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The paper presents experimental results on fabricating composite nanostructures consisting of magnetic and non- 
magnetic metal oxide nanoparticles. The samples were produced by a single-step process of pulsed laser depo-
sition carried out in air at atmospheric pressure in the presence of a magnetic field. Part of the depositions was 
performed by ablation of two metals simultaneously – Fe and Zn, and Fe and Ti. Another part of the experiments 
included simultaneous depositions from metal oxide targets – Fe2O3 and ZnO, and Fe2O3 and TiO2 as well as from 
metal and metal oxide (Fe-TiO2) targets. The depositions were performed in a magnetic field in order to control 
the magnetic nanoparticles produced in the plasma plume and thus, the morphology of the composite nano-
structures. The structure and morphology of the structures obtained were studied as related to the samples’ 
composition. It was found that the difference in the ablation threshold of the initial ablated materials determines 
the use of a specific methodology for composite fabrication. The nanostructures prepared could be used in the 
design of novel magneto-optic and sensor devices.   

1. Introduction 

One-dimensional magnetic nanostructures, such as magnetic nano-
wires, have lately attracted considerable attention in the field of nano-
science and nanotechnology due to their large shape anisotropy, and 
high magnetic moment, coercivity and remanent magnetization [1,2]. 
Moreover, they are potential candidates for applications in magnetic 
sensors and memory devices, in optoelectronics, drug delivery and 
cancer treatment, etc. [2–7]. At the same time, special attention from 
scientific as well as technological points of view has been paid to 
designing nanomaterials that integrate different functionalities into a 
single unit [8–11]. One such example is designing systems consisting of 
a magnetic material and a metal-oxide semiconductor [12,13]. 
Magnetic-non-magnetic semiconducting systems have a great potential 
in advanced applications, such as spintronic, magnetic sensors, 
magneto-optical devices [14,15]. Various preparation techniques have 
been applied in order to synthesize composite semiconductor nano-
structures [13,16–18]. However, most of these methods are limited in 
terms of practical applications due to inherent low efficiency and con-
straining preparation conditions, such as high temperatures, long reac-
tion times, toxic templates, solvents or additives, complex equipment, 

etc. [13,16–18]. All this explains the necessity of and the great interest 
in developing simple and reliable techniques for producing composite 
semiconductor nanostructures with the desired chemical composition 
and a controlled morphology. 

Over the past few years, the pulsed laser deposition (PLD) at high 
pressure (e.g., open air) in an external magnetic field has been estab-
lished as a fast, productive and simple method for forming oriented 
nanowires on a substrate [19–23]. These nanowires represent chains of 
one-dimensionally adhered nanoparticles that are oriented in the di-
rection of the applied magnetic field. Although the method was origi-
nally developed for fs-laser ablation of magnetic materials only [19], its 
capabilities have since been extended with the use of ns-laser pulses on 
the one hand, and with the fabrication of composite nanowires of 
magnetic and non-magnetic metal particles [22,23], on the other. In 
addition, varying the large number of available experimental parame-
ters, including laser fluence and wavelength, magnetic field geometry, 
target-substrate distance, ambient gas, ambient pressure and deposition 
time, allows for a precise control of the morphology and chemical 
composition of the structures obtained [20,21]. However, to the best of 
our knowledge, no attempts have been made to apply the method to 
fabricating composite nanowires consisting of complex metal oxide 

* Corresponding author. 
E-mail address: rumen_nikov24@abv.bg (Ru.G. Nikov).  

Contents lists available at ScienceDirect 

Applied Surface Science 

journal homepage: www.elsevier.com/locate/apsusc 

https://doi.org/10.1016/j.apsusc.2021.149204 
Received 10 August 2020; Received in revised form 13 January 2021; Accepted 29 January 2021   

mailto:rumen_nikov24@abv.bg
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2021.149204
https://doi.org/10.1016/j.apsusc.2021.149204
https://doi.org/10.1016/j.apsusc.2021.149204
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2021.149204&domain=pdf


Applied Surface Science 549 (2021) 149204

2

nanoparticles. 
In this work, we report results on preparing composite nano-

structures made of magnetic and non-magnetic metal oxide nano-
particles. Arranged Fe3O4 nanowires decorated with ZnO or TiO2 
nanoparticles were produced by a single-step process of PLD performed 
in air at atmospheric pressure (in open air) in the presence of a magnetic 
field. This involved the simultaneous ablation of two metal oxide (Fe2O3 
and ZnO) targets, or of metal and metal oxide (Fe and TiO2) targets. We 
found that the key factor defining the efficient fabrication of composite 
nanostructures is the difference in the ablation threshold of the initial 
materials. The appropriate choice of initial materials together with the 
knowledge of the complex processes occurring in the plasma plume 
allow one to find a technological solution for easy fabrication of oriented 
composite nanostructures. 

2. Experimental 

Composite metal oxide nanostructures were produced by PLD in 
open air in the presence of a magnetic field. The experimental set-up was 
detailed elsewhere [23]. Briefly, a classical PLD configuration was 
modified by placing a permanent magnet (B = 0.4 T) on the backside of 
the substrate with the magnetic force lines parallel to the substrate 
surface. The laser ablation was carried out by nanosecond laser pulses 
generated by a Nd:YAG (Lotis LS-2147) laser system. The irradiation 
wavelength of 1064 nm was used. The depositions were carried out for 
10 min at a pulse repetition rate of 10 Hz. Some experiments were 
performed at longer deposition time in order to gather enough material 
for analyses. The targets used in the depositions consisted of two plates, 
one of a magnetic material, such as pure iron (Fe 99.99%) or iron oxide 
(hematite, Fe2O3), and the other of a non-magnetic material (metals – Zn 
or Ti, and metal oxides – ZnO or TiO2). The composite target was 
mounted on a translation XY stage in order to prevent its being perfo-
rated during prolonged irradiation. The laser beam was focused and 
adjusted so that the laser spots fall on the two materials at three different 
ratios of irradiated areas: I. magnetic material/non-magnetic material 
(2:1), II. magnetic material/non-magnetic material (1:1), and III. mag-
netic material/non-magnetic material (1:2). The two plates abutted at 
an oblique angle in view of achieving a better mixing of the two plumes 
of different material. The ablated material was deposited on quartz 
substrates placed at a distance of 25 mm from the target. The depositions 
were performed at laser fluence depending on the different ablation 
thresholds of the target materials, in particular, the laser fluence of 5 J/ 
cm2 was used for ablation of metal targets and 2.5 J/cm2 – for ablation of 
metal-oxide targets. All experiments were performed with the same di-
mensions of the plasma plume independently of the ablated materials. 

The sample’s morphology was analyzed by scanning electron mi-
croscopy (SEM) using a LYRA I XMU system (Tescan). The crystalline 
structure and phase composition of the samples were explored by an 
Empyrean diffractometer (PANalytical) through glancing (3◦) incidence 
X-ray diffraction (GIXRD) using CuKα radiation. The crystalline phases 
were identified using the PAN-ICSD and COD databases cards. The 
average crystal size and the quantitative phase composition of the 
samples were obtained by profile fitting of the existing phases using the 
HighScore Plus and ReX software [24,25]. The estimated error in the 
phase composition depends on the quality of Rietveld refinement and 
varies between 1 and 3% when the calculated goodness of fitted values 
ranged from 1.5 to 2.5, as in our case [26,27]. The estimated error in the 
calculated average crystallite size is 2–4 nm. The TEM images were 
taken on an HR scanning transmission electron microscope equipped 
with EDS (JEOL JEM 2100) to reveal the microstructure, crystallinity 
and elemental composition of the samples. The samples for TEM ana-
lyses were prepared by scratching the sample surface within a drop of 
distilled water and transferring a small quantity of the material to a Cu- 
grid. The surface composition of the samples was determined by X-ray 
photoelectron spectroscopy (XPS) by means of an AXIS Supra electron 
spectrometer (Kratos Analytical Ltd.). 

3. Results 

3.1. Simultaneous open-air laser ablation in magnetic field of two metals: 
Fe–Zn and Fe–Ti 

SEM images of the samples fabricated by simultaneous laser ablation 
of two metal targets are presented in Fig. 1. The laser spot on the target 
was adjusted to irradiate equal parts of the two metals. The ablation 
process was performed at a laser fluence of 5 J/cm2 and a deposition 
time of 15 min. Fig. 1(a) is a SEM image of the sample deposited by 
simultaneous ablation of Fe and Zn, while the morphology of the sample 
produced by ablation of Fe and Ti simultaneously is illustrated in Fig. 1 
(b). As seen, the deposited material forms a porous structure composed 
of aggregated nanoparticles and clusters, which is consistent with laser 
ablation in open air without an external magnetic field [28–30]. The 
presence is also observed of micro-sized droplets typical for ablation 
processes, when molten material is ejected from the target and reaches 
the sample (Fig. 1). 

Fig. 2 presents XRD patterns of the samples produced by ablation of 
two metal targets. The XRD pattern of the sample deposited from Fe and 
Zn is shown in Fig. 2(a). The deposition was performed at 45 min. As 
seen, the sample’s phase composition is mainly zinc oxide (ZnO, ICSD 
98-006-5121) and pure zinc (Zn, ICSD 98-005-3769) (see Table 1). The 
presence of magnetite (Fe3O4, ICSD 98-015-8741) was also identified, its 
estimated quantity being 17 wt% (see Table 1). The value of the lattice 
parameter of the magnetite phase was estimated to be 8.4129 Å, which 
is higher than the reference value of magnetite (8.3860 Å). The average 

Fig. 1. SEM images of samples deposited by simultaneous ablation of: (a) Fe 
and Zn and (b) Fe and Ti targets at a laser fluence of 5 J/cm2 and a deposition 
time of 15 min. 

Ru.G. Nikov et al.                                                                                                                                                                                                                              



Applied Surface Science 549 (2021) 149204

3

crystallite size of both Fe3O4 and ZnO is 30 and 24 nm, respectively. 
Other iron oxides such as hematite (Fe2O3, ICSD 98–016-1288) and 
wüstite (Fe1− xO, ICSD 98–002-7237) also present in the sample’s 
structure as their precise composition is: Fe2O3 – 12 wt%, and Fe1− xO – 
8 wt% (Table 1). Fig. 2(b) shows the XRD pattern of the sample 
deposited from Fe and Ti. The sample for analysis was performed at 
target-substrate distance of 10 mm in order to show the phases produced 
in the plasma plume. The XRD pattern was identified as the rutile form 
of titanium oxide (TiO2, ICSD 98–016-5924), magnetite, and wüstite 
phases of iron oxide. The precise phase composition of the sample was 
summarized in Table 1. The estimated average crystallite size of TiO2 is 
48 nm. 

3.2. Simultaneous open-air laser ablation in magnetic field of two metal 
oxides: Fe2O3–ZnO and Fe2O3–TiO2 

Fig. 3 shows SEM images of samples produced by simultaneous 
ablation of Fe2O3 and ZnO targets with different ratios of the irradiated 
areas: (a) Fe2O3 > ZnO, (b) Fe2O3 = ZnO and (c) Fe2O3 < ZnO. The 
samples were deposited at a laser fluence of 2.5 J/cm2 and a deposition 
time of 10 min. It is seen that when the irradiated area of the Fe2O3 
target is higher than or equal to that of the ZnO target, the morphology 
of the deposited material represents micrometric nanowires that are 
predominantly parallel to the magnetic force lines of the external 
magnetic field (Fig. 3(a) and (b)). In the case when Fe2O3 < ZnO, no 
clear orientation of the deposited material is seen and the structure is 
similar to the one of the samples presented in Fig. 1. Furthermore, the 
degree of nanowire orientation worsens as the irradiated area of the ZnO 
target is increased. 

Fig. 4 illustrates SEM images of the samples deposited by simulta-
neous ablation of Fe2O3 and TiO2 targets. The samples were produced at 
a laser fluence of 2.5 J/cm2 and a deposition time of 10 min; the ratio of 

the irradiated areas in the targets was the same as in the case of Fe2O3 – 
ZnO. The effect of applying a magnetic field on the nanowires’ orien-
tation is obvious in all samples. It is also seen that the density of the 
nanowires on the substrate decreases with the irradiation of a larger 
TiO2 area at the expense of the irradiated Fe2O3 target area. 

The XRD patterns of the samples deposited by simultaneous ablation 
of oxide targets are presented in Fig. 5. Fig. 5(a) shows the XRD pattern 
of the sample deposited from the Fe2O3 – ZnO target. The phase 
composition of the sample was identified as a combination of different 

Fig. 2. XRD patterns of the samples deposited by simultaneous ablation of: (a) 
Fe and Zn at 25 mm target-substrate distance and 45 min deposition time and 
(b) Fe and Ti targets at 10 mm target-substrate distance and 15 min deposition 
time. The laser fluence was kept at 5 J/cm2. 

Table 1 
Phase composition of samples deposited by simultaneous ablation of Metal/ 
Metal targets.  

Simultaneous ablation of 
Metal/Metal 

Phase composition, wt% 

Fe3O4 Fe2O3 FeO1− x ZnO Zn TiO2 

Fe/Zn 17.1 11.7 7.9 50.1 13.1 – 
Fe/Ti 55.6 – 35.5 – – 8.9  

Fig. 3. SEM images of nanostructures produced by PLD in a magnetic field via 
simultaneous ablation of Fe2O3 and ZnO targets with ratios of the irradiated 
targets (a) 2:1, (b) 1:1 and (c) 1:2. The samples were deposited at a laser fluence 
of 2.5 J/cm2 and a deposition time of 10 min. 
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iron oxides and zinc oxide. The iron oxides present in the sample’s 
structure are magnetite, hematite and wüstite with their precise 
composition as follows: Fe3O4 − 46 wt%, Fe2O3 – 34 wt%, and Fe1− xO – 
17 wt% (Table 2). The estimated lattice parameter of the magnetite 
phase is 8.4190 Å. The average crystal size of the magnetite is 27 nm. 
The estimated quantity and crystallite size of the ZnO phase is 3 wt% and 
50 nm, respectively (Table 2). The crystal structure of the sample 
deposited from the Fe2O3-TiO2 target is presented in Fig. 5(b). The XRD 
pattern indicates a similar iron oxides combination (Table 2). As seen, 

no presence of TiO2 or other Ti-containing compounds in the sample is 
identified. The average crystallite size of the predominant phase of 
magnetite is 20 nm. 

A TEM image of the material ablated from the Fe2O3 – ZnO target is 
shown in Fig. 6. It consists of nanosized clusters composed by nano-
particles, which corresponds well with our previous results [29,30]. The 
image reveals that the particles are mostly polygonal in shape with 
different sizes (Fig. 6(a)). The particle size distribution (Fig. 6(b)) is 
ranging from 4 nm to 32 nm, as the mean Feret’s diameter is 16 nm. The 
SAED pattern (Fig. 6(c)) reveals that the sample is polycrystalline and 
can be assigned to a family of planes of Fe3O4, Fe1− xO and ZnO. The 
high-resolution transmission electron microscopy (HR-TEM) image of 
the sample is also presented in Fig. 6 (inset in (a)). The image reveals the 
lattice fringe spacing of 2.52 Å and 2.46 Å, which matches the (1 1 3) 
plane of the face centered cubic structure of magnetite and the (0 1 1) 
plane of hexagonal wurtzite structure of zinc oxide, respectively. The 
EDS elemental analysis of the sample, shown in Fig. 6(d). Some hot spots 
in the EDS for Fe and O are observed, which are in fact droplets from iron 
oxide. When molten material is ejected from the target during ablation 
and reaches the sample, droplets are formed. Such micro-sized droplets 
could be seen in all SEM images presented in this work, since the 
droplets are typical for ablation processes. Ignoring the droplet forma-
tions, the elements are distributed homogeneously in the selected area. 

Fig. 7 presents XPS analyses of the surface of the samples deposited 
by simultaneous ablation of oxide targets. Fig. 7(a) shows the XPS 
spectra of the Fe2p, Fe3p, Zn2p, O1s and Si2p core levels of the samples 
deposited from the Fe2O3 – ZnO target. The binding energies of Fe2p3/2 
and Fe2p1/2 obtained from the sample are 710.9 eV and 724.5 eV, 
respectively (Fig. 7(a)). The Fe2p3/2 peak has a clearly distinguishable 
associated satellite peak situated at 719.5 eV. The spin–orbit splitting of 
13.6 eV, the binding energy positions, as well as the presence of a sat-
ellite peak at 719.5 eV allow us to conclude that the Fe atoms were in the 
Fe3+ oxidation state [31,32]. No peak typical of Fe2+ (~53.8 eV) is 
detected [31]. The Zn 2p3/2 and Zn 2p1/2 peaks are seen at 1022.0 eV 

Fig. 4. SEM images of the morphology of samples produced by PLD in a 
magnetic field via simultaneous ablation of Fe2O3 and TiO2 targets with ratios 
of the irradiated targets (a) 2:1, (b) 1:1 and (c) 1:2, respectively. The samples 
were deposited at a laser fluence of 2.5 J/cm2 and a deposition time of 10 min. 

Fig. 5. XRD patterns of the samples deposited by simultaneous ablation of (a) 
Fe2O3 and ZnO and (b) Fe2O3 and TiO2 targets. The samples were deposited at a 
laser fluence of 2.5 J/cm2 and a deposition time of 10 min. 

Table 2 
Phase composition of samples deposited by simultaneous ablation of Metal 
oxide/Metal oxide targets.  

Simultaneous ablation of Metal 
oxide/Metal oxide 

Phase composition, wt% 

Fe3O4 Fe2O3 FeO1− x ZnO TiO2 

Fe2O3/ZnO 46.1 34.1 16.6 3.2 – 
Fe2O3/TiO2 62.0 10.6 27.4 – –  
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Fig. 6. (a) TEM image of the material simultaneously ablated from Fe2O3 and ZnO targets, (b) particle size distribution based on the TEM image presented in (a), (c) 
SAED image and (d) EDS analysis of selected areas. Inset in (a): HR-TEM image of selected nanoparticles. 

Fig. 7. XPS analyses of the samples deposited by simultaneous ablation of (a) Fe2O3 and ZnO and (b) Fe2O3 and TiO2 targets.  
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and 1045.1 eV, respectively, with a spin–orbit splitting of 23.1 eV (Fig. 7 
(a)). This spin–orbit splitting, the binding energy positions and the 
width of the Zn 2p peaks indicate that the Zn atoms are in the Zn2+

oxidation state [33]. The estimated ratio of Fe/Zn is 1.75. The asym-
metric O 1s peak points to the presence of different oxygen-containing 
species. It could be fitted by three components at nearly 530.2 eV, 
attributed to lattice O2– ions in the metal oxides (O-Me), at 534.2 eV – 
attributed to the presence of adsorbed hydroxyl, carbonate or O2 species 
(Oads), as well as to O2– ions into the substrate (O-Si) at 532.7 eV, since Si 
is also observed in the spectrum [32,34,35]. 

The XPS spectra of the Fe2p, Fe3p, Ti2p, O1s and Si2p core levels of 
the sample deposited from the Fe2O3 – TiO2 target are shown in Fig. 7 
(b). No difference is seen in the Fe2p and Fe3p XPS spectra of the 
samples deposited from the Fe2O3 – ZnO and the Fe2O3 – TiO2 targets 
(Fig. 7). The Ti2p peaks are not observed on the sample surface. The O 1s 
peak of the sample deposited from the Fe2O3 – TiO2 target is similar to 
the case of the sample deposited from the Fe2O3 – ZnO target. It should 
be noted that no nitrogen inclusions were detected on the surface of the 
samples deposited from Fe2O3 – ZnO and Fe2O3 – TiO2, although the 
experiments were performed in air. 

3.3. Simultaneous open-air laser ablation in magnetic field of metal and 
metal oxide: Fe–TiO2 

Fig. 8 reports the SEM image of the sample deposited via simulta-
neous ablation of Fe and TiO2 targets with equal areas of irradiation. The 
structure was produced at a laser fluence of 3 J/cm2 and a deposition 
time of 30 min. In this case, the deposition process in the magnetic field 
also led to the formation of nanoparticles-composed nanowires, but their 
orientation is not as clearly expressed as that of the structures deposited 
from metal oxides targets. 

A TEM analysis of the material produced by simultaneously ablating 
Fe and TiO2 targets is illustrated in Fig. 9. The TEM image shows a 
similar shape and size distribution of the NPs as the TEM image of the 
material ablated from the Fe2O3 – ZnO target (Figs. 9(a) and 6(a)). The 
size of the nanoparticles is in the range 4–36 nm with a mean Feret’s 
diameter of 15 nm (Fig. 9(b)). The SAED pattern of these nanoparticles 
reveals that the sample has a polycrystalline nature. The interplanar 
distances could be assigned to a family of planes of magnetite, wüstite 
and anatase (Fig. 9(c)). The HR-TEM image in Fig. 9(a) exhibits that the 
typical d-spacing between adjacent lattice fringes are 3.57 Å and 2.92 Å, 
corresponding to the (0 1 1) plane of TiO2 and the (0 2 2) plane of Fe3O4, 
respectively. The homogeneous distribution of Fe, Ti and O elements is 
illustrated by the EDS analysis shown in Fig. 9(d). 

XPS spectra of the Fe2p, Fe3p, Ti2p, O1s and Si2p core levels of the 

sample deposited from Fe – TiO2 target are presented in Fig. 10. No 
difference is observed in the Fe2p and Fe3p XPS spectra of the samples 
deposited from Fe – TiO2 and Fe2O3 – TiO2 targets (Figs. 10 and 7(b)). 
The Ti 2p3/2 and Ti 2p1/2 peaks for the Fe – TiO2 sample are located at 
458.7 eV and 464.4 eV with a separation between the binding energies 
of 5.7 eV, which corresponds to Ti4+ [33]. The estimated ratio of Fe/Ti is 
approximately 2. The O 1 s peak registered at 530.1 eV is attributed to 
lattice O2− ions, the peak at 534 eV is attributed to the presence of 
adsorbed hydroxyl, carbonate or O2 species, while the peak at 532.8 eV 
is attributed to O2– ions into the substrate [36]. 

4. Discussion 

A magnetic component was actually not formed when metal targets 
were used for ablation (Fig. 2). The ablation of pure Fe in air at atmo-
spheric pressure leads to the formation of different iron oxides, mainly 
magnetite, as our previous investigation has shown [23]. Metals, e.g., Zn 
and Ti, have also been oxidized during ablation in open air [37,38]. 
When Fe is ablated simultaneously with other metals, like Zn or Ti, the 
iron does not acquire enough oxygen in the plasma plume in order to 
oxidize to the magnetite phase. The metal Zn has a lower ablation 
threshold than Fe, which besides being a prerequisite for a more efficient 
ablation of Zn, results in its more efficient oxidation. Therefore, it is not 
surprising that in the results reported here the presence of ZnO and Zn is 
mainly identified in the sample structure (Fig. 2(a), Table 1), while the 
magnetic phase is less pronounced. Also, it should be noted that the 
estimated lattice parameter of magnetite is larger than the reference 
value, which allows us to assume that some Zn2+ ions probably substi-
tute for Fe2+ ions into Fe3O4 matrix. This is to be expected, since 
complicated non-equilibrium processes occur during the mixing of the 
two plasma plumes. In this case of simultaneous ablation of Fe and Ti 
targets, although the ablation thresholds of the metals are comparable, 
the iron was not oxidized to magnetic material (Fig. 1(b)). Thus, the 
sample was produced by simultaneously ablation of Fe-Ti at shorter 
target-substrate distance in order to show the phases produced in the 
plasma plume (Fig. 2(b), Table 1). In spite of clearly expressed magnetic 
component at target-substrate distance of 10 mm, the NPs produced are 
not arranged into nanowires on the substrate (Fig. 1(b)). The complex 
processes occurring in air after mixing of both plasma plumes results in 
the absence of a strongly expressed magnetic phase at a distance of 25 
mm from the targets. The difference in the quantity of the material 
deposited by ablation of Fe-Zn and Fe-Ti targets is due to the difference 
of ablation threshold of Zn and Ti (Fig. 1). 

One can thus conclude that in this case of simultaneous ablation of 
metal targets, the structures fabricated were not arranged into nano-
wires because the NPs produced by ablation in open air were not mag-
netic, or the number of magnetic NPs was substantially smaller than the 
non-magnetic NPs. In the case of formation of non-magnetic NPs, the 
magnetic force of the permanent magnet is not acting on these NPs and 
not orienting them along the magnetic force lines. As a result, a simple 
deposition in open air was performed (Fig. 1). When the number of 
magnetic NPs is too small compared to the non-magnetic ones, the 
orientation into aligned nanostructures is significantly hampered. 

In the case of direct ablation from combined metal oxide targets, 
both oxides exist in the plasma plume. The presence of a ZnO phase is 
clearly distinguished in the crystal structure of the sample deposited 
from the Fe2O3 – ZnO target (Fig. 5(a)). The phase composition of this 
sample was identified as a combination of ZnO and different iron oxides, 
with the predominant phase being magnetite, a material with well- 
expressed magnetic properties. The estimated lattice parameter of 
magnetite is larger than its reference value, which we assign to the 
possible substitution of some Fe2+ ions with Zn2+ ions in the Fe3O4, as it 
was discussed above. However, the corresponding oxide also possesses 
magnetic properties [39,40]. As we reported previously, once the 
magnetic nanoparticles are formed in the plasma plume, they are 
collected by the external magnetic field and deposited on the substrate 

Fig. 8. SEM image of the sample produced by PLD in a magnetic field via 
simultaneous ablation of Fe and TiO2 targets. The sample was produced at a 
laser fluence of 3 J/cm2 and a deposition time of 30 min. 
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[20,21]. Briefly, the external magnetic field induces a magnetic moment 
into the nanoparticles along the magnetic field lines. The particles 
experience a magnetic force and accumulate magnetic energy. If the 
energy between two identical particles is higher than the difference 
between their kinetic energies, they will tend to aggregate. When a 
particle dimer is formed, its magnetic properties can be approximated to 
those of a rod magnet. Since the magnetic force is strongest at the poles, 
a closely located particle will be attracted to these positions. In such a 
way, the length of the nanoparticles-composed nanowires increases 
[20,21]. The magnetic NPs carry away ZnO NPs and transport them to 
the substrate to a distance of 25 mm. In such a way, a composite 

nanostructure consisting of oriented nanowires composed by magnetic 
and non-magnetic metal oxide nanoparticles are fabricated. Changing 
the area ablated from the two metal oxides leads to the predominant 
production of zinc oxide or iron oxide NPs. When the quantity of mag-
netic NPs is higher than that of non-magnetic NPs (ZnO), an oriented 
structure of nanowires is formed (Fig. 3(a)). When the presence of non- 
magnetic NPs in the plasma plume is increased, the orientation of the 
structure worsens (Fig. 3(b)). In such a manner, one is able to control the 
number of produced NPs of the two oxides in the plasma plume, 
respectively, to control the composition of the fabricated nanostructure, 
and hence, the degree of nanowires orientation. A predominance of non- 

Fig. 9. (a) TEM image of the material simultaneously ablated from Fe and TiO2 targets, (b) particle size distribution based on the TEM image presented in (a), (c) 
SAED image and (d) EDS analysis of selected areas. Inset in (a): HR-TEM image of selected nanoparticles. 

Fig. 10. XPS analysis of the surface of the sample deposited by simultaneous ablation of Fe and TiO2 targets.  
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magnetic NPs, such as ZnO, makes the arrangement of the produced NPs 
into oriented nanowires difficult, as illustrated in Fig. 3(c). This is why 
we continued our studies by focusing our attention on the samples 
produced by laser ablation of equal parts of the two metal oxides (Fe2O3 
and ZnO), since the presence of the non-magnetic oxide (Fig. 5(a)) is 
clearly expressed, while the arrangement of the magnetic NPs into 
nanowires along the magnetic field lines still persists (Fig. 3(b)). In this 
case, the results of the selective investigation of the microstructure 
performed do not differ from the results obtained by structural analyses 
of the sample. The microstructure of the sample (prepared by trans-
ferring a small quantity of the material from the sample deposited by 
ablation of the Fe2O3 – ZnO target on a Cu-grid) clearly shows the 
“building elements” of the nanowires (Fig. 6(a)). The presence of crys-
talline NPs from both metal oxides is observed and the size of the par-
ticles produced is in the range of 4–32 nm (inset in Fig. 6(a), Fig. 6(c) 
and Fig. 6(b)). Also, all elements Fe, Zn and O are homogeneously 
distributed in the nanostructure (Fig. 6(d)). It should be noted here that, 
on the one hand, Zn participates in the ZnO NPs, and is incorporated into 
the Fe3O4 lattice, on the other. To summarize, composite nanostructures 
consisting of magnetic and non-magnetic metal oxide nanoparticles 
could be fabricated by a simple method of simultaneous ablation of both 
oxides performed in open air in the presence of a magnetic field. How-
ever, this statement is only valid for the case when the metal oxides have 
approximately similar ablation thresholds. The situation is more 
complicated when the ablation thresholds of the two metal oxides, 
magnetic and non-magnetic, are substantially different, such as simul-
taneous ablation of Fe2O3 and TiO2. Since the TiO2 target has a higher 
ablation threshold than the Fe2O3 target, even when ablating equal parts 
of the targets, the TiO2 phase is not registered in the sample’s structure; 
neither is the presence of Ti revealed compounds on the sample surface. 
In this light, we assume that the TiO2 phase quantity is probably too 
small to be detected by the methods used for analysis. As a result, the 
degree of orientation of the nanowires is not disturbed (Fig. 4), simply 
the quantity of the material deposited decreases with the decrease of the 
ablated area producing magnetic NPs. In order to overcome this prob-
lem, a set of experiments was performed in which samples were 
deposited by simultaneously ablation of Fe and TiO2 relying on the fact 
that Fe as a metal has a higher ablation threshold compared to the sin-
tered ceramic Fe2O3. Also, as it was previously reported and discussed 
above, easy oxidation mainly to magnetite is observed when pure Fe is 
ablated in air at atmospheric pressure [23]. Thus, the analyses of the 
sample deposited by ablation of equal parts of Fe and TiO2 showed the 
presence of phases, magnetite and anatase. The presence of iron oxides 
and of anatase as a separate phase was confirmed by the microstructural 
analysis of the sample (inset in Fig. 9(a) and (c)). The shape and size of 
the NPs produced in the plasma plume in this case practically do not 
differ from the case of Fe2O3 – ZnO (Figs. 9(b) and 6(b)). All elements, 
Fe, Ti and O, are homogeneously distributed in the whole nanostructure. 
The presence of TiO2 is also confirmed by the XPS analysis performed on 
the sample surface (Fig. 10). 

To recapitulate, using the advantages of a simple, flexible, and low- 
cost technology, namely, PLD in open air in the presence of a magnetic 
field, we produced oriented composite nanostructures. The structures 
contain both magnetic and non-magnetic metal oxide NPs formed in the 
plasma plume during the ablation process. Due to the strong confine-
ment of the plumes produced at atmospheric pressure, the magnetic and 
non-magnetic NPs coalesce into a composite, which allows the non- 
magnetic NPs to be transferred to the substrate in open air to a dis-
tance to which direct deposition is practically impossible. The phase 
composition of the NPs produced in the plasma plume represents a 
mixture of different metal oxide NPs; new phases could be formed as 
well, depending on the specific properties of the initial materials chosen. 

5. Conclusion 

We demonstrate a single-step method for fabrication of composite 

nanostructures consisting of oriented nanowires. Nanostructures 
composed of magnetic and non-magnetic oxide NPs with different ratio 
between them were produced by an advanced PLD process that involves 
the simultaneous ablation of two metals (Fe-Zn or Fe-Ti), two metal 
oxides (Fe2O3-ZnO or Fe2O3-TiO2), as well as metal and metal oxide (Fe- 
TiO2) targets in the presence of a magnetic field. When the proposed 
method was applied in the case of materials with similar ablation 
thresholds, such as the metal oxides Fe2O3 and ZnO, the composite 
material consists of oriented Fe3O4 nanowires decorated with ZnO 
nanoparticles. Changing the ablated area on the two metal oxides leads 
to the predominant fabrication of zinc oxide or iron oxide NPs. Further, 
raising the number of non-magnetic NPs in the plasma plume reduces 
the degree of orientation of the structure. In such a manner, by con-
trolling the proportion of NPs produced of the two oxides in the plasma 
plume, we are able to control the composition of the fabricated nano-
structure, and consequently, the degree of nanowires orientation. The 
situation is more complicated when the ablation thresholds of the two 
metal oxides, magnetic and non-magnetic, are substantially different, as 
is the case of simultaneous ablation of Fe2O3 and TiO2. We succeeded in 
overcoming this problem by ablating simultaneously Fe and TiO2 tar-
gets. The samples thus deposited represent a composite nanostructure 
consisting of iron oxides and anatase as a separate phase. Such oriented 
structures composed by magnetic and non-magnetic metal-oxide NPs 
could find potential applications in magnetic sensors, drug delivery and 
biomedicine. 
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