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Correlation of Interface Structure with Magnetic Exchange in a Hard/Soft
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Synthesis of hard/soft magnetically exchange-coupled heterostructures is one promising way to design
energy-efficient rare-earth-free artificial magnetic materials for application as permanent magnets and in
spintronics. As a model system, we experimentally investigate MnGa/FeCo bilayers and simulate their
physical behavior in a combined density functional theory and micromagnetic approach. Using high-
quality L10-Mn1.5Ga thin films with bulklike magnetic properties, we show that optimal coherent exchange
coupling is obtained below a critical soft magnetic layer thickness that depends on the interface structure
and composition. In particular, for atomically smooth and matched epitaxial interfaces of L10-Mn1.5Ga
to a Co-terminated and Co-rich FeCo layer, coherent exchange coupling is observed for FeCo thick-
nesses below 2 nm. In optimized bilayers, the magnetic coercivity of MnGa (approximately 6 kOe) can
be fully conserved while the overall saturation magnetization is increased beyond 1000 emu/cm3. Our
model correlates interface structure and magnetic exchange coupling, providing guidelines to engineer
high-performance exchange-coupled heterostructures for permanent magnets or spintronic devices.

DOI: 10.1103/PhysRevApplied.11.054078

I. INTRODUCTION

The key idea behind exchange spring magnets or
hard/soft magnetically coupled nanostructures is to com-
bine the large hysteresis of a hard magnetic material with
high-saturation magnetization of a soft magnetic mate-
rial in an artificial heterosystem [1]. Such composites or
heterosystems possess a larger energy product, making
them suitable for energy efficient and sustainable perma-
nent magnets. For the soft magnetic material, iron cobalt
alloys are a straightforward choice as they give the highest
magnetization per volume. For the hard magnetic mate-
rial, there are several candidates, among which the Mn-
based intermetallics with large hysteresis but moderate
magnetization are cost efficient and therefore favorable
candidates.

Mn-based ferromagnetic phases such as MnGa, MnAl,
and MnBi with their strong perpendicular anisotropy, high
Curie temperature, and spin polarization are promising
candidates for applications in spintronics and magnetic
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recording [2,3]. As perpendicular magnetic recording
strives to reach higher density data storage in the range
of 10 Tb/inch2, thin films with large perpendicular mag-
netic anisotropy, Ku, of at least 107 erg/cm3, as well as a
moderate saturation magnetization, Ms, are required [4,5].
Therefore, synthesis of Mn-based ferromagnetic thin films
has recently attracted much attention in research [6–22].

Despite all previous efforts, the magnetic properties are
not yet close to the predicted values, leaving room for
improvement of MnGa thin films [7,8,19,23–31]. To our
best knowledge, the highest reported values of magnetic
anisotropy and saturation magnetization for L10-MnGa
(001) thin films are 15 Merg/cm3 and 600 emu/cm3,
respectively, measured for sputtered thin films grown onto
MgO(100) substrates (with a lattice misfit of 7.8%) cov-
ered by a Cr(100) buffer layer (with a lattice misfit of
4.6%) [7]. Not only improvements in growth and mag-
netic properties of MnxGa thin films is beneficial itself to
spur applications, but synthesis of exchange-coupled mag-
nets with the MnxGa as a hard magnetic phase is also
advantageous in order to achieve larger energy products
[1,32–37].
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It has been previously shown that the Co contents in the
FeCo soft magnetic layer are crucial for the sign of the
magnetic coupling in a MnGa/FeCo system, where a tran-
sition from ferromagnetic to antiferromagnetic coupling
has been observed [38]. For the MnBi/FeCo system, it was
found that the interface roughness is an important param-
eter affecting exchange coupling [39,40]. Moreover, the
effect of intermixing close to the exchange interface caused
by the application of a substrate or annealing temperature
has been previously studied in SmCo/Fe(Co) exchange
system, which has resulted in an improvement of exchange
coupling in this case [41,42].

In this study, we present improved magnetic properties
in phase-pure L10-Mn1.5Ga epitaxial films. Moreover, we
employ a combined experimental and theoretical approach
to investigate the influence of different structural factors
such as soft layer thickness, interface structure, and com-
position on the exchange properties in MnGa/FeCo bilay-
ers. The result of our investigation offers a possibility to
gain even higher magnetic properties through engineer-
ing of the exchange interface. These room-temperature
magnetic properties make our L10-Mn1.5Ga thin films
and exchange-coupled bilayers economical candidates not
only for permanent magnet applications but also for high-
density magnetic storage and spintronic devices.

II. EXPERIMENTAL PROCEDURE

MnGa thin films with thicknesses of approximately 40
nm are deposited onto Cr-buffered MgO(100) single crys-
tal substrates in a dc magnetron sputtering system with a
base pressure of approximately 4.0 × 10−6 Pa. The sub-
strates are heated to 650 ◦C under vacuum for 30 min prior
to deposition for surface cleaning. After cooling down to
room temperature and heating again to 350 ◦C, a Cr buffer
layer of 25-nm thickness is deposited from a 3-mm-thick
Cr target (99.99%). The optimum growth parameters for
the Cr buffer layer are 2.5-Pa Ar gas pressure at 20-W sput-
tering power and a substrate-to-source distance of 15 cm,
leading to a growth rate of 0.017 nm/s. In the next step, the
MnGa layer is deposited using an alloy target with a com-
position of Mn60Ga40 (at. %). The substrate temperature
Ts is varied from 350 ◦C to 600 ◦C. The optimum growth
parameters for deposition of MnGa layer with a minimum
deposition rate of 0.04 nm/s are found to be 0.8-Pa Ar
gas pressure at 20-W sputtering power with a target-to-
substrate distance of 15 cm. The temperature is ramped up
and down with a rate of 20 ◦C/min and 10 ◦C/min, respec-
tively. At the final step, after cooling to 100 ◦C, the MnGa
thin films are capped with a 5-nm-thick Cr layer to protect
them against oxidation. The optimum growth parameters
for the FeCo layer are as follows: 2.5-Pa Ar gas pressure at
80-W sputtering power with a target-to-substrate distance
of 8 cm at a substrate temperature of 100 ◦C, which leads
to a deposition rate of 0.008 nm/s. The FeCo layers with

thicknesses between 2 and 8 nm are deposited from an
alloy Fe65Co35 (at. %) target.

The phase composition and degree of crystallinity
for the MnGa films are determined by X-ray diffrac-
tion with Cu Kα radiation using a Rigaku SmartLab
thin-film diffractometer. The film thickness is deter-
mined by a Bruker Dektak-XT stylus surface profil-
ing system. The magnetic properties are measured by
super quantum interference device (SQUID) magnetome-
ter (MPMS, QuantumDesign). The angular dependence of
the magnetic torque is measured using a torque magne-
tometer attached to a Physical Property Measurement Sys-
tem (PPMS) device (QuantumDesign). For cross-sectional
high resolution-transmission electron microscopy (HR-
TEM) investigations, TEM lamellae are prepared by a
focused ion beam (FIB) using a FEI Strata 400S equipped
with an OmniProbe 200 micromanipulator for in situ lift-
out. TEM sample preparation is initially performed at 30
kV with an ion beam current of 16 nA, followed by clean-
ing with a 6.5-nA ion beam current. The final thinning step
of the area of interest at the interface is performed at a
low voltage starting from 8 to 2 kV with ion beam cur-
rents ranging from 56 to 3 pA. An aberration-corrected FEI
Titan 80-300 operating at 300-kV acceleration voltage and
equipped with a US1000 slow-scan CCD camera (Gatan
Inc.), a high-angle annular dark-field (HAADF) detec-
tor (Fischione), and an super ultra-thin window (SUTW)
energy-dispersive X-ray (EDX) detector (EDAX Inc.) is
used to evaluate the interface structure and composition.

III. THEORETICAL PROCEDURE

A. Density functional theory

Ab initio-based calculations are performed in the frame-
work of density functional theory (DFT) using the VASP
code [43]. Exchange and correlation energies are approxi-
mated based on the method proposed by Perdew, Burke,
and Ernzerhof (GGA-PBE) [44]. For the bulk struc-
tures, tetragonal MnGa (P4/mmm, a = b = 2.711 Å, and
c = 3.663 Å) and alloy structures of cubic Fe3Co5 and
Fe5Co3 (Im3̄m, a = b = c = 5.741 Å) are considered.
After the full geometry optimization for bulk MnGa and
FeCo, two MnGa/FeCo interface models are constructed,
MnGa(001)/Fe3Co5(001) and MnGa(001)/Fe5Co3(001),
using a 2 × 2 supercell of MnGa(001) and a 1 × 1 unit
cell of FeCo(001) with 88 atoms in total. We construct
symmetric and nonstoichiometric slabs so that their corre-
sponding interface formation energies are comparable. The
thicknesses of the MnGa and FeCo layers in our models
are approximately 1.5 and 1.8 nm, respectively. In addi-
tion, the atomic layers in 1/3 of the bottom of the MnGa
layer are kept fixed during structural optimization. A 14-
Å vacuum is considered between the periodic images to
minimize any artificial interactions.
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In order to compare the thermodynamic stability of dif-
ferent interfaces, the formation energy γint is calculated
using the following equation:

γint = 1
2S

[
Eint − n1EMnGa

bulk − n2EFeCo
bulk +

∑
i

μi

]
, (1)

where S, Eint, EMnGa
bulk , and EFeCo

bulk are the area, the total
energy of the relaxed interface, and the total energies per
formula unit of bulk MnGa and FeCo, respectively. In
addition, μi, n1, and n2 are the chemical potential and the
number of bulk units of MnGa and FeCo in the models,
respectively. The chemical potential corresponds to any
missing atoms in our model and is obtained from total
energies per atom in metallic bulks of Mn, Ga, Fe, and Co.

The lattice mismatch between MnGa(001) and
FeCo(001) after cell optimization is approximately 4.2%.
For the MnGa(001)/FeCo(001) interface, a 3 × 3 × 1 k-
points mesh is used. The energy cutoff for all the calcu-
lations is 500 eV. Convergence tests of the energy cutoff
and k-point mesh with respect to the force of 0.03 eV Å−1

per atom are performed.

B. Micromagnetic simulation

Micromagnetic simulations are performed to investigate
the effect of the soft layer thickness. We use the DFT
results as input for the three-dimensional (3D) NIST object
oriented micromagnetic framework (OOMMF) code [45]. In
our model, the thickness of the hard MnGa layer is set as
40 nm. The thickness of the soft FeCo layer is changed
in the range of 0.5–8 nm. The lateral size is chosen as
8 × 8 nm2 and an in-plane periodic boundary condition is
applied. The model is discretized by 0.4 × 0.4 × 0.1-nm
cuboid cells. Magnetic reversal curves are calculated by
setting the initial magnetization along the positive z axis
and changing the external magnetic field along z from 0.5
to −0.5 T.

The bulk parameters for exchange stiffness A, Ku, and
Ms are set as the following values: AFeCo = 10 pJ/m [46],
AMnGa = 10 pJ/m [47], KFeCo = 0 MJ/m3 [46], KMnGa =
2.1 MJ/m3 (using our experimental data), M FeCo

s = 2.47

T, and M MnGa
s = 1.05 T. The last two values of Ms

are obtained from DFT calculations. Then the inter-
face exchange coupling energy J int is estimated by the
expression J int = (EAFM − EFM)/S, in which EAFM and
EFM are the interface total energies for antiferromagnetic
(AFM) and ferromagnetic (FM) configurations, respec-
tively, obtained from DFT calculations. The expression
for calculating J int was previously used in the literature
[48,49].

In order to characterize the degree of exchange coupling
between MnGa and FeCo layers through the interface, the
exchange stiffness constant Aint is estimated according to
the method presented in the OOMMF code [45]. Accord-
ing to this approach, the contribution of exchange energy
density is numerically expressed as [45]

Ei =
∑
j εNi

Aij
�mi · (�mi − �mj )

Δ2
ij

. (2)

Here, Ei is the exchange energy density of cell i, Aij is the
exchange parameter between two cells, �mi and �mj are the
magnetization unit vectors of the two i and j cells, and Δ2

ij
is the discretization steps between two cells. Thus, the vari-
ation of micromagnetic exchange energy density can be
approximated by δEi ∼= 2Aint/Δz2, in which Δz = 0.1 nm
is the distance between the two adjacent grid cells along
the z direction.

The energy density difference (δEi) from numerical
approximation is assumed to be equal to that obtained from
DFT calculations as follows:

δEi ≈ I vol = J int/Δd, (3)

where I vol is the volumetric energy density based on ab
initio-based calculations. Δd is the average distance at the
interface estimated from the relaxed interface structures.
Finally, the interface exchange stiffness constant can be
estimated using the following equation:

2Aint/Δz2 = I vol = J int/Δd. (4)

The resulting values of γ int, J int, and I int are shown in
Table I.

TABLE I. Values of interface formation energy γ int, interface exchange coupling energy J int, interface exchange constant Aint, and
lattice mismatch calculated by DFT considering different compositions of FexCo1−x layer and different terminations at the MnGa/FeCo
interface. All the interfaces are perpendicular to the [001] crystallographic direction.

Composition Interface strain Interface termination of soft layer γ int (eV/Å2) J int (J/m2) Aint (pJ/m)

MnGa/Fe3Co5 4.2% 4/4 atoms Co 0.128 0.081 2.54
MnGa/Fe3Co5 3/4 atoms Fe 0.135 −0.034 −1.05
MnGa/FeCo 1/1 atom Co 0.131 0.066 2.01
MnGa/FeCo 1/1 atom Fe 0.143 −0.029 −0.87
MnGa/Fe5Co3 3/4 atoms Co 0.166 0.075 2.28
MnGa/Fe5Co3 4/4 atoms Fe 0.173 −0.037 −1.12
MnGa/Fe Only Fe 0.159 0.049 1.49
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IV. RESULTS AND DISCUSSION

Figure 1 shows the room temperature XRD patterns of
Mn1.5Ga thin films as a function of Ts. The two strongest
film reflections are indexed to the L10-Mn1.5Ga crystal
structure with a space group of P4/mmm with the (001)
reflection at 2θ = 24.66◦ and the (002) reflection at 2θ =
50.10◦. Only the MnGa film deposited at Ts = 450 ◦C is
phase pure. All other films grown at lower or higher sub-
strate temperatures show some traces of Ga and/or Mn. In
the following, we report only the physical properties of the
sample grown at optimized parameters.

Room-temperature out-of-plane and in-plane hysteresis
loops (volume magnetization vs applied magnetic field) for
an optimized Mn1.5Ga thin film are shown in Fig. 2(a).
The volume magnetization in saturation reaches a maximal
value of 840 emu/cm3, which is very close to the theoreti-
cally predicted value. The coercive field in the out-of-plane
direction is 6 kOe. The intersection of the out-of-plane
(easy axis) and in-plane (hard axis) magnetization curves
in saturation occurs at a large anisotropy field (Hs) equal
to 5 T, which corresponds to a perpendicular magnetic
anisotropy of Ku ∼ 2.10 MJ/m3. For details on how to esti-
mate uniaxial magnetic anisotropy from anisotropy field
extracted from hysteresis loops, please refer to Ref. [13].

Figure 2(b) shows the angular dependence of the mag-
netic torque, T(ϕ), for a MnGa thin film while rotating
under an applied field of 14 T at 300 K. The data fitting
yields a uniaxial magnetic anisotropy of 20.97 Merg/cm3

(approximately 2.10 MJ/m3), which is in very good agree-
ment with the estimated value using the anisotropy field
extracted from the hysteresis loops. These combined room-
temperature magnetic properties with high perpendicular

L

FIG. 1. XRD patterns of epitaxial Mn1.5Ga thin films grown at
different Ts from 350 ◦C to 600 ◦C.

(a)

(b)

FIG. 2. (a) Out-of-plane and in-plane hysteresis loops for an
optimized Mn1.5Ga thin film. (b) Angular dependence of mag-
netic torque measured for the same sample in a 14-T magnetic
field at 300 K.

magnetic anisotropy (PMA) and a magnetization close
to the theoretical value makes our L10-Mn1.5Ga films
well suited for applications in high-density magnetic
recording.

Figure 3 shows the magnetization data of Mn1.5Ga/
Fe35Co65 epitaxial bilayers with different thicknesses of
the FeCo layer. According to the out-of-plane hysteresis
loops, the bilayer shows strong exchange coupling with
single-phase behavior for a soft magnetic layer thickness
of approximately 2 nm, resulting in a nearly 20% increase
in volume magnetization from 840 to 1000 emu/cm3,
while the coercivity is preserved at approximately 6 kOe.
Further increasing the soft layer thickness deteriorates the
coherency of the exchange interaction, as can be seen from
the small shoulder in the magnetization data around zero
field, which shows that the two layers are not behaving as
a single phase under a demagnetizing field. In comparison
to our previous exchange spring bilayers in the MnBi/FeCo
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FIG. 3. Out-of-plane magnetization data measured for
Mn1.5Ga/Fe35Co65 (at. %) epitaxial bilayers with different
thicknesses of the soft magnetic layer.

system, the coherency of exchange coupling is improved
for the MnGa/FeCo system, allowing a higher critical soft
layer thickness. This improvement can be attributed to the
epitaxial growth of both hard and soft magnetic layers,
leading to a better hard/soft interface quality [39,40].

Cross-sectional HR-TEM images are collected to inves-
tigate the hard/soft interface in the bilayer. As shown
in Fig. 4(a), the layers are epitaxially grown along the
(001) out-of-plane orientation leading to the formation of
a smooth interface between MnGa and FeCo layers with
a roughness of a few unit cells. The formation of a well-
defined interface between MnGa and FeCo layers can also
be observed from the high resolution scanning transmis-
sion electron microscopy (HR-STEM) image in Fig. 4(b).
Moreover, EDX analysis is performed in STEM mode to
measure the elemental composition for Cr, Mn, Ga, Fe,
and Co in the bilayer sample. The EDX data in Fig. 4(c)
show distributions of these elements across the different
layers. The measured composition distribution is in good
agreement with the different crystalline phases present in
each deposited layer. The compositions from EDX analysis
correspond to a stoichiometry of Mn1.6Ga and Fe37Co63.

The results of our ab initio DFT calculations for the
MnGa/FeCo interface are summarized in Table I. The val-
ues for the interface formation energy, interface exchange
coupling energy, and interface exchange constant are cal-
culated for MnGa/FexCo1−x with x = 0.375, 0.5, 0.625,
and 1.0. Based on the table of cohesive energies [50] as
well as our calculations, the surface termination with Ga
atoms on the hard magnetic side is always energetically
more favorable than a termination with Mn atoms. Never-
theless, we consider both Fe and Co terminations at the
interface from the soft magnetic side to compare their
effect on the interlayer magnetic exchange coupling. For
each atomic termination at the interface, the number of Fe
and Co atoms differ.

(a)

(b) (c)

FIG. 4. (a) High-resolution cross-sectional TEM image of
Mn1.5Ga(001)/Fe35Co65(001) epitaxial bilayer sample, with 3-
nm FeCo thickness; (b) HR-STEM image of the epitaxial
MnGa/FeCo interface; and (c) line scan EDS map of the Cr, Mn,
Ga, Fe, and Co distribution across the bilayer sample.

In general, the interface made from Co-rich alloys
enhances thermodynamic stability since the interfaces with
Co termination have lower interface formation energies
compared to the ones with Fe termination. Moreover, the
calculations show that Co termination at the interface
results in significantly improved exchange coupling. On
the other hand, the presence of Fe atoms at the interface is
in favor of antiferromagnetic coupling. By increasing the
number of Fe atoms at the interface, the values of J int and
Aint both become more negative (except for the pure Fe
case, the last row of data in Table I).

In the study by Ma et al. [38], it is shown that by increas-
ing the Co content in the FeCo layer above 25%, there
is an abrupt transition from FM to AFM for the inter-
face exchange coupling. However, it should be noted that
the samples in the study by Ma et al. were annealed at
350 ◦C for 30 min after deposition, while the samples in the
current study are not annealed. According to our DFT cal-
culations (Table I), it is evident that the interface exchange
coupling is strictly related to the type and concentration of
atoms from the soft layer at the interface. Therefore, it is
concluded that in the study by Ma et al. due to the anneal-
ing process, possible diffusion of Fe atoms from the interior
layers toward the interface took place, which results in an
Fe-rich interface (with a small amount of Co) on the soft
magnetic layer side of the exchange interface. This process
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(a) (b)

FIG. 5. Atomic structure of (a) MnGa(001)/Fe3Co5(001) with
Ga and Co terminations, and (b) MnGa(001)/Fe5Co3(001) with
Ga and Fe terminations demonstrated using Vesta [51]. The Mn,
Ga, Fe, and Co atoms are shown with light pink, magenta, yellow,
and blue colors, respectively.

leads to a negative interface exchange coupling for sam-
ples with more than 25% Co [38] (see Table I, rows 2, 4,
and 6). For samples with less than 25% Co, on the other
hand, the same thermally induced diffusion results in the
presence of only Fe atoms at the vicinity of the interface
(Fe termination on the soft layer side). Therefore, based on
the last row in Table I for pure Fe, the exchange interaction
is completely in favor of ferromagnetic coupling.

Moreover, interface intermixing is also of great impor-
tance in the samples that undergo heat treatment. However,
this is not the case in the current study. Intermixing again
results from the selective interdiffusion of atoms from
the interior toward the exchange interface. Depending on
the new phase(s) that can form at the interface and the
resulting magnetic properties, this newly formed inter-
face region can act either against or in favor of exchange
interaction. For instance, Liu et al. have shown that in
the SmCo/Fe (10-nm) bilayer system, such an intermixed
interface improves the exchange coupling since the mag-
netic properties change gradually at the length scale of
8 nm [42].

Figure 5 shows the atomic structure of MnGa(001)/
Fe3Co5(001) with Ga and Co terminations as well as
MnGa(001)/Fe5Co3(001) with Ga and Fe terminations at
the interface. Figure 5 indicates that after DFT atomic
relaxation, despite 4.2% strain in the a-b plane at the inter-
faces, no significant surface reconstruction or irregularity
is observed and the experimentally observed epitaxial fea-
ture of the interface is preserved with both terminations.
It is noted that the results of our DFT calculations, which
are obtained at 0 K, are in agreement with the HR-TEM
observations (see Fig. 4).

In order to elucidate the effect of soft magnetic layer
thickness on the coherency of exchange coupling, scale
bridging micromagnetic simulations are performed using
the input data of the DFT calculations. As the first

(a)

(b)

FIG. 6. (a) Simulated hysteresis loops using Oommf code for
a MnGa(001)/Fe3Co5(001) bilayer system corresponding to the
first row of data in Table I for various thicknesses of FeCo layers.
(b) First derivative plots of both experimental and simulated hys-
teresis loops for MnGa(001)/Fe3Co5(001) as a function of soft
layer thickness. For better visualization, the first derivative at
higher temperature and the second derivative of the simulated
data are shown as well.

step, using Oommf simulation code, hysteresis graphs for
various thicknesses of the Fe3Co5 layer are calculated.
Figure 6(a) shows the hysteresis loops for a range of FeCo
thicknesses from 0 (pure MnGa) to 8 nm. It is found that by
increasing the thickness of the FeCo layer, the hysteresis
loops no longer show a perfect rectangular shape similar
to the pure MnGa layer.

To accurately characterize the effect of increasing soft
layer thickness on the degree of exchange coupling, the
first and second derivatives of the hysteresis loops in
Fig. 6(a) are plotted in Fig. 6(b) as a function of the
FeCo layer thickness. For comparison, the first derivative
of the experimental hysteresis loops from Fig. 2 is also
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included. From the first derivatives, a critical thickness
can be defined, below which the hysteresis loop for the
exchange coupled bilayer becomes incoherent. The sec-
ond derivative is shown for a better representation of the
incoherency in the case of the simulated hysteresis loops.
As it can be observed from Fig. 6(b), at 2-nm thickness
of the FeCo layer, the slope of the first derivative rather
abruptly increases, which implies a significant decrease in
the coherency of exchange coupling. This jump in the plot
at 2-nm FeCo thickness can also be observed in the second
derivative plot.

Because of the assumption of a perfect single crystalline
structure in our micromagnetic simulations at either side
of the exchange interface, the simulated graphs generally
show lower coercivity values compared to the experi-
mentally measured hysteresis loops. The higher value of
coercivity in our experimental samples, which is beneficial
as it leads to a higher energy product, is attributed to the
possible defects or inhomogeneities present in our samples
(e.g., thickness variations, phase segregation, secondary
phases, chemical gradients, etc.). Such imperfections result
in higher coercivity due to domain-wall pinning. Such
inhomogeneities can not only smear the sharpness of the
hysteresis curves but can also cause a quasidiscontinu-
ous magnetization (not included in the simulation), which
appears as a shoulder around zero field in the experimen-
tal data [52]. Since the bilayer samples in the current
study are epitaxially grown, as also confirmed by HR-
TEM/STEM images, the hard/soft interface is smooth with
a roughness of only a few unit cells and, therefore, inter-
face roughness is not considered as a factor affecting the
coercivity in MnGa/FeCo bilayers. However, it should be
noted that interface roughness is considered the dominant
factor deteriorating the exchange coupling in non-epitaxial
or polycrystalline bilayers [40].

Based on our micromagnetic simulation data in
Fig. 6(a), the coercivity of bilayers decreases as a function
of FeCo layer thickness (i.e., increasing volume of the soft
magnetic layer), but this effect is only significant for a soft
layer thickness below 2 nm (below the exchange length
of the hard magnetic MnGa layer, approximately 2.0 nm).
Such thickness dependency of coercivity in epitaxial bilay-
ers has been previously reported by Patra et al. [53]. This
result shows that the simulation model used in our study
with the assumption of single crystalline epitaxial bilay-
ers can accurately predict the expected exchange-coupled
hysteresis loops for the MnGa/FeCo bilayer system and,
therefore, can be reliably used to predict a critical thickness
of 2 nm for this system. In comparison, the hysteresis loops
collected from our experimental bilayers show nearly no
thickness dependency of coercivity (see Fig. 3). The incon-
sistency suggests that our simplified micromagnetic model
can simulate the coercivity values observed in our experi-
mental bilayers with high accuracy in case defects or inho-
mogeneities are implemented into the simulated structures.

In addition, the simulations are performed at 0 K, while
the experimental data are collected at room temperature.
Since at higher temperatures both saturation magnetization
and anisotropy decrease, we perform the micromagnetic
simulations using slightly decreased values (by only 10%)
of saturation magnetization (Ms), magnetic anisotropy (ku),
and interface exchange energy (Jint) to roughly estimate the
effect of slightly higher temperature on the value of criti-
cal thickness. As it can be seen in the derivative graphs
in Fig. 6(b), at this slightly higher temperature, the result-
ing derivative graph (magenta dashed line) shows a similar
trend as for 0 K only, with slightly smaller derivative val-
ues that lie closer to the experimental values (green solid
line). Therefore, we conclude that the higher temperature
does not affect the critical thickness of 2 nm observed both
in experiment and simulation.

The 2-nm critical thickness of the FeCo layer observed
for the MnGa/FeCo system is twice the previously reported
value of 1 nm in the case of MnBi/FeCo [40]. The
improved exchange coupling can be attributed to the sim-
ilar cubic crystal structure of both MnGa and FeCo with
low interfacial strain, which results in the epitaxial growth
of FeCo layer. The smooth interface between hard/soft
magnetic layers resulting from epitaxial growth improves
exchange interactions. Considering the fact that the values
of bulk anisotropy and exchange stiffness are rather similar
for MnGa and MnBi, our study shows that microstructural
factors such as crystalline structure and orientations, inter-
face roughness, and epitaxial growth strongly affect the
degree of exchange coupling in multilayer systems. Our
2D model nanostructures can be employed to investigate
the controlling structural factors that allow engineering
of exchange properties in exchange spring magnets for
applications as permanent magnets.

V. CONCLUSION

In summary, we synthesize phase-pure L10-Mn1.5Ga
epitaxial thin films by direct sputtering from a stoichio-
metric target. The L10-Mn1.5Ga thin films show a per-
pendicular coercivity of approximately 6 kOe and a high
perpendicular magnetic anisotropy of 2.1 MJ/m3. More-
over, a high saturation magnetization of 840 emu/cm3 is
measured, which is in very good agreement with the the-
oretically predicted value. We use these phase-pure highly
epitaxial Mn1.5Ga thin films as the hard magnetic phase in
a model exchange spring system and couple them to FeCo
layers, leading to an approximately 20% increase in over-
all saturation magnetization and an enhanced total energy
product. DFT calculations revealed that a Co-rich soft
magnetic layer with Co termination is in favor of coher-
ent interface exchange coupling. Microstructural analysis
of the interface using both HR-TEM and micromagnetic
simulations show that hard/soft interface properties such
as roughness and epitaxial relation are critical to achieve
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strong exchange coupling. Experiment and modeling both
show that coherent exchange coupling is restricted to a
critical thickness of 2 nm for the soft magnetic layer. Our
model provides useful guidelines to synthesize exchange-
coupled rare-earth-free permanent magnets with a high
energy product for applications in renewable energy and
spintronics through interface engineering of the hard/soft
magnetic layers.
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