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Silia oated nanopartiles: synthesis, magnetiproperties and spin strutureF. MazaleyratSATIE, ENS Cahan, CNRS, UniverSud, 61 av President Wilson, F-94230CACHAN, Frane.M. Ammar, M. LoBueSATIE, ENS Cahan, CNRS, UniverSud, 61 av President Wilson, F-94230CACHAN, Frane.J-P. Bonnet, P. AudebertPPSM, ENS Cahan, CNRS, UniverSud, 61 av President Wilson, F-94230CACHAN, Frane.Y. ChampionICMPE, CNRS, 15 rue Georges Urbain, F-94070 Vitry-sur-Seine, FraneM. H¸th, E. SnoekCEMES, CNRS, rue Jeanne Marvig, F-31055 Toulouse, FraneAbstratIn the reent years magneti nanopartiles have been extensively studied for theirsuperparamagneti properties providing useful labels in biology or for fundamentalaspets inluding the size dependene of magneti atomi moment and the e�etof surfae anisotropy. In most ases, the partiles were smaller than 10 nm andinterestingly, the sizes ranging between 10 and 100 nm have been poorly investigateduntil now. This is mainly due to the fat that usual hemial routes produe 5-10 nm oxide or metalli partiles or eventually 20 nm at most. On the over side,atomization tehniques yields partiles in the mirometer range. Metalli partilesare partiularly interesting for better magneti propeties ompared to oxides, butthey have two big drawbaks: they are not bioompatible and they are ondutingeletriity. Consequently, it's neessary to produe ore-shell partiles, for with theshell is bioompatible and insulating and with a perfet ontrol of thikness anduniformity of that shell. In this work, we study metalli partiles synthetized by anoriginal evaporation-ondensation tehniques that produes partiles of sevral tensPreprint submitted to Elsevier Siene Otober 12, 2007



of nanometers. We prepared hard magneti obalt partiles and soft FeNi ones by theryogeni metlting proess oated by a silia shell using sol-gel metod. Morphologialand magneti properties are presented, showing the e�ieny of ultrasoni sol-gelproess for that purpose.Key words: Core-shell partiles, nanomagnetism, ultrasoni synthesisPACS: 81.20.Fw, 7550.Tt, 7525.+z
1 IntrodutionMagneti nanopartiles have attrated inreasing interest in the reent years.The reasons are atually fundental as well as applied: many issues on fund-mental magnetism of nanopartiles are still unsolved and experiments at thesale of individual partile is laking. For exemple, although theory is quitewell established, systemati experiments on the ritile size at whih the mag-neti struture hanges from single-domain to vortex or multi-domain is stillmissing . From pratial point of view, magneti nanopartiles have a greatpotential in biomedial appliations and high frequeny eletronis.Superparamati partiles (SPMP) are widly used in in biology. Indeed, theirare many appliation of superparamagneti beads as image ontrast agentin magneti resonane imaging and hyperthermia therapy but essentially formagnetophoresis (drug arriers, magneti onentration...). For all applia-tions, superparamagneti behavior is neessary beause a zero net magnetiza-tion under zero magneti �eld prevents agglomeration of magneti beads. Formagnetophoresis, beause relatively high DC magneti �eld an be produedby permanent magnet systems, essentially the volume of magneti partiles isimportant, so lassial beads omposed of 50% of 5 nm in diameter magnetiteand/or maghemite partiles are perfetly �tted. Moving beads by appliationof a gradient �eld is one thing but it would be even more interesting to loateand/or quantify this beads. Various priniples for the detetion of magnetibeads have been proposed (1; 2; 3; 4) but all these systems are limted in sen-sitivity by the magneti properties of the partiles. As it was demontratedby Néel (5), the sueptibilty of a SPMP at a given temperature is essentiallydependent on its volume and saturation magnetization:

χ =
J2

SV

3µ0kBT
= αJ2

SD3. (1)This formula is valid if two onditions are satis�ed:Email address: mazaleyrat�satie.ens-ahan.fr (F. Mazaleyrat).URL: http://www.satie.ens-ahan.fr (F. Mazaleyrat).2



• the volume of the SPMP has to be small enough for the magnetization tobe relaxed, i.e. if the thermal energy of the partile exeeds the anisotropyenregy
K1

πD3
SP

6
= ln

f0

f
kBT (2)

• the partile has to be single domain (SD), i.e. its diameter is smaller thanthe ritial one, DSD, where vortex and domain formation are expeted tobe energetially favourable; DSD an be estimated e.g. following Bertotti(6) for a soft partile
DSD ≈ 4

√
3ℓex, (3)where ℓex =

√

2µ0A/J2
S. Indeed, onsidering the diversity of soft magnetimaterials and many fators a�eting their behavior, �nding the ideal SPMPis not trivial. On Fig. 1, the values of DSP and DSD for most ommon softmagneti mateirals have been reported as a funtion of saturation magneti-zation together with iso-suseptibility urves plotted using equation (1). Thebest materials are that having their lower ritial diameters on the highestiso-suseptibility urve. It is lear that metalli materials leads to the bestompromise between size, magnetization and anisotropy. From magneti pointof view, FeNi alloys are partiularly suitable for that purpose in partiular dueto their low anistropy. In ontrast, beause of the toxiity of Ni, the partileshave to be oated by a stable bioompatible layer.Conerning high frequeny eletronis, nanopartiles have potential espeiallyin power appliations. It is well known that metalli thin �lms exhibits highpermeability at high frequeny, but appliations are limited to low power ap-pliations beause the volume of the material is neessarilly very small. Inontrast, nanopartiles an be used for realization of bulk omponents. Thefrequeny limits of magneti partiles are mainly due to three phenomena:

• gyroresonane whih is ontrolled by magnetization and anisotropy only;
• eddy urrent relaxation wih an be ontrolled using partiles smaller thanthe skin depth;
• domain wall resonane whih an by suppressed by using single domainpartiles.Again metalli partiles are interesting beause of their high magnetizationand the possibility to hange the anisotropy onstant. If large permeabilty isrequired, ultra soft materials suh as permalloy an be used. On the ontrary,if high frequeny is needed, higher anisotropy materials suh as obalt an behosen but in all ase, insulation will be neessary. However, insulation with anon magneti layer a�ets the permeability of the material. If the relative vol-ume of non magneti oating is small, Non Magneti Grain Boundary models3
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Figure 1. Critial partile size for di�erent soft magneti materials. Open squares,superparamagneti limit; olsed irles single domain limit; ontinuous lines, iso-sus-eptibility urves omputed from eq. 1 (labels are for the values of χ).applies:
χeff =

χi

1 + χi
t
D

(4)where g is the average gap between partiles, i.e. approximatively twie thethikness oating. This equation learly demonstrate that the oating has tobe muh smaller than the partile size. Considering that partiles are smallerthan 100 nm, it is lear that oating must embed eah partile individuallywith perfet homogeneity and nanometer ontroll of its thikness.For these purposes, our approh is to start from metalli partiles produed byryogeni melting (derived from lassial evaporation-ondensation method)and to grow an inorgani dieletri layer by sol-gel tehnique. In order toreah the objetive in terms of ontrol of homogeneity and thikness of thedieletri layer, a improvement of Stöber method by use of high power densityultrasounds has been developped. 4



2 Experimental detailsSynthesis of nanopartiles. Co and FeNi partiles have been produedby ryogeni melting, a method onsisting in overmelting a droplet of metalby indution kipping it in levitation in the ryogeni media (usually LN2).The vapor ondensate in the alefation layer around the droplet and fur-ther oalesene yields solidi�ation into 20-100 nm partiles, the average sizedepending on the metal, the ryogeni medium and the temperature of themelt. Partiles are then olleted in hexane where a passivation layer of 2-4nm forms at the surfae of the partiles. Cobalt have been hosen for its highanisotropy favorable to high frequeny appliations. Co partiles are f, havean average size of 52 nm (standart deviation of 23 nm) and a surfae layeromposed of CoO and hydroxides. Permalloy was hosen for its low anisotropyfavorable to high permeability and SPM properties. Conerning FeNi, beausemetals have di�erent vapor tension, the omposition of vapor (and so that ofpartiles) may di�er from that of melt. To avoid the omposition drift duringthe proess, we have hoosen the homoazeotropi omposition Fe29.5Ni70.5 (7).The average grain size is 50 nm (20 nm standart deviation) and the surfaelayer is omposed mainly of NiO and nikel hydroxides.synthesis of silia oating. The silia shell onto partiles was synthesizedaording to the Stöber method [23℄ (sol-gel reation). Firstly, obalt partiles(typially 80 mg) have been dispersed in yloexane, a polar solvant misi-ble with APTES (Amino-Propyl-Triethoxysilane) and olei aid (whih playsthe role of surfatant) during 90 minutes under a ontrolled ultrasoni exi-tation of 3 W.m−3 powered by a 200 W horn. The surfatant is neessaryto disperse obalt partiles due to the strong magneti fores. Then, APTESand olei aid are introdued in order to funtionalize the surfae with aminegroups (NH2) whih present a good a�nity with metal and to start the poly-merization with the silia preursor �xed on the end of the APTES hains.In a third step, di�erent quantities of tetraethylorthosiliate (TEOS) and am-monia were suessively introdued into the suspensions to grow the silialayer. Soniation (0.5 W.m−3) was maintained during the sol-gel reation(90mn). Finally the suspensions are entrifuged at 3000 rpm for 10 minutes,the solvent is disarded, the nanopartiles are again ultrasonially dispersedin ethanol and dryed for sample preparation. In the ase of FeNi partiles, thefuntionalization step was not neessary. Indeed, nikel hydroxides have anisoeletri point at pH=12, whereas the mixture has a pH=8. Thus, the sur-fae of partiles is positively harged and have a good a�nity with negativelyharged silia. Consequently, dispersion was onduted simply in ethanol andthe polymerisation starts in the seod step with hydrolization of TEOS.Charaterization. The magneti properties have been measure betweenroom and LN2 temperature using standart VSM. Morphology and omposi-5



tion of partiles were analysed using a TECNAI F20 HRTEM. Additionally,Eletron Energy Loss Spetra (EELS) were reorded using a Gatan ImageFilter attahement. Holography experiments were performed on a SpherialAberration Correted TEM Tenai F20 (FEI) �tted with an objetive lensaberration orretor (CEOS) and rotatable eletron biprism. The �eld emis-sion gun (FEG) provides the highly oherent eletron soure neessary foreletron holography. Holograms were reorded with a biprism voltage of 90 Von a Gatan 1k × 1k slow san CCD amera and proessed using a dediatedsoftware, developed in the Gatan Digital Mirograph environment. Exposuretimes were typially of the order of 4 s. Objetive lens was used to magnetisethe sample in two opposite diretions by tilting the sample holder. The twoholograms reorded at remanene were substrated to eliminate eletrostatipotential ontribution to the phase shift of eletrons passing through the sam-ple. The phase shitf φMag is sensitive to the in-plane (perpandiular to eletronbeam) omponent of the indution, aording to (8; 9):
φMag = −

e

~

∫

A(x, y)dz = −
e

~

∫ ∫

B⊥(x, y)dxdz (5)3 Results and disussionAfter oating, partiles have been dryed and observed by TEM. Piture (a)in Fig.2 shows and exemples of Co partiles oated a 8 nm layer of silia. Thelayer is not perfetly regular but globally uniform and eah partile appearsseparatly oated. By inreasing the TEOS onentration, the oating an be asthik as 80 nm, partiles are still separated and the layer is uniform (b). Thisresult is attributed to the the e�et of high power density ultrasounds whihavoid partile agglomeration and favours uniformity of the sol-gel reation onthe partiles. Same results are found qualitativlely with FeNi partile withoutsurfae funtionalisation as it is shown on piture () and (e). Additionally,Eletron Energy Loss Sattering has on�rm that silion is exlusively loatedat the surfae of the partiles and HRTEM gives evidene of the homogeneityand of the amorphous nature of silia oat. The main di�erene ompared tothe tehnique using an APTES funtionalization step, is that the e�ieny isredued at high TEOS onentration.Fig.3 shows the hysteresis loops of oated Co nanopartiles. The spei� mag-netization derease onsistently with inreasing the volume of TEOS. By om-paring the saturation values with respet to raw partiles and onsideringspherial partiles of averadge diameter D surrounded by a shell of thik-ness t, it was possible to extrat t from the data (see Table 1). This valuesare in good agrement with TEM measurements whih on�rms that TEMsamples are representative of the whole. As expeted, Co partiles are ex-peted, partiles are strongly hystereti beause all partiles are larger thanthe ritial superparamagneti size (DSP = 7.5 nm) and mainly single domain6



Figure 2. TEM pitures of ore-shell nanopartiles. Cobalt partiles with a thin (a)and thik (b) layer of silia. FeNi partiles with a thin layer of silia: (), onventionalimage, (d) silion map by EELS. Thiker layer on FeNi partiles, onventional TEM(e); HRTEM (f). 7



Figure 3. Hysteresis loops of Co�SiO2nanopartiles. Inset: the same urves plottedwith respet to redued magnetization M/MS .Table 1Thikness dependene of silia shell on TEOS onentration measured by TEM anddedued from spei� saturation magnetizationCo Fe30Ni70TEOS tTEM tMAG TEOS tTEM tMAG(µℓ) (nm) (nm) (µℓ) (nm) (nm)100 8 7 50 3 4200 13 12 100 8 9300 44 43 200 15 17400 80 71 500 33 24(DSD ≈ 50 nm, see Fig.1). In the inset of Fig.3, loops are plotted with re-spet to redued magnetization showing learly that orivity (55 kA/m) isindependent of silia shell thikness. This indiates that the main soure ofanisotropy in this system is magnetorystalline. The theoretial oerivity foran enssemble of randomly oriented partiles is given for ubi partiles, afterNéel (10), by HC = 0.64K1/JS. This yields the value of 146 kJ.m−3for theanisotropy onstant of f-Co.Conerning FeNi partiles, onsistent values of thikness are dedued from8



magneti mesurements as previously (see Table 1). However, onerning hys-teresis, the observed behavior is muth di�erent ompare to the ase of Co.First we remark that the oerive �eld is quite strong in spite of the fatthat most of the partiles have a size below the superparamagneti limit (71nm) is larger than most of partiles. Seondly, HC is muh larger than ex-peted by applying above mentionned Néel formula (350 A/m). These twophenomenons an be explained by shape anisotropy that an be relevent foreven for nearly sperial partiles beause of the nearly zero magnetorystallineanisotropy. Following Néel (11), the demagnetizing fator of a slightly elon-gated spheroid, having a ratio between lenghts of small and long axes γ, an bewritten N‖ = 1

3

(

9

5
− 4

5
γ

). Knowing that N⊥ + 2N‖ = 1, it's easy to show thatthe shape anisotropy is KS = −γ−1

5µ0

J2
S. Consequently, the observed oerivityan be explained using Néel-Stoner result for uniaxial anisotropy (12):

HC = 0.96
KS

JS

= 0.192
(γ − 1)JS

µ0

(6)if γ − 1 ≈ 20%. Refeering to TEM pitures, this di�erene in length betweenlong and short axis is atually unrealisti, showing that the observed oerivityhas more omplex origin. It is also interesting to note that the oerivity variessensitively with thikness oating. The derease observed for thiner silia layeran be due to a diminution of dipole-dipole interations as distane betweenpartiles inrease. On the other hand, the inrease observed for thiker layersis rearly related with stress applied by the oating as it has been shown byFourrier Transform Infra red spetrosopy (13).Aording to previous remarks, the addition of a shape anisotropy term hangethe partile energy balane. As a onsequene their spin struture an bedeeply modi�ed (until now they were supposed single domain). To investigatethe spin struture, eletron holography experiments have been onduted.TEM samples have been prepared by dispersing partiles by ultrasound inethanol and a arbon grid was dipped in the suspention. This dispersion isneessary to avoid long hain formation that in�uenes deeply the magnetistruture (14). Due to the magneti interations, it was not possible to observeindividual partiles. However, it was possible to isolate very small groups of2-3 partiles and to reord holograms. Pitures of the partiles and the or-responding greysale phase plot are shown in Fig.5. In this plot, the in-planeomponent of indution � and thus magnetization � is tangential to the iso-phase lines showing a vortex on�guration where spins urls in the plane. Inthe enter of the biggest partile, the white olor indiates a maximum inthe phase revealing that in-plane indution is going to zero whih means thatspins turns out of plane. To go more insight the magneti struture, phasepro�le along a line going through the biggest partiles have been plotted asa funtion of radius (the originis the middle of entral partile) aording tothe line drawn on the piture. The in-plane omponent of indution (Bθ) is9



Figure 4. Hysteresis loops of Fe29.5Ni70.5�SiO2nanopartilesdedued by derivation of the phase taking into aount the depth variation. Ifthe partile is onsidered perfetly spherial equ.5 yields:
Bθ(ρ) = −

~

e
×

1

z(ρ)
×

dφMag(ρ)

dρ
. (7)The derivation of phase pro�le was possible due to the exeptional stabilityof the mirosope and exellent signal to noise ratio of the aquisition system.Fig.6 depits the phase shift dedued from holograms and the alulated indution. The shape of indution distribution aross the diameter is onsistentwith a vortex having an out-of-plane ore (Bθ = 0 in the enter). Out of theentral ore, Bθ rapidly inreases and reah the maximum value of 0.87 T,lose to that expeted by magneti measurements (the saturation polarisationof the ore is estimated to 1.0 T). In the oxide shell, Bθ goes again to zerorapidly beause the shell is not magneti. As predited, the vortex on�gura-tion is learly attested here with well de�ned ore and urling zones. Indeed,it is possible to alulate the sigle domaine ritial size from eq. 3. Taking

Fe30Ni70 values for the exhange onstant A and the saturation magnetization
JS (10 pJm−1, 1 T and 700 Jm−3, respetively) yields ℓex =

√

2µ0A/J2
S = 5 nm,and we �nd that the partile (40 nm) is sensitively larger than DSD ≈ 35 nm.This experimental distribution of magnetisation in the vortex have been om-pared to Usov model (15). This model is based on on Brown miromag-neti approah (16) onsidering a ylindrial partile in the limit of vanishinganisotropy in whih the magnetisazation distribution is divided in two re-10



Figure 5. Tom: TEM piture of the studied group of partiles. The entral partilehas a diameter of 40 nm. Bottom: omputed iso-phase map. White is for maximumphase shift orresponding here to out of plane magnetization, bak is for zero. Theline shows the path along whih the indution is omputed.11



Figure 6. Magneti phase shift mesured along the line shown in �g. 5. In-planemagnetization (here equatorial omponent Bθ) ompared with Usov model. On theborder of partile, magnetisation goes to zero due to post-preessing (the thiknessbeomes zero).gions: an outer region where the magnetisation urls in-plane and a ore regionwhere the magnetisation turns gradually out of plane. Under these onditions,Brown's equation an be solved analytially and the magnetisation distribu-tion is given by:










mθ = 2ar
a2+r2 if 0 6 r 6 a

mθ = 1 if a < r 6 D/2
(8)where r is the radius of the partile and a the radius of the vortex ore.By �tting experimental data with model, one an obtain the e�etive ex-hange length given by πℓ∗ex = 2a, so that ℓ∗ex ≈ 8 nm. This e�etive exhangelength has to be ompared with the intrinsi exhange length ℓex = 5 nm andthe domain wall parameter ℓw =

√

A/K1 = 120 nm (the magnetorystallineanisotropy of Fe30Ni70 is 700 Jm−3). This experiment shows that the vortexon�guration is not ruled by lassial exhange lengths but by an e�etive onethat have an intermediate value, presumably dependent of the size of the parti-le itself. The magneti proesses involved are di�erent from that of oherentrotation and domain wall displaement. Previous miromagneti simulation12



have indiated that the oerivity is linked to the ritial �elds at whih thevortex nuleates or �ips (17) and sine these �elds are intimatly dependentto ℓ∗ex it an be inferred that the oerivity is strongly size dependent in thison�guration.ConlusionMetalli ore-shell partiles have been suessfuly produed by silia oating of50 nm Co and FeNi partiles. Sol-gel synthesis under high power ultrasoundsallowed to oat eah partile individually with a nm-ontrolled uniform silialayer. Magneti mesurement have shown that obalt partiles behaves glob-ally like single domain partiles as it was expeted. In ontrast, the FeNipartiles do not exhibit superparamagnetism beause the shape anisotropydominates the magnetorystalline anisotropy. In addition, partiles are mag-netially harder than expeted even taking the shape anisotropy in onsidera-tion. Sine eletron holography has on�rmed the formation of spin vortex inthe partiles in this size range, it is supposed that the high oerivity of theseextremly soft nanopartiles is due to the peuliar magneti proesses in thatmagneti on�guration. Summerizing, we have demonstrated that nanosaleontrol of silia oating on metalli partile si possible with very good homo-geneity and reproduibility. Co partiles hexibited the expeted behavior andare good andidate for high frequeny appliations. In ontrast, FeNi partiles,in spite of the bioompatible oating, annot be used when superparamagnetibehaviour is required. For this purpose, it will be neessary to produe parti-les at least under 40 nm and with redued size dispersion.Referenes[1℄ M. B. Simmonds, US Patent 6,046,585 (1997).[2℄ P. I. Nikitin, P. M. Vetoshko, US Patent 20030027197A1 (2003).[3℄ US Patent 6,518,747.[4℄ US Patent 6,743,639.[5℄ L. Néel, In�uene des �utuations thermiques sur l'aimantation des grainsferromagnétiques très �ns, Comptes Rendus.Aad.Si. 228 (1949) 664�666.[6℄ G. Bertotti, Hysteresi in magnetism, Aademi Press, San Diego, 1998.[7℄ Y. Champion, J.-L. Bonnentien, C. Langlois, C. Duhamel, J. Moulin,F. Mazaleyrat, P. Bayle-Guillemaud, M. J. Hyth, Synthesis and pro-essing of metalli nano-powders for the study of their mehanial andmagneti properties., Mat. Si. Forum 426-432 (2003) 2411�2416.[8℄ A. Tonamura, T. Matsuda, J. Endo, T. Arii, K. Mihama, Diret obser-vation of �ne struture of magneti domain walls by eletron holography,Phys. Rev. Lett. . 13
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