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A phenomenological theory of surface-induced magnetic anisotropy has been developed
to describe inhomogeneous distribution of surface interactions into the depth of nanowires
with circular cross-section and spherical nanoparticles. For ellipsoidal nanoparticles and
elliptical nanocylinders, by using the Neel’s approach the surface uniaxial anisotropy
coefficients have been derived as functions of nanostructure size and aspect ratios. The
authors have shown that in elongated nanosystems, this specific anisotropy stabilizes
homogeneous magnetic states in the system whereas in spherical nanoobjects, it tends to
violate the magnetic state homogeneity and to induce specific inhomogeneous distributions
of magnetization. In addition, the main peculiarities of magnetization switching processes
in ellipsoidal nanoparticles have been investigated.

Iia ommcaHUA HEOZHOPOLHOTO pacIpefesleHUs IMOBEPXHOCTHBIX B3aUMOJeiicTBUil BrIy0Ob
HAHOIPOBOJIOK C KPYTOBHIM IIOIIEPEUHBIM CeUeHUeM U c(hepuuecKUX HAHOUACTUI] pasdpaboTaHa
(heHOMEHOIOTMUECKAA TEOPUSA MATCHUTHOM AHUBOTPOINU, WHIYIMPOBAHHOM IIOBEPXHOCTHIO.
JJia sJIUNICONIATbHBIX HAHOUACTUIL U JJIJIUITUUYECKUX HAHOIUMJIMHIPOB, HCIIONL3YSA IOJXON
Heena, oupeneneHsl Koo()UIIMEHTH TOBEPXHOCTHOI aHMB0TPONMU KaK (PYHKIUU DPasMepoB
U aCHeKTHHIX COOTHOIIEHWIl. ABTODHI IOKAa3LIBAIOT, UTO [JIA YAJUHEHHLIX HAHOCHCTEM 3Ta
cuernudpruecKas aHU30TPONUSA CTAOUJIMBUPYET OSHOPOAHBIE MATHUTHBIE COCTOAHUSA, B TO
BpeMd Kak A chepuyecKUX HAHOOOBLEKTOB OHA CTPEMUTCA Pa3PYIIUTL OJHOPOJHOCTH COCTO-
SAHUU U BBI3BATH OcoOble HEOTHOPOAHBIE pacIipefesleHNsA HaMarHudeHHocTU. B momosHeHwme,
HCCJIeOBAaHBl OCHOBHBIE OCOOEHHOCTU IIPOIIECCOB IIE€PEMAarHUUWBAHUSA B 3SJJIUICOUTAIBHBIX
HAHOUACTUIIAX.

In magnetic nanostructures, complex processes on surfaces result in a considerable uniaxial anisotropy
which usually exceeds the intrinsic anisotropy and favors the magnetization to be oriented perpendicularly
to the surface [1]. The main features of the induced anisotropy are strongly influenced by the size and
geometrical shape of a nanoobject. For relatively large dimensions, the surface anisotropy (SA) can
be successfully considered as a mere surface effect and phenomenologically described as an additional
contribution to the surface energy with constant anisotropy coefficient (Néel’s ansatz [2, 3]). But as the
dimensions of a nanosystem decrease, the phenomenological theory of surface-induced uniaxial anisotropy
should reflect the spatial variation of surface interactions into the depth [4]. Moreover, in elongated
samples, SA manifests itself as an easy axis anisotropy and may fix the magnetization in preferable
directions, suppresing the demagnetization.

In this paper, we apply the phenomenological model introduced in [5] to obtain the SA distributions
for spherical nanoparticles and circular nanowires. For ellipsoidal nanoparticles and nanopillars with
elliptical cross-section, we derive the values of SA coefficients as functions of aspect ratios and sizes. In
addition, we investigate the peculiarities of magnetization processes in ellipsoidal nanoparticles.
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Within the phenomenological theory, we assume that possible distributions of SA coefficient K(r) can
be described by an inhomogeneous "order-parameter- field derived from a general interaction functional
independently from the magnetic subsystem [4]:

W:/ a [(VK)?+K*> (0iny)*| + fo(K) | dV =
1%

47

a[/((%>2+K2G(9;r)+[§—;> av. (1)

Here, the first and the second term in (1) describe the stiffness of the field K(r) with n being a
unit vector perpendicular to the surface. G(0;r) = sin®?60/r?,dV = 2arhdr in cylindrical symmetry;
G(0;7) = 2/r%,dV = 4wr?dr for spherical symmetry. The third term fy(K) includes non-gradient terms
of the interaction functional. We expand this contribution as fo(K) = > o, K™ and keep only the square
term which plays the main role to describe the induced anisotropy.

A = y/a/a is the characteristic length in our theory. a, o are the stiffness constants which characterize
the system resistance against the surface-induced interactions. In principle, the values of ¢ and o can
be derived from ab initio calculations of induced spin-orbit coupling in magnetic nanolayers [6]. In
experiment, these parameters can be obtained only indirectly, for example, from the thickness dependences
of the function ®(d) = K.ysd where K.y is the effective anisotropy, and d is either the film thickness for
magnetic nanolayers or the radius for nanowires and nanoparticles. In [7, 8] the corresponding estimates
resulted in A = 1.9A4 for Co/Au films and A = 26.4;31.94 for Ni/Cu multilayer systems. Modern
experimental techniques allow to observe the decrease of the induced magnetic anisotropy into the depth
of magnetic nanolayers [9]. These methods can be used to obtain the stiffness constants values.

For a spherical nanoparticle, the minimization of (1) yields the solution (Fig.1(a)):

B R? (—rcosh(r/A) + Asinh(r/)))
Ks(r) = KS(R)T_2 (—Rcosh(R/X) + Asinh(R/X)) 2

For circular nanowires with a large aspect ratio height /radius, we subdivide the SA induced by lateral

surface into two independent contributions:
wy =K41 (r)(m - 1,)? — Kyo(r)(m - 0,)% (3)

The first term in Eq.(3) represents the uniaxial anisotropy while the second one has radial symmetry. Both
characterize orientational effects. The distributions K1 (r) and K;2(r) can be obtained by independent
minimization of functional (1) with G(0;r) = 0 and G(7/2;7) = 1/72, respectively:

Ka() = Ka(R) 0L
B Jier/a) [ )
Koalr) = Koa(R) 7005 JL(GR/N)

where Jg, J1 are the Bessel functions of first kind.

Depending on the ratios R/\, the profiles (2) and (4) either vary smoothly within the nanoobject
(R = X) or essentially confined to the near-surface region (R >> A, Fig.1). The radial components
K (r), Kso(r) are zero in the nanoobject center (Fig.1a) whereas the axial component Ki(r) may be
finite (Fig.1b).

The surface induced anisotropy may influence dominantly the magnetic properties and cause
spin-reorientation transitions from the homogeneous magnetization state to a specific inhomogeneous
distribution. In this case, the induced anisotropy aligns magnetic moments on the surface either along
the normal n (K(R) > 0) or locally in the plane (K (R) < 0). General features of vortex states stabilized
by surface anisotropy in cylindrical wires and spherical nanoparticles can be found elsewhere [10].

In elongated nanostructures (namely, in nanoellipsoids and in elliptical nanopillars), the SA plays
the part of easy axis anisotropy and for systems with K; > 0 favors the magnetization direction along
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Fig. 1. Inhomogeneous distributions of the surface anisotropy coefficients into the depth of spherical
nanoparticle (a) and circular nanowire (b) according to Eqs.(2),(4) for different ratios A\/R as indicated.
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Fig. 2. Comparison of the demagnetization energy AF4 (dotted line) and the induced anisotropy energy
AF; (full line) for prolate (a) and oblate (b) ellipsoids.

the shorter dimension, i.e. stabilizes homogeneous states (see schematic distribution in Fig.2b). Thus,
the uniaxial anisotropy weakens demagnetizing influence of surface and may completely suppress it. For
systems with Ky < 0, the easy SA axis is along the longer dimension and strengthens the demagnetizing
effects (see the scheme in Fig. 2a). In addition, the SA can be strongly increased by coating of magnetic
nanosystems with various nonmagnetic materials [1].

Further, we shall consider SA with constant anisotropy coefficient Ky > 0 (the Néel’s approach).
Therefore, the energy density can be reduced to a functional form of a second-order anisotropy ws; =
—(K/c)[A1(m-ag)? + Ag(m - bg)? + As(m - cg)?] (for ellipsoid with the unit vectors ag, by, ¢ along
the ellipsoid axes), ws = (—Ks1/c)[A1(m - ag)? + Az(m - cg)?] (for radial surface anisotropy of elliptical
nanocylinder, ag, ¢y are unit vectors along the elliptical cross-section axes). The "shape factors"A; are
written as elliptic functions of the ellipsoid sizes [11]. For ellipsoids of revolution with the eccentricity
k= /1 —c?/d?, the coefficients A; can be expressed by means of elementary functions [11].

Here, we compare the differences of demagnetizing factors AFy = (N, — N,) [12] and shape factors
AFs = A, — A, [11] for a prolate ellipsoid (Fig.2a):

2k(k? — 3) + (k* + 2k% — 3) log (:=4)

AE; =3 8E3 (5)

and for oblate ellipsoid (Fig.2b):

k(3 —2k%)v/1 — k2 4 (4k? — 3) arcsin(k) 6
4k3 ' (6)
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Fig.3. a) The mapping of the Stoner-Wohlfarth astroid (thick solid line) onto the plane of external field
components (dashed line). The thin solid line is for the case N,. # 0 (read text for details). b) The
switching field Hs. of the BaFeCoTiO nanoparticle as a function of the angle 8 (Data are taken from
W.Wernsdorfer et al.[17]).

For elliptical nanocylinders with dimensions (a,¢) in the cross-section and an aspect ratio s = ¢/a, we
obtain:

2 -1 2 -1
AE, = [2s2<1 + B[] + 4K [

—2s((1 + s E[l — s?] — 2s°K]|1 —32])}/3(1 —s?), (7

where K, F are elliptical integrals of first and second kind.

Both the demagnetizing factors IV, and the "shape factors"of ellipsoid and cylinder are geometrical
factors, which depend only on the ratio of the geometrical axes. However, their impacts on the magnetic
states are fundamentally different. The SA energy w; is caused by short-range internal (local) magnetic
interactions. On the contrary, the demagnetizing fields are due to the sample magnetization and have
long-range (non local) character.

Finally, consider some peculiarities of the magnetization processes in elongated nanoparticles caused
by the uniaxial SA. The equilibrium homogeneous magnetic states in the nanoparticle are formed as a
result of the competition between internal magnetic field and SA [13, 14]. To elucidate the main features
of such magnetic states, we consider switching processes in the zz plane. In this case, the reduced energy
density of the system ®(0) = (w-¢)/(K;AF;) can be written as a function of the angle 6 between m and
ag.

B(0) = —cos® 0 — h cos(6 — 1), (8)

where h = H/H, ( H. = K,AE, /(cMo)> is the reduced internal magnetic field which makes angle 4 with

ag axis (hy = hsiny, h, = hcos). The solutions of ¢ that minimize the potential ¢(¢) (8) compose a
phase diagram in components of internal magnetic field (hy, h,) (the famous Stoner-Wohlfarth astroid
[15], thick solid line in Fig.3a).

To map this critical line on the plane spanned by the components of external magnetic field (h§,f>; hfﬁ)
one has to use the following relation [13, 14]:

dre o
h® —h+ —— Nm(h
T xap, Ymb 9)
(]v is the demagnetizing tensor). The critical line h(®) (dashed line in Fig.3a) is given by the analytical
expression:

R = (1= h2/3)3/2 4 4xN_, cos . (10)
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The magnetic phase diagram in Fig.3a describes the main features of the model (8) as applied for single-
domain nanoparticles and provides a basis for detailed analysis of the remagnetization processes (see e.
g. [13, 14]). In particular, astroids h&) (Fig.3a) with rounded edges have been observed in fce Co [16] and
BaFeCoTiO nanoparticles [17] (Fig.3b). In nanoparticles with misaligned anisotropy axes and ellipsoid
geometrical ones (i.e. when Ny, # 0), the critical line p&)
edges (thin solid line in Fig.3a).

To conclude, we have developed a simple phenomenological model of induced uniaxial surface
anisotropy in magnetic nanoparticles and nanowires and have highlighted the main features of this
specific enhanced anisotropy. For ellipsoidal nanoparticles and elliptical nanopillars, we have shown
that SA stabilizes homogeneous states in the system suppressing demagnetizing effects. The surface
anisotropy coefficients have been derived as functions of aspect ratios and nanoobject sizes. For spherical
nanoparticles and circular nanocylinders, we have obtained the distribution of SA coefficient into the
depth of a nanoobject and found out that surface anisotropy in this case may cause the inhomogeneous
states of the magnetization.

undergoes a deformation with oblique sharp

Our results are in accordance with existing experimental data on switching processes in elongated
magnetic particles [16, 17]. Note, that recent advances in nanometer scale technology (production of
nanoparticles with different shapes [18, 19], different sizes and aspect ratios, with high perfection [20])
allow to study different aspects of surface magnetism and should confirm numerous effects predicted in
our paper.
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deHoMEeHOJIOTIiYHA MO/JEJb MOBEPXHEBOI aHI3OTpOMmil
Yy MarHiTHHX HaHOCTPYKTYypax

A.O.Jeonos, 1.E./[pazynos, Y.K.Peccnep, O.M.Bozdanoé

IIT06 ommcaTu HeOZHOPiAHE POSIOBCIONYKEHHS IIOBEPXHEBUX B3AEMOIii y IIuOMHY HAHOII-
POBOJIOK 3 KPYI'OBUM IIOIIEPEYHMM IiepepisoM i cpepuuyHMX HAHOUACTOK, paspobeHo (eHOME-
HOJIOTiUHY Teopio MaruiTHoi aHisorpomii, 10 MHAYIIOETHCSA HOBepxXHew. [usa enximcoimaib-
HUX HAHOYACTOK 1 eNinTHYHMX HAHOUMJIIHAPiIB, BUKopucroBylouu miaxing Heess, Busmaueni
Koa(imienTr moBepxHeBol aHmsdoTponii fAK (PyHKII po3dMipiB Ta acmeKTHHX CIIiBBiJgHOIIEHB.
ABTOpPU MOBOAATH, IO IS crenudpiuna aHizoTpoiisa crabinisye omHopimui marmitai cranu, B
TOII Yac fAK AJs cPepuuHHMX HAHOOOG’€KTiB BOHA HAMAraeThCA 3PYHHYBATH OJHOPiZHICTH
CTaHIB Ta BHUKJMUKATH OCOOJMBI HeOmHOPigHI posmomimzenHs mamarmimenHs. Kpim Toro, mo-
CJiKeHo OCHOBHI 0COOJMBOCTI mpolleciB mepeMarHiueHHs B dJIIIICOIJaJbHMX HAHOYACTKAX.
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