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Observation of long-range orbital transport and
giant orbital torque
3,4

Hiroki Hayashi1, Daegeun Jo?, Dongwook Go34, Tenghua Gao'®, Satoshi Haku', Yuriy Mokrousov ,
Hyun-Woo Lee® 2 & Kazuya Ando@® 6™

Modern spintronics relies on the generation of spin currents through spin-orbit coupling. The
spin-current generation has been believed to be triggered by current-induced orbital
dynamics, which governs the angular momentum transfer from the lattice to the electrons in
solids. The fundamental role of the orbital response in the angular momentum dynamics
suggests the importance of the orbital counterpart of spin currents: orbital currents. However,
evidence for its existence has been elusive. Here, we demonstrate the generation of giant
orbital currents and uncover fundamental features of the orbital response. We experimentally
and theoretically show that orbital currents propagate over longer distances than spin cur-
rents by more than an order of magnitude in a ferromagnet and nonmagnets. Furthermore,
we find that the orbital current enables electric manipulation of magnetization with effi-
ciencies significantly higher than the spin counterpart. These findings open the door to
orbitronics that exploits orbital transport and spin-orbital coupled dynamics in solid-state

devices.
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ince the discovery of the giant magnetoresistance, the

concept of spin currents has played a key role in the

development of condensed matter physics and spintronics
applications! =3, Of particular recent interest is the spin Hall effect
(SHE), which generates spin currents from charge currents
through spin-orbit coupling (see Fig. 1a)*°. The spin current can
interact with local spins, triggering magnetic dynamics in mag-
netic heterostructures®. The current-induced magnetic dynamics
lies at the foundation of a variety of spintronics phenomena,
providing a way to realize a plethora of spin-based devices, such
as nonvolatile memories, nanoscale microwave sources, and
neuromorphic computing devices’.

Although spin transport has been central to spintronics, both
spin and orbital angular momentum can be carried by electrons
in solids®-!!. An important theoretical prediction is that the SHE
is a secondary effect arising from the orbital Hall effect (OHE) in
combination with the spin-orbit coupling!®. The OHE is a phe-
nomenon that generates an orbital current flowing perpendicular
to an applied electric field (see Fig. 1b)8-20, which stems from
nonequilibrium interband superpositions of Bloch states with
different orbital characters induced by the electric field!l. This
process triggers the transfer of the angular momentum from the
lattice to the orbital part of the electron system, and the orbital
angular momentum can be further transferred to the spin part of
the electrons by the spin-orbit coupling?!. This mechanism
illustrates the primary role of the orbital response in the angular
momentum dynamics in solids, suggesting that the orbital
transport is more fundamental than the spin transport. Despite
the significance of the orbital response, however, experimental
detection of orbital currents remains a major challenge.

The behavior of orbital currents is predicted to be funda-
mentally different from that of spin currents in ferromagnets
(FMs), providing a way to probe the orbital transport?223, When
a spin current is injected into a FM, its transverse component to
the magnetization precesses rapidly in the real space because of

4 4 b > %

Fig. 1 Spin and orbital transport in ferromagnets. a Schematic illustration
of the spin Hall effect and spin transport in a ferromagnetic/nonmagnetic
bilayer. The black arrow represents the local spins in the ferromagnetic
layer. The blue and red arrows denote the up and down spins, respectively.
The injected spin, the blue arrow, precesses around the local spin due to the
spin exchange coupling in the ferromagnetic layer. b Schematic illustration
of the orbital Hall effect and orbital transport in a ferromagnetic/
nonmagnetic bilayer. The blue and red arrows, associated with the motion
of the electrons, denote the orbital angular momentum. The orbital Hall
effect generates the orbital current carrying the y component of the orbital
angular momentum L,. The orbital angular momentum, the blue arrow,
injected into the ferromagnetic layer induces z component of the orbital
angular momentum, L,, through a combined action of the spin-orbit
coupling and spin exchange coupling. The induced L, flows without
oscillation through the hot-spots in the momentum space in the
ferromagnetic layer.

the spin splitting, which induces the difference in the wavevectors
of the majority and minority spins at the Fermi surface (see
Fig. 1a)?%. The precession wavelength is different depending on
the incident angles of the electrons, resulting in the short spin
decay length, less than 1 nm. In contrast, a recent theory predicts
that an orbital current does not precess rapidly and decays over
much longer distances than a spin current in FMs does (see
Fig. 1b, the physical picture is explained in Supplementary
Note 1)23. This difference has been attributed to the unique
feature of the orbital current that its constituent orbital states in
FMs can remain nearly degenerate in limited regions of the
momentum space, which form hot-spots for the orbital
response??. In the FMs, the angular momentum of the injected
spin and orbital currents is transferred to the local spins, giving
rise to torques on the magnetization: spin and orbital torques?2.
Although recent experimental studies have suggested the presence
of the orbital torque?>-34, the fundamental properties of the
orbital torque and orbital transport are still elusive. In fact, in the
previous works, the observed torque efficiency is much lower than
the spin counterpart despite the fundamental role of the orbital
response in the angular momentum transport. Furthermore,
experimental evidence for the long-range orbital transport in FMs
is lacking.

In this work, we report the observation of the long-distance
orbital transport and giant orbital torques, revealing the funda-
mental properties of orbital currents. We show that sizable
current-induced torques are generated in Ni/Ti bilayers despite
the weak spin-orbit coupling of Ti. We find that the torque
efficiency increases with increasing the Ni-layer thickness and
disappears by replacing the Ni layer with Nig;Fe;o. The uncon-
ventional torque, which cannot be attributed to the SHE, is also
observed in Ni/W and Nig;Fe;o/W bilayers. We show that these
observations are consistent with semirealistic tight-binding cal-
culations, demonstrating that the observed torques originate from
the OHE. The experimental and theoretical results evidence that
orbital currents propagate over longer distances than spin cur-
rents by more than an order of magnitude both in the FM and
nonmagnets (NMs). Furthermore, we demonstrate that the
orbital torque efficiency exceeds the spin torque efficiency of
exotic materials, such as topological insulators, as well as Pt,
which exhibits the strongest SHE among single element crystals,
by an order of magnitude. We also find that the power con-
sumption of the orbital devices can be lower than that of the
representative spin-orbitronic devices. These findings provide
unprecedented opportunities for advancing the understanding of
the angular momentum dynamics in solids.

Results

Evidence and characteristics of orbital transport. First, we
provide evidence for the existence of orbital currents and orbital
torques originating from the OHE in FM/NM structures. To cap-
ture the orbital transport, we chose a light metal, Ti, as a source of
orbital currents. In Ti, the spin transport plays a minor role because
of the weak spin-orbit coupling. In fact, the spin Hall conductivity
in Ti is vanishingly small®>, odi; = —1.2 (A/e)Q~lcm™!, which is
more than three orders of magnitude smaller than the prediction of
the intrinsic orbital Hall conductivity ol |0l /omh| > 1.
Another important feature is that the sign of the spin Hall con-
ductivity is opposite to that of the orbital Hall conductivity32:
oy >0 and 6;<0. These distinct differences between the SHE and
OHE make it possible to distinguish between the spin and orbital
Hall currents from the magnitude and sign of the current-induced
torques. We also note that a recent study reports the detection of
current-induced orbital accumulation in Ti by an optical
technique2. These facts make this light metal a promising platform
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for revealing the fundamental properties of the orbital transport
and orbital torques.

To investigate the orbital transport, we measure current-
induced torques for Ni/Ti and Nig Fe;o/Ti films using spin-
torque ferromagnetic resonance (ST-FMR). In these heterostruc-
tures, as shown in Fig. 1b, the OHE in the Ti layer generates an
orbital Hall current, ~ k.L,, carrying the y component of the
orbital angular momentum, L,, by an electric field applied along
the x direction, where k, is the z component of the wavevector.
When the orbital current is injected into the FM layer, the orbital
angular momentum interacts with the local spins along the x
direction by a combined action of the spin-orbit coupling and
spin exchange coupling between the conduction-electron spins
and local spins, inducing the z component of the orbital angular
momentum, L, The induced L, propagates in the FM layer
without oscillation through the degenerate orbital hot spots in the
momentum space. The propagating L, interacts with the local
spins at each site by a combined action of the spin-orbit coupling
and spin exchange coupling, exerting a damping-like (DL) orbital
torque on the magnetization in the FM layer (for details, see
Supplementary Note 1)?3. This process indicates that the
generation of the orbital torque relies on the spin-orbit coupling
in the FM layer, as well as the OHE in the NM layer. Thus, in the
presence of both SHE and OHE, the DL-torque efficiency per unit
electric field can be expressed as & = Tt oNM 4 4, T8 GNM,
where GIS\]I}I\:IOH) is the spin(orbital) Hall conductivity in the NM

layer and Tis‘}_t[(OH) is the spin(orbital) transparency at the FM/NM
interface. Here, 7\ represents the effective coupling between the

Since #gyp originates from the orbital-to-spin conversion due to
the spin-orbit correlation near the Fermi energy in the FM
layer?2, the orbital torque is sensitive to the electronic structure of
the FM layer?!. Among the conventional 3d FMs, Ni is predicted
to show the strongest orbital-to-spin conversion3!. In the
following, we assume that #p); in Nig;Fe;9 is much weaker than
that in Ni: |1;/ N, Fe,,| > 1. This assumption is supported by

the fact that the physical origin of the strong orbital-to-spin
conversion in Ni is in the optimal electronic occupation of d
orbital shells such that the Fermi energy is located in the energy
gap induced by the spin-orbit coupling?!. This is manifested by
the strong SHE in Ni, which results from the orbital-to-spin
conversion as a result of the combined effect of the OHE and the
spin-orbit coupling in the same material!2. The previous work has
shown that the spin Hall conductivity in Ni exhibits a sharp spike
at the Fermi energy, and the value drops significantly even if the
Fermi energy is slightly varied!2. This implies that in a situation
like Nig; Fe,o, the efficiency of the orbital-to-spin conversion can
be strongly affected by the change of the electronic occupation by
Fe doping. Under the assumption of | /7y e, | > 1 with the

theoretical prediction of |agy;/agy| 3> 1, the orbital transport and
orbital torque are expected to be pronounced in the Ni/Ti bilayer.
Figure 2 a shows ST-FMR spectra for the Nig;Fe;o/Ti and Ni/Ti
bilayers, measured by applying a radio-frequency (RF) current with
a frequency of f and an external magnetic field H (see Methods).
The measured spectra are consistent with the prediction of the
direct-current (DC) voltage due to the ST-FMR:36:37
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Fig. 2 Current-induced torque generated by Ti. a Magnetic field H dependence of the DC voltage Vpc for the NigiFei9(5 nm)/Ti(5.4 nm) (upper) and Ni(8
nm)/Ti(5.4 nm) (lower) films with an applied RF power of 100 mW at different frequencies f. The solid circles are the experimental data and the solid
curves are the fitting result. b Ti-layer-thickness tt; dependence of the DL-torque efficiency per unit electric field 5& for the Ni(8 nm)/Ti(ty;) (red) and
NigiFei9(5 nm)/Ti(tr;) (black) bilayers. Error bars, one-standard-deviation uncertainties from the fitting, are smaller than the symbols. The negligibly small
but nonzero positive torque efficiency at trj =0 nm is consistent with the result for the Ni single-layer film within the experimental uncertainty due to
random error. ¢ Ti-layer-thickness tr; dependence of the effective demagnetization field Mg for the Ni(8 nm)/Ti(ty;) (red) and NigiFeo(5 nm)/Ti(tr)

(black) bilayers. Mg was determined from the f dependence of the resonance field H,. using the Kittel formula: (27f/y) = \/oHies(toHres + HoMe):

where y is the gyromagnetic ratio. d Ni-layer-thickness ty; dependence of EEL for the Ni(tn;)/Ti(8 nm) bilayer (red) and Ni(ty;) (black) single-layer films.
We have confirmed that the thickness of a magnetic dead layer, tyeaq, is less than half a nanometer by measuring ty; dependence of the magnetic moment
per unit area for the Ni(ty;)/Ti films. This result shows that tye.q is more than an order of magnitude smaller than ty;. Thus, the effective thickness of the Ni

layer is tni —

tygead = tni; the magnetic dead layer can be neglected in the analysis of the DL-torque efficiencies. Here, the range of ty; is above the critical

thickness, 1.9 nm, for the amorphous-to-crystalline transition of Ni on Ti°0. e t\; dependence of M for the Ni(ty;)/Ti(8 nm) bilayer. f Ni-layer-thickness ty;

dependence of EEDL for the Ni(tn;)/Pt(8 nm) bilayer.

COMMUNICATIONS PHYSICS| (2023)6:32 | https://doi.org/10.1038/s42005-023-01139-7 | www.nature.com/commsphys 3


www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01139-7

where W is the linewidth and H, is the FMR field. Here, the
symmetric component Vi, is proportional to the DL effective field
Hpy, while the antisymmetric component V,eym is proportional to
the sum of the Oersted field Hp, and field-like effective field Hg;.
We confirmed that magnetic field angle dependence of Vi, and
Vantisym is consistent with the prediction of the ST-FMR model (see
Supplementary Note 2). Notable is that the ST-FMR spectral shape
is clearly different between the Nig; Fe;o/Ti and Ni/Ti bilayers. In the
ST-FMR spectra for the Nig Fe;o/Ti bilayer, the symmetric
component Vi, is vanishingly small, consistent with previous
reports that demonstrate negligible DL torque in Ti-based
structures®®3%, In contrast, Vi, is clearly observed for the Ni/Ti
bilayer, demonstrating the generation of a sizable DL torque in this
system. Here, the observed Vi, signals cannot be attributed to
spin-pumping and thermoelectric signals (see Supplementary
Note 2).

In Fig. 2b, we show Ti-layer thicknesses tr; dependence
of the DL-torque efficiency per unit electric field,
&5, = (2e/ M toHp, /E, determined from the ST-FMR
for the Nig;Fe;o/Ti and Ni/Ti bilayers, where M is the saturation
magnetization, tpy is the thickness of the FM layer, and E is the
applied electric field (for details, see Supplementary Note 3).
Here, { = — 1 for FM/NM/substrate structures and { =1 for NM/
FM/substrate structures. Figure 2b shows that &5 of the Ni/Ti
bilayer increases with increasing fr;. We confirmed that the
variation in EEDL with #r; is not induced by a possible change of the
magnetic property of the Ni layer; the effective demagnetization
field Mg is independent of tr;, as shown in Fig. 2¢c. Thus, the clear
increase in fEDL with #1; indicates that the observed DL-torque
originates from the bulk effects, the SHE or OHE, in the Ti layer;
self-induced torques in the Ni layer and interfacial spin-orbit
coupling effects are not the source of the observed DL torque (see
also Supplementary Notes 3 and 4). The negligible contribution
from the interfacial spin-orbit coupling is consistent with a recent
study®. We also note that the sizable DL torque in the Ni/Ti
bilayer is supported by second-harmonic Hall resistance mea-
surements (see Supplementary Note 5).

The unconventional torque in the Ni/Ti bilayer is consistent
with the orbital torque originating from the OHE in the Ti layer.
We note that the sign of the DL-torque in the Ni/Ti layer is
opposite to the prediction of the SHE but is consistent with that
of the OHE in the Ti layer. Furthermore, the observed DL-torque
efficiency is more than two orders of magnitude higher than the
spin Hall conductivity of Ti. These results provide clear evidence
that the SHE in the Ti layer is not responsible for the observed DL
torque. Figure 2b also shows that the DL-torque efficiency EEDL of
the Ni/Ti bilayer is more than an order of magnitude larger than
that of the Nig;Fe;o/Ti bilayer, demonstrating that the electronic
structure of the FM layer plays a crucial role in generating the
observed torque. The distinct difference in the DL-torque
efficiency between the Ni/Ti and Nig;Fe;o/Ti devices is consistent
with the scenario of the orbital torque with the assumption of
N Ny, Fe,, | > 1- We also note that the orbital transparency T,
can also be different between the Ni/Ti and Nig;Fe;o/Ti devices.
Since the spin Hall conductivity in Ti is vanishingly small®>,
o = —1.2 (h/e)Q~lem~1, the DL torque due to the SHE is
negligible regardless of tr;, resulting in the OHE-dominated torque
with & >0 over the thickness range investigated in the Ni/Ti
bilayer. We also demonstrate magnetization switching by the
orbital torque (see Supplementary Note 6).

We find that the DL-torque efficiency in the Ni/Ti bilayer is
further enhanced by increasing the Ni-layer thickness ty;,
demonstrating the long-range orbital transport in the Ni layer.
Figure 2d shows that fEDL increases with increasing ty; up to

tni =20 nm despite the fact that the magnetic property is
unchanged as shown in Fig. 2e. In the scenario of spin torques,
since spin currents decay within 1 nm due to the spin dephasing,
the DL-torque efficiency is independent of the FM-layer thickness
tem When tpy>1 nm. In fact, we confirmed that EEL is
independent of fy; in Ni/Pt bilayers, where the DL-torque is
dominated by the SHE in the Pt layer, as shown in Fig. 2f (see also
Supplementary Note 7). In contrast, since orbital currents can
propagate over much longer distances than the spin dephasing
length in FMs, the DL-torque efficiency increases with tzy2>. The
observed fy; dependence of EEDL demonstrates that the orbital
currents responsible for the DL torque propagate over longer
distances than the spin dephasing length by an order of
magnitude in the Ni layer. Here, the suppression of &b in the
Ni/Ti device when fy; > 20 nm can be attributed to a self-induced
torque in the Ni layer. As shown in Fig. 2d, the DL-torque, whose
sign is opposite to that of the Ni/Ti bilayer, is non-negligible in a
Ni single-layer film when #y; > 10 nm. This result is consistent
with the scenario of the self-induced torque, which is non-
negligible only when the magnetic layer is thicker than the
exchange length (8.4 nm for Ni)40. In contrast to the self-induced
torque, which increases with ty; and becomes sizable especially at
tni > 20 nm, the orbital torque tends to saturate with increasing
tni- The different #y; dependences result in the suppression of EEDL
in the Ni/Ti bilayer at #\; > 20 nm.

Crossover between spin and orbital torques. Next, we investigate
the competition between spin and orbital torques by replacing the
light metal Ti with a heavy metal W. The two metals are different in
terms of the strength of the spin-orbit coupling. In the Ti-based
device, because of the weak spin-orbit coupling, the spin transport
and spin torques are negligible. In contrast, in the W-based system,
the SHE contributes to the DL torque due to the strong spin-orbit
coupling. Although the spin and orbital torques coexist in the
W-based system, it is still possible to clarify the dominant
mechanism of the angular momentum transport, spin or orbital
channels, because the sign of the orbital Hall conductivity in W10,
o5y >0, is opposite to that of the spin Hall conductivity?!, 635" =
—785 (Ale)Q~lecm~! in «-W and oﬁgw = —1255 (h/e)Qlem™!
in -W.

In Fig. 3a and b, we show W-thickness t\y dependence of the
DL-torque efficiency &5, determined by the ST-EMR, for
Nig,Fe;o/W and Ni/W films (see the black circles and also
Supplementary Notes 2 and 3). We first focus on &5, around
tw = 20 nm, where f€L>0 in both Nig;Fe;o/W and Ni/W films.

Figure 3a and b show that EEL of the Ni/W bilayer is more than
an order of magnitude higher than that of the Nig, Fe,o/W bilayer,
and EEDL increases with fyy in both Nig;Fe;o/W and Ni/W bilayers.
These unconventional features are consistent with the scenario of
the orbital torque, observed for the FM/Ti devices (see also
Supplementary Note 8). In fact, the sign of the DL torque, &5, >0,
is consistent with the OHE and opposite to the SHE in W,
indicating that the DL torque is dominated by the orbital
transport around fy =20 nm. Here, the validity of the
determined DL-torque efficiency is supported by second-
harmonic Hall resistance measurements (see Supplementary
Note 5).

The observed ty dependence of EEL for the FM/W bilayers
demonstrates the crossover from the SHE-dominant regime to
the OHE-dominant regime, illustrating different length scales of
the spin and orbital transport. In the Nig, Fe;o/W bilayer, the sign
of &5 changes from negative to positive by increasing the W
thickness tyy (see the black circles in Fig. 3a). The sign of fgL in
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Fig. 3 Current-induced torque generated by W. a \W-layer-thickness tyy,
dependence of EEL for the NigiFe;o(5 nm)/W(tw) (black circles) and
NigiFeio(5 nm)/p-W(tw) (blue diamonds) bilayers. The inset shows tyy
dependence of M. Error bars, one-standard-deviation uncertainties from the
fitting, are smaller than the symbols. Here, EEL (blue diamonds) of the
NigiFeio/p-W with tyy =5 nm is smaller than that of the Nig;Feio/p-W with
tw = 25 nm, even though both torques are dominated by the spin Hall effect
in the -W layer. This difference can be attributed to the suppression of the
intrinsic spin Hall conductivity in the dirty-metal regime due to the shortening
of the carrier lifetime induced by decreasing tyy. This interpretation is
supported by the fact that the resistivity of the g-W film increases with
decreasing the thickness from tyy = 25 nm to tyy =5 nm, as shown in Fig. 3c.
b t\y dependence of EEL for the Ni(8 nm)/W(tw) (black circles) and Ni(8
nm)/p-W(tw) (blue diamonds) bilayers. ¢ t\, dependence of the resistivity
pw for the W (black circles) and g-W (blue diamonds) films. The resistivity
shows that the W film (black circles) is a-W when t\y >10 nm and the
mixture of a- and #-phase W when ty <10 nm. The red curve is the fitting
result using py (tw) = aty) + %%, where atyy represents the resistivity due

to the surface scattering and pB\“,'k is the resistivity in the bulk limit.

the Ni/W bilayer, where the OHE contribution is more
pronounced due to the larger #gy;, also changes from negative
to positive around fy =8 nm. In the W-based devices, the spin
Hall contribution to the DL torque with fﬁLvsH = TitoW; <0
should be saturated when ty is larger than the spin diffusion
length = 1.5 nm in W*2 In contrast, the orbital Hall contribution
with EEDLA’OH = T o500 >0 increases as ty increases and
becomes comparable to the long orbital decay length, as
evidenced by the clear increase in &5, with ty of around 20
nm in the FM/W bilayers. Because of the different ty
dependence, the ratio between the orbital and spin torque
efficiencies, |€EDL70H / E§L18H| = e T 00/ T oW, |, increases
with tyy. The observed variation in EEDL with ty in the FM/W
bilayers is consistent with the competition between the spin Hall
and orbital Hall contributions. In fact, Fig. 3a shows that & is
almost saturated around tw =2 nm, which is comparable to the
spin diffusion length in W, and remains so until the orbital Hall
contribution shows up at large tyy. We also note that the sign and
magnitude of the saturation value of &f; is consistent with the

spin Hall conductivity of W, supporting the dominant role of the
SHE in generating the DL torque in the Nig;Fe;o/W device with
tw ~ 5 nm.

Figure 3b demonstrates that the orbital torque efficiency in the
Ni/W bilayer is comparable or larger than the DL-torque
efficiency originating from the SHE in the Ni/Pt bilayer (see
Fig. 2f). The efficient torque generation is a unique feature of a-
W. Here, the resistivity py of the W layer, shown in Fig. 3c,
indicates that the W layer is low-resistivity a-W when £y > 10
nm, while the W layer is a mixture of low-resistivity a-phase and
high-resistivity f-phase when #y <10 nm (for details, see
Methods). To test the role of the structural phase in generating
the DL torque, we also fabricated Ni/3-W and Nig;Fe;o/3-W films
with ty =5 and 25 nm by changing the sputtering condition (see
the blue diamonds in Fig. 3a—c and Methods). Figure 3b shows
that the high DL-torque efficiency of the Ni/a-W film at ty =25
nm is significantly suppressed by replacing the a-W layer with the
B-W layer, suggesting that | T 0%,/ Tot o | of the f-W device
is much lower than that of the a-W device.

The result for the 8-W devices shows &5 >0 only in the Ni/p-
W device with tyy = 25 nm, which highlights the larger 7z in Ni,
as well as the different #y dependence of EEDL.SH and EgL,OH' In the
Nig, Fe;o/3-W devices, the SHE provides the dominant contribu-
tion to £f; because of the following two reasons. First, the ratio
| TG o0/ Tt ol | of the B-W devices is much lower than that of
the a-W devices. Second, #gy; of Nig,Fejg is smaller than that of
Ni. The combination of these two features results in negligible

|£EDL,OH/£I[2)L,SH| = IpmTOn00n/ Tsiosh| in the NigiFe,o/f-W
devices; the SHE provides the dominant contribution to EEDL
even at tyy = 25 nm. Here, the effective spin Hall angles obtained
from EIE)L for the Nig; Fe,o/(a + §)-W (black circles) and Nig, Fe,o/

B-W (blue diamonds) devices with ty =5 nm are G(S';;ff)[w =

fEDLP(Mﬂ)—W = —0.02 for (a+p)-W and Hts;H‘:;f = 5EDLP/3—W =
—0.65 for B-W. These values are consistent with literature®4l,
supporting the dominant role of the SHE in the Nig Fe;o/ W
devices. In contrast, the OHE contribution is non-negligible in
the Ni/B-W device due to the larger #gy of Ni; although the SHE
provides the dominant contribution to EEDL at tw=>5 nm, the
contribution from the OHE exceeds that from the SHE in the Ni/
B-W device at ty = 25 nm because |€EDL.OH / EEDL_SHl increases with
tw due to the long orbital decay length, resulting in the sign
reversal of EEDL.

Semirealistic calculation. We perform the numerical calculation
of the DL torque. The first-principles calculation is limited to very
thin systems with the thickness of a few nm. To examine
experimental situations with much thicker systems, we combine
the first-principles calculation scheme*? with the tight-binding
scheme. The resulting semirealistic calculation scheme?3 (for
details, see Supplementary Notes 9 and 10) allows the torque
calculation up to~ 10 nm thick systems for Ni(12)/Ti(N) and
Ni(12)/W(N) bilayers (the integers in the parentheses denote the
number of atomic layers). For various thicknesses of the non-
magnet, N, we obtain the electronic structures and calculate the
DL torque under an external electric field £ x by evaluating the
Kubo formula?!,

(unkI(TXC)},lumk) (1 v () 2a)
(Enk —E,+ Ir)z

hE
VX E (i~ fim

Ty =
DL Nk

)

@

where e > 0 is the elementary charge, Ny is the number of k points
used to sample the Brillouin zone, |1, ) is the periodic part of the
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Fig. 4 Theoretical calculations of the current-induced torque. Torque efficiency from the theoretical calculations fca' for (@) Ni(12)/Ti(N) and (b) Ni(12)/
W(N) bilayer structures. N is the number of atomic layers of the nonmagnet and the corresponding thickness is indicated on the top axis.

Bloch state with energy eigenvalue E,, f,x is the Fermi-Dirac
distribution function, v,(k) is the x-component of the velocity
operator, I' is the energy broadening, and Ty = h ESx Qyc is the
exchange torque operator with the Bohr magneton up, spin
operator S, and exchange field operator Q. Figure 4a shows the
torque efficiency &3 = (e/h)Tpy/(Aiy) (Acan is the unit cell
area) as a function of N for Ni(12)/Ti(N). The torque efficiency
increases as Ti layer becomes thicker and it saturates at the
thickness of approximately 10 nm, where &2 >400Q~lem~1 is of
the same order of magnitude as our experimental values for Ni/Ti

(Fig. 2b). We note that this chai is dominated by the orbital torque
while the SHE gives an insignificant contribution (Supplementary

Note 9). Figure 4b shows EcDai as a function of N for Ni(12)/W(N)
and it exhibits a significant thickness dependence with a char-
acteristic length > 10 nm which is an order of magnitude longer
than the spin diffusion length = 1.5 nm in W42, We also find that
this long-range behavior stems from the orbital torque which has
a positive sign, whereas the spin Hall contribution has a negative
sign with a much shorter length scale (Supplementary Note 9). As
a result of the competition between OHE and SHE, the sign of the
torque changes from negative to positive as the W layer becomes
thicker (Fig. 4b), which is also observed in our experiment
(Fig. 3). Hence, our theoretical calculations provide further evi-
dence of the positive long-range orbital torque and support our
experimental observations.

Orbital torque in clean limit. Finally, we demonstrate excep-
tionally high orbital torque efficiencies beyond the prediction of
the intrinsic OHE. The evidence for this is obtained by further
increasing the NM-layer thickness f, a situation that is difficult
to capture by semirealistic tight-binding calculations. Figure 5a
and b show ST-FMR spectra for Ti(60 nm)/Ni and a-W(70 nm)/
Ni bilayers, where the stacking order is changed from FM/NM/
SiO,-substrate to NM/FM/SiO,-substrate to minimize the inter-
facial roughness in the thicker devices. Figure 5a and b show that
the sign of the ST-FMR voltage for the NM/Ni devices is opposite
to that for the Ni/NM devices (see Fig. 2a), as expected for the
reversed stacking order. From the ST-FMR result, we obtain fr;

and tyy dependence of fgL, as shown in Fig. 5¢ and d. The results

for fym <30 nm are qualitatively consistent with &5 of the Ni/
NM bilayers, shown in Figs. 2b and 3b, supporting that the
observed torques are dominated by the OHE. Here, the thickness
of the Ni layer, 8 nm, in the NM/Ni devices is thin enough to
neglect the contribution from the self-induced torque (see also
Fig. 2d).

Figure 5 ¢ and d show that EDL increases with fyy even in the
very thick devices (tyy > 30 nm), revealing the exceptionally high
orbital torque efficiencies. When we assume that the orbital Hall
conductivity is independent of tyy, the fy dependence of the

orbital torque efficiency EEL = i T 08M can be expressed as
E5, () = fEDLO [1 — sech(txy /A ) |» where Agy is the orbital
decay length. By fitting the results in Fig. 5¢ and d, we obtain
Mi=47+11 nm and &, =2.4x10°Q " 'em~! for the Ti/Ni
bilayer and A, w =68+ 16 nm and &5 , = 34x 10° Q'em !
for the a-W/Ni bilayer. The corresponding effective orbital Hall
angles in the bulk limit, OOH off = EDL_OpRﬁf}f, are 05 .« = 0.13
and 65", e = 0.45, where pbulk is the bulk-limit resistivity of the
NM layer: pbik = 54.07 uQcm and pU; = 13.30 uQem (see
Supplementary Note 11). These values are significantly larger
than the spin-diffusion length /li?M, the spin Hall conductivity

GSH , and the spin Hall angle 653" of Ti and a-W: A3 ~ 13 nm,
ot =—12 (h/e)Q lem~1, and 04, = —3.6x107* in Ti®
ASd 1.5 nm, (TSH = —785 (hle)Qlem~1, and IGSHW|<0.07

in a-W41:42:44 Furthermore, the orbital torque efficiency of a-W,
&5 ~10* Q~lem~1, is an order of magnitude larger than that of
the Ni/Pt bilayer (see Fig. 2f and Supplementary Note 12),
demonstrating the giant orbital torque.

The observation of the high orbital torque efficiency suggests
the existence of a mechanism that generates orbital torques
beyond the intrinsic OHE. One possible mechanism is an
extrinsic OHE originating from the skew scattering, theory of
which has not been developed to date. The skew scattering, which
relies on disorder scattering, has been shown to lead to
exceptionally high anomalous Hall conductivities beyond the
intrinsic mechanism#>-47. This mechanism becomes dominant in
the clean limit because the skew-induced Hall conductivity is
proportional to the electric conductivity, while the intrinsic Hall
conductivity is insensitive to the electric conductivity*. The high
conductivity of the a-W layers, ~ 10° Q~lem~1, shows that the a-
W layers are possibly in this clean regime.

To examine the possibility of the extrinsic mechanism, in
Fig. 5e, we plot &5 for all the devices with different tyy
investigated in this study against the electric conductivity ony of
the NM layer in each device. Figure 5e shows that the high orbital
torque efficiency, oc Ti5HoNM, of the W devices increases with
onms consistent with the extrinsic mechanism. However, the
scaling relation between Ef)L and oy deviates from the linear
scaling predicted from the conventional skew scattering theory.
This suggests that to understand the result based on the skew
scattering, it is necessary to further take into account other
possibilities, such as the increase in Ty, with f due to the long
orbital decay length, suggested by the present experimental results
and numerical calculations, and abnormal scaling behavior of the
skew scaling mechanism of the OHE. The skew scattering
scenario is one of the possibilities to explain the experimental
observation, and clarifying the exact mechanism remains to be a
challenge for future study.
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Fig. 5 Relation between orbital torque efficiency and electric conductivity. Magnetic field H dependence of the DC voltage Vpc for the (a) Ti(60 nm)/Ni(8
nm) and (b) a-W(70 nm)/Ni(8 nm) films with an applied RF power of 100 mW at different frequencies f. ¢ Ti-layer-thickness t1; dependence of EEL for the
Ti(t1;)/Ni(8 nm) bilayer. d W-layer-thickness t\, dependence of EEL for the a-W(tw)/Ni(8 nm) bilayer. The solid circles are the experimental data and the
solid curves are the fitting result assuming that the orbital Hall conductivity is independent of tym. @ The DL-torque efficiency EEL as a function of the

longitudinal electric conductivity o for all the devices investigated in this study. The data for the Ni/Ta and Ni/Cr structures are taken from published
papers30-31, The dotted lines are the effective Hall angles 6.4 = EEL/GNM. Error bars, one-standard-deviation uncertainties from the fitting, are smaller than

the symbols.

Discussion

Over the past three decades, extensive efforts have been directed
towards discovering and understanding phenomena arising from
spin currents and spin torques, leading to the rapid and exciting
development of spintronics. In contrast, the exploration of the
physics of orbital transport has only just begun, and the funda-
mental properties of orbital currents and orbital torques have
been elusive. Thus, in the present work, we focus on revealing the
fundamental properties of orbital currents rather than demon-
strating and optimizing the ability of orbital currents for specific
applications, such as magnetization switching devices. This is the
reason why we focus on the characterization of the torque effi-
ciency in the devices based on Ni, which is predicted to show the
strongest orbital response among the conventional 3d FMs.

The present work provides evidence for the orbital response by
the systematic measurements of the current-induced torque for
the different combinations and thicknesses of the NM and FM
layers with the theoretical calculations. In particular, the present
work provides unambiguous demonstration of the long-range
transport of angular momentum in Ni, which is a unique feature
of the orbital transport. In metallic FMs, the spin transport length
is limited to be less than 1 nm by spin dephasing. The present
work demonstrates a means of long-range angular momentum
transport in a metallic FM, as well as in NMs, originating in the
electronic structure of a material. This result suggests the possi-
bility to realize spintronic functionalities beyond magnetization
switching, such as transmitting the signals between different
components in the array of diverse elements, which may be

termed orbitronic interconnect. In a spin-based metallic inter-
connect, only NMs with weak spin-orbit coupling can be used. In
contrast, in the orbital interconnect, even metallic FMs and
NMs with strong spin-orbit coupling can be used, providing a
new degree of freedom in device design. Further experiments,
such as nonlocal transport measurements®3, are necessary for
accurate determination of the orbital decay length and direct
demonstration of the long-range transmission of orbital angular
momentum.

The gigantic torque efficiency in the W/Ni devices far exceeds
the efficiency of spin-orbitronic devices based not only on Pt but
also on exotic materials, such as topological insulators, by an
order of magnitude, and the power consumption of the orbital
devices can be lower than that of the representative spin-
orbitronic devices (see Supplementary Note 12). The present
work also demonstrates the efficient torque generation by using
Ti, which is light, environment-friendly, abundant on earth, and
cheap. We also note that the ability of orbital currents to increase
the torque efficiency by tuning the FM-layer thickness and
materials provides more room for optimizing device parameters,
such as the resistance and power consumption. In contrast, spin-
based devices do not have this degree of freedom, and the effi-
ciency is fixed by the choice of the spin-Hall layer. This suggests
that the tunability of the orbital response offers a unique
advantage in device applications. These results imply that our
work has an impact not only on the research in academia but also
on the development of devices by industries. To realize orbital-
based devices, it is important to explore FMs that exhibit strong
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spin-orbit correlation and are compatible with the current spin-
tronics technology.

At this stage, orbital torques are not optimized for magneti-
zation switching devices, as thick NM and FM layers are neces-
sary to maximize the orbital torque efficiency. Our results show
that the switching power consumption can be further reduced by
reducing the orbital transport length. This point has not been
recognized previously because the orbital transport has been
believed to be short-ranged due to orbital quenching. Although
the relaxation mechanism of orbital currents is not clear at this
stage, it is possible that nearly degenerate states are responsible
for the long-range orbital transport?3. This suggests that the
orbital decay length in FMs and NMs can be controlled by
engineering the band structures, such as by alloying. The FM-
layer thickness can also be minimized by using a mechanism of
the orbital-torque generation that is different from the mechan-
ism observed in the present study. In this study, the process of the
orbital-torque generation is of the second order in the spin-orbit
coupling of the FM layer (see Supplementary Note 1). This
process is associated with the long-range orbital transport, which
is responsible for the torque generation, in the FM layer. We note
that orbital torques can also be generated by the injection of
orbital currents through a process that is of the first order in the
spin-orbit coupling of the FM layer?2. In this process, the injected
orbital current is converted into a spin current by the spin-orbit
coupling in the FM layer. Since the angular momentum respon-
sible for the torque generation is carried by the spin current, the
torque efficiency is saturated in the scale of spin dephasing length
in this scenario. These two mechanisms are predicted to be
sensitive to the band structure of the FM layer, implying that the
optimum FM layer thickness can be controlled by material
design. We therefore believe that our discovery of the long-range
orbital transport and gigantic orbital torque efficiencies provides
important information for the material design of orbital-based
devices, which will stimulate further experimental and theoretical
studies and lead to the fundamental understanding of the physics
of orbital currents for practical applications.

Methods

Devices. The ferromagnet (FM) and nonmagnet (NM) layers in the FM(tpp)/
NM(txm) and NM(tgm)/FM(tey) structures (FM = Ni or Nig,Fe;o, NM = Ti or
W) were fabricated on SiO, substrates by radio frequency (RF) magnetron sput-
tering under 6N-purity-Ar atmosphere. Here, tgy and fy represent the thickness
of the FM and NM layers, respectively. The surface of the films was covered by
4-nm-thick SiO,. Prior to the film deposition, Ti was sputtered in the chamber (at
least 5 min, 0.4 Pa, 120 W) to reduce residual hydrogen and oxygen contents. The
resulting base pressure in the chamber was better than 5.0 x 10~7 Pa. We used a
linear shutter, moving at a constant speed (< 0.05 mm/s), during the sputtering to
vary the thickness of the film in each substrate. All sputtering process was per-
formed at room temperature. The materials characterization is described in Sup-
plementary Notes 13-16. The resistivity of the FM layer, measured using the four-
probe method, is 17.6 p#Qcm for Ni and 41.4 yQcm for Nig;Fe;o. Since the self-
induced torque is non-negligible only when the FM layer is much thicker than the
exchange length#0, we have chosen the thicknesses of the Ni and Nig, Fe, ¢ layers so
that we can neglect the self-induced torque; the thicknesses of the Ni and Nig;Fe;o
layers are thinner than the exchange length in all the devices used in this study,
except for the experiment in Fig. 2d.

For the spin-torque ferromagnetic resonance (ST-FMR) measurement, the
films were patterned into rectangular strips with a width of 10 ym and a length of
150 um by conventional photolithography followed by Ar milling. On the edges of
the strip, Au(200 nm)/Ti(2 nm) electrodes were deposited by the sputtering and
patterned by the photolithography and lift-off technique to form a ground-signal-
ground (GSG) contact that guides an RF current into the device.

Spin-torque ferromagnetic resonance. For the ST-FMR measurement, an RF
current with a frequency of f and a power of P was applied along the longitudinal
direction of the device. An in-plane magnetic field H was applied with an angle of 0
from the longitudinal direction of the device. The RF current excites FMR through
the current-induced damping-like (DL) and field-like (FL) torques, as well as an
Oersted field. Under the FMR, the magnetization precession changes the resistance
of the device at the frequency of f due to the anisotropic magnetoresistance (AMR),

generating a direct current (DC) voltage through the mixing of the RF current and
oscillating resistance3®3”. We measured magnetic field H dependence of the DC
voltage Vpc using a bias tee at room temperature. Here, we determined the RF
current flowing in the devices by measuring the resistance change due to Joule
heating induced by application of DC and RF currents (see Supplementary Note 3).
The determined values of the RF current have been used to obtain the applied
electric field.

Electric resistivity and crystal structure of W. To characterize the crystal
structure of the W layer, we plot thicknesses ty dependence of the electric resis-
tivity pyw for W films, as shown in Fig. 3c. For ty > 10 nm, the ty dependence pyy is
consistent with py, (ty) = aty! + pi*, where atyy! represents the resistivity due to
the surface scattering and p'¥ is the resistivity in the bulk limit. The extracted bulk
resistivity piik = 9.96 yQcm indicates that the W layer is low-resistivity a-W in
this thickness range. This result is supported by X-ray diffraction measurements
(see Supplementary Note 14). By decreasing the W thickness, the measured
resistivity py deviates from the fitting, which indicates that the W layer with

tw < 10 nm is a mixture of low-resistivity a-phase and high-resistivity f-phase°.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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