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ABSTRACT: Charge-spin interconversion processes underpin the generation of spin—orbit torques in magnetic/nonmagnetic
bilayers. However, efficient sources of spin currents such as 5d metals are also efficient spin sinks, resulting in a large increase of
magnetic damping. Here we show that a partially oxidized 3d metal can generate a strong orbital torque without a significant increase
in damping. Measurements of the torque efficiency & and Gilbert damping a in CoFe/CuO, and CoFe/Pt indicate that & is
comparable in the two systems. The increase in damping relative to a single CoFe layer is Aa < 0.002 in CoFe/CuOx and Aa ~
0.005—0.02 in CoFe/Pt, depending on CoFe thickness. We ascribe the nonreciprocal relationship between Aa and & in CoFe/CuO,,
to the small orbital—spin current ratio generated by magnetic resonance in CoFe and the lack of an efficient spin sink in CuO,. Our
findings provide new perspectives on the efficient excitation of magnetization dynamics via the orbital torque.

KEYWORDS: spin—orbitronics, light metal oxides, orbital torque, magnetic damping

Magnetic damping determines the relaxation rate and
energy dissipation associated with magnetization
dynamics.' > The phenomenological Gilbert damping param-
eter @ can be separated in two parts, an intrinsic damping
arising mainly from the spin—orbit interaction in a
ferromagnet™ and an extrinsic damping arising mainly from
two-magnon scattering,6 spin pumping,7’8 and spin memory
°~'" These additional processes are
prominent in metallic thin films and multilayers, where they
contribute to the relaxation rates and enhance the damping of
the magnetic materials. Reducing the extrinsic damping in such
systems is of primary importance for spintronic applications
that rely on energy-efficient current-induced magnetic
oscillations,'? switching,ls_15 and long-distance magnon
propagation.lé

Spintronic devices consisting of a ferromagnetic layer (FM)
adjacent to a nonmagnetic layer (NM) offer multiple ways to
manipulate and detect magnetization via charge-spin inter-
conversion processes.lé"”'18 Owing to spin—orbit coupling
(SOC), the injection of an electric current in an FM/NM
bilayer results in the generation of a spin current transverse to
the charge flow, which is eventually absorbed by the

loss at interfaces.
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magnetization of the FM, generating a spin—orbit torque
(SOT)."™" The absorption of a spin current with a
polarization that is aligned with the magnetization offsets the
intrinsic dissipation of angular momentum, resulting in an
increase or decrease of the damping depending on the sign of
the spin current.””*" The reciprocal of this process is spin
pumping, which consists of exciting the magnetization
dynamics by a time-dependent magnetic field and the
consequent dissipation of angular momentum in the form of
a spin current flowing from the FM into the NM. This spin
current can ultimately be converted into a charge current by
SOC. 2223

The NM thus acts either as a spin source or spin sink owing
to the charge-spin interconversion processes promoted by
SOC, as exemplified by the direct and inverse spin Hall
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Figure 1. (a) Schematics of current-induced orbital torques and orbital pumping. Left: The nonequilibrium orbital angular moment generated by
an electric current in CuO, due to the orbital Rashba-Edelstein effect (L, circular arrows) diffuses into the CoFe layer, where it is converted into a
spin moment (S, dot in the circular arrows) due to the spin—orbit coupling of CoFe. Right: The precession of the magnetization in CoFe excites a
spin and an orbital current that diffuse into CuO,. The spin current is not absorbed by CuO,, leading to spin backflow. (b) Schematic of the Hall
bar and measurement configuration. (c) Effective damping-like spin—orbit field y1oHp;, in CoFe/Pt, CoFe/CuO, and CoFe/Cu/SiN as a function
of applied electric field and (d) damping-like spin—orbit field y,Hp, per electric field as a function of the thickness of CoFe.

effect.”* Heavy metals such as Pt and W are among the most
efficient sources but also sinks of spin currents due to the large
intrinsic SOC of the 5d bands crossing the Fermi energy.
Applications that rely on the excitation of magnetization
dynamics by SOT would therefore greatly benefit from the
development of alternative SOT sources that do not involve a
concomitant increase of damping through extrinsic mecha-
nisms.

Recently, the study of SOT has been extended to include
light metals and their oxides as sources of orbital angular
momentum.”>~* In such systems, the orbital Hall or the
orbital Rashba—Edelstein effect promotes the accumulation of
nonequilibrium orbital momenta at the NM interface, which
then propagate into the FM as a diffusive orbital current.*' ="
Although the generation of an orbital current does not require
SOC in the NM, the conversion to an orbital torque acting on
the magnetization relies on SOC in the FM to efficiently
couple the orbital current to the local spins of the FM.**™**
The inverse process of orbital pumping has also been
investigated, whereby the excitation of resonant magnetization
dynamics in a ferromagnet leads to the dissipation of an orbital
current and conversion into a charge current in a nearby
nonmagnetic layer."*™>° Light transition metals and their
oxides have been predicted to display orbital Hall con-
ductivities similar to or even larger compared to the spin Hall
conductivity of heavy metals,™**°%>” which significantly
expands the number of materials available for eflicient
charge-angular momentum interconversion processes. More-
over, the weak SOC of the light metals makes them poor spin
sinks, leading to spin backflow in the FM. The question
therefore arises on whether FM/NM bilayers including an NM
light-metal exhibit weaker damping compared to heavy metals
while still providing large SOT efficiencies.

In this work, we report on the orbital torque efficiency and
damping of 3d FM/NM bilayers and compare them with that
of FM/Pt and single FM layers, as exemplified in Figure 1(a).
We take a partially oxidized Cu layer, hereafter indicated as

CuO,, as an NM light-metal system in which the orbital
Rashba-Edelstein effect induces orbital accumulation at the
interface of an FM layer, leading to strong orbital torques
comparable to heavy metals.’’">>**%" As FM, we take
Co,sFeys, henceforth indicated as CoFe, owing to its reduced
damping compared to other metallic FM.°® We performed
harmonic Hall voltage measurements of the SOTs and
ferromagnetic resonance (FMR) measurements to obtain the
Gilbert damping of CoFe/CuO, and CoFe/Pt samples,
comparing the torque efficiency &b and a as a function of
the thickness of the CoFe layer. Our results indicate that light
metal systems can provide large orbital torques together with a
lower Gilbert damping compared to heavy metals.

The samples were grown on Si/SiO, substrates by dc
magnetron sputtering. We deposited first a buffer SiN(6) layer
(thickness in nanometers) to prevent interfacial oxidation
followed by CoFe(tc,g.)/X bilayer where X = CuO,(5), Pt(S),
Cu(5)/SiN(6), and SiN(6). Here CuO,(5) stands for a S nm
thick Cu layer naturally oxidized in air for 2 days before the
measurements. Consistently with previous work, CuO,(S) is
only partially oxidized from the top, enabling a substantial flow
of current in a region with a decreasing oxygen concentration
toward the FM layer, as required for the generation of an
orbital torque.’®™*° The magnetization of the different layers
was measured by a superconducting quantum interference
device. Atomic force microscopy evidenced a root-mean-
square roughness of the samples of less than 0.2 nm, indicating
excellent film homogeneity (See Supporting Information Note
S1). The electrical transport and SOT measurements were
carried out on Hall bar devices with a width of 10 gm
patterned by photolithography and lift-off, using an alternate
(ac) excitation current with a frequency of 10 Hz, see Figure
1(b). The first and second harmonic longitudinal and
transverse resistances were measured simultaneously to extract
the SOT.®"** Details of the torque measurements are given in
Supporting Information Note S2-S5. The FMR spectra were
recorded using a broadband field-modulated setup, with
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measurements performed directly on the full films flipped onto
a coplanar waveguide. The Gilbert damping parameter was
extracted from the standard line width analysis of the
resonance peaks against the field at different frequencies w/
27 = 10 to 17 GHz.*®All measurements were performed at
room temperature.

Figure 1(c) shows the effective magnetic field pyHp,
corresponding to the damping-like SOT as a function of
electric field E applied to the Hall bars of CoFe/Pt, CoFe/
CuO,, and CoFe/Cu. As expected, pHp; is very small in
CoFe/Cu due to the absence of significant charge-spin and
charge-orbital conversion in Cu, whereas it increases linearly
with E = IR/L in CoFe/Pt and CoFe/CuO,, where I is the
electric current, R the longitudinal resistance and L the length
of the Hall bar. In agreement with previous works, we assign
the damping-like SOT of CoFe/Pt to the dominant spin Hall
effect of Pt and that of CoFe/CuO, to the orbital Rashba-
Edelstein effect of the Cu/CuO, interface in the partially
oxidized CuO, layer.’**>°** By fitting the data with a linear
function we obtain the damping-like torque efficiency per unit
applied electric field

E %MstCoFauoHDL

L= 1)
where ¢ is the electric charge, /i the reduced Planck constant
and M; and fc, are the saturation magnetization and
thickness of the CoFe layer, respectively. Note that M, fc.g.
is the areal saturation magnetization, which is not affected by a
possible magnetic dead layer in CoFe (See Supporting
Information Note S3). The fits give &b = (1.03 + 0.05) X
10° Q7' m™! for CoFe(3)/Cu0,(5) and &5 = (2.6 + 0.1) X
10° Q7' m™" for CoFe(3)/Pt(S), in agreement with previous
works.”

Figure 1(d) shows poHpy as a function of ¢, for different
NM layers. In a typical spin torque system such as
CoFe(tcope)/Pt(S), uoHpy, decreases as tcir., as expected for
a spin current absorbed within a spin-dephasing length (4p,) of
the interface and the effective field is diluted in the thick FM
layers. In transition-metal FM, Ap & 1 nm and the spin torque
is normally regarded as an interfacial effect. In contrast, oHp
in CoFe(tcop.)/CuO,(S) increases up to 4 nm before
decreasing as ~tcop.. This behavior is in line with that
expected of an orbital torque, as the nonequilibrium orbital
momenta injected from CuO, into CoFe do not couple
directly to the magnetization and have to be converted to a
spin moment first in order to exert a torque.”* The orbital-to-
spin conversion process typically saturates over a thickness of a
few nanometers in an FM layer.””>%%

We now discuss the Gilbert damping in these bilayers.
Figures 2(ab) show the field derivatives of the real and
imaginary microwave transmission coefficient S,; of CoFe(3)/
CuO,(5) measured in the coplanar waveguide as a function of
the in-plane magnetic field at various excitation frequencies.
The FMR curves show a nonmonotonic change of amplitude
with frequency, caused by an imperfect impedance matching at
the sample location. This variation, however, does not impact
the subsequent determination of line widths and damping
parameters. The FMR field y,H, ., increases as a function of @
as shown in Figure 2(c). By fitting the data to the Kittel

equation wl = }’2 (/’tOHres - IMOHk) (ﬂOHres 'MOHk + /’lOMeff)) where

Y= 27r(%> X 28GHz/T is the gyromagnetic ratio, poH, is
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Figure 2. (2) dRe S,,/poH and (b) dIm S,,/u,H, corresponding to the
real and imaginary parts of the microwave transmission coefficient S,
of the waveguide, collected at various excitation frequencies for
CoFe(3)/Cu0,(5). (c) Frequency dependence of the resonance field
HoH,os. The solid lines are the fits according to the Kittel equation. (d)
Frequency dependence of the FMR line width z2,AH. The slope of the
linear fits gives the Gilbert damping a.

the anisotropy field, and pyM.; represents the effective
magnetization. We obtain the effective g-factor g4 = 2.0 +
0.2, effective magnetization M. = 1.50 = 0.01 T (M. =
(1.20 £+ 0.01) X 10°> kA/m) and anisotropy field yoHy = 2 + 3
mT. An analogous set of measurements for CoFe(3)/Cu(S)/
SiN(6) and CoFe(3)/Pt(S) yields g4 = 2.0 £ 0.3 for both
samples. A Lorentzian fit of the FMR spectra was used to
extract the full-width at half-maximum of the FMR peak,
HoAH. Figure 2(d) shows the frequency dependence of y,AH
of CoFe with different NM layers, which follows the linear
relationship
2aw

AH =y AH + —

PP TR TS @
where 1,AH, is the inhomogeneous line width broadening.63
Linear fits to the data as a function of w yield a.

Figure 3(a) reports the values of @ obtained in different
sample series as a function of fcop.. Our data show that the
CoFe/Pt bilayers present the largest damping of all samples
over the entire range of thickness of CoFe. We measure a =
0.034 + 0.00S in CoFe(3)/Pt(S), whereas @ = 0.016 + 0.002
in CoFe(3)/Cu(5)/SiN(6) and a = 0.013 + 0.001 in
CoFe(3)/CuO,(S). This difference originates from the
contribution of spin pumping to the damping in CoFe(3)/
Pt(S), in which Pt is a very efficient spin sink, and, to a much
smaller extent, to the damping of the proximity-induced
magnetization in Pt. The latter point is validated by measuring
a CoFe(3)/Cu(1)/Pt(5) layer in which the Cu spacer
minimizes the proximity effects between CoFe and Pt, for
which @ = 0.028 + 0.003 (not shown). The comparison
between the damping of CoFe(3)/CuO,(S) and CoFe(3)/
Pt(S) shows that an orbital torque system leads to a much
smaller enhancement of the damping a relative to a spin
torque system in Pt, comparable to that of CoFe(3)/Cu(5)/
SiN(6), i.e.,, a magnetic layer that is not coupled to an efficient
source of angular momentum.

Further insights can be obtained by analyzing the depend-
ence of @ on (M tc.p.)”", as shown in Figure 3(b). In the spin

https://doi.org/10.1021/acs.nanolett.4c02613
Nano Lett. 2024, 24, 10251-10257


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02613/suppl_file/nl4c02613_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02613?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02613?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02613?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02613?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c02613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

a
(@) 0.06+ B CoFe(tey,)/Pt(5)
@ CoFefty,r,)/CUO(5)
A CoFe(tyy,)/CU(5)/SIN(E)
+ * CoFelloursVISING)
0.04
3 %* i ___________ f' _____ i
0.02+ 2
$53 g 4
° 3 ¥
* * ¥
0.00 .
0 4 8 12
b tCoFe (nm)
(b) 0.05
0.04 - + }
3 0.03+ ﬂ%
0.02r @
g4 2
oorf o
0 100 200 3001 400 500
1/I\/’stCoFe (A- )

Figure 3. (a) Thickness dependence of the Gilbert damping of CoFe
with different NM layers. The dashed line is a fit by eq 3. (b) Same
data as a function of (M, tcp.)"". The dashed line is a linear fit.

Hall scenario, the total damping can be written as a = o, +
Aa,***% where aq is the damping without the spin sink. The
damping enhancement Aa is associated with the spin-pumping
contribution following the relation
Aa = o gN
47TMStC0Fe (3)

where g'! is the spin-mixing conductance. In this expression,
within the spin Hall scenario, we assumed that the thickness of
the nonmagnetic layer ty is larger than the spin diffusion length
Any thus neglecting spin backflow, and considering only the real
part of g'*. Generally, other contributions to the damping can
appear due, e.g., to scattering at interfacial defects and two-
magnon scattering, which is expected to vary as fcop > % In
the CoFe/Pt series, the damping decreases as fcope ',
consistently with the spin pumping contribution given by eq
3. A fit of a as a function of (M tc.p.) ™" gives gTl =32+4
nm ™2, comparable to values reported for Pt interfaces,’* and a,
=0.024 + 0.001, much larger than the values of a observed for
the samples that do not contain Pt. Most importantly, the
behavior of & in the CoFe/CuO,, series is remarkably different
from that of CoFe/Pt and typical spin pumping systems and
similar to that of CoFe/Cu, which has negligible torques.
Within the experimental scattering of the data, @ of CoFe/
CuO,, keeps a relatively constant value over the entire range of
tcoper Moreover, a is smaller than in CoFe/Pt, which we
attribute to the smaller interfacial losses of CoFe/CuO,
relative to CoFe/Pt.°° The single-layer CoFe series capped
by SiN has the lowest damping, likely due to the weak spin
memory loss at the CoFe/SiN interface and the absence of
other conducting layers. In this series, the lower damping
makes it possible to appreciate an increase of a at low
thickness compatible with two-magnon scattering.”®

Figure 4 compares the two quantities associated with the
injection (dissipation) of angular momentum in CoFe from
(to) either Pt or CuO,, namely the SOT efficiency £5; and the
increase of damping Aa. Figure 4(a) shows that &p is already
close to saturation for tc,p. = 1 nm in the CoFe/Pt series,
whereas £5; saturates at to.p, = 4 nm in the CoFe/CuO, series.
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Figure 4. (a) Damping-like spin—orbit efficiency &5 and (b) increase
of damping Aa in CoFe/Pt and CoFe/CuO, as a function of the
thickness of CoFe. The increase of damping A« is defined as o — «,
where @ is the damping without the spin sink. &, was determined
from the linear fit of @ vs (M, tcz.)”". (c) da = a(CoFe/Pt) —
a(CoFe/SiN) and Sa = a(CoFe/Cu0O,) — a(CoFe/SiN) in
CoFe(tcor.)/Pt(S) and CoFe(tcor.)/CuO,(S) as a function of
CoFe thickness. (d) ££,/6a as a function of CoFe thickness in
CoFe(tcope)/Pt(5) and CoFe(tcop.)/CuO,(S).

At this thickness, the orbital torque efficiency reaches & = 1.7
x 10° Q7' m™, which is 65% of & in CoFe/Pt. Figure 4(b)
shows the increase of damping vs tcp. calculated as Aa(fcop.)
= a(tcope) — o Here the difference between the two samples
series is striking, as Aa ranges from 0.02 to 0.005 in CoFe/Pt
and is %0 in CoFe/CuO,. Therefore, we conclude that the
increase of damping Aa due to angular momentum pumping is
much smaller in an orbital torque system like CoFe/CuO,
compared to a spin torque system like CoFe/Pt. This result
can be rationalized by considering that the precession of the
magnetization in the ferromagnetic layer excites both a spin
current and an orbital current.”” ™" The partially oxidized Cu
layer does not provide an efficient sink of the spin current. On
the contrary, a significant spin backflow is present, which
minimizes the increase of damping, as sketched in Figure 1(a).
The orbital current generated by CoFe, on the other hand, is at
least one order of magnitude smaller than the spin current,
consistently with the ratio of orbital and spin magnetization in
a transition-metal FM.*” As a consequence, orbital pumping
can be expected to provide a much smaller source of damping
compared to spin pumping. Assuming that the dissipated
angular momentum by orbital pumping in CoFe/CuO,, is less
than 10% of the spin pumping in CoFe/Pt,*’ we expect Aa ~
0.001 in CoFe/Cu0,, which is in line with our results and
smaller than the measurement error in our experiments.

In pure spin current systems, the relationship between SOT
and the damping contribution due to spin pumping has been
investigated both theoretically®*~"" and ex;gerimentally.10’71’72
In the standard drift-diffusion approach®®”* and neglecting
spin backflow, the damping-like SOT efliciency per unit of

electric field is given approximately by & = 2%g”/leNGS,74
where Ay, py, and o are the spin diffusion length, resistivity,
and spin Hall conductivity of the NM layer, respectively. By
further considering eq 3, the ratio &5, /Aa turns out to be

proportional to Ay py 05 M, tcepe (See Supporting Information
Note S6). For a fixed thickness of the NM layer, we expect
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EE/Aa ~ M, tc ., which is indeed verified for CoFe/Pt (see
Supporting Information Note S6). Whether such a relationship
has an equivalent orbital counterpart remains to be ascertained,
together with the role played by the orbital mixing
conductivity. Our data show that Aa = 0 independently of
thickness and for relatively high values of &fy;. For this reason,
determining the ratio &5 /Aa in CoFe/CuO, is challenging.
As Aa is close to 0, the ratio £5; /A« is not well-defined. An
alternative method is to compute Sa = a(CoFe/X) —
a(CoFe/SiN) and compare the ratio & /Sa for X = Pt and
X = CuO,. As we show in Figure 4(c) and (d), &b /da is
indeed larger in the CoFe/CuO,, series compared to CoFe/Pt.
Therefore, we conclude that it is possible to induce strong
torques without a concomitant increase in damping.

Before concluding, we note that further insights into charge-
orbital interconversion processes are desirable. Open questions
concern the transmission of orbital currents at interfaces, as
exemplified by an orbital mixing conductance parameter
analogous to g'!, the interfacial loss of orbital angular
momentum, and the local vs global Onsager reciprocity of
the charge-orbital interconversion.”*”®

In summary, we reported on the combination of efficient
orbital torque and low increase in the Gilbert damping in
CoFe/CuO, bilayers. While the orbital Rashba-Edelstein effect
in CuO, provides an efficient source of orbital angular
momentum that is converted into torque in CoFe, the
reciprocal process of damping of the FMR-induced orbital
and spin currents flowing from CoFe into CuO,, appears to be
less efficient. We attribute the results to the small orbital-to-
spin magnetization ratio of the transition-metal FM, which
results in the generation of proportionally smaller orbital
currents flowing out of CoFe compared to spin currents. The
analysis of the angular momentum pumping contribution
shows that Aa =~ 0 for CoFe/Cu and CoFe/CuO,. The
absolute increase of damping relative to a single CoFe layer is
also significantly smaller in CoFe/CuO,, (S = 0.003 to 0.008)
than in CoFe/Pt (6a = 0.028 to 0.017), particularly for tc.g, <
5 nm. The ratio & /Sa is thus higher in CoFe/CuO, relative
to CoFe/Pt, in which Pt is both an efficient source and sink of
spin currents. Our results provide insight into the relationship
between orbital currents and damping in FM/NM hetero-
structures and are promising for the implementation of orbital
torque oscillators with reduced damping compared to spin
torque oscillators.
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