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Abstract

Magnetic materials dominated by shape anisotropy constitute an indispensable category of
functional materials in scientific research and industrial applications. Beyond the switching
field of the phases (nanowires) themselves, long-range magnetostatic interactions exert a
fundamental influence on their magnetization mechanisms and modulate their overall
performance. This study comprehensively investigates the role of magnetostatic
interactions in the magnetization reversal process of nanowire arrays. To achieve this, the
in situ horizontal magnetic field was observed using Lorentz transmission electron
microscopy to investigate the magnetization reversal behavior of nanowire arrays. For the
first time, the clear and precise microstructures of nanowires and the corresponding
magnetization curves of target microscopic regions were acquired. In addition, the
significance of magnetostatic interactions was clarified via combination with theoretical
analyses. First-order reversal curve analysis, Henkel curve analysis of the macroscopic bulk
material, and micromagnetic simulations were conducted to further investigate these
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interactions. The experimental and theoretical results show that modulating the strength of these interactions via
the structural regulation of the phases (nanowires) facilitates the achievement of magnetic materials with tailored
properties.

INTRODUCTION

Shape anisotropy serves as the source of coercivity in material systems including magnetic nanowires!
Alnico permanent magnets'®®), and certain high-entropy magnets'". These typical shape-anisotropic
magnetic materials are composed of oriented, elongated ferromagnetic units, and have been widely applied
in high-density magnetic storage, high-precision sensors, and diverse permanent magnetic devices"'. The
inherent magnetization switching behavior of individual structural units is primarily governed by shape-
induced demagnetization energy barriers, which pin magnetic moments along specific orientations.
Nevertheless, long-range magnetostatic interactions between adjacent nanostructures act as a critical
extrinsic factor”. Such inter-nanostructure coupling can profoundly alter collective magnetization reversal
dynamics and ultimately determine core macroscopic magnetic parameters including coercivity, remanence
squareness, and the maximum energy product. Clarifying the inherent correlation between nanoscale
magnetostatic coupling and dynamic magnetization evolution is not only essential to uncover the
fundamental magnetic mechanisms of anisotropic magnetic systems, but also provides a solid foundation for
the targeted microstructural design and performance optimization of these widely used functional materials.

At present, the exploration of magnetostatic interactions and magnetization behaviors in anisotropic
magnetic systems mainly relies on two technical routes: macroscopic magnetic characterization and
micromagnetic simulation. While conventional bulk testing methods such as first-order reversal curve
(FORC) analysis and Henkel plots can effectively evaluate the overall interaction characteristics and
statistical magnetic responses of materials">"”, they are unable to capture the real-time magnetization state of
a single nanostructure or resolve localized differences in magnetic dynamics. Consequently, micromagnetic
simulation has become a powerful auxiliary tool to predict nanoscale magnetization reversal processes!**\.
Recent studies, including that by Sarker*, have explored the relevant magnetic mechanisms using
micromagnetic simulations. These efforts have increased academic interest in this field and highlighted the
necessity of direct in situ experimental observation. However, such simulation results are highly dependent
on preset structural parameters, material constants, and ideal boundary conditions. Without direct in situ
experimental verification, these theoretical predictions cannot fully reflect the actual microscopic
magnetization behaviors. The lack of intuitive, nanoscale experimental evidence is a major bottleneck
restricting the in-depth understanding of relevant microscopic mechanisms.

Realizing the direct in situ observation of magnetization reversal at the nanoscale encounters two prominent
technical challenges. On the equipment side, most traditional in situ magnetization devices in conjunction
with transmission electron microscopy (TEM) generate vertical magnetic fields, which cannot match the in-
plane easy axis of most shape-anisotropic magnets®’. Meanwhile, adjusting the objective lens current to
change the applied field will cause electron beam distortion and resolution degradation, complicating the
construction of reliable horizontal-field in situ observation systems. On the specimen-preparation side,
ordered nanowire arrays require ultra-thin TEM samples with a strictly controlled thickness. Excessive
sample thickness will lead to the superposition of multiple magnetic phases and obscure the signals of
individual units. Additionally, in Fresnel-mode Lorentz TEM (LTEM) images, the contrast of phase
boundaries is highly similar to that of magnetic domain walls, which further increases the difficulty of
distinguishing individual nanostructures and tracking their magnetization evolution.
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In this study, a unique horizontal magnetic field application method was designed to enable the direct
observation of the magnetization reversal process in shape-anisotropic magnetic materials via LTEM. Using
this approach, the magnetization reversal sequence of the phases (nanowires) was characterized, and the
hysteresis loops corresponding to the microscopic observation regions were acquired. By comparing
theoretical calculations with experimental results and combining this with macroscopic performance
characterization, the role of magnetostatic interactions during magnetization reversal was evaluated.
Micromagnetic simulations were also employed to reveal the underlying mechanism in the investigated
system.

MATERIALS AND METHODS

The Alnico alloy investigated in this work possessed a nominal composition of Fe (~ 35 wt%), Co (~ 36 wt%),
Ni (~ 13 wt%), Al (~ 7 wt%), Cu (~ 3 wt%), and Ti (~ 6 wt%). Bulk alloy ingots were manufactured via
directional solidification. The as-cast samples were cut into small pieces and mechanically polished to
remove surface defects. A standard multistep heat treatment was then conducted in which the samples were
first solution-treated at 1,250 °C for 20 min and then air-cooled to room temperature (23 °C + 2 °C).
Afterward, magnetic field annealing was performed at 800 °C for 13 min under an external field of 3000 Oe.
Finally, the samples underwent three-stage tempering at 650 °C for 3 h, 600 °C for 10 h, and 550 °C for 20 h
to obtain the target microstructure and magnetic properties.

Ultra-thin specimens for electron microscopy were fabricated via focused ion beam (FIB) milling using a
Carl Zeiss Auriga dual-beam system (Carl Zeiss, Germany). A platinum protective film was deposited on the
sample surface, followed by sequential coarse and fine ion milling to obtain lamellas with a final thickness of
28 nm, with the crystal orientation calibrated to align the sample plane with the (110) crystal plane. Scanning
electron microscopy (SEM) characterization, performed on the same dual-beam system, was conducted to
observe the micromorphology and verify the sample thickness. TEM measurements were carried out on a
JEOL F200 field-emission transmission electron microscope (JEOL Ltd., Japan) at 200 kV, to collect high-
angle annular dark field (HAADF) images, selected area electron diffraction (SAED) patterns, and energy-
dispersive X-ray spectroscopy (EDS) elemental distributions. In situ magnetization tests were performed
using a JEM-2100F Lorentz transmission electron microscope (JEOL Ltd., Japan) fitted with a self-developed
horizontal magnetic field holder. Fresnel imaging, electron holography, and transport-of-intensity equation
(TIE) reconstruction were applied to analyze the magnetic domain behaviors. Vibrating sample
magnetometer (VSM) measurements were conducted on a LakeShore 7410 system (LakeShore, USA) at
room temperature, to obtain hysteresis loops, isothermal remanent magnetization (IRM), direct current
demagnetization remanence (DCD), Henkel curves, and first-order reversal curves (FORC). Micromagnetic
simulations based on the Landau-Lifshitz-Gilbert (LLG) equation were conducted using the open-source
OOMMEF software to further explore the effect of magnetostatic interactions on magnetization reversal.

RESULTS

Figure 1A presents a schematic of the in situ horizontal magnetization observation system. To apply a
horizontal magnetic field, a microelectromagnet was fabricated via FIB processing and fixed to the front end
of the LTEM sample holder. This microelectromagnet had a gap width of 6 um and a thickness of 15 um,
enabling the application of a ~ 1 T magnetic field while ensuring that the electron beam was not excessively
deflected. The sample was welded to the tip of a tungsten needle and moved in three dimensions via
piezoelectric ceramics to accurately position it into the gap of the microelectromagnet.

The Alnico alloy consists of two phases formed via spinodal decomposition*”. The o, phase is a magnetic
phase with a length of several hundred nanometers and a diameter of 30-40 nm. This imposes strict
requirements on the thickness and orientation of the TEM samples. As shown in Figure 1B, the HAADF
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Figure 1. (A) Schematic of the in situ magnetic sample holder and SEM image of the microelectromagnet; (B) HAADF image of the Alnico
alloy observed along the [001] direction, with the white box indicating the FIB sampling location; (C) SEM image of the FIB sampling area;
(D) bright-field image of the FIB sampling area; (E) SAED pattern of the FIB sampling area; (F) SEM images of the samples used for in situ
testing; (G) thickness of the observation area measured by SEM; (H) photograph of samples and microelectromagnets used in the In situ
magnetization tests. SEM: Scanning electron microscopy; HAADF: high-angle annular dark field; FIB: focused ion beam; SAED: selected
area electron diffraction.

image acquired along the [001] zone axis demonstrates that the o, phase forms a checkerboard-like structure
with an alternating arrangement. The a, and o, phases are alternately arranged along the [110] direction,
while the o, phases are closely packed along the [100] direction. Therefore, the TEM samples should be
oriented along the [110] direction, and their thickness should be smaller than the diameter of the «, phases to
achieve a single-layered structure. These challenges can be effectively addressed via FIB sampling performed
on ion-thinned samples. The zone axis of the grain can be determined using SAED in the thin region of the
ion-thinned transmission sample, as illustrated in Figure 1C and D. Without rotating the sample, we
identified a region with a [001] zone axis and performed vertical sampling within the grain, as shown in
Figure 1B. The sample plane obtained in this manner was parallel to the (110) crystal plane. Figure 1E
presents the SAED pattern of the FIB-sampled region, while Figure 1F shows the sample used for the final in
situ magnetization test. The thickness of the thin region, measured via SEM, was 28 nm (as shown in Figure
1G), which was smaller than the diameter of the o, phases and ensured that the thin region was as close to a
single-layered structure as possible while minimizing the phase overlap. Figure 1H presents an image
captured during the in situ magnetization test, with the magnetic field direction parallel to the [001]
direction.

Figure 2A shows a Fresnel image of the sample in the saturated remanence state, which exhibits a parallel
arrangement of numerous domain walls. In the Fresnel mode, the contrasts between the a, and «, phases are

relatively similar, such that only the a /a, phase interfaces can be distinguished. The morphologies of the two

phases can be clearly resolved via HAADF imaging owing to the difference in atomic number between the o,
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Figure 2. (A) Fresnel image of Alnico sample; (B) HAADF image of the sample; (C) two-dimensional schematic of the sample
microstructure; (D) locally magnified image of the HAADF image; (E) electron holographic reconstruction image; (F) phase profile curve
corresponding to the yellow line in (e); and elemental distribution maps of the local area: (G) Fe; (H) Co; (1) Ti; (J) Al; (K) Ni; (L) Cu.
HAADF: High-angle annular dark field.

and o, phases. Figure 2B shows the HAADF image of the sample, based on which the schematic in Figure 2C
was constructed to clearly illustrate the distribution of the o, phases. As shown in Figure 2C, most o, phases
in the rightmost region of the sample are completely isolated by a, phases; these o, phases exhibit
considerable lengths and maintain the aspect ratios of the bulk material. In the leftmost region of the sample,
a slight deviation in sample orientation leads to partial o, phases being closely spaced, with minor overlap

occurring along the thickness direction.

Figure 2D shows a locally magnified view of the HAADF image, and Figure 2E presents the electron
holographic phase map of the corresponding region, while the phase profile extracted along the yellow line
marked in Figure 2E is plotted in Figure 2F. The electron holographic phase map reveals that the magnetic
field lines are dense within the o, phases, indicating a relatively high saturation magnetization. By contrast,
the magnetic field lines are sparse within the a, phases, indicating significantly lower magnetization. The o,
phases function primarily to isolate the o, phases, and the marked difference in magnetization between the
two phases is a necessary prerequisite for the formation of shape anisotropy”**!. Further details of the
electron holography acquisition are provided in Supplementary Figure 1 of the Supplementary Materials.

The saturation magnetization of the o, phases can be precisely determined via electron holography, a key
prerequisite for subsequent quantitative analysis of the magnetization reversal mechanism. When an electron
beam passes through the sample, it interacts with the magnetic induction intensity (B), causing a shift in the
electron phase. Magnetic induction intensity can be derived from the rate of this electron phase shift, which

[30,31],

is defined as follows


https://file.oaecenter.com/published/pdf/142ea256985b58786ffa8524f47f79f8/1787119957/microstructures6044-SupplementaryMaterials.zip
https://file.oaecenter.com/published/pdf/142ea256985b58786ffa8524f47f79f8/1787119957/microstructures6044-SupplementaryMaterials.zip

Page 6 of 16 Zhao et al. Microstructures 2026, 6, 20260106

IIIRNEAA C 110

1050

| II 111 v

/
- r%w )\ Tk
I I BT a2 . (Ill / Mw\'ﬂazu

800
4] 20 40 100 120 140
Dleanc: (nm)

b\

950

al «al
-

&
i
P
$

,ﬁ

I IEREDV D 10
[ ol I 11 1T . v
1000 [ M/
b= N

i WA LW "\ ;"f\l”

L] " = K == Wr %‘ f l"
l I 850 | @2 al a2 al a2

800 L L L L L

0 20 40 60 80 100 120 140
Distance (nm)

Figure 3. Local Fresnel images, contrast curves, magnetic moment distribution maps, contrast subtraction image, and schematic before
and after magnetization reversal: (A) Fresnel image before magnetization reversal; (B) Fresnel image after magnetization reversal; (C)
contrast variation curve corresponding to the line in (A); (D) contrast variation curve corresponding to the line in (B); (E) magnetic
moment distribution map before magnetization reversal; (F) magnetic moment distribution map after magnetization reversal; (G) contrast
subtraction image of (A) and (B); (H) schematic of the magnetization reversal system.

Table 1. Elemental phase compositions (wt.%)

Phases Fe Co Al Ni Cu Ti
o, 51.79+8.36 43.41+7.04 1.33+0.39 2.41+0.63 0.31+0.53 0.75+0.37
a, 1496 +£2.32 39.53+6.01 10.30+0.92 21.02+3.25 2.03+0.71 1216 £1.91
By = (h/2rme)Ap/S (D

where h is Planck’s constant, e is the charge of an electron, is the phase change of an electron passing
through the magnetic field region, and S is the area of the magnetic flux region, which is the product of the
width L of the observation region and the thickness D of the transmission sample. Based on the electron
holographic measurement results, Ap/L = 0.06 rad/nm and the sample thickness was 28 nm. The calculated
saturation magnetic induction (Bs) was 14.17 kGs. Figure 2G-L present the elemental distribution maps of
the corresponding region, wherein Fe and Co are shown to be enriched with the «, phases, whereas Al, Ni,
and Ti are enriched with the o, phases. In addition, Cu is concentrated at the a /o, phase interfaces. This
difference in elemental composition between the two phases gives rise to their distinct magnetic properties.
Table 1 shows the elemental compositions of the o, and o, phases obtained from EDS analysis.

In situ observation of magnetic domain motion was performed on the sample depicted in Figure 2. The
evolution of magnetic domains in the sample at remanence was monitored via the application of a gradually
increasing reverse-applied magnetic field. Owing to the similarity between the interface contrasts of a /a,
phases and those of domain walls in Fresnel images, determining domain directions in static images is
challenging, and image processing is required to achieve more intuitive visualizations. Fresnel images at
multiple focuses were also collected for verification (see Supplementary Figure 2), and dynamic contrast
evolution under the applied magnetic fields confirmed that the observed features are domain walls rather
than artifacts. The images in Figure 3 show a local region to illustrate the principles and procedures of image
processing. The dynamic domain reversal process is provided in the Supplementary Video 1.
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Figure 3A and B present under-focused Fresnel images captured at two distinct stages of magnetization
reversal. These images show two intact a, phases, with four domain walls (labeled I-IV) visible. Figure 3C
presents the intensity profile curve corresponding to the dashed line in Figure 3A, wherein domain walls I
and IIT appear white (corresponding to electron beam convergence regions), whereas domain walls II and IV
appear black (corresponding to electron beam divergence regions). This indicates that the magnetization
directions of the two «, phases are identical. In Figure 3B, domain wall I shifts to black and domain wall II
shifts to white, signaling magnetization reversal in the leftmost o, phase. Figure 3E and F show magnetic
domain images reconstructed using the TIE. Here, the magnetization direction of the leftmost o, phase
switches from upward to downward, consistent with the aforementioned analysis. This analytical approach
was applied to each o, phase throughout the magnetization process to determine their respective
magnetization states. The image shown in Figure 3G was generated by subtracting the image in Figure 3A
from that in Figure 3B. This difference image clearly highlights the magnetization reversal region, with other
regions appearing uniform. Figure 3H provides a schematic illustrating the magnetization directions of the o,

phases based on the analysis results.

The aforementioned analysis reveals that the difference images (subtraction-based) corresponding to
different applied magnetic fields during magnetization reversal clearly delineate the regions where magnetic
domain reversal (MDR) occurs. Next, magnetization state diagrams under the respective magnetic fields
were constructed [Figure 4]. Each o, phase undergoes a single-domain reversal process. The reversal of
internal magnetic moments within the o, phases occurs via the curling mode. The magnetostatic interaction
between the o, phases modulates the reversal sequence, and the strength of the interaction field is dependent
on the magnetization of the o, phases and their interphase spacing. In particular, a smaller interphase spacing
between o, phases results in stronger magnetostatic interactions. Most «, phases undergoing MDR were
nonadjacent and a small number of nonreversed a, phases were consistently present between them, resulting
in an overall right-to-left alternating reversal pattern. This alternating pattern is evident in the schematics
shown in Figure 4D and E, where the orange (representing downward magnetization) and blue (representing
upward magnetization) regions alternate; this phenomenon is attributed to the magnetostatic interaction
between o, phases. Theoretically, for shape-anisotropic magnets, a larger aspect ratio is expected to
correspond to a higher reversal field. However, this theoretical expectation was not observed in the present
experiment as the overall magnetization reversal process of the sample did not follow the trend of shorter o,
phases reversing first, followed by longer ones. At an applied magnetic field of 787 Oe, two longer «, phases
underwent reversal; when the applied field reached 4,623 Oe, the leftmost o, phase (with a small aspect ratio)
had not undergone reversal. For nanowire-based structures, the presence of interphase magnetostatic
interactions leads to significant differences in the switching field of nanowires between isolated and
aggregated states. Detailed measurement procedures for the magnetic field strength of the micro-
electromagnet are presented in Supplementary Figures 3-5 of the Supplementary Materials.

The volume fraction of magnetization reversal under different applied magnetic fields was statistically
analyzed, and the hysteresis loop corresponding to the experimentally observed region was acquired. Figure
5 presents a comparison between the hysteresis loop of the bulk alloy and that of the experimental sample.
The bulk alloy exhibited a coercivity of 1,795 Oe with a symmetric hysteresis loop. By contrast, the hysteresis
loop of the micro-sample shows obvious asymmetry along the field axis, with absolute coercive fields of 3,484
Oe for the descending demagnetization branch and 2,668 Oe for the ascending magnetization branch. Two
primary factors contribute to this discrepancy. First, the experimental sample was extracted from a single
grain, where the easy axes of all o, phases are aligned. By contrast, bulk alloys contain multiple grains,
wherein the inconsistency in grain orientation and presence of grain boundaries result in structural
inhomogeneities, which in turn reduce coercivity and remanence. Second, as illustrated in Figure 1B, the
spacing of o, phases varied between the [110] and [001] directions. Specifically, the interphase spacing in the
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Figure 4. In situ magnetic domain evolution of the sample under increasing applied magnetic fields. (A-H) correspond to applied fields of
787 Oe, 1,602 Oe, 2,220 Og, 2,518 Oe, 3,475 Oe, 3,998 Oe, 4,623 Oeg, and 5,091 Oe, respectively. For each panel, the left column shows
the original Fresnel image, the middle column marks the positions of magnetic domain reversal (MDR), and the right column presents the
corresponding schematic diagram. Orange and blue regions represent magnetic domains with magnetization directions antiparallel and
parallel to the applied field, respectively. All micrographs share the same scale bar.

experimental sample was significantly larger than that in the bulk alloy, thereby weakening the magnetostatic
interaction between o, phases. These two factors collectively lead to the observed differences in hysteresis
loops between the two samples. In situ magnetization tests were conducted to accurately characterize the
relationship between the morphology of the a, phase and the magnetization reversal sequence in the Alnico
alloy, and the correlation between the microstructure and magnetization was established. It was found that
the demagnetization behavior of Alnico alloy is jointly governed by the switching fields of the o, phases and
the interactions among them. The role of magnetostatic interactions between o, phases in the

demagnetization process will be considered in the following section.

DISCUSSION

Henkel plots are used to identify the type of interaction present in magnets. They can be obtained by testing
the IRM curve and the DCD curve according to the following formula:

AM(H) = Mpcp (H) = [1 = 2Mrm (H)] 2)

If the value of AM is negative, the magnetostatic interaction is dominant in the material; if AM is positive, the
exchange coupling is dominant. Figure 6A shows the IRM and DCD curves of the investigated system, while
Figure 6B shows the Henkel plots. It can be seen that the magnetostatic interaction plays a major role in the
applied magnetic field range of 0-5,000 Oe in the sample. As the magnetic field increases, the interaction field
shows a trend of first increasing and then decreasing. When the applied magnetic field was 1,750 Oe, the
interaction was the strongest.

The FORCs of the Alnico alloy were measured [Figure 7]. Figure 7A presents the measured FORC family,
while Figure 7B shows the corresponding FORC diagram, which shows the distributions of coercive fields
(Hc) and interaction fields (Hu) within the magnet””***. The measurement was conducted with a magnetic
field step of 100 Oe, across the full field range from positive saturation to negative saturation. The raw FORC
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data were processed using the VARIFORC algorithm implemented in FORCinel software, with a smoothing

factor (SF) of 3 to balance noise reduction and preservation of intrinsic distribution features. For analysis, the

sample was treated as an assembly of magnetic entities (i.e., o, phases), each undergoing a single-domain

reversal process and possessing unique switching and interaction fields. The three stars in the FORC diagram

[Figure 7B] are used as examples to illustrate the magnetization behavior associated with the different

regions of the diagram, and the corresponding schematic hysteresis loops are shown on the right-hand side.

The yellow star corresponds to Hu = 0, indicating that the associated magnetic entities have no net
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interaction field. Here, the forward and reverse switching fields (H1 and H2) are symmetric about zero, and
their magnitude is equal to the coercive field (Hc). By contrast, the hysteresis loops of the entities
corresponding to the red and blue stars are shifted to the right or left, respectively, due to the influence of
positive or negative Hu values, respectively. The color intensity in the FORC diagram correlates with the
number of magnetic entities exhibiting a specific combination of Hc and Hu, wherein darker regions indicate
a higher density of such entities. The FORC diagram of the Alnico magnet exhibits a well-defined, single-
peak profile, with relatively concentrated distributions of both coercive and interaction fields. When the
applied magnetic field approaches the coercivity of the investigated sample, the FORC distribution along the
Hu axis becomes elongated, signifying an increase in the magnitude of the interaction fields. Near the
coercivity of a magnet, the number of forward and reverse magnetic domains is balanced, at which point
magnetostatic interactions between adjacent domains become the most pronounced”**”. The FORC diagram
was used to derive the coercivity and interaction field distributions, which are shown in Figure 7C and D,
respectively. The coercivity distribution confirms the presence of the dominant peak at 1,824 Oe with a
distribution width of 683 Oe. Meanwhile, the interaction field distribution shows a peak centered near zero
at 51 Oe with a broader distribution width of 1,990 Oe, reflecting moderate magnetostatic interactions
between the magnetic phases.

Two factors affect the magnetization reversal process of the magnet: the reversal field of the nanowire itself
and the interaction between the nanowires. According to the research', the magnetization reversal
mechanism of o, phase is related to the radius (R) of a, phase When R is less than the critical radius (R_,),

coherent rotation is present; when R is greater than R, the system is a curling model. The R_, of the a,

coh?
phase was 6-10 nm, and their radii (15-20 nm) are larger than this critical radius. Therefore, the curling
model is more consistent with the a, phase investigated in this study”’. The switching field of a single o,

phase conforms to:
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where K is the magnetocrystalline anisotropy constant, which is often considered negligible in Alnico; N is
the longitudinal demagnetization factor; R is the radius of the o, phase; c is constant related to specimen
geometry, 6.678 for a needle and A is the exchange constant. The influencing factors of the switching field
are the saturation M, aspect ratio (demagnetization factor N), and o, phase radius R. As the M, value of the
o, phase in this study was constant, the demagnetization factor and radius determined the difference in the
coercive field. The length and radius of each o, phase in the sample were determined, and their
demagnetization factors were calculated. In addition, switching field of each «, phase was calculated using
Equation (3). The magnetization reversal curve was then obtained according to the volume fraction, and it is
shown in Figure 8. It should be noted that the longitudinal demagnetization factor N in Equation (3) was
derived from the classic model of an isolated ellipsoidal particle and does not consider the mean-field effects
of the dense a, phase array. In practice, the o, phases in a thin TEM specimen are closely packed and interact
with each other, which deviates from the ideal isolated state. In this study, this approximation was adopted to
distinguish the contributions of intrinsic shape anisotropy and long-range magnetostatic interactions.
Accordingly, the obvious difference between the theoretical and experimental curves shown in Figure 8
quantitatively reflects the influence of the interphase magnetostatic interactions on the overall
demagnetization behavior of this system. A comparison of the theoretical and experimental magnetization
reversal curves shows that when the magnetic field is lower than 2,400 Oe, the theoretical M value is higher
than the experimental value. By contrast, when the magnetic field is higher than 2,400 Oe, the theoretical M
value is smaller than the experimental value. This difference occurs because the interaction differently affects
the investigated system at different magnetizations of the magnet. In the near-saturation state, magnetostatic
interactions align the magnetization of the adjacent a, phase in an opposite direction. Therefore, the
experimental value of M is lower in this system. When an adequate amount of «, phases have been reversed,
the magnetostatic interactions prevent the reversal of the unreversed o, phase. Therefore, the experimental
value of M is higher under larger applied magnetic fields.
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Figure 9. (A) Model of the micromagnetic simulation; (B) reverse magnetization curves of the three models from the micromagnetic
simulation; (C) micromagnetic simulation results of the magnetization reversal process of the three models.

The strength of the magnetostatic interaction in a shape-anisotropic magnet can be adjusted by adjusting the
distance between the phases. Next, we investigated the influence of the interaction strength on the
magnetization reversal process using micromagnetic simulations considering three models [Figure 9A]. The
volume ratios of the o, and o, phases were 4:1 in Model 1, 1:1 in Model 2, and a mixed configuration of the
two ratios in Model 3. The parameters used in the simulation and their sources are listed in Table 2. Figure
9B shows the demagnetization curves of the three models, and Figure 9C shows the magnetic moment
diagram of the reversal process. In Model 1, when the reverse magnetic field was small, multiple o, phases
began to reverse at the same time. As the magnetic field increased, the subsequent reversal was dominated by
the o, phase magnetization reversal. By contrast, Model 2 demonstrated an independent reversal of each o,
phase from the beginning. In Model 3, the reversed o, phase exhibited the nearest spacing among all o,
phases within this system. As the magnetic field increased, the remaining o, phase with large spacing was
reversed, and, finally, an unreversed o, phase was present in the small-spacing region at the final
magnetization. Comparing the demagnetization curves of the three models, the main difference is the
squareness. The magnetization of Model 1 decreased under a small magnetic field, while those of Models 2
and 3 rapidly decreased under larger magnetic field, which results from the difference in the interaction. The
minimum «, phase spacing of Model 1 exhibited the strongest magnetostatic interaction, and the o, phase
was more prone to existing in an antiparallel state. By comparison, the interaction in Model 2 was weaker
due largely to the effect of the reversal field of the o, phase; therefore, Model 2 exhibited better squareness.
This mechanism is further verified via the reversal process observed in Model 3. Here, the region exhibiting
strong interactions first reverses, but after undergoing partial reversal, the interaction increases the reversal
field of the unreversed component, resulting in the final complete reversal of the region.

The schematic shown in Figure 10 demonstrates the fundamental mechanism of the magnetostatic
interaction as it affects the o, magnetization reversal process. For an a, phase (nanowire) in the array, its

magnetic energy is the sum of the Zeeman, shape anisotropy, and magnetostatic interaction energies™
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Figure 10. The schematic diagram of the principle of the influence of the magnetostatic interaction on the o, phase switch field. (A)
Schematic of two adjacent a, phases with antiparallel magnetic moments (corresponding to k = -1); (B) Schematic of two adjacent a,
phases with parallel magnetic moments (corresponding to k = 1); (C) Schematic of two a, phases collinearly arranged along their long axis
(corresponding to k = -2).

Table 2. Parameters used in micro-magnetic simulation and their corresponding sources

Parameters values Sources
Volume dimensions 100 x 200 x 10 nm? This work
Damping constant (o) 0.1 Ref.l”)
Cell size Tnm This work
M, of a, phase 113 %10 A/m This work
A of o, phase M pJ/m Ref.17?

K of o, phase 18.4 x10*J/m? Ref.”)

o, phase Nonmagnetic /

Ewt = Eanis + Ezeem + Edip

m; 3\ . 1 m; -m; -3 (my; - ry;) (my - 1y) )
=Zi:7(JT—ZNC)sm29+Zi:(—mioH)+§ZZ ! ; ! !

i J#i ij

where m is the magnetic dipole moment, and r is the direction vector between the magnetic dipoles. Here,
we consider two magnetic dipoles as an example, and the influence of their interactions is discussed. Their
interaction energy is defined as:

mims cos ¢ — 3my cos 01ms cos O
Edip1,2) 3

(&)

mym
= 13 2 (cos ¢ — 3 cos b1 cos B2)
-

where ¢ is the angle between two magnetic dipoles, and 0 is the angle between m and r. Let k = cosgp -
3cosd,cosd,. Here, two adjacent o, phases are considered to be two magnetic dipoles. When the magnetic
moment directions of the two particles are parallel, k = 1 and the direction of the interaction field H, is the

same as that of the applied magnetic field H,,,. In this system, only a small applied magnetic field is needed

eem’

to overcome the anisotropy field H, . When the magnetic moment directions of the two particles are

In this context, H

anis*

antiparallel, k = -1 and the direction of H,,, is opposite to that of H needs to

Zeem* Zeem
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overcome the sum of H

s a0d Hy,, and therefore the switching field is larger. This leads to the exchange bias
characteristics demonstrated in the o, phases hysteresis loop. For two particles on the same line in the long
axis direction, as shown in Figure 10C, we obtain k = -2. This leads to a larger H, value, and the

magnetostatic interaction increases the switching field of the particles.

According to the above analysis, the existence of the magnetostatic interaction in a nanowire array results in
a significant change in the switching field, which affects the magnetization reversal process of the system.
The magnetostatic interaction reduces the switching field at the beginning of the magnetization reversal
process and increases the switching field when the magnetic field increases to a certain value, thereby
reducing the squareness and maximum magnetic energy product of the system. Therefore, tuning the
position and distance of the phase in the nanoarray can effectively alter the magnitude and distribution of the
interaction field and regulate the performance of the magnet.

CONCLUSION

The microstructure and magnetic domain reversal process of a nanowire array structure were investigated
using LTEM. Each phase (nanowire) is a single-domain reversal mode. Magnetostatic interactions cause the
nanowire array structure to undergo alternating reversal. The Henkel curve and FORC analysis confirmed
that magnetostatic interactions greatly affect this reversal process, and the interaction field was the strongest
when partial demagnetization was observed. The hysteresis loop of the system without considering
magnetostatic interactions was obtained via theoretical calculations. A comparison with the experimental
results revealed that the magnetostatic interaction leads to a faster decrease in magnetization in the early
stage and a slower decrease in magnetization after undergoing partial demagnetization. Micromagnetic
simulations were also conducted, which demonstrated that enhanced interactions lead to a decrease in
squareness and a lower maximum magnetic energy product. Our findings indicate that the distance between
phases (nanowires) can be adjusted to control the strength of the interaction field and improve the
performance of magnetic materials.
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