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We explore the impact of different materials on orbital-charge conversion in heterostructures with a naturally
oxidized copper capping layer. Introducing a thin layer of CuO, (3 nm) to the yttrium iron garnet (YIG)/W
heterostructure resulted in a notable decrease in signal when employing the spin pumping (SP) technique.
This contrasts with prior findings in YIG/Pt, where the addition of CuO, (3 nm) led to a significant signal
enhancement. Conversely, the introduction of the same CuO, (3 nm) layer to YIG/Ti (4 nm) structure showed
no change in the SP signal. This lack of change is attributed to the fact that Ti, unlike Pt, does not generate an
orbital current at the Ti/CuO, interface due to its weaker spin-orbit coupling. Notably, incorporating the CuO,
(3 nm) layer on top of Si/Py (5 nm)/Pt (4 nm) structures resulted in a substantial increase in the spin pumping
signal. However, in Si/CuO, (3 nm)/Pt (4 nm)/Py (5 nm) structures, the signal exhibited a decrease. Finally,
we applied a phenomenological model of the spin (orbital) Hall effect in YIG/heavy-metal systems to refine our
data. These discoveries have the potential to advance research in the innovative field of orbitronics and contribute

to the development of new technologies based on spin-orbital conversion.

DOLI: 10.1103/PhysRevB.109.014420

I. INTRODUCTION

Exploring the properties of electrons beyond the spin de-
gree of freedom has significantly expanded the scope of
spintronics. Although the use of spin has traditionally domi-
nated the field, orbital angular momentum (OAM) emerges as
a crucial player in electron transport within solids. Theoretical
predictions and recent experimental results [1-8] have shown
that it is possible to have a flow of OAM perpendicular to
a charge current, even with the quenching of OAM in ma-
terials with a weak spin-orbit coupling (SOC). This effect,
known as the orbital Hall effect (OHE), has the property
of being independent of the SOC, thus being considered a
more fundamental effect [1], while the spin Hall effect (SHE)
[9-11] assumes a secondary role. Similar to the spin-to-charge
current conversion effects, orbital current can be converted to
charge current within the bulk via OHE [12] or by interface
phenomena [13], the latter being known as orbital Rashba-
Edelstein-like effect (OREE) [14-17].

The OREE was initially proposed as a theoretical con-
cept and subsequently confirmed experimentally on surfaces
with negligible SOC [15,18,19]. Rashba-like coupling be-
tween the vectors L and l? leads to both orbital-dependent
energy splitting and chiral OAM texture in k space. Despite
their similarities, the mechanisms governing the spin Rashba-
Edelstein effect (SREE) and OREE differ significantly. The
distinguishing feature of OREE is its independence from spin-
orbit coupling, which makes it possible to manipulate orbital
properties driven by interface effects. In Fig. 1(a), the up-
ward charge current Je generates a perpendicular spin current
(represented by the red symbols) induced by SHE, and a
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perpendicular orbital current (represented by the oriented cir-
cles) induced by OHE. Note that spin and orbital currents can
add or subtract, depending on the sign of the LS coupling. Be-
cause of the significant strength of the SOC, both the spin and
the orbital currents intertwine to form a perpendicular spin-
orbital current fL, s. Figure 1(b) illustrates the inverse effect,
wherein an upward current jL,S induces a current J; through
the inverse SHE (ISHE) and inverse OHE (IOHE). While
Figs. 1(a) and 1(b) depict the occurrence of SHE and OHE
within the volume, the interfacial counterparts are illustrated
in Figs. 1(c) and 1(d). Figure 1(c) illustrates the generation
of a perpendicular orbital current J;, generated by the flow of
an interfacial charge current fc. On the other hand, Fig. 1(d)
illustrates the inverse effect of that illustrated in Fig. 1(c). A
bulk orbital current J; will generate a perpendicular interfacial
charge current J-.

Recent works have shown the effectiveness of using light
materials to generate enhanced spin-orbital torque transfer
in heterostructures. These heterostructures are coated with a
thin layer of naturally oxidized CuO, [16,17,20]. This in-
corporation of light materials into the existing repertoire of
spintronic materials has significantly broadened the scope of
spin manipulation mechanisms, allowing the use of less ex-
pensive materials. The spin-orbital torque enhancement has
been demonstrated not only in bulk of light materials, but also
in interfaces of Cu/CuO, driven by OREE. The physics of
the OAM phenomena have been clearly demonstrated through
several advances, such as the improved dampinglike spin-
orbit torque (SOT) in Permalloy (Py)/CuO, [21], enhanced
SOT efficiency in thulium iron garnet (TmIG)/Pt/CuO, [16],
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FIG. 1. Schemes illustrating the interaction between charge,
spin, and orbital currents in a heterostructure with strong SOC. In the
top, (a) and (b), the phenomenon occurs in the volume. In the bottom,
(c) and (d), it is driven by the interface. In (a) the direct SHE-OHE is
presented, where a charge current Jg is converted into a spin-orbital
current fL s. In (b) the inverse SHE-OHE is presented, where fL s
is converted into Jg. (c) and (d) illustrate the direct and inverse
OREE conversion mechanisms, where the Rashba orbital states are
characterized by the orbital textures at the heavy-metal/normal-metal
(HM/NM) interface.

and the observation of magnetoresistance driven by OREE in
Py/oxidized Cu [17]. In Ref. [16], it is shown that the Pt/CuO,
interface generates an orbital current (fL), which then diffuses
into the Pt layer. This leads to the emergence of an intertwined
spin-orbital current (J_'L,S), which subsequently reaches the
TmlG layer and exerts torque on the local magnetization.

In this study, we performed an extensive investiga-
tion on the interplay between spin, orbital, and charge in
FM/HM/CuQ,, using yttrium iron garnet (YIG) or Py as
ferromagnet (FM) and Pt or W as HM (heavy metal). Through
a comparison of experimental results between FM/HM with
FM/HM/CuQ, configurations, we found substantial changes
in the ISHE-type signal, suggesting a pivotal role played by
the HM/CuO, interface. We observed that W has a different
behavior compared to Pt, exhibiting a reduction in the spin
pumping (SP) signal. We also show that it is important to
use HM with strong SOC to generate orbital currents from
the injection of a pure spin current. This observation is illus-
trated in systems like YIG/Ti and YIG/Ti/CuO,, where we
observed no differences in the SP signal. This is attributed
to the negligible SOC of Ti, meaning that the injection of a
pure spin current in Ti does not generate an associated orbital
current at the Ti/CuO, interface, which would produce a
charge current. On the other hand, when using Co/Ti samples,
we observed a SP signal comparable to that of Co/Pt. This can
be explained by the fact that Co injects both spin and orbital
current into Ti. Moreover, we show that the inverse orbital
Rashba-Edelstein effect (IOREE) depends exclusively on the
polarity of the orbital current, independent of its propagation
direction. To investigate this phenomenon, we examined sam-

ples of Si/Py/Pt/CuQ, and Si/CuO,/Pt/Py. By extending a
phenomenological theory, we adapted it to fit the experimental
data by considering orbital angular momentum diffusion in
FM/HM bilayers. Certainly, our findings provide insights into
the orbital-charge conversion attributed to IOREE, offering
potential contributions to the development of electronic de-
vices based on the manipulation of OAM.

II. EXPERIMENTAL RESULTS
A. Materials characterization

The YIG films used in this study were grown via liquid
phase epitaxy on a 0.5-mm-thick Gd;GasO,, (GGG) substrate
with the out-of-plane axis aligned along the (111) crystalline
direction. All other films were deposited by DC sputtering at
room temperature with a working pressure of 2.8 mTorr and
a base pressure of 2.0 x 10~ Torr or lower. All samples had
lateral dimensions of 1.5 x 3.0 mm?, and in all of them the
CuO;, layer was obtained by depositing a copper layer and
leaving the samples out in the open air at room temperature
for 2 days. Details about the spin pumping technique used in
this investigation can be found in [22].

An investigation of the chemical composition of the
GGG/Pt/Cu sample was performed using transmission elec-
tron microscopy (TEM) and atomic resolution energy-
dispersive x-ray spectroscopy (EDX). The TEM and EDX
results confirmed the existence of an oxidation layer on the
surface of the Cu films. Figure 2(a) shows the cross-section
TEM image of the GGG/Pt/Cu sample interface, where it is
possible to distinguish the GGG substrate from the Pt and
Cu films. The cap layers of Pt and Au on top of the im-
ages were grown afterward during the sample preparation for
TEM analysis. To quantify the interfacial chemical diffusion,
atomic resolution EDX mapping images were performed on
the GGG/Pt/Cu interface areas, and the distribution of each
atom element can be seen in Figs. 2(b), 2(c), 2(d), 2(e) and
2(f), corresponding, respectively, to specific elements: plat-
inum (Pt) is represented by red, gadolinium (Gd) by purple,
gallium (Ga) by blue, copper (Cu) by green, and oxygen (O)
by pink. The atomic percentage of each layer was confirmed
by EDX line profile as shown in Figs. 2(g) and 2(h), revealing
the presence of the Pt/Cu bilayer spanning a depth range of
approximately 10-63 nm. Note that oxygen is observed in
the Cu layer over the range of approximately 53—63 nm [see
Fig. 2(1)]. Hence, the TEM and EDX analyses suggest that O
atoms diffuse into the Cu layer, implying that the oxidation
region in Cu can extend to a depth of up to 10 nm.

B. Spin pumping in FM/NM/CuO,

The main mechanisms for investigation of the spin-to-
charge current interconversion include the SHE and its
reciprocal effect ISHE, observed in bulk materials, and the
SREE and its reciprocal effect inverse spin Rashba-Edelstein
effect (ISREE), observed in systems without spatial inversion
symmetry, such as surfaces and interfaces with large SOC.
The SHE and ISHE have been extensively investigated in
strong SOC materials such as Pt, W, Ta, and Pd [11]. Pt is
known to have positive spin Hall angle, sy, while Ta and W
display a negative 6gy [23-25]. Materials with positive fsy
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FIG. 2. (a) Cross-sectional TEM image and (b)—(f) EDX mapping images of the GGG/Pt/Cu sample, displaying chemical element mapping
that distinguishes between the GGG substrate (with Ga, Gd, and O elements) and the Pt and Cu films. The color scheme corresponds to specific
elements: platinum (Pt) is represented by red, gadolinium (Gd) by purple, gallium (Ga) by blue, copper (Cu) by green, and oxygen (O) by
pink. (g)-(i) EDX line scan of atomic fraction of elements Pt, Gd, Ga, Cu, and O. The distribution of each atom element is illustrated by
their corresponding atomic percentages and the shaded region in (h) indicates the transition area where the O atom diffuses into the Cu layer,
displaying a substantial presence of oxygen, with an approximate width of ~10 nm.

exhibit a spin polarization &5 parallel to the orbital polar-
ization 6y, i.e., (Z . §) > 0. On the other hand, materials
with negative fsy present an antiparallel alignment between
the spin polarization &g and the orbital polarization 6;, i.e.,
(L-§)<0.In the presence of strong SOC, both orbital and
spin effects can occur simultaneously [4], leading to the in-
tertwining of both degrees of freedom. Consequently, the
resulting charge current comprises a multitude of effects.

The SP technique [26-28] was employed to investigate the
effect on the ISHE and IOHE signals in heterostructures con-
sisting of YIG/W/CuO, and YIG/Pt/CuO,(3). The charge
current resulting from the SP signal, when the intertwined
current fL, s is considered, is described by the equation Jo =
(2e/h)BerJ scos(¢p), where O is the effective spin-orbital
Hall angle, and the angle between the Je and the voltage
measurement direction is given by ¢. It is important to note
that the effective spin-orbital Hall angle 6. must account

for spin and orbital contributions. In Fig. 3(a), the typical
SP signal for the YIG/Pt(4)/CuO,(3) sample is depicted,
where the numbers in parentheses are the layer thicknesses in
nanometers, and the YIG layer thickness is around 400 nm. At
¢ = 0° (blue symbols), a positive sign SP curve is observed,
indicating G > 0. At ¢ = 180° (red symbols), a sign inver-
sion occurs, while at ¢ = 90° the measured voltage is null.
The inset of Fig. 3(a) displays similar results for the YIG/Pt(4)
sample, where the peak is much smaller than the signal with
a CuO, cover layer. Figure 3(b) presents the results for the
YIG/W(4)/CuO,(3) sample, which exhibits an opposite sign
compared to Pt, as W possesses 6. < 0. The same behavior
can be observed in the YIG/W(4) sample, as shown in the inset
of Fig. 3(b). Additionally, Fig. 3(c) provides a comparison of
the signals obtained with the samples of YIG/W(4)/CuO,(3)
and YIG/W(4) at ¢ = 0°, revealing a reduction in the signal
when a CuO, cover layer is added. Figure 3(d) shows the
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FIG. 3. (a) Presents the typical Isp signals for the samples with and without the CuQO, cover layer (inset) at a fixed rf power of 14 mW and
rf frequency of 9.41 GHz. In (a), Pt is used as NM, while in (b), W is used as the NM. These materials exhibit opposite Hall angles, resulting
in opposite polarities of the measured signals. (¢) Compares the SP signals of the samples with (light blue) and without (dark blue) the CuQO,
capping layer. (d) Demonstrates the dependence of Isp on tp, for the YIG/W(#y)/CuO,(3) (red) and YIG/W(#y) (black) samples. The solid

lines are the theoretical fit.

behavior of Isp as a function of the thickness of the layer
W(#w), which varied from 2 to 8 nm. Two sets of samples
were prepared: the A series consists of YIG/W(ty ) (black
symbols), while the B series consists of YIG/W (#y )/CuO,(3)
samples (the red symbols). The B series exhibits a different
behavior, where thinner films yield smaller Isp signals, while
for larger thicknesses, the Isp tends to approach that of the A
series. The solid lines of Fig. 3(d) were obtained by means of
the best fit to the experimental data using equations discussed
in Sec. III. The structural characteristics of the W films were
analyzed by x-ray diffraction (XRD) measurements and can
be seen in the Appendix.

The injection of a pure spin current T through the YIG/W
interface, driven by the precessing YIG magnetization under
ferromagnetic resonance (FMR) condition, leads to the inter-
twining of spin S and the angular momentum L, resulting in
the generation of an upward current fL,S within the W. In
this scenario, s and &, are antiparallel. A portion of this
spin-orbital current is subsequently converted into a charge
current within the volume of W through the processes of
ISHE and IOHE. The remaining orbital current reaches the
W/CuO, interface, where it generates two-dimensional (2D)
charge current parallel to the interface due to the IOREE. This

2D charge current reduces the original current (as it has the
opposite polarity to the bulk charge current), resulting in a
smaller signal.

To gain a better understanding of the role played by SOC
in magnetic heterostructures, we fabricated samples of YIG/Ti
and YIG/Ti/CuO,. Like the previous experiment, the precess-
ing magnetization generates a spin accumulation at the YIG/Ti
interface, which diffuses upwardly as a pure spin current along
the Ti layer. Figures 4(a) and 4(b) depict the SP signal (for
¢ = 0°) of the YIG/Ti and YIG/Ti/CuO, samples, respec-
tively. Solid lines of Figs. 4(a) and 4(b) depict the respective
fits to the experimental data using a Lorentzian function, rep-
resented by blue curves (¢ = 0°) and red curves (¢ = 180°).
Three important pieces of information can be obtained from
these data. (i) The weak SP signal generated by Ti has inverse
polarity when compared to Pt. (ii) The fit to the experimental
data, shown in Figs. 4(a) and 4(b), exhibit similar values,
meaning that the capping layer of CuO, practically does
not affect the detected signal. (iii) Since Ti exhibits a weak
SOC [7], there was almost no generation of orbital current
within the material, thus no observable IOREE was detected
at the Ti/CuO, interface. As a result, there was no signifi-
cant increase in the SP signal when comparing both samples.
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FIG. 4. (a) and (b) show the SP signals measured in YIG/Ti(4) and YIG/Ti(4)/CuO,(3), respectively. The weak signals were fitted by
symmetrical Lorentzian curves, given by the solid lines. Notably, the amplitudes of the signals do not change, indicating that the capping layer
of CuO, does not affect the SP signal. Due to the weak SOC of Ti, no orbital current is being generated within the Ti volume. Solid lines in
(c) show the symmetrical component obtained by fitting the data of the SP signal of Si/Ti(20)/Co (10) and Si/Co (10). While the weak SP
signal from Si/Co is self-induced, the strong SP signal from Si/Ti/Co is due to the bulk conversion of the orbital current injected into Ti and its
conversion by OHE. The bottom inset is the symmetrical part of the SP signal measured in Co(12)/Pt (10).

These findings support the hypothesis that the reduction in
the SP signal in the YIG/W /CuO, samples can be attributed
to the orbital effect, particularly the IOREE occurring at the
W/CuO, interface. The key distinction between W /CuO, and
Ti/CuOy lies in the absence of SOC in Ti, thus the pumped
spin current does not convert into an intertwined spin-orbital
current inside the material, which leads to no additional signal.

On the other hand, the phenomenon undergoes drastic
changes when the FM layer, used to inject the spin current,
also injects orbital current (orbital pumping), as observed with
Co [29]. Figure 4(c), shows the symmetric components of
the SP data measured in Si/Ti(20)/Co(10) (blue curve) and in
Si/Co(10) (red curve). The Co injector, serving as an island,
allows for the direct attachment of electrodes on the Ti layer
to detect the SP signal. Meanwhile, the measurement in the
Co layer captures the self-induced voltage. The YIG has weak
SOC, but Co has considerable SOC [29], thus a spin-orbital
current injected into Ti by the Co layer, the pumped spin-
orbital undergoes conversion into a charge current by the
IOHE, resulting in a strong signal with positive sign. In con-
trast, the self-induced signal of Co exhibits a weak negative
sign. Upon comparing the intensities of the blue signal and
the red signal (self-induced voltage at Co), the observed gain
is more than eightfold. To compare the SP signal generated by
IOHE in Ti with the SP signal generated by ISHE in Pt, we
measured SP in Co(12)/Pt(10), as shown in the bottom inset
(blue curve). In this case, the SP signal generated by ISHE
in Pt is only twice as intense as the SP signal generated by
IOHE in Ti. The measurements presented in Fig. 4 make it
evident that the SP signal generated by orbital pumping in Ti
has magnitude comparable with the signal generated by spin
pumping in Pt.

C. Spin pumping in all metal heterostructures

Although 3d FM metals such as Fe, Co, Ni, and Py
are more versatile and easier to prepare compared to fer-
rimagnetic insulators, like YIG, these materials exhibit a
self-induced SP voltage [30,31], which can potentially mask
the SP signal. This self-induced voltage consists of both
symmetric and antisymmetric components. The antisymmet-

ric component is typically associated with spin rectification
effects, while the symmetric component is attributed to spin-
Hall-like effects [32,33]. To elucidate the interplay between
spin and orbital momenta in metallic heterostructures, we
investigate the spin pumping phenomena in two series of
heterostructures: series A consists of Si/Py(5)/Pt(4)/Cu0O,(3)
(with and without CuO, capping layer), while series B con-
sists of Si/CuOy(3)/Pt(4)/Py(5) (with and without CuO,
underlayer). For series B, we initially deposited the copper
layer and allowed it to oxidize for 2 days. Subsequently, we
placed the sample back into the sputtering chamber to deposit
the Pt and Py films. In series A, the Cu layer, which partially
covers the Pt layer, was the final deposition step. Afterward,
it was left to oxidize for 2 days. The only distinction be-
tween series A and B is the direction of the spin current
injection: upwards for series A and downwards for series B.
If the conversion of spin current to charge current is solely
given by the inverse SHE, the measured signals should be
identical in magnitude but possess opposite polarities. Fig-
ure 5(a) shows the SP signals measured for two samples:
Si/Py(5)/Pt(4) and Si/Py(5)/Pt(4)/CuO,(3). In both samples,
the spin current is injected upwards through the Py/Pt inter-
face. When comparing the signals obtained from these two
samples, a significant increase in the SP signal is observed
for the CuO,-coated sample (represented by blue symbols)
compared to the uncoated sample (represented by green sym-
bols) at ¢ = 0°. This enhancement is consistent with previous
findings for YIG/Pt/CuO, [22]. In Fig. 5(a), it is evident that
the injected spin current couples with the orbital momentum
of Pt, resulting in the generation of intertwined spin-orbital
current that propagates upwards until it reaches the Pt/CuQO,
interface. At the interface, this spin-orbital current undergoes
conversion into a charge current through the IOREE. The con-
verted charge current combines with the bulk charge current,
effectively increasing the SP signal. The significant increase
is clearly shown in Fig. 5(b), which shows the symmetric
component extracted from fitting to the experimental data of
Fig. 5(a). When comparing the slopes of the SP signals as a
function of the rf power for both samples, as shown in the
inset of Fig. 5(b), the sample coated with CuO, exhibits an
increase compared to the uncoated sample. An increase of
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FIG. 5. (a) Typical SP signals for the samples with and without the top layer of CuO, at ¢ = 0°. The samples with the top layer of CuO,
are denoted by blue symbols, while those without it are represented by green symbols. The SP signals measured at ¢ = 180° have reversed
polarities, represented by red symbols (with the top layer of CuO,) and pink symbols (without the top layer of CuO,). The SP data measured
at ¢ = 90° show no detectable SP signal as expected. (b) displays the symmetrical component of the SP signal, obtained from fitting the
measured data shown in (a) with Lorentzian curves, for samples with and without the CuO, layer. The inset shows the linear relationship of
Isp and rf power. The vertical black arrow represents the increase of the SP signal resulting from the presence of the top layer of CuQO,. (d)
Typical SP signals for the samples with and without the bottom layer of CuO, at ¢ = 0° (blue and green symbols) and ¢ = 180° (orange and
red symbols). As the spin current is injected from the top, the SP signals exhibit reverse polarity compared to the signals shown in (a). The
curves in (e) depict the numerical fittings derived from the data shown in (d) with Lorentzian curves. The vertical black arrow represents the
reduction of the SP signal resulting from the presence of the top layer of CuO,. (c) and (f) illustrate the underlying mechanism responsible for
the increase and decrease of the SP signal. In (c), the IOREE and SHE currents are parallel, whereas in (f), they are antiparallel. Insets of (a)
and (d) show the derivative of the FMR absorption signal for the Py layer.

~20 nA for a rf power of 110 mW is shown by the vertical
black arrow of Fig. 5(b). However, Fig. 5(d) depicts intriguing
results. When the stack order of the layers is inverted, causing
the injected spin current from the Py to flow downwards, the
SP signal of the sample with an underlayer of CuO, exhibits
a decrease compared to the SP signal of the sample without
a CuO, underlayer. This observation is opposite to the result
shown in Fig. 5(a). From the fits to the experimental data, ob-
tained for the symmetric component as shown in Fig. 5(e), the
SP signal exhibits a reduction of ~25 nA for the sample with
the CuO, underlayer in comparison with the sample without
it. It is important to note in the SP signals of series A and B
samples only the spin current injection direction is changed,
but the spin polarization is kept identical and, consequently,
the orbital polarization remains unchanged.

Our results show that the charge current generated at the
Pt/CuO, interface does not reverse its direction when the
spin-orbital current flows from top to bottom. This charge
current opposes the charge current generated within the Pt
layer, reducing the measured charge current along the y di-
rection, as illustrated in Figs. 5(c) and 5(f). The Rashba-type
chiral orbital texture present at the Cu/O interface remains
unchanged regardless of whether the CuO, layer is deposited

above or below the Pt layer. Consequently, the charge current
generated by the IOREE flows parallel to +y [green arrows
in Figs. 5(c) and 5(f)], while the charge current generated by
the spin-orbital current within the Pt layer flows parallel to +y
[blue arrow in Fig. 5(c)] when it is injected from the bottom
and parallel to —y [blue arrow in Fig. 5(f)] when injected from
the top. It is important to note that OREE is not affected by the
spin current propagation direction and instead depends only
on the orbital polarization 6, . Within the Pt layer, the 6, aligns
parallel to the &5 due to the strong SOC of Pt.

III. PHENOMENOLOGICAL BACKGROUND

The quantitative interpretation of SHE and OHE presented
in this section is based on recently published papers [4,22,34—
36]. Basically, the generation of spin and orbital angular mo-
mentum currents, along with their interconversion mediated
by SOC, can be interpreted in terms of the out-of-equilibrium
spin and orbital imbalance, which manifests as a shift in spin
and orbital chemical potentials pg(z) and y(z), respectively.
These chemical potentials represent the spin and orbital accu-
mulation, respectively. The accumulation of S or L quantities
result in both spin flow and orbital angular momentum flow,
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and these phenomena can be further analyzed through coupled
diffusion equations. A key finding presented in Ref. [4] was
the introduction of a coupling parameter, A, s, which accounts
for the interaction between L and S, mediated by the SOC of
the material. In Ref. [4], the excitation of orbital current is
obtained by applying an electric field, which is different from
our approach. Here (and in Ref. [22]), we create a spin accu-
mulation [s(z)], by means of the SP technique, in a material
with large SOC, resulting in the simultaneous creation of an
orbital accumulation [/ (z)]. Since materials with large SOC
can exhibit two different polarizations of the spin-to-charge
conversion processes, such as positive for Pt and negative for
W, the time evolution of ug(z) and wr(z) can be expressed
as up(t) = vpsCus(t), where vy is a variable with only two
possible values: v, = £1 and C is a proportionality constant.
In our study, we inject a spin current through the YIG/HM in-
terface, leading to different boundary conditions from Ref. [4]
necessary to solve the diffusion equations describing s(z)
and py (z). In our study, the boundary conditions are given by

dus,1(z) 2
LT =(—=—J ,
dz |- <hND> w2) =0
‘ ' (1
dus (z) —0
dZ Z=INM

Here, D is the diffusion coefficient, and N represents the den-
sity of states per unit volume in the NM layer. To capture the
process of spin-to-orbital current conversion, one must add a
phenomenological term to the spin (orbital) diffusion equation
that is proportional to its orbital (spin) counterpart, i.e.,

d* s ps | L

_— :l: —, 2
dz2 A3 Al @
dup | s

_ MLy Bs 3
dz2 A Al ©)

where the & sign corresponds to negative (positive) spin-orbit
coupling. To solve the coupled Egs. (2) and (3) we substitute
the former into the latter,

d*n 1 1\d*u 1
45_(_2+_2>_2S+( 2,2

dz Ag o ap) dz 2232

The solution of Eq. (4) is

us(z) = Ae’* + Be™/M 4 Ce*/*? 4 De™/2, ©)

1
)MS =0. 4

1
)“LS

Similarly, the equation for 4, is obtained, 1, (z) = Ee¥/* +
Fe™ /™ 4 Ge¥/*> 4 He™*/*>, The polynomial characteristic
leads to

1_1[(1+1>i\/<1 1>2+41} ©
Moo 2L\ag A Aooa) ]

Solving the system of equations, we get the solutions

(z2) = 2
Hste _<hND

> (Js(0) F ﬁT(Oz;) cosh[(tyy — 2)/A1]
1 (1 _ %) sinh(fyp /A1)

) 2 (s F 12 coshl(tyy — 2)/ha]

= %) sinh(typr/A2)
@)

(2
AND

as ur(z) = Cursus(z), then
mr(z) = Cuyg, (8)

where

G
J5(0) = = us(0),
& ©)
Jr(0) = 7ML(O)~

Gy, is the spin-orbital mixing conductance on the interface
FM/HM. The charge current is given by

JEHE = (h/2e)0suls0;
and

JOHE — (h/2e)0onJLoL (10)

To explain our measured SP signals, the increase in
YIG/Pt/CuO; and a decrease in YIG/W /CuO,, we consider
the contributions of both ISHE and IOHE. This allows us to
propose a phenomenological equation for the charge current
density measured YIG/HM/CuQO, as

Jo = (h/2e)8suts + (h/2e)0onJr + MoreeJL(z = tam).

1D

The first term represents the conversion of the spin com-
ponent of the intertwined current J; g into charge current via
ISHE within the HM. The second term represents the con-
version of the induced orbital current into charge current via
IOHE within the HM. This second term can be used, since it
arises from the LS coupling, making it analogous to the equa-
tion for the ISHE. The third term represents the conversion
of the residual orbital current, which reaches the HM/CuQO,
interface with Rashba-like states. As a result, the Pt/CuO; in-
terface exhibits gain in the resulting charge current, while the
W/CuO, interface shows a reduction in the resulting charge
current. Therefore, the polarity of the orbital texture of natu-
rally surface-oxidized copper can be modified by changing the
HM, leading to an interfacial charge current in the opposite
direction to the total charge current. Furthermore, the results
presented in Figs. 5(a) and 5(d) demonstrate that the [IOREE
in HM/CuO,(3) remains independent of the direction of the
current J;.. From Egs. (7)—(10) it is possible to find the total
charge current in the YIG/W and YIG/W/CuO, samples.
The fits to the experimental data using the phenomenological
model developed above is presented in Fig. 3(d).

In conclusion, our investigation of the interaction between
spin and orbital currents has yielded significant findings.
Through the injection of a pure spin current into a HM layer
via the YIG/HM interface, we observed the emergence of
orbital momentum accumulation, facilitated by the strong
SOC of the HM. This interplay between spin and orbital
effects leads to the intriguing phenomenon of transporting
orbital angular momentum along the HM layer. As the spin-
orbital intertwined J; s current moves up to the interface of
HM/CuQ,, there occurs the IREE-like conversion of J; s into
charge current. Moreover, the residual J; s current that reaches
the HM/CuO, interface is further converted into a charge
current by the interfacial IOREE phenomenon. Remarkably,
we observed that the charge current generated at the Pt/CuQ,
interface exhibits an increase, whereas the charge current at
the W/CuO, exhibits a decrease. This aligns with the fact
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that (L - S§) > 0in Ptand (L - §) < 0 in W. This result is fur-
thermore confirmed in the heterostructure of CuO,/Pt/Py and
Py/Pt/CuO,, where the inversion of the layers stack shows
a similar behavior. Overall, our work underscores the rich
complexity of orbital and spin interactions in HM/CuO, sys-
tems, offering valuable insight into potential applications of
spintronics and orbital-based technologies. These compelling
findings pave the way for further exploration and innovation
in the field of quantum materials and nanoelectronics.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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APPENDIX: XRD MEASUREMENTS IN SiO,./W(tw)

To obtain structural information of the sputtered W thin
films, we performed x-ray diffraction measurements in out-
of-plane grazing incident x-ray diffraction (GIXRD). Since in
this geometry the substrate signal is almost suppressed, the
existence of two distinct crystalline phases («¢-W and 8-W) as
a function of film thickness can be addressed. Figure 6 shows
the GIXRD scans for W films with thickness in the range of 5
nm (purple curve) to 20 nm (orange curve). The vertical blue
dashed lines denote the expected peak positions for the (A15)
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FIG. 6. Measures of XRD in SiO, /W for different thicknesses of
W. For low thicknesses (fy < 10 nm) there is a predominance of the
B phase, while for #yy > 10 nm the « phase is predominant.

B-W crystalline phase and the vertical red dashed lines denote
the expected peak position for bcc «-W phase, according to
JCPDS #03-065-6453 and JCPDS #00-004-0806 crystallo-
graphic data, respectively. Also, as can be seen in Fig. 6, for 10
nm W film, the presence of a broad and low intensity peak at
26 ~ 40° suggests the coexistence of two crystalline phases.
Indeed, this peak can be associated to both reflections (210)
of the B-W phase and (110) of the «-W phase, located at
26~39.88 ° and 26~40.26 °, respectively. On the other hand,
for film thickness above 10 nm it is possible to observe three
characteristic diffraction peaks. The first (most intense) is
located at 26 ~ 40.44° is closer to the expected position for
the reflection (110) of the «-W phase and does not exhibit an
asymmetrical shape. Furthermore, the other two peaks located
at20 ~ 58.31° and 26 ~ 73.42° can only be assigned to (200)
and (211) diffraction planes of the bcc a-W phase. Taking into
account the absence of other 8-W phase reflections and that
the integrated intensity (area under diffraction curve) of the
«o-W reflections are increasing with the film thickness, which
means that the volume fraction of o-W increases, we can infer
that for thickness above 10 nm the films are predominantly
a-W phase. Indeed, this fact is in good agreement with pre-
vious results that predict the existence of single «-W phase
for thicker films [37]. It is also important to observe in films
with a thickness of less than or equal to 10 nm the appearance
of peaks between 26 ~ 52° and 26 ~ 56°, which are related
to the Si/SiO substrate, because the W diffraction peaks have
very low intensities.
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