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  Abstract:Magneticforcemicroscopy(MFM)measurementswereperformedonmonodispersedsingle-domain
nickelnanospheresfabricatedbythemicrowave-assisted(MW)polyolmethod.AsfoundbyMFM,arelevant
characteristicofthesesphereswithasizedistributioninthe100~180nmrangeisthemagneticstripedomain
structure.TheobtainedhighlyglobularnanostructuresofNicoreNiOshellweremeasuredbyXRD,TEM,XPS,and
EDAX.Theferromagnet/antiferromagnetinterfacecouplingisdiscussedwiththeresultsofVSMandSQUID.
Therelationoftheexchange-couplingfieldwithparticlessizesisevaluated.
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1 Introduction
  Thesynthesisandcharacterizationofnanostructuredmaterialsisaimedatdesigningandarran-
gingnanomaterialsincomplexfunctionalstructures,resultinginuniquephysicalproperties[1-6].Metal
magneticnanoparticles,especiallythosehavingasphericalcore-shellstructure,havereceivedaconsid-
erableamountofattentioninrecentyears[7-10].Thisisduetothestructure-propertyrelationsthathave
ledtoimportantapplications,suchasmaterialsforultrahigh-densitydatastorage,magneticnanodevic-
es,andmedicine[11-16].Nickelhasbeenusedforwideapplicationsinareassuchascatalysis,fuelcelle-
lectrodes,andmagneticstoragemedia[17-21].Themethodsbywhichnickelnanoparticleswerefabricated
are:ultrasoundirradiation[22],chemicalreduction[23],evaporationtechnique[24],andthepolyolmethod[25].

Inthecurrentstudy,themicrowave-assisted(MW)polyolmethodisusedtoobtainmonodisper-
sednickelsphereswithdiametersrangingfrom100~180nm.Althoughtheconventionalpolyolmeth-
odwaspreviouslyusedtopreparesubmicronmetallicnickelparticles,thecorrespondingreactionun-
derMWradiationhasneverbeenreported.Furthermore,inthisworkwereportontheformationof
core-shellstructuresofhighlyglobularNicoreNiOshell,whicharesynthesizedfromtheNispheres,and
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themagneticpropertiesofthecore-shellstructuresareinvestigated.Weshouldalsomentionthat,un-
liketheconventionalreactionwhereethyleneglycolwasemployedasthepolyolsolvent,intheMW-
assistedpolyolreactiontriethyleneglycol(TREG)wasusedasthesolvent.

Inthecurrentprocess,themetallicsaltwasdissolvedinTREGandtheproduct,glycol-metalsalt
mixture,wasthenheatedbymicrowaveirradiation.OurmodifiedMWovenincludedadistillationsys-
tem,andthereactionmixturewasrefluxedwhilethemetallicmoietiesprecipitatedoutofthesolution.
Thesolutionwasrefluxedat287℃,theb.p.ofTREG,whichishigherthanthatofethyleneglycol
(196℃)usedintheconventionalpolyolreaction.

2 ExperimentalSection
2.1 Preparation
  Atwo-stepapproachhadbeenemployedinthisinvestigationforthepreparationofnickel-nickel
oxide.Inthefirst,thestartingmaterialwasasolutionofnickel(Ⅱ)acetatetetrahydrate(99.998%,

AldrichChemicalCo.)inTREG(triethyleneglycol)(>99%,BioLabLtd.).Followingtheprevious-
lydescribedprocess[26],a100mLglassflaskwasplacedinamicrowaveoven(Spectra900W)andcon-
nectedtoacondenser.Beforethereaction,50mLofasolutionof0.125M Ni(Ac)2inTREGwas
purgedbyargonfor20min,afterwhichthemicrowaveovenwasturnedonatapowerlevelof70%
withacontinuedflowofthegas.Thereactionwasstoppedassoonasablacksuspensionappeared,

whichwasimmediatelycooledinicedwater.Theresultingsolidproductwaswashedthoroughlywith
ethanolandcentrifuged.Alltheseprocesseswererepeatedfivetimes.Thenickelspheresproductwas
driedundervacuumandkeptinaglovebox.

Inthesecondsyntheticstep,100mgofnickelspheres,putinaporcelainboat,wasintroducedinto
atubularfurnace.Duringthereaction,oxygenataflowrateof100cm3/minwasbubbledthrougha
solutionofhydrogenperoxide(H2O2of30%,BioLabLtd.).Thereactiontook3hatdifferenttem-
peratures:300,325,350℃.Attheendofthereaction,thecellwascooleddownwithcontinuedpurging
ofthegas.
2.2 Characterization
  ThepowderX-raydiffraction(XRD)patternswerecollectedonaBrukerAXSD* AdvancePow-
derX-raydiffractometer(usingCu-Kαradiationλ=0.15418nm).Theparticlesize,morphology,and
natureoftheNiO/Niparticleswerestudiedbytransmissionelectronmicroscopy(TEM)employinga
JEOL-JEM100SXmicroscopeworkingat100kV.SamplesfortheTEMexperimentswereprepared
bysuspendingthedriedsampleinabsoluteethanolinasonicationbathfor20min.Inordertoexamine
thedimensionsandmechanicalstabilityofthenanospheres,weemployedaDigitalInstruments3100
dimensionAFM.FortheAFMmeasurementstheparticleswerespincoatedonaSisubstrateandwere
scannedinthetappingmode.TheAFM(AtomicForceMicroscopy)tipsusedforthescanwere
TAP300tipsmadebyNanoDevicesandTAP300madebyBudgetSensors.WeusedanMFM(Magnetic
ForceMicroscopy)tipandscannedtheparticles,oncefortheirtopographyandthen40nmabovetheir
surfaceinordertostudythemagnetization,andtoobservewhethertheparticlesaresingledomain.
TheMFMtipsusedforthescanningprocesswereMESPVeeconanoprobetips.X-rayphotoelectron
spectroscopy(XPS)wasrecordedusinganAXIS,HIS165,ULTRA (KratosAnalytical).TheAr+

sputteringwascarriedoutfor15minatanenergyof4keVandacurrentdensityof0.5μA/cm2.Un-
dertheseconditionstheestimatedsurfaceremovaldepthwas1.0~1.5nm.Theelementalcomposi-
tionofthematerialwasanalyzedbyenergy-dispersiveX-rayanalysis(EDAX;JEOL-JSM840scanning
electronmicroscope).
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MagneticmeasurementsatroomtemperaturewereconductedusinganOxfordInstrumentvibra-
tingsamplemagnetometer(VSM).20~25mgofnickelnanoparticleswereinsertedintothegelatin
capsuleandpluggedwithcottontopreventdispersalofthepowder.Temperature-resolvedmagnetic
measurementswereconductedusingaQuantumDesignMPMSSQUIDmagnetometer.Specifically,

measurementswereperformedbycoolingasampleinzerofielddownto4K,whenamagneticfieldof
1.59MA/mwasapplied.Afterthat,thesamplewasslowlywarmeduptoahightemperature(typical-
ly300K)instepsofafewKperminutewithstabilizationateachtemperaturelevelandsubsequent
measurementofthemagneticmoment(ZFC).Then,withoutturningthefieldoff,thesamplewas
cooleddownto4Kwhilemeasuringthemagneticmomentateachintermediatetemperature(FC).To
inducethemaximalunidirectionalanisotropyatNi/NiOinterface,amagneticfield(0.80MA/m)

shouldbeappliedduringcoolingat550Kto300Kbyusingtheabove-mentionedVSM.Then,the
samplewasmovedtotheSQUIDhoodandcooleddownto4Kwithamagneticfieldof1.59MA/m
whilemeasuringthemagneticmoment(FC)atthecorrespondingtemperaturepointofZFC.

3 ResultsandDiscussion
3.1 CharacterizationandMorphology

Fig.1 X-raypowderdiffractionpatternofthesamples

  Fig.1(a)presentstheXRDpatternsofthe
precipitatedpowder.Thepositionofthediffraction
peaksmatchescloselythereportedJCPDS(4-850)

data.TheproductisthereforeidentifiedasFCC
crystallinenickel.

Fig.2(a)presentsamagnifiedTEMimageof
asingle~180nmnickelspherebeforeitundergoes
oxidationby H2O2.Fig.2(b),whichdepictsa
numberofNispheresafteroxidation,showsthe
existenceofanoutershellhavingabrighterimage
thanthedarkinnercore.Inaddition,wedetect
somesmallparticlesonthesurfaceoftheglobular
Ni.Thisalsoconfirmstheformationofthenickel-
nickeloxidecore-shellstructure.Thecore-shell
nanosphereparticles(Fig.2(b))haveamorpholo-
gysimilartothatofthenickelballs(Fig.2(a)),

andtheNiO-extendedNisphereparticleshaveauniformandremarkablythinNiOlayerwith30nm
oftheshellthicknessontheiroutersurface.

Fig.2 TEMof(a)anickelsphere,(b)highlysphericalNicoreNiOshellnanostructures
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ThethicknessoftheNiOouterlayerdependsonthereactiontime,thereactiontemperature,and
theamountofH2O2flowingthroughthesolution.InanattempttocontrolthethicknessoftheNiO
layer,wehavevariedthereactiontemperaturewhilekeepingallotherparametersconstant.Thereac-
tiontimewasfixedat3handtheflowrateofH2O2at100cm3/min.Ascouldbeexpected,wehave
foundthatasthereactiontemperatureincreased,athickerNiOshellwasobtained.ANiOshellthick-
nessofabout30nmwasobtainedforareactiontemperatureof350℃ (Fig.2(b)).Simultaneously,we
observedanincreaseintheintensityoftheXRDdiffractionpeaksofnickeloxide(Fig.1(b)andFig.1
(c))andasmoothuniformNiOshellwasobservedforalloxidationtemperatures.

ThemorphologicalstudieswereperformedbyAFM measurements.Fig.3showsatypicalAFM
micrographofNispheres,demonstratingthattheaveragesizeoftheparticlesisbelow180nmindi-
ameterand180nminheight.Inordertotesttheirmechanicalstability,wetriedtomovethemusing
AFM manipulationinanon-contactmode.Thespheresmaintainedtheiroriginalgeometrywithouta
noticeablechangeintheiroverallshape.ThepictureshowninFig.3isrepresentativeofalargenum-
berofnanosphericalparticlesthathavebeenscannedandmeasuredbytheAFMandMFMtechniques.

Fig.3 2D(a)and3D(b)AFMimagesofmonodispersenickelnanospheres
(Thehightsmetionedinthetextweretakenfromthe2Dimage)

Fig.4showsfourscansofMFMimagesoftwotypesofparticles.Thefirstisanimageofanindi-
vidualparticle,whilethesecondisapictureoftwoconnectednanospheres.EachpairofAFMand
MFMimageswasmeasuredinthesameregion.Fig.4(b)illustratesthattheorientationofthemag-
netizationisidenticalforthewholeparticle,or,inotherwords,the100~180nmnickelparticlesare
single-domainstructures.Fig.4(c)showstwomagneticnanosphericalparticles.However,forthetwo-
connectedNisphereswecandistinctlyobservetwodomainstructurespossessingdifferentmagnetiza-
tionregions.

Thesurfaceofthecore-shellstructureoftheas-preparedsampleswasalsocharacterizedbyX-ray
photoelectronspectroscopy(XPS).Thebindingenergyofthe2p3/2coreelectron,is854.4eV(Fig.5),

whichisingoodagreementwiththeXPSdataofNi2+ions.ThepositionoftheNi02p3/2peakisexpec-
tedat853.0eV.TheO(1s)XPSspectrum(InsertofFig.5)revealsaverybroadsignalataround529.
0eV.The529.0eVO(1s)peakisattributedtotheoxygenatombondedtothedivalentnickel.The
XPSspectrumshowsthepresenceofNi2+andoxygenontheouterlayeroftheglobularparticles,with
atomicconcentrationsof44.5%and55.5%,respectively.Thestoichiometricratiofoundfromthearea
undertheXPSpeakindicatesaslightexcessofoxygen,whichweattributetowatermoleculesad-
sorbedonthesurfaceoftheparticles[27].
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Fig.4 MagneticdomainstructureofmonodispersenickelnanospheresobservedusinganMFM
((a)AtopographicscanbyAFMforonesphere,(b)MFMimageoftheparticleofFig.4(a)showingonedomainstructure,

(c)AFMimageoftwo-connectednanospheres,(d)MFMimageofFig.4(c)demonstratingtwomagneticdomains)

Fig.5 XPS-spectraofNicoreNiOshellspheresfor

nickelparticlesoxidizedat300℃
(InsetistheO1sXPSspectrum)

Theelementalcompositionofthecore-
shellsphereswasalsoanalyzedbyEDAX.A
quantitativemeasurementofthenickelspheres
beforeandafteroxidationwas92.94%and57.
80% (atomicpercent),respectively.Although
itiswellknownthatEDAXisnotagood
quantitativemethodforlightelementssuchas
oxygen,thenumbersobtained,7.06% and
42.20%,showtheexpectedtrendofthesuc-
cessfuloxidationoftheparticle’ssurface.
3.2 MagneticProperties
  Theresultsoftheroomtemperaturehys-
teresisloopmeasuredbyVSMunderanap-
pliedmagneticfieldof1.6T,aredepictedin
Fig.6.Typicalferromagneticpropertiesofthe
Ninanospheresareobserved,ofwhichthesat-
urationmagnetizationMSandcoercivityHC

are44emu/gand3.18kA/m,respectively.
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NotethatthecurveissymmetricaroundH=0.

Fig.6 Hysteresisloopofthenickelnanospheresmeasured
byVSMatroomtemperature

Exchangebiasisoneofthephenomena
associatedwiththeexchangeanisotropycrea-
tedattheinterfacebetweenanAFMG (anti-
ferromagnetic)andFM (ferromagnetic)ma-
terials.Itoccursinalargevarietyofsystems
whicharecomposedofanAFMGinatomic
contactwithaFMifthesampleisgrown,or
afterthesystemiscooled,belowtherespec-
tiveNéelandCurietemperatures,TNandTC,

inanexternalcoolingfieldH[28-29].Themain
manifestationofthiseffectisashiftintheM-
Hloopsothatthemagnetizationcurveisnot
symmetricaroundH=0.Thisresultisexpec-
tedinourspheressincewehaveNi(FM)

coressurroundedbyNiO(AFMG).

Fig.7 Hysteresisloopsat4KofNicoreNiOshellsphereparticles
(NotethattheresultsforFCandZFCarepractically
indistinguishableandinbothcasesnoshiftisobserved)

Inset:(a)Azoomofthecurveneartheoriginpointfor
ZFCandFC.NotethesymmetryaroundH =0.

(b)ZFCandFCmagnetizationcurves
asafunctionoftemperaturefrom4~300K

Magnetization measurements as a
functionoftemperaturewereperformed
byzero-field-cooling (ZFC)andfield-
cooling (FC)proceduresatanapplied
magneticfield(H=1.59MA/m).MZFC

wasmeasuredwhilewarmingfrom4to
300K,whereasMFCwasrecordedduring
thesubsequentcooling.BeforeMFC was
recordedduringthesubsequentcooling,a
magneticfield(0.80MA/m)shouldbe
appliedduringcoolingfrom 550 K to
300KunderVSM and1.59 MA/mis
usedfrom300Kto4KinSQUID.Fig.7
comparestheZFCandFCloops,showing
nosignoftheexchangebiaseffect.The
M-H loopsaresymmetric,showingno
signofashift.BothZFCandFCmagneti-
zationcurvesrapidlydecreasewiththein-
creaseoftemperatureandrevealnointer-
sectioninthewholerangeshowninInset(b)ofFig.7.Inthisrespectourparticles,forwhichtheZFC
magnetizationcurvecoincideswiththeFCmagnetization,aresimilartothesystemof20nmironparti-
clesembeddedinPMMA[30].ThisisincontrasttootherliteraturereportsrelatingtoNi/NiOparticles
withanaverageparticlesizebelow30nm,whichhavedemonstratedanonsymmetricalmagnetichys-
teresisloop[31-32].

WhenFM-AFMGstructuresarepreparedtogivealargeexchangebias,onenormallycoolsthe
materialinamagneticfieldfromatemperatureabovetheNéeltemperature(above500K)ofthe
AFMG.Itisimportantforustoobservenonsymmetricalhysteresisloopalthoughourmeasurement
didlikemanypublishedpapers[24,33].SoitcanbeunderstoodbyassumingthatHex(anexchangefield)
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isformallyequivalenttoanexternalfield,thecouplingenergydifferencebetweentwoFMmomentdi-
rections[11]isgivenby

ΔE=-12ΔχAFGMμ0H2
ex (1)

whereΔχAFMGistheassociateddifferenceinsusceptibilityoftheinterfaceAFMG.Theminimumener-
gyofNicoreNiOshellparticlesforcoherentrotationoftheFM momentsis

ΔEmin=μ0HcMsVFM (2)
whereVFMistheFMNicorevolumeandMSisthesaturationmagnetization.Sincethesphericalvol-
umeisproportionaltor3(thesphericalradius),onecanexpectasignificantdifferenceinHexbetween
ourparticles(ofabout180nmNicoreNiOshellspheres)andpreviouslyreportedparticles(below30nm).
Inaddition,itshouldbenotedthatforthesmallparticles[34-36],thethicknessoftheAFMGandFMare
ofthesameorder,andhencetheeffectoftheAFMGcanbeexpectedtobemuchlarger.

4 Conclusions
  Wehavepresentedanewmethodoffabricatingmonodispersednickelspheresandhighlyglobular
nanostructuresofNicoreNiOshell.Thesemonodispersednickelspheres,inasizerangebelow180nm,are
characterizedbyamagneticsingledomainstructure.Thepresentresultsdemonstratethatthemagnet-
iccouplinginaNicoreNiOshellstructureinducesananisotropythatisnotenoughtocauseashiftinthe
M-HloopduetothelargeFMcorevolume.Suchsphericalparticlescouldbeveryhelpfulinthestudy
ofmagnetically-orderedstructuresandareexpectedtoprovideinsightintotheunderstandingofex-
change-couplinganisotropyincore-shellparticlestructures.
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  摘要:使用微波辅助聚合方法制备了单分散单畴Ni纳米球,由 MFM 发现,尺度分布在

100~180nm的Ni球的一个相关特征是条型磁畴结构。用XRD、TEM、XPS以及EDAX测

量了由Ni球进一步制备的NicoreNiOshell高度球型纳米结构。用VSM 和SQUID进一步讨论

了其铁磁/反铁磁界面耦合效应,估算了交换耦合场与粒子尺寸的关系。
  关键词:单分散单畴Ni纳米颗粒 ;NicoreNiOshell结构 ;铁磁/反铁磁界面耦合
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