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Adiabatic spin and orbital pumping in metallic heterostructures
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In this study, we investigate the spin and orbital densities induced by magnetization dynamics in a planar
bilayer heterostructure. To do this, we employed a theory of adiabatic pumping using the Keldysh formalism
and Wigner expansion. We first conduct simulations on a model system to determine the parameters that control
the spin and orbital pumping into an adjacent nonmagnetic metal. We conclude that, in principle, the orbital
pumping can be as significant as spin pumping when the spin-orbit coupling is present in the ferromagnet. We
extend the study to realistic heterostructures involving heavy metals (W, Pt, Au) and light metals (Ti, Cu) by
using first-principles calculations. We demonstrate that orbital pumping is favored in metals with d states close
to the Fermi level, such as Ti, Pt, and W, but is quenched in materials lacking such states, such as Cu and Au.
Orbital injection is also favored in materials with strong spin-orbit coupling, leading to large orbital pumping in
Ni/(Pt, W) bilayers.
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I. INTRODUCTION

Spin currents are routinely used to transmit spin informa-
tion in nonlocal magnetic spin valves [1] and convey spin
torque in nonvolatile memories and nano-oscillators [2]. Be-
cause of their potential for applications, substantial efforts
have been devoted over the past two decades to generating
large, charge-neutral, pure spin currents. This can be achieved
using ferromagnetic metals (via direct injection or lateral
spin diffusion [1]), or materials and heterostructures with
strong spin-orbit coupling (via, e.g., the spin Hall effect [3]
or the Rashba-Edelstein effect [4]). Alternatively, one can
also harvest the periodic precession of a resonantly excited
magnetization, leading to the adiabatic spin pumping [5–10].
Spin pumping, which is now a foundational concept of mod-
ern spintronics, has been investigated in a wide variety of
magnetic interfaces, involving transition-metal ferromagnets
[10], ferrimagnetic insulators [11] and antiferromagnets [12].

Over the past few years, currents of orbital angular
momentum, called orbital currents, have emerged as a po-
tential alternative to spin currents [13,14]. Orbital currents
present several remarkable features compared to spin currents.

*Contact author: aurelien.manchon@univ-amu.fr

Because the orbital degree of freedom is governed by the
crystal field rather than the magnetic exchange or spin-orbit
coupling, orbital currents can be generated very efficiently
via the orbital Hall effect [15–20] and the orbital Rashba-
Edelstein effect [14,21–23], even in the absence of spin-orbit
coupling. In addition, once injected in a ferromagnet, the
relaxation length of orbital currents tends to exceed that of
spin currents [24,25], leading to enhanced orbital torques in
metallic multilayers [24–31].

Several theoretical investigations have been proposed to
clarify the transport properties (diffusion, relaxation) of
pure orbital currents [22,23,32–36], as well as the interplay
between orbital and spin currents mediated by spin-orbit
coupling. As a matter of fact, in the presence of spin-orbit
coupling, a pure spin current is accompanied by a pure or-
bital current and vice versa [33]. Spin pumping is therefore
naturally accompanied by orbital pumping when spin-orbit
coupling is present. Orbital pumping has been recently in-
vestigated theoretically [35,37] and reported experimentally
in Ti/Fe and Ti/Ni bilayers [38], as well as in THz emission
measurements [39].

In this article, we investigate dc orbital and spin pumping
in realistic metallic bilayers using first-principles calculations.
We assess the spin and orbital pumping efficiencies in selected
interfaces of interest to experiments. Our work is organized as
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follows. In Sec. II, we briefly expose the methodology based
on the Keldysh formalism and recently discussed in Ref. [40].
In Sec. III, we present our results on a model bilayer system,
followed by realistic ab initio simulations on selected bilayers
in Sec. IV. Finally, in Sec. V, we discuss the implications of
our findings and provide some perspectives.

II. METHODOLOGY

A. Summary of the adiabatic pumping formalism

Different formalisms have been used to describe spin
pumping in magnetic multilayers. The original theory was de-
rived using the scattering matrix approach and soon extended
to nonequilibrium Green’s function techniques that better ac-
count for the effect of spin-orbit coupling [41–44]. The two
recent theoretical studies on orbital pumping, Refs. [37] and
[35], also consider nonequilibrium Green’s functions but ap-
plied to very different situations. In Ref. [37], the authors
investigate orbital pumping induced by either magnetic dy-
namics or lattice dynamics. The source of the orbital current is
a metallic layer, described by an effective tight-binding model
with p orbitals embedded between two leads. In contrast,
Ref. [35] focuses on the orbital currents pumped by a precess-
ing magnetization in the bulk of realistic 3d transition metal
ferromagnets. Hence, the former study is more transparent,
uncovering the microscopic mechanisms responsible for the
various ac and dc orbital currents, while the latter is more
realistic but overlooks the role of interfaces. In the present
work, we exploit the formalism introduced in Ref. [40], and
that is well adapted to treat realistic metallic multilayers. This
way, we can evaluate the actual injection of spin and orbital
currents from the ferromagnet into the nonmagnetic metal. We
summarize this formalism below.

B. Keldysh approach to adiabatic pumping

Following Ref. [40], we consider a multiorbital system
defined by the Hamiltonian H(t ) that is time dependent.
In the case of a magnetic heterostructure with a precess-
ing magnetization, the Hamiltonian depends explicitly on the
magnetization m(t ) (|m| = 1) and one can define a torque
operator T such that ∂tH = −T · ∂t m, or, equivalently, T =
−∂mH. In this case, an observable Oi can be expressed at
the first order in time derivative of the magnetization as Oi =∑

j δOi j∂t m j , where δOi j is an element of the linear response
tensor, given by

δOsym
i j = −h̄

∫
dε

4π
ReTr[OiG

R−ATjG
R−A]∂ε f (ε), (1)

δOasym
i j = h̄

∫
dε

2π
ReTr[OiG

R+ATj∂εGR−A] f (ε). (2)

Here, GR±A = GR ± GA. The two contributions are the
symmetric part, δOsym

i j = δOsym
ji , and antisymmetric part,

δOasym
i j = −δOasym

ji , of the response tensor. In addition, ap-
plying time reversal one gets

GR±A → ±GR−A, and Tj → −Tj (3)

and therefore δOasym
i j (δOsym

i j ) has the same (opposite) parity as
Oi. In our system, reversing time is equivalent to reversing the

magnetization, and, therefore, we find that Eq. (1) is a Fermi
surface contribution that is odd in magnetization, whereas
Eq. (2) is a Fermi sea term that is even in magnetization. As
a result, when the magnetization precesses, δOsym

i j produces
an oscillatory contribution, whereas δOasym

i j produces both
a rectified (i.e., a dc signal) and an oscillatory contribution
[40]. This theory is applicable as long as the frequency of the
magnetization precession is small compared to the exchange
energy. Extending this theory to pumping by lattice vibrations
is readily possible, provided that one defines a coupling ma-
trix that explicitly accounts for the time dependence of the
atomic positions, as in Ref. [37]. Notice that a difference with
Ref. [35] is that we compute the spin and orbital densities, 〈s〉
and 〈l〉, whereas Ref. [35] computes the rates ∂t 〈s〉 and ∂t 〈l〉.

Since we are interested in the generation of (spin and
orbital) dc currents, we focus on Eq. (2) in the rest of the study.
This equation can be cast in terms of the Bloch functions by
expanding the Green’s functions based on the eigenvalues and
eigenstates of H,

GR(A)
0 (ε) =

∑
n

|unk〉 〈unk|
ε − εnk ± i�

, (4)

where εnk is the eigenvalue associated with the eigenstate
|unk〉, and � is a homogeneous broadening arising from impu-
rity scattering. Notice that in the present work, self-consistent
vertex corrections are disregarded as they are numerically
prohibitive for realistic Hamiltonians. By using Eq. (4), we
avoid a time-consuming energy integration that is replaced by
the following expression:

δOi j = − h̄

π

∑
n,m �=n

Im{〈umk|Oi|unk〉 〈unk|Tj |umk〉}

×
∫

dε

{(
1

ε − εm − i�
+ 1

ε − εm + i�

)

×
(

1

(ε − εn − i�)2
− 1

(ε − εn + i�)2

)}
f (ε). (5)

By integration by parts, we get

δOi j (ε) = − h̄

π

∑
n,m �=n

Im{〈umk|Oi|unk〉 〈unk|Tj |umk〉}G(ε),

(6)
where

G(ε) = �

2(εn − εm)2

(
εn − εm

4�2 + (εn − εm)2

×
{

2�2 + (εn − εm)(ε − 2εm − εn)

(ε − εm)2 + �2

+ 2�2 − (εn − εm)(ε − 2εn + εm)

(ε − εn)2 + �2

}

+ 1

�

(
arctan

ε − εn

�
− arctan

ε − εm

�

))
. (7)

C. Procedure to extract dc pumping effects

We focus on the dc response and, therefore, look for
terms that do not vanish upon time averaging over one pe-
riod of magnetization precession. Let us consider the most
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experimentally relevant situation [10], where the magneti-
zation precesses around the direction y, i.e., m = cos θy −
sin θ (sin ωtx + cos ωtz), θ being the cone angle and ω the
precession frequency. Writing δOasym

i j = ∑
l χ i

jlml , the dc re-
sponse reads

Oi =
∑

jl

χ i
jl〈ml∂t m j〉 = ω

2

(
χ i

xz − χ i
zx

)
sin2 θ, (8)

where 〈. . .〉 indicates time averaging over the precession pe-
riod. Therefore, the procedure boils down to computing the
response functions

χ i
xz = 1

mx
δOasym

iz , χ i
zx = 1

mz
δOasym

ix . (9)

It is therefore sufficient to compute these values at four char-
acteristic points of the precession circle, m = cos θy ± sin θx
and m = cos θy ± sin θz for each calculation.

III. ORBITAL PUMPING IN A MODEL BILAYER

A. Definition of the system

Let us first consider a model system composed of two
layers, one ferromagnetic (FM) and one nonmagnetic metal
(NM), with a cubic unit cell and involving p and d orbitals.
The Hamiltonian of the bilayer reads [45]

Ĥ =
(
ĤFM ĤC

Ĥ†
C ĤNM

)
, (10)

where ĤFM/NM are the Hamiltonian matrices corresponding
to the FM and NM sides and ĤC is the coupling between the
two layers. To construct the slabs, we start by considering a
standard Slater-Koster parametrization, such that the unit cell
always has a lattice parameter of a = 1, and each Hamiltonian
can be written as

ĤFM/NM =
∑
αβ,σ

tFM/NM
αβσ ĉ†

ασ ĉβσ + λFM/NM
soc L̂ · σ̂, (11)

where the hopping matrix elements tFM/NM
αβσ are set to the same

value within each system and are restricted to nearest neigh-
bors. Here, σ is the spin index, α, β are the orbital indices,
and the sum runs over all the sites of the FM slab. λ

FM/NM
soc

represents the strength of the spin-orbit coupling of layer FM
or NM, with σ̂ the spin momentum operator and L̂ the usual
atomic orbital angular momentum operator for p and d states.
In addition, the FM layer possesses an exchange interaction
given by

Ĥexc = �Î ⊗ σ̂ · m, (12)

where Î is the identity in orbital space. The coupling Hamilto-
nian reads

ĤC = 1

2

∑
νη,σ

(
tFM
νησ + tNM

νησ

)
ĉ†
νσ ĉησ , (13)

where the indices ν, η refer to interfacial orbitals on the FM
and NM side, respectively [46].

In this model, we first set the hopping integrals to tFM =
tNM = t = 0.5 eV, the on-site energy is taken at −1.5t and the
exchange is fixed to � = 0.25t , which qualitatively represents
a standard FM/NM metallic bilayer, with a bandwidth of

FIG. 1. (a) Schematics of the bilayer with a magnetization pre-
cessing around the y axis. (b) Band structure of the bilayer projected
on the ferromagnetic layer. The color scale indicates the layer char-
acter of the band: blue corresponds to states sitting purely on NM,
and red corresponds to states sitting solely on FM.

about 10 eV [45]. We stress that for an Fe/W bilayer [45],
realistic Slater-Koster parameters are rather t ≈ � ≈ 1 eV,
and the spin-orbit coupling of W is typically ξso ≈ 0.37 eV.
Nonetheless, the goal of the present section is to set up a toy
model to reveal the physics of orbital pumping and spin-orbit
conversion, leaving the realistic calculations to Sec. IV.

The band structure of the heterostructure is shown in Fig. 1.
The color code shows the projection on the FM layer. From
the band structure, we see that the FM states lie mostly
within the energy window −4 eV to −3 eV, such that we set
the Fermi level in the middle of this range. On the other hand,
the projection coming from the NM layer seems more dis-
persive, with some states entangled around the chosen energy
window.

B. Spin and orbital pumping

Before entering into the details of the calculation, we stress
that spin and orbital pumping normally refers to the injection
of a spin or orbital current into the NM layer. However,
since the spin and orbital angular momenta are not con-
served quantities due to the presence of spin-orbit coupling
and orbital-lattice coupling (see discussion in Ref. [47]), we
choose to compute the spin and orbital densities induced by
the precessing magnetization. We first compute the nonequi-
librium spin density (Oi = sy) across the slab as a function
of the position, see Fig. 2(a). For the out-of-equilibrium sim-
ulations, we compute Eq. (6) sampling the Brillouin zone
with a 200 × 200-point grid. Turning on and off the spin-orbit
coupling of the FM and NM layers, one immediately sees that
the spin density profile is mostly independent of the spin-orbit
coupling and quickly vanishes as it penetrates the NM layer.
In contrast, the orbital density profile (Oi = ly) reported in
Fig. 2(c) is highly sensitive to the spin-orbit coupling and
vanishes in its absence (blue symbols). When the spin-orbit
coupling is turned on in both FM and NM layers, the or-
bital density closely follows the profile of the spin density
(green symbols), whereas when the spin-orbit coupling is only
present in the NM layer, the spin-to-charge conversion takes
place only close to the FM/NM interface (orange symbols).
Notice that with our parameters, such a strong spin-orbit
coupling leads to a magnitude of the orbital density that is
similar to that of the spin density.
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FIG. 2. [(a),(b)] Spin and [(c),(d)] orbital density profile across the FM/NM bilayer, [(a),(c)] for tFM = tNM = t and [(b),(d)] tNM = 3tNM =
3t , as explained in the text. The gray (pink) region designates the FM (NM) layer. (a) Spin and (c) orbital density profile for tFM = tNM = t . In
[(b),(d)], λFM

soc = 0.15t , and the insets show a zoom of the spin and orbital density decay in the NM layer. The exchange parameter is fixed to
� = 0.25t for all the calculations.

Taking different values for the hopping matrix elements of
the NM and FM layers, tFM = tNM/3, slightly modifies the
overall picture, as shown in Figs. 2(b) and 2(d). For a finite
value of the spin-orbit coupling in the FM layer, λFM

soc = 0.15t ,
the spin pumping in Fig. 2(b) is accompanied by orbital pump-
ing in Fig. 2(c). As shown in the insets of these figures, the
decay length of the spin and orbital densities is influenced
by the spin-orbit coupling strength of the NM layer. Notice
that in the absence of vertex corrections, our calculations do
not account for spin relaxation, and the decay of the spin and
orbital densities is simply due to out-of-equilibrium proximity
effect induced by the magnetization precession. Therefore,
the slight increase in the decay length observed in the insets
upon increasing the spin-orbit coupling is associated with the
enhancement of the spin-orbit mixing in the NM layer. One
interesting aspect we wish to point out is the slight peak of
orbital density at the FM/NM interface, shown in Fig. 2(c).
This local enhancement corroborates the presence of the inter-
facial Rashba effect, as previously studied in Ref. [43], which
enhances the spin-to-orbit conversion locally.

IV. REALISTIC SIMULATIONS

A. Methodology

Let us now investigate spin and orbital pumping in realistic
bilayers combining transition FM (Fe, Co, Ni) and selected
NM metals with both weak (Ti, Cu) and strong spin-orbit cou-

pling (Au, Pt, W). In all our calculations, we considered eight
monolayers of FM and 12 monolayers of NM. 5d Pt and W
display a large spin Hall effect leading to strong spin-charge
interconversion; one can, therefore, reasonably expect that
spin-to-orbital conversion should be large in these materials.
3d Ti is one of the most efficient orbital-charge converters
and has already been studied in orbital pumping experiments
[38]. 3d Cu and 5d Au possess weak and strong spin-orbit
coupling, respectively, with a filled d shell, which a priori
prevents orbital-charge and spin-charge interconversion.

We determined the band structures and spin textures of
the bilayers by employing fully relativistic density func-
tional theory (DFT) with VASP package [48,49] using a
plane-wave basis with the Perdew-Burke-Ernzerhof (PBE)
[50,51] exchange-correlation functional. We force the slabs
to maintain the lattice constants of the NM layer, leading
to a mismatch concerning the actual values of the lattice
parameters on the FM. This approximation has been proven
to work fairly well [45] and its validity and limitations are
commented on in the following. We used 400 eV for the plane-
wave expansion cutoff and ionic potentials are described
using the projector augmented-wave (PAW) method [52] per-
forming the geometry optimization with a force criterion of
1 × 10−3 eVÅ−1. We describe the spin-orbit coupling within
a fully relativistic pseudopotential formulation and use the
generalized gradient approximation (GGA) for the exchange-
correlation functional, the calculations are converged for a 400

134424-4



ADIABATIC SPIN AND ORBITAL PUMPING IN … PHYSICAL REVIEW B 111, 134424 (2025)

FIG. 3. [(a),(c)] Current-driven and [(b),(d)] spin-pumping-driven (a), (b) spin and (c), (d) orbital density profile in Fe/NM bilayers
computed from first principles as described in the main text. In the current-driven case, the orbital densities are about one order of magnitude
larger than the spin densities, whereas for the spin-pumping case, it is the opposite.

Ry plane-wave cutoff for the real-space grid with a (13 ×
13 × 13) �k-points sampling of the Brillouin zone. The spin
and orbital pumping responses are calculated based on Eq. (6)
using a homemade procedure after extracting the Hamiltonian
matrices from ab initio using SISL as a postprocessing tool.

B. Spin and orbital density profile

We first compute the nonequilibrium spin and orbital den-
sities in Fe/NM bilayers, displayed in Fig. 3. Keeping in mind
that orbital pumping is a consequence of spin-orbit coupling,
let us first probe the spin and orbital densities induced by
a charge current. Figures 3(a) and 3(c) shows the spin and
orbital densities, hExt

sy
and hExt

ly
, obtained when an electric field

is applied along the x̂ direction and the magnetization is set
along ẑ. To do so, we use the conventional Kubo-Bastin for-
mula [53],

hExt
sy

= − eh̄

8π

∫
∂ε f (ε)dε Re Tr{vxGR−A ŝyGR−A}, (14)

hExt
ly = − eh̄

8π

∫
∂ε f (ε)dε Re Tr{vxGR−A l̂yGR−A}, (15)

with vx = ∂kxH being the velocity operator, and sy, ly are the
local spin and atomic orbital angular momentum operators
projected on each layer leading to the spin/orbital accumu-
lation on each layer. Analogous to the previous section, the
Brillouin zone integration was carried out on a 200 × 200
mesh grid.

We find that the current-driven spin density [Fig. 3(a)] is
about one order of magnitude smaller than the orbital density
[Fig. 3(c)], which is reasonable considering that the current-
driven spin density arises from spin-orbit coupling (spin Hall
and spin Edelstein effects) whereas the current-driven or-
bital density does not. As expected, the spin density is much
larger in bilayers involving 5d metals (W, Pt, and Au) than
in bilayers with 3d metals (Ti and Cu). Notice the opposite
sign of the spin density for Pt and W, which is corroborated
by experiments and associated with the opposite sign of the
spin Hall effect in these two materials [54]. In contrast, the
orbital density is about the same order of magnitude across
the nonmagnetic metals, with Fe/(W, Pt) giving the largest
value and Fe/(Ti, Cu) the smallest. These results are quali-
tatively consistent with previous evaluations of the spin and
orbital Hall effect in bulk transition metals [55]. We em-
phasize that the spin and orbital density profiles reported in
Figs. 3(a) and 3(c) arise from the cooperation between spin
and orbital Hall effects in the materials’ volume, and spin and
orbital Edelstein effect at the three (two outer and one inner)
interfaces. In the case of Au for instance, the 5d shell is filled,
resulting in a very small spin Hall effect, but a Rashba state
appears at its surface, giving rise to a large interfacial spin
density.

We now consider the nonequilibrium spin and orbital den-
sities induced by spin pumping, displayed in Figs. 3(b) and
3(d). The picture is radically different. In Fig. 3(b), we find
that the spin density in the FM layer (gray region) is much
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FIG. 4. Band structure for the [(a),(d)] Fe/Cu, [(b),(e)] Fe/Pt, and [(c),(f)] Ni/Cu bilayers projected on the FM layer (a)–(c) and the NM
layer (d)–(f).

larger for Fe/(W, Pt, Au) than for Fe/(Ti, Cu). More inter-
estingly, we find that on the NM layer (pink region), spin
pumping is more efficient into 5d metals than into 3d systems,
which corroborates experimental observations. In an attempt
to explain these results, the band structure of Fe/Cu and
Fe/Pt projected on the FM and NM laters are reported in
Fig. 4. In Fe/Cu, the Fe states are located around the Fermi
level, whereas Cu states are located far from it, reducing spin
injection from Fe to Cu. In contrast, in Fe/Pt, the Fe states are
entangled with the Pt states around the Fermi level, favoring
spin injection from Fe into Pt.

The orbital density induced by magnetization precession is
shown in Fig. 3(d). The orbital density in the FM layer is very
sensitive to the interface akin to the spin density and displays
an enhancement at the left surface, likely associated with the
interfacial Rashba effect that favors spin-orbital conversion. In
the NM layer, the orbital density profile exhibits an instructive
feature: its decay length is much longer in Pt and W (and, to
a lesser extent, Ti) than in Au and Cu [see also Fig. 7(a)]. In
other words, the injection of the orbital moment in a metal
is favored by the presence of d orbital at the Fermi level. In
metals whose Fermi electrons possess mainly an s character,
such as Au and Cu, the injection of the orbital moment is
quenched.

Let us now consider the nonequilibrium spin and orbital
densities in Ni-based bilayers, reported in Fig. 5. The overall
trends of current-driven spin and orbital densities, displayed
in Figs. 5(a) and 5(b), respectively, are similar to those found
in Fe-based bilayers. The current-driven orbital density profile
is generally much larger than the current-driven spin density,
and the spin density is generally larger in bilayers involving
5d metals than 3d metals. Remarkably, the current-driven
orbital density shows large interfacial enhancement in Ni/Pt
and Ni/Au, as well as at the outer surfaces of the bilayers,
associated with the interfacial Rashba effect. Spin and orbital
pumping are reported in Figs. 5(b) and 5(d) respectively. The
nonequilibrium spin density profile is smoother and much

larger in Ni-based bilayers than in Fe-based bilayers, and,
again, the largest spin injections are obtained for Ni/(Pt,W),
with local enhancement at the Ni/Au interface. In Fig. 5(d),
we observe that the orbital injection is again much for efficient
into W and Pt (with opposite sign) due to the combination
of the high spin injection and a strong spin-orbit coupling.
Similarly to the case of Fe/NM bilayers, orbital injection is
generally more efficient in metals with d states at the Fermi
level.

C. Rationalizing spin and orbital injection

Our simulations of spin and orbital pumping reveal dif-
ferences between these two degrees of freedom. First, it
appears that Ni/NM bilayers are more efficient spin and or-
bital sources than Fe/NM. In addition, the penetration of
orbital moment into the NM layer is favored when d states
are present close to the Fermi level (Ti, W, Pt) and quenched
when no such states are present (Cu, Au). This feature is
only observed for orbital pumping, not for spin pumping. To
illustrate the importance of the presence of these d states
close to the Fermi level, we computed in Fig. 6 the orbital
density profile in Ni/Cu for two additional transport energies,
i.e., above (1.1 eV) and below (−1.1 eV) the Fermi level
(taken at 0.0 eV). Clearly, above the Fermi level, no Cu d
states are present, and orbital pumping is inefficient, whereas
below Fermi energy, not only the orbital density inside Ni is
rather larger, but orbital injection into Cu is rather efficient.
This calculation mimics the behavior observed in oxidized
Cu, where d orbitals are unfilled by the presence of oxygen
elements [22].

V. DISCUSSION AND CONCLUSION

To provide a complete description of spin and orbital
pumping in bilayers, we summarize the densities obtained in
the first three monolayers of NM in a wide series of FM/NM
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FIG. 5. [(a),(c)] Current-driven and [(b),(d)] spin-pumping-driven (a), (b) spin and (c), (d) orbital density profile in Ni/NM bilayers
computed from first principles as described in the main text. Similar features are observed, with very large orbital pumping in Ni/Pt and
Ni/W bilayers.

bilayers, with FM = Fe, Co, Ni and NM = Ti, Cu, W, Pt, and
Au. The results are reported in Fig. 7. Our simulations reveal
that the largest values for the spin pumping correspond to the
case of Ni, followed by Fe and Co, which is in qualitative
agreement with the recent calculations [35]. In Ref. [35], it
was found that the generation of orbital moment by magnetic

FIG. 6. Orbital pumping in Ni/Cu for three different chemical
potential values. At Fermi level (orange) and above (green), no d
states are available in Cu, and orbital injection is quenched. As
the chemical potential is set below the Fermi level (blue), d states
become available, allowing for the injection of the orbital moment
into Cu.

pumping increases from about 5% in Fe to 15% in Ni com-
pared to spin moment. We emphasize, though, that Ref. [35]
focuses on the orbital pumping taking place in the bulk of
Fe, Co, and Ni, whereas our approach enables us to consider
FM/NM bilayers, where the role of the interface dominates
the pumping process. Hence, orbital pumping takes place not
only inside the FM layer but also at the interface, where
enhanced spin-orbit coupling can lead to enhanced orbital
pumping. This is particularly clear in the case of Ni/Pt and
Ni/W, as displayed in Fig. 5. In general, we find that orbital
pumping is more efficient in metals with strong spin-orbit
coupling (e.g., Pt, W), as larger spin-orbit interconversion
occurs.

Another important feature revealed by our calculations is
the role of the orbital nature of the Fermi electrons. We find
that for orbital injection to be optimal, the Bloch states present
at the Fermi level must carry an orbital degree of freedom,
typically p or d states. As a result, orbital injection in Cu or
Au is severely quenched because no d states are available.

Let us comment on the recent experiments performed
by Hayashi et al. [38]. In this work, the authors observe
that the charge current induced by spin pumping in Ni/Ti
largely exceeds that measured in Fe/Ti. Since Ti is known
as an efficient orbital-charge converter, this observation is
interpreted as a demonstration of orbital pumping from Ni
followed by orbital-charge conversion in Ti. Our calculations
displayed in Fig. 7 show that spin pumping is about one
order of magnitude more efficient in Ni/Ti than in Fe/Ti,
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FIG. 7. Summary of the [(a),(c),(e)] orbital and [(b),(d),(f)] spin densities induced by spin pumping in the first three monolayers of the NM
layer, for NM = Ti, Cu, W, Pt, and Au. The FM layer is [(a),(b)] Fe, [(c),(d)] Co, and [(e),(f)] Ni. Whereas Fe is a good spin injector for all
NM layers considered, the best orbital injectors are Ni/Pt and Fe/W.

but that the orbital pumping is rather similar in both bilayers.
Therefore, our calculation offers an alternative scenario to the
one proposed by Hayashi et al. [38]. Since Ti has a small
but finite spin-orbit coupling, one could speculate that it is
sufficiently large to induce spin-charge conversion. Because
spin pumping is much more efficient in Ni/Ti compared to
Fe/Ti, the resulting pumped charge current is detectable in
Ni/Ti and vanishingly small in Fe/Ti. Testing the different
scenarios would require further development of the present
calculation to properly include the role of disorder and the
spin-charge conversion mechanisms, which is left for future
work.

Before concluding, we need to stress two important aspects
that were not accounted for in our study and can impact spin
and orbital pumping. First, as mentioned above, the disor-
der is accounted for only through the energy broadening �.
This approach is quite usual to model effects that are gov-
erned by the band structure [3,54,56], but does not properly
describe the diffusive regime. Extending the present study
beyond the broadening approximation to include mean-free
path effects and, possibly, diffusion is certainly an important
step toward predictive modeling. Second, orbital transport is
expected to be even more sensitive to interfacial roughness
and polycrystallinity than spin transport, as pointed out re-
cently by Belashchenko et al. [47]. In our supercell approach,

modeling such a disorder would require averaging over nu-
merous large supercells with random disorder configurations,
which is numerically challenging. Another approach is to con-
sider a finite system embedded between two leads and intro-
duce Anderson-like disorder as achieved in Ref. [47], but this
is difficult to adapt to a bilayer system due to the large number
of atoms involved. A more reasonable way, in our view, is
to model such systems using a drift-diffusion approach with
effective interfacial conductance and spin/orbital memory
loss [57,58].

On the other hand, recent experiments using graphene as
a spacer on Pt/Fe have shown a large enhancement in the
pumping effect [59], suggesting that it might be possible to
tune the spin and orbital responses by interface engineering.
These aspects are particularly difficult to model from first
principles, as the size of the supercell tends to be large.
Nonetheless, our results are encouraging as they shed light
on spin and orbital pumping in metallic bilayers and might
serve to guide experiments on orbital transport. Completing
the present picture with a microscopic description of orbital
relaxation, the impact of interfacial orbital hybridization and
its associated interfacial orbital filtering, and the influence of
the crystal field on orbital injection would pave the way to
systematic modeling of orbital pumping and torque in metallic
bilayers.
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