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Water soluble magnetite iron oxide nanoparticles with oleic polymer coating and average diameters in
the range of 5-25 nm, previously determined by TEM, were characterized using Mdssbauer, magneti-
zation and X-ray diffraction measurements. Comparative analysis of the results demonstrated a large
diversity of magnetic relaxation regimes. Analysis showed the presence of an additional impurity
component in the 25 nm nanoparticles, with principally different magnetic nature at the magnetite core.
In some cases, X-ray diffraction measurements were unable to estimate the size of the magnetic core and
Mossbauer data were necessary for the correct interpretation of the experimental results.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Iron oxide nanoparticles based on magnetite Fe30, and ma-
ghemite y-Fe,03; have long attracted the attention of researchers
due to their advanced magnetic properties. Because of their bio-
compatibility and biodegradability [1-3], iron oxide nanoparticles
are considered to be key components of invasive medical proce-
dures such as targeted drug delivery and hyperthermia [4-7]. The
effectivity of these applications strongly depends on the magnetic
dynamics of nanoparticles, which is related to the relaxation rates
of nanoparticle magnetization vectors as determined by the size of
nanoparticles. There are a number of methods to determine the
size of nanoparticles including transmission electron microscopy
(TEM), X-ray diffraction, magnetic measurements, hydrodynamic
methods and light scattering. The size of the nanoparticle de-
termined by one method depends on the nanoparticle's quantum
mechanical and magnetic properties and can be different from the
size determined by other methods. None these methods, except
magnetic measurements, is able to provide reliable information
about nanoparticle magnetic properties and dipole interactions.

In the vast majority of nanoparticle ensembles, interparticle
magnetic dipole interaction between single nanoparticles takes
place. Consequently, the relaxation of the magnetization vector of
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individual nanoparticles cannot be considered separately from the
whole ensemble. The magnetization vectors of neighboring na-
noparticles influence each other and slow down relaxation pro-
cesses in comparison to non-interacting particles under the same
physical conditions. As a result, the physical size of individual
nanoparticles may have little connection to the magnetic dy-
namics of the ensemble. This lack of connection usually takes
place for nanoparticles administered to a live organism. In this
in vivo case, the dipole interaction between nanoparticles is
weaker in comparison to the samples measured in vitro [8]. In fact,
in the ensemble of interacting nanoparticles, there is a relaxation
of the magnetization vector of the cluster of nanoparticles boun-
ded with each other by magnetic dipole interaction. The size of the
cluster determines the relaxation rate in the nanoparticle en-
semble according to the Néel's formula:

p=pyexp (- KV/[kgT) (1)

where pog is the fluctuation rate slightly dependent on temperature
T, V is the particle's volume, kg is the Boltzmann constant and K-
anisotropy energy density. In this formula, the information about
cluster size is contained in Néel's barrier height KV. Consequently,
it may be convenient to use the value of Néel's barrier height for
parameterization of the cluster size [9,10]. A method capable of
estimating cluster size must be sensitive to changes of the
magnetic field at frequencies comparable to the oscillation rates
of the magnetization vectors in the ensemble.
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One of the most reliable methods for the investigation of na-
noparticle magnetic dynamics is gamma-resonance (Mossbauer)
relaxation spectroscopy. This method has demonstrated unique
possibilities for in vivo investigations in which it was necessary to
obtain quantitative information in the presence of endogenous
iron not connected to injected nanoparticles [1-3,8]. Mdssbauer
spectroscopy considers a group of nanoparticles as a cluster of
interacting single domain magnetic particles and gives informa-
tion about magnetic interactions which is essential for applica-
tions involving a magnetic field such as targeted drug delivery.
Magnetic dipole interactions can have a significant influence on
magnetic dynamics resulting in magnetically split Mdssbauer
spectra with asymmetrically broadened sextets, while non-inter-
acting particles show a quadrupole doublet because of fast su-
perparamagnetic relaxation [9,10].

The Mossbauer spectrum depends strongly on nanoparticle
size (in the case of interacting nanoparticles - the cluster size). For
small nanoparticles, the relaxation rate of their magnetization
vector becomes much faster than the Larmor frequency of the
nuclear spin precession. As a result, the mean value of hyperfine
becomes zero and their Mossbauer spectra demonstrate quadru-
pole doublet or singlet. In the case of large nanoparticles, when
the nanoparticle magnetization vector saves its direction during
the Larmor precession time, a well-resolved static hyperfine
magnetic structure with the Zeeman sextet of lines appears in the
spectrum. The reverse process occurs when the measurement
temperature increases. The Mossbauer spectrum of the super-
paramagnetic particles changes with increasing temperature from
a Zeeman sextet to a paramagnetic doublet (or singlet). The in-
terpretation of Mdssbauer spectra is determined by applying a
theoretical model. Iron oxide nanoparticles, which are large and
have inverse spinel structure and intermediate stoichiometry be-
tween magnetite and maghemite, usually demonstrate ferrimag-
netic behavior. Their Mdssbauer spectra contain two or more well-
resolved sextet components related to nonequivalent magnetic
sublattices with different spin characteristics. However, when the
applied magnetic field is strong enough, the magnetization vectors
of these sublattices align along, or near, the applied field direction
[11]. In the Mdossbauer spectrum, the spectral components of each
sublattice become almost indistinguishable and the sample can be
treated as ferromagnetic.

According to the core-shell model [12-14], with nanoparticle
size increasing, a gradual growth of ferrous component takes place
as part of magnetite (so-called “core”) versus the “shell”, ferric
iron, usually attributed to maghemite. In this case, the Mdssbauer
spectrum demonstrates a gradual increasing of the average isomer
shift [15] and the difference between the “core” and “shell” com-
ponents becomes more significant. In the present study, the size
effects for the set of nanoparticles were investigated by Méssbauer
spectroscopy, X-ray diffraction and TEM methods.

2. Materials and methods
2.1. Preparation

We used iron oxide nanoparticles synthesized by Ocean Na-
notech [16] according to the method described in [17,18]. Iron
oxide powder was dissolved by oleic acid upon heating to about
200 °C, resulting in an iron oleate complex. This complex was
unstable at temperatures above 250 °C. Black magnetite nano-
particles were formed above 300 °C. After the procedure, the re-
action mixture was cooled and the nanoparticles were precipitated
by adding chloroform and acetone. The size of the nanoparticles
was controlled by the reaction time, temperature, and iron oxide
and oleic acid concentrations. Their organic shells consisted of a

layer of oleic acid. The mean sizes of nanoparticles were estimated
using TEM and were approximately equal to 5, 10, 15, 20 and
25 nm (samples S5, S10, S15, S20 and S25), respectively (Fig. 1).

2.2. X-ray diffraction

X-ray diffraction measurements were carried out on a Rigaku
Smartlab diffractometer using the planar monochromator method
and Cu Ko radiation. The samples were placed on a silicon holder.
XRD data were collected in the range of 20-80°. Calculation of the
cell parameters was performed using the Voigt Profile fitting
procedure described in [19]. The average crystalline size of the
diffraction line widths was estimated using the Scherrer formula.
In the calculation procedure, the line widths of the most intensive
peak were used (440).

2.3. Magnetization

The magnetization measurements of the samples were per-
formed using the Quantum Design Vibrating Sample Magnet-
ometer with oscillation frequency 40 Hz. Hysteresis loops were
measured at the temperature 300 K with magnetic field amplitude
1 kOe and constant step 25 Oe. All samples were placed in gelatin
capsules.

2.4. Modssbauer spectroscopy

Mossbauer spectra were measured using the spectrometer MS-
1104Em, working in the constant acceleration mode. 57Co (Rh)
was used as a source of gamma-radiation. Isomer shifts were de-
termined in relation to the centroid of «-Fe. The samples were
measured at the temperatures 77 and 300 K and in the presence of
a magnetic field of 3.4 kOe at 300 K.

3. Results

The TEM images of the samples S5-S25 are shown in Fig. 1. All
samples demonstrate well-defined sharp size distribution and a
significant extent of aggregation, which points to the presence of
magnetic dipole interactions.

All X-Ray diffraction patterns contain a reference line (200)
with various amplitudes which related to the silicon holder
(Fig. 1). The X-ray diffraction peaks for all samples correspond to
the inverse-spinel structure (Fes0,4). The diffraction pattern of the
sample S5 has extremely broad line widths because of its small
size. Nevertheless, there are still-detectable peaks located on the
same diffraction angles as in other samples. The ratios of peak
intensities for S10-S20 are roughly equal, which points to a similar
phase composition. However the peak (400) for S25 is significantly
more intense than the ones for other samples, which suggests the
presence of an additional phase in this sample. The average crys-
talline sizes dxgp obtained from the diffractions pattern (Table 1)
are comparable with the mean diameters, dgy, evaluated from
TEM images. However, dxgp for the S25 sample is less than dygp for
S20. This discrepancy can be associated with the presence in the
sample S25 of additional disordered layer preventing coherent
X-rays scattering.

The magnetization curves S10-S20 demonstrate typical super-
paramagnetic behavior. S5 is practically paramagnetic with its
magnetization curve differing only slightly from a straight line
(Fig. 2). No curves have any sign of a hysteresis loop at room
temperature. The S25 curve demonstrates untypical behavior. At
low fields (up to 500 Oe), the magnetization curve of the S20
sample surpasses the magnetization curve of the S25 sample.
Above 500 Oe, the opposite occurs: the S25 curve's growth rate
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Fig. 1. (a)-(e) TEM images [16] and XRD pattern of the S5, S10, S15, S20, and S25 samples respectively.

becomes considerably faster than that of the S20 one. Such de-
viation from usual superparamagnetic behavior points to the
presence of an additional component whose contribution is neg-
ligible at low fields and becomes significant at high fields.

The set of Mdssbauer spectra is shown in Fig. 4. The 300 K
spectrum for S25 contains an intense singlet which restores the
six-line structure at 78 K. This singlet has an unusually high iso-
mer shift of about 1.1 mmy/s. The other samples do not show any
sign of a component with such a high isomer shift. Such an isomer
shift can be attributed to an additional component corresponding
to ferrous iron.

The Mossbauer spectra of S10-S25 at temperatures 78 K and
300 K (Fig. 3a, b) were fitted with good precision using the ferri-
magnetic model of magnetic relaxation [20]. The spectral

parameters obtained are shown in Table 1. The principally differ-
ent line shapes of the 78 K and 300 K spectra for S10 should be
noted. At 78 K the spectrum demonstrates hyperfine structure
consisting of two six-line components (A and B components).
However, at 300 K these components collapse to broad doublets
due to increasing relaxation rate. But even at 78 K, the spectrum
contains a doublet related to the fraction of small nanoparticles.
The spectra of the S5 sample demonstrate their principle dif-
ference in shape when compared to the other samples. At a tem-
perature of 300 K, the line width becomes broader than at 78 K, in
contrast to conventional relaxation spectra. The isomer shifts in
the spectra correspond to iron atoms in y-Fe,Os;, however the
anomalous line broadening can be related to the specific energy
spectrum of antiferromagnetic particles with four excitation
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Parameters of the S5-S25 samples obtained from TEM, XRD and temperature Mossbauer measurements. KV-Neel's barrier height, qa, qs, Huf A, Hnf B, 54, dg-quadrupole
splitting, hyperfine field and isomer shift of A and B components respectively.

Sample S5 s10 s15 S20 S25
drgy, NM 5 10 15 20 25
dygp, NM 2.9(2) 14 (1) 22 (1) 27 (1) 24 (1)
T, K 78 300 78 300 78 300 78 300 78 300
Sextet components
KV, K 206 (4) 209 (2) 200 (40) 770 (20) 150 (10) 750 (20) 736 (3) 390 (40) 540 (30)
ga mm/s 0.346 (2) 0.34 (1) 0.37 (1) 0.23 (1) 0.35 (5) 019 (1) 0.35 (1) 017 (1) 0.35 (2)
@p, mm/s 0.27 (3) 0.40 (3) 0.20 (2) 0.35(7) 0.05 (5) 0.35 (1) 0.35 (2) 0.35 (4)
Hi A, kOe 300 (5) 275 (6) 490 (1) 500 (50) 513 (1) 500 (5) 520 (1) 469 (1) 512 (1) 478 (1)
Hi 5, kOe 494 (1) 500 (50) 516 (1) 350 (5) 526 (1) 410 (1) 512 (1) 499 (2)
S5p, MM/s 0.45 (1) 0.35 (6) 0.31 (1) 0.31 (1) 0.36 (1) 0.39 (1) 0.36 (1) 0.36 (1) 0.39 (1) 0.63 (1)
Sp, Mm/s 0.74 (1) 0.43 (3) 0.67 (1) 0.38 (1) 0.62 (1) 0.36 (1) 0.79 (1) 014 (2)
Doublet components
2qq4, mm/s 0 0.52 (3) 0.43 (5) 0.48 (2) 0
54, Mm/s 0.41 (1) 01 (1) 0.11 (3) 013 (1) 119 (1)
25 T T T T 7 7 LA B R Spectral parameters obtained from numerical fitting of the
1 1 experimental spectra are shown in Table 1. The KV parameter of all
° 825 . . .
20 — samples was determined from the numerical fitting of the ex-
1 © 820 perimental spectra. The KV is connected with Néel's formula for
15 4 & 815 the relaxation of the magnetization vector of the super-
| v $10 paramagnetic particle. It is proportional to the barrier height,
=10 N which the magnetization vector has to overcome in order to
3 =5 change its orientation to the opposite one. The barrier height is
£ 5 weakly dependent on the particle size. The samples S10 and S5
o show approximately the same barrier height KV as the samples
= S15 and S20. The height of the barrier of sample S25 is less than
() 0 that of S20, indicating a reduction in the strength of the dipole
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Fig. 2. Field dependent magnetization of the S5-S25 samples measured at 300 K.
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branches [21]. These spectra are fitted by one broadened doublet.
None of the three spectra show any sign of additional components.

The Mossbauer spectra of S10-S25 in a magnetic field (Fig. 3c)
used the ferromagnetic model of magnetic relaxation [11]. The
main parameters are shown in Table 2. The Mossbauer spectra of
nanoparticles in magnetic field show a gradual increase of the
hyperfine field parameter with increasing the nanoparticle size as
a result of decreasing the relaxation rate. The S25 sample, how-
ever, demonstrates different behavior. In this case, the magnetic
hyperfine field is considerably lower than for S20 sample. These
effects together with the asymmetry on the right side of the S25
spectrum are signs of the additional ferrous six-line component.
The correct analysis of these spectra demands generalization of
the ferrimagnetic model temperature-dependent spectra to the
case of an external magnetic field which will be shown in next
studies.

interactions. For comparison, the KV parameters were calculated
by a second method, as multiplication of the anisotropy energy
density with the volume of a single nanoparticle obtained from
X-ray diffraction data (Table 2). In this case, the height of Néel's
barrier strongly depends on the size of the single nanoparticle
dxrp. With increasing size dxrp, parameter KV increases rapidly
and reaches 2800 K for the sample S25.

4. Discussion

The X-Ray diffraction and Mossbauer measurements indicated
the presence of an additional phase in the S25 sample. For
Mossbauer spectra, the phase exhibits as an intense singlet for
room temperature spectra (Fig. 3b). The isomer shift of this singlet
is about 1.1 mm/s. The most probable candidate having the same
isomer shift is ferrous iron FeO [22,23]. Fig. 4 shows the Md&ssbauer
spectrum of FeO component synthesized in work [16]. This spec-
trum has almost the identical line shape and spectral parameters
as the singlet component. In addition, the FeO component impacts
on magnetic properties. The XRD pattern of the FeO component is
only slightly different from the Fe30,4 one because of the similar
crystal configuration of the two components [24]|. The super-
position of the two closely located diffraction peaks leads to the
formation of an effectively broadened diffraction peak and con-
sequently reduces the dxgp parameter for S25. The magnetization
curve for the S25 sample together with superparamagnetic com-
ponent, which exists in the curves of the other samples, contains a
paramagnetic component, which is proportional to a magnetic
field magnitude. At low fields, the magnetization field dependence
for S25 is lower than for S20. At higher fields, when growth of the
superparamagnetic component decreases, the paramagnetic factor
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Fig. 3. Group of ®’Fe Méssbauer spectra, collected at 78 K (a), 300 K (b) and in the presence of a magnetic field with magnitude 3.4 kOe at 300 K (c) for the S5-S25.

Table 2

Parameters of the S10-S25 samples obtained from magnetization and magnetic
field Mossbauer measurements. H.=2 K/Mo-critical field, Mp-uniform saturation
magnetization.

He, kOe 31(2) 2.7 (1) 21(1) 41(2)
Mo, emu/g 5.5 (1) 17.0 (2) 20.3 (3) 25.0 (4)
Kimagn x Vxro, K 210(30) 1299 (200) 2800 (300) 2600 (300)

-1 o 1 2 3

Fig. 4. (a) Mossbauer spectrum of FeO powder collected at 300 K. Taken from [16].
(b) Singlet component of the S25 300 K spectrum.

becomes significant and magnetization of the S25 sample exceeds
magnetization of the S20 sample.

The Néel's height barriers for the samples S5 and S10 are ap-
proximately the same and equal 200 K. In addition, the spectrum
of these samples at room temperature is a doublet, which in-
dicates that the relaxation rates of the magnetization vectors of
these samples went beyond the Larmor frequency of the nuclear
spin precession. The samples of S15 and S20 at 78 K have a similar
Néel's barrier height, which leads to almost identical spectral
shape lines. However, the picture dramatically changes at 300 K. In
the S15 spectrum a collapse of the hyperfine structure takes place,
indicating a decrease in the size of the cluster of nanoparticles due
to thermal disordering. For the S25 sample at 300 K KV is 540 K
which is located between the barrier heights for the samples S15
and S20. This effect is caused by the superposition of the two
factors: although the average size of the magnetic core for the S25
sample is more than that for the S15 sample, an additional para-
magnetic surface phase weakens the strength of the dipole inter-
actions, which results in decreasing KV. The KV parameter calcu-
lated as the direct multiplication (Kmagn x Vxrp) differs sig-
nificantly from the KV parameter obtained from the Mdssbauer
spectra. The barrier is mainly determined by the size dxgp and
ignores the strength of the dipole interactions.

5. Conclusions

The present study has shown that in magnetite nanoparticles in
the range 10-25 nm a ferromagnetic relaxation mechanism takes
place in the absence of external magnetic field. The nanoparticle
sizes estimated from TEM and X-ray diffraction did not correlate
with nanoparticle magnetic properties. The main reason is that
results of both of these methods can be influenced by additional
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surface phases with magnetic responses different from the nano-
particle magnetic core. Mdssbauer spectroscopy can be considered
to be the most adequate method for describing the magnetic na-
noparticle dynamics. The height of Néel's barrier KV directly esti-
mated from Mossbauer data can be considered as a measure of the
effective size of the cluster of the magnetic properties. Two
methods for calculation of Néel's barrier height KV were con-
sidered: the direct calculation from an analysis of Modssbauer
spectra and the separate calculation of the anisotropy constant and
volume from magnetization and XRD data. The comparison of
these methods demonstrated that the most reliable method is
direct calculation of KV from an analysis of Mdssbauer spectra.
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