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Abstract

This work presents a micromagnetic investigation of monolayer L1o FePt and FePt/Fe bilayer thin
films to clarify the role of thickness, composition, and exchange coupling in their magnetic behavior.
Simulations were performed using the Landau-Lifshitz-Gilbert formalism implemented in OOMMF,
with realistic material parameters and geometries. For FePt monolayers, film thicknesses of 1-20 nm
were examined, revealing a non-monotonic coercivity trend: the coercive field increased from 35 mT
at 1 nm to 136 mT at 10 nm and decreased to 69 mT at 20 nm. This evolution indicates a transition
from localized reversal to domain-wall-mediated switching once the film exceeds the exchange
length (10-20 nm). Additional simulations varying Fe concentration (48-68%) through the exchange
stiffness constant showed that higher Fe content strengthens magnetic coupling and increases
coercivity. Bilayer systems combining a 2 nm FePt layer with Fe layers of 10 and 12 nm exhibited
rectangular, saturated loops, confirming strong exchange coupling and exchange-spring behavior.
The results identify 2 nm FePt as the optimal thickness for achieving full saturation, balanced
coercivity, and thermal stability in FePt/Fe thin-film architectures.

Keywords: micromagnetic simulation; L1o FePt ultrathin films; FePt/Fe thin films; hysteresis loop;
exchange-spring magnet; exchange correlation length; magnetic anisotropy

1. Introduction

Magnetic nanostructures and thin films with tailored magnetic properties are central to the
development of next-generation spintronic devices, high-density magnetic recording media, and
permanent magnets [1-3]. Among these materials, chemically ordered L1o FePt alloys have attracted
considerable attention due to their exceptionally high magnetocrystalline anisotropy (=7 x 106 J/m?),
thermal stability, and large coercivity [4,5]. These characteristics make FePt an excellent candidate for
hard magnetic layers in composite systems, particularly in exchange-coupled bilayers and multilayer
heterostructures [6-8].

The concept of the exchange-spring magnet, originally proposed to combine the high coercivity
of a hard phase with the high magnetization of a soft phase, provides a pathway to achieving superior
magnetic performance [9-11]. In such systems, the interfacial exchange interaction allows the
magnetization to gradually rotate from the hard to the soft layer under an external magnetic field,
mimicking the elastic behavior of a mechanical spring [12]. The degree of coupling, and hence the
magnetization reversal mechanism, strongly depends on the relative thickness and anisotropy of the
two magnetic components [13,14]. A balance between interfacial exchange strength and individual
layer thickness is therefore essential for optimizing both coercivity and saturation magnetization.

While many experimental and theoretical studies have explored FePt-based bilayers [15-17], the
specific influence of FePt layer thickness at the monolayer and ultrathin limit on magnetic hysteresis
and saturation behavior remains less understood. Previous work has indicated that excessive FePt
thickness leads to rigid magnetic coupling, preventing full magnetization reversal at moderate fields
[18], whereas too thin a hard layer can result in thermal instability and reduced anisotropy [19]. Thus,
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identifying an optimal FePt thickness that enables exchange-spring behavior under practical
magnetic field strengths is crucial for both fundamental understanding and technological application.

In this study, we perform micromagnetic simulations to systematically investigate the effect of
FePt thickness on the magnetic hysteresis of monolayer FePt and bilayer FePt/Fe systems under an
applied field of 500 mT. FePt layers of 1, 2, 5, and 10 nm were modeled to assess their coercivity and
saturation response. The 2 nm FePt film was identified as the most favorable configuration, reaching
full saturation while maintaining moderate coercivity. When combined with Fe layers of 10 and 12
nm, the resulting FePt/Fe bilayers achieved complete magnetization reversal, demonstrating a clear
transition from a rigidly coupled system to an exchange-spring configuration as FePt thickness
decreased. From a thermodynamic viewpoint, 1 nm FePt films exhibit instability, reinforcing the 2
nm thickness as the optimum for achieving stable and efficient exchange-spring magnet behavior. To
further extend this analysis, additional simulations were carried out for a 20 nm L1o FePt monolayer
and for alloys with varying Fe concentrations, indirectly tuned through the exchange stiffness
constant. The 20 nm FePt film exhibited a smoother hysteresis loop and a lower coercive field
compared to the 5 and 10 nm cases, consistent with magnetization reversal occurring over distances
comparable to or exceeding the exchange length (10-20 nm for Fe-based systems). This behavior
confirms the transition from localized, nucleation-dominated reversal in thinner layers to domain-
wall-mediated switching in thicker ones. Moreover, increasing Fe concentration from 48% to 68%
enhanced exchange coupling and slightly increased coercivity, with the lowest Fe content yielding
full saturation and reduced noise in the loop. These findings provide additional insight into the
interplay between exchange stiffness, layer thickness, and composition in determining the reversal
mechanisms and stability of FePt-based magnetic thin films.

2. Materials and Methods

Micromagnetic simulations were performed by numerically solving the standard Landau-
Lifshitz—Gilbert (LLG) equation [20] to model the dynamic evolution of magnetization under an
applied magnetic field. The simulations were implemented using the Object Oriented MicroMagnetic
Framework (OOMMEF), which provides a finite-difference solution of the LLG equation over a
discretized magnetic structure [21].

The computational model consisted of a single L1o FePt layer (monolayer case) and a bilayer
configuration composed of FePt and Fe films. In the bilayer geometry, two atlas boxes were defined
in OOMME: one labeled bottom (corresponding to the FePt hard layer) and one labeled top
(corresponding to the Fe soft layer). The interfacial region was explicitly defined to include the
exchange interaction between the two materials, ensuring continuous magnetization coupling across
the interface.

The system was discretized using a fine rectangular mesh, which provided a good balance
between numerical accuracy and computational efficiency. The external in-plane magnetic field was
applied along a random orientation compared to the easy axis of FePt, and the hysteresis loops were
obtained by gradually sweeping the field from positive to negative saturation up to 500 mT.

The material parameters were selected from typical experimental and theoretical values
reported for bulk and thin-film Fe and L1o FePt systems [22,23]. The saturation magnetization was
set to Mre = 1.2 x 106 A/m and Merert = 0.5 x 10° A/m while exchange stiffness constants were assigned
as Arert = 1.2 x 1011 J/m, Are= 2.8 x 10! J/m and Aex= 1.8 x 10! J/m. The latter constant is referred to
the interface exchange coupled constant. For the magnetocrystalline anisotropy, the following
literature values were used: Kre = 4.8 x 104 J/m3 and Krert = 6 x 106 J/m3. For the simulations, the
magnetic anisotropy orientation was chosen based on typical thin-film growth behavior. The L1oFePt
layer was assigned a perpendicular (out-of-plane) uniaxial anisotropy along the c-axis, which is
commonly observed in sputtered or annealed FePt films. The Fe layer, being magnetically soft with
very low intrinsic anisotropy, was assumed to be in-plane isotropic, with its magnetization free to
align along the applied field or follow exchange coupling with the FePt layer. Hysteresis loops were
simulated for both in-plane and out-of-plane applied field orientations to capture the directional
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dependence of magnetization reversal and to evaluate the effect of perpendicular anisotropy in the
bilayer systems.

The hysteresis behavior was calculated by applying an external magnetic field from +500 mT to
-500 mT, using quasi-static relaxation at each field step to ensure equilibrium magnetization states.
Magnetization reversal processes were analyzed by recording the average magnetization, coercivity,
and saturation field for each FePt thickness (1, 2, 5, and 10 nm) and for FePt/Fe bilayers with Fe layers
of 10 and 12 nm. Temperature was set at room temperature 300 K and a damping coefficient of 0.1
was also utilized. The time step was equal to 2.5 x 102seconds.

3. Results

3.1. Monolayer

In Figure 1 the simulated hysteresis loops are presented for monolayer L1o FePt films with
thicknesses of (a) 1 nm, (b) 2 nm, (c) 5 nm, and (d) 10 nm, obtained under an applied magnetic field
of 500 mT. The evolution of loop shape with increasing thickness reflects changes in coercivity,
anisotropy, and the ability of the magnetization to reach saturation within the applied field range.
For the 1 nm FePt film (Figure 1a), the hysteresis loop is narrow, indicating low coercivity and
incomplete magnetic ordering. Such behavior is typical for ultrathin FePt layers where surface and
interface effects dominate, reducing effective anisotropy and making the magnetization thermally
unstable. At 2 nm thickness (Figure 1b), the loop becomes noticeably more vertical in the central
region, indicating a sharper magnetization reversal and stronger anisotropic response. The
magnetization approaches full saturation within the applied field range, suggesting that the
anisotropy and exchange stiffness are sufficient to stabilize a coherent reversal process while
maintaining good field response. Although the coercivity is lower than in thicker films, this
configuration provides the best balance between switching sharpness and saturation behavior. For 5
nm and 10 nm FePt layers (Figures 1c and 1d), the hysteresis loops broaden and exhibit gradual,
unsaturated magnetization curves, even at +500 mT.
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Figure 1. Simulated hysteresis loops of monolayer L1o FePt thin films with different thicknesses: (a) 1 nm, (b) 2
nm, (c¢) 5 nm, and (d) 10 nm. The applied magnetic field range was +500 mT. The magnetization values are
normalized to the saturation magnetization value. The 2 nm film exhibits a more vertical loop shape, indicating
a sharper magnetization reversal and near-saturation behavior, while thicker films (5 nm and 10 nm) display

more gradual, unsaturated magnetization curves due to strong anisotropy and exchange stiffness.

This incomplete reversal reflects the strong magnetocrystalline anisotropy and exchange
stiffness of thicker FePt films, which prevent full alignment of magnetic moments at moderate fields.
These films behave as stiff magnets, requiring substantially higher fields for complete magnetization
reversal. Overall, the simulation results indicate that the 2 nm FePt layer provides the optimum
thickness, achieving a near-saturated state at 500 mT with a sharper magnetization transition.
Thinner films (1 nm) are unstable, whereas thicker films (=5 nm) remain partially unsaturated under
the same conditions due to their increased anisotropy and exchange. Note here that this size has
alredy been utilized as optimum in previous experimental study in THz emission from Fe/Pt
spintronic emitters with L10-FePt alloyed interface [24].

3.2. Bilayer

To further explore the effect of soft-hard magnetic coupling, bilayer systems composed of a 2
nm L1o FePt layer and Fe soft layers of 10 nm and 12 nm thickness were simulated. Figure 2 shows
the resulting hysteresis loops for these two bilayer configurations. In both cases, the loops are narrow,
rectangular, and fully saturated within the applied magnetic field range of +500 mT. This behavior
contrasts sharply with the monolayer FePt films of larger thickness (5 and 10 nm), where strong
anisotropy prevente complete magnetization reversal under the same field conditions. The addition
of the soft Fe layer markedly enhances the magnetic response, enabling coherent rotation of
magnetization throughout the structure. The observed saturation arises from two key factors: (i) the
presence of the soft Fe phase, which facilitates magnetization reversal through exchange coupling
with the FePt layer; and (ii) the optimized thickness of the FePt layer (2 nm), which ensures sufficient
anisotropy for magnetic stability while maintaining effective exchange communication across the
interface. The interfacial exchange stiffness defined in the model (4., = 1.8 x 107! J /m) enables a
gradual yet complete rotation of the spins, leading to a single-step reversal and a nearly rectangular
hysteresis loop. The results confirm that the FePt/Fe bilayer behaves as an exchange-spring magnet,
where the hard FePt layer provides the anisotropy and coercivity, while the soft Fe layer contributes
to rapid saturation and enhanced remanence. Increasing the Fe layer thickness from 10 nm to 12 nm
does not significantly alter the overall shape of the loop, indicating that the exchange coupling
remains strong across this thickness range.
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On the whole, the bilayer configuration effectively transforms the system from a rigid single-
phase magnet (as in thicker FePt monolayers) to a compliant exchange-spring structure, capable of
reaching full saturation at moderate fields.

To further investigate the anisotropic behavior of the optimized bilayer configuration, additional
simulations were performed for the out-of-plane magnetic field orientation in the FePt(2 nm)/Fe(10
nm) system. The corresponding hysteresis loop is presented in the inset of Figure 2. In contrast to the
in-plane results, which exhibited rectangular and fully saturated loops, the out-of-plane direction
produced a non-rectangular hysteresis loop with significantly lower squareness and higher
coercivity. Specifically, the ratio of remanent to saturation magnetization (M, /M) was approximately
36%, indicating that the magnetization does not retain a large remanent component once the external
field is removed. This reduction in squareness reflects the competition between the strong in-plane
exchange coupling within the Fe layer and the perpendicular anisotropy contribution from the FePt
hard layer. The increased coercivity observed in the out-of-plane configuration suggests that the
system requires a higher field to overcome the anisotropy barrier when magnetization is forced to
deviate from its preferred in-plane alignment. This behavior is consistent with the expected uniaxial
anisotropy of L1lo FePt, whose easy axis is oriented perpendicular to the film plane. The coupling
between the FePt and Fe layers thus gives rise to a composite anisotropy, where the soft Fe layer
promotes in-plane rotation, while the FePt layer preserves a strong perpendicular tendency.
Generally, the difference between the in-plane and out-of-plane loops confirms that the FePt/Fe
bilayers possess a well-defined perpendicular uniaxial anisotropy, combined with excellent in-plane
switching performance. This anisotropic behavior could be advantageous for applications requiring
tunable magnetization directions, such as perpendicular magnetic recording or spintronic multilayer
architectures.
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Figure 2. Simulated hysteresis loops of FePt/Fe bilayers with a 2 nm L1o FePt hard layer and soft Fe layers of
different thicknesses. The black colored loop corresponds to FePt(2 nm)/Fe(10 nm) film while the red colored
loop to the FePt(2 nm)/Fe(12 nm). Both bilayers exhibit narrow, rectangular loops and complete saturation within
+500 mT, demonstrating efficient exchange coupling between the hard and soft layers. The soft Fe phase
promotes easy magnetization reversal, while the FePt layer maintains coercivity and thermal stability. Inset:
Out-of-plane hysteresis loop of the FePt(2 nm)/Fe(10 nm) bilayer. Unlike the in-plane configuration, the loop

exhibits a non-rectangular shape with reduced squareness (M,./Ms = 0.36) and higher coercivity. This behavior
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indicates the presence of strong perpendicular uniaxial anisotropy arising from the Llo FePt layer and the
combined anisotropic coupling within the bilayer structure.

4. Discussion

The hysteresis loops for FePt monolayers up to 10 nm thickness show pronounced irregularities
(abrupt jumps) during magnetization reversal, whereas films thicker than =10 nm (we will show
subsequently the 20 nm case for different Fe concentrations) display considerably smoother loops
and a reduced coercivity that approaches the value observed for the 2 nm film. This systematic change
in reversal character can be interpreted in terms of the characteristic exchange length and the
dominant reversal mode of the films. The exchange length, L., is the characteristic length scale over
which exchange energy enforces local uniformity of the magnetization. When structural dimensions
(film thickness, domain-wall width, or inhomogeneity size) are of the same order as or smaller than
Ley, exchange coupling strongly constrains spatial variations of the magnetization and reversal tends
to be non-uniform and localized. Conversely, when the film thickness exceeds L.y, the system can
support more extended domain structures and domain-wall motion becomes the dominant reversal
mechanism. In thin films, the exchange length is Lex = (A/Km)'2, where A is the exchange stiffness
constant and Km is a magnetostatic energy density, Km =1/2p0Ms? (SI) or 2nMs? (cgs emu) [25].

Using the material parameters employed in our simulations ( Age = 2.8 X 107*]-m™, Mg, =
1.2 X 10°A'm™; Agepy = 1.2 X 107*]'mY, Mggepr = 0.5 X 10°A'm™?, : Kre = 4.8 x 10* J/m?and Krert = 6 x
106 J/m3), the exchange lengths evaluate to approximately LES ~ 5.6 nm, and LESP* ~ 8.7 nm. For Fe-
based alloys, the typical values of Lex lie in the range of 10 — 20 nm [26,27]. Therefore, both amorphous
and nanocrystalline alloys fall under the regime if their thickness is lower than Lex.

The evolution of hysteresis loops with film thickness and Fe concentration can be understood in
terms of the exchange length and the corresponding magnetization reversal mechanisms. When the
FePt film thickness is comparable to, or smaller than, the characteristic exchange length (L), the
exchange interaction strongly constrains local variations of magnetization, leading to nonuniform
and localized reversal processes. Under these conditions, magnetization switching proceeds through
discrete nucleation and depinning events, which appear as abrupt jumps or noise in the simulated
hysteresis loops. This behavior was clearly observed in films up to 10 nm, where the effective
magnetic coupling is strong and reversal is dominated by local nucleation rather than by domain-
wall propagation. The high coercivity in this range arises from the large anisotropy energy barriers
that must be overcome during each localized switching event.

When the film thickness exceeds approximately 10 nm, as in the 20 nm samples, the system
becomes thicker than the effective exchange length. In this regime, the magnetization can vary more
smoothly across the thickness, allowing the formation and propagation of extended domain walls.
Consequently, the magnetization reversal becomes collective, the hysteresis loops appear smoother,
and the coercivity decreases. This transition marks the crossover from exchange-dominated localized
reversal to domain-wall-mediated switching, consistent with typical exchange lengths reported for
Fe-based alloys (Lex = 10-20 nm).

To evaluate how the Fe concentration influences the overall magnetic behavior, three
compositions were simulated by adjusting the exchange stiffness constant (A), which effectively
represents the variation in Fe content within the FePt/Fe alloy system. Based on literature data [28],
A = 13 pJ/m corresponds to approximately 68% Fe, A = 12 pJ/m to 60% Fe,and A = 11 pJ/mto48%
Fe.

As shown in Figure 3, all three 20 nm films exhibit smooth and nearly rectangular hysteresis
loops, with no abrupt jumps or noise as observed in thinner samples (< 10 nm). The disappearance of
discontinuities further confirms that the film thickness exceeds the effective exchange length,
allowing the magnetization to reverse through collective domain-wall motion rather than localized
switching.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Simulated hysteresis loops of 20 nm FePt monolayer films for different Fe concentrations. The Fe
concentration was indirectly introduced through the exchange stiffness constant A: 13 pJ/m (= 68% Fe), 12 pJ/m
(=60% Fe), and 11 pJ/m (= 48% Fe). All films exhibit smooth, saturated loops, confirming the transition to domain-
wall-mediated reversal when the thickness exceeds the exchange length. The 48% Fe film shows the lowest
coercivity and complete saturation, whereas higher Fe concentrations yield slightly higher coercivity and
remanence due to stronger exchange coupling. The inset shows the minor loop (magnification of the major loop
at the vicinity of lower magnetic field amplitude) at +80 mT where the difference in coercivity between the three

different concentrations is evident.

A moderate dependence of coercivity and squareness on Fe content is observed. The 48% Fe
composition (A =11 pJ/m) displays the lowest coercivity and achieves full saturation, consistent with
a slightly weaker exchange stiffness that promotes easier domain-wall propagation. In contrast, the
60% and 68% Fe compositions (A = 12-13 p]/m) exhibit slightly higher coercivity and a marginally
larger remanent-to-saturation ratio (M, /M;), indicating stronger exchange coupling and enhanced
magnetic hardness. These trends reflect the direct role of the exchange stiffness in controlling the
balance between coercivity and saturation: as A increases with Fe concentration, the system
transitions toward a more dynamical magnetic configuration.

The non-monotonic behavior of hysteresis loop is illustrated in Figure 4 where the dependence
of film thickness on coercive field Hc is depicted. The coercivity initially increases sharply from 35
mT at 1 nm to 136 mT at 10 nm, indicating the progressive dominance of the hard magnetic phase as
its volume fraction grows. However, when the thickness is further increased to 20 nm, the coercivity
decreases to 69 mT, reflecting a transition to a regime where magnetization reversal proceeds
primarily through domain-wall motion rather than localized nucleation. This non-monotonic
dependence demonstrates the well-known competing effects of anisotropy and exchange coupling
[29-32]: thin films below the exchange length are strongly exchange-dominated and magnetically
soft, while thicker films exceed the exchange length, allowing smoother and more collective reversal.
The maximum coercivity observed around 10 nm thus marks the crossover between localized and
extended reversal modes in the FePt films.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Dependence of coercivity on FePt-L10 layer thickness obtained from micromagnetic simulations. The
coercivity increases from 35 mT at 1 nm to a maximum of 136 mT at 10 nm, followed by a marked decrease to 69
mT at 20 nm (for the highest iron concentration). This non-monotonic behavior reflects the transition from
localized magnetization reversal at low thicknesses to domain-wall-mediated reversal when the film thickness
exceeds the effective exchange length. The maximum near 10 nm represents the crossover between exchange-
dominated and extended reversal regimes in the FePt. This behavior confirms the transition from exchange-
dominated reversal at small dimensions to domain-wall-mediated magnetization switching once the total
thickness exceeds the exchange length. The observed maximum around 10 nm marks the crossover between
these two regimes, providing further evidence of the critical role played by exchange coupling and anisotropy
balance in determining the switching behavior of FePt monolayers.

It is clear that the dependence of the loop shape on Fe concentration further supports this
interpretation. In the simulations, the Fe content was introduced indirectly through the exchange
stiffness constant, following literature correlations: A = 13pJ/m for = 68% Fe, A = 12p]J/m for = 60%
Fe, and A = 11p]/m for = 48% Fe. Increasing Fe concentration enhances the exchange stiffness and
slightly increases coercivity and squareness, indicating stronger magnetic coupling and reversibility.
Conversely, the 48% Fe sample, with lower A, shows complete saturation and the lowest coercivity,
consistent with easier domain-wall motion. This compositional dependence demonstrates that tuning
the exchange stiffness offers a practical means of controlling magnetic hardness and reversal
sharpness in FePt-L10 systems. The main findings on loops characteristics, regarding the coercive
field Hc and remanence magnetization Mr, are summarized in the following table.

Table 1. Magnetic properties of L10 thin films for the various iron concentrations.

Fe (%) A (pJ/m) Hc (mT) Mr (normalized)
48 10 56 0.40
60 12 66 0.44
68 13 69 0.45

The above analysis confirms that both film thickness and exchange stiffness (Fe concentration)
critically determine the reversal mechanism and coercive behavior of FePt-based thin films. When
the structural dimensions exceed the exchange length, the magnetization reversal transitions from
localized, jump-like switching to collective domain-wall motion, resulting in smoother loops and
reduced coercivity. These results establish a direct link between the simulated hysteresis features and
the intrinsic micromagnetic length scales governing the behavior of exchange-coupled magnets.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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5. Conclusions

Micromagnetic simulations were carried out to investigate the magnetic behavior of L1o FePt
monolayers and FePt/Fe bilayer thin films. The analysis of the FePt monolayer revealed a strong
dependence of coercivity on film thickness. As the thickness increased from 1 to 10 nm, the coercivity
rose markedly, reaching a maximum at 10 nm, before decreasing again at 20 nm. This non-monotonic
evolution reflects a transition in the magnetization reversal mechanism: thin films below the
exchange length exhibit localized switching with lower coercivity, while thicker films above this scale
reverse collectively through domain-wall motion, leading to smoother loops and reduced coercivity.
Variations in Fe concentration, modeled through the exchange stiffness constant, further confirmed
that higher Fe content enhances magnetic rigidity and coercivity, whereas lower Fe fractions promote
easier reversal and complete saturation.

Building on these results, FePt/Fe bilayer systems were simulated using the optimal FePt
thickness of 2 nm, combined with Fe layers of 10 nm and 12 nm. In both cases, the bilayers exhibited
rectangular, narrow hysteresis loops and full saturation at the applied field of 500 mT, confirming
efficient exchange coupling between the hard (FePt) and soft (Fe) layers. The results indicate that
reducing the FePt thickness transforms the system from a rigid magnet into an exchange-spring
configuration, where the soft Fe layer assists the magnetization reversal of the hard FePt phase. Out-
of-plane simulations of the 2 nm FePt/10 nm Fe bilayer further demonstrated a non-rectangular loop
with higher coercivity and lower squareness, consistent with strong perpendicular uniaxial
anisotropy arising from the FePt layer.

Consequently, the study establishes that a 2 nm FePt layer provides an optimal balance between
saturation, coercivity, and stability, making it the most suitable configuration for designing exchange-
spring-type FePt/Fe thin films. These findings contribute to a better understanding of thickness- and
composition-dependent micromagnetic behavior in FePt-based nanostructures and can guide the
optimization of high-performance magnetic materials for data storage and spintronic applications.
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