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Abstract
Ferromagnetic thinfilmswithmoderate perpendicularmagnetic anisotropy (PMA) are known to
support weak stripe domains provided film thickness exceeds a critical value. In this work, we
performed both an experimental and theoretical investigation of a peculiar phenomenon shownby
weak stripe domains: namely, the stripe domains reorientationwhen a dcmagneticfield is applied in
thefilm plane along the direction perpendicular to the stripes axis.We focus on bctα′-Fe8N1−x thin
films obtained by +N2 implantation ofα-Fe films epitaxially grown onZnSe/GaAs(001). By using
different ion implantation and heat treatment conditions, we show that it is possible to tune the PMA
values.Magnetic forcemicroscopy and vibrating samplemagnetometermeasurements prove the
existence of weak stripe domains at remanence, and of a threshold field for the reorientation of the
stripes axis in a transversal field. Using a one-dimensionalmodel of themagnetic stripe domains,
where the essential parameter is themaximumcanting angle of the stripemagnetization out of the
film plane, the various contributions to themagnetic energy can be separately calculated. A linear
increase of the reorientation threshold field on the PMA is obtained, in qualitative agreement with
experimental data in our Fe–Nfilms, as well as in other thinfilmswithweak stripe domains. Finally,
wefind that also the rotatable anisotropyfield linearly increases as a function of the PMAmagnitude.

1. Introduction

The formation of stripe domain patterns has been observed in a variety of physical systems [1–5] as a
consequence of competing interactions acting on different spatial scales. In thin ferromagnetic filmswith a
perpendicular component in themagnetic anisotropy energy,magnetic domains appear as stripes with
alternating (up and down) out-of-plane orientation of themagnetization.Magnetic stripe domains occur due to
the competition between different contributions to themagnetic free energy: above all, the short-range exchange
coupling, the long-rangemagnetostatic interaction, and the perpendicularmagnetic anisotropy (PMA).
Magnetic stripe structures are usually classified depending on the quality factorQ=KPMA/Kd [6], namely on
the ratio between the PMAenergy density,KPMA, and themagnetostatic energy density, p=K M2d s

2, whereMs

is the saturationmagnetization of the system.
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In systemswith high PMA compared to themagnetostatic energy, i.e. withQ?1, stripe/band domains
occur even for extremely low thickness. This kind of stripe domains is characterized by thin domainwalls (that
is, very sharp transitions between stripes with oppositemagnetization orientations) and can be properly
modeled by the domain approach of Kittel [7], such as in thework of Kooy and Enz [8]. In the beginning, this
approachwas employed to investigate bubblematerials such as Ba-ferrite or yttrium–iron garnet plates, in
which, when approachingmagnetic saturation, stripe domains become energetically competitive withmagnetic
bubbles. The latter are cylindrical domains with highmobility that were explored formagnetic recording [8–11].
Similar stripe domain patterns were later found in other thinfilmmaterials with high PMA, such asCo ultrathin
layers onAu, FePt thinfilms andCo/Pt(Pd)multilayers [12–15]. Several works havemodeled the domains in
these thinfilms, starting from the domain theory of [7, 8] and extending it tomagneticmultilayers [16] or
exploring limiting cases, such as the ultrathin layer regime [17].

Stripe domains also occur in systemswithmoderate or lowPMA, i.e. withQ<1, but above a critical
thickness tcrwhich in general depends onQ [6]. (Note that, forQ=1, an approximate analytical estimate [18]
is p=t A K2cr ex PMA , whereAex is the exchange energy per unit length). These ‘weak’ stripe domains appear as
dense, straight stripes withwide domainwalls, that is, with smooth variation of themagnetization profile
between stripes with oppositemagnetization orientations. Since the PMAcontribution to themagnetic free
energy is in this case comparable with themagnetostatic contribution, rigorously amicromagnetic approach is
required to correctlymodel the behavior of the system [6]. In order to interpret experimental data in real
systems, convenient approximations to a fully three-dimensionalmicromagneticmodel can be adopted.
Typically, within such approaches themagnetostatic interaction associatedwith the stripe pattern is properly
evaluated by taking into account a realistic, although simplified,magnetization profile across the stripes, such as
in [18–24] (1Dmodels), and/or across thefilm thickness, such as in [25, 26] (2Dmodels). Alternatively, a
numericalmicromagnetic calculation can be performed, but the limitation of such an approach is related to the
finite size of the film plane [27–31].

Weak stripe domainswerefirst predicted theoretically [32, 33] and later discovered experimentally inNiFe
films [19, 34]. In the following years, the phenomenon has been found and deepened in different kinds of thin
filmswithmoderate PMA, such as FeGa [35–38], FeN [31, 39, 40], FeSiB [41, 42], CoFeB [43], FeTaN [44], GdFe
[45], NdCo [46], FeCoZr [23], LaxSr1−xMnO3 [47] andmultilayers withmoderate perpendicular anisotropy
[48–50]. Very recently, it has been shown [51] that the formation of stripe domains can be induced in a Pyfilm,
even far below the critical thickness, by coupling the Pyfilm to aNdCoone, characterized by amoderate PMA.

The subject is currently attracting wide interest, thanks to the central role played today bymagnetic thin
filmswith PMA inmany applications, frommemories to logic devices and sensors [52]. Current active research
on PMAfilms andmultilayers is focused onto the definition ofmagnetic phase diagrams into different systems
wheremagnetic stripe and skyrmion or bubble phases compete [30, 47, 50, 53–57]. Nanoscalemagnetic textures
are today the focus of awide area of research, thanks to the possibility of generating and controlling the
propagation of domains, bubbles, skyrmions and other kinds of spin textures for realizing, e.g. logic circuits,
racetrackmemories, sensors and rf devices [58–61]. Differentmethods have been pursued for the generation
and controlled propagation, includingmagnetic field, electric current, electric field ormechanical stress [56, 59,
62–66]. In some cases, the geometry and local asymmetries of stripe domain patterns have been used to guide the
propagation of skyrmions or bubbles [66, 67]. Other technological concepts are based on the controlled
propagation of spinwaves infilms andmicro/nanostructures through various kinds of spin textures. Notable
examples aremagnonic waveguides and spin-wave filters exploiting domainwalls or different types of nanoscale
spin textures [68–73].Moreover, recent studies showed that stripe domains can be used to control spin-wave
propagation, by changing the relative orientation between the spin-wavewave vector and the domains axis
[74, 75], suggesting the possibility to exploit stripe domains to realize reconfigurable spin-wave devices.

The present work is devoted to the experimental and theoretical investigation of the peculiar phenomenon
shownbyweak stripe domains [19] in a thin ferromagnetic filmwhen a dcmagnetic field is applied in thefilm
plane along the direction perpendicular to the stripes axis: namely, the stripe domains reorientation taking place
abruptly, above a threshold value for the transversal field.We focus on bctα′-Fe8N1−x thin films obtained by +N2

implantation ofα-Fefilms epitaxially grown onZnSe/GaAs(001). First we show that the PMA strength of the
Fe–Nsamples can be tuned by using different ion implantation and heat treatment conditions. This PMAgives
rise toweak stripe domains, whichwe have visualized at remanence bymagnetic forcemicroscopy (MFM).
Using this technique and vibrating samplemagnetometry, we have proved the existence of a threshold field for
the stripe domains reorientation in a transversalmagnetic field. Noticeably, the thresholdfieldwas found to
increase on increasing the PMAof the Fe–Nsamples. Using a 1Dmodel [19] of themagnetic stripe domains
where the essential parameter is themaximum canting angle of the stripemagnetization out of thefilmplane,
the various contributions to themagnetic energy have been separately calculated in the presence of an in-plane
magnetic field. The advantage of the 1Dmodel is that it provides amechanism for the abrupt stripe
reorientation, and a clear evidence for the linear dependence of the reorientation threshold field on the PMA.
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Finally, the 1Dmodel allows us to calculate another peculiar property of weak stripe domains, the so-called
‘rotatable’ anisotropy [20, 76–79]. The latter strongly affects themagneto-dynamic properties of the thin films
[37, 79], providing an energy barrier which prevents from the free in-plane rotation of themagnetization vector.
We show that the rotatable anisotropy increases linearly with increasing the PMA, in qualitative agreement with
experimental data in our Fe–Nfilms, and in other thinfilmswithweak stripe domains [42, 80, 81]. In addition, a
linear correlation between the rotatable anisotropy field and the thresholdfield for stripe reorientation has been
established, confirming that both phenomena are driven by the PMA, responsible for the onset of weak stripe
domains.

2. Experimental results

2.1.Materials andmethods
Abody-centered cubic (bcc)α-Fe thin filmwith a thickness of 78 nmwas epitaxially grown on aZnSe-buffered
GaAs (001) substrate bymolecular beam epitaxy (MBE). Themain in-plane crystallographic directions attested
by reflection high-energy electron diffractionmeasurements areα-Fe[110]|ZnSe[110]|GaAs[110] andα-Fe
[100]|ZnSe[100]|GaAs[100]. Then, the filmwas in situ protected against oxidizationwith an 8 nm thick gold
capping layer. Four different samples have been prepared performing ion implantation of four pieces of this iron
film, following the procedure detailed in our previous study [39]. Three samples were implantedwith +N2 ions
accelerated to 26 keVwithfluences of 3.0×1016 +N2 cm−2 and 3.5×1016 +N2 cm−2, and 40 keVwith afluence
of 5.3×1016 +N2 cm−2, respectively. The last sample was implantedwith +N2 ions accelerated to 40 keVwith a
fluence of 5.3×1016 +N2 cm−2, and has undergone heat treatment at 150 °C for 72 h, in an ultra-high vacuum
chamber.

X-ray diffraction (XRD)measurements were carried out usingmonochromatizedCuKα radiation in order
to investigate the crystalline structure of the Fe–Nfilms. Themagnetization versus field of the samples was
measured at room temperature by a vibrating samplemagnetometer (VSM). AMFMwas used to image theweak
stripe domains of themagnetic thinfilms (phase detection).

2.2. Results and discussion
2.2.1. Structural investigations
The out-of-plane XRDpatterns of as-grown and implanted samples are reported infigure 1. For the
unimplanted sample, theα-Fe(002) line is coherent with the epitaxial conditions given above (section 2.1).

After nitrogen implantation, out-of-plane XRDpatterns disclose the presence of the body-centered
tetragonal (bct)α′-Fe8N1−x phase.No reflections ofα′-Fe8N1−x other than the one related to (002) crystal planes
were observed. Hence, the c-axis of this bct compound is preferentially perpendicular to the film plane.
Following the Bragg’s law, the c-lattice constant ofα′-Fe8N1−x can be inferred considering the 2θ angle of
maximum intensity of the (002) diffraction peaks. For the as-implanted samples, we found c≈3.12Å. For the
heat-treated sample, we found c≈3.14Å, which equals the expected value forα′-Fe8N1−x (x=0) [82]. The
increase of the c-lattice constant ofα′-Fe8N1−x (previously formed by nitrogen implantation in our case) by a
subsequent heat treatment is in agreementwith previous studies [82].Moreover, additional in-plane XRD
measurements along the [100] and [110] directions of one of these samples (i.e. the one implantedwithfluence
5.3×1016 +N2 cm−2 at 40 keV) showed that the a-lattice constant ofα′-Fe8N1−x is approximately equal to that
ofα-Fe, as expected [82]. Besides, the peakwidth ofα′-Fe8N1−x possibly reflects its low crystallinity and the
variation of its c-lattice constant. The small shoulder around 2θ=64° in the diffraction pattern (b) offigure 1
can be attributed to aminor fraction ofα-Fe in thefilm implantedwith the lowestfluence and energy. This is due
to a slight variation of the nitrogen concentration through the film thickness, according to TRIM simulations
[83]. Furthermore, the nitrogen distribution is probably impacted by the heat treatment conditions, through
diffusion.

2.2.2.Magnetic measurements
Figure 2 compares themagnetization curves for the as-implanted iron thin filmwithfluence of 3.0×1016 +N2

cm−2 at 26 keV in (a), and the as-grown iron thin film in the inset (b).Measurements weremade along the in-
plane [100] and [110] directions, and the out-of-plane [001] one. For the unimplanted sample, figure 2(b), we
found the typical behavior of a bcc iron film, with the easiest axis along the [100] in-plane direction, due to the
magnetocrystalline anisotropy, and the hardest axis along the [001] out-of-plane direction because of the thin
film shape anisotropy.Whereas, for the as-implanted Fe–Nsample, figure 2(a), the in-plane hysteresis loops are
quasi isotropic (i.e. nearly independent of the applied field orientation) and the normalized in-plane remanence,
Mr/Ms≈0.5, is substantially smaller than for the unimplanted sample. Note that the bend observed near
coercivity in the in-plane ([100] and [110]) hysteresis loopsmeasured for the as-implanted Fe–Nsample can be
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ascribed to the presence ofα′-Fe8N1−x phaseswith a slightly different nitrogen composition, induced by the
depth variation of the nitrogen concentration.Moreover, the in-plane loops infigure 2(a) present a
characteristic ‘transcritical shape’ [84]: namely, an intermediate-field region exists, where themagnetization
linearly depends on the intensity of the in-plane appliedmagnetic field. This behavior is commonly regarded
[19, 36] as afingerprint of weak stripe domain structures, and it has been observed for all the Fe–N thinfilms
investigated in this work. The out-of-plane hysteresis loop has a nearly zero remanence owing to the presence of
the stripe domains. Nevertheless, we note that the specific in-planemagnetic properties vary depending on the

Figure 1.XRDpatterns (θ–2θ) of the investigated samples: the as-grown sample (a); the as-implanted samples with a fluence of
3.0×1016 +N2 cm−2 at 26 keV (b); 3.5×1016 +N2 cm−2 at 26 keV (c); 5.3×1016 +N2 cm−2 at 40 keV (d) ; 5.3×1016 +N2 cm−2 at
40 keV, and the heat-treated sample implantedwith afluence of 5.3×1016 +N2 cm−2 at 40 keV (e). The black dashed line indicates
the expected angle of theα′-Fe8N1−x (x=0) (002)peak.

Figure 2.Magnetization curves for (a) the as-implanted iron thinfilmwith 3.0×1016 +N2 cm−2 at 26 keV and (b) the as-grown iron
thin film,measured byVSM.The fieldwas applied along the out-of-plane [001] direction, the in-plane [100] and [110]directions.
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preparation conditions of the samples, as shown infigure 3.More precisely we observed that, on increasing the
ions energy andfluence, the in-plane saturation field increases, while the normalized in-plane remanence
decreases, suggesting an increase of the PMAarising from themagnetocrystalline anisotropy ofα′-Fe8N1−x. In
addition, the annealing procedure was found to induce a further increase of the PMA strength. The value of
KPMA has been quantitatively estimated bymeasuring the area between themagnetization curves with thefield
along the in-plane and out-of-plane directions.We obtainedKPMA in the range from5 to 7×106 erg cm−3 (see
figure 7(c) later on), consistent with the reported values for themagnetocrystalline anisotropy ofα′-Fe8N1−x

[85, 86], and in agreement withKPMA valuesmeasured by ferromagnetic resonance [87].We note that, assuming
Ms=1700 emu cm−3 [31], the quality factorQ of the Fe–Nsamples investigated in this work is between 0.275
and 0.385, depending on the preparation conditions, while the critical thickness abovewhich the stripe domains
appear is about 40 nm.

Infigure 4, the presence of weak stripe domains at remanence in the as-implanted iron thin filmwith
3.0×1016 +N2 cm−2 at 26 keV is revealed byMFM.Weobserved very regular stripe domains, aligned along the
in-plane direction of the last saturatingmagnetic field, and having a period of 110–140 nm. Similar stripe
domain patterns have been found for the other samples. In particular, the stripes periodwas observed to be
almost independent of the ions implantation parameters.

Figure 3.Comparison of in-planemagnetization curves of all the investigated Fe–N thinfilms, taken along the direction [110].

Figure 4.MFM image of the as-implanted iron thin filmwith 3.0×1016 +N2 cm−2 at 26 keV, revealing the weak stripe domains at
remanence. Themagnetic stripes are aligned along the [110] direction ofGaAs.
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Furthermore, we carried out a detailedMFMstudy of the stripe domain reorientationwhen a dcmagnetic
field is applied in-plane along a direction perpendicular to the stripes axis. TheMFMmeasurements (figure 5)
were performed in the as-implanted sample with afluence of 5.3×1016 +N2 cm−2 at 40 keV. The stripes were
initially aligned along the [100]direction, then an in-planemagneticfield,Htrans, was applied perpendicularly to
the stripes axis and itsmaximumvalue Htrans

max was progressively increased. Each imagewas recorded at
remanence. The dark/white dots infigure 5 highlight the presence ofmagnetic edge dislocations, namely
topological defects spontaneously nucleated in the stripe domain structure [39].We observed that thewhole
stripe structure remains unperturbed up to =H 800trans

max Oe (not shown). For =H 1000trans
max Oe, the stripes were

found to coherently rotate by a rather large angle (α0≈60°) towards the direction of the appliedfield, apart
from a small regionwhere the straightness of the domains is not preserved (see figure 5(b)). For higher values of
Htrans

max the stripe domains continued their reorientation, which appeared to be completed at the saturationfield
( =H 4000trans

max Oe, see figure 5(d)). Note that, in each panel offigure 5, the dark/white contrast of theMFM
image is the same irrespective of Htrans

max , because eachMFM image has been recorded at remanence. On the
contrary, wheneverMFM images are recorded in the presence of an in-plane dcmagnetic field, a progressive loss
of contrast is observed [88, 89]with increasing thefield intensity, because the in-plane component of thefilm
magnetization progressively increases.

In order to better understand the reorientation process, VSMmeasurements have been performed applying
a transversalmagnetic field,Htrans along the in-plane direction perpendicular to the stripes axis. All the Fe–N
samples obtained from the same 78 nm thick iron film, differing (see figure 1) for technical specifications of ion
implantation and heat treatment, were investigated. For each sample, a saturating fieldwasfirst applied in plane
to align the stripe domains along the [110] direction andwas removed. Then, a transversal field,Htrans, was
applied in plane perpendicularly to the stripe axis, and reduced to zerowhile themagnetization component

Figure 5.MFM images of the stripe domains, recorded at remanence in the as-implanted samplewith afluence of 5.3×1016
+N2 cm−2 at 40 keV. The stripes were aligned initially along the [100] direction, then amagnetic fieldHtranswas applied in plane

perpendicularly to the stripes axis. For each panel, thefield intensity was increased up to Htrans
max , then thefieldwas removed, and the

MFM imagewas recorded at remanence.
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along the direction ofHtranswas recorded. Following the procedure described in [39], this two-step
measurement was repeatedmany times, each time increasing themaximumvalue of the transversal field, Htrans

max ,
up to reach the in-plane saturation field,Hs. For each value of Htrans

max , the component of themagnetization
parallel to the direction of themagnetic fieldHtrans has beenmeasured both in appliedfield (MON/Ms) and at
remanence (MOFF/Ms), as shown infigures 6(a) and (b), respectively. In agreement with previous work [39], a
threshold value, Htrans

thr , is found for themaximum transversal field, Htrans
max , as indicated by the sharp change of

bothMON/Ms andMOFF/Ms, andwhich is consistent with the rotation threshold of the stripe domain pattern.
Comparing figures 6(a) and (b), it appears that the in-fieldmagnetization,MON/Ms, and the remanent
magnetization,MOFF/Ms, exhibit a different behavior versus Htrans

max . For <H Htrans
max

trans
thr , when the orientation of

the stripe domains does not change,MON/Ms is found to increase, whileMOFF/Ms remains almost zero. For
>H Htrans

max
trans
thr , when the stripe domains start to rotate, bothMON/Ms andMOFF/Ms are found to increase,

evidencing the start of the irreversible process.
As shown infigure 6, even if the four investigated samples exhibit a similar behavior, they are characterized

by a different value of the thresholdfieldHthr. Infigure 7, the thresholdfield for stripe reorientation is plotted as a
function of the in-plane saturation field,Hs, the normalized in-plane remanence,Mr/Ms, and the perpendicular
magnetic anisotropy energy density,KPMA, for the four investigated Fe–N thin film samples. Thesefindings
clearly show that the threshold field for stripe reorientation linearly increases with the PMA, in accordance with
thework byCoïsson et al [42], where such linear dependence has been observed for the stripe domains in
Fe78Si9B13 thin films.

Figure 6.Evolution of the normalizedmagnetization component,measured byVSMalong themagneticfield applied in plane
perpendicularly to the stripe axis, either in the presence of thefield (a), or at remanence (b), as a function of themaximumvalue of the
transversal field, for all the investigated Fe–Nfilms.
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3.One-dimensionalmodel of stripe domains

In order to explain the linear dependence of the reorientation thresholdfield (Hreor
thr ) as a function of the in-plane

saturationfield (Hs) experimentally observed in our Fe–Nfilms, as well as in othermagnetic films [42]withweak

Figure 7.Themeasured threshold field for stripe domains reorientation, plotted versus (a) the in-plane saturationfield; (b) the
normalized in-plane remanence; (c) the perpendicularmagnetic anisotropy, for the series of Fe–N thin films infigure 6. The gray
dashed lines are guides to the eye.
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stripe domains, we adopt a 1Dmodel of the stripe domain structure originally proposed by Saito et al [19] for
Permalloyfilms. In principle, amicromagnetic approach [6]would be required in order to correctlymodel the
behavior of weak stripe domains.However, it is very difficult to investigate the peculiar phenomenon of stripe
reorientation in a transversalmagnetic field using numericalmicromagnetic calculations, owing to the strong
pinning effects induced by the finite size of thefilm plane exploited in the simulations. As it is explained inmore
detail in appendix A, where different 1Dmodels for stripe domains are compared, the advantage of the Saito
model [19] is that it allows us to obtain approximate analytical expressions for themagnetic energy
contributions. In this way, it is easy to understand the role of themodel parameters in the stripe domains
reorientation, induced by a transversalmagnetic field above a threshold value.

The 1D stripe domain structure is sketched infigure 8. The stripes are assumed to be infinite along the y
direction of the film plane, xy. Consequently themagnetization,M, depends only on x, the in-plane direction
perpendicular to the stripes axis. Hereafter ywill be denoted as the longitudinal direction, and x as the
transversal direction. ThemagnetizationM=(Mx,My,Mz) forms an angle θ(x)with thefilm plane, while the
in-plane projection,MIP=(Mx,My), forms an anglej0, independent of x, with the stripes axis y. One has
therefore

q j q j q=x M x x xM cos sin , cos cos , sin . 1s 0 0( ) ( ( ) ( ) ( )) ( )

The angle θ(x) is assumed [19] to be a periodic function of xwith the 1Dprofile sketched infigure 8(c), namely

q q= -
-

- =x
x nd

d
x nd

d
n1 2 , for

2
0, 1, 2, , 2n

0( ) ( ) ( ) ∣ ∣ ( ) ( )

where d is the stripes width and P=2d is the period; θ0 denotes themaximumvalue assumed by the out-of-
plane canting angle θ(x) along the transversal direction, x.

The total energy density, òtot, is the sumof differentmagnetic contributions

= + + +     . 3tot A K M H ( )

The contribution, òA, of the exchange interaction,Aex, is

ò ò
q j

q
q q

= + = =
- -

 A

P

d

dx

d

dx
x dx

A

d

d

dx
dx

A

d
cos

2

4
. 4A

ex ex

d

d
ex

2
0

2
2

2
0
2

2P

P

2

2 ⎜ ⎟ ⎜ ⎟
⎡
⎣⎢
⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥

⎛
⎝

⎞
⎠( ) ( )

The uniaxial contribution, òK, comes from the perpendicularmagnetic anisotropy,KPMA>0, which favors the
out-of-plane direction z (see figure 8(a))

Figure 8.The one-dimensionalmodel of themagnetic stripe domains [19] adopted in this work (xy is thefilm plane, and y is the
direction of the stripes axis at remanence; the film thickness is not shown). A possible configuration of thefilmmagnetization in a
transversalmagnetic fieldH=(Hx,0) of small intensity: (a) perspective view of thefilm surface. ThemagnetizationM(x) forms an
angle θ(x)with thefilm plane, periodically alternating in sign along the red dashed line. The uniform in-planemagnetizationMIP

forms a constant anglej0 with y. (b)Top view of the ‘up-down’magnetic stripe domain patternwith period P=2d (d=stripes
width). (c)The triangular profile of the out-of-plane canting angle θ(x) [19].
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ò q
q

q
= - = - -

-
 K

P
x dx
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2
1

sin 2

2
. 5K

PMA 2 PMA 0

0
P

P

2

2 ⎡
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⎤
⎦⎥( ) ( ) ( )

In order to calculate the contribution of themagnetostatic energy, òM, we exploit an approach byCorciovei
andAdam [90], which is valid even for a 2Dperiodic domain structure. Inside the film, themagnetization vector
is expanded in Fourier series

å= z eM r M , 6i

k
k

k r IP( ) ( ) ( )·

where, in general, the position vector is rIP=(x, y,0), and thewavevector is p= =k kk , , 0 2 , , 0x y
n

P

n

P
x y( )( ) .P

is the period of the domain patternwithin the film plane, and nx, ny=0,±1,±2,L. Outside thefilm, one has
M(r)=0.Next, themagnetostatic energy can be separated [90] into a surface and a volume contribution,
òM=òS+òV.Making the approximation, valid for not too thick films, that themagnetization does not depend
on the perpendicular coordinate z, the two contributions take the form [90], respectively

åp p= +
-

¹
-

-
 e

kt
i M i M i M2 2

1
, 7S z z z

kt

k
k k0

2

0

( · ) ( · )( · ) ( ) ( )

åp= -
-

¹
-

-
 e

kt
k M k M2 1

1
, 8V

kt

k
k k

0
0 0

⎡
⎣⎢

⎤
⎦⎥( · )( · ) ( ) ( )

where t denotes thefilm thickness, k0 is the unit vector along k=(kx, ky,0), and iz the unit vector along z.
Specializing to the case of the 1D stripe domain structure infigure 8 and equation (2), one has ky=0 because the
stripes are infinite along y. It then follows that = pk , 0, 0n

P

2( ), where nowP is the period of the stripes and

n=0,±1,±2,L. Themagnetization components (α=x, y, z) are

å p
= = =  a aM x M e k

n

d
n, 0, 1, 2, , 9

k
k

ikx( ) ( ) ( )

where d=P/2 is the stripes width, and

ò ò= =a a a

-
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M x e dx
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. 10k
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Taking (1) and (2) into account, the contributions (7) and (8) to themagnetostatic interaction òM can respectively
be rewritten as

òå

å

e p q
p

p

p q q
q p

= -

=
-

-
p

¹ -

-

>

-

p

p

M
d

x
nx

d
dx

d

nt
e

M
d

nt
e

2
1

2
sin sin 1

4 cos
1

1 ,
11

S s
n d

d

s
n n odd n

2

0

2

2
0
2 2

0
0,

2

2
0
2

2

nt
d

nt
d

⎡
⎣⎢

⎡
⎣⎢

⎤
⎦⎥( )

( ) ( ) ] ( )( )

{ ( )( )}
( )

òå

å

p q
p

p
j

p q q
q p

j

j

= - - ´

=
-

- - ´

= ´

p

p

p

¹ -

-

>

-

 M
d

x
nx

d
dx

d

nt
e

M
d

mt
e

K

2
1

2
cos cos 1 1 sin

4 sin
1

1 1 sin

sin .

12

V s
n d

d nt
d

s
m m even m

mt
d

rot

2

0

2
2

0

2
0
2 2

0
0,

2

2
0
2

2
2

0

2
0

⎜ ⎟

⎜ ⎟

⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥

⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥

⎧
⎨⎪

⎩⎪
⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥

⎫
⎬⎪

⎭⎪( )

( ) ( )

( )
( )

Note that the volume contribution òV has been expressed, according to [20], in terms of an effective rotatable
anisotropy,Krot. Keeping only them=2 term in (12), the following estimate forKrot is obtained

p
q q
p q p
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1 . 13rot s
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The effective rotatable anisotropy field [20]Hrot, associatedwithKrot, takes the form

p
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where the average in-planemagnetization á ñM xIP ( ) is

ò q
q

q
á ñ = =

-
M x

P
M x M

1
cos

sin
15IP

s s
0

0
P

P

2

2( ) ( ) ( )

and the three averagemagnetization components are

q
q

j
q

q
já ñ = á ñ = á ñ =M x M M x M M x

sin
sin ,

sin
cos , 0 16x

s
y

s
z0

0
0

0

0
0( ) ( ) ( ) ( )

Note that, in the limit θ0→ 0, one has = á ñ m M M 1IP
s : i.e. themagnetization lies entirely in the film plane.

Finally, the Zeeman energy density, òH, namely the contribution from a dcmagnetic field applied in plane
along a direction forming an angleψwith the stripes axis y, is

q
q

y j= - - M H
sin

cos . 17H s
0

0
0( ) ( )

Once obtained the total energy density (3) as the sumof the various contributions (4), (5), (11), (12), and
(17), the equilibrium values for the polar and azimuthal angles, qeq

0 andjeq
0 respectively, can nowbe determined

byminimizing òtot(θ0,j0)with respect to its arguments. In the following, for simplicity we consider only two
limiting cases, of a transversalmagnetic fieldHx (ψ=90°) and a longitudinalmagnetic fieldHy (ψ=0°)

q
q

j= - M H a
sin

sin , 18H trans s
x

,
0

0
0 ( )

q
q

j= - M H b
sin

cos . 18H long s
y

,
0

0
0 ( )

Our numerical calculations for the equilibrium configuration and themagnetic energy density are presented
in section 4 and appendix B for transversal field, and in appendix C for longitudinal field, respectively. The
calculations were performed by setting thematerial parameters equal to values obtained in previous
investigations of the Fe–Nfilms. The saturationmagnetization isMs=1700 emu cm−3 [39]. The exchange
interaction isAex=1.8×10−6 erg cm−1[91]. Themagnetocrystalline in-plane anisotropywas set to
zero, while different values of the out-of-plane uniaxial anisotropy (withKPMA ranging from5.7 to 6.3
×106 erg cm−3)were exploited, in order to investigate the role of the PMA in the stripe reorientation process.
Thefilm thickness is the same for all samples, t=78 nm. Finally, the period of the stripes was kept constant,
P=115 nm. Such an approximation is in good agreementwith experimental observations showing that, in
many film systems (NiFe [19], FeGa [37, 38], FeN [39], and FeSiB [42]), the period of the stripe domains does not
vary on changing the intensity of the in-plane applied field.

4.Mechanismof stripe domains reorientation in Fe–N thinfilms

The equilibrium configurations of thefilmmagnetizationwhen an externalmagnetic field is applied along the
in-plane x direction, perpendicular to the stripes axis, y, have been calculated as a function of the field intensity,
Hx. For increasing values ofHx, we hypothesize three configurations, schematically illustrated infigures 8–10.

Low field configurations (I, II) without stripe rotation. For sufficiently low values ofHx, we look for two
possible equilibrium configurations, I and II, both characterized by the direction of the stripes axis being y, i.e.
the same as at remanence. In the configuration I (figure 8), the in-plane uniform canting angle, formed by the in-
planemagnetization componentMIPwith the stripes axis y, is small:j0=90°. In contrast, in the configuration
II (figure 9), the in-plane angle is exactlyj0=90° : i.e.MIP is completely rotated towards the direction of the
appliedfield, but the axis of the up/downmagnetic stripe domains is not rotated. Also the out-of-plane
maximumcanting angle θ0 is expected to be different, in general, for the two configurations I and II. The total
energy density is given by

q j = + + + +     , , 19tot A K S V H trans0 0 ,
I,II( ) ( )( )

where for both configurations I and II the various contributions on the rhs of (19) are explicitly given by (4), (5),
(11), (12), and (18a). Byminimizing òtotwith respect to its arguments, the equilibrium angles θ0

eq andjeq
0 are

obtained.
Infigure 11, the contour plots of òtot(θ0,j0) are reported for afixed value (KPMA=6.3×106 erg cm−3) of

the out-of-plane uniaxial anisotropy and selected values of the transversal fieldHx, ranging from0 to 400Oe. At
Hx=0 (figure 11(a)) and 100Oe (figure 11(b)), the total energy density has only oneminimum,with small in-
plane uniform canting angle,j  0eq

0 , and large out-of-planemaximum canting angle, q  90eq
0 ,

corresponding to the configuration I (figure 8). Consequently, both atHx=0 and 100Oe the normalized
average in-planemagnetization turns out to be sensibly smaller than 1 (m≈0.64). AtHx=200Oe
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(figure 11(c)) one observes that, in addition to theminimumcorresponding to the configuration I, a second
minimumdevelopswith q » 40eq

0 andj = 90eq
0 . The secondminimum thus corresponds to the

configuration of type II (figure 9), and it turns out to be higher in energy than thefirstminimum.Note that at
Hx=200Oe the normalized average in-planemagnetization ism≈0.92 for configuration II, thus sensibly
larger thanm≈0.65, the value for configuration I at the same field intensity. On further increasingHx, the
situation is reversed. In fact, atHx=300Oe (figure 11(d)) and 350Oe (figure 11(e)), the deeperminimum
corresponds to the configuration II, and the shallower one to the configuration I. Eventually, atHx=400Oe
(figure 11(f)), theminimumcorresponding to the configuration I disappears.

Figure 9.Apossible configuration of thefilmmagnetization in a transversalmagnetic fieldH=(Hx,0) ofmoderate intensity. The
direction of the stripes axis is the same as in zerofield (y), but the in-planemagnetizationMIP has rotated by an anglej0=90°, so as to
become parallel to the direction of the applied field (x). (a)–(c) are defined as infigure 8. The stripes width d is assumed not to depend
onHx.

Figure 10.Apossible equilibriummagnetization configuration in a transversalmagnetic fieldH=(Hx,0) of high intensity. The
applied field is strong enough so as to rotate the direction of the stripes axis by an angleα0=90°with respect to the zero-field
direction (y). The in-planemagnetizationMIP is parallel to the direction of the applied field (x) due to the absence of in-plane
magnetocrystalline anisotropies. (a)–(c) are defined as infigure 8. The stripes width d is assumed not to depend onHx.

12

J. Phys.:Mater. 3 (2020) 024001 L-CGarnier et al



High field configuration (III) with stripe rotation. For sufficiently high values ofHx, we look for the
equilibrium configuration III (figure 10), where the direction of the stripes axis is rotated by a large angleα0 with
respect to y, the direction at remanence. The total energy density is now expressed as

q a = + + + +     , . 20tot A K S V H trans0 0 ,
III( ) ( )( )

Thefirst four terms on the rhs of equation (20) are respectively given by (4), (5), (11), and (12)where, in the
absence of in-planemagnetocrystalline anisotropies, one can setj0=0. Thefifth term is the transversal field
contribution, namely the only one in (20)which contains an explicit dependence onα0

q
q

a= - M H
sin

sin . 21H trans s
x

,
III 0

0
0 ( )( )

Byminimizing the total energy density òtot(θ0,α0)with respect to its arguments, one thus obtains that, in the
absence of in-plane anisotropies, the equilibrium value for the stripe rotation angle is a = 90eq

0 for any value of
Hx.Whereas, the equilibriumout-of-planemaximumcanting angle, qeq

0 , depends on the in-plane field intensity,
Hx.

Infigure 12, the contour plots of òtot(θ0,α0) are reported for selected values ofH
x, ranging from100Oe

to 1750Oe.Note that the latter value turns out to be the in-plane saturationfieldHs forKPMA=6.3×
106 erg cm−3. As it can be seen, the total energy density òtot(θ0,α0) has only oneminimum, corresponding to the
configuration III infigure 10, with a = 90eq

0 . On increasingHx,α0
eq remains constant, while qeq

0 decreases. At
the saturationfieldHs=1750Oe, the out-of-planemaximumcanting angle vanishes, q  0eq

0 , and the

Figure 11. Low field configurations I and II without stripe rotation (α0=0°). Contour plots of the total energy density òtot(θ0,j0) for
different values of the transversal field intensityHx. (a)Hx=0; (b) 100Oe; (c) 200Oe; (d) 300Oe; (e) 350Oe; (f) 400Oe. In each
panel, the box shows the values of the total energy density (19) in theminimum, and of the normalized average in-planemagnetization

q q=m sin eq eq
0 0( ) . In the energy scale, the blue color denotes low energy, while the red color denotes high energy.
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normalized average in-planemagnetization is q q= m sin 1eq eq
0 0( ) : i.e. themagnetization lies entirely in the

film plane.Note that for any value ofHx>0, theminimumof q a ,tot
III

0 0( ) is deeper than bothminima of

q j ,tot
I

0 0( ) and q j ,tot
II

0 0( ) (see figure 13(d) later on).
The existence of a threshold field for the reorientation of the stripes axis can be explained looking at

figure 13, where the equilibrium angles, the normalized average in-planemagnetization, and themagnetic
energy density are reported versus the transversal field intensity,Hx, and compared for the three different
configurations.However, it is important to note that, for a givenfield intensity where differentmetastable states
are possible, the configuration assumed by the system cannot be predicted only on the basis of energetic
considerations, but the history of the samplemust also be taken into account.We observe that, in the lowfield
range (200–380Oe)where the three configurations are locally (I and II) or globally (III) stable, the configuration
I (red symbols) and the configuration III (blue symbols) have similar values of the out-of-planemaximum
canting angle qeq

0 (figure 13(b)), and thus similar values of the normalized average in-planemagnetization
q q=m sin eq

0 0( ) (figure 13(c)). In contrast, the configuration II (gray symbols) has a sensibly lower value of qeq
0

(figure 13(a)) and consequently an almost saturated in-planemagnetization (m0.9 infigure 13(c)). Starting
from remanence with the stripes aligned along the y axis, the system is allowed to remain in the configuration I
evenwhen the intensity of the transversal fieldHx is increased, as far as this configuration remains locally stable.
On further increasingHx, a jump to the configuration III is expected to occurwhen the configuration I becomes
unstable: i.e. at =H 380trans

thr Oe. The reorientation of the stripes axis towards the field direction is associated

Figure 12.High field configuration III with stripe rotation (α0=90°). Contour plots of the total energy density òtot(θ0,α0) for
different values of the transversal field intensityHx. (a)Hx=100Oe; (b) 200Oe; (c) 350Oe; (d) 600Oe; (e) 1200Oe; (f) 1750Oe
(saturation field). In each panel, the box shows the values of the total energy density (19) in theminimum, and of the normalized
average in-planemagnetization q q=m sin eq eq

0 0( ) . Please note that the energy scale in (a)–(c) is the same as infigures 11(a)–(f), but it
is different from the energy scale in (d)–(f).
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with a large rotation angle (a = 90eq
0 infigure 13(b)). In contrast, the out-of-planemaximumcanting angle qeq

0

has a small (though finite) variation, see figure 13(b). Note that, passing from I to III at Htrans
thr , a noticeable

lowering of the total energy density òtot is realized, as it can be seen infigure 13(d).
In appendix B, the various contributions to the total energy density òtotwere calculated versusH

x, and
separately reported infigure B1 (panel (b), and its enlargement, (c)). Fromfigure B1, it appears that the decrease
of the equilibriumout-of-planemaximum canting angle qeq

0 on increasingHx (panel (a)) determines, in the
magnetic energy density, the increase of the PMAcontribution, òK, and the decrease of all the other
contributions (in particular, the transversal field contribution, òH, trans, and the surfacemagnetostatic
contribution, òS). In order tominimize the cost in PMA energy, it is then energetically preferred for the system to
undergo, at Htrans

thr , a small variation of the out-of-planemaximumcanting angle qeq
0 accompanied by a large in-

plane rotation (a = 90eq
0 ) of the stripes axis (see figure 13(b)), rather than a large variation of qeq

0 without stripe
rotation (see figure 13(a)). Namely, the configuration II is expected not to be realized, in spite of its being locally
stable and lower in energy than I in the lowfield range (Hx=200–380Oe, see figure 13(d)).

In order to better understand the dependence of Htrans
thr on the intensity of the perpendicularmagnetic

anisotropy, we have determined the equilibrium configurations of the system in a transversalmagnetic field,Hx,
using different values ofKPMA in the range from5.5 to 6.3×106 erg cm−3. (Note thatwithin the 1Dmodel of
stripe domains [19], an upper limit toKPMA is imposed by the condition q  90eq

0 .) Infigures 14(a)–(c), the
calculated out-of-planemaximumcanting angle qeq

0 is shown versusHx (below and above Htrans
thr , red and blue

symbols, respectively) for three increasing values of the out-of-plane uniaxial anisotropyKPMA. As it can be seen,
the higherKPMA, the further the configuration I remains stable, and as a consequence the higher is the
reorientation threshold field Htrans

thr , marked by a vertical dashed line infigure 14. Similarly, the higherKPMA, the
higher is the in-plane saturation fieldHs, marked by a vertical short-dashed–dotted line infigure 14.

Infigure 15, the calculated threshold field for stripe reorientation, Htrans
thr , and in-plane saturation field,Hs,

are reported versus the intensity of the perpendicularmagnetic anisotropy. For both quantities, a linear
dependence is obtained in the investigated range ofKPMA, althoughwith a different slope. (A third quantity
reported infigure 15, also showing a linear dependence onKPMA, is the rotatable anisotropy field,Hrot,0,
discussed later on in section 5.)These results are in qualitative agreement with experimental data obtained for

Figure 13.The calculated configurations andmagnetic energy density of thefilm versus the transversal field intensity,Hx. (a) and (b):
the out-of-planemaximumcanting angle, qeq

0 , the in-plane uniform canting angle, jeq
0 , and the stripe rotation angle, a

eq
0 , calculated at

equilibrium for different configurations, of type I (red symbols), type II (gray symbols) and type III (blue symbols), respectively. (c)
and (d): the normalized average in-planemagnetization,m, and the total energy density, òtot, calculated for the configurations I, II, and
III. In (d), the vertical dashed linemarks a possible, abrupt transition, at the reorientation threshold fieldHthr

trans≈380Oe, from the
metastable state I to the lowest energy state III; the vertical short-dashed–dotted linemarks the position of the saturation field
(Hs≈1750Oe).
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both Fe–N (figure 7(a)) and Fe78Si9B13 [42]films. Clearly, in order to obtain a quantitative estimate of the
reorientation threshold field intensity Htrans

thr for a given film system, one should definitely resort to amore
realistic 2Dmodel of the stripe domains. A 2Dmodel with closure stripe domains should be required (as it was
proved in the very similar case of a Fe–Gafilm [38]) to account also for other subtle features, such as the linear
dependence ofMON/Ms on Hreor

thr experimentally observed (figure 6(a)) in our Fe–Nsamples. Nevertheless, the

1Dmodel [19] is valuable since it provides a straightforward explanation of the linear dependence of Htrans
thr and

Hs on the PMA in terms of the equilibriumout-of-planemaximumcanting angle qeq
0 , whichwould hardly be

obtained by numericalmethods and/ormore refined theoreticalmodels.

5. The rotatable anisotropy in Fe–Nfilmswithweak stripe domains

A further advantage of the 1Dmodel [19] is that it allows us to theoretically investigate another peculiar property
of weak stripe domains, the so-called ‘rotatable’ anisotropy, which consists in the possibility of selecting the easy
magnetization direction in the film plane simply by applying a sufficiently largemagnetic field along this

Figure 14.The equilibriumout-of-planemaximumcanting angle θ0
eq calculated versus the intensity of a transversalmagneticfield,

Hx. Panels (a)–(c) refer to three increasing values of the perpendicularmagnetic anisotropy,KPMA. The vertical dashed line denotes
the position of the reorientation threshold field, Htrans

thr , at which the stripe pattern rotates abruptly, passing from configuration I to III.
The vertical short-dashed–dotted line denotes the position of the saturation field,Hs.
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direction [20, 76–78]. The rotatable anisotropy strongly affects themagneto-dynamic properties of the thin films
[37, 79] since it provides an energy barrier which prevents the free in-plane rotation of themagnetization vector.
As amatter of fact, the rotatable anisotropy has been termed as a pseudo-uniaxial in-plane anisotropy [20]
because itsmagnitude is not constant, but depends on the intensity of the appliedmagnetic field [37, 79].

Using the equilibriumvalues for the angles θ0 andj0, we calculated the rotatable anisotropyfieldHrot, as given
by equation (14), for three different values ofKPMA (the same as infigure 14). Infigure 16,Hrot is reported versus
the intensity of an appliedmagneticfield, either transversal (Hx, red circles)or longitudinal (Hy, black line) to the
stripes axis.One can see that the rotatable anisotropyfield assumes themaximumvalueHrot,0 at remanence (i.e. for
H=0). On increasing the transversalfield intensityHx,Hrot starts to decrease because the angle q

eq
0 decreases

(namely, the in-planemagnetization increases), up to vanishwhen the stripe pattern disappears for θ0=0
(namely, the in-planemagnetizationbecomes saturated). In addition,Hrot versusH

x exhibits a discontinuity at the
thresholdfield Htrans

thr , which becomesmoremarked on increasingKPMA.Above the reorientation thresholdfield,
there is no difference between the value of the rotatable anisotropyfield calculated for transversal (Hx)or
longitudinal (Hy) appliedfield. In fact, in the configuration III the stripes have rigidly rotated by an angleα0=90°,
and therefore the stripes axis has becomeparallel to thedirectionof the appliedfield. In the longitudinalfield
configuration, it isworth noticing that our calculationswithin the 1Dmodel [19]predict (see black line in
figure 16) a smooth,monotonicdecrease ofHrot versus the appliedfield intensity,H

y. A similar behavior has
recently been found in thinfilmswithweak stripe domains, such as permalloyfilms investigated by ferromagnetic
resonance (FMR, seefigure 2(b) in [79] andfigure 4 in [80]), andFe–Gafilms investigated byBrillouin light
scattering (BLS, seefigure 4 in [37]).Moreover, fromfigure 16 it appears thatHrot,0 increases on increasing the
perpendicularmagnetic anisotropy. Inparticular, using equation (14)wehave calculatedHrot,0 and found a linear
dependenceonKPMA, as shown infigure 15 (red circles). Such a feature turns out to be inqualitative agreement
with a recent experimental study [81] in ferrite dopedFeNi thinfilms,where an increase of the rotatable anisotropy
fieldHroton increasing the perpendicularmagnetic anisotropywas observed byFMRmeasurements.

Finally, we have found that a linear correlation holds, see figure 17, between the rotatable anisotropy field at
remanence,Hrot,0, and the reorientation threshold field, Htrans

thr . This finding indicates that, although the
rotatable anisotropy field (namely, thefield proportional to the energy barrier preventing from the free in-plane
rotation of themagnetization vector) and the thresholdfield (namely, the transversal field to be overcome in
order to induce the reorientation of stripe domains) are in principle distinct, they are both driven by the PMA,
which is responsible for the onset of theweak stripe domains.

6. Conclusions

In this work, the reorientation of weak stripe domains, driven by a transversalmagnetic field greater than a
threshold value, has been investigated in Fe–N thinfilms, both experimentally and theoretically. The samples
have beenpreparedby ion implantationof nitrogenmolecular ions +N2 onanα-Fefilm, epitaxially grownonZnSe/
GaAs(001).We found that thePMAstrengthof the Fe–Nfilms canbe tunedon changingboth ion implantation and
heat treatment conditions.MFMimages disclosed very regular stripedomainswhich at remanence are aligned along

Figure 15.Black squares: the reorientation threshold field, Htrans
thr , versus the intensity of the perpendicularmagnetic anisotropy,

KPMA. Open squares: The saturation field,Hs, versusKPMA. Red circles: the rotatable anisotropy field calculated at remanence,Hrot,0,
versusKPMA. The lines are guides to the eye.

17

J. Phys.:Mater. 3 (2020) 024001 L-CGarnier et al



the last saturationdirection. By applying inplane amagneticfieldHtrans, perpendicular to the stripe axis andhaving an
increasing intensity, the stripe domains reorientationhas beenobservedwhenHtrans is larger than a thresholdfield
Htrans

thr . Interestingly, a linear increase of the Htrans
thr value on increasing thePMAstrengthhas beenobservedbyVSM

measurements.This linear behavior of Htrans
thr has been interpretedbyusing aone-dimensionalmodel of theweak

stripe domains,which allowedus to calculate thedifferent terms in the total energydensity.Various possible
equilibriummagnetization congurationshavebeen considered, dependingon the intensity of themagneticfield
appliedperpendicularly to the stripe domain axis. Themaximumcanting angle of the stripe domainmagnetization
outof thefilmplanehas been shown tobe the essential parameter to explain the lineardependenceof both Htrans

thr and
Hrot,0 as a functionof thePMAstrength. In addition, the effective rotatable anisotropyfield at remanence,Hrot,0, was
also found to linearly increasewith thePMA intensity. Thesefindings indicate that both Htrans

thr andHrot,0 are drivenby
thePMA, although these twoquantities affect differentmagnetic properties of the stripes domains: i.e. the static and
dynamicmagnetic behavior, respectively.We expect that the presentworkwill provide the basis for a better
understandingof the reorientationmechanismof stripemagnetic domains, paving theway to thepossible

Figure 16.The rotatable anisotropy field,Hrot, versus the intensity of an in-planemagneticfield, applied either in the transversal
direction (Hx, red points) or in the longitudinal one (Hy, black line)with respect to the stripes axis. The calculationwas performed for
three different values ofKPMA, the same as in figure 14.
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exploitationof stripe patterns to guide and control the propagationof spinwaves, or spin textures such as bubbles and
skyrmions, in thinmagneticfilms.
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AppendixA.Wide-wall andnarrow-wall 1Dmodels forweak and strong stripe domains

In this appendix, we compare a few, paradigmatic 1Dmodels which have been proposed in the literature to
describe stripe domain patterns inmagnetic films. At the same time, we suggest a harmonization of the
nomenclature according to the shape of the periodic wave θ(x), where θ is the out-of-plane canting angle of the
magnetization and x is the in-plane direction perpendicular to the stripes axis (see figure 8).

Afirst distinction has to bemade betweenwide-wall and narrow-wallmodels, depending on the ratio
between thewall width, δ, and the stripewidth, d. In a ferromagnetic filmwith exchangeAex per unit length and a
perpendicularmagnetic anisotropy energy densityKPMA, an estimate for thewall width is d p= A Kex PMA [6].
Thewall width can be rewritten as d p= l Qex , in terms of the quality factorQ=KPMA/Kd (where

p=K M2d s
2 is themagnetostatic energy density), and of the exchange length =l A Kex ex d . Hence, it follows

thatfilmswith aweak PMA (lowQ)will havewide domainwalls, whilefilmswith a strong PMA (highQ)will
have narrowdomainwalls. For a given 1D angle profile, θ(x), with period P=2d, see figure A1, we adopt the
following definition of thewall width [92]

d
q
q

=
¢

2
A.10

0

( )

where θ0 is themaximumof θ(x) at themiddle of themagnetic domain (i.e. for x=d/2 infigure A1), and θ0′ is
the slope of θ(x) at themiddle of thewall (i.e. for x=0 infigure A1).

The 1Dprofile we have chosen in this work for the out-of-plane canting angle θ(x) (see equation (2) and
figure 8(c)) is the 1D triangular-wave angle profile originally proposed by Saito et al [19] for Permalloy filmswith
aweak PMA.Wenote that the term ‘triangular-wave’ appears to bemore appropriate than the ‘sawtooth-wave’
one frequently used in the literature [20, 22, 80]. Indeed, the triangular wave is the absolute value of the sawtooth
wave. The triangular-wave profile is reported in panel (a1) (black line), and represents an extreme case of awide-
wallmodel because thewall width is just equal to the domainwidth: δ=d. The corresponding out-of-plane
magnetization profile, q=M x M xsinz

s( ) ( ), is reported in panel (b1).

Figure 17.The rotatable anisotropy field at remanenceHrot,0 versus the reorientation threshold field Htrans
thr , calculated for different

values ofKPMA, ranging from5.5 to 6.3×106 erg cm−3 (seefigure 15).
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In contrast, a 1D square-wave profile for θ(x)was originally proposed byKittel [93] forfilmswith a strong
PMA. The square-wave angle profile is reported in panel (a2) (blue line), and it generates a square-wave profile
also for themagnetizationM(x), see panel (b2). The square-wave profile represents an extreme case of a narrow-
wallmodel because thewall width is exactly zero: δ=0.

Later on, other 1Dmodels of stripemagnetic domains have been proposed, which allowone to consider
the intermediate case 0<δ<d. Alvarez-Prado et al [20] suggested a 1D sine-wave angle profile,
q q p=x x dsin0( ) ( ), with period 2d as shown in panel (a1) (red line). The corresponding out-of-plane
magnetization profile, q=M x M xsinz

s( ) ( ), is reported in panel (b1). Using the definition (A.1), one obtains
d =

p
d2( ) , namely awide-wallmodel of the stripe domains, which is expected to provide good results in films

withweak stripe domains, i.e. forQ<0.5.
In contrast, Virot et al [22] and subsequentlyWei et al [80] suggested a 1D trapezoidal-wave profile for θ(x),

reported in panel (a2). The only difference between the two authors is the fact that Virot et al imposed the out-of-
planemaximumcanting angle to be θ0=π/2, whileWei et al allowed for θ0<π/2. Virot et al showed that the
trapezoidal-wave profile is especially well suited forfilmswith strong stripe domains, i.e. for 0.5<Q<1.0, and
it can be applied even to the caseQ>1. Thus, the trapezoidal-wave profile can be considered as a narrow-wall
model. As amatter of fact, a recent analysis [92] of the in-planemagnetization curves in 70 nm thick Fe–Gafilms
withweak stripe domains (Q=0.3) confirmed that a 1D trapezoidal-wave angle profile provides a less
consistent description of the experimental data than a sine-wave profile.

In thepresent article, ourmain aim is to investigate the reorientation ofweak stripemagnetic domainswhen a
dcmagneticfield is applied inplane perpendicularly to the stripes axis, with intensityHtrans greater than a threshold

Figure A1.Comparison between some paradigmatic wide-wall (a1), (b1) and narrow-wall (a2), (b2) 1Dmodels, forweak and strong
stripe domains respectively. The profiles of the out-of-plane canting angle, θ(x) are shown in (a1) and (a2); the corresponding profiles
of the out-of-planemagnetization component, q=M x M xsinz

s( ) ( ), in (b1) and (b2). The arrows on top of panels (a1) and (a2) point
the wall width (δ, in units ot the domainwidth, d), respectively for awide-wall (δ=d) triangular-wave profile [19] and a narrow-wall
(δ=d) trapezoidal-wave profile [22, 80]. The sine-wave profile [20] in (a1)has d =

p
d2 (not shown), while the square-wave profile

[93] in (a2)has δ=0.
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value.Our Fe–Nthinfilms are characterized by a quality factorQ comprised in the range between0.28 and0.38,
depending on the preparation conditions. Therefore, ourfilms are in theweak-stripe regime, and awide-wall
model is expected to provide better results than anarrow-wallmodel.Our adoptionof the simplestwide-wall
model, i.e. the 1D triangular-wave angle profile [19] in equation (2), ismotivated by the fact that it allows us to
obtain approximate expressions for themagnetic energydensity contributions in the transparent, analytic formof
equations (4), (5) (11), (12), and (18a). In thisway, understanding the role of themodel parameters in the stripe
domains reorientation inducedby a transversalmagneticfield turns out to be easier than using any other periodic
wide-wallwaveform. Furthermore,wedonot expect that usingmore sophisticated 1Dmodelswould lead to
substantial improvements in the theoretical interpretation of the stripe reorientationmechanism.

Appendix B. Energy density contributions in a transversalmagneticfield

In this appendix, we show the calculated equilibrium configurations andmagnetic energy density of the
magnetic film versus the the intensity (Hx) of a transversal field: i.e. amagnetic field applied in plane
perpendicular to y, the direction of the stripes axis at remanence.

Figure B1.The calculated configurations andmagnetic energy density of the film versus the intensity,Hx, of amagnetic field
transversal to the stripes axis (i.e. applied in plane along the direction perpendicular to the stripes axis). (a): The equilibrium angles (θ0,
j0) for the configuration I, and (θ0,α0) for the configuration III, respectively. (b) and (c): The totalmagnetic energy density, òtot, and
its various contributions (see text). Please note that (c) is a zoomof (b) around ò=0.
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Infigure B1(a), the equilibrium angles calculated using the sameHamiltonian parameters as infigure 13(b),
have been reported for < <H H0 x

trans
thr and < <H H Htrans

thr x
s (configurations I and III, respectively).

Infigure B1(b), the totalmagnetic energy density òtot=òA+òK+òS+òV+òH, trans, calculated as a
function of the transversal field intensity,Hx, has been separated into its various contributions.We report

q j ,tot
eq eq
0 0( ) for < <H H0 x

trans
thr , and q a ,tot

eq eq
0 0( ) for < <H H Htrans

thr x
s, respectively. The various

contributions are: òA, from exchange coupling; òK, fromPMAanisotropy; òS and òV, from surface and volume
magnetic dipole–dipole interactions, respectively; òH, trans, from the Zeeman energy associatedwith the
transversalmagnetic field. Their explicit expressions are given by equations (4), (5), (11), (12), and (18a),
respectively.

One observes that the contributions òA, òS, and òH, trans are decreasing functions ofH
x, and that only the

uniaxial anisotropy contribution òK is an increasing function of the transversal field intensity in thewhole field
range 0<Hx<Hs.Moreover, note that the increase of the uniaxial anisotropy contribution òK is associated
(see equation (5))with the decrease of the out-of-planemaximum canting angle qeq

0 . At the saturationfieldHs,
when themagnetization lies entirely within the film plane, one has q = 0eq

0 and òK=0. Also the volume dipolar

contribution òV is an increasing function ofH
x, but it is nonzero only in the range < <H H0 x

trans
thr (see figure

B1(c)): i.e. when the equilibrium in-plane uniform canting anglej0 is nonzero (see equation (12)). At the
reorientation threshold field Htrans

thr , all contributions undergo a discontinuity as a consequence of the step in the
equilibriumout-of-planemaximum canting angle qeq

0 on passing from the configuration I to the
configuration III.

Summing up, as a result of all contributions, the total energy density òtot (open circles infigure B1(b)) is
found to decrease discontinuously on increasing the intensity,Hx, of the transversalmagnetic field.

AppendixC. Energy density contributions in a longitudinalmagneticfield

For the sake of completeness, we have also calculated the equilibrium configuration andmagnetic energy density
of themagnetic film versus the the intensity (Hy) of a longitudinal field: i.e. amagnetic field applied in plane
parallel to y, the direction of the stripes axis at remanence. In such a geometry, the anglej0 infigure 8(a) vanishes
for symmetry reasons in thewhole field range:j0=0 for 0<Hy<Hs. Therefore, the total energy density
òtot(θ0,j0=0)=òA+òK+òS+òV+òH, long has to beminimized solely with respect to the variable θ0. The
various terms in the summation are respectively given by equations (4), (5), (11), (12), and (18b).

For increasing values of the longitudinal field intensity, amonotonic and continuous decrease of qeq
0 is found

in thewholefield range < <H H0 y
s, as displayed in figureC1(a). Therefore, the normalized average in-plane

magnetization, q q=m sin eq eq
0 0( ) , is found to increase in amonotonic and continuousway in the same range,

see figureC1(b). InfigureC1(c), the calculated totalmagnetic energy density q j ,tot
eq eq
0 0( ) is reported versusHy,

separated into its various contributions. One observes that òA, òS, and òH, long are decreasing functions ofH
y (see

equations (4), (11) and (18b)). The dipolar volume contribution is òV=0 in thewholefield range 0<Hy<Hs

because by symmetry one hasj = 0eq
0 (see equation (12)). Only the uniaxial anisotropy contribution òK is a

monotonic and continuous increasing function ofHy (òK→ 0 for q  0eq
0 , see equation (5)).

Summing up, as a result of all contributions, the total energy density òtot (open circles infigure C1(c)) is
found to decrease in amonotonic and continuousway on increasing the intensity,Hy, of the longitudinal
magnetic field.

22

J. Phys.:Mater. 3 (2020) 024001 L-CGarnier et al



ORCID iDs

Louis-Charles Garnier https://orcid.org/0000-0003-3658-3263
MassimilianoMarangolo https://orcid.org/0000-0001-6211-8168
MahmoudEddrief https://orcid.org/0000-0002-4822-2185
Diego Bisero https://orcid.org/0000-0003-2610-6519
Samuele Fin https://orcid.org/0000-0002-8971-2463
Francesca Casoli https://orcid.org/0000-0002-4323-0362
MariaGloria Pini https://orcid.org/0000-0002-6571-4181
Angelo Rettori https://orcid.org/0000-0002-4311-234X
Silvia Tacchi https://orcid.org/0000-0003-1403-2268

References

[1] SeulM andAndelmanD1995 Science 267 476
[2] EmeryV J, Kivelson SA andTranquada JM1999Proc. Natl Acad. Sci. USA 96 8814
[3] Keller S L andMcConnellHM1999Phys. Rev. Lett. 82 1602

FigureC1.The calculated configuration andmagnetic energy density of the film versus the intensity,Hy, of a longitudinalmagnetic
field (i.e. applied in plane parallel to the stripes axis). (a)The equilibrium angles (θ0,j0). For symmetry reasons, one hasj0

eq=0, "Hy.
(b) (c)The total energy density òtot, and its various contributions (see text).

23

J. Phys.:Mater. 3 (2020) 024001 L-CGarnier et al

https://orcid.org/0000-0003-3658-3263
https://orcid.org/0000-0003-3658-3263
https://orcid.org/0000-0003-3658-3263
https://orcid.org/0000-0003-3658-3263
https://orcid.org/0000-0001-6211-8168
https://orcid.org/0000-0001-6211-8168
https://orcid.org/0000-0001-6211-8168
https://orcid.org/0000-0001-6211-8168
https://orcid.org/0000-0002-4822-2185
https://orcid.org/0000-0002-4822-2185
https://orcid.org/0000-0002-4822-2185
https://orcid.org/0000-0002-4822-2185
https://orcid.org/0000-0003-2610-6519
https://orcid.org/0000-0003-2610-6519
https://orcid.org/0000-0003-2610-6519
https://orcid.org/0000-0003-2610-6519
https://orcid.org/0000-0002-8971-2463
https://orcid.org/0000-0002-8971-2463
https://orcid.org/0000-0002-8971-2463
https://orcid.org/0000-0002-8971-2463
https://orcid.org/0000-0002-4323-0362
https://orcid.org/0000-0002-4323-0362
https://orcid.org/0000-0002-4323-0362
https://orcid.org/0000-0002-4323-0362
https://orcid.org/0000-0002-6571-4181
https://orcid.org/0000-0002-6571-4181
https://orcid.org/0000-0002-6571-4181
https://orcid.org/0000-0002-6571-4181
https://orcid.org/0000-0002-4311-234X
https://orcid.org/0000-0002-4311-234X
https://orcid.org/0000-0002-4311-234X
https://orcid.org/0000-0002-4311-234X
https://orcid.org/0000-0003-1403-2268
https://orcid.org/0000-0003-1403-2268
https://orcid.org/0000-0003-1403-2268
https://orcid.org/0000-0003-1403-2268
https://doi.org/10.1126/science.267.5197.476
https://doi.org/10.1073/pnas.96.16.8814
https://doi.org/10.1103/PhysRevLett.82.1602


[4] SaratzN, Lichtenberger A, PortmannO, RamspergerU, Vindigni A and PesciaD 2010Phys. Rev. Lett. 104 077203
[5] Montoya S A et al 2017Phys. Rev.B 95 024415
[6] Hubert A and Schäfer R 1998Magnetic Domains: TheAnalysis ofMagneticMicrostructures (Berlin: Springer)
[7] Kittel C 1949Rev.Mod. Phys. 21 541–83
[8] KooyC and EnzU 1960Philips Res. Rep. 15 7–29
[9] Cape J A and LehmanGW1971 J. Appl. Phys. 42 5732–56
[10] DruyvesteynWF andDorleijn JWF1971Philips Res. Rep. 26 11–28
[11] Hubert A 1975 J. Appl. Phys. 46 2276–87
[12] AllenspachR, StampanoniM andBischof A 1990Phys. Rev. Lett. 65 3344–7
[13] Barnes J R,O’Shea S J,WellandME,Kim J Y, Evetts J E and SomekhRE 1994 J. Appl. Phys. 76 2974–80
[14] Davies J E,HellwigO, Fullerton EE,DenbeauxG,Kortright J B and LiuK 2004Phys. Rev.B 70 224434
[15] Thiele J U, Folks L, ToneyMF andWellerDK 1998 J. Appl. Phys. 84 5686–92
[16] DraaismaH JG and de JongeW JM1987 J. Appl. Phys. 62 3318–22
[17] Kaplan B andGehringGA1993 J.Magn.Magn.Mater. 128 111–6
[18] MurayamaY 1966 J. Phys. Soc. Japan 21 2253–66
[19] SaitoN, FujiwaraH and Sugita Y 1964 J. Phys. Soc. Japan 19 1116–25
[20] Álvarez-Prado LM, PérezGT,Morales R, Salas FH andAlameda JM1997Phys. Rev.B 56 3306–16
[21] KisielewskiM,Maziewski A, Polyakova T andZablotskii V 2004Phys. Rev.B 69 6966
[22] Virot F, Favre L,Hayn R andKuzminMD2012 J. Phys. D: Appl. Phys. 45 405003
[23] Luo F, Zheng F, YinG,WuD andWei F 2013Appl. Phys. Express 6 073003
[24] Lemesh I, Büttner F andBeachG SD2017Phys. Rev.B 95 7
[25] Palatnik L S, Pavlik AG and Samofalov VN1977 Fiz. Tverd. Tela 19 830–6
[26] Naik R,Heemed S, Talagala P andWenger L E 2002 J. Appl. Phys. 91 7550–2
[27] LabruneMandMiltat J 1994 J. Appl. Phys. 75 2156–68
[28] Fallarino L,HovorkaO andBerger A 2016Phys. Rev.B 94 064408
[29] DubovikMNand Filippov BN2017Phys.Met.Metall. 118 1031–9
[30] Singh S, GaoHandHartmannU2018Phys. Rev.B 98 060414
[31] Fin S et al 2018 Sci. Rep. 8 9339
[32] MullerM1961Phys. Rev. 122 1485–9
[33] BrownW1961Phys. Rev. 124 1348–53
[34] Spain R J 1963Appl. Phys. Lett. 3 208–9
[35] ResnickDA,McClure A, Kuster CM, Rugheimer P and Idzerda YU2011 J. Appl. Phys. 109 07A938
[36] BarturenM et al 2012Appl. Phys. Lett. 101 092404
[37] Tacchi S et al 2014Phys. Rev.B 89 024411
[38] Fin S et al 2015Phys. Rev.B 92 224411
[39] Garnier L-C, EddriefM, Fin S, BiseroD, Fortuna F, EtgensVH andMarangoloM2016 SPIN 6 1640014
[40] Camara I S, Tacchi S, Garnier L-C, EddriefM, Fortuna F, Carlotti G andMarangoloM2017 J. Phys.: Condens.Matter 29 465803
[41] CoïssonM,Celegato F,Olivetti E, Tiberto P, Vinai F andBariccoM2008 J. Appl. Phys. 104 033902
[42] CoïssonM, BarreraG, Celegato F andTiberto P 2019Appl. Surf. Sci. 476 402–11
[43] YamanouchiM, Jander A,Dhagat P, Ikeda S,Matsukura F andOhnoH2011 IEEEMagn. Lett. 2 3000304
[44] Viala B,MinorMKandBarnard J A 1996 J. Appl. Phys. 80 3941–56
[45] Miguel J, Peters J F, ToulemondeOM,Dhesi S S, BrookesNB andGoedkoop J B 2006Phys. Rev.B 74 953
[46] Hierro-Rodriguez A, VélezM,Morales R, SorianoN, Rodríguez-Rodríguez G, Álvarez-Prado LM,Martín J I andAlameda JM2013

Phys. Rev.B 88 174411
[47] Kotani A,NakajimaH,HaradaK, Ishii Y andMori S 2016Phys. Rev.B 94 024407
[48] LabruneMandThiaville A 2001Eur. Phys. J.B 23 17–28
[49] Bručas R,HafermannH,KatsnelsonM I, Soroka I L, ErikssonO andHjörvarsson B 2004Phys. Rev.B 69 064411
[50] Fallarino L,Oelschlägel A, Arregi J A, Bashkatov A, Samad F, BöhmB,Chesnel K andHellwigO 2019Phys. Rev.B 99 024431
[51] MarkóD,Valdés-Bango F,QuirósC,Hierro-Rodriíguez A, VélezM,Martín J I, Alameda JM, SchmoolD S andÁlvarez-Prado LM

2019Appl. Phys. Lett. 115 082401
[52] SanderD et al 2017 J. Phys. D: Appl. Phys. 50 363001
[53] Lee J CT et al 2016Appl. Phys. Lett. 109 022402
[54] NakajimaH,KawaseH,KurushimaK, Kotani A, Kimura T andMori S 2017Phys. Rev.B 96 024431
[55] Montoya S A et al 2017Phys. Rev.B 95 7
[56] Peng L et al 2017NpjQuantumMater. 2 30
[57] RuthME, Iacocca E, Kevrekidis PG andHoeferMA2018Phys. Rev.B 97 104428
[58] Parkin S andYang SH2015Nat. Nanotechnol. 10 195
[59] JiangW et al 2015 Science 349 283
[60] Weiss R,Mattheis R andReissG 2013Meas. Sci. Technol. 24 082001
[61] Fert A, ReyrenN andCros V 2017Nat. Rev.Mater. 2 17031
[62] Miron IM et al 2011Nat.Mater. 10 419
[63] Lemesh I et al 2018Adv.Mater. 30 1805461
[64] LópezGonzálezD, Shirahata Y, Van deWiele B, FrankeK JA, Casiraghi A, TaniyamaT and vanDijken S 2017AIPAdv. 7 035119
[65] Liu Y, LeiN, ZhaoW, LiuW,RuotoloA, BraunHB andZhouY 2017Appl. Phys. Lett. 111 022406
[66] Hierro-Rodriguez A et al 2017Appl. Phys. Lett. 110 262402
[67] Hierro-Rodriguez A 2017Phys. Rev.B 95 014430
[68] MaF, ZhouY, BraunHB and LewWS2015Nano Lett. 15 4029–36
[69] WagnerK, Kákay A, Schultheiss K,Henschke A, Sebastian T and Schultheiss H 2016Nat. Nanotechnol. 11 432–6
[70] XingX andZhouY 2016NPGAsiaMater. 8 e246–8
[71] Albisetti E et al 2018Commun. Phys. 1 1–8
[72] Chang L J, Liu Y F, KaoMY, Tsai L Z, Liang J Z and Lee S F 2018 Sci. Rep. 8 3910
[73] Hämäläinen S J,MadamiM,QinH,Gubbiotti G and vanDijken S 2018Nat. Commun. 9 4853
[74] LiuC et al 2019Nat. Nanotechnol. 14 691–7

24

J. Phys.:Mater. 3 (2020) 024001 L-CGarnier et al

https://doi.org/10.1103/PhysRevLett.104.077203
https://doi.org/10.1103/RevModPhys.21.541
https://doi.org/10.1103/RevModPhys.21.541
https://doi.org/10.1103/RevModPhys.21.541
https://doi.org/10.1063/1.1660007
https://doi.org/10.1063/1.1660007
https://doi.org/10.1063/1.1660007
https://doi.org/10.1063/1.321822
https://doi.org/10.1063/1.321822
https://doi.org/10.1063/1.321822
https://doi.org/10.1103/PhysRevLett.65.3344
https://doi.org/10.1103/PhysRevLett.65.3344
https://doi.org/10.1103/PhysRevLett.65.3344
https://doi.org/10.1063/1.357538
https://doi.org/10.1063/1.357538
https://doi.org/10.1063/1.357538
https://doi.org/10.1103/PhysRevB.70.224434
https://doi.org/10.1063/1.368831
https://doi.org/10.1063/1.368831
https://doi.org/10.1063/1.368831
https://doi.org/10.1063/1.339345
https://doi.org/10.1063/1.339345
https://doi.org/10.1063/1.339345
https://doi.org/10.1016/0304-8853(93)90863-W
https://doi.org/10.1016/0304-8853(93)90863-W
https://doi.org/10.1016/0304-8853(93)90863-W
https://doi.org/10.1143/JPSJ.21.2253
https://doi.org/10.1143/JPSJ.21.2253
https://doi.org/10.1143/JPSJ.21.2253
https://doi.org/10.1143/JPSJ.19.1116
https://doi.org/10.1143/JPSJ.19.1116
https://doi.org/10.1143/JPSJ.19.1116
https://doi.org/10.1103/PhysRevB.56.3306
https://doi.org/10.1103/PhysRevB.56.3306
https://doi.org/10.1103/PhysRevB.56.3306
https://doi.org/10.1103/PhysRevB.69.184419
https://doi.org/10.1088/0022-3727/45/40/405003
https://doi.org/10.7567/APEX.6.073003
https://doi.org/10.1103/PhysRevB.95.174423
https://doi.org/10.1063/1.1450842
https://doi.org/10.1063/1.1450842
https://doi.org/10.1063/1.1450842
https://doi.org/10.1063/1.356276
https://doi.org/10.1063/1.356276
https://doi.org/10.1063/1.356276
https://doi.org/10.1103/PhysRevB.94.064408
https://doi.org/10.1134/S0031918X17110023
https://doi.org/10.1134/S0031918X17110023
https://doi.org/10.1134/S0031918X17110023
https://doi.org/10.1103/PhysRevB.98.060414
https://doi.org/10.1038/s41598-018-27283-7
https://doi.org/10.1103/PhysRev.122.1485
https://doi.org/10.1103/PhysRev.122.1485
https://doi.org/10.1103/PhysRev.122.1485
https://doi.org/10.1103/PhysRev.124.1348
https://doi.org/10.1103/PhysRev.124.1348
https://doi.org/10.1103/PhysRev.124.1348
https://doi.org/10.1063/1.1753851
https://doi.org/10.1063/1.1753851
https://doi.org/10.1063/1.1753851
https://doi.org/10.1063/1.3563122
https://doi.org/10.1063/1.4748122
https://doi.org/10.1103/PhysRevB.89.024411
https://doi.org/10.1103/PhysRevB.92.224411
https://doi.org/10.1142/S2010324716400142
https://doi.org/10.1088/1361-648X/aa8f36
https://doi.org/10.1063/1.2960454
https://doi.org/10.1016/j.apsusc.2019.01.126
https://doi.org/10.1016/j.apsusc.2019.01.126
https://doi.org/10.1016/j.apsusc.2019.01.126
https://doi.org/10.1109/LMAG.2011.2159484
https://doi.org/10.1063/1.363352
https://doi.org/10.1063/1.363352
https://doi.org/10.1063/1.363352
https://doi.org/10.1103/PhysRevB.74.094437
https://doi.org/10.1103/PhysRevB.88.174411
https://doi.org/10.1103/PhysRevB.94.024407
https://doi.org/10.1007/s100510170078
https://doi.org/10.1007/s100510170078
https://doi.org/10.1007/s100510170078
https://doi.org/10.1103/PhysRevB.69.064411
https://doi.org/10.1103/PhysRevB.99.024431
https://doi.org/10.1063/1.5104341
https://doi.org/10.1088/1361-6463/aa81a1
https://doi.org/10.1063/1.4955462
https://doi.org/10.1103/PhysRevB.96.024431
https://doi.org/10.1038/s41535-017-0034-7
https://doi.org/10.1103/PhysRevB.97.104428
https://doi.org/10.1038/nnano.2015.41
https://doi.org/10.1126/science.aaa1442
https://doi.org/10.1088/0957-0233/24/8/082001
https://doi.org/10.1038/natrevmats.2017.31
https://doi.org/10.1038/nmat3020
https://doi.org/10.1002/adma.201805461
https://doi.org/10.1063/1.4979267
https://doi.org/10.1063/1.4993433
https://doi.org/10.1063/1.4984898
https://doi.org/10.1103/PhysRevB.95.014430
https://doi.org/10.1021/acs.nanolett.5b00996
https://doi.org/10.1021/acs.nanolett.5b00996
https://doi.org/10.1021/acs.nanolett.5b00996
https://doi.org/10.1038/nnano.2015.339
https://doi.org/10.1038/nnano.2015.339
https://doi.org/10.1038/nnano.2015.339
https://doi.org/10.1038/am.2016.25
https://doi.org/10.1038/am.2016.25
https://doi.org/10.1038/am.2016.25
https://doi.org/10.1038/s42005-018-0056-x
https://doi.org/10.1038/s42005-018-0056-x
https://doi.org/10.1038/s42005-018-0056-x
https://doi.org/10.1038/s41598-018-22272-2
https://doi.org/10.1038/s41467-018-07372-x
https://doi.org/10.1038/s41565-019-0429-7
https://doi.org/10.1038/s41565-019-0429-7
https://doi.org/10.1038/s41565-019-0429-7


[75] Banerjee C,Gruszecki P, Klos JW,HellwigO, KrawczykMandBarmanA 2017Phys. Rev.B 96 024421
[76] ProsenR J, Holmen JO andGranBE 1961 J. Appl. Phys. 32 S91–2
[77] FujiwaraH, Sugita Y and SaitoN 1964Appl. Phys. Lett. 4 199–200
[78] BarturenM, SacchiM, EddrieffM,Milano J, Bustingorry S, PopescuH, JaouenN, Sirotti F andMarangoloM2013 Eur. Phys. J.B

86 478
[79] SohWT, PhuocNN, TanCY andOngCK2013 J. Appl. Phys. 114 053908
[80] Wei J, ZhuZ, FengH,Du J, LiuQ andWang J 2015 J. Phys. D: Appl. Phys. 48 465001
[81] ZhouC, JiangC andZhaoZ 2015 J. Phys. D: Appl. Phys. 48 265001
[82] JackKH1951Proc. R. Soc. 208 216
[83] Ziegler J F, Biersac J P and LittmarkU 1985The Stopping and Range of Ions in Solids (Oxford: Pergamon)
[84] Alameda JM,ContrerasMC, TorresM andGonzález Arche A 1986 J.Magn.Magn.Mater. 62 215–20
[85] Ji N,OsofskyMS, LauterV, Allard L F, Li X, JensenKL, AmbayeH, Lara-Curzio E andWang J P 2011 Phys. Rev.B 84 245310
[86] TakahashiH, IgarahashiM, KanekoA,MiyajimaH and Sugita Y 1999 IEEETrans.Mag. 35 2982
[87] Amarouche T,Garnier L-C,MarangoloM, EddriefM, EtgensVH, Fortuna F, Sadaoui Y, TamineM,Cantin J L and vonBardelebenH J

2017 J. Appl. Phys. 121 243903
[88] WangG,DongC,WangW,WangZ, Chai G, JiangC andXueD 2012 J. Appl. Phys. 112 093907
[89] CaoD et al 2018 J. Phys. D: Appl. Phys. 51 025001
[90] Corciovei A andAdamG1971 J. Phys. Colloq. 2C1-408–9
[91] Tacchi S, Silvani R, Carlotti G,MarangoloM, EddriefM, Rettori A and PiniMG2019Phys. Rev.B 100 104406
[92] Di PietroMartínezM,Milano J, EddriefM,MarangoloMandBustingorry S 2016 J. Phys.: Condens.Matter 28 136001
[93] Kittel C 1946Phys. Rev. 70 965

25

J. Phys.:Mater. 3 (2020) 024001 L-CGarnier et al

https://doi.org/10.1103/PhysRevB.96.024421
https://doi.org/10.1063/1.2000512
https://doi.org/10.1063/1.2000512
https://doi.org/10.1063/1.2000512
https://doi.org/10.1063/1.1753938
https://doi.org/10.1063/1.1753938
https://doi.org/10.1063/1.1753938
https://doi.org/10.1140/epjb/e2013-30678-2
https://doi.org/10.1063/1.4817767
https://doi.org/10.1088/0022-3727/48/46/465001
https://doi.org/10.1088/0022-3727/48/26/265001
https://doi.org/10.1016/0304-8853(86)90147-2
https://doi.org/10.1016/0304-8853(86)90147-2
https://doi.org/10.1016/0304-8853(86)90147-2
https://doi.org/10.1103/PhysRevB.84.245310
https://doi.org/10.1109/20.801054
https://doi.org/10.1063/1.4986653
https://doi.org/10.1063/1.4764311
https://doi.org/10.1088/1361-6463/aa9c31
https://doi.org/10.1103/PhysRevB.100.104406
https://doi.org/10.1088/0953-8984/28/13/136001
https://doi.org/10.1103/PhysRev.70.965

	1. Introduction
	2. Experimental results
	2.1. Materials and methods
	2.2. Results and discussion
	2.2.1. Structural investigations
	2.2.2. Magnetic measurements


	3. One-dimensional model of stripe domains
	4. Mechanism of stripe domains reorientation in Fe–N thin films
	5. The rotatable anisotropy in Fe–N films with weak stripe domains
	6. Conclusions
	Acknowledgments
	Appendix A.
	Appendix B.
	Appendix C.
	References



