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ABSTRACT Bloch’s law which describes the variation with tem-
perature of the spontaneous magnetization at low temperatures
no longer applies in the case of surfacted nanoparticles. The
deviation is a result of the modification of the superexchange in-
teraction in the surface layer of the nanoparticles, which leads to
an increase of the magnetic diameter (Dy,) (attached to the core
where the spins are ferrimagnetically aligned), and of their mag-
netic moment, when the temperature decreases below 300 K.
This anomaly was studied for a ferrofluid containing particles of
Mng ¢Fez 404 with a mean physical diameter of (D) = 12.2 nm
that were surfacted with oleic acid. Taking into account the con-
tribution of the layer at the nanoparticles’ surface, based on
experimental results I have established the law for the variation
of the saturation magnetization (Ma (7)) with temperature (7)
in this case as an addendum to the Bloch law. The temperature
dependence of Xl._l (x; — initial susceptibility) of the nanopar-
ticle system in the range 7 > Ty, (T, — blocking temperature),
confirms on the one hand, the increase of the nanoparticles’
magnetic diameter when they cool down, and on the other hand,
confirms the law that I have found for the dependence Mg, (T').

PACS 75.30.Cr; 75.30.Pd; 75.50.Tt

1 Introduction

The saturation magnetization of nanoparticle sys-
tems differs significantly from that of the bulk material due
to surface effects (‘spin canting’, ‘spin pinning’ or ‘broken
exchange bonds’) [1-3] and core-shell morphology. These ef-
fects are more intense in ferrimagnetic systems, where the
exchange interaction occurs through the oxygen ion 0%~ (su-
perexchange) [4,5]. The absence of the oxygen ion at the
surface or the presence of another atom (ion) in the form of an
impurity leads to a break of the superexchange bonds between
the magnetic cations which induce surface spin disorder [3].
Due to the above-mentioned effects, the saturation magnetiza-
tion in nanoparticle systems is considerably lower than that of
bulk ferrite [6, 7]; the decrease is even more pronounced with
the increase of the surface-volume ratio of the particle [8].

At low temperatures, the variation of the spontaneous
magnetization (M) with the temperature (7') is governed by
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the law in 7°/? (the Bloch’ law) [9, 10] deduced from the spin
wave model

M(T) = I(1— AT?*?) (D)

where I is the spontaneous magnetization at 0 K (M(0)) and
A is a constant that depends on the exchange integral J(A ~
1/J3/%). Dependence (1) is well verified experimentally up
to room temperature, both for bulk materials (Fe,Ni) [11, 12],
and for some spinel ferrites (such as Mn,Fe;_,04;0,2 < x <
1,0 [13]). Some differences can only be observed for the expo-
nent value of temperature 7 (e.g. for magnetite the exponent
has the approximate value of 2).

In the case of fine particles and clusters, some theoret-
ical calculus and the experimental results have shown that
the exponent of the temperature is higher than 3/2 [14-16].
However, Martinez et al. [7] have demonstrated experimen-
tally that in systems made up of y-Fe,O3 nanoparticles with
a diameter of ~ 10—15 nm, the saturation magnetization does
indeed follow the law in 7°/2 until room temperature. All
these results show that the dependence M —T, that was ver-
ified for the bulk material does not always apply to systems
made up of fine particles and clusters, and there have been
various interpretations for this behavior.

Furthermore, when the nanoparticles are covered with
oleic acid (organic surfactant), the acid is strongly absorbed
on the surface [17] and thus it forms a superficial layer [18].
Here I have studied the variation with temperature of the sat-
uration magnetization of the system composed of surfacted
nanoparticles in the temperature range 90-300 K.

It is known that the initial susceptibility y; of the nanopar-
ticle system, at zero-field cooling, increases until it reaches its
maximum value at the blocking temperature [19]

KV

T = ) @

and after that it decreases. In (2), KV is the barrier energy
for the magnetic moments of the particles, #,, is the measur-
ing time, 19 is the time constant which usually has the value
1072 s, and kg is the Boltzmann constant. For a fixed measur-
ing time, the position of the maximum in the diagram (y; — T')
depends on the value of the barrier energy, that is influenced
both by the interactions between the particles [20] and by the
size distribution of the particles [21]. When no interactions
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are present, for V = (V) ((V) — mean volume) the nanopar-
ticle system has a superparamagnetic (SPM) behavior in the
range T > Ty and a ferrimagnetic (FM) behavior in the range
T < Ty. In the SPM range, the initial susceptibility varies with
temperature according to a Curie-type law for paramagnetic
atoms [21]

C
Xi(T) ==~ 3)
where the Curie constant
tonm:
Cnp = 3 “4)

includes the magnetic moment of the particle m, instead of the
atomic magnetic moment. In (4), n is the concentration of the
nanoparticles and 119 = 47 x 10~7 H/m. When examining the
effects of interactions, based on more accurate analysis car-
ried out at temperatures higher than the blocking temperature,
it was shown that the variation x;(7) must follow a Curie—
Weiss type law [21-24]

Cnp
T—-6

xine(T) = (5)

where 6 is the ordering temperature resulting from fitting
the experimental variation of 1/x; np With temperature to
a straight line in a selected range of the temperature [23].
The value of 6 is used for indicating the strength of the in-
teractions inside the system, while the sign of 0 reflects the
type of the interaction that leads to the ordering of the mag-
netic moments, i.e.(+) for ferromagnetic ordering and (—)
for anti-ferromagnetic (ferrimagnetic) ordering. This way, by
studying the dependence 1/x; np — T it can obtain additional
information concerning the magnetic behavior of the system
made up of surfacted nanoparticles at low temperatures.

My research focused on studying the temperature depen-
dence of the saturation magnetization (Mg, (7)) for ferrimag-
netic nanoparticles of Mng ¢Fe; 4O4 that were surfacted with
oleic acid and dispersed in kerosene, and establishing the vari-
ation law for this case. Additionally, I have analyzed the vari-
ation of 1/x; np with temperature for surfacted nanoparticles
above the blocking temperature.

2 Experimental

The sample used for the study was a ferrofluid con-
taining Mng ¢Fe; 404 nanoparticles that were covered with
oleic (organic surfactant) and dispersed in kerosene (solvent),
having a concentration of n = 4.58 x 10*2 m~3 [25]. This way,
the stabilisation of the ferrofluid is steric. The polar end of the
oleic acid molecule (COO™) is chemisorbed at the particles’
surface [17] (bonds are formed between the free 3d orbitals of
the peripheral magnetic ions of the particle, and the electrons
from the 7 orbital of the oleate’s carboxyl group, in the struc-
ture of the olein molecule). The free part of the molecule (the
chain) with a length of §; = 2 nm is compatible with the (non-
polar) dispersion medium, i.e. the kerosene (the solvent). The
nanoparticles were obtained by the chemical co-precipitation
method.

Transmission electron microscopy (TEM), of the sample
was performed with a JEOL JEM-2010 electron microscope
in order to determine the size distribution of the particles.

The magnetic measurements were made with the instal-
lation described in [26], that has a data acquisition system
(DAQ) connected to a PC. The demagnetising field deter-
mined by the sample’s geometry Hy = —NgM (N4- demag-
netising factor) is corrected by a calculation program, so that
the magnetization will be recorded as a function of the sam-
ple’s H field (H = H. — Hy). The experimental installation
was calibrated by using Fe and Ni standards. The relative de-
viation at the measurement of the magnetization is of 1%.
During a measurement the relative variation of the magnetic
field is of 0.5%. The temperature was measured with a com-
mercial Cu-(Cu/Ni) thermocouple.

The initial susceptibility was measured in the absence of
the continuous magnetic field at a frequency (v) of 50 Hz and
an amplitude of the alternating field H, = 3 Oe.

3 Results

The variation of the saturation magnetization of
the nanoparticle system in the temperature range 90-300 K
is shown in Fig. 1. This was determined from the magneti-
zation curves at saturation, which were recorded both for the
sample cooled down from 300K to 90 K, in the presence of
a continuous magnetic field Hy = 120 kA/m applied along
the direction where the magnetization will occur, and also
in the absence of this field. The continuous magnetic field
was applied at room temperature and was maintained at the
same value for the whole duration of the cooling and freezing
of the sample at 90 K. Following the colloidal system, while
returning from 90 K to room temperature, for both the sam-
ple cooled in the absence of the continuous field Hy, and in
the presence of the field, but only after it has been removed
(at 90K), I have recorded the magnetisation curves at sat-
uration for various values of the temperature. In both cases
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FIGURE 1 Saturation magnetization as a function of temperature of the

system composed of Mng ¢Fe; 404 nanoparticles surfacted with oleic acid,
both in the presence and in the absence of the continuous field Hy
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these were then used for determining the saturation magneti-
zation (Ms,) that corresponds to a field of 10° A/m, and for
representing the magnetization Mj, as a function of tempera-
ture (Fig. 1). Two important aspects can be observed from
the diagram: (i) a rapid increase of the saturation magnetiza-
tion with the decrease of temperature, with a relative variation
AMiyt/ Msa 300 = 55.8% (A Mgy = Msar,00 — Misar, 300, the nu-
meric index represents the value of the temperature), that is
~ 35% higher than the relative variation of the spontaneous
magnetization of bulk ferrite (AM;/M; 300 = 21% [10]), in
the same temperature range; (ii) the increase of the saturation
magnetization does not depend on the fact that the particles,
and with them their easy magnetization axes, were oriented
(aligned) by the field Hj along the subsequent measuring di-
rection (in the absence of the field Hj the easy magnetization
axes are randomly oriented from a statistical point of view,
with an equal probability of orientation in all directions). This
result shows an abnormal increase of the saturation magne-
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FIGURE 2 Variation of the initial susceptibility with temperature of the
system composed of surfacted nanoparticles, recorded at 50 Hz
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FIGURE 3 M versus H of the sample at 300 K; the continuous line is the
fit with the Langevin function

tization of the surfacted nanoparticles and this increase is an
intrinsic property of the particle.

Additional information regarding the magnetic behavior
of the nanoparticle system is provided by the variation of the
system’s initial susceptibility with the temperature at zero-
field cooling (Fig. 2). The maximum of the susceptibility was
obtained at a temperature T, ~ 142 K. For a particle system
where there are no interactions and where there is a size distri-
bution of the particles, in the first approximation Tx = (Tp)
({Ty) is the blocking temperature for the same mean volume
(V) [23,27]. The blocking temperature is also defined as be-
ing the temperature where the measuring time #; becomes
equal to the magnetic relaxation time (ty,,) [28]. In the case
of static measurements, In(ty,/79) from (2) has a value of
25 [29]. Formula (2) is still valid for the magnetization in
low-frequency harmonic fields (as in my case), but this time
tm = 1/v [20], and In(#, /7o) has a value of 16.8(v = 50 Hz).
According to the Néel-Brown relaxation model, the blocking
temperature corresponds to the system’s transition from the
FM state (when T < T;) to the SPM state (when T > T).
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FIGURE 4 a Transmission electron micrograph of the sample. b Particle
diameters distribution in the sample
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The magnetization curve of the sample that was recorded
at a temperature of 300K is shown in Fig. 3. The continu-
ous curve in the figure represents the fitting with the Langevin
function

M(H, T) = Mgy [coth(gé) — 1/(g€] , (6)

where My, is the saturation magnetization of the ferrofluid,
g a parameter that depends on the particles’ magnetic mo-
ment (g = womp/k), and & = H/T (H —magnetic field). The
overlapping of the theoretical curve ( — ) with the experi-
mental curve ([J) shows that, at room temperature (300 K),
the ferrofluid has a superparamagnetic (SPM) behavior. The
SPM behavior is also determined by the lack of interac-
tions between the nanoparticles, the magnetic packing frac-
tion fi, = Msat/ Ms 300 (Ms 300 = 448 X 103 A/m [10]) being
only 0.0308.

The transmission electron micrograph is shown in Fig. 4a,
whereas Fig. 4b shows the distribution of the particles’
diameters. After fitting the data (e) with the log-normal
function [30]

(D) = (1/+/278D) exp {— [m (D/Dy) /ﬁa]z} %)

I observe an overlapping between these (solid curve) and the
experimental data. The parameters of the distribution are:

Dy =12.1 nmand § = 0.10. Based on these values, I have de-
termined the mean physical diameter

(D) = Dy exp(8%/2) = 12.2nm (8)
of the nanoparticles.

4 Discussion

4.1 Law for the variation of the saturation

magnetization with temperature

The dependence Mg, (T') both for the Mn,Fe;_,04
bulk ferrite (x = 0.6) (curve «), where I’ = 17.12 x 10> A/m,
A =3.74x107K¥2 (1) [10] and for the sample made up
of nanoparticles that are covered with oleic acid (curve [J)
(and which was magnetized in the absence of the continu-
ous magnetic field) is shown in Fig. 5. The determined value
of the constant I" was based on the assumption that the sat-
uration magnetization of the nanoparticle would follow the
same variation law as bulk material (1) and, at the same time,
by taking into consideration the value of the magnetic pack-
ing fraction f, (I' = finM(0), My(0) = 556 x 10°> A/m [31]
where M;(0) is the spontaneous magnetization of at 0 K). In
the case of surfacted nanoparticles, I have found that there is
a high deviation of the dependence Mgy vs. T from curve ().
This difference in behavior was also observed for magnetite
nanoparticles covered in oleic acid [26].

This deviation is determined by the increase of the mag-
netic diameter attached to the nanoparticles’ cores where
the spins are aligned due to the superexchange interaction.
This reasoning is based on our previous results [26] which
have shown that the magnetic diameter of the nanoparticles
surfacted with oleic acid, increases when the temperature
decreases, as it will be shown below for nanoparticles of
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FIGURE 5 Curves that represent the dependence of the saturation magne-
tization on temperature according to (1) («) and (21) (B); experimental curve
(0) in the absence of the continuous field (Hy = 0)
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MnggFe; 404. These results led to the idea that the packing
fraction f, also increases with temperature, and this aspect
has to be taken into consideration when determining the vari-
ation of the saturation magnetization with the temperature of
the nanoparticle system.

While the saturation magnetization of bulk ferrite is the
same as the spontaneous magnetization at 0 K, in the case of
ferrofluids it disappears completely since

Msat = mes . (9)

Under these circumstances, the magnetic packing fraction of
the nanoparticle system at a temperature 7

Miai(T)

Sm(T) = M(T) (10)
and at 0 K, respectively,

 Myu(0)
fm(0) = M.0) (11

is not constant anymore (it increases with the decrease of tem-
perature). Furthermore, if in the Bloch law (Eq. (1)) I replace
M (T) from Eq. (10) and M;(0) from Eq. (11), I obtain the
mathematical expression of the saturation magnetization of
the system made up of surfacted nanoparticles

_ Jm(T) 3
Msat(T)—Msat(O)fm(O) (1 AT )

= Ms(0) fun(T) (1 = AT??) . (12)

In a more restricted form, the temperature dependence of the
saturation magnetization of the surfacted nanoparticles sys-
tem is

Mo (T) = I(T)(1 — AT??), (13)
where parameter
I(T) = My(0) fu(T) (14)
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is a function of temperature and not a constant, as in the case
of bulk ferrite.

Provided f;, did not depend on temperature and was a con-
stant (the same as the one at room temperature), (12) would
be reduced to the Bloch law for bulk material (1), where
I' = M(0) = const., and the increase of the saturation magne-
tization of the system would be a result of the variation of the
spontaneous magnetization with temperature.

When £, is no longer a constant and it depends on tem-
perature (as in my case), a further term has to be included
in the equation to reflect this aspect (i.e. the increase of the
nanoparticles’ magnetic moment and of the magnetic diam-
eter, respectively, with the decrease of temperature); in other
words, the law has to be considered as it was written in (12).

Since the saturation magnetization of the nanoparticle sys-
tem is

Mt (T) anp(T) =nV(T)M(T) (15)
in agreement with (10) it results in:
fn(T) =nm (Du(T))* /6 (16)

(in the approximation of spherical nanoparticles (see Fig. 4a)).

By replacing fi,(T) in (12) I obtain
Ma(T) = My(0)(n7/6) (D (T))* (1 — AT*?) . (17)
In (17), (Dn(T)) is the mean magnetic diameter of the
nanoparticles as a function of temperature. In agreement
with (17) it can be concluded that the considerable increase of
the saturation magnetization of a system made up of surfacted
nanoparticles, compared to that of bulk ferrite, is a result
of the increase of the mean magnetic diameter (Dy,) of the
nanoparticles (in which the spins are aligned by means of
the superexchange interaction), because n = const. and the
increase of the spontaneous magnetization My(7) when the
temperature decreases from 300 to 77 K (Fig. 5, curve «) is
much lower. Our explanation for this behavior is attributed to
the modification of the superexchange energy (W) in the
surface layer of the nanoparticles due to the presence of sur-
factant molecules [26]. Consequently, the Néel temperature
(Tx = Ween/kg, kg — Boltzmann constant) in the superficial
layer will change and it will be lower than the room tempera-
ture. As the temperature decreases, Ty of the sublayers that
are adjacent to the magnetic core of the nanoparticles will be
exceeded gradually, so that these sublayers will successively
become ferrimagnetically ordered. The result is an increase
of the magnetic diameter (Dp,) attached to the core where
the spins are aligned, with the decrease of temperature; this
will in turn lead to an increase of the magnetic packing frac-
tion f, and, implicitly, of the saturation magnetization for the
nanoparticle system.

In a different approach, from (15) at temperature 7 (T <
300 K) and at room temperature I obtain

M,

M (T
(Dn(T))* = (Dim)300 (—) Ml T)

o Mo (%)

Mz

The mean magnetic diameter (Dy,)300 at a temperature of
300 K was determined from the magnetization curve (Fig. 3)

with the procedure described in [26], admitting a log-normal
distribution of the magnetic diameters and the dependence of
the particle’s magnetic moment on the diameter. In this way,
I have found (Dp,)300 = 10.8 nm. This value is lower than
the mean value of the physical diameter (12.2 nm) that re-
sulted from the TEM, a fact that shows, that in the case of
Mng gFe; 404 nanoparticles surfacted with oleic acid, a layer
is formed on their surface and this layer has an average thick-
ness of

{m300 = ((D) = (Dm)300) /2 =0.7nm. 19)

Replacing in (18) the determined values of M, (T) [(Fig. 5,
(@)1, M(T) [Fig. 5, curve ()] and {Dy,)300, I have calcu-
lated (D, (T))>. The resulting values are shown in Fig. 6.
According to (19), given that the magnetic diameter increases,
the surface layer is narrowing when the temperature decreases
(Fig. 6, curve o). A proof for the fact that the determined
values of the diameters (D) and (Dy,) are correct is that at the
lowest temperature (90 K), the diameter (Dy,)90 = 11.9 nm
does not exceed the physical diameter (D)(12.2 nm). These
results show that the layer on the surface of the nanoparticles
is paramagnetic at 300 K. As the temperature decreases, the
layer gradually becomes magnetically ordered, starting from
the core and continuing towards the shell.

Using the electron spin resonance technique, Upadhyay et
al. [32] and Sastry et al. [33] have recently shown the exis-
tence of the paramagnetic shell of the Mn,Fe;_,Fe,04 (x =
0.1 —0.7) nanoparticles in ferrofluid, surfacted with oleic
acid. I have highlighted the existence of two absorption lines
in the ESR spectrum; one that appears to be due to the fer-
rimagnetic core, and another one that corresponds to & =4,
(¢ — the spectroscopic splitting factor), attributed to the Fe3*
ion in the complex structure made up of oleic acid molecules.
The line with ¢ = 4 disappears at low temperatures. Similarly,
Tronc et al. [34] have used Mossbauer spectroscopy at low
temperatures to highlight the existence of the paramagnetic
layer on the surface of phosphated y-Fe,O3 nanoparticles.

The variation shape of the function (D, (T))? in (17) was
determined by fitting the experimental values (Fig. 6(e)). The
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FIGURE 6 (D (7)) vs. T(e) and (1) vs. T(o) of the nanoparticles; (—) fit

curve of (D (T))?
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variation can be approximated very well with the function

Z cq T

(cq are known constants that were determined from the fit).
A good resemblance of the fit curve and the experimental
curve can also be obtained if there are two fitting coefficients,
however, in order to obtain a more realistic variation of the
magnetic diameter with the temperature I have also consid-
ered the higher order terms of 72. The same variation form
of (Dy)? with temperature was observed for Fe;O4 nanopar-
ticles with a diameter of ~ 11 nm, covered in oleic acid and
dispersed in kerosene; however, the fitting coefficients (espe-
cially the first two) are different, since they depend on the
nature of the material.
Under these circumstances, (17) can be written as

Din(T))* (20)

4
Moa(T) = MO | Yo 7 | (1= 4772 . @1)

=0

By building the function Mg, — T defined by (21), with the
known values of M(0)(556 x 10° A/m), n(4.58 x 10?> m™3),
A(3.74 x 107K ~%?), and ¢, (constants) that resulted from
the fit, I have obtained curve (8) in Fig. 5. It can be observed
that there is a very good agreement of the calculated curve
(— ) with the experimental curve (), which demonstrates
that function (21) is suited to describing the temperature vari-
ation of the saturation magnetization of the system composed
of surfacted nanoparticles. The result obtained demonstrates
the accuracy of the function (21), that I have suggested for de-
scribing the variation of the saturation magnetization of the
surfacted nanoparticle system, with the temperature in a range
of low temperatures.

4.2 The susceptibility

Knowing the value of the blocking temperature
(T,) (142 K) from the experimental curve shown in Fig. 2, and
using (2) where V = (Vin)142 = 7({Din)142) /6, ((Din)3 4> =
1620 nm?), and t, = 1/v=0.02s, I obtain the value of the
anisotropy constant K = 3.9 x 10*J/m? at a temperature of
142 K. This value is within one order of magnitude higher
than the magneto-crystalline anisotropy constant (|Ky |42 ~
4.5x103J/m?) [35], of MnggFe;40 bulk ferrite. Conse-
quently, K has to be seen as an effective anisotropy con-
stant K¢, that also takes into consideration other forms of
anisotropy. Since the shape of the nanoparticles is roughly
spherical, the shape anisotropy constant (Kg,) can’t have an
order of magnitude higher than 103 J/m?. For this reason, I be-
lieve that the surface anisotropy, or more exactly the interface
anisotropy (Kiy), has the most significant contribution to the
magnetic anisotropy; this interface anisotropy results from
the interaction between the particle and the oleic acid (the
iron and manganese ions from the surface of the nanoparticle
build bonds with the oxygen ions from the polar end of the
oleic acid molecule). This suggests that, in the surface layer
of nanoparticles covered in oleic acid, the magnetic moments
have a different (disordered) structure compared to that inside
the particle, where the spins are ferrimagnetically aligned.

Figure 7 shows the variation with temperature of 1/y; np
for the nanoparticle system. If I calculate the theoretical func-
tion 1/(x; np) With (5) where the Curie constant according to
Egs. (4) and (14) is

(Cnph = VM52,300 <Dm>goo 22)
where
2
— Mot ™R (23)
108kgp

I obtain the straight line (fI) with 6 = 0. This line must pass
through the experimental value of 1/; np at 300 K, because at
this temperature the system has a SPM behavior and the inter-
actions are negligible. This case corresponds to the situation
when the magnetic diameter does not change with tempera-
ture ((Dm)300 = 10.8 nm = const.1) and the variation of the
spontaneous magnetization with temperature was neglected
(Mg = M 300 = 448 % 103 A/m = const.2).

However, if I take into consideration the variation of
the spontaneous magnetization with temperature, according
to (1) the Curie ‘constant’ becomes

(CNP)

s 300

(Cnp(T))yy = [M,(0) (1— AT*?)]> . (24)

The function calculated with (5), where the Curie constant is
given by (24) and 8 = 0, is represented by the curve (fII).
In both cases, it can observe a high deviation of the theor-
etical curves, (fI) and (fII), from the experimental curve (e).
If apart from the variation of the spontaneous magnetiza-
tion I also take into consideration the variation of the magnetic
diameter, the Curie ‘constant’ will have the following expres-
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FIGURE 7 Variation of 1/(x; np) with the temperature of the nanoparticle
system; ( — ) curves calculated with (5) and Curie ‘constant’ with (22) (fI),
(24) (fI) and (25) (fIIT)
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sion:
(Cnp)1
(Cnp(T, D (T))) — 6
NP me Mszzoo (Dm)S’OO
% [M(0) (D(T))* (1 = ATY?)T?

2

CNP 25)

Z Cq 7%
m) 300 4=0
After calculating the corresponding theoretical function,
where (Dp,,(T))? is given by (20), I obtain the curve (fIII). In
the range T > T, the best overlapping of the calculated curve
with the experimental points was obtained for 6 = — 0.4 K.
The value of the temperature 6 that is very close to zero shows
that the interactions between the nanoparticles can be neg-
lected, a result that is in good agreement with the one deduced
from the magnetization curve (Fig. 3) (low magnetic packing
fraction; overlapping of the Langevin curve with the experi-
mental curve), and the result deduced from the TEM (Fig. 4a),
where it can be seen that the particle clusters are negligible.
The sign of 8 shows a ferrimagnetic ordering.

On the other hand, the overlapping of the two parts of the
theoretical and experimental curves, respectively, in the su-
perparamagnetic range, is another obvious proof — besides the
one that resulted from the saturation magnetization — of the
increase of the nanoparticles’ magnetic diameter with the de-
crease of temperature. This result confirms the validity of the
laws (17), and (21), respectively, which I proposed for the
temperature variation of the saturation magnetization at low
temperature in the case of surfacted nanoparticles.

5 Conclusions

The saturation magnetization as a function of tem-
perature for the nanoparticles of Mng gFe; 4O4 surfacted with
oleic acid is described by the T3/% law M (T) = I(T)(1 —
AT?/?), that contains a parameter that depends on the tem-
perature I(T) = M, (0)(7tn/6) (Dm(T))?, not on the law
corresponding to the bulk material, where I” is a constant
(I(T) = M(0) = const.). The variation of the system’s satu-
ration magnetization does not depend on the orientation of the
easy magnetization axes of the nanoparticles in relation to the
magnetization direction, since this is an effect of the material.
This anomaly in behavior is a result of the modification of the
superexchange interaction in the surface layer of the nanopar-
ticles due to the presence of the surfactant; with the decrease
of temperature below 300 K, the superficial layer gradually
becomes ferrimagnetically ordered and there is an increase in
the volume of the particle core where the spins are aligned. In
this way, there will be a secondary effect that is produced by
the superficial layer, an effect that is added to the one deter-
mined by the nanoparticles’ core; these two effects combined
determine the deviation from the law 7/ that corresponds to
the bulk ferrite. The shape of the function I'(T") depends on the
variation of the magnetic diameter with temperature.

The anomaly of the saturation magnetization of nanopar-
ticles surfacted with oleic acid at low temperatures is also
confirmed by the variation of 1/ x; np With temperature, above
the blocking temperature, which is caused by the increase of
the magnetic diameter. Cnp from the Curie—Weiss law in the
case of surfacted nanoparticles is a function of both tempera-
ture and the magnetic diameter: (Cxp(7, Dy,))-
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