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In-plane rotation of magnetic stripe domains in Fe1−xGax thin films
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The in-plane rotation of magnetic stripe domains in a 65-nm magnetostrictive Fe0.8Ga0.2 epitaxial film was
investigated combining magnetic force microscopy, vibration sample magnetometry, and x-ray resonant magnetic
scattering measurements. We analyzed the behavior of the stripe pattern under the application of a bias magnetic
field along the in-plane direction perpendicular to the stripe axis, and made a comparison with the analogous
behavior at remanence. The experimental results have been explained by means of micromagnetic simulations,
supported by energy balance considerations. Fields smaller than ∼400 Oe do not induce any stripe rotation;
rather, a deformation of the closure domains pattern was evidenced. Larger fields produce a sudden rotation of
the stripe structure.
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I. INTRODUCTION

Magnetostrictive thin films of Fe1−xGax (galfenol alloys)
are currently the subject of a number of experimental inves-
tigations, particularly for their peculiar magnetic properties
[1–4] and their applicative potential, e.g., in actuators and
sensors [5] or microwave spintronics [6]. When epitaxially
grown on a ZnSe/GaAs(001) substrate, Fe1−xGax thin films
present an enhanced magnetostriction as compared with pure
Fe due to Ga-induced tetragonal distortion in the atomic
arrangement [1,7]. Moreover epitaxial thin films present
narrower resonant linewidths and lower damping with respect
to sputtered samples [8]: i.e., two important characteristics for
strain-controlled microwave and spin-wave applications [6].

Epitaxial Fe1−xGax films with 0.15 < x < 0.29, and thick-
ness D larger than a critical value Dc ∼ 35 nm, feature
a regular pattern of stripes [2], alternating up and down
magnetization components. The direction of the aligned stripes
coincides with that of the last saturating field Hsat, applied
parallel to the film surface [2,4]. Such a phenomenon, called
“rotatable anisotropy,” was first observed in vapor-deposited
thin permalloy films [9]. Prosen et al. [9] proved that, in
these films, it is possible to select the easy direction of
the magnetization by the application of a sufficiently large
magnetic field, showing that the resulting hysteresis curves
are identical for any established easy axis. Later on, Fujiwara
et al. [10] pointed out that the same phenomenon, observed
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in Ni, Fe, and Permalloy films with negative magnetostriction
[11] and thickness greater than a critical value [11], is closely
related to the presence of a magnetic stripe domain structure
where the out-of-plane component of the magnetization has a
periodic modulation.

Recently, the topic of “rotatable anisotropy” in ferromag-
netic films with stripe domains gained renewed interest. On one
hand, this was due to progress in theoretical understanding,
both using models [12–14] and micromagnetic simulations
[15–21]. On the other hand, several refined experimental
techniques became available, both for magnetic domain visu-
alization (such as magnetic force microscopy [2,3,22]) and for
magnetization dynamics measurement (such as ferromagnetic
resonance [23], or Brillouin light scattering [4]).

It is now widely accepted [12,13] that the physical origin
of a stripe domain structure, characterized by a periodic
modulation of the out-of-plane magnetization component lies
in the energy competition between a moderate perpendicular
magnetic anisotropy and the easy-plane dipole-dipole magne-
tostatic coupling. In order to observe a stripe domain structure
in a film with quality factor Q < 1, the film thickness must be
larger than a critical value [12,13]. We remind one that Q =
Ku/Kd is defined as the ratio between the uniaxial magnetic
anisotropy energy Ku, favoring perpendicular magnetization,
and the magnetic dipole-dipole energy, Kd = 2πM2

s , where
Ms is the saturation magnetization.

Finally, it is worth noticing the recent interest [24] for the
domain structure in bulk Fe1−xGax alloys. In fact, in single
crystals with Ga percentages x =0.17 and 0.26, magneti-
zation curves nearly nonhysteretic, and independent of the
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crystallographic orientation ([100], [011], or [111]), were
reported [24]. At the same time, the magnetostriction displayed
[24] maxima along certain crystallographic directions in the
(001) plane and, furthermore, was found not to conserve
volume. Quite interestingly, all these phenomena could be
reconciled in the frame of a peculiar micromagnetic structure,
consisting in a highly periodic longitudinal and transverse
cellular pattern of magnetic flux closure entities that were
called “autarkic” [24], as they are magnetostatically and
magnetoelastically self-sufficient (i.e., no magnetization nor
strain is associated with each of them).

In this article, we study the in-plane rotation of stripe
domains in a 65-nm thick epitaxial Fe0.8Ga0.2 film [4],
combining different experimental techniques. Magnetic force
microscopy (MFM) and vibrating sample magnetometry
(VSM) measurements were performed applying a bias field
Hbias in the direction perpendicular to the stripes, while
x-ray resonant magnetic scattering (XRMS) measurements
were used to probe the magnetization periodicity at rema-
nence. The experimental results were analyzed using accurate
micromagnetic simulations, supported by energy balance
considerations. As long as Hbias is lower than a threshold
value Hthr ∼ 400 Oe, the stripe domain structure was found to
gradually deform, expanding (shrinking) the flux closure cap
domains, located at the two film surfaces, whose magnetization
is favorably (unfavorably) oriented along Hbias, while the
out-of-plane component of the magnetization does not change
appreciably. As a consequence, the in-plane component of
the magnetization along the bias field, measured by VSM,
presents a linear increase as a function of Hbias, whereas the
width and the period of the magnetic stripes remain almost
unchanged in the MFM images. Moreover we found that,
for Hbias � Hthr, the magnetic stripes start to rigidly rotate
towards the field direction, reaching a complete reorientation
at about Hbias=800 Oe. Finally, XRMS measurements indicate
that such a deformation process is not completely reversible
due to pinning effects.

II. EXPERIMENTAL SETUP AND
MICROMAGNETIC MODELLING

The Fe0.8Ga0.2 film was deposited by co-evaporation
from independent Fe and Ga Knudsen cell sources onto
a ZnSe/GaAs(001) substrate in a molecular beam epitaxy
chamber, following the procedure detailed in Ref. [1].
The epitaxy conditions were FeGa(001)‖ZnSe(001) and
FeGa[100]‖GaAs[100]. The atomic Ga concentration was
determined by x-ray photoelecton spectroscopy, while the film
thickness (D = 65 nm) was determined by x-ray reflectometry.
MFM images were recorded in the phase detection mode,
using CoCr coated tips. We performed MFM measurements
both at remanence, and in the presence of an in-plane static
magnetic field of up to 800 Oe. Higher magnetic fields (up
to 1 T) were used to saturate the sample in plane, in order
to induce the formation of stripe domains along a given
in-plane direction, stable at remanence. Static magnetization
measurements were performed by VSM, in order to obtain
the dependence of the magnetization component along an
in-plane bias magnetic field of increasing intensity. XRMS
measurements at the Fe-L2,3 edges were performed at the

Sextants beamline [25,26] of the Soleil synchrotron. In order to
measure both the in-plane and out-of-plane periodicity of the
stripe domain structure, rocking scans have been performed,
using either σ or π linearly polarized light.

Micromagnetic simulations, based on the numerical solu-
tion of the Landau-Lifshitz-Gilbert (LLG) equation, have been
performed by using a state-of-the-art parallel micromagnetic
solver GPMagnet [21,27,28],

dm
dτ

= −m × heff + αGm × dm
dτ

, (1)

where m and heff are the FeGa normalized magnetization
and the effective field, respectively; τ = γ0Mst is the di-
mensionless time, γ0 being the gyromagnetic ratio, Ms the
saturation magnetization, and αG the Gilbert damping factor.
The effective field includes the exchange, magnetostatic,
anisotropy, and external field contributions. The anisotropy
field includes both the strong out-of-plane contribution and
the small in-plane one [4]. The former favors the direction
perpendicular to the film plane [i.e., the z axis in Fig. 5(a)
later on], while the latter favors the 〈110〉 equivalent in-plane
directions [i.e., the two orthogonal in-plane axes x and y in
Fig. 5(a)]. We use a discretization cell of 3 × 3 × 6.5 nm3

and we consider a reduced area with in-plane geometrical
dimensions of 999 × 999 nm2, whereas the assumed film
thickness, 65 nm, is equal to the experimental one.

The parameters used in the simulations are as fol-
lows: exchange constant Aex = 1.6 × 10−6 ergs/cm, Ms =
1400 emu/cm3, in-plane anisotropy constant K1 = −0.8 ×
105 ergs/cm3, αG = 0.1. These values are equal to those
previously used [4] to describe the Fe0.8Ga0.2 film. The out-of-
plane anisotropy constant Ku = 6.0 × 106 ergs/cm3, instead,
was considered as a free parameter, in order to reproduce
the experimental value for the stripe period (P ∼ 100 nm).
We remark that, as theoretically predicted many years ago
[12,13], and experimentally demonstrated in Fe1−xGax films
[2], the stripe pattern develops (for film thickness exceeding
a critical value that depends on the Ga percentage) owing to
the competition between the moderate out-of-plane anisotropy
Ku, which favors the magnetization to lie perpendicularly
to the film plane, and the easy-plane magnetic dipole-dipole
interaction. The in-plane anisotropy [4] K1, equally favoring
two orthogonal in-plane directions, is a tiny remnant of the
cubic anisotropy of Fe after doping by Ga atoms [2], and does
not play an important role in the formation of stripe domains.

Thermal effects are included as an additional stochastic
term to the effective field, computed as

hth = ξ

Ms

√
2αGkBT

γ0�V Ms�t
, (2)

where kB is the Boltzmann constant, �V is the volume of the
computational cubic cell, �t is the simulation time step, T is
the temperature, and ξ is a Gaussian stochastic process. The
thermal field hth satisfies the following statistical properties:

〈hth,k(r,t)〉 = 0,

〈hth,k(r,t)hth,l(r′,t ′)〉 = Fδk,lδ(t − t ′)δ(r − r′), (3)
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where k and l represent the Cartesian coordinates x,y,z.
According to that, each component of hth = (hth,x,hth,y,hth,z)
is a space- and time-independent random Gaussian distributed
number (Wiener process) with zero mean value [29,30]. The
constant F measures the strength of thermal fluctuations and
its value is obtained from the fluctuation-dissipation theorem
[31].

III. RESULTS AND DISCUSSION

A. MFM

Figures 1(a)–1(h) show the stripe rotation imaged by MFM.
The sample was initially saturated applying a 1-T external
magnetic field along the [110] axis, producing a stripe domain
structure along that direction. MFM images were recorded
while applying an external field, Hbias, of up to 660 Oe along
the [1-10] direction. For each value of Hbias, Fig. 1 shows two
images, one obtained in the applied field [Figs. 1(a), 1(c), 1(e),
and 1(g)], and the other after turning it off [Figs. 1(b), 1(d),
1(f), and 1(h)]. No significant difference is observed between
the two kinds of images. This is confirmed by Fig. 1(i), where
we compare the power spectral density (PSD) curves computed
from the Fourier transform of the MFM images. Up to Hbias =
300 Oe, the stripes remain parallel to the [110] direction.
Moreover, their period P = 94 nm is unchanged: See the
position of the main peak in Fig. 1(i). At Hbias = 400 Oe,
the stripes start rotating towards the [1-10] axis and reach an
almost complete reorientation at ∼700 Oe. We also performed
the opposite rotation, preparing the stripes with their axis
parallel to [1-10] and applying an increasing field along [110],
and found the same behavior for the stripe rotation [32].

B. VSM

A typical longitudinal hysteresis loop measured by VSM
along the [110] axis is displayed in Fig. 2 as a dashed red line.
The coercive field is ∼150 Oe, and the remanent magnetization
is Mr/Ms ≈ 0.5. A region with a linear M(H ) dependence
starts around 800 Oe, suggesting the presence of stripe domains
[2], while in-plane saturation of the magnetization is achieved
at Hsat ∼ 1800 Oe.

VSM measurements were performed also during the stripe
rotation. First, the stripe domains were prepared following
the same procedure used for the MFM measurements. Then,
the magnetization was measured along the [1-10] direction
while applying an increasing magnetic field, up to a maximum
value Hbias. Finally, the field was turned off for measuring the
remanent magnetization Moff .

This sequence was repeated for values of Hbias up to
2500 Oe, in steps of 100 Oe. Some of these minor loops
are shown in Fig. 2 as black lines. It is worth noticing that
the hysteresis loop recorded along [1-10] at the end of the
above-described procedure was found to coincide with the
hysteresis loop previously measured along [110] (dashed red
line in Fig. 2).

Figure 3 shows the component of the magnetization parallel
to the direction of the magnetic field versus Hbias, measured
both in the applied field (open black squares, Mon) and at
remanence (open red circles, Moff). One can notice that the
behavior of the two curves is rather different. When the

FIG. 1. (Color online) MFM images showing the rotation of
stripes initially prepared along [110], due to the application of an
increasing in-plane field along [1-10]. For each field value, two
magnetic images were taken, one in the applied field (a), (c), (e),
and (g), and the other after returning at remanence (b), (d), (f), and
(h). (i) Comparison between the power spectral density (PSD) of the
MFM images taken in an applied field of 300 Oe and at remanence.

magnetization component is recorded in the presence of the
field, Mon presents a linear dependence on Hbias, up to a
threshold value Hthr ∼ 400 Oe. For larger fields, a noticeable
reduction of the slope is found, indicating the onset of a new
regime related to the rotation of the stripes, in agreement with
the MFM measurements. A further reduction of the slope has

224411-3



S. FIN et al. PHYSICAL REVIEW B 92, 224411 (2015)

FIG. 2. (Color online) VSM longitudinal hysteresis loop (dashed
red line) of the Fe0.8Ga0.2 film, measured along the in-plane [110] axis.
Minor hysteresis loops (continuous black lines), measured by VSM
applying a magnetic field along [1-10].

been observed for Hbias � 800 Oe, until the saturation value
Ms is approached for Hbias � Hsat. When the magnetization
component is recorded at remanence, a much smaller (but
nonzero) increase of Moff is found for Hbias < Hthr. Such a
behavior indicates that the process, occurring at small values
of the bias field, is not totally reversible, probably due to
pinning effects. In contrast, when Hbias � Hthr, due to the
stripe rotation, Moff exhibits an abrupt increase, approaching
the remanence value Mr .

C. XRMS

Figure 4(a) shows XRMS qy-rocking curves measured
using linearly polarized x rays tuned to the Fe-2p resonance

FIG. 3. (Color online) Component of the magnetization mea-
sured by VSM along the direction perpendicular to the stripes, as a
function of Hbias. Black and red circles show measurements taken in
the applied field (Mon) and at remanence (Moff ), respectively. Dashed
lines are guides to the eye.

FIG. 4. (Color online) (a) Experimental XRMS rocking scans
at the Fe-2p resonance with σ - and π -linear polarization. The
inset shows the scattering plane (yz) perpendicular to the stripe
axis (x = [110]). (b) and (c) Two possible schematic models of
the magnetization configuration in the yz plane. Red/blue regions
represent basic domains, with opposite values of the out-of-plane
component mz, while a substantial in-plane component mbasic

x is
directed along the stripe axis. The white regions with elliptical
section between two basic domains represent Bloch-like domains,
with a small in-plane component mBloch

x . The white regions with
triangular section located near the two film surfaces represent partial-
flux-closure “cap” domains, with opposite values of the in-plane
component my .

(707 eV). First, the stripes were aligned along the x = [110]
direction [normal to the yz scattering plane; see inset of
Fig. 4(a)] by applying ex situ a 2 kOe static magnetic field.
Prior to data collection, an alternating ±150 Oe (1-kHz
frequency) bias field was applied in situ along the y=[1-10]
direction, perpendicular to the stripes. Finally, qy-rocking
scans were performed at remanence using either σ - or π -
linearly polarized light, in order to probe the periodicity of
the three magnetization components of the film (Mx,My,Mz)
along y.

The magnetic contribution to the scattering amplitude
is proportional to the triple product (êout × êin) · M of the
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FIG. 5. (Color online) Micromagnetic simulation results. A color code is adopted for imaging Mz: Red regions have positive Mz, blue
regions have negative Mz, and white regions have Mz = 0. (a) Top view of the film plane xy at zero field. The black rectangle delimits the
central region of the film, for which the A-A section is displayed in Fig. 5(c). (b) Top view of the stripe domains in the central rectangular
region of the film for Hy = 0. (c) Equilibrium magnetization configurations along the A-A section, calculated for different values of Hy . Black
points denote the centers of the vortexlike configurations occurring in the yz plane for Hy � Hthr. Note that, owing to the finer discretization
of the lateral film sides with respect to the film thickness, the horizontal-to-vertical aspect ratio is not preserved in the A-A sections.

incoming and outgoing polarization unit vectors with the
magnetization. Therefore, using σ -polarized light (êin‖x and
normal to the scattering plane), one probes the spatial modu-
lations along the y direction of both My and Mz, while using
π -polarized light (êin contained within the scattering plane)
one probes the spatial modulations of the in-plane component
Mx along the y direction.

As it can be seen in Fig. 4(a), the rocking scans are
characterized, for both polarizations, by the presence of two
peaks at |q‖| = 56.6 μm−1, in addition to specular reflectivity.
This indicates that all the magnetization components have a
spatial periodicity P ∼ 111 nm along the y direction. For
σ -polarized light, the peaks correspond to the presence of
partial-flux-closure “cap” domains with in-plane component
my of alternating sign, located at the two film surfaces, in
addition to the basic domains, with opposite values of the
out-of-plane component mz [Fig. 4(b)]. Note that, owing to the
moderate quality factor (Q ∼ 0.49 using the above mentioned
FeGa parameters), basic domains have also a substantial
in-plane component [mbasic

x in Fig. 4(b)], which is parallel
to the direction of the last saturating field. Concerning the
measurements with π -polarized light, it should be noticed that
the in-plane component Mx presents an additional contribution
from the Bloch-like domain walls [mBloch

x in Fig. 4(b)], besides
the conventional one (mbasic

x ).
As it can be seen in Fig. 4(b), for a domain structure with

the My component fully compensated, Mx should have half
the period of the My (or Mz) modulation. Therefore, the Mx

modulation period observed by XRMS suggests that the Bloch-
like domain walls shift alternately upwards and downwards
along the z axis [Fig. 4(c)]. This result implies a pinning
mechanism, which at remanence freezes the Mx component in
an alternating upwards/downwards configuration, even after
the external field has been removed. Moreover, we observe
that also a pinning of the flux closure cap domains should be
supposed, on the basis of the VSM data (see Fig. 3) which, for
Hbias < Hthr, display a nonzero value of Moff . This implies that
also the My component should freeze in an uncompensated,
alternating right/left, configuration as the one in Fig. 4(c), even
after the external field has been removed.

D. Micromagnetic simulations

The stripe domains pattern has been simulated by ap-
plying a strong magnetic field along the in-plane +x axis
(corresponding to the [110] direction of the sample) and
then removing it. Figures 5(a) and 5(b) show top views of
the simulated Fe0.8Ga0.2 film plane (xy) for Hy = 0, while
snapshots of section A-A in the yz plane are reported in
Fig. 5(c). At remanence, the stripe domain structure consists
of basic domains, alternately magnetized up and down (along
the z axis) with respect to the surface plane, and separated by
Bloch-like domain walls, in-plane magnetized along the +x

direction. This leads to stripe domains, parallel to the saturation
field and having a period P = 90–100 nm. Due to the moderate
value of the out-of-plane anisotropy, the flux closure cap
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domains consist of regions located near the film surface and
in-plane magnetized along the y direction. Since such domains
have equal size and are alternately magnetized, we found that at
remanence the My component of the magnetization along the
direction perpendicular to the stripes is zero, in agreement with
the VSM results. Moreover, one can note that, at remanence,
the period of the modulation for the in-plane component My

is W = P/2, namely it is equal to the semiperiod of the
modulation for the out-of-plane component Mz.

To simulate the domains rotation, a magnetic field has
been applied in plane perpendicular to the stripes, along the
y direction. The intensity of Hy has been increased from 0
to 2500 Oe by steps of 100 Oe or 500 Oe, depending on the
range of Hy . Although the strong pinning effect induced by the
boundaries of the simulated geometry prevents a quantitative
comparison, the micromagnetic simulations can qualitatively
explain the experimental results. When a small magnetic
field is applied, the basic domains, which are out-of-plane
magnetized, remain nearly unchanged. Therefore the stripe
domains, and as a consequence the MFM pattern, are not
altered in their structure. On the contrary, the flux closure cap
domains with in-plane magnetization component my parallel
(antiparallel) to the field direction, expand (shrink). As a
consequence, the component of the magnetization parallel to
the external field My linearly increases with Hy , in agreement
with the VSM measurements performed in the applied field.
Moreover, the centers of Bloch-type domain walls (i.e., black
points at the center of vortexlike configurations in the yz plane)
were found to shift, alternately upwards and downwards along
the z direction, by almost half the height of a cell, for a
100 Oe increase of Hy in the range from 0 to 400 Oe. It is
important to note that, in this low field regime, we found that
these processes are totally reversible. Comparing Figs. 4(c)
and 5(c), one can see that the micromagnetic simulations
corroborate the presence of a pinning mechanism involving
both the flux closure cap domains and the Bloch-like domain
walls, in the low field range. When the intensity of the magnetic
field is further increased above 400 Oe, the stripes start rotating
towards the applied field direction, as it can be seen in Fig. 6(a),
until, for Hy = 2500 Oe, the stripe axis achieves an almost
complete reorientation along the y direction (the misalignment
is ≈16◦). Such a rather high value of the reorientation field is
due to the pinning effect of the corners on the simulation. In
Fig. 6(b), where both sections A-A and B-B are shown, it can
be observed that, at this value of the field, the magnetization is
almost uniform along the +z direction in section A-A, while
the complex structure consisting of basic domains, flux closure
cap domains and Bloch-type domain walls is present in section
B-B. In agreement with the MFM measurements, we found that
during the rotation, the period of the stripe pattern remains
almost constant.

E. Energy balance considerations using a simplified
model for the stripes

In order to qualitatively explain the behavior of the stripe
domain, the effect of a moderate bias field on the total free
energy density has been analyzed, using a simplified model
of the magnetic pattern. At remanence (Hy = 0) this model is
shown in Fig. 7(a). It consists of basic domains having the same

thickness D as the FeGa film, and period P = 2W ; Bloch-like
domain walls, schematized as ellipsoidal prisms of sectional
area Se, perimeter pe, and length L; and partial-flux-closure
domains, schematized as isosceles triangular prisms with basis
B, height A, and length L. The stripe length L is supposed to
be very large. When a small magnetic field, 0 < Hy < Hthr, is
applied in-plane along a direction perpendicular to the stripe
axis (x), we assume, as shown in Fig. 7(b), the favorably
oriented triangular prisms to expand (basis B1 > B, height
A1 > A) and the unfavorably oriented ones to shrink (basis
B2 < B, height A2 < A), with no change in the prism length
L because the stripes are supposed to be very long. In contrast,
the Bloch-like domain-wall regions of elliptic sectional area
Se are supposed not to deform, but just to shift upwards or
downwards along the z direction. For the partially deformed
structure depicted in Fig. 7(b), the total magnetic free energy
density (i.e., per unit area of the film WL), ftot = fw + fd +
fu + fZ , can be estimated as follows.

(i) Wall energy density fw. This contribution is obtained by
multiplying the surface energy per unit area, σw = 4

√
KuAex,

by the total area of the interfaces between different domains,
and dividing by the unit film area WL. Denoting by pe the
perimeter of the ellipse, one has

fw = σw

W

⎡
⎣pe + 2

√
A2

1 +
(

B1

2

)2

+ 2

√
A2

2 +
(

B2

2

)2
⎤
⎦. (4)

(ii) Magnetostatic energy density fd . The higher is the
quality factor Q of the film, more favored is an open domain
structure. In the limit B/W → 0, the open-flux Kittel domain
configuration [34] is characterized by a high magnetostatic
free energy density, fd,K = 1.705(Kd

2π
)W , for two equivalent

film surfaces. In the opposite limit B/W → 1 and A = B/2
(i.e., both angles at the basis of the isosceles triangle are
equal to 45◦), the flux closure Landau domain configuration
has zero magnetostatic free energy density fd,L = 0. In the
intermediate case of a partially open model (0 < B/W < 1),
the magnetostatic free energy density is approximately given
by [33]

fd = 4WKd

π3

∞∑
n=0

[
1 − e−(2n+1)π D

W

]
(2n + 1)3

×
{

cos2

[
(2n + 1)π

2

B1

W

]
+ cos2

[
(2n + 1)π

2

B2

W

]}
,

(5)

where we have taken into account separately the contributions
from two closure domains on opposite film surfaces [i.e.,
two triangular prisms, respectively, with basis B1 and B2;
see Fig. 7(b)]. In the case of the domain structure in Fig. 7,
the magnetization is not saturated along z because there is a
substantial in-plane component directed along the stripe axis,
mx > 0. Therefore, in Eq. (5) one has Kd = 2πm2

z (rather than
Kd = 2πM2

s , as usual [33]).
(iii) Out-of-plane anisotropy energy density fu. This contri-

bution is obtained multiplying the constant Ku by the volume
of the regions with magnetization not directed along the easy
axis (±z), and dividing by the unit film area WL. Considering
the Bloch-like domain wall region with sectional area Se, and
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FIG. 6. (Color online) Micromagnetic simulation results of the Fe0.8Ga0.2 film for Hy > Hthr, showing the rotation of stripe domains. With
reference to Fig. 5(a), the equilibrium magnetization configurations are shown (a) as a top view of the film plane xy and (b) along the A-A and
B-B sections defined in Fig. 5(a). The different values of Hy are displayed just in (b).

the two different triangular prism regions located at the upper
and the lower film surface, one thus obtains

fu = Ku

W

(
Se + B1A1

2
+ B2A2

2

)
. (6)

(iv) Zeeman energy density fZ . This contribution comes
from the two “cap” domain regions with opposite magnetiza-
tion and takes the form,

fZ = −Hymy

W

(
B1A1

2
− B2A2

2

)
, (7)

where my is the magnetization in each triangular-prism
region.

With the aim of further simplifying the model, we have
expressed ftot in terms of just one parameter δ. Namely, the
basis of the two triangular sections of the closure domains
were assumed to expand/shrink according to

B1 ≈ B(1 + δ), B2 ≈ B(1 − δ), (8)

respectively. Moreover, for the sake of simplicity, we assumed
both angles at the basis of each isosceles triangle to be 45◦,
both in zero and applied field, so that A ≈ B/2, A1 ≈ B1/2,

224411-7



S. FIN et al. PHYSICAL REVIEW B 92, 224411 (2015)

FIG. 7. (Color online) Schematic view of the domain configura-
tion, with indication of the various lengths exploited in the energy
balance considerations. (a) For Hy = 0, the domain structure includes
basic domains, Bloch-type domains, and partial-flux-closure “cap”
domains with the same volume and magnetization on both surfaces.
(b) For 0 < Hy < Hthr, we assume (i) a deformation of the “cap”
domains, in order that favorably (unfavorably) oriented regions
expand (shrink), and (ii) a shift of the Bloch-type domains, upwards
and downwards along the z direction, without deformation.

A2 ≈ B2/2. Therefore, in this approximation one has A1,2 ≈
A(1 ± δ), meaning that δ represents not only the percentual
expansion/shrinkage of the triangle basis in the film section,
but also the percentual shift (upwards or downwards along the
z direction) of the vortex core in the elliptic section. In this
way, one obtains the approximated total free energy density
ftot(δ) as the sum of four contributions,

fw ≈ σw

W
[pe + 2

√
2B], (9)

fd (δ) ≈ 4WKd

π3

∞∑
n=0

[1 − e−(2n+1)π D
W ]

(2n + 1)3

×
{

cos2

[
(2n + 1)π

2

B

W
(1 + δ)

]

+ cos2

[
(2n + 1)π

2

B

W
(1 − δ)

]}
. (10)

fu(δ) ≈ Ku

W

[
Se + 2(1 + δ2)

(
B

2

)2
]
, (11)

fZ(δ) ≈ −Hymy

W

[
4δ

(
B

2

)2
]
. (12)

Namely, within this approximated model, one has that (i)
the wall energy density fw does not depend on δ [see Eq. (9)];
(ii) the magnetostatic energy density fd has a complicated
behavior [see Eq. (10) and Fig. 8 later on]; (iii) the out-of-plane
anisotropy energy density fu increases on increasing δ [see
Eq. (11)]; (iv) the Zeeman energy density fZ decreases on
increasing δ [see Eq. (12)].

In Fig. 8 we plot the magnetostatic energy density fd in
Eq. (10) versus B/W for selected values of δ. In the limit
B/W → 0, one recovers the completely open-flux (Kittel)
model [34], and the magnetostatic energy assumes the maxi-
mum value fd,K = 1.705(Kd

2π
)W , whatever the value assumed

FIG. 8. (Color online) Magnetostatic energy density fd (δ), ex-
pressed in units of ( Kd

2π
)W , as calculated versus the ratio B/W for

a partially open-flux model [see Eq. (10)] at selected values of the
parameter δ.

by the parameter δ. In contrast, for a partially open-flux model
(0 < B/W < 1), fd does depend on δ. When B/W < 0.5, fd

smoothly decreases on increasing δ, whereas, if B/W > 0.5,
fd rapidly increases with δ. In the special case B/W = 0.5,
fd is independent of δ.

When an external field is applied, the deformed equilibrium
configuration can be obtained minimizing the total free energy
density ftot(δ) with respect to the parameter δ. We performed
the minimization of ftot(δ), assuming different values for the
B/W ratio. When B/W comprises a reasonable range from
0.4 to 0.6, we numerically found [35] the equilibrium value
of the percentual upwards/downwards shift of a vortex core
to increase almost linearly with the bias field, δeq ∝ Hy . This
result allows us to qualitatively justify the linear dependence
of Mon versus the bias field for Hy < Hthr. In fact, in our
approximated model, the component of the film magnetization
along Hy is simply given by

Mon = My = V1 − V2

V1 + V2
my = 2δeq

1 + δ2
eq

my, (13)

where V1 (V2) is the volume of a favorably (unfavorably)
oriented “cap” domain, and my is the magnetization in each
triangular-prism region. For low field values, from (13) one
can conclude that Mon ∝ Hy , in qualitative agreement with
VSM data (see Fig. 3).

IV. CONCLUSIONS

In summary, we have investigated the stripe domains
rotation in a 65-nm magnetostrictive Fe0.8Ga0.2 film, by means
of MFM and VSM measurements performed under application
of a bias magnetic field Hbias in the direction perpendicular
to the stripes. When the intensity of Hbias is smaller than a
threshold value Hthr

∼= 400 Oe, the in-plane component of the
magnetization, measured along the direction perpendicular to
the stripes, exhibits a linear increase as a function of Hbias,
whereas no apparent change of the stripe domains structure
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is observed by MFM. These results have been explained
on the basis of micromagnetic simulations, supported by
energy balance considerations. It has been found that for
low values of Hbias, the stripe domain structure deforms
expanding/shrinking the partial-flux-closure cap domains,
depending on their favorable/unfavorable orientation with
respect to the applied field direction, while the out-of-plane
component of the magnetization in the basic domains does not
change appreciably. Such a deformation gradually develops
up to a threshold field Hthr

∼= 400 Oe. It is worth noticing that
both VSM and XRMS measurements at remanence suggest
that, in the real system, the deformation process is not totally
reversible, on removing the external field, most probably
owing to pinning effects. For Hbias � Hthr, the magnetic stripes
start rotating towards the field direction. In agreement with the
MFM measurements, we found that the period of the stripe
pattern remains almost constant during the rotation. These

results provide a further step towards the understanding of
the stripe domains properties and offer useful information for
the development of Fe1−xGax-based magnetostrictive devices.
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