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Nitrogen-martensite thin films are known to present a perpendicular magnetic anisotropy (PMA) depending on the
nitrogen content. Additionally, weak magnetic stripe domains have been studied in Fe-N samples made by ion
implantation. In this work, ion implantation proves to be a good technique to make nitrogen-martensite thin films
presenting both tunable PMA and stripe domains. We report on the changes in magnetic and structural properties of
nitrogen-implanted iron thin films, resulting from various implantation conditions. Fluences from 1.8 x 10" N,/
cm? to 3.5 x 10'® N,"/cm? at 26 keV and 5.3 x 10'® N,*/em? at 40 keV were used to implant iron thin films
epitaxially grown on ZnSe/GaAs(001). X-ray diffraction measurements disclosed the presence of body-centered
tetragonal nitrogen-martensite whose c-axis is perpendicular to the thin film plane and the c-parameter increases with
fluence. Vibrating sample magnetometer measurements revealed that nitrogen implantation induced strong changes
in magnetic properties such as an increasing PMA with fluence. Therefore, this PMA may originate from the
magnetocrystalline anisotropy of nitrogen-martensite and stress-induced anisotropy. Magnetic stripe domains are
notably observed by magnetic force microscopy for the highest fluences. Furthermore, ferromagnetic resonance
measurements lead to the magnetic anisotropy constants calculation. The results show a significant increase of the
PMA, related to the presence of nitrogen-martensite whose c-parameter is close to that of o-FegN, which reaches a
maxi-mum value of 4.9 x 10° erg/cm®. In addition, an interesting comparison is done between the anisot-ropy
constants of Fe-N and Fe-Ga samples. Fe-Ga thin films are also well known to present PMA

and stripe domains.

I. INTRODUCTION structure and is known to develop PMA in thin films."
Usually defined as o/, this Fe-N phase can contain a varying
amount of nitrogen."? The nitrogen atoms are randomly
located in one third of the octahedral voids inside the bct
iron lattice. The c/a ratio of lattice parameters increases with
increasing nitrogen amount and is maximum for o/-FegN. It

Ferromagnetic thin films with perpendicular magnetic
anisotropy (PMA) are of great interest for the development
of new technologies in the field of modern magnetism. PMA
is a remarkable behavior that tends to align the thin film
magnetization along 'the direction perpendicular to the ﬁlm is possible to tune the PMA in nitrogen-martensite thin films
plane, whereas the thin film shape strongly favors magnetiza-

. . . . . 18

tion parallel to the film plane. Many studies have been done by controlling the nitrogen concentration in the material.
. . ) . .

on PMA materials that can be used in spintronics devices.' ™ The PMA is strong when o/-FegN is formed, and increases

. . . 8,14 . .
Additionally, thin films with PMA present different magnetic W,lth nlt/rlogen or(.ierlng. The Cl.lemlcal.ly or.dered ron
domain patterns as weak stripe domains,® which might be nitride o’-Fe gN, is well known for its possible giant satura-

. . . 15 14 :
useful for magnonics applications thanks to specific reso- tl(_m magnetization agd large MCA_‘ Fe-N thin films
nance modes.” Interestingly, binary iron-based systems such with PMA also play an important role in the study of weak

as Fe-N and Fe-Ga can lead to thin films having PMA magnetic stripe domains. Garnier et al. recently reported on
the behavior of those stripe domains in nitrogen-martensite

thin films made by ion implantation.'® Concerning Fe-Ga,
Barturen et al. highlighted in Fe-Ga thin films epitaxially
grown on ZnSe/GaAs(001), a PMA depending on gallium
concentration.” A maximum perpendicular energy density of
about 5 x 10° erg/cm® has been reported for a sample with
YAuthor to whom correspondence should be addressed: amarouche@ 20% at. Ga. This PMA has been attributed to the ordering of

insp.jussieu.fr Ga pairs aligned along the [001] growth direction. Ga pairing

depending on the concentration of nitrogen and gallium,
respectively, and chemical ordering.&g Moreover, both mate-
rials present weak stripe domains at remanence.'®'! More
precisely, nitrogen-martensite presents a magnetocrystalline
anisotropy (MCA) due to its body-centered tetragonal (bct)
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consequently favors the tetragonal distortion of the Fe-Ga
cubic crystalline structure.'® Weak magnetic stripe domains
have also been studied in Fe-Ga thin films.'' In this study,
we show that nitrogen implantation in iron thin films epitaxi-
ally grown on ZnSe/GaAs(001) induces varying degrees of
PMA depending on implantation parameters such as fluence.
This PMA is related to the out-of-plane lattice constant of
the bet o -Fe-N phase formed by ion implantation. Here, o-
Fe-N refers to nitrogen-martensite whose nitrogen concentra-
tion differs from that of o’-FegN. We highlight the presence
of weak magnetic stripe domains for different sets of implan-
tation parameters. The magnetic anisotropy constants in our
Fe-N thin films were deduced from ferromagnetic resonance
(FMR) experiments and compared with those of Fe-Ga
samples.

Il. MATERIAL AND METHODS

A 78-nm-thick body centered cubic (bcc) a-Fe thin film
was epitaxially grown on the ZnSe-buffered GaAs(001) sub-
strate in a molecular beam epitaxy (MBE) chamber. Then,
the iron film was in situ protected against oxidization by the
deposition of a gold capping layer with a thickness of 8 nm.
Pieces of this single sample were implanted with N, ions at
an energy of 26keV with fluences from 1.8 x 10'® to
3.5 10" N,"/cm? and at an energy of 40keV with a flu-
ence of 5.3 x 10'° N2+/cm2, at room temperature. Details
about the sample preparation process are given elsewhere.'®
The concentration depth distribution of nitrogen in the
implanted films was measured by Rutherford backscattering
spectrometry (RBS) and elastic recoil detection analysis
(ERDA) using a 43 MeV Cl’" ion beam. The angle between
the sample normal and the incoming beam is 75°, and the
scattering angle is 31°. The analyzed area is about 1.5
x 1.5mm?. The recoil ions and the scattered Cl ions have
been detected with a Bragg ionization chamber using a full
energy detection circuit for the ion energies and a fast timing
circuit to obtain a Z dependent signal to separate ion species.
All ERDA spectra are fitted simultaneously using the pro-
gram NDF v9.3gi and the depth profiles are obtained from
this fit.'” The crystalline structure of the as-grown and as-
implanted samples was investigated by X-ray diffraction
(XRD) measurements using monochromatized Cu Ko radia-
tion. A vibrating sample magnetometer (VSM) was used to
perform magnetization measurements at room temperature.
To determine the magnetic anisotropy constants of the thin
films, ferromagnetic resonance (FMR) measurements were
carried out in-plane and out-of-plane, at Q-band and X-band
microwave frequencies, respectively, at room temperature in
a standard cavity set-up. The FMR results were analyzed
with the standard Smit-Beljers formalism.

lll. RESULTS AND DISCUSSION
A. Nitrogen distribution

In Fig. 1, we show the depth distribution profiles of nitro-
gen concentration measured by the combination of ERDA
and RBS for samples implanted with 2.2 x 10'® N, /cm?
at 26keV and 5.3 x 10'® N,"/cm? at 40keV. The nitrogen
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FIG. 1. Nitrogen distribution in the bct o’-Fe-N films obtained from ERDA
and RBS measurements, error bars are shown in the figure.

concentration profiles are directly based on the measured
spectra. They are convoluted with the system resolution and
physical effects like straggling. The nitrogen concentration is
obtained from the integrated depth profiles. A quite large sta-
tistical uncertainty of the order of 10%, only based on the
number of detected nitrogen recoils, is found. Indeed, the
count rate is dominated by Cl scattering on Ga and As, which
have a much higher cross-section than N. As expected, the
mean concentration and penetration depth of nitrogen are
higher for 5.3 x 10'® N,"/cm® at 40keV than those for
2.2 % 10" Nf/cm2 at 26keV. However, the experimental
depth distribution profiles are more widespread than those
simulated using the transport of ions in matter (TRIM) simu-
lation program.'® Moreover, both experimental profiles have
a similar shape with local maxima. Nevertheless, this obser-
vation is not commented here in view of the large error bars
(Table I).

B. Crystallographic structure

Figure 2 contains out-of-plane XRD results for the
as-grown and nitrogen-implanted samples at 26 keV and
40keV. For the pristine sample grown by MBE, we observe
the a-Fe (002) diffraction peak whose sharpness reflects
the high crystalline quality of the epitaxial iron thin film.
The gold capping layer is revealed by the Au (002) peak pre-
senting Latie oscillations. The GaAs (002) and GaAs (004)
reflections of the substrate are identified. After nitrogen
implantation, the «-Fe (002) line disappeared. For 1.8 x 10'6
N2+/cm2 at 26keV, low-intensity diffracted X-rays are
detected for a range of 20 angles near the a-Fe (002) posi-
tion. This suggests that the nitrogen-implanted iron thin films
contain a poorly crystallized compound whose lattice planes

TABLE 1. Nominal and measured (RBS/ERDA) total N doses for the two
samples with high fluences.

Sample Expected dose Measured dose Stat. uncertainty
Fe-N26keV 2.2 x 10" N,"/em® 1.75 x 10'® N, */cm? 12%
Fe-N40keV 53 x 10" N,"/em® 4.15 x 10"° N, */em? 8%
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FIG. 2. 0-20 X-ray scans for the 26 keV and 40keV implanted Fe-N films
as a function of increasing N fluence. (a) As-grown, (b) Fe-N, f=1.8 x 10"
N>t/em? (26keV), (¢) Fe-N, f=22x% 10" N, /em® (26keV), d) Fe-N,
£f=3.0x 10" N, "/em? (26 keV), (e) Fe-N, f=3.5 x 10'° N, " /em? (26 keV),
and (f) Fe-N, f=5.3 x 10'® N, "/cm? (40 ke V).

are separated by a distance close to the interplanar spacing
between o-Fe (002) planes. From 2.2 x 10" to 3.5 x 10'°
N, "/em? at 26keV, a broad peak whose scattering angle
decreases when the fluence increases is assigned as the

o/-Fe-N (002) reflection. Hence, nitrogen implantation
formed bet o -Fe-N whose c-axis is perpendicular to the thin
film plane and c-parameter increases with fluence following
the Bragg’s law. In addition, the low-intensity diffracted X-
rays detection is still clearly visible near the o-Fe (002) posi-
tion, except for 3.5 x 10" N, /cm?. For 5.3 x 10'® N, "/ecm?
at 40keV, only the broad o' -Fe-N (002) reflection is
observed. It is worth noting that the highest fluences at both
energies led to the formation of o'-Fe-N whose c-parameter
is slightly lower than that of o/-FegN, i.e., 3.14 A Among
all the implanted samples, the width of the o'-Fe-N (002)
peak reflects the low crystalline quality of this phase.
Concerning the Au (002) peak, we notice its broadening and
its shift towards larger scattering angles with increasing flu-
ence from 1.8 x 10'® N,"/em? to 3.0 x 10'® Ny '/em? at
26keV. For higher fluences, 3.5 x 10'¢ N2+/cm2 at 26keV
and 5.3 x 10'® N, /cm? at 40keV, the Au (002) peak is no
longer observable. These observations are related to the sur-
face recession of the protecting gold capping layer due to the
sputtering effect induced by ion implantation.

C. Magnetization

Figure 3 compares the magnetization curves for
nitrogen-implanted iron thin films, taken along in-plane crys-
tallographic directions [100], [110], and out-of-plane crystal-
lographic direction [001]. These VSM measurements were
done for samples implanted with different ion energies and
fluences. Besides, the magnetization curves of the pristine
iron thin film are shown in the insets to provide a reference.
Concerning in-plane measurements, the hysteresis loops have
differences in shape as a function of the implantation parame-
ters. The implanted sample with 1.8 x 10'® N,*/cm?® at
26keV exhibits a similar behavior to that of the pristine iron
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sample. The axis along [100] is easier than the axis along
[110]. For 2.2 x 10'¢ N2+/cm2 at 26keV, the coercivity and
the saturation field increase and the reduced magnetization at
remanence decreases compared with the sample previously
described. In addition, the in-plane magnetization curves dis-
play a small region where the magnetization changes linearly
with the applied magnetic field. The axis along [100] is still
easier than the axis along [110]. After implanting with
3.0 x 10" N,™/cm? and 3.5 x 10'® N, ™/cm? (not represented
here) at 26 keV, the magnetization curves of the implanted
samples are very similar in shape. The previously observed
trend about the coercivity, the saturation field, and the
reduced magnetization becomes more important with increas-
ing fluence. The region where the magnetization changes lin-
early with the applied magnetic field is larger. Besides, the
magnetic behavior becomes quasi-isotropic in the plane of
the thin films. For 5.3 x 10'® N,"/cm? at 40keV, the mag-
netic behavior of the thin film is similar to that of the
implanted samples with 3.0 x 10'® N,"/cm? and 3.5 x 10'¢
N, /em? at 26keV. It is worth noting that the magnetization
curves for the implanted samples with 3.0 x 10'6 Nf/cm2
and 3.5 x 10" N, */cm” at 26 keV, and 5.3 x 10'° N, "/em” at
40keV are characteristic of thin films with magnetic stripe
domains.'""” These loops display a region where the magne-
tization changes linearly with the applied magnetic field and
low remanence. The differences in shape of the hysteresis
loops reflect the disappearance of the bcc iron MCA and
the appearance of a PMA generated by nitrogen implanta-
tion.'” This PMA may come from the bct o/-Fe-N MCA, and
from stress-induced anisotropy due to ion implantation.?
Concerning out-of-plane measurements, the axis along [001]
is harder than the in-plane axes due to the thin film shape
anisotropy for all the conditions of ion implantation. The

demagnetizing energy is therefore higher than the perpendic-
ular density energy.

Figure 4 shows magnetic parameter values of the as-
grown sample and the nitrogen-implanted samples for N, at
26 and 40keV as a function of the fluence. As mentioned
earlier, the coercivity and the saturation field are higher and
the reduced magnetization at remanence is lower with
increasing fluence from 1.8 x 10'® to 3.5 x 10'® N, "/em? at
26keV. Moreover, these parameters reach extreme values
for 5.3 x 10'° N, "/cm? at 40keV. It is interesting to observe
that the coercivity and the remanence vary the most sharply
for a fluence of between 1.8 x 10'® N, "/cm? and 2.2 x 10'®
N, "/em?, and the saturation field varies most sharply for a
fluence between 2.2 x 10'° N, /em? and 3.0 x 10'® N, /em?
whatever in-plane axis is chosen. Regarding the overall loss
of in-plane anisotropy, the reduced magnetization along
[100] and [110] converges towards the same value for a
lower fluence with N,* at 26keV in comparison to the satu-
ration magnetization. However, the coercivity is slightly dif-
ferent along [100] and [110] for 3.0 x 10'® N,"/cm? and
3.5x 10"° N, /em® at 26 keV.

D. Magnetic stripe domains

As shown in Fig. 5, magnetic force microscopy (MFM)
measurements revealed the presence of magnetic stripe
domains at remanence, as expected for the samples implanted
with 3.0 x 10" N,"/em? and 3.5 x 10'® N,"/em? at 26keV,
and 5.3 x 10'® N,*/cm? at 40keV. This structure of stripe
domains with alternating “up-down” magnetization is favored
in PMA thin films with a thickness larger than a critical
value® as notably shown in Fe-Ga.''?! The stripes are rela-
tively straight and the period of the pattern is in the range of
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120 nm to 130nm. Topological defects, looking like bifurca-
tions on the MFM images, are present.

E. Magnetic anisotropy constants

The FMR measurements were performed with a commer-
cial BRUKER ELEXSYS 500 spectrometer at X-band and Q-
band frequencies. All measurements were done at room tem-
perature. Samples of typically (I x 1) mm?® size were mea-
sured in the in-plane (rotation axis [001]) and out-of-plane
(rotation axis [110]) configurations, respectively. In Fig. 6, we
show the definition of the different polar (0, Oy) and azimuthal
angles (¢, ¢n); (0, ¢) and (O, ¢y) represent the orientation
of the magnetization M and the applied magnetic field H,
respectively, to the film normal. The two rotation planes
explored in the FMR measurements are also indicated.

All samples showed one dominant uniform mode spec-
trum, which was used to deduce the anisotropy constants.

The FMR spectra were analyzed with the Smit Beljers
formalism,22 which allows calculating the resonance fre-
quencies from the derivatives of the free energy density F

1
F= EM —2H|cos 0 cos Oy + sin 0 sin Oy cos (¢ — ¢y)]
20 gop . 2n Yoop an 1opl
+4nM cos“0—Hy," cos 9—§H4 cos 9—§H4 3
x (3 + cos4¢) sin*0 — HZJ sin®0 sin’ <¢ — Z)] ,

)]

In plane

[001]

Jigar [100]
Out-of- plane

FIG. 6. Coordinate system of the in-plane and out-of-plane rotation, FMR
experiments.

FIG. 5. Stripe pattern in Fe-N films:
(a) Fe-N, 3.0 x 10'® N, */em? (26 ke V),
(b) Fe-N, 3.5 x 10" N, */em? (26 ke V),
and (c) Fe-N, 5.3x10" N,*/em?
(40keV).

where Hy®" and H,°" are the perpendicular uni-axial and
perpendicular cubic anisotropy fields, respectively. Hy'" and
H," represent the in-plane uniaxial and in-plane cubic
anisotropy fields, respectively

2
o\’ 1 OFPF [ PF @
(y) - M%sin?0 | 00> 9¢*  \000¢ ) |

o is the angular frequency of the microwave field, y is the
gyromagnetic ratio, and M is the saturation magnetization.

The derivatives are calculated at the equilibrium posi-
tions of the magnetization (0, ¢).

In the case where the magnetic field and magnetization
are along one of the four high symmetry axes orientation, we
obtain the four Egs. (3)-(6). (H//[001], [100], [110] and
[1-10], respectively). Where H,.; is the resonance field
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From the resonance positions of the three high symmetry in-
plane magnetic field orientations [100], [110], and [1-10],
the three anisotropy constants K'* (in-plane uniaxial anisot-
ropy constant), Ky®" (Out- of-plane uniaxial anisotropy con-
stant), and K4 have been determined. The cubic anisotropy
constant K4 has been assumed to be isotropic. The Landé
g-value was set to g = 2.09 as for pure iron.*?

In Fig. 7, we show typical in-plane FMR spectra for the
Fe reference layer and N-implanted layers. We observe that
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FIG. 7. Q-band FMR spectra for H//[100] for the Fe reference film (black)
and three implanted bet o' -Fe-N films (red, green, and brown).

in the nitrogen-implanted iron films, the resonance fields for
the in-plane orientation are shifted to higher fields as com-
pared to the Fe film due to the modified anisotropy constants.
We observe further that the in-plane anisotropy is reduced as
compared to the Fe reference sample, but for all samples
studied, the easy in-plane axis remains the [100] axis, which
indicates that the cubic K, anisotropy constant remains
positive.

Figure 8 represents the in-plane angular variation of the
resonance field for the as-grown and nitrogen-implanted
samples. These plots reveal that an in-plane magnetic anisot-
ropy still exists for these implanted thin films even though
the VSM measurements show an in-plane quasi-isotropic
behavior.

In Fig. 9, we show equally some X-band out-of-plane
FMR spectra, which demonstrate the decreasing resonance
fields with increasing N content in agreement with the
increasing uniaxial anisotropy constants deduced from the
Q-band in-plane spectra (shown in Fig. 8).

In Figs. 10-12, we show the variation of the three
anisotropy constants as a function of fluence. The results
from samples implanted with different N, " energies are dis-
tinguished by different background colors. As a matter of
comparison, we report in the insets of the same figures the
values obtained for MBE grown Fe-Ga epitaxial films of the
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FIG. 8. Angular variation of the Q-band FMR spectra for different N
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FIG. 9. Angular variation of the X-band out-of-plane FMR spectra for dif-
ferent N contents.
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same thickness and reported in the reference.9 The reader
has to consider that Fe-Ga was obtained by MBE co-
deposition of Fe and Ga and not by ion implantation.9

The cubic and uniaxial magnetic anisotropy constants
Ka, Ky, and K(;©F are all modified by the N implantation.
K, decreases monotonously from 4.5x 10° erg/cm’® to
2 x 10° erg/cm® and saturates for N contents higher than
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FIG. 11. In-plane uniaxial anisotropy constant Ky;"* in N-implanted iron thin
films as a function of fluence and their comparison (inset) to the case of Fe-
Ga.’
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FIG. 12. Perpendicular magnetic anisotropy constant (PMA) K" in N-
implanted iron thin films as a function of fluence and their comparison
(inset) to the case of Fe-Ga.”

x =0.10; this variation and, in particular, its saturation are
different from the behavior observed in MBE grown Fe-Ga
thin films of the same thickness, where K, continues to
decrease and even switches sign at higher Ga concentrations.
A possible explanation might be sought in the disordered N
distribution to be expected in the N implanted films, whereas
the Ga distribution in the Fe-Ga films has shown to be highly
ordered. The in-plane uniaxial anisotropy constant, due to
the Fe-Se bonding at the interface,”** varies from —6 x 10*
erg/cm’ to values close to 0.3 x 10% erg/cm® which renders
the [110] and [1-10] orientations equivalent. The most
important variation is observed for the uniaxial out-of-plane
anisotropy constant, which increases from 1.0 x 10° erg/cm3
to 4.9 x 10° erg/cm®. The weak out of plane uniaxial anisot-
ropy present in the non-implanted film is due to the ZnSe/Fe
interface bonding. From 1.8 x 10'® to 3.5 x 10'® N, /cm? at
26keV, Ky increases with increasing fluence. This phe-
nomenon is notably related to the formation of bct o' -Fe-N
whose c-axis is perpendicular to the thin film plane and the
c-parameter increases with fluence. Moreover, K" rises
sharply when the c-parameter of o-Fe-N becomes close to
that of o/-FegN. For 5.3 x 10'® N,*/em? at 40keV, Ky°F
reaches its maximum value. Nitrogen penetrates deeper into
the thin film when the ion energy is higher. Hence, this
increase of Ky° may be due to differences in amount and
distribution of o’'-Fe-N in the thin films.

IV. CONCLUSION

In conclusion, the magnetic properties of nitrogen-
implanted iron thin films grown by MBE on ZnSe/GaAs
(001) have been investigated for different sets of implantation
parameters. We have shown that nitrogen implantation indu-
ces changes in the magnetic anisotropies of iron thin films
depending on ion energy and fluence. These magnetic
changes are related to the structural modifications induced by
ion implantation. A PMA appeared in implanted samples and
may originate from the MCA of nitrogen-martensite whose
c-axis is perpendicular to the thin films plane and/or stress
anisotropy. For N, at 26keV, the PMA and the c-parameter
of nitrogen-martensite increase with fluence. It is worth noting

that this PMA rises strongly when the c-parameter of
nitrogen-martensite is close to that of o/-FegN. For N, " at
40keV, a maximum value of the PMA of 4.9 x 10° erg/cm3 is
found. In comparison with the highest fluence at 26 keV, this
PMA increase may be due to differences in amount and depth
distribution of nitrogen-martensite in the thin films.
Interestingly, the PMA in Fe-N thin films is of the same order
of magnitude as in Fe-Ga thin films. Furthermore, magnetic
stripe domains, like those in Fe-Ga samples, have been
observed in Fe-N samples presenting differences in PMA. As
a consequence of this work, nitrogen-martensite thin films
presenting both tunable PMA and magnetic stripe domains
can be made by ion implantation in order to develop modern
magnetism applications.
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