N,
i

i

ELSEVIER

Journal of Magnetism and Magnetic Materials 221 (2000) 158-163

/WA Joumal of

magnetism
and
magnetic
materials

www.elsevier.com/locate/jmmm

Finite-size versus surface effects in nanoparticles

H. Kachkachi**, M. Nogués®, E. Tronc®, D.A. Garanin®

*LMOV-CNRS UMR 8634, Université de Versailles St. Quentin, 45 Avenue des Etats—Unis, 78035 Versailles Cedex, France
YL CMC-CNRS URA 1466, Université Pierre and Marie Curie, 4 Place Jussieu, 75252 Paris Cedex, France
“Max-Planck-Institut fiir Physik komplexer Systeme, Nothnitzer Strasse 38, D-01187 Dresden, Germany

Abstract

We study the finite-size and surface effects on the thermal and spatial behaviours of the magnetisation of a small
magnetic particle. We consider two systems: (1) A box-shaped particle of simple-cubic structure with either periodic or
free boundary conditions. This case is treated analytically using the isotropic model of D-component spin vectors in the
limit D - oo, including the magnetic field. (2) A more realistic particle (y-Fe, O;) of ellipsoidal (or spherical) shape with
open boundaries. The magnetic state in this particle is described by the anisotropic classical Dirac-Heisenberg model
including exchange and dipolar interactions, and bulk and surface anisotropy. This case is dealt with by the classical
Monte Carlo technique. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

From the physical point of view, nanoparticles
exhibit such interesting features as superparamag-
netism and exponentially slow relaxation rates at
low temperatures due to anisotropy barriers. How-
ever, the picture of a single-domain magnetic
particle where all spins are pointing into the same
direction, leading to coherent relaxation processes,
ceases to be valid for very small particles where
surface effects become really crucial. For instance,
in a particle of radius ~ 4 nm, 50% of atoms lie on
the surface. Therefore, it is necessary to understand
the effect of free boundaries, first on the static and
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then on the dynamical properties of nanoparticles.
However, one of the difficulties which is inherent
to systems of round (spherical or ellipsoidal) geo-
metries, consists in separating surface effects due
to symmetry breaking of the crystal field on the
boundaries and the unavoidable finite-size effects
caused by using systems of finite size. In hypercubic
systems, this problem is easily handled by using
periodic boundary conditions, but this is not pos-
sible in other topologies, and thus surface and
finite-size effects are mixed together.

In this article, we discuss surface and finite-size
effects on the thermal and spatial behaviours of the
intrinsic magnetisation of an isolated small particle.
We consider two different systems: (1) A cube of
simple-cubic structure with either periodic or free
boundary conditions. This system is treated ana-
lytically by the isotropic model of D-component
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spin vectors in the limit D — oo, in magnetic field
[17. (2) The second system, which is more realistic,
is the maghemite particle (y-Fe,O3) of ellipsoidal
(or spherical) shape with open boundaries. The
appropriate model is the anisotropic classical
Dirac-Heisenberg model including exchange and
dipolar interactions, and taking account of bulk
and surface anisotropy. On the contrary, this
system can only be dealt with using numerical
approaches such as the classical Monte Carlo
technique [2]. In the case of a cubic system we
obtain the thermal behaviour of local magnetisa-
tions at the center of faces, edges and corners. An
exact and very useful relation between the intrinsic
magnetisation and the magnetisation induced by
the magnetic field, valid at all temperatures and
fields, was obtained in Ref. [1]. It was shown that
the positive contribution of finite-size effects to the
magnetisation is lower than the negative one ren-
dered by boundary effects, thus leading to a net
decrease of the magnetisation with respect to the
bulk. For maghemite, this study has been per-
formed in a very small and constant magnetic field;
the surface shell is assumed to be of constant thick-
ness and only the particle size is varied. So, the
thermal behaviour of the intrinsic magnetisation is
obtained for different particle sizes [2]. This behav-
iour is compared with that of a cubic maghemite
particle with periodic boundary conditions but
without anisotropy. In this case the contributions
of finite-size and surface effects lead to the same
results as for the cube system, but the difference
between them is now much larger, due to surface
anisotropy. In addition, we show that the magnet-
isation profile is temperature-dependent.

2. Cubic system: D — oo spherical model

We consider an isotropic box-shaped magnetic
system of volume ./" = L>, with simple-cubic lat-
tice structure, and nearest-neighbour exchange
coupling, in a uniform magnetic field. For this
we use the Hamiltonian of the isotropic classical
D-component vector model [3-5], that is

1 D
a% = —h'Zsi —EZ/’LU Z Saisaj, (1)
i i,Jj a=1

where s; is the normalized D-component vector,
Is;j =1, h=H/J, is the magnetic field, and
Zij = Jij/J o, the exchange coupling. We also define
the reduced temperature 0 = T/TM™A TMA =
Jo/D being the Curie temperature of this model in
the mean-field approximation, and J, is the zero-
momentum Fourier component of J;;. In this
model, the magnetisation m is directed along the
field h, so that h = he, and m; = m;e,. Using the
diagram technique for classical spin systems [3-5]
in the limit D — oo, generalizing it so as to include
the magnetic field and adopting a matrix formalism
[17, one ends up with a closed system of equations
for the average magnetisation component m; =
(s and correlation functions s;; = D{s,;s,;) with
0> 2[1],

Z 91‘;5,‘1 = 0G;6y, (2)
J

where ;; = 6;; — G;A;; is the Dyson matrix of the
problem, and G; is a local function to be deter-
mined from the set of constraint equations on all
sites i = 1, ..., ./ of the lattice

si +mi = 1. 3)

Now, we define the induced average magnetisa-
tion per site by

m:%;mi’ 4)

which vanishes for finite-size systems in the absence
of magnetic field due to the Golstone mode asso-
ciated with global rotations of the magnetisation.
On the other hand, it is clear that at temperatures
0 < 1 the spins in the system are aligned with re-
spect to each other and there should exist an intrin-
sic magnetisation. The latter is usually defined for
finite-size systems as

1 2 5 1 N
M=\/<<Wzl:&> >=\/m +./1/‘—2i!jzzllsij’ (5)

where the second equality is valid in the limit
D — oo. Note that M > m and that M remains non
zero for h = 0; in this case in the limit 0 — 0, s;; = 1
for all i and j, and M — 1. For 0 - oo the spins
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become uncorrelated and M — 1 /\/JT/ . In the limit
of A" — oo, the intrinsic magnetisation M ap-
proaches that of the bulk system. In the presence of
a magnetic field, the Goldstone mode is suppressed
and the magnetisation m of Eq. (4) no longer van-
ishes, this is why we call it the supermagnetisation, in
contrast with the intrinsic magnetisation M. If the
field is strong the magnitude of the supermagnetisa-
tion approaches the intrinsic magnetisation.

An important exact relation was established in
Ref. [1] between M and m:

m=M 2 Mh/6 = MB(/V'MH/T),
1+ 1+ QAN Mh/0)?
(6)

where B(¢) = (2¢/D)/[1 + /1 + (2£/D)*] is the
Langevin function for D > 1. Note that Eq. (6) is
usually applied to superparamagnetic systems with
the spontaneous bulk magnetisation m,(T) in place
of M(T,H). However, unlike m,(T), the intrinsic
magnetisation M of Eq. (5) is a pertinent character-
istic of a finite magnetic system and depends on
both field and temperature.

Solving the above model consists in determining
m; and s;; as functions of G; from the linear equa-
tions (2), and inserting these solutions in the con-
straint equation (3) in order to obtain G;. Two types
of boundary conditions are considered, free bound-
ary conditions (fbc) and periodic boundary condi-
tions (pbc). In the case of fbc, m; and G; are
inhomogeneous and s;; nontrivially depends on
both indices due to boundary effects. In this case
the exact solution is found numerically, though
some analytic calculations can be performed at low
temperature and field. Whereas in the pbc case the
solution becomes homogeneous and the problem
greatly simplifies. Although the model with pbc is
unphysical, it allows for an analytical treatment
and study of finite-size effects separately from
boundary effects.

At low temperature, the intrinsic magnetisation
in the fbc case, including only the contributions
from faces, reads [1]

ow 61
M=1-— 7|:1 —A, + gZ:|, (7)

where W is the well-known Watson’s integral and

1 1 1
Av=—(w—— 0 8
! W< ,/V'q§O1—;Lq>> ®)

describes the finite-size effects, with A, oc 1/L,
while the last term in Eq. (7) represents the contri-
bution from boundaries. The first term, on the
other hand, is the bulk contribution which survives
in the limit L — co. In contrast with the finite-size
effects, boundary effects entail a decrease of the
intrinsic magnetisation. The contributions to
Eq. (7) from the edges and corners are of order 0/L>
and 0/L°, respectively.

Fig. 1 shows the temperature dependence of the
intrinsic magnetisation M, Eq. (5), and local mag-
netisations of the 14* cubic system with free and
periodic boundary conditions in zero field. For
periodic boundary conditions, M exceeds the bulk
magnetisation at all temperatures. In particular, at
low temperatures this agrees with the positive sign
of the finite-size correction to the magnetisation, as
in Eq. (7). The magnetisation at the centre of the
cube with free boundary conditions is rather close
to that for the model with pbc in the whole temper-
ature range and converges with the latter at low
temperatures. Local magnetisations at the centre
of the faces and edges and those at the corners
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Fig. 1. Temperature dependence of the intrinsic magnetisation
M, Eq. (5), and local magnetisations of the 143 cubic system with
free and periodic boundary conditions in zero field.
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decrease with temperature much faster than the
magnetisation at the centre. This is also true for the
intrinsic magnetisation M which is the average of
the local magnetisation M; over the volume of the
system. One can see that, in the temperature range
below the bulk critical temperature, M is smaller
than the bulk magnetisation. This means that the
boundary effects suppressing M are stronger than
the finite-size effects which lead to the increase of
the latter, and this is in agreement with the low-
temperature formula of Eq. (7).

3. Maghemite particles: Monte Carlo simulations

In this section, we consider the more realistic
case of (ferrimagnetic) maghemite nanoparticles
(vy-Fe,O3) of ellipsoidal (or spherical) shape with
open boundaries, in a very small and uniform mag-
netic field. The surface shell is assumed to be of
constant thickness (~0.35nm) [6], and only the
particle size is varied [2].

To deal with spatial magnetisation distributions
[7,8] one has to consider exchange, anisotropy
and magneto-static energies together. Accordingly,
our model for a nanoparticle is the classical
Dirac-Heisenberg Hamiltonian including ex-
change and dipole-dipole interactions, anisotropy,
and Zeeman contributions. Denoting (without
explicitly writing) the dipole-dipole interaction by
Hg;p, our model reads

N,
Ho= =Y Ty St Sty —KY (Sier)
a.f

in i=1

N,
— (gup)H Z S; + Hgip,

i=1

where J,; are the exchange couplings between
nearest neighbours spanned by the unit vector n,
87 is the (classical) spin vector of the ath atom at site
i, H is the uniform field applied to all spins in the
particle, K >0 is the anisotropy constant and
e; the single-site anisotropy axis. In both cases of
a spherical and ellipsoidal particle, we consider
a uniaxial anisotropy in the core along our z refer-
ence axis (major axis for the ellipsoid), and single-
site anisotropy on the surface, with equal aniso-

tropy constant K, and e; are defined so as to point
outward and normal to the surface [9-11].

Our method of simulation proceeds as follows:
we start with a regular box of spinel structure, then
we cut in a sphere or an ellipsoid that contains the
total number N, of spins of a given particle. We
distinguish between spins in the core (of number
N,) from those on the surface (N,) of the particle
according to whether or not their coordination
number is equal to that of a system with periodic
boundary conditions (pbc). All spins in the core and
on the surface are identical but interact via different
couplings; exchange interactions between the core
and surface spins are taken equal to those inside the
core. Our parameters are as follows: the exchange
interactions are (in units of K) J, p/ky ~ — 28.1,
Jpp/kg ~ — 8.6, J 4/kg ~ —21.0. The bulk and
surface anisotropies are k., = (K /kg) ~ 8.13 x
1073, ky = (K /kg) ~ 0.5, respectively, where ky is
the Boltzmann constant.

In Fig. 2, we plot the thermal variation of the
core and surface contributions to the magnetisation
(per site) as a function of the reduced temperature
7 = T/T for Ny = 909 and 3766 correspond-
ingto Ny = N,/N, = 53% and 41% and diameters
of circa 4 and 6nm, respectively. The core and
surface magnetisations are averages over all spins
in the core or on the surface, respectively. For both
sizes we see that the surface magnetisation
M,,,¢ decreases more rapidly than the core contri-
bution M. as the temperature increases, and has
a positive curvature while that of M, is negative.
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Fig. 2. Temperature dependence of the surface and core mag-
netisations for N, = 909 and 3766.
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Fig. 3. Temperature dependence of the surface and core mag-
netisations for N, = 3766, magnetisation of the bulk system
(N; = o), and the magnetisation of the cube with the spinel
structure and periodic boundary conditions (pbc) with N, = 403.

Moreover, it is seen that even the (normalised) core
magnetisation per site does not reach its saturation
value of 1 at very low temperatures, which shows
that the magnetic order in the core is disturbed by
the surface (see Fig. 4 below). As the size decreases
the maximum value of M, decreases showing
that the magnetic disorder is enhanced.

In Fig. 3, we plot the core and surface magnetisa-
tions (with N, =3766, and N =41%), the
magnetisation of a cube with spinel crystalline
structure and pbc, and the bulk magnetisation as
functions of the reduced temperature t°°"°. Apart
from the obvious shift to lower temperatures of the
critical region due to the finite-size and surface
effects, we see that, as was also shown analytically
for the cube system, the finite-size effects give a pos-
itive contribution to the magnetisation with respect
to the bulk, whereas the surface effects yield a nega-
tive contribution. Moreover, it is seen that for
nanoparticles the contribution from the surface is
much larger (in absolute volume) than that coming
from finite-size effects. The difference between the
two contributions appears to be enhanced by the
surface anisotropy in the case of nanoparticles.

In Fig. 4, we plot the spatial evolution of the
orientation of the magnetic moment from the
centre to the border of the particle, at different
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Fig. 4. Spatial variation of the net magnetisation of a spherical
nanoparticle of 3140 spins, as a function of the normalised
particle radius, for %" < 1, and 7" = 0.5, 7" ~1".

temperatures. At all temperatures, the magnetisa-
tion decreases with increasing particle radial dis-
tance. This obviously suggests that the magnetic
disorder starts at the surface and gradually propa-
gates into the core of the particle. At high temper-
atures, the local magnetisation exhibits a jump of
temperature-dependent height, and continues to
decrease. This indicates that there is a temper-
ature-dependent radius, smaller than the particle
radius, within which the magntisation assumes
relatively high values. This result agrees with that
of Ref. [12] (for spherical nanoparticles with simple
cubic structure) where this radius was called the
magnetic radius. The local magnetisation also de-
pends on the direction of the radius vector, espe-
cially in an ellipsoidal particle.

4. Conclusion

Both in the cube system and the nanoparticle of
the maghemite type, surface effects yield a negative
contribution to the intrinsic magnetisation, which
is larger than the positive contribution of finite-size
effects, and this results in a net decrease of the
magnetisation with respect to that of the bulk sys-
tem. In the first case we have been able to separate
finite-size effects from surface effects by considering
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the same system with periodic and free boundary
conditions. On the other hand, the results for
a spherical or ellipsoidal nanoparticle with free
boundaries have been compared to those of a cube
with a spinel structure and periodic-boundary con-
ditions, but without any anisotropy. In this case, it
turns out that the contributions from surface and
finite-size effects have the same sign as before but
the difference between them becomes larger, due to
surface anisotropy. These spin models invariably
predict that the surface magnetisation (per spin) of
systems with free boundaries is smaller than the
magnetisation of the bulk system. However, experi-
ments on layered systems, especially of 3d elements,
have shown that there is enhancement of the mag-
netic moment on the surface, which has been at-
tributed to the contribution of orbital moments
[13]. It is clear that the models presented here do
not account for such effect, but they can be general-
ised so as to include orbital as well as spin vectors.
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