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Critical Role of Capping Layer in Determining Co-Fe-B/MgO Interfacial
Magnetism Revealed by X-Ray Magnetic Circular Dichroism
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Interfacial magnetism emerging from orbital hybridization is the key facilitator for practical nanoscale
spintronic devices. Most devices require a capping layer, and it is widely assumed that capping-layer vari-
ations do not change the fundamental properties of magnetic films underneath. In a model Co-Fe-B/MgO
system, interfacial investigations, so far, have been focused on the hybridization of Fe d and O p orbitals.
However, the role of the capping layer has largely been ignored by adopting a reductionist scenario of
just oxidation or charge modification. Here, we report strong modifications of interfacial magnetism in
Co-Fe-B/MgO by systematically changing the Ru capping thickness using element-specific x-ray mag-
netic circular dichroism and x-ray absorption spectroscopy at Fe L2,3, Co L2,3, and O K edges, along
with corresponding spin and orbital magnetic moment calculations and magnetometry measurements. We
observe unusual spin-flip-like transitions due to capping layers and find direct evidence for systematic
spin and orbital modifications, beyond just charge transformation, strikingly captured by oxygen x-ray
absorption and dichroism spectra. Our result shows the importance of the capping layer and provides a
complete picture of rich interfacial magnetism in the Co-Fe-B/MgO system.

DOI: 10.1103/PhysRevApplied.14.054022

I. INTRODUCTION

Rapid progress in the development of ultrathin mag-
netic materials for magnetic tunnel junctions (MTJs) has
inspired a myriad of spintronic applications beyond mag-
netic random access memories (MRAMs) [1–3], including
sensors [4–6], microwave generators [7], detectors [8] and
amplifiers [9], voltage rectification [10], and neuromorphic
computing [11,12]. For these applications, crucial MTJ
features, such as strong perpendicular magnetic anisotropy
(PMA) and large tunneling magnetoresistance (TMR),
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have been realized on the Co-Fe-B/MgO interface [13,14].
Particularly, PMA in Co-Fe-B/MgO was attributed mainly
to hybridization of the d orbitals of Fe atoms with the p
orbitals of O atoms at the interface with Co atoms play-
ing a minor role, as revealed by element-specific x-ray
magnetic circular dichroism (XMCD) and first-principles
calculations [13,15–18].

However, this interface is shown to be particularly sus-
ceptible to Fe oxidation and first-principles calculations
show this could result in a large variation in PMA and
TMR values [17,19]. Indeed, changes in the oxidation
state of Fe atoms at the Co-Fe-B/MgO interface can be
brought about by the annealing process [18,20–22], cap-
ping material [23], and presence or absence of boron
[24]. It has always been assumed that the Co-Fe-B/MgO
interface is less influenced by the capping layer in most
“full-stack” MTJs, where the MgO tunneling layer is
buried deep. However, the development of MTJ-free layers
is typically carried out on a reduced “half-stack” struc-
ture, namely, heavy metal/Co-Fe-B/MgO/capping layer,
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while keeping the same ferromagnetic stoichiometry and
annealing conditions as that of the eventual MTJ. Capping-
layer parameters of the half stack are mostly dictated by the
requirements of the individual experiments, which impede
the development of a universal capping layer. These pro-
ceedings can also lead to nonconformities in the inter-
pretation of the MTJ material’s properties given that the
capping layer strongly influences the Co-Fe-B/MgO inter-
face. In addition, transistor-circuit current requirements
and high-density applications demand high-performance
MTJs with just four or fewer monolayers of MgO [25,
26]. Meanwhile, the double Co-Fe-B/MgO structure has
emerged as the ideal free-layer structure for state-of-the-
art MTJs for MRAM [27–29]. The introduction of a
second Co-Fe-B/MgO interface, compounded by require-
ments for ultrathin MgO, could aggravate vulnerabilities to
interfacial modifications.

A comprehensive understanding of interface modifi-
cation can be achieved by tuning the effective mag-
netic anisotropy of half-stack structures with capping-
layer parameters and establishing a direct correlation with
spin and orbital coupling. By controlling the thickness of
MgO/Ru, we report progressive tuning of the anisotropy
from in-plane to PMA, along with element-specific
changes in interfacial magnetism in the Co-Fe-B/MgO
heterostructure. Ru is chosen as the capping layer due
to superior a PMA performance originating from reduced
intermixing and for its effectiveness against the diffusion
of Ta, which is used as a popular hard mask in MTJ fab-
rication [23,27,30,31]. Interestingly, we find an important
role of oxygen in determining spin anisotropy at the inter-
face and unique splitting of Fe XMCD spectra, which is
associated with a spin-flip-like transition in the secondary
feature. In the past, the role of oxygen has been limited to
dictating the oxidation state of Fe, while the possibilities
of acquiring a magnetism signature through orbital charge
transfer and interfacial crystal-field splitting have largely
been ignored.

II. METHODS

A. Sample preparation

A series of thin films of the structure Ta(2)/Co40Fe40B20
(1)/MgO(tMgO)/X (tcap), where X = Ta, Ru, or Pt, are
deposited on Si substrates using the Singulus Timaris mag-
netron sputtering system with a vacuum base pressure of
<5 × 10−8 mbar. Nominal thicknesses in nanometers are
shown in parentheses. The thicknesses of Ru (tcap) are var-
ied from 0 to 2 nm, while MgO thicknesses (tMgO) of 1 or
3 nm are chosen. Similar tcap values are used for Ta and Pt
as well. All samples are annealed at 300 °C postdeposition
in vacuum for 1 h. The cap materials Ta, Ru, and Pt are
grown at low powers of 300, 300, and 75 W, respectively,
to minimize kinetic damage to the MgO layer.

B. Magnetometry

The magnetic properties at room temperature are char-
acterized using the alternating gradient magnetometer
(AGM) after dicing into 4 × 4 mm2 area coupons using the
Okamoto dicer (ADM-6D). Both in-plane (IP) and out-of-
plane (OP) magnetization hysteresis loops are measured to
calculate the effective magnetic anisotropy from the area
enclosed by these loops [32–34]. The hysteresis loops are
provided in the Supplemental Material [35].

C. X-ray absorption spectroscopy and x-ray magnetic
circular dichroism

X-ray absorption spectroscopy (XAS) and XMCD are
performed at room temperature and at the L2,3 edges of Co,
Fe, and O K edge in the energy ranges from 700 to 803 eV
and 525 to 550 eV, respectively, at the SINS beamline of
the Singapore Synchrotron Light Source [36]. A magnetic
field of ±1 T is applied parallel to the photon incident
direction to attain the absorption coefficients of right and
left circular polarizations, µ+ and µ−, respectively. The
incident angles (θ ), relative to the surface normal, are cho-
sen at θ = 0° and 60° to perform normal-incidence (NI) and
grazing-incidence (GI) measurements, respectively. All
spectra are collected in total-electron-yield (TEY) detec-
tion mode with a photon energy resolution of 0.5 eV, and
the degree of the circular polarization is 88%. The probing
depth is expected to be <10 nm [20,37–41]. The XMCD
signal is obtained from the difference between the absorp-
tion spectra at different helicities of circularly polarized
light, µ+ and µ−. For µ+, the majority of electron spin
is parallel to circular helicity, whereas for µ− the major-
ity of electron spin is antiparallel to circular helicity. The
spectra are normalized against the incoming photon beam
intensity (I 0), which measures the photocurrent of the last
gold-coated mirror on the beamline. The correction of sat-
uration effects following Nakajima et al. [42] is discussed
in the Supplemental Material [35].

III. RESULTS AND DISCUSSIONS

A. Modulation of anisotropy energy with �tinterface

Figure 1(a) shows a comparison of the effective mag-
netic anisotropy, Keff, for various capping materials, X, in
the sample set Ta(2)/Co-Fe-B(1)/MgO(1)/X (1), where
X = Ta, Ru, or Pt. In subsequent discussions, Co40Fe40B20
composition is represented by Co-Fe-B unless otherwise
mentioned. We see that Ru capping displays the strongest
PMA, in agreement with a previous report [23]. In this
study, we choose to focus on the role of capping thick-
ness, since there is a general trend of stronger PMA
with thicker capping. This is true even for Pt, which
becomes PMA when the thickness becomes >1.2 nm. The
thickness-dependent Keff data are shown in the Supplemen-
tal Material [35]. The rest of the discussion is based on the
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FIG. 1. Modulation of anisotropy energy with �tinterface. (a) Comparison of effective magnetic anisotropies of various samples of
Ta(2)/Co-Fe-B(1)/MgO(1)/X (1), where X = Ta, Ru, or Pt. (b) Effective magnetic anisotropy, as measured using an AGM for various
Ru capping-layer thicknesses. Samples A©, B©, C©, and D© represent those selected for XAS and XMCD measurements. (c) Schematic
representation of XAS and XMCD measurements on Co-Fe-B/MgO samples with various caps. µ+ and µ− represent absorption
coefficients for different helicities. (d) From left to right, XAS and corresponding XMCD Fe spectra taken at θ = 0° for samples
with increasing Keff and increasing �tinterface. Two down arrows in samples C© and B© indicate splitting of the L3 edge in the Fe
spectra.

Ru capping layer, unless otherwise mentioned. To under-
stand the role of the capping layer, we first design and
determine Keff with varying Ru thicknesses (tcap). For the
set of samples with Ta(2)/Co-Fe-B(1)/MgO(1)/Ru(tcap),
we observe that Keff goes from IP to PMA and sys-
tematically becomes more positive with thicker tcap for
0.4 nm < tcap < 1.35 nm [Fig. 1(b)]. The system eventu-
ally reaches a maximum PMA of about 1.8 × 105 J/m3.
On the other hand, for the 3-nm-thick MgO sample set,
Ta(2)/Co-Fe-B(1)/MgO(3)/Ru(tcap), no dependence on
tcap for 0.4 nm < tcap < 1.35 nm is found. Dependence on
both MgO and Ru thicknesses suggests that both tcap
and the effective depth of the Co-Fe-B/MgO interface
(�tinterface= tMgO+ tcap) play important roles in engineering
a categorical interface specifically at ultrathin thicknesses.

The experimental geometry for XMCD is shown in
Fig. 1(c) to describe the incidence angle and photon helic-
ity direction. The photon incidence direction is parallel to
the applied magnetic field. We investigate the origin of this
modulation at the Co-Fe-B/MgO interface from XAS and
XMCD experiments by selecting samples with increasing
Keff, which are measured at θ = 0° incidence [Fig. 1(d)].

A common feature of the XAS spectra reveals the Fe 2p
→ 3d x-ray dipole-allowed transition, which peaks for the
L2 edge (2p3/2 → 3d) at about 721.1 eV and the L3 edge
(2p1/2→ 3d) at about 708.3 eV [40]. As a result, one can
clearly see that the strength of the XMCD signal increases
for samples with increasing Keff. Interestingly, for sam-
ples with small �tinterface or weak Keff, a peak splitting
is observed in the Fe L3 XAS edge. Notably, this feature
cannot be explained by the existence of Fe oxides, such
as γ -Fe2O3; instead, our system shows three significant
differences, namely, (i) the components of the L3 spectra
are equal in strength, (ii) no splits in Fe L2 are observable,
and (iii) XMCD does not show a significant peak splitting
at the corresponding energies [18,40,43,44]. Furthermore,
we do not see peak splitting in the Co XAS spectra
(provided in the Supplemental Material [35]), which is
expected, since the enthalpy of Fe—O bond formation is
energetically favorable over that of Co—O bond forma-
tion [20]. All of these differences further emphasize that
our observed peak splitting is unique to the interface and is
different from bulk Fe oxide spectra. Moreover, previous
XMCD measurements show that the interfacial magnetic
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anisotropy in these systems is mainly brought by the Fe 3d
orbital moments, and so, subsequent sections focus on the
analysis of Fe spectra [15].

B. X-ray absorption and x-ray magnetic circular
dichroism at Fe L2,3 edges revealing interfacial

anisotropy

The peak splitting of Fe spectra observed in both NI
and GI configurations for samples C© and B© are shown in
Figs. 2(a), 2(d) and 2(b), 2(e), respectively. Also, as with
θ = 0° incidence, the XMCD strength taken in θ = 60°
incidence increases for samples with larger Keff. However,
the XMCD signal for sample C© in the GI configuration has
an extra positive feature [Fig. 2(d)] near the Fe L3 absorp-
tion edge that is reminiscent of antiparallel spin orientation
sites in γ -Fe2O3 or the presence of tetrahedral (Td) Fe3+ in
nanostructured Fe3O4 [44,45].

The anisotropy of the orbital magnetic moments can
be revealed from the asymmetry in different measurement
configurations (NI and GI). The dashed lines in Fig. 2

show normalized integrated XMCD spectra. The integral
parameters p and q indicated in Fig. 2(a) correspond to the
integrated values of L3 and L2+ L3 spectra respectively,
which are used in the sum-rule analysis of spin and orbital
moments given by [46,47]

μeff = μS + 7 μT

= −
2nhμB

[∫
L3

(μ+ − μ−)dω − 2
∫

L2
(μ+ − μ−)dω

]
∫

L2,3
(μ+ + μ−)dω

μL = −
4nhμB

∫
L2,3

(μ+ − μ−)dω

3
∫

L2,3
(μ+ + μ−)dω

,

where µeff, µS, µT, and µL are the effective spin magnetic
moment, spin magnetic moment, intra-atomic magnetic
dipole moment, and orbital magnetic moment, respec-
tively. Notably, µT is negligibly small and not considered
in the calculations. µB is the Bohr magneton and nh rep-
resents the 3d holes per atom, which is taken to be 3.39
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FIG. 2. Fe L2,3 edges across improving interfacial anisotropy. XAS and XMCD spectra taken at normal incidence (θ = 0°) for
samples C©, B©, and D© at Fe L2,3 edge are shown in (a)–(c), respectively. For grazing angle (θ = 60°), corresponding spectra for
C©, B©, and D© are shown in (d)–(f), respectively. Corresponding numerical integral of XMCD spectra is traced by the dashed black
lines. Also shown are the spin and orbital moments for each of the samples at incidences θ = 0° and 60°, which are calculated using
conventional sum-rule analysis from integral parameters p and q, as shown in (a) as an illustration.
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for Fe and 2.49 for Co [47]. We first discuss a scenario
where there are only Fe and Co atoms and no ionic species
are considered. The evaluated spin and orbital moments
for Fe for various samples in units of µB/atom are shown
in Fig. 2, with superscript ⊥ and || denoting values at NI
and GI, respectively. We observe that the positive strengths
in both µS and µL increase as one moves through sam-
ples C©, B©, and D© accordingly. This order is the same
as that of increasing Keff or �tinterface and follows in both
θ = 0° and 60° incidence. For bulk Fe, µS and µL are
about 2 µB and about 0.09 µB, respectively [47]. Inter-
estingly, µL in all our samples is higher than this bulk
value, even for the weakest Keff, but µS is higher only
for sample D©. This shows that interfacial orbital con-
tributions occur for all samples. Sample D©, which has
the largest �tinterface, also shows the highest μ⊥

L /μ⊥
S ratio

(∼0.16). The spin and orbital moments in sample D© are
larger than those of previous XMCD-determined values in
Co-Fe-B(0.85, 2)/MgO(1)/Ta(1), which are μ⊥

S ∼ 1.6 µB
and μ⊥

L ∼ 0.3 µB [15], and are due to the effect of the cap-
ping layer. This result is different from that of Fe/MgO
film heterostrucures, which have comparable µS, but a
much weaker µL, similar to bulk Fe values [48,49]. At
the same time, “isolated” Fe atoms on MgO display much
stronger PMA and larger µL, by 10 times, in comparison
to Fe/MgO films and seem to be closer to our results [50].
This strong PMA has been argued to be a result of the inter-
play between the low-symmetry ligand field and spin-orbit
coupling. Our results show that the presence of this inter-
play at the Co-Fe-B/MgO interface is uniquely different
from Fe/MgO heterostructures with weak µL.

Therefore, �tinterface ≥ 4 nm introduces a strong hybrid-
ization of Fe d orbitals at the interface and this hybridiza-
tion still exists even at �tinterface= 1.5 nm. At the same
time, for samples C© and B©, because of the large difference
of µS with bulk values, one clearly needs to revisit moment
calculations by considering two Fe components. A thor-
ough discussion of the magnetic moments, by adopting
two-component analysis, is provided in Sec. III D.

C. Anisotropy modulation revealed by charge transfer
of d orbitals

Our key results on interfacial charge transfer of d elec-
trons and hybridization strength with varying �tinterface
can be understood from the O K-edge XAS and XMCD
measurements. Figures 3(a)–3(d) show XAS spectra (top
panel) of O K edge and XMCD (bottom panel) at θ = 0°
and 60° incidences for various �tinterface samples. The
O spectral region between 528 and 533 eV is typically
described by the hybridization of O 2p and transition-
metal (TM) 3d bands [51]. The appearance of two similar
peaks in this preedge region is attributed to the splitting
of minority TM 3d bands into low-lying t2g and high-
lying eg orbitals from the octahedral crystal field [52].

In our case, we do not observe significant double peaks
for samples E©, which is Ta(2)/Co-Fe-B(1)/MgO(3), and
C© [Figs. 3(a) and 3(b)]. Meanwhile, double peaks appear
for samples B© and D©, as shown by the down arrows in
Figs. 3(c) and 3(d), respectively, likely due to the crystal-
field splitting and stronger hybridization of Fe 3d and
O p orbitals [40]. Notably, strong hybridization signif-
icantly modifies the electronic bands, giving rise to an
interfacial crystal field [17,53]. The peak separation in
the preedge region is about 2.3 eV, which is much larger
than that of bulk Fe oxides such as Fe2O3 (∼1.3 eV) and
GaFeO3 (∼1.4 eV), and indicates the presence of a strong
interfacial crystal field [40,51]. In an octahedral crystal-
field-splitting scenario, lower energy t2g comprises of dxy ,
dyz, and dxz orbitals, whereas higher energy eg consists of
dz2 and dx2−y2 orbitals. First-principles calculations indi-
cate that the origin of PMA at the Fe/MgO interface is
hybridization between Fe dz2 and O pz orbitals combined
with hybridization between Fe dxy , dyz, and dz2 orbitals
[17]. For samples B© and D©, the t2g component increases
at θ = 60° incidence. The O preedge spectra comparison
at θ = 0° and 60° incidence is shown in the Supplemental
Material [35]. Similarly for sample C©, lifting of d-orbital
degeneracy is visible at θ = 60° incidence, even though the
feature is not observable at θ = 0° incidence. Our GI mea-
surements suggest additional orbital hybridization along
the film plane.

Crucially, deeper insights into interfacial magnetism are
revealed by the XMCD spectra at the O K edge, which
is largely ignored in Co-Fe-B/MgO heterostructures. For
sample D©, the interface of which is most protected as
�tinterface is largest, one can see a significant negative
XMCD peak at about 530 eV and a positive peak at about
534 eV for θ = 60° incidence [Fig. 3(d)]. The negative
peak at about 530 eV is typically associated with a dou-
ble exchange of octahedral Fe orbitals of different species
via O 2p orbital bonding [45,54]. The dichroism in O
comes from electrons in Fe species hopping from one site
to another, as shown in Fig. 3(f). In this case, hopping is
between Fe species of the same spin-moment direction. On
the other hand, the positive peak at about 534 eV might
correspond to the asymmetrical superexchange interaction
of different Fe species with different spin-moment direc-
tions via O orbitals [45,54]. However, the positive peak
in our samples is at slightly higher energy than that of
Fe3O4 films, which is at about 532 eV. At θ = 0° inci-
dence, the features are significantly diminished. In sample
C©, we see a weaker negative peak at about 530 eV for
both incidences, indicating that charge transfer from Fe d
to O p orbitals is still present [Fig. 3(c)]. Interestingly, for
low-Keff samples [Figs. 3(a) and 3(b)], we see that the neg-
ative peak moves to higher energies of 538–545 eV. This
reveals that hybridizations between Co d and O p orbitals
are enhanced and yield charge transfer from Co, as illus-
trated in Fig. 3(e). Evidently, the Co orbital moment in
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(red) and 60° (blue) incidence. XMCD line plots are derived by local averaging of XMCD data points (symbols) to smooth data.
(e) Schematic illustration depicting the choice of charge transfer from Co d to O p orbitals in sample C©. (f) Illustration of charge
transfer from Fe d orbital to O p orbital scenario in sample D©, which results in strong anisotropy. Also shown are d orbitals of other
relevant species present in the sample. (g) XAS intensities, green lines, in the O preedge region in µ+ helicities after subtracting
reference spectra as background for samples C©, B©, and D©. Dashed lines indicate total fitting using two Gaussians. (h) Relative
hybridization factors for O p-Fe t2g and O p-Fe eg , as obtained from integrated intensities of fittings in (g) shown by red and blue
shaded areas, respectively.

sample C© displays strong anisotropy and is quite large,
showing a value of 0.23 µB, as opposed to 0.16 µB in
sample D©. Co moment calculations are provided in the
Supplemental Material [35]. Notably, peaks for Co L2,3
edges are seen at higher energies of about 794 and 780 eV,
respectively, when compared with that of Fe.

The strength of hybridizations of O 2p and TM 3d
orbitals at the interface can be assessed by the integrated

intensities of the O K preedge region after subtraction of
the linear background [55,56]. The change in the rela-
tive strength of hybridization with tcap is investigated by
taking sample E© as the reference sample. The reference
sample shares common deposition conditions, while its
preedge spectral features, although not perfectly identical,
share similarities with the spectrum of characteristic MgO
[21,57]. The subtracted intensities for samples C©, B©, and
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D© are shown in Fig. 3(h), along with two Gaussian fittings.
The t2g and eg relative hybridization factors (R.H.F.s) are
then determined from the integrated Gaussian components.
R.H.F. is plotted normalized to the total area under the
curve. Notably, we are not able to compare the R.H.F.s of
t2g or eg across samples due to different x-ray attenuation
for different Ru capping thicknesses, but we can compare
these bands within the same sample. Remarkably, we find
that, as Keff becomes stronger, the R.H.F. of t2g becomes
stronger than that of eg .

D. Component analysis of Fe L3 edge

Next, we perform quantitative analysis of spin and
orbital magnetic moments in samples where �tinterface <

3 nm, i.e., C© and B©, which show peak splitting in the Fe
L3 edge. Spectral component analysis is shown for sam-
ple B© in Figs. 4(a) and 4(b) taken at θ = 0° incidence at
µ− and µ+ polarizations, respectively. The components are

labeled FeA and FeI , corresponding to lower and higher
energies, respectively. A reference sample with no dou-
blet feature in Fe, in this case, sample E©, is taken and
the Fe L2,3 spectrum is fitted to determine component FeA.
The spectra for sample E© are provided in the Supple-
mental Material [35]. Next, the FeA component is scaled
down to get the best fit for the particular sample being
analyzed. Finally, component FeI is determined by sub-
tracting the best-fit component A from the spectra. This
analysis restricts component FeA to metallic Fe atoms,
while feature FeI can be attributed to interfacial Fe—O
bonds. Essentially, component FeI acts like a thin layer
interface between component FeA and the MgO layer. This
classification agrees well with the fact that a stronger FeI

spectrum is expected (i) for sample C©, which is more sus-
ceptible to oxidation, and (ii) at θ = 60° incidence due to a
finite escape depth of the photoelectrons.

The spin moments of component FeA determined from
the sum-rule analysis are 1.86 and 2.1 µB for θ = 0°
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FIG. 4. Component analysis of Fe L3 edge. XAS spectra for sample B© at Fe L2,3 edge for polarization µ− and µ+ are shown in
(a),(b), respectively, taken at NI. Black and blue curves represent components FeA and FeI , which are used to give the total fit. (c)
XAS, XMCD, and integral XMCD of component FeA, along with spin and moment calculations. (d) Similar moment calculations are
also performed for component FeI .
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[Fig. 4(c)] and 60° incidence, respectively, which are close
to those of metal Fe atoms. Intriguingly, the XMCD inten-
sities at L2,3 edges of component FeI are reversed to that
of FeA [Figs. 4(c) and 4(d)]. This reveals that the majority
of electron spins of components FeA and FeI are aligned
in opposite directions, suggesting a spin-flip-like transition
in component FeI . Spin-flipping phenomena may occur in
Fe oxides when ionic Fe occupies Td sites, which opposes
spins in the octahedral sides (Oh) [45]. The presence of a
small ionic Fe species at Td sites is also supported by the
positive XMCD peak in sample C© [Fig. 2(d)] [45]. This
spin-flipping phenomenon lowers the magnetic anisotropy
and explains the smaller Keff found in smaller tcap samples.
In contrast, for sample D©, where �tinterface = 4 nm, neither
Fe L2,3 peak splitting nor a spin-flip-like transition is evi-
dent; hence, occupancy at Td sites is unlikely in this sample
[58].

The exact valence state of Fe in component FeI is inher-
ently complex in character, due to it being an interfacial
phenomenon. Also, the ionic Fe species at the interface
are likely to have empty dz2 orbitals, the primary orbital
involved in PMA for this system, and hence, will not par-
ticipate in charge transfer to O p orbitals [Fig. 3(e)]. On the
same sample B©, Co L2,3 edges do not show peak-splitting
features and the calculated spin moments, using a single
component, gives 0.57 µB (θ = 0°) and 0.91 µB (θ = 60°),
which agree with expected values [15].

E. Anisotropy of spin and orbital magnetic moments

The comprehensive set of spin and orbital moments
from individual and combined components FeA and FeI

in Fe spectra for various samples at both NI and GI inci-
dences are summarized in Table I. For component FeA, we
take nh to be that of Fe and, for component B, we assume
it to be similar to γ -Fe2O3 and is calculated to be 12.5333
[40]. The exact value of nh in component FeI is difficult
to determine. As expected for sample C©, which shows
in-plane magnetic anisotropy characteristics, μ

‖
S and μ

‖
L

values from the FeI component are larger than those of
μ⊥

S and μ⊥
L , respectively. Also, both magnetic moments

for the FeI component become more negative as the mag-
netic anisotropy becomes more in-plane. It is noteworthy
to mention that first-principles calculations predict that the
presence of interfacial Fe oxide will reduce the overall
PMA in Co-Fe/MgO or Fe/MgO systems [17,59].

One can clearly identify anisotropy (moment difference
between NI and GI incidence) trends across these samples
by looking at the total FeA + FeI values. XMCD anisotropy
in both total µS and µL follows the order D©> B©, which
is the same order as that of Keff or �tinterface. In sample
C©, total μ

‖
S remains small, at 0.41 µB, and the negative

sign in μ
‖
L persists, as seen for single-component analy-

sis, which complicates the comparison. However, we see
that, by adopting component analysis, the unusually low
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values of µS, as determined in Fig. 2, are corrected to
reasonable values of >1.6 µB for component FeA. These
moment values are also more realistic than those obtained
from calculations where only γ -Fe2O3 is considered (see
Supplemental Material [35]).

F. Disentangling effects of MgO and Ru

Finally, we seek to disentangle the effects of MgO
and Ru layers on the Co-Fe-B/MgO interface by
adding the XAS and XMCD spectra from the film
stack Ta(2)/Co-Fe-B(1)/MgO(1), labeled as sample F©.
This gives us a set of samples capped with MgO(1),
MgO(1)/Ru(0.5) [sample C©], and MgO(1)/Ru(1) [sam-
ple B©], allowing us to isolate the role of the Ru capping
layer at a constant MgO thickness. Figure 5(a) shows
the XAS O 1s spectra comparing samples F©, C©, and
B©. A characteristic peak at about 546.5 eV for bulklike
MgO, also found in our MgO(3) and MgO(3)/Ru(1) cap-
ping films, is missing in the MgO(1)-capped set of films
[21,57]. Interestingly, the preedge region (527–535 eV) is
noticeably different in sample F© from the rest. As dis-
cussed in previous sections, this preedge region gives us

crucial evidence for interfacial Fe and O orbital hybridiza-
tion, octahedral crystal-field splitting, and charge transfer
of d electrons. We perform further analysis in this preedge
region by subtracting the background (as discussed in
the Supplemental Material [35]), followed by normal-
ization with the corresponding integrated intensity [60].
These normalized spectra are plotted in Fig. 5(b), where
three distinct features are observed P1 (∼530.5 eV), P2
(∼532.6 eV), and P3 (∼534 eV). P1 and P2 correspond to
hybridized low-lying t2g and high-lying eg orbitals respec-
tively, while P3 might be of MgO origin. Two remarkable
observations are found from Fig. 5(b). First, the P1 feature
is nonexistent in the MgO(1) sample. Second, when the
thickness of Ru increases from 0 to 1 nm, the intensities of
features P1 and P2 increase dramatically. These observa-
tions provide strong evidence that Ru capping is crucial to
realize enhanced hybridization of Fe 3d and O 2p orbitals.

We further investigate the Fe and Co XAS and XMCD
spectra in sample F© to fully understand the effects of
MgO and Ru capping layers. Figures 5(c) and 5(d) show
XAS and XMCD data at Fe L2,3 and Co L2,3 edges,
respectively, taken at NI incidence. The Fe L3 doublet
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features are vanishingly small in MgO(1) capping. We
recount that Fe L3 doublet features are stongly visible in
MgO(1)/Ru(0.5) [sample C©] and MgO(1)/Ru(1) [sample
B©] capping films, and the intensity of the FeI compo-
nent is most profound in sample B© [Figs. 2(a) and 2(b)].
These observations are strongly correlated with the com-
parison of hybridization strengths in shown in Fig. 5(b).
Crucially, we infer that the spin-flip-like transition seen in
samples B© and C© with Ru capping is not observable in
one without Ru capping. On the other hand, the Co XAS
and XMCD spectra of MgO(1) show no qualitative differ-
ences from those of MgO(1)/Ru(0.5) and MgO(1)/Ru(1)

capping films.

IV. SUMMARY

We show the crucial role of the Ru capping layer,
disentangling MgO layer effects, in determining the mag-
netic properties of Co-Fe-B/MgO interface from strong
PMA to weakly in-plane, originating from the interplay
between charge, spin, and orbital modification of primarily
Fe species in this system. With thorough element-specific
experiments supported by corresponding model calcula-
tions, we establish a critical depth thickness of 4 nm from
the Co-Fe-B/MgO interface as a universal baseline for
reliable half-stack studies and the importance of oxygen
in the magnetic anisotropy and spin-flipping-like phe-
nomenon at the interface. Our findings, which go beyond
interfacial orbital hybridization to include the interfacial
crystal field, component analysis of XMCD, spin-flip-like
transitions, and charge transfer of d electrons, provide
pathways to tune the properties of MTJs through oxygen
and interface engineering.
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