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We report on the generation of magnetic nanoparticles by nanosecond laser ablation of
cobalt ferrite in liquid. We investigated the influence of both ablation liquid (water,
ethanol, polyethylene glycol in water) and irradiation conditions (laser energy/pulse and
spot size) on the nanoparticles dimension, shape, structure, chemical composition and
magnetic properties. A single phase cobalt ferrite target was immersed in various solutions
and irradiated with an Nd-YAG laser at fluences varying from 4 to 12 J/cm? A first
characterization of the so generated colloidal solution was performed by UV-VIS
absorption spectroscopy. Then, the samples were dried at 80 °C and the resulting material
was collected for further investigations. The structural and chemical properties were
studied by X-ray diffraction (XRD), transmission electron microscopy (TEM) and
scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDX). The
nanoparticles magnetic response was recorded using a vibrating sample magnetometer
(VSM). TEM micrographs revealed that the particle diameter and size distribution varied
as the laser energy and irradiation spot area were modified or when polymer surfactant
was added to the ablation liquid. The broad absorption band observed for all analyzed
solutions was considered to be a superposition of multiple peaks associated to iron oxides.
EDX measurements revealed an overstoichiometry of iron for most samples. VSM results
confirmed the ferromagnetic character of the nanoparticles and their magnetic parameters
were correlated to their size and chemical composition.
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1. Introduction

Magnetic materials have attracted significant attention in the last few decades due to their
interesting properties and technological significance in developing new systems and improving the
performances of existing materials. Among these, ferrites are considered to be an important class
of materials which are used extensively in magnetic data storage, sensors, actuators, wave guides
etc. [1-3]. Moreover, the applicability domain of the spinel ferrites can be extended when relating
to nanostructured forms such as thin films and nanoparticles [4-7]. Each potential application of
the magnetic nanoparticles relies on specific properties. For data storage applications, the particles
need to present a stable and switchable magnetic state. It is important that these structures preserve
their ferromagnetic characteristic, considering that as their dimensions are decreased the
nanoparticles can turn to a superparamagnetic state with zero coercivity and no remanent
magnetization. For therapeutic applications (such as hyperthermia) the use of subdomain magnetic
particles is preferred over multidomain particles, as they can absorb much more power at tolerable
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AC magnetic fields. The synthesis of uniform nanoparticles with narrow size distributions can
offer a rigorous control in temperature [8].

The combination of cobalt ferrite (both in thin film and nano-powder forms) with polymer
materials can account for significant advances in different technological areas such as flexible
electronics, magnetic resonance imaging (MRI), drug delivery, microwave frequency transducers,
multiple state memory elements, highly transparent magneto-optic materials, magnetic field
sensors etc. [6,9-11]. The magnetic characteristics of magnetic nanoparticles — polymer
composites can be changed by varying different external factors (e.g. temperature, magnetic field),
thus by changing the distances between particles [12]. The optic and magnetic response of these
transparent nanocomposites depends significantly on the dimension, shape and structure of the
nanoparticles.

Pulsed laser ablation is a method that can ensure the formation of thin films with specific
properties and also the synthesis of nano-sized particles with crystalline structure, no segregation
and/or agglomeration and large magnetic response. Laser ablation in liquid (LAL) can offer
extreme conditions of pressure (~ 1 GPa) and temperature (~6000 K) so that metastable structures
with novel properties can be obtained [13]. Compared to chemical methods, LAL presents several
advantages such as: a) variety of materials which can be obtained and of liquid solutions which
offer a stable handling of the colloids; b) high purity of the nanoparticles by avoiding the use of
chemical ligands or reducing agents; c) controllable size and shape [14,15].

LAL was successfully used to synthesize metal nanoparticles (Fe, Co, Pd, Cu, Au, Ag, W,
Al) [16-21], but also more complex materials (MnFe;O4, NiFe,0,, SrFe;;019, Mn30,) [22-24].
Nanostructures with compositions different from the source material were synthesized by
controlling the chemical reactions between the target and liquid solution. Maneeratanasarn et al.
[25] showed that single phase iron oxide can be obtained in different types of solvents by
modifying the target composition as well as the laser irradiation conditions. Desarkar et al. [26]
observed that higher laser fluence leads to the formation of smaller particles. Moreover, as the
ablation time increases, the number of particles increases initially and then saturates due to the
shielding of the incident laser radiation by the formed nanoparticles.

In the continuity of our previous works [27,28] on the synthesis of low-dimension
structures by laser ablation of cobalt ferrite (pure or rare-earth doped), we performed a study on
the generation of magnetic nanoparticles by laser ablation in liquid, with the aim of investigating
the influence of the ablation liquid and laser irradiation parameters on the particles properties. The
paper presents the main results of this study, with special focus on the structural, chemical and
magnetic properties of the cobalt ferrite nanoparticles generated by laser ablation in liquid.

2. Experimental details

Cobalt ferrite bulk material was synthesized by standard ceramic technique. Commercially
available Fe,O3, C030, oxides were mixed in adequate proportions, calcined and ball milled. The
final sintering process was done at 1250 °C for 5 h at 100 °C/h heating rate followed by natural
cooling to room temperature. A more detailed presentation of the preparation process is given in
[29]. The ablation targets were manufactured by pressing the cobalt ferrite powders into disks at
250 MPa and then placed at the bottom of a glass vessel, in 40 ml liquid volume. Various ablation
liquids were used: ethanol, distilled water and a solution of polyethylene glycol (PEG, MW=6000)
in distilled water at three different concentrations. The target irradiation was done at normal
incidence using the second harmonic (532 nm) of an Nd-YAG laser with 10 Hz repetition rate and
10 ns pulse duration. The laser energy/pulse was varied from 40 mJ to 80 mJ and the irradiated
surface changed from 0.63 mm? to 2 mm?, resulting in ablation fluences in the range 3 - 12.5
Jlem®. Seven samples (denoted N1-N7 in the following) were so generated using the specific
experimental conditions summarized in Table 1.
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Table 1. Experimental conditions used for nanoparticle synthesis, parameters of log-normal fit of TEM
histograms, chemical composition (EDX) and magnetic parameters (VSM).

Ablati p';/:fiiTe Standard | Fe:Co H
ation : deviation | ratio g m,/m
Sample | Ablation liquid Enerng spot area FJ"/JE“SE diameter epx | (KOe) B
(m ) (mmZ) ( cm ) (nm)
log-normal fit
N1 Distilled water 60 0.63 9.5 22.9 13 - - -
N2 Distilled water 80 0.63 125 - 3.07 0.75 0.17
N3 Distilled water 40 0.63 6.3 22.8 14 2.97 1.19 0.53
N4 Distilled water 60 2 3 19.5 13 2.37 0.64 0.16
Distilled water +
N5 PEG (0.09mM) 60 0.63 9.5 16.6 1.2 15 0.94 0.27
Distilled water +
N6 PEG (0.05mM) 60 0.63 9.5 17.1 13 2.75 1.33 0.47
N7 Ethanol 80 0.63 125 26.8 1.2 2.87 -

UV-VIS absorption spectroscopy was first performed on the obtained colloids using a UV-
VIS-NIR source DT-MINI-2-GS coupled with an Ocean Optics spectrometer QE65000. The
structural and chemical properties of the nanoparticles were analyzed by X-ray diffraction
(Shimadzu LabX XRD-6000 advanced diffractometer with a Cu-Ko radiation (A=1.5406), standard
mode), transmission electron microscopy (TEM, LVEMS5 Benchtop Electron Microscope),
scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM/EDX, Vega
Tescan LMH 1 microscope and Bruker AXS Microanalysis GmbH detector). For TEM analysis,
solution drops from each sample were dried on Cu grids. The SEM/EDX measurements were done
on solution deposits on carbon strips and the chemical composition was obtained by analyzing 1
pm x 1 pm surfaces. For XRD measurements the solutions were dried on glass substrates at a
temperature of 80°C. The magnetic characteristics were investigated using a Vibrating Sample
Magnetometer (VSM, Princeton/Lakeshore M3900). For this measurement, fragments of 5 mm x 5
mm of dried nanoparticle deposits were analyzed.

3. Results and discussions

The morphology and size distributions of the nanoparticles synthesized by laser ablation
were investigated by TEM imaging. Figure 1 presents the histograms obtained by analyzing the
observed nanoparticles for each of the N1-N7 samples, while the insets show the corresponding
TEM micrographs. The histograms were fitted using a log-normal function (red line) and the
resulting parameters (main particle diameter, standard deviation) are listed in Table 1. Most
particles are spherical and have diameters ranging from 16 to 27 nm (see Table 1) with an
asymmetric size distribution. TEM images also showed some particles as large as 100 nm (see
inset Figure 1, N3 sample) and also agglomerations that occur after the laser irradiation process.
The magnified images of the investigated nanoparticles revealed that the cores have higher
electron densities compared to the grey outer layers indicating a change in composition and in
structural characteristics. A TEM image of such a particle is given in the inset of Figure 1 for the
N5 sample. We suppose that the aqueous medium in which these cobalt ferrite nanoparticles were
generated, together with their high reactivity, led to the formation of magnetic nanoparticles
covered by an oxide shell.

The oxidation of cobalt and iron nanoparticles (as well as of other metals: Cu, Mg, Sn)
obtained by laser ablation in water was observed by other research groups as well [19,24,30,31].
Composition changes can occur due to the photochemical and thermal processes that take place
during laser ablation and which depend on the properties of the investigated material and of the
solution. Tsuji et al. found that CosO,4 oxide can come from the chemical reaction between Co and
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O obtained by photodecomposition of cobalt oxide and water, respectively, or from photothermal
processes that take place due to the high temperatures involved [19]. Liu et al. obtained FeO from
iron plate ablation in water by subsequent decomposition of Fe-(OH), nanoparticles at high
temperature and high pressure which are associated with the liquid confined plasma [30]. Smaller
nanoparticles (below 20 nm mean diameter) with narrower size distribution and fewer
agglomerations were obtained when PEG surfactant was added. This result is in agreement with
other reported studies in which PEG was used to disperse the obtained nanoparticles. With PEG
addition, a thin layer of polymer is formed on the surface which effectively shields the surface
charge of the nanoparticles thus preventing their agglomeration [32-34]. However, as the
concentration of the PEG surfactant was increased from 0.05 mM to 0.09 mM, no significant
changes in size distribution were observed, possible due to the low variation of dissolved PEG
mass.
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Fig. 1. Histograms and TEM images of the nanoparticles obtained by laser ablation in various conditions
(see Table 1); the red lines represent the log-normal fit of the histograms

The increase of laser energy/pulse from 40 mJ to 60 mJ on the same irradiation surface
(0.63 mm?) determined the formation of solution with fewer large particles as observed from the
histograms presented in Figure 1 (comparing the N3 and N1 samples). Moreover, the mean
particle diameters from lognormal fit for both solutions were found to be around 23 nm. Thus, the
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use in this study of a higher energy did not determine a decrease in mean particle size but rather a
narrower size distribution. In their study on palladium nanoparticles, Nishi et al. [17] reported that
for short time laser ablation (several minutes) the fluence variation contributes to differences in
ablation rate and also on the size distribution. After several minutes the laser energy reaching the
target surface is decreased due to the shielding effect of the generated nanoparticles. The incident
energy leads to a higher kinetic energy of the ejected nanoparticles and increases the collisions
between them. As a consequence, the initially formed large particles undergo fragmentation
processes which further reduce their dimension and make the size of each particle relatively
uniform [35]. Furthermore, a narrower size distribution but also a slight reduction in nanoparticle
size was observed when the area of the irradiated surface was increased from 0.63 mm? to 2 mm?.
A decrease in particle size was observed by Sobhan et al. in their study on the influence of spot
size on the morphology of gold nanoparticles [36]. The use of a smaller laser spot size favors
droplets or large particle emission [37]. This is also consistent with observations related to laser
ablation in gaseous media where the use of a larger spot size determined a decrease in large
particle deposition (droplet density) on the surface of thin films [38].
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Fig. 2. UV — VIS absorption spectra of cobalt ferrite nanoparticles obtained in (a) water and (b) ethanol

Fig. 2 presents the LAL-generated colloids UV-VIS absorption spectra in the 200 nm —
1000 nm wavelength range. The spectrum recorded for distilled water (not shown) did not present
any significant features in this spectral domain, unlike the one of ethanol where a peak at 270 nm
is present (see Figure 2b, bottom curve) and can affect the interpretation of the N7 solution
spectra. The absorption spectra of the cobalt ferrite nanoparticles generated in distilled water and
in distilled water and PEG mixture present a wide band from 220 nm to 520 nm with maxima
around 265 nm (Figure 2a). The changes in peak position and in its shape can give information
related to modifications in particle size and also in particle morphology. An increase of the particle
diameter can determine a red shift of the absorption peak [26,39]. However, in this study, no
significant variations were found as the irradiation conditions used for particle generation were
modified. Although TEM results present changes in particle dimension and size distribution, it
appears that these changes were not enough to significantly influence the absorption spectra.
Rajesh et al. [40] observed two peaks at 280 nm and 307 nm for the Fe;O, nanoparticles prepared
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by chemical process. The peak at ~ 270 nm was reported for solutions of metal iron nanoparticles
and was further confirmed through calculations with Mie model [41]. Slightly modified spectrum
was observed for the N4 sample for which the maximum absorption seems to be shifted towards
300 nm, instead of 265 nm. This result can be explained by the lower laser fluence used for
particle generation which could decrease the oxidation process rate. The absorption spectra of the
nanoparticles formed in ethanol present a peak at 350 hm which can also be associated with iron
oxide. The broad absorption band can be a result of the superposition of several peaks as observed
by Klacanova et al. [42] when studying iron nanoparticles in water. Under inert atmosphere, the
absorption spectra presented two peaks at 262 nm and 352 nm. On keeping the sample under air,
new absorption bands appeared indicating various oxide nanoparticles (369 nm, 430 nm, 487 nm).
Our UV-VIS spectroscopy measurements indicate that the solution consists more of iron oxide
nanoparticles rather than cobalt ferrite, which, according to literature [43], would give a peak
around 300 nm. This result is also supported by EDX measurements which indicate that there is an
overstoichiometry of Fe in the samples. In most cases, the Fe:Co ratio (see Table I) is higher than
the stoichiometric value of 2:1.

Further structural study was done using X-ray diffraction. For this analyzing step the
nanoparticles were dried on amorphous glass substrate at a temperature of 80°C to avoid the
evaporation of the added surfactant. The XRD patterns did not present any diffraction lines
indicating that the laser ablated nanoparticles were amorphous. However, the absence of
diffraction lines can be also a result of the small amount of analyzed material. The main
disadvantage of LAL is the relatively low product yield. An exception was observed for the N2
sample for which weak diffraction peaks were recorded (Figure 3). The use of a high fluence (12.5
Jlcm? — the highest used in this study) can increase the crystallinity of the material as also observed
in thin film deposition [44]. Based on the EDX and UV-VIS absorption measurements presented
above, we associated the observed diffraction line with the magnetite structure although the XRD
pattern of cobalt ferrite is very similar to what was recorded in this study. We suppose that the
cobalt ions which should be found in the octahedral sites were replaced by Fe® ions and settled as
impurities at crystallite boundaries. Although the 42° diffraction line can easily be associated with
the (400) line of the Fe;O, structure, the narrower nature of this peak compared to the ones found
at ~35° and 62° led us to the conclusion that a more appropriate assignment would be the (200)
diffraction line of a second FeO phase [45].
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Fig. 3. XRD pattern of the N2 sample obtained using a 12.5 J/cm? fluence

Room temperature magnetic properties of dried nanoparticles were investigated using a
vibrating sample magnetometer by applying a 10 kOe maximum magnetic field. The normalized
hysteresis loops are presented in Figure 4. All investigated nanoparticles exhibit magnetic
characteristics. The values for coercive field (H;) and squareness (m/my,y) are listed in Table 1.
The magnetic properties of the nanoparticles can be influenced by several parameters such as size,
shape, crystallinity, chemical composition, presence of impurities at grain boundaries and surface
structure [25]. In this study, the highest coercive field and squareness values were found for the N6
sample for which a lower particle size was recorded. One would also expect to obtain similar
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values for the N5 sample but the different behavior can be due to differences in chemical
composition. EDX measurements revealed an increased Co concentration for the N5 sample
whereas an iron overstoichiometry was observed for the N6 nanoparticles. Moreover, the H, values
can be influenced by the presence of impurities at grain boundaries which act as pinning sites.
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Fig. 4. VSM measurements of magnetic nanoparticles obtained by laser ablation
(see Table 1 for assignment of N2-6 samples)

The smallest H. and squareness values were found for the N4 sample which has a larger
particle size. The decrease of coercive field with particle size indicated that the particles are above
the critical size where a monodomain material changes to a multidomain one [46]. The squareness
value can give information on the type of intergrain group exchanges [47]. Nanoparticles with
m./Max lower than 0.5 interact by magnetostatic interaction while squareness values higher than
0.5 indicate the presence of exchange — coupled particles. The magnetic results revealed that the
obtained particles present a ferromagnetic character which depends on the size and chemical
composition.

4. Conclusions

Magnetic nanoparticles were synthesized from cobalt ferrite target by laser ablation in
liquid media. TEM images and histograms revealed changes in particle size distribution as the
irradiation conditions were varied and ablation liquid was changed. The use of a higher laser
energy/pulse and a larger spot size determined the generation of more uniform particles, with
narrower size distributions. The same result together with a decrease in particle size was observed
when PEG surfactant was added in the ablation liquid. UV-VIS absorption spectra were not
significantly influenced by the changes in particle morphology presenting a broad absorption band
between 220 nm and 550 nm. The chemical composition obtained by EDX measurements revealed
an iron overstoichiometry for most samples. Based on this result, the XRD diffraction lines were
associated to iron oxide structures. Magnetic measurement revealed changes in coercive field and
squareness with mean particle diameter and chemical composition variation.
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