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Hysteresis of cobalt nanoparticles organized in a two-dimensional
network: dipolar interaction effects
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Abstract

The hysteresis curve at very low temperature of Co nanoparticles organized in a two-dimensional network on a graphite
substrate is determined both experimentally and from a numerical calculation. The Co particles are modeled as spherical
particles of uniaxial symmetry and the easy axes are randomly distributed. We focus on the effect of the dipolar interactions
between particles on the hysteresis loop: the magnetization curve is thus compared to the case of non-interacting particles,
which corresponds to particles dispersed in solution at vanishing concentration. The magnetization curve is calculated for
two orientations of the applied field: normal and parallel to the substrate surface. The ratio between the remanence
magnetizations obtained with the field, normal and parallel to the surface, appears to be a convenient parameter to estimate
the importance of the dipolar interactions. A satisfactory agreement with experiment is obtained for this ratio. q 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

Different methods are now available to synthesize
nanosized Co particles, which are then monodomain

w xmagnetic particles 1–6 . It is, moreover, possible to
obtain coated Co particles, which can either be dis-
persed in a solvent or deposited on a substrate
w x1,2,5 . In particular, the synthesis in reverse mi-
celles’ solution provides a soft chemical way to

w xobtain such particles 1–5 . When the particles are
deposited on a graphite substrate, self-organized
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monolayers, presenting a hexagonal structure are
w xformed 1,2,5 . For coated particles, the distance of

closest approach between particles is sufficient for
the interaction to be mainly of magnetostatic charac-
ter. In this case, the comparison of the magnetic
properties, corresponding to particles dispersed in the
solvent or deposited on the substrate, is a relevant
way to estimate the interactions between particles.

The influence of the interactions between
nanoparticles on the magnetic properties has been
studied in different situations. In three-dimensional
systems, the magnetic properties, in terms of the
concentration in particles, for instance, for g-Fe O2 3

particles embedded in a polymer, have been investi-
w xgated experimentally 7–11 and theoretically. On

another hand, Monte Carlo simulations for three-di-
mensional random dispersions of Stoner–Wohlfarth
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particles with random distribution of the easy axes
w xare available 12–14 . In two dimensional systems,

the dipolar interactions have been investigated for
films including strongly oriented ferromagnetic parti-

Ž w x.cles see for instance Refs. 15–17 , and a two
dimensional random field Ising model including
dipolar interactions, adapted to these later situations,

w xhas been developed 18 .
In this paper, the magnetization curve at very low

Ž .temperature 3 K of Co particles deposited on a
graphite substrate and organized in a two-dimen-
sional network is investigated. The Co particles are

w xsynthesized from the reverse micelles technique 19
from which coated Co nanoparticles of diameter ca.

w x6 nm are obtained 1,2 . The system is frozen at zero
field. The magnetization curves for the particles
dispersed in the solvent or deposited on the substrate
are measured; in the later case, the two orientations
of the field, normal and parallel to the substrate, are
considered. The numerical calculations are per-
formed on a two-dimensional lattice of Stoner–
Wohlfarth particles with a random distribution of
easy axes. A simple analysis in terms of demagnetiz-
ing field is shown to fit well the numerical calcula-
tions, at least in the case of weak coupling between
particles. The ratio of the remanence magnetizations,
corresponding to the field, normal and parallel to the
substrate surface, is found to be a convenient mea-
sure of the importance of the dipolar interactions,
and a satisfactory agreement is obtained between the
numerical calculations and the experiment.

2. Numerical calculations

We calculate the magnetization in the direction of
the applied field for an assembly of particles orga-
nized on a well-defined two-dimensional lattice of
either square or hexagonal structure. The surface

Ž .plane is the x, y plane and the z-axis is the normalˆ ˆ ˆ
to the surface; the applied field is either normal or
parallel to the surface plane. No thermal effect is
included since we focus on the very low temperature

Ž .limit 3 K of the hysteresis loop. We consider a
monodisperse system of spherical particles of uniax-

Ž w x.ial symmetry Stoner–Wohlfarth particles 20,21 .
Ž .The particles are located at the sites labeled k of

the lattice and the easy axes, n , are randomlyˆ k

distributed since we model a system frozen at zero
field. The case of non-interacting particles corre-
sponds to particles randomly dispersed in the solvent
at vanishing concentration. The particles are charac-
terized by an anisotropy constant K , a bulk satura-

Ž . 3tion magnetization M , and a volume Õ s pr6 D ,s o

where D is the particle diameter. The energy of a
particle located at site k is given by

2
E syKÕ n m yH k m cos C yQŽ . Ž .ˆ ˆŽ .k o k k eff k k k

1Ž .

( )where H k is the effective magnetic field felt byeff

the particle, m sM Õ m is the magnetic momentˆk s o k
Ž .of the particle, Q and C are the angles m , nˆ ˆk k k k

ˆŽ Ž ..and n , H k , respectively. Here and in theˆ k eff

following, circumflexes denote unit vectors. The ef-
fective magnetic field at site k is the sum of the
applied field, H , and the total dipolar fielda

m 3 m r r ymˆ ˆ ˆ ˆŽ .j jk jk j
H k sH qŽ . Ýeff a 3 3ž /d r rdŽ .j/k jk

m
'H q h jk 2Ž . Ž .Ýa dip3ž /d j/k

where r is the unit vector in the direction joiningˆjk

particles j and k, and d is the nearest neighbor
distance. For convenience, we deal with the reduced
effective field

H kŽ .eff ˆh k s sh h qa h j,k 3Ž . Ž . Ž .Ýeff a a d dipHK j/k

Ž .where H s 2 KrM is the usual anisotropy fieldK s

and the coupling constant a is given byd

p M 2
s 3

a s Drd . 4Ž . Ž .d 12 K

The configuration of the magnetic moments orien-
� 4tations m is determined from the minimization ofˆ k

the total energy of the system. This is done first by
ˆ Ž .setting m in the plane defined by h k and n ,ˆ ˆk eff k

and secondly, by determining the angle Q from thek
w xlocal equilibrium condition 20,21

EE E2Ek k
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This leads to either one or two solutions, Q Žu. and
Q Žd., corresponding to the ‘‘up’’ and ‘‘down’’ states,
respectively, according to the magnitude of the effec-
tive field and to the orientation of the easy axis of
the site k.

The calculation is performed on a grid including
N sites and the long-ranged character of the dipolars

field is accounted for by considering eight neighbor-
ing grids deduced from the one on which the calcula-
tion is actually done by periodicity. We start from a

ˆtotally saturated state, where m sh for all k, andˆ k a

therefore, where the dipolar field is in the direction
ˆof the applied field, h , and takes the same value fora

all the sites. Then, the magnitude of the applied field
is decreased, all the sites are examined in a random
order, and the corresponding m are determinedˆ k

Ž .according to Eq. 5 . After each variation of the
value of a moment, say m at site k , the dipolarˆ k oo

fields at all the sites k/k are updated. Then, theo

list of the sites where the deviation dm of m fromˆ ˆk k

its new equilibrium position, i.e. calculated with the
< <updated dipolar field, such that dm )´ is updated,ˆ k

and we chose a new site k from this list. Theo

process is performed iteratively until the maximum
value of the magnitude of the deviation of the m̂k

from their equilibrium state is less than a threshold
value, ´s10y3. We finally determine the total mag-
netization in the direction of the applied field per
site, normalized by the saturation magnetization Ms

in terms of the applied field

1
ˆM h s m h . 6Ž . Ž .ˆÝa k aNs k

The computing time of such numerical calcula-
tions is very large; accordingly, in order to perform
calculations of the hysteresis loops on large systems,
we have also considered a simple approximation,
referred to in the following as the scalar approxima-

ˆtion, where only the component in the direction ha

of the total dipolar field on all sites k is taken into
Žaccount: then only a scalar variable namely, cos Ck

.yQ , has to be calculated on each site.k

3. Experimental procedure

The synthesis of the Co particles is performed as
w xdescribed in preceding papers 1,2 . These particles

are obtained by mixing two micellar solutions char-
Ž .acterized by the same diameter 3 nm : the first one

y2 Ž .contains 10 M Co AOT and the second one2
y2 Ž .2=10 M sodium tetrahydroboride NaBH . Af-4

ter mixing, stable colloidal particles are formed and
are then extracted from the reverse micelles under
anaerobic conditions by covalent attachment of lau-
ric acid. After this surface passivation, the cobalt
particles are stable under air and could be easily

w xredispersed in hexane 2 . The nanoparticles have
been characterized by X-ray diffraction and small
angles X-rays scatterings. From these analysis it is
concluded that the nanoparticles are spherical and

w xconsist of metallic fcc Co 2 .
Deposition of a drop of solution on a carbon grid

makes it possible to observe a large coverage of
particles, locally arranged in a hexagonal network
w x1,2 . Their average size is 5.8 nm with a narrow size

Ž .distribution 11% .
At 3 K, the particles are ferromagnetic. Magneti-

zation curves are recorded for particles deposited on
Ž .a graphite substrate HOPG and under an external

field either normal or parallel to the substrate sur-
face.

4. Results and discussion

Fig. 1 clearly shows a change in the shape of the
hysteresis loop depending on the orientation of the
substrate relative to the applied magnetic field: when
the substrate is parallel to the field, the remanence to
saturation magnetization ratio is 0.28. The hysteresis

Ž .loop is squarer Fig. 1 than that obtained with the
particles dispersed in solution. In apposition to what
is observed under a parallel-applied field, the hys-
teresis loop is smooth when the applied field is

Ž .perpendicular to the substrate Fig. 1 . The rema-
nence to saturation magnetization ratio is 0.21. For
any applied field direction, saturation magnetization
is reached at 2 T and is 110 emurg.

Under any experimental conditions, the coercive
field does not change significantly and is 0.07 T. The

Žsaturation magnetization remains unchanged 110
.emurg .

The parameters needed for the calculation are the
bulk characteristics of the nanoparticle materials, Ms
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Fig. 1. Experimental hysteresis curves for the particles deposited
on the graphite substrate. Solid circles: applied field parallel to the
surface; open circles: applied field normal to the surface. The lines
are guides for the eye.

and K , the particles diameter, D, and the nearest
neighbor distance, d. We take K s 2.5 = 106

ergsrcm3, which has been obtained from zero-field
w xcooled magnetization measurements 2 , and is very
w xclose to the value of fcc bulk cobalt 21,22 . More-

over, this value is in agreement with the experimen-
w xtal results reported in Ref. 3 . The saturation magne-

tization of bulk fcc Co is M s162 emurg, leadings
Ž .to a s0.2118 Drd 3; in our nanoparticles, Md s

takes a smaller value, and this reduces the coupling
constant. The value of the mean diameter of the
particles is typically Ds5–7 nm, and the corre-
sponding nearest neighbor distance range is ds7–9
nm. With M s162 emurg, we get a in betweens d

0.075 and 0.10; therefore, we can consider a f0.10d

as a maximum value for the coupling constant of
such monolayers of coated Co nanoparticles. All the
calculations have been performed with N s625s

sites. The convergence of the results with respect to
N for the perfect lattice has been obtained fors

N G400.s

The hysteresis loops corresponding to a s0.10d

and the two orientations of the applied field are
shown and compared to the non-interacting case
Ž .a s0 in Fig. 2. At a qualitative level, the impor-d

tant result is that the hysteresis loop is sharper than
Ž .that corresponding to the isolated particles a s0d

when the applied field is parallel to the surface,
while it is smoother and tilted when the applied field
is normal to the surface.

This result can be explained in terms of demagne-
tizing fields effects; however, since we do not deal
with a uniform medium, some care must be taken.
First, we introduce the effective macroscopic field,
H sH qH , where H sy4p LM denotes theM a d d v

demagnetizing field, L is the demagnetizing factor
Žfor a sphere Ls1r3, and for a film normal to the z

.axis, L sL s0 and L s1 and M is the magne-x y z v

tization per volume unit. Here, H represents thed

effect of the magnetization of the system, replaced
by a continuous medium uniformly magnetized. In
order to approximate the field felt by a particle at a
given site k, we must take into account the discrete-
ness of the system. For this, we consider a sphere S,
centered on site k, calculate the dipolar field, say
S , due to the particles located inside this sphere,dip

and subtract the corresponding continuum contribu-
Žs. Ž .tion, H sy 4pr3 M . Notice that the sphere Sd v

must be sufficiently large for the part of the system
located outside of it to be considered as a macro-

Fig. 2. Calculated hysteresis curves on an hexagonal lattice.
Dotted line: a s0; solid line: a s0.10 and applied field normald d

to the surface; dashed line: a s0.10 and applied field parallel tod

the surface.
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scopic medium. The effective field is then H sHeff a
Ž .y4p M Ly1r3 qS . Our system is a limitingv dip

case, where the only sphere which can be centered
on a site and still included in the system is a sphere
including only the considered site. Therefore, Sdip

Žexactly vanishes and we have H sH y4p M Leff a v
.y1r3 . The magnetization M per unit volume isv

related to the reduced magnetization per particle via
the number density of sites, r by M srM Õ M.v s o

We assume that the monolayer is taken from a
regular three-dimensional lattice; therefore, r is that

3 3'Ž . Ž .of the sc rs1rd , and of the fcc rs 2 rd
3-D lattices for the monolayers of square and the
hexagonal structure, respectively. By taking into ac-
count only the demagnetizing field effect, we thus
deduce the following simple approximation for the
magnetization curve

M h sM h y4p Ly1r3 aa M h 7Ž . Ž . Ž . Ž .Ž .a is a d a

Ž .where M h is the magnetization per particle of theis 'non interacting case, as1 and as 2 for the
square and the hexagonal lattices, respectively. In

Ž .Fig. 3, we compare the result of Eq. 7 to that of the
complete calculation for the square lattice in the case

Ž .a s0.10. Eq. 7 is a good approximation ford
Ž .M h , at least in the weak coupling limit, and thisa

shows that, for rather small values of the coupling
constant a , the modification of the hysteresis loopd

due to the dipolar interactions can be explained
mainly in terms of the demagnetizing field effect.

Ž .However, Eq. 7 cannot reproduce the variation of
the coercive field, h , with the dipolar interactionsco

which, although rather small, is not negligible at
a s0.10. On the other hand, from the completed

calculation of the magnetization curve, we get a
result for the variation of h with respect to a inco d

the case of the square lattice, comparable to those of
the Monte Carlo simulations for three-dimensional
random distributions of Stoner–Wohlfarth particles
w x13,14 ; moreover, the variation of h is indepen-co

dent of the orientation of the applied field. In any
case, for the values of a corresponding to thed

monolayers of Co particles, we are interested in, we
expect only a very small change in h .co

By using our scalar approximation, we have per-
formed calculations on systems including N s2500s

sites. From these calculations, we can take into
account the presence of vacancies observed in the

Fig. 3. Comparison of the full calculation with the approximation
Ž .given by Eq. 7 for hexagonal lattice, and a s0.10. Solid lined

Ž .and dashed lines: Eq. 7 with the field, normal and parallel to the
lattice plane, respectively. Solid points and triangles: result of the
full calculation for the field, normal and parallel to the lattice
surface, respectively.

experimental samples, by introducing in the lattice a
fraction, f , of unoccupied sites chosen randomly.d

Although we have no theoretical way for represent-
ing the effect of the vacancies, we find that the effect
of f , at least for f F0.30, is very well reproducedd d

by the introduction of an effective coupling constant
given by

a sa 1y f x with xs1.15. 8Ž .Ž .eff d d

To estimate at a quantitative level the effect of the
dipolar interactions on the magnetization of the sys-
tem, we focus on the remanence magnetization Mr

in terms of a for the two orientations of the field.d

We examine the behavior, with the value of the
coupling constant a , of M rM and of the ratiod r s

gsM H rM I , where M H and M I are the valuesr r r r

of the remanence magnetization for the applied field,
normal and parallel to the surface, respectively. The
result for g is shown in Fig. 4. The ratio g appears
to be the relevant variable to test the importance of
the dipolar interactions since it is expected to depend
mainly on the value of the coupling constant a andd

not on the precise shape of the hysteresis loop;
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moreover, it does not depend on the value of the
saturation magnetization M since the experimentals

values of M H and M I are determined on the samer r

sample.
The mean diameter of the particles is Ds6 nm,

and the nearest neighbor distance is df8.5 nm.
This leads to a coupling constant a s0.035. As-d

suming a fraction of vacancies of approximately
Ž .f s0.20, we obtain, from Eq. 8 , an effective cou-d

pling constant a s0.030. The corresponding calcu-d

lated hysteresis loops are shown in Fig. 5. Concern-
ing the effect of the orientation of the applied field
relative to the sample surface, the calculated and the
experimental curves are in agreement at a qualitative
level. In particular, the coercive field is found to be
nearly independent of the orientation of the field.
The comparison, at a quantitative level, with the
experiments is not easy, since the shape of the
experimental hysteresis loop does not coincide with
that of the assembly of Stoner–Wohlfarth particles.
Indeed, the saturation is obtained for higher fields,
and the coercive field is much lower than that of the
Stoner–Wohlfarth particles, for which we get H sco

0.252 T, with M s110 emurg. On the other hand,s

the ratio g , defined above, is a relevant measure of
the effect of the deviation of the hysteresis loop due
to the orientation of the applied field. For a coupling

Fig. 4. Ratio g in terms of a . Squares: square lattice; hexagons:d

hexagonal lattice. The lines are guides for the eye.

Fig. 5. Calculated hysteresis curves on a hexagonal lattice. Dotted
line: a s0; solid line: a s0.03 and applied field normal to thed d

surface; dashed line: a s0.03 and applied field parallel to thed

surface.

constant a f0.030, we expect a value af0.76d
Ž .see Fig. 4 ; this is in good agreement with the
experiment since the experimental value is g exp s
0.75"0.08. From another deposit of similar Co
particles, also organized in hexagonal network, and
characterized by: Ds8.5 nm, ds10.5 nm, and
M s120 emurg, M HrM s0.40 and M IrM ss r s r s

w x0.60 have been obtained 23 . For this sample, we
have a f0.05, leading to gs0.60 while g exp fd

0.66. Therefore, we can conclude that the difference
we get in the hysteresis loops with the two orienta-
tions of the applied field are mainly due to the
dipolar interactions between particles.

5. Conclusion

In the present work, we have studied both experi-
mentally and theoretically the hysteresis curve of
two-dimensional self-organized monolayers of nano-
sized Co particles. We especially focused on the
effect of the orientation of the applied field relative
to the sample surface. From the calculation of the
hysteresis loop, we can conclude that, as a direct
consequence of the random distribution of the easy
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axes of the particles, the difference of the hysteresis
curves as measured with an applied field parallel or
normal to the sample surface is mainly due to the
dipolar interactions between particles. We have
shown that this can be explained in terms of demag-
netizing field effects. The comparison between the
experimental and the numerical results can be done
through the ratio g of the remanence magnetizations,
as measured with the applied field, normal and paral-
lel to the sample surface, respectively. For g , we get
a satisfactory agreement between the calculated and
the experimental results.
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