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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 agitp80D0O). The par-
ticles are either dispersed in hexaigensidered as randomly distribujeat 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.

[. INTRODUCTION curves corresponding to the applied field normal and parallel
to the surface is mainly determined by the degree of orien-
There is growing interest, both theoretical and experimentation of the magnetic anisotropy. A two-dimensional ran-
tal, in nanosized magnetic particle&or ferromagnetic ma- dom field Ising modef including dipolar interactions,
terials, different methods are now available to synthesiz&dapted to this kind of situation, has been developed. An
nanosized Co particles, which are then monodomain maghcrease in the dipolar interactions when the field is normal
netic particle$® It is moreover possible to obtain coated Co t0 the surface leads to a filt of the hysteresis Lfgnp and a
particles, which can be either dispersed in a solvent or dedecrease in the remanence magnetization. Recentlye
posited on a substraté When the particles are deposited on Magnetic properties of Co bilayer islands deposited on a
a substrate, self-organized monolayers having a hexagon (111? surface have been studied bOth exp_erlmentally and
structure with more or less large domains free of vacancie eoret|call'y. In th? lattter case, the particles interact throggh
can be obtained? exchange interactions which behave conversely to the dipo-

. . . . lar interactions, when the applied field is normal to the sur-
There are still points that are not clear in the magnetiG, . .+ |east in high applied field situations

properties of such particlesj whethe_r thes_e are dispersed in In this paper, we focus on the dipolar interactions between
the solvent or assembled in two-dimensional monolayers,,payt nanocrystals, characterized by a random distribution
One must distinguish the properties depending on the atomigs e easy axes and deposited on graphite. The hysteresis
scale.structure of the p_aru@l;érom those mvoI_vmg the in-100p at very low temperaturé8 K) is investigated both ex-
teractions between particlés:® For coated particles, the dis- perimentally and theoretically. Cobalt nanoparticles are syn-
tance of closest approach between particles is expected to Besized by using the reverse micelle technigfudsom
large enough for the interactions to have mainly a magnetowhich coated cobalt nanocrystals with 6-nm average diam-
static character. Then the comparison of the magnetic progeter are obtainetl®> The magnetization curves for the par-
erties of particles dispersed in the solvent to those of particles dispersed in a solvent or deposited on the graphite
ticles deposited on a substrate provides a relevant method feubstrate are measured. In the latter case, the orientation of
estimating the magnitude of magnetostatic interactions bethe external field with respect to the substrate surface plays
tween particles. an important role. Hence, the comparison of the hysteresis
Numerical simulations of the influence of the dipolar in- loop recorded with the field either parallel or normal to the
teractions between ferromagnetic particles on the magnetisubstrate leads to an estimation of the effect of the dipolar
properties have been perform&d!* These simulations con- interactions. Computations are made using a simple model
cern homogeneous and isotropic three-dimensional dispeincluding the elements required to determine the hysteresis
sions of ferromagnetic and spherical particles, with randomlyoop by taking into account the dipolar interactions between
distributed easy axes. The dipolar interactions have been gbarticles. The particles are modeled as Stoner-Wohlfarth
ready investigated through the magnetization curves for thiparticle$'?2 and an important simplification is made: only
films including ferromagnetic particles such as CdRefs.  the component parallel to the applied field of the total dipolar
15 and 16 or CoCrPt(Ref. 17 films, where the magnetic field is taken into account. This enables us to include a large
anisotropy is strongly oriented in the direction normal to thenumber of sites in the calculation of the long-range dipolar
film surface. The difference between the magnetizatiorfield. The ratio of the remanence magnetization correspond-
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FIG. 1. TEM pattern of cobalt nanoparticles at different magni-  FIG. 2. Experimental hysteresis curve at 3 K for the particles
fications after deposition on amorphous carbon. dispersed in the solver(0.01% in volume in hexaneThe inset
shows the behavior at high field up to 2 T.
ing to the applied field normal and parallel to the surface, o o )
respectively, is found to be a relevant measure of the dipolaihe bulk phase. This is rather surprising. In fact, there is clear
interactions. Good agreement between the experimental artyidence in the literature that the anisotropy constant mark-

the calculated data is obtained. edly increases with decreasing particle $iz&° Klabunde
et al* determined the anisotropy constant for cobalt nanopar-
Il EXPERIMENTAL RESULTS ticles smgller than those described here and their value is not
greatly different from ours. For cobalt nanocrystals with
A. Synthesis and characterization of cobalt nanoparticles 4.5-nm average diameter they found an anisotropy constant

The synthesis of cobalt nanoparticles, using reverse mit-Wice th_at obtained f(_)r th? bulk phase. Fu.rthermore, by in-
celles (water in oil droplets as microreactor® has been terpolation of data given in Ref. 4,' an anisotropy constant
described in our previous papérsThese particles are ob- around 3<10° to 3.5% 10? ergs/cr is deduced for 6_-nm
tained by mixing two micellar solutions characterized by theNanocrystals. This value is the same order of magnitude as
same droplet diameter(3 nm): the first contains that deduced from the ZFC magnetlzanon curve. TEM shgws
102 M Co(AOT), [cobalt big2 ethyl-hexy) sulfosuccinate that the nanoqrystals are spherical, thus to a first approxima-
and the second 210" ?2M sodium tetrahydroboride tion shape anisotropy can be excluded. : :
(NaBH,). After mixing, the micellar solution remains opti- At 3 K, the nanocrystals are ferroma_gnet|c._ The magneti-
cally clear. Its color turns immediately from pink to black, zation curves are recorded for nanoparpcles d'Spersed in hex-
indicating formation of colloidal particles. The particles are ane (Fig. 2)0and deposned_ on a graphite sub_stréf_fug. 3 .
highly dispersed and no aggregation occurs. They are ex’ hen 0.01% volume fraction qf nqnocrystals is dispersed in
tracted from reverse micelles under anaerobic conditions b{€*@n€: the saturatlo_n magnetizatiby,, is not reached gt 2
covalent attachment of lauric acid and then redispersed i but from extrqpolgtloq Of. t_he plot a¥l/H versusH, M is
hexane. This chemical treatment highly improves the stabil- 10 emu/g, which is significantly lower than _the value of
ity of cobalt nanoparticles exposed to air. Nanoparticles havgu”( fee cobalt,l\_/ls(bulk)=1§2 e_mu/_g. The ratio of rema-
been characterized by x-ray diffraction and small-angle X_ra}pence fo saturation magnetization Is .0'2.5' The large differ-
scattering. From these analyses it is concluded that nanocryENce Pbetween the saturation magnetization of nanocrystals,
tals are sphericato a very good approximatiorand consist s and that of the bulk phast/(bulk), is attributed to the
of metallic fcc cobalf With these techniques, it has not been Srong interactions between the carbonyl group of the coating
possible to detect any external layers of cobalt derivatives. 29€nt and the cobalt atoms at the particle surface. This is

Deposition of a drop of solution on a carbon grid leads tosupported by the fact that adsorbed SPECIES on metal mag-
a large coverage of the substrate by the particiég. 1). netic nanocrystals chang_e the magnetization of the particles
Locally the nanocrystals are arranged in a hexagonal nefffough —the ~quenching of the surface atom
work: their average size is 5.8 nm and the dispersion in th&ontribution==-=*This was calculated and observed for
size distribution is about 11%. small nickel and NiPt clusters (B§Pt) coated by CO
ligands. Carbonyl ligands completely quench the magnetic
moments of the nickel atoms at the cluster surface, leaving
the inner-core metal atoms unaffectéd.

The zero-field-cooled and field-coolédFC/FO curves Magnetization curves for particles deposited on the sub-
are recorded with a field of 75 Oe. The FC curve shows atrate and submitted to fields either parallel or perpendicular
uniform decay, which confirms the superparamagnetic beto the substrate surface are shown in Fig&) Znd 3b),
havior at high temperature. The ZFC curve shows a prorespectively. Figure 3 shows clearly the change in the shape
nounced peak at 60 K at the blocking temperatiige,Using  of the hysteresis loop with the orientation of the applied field
the average particle volume determined by transmission elecelative to the substrate surface. When the field is parallel to
tron microscopy(TEM), the evaluated anisotropy constant is the surface, the remanence to saturation magnetization ratio
2.5x 1P erg/ent. This value is similar to that observed in is 0.28 and the hysteresis loop is squarer than that corre-

B. Magnetic properties of cobalt
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FIG. 3. Experimental hysteresis curves at 3 K for the particles
deposited on the graphite substré@e#OPG). The inset shows the
saturation behavior at high field up to 2 T(a) applied field paral-
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For the monolayer the interaction must be taken into ac-
count. The particles are modeled as Stoner-Wohlfarth
particle$>?? characterized by an anisotropy constata
bulk saturation magnetizatiorMg, and a volumeuy
= (m/6)D3, whereD is the particle diameter. The only inter-
action between the particles is the classical dipolar interac-
tion. Therefore, the energy of a particle located at kiis
given by

Ex=—Kovo(Ag: i) 2= Hen(K) - i, (1)

where Hg(K) and pwye=Mgvoixi are the effective magnetic
field felt by the particle and the magnetic moment of the
particle, respectively. Here and in the following, circum-
flexes denote unit vectors. For symmetry reasor$ the
equilibrium position of the moment belongs to the plane de-

fined by the unit vector$, and Fleﬁ(k) and Eq.(1) can be
rewritten

Ex=—Kvo(Ag: i) ?—He(K) - i COL = i), (2)

where¥, and ©, are the angledf, ,Hq(K)] and @y, i),
respectively. The effective magnetic field at dites the sum
of the applied fieldH, and the total dipolar field:

D By T fje—

M
Heﬁ(k)_Ha+a§j¢k (rjk/d)s

=Hat 2.3} hanl K, ®)
sponding to the particles dispersed in solution. Conversely, o ) ) S )
when the field is perpendicular to the surface, the hysteresigherefy is the unit vector in the direction joining particles
loop is smoother than that corresponding to the dispersel@ndk, andd is the nearest-neighbor distance. For conve-
particles and the remanence to saturation magnetization ratfjence we introduce reduced fields

is 0.21. For the two orientations of the field, saturation is
reached at 2 T, and the saturation magnetization vislyés
110 emu/g. Moreover, the coercive fidll, has the same
value in all casesH,=0.07T.

Hert(K) =Hy ha+adj§k haip(iK) | =Hk[he(K)1,  (4)

where Hy=(2Kvo/u)=(2K/My) is the usual anisotropy
field, hgip(j.K) is defined by Eq(3), and the coupling con-
lll. NUMERICAL CALCULATIONS stantay is given by

The purpose of the numerical calculations is to examine ™ Mg 3
the influence on the magnetization curves of the dipolar mag- Xd= 7o ?(D/d) : ®)
netostatic interactions between the cobalt nanocrystals. The
magnetization in the direction of the applied field is calcu- The configuration of the magnetic moment orientations
lated. The monolayer is modeled by an assembly of sphericdli,} is determined from the minimization of the total energy
particles with uniaxial anis_otropy, Iocateq at the si_(@ of the system. This is done first by settigg in the plane
beledk) of a perfect two-dimensional lattice with either a gefined byh.q(k) andfy, and then by determining the angle

hexagonal or square structure. The surface plane isiti¢ (@, from the local equilibrium conditiot?2
plane, the normal to the surface is thaxis, and the applied

field is either normal or parallel to the surface plane. No JE 9y

thermal effect is included since we focus on the very low =O, S92 (6)
temperature limit3 K) of the hysteresis loop. To simplify, a k

monodisperse system is conside(dt dispersion in the size According to the value of the effective field and to the char-
distribution, which is evaluated at 11% in the experimentalacteristics of the Stoner-Wobhlfarth particle at ske this
samples, is neglectgdSince on the one hand the system wasleads either to one or two solution®") and ®(® corre-
frozen at zero field, and on the other hand the particles exsponding to the “up” and “down” states, respectively. In
hibit a superparamagnetic behavior at the freezing temperather words, the local magnetization at dite the direction
ture of the solven{230 K), the easy axes),, are randomly of the effective magnetic fielti;+(k) follows the hysteresis
distributed over a unit sphere. This model enables switchingpop of the corresponding Stoner-Wohlfarth particle. This
the interaction: this noninteracting system corresponds to thenergy minimization leads to metastable equilibrium states,
particles dispersed in the solvent at vanishing concentratiorsince we do not consider thermal activation. As a result, each
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particle may be found in either the up or the down stateand down states, respectiveliffhe calculation is performed
according to the value of the effective field and the history ofon a grid includingN, sites. The long-range character of the
the system(i.e., the complete set of consecutive configura-dipolar field is accounted for by considering eight neighbor-
tions of the system driven by the applied fieldhis method ing grids deduced from the original one by periodicity.
is equivalent to obtaining the infinite time limit of the mo-  In order to reduce the computing time, the solutions of
ments from the Landau-Lifshitz-Gilbert equatfnin the  Eq. (6), which involves a Newton-Raphson routine, are not
large damping limit. This is currently used for the calculationcalculated each time. Instead, first we discretize the variable
of hysteresis loop&’~3' Similarly, in their Monte Carlo W by considering a finite numbeNy, of values of¥. For
simulation of the hysteresis loop, Andersenall? impose each of these, E@6) is solved once for a set of values of the
that the moments of the particles stay in the direction of ondield {h,_; y}. This set of values depends strongly on the
of the minima. corresponding value o¥ as it takes into account the discon-
Due to the long-range character of dipolar figlls|. (3)], tinuities of the solution® “9(h) of Eq. (6) at the critical
a large number of sites have to be taken into account in thifelds +h (¥). Typically, we useNy=10 and N,=40.
calculation. For this, and in order to limit the computation Then,® (9 (h«(Kk)) is obtained by an interpolation from the
time, the description is simplified by taking into account, atarray of calculated value®(?(h,,,¥,) up to second order
each sitek, only the contribution to the dipolar fields in the derivation heq(k)—h,].
hip(j, k) due to the component in the direction of the applied  Two different numerical schemes have been considered,

field h, of the momentu; . When the applied field is normal corresponding to two different starting configurations of the
to the surface plane, this is equivalent to considering only thenoments.

contribution in the direction of the applied field of the total (i) A totally saturated state, whera,=+1 for all k, is
dipolar field. When the applied field is in the surface planeithe starting point. Thus the component of the dipolar field in
say in theX direction, the contribution to the dipolar field, the applied field direction takes the same value on all the
haip(j k), due to they component of the momengs; is also  sjtes. For an infinite lattice we have

neglected. This approximation is justified by the angular de-

pendence of the dipolar field and by the symmetries of the ) 1 PO

system(a well-ordered lattice and randomly distributed easy ;k haip(jk) = _;k (1 /d)? =-S5, for h,=2

axes. A second justification of our approximation is that we

focus on the sum of the local magnetizations in the directiorand

of the applied field,

mk:]., Vk, (ga)
M(h,) - > iuch : > (7) 2
= Mk Ng= T~ My, 1—-3(x; .
TN T NG 1K=~ 3, T 55, for F=
Zk 7k (rjc/d)

which is a property averaged over all the sites. This does not
mean that all the moments are either parallel or antiparalleand
to the applied field, but only that the net result of the contri-
butions to the total dipolar field of the components normal to me=1, VK, (9b)

the "?‘pp"f]d field of the moments vanishes. Therefore, Cong., 5 _ 903362 and 11.034 17 for the square and the hex-
cerning the orientations of the magnetic moments, we : , L
beyong the dipolar Ising model introguced in Ref. 18, whe?e%gonal lattice, respectively. The secor_ld equality in () .

_ 41 As we shall see. this allows us to treat a lar eollows from the symmetry of the Iatt!ces.that are consid-
M : . S . . 9€ered. Then the magnitude of the applied field decreases, all
p:dni"ubselh?f sites avoiding the introduction of a cuitoff the sites are examined in a random order, and the corre-

. In t_he framework gf thi_s model, the effeActive field is in the \S;gﬁgg:)nngg}kﬂ\::lcgilgrgf ge;?éggggg rtr%rlrigﬁz ::;:;tegig
direction of the applied fieldpeii(k)=hei(K)hs, and as are- ' the dipolar fields at all the sitds%k, are updated. The
sult the anglesP', take constant values when the magnitudepgcess is performed iteratively until the maximum deviation
of the applied field varies. Thus, eachAIattlce site is characyf the m, from their equilibrium value is less than a thresh-
terized by a scalar variableg,= u, (k- h,), depending on  old value,e =10 2. Finally the total magnetization per site,
the magnitude of the effective fielty(k). Therefore, we normalized by the saturation magnetizatigh, in terms of
have the applied field, is determined according to Eg.

(ii) Starting from a totally demagnetized state makes it
My (i) = oY O (hei(K), ¥, 1)), (83  possible to determine the first magnetization curve. In this
m case, the starting point is obtained by choosing randomly
—h j L5 one-half of theN sites which are set in the “down” state,
hei()=ha~ a2, (ry/d)® for h.=2, (8b) the other ones being in the “up” state. The initial values of
both the total dipolar field and ahy at each site are zero.
3mj(szk— 1) . The first point, corresponding td,=0, is obtained by itera-
Ner(k) =ha+ adEk Trdd® for ha=%, (80) tively calculating the values of the total dipolar field and of
I Ik the magnetizatiorm, in a self-consistent way as outlined
where O, is determined from Eq(6) and the variablep, = above. After the determination of the configuration corre-
describes the state of the particle,& +1 or —1 for the up  sponding toH,=0 andM(H,=0)=0, the procedure out-

J#k
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M 4(b). The noninteracting case,y=0, corresponding to dis-

0.5t /(/ persed particles is also showWRig. 4(c)]. At a qualitative

0 ! level, the hysteresis loop is sharper than that corresponding
/L to the isolated particlesa(j=0) when the applied field is

0.5 parallel to the surface. Conversely, it is smoother and tilted
when the applied field is normal to the surface. The nanoc-

B rystals are not close enough to reach a coercivity due to

w O3F dipolar interactions alone. The hysteresis loops calculated for

2 0 the square and the hexagonal lattices with the same value of
p=

ligible effect on the magnitude of the deviation of the mag-
netization due to dipolar interactions. The coupling constant

C 7/ aq4 (and thus the packing fraction of the monolgyappears

05 / aq are very close. Therefore, the lattice structure has a neg-

to be the major parameter for this deviation.

In order to take into account the presence of vacancies
o5k observed in the experimental samples, calculations are per-
formed by introducing a fractiorf,y, in the lattice of unoc-
cupied sites chosen randomly. Theeffect(for f3=<0.40) is
very well reproduced by introducting an effective coupling
h constant given by

FIG. 4. Calculated hysteresis curves for the hexagonal latti-
ce. (a) ay=0.10 and the applied field is parallel to the surfa?; aep=ag(1—fy) with x=1.15. (10
ay=0.10 and the applied field is normal to the surfa@;nonin-
teracting particlesq4=0), corresponding to the disperesd particles In other words, the hysteresis loop corresponding to a given
at vanishing concentration. ay value andfy#0 coincides with that corresponding to
ag= aen(ay,fg) andfy=0. Thus, at least for smally values,
lined above is followed while the applied field increases tothe presence of vacancies in the experimental samples will
reach the totally saturated staké(H,)=1.0. Then, the total be taken into account by reducing the coupling constgnt
cycle is calculated. From this second scheme, beside the dé- crude estimation of the effect df; whenf,—0 can be
termination of the first magnetization curve, we can computebtained by considering that the unoccupied sites are uni-
the hysteresis loop when some of the lattice sites are unodermly distributed and form a sublattice. The lattice spacing
cupied, since then Eq$9) do not hold as the starting point. of this sublattice of unoccupied sitesdg=d/f%?. Follow-
This corresponds to the case of a nonperfect monolayer ghg a mean-field-like reasoning, we assume that all the occu-

particles(as shown on Fig. )1 pied sites are equivalefite., are characterized by the same
value of the projected moment in the direction of the field,
IV. RESULTS AND DISCUSSION m,). Then, on a given sitk, the sum of all the dipolar fields

due to the occupied sitep#K, is the sum of all the dipolar
fields due to the moments, located on all the sites from
The parameters needed to deduce the value of the cowhich one subtracts the sum of the dipolar fields due to the
pling constantyy involved in the calculation are the charac- momentsm, located on the sites of the sublattice of unoccu-
teristics of the nanocrystal material, namely the anisotropyied sites. The sum of dipolar fields of equal-valued mo-
constant, the saturation magnetizatiovig, the particle di- ments located on a regular two-dimensional lattice varies
ameterD, and the nearest-neighbor distariteln the first as (18)3xay and therefore we get, whefiz—0, aq
step the expected range of variationagfis determined fora =g [1—(d/d,)®]=ay(1—f3?), which coincides with Eq(10)
monolayer of spherical cobalt particles. The maximum valugyith x= 3.
of ay is obtained by using the characteristic of cobalt fcc |n order to estimate quantitatively the effect of the dipolar
bulk material. The anisotropy constant and the saturatiointeractions on the magnetization of the system, the rema-
magnetization are 2%610° ergs/cni and 162 emu/g, respec- nence magnetization when the applied field is either parallel,
tively. This leads taxy=0.21180/d)°. For our system, the M!, or normalM+ , to the substrate is calculated in terms of
average sizeD, is in the range 5-7 nm and the correspond-the coupling constanigy [Fig. 5@]. The ratioy=M>/M!
ing nearest-neighbor distanc, is in the range 7-9 nm. appears to be the relevant variable to test the magnitude of
Then the calculated is in between 0.075 and 0.10. Hence, the dipolar interactions since it is expected to depend mainly
the maximum value for the coupling constant of the mono-oy the value of the coupling constant and not on the

layer made of coated cobalt nanocrystalgjs=0.10. Thus  pysteresis loop shape. The variatiomofiith e is shown in
calculations have been performed feg between 0.03 and Fig. 5(b).

0.10.

All the calculations are performed witNg=2500 sites,
Ny =12, andN,,=43. TheseNy, andN,, values are sufficient
to obtain very accurate results from the interpolation scheme. The quantitative comparison between the model and the
The hysteresis loops correspondingatg=0.10 and the two experimental data is presented in this section. Instead of us-
orientations of the applied field are shown in Fig&4nd  ing the parameter given for the bulk material, we use those

A. Results of the model

B. Comparison between the model and the experiments
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At the quantitative level, it is impossible to compare the

0.8~ A hysteresis loop deduced from the model to that obtained ex-
perimentally. This is due to the fact that the shapes of these
g"’ 0.6 - two curves differ markedly, which is a result of the rough
T approximation of the model. As a matter of fact, the approxi-
= 04l mation made by using an assembly of Stoner-Wohlfarth in-
volves one given spin orientation. With nanocrystals, be-
02} cause of the surface spin canting, several spin orientations
occur. This induces an increase in the magnetization far
B above the hysteresis loop. As observed in Fig. 2, the satura-
1 tion magnetization increases with the applied field. Satura-
= ozl tion is reached at a rather large field. Conversely, the model
; predicts that a saturation magnetization is reached immedi-
06l ately. The measured coercive field {;~0.07 T) is very low
compared to that calculatedH(,=0.252 T) for a saturation
0.4 magnetization of 110 emu/g. However, some quantitative
oLy comparisons are made. The effective coupling constapnt,

is calculated taking into account the average diameter of the
004 008 012 particle ©=6 nm) and the nearest-neighbor distanck (
od =8.5nm). This leads to a coupling constapt of 0.035.
Assuming a fraction of vacancies of approximatefy
FIG. 5. (3 Remanence magnetizatiod, /M calculated in = 0.20, the effective coupling constafiq. (10)] is 0.030.
terms ofay. The upper and lower curves correspond to the appliedThe corresponding hysteresis curve is shown in Fig. 6. From
field parallel and normal to the surface, respectively. The lines aréig. 5b), the ratio y, corresponding toaq=0.030, isy
guides for easier visualization.(b) Ratio y=[M;/M!] in terms of ~ ~0.70. This calculated value is compared to that deduced
aq. from the experimental measurements. As a matter of fact, the
reduced remanences measured when the applied field is per-
nstanp'endicular and parallel to the substrate are 0.21 and 0.28,

deduced from ZFC magnetization measurement, is Z'gespectively. The experimental value of is then y*®

x10° ergs/cm. As already discussed above, this value is—Mr/M;=0.75+0.08. This value is in good agreement with
similar to that of the bulk pha&®and is the same order of that determined from the mode}y€0.70). Itis hmportant to
magnitude as that extrapolated to 6 nm from data obtaineB°t€ that the_se reduced remanend\# (andM;) are mea- )
by other groupé. The saturation magnetization is also de-Suréd by using the same sample with the same saturation
duced from magnetization curvedM(=110emu/g). This magnetizatior(it does not depend on the applied field orien-
value is low compared to that expected and is attributed,

a@tion). This suppresses errors in the saturation magnetiza-
stated above, to a chemisorption process. tion. The good agreement between experimental and theoret-

ical data enables us to conclude that the change in the
hysteresis loops with the applied field orientation is due to
' ( dipolar interactions between nanocrystals. As mentioned in

=

determined from the experiments. The anisotropy co

0.5¢ the model, at a fixedvy value, no drastic changes are ob-
0 served with the lattice geometry. This leads to the conclusion
that the change in the magnetization curves of nanocrystals
0.5F either deposited on a substrate or dispersed in a matrix is
mainly due to the high “local” concentration of nanocrys-
B tals. On a substrate, the close vicinity of the magnetic mo-
0.5 ments favors collective magnetic dipole-dipole interactions.

From experimental measurements and calculations, it is
shown that the coercive field of nanocrystals deposited on a
substrate does not markedly depend on the applied field ori-
entation and is very close to that observed for isolated par-

M/Mg

05l ticles. The very weak variation of the coercive field is due to
the low coupling constant. Furthermore, the calculations lead
0 to a linear behavior fofh.(aq)/hs(0)] with respect tary,
0.5} with a slope close to-1.5. This implies a deviation not
larger than 5% between the coercive field of the dispersed
2 1 0 1 2 and deposited particles, respectively. The order of magnitude

obtained from the present calculations is comparable to those
given in Refs. 13 and 14, where three-dimensional systems

FIG. 6. Calculated hysteresis on hexagonal latticda) aq are considered. The fact thhg, is independent of the field
=0.03, applied field parallel to the surfad®) «y=0.03, applied orientation may be due in a large part to the random distri-
field normal to the surfacdr) ay=0, case of isolated particles.  bution of the easy axes.
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V. CONCLUSION taken into account. From the calculated hysteresis loops, we
In this work, the hysteresis curve of two-dimensional Sehc_conclude that the difference between the hysteresis curves

organized monolayers of cobalt nanocrystals, determine[zpeasunad with an apphed field paraI.IeI or_normall to the
both experimentally and theoretically, is presented. A changg@MPle surface is mainly due to the dipolar interactions be-
in the shape of the hysteresis loop with the applied fie|0tvyegn pgrtlcles. This is a direct consequence of the.ra.ndom
orientation relative to the sample surface is observed. Theistribution of the easy axes of the particles and this is an
model used for the numerical calculations is to be understoobinPortant feature of our system. Furthermore, we conclude
as a minimum model, which nevertheless includes the nedhat the precise structure of the lattice is likely to play only a
essary elements for the investigation of the dipolar interachegligible role. The comparison between the experimental
tions. The approximations make it possible to include a larg&nd the numerical results can be done through the ratib
number of sites in the calculation of the dipolar field. This isthe remanence magnetization, as measured with the applied
necessary because of the long-range character of the dipolfield normal and parallel to the sample surface, respectively.
dipole interaction: in a 2D system, the sum of the dipolarFor v we obtain satisfactory agreement between the calcu-
fields behaves as N2 whereN is the total number of sites lated and the experimental results.
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