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Iron magnetic moment enhancement is observed following the irradiation of iron films with 490 keV Fe+ at
room temperature. The iron magnetic moment enhancement increases to saturation with irradiation dose. The
enhanced magnetic moment decays exponentially to its value before the irradiation with a time constant of
5.2 months. The iron magnetic moment enhancement is attributed to the creation of vacancy clusters having a
concentration of about 20%, whereas the relaxation effects is attributed to the dissociation of these clusters.
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Magnetic interactions determine not only the physical but
also the mechanical properties of Fe based alloys which are
widely used in many applications. The magnetic interactions
[1,2] are incorporated in multiscale modeling [3] aimed at
predicting the properties of steels in extreme environments,
e.g., fusion or fission conditions. In addition, the correlation
between magnetism and mechanical strength has been proved
experimentally [4]. Further, the fact that the mechanical
properties of these steels deteriorate under neutron irradiation
[5] leads to the inescapable conclusion that neutron irradiation
must affect the long range magnetism of these alloys. The
lattice damage in the case of neutron irradiation is not produced
by the neutron per se, but by the primary knock-on atoms
(PKAs), which in the case of steels are mainly iron atoms. As
a result we can investigate the effects of neutron irradiation
by employing Fe ion irradiation [6], and as a first, simplifying
step it is suitable to employ pure iron as a target. It should be
noted that 14 MeV neutrons have a large free mean path and
PKAs with different energies are generated along their track.
Ion irradiation refers to a specific PKA energy produced along
the neutron path. The energy for the Fe ion irradiation was
selected as 490 keV, which corresponds to the mean energy
of Fe PKAs produced by fusion neutrons of 14 MeV energy.
This choice was made for the following reasons: This research
is part of an international effort to develop radiation resistant
alloys expected to be used in future fusion power plants [7,8],
combining multiscale modeling, experimental validation, and
irradiation campaigns in fission reactors [9,10]. In addition, at
present we have no direct knowledge of the damage produced
by the 14 MeV fusion neutrons since the mean energy of fission
neutrons used to study the radiation damage is about 2 MeV
and, thus, the validity of extrapolating these irradiation studies
to the fusion environment is questionable.

In the literature, changes in the structural and magnetic
properties of iron films induced by heavy ion irradiation
and/or implantation are reported [11–14]. However, in these
studies no changes in the magnetization were reported. This
is attributed either to the existence of implantation effects
[13,14], which is not the case in the current work, or the use of
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much lower fluences (two orders of magnitude lower) [11,12]
than in the current work.

Ion bombardment of an Fe target by 490 keV Fe+ results in
both damage and implantation, and these two effects were sim-
ulated using the SRIM software [15] and a displacement energy
of 40 eV (ASTM standard [16]). From these simulations it was
determined that up to a depth of 60 nm the implantation of Fe+
in Fe is negligible and, on the other hand, the radiation damage
produced is very high. Thus, iron films having a thickness of
60 nm were fabricated on one side polished (100) single crystal
MgO and (001) silicon wafer substrates using dc magnetron
sputtering. A Cr cover layer having a nominal thickness of 4
nm was deposited on top of the Fe layer in order to prevent
oxidization. Irradiation with a 490 keV Fe+ ion beam were
performed at the JANNUS facility at CEA-Saclay using an
ion flux of around 2 × 1012ions/(cm2s). The samples during
the irradiation were placed on a liquid nitrogen cooled flange,
compensating for the heating induced by the beam and, thus,
keeping the samples’ temperature at 25 °C. The damage is
characterized in terms of the total number of times that an
individual atom is initially displaced from its lattice site, i.e.,
“displacements per atom” (dpa), and this unit is employed
throughout this paper. The dpa does not acknowledge the
number of interstitials recombining with vacancies, i.e., the
remaining Frenkel pairs are indicated by Norgett, Robinson
and Torrens (NRT) dpa [17]. The dpa values are determined
by employing the integrated number of recoils, given by
SRIM simulations, over the Fe film depth. The samples were
irradiated for different doses which correspond to a dpa range
from 1.5 to 72. The corresponding atomic density increase due
to the Fe ion implantation was from 0.6 × 10−3% to 0.28%.

The individual 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 both at normal and grazing
incidence angle. The x-ray scattering 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 (VSM) and polarized neutron
reflectivity (PNR) measurements. Magnetic hysteresis loop
measurements are used to determine the magnetic properties
of the total film thickness, whereas the magnetic moment
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per atom versus depth is determined by PNR. The PNR
measurements were performed on the PRISM spectrometer
at the Laboratoire Léon-Brillouin, CEA-Saclay. An in-plane
external magnetic field of 1.2 T was applied in order to align
the magnetic domains. 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). In PNR
measurements we obtain two reflectivities: R+, corresponding
to the spin of incident neutrons parallel to the applied magnetic
field (spin up) and R−, that corresponding 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 of the model are derived by a least
squares fit to the experimental data using SimulReflec software
[18]. During the research relaxation effects were present, so
XRD, magnetization, and PNR measurements carried out at
different periods from the time of the irradiation are reported.

From XRR measurements the density profile of the film
versus depth is determined. From these measurements no
density profile change arising from the irradiation was found.
The x-ray diffraction measurements at grazing incidence angle
(GIXRD) show a bcc crystalline structure of the as-fabricated
Fe films which remains even after the irradiation of 72 dpa. The
integrated intensity of the (110) XRD Bragg peak decreases
as the dose increases, to about 25% at the maximum dose
of 72 dpa. The decrease of the integrated intensity with dose
indicates a loss of crystallinity. The out of plane lattice constant
as measured by GIXRD coincides, within an error bar, with
the lattice constant measured with normal XRD. From peak
profile analysis the grain size was calculated [19].

Both the lattice constant and the grain size as a function of
dose (Fig. 1) increase monotonically until they reach saturation
at about 15 dpa. The grain size varies between 20 nm, for the
nonirradiated sample, up to 30 nm for the 72 dpa irradiation.
The lattice constant for the unirradiated film is 0.2% below
the Fe bulk value and after 10 dpa irradiation it reaches the Fe
bulk value. This indicates the existence of 0.2% compressive
strains in the as-fabricated Fe films, and as the irradiation

FIG. 1. Normalized lattice constant and grain size as a function
of dose. The solid line is a least squares fit of Eq. (1) to the data (see
text for details).

dose increases the strains are relieved. A similar strain value,
for the same Ar pressure (3 mTorr), is found for magnetron
sputtered Fe films in the work of Javed et al. [20]. Moreover,
the coincidence of the lattice constant as determined from
XRD and GIXRD measurements indicates that the stress is
isotropic. From Fig. 1 an initial stage is observed where the
lattice constant and the grain size increase abruptly, in addition
to a second stage where both properties gradually approach the
saturation. The variation of the lattice constant and the grain
size versus dose, d, in dpa, show the same dose dependence,
which can be described by a simple empirical equation,

p(d) − p0

pmax − p0
= 1 − exp

(
− d

dh

)
, (1)

where p is the property in question (i.e., either lattice constant
or grain size) and p0 and pmax are the property values for
zero and maximum dose, respectively. For the lattice constant,
pmax = 2.8669(3) Å and p0 = 2.861(1) Å, and for the grain
size, pmax = 30.4(5) nm and p0 = 20.0(5) nm. The constant
dh is obtained from the least squares fit of Eq. (1) to the data of
both the lattice constant and grain size and has the value dh =
2.5(4) dpa. The fitted curve according to Eq. (1) is presented in
Fig. 1 as a solid line. It should be stressed that despite the good
fitting of Eq. (1) to the data, the mathematical formulation
is only indicative of the dose dependence of the lattice
constant and grain size. 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
(see Refs. [21–25] 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.

The structural changes of the Fe films caused by the 490 keV
Fe+ irradiation can be summarized as follows: The bcc crystal
structure remains overall even at the dose of 72 dpa. However,
there is a loss of crystallinity. The density of the films within
the 10% accuracy of the XRR measurements is unaffected
by the irradiation. However, there is a lattice expansion and
grain growth. Both the lattice constant and grain size increase
follow the same growth equation [Eq. (1)] versus irradiation
dose. This correlation of grain size and lattice constant increase
versus defect production (in dpa) is an important finding which
demonstrates that any models of radiation damage should aim
at explaining not only the alteration of physical properties
arising from the irradiation, but also the correlation of the
induced changes as depicted in Fig. 1.

In Fig. 2 the magnetization hysteresis loop of a 60 nm
Fe film is shown in its as-fabricated state and after 72 dpa,
490 keV Fe+ irradiation. We observe a considerable increase
in the magnetization up to about 32%. Fe films irradiated with
lower doses show a smaller increase of the magnetization and
this will be discussed in the following paragraphs. In order to
have an accurate determination of the magnetic moment per
atom and, more importantly, to examine whether there is a
magnetic profile, we carried out PNR measurements.

The Fe magnetic moment determined from the PNR
measurements for the unirradiated specimen was found to be
equal to 2.1μB/atom. This value is of about 5% lower than
that expected for the bulk Fe at room temperature calculated
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FIG. 2. Magnetization hysteresis curves: (a) open circles before
irradiation and (b) solid circles after 72 dpa irradiation with 490 keV
Fe+. The inset is a zoom in of the hysteresis loop around zero field.

from its magnetization versus temperature curve [26]. From the
magnetic hysteresis loop (Fig. 2) we observe that the magnetic
field of 1.2 T used for the PNR measurements results in a
magnetization around 5% lower than the saturation value.
Taking this into consideration, it can be concluded that the
PNR determination of the Fe magnetic moment in the 60 nm
iron films agrees extremely well with the value of bulk iron at
room temperature.

The spin up and spin down reflectivities for the sample
irradiated at 72 dpa are shown in Fig. 3. The reflectivities have
been multiplied by Q4 in order to remove the asymptotic 1/Q4

dependence. From a least squares fit to both cross sections
(solid line in Fig. 3) the magnetic moment of the Fe film
irradiated at 72 dpa was determined to be 2.5μB/atom. In order
to show the accuracy of the magnetic moment determination,
two simulations with lower and higher magnetic moment
values are shown in Fig. 3. We estimate that the accuracy of the

FIG. 3. (a) R+Q4 and (b) R−Q4 data versus the scattering vector.
The solid line is a least squares fit to the data corresponding to a
magnetic moment for Fe of 2.5μB/atom. The dotted, dashed, and
dashed-dotted lines correspond to models with Fe magnetic moments
of 2.1μB/atom, 2.4μB/atom, and 2.6μB/atom, respectively.

FIG. 4. Atomic magnetic moment as a function of dpa. The solid
line is a least squares fit of Eq. (1) (see text for details).

magnetic moments per atom derived by PNR measurements
is around 2.5%. In Fig. 3 we also show the calculated PNR
curve for a Fe magnetic moment of 2.1μB/atom, the value we
found for the unirradiated sample (see above). Comparison of
this with the experimental data leaves no doubt regarding the
increase of the magnetic moment after 72 dpa Fe+ irradiation.
In this stage some aspects of the PNR techniques must be
brought to the reader’s attention. PNR is very sensitive in
determining magnetic or density variations versus depth with
a resolution of about 0.1 nm, but it averages over the x-y plane.
Within this resolution it should be mentioned that no magnetic
profile versus depth was found. Thus, the determined magnetic
moment is an average over the film 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 sample having as a mean the determined value.

The variation of the atomic magnetic moment, μ, deter-
mined by PNR versus ion dose in dpa, d, is depicted in
Fig. 4. The magnetic moment versus dose data, μ(d), were
fitted using Eq. (1), i.e., p(d) = μ(d), and μ0 = 2.1μB/atom
is the value determined for the unirradiated samples and
μmax = 2.5μB/atom that determined for the sample irradiated
at 72 dpa. The least squares determined value for dh was 31 ±
6 dpa. Notwithstanding that the magnetic moment increase
versus dose follows the same increase law as that of the
grain size and lattice constant, its increase is much slower.
It should be emphasized that the fitting of Eq. (1) to the data
illustrates only an overall pictorial description and in no way
implies a mathematical exactness. For a more comprehensive
description, denser experimental data points are required.

Measurements of the magnetization hysteresis loop and the
PNR curves at different times after the irradiation showed
that the magnetic moment exhibits relaxation effects. The
magnetic moment of the Fe film irradiated at 72 dpa versus
time measured from the end of the irradiation is shown in
Fig. 5, along with both PNR and VSM. The magnetization
from the VSM measurements has been converted to μB/atom
using the thickness and mass density as determined by the
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FIG. 5. Atomic magnetic moment of the Fe film irradiated at
72 dpa as a function of the time elapsed from the Fe+ irradiation. The
solid line is a least squares fit to the data of Eq. (2).

XRR measurements. The solid line in Fig. 5 is a least squares
fit of the data to the equation

μ(t) = μref + μ0 exp

(
− t

th

)
, (2)

where μref is the magnetic moment of the sample before the
irradiation, i.e., 2.1μB/atom. From the least squares fit the
parameters μ0 and th were 1.5 ± 0.4μB/atom and 5.2 ± 2.0
months, respectively. Considering the time dependence of
the magnetic moment (Fig. 5), it should be mentioned that
the variation of the magnetic moment versus dose in Fig. 4
corresponds to a time of 9 months elapsed from the end of
the sample irradiation. Figure 4 refers to the determination of
the magnetic moment of all the irradiated samples by PNR
measurements which were carried out 9 months after their
irradiation [27]. Only the sample irradiated at 72 dpa was
measured by PNR after 3 and 9 months [28], and the values
are shown in Fig. 5.

To conclude the spectacular effects of Fe+ irradiation on the
magnetic properties of the Fe films, we refer to the decrease
in the coercive field as for example this is seen in the inset
of Fig. 2, where the initial value of 70 Oe has changed to
13 Oe after 72 dpa. The coercive field versus dose shows an
exponential decrease. This is not surprising as it was found that
the coercive field Hc and the grain size w are well correlated,
i.e., Hc(w) ∝ b/w, and by least squares it was found that
b = (3.18 ± 0.13) Oe μm.

The drastic increase of the Fe magnetic moment revealed by
magnetization and PNR measurements is quite unexpected. A
reasonable starting point for explaining the magnetic moment
increase would be to attribute it to an atomic volume increase.
The increase of the magnetic moment with increasing atomic

volumes has been shown by ab initio calculations [29,30].
Using the empirical formula [2] μ = μC(1 −

√
vc

v
)γ (v is the

atomic volume and vc a critical atomic volume corresponding
to the onset of ferromagnetism), the observed magnetic
moment of 2.5μB/atom after 72 dpa corresponds to an atomic
volume of 15.5 Å3. A lattice expansion after irradiation has
been observed in the current study; however, the atomic
volume that corresponds to 72 dpa is merely 11.8 Å3, close
to that of bulk iron. Intuitively we may imagine that a region
rich of vacancies which increases the averaged atomic volume
would have the same result. A concentration of vacancies
around 20% would give a mean atomic volume of 15.5 Å3 and
thus an average magnetic moment per Fe atom of 2.5μB . It
has been found by atomistic computer simulations in α-Fe that
second- and third-nearest-neighbor vacancy dimers are stable
energetically and larger vacancy clusters can be formed by
combinations of the triangular trimers and the square tetramers
on the {100} plane [31]. Also, from kinetic Monte Carlo
simulations it was found that vacancy clusters are mobile,
having increasing with their size energy for migration and
dissociation [32]. Therefore, it is plausible to assume that the
observed increase of the magnetic moment arises from the
presence of vacancy clusters. These vacancy clusters would
have the effect of reducing the local electronic density ρ.
Correlating the magnetic moment with the electronic density
described by a simple model [1], we find that reduction of the
relative electronic density ρ/ρc (ρc is a density corresponding
to the onset of ferromagnetism) from 0.83 to 0.74 corresponds
to an increase of the magnetic moment from 2.1μB/atom to
2.5μB/atom. As a result of attributing the increase of the
Fe magnetic moment after the irradiation to the presence
of vacancy clusters, the relaxation effects can be explained
straightforwardly as being due to the lifetime of these clusters.

We have offered a plausible explanation of the unexpected,
drastic increase of the Fe magnetic moment after irradiation
with 490 keV Fe+. However, many questions remain to be
answered by further experiments and calculations. A central
question is what types of defect complexes, e.g., vacancy
clusters, remain after an irradiation with 490 keV Fe+ and what
their lifetimes are. In this work the necessary information for
detailed future calculations is provided, since, in addition to
the relaxation time and magnetic moment, the lattice constant
and grain size are given.
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