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The magnetic properties of an iron nitride thin film obtained by ion implantation have been
investigated. N3 ions were implanted in a pristine iron layer epitaxially grown on ZnSe/GaAs
(001). X-ray diffraction measurements revealed the formation of body-centered tetragonal
N-martensite whose c-axis is perpendicular to the thin film plane and c-parameter is close to that
of a’-FegN. Magnetic measurements disclosed a weak perpendicular magnetic anisotropy (PMA)
whose energy density Kpy, was assessed to about 10°J /m3. A sharp decline of the in-plane
magnetocrystalline anisotropy (MCA) was also observed, in comparison with the body-centered
cubic iron. The origin of the PMA is attributed to the MCA of N-martensite and/or stress-induced
anisotropy. As a result of the PMA, weak magnetic stripe domains with a period of about 130 nm
aligned along the last saturating magnetic field direction were observed at remanence by magnetic
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force microscopy. The application of an increasing in-plane magnetic field transverse to the stripes
Hi, s highlighted a threshold value (pgHipans = 0.1 T) above which these magnetic domains ir-
reversibly rotated. Interestingly, below this threshold, the stripes do not rotate, leading to a zero
remanent magnetization along the direction of the applied field. The interest of this system for

magnetization dynamics is discussed.

Keywords: Magnetic thin films; perpendicular magnetic anisotropy; weak magnetic stripe
domains; iron nitrides; nitrogen-martensite; ion implantation.

1. Introduction

Among ferromagnetic iron nitrides, metastable
N-martensite forms interstitial compounds with a
body-centered tetragonal (bct) structure and can
accommodate a nitrogen concentration of up to ~ 13
at.%.! In principle, this tetragonal distortion of the
body-centered cubic (bcc) a-Fe lattice leads to a
large magnetocrystalline anisotropy MCA due to
the reduced crystal symmetry. It was shown that
thin films constituted of N-martensite with (001)
texture, made by ion implantation,’ sputtering®* or
molecular beam epitaxy (MBE),” exhibit a perpen-
dicular magnetic anisotropy (PMA). This effect
becomes strong when the nitrogen concentration is
close to that of a’-FegN and increases with N site
ordering associated to the presence of the chemically
ordered a”-Fe;sNo.>° It is worth noting that
a"-Fe 3Ny has been studied for decades owing to its
possible, but controversial giant saturation magne-
tization® and large MCA.® Such magnetic proper-
ties could make it a promising candidate for next
generation rare-earth-free magnets.” However, it
was also reported that lattice expansion of N-mar-
tensite leads to a large increase of the average
magnetic moment per iron atom without requiring
any additional ordering of the nitrogen atoms.* In
this paper, we report on the modifications of the
crystalline structure and magnetic properties in-
duced by nitrogen implantation in an iron thin film.
We highlight the presence of weak magnetic stripe
domains due to the appearance of PMA in a layer
with N-martensite. We also show that those stripes
can be easily rotated by applying a magnetic field
above a threshold value. Concerning spin dynamics,
PMA materials have been studied for applications in
the field of spintronics.®” N-martensite have notably
attracted attention as potential ferromagnetic elec-
trodes for future spintronic devices.® Besides, it is
interesting to note that weak magnetic stripe
domains can play an important role in magnonics.

Indeed, peculiar resonance modes can be easily ex-
cited by a judicious application of an external
varying magnetic field as pointed out by Ebels et
al.'’ Very rich dynamic susceptibility spectra char-
acterized by surface modes and strongly confined
volume modes have been observed and calculated in
systems very similar to ours.'''? This work will pave
the way for extensive studies on magnetization (and
spin) dynamics in N-martensite thin films for spin-
tronic and magnonic applications.

2. Material and Methods

The iron thin film used as ion implantation target
with a thickness of 78 nm was deposited by MBE on
a ZnSe-buffered GaAs(001) substrate. The presence
of the ZnSe buffer layer prevents chemical reactions
between iron and the semiconductor substrate.'®'*
The main in-plane crystallographic directions
attested by reflection high-energy electron diffrac-
tion measurements are o-Fe [110] // ZnSe [110] //
GaAs [110] and a-Fe [100] // ZnSe [100] // GaAs
[100]. Then, the film was protected against oxidi-
zation by an 8-nm-thick gold capping layer. Ion
implantation was performed at room temperature
with nitrogen molecular ions N accelerated to
40keV with a fluence of 5.3 x 1016 ions/cm® The
ion current density was kept below 5.5 uA/ cm? and
the target was not cooled during the implantation.
The ion beam was perpendicular to the sample
surface and the channeling effect in the iron film was
not taken into account due to the gold capping
layer. The depth profile of nitrogen in the sample
implanted was simulated using the transport of ions
in matter (TRIM) simulation program.'” The ion
energy was determined so that nitrogen was
implanted throughout the thickness of the iron thin
film. The indicated fluence value is that of the
sample with the strongest PMA which has been
made. Measurements of X-ray diffraction (XRD)
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patterns of the as-grown and as-implanted samples
were carried out using monochromatized Cu Ko
radiation in a high-resolution SmartLab diffrac-
tometer. The magnetization curves were measured
at room temperature by a vibrating sample mag-
netometer (VSM) after a careful calibration of the
instrument. The saturation magnetization was de-
termined with an experimental error due to the
volume measurement of the samples. The thick-
nesses of the unimplanted and implanted iron layers
were investigated by X-ray reflectometry (XRR).
The magnetic domain structure was explored by
magnetic force microscopy (MFM).!6:17

3. Results and Discussion

3.1. Structural investigations

Figure 1 shows XRD patterns in the out-of-plane
direction of as-grown and as-implanted samples. For
the unimplanted sample, the a-Fe (002) line reveals
the strong [001] preferred orientation of the epitaxial
iron thin film perpendicular to the film plane. After
nitrogen implantation, an asymmetric peak with a
shoulder at higher angles discloses the iron nitride
formation. This peak was assigned as the a’-Fe-N
(002) reflection based on the currently available
knowledge of iron nitrides crystallographic struc-
tures and the results of in-plane XRD measurements
(discussed later in this section). Here, the designa-
tion a’~Fe—N refers to N-martensite with a ratio of
nitrogen to iron atoms of less than 1/8. The basic
structure of N-martensite was described as a bcc
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Fig. 1. XRD patterns of an as-grown sample and an
as-implanted sample.

PMA in Fe-N Thin Films

iron lattice elongated along the c-axis with nitrogen
atoms at the octahedral interstices.! Besides, it was
shown that the unit cell parameter along the c-axis
becomes larger when the nitrogen concentration
increases.! The position of the peak’s maximum in-
tensity of a’-Fe-N (002) is found at 26 = 59.27°, it
can be inferred a c lattice constant of 3.12 A, fol-
lowing the Bragg’s law. Based on the literature, the
distortion and the nitrogen concentration of the
nitride formed are slightly lower than those of bct
a’-FegN whose (002) planes’ scattering angle is
20 = 58.66°." The o'-Fe-N (002) peak width
reflects the low crystalline quality of the nitrogen
implantation induced compound. Besides, the ni-
trogen concentration is not uniformly distributed
throughout the iron layer thickness according to the
profile simulated using TRIM.'® The observed
shoulder is believed to result from the formation of a
minority o’-Fe-N with less nitrogen. The o-Fe
(002) line disappearance is due to a decrease in iron
accompanied with nitride formation. No diffraction
lines of a’~Fe—N other than those from the ¢ planes
were observed. Hence, the N-martensite c-axis is
oriented along the perpendicular to the film plane
[001] direction. Ion implantation induced a sput-
tering effect and resulted in a surface recession of the
protecting gold layer. The fact that the Au (002)
line is not observable after implantation means most
of the gold protection layer was sputtered. However,
no diffraction lines of iron oxides were observed.
Moreover, ion implantation in a multilayer can lead
to interface mixing. The strength of this effect has
been assessed considering the recoil atom distribu-
tions from a second TRIM simulation.'® Nitrogen in
a gold-capped iron thin film under our experimental
conditions leads to a mixing area of about 2nm on
each side of the interface between the gold and iron
layers. In the case that solid solutions of gold and
iron were formed, their influence would be negligible
due to their low proportions.

Additional XRD measurements were performed
along the in-plane directions [100] and [110] of the
GaAs(001) substrate for the pristine and implanted
thin films. For the as-grown sample, the (200) and
(220) diffraction peaks of a-Fe insure the epitaxy of
the iron layer. For the as-implanted sample, peaks
assigned as o’-Fe-N (200) and (220) have been
found at the same diffraction angles as the a-Fe
(200) and (220) lines considering the error bar (not
reported here). The formed iron nitride has in-plane
lattice parameters close to those of a-Fe and
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maintains the in-plane crystallographic orientations
of the iron layer.

Nitrogen ion implantation in the iron thin film
has resulted in the formation of [001] oriented bct
N-martensite with the same in-plane lattice para-
meters as a-Fe (considering the experimental error
bar) and an out-of-plane lattice parameter close to
the c-lattice constant of «a’-FegN. This selective
formation by nitrogen implantation in epitaxial iron
thin film of N-martensite with their c-axis oriented
perpendicularly to the film has already been noted
and discussed by Nakajima et al.’

3.2. Magnetic measurements

Figure 2 compares the magnetization curves taken
along in-plane crystallographic directions [100],
[110] and out-of-plane crystallographic direction
[001], for the nitrogen-implanted iron thin film and
the as-grown iron thin film in the inset. Before ni-
trogen implantation, the expected behavior of an
iron thin film is observed. The hardest axis is along
the out-of-plane direction [001] because of the thin
film shape anisotropy. The easiest axis is along the
in-plane direction [100] due to the bcc iron MCA.
After nitrogen implantation, the out-of-plane di-
rection is still the hardest axis, but the in-plane
magnetic behavior becomes isotropic. In addition,
the in-plane magnetic loops show a qualitative
difference in shape with respect to the unimplanted
sample ones. The coercivity H, and the saturation
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Fig. 2. Magnetization curves for a nitrogen-implanted iron

thin film and an as-grown iron thin film in the inset, measured
by VSM. The field was applied along the out-of-plane [001]
direction and the in-plane [100] and [110] directions.

field H, increase (ugH.=2.5x10"2 T; pyH, =
3.5 x 107! T), the ratio of the remanence and sat-
uration magnetization M, /M, decreases (M, /M, =
0.39) and the saturation magnetization M, remains
constant within the error bar (M, = 1.7 + 0.2 MA /m).
They also display a region where the magnetization
changes linearly with the applied magnetic field. As
we will see below, this behavior is a fingerprint of
stripe-like domain patterns in thin films.'® It is well
known that iron nitride formation and ion implan-
tation lattice damages can cause strong magnetic
changes. However, it should be noted that the in-
plane magnetic loops are very similar to those shown
by Ji et al. and Dirba et al. for N-martensite thin
films made by sputtering.®* They especially repor-
ted a correlation between the saturation magnetic
field and the average c lattice constant determined
by XRD and our values are consistent with the ob-
served trend despite the fact that we used a different
method of sample preparation. Nevertheless, we did
not observe the increase of the saturation magneti-
zation induced by the lattice expansion reported by
Dirba et al.* Notwithstanding that we also carefully
determined the thin films thickness by XRR (low
film roughness for the implanted sample), we con-
sider our larger experimental error bar to be more
realistic.

In Fig. 3, we compare the magnetization curves
taken along the out-of-plane direction [001] before
and after nitrogen implantation. In this configura-
tion, H, corresponds to the effective anisotropy field
H 4, for all the anisotropies perpendicular to the film
plane whatever their origin, and is dependent on M.
For the as-grown iron thin film, the shape anisot-
ropy is only taken into account. In the case of the
nitrogen-implanted iron thin film, there is a decrease
of H, without change of M, which indicates that
PMA is induced by nitrogen implantation. This
PMA may originate from the MCA of a’-Fe-N with
their longer axis perpendicular to the thin film and
from stress-induced anisotropy due to ion implan-
tation.”? In the first approximation, adding a uniax-
ial anisotropy term in the expression of the thin film
magnetic energy, the perpendicular energy density
Kpya can be estimated from M, and H, values.
Kpya is found to be of about 10° J/m® and is of the
same order of magnitude as those reported for the
MCA constant of a’-FegN made by sputtering® and
MBE.” This Kpys value has been confirmed by
ferromagnetic resonance (FMR) measurements, the
results of which are the subject of a separate study.
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Fig. 3. Magnetization curves for the iron and nitrogen-
implanted iron thin films, measured by VSM. The field was
applied along the out-of-plane [001] direction.

Determining the ratio between the PMA constant
Kpya and the demagnetizing energy 1/2p, M2 for
the thin film, we obtained a quality parameter ) =
Kpya/1/2p0M? < 1 indicating that the PMA is
weak. In this case, the weak magnetic stripe domain
structure is favored, provided that the film thickness
is larger than a critical value as shown in Fe-Ga!%?"
and FePt?! thin films. Parallel stripe magnetic
domains are continuous micromagnetic structures
and appear at remanence with a perpendicular
magnetization component having a periodic modu-
lation alternately upwards and downwards.”> The
stripes were found in Fe/Fe-N multilayers,”® Fe-N
single layers®* and were expected by Takahashi et al.
in a”-Fe 4Ny thin film grown by MBE, but were not
observed for technical reasons.?” In order to explore
this particular effect in a thin film with N-martens-
ite, we performed MFM measurements using the
phase-detection mode.?°

Magnetic stripe domains at remanence and
aligned along the direction of the last saturating
field are shown in Fig. 4(a). From the fast Fourier
transform of the image [Fig. 4(b)], we found that
the period of the pattern is about 130 nm. When we
applied a saturating magnetic field in other direc-
tions, we observed that the whole stripe pattern
rotates parallel to the last saturating field direction.
This reorientation is irreversible since, when the
magnetic field is removed, the stripe structure is
preserved. This behavior is observed in systems with
rotatable anisotropy,’' and was reported in per-
malloy”” and Fe-N thin films.?*

PMA in Fe-N Thin Films

Fig. 4. (a) MFM image of the as-implanted sample taken at
remanence, after saturation along the [100] direction. (b) 2D
Fast Fourier Transform of the MFM image.

We also carried out MFM measurements at
remanence after applying an increasing field H,, .
in plane along the direction perpendicular to the
stripes in order to observe the different steps of their
reorientation. Firstly, after aligning the stripes
along [110] with a saturating field, we observed that
the orientation of the domain structure is preserved
for pgH s < 0.08 T. Secondly, after aligning the
stripes along [100] with a saturating field [Fig. 5(a)],
these magnetic domains rotate coherently abruptly
through an angle of about 60° for pyH s =0.1T
[Fig. 5(b)]. For higher fields, the angle of rotation

{

Fig. 5. MFM images taken at remanence with the stripes (a)
aligned along the [100] direction by a saturating magnetic field,
and after applying an in-plane transversal magnetic field Hy a6
with (b) ,U‘OHtrans =0.1 T7 (C) /JOHtrzms = 02T7 (d) ,U‘OHtrans =
0.4T.
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increases gradually [Figs. 5(c) and 5(d)], and a
complete reorientation is attained for pgHians =
0.4 T [Fig. 5(d)]. These MFM measurements show a
threshold to rotate the stripes for poH;.,.s between
0.08T and 0.1T.

In order to have additional details on the rotation
threshold of the magnetic stripe domains, specific
VSM measurements were performed on the nitro-
gen-implanted sample. A saturating field was first
applied in plane to align the stripes along the [110]
direction and was removed. Then, a magnetic field
H,, ... transverse to the stripes direction was applied
and reduced to zero while the component of the
magnetization along the direction of H,,,, was
recorded. As shown in Fig. 6(a), this two-step
measurement was repeated many times, each time
increasing the maximum value of H,,,., up to the
saturation field. Finally, a complete hysteresis loop
was measured. As shown in Fig. 6(b), the evolution
of the in-field magnetization M, and the remanent
magnetization M g, as a function of the maximum
H,, s value, are different. However, for each curve,
two trends are distinguished for H,,,,, lower and
higher than a threshold value (pyHans =~ 0.1T)
which is consistent with the rotation threshold of
the magnetic stripe domains. For pgH,,s < 0.1T,
M., goes up whereas M g stays close to zero. The
magnetization orientation in the sample is reversible
and the stripes are still perpendicular to the
measurement  direction at remanence. For
o Hipans = 0.1 T, M, and My rise sharply. How-
ever, this disruption is more important for M g
which reaches about 76% of its value after applying
a saturating field. The magnetization of the sample
becomes irreversible and the stripes rotate through a
large angle. For pgHians > 0.1T, M, increases at a
lower rate, and My grows up very slightly in gen-
eral. The stripes rotate until they are aligned along
the applied field direction. A similar behavior was
observed in Fe,;_,Ga, thin films grown on ZnSe/
GaAs(001).20 It was suggested that the reversible
behavior originates from the expanding and
shrinking abilities of partial-flux-closure cap
domains parallel to the external field. In our case, a
varying nitrogen concentration depth profile in the
thin film may lead to the low dispersion of measured
out-of-plane lattice constant values of o’-Fe-N (cf.
Sec. 3.1). Hence, a variation of PMA as a function of
the thin film depth may exist. This PMA depth
profile may contribute to the magnetic stripe
domain rotation experimentally observed.
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Fig. 6. VSM measurements of the component of the magne-
tization along the in-plane magnetic field applied perpendicu-
larly to the stripes. The stripes were aligned along the [110]
direction by a saturating magnetic field beforehand. (a) The
different partial loops refer to different values of the maximum
intensity of the applied field. A complete loop was subsequently
recorded. (b) Evolution of the magnetization under field (M,,)
and at remanence (M) as a function of gy Hi,aye-

3.3. Perspectives concerning
magnetization dynamics

Fe-N thin films with PMA are of great interest
concerning magnetization dynamics. Weak mag-
netic stripe domain structures present a wealth of
interesting resonance modes, unlike strong magnetic
stripe domain structures where alternately upwards
and downwards uniformly (or almost uniformly)
magnetized domains are separated by thin Bloch-
type walls. Indeed, in addition to the expected
acoustic and optic domain resonances, domain walls
and flux-closure caps give rise to new specific
modes.'’ Besides, multiple resonances associated
with surface and volume modes of stripe domains
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can be observed, when the magnetization is unsat-
urated, by broad band FMR experiments and
reproduced by micromagnetic simulations.!!'? An-
other approach to the study of weak magnetic stripe
domains is about local dynamics of topological
defects which is promising for technological appli-
cations and contributes to the exploration of the
nanoscale physics of topological spin states. Future
spintronics devices may use mobile particle-like
magnetic entities as functional objects such as sky-
rmions.”® In addition, Dussaux et al. recently shown
in FeGe that the depinning and subsequent motion
of magnetic edge dislocations are involved in the
collective movements of the helical spin texture that
propagates over mesoscopic length scales.?”

4. Conclusions

In conclusion, we have carried out a magnetic study
of a nitrogen-implanted iron thin film epitaxially
grown on ZnSe/GaAs(001). We have shown that
nitrogen implantation causes selective formation of
bct N-martensite whose c-axis is oriented perpen-
dicularly to the thin film plane and c-parameter is
close to that of a’-FegN. Strong changes are ob-
served in the magnetic properties of the thin film. In-
plane magnetic measurements have shown an in-
crease of the coercivity and of the saturation field, a
decrease of the remanent magnetization and a loss of
the in-plane magnetic anisotropy. A PMA appeared
and was found to be of about 10° J/m®. The causes
for this PMA may be the magnetic anisotropy of the
bct nitride and stress-induced anisotropy. We
highlight that this weak PMA favors a magnetic
stripe domain structure. Besides, we performed a
study of the rotation of the stripes by applying a
transverse magnetic field H,,, and we measured a
rotation threshold for pgHims =~ 0.1 T by both
MFM and VSM. Our research on stripe domains has
led to ongoing studies on magnetic anisotropies,
magnetization dynamics and the field-dependent
behavior of topological defects in nitrogen-mar-
tensite thin films.
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