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Orbital moment anisotropy of Pt/Co/AlOx heterostructures with strong Rashba interaction
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We study the anisotropy of the spin and orbital magnetization of ultrathin Co layers characterized by structure
inversion asymmetry, namely Pt/Co/AlOx trilayers with Co thicknesses between 0.6 and 2 nm. We use x-ray
magnetic circular dichroism (XMCD) to probe the Co layer along two orthogonal measurement geometries.
By combining transverse and collinear XMCD, we achieve a vector measurement of the Co spin and orbital
magnetic moments. We find an enhanced and anisotropic orbital magnetic moment localized at the Co interface
and verify the connection between the Co orbital moment anisotropy and the macroscopic magnetic anisotropy
of the trilayer. These results provide a link between diverse interfacial phenomena originating from spin-orbit
coupling, such as the Rashba effect and perpendicular magnetic anisotropy. Using simple considerations derived
from tight-binding models, we show that the Rashba constant is proportional to the ratio between out-of-plane
and in-plane orbital magnetic moments.
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I. INTRODUCTION

Ultrathin magnetic layers with surface-induced perpendicu-
lar magnetic anisotropy (PMA) are a dynamic field of research,
owing to their applications in nonvolatile high-density memory
devices and intriguing theoretical implications. Following
early predictions of interface-induced PMA by Néel1 and
subsequent confirmations in NiFe/Cu, Co/Pd, Co/Pt, Co/Au,
and Fe/Ag,2–6 a host of layered systems with surface-induced
PMA has been proposed and studied.6–8 New phenomena
were discovered in these systems, such as enhanced spin
and orbital magnetic moments.8–14 It was demonstrated that
PMA is driven by the orbital moment anisotropy, which
couples the symmetry axes of the system to the spin magnetic
moment.13,15–18 Although the orbital magnetic moment con-
tributes only with a small fraction (of the order of 10%) to the
total magnetization, it simultaneously couples to the crystal
field and to the spin magnetic moment (through spin-orbit
coupling) and consequently mediates an interaction between
the spin moment and the lattice. The anisotropy of the orbital
moment was shown to occur either through hybridization of
electronic states at a magnetic/nonmagnetic metal interface or
through interfacial strain.

Pt/Co/AlOx trilayers exhibit strong PMA and have attracted
considerable interest for applications in magnetic tunnel
junctions (MTJ) with out-of-plane magnetization as well as
in RF oscillators.19–22 Pt/Co/AlOx structures have the benefit
of tunable PMA, which can be adjusted by controlling the ox-
idation time and annealing temperature.23 Optimal oxidation
and annealing conditions were shown to result in a smooth and
fully oxidized Co/AlOx interface with little O diffusion into the
Co layer and strong PMA.23,24 By using x-ray photoelectron
spectroscopy (XPS) and x-ray absorption spectroscopy (XAS),
it was shown that, in addition to Co/Pt hybridization, PMA
in Pt/Co/AlOx can be explained by interfacial Co oxidation.25

The latter results in a large density of interface Co-O bonds that
favor the out-of-plane Co d orbitals and polarize the Co/AlOx

interface.26

Recently, we have found that the lack of structure in-
version symmetry in Pt/Co/AlOx trilayers induces a strong
magnetization torque when an in-plane electric current flows
in the Co layer.27,28 This phenomenon is explained by the
asymmetric stacking of Pt/Co and Co/AlOx interfaces, which
create a strong electric field inside the Co layer. In the
conduction electron rest frame, this electric field transforms
into a magnetic (Rashba) field which couples, via s-d ex-
change interaction, to the Co layer magnetization.27,29,30 The
Rashba effect together with PMA makes Pt/Co/AlOx trilayers
attractive candidates for efficient spintronic devices. It shall
be noted that the coexistence of strong PMA and the Rashba
effect does not appear to be coincidental, as both are interfacial
phenomena related to spin-orbit coupling. However, few
studies of ferromagnetic systems displaying the Rashba effect
have been performed,27,31 so that several outstanding questions
remain open. In particular, the orbital moment anisotropy
defining PMA might also be a necessary condition to achieve
a strong Rashba interaction, since its origin lies in the large
charge transfer (hybridization) perpendicular to the interface
plane. Other questions, which will not be addressed here,
concern the temperature dependence of the anisotropy and
Rashba constants, as well as their optimization with respect to
changes of the chemical composition of the interfaces.

In this paper, we perform an element-resolved vectorial
measurement of the spin and orbital magnetic moments of
Pt/Co/AlOx trilayers as a function of Co thickness. The
absolute magnetization values are affected by mild oxidation
of the top Co interface. We find that the thinnest Co layer
(0.6 nm) is characterized by the strongest orbital moment
anisotropy. The thinner layers (0.6–1 nm) present PMA,
whereas the thicker layers (1.5–2 nm) have in-plane easy
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axes. We verify the connection between orbital moment
anisotropy and magnetocrystalline anisotropy for Pt/Co/AlOx ,
using models derived from perturbation theory17,18 and fully
relativistic band structure calculations.15,32 Finally, we discuss
the relationship between the orbital moment anisotropy and
the Rashba effect, showing that both PMA and the Rashba
constants are expected to scale together.

II. EXPERIMENT

Four Pt (3 nm)/Co(t)/Al (1.6 nm) layered structures
(t = 0.6, 1, 1.5, and 2 nm) were deposited by conventional
dc magnetron sputtering at room temperature onto thermally
oxidized Si substrates. The deposition rates were 0.05 nm/s
(Co and Al) and 0.1 nm/s (Pt) at an Ar pressure of 2 × 10−3

mbar (base pressure 10−8 mbar). After deposition, the samples
were oxidized by exposure to a radiofrequency (rf) oxygen
plasma at a pressure of 3 × 10−3 mbar and an rf power of 10
W for 40 seconds. Nonannealed samples deposited following
the above procedure were shown to be very stable over time,
and therefore no capping layer was needed.33

In order to confirm the presence of the three layers,
high-resolution transmission electron microscopy (HRTEM),
scanning transmission electron microscopy (STEM), and
energy dispersive x-ray spectroscopy (EDS) were performed
on the samples. Specimens for electron microscopy were
prepared in cross-section geometry by mechanical grinding,
dimpling, precision polishing, and finally ion milling. HRTEM
images and EDS-STEM spectra were recorded using a FEI
Tecnai F30 equipped with an EDAX x-ray spectrometer and
operated at 300 kV.

Figure 1 displays HRTEM micrographs taken on specimens
from (a) the thinnest and (b) the thickest Pt/Co/AlOx trilayers.
The analysis of the lattice spacings shows that the Pt buffer
layer has a polycrystalline structure with the grains growing
along the (111) direction. The Co layer appears polycrystalline
and rather uniform and homogeneous. Although for the Pt
(3 nm)/Co (0.6 nm)/AlOx sample there is not enough contrast
to clearly discern between the Co and Pt layers in the HRTEM

image, the presence of Co can be confirmed by EDS-STEM
point analysis and line scans acquired in the same region.
The composition profiles shown in (c) and (d) were derived
from the quantification of the individual spectra of the EDS-
STEM line scan, and for clarity, the relative atomic percentages
were calculated considering only the elements Al, Co, Pt, and
Si. Due to drift during the EDS-STEM acquisition, only the
stacking sequence and elemental signatures can be inferred
from the profiles but not the thickness and overlap of different
layers.

XMCD measurements were performed on this series of
samples in order to characterize their magnetic properties,
particularly their spin and orbital magnetic moments. The
XMCD technique consists in measuring the difference be-
tween absorption of right- and left-handed circularly polarized
x rays near a core absorption edge. In the case of Co, the
spectra are taken by sweeping the x-ray photon energy across
the L3 and L2 edges, which are the 2p → 3d core-to-valence
excitations. From these spectra, one can extract the magnetic
properties of the system through the XMCD sum rules.34,35

If we define I+ and I− as the absorption intensities of right-
(+) and left- (−) handed circularly polarized photons, then
the projections of the orbital moment mORB and the spin
moment mSPIN of the absorbing element along the x-ray photon
direction are given by:

mORB

nh

= −4
∫
L3+L2

(I− − I+)dE

3
∫
L3+L2

(I+ + I−)dE
, (1)

meff
SPIN

nh

= mSPIN + mT

nh

= −6
∫
L3

(I− − I+)dE − 4
∫
L3+L2

(I− − I+)dE
∫
L3+L2

(I+ + I−)dE
, (2)

where mORB and mSPIN are expressed in μB /hole, and nh is
the number of 3d holes above the Fermi level. Here, I+ and
I− are corrected by removal of contributions from transitions
to the continuum, which is done by subtracting two step

FIG. 1. (Color online) HRTEM images of
the (a) Pt (3 nm)/Co (0.6 nm)/AlOx and (b) Pt
(3 nm)/Co (2 nm)/AlOx trilayers. The compo-
sition profiles for Al, Co, Pt, and Si obtained by
EDS-STEM line scans in the same regions are
shown in (c) and (d).
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FIG. 2. Diagram of the collinear (Hz) and transverse (Hx)
measurement geometries. The sample normal makes an angle θ with
the x-ray photon direction.

functions centered at the L3 and L2 edges with relative
amplitudes of 2:1. The term mT in Eq. (2) is the intra-atomic
dipole moment, which can be decomposed into its diagonal
components: mT = mz

T cos2 θ + m
xy

T sin2 θ that satisfy the
relation mz

T + 2m
xy

T = 0 (θ is the angle between the photon
direction and the sample normal). The dipole moment vanishes
for a measurement performed at the magic angle θ ≈ 55◦
(Refs. 36 and 37).

XMCD measurements were performed at the I06 beamline
of the Diamond Light Source, which supplies x-ray photons
with 99 ± 1% circular polarization. A superconducting magnet
allowed the application of magnetic fields of up to 2 Tesla
along any arbitrary direction. A 1.95 T field was applied to
the sample in two distinct geometries, shown in Fig. 2: the
collinear geometry with the field (Hz) applied parallel to the
beam direction, and the transverse geometry with the field (Hx)
applied perpendicular to the beam direction. The transverse
geometry was originally proposed as a method to measure the
orbital and magnetic dipole moments, since in this geometry
the spin moment contribution vanishes if the sample is fully
saturated.15,37,38 The x-ray absorption in the sample was mon-
itored by measuring the total emitted photocurrent. In order
to improve the signal-to-noise ratio and minimize artifacts in
the measured photocurrent due to the large magnetic fields,

averaged x-ray absorption spectra were recorded for all four
combinations of photon helicities and magnetic field direc-
tions. The absorption spectra were normalized to the incident
x-ray beam flux. All measurements were performed at T = 200
K, the equilibrium temperature of the cryostat in the absence
of active cooling or heating. These conditions were chosen in
order to minimize electric interference from the heater in the
measured signal. Because of saturation effects due to x-ray
absorption in the sample, corrections have to be applied to the
magnetic moment values obtained using the sum rules. For
Co, it was shown that the saturation effects which occur in a
2-nm-thick Co layer (the largest thickness in this experiment)
consist of an underestimate of mORB and mSPIN by up to
∼10% and 5%, respectively.39 These corrections (which scale
approximately with the sample thickness) will be even smaller
for the thinner Co layers and will be neglected in our analysis.

III. RESULTS

Prior studies have shown that the easy magnetization axis
of Pt/Co/AlOx depends on the thickness of the Co layer
with a transition from an out-of-plane easy axis at low Co
thickness to an in-plane easy axis at larger Co thicknesses. This
transition was attributed to the competition between interface
anisotropy (which favors out-of-plane Co magnetization) and
shape anisotropy (which favors in-plane Co magnetization).
Depending on the preparation conditions, this critical thickness
can take values in the range from 1 to 3 nm.21 In order to find
the easy magnetization axes in our samples, we measured
out-of-plane hysteresis loops by recording x-ray absorption
spectra as a function of field in collinear geometry at θ =
0◦. The hysteresis loops were plotted by taking the ratio R
between the absorption at 777.7 eV (peak absorption at the
L3 edge) and the absorption at 770 eV (pre-edge absorption).
It can be shown that R is approximately proportional to the
Co layer magnetization MCo,40 and we plot this ratio for the
four samples in Fig. 3. The Co (0.6 nm) and Co (1 nm) films
have square hysteresis loops that appear to saturate, which is

FIG. 3. Perpendicular magnetization curves.
The plots show the peak x-ray absorption in-
tensity at the L3 edge divided by the pre-edge
absorption, reflecting changes of the XMCD
signal as a function of applied field. All
data were taken in the collinear geometry
with θ = 0◦.
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FIG. 4. (Color online) XAS and XMCD
spectra at the Co L2,3 edges for Co (2 nm)
and Co (0.6 nm), taken in collinear (left pan-
els) and transverse (right panels) measurement
geometries.

evidence of an out-of-plane easy magnetization axis. On the
other hand, the (minor) hysteresis loops of Co (1.5 nm) and Co
(2 nm) films are nonhysteretic and consistent with an in-plane
easy magnetization axis. Also note that both Co (0.6 nm)
and Co (1 nm) films are characterized by sharp magnetization
reversals, which indicate that the Co films are uniform and
continuous. This last assumption is also supported by the TEM
micrographs in Fig. 1.

A. XAS and XMCD in collinear and transverse geometry

XAS and XMCD spectra taken on the Co (0.6 nm) and
Co (2 nm) samples at the Co L2,3 edges are shown in
Fig. 4. These spectra contain information about the magnetic
moments averaged over the thickness of the Co layers, due to
the 2–3-nm typical escape depth of the photoelectrons excited
by x-ray absorption. For each sample thickness, spectra were
recorded in both collinear and transverse geometries at θ =
45◦. The XAS spectra shown in Fig. 4 have the characteristic
shape of a predominantly metallic Co layer.25 A shoulder is
visible on the L3 edge peak (at ∼781 eV) and is an indication
of interfacial Co-O bonds. It was shown by surface-sensitive
XPS measurements that exposure to oxygen plasma under
optimal conditions (30–45 s) oxidizes only the Co interface,
with little oxidation of the bulk Co; however, overexposure
to the oxygen plasma allows diffusion of O into the Co
layer (overoxidation).25,41 A comparison between our XAS
spectra and previously reported spectra taken on similar Pt/Co
(0.6 nm)/AlOx samples suggests that our samples might be
slightly overoxidized.41 In the Co (0.6 nm) film, the ratio
between the CoO and Co peaks in the derivative of the XAS

spectrum (not shown) is about two times larger compared to
the same ratio for the Co (2 nm) film.

The collinear XMCD signal, shown in the left panels of
Fig. 4, is substantially larger for Co (2 nm) compared to Co
(0.6 nm), which, according to Eq. (2), results in a larger
spin magnetic moment per Co atom in the thicker layer.
In the transverse geometry, because the projection of the
magnetization along the photon beam direction is close to
zero, the XMCD is much smaller compared to the collinear
case (Fig. 4, right panels). However, the transverse dichroism
signal does not vanish for either sample, which shows that
there is a nonvanishing value for either the transverse spin or
the orbital moment, or both (contributions from mT will be
discussed in this section as well). Finally, we notice that the
dichroism signal in transverse geometry has opposite signs
for the two thicknesses, which we will show to be related to
different angular orientations of the magnetic moments in the
two samples.

Figure 5 shows XMCD spectra taken (a) in the collinear
geometry at θ = 0◦ as a function of Co thickness and
(b) for different sample orientations and measurement ge-
ometries at fixed Co thickness (0.6 nm). All spectra were
normalized to equal XMCD L3 peak amplitudes. The lineshape
of the XMCD spectra shows a clear trend as a function
of both Co thickness and measurement geometry or sample
orientation. In (a), we notice that the L2 peak amplitude
decreases with decreasing thickness, which according to
Eq. (1) demonstrates an increasing orbital moment. In (b),
the lowest L2 peak amplitude corresponds to the transverse
geometry, as the XMCD spectral intensity is mostly of orbital
origin in this case.
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FIG. 5. (Color online) Normalized XMCD
spectra (a) for different Co thicknesses in the
collinear geometry at θ = 0◦ and (b) for Co (0.6
nm) in different measurement geometries and
sample orientation. The L3 peak was normalized
to −1 in all spectra. The measurement geome-
tries in (b) are indicated in the schematic drawing
and follow the notation in Fig. 2. The angles in
the legend are values of θ .

B. Co magnetization: XMCD sum rules results

In order to derive the spin moment values, we will need to
first evaluate the magnetic dipole term mT , which appears in
Eq. (2). If we define ê as the direction parallel to the sample
normal, then for an arbitrary photon beam direction P̂ the
magnetic dipole term can be expressed as follows:37

mT = 1
4mz

T [cos τ + 3 cos(τ − 2ν)] , (3)

where τ = � �M,P̂ , ν = � ê, �M, and �M is the Co magnetization.
A measurement of the effective spin moment along a photon
direction P̂ will give the sum between the projection of mSPIN

along P̂ and the magnetic dipole term, which can be evaluated
using Eq. (3). In order to calculate mT , we will perform
measurements of the effective spin moment in the following
three geometries, shown in Fig. 6: (a) collinear geometry at
θ = 45◦, where τ = −45◦ + |ν| and ν = −|ν|, (b) transverse
geometry at θ = 45◦, where τ = −45◦ − |ν| and ν = |ν|, and
(c) collinear geometry at θ = 0◦ and τ = ν = 0◦. If we apply

FIG. 6. Diagram of the three measurement geometries used to
derive the magnetic dipole term (as discussed in Sec. III B). Here, τ

and ν are angles that relate the spin moment, the sample normal ê

and the x-ray beam direction. The double-arrowed vector shows the
direction of the applied field.

Eq. (3) for each of these three geometries, we get the following
set of equations:

mSPIN cos(−45◦ + |ν|) + 1
4mz

T [cos(−45◦ + |ν|)
+ 3 cos(−45◦ + 3|ν|)] = meff

SPIN

(
Hθ=45◦

Z

)
, (4a)

mSPIN cos(−45◦ − |ν|) + 1
4mz

T [cos(−45◦ − |ν|)
+ 3 cos(−45◦ − 3|ν|)] = meff

SPIN

(
Hθ=45◦

X

)
, (4b)

mSPIN + mz
T = meff

SPIN

(
Hθ=0

Z

)
. (4c)

The above set of equations can be solved numerically for
mSPIN, mz

T and |ν|, knowing the effective spin values measured
in the three geometries. We remark that the above method for
calculating mz

T does not rely on the assumption that the sample
is magnetically saturated. After performing the calculations,
we find that the magnetic dipole term values are only a small
fraction (∼6% or less) of the spin moment at all thicknesses.
These dipole term values are close to values reported for
Au/Co/Au structures7,16 and will be neglected in the following
analysis.

We plot in Fig. 7(a) the thickness dependence of the
spin moment obtained from (2) with mT = 0. The value
of 0.65 μB/hole, which we obtain for Co (2 nm) is close
to previously reported values.16 We notice a decrease in the
spin moment of up to about 50% at the lowest thickness.
This cannot be attributed to a reduced Curie temperature
of the thinnest layers, as generally observed in thin films.42

Previously published studies of Co/Cu43,44 and Pt/Co/Pt45

indicate that the Curie temperature of a 0.6 nm Co layer is
above 400 K and suggest that only a small magnetic moment
reduction (around 10%) can be induced by temperature.
Moreover, the strong PMA of Pt/Co/AlOx is expected to
further stabilize ferromagnetism compared to Co/Cu and
Pt/Co/Pt layers. For an underoxidized AlOx layer, it was
found that interfacial Co-Al-O bonds predominate, which
favors a charge transfer between Al and Co that can reduce
the net Co magnetic moment.46 However, it appears more
likely that our samples are slightly overoxidized, in which
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FIG. 7. (Color online) Thickness dependence of: (a) the spin
moment, (b) the orbital moment, and (c) the ratio between orbital
moment and spin moment at different measurement geometries. The
measurement geometries are indicated in the inset and follow the
notation in Fig. 2. The angles are values of θ .

case the low value we obtain for the Co spin moment can
be explained by migration of O into the Co layer.23 This
is also in agreement with previous reports that found that
the average magnetization of Pt/Co (0.6 nm)/AlOx trilayers
reduces to about 60% of the bulk Co value.25 Figure 7(b)
shows that the orbital moment increases with thickness,
up to a value of ∼0.2 μB/atom for Co (2 nm), which is
larger than values reported for bulk Co orbital moments
of ∼0.15 μB /atom.47 For the number of holes, we used
nh = 2.49.43,44 The decrease in orbital moment at lower
thickness can be partially correlated with the decrease in
the spin moment, i.e. to oxidation effects. However, we see
that the orbital-to-spin moment ratio goes up with decreasing
thickness [Fig. 7(c)], which we interpret as an enhancement
of the orbital moment at the Co interface. The orbital
moment enhancement is discussed in more detail in the next
section.

FIG. 8. (Color online) (a) Vectorial representation of the spin and
orbital magnetic moments for four different Co layer thicknesses. An
external field Hext = 1.95 T is applied at 45◦ with respect to the sample
normal (field direction indicated by a dotted line). Orbital and spin
moment magnitudes are drawn on different scales respectively, for
clarity. (b) Misalignment angle between mORB and mSPIN as a function
of Co layer thickness. The misalignment is within the measurement
uncertainty at all Co thicknesses except 0.6 nm.

IV. ANALYSIS

A. Noncollinear spin and orbital magnetic moments

By probing the Co layer magnetization along two or-
thogonal measurement geometries, we achieved a vector
measurement of the spin and orbital magnetic moments. This
is important in order to ascertain the degree of noncollinearity
between the two vectors and quantify the orbital magnetization
components of this system, which relate to PMA. The Co
orbital and spin moment in vector representation are shown
in Fig. 8(a) for all four Co thicknesses. To obtain the vector
measurements displayed in Fig. 8, three XMCD measurements
were performed for each sample thickness (in the geometries
shown in Fig. 6), as follows. A measurement in the collinear
geometry at θ = 45◦ and one in transverse geometry at θ = 45◦
were necessary in order to get the two Cartesian components
of mORB. A third measurement, in collinear geometry at θ =
0◦, was necessary to determine the magnitude and orientation
of the spin moment (mSPIN and ν), as described in Sec. III B.
We notice that for the Co (0.6 nm) sample the orbital and
spin moments are markedly pulled away from the applied
field towards the sample normal. This clearly indicates a
magnetic anisotropy in the out-of-plane direction. As the
Co thickness becomes larger, the orbital and spin moments
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gradually rotate towards the in-plane direction. We can explain
this behavior qualitatively as a competition between the
out-of-plane magnetic anisotropy and the shape anisotropy,
which favors the in-plane alignment. Moreover, the rather
strong dependence of the spin and orbital moment directions
on the Co thickness indicates that only a sharp region near
the interface is responsible for the anisotropy, dominating any
bulk anisotropy contribution.

Figure 8(b) shows a plot of the angle between the spin
and orbital magnetic moments as a function of thickness,
which shows that the misalignment between the two moments
becomes largest at the lowest thickness. One interesting issue
is the collinearity between mSPIN and mORB in the presence of
a large anisotropy field. It has been shown15,37 that a large
magnetocrystalline anisotropy can render mORB and mSPIN

noncollinear. Our data are consistent with the hypothesis of
noncollinearity, since the misalignment we measure between
mORB and mSPIN for Co (0.6 nm) is significant: 6o ± 2◦. Note
that the sign of the misalignment angle appears to be positive
for all thicknesses, which implies that the orbital moment
pulls the spin towards the surface normal even in samples
with in-plane easy axes, Co (1.5 nm) and Co (2 nm). This
agrees with the view that the magnetocrystalline contribution
to the magnetic anisotropy is always perpendicular in these
systems but is overcome by the demagnetizing field in the
thicker samples.

B. Interfacial orbital magnetic moments

From Fig. 7(c), we notice that the orbital-to-spin moment
ratio becomes larger with decreasing thickness, which in-
dicates a significantly enhanced orbital contribution at the
interface.

The dependence of mORB and mSPIN on the Co thickness
can be further clarified by a simple model which is presented in
the following. We assume epitaxial, atomically flat interfaces
in which only the interface Co contributes to the magnetic
anisotropy. Assuming a uniaxial anisotropy to the lowest
order, we can write for the interface Co orbital moment:
mint

ORB = m⊥
ORB cos2 γ + m

‖
ORB sin2 γ, where γ is the angle

between mint
ORB and the sample normal. We will further assume

that Co atoms not belonging to the interface Co monolayers
(the bulk Co) will not have any contribution to the anisotropy
and therefore will possess an orbital moment collinear with
and proportional to the spin moment mSPIN. In other words,
we postulate no bulk magnetic anisotropy. We also assume
that the exchange interaction is strong enough to keep the
spin moments aligned over the entire film thickness, since
the Co layer is much thinner than the Co exchange length
(∼7 nm). Under these assumptions, the orbital moment of the
full Co layer m

γ

ORB is given by the weighted average between
the orbital moment of interface Co (anisotropic component)
and the orbital moment of bulk Co (isotropic component):

m
γ

ORB = 1

d

[
d1

(
m⊥

ORB cos2 γ + m
‖
ORB sin2 γ

)

+ (d − d1)Cm
γ

SPIN

]
, (5)

where d1 is the thickness of the interface Co, d is the total
thickness of the Co film, and C is a constant that gives the ratio
between the orbital and the spin magnetic moments in the bulk.

Its value for bulk-like hcp Co films is C ∼ 0.1.47 We notice
that, as the bulk contribution is dominant in the Co (2 nm)
layer (d/d1 
 1), it is possible to estimate C using the values
for the orbital and spin moments in the Co (2 nm) film, which
gives m

γ

ORB/m
γ

SPIN ∼ 0.12. If we further assume that m
‖
ORB is

equal to the bulk orbital moment, we straightforwardly obtain
for the orbital moment anisotropy of the Co (0.6 nm) layer,
which we define as m⊥

ORB − m
‖
ORB, a value of 0.018 μB /hole,

or 0.045 μB/atom, if we substitute for the number of holes
nh = 2.49.48,49 The rather large value we obtained for the
orbital moment anisotropy compared to the measured bulk
Co anisotropy (∼0.009 μB/atom)50 justifies our omission of
the bulk anisotropy. Note that the interface orbital moment
enhancement must have contributions from both Co/AlOx

and Co/Pt interfaces, and since it is difficult to separate their
respective contributions, we used in the above estimates a
value d1 = 0.4 nm (one Co monolayer for each interface).
Similar values for interfacial orbital moment enhancement of
∼0.03 μB/atom have been reported in Co/Pt multilayers10 and
∼0.1 μB/atom in Au/Co/Au structures.16

We have one remark regarding our assumption that the
number of 3d holes is thickness independent. Charge transfer
and hybridization of the d states can be studied to some
degree by integrating the total (white line) XAS intensity
normalized to the continuum edge jump. However, this works
best at the interface between different elements, whereas
small changes of the L3 and L2 intensity (related to nh) are
very sensitive to saturation effects in homogenous films with
different thickness. We thus assumed the number of holes to
be equal to the bulk Co value. This approximation does not
affect the main conclusions and trends reported in this paper.

C. Magnetic anisotropy energy

The magnetic anisotropy energy of a thin film has contri-
butions arising from the demagnetizing energy Edemag (shape
anisotropy) as well as magnetocrystalline anisotropy EMCA.
The latter depend on the hybridization of the d-electron orbitals
at the interface as well as on the degree of epitaxial strain in
the magnetic layer. The tight binding model of Bruno17 relates
EMCA of a uniaxial system to the anisotropy of the orbital
magnetic moment:

EMCA = − G

H

ξ

4μB

(
m⊥

ORB − m
‖
ORB

)
, (6)

where G/H is a band structure parameter estimated to be 0.2 for
Co,16 and ξ is the spin-orbit coupling constant equal to 0.05 eV.
Using the value for m⊥

ORB − m
‖
ORB derived as described in

Sec. IV B we obtain a magnetic anisotropy energy value of
0.11 meV/atom for the Co (0.6 nm) layer.

Fully relativistic band structure calculations performed in
the local spin-density approximation15,32 have established a
connection between the magnetocrystalline anisotropy EMCA

and the component of the orbital moment vector L perpendic-
ular to the spin magnetization, Lperp. We calculate for the Co
(0.6 nm) sample a transverse orbital moment Lperp/nh ∼
−0.063 (in units of h̄ = 1), which according to Refs. 15
and 32 yields a value EMCA ∼ 0.2 meV/atom,15 in reasonable
agreement with the Bruno model estimation of 0.11 meV.
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We will compare the above theoretical estimates of the
anisotropy energy with the measured magnetic anisotropy.
The experimental anisotropy energy density K1 can be found
by minimizing the total energy Etot of the system at the
experimentally measured γ value, where Etot = EMCA +
Eext.field + Edemag = −K1 cos2γ + 2πM2 cos2γ − M
· H, where M contains contributions from both spin and
orbital moments and Eext,field is the Zeeman energy due to
the external magnetic field. We calculate the experimental
magnetic anisotropy by setting the effective field Heff =
Haxis + Hext + Hdemag parallel to the Co magnetization,
where Haxis, Hext, and Hdemag are the anisotropy, external, and
demagnetizing fields, respectively. Following this procedure,
we find for the Co (0.6 nm) sample an anisotropy constant
K1 ∼ 1 MJ/m3, or ∼0.07 meV/atom. In this estimate, we
used the bulk Co density of 8900 kg/m3 and the measured
Co magnetization, which is the sum between the orbital and
spin moment contributions. The 0.07 meV/atom anisotropy
value obtained this way is likely to be underestimated since
it assumes a uniform magnetization over the entire thickness
of the Co film, while in reality the Co monolayer nearest
to the Co/AlOx interface is at least partially oxidized and
therefore carries a substantially lower moment. If we rederive
the experimental anisotropy under the assumption that the top
Co monolayer has zero magnetization (and therefore assign a
proportionally larger M to the remaining Co monolayers), we
get an experimental anisotropy of 0.12 meV/atom.

In spite of the raw assumptions used in the derivation, the
experimental value is reasonably close to the value derived
using Bruno’s model of 0.11 meV/atom, which enforces the
view that spin anisotropy is merely a consequence of orbital
moment anisotropy in this class of samples. We want to
stress that the two estimates of the magnetic anisotropies de-
scribed above were independently derived, using the XMCD-
measured spin and orbital moment, respectively. Our estimates
of the magnetic anisotropy are close to values measured on
similar Pt/Co (0.6 nm)/AlOx structures of 0.8 MJ/m3 for
the effective anisotropy, which includes the EMCA and Edemag

terms.23

D. Relationship between orbital moment anisotropy
and Rashba effect

The Rashba effect has been extensively studied in
semiconductors51 and nonmagnetic metal surfaces.52,53 In-
vestigations of the Rashba effect in ferromagnets have been
limited to the surface of rare-earth thin films probed by
angle-resolved photoemission.31,54 In a recent study, we have
shown that an electric current flowing in the plane of the
Pt/Co (0.6 nm)/AlOx trilayer produces an effective magnetic
field proportional to the current density and orthogonal to
both current and interface potential gradient.27 Such a field
is proportional to αR (j × ê), consistently with that expected
from the combination of the Rashba interaction and s-d
exchange.29,55–57 Here, j is the current density and αR is the
Rashba constant, a material parameter describing the strength
of the interaction. It is known that αR depends in a rather
complicated way on the crystal field potential gradient along
ê, the atomic spin-orbit parameter ξ ,51 as well as the orbital

character of the interface states.31,58 Although the relative
influence of these factors might in principle be different, one
can easily see that the same parameters determine whether a
magnetic material presents PMA or not.

To evidence the relationship between the Rashba effect and
PMA, we will discuss the dependency of αR on the anisotropy
of the orbital magnetic moment using arguments derived from
simple tight-binding models. Including spin-orbit coupling
within nearly free electron bands described by anisotropic p
states, it was found that the magnitude of the surface Rashba
effect is given by:

αR = 6ξ
V⊥
V‖

, (7)

where V‖ and V⊥ represent the hopping parameters between
in-plane (x, x; y, y) orbitals and in-plane to out-of-plane
(x, z; y, z) orbitals, respectively.59 A similar relationship can
be postulated if the orbital basis set is extended to s + p + d
states. From Eq. (7), one can see that the Rashba interaction
depends on the atomic spin-orbit parameter of the interfacial
states as well as the surface potential gradient, proportional
to V⊥. The important point here is that the parameters V‖ and
V⊥ also determine the in-plane and out-of-plane bandwidth
of hybridized states at the interface between two atomic
planes. By use of perturbation theory,7,17,60 it can be shown
that, omitting constant factors of the order of unity, the
in-plane and out-of-plane orbital magnetic moment of nearly
two-dimensional magnetic films are approximated by:

m⊥
ORB ∼ ξ

V‖
μB, m

‖
ORB ∼ ξ

V⊥
μB. (8)

These relationships reflect the fact that the largest orbital
moment is found for wave functions that preserve part of their
atomic character, i.e. perpendicular to the bonding plane where
hybridization is smaller. Although Eqs. (7) and (8) depend
on details of the band structure specific to each system, we
can conclude rather generally that the Rashba effect will
be stronger in materials that present a large orbital moment
anisotropy and PMA, i.e.

αR ∼ ξ
m⊥

m‖ . (9)

The XMCD results presented in the previous sections for
Pt/Co (0.6 nm)/AlOx together with those reported in Ref. 27
agree with this model. Moreover, Eq. (9) provides clues about
the relative strength of the Rashba interaction in different
magnetic systems. For instance, based on their strong orbital
moment anisotropy,16 we anticipate that Co/Au interfaces with
or without an oxide capping should present a remarkable
Rashba effect.

V. CONCLUSIONS

We performed a vectorial measurement of the Co spin
and orbital moment in Pt/Co/AlOx by using the transverse
XMCD technique. The absolute values for both spin and orbital
magnetic moments were found to increase with Co thickness.
However, the orbital-to-spin ratio of the magnetic moments as
well as the orbital moment anisotropy are considerably larger
in the thinnest Co layers. By using a simple analytical model
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we estimate an orbital moment anisotropy of 0.045 μB/atom
for the Co (0.6 nm) sample. We found similar trends for
the orbital moment anisotropy and the macroscopic magnetic
anisotropy, which confirm that the PMA of Pt/Co/AlOx

structures is related to the anisotropy of the Co interfacial
orbital moment. We discussed the occurrence of PMA and
Rashba effect in Pt/Co (0.6 nm)/AlOx , showing that both are
related to the anisotropy of the orbital magnetic moment and to
a prevalence of the out-of-plane component over the in-plane
one.
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