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I. XPS MEASUREMENTS

The XPS measurements were carried out with the main objective of obtaining information about the sponta-
neously formed oxide layer in Co|Cu*, Co|Pt|Cu* and Pt|Co|Cu|Al* (where "*" denotes that the top layer was
exposed to air”). More specifically, through these XPS measurements, we do expect to support the results obtained
on Cu* samples, which suggest the presence of a Cu/CuOx interface acting as a source of orbital angular momentum
(OAM) by means of the orbital Rashba-Edelstein effect (OREE); also with the same purpose, we aim to confirm
the presence of a metallic Cu/Al interface for samples with Al*.

In details, X-ray photoemission spectroscopy (XPS) has been performed in a UHV chamber with a base pressure
of about 3.5¢=% mbar. All spectra were obtained using a non-monochromatic Mg-Ka radiation source with an
excitation energy of 1253.6 eV. The charge correction has been performed using adventitious carbon, i.e., we consider
the principal component of the C 1s peak at 284.8 eV. Spectra have been collected through a hemispherical analyser
working in CAE mode with a step energy of 60 eV, a step size of 0.2 eV and a dwelling time of 0.1 s. Finer sweeps
have been performed in the energy ranges of interest with a step energy of 20 eV, a step size of 0.05 eV and a
dwelling time of 0.5 s. For better comparison, the number of iterations and energy range of the spectra has been
kept constant. Further, most of the spectra have been y-shifted while keeping the relative intensities comparable,
i.e., the intensities have been factored only in cases specified in figure captions.

The discussion of results has been sorted according to the presence of Cu* or Al* in the samples. For Cu* samples,
we will perform a qualitative interpretation of the reference spectra and a study of both the compositional gradient
by angle-dependent XPS measurements and samples with different thicknesses. Due to several factors such as the
instability of the Cu* overlayer during XPS measurements (under X-ray exposure in UHV) and the already complex
differentiation of some Cu species by XPS [1, 2], we consider that a quantitative study requires a more extensive
and systematic study with greater control over the samples. In contrast, the spectra obtained for Pt|Co|Cu|Al*
allow us to proceed with a quantitative analysis due to their lower complexity.

A. Co|Cu* and Co|Pt|Cu* series
1. Reference spectra

The in situ connection of our XPS with the sputtering chamber allows us to take reference spectra for a Cu film
without breaking the vacuum. The spectra in Fig. 1 show the photoemission lines: Cu 2p (a) and O 1s (b), as well
as the Auger transition L3MysMy 5 (c). According to previous studies [1-3], the spectra obtained in situ (blue)
can be used as a reference for metallic Cu given the peak-shape of the Auger transition L3My sMa 5 (c). However,
we also noticed a weak shake-up structure in the Cu 2p region (a) and a small component in the O 1s region (b),
which could be ascribed to the presence of adsorbates on the as-sputtered Cu surface.

On the other hand, ez situ spectra (orange) have been collected after exposure to normal conditions (i.e., ambient
P and T) for approximately 5 min. These spectra show a slight shift of the maxima towards lower binding energies in
the Cu 2p region (a), a clear contribution arising at about 530.2 €V in the O 1s energy range (b) and a very different
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Figure 1. Reference XPS spectra of Cu for the Cu 2p (a) and O 1s (b) photoemission lines, as well as for the Auger
L3My,5My 5 transition (c), obtained in situ (blue), and after short (orange) and long (red) exposures at ambient pressure
and temperature.

spectrum for the Auger transition LgMy 5sMy 5 (c) which shows a new component emerging at about 336.7 eV. We
find that, after a short exposition to air, these spectra (in orange) are consistent with an oxidation of the sample
surface from Cu to CupO [1, 2, 4]. Note that CuyO is the only oxygenated compound expected in Cu* with a
lower binding energy than metallic Cu for Cu 2p3/5 (~932.4 €V), and thus able to explain the slight shift of the
photoemission maximum towards lower binding energies.

However, although we found that the main oxidation product is CusO, we cannot rule out the presence of other
oxides such as CuO at very low concentration given the small energy splitting of the photoemission lines (Cu 2p3/-
~ 933.6 ¢V, and O 1s ~ 529.4 V) [1, 5]. Moreover, a mere presence of adsorbates such as hydroxides (Cu(OH)s)
and/or carbonates (CuCOs3;) could also be overlooked in the Cu 2p region (a) and account not only for the stronger
shake-up structure observed in panel (a), but also for the slight asymmetry of the O 1s peak in (b) (i.e., its longer
tail toward higher binding energies).

Spectra obtained after 9 days ez situ in normal conditions (red) show an even higher oxidation of Cu. In this
case, the concentration of species with higher binding energy in both Cu 2p (a) and O 1s (b) regions increases, while
the characteristic features of the metallic phase marked by dashed lines in the LsMy 5My 5 spectrum (c) are further
smoothed out. Among the most likely species in spontaneously oxidized Cu, that can give a Cu 2p3,, component
around 934.0 ¢V and O 1s components with higher binding energy than CuyO, we find hydroxides (Cu(OH)3) and
carbonates (CuCOs3) [1, 5, 6].

In summary, the growth of a thick Cu film has allowed us to obtain reference spectra for metallic Cu films (blue),
with lower (orange) and higher (red) degree of oxidation. Although we identified CuzO as the main product during
early oxidation stages, we also found indications of Cu(OH)y and/or CuCOg at later stages. Also relevant to the
study presented below is the possibility to distinguish the presence of metallic Cu from the Auger spectrum in (c),
since its characteristic features (marked by dashed lines in (¢)) are still visible after oxidation.

2. Compositional gradient by angle-dependent XPS measurements

In order to study the species distribution within the Cu* overlayer in Co|Cu* and Co|Pt|Cu* stacks, we performed
an XPS study as a function of the take-off angle (TOA) of emitted photoelectrons. This TOA denotes the angle
between the sample surface and the collection axis of the spectrometer. Accordingly, TOA90 is equivalent to normal
emission (maximum probing depth) and TOA30 is equivalent to our geometry with a higher degree of inclination
(minimum probing depth). Thus, if there is a compositional gradient within the Cu* overlayer, the contribution

of near-surface species to the spectrum will be largest for the geometry with the shallower probing depth (i.e.,
TOA30).

In the following sections, we will discuss the results obtained after performing the angular dependence for
Co(2)|Pt(2)|Cu(3)*, where the number in parentheses is the thickness in nanometers. First, we will interpret the
spectra obtained in situ, i.e., without breaking the UHV conditions between measurements. Secondly, to address
the observed Cu* reduction during these experiments, we will discuss the results obtained after exposing the samples
to air for 3 days between XPS measurements. Note that, although we only show the results for Co(2)|Pt(2)|Cu(3)*,
the same angle-dependence study was performed for Co(2)|Cu(3)* yielding a very similar understanding.



In situ XPS measurements - Cu* reduction under X-ray exposure in UHV

Fig. 2 shows the XPS spectra obtained for Co(2)|Pt(2)|Cu(3)*. It is important to highlight that these spectra
were collected consecutively by keeping the sample in UHV, which, together with cumulative x-ray exposure, causes
the Cu* overlayer to degrade significantly over time. This fact renders the spectra in Fig. 2 not comparable with
each other, and suggests the need for a more systematic process, especially if the aim is a quantitative study of the
compositional gradient and comparison between samples and/or material systems.

The Cu 2p and O 1s photoemission lines, as well as the Ly 3My 5 Auger transition, are shown respectively in
panels (a), (b) and (c) of Fig. 2 for different TOA. Note that the sequence of measurements in time is indicated
by the direction of the arrow in (b), while the colour code used for all spectra is shown in (c). Panels (a), (b) and
(c) show a general trend as we increase the take-off angle. As expected for increasing probing depth (—TOA90),
the contribution of hydroxides and/or carbonates to the spectrum decreases (a) while the characteristic features of
metallic Cu emerge in the Auger spectrum (c). Also, we find that the photoemission maximum in the O 1s region
shifts toward lower binding energies, suggesting that CusO is farther from the surface than hydroxides and/or
carbonates and, therefore, a spatial distribution within the Cu* overlayer as Cu|CusO|Cu(OH),. However, panel
(d) compares the first and last Cu 2p spectra obtained at normal emission and shows that the Cu* overlayer has
been severely degraded during the XPS measurements. Therefore, the evolution of the spectra as a function of TOA
should not be entirely attributed to a compositional gradient within the Cu* overlayer, as this could be magnified
by the degradation of the Cu* overlayer, as well as by the direction in which the angular dependence has been
performed (i.e., we are measuring a more reduced sample as we increase the probing depth).

As for the degradation process, it could be interpreted from the Cu 2p (a) spectra as the transformation of Cu
hydroxides into species with lower binding energy, such as CuO, Cus0O or metallic Cu. However, the formation of
these products is not inferred from the Auger (e) spectra, which remains similar after degradation. On the other
hand, the decreasing intensity and the shift of the maximum in the O 1s region towards lower binding energies (b)
rather suggest a decomposition of Cu hydroxides by desorption (H+ and/or OH-) than its transformation into CuO
and/or Cuz0.

In addition, we observed a partial charging effect with respect to the O 1s component for the last spectra obtained
after a long X-ray exposure (last TOA90). That is, we find that our charge reference (C 1s peak at 284.8 V) is
no longer valid for photoemission lines with higher binding energy than the O 1s component (included), while it
remains valid for those with lower binding energy. More specifically, by considering C 1s as a charge reference over
the entire energy range, we observe a sudden shift of about 2 eV towards lower binding energies in the Cu 2p and
O 1s region, resulting in unexpected binding energy values. Only for this case, the charge correction for the Cu
2p and O 1s spectra has been performed by correlating in energy values the signal coming from the sample holder
(i.e., the Fe 2p photoemission line) with previous measurements, resulting in a good fit with the evolution of the
spectra collected so far.

In order to explain this phenomenon, we consider the possible energy loss of photoelectrons with higher kinetic
energy (than those for the O 1s line) when participating in the ionisation of products obtained during Cu* degra-
dation, e.g., CuOOH-. Moreover, we found that the formation of such products during the degradation process
could explain the contradictions between spectra. That is, the transformation of Cu(OH)3 into CuOOH- would not
imply a large variation in the relative concentration of species and could be unnoticed in the Auger spectrum (c),
whereas it could give components in the Cu 2p spectrum with a lower binding energy (a).

In summary, from angle-dependent in situ XPS measurements we have found a Cu/CuyO/Cu(OH)2 compositional
gradient in Co(2)|Pt(2)|Cu(3)* and Co(2)|Cu(3)* samples. However, we have also found evidence of degradation over
time of the Cu* layer due to long exposure to x-rays and UHV, suggesting that this gradient is magnified. Moreover,
we encountered that the degradation process could involve the formation of products such as CuOOH-, rarely
considered during previous XPS studies and whose identification by XPS is certainly challenging. Undoubtedly,
the degradation of the Cu* overlayer questions these results and implies the need to search for a more appropriate
method to study the compositional gradient in Cu* systems.

Ex situ XPS measurements — a more reliable study

In order to address the degradation of the Cu* overlayer, angle-dependent XPS measurements were performed
after exposing the samples to ambient conditions for 3 days between successive measurements (i.e., allowing the
Cu* overlayer to reoxidize).

Fig. 3 shows the spectra for Co(2)|Pt(2)|Cu(3)* following the opposite sequence of measurements (TOA90—TOA30).
Therefore, to see if the sample has recovered the initial oxidation state, we can directly compare the first mea-
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Figure 2. Take-off angle (TOA) dependence of XPS spectra collected in situ for Co(2)|Pt(2)|Cu(3)* sample in the energy
ranges Cu 2p (a), O 1s, and the Auger L3My 5 transition (c). The probing depth increases with TOA being maximum for
TOA90. The time sequence of the measurements is shown in (b). The color code for all panels is shown in (c). Panels (d)
and (e) compare the first (blue) and last (red) spectra at TOA90 for Cu 2p and the Auger L3My 5 transition, respectively.
The intensity of these spectra has been normalized for better comparison.

surement at normal emission in panel (d) of Fig. S2 (first TOA90, in blue) with the first measurement at normal
emission in panel (d) of Fig. 3 (TOA90, in red). From this comparison, it can be inferred that the contribution of
oxidised Cu species is significantly higher in Fig. S2 than in Fig. S3. Considering that the exposure time to ambient
P and T has been 10 days for this case, we can state that this time was not sufficient to recover the initial oxidation
state of Cu*, or that the Cu* overlayer was irreversibly affected by our first XPS measurements.

Panels (a), (b) and (c) show a general trend as we increase the take-off angle. Again, as expected for decreasing
probing depth (TOA30), the contribution of hydroxides and/or carbonates to the spectrum increases (a) while
the characteristic features of metallic Cu are smoothed out in the Auger spectrum (c). Also, we find that the
photoemission maximum in the O 1s region shifts toward higher binding energies, suggesting that CusO is farther
from the surface than hydroxides and/or carbonates. Therefore, these spectra is also in good agreement with a
spatial distribution within the Cu(3)* overlayer as Cu|CuzO|Cu(OH)s.

8. Comparison of samples with different metal deposited thicknesses

In this section, we compare the spectra obtained at normal emission for samples with different thicknesses in
Co|Pt|Cu* and Co|Cu* systems. These spectra are shown in Fig. 4 and support the existence of a compositional
gradient in Cu* samples. Fig. 4 shows the spectra obtained for Cu 2p (a), O 1s (b) and the L3MysM, 5 Auger
transition (c¢) for samples with different Pt and Cu*. Comparing these spectra, we observe that samples with lower
Cu* thickness (2nm) present a higher relative concentration in hydroxides and/or carbonates (a), as well as two
clearly distinguishable components in the O 1s spectrum (b). According to their binding energy, these components
can be attributed to the presence of Cu(OH)s, with higher binding energy, and CuO. On the other hand, the
presence of an adjacent Pt layer seems to favour the formation of CuO, as deduced from the higher contribution

in the O 1s region at lower binding energies (b) and the less pronounced metallic copper features in the Auger
spectrum (c).
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Figure 3. Take-off angle (TOA) dependence of XPS spectra collected for Co(2)|Pt(2)|Cu(3)* sample after exposure to ambient
conditions for 3 days between successive measurements, for Cu 2p (a), O 1s, and the Auger LsMy 5My 5 transition (c). The
probing depth increases with TOA being maximum for normal emission (TOA90). The time sequence of the measurements
is shown in (b). The color code for all panels is shown in (c). Panels (d) and (e) compare the spectra at TOA90 (red) and

TOA30 (green) for Cu 2p and the Auger L3My4 5My 5 transition, respectively. The intensity of these spectra (d,e) has been
normalized for better comparison.
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Figure 4. XPS spectra obtained for systems with different Pt and Cu* thicknesses in the Cu 2p (a), O 1s (b) and the Auger
LsM4,5Muy 5 transition (c) energy region. The color code of all spectra is shown in (c).

As the Cu* thickness increases (3nm), the O 1s component previously attributed to CuO disappears (b), sug-
gesting that it dissolves its oxygen content to form CusO. As for the effect of Pt in these samples, it promotes a
thickening of the oxide layer, in agreement with both the shift towards lower energies and higher intensity in the O
1s spectrum (b), and the less pronounced metallic features in the Auger LgMy s My 5 energy spectrum (c).

In conclusion, these results show the subtle equilibrium between species within the spontaneously formed Cu*
oxide layer. Surprisingly, we observed a phase transition as a function of the deposited Cu thickness. We found that
for thinner samples (2 nm) the formation of Cu|CuO interlayers is favored, while thicker samples (3 nm) present a
Cu/Cus0 interlayer. On the other hand, we were able to deduce from these spectra a higher oxide/hydroxide ratio

for samples with a Pt interlayer, most likely because in this case Cu* corrosion is more favored by the galvanic
effect than in Co|Cu* samples.
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Figure 5. XPS spectra obtained for a sample Pt(8)|Co(1.4)|Cu(5)|Al(3)* by sweeping in the Cu 2p (a) and Cu 3p|Al 2p (b)
energy regions. The fit of the experimental data in (b) by components obtained from reference spectra for Cu and Al* is
shown in (c). The "*" denotes that the top layer was exposed to air. The color code of all spectra is shown in (c).

B. Pt|Co|Cu|Al* samples

In this last section we discuss the spectra obtained for Pt(8)|Co(1.4)|Cu(5)|Al(3)*. Panels (a) and (b) in Fig. 5
show, respectively, the Cu 2p and the Auger transition L3My 5My 5 energy regions, confirming the sole presence of
metallic Cu. Thanks to Cu and Al* reference spectra, we can fit the experimental data as shown in (c) for the Cu
3p and Al 2p energy region. We find a good fit when considering the presence of metallic Al together with Al;Os.
Furthermore, using a series of Al samples of varying thickness on which reflectometry and XPS measurements have
been performed, we were able to estimate the remaining metallic Al thickness at about 3nm. From the above, we
can conclude that the distribution across the Al* layer in Pt(8)|Co(1.4)|Cu(5)|Al(3)* is metallic Al|Al;Os3.

II. THZ-TDS SPECTROSCOPY MEASUREMENTS

Concerning the THz spectroscopy experiments (THz-TDS) in the so-called emission mode, we used ultrafast NIR
pulses (=~ 100 fs) centered at Ay;r=810 nm and derived from a Ti:Sapphire oscillator centered at Ay;r=810 nm to
photo-excite the spin carriers in Co directly from the front surface (CuOx) at a normal incidence. A standard electro-
optic sampling is used to detect the electric field of the THz pulses, using a 500 pm-thick (110) ZnTe crystal. The
sign change in the THz phase (not shown) demonstrates that spin (or orbital)-charge conversion (SCC) mechanisms
mainly occurring in Pt is responsible for the observed THz emission. More details of the respective set-up and
protocol are provided in Refs. [7-11].

The observed shape of the Erg, vs. tp; plot results from the product of two different functions respectively n x A
involving respectively the SCC efficiency 7 and both the THz and NIR optical absorptions A:

t
griTs tanh ( QAPI:Et )
s

t
1+g4,7s coth )\};f’i
s

passing through the origin (n = 0 for tp; = 0).

i) 1 is growing function of tpy, n(tp:) = OsuE

The /\f ft is the hot electron spin relaxation length in Pt, the typical lengthscale over which the ISHE occurs;
rs = ppt X )\f ft is the corresponding spin resistance of Pt [7] (we will further call 7y = g4 rs, the reduced spin
resistance by multiplication with the spin-mixing conductance),

ii) A is a certain decreasing function of tp;: A x exp (— Atppf ) (1+n - Z+°ZO fgdt) related to the optical NIR
NIR subs.

pump and THz absorption processes respectively [9, 12]. Here, Zy = ,/ ‘6‘—;’ is the vaccuum impedance where g

is the magnetic permeability and ¢y the dielectrical constant in vaccuum. o is the layer metallic conductivity, ¢
the thickness (dt means the integral within the thickness, ns,ps. is the optical index of the substrate in the THz
window and ALY, ~ 12 nm is the typical optical absorption length in Pt in the near-infrared (NIR) window. The
exp(— AtJI\DIPfItR) prefactor then takes into account the decrease variation of the optical excitation in Co due to the Pt

layer. The remaining part

ﬁﬁ%w is related to the THz absorption within the thin metallic multilayers in

the stack [12] and as discussed in the main text.
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The two functions, optical absorption A(tpy) (dashed brown) and THz spin injection efficiency n(tpy) (blue
dashed) are plotted on Fig. 6 together with the resulting product A(tpy) x n(tpy) (black). The experimental data
points renormalized from the optical absorption are shown by color circles. The data analyses have been performed
by considering material conductivities: opy = 4 x 10° S/m (resitivity ppy = 25 pQ.cm), oc, = 2 x 10° S/m
(Pco(z) = 50 pQ.cm) and ocy = 107 S/m (resitivity poy = 10 pf.cm) and thickness tc, = 1 nm.

III. ANOMALOUS AND PLANAR HALL EFFECT MEASUREMENTS

In our samples, the anisotropy and amplitude of anomalous Hall resistance (Rap g) are determined by measuring
the Hall resistance (Rpy) as a function of the out-of-plane magnetic field (H,). A typical example of such a
measurement in Si|SiO3|Co(2)|Pt(4)|Cu*(3) is shown in Fig.7(a). As expected, the Hall resistance exhibits a linear
increase with the magnetic field, saturating after reaching a certain magnetic field strength. The field at which the
Ry saturates is defined as the anisotropy field (Hj) and the saturated Ry value corresponds to Rapgg, as indicated
by the blue arrows in the figure.

The Rpyg values are obtained by measuring the Ry as a function of the in-plane angle between magnetization
and current under a constant in-plane magnetic field (700 mT in for this case). In Fig. 7b, we present the variation
of Ry (black points) in Si|SiO2|Co(2)|Pt(4)|Cu*(3) as a function of the rotation angle. The Ry shows a typical
angle dependency according to:

RH = RPHE Sin(2¢>) (].)

For comparison, we also show the measurements of R4 g and Rppp in Si|SiO2|Co(2)|Pt(4) (without Cu* capping
layer) with . It is clearly evident from the comparison between two samples that the Ry gp and Rppg values are
higher in Si|SiO2|Co(2)|Pt(4), indicating a significant emphasis on the current shunt path in Cu*, as emphasized in
our main manuscript.

The typical values of M measured at squid at room temperature are My = 1275 emu/cm? for SiO|Co(2)|Pt3|Cu3*
and M, = 1320 emu/cm? for SiO2|Co(2)|Pt4|Cu3* corresponding to a shape anisotropy of Hy = 4r M, ~ 1.658 T..
From the above measurements, the surface anisotropy introduced by the Co|Pt interface is about Hx, = —0.658 T.
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Figure 7. Measurement of Ramre (in black) as a function of out-of-plane magnetic field (uoH.) in (a)

Si|Si02|Co(2)|Pt(4)|Cu*(3) and (b) Si|SiO2|Co(2)|Pt(4). Measured Hall resistance as a function of angle between cur-
rent and magnetization direction to determine the planar Hall resistance (Rpgg) in (b) Si|SiO2|Co(2)|Pt(4)|Cu*(3) and (d)
Si|Si02|Co(2)|Pt(4) samples.

IV. ORBITAL AND SPIN TRANSPORT SIMULATIONS ON Cu|Cu|O AND Cu|Al|O
A. Electronic band structure and orbital momentum locking obtained by density functional theory (DFT).

The DFT simulations have been carried out considering two material systems. The first system is composed
of thirteen layers made out from twelve Cu layers and one Oxygen layer having the same structure as that one
previously studied by D. Go et al [13]. We used the Perdew-Burke-Ernzerhof (PBE) [14, 15] exchange-correlation
functional. We perform the geometry optimizations with a plane-wave basis as implemented in the SIESTA pack-
age [16] employing an atom-centered double-¢ plus polarization (DZP) basis sets considering an energy cut-off for
the real-space mesh of 350 Ry. Relativistic effects (although small in this case) are introduced via the on-site approx-
imation [17] using fully-relativistic norm-conserving pseudopotentials [18]. The system’s ground state properties
are obtained after performing a full self-consistent cycle converged a (13 x 13 x 1) E—points sampling of the Brillouin
zone using a 25 vacuum distance between periodic images to avoid spurious effects with the lattice constant fixed
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colorbar shows the orbital texture projected on the outermost Cu layer, namely Cu;2. showing the orbital polarization along
the main symmetry lines.

to 2.53 A obtained by energy minimization procedure. We have used the conjugate gradient algorithm to minimize
the atomic forces below 0.01 eV/ A. The orbital texture, orbital and spin accumulations were therefore calculated
by a home-made procedure using the Hamiltonian and overlap matrices.

The orbital mean value, i.e. orbital texture shown in Fig. 9 (a,c) have been calculated using :

(L) = (n| L), (2)

where [¢/,,) is an eigenstate of the Hamiltonian and the overlap matrix S has to be considered as the basis is non-
orthogonal. The matrices L are the usual orbital angular momentum operator matrices expressed in a given atomic
orbital basis, that is, p and d orbitals.

B. Orbital Rashba-Edelstein response and orbital torques obtained by density functional theory (DFT).

The spin and orbital accumulations generated by an electric field E, applied along the & direction via the so-
called orbital Rashba-Edelstein response xo according to (¢ |Ly|¢x) = xoEs, have been calculated through the
Kubo formula like proposed in Ref. [19].
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Figure 9. Orbital Rashba-Edelstein response of Cu|O in unit of & (left) and corresponding orbital texture for the outermost
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orbital texture (maximum of 0.8 up). This is in agreement with the spin and orbital accumulations obtained for the layers,
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0= —ekb,T
BZ

Ocf()de Re | (1 Olien) (v )|

where v, is the velocity operator modified for treating a non-orthogonal basis as:

_OH 08
YTk T ok

(4)

which for our case was taken in the Z in-plane direction representing the external perturbation and O is the
operator corresponding to the quantity measured e.g., spin and orbital degrees of freedom. In order to extract the
layer resolved spin and orbital accumulations, we project the spin and orbital operators to act only on the states
originating from a given layer such that each quantity shown in Fig. 9 (b,d) is given in terms of the Bohr radius
ao and the momentum relaxation time 7 calculated for a given atomic layer. In both cases, we have considered a
150 x 150 mesh-grid for sampling the Brillouin Zone (BZ).

In the graphs showing a layer-by-layer resolved yo Rashba-Edelstein response, the values in ordinates are given
in unit of A with the results that the amplitude of unity "1" gives a value of the order of 10~*/atom. Such value
has been obtained by considering a typical momentum scattering time 7 ~ 10~* s and a maximum electric field of
10° V/m by considering a typical material resistivity p = 25u€ cm and local current density J = 4 x 101 A /m?.

The effective damping-like field Bpy, is then calculated by involving the dynamics of such 2-dimensional generated
orbital moment transferred into the local 3d magnetic moment dynamics according to X %~ FE, = yBpr Mt., or
equivalently :

X0

BDL = T 71
a?1m* Mtcoo

xT

where 7* is the effective transfer time (7* = 7 for the maximum efficiency) from the orbit to the local magnetization
and a the typical lattice parameter. We find that for X ~ } (ordinate = "1"), Bpr, ~ 15 mT.

eagT

In order to prove the robustness of the Orbital Rashba effect in the heterostructures, we also show the Spin
and Orbital accumulation and the corresponding orbital texture for electronic energy below (e = e — 0.5 eV on
Fig. 10a-b) and above (e = €y +0.5 V) the Fermi energy e on Fig. 10c-d. We can see that for the case of Cu|O, the
orbital texture displays strongly the hexagonal symmetry through all the different values of the chemical potential.

|L(k) [ (R)
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