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Analysis of the magnetic properties of core-shell iron oxide nanoparticles
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We report on the magnetization of core-shells nanoparticles. Magnetic nanoparticles (MNPs) with a core of magnetite of 13 nm diameter
covered with a shell of dopamine (1.1 nm thickness) are studied through vibrating sample magnetometer (VSM), Monte Carlo (MC) computer
simulations, and using an analytical model. All parameters involved in the theoretical analysis are experimentally determined, namely,
the magnetic moment, temperature, magnetic field, core diameter, shell thickness, magnetic anisotropy, and particle concentration. The
dependence of the magnetization with the magnetic field obtained through VSM and MC shows a 1% discrepancy in the magnetic saturation
and up to 40% in the initial magnetic susceptibility. However, the dependence of the magnetization with the temperature obtained by
MC indicates that the MNPs obey the Curie law above a critical temperature of 100 K. Furthermore, our findings indicate that the dipolar
interactions play an important role on the magnetization in the int@vat 7' < 100 K. That critical temperature domain is very close to

the blocking temperature measured following the zero-field-cooled and zero-cooled protocols, where the dipolar interactions between MNPs
become significant. Further analysis shows a Langevin-like behavior for both experimental and theoretical magnetizations.
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1. Introduction Monte Carlo (MC) computer simulations are a useful al-
ternative to complement the analysis of the magnetic proper-
The development of new magnetic nanomaterials has gaindies of the MNPs; several works have modeled the magnetiza-
much importance due to their novel applications in sev-tion M of antiferromagnetic systems based on iron oxides (or
eral disciplines, mainly those related to biomedical applicaimagnetic systems in general) employing the Ising model [8-
tions [1]. 10]. Other works have used MC computer simulations with
Currently, iron oxide magnetic nanoparticles (MNPs) similgr purposes, but using an oversimplified model, which
of magnetite are manufactured following various chemicalconsiders a fluid of magnetic hard spheres (MHS) or discs,
methods [2,3], obtaining beads with spherical shape anWhich are influenced by a magnetic field of magnitude H
core-shell structures, which have high magnetic saturatiod1112]-
low hysteresis, and good biocompatibility with cell cultures ~ The main aim of this work is to study both experimen-
[1,4]. The theoretical modeling of the MNPs allows us totally and theoretically the magnetizatiod/) behavior of
study the magnetic behavior of these nanomaterials undemagnetic core-shell spheres (CSS), with a particular inter-
different thermodynamic conditions, also to quantify the in-est in CSS of magnetite coated with dopamine. This type
teraction between nanoparticles to determine the magnetief nanoparticles has been probed successimlitro andin
anisotropic effects involved [5]. vivo experiments of magnetic hyperthermia. The molecular
The ferrimagnetic behavior of magnetite and a lot of fer-approach here considered to carry out MC computer simula-
rites was widely explained by Louisé¢| during the 20th cen- tions is explicitly built with the measured parameters of the
tury. In magnetite, this response is caused by the tetrahedr&SS, such as the diameter of the magnetic core, thickness of
and octahedral overlapped sublattices of the ions Fe3+ arfi€ coating, magnetic moment, concentration of MNPs, mag-
Fe2+/Fe3+, which are located in the interstitial places of théetic field, anisotropy constant, and temperature. Later, the
crystalline structure FCC formed by the oxygen atoms, wheréomputed magnetization dependendés/s H and M vsT
the antiparallel orientation of the magnetic moments are ar@'e analyzed and compared with those obtained using a vi-
ranged as an “antiferromagnetic imperfect ordering [6]". Thebrating sample magnetometer (VSM).
antiferromagnetic and ferrimagnetic orderings depend on the Thus, by combining MC computer simulations and an-
temperature T and both disappear above a critical tempeglytical approximations for the magnetization, using some
atureTy or T¢ (called Neel or Curie temperature, respec- physical parameters about the composition and magnetic mo-
tively), reaching a paramagnetic behavior [6,7]. ment of the CSS, itis possible to reach a better understanding
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of their magnetic properties in a wide interval of tempera-
tures. Our main hypothesis is that the main mechanisms of 3
magnetization can be accounted for by considering explicitlyy = K + Vv, — Ho Z [ (i - 1ig) (g - 7i5) _ (pi - 1)

the excluded volume interaction, the dipole-dipole interac- Am i |° i |°
tion between the coated nanopatrticles, the external magnetic . 2
field, and the anisotropic magnetic contribution. =Y wi-B=Y kV; |:k1 : mz} ) 1)

whereK is the kinetic energy antf;,; represents the typical

. hard-sphere repulsive interaction at short distances [13].

2. Theoretical background P P 3]
2.2. Monte Carlo computer simulations

2.1. Potential model
The Monte Carlo computer simulations are carried out in the

To carry out the computer simulations of the magnetic CSSC"‘mon'CaI ensemble with’ = 512 particles using the stan-

we consider a simplified fluid composed &fspheres of di- dard Metropolis criterion [11] with an acceptance ratio of

6
ameters (magnetic hard-spheres; MHS) of volufigwithin :13(())6/0M éo tMCtstepfhare tu ste? fo.r equr:“&rémon qn? a?otl?he '
avolumeV at atemperatur@. The MHS can be oriented by Steps 1o gather stalistics, eac consIsts ot ether

an external magnetic fiel& following the Zeeman energy af%splacemde_fr_lt(;); a rotation. ",: ﬂ;.e tsmu_lgmon_s, ttlwet_valtlhes
law, since each sphere has an intrinsic dipolar moment or b are modilied lo sweep a Set ot intensilies simuiating the

Therefore, dipole-dipole interactions between MHS shoquOper"’ltlon of a VSM11,13]. A similar procedure is followed

be taken into account. Additionally, the uniaxial anisotropyt0 compt;t;a the de;f[)endenmévsT b= :Obt( IS fl)r(netd and at
energy of the CSS is explicitly considered by introducing itsSWEEP of temperatures 1S programmed, at €ach temperature,

magnetic anisotropy constaht and the orientation of the gquilibration is r_eached. Magnetization is computed accord-
anisotropy along thé;-axis, i.e., the axis of magnetization, ing to the following Eq. (2), wherec ... > denotes an en-
associated with the magnetic momenpt= MgV;m,;. The semble average.

coordinate system and all the vectors involved are depicted N
in Fig. 1, wheres andh; are unitary vectors oriented in the Z
directions of the magnetic moment of the particles and the L
external magnetic field/, respectively.

The Hamiltonian of the dipolar fluid is given by,

)

<:‘t¢

2.3. Analytical approximation

The magnitude of the magnetization of paramagnetic and su-
perparamagnetic MHS with anisotropy energy negligible is

2 well described by the Langevin expression (Eq. (3)), with kB
+ being the Boltzmann constant.
popH kpT
M = M, th - . 3
(CO [ kpT } MO/LH) )

Nevertheless, when the anisotropy energy and dipolar
contributions of the MHS become significant, the expres-
sion for M must be modified. Initially, the dipolar in-
teractions can be expressed in terms of a coupllng factor
A = uoM?2V?/4And® [14,15] and the dipolar fieldd; "

WhICh is produced by the particles surrounding the |th par-
ticle, through Eg. (4).

~ di 37 (1 - i) — My
Hd'p: wg\1'by " Tg i 4
¥ ' Z( |raz]? ) @

i#]

b 4

Then, the potential energy weighted with the thermal
energy is rewritten as Eq. (5).

poMViHea  KiVie [+
/@TT__Z ( TeXtJrkBTk”[k’”mi})

. Vo
FIGURE 1. The coordinate system and all the vectors and angles —Ag ZmL i ®)
with the origin in the geometric center of a CSS.
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In Eq. (5), the free Eree) and dipolar coupling Eqip)

Analyzing the limits of low and high amplitudes of H, it

energy densities are separated as follows in Eq. (6), witlis possible to compute the reduced magnetization of the free

&= /toMsVz'Hext/kBT ando; = k;V;/kpT.

Z m; - (flﬁ + ik [fc, . ml])
f)\BZml ?'p

The component of the magnetization aligned withcan
be calculated as the expectation valie) = [dQMP,
where the Boltzmann probability distributioP can be ex-

kBT

Efree + Edip~ (6)

particles (corresponding tf(c;) = 1) obtaining Eq. 9(c).

<M>¥pggo _ 1 aszee (9C)
Ms Zfree 8€

Expanding Eq. (9b) for low and high amplitudes &f,
and calculating Eq. (9¢) up to second-order in the reduced
anisotropya, and considering:; randomly distributed, one
obtains, respectively, the special cases [16-18] for the low
field limit given by Eqgs. 10(a) and (b), and Eq. (11) for the

panded (considering weak dipolar interactions) in powers oftigh field limit.

Mg = A kpT asP = Pyee(1+ g F (11;)), whereF () is a
functional ofri;. As proposed by Kachkackt al. [16], this
allows us to obtain an analytical representationX¥6iin the

particular case of a system of interacting particles in the lim-

its of low and high values off in terms of the free-particle
magnetization{M )uee, and its derivative®) /9 (M diree, aS
is expressed in Eq. (7), WitHy; = [3(h - 7:)% — I|/|ri;|?
being the matrix coefficients and the identity matrix I.

free + )\ﬂ Z

For the calculation of M e, it is suitable to takéd/; =

<M>dip = freeAkz (7)

>free~

Vimean@s the mean volume of the particle size distribution and
alsok; = kmeanCoOrresponds to the mean uniaxial anisotropic

constant, allowing the determination ¥/ )«.e as the aver-

age of the monodisperse ensemble magnetizatidiie,©

over the particle size distributiofic;) given by Eq. (8).

(Myee= [ (0

mono
free

(8)

& [ 22a)?] ¢
mono __ S S ).
(M)fee” = M, (3 _1 T s | 15)°
for 20 <¢ upto e(a?). (10a)
€ [ 8 197¢
mono __ S [ I
< >free - Ms <3 _3 30 9052} 45> )

f 3
for 20 >& upto ¢ ({} ) . (10b)
2a

w (-5 [5])
¢ 15| ¢
With these approximations f@i/) o, the polydisperse
magnetization{M )see can be numerically estimated using
Eq. (8), which is used to estimate the total magnetization in-
cluding dipolar interactiongM ) i, according to Eq. (7). The
theoretical procedure derived above allows us the progressive

description ofM/ in a magnetic fluid, starting with a monodis-

<M> mono —

free

(11)

In the same way, the partition function of a monodisperseperse distribution of noninteracting particles, and ending with
system within the canonical ensemble can be calculated ia more realistic ensemble with size polydispersity and weak

spherical coordinates as

2w

Ziree = / / e cos® +€ cosw sin 0dOdp.

As shown by several authors [17-1%ee Can be ex-

dipolar interactions.

2.4. Layer thickness

The thicknessA of the coating material joined to a spheri-
cal nanoparticle (called core) can be estimated by using the

pressed as a single integral (see Eq. (9a) below) in termknown mass ratio of the core and core-sheli(/mcs),

of the modified Bessel function of zero-ordgrfor exact nu-
meric calculations, or as a series expansion of Eq. (9b).

/2

Ziree = / e cos” 6 cosh(¢ cos @ cos )
0

x Ip(& sin O sin 1)) sin Odo,

(n+k)! (=20 \" (¢sin?p\"
Ziree = ZZ n!(k!) (gcost/)> ( cos )

n=0n=0

X4/ ﬁln-ﬁ—k-&-(l/?)(g cos ).

(92)

(9b)

the diameter of core ¢, plus the densities of the copg:
and shellpg, respectively. This is explained starting with
Eqg. (12), using the volume ratio of the core and core-shell
(Ve /Ves), and including the density of the resultant core-
shell sphergycs.

Ve
Ves

mc 1
=__———pcs
mcs pc

(12)

Furthermore, the densitys is related topc andpg as
is described in Eq. (13).

mcecs
mc ms -
pPc +

_ mgs mcspcps
pcs = =
Ves

. (13)
meps + mspc
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When Egs. (12) and (13) are combined, it is found ansphere with a flux of 25 ml/min, establishing a heating rate of
expression containing the mass fractions of the cgee £ 10°C/min and covering the intervadD < T < 850°C.

mc/mes) and shell fs = mg/meg), which can be de- To estimate the magnetic momen€S of an individ-

termined through thermogravimetric measurements, given byal CSS,m,; = 1.4 mg of dried mass is analyzed by a

Eq. (14). VSM (VersaLab of Quantum Design). The sample is initially
Vo s heated at 400 K for 10 min and after that, it is magnetized

= (14)  atroom temperature withl = 2387 kA/m to determine the

nc .
Ve + ' . .
©s fleps T spe otal magnetic moment when the sample is magnetically satu-

E Asizuming t:e sghericaldshage o;the co:je :n_d (io(rf'Shellated. Additionally, the magnetization of the sample is regis-
g. (14) can then be reordered and extended including thg, o4 4 T = 300 K over the magnetic field amplitude interval

diameters of both spheres as Eq. (15). —2387 < H < 2387 kA/m. To determinex, the magne-

4n (0c+24)° s -1 tization traces ZFC and FC are measured over the tempera-
S (02)3 = <770 F— nSm) (15)  ture interval50 < T' < 400 K, using the constant intensity
38 H = 7.96 KA/m.
Thus, A takes the following mathematical form of
Eq. (16). _ )
13 4, Results and discussion
A= 2C <{7}cps] 1) . (16)
2 ncps +nspc In Fig. 2a), a typical TEM micrograph is shown, where a
spherical shape of the CSS is evident. After an analysis of
3. Material and methods a set of micrographs using the ImageJ softwate6:/
imagej.nih.gov/ij/ ), the relative frequencies of the

To carry out a comparative analysis between the magnetidiameters are computed and displayed in Fig. 2b), leading
zation obtained experimentally and the one computed vid a mean particle diameter of- = 13 = 5 nm. Never-

MC computer simulations, the CSS are initially character-theless, this diameter does not include the thickness of the
ized to determine the parameters required by the MC algosoating because dopamine was partially o completely evapo-
rithm, such as the inner and outer diameters of the CSS, theted during the TEM measurements. However, the mass of
concentration, and effective magnetic moment. Then, TEMlopamine covering the core is evaporated under controlled
microscopy experiments, thermogravimetric measurementsonditions during the TGA assay, and Fig. 2c) shows the
and magnetometry are performed. The MNPs were prepardelative dependence of mass loss on temperature. When
by chemical coprecipitation and the procedure is widely dethe sample is heated up to 8@) the shell of dopamine is
scribed in a previous experimental report [20]. The CSS obcompletely evaporated, reaching a total relative amount of
tained are MNPs with a core of magnetite, which are coated3%. According to Eq. (14), the mass fractions estimated
with dopamine by ultrasonication. Particle shape and size arere nc = 0.87 andns = 0.13. Then, using the mea-
analyzed using a TEM JEOL JEM-2100 with FCF-200-Cusuredoc plus the known densitiesc = 5.18 g/cm® and
grids, where an aliquot dilution 1:100 concentrated at 0.0Jps = 1.26 g/cm?, the width of the coating computed with
mg/ml is dried at room temperature inside of a vacuum chamEg. (16) isA = 1.1 nm. Thus, the diameter of a CSS is
ber. The amount of dopamine covering the core is estimate@pproximatelyrcs = oc + 2A ~ 15 £ 5 nm.

using a thermogravimetric analyzer TGA Q500 (TA Instru-  According to VSM measurements, the total magnetic mo-
ments). Experiments are carried out inside of inert N atmo-mentreached af is ur = 0.035 emu (at room temperature
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FIGURE 2. a) A typical TEM micrograph of the MNPs, b) the bars plot of the particle diameter distribution, and c) the mass loss dependence
with temperature.
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FIGURE 3. a) The dependenck vs T following the ZFC-FC protocol usingl = 7.96 kA/m; b) the dependencéfzrc — Mrc) vST
with the derivative in the inset, plus its corresponding LogNormal fit.

and usingd = 2387 kA/m). The resulting magnetic moment the anisotropy constamtmay be associated with the core of

per CSSucs = 1.63 x 1071 Am? (MKS units) was deter-
mined by computing the amount of CSB4s = 2.1 x 10'4)
using the effective massacs = pcg*Veos = 6.67x10718 g

the CSS, namely;102 = 30.6 kd/n? andkarg = 82.8 kd/nt.
Although the ZFC-FC protocol is a useful alternative to de-
terminex, it is important to highlight that both traces exhibit

and the ratiaVes = mq/mces. In the subsequent VSM ex- a nonequilibrium magnetization, because it depends on the
periments, the FZF-FC protocol was followed to determinemagnetic history of the material.

M with H = 7.96 KA/m, and the dependence of the magne-  Then, the following experimental parameters are explic-
tization with temperature is plotted in Fig. 3a). In the ZFCitly used in Eq. (1) to carry out the MC computer simulations:
trace, the slow growth of M highlights the size polydisper-u = ucs, T = 300 K, V; = Vegs, & = 0; K192; k276, @and

sity of the CSS, which is according to the standard deviatiorthe interval—2387 < H < 2387 kA/m. At the beginning of

of the bars plot displayed in Fig. 2b). The high magneti-the simulation, the anisotropy axis of each partfqlés ran-
zation observed at 50 K can be associated with a remanedbmly oriented. In Fig. 4(a), three magnetization curves are
magnetization of the sample because the maximum warnplotted, which were computed considering each valug.of
ing (400 K) was not sufficient to produce a random distribu-Additionally, the experimental one obtained using the VSM
tion of the magnetic moments, but the temperature cannot big also displayed. For high magnetic fields, all curves appear
increased to avoid the evaporation of the organic shell (set be collapsed. In fact, the difference between the experi-
Fig. 2c¢)). Furthermore, the monotonous decreasing of the F@ental magnetic saturation (90 kA/m) and the obtained via
trace below 225 K indicated the importance of the dipolarMC is up to 1%, showing independence ©f As can be
interactions, which are the main driving force behind the re-observed in the inset of Fig. 4(a), for lower magnetic fields
ordering of the magnetic moments in antiparallel orientationghings change because the slopes of the curves (initial mag-
to diminish the total magnetization [21]. A careful observa-netic susceptibilities) increase wherdiminishes. Accord-
tion of the maximumM/ reached in the ZFC trace allows us ing to this observation, the magnetization is again computed,
to get the blocking temperatutEb = 276 K. Another al-  but now usingx = k192 with two different orientations of
ternative to determing’b is by analyzing the derivative of the anisotropy axig;, the same direction of.; andh;, sep-
MZFC - MFC and fitting it using a log-normal regression arately. Figure 4b) shows five magnetization curves, one for
procedure, as shown in Fig. 3(b), which also allowed us teeach orientation of;, also including the random orientation
get the following valueI'b = 102 K. According to [22], of k;, x = 0, and the experimental one. As can be seen,
Tbh = 276 K would be a good representation of the block- all curves are intercepted only in the higher magnetic field
ing temperature only for a monodisperse ensemble of MNPsand the magnetic saturation has the same value as discussed
wheread'b = 102 K is a more accurate approximation to the in Fig. 2a). In the same sense, the paramgtésee inset
effective blocking temperature for a polydisperse system, likeof Fig. 4b)) corresponding té; oriented in the same direc-
the one depicted by Fig. 2(b). Theesl-Arrhenius law for the tion of ucs and H, is even less than the obtained wheris
magnetic relaxation timey of superparamagnetic materials randomly oriented. This dependeﬂi;evs x was previously

is given byry = rpe"Ve/ksTb wherer, = 1.0 ns is the
constant of the time scale. Thery coincides with the sam-
pling time of the VSM ¢ = 100 s). Two possible values for

reported in Ref. [13].
The dependence of the magnetization on the temperature
is discussed now. The temperature interval in the VSM exper-

Rev. Mex. Fis68041004
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FIGURE 4. Dependence8/ vs H considering: ak = 0, k102 andx276; with randomly oriented, plus the experimental plot obtained via

VSM; b) k = 0, k102; with oriented in the directions;, h; and random, plus the experimental plot. The slopes of the lines in the insets
represent the magnetic susceptibilities.
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FIGURE 5. a) The dependence¥ vs T obtained via MC with different magnetic field intensities,= x102, andx = 0 plotted in the
interval20 < T' < 400 K. b) The dependenck/x vs T in the intervall00 < 7" < 400 K.

iment was50 < T < 400 K, whereas in the MC simula- below Udd/Uanis = 3/2. This last behavior agrees with
tion, it is not limited. In Fig. 5a), the curves for weak mag- the observations of the dipolar interactions in the FC trace of
netic intensities, namelyl = 0, 0.796, 3.18 (withx = 0, the magnetization obtained in Ref. [21].

Kk = k192) and 7.96 KA/m are shown. As the acceptance rate  To highlight the importance of the dipolar interactions at
of the MC simulation is drastically decreased below 20 K, welow temperatures, in Fig. 6 configurations of the MHS (mag-
have restricted the analysis to the inter2@l< 7' < 400 K. netized withH = 7.96 kA/m ) are shown for two differ-

In all curves, the magnetizations reached maximum valueent temperatures, namely, 100 K and 20 K. The spheres are
between 30 K and 40 K and suffers a significant decreasplaced in the corresponding spatial positions and the arrows
at 20 K. Above 100 K, all curves (excepf = 0 kA/m) describe the orientation of the magnetic moments. As can be
satisfy the Curie law, as can be observed in the corresponabserved in the XYZ view and the XY projection, the orien-
ing plots1/x vs T' of Fig. 5b); all points almost collapse tations at 100 K have some random distribution. The opposite
in a straight line. Whem = 0, it is found the lower slope behavior is observed at 20 K, where the magnetic moments
(< 45%) because the magnetic susceptibilithas reached are aligned perpendicularly & arranging planes antiparal-
the highest value, showing a good agreement with the madel oriented like an “antiferromagnetic or ferrimagnetic do-
netization curve of Figs. 4a) and b). When the amplitudemain”.

of H is very weak, the main contribution to the energy of A discussion about the theoretical models faf ap-

the MHS is provided by the dipolar interactiob&ild and  plied to the experimentalM{y s5,) and the simulated curve
the anisotropy energ¥/anis. Further analysis of the rate (M,102) whenk; is randomly oriented is conducted now. For
Udd/Uanis exhibitsUdd/Uanis ~ 2/3 above 100 K and this purposeMy sas andM,;102 are plotted with the corre-

Rev. Mex. Fis68041004
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FIGURE 6. Thermalized configurations of the MHS inside of the simulation box in isometric views XYZ and the respective XY projections
applyingH = 7.96 kA/m z: at a), b) 100 K and at c), d) 20 K.
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sponding Langevin magnetization (see Eq. (3)). Also, the
magnetization approximated for lowd;) and high (/)

H fields with Egs. (10) and (11), respectively, are included.
Starting with My sy, Fig. 7 shows a full-scale view of
this qualitative comparison. As can be expected for a sam-
ple mainly superparamagnetic, the difference between the
My sy and the Langevin equation is only perceptible in
the inflection range ofd, that is, where the linear response
fails and the sample became saturated. However, the in-
set (I) in Fig. 7 shows a close-up in the high field region
(H > 2r/poMs), where My predicts more accurately the
real magnetizatiolly s,,. Inset (1) in Fig. 7 also shows

a close-up withM;,, whereMy ), has a greater slope than
even the Langevin equation. This suggests the existence of
an interval where the dipolar interactions could be of signifi-
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cance, or probably a little fraction of CSS has the anisotropy
axis aligned taH rather than randomly distributed.
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180 thickness of coating using TGA, the blocking temperature

e and M vs H response, by vibrating sample magnetome-
—— Langevin try. Using those measurements, the parameters needed to
— carry out MC computer simulations were obtained. The de-
(]) pendence off on the magnetization was studied by Monte
Carlo computer simulations, using two possible magnetic
anisotropy constants and three different orientations of the
anisotropy axisk;. As was observed, when the CSS have
K102 = 30.6 kJ/n? with fci randomly oriented, the simulation
/ predicted anV/ vs H dependence more similar to the exper-
T T T T T R imentally measured and fitted to an ideal Langevin equation.
oo reetm ATl Additionally, it was demonstrated that the correlation of the
magnetization with H can be improved (in the limits of high
and weak amplitudes off) when the anisotropy contribu-
tions are explicitly taken into account. Furthermore, the de-
pendence of” on the magnetization estimated by MC exhib-
ited the non-compliance of the Curie law bel@w= 100 K,
) o ] which almost coincides with the minimui@ = 102 K mea-
~ Figure 8 shows the same qualitative analysiSiine: 8 gred. At these temperatures, the dipolar interactions mainly
in Fig. 7. In the full scale off, the Langevin model again qnyinyted to the total energy of the ensemble and the CSS
differs only near the transition to magnetic saturation. Ne"eradopted an ordered orientation even when the magnetic field
theless, inset (I) of Fig. 8 showd ;; with a better agreement .-« .11,
with My sn. Moreover, in the inset (Il) of Fig. 8)My, re- Last, but not least, we should point out that this work also
mains under the Langevin limit, even when the simulation,, ., ided a condensed derivation of the magnetization includ-
has taken into account the dipolar interactions. This re'”ing different physical contributions, which might be imple-

forces the idea that the initial slop of the experimental curvgyanted in further works to properly analyze the magnetiza-
provided in the inset of Fig. 7 must be due to the presencg, beyond the ideal Langevin equation.

of a fraction of particles where the anisotropy axis is aligned
with the external field.
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FIGURE 8. MagnetizationM,.192 superimposed with the corre-
sponding Langevin equation (Eg. (3)), including MH (inset 1) and
ML (inset I).
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