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Perpendicular magnetic anisotropy induced by antiferromagnetic FexMn1−x alloy films:
Influence of antiferromagnetic spin structure and long-range ordering
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Antiferromagnets show potential as materials for generating perpendicular magnetic anisotropy (PMA) in
neighboring ferromagnetic (FM) thin films. In this study, we investigate the behaviors of PMA induction and
the underlying mechanisms in a series of epitaxially grown face-centered-cubic-like FexMn1−x/Co/Fe/Cu(001)
antiferromagnetic (AFM)/FM films. Our research reveals that decreasing the Fe composition ratio enhances the
long-range AFM ordering of FexMn1−x films. When the Fe composition ratio is lower than approximately 0.3,
the impact of the AFM FexMn1−x films on inducing PMA in the adjacent FM layer shifts from enhancement to
suppression, providing important clues to a transformation in the spin structures of AFM FexMn1−x films from a
FeMn-like three-dimensional quadratic structure to an Mn-like two-dimensional layered structure. Our findings
elucidate the compositional effects of AFM FexMn1−x films on inducing PMA in the adjacent FM layer, as well
as their relationship with the AFM spin structure and long-range AFM ordering, thereby showing the potential
of Fe0.4Mn0.6 ultrathin films as promising candidates for effectively generating PMA. Such insights are crucial
for understanding the AFM spin configuration of FexMn1−x alloy films and for furthering the control of PMA
using AFM layers.
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I. INTRODUCTION

Antiferromagnets play a pivotal role in modern spin-
tronic devices due to their capacity to modulate the magnetic
properties of neighboring ferromagnets through interfacial
exchange coupling. The induced coupling effects, such as
coercivity enhancement, exchange bias [1–3], and even mag-
netic anisotropy induction [4–11], prove advantageous for
stabilizing magnetization or manipulating the magnetic easy
direction of layers in steady-state spintronic devices [12,13].
Furthermore, antiferromagnets have played a crucial role in
facilitating the rapid dynamic control of magnetic moments
using short-pulse magnetic/electric fields or lasers in the
realm of antiferromagnetic spintronics [14–17]. Based on pre-
vious studies, these antiferromagnet-induced phenomena are
primarily influenced by two key factors: the AFM spin struc-
ture and the long-range AFM ordering. These factors are par-
ticularly critical for achieving stable antiferromagnet-induced
perpendicular magnetic anisotropy (PMA) in ferromagnetic
(FM) films, which is essential for the development of state-
of-the-art perpendicular-based spintronic devices [18–21], as
it may necessitate antiferromagnetic (AFM) layers with both
an AFM spin structure containing an out-of-plane uncom-
pensated component and a sufficiently high AFM ordering
temperature [22,23].

FeMn alloy films are one of the candidates for the de-
sign of modern spintronic devices composed of spin-valve
or spin Hall effects [24–26]. Recent investigations [22,23]
have indicated that face-centered-cubic (fcc)-Fe0.5Mn0.5 can
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induce PMA in adjacent FM films at room temperature
through collinear-like coupling, attributed to the presence
of an uncompensated spin component at the [001] surface
in a three-dimensional quadratic (3Q)-type spin structure of
Fe0.5Mn0.5 [27–30]. However, the Néel temperature (TN ) of
bulk FeMn is approximately 500 K [28,31], which is much
lower than the values of those antiferromagnets utilized in
practical spintronic devices, such as IrMn alloy (TN rang-
ing from 730 K to 1000 K) [32,33], MnPt (TN ≈ 970 K)
[34,35], and NiMn (TN ≈ 1070 K) [36–38]. Therefore, re-
search on enhancing the AFM ordering temperature of FeMn
films while preserving the AFM spin characteristics for the
PMA induction is crucial for realizing the practical applica-
tion of antiferromagnet-induced PMA. Given the significant
influence of alloy composition on the magnetization, long-
range magnetic order, and magnetic anisotropy of various
FM systems in previous studies [39–43], this work employs
a variation of elemental composition as a method to alter the
long-range AFM ordering and AFM spin structure of FeMn
films. Notably, the behavior of antiferromagnet-induced PMA
in adjacent FM films is anticipated to be highly sensitive to
the AFM spin structure of the AFM film [22,23]. Therefore, a
comprehensive examination of FeMn/FM films with diverse
alloy compositions of FeMn could not only expand the po-
tential applications for PMA control but also provide valuable
insights into the spin structures of FeMn alloy systems, which
are essential for theoretical calculations due to the lack of
experimental consensus on the spin configuration in FeMn
alloys with different compositions [27,31,44,45].

In this paper, we present a comprehensive investiga-
tion into the crystalline structure and the phenomenon
of PMA induction in a series of epitaxially grown
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FexMn1−x/Co/Fe/Cu(001) films. These films vary in thick-
ness from 0 to 10 monolayers (ML) of FexMn1−x, with a fixed
thickness of 3 ML for Co and 3 ML for Fe, and encompass
alloy composition ratio x ranging from 0 to 0.77 [46,47]. Our
research reveals that a decrease in the Fe composition ratio
leads to an enhancement in the long-range AFM ordering of
FexMn1−x films. However, when Fe composition ratio is lower
than approximately 0.3, the impact of the AFM FexMn1−x

films on inducing PMA in the adjacent FM layer shifts from
enhancement to suppression, suggesting a transformation in
the spin structures of AFM FexMn1−x films from a FeMn-like
3Q structure to an Mn-like two-dimensional layered structure.
Our discoveries clarify the compositional impacts of AFM
FexMn1−x films on PMA induction in the neighboring FM
layer, thereby demonstrating that ultrathin Fe0.4Mn0.6 films
are promising candidates for the efficient control of PMA of
adjacent FM films. These insights play a pivotal role in com-
prehending the AFM spin configuration of FexMn1−x alloy
films and advancing the control of PMA with AFM layers.

II. EXPERIMENT

In this work, the growth conditions, crystalline struc-
ture, and magnetic properties of a series of 0–10 ML
FexMn1−x/3-ML Co/3-ML Fe/Cu(001) films were inves-
tigated in situ within a multifunctional ultrahigh vacuum
chamber with a base pressure of 2×10−10 torr. Cu(001)
single-crystal substrates with miscut angles less than 0.1◦
underwent cycles of 2-keV Ar+ ion sputtering and annealing
at 800 K for 5 min to achieve a well-ordered crystalline
structure and a smooth surface. All the films were deposited
onto Cu(001) at room temperature using electron beam evap-
orators. Three electron beam evaporators were utilized to
deposit the Fe, Co, and Mn elements, employing rod-shaped
sources for Fe and Co and Mo crucible filling for Mn. The
deposition rate and film thickness during growth were mon-
itored using medium-energy electron diffraction (MEED).
Figure 1 displays typical specular MEED (0,0) beam intensi-
ties for Fe films grown on Cu(001), Co films grown on 3-ML
Fe/Cu(001), and various FexMn1−x alloy films grown on 3-
ML Co/3-ML Fe/Cu(001) (Co/Fe/Cu). All MEED curves of
these films reveal regular oscillations, indicating a layer-by-
layer growth condition. For FexMn1−x grown on Co/Fe/Cu,
it is notable that relatively clear oscillations appear when Fe
composition ratio is between 0.39 and 0.64, indicating that
these FexMn1−x alloy films exhibit a better layer-by-layer
growth condition than others; this result is consistent with
prior research on FexMn1−x/Co/Cu(001) [48,49].

The in-plane and vertical interlayer distances of the
FexMn1−x alloy films were determined using low-energy
electron diffraction (LEED) with a kinematic approximation
(LEED I/V), as reported in reference [50]. The magnetic
hysteresis loops of the films were measured in-situ using the
longitudinal and polar magneto-optical Kerr effect (MOKE)
with a He-Ne laser at room temperature. The magnetic field
was aligned parallel to the film surface in the longitudinal
mode and perpendicular in the polar mode. Both longitudinal
and polar MOKE utilized a 45◦ angle between the laser beam
and the sample, with measurement signals obtained using a
photo-modulator and lock-in technique.

FIG. 1. Selected MEED (0,0) beam intensity curves as a func-
tion of deposition time for the Fe film grown on Cu(001), Co film
grown on 3-ML Fe/Cu(001), and a series of FexMn1−x films grown
on 3-ML Co/3-ML Fe/Cu(001) (Co/Fe/Cu) at 300 K. The film
thickness was determined from the oscillations in the MEED curves.
The arrows indicate the moment the shutter was closed.

III. RESULTS

A. Crystalline structure of FexMn1−x films grown on Co/Fe/Cu

Figures 2(a) to 2(i) show selected LEED patterns of
Cu(001) substrate, Co/Fe/Cu, 10-ML FexMn1−x/Co/Fe/Cu
with a variation of x from 0 to 0.77, respectively. These LEED
patterns were measured at 110 eV in 300 K. We found that
the p(1×1) spots of the grown 10-ML FexMn1−x films are
in the same positions as those of Co/Fe/Cu and Cu(001),
indicating the epitaxial growth condition of these films. Thus,
the in-plane lattice constants (a‖) of 10-ML FexMn1−x films
with x varying from 0 to 0.77, and Co/Fe/Cu film were found
to be 3.61 Å [the lattice constant of Cu(001)]. No additional
ordered LEED spots were observed for FexMn1−x films with
x from 0 to 0.77 films grown on Co/Fe/Cu, suggesting that
these FexMn1−x films are chemically disordered crystalline
films. This result is similar to the behaviors of FexMn1−x

grown on Co [48].
Figure 3(a) illustrates the average interlayer distance (d⊥)

values for 0–10-ML FexMn1−x/Co/Fe/Cu films, with x val-
ues of 0, 0.1, and 0.21, calculated from the LEED I/V
curves similar to Fig. 3(d). In Mn/Co/Fe/Cu films, d⊥ value
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FIG. 2. Selected LEED patterns of (a) Cu(001), (b) 3 ML Co/3-ML Fe/Cu(001) (Co/Fe/Cu), (c–i) 10 ML FexMn1−x/Co/Fe/Cu with
x = 0, 0.1, 0.21, 0.39, 0.5, 0.64, and 0.77, measured at 110 eV and 300 K.

stabilizes around 1.89 Å when the Mn film thickness (tMn)
reaches approximately 6 ML. This indicates a formation of
vertical expanded face-centered tetragonal (e-fct) structure
(c/a ≈ 1.04) of Mn film, which is consistent with a prior report
[23]. A similar variation trend of d⊥ with increasing FeMn
thickness (tFeMn) was also observed in FexMn1−x/Co/Fe/Cu
films with x equal to 0.1 and 0.21. However, upon tFeMn

reaching 6 ML, the d⊥ values of these FexMn1−x alloy
films stabilize at lower values, approximately 1.86 Å–1.84
Å. Figure 3(b) further illustrates the d⊥ values of 0–10-ML
FexMn1−x/Co/Fe/Cu films with x values ranging from 0.39
to 0.77. For x values ranging from 0.39 to 0.64, the d⊥ values
of the FexMn1−x films stabilize around 1.81 Å, indicating
the formation of an fcc structure. When x is increased to
0.77, the d⊥ value of Fe0.77Mn0.23/Co/Fe/Cu films decreases
slightly to 1.79 Å. These findings align with previous obser-
vation results in FexMn1−x films grown on Cu(100) [51] or
bulk FexMn1−x [31]. Figure 3(c) presents a summary of the
evolution of d⊥ in 10-ML FexMn1−x/Co/Fe/Cu films with x
ranging from 0 to 0.77. For x � 0.21, FexMn1−x films exhibit
a Mn-like d⊥ value of 1.89 Å, while for 0.39 � x � 0.64,
they display a Fe0.5Mn0.5-like d⊥ of 1.81 Å. According to
the LEED results depicted in Fig. 2, the in-plane lattice dis-
tances of 10-ML FexMn1−x films grown on Co/Fe/Cu, with
x ranging from 0 to 0.77, are identical. Hence, the structural
variation from e-fct to fcc-like in these FexMn1−x films could
mainly be attributed to a decrease in d⊥.

B. Magnetic properties of FexMn1−x/Co/Fe/Cu

Figure 4(a) illustrates the magnetic hysteresis loops of
the 0–10 ML Mn/Co/Fe/Cu measured at 300 K. In-
plane magnetic anisotropy was observed in the Co/Fe/Cu
film. When tMn exceeds 4 ML, weak perpendicular mag-
netization was observed in Mn/Co/Fe/Cu. As detailed in
prior reports [23,52], the observed weak perpendicular mag-
netization in Mn/Co/Fe/Cu systems is attributed to the

establishment of noncollinear coupling between the inter-
facial Mn/Co moments, facilitated by interface crystalline
anisotropy [52–54], and the AFM moments of the Mn films.
However, this weak perpendicular magnetization diminishes
further as tMn increases to 8 and 10 ML, attributed to a
competition between the enhanced in-plane exchange cou-
pling from the in-plane oriented spin moments of the thicker
AFM Mn films and the existing perpendicular interface crys-
talline anisotropy of the interfacial Mn/Co moments [55,56].
Similar behavior of induced weak PMA, but with rela-
tively higher perpendicular magnetization values compared to
Mn/Co/Fe/Cu films, was observed in Fe0.1Mn0.9/Co/Fe/Cu
and Fe0.21Mn0.79/Co/Fe/Cu films as tFeMn reaches 6 ML
[Figs. 4(b) and 4(c)]. In both cases, the induced perpendicular
magnetization increases slightly as tFeMn increases to approx-
imately 8 ML but decreases when tFeMn reaches 10 ML. As x
in FexMn1−x/Co/Fe/Cu is up to 0.39 and 0.5 [Figs. 4(d) and
4(e)], much stronger PMA can be induced when tFeMn reaches
approximately 7 and 8 ML, respectively. However, in contrast
to the cases with x ranging from 0 to 0.21 [Figs. 4(a) to 4(c)],
the strength of the induced PMA in Fe0.39Mn0.61/Co/Fe/Cu
and Fe0.5Mn0.5/Co/Fe/Cu monotonically increases with an
increase in tFeMn from 8 to 10 ML. As x reaches 0.77, no PMA
can be induced in FexMn1−x/Co/Fe/Cu with tFeMn up to 10
ML, as shown in Fig. 4(f).

To understand the relationship between the induced PMA
in FexMn1−x/Co/Fe/Cu and the antiferromagnetism of the
FexMn1−x films, it was crucial to identify the initiation of
long-range AFM ordering within the FexMn1−x films. Previ-
ous studies [57–61] utilized x-ray magnetic linear dichroism
(XMLD) as a direct method for examining the long-range
AFM order in AFM films. However, obtaining distinguishable
XMLD spectra for the current metallic AFM FexMn1−x films
with varying alloy composition was challenging due to the
low XMLD signal resulting from small Mn concentration and
weak multiplet effect of these metallic films [3]. Therefore,
in this study, we characterized the onset of long-range AFM
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FIG. 3. The average interlayer distance (d⊥) of various FexMn1−x films grown on Co/Fe/Cu with (a) x = 0, 0.1, 0.21, and (b) x = 0.39,
0.5, 0.64, 0.77, as calculated according to the energy peaks (I) of the corresponding LEED specular spot I/V curves of (d) and (e), respectively,
measured at 300 K. (c) d⊥ of various 10-ML FexMn1−x grown on Co/Fe/Cu calculated according to LEED I/V curves of (f), respectively,
measured at 300 K.

ordering in the FexMn1−x films by observing the fingerprint-
like phenomenon of increased coercivity value (Hc) in the
coupled AFM/FM systems, which is induced by AFM-
induced exchange coupling (see detailed explanation in
Sec. S2 of the Supplemental Material [64]). This approach has
been justified in numerous previous studies on AFM/FM thin
film systems [1,5,48,62,63].

Figures 5(a) to 5(d) present the summarized in-plane
and perpendicular remanent magnetization (Mr) values of
0–10 ML FexMn1−x/Co/Fe/Cu, with x ranging from 0.1
to 0.5, extracted from hysteresis loops similar to those in
Fig. 4. Corresponding Hc values are shown in Figs. 5(e)
to 5(h), respectively. In the case of Fe0.1Mn0.9/Co/Fe/Cu
[Fig. 5(a)], a weak perpendicular magnetization was observed
when tFeMn exceeds a threshold value of approximately 4 ML,

indicated by the blue shadow. Additionally, an increase in the
Hc value was also observed in Fe0.1Mn0.9/Co/Fe/Cu when
tFeMn exceeds 4 ML [Fig. 5(e)], indicating the establishment
of long-range AFM ordering of the Fe0.1Mn0.9 film at this
threshold, as depicted by a green shadow and tAFM

FeMn. Thus,
the discovery of similar threshold values of tFeMn for these
two behaviors suggests that the establishment of long-range
AFM ordering of the Fe0.1Mn0.9 film could be the underly-
ing cause of the induced weak perpendicular magnetization
in Fe0.1Mn0.9/Co/Fe/Cu. In FexMn1−x/Co/Fe/Cu systems
with x ranging from 0.21 to 0.5, we observed also a consis-
tent threshold of tFeMn that leads to an enhancement of Hc

[Figs. 5(f) to 5(h)] and the development of either weak or
strong PMA [Figs. 5(b) to 5(d)]. These findings reaffirm that
the induced PMA in FexMn1−x/Co/Fe/Cu could be triggered
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FIG. 4. Magnetic hysteresis loops of 0–10 ML FexMn1−x/Co/Fe/Cu with (a) x = 0, (b) x = 0.1, (c) x = 0.21, (d) x = 0.39, (e) x = 0.5,
(f) x = 0.77, measured using longitudinal and polar MOKE at 300 K.

by AFM FexMn1−x films through AFM–FM exchange cou-
pling.

Figure 6(a) summarizes a magnetic easy axis phase dia-
gram of 0–10-ML FexMn1−x/Co/Fe/Cu with x ranging from
0 to 0.77, as given by Fig. 4 and Fig. S1(a) of the Supplemen-
tal Material [64]. As x ranging 0 to 0.21, a transition from
an in-plane to a weak perpendicular magnetic state occurs
when tFeMn reaches 4–6 ML, corresponding to the threshold
of tFeMn for an establishment of long-range AFM ordering,
tAFM
FeMn, as indicated by the green dashed line. However, within

the same x range of 0 to 0.21, the strength of the induced
weak PMA in FexMn1−x/Co/Fe/Cu tends to decrease as tFeMn

increased further. On the other hand, for x ranging from 0.39
to 0.64, strong PMA of FexMn1−x/Co/Fe/Cu can be trig-
gered when tFeMn reaches tAFM

FeMn (7–9 ML). However, PMA is
further enhanced with an increase in tFeMn to 10 ML. These
findings clearly distinguish different characteristic behaviors
of induced magnetic anisotropy in adjacent Co/Fe/Cu films

by AFM FexMn1−x films when x values fall within different
regimes.

IV. DISCUSSION

A. PMA induction by FexMn1−x alloy films: Roles of long-range
AFM ordering and AFM spin structure

Based on the preceding results, it becomes evident that
the PMA induction behaviors in FexMn1−x/Co/Fe/Cu films
exhibit high sensitivity to the tFeMn and alloy composition of
FexMn1−x films, wherein both the AFM long-range ordering
and AFM spin configuration are likely significant contributing
factors. To elucidate the impact of these factors, we further
investigated the evolution of the induced PMA strength in 10
ML FexMn1−x/Co/Fe/Cu films with varying x values. This
analysis is conducted based on the magnetic hysteresis loops
in Fig. 4 and Fig. S1(b) of the Supplemental Material [64].
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FIG. 5. The summarized values of (a–d) Mr and (e–h) Hc for 0–10 ML FexMn1−x/Co/Fe/Cu with x = 0.1, 0.21, 0.39, 0.5, extracted from
the magnetic hysteresis loops depicted in Fig. 4. The shaded regions highlight a similar threshold thickness of tFeMn for the onset of induced
PMA (blue color) and FexMn1−x-induced AFM-FM exchange coupling (green color; tAFM

FeMn) in FexMn1−x/Co/Fe/Cu.

FIG. 6. Magnetic easy axis phase diagrams of 0–10 ML FexMn1−x/Co/Fe/Cu plotted as a function of x and tFeMn at 300 K, based on
longitudinal and polar MOKE measurements. Red open circles (light to dark blue solid circles) indicate the presence of in-plane (weak to strong
perpendicular) magnetic anisotropy of the films. The dashed green line depicts the estimated boundary of tAFM

FeMn, as shown in Figs. 5(e)–5(h),
marking the onset of AFM-FM exchange coupling and long-range AFM ordering of FexMn1−x films. The illustrations in the right of the
figure indicate that AFM FexMn1−x films, with x values lower and higher than approximately 0.3, respectively, can lead to suppression and
enhancement of induced PMA in adjacent Co/Fe/Cu films.
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FIG. 7. (a) The summarized values of Mr (left-axis) and Hc (right-axis) of 10-ML FexMn1−x/Co/Fe/Cu films with varying x extracted
from magnetic hysteresis loops similar to those shown in Fig. 4 and Fig. S1(a) of the Supplemental Material [64]. (b) The threshold thicknesses
tAFM
FeMn marking the onset of AFM-FM exchange coupling and the establishment of long-range AFM ordering in FexMn1−x films. The yellow

and blue regions denote coupling behaviors potentially induced by AFM FexMn1−x films that could have in-plane layered [55,56] and 3Q-like
structures [29,31], as illustrated on the right side of the figure, respectively.

In Fig. 7(a), the perpendicular Mr value exhibits an increas-
ing trend with x, reaching a peak as x approaches 0.39 and
then maintaining a consistently high level within the range
x = 0.39–0.64. Subsequently, the perpendicular Mr value de-
clines as x reaches 0.77. Meanwhile, the perpendicular Hc

value experiences rapid growth after x > 0.3, peaking around
x ≈ 0.5 and declining further with increasing x. Given the
higher Mr and Hc values depicted in Fig. 7(a), along with
square perpendicular magnetic hysteresis loops [Figs. 4(d)
and 4(e)], we concluded a total alignment of perpendicular
magnetization in 10-ML FexMn1−x/Co/Fe/Cu films within
the range x = 0.39–0.64. Additionally, the Stoner-Wohlfarth
model [65] has suggested that a magnetic system with giant
uniaxial anisotropy, such as PMA, will be accompanied by an
increase in Hc along the easy magnetic direction, where the
anisotropy constant Ku is proportional to both Hc and magne-
tization values [10]. Therefore, 10-ML Fe0.5Mn0.5/Co/Fe/Cu
film, with a presence of maximum values concurrently for
perpendicular Mr and Hc, exhibits the strongest induced PMA
compared to other systems.

Next, we examined the relationship between PMA induc-
tion strength in 10 ML FexMn1−x/Co/Fe/Cu films and the
long-range AFM ordering of 10-ML FexMn1−x films, with a
variation of x. Figure 7(b) displays the threshold values tAFM

FeMn,
for triggering Hc enhancement in FexMn1−x/Co/Fe/Cu films
in room temperature, as analyzed from Fig. 5 and Fig. S2 of
Supplemental Material [64]. As mentioned, tAFM

FeMn values indi-
cate the onset of long-range AFM ordering in FexMn1−x films

[1,5,48,62]. Noting that the values of tAFM
FeMn monotonically

increase with the increase of x, this suggests that at a fixed
tFeMn, the long-range AFM ordering of FexMn1−x decreases
as x increases. Given that the long-range AFM ordering of
10-ML Fe0.5Mn0.5 is weaker than that of FexMn1−x alloy films
with x < 0.5, the observed higher strength of induced PMA
in 10-ML Fe0.5Mn0.5/Co/Fe/Cu films, compared to systems
with lower x values, cannot be attributed to the impact of
long-range AFM ordering. Therefore, the AFM spin struc-
ture of Fe0.5Mn0.5 film must be the more crucial contributing
factor.

In previous studies, Kuch et al. provided experimental
evidence for a three-dimensional noncollinear AFM spin
structure in ultrathin single-crystalline fcc Fe0.5Mn0.5 layers
through x-ray magnetic circular (linear) dichroism measure-
ments [29]. Their findings align with the proposed 3Q spin
structure in bulk Fe0.5Mn0.5 [31]. Our current investigation
observed that the AFM Fe0.5Mn0.5 layer can induce strong
PMA on adjacent Co/Fe/Cu layers. The induced PMA can
also be effectively explained by the existence of out-of-plane
uncompensated magnetic moments in a 3Q noncollinear spin
structure of AFM Fe0.5Mn0.5 film; these moments initiate
collinear-like coupling with the moments of adjacent FM films
[22,23]. On the other hand, Hsu et al. and Wu et al. have
identified a layered AFM spin structure for Mn films grown on
Co/Cu(001) layers through spin-polarized scanning tunneling
microscopy (SP-STM) measurements [55,56]. However, pre-
vious studies have indicated that thin Mn films deposited on
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Co/Fe(Ni) layers typically enhance the perpendicular inter-
face crystalline anisotropy of the Mn/Co interfacial moments
due to interface electronic hybridization [52–54]. When tFeMn

is close to tAFM
FeMn, the interplay between the interfacial Mn/Co

moments and the AFM moments of the Mn films leads to
the establishment of noncollinear coupling at the AFM-FM
interface, resulting in the presence of weak perpendicular
magnetization in Mn/Co/Fe/Cu films [23,52]. As tMn of the
AFM Mn film increases further, the enhanced in-plane ex-
change coupling from the in-plane oriented spin moments of
the thicker AFM Mn films [55,56] could compete with the
existing perpendicular interface crystalline anisotropy of the
Mn/Co interfacial moments. This competition could poten-
tially either maintain or reduce the strength of the induced
weak PMA in adjacent FM films, thereby presenting a non-
trivial behavior of PMA induction strength with an increase in
tMn, as depicted in Fig. 4(a) [23,52].

Given a high correlation between the proposed AFM spin
structures of Fe0.5Mn0.5 (or Mn) layers and characteristic be-
haviors of induced magnetic properties on adjacent Co/Fe/Cu
film, our research findings could provide important clues for
comprehending the AFM spin structure of FexMn1−x films
with other alloy compositions. According to Figs. 5 and 7,
FexMn1−x films with x < 0.3 exhibit characteristic behaviors
of inducing nontrivial PMA strength with an increase in tFeMn

on Co/Fe/Cu, similar to the behavior caused by Mn films.
Therefore, the spin structure of these FexMn1−x films may
resemble the layered AFM structure of the Mn film [55,56].
When x exceeds approximately 0.3, the influence of the AFM
FexMn1−x films on inducing PMA in the adjacent FM layer
shifts from suppression to enhancement, suggesting a trans-
formation in the spin structures of AFM FexMn1−x films.
Because the characteristic PMA-induction behaviors induced
by FexMn1−x films are pretty similar as x varies from 0.39
to 0.64, the AFM spin structure of the FexMn1−x alloy in
this range may resemble the 3Q-like noncollinear spin struc-
ture [22,23]. Indeed, the composition range of the 3Q spin
structure in FexMn1−x estimated in this work aligns with the
boundaries of x, which range approximately from 0.35 to 0.80,
as proposed previously in bulk FexMn1−x derived from Möss-
bauer and neutron diffraction experiments [31]. Moreover, as
illustrated in Fig. 7, our experiments show that the change
in PMA induction behavior in 10-ML FexMn1−x/Co/Fe/Cu
is gradual when x varies from 0.64 to 0.21. This finding
suggests that the AFM spin structure of FexMn1−x films may
not transition sharply within this range of x values. According
to prior reports, TN of bulk Fe0.5Mn0.5 is approximately 500 K
[28,31]. In our current study, based on the results presented
in Fig. 7(b), a relatively higher TN in Fe0.5Mn0.5 films can
be achieved by increasing the Mn concentration. Considering
the need for higher induced PMA strength [Fig. 7(a)] and a
thinner AFM FexMn1−x layer (tAFM

FeMn) [Fig. 7(b)], at room tem-
perature, x = 0.4 could be identified as the optimal condition
for ultrathin AFM FexMn1−x films to induce stable PMA on
the adjacent FM layer.

Previous research has indicated that the magnetic states of
FexMn1−x alloys are not only sensitive to the alloy composi-
tion but also highly correlated with the crystalline structure
[30,66]. A transition from antiferromagnetism to ferromag-
netism could even be induced by structural phase transitions

in highly strained-fcc or -body-centered-cubic Fe0.5Mn0.5 epi-
taxial films [66]. In this study, by observing the induced
magnetic behaviors, we provide experimental insights into the
spin structure of AFM FexMn1−x alloy films, whose ground
state configuration remains ambiguous. Furthermore, we de-
tail their crystalline structure, providing a more experimental
basis for theoretical research on FexMn1−x alloys with varying
compositions.

B. Effects of local interface condition changes
on AFM-FM coupling and PMA induction

In addition to the previously mentioned effects of uniform
FexMn1−x films, we further discussed the impact of local
interfacial FeMn alloying on AFM-FM coupling and PMA
induction. As shown in Figs. 4(a)–4(c), Mn-rich FexMn1−x

(with x ranging from 0 to 0.21) induces only weak per-
pendicular magnetization on the adjacent Co/Fe/Cu layer.
However, recent research has found that doping 50% Fe at
the Mn/Co interface can induce a much stronger PMA on
the adjacent Co/Fe/Cu layer [23]. This finding demonstrates
that, without causing significant changes in the overall lattice
structure, the variations in the spin structure of the interface
and local exchange coupling significantly influence the be-
havior of PMA induction. In addition, Ref. [67] shows that
embedding a 2–3 ML thin Fe0.5Mn0.5 layer between Mn and
Co/Fe/Cu films strengthens the PMA of the Co/Fe/Cu layer.
This enhancement occurs because these Fe0.5Mn0.5 spacer
layers can achieve an AFM state due to the magnetic proxim-
ity effects of the upper Mn layer. Conversely, if the Mn layer
is embedded between the Fe0.5Mn0.5 and Co/Fe/Cu films, the
strength of PMA induction is weakened due to the exchange
anisotropy induced by the in-plane oriented AFM structure
of the Mn films. These recent research reports have indicated
that, besides the influence of the entire AFM films, the local
AFM spin structure and exchange coupling at the AFM-FM
interface are also crucial for inducing PMA in these AFM/FM
systems. This finding aligns with the effects of Mn interface
doping in exchange bias coupling systems [68].

Additionally, according to the current results, variations in
the FeMn alloy composition lead to changes in d⊥ (Fig. 3),
which may influence the interfacial Mn moments or the 3d-
3d exchange interaction. These factors could also affect the
PMA induction behavior of the adjacent Co/Fe/Cu film. In-
deed, a previous study reported that for fcc-like Mn films,
a decrease in d⊥ significantly weakens the PMA induction
effect [53]. This is attributed to the enhanced interlayer cou-
pling between Mn layers with an in-plane oriented layered
AFM spin structure [55,56]. In the present work, Mn-rich
FexMn1−x/Co/Fe/Cu films (with x ranging from 0 to 0.21)
show that d⊥ decreases with increased Fe concentration
[Figs. 3(a) and 3(c)]. However, the strength of the induced
PMA is clearly enhanced [Figs. 5(a) and 5(b)]. As inferred
from the results of previous work [53], the promotion of PMA
induction by these Mn-rich FexMn1−x films with increasing
x is unlikely to be attributed to the effects of a slight reduc-
tion in d⊥. Instead, a deviation in the local AFM structure
from the “pure” in-plane layered AFM structure could be
a dominant factor. On the other hand, FexMn1−x films with
x ranging from 0.39 to 0.64 reveal a relatively stable d⊥
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value [Figs. 3(b) and 3(c)]. Therefore, within this x range,
the variation in the strength of PMA [Figs. 5(c) and 5(d)]
could be solely determined by changes in the AFM-FM ex-
change coupling, mediated by slight variations in the 3Q-like
AFM spin structure or moment value due to different alloy
concentrations.

V. CONCLUSION

We have conducted a comprehensive investigation on
the behavior of PMA induction in a series of fcc-like
FexMn1−x/Co/Fe/Cu, where the tFeMn ranges from 0 to 10
ML and the x values vary from 0 to 0.77. Our findings re-
veal that a decrease in the Fe composition ratio enhances the
long-range AFM ordering of FexMn1−x films. Furthermore,
when the Fe composition ratio is lower than approximately
0.3, the impact of the AFM FexMn1−x films on inducing
PMA in the adjacent FM layer shifts from enhancement to

suppression, providing essential clues to transformation in the
spin structures of AFM FexMn1−x films from a FeMn-like
3Q structure to an Mn-like two-dimensional layered structure.
Our discoveries clarify the compositional impacts of AFM
FexMn1−x films on PMA induction in the neighboring FM
layer, along with their correlation with the AFM spin structure
and long-range AFM ordering, thereby demonstrating that
ultrathin Fe0.4Mn0.6 films are promising candidates for the
efficient control of PMA of adjacent FM films. These insights
are invaluable for comprehending the AFM spin configuration
of FexMn1−x and advancing the control of PMA with AFM
layers.
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