
miromagnetism, nanomagnetism:magneti behaviour on a small saleWillem van EngenEindhoven University of Tehnology∗I. INTRODUCTIONSo far, we have mainly looked at the magneti be-haviour of bulk materials. When the dimensions ofa (ferro)magnet get down to the order of mirometresand nanometres, its behaviour may beome quite di�er-ent from bulk. The apparent saturation magnetisation,for example, an beome an order of magnitude lower.Around 1950, there still was doubt among physiistsabout the exat origins of this e�et[3℄, but sine thenmany experiments have shaped and on�rmed presenttheory. This hapter provides an introdution to thephysis at miro- and nanometre sale, and shows somereent appliations. A more thorough treatment of thetheory is given by many textbooks; [2, �11℄[9, �3.2℄[5, �6℄among others. One noteworthy artile is [4, �6℄ by Kittel.II. SOME PHYSICSA. Single- and multi-domain partilesA permanent magnet reates a magneti �eld in spae,whih arries energy. This energy an be minimised byreating oppositely faing domains in the material, sothat the external �eld is dereased. The boundary be-tween domains arries energy, but this is less than theenergy bene�t obtained. When the dimensions of a mag-neti partile get lose to the domain wall size, it may bemore energetially favourable for the partile to form asingle domain.The ritial size between a single- or multi-domain par-tile an be estimated by onsidering the two situationsdepited in �gure 1. The energy of a single-domain par-(a) (b)
Figure 1: Magnetisation of (a) a single domain partile, and(b) the simplest multi-domain partile.
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tile (a) just has the magnetostati energy of a spherialpartile with radius R, saturation magnetisation Msatand demagnetisation fator N :
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πR3. (1)The two-domain partile (b) inludes the energy of adomain wall:
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πR3, (2)with γ the domain wall energy per surfae area. Theexat magnetostati energy of a two-domain partile isnot easily derivable, therefore it is written as a fration αof the single-domain ase. Sine the two-domain partilehas a lower stray �eld, the magnetostati two-domainenergy is less than the single-domain energy and α < 1.It is obvious that α > 0. We'll take α = 1

2
, as is done isseveral textbooks [2, �9.5℄[9, �3.2.2.3℄[5, �6.2.4.3℄.The ritial domain diameter Ddo is found when theenergies of the single- and multi-domain on�guration areequal, Esd = Emd. This results in
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. (3)Spherial partiles with a diameter below Ddo onsistof a single magneti domain, larger partiles onsist ofmultiple domains.B. Homogeneous rotationA typial single domain partile will have all its spinspointing in the same diretion. When an external mag-neti �eld is applied, these spins rotate in unison to be-ome parallel to the �eld and minimise the Zeeman en-ergy. This behaviour is also termed ohorent or homo-geneous rotation. There may be, however, an anisotropybarrier to be overome. The external �eld needed, Hsw,to rotate the magnetisation of a spherial partile fromopposite to parallel to the �eld, an be estimated usingStoner-Wohlfarth[10℄ theory. This has been treated in�4.3 and yields:
Hsw =

2K

µ0Msat

. (4)
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2C. The superparamagneti limitWhen the size of a partile is very small, thermal en-ergy kBT may be enough to overome the anisotropy bar-rier KV . This results in the magnetisation being rotatedspontaneously every one in a while. With no external�eld, this yields an average magnetisation of zero, withthe averaging done either over time or over multiple par-tiles. When an external �eld is present, the partile doeshave an averaged magnetisation parallel to the �eld. Thisphenomenon is alled superparamagnetism; Dth is the di-ameter below whih this ours, the superparamagnetilimit. The approah of thermally ativated swithing ofa single-domain partile is alled the Neel-Brown model.The average time τm it takes for the thermal energyto �ip the magnetisation an be expressed using theArrhenius-Neel law[7℄:
τm = τ0e

KV

kBT , (5)with τ0 the resonane relaxation time of the spin sys-tem, whih is generally around the order of 10−10s [1℄.This equation an be understood diretly by reognisingthe Boltzmann-fator, although it is possible to derive itfrom a magneti energy expression like done in previousparagraphs [9, �3.4.3.4℄.For a given time span τm, the ritial diameter is
Dth = 3

√
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; (6)a partile of this diameter has a stable magnetisation fora time span of just τm. The value of τm is, of ourse,appliation dependent. In superparamagneti beads forbiomedial appliations (see �III B), a seond is appro-priate. Hard disks need permanently magneti areas forstoring data and mustn't be disturbed by thermal pro-esses; a lifetime in the order of tens of years is muhmore reasonable there. The superparamagneti limit is areal issue for the urrent generation of hard disks, sinemagneti bits annot grow smaller than that without los-ing data. D. The di�erent regimesSo far, we have seen three regimes: multi-domain(bulk, D > Ddo), stable single-domain (Dth < D < Ddo),and superparamagneti (D < Dth). For homogeneousrotation, the oerive �eld was determined (equation 4).This is the external �eld needed to rotate the magneti-sation, and a measure for the internal energy.In �gure 2, the oerive �eld is shown as a funtion ofsize. Multi-domain partiles derease the �eld by form-ing domains, while single-domain partiles have a high�eld, originating from magnetorystalline (2K1/Ms) and

Figure 2: A shemati graph of the oerive �eld as a funtionof diameter. The di�erent size regimes an be reognised. [5,�gure 6.12℄(a) (b) ()
Figure 3: Magnetisation modes of a single domain: (a) homo-geneous rotation, (b) bukling, and () urling. The entre ofthe urling mode is pointing out of (or into) the plane.shape ((N1−N||)·Msat) anisotropy. Below the superpara-magneti limit Dth, the oerive �eld dereases beausethermal energy is enough to overome the barrier.Below the ritial domain diameter Ddo, the energy ofa domain wall is too large to redue the stray �eld. Butthere are other options for redution, besides reatingmultiple domains. This is what happens in the urlingand bukling magnetisation modes: the magnetisationvarious ontinuously over the geometry. The exhangeenergy resulting from slightly nonparallel spins is keptsmall, while spins are anelling eah others �eld overa larger area. Figure 3 shows the most basi modes.We have seen homogeneous rotation (a) before, whereall spins are parallel. With bukling (b), magnetisationis homogeneously varying along one diretion. In the�gure, it is varying upwards, and �utuations to the leftand right anel eah other, thereby dereasing the totalstray �eld. Bukling often ours in thin rods.Curling or vortex () is an interesting mode, where thestray �eld is redued to a minimum by irular symmetry.It has also small exhange energy, but for the entre:there opposed spins are just next to eah other, foringthe magnetisation to rotate out of plane. This mode isfound primarily in thin disks, with possible appliationsin data storage (�III C); this vortex state has a entremagnetisation either into the paper or out of it.
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Figure 4: Experimental relation between diameter and oer-ive �eld for partiles deriving their oerive �eld prinipallyfrom rystal anisotropy energy. Measured at a temperatureof 76K. Adapted from [6, �gure 2℄, where data was olletedfrom various soures. Theoretial ritial diameters as derivedhere are indiated on top.E. Experimental on�rmationTheory an only go as far as experiments allow it to.The last entury has indeed seen a multitude of experi-ments on magneti behaviour of small spheres, rods andlayers; and this still an ative area of researh today.Figure 4 shows some of these results for iron andobalt. The oerive �eld was measured as a funtion ofpartile diameter, produing a graph like �gure 2 fromexperimental data. On top, ritial diameters as de-rived previously are indiated. The superparamagnetilimit Dth seems to orrespond well with theory. Theritial domain diameter Ddo may be orret for obalt,but ertainly is too small for iron. This may have beenaused, for example, by shape-anisotropy from partilesthat weren't exatly spherial after all. The exat shapeis also important in the formation of urling and buklingmodes, whih aren't reognisable here. Setion III C hasan experimental example of the urling mode.All in all, the relatively basi theory presented here ap-pears to be able to give a good initial estimation of mag-neti behaviour on a mirometre and nanometre sale.III. APPLICATIONSA. Ferro�uidsCertain superparamagneti partiles an be dissolvedinto a �uid. When a magneti �eld is applied to the�uid, the partiles will respond and drag the �uid along,reating a magneti liquid: ferro�uid (see �gure 5a). Ina true ferro�uid, partiles are perfetly dissolved and nolusters of multiple partiles exist. Sine superparamag-

(a) (b) polymer matrix
grainoatingFigure 5: (a) A ferro�uid is a solution of superparamagnetipartiles in a liquid, e�etively reating a superparamagnetiliquid; soure: tehnorama. (b) A magneti bead, onsistingof multiple superparamagneti grains.neti partiles have no net magnetisation in zero �eld,they don't attrat eah other magnetially. To minimiseother attrative fores and to avoid lustering when amagneti �eld is present, partiles are generally oatedwith a repelling surfatant. This limits the lifetime ofmost ferro�uids to a few years.Ferro�uids have many appliations. They are used, forexample, as a liquid seal around the spinning drive shaftin a hard disk, one that doesn't wear out. Ferro�uids ap-pear in radar absorbent paint to reate stealth airrafts.Another important appliation is in mirolitre-range �uidmanipulation or lab-on-a-hip systems. A small amountof ferro�uid, driven by a magneti �eld, an be usedto push another �uid forward and reate a ferro�uidimiropump[8℄. B. Biologial assaysA regular task in moleular biology or biomedis is todetet ertain biologial moleules, for example in blood.A ommon method is to use magneti partiles (alledbeads) of about a mirometre in diameter oated withanti-bodies that bind to the spei� moleule. The mag-neti partiles an be washed out of the liquid by a mag-net, after whih the attahed moleules an be detetedonveniently.The magneti beads are superparamagneti. Thisavoids magneti interation in zero �eld (whih is onve-nient, for example, when working with metal tools) andgives a high suseptibility. But a mirometre is by farabove the superparamagneti limit, so these beads aremade of a polymer matrix with smaller superparamag-neti grains inside (see �gure 5b). The distane betweenthese grains is large enough to avoid exhange intera-tion, so single-domain superparamagneti behaviour isretained.
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Figure 6: MFM observation of eletrial swithing of a vortexore. (a) An AFM image of the sample. A permalloy dis �llsthe white irle. Two wide Au eletrodes, through whih ana.. exitation urrent is supplied, are also seen. (b) MFMimage before the appliation of the exitation urrent. A darkspot at the entre of the disk inside the red irle indiatesthat the ore magnetisation points upwards with respet tothe paper plane. () MFM image after the appliation of thea.. exitation urrent. The dark spot at the entre of thedis hanged to a bright spot, indiating the swithing of theore magnetisation from up to down. [11, �gure 3℄

C. Vortex swithingA �nal, reent example demonstrates the existene ofthe urling or vortex mode, mentioned in setion IID. Apermalloy disk with a thikness of 50nm and a radius of
500nm was imaged using MFM, shown in �gure 6. Thedisk has a urling mode, with a vortex in its entre point-ing either up- or downwards. The artile by Yamada etal. [11℄ uses an a.. exitation urrent through the disk toswith the diretion of the vortex's magnetisation. Mag-neti fore measurements (MFM) show that before appli-ation of the urrent, the entral spin pointed upwardsin �gure 6b; after the exitation urrent, the spin wasfound to be pointing downwards, as an be seen in �gure6. This magneti vortex struture that is swithed byan eletrial urrent, may beome a building blok forspintroni memory devies of the future.[1℄ W.F. Brown. Thermal �utuations of a single-domain partile. Physial Review, 130:1677, June1963. doi: 10.1103/PhysRev.130.1677. URLhttp://dx.doi.org/10.1103/PhysRev.130.1677.[2℄ B. D. Cullity. Introdution to Magneti Materials. Met-allurgy and Materials. Addison-Wesley, June 1972. ISBN0201012189.[3℄ C. Kittel, J. K. Galt, and W. E. Campbell. Cru-ial experiment demonstrating single domain propertyof �ne ferromagneti powders. Physial Review, 77:725, Marh 1950. doi: 10.1103/PhysRev.77.725. URLhttp://prola.aps.org/abstrat/PR/v77/i5/p725_1 .[4℄ Charles Kittel. Physial theory of ferromagneti domains.Reviews of Modern Physis, 21:541, Otober 1949. URLhttp://link.aps.org/abstrat/RMP/v21/p541 .[5℄ H. Kronmüller and M. Fähnle. Miromagnetism and theMirostruture of Ferromagneti Solids. Cambridge Uni-versity Press, September 2003. ISBN 0521331358.[6℄ Fred E. Luborsky. Development of elongated parti-le magnets. Journal of Applied Physis, 32:S171�S183, Marh 1961. doi: 10.1063/1.2000392. URLhttp://link.aip.org/link/?JAP/32/S171/1.[7℄ L. Néel. In�uene des �utuations thermiques sur

l'aimantation de grains ferromagnétiques très �ns.Séane du aadémie des sienes, 228:664�666, February1949.[8℄ Niole Pamme. Magnetism and miro�uidis. Lab ona Chip, 6:24�38, 2006. doi: 10.1039/b513005k. URLhttp://dx.doi.org/10.1039/b513005k.[9℄ R. Skomski and J.M.D Coey. Permanent Magnetism.Studies in Condensed Matter Physis. Taylor & Franis,1999. ISBN 0750304782.[10℄ E. C. Stoner and E. P. Wohlfarth. A mehanismof magneti hysteresis in heterogeneous alloys.Philosophial Transations of the Royal Soiety ofLondon. Series A, Mathematial and Physial Si-enes, 240:599�642, May 1948. ISSN 0080-4614. URLhttp://links.jstor.org/sii?sii=0080-4614%2819480504%29240%3A826%3C599%3AAMOMHI%3E2.0.CO%3B2-Q.[11℄ Keisuke Yamada, Shinya Kasai, Yoshinobu Nakatani,Kensuke Kobayashi, Hiroshi Kohno, Andre Thiaville,and Teruo Ono. Eletrial swithing of the vortexore in a magneti disk. Nat Mater, 6:270�273, April2007. ISSN 1476-1122. doi: 10.1038/nmat1867. URLhttp://dx.doi.org/10.1038/nmat1867.
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