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Abstract 
Fe-Co alloy nanoparticles of different compositions (Fe content of 76, 51, and 30 at.%), along with pure Fe and 

Co nanoparticles, were prepared by pulsed-laser inert gas condensation, consisting in laser ablation of Fe-Co 

alloy targets under helium atmosphere. From the morphological point of view, the obtained nanoparticles have 

nearly spherical shape, follow a lognormal size distribution and exhibit little aggregation. X-ray diffraction and 

high-resolution electron microscopy coupled with electron energy loss spectroscopy show that the Fe-Co 

nanoparticles are single crystals with body-centred cubic structure. Furthermore, in the majority of 

nanoparticles the composition is highly uniform across the whole diameter and there is little variation in 

composition from one nanoparticle to another. Exposure to non-inert atmosphere leads to the formation of a 

core@shell metal@oxide morphology characterized by a spinel oxide shell of 2-3 nm around the metallic alloy 

core. All samples display a ferromagnetic behaviour, characterized by a hysteretic magnetization loop. The 

saturation magnetization attains a maximum value of 2.43 Bohr magnetons per atom for Fe content of 76 at.%, 

in agreement with the Slater-Pauling curve for alloys of 3d elements. Instead, the coercive field, ranging from 

29 to 60 kAm-1, is much larger than the reported values for polycrystalline bulk Fe-Co compounds and 

monotonically increases from pure Fe to pure Co. These results demonstrate that pulsed-laser inert gas 

condensation allows to prepare high-quality nanoalloys with tailorable magnetic properties, overcoming the 

limitations of thermal evaporation methods with respect to compositional control. 

Keywords: Nanostructured Materials; Metals and Alloys; Magnetically Ordered Materials; Pulsed Laser 

Ablation; Transmission Electron Microscopy; Magnetisation 



Introduction 
Since the early advent of metallurgy, mixing different elements into alloys and intermetallic compounds 

allowed mankind to extend the properties of metallic systems. The fine control over composition and structure 

promoted the tailoring of materials with well-defined mechanical, magnetic, optical, electronic and catalytic 

properties that are crucial to many applications. 

It is no surprise that, in the contemporary days of nanoscience, the centre stage has been taken by the 

ambition to achieve a similar control over the composition and structure of nanomaterials. In this context, the 

term nanoalloys was coined to indicate nanoscale objects, such as clusters, nanoparticles (NPs), and nanowires, 

constituted by two or more elements [1,2].  

Nanoalloys can be fabricated by different techniques, which include vapour condensation, chemical reduction, 

thermal decomposition of transition-metal complexes, electrochemical synthesis, and even biosynthesis [1]. 

Vapour condensation is a physical method that relies on the production of atomic vapours followed by their 

condensation in a cooling atmosphere, usually an inert gas able to induce supersaturation and homogeneous 

nucleation [3]. Compared to most wet chemistry techniques, it offers the advantage of providing ligand-free, 

self-standing, high purity nanoalloys with the drawback of requiring more costly equipment. Different options 

are available for vapour generation starting from solid precursors, such as thermal evaporation, laser ablation, 

ion or magnetron sputtering, and electrical discharge. Whatever the vaporization method of choice, the 

stoichiometry of the sample must be precisely controlled and uniform throughout. This is seldom achieved by 

thermal evaporation of precursor alloys, because the evaporation rates of the constituting elements are usually 

different and strongly temperature dependent [4]. To bypass this limitation, rate-controlled evaporation of 

elemental precursors from different sources may be employed [5], although it does not guarantee full vapour 

mixing prior to condensation. An alternative approach employs magnetron sputtering of alloy targets at higher 

pressure than conventionally used for thin-film deposition; in this setup, the condensed nanoparticles are 

usually carried away by gas expansion through a nozzle [6].   

Pulsed-laser ablation in high vacuum is a technique usually adopted for deposition of thin films with complex 

stoichiometry. In the last two decades, pulsed-laser ablation in liquid emerged as a flexible method for the 

synthesis of colloidal NPs with various compositions, including nanoalloys of metastable elements and metal 

oxides [7,8]. Besides ablating a bulk target immersed in a liquid, various liquids can be used as a direct target, 

including solutions of colloidal particles. In fact, under laser irradiation, particles in the suspension can be 

transformed into particles with different size and same or different shape, crystal phase, and stoichiometry. 

The synthesis and processing of colloids by laser irradiation has emerged as a powerful tool for synthesizing 

ligand-free nanomaterials in a liquid [9]. 

In a yet different approach, pulsed-laser ablation can be combined with inert gas condensation (PL-IGC) to 

overcome the problem of stoichiometric control typical of thermal vapour sources, thus gaining access to the 

preparation of a broad range of nanoalloys, which are not dispersed in a liquid. The application of this versatile 

method to elements, oxides and alloys has been demonstrated recently by Bag et al [10]. The present work 

reports on the structure and magnetic properties of Fe-Co alloy NPs prepared by PL-IGC with Fe contents of 76, 

51, and 30 wt%, along with pure Fe and Co NPs. Fe-Co nanoalloys are of great interest thanks to their excellent 

magnetic properties [11,12] that make them prospective candidates for many applications such as: cell 

separation and drug delivery [13,14], hyperthermia [15,16], contrast enhancement in magnetic resonance 

imaging [17], high-frequency power applications [18], electromagnetic wave absorption [19,20]. Moreover, Fe-

Co NPs show interesting catalytic properties for CO2 hydrogenation, reaching better performances than the 

pure metallic elements [21,22]. Therefore, the development of novel methods for the preparation of Fe-Co NPs 

with tailorable magnetic properties, high purity and negligible aggregation is highly desirable. 



This work demonstrates that by using PL-IGC, one readily obtains Fe-Co nanoalloys, the composition of which 

replicates very well the one of the target precursor. Moreover, in the vast majority of NPs, the distribution of 

Fe and Co is highly uniform throughout the volume. In terms of morphology and structure, the nanoalloys 

appear as nearly spherical single-crystals with body-centred cubic structure, in agreement with the Fe-Co phase 

diagram. Interestingly, their magnetic properties display a high saturation magnetization that follows the 

dependence on composition predicted by the Slater-Pauling curve for alloys of 3d elements. These results 

showcase the possibility of achieving both a high purity and a fine control over the stoichiometry and 

properties of binary NPs by means of the PL-IGC technique.  

Materials and Methods 

Nanoparticles synthesis by PL-IGC 
Fe-Co alloy NPs were synthesized by a combination of Pulsed Laser ablation and Inert Gas Condensation (PL-

IGC) in a helium atmosphere. Fe-Co targets (EvoChem GmbH, 99.95% purity) with different Fe contents (30,

51, 76 at. %) were used as precursors to obtain nanoalloys of different composition. 

The targets were ablated by scanning the surface with an infrared pulsed laser (Yb:YAG, 𝜆 = 1030 nm), having 

a pulse duration < 10 ps and a repetition rate of 800 kHz. The laser was focused on the target by using an f-

theta lens with a focal length of 254 mm. Preliminary experiments were carried out under different conditions 

using an elemental Fe target (SurfaceNet GmbH, 99.95% purity) in order to determine the laser power (20 W) 

and He pressure (1.0 kPa) that optimize the NPs yield. For the synthesis of all Fe-Co nanoalloys, the selected 

laser power was 20 W and the diameter of the focused spot was 25 μm, corresponding to an irradiance of 

4.1 × 1010 W cm−2. Full details of the experimental setup are reported in the Supplementary Material (SM) 

and in a previous publication [10]. 

The NPs condensed within the laser plume were rapidly removed from the laser-irradiated zone by the 

incoming He flow, which transported the NPs towards a collection surface consisting of a stainless steel spiral 

internally cooled by liquid nitrogen. As shown in Figure S1, the collection unit can be sealed by means of two 

gate valves. In this way, it was possible to seal the collection unit under a slight Ar overpressure and open it 

inside a glove box, in order to scrape off the NPs for subsequent structural analyses. 

Structural and morphological characterization 
The morphology, size distribution and composition of the NPs were analysed using a Zeiss LEO 1530 field 

emission scanning electron microscope (FE-SEM) equipped with in-lens electron detector and energy-dispersive 

x-ray microanalysis (EDX).

The crystalline structure of Fe−Co alloy NPs was determined by x-ray diffraction (XRD) with a Bragg-Brentano 

Bruker diffractometer employing a liquid Ga jet as anode (𝜆𝐾𝛽 = 1.20759 Å). The NPs were loaded inside the 

Ar-filled glovebox on an XRD stage, which was sealed by a kapton window to prevent air exposure. 

The structure and composition at the single NP level was investigated by a FEI Titan 80-300 transmission 

electron microscope (TEM) operated at 300 kV and equipped with a spherical aberration corrector and a Gatan 

Tridiem 965 image filter for energy-filtered TEM (EFTEM) imaging. Line profiles of atomic composition were 

measured by collecting electron energy loss spectra (EELS) in scanning TEM (STEM) mode along with high-angle 

annular dark field (HAADF) intensities by scanning the electron beam across the particle. The TEM specimens 

were prepared inside the glove box by dispersing the NPs onto gold grids coated with a holey carbon film and 

loaded onto a Gatan vacuum transfer holder without air exposure.  



Magnetic measurements 
The magnetic properties of NPs were investigated with an extraction magnetometer (MAGLAB SYSTEM2000 by 

Oxford Instruments). Magnetic hysteresis loops were collected at room-temperature (T = 295 ± 1 K) with a 

maximum applied magnetic field of 1.8 T. The NPs were sealed in quartz vials filled with a low-pressure He 

atmosphere, to avoid oxidation. A Teflon cap was used to fix the powder and prevent the movement of NPs 

during the measurement.   

Results and Discussion 

Dependence of nanoparticles size and yield on synthesis conditions 
Two preliminary sets of experiments, using an elemental Fe target, were carried out to evaluate the influence 

of a) laser power and b) He gas pressure on the yield rate and size distribution of NPs. Figure 1 reports the FE-

SEM images and corresponding size distributions of Fe NPs synthesized at laser powers of 10, 20, and 30 W 

under the same He pressure of 1.0 kPa.  

Figure 1. In-lens FE-SEM images of elemental Fe NPs synthesized by PL-IGC at p(He)=1.0 kPa using different 

laser powers of 30W (a), 20 W (b), and 10W (c). The horizontal scale bar is 100 nm. The corresponding 

distributions of NPs diameters obtained from analysis of each FE-SEM image are shown to the right; the 

parameters of the fitted lognormal functions are reported in Table S1.  



The NPs exhibit an almost spherical shape and their diameter 𝑑 follows a lognormal distribution [23], i.e. ln 𝑑 is 

Gaussian around a median value ln 𝑑̃ with standard deviation ln 𝜎: 

𝑓𝐿𝑁(ln 𝑑) =
1

(2𝜋)1/2 ln 𝜎
exp (−

(ln 𝑑−ln 𝑑̃)
2

2(ln 𝜎)2 ) (1) 

It is clear that both the average diameter and the width of the distribution shift towards larger values with 

increasing power, the effect being particularly evident at 30 W. The parameters of the lognormal distribution 

that best fits the experimental data are reported in Table S1 of the SM. The NPs yield, determined by weighting 

the NPs collected after the synthesis, was about 200 mg/hour at 20 W but decreased by almost two orders of 

magnitude at 10 W. 

The influence of He pressure on NPs size was less evident: Figure S3 of the SM shows FE-SEM images and size 

distributions of Fe NPs synthesized at the same 20 W power under 0.5, 1.0, and 2.0 kPa He pressure (the 

distribution parameters are listed in Table S2). At the lowest He pressure, the NPs tend to stick to the inner 

walls, partially coating the viewport window that allows the laser to access the chamber, resulting in a loss of 

power and potential hazardous heating of the window itself. This issue negatively impacts the NPs production 

rate causing a drastic decrease of the yield at 0.5 kPa. For these reasons, the subsequent synthesis of Fe-Co 

alloy NPs was conducted at 20 W power under a He pressure of 1.0 kPa.  

Structure, composition and size distribution of the NPs ensemble 
The average composition of Fe100−𝑥Co𝑥 nanoalloys determined by SEM-EDX shows an excellent agreement with 

that of the precursor target, as reported in Table 1, demonstrating that the PL-IGC method is very effective in 

preserving the original stoichiometry. 

Figure 2. XRD patterns (𝜆 = 1.20759 Å) of Fe100−xCox NPs prepared by PL-IGC at 20 W laser power and 1.0 kPa 
He pressure. The black solid lines are the experimental data, while the coloured areas represent the calculated 
contribution from a bcc solid solution. The Miller indices of the Bragg reflections are indicated. The 
corresponding distribution of NPs diameters, obtained from the analysis of EFTEM zero-loss images, are shown 
to the right. The lattice parameter and the parameters of the distributions are reported in Table 1.  



The XRD patterns displayed in Figure 2, which also lists the Miller indices assigned to the observed Bragg 

reflections, reveal the presence of a single bcc phase for all compositions. This finding is in agreement with the 

Fe-Co phase diagram, which predicts a homogeneous Fe-Co solid solution up to about 80 at.% Co [24]. The 

lattice parameter of the bcc phase decreases with increasing Co content (see Table 1), as highlighted by the 

shift of the Bragg reflections toward higher angles that becomes particularly evident for high Miller indices, e.g. 

the (321) reflection in Figure 2. This change of lattice parameter is expected on account of the smaller atomic 

radius of Co compared to Fe. Superlattice reflections suggestive of a B2-type ordered phase are not detected, 

even if long-range order is predicted below a composition-dependent critical temperature (about 730 °C for an 

equiatomic alloy). This is due to the fact that B2 ordering requires prolonged annealing at elevated 

temperatures [24] and is therefore unlikely to develop during the fast cooling of the laser plume. Bragg 

reflections of oxide phases are not visible in the XRD patterns, suggesting that by proper handling of the 

nanoalloys it is possible to keep oxidation to a minimum. This high purity allows to attain a high saturation 

magnetization, as described later on. In summary, the picture provided by XRD is that of a disordered (A2-type) 

bcc Fe-Co alloy for all compositions. 

Table 1. Fe content (defined as Fe/(Fe+Co) in at.%) in the target precursor and in the Fe-Co NPs determined by 

SEM-EDS, lattice parameter 𝑎 of the bcc phase, average NPs diameter ⟨𝑑⟩, median 𝑑̃ and width parameter ln 𝜎 

of the lognormal distribution (see equation (1)) for the three Fe100−xCox NPs. The numbers within parenthesis 

represent the standard error in units of the last significant digit. 

Sample name Fe% precursor 
(at.%) 

Fe% in NPs 
(at.%) 

𝑎 
(Å) 

⟨𝑑⟩ 
(nm) 

𝑑̃
(nm) 

ln 𝜎 

Fe76Co24 75.8(5) 75.6(5) 2.8661(2) 21.1 18.2 0.55 

Fe51Co49 50.6(5) 50.7(5) 2.8535(2) 23.4 19.8 0.58 

Fe30Co70 29.8(5) 29.5(5) 2.8406(2) 19.1 16.7 0.52 

The NPs size distributions are displayed in Figure 2, while the corresponding parameters are reported in Table 

1. We notice that both the average diameter and the width of the distribution exhibit a small variation among

the three samples and do not show a correlation with the composition. This feature may be related to the

similar heat of vaporization of Co and Fe (≈ 375 and 350 kJ/mol, respectively) [25] and to the homogeneous

alloy nature of the precursor target. These data suggest that Fe and Co behave likewise within the plasma

plume generated by laser interaction with the metal target and that condensation and coagulation of the two

elements occurs equally [26]. The presence of larger NPs in the distribution tail has already been reported for

other classes of materials obtained via PL-IGC [10].

Composition and crystalline structure of individual NPs 
Figure 3 shows EFTEM images recorded on the Fe30Co70 NPs. The Fe, Co, and O elemental maps are displayed in 

the subpanels to the right, while the main panel shows the bright-field zero-loss image that conveys 

morphological information. Noteworthy, Fe and Co maps are very similar, demonstrating that Fe and Co are 

homogeneously distributed down to the single NP level. This finding is consistent with the presence of a single 

phase in the XRD patterns and confirms that PL-IGC gives rise to a vast majority of alloy NPs with uniform 

composition. Nevertheless, brighter spots visible only in one map suggest that a minority of particles deviate 

from the average composition. From the inspection of several EFTEM maps, we estimate that such NPs amount 

to about 10% of the total. The oxygen elemental map, despite featuring a higher noise because of the smaller 

signal level, highlights that oxygen is more abundant in the near-surface regions of the NPs. The same semi-

quantitative information is obtained for the other two compositions.  



Figure 3. Main panel: EFTEM zero-loss image representative of Fe30Co70 NPs. The corresponding Fe, Co, and O 
elemental maps are reported in the panels to the right.  

A quantitative and spatially resolved analysis of elemental distribution within single NPs is provided by the 

STEM-EELS profiles presented in Figure 4 for all compositions. The Fe, Co, and O atomic percentages reported 

in the insets were obtained from the analysis of EELS acquired along the red arrows in the HAADF images. In 

agreement with the results of EFTEM imaging, it is possible to identify two different composition regions within 

a single NP: an oxygen-rich shell and a metallic core. The remarkable feature of PL-IGC NPs is that the Fe/Co 

ratio remains constant along the core region, showing that the average composition determined by SEM-EDX 

corresponds to the local composition within the NPs. 



 

Figure 4. STEM image of NPs with Fe content of 30, 
51, and 76 at.% increasing from top to bottom. The 
top-right inset in each subpanel reports a line scan of 
the atomic percentages inside a NP, obtained from 
the quantitative analysis of EELS recorded along the 
red arrows. In particular, the yellow, blue, and red 
lines represent the atomic percentages of Fe, Co, and 
O, respectively. 



The presence of a metal@oxide core@shell structure is confirmed by the high-resolution TEM (HRTEM) 

micrograph shown in Figure 5 for sample Fe76Co24. In all observed NPs, the core appears as a single crystal; the 

lattice spacing of 2.02 Å visible in the core of Figure 5 corresponds to the (110) interplanar spacing of a bcc 

structure with lattice parameter of 2.86 Å, in agreement with the results of XRD reported in Table 1. The shell 

exhibits the interplanar spacing of 2.53 Å characteristic of a spinel oxide Fe3-xCoxO4. The thickness of the shell is 

𝛿 ≈ 2 − 3  nm, which is a typical value observed in this kind of NPs [27].  

 

 

Figure 5. HRTEM image for the Fe76Co24 nanoalloy: the areas characterized by the (110) lattice planes of a bcc 
Fe-Co alloy, having an interplanar spacing of 2.02 Å, are coloured in green, while the areas that highlight the 
(331311) lattice planes of a spinel oxide Fe3-xCoxO4 with interplanar spacing of 2.53 Å, are coloured in magenta. 

The results of magnetic measurements described in the next section prove that the oxide content of the as-

synthesized NPs is very small, i.e. much below the volumetric oxide/metal ratio of 6𝛿/𝑑 that can be estimated 

for a core@shell NP. Moreover, also XRD does not show evidence of oxide formation. We therefore conclude 

that the thin oxide shell detected by TEM observations forms because of residual oxygen either during the 

transfer procedure or within the TEM column. Nevertheless, this metal@oxide morphology is relevant because 

it develops quickly when the NPs are exposed to a non-perfectly inert atmosphere. Furthermore it is usually 

observed that the oxide shell is effective in protecting the NPs against further oxidation [28]. 

Magnetic properties  
The room-temperature (𝑇 =  295 ±  1 K) magnetic hysteresis loops of Fe100-xCox NPs (x=24, 49, 70) and pure 

elements (Fe, Co) NPs are reported in Figure 6. All the samples show a ferromagnetic behaviour, characterized 

by a hysteretic 𝑀(𝐻) loop. This result agrees with the distribution of NPs diameters (Table 1): the average 

dimension of NPs is larger than the critical superparamagnetic (SPM) size at room temperature (the SPM 

blocking diameter at 300 K is 16 nm for Fe, 8 nm for Co in the hexagonal-closed-packed (hcp) crystal structure 

and about 12 nm for the face-centred cubic (fcc) Co phase) [29,30]. The larger, non-SPM, particles determine 

the hysteretic character of the loop. Instead, the NPs with a diameter below the SPM critical diameter 

contribute to the stretching of the loop. The magnetization, almost saturated at 𝜇0𝐻 =  1 T, strongly depends 

on the composition (Figure 7, Table 2). The maximum magnetization (𝜎𝑠 = 239.6 A m2 kg-1, corresponding to a 



magnetic moment per atom 𝜇 = 2.43 Bohr magnetons (𝜇𝐵)), obtained for the Fe76Co24 alloy, approaches the 

largest room-temperature magnetization of any bulk material (240 Am2kg-1, 2.46 𝜇𝐵  per atom), measured in a 

Fe65Co35 alloy [29,31,32]. The variation of the Fe/Co ratio from the Fe76Co24 composition leads to the decrease 

of saturation magnetization, following the Slater-Pauling curve for binary alloys of 3d elements (Figure 7) 

[29,33]. The measured moments of pure Fe and Co NPs (2.18 ± 0.02 𝜇𝐵 and 1.74 ± 0.01 𝜇𝐵) agree with the 

values reported for the corresponding bulk materials [29]. For the Co sample, the obtained value of the 

magnetic moment suggests that many of the Co NPs are in the fcc crystal structure, which can be stabilized in 

nanoscale magnetic structures and is characterized by a higher moment with respect to the hcp phase 

[29,34,35]. The very large values of saturation magnetization of all prepared alloys, in agreement with those of 

bulk materials [31], demonstrate the non-oxidation and the good crystallization of PL-IGC NPs without the need 

of post-synthesis annealing treatments, which are required for other preparation methods [36–39].  

 

 

Figure 6. Magnetic hysteresis loops collected at 𝑇 =  295 K for the Fe100-xCox alloys NPs (x=24, 49, 70) and for 

the pure elements (Fe, Co) NPs. Inset: enlargement of the hysteresis loops at low field.  

Table 2. Valence electrons per atom, saturation magnetization (𝜎𝑠), magnetic moment per atom (𝜇), coercivity 

(𝐻𝑐) and reduced remanence (𝑚𝑟 = magnetic remanence/ saturation magnetization) of Fe100-xCox NPs.  

 Valence 
e- /atom 

𝝈𝒔  
(Am2kg-1) 

𝝁/atom 
(𝜇𝐵) 

𝑯𝒄 
(kA m-1) 

𝒎𝒓 

Fe 8 217.4 ± 1.9 2.17 ± 0.02 29 ± 1.6 0.20 
Fe76Co24 8.24 239.6 ± 2.5 2.43 ± 0.02 33 ± 1.6 0.22 
Fe51Co49 8.49 227.7 ± 2.2 2.34 ± 0.02 37 ± 1.6 0.25 
Fe30Co70 8.71 207 ± 1.7 2.16 ± 0.02 45 ± 1.6 0.28 

Co 9 164.5 ± 1.3 1.74 ± 0.01 60 ± 1.6 0.33 

 

Unlike the saturation magnetization, the coercivity shows a monotonous variation with the composition, 

increasing from 29 ± 3 kA m-1 of Fe NPs to 60 ± 3 kA m-1 of Co sample (Figure 8, Table 2]. This trend, observed 

also for Fe100-xCox (x = 0 – 60) bulk alloys prepared by mechanical alloying [32], can be explained considering the 

increase of magnetocrystalline anisotropy 𝐾 from Fe (𝐾 = 48 kJ m-3 [29]) to Co (𝐾 ≈ 110 kJ m-3 for the fcc 

phase [30,40] and 𝐾 = 410 kJ m-3 for the hcp phase [29]). By considering the coherent magnetization reversal 

of an array of non-interacting spherical particles with a random distribution of anisotropy axes in the 

framework of the Stoner-Wohlfarth model, we can estimate the expected coercivity for Fe and Co 



ferromagnetic single-domain NPs as 𝐻𝑐 ≈ 𝐾/𝜇0𝜎𝑠 [29,34]. This expected coercivity turns out to be 23 kA m-1 

for Fe and about 60 kA m-1 for Co. The approximation of the cubic anisotropy of bcc Fe and fcc Co to uniaxial 

anisotropy can be acceptable considering that, in real materials, structural defects and surface deformations 

lead to a dominant uniaxial anisotropy [34].  

The difference between the calculated coercivity of Fe NPs and the experimental ones, can be due to the 

contribution of a shape anisotropy 𝐾𝑠 ≈ (1 − 3𝑁)𝜎𝑠/2, where 𝑁 is the demagnetizing factor [29,41]. 

Considering the large magnetization of Fe-Co alloys, a small deviation from the spherical symmetry of NPs can 

induce a large contribution to anisotropy. For example, in the case of Fe NPs, a 1% change of the ratio between 

the ellipsoid axes results in a contribution to the coercivity of about 3 kA m-1. Indeed, the presence of non-

perfectly spherical NPs can be evinced from the TEM image in Figure 3. In the case of Co NPs, the effect of 

shape anisotropy is less important considering the larger value of magnetocrystalline anisotropy, the probable 

presence of hcp-Co particles with a large coercivity [34] and the larger critical single domain size (30 nm for fcc 

Co [42], 112 nm for hcp Co and 20 nm for Fe [29]). Indeed, the coercivity is reduced moving towards a non-

coherent magnetization reversal mechanism, which occurs for larger NPs (the maximum particle diameter for 

coherent rotation is 24 nm for Fe and 17 nm for hcp Co [29]).  

Figure 7. Magnetic moment per atom of Fe100-xCox NPs as a function of the valence electrons per atom. 

Figure 8. (a) Reduced remanence 𝑚𝑟 and (b) coercivity 𝐻𝑐 of Fe100-xCox NPs as a function of Co % content. 



 

Moreover, the combination of the increase of critical single-domain size and coherent-rotation size and the 

decrease of SPM blocking size with Co content, justifies the increase with Co of the reduced remanence, 

calculated as the ratio between the magnetic remanence and the saturation magnetization (Figure 8, Table 2) 

[29]. Indeed, in the case of Fe NPs, many particles have a size below the SPM critical size (16 nm) or above the 

single-domain critical size (20 nm) and the critical coherent-rotation size (24 nm). [29] For these particles the 

coercivity is reduced, or totally cancelled in the case of SPM, thus resulting in a decrease of both hysteresis 

width and remanence. For the Co sample, whose particles are mainly ferromagnetic and single-domain [42], 

this effect is weaker, and the remanence increases. 

Finally, the hysteresis loop was measured also for a sample of Fe30Co70 exposed to air for 72h (Figure 9). The 

oxidation of the NPs results in a 31% reduction of saturation magnetization and in the decrease of coercivity. 

The decrease of magnetization can be explained considering a shell of 2-3 nm of Fe3-xCoxO4 oxide (𝜎𝑠 =  86 −

92 A m2 kg-1 [29]), as observed by HRTEM images. Whereas, the reduction of coercivity results from the 

decrease of the Fe-Co crystallite size due to oxidation. 

 

Figure 9. Magnetic hysteresis loop of a Fe30Co70 NPs sample exposed to air for 72 h (red circles) in comparison 

with the loop of non-oxidized sample (green square).  

 

Conclusions 
This work demonstrates the use of PL-IGC to prepare magnetic NPs that exhibit a number of appealing 

features: nearly spherical shape, little aggregation, high purity, and single crystal nature. The most remarkable 

aspect is the precise control over composition, which replicates very well the one of the ablated target 

precursor and displays good homogeneity among different NPs. Furthermore, the elemental distribution is 

uniform across the entire volume for the majority of NPs investigated by TEM. These features mark the 

superior characteristics of pulsed-laser ablation compared to thermal evaporation in the inert gas condensation 

of nanoalloys. The clear composition dependence of magnetic properties such as the saturation magnetization, 

which peaks at 2.43 Bohr magnetons for the Fe-rich alloy in full agreement with the Slater-Pauling curve for 

alloys of 3d transition metals, highlights the strong potential of PL-IGC in the precise tailoring of nanomaterials 

properties. As a consequence, the obtained alloy NPs can be considered an interesting model system that 

allows the fine tuning of the extrinsic magnetic properties, such as coercivity and remanence, from pure Fe 



through the nanoalloys to pure Co, exploiting the regular variation of intrinsic magnetic properties and 

magnetization reversal mechanism.  
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