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Collective magnetic properties of cobalt nanocrystals self-assembled in a hexagonal
network: Theoretical model supported by experiments
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Numerical calculations of magnetization curves versus applied field based on a simple model taking into
account dipolar interactions were performed for cobalt nanocrystals deposited on a substrate and organized in
a hexagonal network. A random distribution of the easy axes orientations of the nanocrystals is considered. The
study is focused on the effect of the applied field orientation relative to the substrate surface. Two orientations
were chosen: parallel and perpendicular to the surface. The corresponding hysteresis loops are compared to that
of a volumic random distribution of nanocrystals at vanishing concentration. The calculation results are com-
pared to experimental data for spherical cobalt nanocrystals coated by lauric acid (C12H25COO2). The par-
ticles are either dispersed in hexane~considered as randomly distributed! or deposited in a hexagonal network
on a highly oriented pyrolithic graphite substrate. The changes in the magnetization curves with the applied
field orientation on the one hand and when going from dispersed to deposited particles on the other hand were
calculated and measured. Qualitative agreement is obtained.
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I. INTRODUCTION

There is growing interest, both theoretical and experim
tal, in nanosized magnetic particles.1 For ferromagnetic ma-
terials, different methods are now available to synthes
nanosized Co particles, which are then monodomain m
netic particles.2–6 It is moreover possible to obtain coated C
particles, which can be either dispersed in a solvent or
posited on a substrate.2,3 When the particles are deposited o
a substrate, self-organized monolayers having a hexag
structure with more or less large domains free of vacan
can be obtained.2,3

There are still points that are not clear in the magne
properties of such particles, whether these are disperse
the solvent or assembled in two-dimensional monolay
One must distinguish the properties depending on the ato
scale structure of the particle6 from those involving the in-
teractions between particles.7–19For coated particles, the dis
tance of closest approach between particles is expected
large enough for the interactions to have mainly a magn
static character. Then the comparison of the magnetic p
erties of particles dispersed in the solvent to those of p
ticles deposited on a substrate provides a relevant metho
estimating the magnitude of magnetostatic interactions
tween particles.

Numerical simulations of the influence of the dipolar i
teractions between ferromagnetic particles on the magn
properties have been performed.12–14These simulations con
cern homogeneous and isotropic three-dimensional dis
sions of ferromagnetic and spherical particles, with random
distributed easy axes. The dipolar interactions have been
ready investigated through the magnetization curves for
films including ferromagnetic particles such as CoCr~Refs.
15 and 16! or CoCrPt~Ref. 17! films, where the magnetic
anisotropy is strongly oriented in the direction normal to t
film surface. The difference between the magnetizat
PRB 620163-1829/2000/62~6!/3910~7!/$15.00
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curves corresponding to the applied field normal and para
to the surface is mainly determined by the degree of ori
tation of the magnetic anisotropy. A two-dimensional ra
dom field Ising model18 including dipolar interactions,
adapted to this kind of situation, has been developed.
increase in the dipolar interactions when the field is norm
to the surface leads to a tilt of the hysteresis loop an
decrease in the remanence magnetization. Recently,19 the
magnetic properties of Co bilayer islands deposited o
Au~111! surface have been studied both experimentally a
theoretically. In the latter case, the particles interact throu
exchange interactions which behave conversely to the d
lar interactions, when the applied field is normal to the s
face, at least in high applied field situations.

In this paper, we focus on the dipolar interactions betwe
cobalt nanocrystals, characterized by a random distribu
of the easy axes and deposited on graphite. The hyste
loop at very low temperature~3 K! is investigated both ex-
perimentally and theoretically. Cobalt nanoparticles are s
thesized by using the reverse micelle technique,20 from
which coated cobalt nanocrystals with 6-nm average dia
eter are obtained.2,3 The magnetization curves for the pa
ticles dispersed in a solvent or deposited on the grap
substrate are measured. In the latter case, the orientatio
the external field with respect to the substrate surface p
an important role. Hence, the comparison of the hyster
loop recorded with the field either parallel or normal to t
substrate leads to an estimation of the effect of the dipo
interactions. Computations are made using a simple mo
including the elements required to determine the hyster
loop by taking into account the dipolar interactions betwe
particles. The particles are modeled as Stoner-Wohlfa
particles21,22 and an important simplification is made: on
the component parallel to the applied field of the total dipo
field is taken into account. This enables us to include a la
number of sites in the calculation of the long-range dipo
field. The ratio of the remanence magnetization correspo
3910 ©2000 The American Physical Society
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PRB 62 3911COLLECTIVE MAGNETIC PROPERTIES OF COBALT . . .
ing to the applied field normal and parallel to the surfa
respectively, is found to be a relevant measure of the dip
interactions. Good agreement between the experimental
the calculated data is obtained.

II. EXPERIMENTAL RESULTS

A. Synthesis and characterization of cobalt nanoparticles

The synthesis of cobalt nanoparticles, using reverse
celles ~water in oil droplets! as microreactors,20 has been
described in our previous papers.2,3 These particles are ob
tained by mixing two micellar solutions characterized by t
same droplet diameter~3 nm!: the first contains
1022 M Co~AOT!2 @cobalt bis~2 ethyl-hexyl! sulfosuccinate#
and the second 231022 M sodium tetrahydroboride
(NaBH4). After mixing, the micellar solution remains opt
cally clear. Its color turns immediately from pink to blac
indicating formation of colloidal particles. The particles a
highly dispersed and no aggregation occurs. They are
tracted from reverse micelles under anaerobic conditions
covalent attachment of lauric acid and then redisperse
hexane. This chemical treatment highly improves the sta
ity of cobalt nanoparticles exposed to air. Nanoparticles h
been characterized by x-ray diffraction and small-angle x-
scattering. From these analyses it is concluded that nanoc
tals are spherical~to a very good approximation! and consist
of metallic fcc cobalt.3 With these techniques, it has not be
possible to detect any external layers of cobalt derivative

Deposition of a drop of solution on a carbon grid leads
a large coverage of the substrate by the particles~Fig. 1!.
Locally the nanocrystals are arranged in a hexagonal
work; their average size is 5.8 nm and the dispersion in
size distribution is about 11%.

B. Magnetic properties of cobalt

The zero-field-cooled and field-cooled~ZFC/FC! curves
are recorded with a field of 75 Oe. The FC curve show
uniform decay, which confirms the superparamagnetic
havior at high temperature. The ZFC curve shows a p
nounced peak at 60 K at the blocking temperature,Tb . Using
the average particle volume determined by transmission e
tron microscopy~TEM!, the evaluated anisotropy constant
2.53106 erg/cm3. This value is similar to that observed i

FIG. 1. TEM pattern of cobalt nanoparticles at different mag
fications after deposition on amorphous carbon.
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the bulk phase. This is rather surprising. In fact, there is cl
evidence in the literature that the anisotropy constant ma
edly increases with decreasing particle size.23–26 Klabunde
et al.4 determined the anisotropy constant for cobalt nanop
ticles smaller than those described here and their value is
greatly different from ours. For cobalt nanocrystals w
4.5-nm average diameter they found an anisotropy cons
twice that obtained for the bulk phase. Furthermore, by
terpolation of data given in Ref. 4, an anisotropy const
around 33106 to 3.53106 ergs/cm3 is deduced for 6-nm
nanocrystals. This value is the same order of magnitude
that deduced from the ZFC magnetization curve. TEM sho
that the nanocrystals are spherical, thus to a first approxi
tion shape anisotropy can be excluded.

At 3 K, the nanocrystals are ferromagnetic. The magn
zation curves are recorded for nanoparticles dispersed in
ane ~Fig. 2! and deposited on a graphite substrate~Fig. 3!.
When 0.01% volume fraction of nanocrystals is dispersed
hexane, the saturation magnetization,Ms , is not reached at 2
T but from extrapolation of the plot ofM /H versusH, Ms is
110 emu/g, which is significantly lower than the value
bulk fcc cobalt,Ms~bulk!5162 emu/g. The ratio of rema
nence to saturation magnetization is 0.25. The large dif
ence between the saturation magnetization of nanocrys
Ms , and that of the bulk phase,Ms~bulk!, is attributed to the
strong interactions between the carbonyl group of the coa
agent and the cobalt atoms at the particle surface. Thi
supported by the fact that adsorbed species on metal m
netic nanocrystals change the magnetization of the parti
through the quenching of the surface ato
contribution.23,24,27 This was calculated and observed f
small nickel and NiPt clusters (Ni38Pt6) coated by CO
ligands. Carbonyl ligands completely quench the magn
moments of the nickel atoms at the cluster surface, leav
the inner-core metal atoms unaffected.27

Magnetization curves for particles deposited on the s
strate and submitted to fields either parallel or perpendic
to the substrate surface are shown in Figs. 3~a! and 3~b!,
respectively. Figure 3 shows clearly the change in the sh
of the hysteresis loop with the orientation of the applied fie
relative to the substrate surface. When the field is paralle
the surface, the remanence to saturation magnetization
is 0.28 and the hysteresis loop is squarer than that co

- FIG. 2. Experimental hysteresis curve at 3 K for the partic
dispersed in the solvent~0.01% in volume in hexane!. The inset
shows the behavior at high field up to 2 T.
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sponding to the particles dispersed in solution. Convers
when the field is perpendicular to the surface, the hyster
loop is smoother than that corresponding to the disper
particles and the remanence to saturation magnetization
is 0.21. For the two orientations of the field, saturation
reached at 2 T, and the saturation magnetization valueMs is
110 emu/g. Moreover, the coercive fieldHco has the same
value in all cases,Hco50.07 T.

III. NUMERICAL CALCULATIONS

The purpose of the numerical calculations is to exam
the influence on the magnetization curves of the dipolar m
netostatic interactions between the cobalt nanocrystals.
magnetization in the direction of the applied field is calc
lated. The monolayer is modeled by an assembly of sphe
particles with uniaxial anisotropy, located at the sites~la-
beled k! of a perfect two-dimensional lattice with either
hexagonal or square structure. The surface plane is the (x̂,ŷ)
plane, the normal to the surface is theẑ axis, and the applied
field is either normal or parallel to the surface plane.
thermal effect is included since we focus on the very l
temperature limit~3 K! of the hysteresis loop. To simplify,
monodisperse system is considered~the dispersion in the size
distribution, which is evaluated at 11% in the experimen
samples, is neglected!. Since on the one hand the system w
frozen at zero field, and on the other hand the particles
hibit a superparamagnetic behavior at the freezing temp
ture of the solvent~230 K!, the easy axes,n̂k , are randomly
distributed over a unit sphere. This model enables switch
the interaction: this noninteracting system corresponds to
particles dispersed in the solvent at vanishing concentrat

FIG. 3. Experimental hysteresis curves at 3 K for the partic
deposited on the graphite substrate~HOPG!. The inset shows the
saturation behavior at high field up to 2 T.~a! applied field paral-
lel to the surface;~b! applied field normal to the surface.
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For the monolayer the interaction must be taken into
count. The particles are modeled as Stoner-Wohlfa
particles21,22 characterized by an anisotropy constantK, a
bulk saturation magnetizationMs , and a volume v0
5(p/6)D3, whereD is the particle diameter. The only inter
action between the particles is the classical dipolar inter
tion. Therefore, the energy of a particle located at sitek is
given by

Ek52Kv0~ n̂k•mk!
22Heff~k!•m̂k , ~1!

where Heff(k) and mk5Msv0m̂k are the effective magnetic
field felt by the particle and the magnetic moment of t
particle, respectively. Here and in the following, circum
flexes denote unit vectors. For symmetry reasons,21,22 the
equilibrium position of the moment belongs to the plane d
fined by the unit vectorsn̂k and Ĥeff(k) and Eq.~1! can be
rewritten

Ek52Kv0~ n̂k•m̂k!
22Heff~k!•mk cos~ck2uk!, ~2!

whereCk andQk are the angles@ n̂k ,Ĥeff(k)# and (n̂k ,m̂k),
respectively. The effective magnetic field at sitek is the sum
of the applied field,Ha and the total dipolar field:

Heff~k!5Ha1
m

d3 (
j Þk

3~m̂ j• r̂ jk! r̂ jk2m̂ j

~r jk /d!3

[Ha1
m

d3 (
j Þk

hdip~ jk !, ~3!

wherer̂ jk is the unit vector in the direction joining particle
j and k, and d is the nearest-neighbor distance. For conv
nience we introduce reduced fields

Heff~k!5HKS ha1ad(
j Þk

hdip~ jk ! D[HK@heff~k!#, ~4!

where HK5(2Kv0 /m)5(2K/Ms) is the usual anisotropy
field, hdip( j ,k) is defined by Eq.~3!, and the coupling con-
stantad is given by

ad5
p

12

MS
2

K
~D/d!3. ~5!

The configuration of the magnetic moment orientatio
$m̂k% is determined from the minimization of the total ener
of the system. This is done first by settingm̂k in the plane
defined byĥeff(k) andn̂k , and then by determining the ang
Qk from the local equilibrium condition21,22

]Ek

]Qk
50,

]2Ek

]Qk
2 .0. ~6!

According to the value of the effective field and to the ch
acteristics of the Stoner-Wohlfarth particle at sitek, this
leads either to one or two solutions,Q (u) and Q (d) corre-
sponding to the ‘‘up’’ and ‘‘down’’ states, respectively. I
other words, the local magnetization at sitek in the direction
of the effective magnetic fieldheff(k) follows the hysteresis
loop of the corresponding Stoner-Wohlfarth particle. Th
energy minimization leads to metastable equilibrium sta
since we do not consider thermal activation. As a result, e

s
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particle may be found in either the up or the down sta
according to the value of the effective field and the history
the system~i.e., the complete set of consecutive configu
tions of the system driven by the applied field!. This method
is equivalent to obtaining the infinite time limit of the mo
ments from the Landau-Lifshitz-Gilbert equation28 in the
large damping limit. This is currently used for the calculati
of hysteresis loops.29–31 Similarly, in their Monte Carlo
simulation of the hysteresis loop, Andersonet al.12 impose
that the moments of the particles stay in the direction of o
of the minima.

Due to the long-range character of dipolar fields@Eq. ~3!#,
a large number of sites have to be taken into account in
calculation. For this, and in order to limit the computati
time, the description is simplified by taking into account,
each site k, only the contribution to the dipolar field
hdip( j ,k) due to the component in the direction of the appli
field ha of the momentmj . When the applied field is norma
to the surface plane, this is equivalent to considering only
contribution in the direction of the applied field of the tot
dipolar field. When the applied field is in the surface pla
say in thex̂ direction, the contribution to the dipolar field
hdip( j ,k), due to theŷ component of the momentsmj is also
neglected. This approximation is justified by the angular
pendence of the dipolar field and by the symmetries of
system~a well-ordered lattice and randomly distributed ea
axes!. A second justification of our approximation is that w
focus on the sum of the local magnetizations in the direct
of the applied field,

M ~ha!5
1

Ns
(

k
m̂k•ĥa[

1

Ns
(

k
mk , ~7!

which is a property averaged over all the sites. This does
mean that all the moments are either parallel or antipara
to the applied field, but only that the net result of the con
butions to the total dipolar field of the components norma
the applied field of the moments vanishes. Therefore, c
cerning the orientations of the magnetic moments, we
beyond the dipolar Ising model introduced in Ref. 18, wh
mk561. As we shall see, this allows us to treat a lar
number of sites avoiding the introduction of a cuto
radius.12,13

In the framework of this model, the effective field is in th
direction of the applied field,heff(k)5heff(k)ĥa , and as a re-
sult the anglesCk take constant values when the magnitu
of the applied field varies. Thus, each lattice site is char
terized by a scalar variable,mk5mk(m̂k•ĥa), depending on
the magnitude of the effective field,heff(k). Therefore, we
have

mk~wk!5cos~Qk„heff~k!,Ck ,wk…!, ~8a!

heff~k!5ha2ad(
j Þk

mj

~r jk /d!3 for ĥa5 ẑ, ~8b!

heff~k!5ha1ad(
j Þk

3mj~xjk
2 21!

~r jk /d!3 for ĥa5 x̂, ~8c!

where Qk is determined from Eq.~6! and the variablewk
describes the state of the particle (wk511 or 21 for the up
,
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and down states, respectively!. The calculation is performed
on a grid includingNs sites. The long-range character of th
dipolar field is accounted for by considering eight neighb
ing grids deduced from the original one by periodicity.

In order to reduce the computing time, the solutions
Eq. ~6!, which involves a Newton-Raphson routine, are n
calculated each time. Instead, first we discretize the varia
C by considering a finite number,NC of values ofC. For
each of these, Eq.~6! is solved once for a set of values of th
field $hn51,Nh%. This set of values depends strongly on t
corresponding value ofC as it takes into account the discon
tinuities of the solutionsQ (u,d)(h) of Eq. ~6! at the critical
fields 6hc(C). Typically, we useNC>10 and Nh>40.
Then,Q (u,d)

„heff(k)… is obtained by an interpolation from th
array of calculated values,Q (u,d)(hn ,C i) up to second order
in the derivation@heff(k)2hn#.

Two different numerical schemes have been conside
corresponding to two different starting configurations of t
moments.

~i! A totally saturated state, wheremk511 for all k, is
the starting point. Thus the component of the dipolar field
the applied field direction takes the same value on all
sites. For an infinite lattice we have

(
j Þk

hdip~ jk !52(
j Þk

1

~r jk /d!3 52Sz for ĥa5 ẑ

and

mk51, ;k, ~9a!

(
j Þk

hdip~ jk !52(
j Þk

123~xjk
2 !

~r jk /d!3 5 1
2 Sz for ĥa5 x̂

and

mk51, ;k, ~9b!

with Sz59.033 62 and 11.034 17 for the square and the h
agonal lattice, respectively. The second equality in Eq.~9b!
follows from the symmetry of the lattices that are cons
ered. Then the magnitude of the applied field decreases
the sites are examined in a random order, and the co
spondingmk values are determined by Eqs.~8!. After each
variation of the value of a projected moment, saymko at site
ko , the dipolar fields at all the siteskÞko are updated. The
process is performed iteratively until the maximum deviati
of the mk from their equilibrium value is less than a thres
old value,«51023. Finally the total magnetization per site
normalized by the saturation magnetizationMs in terms of
the applied field, is determined according to Eq.~7!.

~ii ! Starting from a totally demagnetized state makes
possible to determine the first magnetization curve. In t
case, the starting point is obtained by choosing rando
one-half of theNs sites which are set in the ‘‘down’’ state
the other ones being in the ‘‘up’’ state. The initial values
both the total dipolar field and ofmk at each site are zero
The first point, corresponding toHa50, is obtained by itera-
tively calculating the values of the total dipolar field and
the magnetizationmk in a self-consistent way as outline
above. After the determination of the configuration cor
sponding toHa50 and M (Ha50)50, the procedure out-
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lined above is followed while the applied field increases
reach the totally saturated state,M (Ha)51.0. Then, the total
cycle is calculated. From this second scheme, beside the
termination of the first magnetization curve, we can comp
the hysteresis loop when some of the lattice sites are u
cupied, since then Eqs.~9! do not hold as the starting poin
This corresponds to the case of a nonperfect monolaye
particles~as shown on Fig. 1!.

IV. RESULTS AND DISCUSSION

A. Results of the model

The parameters needed to deduce the value of the
pling constantad involved in the calculation are the chara
teristics of the nanocrystal material, namely the anisotro
constantK, the saturation magnetizationMs , the particle di-
ameterD, and the nearest-neighbor distanced. In the first
step the expected range of variation ofad is determined for a
monolayer of spherical cobalt particles. The maximum va
of ad is obtained by using the characteristic of cobalt f
bulk material. The anisotropy constant and the satura
magnetization are 2.53106 ergs/cm3 and 162 emu/g, respec
tively. This leads toad50.2118(D/d)3. For our system, the
average size,D, is in the range 5–7 nm and the correspon
ing nearest-neighbor distance,d, is in the range 7–9 nm
Then the calculatedad is in between 0.075 and 0.10. Henc
the maximum value for the coupling constant of the mon
layer made of coated cobalt nanocrystals isad'0.10. Thus
calculations have been performed forad between 0.03 and
0.10.

All the calculations are performed withNs52500 sites,
NC512, andNh543. TheseNC andNh values are sufficien
to obtain very accurate results from the interpolation sche
The hysteresis loops corresponding toad50.10 and the two
orientations of the applied field are shown in Figs. 4~a! and

FIG. 4. Calculated hysteresis curves for the hexagonal la
ce. ~a! ad50.10 and the applied field is parallel to the surface;~b!
ad50.10 and the applied field is normal to the surface;~c! nonin-
teracting particles (ad50), corresponding to the disperesd particl
at vanishing concentration.
e-
e
c-

of

u-

y

e

n

-

-

e.

4~b!. The noninteracting case,ad50, corresponding to dis-
persed particles is also shown@Fig. 4~c!#. At a qualitative
level, the hysteresis loop is sharper than that correspon
to the isolated particles (ad50) when the applied field is
parallel to the surface. Conversely, it is smoother and til
when the applied field is normal to the surface. The nan
rystals are not close enough to reach a coercivity due
dipolar interactions alone. The hysteresis loops calculated
the square and the hexagonal lattices with the same valu
ad are very close. Therefore, the lattice structure has a n
ligible effect on the magnitude of the deviation of the ma
netization due to dipolar interactions. The coupling const
ad ~and thus the packing fraction of the monolayer! appears
to be the major parameter for this deviation.

In order to take into account the presence of vacanc
observed in the experimental samples, calculations are
formed by introducing a fraction,f d , in the lattice of unoc-
cupied sites chosen randomly. Thef d effect ~for f d<0.40) is
very well reproduced by introducting an effective couplin
constant given by

aeff5ad~12 f d
x! with x51.15. ~10!

In other words, the hysteresis loop corresponding to a gi
ad value and f dÞ0 coincides with that corresponding t
ad5aeff(ad ,fd) and f d50. Thus, at least for smallf d values,
the presence of vacancies in the experimental samples
be taken into account by reducing the coupling constantad .
A crude estimation of the effect off d when f d→0 can be
obtained by considering that the unoccupied sites are
formly distributed and form a sublattice. The lattice spaci
of this sublattice of unoccupied sites isdu5d/ f d

1/2. Follow-
ing a mean-field-like reasoning, we assume that all the oc
pied sites are equivalent~i.e., are characterized by the sam
value of the projected moment in the direction of the fie
mk). Then, on a given sitek, the sum of all the dipolar fields
due to the occupied sites,j Þk, is the sum of all the dipolar
fields due to the momentsmk located on all the sites from
which one subtracts the sum of the dipolar fields due to
momentsmk located on the sites of the sublattice of unocc
pied sites. The sum of dipolar fields of equal-valued m
ments located on a regular two-dimensional lattice var
as (1/d)3}ad and therefore we get, whenf d→0, aeff

5ad@12(d/du)
3#5ad(12fd

3/2), which coincides with Eq.~10!
with x5 3

2 .
In order to estimate quantitatively the effect of the dipo

interactions on the magnetization of the system, the re
nence magnetization when the applied field is either para
Mr

i , or normalMr
' , to the substrate is calculated in terms

the coupling constant,ad @Fig. 5~a!#. The ratiog5Mr
'/Mr

i

appears to be the relevant variable to test the magnitud
the dipolar interactions since it is expected to depend ma
on the value of the coupling constantad and not on the
hysteresis loop shape. The variation ofg with ad is shown in
Fig. 5~b!.

B. Comparison between the model and the experiments

The quantitative comparison between the model and
experimental data is presented in this section. Instead of
ing the parameter given for the bulk material, we use th

i-
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determined from the experiments. The anisotropy const
deduced from ZFC magnetization measurement, is
3106 ergs/cm3. As already discussed above, this value
similar to that of the bulk phase32,33and is the same order o
magnitude as that extrapolated to 6 nm from data obtai
by other groups.4 The saturation magnetization is also d
duced from magnetization curves (Ms5110 emu/g). This
value is low compared to that expected and is attributed
stated above, to a chemisorption process.

FIG. 5. ~a! Remanence magnetizationMr /Ms calculated in
terms ofad . The upper and lower curves correspond to the app
field parallel and normal to the surface, respectively. The lines
guides for easier visualization.~b! Ratiog5@Mr

'/Mr
i
# in terms of

ad .

FIG. 6. Calculated hysteresis on hexagonal lattices.~a! ad

50.03, applied field parallel to the surface;~b! ad50.03, applied
field normal to the surface;~c! ad50, case of isolated particles.
t,
.5

d

as

At the quantitative level, it is impossible to compare t
hysteresis loop deduced from the model to that obtained
perimentally. This is due to the fact that the shapes of th
two curves differ markedly, which is a result of the roug
approximation of the model. As a matter of fact, the appro
mation made by using an assembly of Stoner-Wohlfarth
volves one given spin orientation. With nanocrystals, b
cause of the surface spin canting, several spin orientat
occur. This induces an increase in the magnetization
above the hysteresis loop. As observed in Fig. 2, the sat
tion magnetization increases with the applied field. Satu
tion is reached at a rather large field. Conversely, the mo
predicts that a saturation magnetization is reached imm
ately. The measured coercive field (Hco'0.07 T) is very low
compared to that calculated (Hco50.252 T) for a saturation
magnetization of 110 emu/g. However, some quantitat
comparisons are made. The effective coupling constant,ad ,
is calculated taking into account the average diameter of
particle (D56 nm) and the nearest-neighbor distanced
58.5 nm). This leads to a coupling constantad of 0.035.
Assuming a fraction of vacancies of approximatelyf d
50.20, the effective coupling constant@Eq. ~10!# is 0.030.
The corresponding hysteresis curve is shown in Fig. 6. Fr
Fig. 5~b!, the ratio g, corresponding toad50.030, is g
'0.70. This calculated value is compared to that dedu
from the experimental measurements. As a matter of fact,
reduced remanences measured when the applied field is
pendicular and parallel to the substrate are 0.21 and 0
respectively. The experimental value ofg is then gexp

5Mr
'/Mr

i
50.7560.08. This value is in good agreement wi

that determined from the model (g50.70). It is important to
note that these reduced remanences (Mr

' and Mr
i ) are mea-

sured by using the same sample with the same satura
magnetization~it does not depend on the applied field orie
tation!. This suppresses errors in the saturation magnet
tion. The good agreement between experimental and theo
ical data enables us to conclude that the change in
hysteresis loops with the applied field orientation is due
dipolar interactions between nanocrystals. As mentioned
the model, at a fixedad value, no drastic changes are o
served with the lattice geometry. This leads to the conclus
that the change in the magnetization curves of nanocrys
either deposited on a substrate or dispersed in a matri
mainly due to the high ‘‘local’’ concentration of nanocrys
tals. On a substrate, the close vicinity of the magnetic m
ments favors collective magnetic dipole-dipole interactio
From experimental measurements and calculations, i
shown that the coercive field of nanocrystals deposited o
substrate does not markedly depend on the applied field
entation and is very close to that observed for isolated p
ticles. The very weak variation of the coercive field is due
the low coupling constant. Furthermore, the calculations l
to a linear behavior for@hco(ad)/hco(0)# with respect toad ,
with a slope close to21.5. This implies a deviation no
larger than 5% between the coercive field of the disper
and deposited particles, respectively. The order of magnit
obtained from the present calculations is comparable to th
given in Refs. 13 and 14, where three-dimensional syste
are considered. The fact thathco is independent of the field
orientation may be due in a large part to the random dis
bution of the easy axes.
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V. CONCLUSION

In this work, the hysteresis curve of two-dimensional se
organized monolayers of cobalt nanocrystals, determin
both experimentally and theoretically, is presented. A chan
in the shape of the hysteresis loop with the applied fie
orientation relative to the sample surface is observed. T
model used for the numerical calculations is to be understo
as a minimum model, which nevertheless includes the n
essary elements for the investigation of the dipolar inter
tions. The approximations make it possible to include a la
number of sites in the calculation of the dipolar field. This
necessary because of the long-range character of the dip
dipole interaction: in a 2D system, the sum of the dipo
fields behaves as 1/N1/2, whereN is the total number of sites
B
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d
e

d
e
d

c-
-
e

le-
r

taken into account. From the calculated hysteresis loops
conclude that the difference between the hysteresis cu
measured with an applied field parallel or normal to t
sample surface is mainly due to the dipolar interactions
tween particles. This is a direct consequence of the rand
distribution of the easy axes of the particles and this is
important feature of our system. Furthermore, we conclu
that the precise structure of the lattice is likely to play only
negligible role. The comparison between the experimen
and the numerical results can be done through the ratiog of
the remanence magnetization, as measured with the ap
field normal and parallel to the sample surface, respectiv
For g we obtain satisfactory agreement between the ca
lated and the experimental results.
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