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Impact of interface structure on magnetic exchange coupling in MnBi/FexCo1−x bilayers

S. Sabet,1,* A. Moradabadi,1,2 S. Gorji,3,4 M. Yi,1 Q. Gong,1 M. H. Fawey,3,4 E. Hildebrandt,1 D. Wang,3,5

H. Zhang,1 B.-X. Xu,1 C. Kübel,3,5 and L. Alff1,†
1Institute of Materials Science, Technische Universität Darmstadt, 64287 Darmstadt, Germany

2Institut für Chemie und Biochemie, Freie Universität Berlin, 14195 Berlin, Germany
3Institute of Nanotechnology (INT), Karlsruhe Institute of Technology (KIT), 76344 Eggenstein-Leopoldshafen, Germany

4Joint Research Laboratory Nanomaterials (KIT and TUD) at Technische Universität Darmstadt,
Jovanka-Bontschits-Strasse 2, 64287 Darmstadt, Germany

5Karlsruhe Nano Micro Facility, Karlsruhe Institute of Technology (KIT), 76344 Eggenstein-Leopoldshafen, Germany

(Received 10 May 2018; revised manuscript received 3 October 2018; published 29 November 2018)

Magnetic exchange coupling behavior was investigated in MnBi/FeCo bilayer system at the hard/soft magnetic
interface. We performed a combined study of cross-sectional high resolution transmission electron microscopy
(HR-TEM), DFT calculations, and micromagnetic simulations to elucidate effect of interface structure on
exchange coupling. Exchange spring MnBi/FexCo1−x (x = 0.65 and 0.35) bilayers with various thicknesses
of the soft magnetic layer were deposited in a dc magnetron sputtering unit from alloy targets. According
to magnetic measurements, using a Co-rich layer leads to a more coherent exchange coupling with optimum
soft layer thickness of about 1 nm. Our DFT calculations predicted formation of a polycrystalline FeCo layer
with coexisting crystalline and disordered (110) phases. The indexed FFTs from HR-TEM images confirmed
a crystalline FeCo(110) layer, with slight misorientation in some areas, and a disordered region close to the
interface which deteriorates interface exchange coupling. Moreover, our micromagnetic simulations showed how
the thickness of the FeCo layer and the interface roughness both control the effectiveness of exchange coupling
in MnBi/FeCo bilayer.

DOI: 10.1103/PhysRevB.98.174440

I. INTRODUCTION

Exchange spring magnets provide an interesting approach
to enable synthesis of rare-earth free permanent magnets with
comparable magnetic properties to commercialized rare-earth
based magnets [1–3]. In order to be qualified as replacements
for rare-earth magnets, it is required that new candidates
have high magnetic anisotropy, high energy product, and high
temperature stability [4]. The low temperature phase (LTP)
of MnBi is one of the candidates with a particularly high
intrinsic magnetic anisotropy on the order of 107 erg/cm3

(1 MJ/m3) as well as a large coercivity (about 1.6 T), which
rather uniquely shows a positive temperature coefficient [5–7].
Moreover, the relatively high Curie temperature of 630 K
also makes MnBi an interesting material for high temperature
applications [8]. However, in spite of such extraordinary mag-
netic properties, the main drawback of MnBi for permanent
magnet application is its comparably low saturation magneti-
zation of 710 emu/cm3 (0.71 MA/m) limiting the maximum
achievable energy product [6].

As suggested back in 1991 by Kneller and Hawig, one way
to overcome this barrier and further improve the energy prod-
uct is through the synthesis of exchange spring magnets with
coupled hard/soft magnetic phases [9–15]. Such composite
magnets, e.g., coupled bilayers of MnBi in combination with
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FeCo as the soft phase, will possess a much higher saturation
magnetization and thus an increased overall energy product
(for a schematic of a two-phase exchange spring magnet see
the Supplemental Material) [16]. The total magnetization in
such a bilayer is given by the volume average of magnetization
in the hard and soft magnetic layers [11,14].

Based on the model suggested by Kneller [9], there is a
critical thickness (volume) of soft magnetic phase which is
limited by the domain wall width (or exchange length) of
the hard magnetic phase [11,12]. This model suggests that
only for a soft magnetic layer thickness less than twice of the
domain wall width for the hard magnetic phase, the bilayer
is expected to behave as a single hard phase with increased
magnetization in which both soft and hard phases switch
coherently during magnetic reversal under opposing fields
(H < 0).

Experimentally, even for sufficiently thin soft magnetic
layers incomplete exchange coupling is observed in the pre-
viously reported hysteresis loops, i.e., less rectangular hys-
teresis shape and a shoulder at zero field during magnetic
reversal process [17–20]. The incoherent hysteresis loops
with decreased energy product in hard/soft exchange coupled
layers can result from the weak interface exchange caused by
interface structure, or inhomogeneities [21]. According to the
results of a few available studies on MnBi exchange spring
bilayers, the coupling between the MnBi and FexCo1−x layers
is incoherent for soft magnetic layers thicker than ∼4 nm
[17–20]. Based on their calculations, Gao et al. have also
argued that the formation of a Co-rich FexCo1−x layer at the
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interface with MnBi is beneficial for exchange coupling where
according to their experimental data the strongest coupling
occurs in MnBi/Co bilayers with an optimum Co thickness
of ∼3 nm [17]. Therefore, it is important to understand the
interfacial features responsible for an incoherent interlayer
exchange coupling in order to make further advances for
effectiveness of exchange spring magnets.

In this work we combined theoretical and experimental
methods to study the exchange coupling behavior in the
MnBi/FeCo bilayer system, focusing on the interface
structural factors including the effect of degree of crystallinity,
interface roughness, and composition of the soft magnetic
phase. Our aim is to identify which of these factors mainly
control the strength of exchange coupling in the MnBi/FeCo
system.

II. EXPERIMENTAL AND THEORETICAL PROCEDURE

Exchange coupled bilayers of MnBi/FeCo have been
deposited onto quartz glass substrates in a dc magnetron
sputtering system. The structure and composition of the
bilayer samples have been analyzed using XRD and HR-TEM
equipped with EDX. The magnetic measurements have been
performed using a SQUID magnetometer. To simulate the
hard/soft interface and analyze the effect of structural factors
on exchange properties, density functional theory (DFT)
calculations using the projected augmented wave method
as implemented in the Vienna ab initio simulation package
(VASP) [22] with GGA and GGA+U approximations [23,24],
as well as micromagnetic simulations within a simplified
model using the object oriented micromagnetic framework
(3D NIST OOMMF) codes [25], have been performed. For
more details on experimental and theoretical procedure see
the Supplemental Material [16].

III. RESULTS AND DISCUSSION

A. Structural and magnetic characterization

The XRD patterns collected from Mn55Bi45/Fe35Co65

(at. %) exchange spring bilayers with various thicknesses of
Co-rich soft magnetic FeCo layer are shown in Fig. 1. The
peak indexing shows hexagonal MnBi (002) and (004) peaks
in agreement with space group P 63/mmc along with some
small traces of residual bismuth resulting from annealing of
the MnBi films at Tann = 365 ◦C (638 K). Figure 1 clearly
demonstrates the formation of LTP MnBi with strong c-axis
texture. As expected, because of the very low thicknesses,
no peaks are observed for the FeCo layer. Comparing the
intensities of the MnBi (002) and (004) peaks in bilayers
samples to that of the single layer MnBi thin film, all the XRD
patterns show similar peak intensities implying that the MnBi
hard magnetic layer in all the bilayer samples has the same
high crystalline quality.

Room-temperature out-of-plane hysteresis loops for
MnBi/FeCo bilayer samples with various thicknesses and
two compositions of the soft magnetic layer are shown
in Figs. 2(a) and 2(b). For comparison, the out-of-plane
hysteresis loop for a single layer MnBi thin film sample is
also included in the same graph. As expected, by addition
of 1, 2, and 3 nm FeCo layers for both Fe-rich and Co-rich

FIG. 1. The XRD patterns from exchange spring bilayers of
Mn55Bi45/Fe35Co65 (at. %) with various thicknesses of FeCo soft
magnetic layer between 1 and 3 nm. The LTP-MnBi thin films
were annealed at Tann = 365 ◦C (638 K) followed by deposition of
FeCo layer at a substrate temperature of Tsub = 100 ◦C (373 K). The
spectra have vertical offset for clarity. The peaks originating from
residual bismuth in the films or Al capping layer are labeled with (*)
and (+), respectively.

compositions, the saturation magnetization of exchange
spring bilayer increased. According to the graphs in Fig. 2,
the addition of Fe-rich soft magnetic FeCo layers improves
the saturation magnetization more than the addition of
Co-rich FeCo layers, since the Fe65Co35 (at. %) phase has
a ∼20% larger saturation magnetization than the Fe35Co65

(at. %) phase [26]. The deposition of a 1 and 2 nm thick
soft magnetic layer on top of MnBi retains the coercivity
of the LTP-MnBi layer [about 15 kOe (1.5 T), even with a
slight increase], while regardless of the composition of the
soft magnetic layer the addition of 3 nm FeCo decreases the
coercivity down to 12 kOe (1.2 T).

The exchange coupling effect between the hard and soft
magnetic layers can be considered complete when the bilayer
sample shows a magnetically single phase behavior. The small
shoulder with an increasing slope which was observed on
the measured out-of-plane hysteresis curves of the double
layers during the demagnetization process around zero field
indicates that the exchange coupling between the layers is
incoherent. Comparing the graphs in Figs. 2(a) and 2(b) for
a specific thickness, it can be seen that the observed shoulder
at zero magnetic field is more significant with larger slope in
the case of a Fe-rich FeCo layer showing that a Co-rich layer
results in a more coherent exchange coupling.

It can be seen from the hysteresis loops in Fig. 2 that
the degree of coupling decreases with increasing thickness of
the soft magnetic layer and a coherent exchange coupling is
only observed for a FeCo thickness of 1 nm. However, it is
expected that the critical soft layer thickness above which the
exchange coupling begins to deteriorate is roughly twice the

domain wall width of the hard magnetic layer (2δh � 2π

√
Ah

Kh
)

[9,11,12] in which δh is the domain wall width, Ah is the
exchange stiffness constant, and Kh is the magnetocrystalline
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FIG. 2. Out-of-plane magnetization data for MnBi/FeCo bilayers
with different FeCo thicknesses from 0 to 3 nm measured at 300 K.
(a) With a Fe-rich and (b) with a Co-rich soft magnetic FeCo layer.
The dashed line in (b) shows the in-plane magnetization for a single
MnBi layer.

anisotropy for the hard magnetic phase. For a MnBi/FeCo
bilayer with Ah and Kh equal to ∼8 × 10−7 erg/cm (8 pJ/m)
[27] and ∼1.86 × 107 erg/cm3 (1.86 MJ/m3) [5], respec-
tively, the critical thickness is predicted to be as high as
∼13 nm. Therefore, a more detailed structural analysis of
hard/soft interface is necessary to explain this lower experi-
mentally observed critical soft layer thickness. It should also
be noted that as shown in Fig. 2(b), there exists a finite
in-plane component of total magnetization in the MnBi hard
magnetic layer. The in-plane components of the magnetization
when incompletely coupled can lead to a shoulder at the
coercive field of the soft magnetic layer (H close to zero).

B. HR-TEM evaluation of MnBi/FeCo interface

To examine the interface between MnBi and FeCo,
cross-sectional HR-TEM images have been captured from
a MnBi/FeCo bilayer sample to investigate the crystalline
structure of each layer. Moreover, the distribution of different
elements across the layer was evaluated in scanning transmis-
sion electron microscopy (STEM) mode using EDX maps.

Figure 3(a) shows a cross-sectional HR-TEM image of the
layers along with the fast Fourier transforms (FFTs) collected
from each layer of the bilayer sample with a Co-rich soft
layer. The HR-TEM image and the sharp diffraction spots
in FFTs collected from the MnBi layer confirm the high
crystallinity with out-of-plane orientation. The Co-rich FeCo
layer, in contrary, shows a polycrystalline structure. Three
different areas have been analyzed in the FeCo layer which
are all crystalline, but the examined areas in the upper and
lower FFTs [FFT-A1 and -A3, inset of Fig. 3(a)] are slightly
misoriented. The reflections in the middle FFT pattern [FFT-
A2, inset of Fig. 3(a)] in FeCo layer can be indexed as (110)
lattice planes.

As it can be seen in the cross-section HR-TEM image
of the MnBi/FeCo bilayer, a few atomic layers of FeCo
layer grown on MnBi at the interface are disordered. This
was expected since the (001) textured MnBi layer has not
grown epitaxially and, in addition, FeCo and MnBi layers
have different crystalline structures, i.e., hexagonal structure
in MnBi and bcc structure in FeCo, and show lattice misfit
which results in the growth of polycrystalline FeCo layer.

To check the elemental distribution in the bilayer sam-
ple, EDX mapping was performed on the enclosed area in
Fig. 3(b). The result of the EDX mapping is consistent with
the phases present in each layer. Close to the interface between
the two layers the Bi concentration starts to decrease earlier
than the Mn concentration, resulting in a ≈3 nm thick Mn-rich
layer at the interface. According to the quantitative EDX
analysis from this specific area on the cross section of the bi-
layer sample, the MnBi layer shows a stoichiometry of Mn:Bi
∼1.4 corresponding to a composition of Mn58Bi42 (at. %),
which varies across the layer. The measured stoichiometry for
the FeCo layer shows a Co:Fe ratio of ∼1.84, which nearly
corresponds to a composition of Fe35Co65 (at. %).

C. DFT calculations of interface exchange energy:
Effect of crystallinity and growth orientation

In order to shed light on the possible mechanism which
affects the performance of the MnBi/FeCo exchange spring
magnets, density functional theory (DFT) calculations and
micromagnetic simulations (see next section) were carried out
with a focus on the interface properties. Table I summarizes
the result of our DFT calculations for interface formation en-
ergy (γ int), interface exchange coupling energy (J int) [28,29],
and interface exchange constant (Aint) as theoretical measures
to compare differences in thermodynamic stability and ex-
change coupling at the hard/soft interface by changing the
crystalline structure and orientation.

We have calculated the above-mentioned values by mod-
eling a MnBi (001) layer with either a crystalline or an
amorphous (disordered) FeCo layer on top using VESTA code
[30]. In case of a crystalline FeCo layer we have considered
two different cases, one with (111) and one with (110) crys-
talline orientation which also show different interfacial lattice
misfit with respect to MnBi layer. The amorphous structures
are generated using ab initio molecular dynamics (AIMD)
calculations from each relaxed crystalline orientation. De-
tailed description of DFT calculations can be found in the
Supplemental Material [16].
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FIG. 3. (a) Cross-sectional high resolution transmission electron microscopy (HR-TEM) image from a MnBi/FeCo bilayer sample (c-axis
textured MnBi hard magnetic layer with a thickness of ∼50 nm and polycrystalline Co-rich FeCo soft magnetic layer with a thickness of
∼5 nm). (b) STEM image from a cross section of the layers along with EDX elemental map from Mn, Bi, Fe, Co, Al, Pt, and O across the
layers.

According to the DFT calculation results shown
in Table I, the interface formation energy of the
MnBi(001)/crystalline Fe3Co5(110) interface is lower than
that of the MnBi(001)/crystalline Fe3Co5(111) case. This
can be related to the fact that the MnBi(001)/Fe3Co5(110)
interface has a lower lattice mismatch compared to the
MnBi(001)/Fe3Co5(111) case and therefore is more probable
to form. However, the rather similar interface formation
energies (ranging from 127 to 130 meV/Å2) suggest the
possible coexistence of the crystalline (110) and disordered
structures at the interface. In our cross-sectional HR-TEM
image [Fig. 3(a)] at the FeCo side we also observe crystalline
FeCo(110) region (with slight misorientation in some areas)
along with disordered regions close to the interface which is
in agreement with the result of our DFT calculations.

Moreover, it was found that in the MnBi/FeCo bilayers
the most favorable atomic configuration at the interface at
0 K temperature forms with Bi termination in MnBi layer
and Co termination in FeCo layer which is obtained with
symmetric nonstoichiometric slab models. These findings
are in agreement both with the previous study by Gao
et al. [17] and with the cohesive energies of these elements

[31]. Nevertheless, we have also modeled one case of
Mn-termination in MnBi(001) layer with Co-termination in
FeCo(111) layer to investigate the effect of Mn excess at the
interface which resulted in slightly lower interface exchange
constant (see Table I). This finding shows that the presence of
Mn at the interface region does not significantly deteriorate
the exchange coupling properties.

Due to higher values of J int and Aint for the interface with
crystalline Fe3Co5(110) compared to other configurations, its
formation is in favor of a more coherent interfacial exchange
coupling. However, the coexistence of disordered phases with
lower values of J int and Aint in our experimental sample can be
considered as one reason for the deterioration of the magnetic
exchange coupling at the hard/soft interface which results in a
quasidiscontinuous magnetization in our measured hysteresis
loops (see Fig. 2) [32].

D. Micromagnetic simulation of MnBi/FeCo interface:
Effect of soft layer thickness and interface roughness

Since the microstructure of the experimental sample is
rather complicated and cannot be fully implemented into
the micromagnetic simulation, here we consider a simplified

TABLE I. Calculated values of interface formation energy γ int, interface exchange coupling energy J int, exchange constant Aint, and lattice
misfit (linear and angular) obtained from DFT calculations. The disordered (110) structure is reconstructed while it lost its short-range order
compared to crystalline (110) structure. The amorphous (111) is completely irregular.

Lattice misfit Final phase γ int J int Aint

Composition (longitudinal and angular) Surface termination Orientation after relaxation (eV/Å
2
) (J/m2) (pJ/m)

MnBi/Fe3Co5 Bi-Co (111) crystalline 0.137 0.129 5.4
MnBi/Fe3Co5 7.1%, 0◦ Mn-Co (111) crystalline 0.180 0.127 5.3
MnBi/Fe3Co5 Bi-Co (111) amorphous 0.130 0.082 2.9
MnBi/Fe3Co5 4.8%, 10.5◦ Bi-Co (110) crystalline 0.129 0.260 5.9
MnBi/Fe3Co5 Bi-Co (110) disordered 0.127 0.082 1.9
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FIG. 4. Micromagnetic simulation results of a MnBi/Fe3Co5 model system with disordered FeCo(110) [d-(110)] and crystalline FeCo(111)
[c-(111)] interfaces. Magnetic reversal curves: (a) No interface roughness with the Aint value listed in Table I. (b) Interface roughness with
the same Aint as in (a). (c) Interface roughness with Aint reduced to 10% of that in (a). The external magnetic field μ0Hex is applied along
the z direction. Inset of (a): Model geometry with in-plane periodic boundary condition. Inset of (b): Interfacial roughness of MnBi with a
maximum dent height of 0.4 nm. (a-i) and (a-ii), (b-i) and (b-ii), and (c-i) and (c-ii) present the magnetic configurations (yz surface at x = 0)
corresponding to the marked circles of reversal curves in (a), (b), and (c), respectively, which belongs to the disordered Fe3Co5(110).

model based on single crystalline structures to evaluate the
exchange behavior. The employed model with an in-plane size
of 8 × 8 nm, 40 nm thick MnBi, and 2 nm thick Fe3Co5 is
shown in the inset of Fig. 4(a) (including the coordinates).
In-plane periodic boundary conditions are applied [16].

Apart from the interface exchange coupling energy, effect
of interface roughness and thickness of the soft layer are also
evaluated in our micromagnetic simulations [see Figs. 4(b)
and 4(c) for the interface roughness and Fig. 5 for thickness
analysis of the FeCo layer]. The following cases are consid-
ered in Fig. 4.

(i) Perfect flat interface with the interface exchange stiff-
ness of Aint

(111) = 5.4 pJ/m for crystalline Fe3Co5 (111) ori-
entation and Aint

(110) = 1.9 pJ/m for disordered Fe3Co5 (110)
orientation, as shown in Fig. 4(a).

(ii) Rough interface with a random distribution of dent
height [maximum 0.4 nm, inset of Fig. 4(b)] in MnBi and the
same values of Aint as in the case (i), as shown in Fig. 4(b).

(iii) The same rough interface as in the case (ii), but
with reduced Aint

(111) = 0.54 pJ/m and Aint
(110) = 0.19 pJ/m, as

shown in Fig. 4(c).
It should be noted that the simulated magnetic reversal

curves in Fig. 4 do not show the shoulder which was observed
in the measured hysteresis loops of the experimental samples.
As mentioned earlier, this shoulder could be due to the resid-
ual in-plane magnetization component of the hard magnetic
phase which was not considered in the micromagnetic simu-
lations but rather assuming a full out-of-plane magnetization
vector.

Using micromagnetic simulations we examined the mag-
netic configuration and its evolution around the interface at
different external fields, as shown in the second and third
rows of Fig. 4. When the interface is assumed to be perfect
and Aint

(110) = 1.9 pJ/m from Table I is used, the magne-
tization vectors near the interface in FeCo tend to rotate
coherently with those in MnBi, as shown in Figs. 4(a-i)

174440-5



S. SABET et al. PHYSICAL REVIEW B 98, 174440 (2018)

FIG. 5. Hysteresis plots obtained from micromagnetic simulations for MnBi(001)/FeCo(110) double layers (a) without and (b) with
interface roughness. (c) Variation of the magnetization with respect to the applied field around zero field for the theoretical and experimental
hysteresis plots as a function of FeCo thickness. For the case of interfaces without roughness two regions are evident in which at 1 nm FeCo
thickness incoherent coupling between the hard and soft magnetic layers appears. The rough interfaces in both theoretical and experimental
cases behave incoherently for all thicknesses. For comparison, the experimental data for the epitaxial case of MnGa(001)/FeCo(001) bilayer
are also presented.

and 4(a-ii). This indicates a rather strong interface exchange
coupling.

When a rough interface was assumed and Aint
(110) was kept

the same, Figs. 4(b-i) and 4(b-ii) still suggest strong inter-
face exchange coupling. However, the interface magnetization
vectors are much easier to be reversed. This can be verified
by comparing the distribution of the z component of magne-
tization (μ0Mz). For instance, at μ0Hex = 0.5 T, the model
with rough interface showed a minimum μ0Mz (μ0M

min
z )

of 0.68 T around the interface [Fig. 4(b-i)], but the model
without roughness showed a little higher μ0M

min
z [Fig. 4(a-i)].

The premature reversal in Figs. 4(b-i) and 4(b-ii) could be
attributed to the local higher demagnetization field induced
by the sharp corners or irregularities in the rough interface
[33,34]. Accordingly, the simulated coercivity in Fig. 4(b) was
also slightly smaller than that of Fig. 4(a).

When the interface roughness was assumed to reduce
Aint

(110) to 0.19 pJ/m, the magnetic reversal curve were a
simple straight line, as shown in Fig. 4(c). From the magnetic
configurations in Figs. 4(c-i) and 4(c-ii), it can also be found
that the magnetization vectors around the interface cross each
other and the magnetization in FeCo almost rotates freely,
indicating a very poor interface exchange coupling.

From Fig. 4 we realize that the interface exchange cou-
pling strength evaluated from DFT calculations of smooth
interfaces provides useful insight into atomistic design of the
MnBi/FeCo system. In addition, the micromagnetic modeling
reveals that the interface roughness and irregular occurrence
of defects are also important parameters since it can induce
locally premature reversal and, as a consequence, deteriorates
the interface exchange coupling.

Figure 5 summarizes the results of thickness analysis
based on both experimental measurements and theoretical
modeling for MnBi(001)/FeCo(110) interface. In Figs. 5(a)
and 5(b), hysteresis plots are shown as a function of FeCo
layer thickness for two cases, one without [Fig. 5(a)] and one
with interface roughness [Fig. 5(b)], based on the information
provided in Fig. 4 for MnBi(001)/disordered Fe3Co5(110).

As a descriptor to quantitatively evaluate the changes in
degree of exchange coupling caused by interface roughness

and increasing soft layer thickness, the first derivative of the
corresponding hysteresis loops in Figs. 5(a) and 5(b) (using
simulation data) as well as the experimental hysteresis loops
in Fig. 2(b) has been calculated. The slope of each hysteresis
curve around zero-field crossing, showing the variation of
magnetization with respect to the applied field (�M

�H
), has been

also plotted in Fig. 5(c) as a function of FeCo layer thickness.
This slope increases with thickness of FeCo layer in both
simulation and experiment which implies that the exchange
coupling becomes more incoherent and bilayers behave more
and more like two separate magnetic layers.

From plots in Fig. 5(c), it can be seen that for structures
without interface roughness (blue circles) two regions with
different slopes are observable, with a borderline at 1 nm
FeCo thickness. It is found that for the sample with less
than 1 nm FeCo thickness without interface roughness, the
first derivatives are close to zero (the hysteresis loop is more
rectangular with slope of ∼0), and therefore the hard and soft
layers are coherently exchange coupled. However, in case of
a rough interface (red triangles) as the slope is continuously
increasing the exchange coupling is incoherent regardless of
the soft layer thickness.

In addition, the first derivatives of our experimental hys-
teresis curves for MnBi/FeCo bilayers (green triangles with
dashed line) as well as epitaxial MnGa(001)/FeCo(001) bi-
layers (orange square with dashed line) as a function of FeCo
thickness have also been included in Fig. 5(c). As can be seen
from the plots in Fig. 5(c), our theoretical and experimental
findings for the case of MnBi/FeCo bilayer are in agreement
and show that the effect of interface roughness on the inco-
herency of exchange coupling is significant. Moreover, it can
be concluded that the effect of the lattice misfit between the
hard and soft layers is decisive since even in the case of the
interfaces without roughness (blue solid line) using a single
crystalline model, the coherent coupling is only observed up
to 1 nm FeCo thickness.

Comparing the trend of derivative plots for MnBi/FeCo
and MnGa/FeCo bilayer systems, it can be seen that since
MnGa/FeCo bilayers show much decreased interface rough-
ness due to epitaxial growth, a coherent exchange coupling
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can be obtained up to 2 nm FeCo thickness. Therefore, it can
be concluded that not only interface roughness is limiting the
interfacial exchange coupling but also epitaxial growth and a
reduced lattice misfit at the interface will greatly improve the
coupling behavior.

IV. SUMMARY AND CONCLUSION

In summary, exchange spring MnBi/FexCo1−x (x = 0.65
and 0.35) bilayers with different soft magnetic layer thick-
ness were fabricated by dc magnetron sputtering from alloy
targets. The magnetic measurements revealed that a Co-rich
FeCo soft magnetic layer results in more coherent exchange
properties with an optimum soft layer thickness of ∼1 nm
leading to ∼3% increase of the saturation magnetization,
however, a complete single-phase hysteresis cannot be ob-
tained for higher FeCo thickness. A combined theoretical and
experimental approach showed that in the MnBi(001)/FeCo
system a combination of crystalline and disordered phases
are present close to interface which is expected from the
DFT calculations and is also observed in HR-TEM images.
The disordered region at the interface considerably limits

the exchange coupling effect. As the most important result,
micromagnetic simulations showed that the thickness of the
soft magnetic layer and the interface roughness between the
hard and soft magnetic layers control the effectiveness of
exchange coupling. The incomplete exchange coupling ob-
served in MnBi/FeCo bilayers can be correlated with the
high interfacial roughness (reducing the exchange constant).
Preliminary experimental results show that the MnGa/FeCo
epitaxial bilayer has a higher critical soft layer thickness of
about 2 nm. Our study suggests that a strong single phase ex-
change coupling can be extended to higher FeCo thicknesses
only through epitaxial growth of both hard and soft magnetic
layers with atomically smooth interfaces.
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