (β016). 
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εagnОtiМ matОriaХs with ХargО МoОrМivity havО broaН appХiМations ranging Пrom pОrmanОnt 
magnОts anН Нata storagО mОНia to high-ПrОquОnМy ОХОМtromagnОtiМ wavО ПiХtОrs. ThО onХy Фnown 
ПОrritО matОriaХ Оxhibiting МoОrМivity ovОr β0 ФOО (aХso МonsiНОrОН as “giant МoОrМivО ПorМО”) at 
room tОmpОraturОs is -FОβOγ [1]. AХso it shows miХХimОtОr wavО absorption up to β10 GHz [β]. 
HowОvОr, -FОβOγ is a rarО iron oxiНО anН its proНuМtion as purО phasО is quitО МompХОx. HarН 
magnОtiМ ПОrritОs (εFО1βO1λ, ε = Ba, Sr, Pb) aХso possОss high magnОtoМrystaХХinО anisotropy but 
thОir МoОrМivity is signiПiМantХy ХowОr anН rarОХy ОxМООНs 6 ФOО Пor purО phasО. ThО Нoping by 
aХuminum МouХН ХОaН to МoОrМivity risО up to 18 ФOО, howОvОr thО magnОtization in this МasО is 
signiПiМantХy ХowОr than oП -FОβOγ [γ]. 

HОrО wО rОport a simpХО synthОsis oП Ca-AХ НoubХО 
substitutОН strontium hОxaПОrritО Sr1-x/1βCax/1βFО1β-

xAХxO1λ. ThО risО oП thО substitution ratio x ХОaНs to 
НОМrОasО oП magnОtization, but signiПiМant inМrОasО oП 
МoОrМivity. At x = 4 thО sampХО thО МoОrМivity is 
β1.γ ФOО, whiМh is highОr than Пor -FОβOγ with thО 
samО magnОtization oП 15 Оmu/g.  At x = 5.5 thО 
МoОrМivity rОaМhОs γ6 ФOО, whiМh is thО highОst vaХuО 
Фnown Пor ПОrritО matОriaХs. ThО МoОrМivity МouХН bО 
ПurthОr improvОН by aХignmОnt oП thО hОxaПОrritО 
partiМХОs НispОrsОН in a poХymОr by thО magnОtiМ ПiОХН. 
SuМh oriОntОН МompositОs possОss nОarХy squarО 
hystОrОsis Хoops with МoОrМivity up to 40 ФOО whiХО 
magnОtizОН in aХignmОnt НirОМtion. AХso wО havО stuНiОН 
thО miХХimОtОr wavО absorption propОrtiОs oП thО 
sampХОs. ThО high anisotropy ПiОХНs rОsuХt in vОry high 
ПОrromagnОtiМ rОsonanМО ПrОquОnМiОs. ThО FεR 
ПrОquОnМy inМrОasОs with substitution ratio anН rОaМhОs thО rОМorН-high vaХuОs oП 180 – β40 GHz Пor 
x = 4 – 5.5. AХso wО havО stuНiОН thО ПОaturОs oП thО МrystaХХinО struМturО oП thО sampХОs by high 
prОМision synМhrotron raНiation НiППraМtion anН rОvОaХОН that thО prОsОnМО oП МaХМium rОsuХts in 
shrinФing oП oxygОn surrounНings in bipyramiНaХ iron position, whiМh МouХН bО a rОason oП thО 
inМrОasО oП magnОtoМrystaХХinО anisotropy МomparОН to simpХО aХuminum Нoping oП strontium 
hОxaПОrritО.  

Support by RFBR Grant 15-0γ-04β77 is aМФnowХОНgОН. 
 

[1] J. TučОФ, R. ГbořiХ, A. Namai, S. OhФoshi, Chem. Mater. 22, 648γ (β010). 
[β] A. Namai, Оt. aХ., Nat. Commun. 3, 10γ5 (β01β). 
[γ] H. δuo, J. Magn. Magn. Mater. 324, β60β (β01β). 

FigurО 1. HystОrОsis Хoops oП 
 Sr1-x/1βCax/1βFО1β-xAХxO1λ sampХОs. 



IBCε - β017 

 47

ULTRASENSITIVE FLUX-GATE MAGNETOMETER BASED ON IRON 
GARNET FILM FOR BIOMEDICAL APPLICATIONS 

N. GUSEV a,*, P. VETOSHKO a,b, V. BEδOTEδOV a,М, A. ГVEГDIN a,Н 
   

 

a
 Russian Quantum CОntОr, SФoХФovo, 14γ0β5, Novaya strООt 100A, SФoХФovo, εosМow Russia 
b
 KotОХniФov InstitutО oП RaНioОnginООring anН EХОМtroniМs oП RAS, 1β500λ εoФhovaya 11-7, 

εosМow, Russia 
М
 FaМuХty oП PhysiМs, δomonosov εosМow StatО UnivОrsity, 11λλλ1, δОninsФiО gory 1-β, εosМow, 

Russia 
Н
 ProФhorov GОnОraХ PhysiМs InstitutО oП RAS, 11λλλ1, VaviХov StrООt γ8, εosМow, Russia 

*nagusОw@gmaiХ.Мom 
 

At prОsОnt, Пor suМh important biomОНiМaХ appХiМations as thО εagnОtoМarНiography (εCG) or 
εagnОtoОnМОphaХography onО usОs SQUID magnОtomОtОrs [1], whiМh arО ОxpОnsivО, buХФy, anН 
НiППiМuХt to maiantain. At thО samО timО, moНОrn МommОrМiaХ МhОap, Оasy to usО anН МompaМt ПХux-
gatО magnОtiМ ПiОХН sОnsors arО notsuitabХО Пor biomagnОtiМ appХiМations anН nОw biomОНiМaХ arОas 
suМh as magnОtorОХaxomОtry (εRX) [β] bОМausО thО МonvОntionaХ ПХux-gatО tОМhnoХogy НoОs not 
aХХow onО to rОНuМО thО noisО ХОvОХ bОХow 100 pT/Hz1/β. ThО prОsОnt worФ is НОvotОН to thО rОsОarМh 
anН НОvОХopmОnt oП thО nОw ПХux-gatО magnОtomОtОr, basОН on thО iron garnОt ПiХm, whiМh is 
МapabХО oП mОasuring a biomagnОtiМ signaХs anН rОХaxation signaХs oП thО magnОtiМ nanopartiМХОs. 
ThО magnОtomОtОr is suММОssПuХХy tОstОН on thО εCG signaХ mОasurОmОnts oП a human [γ] anН 
smaХХ animaХ [4]. As thО parts oП thО ПurthОr worФ thО mОthoН oП НirОМt vОМtor mОasurОmОnt oП thО 
εCG map was НОvОХopОН anН nОw εRX tОМhniquО oП thО magnОtiМ nanopartiМХОs in thО boНy oП an 
ОxpОrimОntaХ animaХ was proposОН. 

ThО proposОН sОnsor shows a noisО ХОvОХ oП about 100 ПT/Hz1/β anН aХХows thО simuХtanОous 
mОasurОmОnts oП thО in-pХanО magnОtiМ ПiОХН vОМtor МomponОnts Hx anН Hyμ thО МorrОsponНing to 
ОaМh МomponОnt EεF signaХ oММurs with a spОМiПiМ phasО shiПt. AННitionaХХy, wО havО НОvОХopОН a 
mОthoН oП vОМtor εCG mapping anН rОМОivОН spatiaХ Нistributions oП thО thrОО vОМtor МomponОnts 
oП thО human hОart magnОtiМ ПiОХН. FinaХХy, wО havО proposОН a nОw mОthoН oП εagnОtiМ PartiМХО 
Imaging (εPI) tОМhniquОs basОН on εRX mОasurОmОnts oП thО magnОtiМ nanopartiМХОs using thО 
proposОН magnОtomОtОr, whiМh aХХows onО to НОtОrminО thО partiМХОs МonМОntration, rОХaxation 
Мonstant at Фnown sМanning spООН or thО spООН oП nanopartiМХО (iП thО mОasurОmОnts taФО pХaМО in 
НynamiМs, Пor ОxampХО in thО bХooНstrОam) at a Фnown rОХaxation Мonstant.   
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KorotaОva, V.I. BОХotОХov, Biomedical Engineering 50(4), βγ7-β40 (β016). 
[4] P.ε. VОtoshФo, N.A. GusОv, D.A. ChОpurnova, E.V. SamoiХova, I.I. SyvorotФa, I.ε. SyvorotФa, 
A.K. ГvОzНin, A.A. KorotaОva, V.I. BОХotОХov, Technical Physics Letters 42(8), 860-864 (β016). 
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εagnОtoМarНiography (εCG) aХХows to rОgistОr МarНio НisОasОs. High εCG inНiМОs arО 
aМhiОvОН by thО usО oП numОrous magnОtiМ ПiОХН sОnsors in thОm with a thrОshoХН sОnsitivity  
oП B≤1 pT. 

ThО purposО oП this papОr is to МomparО thО paramОtОrs oП supОrМonНuМting quantum 
intОrПОrОnМО НОviМОs (SQUID) anН МombinОН magnОtiМ ПiОХН sОnsors (CεFS) with thО possibiХity 
НОМrОasО oП thОir ovОraХХ НimОnsions. 

ThО εCG inМХuНОs sОvОraХ tОns or hunНrОНs oП SQUIDs with  B ≤1 pT, anН thОir НimОnsions 
arО НОtОrmОnОН in thО sizОs oП thО rОМОiving ring with a НiamОtОr oП D ~ 5÷10 mm. 

CεFS Мontains a magnОtiМ ПiОХН МonМОntrator (εFC) anН a struМturО basОН on thО giant 
magnОtorОsistanМО (GεR) ОППОМt as a magnОtosОnsitivО ОХОmОnt (εSE). 

ConsiНОrОН CεFS  basОН on εFCs Пrom a supОrМonНuМting ПiХm (niobium, МritiМaХ МurrОnt 
НОnsity ≥1010 A/mβ, δonНon pОnОtration НОpth 50 nm, thiМФnОss 100 nm) anН εSE  Пrom a GεR 
rОsistor with a rОХativО magnОtosОnsitivity oП ~ 10%/mT. ThО εFC haН a nanostruМturОН aМtivО 
banН, whiМh МonsistОН oП aХtОrnating paraХХОХ supОrМonНuМting branМhОs anН sХits with wiНths oП  
β0÷500 nm. SimiХar nanostruМturing oП aМtivО banНs oП CεS was invОstigatОН in [1, β]. 

ThО ПoХХowing paramОtОrs arО obtainОН. SQUID on thО basis oП a high-tОmpОraturО 
supОrМonНuМtor (HTSC)μ ОnОrgy ОquivaХОnt to noisО En ~ 10-β7 J/Hz, magnОtiМ ПiОХН ОquivaХОnt to 
noisО Bn ~ 0.0γ pT/Hz1/β, D ~ 1 Мm. CεFS Мonsisting oП thО abovО paramОtОrsμ En ~ 10-β7 J/Hz, Bn 
~0.1 pT/Hz1/β, D ~ 0.β Мm. ThОsО vaХuОs arО an orНОr oП magnituНО bОttОr than thosО obtainОН in thО 
CεFS  in thО Мomposition oП an εFC with a non-nanostruМturОН  aМtivО banН [1]. 

Thus, in thО CεFS with nanostruМturОН εFC thО paramОtОrs МХosО to HTSC SQUIDs arО 
rОaМhОН, anН thО НimОnsions arО sОvОraХ timОs smaХХОr than thОm. ThО usО oП muХtipХО CεFS  aХong 
with SQUIDs wiХХ signiПiМantХy improvО thО εCG  МapabiХitiОs in rОМorНing thО signs oП thО onsОt oП 
МarНioНisОasОs. ThОsО CεFSs havО thО potОntiaХ to bО usОН both in thО traНitionaХ magnОtiМ 
rОsonanМО imaging (εRI, 1.5÷4.5 T), so in thО nОw НirОМtion oП thО εRI oП a wОaФ magnОtiМ ПiОХН 
(≤100 mT) [β].ThО Мombination oП magnОtiМ systОms εCG/εRI Мan signiПiМantХy improvО thО 
aММuraМy oП thО ПunМtionaХ statО anН ХoМaХization oП МarНiaМ НisОasОs, anН thОy wiХХ bО НОmanН in 
mОНiМaХ praМtiМО. 

 
This worФ was supportОН by thО εinistry oП EНuМation anН SМiОnМО oП thО Russian FОНОration, 

agrООmОnt No. 14.581.β1.0014  (ProУОМt ID RFεEFI58115X0014). 
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[β] δ.P. IМhФitiНzО. AIP Advances 3(6), 06β1β5 (β01γ).  
[γ] ε. PannОtiОr-δОМoОur Оt aХ., Rewiew of scientific instruments 84, 0λ5116 (β01γ). 
[4] A.N. εatХaМhov Оt aХ., Proc. of BIOMAG 2004 (Boston) 39 (β004).  
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FОrromagnОtiМ hОxagonaХ εn5GОγ МompounН has bООn a subУОМt oП intОnsivО stuНy in  rОМОnt 
yОars. ThО Мombination oП high spin poХarization, gooН ОpitaxiaХ growth on GО anН high CuriО 
tОmpОraturО maФОs thО εn5GОγ systОm a matОriaХ oП МhoiМО in ПuturО spintroniМ НОviМОs. NotОworthy 
is thО ПaМt that ОpitaxiaХ εn5GОγ thin ПiХms grown on GО (111) rОvОaХ pОrpОnНiМuХar anisotropy anН 
stripО Нomain struМturО in ПiХms as thin as β0 nm [1,β], ХОaНing to potОntiaХ appХiМations in both, 
ОmОrging spintroniМs anН nОxt-gОnОration Нata-storagО tОМhnoХogiОs.  

With thО aim to unНОrstanН bОttОr thО sourМОs oП magnОtoМrystaХХinО anisotropy,  wО  
pОrПormОН an ОxtОnsivО stuНy oП ХoМaХ magnОtiМ propОrtiОs in two МrystaХХographiМ positions oП εn 
in εn5GОγ struМturО using thО NεR mОthoН. 55εn NεR ОxpОrimОnts havО bООn МarriОН out in two 
МonПigurationsμ (a) on γ00 nm thiМФ ПiХm, monitoring thО ОvoХution oП 55εn NεR spОМtra as thО 
magnОtiМ struМturО oП εn5GОγ thin ПiХm transПorms Пrom a muХti-Нomain to a singХО Нomain struМturО 
ОnПorМОН by DC ОxtОrnaХ magnОtiМ ПiОХН - Пor thО DC ПiОХН oriОntation in ПiХm pХanО anН out oП pХanО, 
(b) at zОro ОxtОrnaХ ПiОХН, as a ПunМtion oП ПiХm thiМФnОss in thО rangО МorrОsponНing to rОoriОntation 
oП thО magnОtization Оasy axis Пrom in-pХanО to out-oП-pХanО oriОntation.  

55εn NεR spОМtrum rОМorНОН Пrom γ00 nm thiМФ ПiХm rОvОaХs two rОsonanМО ХinОs 
МorrОsponНing to two εn sitОs (НОnotОН as εnI anН εnII) in thО МrystaХ ХattiМО (spaМО group 
P6γ/mМm). ThО ХinО МОntОrОН at β07 εHz, (rОПОrrОН to as εnI) МorrОsponНs to thО sitО 4(Н). ThО 
wОХХ-rОsoХvОН quaНrupoХar struМturО ОviНОnМОs strong ОХОМtriМ ПiОХН graНiОnt at this sitО, МharaМtОrizОН 
by uniaxiaХ ХoМaХ symmОtry. ThО struМturО-ХОss ХinО at 4βλ εHz originatОs Пrom thО 6(g) sitОs (εnII), 
whОrО thО ХoМaХ МrystaХХographiМ ОnvironmОnt has muМh ХowОr symmОtry.  ExpОrimОnts in thО DC 
magnОtiМ ПiОХН appХiОН in thО out-oП-pХanО НirОМtion, i.О. aХong thО magnОtization insiНО thО Нomains 
[β] show that aПtОr saturation both ХinОs shiПt towarНs ХowОr ПrОquОnМiОs with a sХopО НОtОrminОН by 
55εn gyromagnОtiМ ratio, proving that thО obsОrvОН signaХs МorrОsponН to magnОtization oriОntОН 
aХong thО Оasy axis oП magnОtization. WhОn tiХting thО magnОtization towarНs in-pХanО oriОntation 
by appХying thО in-pХanО DC ПiОХН,  two ОППОМts arО obsОrvОНμ (a) thО rОsonanМО ПrОquОnМy oП 55εn 
МorrОsponНing to both εn МrystaХХographiМ sitОs inМrОasОs, rОvОaХing thО anisotropiМ orbitaХ 
Мontribution to εn hypОrПinО ПiОХН НuО to thО unquОnМhОН anisotropiМ orbitaХ momОntum, (b) 
magnОtiМaХХy non-ОquivaХОnt positions arО МrОatОН among thО six εnII sitОs, spХitting thО NεR ХinО 
in two МomponОnts anН rОvОaХing thО prОsОnМО oП in-pХanО hypОrПinО ПiОХН anisotropy at thО εnII sitО. 
ThО ОvoХution oП zОro-ПiОХН NεR spОМtrum as a ПunМtion oП sampХО thiМФnОss Нuring rОoriОntation 
Пrom thО in-pХanО magnОtization in vОry thin ПiХms to out-oП-pХanО abovО t>β0 nm, is ПuХХy МonsistОnt 
with thО abovО obsОrvations. ThОsО rОsuХts suggОst that magnОtoМrystaХХinО anisotropy has its 
МountОrparts in anisotropy oП thО εn hypОrПinО ПiОХН anН both Мan bО ХinФОН to thО anisotropy oП thО 
εn orbitaХ momОntum. 
[1] δ. A. εiМhОz Оt aХ., J. Appl. Phys 118, 04γλ06 (β015). 
[β] R. KaХvig Оt aХ., J. Phys. D Appl. Phys. 50, 1β5001 (β017). 
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 ThО probХОm oП thО ratО oП phasО transitions (PT) rОquirОs immОНiatО soХution bОМausО it is 
МruМiaХ Пor thО МrОation oП thО nОw rОПrigОration tОМhnoХogy basОН on magnОtoМaХoriМ ОППОМt (εCE) 
in soХiН statО magnОtiМ matОriaХs. ThО ratО oП PT Хimits thО ПrОquОnМy oП thОrmoНynamiМ МyМХОs, anН 
thО powОr oП rОПrigОration wiХХ НОpОnН on thО ПrОquОnМy oП МyМХОs. ThО МomparativО stuНy oП thО 
ФinОtiМs oП PTs oП thО prospОМtivО magnОtiМ ПunМtionaХ matОriaХs is vОry important Пor МrОation oП thО 
novОХ НОviМОs basОН on εCE. WО prОsОnt a nОw tОМhniquО Пor ОxpОrimОntaХ stuНy oП ФinОtiМs oП PTs 
anН НirОМt mОasurОmОnt oП thО εCE in puХsОН magnОtiМ ПiОХНs by using thО Пast rОsponsО 
tОmpОraturО probО with inПrarОН ПibОr optiМaХ (IRFO) sОnsor. As НОmonstration oП thО nОw 
tОМhniquО, thО rОsuХts arО prОsОntОН oП εCE mОasurОmОnts Пor FО48Rh5β sampХО at initiaХ 
tОmpОraturО γ05.1 Kμ ΔTaН = -4.5 K unНОr puХsОН magnОtiМ ПiОХН µ0H = 8.5 T, sОО Fig.1. ThО ОnОrgy 
ХossОs on magnОtization nОar thО 1st orНОr PT wОrО МaХМuХatОН Пrom thО rОsuХts oП НirОМt 
mОasurОmОnts oП magnОtization vОrsus timО Пor FО48Rh5β sampХОμ W = 45 J/Фg [1]. ThО nОw systОm 
НОmonstratОs thО Пast rОsponsО (bОttОr than 1 ms) anН highОr noisО immunity than Оxisting systОms 
basОН on miМro-thОrmoМoupХОs anН thin ПiХm thОrmorОsistors. 

OthОr tОМhniquО Пor ОxpОrimОntaХ stuНy oП thО ФinОtiМs oП thО magnОtiМ PTs unНОr Хow 
aХtОrnating magnОtiМ ПiОХН. ThО nОw НynamiМ thОrmo-
magnОtomОtОr (DTε) is proposОН Пor soХving thО 
probХОm oП thО ratО oП thО magnОtiМ PT at Хow ПiОХНs. 
DTε is НОsignОН Пor mОasuring thО timО НОpОnНОnМО oП 
thО magnОtiМ susМОptibiХity oП thin pХatОs oП 
ПОrromagnОts at an abrupt tОmpОraturО МhangО in watОr 
ПХow. As a rОsuХt oП ОxpОrimОnts Пor GН nОar TC = β0C 
rОХaxation timО oП magnОtization is 50 ms [β]. RОМОntХy 
DTε was НОvОХopОН Пor worФing on matОriaХs with thО 
1st orНОr PTs. ThО Хast ОxpОrimОnts shown big 
НiППОrОnМО at hООting anН МooХing in rОХaxation timО at 
PT in Ni-εn-Ga(FО) HОusХОr aХХoys. This НiППОrОnМО 
may aМhiОvОs hunНrОНs oП miХХisОМonНs. 

 
[1] A.P. KamantsОv, Оt aХ., J. Magn. Magn. Mater, in 
prОss (β017). 
[β] A.P. KamantsОv, Оt aХ., Solid State Phenom. 215, 
11γ (β014). 
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ThО nanopartiМХОs has opОnОН up nОw avОnuОs in many НiППОrОnt ПiОХНs oП appХiМations aХong 

with othОr nanomatОriaХs. ThО maУor aНvantagОs oП nanopartiМХОs ovОr ХargОr sizОН partiМХОs arО its 
high surПaМО-to-voХumО ratio anН hОnМО highОr surПaМО ОnОrgy, uniquО optiМaХ, ОХОМtroniМ, anН 
ОxМОХХОnt magnОtiМ propОrtiОs anН so on. ThО high surПaМО arОa aХso aХХows it to bО moНiПiОН. ThО 
magnОtiМ nanopartiМХОs (εNPs) arО pХaying an important roХО in thО wiНО rangО oП various 
appХiМations. At rОsОnt εNP with МorО-shОХХ struМturОs havО attraМtОН МonsiНОrabХО attОntion bОМausО 
oП thОir uniquО propОrtiОs anН various appХiМations. AХso, thО synthОsis oП ОnginООrОН МorО-shОХХ 
struМturОs εNP (CSεNP) has attraМtОН praМtiМaХ intОrОst bОМausО oП potОntiaХ appХiМations in 
НiППОrОnt arОas suМh as ПОrroПХuiНs, mОНiМaХ imaging, Нrug targОting anН НОХivОry, МanМОr thОrapy, 
sОparations, anН МataХysis.  

CSεNP havО a МorО maНО oП a matОriaХ МoatОН with anothОr matОriaХ on top oП it. CSεNP arО 
a promising systОm Пor biomОНiМaХ appХiМations, bОМausО thОy МombinО a МorО (iron) with a high 
magnОtiМ momОnt anН a shОХХ (iron oxiНО) with gooН bioМompatibiХity. In bioХogiМaХ appХiМations 
CSεNP havО maУor aНvantagОs ovОr simpХО nanopartiМХОs ХОaНing to thО improvОmОnt oП propОrtiОs 
suМh as ХОss МytotoxiМity, inМrОasО in НispОrsibiХity, bio- anН Мyto-МompatibiХity, bОttОr МonУugation 
with othОr bioaМtivО moХОМuХОs, inМrОasОН thОrmaХ anН МhОmiМaХ stabiХity anН so on. It rОquirОs thО 
НОvОХopmОnt oП muХtiПunМtionaХ nanopartiМХОs with bioМompatibiХity, high rОХaxivity, high hОat-
gОnОration powОr, МontroХХОН Нrug rОХОasО, anН tumor targОting.  

Among various mОthoНs to thО moНiПiМation or ПunМtionaХization oП thО surПaМОs oП CSεNP 
with matОriaХs suМh as poХymОrs, organiМ monoХayОrs, oxiНОs, anН mОtaХs, onО oП thО most important 
systОms invoХvОs magnОtiМ nanopartiМХОs МoatОН with goХН shОХХs.  

This rОviОw ПoМusОs on thО rОМОnt progrОss in synthОsis anН МharaМtОrization oП ОnginООrОН 
magnОtiМ МorО-shОХХ struМturОs in tОrms oП thОir ПunНamОntaХs oП magnОtism, hypОrthОrmia 
appХiМations, magnОtiМ rОsonanМО imaging, anН Нrug НОХivОry, as wОХХ as thО synthОsis approaМhОs 
anН appХiМation ОxampХОs. BОМausО thО quaХity anН surПaМО МhОmistry pХay important roХОs in 
biomОНiМaХ appХiМations, this rОviОw ПoМusОs on thО surПaМО moНiПiМations oП CS nanopartiМХОs. In 
rОviОw arО НisМussing somО oП thО rОМОnt ПinНings in thО invОstigation oП thО synthОsis, 
МharaМtОrization anН appХiМation oП onО intriguing МХass oП CSεNP, i.О., magnОtiМ nanopartiМХОs 
МoatОН with a goХН shОХХ.  
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εagnОtiМ nanopartiМХОs (εNP) attraМt partiМuХar intОrОst Пor usagО in НiППОrОnt arОas oП 
bioХogy anН mОНiМinО, suМh as targОtОН Нrug НОХivОry, magnОtiМ rОsonanМО imaging anН magnОtiМ 
hypОrthОrmia. WiНОsprОaН usО oП magnОtitО nanopartiМХОs in biomОНiМinО bОМamО possibХО НuО to 
thОir magnОtiМ propОrtiОs, Хow toxiМity anН bioНОgraНabiХity. It is aХso Фnown that thО shapО anН sizО 
oП thО εNP Мan aППОМt thОir magnОtiМ anН struМturaХ propОrtiОs. Thus thО aim oП thО stuНy is to 
rОvОaХ thО ОППОМt oП partiМХОs shapО on magnОtiМ anН Мontrast propОrtiОs anН МytotoxiМity towarНs thО 
PCγ anН δNCaP prostatО МanМОr МОХХ ХinОs.  

ThО ПoХХowing Пorms oП partiМХОs wОrО obtainОН by mОthoН oП high-tОmpОraturО thОrmaХ 
НОМompositionμ sphОriМaХ, МubiМ, oМtahОНraХ, hОxagonaХ anН tОtragonaХ prisms, pХatОs. X-ray phasО 
anaХysis МonПirmОН thО prОsОnМО oП thО invОrsО spinОХ phasО in aХХ sampХОs. 

TabХО 1.  
SampХО (shapО / 
МharaМtОristiМ) SizО, nm CrystaХХitО 

sizО, nm 
HМ, ФA/m 

(E) 
4πIs, 

A·mβ/Фg 
Tβ- rОХaxivity, 

mε-1·s-1 
SphОrОs β0 16 β,γ (βλ) γ4,β β40,6 
CubОs 18 β1 4,7 (5λ) 44,7 β6β 

HОxagonaХ prisms 55 47 8,γ (104) 88,γ 15,1 
OМtahОНrons 1λ 17 β,β (β8) 7γ,8 βγ6,5 

TОtragonaХ prisms 1λ β4 γ,6 (45) 87,4 β41,γ 
NanopХatОs 1βх1βхβ,5 5 4,8 (60) 5β,1 β80,γ 

ThО МytotoxiМity oП nanopartiМХОs has bООn tОstОН on human PCγ anН δNCaP МОХХ ХinОs. CОХХ 
survivaХ with thО aННition oП εNP suspОnsions in МonМОntration varying Пrom β.5 to 50 g/mХ was 
80-100%, ОxМОpt oМtahОНraХ anН МubiМ partiМХОs, whiМh НОmonstratОН sХightХy highОr МytotoxiМity on 
δNCaP МuХturО.  

TОmpОraturО МhangО mОasurОmОnts oП εNP suspОnsions Пrom thО Оxposition timО unНОr an 
ОxtОrnaХ magnОtiМ ПiОХН (H = λ5 OО, П = 100 ФHz) rОsuХtОН in thО ПoХХowing vaХuОs oП thО 
tОmpОraturОμ nanopХatОs - λλ° C, hОxagonaХ prisms - 60° C, sphОrОs - 41° C, oМtahОНrons - 40° C. 

It was shown that thО hОxagonaХ prisms possОss thО grОatОst МoОrМivО ПorМО anН saturation 
magnОtization. NanopХatОs oП thО smaХХОst sizО haН Хow toxiМity anН thО highОst Tβ-Мontrast, whiМh 
maФОs thОm promising εNP Пor targОtОН Нrug НОХivОry anН εRI. ThОy aХso showОН highОr hОating 
tОmpОraturО unНОr magnОtiМ ПiОХН anН Мan ПinН appХiМation in hypОrthОrmia. 

ThО authors gratОПuХХy aМФnowХОНgО thО support oП thО εinistry oП EНuМation anН SМiОnМО oП 
thО Russian FОНОration (grant  № 14.578.β1.0β01 (RFεEFI57816X0β01)). 
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In rОМОnt yОars, a nОw rОsОarМh НirОМtion has ОmОrgОН in mОНiМinО rОХatОН to thО НОvОХopmОnt 
oП miМrorobots ("miМroswimmОrs"), whiМh rОprОsОnt a nОw МХass oП artiПiМiaХ partiМХОs oП nano- anН 
miМro sМaХО partiМХОs МapabХО to МonvОrt ОxtОrnaХ ОnОrgy into motion [1]. εoving aХong thО 
physioХogiМaХ ПХuiНs, miМrorobots Мan pОrПorm НiagnostiМs, НОХivОr mОНiМinОs to thО НiППОrОnt parts oП 
thО human boНy, anН rОaХizО surgiМaХ intОrvОntions. At thО prОsОnt timО to movО miМrorobots various 
mОthoНs arО oППОrОНμ МhОmiМaХ rОaМtions, Хight, aМoustiМ wavОs, ОХОМtromagnОtiМ ПiОХНs. ThО 
ОxpОrimОntaХ Нata obtainОН by now showОН that magnОtiМ ПiОХНs provОН to bО thО most ОППОМtivО, 
bОМausО thОy НiН not rОquirО using thО toxiМ МhОmiМaХs anН intОraМtОН with miМrorobots through 
tissuОs without any intОrПОrОnМО. CurrОntХy, thО most popuХar Пorms oП miМrorobots arО ОХongatОН 
ОХХipsoiНs, rotating spiraХ ПibОrs, anН magnОtiМ hОaНs with an ОХastiМ taiХs. HowОvОr, thО probХОm oП 
МrОating nОw МonПigurations oП miМrorobots, inМХuНing basОН on magnОtiМ matОriaХs, rОmains 
rОХОvant. ThО most promising Пor thОsО purposОs arО amorphous miМrowirОs, МharaМtОrizОН by 
uniquО magnОtiМaХХy soПt propОrtiОs. 

In this papОr, thО rОsuХts on thО invОstigation oП thО inПХuОnМО oП twisting strОssОs on thО 
magnОtiМ МharaМtОristiМs oП thО Co6λFО4Cr4Si1βB11 amorphous miМrowirОs anН aХso thrОО 
miМrorobots, maНО on thОir basis, arО prОsОntОН. ThО Сo6λFО4Cr4Si1βB11 amorphous miМrowirОs wОrО 
proНuМОН by thО moНОrnizОН UХitovsФy–TayХor mОthoН. ThО НiamОtОr oП thО magnОtiМ МorО oП 
miМrowirОs was ОquaХ to 60 miМrons. ThrОО miМrorobots wОrО proНuМОН in thО Пorm oП spiraХs with a 
НiamОtОr oП 0.β mm anН a ХОngth oП 10 mm. Two oП thОm haН praМtiМaХХy МirМuХar hОaН with 
НiamОtОr approximatОХy ОquaХ to 0.γβ anН 0.56 mm anН a ХОngth oП 1 mm, МrОatОН by winНing 
miМrowirО at thО ОnН oП thО spiraХs into onО anН thrОО ХayОrs. ConsiНОring thО ПaМt that thО 
miМrorobots must movО in a МonПinОН spaМО (in thО МapiХХariОs), thО invОstigation oП thО miМrowirОs 
was pОrПormОН both in a ПrОО anН МapsuХatОН statО. 

ThО ПoХХowing rОsuХts wОrО rОМОivОН. ThО magnОtiМ МharaМtОristiМs oП thО initiaХ miМrowirО in 
thО ПrОО anН МapsuХatОН statО Нo not НiППОr within thО ОxpОrimОntaХ Оrror. DuО to this ПaМt, Нata, 
obtainОН onХy Пor МapsuХatОН sampХОs, arО givОn bОХow. ThО saturation ПiОХН, Hs, oП miМrowirО, 
twistОН by 0.γγ rОv/Мm, inМrОasОs in 1.5 timОs, anН Hs oП strongХy twistОН pair oП miМrowirОs  in 
β.5 timОs in Мomparison with thО initiaХ sampХО. HОrОwith, thО magnituНО oП Hs oП miМrorobot 
without a hОaН inМrОasОs aХmost in 70 timОs, anН with a singХО- anН thrОО-ХayОrОН hОaН in 400 anН 
γ50 timОs, rОspОМtivОХy. ThО МhangО oП Hs oП miМrorobots in Мomparison with thО initiaХ miМrowirО 
was ОxpХainОН by thО inПХuОnМО oП НОmagnОtizing ПiОХН, МausОН to thОir Пorm. ThО spООНs oП 
movОmОnt oП miМrorobots aХong artiПiМiaХХy МrОatОН miМroМapsuХОs wОrО ОstimatОН. Support by thО 
Russian FounНation oП BasiМ RОsОarМh, Grants 15-0β-0β077. 

[1] K. JagaУУanani Rao, FОi δi δong εОng, Hairong ГhОng, FОiyan Cai , WОi Wang, Small 1, 
(β015). www.smaХХ-УournaХ.Мom 
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εagnОtiМ МompositО matОriaХs, as НiХutОН magnОtiМ sОmiМonНuМtor (DεS)/ПОrromagnОtiМ 

sОmimОtaХ arО suitabХО МanНiНatОs Пor utiХizing in high – tОmpОraturО (abovО γ00 K) spintroniМ 
НОviМОs [1]. 

Thin hybriН InSb(GaSb)/εnSb ПiХms wОrО synthОsizОН by puХsОН ХasОr НОposition using 
mОМhaniМaХ НropХОt sОparation anН МharaМtОrizОН by sМanning probО miМrosМopy in atomiМ (AFε) 
anН magnОtiМ (εFε) ПorМО rОgimОs at T = γ0γ – γλγ K (Fig. a, b). ThО ПОrromagnОtiМ εnSb 
partiМХОs with mОan sizО 50 – 100 nm inМorporatОН into InεnSb DεS matrix arО НОmonstratОН sizО-
НОpОnНОН anisotropy HopФinson ОППОМt whiМh was obsОrvОН ОarХiОr Пor buХФ InSb/εnSb poХy- anН 
monoМrystaХХs [β, γ]. It is surprisingХy that magnОtization oП εnSb nanopartiМХОs into GaεnSb 
matrix Нo not rОvОaХ thО HopФinson pОaФ anН bОhavior oП Хow-ПiОХН (B < 0.05T) magnОtization is 
simiХar to buХФ isotropiМ ПОrromagnОtiМ matОriaХs with CuriО tОmpОraturО about 600 K. 

 

 
FigurО. SМanning probО miМrosМopy oП thО InSb/εnSb ПiХm at T = γλγ K Мarrying out in AFε (a) 
anН εFε (b) rОgimОs. М) ThО tОmpОraturО НОpОnНОnМiОs oП magnОtization Пor magnОtiМ inМХusions 
with НiППОrОnt sizОs whiМh arО ХabОХХОН on (a) anН (b) parts. InsОtμ ThО tОmpОraturО НОpОnНОnМО oП 
Хow-ПiОХН magnОtization Пor a monoМrystaХХinО InSb-εnSb ОutОМtiМs Мomposition. 

 
Support by ThО εinistry oП EНuМation anН SМiОnМО oП thО Russian FОНОration (№ 

16.β814.β017/PCh) anН RFBR (15-07-06081-a). 
 

[1] S.F. εarОnФin Оt.aХ., Russ. J. Inorg. Chem. 60, βλ5 (β015). 
[β] A.V. KoМhura Оt.aХ., J. Appl. Phys. 113, 08γλ05 (β01γ). 
[γ] V.ε. NovotortsОv Оt.aХ., Russ. J. Inorg. Chem. 56, 1λ51 (β011). 
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εaХignant tumors arО onО oП thО most НangОrous typОs oП ХiПО-thrОatОning НisОasОs. This 
inНiМatОs thО grОat importanМО oП ОППОМtivО antitumor Нrugs НОvОХopmОnt. ChОmothОrapy is onО oП 
thО ФОy mОthoНs oП antiМanМОr thОrapy at thО prОsОnt timО. UnПortunatОХy this ФinН oП thОrapy has 
Хots oП НrawbaМФs, suМh as Хow sОХОМtivity, toxiМity ОtМ.  

In this worФ thО МorО-shОХХ nanopartiМХОs oП ПОrritОs anН BaTiOγ arО suggОstОН as pОrspОМtivО 
Нrug НОХivОry МarriОs. ThОsО ФinНs oП МorО-shОХХs arО МХassiПiОН as a muХtiПОrroiМ, bОМausО thОy havО a 
magnОtoОХОМtriМ ОППОМt, whiМh mОans Мombination oП ПОrroОХОМtriМ anН ПОrromagnОtiМ propОrtiОs. ThО 
ОППОМt givОs abiХity to manipuХatО ОХОМtriМ МhargО oП thО nanopartiМХОs via ОxtОrnaХ magnОtiМ ПiОХН.  It 
is aХso wОХХ-Фnown that thО МhargО oП nanoМarriОrs ОППОМt on thОir МОХХuХar uptaФО ОППiМiОnМy. FinaХХy 
this ФinН oП МorО-shОХХs givОs opportunity to МontroХ thО proМОss oП Нrug НОХivОry via ОxtОrnaХ 
magnОtiМ ПiОХН. It is partiМuХarХy aМtuaХ in thО МasО oП МanМОr МОХХs showing othОr vaХuО oП mОmbranО 
potОntiaХ than rОguХar МОХХs [1]. ThО ПoХХowing mОthoНs wОrО usОН Нuring thО ОxpОrimОntsμ 

 

 
1th anН γrН mОthoНs aХХow to obtain stabХО soХs oП МorО@shОХХ nanopartiМХОs with propОr sizО 

Пor subsОquОnt in vivo anН in vitro ОxpОrimОnts. ThО hyНroНynamiМ sizОs oП МorО@shОХХs in stabХО 
soХs arО ХОss than 100 nm. AММorНing to XRD anaХysis thО sampХОs 1 anН β havО amorphous shОХХ 
whiХО BaTiOγ phasО is НОtОМtОН in sampХО γ. OnХy thО МrystaХХinО shОХХ is suitabХО Пor muХtiПОrroiМs 
Пormation. ThО 4 anН 5 sampХОs arО stabХО but thОrО is no МrystaХХinО shОХХ is НОtОМtОН bОПorО 
annОaХing. AПtОr annОaХing thО sampХОs arО non-rОНispОrsibХО bОМausО oП thО sintОring. ThО bОst 
mОthoН Пor rОquirОН muХtiПОrroiМ МorО@shОХХ nanopartiМХОs synthОsis is hyНroХysis oП prОМursors in 
gХyМoХiМ mОНium. GХyМoХs inhibit Пast hyНroХysis oП titanium prОМursor anН stabiХizО surПaМО oП as-
ПormОН МorО@shОХХs as wОХХ as initiaХ magnОtiМ МorО. In othОr МasОs titanium prОМursor hyНroХyzО too 
Пast with Пormation oП amorphous shОХХ anН/or aggrОgation oП nanopartiМХОs. 

 
[1] ε. Вang, W. J. BraМФОnbury, Frontiers in Physiology 4, 1-10 (β01γ). 
 
ThО authors gratОПuХХy aМФnowХОНgО thО support oП thО NUST "εISIS" StrAU γ anН thО Russian 
FounНation Пor FunНamОntaХ RОsОarМh (grant № 17-5γ-5600β5). 

№ CorО  εОНium PrОМursors CoХХoiНaХ 
stabiХity  

CorО sizО 
(nm) 

1 FОγO4 BОnzyХ aХМohoХ εОtaХХiМ barium, titanium 
isopropoxiНО,  StabХО 10 

β FОγO4 
DОionizОН watОr, 
anhyНrous isopropanoХ 

Ba(OH)β, ОthyХОnОНiaminО, 
titanium isoropoxiНО, UnstabХО 10 

γ FОγO4 
DОionizОН watОr, 
triОthyХОnО gХyМoХ 

Ba(OH)β , titanium 
isopropoxiНО StabХО  10 

4 CoFОβO4 DОionizОН watОr, 
anhyНrous ОthanoХ 

BaCOγ, titanium 
isopropoxiНО, МitriМ aМiН 

StabХО bОПorО 
annОaХing, 
unstabХО aПtОr 

15 

5 FОγO4 15 
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ThО НОvОХopmОnt oП innovativО tОМhnoХogiОs ХОaНs to thО МrОation oП nОw matОriaХs with 

propОrtiОs that arО absОnt in thО parОnt МomponОnts. In aННition to transport anН magnОtiМ propОrtiОs, 
it is nОМОssary to invОstigatО pОrМoХation МharaМtОristiМs in suМh systОms. ThО pОrМoХation ОППОМts arО 
oП ПunНamОntaХ importanМО Пor unНОrstanНing thО МurrОnt ПХow in rОaХ muХtiМomponОnt systОms, 
whОrО it is possibХО to Пorm both pОrМoХation nОtworФs anН thО appОaranМО oП nОw propОrtiОs НuО to 
thО mutuaХ inПХuОnМО oП thО МomponОnts oП suМh systОms [1, β]. 

ThО pОrМoХation ПОaturОs oП nanoМompositОs oП magnОsium НiboriНО - manganitО with НiППОrОnt 
МonМОntration Мomposition oП thО МomponОnts arО invОstigatОН. ThО ПОaturОs oП thО systОms unНОr 
МonsiНОration Мonsist in an ОssОntiaХ НiППОrОnМО in thО НimОnsions oП thО МomponОnts anН thОir 
mutuaХ inПХuОnМО (proximity ОППОМt). NamОХy, thО nanoМompositО Мonsists oП miМrogranuХОs ~ 5 m 
oП magnОsium НiboriНО εgBβ supОrМonНuМtor anН nanogranuХОs ~ 50 nm oП δa0.7Ca0.γεnOγ 
manganitО. ThО transport МharaМtОristiМs oП thОsО МompositО havО bООn stuНiОН in a wiНО rangО oП 
tОmpОraturОs (Пrom room tОmpОraturО to hОХium tОmpОraturОs), magnОtiМ ПiОХНs anН high hyНrostatiМ 
prОssurОs [γ, 4]. 

It is ОstabХishОН that thО physiМs oП thО pОrМoХation griН Пormation in thО nanoМompositО is 
НiППОrОnt abovО anН bОХow thО МritiМaХ tОmpОraturО oП thО εgBβ supОrМonНuМtor (TC). In thО МasО oП 
T>TC, thО main МharaМtОristiМs oП thО nanoМompositО (thО МurrОnt-voХtagО НОpОnНОnМО, pОrМoХation 
thrОshoХН) arО НОtОrminОН by thО gОomОtry oП thО МomponОnts (thО granuХО sizО ОППОМt). At T<TC, in 
aННition to thО МomponОnt gОomОtry, thО proximity ОППОМts (iО, thО mutuaХ inПХuОnМО oП thО 
МomponОnts) havО a signiПiМant inПХuОnМО on thО paramОtОrs oП thО pОrМoХation transition in thО 
МompositО (supОrМonНuМting transition tОmpОraturО, МritiМaХ МurrОnt, МurrОnt-voХtagО НОpОnНОnМОs). It 
mОans that in thО struМturО oП magnОsium НiboriНО-manganitО ovОrХapping oП thО wavО ПunМtions oП 
two НiППОrОnt ОХОМtroniМ phasОs oММurs anН a nОw statО appОars with thО МharaМtОristiМs oП both 
phasОs. 

As a rОsuХt, nОw matОriaХs with propОrtiОs absОnt in thО originaХ МomponОnts arО obtainОН. 
 
[1] D. StauППОr, Introduction to Percolation Theory. - L.: Taylor (1λλβ). 
[β] A. BunНО, J. Electroceram 5 (β), 81 (β000). 
[γ] V.V. KononОnФo, Solid State Phenomena 215, 100 (β014). 
[4] V.V. KononОnФo, Fiz. Nizk. Temp. 41(γ), β6β (β015) (In Russian). 
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In thО quasi-two-НimОnsionaХ magnОts with aМОntriМ (МhiraХ) МrystaХ struМturО anН a trianguХar 
ХattiМО oП magnОtiМ atoms in a ХayОr, thО МompОtition bОtwООn ОxМhangО intОraМtions, Пrustrations anН 
anisotropy Мan rОvoХutionary aППОМt thО ПunНamОntaХ mОМhanisms oП spin orНОring anН thО 
МorrОsponНing phasО transitions. δow-НimОnsionaХ spin ПrustratОН systОms assumО nonМoХХinОar 
inМommОnsuratО spin orНОrings in orНОr to rОНuМО thО НОgrОО oП thОir spin Пrustration. It is inhОrОnt 
in εnSbβO6, a magnОt with a МhiraХ МrystaХ anН a МyМХoiНaХ magnОtiМ struМturО, a muХtiПОrroiМ with a 
uniquО ПОrroОХОМtriМ switМhing mОМhanism [1, β].  

 WО havО НisМovОrОН anН synthОsizОН a nОw Пorm oП ХayОrОН trigonaХ εnSbβO6, vОry НiППОrОnt, 
aММorНing to its X-ray НiППraМtion pattОrn, Пrom Фnown ХayОrОН muХtiПОrroiМ Пorm mОntionОН abovО 
[1]. ThО εnSbβO6 sampХО was МharaМtОrizОН by RiОtvОХН anaХysis oП thО nОutron powНОr НiППraМtion 
pattОrns, magnОtiМ susМОptibiХity anН spОМiПiМ hОat tОmpОraturО НОpОnНОnМО mОasurОmОnts. A nОw 
rosiaitО-typО (s.g. P-31m) Пorm oП εnSbβO6 is isostruМturaХ with εnAsβO6 anН НiППОrs Пrom thО 
Фnown Пorm oП εnSbβO6 (s.g. P321). 

ThО appОaranМО oП aННitionaХ rОПХОМtions rОХatОН to thО antiПОrromagnОtiМ orНОring 
organization oП thО εnSbβO6 sampХО bОХow TN=8.5 K is МХОarХy visibХО on thО Хow-tОmpОraturО 
nОutron powНОr НiППraМtion pattОrns mОasurОmОnt by thО SPODI nОutron powНОr НiППraМtomОtОr at 
εuniМh, GОrmany.  

εagnОtiМ struМturО is НОsМribОН by thО propagation vОМtor Ф = (1/γ, 1/γ, 1/5). ThО МarriОН out 
anaХysis oП thО spin intОraМtions oП rОsuХting magnОtiМ struМturО inНiМatОs that spin ОxМhangО 
intОraМtions is not НОtОrmining ПaМtor ХОaНing to thО supОrstruМturО. At thО samО timО thО magnОtiМ 
НipoХО-НipoХО intОraМtions pХay important roХО in Пorming thО magnОtiМ supОrstruМturО. 

WО aХso havО stuНiОН othОr mОmbОrs oП thО ПamiХy ε+SbβO6 (ε= Co, Cu, Ni) [γ]. NОutron 
НiППraМtion Нata shown, that thО МompounН CoSbβO6 has a simiХar magnОtiМ struМturО, whiМh 
МharaМtОrizОН propagation vОМtor k = (1/γ, 1/γ, 1/6).  

Comparing magnОtiМ bОhaviour oП trirutiХО- (s.g. P42/mnm) anН rosiaitО-typО (s.g. P-31m) 
ε+SbβO6 ПamiХiОs, thО most НrastiМ НiППОrОnМО is sООn Пor ε = Cu. ThО Хow-tОmpОraturО nОutron 
НiППraМtion stuНy oП CuSbβO6 МonПirmОН absОnМО oП Хong-rangО magnОtiМ orНОr Нown to 1.5 K [γ]. 

ThО rОportОН stuНy was ПunНОН by RFBR aММorНing to thО rОsОarМh proУОМt № 16-0β-00γ60-а. 
 
[1] R.D.Johnson, K.Cao, δ.C.Chapon, F.Fabrizi, N.PОrФs, P.εanuОХ, J.J.Вang, В.S.Oh,  
S.-W. ChОong, P.G. RaНaОХХi, Phys. Rev. Lett. V. 111, 017β0β (β01γ). 
[β]. ε. Kinoshita, S. SОФi, T.J. Sato, В. Nambu, T. Hong, ε. εatsuНa, H.B. Cao, S. Ishiwata, В. 
ToФura, Phys. Rev. Lett. V. 117, 047β01. (β016). 
[γ]. A.Вu. NiФuХin, E.A. ГvОrОva, V.B. NaХbanНyan, I. ShuФaОv, A.I. KurbaФov, ε.D. KuМhugura, 
G.V.Raganyan, В.Popov, V.D.IvanМhОnФo, A.N.VasiХiОv, Dalton Trans. (β017), DOIμ 
10.10γλ/C6DT0485λE. 
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ThО strain-magnОtorОsistivО ОППОМt (SεR) is a magnОtorОsistanМО МhangО oП a sampХО unНОr 

ОХastiМ strОssОs. It rОПХОМts thО intОrpХay oП anisotropiМ magnОtorОsistivО ОППОМt (AεR) anН 
magnОtostriМtion. FunМtionaХ matОriaХs Мombining thОsО ОППОМts Мan bО usОН in НОsigning oП 
transНuМОrs Пor prОssurО anН НОПormation sОnsors. Thin magnОtiМ ПiХms oП γН-mОtaХ aХХoys arО thО 
striФing ОxampХО oП suМh matОriaХs. ThОir appХiМation in muХtiХayОr ПiХms with ОxМhangО bias is abХО 
to rОНuМО magnОtiМ hystОrОsis anН improvО ПunМtionaХ propОrtiОs [1]. This worФ was НОНiМatОН to 
miМromagnОtiМ moНОХХing anН ОxpОrimОnts on thО SεR ОППОМt in ПiХms oП rОМtanguХar shapО with 
uniНirОМtionaХ anisotropy. 

ComputОr moНОХХing was pОrПormОН in OOεεF program whОrО thО ПinitО НiППОrОnМО mОthoН 
is impХОmОntОН. ThО moНОХХing obУОМt was a paraХХОХОpipОН with variОН ПiХm-ХiФО proportions. 
εagnОtiМ anisotropy Мontaining uniНirОМtionaХ anН inНuМОН uniaxiaХ onОs was sОt. ThО OX axis, 
НirОМtions oП uniaxiaХ МomprОssivО strОss anН oП ОХОМtriМ МurrОnt wОrО oriОntОН aХong thО ХongОst siНО 
oП thО obУОМt. ThО magnituНО oП strОss was ХinОarХy variОН aХong thО OX starting with zОro at ОnНs 
anН rОaМhing thО maximum in thО miННХО oП thО siНО (Fig.1, right). An ОxampХО oП МaХМuХatОН 
miМromagnОtiМ struМturО oП thО obУОМt is shown in Fig.1 (ХОПt). 

 

FigurО 1. εiМromagnОtiМ struМturО oП thО ОxМhangО biasОН ПiХm (ХОПt) unНОr nonuniПorm МomprОssivО 
strОss with maximum vaХuО oП σmax= 6·108Нyn/Мmβ (right). 

 
 

DОpОnНОnМiОs oП thО magnОtorОsistanМО in FО10Niλ0 ПiХms on thО vaХuО oП max varying both 
ОxtОrnaХ magnОtiМ ПiОХН anН oriОntation oП inНuМОН magnОtiМ anisotropy axis wОrО obtainОН Пrom thО 
МaХМuХations. ThОsО rОsuХts wОrО МomparОН with ОxpОrimОntaХ Нata. 

 
This worФ was supportОН by εinistry oП EНuМation anН SМiОnМО oП thО Russian FОНОration, 

proУОМt No.RFεEFI57815X01β5. 
 

[1] BaХymov K.G., KuНyuФov E.V. Оt aХ., KnE, 11-16 (β016). 
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High-rОsoХution nОutron anН synМhrotron НiППraМtion stuНiОs oП thО МrystaХ anН magnОtiМ 
struМturОs oП NaγCoβSbO6, δiγNiβSbO6, NaβNiβTОO6 anН KβNiβTОO6 ХayОrОН oxiНОs with a 
honОyМomb supОrstruМturО within thО ХayОr arО prОsОntОН. ThОsО МompounНs arО ОxpОМtОН to bО 
promising matОriaХs as soХiН ОХОМtroХytОs or ОХОМtroНО matОriaХs, thОrmoОХОМtriМ matОriaХs, 
supОrМonНuМtors anН unusuaХ magnОts with magnОtiМ orНОring at Хow tОmpОraturОs, Хow-НimОnsionaХ 
anН spin-gХass bОhavior, spin-ПХop transitions, ОtМ. ThОir magnОtiМ propОrtiОs arО important bОМausО 
thО proМОssОs oП ioniМ transПОr arО МonnОМtОН with thО МhangО oП thО vaХОnМО anН spin statОs oП 
transition mОtaХs. DОspitО an ОssОntiaХ НiППОrОnМО in thО МrystaХ struМturО oП aХХ stuНiОН МompounНs, 
namОХy in thО paМФing oП honОyМomb ХayОrs aХong М-axis, struМturО oП ОaМh εβSb/TОO6 ХayОr 
Мontaining thО magnОtiМ ions is thО samО. AFε typО intОraМtion within thО magnОtiМ ХayОr bОtwООn 
nОarОst nОighbors J1 anН aННitionaХ ПrustratОН ОxМhangО intraХayОr  intОraМtion with sОМonН anН thirН 
nОarОst nОighbors, Jβ anН Jγ, Мan ХОaН to Пrustration in thО magnОtiМ subsystОm anН thО ОmОrgОnМО oП 
unusuaХ typОs oП magnОtiМ momОnts orНОring. In our МasО, magnОtiМ struМturОs Пor aХХ sampХОs in thО 
grounН statО НОtОrminОН Пrom nОutron НiППraМtion Нata Мan bО МonsiНОrОН as zigzag Fε Мhains AFε 
МoupХОН. HowОvОr, thО zigzag typО is vОry НiППОrОnt Пor ОaМh МompounН anН НОpОnНs on thО typО oП 
γН-ions, МharaМtОr oП staМФing oП ХayОrs anН thО НistanМО bОtwООn thО ХayОrs НОtОrmining thО strОngth 
oП thО intОrХayОr intОraМtion J4.  

 
ThО rОportОН stuНy was ПunНОН by RFBR aММorНing to thО rОsОarМh proУОМt № 16-0β-00γ60. 
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RОМОntХy, grОat НОaХ oП ОППorts has bООn НonО in orНОr to proНuМО nОw high-ОnОrgy pОrmanОnt 

magnОts bОМausО oП so-МaХХОН “rarО-Оarth Мrisis”. Amongst aХХ rarО-Оarth ПrОО systОms, FОNi δ10 
(tОtrataОnitО) has thО highОst thОorОtiМaХ vaХuО oП ОnОrgy proНuМt (γβ0 ФJ/mγ), whiМh is thО ПigurО oП 
mОrit in a harН magnОtiМ matОriaХ. 

In thО FОNi binary systОm, thО МhОmiМaХХy orНОrОН δ10 struМturО is onХy marginaХХy morО 
stabХО than thО НisorНОrОН ПaМО-МОntОrОН МubiМ A1-typО struМturО, whiМh is ОntropiМaХХy stabiХizОН 
abovО thО tОmpОraturО oП ОquiХibrium МhОmiМaХ orНОr-НisorНОr TОq = γβ0 °C. BОХow TОq FО-Ni aХХoys 
havО ОxtrОmОХy Хow НiППusivity oП МonstituОnt ОХОmОnts. DuО to suМh sХow НiППusion, δ10 FОNi is 
onХy naturaХХy ПounН in mОtОoritОs, in whiМh thО phasО Пorms ovОr biХХions oП yОars anН thО synthОsis 
oП δ10 FОNi in thО Хab is thО aМtuaХ but МhaХХОnging tasФ.  

PrОviousХy, wО suММОssПuХХy appХiОН approaМh oП МyМХiМ oxiНation anН rОНuМtion hОat 
trОatmОnt, proposОН by E. δima Оt aХ [1] on FО50Ni50 nanopowНОrs to stabiХizО НОsirОН phasО. DSC 
rОsuХts showОН prОsОnМО oП ОnНothОrmiМ pОaФ, whiМh is attributОН to НisorНОring oП orНОrОН δ10 
phasО, in thО powНОr that was subУОМtОН to 10 МyМХОs oП hОat trОatmОnt. Our nОxt goaХ is to assОmbХО 
nanosМaХО partiМХОs togОthОr in an aХignОН struМturО. It is a МhaХХОngО bОМausО nanopartiМХОs tОnН to 
aggrОgatО in МХustОrs. To soХvО this probХОm FОNi nanoroНs wОrО proНuМОН.  

For proНuМtion oП FОNi nanoroНs wО usОН 
gaХvaniМ mОthoН [β] with two-ОХОМtroНО МОХХ sОtup. This 
approaМh aХХows to improvО harН magnОtiМ propОrtiОs 
НuО to aННitionaХ Мontribution oП shapО anisotropy, anН 
to ОnhanМО thО ratО oП δ10 phasО Пormation proМОss, 
thanФs to thО prОsОnМО oП prОПОrrОН НirОМtion oП growth. 

PoХyМarbonatО εОrМФ εiХХiporО IsoporО 
mОmbranОs wОrО usОН as a tОmpХatО Пor 
ОХОМtroНОposition oП nanoroНs. A ХayОr oП Cu was 
sputtОrОН on onО siНО oП thО mОmbranО to proviНО 
ОХОМtriМaХ МontaМt. ThО Мarbon ОХОМtroНО was usОН as 
inОrt anoНО. ThО ОХОМtroХytО МonsistОН oП ХaМtiМ aМiН anН 
soХutions oП FОSO4∙7HβO anН NiSO4∙7HβO saХts in 
НistiХХОН watОr. As shown in Fig.1 this mОthoН aХХows 
to proНuМО oriОntОН nanoroНs. AПtОr that FОNi nanoroНs 
wОrО hОat trОatОН with МyМХiМ oxiНation anН rОНuМtion 
tОМhniquО to stabiХizО tОtrataОnitО phasО. 

WО invОstigatОН thО inПХuОnМО oП hОat trОatmОnt 
rОgimО anН phasО Мomposition oП obtainОН nanoroНs on 
thОir magnОtiМ propОrtiОs. 

 
[1] E. δima Jr. Оt aХ, Phys. Stat. Sol., 187 (β001). 
[β] S. XuО Оt aХ, Thin Solid Films, 517 (β00λ). 

FigurО 1. SEε imagО oП FОNi nanoroНs 
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Non-МoХХinОar magnОts proviНО a possibiХity to МoupХО ОХОМtriМ anН magnОtiМ НОgrООs oП 
ПrООНom, whiМh is oП grОat intОrОst Пor ПuturО spintroniМs appХiМations. Among suМh matОriaХs, 
transition mОtaХ monosiХiМiНОs anН monogОrmaniНОs with aМОntriМ Bβ0-typО МrystaХ struМturО attraМt 
growing attОntion НuО to a riМh variОty oП ОxotiМ phОnomОna. A wОХХ-Фnown ОxampХО is εnSi, 
whОrО, bОМausО oП ХaМФ oП invОrsion symmОtry in thО Bβ0 struМturО, thО DzyaХoshinsФi–εoriya 
intОraМtion ХОaНs to a Хong-pОrioН hОХiМaХ magnОtiМ orНОr. 

HОrО, wО rОport on thО ОxpОrimОntaХ anН thОorОtiМaХ stuНy oП high-prОssurО-synthОsizОН Bβ0 
МompounНs εn1-xRhxGО, whiМh НОmonstratО various ОХОМtroniМ anН magnОtiМ propОrtiОs. For 
ОxampХО, thО x = 0 ОnН mОmbОr, εnGО, is a hОХiМaХ magnОt with TМ = 170 К [1], whiХО RhGО 
Оxhibits thО МoОxistОnМО oП vОry wОaФ ПОrromagnОtism (7×10–4 B/П.u., Tm = 140 K) anН 
supОrМonНuМtivity (TМ = 4.γ K) [β]. Our ab initio simuХations wОrО НonО using thО FP-δAPW 
mОthoН (WiОnβФ paМФagО) anН thО psОuНopotОntiaХ mОthoН (Quantum EsprОsso paМФagО). WО 
invОstigatОН thО МomprОssibiХity, ОХОМtroniМ propОrtiОs, Оmission spОМtra anН othОr physiМo-МhОmiМaХ 
МharaМtОristiМs oП εn1–xRhxGО МompounНs unНОr normaХ anН high prОssurО. ThО obtainОН rОsuХts 
wОrО МomparОН with avaiХabХО ОxpОrimОntaХ Нata. In partiМuХar, wО МonsiНОr thО ОХОМtriМ ПiОХН 
graНiОnt (EFG), МrОatОН on a nuМХОus by its ОnvironmОnt. ThО EFG is НОtОrminОН by non-sphОriМaХ 
МomponОnts oП thО МhargО НОnsity nОar thО nuМХОus. ThО ОxpОrimОntaХ EFG was mОasurОН on 
111In/111CН probО nuМХОi using thО timО-НiППОrОntiaХ pОrturbОН anguХar -МorrОХation (TDPAC) 
mОthoН. ThО Мomparison oП mОasurОН anН МaХМuХatОН EFGs proviНОs inПormation on ХoМaХ 
ОnvironmОnt oП mОtaХ anН mОtaХХoiН sitОs in thО Bβ0 ХattiМО. 

ThО worФ is supportОН in part by RAS anН RFBR (proУОМts 16-0β-00βλ5 anН 16-0β-011ββ). 
ThО numОriМaХ МaХМuХations arО pОrПormОН at thО Joint SupОrМomputОr CОntОr oП RAS anН thО 
SupОrМomputing CОntОr oП NRC ‘KurМhatov InstitutО’. 
 
[1] O.δ. εaФarova, A.V. TsvyashМhОnФo, G. AnНrО, F. PorМhОr, δ.N. FomiМhОva, N. RОy, 
I. εirОbОau, Phys. Rev. B 85, β05β05 (β01β). 
[β] A.V. TsvyashМhОnФo, V.A. SiНorov, A.E. PОtrova, δ.N. FomiМhОva, I.P. Гibrov, 
V.E. DmitriОnФo, J. Alloys Compd. 686, 4γ1 (β016). 



IBCε - β017 

 6β

OPTICAL AND MAGNETIC INVESTIGATIONS OF STRUCTURES 
FORMED BY FERROLUID-BASED SYSTEMS 

V.V. εATVEEV a,*, A.V. PROKOFIEV b,М, I.V. PδESHAKOV b,М, E.E. BIBIK Н 
   

 

a FaМuХty oП PhysiМs, St. PОtОrsburg StatО UnivОrsity, St. PОtОrsburg, 1λ8504 Russia 
b IoППО PhysiМaХ TОМhniМaХ InstitutО, Russian AМaНОmy oП SМiОnМОs, St. PОtОrsburg, 1λ40β1 Russia 

М PОtОr thО GrОat St. PОtОrsburg PoХytОМhniМ UnivОrsity, St. PОtОrsburg, 1λ5β51 Russia 
Н St. PОtОrsburg StatО TОМhnoХogiМaХ InstitutО (TОМhniМaХ UnivОrsity), St. PОtОrsburg, 1λ001γ Russia 

*v.matvООv@spbu.ru 
 

FОrroПХuiНs arО МoХХoiНs, thО soХiН phasО oП whiМh is a magnОtiМ matОriaХ. In ПaМt, thОsО arО 
magnОtiМ nanostruМturОs that possОss spОМiaХ propОrtiОs anН Мan ПinН appХiМations in НiППОrОnt arОas. 
In partiМuХar, oП grОat intОrОst arО a possibХО usО ПОrroПХuiНs in bioХogy anН mОНiМinО. ThОrОПorО, it is 
important to invОstigatО thО bОhavior oП magnОtiМ nanopartiМХОs in МompХОx МompositО systОms. 

In this rОport wО anaХyzО thО struМturОs ПormОН in НiППОrОnt mОНia by ПОrroПХuiН partiМХОs unНОr 
thО inПХuОnМО oП an ОxtОrnaХ magnОtiМ ПiОХН. For thО stuНiОs, magnОtomОtriМ anН optiМaХ mОthoНs 
wОrО usОН. ThО soХutions oП magnОtitО (FОγO4) in ФОrosОnО anН watОr, inМХuНing thosО with thО 
aННition oП МoaguХating impuritiОs, wОrО invОstigatОН. SpОМiПiМ ПОaturОs oП aggХomОration whiМh 

maniПОstОН thОmsОХvОs, in partiМuХar, 
in thО visuaХizОН ОxtОnНОН МХustОrs 
whiМh МouХН bО stuНiОН by Хight 
НiППraМtion [1] (an ОxampХО Пor thО 
ФОrosОnО soХution at ОxtОrnaХ ПiОХН oП 
1800 OО is shown in thО FigurО) 
wОrО rОvОaХОН. OptiМaХ 
МharaМtОristiМs oП moНОХ mОНia, suМh 
as ПОrroПХuiН-ПiХХОН porous matОriaХs 
with НiППОrОnt МhannОХ sizОs anН aХso 
thО sampХОs obtainОН Пrom soХvОnts 
with thО aННition oП SiOβ 
miМrosphОrОs, wОrО obtainОН. It was 
ПounН that thО miМrosphОrОs in an 
aquОous soХution stimuХatО thО 
nuМХОation oП ХargО aggХomОratОs. 

StatiМ magnОtization МurvОs anН ПrОquОnМy НОpОnНОnМОs oП thО magnОtiМ susМОptibiХity wОrО 
МomparОН with thО Нata obtainОН by thО optiМaХ tОМhniquО. 

ThО possibiХity to obtain inПormation on propОrtiОs oП ПОrroПХuiНs anН МompositОs basОН on 
thОm by nuМХОar magnОtiМ rОsonanМО is МonsiНОrОН. 

 
[1] A.V. ProФoПiОv, I.V. PХОshaФov, E.E. BibiФ, Вu.I. Kuzmin, Tech. Phys. Lett. 43, 1λ4 (β017). 
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FО1−xGax aХХoys vОry intОrОsting НuО to thОir giant magnОtostriМtion obsОrvОН at room 
tОmpОraturО in Хow magnОtiМ ПiОХНs [1], whiМh maФО thОir attraМtivО Пor ОnОrgy-harvОsting 
appХiМations. A stuНy oП phasО transitions in FО-Ga aХХoys shows that a ХargО inПХuОnМО on thО 
magnОtiМ propОrtiОs is ОxОrtОН by thО tОМhnoХogiМaХ proМОss oП ПabriМation [β]. εorОovОr, thО 
magnОtostriМtion МoОППiМiОnt anН its sign Мan bО suППiМiОntХy aППОМtОН by thО НiППОrОnt atomiМ 
arrangОmОnts in thО Aβ, Bβ, anН D0γ, δ1β struМturОs [1].  

In this stuНy wО invОstigatО thО magnОtiМ propОrtiОs oП FО1-xGax aХХoys (x = 0.0-0.γ) by mОans 
oП thО НОnsity ПunМtionaХ thОory anН εontО CarХo simuХation. ThО grounН statО МaХМuХations wОrО 
МarriОН out by using thО Spin-PoХarizОН RОХativistiМ Korringa-Kohn-RostoФОr (SPR-KKR) [γ]. 
StruМturaХ optimization was pОrПormОН using thО ОxМhangО-МorrОХation potОntiaХ in thО 
approximation oП thО gОnОraХizОН graНiОnt (GGA). ThО МaХМuХations oП optimizОН ХattiМО paramОtОrs 
wОrО МarriОН Пor Мompositions with x = 0 up to 0.γ0. ThО ПoХХowing МrystaХ ХattiМОs oП МubiМ 
symmОtry wОrО taФОn into МonsiНОrationμ Aβ (Im-γm, #ββλ), D0γ (Fm-γm, #ββ5), anН δ1β (Pm-γm, 
#ββ1). ThО optimizОН ХattiМО paramОtОrs a0, ОquiХibrium grounН statО ОnОrgiОs E0 anН totaХ magnОtiМ 
momОnts M0 wОrО МaХМuХatОН in НОpОnНОnМО on thО Ga ОxМОss in FО1−xGax (x = 0.0 − 0.γ0) Пor Aβ, 
D0γ, anН δ1β МrystaХ struМturОs. It was shown that thО ХattiМО paramОtОr inМrОasОs ХinОarХy, whiХО thО 
totaХ magnОtiМ momОnt НОМrОasОs ХinОarХy Пor aХХ phasОs stuНiОН with inМrОasing Ga МontОnt. For thО 
optimizОН ХattiМО paramОtОr, thО HОisОnbОrg ОxМhangО intОraМtion paramОtОrs Jij Пor aХХ МonsiНОrОН 
phasОs Aβ, D0γ, δ1β wОrО МaХМuХatОН using thО ОxprОssion proposОН by δiОМhtОnstОin Оt aХ. [4]. In 
thО nОxt stОp, wО МaХМuХatОН CuriО tОmpОraturОs with thО hОХp oП thО εontО CarХo simuХation anН 
МХassiМaХ thrОО-НimОnsionaХ HОisОnbОrg moНОХ using МaХМuХatОН ОxМhangО paramОtОrs [5]. ObtainОН 
vaХuОs oП CuriО tОmpОraturО arО in a gooН agrООmОnt with ОxpОrimОntaХ Нata. 

 
Support by AНvanМОН rОsОarМh ПounНation oП thО ChОХyabinsФ StatО UnivОrsity is aМФnowХОНgОН. 
 
[1] I.S. GoХovin, Mater. Design. 88, 577 (β015). 
[γ] I.S. GoХovin Оt aХ., J. Alloy. Compd. 675, γλγ (β016). 
[γ] H. EbОrt Оt aХ., Rep. Prog. Phys.74, 0λ6501 (β011). 
[4] A.I. δiОМhtОnstОin Оt aХ., J. Magn. Magn.Mater. 67, 65 (1λ87). 
[5] V.V. SoФoХovsФiy Оt aХ., Phys. Rev. B. 86, 1γ4418 (β01β). 
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It is wОХХ Фnown that buХФ hОmatitО unНОrgoОs thО εorin transition Пrom antiПОrromagnОtiМ 
(AFε) orНОring oП thО magnОtiМ momОnts aХong thО trigonaХ axis bОХow Tε ≈ β60 K to thО wОaФ 
ПОrromagnОtiМ (WFε) statО abovО Tε with subХattiМОs magnОtizations Хying in thО pОrpОnНiМuХar 
pХanО anН Мanting by thО DziaХoshinsФi intОraМtion. At thО samО timО, thО МritiМaХ tОmpОraturО in 
nanoМrystaХХinО hОmatitО НОМrОasОs anН Пor МrystaХ sizО oП about β0 nm thО phasО transition 
НisappОars МompХОtОХy [1]. SuМh pОМuХiarity is МommonХy asМribОН to strong surПaМО anН 
impОrПОМtions ОППОМts in nanosizО grains. Among pХОnty oП tОМhniquОs using to stuНy spОМiПiМ 
magnОtiМ bОhavior oП hОmatitО εössbauОr spОМtrosМopy is onО oП thО most inПormativО [β]. On thО 
othОr hanН, it is a powОrПuХ tooХ Пor invОstigating spОМiПiМ thОrmoНynamiМs oП nanostruМturОН 
magnОtiМ matОriaХs, whosО main МharaМtОr is thО prОНominant roХО oП shapО anisotropy as МomparОН 
with magnОtoМrystaХХinО intОraМtions [γ]. InНООН, appХiМation oП moНОrn moНОХs Пor ОxМitation 
spОМtrum oП AFε partiМХОs [4, 5] to thО numОriМaХ anaХysis oП thО εössbauОr spОМtra Пor ОxtrОmОХy 
ПinО hОmatitО nanopartiМХОs (~ 4 nm) rОvОaХОН that Оasy magnОtization axОs in thО partiМХОs arО 
uniПormХy НistributОН in rОgarН to thО МrystaХХinО axОs [6]. 

ThО main aim oП this worФ is to prОsОnt nОw rОsuХts obtainОН Пor ХargОr hОmatitО partiМХОs (oП 
about β0 nm anН 70 nm) by aММuratО anaХysis oП thОir εössbauОr spОМtra within gОnОraХizОН moНОХ 
oП magnОtiМ НynamiМs Пor AFε partiМХОs whiМh taФОs into aММount thО DziaХoshinsФi Мontribution. 
For thО Пirst sampХО (~ β0 nm) wО asМОrtainОН non-uniПorm Нistribution oП thО magnОtization axОs 
rОХativО to thО МrystaХХinО НirОМtions, whiМh МonМОntratОs in thО viМinity oП thО pХanО pОrpОnНiМuХar to 
thО trigonaХ axis anН rОПХОМts thО magnОtoМrystaХХinО, shapО anН DziaХoshinsФi Мontributions to thО 
totaХ magnОtiМ ОnОrgy. For thО sОМonН sampХО (~ 70 nm) wО obsОrvОН a graНuaХ ‘εorin transition’ 
that ХooФs ХiФО a supОrposition oП thО AFε anН WFε phasОs in thО tОmpОraturО rangО bОtwООn β00 
K anН β60 K anН Мan bО assoМiatОН with a broaН Нistribution oП thО partiМХОs ovОr thОir sizОs with 
НiППОrОnt tОmpОraturОs oП thО εorin transition. 

Authors thanФ Russian εinistry oП EНuМation anН SМiОnМО Пor thО ПinanМiaХ support (proУОМt № 
14.587.β1.00β7, ID RFεEFI58716X00β7). 
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[5] ε.A. ChuОv, JETP Lett. 103, 175 (β016). 
[6] I. εisМhОnФo, ε. ChuОv, Hyperfine Interact 237μβ1 (β016). 



IBCε - β017 

 65

ELECTRICAL AND MAGNETIC PROPERTIES OF La0.7Ca0.3Mn0.9Co0.1O3 
EXHIBITING THE CROSSOVER OF FIRST- AND SECOND-ORDER 

PHASE TRANSITIONS 

D.C. δINH a, T.D. THANH a, P.D.H. ВEN b, S.C. ВU b, S.K. OH b,* 
     

a InstitutО oП εatОriaХs SМiОnМО, ViОtnam AМaНОmy oП SМiОnМО anН TОМhnoХogy, Hanoi, ViОtnam 
b DОpartmОnt oП PhysiМ, ChungbuФ NationaХ UnivОrsity, ChОongУu γ61-76γ, South KorОa 

*sФoh@МhungbuФ.aМ.Фr 
 

In this worФ, a poХyМrystaХХinО sampХО oП δa0.7Ca0.γεn0.λCo0.1Oγ was prОparОН by soХiН-statО 
rОaМtion mОthoН. Our rОsuХts point out that this МompounН Оxhibits МrossovОr oП thО Пirst- anН 
sОМonН-orНОr phasО transitions. CoОxistОnМО oП magnОtorОsistanМО (εR) anН magnОtoМaХoriМ (εC) 
ОППОМts in thО δa0.7Ca0.γεn0.λCo0.1Oγ МompounН, whiМh taФОs pХaМО arounН thО mОtaХ-insuХator (εI) 
transition with TεI = 155 K anН thО ПОrromagnОtiМ-paramagnОtiМ (Fε-Pε) transition with TC = 188 
K, rОspОМtivОХy, has bООn obsОrvОН. ConsiНОring tОmpОraturО НОpОnНОnМО oП rОsistivity both in thО 
prОsОnМО anН in thО absОnМО oП thО magnОtiМ ПiОХН, ρ(T), Нata МouХН bО НОsМribОН by thО 
phОnomОnoХogiМaХ pОrМoХation moНОХ oП phasО sОgrОgation. This inНiМatОs ОХОМtron-ОХОМtron anН 
ОХОМtron-magnon sМattОring proМОssОs arО Нominant at tОmpОraturОs bОХow TεI. FurthОr, basОН on 
moНiПiОН Arrot pХot anН sМaХing anaХysis, thО МritiМaХ bОhavior arounН Fε-Pε phasО transition oП 
sampХО has bООn НonО. ThО obtainОН rОsuХts suggОst an ОxistОnМО oП thО ПОrromagnОtiМ short-rangО 
orНОr in δa0.7Ca0.γεn0.λCo0.1Oγ МompounН. This naturО oП thО obsОrvОН phОnomОna is НisМussОН 
thoroughХy by mОan oП thО МoОxistОnМО anН МompОtition oП magnОtiМ intОraМtions. 
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TissuО sphОroiНs havО bООn proposОН as buiХНing bХoМФs in γD sphОroiНs-basОН bioПabriМation 

[1]. εagnОtiМ ПorМОs-НrivОn βD pattОrning oП tissuО sphОroiНs rОquirОs МОХХ ХabОХХing by magnОtiМ 
nanopartiМХОs [β]. δabОХ-ПrОО approaМh Пor magnОtМ ХОvitation has bООn introНuМОН rОМОntХy[γ]. HОrО 
wО rОport Пor thО Пirst timО rapiН assОmbХy oП γD tissuО МonstruМt using sМaППoХН-ПrОО anН ХabОХ-ПrОО 
magnОtiМ ХОvitation oП tissuО sphОroiНs.  

TissuО sphОroiНs, partiМuХarХy, МhonНrosphОrОs, oП stanНarН sizО, shapО anН МapabХО to tissuО 
Пusion havО bООn bioПabriМatОН Пrom primary shООp МhonНroМytОs using non-aНhОsivО tОМhnoХogy. 
δabОХ-ПrОО magnОtiМ ХОvitation has bООn pОrПormОН using ОxpОrimОntaХ prototypО НОviМО with 
pОrmanОnt magnОts in prОsОnМО oП gaНoХinium in МuХturО mОНia, whiМh ОnabХОs magnОtiМ ХОvitation. 
PotОntiaХ toxiМ ОППОМts oП gaНoХinium havО bООn systОmatiМaХХy ОvaХuatОН in aНvanМО. 

εathОmatiМaХ moНОХing anН МomputОr simuХations havО bООn usОН Пor prОНiМtion oП magnОtiМ 
ПiОХН anН ФinОtiМs oП tissuО sphОroiНs assОmbХy into γD tissuО МonstruМts. PoХystОrОnО bОaНs wОrО 
usОН Пirst as anaХogs oП tissuО sphОroiНs Пor НОtОrmination oП an optimaХ sОttings Пor magnОtiМ 
ХОvitation in prОsОnМО oП gaНoХinium. SОМonН, it has bООn shown that МhonНrosphОrОs wОrО abХО to 
assОmbХО rapiНХy into γD tissuО МonstruМt in thО pОrmanОnt magnОtiМ ПiОХН in thО prОsОnМО oП 
gaНoХinium.  

It has bООn НОmonstratОН aХso that ХasОr МouХН bО usОН Пor manipuХation (transХoМation, 
rotation, ОХongation anН Пission) oП assОmbХОН γD tissuО МonstruМts. Our moНОХing НОmonstratОs that 
unНОr miМrogravity МonНition in SpaМО thО НОsМribОН ХabОХ-ПrОО magnОtiМ ПorМОs-НrivОn rapiН 
bioassОmbХy oП tissuО sphОroiНs into γD tissuО МonstruМt wouХН bО possibХО to rОaХizО using ХowОr 
anН non-toxiМ МonМОntrations oП gaНoХynium. 

Thus, ХabОХ-ПrОО magnОtiМ ХОvitation oП tissuО sphОroiНs is a promising approaМh Пor rapiН 
sМaППoХН-ПrОО γD bioПabriМation anН attraМtivО aХtОrnativО to ХabОХ-basОН magnОtiМ ПorМОs-НrivОn 
tissuО ОnginООring. 
 
[1] V. εironov Оt aХ, Biomaterials. 12, β164 (β00λ). 
[β] B. WhatХОy Оt aХ, J. Biomed. Mater. Res A. 102,15γ7 (β014). 
[γ] S. TasogХu Оt aХ, Adv. Health Mat. 10, 146λ (β015). 
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MICRO DEVICES BASED ON FERROFLUID 
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ThО motion oП sampХОs with ПОrroПХuiН in magnОtiМ ПiОХНs Мan bО usОН to НОsign miМro НОviМОs 

anН to МrОatО miМro robots. AppХiМations oП miМro ПХuiНiМs anН ПХow manipuХation arО aХrОaНy Фnown 
[1–γ]. A possibiХity to МrОatО a pump using thО ХiПting oП thО ПОrroПХuiН surПaМО ovОr a ПОrromagnОtiМ 
boНy in a uniПorm magnОtiМ ПiОХН is НisМussОН in [4]. 

 

a.  

b.      М.  

Н.  
Fig.1. FОrroПХuiН ХoМomotion systОms. 

 
Fig. 1 prОsОnts ХoМomotion systОms using a ПОrroПХuiН to МrОatО a motionμ 1,a – thО motion oП a 

ПОrroПХuiН НropХОt aХong thО vОssОХ bottom in a rotating magnОtiМ ПiОХН; 1,b - thО motion oП a magnОt 
aХong a thin magnОtiМ ПХuiН ХayОr; 1,М – thО vaХvО maНО Пrom magnОtizabХО sphОrО immОrsОН in a 
ПОrroПХuiН Нrop in vОrtiМaХ magnОtiМ ПiОХН; 1,Н – thО pump using magnОtizabХО sphОrО surrounНОН by 
variabХО ПОrroПХuiН voХumО in vОrtiМaХ magnОtiМ ПiОХН. In thО Хast two ОxampХОs, thО inhomogОnОity oП 
thО magnОtiМ ПiОХН is МrОatОН by Нistortion oП thО appХiОН uniПorm ПiОХН by wОХХ magnОtizabХО boНiОs 
(МonМОntrators). 

In this worФ, НОПormation oП variabХО voХumО oП magnОtiМ ПХuiН arounН thО sphОriМaХ 
МonМОntrator in a uniПorm appХiОН magnОtiМ ПiОХН is stuНiОН ОxpОrimОntaХХy anН thОorОtiМaХХy. AbovО 
thО magnОtiМ ПХuiН is pХaМОН nonmagnОtiМ immisМibХО ПХuiН. WhОn thО surПaМО oП ПОrroПХuiН НОПorms, 
a non-magnОtiМ ПХuiН risОs. Thus, it is possibХО to pump anН НosО ПХuiНs. ThО НОpОnНОnМО oП thО 
pumpОН voХumО on thО appХiОН magnОtiМ ПiОХН is pХottОН ОxpОrimОntaХХy anН numОriМaХХy. 

This worФ was supportОН by thО RFBR grant 16-γ1-600λ1, partiaХХy supportОН by RFBR 18-
λ1-01ββ4 anН thО Russian PrОsiНОnt grant εK-4541.β016.1. 
 
[1] B.AnНo, A. AsМia, S.BagХio, N. PitronО, IEEE I. T. Instrum. Meas. 58 (λ), γβγβ (β00λ). 
[β] S. AПФhami, В.RОnarНy, ε.RОnarНy, J.S.RiППХО, T. St PiОrrО, J. Fluid Mech. 610, γ6γ (β008). 
[γ] K. ГimmОrmann, I. ГОiНis, V.Bohm, J. Popp, J. Phys., Conf. Ser. 149, 01β116 (β00λ). 
[4] D.A. PОХОvina, V.A. NaХОtova, V.A. TurФov, MHD 49, γ-4, 5γ6 (β01γ). 



IBCε - β017 

 68
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ThО magnОtoОХОМtriМ ОППОМt (εE) in МompositОs Мonsisting oП thin ХayОrs oП a ПОrromagnОt anН 
a piОzoОХОМtriМ is МurrОntХy bОing intОnsivОХy invОstigatОН bОМausО oП thО numОrous possibiХitiОs oП 
its usО Пor tОМhniМaХ appХiМations in various ПiОХНs. ThО εE ОППОМt Мonsists in thО appОaranМО oП an 
aХtОrnating ОХОМtriМ voХtagО on thО bounНary oП thО piОzoОХОМtriМ ХayОr unНОr thО inПХuОnМО oП an 
aХtОrnativО magnОtiМ ПiОХН.   

SinМО amorphous ПОrromagnОts arО magnОtostriМtivО matОriaХs, a ПОrromagnОtiМ ХayОr is 
nОМОssary to МrОatО mОМhaniМaХ strОssОs in thО piОzoОХОМtriМ. Thus, an aХtОrnating magnОtiМ ПiОХН is 
МonvОrtОН into an ОХОМtriМaХ voХtagО whosО ПrОquОnМy is ОquaХ to thО НoubХО ПrОquОnМy oП thО 
magnОtiМ ПiОХН. ThОrОПorО, in thО nОxt stagО oП εE stuНiОs, thО probХОm arisОs oП aМhiОving thО 
maximum magnОtoОХОМtriМ ОППОМt. OnО oП thО most rationaХ mОthoНs Пor soХving it is, aХong with thО 
usО oП matОriaХs with maximum magnОtostriМtivО anН piОzoОХОМtriМ propОrtiОs, thО МrОation oП 
МonНitions Пor thО rОaХization oП thО phОnomОnon oП rОsonanМО in thО mОМhaniМaХ systОm oП a 
ПОrromagnОt-piОzoОХОМtriМ. This wiХХ improvО thО ОППiМiОnМy oП МonvОrting thО magnОtiМ ПiОХН 
strОngth into ОХОМtriМaХ voХtagО by sОvОraХ orНОrs oП magnituНО. ThОrО arО naturaХ quОstionsμ how to 
МaХМuХatО thО rОsonant ПrОquОnМiОs anН ampХituНОs oП osМiХХations in a mОМhaniМaХ systОm, thО 
МomponОnts oП whiМh havО НiППОrОnt mОМhaniМaХ МharaМtОristiМs? SoХving thОsО probХОm is onО oП thО 
most important goaХs oП this worФ. ConsiНОring thО naturО oП thО osМiХХatory proМОssОs, wО 
pОrПormОН avОraging oП thО mass, ОХastiМ, anН gОomОtriМ МomponОnts oП thО ПОrromagnОt-
piОzoОХОМtriМ МompositО, aХХowing to НОtОrminО thО mОМhaniМaХ paramОtОrs inМХuНОН in thО Оquations 
oП its bОnНing anН ХongituНinaХ osМiХХations. 

ThО soХution oП thО probХОm oП bОnНing vibrations oП a МompositО sampХО, whiМh maФОs it 
possibХО to НОtОrminО thО ampХituНОs oП its osМiХХations anН rОsonant ПrОquОnМiОs, is obtainОН. 

A Мomparison is maНО oП thО ОxpОrimОntaХХy НОtОrminОН rОsonanМО ПrОquОnМiОs oП ПХОxuraХ anН 
ХongituНinaХ osМiХХations oП a МompositО sampХО with vaХuОs МaХМuХatОН thОorОtiМaХХy. ThО maximum 
НisМrОpanМy НoОs not ОxМООН β0%, whiМh inНiМatОs thО vaХiНity oП thО proposОН МaХМuХation mОthoНs. 
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εОtaХ NanomatОriaХs arО pХaying a progrОssivОХy morО signiПiМant roХО in muХtiПunМtionaХ 
moХОМuХar imaging in Нiagnosis. DОvОХoping novОХ Мontrast agОnts Пor ОППiМiОnt magnОtiМ rОsonanМО 
anН X-ray МomputОН tomography imaging (εRI/CT) sОnsitivity is vОry ОssОntiaХ Пor ОarХy Нiagnosis 
oП various НisОasОs. In thО prОsОnt worФ, wО havО prОparОН non-toxiМ nanoМompositОs as ОППiМiОnt 
εRI/CT Мontrast agОnts. SupОrparamagnОtiМ iron oxiНО nanopartiМХОs (SPION) wОrО prОparОН by 
Мo-prОМipitation mОthoН anН ПunМtionaХizОН with НimОrМaptosuММiniМ aМiН (DεSA).  ThО nanohybriН 
partiМХОs (SPION@AU) wОrО НОvОХopОН by intОgrating SPION anН goХН nanoМХustОrs into human 
sОrum aХbumin (HSA) matrix as a stabiХizОr. ThОn, physioМhОmiМaХ МharaМtОrization anН Мontrast 
ОnhanМОmОnt oП prОparОН nanomatОriaХs wОrО ОvaХuatОН. In vitro (ПibrobХast МОХХs) stuНiОs provОН thО 
ПavorabХО bioМompatibiХity oП thО prОparОН nanoМompositОs with thОir Нistribution aМross thО 
МytopХasm anН nuМХОus in МОХХs. It is aХso МapabХО oП ОnhanМing thО Мontrast in εR anН X-ray CT 
imaging. SurПaМО ПunМtionaХization with a bioМompatibХО DεSA/HSA matrix aХХowОН us to obtain a 
novОХ targОtabХО НiagnostiМ anН thОrapОutiМ tooХ. With this baМФgrounН, wО Мan МonУugatО with Нrugs 
anН targОtОН moХОМuХОs anН thОy wiХХ sОrvО as a novОХ pХatПorm Пor muХtipХО biomОНiМaХ appХiМation. 

 

ThО author gratОПuХХy aМФnowХОНgОs SМiОnМО anН EnginООring RОsОarМh BoarН (SERB Grant noμ 
PDF/β016 /0004βγ) Пor proviНing ПinanМiaХ support to this proУОМt. 
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Physics, 148, 1β1β–1ββ0 (β014). 
[γ] P. Prabu, W.S. VОНaФumari, T.P. Sastry, Nanoscale 7, λ676-λ685 (β015). 
[4] P. Prabu, T.P. Sastry, A. SurОsh Kumar, K. εaniМФavasagam, Biochim Biophys Acta. 1861, 
βλλβ-γ001 (β017). 
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NON-EQUILIBRIUM CRITICAL DYNAMICS OF LOW-DIMENSIONAL 
MAGNETICS AND MULTILAYER STRUCTURES 
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A signiПiМant intОrОst has bООn rОМОntХy ПoМusОН on non-ОquiХibrium proМОssОs in magnОtiМ 
Хow-НimОnsionaХ matОriaХs. ThО rОНuМtion oП thО НimОnsion oП magnОts is aММompaniОН by an 
inМrОasО in ПХuМtuations oП thО spin НОnsity anН thО maniПОstation oП thО ОППОМts oП МritiМaХ sХowing 
Нown anН “aging” in thО non-ОquiХibrium bОhavior oП Хow НimОnsionaХ magnОtiМ systОms [1]. Thin 
ПiХms anН Хow-НimОnsionaХ НОmonstratОs thО sХow МritiМaХ ОvoХution Пrom a nonОquiХibrium initiaХ 
statО. Aging, МoarsОning anН mОmory ОППОМts arО nontriviaХ ПОaturОs in thО non-ОquiХibrium bОhavior 
oП suМh systОms with sХow НynamiМs [β]. 

ThО magnОtiМ propОrtiОs oП muХtiХayОr magnОtiМ systОms havО bООn wiНОХy invОstigatОН ovОr 
thО past yОars, sinМО thОy wiНОХy usОН in magnОtiМ storagО НОviМОs. εagnОtiМ orНОr in thО 
muХtiХayОrs is МompХОx НuО to a strong inПХuОnМО oП thО shapО anН thО magnОtoМrystaХХinО 
anisotropiОs oП thО sampХО. Anisotropy ОППОМts ХОaНs to НimОnsionaХity МrossovОr in HОisОnbОrg ПiХms 
[γ]. This stuНy inМХuНОs thО εontО-CarХo simuХation oП thО non-ОquiХibrium МritiМaХ ОvoХution Пrom 
НiППОrОnt initiaХ statОs oП Хow-НimОnsionaХ magnОtiМs [4] anН muХtiХayОrs basОН on anysotropiМ 
HОisОnbОrg ПiХms [5, 6]. 

This worФ was supportОН by thО grant 17-0β-00β7λ oП Russian FounНation oП BasiМ RОsОarМh 
anН by thО grant εD-60β4.β016.β oП Russian FОНОration PrОsiНОnt. ThО simuХations wОrО МarriОН 
out on thО SupОrМomputing CОntОr oП δomonosov εosМow StatО UnivОrsity, εosМow Joint 
SupОrМomputОr CОntОr anН St. PОtОrsburg SupОrМomputОr CОntОr oП thО Russian AМaНОmy oП 
SМiОnМОs. 
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εagnОtiМ nanopartiМХОs arО ОxtОnsivОХy stuНiОН in rОМОnt yОars in thО МontОxt oП biomОНiМaХ 
appХiМations, in partiМuХar magnОtiМ hypОrthОrmia [1]. For magnОtiМ nanopartiМХОs usОН in magnОtiМ 
hypОrthОrmia it is highХy НОsirabХО to havО thО maximum tОmpОraturО ovОr whiМh thО hОating stops 
НuО to thО intrinsiМ Хimiting mОМhanism.  

In this worФ wО invОstigatОН magnОto-thОrmaХ propОrtiОs oП δa0.75Sr0.β5εnOγ nanopartiМХОs 
with НiamОtОr 4γ nm in thО physioХogiМaХХy toХОrabХО rangО oП ПrОquОnМiОs anН magnОtiМ ПiОХНs. ThО 
magnОtiМ nanopartiМХОs wОrО hОatОН in AC magnОtiМ ПiОХН Пor 600 sОМonН than thО AC ПiОХН was 
switМhОН oПП anН thО МooХing МurvО was writtОn to ОstimatО thО hОat powОr ХossОs in thО systОm. It 
was ПounН that thО hОating ratО НОpОnНs on magnОtiМ ПiОХН ampХituНО but thО maximum tОmpОraturО 
is ХimitОН starting Пrom ampХituНОs 180 OО anН highОr (Пig.1). This maximum tОmpОraturО МorrОХatОs 
with thО bХoМФing tОmpОraturО ~γ40K at Пig.β obtainОН Пrom zОro ПiОХН МooХing anН ПiОХН МooХing 
(ГFC-FC) mОasurОmОnts at magnОtiМ ПiОХН oП 50 OО. 

 

Fig. 1 ThО hОating/МooХing НynamiМs oП δSεO 
nanopartiМХОs Пor various ampХituНОs oП AC 

magnОtiМ ПiОХН. 

Fig. β. εagnОtization oП δSεO nanopartiМХОsμ 
ГFC-FC МurvОs 

 
 

  
This prinМipХО Мan bО usОН Пor maФing thО magnОtiМ nanopartiМХОs with maximum tОmpОraturО 

Пor sОХП-МontroХХОН hypОrthОrmia prОvОnting ovОrhОating.  
 

ThО ПinanМiaХ support oП CNPq, CAPES, FAPERJ anН PROPPI-UFF agОnМiОs is aМФnowХОНgОН. 
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HОrО, wО ОХaboratО thО mОthoНoХogy Пor SupОrParaεagnОtiМ NanoPartiМХО (SPεNP) basОН 

subМОХХuХar ПraМtionation Пor pХasma mОmbranО, ОnНosomОs anН ХysosomОs. SPεNP basОН 
subМОХХuХar ПraМtionation МombinОs МХassiМaХ bioМhОmistry with nanobiotОМhnoХogy towarНs high 
purО anН high yiОХН organОХХО isoХation. PartiМuХarХy, mОthoНoХogiОs Пor isoХating pХasma mОmbranО 
(SPεNP-PεМapturО), ОarХy or ХatО ОnНosomОs (SPεNP-EnНoМapturО) anН ХysosomОs (SPεNP -
δВSМapturО) arО ОХuМiНatОН in this artiМХО. DОpОnНing on thО targОt organОХХО, appropriatО SPεNPs 
(SPεNP 1.0, β.0 anН γ.0) arО synthОsizОН, ПunМtionaХizОН anН appХiОН to Хiving ОuФaryotiМ МОХХ Пor 
subМОХХuХar ПraМtionation. SPεNP basОН ПraМtionation stratОgy has sОvОraХ aНvantagОs МomparОН to 
Оxisting ПraМtionation mОthoНoХogiОs in tОrms oП purity, yiОХН, anН isoХating intaМt organОХХОs unНОr 
physioХogiМaХ МonНitions. IsoХatОН magnОtiМ organОХХОs arО avaiХabХО Пor gОnОrating its protОin 
(protОomiМs), ХipiН (ХipiНomiМs), anН gХyМan (gХyМomiМs) Мomposition using mass spОМtromОtry (εS) 
pХatПorm. IsoХatОН organОХХОs Мan bО ОxtОnНОН to protОin/protОin МompХОx puriПiМation Пor 
bioМhОmiМaХ anН struМturaХ bioХogy stuНiОs. SPεNP basОН subМОХХuХar ПraМtionation is thО 
tОМhnoХogy that Мan МompХОmОnt Оxisting tooХs Пor МОХХ bioХogy rОsОarМh. 
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It is Фnown that thО phasО Мomposition oП thО austОnitiМ stООХs НОtОrminОs thОir opОrating 
propОrtiОs. ThО main phasО oП thО austОnitiМ stООХs is austОnitО, -phasО with ПММ МrystaХ ХattiМО. To 
improvО thО high tОmpОraturО pХastiМ propОrtiОs, austОnitiМ stООХ Мontains thО ПОrritО,-phasО with 
bММ МrystaХ ХattiМО. ThО austОnitiМ struМturaХ matОriaХs Мan aХso Мontain thО martОnsitiМ -phasО. This 
phasОМan arisО in thО austОnitiМ stООХs unНОr thОrmaХ НОПormation anН promotОs thО НangОrous 
ОmbrittХОmОnt oП thО matОriaХ. WО prОsОnt in this rОport thО rОsuХts oП thО МontroХ oП thО phasО 
Мomposition oП thО austОnitiМ stООХs bymagnОtiМ, struМturaХ anН magnОtiМ non-НОstruМtivО mОthoНs.  

Two phasО sampХОs(  + α)withthОНiППОrОntМontОntoПthОПОrritОμβ.7%, 6.8%, 11.6%, βγ.4%, 
γ4.λ%, 5λ.8%,anН 76.4%wОrО usОН Пor thО stuНy. ThО МoОrМivО ПorМО (HМ) oП thО initiaХ two-phasО 
sampХОs (unНОПormОН statО)was about 1β- 15 A/Мm, whiМh was typiМaХ Пor thО ПОrritiМ phasО. 
εartОnsitiМ α'-phasО was obtainОН by МoХН roХХing oП thО sampХОs whiМh haН bООn prО-МooХОН by 
ХiquiН nitrogОn. WО stuНiОН thО sampХОs with thО НОgrОО oП НОПormation oП 10%, β0%, anН γ0%.ThО 
magnОtiМ propОrtiОs oП thО НОПormОН sampХОs wОrО mОasurОН by δaФО ShorО magnОtomОtОr anН 
НОviМО Пor non-НОstruМtivО magnОtiМ МontroХ FОrroCOεPASS. ThО phasО Мomposition anН struМturО 
oП thО НОПormОН sampХОs wОrО ОxaminОН using a transmission ОХОМtron miМrosМopО JEε-β00CX. 

εagnОtiМ propОrtiОs, phasО Мomposition, anН struМturО oП thО stuНiОН sampХОs aПtОr pХastiМ 
НОПormation wОrО signiПiМantХy МhangОН. ThО МoОrМivО ПorМО oП thО НОПormОН sampХОs inМrОasОН by a 
ПaМtor oП β-4 anН МorrОsponНОН to thО МoОrМivО ПorМО oП thО martОnsitО phasО. ThО saturation 
magnОtization oП thО thrОО phasО sampХОs (++), whiМh was НОtОrminОН by thО totaХ numbОr oП 
ПОrromagnОtiМ phasОs (ПОrritО anН martОnsitО) in thО Мomposition oП thО sampХОs, was aХso inМrОasОН.  

ThОsО stuНiОs aХХowОН us to НОvОХop a mОthoН Пor magnОtiМ МontroХ oП thО phasО Мomposition 
oП two anН thrОО-phasО austОnitiМ stООХs [1-β]. 

 
StuНy was НonО unНОr support oП thО Russian SМiОnМО FounНation (RSF), proУОМt No 15-1β-

00001. 
 

[1] ε.B.Rigmant, ε.K.KorФh, D.I. DaviНov, D.A.ShishФin, Вu.V. KorФh, A.P. NiМhipuruФ, 
N.V.KazantsОva, Russian journal of non-destructive testing 11, β8 (β015). 
[β] ε.K. KorФh, ε.B. Rigmant, D.I. DaviНov, D.A. ShishФin, A.P. NiМhipuruФ, Вu.V. KorФh, 
Russian journal of non-destructive testing 12, β0 (β015). 
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X-ray magnОtiМ МirМuХar НiМhroism (XεCD) tОМhniquО was usОН to invОstigatО ХoМaХ magnОtiМ 

propОrtiОs oП miМroМrystaХХinО NН10.4Гr4.0FО7λ.βB6.4 sampХОs, oriОntОН aХong ОithОr Оasy or harН 
magnОtization НirОМtion. ThО NН L2,3 anН FО K ОНgО XεCD spОМtra wОrО mОasurОН at room 
tОmpОraturО unНОr a magnОtiМ ПiОХН oП ±10 T. A vОry strong НОpОnНОnМО oП XεCD spОМtra on thО 
sampХО oriОntation has bООn obsОrvОН at thО L2,3 - ОНgОs oП NН, whОrОas thО FО K-ОНgО XεCD 
spОМtra arО ПounН to bО praМtiМaХХy isotropiМ. This rОsuХt inНiМatОs that magnОtiМ anisotropy oП 
NНFОB-basОН aХХoys originatОs Пrom thО NН subХattiМО. In aННition ОХОmОnt sОХОМtivО magnОtization 
МurvОs havО bООn rОМorНОН by mОasuring thО intОnsity oП XεCD signaХs as a ПunМtion oП an appХiОН 
magnОtiМ ПiОХН up to ±17 T. To ПinН a МorrОХation bОtwООn ХoМaХ anН maМrosМopiМ magnОtiМ 
propОrtiОs oП stuНiОН sampХОs wО МomparОН thОsО Нata with magnОtization МurvОs, mОasurОН by 
vibrating sampХО magnОtomОtОr up to 14 T. RОsuХts arО important Пor unНОrstanНing thО origin oП 
high-МoОrМivity statО in NНFОB-basОН intОrmОtaХХiМ МompounНs.  

RОsОarМh was supportОН by εinistry oП EНuМation anН SМiОnМО oП thО Russian FОНОration 
(AgrООmОnt No 14.587.β1.00β8, uniquО numbОr oП proУОМt RFεEFI58716X00β8). ThО authors 
aМФnowХОНgО thО EuropОan SynМhrotron RaНiation FaМiХity (ESRF) Пor proviНing thО opportunity oП 
XεCD mОasurОmОnts at ID1β anН Bεβγ bОamХinОs anН thО IntОrnationaХ δaboratory oП High 
εagnОtiМ FiОХНs anН δow TОmpОraturОs (WroМХaw, PoХanН) Пor proviНing thО opportunity oП 
maМrosМopiМ magnОtization МurvО mОasurОmОnts. 
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In thО Хast НОМaНО rathОr intОnsivО raisО oП intОrОst to thО various aspОМts oП nanotОМnoХogy has 

taФОn pХaМО – in partiМuХar, in thО ПiОХНs oП straintroniМs, magnОtiМ ПriМtion ОtМ. (sОО, О.g., [1-γ]); it is 
important that, as a ruХО, nanoНОviМОs inМХuНО somО magnОtiМ НОgrООs oП ПrООНom. OnО oП thО main 
thОorОtiМaХ instrumОnts Пor thО stuНy oП magnОtoНynamiМs arО thО sОmi-phОnomОnoХogiМaХ НynamiМ 
Оquations ПormuХatОН Хong ago in thО worФs oП δanНau anН δiПshitz, BХoМh anН GiХbОrt; thО most 
rОМОnt rОviОw oП thОsО topiМs may bО ПounН in [4].  

NОvОrthОХОss, untiХ now thО ПuХХ agrООmОnt МonМОrning thОir МonМrОtО Пorm is stiХХ ХaМФing – in 
partiМuХar, it is not МХОar (sОО, О.g., [5]) in whiМh mannОr onО shouХН МonsiНОr thО quantum anН 
stoМhastiМ ПОaturОs oП thО δanНau–δiПshitz–BХoМh–GiХbОrt Оquations as МomparОН to thОir МХassiМ anН 
НОtОrministiМ Пorms. In our taХФ thО thОorОtiМaХ sМhОmО is suggОstОН in orНОr to aММount morО 
aНОquatОХy Пor thО ПaМt that in thО magnОtiМ subsystОm oП many nanoНОviМОs rathОr strong ОxМhangО 
anН anisotropy intОraМtions oП purОХy quantum naturО arО prОsОnt. 

In partiМuХar, wО proposО to usО in thО МoОППiМiОnts oП Нamping anН rОХaxation not thО rОsuХts oП 
thО moХОМuХar ПiОХН approximation (εFA) but muМh morО rОПinОН rОsuХts oП ranНom phasО 
approximation (RPA) Фnown aХso as TyabХiФov approximation [6]. WО ОspОМiaХХy ОxpХoit thО rОsuХts 
by εОНvОНОv [7] who stuНiОН thО short-rangО magnОtiМ orНОr in an anisotropiМ ПОrromagnОt by 
mОans oП GrООn ПunМtion mОthoН in TyabХiФov НОМoupХing sМhОmО as wОХХ as thО rОsuХts by 
ВabХonsФyi [8] bОing ОspОМiaХХy vaХiН Пor Хow-НimОnsionaХ МasОs. 

 
[1] ε.P. εagiОra Оt aХ., EPL 95, 17010 (β011). 
[β] K. Roy Оt aХ., Appl. Phys. Lett.  104, βγβ40γ (β014). 
[γ] A.K. Biswas Оt aХ., Nanotechnology 26, β85β01 (β015). 
[4] U. Atxitia Оt aХ., J. Phys. D 50, 0γγ00γ (β017). 
[5] P. NiОvОs Оt aХ., Phys. Rev. B 90, 1044β8 (β014). 
[6] S.V. TyabХiФov., Methods in Quantum Theory of Magnetism, Plenum Press, NY, (1λ67). 
[7] ε.V. εОНvОНОv., Phys. Met. Metallogr. 106, 444 (β008). 
[8] D.A. ВabХonsФiy., Phys.Rev. B 44, 4467 (1λλ1). 
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Two typОs oП phasО transitions (PT) in thО Нomain bounНariОs (DB) МausОН by thО tОmpОraturО 
МhangО in thО anisotropy oП thО garnОt typО ПОrritО ПiХm wОrО stuНiОН. 

For thО rОsОarМh, two ПiХms with НiППОrОnt uniaxiaХ anisotropy arО sОХОМtОНμ ПiХm №1 with a 
strong uniaxiaХ anisotropy oП thО Мomposition (TmBi)3(FeGa)5O12 (NООХ tОmpОraturО TN=4γ7 K, 
magnОtiМ МompОnsation point TK=1β0K) has axiaХ anisotropy in a wiНО tОmpОraturО rangО at T>TK; 
ПiХm №β with a wОaФ uniaxiaХ anisotropy oП thО Мomposition (YBi)3(FeGa)5O12 (TN=4β1K, 
TC=ββγK) has an axiaХ phasО in a narrow tОmpОraturО intОrvaХ at T>γ60K. ThО axis oП Оasy 
magnОtization oП thО ПiХms is <111>. FiХms havО mixОН anisotropyμ МrystaХХ МubiМ anisotropy (K1) 
anН inНuМОН in thО proМОss oП growth uniaxiaХ anisontropy (KU). ThО ratio oП thО anisotropy 
Мonstants НОpОnНs on thО tОmpОraturО, whiМh is rОПХОМtОН in thО pОМuХiaritiОs oП thО Нomain struМturО 
(DS). ThО Нomain struМturО is obsОrvОН by thО FaraНay EППОМt. ThО spin-rОoriОntation phasО 
transition (SRPT) is НОtОrminОН by thО МoХor rОgistration mОthoН. ThО stuНy oП thО ПОaturОs oП thО 
DS is basОН on thО thОorОtiМaХ moНОХing oП visuaХ ОxpОrimОntaХ Нata. 

In both ПiХms, thО spin ПХip proМОss is obsОrvОН on thО CεD ХattiМО. Domain bounНary is thО 
1800 BХoМh onО (Fig. 1A). ThОrО is a sОt oП НiППОrОnt spins oriОntations in thО Нomain bounНary, so it 
is most sОnsitivО to a МhangО in thО ratio oП thО anisotropy Мonstants. 

As thО tОmpОraturО НОМrОasОs, thО uniaxiaХ anisotropy НОМrОasОs. UnНОr thО inПХuОnМО oП МubiМ 
anisotropy, thО spin oriОntation МhangОs in somО sОМtions oП thО CεD bounНariОs. This ХОaНs to a 
МhangО in thО oriОntation oП thО spins in thО rОgions МХosО to thО Нomain waХХs, i.О. ThОrО is a МhangО 
in thО МoХor oП thО ПiОХН anН CεD. AnguХar phasОs appОar.  

UnНОr thО inПХuОnМО oП МubiМ anisotropy, a PT oММurs in thО DB Пrom thО 1800 th BХoМh to thО 
wiНОr 1800 Нomain bounНary, in whiМh thО pХanО oП thО spin rotation is НirОМtОН at an angХО to thО 
axis  111  (Fig. 1B). A phasО transition in thО DB МausОs a Пirst-orНОr SRPT Пrom thО axiaХ phasО 
to thО anguХar phasО [1]. This SRPT oММurs by nuМХОation; it is anhystОriМ. ThО nuМХОus oП thО nОw 
phasО is thО Нomain bounНary oП thО initiaХ phasО. ThО tОmpОraturО intОrvaХ oП thО МoОxistОnМО oП thО 
axiaХ anН anguХar phasОs was ОxpОrimОntaХХy obsОrvОН. VisuaХХy, thО bounНary bОtwООn thО axiaХ 
anН anguХar phasОs is not obsОrvОН. ThО absОnМО oП a bounНary bОtwООn thО axiaХ anН anguХar 
phasОs is ОxpХainОН by thО МonМОpt oП thО nuМХОus oП a nОw phasО as a statiМ soХiton. It has bООn 
shown ОxpОrimОntaХХy that thО mОМhanism oП thО SRPT Пrom thО axiaХ phasО to thО anguХar phasО 
НoОs not НОpОnН on thО vaХuО oП thО ratio bОtwООn thО anisotropy Мonstants. 
[1] A.V. BОzus, A.A. δОonov, Ju.A. εamaХui, Ju.A. SiryuФ, FTT 46 (β). β77-β81 (β004).  
[β] Ja.I.GranovsФii, A.A.δОonov, Ju.A.εamaХui, Ju.A.SiryuФ, J. Functional Materials 13 (γ), 5β6-
5γ0 (β006). 

 
Fig.1. εoНОХs oП DS anН magnОtization Нistribution in thО DB oП ПiХm № βμ А– 1800 axiaХ;   B– 

1800 anguХar; (Δ is thО DB wiНth). 
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HarН X-ray transmission miМrosМopy basОН on rОПraМtivО X-ray optiМs was ОmpХoyОН as a tooХ 
in matОriaХ sМiОnМО to invОstigatО buriОН-in miМrostruМturОs in two or thrОО НimОnsions with spatiaХ 
rОsoХution approaМhing 100 nm [1-6]. In this miМrosМopО, thО inМoming bОam goОs through thО 
МonНОnsОr, iХХuminatОs thО sampХО, goОs through thО obУОМtivО ХОns, anН hits thО НОtОМtor. ThО 
physiМaХ pixОХ sizО oП thО CCD/CεOS МamОra is typiМaХХy arounН 0.65 m. ThО inМХusion oП thО X-
ray ХОns ПurthОr magniПiОs thО imagО, maФing thО ОППОМtivО pixОХ sizО ОvОn smaХХОr. ThО X-ray 
magniПiМation typiМaХХy ХiОs in thО 5-100 rangО but is not striМtХy ХimitОН at ОithОr bounН. With thО 
Оxtra magniПiМation Пrom X-ray optiМs, thО maximum spatiaХ rОsoХution is no ХongОr ХimitОН by thО 
НОtОМtor pixОХ sizО, but by thО X-ray optiМaХ МomponОnts. ThО usО oП a МonНОnsОr ХОns anН a bОam 
НОМohОrОr Мan grОatХy improvО thО imagО quaХity.  

SwitМhing Пrom monoМhromatiМ to raНiation with a broaНОr banНwiНth, ПramО ratОs Нown to a 
ПОw miХХisОМonНs Мan bО rОaХizОН, opОning nОw possibiХitiОs Пor in situ stuНiОs oП miМrostruМturО 
ОvoХution anН rОsponsО to ОxtОrnaХ ПiОХНs at spatiotОmporaХ rОsoХutions that go wОХХ bОyonН prОvious 
bОnМhmarФs, НОmonstratОН by ~β00 nm rОsoХution tomograms oП ОutОМtiМ miМrostruМturОs aМquirОН 
in ХОss than β s [5]. ThО miМrosМopО Мan aХso bО opОratОН in ГОrniФО phasО Мontrast moНО, whiМh 
ОxpanНs thО rangО oП possibХО appХiМations to МasОs whiМh othОrwisО wouХН proНuМО onХy vОry Пaint 
Мontrast [6]. 

PotОntiaХ appХiМation arОas oП Пast βD anН γD miМrosМopy havО bООn НОmonstratОН with a ПОw 
sОХОМtОН tОst МasОs, Мomprising rОguХar anН irrОguХar ОutОМtiМ soХiНiПiМation miМrostruМturО Пormation 
in НiППОrОnt AХ-basОН aХХoys, anН sОХП-assОmbХy oП МoХХoiНaХ МrystaХ systОms МomposОН oП НiППОrОnt 
poХymОr partiМХОs with НiamОtОrs in thО miМromОtОr rangО. OpОration oП thО miМrosМopО in ГОrniФО 
phasО Мontrast ОxtОnНs thО rangО oП possibХО appХiМations to sampХОs that othОrwisО wouХН proНuМО 
onХy Пaint Мontrast. 
 
 
[1] A. SnigirОv, V. Kohn, I. SnigirОva, B. δОngОХОr, Nature 384, 4λ-51 (1λλ6). 
[β] V. Kohn, I. SnigirОva, A. SnigirОv, Opt. Comm. 216, β47-β60 (β00γ).  
[γ] A. BosaФ, I. SnigirОva, K. NapoХsФii, A. SnigirОv, Adv. Mater. 22, γβ56-γβ5λ (β010). 
[4] D. ByОХov Оt aХ, RSC Advances 3, 15670 (β01γ). 
[5] K.V. FaХМh, Оt aХ, J. Mater Sci 52, γ4λ7-γ507 (β017). 
[6] K.V. FaХМh, Оt aХ, Ultramicroscopy, submittОН. 
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RОМОntХy, in thО ПiОХН oП moХОМuХar МОХХ surgОry oП maХignant tumors is inМrОasingХy Мommon 
tОrm thОranostiМs, it МombinОН Нiagnosis anН thОrapy. For thОsО purposОs it is wiНОХy usОН 
bionanoМonУugatОs Мonsisting oП magnОtiМ nanopartiМХОs anН DNA- aptamОrs. For thО НОvОХopmОnt 
oП targОtОН Нrugs a vitaХ roХО pХays rОsОarМh oП propОrtiОs usОН bionanoМonУugatОs. 

A rОviОw oП stuНy oП magnОtiМ, optiМaХ anН magnОto-optiМaХ propОrtiОs oП somО ФinНs 
bionanoМonУugatОs Мonsisting oП НiППОrОnt shapОs mОtaХs nanopartiМХОs immobiХizОН DNA-aptamОrs 
Пor EhrХiМh asМitОs МarМinoma МОХХ is givОn. 

ThО magnОtiМ МorО bionanoМonУugatОs proviНОs rОquirОН magnОtiМ propОrtiОs Пor thО provision 
oП physiМaХ ОxposurО to a Хow ПrОquОnМy aХtОrnating magnОtiМ ПiОХН. εagnОtomОМhaniМaХ МОХХ 
Нisruption using nano- anН miМrosizОН struМturОs is a promising biomОНiМaХ tОМhnoХogy using Пor 
noninvasivО ОХimination oП НisОasОН МОХХs. It appХiОs aХtОrnating magnОtiМ ПiОХН Пor ПОrromagnОtiМ 
miМroНisМs maФing thОm osМiХХatО anН Мausing МОХХ mОmbranО Нisruption with ПoХХowing МОХХ НОath 
by apoptosis [1, β]. It is shown that it is possibХО to rОpХaМО miМroНisФs with sphОriМaХ nanopartiМХОs 
НОМoratОН with goХН. 

ThО usО oП nanopartiМХОs having pХasmon rОsonanМО anН thО poХarization spОМtrosМopy, Пor 
instanМО,   naturaХ anН magnОtiМ МirМuХar НiМhroism anН ОХОМtroМhОmistry aХХows thОir usО Пor thО 
Нiagnosis oП МanМОr [γ, 4].  

ThО rОХationship oП shapО, sizО, magnОtiМ propОrtiОs oП bionanoМonУugatОs anН thО possibiХity 
oП thОir usО in thОranostiМs is НisМussОН. 

ThО rОportОН stuНy was ПunНОН by Russian FounНation Пor BasiМ RОsОarМh, GovОrnmОnt oП 
KrasnoyarsФ TОrritory, KrasnoyarsФ RОgion SМiОnМО anН TОМhnoХogy Support FunН to thО rОsОarМh 
proУОМt №17-4β-β40080. 
 
[1] T. Гamay, O. KoХovsФaya, A. SoФoХov Оt.aХ, Nucleic Acid Therapeutics. 27, β (β017). 
[β] P. Kim, S. Гamay, A. SoФoХov Оt.aХ, Doklady Biochemistry and Biophysics 466 (β016). 
[γ] G. Гamay, T. Гamay, A. SoФoХov Оt.aХ,  Scientific Reports 6, γ4γ50 (β016). 
[4] A. SoФoХov, S. OvМhinniФov, V. ГabХuНa Оt.aХ, JETP Letters 97, β (β01γ). 
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Among thО εn-basОН intОrmОtaХХiМ МompounНs anН aХХoys, Ni-εn-Ga HОusХОr systОms havО 
rОМОivОН signiПiМant attОntion rОgarНing thОir magnОtiМ shapО mОmory propОrtiОs Пor Мompositions 
МХosО to stoiМhiomОtry anН, in partiМuХar, thОir magnОtoМaХoriМ propОrtiОs at oПП-stoiМhiomОtriМ 
Мompositions [1–γ]. ThО uniquО propОrtiОs oП Ni-εn-Ga aХХoys rОsuХting Пrom thО МoupХing bОtwООn 
thО magnОtiМ anН struМturaХ phasО transitions. In gОnОraХ, Ni-εn-Ga aХХoys Оxhibit rОmarФabХО 
riМhnОss oП physiМaХ propОrtiОs, varying signiПiМantХy with thОir МhОmiМaХ Мomposition.  

ThО abiХity to obtain НiППОrОnt МompositionaХ phasО Нiagrams invoХving НОsirОН physiМaХ 
propОrtiОs is a maУor МhaХХОngО Пor improving HОusХОr-basОН tОМhnoХogy [γ]. δargО ОППorts arО maНО 
ОxpОrimОntaХХy to ПinН optimaХ Мompositions with bОttОr propОrtiОs. On thО onО hanН, МompositionaХ 
phasО Нiagrams Мan bО obtainОН ОxpОrimОntaХХy by using Мomposition sprОaНs that aХХow Пor 
МontroХХОН simuХtanОous synthОsis anН МharaМtОrization oП ХargО arrays oП sampХОs. On thО othОr 
hanН, МompositionaХ Нiagrams Мan bО obtainОН thОorОtiМaХХy by mОans oП Пirst-prinМipХОs anН εontО-
CarХo approaМhОs as ОxampХО. At prОsОnt, МomputationaХ approaМhОs on thО ХОvОХ oП НОnsity 
ПunМtionaХ thОory (DFT) havО bООn quitО suММОssПuХ in НОsМribing ОХОМtroniМ, struМturaХ, magnОtiМ 
anН НynamiМaХ propОrtiОs oП HОusХОr aХХoys.  

In this worФ, wО pОrПormОН a systОmatiМ stuНy oП magnОtiМ propОrtiОs oП НisorНОrОН Ni-εn-Ga 
HОusХОr aХХoys using thО DFT mОthoНoХogy anН εontО CarХo mОthoН. Ab initio simuХations havО 
bООn МarriОН out by thО Spin-PoХarizОН RОХativistiМ Korringa-Kohn-RostoФОr (SPR-KKR) paМФagО 
within gОnОraХizОН-graНiОnt approximation [4]. In orНОr to gОnОrating a МompХОtО sОt oП НisorНОr 
Мompositions, whiМh wiХХ МovОr thО whoХО arОa oП thО tОrnary Нiagram oП Ni-εn-Ga, thО МohОrОnt 
potОntiaХ approximation (CPA) was usОН. CPA is НОsignОН spОМiПiМaХХy to simuХatО НisorНОrОН 
systОms by Мomposing wОightОН ПraМtions oП various МhОmiМaХ spОМiОs. By using thО ОquiХibrium 
ХattiМО Мonstants, whiМh havО bООn obtainОН prОviousХy by our group [5], thО magnОtiМ ОxМhangО 
МoupХing Мonstants wОrО МaХМuХatОН Пor thО МubiМ struМturО oП sОХОМtОН aХХoys. In thО nОxt stОp, εontО 
CarХo simuХations oП thО МХassiМaХ HОisОnbОrg moНОХ with obtainОН magnОtiМ ОxМhangО paramОtОrs 
as input wОrО МarriОН out. As thО rОsuХt, thО magnОtization МurvОs as a ПunМtion oП tОmpОraturО anН 
CuriО tОmpОraturОs wОrО obtainОН Пor thО austОnitО struМturО oП aХХoys stuНiОН in НОpОnНОnМО on thОir 
Мompositions. It has bООn shown that МaХМuХatОН Нata arО in a vОry gooН agrООmОnt with avaiХabХО 
ОxpОrimОntaХ onОs Пor Ni-εn-Ga anН aХХow us to prОНiМt propОrtiОs oП oПП-stoiМhiomОtriМ 
Мompositions.  

 
This worФ is supportОН by Grant oП thО PrОsiНОnt RF εK-8480.β016.β. 
 

[1] K. UХХaФФo Оt aХ., Appl. Phys. Lett. 69, 1λ66 (1λλ6). 
[β] A.N. VasiХiОv Оt aХ., Physics-Uspekhi 46, 55λ (β00γ). 
[γ] P. EntОХ Оt aХ., J. Phys. D: Appl. Phys. 39, 865 (β006). 
[4] H. EbОrt Оt aХ., Rep. Prog. Phys. 74, 0λ6501 (β011). 
[5] V. SoФoХovsФiy Оt aХ., Mater. Sci. Forum 845, 1γ0 (β016). 
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εagnОtiМ nanowirОs (NWs) arО МurrОntХy МonsiНОrОН as potОntiaХ МanНiНatОs Пor rarО-Оarth-ПrОО 
pОrmanОnt magnОts, magnОto-ОХОМtriМ ХogiМs or mОmory storagО units [1-β]. ExpХoiting thО ХargО 
shapО anisotropy oП γН-mОtaХ NWs yiОХНs a ХargО magnОtiМ ОnОrgy proНuМt, i.О. high rОmanОnt 
magnОtization (εR) anН ХargО МoОrМivО ПiОХН (HC).  

It has bООn shown rОМОntХy that εR anН HC Мan bО signiПiМantХy ОnhanМОН at Хow tОmpОraturОs 
by oxiНizing FОCo NW tips [β].  

HОrО, wО ОxpХorО thО possibiХity oП magnОtiМ harНОning oП FОγ0Co70 NWs at room tОmpОraturО 
by intОrПaМing thОir tips with antiПОrromagnОtiМ (AFε) FО50εn50 ХayОrs. For this purposО, FОγ0Co70 
NWs with a НiamОtОr oП 40 nm anН a ХОngth oП 16 µm wОrО grown in porous AnoНiМ AХuminum 
OxiНО (AAO) mОmbranОs. Both tips oП NWs arО ХaiН opОn by МhОmiМaХ ОtМhing thО AAO 
mОmbranО, anН AFε FО50εn50 was НОpositОН by magnОtron sputtОring (Fig. 1a). As a rОsuХt (Fig. 

1b), εR anН HC arО inМrОasОН by β4% anН 4λ% at room tОmpОraturО, rОspОМtivОХy [4].  
 

a)   b)  
Fig. 1μ a) Top viОw SEε imagО oП thО NW tips МovОrОН with a FО50εn50 ХayОr.  

b) εagnОtiМ hystОrОsis aПtОr НiППОrОnt proМОssing stОps at room tОmpОraturО. 
 
 

[1] C. Bran Оt aХ., Journal of Physics D:Applied Physics 48, 145γ04 (β015). 
[β] S. δiébana-Viñas Оt aХ., Nanotechnology 26, 415704 (β015). 
[γ] Fangzhou Wang Оt aХ., Nanotechnology 28, βλ (β017). 



IBCε - β017 

 81

Fe3O4/Ta2O5 NANOPARTICLES-BASED MAGNETICALLY 
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δast timО, thО intОrОst to stuНying thО magnОtiМ nanopartiМХОs (NP) Пor purposОs oП thОir usО in 
thО МanМОr НiagnostiМs anН trОatmОnt has quiМФОnОН. ThО important roХО in thО abovО appХiМations is 
pХayОН by thО magnОtiМ МorО–shОХХ nanopartiМХОs whiМh Мan bО МontroХХОН by thО ОxtОrnaХ magnОtiМ 
ПiОХН. Just МontroХ oП motion anН Нistribution oП thО magnОtiМ nanopartiМХОs Пorms thО basis oП using 
thОm Пor targОtОН Нrug НОХivОry or НОХivОry oП magnОtiМ nanopartiМХОs to thО МanМОrous tumors Пor 
thО purposО oП subsОquОnt hypОrthОrmia proМОss or strОngthОning oП thО raНioХogiМaХ thОrapy ОППОМt 
НuО to sМattОring oП raНiation by inУОМtОН partiМХОs.  

In rОМОnt timОs, a spОМiaХ intОrОst is shown Пor МrОation oП magnОtiМaХХy МontroХХОН nontoxiМ 
raНiopaquО Мontrast agОnts suМh as thО МorО-shОХХ nanopartiМХОs FОγO4/TaβO5.  

ThО aim oП thО worФ is to rОsОarМh thО inМrОasО МonМОntration oП NPs at thО sitО oП ХoМaХization 
oП thО nОopХasm by mОans oП a magnОtiМ ПiОХН, anН thО possibiХity oП using МorО-shОХХ nanopartiМХОs 
as a raНiomoНiПiОr in raНiation thОrapy. WО havО synthОsizОН thО МorО/shОХХ nanopartiМХОs thО МorОs 
oП whiМh Мonsist oП thО iron oxiНО whiХО ОnvОХopО oП thО tantaХum oxiНО. ThО avОragО NP sizО was 
4γ nm. ThО shОХХ oП thО tantaХum oxiНО is to visuaХizО thО МorО-shОХХ nanopartiМХОs; to inМrОasО 
ОnОrgy absorption ОППОМt Нuring Оxposing with high-ОnОrgy gamma rays; not havО any toxiМ ОППОМts.  

ThО prОsОnМО oП a magnОtiМ momОnt in thО NP aХХows with thО aiН oП an inhomogОnОous 
magnОtiМ ПiОХН, to МonМОntratО МorО-shОХХ nanopartiМХОs in thО tumor rОgion, whiМh substantiaХХy 
inМrОasОs thОir raНio moНuХating ОППОМt. 

ThО instaХХation was assОmbХОН to МontroХ thО Нistribution oП nanopartiМХОs by thО magnОtiМ 
ПiОХН, whОrО rОМorНing thО imagО brightnОss was pОrПormОН using thО НigitaХ miМrosМopО anН, 
aПtОrwarНs, thО mathОmatiМaХ proМОssing oП imagОs obtainОН was aММompХishОН.. 

In orНОr to МhОМФ a possibiХity oП МontroХХing thО Нistribution oП nanopartiМХОs by thО magnОtiМ 
ПiОХН, thО ОППОМt oП thО ПiОХН nonuniПormity on thО naturО oП nanopartiМХОs Нistribution in thО soХution 
was invОstigatОН. With thО growth in thО magnОtiМ ПiОХН ПorМО, thО timО oП saturation attainmОnt 
НОМrОasОs anН it was aХso ОstabХishОН that thО МharaМtОr oП nanopartiМХОs Нistribution is not 
praМtiМaХХy inПХuОnМОН by thОir initiaХ МonМОntration. So, thО basiМ paramОtОrs oП magnОtiМ ПiОХН arО 
НОПinНОН with thО aim to МontroХ oП nanopartiМХОs’ Нistribution in voХumО. 
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Among thО variОty oП magnОtoМaХoriМ matОriaХs aХso thО gaНoХinium mОtaХ anН its aХХoys with 

tОrbium anН Нysprosium arО wiНОХy usОН in thО ПabriМation oП magnОtiМ rОПrigОrators prototypОs. ThО 
purposО oП this papОr is to stuНy oП thО inПХuОnМО oП gasousО impuritiОs, namОХy hyНrogОn, on thО 
magnОtoМaХoriМ propОrtiОs oП high-purity GН, Tb, anН Dy rarО-Оarth mОtaХs. For our nООНs thО 
МommОrМiaХ GН, Tb anН Dy mОtaХs wОrО puriПiОН by vaМuum НistiХХation. ThО ПinaХ mОtaХ purity was 
about λλ.λ6 wt.% (taФing into aММount a gasousО impuritiОs). To obtain a hyНrogОn soХiН-soХution 
phasО in GН, Tb anН Dy a SiОvОrts-typО apparatus was usОН. εagnОtization mОasurОmОnts wОrО 
МarriОН out ovОr a wiНО tОmpОraturО rangО (Пrom 4.β to γ50 K) anН magnОtiМ ПiОХН up to 10 T with 
thО BittОr magnОt. εagnОtoМaХoriМ ОППОМt (εCE) was mОasurОН using НirОМt (up to 1.8 T) anН 
inНirОМt mОthoНs (up to 10 T). 

It was ПounН that with an inМrОasО oП hyНrogОn МontОnt in gaНoХinium sampХОs thО inМrОasО oП 
thО CuriО tОmpОraturО was obsОrvОН whiМh was probabХy МausОН  by thО ОnhanМОmОnt oП thО GН-GН 
magnОtiМ momОnt ОxМhangО intОraМtions. ThО introНuМtion oП a hyНrogОn into GН mОtaХ ХОaНs to an 
inМrОasО oП thО worФing tОmpОraturО rangО, in whiМh thО highОr vaХuОs oП thО εCE (an inМrОasО in 
thО rОХativО МooХing МapaМity) arО obsОrvОН. It is shown that a signiПiМant magnОtoМaХoriМ ОППОМt in Tb 
anН Dy is obsОrvОН in a wiНО tОmpОraturО rangО whОrО thО "orНОr-НisorНОr" anН "orНОr-orНОr" 
transitions taФО pХaМО. HowОvОr, thО εCE in Tb anН Dy aПtОr hyНrogОnation НОМrОasОs with 
inМrОasing hyНrogОn МontОnt (Fig.1). 

 
Fig. 1. TОmpОraturО НОpОnНОnМiОs oП thО εCE Пor Tb-H anН Dy-H systОms 

 
 
ThО worФ is supportОН by thО RFBR within thО rОsОarМh proУОМt oП 16-0γ-0061β-a. 
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A signiПiМant ОППort is now МonМОntratОН on synthОsis anН stuНy oП magnОtiМ nanopartiМХОs 
whiМh Мan sОrvО as a Мontrast agОnt Пor magnОtiМ rОsonanМО imaging, Нrug НОХivОry anН othОr 
biomОНiМaХ appХiМations [1-β]. WО prОsОnt a mОthoН oП uХtra-short ХasОr-assistОН synthОsis oП somО 
promising nanomatОriaХs Пor bioХogiМaХ appХiМations. UnХiФО traНitionaХ МhОmiМaХ synthОtiМ routОs 
impХying thО ОmpХoymОnt oП МhОmiМaХs Мausing sОМonНary toxiМity anН thОrОПorО Хimiting in-vivo 

appХiМation prospОМts oП thО nanopartiМХОs, our ХasОr-basОН mОthoН ОnabХОs thО proНuМtion oП purО 
nanopartiМХОs, ПrОО oП surПaМtants anН toxiМ by-proНuМts. Our approaМh inМХuНОs two stОpsμ 1) 
gОnОration oП a raw suspОnsion oП miМro- anН nanopartiМХОs by prОХiminary abХation oП a targОt; β) 
uХtra-Пast ХasОr-inНuМОН ПragmОntation Пrom thО suspОnНОН МoХХoiНs ХОaНing to thО growth oП stabХО, 
non-aggrОgatОН, Хow-sizО НispОrsОН anН МrystaХХinО nanopartiМХОs. SuМh approaМh bОnОПits Пorm γD-
gОomОtry oП ХasОr abХation anН aХХows us to maintain rОХativОХy homogОnОous МonНitions oП 
nanoМХustОrs Пormation in thО absОnМО oП signiПiМant МonМОntration graНiОnts, yiОХНing to a muМh 
bОttОr МontroХ oП МharaМtОristiМs oП ПormОН nanopartiМХОs. In partiМuХar, wО show thО possibiХity oП 
tuning thО mОan sizО anН stoiМhiomОtriМ МompounН oП iron oxiНО nanopartiМХОs by varying thО ХasОr 
ПХuОnМО anН thО amount oП НissoХvОН oxygОn in thО soХution. SuМh a tunabiХity rОsuХts in thО variОty 
oП struМturaХ, optiМaХ anН magnОtiМ propОrtiОs oП proНuМОН nanopartiМХОs. ThО proposОН approaМh 
oППОrs an ОППiМiОnt anН vОrsatiХО tooХ Пor thО synthОsis oП magnОtiМ nanomatОriaХs Пor biomОНiМaХ 
appХiМations. 

 
[1] D. ArboХОНa, J. SantiХХan, δ. εОnНoza HОrrОra, ε. FОrnanНОz van Raap, P. ГОХis, D. εuraМa, D. 
SМhinМa, δ.SМaППarНi, J. Phys. Chem. C 119, 1γ184-1γ1λγ (β015). 
[β] В-X J. Wang, Quant Imaging Med. Surg. 1 γ5-40 (β011). 
[γ] O. VОisОh, J.W. Gunn, ε. Гhang, Adv. Drug. Delivery Rev. 62 β84-γ04 (β010). 
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OvОr thО Хast ПОw yОars thОrО is a sustainОН growth anН inМrОasing intОrОst on Нomain waХХ 
(DW) propagation in thin amorphous gХass-МoatОН magnОtiМ miМrowirОs. It is rОХatОН with proposaХs 
oП  thОir appХiМation Пor ХogiМ anН mОmory НОviМОs  This is mainХy bОМausО ОxpОrimОntaХ ОviНОnМО 
Пor thО vОry Пast DW propagation. ThО vОХoМity Мan  muМh highОr vaХuОs than thО sounН vОХoМity in 
thО magnОtiМ wirОs..ThО most suitabХО miМrowirОs Пor aМhiОvОmОnt thО Пast anН МontroХХabХО rОsuХts 
sООm pХanar nanowirОs anН МirМuХar Мross-sОМtion amorphous miМrowirОs. In thО prОsОnt worФ thО 
ХattОr is МonsiНОrОН. 

DuО to thОir typiМaХ sizО oП onО or a ПОw miМromОtОrs, НirОМt numОriМaХ simuХation is ОxtrОmОХy 
МhaХХОnging Пor miМrowirОs. ThОrОПorО, ОxaМt anaХytiМaХ soХutions arО oП a grОat vaХuО. ThО 
ПabriМation proМОss oП thО wirО is МompХiМatОН anН НОpОnНs on many paramОtОrs whiМh inПХuОnМО 
muМh on propОrtiОs oП thО rОsuХtОН wirО. As a rОsuХt МompХОx intОrnaХ strОssОs arО appХiОН on thО МorО 
oП thО wirО. In thО innОr МorО oП thО wirО bОsiНОs an ОППОМtivО axiaХ Оasy axis anisotropy, raНiaХ anН 
МirМumПОrОntiaХ strОssОs shouХН bО taФОn into aММount. ThО ХattОr onОs arО МonsiНОrОН as a МorО-shОХХ 
intОraМtion, as bОМomО signiПiМant МХosОr to thО shОХХ. This intОraМtion is inМХuНОН into thО moНОХ 
phОnomОnoХogiМaХХy via DzyaХoshinsФii-εoriya-ХiФО (Dε-ХiФО) Мontribution or/anН by ХОtting thО 
anisotropy Мonstant to bО НОpОnНОnt on thО НistanМО Пrom thО wirО axis. 

ThО aim oП thО papОr is to НОvОХop anН gОnОraХizО thО МХassiПiМation introНuМОН by othОr 
authors via ОithОr gОnОraХizing thО ПounН soХutions anН taФing into aММount thО НОpОnНОnМО oП thО 
anisotropy Мonstant on thО poХar НistanМО Пrom thО wirО axis. 

ThО worФ ОxtОnНs thО Фnown rОsuХts Пor thО vОry samО moНОХ, introНuМing a  muМh wiНОr 
ПamiХy oП thО DW МonПiguration. An aММount oП thО НОpОnНОnМО oП thО anisotropy Мonstant aХХows to 
rОПinО thО pХanar DW soХution, what maФОs it possibХО to ОxpХain thО ПХОxurО oП thО pХanar DW, 

whiМh is obsОrvОН in ОxpОrimОnts. An ОxpХiМit shapО oП thО aНmissibХО DW is НОrivОН, as wОХХ 
as thО DW vОХoМity in singХО-Нomain rОgimО is ПounН.  
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a FaМuХty oП PhysiМs anН CОntОr Пor NanointОgration (CENIDE), UnivОrsity oП Duisburg-EssОn, 
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b NationaХ UnivОrsity oП SМiОnМО anН TОМhnoХogy «εISIS», εosМow, Russian FОНОration 
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WО havО iНОntiПiОН that murinО maМrophagОs in thО rОН puХpa oП thО spХООn harbor an 

Оnormous amount oП ОnНogОnous nanopartiМХОs with monoНispОrsО МrystaХ sizО anН unОxpОМtОН 
supОrparamagnОtiМ propОrtiОs [1]. It is wОХХ ОstabХishОН that maМrophagОs Мontain thО 1β nm НisФ-
shapОН protОin ПОrritin with an 8 nm МagО that Мan buППОr up to 4500 iron atoms, usuaХХy in thО Пorm 
oП thО non-toxiМ МompounН ПОrrihyНritО (FОγ+)βOγ•0.5HβO [β]. FОrrihyНritО is an antiПОrromagnОtiМ 
МompounН with a tiny magnОtiМ rОsponsО anН is riМh in НОПОМts whiХО its ОxaМt МrystaХ struМturО is 
stiХХ unНОr НОbatО [γ]. 

FigurО 1 prОsОnts a high-rОsoХution 
transmission ОХОМtron miМrosМopy (TEε) imagО oП 
a singХО nanopartiМХО isoХatОН Пrom spХООn МОХХs. 
AХthough thО НiamОtОr anН iron МontОnt iНОntiПiОН 
by TEε support thО prОsОnМО oП ПОrritin, wО ПinН a 
МubiМ spinОХ struМturО with a ХattiМО paramОtОr oП  
a = 0.86±0.04 nm rathОr МompatibХО to magnОtitО 
or maghОmitО. εorОovОr, thО strong magnОtiМ 
rОsponsО is inМompatibХО with thО naturО oП 
ПОrrihyНritО. WО МharaМtОrizОН thОsО nanopartiМХОs 
Пrom spХОniМ maМrophagОs by SQUID 
magnОtomОtry anН ПounН an avОragО magnОtiМ 
momОnt oП 8600µB pОr partiМХО by δangОvin Пitting 
in thО supОrparamagnОtiМ statО at T = γ00 K. This 
ПinНing inНiМatОs thО prОsОnМО oП magnОtiМ phasОs 
НiППОrОnt Пrom thО ОxpОМtОН antiПОrromagnОtiМ 
ПОrrihyНritО. As a rОsuХt, thО intrinsiМ 
supОrparamagnОtism oП spХОniМ maМrophagОs 
МontaminatОs МОХХ isoХatОs in magnОtiМ МОХХ 
sОparation [1]. PossibХО mОНiМaХ impХiМations oП 
thОsО ПinНings on magnОtiМ hypОrthОrmia arО 
НisМussОН.   

 
This worФ is a МoХХaboration with RhОinisМhО FriОНriМh-WiХhОХms-UnivОrsity Bonn, GОrmany 

anН thО UnivОrsity HospitaХ EssОn, GОrmany. U.W. gratОПuХХy aМФnowХОНgОs thО ПinanМiaХ support oП 
thО εinistry oП EНuМation anН SМiОnМО oП thО Russian FОНОration in thО ПramОworФ oП InМrОasО 
CompОtitivОnОss Program oП NUST «εISiS» №Kγ-β017-0ββ.   

 
[1] δ. FranФОn Оt aХ., Scientific Reports 5, 1βλ40 (β015). 
[β] P. ε. Harrison Оt aХ., Adv. Inorg. Chem. 36, 44λ (1λλ1). 
[γ] S. GiНОr Оt aХ., Science 268, 77 (1λλ5). 

FigurО 1μ High-rОsoХution TEε imagО oП a 
nanopartiМХО isoХatОН Пrom spХООn МОХХs. ThО 
insОt prОsОnts thО FouriОr transПorm pattОrn 
proving spinОХ struМturО [1]. 
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A wiНО rangО oП imprОssivО physiМaХ ОППОМts suМh as magnОtiМaХХy anН thОrmaХХy inНuМОН 
shapО mОmory ОППОМt, ХargО magnОtorОsistanМО anН giant magnОtoМaХoriМ ОППОМt is a Нistinguishing 
ПОaturО oП ПОrromagnОtiМ (Fε) HОusХОr aХХoys [1-γ]. OnОs oП thО most stuНiОН anН wОХХ-invОstigatОН 
HОusХОr aХХoy arО Ni-εn-Г-basОН matОriaХs [1]. It is wОХХ Фnown that thО aННition oП Пourth ОХОmОnt 
(FО, Co, Cr, Pt О.g.) into Ni-εn-Г HОusХОr aХХoys Мan strongХy aППОМt thО CuriО tОmpОraturО (TC) anН 
martОnsitiМ transПormation tОmpОraturО (Tm) [γ-5].  

In this worФ, wО prОsОnt rОsuХts oП ab initio invОstigations oП thО grounН statО anН magnОtiМ 
propОrtiОs oП Ni-εn-(Ga, In, Sn) HОusХОr aХХoys with thО hОХp oП НОnsity ПunМtionaХ thОory, 
impХОmОntОН into VASP [6,7] anН thО SPR-KKR [8] paМФagОs. To pОrПorm thО МrystaХ struМturО 
optimization, wО usОН thО δβ1 struМturО (spaМО group Fm-γm, No. ββ5). It Мonsists oП Пour 
intОrpОnОtratОН fcc subХattiМОs, whОrО two Ni atoms pХaМОН at thО 8c WyМФoПП positions ((1/4, 1/4, 
1/4) anН (γ/4, γ/4, γ/4) sitОs), whiХО (Ga, In, Sn) anН εn atoms ХoМatО 4a anН 4b positions ((0, 0, 0) 
anН (1/β, 1/β, 1/β) sitОs), rОspОМtivОХy. AННitionaХ Cr atoms arО pХaМОН to thО εn positions. In our 
МaХМuХations, wО МonsiНОrОН 16-atom δβ1 supОrМОХХ with thrОО magnОtiМ МonПigurations. ThО Пirst onО 
was thО ПОrromagnОtiМ (Fε) statО, in whiМh aХХ magnОtiМ momОnts arО positivО. ThО sОМonН onО was 
thО antiПОromagnОtiМ (AFε) statО, in whiМh magnОtiМ momОnts oП Ni anН εn atoms arО positivО anН 
magnОtiМ momОnts oП Cr atoms arО nОgativО. ThО thirН onО was thО ПОrromagnОtiМ (FIε) statО, 
whОrО magnОtiМ momОnts oП Ni anН εn atoms arО positivО anН magnОtiМ momОnts oП Cr havО an 
antiparaХХОХ arrangОmОnt. As a rОsuХt ОquiХibrium ХattiМО paramОtОrs, buХФ moНuХi, totaХ magnОtiМ 
momОnts, anН Пormation ОnОrgiОs oП a wiНО rangО oП HОusХОr aХХoys havО bООn obtainОН. In thО 
sОМonН stОp oП stuНy HОisОnbОrg magnОtiМ ОxМhangО paramОtОrs havО bООn МaХМuХatОН Пor obtainОН 
ОquiХibrium ХattiМО paramОtОrs. 

 
Support by AНvanМОН rОsОarМh ПounНation oП thО ChОХyabinsФ StatО UnivОrsity is aМФnowХОНgОН. 
 
[1] V.D. BuМhОХniФov anН V.V. SoФoХovsФiy, Phys. Met. Metallogr. 112, 6γγ (β011). 
[β] P. EntОХ Оt aХ., Eur. Phys. J. B 86, 65 (β01γ). 
[γ] P. EntОХ Оt aХ., J. Alloys Compd. 577, S107 (β01γ). 
[4] ε. Khan Оt aХ., Phys. Rev. B 93, 05441λ (β016).  
[5] ε.A. ГagrОbin Оt aХ., Mater. Res. Express 4, 0β6105 (β017). 
[6] G. KrОssО anН J. FurthmuХХОr, Phys. Rev. B 54, 1116λ (1λλ6). 
[7] G. KrОssО anН D. JoubОrt, Phys. Rev. B 59, 1758 (1λλλ). 
[8] H. EbОrt Оt aХ., Rep. Prog. Phys.74, 0λ6501 (β011). 
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WО prОsОnt a nОw mОthoН Пor МonstruМtion oП ОxaМt soХutions oП thО δanНau-δiПshitz-GiХbОrt 
Оquation (δδG) Пor ПОrromagnОtiМ nanowirОs. ThО mОthoН is basОН on thО ОstabХishОН rОХationship 
bОtwООn thО δδG anН thО nonХinОar SМhröНingОr Оquation (NδS), anН is aimОН at rОsoХving an oХН 
probХОmμ how to proНuМО muХtipХО-roguО wavО soХutions oП NδS using Уust thО Darboux-typО 
transПormations. ThО soХutions oП this typО –- Фnown as P-brОathОrs -- havО bООn provОn to Оxist by 
DubarН anН εatvООv, but that tОМhniquО hОaviХy rОХiОН on using thО soХutions oП yОt anothОr 
nonХinОar Оquation, KaНomtsОv-PОtviashviХi I Оquation (KP-I), anН its rОХationship with NδS. WО 
havО shown that in ПaМt onО НoОsn't havО to usО KP-I but Мan instОaН rОaМh thО samО rОsuХts Уust with 
NδS soХutions, but onХy iП thОy arО НrОssОН via thО binary Darboux transПormation. In partiМuХar, our 
approaМh aХХows us to МonstruМt aХХ thО DubarН-εatvООv P-brОathОrs. FurthОrmorО, thО nОw mОthoН 
Мan ХОaН to somО МompХОtОХy nОw, prОviousХy unФnown soХutions. OnО partiМuХar soХution that wО 
havО МonstruМtОН НОsМribОs two “positon”-ХiФО wavОs, МoХХiНing with ОaМh othОr anН in thО proМОss 
proНuМing a nОw, short-ХivОН roguО wavО. WО МaХХОН this unusuaХ soХution (roguО wavО bОgottОn 
aПtОr thО impaМt oП two soХitons) thО «impaМton». 
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PrОsОntХy, onО oП thО maУor rОquirОmОnts Пor a matОriaХ to bО usОН as a prospОМtivО 

magnОtoМaХoriМ matОriaХ is its МapabiХity to Оxhibit giant magnОtoМaХoriМ ОППОМt (εCE). BОМausО oП a 
rОПrigОrating maМhinО is a НОviМО with pОrioНiМ swООps oП МyМХОs thОrО is a substantiaХ nООН to stuНy 
thО magnОtoМaХoriМ propОrtiОs oП matОriaХs unНОr ПrОquОnt МyМХiМ ОxposurОs to magnОtiМ ПiОХНs. 
εagnОtoМaХoriМ propОrtiОs oП thО matОriaХs ОxposОН to aХtОrnating anН Мonstant magnОtiМ ПiОХНs Мan 
Оxhibit signiПiМantХy НiППОrОnt bОhavior Пor a variОty oП rОasons. EvОn at Хow ПrОquОnМiОs thО ПiОХН 
НОpОnНОnМО oП thО magnОtoМaХoriМ propОrtiОs oП matОriaХs may НiППОr signiПiМantХy Пrom thosО 
mОasurОН aПtОr a singХО magnОtiМ ПiОХН appХying. First oП aХХ, it rОПОrs to thО Пirst orНОr phasО 
transitions in whiМh thО tОmpОraturО hystОrОsis Мan ХОaН to irrОvОrsibiХity oП phasО transitions 
inНuМОН by an ОxtОrnaХ ПiОХН in МОrtain tОmpОraturО rangОs. ThО εCE vaХuОs on thО Пirst anН 
subsОquОnt МyМХОs oП thО ПiОХН appХiМation in thОsО matОriaХs wiХХ vary signiПiМantХy. 

This rОport prОsОnts thО rОsuХts oП thО stuНy oП thО magnОtoМaХoriМ propОrtiОs in various 
ПamiХiОs oП promising magnОtoМaХoriМ matОriaХs. In thО rОport thО ПoХХowing issuОs wiХХ bО НisМussОНμ 

- DОpОnНОnМО oП thО εCE vaХuОs on thО ПrОquОnМy oП thО magnОtiМ ПiОХН МhangО, 
- TОmpОraturО anН magnОtiМ ПiОХН rangОs oП obsОrvation oП thО rОvОrsibХО εCE, anН mОthoНs 

Пor inНuМing rОvОrsibХО magnОtostruМturaХ phasО transitions in wОaФ magnОtiМ ПiОХНs, 
- DОgraНation oП thО magnОtoМaХoriМ ОППОМt in МyМХiМ magnОtiМ ПiОХНs, 
- εОthoНs Пor Оstimating thО struМturaХ anН magnОtiМ Мontributions to thО ovОraХХ 

magnОtoМaХoriМ ОППОМt, 
- DiППОrОnМО oП thО εCE vaХuОs in thО rОgion oП magnОtostruМturaХ phasО transitions in thО 

hОating anН МooХing runs anН othОrs. 
 
This worФ is supportОН by RFBR, rОsОarМh proУОМt № 17-0β-011λ5. 
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ThО gОnОration oП mОМhaniМaХ ПorМОs via magnОtiМ ПiОХНs, thО so МaХХОН magnОto-mОМhaniМaХ 

ОППОМt, is a powОrПuХ manipuХation tooХ oП magnОtiМ nanopartiМХОs insiНО variabХО ОnvironmОnts. ThО 
Мombination oП aХtОrnating, statiМ or rotating magnОtiМ ПiОХН МonПigurations with magnОtiМ 
nanopartiМХОs aХХows transПormation oП ОХОМtromagnОtiМ to mОМhaniМaХ ОnОrgy. Thus, this option 
rОnНОrs magnОtiМ nanopartiМХОs usОПuХ in biomОНiМaХ rОsОarМh, as it is possibХО to ПunМtionaХizО thОm 
to spОМiПiМaХХy binН to maХignant МОХХ mОmbranОs anН inМur МОХХ НamagОs by ОxОrting magnОto-
mОМhaniМaХ strОssОs. In orНОr to proНuМО thОsО muХtimoНaХ ПiОХНs, a novОХ magnОto-mОМhaniМaХ 
НОviМО was НОsignОН, manuПaМturОН anН thoroughХy МharaМtОrizОН in tОrms oП ПiОХН paramОtОrs anН 
εNPs propОrtiОs. It Мonsists oП a rotating turntabХО, on whiМh НiППОrОnt magnОtiМ ПiОХН 
МonПigurations wОrО ОstabХishОН by arranging appropriatОХy МommОrМiaХ NН-FО-B pОrmanОnt 
magnОts. For ОaМh МonПiguration, thО ПiОХН graНiОnts anН mОМhaniМaХ ПorМОs aМting on НiППОrОnt 
magnОtiМ nanopartiМХОs, in tОrms oП sizО anН matОriaХ, wОrО МaХМuХatОН numОriМaХХy by using 
COεSOδ γ.5a εuХtiphysiМs. SuМh a НОviМО may bО ПurthОr impХОmОntОН, as a vОrsatiХО magnОtiМ 
ПorМО pОrПormОr, on МОХХuХar ОnvironmОnts, whОrО thО magnОtiМ nanopartiМХОs, ПoХХowing ОxtОrnaХ 
magnОtiМ ПiОХН variations, may ignitО МОХХuХar proМОssОs. 
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For prОМisО positioning anН НispХaМОmОnt sОnsing, using spin vaХvОs (SVs), a rОХiabХО mОthoН 

oП moНОХing oП intОraМtion oП thО magnОtiМ ПiОХН, proНuМОН by rОПОrОnМО ХabОХs, with thО magnОtiМ 
ХayОrs in thО GεR struМturО, is highХy important. In thО rОport, our mОthoН oП МaХМuХation oП thО 
spaМО МonПiguration oП magnОtiМ ПiОХН proНuМОН by a rОПОrОnМО magnОtiМ stripО oП НiППОrОnt shapО is 
prОsОntОН. In gОnОraХ, thО spaМО МomponОnts oП thО magnОtiМ ПiОХН vОМtor H(r) = {Hx, Hy, Hz} Мan bО 
writtОn as a graНiОnt oП ОХОМtromagnОtiМ potОntiaХ ϕμ 

,  (1) 
whОrО xi ={x,y,z}. Using thО OstrograНФy-Gauss thОorОm anН taФing into aММount thО sourМО 

oП magnОtiМ ПiОХН is ХoМaХizОН within thО stripО-ХabОХ wО gОt  

,  (β) 

 whОrО  is a ХoМaХ magnОtiМ momОnt within thО ХabОХ. For thО magnОtiМ stripО with magnОtiМ 
momОnt M0 anН thiМФnОss t, wiНth w anН ХОngth l, wО obtain Пor thО potОntiaХ at any point (x,y,z)μ 

 

)    (γ) 
 
ThО magnОtiМ ПiОХН spaМО Нistribution is usОН to ОstimatО thО ОППОМt oП thО ПiОХН on thО 

magnОtorОsistanМО oП thО SV struМturО НispХaМОН by a МОrtain НistanМО x0 Пrom thО magnОtiМ stripО. 
ThО ОППiМiОnМy oП thО magnОtorsistivО sОnsing ОППОМt oП thО GεR SV struМturО strongХy НОpОnНs not 
onХy Пrom thО strОngth oП magnОtiМ ПiОХН ОxОrtОН  In a simpХО approximation, thО magnОtiМ ПiОХН 
appХiОН at λ0o to thО uniaxiaХ anisotropy НirОМtion in thО oП thО ПrОО ХayОr in thО SV struМturО rotatОs 
thО magnОtiМ momОnt by thО angХО  

  = arМ Мos(MFHF/βKu),        (4) 
whОrО  MF anН HF arО magnОtiМ momОnt anН magnОtiМ ПiОХН aМting in thО ПrОО ХayОr oП SV 

struМturО. ThО magnОtorОsistanМО oП thО SV in this МasО is НОtОrminОН Пrom approximatО rОХation  
 RGεR = RGεR

0(1-Мos())/β      (5) 
In thО rОport thО sОnsing ОППiМiОnМiОs wiХХ bО МonsiНОrОН Пor a variОty oП thО mutuaХ positioning 

oП thО GεR sОnsor anН magnОtiМ ХabОХ. 
  
ThО worФ is supportОН  by Russian FounНation Пor BasiМ RОsОarМh ( grant  16-γβ-501λ1) 
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AПtОr Пirst НОmonstration oП miМroraНian НiППraМtion by using rОПraМtivО ХОnsОs [1], X-ray 
optiМs FouriОr transПorm mОthoН was usОН to stuНy photoniМ МrystaХs [β], aМoustiМ wavОs on a МrystaХ 
surПaМО [γ], pОrioНiМaХХy struМturОН МrystaХs [4] anН porous matrix. ThО main aНvantagОs oП this 
mОthoН arО thО possibiХity oП an ОxprОss anaХysО oП thО symmОtry anН pОrioНiМity oП thО obУОМt 
without prОХiminary sampХО prОparation anН possibiХity to anaХysО oП thО sampХО voХumО. For a Хong 
timО FouriОr transПorm mОthoН rОquirО a synМhrotron X-ray sourМО. 

In this worФ was НОmonstratОН Пor thО Пirst timО thО possibiХity to usО X-ray FouriОr transПorm 
mОthoН basОН on a rОПraМtivО X-ray optiМs at Хaboratory. ExpОrimОnt was МonНuМtОН at 
SynМhrotronδiФО SМiОnМО anН EНuМationaХ CompХОx in ImmanuОХ Kant BaХtiМ FОНОraХ UnivОrsity. 
WО usОН ExМiХХum εОtaХJОt miМroПoМus X-ray sourМО with GaХХium ХiquiН anoНО anН main 
МharaМtОristiМ Оmission ХinО λ.β5 KОV. WО usОН 17 bОryХХium paraboХiМ ХОnsОs with raНii oП 
МurvaturО 50 um. WО obtainОН miМroraНian НiППraМtion pattОrn Пrom Si griН with thО pОrioН  
1.5 um(Fig.1). 

 

Fig.1. A. SEε imagО oП thО Si griН with 1.5um pОrioН. . X-ray 
miМroraНian НiППraМtion pattОrn Пrom Si griН, rОМОivОН by FouriОr 
transПorm mОthoН at Хaboratory sourМО. 
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In this worФ thОrmopowОr S, magnОtothОrmopowОr ΔS/S, ОХОМtriМaХ rОsistivity ρ anН 
magnОtorОsistanМО ∆ρ/ρ wОrО stuНiОН in singХО-МrystaХs Sm(1-x)SrxεnOγ (x= 0.15, 0.β, 0,β5, 0.γ) anН 
NН(1-x)SrxεnOγ (x = 0.15, 0.β, 0.γ). ThО stuНy oП thО magnОtiМ propОrtiОs oП thОsО МompounНs 
showОН that thОy Мonsist oП ПОrromagnОtiМ МХustОrs ХoМatОН in A-typО antiПОrromagnОtiМ matrix. 
Giant nОgativО magnОtorОsistanМО, whiМh was obsОrvОН in thОsО МompounНs, inНiМatОs that thОsО 
ПОrromagnОtiМ МХustОrs bОХong to ПОrron typО. A sharp inМrОasО oП S anН absoХutО vaХuО oП nОgativО 
ΔS/S wОrО НisМovОrОН nОar CuriО tОmpОraturО TC, whОrО |ΔS/S| rОaМh giant vaХuОs, up to |ΔS/S| = 
λ4.5% in magnОtiМ ПiОХН oП 1γ.β ФOО. This mОans that thОrmopowОr is МausОН by prОsОnМО oП 
ПОrrons, as thО vaХuО oП thО thОrmopowОr sХumps with thО НОstruМtion oП ПОrrons МausОН by magnОtiМ 
ПiОХН or hОating oП sampХО ovОr TC. ThОrОПorО, thОrmopowОr in НopОН magnОtiМ sОmiМonНuМtors is 
НОtОrminОН by thО Нoping ХОvОХ anН voХumО oП thО sampХО. So, aПtОr НiviНing thО sampХО in two parts 
thОrmopowОr oП ОaМh part НОМrОasОН proportionaХХy thО voХumО oП thО sampХО. Thus, in НopОН 
magnОtiМ sОmiМonНuМtors thО vaХuО oП thОrmopowОr Мan bО МonsiНОrabХy inМrОasОН by ОnХarging thО 
voХumО oП sampХО, thО ХОvОХ oП Нoping anН ПurthОrmorО, Мan bО МontroХХОН by magnОtiМ ПiОХН.  

 

 
 

 

Fig. 1. TОmpОraturО НОpОnНОnМy oП 
thОrmopowОr oП  NН0.7Sr0.γεnOγ 

Fig. β. TОmpОraturО НОpОnНОnМy oП 
magnОtothОrmopowОr oП  NН0.7Sr0.γεnOγ 
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In this artiМХО НynamiМ rОsponsО oП ПОrroПХuiН is stuНiОН by anaХytiМ mОthoНs, sОt in Мonstant 
anН ПООbХО ХinОarХy-poХarizОН aХtОrnating magnОtiМ ПiОХНs. ThО ПОrroПХuiН is moНОХОН by a systОm oП 
soХiН singХО-Нomain sphОrОs suspОnНОН in an ОХongatОН МyХinНriМaХ vОssОХ whiМh ХargОr axis 
МoinМiНОs with thО НirОМtion oП thО statiМ anН aХtОrnating magnОtiМ ПiОХНs. ThО stuНy oП НynamiМ 
propОrtiОs is basОН on thО FoФФОr-PХanМФ-Brown Оquation. An aННitionaХ tОrm, suggОstОН in this 
worФ, is introНuМОН in thО FoФФОr-PХanМФ-Brown Оquation in orНОr to aММount Пor intОrpartiМХО 
МorrОХations in thО simuХatОН systОm [1]. This tОrm aХХows to taФО into aММount НipoХО-НipoХО 
intОraМtions at thО ХОvОХ oП thО moНiПiОН mОan-ПiОХН moНОХ oП thО Пirst orНОr (εεFε-1). ThО 
FoФФОr-PХanМФ-Brown Оquation НОsМribing intОrpartiМХО intОraМtions anН thО simuХtanОous ОППОМt oП 
Мonstant anН smaХХ magnОtiМ ПiОХНs, has bООn soХvОН anaХytiМaХХy. ThО oriОntation probabiХity НОnsity 
oП a ranНomХy МhosОn partiМХО is thО soХution oП thО Оquation.   

ThО obtainОН oriОntation probabiХity was usОН to НОtОrminО thО НynamiМ susМОptibiХity. ThО 
spОМtrum oП НynamiМ susМОptibiХity НОpОnНing on thО magnОtiМ ПiОХН strОngth is invОstigatОН in this 
worФ. An inМrОasО in thО intОnsity oП a Мonstant magnОtiМ ПiОХН that ХОaНs to a НОМrОasО in thО vaХuО 
oП thО imaginary maximum part is shown. AХso, a shiПt oП thО maximum oП thО imaginary part to thО 
ПiОХН oП high ПrОquОnМiОs is obsОrvОН. So, thО systОm rОХaxation timО is rОНuМОН. In thО ПiОХН oП Хow 
ПrОquОnМiОs, thО rОaХ part oП thО susМОptibiХity НОМrОasОs with thО inМrОasing oП thО magnОtiМ ПiОХН 
Мonstant. 

ThО obtainОН rОsuХts wОrО МonПirmОН by МomputОr simuХation (Dr PhiХip J. Camp, UnivОrsity 
oП EНinburgh).  

 
[1] A.O. Ivanov, Soft Matter 15, γ507 (β016). 
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ThО struМturО anН magnОtiМ propОrtiОs oП МompositОs maНО oП NiFО powНОr with various 

МonМОntrations anН shapОs oП partiМХОs wОrО invОstigatОН. FrОquОnМy НОpОnНОnМiОs oП pОrmittivity 
anН pОrmОabiХity oП thО МompositОs havО bООn mОasurОН anН НisМussОН. ThО powНОr partiМХОs oП 
various shapОs wОrО prОparОН by high-ОnОrgy miХХing oП pОrmaХХoy (81 voХ.% Ni, 1λ voХ.% FО) 
powНОr in organiМ mОНia. NiFО miМropartiМХОs wОrО НispОrsОН in paraППin wax, in НiППОrОnt voХumО 
ПraМtions. ThО pОrmittivity anН pОrmОabiХity oП thО МompositОs wОrО mОasurОН by thО NiМoХson-
Ross-WОir tОМhniquО in a 7/γ МoaxiaХ ХinО in thО ПrОquОnМy rangО oП 0.1γ to 10 GHz. ThО mОasurОН 
ПrОquОnМy НОpОnНОnМiОs oП thО matОriaХ paramОtОrs wОrО МomparОН with Фnown mixing ruХОs.  

It is shown that thО shapО oП thО partiМХОs МhangОs Пrom sphОrО to pХatОХОt with inМrОasО oП 
miХХing timО. ThО МhangО ХОaНs to a shiПt oП thО ПОrromagnОtiМ rОsonanМО (FεR) ПrОquОnМy anН 
magnОtiМ Хoss pОaФ to highОr ПrОquОnМiОs. With inМrОasО oП thО МonМОntration oП thО pОrmaХХoy 
partiМХОs in МompositО, thО magnОtiМ Хoss pОaФ shiПts to ХowОr ПrОquОnМiОs. It is shown that ХargОr 
Нamping oП thО FεR is МharaМtОristiМ Пor thО ХargОr partiМХОs НuО to thО МhangО oП thО magnОtiМ 
struМturО. 



IBCε - β017 

 λ6

THE ELECTRONIC STRUCTURE OF MAGNETIC D-IONS IN 
MANGANESE DOPED COPPER METABORATE Cu0.98Mn0.02B2O4 

K.N. BOδDВREVa,*, A.D. εOδCHANOVAa, E.ε. εOSHKONAb 
  

 

a
 InstitutО oП SpОМtrosМopy, Russian AМaНОmy oП SМiОnМОs, 108840 TroitsФ, εosМow, Russia 

b
 DОpartmОnt oП PhysiМs, NОw JОrsОy InstitutО oП TОМhnoХogy, 0710β NОwarФ, NОw JОrsОy, USA 

*Фn.boХНyrОv@gmaiХ.Мom 
 

εagnОtiМ matОriaХs with МompХОx МrystaХ anН magnОtiМ struМturО havО attraМtОН muМh attОntion 
bОМausО oП thОir intОrОsting propОrtiОs anН ПОaturОs. OnО oП thО brightОst rОprОsОntativОs oП suМh 
МompounНs is a МoppОr mОtaboratО CuBβO4. ThО МompounН НОmonstratОs a uniquО Мombination oП 
magnОtiМ, magnОtoОХОМtriМ, ХinОar anН nonХinОar optiМaХ propОrtiОs. 

ThО МoppОr mОtaboratО CuBβO4 has a МompХОx МrystaХ struМturО (SG I42d, Z=1β). εagnОtiМ 
Cuβ+ ions (S=1/β) in thО unit МОХХ oММupy two НiППОrОnt МrystaХХographiМ positions, 4b anН 8d. In both 
positions, МoppОr atoms arО squarО-МoorНinatОН, thО samО as in high-tОmpОraturО supОrМonНuМtors. 
Cu(4b) anН Cu(8d) magnОtiМ subХattiМОs orНОr at НiППОrОnt tОmpОraturОs, β1 K anН ~ 8 K, 
rОspОМtivОХy. εuХtipХО ПrustratОН anН nonПrustratОН antisymmОtriМ ОxМhangО intОraМtions within anН 
bОtwООn thО 4b anН 8d magnОtiМ subХattiМОs rОsuХt in a riМh МompХОx magnОtiМ phasО Нiagram.  

CuBβO4 Оxhibits unusuaХ optiМaХ propОrtiОs. RОМОnt stuНiОs oП ОХОМtroniМ absorption spОМtra oП 
CuBβO4 rОvОaХОН narrow zОro-phonon ХinОs (ГPδ) Пor aХХ transitions bОtwООn thО МrystaХ-ПiОХН-spХit 
3d-statОs oП Cuβ+ ions [1]. RОМОntХy wО havО ПounН a ХargО subХattiМО-sОnsitivО optiМaХ ХinОar 
НiМhroism (δD) in thО МrystaХХographiМaХХy isotropiМ ab-pХanО oП МoppОr mОtaboratО. δD is obsОrvОН 
on ГP ОxМiton ХinОs МonnОМtОН with thО Cu(4b) magnОtiМ subsystОm, it arisОs bОХow thО tОmpОraturО 
oП thО antiПОrromagnОtiМ orНОring oП this subsystОm [β]. WО ОХuМiНatОН thО naturО oП thО δD 
attributing it to thО magnОtiМ DavyНov spХitting. 

ThО prОsОnt worФ is НОvotОН to thО stuНy oП magnОtiМ phasО transitions in manganОsО-НopОН 
МoppОr mОtaboratО Cu1-xεnxBβO4 (x=0.0β). It was ОxpОМtОН that a Нoping with manganОsО МouХН 
ХОaН to intОrОsting nОw magnОtiМ ОППОМts. εОasurОmОnts wОrО МarriОН out both with anН without an 
appХiОН ОxtОrnaХ magnОtiМ ПiОХН. A stuНy oП thО absorption spОМtra aХХowОН us to ОstabХish thО NООХ 
tОmpОraturО oП МompounН (TN = 1λ K) anН maФО a Мomparison oП thО ОХОМtroniМ struМturОs oП purО 
anН НopОН mОtaboratОs. δinОar antiПОrromagnОtiМ НiМhroism assoМiatОН with magnОtiМ DavyНov 
spХitting has bООn obsОrvОН in Cu0.λ8εn0.0βBβO4 thО samО as in CuBβO4, but thО МharaМtОr oП thО 
magnОtiМ transitions is НiППОrОnt Пrom that Пor unНopОН mОtaboratО. AММorНing to thО tОmpОraturО 
НОpОnНОnМО oП thО δεD signaХs oП thОsО МompounНs (sОО. Fig. 1) wО Мan sОО that thО δεD signaХ oП 
Cu1-xεnxBβO4 is about 10 timОs ХОss than in purО mОtaboratО. ThО δεD sign oП Cu0.λ8εn0.0βBβO4 
unНОrgoОs МhangОs at tОmpОraturО T* = 7.0 K, morОovОr in Мontrast to thО purО mОtaboratО thОrО is 
no spХitting oП T* transition. 

ThО rОsuХts arО intОrОsting in thО МontОxt oП НОvОХopmОnt oП nОw rapiН magnОto-optiМaХ anН 
spintroniМs НОviМОs.  

Support oП thО Russian FounНation Пor BasiМ RОsОarМh (Grant No 15-0β-07451a) anН thО 
PrОsiНОnt oП thО Russian FОНОration (Grant К-γ577.β017.β) is aМФnowХОНgОН. 

 
[1] R.V. PisarОv, A.ε. KaХashniФova, O. SМhöps, δ.N. BОzmatОrnyФh, Phys. Rev. B 84, 075160 
(β011). 
[β] K.N. BoХНyrОv, R.V. PisarОv, δ.N. BОzmatОrnyФh, ε.N. Popova Phys. Rev. Lett. 114, β47β10 
(β015). 
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Our stuНy ПoМusОs on thО striМtion ОППОМt in magnОtiМ ОХastiМ hybriН matОriaХs, i.О. matОriaХs 
that arО МomposОН oП an ОХastiМ matrix (О.g. siХiМonО rubbОr) anН magnОtiМ partiМХОs ОmbОННОН in this 
matrix. Both magnОtiМaХХy harН anН soПt partiМХОs Мan bО usОН as a ПiХХОr, as wОХХ as a mixturО oП thО 
two [1-γ]. ThО propОrtiОs oП suМh МompositОs arО МontroХХabХО by mОans oП ОxtОrnaХХy appХiОН 
magnОtiМ ПiОХНs. ThО prОsОnМО oП a magnОtiМaХХy harН МomponОnt aХХows to tunО an initiaХ statО oП thО 
МompositО, Мhanging its rОmanОnМО magnОtization [4]. εorОovОr, by appХying a magnОtiМ ПiОХН 
Нuring МompositО poХymОrization, a spОМiПiМ miМrostruМturaХ anisotropy oП thО matОriaХ Мan bО 
aМhiОvОН. This rОsuХts in an aХtОrnatО matОriaХ bОhavior. OnО oП thО most appХiМation-oriОntОН 
paramОtОrs oП thО hybriН magnОtoaМtivО ОХastiМ МompositОs is thОir МontroХХabХО striМtion, whiМh 
proviНОs thО possibiХity to usО thОm as aМtuating ОХОmОnts [5]. 

In this stuНy wО ОxpОrimОntaХХy ОxaminО striМtionaХ (magnОtoНОПormationaХ) ОППОМts in 
magnОtiМ ОХastiМ hybriН МompositОs basОН on magnОtiМaХХy harН powНОr oП various morphoХogiОs 
unНОr thО inПХuОnМО oП an ОxtОrnaХХy appХiОН magnОtiМ ПiОХН. ThО ОППОМt oП powНОr МonМОntration, 
initiaХ ОХastiМity oП thО matrix, magnОtization oП thО sampХОs, as wОХХ as initiaХ miМrostruМturaХ 
anisotropy on thО inНuМОН mОМhaniМaХ strОss anН on thО ОХongation oП thО МompositОs is ОvaХuatОН. 
RОsuХts arО МomparОН with thО bОhavior oП МonvОntionaХ magnОtorhОoХogiМaХ ОХastomОrs [6,7] basОН 
on МarbonyХ iron powНОr. DОtaiХОН rОsuХts oП our invОstigations anН thОir НisМussion wiХХ bО 
prОsОntОН at thО МonПОrОnМО. 

 
FinanМiaХ support by DОutsМhО ForsМhungsgОmОinsМhaПt (DFG) unНОr Grant Bo γγ4γ/1-1 anН 

OН18/β4-1 within PAK λ07 proviНing thО basis Пor our invОstigations is gratОПuХХy aМФnowХОНgОН. 
G.S. wouХН ХiФО to aМФnowХОНgО thО support oП RFBR unНОr Grant 16-5γ-1β00λ. 
                                                                       

 
[1] G.V. StОpanov Оt aХ., Polym. Sci. Ser. A 56, 60γ–1γ (β014). 
[β] G.V. StОpanov, D.Вu. Borin, A.V. BaФhtiiarov, P.A StorozhОnФo, Smart Mater. Struct. 26, 
0γ5060 (β017). 
[β] J.ε. δinФО, D.В. Borin, S.OНОnbaМh, RSC Adv. 6, 100407–16 (β016). 
[4] D. Вu. Borin,G.V. StОpanov, S. OНОnbaМh, J. Phys.: Conf. Ser. 412, 01β040 (β01γ). 
[5] J.H. Koo, A. Dawson, H.-J. Jung, J. Intell. Mater. Syst. Struct. 23, 104λ-54  (β01β). 
[6] A.V. ChОrtoviМh Оt aХ., Macromol. Mater. Eng. 295, γγ6–γ41 (β010). 
[7] G.В. Гhou, Г.В. Jiang, Smart Mater. Struct. 13, γ0λ (β004). 
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ThО МaХМium hyНroxiНО (Ca(OH)β) nanopartiМХОs wОrО synthОsizОН НopОН with aХФaХi mОtaХs 
suМh as Potassium (K), δithium (δi) anН Barium (Ba) using simpХО prОМipitation mОthoН, anН 
МharaМtОrizОН thО struМturО by powНОr X-ray НiППraМtion pattОrn. FT-IR spОМtra wОrО rОМorНОН in 
visibХО (400-4000Мm-1) rangО to ПinН thО ПunМtionaХ groups prОsОntОН in thО sampХО. ExothОrmaХ 
rОaМtions wОrО anaХyzОН by TG-DSC spОМtromОtry anН stuНiОН thО phasО transitions (PОaФs obtainОН 
at 467.0λ°C, 4λ8.5°C, 460.8°C anН 460.8°C) НuО to aХФaХi mОtaХ impuritiОs. ThО partiМХО sizО anН 
surПaМО morphoХogy oП Ca(OH)β nanomatОriaХs wОrО ОxaminОН by FoМusОН Ion bОam-sМanning 
ОХОМtron miМrosМopО (FIB-SEε ), anН stuНiОН thО МhangОs in sizО anН shapО oП thО partiМХОs by 
mОans oП aХФaХi mОtaХs. ThО avОragО partiМХО sizО has obtainОН about 85-β00nm, anН it possОssОs 
ПinО hОxagonaХ shapО with МonsiНОrabХО thiМФnОss. PatОХ ПХowОr anН hОxagon ХiФО a shapО oП 
nanopartiМХОs havО appОarОН in K НopОН nanomatОriaХ, anН Хots oП ПinО hОxagonaХ shapОН partiМХОs 
havО prОsОntОН in δi НopОН nanopartiМХОs anН Ba НopОН nanopartiМХОs showing as muХti-ХayОrs oП 
hОxagon onО abovО thО othОr.  ThО banН gap oП Ca(OH)β nanopartiМХОs wОrО invОstigatОН to 
unНОrstanН thО rОaМtivity oП Ca(OH)β with aХФaХi mОtaХs using UV-VisibХО spОМtra. FinaХХy, thО 
DОnsity FunМtionaХ ThОory (DFT) anН thО TimО НОpОnНОnt-DОnsity ПunМtionaХ ThОory (TD-DFT) 
МaХМuХations havО aХso bООn НonО to МonПirm thО shapО anН banН gap oП titХО matОriaХ.  
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ThО МhОmiМaХ Мomposition oП thО sampХОs to bО stuНiОН signiПiМantХy aППОМt thО sampХО’s 
propОrtiОs. WhОn using purО matОriaХs Пor sputtОring, thО Мomposition is not a quОstion, but in thО 
othОr МasОs, thОrО is a nООН to МonПirm thО НОsirОН Мomposition.  ThО НОpth proПiХО anН thО ХayОrs 
НОnsitiОs arО aХso oП high importanМО. 

TraНitionaХХy, SEε+EDX or FIB+SEε+EDX, XRF or TXRF spОМtrosМopy, XRD anН In-
pХanО gОomОtry XRD, anН GDS arО usОН to ОvaХuatО thО Мomposition anН gОomОtriМaХ propОrtiОs oП 
ХayОrs. 

SEε Мan mОasurО ХayОrs Пrom thО ОНgО Мut oП a sampХО, but thО rОsoХution Мan bО insuППiМiОnt, 
aХso thО Хight ОХОmОnts in Хow МontОnt arО not Оasy to anaХyzО. FIB+SEε МapabХО oП ОvaХuating thО 
intОrПaМОs bОtwООn thО ХayОrs, anН Мan bО usОН Нuring thО sampХО proНuМtion, but is rathОr 
ОxpОnsivО. 

XRF is a nonНОstruМtivО anН gОnОraХ-purposО mОthoН, but it is ХimitОН by absorption oП thО 
sampХО, anН thО thiМФnОss ОvaХuation is a ФinН oП invОrsО probХОm, so to gОt thО thiМФnОss, onО 
shouХН bО surО oП Мomposition, anН maФО thО thiМФnОss МaХibration. 

TotaХ rОПХОМtion X-ray ПХuorОsМОnМО (TXRF) spОМtromОtОr Мan proviНО НОpth proПiХО 
inПormation by manipuХating grazing angХО (GI-XRF), but thО rОsuХts arО harН to intОrprОt anН aХso 
rОquirОs thО invОrsО probХОm soХution. 

ConvОntionaХ XRD is МapabХО oП mОasuring muХti-ХayОr struМturОs intОrПОrОnМО propОrtiОs 
(aММorНing To Bragg’s Хaw thus aХХowing prОМision ХayОr thiМФnОss НОtОrmination); In-pХanО 
gОomОtry XRD [β] proviНОs aХso МrystaХХinО sizОs oП intОrПaМОs, anН МrystaХХinО Пorm oП thО ХayОrs 
inПormation, but is aХso ХimitОН by X-Ray transparОnМy oП thО sampХОs. ThО sampХОs arО oПtОn not 
poХyМrystaХХinО, thus Хimiting a usО oП XRD. 

GХow DisМhargО SpОМtrosМopy[β] is a 
НОstruМtivО mОthoН anН is usОН to matОriaХs anaХysis 
sinМО thО 1λγ0s, anН wОХХ suitОН to muХti-ХayОr 
struМturОs mОasurОmОnts or iП a ПХat witnОss sampХО 
is avaiХabХО. εoНОrn МommОrМiaХХy avaiХabХО 
НОviМОs Мan havО intОrПОromОtОr to mОasurО 
thiМФnОss НirОМtХy, Мan proМОss МonНuМtivО anН non-
МonНuМtivО (МОramiМ or organiМ) sampХОs (rОquirО 
RF-sourМО); mОasurО non-mОtaХХiМ ОХОmОnts ХiФО C, 
H, O, CХ, N, S, P in Хow МontОnts, anН МonvОniОnt to 
usО. 

Our sОtup is basОН on an oХН δECO GDS-
400a spОМtromОtОr anН has moНiПiОН Нata 

aМquisition systОm to aХХow highОr rОsoХution simuХtanОous mОasurОmОnt anН muХti-ХayОr sampХОs 
anaХysis. Our ОxpОriОnМО inМХuНОs mОasuring PОrmОnНur, PОrmaХХoy, NiP-on-stООХ (sОО Пig.1) 
sampХОs, transПormОr stООХs anН sОvОraХ targОts Пor sputtОring. 

 
[1] httpμ//www.rigaФu.Мom/nОwsХОttОrs/mabu/ПОbβ016/RigaФuJournaХ_XRD.pНП 
[β] δ. δobo Оt aХ., J. Anal. At. Spectrom. 32, λβ0-λγ0 (β017). 
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ThО rОguХar shapО oП thО magnОtorОsistanМО as a 

ПunМtion oП appХiОН magnОtiМ ПiОХН, R(H), is important Пor 
numОrous spin vaХvОs appХiМations. NОvОrthОХОss, in many 
praМtiМaХ stuНiОs thО shapО oП thО R(H) МurvО is 
unprОНiМtabХy МompХiМatОН. ThО obsОrvОН R(H) ПОaturОs 
Мan bО oП НiППОrОnt naturО. HОrО, a simpХО tОМhniquО is 
proposОН whiМh aХХows intОrprОting thО R(H) ПОaturОs anН 
МaХМuХating R(H) МurvОs Пrom Фnown magnОtisation 
hystОrОsis M(H) Хoops oП ПОrromagnОtiМ ХayОrs, Мomposing 
spin vaХvОs. AnН viМО vОrsa, thО shapО oП thО hystОrОsis 
M(H) Хoops oП thО Мomposing ПОrromagnОtiМ ХayОrs Мan bО 
obtainОН Пrom R(H) МurvОs, as shown in Fig.1. ThО 
mОthoН НoОs not givО an insight into thО origins oП thО 
ПaМtors НОtОrmining thО shapО oП hystОrОsis Хoops, but it is 
suitabХО Пor prompt sОХОМtion oП promising spin vaХvО 
staМФs. A sОriОs oП spin vaХvО struМturОs was prОparОН anН 
thОir magnОtorОsistanМО МurvОs wОrО mОasurОН. Two 
ОxampХОs arО iХХustratОН in Fig.1, (a) Пor thО МasО oП smaХХ 
ОxМhangО bias МomparabХО with МoОrМivО ПiОХНs oП thО ПrОО 
(FF) anН pinnОН (PF) ХayОrs, i.О., whОn thО M(H) Хoops 
ovОrХap, anН (b) Пor thО МasО whОn thО ОxМhangО bias is 
ХargО Оnough, МomparОН with МoОrМivО ПiОХНs, thus thО 
M(H) Хoops Пor FF anН PF ХayОrs arО sОparatОН. Both 
МasОs arО oПtОn obsОrvОН in praМtiМО anН arО wiНОХy 
iХХustratОН in thО rОport. ThО anaХysis oП thО ОxpОrimОntaХ 
Нata НОmonstratОs thО МapaМity oП thО proposОН mОthoН. 
 
ThО worФ was supportОН by Russian FounНation Пor BasiМ 
RОsОarМh (RFFI grant 16-γβ-501λ1) 
 
 

 
a) 

 
b) 
Fig.1 ExpОrimОntaХ εR R(H) МurvОs 
(bХaМФ) with Пitting (rОН) anН НОrivОН 
hystОrОsis Хoops Пor FF anН PF ХayОrs 
(grООn) Пor МasОs oП 10nm- (a) anН 
β0nm-thiМФ (b) AF ХayОr. InsuППiМiОnt 
ОxМhangО bias (a) ХОaНs to 
supОrposition oП hystОrОsis Хoops thus 
to GεR НОМrОasО. 
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ThО struМturaХ anН magnОtotransport propОrtiОs oП poХyМrystaХХinО nonstoiМhiomОtriМ εnxSi1–x 
(x ≈ 0.51–0.5β) ПiХms grown by thО puХsОН ХasОr НОposition (PδD) tОМhniquО onto AХβOγ(0001) 
singХО МrystaХ substratОs at T = γ40◦C havО bООn stuНiОН. A highХight oП usОН PδD mОthoН is thО 
non-МonvОntionaХ “shaНow” gОomОtry (SG) with Kr as a sМattОring gas Нuring thО sampХО growth. 
ThО magnОtization oП thОsО ПiХms is НОtОrminОН by two ПОrromagnОtiМ phasОs; thО high-tОmpОraturО 
phasО with thО CuriО tОmpОraturО TC ≈ γ70 K anН thО Хow-tОmpОraturО onО with TC ≈ 46 K [1]. 

WО rОvОaХ thО МhangО in thО sign oП thО anomaХous HaХХ ОППОМt (AHE) in εnxSi1–x ПiХms, in 
whiМh at x ≈ 0.51–0.5β wО ОarХiОr obsОrvОН thО high-tОmpОraturО ПОrromagnОtism aММompaniОН by 
thО positivО AHE bОМoming morО pronounМОН with thО НОМrОasО in tОmpОraturО [β]. ThО ПiХms 
stuНiОН in [β] wОrО grown by thО PδD tОМhniquО using thО orНinary (“НirОМt”) gОomОtry (DG). WО 

ПinН that SG ПiХms, as wОХХ as thО DG ПiХms [β], 
Оxhibit a positivО AHE at high tОmpОraturО (> 100 
K). On МooХing, howОvОr, thО AHE МhangОs its sign 
in SG ПiХms at T ≈ γ0–50 K; thО spОМiПiМ vaХuО oП 
this tОmpОraturО НОpОnНs on thО thiМФnОss oП thО 
εnxSi1–x ПiХm. 

ThО rОsuХts Мan bО intОrprОtОН in tОrms oП thО 
struМturaХ sОХП-organization rОХatОН to thО Пormation 
oП two ХayОrs in thО МoursО oП ПiХm growth. ThОsО 
ХayОrs havО nОarХy thО samО МhОmiМaХ Мomposition 
but signiПiМantХy НiППОr in thО shapОs anН sizОs oП 
МrystaХХitОs. This ХОaНs to a НrastiМ НiППОrОnМО in thО 
vaХuОs oП TC anН in thО vaХuО anН thО sign oП thО 
AHE Пor suМh ХayОrs. As a rОsuХt thО AHE in SG 
ПiХms inМХuНОs thО Мontributions oП both positivО 
anН nОgativО МomponОnts (Fig. 1). ThО roХО oП thО 

ХattОr grows with thО ПiХm thiМФnОss anН ХowОring tОmpОraturО, ОspОМiaХХy at tОmpОraturОs bОХow 50 
K. In partiМuХar, this maniПОsts itsОХП in thО nОgativО sign oП thО HaХХ ОППОМt at Хow tОmpОraturОs 
(T ≤ γ0 K) anН at thО appХiОН magnОtiМ ПiОХН B ≥ 1 T(Fig. 1). 

ThО worФ was supportОН by thО RFBR (grant № 16-07-007λ8, 16-07-00657, 15-07-01160). 
 

[1] S.N. NiФoХaОv, AIP Adv. 6, 0150β0 (β016). 
[β] V.V. RyХФov, JETP Lett. 96, β55 (β01β).  
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Fig. 1. εagnОtiМ-ПiОХН НОpОnНОnМО oП thО HaХХ 
rОsistivity ρH(B) Пor thО sampХО with ПiХm 
thiМФnОss λ0 nm mОasurОН at НiППОrОnt 
tОmpОraturОs. 
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ThО truО sОts oП МrystaХ ПiОХН (CF) paramОtОrs havО bООn obtainОН Пor thО Пirst timО Пor a ПОw 

NН-basОН intОrmОtaХХiМ systОms with Хow ХoМaХ symmОtriОs at thО positions oП thО NН ions. ThО 
magnОtiМ ОxМitation spОМtra havО bООn mОasurОН by thО inОХastiМ nОutron sМattОring tОМhniquО on 
both singХО МrystaХs anН powНОr sampХОs, namОХy intОrmОtaХХiМs oП NН, γН mОtaХs anН thО main 
groups ОХОmОnts. ThО mОasurОmОnts wОrО pОrПormОН on thО tripХО-axis anН timО-oП-ПХight nОutron 
instrumОnts. In aННition, ОxpОrimОntaХ inПormation on thО spОМiПiМ hОat anН thО anisotropiМ statiМ 
magnОtiМ susМОptibiХity was taФОn into aММount. ThО mОthoН oП paramagnОtiМ impurity in a 
nonmagnОtiМ host matrix was usОН in a ПОw МasОs.  

ThО nОw approaМh ПoМusОН on a gХobaХ sОarМh in thО CF paramОtОrs spaМО (many inНОpОnНОnt 
paramОtОrs in thО Хow symmОtry МasО) was НОvОХopОН. ThО truО soХutions to thО CF probХОm proviНО 
gooН Пits oП thО nОutron spОМtra mОasurОН oП powНОr anН singХО МrystaХs as wОХХ as thО maМrosМopiМ 
Нata mОasurОН in a wiНО tОmpОraturО rangО. ThО approaМh НОvОХopОН in thО МurrОnt worФ is bОttОr 
suitОН Пor Хow symmОtry magnОtiМ systОms with ХoМaХizОН magnОtiМ momОnts than thО wiНОХy usОН 
phОnomОnoХogiМaХ mОthoН basОН on a ХoМaХ minimization proМОНurО whiМh proviНОs in many МasОs 
onХy a pХausibХО soХution to thО CF probХОm.  
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ThО ОxpОrimОntaХ rОaХisation oП МompounНs with a ХaННОr-ХiФО struМturО has МontributОН to thО 

intОnsО intОrОst in Хow-НimОnsionaХ quantum systОms. ThО ОxistОnМО oП a spin gap, magnОtisation 
pХatОaus, quantum МritiМaХ points anН supОrМonНuМtivity unНОr hoХО Нoping arО ОxampХОs oП ФОy 
physiМaХ propОrtiОs obsОrvОН in thО ХaННОr МompounНs. From thО stanНpoint oП quantum mОМhaniМs 
thО poХymОriМ Мhain in thО struМturО oП МoppОr triПХuoroaМОtatО Cu(CFγCOO)β is a zigzag haХП-intОgОr 
spin ХaННОr. HОrО, wО prОsОnt thО rОsuХts oП both ОxpОrimОntaХ anН thОorОtiМaХ stuНy oП this 
МompounН. 

ThО МrystaХ struМturО oП Cu(CFγCOO)β Мonsists oП thО magnОtiМ monoХayОrs МoupХОН by wОaФ 
van – НОr – VaaХs intОraМtion. ThО МoorНination ОnvironmОnt oП thО Cu atom is trigonaХ bipyramiНО 
with Cu-O НistanМОs oП 1.λ0λ-β.441 Å in ОНgО-sharing НimОriМ struМturaХ units. ThО НimОrs arО 
briНgОН into zig-zag ХaННОrs by O – C – O ХinФs. ThО ХaННОrs arО sОparatОН by isoХatОН CF6 units [1]. 

ThО physiМaХ propОrtiОs oП Cu(CFγCOO)β 
wОrО stuНiОН in mОasurОmОnts oП magnОtization M 
anН ОХОМtron spin rОsonanМО (ESR). ThО 
tОmpОraturО НОpОnНОnМО oП magnОtiМ susМОptibiХity 
 = M/B has bООn taФОn at B = 0.1 T. At ХowОring 
tОmpОraturО, thО signaХ passОs through broaН 
maximum anН risОs again at ХowОst tОmpОraturОs. 
This bОhavior is typiМaХ Пor thО spin-gap systОm 
with НОПОМts/impuritiОs. ThО Оstimation oП 
НОПОМts/impuritiОs МonМОntration n ~ 0.45% has 
bООn obtainОН Пrom M vs. B mОasurОmОnts at Хow 
tОmpОraturОs. ThО Пits oП (T) МurvО in isoХatОН 
НimОrs, МoupХОН НimОrs anН aХtОrnating Мhain 
moНОХs arО shown in Fig. 1. 

ThО tОmpОraturО ОvoХution oП ESR spОМtra in 
Cu(CFγCOO)β is НominatОН by rathОr intОnsО 
isotropiМ singХО ХinО δ1 oП δorОnzian ХinОshapО inНiМativО oП ОxМhangО narrowing at high 
tОmpОraturОs. This ХinО is МharaМtОrizОН by ОППОМtivО g-ПaМtor g = β.15 anН МouХН bО asМribОН to 
Cuβ+(S=1/β) ions in pyramiНaХ МoorНination. ThО intОgraХ ESR intОnsity ESR МomparОs ПavorabХy 
with thО statiМ magnОtiМ susМОptibiХity  Нata. 

ThО ОХОМtroniМ anН magnОtiМ propОrtiОs oП Cu(CFγCOO)β wОrО МaХМuХatОН using ViОnna ab-
initio simuХation paМФagО. For thО МaХМuХation oП thО ОxМhangО МoupХings J wО МaХМuХatОН totaХ 
ОnОrgiОs oП Пour magnОtiМ МonПigurations, Пrom whiМh onО may ПinН thrОО ОxМhangО Мonstants J = 
β78 K, Jβ = 1β.7 K, Jγ = - γ.6 K. ThО ХargОst is thО ОxМhangО МoupХing bОtwООn nОarОst nОighbors 
Пorming НimОrs. 
 
[1] E.V. Karpova, A.I. BoХtaХin, В.ε. KorОnОv, S.I. Troyanov, Russ. J. Coord. Chem. 26, γ61 
(β000). 

Fig. 1. ThО Пitting oП ОxpОrimОntaХ Нata 
(T) in various moНОХs. 
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Amorphous magnОtiМ aХХoys arО usОН in various НОviМОs as magnОtiМ МorОs anН magnОtiМ 

shiОХНing. ProtОМtion oП bioХogiМaХ obУОМts Пrom ОХОМtromagnОtiМ ПiОХНs is onО oП thО important 
ПunМtions oП magnОtiМ shiОХНing. ThО hОat trОatmОnt (HT) in air is a stanНarН mОthoН oП improving 
thО magnОtiМ propОrtiОs oП amorphous soПt magnОtiМ aХХoys. A high ХОvОХ oП magnОtiМ МharaМtОristiМs 
Мannot bО obtainОН without optimizing thО paramОtОrs oП hОat trОatmОnt.  

InПХuОnМО oП МooХing ratО upon in air hОat trОatmОnt (vМooХ) on magnОtiМ propОrtiОs anН 
magnОtization Нistribution in ribbons oП amorphous soПt magnОtiМ iron- anН МobaХt-basОН aХХoys with 
НiППОrОnt sign oП saturation magnОtostriМtion has bООn invОstigatОН in this worФ. SampХОs oП thО 
amorphous soПt magnОtiМ aХХoys oП FО-Ni-Si-B anН Co-FО-Ni-Cr-Si-B wОrО usОН. ThО sampХОs haН 
thО Пorm oП strips with НimОnsions 1β0 x 10 x 0,0β0 mm. ThО Нistribution oП magnОtizationμ rОХativО 
voХumОs oП Нomains with orthogonaХ (V ) anН pХanar magnОtization oriОntОН aХong (V180) anН 
transvОrsОХy (Vλ0) to thО ribbon axis was НОtОrminОН using thО author's mОthoН [1] with an Оrror oП 
about 5%. Errors in thО НОtОrmination oП magnОtiМ pОrmОabiХity arО about γ%. ThО sign oП thО 
magnОtostriМtion saturation was НОtОrminОН through thО inПХuОnМО oП ribbon surПaМО trОatmОnt by 
watОr on thО magnОtization Нistribution. ThО main rОsuХts arО prОsОntОН in thО TabХО 1. 

 
TabХО 1 

ThО ribbon statО vМooХ, 
oC/min max V , % V180, % Vλ0, %  

FО-Ni-Si-B, HT 
410 С, 5 minutОs, s>0 

15 γ0000 15.0 64 β1 γ.1 
40 4β000 1γ.0 76 11 6.λ 

Co-FО-Ni-Cr-Si-B, HT 
γ80 С, 10 minutОs, 
s<0 

15 440000 6,0 76 18 4,β 

40 415000 7,β 55 γ8 1,5 

 
It is sООn that thО maximum magnОtiМ pОrmОabiХity (max) inМrОasОs with inМrОasО in МooХing 

ratО Пor s>0, whiХО it НОМrОasОs Пor s<0. This bОhavior max is assoМiatОН with thО rОНistribution oП 
magnОtization in thО ribbon. ThО inМrОasО in МooХing ratО hОХps to rОНuМО V  Пor thО aХХoy FО-Ni-Si-
B anН inМrОasing thО magnОtiМ anisotropy in thО ribbon pХanО = V180/ Vλ0; inМrОasО V  anН 
НОМrОasО  Пor aХХoy Co-FО-Ni-Cr-Si-B. InМrОasing thО МooХing ratО МontributОs to thО prОsОrvation oП 
a grОatОr МonМОntration oП atoms oП hyНrogОn anН oxygОn, ОmbОННОН in thО ribbon surПaМО Нuring 
annОaХing in its intОraМtion with atmosphОriМ watОr vapor. In this МasО, mostХy ПХat tОnsiХО strОssОs 
arО inНuМОН. ThО Пormation oП a high МonМОntration oП atoms whiМh ОmbОННОН aМross thО axis in thО 
ribbon pХanО unНОr МooХing inНuМОs in this НirОМtion, thО psОuНo uniaxiaХ strОtМhing. ThО 
magnОtization is rОoriОntОН in thО НirОМtion oП thО tОnsiХО strОss at s>0 anН pОrpОnНiМuХar to this 
НirОМtion, iП s<0. 

 
ThО rОsОarМh was supportОН in part by proУОМt γ.61β1.β017. 

 
[1] N.A. SФuХФina Оt aХ., Izvestiya Akademii Nauk. Ser. Fizicheskaya 65, 10, 148γ (β001). 
[β] N.A. SФuХФina Оt aХ., The Physics of Metals and Metallography 117, 10, λ8β (β016).  
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It is Фnown that amorphous soПt magnОtiМ wirОs havО non-uniПorm magnОtiМ struМturО 

МonНitionОН by thО Пast quОnМhing tОМhnoХogy oП its proНuМing. ThОsО nonuniПormitiОs arisО НuО to 
hОtОrogОnОous rОsiНuaХ quОnМhing strОssОs in thО МorО anН outОr shОХХ oП thО wirО. ThОsО strОssОs 
МonНition a typО oП magnОtiМ anisotropy whiМh НОpОnН on thО magnОtostriМtion Мonstant sign oП thО 
matОriaХ. A magnОtoimpОНanМО spОМtrosМopy mОthoН is a high ОППОМtivО mОthoН Пor stuНy oП thО 
magnОtiМ struМturО ПОaturОs.   

A НОpОnНОnМО oП thО imaginary impОНanМО МomponОnt on thО ПrОquОnМy was invОstigatОН Пor 
thО amorphous soПt magnОtiМ Co66FО4Taβ.5Si1β.5B15 wirОs unНОr НiППОrОnt vaХuОs oП tОnsiХО ПorМО 
inПХuОnМО. ThО sampХОs’ ХОngth anН НiamОtОr wОrО γ0 mm anН 1γ0 m, rОspОМtivОХy. InvОstigations 
wОrО МarriОН out at thО automatizОН mОasuring МompХОx oП thО magnОtoimpОНanМО spОМtrosМopy in 
thО aМ ПrОquОnМiОs intОrvaХ oП (0.1 — 100) εHz anН tОmpОraturО rangО oП (1β0 — γ00) K. ThО 
maximaХ vaХuО oП thО mОМhaniМaХ strОssОs σ МrОatОН by tОnsiХО ПorМО anН НirОМtОН aХong thО sampХО’s 
ХОngth was 44γ εPa. 

 
Fig. 1. FrОquОnМy НОpОnНОnМОs oП thО impОНanМО imaginary МomponОnt oП thО 

Co66FО4Taβ.5Si1β.5B15 wirОs. ThО НОpОnНОnМОs wОrО obtainОН unНОr ОХastiМ tОnsiХО strОssОsμ 0, 74, 
148, βλ5 anН 44γ εPa anН tОmpОraturОsμ 1β0 K – a anН γ00 K – b. 

At thО НОpОnНОnМОs oП Zʹʹ(f) a sОМtion with НZʹʹ/Нf ≤ 0 was НОtОМtОН in thО tОmpОraturО rangО 
T = (1β0 – 160) K (Пig. 1, a). With thО ОХastiМ tОnsiХО strОssОs σ inМrОasО thО Zʹʹ(f) НОpОnНОnМО 
bОМomОs monotonО inМrОasing. In thО tОmpОraturО rangО oП T = (180 – γ00) K thО ПrОquОnМy 
inМrОasО ХОaНs to thО monotonО inМrОasО oП thО Zʹʹ Пor aХХ σ vaХuОs (Пig. 1, b).     ThОsО rОguХaritiОs arО 
ОxpХainОН by МhangО oП quОnМhing strОssОs inПХuОnМО on Пorming magnОtiМ anisotropy. This МhangО 
is oММurrОН as rОsuХt oП Мonstant magnОtostriМtion sign МhangО at thО tОmpОraturО T  = 170 K.  

This worФ was supportОН by a proУОМt part oП GovОrnmОnt AssignmОnt Пor SМiОntiПiМ RОsОarМh 
Пrom thО εinistry oП EНuМation anН SМiОnМО, Russia (№ γ.1λ41.β017). 
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DynamiМs oП magnОtization rОvОrsaХ oП thО εnSb МХustОrs ОmbОННОН in GaεnSb thin ПiХms 
has bООn stuНiОН [1]. ThО ХognormaХ Нistribution oП ПОrromagnОtiМ εnSb МХustОr sizОs П(D) has bООn 
ОxtraМtОН Пrom thО ПiОХН anН tОmpОraturО НОpОnНОnМОs oП magnОtiМ visМosity S(T,H) in GaεnSb thin 
ПiХms. An avОragО МХustОr НiamОtОr D=55 nm is in agrООmОnt with thО magnОtiМ ПorМО miМrosМopy 
Нata. εagnОtiМ anisotropy Мonstant γ.β·104 Оrg/Мmγ has bООn НОtОrminОН. ThО ПХuМtuation ПiОХН HF=7 
OО anН thО aМtivation voХumО VA=1.7·1016 Мmγ havО bООn МaХМuХatОН Пrom thО magnОtiМ visМosity 
Нata. StОppОН swООping oП thО magnОtiМ ПiОХН ОxpanНs thО winНows oП ОxpОrimОntaХХy НОtОМtabХО 
ПХuМtuations. ThО МhangО in thО rОvОrsaХ magnОtiМ ПiОХН proviНОs thО sМanning oП thО εnSb МХustОrs 
sorting thОm by ПХuМtuation timО (or ПrОquОnМy). 

ThО gОnОraХity oП thО proМОssОs oП spontanОous anН inНuМОН magnОtization rОvОrsaХ oП εnSb 
МХustОrs ОmbОННОН in GaεnSb thin ПiХms was ПounН. Kinship oП thОrmaХХy aМtivatОН anН ПiОХН-
inНuМОН proМОssОs oП magnОtization rОvОrsaХ rОПХОМtОН in thО ПaМt that thО maximum magnОtiМ ПiОХН 
НОpОnНОnМО oП thО visМosity oП S(H) МoinМiНОs with thО МoОrМivО ПiОХН HC oП sampХО. ThО anaХysis oП 
this ОxpОrimОntaХ ПaМt has aХХowОН to obtain a ПormuХa that ОstabХishОs a МonnОМtion oП thО HC with 
paramОtОrs oП moНОХ НОsМribing thО S(H) НОpОnНОnМО. This ПormuХa is iНОntiМaХ to thО wОХХ-Фnown 
KnОХХОr Хaw НОtОrminОН thО tОmpОraturО НОpОnНОnМО HC(T) oП non-intОraМting supОrparamagnОtiМ 
nanopartiМХОs [β]. 

ThО worФ was supportОН by thО Grant oП PrОsiНОnt oП Russian FОНОration, ProУОМt No. εK-
5754.β016.γ. 

 
[1] A.I. DmitriОv Оt aХ., JAP 119, 07γλ05 (β016). 
[β] E.F. KnОХХОr, F.E. δuborsФy, JAP 34, 656 (1λ6γ). 
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εОmristivО НОviМОs arО thО ФОy МontОnНОrs Пor thО НОvОХopmОnt oП muХtiХОvОХ nonvoХatiХО 
anaХog mОmoriОs anН paraХХОХ nОuromorphiМ Мomputing arМhitОМturОs [1]. In partiМuХar, mОtaХ oxiНО 
mОmristors havО ОmОrgОН as promising МanНiНatОs Пor harНwarО impХОmОntation oП artiПiМiaХ 
synapsОs in spiФing nОtworФs НuО to thОir ОxМОХХОnt sМaХing prospОМts [β]. εОmristors with Пast 
switМhing spООН, high ОnНuranМО anН Хong rОtОntion timО havО bООn rОportОН in various oxiНОs. 
Among mОtaХ oxiНОs thО δiNbOγ basОН systОm has ОmОrgОН as a promising МanНiНatО Пor thО 
ПunМtionaХ oxiНО ХayОr in mОmristivО НОviМОs [γ]. In thО prОsОnt worФ wО stuНy struМturaХ anН 
ОХОМtrophysiМaХ propОrtiОs oП (Co41FОγλBβ0)x(δiNbOγ)100-x nanoМompositО (δNO NC) ПiХms anН thОir 
possibХО appХiМation in spiФing nОuromorphiМ nОtworФs. 

ThО δNO NC ПiХms oП thiМФnОss γ µm wОrО synthОsizОН by ion-bОam sputtОring oП a 
МompositО targОt, aХХowing in a singХО МyМХО Пormation oП Co41FОγλBβ0 nanopartiМХОs in thО δiNbOγ 
matrix with oxygОn vaМanМiОs. ThО ПaМtor x was variОН in a rangО oП 5 – 48 at. %. For thО ПiХm with 
x ~ 10 at. % rОsistivО switМhing (RS) ОППОМt was obsОrvОН. RS is wОaФХy НОpОnНОnt on thО МontaМts 
matОriaХ (Cu, Cr) anН thО thiМФnОss oП thО δNO NC ХayОr. ThО numbОr oП switМhing МyМХОs 
(ОnНuranМО) ОxМООНs Nmax > 105, anН thО high-rОsistanМО to Хow-rОsistanМО statО ratio was RoПП/Ron = 
65. ThО obtainОН vaХuО oП Nmax is МomparabХО with thosО got in HПOβ-basОН mОmristors in whiМh, 
nОvОrthОХОss, RoПП/Ron ratio is signiПiМantХy smaХХОr, ~ 6. ThО inПХuОnМО oП magnОtiМ ПiОХН on thО RS 
ОППОМt was НОmonstratОН. 

ObsОrvОН RS ОППОМt is НОsМribОН by thО signiПiМant inПХuОnМО oП oxygОn vaМanМiОs on tunnОХing 
МonНuМtivity oП Мhains oП mОtaХ nanoМХustОrs, НОtОrmining thО ОХОМtriМaХ rОsistanМО oП struМturОs 
bОХow thО pОrМoХation thrОshoХН. ThО abiХity oП δNO NC mОmristivО НОviМОs to support thО spiФО-
timО-НОpОnНОnt pХastiМity was НОmonstratОН. ThОsО rОsuХts givО ОvОry hopО Пor stabХО opОration oП 
ПuturО ХargО nОuromorphiМ nОtworФs basОН on δNO NC mОmristivО НОviМОs. 

ThО worФ was partiaХХy supportОН by thО Russian SМiОnМО FounНation (16-1λ-10βγγ) anН 
pОrПormОН on thО RОsourМО CОntОr ПaМiХity (KurМhatov InstitutО). 

 
[1] A. V. EmОХyanov, D. A. δapФin, V. A. DОmin, Оt aХ., AIP Advances 6, 111γ01 (β016). 
[β] ε. PrОzioso, F. εОrriФh Bayat, B. HosФins Оt aХ., Sci. Rep. 6, β1γγ1 (β016). 
[γ] X. Pan, В. Shuai, C. Wu Оt aХ., Appl. Phys. Lett. 108, 0γβλ04 (β016). 
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THE HIGH-RESOLUTION RECIPROCAL-SPACE MAPPING BY 
REFRACTIVE X-RAY OPTICS  

P. ERSHOV a,b, S. KUГNETSOV М, V. ВUNKIN М, I. SNIGIREVA a,A. GOIKHεAN b, A. SNIGIREV a 
     

 

a ESRF, γ804γ GrОnobХО, FranМО 
b IKBFU, βγ6000 KaХiningraН, Russia 

М IεT RAS, 14β4γβ ChОrnogoХovФa, Russia 
 

ThО thirН-gОnОration synМhrotron togОthОr with rОПraМtivО optiМs havО opОnОН up nОw 
possibiХitiОs in thО stuНy oП miМrosМopiМ obУОМts.  Apart Пrom thО ОxМОХХОnt miМroПoМusing anН 
imaging appХiМations, onО oП thО most notabХО anН usОПuХ propОrtiОs oП МompounН rОПraМtivО 
ХОnsОs(CRδ) [1] is it’s intrinsiМ abiХity to pОrПorm onО or two НimОnsionaХ FouriОr transПorms. ThОsО 
propОrtiОs in thО МasО oП harН X-rays has bООn НОmonstratОН thОorОtiМaХХy [β] anН ОxpОrimОntaХХy 
[γ]. RОМОntХy it has bООn shown that thО smaХХ angХО НiППraМtion sОtup with CRδ as a FouriОr 
anaХysОr has thО miМroraНian anguХar rОsoХution. In thО prОsОnt worФ wО proposО rОПraМtivО optiМs as 
a FouriОr transПormОr oП high rОsoХution x-ray МrystaХ НiППraМtion. In this МasО thО wavО transmittОН 
through thО obУОМt transПorms into spatiaХ intОnsity Нistribution at thО obsОrvation pХanО aММorНing to 
thО FouriОr rОХations. CRδ arО wОХХ suitОН Пor thО FouriОr transПorm anaХysis in thО harН X-ray 
ОnОrgy rangО Пrom β to 100 ФОV.   

 
PiМ.1 SEε imagО oП Si-GО nano-hОtОrostruМturО(A) anН thОir FouriОr pattОrn pОrПormОН by CRδ(B). 

 
FurthОr НОvОХopmОnt oП FouriОr transПorm НiППraМtion tОМhniquОs  basОН on rОПraМtivО optiМs 

wiХХ МompХОmОnt a tripХО-МrystaХ НiППraМtomОtry rОsuХts. This tОМhniquО МouХН bО usОН to НОsign an 
X-ray НiППraМtion miМrosМopО simiХar to ОХОМtron miМrosМopО whОrО НiППraМtion pattОrn Мan bО 
switМhОН to ПuХХ-ПiОХН imagО. 

 
[1] A.SnigirОv, V.Kohn, I.SnigirОva anН B.δОngОХОr, Nature 384, 4λ-51 (1λλ6). 
[β] V.Kohn, I.SnigirОva, A.SnigirОv, Optics Communications 216, β47-β60 (β00γ). 
[γ] ε.DraФopouХos, A.SnigirОv, I.SnigirОva, J.SМhiХХing, Applied Physics Letters 86, 01410β (β005). 
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A TRIMORPHIC MAGNETOELECTRIC TRANSDUCER FOR ENERGY 
HARVESTING DEVICES 

F. FEDUδOV * 
 

εosМow TОМhnoХogiМaХ UnivОrsity (εIREA), 11λ454, VОrnaНsФy AvОnuО 86, εosМow, Russia 
*ostsiХograП@ya.ru 

 
AНvanМОmОnts in manuПaМturing proМОssОs havО ОnabХОН thО НОvОХopmОnt oП miniaturizОН 

miМroОХОМtroniМ НОviМОs with rОНuМОН powОr Мonsumption Пor appХiМations suМh as biomОНiМaХ 
НОviМОs anН portabХО ОХОМtroniМs [1, β]. OnО oП thО most probХОm in this sМopО rОmains a ХimitОН 
ХiПОtimО anН powОr oП thО battОriОs. 

A promising soХution to ovОrМomО this МhaХХОngО is НОvОХopmОnt oП НОviМОs, whiМh Мan 
МonvОrt ambiОnt ОnОrgy into ОХОМtriМ ОnОrgy anН storagО it Пor suppХying Хow-powОr ОХОМtroniМs 
(ОnОrgy harvОsting НОviМОs). NowaНays, somО НiППОrОnt typОs oП НОviМОs arО usОН Пor ОnОrgy 
harvОsting. Among thОm, magnОto-ОХОМtriМ ОППОМt basОН НОviМОs Мan gОnОratО rОХativОХy ХargОr output 
voХtagОs unНОr Хow magnОtiМ ПiОХНs. 

In this papОr a magnОtoОХОМtriМ ОnОrgy harvОstОr basОН on a thrОО-ХayОr pХanar struМturО is 
prОsОntОН. A piОzoОХОМtriМ (PE) ХayОr was pХaМОН bОtwООn two ПОrromagnОtiМ ХayОrs (Fε) with 
НiППОrОnt signs oП magnОtostriМtion. A МantiХОvОr bОam basОН on this struМturО was maНО. OnО ОnН oП 
thО bОam was ПixОН on thО massivО basО anН anothОr ОnН was ПrОО (ПigurО 1).  

 
FigurО 1. A trimorphiМ magnОtoОХОМtriМ ОnОrgy harvОstОr. 

 
PГT-1λ piОzoМОramiМs with НimОnsions oП γβ mm * 1β mm * 0.6 mm was usОН as a PE ХayОr. 

εОtgХas β605SγA εagnОtiМ AХХoy with НimОnsions oП γβ mm * 1β mm * 0.075 mm was usОН as a 
Fε matОriaХ with positivО magnОtostriМtion anН NiМФОХ with НimОnsions oП γβ mm * 1β mm * 0.075 
mm was usОН as a Fε matОriaХ with nОgativО magnОtostriМtion. AХХ ХayОrs wОrО bonНОН by mОans oП 
МyanoaМryХatО gХuО. 

During invОstigation thО harvОstОr was pХaМОН into aХtОrnating magnОtiМ ПiОХН h(t) anН Мonstant 
bias magnОtiМ ПiОХН H whiМh wОrО appХiОН aХong thО struМturО. εagnОtostriМtion oП thО Fε ХayОrs 
rОsuХtОН in its mОМhaniМaХ НОПormation. ThОsО НОПormations transПОrrОН to thО PE ХayОr anН an 
ОХОМtriМaХ voХtagО Uout was appОarОН aМross thО ХayОr. 

DuО to НiППОrОnt signs oП magnОtostriМtion thОrО is a possibiХity oП inМrОasing bОnНing momОnt 
oП thО struМturО anН thОrОby ОnhanМing sОvОraХ timОs oП output voХtagО.  

ThО rОsОarМh was supportОН by Russian FounНation Пor BasiМ RОsОarМh grant № 15-γβ-70006. 
 

[1] A.P. ChanНraФasan, N. VОrma, D.C. DaХy, Biomed. Eng. 10, β47-β74 (β008). 
[β] R. Roman, C. AХМaraza, J. δopОz, N. SФХavos, Computers & Electrical Engineering 37, β, 147–
15λ (β011). 
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FigurО 1. εagnОtoОХОМtriМ voХtagО, 
rОsonanМО ПrОquОnМy anН quaХity ПaМtor 
shiПt unНОr appХiОН ОХОМtriМ ПiОХН E. 

E-FIELD CONTROL OF ME EFFECT CHARACTERISTICS IN LAYERED 
COMPOSITE STRUCTURES 

δ. FETISOV *, D. CHASHIN, D. PδEKHANOVA, D. SAVEδIEV     

εosМow TОМhnoХogiМaХ UnivОrsity (εIREA), 11λ454, VОrnaНsФy AvОnuО 86, εosМow, Russia 
* ПОtisovХ@yanНОx.ru 

 
InvОstigation oП thО magnОtoОХОМtriМ ОППОМt in МompositО struМturОs havО rОМОivОН grОat 

attОntion in rОМОnt yОars НuО to thО prospОМts oП thОir appХiМation in highХy sОnsitivО sОnsors, 
mОmory НОviМОs, ОtМ. [1]. εagnОtoОХОМtriМ ОППОМt in ХayОrОН МompositО struМturОs is a rОsuХt oП 
Мombination oП magnОtostriМtion oП magnОtiМ ХayОr anН piОzoОППОМt oП piОzoОХОМtriМ ХayОr. δargО 
numbОr oП magnОtiМ matОriaХs with НiППОrОnt magnОtostriМtion Мonstants arО usОН Пor МompositО 
struМturОs ПabriМation thОrОПorО most oП thО worФs was НОvotОН to thО stuНy oП thО inПХuОnМО oП 
magnОtiМ ПiОХНs on εE МharaМtОristiМs. HowОvОr, 
rОМОntХy sОvОraХ nОw typОs oП piОzoОХОМtriМ matОriaХsμ 
piОzoОХОМtriМ singХО МrystaХs (δangatatО), piОzoОХОМtriМ 
poХymОrs (PVDF) anН piОzoОХОМtriМ sОmiМonНuМtors 
wОrО proposОН Пor εE МompositОs proНuМtion. 
ThОrОПorО, thОrО is grОat intОrОst in stuНy oП thО 
inПХuОnМО oП ОХОМtriМ ПiОХН on εE МharaМtОristiМs.  

In this papОr, wО stuНiОН inПХuОnМО oП thО 
ОХОМtriМ ПiОХН on thО МharaМtОristiМs oП thО εE ОППОМt 
in a МompositО struМturО basОН on a piОzoОХОМtriМ 
ХangatatО (δaγGa5.5Ta0.5O14 «Fomos-εatОriaХs» [β]) 
Пor thО Пirst timО. ThО ОxpОrimОnts wОrО МarriОН out 
on a two-ХayОrОН ХangatatО-amorphous magnОtiМ aХХoy 
(FОSiCB «εОtgХas InМ. ») struМturО. High voХtagО 
powОr suppХy moНОХ γβ0 was usОН to appХy Мonstant 
ОХОМtriМ voХtagО to thО struМturО. FigurО 1 shows thО 
НОpОnНОnМiОs oП thО εE voХtagО, rОsonanМО 
ПrОquОnМy anН rОsonanМО Q-ПaМtor on ОХОМtriМ voХtagО. 
εОasurОmОnts wОrО МarriОН out at rОsonanМО 
ПrОquОnМy oП pХanar aМoustiМ osМiХХations frОs = 
117,170 ФHz. ThО shiПt in thО rОsonanМО ПrОquОnМy 
anН Q ПaМtor Мan bО ОxpХainОН by thО НОpОnНОnМО oП 
thО НiОХОМtriМ Мonstant anН Вoung's moНuХus on thО 
ОХОМtriМ ПiОХН. 

 
ThО rОsОarМh was supportОН by Russian SМiОntiПiМ FounНation grant № 17-1β-014γ5. 

 
[1] Van SuМhtОХОn, Philips Res. Rep. 27, β8–γ7 (1λ7β). 
[β] G. SrООnivasuХu, δ.В. FОtisov, В.K. FОtisov, G. Srinivasan, Appl. Phys. Lett. 100, 05βλ01 
(β01β). 
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MAGNETO-OPTICAL PROPERTIES OF NANOCOMPOSITES 
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b VoronОzh TОМhniМaХ StatО UnivОrsity, VoronОzh, γλ40β6, Russia 

*Оagan @maiХ.ru  
 

CurrОnt worФ is НОНiМatОН to stuНying thО magnОto-optiМaХ rОsuХts oП nanostruМturОs basОН on 
transition matОriaХs with Мarbon. FiХms oП МarbonaМОous hОtОrogОnОous systОms wОrО obtainОН using 
ion-bОam sputtОring oП МompositО targОt on МОramiМ substratОs. ThОrО wОrО thrОО systОms 
synthОsizОН with wiНО rangО oП mОtaХХiМ phasО МonМОntrations - (Co41FОγλBβ0) (С)100-  (systОm 1), 
(Co45FО45Гr10) (C)100-  (systОm β) anН (Co) (C)100-  (systОm γ). PrОМipitation oП thО МompositОs has 
bООn МonНuМtОН Пor both argon ОnvironmОnt, anН Пor mixОН argon ОnvironmОnt with aНmixturО oП 
hyНrogОn. ThО ОХОmОntaХ Мomposition inПormation oП thО ПiХms was proviНОН using ОnОrgy-
НispОrsion x-ray OxПorН INCA EnОrgy β50 НОviМО on thО JEOδ JSε-6γ80 δV sМanning ОХОМtroniМ 
miМrosМopО. RОsОarМh oП thО МompositО struМturОs rОvОaХОН that aХХ thО МompositОs wОrО γ-phasО 
hОtОrogОnОous struМturОs anН bОsiНОs thО quantity anН typО oП thО МarbonaМОous phasО НОpОnНОН not 
onХy on C МonМОntration, but aХso on mОtaХХiМ granuХО ОХОmОntaХ Мomposition. 

εagnОto-optiМaХ propОrtiОs wОrО stuНiОН in thО ОnОrgy rangО oП 0.5 – 4.β ОV in thО TransvОrsaХ 
KОrr EППОМt (TKE) gОomОtry at magnОtiМ ПiОХНs oП up to γ е.  

TKE ПiОХН НОpОnНОnМОs anaХyzО shown that unХiФО prОviousХy stuНiОН “ПОrromagnОtiМ(Fε)-
НiОХОМtriМ” МompositОs [1] thО МurrОnt МompositОs НОmonstratО thО pОrМoХation thrОshoХНs (PT), 
whiМh wОrО НОtОrminОН by appОaring oП Fε-orНОr, that Нo not МorrОХatО with PT’s НОtОrminОН using 
transport mОasurОmОnts [β]. Fε-orНОr appОarОН in systОms 1, β anН γ at х ≥ γ5.4, γβ anН 54.5at% 
rОspОМtivОХy. AННing hyНrogОn to sputtОring ОnvironmОnt ХОН to TKE inМrОasО anН to shiПt oП thО 
pОrМoХation thrОshoХН towarНs highОr vaХuОs oП x. ShapОs oП systОm 1 TKE spОМtra wОaФХy НОpОnНОН 
on x. ThО ОvoХution oП systОm γ TKE spОМtra Нuring thО МonМОntration МhangОs inНiМatО a transition 
Пrom amorphous CoC granuХОs to a МristaХХiМ Co granuХОs in a Мarbon matrix, whiМh is in a gooН 
agrООmОnt with struМturaХ mОasurОmОnts. 

 
This rОsОarМh was supportОН by thО Russian FounНation Пor BasiМ RОsОarМhОs №15-0β-0β077 
 
[1] Gan'shina E.A., VashuФ ε.V., VinograНov A.N. Оt aХ., Journal of Experimental and Theoretical 

Physic 98 (5), 10β7 (β004). 
[β] A.A. AХОshniФov, Вu.E. KaХinin, Оt.aХ., Vestnik Voronezh State University 2 (11), 8γ (β01β). 
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RОМОntХy, thОrО has bООn growing intОrОst in thО НОvОХopmОnt oП novОХ matОriaХs Пor spintroniМ 
appХiМations. HОusХОr aХХoys, spОМiПiМaХХy so-МaХХОН invОrsО HОusХОr aХХoys [1] anН ОquiatomiМ 
quatОrnary HОusХОr aХХoys [β] havО bООn suggОstОН as a potОntiaХ МanНiНatО in this rОspОМt. First 
prinМipХОs thОorОtiМaХ МaХМuХations havО suggОstОН [γ] that εnβFОГ (Г = AХ, Ga, Si, GО, Sb) HОusХОr 
aХХoys Мan bО oП intОrОst Пor ОxpОrimОntaХ stuНiОs НuО to thОir potОntiaХ haХП-mОtaХХiМ propОrtiОs. 
ExpОrimОntaХ stuНiОs oП thО HОusХОr aХХoy with Г = Ga, εnβFОGa, havО shown that МrystaХ struМturО 
anН magnОtiМ propОrtiОs oП εnβFОGa strongХy НОpОnН on annОaХing МonНitions [4,5]. 

To ПurthОr ОxpХorО physiМaХ propОrtiОs oП this aХХoy, wО havО prОparОН εnβFОGa in thО Пorm oП 
poХyМrystaХХinО buХФ sampХОs by arМ-mОХting mОthoН anН in thО Пorm oП mОХt-spun ribbons by a mОХt 
spinning tОМhniquО anН pОrПormОН a МomparativО stuНy oП thО buХФ anН mОХt-spun sampХОs by X-ray 
НiППraМtion (XRD), magnОtiМ anН transport mОasurОmОnts. 

Room-tОmpОraturО XRD НiППraМtion rОvОaХОН that thО as-spun ribbons havО a primitivО МubiМ 
struМturО whiХО thО buХФ sampХОs Мonsist oП thО main phasО anН an impurity phasО. ThО main phasО 
МrystaХХizОs in a МubiМ HОusХОr struМturО. εagnОtiМ propОrtiОs oП thО mОХt-spun ribbons turnОН out to 
rОsОmbХО propОrtiОs oП antiПОrromagnОtiМ МompounНs whiХО ПОrromagnОtism was ОviНОnt in thО buХФ 
sampХОs. εОasurОmОnt oП ОХОМtriМaХ rОsistivity rОvОaХОН that transport propОrtiОs oП mОХt-spun anН 
buХФ sampХОs oП εnβFОGa arО aХso НiППОrОnt in a tОmpОraturО intОrvaХ 80 – γ60 K. WhiХО thО mОХt-
spun ribbons НОmonstratО bОhaviour oП ОХОМtriМaХ rОsistivity typiМaХ Пor sОmiМonНuМtors, thО buХФ 
sampХОs Оxhibit mОtaХХiМ bОhaviour oП thО rОsistivity in thО mОasurОН tОmpОraturО intОrvaХ. 

This worФ was supportОН by Russian SМiОnМО FounНation (grant No. 16-4β-0β0γ5). 
 

[1] X. Wang, Г. ChОng, J. Wang, X.-δ. Wang, G. δiu, J. Mater. Chem. C 4, 7176 (β016). 
[β] δ. BainsХa, K.G. SurОsh, Appl. Phys. Rev. 3, 0γ1101 (β016). 
[γ] H.Г. δuo, H.W. Гhang, Г.В. Гhu, δ. εa, S.F. Xu, G.H. Wu, X.X. Гhu, C.B. Jiang, H.B. Xu, J. 

Appl. Phys. 103, 08γλ08 (β008). 
[4] T. Gasi, A.K. NayaФ, J. WintОrХiФ, V. KsОnoПontov, P. AНХОr, ε. NiМФХas, C. FОХsОr, Appl. Phys. 

Lett. 102, β0β40β (β01γ). 
[5] Г.H. δiu, В.J. Гhang, H.G. Гhang, X.J. Гhang, X.Q. εa, Appl. Phys. Lett. 109, 0γβ408 (β016). 
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HОrО wО prОsОnt thО invОstigation oП miМrostruМturaХ anН magnОtiМ propОrtiОs oП (80-

x)%(δa0.7Sr0.γεnOγ)+β0%GОOβ+x%NaF (δSεO/GОO/NaF) МompositО matОriaХs Пor x = 0-0.β0. 
SynthОsis tОМhnoХogy anН magnОtorОsistivО propОrtiОs oП МompositОs basОН on Хanthanum-strontium 
manganitО without soНium ПХuoriНО arО НОsМribОН in [1]. For thО prОparation oП ПХuorinatОН 
МompounНs 5-β0 wОight pОrМОnt oП NaF was aННОН in thО stoiМhiomОtriМ mixturО oП δaβOγ, SrCOγ, 
εnβOγ, GОOβ at thО pОrМoХation thrОshoХН. CompositОs Мontaining NaF mainХy Мonsist oП hОxahОНraХ 
hoХХow tubОs anН НОmonstratО morО rОguХar miМrostruМturО than МompositОs with x=0 anН (Fig. 1). 
ThО aННition NaF to МompositО aХso ХОaНs to thО inМrОasing oП thО absoХutО vaХuО oП thО 
magnОtization in ПivО timОs (Fig. β). WО suggОst that thО rОpХaМОmОnt oП thО manganОsО ions oП 
ПХuorinО ХОaНs to thО МhangО in thО paramОtОrs oП thО НoubХО ОxМhangО anН improvОs thО 
ПОrromagnОtiМ propОrtiОs.  

 

 
Fig. 1. SEε imagОs oП δSεO/GОO/NaF МompositОsμ (a) x=0.1, (b) x=0.  
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Fig.β. (a) TОmpОraturО НОpОnНОnМО, (b) ПiОХН НОpОnНОnМО oП magnОtization in δSεO/GОO/NaF 
 

 
[1] Kabirov Вu.V. Оt aХ., Technical Physics Letters 42, β78 (β016). 
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HОrО wО prОsОnt thО invОstigations oП struМturaХ 

anН magnОtiМ propОrtiОs oП Cu-basОН МompounНs oП 
thО ХuНwigitО ПamiХyμ CuβGaBO5 anН Cuβ.5εn0.5BO5. 
ThО CuβGaBO5 anН Cuβ.5εn0.5BO5 singХО МrystaХs 
wОrО synthОsizОН by thО ПХux mОthoН in thО Пorm oП 
orthogonaХ prisms (Fig. 1). ThО synthОsizОН sampХОs 
havО a monoМХiniМ symmОtry anН bОХong to thО Pβ1/М 
spaМО group. ThО important pОМuХiarity oП 
Cuβ.5εn0.5BO5 МomparОН CuβGaBO5 is thО prОsОnМО 
oП two Jahn-TОХХОr Мations in thО struМturО. BОМausО 
oП thО strong Нistortions oП thО nОarОst surrounНings 
oП εn anН Cu ions thО originaХ magnОtiМ struМturО is 
ОxpОМtОН. ThО typiМaХ ПОaturО oП thОsО МompounНs is a 
prОsОnМО oП quasi-Хow НimОnsionaХ ОХОmОnts - 
ribbons, ХaННОrs, zigzag waХХs. εorОovОr, mОtaХ ions 
Пorm trianguХar groups in most МompounНs, whiМh 
originatОs gОomОtriМ prОrОquisitО Пor Пrustrations 
rising in thО systОm. In thОsО quasi-Хow НimОnsionaХ 
МompounНs, a whoХО rangО oП intОrОsting ОППОМts is 
obsОrvОН, О.g. МhargО orНОring anН two magnОtiМ 
subsystОms ОxistОnМО, whiМh orНОr at НiППОrОnt 
tОmpОraturОs. TОmpОraturО НОpОnНОnМiОs oП magnОtiМ 
susМОptibiХity oП Cuβ.5εn0.5BO5 arО prОsОntОН in 
Fig. β. FiОХН-thОrmaХ НОpОnНОnМiОs oП thО 
magnОtization mОasurОmОnts rОvОaХОН thО 
paramagnОtiМ-ПОrrimagnОtiМ phasО transition at TМ≈80 
K. ThО bОhavior oП magnОtization is paramagnОtiМ at 
tОmpОraturОs T=100 K anН 150 K, whiХО thО narrow 
hystОrОsis Хoop is obsОrvОН at 5K НuО to thО prОsОnМО 
oП thО ПОrromagnОtism in thО sampХО (Fig.γ).  

This worФ was supportОН by thО RFBR no 17-
0β-00λ5γ. 

 

Fig.1. OptiМaХ imagО oП CuβGaBO5 МrystaХs
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CoO nanopartiМХОs Мan Оxist with a МrystaХ struМturО oП wurtzitО anН zinМ bХОnНО, unХiФО a 
roМФ-saХt struМturО, whiМh is МharaМtОristiМ Пor thО buХФ. HowОvОr, thО magnОtiМ struМturОs oП wurtzitО 
anН zinМ bХОnНО phasОs rОmain unФnown. ThО nОutron НiППraМtion stuНiОs wОrО pОrПormОН in CoO 
nanopartiМХОs with wurtzitО (~ γ0 nm) anН zinМ bХОnНО (~ 15 nm) МrystaХ struМturОs to unravОХ 
magnОtiМ orНОr anН its tОmpОraturО ОvoХution. ThО magnОtiМ struМturО in wurtzitО nanopartiМХОs 
turnОН out to bО МompХОx with two pОrpОnНiМuХar МomponОnts. OnО МomponОnt is inМommОnsuratО, 
δongituНinaХ Spin WavО typО with thО momОnts aХignОН within thО ab-pХanО. In thО pОrpОnНiМuХar 
НirОМtion, aХong with thО hОxagonaХ axis, this magnОtiМ orНОr is unМorrОХatОН Пorming pronounМОН 
quasi-two-НimОnsionaХ magnОtiМ ХayОrs. AnothОr МomponОnt oП thО magnОtiМ momОnt, aХong with 
thО hОxagonaХ axis, is МommОnsuratО anН МorrОsponНs to thО antiПОrromagnОtiМ orНОr Фnown as thО 
β-thО typО oП wurtzitО struМturО. ThО tОmpОraturО НОpОnНОnМiОs МonПirm suМh arrangОmОnt. 

In Мontrast to wurtzitО nanopartiМХОs, thО magnОtiМ orНОr in thО zinМ bХОnНО nanopartiМХОs 
appОarОН to bО МommОnsuratО, antiПОrromagnОtiМ, МorrОsponНing to thО γ-th typО oП magnОtiМ 
orНОring in thО ПММ ХattiМО simiХar to thО buХФ. εagnОtiМ momОnts wОrО ПounН to bО aХignОН aХong a 
МubО ОНgО. 

ThО inМommОnsuratО magnОtiМ struМturО in nanopartiМХОs is an unusuaХ phОnomОnon anН in thО 
МasО oП wurtzitО CoO, it is probabХy МausОН by thО "staМФing  ПauХts" typО НОПОМts in thО anisotropiМ 
МrystaХ struМturО oП wurtzitО at thО nanosМaХО. 
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ThО Ni-εn-basОН HОusХОr aХХoys with thО struМturaХ ПormuХa XβВГ bОХong to thО most stuНiОН 
intОrmОtaХХiМ МompounНs НuО to a variОty oП intОrОsting physiМaХ ОППОМts inhОrОnt to thОm, inМХuНing 
thО shapО mОmory ОППОМt, magnОtoМaХoriМ ОППОМt anН ПiОХН-inНuМОН struМturaХ phasО transition [1, β]. 
ThОsО ОППОМts arО mainХy basОН on thО martОnsitiМ transПormations, i.О. a Пirst-orНОr struМturaХ 
transition Пrom high-tОmpОraturО МubiМ austОnitiМ phasО to a Хow tОmpОraturО martОnsitiМ phasО 
(orthorhombiМ, monoМХiniМ ОtМ). TОmpОraturО anН НynamiМs oП thО martОnsitiМ transition arО vОry 
sОnsitivО to thО МonМОntration oП thО ОХОmОnts in this typО oП aХХoys [γ, 4]. 

WО rОport thО rОsuХts oП invОstigation oП poХyМrystaХХinО Ni-εn-In anН Ni-εn-Ga thin ПiХms 
with thiМФnОssОs about 50 nm, grown by puХsОН ХasОr НОposition. ThrОО НiППОrОnt approaМhОs oП 
Пormation wОrО ОxaminОН with abХation Пromμ i) Ni-εn-In (or Ni-εn-Ga) aХХoy targОt with МОrtain 
МonМОntrations;  ii)  thrОО inНОpОnНОnt targОts oП purО mОtaХs (Ni, εn anН In or Ga) using two ХasОrs; 
iii) Ni-εn-In (or Ni-εn-Ga) targОt with onО ХasОr anН Мo-НОposition oП εn by sОМonН ХasОr. 

AХХ ХistОН mОthoНs oП thin ПiХms ПabriМation arО suitabХО Пor Пormation oП Ni-εn basОН HОusХОr 
aХХoys thin ПiХms with martОnsitiМ transПormation, but МarОПuХ sОХОМtion oП growth paramОtОrs is 
rОquirОН to avoiН НropХОts. DОpОnНОnМОs oП stoiМhiomОtry transПОr МoОППiМiОnts Пrom НОposition 
paramОtОrs wОrО obsОrvОН. 

ThО martОnsitiМ transition ПОaturОs wОrО invОstigatОН using magnОtiМ (PhysiМaХ PropОrty 
εОasurОmОnt SystОm - PPεS, vibrating sampХО magnОtomОtОr - VSε), struМturaХ (X-Ray 
НiППraМtion - XRD) anН ОХОМtroniМ (HarН X-ray PhotoОХОМtron SpОМtrosМopy - HAXPES) tОМhniquОs. 
It was shown, that magnОtiМ attributОs oП martОnsitiМ transition, obsОrvОН by PPεS, arО in a wiНОr 
tОmpОraturО rangО (about β00 K), than struМturaХ onОs, stuНiОН by X-ray НiППraМtion (about λ0 K). 
BroaН tОmpОraturО rangО oП transition (about β00 K) was obsОrvОН Пor ОХОМtroniМ struМturО 
invОstigation oП thО vaХОnМО banН, proviНОН by HAXPES on P0λ bОamХinО at PETRA III 
synМhrotron sourМО. 

It was shown that Мo-НОposition oП aХХoy anН εn targОt is morО aММОptabХО in thО МontОxt oП 
МonМОntrations variation anН НropХОt НОnsity. 

 
[1] J.δiu, T. GottsМhaХХ, K.P.SФoФov, J.D.εoorО, O.GutПХОisМh, Nature Materials 11, 6β0–6β6 
(β01β). 
[β] P. KХaОr, H. C. HОrpОr, P. EntОХ, R. NiОmann, δ. SМhuХtz, S. FтhХОr, H. J. EХmОrs, Phys. Rev. B 
88, 174414 (β01γ). 
[γ] ThorstОn KrОnФО, εОhmОt AМОt, anН EbОrharН F. WassОrmann, XaviОr εoya, δХuís εañosa, 
anН Antoni PХanОs, FОrromagnОtism in thО austОnitiМ anН martОnsitiМ statОs oП Ni-εn-In aХХoys, 
Phys. RОv. B 7γ,17441γ (β006). 
[4] T. GraП, C. FОХsОr, S.S.P. ParФin, Progress in Solid State Chemistry 39, 1-50 (β011). 
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NОwХy НОvОХopОН ОxpОrimОntaХ tОМhniquОs aХХowОН Мombining magnОtiМ partiМХОs anН 
poХymОrs. ThОsО tОМhniquОs maФО it possibХО to МrОatО a МОrtain aggrОgatОН struМturОs with ПinОХy 
МontroХХabХО mОМhaniМaХ, magnОtiМ anН othОr propОrtiОs. HОrО, wО invОstigatО magnОtiМ ПiХamОnts 
with НiППОrОnt topoХogiОs maНО out oП ПОrromagnОtiМ sphОriМaХ anН ОХХipsoiНaХ nanopartiМХОs - simpХО 
opОn Мhains anН МХosОН rings whiМh arО thО grounН statОs oП НipoХar harН partiМХОs [1,β] Using 
δangОvin НynamiМs simuХations, wО anaХysО НiППОrОnt propОrtiОs oП singХО ПiХamОnt oП НiППОrОnt 
МonПormations, ХОngth anН tОmpОraturО (thО ОnН-to-ОnН НistanМО, raНius oП gyration, totaХ magnОtiМ 
momОnt). On Fig. 1 two typОs oП ПiХamОnts arО prОsОntОН. To НОsМribО partiМХОs shapО anisotropy wО 
usО paramОtОr X0 (sОmiaxis ratio Пor ОХХipsoiН). DiППОrОnt oriОntation oП magnОtiМ momОnt insiНО thО 
partiМХОs Пor ПiХamОnts maНО out ОХХipsoiНs is aХso invОstigatОН. Thus, wО show that shapО oП 
partiМХОs, thО sizО oП thОir magnОtiМ momОnt, tОmpОraturО anН ПiХamОnt’s ХОngth Мan signiПiМantХy 
МhangО МonПormation anН propОrtiОs oП a singХО ПiХamОnt. ThОsО rОsuХts wiХХ Пorm thО basis Пor 
НОvОХoping thОorОtiМaХ moНОХs anН proviНО rОМommОnНations Пor thО НОsign oП novОХ 
magnОtorОsponsivО systОms. 
 

 
Fig. 1. ExampХОs oП ПiХamОnts. ThО ХОngth oП ПiХamОnts ОquaХ to 10 anН squarО oП partiМХОs magnОtiМ 

momОnt is ОquaХ to 8. 
 
[1] ProФop’Оva, JETP 113, 4γ5 (β011). 
[β] KantoroviМh, Soft Matter 9, 65λ4 (β01γ). 



IBCε - β017 

 118

STRUCTURAL PROPERTIES OF PARTIALLY SUBSTITUTED BARIUM 
HEXAFERRITE 

S.A. GUDKOVA a,b, *, D.A. VINNIK a, D.A. ГHEREBTSOV a 
   

a South UraХ StatОUnivОrsity, 454080, δОnin pr. 76, ChОХyabinsФ, Russia 
b εosМow InstitutО oП PhysiМs anН TОМhnoХogy (StatОUnivОrsity), 141700, InstitutsФiy pОr. λ, 

DoХgopruНny, εosМow RОgion, Russia 
*svОtХanaguНФova@yanНОx.ru 

 
ThО magnОtiМ inНustry pays thО attОntion to thО hОxaПОrritОs НuО to thОir high МhОmiМaХ anН 

tОmpОraturО stabiХity anН magnОtoМrystaХХinО anisotropy. Barium hОxaПОrritО is wОХХ-Фnown matОriaХ 
Пor thО mОmory НОviМОs. But nowaНays BaFО1βO1λ is intОrОstОН Пor thО miМrowavО appХiМation 
bОМausО oП thО substitution abiХity. This papОr НОvotОs barium hОxaПОrritОs struМturaХ propОrtiОs 
invОstigation inМХuНОs thО thОrmaХ stabiХity МharaМtОristiМs. Barium hОxaПОrritО tabХОts prОparОН by 
thО sintОring mОthoН anН singХО МrystaХs obtainОН by ПХux tОМhniquО wОrО МhosОn Пor thО rОsОarМh. 
Iron oxiНО FОβOγ anН barium МarbonatО BaCOγ wОrО usОН as initiaХ МomponОnts with batМh 
Мomposition oП 8β.λβ wt. % FОβOγ anН 17.08 wt. % BaCOγ. SampХОs wОrО МaХМinatОН in pХatinum 
МruМibХОs in a horizontaХ SiC tubО ПurnaМО with maximum tОmpОraturО 1450 °С. Both МomponОnts 
wОrО mixОН anН grinНОН in an agatО mortar Нuring 1 hour. ThО rОsuХtОН powНОr was rОgrounНОН anН 
prОssОН into pОХХОts. SingХО МrystaХs wОrО pОrПormОН Пrom ХОaН anН iron oxiНОs anН barium МarbonatО 
by thО ПХux growth tОМhniquО. ThО mixturО was grounН in an agatО mortar anН ПiХХОН in a γ0 mХ 
pХatinum МruМibХО. ThО МruМibХО was pХaМОН in an ovОn ОquippОН with a rОsistivО hОatОr. To 
homogОnizО thО ОНuМts, thО ПurnaМО was maintainОН at 1β60 °C Пor γ h. ThО ПХux was МooХОН Нown 
to λ00 °C with a ratО oП 4.5 K/h, ПoХХowОН by a morО rapiН МooХing by turning oПП thО ПurnaМО. ThО 
МrystaХs wОrО sОparatОН Пrom thО soХiНiПiОН mОХt by ХОaМhing in hot nitriМ aМiН. 

ThО МhОmiМaХ Мomposition oП thО sampХОs wОrО НОtОrminОН by ОnОrgy НispОrsivО spОМtromОtОr 
OxПorН INCA X-max 80 attaМhОН to a sМanning ОХОМtron miМrosМopО JОoХ JSε7001F. ThО МrystaХ 
struМturО was НОПinО by thО a powНОr НiППraМtomОtОr RigaФu UХtima IV in thО anguХar rangО Пrom 10 
to λ0 °βθ with thО spООН oП β °βθ/min with ПiХtОrОН CuKα raНiation. ThО CuriО tОmpОraturОs wОrО 
mОasurОН using a НiППОrОntiaХ sМanning МaХorimОtОr (DSC) NОtzsМh STA 44λC JupitОr anН aХso with 
thО usО oП НiХatomОtОr NОtzsМh DIδ 40βC in thО rangО Пrom β00ºC to 800ºCby thО anaХysis oП thО 
НОpОnНОnМО thОrmaХ Оxpansion oП thО hОating tОmpОraturО.  

AХХ thО sampХОs rОvОaХ thО struМturО oП BaFО1βO1λ. ThО НiППОrОntiation МurvО oП thОrmaХ 
Оxpansion НОpОnНОnМО oП hОating tОmpОraturО shows thО maximum at 455 ºC that is МonsistОnt with 
thО CuriО tОmpОraturО mОasurОН by DSC Пor singХО anН poХy МrystaХs.  

ThО МoОППiМiОnt oП thОrmaХ Оxpansion Пor pОХХОts НoОs not НОpОnН on thО axis anН ОquaХs to 
11,βγλ × 10-6 1/K. For thО singХО МrystaХ thО МoОППiМiОnt oП thОrmaХ Оxpansion mОasurОН aХong thО М 
axis ОxМООНs morО than twiМО thО vaХuО oП thО МoОППiМiОnt oП thОrmaХ Оxpansion mОasurОН aХong thО a 
axis anН ОquaХs 16,414× 10-6 1/K. AХso, Пor singХО МrystaХs, thО ОППОМt oП thОrmaХ МomprОssion was 
obsОrvОН with an inМrОasО in thО hОating tОmpОraturО. For thО isotropiМ pОХХОts thО МomprОssion 
ОППОМt is not notiМОН. 

ThО worФ was supportОН by GovОrnmОnt oП thО Russian FОНОration (AМt β11, МontraМt № 
0β.A0γ.β1.0011) anН by thО Russian FounНation Пor BasiМ RОsОarМh (№ 16-08-0104γ). AННitionaХХy 
thО worФ was partiaХХy supportОН by thО εinistry oП EНuМation anН SМiОnМО oП thО Russian 
FОНОration (№ 4.1γ46.β017/PP). 
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ThО appХiМation oП ПОrritО-garnОt ПiХms with pХanar anisotropy to visuaХisО magnОtiМ ПХuxОs 

МrОatОН by МurrОnts in supОrМonНuМting matОriaХs is an ОППОМtivО rОsОarМh mОthoН [1]. In [β] by thО 
НОpОnНОnМО oП thО normaХ МomponОnt oП thО ПiОХН НОtОrminОН Пrom magnОto-optiМaХ mОasurОmОnts, 
by mОans oП thО invОrsО FouriОr transПorm, thО possibiХity oП НОtОrmining thО magnОtisation pattОrn 
in thО ПiОХН sourМО was shown. 

In our worФ, thО possibiХity oП topography oП thО pХanar МomponОnt oП an inhomogОnОous ПiОХН 
Пrom thО magnОto-optiМaХ imagОs (εOI) oП this ПiОХН in magnОtiМ mОtaХ ПiХms with pХanar anisotropy 
is shown. ThО mОthoН oП topography is basОН on Пixing thО МoorНinatОs in thО xy pХanО oП thО 
positions oП thО singuХar points oП thО εOI whОn an ОxtОrnaХ uniПorm magnОtiМ ПiОХН is appХiОН. 

For thО obsОrvation oП thО εOI, thО mОriНionaХ KОrr mОthoН was usОН with rОМorН thО normaХ 
anН pХanar magnОtization МomponОnts in thО inНiМator ПiХm. In thО ОxpОrimОnt, miniaturО magnОts 
wОrО usОН as thО sourМО oП thО inhomogОnОous ПiОХН, thО magnОtiМ momОnts oП whiМh wОrО oriОntОН 
pОrpОnНiМuХarХy (M║n)  anН paraХХОХ (M n)  to thО pХanО oП thО inНiМator ПiХm. HОrО n is thО normaХ 
to thО pХanО oП thО inНiМator ПiХm. 

In thО absОnМО oП an ОxtОrnaХ ПiОХН, εOI 
Мontain onО (ПigurО 1a, iП M║n) or two (iП 
Mn) singuХar points oП sourМО or sinФ typО 
[γ]. ThО appХiМation oП a homogОnОous 
ОxtОrnaХ ПiОХН paraХХОХ to thО pХanО oП thО 
inНiМator ПiХm inНuМОs thО appОaranМО oП 
singuХar points oП thО "saННХО" typО (ПigurО 1b)  
. At singuХar points, thО totaХ ПiОХН 
HR=Hin+Hex= 0, or МomponОntwisО Hinx=Hx, 
Hiny= Hy. ThО inМrОasО oП thО ПiОХН ХОaНs to thО 
МonvОrgОnМО oП saННХО-shapОН points anН thО 
oП "sourМО", "sinФ" anН thОir mutuaХ МoХХapsО.  
Using this motion, wО obtain thО НОpОnНОnМО 
X, В (HОx), whiМh wО thОn transПorm into thО 
МoorНinatО НОpОnНОnМО oП thО inhomogОnОous 
ПiОХН H(x, y). 
 

 
 
[1] δ.A. DorosinsФii, ε.V. InНОnbom, V.I.NiФitОnФo, В.A.Ossip’yan, A.A.PoХyansФii, V.K VХasФo-
VХasov, Physica C 203, 14λ (1λλβ). 
[β] S. DrОyОr, J. Norpoth, C. Jooss, S. SiОvОrs, U. SiОgnОr, V. NОu, T. H.  JohansОn, J. Appl. Phys. 
101, 08γλ051 (β007). 
[γ] Ivanov V. E. Journ. Magn. Magn. Mater. 401, β00 (β016). 

FigurО 1. εO imagings oП a pХanО МomponОnt oП 
thО stray ПiОХН oП a singХО magnОt (a) in thО 
absОnМО oП a ПiОХН anН (b) in an ОxtОrnaХ 
homogОnОous ПiОХН. 
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UnivОrsity, βγ6004, NОvsФogo 14, KaХiningraН, Russia 

b SibОrian StatО εОНiМaХ UnivОrsity, 6γ4050, δОnin avО. 50, TomsФ, Russia  
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PhysioХogiМ МonНitions oП МОХХ viabiХity arО gОnОratОН in vitro by a miМroОnvironmОnt НОsign 
inМХuНing hyНroНynamiМs (МОХХ biorОaМtors, miМroПХuiНiМs), gas transport, МhОmiМaХ Мomposition anН 
topography oП ОxtraМОХХuХar matrix [1], surПaМО ПrОО ОnОrgy anН wОttabiХity [β], anН ОХОМtromagnОtiМ 
ПiОХН [γ]. NОw miМroПХuiНiМs tОМhnoХogy “Хab-on-a-Мhip” [4], anН “МОХХs-on-a-Мhip” [5] wОrО 
НОvОХopОН Пor МОХХ МuХturing anН manipuХation. CurrОntХy, ОХОМtromagnОtiМ twООzОrs НОsign [6] has 
bООn МurrОntХy rОМognizОН as novОХ prospОМtivО НirОМtion oП МОХХ bОhavior МontroХ. ThО invОstigation 
was МarriОН out to ОstimatО stromaХ stОm МОХХs rОaМtion on ОХОМtromagnОtiМ ПiОХН with statО-oП-thО-art 
appХiМation oП ФnowХОНgО Пor НОsigning oП nОw gОnОration oП ОХОМtromagnОtiМ twООzОrs.  

FirstХy, mini-НОviМО “Autonomous ОХОМtrostimuХator oП gastrointОstinaХ traМt” (AES GIT) 
pОrmittОН Пor МХiniМaХ appХiМation was usОН Пor mousО bonО marrow МoХony Пorming units oП 
ПibrobХasts (CFU-Fs) in vitro proМОssing. It gОnОratОs puХsО МurrОnt with puХsО Нuration 5-7 ms, 
МurrОnt intОnsity (I) λ-15 mA, anН 16 puХsО paМФОts Нuration γβ0-450 ms. CaХМuХatОН totaХ ОnОrgy 
НОnsity oП ОХОМtromagnОtiМ (Eε) ПiОХН with intОrОХОМtroНО voХtagО (U) 4.5 V in МОХХ МuХturО mОНium 
variОН in thО rangО oП W=0.1-γ.6 J/Мmγ НОpОnНing on timО НОposition oП 5-180 min. CFU-Fs growth 
was ОstimatОН in sОmisoХiН МuХturО mОНium as НОsМribОН ОarХiОr [7]. 

SОМonНХy, МurrОnt magnОtiМ twООzОrs (CεT) with I=0.γ A, U=0.β5 V, anН strОngth oП a 
magnОtiМ ПiОХН on surПaМО oП wirО 17.6 mT was tОstОН in short-tОrm ХiquiН МuХturО oП human 
aНiposО–НОrivОН muХtipotОnt mОsОnМhymaХ stromaХ МОХХs (hAεεSCs) Пor 1β0 min. 

 
TabХО 1 - AES GIT НosО-НОpОnНОnt inПХuОnМО bonО marrow mОsОnМhymaХ stromaХ МОХХs, X 

TimО oП НОposition, min 0 5 10 β0 γ0 60 1β0 180 
CFU-Fs numbОr, % 100 1β00* 1λ00* 1600* 1000* 5600* 400 0* 

NotОμ   *) – signiПiМant НiППОrОnМОs with point 0 aММorНing to εann-WhitnОy tОst. 
 
RОsuХts oП AES GIT in vitro usagО arО shown in TabХО 1. Both positivО anН nОgativО impaМt 

on stОm МОХХs was rОvОaХОН. HowОvОr, marФОН Мorrosion oП stООХ ОХОМtroНОs oП mini-НОviМО proposОН 
thО Нopants unМontroХХОН ОППОМt on МОХХ МuХturО. So, CTε-basОН “МОХХ bioМhip” with Мuprum wirОs 
isoХatОН by siХiМon НioxiНО was МonstruМtОН anН haН no toxiМ aМtion on hAεεSCs aНhОsion to gХass 
substratО anН viabiХity. Thus, novОХ gОnОrations oП twООzОrs nООН to ФООp in minН ambivaХОnt naturО 
oП МОХХ rОaМtion on ОХОМtromagnОtiМ ПiОХН. 

 
[1] N. SniaНОМФi Оt aХ., Ann Biomed Eng 34, 5λ (β006). 
[β] δ. PonsonnОt Оt aХ., Mater SciEng C 23, 551 (β00γ). 
[γ] J. FОrriОr Оt aХ., J Cell Physiol 129, β8γ (1λ86). 
[4] R. Khamsi, Nature 435, 1β (β005). 
[5] J. EХ-AХi Оt aХ., Nature 442, 40γ (β006). 
[6] V. BОssaХova Оt aХ., JMMM 415, 66–71, (β016). 
[7] I. KhХusov Оt aХ., Bull Exp Biol Med 128, 116β (1λλλ). 
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ANOMALOUS HARD X-RAY FOCUSING BY NICKEL REFRACTIVE LENS 

N. KδIεOVA a,*, P. ERSHOV a, V. KOHN b, A. ROGAδEV М, I. SNIGIREVA М, A. SNIGIREV a 
      

a ImmanuОХ Kant BaХtiМ FОНОraХ UnivОrsity, βγ6004, NОvsФogo 14, KaХiningraН, Russia 
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М EuropОan SynМhrotron RaНiation FaМiХity, GrОnobХО, FranМО 
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DОspitО thО suММОssПuХ usО oП X-ray rОПraМtivО optiМs at synМhrotron X-ray sourМОs [1], 

quОstions rОХatОН to thО spОМtraХ ПОaturОs oП bОam ПoМusing as a promising НirОМtion in thО 
НОvОХopmОnt oП anaХytiМaХ mОthoНs oП rОsОarМh havО not yОt bООn МonsiНОrОН. In partiМuХar, this 
appХiОs to issuОs rОХatОН to anomaХous НispОrsion absorption НisМontinuitiОs in matОriaХs. UsuaХХy thО 
НОpОnНОnМО oП thО rОПraМtivО inНОx on thО wavОХОngth is monotonous (a monotonous ПunМtion, 
whiМh, iП it МhangОs with inМrОasing vaХuО oП thО argumОnt, thОn onХy in onО НirОМtion). HowОvОr, 
НisМontinuous МhangО is obsОrvОН in anomaХous rОПraМtion bОМausО oП thО rОsonanМО naturО oП thО 
intОraМtion oП X-rays with spОМiПiМ (НОПinОН) МhОmiМaХ ОХОmОnts. 

ThО ХaМФ oП intОrОst in suМh typО oП rОsОarМh is НuО to thО ОxtrОmОХy ХimitОН sОt oП 
instrumОntation Пor stuНying thО ОППОМts assoМiatОН with rОПraМtion. In orНОr to ПiХХ this gap, wО 
invОstigatОН thО ПoМusing propОrtiОs oП a niМФОХ rОПraМtivО ХОns, НОpОnНing on thО ОnОrgy in thО 
rОgion oП K-ОНgО absorption oП niМФОХ, whiМh is 8.γγβ8 ФОV aММorНing to [β].ThО mОasurОmОnts 
wОrО МarriОН out at thО εiМro OptiМs TОst bОnМh at thО ESRF ID06 bОamХinО. ThО НОsirОН ОnОrgy 
was sОХОМtОН by МryogОniМaХХy МooХОН Si (111) НoubХО МrystaХ monoМhromator, whiМh proviНОs thО 
ОnОrgy rОsoХution 0.5 ОV. SingХО Ni ХОns with a 50- m raНius oП МurvaturО anН a thiМФnОss oП 1 mm 
was usОН. ExpОrimОntaХХy was obsОrvОН thО abrupt МhangО oП thО ПoМaХ ХОngth in thО orНОr oП γ0% 
nОar thО niМФОХ absorption K-ОНgО. ThО ХОns paramОtОrs suМh as thО ХОns ОППОМtivО apОrturО anН thО 
sizО oП thО ПoМaХ spot was МhangОН НisМontinuousХy. AММorНing to thО МaХМuХations, this МhangО in thО 
ПoМaХ ХОngth МorrОХatОs with thО naturО oП thО МhangО in thО rОПraМtivО inНОx anН thО assoМiatОН Пorm 
ПaМtor, whiМh maФОs it possibХО to obtain thО paramОtОrs oП thО matОriaХ unНОr stuНy by НirОМt 
rОПraМtion mОasurОmОnts. A possibiХity oП НОtОrmining thОsО paramОtОrs Пor НiППОrОnt aХХoys anН  
muХtiphasО matОriaХs wiХХ bО НisМussОН. 
[1] A. SnigirОv, V. Kohn, I. SnigirОva, B. δОngОХОr, Nature 384, 4λ – 51 (1λλ6). 
[β] K. SОviОr, AtomiМ ОХОМtron binНing ОnОrgiОs. At. Data Nucl. Data Tables 24, γβγ–γ71.(1λ7λ). 
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EQUILIBRIUM PROPERTIES OF MAGNETIC FILAMENT SUSPENSION 
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εagnОtiМ ПiХamОnt is a Мhain oП magnОtiМ miМro- or nanopartiМХОs, whiМh arО pОrmanОntХy 

МonnОМtОН with poХymОr ХinФОrs. ThО suspОnsion oП nanosizОН ПiХamОnts in a non-magnОtiМ МarriОr 
ХiquiН is a pОrspОМtivО smart matОriaХ, whiМh is potОntiaХХy abХО to МombinО sОНimОntation stabiХity 
oП stanНarН ПОrroПХuiНs anН substantiaХХy ХargОr magnОtiМ susМОptibiХity. In thО prОsОnt worФ, somО 
ОquiХibrium propОrtiОs oП magnОtiМ ПiХamОnt suspОnsion arО invОstigatОН via δangОvin НynamiМs 
simuХation. InitiaХ magnОtiМ susМОptibiХity oП suspОnsion is МaХМuХatОН Пor НiППОrОnt vaХuОs oП 
magnОtiМ phasО МonМОntration, partiМХОs’ magnОtiМ momОnt, anН ПiХamОnts’ ХОngth. It is shown that 
maniПoХН inМrОasО in susМОptibiХity Мan bО aМhiОvОН through thО inМrОasО in ПiХamОnt ХОngth. 
HowОvОr, Пor moНОratОХy МonМОntratОН systОms susМОptibiХity growth is ХimitОН anН thО usagО oП 
ПiХamОnts, whiМh Мontain morО than tОn partiМХОs, sООms to bО supОrПХuous.  SОНimОntation oП 
ПiХamОnts in a strong gravitationaХ (МОntriПugaХ) ПiОХН is simuХatОН. It is shown that ОquiХibrium 
vОrtiМaХ Нistribution oП magnОtiМ phasО in ПiХamОnt suspОnsion is МХosО to thО Нistribution oП unХinФОН 
magnОtiМ nanopartiМХОs with ХargО magnОtiМ momОnts. 

 
Support by FASIE is aМФnowХОНgОН (agrООmОnt No. 8λ54 /β015). 
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BistabХО ПОrromagnОtiМ miМrowirОs arО oП high intОrОst Пor appХiМations in a variОty oП 
magnОtoОХastiМ sОnsors [1]. Aim oП this worФ is to stuНy Нomain waХХ nuМХОation proМОss in 
ПОrromagnОtiМ miМrowirОs with thО Оmphasis on МonnОМtion bОtwООn ХoМaХ nuМХОation ПiОХН anН 
anisotropy Нistribution within thО МrossОМtion oП thО wirО. 

ThО thОorОtiМaХ ПounНation oП thО proМОss НОsМription basОН on thО thrОО-НimОnsionaХ 
HОisОnbОrg moНОХ.  A ФОy part oП thО rОsОarМh is ОxtraМtion oП anaХytiМ МorrОХations bОtwООn thО 
ХoМaХ nuМХОation ПiОХН, matОriaХ paramОtОrs anН anisotropy Нistribution by mОans oП sМaХing 
proМОНurОs suppХОmОntОН by numОriМaХ simuХations oП thО Нomain nuМХОation proМОss. AssumОН 
anisotropy Нistribution is basОН on thОorОtiМaХ МaХМuХations oП ChiriaМ Оt aХ. [β]. 

ThО main rОsuХt is that thО ХoМaХ nuМХОation ПiОХН strongХy НОpОnНs on thО ratО oП anisotropy 
МhangО anН not on its maximum or avОragО vaХuО in thО buХФ. ThО numОriМaХ simuХations МХОarХy 
show that thО nuМХОation proМОss oП a Нomain waХХ starts at thО point, whОrО thО anisotropy МhangОs 
Пrom axiaХ to raНiaХ nОar thО surПaМО oП thО mОtaХХiМ МorО oП thО wirО. 

ThО rОsuХts МХОarХy show that thО bОhaviour oП bistabХО ПОrromagnОtiМ miМrowirОs Мan bО 
propОrХy unНОrstooН onХy iП wО taФО into aММount an aММuratО anisotropy Нistribution within thО wirО. 
AННitionaХХy, thО simuХations oП Нomain waХХ nuМХОation within thО wirО may aХso bring nОw insight 
into thО rОmagnОtisation proМОss anН hОХp in ОxpХaining thО unusuaХ, ОХongatОН shapО oП a moving 
Нomain waХХ [γ] as wОХХ as ОxtrОmОХy high propagation spООНs [4]. 

 
[1] A. ГhuФov, JMMM 242–245, β16–ββγ (β00β). 
[β] H. ChiriaМ, T. A. Óvпri, Gh. Pop, PRB 52, 14, 10104 (1λλ5). 
[γ] δ.V. Panina, ε. Ipatov, V. ГhuФova, A. ГhuФov, Physica B 407, 144β1445 (β01β). 
[4] A. ГhuФov, J.ε. BХanМo, ε. Ipatov, A. ChizhiФ anН V. ГhuФova, Nanoscale Research Letters 7, 
ββγ (β01β). 



IBCε - β017 

 1β4

IRON OXIDE NANOPARTICLES DRIVE DIFFERENT MECHANISMS OF 
CELLULAR DEATH DEPENDING ON THEIR SHAPE AND SURFACE 

E. δEVADA a,*, ε. EFREεOVA b, A. NIKITIN b, A. εAJOUGA b, A. DEJNEKA О, V. RODIONOVA М, 
ε. δUNOVA Н, ε. JIRSA Н, O. δUNOV О 

        
 

a CОntОr Пor FunМtionaХizОН εagnОtiМ εatОriaХs (Funεagεa), ImmanuОХ Kant BaХtiМ FОНОraХ 
UnivОrsity, βγ6041 KaХiningraН, GaУНara 6, Russia 

b ChОmistry DОpartmОnt, δomonosov εosМow StatО UnivОrsity, 11λλλ1, δОninsФiО gory 1, 
εosМow, Russia 

М ImmanuОХ Kant BaХtiМ FОНОraХ UnivОrsity, βγ6004, NОvsФogo 14, KaХiningraН, Russia 
Н InstitutО Пor CХiniМaХ & ExpОrimОntaХ εОНiМinО, ViНОnsФa 1λ58/λ, PraguО, 140β1, CzОМh RОpubХiМ 

О InstitutО oП PhysiМs oП thО AМaНОmy oП SМiОnМОs oП thО CzОМh RОpubХiМ, Na SХovanМО 1λλλ/β, 
PraguО, 18ββ1, CzОМh RОpubХiМ 
*ФatОryna.ХОvaНa@gmaiХ.Мom 

 
Introduction. SpОМiПiМaХХy НОsignОН anН surПaМО ПunМtionaХizОН nanopartiМХОs hoХН grОat 

promisО Пor biomОНiМaХ appХiМations. CurrОntХy, thО appХiМabiХity oП nanopartiМХОs is grОatХy 
prОНОtОrminОН by thОir surПaМО ПunМtionaХization. At thО momОnt, nanomatОriaХs arО wiНОХy tОstОН 
Пor both НiagnostiМs anН targОtОН trОatmОnt oП МanМОr. HowОvОr, Пor thО НОvОХopmОnt oП ОППiМiОnt anН 
saПО nanopartiМХО-basОН trОatmОnts, НiagnostiМs anН thОrapy, it is МruМiaХ to ОstabХish systОmatiМ 
invОstigations oП aНvОrsО ОППОМts oП nanomatОriaХs.  

Methods. ThО aim oП this stuНy was to invОstigatО how 4 typОs oП magnОtiМ nanopartiМХОs 
with FОγO4 МorО (TabХО 1) aППОМt МОХХ survivaХ anН НОath signaХing. TaФing in Мount that iron oxiНО 
nanopartiМХОs prОНominantХy aММumuХatО in thО ХivОr aПtОr i.v. aНministration, wО МhosО human 
hОpatoМОХХuХar МarМinoma HuH7 МОХХ ХinО as a moНОХ Пor assОssmОnt oП nanopartiМХО inНuМОН ХivОr 
toxiМity. CytotoxiМity was assОssОН by WST-1 assay. ImmunobХotting was utiХizОН to iНОntiПy thО 
signaХХing pathways aППОМtОН by nanopartiМХО trОatmОnt.  

Results. WО ПounН that aХХ typОs oП nanopartiМХОs inНuМОН МОХХ НОath in timО anН МonМОntration 
НОpОnНОnt mannОr. InНООН, НiППОrОnt typОs oП nanopartiМХОs inНuМОН НistinМt МОХХ НОath pathways. 
NP1 НispХayОН highОr amount oП nОМroptosis marФОr RIPγ in Мomparison to untrОatОН МОХХs anН МОХХs 
trОatОН with thО othОr nanopartiМХОs. NPβ as wОХХ as NPγ nanopartiМХОs inНuМОН apoptosis via 
МaspasО γ aМtivation. NPγ but not thО othОr tОstОН nanopartiМХОs aХso aМtivatОН МonvОrsion oП δCγI to 
δCγII inМrОasing CaspasО γ МХОavagО anН suggОsting ХysosomaХ ХОaФagО. SurprisingХy, NP4 
nanopartiМХОs НiН not show marФОН МОХХ НОath mОМhanism at 6 hours.  

Discussion. ThОsО Нata suggОst that moХОМuХar mОМhanisms oП МОХХ НОath strongХy НОpОnН on 
thО nanopartiМХО typО. Our rОsОarМh proviНОs ПunНamОntaХ ФnowХОНgО whiМh Мan bО ОППОМtivОХy usОН 
in НОvОХoping saПО anН ОППiМiОnt novОХ nanopartiМХО-basОН thОrapiОs. 
 

TabХО 1. TypОs oП nanopartiМХОs  

 NP1 NP2 NP3 NP4 
Composition: FОγO4-Au FОγO4 FОγO4 FОγO4 
Size: β0-βγ nm 8-10 nm γ0 nm МХustОrs 
Shape МirМuХar МirМuХar rОМtanguХar rОМtanguХar 
Covering moНiПiОН ХipiН + 

PEG 
without МovОr NitroНophamin-

PEG 
NitroНophamin-
PEG 
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ThОsО invОstigations arО appХiОН Пor using oП (R, Bi)γ(FО, )5O1β thin ПiХms in НОvОХopmОnt oП 
mОthoН oП magnОto-optiМaХ ОННy МurrОnt introsМopy, whОrО thОy arО usОН as ОННy МurrОnt magnОtiМ 
ПiОХН sОnsors. ThО probХОm is to sОХОМt thО optimaХ sОnsor, i.О. to МhoosО thО rangО oП a numbОr oП 
magnОtiМ paramОtОrs oП ПiХm to maФО thО visuaХization oП НОПОМts bО ХОss ОnОrgy-intОnsivО, morО 
МontrastivО anН morО sОnsitivО anН high rОsoХving.  εagnОto-optiМaХ ОННy МurrОnt НОПОМtosМopy is an 
unМonvОntionaХ, but ОППОМtivО mОthoН oП nonНОstruМtivО tОsting oП mОtaХ obУОМts. A grОat aНvantagО 
oП thО mОthoН is thО possibiХity oП obtaining visuaХ imagОs oП НОПОМts in tОsting obУОМts [1-β]. 
εОanwhiХО, in most Фnown ОxpОrimОnts, suППiМiОnt attОntion was not paiН to thО anaХysis oП thО 
propОrtiОs oП thО garnОt ПiХm. 

This worФ is НОvotОН to invОstigation oП magnОtiМ propОrtiОs oП magnОto-optiМaХ ПОrritО-garnОt 
ПiХms. SingХО-МrystaХ ОpitaxiaХ ПiХms basОН on substitutОН bismuth ПОrritО-garnОt with thО gОnОraХ 
ПormuХa (R, Bi)γ(FО, )5O1β with thО typО oП magnОtiМ МrystaХХographiМ anisotropy "Оasy axis". 
CrystaХХographiМ oriОntation oП aХХ sampХОs was (111). ThОsО ПiХms wОrО grown by ХiquiН-phasО 
Оpitaxy mОthoН on gaНoХinium-gaХХium garnОt substratОs. ThО sОriОs Мonsists oП ninО ПiХms oП 
thiМФnОss variОН in thО rangО Пrom 1.λ to 7.β m. 

 PrОviousХy, wО mОasurОН somО paramОtОrs that aХХowОН us to sОХОМt sampХОs with НiППОrОnt 
vaХuОsμ thО anisotropy ПiОХН Пrom 500 to γ000 OО, thО pОrioН oП thО Нomain struМturО Пrom 5.5 to γβ 

m, anН thО saturation ПiОХН Пrom ββ to 77 OО. 
εagnОtiМ propОrtiОs oП thin ПiХms wОrО invОstigatОН with vibrating sampХО magnОtomОtry by 

δaФО ShorО. HystОrОsis Хoops wОrО obtainОН at НiППОrОnt angХОs bОtwООn magnОtiМ ПiОХН anН normaХ 
vОМtor oП ПiХm Пrom out-oП-pХanО gОomОtry to in-pХanО in inМrОmОnts oП 10 НОgrООs. ThОn thОrО wОrО 
obtainОН angХО НОpОnНОnМОs oП saturation ПiОХН anН МoОrМivity. 

ThОsО stuНiОs hОХpОН to obtain saturation magnОtization vaХuОs, whiМh wОrО usОН to МaХМuХatО 
thО uniaxiaХ anisotropy Мonstant. AПtОr thО ОxpОrimОnts on thО magnОto-optiМaХ НОПОМtosМopО oП thО 
ОННy МurrОnt anН thО proМОssing oП a sОriОs oП εO imagОs, thО МorrОХation was maНО with aХХ thО 
obtainОН magnОto-optiМaХ paramОtОrs.       

 
This worФ was supportОН by thО DОvОХopmОnt Program oП thО FОНОraХ StatО Autonomous 

EНuМationaХ Institution oП HighОr EНuМation "V.I. VОrnaНsФy CrimОan FОНОraХ UnivОrsity" Пor 
β015-β0β4 in thО ПramОworФ oП thО impХОmОntation oП aМaНОmiМ mobiХity unНОr thО proУОМt oП 
FSAEI HE " V.I. VОrnaНsФy CFU » « AМaНОmiМ εobiХity NОtworФ «AМaНОmiМ εobiХity oП Вoung 
SМiОntists oП Russia - AεВSR» to thО ImmanuОХ Kant BaХtiМ FОНОraХ UnivОrsity. 

 
 [1] Г. ГОng, X. δiu, A В. DОng, δ. UНpa, δ. Xuan, W. Shih, G. FitzpatriМФ, IEEE transactions on 

magnetics 42/11, 11γ7γ7-γ744 (β006). 
[β] V. UМhanin, Technical Diagnostics and ND testing 2, γ-1β (β006). 
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X-ray rОПraМtivО ХОnsОs arО wiНОХy usОН as bОam transport anН bОam МonНitioning optiМs at thО 

nОw gОnОration synМhrotron raНiation sourМОs [1-γ]. In orНОr to ОxtОnН thОir usО Пor miМrosМopy 
appХiМations thО signiПiМant improvОmОnts oП thО optiМaХ propОrtiОs in tОrms oП shapО quaХity anН 
buХФ homogОnОity arО nООНОН. It turnОН out that bОryХХium, as a Хow-Г ОХОmОnt, is thО most suitabХО 
Пor ХОns manuПaМturing. HowОvОr, bОryХХium bОing a sintОrОН matОriaХ has an intОrnaХ grain struМturО 
with a rОХativОХy high МontОnt oП thО bОryХХium oxiНО, whiМh МrОatО a strong smaХХ- anН uХtra-smaХХ 
anguХar sМattОring [4]. 

RОМОntХy wО suММОssПuХХy rОportОН about nОw spОМiaХ НОviМО МaХХОН a ‘spОМФХО supprОssor’ Пor 
X-ray appХiМations, whiМh Мontains a highХy porous bОryХХium [5]. HighХy porous bОryХХium is nОw 
anН promising matОriaХ Пor X-ray optiМaХ appХiМations. DuО to its Хow НОnsity anН high porosity this 
matОriaХ aХХows manipuХation oП thО spatiaХ МohОrОnМО ХОngth, thus Мhanging thО ОППОМtivО sourМО sizО 
anН rОmoving thО unНОsirabХО spОМФХО struМturО in X-ray imaging ОxpОrimОnts aХmost without bОam 
attОnuation. ThО absorption oП thО highХy porous pХatО is bОХow 1% Пor 1 mm thiМФnОss at 1β ФОV. 

In this worФ wО prОsОnt ОxpОrimОntaХ rОsuХts oП stuНy X-ray optiМaХ propОrtiОs oП НiППОrОnt 
bОryХХium typОs anН graНОs. WО arО МonПiНОnt that thОsО nОw bОryХХium matОriaХs arО vОry promising 
Пor X-ray imaging tОМhniquОs anН wiХХ aХso aХХow to usО thО ПuХХ potОntiaХ oП novОХ X-ray sourМОs.  

ThО worФ is supportОН by εinistry oП EНuМation anН SМiОnМО oП thО Russian FОНОration 
(МontraМt № 14.Вβ6.γ1.000β anН 5-100 ProУОМt). 
 
[1] A. SnigirОv, V. Kohn, I. SnigirОva, B. δОngОХОr., Nature 384, 4λ-51 (1λλ6). 
[β] A. SnigirОv, V. Kohn, I. SnigirОva anН ОtМ., Appl. Opt. 37, 65γ-66β (1λλ8). 
[γ] A. SnigirОv, I. SnigirОva, SpringОr SОriОs in OptiМaХ SМiОnМОs 137, β55 β85 (β008). 
[4] I.I. δyatun, A.Вu. GoiФhman, P.A. Ershov, I.I. SnigirОva, A.A. SnigirОv, Journal of Surface 

Investigation. X-ray, Synchrotron and Neutron Techniques 9 (γ), 446–450 (β015). 
[5] A. GoiФhman, I. δyatun, P. Ershov, I. SnigirОva, P. WoУНa, V. GorХОvsФy A. SnigirОv Оt. aХ., 
Journal of Synchrotron Radiation 22, 7λ6–800 (β015). 
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ThО muХtiПОrroiМ matОriaХs arО muХtiПunМtionaХ matОriaХs whiМh МombinО ОХastiМ, magnОtiМ anН 
ОХОМtriМ propОrtiОs. ThО ХayОrОН muХtiПОrroiМs arО onО oП thО most invОstigatОН matОriaХs; thО 
magnОtoОХОМtriМ ОППОМt in suМh matОriaХs is thО rОsuХt oП Мombination oП magnОtostriМtion anН 
piОzoОХОМtriМ ОППОМt. In magnОtorhОoХogiМaХ ОХastomОrs thО so-МaХХОН magnОtostriМtion ОППОМt was 
aХso ПounН. In Мontrast to magnОtostriМtion in mОtaХs, thО magnОtiМ НОПormation in ОХastomОrs is 
sОvОraХ orНОrs oП magnituНО ХargОr anН Мan ОxМООН 100 pОrМОnt. ThОrОПorО, a nОw muХtiПОrroiМs 
matОriaХ on thО basis oП magnОtorhОoХogiМaХ ОХastomОr Мan bО МrОatОН. In this worФ a nОw thrОО 
phasО matОriaХ, possОssing not onХy magnОtoНОПormationaХ propОrtiОs, but aХso ОХОМtriМ onОs, was 
obtainОН by aННing ПОrroОХОМtriМ PГT partiМХОs into thО magnОtiМ ОХastomОr with NНFОB partiМХОs. 
PropОrtiОs oП this matОriaХ wОrО invОstigatОН. 

FirstХy, propОrtiОs oП ОaМh МomponОnt oП thrОО-phasО matОriaХ wОrО invОstigatОН with 
DiППОrОntiaХ SМanning CaХorimОtОr NETГSCH β04 F1 PhoОnix. ThО phasО transition tОmpОraturОs 
(CuriО tОmpОraturОs TМ) wОrО ПounН Пor thО buХФ anН powНОr matОriaХs. CuriО tОmpОraturО НiН not 
НОpОnН on thО sizО oП thО NНFОB partiМХОs in miМro rangО. CuriО tОmpОraturО oП PГT-1λ powНОr 
НОpОnНОН on thО sizО oП thО partiМХОs anН НОМrОasОН Пrom γβ1.1 C Пor 5 m partiМХОs to γ0λ.4 C Пor 
buХФ МrystaХ. ThО mixturО oП NНFОB anН PГT-1λ powНОr rОvОaХОН thО НispХaМОmОnts oП thО CuriО 
tОmpОraturОs oП ОaМh МomponОnt, namОХy, TМ oП NНFОB inМrОasОН by 10 C, TМ oП PГT-1λ НОМrОasОН 
by 6 C. At thО othОr siНО TМ oП barium ПОrritО (BF) anН PГT partiМХОs wОrО not МhangОН Пor thО 
mixturО in rОПОrОnМО to TМs oП sОparatО powНОrs. ProbabХy, this ПaМt inНiМatОs thО intОraМtion bОtwООn 
ПОrroОХОМtriМ PГT partiМХОs anН ПОrromagnОtiМ МonНuМting NНFОB partiМХОs. This intОraМtion shouХН 
bО taФОn into aММount in thО moНОХing.  

ThО poХymОr matОriaХ SIEδ whiМh was usОН as a matrix was aХso invОstigatОН in DSC anН 
rОvОaХОН thО gХass transition tОmpОraturО at thО -γ6 C. This gХass transition aХso inПХuОnМОs magnОtiМ 
propОrtiОs oП ОХastomОr basОН on SIEδ poХymОr. εagnОtiМ momОnt oП ОХastomОr with NНFОB 
partiМХОs signiПiМantХy inМrОasОН whОn thО tОmpОraturО passОН thО transition tОmpОraturО.  

ThО thrОО-phasО МompositО matОriaХs МonsistОН oП poХymОr matrix anН ПОrromagnОtiМ anН 
ПОrroОХОМtriМ ПiХХing partiМХОs, НОmonstratОН magnОtoОХОМtriМ ОППОМt. εagnОtiМ paramОtОrs oП 
ОХastomОr in thО МrossОН ОХОМtriМ anН magnОtiМ ПiОХНs НiППОrОН Пrom thosО without ОХОМtriМ ПiОХН. So 
thО ОxtОrnaХ ОХОМtriМ ПiОХН Мan aППОМt thО ПorМОs oП magnОtiМ partiМХОs intОraМtion  or intОraМtion oП 
partiМХО with magnОtiМ ПiОХН, anН Мan aХso aППОМt thО ОХastiМ ПorМО aМting on a partiМХО in matrix by 
shiПting thО ПОrroОХОМtriМ partiМХОs anН thus МrОating aННitionaХ strОssОs in ОХastiМ matrix. This 
assumption was МonПirmОН by moНОХing in thО soПtwarО ComsoХ εuХtiphysiМs γ.5a. ThО moНОХ taФОs 
into aММount thО ПoХХowing pointsμ 1) thО НipoХО intОraМtion bОtwООn ПОrromagnОtiМ partiМХОs, β) thО 
НipoХО intОraМtion bОtwООn ПОrroОХОМtriМ partiМХОs, γ) thО ОХastiМ intОraМtion bОtwООn partiМХОs anН 
matrix, 4) thО intОraМtion bОtwООn ПОrroОХОМtriМ anН МonНuМting ПОrromagnОtiМ partiМХОs. ThО 
intОraМtion ПorМОs bОtwООn ПОrromagnОtiМ partiМХОs havО bООn stuНiОН in НiППОrОnt МonНitions.  
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IMPACT OF VANADIUM SUBSTITUTION ON STRUCTURAL, MAGNETIC 
AND MAGNETOCALORIC PROPERTIES OF  

La0.7Sr0.2(Ca Li)0.05Mn1-xVxO3 [x = 0 and x = 0.05] MANGANITE 

ε. εANSOURI a,b, H.OεRANI b, W. CHEIKHROUHOU-KOUBAA b, A. CHEIKHROUHOU b  
   

 

a CОntОr Пor FunМtionaХizОН εagnОtiМ εatОriaХs, ImmanuОХ Kant BaХtiМ FОНОraХ UnivОrsity, βγ6041 
KaХiningraН, Russia 

b δTβS δab (δR16 CRNS 01), DigitaХ RОsОarМh МОntОr oП SПax, SПax TОМhnoparФ. Cité EХ Ons, B.P. 
β75, γ0β1 Tunisia. 

 
ThО δa0.7Sr0.β(Ca δi) 0.05εn1-xVxOγ [S1(x = 0) and S2(x = 0.05)] poХyМrystaХХinО МompounНs 

,prОparОН by soХiН statО rОaМtion mОthoН, arО ПounН to Оxhibit a FОrromagnОtiМ - ParamagnОtiМ 
transition ( Fε-Pε ) whОn tОmpОraturО inМrОasОs with a НОМrОasО oП CuriО tОmpОraturО TC whОn 
substituting εn with V Пrom TC = β71 K to TC = β66 K. ThО arrot pХots nОar CuriО tОmpОraturО 
show positivО sХopОs unНОr an appХiОН magnОtiМ ПiОХН varying Пrom 0 to 5 T inНiМating thО sОМonН 
orНОr transitions Пor our sampХОs. Basing on thО magnОtiМ-ПiОХН НОpОnНОnМОs oП magnОtization 
mОasurОН arounН TC, maximum magnОtiМ-Оntropy МhangОs max

MS , unНОr thО appХiОН ПiОХН oП 5 T, 
arО about β11.46 J Фg-1 anН 1λ5.46 J Фg-1 Пor S1 anН Sβ rОspОМtivОХy. ThО stuНy oП thО univОrsaХ 
МurvОs show that thО rОsМaХОН magnОtiМ Оntropy МhangО МurvОs Пor НiППОrОnt appХiОН ПiОХНs МoХХapsО 
onto a samО МurvО МonПirming thО sОМonН orНОr transition Пor S1 anН Sβ. 
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THE NEW X-RAY INTERFERENCE TECHNIQUE FOR THE THIN FILMS 
STUDYING  

S. εEDVEDEVA a,*, P. ERSHOV b, I. δВATUN a, ε. VOEVODINA b, D. ГVEREV b, A. BARANNIKOV b, I. 
SNIGIREVA М, A. SNIGIREV b         

a CОntОr Пor FunМtionaХizОН εagnОtiМ εatОriaХs (Funεagεa), ImmanuОХ Kant BaХtiМ FОНОraХ 
UnivОrsity, KaХiningraН, Russia, βγ6004, NОvsФogo 14, KaХiningraН, Russia 

b ImmanuОХ Kant BaХtiМ FОНОraХ UnivОrsity, βγ6004, NОvsФogo 14, KaХiningraН, Russia 
М EuropОan SynМhrotron RaНiation FaМiХity (ESRF), γ804γ, GrОnobХО, FranМО  

*smОНvОНОva@innoparФ.Фantiana.ru 
 

X-ray rОПХОМtomОtry (XRR) is onО oП thО МХassiМaХ tОМhniquОs Пor thin-ПiХms anН muХtiХayОr 
systОms stuНying. XRR has a numbОr oП sОrious Хimitations НОspitО thО Хong-stanНing НОvОХoping oП 
thО mОthoНμ Хow ХatОraХ rОsoХution anН timО rОsoХution, high sОnsitivity (rОquirОmОnts) to sampХО 
surПaМО quaХity (roughnОss), rОХativОХy ХargО sampХО surПaМО arОa anН ОtМ [1]. ThО appОaranМО oП nОw 
optiМs Пor X-ray synМhrotron anН Хaboratory sourМОs inМrОasОН opportunitiОs Пor thО НОvОХopmОnt oП 
X-ray invОstigation tОМhniquОs, inМХuНing rОПХОМtomОtry. In this worФ, wО НОmonstratО a nОw X-ray 
rОПХОМto-intОrПОromОtry mОthoН basОН on МompounН rОПraМtivО optiМs (CRδ) Пor thin-ПiХms struМturОs 
stuНying. 

ToНay, X-ray rОПraМtivО optiМs is thО most НynamiМaХХy НОvОХoping ФinН oП X-ray optiМaХ 
ОХОmОnts [β-γ]. CompounН rОПraМtivО ХОnsОs quiМФХy gainОН popuХarity among synМhrotron sourМОs 
usОrs НuО to thОir ОasО oП opОration anН thО possibiХity oП appХiМation in a wiНО rangО oП  
ОnОrgiОs [4-5]. 

ThО possibiХitiОs oП thО nОw X-ray rОПХОМto-intОrПОromОtry tОМhniquО basОН on CRδ wОrО 
НОmonstratОН at thО ID06 bОamХinО, at thО EuropОan SynМhrotron RaНiation FaМiХity (GrОnobХО, 
FranМО). A sОriОs oП intОrПОrОnМО pattОrns Пor tОst thin-ПiХm mОmbranОs with НiППОrОnt thiМФnОssОs 
Пrom β00 nm to 1000 nm thiМФ was ОxpОrimОntaХХy obtainОН. 

ThО nОw rОПХОМto-intОrПОromОtry tОМhniquО opОns a wiНО horizons Пor both rapiН thin-ПiХm anН 
muХtiХayОr systОms anaХysis, stuНying oП thО proМОssОs НynamiМs at thО surПaМО anН in sampХО НОpth, 
anН Пor МompХОx struМturОН anН bioХogiМaХ sampХОs stuНying. 

ThО worФ is supportОН by εinistry oП EНuМation anН SМiОnМО oП thО Russian FОНОration 
(МontraМt № 14.Вβ6.γ1.000β anН 5-100 ProУОМt). 
 
[1] ε. ВasaФa, The Rigaku Journal 26(β), 1-λ (β010).  
[β] A.SnigirОv, V. Kohn, I. SnigirОva anН B. δОngОХОr, Nature 384, 4λ-51 (1λλ6).  
[γ] A.SnigirОv, I. SnigirОva, Springer Series in Optical Sciences 137, β55-β85 (β008).  
[4] A.SnigirОv, V. Kohn, I. SnigirОva, anН ОtМ., Appl. Opt. 37, 65γ-66β (1λλ8).  
[5] BosaФ, I. SnigirОva, K. S. NapoХsФii, A. SnigirОv, Adv.Mater. 22, γβ56–γβ5λ (β010).  
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STROMAL STEM CELLS MANIPULATION IN VITRO BY COMPOSITE 
MATERIAL WITH INTRINSIC ELECTRIC CHARGE 
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a ImmanuОХ Kant BaХtiМ FОНОraХ UnivОrsity, βγ6004, NОvsФogo 14, KaХiningraН, Russia 
b SibОrian StatО εОНiМaХ UnivОrsity, 6γ4050, δОnin avО. 50, TomsФ, Russia  

М TomsФ PoХytОМhniМ UnivОrsity, 6γ4050, δОnin avО. γ0, TomsФ, Russia 
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NaturaХ miМroОnvironmОnt oП stОm МОХХs might bО rОproНuМОН ex vivo with thО hОХp oП its γ-

НimОnsionaХ (γD) rОМonstruМtion with thО hОХp oП artiПiМiaХ bioinspirОН matriМОs. εuХtipotОnt 
mОsОnМhymaХ stОm МОХХs (εεSCs) anН ostОobХasts arО Фnown to rОsponН to artiПiМiaХ surПaМО МhargО 
[1] by mОans oП МОХХuХar ion МhannОХs anН zОta potОntiaХ [β]. Titanium anН МaХМium phosphatО (CP) 
matОriaХs havО own ОХОМtriМaХ МhargО [γ].  This worФ ПoМusОs on thО CP Мoating in vitro ОППОМt on 
εεSCs МuХturО bОhavior rОХatОН with CP ОХОМtrostatiМ potОntiaХ (EP).  

εiМro-arМ CP biХatОraХ Мoating on МommОrМiaХХy purО titanium pХatОs (10 × 10 × 1 mmγ) has 
bООn obtainОН as НОsМribОН prОviousХy [4]. ThО mОthoН oП thО ХiПting ОХОМtroНО (thО EguМhi mОthoН) 
was usОН to mОasurО thО EP on CP surПaМО at thО maМrosМaХО [5]. CP surПaМО ОХОМtriМ МhargО at thО 
nanosМaХО was ОstimatОН aММorНing to [6]. Human aНiposО–НОrivОН εεSCs (hAεεSCs) wОrО 
inМubatОН in thО МuХturО mОНium without ostОogОniМ suppХОmОnts. CОХХ bОhavior anН ПatО wОrО 
НОtОМtОН on pХastiМs with or without CP spОМimОns.   

RОsuХts showОН an absОnМО oП CP toxiМ ОППОМt on thО hAεεSCs viabiХity anН motiХity (7-Нay 
МuХturО). ViМО vОrsa, bХanН stimuХation oП 11 gОnОs ОxprОssion anН ostОoМaХМin sОМrОtion (МruМiaХ 
protОin oП ostОobХasts) in 14-Нay МuХturing anН sharp ostОobХasts anН МhonНrobХasts Пormation in β1-
Нay МuХturing wОrО НОtОrminОН arounН thО CP sampХОs. InНirОМt inПХuОnМО oП НiОХОМtriМ CP surПaМО 
МouХН bО МausОН by МaХМium anН phosphatО ions output anН/or thОir intrinsiМ nОgativО МhargО. 
εaМrosМaХО EP magnituНО was 40-1β0 mV. UnОquaХ Нistribution oП nanosМaХО CP with 
physioХogiМaХ magnituНО ±80 mV was rОvОaХОН on CP surПaМО topography. As rОsuХt, wОaФ 
ОХОМtromagnОtiМ ПiОХН in γD МuХturО with moving МhargОН ions anН МОХХs МouХН not bО ОxМХuНОН. It 
has to bО wОХХ rОМognizОН in МonНitions oП bioinspirОН muХtiphasО anН МompositО matОriaХs [7], “Хab-
on-a-Мhip” [8], anН “МОХХs-on-a-Мhip” [λ] НОsign Пor stОm МОХХs appХiМation.  

ThО invОstigation has bООn supportОН by thО Russian SМiОnМО FounНation; ProУОМt No. 16-15-
100γ1 (in part oП МОХХ МuХturing in vitro). 

 
[1] E. Thian Оt aХ., Acta Biomater 6, 750 (β010). 
[β] G. δi, X. DОng, World J Stem Cells 3, 1λ (β011). 
[γ] D. Aronov Оt aХ., Appl Phys Lett 88, 16γλ0β (β006). 
[4] Вu. SharФООv Оt aХ., COMPOS INTERFACE 16, 5γ5 (β00λ). 
[5] E. GostisМhОv,  Russian Federation Patent βββγ511, (β004). 
[6] Вu. DОФhtyar Оt aХ., IFMBE Proceedings 38, 18β (β01γ). 
[7] I. KhХusov Оt aХ., IFMBE Proceedings 38, λλ (β01γ). 
[8] R. Khamsi,  Nature 435, 1β (β005). 
[λ] J. EХ-AХi Оt aХ., Nature 442, 40γ (β006). 
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THE RESEARCH OF VISCOELASTIC PROPERTIES OF MAGNETIZABLE 
ELASTOMERS 

D.I. εERKUδOV*, A.V. εURAVδEV, E.D. εARTВNOVA, V.A. NAδETOVA, D.A. PEδEVINA,  
V.A TURKOV       

δomonosov εosМow StatО UnivОrsity, 11λλλ1, δОninsФiО gory 1, εosМow, Russia 
*mОrФuХovНima@maiХ.ru 

 
VisМoОХastiМ propОrtiОs oП thО magnОtizabХО ОХastomОrs (εE), whiМh arО МompositО matОriaХs 

Мonsisting oП ОХastomОr anН ПОrromagnОtiМ partiМХОs, anН thО inПХuОnМО oП a magnОtiМ ПiОХН on thОsО 
propОrtiОs praМtiМaХХy haН not bООn stuНiОН. In worФ [1] thО mОthoН Пor НОtОrmining thО shОar 
propОrtiОs oП visМoОХastiМ matОriaХs in thО absОnМО oП thО ПiОХН is МonsiНОrОН thОorОtiМaХХy. In this 
worФ thО mОthoН Пor ОxpОrimОntaХ НОtОrmining thО visМoОХastiМ propОrtiОs oП εE in a uniПorm 
magnОtiМ ПiОХН is proposОН. 

In thО ОxpОrimОnt a МyХinНriМaХ sampХО oП εE is suspОnНОН aХong thО axis oП thО HОХmhoХtz 
МoiХs (FigurО 1). ThО ПrОО ХowОr ОnН oП thО boНy is attaМhОН to thО МОntОr oП thО roН (with thО 
momОnt oП inОrtia J) whiМh is twistОН at thО initiaХ angХО 0. FurthОr, thО viНОo rОМorНing oП thО 
НampОН osМiХХations oП thО roН is maНО with thО subsОquОnt storyboarН anН pХotting oП thО 
НОpОnНОnМО (t). An ОxampХО oП this НОpОnНОnМО is shown in FigurО β. 

A mathОmatiМaХ moНОХ, whiМh is a gОnОraХization oП thО KОХvin-Voigt moНОХ, is buiХt.  This 
moНОХ taФОs into aММount somО intОrnaХ Нry ПriМtion in εE МausОН by thО magnОtiМ intОraМtion oП thО 
ПОrromagnОtiМ partiМХОs in thО ПiОХН. From thО Мomparison oП thОory anН ОxpОrimОnt, thО МoОППiМiОnts 
oП ОХastiМity anН visМosity arО ПounН in this moНОХ. It is shown thОsО МoОППiМiОnts НОpОnН on thО 
magnОtiМ ПiОХН. 

 
FigurО 1. ExpОrimОntaХ sОtup 

 
FigurО β. DОpОnНОnМО oП  on t 

 
ThО worФ was supportОН by thО RFBR grant (proУОМt 16-51-1β0β4). 
 
[1] E.D. εartynova, A.V. εuravХОv, In the collection: Lomonosov readings – 2016, the series of 

Section “Mechanics”, Moscow: Moscow University press (in Russian), 1ββ-1βγ (β016). 
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NiМФОХ orthoboratО Niγ(BOγ)β has a МompХОx orthorhombiМ struМturО (sp. gr. Pnnm (# 58)) oП 

ФotoitО minОraХ. ThО Niβ+ ions oММupying two НiППОrОnt oМtahОНraХ МrystaХХographiМ positions, 2a anН 
4f, Пorm two magnОtiМ subsystОms whiМh orНОr antiПОrromagnОtiМaХХy at thО tОmpОraturО TN = 46 K 
[1]. In our rОМОnt stuНy oП thО ХattiМО НynamiМs oП Niγ(BOγ)β [β], wО showОН that, at TN, aХso a 
struМturaХ phasО transition taФОs pХaМО, assoМiatОН with a НoubХing oП thО МrystaХ МОХХ anН a 
МorrОsponНing "ПoХНing" oП thО BriХХouin zonО. 

ThО prОsОnt worФ НОvotОН to invОstigation oП magnОtiМ struМturО anН magnОtiМ ПОaturОs oП 
niМФОХ orthoboratО by optiМaХ spОМtrosМopy mОthoНs. SОvОraХ ОxМitations havО bООn obsОrvОН bОХow 
TN at thО tОrahОrtz rangО oП transmission spОМtra in a zОro magnОtiМ ПiОХН. ThО ПrОquОnМy rangО anН 
thО tОmpОraturО bОhavior oП thО НОtОМtОН moНОs aХХowОН us to assumО that thОy rОХatО to magnОtiМ 
ОxМitations. ThО ПiОХН НОpОnНОnМО oП thО ПrОquОnМiОs oП thОsО ОxМitations has a НistinМt nonХinОar 
МharaМtОr (sОО FigurО 1). This may inНiМatО to an intОraМtion oП thО magnОtiМ moНОs with ОaМh othОr 
(spin-spin intОraМtion). In aННition, thО bОhavior oП magnОtiМ moНОs inНiМating "spin-ПХop" phasО 
transition has bООn obsОrvОН in strong magnОtiМ ПiОХНs (> 10 T). 

 

FigurО 1. ThО ПiОХН НОpОnНОnМО oП thО THz transmission spОМtrum oП thО Niγ(BOγ)β 
singХО МrystaХ at tОmpОraturО T = 1.5 K. 

 
This worФ was supportОН by thО Russian FounНation Пor BasiМ RОsОarМh (Grant 

No 15-0β-07451a.) anН thО PrОsiНОnt oП thО Russian FОНОration (Grant К-γ577.β017.β). 
 

[1] δ.N. BОzmatОrnyФh Оt aХ., Phys. Stat. Solidi B. 249, 16β8 (β01β). 
[β] R.V. PisarОv Оt aХ., Phys. Rev. B. 93, 1γ4γ06 (β016). 
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In this worФ thО aМtuaХ probХОm oП simuХtanОous synthОsis anН stabiХization oП thО obtainОН 

magnОtiМ nanoМompositОs oП МobaХt, niМФОХ, anН iron by Нistribution oП nanopartiМХОs (NPs) in a 
poХymОr matrix anН thО Пormation oП a protОМtivО poХymОriМ shОХХ oП «МorО-shОХХ» struМturО is soХvОН 
by thО mОthoН oП МontroХХОН thОrmoХysis oП unsaturatОН МarboxyХatОs oП this mОtaХХs. CobaХt, niМФОХ 
anН iron МarboxyХatОs oП a numbОr oП unsaturatОН НiМarboniМ aМiНs wОrО synthОsizОНμ maХОiМ, 
itaМoniМ, МitraМoniМ, aМОtyХОnОНiМarboxyХiМ, aХХyХmaХoniМ, gХutaМoniМ anН Мis, Мis-muМoniМ onОs. As 
ПoХХows Пrom thО synthОsis thО aМiНiМ МobaХt (II) anН niМФОХ (II) МarboxyХatОs (ACC anН ACN), 
mixturО oП aМiНiМ anН/or mОНium iron (II, III) МarboxyХatОs (AIC anН εIC) wОrО obtainОН. ThО 
МontroХХОН thОrmoХysis oП synthОsizОН МobaХt, niМФОХ anН iron МarboxyХatОs was МarriОН out. 
SynthОsizОН magntiМ mОtaХХopoХymОriМ nanoМompositОs, obtainОН by thОrmaХ НОМomposition oП 
МarboxyХatОs unНОr an argon atmosphОrО, arО powНОrs Мonsisting oП two struМturaХ ОХОmОntsμ in 
organiМ poХymОr matrix thО sphОriМaХ NP CoγO4/CoO, NiO/ß-Ni or -FОβOγ in a poХymОriМ shОХХ oП 
«МorО-shОХХ» struМturО arО ОmbОННОН, in aММorНanМО with thО Нata oП XRD anН εössbauОr 
spОМtrosМopy (Пor iron). It was ОstabХishОН that by thОrmoХysis oП aМiН itaМonatО niМФОХ thО Мarbon 
nanotubОs arО ПormОН. ThО ОnthaХpiОs (ΔHr

0) oП Пormation rОaМtion oП ACC, ACN, AIC anН εIC 
wОrО МaХМuХatОН. ThО avОragО NPs НiamОtОr (Нavg) oП obtainОН МobaХt, niМФОХ anН iron 
nanoМompositОs arО within thО rangО oП 4-λ nm. RОХation bОtwООn Нavg anН r oП rОaМtion oП ACC 
anН ACN Пormation is ОstabХishОН. ThО miМrostruМturО anН magnОtiМ МharaМtОristiМs oП thО 
synthОsizОН nanoМompositОs wОrО НОtОrminОН. ThО highОst МoОrМivО ПorМО is obsОrvОН Пor thО 
nanoМompositОs obtainОН by thО thОrmoХysis oП aМiНiМ МobaХt maХОatО (756 OО), aМiНiМ niМФОХ 
aХХyХmaХonatО (1γ1 OО) anН mixturО oП aМiНiМ iron itaМonatО (11λ OО). ThО highОst maximum 
magnОtization was ПounН Пor thО nanoМompositОs whosО prОМursors wОrО МobaХt (15.1 Оmu/g) anН 
niМФОХ (βγ.0 Оmu/g) gХutaМonatО anН iron МitraМonatО (γ7.8 Оmu/g). In thО МasО oП niМФОХ МompositОs, 
a НirОМt proportionaХ НОpОnНОnМО oП thО growth oП thО saturation magnОtization Пrom thО inМrОasО oП 
thО pОrМОnt МontОnt oП thО ПОrromagnОtiМ phasО with НОМrОasing supОrparamagnОtiМ onО is obsОrvОН. 
ThО МritiМaХ vaХuО oП thО NP НiamОtОr Пor МobaХt, whiМh is assoМiatОН with thО transition Пrom 
muХtiНomain to singХО-Нomain partiМХОs, is ПounН to bО γ.8 nm. PossibХО appХiМations oП thО obtainОН 
magnОtiМ nanoМompositО matОriaХs oП МobaХt, niМФОХ anН iron arО as gas anН magnОtiМ sОnsors, 
МataХysts, magnОtiМ МarriОrs oП high НОnsity inПormation, as wОХХ as thО usО oП magnОtiМ iron 
nanoМompositОs in mОНiМinО anН НiagnostiМs. At prОsОnt, rОsОarМh is bОing МonНuМtОН on thО usО oП 
synthОsizОН nanoМompositОs in somО oП thО arОas rОprОsОntОН. 

This worФ was supportОН by thО Russian FounНation Пor BasiМ RОsОarМh, proУОМts 1γ-0γ-
00γ4β, 16-0γ-00148. 
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At thО prОsОnt timО НumbbОХХ-ХiФО magnОtitО-goХН nanopartiМХОs (NPs) arО oП grОat intОrОst Пor 

biomОНiМaХ appХiМation НuО to thОir physiМaХ-МhОmiМaХ propОrtiОs. ThО ПОaturО oП magnОtitО-goХН 
nanoНumbbОХХs is thО prОsОnМО oП two typОs oП surПaМОs, whiМh aХХows thОir НoubХО 
ПunМtionaХization, Пor ОxampХО, МovОring magnОtitО NPs with a bioМompatibХО poХymОr shОХХ anН 
introНuМtion oП vОМtor moХОМuХОs on thО surПaМО oП goХН NPs, anН usagО Пor magnОtiМ rОsonanМО 
imaging (εRI) as tumor-sОХОМtivО Мontrast agОnts.  

It has bООn ОstabХishОН in ХitОraturО that thО growth oП magnОtitО-goХН nanoНumbbОХХs proМООНs 
through thО mОМhanism oП hОtОrogОnОous nuМХОation oП magnОtitО NPs on goХН NPs [1], whiМh 
oММurs Нuring thО thОrmaХ НОМomposition oП iron pОntaМarbonyХ in high-boiХing soХvОnts. ThО 
propОrtiОs oП thО obtainОН NPs Мan bО МontroХХОН by aНУusting oП synthОtiМ paramОtОrs. 

In this worФ wО obtainОН magnОtitО-goХН nanoНumbbОХХs with thО sizОμ 1) λ±β / 4±1 nm, β) 
1β±γ / 4±1 nm, γ) β5±γ / λ±β nm (magnОtitО / goХН), aММorНing to thО transmission ОХОМtron 
miМrosМopy Нata. In aХХ sampХОs two phasОs wОrО НОtОМtОН by X-ray anaХysisμ monoМrystaХХinО 
magnОtitО anН goХН. ThО saturation magnОtization, normaХizОН to thО wОight oП magnОtitО, anН thО 
МoОrМivО ПorМО, mОasurОН in magnОtiМ ПiОХН γ0 ФOО, ОnhanМОН with inМrОasО oП thО magnОtitО NPs 
sizО anН wОrО ОquaХ to 46, 6β, 86 Оmu/g anН 6, 1γ, 60 OО Пor sampХОs 1, β anН γ, rОspОМtivОХy.  

AХХ sampХОs wОrО МovОrОН with a bioМompatibХО poХymОr Мoating (thО НОrivativО oП 
poХyОthyХОnО gХyМoХ anН phosphoХipiН) transПОrring thОm to thО aquОous phasО bОПorО thО εRI-
rОХaxivity mОasurОmОnt. ThО vaХuОs oП thО Rβ-rОХaxivity β0β, 167, anН γ85 mmoХ-1·s-1 wОrО obtainОН 
Пor sampХОs 1, β anН γ, rОspОМtivОХy. 

ThОrОПorО, non-monotonous НОpОnНОnМО oП thО Rβ-rОХaxivity on thО saturation magnОtization 
(anН thО sizО) oП NPs was ПounН. This Мan bО rОХatОН to thО possibХО Мontribution oП goХН to thО 
magnОtiМ propОrtiОs oП thО sampХО, whiМh is morО signiПiМant Пor thО ХargОr goХН-to-magnОtitО mass 
ratio in МasО oП sampХО 1. ThО obsОrvОН trОnН unНoubtОНХy rОquirОs ПurthОr stuНy bОМausО oП thО 
Оxisting ХitОraturО Нata on thО origin oП magnОtiМ propОrtiОs in goХН NPs in МontaМt with  
magnОtitО [β].  

 
This worФ was supportОН by εinistry oП EНuМation anН SМiОnМО oП thО Russian FОНОration 

(14.607.β1.01γβ, RFεEFI60715X01γβ). 
 

[1] C. Wang, C. Xu, H. ГОng, S. Sun, Adv. Mater. 21, γ045–γ05β (β00λ). 
[β] F. PinОiНОr, C. FОrnпnНОz, V. ViНОtta, Оt aХ., ACS Nano. 7(1), 857-866 (β01γ). 
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OnО oП thО most aНvanМОН optiМaХ МomponОnts Пor ПoМusing oП X-ray bОams at thО 
synМhrotrons worХНwiНО is МompounН rОПraМtivО ХОns (CRδ) with paraboХiМ proПiХО. εain 
appХiМations oП CRδs arО miМro- anН nano-ПoМusing [1] anН X-ray miМrosМopy [β]. FabriМation 
tОМhniquО, as wОХХ as thО quaХity oП thО matОriaХs signiПiМantХy aППОМt thО CRδ imaging propОrtiОs. In 
orНОr to improvО a tОМhnoХogy oП X-ray optiМs ПabriМation it is urgОnt to НОvОХop an ОППОМtivО 
approaМh oП prОМisО nonНОstruМtivО CRδ НiagnostiМs. 

At this worФ, wО rОport thО assОssmОnt oП thО ОППiМiОnМy oП non-НОstruМtivО inspОМtion 
tОМhniquОsμ x-ray raНiography anН x-ray tomography. This tОМhniquО aХХows to rОaХizО non-
НОstruМtivО tОsting irrОguХaritiОs, thО prОsОnМО oП voiНs, inМХusions in ХОnsОs matОriaХ anН at thО samО 
timО to anaХyzО thО shapО anН gОomОtriМ paramОtОrsμ thО МoaxiaХity, thО НistanМО bОtwООn thО 
rОПraМting surПaМОs anН shapО oП rОПraМtivО surПaМОs. 

X-ray raНiography anН X-ray tomography was pОrПormОН using thО X-ray inspОМtion systОm 
ВXδON НОsignОН Пor gОnОrating high-quaХity X-ray imagОs with thО 1 µm rОsoХution. WО prОsОnt 
thО CT imaging rОsuХts oП ХОnsОs maНО oП high-purity aХuminum with thО paraboХa apОx raНii oП  
50 µm. 

Comparing thО obtainОН imagОs with spОМiПiОН rОquirОmОnts oП thО gОomОtriМaХ МharaМtОristiМs 
oП thО ХОnsОs, thО quaХity oП thО rОПraМtivО surПaМО anН intОrnaХ sizО oП НОПОМts aХХows us to ОstimatО 
thО ХОns manuПaМturing quaХity.  

 
[1] SnigirОva I., Vaughan G.B.ε., SnigirОv A., AIP Conf. Proc. 1365, 188 (β011) 
[β] A. SnigirОv, I. SnigirОva, G. Vaughan, J. Wright, ε. Rossat, A. BytМhФov, C. CurПs, J. Phys.: 

Conf. Ser. 186 012073, 1 (β00λ). 
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ThО НynamiМ magnОtiМ rОsponsО oП ПОrroПХuiНs to a wОaФ ХinОarХy poХarizОН AC ПiОХН is stuНiОН 
in an ОxtОrnaХ statiМ magnОtiМ ПiОХН. In this invОstigation intОrpartiМХО intОraМtion is taФОn into 
aММount. 

ThО ПОrroПХuiНs arО moНОХОН by thО systОm oП uniПormХy magnОtizОН harН sphОriМaХ partiМХОs, 
suspОnНОН in a Хong МyХinНriМaХ tubО, whosО Хong axis МoinМiНОs with Oz-axis oП thО МoorНinatО 
systОm.  ThО aХtОrnating magnОtiМ ПiОХН is pОrpОnНiМuХar to thО Oz-axis, whОrОas thО statiМ uniПorm 
magnОtiМ ПiОХН is appХiОН aХong Oz-axisμ   (t – НОnotО timО; a anН s  arО 
δangОvin paramОtОrs НОsМribОН thО intОnsity oП thО НipoХО-ПiОХН intОraМtions in thО statiМ anН 
aХtОrnating magnОtiМ ПiОХНs МorrОsponНОntХy;    is thО osМiХХating ПrОquОnМy). ThО probabiХity 
НОnsity oП thО oriОntation oП thО magnОtiМ momОnt oП a ranНomХy МhosОn partiМХО ( , , )W t    is thО 
soХution oП thО FoФФОr-PХanМФ Оquation in whiМh thО aМtion oП a uniПorm statiМ ПiОХН is taФОn into 
aММount.  

 
whОrО  is thО DОbyО rОХaxation timО. In RОП. [1] it was shown that thО ОППОМtivО intОraМtion  

bОtwООn a singХО partiМХО anН thО ОППОМtivО AC magnОtiМ ПiОХН at thО Пirst ХОvОХ ovОr МonМОntration n 

is 
 

 

 
 
ThО Пirst tОrm  НОsМribОs thО intОraМtion oП thО ranНomХy МhosОn Пirst 

partiМХО with AC anН DC ПiОХНs anН has thО Пorm oП ГООman ОnОrgy rОХatОН to thО thОrmaХ ОnОrgy 
kT. ThО sОМonН tОrm in  is taФО into aММount intОrpartiМХО МorrОХations anН it is wОight-avОragОН 
НipoХО-НipoХО intОraМtion ( (1β)) bОtwООn partiМХОs 1 anН β ovОr aХХ possibХО oriОntations anН  
positions oП thО ranНomХy МhosОn partiМХО β. It is assumОН that thО rОХaxation oП thО magnОtiМ 
momОnt oП thО partiМХОs oММurs aММorНing to thО Brownian mОМhanism. ThО soХution oП thО FoФФОr-
PХanМФ Оquation is ОxprОssОН as a sОriОs in tОrms oП thО sphОriМaХ ПunМtions. An anaХytiМaХ soХution oП 
thО FoФФОr-PХanМФ Оquation is usОН to НОtОrminО thО НynamiМ susМОptibiХity. ThО bОhavior oП thО 
rОaХ anН imaginary parts oП thО НynamiМ susМОptibiХity as a ПunМtion oП thО intОnsity oП thО ОxtОrnaХ 
magnОtiМ ПiОХН is anaХyzОНμ inМrОasО oП intОnsity oП thО aХtОrnating magnОtiМ ПiОХН in thО systОm ХОaНs 
to НОМrОasО oП rОaХ part oП thО НynamiМ susМОptibiХity anН shiПt oП imaginary part oП thО НynamiМ 
susМОptibiХity. From thОsО ПaМts ПoХХows that this systОm bОМomОs morО stabХО.  

ThО Мomparison oП thОorОtiМaХ anН simuХation rОsuХts oП НynamiМ susМОptibiХity shows gooН 
agrООmОnt.  

 
[1] A.O. Ivanov, Soft Matter 15, γ507 (β016). 
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εagnОtiМ nanopartiМХОs (εNPs) pХay an important roХО in various branМhОs oП biomОНiМinО, 
suМh as targОtОН Нrug НОХivОry, εRI anН magnОtiМ hypОrthОrmia. εNPs shapО anН sizО НОtОrminО 
thОir physiМaХ anН МhОmiМaХ propОrtiОs (rОХaxivity, magnОtization anН hypОrthОrmiМ propОrtiОs). It 
mОans that thО shapО МontroХ is important in МasО oП εNPs synthОsis. 

In this rОsОarМh thО shapО oП εNPs was МontroХХОН by using НiППОrОnt typОs oП ПОrriМ oХОatО  
МompХОxОs (FOC). ThО МompХОxОs wОrО synthОsizОН in ОthanoХ/watОr or mОthanoХiМ mОНia by 
mixing FОCХγ with soНium oХОatО. ThОn thО МubiМ anН oМtahОНron εNPs wОrО obtainОН Пrom 
ОthanoХiМ FOC aММorНing to protoМoХ [1].  WhОn thО ОthanoХiМ FOC was substitutОН by mОthanoХiМ, 
thО nanopХatОs Пormation was НОtОМtОН instОaН oП nanoМubОs anН thО nanoМubОs instОaН oП 
oМtahОНron εNPs. ThО ОППОМt probabХy МausОН by struМturaХ НiППОrОnМОs bОtwООn FOC Пrom 
mОthanoХiМ anН ОthanoХiМ mОНia [β, γ]. ThО εNPs wОrО МharaМtОrizОН via various mОthoНsμ 

 

SoХvОnt ShapО SizО 
(nm) 

εagnОtization 
HМ, А/m (OО) 

εRI 
Tβ-rОХaxivity, 

m -1·s-1 

SAR 
(W/g) TEε 

EthanoХ 
WatОr 

CubОs 18 6,γ4 (7λ,7) β6β,0 1,4β 

OМtahОНrons 1λ β,65 (γγ,γ) βγ6,5 γ,βγ 

εОthanoХ 

PХatОs β0*5 4,1(517) 1,γ β.γλ 

CubОs 18 - - β.γ1 

ThО naturО oП mОНium whОrО iron oХОatО МompХОx was synthОsizОН haН a grОat inПХuОnМО on 
thО shapО oП εNPs that, in turn, НОtОrminОs thОir struМturaХ anН magnОtiМ propОrtiОs. 

 
[1] Г. Гhou Оt aХ., Chem. Mater. 27 (λ), γ505–γ515 (β015). 
[β] δ. BronstОin anН ОtМ., Chem. Mater. 19, γ6β4 (β007). 
[γ] X. Ding anН ОtМ., RSC adv. 4, λγ14-λγβ0 (β014). 
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GОrmanium is a potОntiaХХy attraМtivО aХtОrnatО oП siХiМon Пor nanosМaХО ОХОМtroniМ appХiМations 
НuО to its highОr ОХОМtron, hoХО mobiХity anН ХargОr ОxМiton Bohr raНius. BasОН on thО magnОtiМ, 
ОХОМtriМaХ, anН ОХОМtroМhОmiМaХ propОrtiОs, GОNWs havО numОrous potОntiaХ appХiМations suМh as 
spintroniМs, soХar МОХХs with ОnhanМОН ОППiМiОnМy, δi-ion battОriОs, photoНОtОМtors in thО visibХО 
rangО, ПХОxibХО МhОmiМaХ sОnsors. TaФing into aММount Пor thОorОtiМaХ НОsign oП morО МompХОx 
systОms, invoХving sОvОraХ nanosМaХО МomponОnts Пor wОХХ-spОМiПiОН opОrations, using aХХ-ОХОМtron 
ab initio or НОnsity ПunМtionaХ thОory (DFT) МaХМuХations has a prohibitivОХy high МomputationaХ Мost 
[1]. ComparОН to siХiМon this probХОm is morО aМutО Пor gОrmanium bОМausО oП thО ХargОr numbОr oП 
ОХОМtrons, whiМh maФО GОNWs МaХМuХations muМh morО МomputationaХХy НОmanНing Пor DFT 
МaХМuХations, ОvОn with minimaХ basis sОts. WО havО put МonsiНОrabХО ОППort to ovОrМomО this 
НiППiМuХty, by impХОmОntation oП suitabХО ОППОМtivО МorО potОntiaХs anН appХiМation oП appropriatО 
sОmiОmpiriМaХ moНОХ МhОmistry, with no (signiПiМant) МompromisО on aММuraМy anН quaХity oП 
rОsuХts. To this ОnН, wО havО ОvaХuatОН thО pОrПormanМО oП sОvОraХ sОmiОmpiriМaХ mОthoНs, bОПorО 
our ПinaХ МhoiМО oП aНopting a “mixОН” sМhОmО oП DFT anН sОmiОmpiriМaХ МaХМuХations. SomО 
rОsuХts havО bООn shown bОХow Пor hyНrogОn passivatОН GОNWs oП various morphoХogiОs anН sizОs. 

 

 
FigurО 1μ (a) RОprОsОntation oП binНing ОnОrgy (b) anН МohОsivО ОnОrgy pОr gОrmanium atom with 
rОspОМt to thО inМrОasing numbОr oП gОrmanium atoms Пor aХХ thrОО НiППОrОnt ХОngths oП H-GОNWs. 
RОН, grООn anН bХuО Нots rОprОsОnt tОtrahОНraХ ‘T’ whОrОas pinФ, Мyan anН vioХОt Нots rОprОsОnt 
МХathratО ‘C’ typО nanowirОs. ThО НotОН ХinОs show  ХinОar НОpОnНОnМО oП QC Пitting to our 
DFT rОsuХts (М-Н) graphiМaХ rОprОsОntation oП ПrontiОr moХОМuХar orbitaХs (FεOs) Пor hyНrogОn 
passivatОН МХathratО anН tОtrahОНraХ typО gОrmanium nanowirО at isovaХuО = 0.015. 
 
[1] ShanawОr Niaz et al., Sensors & Transducers 189, 16β (β015). 
[β] ShanawОr Niaz anН AristiНОs D. ГНОtsis, J. Phys. Chem. C 120, 11β88 (β016). 
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ThО НОvОХopmОnt oП nanopartiМХО-basОН systОms Пor НiagnostiМ anН thОrapОutiМ purposОs is 

onО oП thО ОmОrgОН arОas in moНОrn biomОНiМinО. From thО numbОr oП НiППОrОnt nanomatОriaХs, 
magnОtiМ nanopartiМХОs in partiМuХar magnОtitО nanopartiМХОs (εNPs) arО МОrtainХy thО most 
promising matОriaХ Пor biomОНiМaХ appХiМations, inМХuНing magnОtiМ-rОsonanМО imaging (εRI), 
hypОrthОrmia, МОХХ-ХabОХing anН othОrs [1]. ShapО- anН sizО-МontroХХОН synthОsis oП nanopartiМХОs has 
bОМomО a rОМОnt ПoМus, bОМausО НiППОrОnt shapОs oП partiМХОs Мan introНuМО novОХ magnОtiМ anН 
ОХОМtriМ propОrtiОs, whiМh aППОМt thО paramОtОrs rОquirОН Пor biomОНiМaХ appХiМations, suМh as εRI 
anН hypОrthОrmia. εNPs with strongХy marФОН anisotropy rОprОsОnt a spОМiaХ intОrОst Пor 
biomОНiМaХ appХiМations. In partiМuХar МoХХoiНaХ МХustОrs with МontroХХОН sizО anН shapО havО bООn an 
arОa oП grОat intОrОst Пor rОsОarМhОrs Мoming Пrom a wiНО rangО oП НisМipХinОs [β]. ThО МontroХХОН 
assОmbХy oП initiaХ smaХХ magnОtiМ nanopartiМХОs into МХustОr struМturОs with НОПinОН shapО anН sizО 
opОns horizons Пor matОriaХs whiМh МombinОs propОrtiОs oП inНiviНuaХ nanoМrystaХs as wОХХ as 
МoХХОМtivО propОrtiОs НuО to intОraМtions bОtwООn thО singХО units. 

In this worФ onО-pot mОthoН Пor proНuМing magnОtiМ nanoМrystaХ МХustОrs was usОН. AХХ 
sampХОs wОrО obtainОН by thОrmaХ НОМomposition oП iron prОМursor in high-boiХing organiМ soХvОnts 
in thО prОsОnМО oП НiППОrОnt organiМ aМiНs (МyМХopropanОМarboxyХiМ aМiН, МyМХobutanОМarboxyХiМ aМiН, 
МyМХopОntanОМarboxyХiМ aМiН, МyМХohОxanОМarboxyХiМ aМiН, bОnzoiМ aМiН, 4-ПormiХbОnzoiМ aМiН, γ-
МХorbОnzoiМ aМiН, 1-inНanОМarboxyХiМ aМiН, biphОnyХ-4-МarboxyХiМ aМiН anН 4,4’-
biphОnyХНiМarboxyХiМ aМiН). ThО rОsuХts show that thО organiМ aМiНs Мan НirОМtХy aППОМt thО ПinaХ 
shapО anН sizО oП nanoМХustОrs through spОМiПiМ absorbanМО onto surПaМО oП magnОtitО nanoМrystaХs. 
Thus, nanoМХustОrs with sphОriМaХ, МubiМ anН ПХowОr-ХiФО shapО wОrО obtainОН. To МonПirm struМturО 
oП obtainОН nanoМХustОrs physiМoМhОmiМaХ invОstigations suМh as transmission ОХОМtron miМrosМopy, 
X-ray НiППraМtion anaХysis, εössbauОr spОМtrosМopy, magnОtiМ mОasurОmОnts, thОrmogravimОtriМ 
anaХysis, magnОtiМ rОsonanМО imaging anН othОrs wОrО pОrПormОН. For НОtОrmination oП Tβ-
rОХaxivity vaХuОs as wОХХ as in vitro anН in vivo tОsting nanoМХustОrs wОrО moНiПiОН by poХyОthyХОnО 
gХyМoХ НОrivativО. AХХ obtainОН magnОtitО nanoМХustОrs havО vОry high magnОtiМ saturation anН Tβ-
rОХaxivity vaХuОs. εorОovОr thОy Мan bО promising nanomatОriaХs Пor εRI anН hypОrthОrmia.  

This worФ has bООn ПinanМiaХХy supportОН by εinistry oП EНuМation anН SМiОnМО oП thО 
Russian FОНОration (14.607.β1.01γβ, RFεEFI60715X01γβ). 
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ThО НirОМt mОasurОmОnts oП thО magnОtoМaХoriМ ОППОМt (εCE) anН thО magnОtiМ Оntropy 

МhangО МaХМuХations havО bООn МarriОН out Пor CОFОSi-typО (P4/nmm) GНεn1-xTxSi (T = Ti, FО, Co) 
МompounНs anН Пor CОSМSi-typО (I4/mmm) GНSМ1-xTixGО МompounНs. ThО МompounНs possОss high 
magnОtiМ momОnts anН orНОr ПОrro- or ПОrrimagnОtiМaХХy in thО wiНО tОmpОraturО intОrvaХ Пrom 1β0 
K to γλ0 K.  

ThО RεnSi МompounНs arО thО naturaХ ХayОrОН magnОtiМs with two subХattiМОsμ rarО Оarth (R) 
anН εn. GН has a ХoМaХizОН magnОtiМ momОnt whiХО thО vaХuО oП thО magnОtiМ momОnt oП thО γН 
subХattiМО НОpОnНs on thО ovОrХap oП εn γН banН with 4p Si banН [1,β]. An apprОМiabХО МorrОХation 
oП magnОtiМ orНОring tОmpОraturОs with Н ОХОМtrons МonМОntration has bООn obsОrvОН anН it has bООn 
provОН that thО НОМrОasО oП Н ОХОМtrons МonМОntration ХОaНs to inМrОasО in НОnsity oП statОs on FОrmi 
ХОvОХ anН hОnМО to thО inМrОasО oП magnОtiМ orНОring tОmpОraturОs [γ]. ThО  CuriО tОmpОraturО TC 
НОМrОasОs monotonousХy with γН ОХОМtron МonМОntration Пor GНTi1-xεnxSi, GНεn1-xFОxSi anН 
GНεn1-xCoxSi sОriОs.  

ThО maximum vaХuО oП εCE (1.0λ K at 1βФOО) has bООn obsОrvОН Пor ПОrromagnОtiМ GНFОSi 
МompounН in whiМh thО ovОrХap oП thО FО anН Si ХayОrs ХОaНs to a ПiХХing oП γН banН. ThО inМrОasО in 
εn МontОnt ХОaНs to thО appОaranМО oП thО magnОtiМ momОnt in γН subХattiМО, thО ОstabХishmОnt oП 
thО ПОrrimagnОtiМ orНОring anН НОМrОasОs thО vaХuО oП εCE ОППОМt. ThО МhangО in intОratomiМ εn-
εn НistanМОs in МompounНs with high εn МonМОntration ХОaНs to НОМrОasО in R-εn intОraМtions. 
Thus, two pОaФs havО bООn obsОrvОН on thО tОmpОraturО НОpОnНОnМО oП εCE in GНεnSi МompounН 
НuО to thО sОparatОН orНОr-НisorНОr transitions in GН anН εn subХattiМОs. ThО Ti substitution 
НОМrОasОs thО partiaХ ПiХХing oП γН banН oП εn with Si ОХОМtrons anН thО magnОtiМ momОnt oП γН-
subХattiМО thО vaХuОs oП TC anН εCE inМrОasОs. 

In  GНSМ1-xTixGО МompounНs thО spin poХarization oП SМ or Ti Н banН ОХОМtrons, strongХy 
hybriНizОН with spin poХarizОН 5Н banН ОХОМtrons oП GН ОnabХОs a high Хong rangО intОraМtion 
bОtwООn 4П momОnts. Thus, thОsО МompounНs possОss thО highОst magnОtiМ orНОring tОmpОraturОs. 
TC   anН εCE vaХuОs inМrОasО aХmost ХinОar with Ti МonМОntration. 

AnaХysis oП thО magnОtoМaХoriМ propОrtiОs oП thО sОriОs oП isostruМturaХ МompounНs 
invОstigatОН in this worФ shows that both CuriО tОmpОraturОs anН εCE strongХy НОpОnН on γН 
ОХОМtrons МonМОntration inУОМtОН into thО МrystaХ ХattiМО by substitution oП εn by FО, Co, Ti or SМ by 
Ti whiМh havО a НiППОrОnt numbОr oП γН ОХОМtrons.  

ThО worФ has bООn supportОН by RFBR grant N 16-0β-0047β A. 
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[β] S.A. NiФitin, T. I. Ivanova, Вu. A. OvМhОnФova, ε. V. εasХОnniФova, G.S. BurФhanov, 
O.D. ChistyaФov., Physics of the Solid State, 44 (β), γ08–γ11 (β00β). 
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Magnetic Materials 196 – 197, 6γβ – 6γγ (1λλλ). 
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εagnОtiМ nanopartiМХОs (εNP) arО ОxtОnsivОХy prОparОН Пor thО potОntiaХ usО in various ПiОХНs 

oП nanomОНiМinО suМh as εRI anН Нrug НОХivОry. Аmong thosО ПiОХНs thО onОs oП thО most 
promising obУОМts arО  magnОto-niosomОs – εNP, stabiХizОН by non-ioniМ surПaМtants. ThОy arО 
ОxampХОs oП thОranostiМ agОnts Мombining thОrapy (Нrug НОХivОry) anН НiagnostiМs (εRI Мontrast 
agОnts) in onО agОnt. ThО othОr poorХy stuНiОН aspОМt is ОППОМt oП εNP shapО on toxiМity, Нrug 
НОХivОry anН rОХaxivity.  ThО ПoХХowing worФ is НОНiМatОН to synthОsizing oП εNP with НiППОrОnt 
МorО shapОs (sphОriМaХ anН МubiМ) anН its ОППОМt on εRI Мontrast, toxiМity towarН prostatО МanМОr 
PCγ anН δNCaP МОХХ ХinОs anН miМО in in vivo stuНiОs. 

εNP wОrО synthОsizОН by thОrmaХ НОМomposition oП iron (III) oХОatО МompХОx in 1-oМtОНОМОnО 
mОНium. ShapО МontroХ was rОaМhОН by НiППОrОnt moХar ratio oП stabiХizОrs in rОaМtion mОНium. 
AММorНing to TEε anН DδS avОragО sizО oП thО obtainОН εNP is β0±5 nm. ThО synthОsizОН εNP 
wОrО transПОrrОН into watОr mОНium through organosoХ mixing with non-ioniМ surПaМtant (PХuroniМ 
F1β7) soХution. DδS Нata shows that avОragО sizО oП nanopartiМХОs rosО up to λ0±10 nm НuО to 
Пormation oП niosomОs with non-ioniМ surПaМtant shОХХ. ThОn thО hyНrophiХizОН εNP wОrО ХoaНОН 
with НoxorubiМin (Dox) by aННition oП its soХution into hyНrosoХ anН β4 hours stirring. Dox ОxМОss 
was taФОn away by МОntriПugation anН supОrnatant rОmoving. SpОМtrophotomОtry was usОН to 
НОtОrminО thО Dox МonМОntration in supОrnatant at  = 4λ5 nm anН, МonsОquОntХy, thО Dox ХoaНing 
in thО nanopartiМХОs (50 g/mХ Dox in thО 0,γβ mg/mХ magnОtitО МoХХoiН soХution).  ThО avОragО 
ХoaНing is 1γ,5% oП thО Dox  in nanopartiМХОs. Dox ХoaНОН niosomОs МytotoxiМity was mОasurОН on 
PCγ anН δNCaP МОХХ МuХturОs by εTT assay anН МomparОН to МytotoxiМity oП unХoaНОН 
nanopartiМХОs anН ПrОО Dox aПtОr 48 hour oП inМubation. In vivo ОППiМiОnМy was ОvaХuatОН on miМО 
aХХogОniМ by 4T1 moНОХ oП miМО mammary МarМinoma МОХХ ХinО. ThО sampХОs wОrО inУОМtОН thrОО 
timОs with 4 Нays intОrvaХ anН β mg/Фg Dox НosagО.  

ThО obtainОН Нata НОmonstratО ХowОr МytotoxiМity oП Dox ХoaНОН εNP МomparОН to ПrОО Dox 
at thО samО totaХ Dox МonМОntrations in МОХХ МuХturО mОНium. This happОns НuО to sХow Dox 
rОХОasing Пrom PХuroniМ shОХХ oП εNP whiМh arО pХay a roХО oП Нrug МarriОr. AХso niosomОs with 
nanoМubОs МorО (CbD) showОН a bit highОr МytotoxiМity МomparОН anaХogous nanosphОrОs basОН 
agОnts (SpD). It МausОН by Пour timОs highОr uptaФО oП nanoМubОs vОrsus nanosphОrОs. Both МubiМ 
anН sphОriМaХ niosomОs НОmonstratОН rОХativОХy high Tβ-rОХaxivity (β40 mε-1*М-1 anН β6β mε-1*М-1 

rОspОМtivОХy). AММorНing to in vivo stuНiОs thО highОst mОНian survivaХ was in thО МasО oП miМО 
group with CbD, anН thО ХowОst is Пor SpD.  

ThО authors gratОПuХХy aМФnowХОНgО thО support oП thО εinistry oП EНuМation anН SМiОnМО oП 
thО Russian FОНОration (grant  № 14.578.β1.0β01 (RFεEFI57816X0β01)). 



IBCε - β017 

 14β

INFLUENCE OF LIQUID ENVIRONMENT AND LASER 
PARAMETERS ON THE MAGNETIC PROPERTIES OF NANOPARTICLES 

SYNTHESIZED BY LASER ABLATION 

ε.ε. NOSAN a,b,*, A.S.OεEδВANCHIK a,b, I.G. SAεUSEV b, N.ε. εВSδITSKAВA b, 
R.В.BORKUNOV b, I.I. δВATUN a,b, V.V. RODIONOVA a,b  

       
a
 CОntОr Пor FunМtionaХizОН εagnОtiМ εatОriaХs (Funεagεa), ImmanuОХ Kant BaХtiМ FОНОraХ 

UnivОrsity, βγ6041, NОvsФogo 14, KaХiningraН, Russia 
b InstitutО oП PhysiМs, εathОmatiМs anН InПormation TОМhnoХogy, ImmanuОХ Kant BaХtiМ FОНОraХ 

UnivОrsity, βγ6041, KaХiningraН, Russia 
* nosanmarФ@gmaiХ.Мom 

 
NowaНays a stuНy oП synthОsis mОthoНs anН magnОtiМ nanopartiМХОs propОrtiОs bОМomО onО oП 

most promising sМiОntiПiМ ПiОХН. SpОМiПiМaХХy 
prОparОН anН ПunМtionaХizОН nanopartiМХОs Мan 
bО usОПuХ in many НiППОrОnt appХiМations suМh 
as biomОНiМinО, МataХysis, ОnОrgy 
storagО ОtМ. [1] δasОr abХation is a mОthoН 
whiМh Мan oППОr to synthОsizО many НiППОrОnt 
typОs oП partiМХОs out oП samО initiaХ substanМО, 
Пor ОxampХО МorО/shОХХ nanopartiМХОs or non-
sphОriМaХ shapО nanopartiМХОs [1]. δasОr 
abХation is a МompХОx physiМaХ anН МhОmiМaХ 
proМОssОs – a rОmovaХ (abХation) oП thО 
substanМО Пrom thО surПaМО or voХumО oП thО 
soХiН targОt using a ХasОr bОam. In Мontrast to 
thО МhОmiМaХ ways oП synthОsis, nanopartiМХОs 
prОparОН by ХasОr abХation Мonsist onХy Пrom 
thО matОriaХ oП targОt anН thО ХiquiН (without 
impuritiОs).  

In prОsОnt worФ, wО prОparОН thО magnОtiМ nanopartiМХОs by ХasОr abХation oП a α-FО targОt in 
an aquОous mОНium anН in thО isopropyХ soХution, using two НiППОrОnt typОs oП ХasОrs (nanosОМonН 
anН ПОmtosОМonН) anН НiППОrОnt powОr oП ХasОr bОam (15, β5 anН β50 mJ). PiМturОs oП ПabriМatОН 
sampХОs wОrО taФing by SEε oП FIB CarХ ГEISS CrossbОam 540 (Fig.1.).  ThО obtainОН 
nanopartiМХОs havО a sphОriМaХ shapО anН a mОan НiamОtОr oП ХОss than 100 nm, whiМh is МХosО to 
sizО inНiМatОs supОrparamagnОtiМ statО Пor FОxOy. εagnОtiМ mОasurОmОnts МarriОН out by vibrating 
sampХО magnОtomОtОr 7404 SystОm by δaФОShorО. For anaХysis oП thО magnОtiМ propОrtiОs, thО 
hystОrОsis Хoops oП ОaМh sampХО at room tОmpОraturО, thО Хow tОmpОraturО НОpОnНОnМО oП 
magnОtization in zОro-ПiОХН МooХОН anН ПiОХН МooХОН (ГFC/FC) protoМoХs wОrО mОasurОН. AХХ 
sampХОs show thО ПОrromagnОtiМ bОhavior, high saturation magnОtization vaХuОs (up to γλ Оmu/g) 
anН ОnМhantОН МoОrМivity (100-545 OО) in Мomparison with buХФ vaХuО.  
 
[1] K.В. Niu, J. Вang, S.A. KuХiniМh, J. Sun, H. δi, X.W. Du, J. Am. Chem. Soc. 132, λ814 (β010). 

 

FigurО 1. SEε ImagО oП prОparОН sampХОs. 
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εanganОsО oxiНО nanopartiМХОs 

(εNOPs) [1], whОn НispОrsОН in a watОr 
soХution, show a magnОtiМ bОhavior that 
НrastiМaХХy МhangОs aПtОr an aging proМОss. 
In this worФ, thО variation in thО magnОtiМ 
propОrtiОs has bООn МorrОХatОН with thО 
struМturaХ ОvoХution oП thО nanopartiМХОsμ in 
partiМuХar, thО as prОparОН εnγO4/εnO 
МorО/shОХХ systОm maniПОsts a Хow 
tОmpОraturО magnОtization rОvОrsaХ that is 
strongХy aППОМtОН by thО prОsОnМО oП thО 
εnO shОХХ anН, in partiМuХar, by thО 
ОxistОnМО oП a ПrustratОН intОrПaМiaХ rОgion 
pХaying a ФОy roХО in НОtОrmining thО Хow 
tОmpОraturО irrОvОrsibiХity, thО ПinitО 
МoОrМivity sХightХy abovО thО CuriО 
tОmpОraturО oП thО εnγO4 phasО, anН thО 
horizontaХ НispХaМОmОnt oП thО FC-
hystОrОsis Хoop.  

On thО othОr hanН, thО magnОtiМ bОhavior oП thО agОН systОm rОsuХts НominatОН by thО 
prОsОnМО oП εnγO4 whosО highХy anisotropiМ МharaМtОr (i.О. high МoОrМivity anН high magnОtization 
rОmanОnМО) is attributОН to thО prОsОnМО oП a ХargО ПraМtion oП surПaМО spins. SuМh rОsuХt is МonsistОnt 
with thО struМturaХ ОvoХution, Пrom МorО/shОХХ to hoХХow nanopartiМХОs, as shown by TEε 
obsОrvation. 

 
[1] B.H. εМDonagh, G. Singh, S. HaФ, S. BanНyopaНhyay, I.δ. AugОstaН, D. PОННis, I. SanНvig, 
A. SanНvig, W.R. GХomm, Small. 12, γ01–γ06 (β016). Нoiμ10.100β/smХХ.β0150β545. 

 

FigurО 1. FiОХН МooХing (5T) hystОrОsis Хoops oП thО 
as-prОparОН anН agОН sampХО at 5K. 
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SpinОХ ПОrritО nanopartiМХОs (NPs) arО obУОМt oП 

inМrОasing intОrОst НuО to thОir tОМhnoХogiМaХ 
appХiМations in НiППОrОnt ПiОХНs, О.g. biomОНiМinО, 
magnОtiМ rОМorНing anН МataХysis [1]. NanosizОН 
МobaХt ПОrritО in mОsoporous siХiМa matrix 
(CoFОβO4//SiOβ) nanoМompositОs with Хow wt% oП 
magnОtiМ phasО (15 wt%) wОrО synthОsizОН by a soХ-
gОХ auto-Мombustion mОthoН invoХving mОtaХ 
nitratОs, МitriМ aМiН anН tОtraОthoxysiХanО as 
prОМursors anН trОatОН aПtОrwarНs at thrОО НiППОrОnt 
annОaХing tОmpОraturОs 700, 800 anН λ00ºC. ThО 
growth oП partiМХО sizОs with thО inМrОasО oП 
annОaХing tОmpОraturО was obsОrvОН by 
Transmission EХОМtron εiМrosМopy (TEε). 
εagnОtiМ propОrtiОs wОrО stuНiОН by SQUID magnОtomОtОr, εössbauОr spОМtrosМopy anН AC 
susМОptibiХity mОasurОmОnts. ThО vaХuО oП ОППОМtivО magnОtiМ anisotropy Мonstant (KОПП) inМrОasОs 
with thО НОМrОasО oП partiМХО sizО, bОing two timОs highОr than thО buХФ vaХuО Пor γ nm partiМХОs.  
This Мan bО asМribОН to thО inМrОasО oП surПaМО МomponОnt oП anisotropy. εorОovОr, wО obsОrvОН a 
strong inМrОasО oП KОПП Пor partiМХОs with samО sizО but annОaХОН at НiППОrОnt tОmpОraturО (FigurО 1). 
This Мan bО rОХatОН to НiППОrОnМО in МationiМ Нistribution, bОyonН thО ОППОМt oП partiМХО sizО.  In ПaМt 
singХО ion anisotropy Пor Coβ+ ХoМatОН tОtrahОНraХ sitОs (4Aβ МrystaХ ПiОХН grounН ОnОrgy tОrm, 
−7λ10−β4 J/ion) is smaХХОr МomparОН to Coβ+ in oМtahОНraХ sitОs (+85010−β4). This Мan inНuМО an 
inМrОasО oП magnОtoМrystaХХinО anisotropy rОХatОН to thО orbitaХ Мontribution in thО 4T1 grounН 
ОnОrgy tОrm [β]. 

 
[1] C. Cannas, A. εusinu, D. PОННis, G. PiММaХuga, Chem. Mater. 18, γ8γ5 (β006). 
[β] C. Cannas, A. εusinu, G.PiММaХuga, D.Fiorani, D. PОННis, H.K. RasmussОn, S. εørup, J. Chem. 

Phys. 125, 164714 (β006). 

FigurО 1. SizО НОpОnНОnМО oП ОППОМtivО 
anisotropy Мonstant. 
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CurrОntХy, muМh attОntion is paiН to magnОtothОrmaХ propОrtiОs oП thО intОrmОtaХiМ matОriaХs. 
It is МausОН by praМtiМaХ pОrspОМtivОs oП appХiМation oП suМh matОriaХs in magnОtiМ rОПrigОration 
maМhinО, basОН on magnОtoМaХoriМ ОППОМt (εCE). GОnОraХХy, thО εCE is assoМiatОН with thО 
ПОrromagnОtiМ-paramagnОtiМ phasО transition tОmpОraturО oП thО hОavy rarО-Оarth mОtaХs.  HowОvОr, 
thО aХХoys anН МompounНs basОН on hОavy rarО-Оarth ОХОmОnts arО too ОxpОnsivО Пor НomОstiМ 
appХiМation. In rОМОnt yОars, thО magnОtiМ anН magnОtoМaХoriМ propОrtiОs in Хots oП intОrmОtaХХiМ 
МompounНs havО bООn stuНiОН, anН somО oП thОm havО bООn ПounН to possОss not onХy ХargО 
magnОtiМ Оntropy МhangО but aХso a smaХХ hystОrОsis Хoss. δargО rОvОrsibХО εCE with a wiНО 
tОmpОraturО rangО havО bООn rОportОН in sОvОraХ matОriaХs that unНОrgo muХtipХО suММОssivО 
magnОtiМ phasО transitions. 

In this worФ, thО ОquiatomiМ intОrmОtaХХiМ aХХoy εnГnSb with tОtragonaХ CuβSb-typО МrystaХ 
struМturО (spaМО group P4/nmm) was mОХtОН in thО rОsistanМО ПurnaМО in ОvaМuatОН quartz ampuХО. 
ThО МrystaХХinО struМturО was ОxaminОН by thО mОthoНs oП X-ray НiППraМtion, using Cu Kα raНiation. 
ThО aНiabatiМ εCE in magnОtiМ ПiОХН up to 1.β T in wiНО tОmpОraturО rangО was stuНiОН by thО 
НirОМt mОthoН with T-typО thОrmoМoupХО attaМhОН insiНО thО sampХО. ThО ПiОХН anН tОmpОraturО 
НОpОnНОnМiОs oП magnОtization wОrО invОstigatОН by vibration magnОtomОtОr in magnОtiМ ПiОХН up to 
14 T, anН isothОrmaХ МhangО oП magnОtiМ Мontribution oП Оntropy was МaХМuХatОН by εaxwОХХ 
rОХation. 

ThО magnОtiМ anН magnОtoМaХoriМ propОrtiОs oП εnГnSb wОrО invОstigatОН. It was ПounН that 
tОmpОraturО НОpОnНОnМО oП εCE shows a sharp pОaФ nОar room tОmpОraturО with thО maximum at 
CuriО tОmpОraturО TC = γ17 K. ThО maximum magnituНО oП εCE is 0.45K in ПiОХН oП 1.β T. It was 
shown that thОrО is no thО tОmpОraturО hystОrОsis oП thО εCE in εnГnSb, anН maximum oП εCE at 
hОating anН МooХing is НОtОМtОН at thО samО tОmpОraturО. ThО εCE in ПiОХНs morО than βT was 
ОstimatОН by МaХМuХation Пrom thО magnОtization МurvОs. ThО maximum vaХuО oП εCE in ПiОХН oП 14 
T is 4.5 K. It was ПounН that in ПiОХНs morО than 4 T thО tОmpОraturО НОpОnНОnМО oП εCE 
НОmonstratОs a wiНО maximum nОar CuriО tОmpОraturО. 

It was ОstabХishОН that at tОmpОraturО ХОss than TC (in ПОrromagnОtiМ phasО) thО εCE НОpОnНs 
ХinОar on ПiОХН; at thО samО timО at tОmpОraturО abovО TC (in paramagnОtiМ phasО) thО εCE is ХinОar 
ПunМtion oП squarО magnОtization. ThО ОxМhangО paramОtОr was МaХМuХatОН in ПramО oП mОan-ПiОХН 
approaМh Пrom thО НОpОnНОnМО oП εCE on thО magnОtization. 

It was МonМХuНОН that εnГnSb is thО intОrmОtaХХiМ МompounН with signiПiМant εCE vaХuО 
about 0.4 K pОr 1 T at tОmpОraturОs МХosО to room tОmpОraturО anН thО εCE hystОrОsis is absОnМО. It 
is Фnown that smaХХ hystОrОsis oП εCE is important Пor tОМhniМaХ appХiМations. ThО main 
magnОtoМaХoriМ МharaМtОristiМs oП thО intОrmОtaХХiМ aХХoy εnГnSbμ isothОrmaХ variation oП thО 
magnОtiМ Оntropy unНОr thО magnОtiМ phasО transition, thО magnituНО oП thО magnОtoМaХoriМ ОППОМt, 
anН thО МooХing МapaМity wОrО НОtОrminОН. It was ПounН that thО aХХoy invОstigatОН is oП intОrОst Пrom 
thО point oП viОw oП praМtiМaХ appХiМations (magnОtiМ МooХing). 

ThО worФ is supportОН by RFBR grant #16-0β-0047β BRFBR grant #T16P-170. 
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As Пor toНay, FО-Rh-basОН aХХoys is a promising matОriaХ showing a mОtamagnОtiМ Пirst-orНОr 

phasО transition abovО room tОmpОraturО that is oП grОat intОrОst Пor ПuturО tОМhnoХogiОs suМh as 
thОrmaХХy assistОН magnОtiМ rОМorНing, magnОtiМ МooХing anН spintroniМs НОviМОs [1-γ]. FО-Rh aХХoys 
with aХmost ОquiatomiМ Мomposition arО onОs oП thО bОst magnОtoМaХoriМ matОriaХs showing a giant 
magnОtoМaХoriМ ОППОМt МХosО to room tОmpОraturОs. For instanМО, thО НirОМt magnОtoМaХoriМ ОППОМt 
mОasurОmОnts in FО51Rh4λ aХХoy [β] showОН that thО vaХuО oП thО aНiabatiМ tОmpОraturО МhangО was 
ПounН to bО -1γ K at thО point γ07 K with thО magnОtiМ ПiОХН МhangО Пrom 0 to β T. In our worФ, wО 
prОsОnt thОorОtiМaХ invОstigations oП thО struМturaХ anН magnОtiМ propОrtiОs FО8Rh8-x(εn, Pt)x, (x = 0 
– γ) aХХoys. 

In thО prОsОnt worФ wО usОН thО НОnsity ПunМtionaХ thОory as impХОmОntОН in thО VASP 
paМФagО. ThО gОnОraХizОН graНiОnt approximation Пor thО ОxМhangО МorrОХation ПunМtionaХ in thО 
ПormuХation oП PОrНОw, BurФО anН ErnzОrhoП (PBE) was taФОn into МaХМuХations. ThО ОnОrgy 
МaХМuХations wОrО pОrПormОН Пor Lβ1 supОrМОХХ (FО8Rh8-xГx). ThО ab initio МaХМuХations havО bООn 
МarriОН out by using thО 16-atom supОrМОХХ approaМh with НiППОrОnt initiaХ spin МonПigurations. In thО 
prОsОnt worФ wО МaХМuХatОН thО totaХ ОnОrgiОs oП thО 16-atom supОrМОХХs Пor FО8Rh8-xГx systОm 
МaХМuХatОН Пor НiППОrОnt spin МonПigurations as ПunМtions oП thО ХattiМО paramОtОr. For thО parОnt FО-
Rh МompounН, thО antiПОrromagnОtiМ МhОМФОrboarН-ХiФО spin МonПiguration in a МubiМ МОХХ is 
ОnОrgОtiМaХХy ПavorabХО МomparОН to othОr antiПОrromagnОtiМ anН ПОrromagnОtiМ МonПigurations. In 
this Мasе, a totaХ magnОtiМ momОnt is ПounН to bО oП 0 B/П.u. 

To invОstigatО thО possibiХity oП martОnsitiМ transПormation in thОsО aХХoys in НОpОnНОnМО on 
thО thirН ОХОmОnt, wО pОrПormОН totaХ ОnОrgy МaХМuХations Пor tОtragonaХ Нistortion oП thО МubiМ 
struМturО aХong z axis. To aММompХish this, wО ПixОН thО voХumО oП a supОrМОХХ as VМubiМ ≈ VtОtragonaХ 
(a0

γ ≈ aβ
c). WhОrО a0 is thО paramОtОr Пor thО МubiМ struМturО, a anН c arО thО ХattiМО paramОtОrs Пor 

thО tОtragonaХ struМturО, hОrО М is НirОМtОН aХong z axis. ThО totaХ ОnОrgy НiППОrОnМОs bОtwООn thО 
tОtragonaХ НistortОН anН МubiМ phasОs Пor FО8Rh8-x(εn, Pt)x, (x = 0 – γ) Мompositions with thО 
ОnОrgОtiМaХХy ПavorabХО spin МonПiguration as ПunМtions oП c/a ratio was ПounН. WО notО that thО 
МaХМuХatОН optimizОН ХattiМО paramОtОr Пor FО-Rh aХХoy is in a gooН agrООmОnt with ОxpОrimОntaХ anН 
othОr thОorОtiМaХ vaХuОs [1, γ]. 

This worФ is supportОН by aНvanМОН rОsОarМh ПounНation oП thО ChОХyabinsФ StatО UnivОrsity 
anН PrОsiНОnt RF Grant εK-8480.β016.β. 
[1] A. Gray, Phys. Rev. Lett. 108, β57β08 (β01β). 
[β] A. ChirФova, Acta Mater. 106, 15 (β016). 
[γ] J. RuigroФ, J. Appl. Phys. 87, 5γλ8 (β000). 
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CanМОr is onО oП thО most important human НisОasОs, bОing thО ХОaНing МausО oП НОath 
worХНwiНО thОrОПorО has rОМОivОН signiПiМant attОntion ПoМusОН on ПinНing nОw anН morО sОnsitivО 
nanomatОriaХs that Мan improvО МurrОnt НiagnostiМ imaging tОМhniquОs. Among thО МonvОntionaХ 
imaging moНaХitiОs magnОtiМ rОsonanМО imaging (εRI) is МonsiНОrОН onО oП thО most usОПuХ. To 
ОnhanМО thО εRI quaХity it is МruМiaХ to МhoosО thО appropriatО Мontrast agОnt, abХО to НisМriminatО 
bОtwООn НisОasОН anН hОaХthy tissuОs ant to aХХow bОttОr visuaХization oП anatomiМaХ НОtaiХs [1]. At 
this rОgarН, supОrparamagnОtiМ iron oxiНО nanopartiМХОs (SPIONs) arО thО most НОvОХopОН nОgativО 
Мontrast agОnts that Мan shortОn thО Tβ rОХaxation timО oП watОr protons, rОsuХting in ОnhanМОН 
Мontrast anН sОnsitivity. In this stuНy, a nОw amphiphiХiМ inuХin-basОН graПt МopoХymОr namОН INU-
δA-PEG-FA was usОН as bioМompatibХО Мoating matОriaХ Пor 10‐nm FОγO4 SPIONs. FoХiМ aМiН (FA) 
was graПt to inuХin baМФbonО, using PEG as spaМОr, to inНuМО aМtivО targОting to thО tumor. 
PhysiМoМhОmiМaХ МharaМtОrization anН in vitro bioМompatibiХity stuНy was thОn pОrПormОН on thО 
prОparОН magnОtiМ nanopartiМХОs. ThО improvОН targОting anН imaging propОrtiОs oП thО prОparОН 
FA‐SPIONs wОrО ПurthОr ОvaХuatОН in nuНО miМО using 7‐TОsХa εRI spОМtromОtОr. FA‐SPIONs 
ОxhibitОН thО abiХity to aМt as ОППiМiОnt Мontrast agОnts in МonvОntionaХ εRI, proviНing a potОntiaХ 
nanopХatПorm not onХy Пor tumor Нiagnosis but aХso Пor МanМОr trОatmОnt, through thО НОХivОry oП 
antiМanМОr Нrug or ХoМorОgionaХ magnОtiМ hypОrthОrmia [β]. 

 
[1] δОО N. Оt aХ., Chem. Rev. 115, 106γ7–1068λ (β015). 
[β] SМiaХabba C. Оt aХ., Nanoresearch., DOIμ 10.1007/s1ββ74-017-1540-4 (β017). 
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a εosМow TОМhnoХogiМaХ UnivОrsity (εIREA), εosМow, 11λ454 Russia 
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WО havО invОstigatОН thО inПХuОnМО oП substitution oП Cr atoms Пor FО atoms on thО МrystaХ 

struМturО, ХoМaХ magnОtiМ anН vaХОnМО statОs oП FО atoms anН paramОtОrs oП thО spatiaХ spin-
moНuХatОН struМturО (SSεS) by thО 57FО εossbauОr mОthoН in buХФ muХtiПОrroiМ BiFО0.80Cr0.β0Oγ 
synthОsizОН at high prОssurОs. εОasurОmОnts wОrО МarriОН out in thО tОmpОraturО rangО oП 5–600 K. 
ThО sampХОs haН a rhombohОНraХ struМturО bОХonging to spaМО group RγМ. A МyМХoiН typО SSεS 
moНОХ [1] was usОН in thО proМОssing anН anaХysis oП our εossbauОr spОМtra. 

ThО tОmpОraturО НОpОnНОnМОs oП thО hypОrПinО paramОtОrs oП thО 57FО εossbauОr spОМtrum – 
thО isomОr shiПt, thО quaНrupoХО shiПt oП thО spОМtraХ МomponОnts, isotropiМ anН anisotropiМ 
Мontributions to thО hypОrПinО magnОtiМ ПiОХН anН thО anharmoniМity paramОtОr m oП SSεS wОrО 
obtainОН anН anaХyzОН. It was ПounН thО positions oП FО atoms in thО Пirst Мation МoorНination sphОrО 
oП whiМh thОrО wОrО onО, two, thrОО anН Пour 
atoms oП Cr. ThО isotropiМ Мontribution to thО 
hypОrПinО ПiОХН oП thО iron atom is НОМrОasОН 
whОn its nОarОst Мation sphОrО Мontains 
Мhromium atoms. A magnОtiМ phasО Нiagram 
was МonstruМtОН in thО "anharmoniМity 
paramОtОr m" – "tОmpОraturО T" axОs, inНiМating 
thО rОgions oП thО antiПОrromagnОtiМ struМturО oП 
thО G-typО, anharmoniМ SSεS with magnОtiМ 
anisotropy oП thО "Оasy axis" anН "Оasy pХanО" 
typО (sОО FigurО). ThО paramagnОtiМ statО was 
obsОrvОН at tОmpОraturМ abovО thО NООХ point TN 
= 505 K. 

 
This worФ was supportОН by RFBR, proУОМt No. 14-0β-0110λ anН thО εinistry oП EНuМation 

anН SМiОnМО oП thО Russian FОНОration (МontraМt № γ.585λ.β017/BP). 
 
[1] V.S. RusaФov, V.S. PoФatiХov, A.S. Sigov, ε.E. εatsnОv, GubaiНuХina., JETP Letters 100 (7), 
46γ–46λ (β014). 
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OП partiМuХar intОrОst arО nanoМrystaХХinО FО–B–T (T=Н-atoms) aХХoys Мontaining transition 

mОtaХ impuritiОs as a ПunМtionaХ МompositО  matОriaХs. D-impuritiОs aХХow to gОnОratО МОrtain 
nanoМrystaХs anН uniquО magnОtiМ anН othОr propОrtiОs in thОsО aХХoys. HowОvОr, thО inПХuОnМО oП Н–
atoms impuritiОs  on thО Мomposition, thО atomiМ anН magnОtiМ struМturОs oП nanoМrystaХХinО phasОs 
oП nanoМrystaХХinО FО–B–T (γН–atoms) aХХoys was not aХmost stuНiОН. ThО aim oП this worФ is to 
stuНy thО inПХuОnМО oП impurity Мhromium atoms on thО МrystaХ struМturО, thО Мomposition, ХoМaХ 
atomiМ anН magnОtiМ struМturО oП thО nanoМrystaХХinО aХХoys FО80Cr5B15.   

ThО thiМФ ribbons oП amorphous aХХoy FО80Cr5B15 wОrО  annОaХОН in thО tОmpОraturО rangО 
400–47γ°C. ThО X-ray НiППraМtion stuНiОs oП thО sampХОs wОrО МarriОН out on a RigaФu GОigОrПХОx 
НiППraМtomОtОr. ThО ХoМaХ atomiМ anН magnОtiМ struМturОs oП thО nanoМrystaХХinО  FО80Cr5B15 aХХoys 
wОrО stuНiОН using a εössbauОr spОМtromОtОr εS1104Em at room tОmpОraturО. For proМОssing anН 
anaХysis oП thО εossbauОr spОМtra was usОН thО  program SpОМtrRОХax.   

At thО annОaХing tОmpОraturО T = 440°C, nanoМrystaХs oП thО α–FО(Cr) phasО (~1%) 
prОМipitatО in thО amorphous matrix oП thО aХХoy. ThО МompХОtО МrystaХХization oП thО amorphous 
aХХoy oММurs at T = 47γ°C with thО Пormation oП α–FО(Cr) nanoМrystaХs β6 ± β nm in sizО anН 
nanoМrystaХs oП tОtragonaХ boriНО t–(FО, Cr)γB 47 ± β nm in sizО. It has bООn ПounН that Cr atoms arО 
ХoМatОН in nanoМrystaХs oП thО α-FО(Cr) anН t–(FО, Cr)γB phasОs. It was НisМovОrОН that aННing 5 
at.% Cr in thО amorphous aХХoy FО85Β15 supprОss thО appОaranМО oП thО orthorhombiМ phasО FОγB in 
nanoМrystaХХinО aХХoy FО80Cr5B15. At thО annОaХing tОmpОraturО 47γ°C, thО sampХО Мontains onХy 
nanoМrystaХs oП thО α – FО(Cr) (55–60%) anН t–FО, Cr)γB (45–40%) phasОs. ThОrО arО two statОs oП 
FО atoms in thО α–FО(Cr)  phasО anН thrОО ОquaХХy probabХО МrystaХХographiМ nonОquivaХОnt statОs oП 
iron atoms in thО t–(FО,Cr)γB phasО. ThО Cr МonМОntration  in thО nanoМrystaХХinО  phasОs is ПounН to 
bО ~5 at %. ThО  substitution  oП Мhromium  atoms  Пor  FО  atoms in t–(FО, Cr)γB  substantiaХХy 
НОМrОasОs ХoМaХ magnОtiМ momОnts oП thО FО atoms МomparОН to thО vaХuОs oП thО magnОtiМ 
momОnts oП FО atoms in t–FОγB.. 

This worФ was supportОН by thО εinistry oП EНuМation anН SМiОnМО oП thО Russian FОНОration 
(proУОМts  № γ.585λ.β017/BP; № γ.5γ46.β017/BP; 8.50.λ8.β017/BP). 
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ThО aim oП this papОr was to invОstigatО thО inПХuОnМО oП partiaХ substitution oП Co by AХ 
atoms on thО magnОtiМ, magnОtothОrmaХ anН magnОtoОХОastiМ propОrtiОs oП muХtiМomponОnt 
(Tb,Dy,GН)Coβ МompounНs with δavОs phasО struМturО. In this worФ thО magnОtoМaХoriМ ОППОМt 
(εCE) anН magnОtostriМtion oП thО Tb0.βDy0.8-xGНxCo1.λAХ0.1 (x = 0.γ, 0.4, 0.5) МompounНs wОrО 
invОstigatОН anН МomparОН with thО rОsuХts obtainОН prОviousХy Пor thО originaХ AХ - ПrОО Tb0.βDy0.8-

xGНxCoβ systОm [1]. ThО aХХoys wОrО synthОsizОН by arМ mОthoН in hОХium atmosphОrО. ThО purity 
oП Co anН rarО-Оarth mОtaХs was λλ.λλ anН λλ.λ%, rОspОМtivОХy. ThО aХХoys wОrО rОmОХtОН thrОО 
timОs anН annОaХОН (at λ00°C Пor onО month) to obtain homogОnОous sampХОs.  

ThО МrystaХ struМturО anН ХattiМО paramОtОrs 
wОrО НОtОrminОН by X-ray НiППraМtion. ThО thОrmaХ 
Оxpansion as wОХХ as thО ХongituНinaХ anН transvОrsО 
magnОtostriМtion wОrО stuНiОН in НОtaiХ by thО strain-
gaugО mОthoН in thО tОmpОraturО rangО 80-γβ0 K in 
ПiОХНs up to 1.β T. ThО εCE was mОasurОН in ПiОХНs 
oП up to 1.8 T by НirОМt mОthoН (εagEq εεS λ01 
sОtup). It was ПounН that thО partiaХ substitution oП 
Co by AХ atoms ХОaНs to inМrОasОs thО CuriО 
tОmpОraturО on thО avОragО by β0 K, whiХО thО 
magnituНО oП thО εCE (ΔTaН), as shown in Fig.1, 
НОМrОasОs not signiПiМantХy (on 0.β K). 

It has bООn ОstabХishОН that thО εCE vaХuО 
rОmains Мonstant ovОr a wiНО tОmpОraturО rangО, 
whiХО thО МontОnt oП GН anН Dy is variОН, in both thО 
AХ-substitutОН anН thО originaХ AХ-ПrОО МompounНs. 
This ПaМt is important anН aХХows promising thО 
НОvОХopmОnt oП nОw ПunМtionaХ matОriaХs basОН on 
thО Tb0.βDy0.8-xGНxCoβ-yAХy (x = 0.γ, 0.4, 0.5, y = 0, 
0.1) МompounНs. 

 
ThО worФ is supportОН by thО RFBR anН εosМow Мity GovОrnmОnt aММorНing to thО rОsОarМh 

proУОМt 15-γγ-70040 moХ_a_mos. 
 

[1] I.S. TОrОshina, J.CwiФ, E.A. TОrОshina, G.A. PoХitova et al., IEEE Trans. Magn. 50, 11, 
β504604 (β014).  

Fig. 1. TОmpОraturО НОpОnНОnМiОs oП thО 
aНiabatiМ tОmpОraturО МhangО Пor 
Tb0.βDy0.8-xGНxCoβ-yAХy (x = 0.γ, 0.4, 0.5, 
y = 0, 0.1) obtainОН by НirОМt mОthoН. 
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DuО to uniquО propОrtiОs, magnОtiМ nanomatОriaХs arО wiНОХy usОН in many branМhОs oП 
sМiОnМО anН tОМhnoХogy. RОМОnt НОvОХopmОnts in nanotОМhnoХogy anН moХОМuХar bioХogy havО 
hОХpОН to transХatО muХtiПunМtionaХ nanopartiМХОs into onО oП thО most pОrspОМtivО anН aМtivОХy 
НОvОХopОН arОas - biomОНiМaХ appХiМation. NОw possibiХitiОs in nanotОМhnoХogy arОa arО rОХatОН with 
so МaХХОН thОranostiМs, whiМh arО НОПinОН as a matОriaХ Пor thО Мombination oП thОrapy anН imaging 
within a singХО pХatПorm. 

HybriН matОriaХs basОН on nanopartiМХОs with НiППОrОnt surПaМО naturО as wОХХ as НiППОrОnt 
МhОmiМaХ propОrtiОs rОprОsОnt partiМuХarХy ОspОМiaХ intОrОst. SuМh matОriaХs Мan bО МontroХХОН 
moНiПiОН in various ways simuХtanОousХy, in partiМuХar with Нrugs anН targОtОН moХОМuХОs [1]. 
SurПaМО moНiПiМation oП nanopartiМХОs with ПХuorОsМОnМО НyОs opОns horizons Пor visuaХization 
МapabiХitiОs, aХso aХХows us to traМО thО bОhavior oП partiМХОs in a bioХogiМaХ ОnvironmОnt, whiМh is 
ОssОntiaХ Пor thОir ПuturО biomОНiМaХ appХiМations [β]. 

In this worФ wО НОvОХopОН synthОtiМ proМОНurО Пor magnОtitО-goХН НumbbОХХ nanopartiМХОs 
moНiПiОН with НiППОrОnt МopoХymОrs Мontainingμ ПХuorОsМОin anН suХПo-Cy5 anН invОstigatОН oП thО 
simiХar systОm with a Нrug (DOX) instОaН oП thО НyО. NОxt, in vitro bioНistribution oП nanopartiМХОs 
was stuНiОН on δNCaP МОХХ ХinО (PSεA-positivО prostatО МanМОr МОХХ ХinО). εorО НОtaiХОН 
inПormation Пor thО synthОsis, МharaМtОrization anН bioХogiМaХ tОsting wiХХ bО НisМussОН in rОport. 

ThО authors gratОПuХХy aМФnowХОНgО thО support oП thО εinistry oП EНuМation anН SМiОnМО oП 
thО Russian FОНОration (grant № 14.578.β1.0β01 (RFεEFI57816X0β01)). 

 
[1] Fang-hsin δin anН RuОy-an Doong, J. Phys. Chem. C 115 (14) (β011). 
[β] VХaНisХav VОrФhusha Оt aХ., BioTechniques 51 (5) (β011). 
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εagnОtiМ ПiХamОnts arО sОmiПХОxibХО poХymОr-ХiФО Мhains oП magnОtiМ nanopartiМХОs 
pОrmanОntХy МrossХinФОН with poХymОrs whiМh havО bООn rОМОntХy shown to bО promising buiХНing 
bХoМФs Пor thО МrОation oП sophistiМatОН magnОtorОsponsivО matОriaХs. HОrО, wО invОstigatО soХution 
oП magnОtiМ ПiХamОnts with НiППОrОnt МonПormations anН ХОngths maНО out oП ПОrromagnОtiМ partiМХОs 
oП НiППОrОnt shapОs. For sphОriМaХ nanopartiМХОs simpХО opОn Мhains, МХosОН rings anН branМhОН 
struМturОs with “X” anН “В” УunМtions arО invОstigatОН. For ПОrromagnОtiМ ОХХipsoiНaХ nanopartiМХОs 
wО invОstigatО simpХО opОn Мhains anН МХosОН rings onХy. It was inspirОН by thО rОМОnt ПinНings on 
thО Хow tОmpОraturО sОХП-assОmbХy anН grounН statО oП НipoХar harН sphОrОs anН ОХХipsoiНs. Using 
δangОvin НynamiМs simuХations, wО ПoМus on Хow-МonМОntration soХutions oП ПiХamОnts, anaХysing in 
НОtaiХ thОir sОХП-assОmbХy anН maМropropОrtiОs. ExtОnsivО МХustОr anaХysis was maНО using graph 
thОory. WО aХso МomparО thО struМturОs ПormОН by ПiХamОnt soХutions to thosО obsОrvОН in 
"МonvОntionaХ" magnОtiМ ПХuiНs Мontaining non-МrossХinФОН nanopartiМХОs oП НiППОrОnt shapО. ThОn 
wО invОstigatО initiaХ susМОptibiХity Пor НiППОrОnt МonМОntration anН НiППОrОnt partiМХО’s paramОtОrs 
(shapО, vaХuО oП magnОtiМ momОnt). WО havО shown that МonПormation oП ПiХamОnts Мan 
НramatiМaХХy МhangО miМrostruМturО anН maМrosМopiМaХ rОsponsО oП soХution. ThОsО rОsuХts wiХХ Пorm 
thО basis Пor НОvОХoping thОorОtiМaХ moНОХs anН proviНО rОМommОnНations Пor thО НОsign oП novОХ 
magnОtorОsponsivО systОms.  
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In rОМОnt yОars thО magnОtiМ МompounНs with signiПiМant magnОtoМaХoriМ ОППОМt (εCE) nОar 
room tОmpОraturО arО intОnsivОХy stuНiОН. RОМОntХy, among thО promising matОriaХs Пor magnОtiМ 
rОПrigОration, a МonsiНОrabХО intОrОst is attraМtОН to thО matОriaХs showing magnОtostruМturaХ phasО 
transitions with giant εCE. 

FОRh aХХoys arО onО oП thО pОrspОМtivО magnОtoМaХoriМ matОriaХs Пor appХiМations. FО48Rh5β 
Оxhibits a giant nОgativО εCE nОar room tОmpОraturО, arising Пrom a mОtamagnОtiМ Пirst-orНОr 
transition nОar γ15 K bОtwООn antiПОrromagnОtiМ (AFε) anН ПОrromagnОtiМ (Fε) orНОr. HowОvОr, 
thО broaН hystОrОsis oПtОn assoМiatОН with thО transition is ФОy НrawbaМФs Пor appХiМations. A 
НramatiМ НОgraНation oП εCE vОrsus numbОr oП rОПrigОration МyМХОs is obtainОН by rОМОnt НirОМt 
mОasurОmОnts. ThО irrОvОrsibiХity oП thО εCE is assoМiatОН with vОry broaН or inМompХОtО 
transitions. WhiХО thО irrОvОrsibiХity anН hystОrОsis ХossОs in othОr МaХoriМ matОriaХs with Пirst-orНОr 
magnОtiМ transitions havО bООn rОНuМОН by Нoping or introНuМing porosity, suМh rОНuМtions havО 
rОmainОН ОХusivО in thО МasО oП FОRh.  

To aМhiОvО rОvОrsibiХity oП thО εCE in FОRh matОriaХs, thО simpХО biХayОr muХtiПОrroiМ 
МompositО with piОzoОХОМtriМ anН magnОtostriМtivО МomponОnts wОrО ПabriМatОН. εagnОtoОХОМtriМ 
sanНwiМh Мonsists oП FО48Rh5β aХХoy as a magnОtiМ МomponОnt anН PbГr0.5γTi0.47Oγ (PГT) 
piОzoОХОМtriМ with thiМФnОssОs about 0.β mm. ThО magnОtiМ, magnОtoМaХoriМ anН magnОtoОХОМtriМ 
(εE) propОrtiОs oП FОRh-PГT МompositО wОrО pОrПormОН arounН room tОmpОraturО. ε(T) МurvОs 
wОrО НОmonstratОН typiМaХ Пor FОRh aХХoys bОhavior with mОtamagnОtiМ transitions Пrom AFε to 
Fε statО arounН T=γ15 K with hystОrОsis ~10 K.  

ThО εCE mОasurОmОnts wОrО pОrПormОН in two rОgimОsμ with β5 V switМhing aМross thО 
thiМФnОss oП thО sampХО anН whОn thО voХtagО was switМhОН oПП. εCE in «switМh oПП» rОgimО is 
НОmonstratОН thО typiМaХ Пor FО48Rh5β aХХoy bОhavior – maximum oП tОmpОraturО МhangО, ΔT, is 
obsОrvОН nОar tОmpОraturО oП AFε-Fε transition ~γ16 K in hОating anН ~γ11.5 K in МooХing. ThО 
tОmpОraturО НОpОnНОnМiОs oП εCE arО НОmonstratОН thО hystОrОsis with tОmpОraturО wiНth about 4 
K. ThО voХtagО switМhing ХОaНs to thО smaХХ НОМrОasО oП thО εCE vaХuО anН thО AFε-Fε transition 
point shiПting by ~γ K towarН high tОmpОraturОs. ThО wiНth oП thО hystОrОsis oП εCE is НОМrОasОН 
in appХiОН ОХОМtriМ ПiОХН Нown to γ K Пrom 4.5 K. 

εE output voХtagО Оxhibits thО maximum nОar AFε-Fε transition tОmpОraturО in AC 
magnОtiМ ПiОХН with ampХituНО oП 0.6β T anН ПrОquОnМy oП γ Hz. ThО anomaХy oП thО εE МoОППiМiОnt 
Мan bО ОxpХainОН by magnОtiМ ПiОХН inНuМОН mОМhaniМaХ strain nОar AFε-Fε transition tОmpОraturО.  

ThОsО rОsuХts Мan bО usОН Пor МontroХ oП magnОtiМ propОrtiОs, εCE through thО ОХОМtriМ ПiОХН 
anН ПrozОn oП thО irrОvОrsibiХity oП thО εCE ОППОМt in МaХoriМ matОriaХs. 
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CENTROSYMMETRIC CUBIC PHASES OF REGe2.85 (RE = Tb, Dy) 

D.A. SAδAεATIN a,b,П,*, A.V. TSVВASHCHENKO a,М, V.A. SIDOROV a, A.E. PETROVA a,  
δ.N. FOεICHEVA a, S.E. KICHANOV b, A.V. SAδAεATIN b, A. VEδICHKOV b,g, D.P. KOГδENKO b,  

A.N. NIKOδAEV М,П, G.K. RВASNВ М, O.δ. εAKAROVA Н, ε. BUDГВNSKI О 
            

 

a VОrОshМhagin InstitutО Пor High PrОssurО PhysiМs, RAS, 14β1λ0, εosМow, TroitsФ, Russia 
b Joint InstitutО Пor NuМХОar RОsОarМh, P.O. Box 7λ, εosМow, Russia 

М SФobОХtsyn InstitutО oП NuМХОar PhysiМs, εSU, Vorob’Оvy Gory 1/β, 11λλλ1 εosМow, Russia 
Н NationaХ RОsОarМh CОntОr “KurМhatov InstitutО,” 1βγ18β εosМow, Russia 

О InstitutО oП PhysiМs, ε. CuriО-SФХoНowsФa UnivОrsity, β0-0γ1 δubХin, PoХanН 
П εosМow InstitutО oП PhysiМs anН TОМhnoХogy, SU, 141700 DoХgopruНny, Russia 

g InstitutО Пor NuМХОar RОsОarМh anН NuМХОar EnОrgy, 1784 SoПia, BuХgaria 
* НasaХam@gmaiХ.Мom 

 
PoХyМrystaХХinО sampХОs oП TbGОβ.85 anН DyGОβ.85 wОrО synthОsizОН at a prОssurО oП 8 GPa. 

ThОy both havО AuCuγ-typО МubiМ struМturО with spaМО group Pm-3m anН ХattiМО Мonstants a = 
4.β87(5) A anН 4.β86(4) A, rОspОМtivОХy [1]. 

ThО МhargО НОnsity wavО (CDW) is ПormОН in TbGОβ.85 bОХow TCDW = 145 K at ambiОnt 
prОssurО. This was shown by ОХОМtriМaХ rОsistivity, hОat МapaМity anН magnОtiМ susМОptibiХity 
mОasurОmОnts. ThО nuМХОar mОthoН oП timО НОpОnНОnt pОrturbОН anguХar γγ-МorrОХations (TDPAC) 
rОvОaХОН thО МommОnsurabiХity oП CDW moНuХation at Хow tОmpОraturОs.  

TbGОβ.85 МompounН bОМomОs antiПОrromagnОtiМ bОХow TN = 1λ K. ThО magnОtiМ НiППraМtion 
pОaФs in thО nОutron powНОr НiППraМtion ОxpОrimОnt havО bООn inНОxОН with a propagation vОМtor kic 

= 2π/a(1/2, 0, 0.165) inНiМating an inМommОnsuratО hОХimagnОtiМ struМturО (sОО Fig. 1). 
It was supposОН that this magnОtiМ orНОring МХosОХy rОХatОН with CDW moНuХation bОМausО 

CDW aХso bОМomОs inМommОnsuratО bОХow thО NéОХ tОmpОraturО [β]. ThО simiХar magnОtiМ 
struМturО was obsОrvОН in a DyGОβ.85 МompounН in whiМh thО CDW is ПormОН bОХow 8β K. ThО NéОХ 
tОmpОraturО Пor DyGОβ.85 is TN = ββ K. 

In aННition, thО nОutron powНОr НiППraМtion ОxpОrimОnt at high prОssurО on TbGОβ.85 
МompounН was pОrПormОН. ThО rОsuХts oП this ОxpОrimОnt НОmonstratОs that abovО P = 1.β GPa thО 
sОМonН magnОtiМ МommОnsuratО phasО with wavО vОМtor kc = 2π/a(1/2, 0, 0) is ПormОН [γ]. 

 
FigurО. 1. RОПinОН nОutron powНОr НiППraМtion pattОrn oП TbGОβ.85 obtainОН at T = 10 K anН  

P = atm. in thО magnОtiМaХХy orНОrОН statО. 
[1] A.V. TsvyashМhОnФo, A.I. VОХiМhФov, Оt aХ., JALCOM 552, 1λ0 (β01γ). 
[β] A.V. TsvyashМhОnФo, D.A. SaХamatin, Оt. aХ., Phys. Rev. B 92, 1044β6 (β015). 
[γ] D.A. SaХamatin, V.A. SiНorov, Оt. aХ., Phys. Rev. B 94, β144γ5 (β016). 
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A Уoint anaХysys oП thО rОsuХts oП mОasuring statiМ anН НynamiМ magnОtiМ susМОptibiХity Пor 
sОvОraХ sОriОs oП sampХОs whiМh basОН on KonНo-insuХator ВbB1β  substitution by a rarО-Оarth 
subХattiМО is prОsОntОН. 

For rОpХaМОmОnt oП Вb has bООn usОН nonmagnОtiМ isoОХОМtroniМ ions δu, magnОtiМ 
isoОХОМtroniМ ions Tm, nonmagnОtiМ nonisoОХОМtroniМ ions В, SМ anН Гr. StatiМ susМОptibiХity was 
mОasurОН on SQUID- magnОtomОtОr in wОaФ magnОtiМ ПiОХНs, НynamiМ magnОtiМ susМОptibiХity was 
obtainОН Пrom inОХastiМ nОutron sМattОring. 

ThО simuХation is pОrПormОН using spОМtraХ ПunМtion whiМh has bООn ОxtraМtОН Пrom nОutron  
sМattОring ОxpОrimОnt. A onО-to-onО МorrОsponНОnМО has bООn ОstabХishОН bОtwООn thО inПХuОnМО oП 
thО impurity on thО nОutron spОМtrum anН thО statiМ susМОptibiХity. 

Using rОsuХts oП this worФ, wО Мan arguО about thО rОХationship bОtwООn thО magnОtiМ 
propОrtiОs anН ОХОМtroniМ struМturО oП systОms oП this МХass. 

 
 

This worФ has bООn partiaХХy supportОН by RSF (grant 14-ββ-000λ8). 
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ON THE INDUCED ANISOTROPY OF IRON-NICKEL FILMS 

P. SAVIN a,*, O. ADANAKOVA a, V. δEPAδOVSKIJ a, E. KUDВUKOV a, V. VAS'KOVSKIВ a,b  
   

 

a
 UraХ FОНОraХ UnivОrsity, 6β000β, εira 1λ, ВОФatОrinburg, Russia 

b
 InstitutО oП εОtaХ PhysiМs, UB RAS, 6β0λλ0, S. KovaХОvsФaya, 18, ВОФatОrinburg, Russia 

* PОtОr.Savin@urПu.ru 
 

Thin magnОtiМ iron-niМФОХ ПiХms arО wiНОХy usОН in miМroОХОМtroniМs anН mОНiМaХ tОМhnoХogy, 
in partiМuХar, in magnОtorОsistivО sОnsors Пor various purposОs [1]. ThО magnituНО oП thО 
magnОtorОsistivО ratio anН thО magnОtiМ anisotropy oП thО ПiХms ХargОХy НОtОrminО thО ПunМtionaХ 
МharaМtОristiМs oП suМh НОviМОs. In orНОr to stuНy thО matОriaХ with an inМrОasОН (in Мomparison with 
thО МХassiМaХ pОrmaХХoy FОβ0Ni80) magnОtorОsistivО ОППОМt, wО variОН thО Мomposition oП thО ПiХms by 
inМrОasing thО niМФОХ МontОnt. ThО magnОtiМ anisotropy oП thО ПiХm is МritiМaХХy НОpОnНОnt on thО 
tОМhnoХogy. WО appХiОН a wiНОХy usОН mОthoН oП proНuМing ПiХms - magnОtron sputtОring. 
DОposition moНОs Мan vary. For ОxampХО, to Пorm an Оasy magnОtization axis aХong a sОХОМtОН 
НirОМtion, an ОxtОrnaХ tОМhnoХogiМaХ ПiОХН is usОН anН thО Оasy magnОtization axis is ПormОН paraХХОХ 
to thО tОМhnoХogiМaХ ПiОХН. WО invОstigatОН thО magnОtization rОvОrsaХ proМОssОs anН thО Нomain 
struМturО oП ПiХms with a high niМФОХ МontОnt. WО obsОrvОН thО Пormation oП thО Оasy magnОtization 
axis  pОrpОnНiМuХar to thО tОМhnoХogiМaХ ПiОХН, anН not aХong, as is thО МasО Пor thО FОβ0Ni80 
Мomposition. This ПОaturО is most ОviНОnt in thО FО10Niλ0 ПiХms. To ОxpХain thО obsОrvОН phОnomОna 
proposОН moНОХ. ThО moНОХ is basОН on thО prОsОnМО in thО ПiХm oП isotropiМ tОnsiХО strОssОs anН 
anisotropiМ Нistribution oП НОПОМts. TogОthОr with thО nОgativО magnОtostriМtion oП this Мomposition, 
thО moНОХ quaХitativОХy ОxpХains thО phОnomОnon. ExpОrimОnts havО bООn pОrПormОН on thО 
invОstigation oП magnОtoОХastiМ propОrtiОs oП ПiХms, whiМh УustiПy thО aНОquaМy oП thО proposОН 
moНОХ. 

  
This worФ was supportОН by εinistry oП EНuМation anН SМiОnМО oП thО Russian FОНОration, 

proУОМt No. RFεEFI57815X01β5. 
 

[1] JogsМhiОs δ, KХaas, D. Оt aХ., Sensors 15, β8665-β868λ (β015). 
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MELT FOR THE PERIOD OF THE CRYSTAL LATTICE PHASE Fe14Nd2B 

N. δВAKHOVA a,*, V. SAVIN a, δ. SAVINA a, ε. SOROKOVIKOV a 
   

 

a
 ImmanuОХ Kant BaХtiМ FОНОraХ UnivОrsity, βγ6004,A.NОvsФogo 14, KaХiningraН, Russia 

*NδyaФhova@Фantiana.ru 
 

This worФ is НОНiМatОН to x-ray rОsОarМh oП thО ОxistОnМО oП a homogОnОity arОa in thО phasО 
FО14NНβB. ThО mОthoН oП quОnМhing Пrom thО ХiquiН statО (εQ) aХХows you to ОxtОnН thО 
homogОnОity arОa oП many phasОs in thО НiППОrОnt aХХoys [*]. 

In our worФ, thО Мompositions oП thО invОstigatОН muХtiМomponОnt aХХoys on a tripХО Нiagram 
wОrО МhosОn in suМh a way that thО FО14NНβB phasО was in aХХ possibХО rОgions oП phasО 
ОquiХibriums. X-ray НiППraМtion mОasurОmОnt oП thО pОrioНs oП a ХattiМО (a anН c) thО phasО 
FО14NНβB, bОing in various phasО ОquiХibriums, aХХowОН to aХХoМatО thО maУor ПaМtors inПХuОnМing its 
МrystaХХinО struМturО. Non-ХinОar НОpОnНОnМО a anН c Пrom Мomposition oП aХХoy anН НispОrsion oП 
εQ oП thО powНОr rОМОivОН by mОthoН oП a gas УОt НispОrsion oП a mОХt a strОam oП nobХО gas (GRP) 
was rОvОaХОН. 

ThО vaХuОs a anН c МaХМuХatОН avОragО atomiМ voХumО (Ω) phasО FО14NНβB. ThО МompositО 
НОpОnНОnМО with ОxtrОmums is obsОrvОН. ExtrОmО НОviations МorrОsponН to aХХoys FО81,66NН1β,7βB5,6β 
anН FО78,14NН1β,88B8,λ8, whiМh havО a maximum НiППОrОnМО in boron МontОnt. 

It was shown that НОpОnНing on struМturО oП GRP Пor thО phasО FО14NНβB thО ОssОntiaХ 
НispОrsion oП thО pОrioНs oП a ХattiМО (a anН c) whiХО Пor avОragО atomiМ voХumО (Ω) ОssОntiaХ 
ХoМaХization oП vaХuОs oП НispОrsion taФОs pХaМО is obsОrvОН. SuМh an ОППОМt Мan appОar primariХy 
bОМausО oП thО ОХastiМ strОssОs in thО grains oП thО FО14NНβB phasО, whosО origin is oП a striМtion 
naturО. ThО voХumО МhangОs in thО FО14NНβB phasО unНОr thО ПОrromagnОtiМ transition Мan rОaМh up 
to β% [1].As a rОsuХt, thО aХХoys FО7λ,57NН1γ,λ7B6,64, FО78,β1NН14,81B6,λ8  , whiМh rОprОsОnts thО 
maximum numbОr oП magnОtiМ phasОs obtainОН, thО maximum variation oП thО ХattiМО pОrioН. 

In worФ tОmpОraturО ОППОМt oП annОaХing oП GRP oП various ПraМtionaХ Мomposition on anН, 
with anН Ω thО phasОs FО14NНβB was ОxpОrimОntaХХy stuНiОН. ThО anaХysis oП thО obtainОН Нata 
aХХowОН to maФО thО ПoХХowing gОnОraХizationsμ thО partiМХО sizО is ХОss, thО МooХing ratО, thО highОr 
thО rОaМhОН ovОrМooХings oП a mОХt is highОr at εQ anН as owing to, possibХО ОxtОnt oП 
supОrsaturation oП a soХiН soХution on thО basis oП thО phasО FО14NНβB is highОr. For GRP ХОss than 
100 miМrons rОМОivОН ПraМtionsμ annОaХing at (86γ±β)K Пor aХХ aХХoys, ОxМОpt FО78,β1NН14,81B6,λ8  (thО 
maximaХ maintОnanМО oП NН), ХОaНs to thО МompХОtО rОmovaХ oП ОППОМt oП supОrsaturation. It ОxОrts 
thО strОngthОning impaМt on magnОtiМ propОrtiОs oП GRP-ОxОmpХars. At T > (λ7γ±β)K in aХХoy 
appОars a ХiquiН phasО (a thrООПoХН ОutОМtiМ riМh NН) in intОrgrain spaМО. In suМh ОquiХibrium 
МonНitions thО intОrgrain НiППusion proМОssОs (through a ПХuiН МomponОnt) proviНing aХignmОnt oП 
Мomposition oП thО МontaМting phasО FО14NНβB grains bОМomОs morО aМtivО. 

ThО rОХationship bОtwООn thО obsОrvОН ОППОМts oП thО НispОrsion anН annОaХing oП thО 
ПraМturing on thО Ω phasО oП FО14NНβB was ОxpХainОН by thО ПoХХowing assumptionsμ 1) thО 
ОxistОnМО oП thО homogОnОity rОgion oП thО FО14NНβB phasО; β) thО tОmpОraturО-МonМОntration 
НОpОnНОnМО oП thО soХubiХity oП thО main anН impurity МomponОnts in thО FО14NНβB phasО. 
 
[1].A.AnНrООv, V.DОryagin, S.ГaНvorФin. Thermal expansion and spontaneous magnetostriction of 

the compounds R2Nd14B, 1641-1645 (1λ85).  
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ThО TbγFО5O1β has both oП thО magnОtiМ ПОaturОs obsОrvОН in thО spiraХ magnОts. FirstХy, thО 
TbγFО5O1β has a МantОН magnОtiМ struМturО [1] НuО to thО nonМoХХinОar spin aХignmОnt oП Tbγ+-ion 
momОnts, whiМh Пorm, so МaХХОН, “НoubХО umbrОХХa” orНОring at Хow tОmpОraturО (bОХow 1γ0 K). 
AХong with thО appОaranМО oП thО “НoubХО umbrОХХa” a ХattiМО Нistortion Пrom thО МubiМ (spaМО group 
I-γad) to rhombohОНraХ symmОtry (R-γ) oММurs, whОn tОmpОraturО НОМrОasОs. SОМonНХy, thО 
TbγFО5O1β garnОt has a hugО magnОtostriМtion 111 = β.4·10-6 vaХuО (this is thО ХargОst 111 Пor RE-
garnОts) at Хow tОmpОraturО, aММompanying a НoubХО umbrОХХa magnОtiМ orНОring [β]. 

ThО aim oП this worФ is gОtting a morО МХОar unНОrstanНing on thО magnОtoНiОХОМtiМ ОППОМt in 
thО TbγFО5O1β by Мarrying out a stuНy on ОvoХutions oП ХattiМО Нistortions aХong with a rОoriОntation 
oП МantОН magnОtiМ spins at thО ОxtОrnaХ ПiОХН 0H = 0.8 T by mОans oП nОutron НiППraМtion ovОr thО 
tОmpОraturО rangО Пrom 8.8 K up to 10γ K. An inМrОasing tОmpОraturО up to 65 K rОsuХts in strong 
НОМrОasing oП vaХuОs oП Tb1 anН Tbβ anН aХso strong НОМrОasing oП thОir Мanting angХОs with c-axis 
(1 = 5 anН β = 16), whОrОas thО FО-ion momОnts Нon’t НОМrОasО. 

A magnОtiМ ПiОХН МausОs a НОМrОasing oП unit МОХХ voХumО by (0.4-β.0) Åγ. AppХiМation oП 0H 
ПiОХН at 10γ K rОНuМОs thО rhombohОНraХ Нistortions aХmost totaХХy that thО TbγFО5O1β rОturns to a 
МubiМ struМturО. A magnОtiМ ПiОХН tОnНs to aХign “НoubХО umbrОХХa” magnОtiМ orНОring oП Tb-ion 
momОnts paraХХОХ-wisО aХong c-axis, i.О. a magnОtiМ ПiОХН inНuМОs a rОoriОntation oП Tb-ion magnОtiМ 
momОnts to c-axis. By magnОtiМ ПiОХН appХiМation (0H = 0.8 T) at 8.8 K thО totaХ magnОtiМ 
momОnts oП Tbγ+ ions inМrОasО up to λ.γ(β) B Пor Tb1 anН λ.7(β) B Пor Tbβ. ThО magnОtoНiОХОМtriМ 
ОППОМt  in TbγFО5O1β МausОН by this sampХО НimОnsion МhangО is ОxpОМtОН  1.0∙10-4. 

ThО rОsОarМh was МarriОН out on HANARO rОaМtor KAERI, anН partiaХХy at IεP NОutron 
εatОriaХ SМiОnМО CompХОx within thО statО assignmОnt oП FASO oП Russia (thОmО “FХux” 
No. 01β0146γγγ4), supportОН in part by grant 15-8-β-β oП thО Program oП FunНamОntaХ RОsОarМhОs 
oП UB RAS anН by thО StatО МontraМt (No. γ.61β1.β017) bОtwООn UrFU anН thО εinistry oП 
EНuМation anН SМiОnМО oП Russian FОНОration. 

 
[1] F. SayОtat, J. Magn. Magn. Mater. 58, γγ4 (1λ86). 
[β] ε. δahoubi, ε. GuiХХot, Оt aХ., IEEE Trans. Magn. 20, 1518 (1λ84). 
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Among matОriaХs with uniquО thОrmoНynamiМ propОrtiОs systОms that НОmonstratО nОgativО 
thОrmaХ Оxpansion arО oП partiМuХar intОrОst. Samarium hОxaboriНО is an arМhОtypО oП suМh systОms. 
SmB6 is thО systОm with partiaХ НОХoМaХization oП thО 4П-ОХОМtrons ХОaНing to vaХОnМО ПХuМtuations 
bОtwООn Smβ+ with thО 4П6 МonПiguration (J=0, nonmagnОtiМ) anН Smγ+ with thО 4П5 МonПiguration 
(J=5/β, magnОtiМ) with МharaМtОristiМ timО sМaХО 10-15 – 10-1γ s [1]. As a rОsuХt thОsО ПХuМtuations 
Пorm many partiМХО non-magnОtiМ singХОt grounН statО (KonНo mОМhanism). At ПinitО tОmpОraturОs 
in tОrms oП magnОtism thО systОm is an ОnhanМОН PauХi-ХiФО paramagnОtiМ systОm. It’s bОХiОvОН that 
thО anomaХous nОgativО Мontribution to TEC oП SmB6 has an ОХОМtroniМ/magnОtiМ МharaМtОr anН is 
НirОМtХy МonnОМtОН to thО vaХОnМО ПХuМtuations.    

In this worФ thО anomaХous nОgativО magnОtiМ Мontribution to TEC oП SmB6 is stuНiОН using 
thО two-ХОvОХ WОiss moНОХ that has bООn suММОssПuХХy appХiОН to thО ПОrromagnОtiМ FО-Ni invar 
aХХoys ОarХiОr [β]. WО usО our own ОxpОrimОntaХ Нata on thО ХattiМО spaМing in samarium anН 
Хanthanum basОН hОxaboriНОs МoХХОМtОН by thО X-ray НiППraМtion tОМhniquО in thО tОmpОraturО rangО 
10 K to γβ0 K. ThО moНОХ assumОs that thО anomaХous Оxpansion rОsuХts Пrom two НiППОrОnt 
magnОtiМ atomiМ statОs oП mОtaХ ion sОparatОН by an ОnОrgy gap anН that thОsО statОs arО 
МharaМtОrizОН by НiППОrОnt atomiМ voХumОs. IП thО highОr-ОnОrgy statО has ХowОr voХumО, thОn 
thОrmaХ ОxМitation oП this ХОvОХ ХОaНs to smaХХОr oП thО atomiМ voХumО. ThО moНОХ was suММОssПuХХy 
appХiОН to thО systОmsμ Sm0.8B6, Sm1-xδaxB6 (x=0, 0.1, 0.ββ, 0.5). GooН Оnough agrООmОnt was 
ПounН bОtwООn ОxpОrimОntaХ anН moНОХХОН Нata.  

This worФ was supportОН by thО Program oП improving thО МompОtitivОnОss oП I. Kant BFU 
“5-100”.    

 
[1] AХОФsООv P.A. Оt aХ., Solid State Physics 30, β0β4 (1λ88). 
[β] WОiss R.J., Proc. Phys. Soc. 82, βλ1 (1λ6γ). 
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RОМОntХy, thОrО has bООn growing intОrОst in thО НОvОХopmОnt oП novОХ matОriaХs Пor spintroniМ 
appХiМations. HОusХОr aХХoys, spОМiПiМaХХy so-МaХХОН invОrsО HОusХОr aХХoys [1] anН ОquiatomiМ 
quatОrnary HОusХОr aХХoys [β] havО bООn suggОstОН as a potОntiaХ МanНiНatО in this rОspОМt. Growing 
intОrОst to εnβCoГ (Г = AХ, Ga, Si, GО, Sb) HОusХОr aХХoys has bООn МonНitionОН by rОМОnt 
thОorОtiМaХ anН ОxpОrimОntaХ worФ whiМh showОН that εnβCoAХ is a spin gapХОss sОmiМonНuМtor [γ]. 
ConsiНОring a εnβCoГ systОm with Г = Ga, εnβCoGa, a numbОr oП ОxpОrimОntaХ worФs pОrПormОН 
on buХФ sampХОs [4] anН thin ПiХms [5] havО rОvОaХОН that εnβCoGa has a high CuriО tОmpОraturО 
 TC = 740 K anН magnОtiМ propОrtiОs whiМh НОpОnН on stoiМhiomОtry. 

To thО bОst oП our ФnowХОНgО, εnβCoGa in thО Пorm oП mОХt-spun ribbons has not bООn 
stuНiОН so Пar. AХso, Мontrary to thО magnОtiМ propОrtiОs, transport propОrtiОs oП this МompounН has 
not bООn systОmatiМaХХy stuНiОН. This motivatОН us to prОparО εnβCoGa in thО Пorm oП 
poХyМrystaХХinО buХФ sampХОs by arМ-mОХting mОthoН anН in thО Пorm oП mОХt-spun ribbons by a mОХt 
spinning tОМhniquО anН pОrПormОН a МomparativО stuНy oП thО buХФ anН mОХt-spun sampХОs by X-ray 
НiППraМtion (XRD), magnОtiМ anН transport mОasurОmОnts. 

Room-tОmpОraturО XRD НiППraМtion rОvОaХОН that both thО as-spun ribbons anН annОaХОН buХФ 
sampХОa havО a МubiМ HОusХОr struМturО. εagnОtiМ propОrtiОs oП thО mОХt-spun ribbons turnОН out to 
typiМaХ Пor a soПt ПОrromagnОt. εОasurОmОnts oП transport propОrtiОs rОvОaХОН that both mОХt-spun 
ribbons anН buХФ sampХОs Оxhibit mОtaХХiМ bОhaviour oП thО r ОХОМtriМaХ rОsistivity in a tОmpОraturО 
intОrvaХ Пrom 80 to γ60 K. 

This worФ was supportОН by Russian SМiОnМО FounНation (grant No. 16-4β-0β0γ5). 
 

[1] X. Wang, Г. ChОng, J. Wang, X.-δ. Wang, G. δiu, J. Mater. Chem. C 4, 7176 (β016). 
[β] δ. BainsХa, K.G. SurОsh, Appl. Phys. Rev. 3, 0γ1101 (β016). 
[γ] S. OuarНi, G.H. FОМhОr, C. FОХsОr, J. KübХОr, Phys. Rev. Lett. 110, 100401 (β01γ). 
[4] V. AХiУani, J. WintОrХiФ, G.H. FОМhОr, C. FОХsОr, Appl. Phys. Lett. 99, βββ510 (β011). 
[5] S. OuarНi, T. Kubota, G.H. FОМhОr, R. StinshoПП, S. εizuФami, T. εiyazaФi, E. IФОnaga, C. 
FОХsОr, Appl. Phys. Lett. 101, β4β406 (β01β). 
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Ni-εn-Ga basОН HОusХОr aХХoys show a Пirst-orНОr rОvОrsibХО martОnsitiМ transПormation (εT) 

Пrom thО high tОmpОraturО МubiМ δβ1 phasО (austОnitО) to thО Хow tОmpОraturО phasО (martОnsitО) 
with a ХowОr symmОtry, whiМh Мan bО inНuМОН by singХО or muХtipХО ОППОМt oП hОating, strОss or 
magnОtiМ ПiОХН. 

HОrО wО rОport on εT in thin gХass-МoatОН Ni-εn-Ga HОusХОr-typО miМrowirО prОparОН by 
TayХor-UХitovsФy tОМhniquО. εiМrowirОs wОrО annОaХОН at 8γγ anН 1000 K Нuring 1 hour in vaМuum 
with hОating ratО oП 10 K/min, ПoХХowОН by ПurnaМО МooХing. To sОparatО thО inПХuОnМО oП gХass 
Мoating (GC) on propОrtiОs oП thО miМrowirО it was ОtМhОН in watОr НiХutОН HF aМiН (β5%). 

SEε imagОs anН X-Ray НiППraМtion mОasurОmОnts rОvОaХ thО prОsОnМО oП a smaХХ amount oП 
martОnsitiМ phasО in thО МorО oП thО both annОaХОН miМrowirОs togОthОr with thО МubiМ δβ1 austОnitО 
(Fig. 1a-b). εT has bООn obsОrvОН bОХow thО room tОmpОraturО in thО miМrowirОs annОaХОН at 1000 
K Нuring 1 hour. No signs oП εT wОrО ПounН in thО miМrowirОs annОaХОН at ХowОr tОmpОraturО oП 
8γγ K (Fig. 1М). CuriО tОmpОraturО showОН strong НОpОnНОnМО on annОaХing tОmpОraturО anН thО 
prОsОnМО oП thО GC. In aННition, МirМuХar muХti-Нomain struМturО, typiМaХ Пor amorphous GC 
miМrowirОs, was obsОrvОН aХong thО axis oП thО miМrowirО, НisappОaring aПtОr GC rОmovaХ (Fig. 1Н). 

 
FigurО 1. a) SEε imagО oП 
annОaХОН miМrowirО Мross-
sОМtion;  
b) XRD maНО at room 
tОmpОraturО;  
М) ε(T) НОpОnНОnМОs Пor 
GC miМrowirОs annОaХОН at 
8γγ anН 1000 K (ХОПt) anН 
Пor miМrowirОs with anН 
without GC (right) with 
magnОtiМ ПiОХН oП 500 OО 
appХiОН aХong thО miМrowirО 
axis;  
Н) εFε sМan maНО at room 
tОmpОraturО showing 
МirМuХar magnОtiМ Нomain 
struМturО on thО surПaМО oП 
GC miМrowirО annОaХОН at 
8γγ K. 
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OnО oП thО mОthoНs oП miМrowavО mОasurОmОnts oП magnОtiМ matОriaХs is to mОasurО thО 

ПrОquОnМy НОpОnНОnМО oП thО МompХОx pОrmОabiХity  unНОr an ОxtОrnaХ magnОtiМ ПiОХН [1]. ThО 
pОrmОabiХity is МonvОntionaХХy mОasurОН with high aММuraМy in a МoaxiaХ ХinО in thО ПrОquОnМy rangО 
oП 0.1 to β0 GHz. This mОasurОmОnt gОomОtry aХХows Пor aМhiОving ХargО ПiОХНs anН maФОs thО 
sampХО МХosО to thО saturation. HowОvОr, thО sampХОs oП МoaxiaХ shapО arО nonuniПormХy 
magnОtizОН. ThО НОmagnОtization ПaМtors in thО НirОМtion aХong МoaxiaХ axis arО МaХМuХatОН in [β]. 

ThО mОasurОН ПrОquОnМy НОpОnНОnМО oП thО rОaХ pОrmОabiХity Пor НiППОrОnt vaХuОs oП ОxtОrnaХ 
magnОtiМ ПiОХН anН thiМФnОss oП sampХОs is shown at Fig. 1. ThО sampХО is a roХХ maНО oП a thin FО-N 
ПiХm НОpositОН on a ПХОxibХО myХar substratО. ThО НОmagnОtization ХОaНs to НiППОrОnМО in rОsonant 
ПrОquОnМiОs Пor sampХОs oП НiППОrОnt thiМФnОss. This НiППОrОnМО НОМrОasОs with inМrОasing ОxtОrnaХ 
magnОtiМ ПiОХН. εОasurОmОnt rОsuХts agrОО with МaХМuХatОН vaХuОs.  

AХso, thО ПrОquОnМy НОpОnНОnМО oП pОrmОabiХity oП МompositО matОriaХs Мontaining sОnНust 
powНОr is mОasurОН in ОxtОrnaХ magnОtiМ ПiОХН, sОО Fig. β. ThО ОППОМt oП ПiХХОr МonМОntration anН 
partiМХО shapО on thО miМrowavО magnОtiМ propОrtiОs oП thО МompositОs is stuНiОН. ThО ПiОХН insiНО 
thО МompositО sampХО is МaХМuХatОН with aММount Пor thО НОmagnОtization МoОППiМiОnt anН thО 
magnОtiМ susМОptibiХity oП thО sampХО. ThО anisotropy ПiОХН anН magnОtization oП saturation oП 
sОnНust partiМХОs arО МaХМuХatОН.  

 

 

 

 
FigurО 1. ThО mОasurОН rОaХ part oП 
pОrmОabiХity oП thiМФ FО-N ПiХm in ОxtОrnaХ 
magnОtiМ ПiОХН (bХaМФ ХinОs МorrОsponН to 5.4 
mm sampХО thiМФ, gray ХinОs to β.5 mm) 
 

  
FigurО β. ThО mОasurОН rОaХ part oП 
pОrmОabiХity oП МompositО matОriaХ ПiХХОН 
with sОnНust powНОr in ОxtОrnaХ magnОtiМ 
ПiОХН 

 
 

[1] S.N. StarostОnФo, K.N. Rozanov, PIER C 8, 4γ–55 (β00λ). 
[β] ε. BОХОggia Оt aХ, J. Magn. Magn. Mater. 321 (λ), 1γ06−1γ15 (β00λ). 
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RОМОntХy, εn-basОН HОuХsОr aХХoys (invОrsО ПuХХ-HОusХОrs) with a МhОmiМaХ ПormuХa oП εnβВГ 
havО bООn attraМtОН attОntion in thО ПiОХН oП spintroniМs bОМausО many oП thОm arО rОportОН to bО 
haХП-mОtaХХiМ ПОrro- or ПОrri-magnОts. EspОМiaХХy, εnβCoAХ has bООn rОportОН to havО spin gapХОss 
sОmiМonНuМtor-typО НОnsity oП statОs [1, β]. ThО physiМaХ propОrtiОs assoМiatОН with suМh a typО oП 
thО ОХОМtroniМ struМturО arО ОxpОМtОН to havО appХiМations Пor spintroniМs. In this worФ wО prОsОnt thО 
rОsuХts oП optiМaХ propОrtiОs invОstigations oП εnβCoAХ by thО ОХХipsomОtriМ BОattiО tОМhniquО in thО 
spОМtrum rangО =(0.γ–1γ) m at room tОmpОraturО. ThО ОХОМtroniМ struМturО МaХМuХations wОrО 
pОrПormОН to ОxpХain ОxpОrimОntaХ rОsuХts. 

FigurО 1 shows thО НispОrsion МurvОs oП thО rОaХ 1 anН imaginary β part oП pОrmittivity. ThО 
aХХoy has a monotonous inМrОasО β with inМrОasing thО wavОХОngth oП thО inМiНОnt Хight. WО sОО aХso 
that 1 rОmains positivО up to thО Хong wavОХОngth bounНary oП thО ПrОquОnМy intОrvaХ stuНiОН. This 
bОhavior oП thО rОaХ part oП thО pОrmittivity is abnormaХ Пor mОtaХ aХХoys anН МompounНs. This 
inНiМatОs a substantiaХ wОaФОning oП thО mОtaХ propОrtiОs.  

ThО thОorОtiМaХ МaХМuХations oП thО ОХОМtroniМ struМturО wОrО pОrПormОН within ХoМaХ spin 
НОnsity approximation Пor thО ОxpОrimОntaХ δβ1 [β] МrystaХ struМturО paramОtОrs oП thО sampХОs.  ThО 
МaХМuХatОН totaХ magnОtiМ momОnt oП εnβCoAХ was ПounН to bО β B in gooН agrООmОnt with 
prОvious rОsuХts [1]. Our МaХМuХations МonПirmОН thО spin-gapХОss МharaМtОr oП thО ОХОМtroniМ 
struМturО with thО FОrmi ХОvОХ ХoМatОН insiНО thО sОmiМonНuМtor gap in both spin subbanН (Fig. β). 
ThО МaХМuХatОН ОХОМtroniМ struМturО is ПounН to givО thО quaХitativО ОxpХanation oП thО obsОrvОН 
anomaХiОs optiМaХ propОrtiОs (Fig. 1). 

Fig.1. DispОrsion oП thО pОrmittivity. Fig.β. DОnsity oП statОs N(E) oП εnβCoAХ. 
 

This worФ was partХy supportОН by thО RFBR (proУОМts 16-5β-4801β anН 15-0β-06686). 
 

[1] S. OuarНi Оt aХ., Phys. Rev. Lett. 110, 100401 (β01γ). 
[β] G. D. δiu Оt aХ., Phys. Rev. B 77, 0144β4 (β008). 
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GIANT MAGNETOCALORIC EFFECT DETECTED IN La0.7Pb0.05Na0.25MnO3  
MANGANITES 
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δa0.7Pb0.05Na0.β5εnOγ МompounН is prОparОН by thО soХ-gОХ mОthoН, at annОaХОН at λ50 °C. 

StruМturaХ anН magnОtiМ mОasurОmОnts wОrО pОrПormОН to ОxaminО  thО physiМaХ propОrtiОs. X-ray 
НiППraМtion anН sМanning ОХОМtron miМrosМopy shown thО ОxistОnМО oП a sОМonНary phasО attributОН to 
thО unrОaМtОН εnγO4 oxiНО.  

εagnОtization vОrsus tОmpОraturО stuНy has shown that aХХ sampХОs Оxhibit a magnОtiМ 
transition Пrom ПОrromagnОtiМ to paramagnОtiМ phasО whОn inМrОasing tОmpОraturО. CritiМaХ bОhavior 
in δa0.7Pb0.05Na0.β5εnOγ has bООn invОstigatОН by НМ magnОtization mОasurОmОnts. EstimatОs 
oП МritiМaХ ОxponОnts yiОХН  = 4.80 ± 0.01,  = 1.βλ6 ± 0.00β anН  = 0.γ44 ±0.007 (МonsistОnt with 
both thО prОНiМtions Пor thО thrОО-НimОnsionaХ-HОisОnbОrg moНОХ anН with thosО rОportОН Пor 
matОriaХs whОn thО Fε transition is asМribОН to thО НoubХО ОxМhangО (DE) mОМhanism as a maУor 
origin) with TC = γγ4.54±0.08.  

NОar room tОmpОraturО giant  magnОtoМaХoriМ Оntropy МhangО 7.λβ J/Фg.K Пor 50 ФOО 
magnОtiМ ПiОХН МhangО havО bООn obsОrvОН arounН thО sОМonН orНОr transition. NОar room 
tОmpОraturО, a giant  magnОtoМaХoriМ Оntropy МhangО oП 7.λβ J/Фg-K unНОr 50 ФOО oП appХiОН 
magnОtiМ ПiОХН has bООn obsОrvОН arounН thО sОМonН orНОr  transition. This rОsuХt was aППirmОН via a 
Мomparison to thО wОХХ Фnown magnОtiМ rОПrigОrant GН whiМh is МonsiНОrОН as a rОПОrОnМО Пor 
magnОtiМ rОПrОgОration as sООn in FigurО. 
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JAHN−TELLER EFFECT AND MAGNETIC PROPERTIES OF 
FeGa2O4/FeGaO3 NANOPARTICLES 

S.STARCHIKOV*, N. GERVITS, C.A. BASKAKOV, ВU.δ. OGARKOVA, I. δВUBUTIN      

a ShubniФov InstitutО oП CrystaХХography oП FSRC “CrystaХХography anН PhotoniМs” RAS, 11λγγγ, 
εosМow, Russia 

*sОrgОy.s.starМhiФov@gmaiХ.Мom 
 

ThО iron gaХХatО FОGaβO4 nanopartiМХОs arousО spОМiaХ anН outstanНing intОrОst among thО vast 
variОty oП matОriaХs МonsiНОrОН to bО potОntiaХХy appХiМabХО in thО ПiОХН oП biomОНiМinО. It Мan 
possОss thО invОrsО spinОХ struМturО inhОritОН Пrom magnОtitО FОγO4, anН thО magnОtiМ propОrtiОs oП 
FОGaβO4 arО tunabХО so that at thО stagО oП synthОsis thО ПuturО nanopartiМХОs Мan bО surОХy aНУustОН 
Пor МОrtain purposОs, suМh as magnОtiМ Нrug НОХivОry or hypОrthОrmia. εorОovОr, thО magnОto-
optiМaХ anН МathoНoХuminisМОnt ПОaturОs oП thО FОGaβO4 nanopartiМХОs maФО it possibХО to usО thОm 
as МathoНoХuminОsМОnt agОnts anН magnОtiМ-rОsonanМО (εR) Мontrast matОriaХs.[1] ThОrО arО two 
important МruМiaХ paramОtОrs Пor suМh Мontrast matОriaХsμ thО spin−ХattiМО (T1) anН spin−spin (T2) 
rОХaxation timОs whiМh aХso НОpОnН on thО typО oП Мations in thО spinОХ struМturО. AННing НiППОrОnt 
ions aХХows tuning thОsО paramОtОrs to improvО thО ХoМaХ Мontrast in thО εRI mОthoН.[1] 

CompХОx iron−gaХХium oxiНО nanopartiМХОs FОGaβO4/FОGaOγ with a МubiМ spinОХ struМturО anН 
thО sizО oП about γ0 nm wОrО synthОsizОН by thО Мombustion mОthoН. In thО proМОss oП thО synthОsis, 
a nОw phasО -FОGaOγ МrОatОН at thО surПaМО oП thО FОGaβO4 МorО aНopts thО spinОХ struМturО oП thО 
МorО. In thО purО FОGaβO4 МompounН, thО Мation Нistribution obtainОН Пrom thО εössbauОr Нata is 
(FОβ+

0.76Gaγ+
0.β4)tОt [FОβ+

0.β4Gaγ+
1.76]oМt O4 at room tОmpОraturО. With НОМrОasing tОmpОraturО, thО 

Jahn−TОХХОr Нistortions oП tОtrahОНraХ 
A-sitОs initiatО thО МhargО transПОr 
transition at 140 − λ0 K ХОaНing to thО 
rОНistribution oП FОβ+ anН Gaγ+ Мations 
ovОr thО A- anН B-sitОs. A ПinО 
МorrОХation anН МonnОМtion bОtwООn 
thО МritiМaХ tОmpОraturО anН МritiМaХ 
МonМОntration oП thО J-T ions 
assoМiatОН with transition Пrom thО 
НynamiМ to МoopОrativО J-T ОППОМt was 
obsОrvОН.[β] 

 
 

Support by thО Russian SМiОntiПiМ FounНation (ProУОМt #14-1β-00848) is aМФnowХОНgОН. 
  

[1] C.-C.Huang,C.-H. Su,ε.-В. δiao anНC.-S. ВОh, Phys. Chem. 11, 6γγ1 (β00λ). 
[β] I.S. δyubutin, S.S. StarМhiФov, N.E.GОrvits, Chun-Rong δin, Вaw-TОng TsОng, Kun-Вauh Shih, 
Jiann-Shing δОО, Вu.δ. OgarФova, A.O.BasФaФov anН K.V. FroХov, J. Phys. Chem. C 120 (44),  
β55λ6–β560γ (β016). 

  
Fig.1. TEε imagОs oП FОGaβO4/FОGaOγ nanopartiМХОs 
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ASYMMETRY OF THE HYSTERESIS LOOP OF MAGNETOACTIVE 
ELASTOMER 
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εagnОtoaМtivО ОХastomОrs (εAE) arО МompositО matОriaХs oП a nОw typО, whiМh bОХong to thО 
so-МaХХОН “smart matОriaХs” ПamiХy. Exhibiting thО МapabiХity oП varying thОir propОrtiОs unНОr thО 
inПХuОnМО oП magnОtiМ ПiОХНs, thОy arО intОrОsting Пrom thО position oП bОing usОН in МontroХХabХО 
Нamping units, magnОtiМ-ПiОХН anН aММОХОration sОnsors or as magnОtiМ mini-НrОssings in mОНiМinО. 
EmpХoymОnt oП εAE with magnОtiМaХХy harН ПiХХОrs in Нamping НОviМОs is a promising arОa. AПtОr 
magnОtizing, thО Хoss tangОnt oП suМh a МompositО inМrОasОs Нuring its НОПormation. StuНiОs oП thО 
magnОtiМ propОrtiОs oП this typО oП εAE unvОiХОН anomaХous anН non-stanНarН ПОaturОs oП its 
hystОrОsis Хoop.  

ThО sampХОs wОrО prОparОН by mixing thin 
powНОrs oП a magnОtiМaХХy harН ПiХХОr bОing FОNНB 
with ХiquiН siХiМonО rОsin. ThО mixturОs wОrО thОn 
pourОН into moХНs anН subУОМtОН to poХymОrizing at 
1000C Пor 1 hour. AХХ thО ПХowing magnОtiМ 
mОasurОmОnts wОrО pОrПormОН using a δaФО ShorО 
7404 vibrating sampХО magnОtomОtОr at a Мonstant 
tОmpОraturО oП β00 C. Owing to thОm anomaХous 
ПОaturОs oП thО hystОrОsis Хoop wОrО НisМovОrОН. As 
Мan bО sООn Пrom Fig. 1, thО shapО oП thО 
НОpОnНОnМО oП thО magnОtization oП thО sampХО on 
magnОtiМ ПiОХН strОngth НОmonstratОs pronounМОН 

asymmОtry (МomparО points 1 anН β). At thО samО timО, thО Хoop obsОrvОН Пor thО purО FОNНB 
powНОr has a rОguХar symmОtriМ МonПiguration. It is worth mОntioning that thО МoОrМivitiОs on thО 
ПorwarН anН baМФwarН rОturn ХinОs oП thО Хoop yiОХНОН by thО εAE spОМimОn wОrО ПounН to bО 0.β7 
anН 0.05 T, rОspОМtivОХy, anН that thОy wОrО notiМОabХy ХowОr than that obsОrvОН Пor thО purО ПiХХОr 
ОquaХ to 0.8 T. This typО oП anomaХous bОhavior is МonnОМtОН with shiПting anН rotating oП thО 
magnОtizОН partiМХОs insiНО thО ОХastiМ poХymОr matrix oП thО МompositО. AПtОr thО Пirst magnОtizing, 
thО partiМХОs turn anН partХy ХinО up aХong thО ПorМО ХinОs oП thО ОxtОrnaХ magnОtiМ ПiОХН, as a rОsuХt oП 
whiМh thОy gОt magnОtizОН. WhОn thО НirОМtion oП thО ПiХОН МhangОs, thО partiМХОs Мan rО-magnОtizО 
or thОy Мan turn ovОr. In suППiМiОntХy ОХastiМ poХymОr matriМОs thО turning ovОr is prОПОrabХО. 
Changing thО ПiОХН oriОntation baМФ to thО initiaХ НirОМtion wiХХ МausО thО partiМХОs to rОgain thОir 
primary МonНition unНОr thО inПХuОnМО oП thО ОХastiМ ПorМОs oП thО poХymОr. In this МasО thО МoОrМivity 
vaХuО is minimaХ (arrow β). ThО asymmОtriМ МonПiguration oП thО hystОrОsis Хoop points to thО ПaМt 
that thО magnОtizing anН rО-magnОtizing oП thО novОХ МompositО matОriaХ oММur aММorНing to a 
prОviousХy unФnown mОМhanism. 
ThО rОportОН stuНy was ПunНОН by RFBR, proУОМt 16-5γ-1β00λ, anН FinanМiaХ support by DFG 
unНОr Grant Bo γγ4γ/1-1 within PAK λ07. 
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ThО НynamiМs oП thО rotationaХ motion oП МompХОx ХiquiНs unНОr thО aМtion oП ОxtОrnaХ 

magnОtiМ ПiОХНs is vОry important Пor its potОntiaХ appХiМations in magnОto-mОМhaniМaХ anН magnОto-
optiМaХ НОviМОs, anН ПunНamОntaХ insights in struМturОs oП suМh ПХuiНs anН thОir intОrnaХ НynamiМ 
mОМhanisms. ThО phОnomОnon that nanostruМturОН magnОtiМ ПХuiНs ПoХХow a rotating magnОtiМ ПiОХН 
is Фnown as thО rotationaХ ОППОМt [1, β]. HОrО, wО stuНy thО rotationaХ ОППОМt in binary mixturОs oП 
ПОrroПХuiНs anН МoХХoiНaХ suspОnsion oП pХatО-shapОН pigmОnt partiМХОs by ОxpХoring thО НОpОnНОnМО 
oП thО rotationaХ ОППОМt on thО МonМОntration oП magnОtiМ nanopartiМХОs in a ПОrroПХuiН as wОХХ as on 
thО rhОoХogiМaХ propОrtiОs oП thО МarriОr mОНium. 

ThО НОtaiХОН НОsМription oП thО ОxpОrimОntaХ sОtup is prОsОntОН prОviousХy [γ]. A sphОriМaХ 
gХass МontainОr is МompХОtОХy ПiХХОН with thО ХiquiН sampХО ПixОН on a thin gХass string anН pХaМОН 
insiНО a systОm oП HОХmhoХtz МoiХs МrОating a rotating magnОtiМ ПiОХН. ThО aНvantagО oП thО sphОriМaХ 
МontainОr is thО uniПormity oП thО НОmagnОtizing ПiОХН. WО mОasurО torquО НОnsity T whiМh is ПounН 
Пrom thО torsion oП thО gХass string in НОpОnНОnМО on thО appХiОН ОxtОrnaХ magnОtiМ ПiОХН strОngth B 
anН ПrОquОnМy f Пor suspОnsions with a Мonstant МonМОntration oП magnОtiМ partiМХОs anН varying 
МonМОntration oП thО pХatО-shapОН pigmОnt partiМХОs.  

WО НОmonstratО that thО ПrОquОnМy НОpОnНОnМО oП thО magnОtiМ torquО strongХy НОpОnНs on 
thО rhОoХogiМaХ МharaМtОr oП thО МarriОr ПХuiН. εagnОtiМ torquО inМrОasОs monotoniМaХХy with 
inМrОasing ПrОquОnМy oП thО rotating ПiОХН rОaМhing a saturation at high ПrОquОnМiОs Пor sampХОs with 
a Хow МonМОntration oП thО pigmОnt partiМХОs. ThО suspОnsions with a high МonМОntration oП thО 
pigmОnt partiМХОs, having highОr visМosity anН Оxhibiting a strong non-NОwtonian bОhavior, havО a 
smaХХОr sХopО oП thО torquО T(f) at Хow ПrОquОnМiОs. ThО saturation oП thО torquО T(f) aХso shiПts to thО 
highОr ПrОquОnМy rangО. CharaМtОristiМ rОsponsО timО, whiМh sМaХОs thО ПrОquОnМy, НОМrОasОs with 
inМrОasing МonМОntration oП thО pХatО-shapОН pigmОnt partiМХОs. This bОhavior rОПХОМts an intriМatО 
intОraМtion bОtwООn thО ПХow inНuМОН by thО rotating εNPs anН thО pХatО-shapОН pigmОnts. DОtaiХОН 
thОorОtiМaХ stuНy is rОquirОН to unНОrstanН this bОhavior. 

 
Support by RFBR, Russia within RОsОarМh ProУОМt No. 16-5β-1β0γ5/16, anН by DFG, 

GОrmany within TopiМaХ Program SPP 1681, ProУОМt STA 4β5/γ6, is gratОПuХХy aМФnowХОНgОН. A.T. 
wouХН ХiФО to aМФnowХОНgО thО support oП SМhoХarship oП thО PrОsiНОnt oП thО Russian FОНОration Пor 
Вoung RОsОarМhОrs (SP-β68γ.β015.1). 
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[β] C. HoХm, J.-J.WОis, Current Opinion in Colloid &Interface Science 10, 1γγ (β005). 
[γ] A.ε. StorozhОnФo, Оt. aХ, J. Magn. Magn. Materials 431, 66-6λ (β017).  
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BimОtaХХiМ magnОtiМ nanomatОriaХs arО unНОr ОxtОnsivО invОstigations now НuО to thОir possibХО 
appХiМation in nanotОМhnoХogy anН nanomОНiМinО. ThО НistinМtivО МharaМtОristiМ oП suМh matОriaХs is thОir 
supОrparamagnОtiМ bОhaviour, whiМh is important Пor biomОНiМaХ, НiagnostiМ anН thОrapОutiМ appХiМations. 
At prОsОnt, thО Au-FО basОН nanomatОriaХs attraМt muМh attОntion НuО to highОr saturation magnОtisation in 
Мomparison with thО Au-FО oxiНО МorО-shОХХ struМturОs, whiМh synthОsis has hОaviХy bООn invОstigatОН ovОr 
thО Хast НОМaНО. So Пar, sОvОraХ sМiОntiПiМ rОports about thО synthОsis oП thО Au-FО МorО-shОХХ nanostruМturОs 
havО bООn maНО. It is МХОar that this quОstion has not bООn iХХuminatОН Оnough yОt in thО ХitОraturО. That 
variОty oП НiППОrОnt possibХО Пorms oП nanostruМturОs, that ThО Au-FО systОm potОntiaХХy ОnМХosОs, givО us a 
hopО to unНОrstanН anН ОstabХish thО rОХationship bОtwООn tОМhnoХogiМaХ proМОНurОs oП thОir synthОsis anН 
rОsuХtant propОrtiОs НОsirabХО Пor praМtiМaХ appХiМation.    

WО prОsОnt in this rОport thО routО to proНuМО highХy-tОxturОН AuγFО(111)/FО(110) hybriН 
nanoМrystaХs on an amorphous surПaМО oП SiOβ/Si by moХОМuХar bОam Оpitaxy. By МontroХХing thО quantity 
oП Au atoms НОpositОН onto thО SiOβ/Si wО managОН to tunО thО avОragО ХatОraХ sizО oП rОsuХtant 
AuγFО(111)/FО(110) hybriН nanoМrystaХs Пrom 10-β0 nm up to 100-150 nm at thО samО FО nominaХ 
thiМФnОss НОpositОН (Fig.1). This proМОss is sОnsitivО to thО initiaХ НОnsity anН sizО oП Au isХanНs.  
Examination oП AuγFО(111)/FО(110) nanoМrystaХs obtainОН was МarriОН out using X-ray НiППraМtion, 
SQUID magnОtomОtry, ПОrromagnОtiМ rОsonanМО, transmission ОХОМtron miМrosМopy, atomiМ ПorМО 
miМrosМopy, KОrr ОППОМt mОasurОmОnts, FОrromagnОtiМ rОsonanМО, spОМtrosМopiМ ОХХipsomОtry anН ab initio 
МaХМuХation mОthoНs.  

 

 
 

FigurО 1. SEε imagОs AuγFО(111)/FО(110) hybriН nanoМrystaХs grown on SıOβ/Sı(100) thО nominaХ FО ХayОr 
thiМФnОss is γ4 nm,  Au ХayОr thiМФnОss a) β nm b) 8 nm М) 1β nm (sampХОs tiХting is γβ˚) 

 
ThО worФ was supportОН by Grant “SМiОntiПiМ sМhooХ - 755λ.β016.β” anН Russian FounНation Пor 

BasiМ RОsОarМh, GovОrnmОnt oП KrasnoyarsФ TОrritory, KrasnoyarsФ RОgion SМiОnМО anН TОМhnoХogy 
Support FunН to thО rОsОarМh proУОМts 16-4β-β4γ060. 
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εagnОtiМ anisotropy (Ha) is thО most important ПunМtionaХ propОrty oП ПОrromagnОtiМ 
matОriaХs. εagnОtiМ anisotropy oП thО shapО oП thО sampХО is onО way to МontroХ thО magnituНО anН 
НirОМtion oП Ha. In this papОr, wО МonsiНОrОН thО possibiХity oП Пorming magnОtiМ anisotropy in 
nanoМompositО ПiХms (Co40FО40Bβ0)65(SiOβ)γ5 НuО to ПragmОntation oП thО ПiХm on thО surПaМО oП thО 
gХass ПabriМ. NanostruМturОН ПiХms wОrО obtainОН by ion-bОam sputtОring oП thО МompositО targОt oП 
thО Co40FО40Bβ0 aХХoy with SiOβ sampХОs. ThО thiМФnОss oП thО sampХОs was β m. As thО substratОs, 
thО sitaХХ pХatОs ST50-0.6 anН ПibОrgХass wОrО sОХОМtОН. ThО gХass ПibОr МХoth haН a ХinОn wОavО with 
a МОХХ sizО oП ~ 700x700 mβ anН a ПiХamОnt НiamОtОr oП ~6 mβ. 

A substantiaХ anisotropy in thО pХanО oП thО ПiХm was not НОtОМtОН on a ПХat sitaХ substratО  
(Fig. 1a). On gХass МХoth, thО magnОtiМ pОrmОabiХity oП thО sampХОs obtainОН is somОwhat smaХХОr 
anН thО yiОХН oП thО МurvО in saturation is obsОrvОН at high ПiОХНs (Fig. 1b). In thО МasО oП ПibОrgХass, 
thО magnОtiМ МharaМtОristiМs arО thО sum oП thО magnОtization oП thО ПiХm on thО surПaМО oП thin gХass 
ПiХamОnts. ProМООНing Пrom this, wО МarriОН out mОasurОmОnts oП inНiviНuaХ gХass ПiХamОnts 
ОxtraМtОН Пrom ПibОrgХass. InНООН, aХong thО gХass ПiХamОnts, wО sОО a pronounМОН magnОtiМ 
anisotropy (Fig. 1М), whiМh is НОtОrminОН by thО anisotropy oП thО Пorm oП thО ПiХms НОpositОН on thО 
surПaМО oП thО gХass ПibОrs. 
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Fig. 1. ThО magnОtization МurvОs oП thО nanoМompositО (Co40FО40Bβ0) 65 (SiOβ) γ5 mОasurОН in 
two orthogonaХ НirОМtions in thО pХanО oП thО ПiХm (МurvО 1 anН β) on thО sitaХХ pХatОs (b) anН 
ПibОrgХass aХong (МurvО 1) anН aМross (МurvО β) ПibОrs oП gХass ПiХamОnts (М). 

 
This worФ was supportОН by RFBR grant № 16-45-γ6048γ _а anН thО εinistry oП 
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DUAL CONTRAST AGENTS BASED ON GADOLINIUM DOPED 
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εagnОtiМ RОsonanМО Tomography, εRI, is onО oП thО most usОН instrumОnts Пor non-invasivО 
МХiniМaХ НiagnostiМs. In Мontrast to raНioХogiМaХ invОstigations, εRI has no НangОr oП raНiation 
ОxposurО to proНuМО imagОs using raНio ПrОquОnМy ОХОМtromagnОtiМ raНiation with vОry Хow ОnОrgy. 
ThО most rОsОarМhОs in this arОa arО ПoМusОН on thО НОvОХopmОnt oП Мontrast agОnts, that Мan proviНО 
a МХОarОr НistinМtion bОtwООn hОaХthy anН НisОasОН tissuО. ThО maУority oП Мontrast agОnts arО 
magnОtiМ nanopartiМХОs (εNP) [1]. εNPs maНО Пrom iron oxiНО arО usОН Пor thО НiagnostiМs oП 
many НisОasОs suМh as МarНiovasМuХar, nОuroХogiМaХ anН МanМОr. δivОr anН prostatО МanМОr arО thО 
most prОvaХОnt oП maХignant tumors. HybriН Мontrast agОnts arО among most popuХar trОnНs Пor εRI 
proviНing МomprОhОnsivО Нata on НisОasО progrОssion. GaНoХinium МhОХatОs anН magnОtitО arО thО 
most appropriatО T1 anН Tβ Мontrast agОnts, rОspОМtivОХy, but thОsО МompounНs Мan proviНО toxiМ 
ОППОМt on hОaХthy МОХХs. OnО oП thО ways to prОvОnt toxiМity is thО МrОation oП hybriН Мontrast agОnts 
basОН on gaНoХinium НopОН magnОtitО [β], [γ]. In this worФ gaНoХinium НopОН magnОtitО 
nanopartiМХОs wОrО prОparОН by thОrmaХ НОМomposition oП iron-gaНoХinium МompХОx in НibОnzyХ 
ОthОr. ThОsО nanopartiМХОs arО НОsignОН to bО usОН as a hybriН Мontrast agОnts Пor hОpatoМОХХuХar anН 
prostatО МarМinomas visuaХization. ObtainОН nanopartiМХОs wОrО invОstigatОН by mОthoНs oП 
transmission ОХОМtron miМrosМopy, X-ray НiППraМtion, εössbauОr spОМtrosМopy, НynamiМ Хight 
sМattОring, zОta potОntiaХ  anН thОrmogravimОtriМ anaХysis. AХso thО toxiМity oП nanopartiМХОs anН 
thОir T1 anН Tβ-rОХaxation timО wОrО mОasurОН in vitro.  

ThО authors ФnowХОНgО ПinanМiaХ support Пrom εinistry oП EНuМation anН SМiОnМО oП thО Russian 
FОНОr- ation (14.607.β1.01γβ, RFεEFI60715X01γβ).  

[1] Г.R. StОphОn, MaterialsToday 14, γγ0 (β011). 
[β] C. R. DО SiХva, J. AM. CHEM. SOC. 131, 6γγ6 (β00λ). 
[γ] F.J. DougХas, RSC Adv. 6, 74500 (β016). 
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ThО mОthoНs oП aННitivО tОМhnoХogiОs maФО it possibХО to obtain proНuМts oП МompХОx shapО 

with a prОНОtОrminОН struМturО anН thО rОquirОН sОt oП ОППОМtivО МharaМtОristiМs oП thО matОriaХ. ThО 
tОМhnoХogiОs Пor МrОating oП Хow-tОmpОraturО matОriaХs arО МharaМtОrizОН by thО ПaМt that thО matОriaХ 
is МonsoХiНatОН by a Хow-mОХting matrix at a tОmpОraturО ХowОr than thО mОХting tОmpОraturО oП thО 
Хow-mОХting МomponОnt. This aХХows to МrОatО gОntХО sintОring МonНitions Пor rОПraМtory magnОtiМ 
inМХusions, proviНing thО rОquirОН sОt oП physiМs-mОМhaniМaХ propОrtiОs oП thО synthОsizОН 
МompositО. ThО rОsОarМh oП tОМhnoХogiМaХ rОgimОs oП synthОsis oП Хow-tОmpОraturО magnОtiМ 
МompositО matОriaХs ПormОН НuО to ХayОr-by-ХayОr sintОring Пrom mixturОs oП powНОrs oП various 
МomponОnts wОrО МarriОН out by НОvОХoping thО approaМh oП МomputОr moНОХing oП Хow-tОmpОraturО 
МompositО matОriaХs, taФing into aММount rhОoХogiМaХ proМОssОs in powНОr boНiОs, МonМОntration anН 
ПraМtionaХ hОtОrogОnОity oП thО initiaХ mixturО [1]. ThО moНОХ struМturО oП thО initiaХ МompaМt shows 
thО gОnОraХ inhomogОnОity oП thО МonМОntrations anН sizОs oП thО powНОr МomponОnts anН porОs. An 
approaМh that МombinО iНОoХogy anН tooХs oП soХiН statО physiМs anН miМromОМhaniМs oП mОНia with 
struМturО is usОН [β]. 

It is bОХiОvОН that thО moНОХ struМturО oП a poХyНispОrsО mixturО oП rОПraМtory МomponОnts in 
ОaМh miМrovoХumО is rОprОsОntОН by partiМХО sizО vaХuОs oП inНiviНuaХ ПraМtions, as wОХХ as by 
voХumО part oП ОaМh ПraМtion in a poХyНispОrsО mixturО oП rОПraМtory МomponОnts. ThО uХtra-
miМrohОtОrogОnОous rОПraМtory МomponОnts oП thО ПraМtion arО attaМhОН to thО НispОrsion mОНium, 
Пorming anН moНiПying its МharaМtОristiМs in a mixturО oП initiaХ МomponОnts. ThО prОНiМtion oП thО 
possibiХity oП Пorming thО sФОХОton oП rОПraМtory partiМХОs at maМro, mОso-, or mini-ХОvОХs НОtОrminОs 
thО ПorОМast oП thО minimum porosity oП thО sintОrОН boНy in aММorНanМО with thО МonНitions Пor 
aМhiОving mОМhaniМaХ МontaМt oП thО partiМХОs oП thО rОsОarМhing ПraМtion  НОpОnНing on thО naturО oП 
thО НisМrОtО moНОХ Нistribution oП ПraМtions. ThО МarriОН out rОsОarМhОs showОН that thО usО oП 
rОПraМtory МomponОnts with a poХymoНaХ partiМХО sizО Нistribution in thО Мomposition oП thО initiaХ 
mixturО maФОs it possibХО to obtain Хow-porous Хow-tОmpОraturО МompositОs [1]. 

NumОriМaХ rОsОarМhОs arО basОН on an aНaptОН МomputОr simuХation sМhОmО [γ] Пor powНОr 
systОms. ThО nonХinОar probХОms oП hОat anН mass transПОr, sintОring oП thО НispОrsО systОm with 
taФing into aММount possibХО phasО transitions, thОrmaХ НОstruМtion oП inНiviНuaХ МomponОnts, 
МhangОs in thО phasО anН МonМОntration Мomposition arО soХvОН numОriМaХХy at aХХ tОМhnoХogiМaХ 
stagОs oП sintОring. AХХ thО МharaМtОristiМs oП thО mОНium arО МonsiНОrОН to bО ОППОМtivО with taФing 
into aММount ХoМaХ МonМОntrations anН statО paramОtОrs in miМrovoХumОs oП thО moНОХ boНy ПormОН 
НuО to НisМrОtization oП thО МomputationaХ arОa. AХХ paramОtОrs oП thО simuХatОН mОНium arО rОПinОН 
itОrativОХy at ОaМh timО point Пor ОaМh miМro voХumО. 

 
[1] V.N. δОytsin, ε.A. DmitriОva, A.O. TovpinОts, I.V. Ivonin, S.V. PonomarОv., AIP Conference 

Proceedings 1783, 0β01γβ (β016). 
[β] V.N. δОitsin, ε.A. DmitriОva, T.V. KoХmaФova, EНitors δottО J. Smit anН JuХia H.Van DiУФ. 

Nova Science Publishers, Inc. NY (β008). 
[γ] V.N. δОitsin, ε.A. DmitriОva, T.V. KoХmaФova, I.V. KobraХ', Russian Physics Journal. 49 (11) 
11λ8-1β0γ (β006). 
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InvОstigation oП magnОtiМ anН ОХОМtriМaХ propОrtiОs oП oxygОn-ПrОО thin ПiХm systОms 

(Co47FО4βГr11)х(εgFβ)100-х wОrО МarriОН out. For thО ОxpОrimОnts wО usОН sampХОs obtainОН by ion-
bОam sputtОring oП МompositО targОts. In thО abovО stuНiОs, thО ПoХХowing mОthoНs wОrО usОНμ x-ray 
НiППraМtion (stuНy oП thО МompositОs struМturО), two-probО potОntiomОtry (stuНy oП thО ОХОМtriМaХ 

propОrtiОs) anН pХaМing thО sampХОs in a magnОtiМ ПiОХНs 
up to 10 ФOО (stuНy oП thО magnОtorОsistivО propОrtiОs).  

ThО Мomposition oП thО obtainОН sampХОs smoothХy 
variОs in a wiНО rangО oП thО mОtaХ phasО МonМОntrations 
(7 mОtaХХiМ phasО, at.%  55). As a rОsuХt oП thО 
НОposition proМОss a hОtОrogОnОous two-phasО struМturО 
was ПormОН. ThО x-ray НiППraМtion МonПirms thО prОsОnМО 
oП two-phasО (МompositО) struМturО in aХХ stuНiОН sampХОs. 

ThО thiМФnОss oП thО obtainОН thin ПiХms variОs Пrom 
1 to γ m. ThО graph oП thО НОpОnНОnМО is shown in 
FigurО 1. ThО МonМОntration НОpОnНОnМО oП thО rОsistivity 
oП thО sampХОs is typiМaХ Пor mОtaХ-insuХator МompositО 
systОms. ThОrО is a sОМtion oП sharp НОМrОasО in rОsistanМО, 
whiМh МorrОsponНs to thО pОrМoХation thrОshoХН. ThО 
Оstimation oП thО pОrМoХation thrОshoХН position 
МorrОsponНs to β7 at.% oП thО mОtaХ phasО. ThО 
magnОtorОsistivО (εR) ОППОМt oП (Co47FО4βГr11)x(εgFβ)100-

x sampХОs with НiППОrОnt МonМОntrations oП thО mОtaХ phasО 
was stuНiОН (FigurО β). ThО magnОtorОsistivО ОППОМt is 
isotropiМ anН has a tunnОХing naturО. ThО maximum 
vaХuОs oП εR in this systОm Нo not ОxМООН γ.β5% at β5-β6 
at. % εО, whiМh МorrОsponНs to thО pОrМoХation thrОshoХН 
oП thО stuНiОН systОm. 

It is assumОН that rОХativОХy smaХХ vaХuОs oП εR Мan 
bО assoМiatОН with thО НОПОМtivОnОss oП thО НiОХОМtriМ 
matrix, whiМh ХОaНs to a signiПiМant Мontribution oП thО 
hopping МonНuМtivity inНОpОnНОnt oП thО magnОtiМ ПiОХН 
anН not Мontributing to thО magnОtorОsistivО ОППОМt. 
DОПОМts in thО matrix Мan bО ОxpХainОН by thО Пormation oП 
zirМonium ПХuoriНО, sinМО this proМОss is ОnОrgОtiМaХХy 
ПavorabХО. 

10 20 30 40 50 6010-5
10-4
10-3
10-2
10-1
100
101
102

 
 

,
 k

O
m

*m
m

Metal phase concentration, %

 
FigurО 1 - ConМОntration НОpОnНОnМО 

oП thО ОХОМtriМaХ rОsistivity oП thО 
(Co47FО4βГr11)x (εgFβ)(100-x) 

МompositОs 

10 15 20 25 30 35 40 45 50
0

-1

-2

-3

 

 

M
R

 (%
)

Metal phase, at.% 

 Reference samples
 Annealed at 350°C

 
FigurО β - ConМОntration НОpОnНОnМО 

oП magnОtorОsistanМО oП thО 
(Co47FО4βГr11)х(εgFβ)100-х МompositОs 
 



IBCε - β017 

 17γ

MAGNETIC PROPERTIES AND STRUCTURAL PHASE TRANSITION OF 
A2MMoO6 (A = Sr, Ba; M = Ni, Mg, Co) 

N. URUSOVA a,*, ε. SEεKIN a,b, E. FIδONOVA a, A. εEδNIKOVA a, δ. SKUTINA a,Н, A. VOδEGOV a,b, 
ε. KRATOCHVIδOVA М, A. PIROGOV a,b

        
a
 UraХ FОНОraХ UnivОrsity, 6β000β, εira 1λ, EФatОrinburg, Russia 

b
 InstitutО oП εОtaХ PhysiМs oП thО UraХ BranМh oП thО RAS, 660λλ0, S. KovaХОvsФoy 18, 

EФatОrinburg, Russia 
М
 SОouХ NationaХ UnivОrsity, 151-747, GwanaФ-gu, GwanaФ-ro 1, SОouХ, KorОa 

Н InstitutО oП High-TОmpОraturО EХОМtroМhОmistry oП thО UraХ BranМh oП thО RAS, 6β01γ7, 
AФaНОmiМОsФaya β0, EФatОrinburg, Russia 

*NataХia.urusova@urПu.ru 
 

CompounНs with НoubХО pОrovsФitОs struМturОs Мan bО НОsМribОН by thО gОnОraХ ПormuХa 
AβMM'O6, whОrО A is rarО-Оarth ion, M anН M' arО transition mОtaХ Мations [1]. ThОsО matОriaХs havО 
rОМОntХy attraМtОН ОxtОnsivО attraМtions in both sМiОntiПiМ rОsОarМh anН praМtiМaХ inНustriaХ 
appХiМations as anoНО Пor intОrmОНiatО tОmpОraturО soХiН oxiНО ПuОХ МОХХ (IT-SOFC) [β]. SOFCs arО 
highХy ОППiМiОnt НОviМОs Пor НirОМt proНuМtion oП ОХОМtriМity Пrom hyНroМarbon ПuОХs. 

ThО aim oП this worФ is to stuНy thО struМturaХ anН magnОtiМ propОrtiОs oП AβMε O6 
МompounНs (A = Sr, Ba; M = Ni, εg, Co). PoХyМrystaХХinО sampХОs wОrО synthОsizОН by nitratО 
soХutions mОthoН. X-ray powНОr НiППraМtion (XRD) mОasurОmОnts wОrО pОrПormОН at high-
rОsoХution НiППraМtomОtОr BRUKER, AНvanМО D8 (SОouХ, KorОa). εagnОtiМ mОasurОmОnts wОrО 
rОМorНОН with εPεS-Xδ-7 (EФatОrinburg, Russia) with a primary МonvОrtОr basОН on SQUID. 

XRD pattОrns wОrО МarriОН out in thО tОmpОraturО intОrvaХ (βλ0–600) K, with a stОp oП 50 K 
Пor SrβNiεoO6, SrβNi0.75εg0.β5εoO6, SrβCoεoO6 anН SrBaNiεoO6 sampХОs. ThО SrβNiεoO6 
sampХО possОssОs tОtragonaХ struМturО (I4/m) in thО tОmpОraturО rangО oП (βλ7–4λ0) K, anН abovО 
500 K, thОrО is a phasО transition to МubiМ struМturО (Fm3m spaМО group). ThО phasО transition 
tОmpОraturО inМrОasОs to 5γ0 K whОn thО magnОsium НopОН with SrβNiεoO6 sampХОs. It may bО 
МonnОМtОН with a morО signiПiМant tОtragonaХ Нistortion introНuМОН by εgβ+, as НОsМribОН in [β]. By 
Нoping SrβNiεoO6 with Barium, thО struМturaХ phasО transition НisappОars. SimiХar to SrβNiεoO6 
sampХОs, thО SrβCoεoO6 has possОssОН tОtragonaХ struМturО in thО tОmpОraturО rangО oП (βλ7–
γ80) K anН abovО γλ0 K, thОrО is a phasО transition to МubiМ struМturО (Fm3m spaМО group). But 
Мomparing with ХitОraturО [γ], this tОmpОraturО is ХowОr by about 100 НОgrООs. WО mОasurОН aХso thО 
Хow-tОmpОraturО НОpОnНОnМОs oП thО magnОtiМ susМОptibiХity AβMεoO6 on МooХing in a Мonstant 
magnОtiМ ПiОХН ( 0H = 1 ФOО) in thО tОmpОraturО rangО (β–γ00) K anН 1 K stОp. ThО susМОptibiХity 
inМrОasОs, whОn tОmpОraturО НОМrОasОs Пrom γ00 K. ThО susМОptibiХity aМhiОvОs a maximum vaХuО 
(NООХ tОmpОraturО) at ~8γ K, 70 K anН γ6 K Пor SrβNiεoO6, SrBaNiεoO6 anН SrβCoεoO6 
rОspОМtivОХy. 

ThО rОsОarМh wОrО supportОН at IεP NОutron εatОriaХ SМiОnМО CompХОx within thО statО 
assignmОnt oП FASO oП Russia (thОmО “FХux” No. 01β0146γγγ4), anН by thО StatО МontraМt 
(No. γ.61β1.β017) bОtwООn UrFU anН thО εinistry oП EНuМation anН SМiОnМО oП Russian FОНОration. 

 
[1] A. EriФsson, Оt. aХ., Mat. Res. Bul. 41, 144 (β006). 
[β] E. FiХonova, Оt. aХ., Sol. St. I. 262, γ65 (β014). 
[γ] A. AguaНОro, Оt. aХ., J. App. Ph. 109, 0γ4λ07 (β011). 
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RβFО17 binary МompounНs (R is a rarО Оarth ОХОmОnt) attraМt thО grОatОst attОntion oП 
rОsОaМhОrs as pОrmanОnt magnОt matОriaХs НuО to thОir ХargО iron МontОnt. ThОy havО Хow CuriО 
tОmpОraturО vaХuОs anН pХanar anisotropy at room tОmpОraturО, thОrОПorО it maФОs thОm unsuitabХО 
Пor thОir tОМhnoХogiМaХ appХiМations as harН magnОtiМ matОriaХs. But it has bООn wОХХ Фnown that 
substantiaХ improvОmОnts in thО magnОtiМ propОrtiОs is obsОrvОН aПtОr hyНrogОnation anН 
partiМuХarХy nitrogОnation oП SmβFО17. Thus, Пor SmβFО17Ny thО Оasy magnОtization НirОМtion 
МhangОs to thО c-axis anН CuriО tОmpОraturО is inМrОasОН signiПiМantХy. As it has bООn prОviousХy 
rОportОН, thО substitution oП Sm Пor R or by substituting FО by nonmagnОtiМ or wОaФ magnОtiМ atom 
ε in SmβFО17-basОН tОrnary МompounНs suМh as Smβ-zRzFО17, SmβFО17-yεy anН hyНrogОn, nitrogОn 
insОrtion was ОmpХoyОН to ОnhanМО magnОtiМ propОrtiОs. In this МontОxt, it may turn out to bО 
intОrОsting to invОstigatО thО Мombining ОППОМts to thО struМturaХ anН magnОtiМ propОrtiОs oП SmβFО17 
by thО substituting atoms R or ε anН intОrstitiaХ atoms H/N simuХtanОousХy. 

ThО aim oП this worФ is thО synthОsis oП parОnt aХХoys  having nominaХ Мompositions Smβ-

xHoxFО17 with x = 0,4 anН 0,8 as wОХХ as hyНriНОs, nitriНОs basОН on thОm, stuНing oП thО inПХuОnМО 
ОППОМts oП H anН N on thО struМturaХ anН magnОtiМ propОrtiОs oП tОst sampХОs. AХХoys with inНiМatОН 
Мomposition wОrО prОparОН by inНuМtion mОХting МonstituОnt ОХОmОnts oП at ХОast λλ,λ % purity in Ar 
atmosphОrО, ПoХХowОН by annОaХХing in vaМuum at 1050 °C Пor 7 anН 14 Нays rОspОМtivОХy. ThОn aХХ 
synthОsizОН matОriaХs wОrО МharaМtОrizОН by XRD, SEε, VSε. X-ray  НiППraМtion ОxpОrimОnts wОrО 
pОrПormОН on powНОr sampХОs anН as-miХХОН powНОrs using Co Kα raНiation to НОtОrminО thО phasО 
struМturО anН thО ХattiМО paramОtОrs, thО Нata wОrО anaХyzОН by mОans oП thО RiОtvОХН priПiХО 
rОПinОmОnt tОМhniquО. ThО anaХysis oП thО XRD pattОrns НОmonstratОН Пor aХХ Мompositions anН 
intОrstitiaХ hyНriНОs, nitriНОs thО rhombohОНraХ ThβГn17-typО struМturО is obsОrvОН. ThОrО is a smaХХ 
amount oП α-FО in aННition to thО main phasО. Smβ-mHomFО17Hn  whОrО n=4,8 anН 4,4 hyНrogОn 
atoms pОr П.u. wОrО proНuМОН in thО tОmpОraturО rangО 180-β50 °C unНОr prОssurО γ0 atm. ThО 
nitriНОs with prОХiminary hyНrogОnation-НОhyНrogОnation МyМХО wОrО rОМОivОН nОar 450÷10 °C in a 
Nβ gas atmosphОrО with a prОssurО up to 40 atm. ThО maximum nitrogОn МontОnt was НОtОrminОН to 
bО β,5H/П.u. ThО X-ray rОПХОМtions oП hyНriНОs, nitriНОs arО shiПtОН to ХowОr angХОs as a rОsuХt oП thО 
ХattiМО Оxpansion. It was ОstabХisОН that thО introНuМtion oП H anН N atoms ХОaНs to an inМrОasО in thО 
ХattiМО Мonstants anН saturation magnОtization, but this ПaМt bОМomОs smaХХОr with raising Ho 
МonМОntration. εagnОtiМ mОasurОmОnts at tОmpОraturО γ00 K wОrО mОasurОН using a PPεS EvОr 
CooХ-II magnОtomОtОr in a maximum magnОtising ПiОХН oП 5T rОspОМtivОХy. It has bООn shown that 
magnОtiМ propОrtiОs suМh as thО spОМiПiМ saturation magnОtization, spОМiПiМ rОmanОnt magnОtization, 
anН МoОrМivО ПorМО by thО magnОtization НОpОnН strongХy on thО Ho МonМОntration. It was ПounН that 
thО Sm-Ho-FО-N powНОrs miХХОН Пor НiППОrОnt timО (15, γ0, 45 min) possОss bОttОr intrinsiМ 
magnОtiМ propОrtiОs than parОnt sampХОs, thОir hyНriНОs anН nitriНОs bОПorО RT miХХing. 
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It’s Фnown that impХantation oП ПorОign synthОtiМaХ biomatОriaХs proНuМОs immunО rОsponsО, 
whiМh impХiОs thО inПХammation anН Пormation oП МonnОМtivО tissuО shОХХ [1]. εagnОtiМ impХants 
basОН on magnОtiМaХХy ПunМtionaХizОН ОХОМtrospun poХymОriМ matriМОs arО proposОН to bО usОН Пor 
prОvОnting ПibrotiМ struМturОs Пormation as wОХХ as Пor maХignant tumor trОatmОnt [β]. 

In our ОxpОrimОnt wО obsОrvОН thО hОating НynamiМs oП ПunМtionaХizОН impХants in thО Пorm oП 
poХymОriМ ОХОМtrospun matriМОs with magnОtitО nanopartiМХОs oП avОragО sizО 650 nm (sizО 
НispОrsion γ50 nm) at various ПrОquОnМiОs oП AC magnОtiМ ПiОХН. ThО sampХО sizО, thiМФnОss anН 
mass wОrО βxβ Мm, 0.β5 mm, anН 0.060 mg, rОspОМtivОХy. ThО hОating oП 1 mХ oП watОr up to 
tОmpОraturО oП 45 C was rОaМhОН (Пig. 1). 

 

 
FigurО 1. HОating oП 1 mХ oП watОr by 
poХymОriМ impХant sampХО on НiППОrОnt 
ПrОquОnМiОs oП osМiХХating magnОtiМ ПiОХН. 

FigurО β. DОpОnНОnМО oП SAR on ПrОquОnМy. 

ThО НОpОnНОnМО oП SAR (SpОМiПiМ Absorption RatО) on ПrОquОnМy МaХМuХatОН Пrom Fig.1 
shows thО saturation that Мan bО attributОН to thО ХargО vaХuО oП NООХ rОХaxation timО Пor thОsО typО 
oП submiМron partiМХОs (ПigurО β). SinМО thО tОmpОraturО in thО rangО oП 40-45°C was aМhiОvОН, thО 
proposОН approaМh Пor МontroХ oП unНОsirabХО ПorОign boНy rОaМtion using magnОtiМaХХy 
ПunМtionaХizОН poХymОriМ matriМОs is tОМhnoХogiМaХХy ПОasibХО. 
 
ThО support oП FounНation Пor AssistanМО to SmaХХ InnovativО EntОrprisОs in SМiОnМО anН 
TОМhnoХogy (proУОМt  #C1-β1β00) is aМФnowХОНgОН.  
 
[1] SpОar Sδ, BaФОr Jδ Jr., Plast Reconstr Surg. 96, 111λ (1λλ5). 
[β] Huang C Оt aХ., Advanced Functional Materials 22, β47λ (β01β). 
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ThО raw matОriaХs that wОrО usОН in this stuНy Мonsist thО iron oxiНО FОβOγ anН strontium 

МarbonatО SrСOγ. SoНium МarbonatО NaβCOγ was МhosОn as soХvОnt. BОПorО wОighing aХХ substanМОs 
wОrО НriОН at 500 °С Нuring 5 hours. ThО initiaХ mixturО (β4.5 g) was grounН in a baХХ miХХing anН 
ПiХХОН into a γ0 mδ pХatinum МruМibХО.ThО МruМibХО was pХaМОН in a rОsistanМО ПurnaМО ОquippОН with 
a thОrmoМoupХО typО B anН a prОМision thОrmorОguХatory RIF-101. To homogОnizО thО starting 
matОriaХs, thО ПurnaМО was maintainОН at 1β60 °C Пor γ h ПoХХowОН by МooХing at a ratО oП 4.5 K/h to 
λ00 °C. ThОn thО systОm was aХХowОН to naturaХХy МooХ to room tОmpОraturО. ThО spontanОousХy 
obtainОНМrystaХs wОrО sОparatОН Пrom thО ПХux by ХОaМhing in hot nitriМ aМiН. 

ThО Мompositions oП thО sampХОs wОrО НОtОrminОН using an ОХОМtron miМrosМopО JОoХ 
JSε7001F with an ОnОrgy НispОrsivО spОМtromОtОr OxПorН INCA X-max 80. ThО avОragО 
Мompositions oП onО oП thО sampХОs arО ХistОН in TabХО β. ThОrО wОrО γ ОХОmОntsμ O, FО anН Sr. 
εapping ОХОmОnts showОН a uniПorm Нistribution oП strontium ovОr thО ОntirО surПaМО anН thО onХy 
onО phasО in thО sampХОs. 

 PowНОr X-ray НiППraМtion anaХysis 
was pОrПormОН on a RigaФu UХtima IV 
НiППraМtomОtОr in thО anguХar rangО Пrom 
10° to λ0°. For invОstigations 8 hОxagonaХ 
singХО МrystaХ pХatОs wОrО sОХОМtОН Пrom 
ОxpОrimОnt.ThО НiППraМtograms oП aХХ thО 
sampХОs МorrОsponНs to magnОtopХumbitО 
ε-typО strontium hОxaПОrritО (spaМО group 
P6γ/mmМ). PXRD pattОrn is prОsОntОН in 
Fig.1 in thО top. SpiФОs in bottom 
МorrОsponН to SrFО1βO1λ [1]. ThО rangО 
Пrom β5° to 40° is prОsОntОН in thО right 
top МornОr.ThО МОХХ paramОtОrs arО givОn in 
TabХО γ. ThО Хast МoХumn Мonsists oП МОХХ 
paramОtОrs oП Нata [β]. 

SrFО1βO1λ ПОrritО singХО МrystaХs wОrО grown Пrom soНium oxiНО basОН ПХux using spontanОous 
МrystaХХization. ThО struМturaХ anН morphoХogiМaХ МharaМtОrization oП thО grown sampХОs wОrО НonО. 
It Мan bО МonМХuНОН that aХХ sampХОs havО hОxagonaХ МrystaХ struМturО. OnХy onО magnОtopХumbitО 
phasО was НОtОМtОН. ThО НiППraМtion pattОrns oП SrFО1βO1λ arО in agrООmОnt with ХitОraturО Нata. 
ExpОrimОntaХ МОХХ paramОtОrs wОrО МaХМuХatОНμ а=5.88γβ(4) Å, =βγ.0γ61(14) Å. ThО МОХХ voХumО is 
V=6λ0.51(6) Åγ. 

 
ThО worФ was supportОН by GovОrnmОnt oП thО Russian FОНОration (AМt β11, МontraМt № 

0β.A0γ.β1.0011) anН by thО Russian FounНation Пor BasiМ RОsОarМh (№ 16-08-0104γ). AННitionaХХy 
thО worФ was partiaХХy supportОН by thО εinistry oП EНuМation anН SМiОnМО oП thО Russian 
FОНОration (№ 4.1γ46.β017/PP). 

 
[1] J. εuХХОr, A. CoХХomb, J. Magn. Magn. Mater. 103, 1λ4 (1λλβ). 
[β] F. BОrtaut, A. DОХapaХmО, G. Bassi, J. de Physique France. 25, 545 (1λ64). 

Fig.1. PXRD pattОrns oП sampХО 
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Figure 1 
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Introduction. ThО usО oП ПОrroПХuiН in miМrovaХvОs is onО oП aМtuation mОthoНs in 

miМroПХuiНiМs. In [1] it is shown that a ХОvОХ oП prОssurО in thО rangО oП НОМaНОs oП miХХibar Мan bО 
ОxpОМtОН Пrom a ПОrroПХuiН. DiППОrОnt magnОtiМ ПiОХНs МouХН bО usОН to aМtuatО thО ПОrroПХuiНμ Пor 
ОxampХО, ОxtОrnaХ magnОts [β] anН a miМroМoiХ [γ]. In thО prОsОnt papОr, wО proposО a ПОrroПХuiН-
basОН miМrovaХvО to opОn or МХosО thО ПХow in a miМroМhannОХ by imposing thО magnОtiМ ПiОХН oП a 
straight МurrОnt-Мarrying wirО. 

Methods. WО МonsiНОr a miМrovaХvО (FigurО 1) basОН on a hОavy, inМomprОssibХО, 
homogОnous, isothОrmaХ ПОrroПХuiН bОtwООn two МoniМaХ surПaМОs with НiППОrОnt apОx angХОs α1, α2 
anН a МyХinНОr oП thО raНius Rc. ThОrО is a wirО oП thО 
raНius r0 with thО МurrОnt I on thО axis oП thОsО surПaМОs. It 
shouХН bО notОН that suМh ПОrroПХuiН briНgО bОtwООn 
МoaxiaХ МyХinНОrs [4] Мannot sustain any prОssurО Нrop in 
Мontrast to this probХОm whОrО thОrО is thО prОssurО Нrop 
Δp = p1 – p2. ThО ПОrroПХuiН is immОrsОН in a non-
magnОtiМ ХiquiН with thО samО НОnsity. WО usО thО 
δangОvin Хaw to НОsМribО a ПОrroПХuiН magnОtization. WО 
gОt thО gОnОraХ anaХytiМaХ soХution Пor any axiaХХy 
symmОtriМ shapО oП thО ПОrroПХuiН surПaМО in thО magnОtiМ 
ПiОХН oП a wirО Пrom thО hyНrostatiМ Оquation anН thО 
bounНary МonНition on thО ПОrroПХuiН surПaМО. NumОriМaХ 
moНОХing oП thО miМrovaХvО bОhavior Пor НiППОrОnt vaХuОs 
oП ПОrroПХuiН voХumОs anН МurrОnts basОН on this anaХytiМaХ 
soХution is НonО in thО Мomputing ОnvironmОnt εapХО. 

Results. It is shown that thО prОsОnМО oП Хimiting МoniМaХ surПaМОs aХХows thО ПОrroПХuiН to 
sustain thО prОssurО Нrop, whiМh is muМh biggОr in МasО oП non-wОtting (λ0° < θ1, θ2, θ3 ≤ 180°) than 
in МasО oП wОtting (0° ≤ θ1, θ2, θ3 ≤ λ0°). In МasО oП wОtting thО ПОrroПХuiН Мannot sustain any 
prОssurО Нrop Пor smaХХ МurrОnts in thО wirО, but in МasО oП non-wОtting thО ПОrroПХuiН-basОН 
miМrovaХvО Мan Нo it ОvОn Пor zОro МurrОnt. SpasmoНiМ anН hystОrОsis phОnomОna arО possibХО Пor 
somО vaХuОs oП ПОrroПХuiН voХumОs anН МurrОnts. PrОsОnМО or absОnМО oП thОsО phОnomОna shouХН bО 
taФОn into aММount in thО НОsign oП miМrovaХvОs with МontroХХОН ПОrroПХuiН voХumОs, in whiМh thО 
magnОtiМ ПiОХН is МhangОН pОrioНiМaХХy. 

Acknowledgements. This worФ is supportОН by thО Russian FounНation Пor BasiМ RОsОarМh 
grant 16-51-1β0β4. 
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Ni-εn-X-basОН HОusХОr aХХoy (X = Sn, In, Sb) is onО oП thО most intОrОsting matОriaХs НuО to 

its physiМaХ ОППОМts rОХatОН to thО martОnsitiМ Нistortion, ПОrromagnОtism anН various ОxotiМ 
phОnomОna. ThО МoОxistОnМО oП thО МonvОntionaХ anН thО invОrsО magnОtoМaХoriМ ОППОМts assoМiatОН 
with nОgativО anН positivО vaХuОs, rОspОМtivОХy, oП magnОtiМ Оntropy МhangО (∆Sm) with thО ХargО 
vaХuОs oП maximum magnОtiМ Оntropy МhangО (НОnotО as |∆Smax|) havО bООn ПounН. In this worФ, a 
systОmatiМ stuНy oП thО magnОtoМaХoriМ ОППОМt anН thО МritiМaХ bОhavior in Ni4γεn46Sn8Inγ HОusХОr 
aХХoy has bООn pОrПormОН. ThО rОsuХts rОvОaХ thО sampХО Оxhibiting struМturaХ anН magnОtiМ phasО 
transitions at tОmpОraturОs TC

ε = 166 K (TC oП thО martОnsitiМ phasО), Tε-A = β60 K (thО 
martОnsitiМ-to-austОnitiМ phasО transПormation) anН TC

A = βλ6 K (TC oП thО austОnitiМ phasО). δargО 
vaХuОs oП rОПrigОrant МapaМity (RC) arounН Tε-A anН TC

A arО ПounН to bО RCε-A = 17β.6 anН  
RCA = 155.λ J·Фg-1, rОspОМtivОХy, unНОr an appХiОН ПiОХН МhangО oП γ0 ФOО. Using thО εoНiПiОН 
Arrott pХots mОthoН, thО МritiМaХ bОhaviors nОar TC

ε anН TC
A havО bООn aХso anaХyzОН. WО pointОН 

out that a МoОxistОnМО oП thО Хong- anН short-rangО ПОrromagnОtiМ orНОr in thО martОnsitiМ phasО, 
whiХО thО Хong-rangО ПОrromagnОtiМ orНОr Оxists in thО austОnitiМ phasО. IntОrОstingХy, at arounН TC

A, 
thО maximum magnОtiМ Оntropy МhangО (|∆Smax|) vОrsus magnОtiМ ПiОХН H obОys a powОr Хaw oП  
|∆Smax| = a·Hn, whОrО thО ОxponОnt n is ПounН to bО about 0.66, whiМh is vОry МХosО to that oП thО 
mОan-ПiОХН thОory. ThО naturО oП thО obsОrvОН phОnomОna is НisМussОН thoroughХy via thО МoupХing 
bОtwООn thО struМturО anН magnОtism. 
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