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Abstract 

The effects of 90 keV neon beam irradiation on the structure and magnetic properties of zinc 

ferrite thin films have been investigated through several methods, namely, X-ray diffraction technique, 

Vibrating Sample and SQUID magnetometers. Beforehand, the pristine have also been characterized 

using profilometry and microscopy techniques. In particular single-phase formation of the thin films 
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deposited on monocrystalline Si (111) substrate by pulsed laser deposition technique was confirmed. 

Crystal lattice, coercivity, saturation magnetization have been studied for the first time, as a function 

of ion penetration depth and irradiation fluence. The chemical composition and the crystallinity of the 

films are not affected with the ion impact acting as a mechanical stress relief. On the contrary, both 

magnetization and coercivity are sensitive to Neq+ ion irradiation and exhibit different behaviours 

depending on the ion fluence range.  

Keywords: spinel; zinc ferrite; thin film; PLD; ion irradiation; 

 

1. INTRODUCTION 

Zinc ferrite, ZnFe2O4, in its bulk form exhibits normal spinel structure having all the Zn2+ on A-

site and all the Fe3+ ions on B-site [1]. Depending on the type of cations occupying the A-site and the 

B-site, these spinel-type ferrites may show different magnetic behaviour [2]. In fact, their magnetic 

properties can be systematically varied by changing the identity or partial substitution of the divalent 

Zn2+cation, while maintaining the basic crystal structure. Zn ferrite, which is a paramagnet at room 

temperature in bulk form, has been found to have magnetic order at room temperature in thin films [3]. 

Such zinc ferrite systems with nanometer particle size are generally obtained by non-equilibrium 

processes like by solgel self-combustion [4] for obtaining ultrafine particles, or by pulsed laser 

deposition (PLD) [5]. Depending on deposition parameters, Yamamoto et al.[6]identified two possible 

causes for the origin of magnetism in zinc ferrite thin films: i) spin frustration resulting from the 

competition of antiferromagnetic interaction between A-B and B-B site iron ions, and ii) random 

oxygen deficiency.  

Another way to modify material magnetic properties is the use of heavy ion irradiation either in 

bulk [7] or in thin films [8 - 17]. Number of investigations have been done, like for instance with GeV 

multicharged heavy ions (Kr, Xe, Pb, U) going through bulk zinc ferrite (synthesized by typical solid 

state chemistry) where it leads to cation redistribution and increases the magnetization of the system 

[7]. Similar effect of cation redistribution was observed in zinc ferrite nanoparticles when irradiated 

https://www.researchgate.net/publication/284790718_Introduction_to_Magnetic_Materials?el=1_x_8&enrichId=rgreq-b6f7ac1f5a00f2c856f40feb93a4f24d-XXX&enrichSource=Y292ZXJQYWdlOzMwMTI0ODU4MTtBUzozNTQ3MzkwMjkwNjk4MjRAMTQ2MTU4Nzc4MzA2MQ==
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with 100 MeV oxygen beam but in this case the magnetization of irradiated samples was found to 

decrease [18-20]. The reduction in magnetization after the irradiation in the specimen is attributed to 

the decrease in cation inversion and increase in canting angle after irradiation [19]. On the other hand, 

only sparse studies have been performed so far with low-velocity charged ions regarding the possible 

induced modifications of material magnetic properties. Most of the investigations have been done with 

mono-charged ions [8-16]. Of course for a given target, various factors will affect the material 

properties when irradiated by slow charged ions, such as: ion species, fluence of the irradiation, 

besides the incident ion energy, and will be also dependent on the initial target structure. Considering 

thin films, very recently, Trassinelli et al. [17, 21] demonstrated that slow ion impact (Ne9+ at 90 keV) 

can lead to very promising magnetic modification of giant magnetocaloric material such as MnAs 

deposited on GaAs substrate. Indeed, the slow highly-charged ions induce defects that facilitate the 

two phases’ nucleation in the first-order magneto-structural MnAs transition, with a consequent 

suppression of the thermal hysteresis without any significant perturbation on the other structural and 

magnetic properties. In particular, the irradiated film keeps the giant magnetocaloric effect (i.e. its 

large refrigerant power) at room temperature opening new perspectives on magnetic refrigeration 

technology for everyday use. 

In this paper, we present results on the influence of irradiation conditions on the properties of 

zinc ferrite thin films in order to understand the magnetization and the coercive field modifications. 

More precisely, changes of the zinc ferrite film properties after irradiation, namely coercivity, 

saturation magnetization, crystal lattice etc., were studied for the first time as a function of the ion 

penetration depth and the irradiation fluence of slow Ne8+and Ne9+ charged ions with a kinetic energy 

of 90 keV. Different samples obtained by the same synthesis method have been studied. This 

investigation not only increases the applicability of zinc ferrites but also elucidates the interaction of 

slow charged ions with magnetic nanomaterials. For the best of our knowledge there are no reported 

results describing the influence of slow charged ions on zinc ferrite thin films obtained by PLD.  
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2. EXPERIMENTAL CONDITIONS AND METHODS 

2.1 SYNTHESIS 

 

A series of zinc ferrite thin films exhibiting magnetic order were grown under controlled 

conditions at room temperature on Si (111) substrates by PLD [22, 23].The thin films were deposited 

using a stoichiometric zinc ferrite target [24] as source material (referred as “PLD target” in what 

follows). The second harmonic of a Nd: YAG laser (532 nm) with a pulse duration of 10 ns in 10 Hz 

repetition rate was focused on the target surface at 45° incidence angle. All the samples were obtained 

at room temperature in a background pressure of 3x10-2 Torr, for 1h deposition time with a deposition 

fluence of 2.5 J/cm2. The 4 cm distance between the zinc ferrite target and silicon substrate was kept 

constant. The crystallinity of samples was assured by subsequent annealing at 700°C in vacuum, with 

a heating rate of 100°C/h, and the samples then underwent free cooling still in vacuum. 

Structural and magnetic properties of these zinc ferrites thin films were studied before and after 

being irradiated by 90 keV neon beams.  

 

 

2.2THIN FILM CHARACTERIZATION 

Investigation on film thickness and deposition rate was performed on a fractured as-deposited 

sample by using a mechanical profilometer Dektak 150 Veeco for long-range determination in the step 

zone(accuracy: about 2.5 nm). Complementary a scanning electron microscope (SEM) Hitachi S3400-

N was implemented for obtaining cross-sectional images. The surfaces of the samples were covered 

with a 15 nm gold layer, to avoid charging during SEM measurements. Film surface morphology was 

examined with an atomic force microscope (AFM) Digital Instrument DI3100. Topographic AFM 

measurements were performed in tapping mode at constant working amplitude (set point). 
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Measurements on the microstructure of the PLD target and of the thin films before and after the 

irradiation sequences were performed using X-ray diffraction (XRD) by a Rigaku Smartlab 

diffractometer with a copper rotating anode, generating Cu Kα1 radiation, equipped with a Ge (220) 2 

reflections’ monochromator, and operating at 45 kV and 200 mA (9kW). This is a classical method for 

determining the structural properties such as grain sizes, crystal lattice parameters, etc. XRD patterns 

were recorded in the 10–80°2θ range. The crystallite size was mirrored by the broadening of the 

diffraction peaks. The size of the crystallites was calculated from the full width at half-maximum of 

the diffraction peaks and the lattice parameter was estimated from the positions of the ZnFe2O4(311) 

diffraction lines. The crystallite size D for the as-deposited sample was estimated using Scherer’s 

equation D = k∙λ/ β∙cosθ [25]. 

The magnetic properties of the thin films were studied in fields of up to 1 T using a vibrating 

sample magnetometer Quantum Design PPMS 9T. We recorded the magnetization as a function of the 

applied field at room temperatures (RT) and at lower temperatures (200K, 100K and 10 K) for the 

pristine and irradiated specimen in order to observe the possible changes in the magnetic properties of 

the system under investigation. Further, thermal magnetic measurements in the temperature range 

from 4 to 310 K, in zero-field cooled (ZFC) and field cooled (FC) mode were carried out to investigate 

magnetization dependence on temperature and determine the blocking temperature of each sample. 

The sample temperature dependency of magnetization was obtained using a SQUID magnetometer 

(Quantum Design MPMS-XL). The measurement procedure was the following:  

i. each sample was initially brought to 300 K with H = 0;  

ii. the sample was cooled down to 4 K and then a magnetic field of H = 1 T was applied;  

iii. the magnetic moment was continuously recorded during the temperature variation from 

4 to 310 K, and then back to 4 K, with a sweeping rate of ±2 K/min.  

 

2.3IRRADIATION PROCESS 

 

https://www.researchgate.net/publication/284040759_Elements_of_X-Ray_Diffraction?el=1_x_8&enrichId=rgreq-b6f7ac1f5a00f2c856f40feb93a4f24d-XXX&enrichSource=Y292ZXJQYWdlOzMwMTI0ODU4MTtBUzozNTQ3MzkwMjkwNjk4MjRAMTQ2MTU4Nzc4MzA2MQ==
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The charged ions used in our experiments are produced at the SIMPA (Source d’Ions 

Multichargés de Paris = Paris highly-charged ion source) [26] facility. It consists of a Pantechnick 

Supernanogan type Electron Cyclotron Resonance (ECR) ion source equipped with a full permanent 

magnet and coupled to a dedicated beam line. The ion source can produce intense beams of highly-

charged ions such as O5+, Ne9+, Ar16+, Kr21+, Xe26+, etc. After the extraction from the plasma of the 

ECR ion source, the ion beam is selected in charge and mass by an auto-focusing magnetic dipole. 

With a series of magnetic and electric lenses and steerers, the ion beam is guided to the collision 

chamber where different samples are placed. In our case, we use Ne8+ and Ne9+ion beams with kinetic 

energy of 90 keV (4.5 keV/u). Note that the charge state does not influence here the total energy since 

the contribution of the ion potential energy is negligible compared to their kinetic energy. The samples 

were irradiated under 30° incidence angle relative to the sample surface and at different fluences. The 

ion current was kept between 0.4 µA and 0.6 μA. The evaluation of the implantation range and 

damage distribution induced by the interaction between the ion beam and the zinc ferrite thin film 

were obtained using SRIM software [27]. The result of the simulation, presented in Figure 1, indicates 

an ion penetration depth covering approximately the entire thickness of the Zn ferrite film. The ion 

fluence used ranges from 3×1011 to 3 ×1014 ions/cm2 (± 50%) and was estimated by a CCD camera 

that permanently monitored the position of the beam onto the samples. In addition, during this 

experimental campaign the shape of the beam was controlled for the first time by an advanced Faraday 

cup arrays (FCA) [28, 29] that can be inserted (and retracted when the samples are placed) inside the 

collision chamber. The schematic set-up is presented in Figure 2. It is worth mentioning that the 

uncertainty of 50% on the fluence has no crucial impact on the measurements reported and discussed 

in this paper. 

The samples obtained in similar deposition and annealing conditions, denoted Pi (i = 1, 2, 3, 4), 

were irradiated under parameters presented in Table 1. 

 

3. RESULTS AND DISCUSSIONS 



 
 

7 
 

3.1 CHARACTERISATION OF PRISTINE SAMPLES 

3.1.1 Morphology and structure 

The thickness of the zinc ferrite films obtained by profilometry measurements was 

approximately 250 nm. Local variations up to 20% suggest a grain type non-uniform surface. This 

mean value corresponds to a deposition rate of 4 nm/min [22] and is confirmed by SEM measurement. 

In Figure 3 is presented the cross section corresponding to as-deposited sample P1. The surface of the 

thin films exhibited distinct three-dimensional island-like grains that demonstrated considerable 

surface roughness. The droplet contamination usually associated with the PLD process [30] is present 

and occurs due to high repetition rate of the laser pulses [31] even if low laser energies and relatively 

large target substrate distance are used.  

AFM imaging confirms the non-uniformity of the film thickness. Room-temperature atomic 

force micrographs taken for the as-deposited, annealed and irradiated zinc ferrite films shows no major 

differences concerning the average grain sizes and rugosity, values presented in Table 1. A mean value 

of 25 nm ( 1 5 nm) is estimated for the grain sizes in the annealed  zinc ferrite thin film P1for 

example. Ex situ surface roughness measurement by AFM indicates that the difference between the 

lowest and highest points, Rp-p, on the surface is 10 nm for all samples. The surface of the P1 epilayer 

presented in Figure 4 (a) (32) is dense and exhibits small circular surface grains. The grains are non-

uniform and the granule diameters range from 25 to 40 nm, corroborating the SEM observations.  

Clear patterns with peaks corresponding to zinc ferrite cubic spinel phase and to Si (111) 

substrate were observed in the XRD data. The width of the peaks is slightly narrow and less intense 

than for the PLD target. The annealing treatment determines a nucleation process and polycrystalline 

structured films. Figure 5 shows as example for P3 sample a zoom of the XRD pattern of ZnFe2O4 thin 

film prepared by laser ablation method before and after the annealing treatment. The XRD pattern of 

the polycrystalline PLD target is also presented for comparison. Qualitative phase identification was 

performed using 89-1009 ICDD [32] card of zinc ferrite. As-deposited thin films patterns suggest an 
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amorphous structure with isolated polycrystalline islands [22]. A large discrepancy appears between 

the crystallite sizes estimated from XRD and average grain dimension determined from AFM images 

in the present work. It seems that irregular shape of grains, as observed in AFM, does not allow using 

Scherrer’s formula for size determination, but this may not be true since XRD pattern comes from 

reflections of crystallites not grains [33]. It means that crystallite size can be reliably measured by 

XRD, while AFM provides measurements of grain size, which is a combination of several crystallites 

[34, 35].   

Table 1 presents a summary of characteristics (lattice parameter a, crystallite sizes D, AFM grain 

sizes and Rp-p) after annealing treatment of the samples obtained by PLD as well as for the PLD target. 

The crystallite size D for the as-deposited samples which are a mix of amorphous and crystalline 

phase is estimated to be 4 nm ( 1.2 nm), much smaller than the 20 nm ( 0.3 nm) for the PLD target 

material. After the annealing process, the crystallite size increases to 12 nm (0.2 nm). The increase of 

crystallite size may due to cation redistribution in spinel interstitial, at high annealing temperature Zn2+ 

and Fe3+ cations tend to rearrange themselves in tetrahedral and octahedral sites [37]  The crystallite 

size value corresponding to annealed thin film is in good agreement with previous studies on zinc 

ferrite thin films [36] obtained by RF sputtering. Moreover, the lattice parameter a of ZnFe2O4 P3 

thermally annealed thin film is estimated to be 8.42 Å (±0.07 Å) from the positions of diffraction lines 

corresponding to (311) planes. This value is slightly smaller than the reference value reported in the 

ICDD cards (89-1009), i.e., 8.44 Å (± 0.02 Å) for the lattice parameter of ZnFe2O4 (franklinite), due to 

cation redistribution during the growth process. Lattice parameter of annealed samples in the limit of 

the experimental errors is close to the PLD target material value of 8.44 Å (± 0.07 Å). 

 

3.1.2 Magnetic properties 

Data on field dependence of magnetization, presented in Figure 6 for sample P3, provide a 

strong evidence for the mix of superparamagnetism and ferrimagnetism of the grains ranging in 

between tens of nanometers. The M (H) curves are not saturated at 1 T magnetic field and the 
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magnetization value, at 300 K for an applied field of 1 T, ranges between 40 and 165 emu/cm3. This is 

comparable with 55 emu/cm3, also measured at 300 K, found by Timopheevet al. [37] for zinc ferrite 

thin films deposited by PLD. The magnetic hysteresis loops are clearly observed in the low-field 

ranges, for all samples and in particular for P3 sample, as shown in the inset of Figure 6.  

The result of zero-field-cooled (ZFC) and field cooled (FC) for ZnFe2O4 sample P3 is presented 

in Figure 7. Closed and open circles indicate the magnetization values in ZFC and FC processes, 

respectively. The ZFC-FC curves separation at lower temperature is known as a high field 

irreversibility (ܯFC>ܯZFC) behavior below a certain temperature. 

Different magnetization and TB values of pristine samples can be correlated by different degree 

of cation distribution occurred after ablation and thermal treatment of samples [40]. 

 

 

3.2 CHARACTERISATION OF IRRADIATED SAMPLES 

3.2.1 Morphology and structure 

 

The irradiation bombardment for each angle and fluence does not result in any significant 

change in grains dimension compared with unirradiated zinc ferrite thin film. Well defined 

topographic data of irradiated samples P2, P3, P4 is presented in Figure 4 (b). We note only that the 

film surface of irradiated samples consists of numerous tiny bumps, with a constant Rp-p (10 nm) 

compared to non-irradiated film. A light smoothness of the samples surfaces could be induced by the 

effect of the thermal processes that take place during irradiation. 

The XRD data show that the crystallinity is not perturbed after irradiation. Values reported in Table 1, 

estimated from 311 peaks for all the samples indicate that the irradiation did not affect the structure of 

the thin films. Small alteration of the structure was observed from the decrease of (400) reflection 

peak after irradiation.  It should be noted that the lattice constant for the thin film obtained by the laser 

ablation method contains some uncertainties because of the broadness of the diffraction lines. 
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Similarly, J.P. Singh and coworkers also found an increase of the lattice parameter of 10 nm  for 

particle sized zinc ferrite from 8.21 Å to 8.29 Å, but they used higher energy beam for irradiating the 

samples, respectively 100 MeV O-beam [19]. They concluded that the irradiation process lead to 

destruction of crystalline structure. Accordingly, it means that at low energy, the 90 keV ion 

irradiation leads as well to the destruction of the crystalline structure. 

 

3.2.2 Magnetic properties 

In Table 1 we reported the magnetization value with an applied field of 1 T for the different 

samples. As we can observe, after irradiation, the magnetization is systematically higher than in 

pristine samples. A similar behavior has been observed by Studer et al. when analyzing 65 µm thin 

ZnFe2O4 disks irradiated with different fluences of tens of MeV/a Kr, Xe, Pb, U heavy ions [7]. They 

attributed this increase to a subsequent distribution of ferric ions over tetrahedral and octahedral sites 

induced after irradiation in zones extending around heavy ions trajectories. An increase of the 

magnetization has also been observed in 30-60 nm zinc ferrites and other nanocrystalline ferrites 

irradiated by 200 MeV Ag15+ [42-45]. The analog magnetization increasing after irradiation in our case 

signifies that also low energy irradiations can lead to rearrangement of metallic cations inside the thin 

films. A quantitative analysis to rely the magnetization increasing and the received fluence is 

unfortunately not possible. As we can see in Table 1 the increasing of the magnetization ranges 

between 5 and 30% with no correlation on the received fluence. Even if structurally similar, the 

samples have in fact a too different magnetization before irradiation to extract accurate information on 

the effect of the ion bombardment.  

Large difference on the magnetic hysteresis cycles is noticeable between the pristine and the 

irradiated sample, presented in the inset of Figure 6.  A global increase of the maximum value of the 

coercive field is noticeable at room temperature for all samples as we can see in Table 1, except 

sample P3 for which we can consider the 0.7 kA/m coercivity negligible compared to other samples. 

Studies on other ferrites nanoparticles irradiated by swift heavy ions also indicated a small increase of 
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the coercivity [42-45] for samples where the irradiation lead to crystal growth, cation redistribution 

and surface modifications. Singh et al. (39) reported in a similar study on size dependent features of 

swift heavy ion irradiation in nanoparticles zinc ferrite systems. They observed that structural 

properties of the samples with smaller particle size are more sensitive towards irradiation. They also 

noticed that the coercive field is unchanged when small particle sized samples are irradiated but 

decreases for larger particle sized samples, which is the opposite effect than the irradiation with slow 

ions. We can conclude that for the coercivity of small particle size samples, swift and low velocity 

ions have similar effect. Similarly than for the magnetization, no quantitative dependency on the 

fluence can be extracted from our data. 

Although all irradiated films show quite similar crystallographic behaviours and crystal ion 

configurations compared to the corresponding non-irradiated films, different magnetic behaviours 

appear, including the irreversible point in magnetization-temperature curve between zero-field-cooling 

and field-cooling process. This behaviour derives from the single magnetic domain structure of grains 

with several tens of nanometer size. Particle sizes, in the order of tens of nanometer derived from 

AFM studies, correspond to a single magnetic domain. Because single domain particles are hard to 

magnetize, a magnetic blocking point shows up. Information on the blocking temperature (ܶܤ) in the 

present study was achieved from the ZFC curve maxima [46-47]. From Figure 7 curves, the ZFC and 

FC are almost overlapped above ܶܤ, indicating the presence of the small sized particles [48]. The 

maximum of ZFC curve of the as-deposited zinc ferrite thin film P3 is located at ܶ216 =ܤ K, then 

MZFC strongly decreases since the superparamagnetic- ferromagnetic transition activates the 

anisotropy, which forces the magnetization along easy axis; the magnetic moments are thus randomly 

oriented. It is observed that this temperature is quite different for the nanosized crystalline system 

synthesized by different routes, in spite of having a similar particle size [49-50], more precisely, 8 nm 

particle size samples presented 30 K blocking temperature. The field cooled (FC) curves show a 

peculiar behavior with a decrease in the magnetization at very low temperature. These unusual 

magnetic properties are attributed to the inclusion of nonmagnetic zinc ions in ferrite nanocrystals, 
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which induces a magnetic disorder [51]. A shift of the blocking temperature of the irradiated samples 

from 216 K to 226 K is observed from the thermal magnetization curve.  

Changes in the magnetization are linked to a partial inversion of the direct spinel phase [52]. A 

shift of the blocking temperature also toward higher values was observed in the case of 10 nm zinc 

ferrite nanoparticles [20] when irradiated by 5x1013 ions/cm2100 MeV oxygen beams but also in other 

ferrite irradiated by 200 MeV Ag15+ beams [42-45]. To justify the irradiation-induced magnetization, it 

can be assumed that atomic displacements of Fe3+ cations at tetrahedral sites took place. Under 

irradiation, in a volume fraction of the samples, iron atoms undergo displacement from octahedral to 

tetrahedral sites of the spinel structure [53]. Implicitly, Zn2+ cations can move from tetrahedral to 

octahedral sites. Taking into account the high values of the magnetization measured in the irradiated 

samples, it is obvious that these displacements involve large concentrations of iron atoms. In our case, 

the broadness of the ZFC curves indicates a particle size distribution in the nanosystems and the slight 

shift of the maxima after the irradiation confirms that the low energy ion impact induces displacement 

of the cations.  

 

5. CONCLUSIONS 

Investigation on the behavior of structural and magnetic properties of Zn ferrite thin films 

irradiated by Ne8+and Ne9+ ions at energy of 90 keV showed that this energy is sufficient to tailor the 

magnetic properties while the structure is not strongly modified by the bombardment. XRD analysis 

reveals that all zinc ferrite thin film samples obtained by PLD technique after the 700°C annealing 

process have single-phase cubic spinel structure and the particle size from AFM micrographs is in 

nanometers regime. XRD and AFM studies have shown that laser ablated zinc ferrite thin films do not 

exhibit significant morphology changes after irradiation with slow charged ions. Crystalline phase of 

this system is not significantly affected by the thermal treatment caused by the 90 keV neon beam. 

Irradiation does not affect the chemical composition of the films, but induces significant modifications 
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in magnetic properties. Both magnetization and coercive field are sensitive to Neq+ ion irradiation and 

exhibit different behaviours depending on the ion fluence range. The observed change in the material 

magnetic properties is due to interaction of charged ions with the electron energy levels. The 

modifications of the magnetic properties could be explained by the effects related to the disordered 

cation arrangement induced by slow ion irradiation in agreement with previous works where high 

energy irradiation was used. 

The number of displacement per atom calculated using SRIM software indicates that 90 keV Ne 

beams produce a density of displacement in 250 nm zinc ferrite target of 1022/cm3.Calculated from 

845/ion vacancies displacement multiplied by the fluence of Ne beam and divided by the target 

thickness, it is higher than in previous works where the density of displacement was 3.1x1018 for 100 

MeV O7+ [20] and 1.4x1019 for 3.7 MeV Kr [7].  Except the case of the lightest oxygen projectiles, 

with the less induced displacement, we can conclude that for the coercivity and magnetization of small 

particle size samples, swift and low velocity ions have similar effect. 

Further experiments will be performed also at low energy but using different ion species such as 

Arq+, or Oq+ on same material system and also on different ferrite nanosystems, as MFe2O4, where M = 

Co, Ni, Mn in order to perform complementary investigations to elucidate the effect of slow charged 

ion impact with magnetic nanomaterials. Quantitative study of the magnetic characteristics change as 

function of the ion fluence will be done using different portion of the same sample. 
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Table 1. 
 
Parameters estimated from X-ray diffractograms, from VSM measurements at room temperature and 
from SQUID measurements 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Angl
e 

[°] 

Fluence 
[ion/cm2] 
(± 50%) 

a 
[Å] 
(± 

0.07) 

D 
[nm] 

AFM 
grain 
size 
[nm] 
(± 1 
nm) 

AFM 
Rp-p 

[nm] 

Coercitivity 
 

Volumic 
magnetization 

[emu/cm3] 

TB 

[K] 
Oe [kA/

m] 

PLD 
target 

  8.44 20 
(± 0.3) 

      

P1  pristine 8.45 11 
(± 0.2) 

 
25 

 
10 

46 3.7 75  

60 3x1014 8.45 11 
(± 0.2) 

56 4.5 106  

P2  pristine 8.43 
 

12 
(± 0.2) 

 
40 

 
 10 

18 1.4 40  

60 3x1011 8.43 
 

13 
(± 0.8) 

74 5.9 57  

P3  pristine 8.43 
 

12 
(± 0.2) 

 
30 

 
 10 

9 0.7 165 216 

60 1x1014 8.43 
 

13 
(± 0.8) 

5 0.4 195 226 

P4  pristine 8.43 12 
(± 0.2) 

 
30 

 
10 

48  3.8 43 131 

60 3x1014 8.43 
 

16 
(± 0.9) 

61  4.9 45 139 
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Figure list 

Figure 1 SRIM predictions on ion penetration and collision events in the present experimental 

conditions: ZnFe2O4 / Si (111) thin film (thickness - 250 nm) is irradiated by a Ne9+ ion beam (90 keV) 

at 60° incidence angle. Left: distribution of the ion penetration. Right: distribution of atom 

displacement in the sample.  

Figure 2 Scheme of the collision chamber. The manipulator and different diagnostic tools are shown: 

the retractable Faraday cups array (FCA) and a CCD camera. The CCD camera detects the emitted 

radiation from the sample during the irradiation process under 30 ° angle relative to the sample surface 

Figure 3SEM cross section of ZnFe2O4 – P1 thin film. 

Figure 4 (a) (left) AFM image of the Zn ferrite P3 thin film at 500 nm x 500 nm scan surface; (right) 

Three-dimensional AFM image of zinc ferrite films deposited on Si (111) substrate showing a hilly 

morphology. (b) AFM image of the Zn ferrite P2, P3, P4 irradiated thin films at 500 nm x 500 nm scan 

surface 

Figure 5Zoom of XRD spectra of pristine (annealed or not) and irradiated ZnFe2O4 - P3 sample with a 

step of 0.005°, and a speed of 1°/min, compared to PLD target (color online). 

Figure 6 Magnetic hysteresis loops at 300 K for the pristine and irradiated P3 zinc ferrite thin films. 

The inset presents the variation of the coercivity of sample P3 induced by irradiation process (color 

online). 

Figure 7 ZFC-FC dependence of magnetization for the pristine and irradiated zinc ferrite P3 thin films 

(color online). 
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Fig. 3 
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Fig. 4 

 



 
 

24 
 

 

Fig. 5 

 

Fig. 6 
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Fig. 7 


