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Interfacial spin-orbitronic effects controlled by different oxidation levels at the
Co/Al interface
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Perpendicular magnetic anisotropy (PMA) and Dzyaloshinskii-Moriya interactions are key interactions
in modern spintronics. These interactions are thought to be dominated by the oxidation of the Co/Al
interface in the archetypal platinum-cobalt-aluminum oxide system. However, in this study, we observe a
double sign change in the anisotropy and about threefold variation in interfacial chiral interaction, influ-
enced not only by the oxidation, but also by the metallic Al thickness. Contrary to previous assumptions
about negligible spin-orbit effects at light metal interfaces, we observe not only strong PMA with fully
oxidized Al, decreasing and turning negative (in-plane) with less oxygen at the Co/Al interface, but also
that the magnetic anisotropy reverts to positive (out-of-plane) values at a fully metallic Co/Al interface.
These findings suggest modification in the Co d band via Co/Al orbital hybridization, an effect supported
by x-ray absorption spectroscopy and ab initio theory calculations, highlighting the key impact of strain
on interfacial mechanisms at a fully metallic Co/Al interface.

DOI: 10.1103/gtwk-mqly

I. INTRODUCTION

Breaking of inversion symmetry at interfaces together
with the presence of a sizable spin-orbit coupling (SOC)
are the two major components of a collection of phe-
nomena in modern surface magnetism and spintronics [1].
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These are interfacial effects, such as magnetic anisotropy
[2], interfacial Dzyaloshinskii-Moriya interaction (i-DMI)
[3,4], as well as charge-to-spin and charge-to-orbit inter-
conversion mechanisms [5,6]. Early experiments in the
1990s considered bilayers of ferromagnet (FM) and heavy
material films (or multilayers), an archetypal structure
being Pt/Co bilayers, to exhibit large interfacial perpen-
dicular magnetic anisotropy (PMA). In these systems, the
large SOC of Pt combined with the orbital hybridiza-
tion at the Pt/Co interface results in strong interfacial
PMA [7-9].

Moreover, triggered by the search for a large room-
temperature tunnel magnetoresistance effect in the 2000s,
a large number of studies were then carried out on multi-
layered systems composed of a heavy material, e.g., Pt, a
transition-metal magnetic material, e.g., Co, and an oxide,
e.g., AlL,O; or MgO, showing large effective PMA [10—12].
Pioneer experiments on Pt/Co/AlO, trilayers highlighted

Published by the American Physical Society
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the necessity for optimum interface oxidation and estab-
lished a paradigm for obtaining effective PMA [2,11,13,
14]. In particular, it was shown that effective PMA dras-
tically diminishes with slight over- or underoxidation of
the Co/AlO, interface, with a magnetization of Co that
finally can be found in some cases to be in-plane even
for 0.6-nm-thick Co films. Remarkably, in these exper-
iments and in follow-up theoretical works, the interfa-
cial anisotropy at the transition-metal/oxide interfaces was
found to be of similar amplitude to that of the Co/Pt inter-
face, despite the involvement of light elements with weak
spin-orbit coupling, namely, Co, Al, and O [2,13]. The ori-
gin of the large PMA in optimum Pt/Co/AlO, structures
has been associated with the hybridization between Co 3d
and O 2p orbitals similar to the case of Co/MgO interfaces
[11,15,16].

However, the underlying physical mechanism of PMA
to in-plane effective anisotropy transition with underoxi-
dation of the Co/AlQ, interface is still under debate after
more than two decades. The recent prediction and obser-
vation of enhanced PMA at Co/graphene and Co/A-BN
interfaces further challenges conventional understanding
of the origin of these effects [17-21]. Recent results show
that, with Al protected from oxidation, a purely metallic
Co/Al interface exhibits an orbital texture which gives rise
to efficient charge-to-orbit interconversion and very large
enhancement of the current-induced torques on Co [6], as
confirmed by ab initio calculations of orbital accumula-
tion [22]. The present study aims to demonstrate that the
richness of these interfaces is still surprisingly far from
having been fully exploited, both from a physics point
of view and for improving the performance of spintronic
devices, offering a new paradigm of spin-orbit phenomena
in them.

Another crucial interaction at play at the interface
between a magnetic film and a light metal or an oxide
film is the interfacial DMI that promotes the development
of chiral magnetism and the associated different types of
chiral spin textures, e.g., chiral domain walls, skyrmions,
etc. [23]. Of interest for the present study, it has been
shown that the Pt/Co/AlO, interface [24] exhibits one of
the largest reported i-DMI values. However, the values
measured on this system by various groups in the litera-
ture range from 0.5 to 2.5 pJ/m [25-28]. Therefore, it is
also crucial to investigate how the i-DMI evolves with the
oxidation degree of Al close to the interface and its micro-
scopic origin in a Pt/Co/(Al/)AlO, multilayer. In this
scenario, general questions arise about the physical mech-
anism through which the orbital hybridization between Al
3p and Co 3d orbitals impacts the effective PMA and DMI,
and about the need to oxidize the Co/AlO, interface to
maximize the effects, which have been seen as a long-
established requirement for more than two decades and
have not yet been completely solved.

II. STRUCTURAL AND CHEMICAL
CHARACTERIZATION OF Pt/Co/Al*
MULTILAYERS

In this study, we thoroughly investigate the origin of
several of these interfacial effects related to breaking of
the inversion symmetry, orbital hybridization, and spin-
orbit interaction at the model interface system, namely
Pt/Co/Al*, where Al* refers to the natural oxidation of
Al in air. By varying the deposited Al thickness, the
Co/Al* interface termination is controlled to vary between
Co—O—Al interface bonds, that is, an FM/oxide inter-
face, and Co—Al interface bonds, that correspond to an
FM/metal interface. The most striking result of our study
is that the amplitude of the magnetic anisotropy strongly
varies depending on the exact constitution of the interface.

Starting with a large perpendicular magnetic effective
anisotropy at the Co(0.9 nm)/AlO, interface (in agree-
ment with previous works), it then rapidly decreases with
increasing metallic Al and even undergoes a sign change.
Importantly, we report that it experiences another sign
change, overlooked until now, for thicker nominal Al,
before it saturates upon the formation of a thicker metallic
interface with stronger PMA. Such a double sign change
of the effective anisotropy at the weak SOC Co/Al* inter-
face suggests a mechanism involving orbital hybridization,
which we verify by performing x-ray absorption spec-
troscopy (XAS) measurements combined with density-
functional theory (DFT) calculations. In a correlated way,
we find that the net i-DMI decreases with reduced oxygen
atomic fraction at the Co/Al* interface, ultimately saturat-
ing for a fully metallic Co/Al interface, at a level of about
one-third of the fully oxidized Co(0.9 nm)/Al* interface.
It demonstrates again the strength of the DMI at the metal-
lic Co/Al interface [29], which we find to be of similar
magnitude as the one at the Pt/Co interface. These exper-
imental results qualitatively match first-principles calcu-
lations in which the observed behavior is correlated with
the interfacial dipole strength together with strain-induced
effects.

Our approach is to fine-tune the oxygen content at
the Co/Al* interface in a series of samples of compo-
sition Si(sub.)/Si0,(280 nm)/Ta(5 nm)/ Pt(8 nm)/Co(0.9
nm)/Al*(¢51+), where the nominal thicknesses are given
in parentheses. The absolute error on the thickness is
evaluated to be below 0.1 nm, corresponding to the
symbol size in the following figures. The samples are
grown by dc magnetron sputtering onto thermally oxidized
Si/S10,(280 nm) substrates. The 5-nm-thick Ta seed layer
is introduced to ameliorate the adhesion and the surface
roughness of the consecutive layers. It also results in an
increase of PMA at the Pt/Co interface by improving the
Pt texture [30]. The bilayer composed of 8 nm of Pt and 0.9
nm of Co is kept nominally the same in all the series. We
only modulate the top Al layer with a systematic variation
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in Al nominal thickness in steps of 0.1 nm. Note that it
is well known that the bottom Pt/Co interface is the site
of several interfacial effects related to inversion symme-
try breaking and SOC, such as a large PMA identified in
the 1990s [31], and, more recently, strong i-DMI observed
since 2015 [24].

The main objective of this study is to investigate how
the total effective magnetic anisotropy and the i-DMI are
modified by adding, on top of Co, a film of a light ele-
ment, namely Al, with different oxidation states on top of
this model Pt/Co bilayer. With this aim, it is crucial to dis-
tinguish intrinsic effects related to electronic and orbital
effects from extrinsic structural effects, such as interfacial
intermixing [32], grain structure, or strain. Prior to focus-
ing on the evolution of the anisotropy and i-DMI, we hence
investigate both the chemical and structural nature of our
samples, with a particular focus on the interface quality.

We first employ the scanning transmission electron
microscopy (STEM) technique. In Fig. 1(a), we present
a high-angle annular dark-field (HAADF) image of a
Pt/Co/Al*(0.7 nm) sample together with the spatial dis-
tribution of the different elements, namely Pt (light gray),
Co (blue), Al (green), and O (red) obtained using the
energy-dispersive x-ray spectroscopy (EDX) technique
[see Fig. 1(b)]. The STEM and EDX measurements
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FIG. 1. Structural and chemical characterization of the mul-

tilayer. (a) HAADF STEM image showing the contrast of the
Pt/Co/A1*(0.7 nm) sample. (b) Depth profile of integrated (over
30 nm) atomic fraction of Pt (light gray), Co (blue), Al (green),
and O (red) along the thickness. (c) XPS spectra (black) near
the Co 2p energy from Pt/Co/Al*(tp1x) for ta+ = 0.3, 0.6,
and 0.7 nm, with a reference spectrum of in-situ-grown 60-nm
Co (red). (d) XPS spectra (black) near the Al 2s energy from
Pt/Co/Al*(tpx) for ta;x = 1.0, 1.4, and 3 nm. Fitted peaks of
AT and A1° are shown by blue and green envelopes, while the
total areas are filled with light yellow.

demonstrate a very homogeneous polycrystalline growth
of the different layers in the stack, as well as the existence
of sharp interfaces between both Pt/Co and Co/Al*. From
the STEM characterization together with a detailed x-ray
diffraction (XRD) study, presented in Appendix A, we con-
clude that our Co films are growing mostly in the € phase,
that is, with hcp stacking.

To access more precisely the oxidation states of Co and
Al atoms in the Pt/Co/Al*(¢a1+) series, we perform x-ray
photoelectron spectroscopy (XPS) experiments on samples
with various #45+. In Fig. 1(c), we present the XPS spectra
(black curves) collected at Co 2p levels for three different
thickness of Al*, namely 0.3, 0.6, and 0.7 nm. In addition,
we also include in Fig. 1(c) (red curves) the XPS spectra
measured on an in-situ-grown 60-nm thick Co film con-
sidered as a reference for metallic Co. We clearly see that
the spectrum for f54;+ = 0.3 nm is very different from that
of the reference Co, indicating the partial oxidation of Co
with two peaks at 778.6 and 781.9 eV corresponding to
Co 2p3/; and CoO 2p3 5, respectively. The CoO 2ps; peak
at 781.9 eV is strongly decreased for 74+ = 0.6 nm, and
has even completely disappeared for 141+ = 0.7 nm. In con-
sequence, we conclude from these XPS characterizations
that 0.7 nm of Al* is thick enough to completely protect
Co from oxidation (at least over the several months of the
experiments). In the following, samples with Al* thickness
thinner than this threshold value will not be considered.

Important complementary information is to determine
the presence of either metallic or oxidized Al at the Co/Al*
interface. Therefore, we also measured the XPS spectra at
the Al 2s edge for several ¢4+, as shown in Fig. 1(d). The
spectra obtained for 751+ < 1 nm reveal solely the A"
valence state, consistent with a full oxidization of the Al
film. Above 1 nm, the Co/Al* interface starts to display
a metallic character, as demonstrated by the presence of a
peak associated with metallic Al (A1°). Finally, we empha-
size that the conclusions obtained from the analysis of the
XPS measurements are quantitatively consistent with those
from x-ray absorption spectroscopy shown in Appendix B.

II1. SPIN AND ORBITAL MOMENTS AND i-DMI IN
Pt/Co/Al* MULTILAYERS

Next, we quantitatively determine the spin (S.) and
orbital (L;) moments of Co using x-ray absorption spec-
troscopy and x-ray magnetic circular dichroism (XMCD)
at the Co L3 edges. In Fig. 2(a), we display the mean
XAS and the XMCD spectra for two samples with dif-
ferent 74+ thickness, namely 0.7 and 2 nm. For 0.7 nm,
the case of absence of Co oxidation and full oxidization
of the Al film according to XPS, the shapes of both the
XAS and XMCD spectra are typical of those recorded
for bulk Co [33]. Applying the XMCD sum rules, we
find S, = 1.8 wup/atom, which is about 15% higher than
the value for bulk Co. For #4;» = 2 nm, the existence of
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FIG. 2. (a) XAS and XMCD spectra from the Co L3 and L,

edges in Pt/Co/Al* for tpo;+ = 0.7 nm (red) and 2.0 nm (blue)
at room temperature. The inset shows an enlargement of the
XAS spectra around the L3 edge. (b) Spin and orbital magnetic
moments of Co atoms as a function of Al* thickness estimated
from sum rules. The vertical dashed line corresponds to #a;x =
0.7 nm, which is the minimum Co thickness for ensuring nonox-
idized Co. The two horizontal dotted lines indicate the spin and
orbital moments for bulk Co (from Ref. [33]).

Co—Al bonds associated with the presence of a nonoxi-
dized Al film result in some noticeable changes of the XAS
spectra at both L3 and L, edges [see Fig. 2(a)], notably with
a strong drop of peak intensity associated with a large vari-
ation in the number of unoccupied Co d states as well as
the appearance of a shoulder peak after the L3 edge. This
latter reflects a significant change in the Co band structure
in the case of the Co/Al interface.

In Fig. 2(b), we present how the transition from
Co—O—AI bonds to Co—Al impacts both the evolu-
tion of spin (S.) and orbital (L,) Co magnetic moments
when 751+ increases. Both S, and L, remain slightly higher
than bulk Co values up to 74+ = 1.4 nm before they both
continuously drop, reaching an S, value of 1 up/atom
for o+ =2 nm. The observed evolution of the mag-
netic moments with Al* thickness has been confirmed by
SQUID magnetometry (see Appendix C).

To understand the microscopic origin of the evolu-
tion of Co spin and orbital moments with 7+, but
also, as described later, of i-DMI and the anisotropy,
we have performed ab initio calculations within density-
functional theory with the Perdew-Burke-Ernzerhof func-
tional (DFT/PBE) [34,35] as implemented in the Vienna
Ab initio Simulation Package (VASP) [36-39]. For that,
we have constructed a heterostructure of a four-monolayer
hep(0001) Co film and a-Al, O3 with varying interface oxi-
dation and Al insertion in between. Details on the DFT
methodology, the simulated structures [both hep(001) and
fce(111)] Co, as well as the calculations of spin and orbital
magnetic moments are presented in Appendixes E, F,
and J. The experimental results shown in Fig. 2 are found
to be in good quantitative agreement with the DFT ones for
hep(001) Co. First, we note that the large S, for t4;+ = 0.7
nm is attributed mainly to a higher S, for the Co atoms at
the interface with the oxide, similarly to what was found
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FIG. 3. DMI modulation with the oxidation level at
the Co/Al* interface. (a) Effective DMI coefficient of

Pt/Co/(0Ox)Al,03 calculated from the ab initio total-energy
method. Its decrease is correlated to the Co/Ox interfacial dipole
(Rashba-type DMI) formed by charge transfer to the oxygen
as shown in insets for 100%, 33%, and 0% O content at the
interface. (b) Experimental variation in effective DMI measured
by Brillouin light scattering, as a function of 74+ (red). The DMI
values from other studies in the case of oxide (Pt/Co/Al,O3)
[24] and metallic (Pt/Co/Al/Pt) [29] top interfaces are also dis-
played by a blue square and a black star, respectively. Assuming
an i-DMI independent of the Co thickness, the Pt/Co(0.9 nm)/Al
point can be calculated (black star).

at a Co/MgO interface [15]. Second, we find that, as the
Co/Al* interface becomes metallic with increasing Al*
thickness, the interfacial Co acquires a negative charge,
leading to a reduced magnetic moment of about 20%.

In Fig. 3(a), we present the DFT results for the evolution
of the i-DMI constant obtained from the energy difference
between the clockwise and counterclockwise spin config-
urations [15]. To compare with the experimental values,
several Co/Al* structures have been constructed in which
the oxygen is gradually removed from the interface (see
Appendix E for visualization of the structures).

In Fig. 3(b), we display how the effective DMI Deg
amplitude measured by Brillouin light scattering (BLS)
spectroscopy evolves as a function of the AI* thickness.
The large DMI value measured for 74+ = 0.7 nm, close
to 2 mJ/m?, is found to closely match that measured by
Belmeguenai et al. [24], where they deposited an oxide
layer on top of the Co (i.e., Pt/Co/Al,O3) [blue square
in Fig. 3(b)]. Then, with increasing #41+, Deg exhibits an
exponential-like decay, saturating for 5+ = 2 nm (decay
length is about 1.3 nm). For 75+ = 1.4 nm, the measured
DMI is very close to that in the fully metallic Al case
when capped by Pt, which was measured by BLS in Ta(5
nm)/Pt(8 nm)/Co(1.0 nm)/Al(1.4 nm)/Pt(3 m) in a pre-
vious study [29] [black star in Fig. 3(b)]. Note that this
last value is slightly smaller, but once the DMI value is
renormalized by the Co thickness, assuming that the DMI
can be written as Deg = D;/tc, (Dy is the i-DMI interfa-
cial energy), we find the star, which coincides with our
data for 74» = 1.4 nm. Given that the bottom Pt/Co inter-
face is identical in all samples, and considering the weak
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expected SOC at the top Co/Al* interface, the experimen-
tal decrease in Doy with 4+ is attributed to the variation in
the electronic filling of the Co d band at the Co/Al* inter-
face, which depends on the thickness of 75+, as revealed
by our XAS and XMCD measurements (Fig. 2).

Interestingly, we find that the observed trend is repro-
duced by the ab initio calculations [black curve in
Fig. 3(a)], with a decreasing tendency when oxygen is
removed from the Co/Al,Oj; interface. This behaviour is
explained by electron transfer from Co to nearby O atoms,
which is stronger for larger oxidation, and which creates
an interfacial charge dipole [blue curve in Fig. 3(a)]. This
electric dipole induces a Rashba-type DMI [40,41] at the
Co/Al* interface, which is additive to the DMI contribu-
tion from the bottom Pt/Co (see Appendixes D, G, and H
for details of the BLS experiments and ab initio DMI
calculation).

IV. DOUBLE SIGN CHANGE OF MAGNETIC
ANISOTROPY WITH Al* THICKNESS

Another striking result of the present study is the strong
and unexpected Al thickness dependence of the mag-
netic anisotropy in the Pt/Co/Al* system, which was used
about two decades ago for optimizing the perpendicular
anisotropy [2,11,13]. In Fig. 4, we present experimental
measurements of the out-of-plane effective anisotropy field
(noHg) versus Al* thickness. The effective anisotropy
has been determined through the anomalous Hall effect,
measuring the transverse resistance (Ry,) as a function of
in-plane and out-of-plane magnetic fields, on 5-pum-wide

i m] Pt)Co/Cu/lPt
20} E A Pt/Co/Al[Pt
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| Aag
15¢ | a &
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FIG. 4. Out-of-plane effective anisotropy field as a func-
tion of Al* (red), Al (black), and Cu (blue) thicknesses in
Pt/Co/Al*(ta1x), Pt/Co/Al(ta) /Pt, and Pt/Co/Cu(tc,) /Pt sam-
ples. The inset shows the normalized transverse resistance Ry, as
a function of the out-of-plane magnetic field in Pt/Co/Al* (¢;+)
for ta;x = 0.7,1.1,1.2,2.0 nm.

Hall bars. In the inset of Fig. 4 are plotted several nor-
malized R,, curves as a function of out-of-plane magnetic
field (H;) in Pt/Co/Al*(ta1+) samples for a few relevant £
values.

As demonstrated above by XPS measurements (Fig. 1),
the Co remains nonoxidized for £4;+ = 0.7 nm, resulting in
a square hysteresis loop with sharp magnetization reversal
and finite coercive field, confirming a large PMA (about
~ 1.2 T), in quantitative agreement with previous results
[2,11]. Upon increasing the Al* thickness to 1.1 nm, the
positive woHg drops rapidly and Co magnetization turns
in-plane (uoHg reaching a negative value of about —70
mT), as shown by green and black loops in the inset
for tp;+ = 1.1 and 1.2 nm, respectively. The anisotropy is
found to be negative for £+ between 1.0 and 1.4 nm. It is
worth recalling that the XPS data confirm the presence of
metallic Al at the Co/Al* interface for z5;+ > 1.1 nm. For
tarr = 1.4 nm, puoHg is found to be +23 mT, at the verge
of the second sign change. At larger 74+, the anisotropy
continues to increase until it saturates at about 1.8 T for
taix > 2 nm (see the square loop for 7o+ = 2.0 nm in the
inset of Fig. 4).

In Fig. 4, we also include in some points of anisotropy
values obtained from two other Pt/Co-based metallic sys-
tems, namely Pt/Co(0.9 nm)/Cu(¢c,)/Pt(3 nm) (open blue
square) and Pt/Co(0.9 nm)/Al(za;)/Pt(3 nm) (open black
triangle). Importantly, in these two systems, the presence
of a 3-nm-thick Pt cap layer completely prevents the light
element becoming oxidized [6]. For Pt/Co/Cu(tc,)/Pt, we
find that puoHg remains almost constant with Cu thick-
ness (blue open squares in Fig. 4) akin to the symmetric
Pt/Co/Pt structure for zc, =0 (0.9 T). In contrast, the
anisotropy in the Pt/Co/Al(za;) /Pt series (black open tri-
angles in Fig. 4) exhibits an increase with Al thickness,
saturating at 1.8 T for #4; = 3 nm. An interesting obser-
vation is that, for 74 larger than 2 nm, the measured
anisotropies exactly (within error margins) correspond to
the values measured in the Pt/Co/Al* systems, in which
a metallic Al film is present. The twofold enhancement in
anisotropy found in Pt/Co/Al* (and also in Pt/Co/Al/Pt)
compared to Pt/Co/Cu/Pt and the symmetric Pt/Co/Pt
structure underscores the substantial role of the metallic
Co/Al interface on interfacial properties.

In order to get insights about the physical origin of
these observations, we have performed ab initio calcula-
tions of magnetic anisotropy energy [42] and found in the
case of Co hcp(001) the same decrease and subsequent
enhancement of PMA as observed in the experiments
[see Fig. 5(a)]. The PMA first decreases as the interfa-
cial oxygen is progressively removed, turning down the
hybridization between O p, and Co d,2 interfacial states.
Interestingly, the calculations then suggest a strong PMA
enhancement in the bulklike Co layers due to an in-plane
tensile strain imposed on Co by the metallic Co/Al inter-
face, as shown in Figs. 5(a) and 5(c). This large PMA
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FIG. 5. Magnetocrystalline anisotropy energy Enca calcu-
lated from ab initio total energies in Co layers (Col is at the
interface) as a function of (a) interfacial oxygen content and (b)
in-plane lattice parameter. The vertical dashed lines in panel (b)
indicate in-plane lattice parameters.

enhancement in the ultrathin Co film with an increas-
ing lattice parameter is due to the increased density of
states (DOS) of the in-plane (dyy,d,2_,2) minority elec-
trons as the Co atoms get further apart. More results are
presented in Appendixes G, H and J, in which the full
discussion of the PMA calculations and the second-order
perturbation theory analysis are provided, linking the PMA
trends to electronic states with a specific orbital charac-
ter. The results of DFT calculations for fcc(111) Co are
also discussed. The general U-shaped trend of the calcu-
lated PMA matches well the experimentally observed one.
In more detail, from the calculations, it appears that the
PMA reduces up to about 1.0 nm before increasing again,
while the experimental curve displays a PMA regain at
about 1.4 nm. This should not be a surprise, as the cal-
culations ignore the important, but a priori constant, role
of the bottom Pt/Co interface.

V. CONCLUSION

In conclusion, our investigation into the Pt/Co/Al*
model spintronic system elucidates the critical role of the
Co/Al* interface on i-DMI and PMA. First, we estab-
lish a clear correlation between the reduction in oxygen
concentration at the Co/Al* interface and a subsequent
decrease in the net DMI, addressing discrepancies in mea-
sured values by different groups. Second, we observe a
sign change in anisotropy indicating a transition from
out-of-plane to in-plane orientation, at approximately a
single aluminum metallic monolayer at the Co interface.
Notably, the anisotropy of the Co layer undergoes a sec-
ond sign change, and then saturates with the formation of
a thick metallic interface characterized by enhanced PMA
due to strong orbital hybridization at the Co/Al interface
as revealed by XAS and DFT. Our experimental results
reveal a new way to tune the interfacial properties with
light metal interface, notably the i-DMI and PMA [43],
for manipulation of the next generation of spinorbitronic
systems.
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APPENDIX A: CHARACTERIZATION BY TEM
AND EDX

For TEM and EDX, the cross-section lamella was pre-
pared using a focused ion beam machine with a final
thinning step at 8 kV. The surface of the sample was pro-
tected by a Pt layer deposited using electron-beam-induced
deposition. In Fig. 6(a), we present a low-magnification
HAADF image of the Pt/Co/Al*(0.7 nm) sample, which
constitutes a Co/oxide interface. The HAADF image
clearly reveals the polycrystalline nature of the Pt and Co
layers and highlights the high interface quality of our sam-
ples. The average grain size in our sample can be estimated
to be 45 nm. The (111) texture of the Pt layer is also sug-
gested by the planes about parallel to the interface, and
confirmed by x-ray diffraction (see Appendix I). The spa-
tial distribution of Pt (light gray), Co (blue), Al (green),
and O (red) obtained using the energy-dispersive x-ray
spectroscopy technique is shown in Fig. 6(b). The ele-
mental intensity along the sample thickness is plotted in
Fig. 6(c). The STEM and EDX measurements reveal very
homogeneous growth and sharp interfaces in our samples.

APPENDIX B: X-RAY ABSORPTION
SPECTROSCOPY

In Fig. 7(a), we display the mean XAS spectra for
samples with 0.5 and 0.7 nm Al* capping layers in the
Pt/Co/Al*(ta1+) series. The XAS and XMCD measure-
ments are performed at the DEIMOS beamline at the
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(a) HAADF image of the Pt/Co/Al*(0.7 nm) sample. (b) EDX element mapping displaying the spatial distribution of Pt

(light gray), Co (blue), Al (green), and O(red). (c) Depth profile of integrated atomic fraction of Pt, Al, Co, and O elements along the

thickness.

SOLEIL synchrotron [44]. An enlargement of the XAS
spectra is shown for comparison in Fig. 7(b). The pre-
edge and post-edge intensities in the vicinity of 780.8 and
783.3 eV energies, respectively, are highlighted by blue
dashed ellipses. In metallic Co, the pre-edge and post-edge
regions are expected to be relatively smooth, with no sig-
nificant peaks due to the absence of allowed transitions.
However, in the presence of oxidized Co, the XAS spec-
trum in these regions exhibits small peaks or shoulders,
attributed to quadrupole transitions or crystal-field effects,
as indicated by the blue ellipses. The presence of pre-edge
and post-edge shoulders in the sample with a 0.5 nm Al*
capping layer hence suggests oxidation of Co. On the con-
trary, the sample with a 0.7 nm Al* capping layer shows
no evidence of Co oxidation, which is consistent with our
XPS measurements.

APPENDIX C: EXPERIMENTAL

MAGNETIZATION AND ANISOTROPY

In Fig. 8(b), the interfacial anisotropy is calculated
based on the polynomial fit (dashed line) of the

—~
QD
~
[
—
(=2
-~
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2 2
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0 ' '
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FIG. 7. (a) XAS spectra in the vicinity of the Co L3 and

L, edges in Pt/Co/Al*(ta+) for ta1+ = 0.5 nm (black) and 0.7
nm (red) at room temperature. (b) Enlarged image of panel (a)
around the L3 edge. The pre-edge (780.8 eV) and post-edge
(783.3 eV) intensities of XAS are highlighted by dashed ellipses
for comparison.

spontaneous magnetization as measured by a supercon-
ducting quantum interference device (SQUID) [Fig. 8(a)].
For this estimation, we suppose that the effective
anisotropy field can be written as K, s = (to/2)M;(M; +
Hyg)tco using a fixed #c, = 0.9 nm. The values can be
compared to the ab initio ones detailed in Appendix H.

APPENDIX D: BRILLOUIN LIGHT SCATTERING

We performed spin-wave spectroscopy experiments
using the Brillouin light-scattering (BLS) technique in
Damon—Eshbach geometry to quantify the strength of DMI
[24,45]. We probed Stokes (fs) and anti-Stokes (fjs) reso-
nant frequencies using a green laser (A = 532 nm), which
correspond to counterpropagating spin waves transverse to
the magnetization direction. The variation in the frequency
difference (Af = fas — fs) with the incident wave vector

(a)1.5>\ T T T T T T

1.0 ~~ ]

0.5 1

M, (MA/m)
(]
/

(b) 00 : : : : : :

20} % ]
1.5} % % |
10} §§§§ §§ ¢

0.5} 1

(mJ/m?)
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00 05 10 15 20 25 3.0 35
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FIG. 8. Magnetometry. (a) Spontaneous magnetization (M) as
a function of #5;» in Pt/Co/Al*(ta1+) samples. The M; value is
measured using SQUID and fitted by a parabola (dashed line).
(b) Estimation of the uniaxial interfacial anisotropy (see text).
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(a) BLS spectra of Pt/Co/Al*(ta1+) for various Al* thicknesses, obtained with a laser of wavelength 532 nm for kg, =

16.7 um~'. (b) DMI-induced frequency shifts of counterpropagating spin waves as a function of kg, , measured in the Pt/Co/Al*(ta1+)
samples with different 751+ equal to 0.6, 1.0, 1.4, and 2.0 nm. The dashed lines are linear fits.

(ksw) 1s related to the effective DMI parameter (D.g) as
[24,45]:

2y

Af = —
/ M,

Degrlgy. (D1)

Here, y is the gyromagnetic ratio and M, is the saturation
magnetization of Co. To estimate D, the magnetization of
the Co layer is driven in-plane by applying large external
magnetic fields while measuring the spin-wave disper-
sion as shown in Fig. 9(a), measured for various zaj+ in
Pt/Co/Al*(¢a1+) samples. The change in Af as a function
of incident kg, is shown in Fig. 9(b) for several samples.
In accordance with Eq. (D1), Af exhibits a linear depen-
dence on kgy. The Dy for each sample is subsequently

determined through a linear fit to the experimental data
based on Eq. (D1).

APPENDIX E: AB INITIO CALCULATED
STRUCTURES

Following the expected evolution of the experimen-
tal samples, we construct a heterostructure by interfacing
a four-monolayer hcp(0001) Co slab and «-Al,O3, with
hydrogen passivation on the oxygen-terminated free sur-
face [46]. The crystalline Al,O; emulates the usually
amorphous AlO,. The oxygen at the Co/Al,O3 interface is
then gradually removed (with the interface oxidation repre-
sented in percentages) and the Al layer is inserted. We thus
arrive at a progression of six structures, plotted in Fig. 10.

Al insertion nominal thickness f. (nm)

interface oxidation

Q@cc O~

15 ML
° © !, o -
o °IO o o
o 'O
'O o
(-] o °| 0 O
'Q o
° 02 o0
° 0© o0©°
o 'O
o °,O o o
- 0% _ 09

Al insertion

o O o H

FIG. 10. The Co/Al/Al,O;3 bilayers used to emulate the experimental evolution of a Co/Al/AlO, bilayer with increasing Al inser-
tion thickness. After the initial oxygen removal, the number of interfacial Al layers is increased. This corresponds to the experimental
trend. Note that, in the interest of space, only two monolayers (ML) of Co are shown, instead of the full four-monolayer slab used in

the calculations. This has been plotted with VESTA [47].
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FIG. 11. The Co/Al,O5 interfacial charge dipole disappears with oxygen removal.

These structures were used for the ab initio calculations in
this work.

APPENDIX F: AB INITIO METHODS

The ab initio calculations have been performed within
DFT/PBE [34,35] as implemented in the VASP pack-
age [36-39]. During structural relaxations with the in-
plane lattice parameter fixed, the forces were minimized
below 1 meV/A. The DMI constant is computed from the
energy difference between the clockwise and counterclock-
wise spin configurations [48]. The magnetic anisotropy is

obtained from the energy difference between the in-plane
and out-of-plane-magnetized systems [42] and analyzed
within second-order perturbation theory [49—51].

The Brillouin zone is sampled by a 15 x 15 Gamma-
centered mesh, increased to 19 x 19 for the anisotropy and
the DMI calculations. The plane-wave basis is expanded
up to the cutoff energy of 500 eV. A vacuum spacer of ~ 20
A decoupled the bilayer from its periodic image in the out-
of-plane direction. The four-monolayer (4 ML) Co slab
in hep(0001) ABAB stacking is found to be slightly (= 6
meV/Co atom) more stable than the fcc(111) surface with
its ABCA stacking, as tested on a Co(4 ML)/Al(15 ML)

interface oxidation

A

FIG. 12.
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(a) Layer-resolved PMA for 100% and 33% oxidized interface. Oxygen removal kills the PMA of the Col interfacial layer.
Consequent Al insertion enhances PMA in the Co2 and Co3 bulklike layers via in-plane biaxial strain. (b) Layer-resolved PMA for
all the structures shows these trends clearly. High PMA is obtained for the Co/Al,Oj3 interface with high oxygen content on one side
(typical metal-oxide PMA [2]) and high aluminum content on the other side (strain-induced), with a dip in between these two extremes,
where neither of the effects dominates.

024055-9



SACHIN KRISHNIA ef al.

PHYS. REV. APPLIED 24, 024055 (2025)

bilayer with @ = 2.403 A. The in-plane lattice parameter is
either dcoco = 2.4 A, corresponding to Al,O3 substrate,
or dcoco = 2.86 A, corresponding to Al substrate, com-
paregi to the relaxed lattice parameter of hep Co, dco co
2.5A.

APPENDIX G: RASHBA-TYPE DMI AND
INTERFACIAL DIPOLE

The variation of DMI with Al insertion is explained by
the decreasing oxidation of the Co/Al,O5 interface: with
oxygen present, a charge dipole is formed, giving rise to
a Rashba-type DMI [40,41]. After oxygen removal, this
charge dipole disappears in favor of a symmetrical metal-
lic bond. The ab initio charge transfer due to the interface
formation is shown in Fig. 11. Removing oxygen from
the interface reduces the charge dipole until it completely
vanishes for Co/Al

APPENDIX H: PMA BEHAVIOR WITH
OXIDATION AND STRAIN

The layer-resolved Eyica values are shown in Fig. 12
and show the same drop and subsequent increase of PMA
as the experimental data in Figs. 4 and 8. The decreas-
ing and increasing trends in the PMA are attributed to two
distinct phenomena.

First, from the layer-resolved anisotropy values in
Fig. 12(a), it appears clearly that the interfacial Col
layer loses its strong out-of-plane anisotropy after oxy-
gen removal. This will be ascribed to O p, and Co d,»
hybridization in the perturbation analysis below.

Second, with continuing Al insertion, PMA is boosted
in the bulklike Co2 and Co3 layers [Fig. 12(b)]. This can
be attributed to strain-induced anisotropy: Co is expected
to expand in-plane due to the lattice matching with Al
In Fig. 5(b), we demonstrate that in-plane biaxial strain
indeed causes a large PMA increase in the four-monolayer
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FIG. 13.

Disentangling the Al strain and interface effects on the layer-resolved magnetocrystalline anisotropy (MCA) of Co. In

panels (a) and (c) we consider the 4-ML-thick Co as used in the rest of the calculations in this work, while in panels (d) and (f) we
consider a thicker (15-ML) Co film to better show the difference between the bulk and interfacial Co layers. The Al layer of the Co/Al
bilayer in panels (a) and (d) is artificially removed in panels (b) and (e) while the Co structure is kept frozen (no relaxation performed
after the Al removal). The difference of Eyica between these two cases, shown in panels (¢) and (f), emphasizes purely the effect of
the Co/Al interface. It is clear from panels (b) and (d) that the PMA persists even without the presence of Al, hence the large bulklike
PMA is mainly a structural effect. In fact, the role of the Al at the interface is rather to decrease the PMA of the interfacial Co layer,

as clearly shown in panels (c) and (f).
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hcp Co film. This will be traced back to the decrease in the
width of d,,, and d,2_,> bands in the perturbation analysis
below.

Note that the magnetic anisotropy of the Co4 layer at
the vacuum side remains almost unchanged across all the
structures.

In Fig. 13, we show that Co in a Co/Al bilayer indeed
acquires a large PMA [see Figs. 13(a) and 13(d)], but this is
apurely structural effect due to in-plane biaxial strain from
the (& 14% larger) lattice parameter of Al acting on the
ultrathin Co. Interestingly, the effect survives even when
the Al is replaced by vacuum [see Figs. 13(b) and 13(e)],
as long as the Co structure is kept frozen at its relaxed state
before Al removal. In fact, looking at the difference of the
cases with vacuum and with Al [see Figs. 13(c) and 13(f)]
shows that proximity with Al actually decreases the PMA

of Co interfacial layers. This is, however, secondary, as
we find that the strain-induced PMA enhancement in the
bulklike layers is still the dominant effect. Overall, the
results predict that Al will strongly enhance the PMA of
the ultrathin Co film.

1. Anisotropy of Co/oxide interface from perturbation
analysis

In second-order perturbation theory, the magnetic
anisotropy energy of atom i can be written as the sum of
two spin-conserving and two spin-flip terms [50],

— AE!

AE 1=
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FIG. 14. Perturbation theory analysis of the magnetic anisotropy at the Co/O interface. (a) Perturbation theory predicts the trend
in the calculated magnetic anisotropy. (b) It can be resolved into the four spin-interaction contributions. The 1=| contribution is
dominant. (¢) The 1= contribution can be further resolved into orbital interactions. The biggest change between the 67% and 33%
cases comes fromd,> <> d,; and dy, < d,2_,2. (d1),(d2) This is confirmed by the SOC-associated energies. (¢) The —PZ;"/ coefficients
from Eq. (H2); the negative sign is due to spin flip [see Eq. (H1)], and x and p’ correspond to two distinct d orbitals. The contribution

to PMA from 1= d,2 <> d,. is positive (+3), while that from d,, <

d,>_ > is negative (—4; in-plane anisotropy). (f1) The d,»

Xe=y

states indeed appear near the Fermi level due to hybridization with oxygen’s p. states, while (f2) the d,. states remain unchanged
by oxidation. (g) The (dyy,d,2_2) states appear near the Fermi level at low oxidation due to in-plane hybridization with neighboring

cobalt atoms.
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where &; is the spin-orbit coupling constant of atom i,
P"* indicates a prefactor coefficient, and GZ:\A, is the joint
density of states.

The PMA decrease with oxygen removal is repro-
duced by second-order perturbation theory analysis [see
Fig. 14(a)] and it comes from the majority = minority con-
tribution [see Fig. 14(b)], in particular from changes in the
d> <> dy; and dy, <> d,2_,» interaction [see Fig. 14(c)],
which is also the dominant change in the ab initio spin-
orbit coupling energy [see Fig. 14(d1,d2)].

The d,» <> d,, majority = minority interaction gives
rise to PMA [see Fig. 14(e)] and is strongly present for oxi-
dized cobalt, where the d_» 1 orbitals appear near the Fermi

level due to hybridization with O p, [see Fig. 14(f1)]. The
d_ states get pushed lower below the Fermi level after
oxygen removal, which weakens this positive contribution.
The d,. states are not affected by the presence of oxygen
[see Fig. 14(f2)].

The dy, <> d,»_,» majority = minority interaction
gives rise to in-plane anisotropy [negative coefficient in
Fig. 14(e)] and appears in cobalt due to hybridization with
neighboring cobalt atoms when oxygen is removed. The
peak in the partial DOS of d,,, and d,>_,» at low interface
oxidation is clear from Fig. 14(g). This is a smaller effect
that reduces the PMA when removing oxygen.

2. Anisotropy of strained hcp Co from perturbation
analysis
The PMA increase with in-plane biaxial strain of
the four-monolayer hcp Co slab from Fig. 5(b) is also
reproduced by second-order perturbation theory analysis

(@ all four hcp Co Iayers summed (b) B (¢) U=l virtual excitations
AIS- r _3/\/\3_ i 2§3_.|....||..|_
% 1.0} /iI 12 % % 2t | _EM(‘A/E—’ g _a;(zg'de
E 0S5} e \ 11 3 = . ] (total) =
g 00f=5 0 o AT, [T X
7 < =05}, a1 Ty s 0= = 1=l 9
qu -1.0f —=—SOC energies |_, | = L =1 /./ 1=! J——=1 Lg
-15t —L—perturb theory 3 5 " L =1 —1t J
23 25 27 29 22 24 26 28 3.0 mEmSEaSA=N
a(A) a(A) © pr'w FYTYYYYYYY
[ RENEINSH SN
(dh 0.3 26 (A) — (d2) 0.3 27 (A) —— 1=l (@and 1=1) ¥ ¥ ¥y 33333
= Bl ] virtual excitations SSS555835 58
% d FYYIIYIIIY
g £ 5585555885588
= 00 /+1 o3 <R R T R
5 dzx‘\'_ 1 /' dy, virtual excitation
dy,
} -1
dxz_yz
(f1) T T dX(:T (f2) T T T T
—~ 0 — 0 (dxy’dx:)
% - dy 12584 7% (dyy .dy*)
-’ We<T|----de125A = I
w 4 L
) dy L1264 B, (dhydv?) 2.5A
2 Soodel26A 20 | — (dy.dy) 2.6A
J——dy 1 27A e -3 gita)t
----de 1 27A = = (dyy.dy) 2.7A
-0.4 —02 0.0 02 0.4 —-1.0-0.50.0 0.5 1.0
E-E_(eV) E-E_ (eV)
FIG. 15. The perturbation theory analysis of the magnetic anisotropy in in-plane biaxially strained hcp Co. (a) Perturbation theory

predicts the trend in the calculated magnetic anisotropy. (b) It can be resolved into the four spin-interaction contributions. The | =
contribution is dominant. (¢) The | =] contribution can be further resolved into orbital interactions. The biggest change between the

a—26Aanda—27Acasescomesfromdxy<—>dz

2. (d1),(d2) This is confirmed by the SOC-associated energies. (¢) The P" w

coefficients from Eq. (H2). The contribution to PMA from I=ld, < dxz,yz is positive (+4). (f1) The (dy, d\2_,2) minority states
appear near the Fermi level as (£2) the width of the (dyy, d,2_,

2) band reduces since the cobalt atoms get further apart.
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Magnetocrystalline anisotropy energy of hcp(0001) and fcc(111) cobalt calculated from ab initio total energies in Co layers

(Col is at the interface): (a),(b) as a function of interfacial oxygen content for the six structures from Fig. 10 with (a) hcp(0001) and (b)
fce(111) Co; and (c) for a varying in-plane lattice parameter. The vertical dashed lines in panel (c) indicate in-plane lattice parameters.

[Fig. 15(a)] and comes from the minority = minority
interaction [Fig. 15(b)], in particular changes in the d,, <
dy2_,» interaction [Fig. 15(c)], which is also the domi-
nant change in the ab initio spin-orbit coupling energy
[Fig. 15(d1,d2)].

The dy, <> d,»_,>» minority = minority interaction gives
rise to PMA [Fig. 15(e)] and is enhanced in biaxially
strained hep Co where the (dyy,d,2_,2) orbitals appear
near the Fermi level [Fig. 15(f1)]. This is because the
(dyy,d2_,2) band gets narrower [Fig. 15(f2)] due to the
reduced hopping between the neighboring in-plane cobalt
atoms, as they get further apart due to strain. The increase

in the Fermi-level DOS of (dyy, d,2_,2) minority states is
thus at the origin of the strain-induced magnetic anisotropy
of hep Co.

APPENDIX I: hep(0001) AND fee(111) COBALT

1. Ab initio results

The stable form of Co below 400 °C is hep(0001) with
its ABAB stacking, corresponding also to the ¢ phase
identified in our XRD analysis (see below). For sputtered
samples, the growth is hep [52]. In order to confirm the
robustness of the results, we have recalculated the results

(@) 100 k gt N —— () 0.2290 ‘
Pt(111) Con, (002) t=36.8 nm -
Coy (111) ——— =183 nm 0.2285F 4 A A Ppt E
10k | t=8.9 Cohcp (O 0 4) a A
=CINMM by 559 Coy (222)
——t=4.5nm 0.2065 |; 7]
1k , ‘ 3 0.2060 [ 1
2 \
E 1
5 0.2055 [ | ]
g | m |
L A 0.2050F | ]
10 i \ 0.2045| G0 1
sl "
L 0.2040} B\
1 A N @ Co hep
0.2035 £ B N
t=0.9 nm R
100 m 1 1 | I R 1 1 | I 1 | n 1 02030 1 1 1
38 40 42 44 46 82 84 86 88 98 100 0 10 20 30 40
20 (deg) t (nm)
FIG. 17. X-ray diffraction of thick Co films. (a) Symmetric 6—26 scans of Ta(5 nm)/Pt(8 nm)/Co(#)/Al(5 nm) films in Bragg-Brentano

geometry using a Cu Ko source. Black lines are estimated positions of the experimental peaks; colored lines are reference positions
from the (Powder Diffraction File) PDF-5+ database (00-004-0802, 00-072-0455, 01-071-4239, 01-071-4651, 01-077-7456, 01-080-
6668, and 01-090-5299). The Pt(111) peaks of Al 0.7-nm and 1.0-nm samples from the main text are shown (bottom left) in black
with the label # = 0.9 nm. (b) Estimated out-of-plane parameters from the diffractograms in panel (a). The red circles and red squares
correspond to the (002) and (004) Co hcp peaks, respectively. The triangles correspond to the Pt(111). The blue data points were

acquired on another machine with only the K« 1 line (0.15406 nm).

The interplane distance for the red data points is estimated using a

mean wavelength of 0.1542 nm. The red dashed line is an exponential decay used as a guide to the eye.
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FIG. 18. The spin magnetic moment of Co/Al/Al,O; with (a) 100% and (b) 0% interface oxidation, resolved for all atoms from the

crystal structure (Fig. 10). (c) The average Co spin magnetic moment as a function of Co/AlO interface oxidation.

of Fig. 5, swapping hep Co for its fcc phase. The results are
shown side-by-side in Figs. 16(a) and 16(b). It is clear that
magnetic anisotropy enhancement with tensile strain does
not occur for the fcc phase. On the contrary, tensile strain
seems to strongly decrease the PMA in fcc Co, and this
is further emphasized in Fig. 16(c), where the in-plane lat-
tice parameter was varied for a four-monolayer Co slab in
vacuum, the same as in Fig. 5(b), comparing here the hcp
and fcc Co. An interesting conclusion can be drawn from
Fig. 16(c), namely that a structural transformation from the
(metastable) fcc phase to the (stable) hep phase (e.g., upon
annealing) will lead to a large anisotropy enhancement,
provided that cobalt is strained by several percent (away
from its equilibrium lattice parameter of &~ 2.5 A.

2. X-ray measurements

Previous reports of Co grown by sputtering suggest Co
growth in the expected € phase, i.e., hep (see Ref. [52] and
references therein). Here, we compare our data with those
published by Patel et al. [52], their article dedicated to the
proof that Co grows hcp over Pt.

Experimentally, using our laboratory x rays, it is not pos-
sible to detect the diffracted signal from four atomic layers.
Therefore, we studied the evolution of the diffraction peaks
of thicker Co films, ranging from 4.5 to 37 nm. As shown
in Fig. 17, the Pt(111) peak stays at a constant position,
slightly lower than expected due to growth-induced strain
(ion-peening effect), while the Co peak associated with the
(002¢) planes of the hep structure shift considerably with
the Co thickness, suggesting a rapid relaxation toward the
bulk parameter. All these results are remarkably consistent
with those reported in Fig. 2 of Patel e al. [52]. Such strain
relaxation is not surprising, as the Co layer cannot sus-
tain a 11.4% tensile strain over a few nanometers. With
such a strain level, crystalline growth (at the grain level)

is still possible, but defects are generated in the first few
layers (see, e.g., the review by Narayan [53]). We could
also observe a peak corresponding to the Co(101) planes
of the hcp phase (at 260 = 47.39°, x = 61°), which does
not exist for the fcc phase.

APPENDIX J: SPIN AND ORBITAL MAGNETIC
MOMENTS

The ab initio spin magnetic moment of cobalt shows
an enhancement by the oxygen interface, while both the
spin and orbital magnetic moments are reduced at the alu-
minum interface. (An increase of the magnetic moment
due to an oxygen interface can also be observed in ab initio
calculations with Fe [54].)

3? 1.2 ‘ +0.7%M, |per 1% strain
S 08| 000000 ——Col -
i ©0000 « ——Co2 A
04 F 000000 -<--Co3
| 00000 « -<--Co4
0.0 '

FIG. 19. Strain slightly increases the spin magnetic moment,
but this is secondary to changes in the interfacial Co magnetic
moment due to the Co/O versus Co/Al interface.
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(a) Orbital magnetization and (b) its anisotropy in Co/Al/Al,O3. Large variation is observed at the interfacial Col in all

the structures. For the Co/Al(15 ML) structure in particular, large orbital moments are observed in all the four Co layers, linked to the

strain-induced magnetic anisotropy detailed in Appendix H.

1. Spin magnetization

The spin magnetic moment of the interfacial Co layer
is enhanced by & 15% by the proximity with oxygen,
and a small magnetic moment (= 0.1 up) is also induced
in the interfacial oxygen itself [see Fig. 18(a)]. In con-
trast, the spin magnetic moment is reduced by &~ 20% at
the Al interface [see Fig. 18(b)]. The total magnetization
therefore decreases when replacing interfacial oxygen with
aluminum due to all of these effects synergically. Overall,
we find a decrease of the magnetization when remov-
ing oxygen from the interface, as shown in Fig. 18(c), in
agreement with the experimental observations.

Increase of magnetic moment. A positive strain on Co is
expected during an Al insertion due to their lattice mis-
match. In Fig. 19, we show that the spin magnetization
monotonically increases for such larger lattice parameters,
at a rate about 4-0.7% per +1% in-plane biaxial strain. This
slight increase in magnetization is, however, secondary
compared to the large decrease due to the Co/O — Co/Al
transition described above.

2. Orbital magnetization

Even though the orbital magnetization is typically small
in 3d metals, its anisotropy Ao, = (1 — b 1S very rel-
evant, because it is anticipated to be proportional to the
magnetocrystalline anisotropy energy,

§ Aldorb
Sunit cell 4/"/3 ’

AEvcA = J1)

in the picture of the Bruno’s model, where the SOC
constant £ binds the spin and orbital magnetic moments.
For the interfacial Col, both the orbital magnetic
moment and its anisotropy decrease compared to values for
the other three Co layers, as shown in Figs. 20(a) and 20(b).
The same trend is found in the Eyca results of Fig. 12,
confirming Bruno’s model picture in this system. Note that
for Co/Al(15 ML) we predict a much larger orbital mag-
netic moment and its anisotropy compared to the other

structures. This is also reflected in the magnetocrystalline
anisotropy (Fig. 12).
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