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Ferromagnetic (FM) films with higher magnetic moment density typically exhibit sizable in-plane magnetic
anisotropy as a result of strong dipolar interactions, which hinder their application in state-of-the-art perpendic-
ularly based magnetic devices. This study reports the effects of triggering the perpendicular magnetic anisotropy
(PMA) of a Co/Fe film with strong in-plane magnetic anisotropy through nearby antiferromagnetic (AFM) fcc
FesoMns, and face-centered tetragonal (e-fct) Mn films. Our results demonstrate that fcc FesoMns, films with a
three-dimensional quadratic AFM spin structure can trigger robust PMA in a Co/Fe film through collinearlike
AFM-FM exchange coupling at room temperature. Furthermore, by incorporating a monolayered FesoMnsg film
into the Mn-Co interface or by reducing the temperature, PMA can also be triggered in a Co/Fe film by using
e-fct Mn films with an in-plane-oriented AFM spin structure at room or low temperature through noncollinear
exchange coupling across the AFM-FM interface. Our results clarify the exchange-coupling mechanisms,
characteristic behaviors, and critical conditions for increasing control over antiferromagnet-induced PMA in
FM films with high magnetic moment density but strong in-plane magnetic anisotropy, which is helpful for the

development of next-generation perpendicularly based spintronic devices.
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I. INTRODUCTION

Magnetic thin films exhibiting perpendicular magnetic
anisotropy (PMA) have attracted considerable interest in the
field of magnetism research because of their applicability
in modern spintronic devices [1-4]. In general, ferromag-
netic (FM) films with high magnetic moment density or
spin polarization, such as Fe and Co layers, typically have
strong in-plane magnetic anisotropy as a result of considerable
dipolar interactions among the magnetic moments. Whereas
FM/noble-metal multilayers with enhanced orbital hybridiza-
tion at the interface [5,6] or tetragonal FM alloy films with
asymmetric spin-orbit coupling (SOC) within the material
[7,8] are conventional structures capable of exhibiting PMA.
However, current control of PMA induction is limited to ap-
plications of SOC with a limited energy scale (approximately
1072 to 10~! eV/atom) [9]. Alternative methods are urgently
needed to better control the PMA induction of FM films that
exhibit high magnetic moment density and strong in-plane
magnetic anisotropy.

Antiferromagnetic (AFM) thin films with various spin
structures are another promising material for controlling the
magnetic anisotropy of FM films through proximity effects
and exchange coupling [10-16]. The strength of PMA in-
duced by the adjacent AFM film is subject to the finite-size
effect [17] and is usually affected by the thickness of the
AFM film. Therefore, the incorporation of exchange coupling
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with a higher energy scale (approximately 10! to several
eV/atom) [9] can provide more degrees of freedom in con-
trolling PMA induction than SOC can alone [5-8]. AFM
fcc FesoMnsy films and vertically expanded face-centered
tetragonal (e-fct) Mn films, which have a three-dimensional
quadratic-type (3Q-type) [18-21] and a two-dimensional lay-
ered spin structure [22,23], respectively, can trigger PMA in a
Co/Ni film [15,16,24]. However, studies have yet to examine
these effects in Co/Fe-based FM films, which have a much
higher magnetic moment density and stronger in-plane mag-
netic anisotropy [25].

In this paper, we present the effects of triggering PMA
in an in-plane magnetic 3-monolayer (ML) Co/3-ML Fe
film by applying AFM fcc FesoMnsy and e-fct Mn films;
the in-plane magnetic anisotropy energy of the 3-ML Co/3-
ML Fe film (& —1.4 mJ/m?) [25,26] (see also Supplemental
Material [27] and Refs. [28-30]) is much higher than that of a
2-ML Co/14-ML Ni film (* —0.64 mJ/m?) used in previous
reports[15,16,24,31] and of a 6-ML (1.2 nm) CoFeB alloy
film (& —0.9 mJ/m?) [1] typically used in perpendicular-
based spin-transfer torque devices. Our results indicate that
robust PMA of a 3-ML Co/3-ML Fe film can be triggered
by a fcc FesoMnsg film with a three-dimensional quadratic
AFM spin structure through collinearlike AFM-FM exchange
coupling at room temperature. In addition, if a monolay-
ered FesoMnsq film is incorporated into the Mn-Co interface
or the temperature is reduced, the PMA of a Co/Fe film
can also be triggered by e-fct Mn films with an in-plane-
oriented AFM spin structure at room or low temperature
through noncollinear exchange coupling across the AFM-FM
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FIG. 1. Selected MEED (0,0) beam intensity curves as a function
of deposition time for Fe film grown on Cu(001), Co film grown
on 3-ML Fe/Cu(001), and FesoMns, and Mn films grown on 3-ML
Co/3-ML Fe/Cu(001) at 300 K. Film thickness was calibrated by
the oscillations in the MEED curves. The arrows indicate the time
for the shutter to be closed.

interface. Our results clarify the exchange-coupling mech-
anisms, characteristic behaviors, and critical conditions for
increasing control over antiferromagnet-induced PMA in FM
films with a higher magnetic moment density but stronger
in-plane magnetic anisotropy.

II. EXPERIMENT

In this study, the growth condition, crystalline structure,
and magnetic properties of a series of FesoMnso(Mn)/3-ML
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Co/3-ML Fe films were investigated in situ in a multifunc-
tional ultra-high-vacuum chamber with a base pressure of
2 x 107! torr. Single crystalline Cu(001) substrates with a
well-ordered crystalline structure and smooth surfaces were
prepared through cycles of 2-keV Ar™ ion sputtering and sub-
sequent annealing at 800 K for 5 min. All films were deposited
at room temperature by using an electron gun (e-beam evap-
orator) with a flux monitor. After a 3-ML Co/3-ML Fe film
was deposited on Cu(001), a series of FesoMnso(Mn)-based
AFM films, namely, FesoMnsg, Mn, and Mn/1-ML FesoMns
films, were prepared on 3-ML Co/3-ML Fe/Cu(001). The
deposition rates and thicknesses of the films were mon-
itored using medium-energy electron diffraction (MEED).
Figure 1 illustrates the typical specular MEED (0,0) beam
intensity of the Fe films grown on Cu(001), Co films grown
on 3-ML Fe/Cu(001), and FesoMnsy or Mn films grown on
3-ML Co/3-ML Fe/Cu(001). Regular oscillation indicates
layer-by-layer growth conditions for these films. The aver-
age in-plane and vertical interlayer distances of the films
were measured in situ using low-energy electron diffrac-
tion (LEED) with a kinematic approximation (LEED 1/V).
The magnetic hysteresis loops of the samples were mea-
sured in situ using magneto-optical Kerr effects (MOKE)
in both the longitudinal and polar geometries. Temperature-
dependent MOKE measurements were performed from 155
to 300 K. The characteristic interface couplings of the individ-
ual magnetic elements in the FesoMnso(Mn)/3-ML Co/3-ML
Fe films in which PMA was established were also detected
in situ by assessing the x-ray magnetic circular dichro-
ism (XMCD) effects [9] measured at the Mn, Fe, and Co
Ls, absorption edges in total electron yield mode. These
measurements were performed in an x-ray photoemission
electron microscopy (PEEM) [32-34] end station at beam-
line BLOSB2 of the Taiwan Light Source at the National
Synchrotron Radiation Research Center. The measurements
of the x-ray absorption spectrum (XAS) and XMCD curves
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FIG. 2. LEED patterns of (a) Cu(001), (b)—(d) 4-12-ML FessMnsy/3-ML Co/3-ML Fe/Cu(001), (e) 3-ML Co/3-ML Fe/Cu(001), and
(f)—(h) 4-12-ML Mn/3-ML Co/3-ML Fe/Cu(001) films, measured at 110 eV and 300 K.
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were made under remanent conditions; these were generated
by applying either a positive or negative external magnetic
field (£1000 Oe) along the out-of-plane direction of the
magnetic samples before placing them in the PEEM sample
holder.

III. RESULTS

A. Crystalline structure of FesyMnsy and Mn films
on 3-ML Co/3-ML Fe/Cu(001)

The crystalline structures of FesoMnsg and Mn films grown
on 3-ML Co/3-ML Fe/Cu(001) were characterized using
LEED. Figures 2(a)-2(h) display selected LEED patterns of
Cu(001), 3-ML Co/3-ML Fe films, and 4-12-ML FesoMnsg
or 4-12-ML Mn films grown on 3-ML Co/3-ML Fe bilayers;

n ML FeMn/3 ML Co/3 ML Fe/Cu(001)

these patterns were measured at 110 eV. We observed that
the p(1 x 1) spots of these films were located at the same
positions as those of Cu(001), indicating an epitaxial growth
condition. Therefore, the in-plane lattice constants (a;) of the
FesoMnsg, Mn, and 3-ML Co/3-ML Fe films were determined
to be equal to that of Cu(001) (approximately 3.61 A). For the
FesoMns film grown on 3-ML Co/3-ML Fe/Cu(001), we did
not observe additional LEED spots associated with the forma-
tion of an ordered alloy; hence, we conclude that the prepared
FesoMns layers were chemically disordered crystalline films,
a result that is in agreement with those of previous studies
[18,35,36].

Figures 3(a) and 3(b) present the averaged interlayer dis-
tance (d,) values observed for FesoMnsy and Mn films
grown on 3-ML Co/3-ML Fe bilayers; these values were
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FIG. 3. Average interlayer distance (d, ) of various (a) FesoMnsy and (b) Mn films grown on 3-ML Co/3-ML Fe/Cu(001), as calculated
according to the energy peaks (I or I') of the corresponding LEED specular spot //V curves of panels (c) and (d) measured at 300 K. In panel
(a), FesoMnsg films grown on 3-ML Co/3-ML Fe/Cu(001) exhibit a fcc structure when tg\, exceeded 8 ML. In panel (b), Mn films grown
on 3-ML Co/3-ML Fe/Cu(001) exhibit an e-fct structure transition when f;, exceeded 4 ML. In panels (a) and (b), the arrows represent d; of
Cu(001). The illustrations display the atomic model of the fcc FesoMnsy and e-fct Mn films.
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calculated according to the LEED 1/V curves obtained from
LEED specular spots [Figs. 3(c) and 3(d)]. The d, values
of the 3-ML Co/3-ML Fe/Cu(001) films were approxi-
mately 1.81 A; this value is close to the previously reported
value for fcc Co/Cu(001) films [37-40]. The d; value of
FesoMns, film at the early stage of growth on the 3-ML
Co/3-ML Fe bilayers was slightly below 1.80 Aand then
stabilized at the d, of Cu(001) (1.81 10\) when the thickness
of FesoMnso (fpemn) reached 8 ML. Because of a finding
of equal value for the vertical and in-plane lattice constants
(i.e., the c/a=~ 1), a formation of a stable fcc structure
for those FesoMns films when fgemn > 8 ML can be con-
cluded; this result is consistent with a previous experimental
report [36]. On the other hand, the Mn films grown on
3-ML Co/3-ML Fe/Cu(001) had an e-fct structure if the
thickness (fy,) exceeded 4 ML [Fig. 3(b)]; this is similar to
the behaviors of Mn films grown on 1-ML FesoMns/3-ML
Co/3-ML Fe/Cu(001) detailed in the Supplemental Material
[27]. Our structural characterizations of the FesoMnsy and
Mn films are consistent with the results of previous studies
[16,41].

B. Magnetic properties of FesoMnsy/3-ML Co/3-ML Fe films
at room temperature

Figure 4(a) displays the magnetic hysteresis loops of the
0- to 10-ML FesoMnso/3-ML Co/3-ML Fe films measured
at 300 K; the curves indicate that the magnetic anisotropy
of a 3-ML Co/3-ML Fe film was originally in-plane
oriented. When fgemn > 8 ML, the magnetic anisotropy of
the FesoMnsp/3-ML Co/3-ML Fe films changed from the

n ML FeMn/3 ML Co/3 ML Fe/Cu(001) 300K

in-plane to the out-of-plane direction. The onset of long-range
AFM ordering of the FesoMnsq film must be determined to
clarify the correlation between the induced PMA and the
antiferromagnetism of the FesoMnsq in the FesoMnso/3-ML
Co/3-ML Fe films. Examination of the long-range AFM or-
der of the metallic AFM FesoMnsy (or Mn) films through
the acquisition of x-ray magnetic linear dichroism spectra
[42-45] was hindered by the fixed orientation between the
x-ray and the sample holder as well as by full magnetic
shielding in the sample holder of the PEEM [34]. Therefore,
we characterized the onset of long-range AFM ordering of
the AFM films by observing the enhanced coercivity (H.)
engendered in AFM/FM coupled systems; this approach has
been justified in previous studies [10,35,36,46]. As illustrated
in Fig. 4(c), the H. value was substantially enhanced when
tremn €Xxceeded 8 ML, indicating a threshold thickness of 8
to 9 ML for establishing long-range AFM ordering of the
FesoMns films. Notably, this threshold thickness is close to
the critical fgemy for the onset of PMA [Fig. 4(b)], indicating
that PMA induction in FesoMnsg/3-ML Co/3-ML Fe and the
establishment of antiferromagnetism in the FesoMnso films
occurred simultaneously. This suggests that PMA could be
triggered by the AFM FesoMns( film through AFM-FM ex-
change coupling.

The origin of the PMA induced in the FesoMnsy/3-ML
Co/3-ML Fe films was revealed through the XMCD measure-
ments. Regarding the 10-ML FesoMns,/3-ML Co/3-ML Fe
film, the Co, Fe, and Mn elements revealed similar XMCD
asymmetries at the L;, edges [Figs. 5(a)-5(c)]; this in-
dicates a parallel-like orientation of coupling between the
Co moments and the uncompensated Mn moments at the
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FIG. 4. (a) Magnetic hysteresis loops, (b) M,, and (c¢) H, of 0- to 10-ML FesoMns,/3-ML Co/3-ML Fe/Cu(001) measured at 300 K.
In panel (b), the yellow shadow indicates the estimated critical thickness for the onset of PMA. In panel (c), the gray shadow indicates the
estimated critical thickness for the onset of long-range AFM ordering in the FesoMns film.
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FIG. 5. XAS and XMCD curves of 10-ML FesoMns;/3-ML
Co/3-ML Fe/Cu(001) measured at the (a) Co, (b) Fe, and (c) Mn
Ls, edges in the remanent states at 300 K. (d) Magnetic hysteresis
loops of 10-ML FesoMnsp/3-ML Co/3-ML Fe/Cu(001) measured
by MOKE at 300 K. (e) Schematic illustration of the interfacial spin
structure of FesoMnsg coupled with the FM moments. The bold black
arrows displayed in each figure indicate the remanent states of the
films (M, or M_) under positive or negative out-of-plane-oriented
magnetic fields (21000 Oe). The illustrations in the top-right of the
figure show the geometry of the XMCD measurement [34] and the
3Q spin structure of the AFM FesoMns film [18-21].

AFM/FM interface. According to the MOKE hysteresis loops
[Fig. 5(d)], the magnetization of the 10-ML FesoMns,/3-ML
Co/3-ML Fe film can only be flipped by the magnetic field
along the out-of-plane direction (1000 Oe). This indicates
an established PMA as well as a large out-of-plane compo-
nent of the magnetic moments in the 10-ML FesyMns,/3-ML
Co/3-ML Fe film; the Co, Fe, and Mn XMCD signal in
Figs. 5(a)-5(c) should be mainly contributed by the flipping
of the Co, Fe, and uncompensated Mn moments along the out-
of-plane direction. Thus, the finding of a FM-like coupling
of the Fe, Co, and uncompensated Mn moments along the
out-of-plane direction suggests an established collinearlike
exchange coupling at the AFM-FM interface of the perpen-
dicularly magnetic 10-ML FesoMnsy/3-ML Co/3-ML Fe film
[Fig. 5(e)]. In addition, as detailed in the Supplemental Ma-
terial [27], the XMCD contrast of the Mn element in the
in-plane magnetic 6-ML FesoMnsy/3-ML Co/3-ML Fe film
[Fig. S3(f)] is much weaker than that in the perpendicu-
larly magnetic 10-ML FesoMnsy/3-ML Co/3-ML Fe film
[Figs. 5(c) and S3(c)]. This finding suggests that the interface
spin structure of AFM FesoMns films has a large out-of-plane
component, but a smaller (or compensated) in-plane compo-

nent, which agrees with the 3Q-type AFM spin ordering of the
FesoMns film [illustration of Fig. 5] [18-21].

C. Magnetic properties of Mn(/1-ML FesoMns,)/3-ML
Co/3-ML Fe films at room temperature

Another possible PMA induction presented in this pa-
per is in Mn/(1-ML FesoMnsg)/3-ML Co/3-ML Fe films.
Figure 6(a) displays the magnetic hysteresis loops of the 0-
to 6-ML Mn/3-ML Co/3-ML Fe films measured at 300 K.
When #y, > 4 ML, the in-plane magnetization of the Mn/3-
ML Co/3-ML Fe films decreased considerably. This indicates
that the magnetization of the Mn/3-ML Co/3-ML Fe films
with fy, > 4 ML could not reach saturation under the current
magnetic field (< 1000 Oe); this behavior can be attributed to
a slightly tilted magnetization or a considerable enhancement
of H. caused by Mn-induced AFM coupling [47]. After we
incorporated a 1-ML FesoMnso film between the Mn and
3-ML Co/3-ML Fe films, however, PMA was triggered when
tvn reached 5 ML [Fig. 6(b)]. According to Figs. 6(f) and 6(g),
the appearance of PMA in the Mn/1-ML FesyMnsy/3-ML
Co/3-ML Fe film was accompanied by a significant increase
in the perpendicular H, value when #y, > 4 ML, the thickness
close to the onset of long-range AFM ordering in the Mn
film. This indicates that the PMA established in the Mn/1-ML
FesoMnsg/3-ML Co/3-ML Fe films was not only affected by
1-ML FesoMns at the interface but also originated from the
exchange coupling induced by the full AFM Mn film; adding
a 1-ML FesoMns interfacial layer substantially changed the
coupling orientation across the Mn-Co interface, even though
no intrinsic AFM order for the 1-ML FesoMns, layer alone
was expected. As presented in Fig. 4, applying the FesoMns
film with an out-of-plane-oriented spin component at the in-
terface [Fig. 5] triggered robust PMA in the 3-ML Co/3-ML
Fe films. Therefore, we inferred that the 1-ML FesoMnsg film
may still preserve out-of-plane spin components at the Mn-Co
interface caused by magnetic proximity effects from adjacent
Mn or Co moments [35]; these interfacial moments could
help stabilize the PMA of the underlying 3-ML Co/3-ML Fe
films when they were coupled with the in-plane-oriented Mn
moments in the volume of the Mn film [22,23].

D. Establishment of PMA in Mn/2-, 3-ML Co/3-ML Fe films
at low temperature

To explore other conditions for triggering PMA of the
Mn/3-ML Co/3-ML Fe films, we performed MOKE mea-
surements in a lower-temperature regime. Figure 6(c) presents
that the 3-ML Co/3-ML Fe film exhibited also in-plane
magnetic anisotropy at 155 K. However, the PMA of the
Mn/3-ML Co/3-ML Fe films was generated when fy, >
4 ML. As illustrated in Figs. 6(h) and 6(i), the stable
perpendicular magnetization of the Mn/3-ML Co/3-ML
Fe films was accompanied by a strong H, enhancement.
This is similar to the behavior observed in the Mn/1-ML
FesoMnsg/3-ML Co/3-ML Fe films at 300 K [Fig. 6(b)]. Fur-
thermore, the evolution of PMA established in the Mn/3-ML
Co/3-ML Fe films was traced through temperature-dependent
measurements. As presented in Figs. 7(a)-7(c), the 4- to 8-
ML Mn/3-ML Co/3-ML Fe films exhibited perpendicular
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FIG. 6. Magnetic hysteresis loops of (a) 0- to 6-ML Mn/3-ML Co/3-ML Fe/Cu(001) and (b) O- to 7-ML Mn/1-ML Fes,Mns,/3-ML
Co/3-ML Fe/Cu(001) measured at 300 K. (c) Magnetic hysteresis loops of 0- to 6-ML Mn/3-ML Co/3-ML Fe/Cu(001) films measured at
155 K. (d)—(i) Summarized M, and H, values based on panels (a)—(c). In panel (d), the yellow shadow indicates the estimated critical thickness
for the onset of unsaturated magnetization at 300 K. In panels (f) and (h), the yellow shadows indicate the estimated critical thicknesses for
the onset of PMA at 300 and 155 K, respectively. In panels (e), (g), and (i), the gray shadows indicate the estimated critical thicknesses for the
onset of an established long-range AFM ordering of Mn films at 300 or 155 K.

magnetization at low temperatures. However, PMA and H,
substantially decreased with elevated temperature. As detailed
in the Supplemental Material [27], the d; of the 6- and 8-
ML e-fct Mn films grown on 3-ML Co/3-ML Fe/Cu(001)
changed very little (from 1.88 to 1.86 A) as the temperature
decreased from 300 to 180 K. Therefore, the discovery that
the magnetic anisotropy of the e-fct Mn/3-ML Co/3-ML Fe
film changed substantially when the temperature was lower
than 190 K should not be attributed to a sudden structural
transformation of the Mn film.

To clarify why the PMA of the Mn/3-ML Co/3-ML Fe
film was enhanced at low temperature, we initially investi-
gated the capping effects generated by a thin Mn film at the

interface. Because the in-plane magnetic anisotropy of the
2-ML Co/3-ML Fe film was much lower than that of the
3-ML Co/3-ML Fe film [25], the interface effect caused
by Mn could be detected at a higher sensitivity. Therefore,
the measurements were conducted on Mn/2-ML Co/3-ML
Fe film. As displayed in the upper portion of Fig. 7(d),
the 2-ML Co/3-ML Fe film also exhibited stable in-plane
magnetic anisotropy at 155-300 K. However, the PMA
of the 1-ML Mn/2-ML Co/3-ML Fe film [lower por-
tion of Fig. 7(d)] was enhanced for temperatures lower
than 190 K. This indicates that the interfacial Mn layer
contributed to PMA in the adjacent FM film when the
temperature was reduced. Indeed, the promotion of perpen-
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FIG. 7. (a)—(c) Perpendicular magnetic hysteresis loops of 4- to 8-ML Mn/3-ML Co/3-ML Fe/Cu(001) measured at various temperatures.
(d) Perpendicular (solid line) and in-plane (dashed line) magnetic hysteresis loops of 0-, 1-ML Mn/2-ML Co/3-ML Fe/Cu(001) measured
at various temperatures. (¢) Summarized H, values based on panels (a)—(c). (f) Critical temperatures for the absence of induced PMA in
4- to 8-ML Mn/3-ML Co/3-ML Fe/Cu(001). In the lower portion of panel (d), a presence of perpendicular magnetic hysteresis loops at
low temperature is attributable to enhanced perpendicular interface anisotropy of the interfacial Mn moments in 1-ML Mn/2-ML Co/3-ML
Fe/Cu(001). In panel (e), thickening #);, in Mn/3-ML Co/3-ML Fe/Cu(001) resulted in an increased perpendicular H. when 7 < 190 K but

a reduced perpendicular H. when 7 > 190 K.

dicular crystalline anisotropy of the interfacial Mn moments
through orbital hybridization at the interface has been ob-
served in Mn/Co/Ni and NiMn/Mn/Co/Ni systems at
300 K [16,24]. We speculate that this effect could be
further promoted at low temperatures through improved crys-
talline ordering and band narrowing at the interface [48-51].
According to the present results [lower portion of Fig. 7(d)]
and literature [25], the perpendicular interface anisotropy
value contributed by 1 ML Mn when the temperature lower
than 190 K was enhanced to be ~ 1 mJ/m? [27]. Thus,
through an interplay of exchange coupling with the Mn mo-
ments in the volume of the Mn film, in Figs. 7(a)-7(c), the
enhanced perpendicular interface anisotropy of the interfacial
Mn moments could also help trigger PMA in the Mn/3-ML
Co/3-ML Fe films at low temperatures; this is similar to the
roles of 1-ML FesoMns in triggering the PMA of the Mn/1-
ML FesoMnsy/3-ML Co/3-ML Fe film at 300 K [Fig. 6(b)].
To further examine the interface coupling in the
Mn/3-ML Co/3-ML Fe film with induced PMA, the
Co, Fe, Mn L3, XAS, and XMCD curves of a 6-ML
Mn/3-ML Co/3-ML Fe film were measured at 100 K. As
displayed in Figs. 8(a)-8(c), Fe and Co had distinguishable

XMCD asymmetry. However, no XMCD contrast was
detected for the Mn element, even though a distinct
perpendicular magnetization was observed by MOKE at
low temperature (7 < 190 K) [Fig. 8(d)]. This result suggests
that, under the out-of-plane magnetic fields, the flip of the
out-of-plane component of the uncompensated Mn moments
in the perpendicularly magnetic Mn/3-ML Co/3-ML Fe film
is much smaller than that in the perpendicularly magnetic
FesoMns/3-ML Co/3-ML Fe film; the coupling orientation
between the uncompensated Mn and FM moments in
perpendicularly magnetic Mn/3-ML Co/3-ML Fe film
[Fig. 8(e)] may be different from the collinearlike coupling
present in perpendicularly magnetic FesoMnsg/3-ML Co/3-
ML Fe film [Fig. 5(e)]. However, examination of the in-plane
component of the interfacial uncompensated Mn moments
of the 6-ML Mn/3-ML Co/3-ML Fe film when 7 > 190K
through the acquisition of XMCD was hindered by a huge
in-plane H, value (> 1000 Oe) [Fig. 6(a)]. Hence, we inferred
the in-plane component of the interfacial Mn moments from
a similar system of the in-plane magnetic Mn/Co/Cu(001).
In the past, the measurements of spin-polarized scanning
tunneling microscopy had verified an in-plane layered-AFM
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FIG. 8. XAS and XMCD curves of 6-ML Mn/3-ML Co/3-ML
Fe/Cu(001) measured at the (a) Co, (b) Fe, and (c) Mn L;; edges in
the remanent states at 100 K. (d) Magnetic hysteresis loops of 6-ML
Mn/3-ML Co/3-ML Fe/Cu(001) measured by MOKE at 155 K.
(e) and (f) Schematic illustrations of the magnetic configurations in
Mn/3-ML Co/3-ML Fe/Cu(001) in low-temperature (7' < 190 K)
and high-temperature regimes (7" > 190 K). The bold black arrows
displayed in each figure indicate the remanent states of the films (M,
or M_) under positive or negative out-of-plane-oriented magnetic
fields (21000 Oe). The illustrations in the top part of the figure show
the geometry of the XMCD measurement [34] and the in-plane
layered AFM spin structure of the e-fct Mn film [22,23].

spin structure for the top layer of the Mn/Co/Cu(001)
[22,23]. However, no Mn XMCD signal was detected in an
in-plane magnetic Mn/Co/Cu(001) [52,53]. These results
indicate that the interfacial uncompensated Mn moments in
the in-plane magnetic Mn/Co/Cu(001) could have a highly
frustrated in-plane component, which has been attributed to
an effect of strong Mn-Mn lateral exchange coupling under
the presence of interface or surface steps [54]. Therefore,
combining the previous results and the current study yields
a picture that the interfacial uncompensated Mn moments
in the perpendicularly magnetic 6-ML Mn/3-ML Co/3-ML
Fe film may have a highly frustrated in-plane component
but a small uncompensated out-of-plane component which
is contributed by the promoted perpendicular interface
crystalline anisotropy at low temperature [Fig. 7(d)]. We
speculated that these interfacial Mn moments may couple
noncollinearly with the adjacent Co/Fe layers, triggering the
establishment of PMA on the Mn/Co/Fe/Cu(001) system
at low temperature [Fig. 8(e)]. Interestingly, as mentioned,
the Mn XMCD signal in the FesoMnso/3-ML Co/3-ML Fe
film with induced PMA was still preserved under the similar
conditions of interface or substrate steps [Fig. 5(c)]. We

speculated that this may be attributed to a lower strength
lateral (but higher strength out-of-plane oriented) exchange
coupling in the 3Q spin structure of AFM FesoMnso [18-21].

IV. DISCUSSION

Characteristic behaviors and exchange-coupling mechanisms
for the FesgMnso- and Mn-induced PMA in Co/Fe films with
strong in-plane magnetic anisotropy

According to the aforementioned results [Figs. 5(a)-5(c)],
Co, Fe, and Mn had distinguishable XMCD asymmetry in the
perpendicularly magnetic FesoMnsy/3-ML Co/3-ML Fe film.
This confirms a FM-like ordering or collinearlike exchange
coupling of the Co, Fe, and uncompensated Mn moments with
an out-of-plane component at the AFM-FM interface of the
perpendicularly magnetic FesoMnso/3-ML Co/3-ML Fe film
[Fig. 5(e)]. Furthermore, the strength of the induced PMA, as
well as the value of perpendicular H,, in the FesoMnso/3-ML
Co/3-ML Fe films can be greatly increased by thickening
tremn [Fig. 4]. This behavior accords with the finite-size
tendency of the AFM-induced exchange coupling [17] and
demonstrates a characteristic of “collinearlike exchange-
coupling”-facilitated PMA in the FesoMnsy/3-ML Co/3-ML
Fe films. By contrast, according to Figs. 7(a)-7(c) and 7(e),
the PMA of Mn/3-ML Co/3-ML Fe films behaved nontrivial
tvin-dependent tendencies at different temperature regimes. At
low temperatures (T < 190 K), increasing #y, resulted in an
enhanced perpendicular H, [Fig. 7(e)]; this might be due to
increased domain-wall-activated processes caused by compe-
tition between the enhanced in-plane-oriented lateral Mn-Mn
exchange coupling and the established perpendicular crys-
talline anisotropy of the interfacial Mn moments [Fig. 8(e)]
[9,46,54]. By contrast, if T > 190K, increasing t\;, merely
reduced the perpendicular H. and the thermal stability of
PMA of the Mn/3-ML Co/3-ML Fe films [Figs. 7(e) and
7()]; this might have resulted from a weakened perpendic-
ular crystalline anisotropy of the interfacial Mn moments
when T > 190K [Fig. 7(d)] and the dominant effects of the
in-plane-oriented lateral Mn-Mn exchange coupling with an
increase in fy, [Fig. 8(f)]. Thus, the characteristic nontriv-
ial fy,-dependent PMA-induction behaviors, generated by a
competition between the volume Mn and interface Mn mo-
ments in different temperature regimes, could provide a strong
evidence for an established noncollinear exchange coupling
at the AFM-FM interface of the perpendicularly magnetic
Mn/3-ML Co/3-ML Fe films. Interestingly, such a behavior
was clearly present in the Mn/3-ML Co/3-ML Fe films but
not in the previous reported Mn/2-ML Co/14-ML Ni films
[16,24]. We speculated that this may be attributed to a highly
competitive relationship between the AFM-induced PMA and
strong in-plane magnetic anisotropy of the FM film in the
Mn/3-ML Co/3-ML Fe systems. Thus, through examination
of the uncompensated Mn moments at the AFM-FM interface
[Figs. 5(c) and 8(c)] and the characteristic behaviors of fgemn
(tvn)-dependent magnetic anisotropy [Figs. 4 and 7] in the
perpendicularly magnetic FesoMnso/3-ML Co/3-ML Fe and
Mn/3-ML Co/3-ML Fe films, the present work has verified a
similar exchange-coupling mechanism but different balances
between competing couplings of the AFM and FM moments
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in two systems. Furthermore, through an application of these
mechanisms, FesoMnsy and Mn/1-ML FesoMns, films are
capable of stabilizing the PMA of a 3-ML Co/3-ML Fe
film with strong in-plane magnetic anisotropy at room tem-
perature [Figs. 4(a) and 6(b)]. Although a direct application
of the proposed systems for the current perpendicular-based
magnetic tunnel junctions may be limited by the unclarified
issues of a structural compatibility of achieving bcc (MgO)
and fcc FesoMns, (or e-fct Mn) electrodes and a diffusion of
Mn upon thermal annealing, the findings here are important
in understanding the mechanism and critical behaviors for
antiferromagnet-induced PMA in ferromagnets with strong
in-plane magnetic anisotropy.

V. CONCLUSION

In conclusion, we examined the characteristic behav-
ior, mechanisms, and critical conditions necessary for
triggering PMA in Co/Fe films with strong in-plane
magnetic anisotropy using AFM fcc FesoMnsy and e-fct Mn
films. Our results demonstrated that robust PMA in the

Co/Fe films can be generated by fcc FesoMns films through
collinearlike AFM-FM exchange coupling at room tempera-
ture. By contrast, the PMA triggered by the e-fct Mn film
behaved a nontrivial Mn-dependent tendency at different tem-
perature regimes; this originated from a competition between
the out-of-plane-oriented moments at the interface and the
in-plane-oriented Mn moments within the volume in an estab-
lished noncollinear exchange coupling across the AFM-FM
interface. Our findings provide the mechanism, characteristic
behaviors, and practical conditions for increasing control over
the PMA induction in FM films with a high magnetic mo-
ment density but large in-plane magnetic anisotropy, which is
useful for the development of next-generation perpendicular
spintronic devices that use AFM films to trigger PMA in FM
films.
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