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Abstract: Modification of the size and phase composition of magnetic oxide nanomaterials dispersed
in liquids by laser synthesis and processing of colloids has high implications for applications in
biomedicine, catalysis and for nanoparticle-polymer composites. Controlling these properties for
ternary oxides, however, is challenging with typical additives like salts and ligands and can lead to
unwanted byproducts and various phases. In our study, we demonstrate how additive-free pulsed
laser post-processing (LPP) of colloidal yttrium iron oxide nanoparticles using high repetition rates
and power at 355 nm laser wavelength can be used for phase transformation and phase purification of
the garnet structure by variation of the laser fluence as well as the applied energy dose. Furthermore,
LPP allows particle size modification between 5 nm (ps laser) and 20 nm (ns laser) and significant
increase of the monodispersity. Resulting colloidal nanoparticles are investigated regarding their size,
structure and temperature-dependent magnetic properties.

Keywords: yttrium iron oxide; perovskite; garnet; phase transformation; ferrimagnetic nanoparticles;
laser ablation; laser fragmentation; laser melting; monodisperse

1. Introduction

Magnetic mixed metal oxide nanoparticles are an important class of materials for catalysis [1,2],
biomedicine [3–5], and nanoparticle-polymer composites [6,7] and are also of high interest for
applications in additive manufacturing, e.g., for 4D printing of magnetic structures [8–10]. For many of
these applications, nanoparticles are required in colloidal form, dispersed in liquids such as pure water,
organic solvents or polymer solutions. As a green method for synthesis and size modifications of
colloidal nanoparticles, laser ablation in liquid (LAL) and laser post-processing (LPP) [11] have proven
to be scalable [12,13] and versatile regarding nanoparticle composition [14–23] and choice of the liquid
medium [24–28]. By LAL, metal and metal oxide nanoparticles have been successfully generated in
relevant amounts, which is a key requirement for application. To increase the nanoparticle yield from
oxide targets in LAL, unwanted byproducts in the form of microparticles should be minimized, which
is achieved by using mechanically stable targets. In this way, challenging materials like ternary oxide
nanoparticles [29,30] or doped nanoparticles [31,32] can be produced.

One of these challenging materials is Y3Fe5O12 (yttrium iron garnet, YIG), which is widely used
as a material for microwave devices [33]. YIG is also known for its outstanding magneto-optical
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properties [34–36] and low spin-wave damping [37]. Furthermore, YIG nanoparticles synthesized
by LPP were successfully used in laser-based additive manufacturing of steel powder [38]. As a
competing phase to YIG, YFeO3 (yttrium iron perovskite, YIP) also features excellent magneto-optical
properties [39]. It is a canted antiferromagnet with a very low magnetization of 0.2 Am2kg−1 and
a high domain wall velocity [39]. However, there are only a few studies available on the magnetic
properties of ultra-small YIG and YIP nanoparticles <10 nm. It is known that the surface-to-volume
ratio affects the anisotropy constant, which makes ultra-small YIG particles particularly interesting [40].
Schmitz et al. demonstrated a LAL approach to obtain YIG nanoparticles, followed by LPP of the
colloid via ns laser fragmentation in liquid (ns-LFL) for subsequent nanoparticle size reduction and
ended up with unexpected high coercive and irreversibility fields at low temperatures [30]. The
generated nanoparticles were much smaller than by wet chemical approaches [40], but considering
their volume-weighted particle size distribution, still, a significant number of larger particles above
10 nm was present. The broad size distribution is a disadvantage which hinders the correlation of
interesting magnetic properties and size and phase of the nanoparticles. Typically, size control during
LAL and LPP can be achieved by variation of laser parameters and the choice of specific additives or
saline solutions [41–44]. Variation of salinity works well with noble metals like gold, but in the case of
less noble metals, molecular oxygen can oxidize the resulting nanoparticles. Moreover, in the case
of oxides, stabilization with salts does not work and macromolecular ligands can affect the chemical
composition of the nanoparticles [29,30], which makes size control of oxide nanoparticles challenging.

To overcome this, we investigate LPP of ligand-free YIG colloids with ps and ns pulses to
manipulate the particle size distribution and possibly the phase composition to get deeper insights
into the magnetic properties of the resulting nanoparticles.

2. Results and Discussion

2.1. Nanoparticle Size Modification

To achieve a particle size modification, the applied laser fluence is a crucial parameter. According
to Lau et al. there are four different fluence regimes [45]. In the first regime, there is no effect of the
laser irradiation on nanoparticle size (untreated, UT), in the melting regime, particles partially melt
and/or fuse together (LML), in the fragmentation regime the fluence is large enough to fragmentize
particles (LFL) and in the optical breakdown regime (OB), losses through ionization of the liquid reduce
fragmentation efficiency. Figure 1a shows colloid samples right after LAL and after LPP with different
fluences and pulse durations. As expected, the influence of laser fluence variation can be observed right
from the clouding (flocculation) of the YIG colloids, since particle size directly influences the scattering
intensity. Colloids show the most pronounced clouding after LAL and low fluence ns post-processing.
After high fluence post-processing, the clouding is significantly reduced, indicating smaller particles.
The lowest scattering intensity can be observed for high fluence ps-LFL. To quantify this effect, the ratio
of the absorbance at 320 and 800 nm was calculated from UV-Vis absorbance spectra (Figure 1b). At
320 nm, YIG shows a concentration-dependent absorbance, whereas the scattering of larger particles
dominates absorbance at 800 nm. This ratio gives a good impression on the scattering intensity and
is expected to correlate with nanoparticle size, similar to the primary particle index (PPI) known for
gold and ZnO colloids [45–47]. On this basis, one can calculate a process efficiency which is given by
the Abs320/Abs800-ratio after post-processing relative to the Abs320/Abs800-ratio before post-processing
(after LAL).
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Figure 1. (a) Image of the educt colloid gained by laser ablation in water and the colloids after laser 
post-processing with different pulse durations and fluences at the same nanoparticle concentration. 
From left to right: educt, ns low fluence, ns high fluence, ps high fluence. (b) Corresponding UV-Vis-
extinction spectra. Differences in the ratio of the absorbance at 320 and 800 nm (wavelength marked 
in the graph) already indicate differences in nanoparticle size distribution. An alternative measure for 
the process efficiency is the Furlong slope, presented in the Supplementary Material, Figure S3. 

The process efficiency as a function of fluence is depicted in Figure 2. For ns-LPP (Figure 2a), all 
the regimes mentioned above are passed as a function of fluence. Below 5 mJ/cm2, the process 
efficiency is negative, which indicates more scattering and slightly larger particles. There is some 
uncertainty regarding the transition between UT and LML regime since the absolute values of the 
process efficiency are rather small. Since we aimed for working in the LML and LFL regime, no 
further investigation of the transition between the UT and the LML regime was performed. Above 
5 mJ/cm2 the process efficiency shows positive values (LFL regime) with a maximum at 30 to 
40 mJ/cm2. As expected, the process efficiency does not increase further for higher fluences (OB 
regime). A similar trend can be observed for ps post-processing (Figure 2b), but the optical 
breakdown occurs at lower fluences due to the higher pulse energy of ps pulses. Note that deviations 
of the optical breakdown threshold from literature might be due to self-focusing effects of the 
cylindrical liquid jet, which results in a much higher fluence [48]. Compared to the ns-LFL, ps-LFL 
shows an approximately 200% higher process efficiency at the same specific energy input, which is 
attributed to the shorter pulse duration and less thermal energy losses through electron-phonon 
coupling and a higher pulse intensity due to shorter pulses.  

Figure 1. (a) Image of the educt colloid gained by laser ablation in water and the colloids after laser
post-processing with different pulse durations and fluences at the same nanoparticle concentration.
From left to right: educt, ns low fluence, ns high fluence, ps high fluence. (b) Corresponding
UV-Vis-extinction spectra. Differences in the ratio of the absorbance at 320 and 800 nm (wavelength
marked in the graph) already indicate differences in nanoparticle size distribution. An alternative
measure for the process efficiency is the Furlong slope, presented in the Supplementary Material,
Figure S3.

The process efficiency as a function of fluence is depicted in Figure 2. For ns-LPP (Figure 2a),
all the regimes mentioned above are passed as a function of fluence. Below 5 mJ/cm2, the process
efficiency is negative, which indicates more scattering and slightly larger particles. There is some
uncertainty regarding the transition between UT and LML regime since the absolute values of the
process efficiency are rather small. Since we aimed for working in the LML and LFL regime, no further
investigation of the transition between the UT and the LML regime was performed. Above 5 mJ/cm2

the process efficiency shows positive values (LFL regime) with a maximum at 30 to 40 mJ/cm2. As
expected, the process efficiency does not increase further for higher fluences (OB regime). A similar
trend can be observed for ps post-processing (Figure 2b), but the optical breakdown occurs at lower
fluences due to the higher pulse energy of ps pulses. Note that deviations of the optical breakdown
threshold from literature might be due to self-focusing effects of the cylindrical liquid jet, which results
in a much higher fluence [48]. Compared to the ns-LFL, ps-LFL shows an approximately 200% higher
process efficiency at the same specific energy input, which is attributed to the shorter pulse duration
and less thermal energy losses through electron-phonon coupling and a higher pulse intensity due to
shorter pulses.
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Figure 2. Process efficiency as a function of laser fluence for (a) ns and (b) ps post-processing. The 
process efficiency is based on the UV-Vis absorbance spectra and is calculated from the Abs320/Abs800-
ratio after post-processing relative to the Abs320/Abs800-ratio before post-processing. The arrows 
indicate the optimum parameters for melting/curing (blue) and fragmentation (orange and green). In 
all cases, the specific energy input was 706 kJ/g. Note that the choice of specific energy dose represents 
a compromise between maximum fragmentation and minimum process duration. Further 
information on the variation of the specific energy dose can be found in Supplementary Materials, 
Figure S2. 

In contrast to ns irradiation, ps irradiation does not show any negative values for YIG in the 
investigated fluence range above 1.8 × 10−5 J/cm2 (no LML regime). In general, melting and 
fragmentation processes strongly depend on the pulse duration, the laser fluence, the particle 
absorption cross-section, and the thermal diffusion length in combination with the nanoparticle size 
or volume. For long pulse durations in the range of ns, more homogeneous heating can be expected 
and LML was observed in many studies. If the pulse duration is much shorter (e.g., ps pulses), 
homogeneous heating is unlikely and evaporation at the particle surface leads to nanoparticle 
byproducts even below the fragmentation threshold. To our best knowledge, there are just a few 
studies reporting ps-LML [45,49–51]. Sakaki et al. reported on burst-mode laser irradiation for 
homogeneous heating depending on the number of pulses and the interval between them to generate 
submicron spheres [50]. In other studies, high nanoparticle concentrations in the range of g/L were 
used for ps-LML [45,51], which is much higher than in our study and can lead to stability issues. All 
in all, we conclude that the chosen laser parameter, especially the laser fluence, in combination with 
the YIG colloid of the given concentration and particle size distribution, were not suitable for efficient 
ps-LML. 

Results of optical characterization and determination of the process efficiency are reflected in 
the mass-weighted hydrodynamic size distribution shown in Figure 3. In general, LFL results in a 
narrowed distribution at smaller particle size, whereby ps-LFL is much more efficient than ns-LFL. 
In contrast, ns-LML results in a preservation of the initial particle size distribution after LAL and only 
minor reduction of the particle´s mass fraction below 40 nm. Compared to ns-LFL, ns-LML features 
a slightly smaller peak maximum, but a broader distribution and a higher number of particles >60 
nm.  

Figure 2. Process efficiency as a function of laser fluence for (a) ns and (b) ps post-processing. The process
efficiency is based on the UV-Vis absorbance spectra and is calculated from the Abs320/Abs800-ratio
after post-processing relative to the Abs320/Abs800-ratio before post-processing. The arrows indicate
the optimum parameters for melting/curing (blue) and fragmentation (orange and green). In all
cases, the specific energy input was 706 kJ/g. Note that the choice of specific energy dose represents a
compromise between maximum fragmentation and minimum process duration. Further information
on the variation of the specific energy dose can be found in Supplementary Materials, Figure S2.

In contrast to ns irradiation, ps irradiation does not show any negative values for YIG in
the investigated fluence range above 1.8 × 10−5 J/cm2 (no LML regime). In general, melting and
fragmentation processes strongly depend on the pulse duration, the laser fluence, the particle absorption
cross-section, and the thermal diffusion length in combination with the nanoparticle size or volume.
For long pulse durations in the range of ns, more homogeneous heating can be expected and LML
was observed in many studies. If the pulse duration is much shorter (e.g., ps pulses), homogeneous
heating is unlikely and evaporation at the particle surface leads to nanoparticle byproducts even
below the fragmentation threshold. To our best knowledge, there are just a few studies reporting
ps-LML [45,49–51]. Sakaki et al. reported on burst-mode laser irradiation for homogeneous heating
depending on the number of pulses and the interval between them to generate submicron spheres [50].
In other studies, high nanoparticle concentrations in the range of g/L were used for ps-LML [45,51],
which is much higher than in our study and can lead to stability issues. All in all, we conclude that the
chosen laser parameter, especially the laser fluence, in combination with the YIG colloid of the given
concentration and particle size distribution, were not suitable for efficient ps-LML.

Results of optical characterization and determination of the process efficiency are reflected in
the mass-weighted hydrodynamic size distribution shown in Figure 3. In general, LFL results in a
narrowed distribution at smaller particle size, whereby ps-LFL is much more efficient than ns-LFL. In
contrast, ns-LML results in a preservation of the initial particle size distribution after LAL and only
minor reduction of the particle´s mass fraction below 40 nm. Compared to ns-LFL, ns-LML features a
slightly smaller peak maximum, but a broader distribution and a higher number of particles >60 nm.
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we only compare ps-LFL, ns-LML with the educt after LAL in the following structural and 
magnetically characterization. 

Figure 3. Mass-weighted hydrodynamic size distribution of the educt colloid after LAL and of the
colloids after post-processing with lasers of different pulse durations and fluences, respectively.

TEM images in Figure 4 support these trends. Feret diameter distributions after LML show a
clear difference between the educt and the LML-treated colloid. The xc-value (expected value) of the
lognormal fit increases from 14.9 nm to 20.0 nm and the polydispersity index (PDI), which is calculated
from the square of the expected value xc

2 divided by its variance σ2, decreases from 0.33 to 0.14. This
indicates an improved degree of monodispersity and an improved degree of monodispersity. LFL, on
the other hand, significantly reduces the number of large particles >20 nm and leads to an xc-value of
7.8 nm for ns-LFL and 5.3 nm for ps-LFL, respectively. Monodispersity increases significantly from
LAL generated colloids (PDI = 0.33) to ns-LFL (PDI = 0.17) and ps-LFL (PDI = 0.07). Overall, the
size analysis clearly shows a trend toward ps-LFL being much more efficient than ns-LFL at the same
specific energy input, leading to a narrower particle size distribution. Thus, we only compare ps-LFL,
ns-LML with the educt after LAL in the following structural and magnetically characterization.
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educt colloid after LAL and of the colloids after post-processing with lasers of different pulse 
durations and fluences. For each size distribution >500 particles were counted. The xc value (expected 
value of the lognormal fit) is given for each size distribution. 

2.2. Structural Analysis 

X-ray powder diffraction is applied for the phase identification of the generated nanoparticles. 
Figure 5 presents the diffractograms on a linear scale after LAL, ns-LML, and ps-LFL. It is obvious 
that all diffractograms show the typical signature of YIG nanoparticles [52–54]. After LAL, however, 
an additional broad peak is found underneath the YIG(420) diffraction peak, which may indicate 
small grains of YIG or an additional phase. Note that the YIG(420) peak is the most prominent in 

Figure 4. (a–d) TEM images and (e–h) corresponding size distributions (number-weighted) for the
educt colloid after LAL and of the colloids after post-processing with lasers of different pulse durations
and fluences. For each size distribution >500 particles were counted. The xc value (expected value of
the lognormal fit) is given for each size distribution.

2.2. Structural Analysis

X-ray powder diffraction is applied for the phase identification of the generated nanoparticles.
Figure 5 presents the diffractograms on a linear scale after LAL, ns-LML, and ps-LFL. It is obvious that
all diffractograms show the typical signature of YIG nanoparticles [52–54]. After LAL, however, an
additional broad peak is found underneath the YIG(420) diffraction peak, which may indicate small
grains of YIG or an additional phase. Note that the YIG(420) peak is the most prominent in powder
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XRD at about 32◦. After ns-LML, the broad feature under the (420) peak vanishes and the YIG peaks
further sharpen. This observation points to a growing grain size after the particles’ melting and is
entirely in line with the observed particle growth in Figure 5. When ps-LFL is applied, the TEM size
distribution gives a reduced particle size (xc = 5.3 nm) and a sharper distribution. Although in the
TEM investigations no larger particles have been found, it is clear from the diffractogram of the ps-LFL
sample that the fragmentation is incomplete, and thus, some large YIG particles remain. Furthermore,
the diffractogram exhibits again the broad feature overlapping with the YIG(420) diffraction peak and
an additional broad peak at about 47◦ as indicated by the red stars. We carefully checked possible
side phases such as several Fe oxides and Y2O3, since phase transformation can occur for LPP of oxide
colloids [55], but none of those fits with their largest diffraction peaks to the two broad features (red
stars). Another Y-Fe oxide, namely the yttrium iron perovskite phase YFeO3 (YIP), exhibits several
diffraction peaks in the respective range, as reported by Nagrare et al. for YFeO3 nanocrystals [56].
Considering the small crystallite size of about 5 nm, several closely located XRD peaks will overlap
and merge. As a result, very broad diffraction peaks appear and only a few, well-separated diffraction
‘bands’ can be distinguished. We conclude that it is likely that YFeO3-like nanocrystallites, presumably
highly distorted, form by ps-LFL.
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LAL, ns-LML, and ps-LFL, respectively, and conclude that ns-LML enhances the crystallite size while 
the XRD crystallite size is much larger than the most probable TEM diameter. This arises from the 
small number of large particles comprising a dominant scattering volume in XRD. However, the 
tendency of an increased size by ns-LML is clear from both TEM and XRD investigations. 
Fragmentation, on the other side has no significant influence on the XRD grain size of the YIG phase. 
We ascribe this to a very small, remaining fraction of non-fragmented educt particles in the ps-LFL 
processed colloid. The additional peaks indicated by the red stars correspond to a crystallite size of 
4.5 ± 1.5 nm. This value is in good agreement with the size distribution after ps-LFL.  

Figure 5. X-ray diffraction data after laser ablation in liquids (LAL), ns laser melting in liquids (ns-LML)
and after ps laser fragmentation in liquids (ps-LFL). The pronounced YIG diffraction peaks (JCPDS
PDF card 33-693) are indexed in black. Red stars indicate additional broad XRD features after ps-LFL.
The positions of main diffraction peaks of YIP (JCPDS PDF card 39-1489.) are indexed in red (a plot
with a logarithmic scale can be found in the Supplementary Materials, Figure S4).

Further evaluation of the XRD data yields the crystallite size by applying the Scherrer equation on
the (420) peak at about 32◦. We obtain crystallite sizes of 30 ± 5 nm, 48 ± 8 nm, and 35 ± 6 nm after LAL,
ns-LML, and ps-LFL, respectively, and conclude that ns-LML enhances the crystallite size while the
XRD crystallite size is much larger than the most probable TEM diameter. This arises from the small
number of large particles comprising a dominant scattering volume in XRD. However, the tendency of
an increased size by ns-LML is clear from both TEM and XRD investigations. Fragmentation, on the
other side has no significant influence on the XRD grain size of the YIG phase. We ascribe this to a
very small, remaining fraction of non-fragmented educt particles in the ps-LFL processed colloid. The
additional peaks indicated by the red stars correspond to a crystallite size of 4.5 ± 1.5 nm. This value is
in good agreement with the size distribution after ps-LFL.
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In summary, the structural investigations suggest the formation of larger YIG crystallite sizes after
ns-LML, while ps-LFL leads to smaller particles, crystallized probably in the YIP phase. A further
magnetic inspection may allow identifying these two distinct phases.

2.3. Magnetic Properties

The magnetic properties of the educt and further sample processing can help to identify both the
phase and the size of magnetic nanoparticles. Starting with the sample after LAL, it can be expected to
find different magnetic properties after ns-LML and ps-LFL. Figure 6a presents the magnetization of the
three samples as a function of temperature. The points below 300 K were extracted from the magnetic
hysteresis loops after LAL, ns-LML, and ps-LFL, respectively (Figure 6b–d). The dotted line is a guide
to the eye. Data above 300 K were continuously recorded in the vibrating sample magnetometer. All
samples show the expected behavior for ferrimagnetic YIG with a Néel temperature of about 550 K.
This is essentially the Néel temperature of YIG single crystals of TN = 553 K [39] (and references in
there) reflecting the high-quality YIG produced by LAL and the post-processing steps. The absolute
values of the magnetization after LAL of 6 Am2kg−1 at low temperatures is, however, strongly reduced
as compared to a single crystal (26.8 Am2kg−1) [39] or the lower magnetization of YIG nanoparticles of
similar size (MS = 10 Am2kg−1 for a diameter of 14 nm) [40]. Interestingly, the magnetization changes
upon post-processing. When ns-LML is applied, we obtain M = 10.5 Am2kg−1 confirming the above
MS of similar-sized particles [40]. Thus, ns-LML improves the nanocrystal quality and may transform
quasi-amorphous particles and YIP phases to YIG nanocrystals.
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Figure 6. Magnetic properties of laser-generated yttrium iron oxide nanoparticles: (a) Magnetization as
a function of temperature in B = 0.1 T after LAL, ns-LML, and ps-LFL. Points below 300 K are extracted
from the hysteresis loops after LAL (b), ns-LML (c), and ps-LFL (d) connected by the dotted lines as
guides to the eye. Data above 300 K were continuously recorded.
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When ps-LFL is applied, the magnetization decreases to about 3 Am2kg−1 at low temperatures,
where additionally a slight hyperbolic decrease appears. The latter feature can be ascribed
to paramagnetic species generated by ps-LFL. Nonetheless, the major contribution to the
temperature-dependent magnetization still shows the YIG volume Néel temperature. The magnification
of the high-temperature region (T > 400 K, zoom-in is presented in Supplementary Materials, Figure S5),
however, gives a clear indication of a second magnetic species with higher ordering temperature. We
suggest that TN2 = 570 K arising after ps-LFL is due to the formation of the YIP phase from larger
YIG nanoparticles. YIP is a canted antiferromagnet. Single crystals of YIP have a Néel temperature of
643 K and a very low magnetization of 0.2 Am2kg−1 [39]. It is often found that for small particles the
magnetic ordering temperature is reduced. Due to the low magnetization of the canted antiferromagnet,
we can expect that YIP only shows up in magnetometry when the relative amount is rather large.
Assuming the full magnetization of YIG nanoparticles develops in all samples (MYIG = 10.5 Am2kg−1),
the reduction to 3 Am2kg−1 for ps-LFL is equivalent to a phase composition of about 30% YIG and 70%
of a second, quasi-antiferromagnetic phase (presumably YIP) after ps-LFL. Note that magnetometry
measures the mass averaged magnetization.

Further analysis of the magnetic hysteresis loops at various temperatures in Figure 6b–d also
exhibits the features of the two phases. After LAL, a very soft magnetic hysteresis loop is observed as
expected for YIG. After saturation of this component well below 1 T, a paramagnetic slope is recorded.
This can arise from a (quasi-)antiferromagnetic phase, presumably the canted antiferromagnetic YIP
phase, as it has been observed before for 30 nm and 60 nm YFeO3 nanoparticles. Prokov et al. reported
a high field susceptibility of χHF = 0.004 emu mol−1Oe−1 at T = 4 K and slightly lower at 300 K [57].
For comparison, we calculated the high field susceptibility in the identical units. The present samples
show χHF = 0.003 and 0.006 emu mol−1Oe−1 for 300 K and 5 K, respectively, which is comparable
to earlier results for pure YFeO3. Such a relatively small variation of χHF by only 50% from 5–300
K is inconsistent with a Langevin paramagnet which shows a hyperbolic decrease. Thus, we have
three parameters, i.e., the reduced magnetization, the second Néel temperature TN2, and the high field
susceptibility, suggesting the formation of the second (main) phase at about 70% phase content after
ps-LFL. All these features and in the light of the structural investigations, it is likely that a highly
distorted YIP-like phase forms.

3. Materials and Methods

Iron oxide (Fe2O3) and yttrium oxide (Y2O3) nanopowders for target manufacturing were both
purchased from Sigma-Aldrich (St. Louis, MO, USA), homogeneously mixed and pressed at 330 MPa.
Thereafter, the green compacts were sintered at 1550 ◦C for 6 h (Nabertherm LHT 01/17D, Lilienthal,
Germany) to create targets with a pure YIG phase (details on Target manufacturing are shown in [30]).
Since there is an influence of the target porosity on the nanoparticle yield, only dense targets with a
density of more than 95% compared to the bulk density were used for laser ablation in liquids (LAL).

LAL was performed in pure water, obtained from a Milli-Q purification system (Merck, Darmstadt,
Germany), with a 1064 nm Nd:YAG-laser in a batch setup introduced in [58]. At 10 kHz, the laser
(Rofin PowerLine E, Hamburg, Germany) delivered 8 ns pulses with a fluence of 16.7 J/cm2, and LAL
was performed for 5 min. Analog to earlier studies [30,45,59], a liquid jet setup was used for laser
post-processing (LPP) of the laser-generated YIG colloids with a concentration of 160 mg/L (Figure 7).
The colloid was directed through a glass nozzle (60 mL/min), forming a liquid jet with a diameter of
1.3 mm, which was irradiated with either ns- or a ps-pulses at 80 kHz repetition rate (Coherent Avia
355-23, Santa Clara, CA, USA, or Edgewave PX400-3-GH, Würselen, Germany). Since YIG is well
absorbing in the UV range below a wavelength of 370 nm, the third harmonic of the lasers was used by
calculation of absorption efficiency and melting threshold (see Supplementary Materials, Figure S1. for
details on wavelength selection). The liquid jet reactor allows flexible tuning of the applied fluences,
just by changing the distance between the lens and the liquid jet. Further, it is possible to irradiate
colloids several times (several passages) to increase the specific energy dose. According to Lau et al.



Molecules 2020, 25, 1869 10 of 14

the specific energy dose is calculated by subtracting the transmitted laser powder from the nominal
laser power without liquid jet and normalization of this value to the nanoparticle concentration and
volume flow rate [45]. In the present case, roughly 10–20% of the laser power was transmitted through
the liquid jet to the power meter and showed fluctuations of several %. Furthermore, scattering effects
caused by the nanoparticles and diffraction effects at the air-water-interface of the liquid jet make
the calculation of the dose rather inaccurate [48]. Therefore, we ignore transmission and calculate
the nominal specific energy input right from the laser output power in front of the liquid jet and
normalized to the nanoparticle concentration and volume flow rate.
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Figure 7. Schematic illustration of process steps for laser-synthesis of ligand free nanoparticles from
powder materials. From left to right: target manufacturing, laser ablation in liquid (LAL) and laser
post processing (LPP) of colloids.

After LAL and LPP, absorbance spectra in the UV-Vis range were collected for all colloids (Thermo
Scientific Evolution 201, Waltham, MA, USA) and hydrodynamic size distribution was measured by
analytical disc centrifugation (ADC, CPS Instruments, Prairieville, LA, United States). Transmission
electron microscopy (TEM, Zeiss EM 910, Oberkochen, Germany) and X-ray powder diffraction (XRD,
PANalytical X’Pert PRO, Almelo, Netherlands) were used for more information on the Feret particle
size and the phase composition. Finally, the magnetic properties of dried powders were characterized
in a vibrating sample magnetometer (VSM, Quantum Design MPMS XL, Darmstadt, Germany).

4. Conclusions

Laser post-processing (LPP) of colloids is a powerful tool for the modification of particle size and
phase composition of magnetic mixed oxide nanoparticles and therefore an important aspect for their
applicability. Irradiating a laser-generated YIG colloid with ps laser pulses (ps-LFL) results in particle
fragmentation from 14 to 5 nm, accompanied by a significant increase of monodispersity. ps-LFL is
found to be much more efficient for fragmentation as compared to ns-LFL at the same specific energy
dose. At low fluences, however, ns-irradiation allows laser melting (ns-LML) and an increase of particle
size to 20 nm. Furthermore, purification of the YIG phase occurs during ns-LML, which is reflected by
an increase of magnetization from 6 Am2kg−1 to 10.5 Am2kg−1 in B = 0.1 T, in accordance to values
measured for similar-sized YIG particles in literature. In turn, ps-irradiation reduces the magnetization
to 3 Am2kg−1 and gives a clear indication of a second magnetic species with a higher Néel temperature
than YIG. Considering the two Néel temperatures after ps-LFL, the low magnetization which has
been increased by ns-LML and decreased by ps-LFL, and a high field susceptibility, it is very likely
that ps-LFL transforms YIG nanoparticles to another nanocrystalline species with small particle size.
From the measured magnetization, we were also able to approximate a phase composition of 30% YIG
and 70% of a second (quasi-)antiferromagnetic phase, presumably Yttrium Iron Perovskite (YIP). Our
results underline the flexibility of LPP for modification of oxide nanomaterials, which could enable
better applicability, e.g., in nanoparticle-polymer composites.
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Supplementary Materials: The following are available online Figure S1: (a) Absorption efficiency Q_absˆλ as a
function of the particle size (b) Estimation of the fluence required for melting particles (yellow line) and evaporate
them (gray line); Figure S2: UV-Vis absorbance ratio between 320 and 800 nm as a function of the (a) number
of passages during fragmentation and (b) specific energy input in kJ/g which considers, that the ps-laser has
twice the pulse energy and total laser power compared to the ns-laser; Figure S3: (a) Double logarithmic plot of
the UV-Vis absorbance spectra to calculate (b) the Furlong slope from the linear slope between 250 and 300 nm;
Figure S4: Experimental data of the ps-LFL sample in logarithmic scale together with the YIP reference positions
and intensities (JCPDS PDF card 39-1489); Figure S5: Magnetization as a function of temperature at B = 0.1 T in
the high-temperature region after ps-LFL. Two ordering temperatures TN1 and TN2 are detected.

Author Contributions: Conceptualization, T.H., U.W., B.G. methodology, T.H., F.S. formal analysis, T.H., F.S., U.W.,
investigation, T.H., F.S. data curation, T.H., F.S. writing—original draft preparation, T.H., U.W. writing—review
and editing, T.H., F.S., S.B., B.G., U.W., visualization, T.H., U.W. supervision, B.G., U.W., S.B. funding acquisition,
B.G. All authors have read and agreed to the published version of the manuscript.

Funding: This study received external funding from the following projects Deutsche Forschungsgemeinschaft:
Project-ID 405553726, GO 2566/3-1, INST 20876/212-1.

Acknowledgments: The authors thank Jurij Jacobi for TEM imaging of laser-generated nanoparticles. We also thank
Alexander Schmitz and Alexander Schug for their support during the optimization of target manufacturing. Further,
Michael Vennemann is acknowledged for the help and training in XRD. Tim Hupfeld gratefully acknowledges
Evonik industries for financial support. This work is funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) – Project-ID 405553726 within CRC/TRR 270 and grant number DFG GO 2566/3-1.
We further thank the DFG and NRW for funding in the frame of the program “Forschungsgeräte” (INST
20876/212-1).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pizzolato, E.; Scaramuzza, S.; Carraro, F.; Sartori, A.; Agnoli, S.; Amendola, V.; Bonchio, M.; Sartorel, A. Water
oxidation electrocatalysis with iron oxide nanoparticles prepared via laser ablation. J. Energy Chem. 2016, 25,
246–250. [CrossRef]

2. Wu, W.; Jiang, C.; Roy, V.A.L. Recent progress in magnetic iron oxide-semiconductor composite nanomaterials
as promising photocatalysts. Nanoscale 2015, 7, 38–58. [CrossRef] [PubMed]

3. Hola, K.; Markova, Z.; Zoppellaro, G.; Tucek, J.; Zboril, R. Tailored functionalization of iron oxide nanoparticles
for MRI, drug delivery, magnetic separation and immobilization of biosubstances. Biotechnol. Adv. 2015, 33,
1162–1176. [CrossRef] [PubMed]

4. Rosenweing, R.E. Heating magnetic fluid with alternating magnetic field. J. Magn. Magn. Mater. 2002, 252,
370–374. [CrossRef]

5. Hu, Y.; Mignani, S.; Majoral, J.P.; Shen, M.; Shi, X. Construction of iron oxide nanoparticle-based hybrid
platforms for tumor imaging and therapy. Chem. Soc. Rev. 2018, 47, 1874–1900. [CrossRef]

6. Prasanna, S.R.V.S.; Balaji, K.; Pandey, S.; Rana, S. Metal Oxide Based Nanomaterials and Their Polymer
Nanocomposites. Nanomater. Polym. Nanocompos. 2019, 123–144. [CrossRef]

7. Streubel, R.; Wilms, M.B.; Doñate-Buendía, C.; Weisheit, A.; Barcikowski, S.; Schleifenbaum, J.H.; Gökce, B.
Depositing laser-generated nanoparticles on powders for additive manufacturing of oxide dispersed
strengthened alloy parts via laser metal deposition. Jpn. J. Appl. Phys. 2018, 57. [CrossRef]

8. Wehner, M.; Truby, R.L.; Fitzgerald, D.J.; Mosadegh, B.; Whitesides, G.M.; Lewis, J.A.; Wood, R.J. An
integrated design and fabrication strategy for entirely soft, autonomous robots. Nature 2016, 536, 451–455.
[CrossRef]

9. Kim, Y.; Yuk, H.; Zhao, R.; Chester, S.A.; Zhao, X. Printing ferromagnetic domains for untethered
fast-transforming soft materials. Nature 2018, 558, 274–279. [CrossRef]

10. Wei, H.; Zhang, Q.; Yao, Y.; Liu, L.; Liu, Y.; Leng, J. Direct-write fabrication of 4D active shape-changing
structures based on a shape memory polymer and its nanocomposite. ACS Appl. Mater. Interfaces 2017, 9,
876–883. [CrossRef]

11. Zhang, D.; Gökce, B.; Barcikowski, S. Laser Synthesis and Processing of Colloids: Fundamentals and
Applications. Chem. Rev. 2017, 117, 3990–4103. [CrossRef] [PubMed]

12. Streubel, R.; Barcikowski, S.; Gökce, B. Continuous multigram nanoparticle synthesis by high-power,
high-repetition-rate ultrafast laser ablation in liquids. Opt. Lett. 2016, 41, 1486–1489. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jechem.2015.12.004
http://dx.doi.org/10.1039/C4NR04244A
http://www.ncbi.nlm.nih.gov/pubmed/25406760
http://dx.doi.org/10.1016/j.biotechadv.2015.02.003
http://www.ncbi.nlm.nih.gov/pubmed/25689073
http://dx.doi.org/10.1016/S0304-8853(02)00706-0
http://dx.doi.org/10.1039/C7CS00657H
http://dx.doi.org/10.1016/b978-0-12-814615-6.00004-7
http://dx.doi.org/10.7567/JJAP.57.040310
http://dx.doi.org/10.1038/nature19100
http://dx.doi.org/10.1038/s41586-018-0185-0
http://dx.doi.org/10.1021/acsami.6b12824
http://dx.doi.org/10.1021/acs.chemrev.6b00468
http://www.ncbi.nlm.nih.gov/pubmed/28191931
http://dx.doi.org/10.1364/OL.41.001486
http://www.ncbi.nlm.nih.gov/pubmed/27192268


Molecules 2020, 25, 1869 12 of 14

13. Jendrzej, S.; Gökce, B.; Epple, M.; Barcikowski, S. How Size Determines the Value of Gold: Economic Aspects
of Wet Chemical and Laser-Based Metal Colloid Synthesis. ChemPhysChem 2017, 18, 1012–1019. [CrossRef]

14. Rehbock, C.; Jakobi, J.; Gamrad, L.; van der Meer, S.; Tiedemann, D.; Taylor, U.; Kues, W.; Rath, D.;
Barcikowski, S. Current state of laser synthesis of metal and alloy nanoparticles as ligand-free reference
materials for nano-toxicological assays. Beilstein J. Nanotechnol. 2014, 5, 1523–1541. [CrossRef] [PubMed]

15. Yang, G. Laser ablation in liquids: Applications in the synthesis of nanocrystals. Prog. Mater. Sci. 2007, 52,
648–698. [CrossRef]

16. Barcikowski, S.; Baranowski, T.; Durmus, Y.; Wiedwald, U.; Gökce, B. Solid solution magnetic FeNi
nanostrand–polymer composites by connecting-coarsening assembly. J. Mater. Chem. C 2015, 3, 10699–10704.
[CrossRef]

17. Kohsakowski, S.; Gökce, B.; Tanabe, R.; Wagener, P.; Plech, A.; Ito, Y.; Barcikowski, S. Target geometry and
rigidity determines laser-induced cavitation bubble transport and nanoparticle productivity – a high-speed
videography study. Phys. Chem. Chem. Phys. 2016, 18, 16585–16593. [CrossRef]

18. Wagener, P.; Jakobi, J.; Rehbock, C.; Chakravadhanula, V.S.K.; Thede, C.; Wiedwald, U.; Bartsch, M.; Kienle, L.;
Barcikowski, S. Solvent-surface interactions control the phase structure in laser-generated iron-gold core-shell
nanoparticles. Sci. Rep. 2016, 6, 23352. [CrossRef]

19. Zhang, D.; Gökce, B.; Notthoff, C.; Barcikowski, S. Layered Seed-Growth of AgGe Football-like Microspheres
via Precursor-Free Picosecond Laser Synthesis in Water. Sci. Rep. 2015, 5, 13661. [CrossRef]

20. Hu, S.; Tian, M.; Ribeiro, E.L.; Duscher, G.; Mukherjee, D. Tandem laser ablation synthesis in solution-galvanic
replacement reaction (LASiS-GRR) for the production of PtCo nanoalloys as oxygen reduction electrocatalysts.
J. Power Sources 2016, 306, 413–423. [CrossRef]

21. Zhang, J.; Oko, D.N.; Garbarino, S.; Imbeault, R.; Chaker, M.; Tavares, A.C.; Guay, D.; Ma, D. Preparation
of PtAu alloy colloids by laser ablation in solution and their characterization. J. Phys. Chem. C 2012, 116,
13413–13420. [CrossRef]

22. Marzun, G.; Levish, A.; Mackert, V.; Kallio, T.; Barcikowski, S.; Wagener, P. Laser synthesis, structure and
chemical properties of colloidal nickel-molybdenum nanoparticles for the substitution of noble metals in
heterogeneous catalysis. J. Colloid Interface Sci. 2016. [CrossRef] [PubMed]

23. Neumeister, A.; Jakobi, J.; Rehbock, C.; Moysig, J.; Barcikowski, S. Monophasic ligand-free alloy nanoparticle
synthesis determinants during pulsed laser ablation of bulk alloy and consolidated microparticles in water.
Phys. Chem. Chem. Phys. 2014, 16, 23671–23678. [CrossRef] [PubMed]

24. Stelzig, S.H.; Menneking, C.; Hoffmann, M.S.; Eisele, K.; Barcikowski, S.; Klapper, M.; Müllen, K.
Compatibilization of laser generated antibacterial Ag- and Cu-nanoparticles for perfluorinated implant
materials. Eur. Polym. J. 2011, 47, 662–667. [CrossRef]

25. Zhang, D.; Gökce, B. Perspective of laser-prototyping nanoparticle-polymer composites. Appl. Surf. Sci.
2017, 392, 991–1003. [CrossRef]

26. Jakobi, J.; Petersen, S.; Menéndez-Manjón, A.; Wagener, P.; Barcikowski, S. Magnetic alloy nanoparticles
from laser ablation in cyclopentanone and their embedding into a photoresist. Langmuir 2010, 26, 6892–6897.
[CrossRef]

27. Menéndez-Manjón, A.; Schwenke, A.; Steinke, T.; Meyer, M.; Giese, U.; Wagener, P.; Barcikowski, S.
Ligand-free gold-silver nanoparticle alloy polymer composites generated by picosecond laser ablation in
liquid monomer. Appl. Phys. A Mater. Sci. Process 2013, 110, 343–350. [CrossRef]

28. Lau, M.; Waag, F.; Barcikowski, S. Direct Integration of Laser-Generated Nanoparticles into Transparent Nail
Polish: The Plasmonic “goldfinger”. Ind. Eng. Chem. Res. 2017, 56, 3291–3296. [CrossRef]

29. Amans, D.; Malaterre, C.; Diouf, M.; Mancini, C.; Chaput, F.; Ledoux, G.; Breton, G.; Guillin, Y.; Dujardin, C.;
Masenelli-Varlot, K.; et al. Synthesis of Oxide Nanoparticles by Pulsed Laser Ablation in Liquids Containing
a Complexing Molecule: Impact on Size Distributions and Prepared Phases. J. Phys. Chem. C 2011, 115,
5131–5139. [CrossRef]

30. Schmitz, T.; Wiedwald, U.; Dubs, C.; Gökce, B. Ultrasmall Yttrium Iron Garnet Nanoparticles with High
Coercivity at Low Temperature Synthesized by Laser Ablation and Fragmentation of Pressed Powders.
ChemPhysChem 2017, 18, 1125–1132. [CrossRef]

31. Chemin, A.; Lam, J.; Laurens, G.; Trichard, F.; Motto-Ros, V.; Ledoux, G.; Jarý, V.; Laguta, V.; Nikl, M.;
Dujardin, C.; et al. Doping nanoparticles using pulsed laser ablation in a liquid containing the doping agent.
Nanoscale Adv. 2019. [CrossRef]

http://dx.doi.org/10.1002/cphc.201601139
http://dx.doi.org/10.3762/bjnano.5.165
http://www.ncbi.nlm.nih.gov/pubmed/25247135
http://dx.doi.org/10.1016/j.pmatsci.2006.10.016
http://dx.doi.org/10.1039/C5TC02160J
http://dx.doi.org/10.1039/C6CP01232A
http://dx.doi.org/10.1038/srep23352
http://dx.doi.org/10.1038/srep13661
http://dx.doi.org/10.1016/j.jpowsour.2015.11.078
http://dx.doi.org/10.1021/jp302485g
http://dx.doi.org/10.1016/j.jcis.2016.09.014
http://www.ncbi.nlm.nih.gov/pubmed/27651318
http://dx.doi.org/10.1039/C4CP03316G
http://www.ncbi.nlm.nih.gov/pubmed/25271711
http://dx.doi.org/10.1016/j.eurpolymj.2010.10.018
http://dx.doi.org/10.1016/j.apsusc.2016.09.150
http://dx.doi.org/10.1021/la101014g
http://dx.doi.org/10.1007/s00339-012-7264-0
http://dx.doi.org/10.1021/acs.iecr.7b00039
http://dx.doi.org/10.1021/jp109387e
http://dx.doi.org/10.1002/cphc.201601183
http://dx.doi.org/10.1039/C9NA00223E


Molecules 2020, 25, 1869 13 of 14

32. Wang, H.; Odawara, O.; Wada, H. Facile and Chemically Pure Preparation of YVO 4: Eu 3 + Colloid with
Novel Nanostructure via Laser Ablation in Water. Sci. Rep. 2016, 6. [CrossRef]

33. Adam, J.D.; Davis, L.E.; Dionne, G.F.; Schloemann, E.F.; Stitzer, S.N. Ferrite devices and materials. IEEE
Trans. Microw. Theory Tech. 2002, 50, 721–737. [CrossRef]

34. Fu, H.P.; Hong, R.Y.; Wu, Y.J.; Di, G.Q.; Xu, B.; Zheng, Y.; Wei, D.G. Preparation and Faraday rotation of
Bi-YIG/PMMA nanocomposite. J. Magn. Magn. Mater. 2008, 320, 2584–2590. [CrossRef]

35. Kim, T.Y.; Yamazaki, Y.; Hirano, T. Magneto-optical properties of Bi-YIG nanoparticle with polymethacrylate
matrix materials. Phys. Status Solidi Basic Res. 2004, 241, 1601–1604. [CrossRef]

36. Kucera, M.; Bok, J.; Nitsch, K. Faraday rotation and MCD in Ce doped yig. Solid State Commun. 1989, 69,
1117–1121. [CrossRef]

37. Serga, A.A.; Chumak, A.V.; Hillebrands, B. YIG magnonics. J. Phys. D Appl. Phys. 2010, 43, 264002. [CrossRef]
38. Doñate-Buendía, C.; Frömel, F.; Wilms, M.B.; Streubel, R.; Tenkamp, J.; Hupfeld, T.; Nachev, M.; Gökce, E.;

Weisheit, A.; Barcikowski, S.; et al. Oxide dispersion-strengthened alloys generated by laser metal deposition
of laser-generated nanoparticle-metal powder composites. Mater. Des. 2018, 154, 360–369. [CrossRef]

39. Shen, H.; Xu, J.; Wu, A.; Zhao, J.; Shi, M. Magnetic and thermal properties of perovskite YFeO3 single crystals.
Mater. Sci. Eng. B Solid-State Mater. Adv. Technol. 2009, 157, 77–80. [CrossRef]

40. Rajendran, M.; Deka, S.; Joy, P.A.; Bhattacharya, A.K. Size-dependent magnetic properties of nanocrystalline
yttrium iron garnet powders. J. Magn. Magn. Mater. 2006, 301, 212–219. [CrossRef]

41. Barcikowski, S.; Amendola, V.; Marzun, G.; Rehbock, C.; Reichenberger, S.; Zhang, D.; Gökce, B. Handbook of
Laser Synthesis of Colloids; DueEPublico: Duisburg-Essen, Germany, 2016. [CrossRef]

42. Letzel, A.; Reich, S.; Rolo, T.D.S.; Kanitz, A.; Hoppius, J.; Rack, A.; Olbinado, M.P.; Ostendorf, A.; Gökce, B.;
Plech, A.; et al. Time and Mechanism of Nanoparticle Functionalization by Macromolecular Ligands during
Pulsed Laser Ablation in Liquids. Langmuir 2019, 35, 3038–3047. [CrossRef] [PubMed]

43. Letzel, A.; Gökce, B.; Wagener, P.; Ibrahimkutty, S.; Menzel, A.; Plech, A.; Barcikowski, S. Size Quenching
during Laser Synthesis of Colloids Happens Already in the Vapor Phase of the Cavitation Bubble. J. Phys.
Chem. C 2017, 121, 5356–5365. [CrossRef]

44. Merk, V.; Rehbock, C.; Becker, F.; Hagemann, U.; Nienhaus, H.; Barcikowski, S. In situ non-DLVO stabilization
of surfactant-free, plasmonic gold nanoparticles: Effect of Hofmeister’s anions. Langmuir 2014, 30, 4213–4222.
[CrossRef] [PubMed]

45. Lau, M.; Barcikowski, S. Quantification of mass-specific laser energy input converted into particle properties
during picosecond pulsed laser fragmentation of zinc oxide and boron carbide in liquids. Appl. Surf. Sci.
2015, 348, 22–29. [CrossRef]

46. Jendrzej, S.; Gökce, B.; Barcikowski, S. Colloidal Stability of Metal Nanoparticles in Engine Oil under Thermal
and Mechanical Load. Chem. Eng. Technol. 2017, 40, 1569–1576. [CrossRef]

47. Gökce, B.; Zand, D.D.V.; Menéndez-Manjón, A.; Barcikowski, S. Ripening kinetics of laser-generated
plasmonic nanoparticles in different solvents. Chem. Phys. Lett. 2015, 626, 96–101. [CrossRef]

48. Waag, F.; Gökce, B.; Kalapu, C.; Bendt, G.; Salamon, S.; Landers, J.; Hagemann, U.; Heidelmann, M.;
Schulz, S.; Wende, H.; et al. Adjusting the catalytic properties of cobalt ferrite nanoparticles by pulsed laser
fragmentation in water with defined energy dose. Sci. Rep. 2017, 7, 1–13. [CrossRef]

49. Sakaki, S.; Saitow, K.I.; Sakamoto, M.; Wada, H.; Swiatkowska-Warkocka, Z.; Ishikawa, Y.; Koshizaki, N.
Comparison of picosecond and nanosecond lasers for the synthesis of TiN sub-micrometer spherical particles
by pulsed laser melting in liquid. Appl. Phys. Express 2018, 11, 4–8. [CrossRef]

50. Sakaki, S.; Ishikawa, Y.; Koshizaki, N. Heating process control of pulsed-laser melting in liquid via a
burst-mode laser. Appl. Phys. Express 2019, 12. [CrossRef]

51. Zhang, G.B.; Lau, D.; Lu, M.; Barcikowski, S.; Gökce, B. Germanium Sub-Microspheres Synthesized by
Picosecond Pulsed Laser Melting in Liquids: Educt Size Effects. Sci. Rep. 2017, 7, 40355. [CrossRef]

52. Widatallah, H.M.; Johnson, C.; Al-Harthi, S.H.; Gismelseed, A.M.; Al-Rawas, A.D.; Stewart, S.J.; Elzain, M.E.;
Al-Omari, I.A.; Yousif, A.A. A structural and mössbauer study of Y3Fe5O12 nanoparticles prepared with
high energy ball milling and subsequent sintering. Hyperfine Interact. 2008, 183, 87–92. [CrossRef]

53. Niyaifar, M.; Mohammadpour, H.; Dorafshani, M.; Hasanpour, A. Size dependence of non-magnetic thickness
in YIG nanoparticles. J. Magn. Magn. Mater. 2016, 409, 104–110. [CrossRef]

54. Sharma, V.; Saha, J.; Patnaik, S.; Kuanr, B.K. Synthesis and characterization of yttrium iron garnet (YIG)
nanoparticles—Microwave material. AIP Adv. 2017, 7. [CrossRef]

http://dx.doi.org/10.1038/srep20507
http://dx.doi.org/10.1109/22.989957
http://dx.doi.org/10.1016/j.jmmm.2008.04.129
http://dx.doi.org/10.1002/pssb.200304511
http://dx.doi.org/10.1016/0038-1098(89)90497-3
http://dx.doi.org/10.1088/0022-3727/43/26/264002
http://dx.doi.org/10.1016/j.matdes.2018.05.044
http://dx.doi.org/10.1016/j.mseb.2008.12.020
http://dx.doi.org/10.1016/j.jmmm.2005.06.027
http://dx.doi.org/10.17185/duepublico/41087
http://dx.doi.org/10.1021/acs.langmuir.8b01585
http://www.ncbi.nlm.nih.gov/pubmed/30646687
http://dx.doi.org/10.1021/acs.jpcc.6b12554
http://dx.doi.org/10.1021/la404556a
http://www.ncbi.nlm.nih.gov/pubmed/24720469
http://dx.doi.org/10.1016/j.apsusc.2014.07.053
http://dx.doi.org/10.1002/ceat.201600541
http://dx.doi.org/10.1016/j.cplett.2015.03.010
http://dx.doi.org/10.1038/s41598-017-13333-z
http://dx.doi.org/10.7567/APEX.11.035001
http://dx.doi.org/10.7567/1882-0786/aaf284
http://dx.doi.org/10.1038/srep40355
http://dx.doi.org/10.1007/s10751-008-9734-5
http://dx.doi.org/10.1016/j.jmmm.2016.02.097
http://dx.doi.org/10.1063/1.4973199


Molecules 2020, 25, 1869 14 of 14

55. Choi, J.; Cha, J.; Lee, J.K. Synthesis of various magnetite nanoparticles through simple phase transformation
and their shape-dependent magnetic properties. RSC Adv. 2013, 3, 8365–8371. [CrossRef]

56. Nagrare, B.S.; Kekade, S.S.; Thombare, B.; Reddy, R.V.; Patil, S.I. Hyperfine interaction, Raman and magnetic
study of YFeO3 nanocrystals. Solid State Commun. 2018, 280, 32–38. [CrossRef]

57. Popkov, V.I.; Almjasheva, O.V.; Semenova, A.S.; Kellerman, D.G.; Nevedomskiy, V.N.; Gusarov, V.V. Magnetic
properties of YFeO3 nanocrystals obtained by different soft-chemical methods. J. Mater. Sci. Mater. Electron.
2017, 28, 7163–7170. [CrossRef]

58. Jendrzej, S.; Gökce, B.; Amendola, V.; Barcikowski, S. Barrierless growth of precursor-free, ultrafast
laser-fragmented noble metal nanoparticles by colloidal atom clusters—A kinetic in situ study. J. Colloid
Interface Sci. 2016, 463, 299–307. [CrossRef]

59. Siebeneicher, S.; Waag, F.; Castillo, M.E.; Shvartsman, V.V.; Lupascu, D.C.; Gökce, B. Laser fragmentation
synthesis of colloidal bismuth ferrite particles. Nanomaterials 2020, 10, 359. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/c3ra40283e
http://dx.doi.org/10.1016/j.ssc.2018.06.004
http://dx.doi.org/10.1007/s10854-017-6676-1
http://dx.doi.org/10.1016/j.jcis.2015.10.032
http://dx.doi.org/10.3390/nano10020359
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Nanoparticle Size Modification 
	Structural Analysis 
	Magnetic Properties 

	Materials and Methods 
	Conclusions 
	References

