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Efficient electrical generation of torque is desired to develop innovative magnetic nanodevices. The torque can
be generated by charge to spin conversion of heavy-metal layers through their strong spin-orbit interaction fol-
lowed by the injection of the converted spin into adjacent ferromagnetic layers. However heavy atomic elements
indispensable for this torque generation scheme are often incompatible with device mass production processes.
Here we demonstrate efficient torque generation without heavy elements in ferromagnetic metal/Cu/Al2O3

trilayers. Despite the absence of heavy elements, their effective spin Hall conductivity can be one order of
magnitude larger than those of heavy-metal based multilayers. Properties of the measured torque deviate from
those of the spin-injection induced torque and are consistent instead with a recently proposed torque mechanism
based on orbital angular momentum injection. Our results demonstrate a direction for magnetic nanodevices
based on the orbital angular momentum injection.
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Electrically generated torque allows for electrical control
of magnetism, which provides a promising route to realiz-
ing magnetic nanodevices. So far, the torque generation has
been achieved by injecting spins into ferromagnetic layers
[Fig. 1(a)]. In the mechanism of such spin-injection induced
torque, heavy elements with strong spin-orbit interaction
(SOI) are indispensable since spins have to be prepared be-
forehand via the charge to spin conversion such as the spin
Hall effect (SHE) or the Edelstein effect (EE) [1–4]. How-
ever, the use of heavy elements is problematic for device
applications since they are often highly resistive [5–8] and/or
incompatible with mass production processes. This motivates
a search for alternative methods to generate torque without
heavy elements. Recently, it has been theoretically proposed
that not only spin injection but also the injection of the orbital
angular momentum (OAM) into ferromagnets (FMs) can gen-
erate torque [Fig. 1(b)], which is called orbital torque (OT)
[9]. Unlike spin, the OAM can be electrically generated even
without the SOI at all by light atomic elements [10,11]. The
OAM injected into a FM can be converted to spin through
the SOI of the FM and this spin generates the OT [9]. Even
for 3d FM with weak SOI, it was estimated [9] and later
confirmed by first-principles calculation [25] that the resulting
OT can be comparable to or even larger than the conventional
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spin-injection induced torque since the electrically generated
OAM current [Fig. 1(c)] by the orbital Hall effect [12] or the
orbital EE [13] can be much larger than the corresponding spin
current by heavy elements [11,12]. Therefore the OT opens
a direction for highly efficient magnetic nanodevices. Here
we report experimental evidence for highly efficient torque
generation without heavy elements in FM/Cu/Al2O3 trilay-
ers, of which properties are at odds with the spin-injection
induced torque but instead agree with the OT. This result not
only provides a way to circumvent heavy elements and widen
material choices for device applications but also uncovers a
physics of the OAM transport.

To measure the torque in the trilayers, we perform the
spin-torque ferromagnetic resonance (ST-FMR) measurement
[Fig. 2(a)]. Each resonance peak in an ST-FMR spectrum
can be decomposed into a symmetric component S and an
antisymmetric component A [Fig. 2(b)]. Whereas A arises
jointly by the fieldlike component of the torque and the
current-induced Oersted field Hrf , S arises solely from the
dampinglike component of the torque. Thus, when the field-
like torque is negligible, which is the case for our experiment
[14], the dampinglike torque generation efficiency θ is given
by [15]

θ = S

A

4πMsetFMdCu

h̄

[
1 + 4πMeff

Hext

]1/2

, (1)

where 4πMs and 4πMeff are the saturation magnetiza-
tion and effective saturation magnetization of the FM,
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FIG. 1. (a) The spin S (blue arrow) injection and (b) the
OAM L (red arrow) injection from the NM to the FM for the
spin-injection induced torque and the OT generation, respectively.
(c) Through the orbital Hall effect or the orbital Rashba ef-
fect, an electron wave function may form superpositions such as
|Ly = +h̄〉 = (|pz〉 + i|px〉)/

√
2, which carry nonzero OAM. The

OAM current arises when electrons in such superposed states move
to neighboring atoms.

respectively. e is the unit charge, � is the reduced Planck
constant, tFM is the thickness of the FM layer, dCu is the
thickness of the Cu layer, and Hext is the external field. We
emphasize that θ in Eq. (1) includes contributions from both
the spin injection and the OAM injection. For a Co25Fe75

(CoFe, 5 nm)/Cu(10 nm)/Al2O3 (20 nm) trilayer that does
not contain any heavy element, we obtain θ ≈ 0.12, which is
surprisingly high and comparable to those that utilize strong
SHE of heavy elements [2,16]. We note that an additional
voltage influenced by the spin pumping for the ST-FMR
spectrum [17] is negligible in our trilayer since the damping
enhancement by the spin pumping is vanishingly small, which
is understandable since pumped spins cannot be absorbed in
somewhere and thus are reflected entirely back to FM [14].
Still another source of the voltage is thermal effects through,
for instance, the resonant heating [18]. However we estimate
the thermal effects to be small since Cu is highly conductive
and acts as a heat sink for CoFe [14]. On the other hand,
the Edelstein magnetoresistance in a dc regime and the obser-
vation of the current-induced magnetization switching imply
that θ is indeed large in our trilayer [14].

In addition to the unexpectedly large θ , the trilayer system
exhibits interesting variation of θ when the FM in the trilayer
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FIG. 2. (a) Experimental setup for the ST-FMR measurement.
(b) Typical ST-FMR spectrum under 11 GHz-20-dBm rf source
current from a device with dCu = 9.8 nm of CoFe/Cu/Al2O3. Red
dot is the experimental data. Red, blue, and green lines are the fitting
curve of the data, and its symmetric and antisymmetric components,
respectively.

0 3 6 9 12 15
0.0

0.1

0.2

θ

4πMs (kOe)

Ni Py

CoFe

Fe

7.0 7.5 8.0 8.5 9.0
0.0

0.1

0.2

0.3

0 40012.6

13.3

400 °C
300 °C

200 °C

As dep.

CoFe/Cu/Al O

θ

ρ (μΩcm)

4π
M

s

(k
O

e)

TA (°C)

CoFe

Cu

10 nm

Al2O3

CoFe

Cu

3 nm

Al2O3

Ni

Cu

5 nm

Al2O3

10 nm

CoFe

Cu

CoFe

Cu

3 nmNi

Cu

5 nm

(a)

(d)

(b)

FIG. 3. (a) FM layer dependence of θ as a function of 4πMs.
(b) Annealing temperature dependence of θ from the
CoFe/Cu/Al2O3 structure as a function of resistivity ρ. Inset: 4πMs

for the whole sample as a function of the annealing temperature.
Cross-sectional (c) bright-field STEM and (d) HAADF-STEM
images for Ni/Cu/Al2O3 (left) as-deposited CoFe/Cu/Al2O3

(middle), and 300 °C annealed CoFe/Cu/Al2O3 (right).

is replaced by other 3d FMs such as Fe, Ni80Fe20 (Py), or
Ni. In the modified trilayers, the thickness of the FM layer is
chosen to 5 nm for Fe and Py, but to a larger value 12 nm for
Ni since it has smaller 4πMs and 4pMeff than the other FMs.
The ST-FMR measurement for the modified trilayers indicates
that θ varies about two orders of magnitude depending on the
FM material choice: θ ≈ 0.12 for CoFe, ∼0.13 for Fe, ∼0.005
for Py, and ∼0.002 for Ni [Fig. 3(a)]. Such a wide variation of
θ is unusual in spin-injection systems where θ is determined
mainly by the spin source material choice (heavy metals) and
affected much weakly by the FM material choice (within a
factor of 4) [19]. Spin-injection systems can exhibit such a
wide variation of θ if the spin-mixing conductance or the spin
memory loss varies much with FM. To test this possibility,
we prepare a set of reference trilayers FM/Cu/Bi2O3, where
the spin-injection induced torque arises due to the EE at the
Cu/Bi2O3 interface that contains the heavy element Bi. It
turns out that the values of θ for the reference trilayers are
roughly the same (0.02 � θ � 0.04) regardless of the FM
material choice (FM = CoFe, Fe, Py, and Ni), implying that
the spin-mixing conductance or the spin memory loss does
not vary much with the FM material choice [14]. Thus, the
surprisingly large variation of θ with the FM material choice
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only for the original trilayers is hard to explain within the
spin-injection picture and we conclude that the mechanisms
of the torque are different in the two types of trilayers. As a
passing remark, we mention that the spin pumping is strong
for the reference trilayers [14], implying that pumped spins
can be absorbed near the Cu/Bi2O3 interface [20–23]. Thus,
the values of θ for the reference trilayers given above are
obtained after the measured ST-FMR spectra are corrected to
take into account the spin-pumping effect [17]. This is another
contrast with the original trilayers, where the spin pumping is
negligible.

To explain the results for the original trilayers, one needs
a mechanism that can generate a large torque without strong
SOI. A recent theory reported that sizable spin currents can
be generated internally within 3d FMs [24]. However the
predicted spin Hall conductivities and anomalous spin Hall
conductivities for Ni are of the same order as the corre-
sponding values for Fe and thus cannot explain two orders of
magnitude different θ values for Ni and Fe in our experiment.

The OAM injection from a normal metal with negligible
SOI into a 3d FM can also generate large torques [9,25]. The
strength of this OT mechanism depends on the FM material
choice in two ways. One is the SOI strength of a FM but this
factor cannot explain two orders of magnitude difference in
the observed θ values since the SOI strength of various 3d
FMs are not that much different from each other. The other
is the quality of the interface through which the OAM is
injected (FM/Cu interface in our trilayers). It was argued [9]
that the OAM transport is more vulnerable to the interfacial
disorder than the spin transport is and thus the efficiency of
the OT mechanism is more sensitive to the interface quality
than the efficiency of spin injection mechanisms is. In this
respect, it is interesting that Ni and Cu are notorious for their
intermixing at the Ni/Cu interface whereas the Co (or Fe) and
Cu are known to get segregated spontaneously and form a
well-ordered Co (or Fe)/Cu interface [26]. Thus, the interface
sensitivity of the OT mechanism provides a possible way to
explain the large difference between the large θ group (CoFe
and Fe) and the small θ group (Ni and Py).

To examine this possibility, we probe the interface qual-
ity by the cross-sectional bright-field scanning transmission
electron microscope (bright field-STEM) [Fig. 3(c)] and high-
angle annular dark-field STEM (HAADF-STEM) [Fig. 3(d)].
The resulting images clearly indicate significant intermixing
at the Ni/Cu interface [left panels in Figs. 3(c) and 3(d)]
and much better ordered CoFe/Cu interface [middle panels in
Figs. 3(c) and 3(d)]. Thus, the θ variation is indeed correlated
with the degree of the interface quality at the FM/Cu interface.
To examine the correlation further, we fix the FM to CoFe and
anneal CoFe (5 nm)/Cu (12 nm)/Al2O3 (20 nm) trilayers at
different temperatures [Fig. 3(c)]. Since both Co and Fe tend
to get segregated from Cu, the CoFe/Cu interface quality is
expected to improve upon annealing. The bright-field-STEM
and HAADF-STEM images of the as-deposited trilayer [mid-
dle panels in Figs. 3(c) and 3(d)] and the trilayer annealed
at 300 °C [right panels in Figs. 3(c) and 3(d)] show that the
interface quality is indeed enhanced upon annealing, which
is consistent with the previous report [27]. In concurrence
with this change, θ grows from ∼0.12 to ∼0.24 [Fig. 3(b)],
verifying the correlation between θ and the interface quality

0 10 20
-0.05

0.00

0.05

0.10

0.15

CoFe/Cu/Bi2O3

CoFe/Cu/Al2O3

θ

Cu thickness (nm)

orbital EE 
by the ISB 

No ISB 
(orbital  

quenching) 
OAM 
spin 

(a) (b)

(c) (d)

(e) (f )

FIG. 4. (a) Cu thickness (dCu) dependence of θ for the
CoFe/Cu/Al2O3 (red square) and the CoFe/Cu/Bi2O3 (blue circle).
(b) Generation of the OAM by the orbital EE. Schematic illustrations
of the orbital transport in FM/Cu/Al2O3 trilayer for (c) thin and (d)
thick Cu samples. OAM textures for Cu films (e) without and (f) with
the inversion symmetry breaking, respectively.

further. It is worth mentioning that the annealing lowers the
resistance of the trilayer [Fig. 3(b)], which is understandable
since the interfacial scattering at disordered interfaces is an
important source of the resistance in thin films. We emphasize
that this correlation between θ and the interface quality cannot
be explained by the spin-injection induced torque since the
spin-mixing conductance is affected very weakly (<5%) by
the intermixing at the 3d FM/Cu interface [28] and the spin
memory loss stays weak in systems without heavy elements.
Moreover our experimental result is in stark contrast with the
enhancement of θ by the intermixing for a Co/Pt bilayer [29],
for which the conventional spin-injection induced torque is the
dominant source of the torque.

Next we discuss roles of Cu/Al2O3 within the
FM/Cu/Al2O3 trilayers with regard to the OT mechanism.
One obvious role is to generate the OAM flow [Figs. 4(c)
and 4(d)]. The clear difference from the reference trilayers
FM/Cu/Bi2O3 indicates that the OAM flow is generated
at the Cu/Al2O3 interface or in the upper part of the Cu
layer close to the interface, which may be affected by the
Al2O3 layer through some kind of “proximity” effect. In
principle, the OAM flow can be generated also within the Cu
layer itself (without the help of the proximity effect) through
the orbital Hall effect. However the calculated orbital Hall
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conductivity of pristine Cu [12] is insufficient to explain
the large value of θ for the FM/Cu/Al2O3 trilayers. The
difference between the original and the reference trilayers
also supports a negligible role of the Cu layer. We thus
attribute the OAM flow generation to the orbital EE [13],
which is the OAM counterpart of the spin EE. Since the orbital
EE does not require the SOI and arises from the combination
of the inversion symmetry breaking and an electric current
flow, the Cu/Al2O3 interface is a natural location where the
orbital EE occurs. When the interface lies in the xy plane
and an electrical current is applied along the x direction, the
orbital EE generates the y-polarized OAM density [Fig. 4(b)],
which can diffuse and be injected to the FM to generate the
dampinglike torque measured by the ST-FMR.

In this theoretical picture, the Cu layer in the original
trilayers acts mainly as the OAM transport channel from the
OAM source (the Cu/Al2O3 interface or the proximity region)
to the OAM target (FM). We examine experimentally the
OAM transport in the Cu layer through the Cu layer thickness
(dCu) dependence of θ . The basic idea is that the OT will be
suppressed if the Cu layer is sufficiently thicker than the OAM
relaxation length in Cu. Although the OAM relaxation length
has not been evaluated before to the best of our knowledge,
it is reasonable to expect that the OAM relaxation length
in Cu is much shorter than the spin relaxation length in Cu
(∼0.5 μm at room temperature [30]) since the crystal field in
Cu tends to suppress the OAM (OAM quenching). As shown
in Fig. 4(a), θ for the CoFe/Cu/Al2O3 trilayer decreases by a
factor of 6 from 0.012 to 0.02 as the Cu layer thickness dCu

grows from 10 to 22 nm. It exceeds an expectation based on
the trend of the spin-injection induced torque as supported by
θ for the reference trilayer CoFe/Cu/Bi2O3 [Fig. 4(a)]. We
thus conclude that for the CoFe/Cu/Al2O3 trilayer, the dCu

dependence of θ is inconsistent with the spin injection but in
agreement with the OAM injection. The current shunting can
result in partial decrease in θ but this effect is weak to explain
the factor of 6 decrease.

Recently, efficient torque generation was observed in a
FM/(surface-oxidized Cu) bilayer structure [31–33]. It was
theoretically suggested [33] that the oxidation level gradient
along the Cu thickness direction can generate a vortex pattern
in the in-plane electric current-density distribution in the Cu
layer and the vortex generates a spin current through the
vortex-spin coupling. It is in principle possible that the Cu
layer in our FM/Cu/Al2O3 trilayers is also surface oxidized
through the diffusion of oxygen atoms from the Cu/Al2O3

interface as shown in the x-ray photoemission spectroscopy
(XPS) observation [14]. However, we estimate that the level
of the surface oxidization in the Cu layer is weaker in our
trilayers compared to the previous experiments [31–33] as
supported by lower Cu resistivity (for 10 nm of layer thick-
ness, ∼9.4 μ� cm in our Cu layer, but ∼14 μ� cm in
oxidized Cu layer in Ref. [33]). Moreover, the spin-injected
mechanism cannot explain the drastic FM dependence of
θ for the FM/Cu/Al2O3 trilayers. We also note that θ is
much smaller for our Py/Cu/Al2O3 trilayer (0.005) than the
Py/surface-oxidized Cu bilayer (0.08 [31] and 0.03 [33]).
Thus we conclude that the spin current generation mechanism
in Ref. [33] is not important in our trilayers. On the other
hand, we cannot rule out the possibility that the oxidation level

gradient in the Cu layer generates the OAM current. When the
inversion symmetry is broken (by the oxidation level gradient
in the upper part of the Cu layer), the orbital quenching is
lifted and energy eigenstates acquire nonzero OAM whose
direction depends on the crystal momentum [10,34,35]. This
orbital Rashba effect [Figs. 4(e) and 4(f)] provides a natural
platform for the orbital EE [13] in the upper part of the Cu
layer [Fig. 4(d)] and also provides a possible explanation for
the increase of θ as dCu increases from 5 to 10 nm [Fig. 4(a)].
Figures 4(c) and 4(d) summarize the revised theoretical pic-
ture for the OT mechanism in the FM/Cu/Al2O3 trilayers.
Both the Cu/Al2O3 interface and the “proximity” region of
the Cu layer (oxidation level gradient) act as the OAM source
whereas the pristine Cu layer (lower part of the Cu layer) acts
as the OAM transport channel.

A few remarks are in order. The orbital Rashba effect and
the orbital EE are possible also near the FM/Cu interface
[35], where the inversion symmetry is broken. However, the
clear difference between the FM/Cu/Al2O3 trilayers and the
FM/Cu/Bi2O3 trilayers despite the common presence of the
FM/Cu interface in both types of the trilayers indicates that
the inversion symmetry breaking near the FM/Cu interface is
not important. The orbital Rashba effect and the orbital EE are
possible also near the Cu/Bi2O3 interface. But we do not find
any evidence for those effects in the FM/Cu/Bi2O3 trilayers.
One possible reason is that the inversion symmetry breaking
is weak at the Cu/Bi2O3 interface since the work function dif-
ference at the Cu/Bi2O3 interface is only 0.05 eV [22], which
is smaller than the work function difference of 0.24 eV at
the Cu/Al2O3 interface. The oxidation level gradient near the
Cu/Bi2O3 interface is also found to be weaker than that near
the Cu/Al2O3 interface according to the XPS measurement
[14]. We find weak correlation between θ and the saturation
magnetization MS . As shown in Fig. 3(a), 4πMS for the FM
layer in the FM/Cu/Al2O3 trilayers is larger for FM = CoFe
and Fe with larger θ and smaller for FM = Ni and Py with
much smaller θ . The annealing temperature dependence of
θ for the CoFe/Cu/Al2O3 trilayer also shows the positive
correlation between θ and 4πMS . [Fig. 3(b) inset].

Finally, we remark on the technological aspects of the
OT device application. Observation of gigantic efficiency
θ ≈ 0.24 [Fig. 3(c)] in CoFe/Cu/Al2O3 is close to the
value for device structures that utilize the strong SHE of
β-phase W, which has the largest spin Hall angle among
single-elemental metallic materials [5,7]. Particularly, the “ef-
fective” spin Hall conductivity σs, which is defined by σs =
(h̄/2e)σθ , where σ is the charge conductivity, is at least 3.4 ×
104 (h̄/2e) �−1 cm−1 for 400 °C annealed CoFe/Cu/Al2O3

trilayer. It is more than 10 times larger than those of heavy
elements such as fcc Pt [36] and β-phase W [37], and about
100 times larger than that of topological insulators [38]. Note
that the σs value is obtained assuming perfect interface trans-
parency, thus its actual value can be even larger. Thanks to low
resistivity (5 ∼ 10 μ� cm) of Cu, it offers energy-efficient de-
vice operation, which guarantees endurance against repetitive
cycles by lowering the Joule heating [39].

In summary, we find a large torque in CoFe/Cu/Al2O3

trilayers which do not contain any heavy element. The
CoFe/Cu/Al2O3 trilayers show extremely large spin Hall con-
ductivity. Also we find the anomalous torque dependences

L020407-4



NONTRIVIAL TORQUE GENERATION BY ORBITAL … PHYSICAL REVIEW B 103, L020407 (2021)

on the ferromagnetic material selection and the annealing
temperature, which are in clear contrast to the torque that
arises from the spin injection. All these behaviors are well
understood if we consider the unique property of the OAM
transport and the OT mechanism. Our result reveals a highly
efficient and energy-friendly orbitronic platform for torque
device applications.
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