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Orbital torque: Torque generation by orbital current injection
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‘We propose a mechanism of torque generation by injection of an orbital current, which we call orbital torque.
In a magnetic bilayer consisting of a nonmagnet (NM) and a ferromagnet (FM), we consider a situation where
the spin-orbit coupling (SOC) is present only in the FM. Although the SOC is absent in the NM, the orbital
Hall effect can arise in the NM. When the resulting orbital Hall current is injected to the FM, the SOC of
the FM converts the orbital angular momentum into spin, which exerts torque to the magnetization of the FM.
Remarkably, even for small SOC strength comparable to that of 3d FMs, the orbital torque can be comparable to
the spin torque induced by the spin Hall effect of the NM with strong SOC. This provides a way to experimentally
probe the OHE and opens a venue to achieving spin-torque devices based on light elements that exhibit gigantic

orbital response. Experimental implications are discussed.
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I. INTRODUCTION

Spin injection into a ferromagnet (FM) generates a spin
torque (ST) on local magnetic moments of the FM by the
angular momentum transfer from the spin of injected con-
duction electrons. For ST generation, a spin current source
is needed. A popular source is a nonmagnet (NM) with strong
spin-orbit coupling (SOC), which exhibits sizable spin Hall
effect (SHE). The ST of the SOC origin is called spin-orbit
torque [1-20], which has drawn considerable attention as a
powerful means to electrically control magnetic configuration
such as current-induced magnetization switching [1-5] and
domain wall motion [6-9].

Similar to the SHE, the orbital Hall effect (OHE) allows
for electrical generation of a transverse orbital current. In
transition metals, for example, electron wave functions near
atomic cores have mainly d character, and superpositions
such as d, & id,, carry the orbital angular momentum (OAM)
L, = *+h. A flow of wave packets with such superposed wave
functions generates an orbital current. Considering that an
orbital current carries the angular momentum just like a spin
current does, it is reasonable to expect that injection of an
orbital current (or orbital injection in short) into a FM may
generate a torque on local magnetic moments of the FM. We
call such torque as orbital torque (OT), which provides an
experimental way to detect the OHE. Although the OHE has
not yet been experimentally verified, theoretical calculations
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[21,22] on 4d and 5d transition metals indicate that the orbital
Hall conductivities (OHCs) of these NMs are about an order
of magnitude larger than the spin Hall conductivities (SHCs).
Moreover, our recent theoretical analysis finds that the OHC
can be gigantic ooy ~ 10*(%1/2|e|)(Q2cm)~! even in materials
with negligible SOC [23,24]. Thus the OT also provides
a venue to achieving high torque efficiency in spintronic
devices.

In this paper, we explore the theoretical idea of the OT.
By numerical calculation on a tight-binding model, we show
that the OT can be sizable in magnetic bilayers consisting of
NM and FM, even in a situation when the SOC of the NM is
absent. This is attributed to highly efficient generation of the
orbital current in the NM by the OHE. Thus, in light element
systems in which the SOC is negligible, the OT is expected to
be dominant over the ST.

Although conventional torque measurements (such as spin
torque ferromagnetic resonance) measure the total sum of the
OT and the ST, each individual torque can be distinguished
as follows. In case of the ST, its sign and magnitude vary
mainly with the choice of the NM and are affected much
less by the choice of the FM. In particular, the sign of the
ST cannot be flipped by the variation of the FM. In case of
the OT, in contrast, depending on the choice of the FM its
magnitude can vary significantly, and moreover its sign can
also be flipped. We propose such FM dependence as a key
feature for experimental verification of the OT. Moreover, we
argue that unlike the ST the OT is drastically affected by the
interface crystallinity, which originates in the nature of the
orbital injection mechanism. This can be a way to disentangle
the OT from the ST.

The rest of the paper is organized as follows. In Sec. II
we introduce an overview on the mechanism of the OT. As a
proof of the principle, Sec. III presents main results from the
numerical calculation. In Sec. IV we discuss issues relevant
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FIG. 1. Schematic illustration for the mechanism of the OT in a
NM/FM bilayer. By an external electric field £, the OHE occurs in
the NM. Thus the OAM L is injected to the FM. The SOC of the FM
then converts the injected L to the spin S, which exerts torque on the
magnetization M.

for the experimental detection of the OT. The conclusion of
the paper is given in Sec. V.

II. MECHANISM

The mechanism of the OT consists of three steps. The first
step is generation of the OAM or its current. For example,
the OHE can be a way to generate the orbital current from
the bulk [21-24]. Meanwhile, interfacial mechanisms such as
orbital Rashba-Edelstein effect can also generate the OAM
[25-31]. The second step is the orbital injection to the FM. In
contrast to the spin injection, the orbital injection is critically
affected by the interface crystallinity by the nature of its
injection mechanism (see Sec. IV C for the discussion). The
third step is conversion of the injected OAM to the spin, which
interacts with the local magnetic moment by the exchange
(XC) coupling and gives rise to the torque. Analogous to the
ST, which originates in the spin injection, the OT is defined
as a torque contribution arising from the orbital injection. As
an illustration, Fig. 1 shows a schematics of the OT in the
NM/FM bilayer, where the OHE occurs in the NM. When the
SOC of the NM is zero, the SHE is absent but the OHE can
still be gigantic [23]. The injected OAM is then converted to
the spin by the SOC in the FM. In this case, the torque arises
solely from the orbital injection and the thus resulting torque
amounts to the OT.

II1. RESULT
A. Tight-binding model

We investigate the OT in a NM/FM bilayer structure
(Fig. 1). For a quantitative evaluation of the OT, we adopt
the tight-binding description of the bilayer with Nxy(Newm)
atomic-layer-thick NM (FM), which is stacked along the 2
direction [Fig. 2(a)]. We assume both NM and FM to have the
simple cubic structure. The total Hamiltonian of the system
can be formally expressed in k space as

Hk) = Hwik) T (k) ’ )
Ti(k)  Hpm(k)
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FIG. 2. (a) Schematic illustration of the tight-binding model of
the NM/FM bilayer. (b) The band structure of the bilayer for Nyy =
8 and Ngy = 2. The color represents the equilibrium expectation
value of the spin-orbit correlation in the FM region (L - S)S(:VI for each
state.

where k = (k;, k) is the crystal momentum, Hnwvem) (k) de-
scribes the Hamiltonian in the NM(FM) sector of the bilayer,
and Tin(K) describes the interfacial hoppings between the NM
and FM. Details on the tight-binding model can be found in
Appendix A.

Here we remark on a few important features of the model.
For the NM, we adopt the sp model that has been used
previously [23] to illustrate the OHE without the SOC. In this
model, each lattice site can host s, p,, py, and p, orbitals, and
the orbital hydridization, which is crucial for the emergence
of the OHE [23], arises from the symmetry-allowed nearest-
neighbor hoppings between s and py , . orbitals. We neglect
the SOC in the NM so that the SHE is absent. For the FM,
we adopt a trivial d model; each lattice site can host dy, d,,
dy, d2, and d,>_» orbitals with nearest-neighbor hoppings al-
lowed. This d model does not allow any orbital hybridization,
and thus there is no OHE [23,24]. In general, the OHE arises
in more realistic d models that take into account one of the
following complexities: next-nearest-neighbor hopping, extra
orbitals (s or p), or non-simple-cubic structure. The d model
is augmented by adding the SOC

FM ag\/{
Hso = 7L S (2)

and the XC coupling

Xc

J
H' = M-S, 3)
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where 7 is the reduced Planck constant, L is the OAM oper-
ator, S is the spin operator, and M denotes the magnetization
direction of the FM. Here J and 5™ denote coupling strengths
for the XC coupling and SOC, respectively. Below we focus
on the case M = 7. At the interface, the nearest-neighbor
hoppings exist between the sp orbitals in the NM and the d
orbitals in the FM.

All parameters of the NM and FM are set to have typ-
ical energy scales of nonmagnetic and magnetic metals. In
particular, we set ofM = 100 meV, which is a typical SOC
strength of 3d transition metals [24,31,32]. We emphasize
that the nonzero ofM is crucial for the OT since M couples
only to S and there is no direct coupling between M and L in
the Hamiltonian. Thus for the injected OAM to generate the
OT, it should be first converted to spin through the SOC and
then the resulting spin can generate the torque through the XC
coupling as illustrated in Fig. 1.

Figure 2(b) shows the band structure of the NM/FM bi-
layer for Nny = 8 and Npy = 2, where the color represents
the equilibrium expectation value of the spin-orbit correlation
in the FM region (L -S){" for each state. The correlation
is negative in the lower energy range (—1.1 eV < E,x <
—0.7 V) and positive in the higher energy range (—0.3 eV <
E.x < 40.2 eV). In the middle energy range (—0.7 eV <
E.x < —0.3 eV), states with positive and negative correlations
coexist. In Sec. Il E we demonstrate that the sign of (L - S)¢!
is crucial for the determination of sign of the OT.

B. Kubo formula

For the calculation of the OT and related responses such as
OAM, spin, and their currents, we employ the Kubo formula
within the linear response theory. A response of an observable
O by an external electric field £ = £,X is given by the sum of
the intraband and interband contributions

(O) — <O)intra + (O>inter (4)

under the relaxation time approximation, which assumes con-
stant broadening of the energy spectrum by I that corresponds
to the characteristic relaxation time t = 7/2I". The intraband
contribution

(O™ = [ furak — fut] (] OK) [t} (52)
nk
N —ebT Y O | OCK) k) k] 02K )
X — aEnk i n i X n
(5b)

arises due to shift of the Fermi-Dirac distribution function f,x
by Ak = —e€71/h. Here e > 0 is the unit charge, v, (k) =
(1/h)(0H (k)/0k,) is the velocity operator along the X direc-
tion, |u,x) is a periodic part of the Bloch state, and E, is the
corresponding energy eigenvalue. For any arbitrary operator
C, we define C(k) = e~ *TCe*T in k space. On the other hand,
the interband contribution

(OV™" = ehEe Y (fuk — fur)

nmk

« Im|: (k] OK) |t ) (umk|‘vx(k) |unk>i| (6)
(Enk - Emk + ZF)Z

arises due to change of the quantum state by coherent super-
positions for each k. In the relaxation time approximation,
disorder scatterings are incorporated in a semiclassical man-
ner; while the electronic structure is quantum mechanically
treated, scattering and relaxation of the electron are treated by
introducing the level broadening I'. For example, the vertex-
correction effect is not captured in this approach. Below
throughout the paper, we assume I" = 25 meV, which is a
room temperature scale.

Based on the Kubo formula expressions in Egs. (5) and (6),
we evaluate responses of the OAM, spin, and their currents at
each atomic layer located at z. The operators of the OAM and
spin are locally defined as

X(z) = P(2)XP(2) @)

for X =L or S, where P(z) is the projection operator to the
atomic layer at z. The z component of the current for X, which
is relevant for the orbital and spin injection, is defined as

iX@) = v, X(@)}, (8)

where the velocity operator along the z direction is defined as

v, = % ;(z —Z)P(HK)P(). €))

C. Definition of the OT

Although the origin of the OT is the orbital injection,
torque acting in the magnetization is proportional to the spin,
which is converted from the injected OAM. Thus, the torque
T acting on the FM can be obtained from spin accumulation
as

T— ‘%M « ()M, (10)

where (S)™ = > .crm (S(2)) is the spin accumulation in
the FM. When (S)™ originates from the injected OAM, T
amounts to the OT.

Analogous to the ST, in the lowest order of M (or rotation
symmetry in the xy plane is assumed, i.e., a polycrystalline
sample) the OT can be decomposed into fieldlike and damp-
inglike components:

T =1M x §+ 14M x (M x §), (11)

where ty(g) refers to the fieldlike (dampinglike) component of
the OT. This is similar to the generation of the fieldlike and
dampinglike STs when a spin current polarized along ¥ di-
rection is injected into a FM magnetized along the Z direction
[14]. For instance, when M = Z, which is assumed in the tight-
binding model, ¢ = (J/A)(S,)™ and 14 = —(J/R)(S,)™. We
find that (S, (z)) and (S,(z)) arise from the intraband [Eq. (5)]
and interband [Eq. (6)] contributions, respectively. Thus the
ﬁelQlike (dampinglike) OT is odd (even) under sign reversal
of M.

D. Orbital/spin response under orbital Hall current injection

We evaluate the electric field responses for the OAM,
spin, and their currents by using the Kubo formula within
the relaxation time approximation, as described in Sec. III B.
For the calculation, we assume Nyy = 20 and Npy = 10;
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FIG. 3. (2) (j:"(2))/&x (b) (X,(2))/&x. and () (X(2))/&; as a
function of z for Eg = —0.9 eV. Here X =L or S. Blue circles
and orange squares depict the orbital and spin, respectively. White
inverted triangles depict the orbital when the NM and FM are
disconnected. The NM (1 < z < 20) and the FM (21 <z < 30)
regions are colored in green and yellow, respectively. The inset in
(b) presents a magnified plot near the NM/FM interface.

thus the NM and the FM are located at 1 < z <20 and
21 < z < 30, respectively. We present the result for the Fermi
energy Ep = —0.9 eV. In Fig. 3, white inverted triangles
indicate the response for the orbital when the NM and FM
are disconnected, viz. Tiy (k) = 0 in Eq. (1). Blue circles and
orange squares represent the responses for the orbital and spin,
respectively, when the NM and FM are connected. Note that
responses for the spin are 10x enlarged.

We first consider the case where the NM and FM are dis-
connected. For the orbital Hall current [Fig. 3(a)], it exhibits
symmetric distribution within the NM. On the other hand,
there is no response in the FM since the FM is disconnected
from the NM and the OHE within the FM itself is assumed
to be absent. We find that the OHC in the NM is more than
2000 (7/2]e|)(2 - cm)~!, which is gigantic. This agrees with
the previous calculation of the OHC in the periodic structure
[23]. The spin Hall current is absent in both NM and FM when
the NM and FM are disconnected (not shown). In Fig. 3(b) we
find that (L,(z)) exhibits asymmetric distribution and finite
accumulation at the edges (z = 1 and 20) in the NM. This

result can be interpreted as the orbital accumulation at the
edges due to the OHE in the NM. Such orbital accumulation
is zero in the FM due to absence of the OHE. Since the SHE
is absent in both NM and FM, (S,(z)) is absent in both NM
and FM. On the other hand, (L.(z)) is zero when the NM and
FM are disconnected [Fig. 3(c)]. In the NM, it is because this
requires breaking of the time-reversal symmetry. Even though
the time-reversal symmetry is broken in the FM, (L,(z)) is
zero due to absence of the OHE and SHE. For the same reason,
(Sx(z)) is also zero (not shown).

Once the NM and FM are connected, part of the orbital
Hall current is injected to the FM, which is converted to the
spin Hall current by the SOC of the FM [Fig. 3(a)]. We also
find the spin Hall current in the NM region, which is decaying
from the interface [Fig. 3(a)]. This is because reflected current
from the interface becomes spin-polarized by the SOC in the
FM [Eq. (2)]. Even though the SOC is absent in the NM, the
decay of the reflected spin current is observed due to finite I".
Figure 3(b) shows spatial profiles of (L,(z)) and (Sy(z)).
Near z = 1, which is far from the NM/FM interface, (L, (z))
remains essentially unchanged. Near the interface (z = 20),
on the other hand, (L,(z)) is reduced significantly since the
orbital Hall current is now injected into the FM instead of
getting accumulated at the interface. The injected orbital in
the FM produces not only (L,(z)) but also (S;(z)) due to the
SOC [Eq. (2)]. By the way, the spin accumulation in the NM
is due to partial reflection of the orbital Hall current from
the NM/FM interface, which becomes spin-polarized by the
SOC [Eg. (2)].

As (S,(z)) becomes nonzero in the FM, the spin precesses
around M due to the XC coupling [Eq. (3)] and produces
(Sx(z)) as well [Fig. 3(c)]. This precession results in oscilla-
tory profiles of (Sy(z)) and (Sy(z)) in the FM, which resemble
oscillatory spin accumulation profiles [14] in a conventional
situation, where a spin current is injected into a FM to
generate the ST. The oscillatory profiles of (S,(z)) and (Sy(z))
in the FM are accompanied by similar oscillatory profiles of
(Ly(z)) and (Ly(z)). The coexistence of the spin and orbital
accumulation oscillations is due to the SOC, and we note
that the spin and orbital oscillations are 180° out of phase
[Figs. 3(b) and 3(c)], which we attribute to negative spin-orbit
correlation (L - S)" at Er = —0.9 eV [Fig. 2(b)].

E. What determines the sign of the OT?

Since 74 plays a more important role for the current-
induced magnetization dynamics than 7y [2,3], we focus on
(S,)™. Figure 4(a) shows that the ratio (S,)™ /&, (orange
squares) is positive for —1.0 eV < Eg < —0.6 eV and neg-
ative for —0.2 eV < Er < 0.0 eV. For comparison, the ra-
tio (L,)™/&, (blue circles) is also shown, where (L,)™ =
> erm(L+(2)). Note that the relative ratio between (S, )™ and
(L,)™ is negative for —1.0eV < Er < —0.6 eV, and positive
for —0.2 eV < Ep <0.0 eV. The Eg dependence of the
relative ratio sign closely resembles the energy dependence of
the spin-orbit correlation (L - $){}" in Fig. 2(b). By combining
the calculation result in Fig. 4(a) with the fact that the OHC
of the NM is positive essentially for all Er [23], we find that
the sign of (S,)f™ /&, tends to be determined by the sign of
the product between the OHC of the NM and the spin-orbit
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FIG. 4. (a) (S,)™/&, (orange squares for 10x magnified values)
as a function of Ex with «f™ = 100 meV. For comparison, (L,)™ /&,
(blue circles) is also shown. (b) 74/&, as a function of «fM with Er =
—0.80 eV (purple squares) and Er = —0.15 eV (green squares). The
yellow star and red cross symbols in (a) and (b) are obtained for the
same Er and ofM. For this calculation, smaller system size is used
(NNM = 8 and NFM = 2)

correlation in the FM. Considering that (S,)™ determines the
dampinglike OT, the latter tendency may be regarded as the
OT counterpart of the sign “rule” for the ST; the dampinglike
ST tends to be determined by the sign of the spin Hall con-
ductivity (SHC) in the NM [2,3,14]. Meanwhile, the fieldlike
OT exhibits more complicated behavior, which sensitively
depends on the electronic structure, because it originates in an
interfacial mechanism such as orbital Rashba-Edelstein effect,
analogous to the fieldlike ST, which is dominantly governed
by an interfacial mechanism from the Rashba-type states [18].

F. How large is the OT?

Figure 4(b) shows the ratio 74/&, as a function of o™
for Er = —0.80 eV (purple squares) and Ep = —0.15 eV
(green squares). These two Er values are close to the peak
positions in Fig. 4(a) (denoted by the yellow star and the
red cross). For these favorable choices of Ef, values of 74/&,
are —0.08 ea and +0.05 ea for af™ = 100 meV, which is
the SOC energy scale for 3d FMs. Here a is the lattice
constant, which is set to 5 A. By increasing o™, they reach
up to —0.22 ea and +0.09 ea for «fM =200 meV, which
is the SOC energy scale for 4d transition metals. Note that
these values t4/E ~ 0.1 ea for of™ =100, 200 meV are
not negligible compared to the corresponding value ~0.5 ea
for the dampinglike torque calculated for the Pt/Co bilayer
[18,20] with the SOC strength of 500 meV for Pt. Then,
considering that the OHC in real materials such as V is
gigantic oo ~ 12000 (h/2|e|)(Q~cm)’1, which is about
six times larger than the OHC of the sp model used in our
calculation, 74/&, for real NMs may be proportionally larger
and comparable to the corresponding ST value for the Pt/Co
bilayer. Although quantitative predictions for 74/, require
realistic calculations that take material details into account, we
argue it is still reasonable to expect that the OT may be sizable
for a FM with weak SOC, thus providing an alternative route
to enhancing the torque efficiency.

TABLEI. Relative signs of the OT and ST depending on the spin-
orbit correlations in the NM and FM.

(L-$)™ >0 (L-S)M <0

Same sign
Opposite signs

Opposite signs
Same sign

IV. DISCUSSION
A. Disentangling the OT from the ST

So far we have assumed that the SOC is absent in the
NM. However, in general, the SOC exists in the NM and
both the OT and ST contribute to the torque. Here we discuss
competition between the OT and ST and how to disentangle
them. When the SOC is present in the NM, part of the orbital
current is converted to the spin current and the SHE follows
the OHE [21-23]. Thus, on top of the OT, injection of the
spin Hall current into the FM generates the ST. It is known
that OHE and SHE occur in the same (opposite) direction
if (L- S)5 is positive (negative) at Er [21-23]. Thus, when
(L - S)chll\A > 0 at Er, which is a case for Ni, the OT and ST add
up if (L-S)5M > 0 and cancel each other if (L - S)JM < 0.
This situation becomes the opposite when (L - S)Sév[ <0, as
in Gd. This is summarized in Table I.

This implies that when the OT and the ST add up, the
total torque may go even beyond the level expected from
the theoretical value for the SHC of a NM, as in recent
experiments [33,34]. When the OT and ST cancel each other,
the total torque may even exhibit the opposite sign compared
to the sign expected from the SHC of the NM. For example,
Ta and W are candidate systems where such sign reversal may
be realized since the OHC is of opposite sign and much larger
than the SHC in these materials [21].

Unfortunately, the OT and ST exhibit qualitatively similar
behavior, and thus disentangling the OT from the ST is chal-
lenging. The orbital and spin operator transform in the same
way for symmetry operations, i.e., both OT and ST exhibit
the same angular dependence. Nonetheless, the OT and ST
are expected to exhibit different quantitative features. One
characteristic feature of the OT is its strong correlation with
(L - S)';I]w as demonstrated in Figs. 2(b) and 4(a). This suggests
that the OT can be probed through material variation of a FM.
This is in stark contrast to the ST, where the role of the FM is
less important. This behavior can be systematically studied by
controlling the stoichiometry of the FM alloys.

Phenomenologically, the effective spin Hall conductivity
obtained from the torque measurement may be expressed as

osin = Tsogi' + Toogn &' (12)
where oii(oy, is the OHC (SHC) of the NM, Ts(o) is spin
(orbital) transparency at the interface, and ™ is the con-
version ratio from the orbital to spin in the FM, which is
proportional to (L - §)2)". Here the first term in the right-hand
side of Eq. (12) corresponds to the ST contribution and the
second term corresponds to the OT contribution.

In the above discussion, the SHC in the FM is ignored.
However, the SOC in the FM may result in a self-induced
torque due to sizable SHE in the FM, as pointed out in
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Refs. [35,36]. The SHE in the FM leads to an antisymmetric
accumulation of the spin within the FM layer, leading to
a nonuniform tilting of the magnetization. Thus, when the
thickness of the FM is smaller than the spin diffusion length,
this effect is expected to be small. On the other hand, in
the mechanism of the OT, transient OAM and spin in the
FM exhibit exponential decay from the NM/FM interface,
as shown in Fig. 3. Therefore, measuring the dependence
of the torque on the FM thickness may distinguish the spin
accumulation induced by the SHE of the FM and the spin
accumulation induced by the orbital injection from the NM.

B. Onsager’s reciprocity: Orbital pumping

The OT describes a response of the torque and resulting
magnetization dynamics induced by orbital current injection.
The Onsager’s reciprocal relations guarantee the existence of
a reciprocal process of the OT: pumping of the orbital current
by the magnetization dynamics. We denote this phenomenon
orbital pumping (OP) in analogy to the spin pumping (SP).
Because of the SOC in the FM, both the spin and orbital are
pumped by the magnetization dynamics. Depending on the
spin-orbit correlation of the FM (L - S)(*, the sign of the OP
can be same or opposite to the sign of the SP.

In the NM/FM bilayer, pumped orbital and spin are con-
verted to the charge current by the inverse OHE (IOHE) and
inverse SHE (ISHE) in the NM, respectively. While the IOHE
does not require the SOC for the same reason as the OHE does
not require the SOC, the ISHE requires the SOC. Thus when
the SOC in the NM is negligible, leading contribution of the
effective ISHE voltage comes from the IOHE. When the SOC
is appreciable in the NM, the relative sign of the IOHE and
ISHE is determined by the spin-orbit correlation of the NM,
(L - 8)g,". This kind of reciprocal process is captured by the
tight-binding model used in the calculation of the OT (Fig. 2).

Therefore when the magnetization precesses, there are two
channels for generating the effective ISHE voltage: (1) the OP
followed by the IOHE and (2) the SP followed by the ISHE.
The channels (1) and (2) are governed by (L - S)févl and (L -

S)Q]M, respectively. Whether the two channels contribute in
the same sign or opposite signs of the voltage is analogous
to the relation between the OT and ST, following the relation
in Table I. The magnitudes of the contributions (1) and (2) are

expected to be comparable.

C. Role of the interface crystallinity

Another feature of the OT distinct from the ST is its
dependence on the interface crystallinity. For injection of
the OAM across the interface, it must occur through orbital
hybridizations at the NM/FM interface. In the tight-binding
model in Fig. 2(a), interfacial hoppings

Voa = (P2 Hhop |d32Y2). (13a)
Voa = (P3| Hhop |d2}") (13b)

are crucial for transferring (L,) between the NM an the
FM. Once a state carrying finite OAM, |[L” = +1) = |p.) +
i|py), for example, is induced in the NM, the interface
hoppings in Eq. (13) can generate a state L") = 42) =

|sz21\fx2) +i |dgM) that also carries OAM. It can be shown that
when the relative sign of y,4, and y,q, is flipped, the sign of
the OT changes (see Appendix B). Thus even spin-conserving
interface scatterings can result in orbital relaxation, making
the orbital transparency To more sensitive to the interface
crystallinity than the spin transparency Ts [Eq. (12)]. The in-
terface crystallinity may be varied in experiments by different
sample preparation methods.

Interface crystallinity can also differ depending on chemi-
cal properties of the NM and FM atoms. For example, when
the NM and FM elements tend to be mixed, interdiffusion
of the NM and FM elements forms a mixed layer. This can
suppress the OT since the atomic ordering of the NM and FM
atoms disappears at the interface. On the other hand, when the
NM and FM elements do not mix, a sharp interface is main-
tained, which is favorable for the OT. Note that the atomic
ordering persists locally even in polycrsytalline samples.

D. Material systems

Light element systems are promising candidates that are
expected to have dominant OT contribution in the current-
induced magnetization dynamics, i.e., the NM/FM bilayer
shown in Fig. 1. This is advantageous for unambiguously
quantifying the OT since the ST is negligible. Current-induced
magnetization switching has been realized in a Zr/CoFeB
bilayer, in which heavy element is absent [37]. According
to theoretical calculation on the hcp Zr, the OHC ooy =
+5300 (%/]e])(Q2cm)~! is about 30 times larger than the SHC
osu ~ —170 (1/]e])(Qcm)~! [37]. Thus it is possible that the
OT is in action for the torque generation.

In the past, unexpectedly large signals have been measured
in Cr [38,39] and Py [40,41] systems from the SP experiment.
We remark that the effective ISHE voltage measured from the
experiment is the sum of the two independent contributions
(1) and (2) (see Sec. IV B). On the experiment in Ref. [38],
which studied the variation of the effective spin Hall angle as
a function of atomic number Z among 3d transition metals,
Fig. 3(b) of Ref. [38] shows that the sign is negative for Z =
22-25 and positive for Z = 26-29. This Z-dependent sign
variation seems to indicate that the channel (2) is probably
more important for this particular experiment. However, we
note that the measured effective ISHE does not quantitatively
agree well with the theoretical estimation [24]. This implies
that the signal from channel (1) contributes together with
channel (2). We suggest that the variation of not only the
NM material choice but also the variation of the FM material
choice can provide more information on the role of the IOHE.

Alloying provides a systematic way of tuning the spin-orbit
correlation. For example, we expect that alloying a FM with
heavy elements would not only increase the OT contribution
since the conversion becomes more effective as £EM grows
but also provide a way to systematically investigate the com-
petition between the ST and the OT [Eq. (12)]. Although
majority of the current-induced torque experiments employ
transition metals, we emphasize that combining d orbital and
p orbital elements may open a venue for achieving desir-
able material properties. Among different classes of alloys,
Heusler alloys are interesting in that they exhibit various
kinds of nonmagnetic and magnetic phases [42]. Recently,
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CoGa has been proposed to have large SHC by the pd
hybridization [43]. Because the orbital hybridization is crucial
for the emergence of the OHE [23,24], we compare the
value of the OHC and SHC in CoGa from first-principles
calculation [44]. We find that the OHC is indeed gigantic,
oo ~ 42770 (1i/le|)(Q2cm)~!, which is almost 20 times
larger than the SHC osy ~ 136 (//]e|)(Qcm)~!. This implies
that if more than 5% of the injected orbital is converted to the
spin in the adjacent FM, the OT contribution is larger than the
ST contribution.

Another interesting class of materials is two-dimensional
systems such as transition metal dichalcogenide, in which p
and d orbital characters coexist. Recently, it has been theoret-
ically found that orbital Hall insulating phase can be realized
in two-dimensional systems [45,46]. This may ignite research
on two-dimensional materials as orbital current generators for
the OT device applications.

Finally we also remark that the OAM can be generated
not only by the OHE but also by the interfacial Rashba-
type states with chiral OAM textures [25-29,31]. Recently
Ref. [47] claimed that large dampinglike torque measured in
Pt/Co/SiO; is correlated with the pronounced orbital splitting
of Co states due to asymmetrical hybridization with Pt and
SiO,. Meanwhile, sizable fieldlike torque was measured in
Py/(Cu)/AlQ, structure [48]. Since the SOC is negligible
in this structure, the fieldlike torque could be due to orbital
Rashba states.

V. CONCLUSION

In conclusion, we propose a mechanism of torque gener-
ation by the orbital injection, called the OT. In a NM/FM
bilayer, the OHE arises in the NM even without the SOC, by
which the OAM can be injected to the FM. In the FM, the

injected OAM is converted to the spin by the SOC and exerts
torque to the magnetization of the FM. Remarkably, we find
that even for small SOC strength of the FM comparable to that
of 3d FMs, the OT can be comparable to the ST induced by the
spin Hall effect of the NM with strong SOC. For disentangling
the OT from the ST, we propose variations of the FM kind
and interface crystallinity. The OT not only provides a way
to experimentally probe the OHE but also opens a new venue
to achieving spin-torque devices based on light elements that
exhibit gigantic orbital response.
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APPENDIX A: TIGHT-BINDING MODEL

The tight-binding model for a magnetic bilayer presented
in this paper is composed of a NM layer and a FM layer. The
numbers of layers for the NM and the FM are Nym and Npy,
respectively. We assume the simple cubic structure for both
NM and FM with only nearest-neighbor hoppings allowed.
We also assume that the layer is periodic in x and y directions,
and the layers are stacked along the z direction. Thus, the NM
is located from z = 1 to z = Nywm, and the FM is located from
z = Nnm + 1 to z = Nym + Npum (in unit of the lattice spacing
a), and we use the Bloch theorem for x and y directions
by introducing the crystal momentum k = (k,, k). The total
Hamiltonian is formally written as

HMEK) ™ 0 0 0 0 0 0
™M HME) - 0 0 0 0 0 0
0 0 HME) 0 0 0 0
0 0 ™ M) | T 0 0 0
H(Kk) = , (AD
0 0 0 Tine HIM®K)  T™My 0 0
0 0 0 0 T™ HIM(k) 0 0
0 0 0 0 0 0 HM®EK) 7™
0 0 0 0 0 0 T™ HIM(k)
[
where H;;M(FM)(k) is the Hamiltonian for a two-dimensional Hamiltonian in a finite film structure is straightforward as

NM(FM) layer, TN\M®M) i the hopping between nearest
NM(FM) layers, and Ti, is the interface hopping between
the last NM layer (z = Nnm) and the first FM layer (z =
Naum + D).

1. N\M

We assume the NM hosts sp, (¢ = x,y,z) orbitals at
each site, which was introduced in Ref. [23]. Writing the

follows. The Hamiltonian within each two-dimensional NM
layer consists of the spin-independent interaction and the SOC
terms:

HM (k) = Hygg, (k) + HM (). (A2)
First, the spin-independent interaction term contains the
onsite energies and nearest-neighbor hoppings in the
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plane:
E (k) 2iysp sin(kea)  2iygp sin(kya) 0
—2iy;, sin(kca) E, (k) 0 0
HM (k) = r b Lo, A3
108 =1 i) sintha) 0 E,, (k) I (A3)
0 0 0 E, (k)
[
where 2. FM
_ In the FM, we assume there are dg (8 = xy, yz, zx, X2 —
Es(k) = E; — 2t,[cos(k.a) + costka)l, (Ada) y2, z%) orbitals at each site. The Hamiltonian within each two-
E, (k) = E, + 2t,, cos(k.a) — 21,7 cos(kya), (Adb) dimensional layer is
E,,(K) = E,, — 21 c05(kya) + 2t cos(kya), (Adc) Hyg' (k) = Hy,(K) + H + HM, (A9)
E, (k) = — 2tpr[cos(kya) + cos(kya)l, (A4d)

and I, is the identity operator in the spin space. Here the
basis states are

Zak Z R |¢z(§)R (A5)

where |¢(Z) ) is a Wannier function localized at the Bravais
lattice R = (Ry, R,) with its orbital character | = s, py, py, p;
and spin o, which is defined in a layer located at z. For
the Wannier states, E,, E, are onsite energies for s and p,
orbitals, and #, ?,5(x), ¥sp are the nearest hopping amplitudes
between s orbitals, between p orbitals via o (;r) bonding, and
between s and p orbitals, respectively. Second, the SOC part
is

HM = @L@) -S (A6)

SO hz ’

where S is the spin operator and L") is the OAM operator in
p orbital space. Here o™ > 0 is the strength of the SOC in
the NM. The OAM operator is explicitly expressed in a matrix
representation

0 0 0
L”=nlo 0 -—il, (A7a)
0 i 0
0 0 i
LP=rl 0 0 0}, (A7b)
’ —i 0 0
0O —i O
LP=nli 0 0], (A7¢c)
0 0 0

with py, py, and p, orbital Wannier functions as basis states.
Finally, the interlayer coupling between neighboring NM
layers is described as

—lss 0 0 _Vsp
w_ | 0 = 0 0
T = 0 0 —t o |® L2, (A8)
Ysp 0O 0 Tpo

where the basis states for the row and column are ((p(z+l)| and

|<pl,o,k), respectively, forz =1, ..., Nnm — 1.

where each term describes the spin-independent interaction,
SOC, and XC coupling with magnetization, respectively. The
spin-independent interaction term includes onsite energies
and nearest-neighbor hoppings in the plane:

Hy(0,(K)
Eq, (k) 0 0 0 0
0 E4(k) O 0 0
= 0 0 Eg4 k) 0 0 ® Ix2,
0 0 0 Ei k) O
0 0 0 0 Eq, (k)
(A10)
where
Eq,(K) = Ey,, + 2147 cos(kea) + 2145 cos(kya), (Alla)
Eq, (K) = Eq,, — 2t45 cos(kca) + 2t4; cos(kya), (Allb)
Ey, (K) = Eq + 2147 cos(kya) — 2145 cos(kya), (Allc)
Eq, ,(K)=Eqy, , —[3/2tis + (1/2)145]
x[cos(kya) + cos(kya)], (Al1d)
Eq,(K) = Eq, — [(1/2)40 + 3/2)1a5)
x[cos(kya) + cos(kya)]. (Alle)

Here E,, is the onsite energy of the dj orbital, and t4, tix » s
are nearest-neighbor hoppings between d orbitals via o, 7, §
bondings, respectively. The basis states are defined similarly
as Eq. (AS) but for dg orbital Wannier functions. The SOC
term is
EM ag! (d)
SO

H," = FL .S, (A12)
where of™ > 0 is the SOC strength. Here L@ is the OAM
operator 1n d orbital space, whose matrix representation is
written as

0 0 —i —i —3i
0 0 0 0 0
L9=pl i 0 0 0 0|, (Al3a)
i 0 0 0 0
V3i 0 0 0 0
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0 i 0 0 0
—-i 0 0 0 0
LY=nl 0 0 0 —i «3i|, (AI3b)
0 0 i 0 0
0 0 =3 0 0
0 0 0 2 0
0 0 i 0 0
LP=rl 0 —i 0 0 0f, (A13c)
—2i 0 0 0 0
0 0 0 0 O

where the basis states are d,,, d,;, d;., dy>_y2, dp orbital
Wannier functions. The XC interaction is

HM = TNt S,
h
where J > 0 is the strength of the XC coupling, and M
is the direction of the magnetization. We assume M = Z in
the calculation. The interlayer coupling between neighboring
atomic layers of the FM is

(A14)

—lys 0 0 0 0
0 tan 0 0 0
™=1 o0 0 tin 0 0 | ® Lo,
0 0 0 —ty 0
0 0 0 0 —tis
(A15)

where the basis for the row and column are ((pl(;tl)l and
|(pl(,za),k), respectively, forz = Nxv + 1, ..., Nav + Nem — 1.

3. Interface

At the interface, there are hoppings between the last NM
layer (z = Nnm) and the first FM layer (z = Nym + 1), which
are expressed in

0 0 0 0
0 0 Vpdr 0
Tim =10 Ypdr 0 0 ® IZ><27 (Al6)
0 0 0 0
0 0 0 ~Vpdo

where the basis for the row and column are ((pl(yEM+1)| and

|<p,(/](\i“/’l“f)), respectively. Here y,4o(r) is the nearest-neighbor

hopping between p and d orbitals via o (;r) hoppings. We
neglect the hopping from a s orbital in the NM to d orbitals in
the FM, since the s orbital does not carry the OAM, thus not
affecting the orbital injection.

4. Parameter setting

For the tight-binding model defined above, parameters
which we used for the calculation in Figs. 2, 3, and 4(a) are
set as

E, =32, (Al7a)
E, =E, =E, = 0.5, (A17b)

t, = 0.5, (Al7c)
fyy = 0.5, (A17d)

tpr = 0.2, (Al7e)
vsp = 0.5, (A17f)
oM — 0, (Al7g)
for the NM,

Eq, =Ey4. = Eq, =Ey, , =Eq, =—0.5, (Al8a)
tiec = 0.1, (A18b)
tax = 0.05, (A18c)
tqs = 0.02, (A18d)

J =05, (Al8e)
oM =0.1 (A18f)
for the FM, and
Ypdo = 0.4, (A19a)
Vpar = 0.1 (A19b)

for the interface. All parameters are expressed in unit of eV.
For the calculation of Fig. 4(b), we tune the magnitude of &'
while keeping the other parameters unchanged.

APPENDIX B: ROLE OF THE INTERFACIAL HOPPINGS
ON THE ORBITAL INJECTION

For the injection of the OAM across the interface, interfa-
cial hoppings should occur such that a coherent superposition,

®

4.0 ; ; ; T T
§ V V orbital (NM-FM disconnected) 0.2 1 T T T
~ @—@ orbital - 5|
E/ 20Fg-m spin (x10) 00 WWW& 9
= —anll . \ \
=, 15 20 25 30
s 0.0F - SVRVEVEVEVEy Sy Ry Sy} VEv=vEvSvevavavEvey)
2‘5\\ o DDDDDDDDDDDDDDDDD
= —20} ]
ii
—4.0 . . . . \ .
b 0 5 10 15 20 25 30
( ) 15 : : :
— o
S 10l |
2
= 05} | 1
W 00lu Sy 5
. —WWU—E—R—M—Q—E VS VaVasVoa Vo VANVERV AV VAV VRV
E n it Dm
< —ost) 1
b
7 -1.0¢ \ \ . e s a
0 5 10 15 20 25 30

2z [atomic layers]

FIG. 5. (a) (X,(2))/&x and (b) (X,(2))/&, as a function of z for
Er = —0.9 eV, when the relative sign of the interface hoppings is
flipped [Eq. (B1)]. Blue circles (orange squares) depict the orbital
(spin multiplied by factor 10) accumulation profile in the NM
(1 £z<20) and the FM (21 < z < 30). White inverted triangles
depict the orbital accumulation profile when the NM and FM are
disconnected. The inset in (a) presents a magnified plot near the
NM/FM interface.
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which carries finite OAM, is maintained during the injection.
Thus, the relative sign of y,4, and y,q, in Eq. (13) is crucial,
by which the OT changes the sign. In the tight-binding model
used in the paper, we assume the positive sign for both
Ypdo and ypar [Eq. (A19)]. In order to demonstrate that the
interfacial hoppings are critical for the injection of the OAM,
we present calculation results for (X, (z))/&, and (X(2))/&; in
Figs. 5(a) and 5(b), respectively, by assuming

(Bla)
(B1b)

Ypdo = _04»
Ypdn = 0-1,

which is to be compared with Fig. 3. We find that (L,(2))/&x
is unchanged near z = 1, which is away from the interface.
However, near the interface (z = 20) and in the FM region
(21 <z < 30), the sign of the (L,(z))/&, in Fig. 5(a) is

opposite to that in Fig. 3(b). As a consequence, (S,(z))/Ex,
which is induced by the SOC and the injected OAM, also
changes the sign [Fig. 5(a)]. Since (S,(z))/&, precesses along
the magnetization by the XC interaction and (L,(z))/&, fol-
lows by the SOC in the FM, the signs of (L,(z))/&, and
(Sx(z))/E&, in Fig. 5(b) are flipped compared to Fig. 3(c).

This result implies that when the interfacial hoppings such
as Eq. (13) become randomized, i.e., by the intermixing, the
injection efficiency for the OAM is significantly reduced. This
is a key characteristic of the orbital injection mechanism,
which does not have a counterpart in the spin injection mech-
anism. We remark that spin injection efficiency is not affected
by the interfacial disorders unless the SOC is significant.
Therefore, the orbital transparency is expected to be much
more susceptible to the interface crystallinity than the spin
transparency. This can be a way to distinguish the OT from
the ST.
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