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Abstract

A model providing a semi-quantitative account for the magnetic behavior of Co nanoparticles embedded in a CoO matrix is
presented. The results confirm that exchange coupling at the interface between FM and AFM nanostructures, could provide an
extra source of magnetic anisotropy, leading to thermal stability of the FM nanoparticles. It is shown that perpendicular
coupling between the AFM and FM moments may result in large coercivities. The energy barrier, which works against
reversal is due to the AFM susceptibility anisotropy. Experimentally observed exchange-bias is tentatively ascribed to pre-

existing intrinsic canting of the AFM moments at the interface.

© 2010 Elsevier B.V. All rights reserved
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1. Introduction

Today’s interest in nanoparticle magnetism is stimulated
by a variety of potential applications, ranging from soft to
hard magnetic materials and from ultra-high density
information storage to medicine [1]. Thermal stability of
the nanoparticle magnetization is one of the key issues for
most of applications and is particularly critical for magnetic
recording [2]. Several experimental studies [3-7] have
recently indicated that exchange coupled ferromagnetic
(FM) and antiferromagnetic (AFM) nanostructures
experience an improved thermal stability, as it has been
theoretically suggested [9,10].

We have recently reported an increase of the
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superparamagnetic blocking temperature of almost two
orders of magnitude for Co nanoparticles (3-4 nm in
diameter) embedded in AFM CoO matrix [3]. The studied
nanostructure exhibits all the features of exchange bias
systems [11]: loop shift, in the field axis, of u,Hegg =0.74 T
and enhanced coercivity of u,He =0.76 T at 4.2 K. In ref.
3, we briefly introduced a model which provided a semi-
quantitative account for the observed behavior, thus
confirming that exchange coupling at the interface between
FM and AFM nanostructures, could provide an extra source
of magnetic anisotropy, leading to thermal stability of the
FM nanoparticles.

Here we present a more detailed description of the
proposed model. Comparison with experimental data
suggests that the so-called perpendicular coupling
mechanism, instead of the usual parallel coupling, is the
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dominant mechanism involved in this type of
nanostructures. The proposed model can be used when
discussing exchange coupled FM/AFM nanostructures,
similar to the one described here.

2. The Model

2.1 Basic parameters

Based on Meiklejohon and Bean rigid spin model, the
classical expression of the bias field, Heg, can be written as
[12]:

Hes = 3. Sew Saem [ AM , t (1)

EB ex Y FM ¥ AFM FM “FM

where Sgy and Sagy are the individual FM and AFM spins,
Mgv is the ferromagnetic magnetization, tgry is the
ferromagnetic layer thickness, and A is the surface area
over which the exchange term is calculated. In CoO, the
total Co moment is 3.8 g and the orbital-to-spin ratio, L/S
= 0.95, from which the AFM spin moment papy= 2.55 Ug
is derived. The parameter JexSpmSarm, May be re-expressed
as Mo Harm Hexch, Where Heen is an effective exchange field
created by the ferromagnetic spin moments. For Co/CoO,
from the accepted value of Jex Spym Saem = 143 K [13],
MoHexech = 84 T can be derived (see App. A).

2.2 Parallel versus perpendicular coupling

A priori, two possible coupling mechanisms may be
envisaged between the FM and the AFM moments at the
interface.

(i) Usually, the FM moments are assumed coupled
parallel to the uncompensated AFM moments. In principle,
uncompensated moments (in otherwise compensated AFM
structure) could arise only on a flat surface, which is
perpendicular to the propagation vector of the
antiferromagnetic structure. In the present case, the FM Co
nanoparticles can be viewed as embedded inside small
cavities of an AFM CoO single crystal (see Fig.1). There is
no reason for the AFM side of the interface to show strong
uncompensation, except the one due to statistics.
Considering that the surface per Co atom in the CoO
structure is 0.072 nm [14]. and assuming that the CoO shell
at the surface of the metal core has an average diameter of
4.2 nm it is deduced that there are approximately 750 Co
atoms at the AFM interfaces and the unbalance should be

of the order of +/750 =27 atoms = 4 % of the total number

of atoms. The interface coupling energy between the AFM
and FM magnetization may thus be expressed as - 0.04
MoHexchM~ wWhere M’ is the AFM magnetization, which is
derived from pary and amounts to 0.76 T. The interface
coupling energy, normalized to the volume, Vagy (Vagm =
10 m?), of one CoO atomic layer at the interface with the
Co core, it amounts to approximately — 0.2 107 J/m?.

(ii) Another mechanism may also be envisaged, which
does not require un-compensation to be invoked. At a
compensated interface (Fig.1la), the number of AFM
moments from each sublattice is the same, the resulting
magnetisation is zero and thus the coupling vanishes to first
order. To second order, the FM moments couple
perpendicular to the AFM moments (Figures 1b and 2a),
the exchange field induces a canting of the AFM moments
along the direction denoted z and a ferromagnetic
component is induced along the FM Co moments [15-16].
Considering that He,, is formally equivalent to an external
field, the coupling energy can be written as [18] :

E=(-1/2) g, tt,Hl 0 (2)

where yar is the interface AFM susceptibility. This
expression is fully analogous to the classical expression
describing the behaviour of an antiferromagnet in an
applied magnetic field. The minimum energy state is given
by the configuration between the FM and AFM moments,
such that the AFM susceptibility is a maximum. In the case
of CoO, it may be assumed that there exists an easy
magnetization plane, Pary, approximately perpendicular to
the [111] difficult direction. The AFM moments are
confined in this plane and the corresponding susceptibility

may be called ;™ (the superscript max indicates that the

susceptibility is maximum within Pagy). This ™ could
be expressed [17] as

™ =1w@l+a) with a=K,/2wu,M "

where w is the molecular field coefficient between AFM
sublattices, and K; is the second order anisotropy constant,
relative to the anisotropy difference between the AFM axis
and the direction along which He,, is induced.

The parameter values used in the calculation were w =
100 (see App. B) for the surface intersublattice molecular
field coefficient and K; = 2.7 107 J/m? (in the absence of
experimental data for the CoO anisotropy constant, we took
the theoretical value derived by Kanamori [19]). One
obtains  2wpoM? = 0.9 10 7 J/m?, thus o = 0.3 and E = -

2.1 107 J/m®. The canting angle @ is thus estimated to about
24°. The coupling energy, in the perpendicular coupling
case, is one order of magnitude larger than the one due to
un-compensation, calculated above in the case of parallel
coupling.

2.3. Magnetization Reversal and Coercivity

Qualitatively, the experimentally observed large values
of coercive field Hc (and bias field Hgg) may be ascribed to
the fact that interface effects (i.e., Hgg oc 1/tgy in thin films)
are relatively larger for such extremely small nanoparticles
than they are for multilayers whose typical thickness is
around 20 nm. Additionally, the coercive field of small
nanoparticles, which reverse their magnetisation by
coherent rotation, is in general bigger than that of large
systems where reversal is nucleated at defects.
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Quantitatively, the existence of a large coercivity in the
present system may be ascribed to the fact that the
antiferromagnetic susceptibility, xar, in Eq. 2 is expected to
show anisotropy and thus an energy barrier against reversal
should exist.

To evaluate the strength of the coercive field, let us
assume that a field is applied antiparallel to the initial
magnetisation direction. FM magnetisation reversal may
occur within Pagy or within the plane P, which is
perpendicular to the axis x of easy AFM magnetisation and
contains the difficult directions (Figures 2b and 2c,
respectively).

The energy barrier per unit volume, AE, may be
expressed as :

AE = (1/2)Ay, pu,H 4)

exch

where Ay, is the susceptibilty anisotropy, i.e. the difference
between the initial direction of maximum susceptibility and
the direction of minimum susceptibility within the rotation
plane.

In the case when the rotation occurs within P gy, (Fig.
2b), the susceptibility is a minimum when the FM moments
are aligned along x At OK, x,  vanishes along x, thus
Ay, =™ =-7.610%and AE = 2.1 10" J/m®is obtained.

On the other hand when the rotation occurs within P,
(Fig. 2¢), Ay, =-wla(i+a)'=-2310" and 4E = 6.4
10° J/m? are derived. The energy barrier is 3 times smaller
for this process than for rotation within Pary and it is
concluded that rotation occurs within P(, since the energy is
lower.)

Taking into account that that Hy=2K/poMs=2 AE/p M,
and H, = 0.5H,, due to the random orientation of easy axis,
the deduced coercive field is poH:. = 4enin/MsVem Where
Aenmin=AEninVarm (AEni, is the minimum energy barrier per
unit volume), Vgy is the FM nanoparticle volume (33.5
nm® and M, is the ferromagnetic spontaneous
magnetization (LM = 1.8 T). Using these values poH, =
1.3 T is obtained. Considering the uncertainty in the values
of most of these parameters, the agreement with the
experimental value, YoH. = 0.76 T, can be considered as
very satisfactory.

It is worth mentioning that unlike usual thin film
exchange-bias systems, calculated and experimental
coercive field values are in fair agreement. Due to their
very small size, the FM particles can be thought to be
coupled to a unique AF domain and consequently there is
no competition between different coupling terms.

As discussed in Ref. 3, this energy barrier also gives rise
to an improvement of the thermal stability of the
nanoparticles, which results in an enhancement of the
superparamagnetic blocking temperature.

2.4 Exchange Bias

Exchange bias implies that the FM/AFM coupling

energy differs in the initial and the final magnetization
states of the Co FM nanoparticles. In the present model, the
energies of these two states are equal (see Figures 2a and
2d). Thus, the model cannot account for the existence of
exchange bias in the Co/CoO system.

Exchange bias is usually ascribed to uncompensation

of the AFM magnetization [13, 16, 17] and we thus
considered the possible contribution of such a term. As
mentioned above, on the basis of statistical considerations,
the uncompensated AFM magnetization is expected to be
about 4%. To first order, the FM moments align at an angle
B from z, such that tgg = (0.04 cotan24°)/2, thus = 2.6°.
It may be assumed that after cooling under field, the FM
moments are aligned at an angle g from z and that they
reverse by 180° under field. This provides an approximate
value for the bias-field, Hgg, according to this process
which is given by :

#,M H V., =0.04sin fcos24° u M H,_ V.., (5)

The calculated bias field is two orders of magnitude
smaller than the experimental one, i.e. this mechanism
cannot be the source of the experimentally observed
exchange bias.

An alternative mechanism for exchange bias may be
suggested that requires that the AFM moments show an
intrinsic canting i.e. different from the one induced by
MoHexch- Such a canting is known to exist at the surface of
magnetic oxide nanoparticles [19, 20], where it leads to the
appearance of a ferromagnetic moment which is 5-10 times
higher than the one expected from uncompensation. By
analogy it may be expected to exist at the surface of small
cavities.

Let 6’ be a phenomenological angle representative of
the intrinsic canting. The bias field is given by :

UM H_V,, =355

EB " FM ex ~ FM

v 2sin @

AF|

From poHeg = 0.74 T, and the same values as above for
other parameters, one obtains sin § = 0.41 and & = 24°.
This is of the same order of magnitude as in magnetic oxide
nanoparticles [21].

Note that as a result of this intrinsic canting, the
coercive energy barrier discussed in section 2.2, is reduced
by a factor of approximately cos ¢ (= 0.9). Consequently,
the disagreement between the calculated and experimental
coercive field is further reduced.

3. Conclusions

For Co nanoparticlees embedded in an AFM matrix, we
have shown that perpendicular coupling between the AFM
and FM moments may be the source of large coercivities.
The energy barrier which works against reversal is due to
the AFM susceptibility anisotropy. This energy barrier also
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results in an improvement of the thermal stability of the
nanoparticles. Conversely, exchange-bias is tentatively
ascribed to pre-existing canting of the AFM moments at the
interface.

Appendix A. Exchange field evaluation

In the classical expression for the bias field, eq.1, the
left-hand side term represents the Zeeman energy over the
volume At ,, , while the right-hand side term represents the
interfacial exchange energy, over the surface area A, i.e.,
the exchange energy per unit area is :

Eexc :JexSFMSAFM /A (Al)

To relate expressions (1) and (A1) to usual expressions for
exchange energy, let the exchange energy between 2 spins
Sem and Saey be expressed as :

erm-Arm= 2JSrmSarm (A2)

where J is the exchange integral. Considering that a given
AFM spin has zapm.em FM neibghours, and the exchange
energy per AFM spiniis :

earm= 2 Zarm-rm JSEMSARM. (A3)
from which one derives the energy per unit surface area :

Esxch = (2 / AAFM )ZAFM -FM JS FM SAFM (A4)

where Aary IS the surface area occupied by one Co AFM
atom.

In the detailed calculation [13], the interfacial exchange
energy U; over the crystallite i is obtained by summing over
the N AFM interfacial atoms. This implies that the
calculations were performed by using the AFM atoms as
reference, as done in the present discussion. Thus,
equations (5) and (2) lead to :

(21 A, )2

J=J,/A (A5)

AFM —FM AFM

Thus Je, in (2) is related to the usual exchange integral J
through :

Jex = 2 Zarmemd (A6)

The exchange field on a given AFM moment is obtained
from :

Jex SemSarm = HarmMoHexch (A9)

From Je,ScoScoo = 143 K [13] and from piapm = 2.555 (spin
part of the moment only, see appendix B). pgHeyxenh =84 T is
derived.

Appendix B. Molecular field coefficients evaluation

Within the molecular field formalism, two molecular
field coefficients may be defined, w and w’, which
represent the coupling energy within a given sublattice and
between sublattices respectively. w and w’ are related to Ty

through w + w'=3kT /N uou2 , Where N’ is the number of

atoms per unit volume within a given sublattice and g is
the antiferromagnetic Co effective moment. The Néel
temperature and lattice parameter for CoO areTy = 293 K
and a = 0.426 nm, respectively. In CoO, the spin and orbital
moments are known from X-ray magnetic diffraction. From
the Co spin moment in CoO, ps = 2.55 pg, one derives a
spin effective moment P = 3.40 Yg. Thus w+w’= 320.
Surface atoms have 9 neighbours instead of 12, assuming
that the molecular field coefficients are reduced in

proportion, one obtains: w,,, +w. . = 240. We arbitrarily

surf

assumed w = w’. Thus wg,s = Wg,” = 120. Assuming that
only surface atoms are canted under the effect of He,, and
with w = w’, the exchange energy arising from the coupling
with the FM moments is 5/3wM ¢* instead of 2wm ¢° for
a usual antiferromagnet (& is the canting angle induced by
the FM exchange field on the interface Co atoms of the
CoO AFM matrix). Thus, the coefficient to be taken in the
usual expression of the susceptibility is 120 x 5/6 = 100.

Appendix C. Coherent rotation

At small particle sizes, coherent rotation is favoured
since the domain wall energy, a surface energy term,
becomes larger than the Zeeman energy, a volume energy
term. Recent experimental measurements on Co
nanoparticles have experimentally demonstrated the
occurrence of coherent rotation [22]. In the present case,
the situation is different since the Co nanoparticles are
coupled to the antiferromagnetic matrix and we may
assume that a domain wall forms within the matrix during
reversal. The domain wall energy within the AFM matrix is
estimated to be yyar =5 102 J/m? (A = 5.5 102 J/m and K,
=2.7 107 J/m® are assumed). Assuming that the wall surface
area equals the nanoparticle surface area, one obtains E,q
= 3.7 10 J. This energy is much larger than the
experimental exchange bias energy which is given by the
Zeeman energy, 2 107° J, or than the calculated energy
barrier for coherent rotation which is 3.4 10™° J. Hence, it
can be concluded that reversal necessarily occurs by
coherent rotation.
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Figure captions

Fig.1. Possible coupling schemes for magnetic moments of
Co nanoparticles embedded in CoO: (a) uncompensated
case — parallel coupling; (b) compensated case —
perpendicular coupling.

Fig.2. Possible schemes for magnetization reversal: (a)
initial state; (b) magnetization rotation within the AFM
easy plane; (c) magnetization rotation in the plane
perpendicular to the AFM easy axis; (d) final state.



