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Abstract: The in-plane magnetic structure of a layered system composed of polycrystalline grains
smaller than the ferromagnetic exchange length was studied to elucidate the mechanism controlling
the magnetic properties considerably different from the bulk using polarized neutron scattering
under grazing incidence geometry. The measured result, together with quantitative analysis based
on the distorted wave Born approximation, showed that the in-plane length of the area with a
uniform orientation of moments ranging from 0.5–1.1 µm was not significantly varied during the
process of demagnetization followed by remagnetization. The obtained behavior of moments is in
good agreement with the two-dimensional random anisotropy model where coherent magnetization
rotation is dominant.

Keywords: polycrystalline Fe/Si multilayer; polarized off-specular neutron scattering; polarized
grazing-incidence small-angle neutron scattering; two-dimensional random anisotropy model

1. Introduction

Layered magnetic structures have drawn considerable interests because of their attractive and
useful magnetic properties not seen in the bulk such as exchange coupling between layers, giant
magnetoresistance, and tunnel magnetoresistance [1–3]. These magnetic properties can be attributed
to the reduced size of the structure to the nm range where interface effects become significant.
The process of demagnetization followed by remagnetization can be seen as magnetic properties
different from the bulk. The idea of the formation and movement of domain walls disagrees with
the measured data when the grain size becomes comparable to or smaller than the ferromagnetic
exchange length. In this case, the exchange interaction between neighboring moments prevails
over the magneto-crystalline anisotropies. The counterplay of the exchange interaction and local
magneto-crystalline anisotropies should be responsible for the magnetic properties such as the
coercivity and initial permeability. This is known as the random anisotropy model originally proposed
for amorphous nanomagnets [4–6]. The information on the behavior of moments, the in-plane magnetic
structure, during the demagnetization and remagnetization is needed to demonstrate whether this
model agrees with our system composed of polycrystalline grains smaller than the ferromagnetic
exchange length.

In this study, the in-plane magnetic structure of an Fe/Si multilayer was observed by polarized
off-specular neutron scattering (OSS) and grazing-incidence small-angle neutron scattering (GISANS)
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measurements to understand what is responsible for the magnetic properties of our system. The Fe/Si
multilayer is frequently used as a neutron-polarizing supermirror because Fe is an easily-deposited
ferromagnetic material with a large saturation magnetization and low coercivity, and Si has a scattering
length density (SLD) close to Fe for spin-down neutrons. To enhance the momentum transfer range of
the neutron spin polarization, the minimum thickness of the neutron-polarizing supermirror needs to
be decreased and the total number of layers increased [7,8]. The magnetic properties in terms of softness
and squareness are important for the neutron-polarizing supermirrors because high polarization
efficiencies are required at low external magnetic fields to satisfy the demands in the experiments [9–16].
Until now, some studies demonstrated that the polarized OSS measurement was effective in the
analysis of the in-plane/out-of-plane magnetic structure of magnetic multilayers. Syromyatnikov et al.
showed that the polarized OSS profiles contained information on the magnetic inhomogeneities in
magnetic multilayers [17–19]. Kentzinger et al. demonstrated a depth-resolved investigation on the
in-plane magnetic structure for an FeCoV/TiN neutron-polarizing supermirror [20]. The impact of
substrate bias voltage on the roughness and magnetic structure in Fe/Si multilayers was studied using
the polarized OSS measurement [21]. Our previous work showed that magnetron-sputtered Fe/Si
multilayers form areas with uniform orientation of moments much larger than Fe grains in the process
of magnetization [22].

This study shows the behavior of moments in the Fe/Si multilayer during the process of
demagnetization and remagnetization observed by the polarized OSS and GISANS. The scattering
data were analyzed by the simulation based on the distorted wave Born approximation (DWBA).
The result of the quantitative data analysis, together with the measured hysteresis data, revealed that
the behavior of moments can be understood by the two-dimensional random anisotropy model where
coherent magnetization rotation is dominant.

2. Materials and Methods

The Fe/Si multilayer of 30 bilayers with a thickness of 10 nm was fabricated by using a
DC-magnetron sputtering system installed at the Institut Laue Langevin (ILL) [14]. The detail of
the sample preparation can be found in [22] because the same Sample B was used in this study.

The magnetic hysteresis measurement was performed by using a SQUID magnetometer (Quantum
Design MPMS2) generating magnetic fields up to 8.0× 105 A/m. The hysteresis loop was measured
with applied magnetic fields within the sample plane at a temperature of 300 K.

The polarized OSS measurement was carried out by using the D17 polarized neutron reflectometer
at the high-flux reactor in the ILL [23,24]. The monochromatic mode was used in this study.
The incident beam had an average wavelength of 0.549 nm and a wavelength spread of 4.5% in
full width at half maximum (FWHM). The angular resolution (∆αi/αi) was less than 3.6%. A periodic
Fe/Si multilayer was used as the monochromator-polarizer for the incident beam. A 3He gas cell
polarizer was used for polarization analysis [24,25]. The 3He gas in the cell was refreshed every day.
The time-dependent transmission and polarization were monitored. The correction for transmission of
the 3He gas was applied to the measured data. The correction for the polarization inefficiencies was
applied to the measured reflectivity data, whereas the measured polarization was taken into account
in the simulation for the OSS. A 2D position-sensitive detector with a resolution of 2.2 mm within the
scattering plane was located at a distance of 3.1 m from the sample, covering a scattered angle of 4◦.

The polarized GISANS measurement was carried out by using the D33 small angle diffractometer
at the ILL [26]. The monochromatic mode was used in this study. The incident beam had an average
wavelength of 0.80 nm and a wavelength spread of 10% in FWHM. The divergent angle was less than
1.95 mrad. A supermirror polarizer was used for the incident beam polarization [27]. The same 3He
polarization system as the D17 reflectometer was used for the polarization analysis. The corrections for
the transmission of the 3He gas and polarization inefficiencies were applied to the measured GISANS
data. A 2D position-sensitive detector covering an area of 640× 640 mm2 with a pixel size of 2.5 mm
in width and 5.0 mm in height was located at a distance of 2.0 m from the sample.
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The scattering geometry of the polarized OSS and GISANS measurements is shown in Figure 1,
which was the same as the previous study in [22] (Figure 1 is reprinted from [22], with permission from
Elsevier). Neutrons were incident on the sample at the angle αi and scattered at the angles of α f and
2θ f in the planes within and perpendicular to the (x, z) plane, respectively. All interactions with the
sample were assumed as elastic. The z-component of the momentum transfer qz = k0(sin αi + sin α f )

was perpendicular to the sample plane, whereas the x- and y-components, qx ≈ k0(cos α f − cos αi)

and qy ≈ 2k0 sin θ f , were within the sample plane. Further detail of the measurements can be found
in [22].

Figure 1. Scattering geometry of the off-specular neutron scattering (OSS) (a) and grazing-incidence
small-angle neutron scattering (GISANS) (b) measurements. The external field was applied to the y-
and x-axes in the OSS and GISANS, respectively. The sample was rotated by 90◦ within the sample
plane between the OSS and GISANS to ensure that the same structure was observed.

3. Results

3.1. Magnetic Hysteresis Measurement

The magnetic hysteresis measurement was performed for the Fe/Si multilayer. The measured
hysteresis loop is shown in Figure 2. The saturation magnetization Ms, coercivity Hc, and initial
permeability µi were 2.05 T, 3.3× 103 A/m, and 6.8× 10, respectively. The measured values were
normalized with the volume of the Fe layers, using an Fe thickness of 3.8 nm where the thickness of
the “magnetically-dead” layers was determined as 1.2 nm per a period by the result of the polarized
neutron reflectivity measurement shown in Section 3.2 and subtracted from a nominal Fe thickness
of 5.0 nm calculated by the sputtering rate. This explains the measured saturation magnetization
compared with the bulk value (2.15 T) and is consistent with the previously-obtained results [14,16,28].
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Figure 2. Measured hysteresis curve of the Fe/Si multilayer. Red circles (I)–(VI) indicate the conditions
chosen for the polarized OSS and GISANS measurements. The applied field was varied along the
red arrows.

3.2. Polarized OSS Measurement

The polarized OSS measurement was performed to observe the behavior of moments during
the magnetization reversal process. The applied field was varied as follows. The first and second
OSS measurements were carried out at a field of (I) 4.3× 105 and (II) 2.4× 103 A/m, respectively.
The following were performed at fields of (III) 2.1 × 103, (IV) 3.3 × 103, (V) 4.2 × 103, and (VI)
1.5 × 104 A/m after the sample was saturated at a field of 4.3× 105 A/m opposing the neutron
guide field, as shown in Figure 2. This ensured that the applied magnetic field was parallel to the field
axis of the polarized 3He cell and avoided polarization losses. The sample was magnetically saturated
at (I). The condition (IV) corresponded to the coercive state. The remaining conditions (II), (III), (V),
and (VI) corresponded to 75, −50, 50, and 85% of saturation magnetization, respectively.

Figure 3 shows the polarized neutron reflectivity profiles where the measured data were extracted
from the OSS images [29]. Statistical errors of the measured data were less than the size of the symbols.
The measured reflectivities were fitted using GenX code [30,31]. GenX is a versatile program using
the differential evolution algorithm for fitting the X-ray and neutron reflectivity data. The specular
reflection was calculated by using the Parratt recursive formula [32]. The following model was used
to fit the measured reflectivities. Each bilayer was assumed as equivalent and composed of four
separate layers: the Fe component was divided into three separate layers, which can have individual
nuclear SLDs; and a single Si layer. Since the interface of magnetic materials is usually analyzed as
magnetically smoother than structurally for neutrons [20], only structural roughness at the top and
bottom of the Si layer was taken into account. The errors of the parameters corresponded to a 10%
increase in the figure-of-merit function. The fitted result is summarized in Table 1.

Table 1. Structural parameters of the sample given by the fitting to the polarized neutron reflectivities.
Fe1 and Fe2: “Magnetically-dead” layers just above and below the middle Fe layer. SLD, scattering
length density.

Layers Thickness Roughness Nuclear SLD Magnetic SLD
(nm) (nm) (×102 fm/nm3) (×102 fm/nm3)

Si 4.80± 0.2 0.52± 0.3 2.89± 0.4
Fe1 0.66± 0.2 0.65± 0.3 6.95± 0.6

Fe 3.65± 0.3 7.96± 0.6 (I) 4.95± 0.4, (II) 4.36± 0.4, (III) −3.27± 0.3,
(IV) −1.71± 0.2, (V) 2.11± 0.2, (VI) 4.87± 0.4

Fe2 0.59± 0.2 7.88± 0.6
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Figure 3. Polarized neutron reflectivity profiles of the Fe/Si multilayer. (I)–(VI) correspond to the
measured conditions shown in Figure 2. R++ and R−− are shown in red and blue. The symbols and
lines indicate the measured and fitted reflectivities, respectively. Each profile is shifted vertically by
four orders of magnitude relative to the profile for the immediately previous field for clarity.

The fitting parameters were the magnetic SLD of the middle Fe layer (i.e., the Fe layer sandwiched
between two “magnetically-dead” Fe layers), interface roughnesses at the top and bottom of the
Si layer, and thicknesses and nuclear SLDs for all four layers. These were obtained by the fitting
to the measured profile (I) and fixed for the fitting to the profiles (II)–(VI), except for the magnetic
SLD of the middle Fe layer. This was based on the assumption that the parameters except for the
magnetization should not depend on the field strength. In saturation (I), all moments in the sample
were aligned with the external field, and the largest contrast between R++ and R−− was observed.
The contrast between R++ and R−− at (II) became smaller than that of (I). This meant that the sample
was slightly demagnetized. The net magnetization was still negative at (III) even though the applied
field became positive. This is consistent with the measured result in which an inverted order of R−−
and R++ with respect to (I) is observed. The splitting between R++ and R−− collapsed at (IV) because
the applied field approached the coercive field. The net magnetization was reversed to positive at
(V). This was reflected in the measured profiles with a splitting between R++ and R−− in the same
direction as for the saturated measurement (I). Moments were almost aligned to the applied field
direction at (VI), where the reflectivity approached that of saturation (I). The magnetic SLDs at around
the coercivity, (III)–(V), were lower than those expected in Figure 2. This resulted from the magnetic
field distribution between the pole pieces of the magnet. The measured value of the field and that
averaged over the illuminated area of the sample can differ within a few percent. The measured
result was consistent with that of the hysteresis measurement shown in Figure 2. The fitting required
that the Fe layers adjacent to the Si layers to be less dense and non-magnetic, which resulted from
interface effects such as inter-diffusion. The “magnetically-dead” layers with a thickness of 1.2 nm per
a period were necessary to reproduce high R−− at the second Bragg peak by forming spikes with a
half-period of the bilayer thickness in the SLD profiles for spin down neutrons. This is consistent with
previously-obtained results [14,16,22,28,33–37]. The measured reflectivity was higher than that fitted in
the qz range between the first and second Bragg peaks at low fields (III)–(V) because the OSS intensity
became comparable to that specularly reflected, as shown in Figure 4. Our previous study showed that
no spin-flip specular reflection was observed from our sample because it had an in-plane magnetic
structure much smaller than the neutron coherent length [38], and the direction of moments averaged
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over the sample surface coincided with the external field [22]. The measured spin-flip intensity at the
specular position in Figure 4 was reproduced by the non-spin-flip reflection leaked to the non-spin-flip
channels due to the inefficiencies of the polarizing devices in addition to the OSS intensity.
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Figure 4. Polarized OSS images of the Fe/Si multilayer. (I)–(VI) correspond to the measured conditions
shown in Figure 2.

The simulation based on DWBA was used for the data analysis of the OSS and GISANS
(in Section 3.3) measurements [20,39,40]. The height of the interfaces, varying with the relative lateral
coordinate, was supposed to follow a Gaussian distribution with the variance, the root-mean-squared
roughness, saturated at a distance corresponding to the cut-off length ξrR. The roughness correlation
between neighboring interfaces is defined by the z-correlation length ξrz. In the model of the in-plane
magnetic structure, the areas where the moments were aligned in the same direction were expressed
as rectangular boxes with lengths 2ξmx and 2ξmy along the x- and y-axes and a height equal to
the thickness of the layer with magnetization (middle Fe layer). The moments in the coupled area
fluctuated within the sample plane at an angle φ with respect to the external field even though the
magnitude was the same as saturation. φ followed a Gaussian distribution defined by the mean value
Φ and variance 〈(∆Φ)2〉. The correlation of the moments between neighboring layers, valid only for
the spin-flip scattering, was defined by the z-correlation length ξmz.
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The measured and simulated OSS images at (I) are shown in Figure 4(I). No magnetic scattering
was seen at (I) since the moments were perfectly aligned to the direction of the applied field
(Φ =

√
〈(∆Φ)2〉 = 0). Intense scattering was observed where qz satisfied the Bragg condition

(αi + α f = 3.4 and 6.6◦) in the I++ channel. This scattering, called the Bragg sheet, resulted from the
roughness correlation in the sample normal direction [17,18,41,42]. The parameters characterizing the
interface structure were determined as ξrR ≤ 50 nm and ξrz = 100± 50 nm. These values were fixed
in the following OSS simulations because these should not depend on the field strength.

The OSS images at (II)–(VI) are shown in Figure 4(II)–(VI). The spin-flip and non-spin-flip
magnetic scattering was observed at low field along with the roughness scattering seen in Figure 4(I).
Contrary to the roughness scattering, the magnetic scattering had a broad distribution on the αi-α f
plane. This meant that moments were not correlated in the surface normal direction. The z-correlation
length of the magnetic scattering was determined as ξmz ≤ 1.0 nm, much smaller than the bilayer
thickness. The magnetic SLDs in Table 1 corresponded to a reduction factor of the saturated moment
by cos Φ, where Φ = 28, 131, 110, 65, and 10◦ for (II)–(VI), respectively. These values of Φ were used
in the OSS simulation. Moments were fluctuating more with respect to the external field direction as
the absolute value of the net magnetization decreased. This created the magnetic scattering intensity
depending on the field strength. The auto-correlation component decreased as

√
〈(∆Φ)2〉 increased for

the spin-flip scattering, whereas that increased for the non-spin-flip scattering [20,22].
√
〈(∆Φ)2〉 = 30,

40, 62, 82, and 32◦ for (II)–(VI) were provided by the intensity ratio I−+/I−−. The lateral correlation
length of the magnetic scattering ξmx was determined by the scattering intensity profile along qx [22].
This can be approximated by αi + α f = const. Figure 5 shows the measured and simulated intensity
profiles at αi + α f = 2.5◦ (qz ≈ 0.50 nm−1). The I−+ channel was chosen to prevent the contamination
of the roughness scattering. The lateral correlation length for the magnetic scattering was estimated
as ξmx = 100, 200, 150, 150, and 100 nm for (II)–(VI), respectively. It was, however, not possible to
determine the value of ξmx precisely because the simulated profiles did not vary with the decreasing
value of ξmx. The length of the coupled area was too small compared with the length scale of the OSS
measurement [43].
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Figure 5. Measured (plots) and simulated (lines) OSS profiles along the condition of αi + α f = 2.5◦

(qz ≈ 0.50 nm−1) in the I−+ channel. (II)–(VI) correspond to the measured conditions shown in Figure 2.
Each profile is shifted vertically by two orders of magnitude relative to the profile for the immediately
previous field for clarity.
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3.3. Polarized GISANS Measurement

The polarized GISANS measurement was performed to determine the lateral correlation lengths
of the magnetic scattering precisely because the GISANS had a length scale smaller than the OSS.
The field applied to the sample was varied in the same way as the OSS measurement described in
Section 3.2. The local maximum of the magnetic scattering at α f = 1.7◦ (2.48◦) of the I−+ channel in
Figure 4, resulting from the large modulus of the Fresnel coefficients at the first Bragg condition, was
aimed at in the GISANS measurement. The incident angle was chosen as αi = 2.0◦(2.91◦). Hence, the
local maximum of the magnetic scattering, the target of the measurement, can be separated from the
contamination due to the polarization inefficiency of the roughness scattering at α f = 1.3◦ (1.89◦) and
specular reflection at α f = 2.0◦ (2.91◦). The values in the parentheses were the angles corrected for a
wavelength of 0.80 nm resulting from the different values of the wavelength between the OSS and
GISANS measurements. Figure 6 shows the measured and simulated GISANS images (I−+ channel).
The intensity of the magnetic scattering increased with decreasing net magnetization, which was
consistent with the result of the OSS measurement. The values of

√
〈(∆Φ)2〉 given by the OSS were

more reliable than those obtained by the GISANS because the polarization of the incident and scattered
neutrons was higher for the OSS setup.
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Figure 6. Polarized GISANS images of the Fe/Si multilayer (I−+ channel). (II)–(VI) correspond to the
measured conditions shown in Figure 2.

Figure 7 shows the measured and simulated profiles along qy (2θ f ) where the intensity was
summed in the α f direction from 2.3–2.7◦. The lateral correlation length of the magnetic scattering was
estimated as ξmy = 425± 50, 550± 50, 500± 50, 500± 50, and 250± 50 for (II)–(VI), respectively. These
values considerably differed from those determined by the OSS. This can be attributed to the difference
in the accessible length scale between the OSS and GISANS [43]. In addition, ξmy was determined
without ambiguity because the intensity profile in qy did not depend on the Fresnel coefficients [22].
Hence, the values obtained by the GISANS were more reliable than those in the OSS. The in-plane
length of the coupled area was not significantly varied during the process of demagnetization and
remagnetization even though it was analyzed as smaller at (II) and (VI), close to saturation.
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Figure 7. Measured (plots) and simulated (lines) GISANS profiles where the intensity was summed in
the α f direction between the broken lines (2.3◦ ≤ α f ≤ 2.7◦) in Figure 6. (II)–(VI) correspond to the
measured conditions shown in Figure 2. Each profile is shifted vertically by two orders of magnitude
relative to the profile for the immediately previous field for clarity.

4. Discussion

The in-plane Fe grain size of the sample was determined by the X-ray diffraction measurement to
be D‖ = 8.2± 0.1 nm as shown in Figure 2b in [22]. In a nanocrystalline layered system, the magnetic
properties can be explained by the random anisotropy model. This model was proposed for amorphous
magnets [4] and extended to magnetic nanocrystalline alloys [5,44]. When the grains size was
reduced to be smaller than the ferromagnetic exchange length (≈20 nm for Fe), a large number
of grains were ferromagnetically coupled by the exchange interaction between neighboring moments.
The magneto-crystalline anisotropies K1 in each grain that were randomly oriented within the sample
plane were averaged over the length scale of the coupled areas. According to the two-dimensional
random anisotropy model [45,46], Hc and µi are written as,

Hc = pc
〈K〉
Ms
≈ pc

K2
1D2
‖

Ms A
(1)

µi = pµ
M2

s
µ0〈K〉

≈ pµ
M2

s A
µ0K2

1D2
‖

, (2)

where 〈K〉 is the average magneto-crystalline anisotropies, A is the exchange stiffness, µ0 is the
permeability of the vacuum, and pc and pµ are dimensionless pre-factors close to unity. Comparison
of the measured Hc and µi shown in Figure 2 with those calculated by Equations (1) and (2), using
the parameters of K1 = 4.8× 104 J/m3 and A = 1.49× 10−11 J/m [47,48], resulted in pc = 0.69 and
pµ = 0.19. Meanwhile, the three-dimensional random anisotropy model failed to explain the measured
result because the obtained values of pc = 1.4× 101 and pµ = 9.1× 10−3, according to Equations (5a)
and (5b) in [45], indicated that our system was magnetically too hard. Hence, our system was in good
agreement with the two-dimensional random anisotropy model where a large number of grains were
coupled within the sample plane.

The measured polarized OSS and GISANS data were successfully analyzed by the simulation
based on the DWBA where the coupled areas were modeled as rectangular boxes and the orientation
of moments were assumed to follow a Gaussian distribution. The analyzed result showed that



Crystals 2019, 9, 383 10 of 13

moments were correlated only in the in-plane direction and that the lateral correlation length of the
magnetic scattering ranging from 250–550 nm for (II)–(VI) was much larger than the in-plane grain
size. This meant that the in-plane length of the coupled area was 0.5–1.1 µm, not significantly varied
during the demagnetization and remagnetization process. This was a quite different behavior from the
bulk because the in-plane length of the coupled areas would increase with increasing field strength as
a result of the movement of domain walls if the magnetic properties of our system behaved like in
the bulk. Instead, the measured result was consistent with the two-dimensional random anisotropy
model where coherent magnetization rotation was dominant. Assuming that the in-plane length of
the coupled areas had a distribution, moments in the small coupled areas were relatively easy to
demagnetize and hard to remagnetize compared with the large ones because 〈K〉 decreased with the
increasing number of grains in the coupled area. This explains the small values of the lateral correlation
length of the magnetic scattering for (II) and (VI), corresponding to the beginning of demagnetization
and the end of remagnetization, and the maximum value for (III), immediately after the external field
was reversed.

The obtained result showed that the magnetic properties of our system can be understood by the
two-dimensional random anisotropy model where coherent magnetization rotation is dominant.
According to this model, smaller grain size and uniform uniaxial anisotropy lead to further
improvement of the magnetic properties in terms of softness. Further study is needed to establish a
method to control the grain size and uniform uniaxial anisotropy such as magneto-elastic anisotropies.

5. Conclusions

We performed the polarized OSS and GISANS measurements for the Fe/Si multilayer composed
of polycrystalline grains smaller than the ferromagnetic exchange length to understand what was
responsible for the magnetic properties different from the bulk. The measured data were analyzed by
simulation using the DWBA where the areas with uniform orientation of moments were assumed as
rectangular boxes. The analysis with the DWBA reasonably explained the measured data. The result of
the analysis indicated that a large number of grains form the ferromagnetically-coupled area within the
sample plane. The in-plane length of the coupled areas was analyzed as 0.5–1.1 µm, not significantly
varied during the process of demagnetization and remagnetization. The obtained result, together with
the measured values of Hc and µi, suggested that our system was interpreted by the two-dimensional
random anisotropy model where the coherent magnetization rotation was dominant. A comprehensive
understanding of the magnetic properties of layered systems would be obtained if one investigates
samples with a broader range of the grain size.
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