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A B S T R A C T

We report the effects of implantation-induced-sputtering in determining the true magnetisation of iron nitrides
formed by nitrogen implantation into iron films and the changes subsequently observed in their magnetic ani-
sotropy. Iron thin films (40 nm) capped with gold layers were synthesized by ion beam sputtering. Nitrogen was
implanted onto the thin film to a dose of 7 × 1016 cm−2. Dynamic ion–solid interaction simulations calculate the
average nitrogen concentration within the iron thin films to be 13 at.%. Ion beam analysis was used to evaluate
the composition and depth profile of the thin films before and after implantation. Cross-sectional transmission
electron microscopy helped in identifying the implantation induced effects at the surface and interface of the
thin film structure. Magnetisation measurements show that nitrogen implantation enhances the magnetisation of
thin films and reduces their in-plane magnetic anisotropy. High resolution TEM and magnetisation results
suggest formation of α’/α”-Fe16N2 with large magnetic moments and perpendicular magnetic anisotropy. The
enhancement in magnetisation of the thin film with and without considering the sputtering losses is determined
to be 15% and 5%, respectively. Our review of literature shows that underestimating the sputtering losses from
implantation leads to reporting of inconsistent and reduced magnetic moments for Fe16N2.

1. Introduction

Incorporation of light elements into iron matrix has resulted in
materials with extremely useful properties and wide-ranging applica-
tions. Steel, the most widely used alloy, is one such example formed by
adding carbon to iron. Nitrogen incorporation into the interstitial sites
of iron leads to formation of iron nitrides with applications in diverse
fields such as catalysis [1], cancer treatment [2], lightweight perma-
nent magnets [3,4], electrochemical energy devices [5,6], corrosion
and wear-resistant surfaces [7] etc. Ferromagnetic iron nitrides, in
particular, are an attractive material choice for high density magnetic
data storage media and read heads, magnetic sensors and motors
[8–11].

α-Fe is a weak ferromagnet with partially filled 3d↑ states con-
tributing to a magnetic moment of 2.22 µB at 0 K. It assumes a BCC
structure with the easy axis of magnetisation oriented along
the 〈001〉 axis [12]. Nitrogen incorporation dilates its crystal axis and
switches the easy axis of magnetisation towards its c-axis leading to
perpendicular magnetic anisotropy (PMA). Bonding with nitrogen also
compensates the unfilled 3d states of iron leading to enhanced satu-
rated magnetic moments [12]. There is also a considerable reduction in
magnetostriction whilst retaining a high degree of spin polarisation

[12]. Perpendicular magnetic anisotropy is a highly desirable property
for magnetic thin film applications as they allow spin transfer torque
switching at lower currents and provide thermal stability. Materials
possessing PMA such as iron nitrides are proven to be useful for fabri-
cating ultra-fast MRAM, high density data storage and voltage-con-
trolled spintronic devices [13,14].

Iron nitrides exist in many different phases. Some of the highest
magnetic moments for iron reported in literature are attributed to the
formation of chemically ordered nitrogen-martensite (α”-Fe16N2), a
metastable bct phase of iron nitride with N = 11.6 at.% [15]. However,
it has been difficult to ascertain the exact magnetic moment of this iron
nitride phase with several contradicting reports in literature
[12,15–20]. Different synthesis approaches such as chemical vapor
deposition, reactive magnetron sputtering, molecular beam epitaxy, ion
implantation, ammonolysis, tempering etc., have been pursued to fab-
ricate α”-Fe16N2 as thin films [3,21]. However, obtaining pure α”-
Fe16N2 phase has been challenging. The difficulty arises from lack of
control over the nitrogen concentration and distribution across the thin
film whilst maintaining the metastable conditions necessary for its
synthesis. Growth of α-Fe thin films followed by N implantation is re-
ported to be an effective method in synthesizing thin films with high
volume fractions of α”-Fe16N2 [19,22,23]. This can primarily be
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attributed to two key advantages of this method – (1) ion implantation
offers a non-thermal equilibrium synthesis approach that allows for-
mation of metastable structures at ambient temperature (bulk), and (2)
ion implantation technique provides precise control over dopant con-
centration and distribution.

Determining the true magnetic moment of iron nitride synthesized
by ion implantation has proven to be challenging. This is evidenced by
the wide range of values reported for the magnetisation of ion beam
synthesized α”-Fe16N2 and a lack of consensus on their true magnetic
moment [3,19,22–30]. To determine the magnetic moment of ion beam
synthesized iron nitride, the change in magnetic moment of iron thin
film after nitrogen implantation must be normalised against the volume
fraction of nitride formed. For this approach to be successful, both the
volume fraction of the nitride phase formed and the change in mag-
netisation of the iron thin film after implantation must be measured
accurately. Use of Mossbauer spectroscopy allows precise determina-
tion of the volume fraction of iron nitride phases formed. However,
measuring the change in magnetisation of iron thin film after im-
plantation is not straight forward due to secondary effects of ion im-
plantation.

Apart from introducing dopants into a solid matrix, ion implanta-
tion also results in sputtering, i.e., removal of atoms near the surface
and intermixing of atoms within the target. Both these effects can re-
duce the measured magnetic moments of the sample significantly.
However, most works on ferromagnetic iron nitride synthesized by
implantation either ignore or underestimate these effects leading to
reporting of reduced magnetic moments for the iron nitride phase. In
this work, we will demonstrate the significance of considering these
secondary effects in determining the true magnetic moment of N im-
planted iron thin films. Our work may partially resolve the differences
observed in literature and would better equip future studies in
achieving consistent results.

2. Methods and materials

Thin films were sputter deposited on silicon substrate using the ion
beam sputtering system at GNS Science. This method allows thin film
fabrication from both conducting and insulating solid targets under
high vacuum conditions. Detailed information on the setup can be
found in [31]. In this work, 40 nm thick Fe film followed by a 30 nm Au
capping layer has been deposited into Si substrates. Nitrogen (N+) was
implanted into the Fe thin films using the low-energy ion implanter at
GNS Science [32]. The system uses a Penning gas ion source and is
coupled to a 90° dipole electromagnet for mass separation. Several
focussing lenses are used throughout the transport column to focus the
ion beam through the magnet and ultimately to the target stage in the
sample chamber. The setup allows accurate control over the im-
plantation energy and fluence [32,33]. Nitrogen was used as the pre-
cursor gas. The Penning ion source was operated with an anode voltage
of 2 kV and a total terminal voltage of 30 kV. The selected energy al-
lows a near homogeneous distribution of nitrogen within the Fe thin
film. N+ ions were selected by passing the extracted ion beams through
the electromagnet (radius = 40 cm) which separates the ions based on
mass, charge and velocity. The mass resolution was further improved
using slits in the beam line. The process was carried out at a low base
pressure of ≤5× 10−5 Pa in the sample chamber to ensure high purity.
The ion beam current was limited to< 5 µA/cm2 to minimise bulk
heating effects. A charge integrator connected to the target holder
measures the implantation fluence. The as-deposited thin films were
implanted with a dose of 7 × 1016 N cm−2. The selected dose is ex-
pected to limit the N concentration between 10 and 15 at.% within the
Fe thin film.

The effects of N implantation on the sample were simulated using
the dynamic ion-solid interaction code (T-DYN) software package
[34–36]. T-DYN simulations, compared to the TRIM simulations that
are usually employed, provide a more accurate estimate of the losses

due to sputtering. This is because T-DYN calculations consider the dy-
namic changes in the composition of thin film during implantation
which is known to play a significant role in high dose implantation. This
is especially important in this study since prior studies in this area has
either neglected or underestimated the sputtering induced effects on the
nitrogen implanted iron films. The target is constructed of 100 cells
each with an area of 10000 Å2 and a width of 10 Å. The target is
composed of three layers – Si substrate (300 Å), Fe thin film (400 Å), Au
capping layer (300 Å).

Rutherford backscattering spectrometry (RBS) was used to measure
the thickness and elemental composition of the as-deposited and im-
planted iron films [33,37]. A 2 MeV 4He+ beam with 20 nA current and
collimated to 1 mm in diameter was used for measurements. A surface
barrier detector with 20 keV resolution was placed at an angle of 165°
to the incident beam to detect the backscattered particles. The solid
angle of detection of the setup was 0.54 msr. The charge collected for
each measurement was set to 20 μC. Each sample was measured at
multiple spots to check the uniformity of implantation and deposition.
For the quantification of nitrogen implanted into the films, Nuclear
Reaction Analysis (NRA) was performed with a 920 keV D+ beam with
10–20 nA current [33]. The total charge collected for each measure-
ment was 20 µC. The NRA detector – a surface barrier detector, was
placed behind 10 µm of Mylar foil at an angle of 150° to the incident ion
beam. The energy of the emitted particles is characteristic for the nu-
clear reactions and the yield determines the amount of the element in
the sample. NRA is ideal to detect light elements on a heavy element
matrix.

Cross-sectional TEM was performed on N implanted and as-de-
posited samples to image and identify the implantation induced effects
on thin film surface and interface. The samples were prepared using lift-
out technique described elsewhere [38]. The cross-sectional images
were obtained using FEI Tecnai F20 transmission electron microscope
operated at 200 kV. High resolution TEM images of the implanted
samples were obtained to characterise any crystal structure present in
the implanted sample. A magnetic property measurement system
(MPMS) from Quantum Design was used to probe the magnetic prop-
erties of the as-deposited and implanted thin films. The magnetic mo-
ment of the samples was measured as a function of applied magnetic
field from 0 to 5 T at 300 K. Measurements were taken with the applied
field in both parallel and perpendicular direction to the sample surface
plane.

3. Results and discussion

T-DYN simulations were performed to compute the effects of N+

implantation onto Au capped Fe thin films. The elemental distribution
obtained as an output of the simulation is plotted in Fig. 1.

The simulation yields several key results. First, N+ implantation at
32 keV energy to a dose of 7 × 1016 cm−2 results in an average ni-
trogen concentration of 13 at.% across the Fe thin film. Secondly, im-
plantation results in significant sputtering loss and surface recession
(15 nm) of the capping layer. However, no significant losses in iron
concentration is predicted. It is worthwhile to note that the sputter
yield of 32 keV N+ on Au and Fe is 1.3 and 1 respectively. Thirdly, the
implantation causes substantial intermixing among gold and iron layers
at the surface and silicon and iron layers at the substrate interface. The
dashed lines in the figure represent the sharp boundary between the
different layers before implantation. Substantial amount of iron is ob-
served to have moved towards the surface after implantation. The si-
mulation predicts the surface concentration of Au, Fe and N to be 65 at.
%, 24 at.% and 11 at.% respectively.

Rutherford backscattering spectrometry was performed to analyse
the changes in the elemental depth profile of the Fe thin film upon N
implantation and to quantify the total Fe content in film before and
after implantation. SIMNRA software was used to interpret RBS data
[39]. Fig. 2 shows RBS spectra of the as-deposited and implanted films
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along with their respective fits simulated with SIMNRA. The experi-
mental and fitting error in determination of relative changes in metal
concentration in the as-deposited and implanted samples is estimated to
be< 1%.

The RBS data is important in understanding and quantifying the
compositional changes in the thin film upon N implantation. This is
essential for determining the true magnetisation of the implanted film.
The RBS spectra record the helium ions backscattered from the thin
film. The abscissa denotes the energy of the backscattered particles and
the ordinate denotes the number of helium particles backscattered at a
specific energy. The spectra of both the as-deposited and implanted
films show two peaks. The high energy peak corresponding to gold and
low energy peak to iron. The broad plateau observed at even lower
energy corresponds to the silicon substrate.

In both samples, Au peak begins at 1846 keV. Considering the in-
cident beam energy and the kinematic factor of gold, the peaks confirm
presence of gold at the surface [37,39,40]. However, the onset energy

of Fe peak is observed to be higher for the implanted samples and it
coincides with the surface scattering energy of iron. This implies that N
implantation has bought iron to the surface via. sputtering and inter-
mixing. The SIMNRA fit to the as-deposited RBS spectrum estimates the
gold and iron concentration to be 1.47 × 1017 cm−2 and
3.06 × 1017 cm−2, respectively. Assuming the elemental densities for
gold and iron, the thicknesses of the Au and Fe layers are estimated to
be 25 and 36 nm, respectively. Upon implantation, the gold and iron
concentration reduce to 0.59 × 1017 cm−2 and 2.84 × 1017 cm−2,
respectively. This denotes a ~8% reduction in iron content upon N
implantation. In addition, the elongated Au and Fe tail edge indicate
significant intermixing between iron and gold at the surface and iron
and silicon at the interface. The results agree with the simulation pre-
dictions regarding presence of significant interlayer mixing but we also
note that the simulations underestimate the loss in Fe concentration due
to implantation induced sputtering effects. This can be expected con-
sidering that the T-DYN simulations do not account for density changes,
phase transformations and precipitation effects that occur from high
fluence implantations [34,36,41].

Estimation of concentration of light elements – N and O from RBS is
difficult compared to the heavy elements, especially when the films are
deposited on substrate heavier than N and O [40]. Nuclear Reaction
Analysis (NRA) was hence performed to measure the N and O con-
centration in the samples.

Fig. 3 shows the NRA spectrum of the as-deposited and implanted
samples. The peak at 9 MeV originates from the nuclear reaction 14N
(d,α0)12C and is absent on the as-deposited film [37,39]. Quantifying
the peak based on the cross-section for the reaction and with silicon
nitride calibration standard as a reference, reveals the nitrogen content
of implanted film to be 6.84 ± 0.7 × 1016 cm−2. This measured value
agrees with the implantation parameters and T-DYN simulations.
Oxygen was detected in both the as-deposited and the implanted film
(not shown). But the oxygen content has increased upon N implanta-
tion. The oxygen in the as-deposited film can be attributed to the native
oxide from the silicon substrate. This could lead to partial oxidation of
Fe at the Si/Fe interface. The increase in oxygen concentration after
implantation can be attributed to the oxidation of the iron exposed at
the surface due to the removal of capping layer by sputtering. The
oxidation of iron at the surface and at the Si interface could reduce the
overall magnetisation of the Fe thin film.

Fig. 1. T-DYN simulation output of target cell (Au 300 Å/ Fe 400 Å/Si 300 Å)
implanted with 32 keV N+ ions to a dose of 7 × 1016 cm−2. The dashed lines
represent the position of the Au/Fe and Fe/Si interfacial boundaries before
implantation.

Fig. 2. RBS spectra of as-deposited and implanted films fit with SIMNRA. The
fits are represented by dashed lines.

Fig. 3. NRA spectrum of the iron film before and after N implantation. The peak
at 9 MeV corresponds to characteristic energy of alpha particles emanating from
nuclear reaction 14N(d,α0)12C.
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Cross-sectional TEM was performed to analyse the structural and
morphological changes caused by N implantation. Fig. 4 shows the
cross-sectional TEM image of the as-deposited and implanted thin film
samples. The top layers – C and Pt, were deposited during TEM sample
preparation to facilitate charge dissipation and sample protection. In
the as-deposited sample (Fig. 4A), the different layers composing the
sample is clearly visible. Beneath the C layer is the Au capping layer for
about 25–27 nm which is followed by Fe layer that extends for
35–37 nm. This is followed by small interfacial Si-Fe layer further fol-
lowed by crystalline Si substrate. In the implanted sample (Fig. 4B), the
surface roughness appears to be significantly enhanced and can be at-
tributed to the sputtering effects induced by implantation. This is sup-
ported by atomic force microscopy results, which show that the root-
mean-square roughness of the sample increases from<1 nm to 4 nm
upon N implantation. The boundaries of the Au, Fe and Si layers cannot
be distinctly determined. The image indicates significant intermixing
among the layers as predicted by T-DYN calculations and confirmed by
RBS measurements. The intermixing layer at the Si-Fe interface appears
to have grown significantly. It is also to be noted that the Si layer im-
mediately following the Fe layer is amorphized due to N implantation.
Addition of N atoms into Fe layer is expected to lead to c-axis dilation
and reduction in overall density of the Fe layer. However, these changes
cannot be accurately quantified due to the concurrent changes induced
due to secondary effects of ion implantation (sputtering and inter-
mixing).

High resolution TEM images of the implanted samples were cap-
tured to probe their crystal structure. Different lattice orderings are
visible from the HR-TEM image shown in Fig. 5. The corresponding Fast
Fourier Transform (FFT) of the image is shown in the inset. The FFT
image reveals several bright spots positively confirming presence of
crystalline order within the implanted film. However, presence of only
a small number of bright spots and their weak intensity denote absence
of extensive long-range ordering. This is expected from samples pre-
pared by ion beam sputtering and ion implantation at room tempera-
ture. Measuring the bright spots in reciprocal space reveals d-spacings
of the observed lattice planes to be 0.32 nm, 0.27 nm, 0.21 nm and
0.16 nm (error margin±0.01 nm). A d-spacing of 0.32 nm and
0.16 nm is not expected from α-Fe film and could originate from che-
mically ordered α”-Fe16N2 phase formed by N implantation. Presence of
significant volume fraction of α”-Fe16N2 will lead to considerable
changes in magnetic properties of the Fe thin films.

The magnetic moment of the samples is measured as a function of
applied field using MPMS. Fig. 6 plots the magnetic moment induced in
the as-deposited and implanted film against the applied magnetic field.
The diamagnetic background from the silicon substrate was subtracted
from the measured values. The measurements were carried out with the
sample oriented parallel and perpendicular to the applied field.

The key focus of this work is to determine the enhancement in
magnetic moment of iron film upon N implantation. The saturated
moment of the as-deposited iron film was measured to be 738 µemu
(both in parallel and perpendicular configuration, as expected) which
when normalised against the Fe concentration measured from RBS,
equals to 2.09 µB/Fe atom. This measured moment is slightly lower
than the bulk value (2.2 µB/Fe atom) at room temperature. This could
possibly be attributed to the formation of non-magnetic iron phases
from intermixing of Fe atoms with the Au capping layer at the surface
and the native oxide layer of the Si substrate at the interface.

Nitrogen implanted films (blue/green curves) display a markedly
different magnetisation behaviour to that of the as-deposited films. The
implanted film was measured to have a saturated magnetic moment of
786 µemu. Normalising the implanted film’s saturated moment against
the Fe concentration obtained for as-deposited film yields a magnetic
moment of 2.19 µB/Fe atom (green curve). This indicate only a 5%
overall enhancement in the magnetisation of nitrogen implanted thin
film. However, the Fe concentration of the implanted film reduces by

Fig. 4. Cross-sectional TEM image of as-deposited and N implanted Au capped Fe thin film deposited on silicon substrate.

Fig. 5. High Resolution TEM image of N implanted Fe thin film. Inset: Fast
Fourier Transform of the implanted TEM image. Bright spots in the Fourier
transformed image is fit with dashed circles representing d-spacing of 0.32 nm,
0.27 nm, 0.21 nm and 0.16 nm respectively.
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about 8% (refer to RBS discussion) when considering the sputter losses.
Recalculating the magnetic moment based on the RBS measurements on
the implanted film yields a significantly higher saturated moment of
2.40 µB/Fe atom (blue curve). This denotes a 15% enhancement over
magnetic moment of unimplanted Fe film. This enhancement is ob-
served despite the reduction in magnetic moment expected from sec-
ondary effects of implantation. Thus, it is very likely, that N im-
plantation results in a high volume fraction of α’/α” – Fe16N2 in
implanted Fe thin film with large magnetic moments. Fig. 6 (blue and
green curves) displays the difference in magnetisation observed with
and without consideration of sputter loss due to ion implantation. Ob-
servation of such a large difference in the magnetic moments (per Fe
atom) of implanted and as-deposited films highlight the importance of
considering these effects.

Apart from enhancing the magnetisation, nitrogen implantation is
also expected to change the magnetic anisotropy of the thin film con-
siderably. Fe thin films have an in-plane magnetic anisotropy. This can
be observed in Fig. 6 (red curves). As-deposited films saturate at<
0.005 T in the parallel orientation. On the perpendicular orientation,
an applied magnetic field>2.8 T is required to achieve saturation. By
calculating the area enclosed between the parallel and perpendicular
magnetisation curves, the magnetic anisotropy energy (MAE) of the
thin films could be determined. Using this method, the MAE of the as-
deposited iron film was calculated to be 1.63 × 106 Jm−3. Upon N
implantation, the saturation field of the implanted films increases

to> 0.02 T in parallel orientation, which is more than four times the
saturation field of as-deposited film. On the other hand, in the per-
pendicular orientation the saturation field reduces to< 2 T. Both these
changes indicate a shift towards PMA. The MAE of the implanted film
was determined to be 1.34 × 106 Jm−3 from the magnetisation curves.
This denotes a 18% reduction in MAE in contrast to the 15% rise in the
saturated magnetisation upon N implantation.

The magnetic anisotropy of the sample stems from the contributions
from magneto-crystalline anisotropy, shape anisotropy and stress-in-
duced anisotropy. Considering that the magneto-crystalline anisotropy
of iron is just 4.5 × 104 Jm−3 [42], the MAE of the as-deposited films is
predominately from the shape anisotropy arising from the demagne-
tizing energy of the thin film. A rise in saturated magnetisation upon N
implantation, will in general increase the area enclosed between the
parallel and perpendicular magnetisation curves by an equal propor-
tion. However N implantation reduces the MAE by 2.95 × 105 Jm−3,
which suggests that the iron nitride formed by implantation has a
perpendicular magnetocrystalline anisotropy that is most likely greater
than or equal to −5.4 × 105 Jm−3 [43]. However, the PMA induced is
still not high enough to overcome the strong demagnetisation effects
induced by the thin film geometry (shape anisotropy).

Table 1 summarises results from some of the key works on ferro-
magnetic iron nitrides synthesized by ion implantation. In all the works,
the magnetic moment of iron films was measured before and after
implantation. The change in magnetic moment was then normalised
against volume fraction of iron nitride formed after implantation to
derive the true magnetic moment of iron nitride. As can be observed,
the magnetic moment reported for nitrogen implanted iron films range
from 2.06 to 2.46 µB/Fe. In those works that report the volume fraction
of α’/α”-Fe16N2 formed by implantation, the fraction ranges from 21%
to 70% respectively. However, the magnetic moment derived for the
iron nitride phase is not consistent and ranges from 2.4 to 3.06 µB/Fe. It
must also be noted, that Amarouche et al. [24] and Garnier et al. [29]
for example do not report any enhancement of magnetic moment at all
upon N implantation. However, they do report a change in magnetic
anisotropy towards perpendicular magnetic anisotropy confirming the
formation of nitride phase with elongated c-axis. Such a large disparity
in values reported as the magnetic moment of ion beam synthesized
iron nitride signify a potential gap in understanding on this subject.

Attempts have been made to explain the wide-ranging values for
magnetisation of α’/α”-Fe16N2 by considering the ordering of nitrogen
interstitials within the iron lattice [44,45]. However, this is applicable
provided that the method used to determine the magnetic moment of
nitrogen implanted iron film is accurate. In this work we have shown
that large discrepancies may arise if the secondary effects of ion im-
plantation are not accurately measured and considered in magnetic
moment calculations. We demonstrated that with and without con-
sideration of sputtering losses, ΔMs varied from 15% to 5% respectively.

Fig. 6. M/H curve of as-deposited and implanted film in parallel and perpen-
dicular arrangements.

Table 1
Enhancement of magnetic saturation upon N implantation – Comparison against literature. The column Ms (film) records the saturated magnetic moment of the N
implanted iron film, ΔMs reports the change in overall magnetisation of the sample after implantation, volume fraction records the volume fraction of iron nitride in
the implanted film and Ms (α’/α”-Fe16N2) records the magnetic moment of nitrogen ordered martensite calculated from the volume fraction and Ms (film).

Reference Energy (keV) Fluence (×1016 N cm−2) Ms film (µB/Fe) ΔMs Volume fraction α’/α”-Fe16N2 Ms (µB/Fe)

Nakajima et al. [28] 75* 4
6
8

2.34**

2.29**

2.23**

8%
6%
3%

–
–
35%

–
–
–

Nakajima et al. [27] 40–130 17.4 – 13.4% 70% 2.66**

Weber at al. [26] 80–230 12.5–16.5 (dose) 2.06 15% 70% 2.47
Shinno et al. [23,25] 50–150 20–140 (dose) 2.3 5% 51% 2.4
Jiang et al. [22] 100 2–50 2.11

2.26
12%*
20%*

28%
21%

–
–

Amarouche et al [24] Garnier et al [29] 40 10.6 2.17** 0% – –
Jiang et al [19] Wang et al [3] 100 50 2.46** 19% 35% 3.06**

This work 32 7 (dose) 2.40 15% – –

* Values calculated, not directly stated in original paper **values converted from emu/g or MA/m to µB/Fe.
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However, we have identified from the literature review that most of the
works on ion beam synthesized iron nitrides ignore the influence of
sputtering effects caused by implantation on the magnetisation of im-
planted thin films [3,19,22–25,28,29]. It is interesting to note that
[24,29] do report the loss of the protective capping layer (gold) from
sputtering upon implantation similar to this work. However, they have
not directly measured the iron concentration after implantation to rule
out any significant sputter losses. Measurement of changes in thick-
nesses of the sample with implantation cannot substitute direct mea-
surement of iron concentration using methods such as RBS. This is
because high fluence implantation is also expected to cause density
changes, lattice dilation and phase transformation in addition to other
secondary effects such as interlayer mixing, and partial oxidation of
iron exposed to the surface [41].

To the best of our knowledge, only two studies considered the
secondary effects of ion implantation in determining the magnetic
moment of iron nitrides [26,27]. Nakajima et al [27] reported a 9%
increase in saturated magnetisation after N implantation. After con-
sidering the sputter losses this enhancement was revised to 13.4%. It
must however be noted that the sputter losses in this work was not
directly determined but rather was based on extrapolation of values
from previous work which were not performed in the same parameter
range. Weber et al. [26] on the other hand directly measured the Fe
concentration before and after implantation using RBS and normalised
the change in magnetisation accordingly. He further considered the loss
in magnetic moment due to intermixing between Au and Fe layers and
reported the overall enhancement in magnetisation to be 15% which
agrees with our reported values. This strongly suggests that consistent
results can be obtained by carefully considering the secondary effects of
ion implantation in determining the magnetic moment of the implanted
samples.

4. Conclusion

We have implanted ion beam sputtered Fe thin film covered with an
Au capping layer with a dose of 7 × 1016 N/cm2. T-DYN simulations
predicts the average N concentration to be 13 at.% in the iron layers
with significant sputtering losses from implantation. Ion beam analysis
shows that the effective iron concentration in the sample reduces by 8%
upon implantation with significant concentration of iron reaching the
surface. Ion implantation also leads to significant intermixing between
iron and gold at the surface and iron and silicon at the interface. Cross-
sectional TEM and AFM also reveal sputtering induced roughening of
the sample surface. Magnetic measurements, however, show that de-
spite the secondary effects of ion implantation, the saturated magnetic
moment of the overall film increases from 2.09 to 2.4 µB/Fe suggesting
a significant volume of α-Fe to have converted to α”-Fe16N2. HR-TEM
imaging of the implanted sample and their corresponding FFT analysis
support these findings. The nitride formation also results in significant
reduction in in-plane magnetic anisotropy. This can possibly be at-
tributed to the perpendicular magnetocrystalline anisotropy reported
for α”-Fe16N2. Comparison against literature shows the importance of
considering the secondary effects of implantation – sputtering losses
and surface recession in determining the magnetic moment of im-
planted films. In this work we demonstrate that with and without
consideration of these effects, the enhancement in saturated moment
decreases from 15% to 5%. Therefore, it is necessary to measure and
account for the secondary effects of ion implantation in magnetic mo-
ment calculations to obtain consistent magnetisation values for ion
beam synthesized iron nitrides.

5. Prime novelty statement

• Nitrogen incorporation into the interstitial sites of iron leads to
formation of iron nitrides with applications in diverse fields such as
catalysis, cancer treatment, lightweight permanent magnets,

electrochemical energy devices, corrosion and wear-resistant sur-
faces.
• Nitrogen implantation significantly reduces the in-plane magnetic
anisotropy of the sample due to formation of α”-Fe16N2 with per-
pendicular magnetic anisotropy.
• Measurement and consideration of sputter losses from N implanta-
tion is demonstrated to be crucial in determining the magnetisation
of N implanted iron thin films accurately.
• Review of literature shows lack of proper accounting for secondary
effects of ion implantation leading to reporting of inconsistent and
reduced magnetic moments for ion beam synthesized α”-Fe16N2.
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