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Abstract.  Co – Cu  nanoparticles  were  obtained  by  pulsed  laser 
ablation  in  a  liquid  medium  in  a  constant  magnetic  field.  The 
organic solvent, hexane, served as a liquid medium. The influence of 
the magnetic field on the formation of nanoparticles was studied. It 
is shown that the magnetic field leads to a decrease in the size dis-
tribution width of the resulting nanoparticles.
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1. Introduction 

The  development  of  modern  heterogeneous  catalysis  is 
directly related to the development of nanotechnology in gen-
eral and precision methods for the synthesis of nanomaterials 
in particular.  Intermetallic nanoobjects occupy a significant 
place in catalysis. 

The modern approach  to  the  creation of metallic nano-
structured materials consists in growing metal nanoparticles, 
nanowhiskers and nanofilms from solutions [1 – 3], as well as 
by the methods of vacuum epitaxy [4, 5] and plasma spraying 
[6]. None of these methods is free from disadvantages. Some 
of them require the use of various reagents and are accompa-
nied  by  co-products,  often with  significant  toxicity.  Others 
require bulky and expensive vacuum technology. Still others 
have a  low yield of  the  target product, which  leads  to high 
final cost of the product [7].

The advantages of the method of laser ablation in liquid 
are its versatility, possibility of using a wide range of materi-
als, ease of implementation, as well as the absence of the need 
for vacuum technology and the need for reagents, especially 
in cases where ablation is carried out in water. In Refs [8 – 10], 
the applicability of the method for ablation of pure metals, as 
well  as  copper  containing  alloys  of  complex  composition 
(bronze, brass),  is  considered. Kazakevich  et  al.  [8]  showed 
the possibility of self-ordering of the target surface depending 
on the parameters of laser radiation, which makes it possible 
to use not only the nanoparticles obtained, but also the acti-
vated target as catalysts. Goncharova et al. [10] found that the 
use of alcohol as a liquid medium for laser ablation of copper 
leads to the formation of predominantly metallic nanoparti-

cles. However,  this method  is  not  free  from disadvantages, 
too. Like other methods of deep dispersion, it does not allow 
sufficiently accurate setting the size of the resulting nanopar-
ticles,  and  hence  their  specific  surface  area, which  causes  a 
significant  decrease  in  the  catalytic  properties  of  the  target 
product [11]. 

Cobalt-based  nanoparticles  have  significant  catalytic 
activity [12, 13], which can be substantially increased by intro-
ducing other metals as a modifier [14]. Based on the literature 
data  [15 – 17], we chose  copper.  It  should be borne  in mind 
that  not  only  pure  cobalt  nanoparticles  but  also  cop-
per – cobalt nanoparticles have ferromagnetic properties [18]. 
Ferromagnetism with a coercive  field of 0.036 T was  found 
for nanoparticles, the copper content of which exceeded the 
cobalt content by 1.4 times. According to the authors’ data, 
nanoparticles obtained by joint implantation of metals into a 
quartz glass matrix had the structure of solid solutions with a 
face-centred  cubic  lattice. The  same  structure was observed 
for ferromagnetic nanocrystals formed in a multilayer film on 
a  silicon  substrate with  cobalt  layers  1.9 – 2.0 nm  thick and 
copper layers 0.5 – 1.3 nm thick [19]. 

In this work, an attempt is made to improve the control-
lability of the synthesis of heterometallic Co – Cu nanoparti-
cles by  laser ablation in a  liquid using a target with a given 
morphology as a result of exposure to a magnetic field. 

2. Experimental technique 

Bimetallic  targets  of  the  cobalt – copper  composition  were 
prepared by  the method of  ion sputtering on  the surface of 
polished high-purity nickel. For deposition, we used a Gatan 
PECS  682  system  with  an  accelerating  voltage  of  30  keV, 
which makes it possible to obtain layers with a thickness of 
0.1 nm. The bombardment of cobalt and copper was carried 
out with argon ions. As sources of cobalt and copper, we used 
samples of epitaxial-quality single crystals (99.99 % purity).

An  Amplitude  Technology  laser  complex  with  a  wave-
length of 795 nm, a pulse repetition rate of 50 Hz, and a pulse 
energy of 1.45 mJ was used for ablation. The pulse duration 
was 2 ps. Ablation was performed in the focus of an optical 
system with a focal length of 100 mm. The focal spot diameter 
was 300 mm. Thus, the energy density of the radiation pulse 
was 15 mJ mm–2, and the power density was 15 GW mm–2. 

Ablation was  implemented  in  a  liquid medium  (reagent 
grade hexane) with preliminary purging with argon for 20 min 
to  remove  dissolved  oxygen.  The  sample  volume  was 
1.2 – 1.45 mL. The ablation time was 15 min. 

Nanoparticles  obtained by  ablation were  removed  from 
the  solution by  centrifugation at  an acceleration of  8000 g. 
Then  the  extracted  particles  were  deposited  on  a  prepared 
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silicon  plate  to  obtain  their  images  by  scanning  electron 
microscopy and conduct elemental analysis of the sample.

To study the morphology and dimensional parameters of 
nanoparticles, a Zeiss Supra 40VP scanning electron micro-
scope with a maximum magnification of 2 nm was used. The 
microscope was equipped with an attachment  for elemental 
analysis of samples. 

When studying the effect of a magnetic field on the abla-
tion of a cobalt – copper target, we used a permanent neodym-
ium magnet made of NdFeB, grade N35H, in the form of a 
cylinder 19 mm in diameter and 4 mm high, which created a 
magnetic field in the quartz cell with a magnetic induction of 
~890 G. In Ref. [20], a similar technique was used to collect 
nanoparticles during laser ablation of a cobalt-based alloy in 
an argon jet. 

3. Results and discussion 

3.1. Target fabrication 

The  cobalt – copper  phase  diagram  is  a  peritectic-type  dia-
gram with limited solubility of metals in each other (up to 5 % 
cobalt in copper and up to 7.3 % copper in cobalt). According 
to some data [8, 21, 22], nanoparticles with the limiting solu-
bility of up to 18 % for both alloy components were obtained 
by the methods of sol – gel growth followed by annealing in an 
inert gas flow, as well as by the method of laser ablation. The 
catalytic  properties  of Co – Cu nanoparticles  are due  to  the 
contact of at least two different phases: solid solutions based 
on  cobalt  and  based  on  copper.  Therefore,  to  obtain  such 
nanoparticles, their gross composition must sufficiently differ 
from the compositions of both solid solutions. Based on this, 
the following ratio of the gross content of cobalt and copper 
was  chosen:  [Cu]/[Co]  =  1.1.  Hereinafter,  the  content  is 
expressed in mass percent.

Target 1 was prepared by simultaneous ion deposition of 
cobalt and copper with two different ion beams on the nickel 
surface without subsequent annealing. This made it possible 
to obtain a deposited  layer with a  thickness of 760 nm at a 
metal  content  ratio  according  to  the  results  of  Energy 
Dispersive X-Ray (EDX) analysis [Cu]/[Co] = 1.34. The total 
foreign matter  content was  less  than  10 %, with more  than 
half  of  this  amount  being  carbon  deposited  for  electron 
microscopy. 

To prepare target 2, we used the method of layer-by-layer 
plasma sputtering on a nickel substrate. Figure 1 shows pho-
tographs of the surface of such a target and its cross section 
obtained by  ion etching. Target 2 consists of 40 alternating 
layers of cobalt and copper with a total thickness of 1020 nm. 
The  thickness of  each monometallic  layer  in  the  target was 
25 – 27 nm for cobalt and 27 – 31 nm for copper, and the ratio 
of the metal contents in the target was [Cu]/[Co] = 1.09. 

The idea of forming bimetallic layers to obtain nanopar-
ticles  whose  composition  differs  from  the  composition  of 
solid solutions is generally not new and was used in one form 
or another in Refs [23, 24]. They show the fruitfulness of this 
method  for  creating  heterometallic  particles. However,  this 
approach does not eliminate the main disadvantage of laser 
ablation in a liquid  –  a rather large spread in particle sizes. 

The novelty in our case lies in the formation of these lay-
ers by the method of ion sputtering. This makes it possible to 
form layers with high accuracy, which, in turn, makes it pos-
sible  to reliably determine the elemental composition of  the 
resulting bimetallic nanoparticles. 

The required layer thickness and the total thickness of the 
ablated target were calculated based on the parameters of an 
elementary ablation event. A necessary condition is the abla-
tion of several layers from the target surface in a single abla-
tion event. According to our estimates, the depth of ablation 
performed by one laser pulse is 60 – 65 nm. 

3.2. Production of Co – Cu nanoparticles 

As a result of the action of a laser pulse on a layered target, a 
shallow crater is formed (Fig. 2). The image of the crater and 
the micrograph of its bottom show a structure with a devel-
oped surface and a characteristic size of 1 – 3 mm, free from 
traces  of  melting  or  ejection  of  significant  fragments.  In 
Ref.  [8],  photographs  of  similar  craters  with  the  observed 
periodicity of the structure for bronze, brass and tungsten are 
presented. 

After centrifugation of a colloidal solution of nanoparti-
cles,  their suspension was applied to a silicon substrate and 
dried. Elemental analysis showed that the  [Cu]/[Co] content 
ratio for nanoparticles from the first target is 1.75, and from 
the  second,  0.84. For  further work,  nanoparticles  from  the 
second target were selected, since the indicated ratio for them 
is closer to the previously selected value 1.1. 

Figure 3a  shows a micrograph of Co – Cu nanoparticles 
obtained by laser ablation, and Fig. 3b shows their size distri-
bution. 

Histograms  were  obtained  using  the  Gatan  Digital 
Micrograph and ImageJ software with correction for contrast 
and background brightness. The distribution diagrams were 
plotted with a  change  in  the  contrast  and brightness of  the 
micrograph to eliminate the effect of the background on the 
measurement results. Histograms were constructed by count-
ing nanoparticles with pixel-sized calibration. Since the mea-
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Figure 1.  (a) Cross section and (b) surface of  the  layered structure of 
target 2 (layer-by-layer deposition). Element mass ratio is [Cu]/[Co] = 
1.09.
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surement results are highly dependent on the preparation of 
the  image,  the  histograms  were  calculated  manually  from 
three photographs printed in A3 format with the maximum 

resolution. The histograms obtained by three methods coin-
cide with an error of about 9 %. 

The average diameter of nanoparticles is D = 33 nm, and 
the  half-width  of  their  size  distribution  is  W  =  12  nm. 
However, there is a more adequate parameter M characteris-
ing  the  degree  of monodispersity  of  the  ensemble, which  is 
calculated as the ratio of the average diameter to the distribu-
tion half-width. For the ensemble under consideration, M = 
2.75. Elemental analysis showed that the Ni content does not 
exceed  4 %. This  indicates  that  the  thickness  of  the  layered 
target  is  sufficient  for practical  elimination of  the  substrate 
ablation. A photograph of individual nanoparticles (Fig. 3a) 
shows that they have a regular spherical shape and, therefore, 
were  formed  directly  during  the  ablation  event  rather  than 
during the subsequent agglomeration. 

The absence of traces of subsequent agglomeration, which 
can be expected for magnetic particles, is probably due to sev-
eral reasons. First,  the volume of these nanoparticles  is one 
and a half orders of magnitude  smaller  than  the volume of 
single-domain Co  particles  [25].  Second, magnetic  particles 
are  only  half  composed  of Co, which, moreover,  is  a  solid 
solution of copper in cobalt. As a result, the magnetism of the 
nanoparticles  is  apparently  insufficient  to  lead  to  their 
agglomeration. 

The  following  scheme was used  to extract nanoparticles 
directly from the colloidal solution during laser ablation and 
fix them on the surface (Fig. 4). A polished silicon substrate 
was placed in the ablation cuvette perpendicular to the target. 
Part of its surface was coated with pure cobalt using vacuum 
deposition. The thickness of  the cobalt coating was 860 nm 
(Fig. 5a demonstrates the quality of the applied cobalt layer). 
A permanent magnet was installed outside the cell so that its 
lines of force were perpendicular to the surface of the silicon 
substrate. 

Immediately after the ablation, the silicon substrate was 
removed from the cuvette without any additional operations. 
Figure 5b shows that a ferromagnetic cobalt film, in contrast 
to  a  clean  surface  of  a  silicon  substrate,  effectively  retains 
Co – Cu nanoparticles  obtained by  laser  ablation  in  a mag-
netic field. It should also be noted that, judging by the photo-
graph  (Fig.  5b),  the  ensemble of nanoparticles has a  rather 
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Figure 2.  Images of an ablation crater on the surface of a Co – Cu tar-
get: (a) general view and (b) structure of the crater bottom. 
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Figure 3.  (a) Micrograph  of  Co – Cu  nanoparticles  obtained  by  laser 
ablation in liquid and (b) diagram of nanoparticle size distribution. 
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Figure 4.  Schematic of the setup (side view) for ablation of a Co – Cu 
target in a magnetic field: ( 1 ) laser radiation source; ( 2 ) laser beam; ( 3 ) 
cell; ( 4 ) target; ( 5 ) silicon substrate; ( 6 ) deposited Co – Cu layer; ( 7 ) 
magnet.
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narrow size distribution. This was confirmed by an analysis of 
the particle size distribution (Fig. 6b), performed using a pho-
tograph of an ensemble of nanoparticles located on a section 
of a silicon substrate covered with a cobalt layer (Fig. 6a). 

It can be seen from Fig. 6b that the application of a mag-
netic  field during ablation  led  to  two  significant  changes  in 
the parameters of the ensemble of the resulting nanoparticles. 
The average nanoparticle diameter D increased by 3.5 times 
and became equal to 120 nm. This means that their volume 
has increased 40 – 50 times. The half-width of the nanoparticle 
size distribution W was found to be 19 nm. Thus, the param-
eter М increased by 2.3 times and reached a value of 6.3. 

It can hardly be assumed that the magnetic field has a sig-
nificant effect on the ablation process itself, characterised by 
high  temperatures  and  energy  consumption. Most  likely,  it 
stimulates  the  agglomeration  of  nanoparticles,  increasing 
their  initially  insufficient magnetic moments. A photograph 
of individual nanoparticles (Fig. 7), which convincingly dem-
onstrates  that  they  are  dense  agglomerates  of  smaller 
nanoparticles confirms this. 

Analysis of the literature data on the size distribution of 
nanoparticles  [8,  21,  22,  25 – 27]  shows  that  the  degree  of 
monodispersity is significant and cannot be a result of purely 
statistical processes. To achieve this, there must be a mecha-
nism  that  increases  the  probability  of  the  formation  of 
medium-sized  nanoparticles.  It  can  be  assumed  that  in  this 
case  such  a mechanism  is  based  on  the  achievement  of  the 
critical  size of single-domain particles by nanoparticles as a 
result of the agglomeration process. It is known that it is pre-
cisely  single-domain  nanoparticles  that  have  the maximum 

coercive force and magnetisation [25, 27]. According to [21], 
the  critical  size  of  single-domain  particles  of  pure  cobalt  is 
70  nm. It was shown in [18] that the coercive field for nanopar-
ticles containing copper and cobalt with a concentration ratio 
of [Cu]/[Co] = 0.5 is only 3.2 times smaller than for nanopar-
ticles of pure cobalt. In this regard, the assumption that the 
size of the Co – Cu nanoparticles obtained in a magnetic field, 
equal to 120 nm, is close to the critical size of single-domain 
nanoparticles with the ratio [Cu]/[Co] = 0.84, seems reason-
able. Thus, the agglomeration of individual nanoparticles in 
an external magnetic field is apparently limited by the attain-
ment  of  the  critical  size  of  single-domain  particles.  This 
explains the relatively narrow size distribution of agglomer-
ated particles. 
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Figure 5.  (a) Silicon substrate with a ferromagnetic cobalt layer before 
deposition of Co – Cu nanoparticles and (b) the boundary between the 
areas of the silicon substrate covered with a cobalt layer (left) and un-
coated (right) after deposition of Co – Cu nanoparticles  in a magnetic 
field; contrasting white inclusions are clearly visible, corresponding to 
deposited nanoparticles.
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Figure 6.  (a) Micrograph  of  Co – Cu  nanoparticles  obtained  by  laser 
ablation in a constant magnetic field and (b) diagram of nanoparticle 
size distribution. 
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Figure 7. Micrograph  of  four  Co – Cu  nanoparticles.  Their  granular 
structure is visible.
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4. Conclusions 

The use of a target consisting of alternating Co and Cu nano-
layers makes it possible to obtain intermetallic nanoparticles 
with a composition close to the specified one by laser ablation 
in a liquid. Ablation in a magnetic field makes it possible to 
increase the monodispersity of the ensemble of the resulting 
nanoparticles. The half-width of the nanoparticle size distri-
bution turns out to be less than the average nanoparticle size 
by more than six times. The possibility of efficient extraction 
of  ferromagnetic  nanoparticles  from  a  colloidal  solution  in 
which ablation was carried out using a substrate coated with 
a cobalt film less than a micrometer thick in an applied con-
stant magnetic  field  is shown. The unification of  the size of 
cobalt nanoparticles is important when they are used in het-
erogeneous catalysis, including in closed-type reactors, where 
the catalyst is obtained by laser ablation directly in the reac-
tion medium. 
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