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While it is often assumed that the orbital response is suppressed and short ranged due to strong crystal
field potential and orbital quenching, we show that the orbital response can be remarkably long ranged in
ferromagnets. In a bilayer consisting of a nonmagnet and a ferromagnet, spin injection from the interface
results in spin accumulation and torque in the ferromagnet, which rapidly oscillate and decay by spin
dephasing. In contrast, even when an external electric field is applied only on the nonmagnet, we find
substantially long-ranged induced orbital angular momentum in the ferromagnet, which can go far beyond
the spin dephasing length. This unusual feature is attributed to nearly degenerate orbital characters imposed
by the crystal symmetry, which form hotspots for the intrinsic orbital response. Because only the states near
the hotspots contribute dominantly, the induced orbital angular momentum does not exhibit destructive
interference among states with different momentum as in the case of the spin dephasing. This gives rise to a
distinct type of orbital torque on the magnetization, increasing with the thickness of the ferromagnet. Such
behavior may serve as critical long-sought evidence of orbital transport to be directly tested in experiments.
Our findings open the possibility of using long-range orbital response in orbitronic device applications.
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Over the past decades, it has been realized that electronic
current can carry information not only about charge, but
also spin, orbital, and valley degrees of freedom, which
generated separate fields of spintronics [1-5], orbitronics
[6-8], and valleytronics [9,10]. Fundamental studies of spin
currents [11,12] have led to practical applications of
spintronic devices, e.g., spin torque switching for magnetic
memory devices [13] and spin torque oscillator for high
frequency generators and neuromorphic computing
[14—16]. Analogous to the spin current, recent studies have
shown that the orbital current can be electrically generated
via the orbital Hall effect (OHE) in various systems
[6,17-27]. The OHE naturally explains the variation in
the magnitude and sign of the spin Hall effect in terms of
the correlation between the spin and orbital variables
[17-19]. Moreover, the orbital current can interact with
the magnetic moment through spin-orbit coupling (SOC)
and induce magnetization dynamics [28]. This finding has
not only triggered ideas in orbitronics but has attracted
interest from the spintronics side since the efficiency of the
OHE is generally much higher than that of the spin Hall
effect [17-20] and the SOC is not required for the
generation of orbital currents [20]. This may help to
overcome restrictions on material choices for spintronic
devices beyond heavy elements which are employed to
achieve large spin Hall effect.

0031-9007/23/130(24)/246701(7)

246701-1

One of the biggest challenges in detecting the orbital
current is its resemblance to the spin current, i.e., both
orbital angular momentum (OAM) and spin transform in
the same way under symmetry operations, which makes it
hard to distinguish them. Thus, most experiments per-
formed so far relied on quantitative theoretical predictions
that the spin contribution is significantly smaller than the
orbital contribution in light metals [29-34], their signs are
the opposite [35-37], and the orbital is efficiently converted
into the spin by strong SOC of heavy metals [38—40]. This
motivates us to search for a unique fingerprint of the orbital
excitation, which is derived from the microscopic nature
and is qualitatively different from the spin excitation.

We emphasize that the OAM and spin are fundamentally
different objects. While spin, to a large degree, is a good
quantum number unless the SOC is strong, the OAM is
generally not conserved even when the SOC is weak as it
strongly interacts with the lattice [41—43]. Thus, the orbital
excitation has long been regarded as fragile and short
ranged. However, recent experiments found evidence of
strong orbital torque—torque exerted on magnetic
moments by induced OAM—in various magnetic hetero-
structures [29-40]. In particular, Refs. [32-34,37] suggest a
highly nonlocal nature of the induced OAM, which affects
magnetic moments even 220 nm away from the interface.

© 2023 American Physical Society
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FIG. 1. (a) Schematic illustration of the orbital (red) and spin
(blue) response in the FM. While the spin oscillates and decays
quickly, the OAM does not oscillate and decays monotonically.
(b) Energy levels of t,, orbitals at k = (k,,0,0). Note that |xy)
and |zx) states are nearly degenerate and are separated from the
|yz) state by the energy gap Acg. (¢) Such an energy level
structure leads to slow evolution of (L) compared with those of
(Ly) and (L.).

This implies the presence of a robust mechanism for the
orbital torque over long distance, which may serve as a
qualitatively distinct feature when compared to spin
response.

In this Letter, we unveil the long-range nature of the
orbital response in ferromagnets (FMs). In a bilayer
consisting of a nonmagnet and a FM, we find an external
electric field applied on the nonmagnet can result in a
nonlocal response of the OAM in the FM even far away
from the interface. In contrast to spin response, which
rapidly oscillates and decays, the OAM does not oscillate
and propagates an even longer distance as schematically
shown in Fig. 1(a). This is in stark contrast to a common
expectation that the orbital transport is short ranged
because of the orbital quenching. We show that this
originates in the hotspots where particular orbital characters
are almost degenerate due to a crystal symmetry. At such
hotspots, not only is the OAM response pronounced but
also the dynamics is strongly suppressed, which acts as an
orbital trap. Since the induced OAM interacts with the
magnetization and exerts a torque, the long-range orbital
torque can be readily tested in experiments by measuring
the dependence of the current-induced magnetic torque as a
function of the FM thickness.

To provide an intuitive physical argument, we consider a
toy model with #,, d orbitals in cubic crystals. The energy
level structure is schematically shown in Fig. 1(b) for states
along the k, axis. Note that although all #,, levels are
degenerate at k = 0 (O, point group), nonzero k, further
splits |yz) from |xy) and |zx) by Acg ~ k2 (D, point group).
By a rotation symmetry with respect to the x axis by z/2,
|xy) and |zx) are degenerate, but |yz) is split by the crystal

field of magnitude Acg. In FMs, |xy) and |zx) are slightly
split by a combined action of the spin exchange interaction
and the SOC, which is much smaller than A-g. We remark
that the same conclusion can also be drawn in systems with
higher symmetries such as continuum models [43], which
are relevant for polycrystalline samples used in recent
experiments [32-34,37].

The orbital level structures imposed by the crystal
potential have a significant impact on the dynamics of
the OAM. We demonstrate this by explicitly solving the
time-dependent Schrodinger equation for the 7, model,
whose detail can be found in the Supplemental Material
[44]. The Hamiltonian is given by H,, = Hcr + JoL
which effectively describes the orbital degree of freedom in
the FM with weak SOC when the magnetization is pointing
along z. Here, H g describes the crystal field splitting Acg
between |xy), |zx), and |yz), and Jy, is an effective orbital
Zeeman field that incorporates a combined action of the
spin exchange interaction and the SOC. We also introduce a
quasiparticle lifetime = = 2A/5n, where # is the reduced
Planck constant. We set Acg = 1.0, Jo, = 0.2, and n =
0.05 (dimensionless energy unit). With the initial condition
ly(t = 0)) = (—=i|xy) + |zx))/V/2 for which (L,) = &, the
time evolution of the OAM expectation value is shown in
Fig. 1(c). Interestingly, the dynamics of (L,) is much
slower than the dynamics of (L,) and (L), which originate
from the characteristic energy levels [Fig. 1(b)].

This implies that once L, is induced at k points near the
k. axis, its dynamics is suppressed. The Kubo formula
implies that the hotspots for a response of L, are also
around the k, axis where |zx) and |yz) are nearly
degenerate. Therefore, these k points serve not only as
hostpots for the OAM response under an external pertur-
bation but also as orbital traps in terms of dynamics.
Correspondingly, these features result in a long-range
response of the OAM. This is different from spin dephas-
ing in FMs, which originate in a fast precession of
spins by a strong exchange interaction and a destructive
interference among states at different k [52-55].

To demonstrate this in a real material, we perform
numerical calculations based on the realistic tight-binding
model constructed from first principles, whose details can
be found in the Supplemental Material [44]. We consider a
Cr(N¢,)/CoFe(Nyg.) in body-centered cubic (001) stack-
ing along z, where the numbers in the parentheses indicate
the number of atomic layers [Fig. 2(a)]. We assume that
CoFe is perpendicularly magnetized, and Cr is nonmag-
netic [56]. We emphasize that Cr exhibits gigantic OHE
[20], which has been confirmed by a recent experiment
[39]. We calculate intrinsic responses of the OAM and spin
under an external electric field along x by the Kubo
formula. We apply an external electric field only to Cr
layers to investigate the consequences of the orbital
injection by the OHE in Cr [44].

As the y component of the OAM is injected by the OHE
into CoFe, its precession with respect to the magnetic
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FIG. 2. (a) Structure of the Cr/CoFe bilayer, where Cr (light
blue spheres) and CoFe (pink spheres) layers consist of N¢, and
Ncore atomic layers, respectively. We set N, = 20 and Ncope =
40 in the calculation. (b) Intrinsic responses of the x component
of OAM (red circle symbols) and spin (blue square symbols) by
an external electric field applied on the Cr layers. (c) k-space
distribution of the induced OAM in the CoFe layers. (d) The
Fermi surface orbital texture (L2)ES in equilibrium for the same
CoFe layers.

moment generates (L,). Figure 2(b) shows responses of
(L) and (S,) in each layer of Cr(20)/CoFe(40). Although
the electric field is applied only on the Cr layers, we find
gigantic orbital response in CoFe layers, revealing its
nonlocal nature. It does not oscillate but decays monoton-
ically, propagating for up to ~30 atomic layers. In contrast,
the induced spin shows an oscillatory decay behavior, and
the magnitude is much smaller than that of the OAM
response. The numerical result agrees with the qualitative
picture of Fig. 1(a).

In order to confirm that the long-range orbital response is
due to the hotspots, we calculate induced OAM (L), for
each k point. Figure 2(c) shows the distribution of
(L) /& Tt clearly shows that the hotspots are located
along the k, axis, where a nearly degenerate orbital
character of the states facilitates a large response of L,.
This can be characterized by the expectation value of L2
in equilibrium, which is shown in Fig. 2(d) for the states at
the Fermi surface. Thus, Figs. 2(c) and 2(d) confirm that
the microscopic origin of the long-range orbital response is
due to the degenerate structure of the orbital character.
Meanwhile, we find that the orbital Rashba effect [45,57] is
not responsible for the long-range response, which dis-
appears after ~3 atomic layers from the interface [44].

Although the hotspot origin is well known for many
intrinsic response phenomena such as the anomalous Hall
effect [58,59], it is mostly due to accidental degeneracies
which have nothing to do with the symmetry. In contrast,
nodal line structure of the hotspots has been recently found
in the unconventional magnets with spin splittings of
nonrelativstic origin [60,61].

The intrinsic response of the OAM can interact with the
magnetic moment by the SOC, which affects the current-
induced torque together with the spin injection. To analyze
the torque, we evaluate the intrinsic responses of the spin flux
@%, spin-orbital torque Té’('), and exchange torque T)S(C
which appear in the continuity equation for the spin [41,42],
0S/ot = @5 + TS, + T5¢. Note that 75 describes the
angular momentum transfer between the spin of the electron
and local magnetic moment, which is responsible for the
magnetization dynamics. The spin-orbital torque is related to
the induced OAM by T;‘(') = AsoL. X S|, ~ L% x 2, where
Aso 18 the strength of the SOC in CoFe and 7 is the direction of
the magnetization in equilibrium. In the steady state, the
dampinglike component of the torque on the magnetization is
given by

Tp = —(Txe) & (@) + (Tgp). (1)

We denote the first and second terms as the spin and orbital
contributions to the torque on the magnetization.

Figure 3(a) shows the intrinsic response of each term in
the spin continuity equation in Cr(20)/CoFe(40). As
expected, (@) exhibits an oscillatory decaying behavior,
where the spin dephasing occurs over ~15 atomic layers.
On the other hand, (T:’b) displays a monotonic decay
without any oscillation. Moreover, it persists over a longer
distance, up to ~30 atomic layers, with the behavior
reminiscent of (L,) in Fig. 2(b). It might appear that
<Tf("‘c> is dominated by (®%) which is an order of
magnitude larger than <T§b> However, a close inspection
of the total torque reveals that the orbital contribution may
overcome the spin contribution. Figure 3(b) shows (®5),

<T‘sg{)>, and (T;S(‘C> summed over a different range of the FM
layers from the interface layer. The sum of (®5+) converges
to a saturation value in ~15 atomic layers, which is the spin

dephasing length of CoFe. However, the sum of (Tgb)
exhibits a slow monotonic increase up to ~30 atomic

layers. As a result, while (Tf(‘c> is dominated by (®5)

. . S\ . .
when the summation range is small, <st>, i.e., the orbital
contribution, becomes more important as the summation

. _— S,
range increases. Note that the oscillation of (T-) comes
from the oscillation of (®5), but the overall negative slope

of (T)S(‘C) is due to a positive slope of <T§6>’ following
Eq. (1). It is remarkable to observe a sign change in (Tf(c>
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FIG. 3. (a) The intrinsic responses for the spin flux (®5) (blue

square symbols), the spin-orbital torque <T:b> (red circle
symbols), and the exchange torque (Tf(‘c) (orange triangle
symbols) in each layer as an external electric field is applied
to Cr layers (yellow shaded region). (b) Each contribution
summed over a different range of the FM layers.

as the summation range becomes larger than ten layers,
where the orbital and spin contributions cancel each other.

This result implies that the orbital contribution to the
current-induced torque can be dominant over the spin
contribution as the thickness of the FM becomes larger
than the spin dephasing length. Therefore, measuring the
current-induced torque as a function of the FM thickness can
be a way to experimentally confirm the orbital torque. Here,
a slow saturation behavior of the torque with respect to the
FM thickness compared with the spin dephasing length
can be crucial evidence of the effect, as shown by
Refs. [32,33,37]. Another possible contribution could arise
from the FM itself via anomalous spin-orbit torque [62,63].
However, we find that this contribution exhibits a qualita-
tively different spatial profile, and the saturation length scale
is determined by the spin dephasing [44].

Because the long-range nature of the orbital torque is due
to nearly degenerate orbital characters, removing the orbital
hybridization in the FM may suppress <T§6>. In order to
demonstrate this point, we set up a hypothetical system
where the off diagonal orbital hybridizations in CoFe are
absent, and compare the result with the pristine system.
Figure 4(a) shows the Fermi energy dependence of each of
the terms in the spin continuity equation for the pristine
system, which are summed over all CoFe layers. As shown

in Fig. 3(b), the magnitude of (T§6> is larger than that of
(@5), and thus (Tf(‘c> is dominated by (Tgb) However, in
the hypothetical system, <T§’O> is suppressed to nearly zero

[Fig. 4(b)], and <T§<"¢> has a one-to-one correlation with
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FIG. 4. (a) Fermi energy dependence of (®5+) (blue solid line),
(Tgb) (red dashed line), and <T>S(’C) (orange dash-dot line), which
are summed over all CoFe layers in Cr(20)/CoFe(40). (b) The
result for a hypothetical system where the off-diagonal orbital
hybridization is neglected in CoFe.

(®5), meaning that only the spin injection contributes to
the torque on the magnetization. Surprisingly, the overall
features of (®%) are similar in both pristine and hypo-
thetical systems. This demonstrates that the spin injection is
less susceptible to the crystal structure while the orbital
injection depends crucially on the crystallinity which
determines the orbital hybridization. We note that a recent
experiment on AlO,/Cu/FM heterostructures observed a
dramatic dependence of the torque efficiency on the inter-
face crystallinity, whose mechanism was attributed to the
orbital current [30].

The mechanism of the orbital torque has been under-
stood so far as an “orbital-to-spin” conversion, but the
underlying microscopic mechanism needs a more precise
description. In Ref. [28], some of us explained that the spin
current converted from the orbital current in the FM can
exert torque on the magnetization, which appears in the first
order in Agq of the FM. In fact, this mechanism explains an
overall positive slope of (®%) in Fig. 3(b), which dis-
appears when the SOC is absent in the FM [44]. However,
the long-range behavior of the orbital torque is an addi-
tional contribution which has not been noticed so far [64].

Here, (L,) is already first order in Agq; thus (T:{)) appears
in the second order in Ago [44]. What is remarkable is that
despite small SOC of the FM, Agp = 70 meV /#? for CoFe,

the contribution from <T§6> may overcome that of (®5) in
the current-induced torque. This suggests that hotspots play
an essential role for gigantic response of (L,).

In conclusion, we uncovered nonlocal nature of the
orbital response in a FM in contact with a nonmagnet,
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which propagates a long distance away from the interface.
In contrast to the expectation that the orbital quenching
would suppress OAM, orbital energy levels imposed by the
crystal field are responsible for the hotspot nature of the
response, where the dynamics is trapped due to the nearly
degenerate orbital character. This is a unique feature of the
OAM, whose analog does not exist for the spin. We showed
that the OAM in the FM monotonically decreases without
any oscillation while the spin rapidly oscillates and decays.
As a result, the orbital contribution to the torque on the
magnetization can be dominant over the spin contribution,
especially when the FM is thicker than the spin dephasing
length. These findings may prove to be critical for
experimental detection nonequilibrium OAM and open a
venue toward orbitronic applications.
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