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Abstract We report on the synthesis and characterization of uncoated and gold
coated magnetite nanoparticles. Structural characterizations, carried out using X-ray
diffraction, confirm the formation of magnetite phase with a mean size of ~7 and
~8 nm for the uncoated and gold covered magnetite nanoparticles, respectively. The
value of the gold coated Fe;O4 nanoparticles is consistent with the mean physical
size determined from transmission electron microscopy images. Mossbauer spectra
at room temperature are consistent with the thermal relaxation of magnetic moments
mediated by particle-particle interactions. The 77 K Mossbauer spectra are modeled
with four sextets. Those sextets are assigned to the signal of iron ions occupying
the tetrahedral and octahedral sites in the core and shell parts of the particle.
The room-temperature saturation magnetization value determined for the uncoated
Fe; 0,4 nanoparticles is roughly ~60 emu/g and suggests the occurrence of surface
effects such as magnetic disorder or the partial surface oxidation. These surface
effects are reduced in the gold-coated Fe;O, nanoparticles. Zero-field—cooled and
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field-cooled curves of both samples show irreversibilities which are consistent with a
superparamagnetic behavior of interacting nanoparticles.

Keywords Au-coated magnetite nanoparticles - Mdssbauer spectroscopy -
Superparamagnetism

1 Introduction

Magnetite (Fe;O,) is one of the iron oxide phases of great interest for technological
applications due to its high saturation magnetization, the highest ordering temper-
ature among spinel ferrites and its low toxicity [1]. Magnetite nanoparticles (NPs)
are interesting systems to be used in biomedical applications, bioseparation, mag-
netic recording media, target drug delivery, biochemical sensors, among others [2].
Therefore, the stability of iron oxide particles is impeded notably by the occurrence
of spontaneous oxidation surface [3]. Recently, it has been revealed the possibility
of surface passivation of magnetic nanoparticles (y-Fe,O3, Fe;Oy4, Co, Fe, etc.) by
a nonmagnetic shell (SiO,, gold, silver, polymer, etc.) [4]. Core-shell structure of
magnetic NPs is an attractive way to fabricate systems possessing unique physical
and chemical properties [S]. Special attention has been given to gold (Au) NPs, since
they show large surface area and suitable surface chemistry to be functionalized
with thiolated molecules via covalent bonds [3]. Recently, core-shell gold coated
magnetite NPs are reported to exhibit interesting optical properties (due to Au)
and magnetic properties (due to Fe;Oy4) [5]. Therefore, Au-coated Fe;O4 NPs can
provide a suitable platform for combine the magnetic properties of the iron oxide
core with the gold shell which can be conjugated with biocompatible molecules in
order to be used in biotechnological and biomedical applications.

It is known that bulk magnetite crystallizes in the cubic inverse spinel structure.
The oxygen ions form a closed packed cubic structure with Fe ions localized in two
different sites, octahedral and tetrahedral. Fe’* ions occupy the tetrahedral sites
(A) and Fe** and Fe?* occupy octahedral sites (B) and are randomly arranged at
room temperature because of an electron transfer process between these Fe’* and
Fe?* ions. Below the Ty ~ 125 K, the electron hopping freezes out leading to an
ordered array of Fe?* and Fe** ions with static charge. This effect is manifested as
a metal-insulator transition, which is known as the Verwey transition [6, 7]. That
transition also modifies the magnetic properties and hyperfine interactions. Reports
indicate that for untwined single crystals of magnetite, the low-temperature spectrum
is composed of five sextets: one corresponds to Fe** ions at tetrahedral sites, two to
Fe* ions at octahedral sites and two to Fe?* ions at octahedral sites [8].

On the other hand, non-stoichiometric magnetite shows a reduced content of
Fe?* in octahedral sites. This non-stoichiometric magnetite stabilizes by the gen-
eration of cation vacancies at B sites. It is known that these vacancies screen the
charge transfer and isolate the electron hopping process, since for each vacancy
five Fe3* ions in octahedral sites are trapped [6]. In Mossbauer spectrum these
trapped Fe" ions at the octahedral sites and Fe*' ions at the tetrahedral sites are
indistinguishable without applying an external magnetic field [6]. Therefore, in a
room-temperature Mossbauer spectrum of highly non-stoichiometric magnetite, the
intensity transfer from F eé‘” to F efj-like component is observed. In this case, below
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Ty the Mossbauer spectrum becomes strongly complicated. It is reported that the
spectrum comprises a superposition of at least five components. For a small density
of cation vacancies at B sites, the Verwey transition is shifted to lower temperatures
and becomes less sharp (smoother) than in stoichiometric magnetite [6].

In the case of magnetite with reduced dimensionality, such as in nanoparticles,
the surface or interface effects and particle-particle interactions strongly affect
their hyperfine properties. It is difficult to distinguish between intrinsic size effects
and effects related to deviation from the stoichiometry at the surface, driving to
complicated Mossbauer spectra. Since at room temperature, Mossbauer spectrum
shows features related to thermal relaxation, the models to fit the spectrum in order
to determine the hyperfine parameters are not unique. A report suggests the use
of single sextet to fit the room-temperature Mossbauer spectrum of magnetite NPs
of ~10 nm [9]. More recently publications on Mossbauer and magnetic study of
magnetite NPs with a mean size of ~8 nm reported the use up to 16 sextets in order
to improve the fit quality of room-temperature Mdssbauer spectra [10, 11].

Therefore, better knowledge of the magnetic, morphological and structural prop-
erties of coated magnetite nanoparticles is needed yet. In this work, we report the
synthesis and characterization of uncoated and gold-coated Fe;O4 nanoparticles.

2 Experimental

The Fe;O4 nanoparticles were synthesized by the coprecipitation of Fe(II) and
Fe(IIT) chlorides in aqueous solution. The solution was rinsing several times with
distilled water and the black colored precipitation was collected by using a small
magnet. Subsequently, 8 mL of Fe;O, nanoparticles solution was added to 50 mL
of 0.1 M sodium citrate and stirred at room temperature by ~30 min to get the
exchange absorbed OH™ with citrate anions [3]. In order to obtain the gold coated
Fe;O4 nanoparticles, the latter solution was heated up to the boiling point by stirring
vigorously. At this point, 2 uM of HAuCl, was slowly spilled into the nanoparticles
solution and cooled by stirring [12]. The resultant material was washed with water
and separated by high-speed ultra-centrifugation.

In order to determine the crystalline structure and estimate the mean crys-
tallite size X-ray powder diffraction (XRD) was performed using a commercial
diffractometer (Bruker, D8 advanced) with CuK, radiation. Transmission electron
microscopy (TEM) images were obtained by using a microscope (JOEL, model
1011) to determine the morphology, the mean particles size and the size distribution.
Mossbauer spectroscopy (MS) measurements were carried out using a computer-
controlled Wissel spectrometer with a triangular velocity mode and using a 3’ Co(Rh)
source with an activity of ~20 mCi. A multichannel platform of 512 channels (before
folding) has been used to register the spectra. 297 and 77 K spectra were obtained
by cooling the sample in a commercial cryostat. A thin «-Fe foil has been used for
calibration and a calibration error less than ~0.5 % was estimated. The systematic
error of unfolded spectrum is estimated to be +0.02 mm/s. Thus, the velocity
resolution and systematic error for hyperfine parameters should be +0.04 mm/s for
the 512-channels spectra and £0.08 mm/s for 256-channels spectra. Isomer shifts
are given related to o«-Fe, at room temperature. All spectra were computer fitted
with the least-square fitting routine using the NORMOS program and assuming
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Fig. 1 Room temperature |
XRD patterns of the uncoated Fe,0,/Au
and gold-coated Fe3Oy4
nanoparticles. The observed
and calculated data are
represented by the points and
solid line, respectively. The
Bragg reflections are also
indicated
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Lorentzian lineshapes. The fit of Mosbauer spectra with a distribution of hyperfine
fields has been carried out using the histogram method of the DIST subroutine of the
NORMOS program, where the linewidth of each subspectrum is fixed to 0.3 mm/s.
The magnetic properties were studied by magnetization measurements using the
vibrating sample magnetometer (VSM) modulus of a physical property measurement
system (PPMS) in a wide range of temperatures (from 5 to 340 K) and applying
magnetic fields up to 90 kOe.

3 Results and discussion

Figure 1 shows the X-ray diffraction patterns of the uncoated and gold-coated Fe;Oy,
nanoparticles. As observed in the bottom part of Fig. 1, the Bragg reflections are
consistent with the spinel structure of bulk magnetite (space group, Fd3m). Although
lower signal-to-noise ratio is obtained for the gold-coated Fe;O4 nanoparticles, no
Bragg reflections corresponding to the Au crystalline phase have been determined
and we assumed that the gold is located at the particle surface.

In order to estimate the particle size, XRD patterns have been refined by using
the Rietveld method and modeling the peaks profile with a Pseudo-Voigt function.
The particle size (D) is related to the linewidth (I") by the Scherrer equation: D =
0.916 A/T- cos Ok, where A is the wavelength of the X-rays (0.15424 nm), and 6y, is
the Bragg’s angle [13]. The average crystallite sizes of (D) xgp = (7.4 &+ 0.2) nm and
(8.2 £ 0.2) nm are estimated for the uncoated and Au-coated NPs, respectively. The
larger value obtained for the Au-coated NPs suggests that the gold covering process
helps with the recrystallization of disordered regions likely present at the particle
surface.

In order to corroborate these XRD results, TEM images were obtained. Figure 2
shows one of the TEM images obtained for the uncoated Fe;O4 NPs. With the help
of the Imag-J software, several images have been used to count N ~ 1,000 particles.
Subsequently, a particle size histogram has been mounted using the Sturges method
[14]. The bin-width (W) is obtained from the relation: W = (D pax—Dmin )/k, where k =
1 4+ 3.322 log (N). That particle size histogram (see inset in Fig. 2) was modeled with
a lognormal distribution: f (D) = (1/+/27 o D)exp[—In* (D/Dy)/20?%], where Dyis
the median diameter and o represents the degree of polydispersion. The mean value
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Fig.2 TEM images of
uncoated Fe3O4 NPs. In the
inset is shown the histogram
mounted as described in the
text and modeled by a
lognormal function

'Ib' fii) :

and its standard deviation are given by < D >= Dge? /> and opp =< D > /e — 1,
respectively. Using those values, a mean particle size of (D)7gy = (8.8 £ 2.0) nm
is estimated. TEM images (not shown here) obtained for the Au-coated Fe;O4 NPs
show particle size consistent with the value obtained for the uncoated Fe;O4 NPs.
Despite the large uncertainty, that mean value is in consistency to that obtained from
XRD data of Au-coated NPs. This result implies that, after the gold surface covering,
the crystalline size of the particle becomes comparable to the physical size. This result
reinforces the finding that gold covering helps with the recrystallization of disordered
regions likely formed at the particle surface.

Mossbauer spectra measured at room temperature and 77 K for the uncoated and
Au-coated Fe;O4 NPs are shown in Figs. 3 and 4. At room temperature, thermal
relaxation features related to the small particles size are observed. This relaxation
drive to the starting collapse of magnetic sextets observed on both samples. These
results are in agreement with magnetization data obtained near to 300 K (see below).
In order to model the experimental data, the fit using a few number of sextets (for
two sextets, one obtains a x> ~ 1.81) provides reasonable fits, but large linewidths
(I' ~ 1.0-2.0 mm/s). More plausible fits are obtained by using a distribution of
hyperfine fields in which case a x> ~ 1.03 is obtained. The resultant histograms of the
hyperfine field distribution are shown in Fig. 3. The broad distribution of hyperfine
fields (from ~0 to 55 T) is in consistent with recent publications of Mdssbauer
spectroscopy results of magnetite nanoparticles with a mean size of ~8 nm, where the
authors used a large number of sextets with hyperfine fields distributed in a broad
range [11, 12].

The absence of a central doublet in the room temperature spectra of both spectra
must be related to the strong particle-particle interaction and to the occurrence of
magnetic correlations among the smallest particles. In order to compare the results
obtained for both samples, the most probable component of the distribution is used.
A most probable sextet with a hyperfine field of B}¥* = (44.5 +0.4) T, quadrupole
shift of 2¢ = (—0.02 £ 0.08) mm/s and IS = (0.36 &+ 0.08) mm/s are obtained for
the uncoated NPs. Slightly different values are obtained for the Au-coated NPs
(B¢t =(46.0£04)T, 26 = (—0.00 & 0.08) mm/s and IS = (0.38 & 0.08) mm/s).
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Fig. 3 Mossbauer spectra of Fe3O4 and Fe3O4/Au NPs obtained at room temperature. The points
represent the experimental data and the red line, the calculated data. The difference between
experimental and calculated data is shown at the top part of the plots. These spectra have been
fitted using a distribution function of the hyperfine magnetic fields and the histograms are shown at
the right-hand side

It suggests that the presence of gold ions at the particle surface slightly affects the
particle-particle interaction, likely because of the partial surface coating.

At 77 K, the magnetic collapse is not else observed and the spectra of uncoated
and Au-coated Fe;O4 NPs are well fitted by considering three sextets. x> = 1.8 and
2.5 are obtained for the Au-coated and the uncoated NPs, respectively. However,
lower x? are obtained (1.6 and 2.1 for the Au-coated and uncoated NPs, respectively)
by considering four sextets (see Fig. 4). Fits considering more than five sextets
provide lower x?2, but unphysical values for the linewidth are obtained (<0.1 mm/s).
As mentioned above, below 125 K, the electron transfer between Fe?t and Fe3*
ions in B sites of bulk magnetite becomes slow and the presence of ferrous and
ferric cations can be differentiated in the Mossbauer spectrum. Since it is difficult
to distinguish between iron ions occupying tetrahedral or octahedral sites [8, 15],
the origin of these sextets (S1, S2 and S3 components) are assigned to Fe** ions
occupying both the tetrahedral and octahedral sites. Although the IS’s for all sextets
for uncoated NPs are the same within the experimental error the same, the lower
hyperfine field and the larger linewidth of the S3 component suggest that this signal
could come from the defective sites. The lowest hyperfine magnetic field of the
S4 component could be assigned to iron ions located in the surface region of the

@ Springer



Synthesis and characterization of uncoated and gold-coated magnetite nanoparticles 185

Fig. 4 Mossbauer spectra of
Fe;04 and Fe;O4/Au NPs
obtained at 77 K. The points
represent the experimental
data and the red line
represents the calculated data.
The subspectra are also
plotted as continuous lines.
The difference between
experimental and calculated
data is shown at the top part of
the plots
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particles. Within the experimental resolution, the spectral areas of all components
(see Table 1) seem to remain the same in both samples. Although the spectral area of
the S4 component seems to remain constant, the isomer shift shows a larger value for
the Au-coated NPs. This increase in the IS could be assigned to the surface coating
effects, since it seems that Au coating drives to the partial recrystallization of the
particle surface. These results are preliminary and further study with more resolved
Maossbauer spectroscopy measurements will permit to clarify this issue better.
Magnetizations (M) vs. magnetic field (H) curves have been obtained for both
Fe;04 and Fe;O4/Au NPs at 300 and 5 K. The M vs. H curves of uncoated and
Au-coated NPs are shown in Fig. 5a. At 300 K, the saturation magnetization (Ms),
determined by using the law of approach to saturation (a linear term is included in
order to account for the linear increase of M at high fields), is found to be ~61 emu/g
for the uncoated Fe;O4 NPs. This saturation magnetization value is consistent with
the value reported in the literature for uncoated magnetite NPs of around the same
mean size (~8 nm) [11]. Slightly larger value is obtained for the Fe;04/Au NPs
(~63 emu/g), which is consistent with the Mossbauer results as previously discussed.
The increase of the saturation magnetization indicates that the Au covering of the
NPs helps to reduce magnetically disordered regions, likely at the particle surface.
Similar effects have been reported for surface-passivated magnetite nanoparticles
which have been assigned to the improvement of the crystalline quality [11]. More-
over, those saturation magnetization values are significantly lower than the value
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Table 1 List of hyperfine parameters, linewidths (I") and spectral areas (A) obtained from the fit of
77-K Mossbauer spectra of Fe3O4 and Au-coated Fe3Oy4

Sample Site IS (mm/s) 2e (mm/s) Bhf (T) I (mm/s) A (%)

Fe30,4 Fe3* (S1) 0.48 —0.01 513 0.42 28
Fe3t (S2) 0.40 0.01 49.3 0.48 33
Fe’t (S3) 0.48 -0.02 47.8 0.66 27
Fe' (S4) 0.56 0.01 433 0.74 12

Fe;04/Au Fe3t (S1) 0.47 —0.01 51.3 0.48 33
Fe3t (S2) 0.41 0.01 49.7 0.47 31
Fe3* (S3) 047 ~0.05 47.9 0.56 21
Fe” (S4) 0.67 -0.10 43.8 0.70 15

The error of the spectral areas is estimated to be not more than 10 %
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Fig. 5 a Hysteresis loops of Fe3O4/Au NPs at 7= 5 K and room temperature. b Temperature
dependence of zero-field-cooled (ZFC) and field-cooled (FC) curves of the Fe3O4 and FezO4/Au
NPs

reported for bulk Fe;O4 (Ms ~ 82 emu/g). These lower saturation magnetizations
must be related to the surface effects [16, 17] or surface oxidation [6]. Those effects
must be the responsible for the increasing tendency of the M vs. H curve observed in
the high-field region.

At T = 5 K, the coercive field (H¢) determined for the uncoated Fe;O4 NPs is
~460 while that determined for the Fe;O4/Au NPs is ~390 Oe. The lower coercive
field of the Fe;O4/Au NPs can be related to the recrystallization process of amor-
phous regions fulfilled by the gold shell covering the particles surface. Moreover,
at 300 K, the coercive field of both samples decreases to He ~ 12 Oe. Since a zero
coercive field is expected for the superparamagnetic behavior of small particles, the
nonzero coercive field must be associated to the particle-particle interactions which
delay the thermal relaxation of the magnetic moments of the particles [18].

Zero-field cooled (ZFC) and field cooled (FC) curves obtained with H = 400 Oe
for the Fe;04 and Fe;O4/Au NPs are shown in Fig. 5b. No evidences for the
occurrence of the Verwey transition are observed in the temperature range from
5to 300 K. The irreversible behavior of ZFC and FC curves reveals a typical thermal
blocking process of superparamagnetic NPs. The ZFC curve shows a broad maximum
at T, =179 £ 3 K and 189 £ 3 K for the Fe;O,4 and Fe;04/Au NPs, respectively. In
order to determine whether the studied samples can behave as superparamagnetic
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systems, the magnetic particle size has been estimated. According to the Ref. [19]
the mean magnetic sizes is given by: Dvag = (18ksTx: /7 p Msz)lﬂ, where x; =
(dM/dH) g — is the initial susceptibility, k is the Boltzmann constant, Ms is the
saturation magnetization and p is the mass density of magnetite. A value of Dyag ~
9 nm, is obtained for both studied samples, which is in good agreement with the
value obtained from XRD and TEM experiments. This result strongly suggests that
the Fe;O4 NPs (uncoated and Au-coated) behave as weakly interacting entities.
Therefore, the maximum of the ZFC curve can be related to the mean value of
the blocking temperature (Tg). Considering a hypothetical system of monodispersed
particles, then the relationship between these two temperatures is given by: T, =
B(Tg), where B is a parameter whose value is in the range of 1.4-1.6 [20]. Using
B = 1.5 one can obtain (Tg) = 119 &+ 3 K and (T) = 126 £+ 3 K for the Fe;0,4
and Fe;O4/Au NPs, respectively. The slightly larger T obtained for the Au-coated
NPs, must be related to the larger particle size obtained from XRD and TEM data
analysis.

One can estimate the anisotropy constant by using the relation K,V y =25kpTp,
which is valid for a random distribution of a single domain magnetic particle. Here
y is a constant expected to be depend on the crystal size distribution (y = 9.2) [21],
Kan is the effective anisotropy constant and V is the volume the particle. Considering
aTp ~ 120 K and D = 88 nm for the uncoated NPs, an affective anisotropy constant
of Kan ~ 1.6 x 10° erg/cm?® is determined. This value is close to that one reported in
the literature for Fe;O4 NPs [22].

4 Conclusions

Structural characterization confirms the successful production of ~8-nm gold-coated
Fe;O4 NPs. This mean particle size is corroborated by transmission electron mi-
croscopy. Room-temperature Mossbauer spectra of the uncoated and Au-coated
Fe;O4 NPs are consistent with a distribution of magnetic particles which shows
thermal relaxation of magnetic moments mediated by particle-particle interactions.
However, at 77 K the Mossbauer spectra are well-modeled by four sextets, which
are assigned to the signal of iron ions occupying tetrahedral and octahedral sites
in the core and shell regions of the particles. The presence of gold on the particle
surface produces effects which seem to be associated with the recrystallization
of the shell region. Saturation magnetization values are lower than that of bulk
magnetite and suggest the occurrence of surface effects which become important due
to the large surface-to-volume ratio. The non-zero coercive field determined at room
temperature indicates that the superparamagnetic behavior of NPs is mediated by
the occurrence of particle-particle interactions.
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