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Antiferromagnetic (AFM) thin films are promising materials for inducing perpendicular magnetic anisotropy
(PMA) in adjacent ferromagnetic (FM) films. This study demonstrates that in a selected AFM spin structure
with out-of-plane uncompensated moments, the magnitude of the induced PMA in its neighboring Co/Ni film
could be significantly enhanced by the establishment of a collinearlike exchange interaction between the volume
moments of the AFM film and the perpendicular magnetic FM film. Detailed magnetic hysteresis loops and x-ray
analysis revealed a quench of perpendicular surface anisotropy in a monolayered FesoMns,/Co/Ni film due to the
formation of antiparallel-like coupled Fe and Mn moments. By contrast, the establishment of a three-dimensional
quadratic-type AFM spin structure of an FesoMns film triggered parallel-like out-of-plane uncompensated Fe
and Mn moments at the interface and reinforced the PMA induced in the Co/Ni film.
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I. INTRODUCTION

Perpendicular magnetic anisotropy (PMA), which charac-
terizes a preferred out-of-plane orientation of spontaneous
magnetization in magnetic systems, has attracted considerable
research interest in the field of magnetism because of its
applicability to current perpendicular magnetological devices
[1-4] and close connection to many fundamental magnetic
interactions [5—11]. Previous studies have indicated that PMA
induced in antiferromagnetic (AFM) thin films is highly
sensitive to interactions between magnetic moments occurring
at the AFM-ferromagnetic (FM) interface, as well as to those
occurring within the AFM layer [5,6,10]. Consequently, for
AFM films grown with coherent structures [5], the interplay
of the finite-size effect [12] renders the film thickness capable
of adjusting the thermal stability of induced PMA. Moreover,
the strength of induced PMA is perturbed when the lateral or
vertical atomic distance of the AFM film is altered [10]. Recent
research has reported that orthogonal interfacial exchange
coupling could be another means of enhancing PMA in
FM and AFM oxide systems [8,9]. However, investigations
of antiferromagnet-induced PMA are restricted to selected
systems; thus, the understanding of this phenomenon is
limited.

Antiferromagnet-induced PMA was demonstrated in a
model system of epitaxially grown expanded-face-centered
tetragonal (e-fct) Mn/Co/Ni/Cu(001) magnetic thin films
[10]. In this system, the interfacial Mn moments exhibited
strong perpendicular crystalline anisotropy, and the magnetic
ordering of the volume moments revealed an in-plane layered
AFM structure [13,14]. The PMA could have been induced
through noncollinear exchange coupling between the interfa-
cial Mn moments and the moments in the volume of the Mn
film. However, regarding the e-fct Mn/Co/Ni/Cu(001) films,
the strength of the induced PMA was significantly restricted
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despite the thickening of the Mn film. This observation reveals
the limitation of inducing PMA in AFM films with two-
dimensional spin structures and indicates that determining the
effects of AFM spin structures on induced PMA is essential.
Chemically disordered fcc FesoMnsg structures have been
proposed to exhibit three-dimensional quadratic (3Q) spin
ordering with spins pointing along four (111) directions
[15-18]. In addition, fcc FesoMns films can engage in strong
exchange coupling with perpendicular magnetic films and en-
hance their magnetic ordering temperature Tordering through the
magnetic proximity effect [15,19,20]. Because fcc FesoMns
films can be grown epitaxially on Co(Ni)/Cu(001) films [21],
fcc FesoMns/Co/Ni/Cu(001) films are considered a suitable
alternative to e-fct Mn/Co/Ni/Cu(001) films for examining
the effects of the spin structure of AFM films on induced PMA.
The current study explored the effects of an AFM spin
structure on antiferromagnet-induced PMA. The study results
revealed that fcc FesoMnsg films could induce PMA on adja-
cent Co/Ni films after these films had reached a critical thick-
ness associated with the establishment of long-range AFM
ordering. A considerably stronger PMA was induced in the fcc
FesoMnso/Co/Ni films than that in the e-fct Mn/Co/Ni films;
this was a result of the establishment of a collinearlike ex-
change interaction between the 3Q AFM spin ordering inside
the FesoMns films and perpendicular magnetic FM moments.

II. EXPERIMENT

FesoMnso/Co/Ni films were prepared on Cu(001) single-
crystal substrates and investigated in sifu in an ultrahigh-
vacuum chamber with a base pressure of 2 x 107! Torr.
The Cu(001) substrates with a 0.1° miscut were cleaned by
applying cycles of 2 keV Ar™ ion sputtering and subsequent
annealing at 800 K for 5 min to obtain a well-ordered
crystalline structure and smooth morphology [22]. The de-
position rate and thickness of the films were monitored by
medium-energy electron diffraction (MEED). Figure 1 shows
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FIG. 1. Selected MEED (0,0) beam intensity curves as a function
of deposition time for Ni and Co films grown on Cu(001) and an
FesoMnsq film grown on 2-3-ML Co/14-ML Ni/Cu(001) at 300 K.
The thickness of the films was calibrated by the oscillations in the
MEED curves. The arrows indicate the time for the shutter to be
closed.

the specular MEED (0,0) beam intensity of the Ni and Co
films grown on Cu(001) and FesoMnsq alloy films grown on
2-3-monolayer (ML) Co/14-ML Ni/Cu(001). In both cases,
regular oscillation indicates layer-by-layer growth in the films.
Preparation of the Co/Ni films on Cu(001) followed the same
procedure as that in a previous study [10] to ensure that the
films would have the same magnetic properties as those of FM
films. The FesoMns, alloy films were prepared through the
codeposition of the Fe and Mn thermal evaporators. The alloy
compositions were calibrated by MEED oscillation.

The average in-plane and vertical interlayer distances of
the films were measured by applying low-energy electron
diffraction (LEED) with a kinematics approximation (LEED
1-V) [23]. The magnetic hysteresis loops of the samples were
measured in situ in terms of the magneto-optical Kerr effect
(MOKE) in longitudinal and polar geometries. The magnetic
domain images and x-ray absorption spectra (XAS) of the
films were obtained through x-ray photoemission electron
microscopy (PEEM) [24-26] by observing x-ray magnetic
circular dichroism (XMCD) effects at beamline BLO5SB?2 of the
National Synchrotron Radiation Research Center in Hsinchu,
Taiwan. The magnetic information of the individual elements
was obtained from the asymmetry of the XMCD curves
at the corresponding L3, absorption edges [27]. Contrast
normalization was achieved through imaging calculations of
two full-field images measured at the Ni, Co, Fe, and Mn L;
and L, edges by applying the formula (I3 — I;2)/(I13 + I12)
[27], where I} 3 and I}, are the x-ray absorption intensities of
the sample taken at edges L3 and L,, respectively. Because
of the fully magnetic shielding in the present PEEM end
station, the XAS and XMCD spectra measured in total electron
yield mode were under remanent condition. The remanent
states of the sample were achieved by applying either positive
or negative magnetic field along the out-of-plane direction
(£1000 Oe) when it was outside the PEEM. In this study, all
measurements were performed at room temperature.
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FIG. 2. LEED patterns of (a) Cu(001), (b) 2-ML Co/14-ML
Ni/Cu(001), (c) 1-ML FesoMnsy/2-ML Co/14-ML Ni/Cu(001),
(d) 8-ML FesoMnsy/2-ML Co/14-ML Ni/Cu(001), (e) 14-
ML FesoMnso/2-ML Co/14-ML Ni/Cu(001), and (f) 14-ML
FesoMnso/4-ML Co/14-ML Ni/Cu(001) films, measured at 110 eV
and 300 K. (g) Average d, of various films calculated according
to the energy peaks (/) in the /-V curves at room temperature. (h)
Selected LEED specular spot /-V curves for various FesoMnsy films
grown on 2-ML Co/14-ML Ni/Cu(001) films measured at 300 K.
In (g), the horizontal dotted and dashed lines indicate the d, values
of Cu(001) and 2-ML Co/14-ML Ni, respectively, as provided by
previous studies [10,28,29].

III. RESULTS
A. Crystalline structures of FesoMnsy/Co/Ni/Cu(001) films

The crystalline structures of FesoMnsp/Co/Ni films grown
on Cu(001) were characterized by LEED. Figures 2(a)— 2(f)
show selected LEED patterns of Cu(001) and those of the
subsequently deposited 2-ML Co/14-ML Ni films and 1-14-
ML FesoMns films grown on Co/Ni bilayers at 110 eV. The
LEED 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 and Co(Ni) films were equal to the Cu(001) value
(approximately 3.61 A). Because no additional diffraction
spots associated with the formation of an ordered alloy were
observed, we conclude that the prepared FesoMns, layers were
chemically disordered crystalline films, a result that is in
agreement with those of previous studies [15,20,21].

Figure 2(g) shows the vertical interlayer distance d; of
the FesoMns films grown on the Co/Ni bilayers, which was
determined according to the corresponding LEED specular
spot I-V curves [Fig. 2(h)]. The d, value of the FesoMnsg
films gradually increased from approximately 1.71 to 1.81 A
when the FesoMnsq film thickness frem, Was increased from 1
to 8 ML. As the freMmn level was further increased, the FesoMns
films revealed a stable fcc structure, a finding that is consistent
with a previous experimental report [21]. However, the d;
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value of the 2-ML Co/14-ML Ni film was approximately
1.70 A, which is also consistent with the findings of previous
studies [10,28,29].

B. Magnetic properties of FesyMns,/Co/Ni/Cu(001) films

The magnetic properties of the FesoMnsy/2-ML Co/
14-MLNi films were initially investigated in terms of the
MOKE. Figure 3(a) shows the magnetic hysteresis loops of
the 0—12-ML FesoMnso/2-ML Co/14-ML Ni films measured
in longitudinal and polar geometries at 300 K. The magnetic
anisotropy of the 2-ML Co/14-ML Ni film was aligned in the
in-plane direction. PMA was established when the thickness of
the covered FesoMnsg film was greater than 8 ML, a behavior
similar to the system of e-fct Mn/2-ML Co/14-ML Ni [Fig.
3(b)], where the induced PMA was observed when the Mn
film thickness fy1, was greater than 6 ML. However, the 1-ML
Mn/2-ML Co/14-ML Ni film evidently exhibited distinguish-
able PMA, which was contributed by the perpendicular surface
crystalline anisotropy of the monolayer Mn film [6,10]. By
contrast, a stable in-plane magnetization was observed in the
1-ML FCSQMHSO/Z—ML CO/14—ML Ni film.

Figure 4(a) displays the in-plane and out-of-plane rema-
nent magnetizations My of the hysteresis loops of various
FesoMnsg/2-ML Co/14-ML Ni films. A spin-reorientation
transition of the films from the in-plane to the out-of-plane di-
rection occurred when fpevy, Was greater than 8 ML. To clarify
the correlation between the induced PMA in the FesoMnsq/2-
ML Co/14-ML Ni films and the antiferromagnetism of the fcc
FesoMns films, it is essential to determine the onset of long-
range AFM ordering of the AFM film. In many specimens,
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x-ray magnetic linear dichroism (XMLD) is a direct approach
to examine the AFM order of the AFM film. However, after
several tries, our attempts to acquire XMLD spectra similar
to those reported by Antel et al. [30] were unsuccessful. This
might be partly because our experimental setup does not allow
us to rotate the sample as Antel et al. did. Since the XMLD
signal is strong in systems showing the multiplet effect (like
NiO or LaFeOj3 [31-33]), FeMn is expected to exhibit a weak
XMLD signal. Thus, in the present work, we decided to use
the enhanced H¢ as a fingerprint to indicate the presence
of long-range AFM ordering in our samples, as has been
justified in previous studies [20,21,27,34-36]. As illustrated
in Fig. 4(c), the H, value was significantly enhanced when
tremn €xceeded 8 ML, indicating a threshold thickness of § ML
for the established long-range AFM ordering of the FesoMns
films. Notably, this threshold thickness is close to the critical
FesoMns, film thickness associated with the onset of PMA in
the FesoMnso/2-ML Co/14-ML Ni films [Fig. 4(a)]. These
results suggest that the PMA observed when the fpen, value
exceeded 8 ML was induced by the AFM FesoMns, films
through AFM-FM exchange coupling.
Antiferromagnet-induced PMA was observed in the Mn/2-
ML Co/14-ML Ni films [Fig. 4(b)]. Notably, the threshold
associated with the induced PMA as well as long-range
AFM ordering was at fy, = 6-7 ML, a value slightly lower
than that of the FesoMnso film (fpemn = 8 ML). This result
suggests that the e-fct Mn film exhibits a stronger AFM
exchange interaction than that of the FesoMns film of identical
thickness. Furthermore, fcc-like Mn films have been observed
to exhibit a slightly higher AFM ordering temperature than
that of FeMn films when the films were in a bulk state
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FIG. 3. Magnetic hysteresis loops of (a) 0-12-ML FesoMns;/2-ML Co/14-ML Ni/Cu(001) and (b) 0-14-ML Mn/2-ML Co/14-ML
Ni/Cu(001) films measured according to the longitudinal and polar MOKE at 300 K.
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FIG. 4. (a) Remanent magnetization My of 0-12-ML FesyMnsy/2-ML Co/14-ML Ni/Cu(001) films. (b) My of 0-14-ML Mn/2-ML
Co/14-ML Ni/Cu(001) films. (c) Out-of-plane and in-plane coercivity H¢ of 0—12-ML FesoMns,/2-ML Co/14-ML Ni/Cu(001) and 0-14-ML
Mn/2-ML Co/14-ML Ni/Cu(001) films. In (c), the arrows indicate the establishment of room-temperature long-range AFM ordering of
FesoMnsy and Mn films. (d) and (e) Magnetic hysteresis loops of 12-ML FesoMns, (or Mn)/2-ML Co/14-ML Ni/Cu(001) and 12-ML

FesoMns (or Mn)/3-ML Co/14-ML Ni/Cu(001) films, respectively.

(FeMn = 500 K and fcc-like Mn = 540K) [17,37], and this
finding is consistent with those of the present study. However,
when the long-range AFM orderings of the fcc FesoMnsg and
e-fct Mn films were well established (i.e., the thickness of the
AFM film in each case was above the threshold value), the
magnitude of perpendicular H, induced by the fcc FesoMns
films was considerably larger than that induced by the e-fct Mn
films. Moreover, as we further enhanced the in-plane magnetic
anisotropy of the FM films by increasing the thickness of the
Co film from 2 to 3 ML [Figs. 4(d) and 4(e)] [38-40], the
12-ML FesoMns film evidently revealed a higher strength of
induced PMA than the 12 ML e-fct Mn film. These results
indicate that the volume moments of the fcc FesoMnsq films
could efficiently support the thermal stability of the induced
PMA in the Co/Ni film, despite the strength of the AFM
exchange interaction possibly being slightly lower than that of
the e-fct Mn film.

IV. DISCUSSION

A. Quench of perpendicular surface anisotropy
in monolayered FeMn films

Low-dimensional magnetic films can usually engender per-
pendicular surface anisotropy because of unquenched out-of-
plane-oriented orbital moments caused by broken symmetry
[5,6,10,41-43]. Based on the results in Fig. 5(a), the 1-ML
Mn film or Fe film can induce PMA on the adjacent 2-ML

Co/14-ML Ni film. However, this characteristic vanished
when the covered layer was replaced by the 1-ML FesoMns
film. Investigating the quenching of the perpendicular surface
anisotropy when the Fe and Mn elements formed a monolay-
ered AFM alloy film is compelling.

Figures 5(b)— 5(e) show the element-resolved magnetic
domain images of the 1-ML FesoMnsy/2-ML Co/14-ML
Ni film. Similar domain structure contrast levels could be
observed for Ni, Co, and Fe [Figs. 5(b)-5(d)], revealing
that their magnetic moments were coupled and aligned in
parallel-like orientation in the in-plane direction. By contrast,
opposite domain contrast levels could be observed for Mn
[Fig. 5(e)], indicating antiparallel-like coupling between the
moments of Mn and those of the other three elements.

Applying XMCD sum rules, a previous report on per-
pendicular magnetic Fe/Ni/Cu(001) has revealed a parallel
coupling between the orbital and spin moments of the Fe
element, where an orbital value of 0.21u,—0.22u;/atom of
the Fe elements was obtained when the thickness of the Fe
film decreased from 2 to 0.1 ML [44]. On the other hand, a
report on perpendicular magnetic 1-ML Mn/Co/Ni/Cu(001)
has shown a high orbital-to-spin ratio of 0.33 for the Mn
element, where the direction of orbital moments is also the
same as the spin moments [10]. Moreover, previous works
on Fe/Mn films (a system of AFM-induced PMA) have also
clearly shown a parallel alignment of orbital and spin moments
for either the Fe or Mn element, where the interfacial Fe and
Mn total moments were found to couple antiparallel along
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FIG. 5. (a) Magnetic hysteresis loops of 1-ML Mn/2-ML Co/14-
ML Ni/Cu(001), 1-ML Fe/2-ML Co/14-ML Ni/Cu(001), and 1-
ML FesoMnsy/2-ML Co/14-ML Ni/Cu(001) films. (b) Ni, (c) Co,
(d) Fe, and (e) Mn magnetic domain images of a uniform 1-ML
FesoMnso/2-ML Co/14-ML Ni/Cu(001) film measured at 300 K.
The top illustration shows that the angle of incident right-circularly
polarized (RCP) x-rays was 25° with respect to the in-plane [010]
crystallographic direction of Cu(001). In (b)—(e), the black and white
arrows displayed on the domain images indicate the magnetization
directions of the magnetic moments.

the out-of-plane direction (the out-of-plane orbital moment is
approximately 0.46;, /atom for Mn and 0.14u, /atom for Fe)
[6]. The characteristic that the spin and orbital moments of
Fe (or Mn) in FeMn bilayered or alloyed structures coupled in
parallel [5,6,10,44—46] could be associated with both elements
having filled more than half of their d shells [47-49], where
the total angular moments tend to exhibit the largest value
according to Hund’s rule.

Thus, regarding the 1-ML FesoMnsy/2-ML Co/14-ML
Ni film with antiparallel-like coupled Fe and Mn moments
in the present study, the overall magnitude of the out-of-
plane-oriented orbital moments of the FeMn film, which

PHYSICAL REVIEW B 96, 094416 (2017)

is considered to be the origin of the perpendicular surface
anisotropy, would be reduced relative to that of the film
containing a single element. This could hamper the capability
of the induced PMA and thus result in in-plane magnetic
anisotropy for the 1-ML FesoMnsy/2-ML Co/14-ML Ni
film. However, since the two-dimensional quadratic (2Q) spin
structure with spins pointing along in-plane (110) directions
has been considered the excited state of the FeMn film [18],
a contribution of enhanced in-plane-oriented or canted orbital
moments of the Fe or Mn element should not be fully excluded.

B. PMA induced by AFM fcc-FesoMns, films

In contrast to the behavior of monolayered FesoMns,
the FesoMnso film could induce PMA when fremn > 8 ML,
representing the thickness at which long-range AFM ordering
starts to become established [Figs. 3(a) and 6(a)]. According
to the XMCD measurements of the 10-ML FesoMnsy/Co/Ni
film [Figs. 6(b)-6(d)], the Fe and Mn elements revealed out-
of-plane-oriented uncompensated moments that were coupled
in parallel-like orientation with the FM moments. Thus, FM
ordering of the Fe and Mn uncompensated moments should
be deduced. This behavior is expected to be closely linked
to an establishment of 3Q-type AFM spin ordering of the
FesoMnso film because the out-of-plane component of the
interfacial Mn and Fe spins in the 3Q structure revealed
similar uncompensated features [Figs. 7(a) and 7(c)]. Thus,
the formation of a parallel-like alignment between the Fe
and Mn interfacial uncompensated moments because of the
establishment of long-range AFM ordering of the FesoMns
film ensured a constructive superposition of the out-of-plane-
oriented orbital moments of the Fe and Mn atoms at the AFM-
FM interface; this therefore induced PMA on the adjacent
Co/Ni films. This phenomenon is in sharp contrast to the
characteristics observed in the monolayered FesoMnso film,
where the out-of-plane-oriented orbital moments of Fe and
Mn were compensated by antiparallel-like coupling (Fig. 5).
According to the literature [46,50], AFM FeMn films could
possibly cause a reduction in perpendicular magnetization
or a twisted magnetic structure on adjacent FM films in
FeMn/Ni-based systems due to the formation of a surface
step or the competition for the magnetic anisotropy interaction
between the interface and volume of the Ni film; however,
these complicated effects were possibly considerably weaker
in the FesoMnso/Co/Ni films investigated in the present
study because the thickness of the underlying FM films was
constantly an integer value and the strength of the induced
perpendicular surface anisotropy, which is proportional to the
spin-orbital coupling at the interface [5], is much stronger in
the FesoMnsg/Co/Ni film.

C. Effects of the AFM spin structure
on antiferromagnet-induced PMA

In this section, we discuss why the strength of PMA
in the Co/Ni films induced by the FesoMnsy films was
considerably greater than that induced by the e-fct Mn film
(Fig. 4). Regarding the behavior of AFM-induced PMA,
previous studies have indicated that the thermal stability of
induced PMA is supported by the volume moments in AFM

094416-5



BO-YAO WANG et al.

100; [90Y 2
(o] 23| (a) 10 ML FeMn/2 ML Co14 ML Ni
g S In-plane (x1) Out of plane (x1)
X [010] £
" £ L—T
t [
25° ek T
- X oo 0 1000 1000 0 1000
Magnetic Field (Oe)
10 ML FeMn/2 ML Co/14 ML Ni
T T T T T T T T T
- c -
3 (b) 8w —0—XAS “Hulm
2L g,
2 L 3 —o—XAS B lm |
3% L — 00— XMCD
Ni 2R ey
1t i\
0
—_ 1t L 1 L 1 L 1 L 1 L T
»n 840 850 860 870 880 890
-‘é T T T T T T T T T T T T T
= —e—xAs Hutm ]
o —o—xAs B m
} S
©
N
>
x
(7]
c
(5}
whd
E -4 , ] , ] , ] , ] , ] , ] ,
700 705 710 715 720 725 730 735
T T T T T T T
r 0
(d) —eo—xAs Hutm
8 r ?Ls —o—xAs v -
1Y
4
0
" 1 " 1 " 1 " 1 " 1 "
635 640 645 650 655 660 665

Photo Energy (eV)

FIG. 6. (a) Magnetic hysteresis loops of 10-ML FeMn/2-ML
Co/14-ML Ni/Cu(001) films. X-ray absorption spectrum and cor-
responding XMCD curves of 10-ML FesoMnsy/2-ML Co/14-ML
Ni/Cu(001) measured at the (b) Ni, (c) Fe, and (d) Mn L3-L, edges
in the remanent state. The inset in (d) displays the XMCD curve near
the Mn L3 edge. The magnetic fields (1000 Oe) were applied to the
out-of-plane direction of the sample to achieve two remanent states
when it was outside the PEEM end station. The angle of incident RCP
x-rays was 25° with respect to the in-plane [010] crystallographic
direction of Cu(001).

films through a direct exchange interaction [5,6,10]. However,
the strength of the exchange interaction transmitted from
one magnetic layer to another could strongly depend on the
relative spin orientations of the layers. Regarding the FesoMns
film with the 3Q-type out-of-plane-oriented uncompensated
spin structure [Fig. 7(b)], Lenz et al. [20] found that the
FesoMnsy film could engage in strong exchange coupling
with the perpendicular magnetic film, significantly enhancing
the magnetic ordering temperature in the adjacent FM film
through the transmitted exchange interaction (i.e., magnetic
proximity effects). The temperature decreased by up to 60 K if
the magnetization axis of the FM film was switched from the
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FIG. 7. Illustrations of the interfacial spin structure of (a) fcc
FesoMnso/2-ML Co/14-ML Ni and (b) e-fct Mn/2-ML Co/14-ML
Ni films coupled with the FM moments and formed domain structure.
The gray arrows displayed in (a) and (b) indicate only the out-of-plane
component of the Fe or Mn uncompensated moments. (¢) The 3Q and
(d) in-plane layered AFM spin structures for the volume moments of
the AFM films.

perpendicular to the in-plane direction. Moreover, considering
that a bilayered AFM film was composed of heterospin
orderings, Li ef al. [36] reported that the magnetic ordering
temperature of the CoO layer was greatly enhanced by the
adjacent NiO layer when the spin orientations of both AFM
layers were collinear and aligned in the in-plane direction. By
contrast, the magnetic ordering temperature of the CoO layer
decreased by approximately 80 K when the spin orientation of
the adjacent NiO was switched to the out-of-plane direction,
triggered by an increase in the NiO film thickness.

The aforementioned studies have indicated that when the
3Q-type AFM structure of an FesoMnsg film is well estab-
lished, the volume moments could couple coherently with the
interfacial out-of-plane-oriented Fe and Mn uncompensated
moments as well as the adjacent perpendicular magnetic FM
film through a collinearlike exchange interaction, thereby
efficiently promoting the thermal stability of the induced PMA
when fgemy 1S increased. By contrast, for the e-fct Mn/Co/Ni
films with an in-plane layered AFM spin structure [13,14], the
strength of the exchange interaction transmitted from the
volume moments of the Mn film [Fig. 7(d)] [6,10] to the
perpendicular magnetic interfacial Mn moments and the
adjacent perpendicular magnetic FM film could be restricted
because of the establishment of a noncollinear-type exchange
interaction. Therefore, the strength of induced PMA in the e-fct
Mn/Co/Ni films could be limited and insensitive to a further
increase in fyy, [Fig. 4(c)]. Although additional theoretical
calculations might be necessary to adequately support the
proposed physical concept, the present paper provides solid
evidence that the spin structure of an AFM film is crucial for
the strength of antiferromagnet-induced PMA in AFM-FM
bilayers. This finding is essential for the development of the
field of antiferromagnet-induced PMA and frontier magnetic
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recording technology, which requires perpendicular magnetic
films.

V. CONCLUSION

We investigated the effects of an AFM spin structure
on antiferromagnet-induced PMA and observed that in a
selected AFM spin structure with out-of-plane uncompen-
sated moments, the magnitude of the induced PMA in the
neighboring Co/Ni film could be significantly enhanced by the
establishment of a collinearlike exchange interaction between
the volume moments of the AFM film and perpendicular

PHYSICAL REVIEW B 96, 094416 (2017)

magnetic FM moments. These findings indicate a method for
ameliorating the control of antiferromagnet-induced PMA in
AFM-FM heterosystems and could facilitate the development
of next-generation perpendicular spintronic devices that ex-
ploit the engineering of the AFM spin structures of ultrathin
AFM layers.
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