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Abstract.  The formation of Fe@Al nanoparticles, containing an 
iron core and an aluminium shell, under laser irradiation of a mix-
ture of individual colloids of nanoparticle components in absolute 
ethanol has experimentally been investigated for the first time. A 
mixture of colloids was irradiated by a sequence of neodymium 
laser pulses with duration of 10 ns and repetition rate of 10 kHz. It 
is found that the size of the iron core of core – shell nanoparticles 
increases from the initial value of 8 nm to 20 nm under irradiation, 
whereas the aluminium shell size decreases from the initial value of 
120 nm to 70 nm. The formation of core – shell nanoparticles is 
explained by the difference in the melting temperatures of the ini-
tial nanoparticles and the difference in the lattice parameters of 
their materials. The thus obtained core – shell nanoparticles retain 
ferromagnetic properties. Possible applications of these nanoparti-
cles are discussed.
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1. Introduction 

Laser  ablation  of  solids  is  one  of  the  ways  to  fabricate 
nanoparticles,  which  is  alternative  to  chemical  and  other 
methods. The synthesis of chemically pure and biocompatible 
nanoparticles is an actual problem of modern science, because 
the range of application of nanoparticles in medicine and in 
biology is constantly expanding [1, 2]. These particles can be 
formed using laser ablation of solids in liquids [3]. In contrast 
to the chemical processes of nanoparticle formation, stabilis-
ing ions and surfactants are absent in the synthesised colloids 
during laser ablation. In addition, the newly formed nanopar-
ticles  remain  in  the  same  liquid  where  a  solid  target  was 
ablated;  hence,  they  can  interact  with  the  laser  beam. 
Generally, this interaction changes the size distribution func-
tion  of  nanoparticles.  For  example,  laser  irradiation  of  an 
ensemble of nanoparticles in a liquid causes their fragmenta-
tion: the average nanoparticle size decreases, and the second 
maximum arises in their distribution function in the range of 
smaller sizes. If a mixture of nanoparticles of different materi-
als  is  irradiated, one can observe, simultaneously with frag-

mentation,  alloying  of  nanoparticles  (provided  that  the 
nanoparticles  of  the  mixture  have  close  melting  tempera-
tures). For example, laser irradiation of gold and silver leads 
to  the  formation  of  nanoparticles  of  an  Au – Ag  alloy,  in 
which the ratio of metals is determined by their total amount 
in the initial mixture of colloids [4, 5]. The reason is that Au 
and Ag are mixed  in any proportions, because  these metals 
have close lattice parameters.

Fragmentation of nanoparticles under laser irradiation is 
not  the  only  scenario:  short  (picoseconds)  laser  pulses may 
cause  agglomeration  of  Au  and  Ag  nanoparticles  [6,  7]. 
Agglomeration  of Au  nanoparticles  is  also  observed  under 
laser  irradiation  of  colloids  in  liquids  containing  b-active 
additives, e.g., tritium [8]. In both cases, the agglomeration is 
explained by the excess charge of nanoparticles.

If  the  melting  temperatures  of  nanoparticles  forming  a 
mixture  significantly differ,  laser  irradiation of  this mixture 
may lead to the formation of core – shell nanoparticles. This 
process is determined by the difference in the crystallisation 
temperatures  of  nanoparticles  cooled  after  the  laser  pulse. 
Upon cooling, nanoparticles with a higher melting tempera-
ture become solid earlier than those with a lower melting tem-
perature. As a result, a nanoparticle that is still liquid enve-
lopes  a  more  refractory  (which  already  turned  to  solid) 
nanoparticle  to  form  a  shell  around  it.  These  core – shell 
nanoparticles were obtained under  laser  irradiation of mix-
tures of Al and Ti nanoparticles and mixtures of Al nanopar-
ticles and Co nanorods [9, 10]. Aluminium, which has a lower 
(650 °C) melting  temperature  than  Ti  and  Co,  forms  shells 
around more refractory cores in both cases. Due to the devia-
tion  of  laser  heating  from  equilibrium,  these  nanoparticles 
can  be  formed  even  when  there  are  stable  homogeneous 
phases of the corresponding alloy. Apparently, a metal alloy 
cannot  arise  in  this  case,  because  the  solidification  time  of 
particles is short in comparison with their interdiffusion time.

In  [9,  10],  the  sizes  of  nanoparticles  forming  core – shell 
nanoobjects as a result of laser irradiation were comparable. 
It is of interest to consider the case where the sizes of nanopar-
ticles forming a shell greatly exceed the sizes of core nanopar-
ticles. In this paper, we report the results of an experimental 
study  of  the  formation  of  core – shell  nanoparticles  with  a 
small  (~10  nm)  size  of  iron  core  and  a  relatively  large 
(~100 nm) diameter of aluminium shell.

2. Experimental 

We used a mixture of  iron and aluminium nanoparticles  in 
absolute ethanol. Note that nanoparticles of both types were 
obtained by methods different from laser ablation in liquids: 
aluminium nanoparticles were synthesised as a result of elec-
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tric  explosion of  fine Al wires  in vacuum  [Alex  (aluminium 
explosion)  nanoparticles],  while  iron  nanoparticles  by 
obtained chemically: by reducing an iron salt in polyol at an 
elevated temperature [11]. In contrast to the previous investi-
gations on  laser  alloying of  nanoparticles  in  liquids  [9,  10], 
our objects of study were nanoparticles with sizes differing by 
almost an order of magnitude. Iron nanoparticles are ~8 nm 
in size, and some of them exhibit faceting, whereas aluminium 
nanoparticles have a size of ~100 nm, and they often have a 
hexagonal shape. In addition, the sample contains also chains 
of  nanoparticles,  consisting  of  two,  three,  or  more  interal-
loyed small particles. The suspension was irradiated by 1064-
nm neodymium laser pulses with an FWHM of 10 ns, a repe-
tition frequency of 10 kHz, and energy of ~1 mJ. The laser 
beam was focused in the liquid by a lens with a focal length of 
3 cm. The laser power density (beam intensity in the waist) in 
the suspension was estimated to be 1010 W cm–2. It is rather 
difficult  to obtain a more accurate value, because one must 
take into account the beam focusing conditions in the liquid 
and  the  radiation  absorption  and  scattering  by  the  suspen-
sion. The morphology of nanoparticles and their size distri-
bution were determined from transmission electron micros-
copy  (TEM)  images  of  the  samples.  Extinction  spectra  of 
nanoparticles were recorded on an Ocean Optics fibre-optic 
spectrometer.

3. Results and discussion

TEM images of the initial mixture of nanoparticles are shown 
in Fig. 1. The average sizes of iron and aluminium nanopar-
ticles are, respectively, 8 and ~100 nm. It can be seen that Al 
nanoparticles dominate in the sample, despite their lower (in 
comparison with iron) density. The difference in the atomic 
masses of iron and aluminium allows one to recognise these 
materials from the contrast of TEM images: iron has a higher 
contrast. Figure 2 shows a TEM image of an irradiated mix-
ture of iron and aluminium colloids.

The  melting  temperatures  of  iron  and  aluminium  are, 
respectively,  1530° С  and  658° С.  In  this  context,  the  iron 
nanoparticles  covered  by  the  laser  beam  during  irradiation 
undergo melting  later  than aluminium nanoparticles during 
laser irradiation and pass to the solid phase earlier when the 
irradiation is over. It can be seen in Fig. 2 that the size of the 
iron core of core – shell nanoparticles is much larger than the 
initial size of iron nanoparticles (Fig. 1b). The inset in Fig. 2 
shows  that  some  of  core – shell  nanoparticles  are multicore 
ones. An analysis of Fig. 2 makes it possible to plot size distri-
butions  of  core – shell  nanoparticles  and  their  Fe  cores 
(Fig. 3).

It  can be  seen  in Fig. 3  that  the average  size of Fe core 
increases by a factor of about three and the distribution max-
imum is in the vicinity of 25 nm. At the same time, the size of 
core – shell Fe@Al particles  is  50 – 80 nm, which  indicates a 
decrease of aluminium nanoparticles in size.

Under  conditions of  this  study,  the  temperature of  iron 
nanoparticles significantly exceeds the melting temperature of 
bulk iron; hence, particles can coagulate with the formation 
of a sphere, whose diameter greatly exceeds their initial size. 
Note that the cubic shape of some initial iron nanoparticles 
[11], observed in Fig. 1b, changes to spherical after laser irra-
diation. Cobalt nanorods undergo a similar transformation: 
they acquire a spherical shape during laser heating in liquid 
ethanol [10]. This transformation is apparently caused by the 
surface tension forces, which provide a shape with minimum 

surface energy for the melt: spherical. This shape is typical of 
most  nanoparticles  obtained  by  laser  ablation  of  solids  in 
liquids.

Under  steady-state  conditions,  four  stable  phases  are 
formed in alloys of the Fe – Al system: Fe3Al, FeAl2, Fe2Al5, 
and FeAl3. Each of  them has a  certain homogeneity  range, 
depending on  the  ratio of  the aluminium and  iron contents 
[12]. There is a region in the phase diagram of the Fe – Al pair, 
where both metals are liquid but do not form a stable phase. 
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Figure 1. TEM images of the initial suspension of aluminium and iron 
nanoparticles in absolute ethanol. 

200 nm

Figure 2. TEM  image  of  the  suspension  of  aluminium  and  iron 
nanoparticles subjected to 10-min laser irradiation at a pulse repetition 
rate of 10 kHz. The inset shows an enlarged image 400 ́  400 nm in size.
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Apparently, in this range of temperatures and relative Fe/Al 
contents, core – shell nanoparticles may arise without the for-
mation of a homogeneous phase. However, one must remem-
ber that the Fe – Al phase diagram reported in the literature is 
characteristic  of  only  equilibrium  conditions.  Generally, 
other phases can be formed in such a strongly nonequilibrium 
process as pulsed laser heating of nanoparticles.

Since the initial colloidal solution of the aluminium – iron 
mixture was obtained by adding individual powders of metals 
to  the  common  dispersed  medium  (absolute  ethanol),  the 
core – shell  Fe@Al  nanoparticles,  observed  in  Fig.  2,  were 
formed  due  to  the  interaction  between  the  molten  compo-
nents.  These  conditions  can  be  implemented  in  two  ways. 
First, a two-component agglomerate may just find itself in the 
region of laser beam waist. The environmental vapour pres-
sure will bring particles closer to each other if they are initially 
in contact. Heating of the agglomerate will first lead to melt-
ing of the component with a lower melting temperature (alu-
minium in our case), and the molten particles will wet their 
‘solid’ neighbours to form a shell, with a possibility of form-
ing  an  alloy  phase  at  the  interface  upon  further  heating. 
However, a more likely process is splitting agglomerates into 
small particles, because coagulation and change in the shape 
of iron particles is observed in experiments. At the same time, 
nanoparticles may interact  in the  liquid phase as a result of 
aggregation  of  vapour  bubbles,  which  are  formed  around 
each heated metal particle.

The vapour shell formed around a particle in a laser beam 
contains vapour of the working liquid in which laser irradia-
tion occurs. In addition, since the irradiation of nanoparticles 
is accompanied by the formation of plasma, the shell contains 
also products of liquid dissociation induced by plasma elec-
trons. In the case of water, these products include gaseous Н2 
and О2, as well as Н2О2 [13 – 15]. During laser irradiation the 
suspension of nanoparticles in liquid ethanol (С2Н5ОН), Н2 
and О2 are released in the initial stage. The oxygen content in 
the  liquid decreases with an increase  in the total  irradiation 
time,  because  this  oxygen,  dissolved  in  the  liquid,  is  not  a 
product of ethanol dissociation induced by plasma electrons 
during optical liquid breakdown. With an increase in the laser 
irradiation time, only one gaseous product remains in the liq-
uid:  hydrogen  (H2);  i.e.,  the  nanoparticles  have  a  reducing 
environment, which impedes oxidation of their material. The 
released hydrogen is dissolved well in liquid aluminium; when 
a nanoparticle is solidified, hydrogen remains in it in the form 
of a cavity, as can be seen in the inset in Fig. 2. This pattern is 
in good agreement with the previously observed formation of 
Al nanoparticles with cavities during laser ablation of an alu-
minium target in ethanol [16]. Obviously, the aluminium shell 
around the iron core of Fe@Al nanoparticles is oxidised by 
air  oxygen  when  nanoparticles  are  transported  onto  the 
microscope grid. However, this is native oxide, whose thick-
ness does not exceed 2 – 3 nm. In addition, during laser irra-
diation of  a  suspension  in  liquid  ethanol,  the  latter decom-
poses  to  disordered  carbon  [17],  which  can  form  a  shell 
around newly formed Fe@Al nanoparticles. This shell cannot 
be distinguished in TEM photographs of the samples because 
of its low contrast and thickness.

Extinction  spectra  of  an  irradiated mixture  of  iron  and 
aluminium colloids in absolute ethanol are shown in Fig. 4. 
The  spectra of  the  initial mixture have no pronounced  fea-
tures in the range of 200 – 800 nm. The reason is that the size 
of Al nanoparticles  is about 100 nm or even more, and  the 
plasmon resonance peak of so large metal nanoparticles can 
barely be observed. In addition, the nanoparticles are rapidly 
sedimented in liquid, giving no contribution to absorption. At 
the  same  time,  the  plasmon  resonance  peak  of  10-nm  Fe 
nanoparticles, being located near 200 nm [18], is imposed on 
the fundamental absorption edge of ethanol. Since the frac-
tion of faceted nanoparticles is small, there are no other reso-
nances, which are observed in the spectra of cubic nanoparti-
cles and correspond  to vibrations along different  cube axes 
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Figure 3. Size distributions of (a) cores of Fe@Al nanoparticles and (b) 
nanoparticles themselves. The vertical line in panel (a) indicates the ini-
tial size of iron nanoparticles. The solid curves are approximations.
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[19, 20]. The peak in the vicinity of 275 nm can apparently be 
assigned to core – shell Fe@Al nanoparticles.

The  core – shell  Fe@Al  nanoparticles  obtained  by  laser 
irradiation  of  a  mixture  of  colloids  retain  their  magnetic 
properties.  This  circumstance  is  favourable  for  practical 
applications  of  these  particles  in  medicine  and  in  biology, 
because  aluminium  oxide  Al2O3  is  biocompatible  and 
core – shell Fe@Al nanoparticles have magnetic properties.

4. Conclusions

It was experimentally shown that laser irradiation of a mix-
ture of colloidal solutions of iron and aluminium nanoparti-
cles leads to the formation of core – shell nanoparticles, whose 
core and shell consist of iron and aluminium, respectively. In 
contrast  to  the previous works devoted  to  the  formation of 
core – shell nanoparticles, the core and shell sizes of the objects 
under  study  were  found  to  change  in  opposite  directions. 
Specifically, iron nanoparticles increase in size as a result of 
laser irradiation, whereas the size of aluminium nanoparticles 
decreases in comparison with the initial one. As in the previ-
ous  studies,  the  formation  of  core – shell  nanoparticles  is 
explained by the difference in the melting temperatures of the 
initial mixture components. It should be emphasised that, as 
far as we know, the possibility of fabricating Fe@Al nanopar-
ticles  by  chemical  methods  has  not  been  investigated.  The 
results obtained are indicative of flexibility of the technique of 
laser  ablation  in  liquids,  which  makes  it  possible  to  form 
nanoparticles with diverse morphologies.
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