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Abstract. Chemical stability and good biocompatibility under physiological conditions render nanoparticles
made of the spinel oxide magnetite a favorable choice in biomedical diagnostic and therapeutic applications that
benefit from high levels of magnetization and superparamagnetism. Under ambient atmosphere, however,
magnetite nanoparticles are prone to undesired oxidation leading to an at least partially oxidized form of
magnetite. In the present work Fe;,O, nanopowders (with a particle size of 10-50 nm) were prepared under
different conditions via chemical co-precipitation method, resulting in samples with different oxidation levels.
The effect of oxidation of the prepared samples on their morphological, structural, electronic and magnetic
properties is followed, respectively, by the means of transmission electron microscopy (TEM), powder X-ray
diffractometry (PXRD), °’Fe Mbssbauer spectroscopy (MS) and electron magnetic resonance (EMR)
spectroscopy measurements. A novel method is applied to decompose the heavily broadened room-temperature
"Fe Mossbauer spectra of the nanoparticles into signals of intermediate valence Fe?** and that of Fe** iron
species. The results indicate that the cubic lattice parameter of non-stoichiometric magnetite nanoparticles
depends on the concentration as well as on the mean oxidation level of the intermediate valence iron species. At
the same time, EMR spectra of the samples indicate that oxidation influences the magnetic anisotropy of the
nanoparticles, with the magnitude of the nanoparticles' magnetic anisotropy field being correlated with the
concentration of the intermediate valence iron species. Malic acid, used as coating agent for several of the

samples, is shown to hinder the oxidation of magnetite nanoparticles.
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1. INTRODUCTION

Their small size, high surface area fraction and unique electronic and magnetic properties
can render magnetic nanoparticles useful for various application purposes [1,2]. Among them,
magnetite nanoparticles are found to be exceedingly useful in application fields such as
catalysis [3], environmental remediation [4], biomedical diagnostic and therapeutic
applications [5] as well as biological tissue engineering [6]. Magnetite nanoparticles are a
favorable choice in these applications on account of their advantageous material properties,
such as high Curie-temperature, high levels of magnetization, superparamagnetism along with
chemical stability, low toxicity and good biocompatibility under physiological conditions,
among others [1,5]. However, magnetite has long been known to be prone to oxidation under
ambient atmosphere [7,8,9], leading to partially oxidized, non-stoichiometric magnetite, to
maghemite, or to a mixture of the two as intermediate product [8]. The effect of oxidation can
be especially pronounced in the case of nanoparticles that display an enhanced surface to
volume ratio with respect to larger-size particles [8,9]. Though maghemite and non-
stoichiometric magnetite do share some of the advantageous properties of magnetite [10],
there are also key differences [11] that make unambiguous characterization of corresponding
particles desirable from the applications point of view: while the saturation mass
magnetization of magnetite (92-100 Am?/kg) exceeds that of maghemite (60-80 Am?/kg) by a
considerable margin [2,9,12], the magnitude of first order magnetic anisotropy is also known
to decrease with decreasing Fe* concentration in non-stoichiometric magnetite [13]. These
physical properties are especially important in the field of biomedical applications [5]. At the
same time, the reducing ability of magnetite, considered in the reduction of aqueous
contaminants, has also been shown to decrease with increasing levels of cation non-
stoichiometry [14]. In order to determine the suitability of magnetite nanoparticles and the
corresponding preparation and handling procedures for a particular application area, it is
therefore desirable that they are reliably characterized regarding their oxidation state and
associated properties.

To assess material properties related to the oxidation state of iron oxide particles, one may
turn to several different spectroscopic methods, such as, e.g., >’Fe Mdssbauer spectroscopy

[7,8,9,11], Raman spectroscopy [15], X-ray photoelectron spectroscopy [16] and X-ray



absorption spectroscopies [17]. Concerning the composition of iron oxides with respect to
iron ions in different valence states, °’Fe Mdsshauer spectroscopy may be considered as one
of the most commonly used techniques to gain relevant information about iron oxide samples
[11], and it is frequently the method of choice in investigations regarding nanomaterials [9].
However, while bulk maghemite and magnetite can be indeed well distinguished on the basis
of their room-temperature >'Fe Mdssbauer spectra [8,18], when prepared in the nanoparticle
form, various levels of oxidation combined with relaxation effects, such as collective
magnetic excitation, complicates the room-temperature °’Fe Méossbauer spectrum of
(nominally) magnetite nanoparticles in a way that makes it questionable whether and to what
extent the studied sample can be regarded as magnetite, non-stoichiometric magnetite,
maghemite or a mixture of these phases. Furthermore, overlapping of Fe** Mossbauer spectral
components associated with maghemite and magnetite can make the results of corresponding
quantitative analysis of mixture and solid solution samples inconclusive [8].

Similarly, X-ray diffractograms of magnetite nanoparticle powders are usually
characterized by broad reflection peaks on account of the small crystallite size, and reflections
that could serve as the basis of distinction between magnetite and maghemite (due to vacancy
ordering in the latter [11]) can be small and broadened enough to be lost in the statistical noise
of the measurement [8]. Additional broadening due to a strain in the lattice parameter
reflecting a distribution in the oxidation level and iron concentration attributes of the
nanoparticles can stand in the way of an unambiguous X-ray diffractometry based phase
analysis, too.

While lowering the sample temperature will in general reduce thermally agitated relaxation
effects and associated broadening in the Mdssbauer spectra [11], application of an external
magnetic field may have a similar effect [19] beside promoting the separation of
subcomponents associated with iron ions having opposite spin directions [20]. However,
lowering the temperature of magnetite will induce a structural (cubic to orthorhombic [21])
and electronic (metal to insulator [22]) transition at ~ 120 K (Verwey transition), which is
accompanied by associated changes in the magnetic properties [23] and leads to further
complications of the Mdssbauer spectral pattern [11]. In this respect an additional source of
uncertainty arises due to the Verwey transition temperature being reduced in correlation with

decreasing particle size [24] as well as with increasing non-stoichiometry [25] of magnetite.



In addition, measuring spectra at the temperature of the boiling point of liquid nitrogen
(~ 77 K) may also turn out to be impractical on account of an unsuitability of low-temperature
spectra for providing conclusive proofs concerning the concentration of magnetite along with
its partly or fully oxidized counterparts in the sample [8]. Measuring below room temperature
in order to reduce relaxation effects, but at the same time above the Verwey transition
temperature in order to avoid associated complications of the spectral shape may help
spectrum decomposition by reducing line broadening [11]. At the same time, lowering the
temperature is also expected to result in an additional broadening of absorption peaks
associated with intermediate valence iron ions subject to electron hopping at octahedral sites
in magnetite [26].

Placing the sample in external magnetic field, while it may improve separation of *'Fe
Maossbauer spectral components associated with iron ions situated at octahedral and
tetrahedral sites, does not necessarily cancel apparent broadening effects [19] related to
magnetic relaxation, particle size distribution, non-stoichiometric compositions and
magnetite-maghemite phase mixtures. At the same time, it can introduce an additional source
of ambiguity related to the degree of magnetic polarization of iron ions situated in the
multitude of different microenvironments, and in powders it may also contribute to line
broadening due to the random orientation of the crystallites with respect to that of the applied
magnetic field.

In general, due to the complexity of corresponding *’Fe Mdssbauer spectra, for non-
stoichiometric magnetite/maghemite nanoparticle systems the application of an external
magnetic field and/or the measurement at low temperatures while able to provide additional
information about the studied sample, do not necessarily ensure achievement of an
unambiguous result concerning the sample composition [20]. Improvement of reliability of
corresponding results derived on the basis of more readily accessible room-temperature °’Fe
Massbauer spectra would therefore be desirable. One should also consider that especially in
the case of biomedical applications, the room-temperature material properties can be seen as
being more relevant from the applications' point of view than those characterizing the
nanoparticles at lower temperatures.

In the present work we contribute to this field by investigating the effect of preparation

conditions on structural, morphological and magnetic properties of Fe;xO,4 nanoparticles, and



by presenting a quasi model-independent method of analysis for the decomposition of room-
temperature °'Fe Mdsshauer spectra that display considerable broadening and overlapping of
absorption peaks. Through a consistent analysis of experimental results observed by the
methods of transmission electron microscopy (TEM), powder X-ray diffractometry (PXRD),
electron magnetic resonance (EMR) spectroscopy and °'Fe Mossbauer spectroscopy (MS), we
demonstrate that by using the proposed model, one can achieve reasonable decomposition and
analysis of room-temperature °’Fe Mdssbauer spectra of Fe;xO4 nanoparticle systems even in
the presence of excessive absorption line broadening caused by collective magnetic excitation

and partial oxidation of magnetite nanoparticles.

2. EXPERIMENTAL

2.1. Synthesis

Fe3O4 nanopowders were prepared via chemical co-precipitation method starting from
mixed solution of Fe?* and Fe®" salts in strongly alkaline aqueous medium. FeSO,-7 H,O and
FeCl;-6 H,O were used as reagent grade metal precursors and NaOH for pH adjustment in
starting solutions. In a typical synthetic procedure, 17.15 g FeSQO,4-7 H,O and 35.5 ml FeCl;
solution (3.50 M) were dissolved in 500 ml distilled water. 53.0 mg of malic acid dissolved in
200 ml distilled water was then added as coating agent in case of the samples M3a, M3b and
M4, while for the rest of the samples a corresponding amount of distilled water was added
without the acid. The pH was then adjusted using NaOH solution prepared by dissolving
20.7 g NaOH in 200 ml distilled water. After the alkaline solution was added, the color of the
solution changed from orange to black rapidly. In the next step the reaction mixture was
homogenized via vigorous stirring for 15 minutes at room temperature either under air
(samples M2, M4) or under nitrogen atmosphere (samples Mla, M1b, M3a, M3b). The
solution was heated to reflux at 100°C for 2 hours. After the reaction was completed, the
obtained particles were filtered and purified by washing several times with distilled water, and
then dried either at room temperature (samples Mla, M3a) or at 80°C (samples M1b, M2,
M3b, M4).

The samples for °’Fe Mdssbauer spectroscopy were prepared by evenly distributing 10 mg

of the prepared powders over a collimated area of 0.5cm? and then fixing the sample



geometry thus achieved by pouring melt paraffin wax over the area in question. The resulting
samples had approximately 14.4 mg/cm? surface density of natural iron.

Electron magnetic resonance (EMR) spectroscopy measurements were carried out at room
temperature on 0.1 mg nanoparticle powder evenly mixed with 19.9 mg KBr in order to

realize a steady random powder geometry.

2.2. Characterization

Powder X-ray diffraction patterns of the powders were obtained at room temperature either
with a Philips X’Pert diffractometer (sample M1b) or with a Philips PW3710 based PW1050
Bragg-Brentano parafocusing goniometer (all other samples), by using Cu K, radiation,
graphite monochromator and proportional counter. The scattering angle 26 was adjusted in
the range of 20...85 deg in step scan mode with a step size of 0.04 deg and a counting time of
1 s per step. The lattice parameters and the characteristic crystallite size of the nanoparticles
were determined by fitting the diffraction peaks to Lorentzian functions with position and full
width at half maximum (FWHM) parameters determined on the basis of Bragg’s law and

Scherrer’s equation [27], respectively, the latter being used in the form of

180 0.94
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where d is the characteristic size (diameter) of the crystallites, 4~ 0.154186 nm is the wave
length of the applied Cu K, radiation, I'(20) denotes the full width (FWHM) of the
diffraction peak associated with the scattering angle 26, and I'o=0.11 deg accounts for
instrumental broadening.

Electron magnetic resonance (EMR) measurements were carried out on a Bruker ElexSys
E500 X-band spectrometer. Unless otherwise noted, the conditions of EPR measurements
involved a modulation frequency of 100 kHz, modulation amplitude of 1 G, microwave power
of 0.02 mW and microwave frequencies of f~ 9.85-9.86 GHz. The spectra were scanned
twice in the magnetic field range of 100...10900 G with sweep time of ~ 84 s. The magnetic
field axis of the spectra obtained was rescaled to fo = 9.85 GHz (i.e. abscissa values were
multiplied by fo/f) for analysis and further processing.

Transmission electron microscopy (TEM) measurements were carried out on the powdered

samples by a Morgagni 268D instrument operating at 100 kV.



>"Fe Mdsshauer spectra of powdered samples were recorded in transmission geometry by
using conventional spectrometers (Wissel) operated in constant acceleration mode along with
a °’Co(Rh) radioactive source providing the y-rays with ca. 20 mCi activity. >'Fe isomer shift
values are given relative to that of a-iron at room temperature. The spectra were analyzed by
assuming the nuclear gyromagnetic factors of g.=—-0.103267 and gy =+0.18088 for the
excited (le = 3/2) and ground (I = 1/2) state of the >’Fe nucleus.

>"Fe Mossbauer spectra and X-ray diffractograms were analyzed by using version 4.0 of
the MossWinn program [28,29] that was complemented with auxiliary libraries providing the

fitting functions for the PXRD measurements.

3. RESULTS AND DISCUSSION

On the basis of their TEM images (Figure 1) the prepared powder samples are composed
of nanoparticles with a typical particle size range of 10-20 nm, with the exception of sample
M1b in which case particles with a size of ~50 nm can be observed. Magnetic interactions
among the particles are visualized in the tendency of the individual particles to form larger
agglomerates with a characteristic diameter of 200-500 nm. The causes for the larger particle
size of sample M1b in comparison with that of Mla and M3b may involve the drying at
higher temperature and the preparation without coating agent. As for the samples prepared
with coating agent applied (M3a, M3b, M4), the coating agent malic acid becomes adsorbed
onto the surface of magnetite nanoparticles during synthesis, with their carboxyl groups being
deprotonated due to the strongly alkaline aqueous medium, which can prevent the formation
of larger particles by hindering aggregation of the particles via electrostatic repulsion.

Powder X-ray diffractograms of the samples (Figure 2) confirm the formation of the cubic
spinel phase in each case. The values of the lattice parameter and the average crystallite size,
as obtained from the fit of the diffractograms according to Bragg’s law and Scherrer’s
equation, are depicted in Figure 3. With the exception of sample M1b, the average crystallite
size of the nanoparticles corresponds well to the characteristic particle size, suggesting that
the corresponding powders are composed mainly of single crystallites. In contrast, the larger
particles of sample M1b are polycrystals that have formed from crystallites of the same size as
that found in the rest of the powders. Concerning the average crystallite size, there is a clear

distinction between samples that were prepared with a coating agent (M3a, M3b, M4) and



those that were prepared without it (M1a, M1b, M2): the application of malic acid as coating
agent apparently leads to the formation of larger crystallites (Figure 3). The cubic lattice
parameter is significantly lower than that of bulk magnetite (a ~ 0.8396 nm) for all of the
samples, and the lattice parameter of sample M1b is actually only marginally larger than that
of bulk maghemite (a ~ 0.834 nm) [11].

The X-band electron magnetic resonance spectra (Figure 4) display broad ferromagnetic
resonance (FMR) signals for each of the samples. The spectra are asymmetric (they are more
shallow around their minimum than around their maximum) as expected for magnetic crystals
displaying (negative) cubic magnetocrystalline anisotropy such as magnetite (at room
temperature). There are also subtle differences among the magnetic field values at which the
maximum level of absorption (where the measured derivative curves cross zero around
B ~ 3000 G) can be observed for the different samples. Following [30], main features of such
spectra may be described with their asymmetry ratio A and effective spectroscopic splitting
factor gesr. Definitions of these parameters in terms of the ferromagnetic resonance signal are
given in Figure 5.

The asymmetry ratio values obtained (on the basis of the spectra displayed in Figure 4) for
the different samples are depicted as a function of the respective ges Values in Figure 6. On
the one hand, all the samples display an asymmetry ratio that is higher than 1.0, which is the
expected behavior for crystallites with negative first order cubic magnetocrystalline
anisotropy. On the other, A displays a near linear dependence on the value of ges, which
suggests that both quantities depend on a single underlying physical parameter. Indeed,
spectra associated with powders of magnetic crystals characterized by different negative first
order cubic magnetic anisotropy fields (B,) [31,32] (assuming other attributes of the crystals
remain the same) can lead to such correlated differences in the values of A and Qefr: an
increase in |By| will lead to the simultaneous increase of A and ges. It follows that from the
point of view of the profile of the X-band electron magnetic resonance spectra, the main
difference among the prepared samples lies in the different values of the cubic magnetic
anisotropy fields associated with the corresponding crystallites. According to Figure 6, the
largest absolute magnetocrystalline anisotropy field is observed for sample M3a, and the

lowest for sample M2.



Magnetocrystalline anisotropy can be expected to depend on the structure and composition
of the crystallites. Via moderate spin-orbit coupling, high-spin Fe** ions can contribute to
magnetocrystalline anisotropy in magnetite [33], which explains why decreasing Fe®*
concentration leads to a decreasing magnitude of the first-order magnetocrystalline anisotropy
in non-stoichiometric magnetite [13]. Thus, if our samples would differ exclusively in their
Fe?* concentration, one could expect samples with higher A and ges values to be closer in
composition to magnetite. On the basis of Figure 6, this would then reveal sample M3a as the
most magnetite-like and sample M2 as the most maghemite-like (most oxidized) nanoparticle
powder among those investigated. In relation to these two particular samples, the comparison
of corresponding cubic lattice parameters indeed appears to support this conclusion. This is
not the case, however, for all of the possible sample pairs. For example, sample M1b is
characterized by a smaller lattice parameter, but at the same time by larger A and gefr values
than M1a.

A possible reason for this could be the difference in the characteristic particle size of the
two samples. Namely, for nanoparticles which are small enough to have their magnetic
moment being subject to thermally induced relaxation, the apparent volumetric magnetic
anisotropy will decrease with increasing rate of the relaxation, reaching zero in the
superparamagnetic state [32]. Given that magnetic relaxation phenomena are expected to take
place in our samples at room temperature, the apparent cubic magnetocrystalline anisotropy
field reflected by the A and gefr values obtained (Figure 6) could depend on the particle size as
well. Among particles with identical composition, magnetic relaxation will be more
suppressed for larger particles that may therefore display a higher apparent cubic
magnetocrystalline anisotropy field, with correspondingly higher A and g Values. This could
explain why sample M1b with the largest particle size displays higher A and ges values than
M2, M1la and M4 (Figure 6), despite having a composition closest to maghemite among these
samples on the basis of its cubic lattice parameter (Figure 3). In addition, a similar effect can
also be observed in the case of samples M4, M3b and M3a, for which the increasing
crystallite size (in the given order) is accompanied by increasing A and Qe Values, even
though the respective cubic lattice parameters do not follow a similarly consistent tendency.

Though the above observations appear to point to the importance of a size-related magnetic

relaxation effect in determining the values of A and ges, in the present case we do not expect



magnetic relaxation effects to have an appreciable influence on the measured EMR spectra
(and the associated parameters) on account of the roughly 2 orders of magnitude shorter time
scale (with respect to that of >’Fe Mdssbauer spectroscopy) at which EMR spectroscopy in the
X-band (in the 9-10 GHz microwave frequency range) samples the magnetic state of the
nanoparticles. Namely, due to this shorter time scale, at a given relaxation frequency magnetic
relaxation effects are expected to have milder influence on the EMR spectra than they do on
>"Fe Mossbauer spectra, and even in the case of the latter (Figure 7) we observe only the
effects of collective magnetic excitations (as opposed to superparamagnetism). As an
example, we note that even when >'Fe Mdssbauer spectra display superparamagnetic behavior
of nanoparticles, X-band EMR spectra may still show clear signs of the particles’ magnetic
anisotropy (compare, e.g., Figures 4 and S6 in [36]). Therefore, for the present samples we do
not expect differences in the particle size to have notable influence on the trend reflected by
the A asymmetry ratio (Figure 6), but further on we rather put forward another possible
explanation for the discrepancies observed between the tendencies reflected by the cubic
lattice parameter and the EMR parameter values.

Concerning the EMR measurements, it is also worth to note that on the basis of the (A,Qes)
value pairs obtained (Figure 6) the present samples correspond to the same region as that
typically spanned by synthetic magnetites and maghemites along with biologically induced
magnetites according to [30].

Room-temperature °’Fe Mossbauer spectra of the samples are displayed in Figure 7.
Neither of the spectra reveals well separated sextet components that could be identified as
originating from iron at tetrahedral or octahedral sites in magnetite. The broadening that
causes the heavy overlap of the absorption peaks may in part be attributed to the non-
stoichiometry of magnetite. Namely, the latter can result in a strain in the electronic state (and
thus in a distribution in the corresponding values of the hyperfine magnetic field and/or the
>’Fe isomer shift) of iron ions mainly at the octahedral site of the spinel, transforming some of
the octahedral Fe?** iron species of ideal magnetite, e.g., to octahedral Fe**. At the same time,
the broadened peaks of the sextet features display inward shoulders that are typical for the
relaxation phenomenon of collective magnetic excitations in the presence of a strain in the
magnetic anisotropy energy barrier of the individual nanoparticles, which latter may be

caused by a moderate distribution in the particle size, for example. Such type of relaxation
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causes a distribution in the hyperfine magnetic fields (HMF), extending from a maximum
value—characteristic to the largest particles—towards lower values associated with smaller
particle sizes. Due to this HMF distribution the subcomponents associated with octahedral and
tetrahedral iron ions are both broadened considerably. Such spectra can be decomposed into
individual subcomponents in many different ways depending on the presumptions made about
the sample and realized in the form of the selected fit model. Among others, the spectrum of
samples M2 and M4 can be decomposed with high accuracy for example into four broadened
sextet components as we have shown previously [34]. While most such decompositions will
reflect some part of the true nature of the corresponding samples (such as M4 being closer to
the state of magnetite than M2 [34]), in the case of spectra displaying as heavy overlaps of the
absorption peaks as displayed in Figure 7, any of such decompositions will raise the question
as to what extent were the final results obtained solely due to the particularities of the fit
model applied. This can prevent the unambiguous detailed decomposition of the spectra into

25 6 refer to

separate components associated with Fe** and Fe?**. (We use the notation ‘Fe
all possible iron species subject to fast electron hopping and characterized consequently by a
valence state intermediate between Fe** and Fe®", irrespective of whether their intermediate
valence is exactly 2.5+ or not.) A possible way to alleviate the mentioned ambiguity is to turn
to so called 'model independent’ methods [35] that can be used even without advance
knowledge concerning the number of distinct components that contribute to the measured
spectrum. This typically enables one to reduce the number and simplify the nature of
assumptions incorporated into the fit model, which can lead (provided that the simplified
assumptions are essentially correct) to results that are more definite than those achieved on
the basis of a presumed number of discrete subcomponents. In the present case a multitude of
magnetic sextet components may be expected to contribute to the measured spectra (Figure 7)
due to distributions mainly in the >'Fe hyperfine magnetic field and >’Fe isomer shift (IS)
Massbauer parameters that are sensitive messengers of the relaxation state (here mainly the
HMF) and the oxidation state (both IS and HMF) of iron ions. One can expect the highest
variability in the HMF parameter, and consequently one may consider to describe the spectra
by assuming a powder sample with a distribution in the hyperfine magnetic field, along with a

single *"Fe isomer shift parameter common to all the fitted sextet components. One can

readily apply such a fit model to the present spectra, which leads to a fair fit with a common
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isomer shift value of around ~0.34 mm/s, reflecting the presence of Fe** only, and
characterizing all the samples essentially as being composed of fully oxidized magnetite /
maghemite nanoparticles subject to collective magnetic excitations.

The differences we detected among the samples concerning the cubic lattice parameter
(Figure 3) and the magnetic anisotropy related EMR spectrum parameters (Figure 6),
however, indicate that there must be larger differences among the spectra regarding their level

25" must therefore be assumed in the corresponding *'Fe

of oxidation, and the presence of Fe
Mossbauer spectra, meaning that the assumption of a single °'Fe isomer shift value for all the
spectral components is not a reasonable one. This consideration calls for a fit model that
includes at least two overlapping magnetic subcomponents with possibly different isomer
shift values, each displaying a hyperfine magnetic field distribution. For the present case, we
set up a corresponding fit model as follows.

Decomposition of the Mdssbauer spectra into overlapping components is in general prone
to correlations among the amplitudes associated with the individual components. A possible
way to reduce the uncertainty caused by such correlations is to apply—physically
reasonable—constraints to the fit model. A commonly applied and acceptable such constraint
is to assume line widths of all Lorentzians the model is composed from to be the same. Any
differences in line broadening may then be covered (formally) by the HMF distributions
themselves. Another constraint that we have applied is defined by the assumption that any
differences between the isomer shifts of different Fe** and those between different Fe***
species can be neglected in comparison to the differences between the isomer shift values of
Fe** and Fe?*" species. This means that for each spectrum a single Fe** isomer shift value and
a single Fe*** isomer shift value can be assumed, and any spread in the isomer shift values

associated with Fe*" and Fe***

species must be (formally and approximately) accounted for
by corresponding broadening in the respective HMF distributions. In addition, we have
assumed that the oxidation level of the samples influence mainly the isomer shift and the
relative area fraction of the Fe*>* components, without having appreciable effect on the
isomer shift of the Fe®* species. Accordingly, in our model we have constrained the isomer
shift of Fe** components to have the same (fitted) value for all the six spectra (Figure 7).
Applying the above constraints essentially means that we make an attempt to explain

differences between the measured spectra in terms of differences between the isomer shifts of
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intermediate valence iron species and the corresponding spectral area fractions, as well as in
terms of differences between the Fe** and Fe*** HMF distribution profiles.

The fit parameters resulted from such a constrained fit are listed in Table 1, and the
corresponding fit envelopes are displayed in Figure 7. The hyperfine magnetic field
distributions derived for the Fe** and Fe*** components are displayed in Figure 8. Figure 9

2.5+

displays the Fe“®" component isomer shift as a function of the spectral area fraction of the
same component for the different samples.

The latter figure indicates that our approach of fitting successfully captured the essence of
the differences between the samples and the associated spectra. Namely, on the one hand, the
largest isomer shift values are obtained for the samples (M3a, M3b, M4) that were prepared
with coating agent and—among the present samples—they are closest to realize the state of

25 jsomer shift

magnetite on the basis of their cubic lattice parameter (Figure 3). The Fe
obtained for sample M4 is ~ 0.66 mm/s, a value that is typical for magnetite [18], though in
the context of the present samples this value appears to be an outlying one. The relative area

fraction of the Fe?°"

component is also largest in the case of these samples. Apart from M4, it
appears that on oxidation of the samples both the isomer shift and the relative area fraction of
the Fe?** component is reduced. A possible explanation for the outlying nature of sample M4
is that this particular sample may be a mixture of (perfect) magnetite and maghemite, as
opposed to being a non-stoichiometric magnetite, which latter state is probably better realized
by the rest of the samples. This view concerning sample M4 is also corroborated by the
changes caused by aging in the corresponding *>'Fe Mdssbauer spectrum (Figures S1-S3).
Overall, the results clearly reflect that malic acid applied as coating agent hinders oxidation of
the nanoparticles.

The applied decomposition of the Mdssbauer spectra is further confirmed by the

correlation between the relative area fraction of the Fe?®*

component and the cubic lattice
parameter (Figure 10) of the samples. One can also detect similarities between the
dependence of the lattice parameter (Figure 10) and that of the *’Fe isomer shift (Figure 9) on
the Fe*** component relative area fraction, suggesting that the lattice parameter is also
correlated with the isomer shift of the intermediate valence iron ions, which is indeed
confirmed as shown in Figure 11. A lower isomer shift value and a lower area fraction of the

Fe?** component can both refer to a reduced Fe**/Fe** ratio, and thus to an enhanced level of
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oxidation in the samples. Assuming, as in [11], that the xws = Fe®*/Fe®" ratio can be estimated
as

. B ]/2 FeZ.5+
MS T e 1 ypFe?® 2

where the ion symbols stand for the corresponding area fractions in the measured Mdssbauer

spectra (i.e. Fe*" + Fe®**

=1), we find a correlation between xus and the cubic lattice
parameter as shown in Figure 12(a), where a similar axis range is used as in Figure 7 of
reference [11] (displaying a correlation of similar nature for numerous non-stoichiometric
magnetite samples) in order to facilitate comparison. Apart from sample M1b, the correlation
found for our samples shows fair agreement with the one depicted in the latter figure [11],
corroborating that our chosen fit method provided reasonable values for the relative area

fraction of the Fe?*

component in the different samples. However, the outlying nature of
M1b suggests that it may also be necessary to take the isomer shift of the latter component
into account when calculating the Fe**/Fe** ratio for a given sample. Namely, with respect to
Eq. (2) it would be justifiable to attribute lower Fe?* concentration to those samples that show
an Fe*** isomer shift below that (0.66 mm/s [18]) characteristic to perfect magnetite. As a
first approximation, the equivalent Fe** concentration may be assumed to depend linearly on

the Fe>>* isomer shift, leading to a corresponding modified expression of

. ~ ]/2 q(é')FeZEH— _ Q(5)F825+
MS, 8 Fe3+ + (1= q(5))Fe2.5+ 2_q(5)Fe2.5+ (3)
with
0— §min
q(é‘) B §max _5min ' (4)

where the index s was introduced in Xus s in order to distinguish the corresponding values
from xus of EQ. (2). Assuming omax = 0.66 mm/s (see above, [18]), and the cubic lattice
parameters of a=0.8339nm and a=0.8394 nm [11] for maghemite (Xmss=0.0) and
magnetite (xus,s = 0.5), respectively, along with a hypothetical strictly linear dependence of a
on Xus,s, by considering the cubic lattice parameter and Fe*>* isomer shift values obtained for

the present samples we aimed at finding dmin Such that the corresponding xws s values provide
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the lowest squared deviation from the hypothesized linear dependence. The corresponding
calculations led to Jmin = 0.372 mm/s, which is a reasonable value given that it lies between
the room-temperature isomer shift values associated with Fe** situated at the octahedral site in
maghemite (0.36 mm/s) and in non-stoichiometric magnetite (0.39 mm/s) [18]. The Xwus.s
approximation of the samples' Fe?*/Fe®" ratio based on this &nin value can be calculated

2.5+

according to Egs. (3) and (4), by using the obtained Fe“>" isomer shift values as given in
Table 1. The dependence of the cubic lattice parameter on the calculated xys s values is shown
in Figure 12(b). As expected on the basis of its relatively low isomer shift value (Figure 9), in
this case sample M1b fits better in the overall trend set by the rest of the samples.
Furthermore, the correlation between the cubic lattice parameter and Xws s iS closer to the
expected behavior (as reflected by Figure 7 of reference [11]) than the one displayed in
Figure 12(a), which finding corroborates our approach concerning the role of the isomer shift
of the Fe?** component in determining the formal Fe?*/Fe®* ratio in these samples.

Figure 13 displays the A asymmetry ratio EMR parameter as a function of the Fe?**
component's relative spectral area. Apart from sample M4 that counts here again as an
outlying case, the asymmetry ratio, and thus the magnitude of the magnetic anisotropy field
shows a positive, near linear correlation with the Mdossbauer spectrum area fraction of the
Fe?>* component. On the basis that decreasing Fe?* concentration should lead to a decreased
magnetocrystalline anisotropy magnitude in non-stoichiometric magnetite [13], this is indeed
the expected nature of interdependence between these quantities. Apparently, with the

2.5+

exception of sample M4, differences in the relative area fraction of the Fe“>" component can

explain the differences found in the A asymmetry ratio (Figure 6), which suggests that the

2.5+

isomer shift of the Fe*> component does not have a strong influence on A. In contrast, the

cubic lattice parameter was found to correlate with the mean isomer shift of the Fe***
component (Figure 11), which correlation may then be at the root of the formerly mentioned
discrepancy found between the trends reflected by the A asymmetry ratio (Figure 6) and the
cubic lattice parameter values (Figure 3). Namely, provided that a higher concentration of
intermediate valence Fe*** is accompanied by a reduced isomer shift value of the same iron
species (and thus by a mean oxidation state closer to that of Fe**), a change in the A
asymmetry ratio is not necessarily accompanied by a corresponding change in the cubic lattice

parameter. Among the present samples, M1b represents an example for such a behavior, as
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reflected by its outlying nature on Figure 9. This may be connected to the larger size of its
particles that display a reduced specific surface area in comparison with the remaining
samples. Namely, in its case a larger concentration of iron ions resides in the interior volume
of the particles, than in the case of the rest of the samples, which should tend to promote
preservation of a higher fraction of iron ions in an intermediate valence state.

The effect of drying the powders at higher (80°C) temperature can be elucidated by
comparing attributes of samples M1a and M1b (both prepared without coating agent) as well
as those of M3a and M3b (both prepared with coating agent). On the basis of Figure 11 it is
clear that drying at 80°C (M1b and M3b) leads to a lower Fe*>* isomer shift value along with
a lower cubic lattice parameter than drying at room temperature (Mla and M3a), i.e. it
promotes oxidation of the samples. While the sample pair prepared with coating agent (M3a,
M3b) is closer to the state of being magnetite than the pair prepared without it (Mla, M1b),
the presence of coating agent does not seem to alleviate the enhancement of oxidation caused
by drying at higher temperature. As for the case of the sample pair (M3a, M3b), the
corresponding magnetic anisotropy fields reflected by the FMR data depicted in Figure 6

corroborate that the state of M3a is closer to magnetite than that of M3b. On account of the

2.5+ 2.5+

lower Fe“>" isomer shift being accompanied by a larger Fe=”" concentration in sample M1b
(Figure 9), the same kind of comparison remains inconclusive concerning the pair (Mla,

M1b).

4. CONCLUSIONS

Magnetite nanoparticles, having a crystallite size in the order of 10-20 nm and being subject
to different levels of oxidation, are characterized by room-temperature *’Fe Méssbauer
spectra displaying spectral broadening caused by the simultaneous presence of non-
stoichiometry and thermally activated collective magnetic excitations. On the basis of their
*"Fe Mossbauer spectra the different oxidation levels of the nanoparticle samples can be
followed mainly in terms of differences between the mean isomer shifts of intermediate
valence iron species and the corresponding spectral area fractions. The sum of two spectrum
components displaying hyperfine magnetic field distributions with different characteristic
isomer shifts appears to be a suitable model for the extraction of these differences from the

>"Fe Mossbauer spectra, provided that the latter are evaluated simultaneously by applying
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physically reasonable constraints that are able to alleviate uncertainties related to parameter
correlations arising from the overlap of the fitted components. Our results consistently reveal
that application of the coating agent malic acid during preparation hinders oxidation of
magnetite nanoparticles and leads to larger crystallites than the same preparation route
without the coating agent applied. Compared to particles dried at room temperature, drying
the as prepared nanoparticles at higher (80°C) temperature leads to their more pronounced
oxidation, which effect takes place regardless of the application of the coating agent.
Correlations among Maossbauer-, PXRD and EMR parameters suggest that oxidation of
magnetite nanoparticles may result in an increase of the mean oxidation level of the
intermediate-valence iron ions as well as in a decrease of their concentration, with the relative
magnitude of the two effects possibly being influenced by the particle size. While the cubic
lattice parameter appears to correlate with the concentration as well as with the mean
oxidation level of the intermediate valence iron species in non-stoichiometric magnetite, the
nanoparticles' magnetic anisotropy field, as reflected by EMR spectroscopy measurements, is
mainly influenced by the concentration of the iron species in question.

The present results also underline the ability of EMR spectroscopy to reflect oxidation-
born deviations from the ideal magnetite stoichiometry in nanoparticle samples of non-
stoichiometric magnetite, and to distinguish in this respect corresponding samples with

different oxidation levels.
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Table 1. Room-temperature >'Fe Mossbauer parameters of the prepared samples, derived on the basis of the fit model
described in the text. S stands for the >'Fe isomer shift and W, for the FWHM Lorentzian line width of the individual
absorption peaks the models are composed from. The latter was assumed to be the same for the Fe*>* and Fe** components,
and furthermore for all of the samples. Isomer shifts of the Fe** components were assumed to be the same in all of the
samples. The isomer shift of the Fe>>* component is drawn as a function of the relative area fraction of the same component
on Figure 9. Standard error (o) in the last digit(s) of the quoted fit parameter values are given in parentheses. Concerning the
relative area fraction and the isomer shift of the Fe*** component, ¢ was calculated by keeping all other fit parameters fixed.

Sample Mila M1b M2 M3a M3b M4
Fe?5* component

Relative area

fraction. % 26.8(0.9) | 28.2(0.5) 22.5(1.0) 34.8(0.6) 29.9(0.5) 36.1(0.5)
s mms? 0.569(18) | 0.535(11) 0.562(23) 0.603(13) 0.581(11) 0.658(13)
W, mms? 0.387(5)

Fe*" component

Relative area

fraction % 73.2(1.2) | 71.8(0.9) 77.5(1.3) 65.2(0.8) 70.1(0.8) 63.9(0.7)
S mms™? 0.295(3)

W, mms? 0.387(5)
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Figure 1. TEM images of the prepared powder samples. Note the different scale in the case of the samples M2 and M4.
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Figure 2. Powder X-ray diffractograms of the prepared samples (recorded with Cu K, radiation) along with the
corresponding fitting curves, with the cubic spinel (hkl) indexes indicated in the case of M1a. Silicon powder was mixed with
sample M2 in order to calibrate the 2@ axis. Above the diffractograms the respective fit residuals are displayed. The sharp
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Figure 3. Average crystallite size (top) and cubic lattice parameter (bottom) derived on the basis of the powder X-ray
diffractograms (Figure 2) of the prepared samples. Standard error (o) of the crystallite size values is ~ 0.1 nm, and that of the
lattice parameter values is ~ 4x10°° nm. The error bars indicate +3c.
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Figure 4. X-band electron magnetic resonance spectra of 0.1 mg of the powder samples evenly mixed with 19.9 mg KBr.
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Figure 5. Definition of ferromagnetic resonance spectrum parameters A (asymmetry ratio) and ges : @ hypothetical microwave
absorption spectrum is shown on the left, whereas the corresponding absorption derivative spectrum is shown on the right.
The index FWHM stands for ‘full width at half maximum’, pp stands for ‘peak-to-peak’, h is the Planck constant, and s is
the Bohr magneton.
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basis of the corresponding X-band electron magnetic resonance spectra (Figure 4). The uncertainty of the A values is below
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below the spectra.
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whereas the right column displays distributions associated with Fe>*.
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of the hypothetical Fe?*/Fe®" ratio in the studied samples, as derived on the basis of the room-temperature >'Fe Mdssbauer
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