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Abstract—The size effects of magnetite and maghemite nanoparticles on their magnetic properties (magnetic
moment, Curie temperature, blocking temperature, etc.) have been investigated. Magnetic separation and
centrifugation of an aqueous solution of nanoparticles were used for their separation into fractions; their sizes
were measured by atomic force microscopy, dynamic light scattering, and electron microscopy. A change in
the size leads to a change in the Curie temperature and magnetic moment per formula unit. Both native
nanoparticles and those covered with a bioresorbable layer have been considered. The magnetic properties
have been calculated by the Monte Carlo method for the classical Heisenberg model with various bulk and

surface magnetic moments.
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1. INTRODUCTION

The first magnetic material known to humanity,
magnetite, still remains in many respects mysterious
owing to the complex interactions of spin, orbital, and
charge degrees of freedom [1].

Apart from magnetite, maghemite (y-Fe,03),
which also has the crystal structure of spinel, belongs
to the magnetic iron oxides. The existence of a planar
nanophase €-Fe,0; has also been discussed in recent
years [2].

In magnetite one Fe?' ion occupies a tetrahedral
site, while each of the two other ions, Fe3" and Fe?",
occupies octahedral sites. Owing to the cation and
vacancy ordering, maghemite can have a tetragonal
superstructure. The formulas for magnetite and

maghemite are Fe3*[Fe3*Fe?]0, and Fe**[Fe; ;]0,,
respectively. Usually, there is a continuous series
between (suboxidized) magnetite and the state com-
pletely oxidized to maghemite.

Maghemite is a very common mineral on the
Earth’s surface. It is also found in corrosion products
and proteins, is used in medicine as an agent for drug
delivery [3] and in nuclear magnetic resonance
tomography [4], and is widely applied as a magnetic
recording medium [5].

Maghemite is unstable: it loses its magnetic proper-
ties and transforms into hematite (o-Fe,O;) as the
temperature rises (when heated, they form a continu-
ous metastable magnetic solid solution). The transfor-

mation temperature depends on prehistory: in slightly
oxidized samples its value is near 300°C, while in more
oxidized ones it is above 450°C [6]. Its value is also
affected by the particle size, water content, and stoi-
chiometry [7].

Magnetite and maghemite nanoparticles are widely
used in information recording and storage systems,
biological studies, and medical tests (hyperthermia).

Nanomagnetite is used in magnetic hyperthermia
as an efficient material at low frequencies (below
1 MHz [8]), because the Neel easy axis—hard axis
flipping mechanism is realized [4]. The production of
magnetic nanoparticles with a Curie temperature in
the range 45—70°C allows a self-regulating heating of
tumor tissues in a variable magnetic field to be
achieved [1, 9]. These nanoparticles are very attractive
because of their low toxicity and good magnetic prop-
erties.

Small nanoparticle sizes strongly affect many char-
acteristics of the materials being discussed: for exam-
ple, the magnetic anisotropy can be noticeably larger
than that for a bulk sample, while the saturation mag-
netization, on the contrary, is smaller. The Curie tem-
peratures for nanoparticles with sizes of the order of a
few nanometers can differ from 7 for bulk samples by
hundreds of degrees [10]. We will provide the results of
our studies of magnetic properties for iron oxide
nanoparticles and will present the corresponding the-
oretical discussion.
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Fig. 1. (Color online) Results of our AFM study (the contact mode, Nano Wizard 3) of magnetite nanoparticles of various frac-
tions with different mean nanoparticle sizes (the mean sizes for the left and right pictures are different). Magnetic separation and
centrifugation were used to separate the nanoparticles into fractions with different sizes (in the range from 4 to 22 nm).

2. RESULTS OF OUR MEASUREMENTS

We investigated both native and dextran-passivated
magnetite nanoparticles and maghemite nanoparticles
synthesized by coprecipitation [11] and aerosol pyrol-
ysis [12]. In aqueous base the magnetite nanoparticles
were produced by the sol—gel method.

The nanoparticle size was controlled by dynamic
light scattering (DLS), X-ray diffraction (XRD),
atomic force microscopy (AFM), and scanning elec-
tron microscopy (SEM). Using magnetic separation
and centrifugation [13], we managed to separate the
nanoparticles into fractions with different sizes in the
range from 4 to 22 nm.

Figure 1 shows the results of our AFM study of two
fractions of magnetite nanoparticles with different
mean sizes.

Since the native magnetic nanoparticles aggregate
after their synthesis fairly rapidly (in 20—60 min), they
were covered with a passivating coating (dextran,
glass, polymers). Their properties can apparently be
determined both by the central part, a core, that gives
distinct reflexes on electron microscopy and by the
shell, a near-surface region of the order of a few nano-
meters, that gives a “halo” on electron microscopy.
This allows the core—shell model to be used. The core
and the shell can have different magnetocrystalline
anisotropies (K, and K), different magnetic moments
per formula unit, and different lattice parameters,
which affects significantly the distribution pattern of
the magnetic moments.

The core—shell structure is apparently formed in
all nanoparticles with sizes of the order of a few nano-
meters, irrespective of whether they are dressed by a
passivating coating or not. The disrupted surface layer
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of a magnetic nanoparticle can be similar in nature to
amorphized magnetite [14]. In addition, the cubic lat-
tice parameter for magnetite nanoparticles with a size
of a few nanometers can differ from that for bulk sam-
ples, which also has an analogy with amorphous mate-
rials [14]. The form and type of coating can affect a
number of physical properties of nanoparticles, in par-
ticular, their magnetic properties.

The Curie point of the samples was determined
from the temperature dependence of the SQUID
magnetization in weak magnetic fields (20 mT). We
found the second derivatives of the temperature
dependences of the saturation magnetization J(7).
The thermomagnetic curves J(7) were measured with
a magnetometer by the Curie balance technique in a
magnetic field of 7 T in the temperature range 20—
500°C. All samples have superparamagnetic depen-
dences of their magnetization on magnetic field with-
out hysteresis.

The magnetic moment per nanoparticle can be cal-
culated by analyzing the magnetization curves M(H)
for a solution of superparamagnetic nanoparticles
using the Langevin formula. The dependence of the
magnetic moment per formula unit for the magnetite
nanoparticles in a dextran shell decreases with
increasing number of formula units N (Fig. 2).

The linear dependence AM(N~'/3) (see the inset in
Fig. 2) fits into the phenomenological Weizsacker for-
mula, which can be used by analogy with nuclear
physics [15] (for a discussion of our numerical results
see Section 3). The presence of two linear segments
may be indicative of a change in the character of the
nanoparticle coating (for example, its magnetic prop-
2017
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Fig. 2. Deviation of the specific (per formula unit) mag-
netic moment of magnetite nanoparticles in a dextran shell
of diameter 4—22 nm from its value corresponding to a
bulk sample determined from the Langevin formula, 7' =
300 K, the measurement was made in fields up to 0.5 T.

erties, thickness, etc.) when passing to very small sizes
of about 4 nm.

The magnetite nanoparticles in a polymer matrix
have a more complex dependence of the magnetic
moment on the nanoparticle dimeter [15]. Thus, the
magnetic moment of the nanoparticle core interacts
with the magnetic moment of the shell located under
the “coat” of the passivating (biocompatible)
nanoparticle coating, which, in turn, depends on the
type and form of the coat.

The interaction between the two magnetic systems
of the core and the shell, just as two sublattices in a fer-
romagnet, can lead to experimentally observable
effects:

(1) A decreasing, close to 7%2, or linear depen-
dence of the magnetization in a wide temperature
range, 77—350 K (see Fig. 3), transforming into
Smith’s law [16] that differs sharply from the depen-
dence M(T) for bulk magnetite.

(2) A Curie temperature dependent on the
nanoparticle size (see Fig. 4). The temperature depen-
dences of the nanoparticle magnetic moment for both
magnetite and maghemite (see Figs. 3 and 5) give T
considerably lower than those for bulk samples (the
mass of the single crystals is ~1 g). Note that when the
Fe3* ions in magnetite are substituted by gadolinium
ions with larger magnetic moments, this dependence
of T weakens significantly (Fig. 4).

(3) The dependence of the blocking temperature
on the type of coating and the nanoparticle prepara-
tion process (whether a magnetic field was applied
during the passivation and drying of nanoparticles or
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Fig. 3. Temperature dependence of the relative ZFC/FC
magnetization for bulk magnetite samples (M, =

2.1 Am? kg_l, squares) and dextran-coated magnetite
nanoparticles with sizes of 10 (M, =0.86 A m? kg’l, stars),
6 (My=0.83A m? kg_l, crosses), and less than 6 (M, =

0.76 A m?2 kg_l, circles) nm. The experiment was per-
formed with a SQUID magnetometer; B = 2.27 mT.

not; see Fig. 6). The data on the blocking temperature
for magnetite nanoparticles 10 nm in size with various
coatings obtained with a SQUID magnetometer are
collected in [15].

Comparison of the curves describing the Curie
temperature drops with decreasing size in weak
(H ~ 20 mT) and strong (H ~ 7 T) fields (Fig. 7) shows
their qualitative similarity. However, the size effect is
more pronounced for the experiments in strong fields,
which may be due to the difference between the mag-
netic field dependences for the core and the shell.

For the investigated maghemite nanoparticles 7- =
545 K (with an error of 10 K), which is considerably
lower than that for bulk magnetite, 7o = 918 K [18].
The dependence M(T) is nearly linear at low tem-
peratures and transforms into a power law at tem-
peratures above 250 K. At the same time, no sharp
ferromagnet—paramagnet transition typical of bulk
samples is observed at the Curie point. We found a
significant difference between the magnetic prop-
erties of maghemite in the form of nanoparticles
and a bulk material. This effect is apparently attrib-
utable to the competition of superexchange interac-
tions between the Fe3' ions at the tetrahedral and
octahedral crystallographic sites under conditions
of very small sizes, of the order of a few atomic lay-
ers, which is confirmed by Monte Carlo simula-
tions [17].
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Fig. 4. Size dependence of the Curie temperature in a dou-
ble logarithmic scale for magnetite nanoparticles (circles)
and nanoparticles with 10% of the Fe3" ions substituted by
Cd3* ions (stars), N is the number of formula units in a
nanoparticle.

3. NUMERICAL SIMULATIONS
AND DISCUSSION OF RESULTS

To draw theoretical conclusions and to obtain esti-
mates, we performed Monte Carlo simulations. Mod-
els with magnetic moments, exchange integrals, and
magnetic anisotropy constants changed on the surface
[19] can be used in considering the magnetism of
nanoparticles. To study in detail the dependence of
magnetic properties on the particle size for magnetite
(on which we have more detailed experimental data),
we used the simplified model of spherical nanoparti-
cles in which the atoms in the surface layer (coat) and
in the bulk were nonequivalent: the ratios of their
magnetic moments s could be both larger and smaller
than unity. We considered the Hamiltonian of the
classical isotropic Heisenberg model:

- I¥s s,
H= 2{21;3, S,,

where i and j denote the nearest neighbors of a spheri-
cal nanoparticle, S; are the magnetic moments of the
atoms. Thus, we neglect the details of the magnetic
moment formation in a magnetite unit cell. The mag-
netic moments of the nanoparticle core atoms are nor-
malized to unity, |[S| = 1, while for the surface atoms
|S| = s, where s can differ from unity (the possible dif-
ference between the exchange parameters in the bulk
and on the surface can be taken into account by resca-
ling s).
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Fig. 5. Temperature dependences of the magnetic moment
for the investigated maghemite nanoparticles with a size of
4 nm (stars), My = 2.5 A m? kg’l; the data on bulk
maghemite (squares) and maghemite nanoparticles (cir-
cles) from [17] in relative units are also presented.

A spherical nanoparticle of radius R could be
defined by the inequality |r| < R, where r; are the sites of
a simple cubic lattice. Accordingly, a monoatomic sur-
face layer would be defined by the inequality R — a <
Ir| < R, where a is the lattice constant. However, this
definition leads to strong “geometrical” oscillations of
the number of surface atoms N, (see Fig. 8), which
makes the subsequent interpretation of the Monte
Carlo results difficult. To reduce the N, fluctuations,
we modified this definition by substituting R - R + x
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Fig. 6. Curves of the dependence of the magnetic moment
on ZFC/FC field for magnetite nanoparticles in polyvinyl
films dried in a magnetic field (diamonds) and without any
field (circles). The experiment was performed with a

SQUID magnetometer; H =24 Oe, mpe,0, =45 mg.
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Fig. 7. (Color online) Dependence of the Curie tempera-
ture on the magnetic moment of a magnetite nanoparticle
determined using the Langevin formula from our magneti-
zation measurements in weak applied fields (20 mT, the
inset) and strong fields (7 T). The experiment was per-
formed with a SQUID magnetometer and a balance magne-
tometer: Tpylance(K) = 340 + 0.007M(up), Tsquip (K) =

358 + 0.003M(up).

in it, where x is a normally distributed random variable
with zero mean and standard deviation 6 = 0.2. It can
be seen from Fig. 8 that randomness leads to a
smoothing of the dependence of N, on the nanoparti-
cle radius.

To perform our simulations, we implemented the
heat bath algorithm [20] based on the ALPS library
[21]. The corresponding results on the dependence of
the total magnetic moment and Curie temperature of
a nanoparticle on the number N of atoms are pre-
sented in Figs. 9 and 10 for various values of the
parameter s.

It can be seen from Fig. 9 that in the case of identi-
cal atoms on the surface and in the bulk (s = 1), the
finite-size effects per se cannot give a noticeable
dependence of the magnetic moment on N for N >
1000. At s different from unity the magnetic moment
decreases (s > 1) or increases (s < 1) with growing N.
In the latter case, the dependence (/) is consistent
with Fig. 2, with the calculated dependences of the
magnetic moment being in qualitative agreement with
the predictions of the Weizsicker model (W(N) =a +
b/N'/3) [15].

The Curie temperature of our finite system (see
Fig. 10) was determined as the temperature at which
the magnetic moment fluctuations were strongest. As
a measure of these fluctuations we used the suscepti-
bility (W2 — {u/)?>, where W is the total magnetic
moment. The dependence of the Curie temperature
on N can be fairly strong: 7 increases at s < 1 and
decreases at s > 1 with growing N. The dependence of
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Fig. 8. Dependence of the number of surface atoms N; on
the radius of a spherical nanoparticle defined by the simple
inequality |r] < R (squares) and the inequality with a ran-
dom variable (stars).

T on N turns out to be stronger than the dependence
of the magnetic moment.

It is somewhat unusual that the dependence of the
Curie temperature on /N is nonmonotonic at s > 1. This
nonmonotonic dependence may result from the com-
petition of the following two factors: the surface atoms
have a smaller number of nearest neighbors, but, at the
same time, their magnetic moment is larger, which
favors the magnetic order. Despite the fact that the
maximal N reached in our calculations is smaller than
the number of formula units in real nanoparticles, we

04 1 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.10 0.12

1/N'/3

Fig. 9. Total magnetic moment of a nanoparticle normal-

ized to one formula unit versus 1/N 173 (N is the number of
formula units) for spherical nanoparticles with various sur-
face magnetic moments (s) and temperature 7= 0.3J. The

dashed lines indicate a linear fit; W(N) = a + b/N'/3.
No. 2
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Fig. 10. Curie temperature versus number of atoms in a
spherical particle at various s.

have qualitative agreement between the simulation
and experimental results.

The presence of antiparallel sublattices in the mag-
netic structure of magnetite makes the temperature
behavior of the magnetization more complicated,
leading to its nonmonotonicity [1]. This makes a the-
oretical analysis difficult. However, the Curie tem-
perature can be judged using extrapolation from the
spin wave region.

As is shown in Fig. 11, the dependence of the mag-
netic moment is linear at low temperatures, just as for a
classical infinite system (in the quantum case, this
behavior changes but is not reduced to the standard
Bloch law 73/? [22, 23]); nevertheless, the coefficient
characterizing this linear dependence changes signifi-
cantly with s. For finite systems the temperature depen-
dence of the magnetic moment also changes due to the
reduced mean number of nearest neighbors at the
boundary [22] and surface anisotropy effects [24, 25].

Note that the temperature behavior of the magnetic
moment for nanoparticles will be significantly differ-
ent than that in the spin wave theory (SWT). For
example, the actual Curie temperature can be consid-
erably lower than that in the SWT. This resembles the
situation in infinite layered magnets, where the self-
consistent spin wave theory (SSWT) predicts a reduc-
tion in 7T by 30—50% relative to its value in the SWT
[26, 27]. At the same time, the SSWT overestimates 7
compared to the results of Monte Carlo simulations
(see, e.g., Fig. 5in [28]). A further reduction in 7 can
be achieved in field-theoretic approaches, which are
particularly efficient in the case of low 7 [27].

Thus, our Monte Carlo simulations show that a
significant reduction in the Curie temperature of fer-
romagnetic nanoparticles occurs at a size of ~1000 for-
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Fig. 11. Typical temperature dependences of the magnetic
moment of a nanoparticle containing N = 515 formula
units with various surface magnetic moments (s).

mula units. In addition, the particle surface coating
exerts a significant influence on 7 (Fig. 10).

The magnetic properties of maghemite nanoparti-
cles were numerically studied in [17] by the Monte
Carlo method based on a three-dimensional classical
Heisenberg model with anisotropy. The structure of
spinel with free boundary conditions was simulated
more specifically to take into account the surface
effect on the characteristics of a nanoparticle with a
diameter of ~3 nm. The results show a significant
reduction in the Curie temperature of nanoparticles
compared to the data obtained for bulk maghemite,
from 1000 to ~800 K, in qualitative agreement with
our results on the temperature behavior of the magne-
tization.

4. CONCLUSIONS

Under systematic control of the sizes of nanoparti-
cles we produced the fractions of their aqueous solu-
tions by the separation method. This allowed us to
investigate the size effects of magnetite and
maghemite nanoparticles on their magnetic proper-
ties, because all of the investigated fractions were syn-
thesized by a single method.

We obtained both experimental and theoretical
(calculated by the Monte Carlo method) temperature
dependences of the magnetic characteristics of mag-
netite nanoparticles with various sizes and performed
a comparison with a bulk Fe;O, sample.

The magnetism of magnetite nanoparticles is
determined not only by their sizes but also by their
coating-dependent surface spin states, with both
increasing and decreasing dependences of the specific
(per Fe;O, formula unit) magnetic moment on the
number of magnetic atoms being possible.
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