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Spintronics meets orbitronics:
Emergence of orbital angular

momentum in solids
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Daegeun Jo'?®, Dongwook Go*, Gyung-Min Choi*® & Hyun-Woo Lee'

One of the ultimate goals of spintronics is to realize an efficient electrical manipulation of spin for high-
speed and low-power nanodevices. A core ingredient for achieving this goal is the relativistic
interaction between the electron’s orbital motion and spin, but the properties of the orbital angular
momentum itself have remained largely unexplored. However, recent theories and experiments have
uncovered that electrons may acquire nonvanishing orbital angular momentum when an external
electric field is applied, even without the spin—orbit coupling. These findings have spurred the
emergence of a burgeoning field known as orbitronics, which harnesses the orbital angular momentum
to manipulate magnetic devices. In this Review, we provide an overview of the recent developmentsiin
orbitronics and discuss their implications for spintronics. We then outline future avenues of research at

the intersection of spintronics and orbitronics.

Understanding and utilizing spin dynamics are primary goals of spintronics.
The spin-orbit coupling (SOC) ~ S - L, where L and S are the orbital angular
momentum (OAM) and spin operators, respectively, is an important source
of spin dynamics, and understanding its effect has been a main research
theme of the spin-orbitronics field in the last decade. The SOC can induce
spin splitting in noncentrosymmetric systems, and an electric field applied
to such spin-split systems can generate spin density (spin Edelstein effect
(SEE)"). The SOC can also induce the spin Berry curvature, and an electric
field applied to systems with the spin Berry curvature generates a spin
current flowing in a transverse direction to the field (spin Hall effect (SHE))
(Fig. 1a).

However, most of the previous spin-orbitronics studies dealt with the
spin and orbital degrees of freedom in a biased way; Whereas the spin degree
of freedom was examined in terms of both eigenstates in equilibrium and
steady states in driven situations (for instance, driven by an external electric
field), the orbital degree of freedom was examined only in terms of equili-
brium eigenstate properties. Nonequilibrium steady state properties of the
orbital degree of freedom rarely received attention.

On the other hand, there was a small number of theoretical studies that
examined the properties of the orbital degree of freedom in the presence of
an external electric field. In particular, the calculation results published in
2008 and 2009’ reported that the giant SHE of 4d and 5d transition metals is
due to OAM transport generated by an electric field and concluded that the

orbital Hall effect (OHE) is the origin of the giant SHE in these materials.
The OHE is the orbital counterpart of the SHE; an external electric field
generates an orbital current flowing in a transverse direction to the field, as
schematically depicted in Fig. 1b. To be more precise, the orbital current
generated by the OHE is the OAM current, where the OAM direction of
electrons determines the transverse flow direction. Thus, these results™
contradict the common belief that the OAM is quenched in solids unless an
OAM is induced by a spin through the SOC. Another notable theoretical
result was published a few years earlier, which reported that the OHE occurs
in hole-doped Si*, a system with an extremely weak SOC. The authors of
ref. 4 anticipated that the OAM may play similar roles as the spin and coined
the term orbitronics. However, this prediction and other related theoretical
predictions™*"'* on the orbital transport did not receive much attention for
along time. One of the reasons is the widespread expectation that the OAM
is quenched in solids except when it is induced by the SOC in spin-split
materials (such as ferromagnets (FM)). Another important reason is the
inability to probe the orbital transport experimentally.

The situation has changed in the last few years. The recent surge of
interest in orbitronics is motivated by a number of recent theoretical and
experimental advances. On the theory side, it was realized that the
quenching of the OAM can be lifted without the SOC in various ways. In
materials where the inversion symmetry is broken, the OAM expectation
value of eigenstates can have nonvanishing values without being aided by
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Fig. 1 | Schematic illustration of SHE (a) and a
OHE (b).

* //

SOC'"™. Such inversion-symmetry-breaking-induced OAM expectation
values vary with the crystal momentum k and can be nonvanishing for all
crystal momentum k except time-reversal-invariant-momenta such as
k = 0. Such k-dependent OAM expectation values imply the orbital Rashba
coupling, the orbital counterpart of the famous spin Rashba coupling. An
external electric field applied to systems with the orbital Rashba coupling
generates the OAM density, which is known as the orbital Edelstein effect
(OEE)""". In materials with the inversion symmetry, the OAM expectation
value may vanish for energy eigenstates in equilibrium but have non-
vanishing values for steady states in the presence of an external electric field,
even if the SOC is negligible'*"”. Such electric-field-driven OAM implies the
OHE. Both the inversion-symmetry-breaking-induced OAM in
equilibrium'****' and the electric-field-driven OAM in nonequilibrium
steady states™* turn out to be generic in many materials.

Another group of advances occurred on the experimental side, com-
bined with the theoretical advances on the measurable consequences of the
OAM. The theoretical prediction'' of the orbital Rashba effect led to the
orbital-based mechanism of the spin Rashba effect. It was experimentally
demonstrated that the maximal spin Rashba coupling can be realized by
maximizing the orbital Rashba coupling”. It was predicted” that the
injection of the OAM current into an FM can induce a torque (orbital
torque), just as the injection of the spin current into an FM can induce
torque (spin torque). This prediction was verified by numerous
experiments’ . In particular, it was demonstrated that the orbital torque
may be larger than the spin torque™*. A third type of torque was also
demonstrated experimentally”**, which combines the processes to generate
the spin torque and the orbital torque. In this torque generation process, an
orbital current generated in a nonmagnet (NM) is first injected into a heavy
metal, where the OAM-to-spin conversion occurs through the strong SOC.
The converted spin current is then injected into an FM to generate torque.
We note that all three types of torque consist of the same three processes:
charge-to-orbital conversion, orbital-to-spin conversion, and spin-to-
magnetization transfer. Whereas the spin-to-magnetization transfer
occurs in FM for all three types of torque, the locations of the charge-to-
orbital conversion and the orbital-to-spin conversion differ among the
torque types. For the spin torque, both conversion processes occur in NM,
whereas for the orbital torque, the charge-to-orbital conversion occurs in
NM and the orbital-to-spin conversion occurs in FM. For the third type of
torque, on the other hand, the charge-to-orbital conversion occurs in NM
and the orbital-to-spin conversion occurs in the heavy metal. Thus, all three
key processes occur at different locations in the case of the third type of
torque. This separation in locations provides an opportunity to separately
optimize each process by adopting proper NM, heavy metals, and FM.
There were also experiments to verify the orbital current in alternative ways.
Considering that orbital torque detection always involves the transmission
of an orbital current through an interface, which is poorly understood yet, a
few groups™" probed the orbital current within a single-layer system. In
such experiments, where the orbital current transmission through interfaces
is not involved at all, the existence of the orbital current is verified by
optically measuring the orbital accumulation at surfaces of the system

through the magneto-optical Kerr effect. A recent experiment' on the
orbital Hanle magnetoresistance, which is the orbital counterpart of the spin
Hanle magnetoresistance, also verified the orbital current.

This review is organized as follows. Section “Theoretical background”
provides the theoretical background for the OAM generation processes. In
the section “Experimental detection of OAM current”, recent advances in
the experimental detection of OHE are summarized. Finally, the section
“Future directions and prospects” provides the authors’ view of the future
directions of orbitronics.

Theoretical background

Orbital quenching and OAM generation

The orbital quenching is a consequence resulting from the crystal field. In
an octahedron with the point group O, for example, the crystal field splits
d orbital levels into t,, level with d,, d,., and d, orbitals, and e, level with
d, 2 and d,, orbitals. Furthermore, the difference of the amplitudes and
phases among various hoppings (o, 71, §) makes the kinetic energy ani-
sotropic in k-space. As a result, most of the bands become orbital-singlet
states having real-orbital characters. That is, the Hamiltonian does not
commute with the OAM operators, implying that the OAM is not a good
quantum number of the system. These real-valued orbital wave functions
are described by the so-called cubic harmonics, and the expectation values
of the OAM operator L = —iA(r x V) between them are identically zero.
To lift this orbital quenching, the time-reversal or spatial inversion
symmetry should be broken. The orbital hybridization induced by the
symmetry breaking deforms the orbital wave function to have a non-
vanishing OAM expectation value and have nonzero overlap with sphe-
rical harmonics, which are linear combinations of the cubic harmonics
with complex coefficients, e.g., |Y5') = (|d,,) £ ild,.)) /+/2. Such a pro-
cess can occur intrinsically in materials with the broken inversion or
broken time-reversal symmetry. Such a process can also occur in cen-
trosymmetric nonmagnetic systems, where the OAM is quenched in
equilibrium, provided an external perturbation is applied to break one of
the symmetries. For example, a considerable orbital magnetization can be
induced by an external magnetic field in transition metals*, which purely
originates from the coupling between the OAM and magnetic field
regardless of the SOC. Below we show that large orbital generation are also
feasible by an electric field that couples to the orbital degree of freedom
through the crystal momentum k in solids.

Orbital Rashba effect and orbital Edelstein effect

The orbital Rashba effect, arising from the inversion symmetry breaking,
manifests as a splitting of energy levels based on the OAM'"**. For a two-
dimensional system with the unit normal vector z, the orbital Rashba
coupling near k=0 can be described by L - (z X k). It allows the eigenstate
|u,c) to have a k-dependent OAM (L) ;. = (1,4 |Llu,, ) along the direction
2 x k. Here, n denotes a band index. Thus, (L), forms a chiral OAM texture
in momentum space (Fig. 2a). The orbital Rashba coupling arises solely
from the inversion symmetry breaking''"* and does not resort to relativistic
corrections. This orbital Rashba coupling has been highlighted as a key

npj Spintronics | (2024)2:19



https://doi.org/10.1038/s44306-024-00023-6

Review

Fig. 2 | Schematic illustrations of the band structures giving rise to
nonequilibrium OAM. a Rashba-type texture of the OAM in orbital Rashba sys-
tems. The navy arrows indicate the directions of the expectation values of the OAM.
The electric field induces the orbital Edelstein effect. b Orbital texture in a

centrosymmetric p-orbital system. The inner and outer bands exhibit radial and
tangential orbital characters, respectively. ¢ Valley-dependent OAM in transition
metal dichalcogenide monolayers, with positive OAM at the K point and negative
OAM at the K’ point. The electric field generates the OHE in (b) and (c).

element in the realization of a large Rashba spin-splitting with the assistance
of the SOC, which is vital for spintronics applications™”.

Although the orbital quenching is already lifted for each eigenstate in
orbital Rashba systems, the net OAM integrated over the Fermi surface
should vanish due to the constraint (L), = —(L),, i imposed by the time-
reversal symmetry. However, this cancellation disappears when an external
electric field is applied, by which a dissipative charge transport breaks the
time-reversal symmetry. As the electric field shifts the Fermi surface, the
nonequilibrium electron populations result in a nonzero net OAM. This
phenomenon amounts to the OEE"**.

In diverse noncentrosymmetric systems, the OEE dominates over the
SEE' since the former is of nonrelativistic origin, whereas the latter is of
relativistic origin. Large OEE has been demonstrated in collinear
antiferromagnets”, two-dimensional electron gas at SrTiO; interfaces',
surface-oxidized Cu®, and superconductors®. Furthermore, the platform
for the OEE extends to a broad range of systems of chiral crystals’"’, polar
metals'’, and topological materials'**.

Orbital Hall effect

When an external electric field is applied to noncentrosymmetric systems,
the momentum-space spin texture in noncentrosymmetric systems can give
rise to the SHE intrinsically”’. Considering the similarity between the spin
texture and the OAM texture (Fig. 2a), the analogy between the spin and
OAM allows one to expect that the momentum-space OAM texture can give
rise to the OHE intrinsically when an external electric field is applied. In
centrosymmetric systems, on the other hand, such an analogy breaks down
since the spin-momentum coupling (such as spin Rashba coupling)
responsible for the spin texture is forbidden in centrosymmetric systems,
whereas the orbital-momentum coupling is still allowed even in cen-
trosymmetric systems’'. A few remarks are in order on this difference. To be
rigorous, the spin can couple to the momentum even in centrosymmetric
systems through three-way couplings. For instance, the hidden Rashba
coupling is possible in centrosymmetric systems™ and couples the three
degrees of freedom (spin, momentum, and sublattice). However, the spin
texture due to the hidden Rashba coupling is a hidden type, that is, it
vanishes upon the integration over the sublattice. Thus, the hidden Rashba
coupling does not generate a net spin texture nor the intrinsic spin Hall
effect. For this reason, we ignore such a three-way coupling. In contrast, the
two-way coupling between orbital and momentum is possible even in
centrosymmetric systems. However, the resulting orbital texture differs
from the OAM texture (Fig. 2a) since the OAM expectation value of the
Kramers degenerate states should vanish due to the combination of the
inversion symmetry and the time-reversal symmetry. It is instead the texture
of the real orbital character, as depicted in Fig. 2b. The intrinsic OHE in
centrosymmetric systems originates from the variation of the real orbital
character in momentum space, termed orbital texture'’. As an illustrative

model, we consider a two-dimensional p-orbital system™ such as p-doped
graphane'’ described by an effective Hamiltonian H(k) = E i |u,) (U | +
Eylug) (ug| with  eigenstates  [uy) = cos ¢y |p,) +sin¢y|p)) and
lug) = —sin ¢y |p,) + cos ¢y |p,), where tan ¢y = k, /k,. The two bands
with kinetic energies Ey and Ey form radial and tangential orbital textures,
respectively, as shown in Fig. 2b. Under an external electric field £, %, we
consider ~a  perturbed  tangential  eigenstate  |uy)=|ug) +
e (A (Eu — Ey) 'uy) up to linear order in £, where ¢ is the ele-
mentary charge. Here, the orbital texture results in the imaginary Berry
connection A,y = i(uy |0y ) = i(kxz)/ k. Thus, the nonequilibrium
state has nonzero (uy|L, |uy ) with opposite signs for + k,'®. Although the
net OAM is canceled out upon the integration over the occupied states, the
electron motion along the y direction carrying L,, characterized by the
orbital current operator ]fz = %(v),LZ + L,v,), yields a nonzero net value
leading to the OHE. Since the orbital texture is a general property of multi-
orbital systems'**"”, this mechanism of the OHE is ubiquitous even if the
OAM is completely quenched. Numerical studies have revealed that many
transition metals exhibit gigantic OHE regardless of the strength of
SOC2,3,19,21.

The OHE has been theoretically studied in various systems. In
noncentrosymmetric systems, there can be an additional contribution to
the OHE™****. In transition metal dichalcogenide monolayers, for
example, K and K’ valleys exhibit the opposite (L,),;***, as depicted in
Fig. 2c. Additionally, the two valleys produce opposite anomalous velo-
cities (e/h)E X 02, under the electric field £, depending on the opposite
Berry curvature Q.. This leads to the orbital Hall current even in an
insulating gap™’. Understanding a relationship between this orbital Hall
insulator and topological property’>* has emerged as an important issue.
In ferromagnetic materials, other types of OHE can be generated due to
the SOC”. Particularly, the broken time-reversal symmetry allows the
orbital current where the direction of the OAM is parallel to that of
electron motion or electric field. The investigation of the OHE has been
further extended by considering the OAM beyond the intra-atomic
contribution. Theoretical studies "’ have indicated that the inter-
atomic contribution to the OHE may be considerable in some systems,
raising the demand for the so-called modern theory of orbital
magnetization®”®'.

We note that the conventional definition of the orbital current
operator, a product of the velocity and OAM operators, is incomplete in
predicting experimentally measurable quantities such as an orbital accu-
mulation. This limitation arises because the OAM is not conserved in the
presence of the crystal field. A similar theoretical problem with a relation
between the spin current and accumulation has been discussed, which has
been solved by incorporating the spin relaxation due to the SOC”. Analo-
gously, the orbital accumulation can be estimated by considering the
relaxation of the OAM due to the crystal field into the conventional orbital
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Fig. 3 | Experimental detection of orbital currents. a Detection of an orbital current
via orbital torque. Orbital current (J;), generated in a light metal (LM), is injected
into a ferromagnet (FM) and converted to spin current (Js) by spin-orbit coupling of
FM. Then, Js is absorbed by the magnetization of FM and induces torque. The
torque-driven tilting or precession of the magnetization can be measured as mag-
netoresistance. b Detection of an orbital current via orbital accumulation. The
orbital Hall effect or orbital Rashba-Edelstein effect induces orbital accumulation

(My) on the surfaces of the single LM layer. M, induces Kerr rotation (Afk) of the
reflected light through the magneto-optical Kerr effect. The thickness profile of M is
determined by the orbital diffusion length. ¢ Detection of an orbital current via
inverse effect. Js from FM is converted to J;, by spin-orbit coupling of FM. J; induces
transverse charge current (J) through the inverse orbital Hall effect or inverse
orbital Rashba-Edelstein effect. The generated Jc can be measured as transverse
voltage or terahertz (THz) emission"'.

current”. A thorough investigation is still required to comprehend a con-
nection between the orbital current and accumulation.

Experimental detection of OAM current
Orbital torque
Spin-orbit torque measurements are widely used to investigate spin gen-
eration mechanisms in NM/FM bilayers. A spin current produced in the
NM through the SHE or SEE induces spin torque on the magnetization of
FM®. Spin-torque-driven tilting or precession of the magnetization can be
measured electrically by the harmonic Hall response®” or the spin-torque
ferromagnetic resonance®. Similarly, an orbital current (OAM current, to be
precise) produced in the NM through the OHE or OEE can induce orbital
torque (Fig. 3a) on the magnetization of the FM™.

Distinguishing orbital torque from spin torque is not easy. When both
spin and orbital currents are injected into the FM, torque can be expressed as

torque = TgJg + 15 Ty J 1, (1)

where Js (J) is the spin (orbital) current injection, Ts (T7 ) is the spin (orbital)
transmission efficiency at the NM/FM interface, and #, is the orbital-to-
spin conversion efficiency of the FM. When the SOC of the NM is weak, J; is
generally much larger than Js*', and torque can be dominated by the orbital
contribution. Thus, the observation of sizable torque in systems without any
heavy elements is an indication of orbital torque. Significant torque in such
heavy-element-free systems® preceded the emergence of the orbital torque
concept”, and those early results were attributed to different mechanisms.
After the development of the orbital torque concept, those early results were
reexamined in terms of the OEE*>. Later, orbital torque measurements were
extended to the OHE systems with light metals of Cr, Mn, Cu, and Ti*******,

Another important indicator of orbital torque is FM dependence.
Orbital torque depends not only on the orbital generation in the NM but
also on the orbital-to-spin conversion in the FM™. Experiments demon-
strated that the magnitude and even the sign of orbital torque depend on the
FM material and its thickness”**. In addition, a large enhancement in
orbital torque was achieved by inserting an additional orbital-to-spin con-
version layer of Pt, Gd, or Tb between the NM and FM***"**,

Orbital accumulation
A direct measurement” of spin in an NM without an FM provides con-
clusive evidence for the spin generation mechanism. The SHE or SEE

induces spin accumulation on the lateral edges of semiconductor channels
and on the top surfaces of heavy metals. This spin accumulation has been
measured optically by the magneto-optical Kerr effect’”””. Similarly, the
OHE can induce orbital accumulation on the surface of light metals (Fig. 3b)
and has been detected optically in the single Ti” or Cr layer™.

Optical detection has the advantage of high orbital sensitivity. When
both SHE and OHE generate spin and orbital accumulation, the Kerr
rotation can be expressed as

Ok = OsMs + O M, &)

where Og (Oy) is the magneto-optic constant for the unit spin (orbital)
magnetization, and Mg (M) is the SHE- (OHE-) induced spin (orbital)
accumulation. With weak SOC of light metals, both the spin generation part
(M) and the spin detection part (Os) are strongly suppressed™*.
Accordingly, the Kerr rotation in light metals is dominated by the orbital
contribution. The magnitudes of the OHE-driven Kerr rotations in Ti*’ and
Cr" are comparable to those of the SHE-driven Kerr rotation in Pt’',
demonstrating the high orbital sensitivity of the optical measurement.
Recently, it was proposed that the Kerr rotation in GaAs in ref. 70 could be
related to orbital accumulation rather than spin accumulation” since the
SOC in GaAs is weak. With moderate SOC, the distinction between spin and
orbital is challenging because both contributions can be comparable.
Further research is required to separate spin and orbital accumulation in
moderate SOC systems.

For a quantitative analysis of the orbital accumulation (M) from the
Kerr rotation, Oy should be determined. For example, the Oy value of Ti was
determined from the theoretical calculation of the optical conductivity
tensor and experimentally confirmed by a separate measurement of the
Oersted-field-driven Kerr rotation™. In addition, the orbital diffusion length
of an NM can be determined from the thickness profile of M;***. Sig-
nificantly different orbital lengths have been reported for Ti (74 nm)* and
Cr (7 nm)*. Independent measurements of the orbital diffusivity and the
orbital relaxation time would be important for a better understanding of the
orbital diffusion length. A recent experiment has reported a much shorter
orbital diffusion length for Ti (7.3 nm) and suggested that the length
depends on the nano-structural morphology’*.

npj Spintronics | (2024)2:19



https://doi.org/10.1038/s44306-024-00023-6

Review

Inverse effects

As a reciprocal process of spin torque, the magnetization precession of an
FM induces spin pumping, which is the generation of a spin current from a
precessing FM to an NM in an FM/NM bilayer””. Spin pumping produces a
transverse charge current through the inverse SHE or SEE®. When a spin
current is partially converted to an orbital current within an FM by SOC, a
transverse charge current in an NM could be a result of the inverse OHE or
OEE (Fig. 3¢c). However, spin pumping is often dominant over orbital
pumping; thus, making a clear distinction between spin and orbital
pumping is challenging. Recently, by analyzing the angle dependence of the
generated charge current as a function of the gate bias, a separation between
spin pumping (combined with the inverse SEE) and orbital pumping
(combined with the inverse OEE) was demonstrated in the LaAlO5/SrTiO5
system”’.

Ultrafast demagnetization of an FM produces an ultrafast spin
current’®™*’. When an ultrafast spin current is injected into a heavy metal
with strong SOC, the inverse SHE or SEE induces an ultrafast charge cur-
rent, which can be detected as terahertz emission””. When a spin current is
partially converted to an orbital current within an FM by SOC, ultrafast
demagnetization can produce terahertz emission through the inverse OHE
or OEE. A recent study showed that the terahertz emission in the Ni/W
bilayer has the same polarity as that in the Ni/Pt bilayer®'. Considering the
opposite signs of the spin Hall angles of Pt and W, the observation was
attributed to the inverse OEE. In addition, the terahertz emission was
reported in the Co/Ti and Co/Mn bilayers, whose polarities were consistent
with the inverse OHE rather than the inverse SHE™.

The combined process of the angle-dependent spin absorption at the
NM/FM interface and the inverse SHE in the NM leads to spin Hall mag-
netoresistance in NM/FM bilayers*™*. In addition, when an external mag-
netic field induces spin precession through the Hanle effect, the spin Hall
magnetoresistance can be achieved in a single NM layer™*. In a weak SOC
system, orbital, rather than spin, can be responsible for the magnetoresis-
tance. Recently, orbital magnetoresistances were reported in a bilayer of
permalloy/copper oxide®” and a single layer of Mn"'. The magnetoresistance
in the permalloy/copper oxide was explained by the combination of the
angle-dependent orbital absorption and inverse OEE”, and the magne-
toresistance in the Mn was explained by the combination of the Hanle effect
and inverse OHE"".

Future directions and prospects

Fully harnessing the OAM for spintronics

Despite promising theoretical results that the OAM and its current can be
efficiently generated by an external electric field, there are still challenges to
overcome to fully harness the OAM for spintronics. The main problem is
that not all OAM contributes to the torque on the magnetization. For
example, as discussed above, the OAM needs to couple to the spin to interact
with the magnetization, which requires SOC. (Fig. 3a). Before and during
this process, the OAM may be transferred to the lattice by exerting a
mechanical torque or by generating circular phonons with finite angular
momentum’". Therefore, it is necessary to find a novel mechanism by which
the OAM strongly interacts with the magnetization and the loss of the OAM
to the lattice system is minimized.

Achieving this goal requires a deeper understanding of the role of the
crystal field potential on the induced OAM. In equilibrium, the OAM is
generally quenched such that there is no transfer of angular momentum to
the lattice. For non-equilibrium states, in which the OAM may be
unquenched, it is not known yet how the OAM exchanges angular
momentum with the lattice and what kinds of orbital dynamics are possible.
Suppressing the OAM-lattice interaction may be a promising direction for
fully harnessing the OAM. This is because the crystal-field potential, which
does not commute with the OAM, may transfer the OAM of electrons to the
lattice and exert a mechanical torque. So far, most studies have focused on
materials with cubic symmetries, such as body-centered cubic and face-
centered cubic crystals. It might be possible that certain classes of crystal-
field splittings may suppress the OAM-lattice coupling, which, as a result,

promotes the other channel of angular momentum transfer to the spin and
local moments. According to a theoretical analysis of the angular
momentum transfer, angular momentum exchange between the orbital
degree of freedom and the lattice is pronounced mostly at the interface
under an external electric field". Thus, engineering the interface crystal
structure may open a route to enhance the efficiency of the spin-torque
device using the OAM as a main source of angular momentum.

A heavy-metal insertion layer has been proposed as a strategy to
enhance the orbital-to-spin conversion and demonstrated™”. So far, only
Pt and a couple of 4f elements® have been shown to exhibit efficient
orbital-to-spin conversion, so it is necessary to search for materials that can
potentially exhibit a much higher conversion ratio from the OAM to the
spin angular momentum. For example, topological insulators and semi-
metals with distinct band structures and spin-orbital-momentum locking
may be candidate materials to be tested.

At the same time, it is highly encouraged to search for efficient orbital
source materials with large OHE or OEE. So far, only transition metals have
been intensively studied, but a wider range of materials, such as two-
dimensional materials, topological materials, ferroelectric and magneto-
electric materials, need to be investigated. In these materials, so-called non-
local contribution®** to the orbital angular momentum may significantly
enhance the generation efficiency compared to transition metals, where the
OAM is mostly centered around ionic centers.

Orbital relaxation

Another challenge in orbitronics is to understand the relaxation mechan-
isms of orbitally polarized carriers. The relaxation may occur through defect
scattering or even without scattering through the strong coupling of the
orbital to the crystal structure and lattice vibrations. A recent theory sug-
gested that the OAM can propagate long distances in FMs™. This feature
originates from the anisotropic orbital splittings depending on the direction
of the crystal momentum, where the component of the OAM parallel to the
crystal momentum barely interacts with the crystal due to negligible energy
splittings. Several experiments support the claim that the efficiency of the
orbital torque increases with the thickness of an FM*****°. However, more
direct testing is still necessary, for example, by tuning the crystal field
splitting by external knobs that can tune the orbital splittings directly.

We also note that most of the theoretical and computational studies
assumed single crystals, while the majority of experiments were performed
on polycrystalline samples. Nonetheless, experiments and theories seem to
agree qualitatively, and sometimes even quantitatively, in transition metal
heterostructures. However, there exists also an extreme case; the prediction
of a strong orbital Rashba effect has been made based on the calculation
performed on a perfect alignment between Cu and O atoms®, while
experimentally grown Cu oxide samples, which are naturally oxidized and
thus have very complicated surface morphology and atomic arrangements’’,
seem to host substantial OEE, to our surprise. These empirical evidences
imply that some orbitronic effects such as OHE, OEE, and orbital torque
may still occur as long as local crystallinity within a single grain persists.
Experimentally, this may be tested if the size of crystal grains can be sys-
tematically varied. Theoretically, it is important to clarify what types of
physical mechanisms predicted for a single crystal to survive in a polycrystal
and whether new effects may emerge due to scattering of orbitally polarized
electrons at grain boundaries. Thus, it is highly desired to develop theories
bridging the gap between single- and poly-crystalline systems.

Phase-coherent and non-local effects

Another important aspect to be explored further is the quantum nature of
orbital transport. So far, most experiments have been performed in metallic
systems, where the phase coherence length is much shorter than the sample
size. However, there exists a plethora of quantum transport phenomena,
such as conductance quantization, Aharonov-Bohm interference, weak
localization, and universal conductance fluctuation. Moreover, the mani-
festations of the spin degree of freedom on phase-coherent transport have
also been studied, e.g., weak anti-localization. Now that the community
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recently noticed the importance of orbital currents, investigation on the
manifestation of the orbital degree of freedom in nanoscale and mesoscopic
transport phenomena may reveal previously unnoticed insights on the
quantum nature of electron transport. Manipulation of the electron’s
quantum state inherent in the orbital degree of freedom might offer a new
direction for quantum information processing, for example, used for “flying
qubits™>*.

When the phase coherence becomes sufficiently longer than the lattice
spacing, the distinction between the OAM and current becomes blurred,
and we need to revisit the definition of the OAM and what we mean by
orbital currents if the OAM contains both local and non-local contributions.
The first step is to revisit the so-called modern theory of orbital magnetism
formulated in terms of Berry phase™®', which consistently captures all
possible terms contributing to the total OAM that couples to an external
magnetic field. Recent works have adopted a multi-band formulation of the
modern theory and compared the results with that obtained within the
atom-centered approximation for the OAM**”’. The results show that the
OHEs can be substantially different depending on the definitions of the
OAM. One of the main advantages of adopting the modern theory defini-
tion is that the OHE in s orbital systems can also be investigated, in which the
OAM is due to the circulation of electrons via hoppings. For example, s
orbital Kagome model® and the Kane-Mele model for the topological
insulator’ have been examined recently.

New perspective on the orbital physics in strongly correlated
materials

Contrary to spintronics, which has not paid much attention to the orbital
degree of freedom for a long time, some other branches of condensed matter
physics have regarded orbital physics as an important topic of research”™.
In transition metal oxides, the orbital degree of freedom plays a crucial role
in inducing various competing phases in which spin, charge, and orbital
orderings are often entangled. The orbital ordering has been intensively
studied in various materials, including a classic e,-shell compound KCuF;”,
manganese compounds such as La; _,Sr,MnQ;"*", as well as a prototypical
high-temperature superconductor material La, ,Sr,CuO,'”.

In recent years, there has been noticeable progress in multi-orbital
superconductivity. For example, in Fe-based unconventional super-
conductors, the 3d orbitals of Fe play an important role in inducing the
nematicity, spin-density-wave phase, and superconductivity'*""'".
Understanding the interplay among magnetism, orbital ordering, and
superconductivity is one of the holy grails in the study of Fe-based
superconductors'”. The role of multi-orbital pairings has also been
pointed out in Sr,RuO,'"'”, a candidate material for the unconventional
superconducting compounds. Meanwhile, evidence of the loop current
order, which may correspond to the inter-atomic contribution of the
OAM, has been found in Kagome superconductors AV;Sbs (A =K,
Rb, Cs)',

However, we would like to emphasize that most of the previous works
on orbital physics focused mainly on the static properties in the ground state,
while the excitation properties of the orbital degree of freedom in non-
equilibrium remain largely unexplored, which started to receive attention
only recently. Thus, we anticipate that revisiting orbital-related phenomena
in oxide compounds from the orbitronic point of view may shed new light
on the phenomena studied in the past.

Towards orbitronics and beyond

Although orbitronics is undoubtedly helpful and promising for spintronics,
it is fascinating to think about the possibility of utilizing the orbital degree of
freedom itself as the main information carrier for device application. This
may be developed in parallel with spintronics but could be significantly
different from spintronics in that it can solve the problems that are hard to
address in spintronic devices. Furthermore, one may also think of inde-
pendently using orbital- and spin-polarized electrons as a probe to investi-
gate orders and excitations in solids, which are expected to reveal different
types of information.

We note that different versions of orbitronics have been achieved in
various fields, which are all inspiring and mutually borrow ideas often. One
of the most famous examples is the vortex beam in optics, which possesses a
screw dislocation of phase along the propagation direction. Such light with
the OAM may be utilized for imaging, spectroscopy, and communication
technologies. Many methods toward this direction have been developed,
and some are in a mature stage'”. Analogously, magnons in a disk geometry
can carry finite OAM'"’. Moreover, the notion of OAM and orbital transport
have also been considered in some lattice models of magnons''''*. Phonons
in chiral systems can carry OAM'™" and may selectively couple to
magnons' . All these developments strongly suggest that orbital physics is
not restricted to electrons but can be generalized to various quasi-particles
and waves. Therefore, a comprehensive view of orbital physics in different
research areas may bring new opportunities and give rise to interdisciplinary
studies at the intersection of electronics, magnonics, phononics, and optics.
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