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ABSTRACT 
 

     Nano-sized iron oxide particles have been directly 

synthesized by the laser induced pyrolysis of a mixture 

containing iron pentacarbonyl/air (as oxidizer)/ethylene (as 

sensitizer). By the controlled use of the synthesis 

parameters, mainly iron oxide nanoparticles in the gamma 

phase are obtained. The variation of the laser power 

resulted in nanopowders with different particle sizes and 

crystallinity. The grain size was measured using 

transmission electron microscopy. A general feature of the 

synthesized iron-based nanoparticles was their narrow size 

distributions. Mean particle diameters from about 4 to 9 nm 

are found. X-ray diffraction reveals different degrees of 

structural order in samples obtained at different laser 

powers. Temperature dependent Mössbauer spectroscopy 

shows that mainly maghemite is present in the sample 

obtained at higher laser power. The possibility to use 

selected samples for the preparation of water-dispersed 

magnetic nanofluids is discussed. 
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1 INTRODUCTION 
 

     Fe-based magnetic nanoparticles are currently the 

subject to intense research for their fundamental scientific 

interest but also for their novel application capability. 

Recently, the superparamagnetic character of pure iron 

nanoparticles (2-10 nm in diameter) has been demonstrated 

[1].  Nanoscale magnetic oxides are widely studied because 

of their potential applications in microelectronics (data 

storage devices) and bio-medicine (magnetic resonance 

imaging, targeted drug delivery, a .c. magnetic field-

assisted cancer therapy). Maghemite is a well-known iron 

oxide, which basically crystallizes in the cubic spinel 

structure and it can be considered as Fe
II
 deficient 

magnetite.     Various methods have been reported for the 

synthesis of iron oxide nanoparticles, such as sol–gel 

reactions [2] and chemical solution [3].  Among preparation 

methods for γ-Fe2O3 nanoparticles, a gas-phase route using 

a flame has certain advantages, one of which is that it can 

produce very pure γ -Fe2O3 nanoparticles continuously [4]. 

     During the past few years it has been reported that the 

laser pyrolysis of gas mixtures containing iron 

pentacarbonyl and air (as oxidizer) is a successful method 

for the production of iron oxide nanoparticles with mean 

diameters lower than 15 nm and narrow particle size 

distribution [5-7]. The method is based on the resonance 

between the emission of a CW CO
2 

laser line and the 

infrared absorption band of a gas precursor and on 

subsequent heating of precursors by collisional energy 

transfer. 

     The laser pyrolysis has many advantages [7] over 

chemical/solution synthesis methods. It is a single step-

method, which provides at the same time simplicity and the 

possibility to scale up the process. It offers high purity of 

the product since the reaction takes place far from the 

reactor walls and no solvent is used. Nucleated particles are 

dry and collected directly on the filter and in the collection 

chamber, without requiring further recycling or separation 

procedures [1]. Due to both the milliseconds time scale in 

which particles are formed and the high heating/cooling 

rates evolving near the reaction zone (well defined by the 

focused laser spot), the freshly nucleated particles are 

rapidly quenched to very low mean diameters (typically 

below 10 nm in case of iron compounds) and narrow size 

distributions.     

     In the present work, we are interested in a systematic 

study of the changes induced on the structure and on the 

magnetic properties of nano size iron oxide particles by the 

variation of the laser power, as main parameter for the laser 

induced reactions. Basically, all the other were maintained 

constant. The variation of the laser power results in 

nanopowders with different particle sizes and crystallinity. 

Mössbauer spectroscopy shows that mainly maghemite is 

present in the sample obtained at higher laser power. 

Biocompatible magnetic nanofluids are particularly 

important for biomedical applications [8]. The magnetic 

properties of the iron oxide nanoparticles as water-based  

magnetic nanofluids [9] are finally discussed. 

 

2 EXPERIMENTAL 
 

The brown-reddish nanosized iron oxide nanopowders 

were produced in a flow reactor, by the IR laser irradiation 

of gaseous iron pentacarbonyl and air, as described in 
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details elsewhere [5].  The focused continuous- wave CO2 

laser radiation (80 W maximum output power, λ=10.6 µm) 

orthogonally crossed the gas flows emerging through two 

concentric nozzles. The gas mixture which contained air 

and Fe(CO)5 vapors entrained by C2H4 was admitted 

through the central inner tube. The reactive gas flow was 

confined to the flow axis by a coaxial Ar stream. Since both 

Fe(CO)5 and air  do not absorb in the 10.6 µm region, C2H4 

was used as sensitizer (it is excited by the absorption of the 

CO2 laser radiation and transfers, by collision the absorbed 

energy towards the other reaction partners thus finally 

increasing the translation temperature of the whole system). 

After nucleation the particles are collected in a powder trap 

located downstream. The detailed apparatus was presented 

in [7]. Iron oxide samples were obtained by varying the 

laser power between 35 W (sample SF32), 45 W (SF31) 

and 55 W (SF30). The other experimental conditions, 

namely the reactor pressure, the relative flow of the 

oxidizing agent (air) and the flow of ethylene (as Fe(CO)5 
 

carrier) were maintained constant (at 300 mbar, 70 sccm, 

and 145 sccm, respectively). The variation of the laser 

power as essential parameter for the three representative 

runs is presented also in Table 1.   

     After synthesis, the morphology and composition of the 

iron oxides nanopowders were characterized by different 

analytical techniques (transmission electron microscopy 

(TEM), selected area electron diffraction (SAED), X-ray 

diffraction (XRD) and temperature dependent 
57

Fe 

Mössbauer spectroscopy. The magnetization curves of 

nanopowders were determined using a vibrating sample 

magnetometer.  

 

 

Table 1: Crystallographic data for the iron oxides     

synthesized with different laser powers 

 

3 RESULTS AND DISCUSSIONS 
 

   XRD patterns of the produced nanopowders are presented 

in Figure 1. They exhibit rather broad peaks which could be 

assigned to a maghemite/magnetite iron phase and 

accordingly Miller indexed in a cubic system. The unit cell 

parameter a (estimated from the 311 and 440 reflections) is 

presented in Table 1. Its values are lower than the standard 

magnetite value (Fe3O4 with a=8.396 Å, JCPDS 19-0629) 

suggesting the formation of a more likely maghemite phase 

(γ-Fe2O3 with a=8.3515 Å, JCPDS 39-1346). This 

statement might be particularly valid for sample SF30. The 

broadness of the diffraction lines is associated with the 

formation of very small particles as well as with a high 

degree of structural/crystallographic disorder. The XRD 

spectrum of sample SF30 (obtained at the higher laser 

power) showing narrower and more intense peaks 

characterizes a material with higher crystallinity (increase 

in the crystallographic order) and slightly larger mean 

crystallite size in comparison with the samples obtained at 

lower laser powers. 

     
Figure 1: Superposed X-ray diffractograms for iron oxide 

nanoparticles obtained a different laser powers 

 

     TEM analysis of samples SF30 and SF32 reveals an 

almost polycrystalline morphology (Figure 2a and b). The 

image of SF30 displays mostly faceted particles with 

coalescent features. The histograms of particle size 

distributions (supposing lognormal distributions) are 

presented in the left insets of Figure 2. Maxima are found at 

xc = 4.5, 6.2 and 5.9 nm, for SF30, SF31 and SF32, 

respectively. The narrow particle distributions point to 

nearly monodispersed in size particles. The reflections 

revealed by SAED analysis (right insets in Figure 2) may 

be attributed to a cubic structure of the iron oxide, namely 

maghemite/magnetite. Increased crystallinity seems to 

characterize the nanomaterial obtained at higher laser 

power (Figure 2a). For both samples the strong diffraction 

rings at 0.25 and at 0.14 nm are noticed. These reflections 

are characteristic for maghemite/magnetite phase. Although 

difficult to distinguish between these phases from electron 

diffraction patterns alone, it is probable that maghemite 

prevails by referring to XRD results (see for instance the 

value of the estimated lattice parameter a in Table 1). As 

displayed in Figure 2b, a higher amorphicity and rather 

spherical nanoparticles (form factor k = 0.86) are revealed 

for sample SF32. The electron diffraction pattern of sample 

SF31 is similar to that of sample SF32. We should mention 

that the selected area electron diffraction of these two 

samples shows rather diffuse and blurred rings, pointing to 

an incomplete crystallization and /or structural defects 

inside the nanograins. On the contrary, the better 

crystallization of the sample obtained at higher laser power 

can be considered as a consequence of both the higher 

temperature gradients and the fast quenching of the 

condensed nanoparticles in the reaction zone. As revealed 

                 XRD analysis 

 
 

Sample 

 

 

PL 

 

[watt] 
Unit cell 

parameter a 

(nm) 

Mean crystallite 

dimension D 

(nm) 

SF 30 55 0.836 4.5 

SF 31 45 0.837 3.0 

SF 32 35 0.837 3.0 
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by the characterization methods employed, this process 

greatly favours maghemite phase in powders. 

 

 
 

Figure 2: TEM analysis, deduced histograms (left insets) 

and SAED analysis (right insets) for iron oxides obtained 

from: a - sample SF30 and b – sample SF32 

 

     HRTEM analysis was performed on many different 

domains of the nanocomposite and is presented in Figure 3. 

Figure 3a illustrates the interface between two nanocrystals. 

From the indicated square areas, the Fourier transform 

images are presented as insets. The left-side nanocrystal 

displays the characteristics of the cubic structure of a 

maghemite crystal (SG: P4 (3) 32). It is oriented in the 

[012] direction and the lattice constant a = 0.834 nm may 

be deduced. The measured distances are d321=0.224 nm and 

d400=0.200 nm. The orientation of the second crystal allows 

evidencing the lattice fringes corresponding to the (113) 

(d113=0.253 nm) and to the (400) (d400=0.204 nm) planes, 

respectively. The HRTEM image of Figure 3b presents the 

lattice fringes of agglomerated nanocrystals with mean 

diameters around 5 nm. The inserted FFT images reveal 

plane spacings which may be ascribed to 

maghemite/magnetite phases. A small distribution of d-

values is caused by the imperfect crystallographic structure, 

due to the quenching of the material when leaving the 

reaction zone.  

      The magnetic properties of the samples were studied by 

temperature dependent Mössbauer spectroscopy. The 80 K 

Mössbauer spectra of the analyzed samples are shown in 

Figure 4. The derived probability distributions of the 

hyperfine field are presented at the right side. The narrow 

peak of the distribution centered at about 52 T, evidences 

the presence of mainly maghemite in sample SF30. The 

larger distribution peaks centered at about 48 T in samples 

SF31 and SF32 might have two different reasons: (i) a 

starting magnetic relaxation process already present at 80 K 

and (ii) a much defected structure shifting structurally from 

maghemite to magnetite (the average magnetic hyperfine 

field of magnetite being lower than the one of maghemite). 

The magnetic relaxation process was analyzed [10] in terms 

of the collapsing behavior of the Mössbauer spectra at 

higher temperatures. Blocking temperatures of about 400 K, 

230 K and 200 K were derived for samples SF30, SF31 and 

SF32. Particle average sizes of about 9 nm for sample SF30 

and, respectively, 7 nm for SF31 and SF32 samples were 

estimated, starting from the above mentioned blocking 

temperatures and considering non-interacting nanoparticles.  

.        

     

     
 

Figure 3: HRTEM images, for samples SF30 and SF32: a – 

isolated monocrystals, showing the separation interface and 

b - agglomerated nanoparticles.  In both images, space 

representations of Fourier transform are displayed. 

 

     It is worth mentioning that the higher blocking 
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temperature observed for SF30 is most probably generated 

by inter- particle interaction rather than due to larger 

particle (average) size.  The substantial presence of 

maghemite with its ferri-magnetic behavior seems to be the 

reason for stronger inter-particle interactions in sample 

SF30. In the defected maghemite-magnetite mixtures 

(samples SF32 and SF31), a spin-glass like structure with 

reduced (almost negligible) net magnetic moment per 

particle seems to be present, affecting/ reducing drastically 

the magnetic dipolar interactions.  

 

 
 

Figure 4: Mössbauer spectra (at 80 K) of the three 

nanopowder samples; at the right side, the probability 

distributions of the hyperfine field are also displayed. 

 

      
 

Figure 5: Reduced magnetization curves for SF30, SF31 

and SF32 nanopowders 

 

     The reduced   magnetization curves of SF30, SF31 and 

SF32 nanopowders are presented in Figure 5. It is worth 

mentioning that none of the samples is saturated at the 

maximum available field of 1.1 T. This behavior can be 

considered an additional evidence for the disordered spin 

configuration, connected with the defected structure inside 

nanoparticles and in agreement with the Mössbauer data. 

The magnetization at the maximum field has been denoted 

as MS (specific magnetization) and the reduced 

magnetizations were obtained in respect to MS values.  The 

specific magnetization of the SF30 sample, 50 emu/g, is 

much greater than for the other two samples, supporting a 

two-three times larger magnetic moment per particle in 

sample SF30 as compared with samples SF31 and SF32. 

On the other hand, the reduced magnetization of sample 

SF30 at very low field is clearly larger than that of samples 

SF31 and SF32, providing evidence for a larger amount of 

magnetic state at room temperature in this sample. 

      Finally, the iron oxide nanopowders were prepared as 

water-based magnetic nanofluids [10] and their reduced 

magnetization curves (not presented here) were drawn. The 

low field part of the magnetic fluid sample with SF30 

nanoparticles evidenced the higher initial susceptivity as 

compared to those obtained from SF31 and SF32. On the 

other hand, the reduced magnetization at very low field of 

sample SF30 was much closer to the one of sample SF32 as 

compared with the powder case.  

     The analysis of samples as water-based nanofluids 

shows that a maximum amount of magnetic nano-particles 

at room temperature and related highest magnetization 

correspond to the ferro-fluid obtained from maghemite-

based nanoparticles prepared under a laser power of 55 W. 
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