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A B S T R A C T   

In this work, we demonstrate a novel way of fabricating oriented composite nanowires consisting of arranged 
nanoparticles. The structures are produced by an advanced pulsed laser deposition technology involving the 
simultaneous ablation of two metal targets, Fe and Ag. The depositions are carried out in air at atmospheric 
pressure in the presence of a magnetic field by using nanosecond laser pulses delivered by a Nd:YAG laser system 
operating at its fundamental wavelength. Samples are thus produced composed by iron oxide and silver at 
different percentage ratios. Their morphology represents nanowires with few tens of microns in length and an 
orientation predominantly following the direction of the magnetic force lines. The study on the optical properties 
of the structures thus produced revealed plasmon resonance behavior in their transmission spectra with its 
position depending on the ratio between the two building materials. UV–vis spectra were also obtained with 
polarized light. Higher transmission was measured for light polarized perpendicular to the length of the nano-
wires, compared to the case of polarization parallel to the nanowires. The structures can find applications in the 
design of novel polarization and magneto-optics devices, as well as in nanoelectronics and spintronics.   

1. Introduction 

During the last decade, the focus of investigations in the field of 
nanoscience and nanotechnology has moved from “single metal” nano-
structures to more complex systems, such as bimetallic nanomaterials, 
alloys, and nanocomposites [1–6]. Such structures, consisting of two or 
more distinct elements, can express not only the properties related to 
their single counterparts, but also may enhance some specific charac-
teristics, or even give rise to new, unexpected, properties [7–11]. The 
synergistic effects of coupling these materials find uses in fabricating 
structures with combined functions and broadened application fields 
[12–16]. 

One important research field in nanotechnology is designing nano-
materials that integrate two distinct functionalities into a single unit; for 
example, systems consisting of a magnetic material and a noble metal 
[17–21]. Such hybrid materials exhibit both magnetic and plasmonic 

activities, which makes them very attractive for applications like mag-
netic sensors, catalysts, or in optical detection, magneto-optics and 
biophotonics [22–25]. Furthermore, the properties of these structures 
are influenced not only by their composition, but also by their 
morphology, which, thanks to the presence of a magnetic component, 
can be additionally controlled by an external magnetic field [22–26]. 

The fabrication of composite nanostructures can be based on various 
techniques, such as wet chemical, photochemical, sonochemical and 
electrochemical synthesis, electroless plating and sputter deposition 
[27,28]. Depending on the conditions chosen, alloys, core-shell or 
dumbbell architectures can be obtained [25,28]. However, these 
methods include mainly chemical processes that consist of several steps 
and some of them require toxic reagents, all of which limits their prac-
tical use. On the other hand, the advantages of the physical nano-
fabrication methods include the capability to synthesize high-purity 
nanostructures in a variety of morphologies and a wide range of 
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materials. 
Recently, pulsed laser deposition (PLD) in air at atmospheric pres-

sure (in open air) in the presence of a magnetic field proved to be a 
promising physical method for fabrication of oriented nanostructures 
[26,29–31]. The structures formed are nanowires composed by arranged 
nanoparticles due to the effect of the applied magnetic field. Moreover, 
these nanowires are oriented along the magnetic force lines. The tech-
nology is applicable to magnetic materials and has been developed for 
both fs-laser pulses and ns-laser pulses [26,29–31]. The main difference 
is that in the case of ns-laser pulses, the nanoparticles that build up the 
nanowires are formed by condensation of the ablated material, while 
irradiation by ultra-short laser pulses leads to direct ejection of nano-
particles due to the specific mechanisms of material removal [32,33]. 
Despite the significant progress in understanding and improving the 
process of PLD in a magnetic field, applying this technology to magnetic 
materials only (nickel, steel, iron oxide) would limit its capabilities and 
hamper its practical use. Thus, fabricating more complex systems, such 
as composite nanostructures, requires one to modify the method so as to 
involve non-magnetic materials. 

The aim of this work was to fabricate composite nanostructures of 
oriented magnetic nanowires and a noble metal. To accomplish this task, 

we applied advanced PLD in a magnetic field that involves the use of two 
targets, Fe and Ag, which are ablated simultaneously. The morphology 
and optical properties of the obtained structures were investigated with 
respect to their chemical composition. The effects of the nanowires’ 
orientation and composition on the samples’ transmission spectra in the 
case of polarized light were also studied and discussed. 

2. Experimental 

The composite nanostructures were produced by PLD in open air in a 
magnetic field. Fig. 1(a) and (b) shows a schematic of the experimental 
setup and a photograph of the ongoing experiment. The classical on-axis 
PLD geometry was used as a permanent magnet (B = 0.4 T) was placed 
on the back side of the quartz substrate, so that the magnetic force lines 
were parallel to the substrate surface (Fig. 1(a)). The ablation process 
was performed by nanosecond laser pulses generated by a Nd:YAG (Lotis 
LS-2147) laser system working at its fundamental wavelength (λ =1064 
nm). The target used in the depositions consisted of two plates – Fe 
(99.99 %) and Ag (99.99 %), mounted on an XY translation stage to 
prevent their drilling during prolonged irradiation. The laser beam was 
adjusted so that the laser spots (4.5 mm2 area) to fall on both metals. The 

Fig. 1. (a) Schematic of the experimental set-up and (b) photograph of an ongoing experiment.  
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two plates formed a small angle for better mixing of the Fe and Ag 
plumes. The laser pulses had a fluence of 4 J/cm2 at a repetition rate of 
10 Hz. The deposition was performed on quartz substrates (thickness of 
0.5 mm) for 10 min. The distance between the target and substrate was 
set at 25 mm. 

The optical images of the sample surface were taken by an Optika B- 
150 optical microscope. The sample’s morphology was analyzed by 
scanning electron microscopy (SEM) using a LYRA I XMU system (Tes-
can). The transmission electron microscope (TEM) and selected-area 
electron-diffraction (SAED) images were taken by High Resolution 
Scanning Transmission Electron Microscope (HR STEM) JEOL JEM 2100 
to reveal the microstructure and crystallinity of the samples. The sam-
ples for TEM analyses were prepared by scratching the sample surface in 
the presence of a drop of distilled water and transferring a small quantity 
of the material on a Cu-grid. The crystalline structure and phase 
composition were explored by an Empyrean diffractometer (PAN-
alytical) 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 
[34,35]. The composition of the material deposited on the substrates 
was determined by X-ray photoelectron spectroscopy (XPS) by means of 
an AXIS Supra electron spectrometer (Kratos Analytical Ltd.). The op-
tical properties of the structures were inferred on the basis of trans-
mission spectra taken by a double-beam spectrophotometer (CARY 5E) 
in the UV–vis-NIR ranges of the spectrum. 

3. Results 

Fig. 2 is an optical microscope image of the material deposited on a 
quartz substrate by the simultaneous laser ablation of the Fe and Ag 
targets in open air with an applied magnetic field. The laser beam was 
steered to irradiate equal areas on the two metals. The presence is 
clearly seen of vertically-oriented wires even at the relatively low image 
magnification. The features formed are few tens of micrometers in 
length and are oriented predominantly in parallel to the direction of the 
magnetic force lines of the applied field. In addition, some randomly 
distributed droplets, specific for the PLD technology, are also visible. 
The SEM image (inset in Fig. 2) shows in more detail the construction of 
the longitudinal species, which consist of bundles of manly oriented 
nanowires composed by arranged nanoparticles and nanoparticles’ ag-
gregates. Moreover, some individual nanoparticles and small clusters 
are seen in the area between the nanowires. 

TEM images of material ablated from both targets are presented in 
Fig. 3. Fig. 3(a) is a TEM image of the material ablated from a pure Fe 

target. As seen, the ablated material consists of nanosized clusters 
composed by nanoparticles, which corresponds well to our previous 
results [29,30]. The images reveal that the particles are mostly hexag-
onal in shape with sizes in the range of 6–41 nm. The SAED pattern of 
these nanoparticles, also shown in Fig. 3(a), shows that all particles are 
crystalline. The interplanar distances can be assigned to a family of 
planes of magnetite (Fe3O4, cubic, S.G. Fd3m, a =8.491 Å, ICSD 
98-015-8741). A TEM image of the material ablated simultaneously 
from both a Fe and a Ag target is presented in Fig. 3(b); it shows a similar 
in shape and size distribution of nanoparticles (NPs). Moreover, in this 
case, many small NPs are seen adhering to the surface of larger NPs 
(Fig. 3(b)). Since Ag has a higher electron density than the Fe3O4, one 
can assume that the smaller NPs appearing in black are Ag, while the 
larger NPs with less contrast are Fe3O4. The HR TEM image presented in 
Fig. 3(b) confirms this assumption. It reveals the lattice fringe spacing of 
the Fe3O4 and Ag NPs to be 2.53 Å and 2.04 Å, matching the (113) plane 
of the face-centered cubic structure of magnetite and the (002) plane of 
face-centered cubic Ag (Ag, cubic, S.G. Fm3m, a =4.086 Å, ICSD 
98-005-2257), respectively. This provides evidence of the formation of a 
composite system consisting of Fe3O4 nanoparticles decorated by Ag 
ones. It should be noted that not all particles are composite, i.e., separate 
magnetite NPs are also observed. The SAED pattern shown in Fig. 3(b) 
additionally confirms that all particles and structures are crystalline, the 
pattern being indexed to Fe3O4 and Fe1-xO (wüstite, cubic, S. G. Fm3m, 
ICSD 98-002-7237). 

Fig. 4 presents XRD patterns of samples deposited from both targets. 
The XRD pattern of the sample deposited from a Fe target is shown in 
Fig. 4(a). The phase composition of the sample is identified as a com-
bination of magnetite (ICSD 98-015-8741) and wüstite (ICSD 98-002- 
7237). The ratio between the iron oxides in the crystal structure of the 
sample is Fe3O4 - 72 % and Fe1-xO - 28 %; i.e., the predominant phase of 
the iron oxides mixture is magnetite, a ferrimagnetic material. The 
average size of the magnetite is 19 nm. No diffraction peaks for Fe are 
seen. Fig. 4(b) presents the XRD pattern of a sample deposited from a Fe- 
Ag target. As seen, the iron oxides identified in its XRD spectrum are the 
same as in the sample deposited from a pure Fe target. It is worth 
pointing out that the Ag is present in the XRD pattern as a separate phase 
(ICSD 98-018-0878). The precise phase composition of the sample is 
estimated as follows: Fe3O4 – 71.2 %, Fe1-xO – 23.9 %, and Ag – 4.9 %. 
The average size of the Ag is estimated to be 16 nm. 

The XPS spectra of the Fe 2p core level of the samples deposited from 
a pure Fe and a Fe-Ag target are shown in Fig. 5. The binding energies of 
Fe 2p3/2 and Fe 2p1/2 obtained from the sample deposited from the pure 
Fe target are 710.7 eV and 723.9 eV, respectively (Fig. 5(a)). The Fe 2p3/ 

2 peak has a clearly-distinguishable associated satellite peak situated at 
719.0 eV. This indicates bonding of oxygen with Fe resulting in the 
formation of iron oxide on the surface [36]. The spin-orbit splitting of 
13.2 eV, the binding energy positions and the width of the Fe 2p peaks 
allow us to conclude that the Fe atoms were in the Fe3+ oxidation state 
[37]. The Fe 2p peaks of the sample deposited from the Fe-Ag target, 
shown in Fig. 5(b), have the same position and features as the peaks of 
the sample deposited from pure Fe (Fig. 5(a)). Fig. 5 shows also the two 
components of the Ag 3d spectrum obtained from the sample prepared 
from the Fe-Ag target. The Ag 3d5/2 and Ag 3d3/2 peaks occurring at the 
binding energies of 368.1 eV and 374.1 eV with a difference of 6.0 eV 
can be assigned to metallic silver [38]. No nitrogen inclusions are 
detected although the experiments were performed in air. 

Fig. 6 shows SEM images of composite nanostructures produced by 
ablation of Fe and Ag targets. The samples have different material 
compositions achieved by varying the ablation areas of the two metals: 
(a) pure Fe, (b) Fe:Ag = 2:1 (c) Fe:Ag = 1:1 and (d) Fe:Ag = 1:2. The 
depositions were carried out under the same laser parameters. As seen, 
the morphology of all samples represents long nanowires (tens of mi-
crons), which predominantly follow the direction of the external mag-
netic field. However, the higher content of Ag in the structure shown in 
Fig. 6(d) worsens the degree of nanowires’ orientation. 

Fig. 2. Optical microscope image of the sample produced by laser ablation of a 
Fe-Ag target. Inset: SEM image of the same sample. 
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Fig. 7 presents optical transmission spectra of the composite samples 
with respect to their chemical composition. The spectra of pure Ag and 
Fe are also presented for comparison. A clear dip with minimum at 412 
nm is seen in the spectrum of Ag sample. The observed drop in the 
spectrum is associated with the surface plasmon resonance effect in the 
structure, which is also evidence for the presence of Ag nanoparticles in 
the sample [39]. In contrast, the spectrum of pure Fe only shows very 
low transmission in the UV region. A dip in the transmission spectra of 
the composite nanostructures is also observed. The position of its min-
imum varies in the range from 355 nm to 375 nm, depending on the 
sample composition. This feature in the spectrum is also related to an 

SPR effect and characterizes the presence of nanosized Ag in the system. 
The structure deposited by ablating an equal ratio of Fe and Ag exhibits 
the most pronounced SPR effect. 

Fig.8 presents the UV–vis spectra of the samples when the incident 
light is polarized. The mark “‖” indicates a polarization longitudinal to 
the direction of the nanowires; and “⊥”, a perpendicular polarization 
(Fig. 8(a)). The optical transmission spectra of the samples produced 
from a pure Fe target with and without an external magnetic field are 
presented in Fig. 8(b). The spectra of the sample deposited without 
magnetic field do not show a dependence on the polarization. A differ-
ence of up to 5 % in the range of 350–550 nm is observed in the 
transmission spectra of the two polarizations for the sample deposited in 
a magnetic field (the sample presented in Fig. 6(a)), namely, the trans-
mission is higher for the light polarized perpendicularly to the direction 
of the nanowires, as compared with the case of a longitudinal polari-
zation. Fig. 8(c) shows the transmission spectra of the sample deposited 
from the Fe-Ag target in a magnetic field (the sample presented in Fig. 6 
(c)). Here, the difference of the transmitted light intensity in the two 
polarizations is more pronounced. Furthermore, the position of the 
transmission minimum for each polarization is different (△λmin~ 4 
nm). 

4. Discussion 

The absence of pure Fe diffraction peaks in the XRD patterns of the 
samples indicates that the iron nanoparticles are completely oxidized. 
This is not surprising, since, on the one hand, the experiments were 
performed in air, and on the other, the iron nanoparticles are easily 
oxidized [40]. This result is also confirmed by the XPS analysis. 
Although the deposition started from a purely metallic target, the iron at 
the surface of the NPs is completely oxidized. The phase composition of 
the samples is identified as a combination of iron oxides (Fig. 4). 
However, the dominant phase is magnetite, an iron oxide with clearly 
expressed magnetic properties. It should be pointed out that at the 

Fig. 3. TEM images of material deposited on the substrate by PLD in a magnetic field by ablation of (a) Fe and (b) Fe-Ag (Fe:Ag = 1:1) target.  

Fig. 4. XRD patterns of the structures deposited in a magnetic field by laser 
ablation of (a) Fe and (b) Fe-Ag (Fe:Ag = 1:1) target. 
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samples surface the Fe atoms are in the Fe3+ oxidation state as the XPS 
analysis shows. We suggest that the Fe3O4 nanoparticles are oxidized to 
Fe2O3 at the surface due to a surface passivation’s effect, which was 
previously reported [41]. The XRD analysis indicates also the presence 
of pure Ag in the samples produced from the Fe-Ag target. Since silver 
oxide is not detected in the samples’ structure nor on their surface, i.e., 
the chemical composition of the particles synthesized only comprised 
iron oxide (mainly magnetite) and silver. Our previous research on PLD 

in open air, together with the TEM images of the ablated material shown 
in this work, confirm that the nanoparticles are formed in the plasma 
plume [29,30,42,43]. The results obtained by selective investigation of 
the microstructure of the ablated material do not differ from the results 
obtained by structural analyses of the deposited samples. The micro-
structure of the sample deposited from the Fe-Ag target consists of small 
Ag NPs adhering to the surface of Fe3O4 NPs (Fig. 3(b)). The number of 
Ag and Fe3O4 NPs generated is determined by the laser spot size on the 

Fig. 5. XPS spectra of the Fe2p core level of the samples produced by ablation of (a) Fe and (b) Fe-Ag (Fe:Ag = 1:1) target. The spectrum of the Ag3d core level of the 
sample deposited from a Fe-Ag target is also shown. 

Fig. 6. SEM images of composite nanostructures produced by laser ablation in a magnetic field from: (a) a pure Fe; and Fe-Ag targets with different metal ratios (b) 
Fe:Ag = 2:1, (c) Fe:Ag = 1:1 and (d) Fe:Ag = 1:2. 
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targets and the laser fluence applied (Ag and Fe have a different ablation 
threshold). The change of the laser spot size and the area affected of the 
two metals leads to the predominant fabrication of silver or iron oxide 
NPs. We are thus able to control the number of respective NPs produced 
in the plasma plume. Once produced, the NPs are subjected to high 
pressure (due to the strong confinement of the plumes produced at at-
mospheric pressure) and high temperature. As a result, the collision 
probability is high and the Fe3O4 and Ag NPs coalesce into a composite. 
It should be noted that the number of Ag NPs adhering on the Fe3O4 NPs 
depends also on the spatial overlapping of the two laser plumes, as 
shown in Fig. 1(b). One has to note that no alloyed NPs were detected by 
the structural and compositional analyses. One possible reason for that is 
the high immiscibility of Fe and Ag due to the high value of the positive 
alloy formation energy [44]. However, metastable alloys of the Fe-Ag 
system could be formed by applying special techniques and experi-
mental conditions [45]. In the case reported here, although the laser 
plumes produced by ablation from Fe and Ag targets are mixed and the 
species produced in the plasma plumes experience high pressure at high 
temperatures, the conditions are not suitable for formation of alloys. 

Once the magnetic nanoparticles are formed in the plasma plume, 
they are attracted by the external magnetic field applied and deposited 
on the substrate [29,30]. Since the particles produced by ablation of 
Fe-Ag targets are composite, the Ag NPs are also transferred to the 
substrate. It is worth pointing out that transferring (non-magnetic) Ag 
NPs in air at atmospheric pressure over a target-substrate distance of 25 
mm is practically impossible. When the magnetic nanoparticles and/or 
nanoaggregates approach the substrate, they arrange themselves along 
the magnetic field lines, as it was already reported [29,30,46]. It should 
be noted that the Ag nanoparticles are homogeneously distributed along 
the nanowires and in-depth of the whole structure. Furthermore, raising 
the two metals ratio in the target in favor of Ag does not raise the Ag 
content in the samples. There should also be a sufficient number of 
magnetic nanoparticles produced in the plasma plume that are able to 
transfer the Ag NPs to the substrate. In fact, ablating the Fe-Ag target 
with a ratio 1:2 between the metals leads to a decrease of the material 
deposited on the substrate, as seen in Fig. 6(d). 

The presence of Ag NPs in the magnetic nanowires is also evidenced 
by the optical properties of the as-deposited composite samples. The SPR 
effect was observed in all samples deposited from Fe-Ag targets. The SPR 
of Ag NPs usually falls in the range of 380–410 nm, with its position 
depending on the particles’ size, shape, environment, and on the host 
medium’s dielectric properties [47]. However, the composite structures 
obtained in the cases discussed here show plasmon bands with minima 

in the 355 – 375-nm range. The reason for this “blue” shift observed in 
the transmission spectra in Fig. 7 is due to the presence of Fe3O4 in the 
samples. Since the Fe3O4 nanowires do not exhibit SPR bands in the 
visible region, as shown in Fig. 7, and the transmutation spectra of the 
composite samples represent a superposition of the optical responses of 
the two materials, one should expect the minima to be shifted to the UV 
range. Also, increasing the Ag content in the samples shifts this mini-
mum closer to the expected position of the SPR of Ag NPs. 

According to the optical properties of the structures fabricated in this 
work, from a macroscopic point of view, the light is transmitted through 
an oriented 1D structure. As has been demonstrated, such type of 
structures composed of parallel nanowires could be used as wire-grid 
polarizers [48]. On should, therefore expect that the propagation of 

Fig. 7. Optical transmission spectra of samples deposited in a magnetic field by 
laser ablation of Fe-Ag targets with different metal ratios. 

Fig. 8. (a) Schematic of the optical measurements of samples performed with 
light polarized longitudinal and perpendicular to the direction of the nano-
wires. Optical transmission spectra of the samples deposited by ablation (b) of a 
Fe target with and without magnetic field and (c) from a Fe-Ag target in 
magnetic field. 
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light through our samples would be affected by the light polarization. 
We tested this proposition by acquiring the optical transmission spectra 
again with light polarized along or perpendicularly to the oriented 
nanowires (Fig. 8(a)). The basic principle of such a type of polarizer is as 
follows: light polarized in parallel to the wires induces electron motion 
along the wires, causing the polarizer to behave as a metal surface and to 
reflect the light. When the light wave electric field is perpendicular to 
the wires, the electrons’ motion is restricted to the wires width. There-
fore, a small amount of energy is only reflected; the incident wave is 
passing through the grid virtually uninhibited, with the grid behaving 
like a dielectric. As seen in Fig. 8(b), no difference is visible in the optical 
spectra of a disordered structure, such as the structure deposited without 
an external magnetic field [29]. In contrast, the optical transmission of 
the oriented structure deposited in the magnetic field depends on the 
light polarization, namely, a higher transmission for light polarized 
perpendicularly to the nanowires compared to the case of longitudinal 
polarization (Fig. 8(b)). This result is in accordance with the results 
obtained by Yu et al. for the wire-grid polarizer [48]. The situation is 
similar when Ag NPs are incorporated into the oriented structure, i.e., 
the oriented composite nanowires behave also like a polarizer (Fig. 8 
(c)). Furthermore, a shift in the transmission minimum position is 
observed. Raising the Ag content in the sample increases this shift (not 
shown), while the difference in the optical transmission for the two light 
polarizations decreases, since the degree of the nanowires’ orientation 
decreases as the Ag content is raised, as discussed above. The shift in the 
transmission minimum position for the longitudinal and perpendicular 
light polarizations is probably associated with the behavior of noble 
metal NPs in an anisotropic environment. However, understanding this 
effect necessitates further detailed studies. 

We should emphasize that our samples were not optimized to be 
polarizers. Our previous research was devoted to the influence of the 
process parameters on the structure, composition and morphology of the 
structures fabricated. Therefore, we only mark an opportunity for a 
simple, easy and low-cost fabrication of optical elements. 

5. Conclusion 

This paper presents a novel single-step method of fabricating com-
posite nanostructures consisting of oriented magnetic nanowires and a 
noble metal. The nanostructures containing iron oxides and silver at 
various ratios are produced by an advanced PLD process that involves 
the simultaneous ablation of iron and silver targets in the presence of a 
magnetic field. Due to the strong confinement of the plumes produced at 
atmospheric pressure, Fe3O4 and Ag NPs coalesce into a composite 
allowing the non-magnetic NPs to be transferred to the substrate in open 
air to a distance at which direct deposition would be practically 
impossible. The morphology of the as-deposited samples consists of 
micrometric nanowires with an orientation following predominantly the 
direction of the magnetic force lines. It is found that raising the Ag 
content in the sample worsens the degree of nanowires’ orientation. The 
optical transmission spectra of the composite structures exhibit a mini-
mum in the 355 – 375-nm range depending on the samples’ composi-
tion. The optical transmission of the oriented structures depends also on 
the light polarization, namely, a higher transmission was observed for 
light polarized perpendicularly to the direction of the nanowires, as 
compared with the case of longitudinal light polarization. The method 
discussed could be established as a fast and flexible technology for 
fabrication of ordered nanostructures with combined magnetic and 
optical properties which can be additionally tuned by external magnetic 
fields or/and light irradiation with certain polarization. 
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