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Abstract 

 
490 keV Fe+ ion irradiation of 200 nm thick Fe films was found to induce both structural 

and magnetic changes. The lattice constant and grain size increase as a function of dose 

and both properties follow the same power law. Irradiation induces a depth dependent 

magnetic profile consisting of two sublayers. The top Fe sublayer has a magnetic moment 

higher than that of the Fe before the irradiation whereas the bottom sublayer lower. The 

two sublayers are connected with the effects of Fe+ irradiation, i.e. the top sublayer with 

the depth in which mainly radiation damage occurs whereas the bottom one with the 

implantation of impinging Fe+ ions. The magnetic moments of the two sublayers have a 

non-monotonous variation with irradiation dose depicting a maximum for the top 

sublayer and a minimum for the bottom one at 96.2 dpa. The magnetic moment 

enhancement/reduction is discussed in relation with the atomic volume variation in the 

case of atom displacements and/or implantation effects. 
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1. Introduction 

 Although significant progress has been made in the development of improved 

radiation resistant alloys, the so far developed alloys are unable to withstand the severe 

operational conditions expected in fusion power plants [1, 2, 3]. Therefore, there is need 

for developing new radiation resistant alloys and to that end there is an international 

effort aspiring into understanding the effects of neutron radiation damage.  In order to 

materialize this objective multiscale modeling, experimental validation and irradiation 

campaigns in fission reactors [4, 5] are implemented. The last activity suffers from a vital 

inadequacy concerning fusion applications as the validity of extrapolating the fission 

neutron irradiation results to fusion environment is questionable. This contention arises 

from the fact that the energy spectrum of fission neutrons (mean energy of about 2 MeV) 

within a material is very different to that produced from the 14 MeV fusion neutrons. 

This shortcoming of the experimental basis of the research on neutron radiation damage 

to be generated in a fusion reactor can be surmounted by appreciating that the dominant 

damage arises from Primary Knock-on Atoms (PKA). Therefore, the main features of the 

neutron induced radiation damage in the materials can be studied by employing self-ion 

irradiations [6]. As the energy of the impinging ions is well determined averaging effects 

of different PKA energies can be avoided and also a wide choice of ion energies and 

fluxes are available for a methodical study of the damage. Implementation of ion 

irradiation has the additional advantage that the radiation damage arising solely from 

PKA can be studied by avoiding neutron transmutations e.g. helium and hydrogen 

production. Further, the ion irradiated samples are not radio-active and can be examined 

immediately after irradiations employing all the available material science techniques. 

Therefore, the experimental results on the damage produced by energetic ions provide 

significant and comprehensible information on radiation damage and they consist a 

rewarding testing bed for theoretical models and simulations. It is worth mentioning that 

the cost of ion irradiation in accelerators is very low in comparison to neutron irradiations 

in fission reactors.  

 It was chosen to utilize the above expressed viewpoint on Fe as 

ferritic/martensitic FeCr based steels are candidate structural materials for the future 

fusion reactor. The energy of the Fe ions for the irradiations was defined to 490 keV as 



this is the mean energy of the Fe PKA produced by the 14 MeV fusion neutrons 

impinging on iron based alloys. As the range of this energy ions is of the order of few 

hundreds of nanometers samples in the form of films have to be employed. Thus films of 

200 nm thickness were employed in order to observe effects arising from both radiation 

damage and ion implantation.  The current works refers to the effect of Fe+ ion irradiation 

on the structural and magnetic properties of the 200 nm thick iron films whereas in a 

previous work [7] 60 nm thick Fe films, in which only radiation damage occurs, were 

investigated. Irradiations with 490 keV Fe+ ion beam were performed for different doses. 

The structural characterization of the samples before and after the irradiations was 

performed using grazing and normal incidence X-ray diffraction and X-ray reflectivity 

measurements. The induced magnetic state changes were determined by magnetic 

hysteresis loop and polarized neutron reflectivity measurements.  Magnetic hysteresis 

loop measurements refer to the magnetic properties of the total film thickness, whereas 

by polarized neutron reflectivity (PNR) the magnetic moment per atom versus depth is 

determined.   

 

2. Materials and Methods 

 Iron films having a thickness of 200 nm were fabricated on one side polished 

(001) silicon wafer substrates using DC magnetron sputtering. A Cr cover layer of 4 nm 

nominal thickness was deposited on top of the Fe layer in order to prevent oxidization.  

 Irradiations with 490 keV Fe+ ion beam were performed at JANNuS facility at 

CEA-Saclay using an ion flux of around 2×1012 ions/(cm2·s). The samples during the 

irradiation were placed on a liquid nitrogen cooled flange compensating the heating 

induced by the beam and thus keeping the sample temperature at 25 °C.  The damage is 

characterized in terms of the average number of times that an individual atom is displaced 

from its lattice site i.e. ‘displacements per atom’ (dpa) and this unit is employed 

throughout this paper. The samples were irradiated for different doses which correspond 

to a range from 0.5 to 341 dpa (Table 1).  

 

 

 



Table 1. Irradiation parameters. 

Ion flux 
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(min) 
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( × 10
15

 ions/cm
2
) 

dpa 

2.4 

1.5 0.2 0.5 

2.5 0.4 1.1 

29 3.6 9.2 

93 10.8 27.6 

308 37.9 96.2 

984 134.1 341 
 

 Simulations using the SRIM-2008 software [8] have been performed of the 

bombardment of 490 keV Fe+ ions on an iron target using for the displacement energy the 

value of 40 eV  [ASTM standard, 9]. In Fig.1 are depicted the number of recoils and the 

ion implantation probability per incident ion versus the depth within the iron target. It is 

observed that up to a depth of around 100 nm mainly radiation damage occurs and above 

100 nm up both radiation and implantation effects take place.  
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Fig.1. Recoils and implantation profile for 490 keV Fe+ on Fe target according to SRIM 

calculations. For the definition of top and bottom Fe sublayer refer to Fig. 8a. 

 



 The films were characterized before and after the irradiation on both the structural 

and magnetic properties. The structural characterization was carried out by X-ray 

reflectivity (XRR) and X-ray diffraction (XRD) both at normal and grazing incidence 

angle. The X-ray measurements were performed on a D8 Advance Bruker diffractometer 

using Cu-Kα radiation and a parallel beam stemming from a Göbel Mirror. The magnetic 

state of the samples was determined by Vibrating Sample Magnetometry and Polarized 

Neutron Reflectivity (PNR) measurements. The PNR measurements were performed at 

PRISM instrument at Laboratoire Léon-Brillouin, CEA-Saclay. An in-plane external 

magnetic field of 1.2 T was applied in order to magnetically saturate the samples. The 

incident neutron wavelength was 0.40 nm and the Q-range varied from 0.05 to 2.3 nm-1 (

Q is the magnitude of scattering vector, ′Q = k - k , where ′k  and k  the wavevector of 

the scattered and incident beam, respectively). In PNR measurements we obtain two 

reflectivities the one, R+, corresponding to the spin of incident neutron being parallel to 

the applied magnetic field (spin up) and the second, R-, to the spin being down. The spin 

up and down reflectivities can be calculated from the exact solution of the Schrödinger 

equation for an assumed model of density and magnetic moment profile versus depth. 

The parameters characterizing the density model (e.g. thickness, density, magnetic 

moment per atom) are derived by a least squares fit to the experimental data using the 

SimulReflec software [10].  

 

 

3. Results and Discussion 

3.1 Structural changes induced by the Fe+ irradiations 

Initially any structural changes induced by the Fe+ ion irradiation of the Fe films 

were evaluated. For this purpose two techniques were employed, namely X-ray 

reflectivity (XRR) and X-ray diffraction (XRD) both at normal and grazing incidence 

angle. The samples were characterized before and after the irradiations. 

 The least square fit of the XRR data shows that the Fe layer for doses up to 27.6 

dpa has an average atomic density similar to that of bulk Fe (8.5×1028 atoms/m3). For 

higher doses two Fe sublayers (top and bottom sublayer), with about 100 nm thickness 

each, were found with different atomic densities The correspondence of these two 



sublayers with the radiation damage and implantation induced by the Fe+ ion irradiations 

is presented in Fig. 1. The top sublayer corresponds to the depth in which radiation 

damage is the main effect and the bottom sublayer relates to the depth in which both 

damage and implantation exist. The density of the top and bottom sublayers reaches the 

value of 8.9×1028 at/m3 and 9.2×1028 at/m3, respectively, for the maximum dose of 341 

dpa.  

 The XRD measurements at normal and grazing incidence angle (GIXRD) reveal a 

bcc crystalline structure of the as fabricated Fe films. The crystallinity remains even after 

the irradiation of 341 dpa, whereas it is observed that as the dose increases the (110) 

Bragg peak moves to lower angles showing an increase of the lattice constant (Fig.1a). 

The lattice constant increases with the increase of the dose from 0.2859(7) nm for the un-

irradiated sample to 0.2869(3) nm for the maximum dose of 341 dpa. A similar behavior 

was found in our previous work [7] regarding the irradiation effects of 490 keV Fe+ ions 

on 60 nm thick Fe films. The lattice constant as measured by GIXRD, which corresponds 

to the out of plane lattice constant, coincides, within error bar, with the lattice constant 

measured with normal XRD using the (110) peak. In our previous work [7], where only 

recoils prevail and implantation effects are negligible, we observed a 25% decrease in the 

integrated intensity of the (110) Fe Bragg peak for the maximum dose of 70 dpa. In the 

current work no systematic variation of the (110) integrated intensity is found. 

From peak profile analysis of the (110) XRD peak the mean grain size can be 

calculated [11]. The values of the grain size vary between 24 nm, for the non-irradiated 

sample, up to 31 nm for the highest dose of 341 dpa.  
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Fig.2. The Fe (110) Bragg peak for various irradiation doses. 

 

Both the lattice constant and the grain size increase monotonically with dose. One 

observes an initial stage where the lattice constant and the grain size increase abruptly 

and a second stage where both properties approach slowly the saturation. The variation of 

the lattice constant and the grain size versus dose, d , in dpa shows a common behavior 

that can be described by the equation 

 
( ) 0

max 0

n

p d p
K d

p p

 − 
= ⋅ 

− 
 (1) 

where p  is the property in question (i.e. either lattice constant or grain size) and 0p  and 

maxp  are the property values for zero and maximum dose, respectively. The exponent n  

as obtained from the least square fit of eq. (1) to the data of the lattice constant and grain 

size is determined as 6.4±1.1 whereas the constant K  has a value (3.9±1.7)×10-3 dpa-1. 

The fitted curve is presented in Fig.3 as a solid line. 

 Lattice constant increase was found in a previous study [12] of fission and 14 

MeV neutron irradiation of Mo and it was attributed to the lattice strain from interstitials 

and small interstitial cluster. Gray and Cummings [13] found that the lattice constant of 

fission neutron irradiated Mo presents a maximum at some dose and at higher doses it 

decreases below the pre-irradiation value. The explanation of this behavior is based on 

the clustering and growth of the interstitial which presupposes the presence of a 

considerable number of interstitial traps such as impurities.  
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Fig.3. Normalized lattice constant and grain size as a function of irradiation dose. 

Continuous line is least squares fit of eq. 1 to the data (see 3.1 for details). 

 

   

 Ion irradiation has been observed to induce grain growth in thin polycrystalline 

metal film and it has been theoretically investigated in a number of studies [14, 15, 16, 

17, 18 and references therein]. Grain growth by ion irradiation may be caused by 

increased atomic mobility, indirectly through mobile radiation induced crystal defects 

and directly through atomic collisions. The role of each mechanism in ion irradiation 

enhanced grain growth is still unclear. Alexander and Was [15] and Kaoumi and co-

workers [16] proposed a thermal spike model to describe the grain growth. In some of 

these studies the grain growth follows the law 0
n n

w w KΦ− =  where 0w  the grain size of 

the un-irradiated sample, K  is proportional to the grain boundary mobility, Φ  the ion 

dose and n  a constant. The growth exponent was found to vary in the range 1.0 to 4.5. 

We observe that, in the current work, the power law is applicable for both the scaled 

lattice constant and grain size over the whole range of doses. However, in the current 

work the exponent n is found to be larger, i.e. 6.4±1.1.  

 



3.2 Magnetic changes induced by Fe+ irradiation 

The induced magnetic state changes were determined by measuring the magnetic 

hysteresis loop for the various irradiation doses (Fig. 4). The saturation magnetization of 

the samples after the irradiation presents a non-monotonous variation. The magnetization 

increases up to about 16% for the dose of 96.2 dpa, whereas at the much larger dose of 

341 dpa it is reduced to a value 7% larger than that in the non-irradiated state, as it can be 

seen in Fig.4. These results will be discussed below in conjunction with the PNR 

measurements. 
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Fig.4. Magnetization hysteresis curves for various irradiation doses.  The inset shows a 

magnification of the hysteresis curve around zero field. 

 

One observes a drastic decrease in the coercive field, cH , with the increase of the dose 

from 85 Oe for the un-irradiated samples to 17 Oe for the sample irradiated at 341 dpa 

(see inset of Fig.4). In Fig.5 is presented the coercive field as a function of the inverse 

grain size. The graph of cH versus the inverse of the grain size shows two linear regions 

with slopes 2±1 Oe·µm and 12.1±2.6 Oe·µm corresponding to the low and high doses, 

respectively. In our previous work [7], where doses up to about 70 dpa were investigated, 

the slope was found 3.18±0.13 Oe·µm which is in closer agreement with the first slope 

that corresponds to very low doses. Yensen and Ziegler [19] have found in bulk iron that 

the grain boundary contribution in the coercivity is 3( ) 3.7 10 / ( )cH Oe L cm
−= ×  where L  

is the mean grain diameter. For our nanocrystalline films this contribution is one order of 



magnitude smaller. Kamada et al. [20,21] found that in monocrystalline 30 and 250 nm 

thick Fe films the magnetic hysteresis curves are not influenced by the irradiation of 3.2 

MeV Ni+ ions up to a fluence of  6.4×1014 ions/cm2. This different behavior compared to 

our findings must be due to the fact that in the current study three orders of magnitude  

higher doses are used.  
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Fig.5. The coercive field as a function of inverse grain size. The lines are least square fits 

(see 3.2 for details).  

 

 In order to resolve whether there is a magnetization profile associated with the 

enhanced magnetization observed in the magnetic hysteresis loop PNR measurements 

were employed. For the fitting of the PNR data both a structural and a magnetic model 

have to be incorporated in the least squares fitting. In order to reduce the number of 

parameters to be fitted by the least squares procedure the structural parameters 

determined by XRR formed the basis for the structural models used for the interpretation 

of the PNR spectra. The atomic density and thickness parameters of the profile (which 

was simulated using two main Fe sublayers) were used in the initial model for the least fit 

of the PNR data in order to deduce the magnetic moment profile.  

 The PNR data of the un-irradiated sample are depicted in Fig.6. The spin up and 

spin down reflectivities are presented with their least-square fitted curves (solid line 



curves). The Fe magnetic moment is determined to be equal to 2.10±0.05 µB/atom.  This 

value is about 3.7% lower than that expected for the bulk Fe at room temperature 

calculated from its magnetization versus temperature curve [22]. From the magnetic 

hysteresis loop (Fig.4) we observe that the magnetic field used for the PNR 

measurements of 1.2 T results in a magnetization of around 1% lower than the saturation 

value. Thus the by PNR found lower value than the bulk one of the Fe film magnetic 

moment arises  from the lack of complete saturation. Taking this into account and 

recalculating the expected magnetic moment in the applied filed of 1.2 T it is found that 

the value of the magnetic moment in the un-irradiated 200 nm Fe film determined by 

PNR agrees extremely well with the value of bulk iron at room temperature. 
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Fig.6. PNR data of the non-irradiated sample. The solid line is a least-square fit to the 

data. The inset shows the spin up and down reflectivity near the critical region. 
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Fig.7. PNR data of sample irradiated at 96.2 dpa. The solid line is a least-square fit to the 

data with µb=1.82 µB/at and µt=2.68 µB/at. The dotted, dashed and dashed-dotted lines 

correspond to models with µb= µt=2.1 µB/at, µb= µt=1.82 µB/at and µb= µt=2.68 µB/at, 

respectively (see 3.2 for further explanation). The inset shows the spin up and down 

reflectivity near the critical region. 

  

 The spin up and spin down reflectivities for the sample irradiated at 96.2 dpa are 

shown in Fig. 7. In order to fit the experimental PNR data one has to assume a magnetic 

depth profile consisting of two sublayers the top one with thickness and magnetic 

moment per atom td  and  tµ ,  respectively and the bottom one having the values bd and 

bµ . From a least squares fit to both cross sections (continuous line in Fig. 7) the magnetic 

moments of the two sublayers of the Fe film irradiated at 96.2 dpa were determined to be 

µt=2.68 µB/atom ( td =120 nm)  and bµ =1.82 µB/atom ( bd =80 nm), respectively.  It should 

be reminded that these two sublayers were found by XRR measurements to have different 

atomic densities and should be correlated with the Fig. 1 as the top sublayer corresponds 

to the region in which we have mostly displacement of the atoms and the bottom sublayer 

where implantation prevails. In order to show the accuracy of the magnetic moment 

determination two simulations with µt=µb=2.68 µB/atom and µt=µb=1.82 µB/atom 



magnetic moment values are shown in Fig. 7. Further in Fig. 7 we show the calculated 

PNR curve for Fe magnetic moment of 2.1 µB/atom, the value found for the un-irradiated 

sample. Comparison of this with the experimental data leaves no doubt about the 

sensitivity of the PNR technique in determining the magnetic profile and the accuracy of 

the deduced magnetic moments with an error estimation of around 2.5%.  In this stage 

some aspects of the PNR techniques have to be brought to the reader’s attention. PNR is 

very sensitive in determining magnetic or density variations versus depth but it averages 

over the xy plane. Thus, the determined magnetic moment is an average over the Fe 

sublayer volume. This means that either all the atoms have the determined magnetic 

moment value or there are regions of higher and lower magnetic moments per atom 

dispersed randomly over the whole volume of the sublayer having as a mean the 

determined value.  

 The variation of the atomic magnetic moment, µ , as determined by PNR for the 

two Fe sublayers versus ion dose in dpa, d , is depicted in Fig.8a.  It is observed that the 

magnetic moment for the top Fe sublayer presents a maximum at the dose of 96.2 dpa 

and for higher doses it decreases towards the Fe bulk moment at room temperature. The 

magnetic moment of the bottom Fe sublayer presents small variation as a function of dose 

and it shows a minimum of 1.82 µB/atom also at the dose of 96.2 dpa. This behavior 

versus dose is in agreement with variation of the saturation magnetization as measured by 

the magnetic hysteresis loop (Fig.8b).  
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Fig.8. (a) Atomic magnetic moment for the two Fe sublayers as a function of dpa. (b) 

Average magnetic moment as determined from PNR data as a function of dose (�) and 

the % variation of the saturation magnetization with respect to that of the un-irradiated 

sample (▲). The solid lines are guide to the eye. 

 

 

 

 



 

4. Conclusions 

The 490 keV self ion irradiation of 200 nm Fe films was found to induce both 

structural and magnetic changes. The bcc crystal structure remains overall even at a dose 

of 341 dpa. By XRR measurements it has been found that for doses larger than 27.6 dpa 

two density sublayers have been formed. The top sublayer which corresponds to the 

depth in which mainly damage occurs reaches a density of 8.9×1028 at/m3 at the 

maximum dose of 341 dpa. The bottom sublayer, corresponding to the depth in which 

both damage and implantation occur, shows further increase of 8% in comparison to the 

un-irradiated state after the irradiation dose of 341 dpa. Lattice expansion and grain 

growth are observed. Their increase versus irradiation dose follows the same growth 

equation (eq. 1). This correlation of grain size and lattice constant increase versus defect 

production (dpa) is an important finding which demonstrates that any models of radiation 

damage should aim in explaining not only the alteration of physical properties arising 

from the irradiation but also the correlation of the induced changes as that depicted in 

Fig. 3. 

The analysis of the PNR data of the irradiated samples show a magnetic depth 

profile with the top Fe sublayer presenting an enhanced magnetic moment whereas the 

bottom Fe sublayer shows a reduction of the magnetic moment. In addition the magnetic 

moment of both layers varies as a function of irradiation dose as depicted in Fig. 8a. The 

enhancement of the magnetic moment of the top Fe sublayer is in agreement with that 

found in our previous work [7] for Fe film thickness of 60 nm. In this latter case only 

recoils take place, whereas implantation effects are negligible. However, in 200 nm thick 

Fe films implantation effects start to play a role for depths larger than about 80 nm 

(Fig.1). 

Having shown the enhancement of the Fe magnetic moment for films having a 

thickness of 60 nm [7], we attribute the magnetic moment increase/decrease to an atomic 

volume increase/decrease. The increase of the magnetic moment with increasing atomic 

volumes has been shown by ab initio calculations [23, 24]. Using the empirical formula 



[25] 
γ

c
C

v
µ= µ 1 -

ν

 
 
 

 ( v is the atomic volume and 
cv  a critical atomic volume 

corresponding to the onset of ferromagnetism), the observed magnetic moment of 2.68 

µB/atom after the 96.2 dpa irradiation corresponds to an atomic volume of 18.45 Å3. A 

lattice expansion after irradiation has been observed in the current study, however the 

atomic volume that corresponds to the 96.2 dpa is merely 11.8 Å3, close to that of bulk 

iron.  Intuitively we may imagine that a rich of vacancies region which increases the 

averaged atomic volume would have the same result. A concentration of vacancies 

around 36% would give a mean atomic volume of 18.45 Å3 and thus an average magnetic 

moment per Fe atom of 2.68 µB. It has been found by atomistic computer simulations in 

α-Fe that 2NN and 3NN vacancy dimers (the second and the third nearest neighbor sites) 

are stable energetically and larger vacancy clusters can be formed by combinations of the 

triangular trimers and the square tetramers on {100} plane [26].  Also from kinetic Monte 

Carlo it was found that vacancy clusters are mobile having increasing with the size 

energy for migration and dissociation [27]. Therefore, it is plausible to assume that the 

increase of the magnetic moment observed arises from the present of vacancy clusters. 

These vacancy clusters would have as an effect the reduction of the local electronic 

density, ρ . Correlating the magnetic moment with the electronic density described by a 

simple model [28] we find that reduction of the relative electronic density 
c

ρ
ρ

( cρ  a 

density corresponding to the onset of ferromagnetism) from 0.84 to 0.71 corresponds to 

an increase of the magnetic moment from 2.1 to 2.68 µB/atom. Following the same 

reasoning for the decrease of magnetic moment of the bottom Fe sublayer we find that 

the decrease to 1.82 µB/atom for the dose of 96.2 dpa corresponds to a reduction of the 

atomic volume to 10.6 Å3 and a concentration of interstitials of 11%. The implanted Fe 

atoms are about 1.4% at this dose. 

Above we have offered a plausible explanation of the magnetic profile induced in 

Fe films by the 490 keV Fe+ ion irradiation. However, further experiments and 

calculations are needed in order to elucidate the current experimental findings and to 



resolve the type and density of defect complexes, e.g. vacancy and/or interstitial clusters, 

which remain after an irradiation with 490 keV Fe+.  
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