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Abstract
The temperature dependence of the saturation magnetization of Fe3O4 surfacted
nanoparticles does not follow the law in T 2 that corresponds to bulk ferrite:
Ms (T ) = Ms(0)[1 − BT 2] (where Ms(T ) is the saturation magnetization
at temperature T , Ms (0) is the saturation magnetization at 0 K and B is a
constant that depends on the exchange integral). This abnormal behaviour
was studied for a ferrofluid that contains magnetite particles covered in oleic
acid (surfactant) in a carrier fluid (kerosene); the anomaly is attributed to
modification of the superexchange interaction between the iron ions from
the surface layer of the nanoparticles, a layer that is formed due to the
presence of the surfactant. Taking into consideration the size distribution of the
particles, according to magneto-granulometric measurements and transmission
electron microscopy, we have shown that the thickness of the surface layer
at a temperature of 300 K is 〈η〉 ∼= 0.9 nm. By adopting the ‘core–shell’
model we have shown that the layer at the particles’ surface is paramagnetic
at room temperature and it gradually becomes ferrimagnetically ordered as
the temperature decreases. The consequence of this change is the increase
of the mean volume of the nanoparticles’ magnetic core where the spins are
aligned due to the superexchange interaction from 1280 to 1910 nm3 when the
temperature decreases from 300 to 77 K.

1. Introduction

The magnetic properties of materials made up of nanometric particles (nanoparticles) are
usually different from those of the bulk material [1–7]. Besides the shape of the nanoparticles,
their finite dimension and single-domain magnetic structure, there are intrinsic properties that
determine a certain magnetic behaviour of the material in an external field [8]. In the case
of ferrimagnetic ionic compounds, the orientation of magnetic moments on the surface of
the nanoparticles can be altered due to competition in the exchange interaction between the
superficial ions that are in an incomplete coordination. It is well known that in these systems
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the exchange interaction is performed through the oxygen ion O2− (superexchange). This way,
the absence of the oxygen ion at the surface or the presence of another atom (ion) in the form
of an impurity leads to an interruption of the superexchange interaction between magnetic
cations and thus induces surface spin disorder [9]. This spin disorder can alter significantly
the magnetic properties of the nanoparticles, especially when the surface/volume ratio of the
nanoparticles is high [10–12].

The spin wave model predicts a dependence of the (spontaneous) saturation magnetization
Ms on the temperature T , which, in the range of low temperatures, has the following form [13]:

Ms (T ) = A(1 − BT α) (1)

where the parameter A = Ms(0) is the saturation magnetization at 0 K and B is a constant
whose value depends on the exchange integral J (B ∼ 1/J α). The coefficient α generally
takes the value of 3/2 (Bloch law), a value that is well verified experimentally both for bulk
ferromagnetic materials (Fe, Ni) [14, 15] and for some spinel ferrites (e.g. MnxFe3−xO4;
0.2 � x � 2.0 [13]). For fine particles and clusters some theoretical calculations, as well as
some experimental results, have shown that the temperature exponent α is higher than 3/2,
the value corresponding to the bulk material [16, 17]. However, Martinez et al [18] have
demonstrated that, in the case of systems made up of γ -Fe2O3 nanoparticles, the saturation
magnetization does indeed follow a law in T 3/2 up to room temperature. Recently, Morais et al
[19] have studied an ionic ferrofluid containing NiFe2O4 particles with a diameter of 11.1 nm.
They have then established that the temperature dependence of the saturation magnetization
in the temperature range of 4.2–293 K deviates from the law corresponding to the bulk
material; this deviation was attributed to the magnetic anisotropy. These results, together
with others [20], show that the dependence Ms versus T —verified for the bulk material—does
not always have to be verified for systems made up of nanoparticles, a behaviour that can be
interpreted in several ways.

In the case of Fe3O4 bulk ferrite (magnetite), the law (1) is well verified for α = 2 and it
has the following form [13]:

Ms (T )Fe3O4 = Ms (0)Fe3O4(1 − BFe3O4 T 2) (2)

where the saturation magnetization is

Ms (0)Fe3O4 = 8nm(0) µB/a3
0 = 502.5 × 103 A m−1 (3)

and

BFe3O4 = 5.54 × 10−7 K−2. (4)

In equation (3), nm(0) is the number of Bohr magnetons (µB = 9.274 × 10−24 A m2) in
the volume of the cubic elementary cell V0 = a3

0 (where a0 = 8.39 Å is the crystalline lattice
constant) at 0 K.

If the magnetite nanoparticles are, however, covered in oleic acid (an organic surfactant),
it is well known that the acid is adsorbed on the particles’ surface. For this reason, due to the
interaction between the cations on the particles’ surface (Fe2+ and Fe3+ ions) and the surfactant
molecules (the oxygen ions at their polar end), a superficial layer (iron oleate) is formed at
the surface [21, 22]. This layer is non-magnetic at room temperature. This paper focuses on
the experimental study of the dependence Msat versus T at low temperatures in the case of
Fe3O4 nanoparticles covered with oleic acid and dispersed in kerosene (ferrofluid), as well as
establishing the variation law for this case. Another aspect we have studied was the magnetic
nature of the layer that is formed at the surface of the nanoparticles.
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Figure 1. Schematic diagram of the experimental installation for recording the magnetization
curves: G—generator, PA—power amplifier, OP—(low noise) operational amplifier, P—
potentiometer, (IA, DA)—differential-input instrumentation amplifier with high input impedance
adjustable gain, R1, R2, . . . —resistors, CV, C—capacitors, J–OP—JFET input operational
amplifier, V+, V−—supply voltage.

2. Experimental details

The sample we have used for studying the temperature dependence of the saturation
magnetization of surfacted nanoparticles was a ferrofluid with Fe3O4 nanoparticles. The
colloidal magnetite particles covered in oleic acid and dispersed in kerosene were obtained
using the chemical coprecipitation method. After filtering and separation in a magnetic field
we have obtained a ferrofluid with a narrow size distribution and good (steric) stability over
time (as shown later on).

The magnetic measurements were made under quasistatic conditions (50 Hz) with the
installation shown schematically in figure 1. The measurement of the magnetization was based
on the fluxmeter method [23]. The ferrofluid (FF) in a test tube (S) of length 4.5 cm and diameter
4.5 mm was inserted into the probe coil (LS) inside the magnetization coil (LH). The component
µ0 �He of the magnetic induction �B ( �B = µ0 �He + µ0 �M , where �M is the magnetization and
µ0 = 4π × 10−7 A m−1), was compensated with a coil C2 (situated inside the coil C1) and
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Figure 2. (a) Saturation magnetization as a function of temperature: experimental curve for
surfacted nanoparticles ( ); theoretical curve with the law in T 2 in agreement with equation (5)
(f1), equation (1) (f2) and equation (22) (f3). (b) [Msat (0)− Msat (T )]/Msat (0) as a function of T 2.

two electronic circuits: the instrumentation amplifier (IA) and differential amplifier (DA).
The high-order harmonics of the magnetization current were eliminated from the selective
circuit Cv–LH–C1–RH tuned to the frequency of the fundamental component (50 Hz). The
DA output voltage signal (proportional to the time derivative of the sample’s magnetization)
is integrated by an electronic integrator (I). The voltage signal, which is proportional to the
external magnetization field He, is picked up from the terminals of the precision resistor RH.
Both signals (1, 2) are then taken over by the data acquisition system (DAQ) connected to a
personal computer (PC). In the absence of the FF sample, small signal phase delay corrections
can be made with the phase shifter (PhS) or by using professional software. The signal inputs
and outputs are separated by the voltage follower (VF). The FF sample, together with the
probe coil LS, are placed in a Teflon crucible that can be supplied with liquid nitrogen. The
temperature was measured with a commercial Cu–(Cu/Ni) thermocouple. The demagnetizing
field due to the sample’s geometry �Hd = −Nd �M (where Nd is the demagnetization factor) is
corrected by a calculation program, so that the magnetization can be represented as a function
of the field H from the sample (H = He − Hd). The installation was calibrated with Fe
and Ni standards. The relative deviation of the saturation magnetization from the saturation
magnetization of the standard is only 0.82%. During a measurement the magnetic field relative
variation is less than 0.24%.

The transmission electron microscopy (TEM) of the ferrofluid sample was performed in a
JEOL JEM-2010 electron microscope in order to determine the size distribution of the particles,
and then their mean physical diameter.

The ferrofluid was frozen both in the presence of an external magnetic field (Hext =
1.1×105 A m−1) that has saturated the sample, and in the absence of an external field, starting
from room temperature down to the temperature of liquid nitrogen. In the absence of the
field Hext the particles were fixed by freezing with their easy magnetization axes statistically
oriented in all directions. When the field Hext was applied, the particles and, implicitly, their
easy magnetization axes were oriented in the direction of the field, a direction that coincides
with that subsequently measured. While the frozen system was returned to room temperature
we recorded the magnetization curves at various temperatures.

3. Results and discussions

3.1. Msat versus T

From the magnetization curves we have determined the saturation magnetization corresponding
to the field 105 A m−1. The values we have obtained in the absence of the field Hext ( ) are
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shown in figure 2(a). The values obtained for the saturation magnetization when the sample was
frozen in the presence of the field Hext do not differ from the values obtained in the absence
of the field. This means that the values measured for the saturation magnetization during
cooling do not depend on the presence of the field Hext , which induces uniaxial anisotropy.
The figure shows that there is a pronounced increase of the saturation magnetization when
the temperature decreases from 300 to 77 K. The relative increase of the sample’s saturation
magnetization is �Msat/Msat300 = 57.1% (where �Msat = Msat77 − Msat300, Msat77 is the
saturation magnetization at 77 K and Msat300 is the saturation magnetization at 300 K). This
increase is much higher than the relative increase of the saturation magnetization of Fe3O4 bulk
ferrite (�MsFe3O4/MsFe3O4,300), which is of only ∼6.6% [24] in the same temperature range.
A similar behaviour was also observed for Mn0.6Fe0.4Fe2O4 nanoparticles surfacted with oleic
acid and dispersed in kerosene [20].

Assuming that, in the case of the system made up of surfacted Fe3O4 nanoparticles, the
saturation magnetization follows the law in T 2 the same way as in the case of bulk ferrite,
according to equation (2), we have the function

Msat (T ) = 12.06 × 103[1 − 5.54 × 10−7T 2] (A m−1), (5)

represented by curve (f1) in figure 2(a). For the purpose of representation we have taken into
account the magnetic packing fraction �m = 0.024 (as shown later on) in order to determine
the saturation magnetization at 0 K. However, it can be observed that there is a very high
deviation of curve (f1) from the experimental curve ( ) that corresponds to the surfacted
Fe3O4 nanoparticles. This deviation shows that a law of type (1) is not suitable to describe
correctly the temperature dependence of the saturation magnetization of surfacted magnetite
nanoparticles.

Fitting the experimental curve ( ) with the function described by equation (1), and
considering A and B as parameters, we obtain curve (f2) (full curve). In this case we can
observe that curve (f2) is becoming closer to the experimental curve. However the values of
the parameters A and B increase considerably compared to those corresponding to bulk Fe3O4

(A increases from 12.06 × 103 to 17.05 × 103 A m−1, whereas B increases from 5.54 × 10−7

to 38.00 × 10−7 K−2). Furthermore, a significant deviation from linearity can be observed
in the representation [Msat (0) − Msat (T )]/Msat (0) versus T 2, as shown in figure 2(b). All
these results suggest that the significant increase of the saturation magnetization of the system
made up of surfacted nanoparticles with decreasing temperature has another cause other than
the variation of the spontaneous magnetization with temperature.

If we take into consideration that the saturation magnetization of the ferrofluid is

Msat = nm p (6)

where n is the (constant) concentration of the nanoparticles, we believe that the reason for the
significant increase of the saturation magnetization must be the increase of the magnetic volume
Vm (attached to the particles’ cores), which determines the increase of the magnetic moment
m p = Ms Vm of the nanoparticles. In order to clarify this issue, we have determined the mean
magnetic diameter and the mean physical diameter of the nanoparticles in the ferrofluid, by
taking into consideration the size distribution of the particles in the real system. Furthermore,
for a rigorous determination of the magnetic diameter we have also taken into consideration the
dependence of the particles’ magnetic moment on the distribution of the magnetic diameters.

3.2. Mean magnetic diameter

Figure 3 shows the magnetization curve of the ferrofluid at room temperature (300 K). Fitting
the curve with the function [25]

M(H, T ) = Msat L(H, T ) (7)
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Figure 3. Magnetization curve at room temperature.

where

L(H, T ) = coth(β H/T ) − T/(β H ) (8)

and

β = µ0m p/kB (9)

(where Msat is the saturation magnetization of the ferrofluid, L(H, T ) is the Langevin function
that depends on the field H and the temperature T and kB is Boltzmann’s constant), we can
observe that the theoretical curve does overlap with the experimental points (�). The result
shows that the ferrofluid has a superparamagnetic (SPM) behaviour. This behaviour is also
caused by the relatively low magnetic packing fraction �m = Msat/Ms = 0.024 (Ms =
477.5 × 103 A m−1 [26]), which means that the distance between the particles is sufficiently
big and thus the interactions between them are negligible. Indeed, the value of the coupling
parameter γ , given by the ratio between the maximum interaction energy of the magnetic
moments (m p) of two particles approximated as being spherical (when the magnetic moments
are in the same direction with the line that crosses the particles’ centre) and the thermal energy
kB T [27, 28]:

γ = πµ0 M2
s

144kBT

[
(〈d〉 − 2〈η〉)2

(〈d〉 + 2δ)

]3

(10)

(in SI), has a value of 0.54 < 1. In equation (10), δ is the chain length of the oleic acid molecule
(∼2 nm) and 〈d〉 and 〈η〉 is the mean diameter and mean thickness, respectively, of the layer
on the particle surface (〈d〉 = 12.7 nm and 〈η〉 = 0.9 nm, as shown in section 3.3). Previous
studies have shown that particle clusters (chains) that are thermodynamically stable are formed
for values of γ > 1 that are closer to the values 2–4.5 [29–31]. In our case, the obtained result
(γ = 0.54) shows that the dipole–dipole interaction energy is sensibly lower than the thermal
energy and, thus, the thermal agitation is successfully opposed to the formation of particle
clusters. Thus, the presence of clusters in the ferrofluid is negligible.

If we take into consideration the size distribution of the particles’ diameters according
to a log-normal function (as suggested by O’Grady and Bradbury [32], and which is well
verified experimentally [33, 34]), as well as the dependence of the magnetic moment m p on
the magnetic diameter dm of the particle (equation (6)):

m p = π Msd3
m/6 (11)
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Figure 4. (a) M versus H in low fields and (b) M versus 1/H in high fields.

(in the approximation of spherical particles), the more precise relation for the magnetization
of the nanoparticle system will be

M(H, T, dm) = n
∫ ∞

0
m p(dm)L[ξ(H, T, dm)] f (dm) d(dm). (12)

In equation (12)

f (dm) = 1/(
√

2πλmdm) exp{−[ln(dm) − ln(dm0)]
2/2λ2

m} (13)

is the distribution function [35] (where λm and dm0 are the distribution parameters and
ln(dm0) = 〈ln(dm)〉, where 〈· · ·〉 is the mean). In the approximation of low and high fields, if
we expand in series the Langevin function L(ξ) for a low argument ξ � 1[L(ξ) → (1/3)ξ ]
and a high argument ξ 	 1[L(ξ) → 1 − 1/ξ ], respectively, and if we solve the integral
equation (12), we obtain the mathematical expressions of the distribution parameters:

dm0 =
[

6kB T

µ0π Ms H0

(
M0

3χi H0

)1/2]1/3

, λm = 1

3

[
ln

(
3χi H0

M0

)]1/2

. (14)

The initial susceptibility χi = 0.42 results from the slope in the origin of the magnetization
curve (figure 4(a)). M0 = 11.67 × 103 A m−1 and H0 = 10.00 × 103 A m−1 result from the
extrapolation of the linear portion of the curve M–1/H in the saturation domain (figure 4(b)).
If we replace the values that resulted from equation (14), we obtain the mean magnetic diameter
at a temperature of 300 K:

〈dm〉300 = dm0 exp(λ2
m/2) = 10.86 ± 9 × 10−2 nm. (15)

3.3. Mean physical diameter

After processing the TEM image of the ferrofluid (figure 5(a)) we have obtained the distribution
according to the physical diameters d of the nanoparticles, as shown in figure 5(b). According
to figure 5(a), the nanoparticles appear roughly spherical. Fitting the experimental values with
a log-normal function (full curve) we have found that this curve is well suited to describe the
distribution of the particles’ diameters. This way we have obtained the distribution parameters
d0 = 12.6 nm and λ = 0.10. By using the relations for calculating the mean diameter, it
results that

〈d〉 = d0 exp(λ2/2) = 12.7 ± 0.1 nm. (16)
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Figure 5. (a) Electron micrograph of the sample. (b) Histogram of the particle diameters.

According to equations (15) and (16), the mean magnetic diameter 〈dm〉 deduced from
magnetic measurements is smaller than the mean physical diameter 〈d〉 deduced from the TEM.
The results clearly demonstrate that there is a layer at the particles’ surface and this layer has
a thickness 〈η〉 = (〈d〉 − 〈dm〉)/2 = 0.92 ± 9.5 × 10−2 nm. The value we have obtained for
〈η〉 is in good agreement with the values obtained by other authors [21, 22]. The superficial
layer appears as a result of the adsorption of oleic acid molecules (the polar end—COO—of
the molecule) at the particles’ surface, a process that also has, as a result, the formation of an
iron oleate. At room temperature this layer has no magnetic ordering. Besides proving the
existence of the layer with no magnetic ordering at the nanoparticles’ surface, this fact also
demonstrates that the values of the diameter 〈d〉 (deduced from the TEM) and 〈dm〉 (deduced
from the magnetic granulometric analysis) were determined correctly.

3.4. The modified law in T 2

In agreement with equations (6) and (11), if we take into consideration the mean magnetic
diameter 〈dm〉, the saturation magnetization of the ferrofluid can be written as

Msat = nπ Ms〈dm〉3/6. (17)

According to equation (17), the relative increase by ∼50% of the mean saturation magnetization
of the system made up of surfacted magnetite nanoparticles with the decrease in temperature
from 300 to 77 K is attributed to the increase of the mean magnetic diameter 〈dm〉, attached to the
ferrimagnetically ordered cores of the particles because n = constant and Ms has a relatively
low increase with the decrease in temperature. If we apply equation (17) at a temperature of
300 K and then at another temperature T (T < 300 K), we obtain the following relation:

〈dm〉T = 〈dm〉300[(Ms)300/(Ms)T ]1/3[(Msat )T /(Msat )300]1/3 (18)

which allows a calculation of the mean magnetic diameter 〈dm〉T at various temperatures (the
index represents the value of the temperature). This way, with the values measured ( ) for
Msat (T ) (figure 2) and the values known for Ms(T ) (equation (2)), we have found the values
of 〈dm〉T shown in figure 6(a), curve ( ). It can be clearly observed that the mean magnetic
diameter increases from 10.86 nm (at 300 K) to 12.4 nm (at 77 K). At the same time, the value
of the mean magnetic diameter 〈dm〉77 that was determined at 77 K does not exceed the value of
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Figure 6. (a) Variation with temperature of the mean magnetic diameter ( ) and the thickness of
the paramagnetic layer (�). (b) 〈dm 〉3 versus T .

the mean physical diameter 〈d〉 (12.7 nm) that resulted from the TEM. This result represents an
additional proof that the significant increase of the magnetization Msat (T ) (with the decrease
in temperature) can be accounted for by the increase in the nanoparticles’ diameter 〈dm〉.

The increase of the mean magnetic diameter with the decrease in temperature has, as
an effect, the narrowing of the thickness of the layer at the particles’ surface according to the
formula: 〈η〉T = (〈d〉T −〈dm〉T )/2. Taking into consideration the values determined for 〈dm〉T ,
we have calculated the values of 〈η〉T , with their respective error bars for each temperature.
These are shown in figure 6(a), curve (�). When the temperature decreases from 300 to
77 K, the layer on the surface of the nanoparticles narrows by 〈η〉∗ = (〈dm〉77 − 〈dm〉300)/2 =
0.8 ± 0.1 nm. This result makes us admit that the layer that is formed at the nanoparticles’
surface due to the adsorption of the oleic acid molecule is paramagnetic at room temperature.
The existence of a paramagnetic layer on the surface of the ferrimagnetic nanoparticles of
Mnx Fe3−xO4 (0.1 < x < 0.7) in a ferrofluid and covered in oleic acid (as in our case)
was recently pointed out by Upadhyay et al [36, 37] through electron spin resonance (ESR).
Besides the adsorption line that results from the ferrimagnetic core, the line g = 4 was observed
(g is the spectroscopic splitting factor); the latter one resulted from the Fe3+ complex attached
to the surfactant molecules. At low temperatures this line disappears. Similarly, Tronc et al
[38] have shown by means of Mössbauer spectroscopy that, on the surface of phosphated
nanoparticles of γ -Fe2O3, a paramagnetic layer is formed.

However, our explanation of the reasons that account for the increase in the saturation
magnetization with the decrease in temperature in the case of Fe3O4 nanoparticles surfacted
with oleic acid differs from the explanation given by Morais [19] for the ionic ferrofluid with
nanoparticles of NiFe2O4. Adopting the core–shell model, our explanation is based on the
modification of the superexchange interaction between the cations (magnetic ions of Fe–Fe)
in the layer on the particles’ surface due to the presence of the surfactant molecules. Due to
the bonds of the Fe ions at the particles’ surface with the O ions from the polar end of the oleic
acid molecule, the crystalline lattice from the surface is distorted. The distortion produced
by the oleic acid molecules is more intense at the particles’ surface and it decreases gradually
towards the particles’ core. As a result, the ferri–paramagnetic transition temperature (Néel
temperature) TN

∼= Wex/kB (where Wex is the superexchange energy) [39] of the sublayers at
the surface that are adjacent to the magnetic core decreases below 300 K. For this reason, the
layer at the nanoparticles’ surface is paramagnetic at room temperature. While decreasing, the
temperature T will gradually become lower than the transition temperatures TN1, TN2, . . . of the
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sublayers s1, s2, . . . (where s1 is the first sublayer next to the core), T < TN1, T < TN2, · · · , and
thus the sublayers will in turn become ferrimagnetically ordered (the thermal agitation energy
kB T will become lower than the energy of the superexchange interaction in each sublayer and
the atomic magnetic moments will be aligned). Consequently, the volume of the magnetic core
where the spins are aligned as a result of the superexchange interaction will increase gradually
with the decrease in temperature (figure 6(b), curve ( )). Also, the paramagnetic layer on
the nanoparticles’ surface will become narrower (figure 6(a), curve (�)). The increase in the
magnetic volume has, as an effect, the increase of the magnetic moment m p and, implicitly,
an increase of the saturation magnetization of the nanoparticle system (figure 2, curve ( )).

Based on the results presented above, the law in T 2 for the system made up of surfacted
nanoparticles has to be expanded by a term that reflects the increase in the magnetic diameter
with the decrease in temperature. Since the magnetic diameter depends on the temperature
(〈dm(T )〉), implicitly the magnetic packing fraction will be a function of temperature: �m(T ).
In agreement with equation (17), we obtain

�m(T ) = Msat (T )/Ms (T ) = πn〈dm(T )〉3/6. (19)

Under these conditions, the saturation magnetization of the nanoparticle system Msat (T ) can
be written as

Msat (T ) = Ms (T )Fe3O4�m(T ). (20)

Consequently, in the case of surfacted nanoparticles, the parameter A in equation (1) will not be
a constant, but a function of temperature T . Fitting the values (•) for (〈dm(T )〉)3 (figure 6(b))
the resulting polynomial function

〈dm(T )〉3 =
4∑

j=0

c j T
2 j (21)

is well suited to describe the variation with temperature. The values of the coefficients c j

are known—they result as fitting parameters. Thus, according to equations (19)–(21), the
temperature variation of the saturation magnetization of the system made up of surfacted
Fe3O4 nanoparticles is described by the law in T 2:

Msat (T ) = (πnMs (0)Fe3O4/6)

( 4∑
j=0

c j T
2 j

)
(1 − BT 2) (22)

and the function

Msat (T ) = F(T )(1 − BT 2), (23)

respectively. In equation (23), F(T ) = A�m(T ) = Ms(0)Fe3O4�m(T ).
In figure 2(a), the full curve (f3) represents the fit of the experimental values ( ) of the

saturation magnetization with the function (22), where we have considered the known values
for Ms(0)Fe3O4 (equation (3)), B ≡ BFe3O4 (equation (4)) and n = 3.27 × 1022 m−3 (where
c j are known constants that were previously determined). The particle concentration in the
ferrofluid was calculated with relation (17). It can be observed that there is a very good
agreement of curve (f3) with the experimental curve ( ). These results confirm the validity
of the law in T 2 (22) and (23), respectively, which we have suggested for describing the
temperature dependence of the saturation magnetization of the Fe3O4 nanoparticles covered
in oleic acid. This law takes into consideration the volume increase of the particles’ magnetic
cores (〈Vm〉 = π〈dm〉3/6), where the spins are ferrimagnetically aligned, with the decrease in
temperature.
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Our previous results [20] have shown that, in the case of surfacted Mn0.6Fe0.4Fe2O4

nanoparticles (in oleic acid), the variation of the saturation magnetization with temperature
is very different from the one corresponding to bulk ferrite. Additionally, recent studies that
we have carried out (soon to be published) show a similar behaviour both in the case of
(Ni–Zn)Fe2O4 ferrite nanoparticles and in the case of γ -Fe2O3 nanoparticles dispersed in an
amorphous SiO2 matrix (obtained with the sol–gel method). At the surface of the nanoparticles
embedded in the matrix, a layer is formed due to the particle–matrix interactions. This layer
has a thickness of the order of nanometres and it has no magnetic ordering at room temperature,
but it becomes ferrimagnetic at lower temperatures. All these results, as well as the results
obtained by other authors [36–38] that confirm the presence of the paramagnetic layer on the
surface of surfacted nanoparticles,make us believe that the law (22) is universally applicable for
surfacted nanoparticles; the value of the temperature exponent and the values of the coefficients
c j depend on the nature of the material of the nanoparticles.

4. Conclusions

The saturation magnetization as a function of temperature for Fe3O4 surfacted nanoparticles
is correctly described by the law Msat (T ) = F(T )(1 − BT 2), which contains the parameter
F(T ) that depends on the temperature [F(T ) = A�m(T )], and not on the law in T 2 verified
for bulk magnetite, where F ≡ A = constant (A = Ms (0)Fe3O4). F(T ) as a function of
temperature appears as a result of the existence of the layer on the nanoparticles’ surface,
a layer that is paramagnetic at room temperature. When the temperature decreases below
300 K, the paramagnetic layer gradually becomes ferrimagnetically ordered, starting from
the particle’s core and moving towards the particle shell. This behaviour is caused by the
modification of the superexchange interaction between iron ions from the surface layer of the
nanoparticles. Based on the experimental results, we have established that the most suitable
function to describe the dependence Msat versus T of the surfacted magnetite nanoparticles in

the temperature range of (77–300) K is Msat (T ) = (πnMs (0)Fe3O4/6)
( 4∑

j=0
c j T 2 j

)
(1 − BT 2).
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