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Ferromagnetic (FM) films with perpendicular magnetic anisotropy (PMA) are crucial building blocks of
state-of-the-art perpendicular magnetic devices. This study investigated the effects of triggering PMA in FM thin
films by applying Mn;_,Pd,-based antiferromagnetic (AFM) thin films with strong AFM exchange coupling
from Mn and high spin-orbit coupling from Pd atoms. Our results reveal that Mn,_,Pd, films can trigger
PMA in Co/Ni films with weak in-plane magnetic anisotropy at room temperature through either Mn,_,Pd,-
facilitated interfacial perpendicular crystalline anisotropy (spin-orbit coupling, x > 10%) or incorporation of
them with antiferromagnet-induced exchange coupling (x < 10%). In Co/Fe films with strong in-plane magnetic
anisotropy, Mn-rich Mn;_,Pd, films (x < 10%) can induce stable PMA at low temperatures through concurrently
enhanced spin-orbit coupling and antiferromagnet-induced exchange coupling across the AFM-FM interface.
Our research clarifies the dual effects of exchange and spin-orbit coupling in Mn,_,Pd, films, which trigger
the PMA of adjacent FM films. This indicates that Mn;_,Pd, films are promising candidates for achieving

controllable PMA.

DOLI: 10.1103/PhysRevB.107.104429

I. INTRODUCTION

Perpendicular magnetic anisotropy (PMA) is the core of
state-of-the-art magnetic devices, such as spin-transfer torque
magnetic random memory, and aids in increasing magnetic
storage density, reading and writing speeds, and reducing
energy consumption [1-6]. PMA can be achieved in a fer-
romagnetic (FM) layer through the use of crystal-distorted
alloy films or multilayers composed of both FM materials
and noble metals, such as Pt and Pd [7-11]. Due to the
asymmetry of the crystal field in these structures, the va-
lence orbitals of noble metals with higher spin-orbit coupling
constants can cause perpendicular crystalline anisotropy of
adjacent FM atoms or films through orbital hybridization [12].
Antiferromagnetic (AFM) thin films are emerging materials
that can potentially trigger PMA in FM films through AFM—
FM exchange coupling [13-20]. Because of this exchange
coupling, the PMA induced by an AFM film is sensitive to not
only the spin structure at the AFM-FM interface [18,19] but
also the thickness and temperature [20-22] of the AFM mate-
rial, which are determined by its finite-size effect [23]. AFM
face-centered-cubic (fcc) Feg sMng 5 with a three-dimensional
quadratic-type [24—27] or a vertically expanded face-centered
tetragonal (e-fct) Mn film with a two-dimensional layered spin
structures [28,29] can trigger PMA in FM Co/Ni(Fe) films
through collinearlike or noncollinear-type exchange coupling
[17-20]. Because noble metals and AFM films trigger PMA
through different mechanisms, a combination of these two
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materials can provide an additional degree of freedom in con-
trolling PMA and complement existing mechanisms. To date,
however, antiferromagnet-induced PMA has mostly been ex-
amined in 3d-based AFM-FM systems [17-20]. To facilitate
the development of potential applications for perpendicular
magnetic devices, how AFM-noble-metal alloy films can in-
duce PMA in FM films should be investigated.

AFM Mn-Pd alloy films with sizable AFM moments con-
tributed by Mn atoms and the high valence orbitals of Pd
atoms are promising candidates for examining the dual ef-
fects of exchange and spin-orbit coupling on PMA induction.
Bulk MngsPdgs exhibits an Lio-type vertically contracted
face-centered-tetragonal (c-fct) structure with the lattice con-
stants a = b =4.07 A and ¢ =3.58 A [30], and Mn and
Pd atoms occupy alternating atomic sheets perpendicular to
the ¢ axis [Fig. 1(a)]. Neutron scattering experiments [31,32]
have revealed that c-fct Mng sPdy s exhibits a fully compen-
sated spin configuration on the surface perpendicular to the
¢ axis; although a sizable magnetic moment of 4.4 1;/atom
was detected for Mn, a small value was observed for Pd
(<0.25 pp/atom) [31-33]. When grown on a MgO(001) sub-
strate, Mng sPdg s films have exhibited either a c-axis-grown
[Fig. 1(a)] or e-fct (a-axis-grown) structure [Fig. 1(b)], de-
pending on growth temperature [34-37]. In e-fct Mng s5Pdg s
films [Fig. 1(b)], Mn and Pd atomic sheets are perpendicular
to the substrate surface, forming a c(2x2)-ordered atomic
structure in each layer. Therefore, in an e-fct Mng sPdg s /FM
bilayer, interfacial Mn and Pd atoms can induce both ex-
change and spin-orbit coupling in the adjacent FM film.
In addition, e-fct Mng sPdg s exhibits an uncompensated in-
plane spin configuration on the surface and at the interface
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FIG. 1. Illustration of the atomic and spin structures of (a) c-axis-
grown (or c-fct) MngsPdy 5, (b) a-axis-grown (or e-fct) Mng sPdg s,
and (c) e-fct Mn films [28-30,34].

[Fig. 1(b)] [34,37], where the in-plane spin orientation of
Mn moments is similar to that of Mn moments in e-fct
Mn/Co/Cu(001) [Fig. 1(c)] [28,29]. Therefore, a comparison
of a series of Mn;_,Pd, films grown on structurally coherent
Co/Ni(Fe)/Cu(001) with different levels of Pd alloying can
reveal the effects of exchange and spin-orbit coupling as well
as their interplay on the PMA of adjacent FM films.

In this study, we comprehensively examined the con-
ditions and mechanisms crucial for triggering PMA in a
series of Mn;_,Pd,/Co/Ni(Fe)/Cu(001) films with vari-
ous thicknesses and AFM alloy concentrations at different
temperatures. We determined that Mn;_,Pd, films can
trigger PMA in adjacent Co/Ni(Fe)/Cu(001) films with dif-
ferent levels of in-plane magnetic anisotropy [11,20,38—
40] through Mn,;_,Pd,-facilitated interfacial perpendicular
crystalline anisotropy (spin-orbit coupling, x > 10%) or in-
corporation of them with antiferromagnet-induced exchange
coupling (x < 10%). Our findings demonstrate the dual effects
of the exchange and spin-orbit coupling of Mn;_,Pd, films
in triggering PMA in adjacent FM films, indicating that a
combination of a noble metal and 3d element can provide an
additional degree of freedom for controlling PMA through the
use of AFM films.

II. EXPERIMENT

We grew a series of Mn;_,Pd, films on two-monolayer
(ML) Co/14-ML Ni/Cu(001) (Co/Ni/Cu) and 3-ML Co/3-
ML Fe/Cu(001) (Co/Fe/Cu) films in a multifunctional
ultrahigh-vacuum chamber (base pressure of 2 x 10~'° Torr).
All the films were deposited using e-beam evaporators at room
temperature. We employed five electron beam evaporators to
deposit the various elements. Rod-shaped sources were used
for Fe, Co, and Ni, while Mn and Pd were placed in Mo cru-
cibles. Cu(001) substrates with a miscut angle of <0.1° were
subjected to cycles of 2-keV Ar™ ion sputtering and 5 min
of subsequent annealing at 800 K to ensure a well-ordered
crystalline structure and smooth surface. The Mn;_,Pd, films
were prepared through the codeposition of Mn and Pd with

respective evaporators, and the alloy compositions were con-
trolled through adjustment of the deposition rates on the basis
of the oscillation of their medium-energy electron diffraction
(MEED) curves [41]. As depicted in Fig. S1 of the Sup-
plemental Material [41] the MEED curves of the Mn;_,Pd,
films grown on Co/Ni/Cu or Co/Fe/Cu exhibited regular
oscillation, indicating successful layer-by-layer growth. The
average in-plane and vertical interlayer distances of the films
were determined in situ through low-energy electron diffrac-
tion (LEED) with kinematics approximation (LEED I/V)
at room temperature. Figure S2 of the Supplemental Ma-
terial [41] shows that the LEED p(1x1) spots of 1,2 ML
Mn;_,Pd,/Co/Ni/Cu (x = 0.1-0.5%) are located at the same
positions as the Co/Ni/Cu and the Cu(001) substrate, in-
dicating the epitaxial growth of these thin Mn;_,Pd, films
on Co/Ni/Cu. In addition, the Mn;_,Pd, films exhibited
an e-fct structure (c/a = 1.04) on the Co/Ni(Fe)/Cu when
Pd concentration was < 10% and the Mn;_,Pd, thickness
(tvnpa) Was = 6(5) ML [Figs. S3 and S4 of Supplemental
Material [41]]; this e-fct structure remained consistent for
tvnpda Within the range of 5-10 ML, indicating that it is one
of the stable structures for Mn-rich Mn;_,Pd, films. When
the Pd concentration in the Mn;_,Pd,/Co/Ni(Fe)/Cu was >
10%, constructive interference peaks in the LEED IV curves
were observed when fypg Was < 4 ML [41]. This finding
indicates that the Mn;_,Pd, films with Pd concentration >
10% and tympq = 4 ML can be structurally disordered, possi-
bly due to the large lattice mismatch between these Mn;_,Pd,
and Cu(001) [30,42-44].

The in-plane and out-of-plane magnetic hysteresis loops
of the films were determined using longitudinal and polar
magneto-optical Kerr effect (MOKE) measurements, re-
spectively, performed in situ at either 300 or 155 K, or
systematically varied from 155 to 300 K. In the longitu-
dinal mode, the magnetic field direction is parallel to the
film surface, while in the polar mode it is perpendicular.
The laser beam angle relative to the sample was kept at
45° in both modes, and the signals were measured using a
photomodulator and lock-in technique. In addition, we per-
formed x-ray magnetic circular dichroism (XMCD) analysis
[45] at Co and Mn L3, absorption edges to investigate the
magnetic properties of the interfacial Co and Mn layers in
Mn,;_,Pd,/Co/Ni/Cu; these x-ray measurements were per-
formed in situ in the end station of an x-ray photoemission
electron microscope (PEEM) [46—48] in beamline BLO5SB2 of
the Taiwan Light Source at the National Synchrotron Radia-
tion Research Center. The x-ray absorption spectrum (XAS)
and XMCD curves were measured in the total electron yield
mode and normalized relative to the incident beam intensity
and the L3, edge jump. The XAS and XMCD curves were
measured under remanent conditions. Two remanent states
were generated by applying positive or negative magnetic
fields along the in-plane (£200 Oe) or out-of-plane (£1000
Oe) directions to the magnetic samples.

III. RESULTS
A. PMA in Mn;_,Pd,/Co/Ni/Cu(001)

We investigated the effects of Mn;_,Pd, films on PMA
induction in the adjacent Co/Ni/Cu with a lower total
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FIG. 2. Magnetic hysteresis loops of (a) Mn/Co/Ni/Cu and (b) Mn;_,Pd, /Co/Ni/Cu (Pd concentration (x) = 10% and 25%) with various
tvn and tygpa, respectively, determined from the longitudinal and polar MOKE at 300 K. (c), (d) Summarized magnetic easy-axis phase
diagram and perpendicular H. of Mn;_,Pd,/Co/Ni/Cu measured at 300 K. In (c), the symbols || and L, respectively, denote the in-plane
and perpendicular magnetic easy directions of Mn;_,Pd, /Co/Ni/Cu. The yellow shadow in (d) (dashed-line region of (c); fy (fmapa) > 6 ML,
x < 10%) shows perpendicularly magnetic Mn,_,Pd,/Co/Ni/Cu exhibiting a higher H, value, for which the long-range AFM ordering of
Mn,_,Pd, was established. In contrast, Mn,_,Pd, films with other #y;,pq or alloy compositions remained in a paramagnetic state.

in-plane magnetic anisotropy energy density (—0.64 mJ/m?)
[11,38,39,41] by examining the MOKE at 300 K. Figure 2(a)
presents the magnetic hysteresis loops of the Mn/Co/Ni/Cu
films with various Mn thicknesses (fm,). The Co/Ni/Cu
exhibited in-plane magnetic anisotropy. Moreover, tilted mag-
netization with coexisted in-plane and out-of-plane magnetic
hysteresis loops was observed in 1-ML Mn/Co/Ni/Cu. As no
additional structures were observed in 1-ML Mn/Co/Ni/Cu
when compared to Co/Ni layer [17], we can conclude that
the tilted magnetization induced in 1-ML Mn/Co/Ni/Cu
may be caused by the interface effect of the Mn film. In
addition, robust PMA with a sizable H. was observed in
the Mn/Co/Ni/Cu films with fy, > 6 ML. When the Pd
concentration in Mn;_,Pd, was increased to 10% and 25%
[Fig. 2(b)], perpendicular magnetization was observed in
both thin Mn;_,Pd, films (fympa < 6 ML) and the thicker
Mn,;_,Pd, films. Additionally, in MngoPdg;/Co/Ni/Cu,

PMA with significantly increased coercivity H,. was observed
when fyppa > 6 ML.

Figure 2(c) illustrates the complete magnetic easy-axis
phase diagram for the Mn,_,Pd, /Co/Ni/Cu films, including
the Pd concentration and fy,pq dependence. PMA was trig-
gered in all films (Pd concentrations of 0%—100%) except for
thin Mn/Co/Ni/Cu films (t\, < 6 ML). According to the
literature [38,39,41], increasing the tensile strain of the fcc-
like Co layer can strengthen the in-plane anisotropy due to the
negative magneto-elastic anisotropy constant (K, ) (as seen in
Co/Cu(001) with a strain of 2% and K,,, of —73.8 ueV/atom).
Conversely, increasing the tensile strain of the fcc-like Ni
layer has inverse effects due to a positive K, of 29 eV /atom
(as observed in Ni/Cu(001) with a strain of 2.6%). Therefore,
in an epitaxially grown Co/Ni/Cu film, the magnetoelastic
anisotropy effects on Co and Ni can offset each other based
on their relative thicknesses. In this study, Mn-rich Mn,;_,Pd,
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or thin Pd-rich Mn;_,Pd, (tsnpa < 4 ML) films were epitax-
ially grown on Co/Ni/Cu [Figs. S3 and S4 of Supplemental
Material [41]]. The lattice constant of these Co/Ni films is
identical to that of Cu(001), resulting in similar strain lev-
els for Co and Ni in the Mn;_,Pd,/Co/Ni/Cu films as in
Co/Ni/Cu alone (2% for Co and 2.6% for Ni). Therefore, any
PMA induced in either Mn-rich Mn;_,Pd,/Co/Ni/Cu or thin
Pd-rich Mn;_,Pd,/Co/Ni/Cu (tympa < 4 ML) films should
not be attributed to additional strain effects on the Co/Ni/Cu
films.

To understand the origin of the PMA in the
Mn,_,Pd,/Co/Ni/Cu films, it was crucial to determine
the onset of long-range AFM ordering in the Mn;_,Pd,
films. Previous studies [49-53] 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 AFM films
was challenging due to the fixed orientation between the
x-ray and sample holder and the full magnetic shielding
in the sample holder of the PEEM [48]. Therefore, in
this work, we characterized the onset of long-range
AFM ordering in the Mn;_,Pd, films by observing the
fingerprintlike phenomenon of increased H, in the coupled
AFM/FM systems. This approach has been justified in
numerous previous studies [54-57]. We observed that in
the Mn/Co/Ni/Cu or MnygPdy;/Co/Ni/Cu films, the
perpendicular magnetization was accompanied by strong H,
enhancement when fy, or fvmpa Was > 6 ML [Fig. 2(d)].
This behavior suggests that long-range AFM ordering of
Mn or MngoPdy; films is established when #y, or fyapd
is > 6 ML. However, unlike the Mn/Co/Ni/Cu films
[Fig. 2(a)], even very thin MngoPdy; films (tpmpg = 1 ML)
[Fig. 2(c)] can trigger PMA on adjacent Co/Ni/Cu. Since the
induced PMA in thin Mng¢Pdg ;/Co/Ni/Cu films (tpupg < 6
ML; H, <40 Oe) exhibits a significantly lower H, value
than thick MngoPdy/Co/Ni/Cu films (tvapq > 6 ML;
H. > 100 Oe), it can be inferred that the thin Mng¢Pdg
films remained in a paramagnetic state. Similarly, PMA and
a low perpendicular H, value (H, < 40 Oe) were observed
in the Mn;_,Pd,/Co/Ni/Cu films when Pd concentration
was > 10% [Fig. 2(d)]. Since no H, enhancement behavior
was observed in Mn;_,Pd,/Co/Ni/Cu with x > 10% in the
entire thickness region of fypqg measured in this work, we can
also infer that these Mn;_,Pd, films with x > 10% remained
in a paramagnetic state. Therefore, the PMA induced in
Mn;_,Pd, films with x > 10% was likely attributable
not to antiferromagnet-induced exchange coupling but to
Mn, _,Pd,-facilitated interface effects.

B. Mn,_,Pd,-facilitated interfacial perpendicular crystalline
anisotropy and exchange coupling

To investigate the impact of Mn;_,Pd, on the PMA of
Mn,_,Pd,/Co/Ni/Cu films, we performed Co, Mn L3 , edges
XAS, and XMCD measurements. Previous study by Bruno
[58] have shown that the magnetic anisotropy due to spin-orbit
coupling, i.e., magnetocrystalline anisotropy, is proportional
to the anisotropy of the orbital moment (Mgpia). How-
ever, the error in the orbital sum rule calculation is twice
the Mopital/Mepin Tatio due to the requirement for accurate

values of the circular polarization level of light, the angle
between light and magnetic moment, and the exact 3d un-
occupied state value [45]. On the other hand, Stohr and
Konig have demonstrated that in the presence of spin-orbit
coupling, the spin moment (mypy,) for 3d transition met-
als remains isotropic to a significant extent. This finding is
supported by XMCD experiments and DFT calculations on
Co/Pd multilayers [33,59]. Therefore, the angular-dependent
ratio of Mgpia/Mgpin can serve as useful information for
probing the magnetocrystalline anisotropy of 3d magnetic
films. In this study, due to the restricted orientation between
the x-ray and sample holder and full magnetic shielding
in the sample holder of the PEEM [48], we indirectly esti-
mated the anisotropy of Morbita/Mspin ratios from the values of
in-plane magnetic Co/Ni/Cu film (m(‘lrbital /Mgpin) [Fig. 3(a)]
and perpendicularly magnetic Mn;_,Pd,/Co/Ni/Cu sam-
ples (mjrbml/mspin) [Figs. 3(b), 3(c), 3(e), and 3(f)]. The
ratio of the orbital-to-spin moments can be obtained as
Morbital/Mepin- = 2q/(9p-6q) according to the XMCD sum
rules [45] and the assumption of a negligible magnetic dipole
operator for the spin sum rule (a reasonable assumption for 3d
metals) [60—62]. The p and q values were determined through
the integration of the L3 and L3 + L, regions.

Compared with the m(‘)‘rbital /Mgin  value of in-
plane magnetic Co/Ni/Cu (approximately 0.11), the
M2y /Mspin Tatio of the various perpendicularly magnetic
Mn,_,Pd,/Co/Ni/Cu films was higher, at 0.17-0.13 [Fig. 3].
This finding indicates an increase in the perpendicular
crystalline anisotropy of the Co layer in these perpendicularly
magnetic systems [58] resulting from orbital hybridization
and spin-orbit coupling at the Mn;_,Pd,—Co interface. In
addition, compared with the Mn-rich Mn;_,Pd,/Co/Ni/Cu
films [Figs. 3(e), 3(f)], the Pd-rich Mn,_,Pd,/Co/Ni/Cu
films exhibited greater my, \/Myn ratios of Co moments
[Fig. 3(b)]. The Stoner-Wohlfarth model [63] states that
a magnetic system with giant uniaxial magnetocrystalline
anisotropy can result in an enhanced H, along the magnetic
easy direction, given by the equation H.=2K,,,/uoM;, where
K.+ is the uniaxial magnetocrystalline anisotropy, (o is the
vacuum permeability, and M; is the saturation magnetization
dominated by mgy,. For a magnetic system with giant
uniaxial crystalline anisotropy (such as PMA), there exists
a roughly proportional relationship H. o Mgpital/Mspin
at the magnetic easy direction. In this study, both Pd and
MngsPdy s films are in a paramagnetic state as shown in
Fig. 2(d). However, compared to MngsPdgs/Co/Ni/Cu,
the Pd/Co/Ni/Cu films exhibit concurrently enhanced
m(J)_rbital/mSPin ratios of Co moments and perpendicular H,
[Figs. 3(b)-3(d)]. This suggests that Mn;_,Pd, films with
higher Pd concentrations can generate stronger interfacial
perpendicular crystalline anisotropy on the adjacent Co
layer. According to the literature [12,64], the crystalline
anisotropy induced by spin-orbit coupling is proportional
to the square of the spin-orbit coupling constant, which is
larger for elements with higher atomic numbers. Thus, in the
present case, the 4d Pd atoms at the interface could engender
stronger perpendicular crystalline anisotropy than did the 3d
Mn atoms. This result is supported by a finding of a lack
of PMA in a similar NiypsMngs/Co/Ni/Cu film [19], where
the spin-orbit coupling constant of 3d Ni was also smaller
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FIG. 3. XAS and XMCD curves of (a) Co/Ni/Cu, (b) 4-ML Pd/Co/Ni/Cu, and (c) 8-ML Mn, sPdy 5 /Co/Ni/Cu measured at Co L3 , edges
and 300 K in remanent states. (d) In-plane and out-of-plane magnetic hysteresis loops of 4-ML Pd/Co/Ni/Cu and 8-ML Mn, 5Pdy s/Co/Ni/Cu
measured at 300 K. (e), (f) XAS and XMCD curves of 8-ML Mng¢Pd;/Co/Ni/Cu and 8-ML Mn/Co/Ni/Cu measured at Co L, edges and
300 K in remanent states. The illustrations in the top right of the figures indicate the geometry of the XMCD measurements in the PEEM
end station [48]. o denotes the photo helicity of incident X-ray. The bold black arrows indicate the remanent states of the films (M, or M_)
under positive or negative magnetic fields. The orbital-to-spin ratios (Mepital /Mgpin) 0f Co moments were determined from XMCD curves in

accordance with XMCD sum rules [45].

than that of 4d Pd atoms [12]. It is noteworthy that the
Mn/Co/Ni/Co/Cu film exhibits a higher mj-rbiml /Mgpin ratio
of Co moments (0.13) compared to the in-plane magnetic
Co/Ni/Cu film (m(llrbmﬂ/mspin = 0.11). This observation

suggests that the Mn-Co interface in Mn/Co/Ni/Cu can
also induce perpendicular crystalline anisotropy in the Co
layer, as reported in the literature [65]. However, because the
interfacial perpendicular crystalline anisotropy induced by
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Mn was weaker than that induced by Pd, the effect could only
slightly tilt the magnetization of the 1-ML Mn/Co/Ni/Cu
[Fig. 2(a)]. Stable PMA with a large H, value can be triggered
by an AFM Mn film through antiferromagnet-induced
exchange coupling only when #y, > 6 ML.

To investigate the interface coupling in
Mn,_,Pd,/Co/Ni/Cu films with induced PMA, Mn L3 , XAS
and XMCD curves were measured. In the perpendicularly
magnetic 8-ML Mng sPdys/Co/Ni/Cu with the Mng 5Pdg s
film in a paramagnetic state, a slight XMCD signal was
detected for the Mn element [Fig. 4(a)]. This small Mn
XMCD signal is likely due to an interface-polarized effect
of the Co on the paramagnetic Mn moments, as has been
observed in paramagnetic Mn-based alloy/Co films [66].
By contrast, in 8-ML Mng ¢Pdg ;/Co/Ni/Cu [Fig. 4(b)] and
8-ML Mn/Co/Ni/Cu films [Fig. 4(c)], for which long-range
AFM ordering was established, significantly reduced XMCD
signal was detected for the Mn element, despite distinct
perpendicular magnetization observed by MOKE [Fig. 4(d)]
and Co XMCD [Figs. 3(e) and 3(f)]. These results suggest that
in the perpendicularly magnetic 8-ML Mng ¢Pd, ; /Co/Ni/Cu
and 8-ML Mn/Co/Ni/Cu films, the out-of-plane component
of the uncompensated Mn moments flips very little under the
flipping of the perpendicular magnetization of Co/Ni/Cu and
the out-of-plane magnetic field. This behavior is in contrast
to the sizable uncompensated Mn moments observed in
perpendicularly magnetic FegsMngs/Co/Ni/Cu films with
collinearlike coupling at the interface [18]. Spin-polarized
scanning tunneling microscopy measurements have verified
an in-plane layered-AFM spin structure for the top layer of
Mn/Co/Cu(001) [Fig. 1(c)] [28,29], and the in-plane oriented
spin structure of MngsPdgs has been detected by neutron
scattering experiments [Fig. 1(a)] [31,32]. Given the similar
lattice structure and magnetic behavior observed between
Mny 9Pd ; /Co/Ni/Cu and Mn/Co/Ni/Cu [41], we speculate
that these 10% Pd atoms may only substitute the Mn atoms
without significantly changing the in-plane orientation of
Mn moments. Therefore, combining the previous results
and the current study, we suggest that Mng oPdy ;(Mn) at the
interface of Mng 9gPd ;(Mn)/Co/Ni/Cu not only enhances the
perpendicular crystalline anisotropy of the adjacent Co film
[Figs. 3(e) and 3(f)] but also couples noncollinearly with the
adjacent Co/Ni layers [Fig. 4(e)], triggering the establishment
of PMA. To summarize the results so far, our results
indicate that Mn;_,Pd, films can trigger PMA in adjacent
Co/Ni/Cu at room temperature through Mn, _,Pd,-facilitated
perpendicular crystalline anisotropy (spin-orbit coupling;
x = 10%). Moreover, thicker Mn-rich (x < 10%) Mn,_,Pd,
films with long-range AFM ordering result in stronger
PMA due to antiferromagnet-induced noncollinear exchange
coupling.

C. PMA in Mn,_,Pd,/Co/Fe/Cu(001)

To explore the impact of Mn;_,Pd, films on inducing
PMA in FM films with higher in-plane magnetic anisotropy,
we investigated Mn;_,Pd,/Co/Fe/Cu films. The total
in-plane magnetic anisotropy energy density of the
Co/Fe/Cu alone was approximately — 1.4 mJ/m? [20,40,41].
Figure 5(a) depicts the magnetic hysteresis loops of 0—-8-ML

Mn/Co/Fe/Cu films measured at 155 K (PMA was not
observed at room temperature). The Co/Fe/Cu exhibited
stable in-plane magnetic anisotropy, and PMA was observed
for tvn > 4 ML. Because the perpendicular magnetization
was accompanied by strong H. enhancement, the established
long-range AFM ordering and antiferromagnet-induced
exchange coupling were inferred to contribute to the PMA.
For the MngoPdy;/Co/Fe/Cu films, similar behaviors
of PMA induction and H, enhancement were observed
when typg Was > 4 ML [Fig. 5(b)]. This finding indicates
that antiferromagnet-induced exchange coupling from the
AFM MngoPdy; film contributes to PMA induction in
MnyoPd ;/Co/Fe/Cu films. However, as displayed in the
magnetic easy-axis phase diagram [Fig. 5(c)], PMA was not
detected in the Mng 9Pd | /Co/Fe/Cu films with ty,pqg = 04
ML or Mn,_,Pd,/Co/Fe/Cu films with Pd concentration
> 10%. This result indicates that although Mn;_,Pd,-
facilitated interfacial perpendicular crystalline anisotropy
alone can successfully stabilize the PMA in the
Mn;_,Pd,/Co/Ni/Cu [Fig. 2(c)], it is not sufficient
to trigger the perpendicular magnetism in Co/Fe/Cu
with strong in-plane magnetic anisotropy. Therefore, in
Mn,_,Pd,/Co/Fe/Cu films, PMA must be supported by the
antiferromagnet-induced exchange coupling.

D. Competing mechanisms in Mn,_,Pd,-facilitated
noncollinear exchange coupling

To further clarify the effects of the antiferromagnet-
induced exchange coupling in Mn-rich Mn,_,Pd, /Co/Fe/Cu
films that triggers PMA occurs at low temperatures (Fig. 5),
we performed temperature-dependent measurements of mag-
netic hysteresis loops. Figure 6(a) presents the perpendic-
ular magnetic hysteresis loops of the 6-ML and 8-ML
Mn/Co/Fe/Cu at different temperatures. The H, strength
increased strongly as temperature decreased. Therefore, the
perpendicular magnetization becomes stable at low tempera-
tures. Similar results were observed for the 6-ML and §8-ML
Mng 9Pdy ; /Co/Fe/Cu films [Fig. 6(b)].

As mentioned earlier, 6- and 8-ML Mn(Mng¢Pdj ;) can
induce PMA in Co/Ni/Cu at room temperature [Fig. 2],
but only at low temperatures in Co/Fe/Cu [Fig. 6]. Since
Mn(Mng9Pdg.;1)/Co/Fe/Cu and Mn(Mng9Pdg ;)/Co/Ni/Cu
have similar crystal structures, the main difference between
these two systems could be the higher in-plane magnetic
anisotropy density in Co/Fe/Cu (—1.4 mJ/m?) [20,40,41]
compared to Co/Ni/Cu (—0.64 mJ/m?) [11,38,39,41]. Ac-
cording to a previous study [20], lowering the sample
temperature could enhance the perpendicular crystalline
anisotropy at the AFM-Co interface, due to improved crys-
talline ordering and band narrowing [14,67-69]. Therefore,
the establishment of PMA in Mn(Mng¢Pd ;)/Co/Fe/Cu at
low temperatures could be due to the concurrent enhancement
of perpendicular crystalline anisotropy at the AFM-Co inter-
face and strengthening of the exchange coupling of the AFM
Mn(MngoPdj ;) moments. However, as shown in Figs. 6(c)
and 6(d), the perpendicular H, value increased with #y, (or
tMnpd in MngoPdg ;1 /Co/Fe/Cu) in the Mn/Co/Fe/Cu films
at a low temperature of T < 185 K (or T < 175 K). By
contrast, at a high temperature of T > 185 K (or T > 175 K),
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FIG. 4. XAS and XMCD curves of (a) 8-ML MnsPdys/Co/Ni/Cu, (b) 8-ML Mny¢Pdg;/Co/Ni/Cu, and (c) 8-ML Mn/Co/Ni/Cu
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8-ML Mng4Pdy;/Co/Ni/Cu and 8-ML Mn/Co/Ni/Cu under positive and negative magnetic fields (H; and H_). In (a)—(c), o denotes the
photo helicity of the incident x-ray, while the bold black arrows (M. or M_) indicate the remanent states of the films under H; or H_. Noted
that the yellow color in (e) marks an enhanced perpendicular crystalline anisotropy of the Co layer due to the adjacent Mng 9Pdg ;(Mn) films,

as revealed in the results of Fig. 3.

the perpendicular H, decreased as fy, (or fynpg) increased
[70]. Since noncollinear exchange coupling between Mn
and Co moments has been detected at the interface of
Mn(MngoPdg1)/Co/Ni/Cu [Figs. 3 and 4], we speculate
that the nontrivial thickness-dependent H, trends at differ-

ent temperatures in Mn(Mng9Pd 1)/Co/Fe/Cu [Figs. 6(c)
and 6(d)] could result from competition between the per-
pendicular crystalline anisotropy at the Mn(Mng ¢Pdp ;)-Co
interface and in-plane-oriented AFM coupling from the
Mn(MngoPdy ;) film with the establishment of noncollinear
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with established long-range AFM ordering of Mn;_,Pd,.

exchange coupling. Specifically, at low temperatures, at which
the perpendicular crystalline anisotropy of the interfacial mo-
ments is robust, the in-plane-oriented AFM moments in the
volume of thicker Mn-rich Mn;_,Pd,/Co/Fe/Cu yielded en-
hanced PMA through noncollinear exchange coupling. In
contrast, at higher temperatures, at which the perpendicular
crystalline anisotropy of the interfacial moments is weak,
noncollinear exchange coupling could be suppressed by the
dominant effects of the in-plane lateral exchange coupling
of Mn-rich Mn;_,Pd, moments. Thus, the perpendicular
H, was lower for thicker Mn;_,Pd,. Compared with that
of Mn/Co/Fe/Cu [Fig. 6(c)], the perpendicular H. value
of MnyoPdy;/Co/Fe/Cu [Fig. 6(d)] was less sensitive to
thickness at both high and low temperatures. This finding
suggests that in MngoPdy ;/Co/Fe/Cu, the perturbation of
in-plane exchange coupling due to the addition of volume
in-plane oriented AFM moments on antiferromagnet-induced
noncollinear exchange coupling and PMA are weaker than

those in Mn/Co/Fe/Cu. In the present study, the non-
trivial thickness dependence of the perpendicular H. was
observed in Mn-rich Mn,_,Pd,/Co/Fe/Cu but not in Mn-
rich Mn;_,Pd,/Co/Ni/Cu, probably because of the highly
competitive relationship between the PMA induced by Mn-
rich Mn;_,Pd, and the in-plane magnetic anisotropy of
Co/Fe/Cu. However, the same antiferromagnet-induced non-
collinear exchange coupling should also be responsible for
PMA induction in Mn-rich Mn,;_,Pd;/Co/Ni/Cu with weak
in-plane anisotropy in the FM film.

IV. DISCUSSION

A. PMA induced in Mn,_,Pd,/Co/Ni(Fe)/Cu(001):
Dependence on alloy concentrations
According to the literature, Mn atoms typically exhibit
large AFM moments in AFM films, ranging from (4.0-4.4
Wp/atom), as reported in Refs. [31,32,71,72]. In contrast, Pd
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FIG. 6. Perpendicular magnetic hysteresis loops of (a) 6-ML and 8-ML Mn/Co/Fe/Cu and (b) 6-ML and 8-ML Mn,¢Pd, ;/Co/Fe/Cu
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atoms have higher valence orbitals and spin-orbit coupling
constants (approximately three times higher than those of Mn
atoms) [12], but considerably low spin moments (less than
0.25 wup/atom) in Mn-Pd alloys [31-33]. Therefore, in an
Mn,;_,Pd,/FM bilayer, interfacial Mn and Pd atoms could
induce both exchange and spin-orbit coupling in the adjacent
FM film.

In the present work, PMA in Co/Ni/Cu could be triggered
by Mn;_,Pd, with a wide range of alloy concentrations. In
Pd-rich Mn,_,Pd, films, in which long-range AFM order-
ing is not established [73,74], Mn,;_,Pd,-facilitated interface
crystalline anisotropy contributes to PMA mainly through or-
bital hybridization and spin-orbit coupling (Figs. 2 and 3). In
this study, the strength of Mn,_,Pd,-facilitated perpendicular
crystalline anisotropy increased with the Pd concentration be-
cause of greater orbital hybridization and spin-orbit coupling
[Fig. 3]. However, because of the limited energy of spin-orbit
coupling [12], the H, values of the induced perpendicular
magnetization were typically limited to tens of oersteds. In
addition, Mn,_,Pd,-facilitated interfacial perpendicular crys-
talline anisotropy only induced PMA in Co/Ni/Cu, with

its lower total in-plane magnetic anisotropy energy density
(—0.64 mJ/m?) [11,38,39], and was insufficient to trigger
PMA in Co/Fe/Cu, with its higher total in-plane anisotropy
energy density (—1.4 mJ/m?) [20,40].

By contrast, the H. values of perpendicular magneti-
zation induced in Mn-rich Mn;_,Pd,/Co/Ni(Fe)/Cu were
typically in the hundreds of oersteds and were depen-
dent on the strength and orientation of the noncollinear
exchange coupling established between the interfacial out-
of-plane moments [supported by perpendicular crystalline
anisotropy and spin-orbit coupling (Fig. 3)] and the vol-
ume in-plane moments determined by the AFM structure
[Figs. 1(b) and 1(c)] across the AFM-FM interface. In
the Mn-rich Mn,;_,Pd,/Co/Ni/Cu, with its weak in-plane
magnetic anisotropy in the FM film, the H,. of PMA increased
with thickness in accordance with the conventional finite-
size effects of the AFM film [Fig. 2(d)] [23]. By contrast,
with strong in-plane anisotropy in the FM film, the highly
competitive nature of the interfacial out-of-plane moments
and volume in-plane moments in noncollinear exchange cou-
pling led to the characteristic nontrivial thickness-dependent
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H, [Figs. 6(c) and 6(d)]; PMA was increased or decreased
with an increase in fypg at lower and higher temperatures,
respectively, because the levels of perpendicular crystalline
anisotropy of interfacial moments were different. Our results
demonstrate how various Mn;_,Pd, alloy films can trigger
PMA in adjacent FM films. We revealed that Mng 9Pdy ; films,
which have both high AFM moments and valence orbitals, can
be used to enhance PMA in Co/Ni/Cu films through the dual
effects of exchange and spin-orbit coupling. This application
may also be extended to thicker Mn;_,Pd, films with higher
Pd concentration or other AFM—noble-metal alloys to offer
an additional degree of freedom in controlling the PMA of
FM films. The direct applications of the proposed systems
in perpendicular magnetic tunnel junctions may be limited
by the unsolved problems of structural incompatibility pre-
cluding body-centered-cubic (MgO) and fcc-like Mn;_,Pd,
electrodes and diffusion occurring after thermal annealing;
nevertheless, our findings indicate the critical conditions and
mechanisms of alloying or doping AFM films with a noble
metal to induce PMA in FM layers with different levels of
in-plane magnetic anisotropy.

V. CONCLUSION

We comprehensively investigated and characterized the
ability of a series of AFM Mn,_,Pd, films to induce PMA

in two types of FM films (Co/Ni/Cu and Co/Fe/Cu).
Mn,_,Pd, films can trigger PMA in a Co/Ni/Cu film
with weak in-plane magnetic anisotropy at room tempera-
ture through Mn;_,Pd,-facilitated interfacial perpendicular
crystalline anisotropy (spin-orbit coupling; x > 10%) or in-
corporation of them with antiferromagnet-induced exchange
coupling (x < 10%). In a Co/Fe/Cu film with strong in-plane
magnetic anisotropy, stable PMA can only be induced by Mn-
rich Mn;_,Pd, films (x < 10%) at low temperatures through
concurrently enhanced perpendicular crystalline anisotropy
and antiferromagnet-induced exchange coupling across the
AFM-FM interface. Our study demonstrates the dual ef-
fects of the spin-orbit and exchange coupling of Mn;_,Pd,
films in triggering PMA in adjacent FM films, indicating
that Mn,_,Pd, films are promising candidates for controllable
PMA. These findings are crucial for understanding the critical
conditions and mechanisms of noble-metal alloying or doping
effects on antiferromagnet-induced PMA, which can inspire
the application of PMA in next-generation perpendicular spin-
tronic devices consisting of AFM films with noble-metals
elements.
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